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l. ETAPAS DE INVESTIGACION DEl SITIO •. 

.. '· 

L ..• ,. 

1.1. INTRODUCCION. 

En este .caprtulo se pretende establecer ·una secuencia orde~ 

.nada y bien pl·aneada de actividad,es ·para realizar un estu

dio geol6gico ingenieril, b6•ico para prever o resolver 

cualquier problem~ de ~ic¡nica de Rocas. 
1 -

,:, .,. . 
i. 

En primer" luga'r, se. pr~.s~nt.ar .. ~ un. diitgrama general, con las 

scc~e~cias de distintas actividades para planear la investi 
~ . t . 

gación de. un ·s,itio;._post_erior,ment.e, se establecerán las eta 

pas que deben llevarse 8." cabó' en un estudio geológico-inge-

nieril, mencionando brevemente sus objetivos, las activida-
• 1 .Jr 

des. 1.que se realizan en ~~da un~ de ellas y las herramientas 

, .. auxiliares ·pa_ra·. el""desarrollo de estas activida-

des. . lj.' 

' .. ' 

-·-·'. ·-
l' 

1. 2. DIAGRAMA 'GENERAL DE-·ACT!VIDADÉS: 

La.fig~ra 1 ilustra"de una manera·general el tipo de:activi

dades que deben realizar'se· pa'~a·-:¡,ianear una investigación ., 
de un sitio. El diagram.a e.s. i~e.al-izado y no representa una 

sec!!_.encia de actividades en orden rígido. El número y -orden· ,. 
de conceptos varía de trabajo a trabajo. 

A c~ntinuaci6n se d~sarrolla con mayor detalle los alean-

ces de los diversos conceptos de ia figura l. 
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CONCEPTO No, 

l 

2 

3 

4 

5 

6 

\ 
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F !GURA f ' 

DESCRIPCION 

~~finir O~jetivos y Plantearse 
~terr,ogantes. . . , 

----====-~-] ~----' 
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Recopilaci6n y Análisis de 1 

Datos Existentes. ~- t 
- Desarrollo de un Modelo Geol6gico 

y •Geomecánico del •s i t io:_:_·---~--
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(Geológico e Ingenieril) j ~ 

"' 
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DESCRIPCION DE CONCEPTOS DE LA FJr,URA' 1 

CONCEPTO NO. 

l 

2 

3 

4 
., 

S 

6 

7 

DESCRIPCION 

Definir lps objeti?o•. ingenierile& de la .inves~ 

tigación, lo cual es,· las interogantes que se 
' . . 

necesitan contestarse. 

Recopilar y analizar los áatos existentes en el 

sitio y de estos, desarrollar un ''~odelo geoló

gico y geomecinico''· tentativo del ~itió. 

Planear los trabajos de investigación requeri

dos para -llenar los "Huecos" en los modelos ten 

tativos, esto es, definir objetivos (tanto de 

naturaleza geol3gica como ingenieril) y prepa

rar un e~quema. d~ ~ctividades para alcanzar. 

esos objetivos. 

Preparar una estimaci6n de costos teniendo en 

mente la importancia y los costos totales del 

proyecto, y tambi~n que los costos actuales de 

la investigación del sitio dependeran en gran 

medida de las condic~ones subterráneas encontr~ 

das. 

Llevar a cabo las investigaciones para comple

tar el modeld con datos semicuantitativos (ge~ 

15gicos .e ingenieril~s). 

Realizar las pruebas de campo y/o laboratorio 

para cuantificar los parámetros críticos en el 

modelo geológico y geomecánico. 

Análisis de todos los datos tomando en. cuenta . ' 
los· efectos de inceracci6n entre la estructura 

ingenieril y los materiales del sitio. De 1'Ste 

análisis, se deben responder las interrogantes 

mencionadas en l. 
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Si, al firial del concepto 7, todas las preguntas eAtan con-

testadas con .suficiente grado. de confiabilidad, la investl-

gaci6n est,.completa. Si, no obstant~, algunas interrogan- .. ··¡ 
te'á no eost4n contestadas satis·facto'ri;ainente, los conceptoR 

a¡ 
., 1 

3 a 7 deberAn ser repetidos hasta obtener una respuesta s~- :.J ,, 

tisfactoria. ··¡ :> .. 
fh 1 ,. ' 

1.3. ETAPAS DE INVESTIGACION. 1': , .. 
[. 

Una vez mencionada la secuencia g•neral de actividades par3 

u~· investiga~i&n del ¡itio, i~ proceder& a an&lizar las e-

tapas particulare~ para desarrollar un estudio· geol&gico 

con fines de Mecfinica de Ro~as. 

. ' 
,,. De. una manera general,, las investigac_.iones de campo pueden 

't'· 
~ 

dividirse en dos grandes grupos: exploraci&n superficial y 
,. .' ; ; .. 

exploraci&n subterr&nea, mostradRs en el diagrama de orga-

nizaci5n de la fig~ra 2. Estas explorac~ones varian en su 

objetivo, nGmero, espaciamiento, profundidad, etc., de a-

c~•rdo con la etapa de investigaci&n, así como por eJ tipo 

de obra, .localizac~6n ~·acceso al. sitio, condiciones geo-

l&gicas y topogr,fica~, equipo disponible y otros factoreo . 
~ •. 

. 
Las tres principales etapas de inve~tigaci6n geol&gica para ¡.· 

fines ~e keclnica de Rocas son: 

'. 

. .. 

,f. 

\ 
i .. . ·~. . ~-:· 

1· .. 
----·-~--~----·-----------·------------------------------· --"""---'--·--------------------------
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~ETODOS DIRECT~S 

1 

1 
Levanta!:'.lento 
Geológico de 
Cam?O· 

. l"--

FIG:..:3.A 2 

EXPLORACION DE UN SITIO 

METODOS ~~~IRECTOS 

Fotointer?retaci6n 
Geológica. 

METODOS DIRECTOS 

L_, ¡-:- 1 

'· 

SU!'SUELO 

~~IODCS IS~IRECTOS 

• 

Excavacio'nes. Pe~fotaciones. G-aofísica. 

·'- -- ... < •• _-, ....... _..,,... 
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l. Jnves~igaci~11 prel~minar~ 

2. Estudios de detalle. 
,·. 

3. Estudios durant~ y despu~s de .. la construcci&n. 

La fiRura 2 muestra esquem5tlcamente. las etapas b~stcas de 

investigación. 

ETAPA 1 
01 ,..,..,, 
"'• "'· H, 

·"' 1 
. ' .... 
' 

FIGURA 2 

FASES DE INVEST!GAC!ON 

f:TAPA II 

(Pre-Construccilíll) 

1 

ETAPA III 

(•D11rante y Despuf.s 
Construccié5~). 

de la 

r·-~ NV P.~ TlG AC ION 
LPHiiLIM!NAR 

"' o .., 
"' 
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ESTUDIOS DE 
DETALLE -,~:~-+ ESTUDIOS DURANTE y 

"'' DES PUES DE LA COI'lSTRUCCION 

~· 

.. 
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·lnvestigaci6n Adicional si 
se requiere~ 

: 

En la pr~ctica las etapa• se f~si~nan cada una, pero deben 

ser mostradas ind'ependientemente para auxiliar a la siguie~ .. . 
te presentación, y en la planeació.n y éjecución de trabajos. 

T.o m~R cnnven1ent~~ e~ llev:tr A cAho laH tres etapas ~n el 

ord~n m'Ostrado; R~ .. n emh.argo, aquí .. i.nf·luyen diverRos ~spec~ 

t9s~ como el. tipo de qb.~A, su imp~rtancia, aspectos finan

cieros o las condi~i~n~·i geo16gidas, entre otros. Por eje~ 

plo· si el sitio e• muy pequeño,- poco importante, o con la 

geolog!a sencilla, para justificar los estudios detallados. 

. ~ .... 

,, , 

, .. 
.... 

., 

•'' 
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ocncionar6 que deApu~s de la etapa J se p~aar~· 
¡ : 

& los eNtudios d11rante la Cl>nstrucción. Por lo tanto, cada 

'ohra reqt1iere l.a ¡1l.aneaci~n_particul.ar de sus etapas, con 

su~ objetivos y nctividade~· a' reali'zar. 

I. JNVESTIGACION PRELIMINAR. 

Los objetj_v,Js de la il1Vestiga,:i5n geol~gica preliminar son 
• 

retlnir la n1ayor iantjdad de informaci5n de una mrinera am--
• ! ') 

pli~,r~pida y econ6mica que permitan conocer las caracte-

• '. 
rfstica• generales del &rea de estudio, y asr poder planear 

cuales Ron los. datos adici.onales qtle se requiere ·conocer, 
. 

ampliar o detallar; y laR tlcnicas mis apropiadas para ob-

tenerlos. 
',. 

, ' 
Es importante que en esta etapa c6labor~ un ~e51~go CPtl ex-

periencia en geotiénia, yA que de estos trahajns ·s(!r5n la·: 

pAuta. para 
'' 

la planeaci6n de est~dios 
1 

posteriore~. 

Las ~ctividades que con1unment~ se realizan en esta etapa 

son•las aiguieitesi 
,. 

Recopilación, procesamiento.-y an~lisis de la informaci5n 
'·· ' . : ' 

existente; en ~ond~ se incl~ye ~studi~s e infor~es geol6-

gico• del ~rea de inter~s y sus alrededores; asl como~.~-•. ,. • ' i l . 

Sl.. o·s,'bl- .·,·· efectu~r·n vu~:los de reconocimiento A5--. \~9 p ' ...,, .... •• .. "" 

reo, con avioneta o helicot,tero . 

---- - ~----- -~ _ _:__ - _t_- ------------~---~-~-----~---~-·-·--_!.__ ___ - -·----------- --·------- .!__ 
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Reconocimi.entos por camina1nientos, de pr~f~rencia reali·-

·zado por ~n cuerpo de ing~ni~roS con experiencia, en d~.!!, . . . . ' . 

de debe llevarse a cabo una toma de muestras de roca y 

observaciones del marco geológicO general. 
•• 
' ,. 

- Cr6quis geol~gico con brGjula Y,.cinta. 

Trabajos del. sub_suelo, como perf.oraciones, geof{sic~, 

etc, que s~ real.izan.si. hay la n~cesidad de c~nfirmar la 

informacjón suht•erránca para el'_diseño, cuando no. habrá 
·, 

etapa~II, o para auxi.li.ar ·a 1~ ~l.aneaci6n de un programa 

'' 
de estudios del subsuelo co~pleto eri la etapa 11. 

l . 

Instrumentaci5n preliminar.de uri sit_io; por ej~mplo, pu~ 

d.e real·~zar&e la inRt.A}ac,iÓn· de simples piezÓmetros. 
·~' '¡ 

ne ·los estu~ios preliminares debe resultar un iriforme ~n el 
·: . 

q••~ se indique la plnneaciGn de los estudios de detalle de 

1a .. eta~~ si_guiente. 
. ~ . 'l' 

.• '¡ ·.' 
11. EST~D10S DETALLADOS. 

,. 
Sientpre·· prece-didos por ·ut~a invest'igac{O·n ¡··rel:i'rninav:, log es 

tudi.<'S d.ctallndo·a._tieri~ñ·· Com~ f:(n'ali.d·ad e'l. c·rata'r de enten-

cier la 'r.e.olop,ía cOmpleta def
1

·si.ti'o y su'S ·alrededores. Así 

ndsnlo, en estA etapn d,e'hen ~·htcnerAe todo:S: los 'datos neces_~_ 

ri_98 para que el mecani·sta de rocas p_ueda disefiar sa~isfac-

toriornente J.os tratamie~tos o soportes necesarios segGn el 

tipo de ohra:· 

.-·· 
-~---·-·~-. !_..:.....-.=:0-~----·~;-~~_:-·_· _. --~-

---------·-----------------'---------·-·:::......::. __ .. _._, -· 

; .. :, ', -~ 
'0 
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' 

, .. , 
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La amplitud de los trabajos de esta etapa depende de la ex-

tensión e importanc{a de la obra a construir. Las activida-

des que se realizan durante un e~tudip detalladri son: 

' . i i 

- ~apeo· geológico y/o geo,tecnico :,superficial a escala ad~-

~uada, auxiliado de una foto.inc'erpr."et"ación detallada y un 
'i ' . ' 
~eva~tamiento de campa completo, c6~ la finalidad de 

t \ 

sentar la distribudón de las r'~rma,ciones geol6gieas 

p re-

y/o 

' . 
litoló.icas, asl como los :rasgo~ estructurales que afee-

tan a las rocas .. 

Mapeo ,gu~t~cnico del ~~bJuelo, el ciual rie lleva a cabo -

con ei auxilio d'e técnieaé: dir.ectas·· e indirec'tas que per-. - . . -- ' ' 
'· 

mi ten :conocer: la distrib'uc'-ion .de las unidades'· litoll5gicas 
• ' ' • 1 

' ' 

y· sus. ·carac.terís'ticas: ·geolligicaa· e \ngenieri,l:es. 
., 

- Obtenct'6n 'de muestras del subsuelo ~ara estudios de· laho-

para cono-
.. ~ 

cer laa, propiedades índice y mecáni'~as de los macizos ro 

'. :·; 1 .: 

.·• ¡-
~oaos,. 

' ~-

La 

ho 
' ' 

,. ,. ... ;. ..J •. ' . .. 
1 •• 1- ; 

in'formación obtenida de, las" scti..vida'des anteriores. de-
' r 'i:~ 

sc:r procesada e interpietada'~··ade~uada'mente para que . . . ~ . . :. . .; .. _. . .. ~-
utilidad en<el 

·1 ~' . ··. •• 
.'·t .• ~ 

Existen una g_ran v'ariedad de tecnicas:-que puede_n ser usadas 

para un estudio det~llado. c6mpleto (Figura. 4); pero debe. 

llevarse a cabo una selacción y coordinación adecuada de. 

ellas para lograr obtener la información adecuada y mante7 

ner los costos bajos. Sin embargo, ~o deben~escatimarse ga~ 

' .. ·:.•. 
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tos de e~ploración, pues la fal~a de información o su mala 

~alidad pueden provocar un disefio inadecuado que .ocasione 

fallas peligrosa&, o problemas constru~tivos y econ6micos, 

o bi'n un mal funcionamiento de la obra. 

. Las t6cnicaa O·m6todos de exploración se ·tratarin con deta-

lle en el siguiente capítulo de este curso. 

111. ESTUDIOS DURANTE.Y DESPUES.DE LA CONSTRUCCION, 

Esta etapa da estudios es de suma importancia para la Meci-

nica de Rocas, ya que al construir una obra, en general se 

remueven las capas de materiales superficiales y se llegan 

a las sones de desplante de extructuraa, o bien en loa tG-

nelea, se entra de lleno a la franja de materiales e exca-

var; esto significa que se puede confirmar los datos pre-

vistos en los estudios anteriores, o bien si es necesario, 

pueden obtenerse nuevos datos que modifiquen el diseño o el 

procedimiento constructivo. 

Desgraciadamente no en todas las obras es posible realizar 

.estudios durante la construcción; además es conveniente que 

el geólogo que realizó la etapa de estudios de detalle con-

tinue durante los trabajos de construcción para que verifi-

que y actualiza la información geot6cnica. 

Las actividades que oe desarrollan durante esta eiapa incl~ 

yen: 

- Levantamiento geol6gico·y geotécnico de lps obras durante 

---~-~-------~--- --------- ------------------~-------------- --- -
,. .. ----- ~-- ----· 

,. 

' 
r . 

l 
' 

. 
' 
' ': 

'· r 

., 
'• 

·~-
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la excavaci6n de tanelas, desmonte de taludes, apertura 

de cortes y trincheras, explotaei6n da bBnco~ ~e mate-

rial, etc, Deban realizarse en forma peri6dica. 

Mapeo Cdot,cnico Superficial y del Subsuelo; elaborando 

planos y secciones geotécnicas con informaci6n completa 

y actuali&ada. 

-Muestreo para la reali&aci6n da'pruábas de laboratorio, 

así como pruebas "in aitu" en zona.a de interés o con pr2_ 

blemas. 

- Instrumentaci5n directa. 

Con esta informaci6n se proceder4 a ajustar o modificar en 

caso necesario el diseño da las obras. 

Loa métodos de investigaci6n son en general, los miamos qua 

se emplean en la etapa II (figura 4); sin embargo, existen 

algunas t'cnicas m4s adecuadas para esta a7apa por realizaL 

se en las zonas de interés, como loa método& geosíamicoa, 

los socavones y las pruebas de campo. . ,. 

1.4. PLANEACION. 

Las tres etapas descritas deben desarrollarse en una secue~ 

cía adecuada da t'cnicas. para realizar un trabajo efic,iente 

y a bajos costos. Esto puede lograrse estableciendo planea 

con rutas críticas que ae besen en lea condiciones geol6gi-

ces del sitio y en las mejores técnicas que permitan evaluar 

~--·-· ~- ____ ::-:._.:.:...c.:::.:::..:..: .... ________ ., _________________________ ,~--

. -

... 

' . . ¡/ 

'l 

; : 
•;; 

' : . ' 
t¡· 
í¡ ¡;, ,. 
!,' 

t 
~·· 
l• 

' ¡-· ., . . 
f. ,, 
:l. 

' 
.¡:·~ 

' 
l ' 
j•· 

i~ 
1 : 
~;' 
r . .. 
1 
f:' 
~.l, 

' 

,. 

'· 



~··-. 

13 12 

. ' la información: Y· predecir los problemas geotécnicos. Cada 

sitio requiere,. su propia rutsl. cr!tiea, la cual debe ir ·di-

señada para ella y modificada segan los avances de trabajo 

y la informaci6n geol6giea. Por ejemplo, la f~gura 5 ea una 

idealización g•neralizada de·una ruta durante las etapas I 

y II para .une presa media a grande, donde el aluvión o cu-

bierta superficial no cubre totalmente a todo el sitio. En 

este caso la iavestigaci6n se desarrolle principalmente du

rante el mapa~ ~~ol6gico ingenieril. 

La investigaci6n comienzé con une revisión de literatura y 

mapas, seguida por reconocimientos de campo realizados por 

ingenie~os ge6logos, ··junto con. mec'anisistas de rocas y SU.!, 
\ 

loa. Lo~ trabajos de campo propiamente dichos comienzan con 

un ·mapeo gaol6gico y seg6n se avance en al conocimiento ge~ 

16gico ae iran p~ogramando las perforaciones o sondeos para 

comenzar loa trabajos del ·subsuelo •. Los pozos a cielo abie.r 

to y trincheras son realizadas para complementar el mapeo 

abajo de la cubierta superficial y para facilitar el mues-

treo; las muestras son enviadao al laboratorio para efec

tuarles pruebas, mientras se grafican loa barrenos y se el.!, 

boran loa plenos; posteriormente ae dibujan las secciones 

del subsuelo, y 'se evaluen y sintetizan lo~ resultados de 

las pruebas de.campo y laboratorio. 

Loa problemas geot,cnicos espectficos del sitio deben ento~ 

ces estar claros y deben ser inveatigados de manera de obt.!, 

11er 111 mayor informaci6n sobre·· al loa. Finalmente, cuando t~. 

da la información esta completamente compre11dida y cada·aspe~ 
1 

to ha sido provado, se procede a preparar el reporte final. 
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FIGURA 5. ORGANI?.ACIOn DE INVESTIGACIONES: EJEM~LO DE UN PLAN DE RUTA CRITICA PARA UNA PRESA DE 
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INTII?I>lWriON (IIISTOIIIC,AI.), 2 
Th< CommL .ion on Stnndar.Jiz:ttion of Lnb.tn;otory aml Ficld T,-.¡s .,;, Rnck WIIS áppoinleÍJ in 1967. Sui.;~'l• , 
tu its·lirst meCt!ng in Madrid i~ OctoiX'r lQt•M. the <:ommissi~ ci,r~.-~lalcd a que~tionnaire lo al1 mt:n 1 ¡

1

:.~ 
of lhe lnlernutil>nal Soci<ly for Rock Mechanics, lhe ons\\ers reccived ckarly showing 11 general dcsitc 1 , 

stand.,rdized test in~ proccdurcs. At u furthcr mcclin~ in Oslo in· Scptembcr 1969. tcsts:-werc ciuegoritctl .·: · 
o priority for ahéir sta1~'lnrc1i1.ntion watt agrecd uP,)n. , · ' · . ··o~ 

SuhsCc¡ucnt ·m~.·útill.us_.,~·crc hctd in 1~·1~rallc in. S~.·file"nlhl'r 1970, in N:u1cy in OctohCr 197t;, :'i'n .. luce;,~~.· .. 
S.:pt~1 .. 1lh~r 1'17_2 .. in K:•tuwi\.~ i1l (kt~•h~o•r l97.l. in .txtwcr in S~nt~m~l~o·r 1974. in ~innt.!ot~oli~ in S-.:pt.~·c:•! ·~· 
197~. IR Salzhur~ tn o,tohcr 1976 atl'l tn St.•dhol~1 m Scptcmhcr 1'>77.'~11hc Luccrnc mc'Ciing lh< Con1m;· . .,, . 
\\'as suhdividL·d into IWtl comrniu~cs. OnC t.ln stufulardilathm o( laboratory tests ·uud thc SCCtmd on thc sl,..,,. 1 , 
Í/ali("'il or ficld IL'S(S. . . 

, .. '·H•J 

'fhc rrl.'.s!!ryt : .. ~ocunu.:l}l. ,,which.: ~(1\'¡;rs.,.. C;.l~.:g ... l~)' h9) in T!Jbh: ,1~ has hcen producc(l throu~h· lht..• ,;lfOTl\ 1. 
;111 iut.:rn~ath'n:~l \Vor.lo.ing ·r~'rty con~istirll!:,lr o~larg.~ numbi:r of:i!'Jdividuals •. l~cluding ~CV\."ru! -~mt.·tithch d 1,,\ 
(',\mmiu~c on Ficld TCs1s. A _list of' c~nr.rihut~.,rs·fS·gi\'CI\!.bc_low. Most of thc woik h01s h~.·t~n thrtH•i;h l.'f~fl·,1 ~,;;, 
<k~l«. coordin:tkd hy Tór llrcl;kc (l>d!•rc·' 1'1741,' :tttd hy_ 1Nick B~rto,n 1 (sin<c, JP'.-11: Mee~ in~~ of thc w,.,~,., .. 
Pan y \\á l." hd~l in [)~.·nvcr in S~o'J"'tl.'mhl."l' JQ7~.mld in Minn\!apolis hl. S~.·ptcmhcr rttJ7S. . ·. . . 

Thc rmposc or lhl'SC "SU@.~I.:'Sh . .'d M~o:lh\lll.c;'',,h. h"' ól':hiC\'l! so~~ dcg_rl'( of u'nifur.mity in lhc dcsl:'riptiufl ··! 
dis<.'l)ntinuitics in rock. mass..:s. a'\ an ·uiJ h, c,\,mlnunicatiuti· bct~cérl·'th~ gcohlt!isl and the cnl!ínccr. Utl"..:\~~ 

' . . ... ' ' . ... ' . ,, ~· ' . '' . ' ; . " . " . 

thc vllrhHJ" sul.!g.cstt:d mctiH1ds ~:hould not be treatcd as stand:ud pntccdurL'too·:·r;uher as ·a fram~ 1..)/ r~.:fl-r._·,~\ . 
Thc ,,kscriptio~l or rnck ma~~a.~nd dj~~ontinuiÚcs is' .nCCc~safii)·· il ~~h,;"~~\i\t:'·operal.ion and it ·rnu'~ lh•l r~ 
cxpcdcd. thtlt thc samt.! tlcttrc:c <'f ~'tnmtardis~tlion.:can tu :1..:hi.;v~ a.~ in the testing of a rOclt ~pecimcn. 

An)' pcrson intcrcstc~ in thcse f\,'\:ommcndation.~ al1d wishins.: to suggest ad..Jition.~ or modiflcations .~hnul.~ 
addro::s~ his rcn:arks 10 the S..:cr.c.iltr) Gc'ncn•l..lntcrnatitulal Society Coi"~ Rock Mechnnii.:S~ Laboratori('l Not~i .. n t1 
de Fngc:nh:lria Ci\·il. A. .. ·c·nill~• o0 Uro11.il. Ushoa S. Pnrhlgal. .::: . .:: :·.! 

. . : . . 
.\d,m••lit·d~··m"ni .. ·· 1 h.: 1 .. t1u1•in).! p:r,¡m~ '-""lllrihulL'II in tll\' ,\t:tflin,~ ,.( tht·-:t: · .. ~ue~>1c1l \tcthc-.1.;.~· .\\' f. h.nnf¡•nf 1 t: M R., ...... ,.. 
n. \l.i~:\l.tiH,!I 1 ·ll"t¡,i/Jol): M.¡\, ..:.oudi ¡/jq¡;/11: ~. ll.lh\,·.xl. J."· iluHI. u. Cnt~i..·n. l.''· li.ti\U;n, (j lldlh'l, (j ~l.to..l .. uJ ·.,,.:, 1) ~ 
l'l!.·;ttt.tC"w,,,,f,,¡:1D. •·a,. .... '\. \\o'. l),·;uman. M. Od·h·ll.h. J. \ot. l:'dnlcmll. P.',G. ro,;~,·- :ut\1 .'f. R ltarJ'i':r tl:n•ll;llldl t-:. .s,,,,., 
~l. 1 :uu11n1 ¡,,;,e 1/:mt.m.J¡; J.i.'. J.,hn (t;,.;,, .. m rl: ti. ~anrrcdimllf,,/1'1: A. tklh• (;\Ír.\ic'Ol: ~. Áen~ér\ .. 1 S··fl¡nlu'"''·; N. llitrhm 1t ·¡,,·,,,¡ .. , . .r, 

lt. 1\.lf~L'\, k Ucll, r. l.uh\!11. , .. t, • ...,.,, ,;nd A. l"'nhn~truln I.\';JI"I\'111'1: N. F. tiruS.Snuin, and N. Olivc:¡rn trorllfrJUf):: J. ti. 1.)1:1\,·L·r .. 
J. E. Jén;tin~.; ¡Stiulh .. \rrii:(u:'·M lkr¡;m:tn :•nJ l. Han'ot¡:i ¡s._,·Jtl'li; 1>. C Banb, l. L. Brd~oke. 1>: ll. llttrc, ·n.:ú. FiÍt~ll:m· l fl 

M•lkr.,ll. l. f>incu ... P. Ro~~·Uruwn u~ J. Wauim.'I .. ((.·J!ifi•J_Stclft1 ll/ ,tmt•ri~·~):.J: O.l"rU\1\'Vic O'•t!1mlin·M: 44"irid1YKhml'l. í• :.~·,~.::;,,_, 
• ' • 1 ··,i ' 

. , 

,·i 

t.\llllc l. TI:ST <'AIH;oMU:S tOR STANDARDIZAl'lON 

" , .. 
n: .. · ~·· "'"'''rlul lfu/•,:,,,,,, .. 1' h'\h) 

11'1 l'kn\il), Wa\1.'1 c0nh.'nl/p(t10l>il), ah~rpliun. ¡, 

:\. 

1~• S1u•n¡,~lb ami ,Jdnrma~ility in uni;u,ial ccnnrn""sion; r~oint ~ad.~r~ns,lh.• 
LlJ Ani\uln'rY in~ia·•: · . !,• · 
t·H lbrdn~·~". cthrasi\\.·nt:~,. • ·' 
1.~1 l•~•m~.:ahility. •. 
¡t.¡" .\1\l.'llin~~ 111ul !ilaLc-duruhllil).• 
rh ~~ 111 nd vclnclty;• . ~-. .. 
l_t~l Mc~rn:¡,..•tru~r ... phlc d~t.cr_il'uion•.• 

¡' 

Rt,.·k mu'' Vi••fJ ,Jtwrrallfllf~l , , 

¡ •.', 

111) Juin1 ~~·~tt'ml: oric•nhuion, ~pacint. up:t'IM!IS, f('IU¡Jhneu. ~tOmc:try. fllhnl! !'-'"' alter:uion.• 
1101 Cur~ rt."..:vv~.:ry. r~.~~;l ~uolil) d~.:,i@nallon unJ rrac:turc lrGl.iDJ. · ·· · 
t 1 1 1 Sci,mi~ .kM'l ,,,, maprina and wt a. rock qu .. hty indu. '1 

1121 (.kop~l)\ic::illoav;inil or horctwtct.• . 

C.rll'llf,ty JI: F.nqlrttl't,inr/'Dt•siu" T .. sr' , 
,,.,,.llf41fi>t)' j ' • • • • 

(1) D~·tcrMinotliun o( t.ircns1h .~nvclope (lritali;Jl 'and uniaaU.I ~rrct!iion and \eMile lt'\11). • 
121 Oirc..:t'shcar t.:stt.•· · ' 
(l) Tlmc-dcP.:ndcnt .and rlasllc ptoperriC'L 

In 1itu 
141 OdQrmahilit)' t('~ts:• 
t~l Dirc~;;t •h~.:•u tc,h. • 

:·· 

(bl Fttld r-~rmc:tbilhy, grn\tnd·Water prniUrr .utd ftow monitorina; ••ter umpltna. 
t7t Rr":k _,,(lli t.lctermi_nttliun.• 

i IHI Monilflfinll ohock moveniCftl,_ aurrort rn.:,.: .. urn. id'lchor loadt.. rock noi:sc •nd vibration"" 
. 19) llnW.r.ial, hiuiotl.o.nd uiaii,.l Cl.)mrf(uiw strcnauh. · 
11111 M1ll:l ym:hor tc,tins.• 
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Suggcsted Methóil; foi.'the Quantitativc OCscription 'óf Oiscontinuitics 
.. 

"·'· 
., r:' ' _, ,, . ,¡·. 'J 

INTRODUCfiON (TECJINICAL) 
.,,·; 

.•· 
The:·majority .or "''* mass~.· in pa~ticular tho•e, .:Vithin a ~w hundred meters from the surface;· hchave 

· •• di•éontinu~;·wiih the discontinuities !argcly,,de!ermining thc mccha'flic~l,beh~viour. lt is thercforc .cssential. 1: 

' thal both thci structurc' of a roclc.mas. and 'the naturc óf its.discontinuitics are carcfully. described in addítion ' . . . ' - ' .. •,)'··• . .. . .. ' ' . . . -· . . ... 
. to thc líthnlogical dc•c;ríption of thc rock type. ,'1:~!1'• paramett;is ih~t can.~. u!ied in .. S.,me typ. ofstabilíty 

3naly5is should 'be quaiúílied '\vh'encvér po.sible.' ·• ·• ' .' · ·. · · • • · ..... •·· · · · · · · · · · · · 
FOÍ:; e•amptc,', in the'· case . of róck sliirc . stability . cé'ri;ín 'qu:intitative· ·dcs'ciiptioris c~'n be uied dir~dly' in 

a prcl_iininnry lilnit eq~ilihrium analysis. Thc oriental ion, locutktn, 'perSislcncc~ joint · w8ter preSsiuc · and ShCiu
;trcnglh or cri~ical díscontinuitic:!~•will-be dircl!t dat'a:·ror· u~e-in anaiYsis; For. purposes of Preliminary' invCsli8,atiori 
thc liís.i lwo ;pa'iametcrs can probably ·be .cstimiíicd with acce¡itable · accuracy 'from a carefut<description of 
thc naiiue of thc discontinuitieo. Fcaturcs such a< roughnes<, wall strcngth, dcgrcc o[ weaihering, type ofínfilling ·>! 
n1a11:ri~l. and signs of.-water sccpage will thcrefore he imporaanl indirccl data for lhís enginceríng prohlcm .. ,.. 

ror thc case of tun'nel stahility and ·c!itimation of Rupport..-rc:quircment~;;, all thc J~criptions will ·tcnd to 
bt.: indircct data sínce··a d.irect ·~nalysis o( ·stahillay h':~c¡ .y.et Ío b'c""deV~I()pcd. Jlnwever. a careful dcscription. 
l'f rtu:·Structure ora rock~mu~s ugd thc nature of,its discontinuitics:can be of incslimahle value for extrapolating 
,,r~ri~IH:e o( SL:Jpport performance to nc~ ruck mas~ fO\'Íronmet:~t~. ·Oc~criplionc¡ cthould he ·sufficiently ·dclailed 
1hat lhcy can form the hasis for,o functional clas!ii~c:Hión of tht! rock ma.,~. .~ , 

In lime, as dcscriptions nr rock rna. ... ~l:s aruJ discontihuitics hccome nwrl.! complete and unificd, it ~~~v he 
r•''si~lc to dcsign tnginccring structurcs in rock, w_ilh a minim_um of expcnshc ;,, si(u testin~. In ~~~~Y ·c;:t:-;c 
t:ardul lidd dt!scriplion .. will enh3nc~ lhe. value or. ;,. .~itu 1csts that are pcrrnrml'd, ~incC.thc iniCrprctntíori and 
cxtrapolation o{ rcsultS:_.will he ··Made moie rclinbte. ~- .· ,__ .,·., . .., · r. 

/. • ~·, .·.' . '::··, .. !'- ';-.~. • ..• ' : .. ~... ·~= : ... ;.· 
'' . \'• 

... ''· 
'::• .j .• 

Jc,jllf 

1\ break of.;;~nl~gic~l. u.rtg'in :.~:~' thá ~~;\~t.inuir/:or. a :·~O~Iy. 0i ·~o~k ~In ni; \\·Jiich thcn: h:~~ hccn · rht ·\·isih·l¿ 
·l• .. pl<l._~cm~.·nL, ·~\;groun ::qr p~ttallci;Joitits·:j~ c:d~c~.l. !' sCt · und j~'iiH .. s~·t~ i,rúl''""'ct tn ro~~.~~. ü j~1int. ~~~ sh:n·t:)l~in!s 
..-.1n tic .opcn,. 1tillcd or ·'lu.:alcd. Joints rrcqucntlv .Cnrm par;.1tlcl _tn~ hCddinp planes. foliottiim and clca\':tge and 

• ·• • • ' ,, • • . • '' . • • . ~ ., - . '' ·r .' ' • i~ 

m,ty hó tcrrncJ~hcJding joints, roliation jOints nml clca\·¡igc j_qil_ll~facco~di,ngly;:, 
1

, •• r 

' ' 
r.wlt : :' ' .• ... :, 

1\ fracture or f¡;tt:turc :tone alÓng wh1Ch lherc has bccn "rc¡;ognkthlc di~pbccmcnt. from a rcw ccntirnch:rl' 
1.1 il fi.:.w kilomctrcs in.'st:alc.:'fhc" walls .nre ortcn slri:ttl!d :'"d polishc"d ~~lic:kl'll~i·th:d) rc~ulling· rr.om thc.st~~..·:tr 
1!1 :pl:l~l~mcnt. l-~r~qucntly. rock Cl~ bol h si~ es= or a f1wlt ,ic; shlittrrcd and ~lltcrl·d or wcat hcr~d. resl:Jiiíng. in- flllin{ls 
llll:h aS hrccdn·· and gougc. fo~ault' widths ·may vury frnm mitliml•tr~s lo liundrCds or m~:trcs. ·· . 

. :· ' 

oj\("fiiJ/ inuit ,1' 

l'tll;-{!cnerul i~~;1~ ro~· ariy ~Céhanical:'disconli~u-it; in a ruck m&ss ha,·i~~~ ·;~w 'Or 1~..\· tcnsilc ~lrC"n~!lh. 11 
:, [)¡~,; ·.~oll..:ctivc ter m (~r: n_wst_¡~Y,pcs ,q.C\o.irlt~. ~~c.i,,~.' h~.ddíng pl~~c~.,. wcak !'~hístoc.:ily planes, wcilknc\!-. .lPilC!' 

tr .. l raühs. Thc tcn.rar8mcter!' selccle~ 10 dc!'I~Ti¡,c_·di!\c¿,ntinüitics ¡tnd r • .,Ck ma~Sc.~; are· (!dinc~.i h.c.low:·_( .. - ,.· , .. 

·1. ÍJI·it',ualimi -·Atlitu~..: ·or dí~cOntinuity in spoic.:. Dc!'cril1c-d;b_)· thl' ,'!it, df'~'-:':~imr, (:llin~uth.) ,;,;1.~,, '!!r(,qr¿ q1c ! ' 

1 ~nc ~.1fi_sh:cpest .declinaiion _:in t,~e planc .~f the dis~o.ntinuity., Ex~mrle: dj(J ... tli_rf!ct~?"/t~;,, f(J.I ~- /3~--. h . . ;¡' ., , !'¡ 

2. S(tildny---PCrpcndicu1ar ~ist8nce .bct\\:cen adj.Íccnt ·discontinuitics. Normally· .rdcrs .lo. thc mean or modttl ·.·. 
'~'"<~ng'·of a sct'ór joints, .. ·: ,·.,. ··, · . .. ,. 

."\. [·~~r.,·i~um·r~~Discorúir1uity trace lcilgch as Oh~éi'vcd in an c~po:;;urc. May_ givc a crudc rórasurc·or thc 
:~·al c~tci~t or · Pcnr'tratio.n ll!·ngt~ ~o( ;,•(Ji~continuity. · Tcrmini"ltion 'in sol id ft'le,;k l'lf against llthcr di .. cont inltitkoc; 

... (!.IIC\'S lhC JlCfSÍqcnéc.'' . 

-l. J\,_)uqlm~.·.~·'":-:-lnhcrctlt ~urr:i~~· rough~~~~ and ,wavincsc; rclativc to tlic m~.·~tn ,P1anc of·a dis(o"ntinuity. nqlh 
llghncss :\nd ~avincs·li ·(.·,)nr"r'ihtitC to Íh<' ~hl·nr ~tren!.!! h. Larp.c s'c~ttc· "avincss ·ma)' al .. o'altc'r'thé ttip lt•cally. · 

. ·' • . •• . •l . ' •• ' • ·' •. .• ' ,·¡ • :' ,; ' . ¡ 

~- lt'u// Srn·noth. ~F.quh·aknt Ct'~tni"HcS~ioh strl.'ngth nf thc adj~wnt n~k wal~s l'f a _discontim.Jity~ 'M a~· h~.· 
···IL'r :th;m rock. "hluck ~lrcngth-Uue to wcathcrin~! or altcr:1tion of thc walls .. An important C?~ponent of jhcar 
·':·:ngth if rvck, walls ~'"~in ,onl:lct. · 
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lote~~alional_ S,>dcl:;. (,,, Rock Mechanie3 
. ',' ', ~ ·;" :. ·, .. ' -';'>· .l~.' •. ' ~ .. ,;.., P''' '•' 

:.1 

·-:! ,L .• \ 

'•". 

ú. A¡,.,•rturt•·· ·--l'crpc-ndi..:~lat. i.li~lance hé~ ~t.·cn _:!~j'"i:C.fU ~oc~: \\~Ú.S. '?( -~ ¡'~iscontinuity, in v:hL 1, 1 he .,_ .. 
_~:r,;¡'-""-' i:' uir or water tilled. f ,. • ·- · · 1 

• • .;· • ' • • .. r\ 

7. f'illiu(i~-M ~lcritil _lhat·s~pai'Utcs th~<iu.ijnL'\:úi ·ro:.;k · ~lo~.11ls -or. ~~_JiScOil~inuit;i' and· th'af ~~ fJ.~ 1 ,,;J¡ ~- ~~-~ ,·.'·.:,. · · . 
tlu.: tmrcnt rock'.::rypici'l filling. n\Otcrials ··:m:· s'ai111; si h. cl:ty. hrcccHi:· g,lutié. · mylo'riite> At~h irÍc.:JU;!t~~ tl·i·~r ·• ·t~,-~- -. _ 

· · co:llings and h~1ílcú dil.cOíitifitilliCs,'c.é;!. ')mirt~:.·umi calciiC ,-cin~.,;t ·. ~!. ,,,-.,: ,,.·;.: -~-- ~- - ·:_. · ¡,~_)· ·;~·. ~'-""'tr"\:~. 

· 8. SdePúfi'·~-~W~ItCr"jí,o~· and rfic rnO~,¡·~ré Visible. in i~~~h·idunl1 ~-~~~?:~!~~:~:~~!!l~~f>?f in 
1 'l~~.".rR~~:: ".¿!¡~~~\ .. ·~+~:·,1~~ \1\Jht ~ ~ 

9. {"fuml,~·~ ~>1 s,•ts··.~Tn~ .. n.u~\~t of J'~m•. ~~~~.;~~P'Pr}~~n~ thc.:~~mer.~c~!l!l& J'~•s:'! syst.~~,·. Thc·. ~t;t.k···.ro.at, . 
b(: ~ut:,_,h.~t,dlv~J~d by ~~~VIliU:ai_~~ISl'lHl~I~UitiCS •..••.. ,, ... , .. ·,,f;~ •;. :.'. i· . .:. :: 1 .·-:·. .'·:~! . ,.·;¡ .~ 

IÓ. ::"!JI(,,· k Si:_t·-~Roc.k:··~~o~k. d~Ol~ns•.o~_,, rcs~lling fro _ _,.' the m~1~ual: ~~¡~~~a~ iOn: <lf intCs~~tiug jotin. ·ten.: ¡·J"~; ·~ ::·:. 
r~sul11~g frnm·1hC_.dip~~IOg of. ~~~ IIII.IIVIliuul ~C~S:· indiiJ10u;.ll.lhS~oniH~UIII(~ Jn:tyt_ fu~lhcr. lntluent.~ ·ti·c· ·blOcf ., · 
su~ ary~ ~hapc.í-' · •' ·tf···~ .. ,. '!J:~ f\ :~ ::. .J ··: .: . 1 ·~::: ."-', :· '! •. ·!··:. _.., .. , :·. 

·! '·~· ¡·~ .~::·; ·~tl'•" .i~ ; •• ·, -''· :,.;~ :-·· ··1:'" ~,.l" 

· · · · ·· · :·sAMr.:iNc; lilnú>sól>i-iv· < ' ... t- -'• · · ''~ 1 
' .¡_' .... ' .·í, ~- . .;, ' ~;·,. ,. ):).~. 

G~ologi~al cngin~cring (rives1ign1inns .urc gl!ncr_nlly-,carrirlf ouü in several st~p.c:s, ·.In providc inf,\ror.111;:. 

aprroprialo <lctail: lo lhe c'llrrent-slatc -of,the prnj~tt: .,-,- __ ,, ,, , .. ::' _,. :: 
(i).'fcasihilit;· .'.' . 'j\. ·/ . .··.:·. : ... ;·; .ü·· 1

' ,q (~' 
(ii) _.(Jctailcd·,r.laiming' '11.',' .... ¡. . .. !, : •

1
·i""· ··· .i·· ~: · •,•. 

tiii) construCtiO,l/oPCr'aiiorl". , .. : ~ . .., ... !' ·!• · ~: · · ··t:t •. :·;· 
. . ··r;-. -r: ., ••. ~:¡. .·. 1~ .1_:: .,., ¡. ~-.: ·,·; :r:~ .... :... ·;'\ 

•. 

;•. 

Th~! dc~rt:c of dcwil rcquirt:d rn~ Cilt:h Sf<igC wíll \'Or)' con!Oidcrably rrom projccl tu projcd. • . •. · •. , .• ····.-., 
Th~:r:,~ are 1"-:o h~'\i<lc\'dS at which á rnt.:k rna~o; survcy may he c~•rried out dcpc.ndinr uPf•n tlw ;;1,\.•,•:. ,, 

or th:taH that is rL'quin::d.)n u .\llh)l'CIÍI'I' (hiast.>d) !>.UrV..:')'l'?".'~- IIJOSt:, distontinuilics whidl appc;tr l<.i lx· ir·:···· .. •'. 
are Jcsf.:rih!.!d. h~·an o~/f·rliÍ·t• (randuml survcy alll.ii.,.co'ntin1Jili-.!~ 'inicrsccting a lixcd H11c of area or'r,l,.-k ~;•.p •. ,~1 , 
an: Uc.:scrihcd .. ,;;, : : 1 ,;! · .-~ .· ., ..... , ·' .~·.. ,, 1 , , ! ' 1 , 

A pr,crcquisils' ror bolh type• ohurveY,:-is 1 he· s¡udy: ofiany, availal>le gcological maps roii<>Wed 'by ·a ~"''"'·f" '.' 
n:cmlouisancc1 or roe~ .. ~Yr:cs. · ~1újllr gcol_~gical· "Súuct.~r~'\.' J:üÜt~t~ ~t.ly_kcS:t a~d litholoj;icai . contact~. A. ~~ th! ~ Df •. • .. 

air ph.~tógra¡ih~ will oflcü he in\'nluahl~ for planning this·u.·c(mnairan~c:·~'At this Jl.rcliinin<)_r,Y. s,t:tgc~cffnrt:-.-'"l""'ld 
he in:ldC 1 o rcCógnisc dmnt1in.10. Whcrc ~yslcmnlk · fcatu1 es sm:h as •jointll' possess· similar ori!'ntal iJ"n er 'r" h'' :· ·: 

Thc r~!~'ric or t.hé rtlck ·m,\ss !!o!. ~(Üti.~tiCa~fy hnrrit~gcncmis.in·:¡ dori'wi~. ). , .. · ·.
1

· • 

. Th.~}ohjccti"!'<i~ppn~a<;~~to sn.(nplin~ .~n.ITc.rs f~Om the,ma.iM tlisndv:~ntagc th~t it is. time \.'l~n~uwinl~' -~''f''; ,l • 

. rorm\)( autnm'fi"tic data'· pwccSSi'ng moa'y7·he ié4uircd'to~ a'n;,t...-sC·· hJf!ihC·-. data. itowcv·cr;jf ~truCturul d;;:!t tl"" 

canri~~'f:·~chtÚiy he d~li;H:.IttC¿t ·túcr'C _m'ay 'hc\'ná aHciñnt iv.c. Thc ~~hjCd íve··ap·proachils hest•;.J.(iplictl WhCrl! ~• ;,~~,,~~ •• · 
doin;;j~S--ar~ cfCaily r~c,;ghis"i!d:;·This will sa~r.·."-'time -~·lltl c{Tórt~~:and .. \vill U$U811y ·rCV~éDI' all ~ti¿! diSC'nTitillÚ'~' '. 
!>.}'Sien\~ fnund in any '>Uh~Ct(Ucnt"·lii1C'·¿raréa .sli"rVCy. ..,¡· ~. ''.'f:·.:f·.ti~ · · ·: · ··"" ·.".: . ·-·:f ·:l.. . .. :• 

Ro·~·k: n\ass~ .und thcir cornp~"ncnt disContinui.tics can he dcsnihcd hY thc principal ~tthod~: .~ . . ~ ' . 

(a\ (~·ut~.:rPp dcscr.ipt,ion '· :. t .. 
(h¡ Jrillcorc•and drillhole dcsc'riplion. · 
{~.:) :t_lirrl:!'t ioi·Photogfánllnetry. "'·.: · .. ~ ·~ ¡~: 

. ~· . . 
~- '.. ..... . {.; 

. ···,·]· 
···J.. 
~ :~·· .. 

.:-il .~1 

'·~· . . ',. 
!" ~-~'·>· 

·:1;,, .•;¡; .• ·.~-:~t· }~··.¡ .. , }"·!1" 

~- ··!.·,~.~-~:··;. 1.,.·). ... '; .. ,. ,.. 
. . -. •. ··~·· ·.· ;. 

'.'· . ·.,, •' 

·· .. -
'' 

l. ORIENTA1'10N !l' .~ ,l.. t: . ~ 1 • 1 .; . •• • ~. 

••.; ·· ·1.1 ~o~upa .... ~ .. ;tJtl Cii1ioiir••it:r ft,f,•r1tod ·;..; 

(e) Th_e. mutual orientati_on. of discontimJilks ~\·U· .
1

, 

·"dctCrmiÍÍC tlir.: shape or· the individual \block~. :bl·~h .. t·f 
. r 'nloS~3ics'~Comr'ii5i'ng thf_rock m~s. · ;_ -:.· · · :.~. ·. · . · 

Sco¡ll' ·: .,, ~ ',1:,~··' i.¡:, _;···+ · ·~ · .:· ' .; 
',._·: ' ' ; . . . . . /, ~ ' 

l·,! ·~> •• ,¡~·.'·' ;~: ·-· .. ) ...: ·;·: .. ;•:,·~·.: ... ,, 

(,,) :r'he <'dcntütion Of.~'(J¡SCáriiil,uity'i"n \pace ¡§·deM ._:¡.;,¡rtipm~Jil 1 h:· .~. i ·\ ·. ··: ·i .<~·. · .~li. ~ . 
ser ibod ·by lho ._dip o( Útc li'nc' 'Óf sleepcsl -dcclin:ilion (n, Cninpns~'and·clinilmeto!r.' Compasses whic!>· n:<'l 
mea~_uréd from :horizontal, nnd\ by lh( Jip di~miim ! lo •be !cvclled ~Y ·means of a •phcric~k!>ubb)c_; .:.b~fo_'•. · '· 
n1casUrCd clockwiSc: frorn tru~·:nOr.th. \:·";\mr1e: ¡/ip.Jir· ~·taking a dip_readiniZ with the !id·paralli:l..t<~ tl·~ d•í"·. · .. 
l'rliolli',~ip.(02~'-"/45' ~ , ~:.· ,1_.; • i'r·:t'~~ :, . ·~-·~¡,. 1 t .· \ ·1;~ t, .:h~··~ th~ !Jdvan.tagc that-.the ~~~J~num·~(t_t:t.~~i!:l<l.~.hH-~.'~'\'; 

(h).·ihe ·or'ieritatior:) .Or- dlsGontiÓuitic.s'i,dativc .. t.o -a11 . :~s· ;mca!;~~red di.~L·ctl~. · Ot~ea .tY~~. ~,f,_c~~nom~~:crr: nt"".· . 
. cngírleCring structure Ja·r.gc:ly "c:m{¡'·rol§.:Í·h'e;: p~ssibili1y or :·.lo ~c. m(wed ~C'ross the disconttn';lity.·'".~~ll ~,?ut th~ ·¡· 
un~H'~~~ cpn~.~t)_on~ or ;~~\.:~ssi~~A~ror~a!i,lns d~~elnJl" .malim~f!l "·aluc_ is rcg~tcred. · .. . · · ' . 
ing. T~• imJ><!r,l,ance, ~r ori~~tation,, ini:rcascs li;hcn · '<b, .When '!lié' rock is- s•rongly:inagnelic a· <~ino-rul< 
olhcr:é;onditions J.:>r deformalion .are prcsenl,. such 8S , and 50 m ta¡ie;:•o~ a''diréCi'fea<Jing B7.im'úth' pr<>l~ad•'' ,:·: 

'·\ low'"ShCSr s_d.!:n8th· nnl:a·sufficíé~t nu'inb'cr" f•f\iíScon .. : .'can he".üsed,. ~.:·,··~· :·· ~:- 1 .;. _ '-1 ·!·~· 
· · 1 ialuiiies or )oiníséts"for slip 'tó· occur: -' (el Whcn.;<>liinating the di.p of inacces:ihle i••in•• !1 
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5. . '• 

Suggcstod Methoc'h; lor the;()uanlilativc _Q~scríption ol Discontinuítics , ;;,·:· ' . 
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·. \(ll1\cni~o:nt·lo ll'>t! a clinometer·w'ith un.inchneahle ·~Nf•t(!,t . . ,. ·~.t ,. ,(, .U;.:;·· o:!~'t. 
1 d1111.'~ tlcviL.e:·_ancl inC'O.rpofatil'w R rCfl~-ctcd. ( · .. · .. >· :".~.<~• '·' : ' .·, .•• r:.- .,_,., . 

.;, .... ~·; 

_ e- nn~gc o ; · (tJJ .M,a~n~tk' deOccli~~-~~.:.,P~use:i.t tiy.:i~on pi~~ or 
• hod\~ont;tl buhhlc .. ,·.;•;: ~ ·'· · ' ··• .:rail'5, oi.,anom31ies duC:.iO órC'·bi'wJics .will ~omCtimcs 

;· · ·t· ~ .·· ,_:_-~-! -'1 
_' . : ... : ~~ 1

"·'" • : ·~ai.·t~c ~,;p~mra .. ~-"- jCR_d!ng·s-. .'io· be ]111.~ i_~lia~t~::-~ n'.su~~l.: ca~C!I 
l·,,,r~~lur,•· ~ '' •· "" 1 1 1·' h ' h !' ' , :--·· -1 . · a o:'O nl."! ong! l•tpc s wu u e slrclc cd -parall-.: , t1-, thc 
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'·· 

_ t:,) -~-~·he max~~um _.'~c:&.'linnt_i_~!'J· tdif!l )~ or t hCI :.~1cnn ,f(~t.:k_ r~~~ ~·r '-~~~-~nCf~~(f'~~n~t. n~·ie_~tai~_~.'-~;~Y-. m*~ri~ or 
il:~q_l· of t_he ~ísconlintiiiY i~·inCS\urCtr~~\;ith.thr~<cJin· ~;_.rla __ ~~ ~':J,d -~r?.~.~~-'~ur~~y~. Dir._.~ir_~ti~~-"~Fan th,c~ _he 
1
''' tc,r. and. should ~- ~:xr~cs~cd, m degrcc~ as 1a 1t\H'I , mcasurcc.J rclnuy~ tq tlu~ tare U!tmg a chno-rulc; ~t~~~-~~ .,.q 

h~u 11111nhcr. e.¡l., OS,. or S~ (tl(l ,~O.~ .- · · . - ·; .o m• .lcg ,p:orallcl. lo 'lhc. tape. Thc dala •houl<l he. cor- !'::.i 
·. ~ ,,~. ·inc .. ,?7·~uth. o_c . thc ... dir,: ~,¡¡p-~ .. d,~~:cii«!ni ¡~ ·,·>_·ccisd tt~:_)·~-,~~-~/¡ nb!t~t;~bcrore (!Úla_tY!ii~--~~-~)(~•-~:~~r~~~~-~-.. , :-! . 
1ct't•rt·d m tkJtfees countcll dockw1sc.from.uuc north. , ·rnca ... nrcm&:nb 1s undertakcn. Altcrnauvcly a .. (fued 

:-~~! :··~IH&.'sst.·~lla$ a 1hr~C digit. nu_~·h,cr. ~C:g .. (11·0. '!-~ ·¡~!_e;· .• ·;:~~;!d¡,;~. -~~irU~th'_'riotrador. can -~e crit1P_I~)'cd '_i~.;~f.Ja'--t 
t~t\ _-;·J(~U··~_- -: ... ~ .· :~; :_.' ~-'~::.;·,~~-~. l: ,_; . , ., . , _o:f th~ d!_~~~r.1;JIC .. a~d. ~a-~ ... , C· _. ·t~Ü' ~:_,,:.•::~, .. , ,,, .. 
--~~ I:)Jhe dt~·~/~tctton~nt~. ~~.~C'J,:;~hould· t~. r?t'ordc<f -m ~·~( (~!:_Tite. l.hJ1. (l_r. \'hs.~~t•_nutt~ •• ~~ns~~f~~ -~~~-!.~~!- ror 
·~' ordcr. ·Withl;lhu thri:e d1g11 -olftd. IW\l :ti lp:tt nutubcrs stab1h1y ,.:¡hould' ·be mca§ured usmg a down-dtf! base. 

.... • ,.. ' ' • ·: " ' ',. • ' - ' ' .. --. ' :. • • ~ .,. ' • ' • • 1, -·~· i ,. •· .,.,, 11 •• 1 ' • 

.:i'ar:t~l·d h,t ~J~nc. c.g;'OI0''/05·~· .. ,,Thc:r:.t.ir '!( nuntb~.·rs .J.cngth ~·;~~···r,/inn t_hc wa,·e ~~~S!~.Or ·s.u"rface u~du1a-
··1'1rt!)l.cnts thc:-tl~_p.~t.'Ctor. Sec Fig. l .. f . :. ·li,m~. Tl!t local indinat~n.of no~~p1ana_~-~(catur~_.r~la· 
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ti ve .to mem1 · dip will be an · im¡lt''lflitn\ C(lmponcnt i&~ ..• !.IIIUII i1..-s. fU". he '-'"lnnakd by tlown~thc~ht,lc \ :
1 

.. , 

lhc shca~ ~lr~ngth of lhc ~urracc: in 411C!'.Iion. Thc c~ti· · tCchnif!~._~· s.ucti' a" b'!rchnle tclc\·i,ion _camera~. ¡1¡ .. 
matcd d&reCIIOil O( J'OtenUal m&n'CI11Cn~.may n_ot cmn~.¡.. p:rap~UC -~nm.c:ra' 311\J- t'lore_hc~~C .pefiSCO('t·s .. ll _

1
, 

cid_c· wilh thC dnwn.:dip Jirection, · · ! ~ .' o~i.critn¿i~!n~.th~e-mcthods a1~;1'rm;igé in\al·u,,~\l.: . 
(d 11 i,; d_c:'iirnblc h) m~1sti~e u ~ufficicnt nun\h~_·r 1l~ . r~)i"'aJ!Oh'(.-~~C.erning spacing..tl.•~ .thicknes(o of 1 ¡~ .. ,. 

oricnto1tions_ tn dcfi~~ thc various joint Rcl!i of. gh~·n ¿nntil~!!lty_. lit~in~~ amJ the lc\·cl C.f seCj)ag~· rallr>.· 1.:. 
drim•ilns. Opinions 'con~.:crning the required numh~o.·r 11. Drill <."6ií= for <letuil~,. ' · · 1 

r .·. · . 

} 

var)" Jrmn áhnut KO to ~(~~· A ·rL~a:ooriahh: CllOlJlrtln•i~'~. · th)".~ ~-~t·i.~l.corr 'reCuvcry 'melh('td kn~wn· 3~ ti·.· , .. 
WO~IId sccm'.lo he .I.S?·,It~~~.:c.l~ar thR! thc mlm~cr !••.:.~~-.~~~r;tJ~.;IInpl_iÍI!i ~el~~ r1.1 i.~ ~ecommcndcd ~:)r nh,,: 'l 

bl:.rucommi.!nded w1ll ''ary·w•th lht: arca tu be mapr~.:tl .. ,• '"~ urll'nt~thon qa~u- tn hc:t\'11)' fraclurcd rod. nu. 
witl_1 thc randomnc~s ~( thc ~!.tcntatiun'>. ami. wilh lhc' ·Thc i1!cth11t! ~;?!'e_n_tio!I!Y cons~stJ.O t'f rel.·n,,:riil)l a t·. 

dctaí1 rcquir~d in ~uhot.cqucnt anai)'SC~. U ''ricntntll•n"i· •wmplc which hJ~ .prc,·iou~ly hccn rcinforr .. :d " 1 • 11 
llf~ (..'Oil'ii\t~IU, c:trcf~11 sam(lli_~,g. will rcdu~.:c thc •.trn,~nnr gft.l\tiCd btlr \\htlsc ;l1.inntth is lth.'\.\'11 frnm p~ 1 .itt•.;l;· 
or ~Hicnt:liÍO~ ~~ala,~\),'!~Ld.~r~t.hly. · ... ·: ,. ,.,~l~~- J:~~-rcitlforn·ll.·(~ar is~C~l<IXially '(~vcrcordc 1 1 ,. :• 

(d) Sc\ci-a_l_,~.:nnnt~tC~ ()1\:lhl! Europc¡,m coútin-:t~t ha\'C_ .... a•litiJ!Í:r diariiCit~r c''rin~ crown. · _· 
ft_u: many 'yC_:~rs utilill·J :-~uv..:y ct.~uír,mcut nni.J 't.:om.-' : '-;t __ . •í 1. 

ras Ses \\'ith hnl·it.uni.~l si.: ale~ divide\~ 'inttl ~OH ra';,, ít.:.~: ~~ ·. rn·_.,¡.;,¡m inn' ;¡/' "':'''''-~-· 
O 4oo·~¡. ·n~i~·h:•~ tlh\úw·<~!d''ilnlagl.·~.\\'hcn .. n~~~!'"ring 

1
-s:"'' .,.·1 --~1 ·,, L.¡: · .. 

1 
. . 

1 
. · · 1 

1 .. · . l .... · , . ·. , . . . ·' ·:. . • 111 _lrll\t .m, ' 1' ~-' 11/,1(, .... l 1~ s1mp t..'SI -mclho .. ,. , 
lo, 1.um.t pmnt .u.:~ur,t~.;y. . 1 · 1 ,, í-: 1- 1 ·.k· · · 1 tl' •

1 lhc \~rtical cirl:lc Hf maíw \.·liñt'llll:IC'r~ .jo; al.~i1 ~ at}qlft~l·.~-'-', Ion ;u~·l ,e strt e :tnl •r. ~ym.~',1 .. _,lf_.•·-· ;,,,. 
. • . : . -.. • 111 lh~~,;l'nr~ct local¡on <'n thc gt"uht¡!lcal m:1p pf !1:· · 

~~~p.-.:_..;..;cd tn.qnadraub tll l00"'11l'ih!:IJ'··Ili·'J0. [h.: ,,ar· . ·:r..:· '! ... 1 ' 
. . . · .. ·• ; · ~ aren. -ror c:-t;.ul'lp e: '· -~ 

IICl,tlar systcr:n ultltzcd .sh~,uiLI he clcarly ... ~:th~d '~h~n. · .,..,: .. · . 
oriCnt;úioti·data is"r~pnrícll. Fm th-;. purpt\~C .uf M_,~l; • , ._,·.rs( ·.r~.~prcscnt<.. a discotJ1inltitY with. a dip t•t 1 · 
and. rt1ck ·,11~d\anic~ stahility,.analysc.~ it, i..; m·,;'\t l',m:.. ~._ ·~~--·' -~ln•t ilrik('. ;ts slwwn hy thC nricntolli··u·. · .... 
... c~k1Ú lo hói.Vc dip··~lt::t"'m::m~nts mcn"'u~~o.·d in~:ilr C111l~ • ~ · ·thc línc. tht.• dip diredion ¡, in(líl.::•t• ti t 

vc.•riCd ttl, 'he tlldcf. o' 90 SV!oii.(fll. '(c0n\'l'rsi_i,n~ra ... tl)'r.: 1 h\.' 'doY. n~tiip "YOihltl. . ~. 
9/HH. - _ . . ... · + rJpr~~cnts a horilon!al díc;conlinuity. 

(~~) Thc:· uc'éur<~cy ,o( colnPass amJ. clinomCtt~:~: oríi.·n~_ .... · . :.,'. · .rCph''iCIIt<. a vcl'lk:al di~cuminuiiy '"'ith 
tation mc:1surcmcnts will dcrcnll un ~évcr;¡l fil\.~torS ·Qf..t . '-. ;·.jt " __ .;_t:_ilo..~· as shown by· 1hc oilcntutinn or ~l· 
wflic.:h thc fotinwin~t' ~i~e. rr~;hnhly ,no~i 1111pnrttint; :u:·:·. . 1 • !":-. ~ .. hne. 
cc~sihility .l,f¡ 1 he ri~mé .of ilttCrc~t. aiCal l!xtent 4)f· 'th~; .-; 1- · ; .: ;':·t. i .. f:. . i 
\!)1:~0·,.-~,t phinl!. t.lcuiCé.or r'fan"ritu. nnd ~inO~ihnc~.~. ··spact!:.linl·itiHions un thc gcnlllgicat map. plwi.•ll'i~ ··. 

1; " 1 
• · • · limi({h;c,. ·'ntiíhhcr of· plan~ wliich cart ht• rcrrc .. ¡:c,· t· 

ot:Cnsi(ln;tl 1t'n __ 'n~nctic anomalic¡.¡, humun cf-r0n{ -l.luman - · 
-· · · -.. · ii1th<~.b~wC1 1~anncr. NcvcrlhL·Ico;;;s. fqr ph·ing aylT.I ·

1
, 

crx~H'i call'·hC.~cdm;e4_,~y,.m~!ñ·p a ~lin.untctc(t~· h'lalc., . :.· ·¡ h · .· ·l .1·. · · .. · •. · ,·,, .. 
h · 1- . .- · f , · _1 • • 1 , -- k' • 1! " ltnprcs!-'tOn o t e pnnup.1 u1SConhnU11) 'lttt:nt 111• , 

t . \Z ·' ¡rccttoO O m:t.XImUnl ut¡l, lC10CC ta 'lt\g ·t lC cum·· -~ ... , l· · .-h·. . · f 1 
~ · .. , ; • · .f · ..... . ,,. • : ;1 \CY .can· C qtiiiC U!\C U • , 

J'l:l~S rc;tdn~~: lt ls fl~O~a~l.v .. sulfi~ll.!ll~ fnr ro~,:k; mcch.: .. _. Fu.r't'hci', dctuil can he nbtaincd hy usitl~ ditkt••¡t~: 
ant~o·s rurposcs tu rcall.dlp cltn_·rrwn to thc nean.:~t 5, ';..' ,.h.,l. 

1
· ·

1
h · 

1 
¡ ¡· 1 1

, .~ 
,, . ' · · sym O S· O represcnt e \'arJo\IS vpcs ll t llo,t 011 1" 1 

and dlf' lo .thc ucarc~t ·cvcn numher of dcgrCL-'\, Uow· ·
1
-. · ·r· _:_ .:• ·" -¡- 11 -' 11 -·· · L_· 1 ¡1 1. 1 ~· 

·' ' ·¡ •
1

' · •~ 
1 

.1•• - h ·-
1 

b' t 1cs. .or cxamp e. lC 10 owmp: sytnm.l ~ ;ur fl en l 1 • 
cv~.::r. 1 po es are t_o. m;: llOHcu 11 m ay m t e ·'cm e.- · - . . . . . . . .Id' · . ··. . -'' . ·- .;~ .. · · ~~, .•

0
1 • ~ ~.,_.... .. ,, _, • , .•• d ,,_~,_ tn.rcnre~ent,ll''nts. hcu 1np: t1nd fohott_1on. 

more cotn-cn1cnt.to:rca to tnc ncarcst u~t!rC1,.',Itl·rc uc.:t ; -- ;,: ·· ·;· · -... · _- ---. . . ·:. -. : 
,t,".;:,H:~·ui;~~('C (Ir Co_i'Ocid~nta'i plott~.<.Lroi_nts'. >. . . . 'tnitnt¡:;' ... .' 'hcd<.hng. ~ r,.lia)i~'." 

( f) rhc mean oflcntallon of ma¡or d~Scontmu111es A 1 k _1 •-t 1 - 1 h Id 1 -- . ' · · -. . ·· · . · · ..: car ·cv o sym~.n~ ernunn ogy s ou a''·'.·~ 
can he ohtluncd by the rhre" pmnt nwtlwd. The coor- , . ··:¡, .• , ·.- , · · -- • 

dinutc' nf lhr<c imints lying in thc pt.1nc of thc disconti- g•vT~hn,~-· · f. - d' : ,'·. -· 'h' ul t 1•-' ' 
· · ·· --1-1 h· - .. . · .d' ' 1 ·. · -h; .. · . . -~'r··· · f· · .-~ ~ • outcrop o · maJot ' tsconllnultJC~ ~ " ' .. ~ nuuy ure a 1 ,,, '' reqU<rc . n 1 e case o sur acc d - d' ·. 1 1 - 1 ' F , - 1· ,.,. -, ,.. ·.,.. . . -. · .. , ~-- · · · . . \ -. . . . _ rawn ,1rcct y on gen ng1ca maps.- .or .cx<HJlfU · ' • : 

oturrops thc coordln_ ates may. be detcrmmcd ,by nccu- - - _ 1- 1 
- ) h d ¡ · _· r ,- -•- · 

·. .;~; : ~ , lh---· --•· -. ·, : • , .• . - , . ('Onttnuou!l< mes -.- can· e use or mat~•r. ~.: ~ · 
ralc toca11on on a- contoured reltebnap. The oflen-, . 1 _,. - 1-·-- -1- ·1h· 1 - 'bl d lh'_ k- hrn~·--•·· 

, • 'h; 1 .1:•1· , · .... • .. , ! • ·. •· ·_ • en uiSCOO IOUI tCCO a are YISI C.- an IC '-· •. 
IUUOn of_ ma¡o_r ICBIUrtS may, BISO be c<llmBl_Cd from ¡· .1-.. ·¡--•' -. d' - - · _ h I'CI''''' 
lhr,·c borchotos thil'intc~iit''tho 'plaiii:. Hówe\·cir lcss '-~~es_: . .,.~-,,-:_;•o_r,_ m~¡or_. ~0!'110':'--'-'.'~~. ''. 0~.c1 -. --- , 

• , ·,. •• • •.· ¡ ·.·- 1r.! ~ .... -·· • • ·:-- .• ,, ·• '· -¡' .• • ,_ - cnce fs·•mphed. hut)r.wh1ch are locallv.;Co\'Cf~ ·.: ,. 
pcrst<tent fenturcs-may'notbe intersectcd by·all lhc -. '·: · "- ·-- ·:·- -, ·•, --· ~-,-- -·-' · 

. . h'o't~·.. >.~--:"!'.1' ') ~i 1, t! r.-.. ~..1-:r, ·,: .-~·., ' 'r·.: •·• •· · Jo,'·tb)' 'Bil,fli11iooriitñi ·.At' an' 'enrly. St1S#· ¡·ni ti1c¡ ••s .. c. :t 
·:~(g) The'·lO~i~ril~üori''~r·fn{h¡;,t.diS<:o'ntinUit'ie~j·~an ·be nl~nt ·and-,commu'niC'iition·~r rnw ·fiCI~'datá·i·~~:k hl 1 i'r,-~ ·: .. 

'.~'imated rro'm· a)jttgle'ííb'réhoie:''pro.~idc{that,: tlie lo pr_~scnt odéniatiori mmurcínenls'qljalitat!••cly '"':'--:; 
· t COfe can ·~'.orientO.lCd ·or··'tl\at the'f'i(,rCholc'·Wall!'~·can ·somc~vis'u'af.".techniq'üe.'··pCrsJ;ectíVt rdruwins~r·;sudl ·•: 

·· .. 'tKf·.viCwcd?.:CO~!= ·C~ó -'s011'!~iilncS :b'~--~\ni.:aitated u!d~g ~- ¡·hat iÍhO~ñ in·: Fig~:·2faJ h'clp' io -g~vC?ran ovnull \'_:,•''': ·· 
~t'fuc:tural 'rCDuircs IUch .as':bé'ddinS; ·ar 'roliatiOn if thcse! of thc rclntíon!-ohip betwecn .'the engiñc-crinp.'· stn.t·:t•~· '.·,: 
·n~at~nil. rñ'áfkeis · t(ávC >coRii~úiñt ·_:oa-i\:niatiori. ;,· Sc'vcral •'.fuld-.thc ·róck·'nlass· StrUctui'e: (lf availa_hlc.- a strci-'s ·cnw·~-: 
__ ftiti(i~l :(;fiCniatiOft _·devicel~~O('erated ·tro·m. ihc 'core soíd_giving·.·thé fm~8Sured ptiilcirlal St'r~s·vel1ói·~ .n,i:~h~~-': 
j~~~el' 8r.~·-'á.~s~ .. ""·~·Úa~IC;"~;.t(th~ :~táeli~~~.·c~~C ?rien. ál~o'.-bc_'~rés~ñte-J. o~ such·:~·~dia~:r~~-. to aid :í:' ~~:.~;. ' 

_-, 

tator. :AIIernalJ~cly. thc onentahon· of ·mm~r dJ!'COn· evaluahon of the oplJrtium·u.r~entatton;nf thc ._strlt'101 _ 
·,¡.- ~· . ·~ 
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t·iJt: ... l. :t''-''Uf'e'-1Í\'~ vie .... -.\nd N~,~·k d'ilpn.'ml.pt'O'oide 11 qualitativc ~i~ure1-or.:jo.~l¡ng -~~ Íli rclá;i~-n~hir ao.~·nii~eiiit'~' ' 

.. . ., · , ,· ~~ ·:;?,; '-·;' , atiuct~r~ ;~·~::. ·:;:_ _:·· · ·~·, · -~;·· ·:::::. 
1 

On ,, more detmled t~-calc blcn.:k ditlf}rtlm( can b.! us.:d. ~-nurrihl!r the joinl sets,5huw the orientntion relati\'e.hl {. 
.;,el, '" that illustriítod in. _fig._ 2\b(,Many'.'t)'pes''of ·:true N, and ,list thc:dip dircction and . .tir aÍ.thc:•ide 
''''••turc can be rcpri...C:nt'Cd 'in this idcalized ntanner, •:of thc. d;:igrarn. (This• is also·.'helrful :whcn prcsenting · 
ror . .'cxa01ple lu.nnet' port'atS:.'er!»S•SCCtionsthro\•~h tu~- ·photographs of, roelt·mQSS structures.l" . • ·¡ . ~ .. , ! . 
Cl!!lf. \Ir largc"rock c:~~Cfl1~·l~c.~ ~~~ d~m·'abUtments - · 1

. ·.f.. ·. ; .;. . f•;i 1: , ,-,_.~, : . .¡ 
""' 1 Dcpendin¡¡ u pon thc•ocale thc d}ic~ntin~ity spac· (d Joltll. rasmrs. A common method o! ploning •and1 ·, 
lftp .illl<l peJ'SÍSlcncc·muy .bC roprescrited in' adÍ!ition lO· p!C!Cllling a'Jarge numhcr Of Oricnt;Ílion meaSUfCOIOOIO_.i . .' 
lh(''··}ríentali('".) .. :: . "•: ··:·· -. : ::l- :;¡'na more quantilativc manner lbant.ihe abové iS bY'·t 
; .'(IUock · 4iagrains.'~howi~s -·:.~xcava~~~ ... -cOr~S as in · ~eo.'ns of·joint foseues. ·· ·!' · ·P, · . • ~~ · · •• ~.· 
f!~- 2(c), gi:vc a visl!"l i!"Picssi~n.o_f tli~ ro~k structure. ,. ·. In 'this instance' measurements are ,rcprcscnted-on_.a~ ·. 
Th~y are ui&O a u•ufulsubstit'uté for plfutograph~ wherc . 'simplificd •compass rose. marked. ;ff91ll· 0:-.360" (or~·. 

' "'!!age or.;•oil.covef;.partly ob~cur~ .the expo~ure: · o:40(l~) with: ro dial ·tines 'at~·IO" (or;: U)') :;intmat~'::· · 
· 1,1¡, thc.¡examples .. ,showri' in fig.,' 2. !t is . hclrful to 1obsi:rvatiórii' are gróupcd ·m tbe ncarcsUO'.:.-a: : . 

•• ' ........... : '. 'f •• • ' ' ,_ · ..... ' ~ -,;¡_.j ~··~,1! . 
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Thc numhcr of ohservuticJns urc rcprcscutcd ;~l('l~g thc -r~ (Thc nulius Or thc rolar di:agram can h\.' tht.:d t~\ J.!t"''' 
radia~ T\l"'· using nuni_bcrcd c.:Úm:cntric cirdcs ·_~tprc. · .~lfcct.in ph1tting othcr fl<tramctrrs than thl· fll'4UL'nq • ·' 
scnling 5, 10. und 15 '<ibScrvatiOns, or ns convC.nicnt- -ohSC"rvalion./\ part1cularly uscfull'aramrtcr i~ thc f,~ut · 
Thc rcsulting strikc "p~hds" h:ivc mirror imagcS nhOut_ .. ;~;_obsc:~vCd lcni_tth.of discontinuitiC's of gi\'l!n oiicritath•u • 
thc '-'entre of th·e rnScttCf!hc ffthgc of dip ohscrvaJiofis; .. :.<; : . : . :.,, . 
ft\f cnch ...ti~cnntinuity sct'cannot be rcprcscntcd within · ,.-•. (J}.Spl!<•rkcll projt.·f..'tion. Se\·cr;tl projcction ml'llt~•,t.. 
tht: fust.:tlC nmJ must thcrefore. be shown, tiUtsidc ihc art 1 .Jsed to rc(ncscnt thc oriental ion of gcoh,¡!i~ 1 
c_ir~unifcrcncc. , . , 'p,_la~Cs. Thc gcological text bookS listed iñ thc rcfcfclh·..: 

Nntc lhat nlC:.Isurcmcnls or strike or dip' dir'tction ::·'gi_vC ~omprchc·~fiive di.¡cussions of thC·' varinu~ .h·dt· 

L)f suh~horizont;~l disccintinui~ics are inherc,ntiY uiut!i·.<,!liqu4··avai_lal:'tlc'. lri this short s\1mmary ónly Clnr: rr 11" 
ahle. Thcrcforc in gl!neral. such fcat~rcs canño' bC· ·~jection will be mcntíoned, the eq1111l aret1 pr.-,;n·tim' tln 
rcprcscntcd satisfactorily using joint r'ós'cttCs. · ··:.:thiS ni·et~od·.thc sPati:ll distrihution of ilata is .:h:\·u· 

1t ·should be noled thal although thc joinl ro<cltc.' rately reprcscnted on a Schmidt, or Lamocrl ncl. lu 
is a widcty used polar diagram it misreprescnts lhe data ·'thc casC\-,r t>quul cÚ,qle prnj,·t.·tinn the angular rclall•'ll· 
to sorrlc extcrit. Litrgc·· cohcc'ntratioM'I are exaggcrated· .. ships. bctwcen Jcaturcs are accurately ~prcs_cnh:d 1·~ 
and small concentralions are supprcsscd. Thi• · bia's ·;· plolling' data on a Wullf net.} ·. 
rcsulls from the fact that arcas in cach anglc sector A discontinuity planc (o//1) can be uniquely rcr«· 
vary with lhC squur~ or thc radial coordinaÍc, wh(rcas .sentcd as a grcat ,circle or as a polc on a rcfcn.·n~·~· 
in a··.true histogram_ thC· area. Or cach·~ baf or. S'ector ;~_.hcmisphcrc:,, wh~rl ·thc 'Centre Or'thc srherc '1ics .iñ thc 
should vary with.thc ·rrequency,' ~ot· with .'thc squ3re ,.,pl:lne o(! he discontinuity. (See'Fig. 4a.) Fór en¡¡in.c':ri•"' 
of thc frcquc.ncy, (Accordingty·,,the polar. diagr.ams ; purl>os.,j.ctic h>wcr ref<rcncc lieniiiphcie'is usedt:A 1.'' •• 

shoutd idcu~ly havc a_squnrc .. root radial scotle, 'Pincus ... dimC:nsion.~l rc¡)rc~eñtai~on i~ ob_tained ·~y prhJC'IIn;· 
. [2J):· _,, ... '- .: . :· . :. J • ,,, ~' . • ¡. '.this informalio~_ónto an equal 'area net! -~· . ' •' 

Figure 3 altowa twÓ methodt .of rcpri:scnting.oricn- ,;,' l.n Fig:· 4(a) 1~ poté'P of the 'discontiriuity ·K·¡, th<' 
latiun .t1;-tra on a .joint rosctte: The·ohser"v~tíons-groupcd poi'nt of.intersi:ction or thC nor-mal to'thc rlanc. '-'' 111 ~ 
in !he nc;orc>l l!l' (nr 101) sectors can. be rcpresented 'thelower hcmi•phere. To plollhe'polc on'a pol;ir .. C<jll·' 

cithcir,:as solid:radial """''''' llcft haild aidc), :or: lheir 'area .nel (Fig. 4b).Jhc ·¡¡¡p fJ .;, 'cciurit.cd frorÍ1 the écnou· 
. strikc'•alues awragcd rcsulling in·· .. ····;r::rsctals)' .lright .. 'or thc nct at'rígh't aiiglcs lo thé' sirikc towarrJs lh< '"''': 

hancl!aidc) .. Thc'Jaiter~ethoclrcduces.t.hc ¡,,,., rcr•:rrcd phcry. ',:·., · ·.•.· :: · ··.·:.::··· · •· ····•· : . . :.
1 

lo ál)é,~c; but·may nol be satiafaclory, if t he re is, loltlc ., . '!;o plot thc" pla~~ 'á5 :t. g'réaf.'circlc o~·•a_n· equatoro·:
1 dispenuo~ of the dala. . . · equal arca nct (Fog. 4c). 'the slnkc'(« + 9()') os couno< 
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f.: .. ·: .. ,>--~ te- S. Sclj;nidl ~mÚou;·d,ll;nm rcpr~e·:.íin~ lht', o~'fcnt:uj,m. "!r II'Írce ;e.., ol. ji•inls rl~_llcd (l~- a r.oliu C'QU;,,. R.ri.l llf'l.f ~. 
· Thc·: m¡tin ~;f:lk l~lind 11 ·~·re opphu.iimtt:ly~"orilml to r;'"~h ~thcr. a'rid' thc: m'ínl•t ~ci Jll i.~ rle.uly 'h!Wiwntal. 

'.f ,;.:p-;· ·--~::~·TY~~-~-!A.('. __ ~ .. _t:¡;: t.->-,·._-:··.·;~-:~.: -:,:~:-.::.::;~-:;':>hr~.~-~ ¡'--·.¡.:· . . J~· ·:·.·:~;·_ 
from l11Uth clo.ckwisc-Oi1 ihe :pc~iphery,.1sirig 3-'rota· · orl --¿::ll.:h:¡:r.id. i~tcr~~·tion. Poi\! dcn .. iti~..·s· .~·an 1h;.;, l• . 

t;tbh: tracing or· p!astié,:ov~rliiy;·C?n which N ha~.,taccry c'o'ntoltrf~·~·~,\IS_inp UfÍ 1(~-~i:rc ~ntlinur inten·~t<.. 
m<~t1-.rd. The di¡, is plui1cd_ nt. rtiht angtcS ló' the st'rikc, ,. · · ·rhc_ ·{.1:'rür·iít \'ult'le (~r -higftest_ cohccnt r:u 1tú1 •l.f P 
mca:mrcd from thc re'ii'phcrY_ tOWurds._the ccntrc ... -~The ~can)Jc t~keri.aJ~-rc;H~scnting thc mcan':n·,".-nt.tiiPn· ,_-:. 
pnlc· ·f!··,·an ulsO .he rcp~y~Cnte¡l-.nñ¡thc~~qtiúturia~.~équal :t,hftg_tvcn: s~t.'_"f di~i;Q~~t~~ÍlUitic~~ llo''"·cver' . ..:illl~ · Í h·:}: 

--~· :Hc.:a n:ct, hoth nCt!e yichlí1l~ t~cjQmi.• 8¿<-!!f!Ct~ic.al·~!stri- :~~_c)·.a'ri,~th~11~ rrO·nr ~~~· .tTieary~ oiicntaiion~ jc; ~~r~::_t~\· .. : ·· 
butio~_.or poi~ · .~¡:~::;. · ;r ·:·:~:> .. : ~\> > , ·j: ... ·;,J~~~~~mT:n!.~?ttlt:. Y;'ith_-¡~· 'certa~r·_d.i~per.~i.?•~ """:.!~·tt!~:,, 

Thc polar equal arca' net is thc rñost cOnYcnicnt (or':s. ~~wilh~ .. eacti mean--~ vah.ie';: Probability li.!t·hniqu·.::--~ •. u·: 
ploltirlg potes_-,~ no rOtatiO.Íl ;.oC·: ovcrlayr. is: ñ'é~s·ary·. ~!r~cci'unme'~d~<t.-·fór a -~-or·e pre.dSc' anaty~¡~; tli .sr;1~'!:'·.' 
Thc..ti'rst SteP iR ohJaiÍlin!i me·a·n '-orientation dnút'fór .·;bc··n·ntciS:Íhút dcn~it)' .. coritourS Ohi'nincd~hy·thc St-:~(111,:· 

-~. thc ~~~~rcnt d~'st_ontin~hi:,s~~!~f.~~~r~ :',~~~ ,d~~Jc·~._ .~~ )m~l-~m-~ .. ;:_~·i~l-~_tc_: ;:rrob~~ility lh~rY. s-i~~-e· ptd~(~~--:~'·.~· 
'; roles· can be vrsually rccogn,.ed.;'l'he. Schmodt c~tour· ··.c'"'P'cd'morc'than 'once:) ···"'•'f..•J' .,.,, . .., ,. ·:. · • •,· ·,, 

_ing u\·_~! hnd is' .uSed _ tO 1·ciet(Tn\iMC·.lthC:: pOít·· d~m~iti~.~,;·l~, :.;~:.:Fi~urc '1f/ i11liSii·Ótes:~iiíC"U~ctOf ;..&1ti.ito~i-61 ·~t¡u;tr~=~~l· 
eiampje'· of ~hi.~L :~ ..:htij~?· ¡·h~~¡g,· S. '· !.~ . '·--.~.. n~1s ·ror r)IOtting, hoth .!peles ·tu1d',great ,circks :t.h·;rq~ 

¡:; The1ConloUrírt'g invol\·e<·~~~·~,i.jÍi1posin&:a Squaré 'grid : r.:~t:n't ty'picóii"rock mcchanics rn!t'llems.·.-~I._'·Ch ~~~-.~hlJ': 
on th~~cqua_~ ·a~ea n_et:. A· ;cif..:lé: ~hO\\·t. · i:i'"'Fi-~. s .. ::~hich 'stabilit)·. Sphct ical pi~icction itlel~ods ."~r~ of ~~~:th .. : 
repr~~i~ts)%';O_r the tótál. afea:10f: the Cqu~l •u (l ;nct, / value ·wh"ert: st~b1lity dCpends: on thc -~clati\·~/Y1 , ..... 

is piA~d w_ith its centre at thc Srid interse<:tions·. ~Thc ·Jinwn~ional oriciuatioal.of disc:on~inuities and fl'_c.·.: .!<Hr~ • 

number:or poiCs within,.lhe circlc·is countcd and ·n{1ff:d fa'-:c~. ·:-1' · 

t: .. •,.¡¡~(·. ·.,¡,~:-i~·,;;.;~;·¿ . if:_ __ ,~>· ~-·~----·-
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~. 5 JI o~n1. 1 - ··~·,:· · • , opment .. at.:l tl_!cs {on .\tle 1 pos,.,h c, to""dt...-..·k fnr ¡· . 
22. Unl~tc:a~lll._ll.' ~" Maht;h M. A. 1\ ilurcul''''f·Minc~ din:~1_-,t<-.-.J. _.J,d:po~u_r'Cs} :1!'1~¡ light 'rneler are. :.~1st•· rcquirc1t ., 

in¡¡: a1imuth prutnu.:tur. lJSUM. lnlo1matiOn ür..:uhu 11611. 7 p."' fd :('u1nlrof'..;un·cy cquipmc-i1i"- lrinqds rrih . ·J 
(197-1) - . : • . . - .... • . . . • • .. ·~ l.lt ¡, ~,: 

~J. C'nrJm~ E. J. & Mahar J. \V.-The,clfccl uf llilturul f!el'lnvit- dt~- po_d tar).!clo;.- plumhmg <.kVIt:Cs~·suhll'OSL' _har. 
wiuinuilie\ ·m· h~·h:wimu uf rud'· in tunnd-.. l'roc ~·nJ <s,,rflt (d) Srcrcoscopic plntting instrumcnt or sh:r~·~~·~-
,Jit~t·ri,·,m Ht~p/,1 1:·.\,·m·c~ti"ll "n,J T""'i..tm,¡ (',mf..,-,.,,,.,._ San 1 rau· parah)r, \\'ith auromalic record in" cqtllf'lllh:lll 
ci'"l"ll, v,,). 1; ChaJl. t:!, r'IP- 1117 ·IJK_ jl\l741. . e- íl 

~4, rllM.:h R. ¡ft-,11rl. 11111u: f(jc(~tdnik~ ~~~~- s. Jlan~hoJ 1\lmq,·i~l & -pun<.:hc~l Utpc). This cquipmcnt ~ill normall} lw "["·:, 
W!k,l·ll. SturJ.h.,lm. :!."• r- 11'1741._. :· · · 'atcd ~y_ a rraint.·d pho_h"~gramm~trist; · 

2~. Cnnkn n. M,'¡\ C(lmp{hit~· ncl r~~~- wck ~l·lrt' \.l:lhilily. Q H 
f:n~'"''· e;,.,/. 9. llq 12411')7f.). ·'id-:_, . . 

2f• <iÍ1~..-tman R. f:. Mc•tlm~t\' ~~( Ci¡'f,,;,!,(ruf f:II!Jifll'ain•l in f);,,-,11· · Pron·dui-,• •1;,.,_ 
tlfmuu1 Rm:h Wc~t l,uhti~hin¡ N. Y. 472 p. (197M . ' r 'f \' . . .. ¡· ' (a) ./~~ff)/l/lui.(.\"11/ltt' .\Ílft"C\'. Thc purÍJi•sc of a 

1
h't 

,. : ' 1 _. , ..,. • ;',n.ii~~wn~cL~u~vcy-·i .. to d~tc~·minl· ~uitahlc po .. ili,.¡¡, ! · 

_(m PhotáiJ~iun~wrril: ML·~Ilnd ,, hoth th~-:-c:lmcra staticHJS ov(.!riOokinJ.! thc f:tcc.-.a:",.t 1. 
' 

Scor'e ·• · 
1 

;_,,':.·. ' 
1 

. co'ntr~l :tnrg.ctS on. thc faC~.· (SCc f¡J!~ 7 ami :-q 1 1 

fa) Thi\ di\conlinuity m"~l'ppi"ng. tct:hniquc Ulili71.:~ : hcip.ht of thc r~~cc ·hing pholographcd, thc :ll-'t,;tto •.. 

photll~rammct_ry to dCt~rmfnc thc coordirwtl!s or at requircd;•thc ,-crtital and horizontal ftdU _an)-!k" nf :• 
lcast rour poirlts on Car.:h vis_i~lc" discontinuity rtanc .. C<lmcr:t .lrid th~- availablc <.:amera tih mu..;t 1~ •....•• 
thcrt.:h)· Ucfinin"p thc oricnt;itin_Ó of ttiC·· piwn pl;.mcs. ·. sitlcred r,-rior .~ photo[!r~phy_ .. fn<many caSe-;: th'..'fl' '· _;; 
Largc_ planl!s nlay oftcn 'be map'p_cll. quite Prcd¡;t:ly hy ·he physicnl lim.itr~tions ,.iinpo<i~d ... by thc sih: ¡_¡",,-~/ •• : 
thc photograminctrk"!cdtniljUC,~ but thr: aCcurncy de- illustrarcll in Fig. q_.-~{uch hcti'~r use óf thc ,0\l'·l·.\ 
<.:rC:I~~s rapi'diY ':ts thc:;~rcn or fhc Plnnc_dccrcasc~. . arca is f'IO~~ihlc ifthc Ca.rytcr:~ a.'\<;_Sjcan'h-c.aprrtl_\i~ul\1 j. 

(/)) Thc mcthOd is u~ually only Ccono~ic if thc.i,ri_cnM -~normal tu thc facc. t· ."' , .. " · 

tati,,n úr a targc numlicr or Jis~tmtinuitiés· is re"qlairc~. '.: ... ~: <hl -r.',;,!toqmphy. Th.~- phot_c,th~udolitc is sct; up ···
IIowc'v~r. th':!rc· are occ~Sions ·."whcn phO!{;grammctry onc of thc ba_s1.; line tHpodS: wíth an intcrchan_~··:'"': 
i~ thc~only pradica:l ulicrnative:rror cx;.tmplc if thc rdc·. targct ori' the othcr. T~c 'instrument is thcn 1\~,,.¡!._;'. 
van! rock racc·is in the \'idnity'of mág'nciJc anomalics, · the c~1mera tilt. cxposurc timc and counter are .. 1..'1. ·' ,,• 

or if 1hc roe k .'racc is u·n!itabfe,un'd/or inacccssible. the_ photographic. platc .is loadcd.' !The camera i_: ·PI: · ; 

(d Thc following summary or equipmcnt arid pr<>· ·tnted'at right·anglcs "' the thcodolitc, and tloc te!•."<'··:· 
cedur~l' is dcs.igncd as IU'! introdu_~ion lo.the tcchoiquc. · i5 sighlcd _on thc other slation. \\'ith t~c canh:r:_• :'~~ 
Potcntial userS shouJd.co~ult lhC detailed papcrs listcd t.hus normal lo thc base, the photograph is tah·n< 1 

in thCirefcrcnCcs. ' ·. . ·. ·· • . photothéod,llite and tarp:c.-t are thcn intcrchangc~~·.al· t' .-
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13 
Suggested Methods for the '.Quantitative .o,.scription of Discontinuities 
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Fi¡. Jo!. hcld t.et·up h.J Ob,taiíl ovb~ia.pJ,'iftiJ'Jtcr~u.,Rit. . . ' 

'. 
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.. · 

~.sc-'linc stati.ons and the procedure is rcpeated: 1t is , • rhe;bascli~e is meas u red by setting an interchange· 
rccu'mrooended thal the photographic platc.< are ·devel· : ahlc subtenso .bar on. onc station tribrach. and observ· 
opc•l in a súitable sité office dark room so tlmt,. if thc ing it ·riom the othcr. The distance is calculated from 
rlales are not up lo the high <tandard required fur.' thc mdn subtended anglc. This proced~re is performed 
rh<~togrammatric analysis, thc photography may •he · from lx'th•cnds of thc baselinc as a check. 
retakcn bcfore the cámcra station tripods and control 1\ minimum of onc -!ay sh(>uld nonnally be allow'ed 
tar~cts aro removed. lt is desirablc to complete all thc for the:ficld w<>rk associated wi¡h each stereopair. The 
pltotop;raptiy .. soon:as 'P,ossible in order to avoid dif· '' bnscline may ·subscqucntly bC c. tended, to a .series of 
~trences caused by Shadow.- on. ~orresponding 'phnto- . consecútive camera stations tr the overtap area 
,,<lr'h~ or a -Sietcopair. . _-.. · · ~ " ob.tnin.cd with;Om: ,tcrcopair is insufficient to Co'Ver thc 

Id Conrrnt:survty. ·Í\fler completion of thq>hoto~ra- wholoi.:;ock fa ce. ; , . ; ' .. • 
phydl contrOl survey~ has t_o --he pcrforr1lcd in <~n.h:r lo! ·(ti~ .~~'"'')' ir!fúrmllticm. The e~act ror~. ~f ihe tsurvey 

'JctJrminc the'coordlnates of.at 1ieast· four largets within ' informátion reqnired depends on the .program' being 
th..:_ ovcr1á{:i.area. Th~ <:uniera 'can be· removed from· u..;cd tO analyse thc r~suhs. Genera1ly.,tf

1
thc,theodo1ite 

lhc-.thcodoliie and 'ihe nccessary anglc measuremcnts flb~crvations have been made Crom the.samc tribrach 
leCl•Tdcd rto~ each,~nd .or thc~ baseline: Genera By lWO pO~iriO'ns as usc~l ior thc photogr,aphy, 'ihe Sllf\IC)' infor
roú'•lds or hóri7.00lal and,-vefticnl anglcs BfC madc .to' :·niation.requircd COO!.Í~tS of the lbeodolifc cüordinates 
1i1c_. control ·targets ·.and at ·le'3st th~ee_ other ·Stations··· in t.he:.'ground _syst_~m:. an~. ~he.:.v~r~~cal_ ~nd h?~izonta1 
~hnsc coordinates are known:From•thcse latter::ohser~;t, ti'tcodolitc: Ob!\cn·ation:. .to .the. targ.ets, redut?Cd and 
\;,ltinns the camera coordinates may be determinctl by mcaned as appropriale. . . " ' . 
fe"\,;~tion. . ' • · (to) ~~.Js_truaiun.~ to photoyra.~n-ferrist . . h i~ c_O,~vcnicnl 
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to work in :t routine manncr in nrdcr lhatlhc inrorRla·: -vcry sig_nilit.::u11. 'Jh~"'C ar~ mninly duL· to 111 ,. 1 ,· 
tion may sub!tcquently he iu~ndkd by a comp':lltr. Thc : i~1 ~he -~'J'~~-at_~!(s_ \tcrs.ns,·np_i_c pcrcl~plif\n a 1, __ j 
WUI'k_ ¡~ hesl_ !I('L~itied hy makin[t dctailed note~ rm thc mi:ill11c~_prt•la1illll. Thc- <'Ípcralt.u mw>t" 111.\~\,; .1.' 

photow,r:unmctri'lll amJ by Jnaking' an tnhtrgcd phUh•· 1kÓ\OÍtHIS ;¡s 1~ thc pr•sitioning nf Che Oo:ll¡q. •: 

graJlh of the U\'Crlnr area. Thé ronowin~. inrnnl~;¡fit)~~--.~,h.: in~lrum¡,:nt ir Uiscontíiulily Ílll;r;J~'' :.;-,.' ; 
mu~_-hc _r\.'quc:~tc:d: . . _ tldinc~. lhc:-~ opcr.tt_in~ crror'-i c:111 U'i.Uotll) 1.: ... , ·. 

Jo1111 :tr,~as arc-a~ mdtcatl!d o_n thc t:nl:.u~t::d tnkrahlc li!'h'l.; hy u,tUf! lar~r ha\C,'tli'-'1;1111:\: r' ,; 
pholtlg.ruJ'h rrom which:· a spc~o:ifict.l numbcr' nf th) In hit~hly,ialh:rcd or \''l':llhcicd rot;h 1/ ·.· 

- • • 1 • ,, l. . 
ltri~ntn.tions nn: rcql!ircd for st3iístical anal_y-.is lhilk-ult ta' di,till~ui"h di!\contínuitit.:"' ;uat :..·~ ... 

~c.!!. rtotting un an ~-<iui.tl arca nct. , . fcaturé§ cvcn hy dn~;c inspcctinn. In '"C..h .. ::•·.~ ·. : 
Spc¡;inl d isc:ontinui~ ic~·-· rart icuh~r plrmcs.: indh i~ -. gramin.ctry . ¡, dcarly of lit tle hclp. S, n ra:t 1,;, _ •• 

Jually i~kntilictt on thc c_nlnrgc<Lphotog:raph. lnr/ .. rüu~h :cu \Cry ~un·cd di.;.t.•ontinuítics M ... • ,,. 11 , .. _..;·;· 
\\hicll lh~ locatiqn, nril.'!!ltniion ;.uu.J cxtCnt <~IC · and th~ "·alidity ofiilling a pl:mc to ... uch ~u,l'~~·· 
TCljUÍTCd llhiTC pr .. ~ciscly,'.;p; f()f cqmpk foj. lH.' he lJUC;"ii(nwd: 111l' CTh'T Íll planc fitting m;p, ·,.,_.: 
in a stahilily atwly:--.i"i. (lc'ilcrally úr tu 1~1) J'tlitll- gihlt: fM dis~·ntltinuitic~ dctinin~ ""'ar-r·:r1:.-•. t .. _ 

Ítl!!" pcr pbnc ~IJ'C S_unidl~lll for ddinillt! lhC:~t.: f(';t· with!a~~y _oril~lltatillll, ·aHll 1\ll' pl;u\C'\ llllfll\;1J r
1
;. 

1\JT~~"'- •· ,. l':l.ll)l"l~t.a:<JS of any rou!!lnw~s. fi\1\\'L'H'r. thc (."H.If .. 

tf~ Oh.\l'l'tlllioúal '·¡lrol('l'dlll't'. llsually !he nl~g:tli\"C _ll\! .'iigniticant f,__,r Hry rough phr.nc~ apprH:I.J¡:·.,· .. 
platc'> ar~~ n~-.~n~:d dir..:ctly but irprdcrrcd hv thl! oper_ ..... t.."f.tgt:·nn' p11:-.itinn wh~:n ,·icwt~J ~>n lit\: pht~il·1 : ··:. 
ator·di:tp,,~ilivcs can b!! madc.· i\n t'¡icra'toi' ~ú\:~cc"u~:~ platcs. This is" C:--fh.:cially truc '-'f dis~.·,,ntinuir 11 · .•• 
(OnlCII with thC l\'t:hlli4Uc Of ohscrviltU di!-;rontÍnUilicS Strikc Within 5 or thc dircdion or !he L':llll\.'1'' 

usu~lly rcq.uircs •1 fcw hours obscrvi~g practicc. Thc lf plmtugratnnl\.~lry is thc main muppiu¡! h·~h: : 
conrUinatcs or at lli:iS\ flHtr·¡lOiOts are rcquin.·d ft~r 1-!.:wh bcir1v u!i:cll. thcn more th.an onc SIL'tcu~pnir t:1tn' '· 
Vis'iplc ¡ilanc,; E:.~t.•h poin,tirlg -¡~' punch~d ·nnto' tape· in dillcrcn_t dirc...:litlllS m.l)' he- req~;~ircd to ri~..·k uri :e:; 
an·idcntical'.fnrmat -'ilnd.-ctln.~i~t~ of an ükntilici··rol- t.liscontinuitÍl.!S C.'\:rlO'iCÜ on 'a fat.:L'. Al!crnall\\.'h •.· 
lt~·w~d hy X; Y ~i nd Z.i-coónliÚ'al·~~ uf; 1 h~ pnitlling; Nor· -: cJ~I!·tfrl' disron1 inuitic5 nmy bt'J mappc~l.(t>ll'.r.!lt ,_,··~; .. ,:. 
m:~IIY a11 t h~·'l't,int ing_i; rcfcrrin'S.to a p:1fticul~u dhCnnti· .. in onkr _lo ;makc .• he '-'4ll~ll ¡1rc:1 ncl ctlmpl ... ·_l\.'.-. ·- . 
nl~it-f ho1Vc th'l· Sarnc ._i(~cn~illc('Th~.! opcmt:or lh~_is· rrcr· ¡ l (f) :qtcrc is n_ gr~~ll. 1 dc~1l o.f ~usdl!l: i.n.fonn';¡Í¡,,n 1.l 
t:~ . .'cdS frnm pointinp:·:t(:i'('li.,inthíg. tliscontitluit}" 'fo dis·· ·can hewbt:.tincd from thc phlllngranúnctri...: lllitl'"'' 

corlÚnuity añd arca-·1~ ñie;i; A'hnnt"_l()''-., i.lf thc·i_largcr !é'chniQUc.in n•ldition tn ()rh:ntnti1'n dat;:1. f-t,l_ ~-,,'.r_::;: 
Ji.'\f.;~)ntinnitiC~ :trc idcn.tili~.:¡i'Oil thr large phot~gfarhic. rock ~ll:i-~acc rrofilcs can he plnltcd fllr .u~c_ in)·.t:r·~ ,! 

'rrini for 1 he' cmncnicncc -l,f· 'lhc engincrring ·¡zcbtogist in}! f'\'Crall ntlumes im nl._.c,t in _thc o;lf'hilit). -a~1:d:. ·. 
tloing thr.! tntÚprctation. 1t i,S, importó!ln'p,;lt thc Of!Cra· · lf the e';linaa to ohjec:t·,dist:n~~.-\.' _is rcas0f1abk. r•'l''•i,._ ... 
h;r niakco; ;i·nlmtt'lcf Óf tndé~Cndcnt"chcclo.;s:on·thl!. 3t'I.:U·. · profilc:-. :Of ·jmJi\'idual ·joints may be nhi;,IÍucd., 1 j¡,' 
racy'- 1~FhiS' (l_bscn-::Jtións ·¡lf _fi~ld scaJe: This· wÍil· SÍ\"C · rn:ly. hC uscd,.to· c'>timatc :;;h~ar· slrcng11~. Tl;r :-·::·' .•. 
:di cún~·c;rnc~ a ·ICd '_(,~¡- thc likr;ly erro_r~. - di'itrib1~tinn uf~joint _.,pud_ug c_an -~~ mC~~\surc~~ :wd _¡,.,·:· 

i!Jr Cm;I¡Hit_iltioll,\, ·Thc .. hitsic inforr:alation··r~'t)uircd pcr.\io;t,•rn: may also be a~!<.csscd. In :~Jditit_~n. :'~·,_:· 
l:I'HS.i...;h of'th~ cOntrol.'-siJr\'éy. dntu (d :tnd the· photo- pair~ .cxpO~c.·J· iH diiTcrcnt stag,·s during th..: ;lif ... • •'' 
gr:iíl~mctrl..:'f"IÍnchcd (ltl:)c -~/)'.'~·,)n ·summary. conlp~lcr -· rroicct:·(c.g. an-opcn.pit). p~pvidc ~ p~rman~~~,~ '.l•': · 

c;•l~úl~tit_llls.'::·conlpri~e ira'nsfoi-rn'a.tion. of the;~(:lrpct -.HccnrcJ,-which c•fn.·be esrCl·i_ally us~f~.l. whcn._¡;~-~r:q·,·l~~ 
c.:o.)f\liO:IiCS t~' the_· grOuftd~-sy~tCrit·a'nd. sCtting 'up thc, •'ing. m¡tjClr· fcnturcs .. .,. . ~- ,_. ;~.·- ;· . .:.<.~i;J ~: . ~ ~-:, 
trtulsformation mutrix. 1 , ¡• 1 

Planes Ui"C Jittcd 'ff) ~ht!_·;sC.ts of p'ointings by t11c . Prt'.~tll!ulit;n of re<i'uftf) 

m~thod of lealil squnrcs, nnd_. dircction c:o~incs n_re: Suggc!>lcd methmh for prt.~cntinp. Pricnt.1Ú~n ' 1 

dctc·rminL~d from a Synlmcirk. codTtcient mal.rix and will be' found . undrr (A) Compnss cmrl Cli•l''''": 
~uh:--:~tptcntly · trnnsfnrmcd bY th'c transformation:·· ú,•rl11.~(. 1 , . . . _ . 
mairíx. Thc planc~ rñay ·.then be dcst.·ribcd in terms of The~1M&~ .amnunt· of oncntaiJon U;.lla lrkdy t•, t 
,(ip ,/iret·tíml and tlip. Thc l~t j,~'rt:or the compu~ntionaF prodUct•d by . .<sy:-:tcmalic_ Photogramm~tric W•'rk ¡ ··' 

phmic involvcis th~ calculatio~zofpr~bable error<. Spc· '.for;•ta'üsticaltréaiment:·:A fiist·stcp.in .thc prc<~~'"" 
dal·- techniqu¡:s· are ··uscd h~·;estimate.· thc maXimum. of 'rcsJits wiu- ... oo: th~.jt1ouing' of poh:'~ 'on C'-l'.ml·.l'. · 
probable erio.nt in dip ,and! díp\~írcctión for cacli joint' ncts. ,, · ~~< ., ' "' 

liJ. ·. -~ ;.--~. 
3
: ...•.• ·.e. _. -·~ / · · ; .' 

Nmr.-.; 
·. · ;:fi¡.· ' " , ; . . REFF:RENCFS 

\":. ,·,· '·;.' ,[ 

(11) In any photogramnictric systcm: 'thc foiÍowing 
sourCes of error ha ve: lO· ~··considered: film;~cam.~r~~: 
plouing instrumcnt, rccording method, 'co'ntnll suf\'e)'·. 
eodhs curvature. nimo~pherié~- refracti<'ln; insuuml!nt 
opC.~ator. Co.mparcd to the othcr sour'-'\.-s of er~<?r, thc, 
opC'roting errors caused hy lhc instrumcnt opcrator are . . ~· . . 

l. Rt>l.~·Bnmn O. M., Wkkens E. U. & Markhmd J: T. 1' ~•-"' 
ratwtn¡:l.lllii'T\él.rl' in upen p1U:: l: an aid (l't,Jl('OII•lli':al' J!Uj'l" 

• T''"" '"", .Ü;n M••tull (Se<:tu~n. A. Mm. fnttu~u\l Ml 1. 
I\.II~--At'UI,ji'J7JI. ., , ;· . ?~; 

.. !:,l.ink~ilz ·<.K. feneo.lrnch-photogrammctri\Che Kl!rf•';""''1' 

Ji, .. f'Mnh. 1:"11"11 r...-ol. 1, I~J~tS90%.lJ, . . . t 

.l. Tl'Ulll!hi R. O. Suun:n of crr,~r in joinl sur\'c-)S. (;, ... .,.,:··:·: 
15, 2K7- ;\0-1 (196S). 
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wC'asurcd:!lt,~·¡\ hel~·f~¡ ·lo Pres~·~t thc ·~~riario.ri)~ spac· bt.·twecO jh?qtirnn•. i.e. number or di~cnntiñ~ti•i~ m 
"'S by nJcans ·ora hisiOBram, as illuslralcd in Fig. ,,_,., melre;:'and lhe l~ngiludinal or compre5sion•·trl ..... 

. . .·.; · . . <: veloc1tY V. ... ·• ';. ~·. · ·' . r~.(· . 

. N01:11s ···-~ .:• .··;~;~:.. J;t .. ; (/) :Th: !¡)8cing ór~·frequency of.discontinuitin/ ':sn 
{a) The use of a '.measuririg .tape and compass is afso be determined from analysis or drill C(lfC and (1'\)m 

stron~ly rccOmmt!nded;• but it' is not csscntii]l,l.: if .the·~,_ttorcholc 'J.~ewing techniques Such as borehole tete,·d.iC'~ 
cn¡tinct.·ring g..:ologisf is cxrericnccd ·in .takiilg these ···'cameras, ·ptt~tographic cameras and horcholc J'C'f1• 
mcasurcmcnls using visual judgemenl. Thi• wilfdepend •{' SCOf'e• (••• 1 -¡: Drifl Core ror delaiÍs). 
on thc dcgre'c.of precision required. 1t'·should "Sé. borne,.. ·: .. · ~.:·· · . ... · ·· · 
io.n.lind lhal''di~cont,inUilics such as jOints 1naY:;n01 bc~'._.:..~'t!itn~~t~on.!'{'re.'iult~~ '. 
sufticien1ly parallel in a given Íoel lo juslify great preci/ (a) Thc-mi~imum, 'inodal :and' maxímum s¡.acin!L -~· 
•ion.. ,_;. , . , . , (mir<) S, S (mul should be rccorded for cach',di>C<•nli· '. 

(h) The u~eragc v'alue or individual. modal spacings · 'nuily sct. The',distribulions can convenienlly' be r«· · . 
(S,, S, ele.) reprcsenis, lhc average diménsion of lypical. cnled .ashiSiograms, óne for each sei. (Fig. · 111. Th< 
rock blo<ks ·¡¡ persistence is a<sumcd: Olhcr m'clhod{ followii.g icríninology 'can be used: ,,. . . 
or"r~prcscnlin~ l:>lockis_ize from ob<ervations or spacing ' n.:_:_. 1' ' '. . ¡ :-

"'~J.fi·~~n .~~d:~;::~m:~~nl1i~~~~oc~~i·~~ni.;~~ wir'h:<~xtr,~ly ;;~~~~IÍ~ ;:}{ ·.;ernC1~~~:: .... 
recognizably'similar.lpacins m ay be SCparaled ·t;y. more · CJcry C OIC:Ipac:lhg "·f ,. •.,. '·.· , ·~·'1· '· 60-:ZOO mm .· ' 

. c:li . . . ~ 'd 1 . d el' ose spae1ng >! 
·?~·~e r

8
o

1 
kcod~larnmg aF_e"'c

2
· bw)r e Y.h~pace . 15CFOn··. Modcrale spaclng .l ·i 2()(}-600mm 

· unull'"'· oc ragrams ( 1g. or rslograms ( rg.'· W'd ¡, . ¡ 6oo..iooomm 
( frcan be US~ lO i~~ic.~l~ lhi~ lype of variabilily, :. V:ryc ~i~;·::ácin~ . ·,200(}:(\000 mm ::, 

(d) In g~_neral, fr_aclurcs caused :by blasl damage .. E· 1 ·. 1 id· · · ,.. >. 6()0(1 rnrn 
h Id 1 ded 

•· .... ~ . · 'h . . • rerr.c y w e spacrng 
s ou .Je exc u .rom conslw;rat•on w en measurmg· • 1 · 
chc.'spacing·'or ·disconiinuitics. ··,: :- . , , . •!. (b).'.\:convcniell,l.lf!clhod or P.~n.ling large nurn~ · 

(i)' In caleS wherc rock _é:x&;osurcs ·are of limilcd or spacing measurernenls for wh~h s_caiiinical rrcatm< 1, 
exleÍII, or !'b.enl, aéi!miC r~rrattion}ecÍtniqucs _can be' · may be rcquired is che use or histograms. one ror ••e 
'usecho calimale spacing in lhc uppér 20-30 m. Severa!' sel or disconli.nuil~;. Frcqucncy·c:urvcs for each sct •~" 
in•calisalo'ri,'have found a faitly rcliable relatlonship : be drawn on lhc same diayam, giving an immcd••" 

. ··:. ,. . 

'' 
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18 ·.·" 
lnte-n~ational Sodcly for Roék ~~cc~ .. n.it·,'\, 

. '.-,-,.-·-r-.....,... 1 01~~-h:nt~lh ~·f 2.9 m ku.l c.•nc.· c:n~ c:-xpo;>c\t ••nd ~~ ~:f'-t 
\':!_q1 at~ a\'ct~gc lt.:·n¡;,th of td m ha.d no cn"h . -

/. 

- . - .. . e t¡t~.; • ,• 
i( ~.(h) A_n0ily,.cs.-.9f d1p _lengih~ .ami .strike l.:ng1h, ... :· 
,: lnrmcd .. ¡,y .R,o""r. ;on [ 4) ha~c indicalcu th··t. , , 1 

~\·tit~uit icS.:h:n'l 1~ he of uppro~imatclv -.iSOtr .... n·,·c· u,-~·~·' ' 
· ' ·- • v•- < l'n .. 

. ~ion~. Whcn h.·rmi~alin!t in ~,_,lid IUck._~hcy D}~" 1f • ..:-~-.' 
;-· -/ .. .: .-; r~~!.c: tcnd ~-o t_,c. "··~~~t.u~ :wc.t. p~~u_r::naNy rc.:t.htu,·: ., 

,-- ... T ;"wl~t:n ,tcr~lll<~l_m~ aga1nst othcr, dasconHnuith·". 
,-,- L~ 7'' kl S1atisticnltcsts.si~nulatiOg:~ircuÚt~:o~11 tir~~ :r . , 
-:.;/;

1
- . · ,...._ . ·~- tinui11cs with a norma) "io;trihution of diamdcr,ht~.~ .. 

1 
1 

, . I.H¡ 

!~-;- ¡--·-:-: ¡-. .. :~. { 1 1 n\l~· :-.paced tn thc rnck mass, indicatc: tha1 ttlc 111\._,., 

t:-- ,-.-1 · tr:n:t: kngth can range from sll~htly ~maHcr lo ~ll::!,t:~-
,., laT~a.~~than the. mea~ 'dian1etcr [5}. T~is is thc.rc.u!.t 

•· t_lf ··~e .~!~·tter r~·o~ah~lity of intc_rscct ing the lar~rr 'dt~· 
,:o~tu.'.~~~tl~ outwc1ghmg the (;h,:( that 1!.1l'C lcn~th1d 1 t 
chortl¡¡f are iilht.'rt.:ntly shortcr, t,han diamctC'r_...:~ •· 

(t/) Statistical nt(!lho?-s can lx· u sed. to an:tl)-~e l~:r 
. ;,_fn:him~m JCngthS or dbyontinuiti~s. Usíng such:· tt: .. ;h· 

ni4~.ú.--s it is po~.,ihle I0 1estímatt thl! cxp~..:(:ted rC~·,afrcr: ... · 
· il•t.~rv;~l. fnr .dis~oñtinuitic:o~ oi any sp~cificd':'ku\!tf; 

· ·Alfcr'Htively il i'i po~slblc h.\ <:si imate thc mean ph•h 

: ·""hililY:~f ·a. ~~~coñtim;.ity eXce~ding ~' SPccitied lcn~1t, 
r. occurring in nny. p~,rtion .of thc ''roCk. mau. f'n1 

. : S'3n.tpic. ¡_r aflc~ ;_¡nalys,if\ it is fo~nd th3t majt~r ·di'lú•n· 

. ~. t.iríuitic~ wj~" ~tdkc tcrl~t ¡1s· orsü, m oi" _rlwrc' are sp~u:-~'l1 
o~ the·'avcmgc. at 150m. il i.'i,pos.~il?lc· to csl~nlat:: th.;

., .. hrcth~h~lity ·ur !-trikc '1cngths of 50.m ·oi; more occurrin.
~/ in any ··lf>O m iritcrval inca:m_rcd nónmtl lo th~ ~uilr 
. ·.!he prohahilitY i~ ~qual to !73 "'"' 0.66: 'tf thc .C,Hnrktc 

•• 
1 

l ~--, diStrihUtion ofsil't.·~: is kno\\n {l}rocl.'¡Jr,e (h)). •hf prt•h· 
1· 1v..··. L!. S{m_plc: "kc:tél't~., :u~J -~~~~ck ,f~~~nH~!. ~.P 10_ i.nd~c:n~ the· •· ~b.ili.~y :~e occui'rcncc Pf:t! .. discO'ntinuity · of a c~.:rlain "' ta 
relni!\C Pt'f\IM .. ""'' ur the \'anuu5 M:l' or d·~conltnH!II("'i. •.:umrk\. can be ,C\'alu:itcd 011 thc basis or extreme val u e 'l.:al· 

aJafliL'lllrnm [l].und [.!1- • · · , ·. ,. . . • · 
:,t . . · •. · ·· '-'Y ;, ··~~~le;.-.~: u~:-1ul'_c>.a0~p1e of its _app1icatio,n to HKk !.lP~ 

. ·::· · · (. · : · · / '· "': , · ¡ .\ · stabilitr lm,uiY:!ods ·i_s gi~_~n hy McM_a_hon ,(6].'Not~ th:~t 
whi..:h'c"lcnd,cl•tlsidc~the rxpds!irt· (:<), should·.be:-ditTcr,· the ill:·dCfined lo"'·cr bound to ob\erv'oúion<or tu ... ~ 
ent.i':Úcd from". tho .. e··thnt \·isibly termiÍ1ate in. rm·k in·. lenglh-!."(inevitablc.if·the shnrtf'St features_ arc·.ign.ucdt 
th_c.·~~-XposurC frl. and iJrom ih~Se that ·tcrnlinate.ttgain~t'll""tC:~d~ iC> urld~ie'~rimat ion of t he. ~requcncy of·-Oi('on· 
othCr tli.H·,;m·i~uu'_iit•.'fi ·¡n·'thc eiposurt::"jÓ). A sysiematic\ tinuitic~ aild O\creslimation-of Út¿ir~ ttii~. · 
set ;.1.~( <tiséo'út iiiuiliíi~ '":"'ithi-~-u; hig.h ·seo re·· in···h l. iS\~---~ · · (L•) ·Thc: c.lc:-\cripti\'c ter m p,~r.\i.~l!'lrC-t:; mny ;;O_ ~ht"M' 
ohVihu~ly moi'c pcrsi.1ill!nt thar;_a' ... -isub-.l.}'~~ttrnalh•,:S91 with' be quailtificd hy detining itas thc pc:rccntat_.:C: o! tt·:"' 

prcJ~rninant.~corcs hl (~). f'!_n~~-'iyst.!nwtic: di~C~l-~linu'- .: lotal a~ca o( a planc through th_e fi.Jc~ mass-,whidt '' 
· l•cs.~~·ill·tcml,;1o hav~ .. ~igh~t t~eOrcsi·¡ñ· (r); ·qr . . for~ed by discOntiñúitk-5-·co;ncidcnt (co-planaf) wnh 

(./) Tcrmination data (x.· r Or d) !.hould be ,rccordcd. thi~ refCrcrice 'plan~:. In practicc. wavio~s of mm.t i.lw_ 
for· ~r.ach cnd ,,r thc ,. rclcvant\'¡disct..,nlilluilics, .tOg!.!t hCr cont inuitics frustratcs !i.trict intcrpretation. A pr:u;t t ... • d 
witll 'thc lcngjh in mctrcc;i (Exl1mple: /~(dx) =tdi~t.:un .. · _a~lt:rnalive is ,to s.elcd _a hn~d width c-qi..at to thc."mo~; 

· tiliÚity length:·or R m', onc 1crmim1lion' :lgainst anothcr •. spacing'of thc discontinuitic:'\ in' thC f!:irticutui ~el.~~·! 
.tfh,'·c~tlt inuit./é?t hcr' tá'ini_n:~tion':inv isihh:· br'cau5c 'rc:~l ur.e;·~·'it;"' csÍ~.~'!lt: ·thC ~r~istc~c.c i W·¡, ~in tl~is·:refcrcot.'\! · h:1n·! 
.... úf,ids hc).'onct thc lili1its of the cxpmourct lt is .impor-.. S~n~c.·\.~n. il proh~biliiy h-aSJs .. only··one· di!>cuntinlll\ ~ 
t:uii;lo speci(V the dinit:n~ionA óf thc cxposul'e 'qn· which r·., wouldJ?c c.Aaltcted lo O!-=ctir 'wittlin d\iq·banJ. :arsk:H:' 
tneúSurcment~ ·were'ñ13de 'si riCe thi~ wHI ob-.iQ.~:d) in-: more icaliStic _estiniatc· of. pc·rsis'itnce is obtaincd. 
nu~·ncc both the nufnbcr or (:l) obscr·vations. and 11\t:·--. 1 n .. WhCn a~_~cs';ing ih~ pcfsi~ténce-or thc v:tri(,,l ... ·'-'· 
rehwant length~. ~ , · . . (;Ontinuity seiS it JS lm'Port<Jnt tó.inVcstig:.11c thc''r<h'11 ~ 1 

., )'·:':~·~::. , ; .. Jity or;& ':'leppc;d ra_tlure surfi1ce· rorming. us iUu·ar:• 1 ~ ... ~ 
N,;,·,, · · by. lailu« m<>Jes,/2).á,nd (3) in.· Fi•. 13.' This.mud~ "' 

' L e < \~•', ,; e\ • , 1 
1 C' l 

'~~ P1tcau (3] has dcmon,trated ~hat Ji\contlnu•ti~,. failurc~ rTtay t_C'nd · to ·occur when the rsel involü" . '" 
wtLere both ~lcrminalions éait '.be Se~n are gen<:rallyt:. sl11.:.ar ~has lesS'than_ ÚlO% pciSistence~i·'Dowh~tc['P• 11 ~ 
smaUcr than d1scontumitk.-s Whi:re one :or no termina·: will te~<J to develop su~h-lh'at only a miniinunl,Í'C1 t..:c•~:· 

.. t~C?~\.ca~ ·~:·&e~n. ~~~ n ·sa~~~~ o·r· :\~44 jllints, :Jl thc;/·, ngc of 'the
1 
fe~~~~¡~~. sh_~ar surra·~ _pas·s~.({throug~ _in~';1~ 

No;iianga M!ne, .1394:P6%rw¡th··an avernge.lcngth <?1 -. <.!)Ck. ¡The persllllcncc .ola polcntaal fa•.l.ure surla,<< 1 
'r:4m•hiid bóth ends cxposcd.' 1538 t~O'i~l with "" aver- normally be: hiihoir'ilian thar,.iilong'plan.s:,,.;h;~n•·· 

• ' ~ : .\ ' • • • C• ' e ;. L,• • j, • •' ·\ 1 

:' .. 

'. 
¡; 

' ¡ 

p 
f'• ~~¡¡: 
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fi¡. U:, idc111ii'~ Cumplci or:roltntilal fnilui, pl:u1r.' \ho"'·in¡ thc inlportan~.--e or "inlat.::t bridses .. and "down-~tewiftt'· 
· · :/'''' ¡-::.·. · · ·_,"'· · E''nmr:k) nd~pt~ from {4]'ai1'd ('7]. ·: ·· · ., . 

" • 1 

parnllel lo a •ingle •••• unlessthc lallcr ha ve wo·,; per-
sistcncc. • 

(fil Estimules or ~rJisttllte~ ror given planes, bnnds 
or:srecifoc railure surraces háve al prcscnl lo he bascd 
on 'cnginccring judgemeni an1:1 should be purposcly 
weighted in thc dirccli'?n of conscrvntism (i.c. Closer 
to _JOO% pcrsistcnce sincc. the shear strcnglh or 1hc in~ 
1<Jct rock bridges wil1 form a dangerou~ly high. rerccnt·· 
o¡:o of the total shcnr slrcn~lh of !he compound failure 
~u(face .. Thc shear strength (coh~ionl due to an"y intaCt 
rock bridges can be. crudely eslitnaled from the rollow-., 
ing rc:ationship which .is derivc-d from !he Mohr dia• 
~r:.un, assuming a tiricar t:1enr strength envetopc: 

e = !(a,· o,¡l 
whcre· 
· o, ':=! uniu.ial comrressi"c strength.or 1he in~nct rock.; 

rr, =- tcnsile strengt,h of che intact rock. 
lf it is : s~umcd for "implicitY that a,lo, 'é 9, thcn .thc 
cohesive strcn~th i~ cqual to eme sixth of rhc um.·on
fincd compressivc strcnl'!th. h is safcr to assume lOOn{, 
Ptfsisccnce whcn in doubt;- sincc thc ''hnvc r~h\.":"ion. 
is usually ono 10 iwo orders ~~r m•Rnitnde ~reatcr than 
lhc_. shctlf· strengch or the dis~nntinuitlcs.. ' 1 

'• 
PrtstmÚ.ulon nf rrJulrs 

la) The various sets or discontinuities !'hould be dc
sái~ed a~ .H.~h·matic. sub-s rstemcJI ic or non·J)-'slemal ic 
a•:corqing ''"~'~thcir rclalive Pcrsistence. l:llock diagrams, 
or pholograph~ should be labelled accordingly. 

(h) Whcrc exposures are of suitablc dimenJ:ions. size- · 
frcqu~ncy·histograms of trace lenglhs obscrnd for each 
set of discontinuitics should be givcn. (This is necessary 
ir probabilily lheory is lo be applied subsequenlly}. 
Mean trace lengths (in bolh slrike and dip direclionsl 
should be quolcd. 

(e} Termiaation data which has been recordcd for 
each di<eonlinuily sam, >led (e.g.' 8dx), should ·be pres
cntcd in thc form ,)¡ n tt•rminalion index (T,.} for thc 
rock mass a" a whole, or ror chosen domains. 7; is 
defined as thc per enlagc or thc discontinuily ends lcr· 
minatin~ in rock ("I:r) compared t~ lhe total numhcr 
or tcrminations n:r + Id + l:x). The latter ¡~ cqüal to· 
twicc the total !'\Bmple sinl"C each tra~ has twn ends. 

'' 
(l:r) x 100 · • 

T. - --·-~--· -· % 
r 2(no. of discontinuities observed . 

01 is io be 'hoped that systemati~ colleclion or data 

. \ ."§. •' 
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concerning T. through applkation of th«e ISI<M :iug· 
gcsted Mcthods will cvcntually improvc thc estimation 
or pe-rsislt'nce). 

(J) The pn.slsrence oC pottntial faiiurt: surfaces (in, 
duding stcpptd surfaces) should be csti.11atc(l, il this 
as appropriate to the project bcing i,llvcstigaled. The 
cstimatc should pcrhaps he róunded upwards, to the 
nctt multiple or 10¡;, (i.e. 92~~ iS a.uum~d 10. be ·lOO\,). . . 
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15. A mcthod nr u:cordin¡ di~nntinuily roUp.hn~\ in ('o\'('1 dHTICI'liiVIl\, .alun¡t ~~ estimated dircction Clf rotcntial 
ilitlin¡t. 

(rl) lf ihe 'direction. of pntcnlial sliding is kru)\\n, 
rnuithncsS can be sÜmpled :by linear pr,~/ilt!s t¡tkc.:n 
rarallcl to' this dircction.i In ·.niany Ca!oieS the i:'i:lcvant 
di·r·cction is parallel to' thc dip (dí(l vector). [Íl \!a~es 
whcre sliding is cont'rolkd by two inte'i-sc~.:ring' discoriti· 
nuiíy planes, the direclion or polcnlial•liding ¡," parallcl 
io lhe line ·ó{ interse'ction of -thc planes~ In :tlu~ , .. a~c 
of an.:h dam ahutmcnt stability. thc di'rcction o(¡iotCn· 
ti;,¡ .o;liding may lutVe a mark'cd horizontal coftii)<.mcnt. 

fcl H thc,dircction of potcr,ttial sliding iS unknown, 
hut Ocvcrthclc~s of importancc, roughncss must ·be sam~ 
ri..::J in three dimcnsitms instead or two. This can be 
do~c with a cmnpa.ú and di,q·-climmwur. Dip and ·o¡p 
dm.:.:.·tinn rc01dings can be plo1tcd as roles on eqüal-arca 
lll'ls. 1\lh.:rnativcly. ·lfiscontinüity c:urfaci.!S Cilll ·tic con
rourcd rdati\·c to thcir. mean plan'-~ usin~ plwtor¡rcun~ 
mt'tric methods. This .can be ·a uscful technique if thc 
cril leal surfacc~t nrc inm:cessiblc. 

tf) Thc purpU!\C or ~tll ·roughncss samplin~ mcthnds 
is for thc cvcnha;ll L~Slimatit)O nr ~.:ah:ula1inn of ~hcar 
:tl1cngth and dili.ltion. Prcsl;ntly :1vailnhlc rncthod!' of 
inh:rprctin(t rour.hncss pl'ofilcs and cstimatinp, shcar 
\ITI.!ngth are summarised undc:r rhc scctíon Pu!u'utcltion · 
,~··,.,.,.;u/u. · 

Et¡ui¡Jint'llf 

la) The linear prajiliru¡ mcthod ofsamrlin~ 'rough· 
ncss rcquircs thc foil~;wing· C~.tuii~mtnt: (iJ· 'rolding 
Uraight cdgc "'f at lea~~.~ m l~ngth graduated in mrn. 
fii)·compítSS and cHnOn!etcr,' (íii) 10m o( light wi~c or 
nylún with paint mark.in~· ui 1m intcrvills '(red) and· 
IO·cm· inocrvals (bluo). Thc line •houhl h< attochcd to 
~"'•all wn'odc·n hlock5 l~r siffiifar ;.rt e;u.:h cn(t. s ... , 1 hat 

ü c;t~\ b~ tcnsioncd to form a straight rcferencc line 
ab~,vc th~ plll:nt: of large undulating~disconlinuities. 

(h) Thc nmrJia.~s ami disc-clinometer method.of sam
pling '·ri.lughncss rcquircs the following· cquipmcnt: (i) 

·Ciar (UrCirln.n1ptJ gcological compo.1ss •which •irH.:orpor
ates al,·horizOntal Jevetling búbhlc and a rotalahle lid 
which' is cmlncctl·d lo the m:ün body 'of the compass · · 

'through a gradualcd· hinge ror rccordi'rig dip. (ii) rour 
thln· Circular·· pi ates 'iriade· of light aHO)· ·or various día~ 
mclc" (i.c. 5. 10. ~O and 4flcml which can he fixed 
in IUfE} lo thc lid nf thc compass [1).' 

Thc phoiO¡!.ramnwtric mclhod of sampling·rough~e~s 
re4uircs assürtcd cquipmcnt dcscrihcd under · · 'Piwlo-
yf •mmc!tric Mt•t/l(~t/.(['lagt• 330): ' 

' . ',.:,.. . '~· . . . 
Proct•durc 

(a) l.i1u·ar prr~lililrq. Discontinuities are sclccted that 
are accessiblc and typical of the sorfacc prcsumcd to 
be invol\·ed if shcar failure was to occur. 

Dcpending upon thc rclc\'ant dimcnsioos of each 
· planc eithcr thc 2m str:•ight ·edge or the lOm :wire 
(or seclions· of cilher) are plal."Cd or strctchcd above 
lhc rtane of-the discnntin~ity paratlel to lhc mt'tJII direc
,,.,.,, nf potcntial s1idin(!. For convcnicm .. "C thcy shuuld 
he in contact with thc highest póint or points o·r thc 

·discontinuity and tl1c:y should he as slraight a!I·N"SSible.· 
(A 'malllump or "plasticene" can be helpful in· prnenl, 
in~ lhe strai~hl cdge rrom sliding down Slecply dipping 
jllÍiliPi,' h can ~ rlal.'Cd bctwccn the str&i(tht 'cdge and . 
thc high spol,_)·The perpendicular distanccs (y) from 
thc Slraight t:dt;c (or \>wirc) to the·surfacc of thc dis~o:nnti~ 
nuity are recordcd to •he ncar~t mm, ror givC'n tangen· 
liÚl disoanccs (x) (s.,.; Fig. 1 5). ll- is advisahle lo be fl••· 
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bl! mf'rc likdy. PwfÜcs ~hould h~ comf\uteJ 
dirC·:tiun or ~.tcnthl sliding.. if thi~ ls kno~A~n. 

ible in the choice or (xl siÍu,;.c a re~ulur intcrvul (for 
cxampl,~ 5 ..:~) mip.ht· result ·in. mbsing a small s1cp or 
sirnilar fcature of· polcnli'-tl importalu:c lo thc shear 
str-:il~th. On uv~rage. (x) intcntt~ls ,~qud lo approxi- Nmes .._~-

for lf, .. 

lnat~l~· 2~' ... of the total rneasurh1~ lcngth ate s,~mdt.mt (tJ). 'Linear proji/iny. Thc rnm .gr.:tduatcd rulcr 
11 

••• 

lo gi\·e a ~llOt..l o\'croll imprt.'SSion of rou~hncss. to mcn~urc 1hc. perpendicular dist~wc~ (y) ~fHlOI~J ;·~ 
The (lt) and (y) Ct.:ndings are re..·ofc.lcc' ir1 p:uallel. la(M:rcJ .t<l a pom_t so t~ut the .fine dttaih 0 ¡ rm,~hn ... ~, 

ll•gclhcr wit~ lht <l;lin\uth''·and dip c;ht.hc ·mcac;uring ~.:an be rcnm.lc:d 1f cks1n:d . 
. dirt.:ctinn. This may bC different from thc or:cntation s~vcral automat¡c rccordillS profilo~rapht UfC d~ 
':11/~ of thc dis~ontinuity. . . scrthl!d in thc. l~h:'rature (1, J]. Mo..:t of thcsc nrc '-tJ!l-

Proftlcs typtcal of th..: nnntmum, most cnmmt)n and ahlc ror descnt11ng thc finc:st dc!.tlls of roughn¡.·,, 11 ,., 
ma'4.iinum roughncs:-\ are rccorded using the abovc pro-· .. obviously give a mu~.:h more accuratc pi¡,;turc t'lf rou··:~. 
t.:l!durcs. Thesi: proiHc~ m.1y aprly toa whole 1Ji~conti~'" ~l'!IS .thnn that ohl.ílincd hy the prc-,cnt ,.ug~:t~.;c:t 
nuity sct. to nnc t-ritical disco~_tinuíty. ~r to caéh sur- ~e~:1od. l"ormally thi1 (tccur:n:y is.unncLY'lo;;ary fc;r f•t1.a 

facc 'mca.;urcd, dcpcn~ing upqn thc dctail'r..:q,uireJ. ;nechanks: raJrro~cs. 
Thc wm·incss angiC' (i) itJi_~sl,ratcd in .. _Fig. 14, ~hnuld orr~;~ts or slcp':> di\'itlin~ ¡¡ thscontinuiry Stllf.h:r ¡,~¡.,. 

he rcc01 ded using thC ·straight ;cdgc arid clinom~tc.:r, if ~l!vcr~l paralfel planc.'\ ~rt! indkativc of lal'k of {'•'"' !· 

thc protilc- was Stl short that wnvim:ss "'·Us nt~t a~llomu- 'encr. .• ,hd should he": carcfully prolih:J. 
lically samplctl during proliling. · . Thcre are ni.any othCf mcl~~--.ds of recording rou 1:h· 

Th•.; iiPPh'xim:lle Wavc lcngth ami aniplituJe of wavi- ncs:; in ndditit'ln to thc profiling mcthütL For c:t:unrk 
nL'SS .fllO largc lO he sumr}lcll·bj' profiling ~houiJ. h~,; th: 1\'ri"t-lrtHJ!It <lllJ ampliwt!l! of surfact• f¡.·~tturc~ \.uut.l 

...... ""' . ' . . . 
estimalcJ, or mcasurcd whcrc oct:C!-o~ibility is no proh· he mtasurcd :mJ r..:cordcd fur ~C\'f.:ral diiiCrcnl !it.:alr 
lcm . .' ., -: _ Kltcrval,, i.c._<lcnt, 1·-IO'cm. 10·10Ucm. >1"' 

Pholt•~r<tphs rcprcS.:!nting th~ surfuc~~ of rnin¡-mum," Allcrnativel)' o vcr_y l;1rgc undulatin~ joint C':'l.Jln"IHc 

nwdal ::wd mu~irnum mughn..:~.S ..-hould b~,; takc-n. with 'cotild be rapidly n·cordcd by 1aying a stni1~ht c.til( 
n 1 m rule pl:ú:cJ ogain:-.t thc surfo.u.:~ in <.¡uc.:.tion cll·.arly (for C).:tmpk 1m J~ngth) a~aima thc ~urfacc al 1 u\ 1n· 
vi:\ihk .~ · tcrv.1ls in t.he dowJHiip din·ction ami r~cordíng lhc t-1i" 

IM'.Cnmpu.._.,.· m1d cli.~t·-diuom¡i¡rr .. Discniltinuitici~ are .Or ~~~C~.P~~itic~n, hy rnC:m~ of'.<.t,.~lin;mie~cr fhc}t_,h~ 1tk• 
.\dcCtcd th:ti nrc_ acc¿·ssiblc,.·n~d typk~l, or lhc· surracc: ' ,sl~_uight cdge. Thc lcngth I_Jr ~t,raight ~dg-.:- Cf~uld ~ 
prc~l;JinCll lo b_c inv(~l~:l·d ir·shéar raitur_C:' wn!i io occur ... varied In thc. samc ·m:mner ris ~·it.h' thc ~r.:on111;• .... 

Thc '~•all ~cale ·r"!'ghne~s. angles (il .(Fig. I~) ~ro 'methud, if de>.ircd. ·• . , 
n1cas·u1cd-.hy .placing·th~ !arg.t'!'~ cir~ular plA.tC:. (e.g .. , ·(h) C(~,;,¡,a,\.~ uml ,J¡:~c-rlitjc;;,·wrer. ThC· ~m:Jif.!~l t•:J.o.t 

40cin dia) ag:iinst· the surfacc.of thc disc.ontinuity in ,plíÍtes gh:<-··the grcall:st scatlr:r· ol rcadi~J!." a1hl ul'l' 1h· 
at l~ot,"t 25 dift~¡·cnt N->"itions, -~~d recOrdi~g dir.,.~.ircc· .· lafg~t r~ughn~s ang1~: Thc brgc:_-t ha¡c rta'r· f'\t" 

· t ion ;HHJ di¡') .rnr ,each.',position.jA sur fa ce prca .,a.~.lea~t ,¡,.lh~ le~l scapcr or readings and a}s? thc ~~a.lh,.-.t 
fcn '!inu.•s n1 l<irg_c as. lhc nrea tO( th_c .farl:le't pl01te is . rc•ugh11cs~ angl~. , . .· t 

otssuinccl). ot: . , 1_, • ' • • Jhé lnrge I)Ü_mbcr, of dip dircCtíon' ali~l ~ir. ~c';¡llin;' 
Tl)i.'\ prücc~~rc is rcpcu~t:~i i~ .turn ror¡thc Nhcr.plate (from aBrroxim.,~cly 2~ pi~ le P,ositioil.~) rrpróicnt~ .,, 

. dinm.:tcrs. TI1C ()\'CI'al.l SL'nsiti,vity or thc ,mcasun;n·c~rs > l~ast one hourll ~n.rk per sampl~.d planc. Thh ~ill (lr1\ 

is itÚprovcd if a larg1.' numbcr,,.o( P9~dtio~.~ are r_t:C.9rdcd, ~ just!~c·t il) srecia! ~ircumstanccs. U a· lar!!c. nurn~rt 
witll~thc :,mnÍicr pla.lc diamttc'rs, for example ·so posw ··· or 1liscOntinuiÍics nccd to be measnred: tl1c r'"*'rtr,;m· 
ilion·s.-with a 20cm platc, 75 positions with a.,IOcm : tnd;ic r0cth\1d Í':) 'réco~mcñ'ded. A11~·nathcl)· if t! .. 
plate/.and·IOO;positit,ns with··a S cm pinte._ ~·.. ... po~cnti~·l. sli~it:~g dircd:ion iS known:: thc rr'!'¡;;,~.; 

Er\ch ·sct of dip dír'tction and dip ,data is plotled ort mcthod :¡s reconimcnJcd~ thcrchy rcducin~ thc :!Ri\' 11 ~r 
a scpMatc ~qual area nct in .. té!ms of Pol~. C:ó~tours 1.;.or flala .. c~llcc~ifm to 't_hc si!lgle d_ircctio~ of pott'lll'·=1 

are drawn for .. cach se~ or pola. ''·• •,1 .. . :
1sliding .. : .. ' . . ' ~. . . 

P:·~'otográphs rerre'sCnting: surf:tC!=!I;';.o~ mi~imum, 1 • '!'~e !J13Xi~1urp T04ghness n'ngl~ for ,the gi\'~-" di·, .. 
modal and mn~hnt'm roughne5i shoutd'. be takcn. with sizes can b:c illrittcd for any dkection flf·potc·ntml ~IHI · 
a l,m rule. plac:cd againsi· thc: sutfaces ;in q;;éstion · in¡;. (Sée fig.,Í6) .. Thc .tan~cnt .,¡ thc'e m•~''"'"" 
cleariy visible. . . . ..... 1 .. , ' roughnf.\;• ari'sleo multÍpliCd by the approrrinlc h;t·~ 

(e) Phntourummerrlc. methn<l •. Jn spccial ca.<es,'terres- length (disc di•mctcr) gives the displacemcnl (do101h'"
1 

.. tia! photogrammetry can tiC. uscd to ·obtain the co· that will occur perpendicular lo the dísco!'tinuity (,• 
' • - 1 • ,. 1 '"' ordinales ofnumerous poini1 on 'he·surfac~ of inacces4 a 5~qu dil:ipla~mc.nt equal to the givc~ b.1~c · ~r:z. · 

sihler· disconlinuith .. 'l-."'.using. _ _,the. proce<fu.¡·cs ~utlin~ •. Sc.vCrnl-.basc leng1_h~ (d_isc diam,etcrs) ':ii'e ·a~alys~-.:¡1: 
u,,,.:er Phorogrumn.cttk Mtthod_ ·lpage .~71. From th" · ,lhJS way, so thal a d•laltOn curve can be·oblmnrd. """ 
data JI is poa•ible to.cnmpule conlour m.~ps or profiles . .will gi~e n ~ealistic picture of the sh~ar1~g proce» :, ;. 
.of.t~e ~urfacc roughncss. T,hc mínimum' contour inter· there ts mJnJmal dam~!'e lo aspen~Jes. Th~ mcthh>¡;t 

· valsr,wlll·.:de~nd on ,the dtstance of, t~e cam~a base therefore mos! appropnate lo sheanng o! J01015 '" rit<' 
· From· the surfacc in question. In sorne instanc;ri 1 mm rocks lit low eft'ective normal stress lcvels. (As pe J 
inter~a1s might be achÍcvcd,.lhÓUgh 1 cm cir 5 cni would ·smaller than the mínimum plate.diameter· are assum< 

,. 

\. .. ~·· 

,,:.~ 

(79 

•· 

., 
'! 

.. 
·~ 

.,. 
~ ¡ . J L, :~ ).!f~>~;~ . 

-------------·------·------·-· 



1 

• l • 
::"') 

N
 

•. 
l 1 
.i v .. 

:. .) 

! ! o .. J 1 • 
: 

.. .. .. 

É
 

..! 
... ! "' i ~ -1 • 

o -

: 

-
;..· 

· .. 

~·. 

ll 1 1 ~ 

11 ¡ • • 
11 .t 

o 

.. 

! 1
!! 

•2
S

ll 

) 
1 : ~ 

. 
j 

:. ' 
• 

: 
J 

i 11 

;¡ :¡ :i 1 
.1 1 
¡ 

.¡ 1 

.1 .¡ 

:1 :¡ !1 
" 1 
¡ j 

:1 ! ! 
; i 
¡ i 
1, 
'1 l' 
:1 . ¡ 

.:;f .l 
ll j ¡ 

. 
l¡ 

., .. '1
 

:·¡ 

r¡ ¡ 1 1 1 



.... ¡ .... ' 

not hl irrflucncc th~ proc.:c.::-.s .uf 'lil .. tion). · See Fc:.ckcr · {J) Ot''( nptil'•• lt•r11u In tlu.· plcliln 
' 1 R 1'1 J . ( h d . · lll.tr ~ ',' 0 • an~ :n!-!crs. tor. urt cr .~~-:~rl~. _ . ,, ..... hci:¡J anarprngfr.c. d~r1n~ fc.\<tlhllHy ~1t.,tj_, 11 :,,_, 

(<.')__ IIJolour""'""'"'c m~tlwd. 1 he .;.:oorthn.-tcs repr~o:- tat10n" m ay pn:••\!nt 1h~ m~ of th...: abo~ . 
·scnting ('t'líntS' u~l th~-J~r,fa~-~ '1L'~~e gi~.~-~--~i~colitinuitY'<::.;·n,~e~~ur~n.g ~edmi.,ui!S. Th~ d~-~cri¡)~i'-"'• l•~ ~::~: 
are _ftCCOf~li!~~U~tng ~. SlC:fCOS~OJ'IC ('ll~lh,n~ lnSirumenl! ~- W!ll h,~: hmned lO dCS<:fipti\'C tc:rms ~·hkh •.j¡,"~· j t.· 
or-a stcri!O comparah-.r. w¡th· autnmDhL' rccordinp. · bascJ:·on h\'ll~scalcs of hbservation: ~·· ,+-.r · 

~quiflmcnt Ji.e. punch..:cltapc). Rougho"'"S~ pio~\cs_ can · · :Smái(Sl,ú~·:{iocvcral u:ntimctrcs):<:· 
be drnwn hy Computtr. :.,-_:,: : n:lñtetnlí'lliah: st·Uk:(~~v:~ral ffit:tr~~l 

MCthods are U'failablc fpr cstimating the ~h..-:ar· R . ~ ~ .. : 
stren~th and dilation ~.:haractci'isth.11 of t.li~cuntinuitics 1 sough (nr trregu!ar), slép~d 
( '·e 1 ·¡¡ J · · b . . . · . 11 moolh "cppcd ·'" 
!'f>C'~-~au.:a ly unh e JOHilS), ascd on t~tallslll'al an:rl) sts S ... , :\ , . · 

of thcsc ···-~far.:c C("'lorditlatcs (4~ 5]. ., 111 · hd:cttstlcd. st~.:ppcd 
_,. ·· -.- IV ~ .. ~r-.ugh (or ir_r~$ular.), u~dulaling 

V _Sr•'Ooth, und.ulating ·· · 
Prt'."il'llt1HÜHl uf R,• ... ults Vl · ·Siickc!nsiJcd. undulat1ng. 

:t~) l.illt'flf pn~filill$1. Thc (x) and_ (Y) i-cadin~~ ·Should VIl Rough (or incéular). planar 
be phHtl·d to thc slim.: :-;~ale (nnt t.Hstortcd), and iri- VIII S~noC'olh, planar 
clincd corrcCtly, as siÍ0wn diagramm';ttically in th~,; imil't IX ·,~lickcn..;idcll. pl~ru;~r 
to 'Fig. 15. Proflle' r.:pr~scnting the· minimurtl. 1~os1 · 
c.;orñnwn. anil m;nimum rouihncss sh()u!J he .drawn Thl·;.~¡<·rm ":;lickcnS.idctt'' !'hnu1d onl)' be ta·,~:\t tf t ~'~: •· 

, lln lhc s;.tmc ~~a !:'te 1 ~ makc ~om(larison i;,,si~.:r. Tlk' t'hrce' is clear 1!\'idct;c.:c of prcviou~ shcar disp1t~t'l'llh'f•1 ,,; 1 ... ; 

rrnlih:s may·r~prcsCr\t n disCdrltirluit}':sct, a sirig.Íc cfiti- lhl! "
1
i:.continuily. 

Cal disl'ontÍI~llity, o~- 'ca~.:h surfa'c sár,,J1kd. ··¡-'h¡~ will . .J.-rhC intcrnictli;n..: sl:-,11l! of rou)!hne!>.l,i, ¡~ tli\i•k.! tt ••··. 

rlc¡{cthl (.)0 t'ht· am-clunt· of dctilil rcquircd. A sc;.~tc'· fhrcc __ ücg_rccs: stcrJ1cd. undulating and plallar. ,., .. ~ ~~. 
¡;h,\~¡ld l-lc iñCiudcd in all iht: drawin~S: Pr(líilc.~- ~hould SnlniL sea le .of'roughnt-ss ~upcrimpost·tl on lhc t'\',! 

· · mcdi;;¡.e,Scale rs otlso J¡vi·kd into thrC",c.· lk.l!rfco.;_ t';·.·r~ 
bc .. il.lcntifkd dcarly;.-anJ the'azirnutiÍ and dip.;nt thc ~ 

- .. (or irr'~gu1ar), smooth. ~lit:kCno;idcd. Tire- .lih.·-·t:.•:\ 
rP¡;~suring. dilcctinn ~llciuld he Mah:c[ in ca~c thi~ clilf~..·rs · 
fwill thr prc\'ious\y rcc.Prdcd oricntalion .'1/{1 of th~.· Ji-.~-·· slrüllinns ··o·r s\ickcn.c;idl·.-; .c;twnld he notnt W• ,f.. 

• • •• .t stH·ngth ·m:1y \'ilry with dirc~ti~)n. RlHzglllh'·,,, l'~/ ,.:; 
con_tanurty. ··• ' . . · ·J~ . · typic~1 Jr thc niric das!'.I!S are illustr.tto.:·d 1f1 1-r:,~ ~ · 

Ph()tP_!!raphs \1( ,thc rdcvant ... urf;lccs Showin[! mini- .r . . 

mum. ll'lHial :tnj m~\.'<1mum ·rnu~hnc~s should he prc~- (Thc cffccli••c Tllughitcss anglcs (i) displa~\:tl h}· tl1(' ,.,. · 
ctlt.cd h)gcth¡;r with' thc Prbfrlés. ~~ catc~Orics or profll~- 111\'an thal in lt.:flih "' ~~~. 

(I>J (,nrp~r~., ,,;, d1o;t~-dinm.m·u•r. The lidJ 'int·~smc- strl·nith. 1 > 11 > IÚ. IV> \' > VI and VIl . · VÚI 
lliCiliS ,,1 dip dirc\,:tion ·:íhlf··tlir· 'c.lbtaincd with) lhe .IX a.ssuming thal mineral co;Hings ~ü·"'· cnur\·h .:~ ~.; 
v;ad¡hnt .... dbutt:tcr.<> t'Í tlisc.:s shoultt be' p\oHctl ~as f10l··s or'Prc'>~nt' i'n. t'qttal :tmoUIH...-. lt is.ab1' nltl-;!1~ ·~·-
nn' t:tjtwt' atl'a 111.!ts, ~·;ll'-,f~lT .ca~.:h !J!!'ic. 'Thc~c can he .. l > IV> VIl: ·11 > V> VIII. 111 ;-- IX :tntt \", . · 1' 
ui1phií1cd und prcscntc:d oñ'r:í siilgle conwufcJ plnt, S•.'Ulc.of t·hc"jnt·qualitics ¡tr¡; lcss ccrttÍin. h11 n:·:~ ¡·· 
¡¡~ ~hown in 1.-ig. 16: ·, .............. r. . \'11 might be :-trone.cr than 111. Thb Wtlllltl \tq·:n-i ' . 
. ·T\ka~ur~niCilh rrmn :.;c\'CrAI discontilluith~s 11f 1\ ~ivcn w'hC'thcr (,¡. n'ot ~m.ition ·wa!:t" inhihjt,:,j,, An~tmJ U\\ 1 

~~t. may be l!roupcd on :~he samc .cqual nr~A- '11c1 if drrttr~und cxt.:a\'ation dilation b u~u-a\1: ¡;;luhi_t,·,t 1 , · 

,Jcsir~·d. lo !o.IHlw thc range of roughncss (and the o\'crall thc s\iffncss" td thc ,c;urroundill~ roe k. mac.,~:, 1\.:1~:: ·' 1 .' 
vari:1ti~>n 'in' oricntation "causcd by ni) y· wa.,~in~~~). : · wck !;!ore .. il may not be). · · :. 

·PhohJgraph" of th~.: rciC\'OOI surfaccs· shÜwing mini- TIÍCrc m~\y abo be a 1-.uge sea le mrrilh',\< ~\'l'' .. ··· 
mum. mnditl :rw..l m·a;(imu~~-l .. rought,"~"" ·should_·;.hc· pn.:~- p·t,~cd on:· trie .1bo~c. small and intcn'n~di:.Ú~ ·., -~~.-. 
c~tctfh,gcqlcr wit~~ ti,~ poi~ dingn1rU~. ..:· , obscrv!iilélt-,: ... ~1~1-slu:h caSL':-i thcc,;c; ch.ar~Ktcri~t~~. . ..: ,¡ .. _. · 

(e) Plrotof¡rwnnwtri(: rm.>thoJ. For .Purpl,scs,ol' vi•mnl ;dso be: 'no'téd i:C .. smooth. undulaÚtl~ kla"'' \') ~. 
Prcscmati~'l~ in a· ,rcp.~\r_t,. ti~~- nH·~~t 'us..:ful ."Sures v-:i)l large ~éalc~~·urin~~·_o;_.., lOm w,ll:C lén~tl~. ~ttrn ::t\l\':,•t ~··, 
he prnfik.~ rathcr'!.than _cnntour ·dÜ;gr3m'!'' or surf:tcc· Thc dl"Sl'tlflllll0" ~SSOC1<\h.·d "''" p~·(-.\'•I.:JI-:, l ,· . ·: 

roughncss. ·Thc profilcs, ~11hi<.:h wiJI·,normally be plotlL"tl tcrOallc. su:•-~ystematic, non syst,·m;.Jtrc ,qtl ,_.?., •··~ ; 
by. C.:llmputcr. cohou1d b~ prescnlcd wit.h 1:1 ·;c.·rtiL·a!": .. ~e of the,:·gfc;_¡tc"t imporlancc in tk'tcrmiull_.t~ '!1'.:.~ •.•. 
horir.ontal scales, in J1tcf\!rcnce to c:-:ag~crutCd vértical' -~li\·c impürtant'C·of lhc nbov'?·d.cscripli\..'llS ,,t 1 ''l 1 ~·.: . 

scak"S. · .. ;, ; ... . ·,·:!..e · · 

U the d&rcction of pntenti31 slidínP., is lanK~own. t,h~ ~~~'ilnwti;m 4{ -'"hca~ ,\trengtll 
profiles should be computed and pr~cntcd to rcpll'\l~nl Tlic ~ai;1·.purpns.C in- dcscribing thC '''u!~hn•:_. .. ~-.' \' :: 
th roughncss in thC linc o( dip (dij' v1c..:h'lr.dircction. walls ·of'di.,.cnnlinuiiics is lo fad1itatc lh1.>.C'"'':.\', .·r 

<;orrct:lly oricnlated pro files can be produccd at ~~ In ter or"Sh~~r -~,·re·ngth, in' p~élicui~r in 'he ._·: 1 "~· .. )r- ,. ·~. ·'. >· 
·s~age. . .. . disc<'nllnuitlcs ~ hen.: estima teS m a)' be q~llh' ;"" , ·, ~. 
-.~~,Pho~ol.raphs of,·~he rclcv_o.nt· surfatt'!' ~hnwing mini- 'fn l.TUdc tcrms. shcar strength \\111 C<>ll~l'~ '~~~:~;: ,. 

'riium. modal and maximüm rouj:hncss shoultl, be .a·rm:m (pc:ai.) or mínimum tn·sid-~31) 'rrid,on · 
·p~Cscn1ed· tosethe.r with t~ protUCS: _ . Sorne liucrmcdlalc anglc (dcpc:nding u pon thc .. t.-~:"··· 
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Suggested MethO.h lor ihC Quantitativ~. o.iscription of Discontinuities 
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l'yr'il:~l rouahn~u prnOICI~~nct suuesf~ nnmcnclal~re. The 1cnJth of cach rrofile is in the ran¡e~ 1 lo IO.;m;lrc ... 
;_ .. · ·' Tht-~ertiul•nd horitonlal sc.;tlcs •re cqu11l. ~ ' 

q 1 ' 

uf prcvhlus shcar tÍisplocCmcnl) pÍus a contribution (i) 
•luc 10 lar~c scalc. wa~inc·s..q, if this cxists. 

' ' ' . ' ;" ') \. . .: ' ' .... 
Thusc ;.,:.·";la .(1/> + i) · 

· . Í fl <hcar &trenglh (peak or residual) 
· .p_,m lriction anglc (peak or.: residual) .' 
~~ -~Jcffecti~c nurmil str~a· 

.i .:. wavines• (ir presonl) . ' 

fhc Ylllue 'of'i,;;,,¡ wili'· depend Oft the YUfUe ni a; 
'"d on.'thc de~ree or roughn""'· In the case or unfilled 

.. ,, jQints </J1,,.., vaJue• .gcnerally rangc rrom about 30 lO 

..•. 70' and' commonly average aboul 45" In lhe ca$c ol 
·,. jointa liaving vertical or 'vcry sleep steps, or less than, 

10()~~ per•isterice, lhere wíll also be a <'rhesion (e) lo 

í ~~ .. 
·add lO lhe ubove value ol t. (e.g. profile< 1, 11, and 
tn. fiS. 11). \ 

ThC value or ~~u·idu .. n Will dcpi!nd un~ thc llegrce :or 
wtntherin~ ollhe discontinuily wall• ,an'd ~n the rock 
typ; ... In thc ahsc:ncc of 'wca_thc~i~g. '41;,.~;~ .. nu .usualty 
vaiitt· rrom about 25 to JS". \ mci.,( Ctlmmonly aroúnd 
30'. In !he case d strongly weathcrcd walls. 'thc valuc 
may l'allto around 15", even in thc ah<rnL'C ol actual 
clay fíllings. A melhod of estimating </l, ....... ,; is "de- . 
seribed by Rarton and CIÍouhey~ [6]. Tlic e;timatc is 
ba<ed on lhe ratio between the Schmidt hammer 
rebound (r) obtait.<d on thC wcalhered joint wall 'and 
llie rebound (R) ,..,tained on the unweatheted rock. 

Values oi.P ... , can be aiímaled ·usins the lollowing, ,. 
¡. 
' ' ,, . -:\. 

..__¿~ -:· .~:_l~K ____ _. :~- __ .:.i_~~. 
"--------·--·-----------------------~----·---
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Supted Met.hods ror,tlic Quantitativo'·Daaipeion or Discxlnlinuitics . ' ' .•.. 
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~i¡. 19. Ro1l~hnen ('lhlí'u~a. and c:NrCllr0ndaña rnnst. ~~ JR( \llluh a'>~oc,ated'"ith cach onc ("] 
" \ :~ ·' ' • l 

:. - . t. 

. ¡. 

. ,• 
, ·dt:lailcd pi'ofilcS ~tre eh·en in Fi(i. '11.J ha ·f;u:Hitatc this 

· · ( · ) quantificatinn). Sccondly. ihr; discOÍltinllíh·\wall~ are 
·•;¡,·.,,,· =:' JRC,'Io~,~ Ji'~ +;JI, _ tcsted with a Schn)idt hammer to·- c>1imaié',:JCS ond 

'~·- Note 1 hat i .. Fip. 18. f/Jp ·has hccn assumb.l ac; 30~ 
.IRC == joint:ronghne!'Cs cncffid(:nt · ' · · in C\'C'r) ..:a~c. Thc ahovc mcthod is ... ·.surmi!riitip.l~· acc:l· 
JC!':.;. joinl' wall rornrrC'ision síren~lh · · ... ,,... · ' rarc .lnd rhea;) method or eslimalin~ ,.~lr~ .• -(.: furthCi 

9,-e. ~ .... ;,,;,_,, . dclails are gi,·en by llarton and Chouhey lb). . ' 

.. - ·i·he m¿fhod Of. ~~prli..;¡~ti\~0 i~ iliuslrated. iñ Fi(t. 18. Since rcak shear !\treng1h ·jS moNiilcd'"after·relati~dy 
f'irstly~,.~.he mca~urC~ .r,,r>ughnc~s p~ntilcJ B!c mat~hed !imall di~l'laccrncLts it may." not·be··:rraliSr"ic'~o, add the 

,Wuh thC llu..:c ~r~ctA 'jv,~n:ut.the .'C\f' t.lf 1-'ig. IH. lo obtain l:1rge §Cale wu,·inrss anglc (i) ro· t~i~·.t-~ttiin~lc:-o~ f/ll1,._.,l 1:. 

·:1u estimatc: of .t~u~ oppr~priiltc ·.1('1~ ~·:-thtc. (More· _Fnr_most practical purpo~~·q.:lrt~k~·h.·.in·~.c ,rcgardcd 

... i :····· 
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"w);t~inml VUiu~ ror: ~~ ~i~•iut l)(li.IIJ':;, ~~r:.,..i.:n~·~.. ~- "',\Ll. STRENC
1
:n-t 

·._. t•\,wcn:r,tP~tt·;,,,.,..,Li~ n~~t moh_il!ICII u'r!III·I'Chlli\'d)' lnrgc ·,:~·.,; ;.;:·· ,·.í,:.· 1 '~ ;,' •· 

disphll'cmcrlls havc occurrcd: "hkh cCm:rally makcs .\:c«11'.i.' · , , 
::~;f-; 
':V' 

J 

.. 

eh~_ hu¡;e sc~llc .. wa~incss un~!c li) a ~c:lfis1ic ¿u.h.liti~n-~ (ti)\~The co~lpr_t ... si,·c.str~ni!-~h of.1~c ru1.:k '''"'Ni:: 11 ,_ 
to shcur·~tu.•ngth. In thc case _t,f ~omplclcly pl;!tlar ll•s· thc ~vall~ of ~• d•:->c~nlmu•ty 1s n ver y imp~.)n~1111 '-t>l(~
continui.t¡cs or .di~cqutinuitac.'i:.that..havt: ,s)lt:arrd lo thc -· pon~llt ·Of shcar !llrength amf. Jcfcirhlahility. CSf"'.!~,.i.,•··· 
CAt __ ent l~ÓI no furth_cr Uila~iO~l is p\h:.;i_blc. lhcn ~,,.,;,11u 11 if th~:, waiiS are in dirc~l rock lo ~~..1ck com~cl 01 , ·¡;·, 
will b¡; the nnly shc~r strcngt_h:compm~cut Jcf1; und will th~ ca~C'·of unflllc:d jomts: Sliglll shcar dt~pl;u::.:m.:~.•· 
rcprcscnt lhc ahsululc minim'um :-.h,.:.ar'. Slr('n~th l't:'f' thal of i'nt!i'..,·id~aljoi•Hs ~.·.tu.<>t:J t\y ~hcar strl's!\cs with•n ~~~ 
dis.c.:ontinuitr. . - ~ . •·~ fllckl1_1ass·oncn~(e:o.uh~ in Ycry sm:.1ll a~pcrit)'t:M••·:·.i 

ThL· ahovc mctlwd for cMi!naling lll.: JH.(' v•dtiL' of arL~;¡s.aml ;ictual ~lrcss~~ locally :1pproadling or 1..'\t..t'•'•.l 

a .nw;,tstJrcU ruughn~so; prolile i" oh\·lou~ly suhjc(.'tive. in¡; tllC l!()lllf'H'S'>il'll strerlgth or thc rock wa!l matcn .• J, 
Ol;jccli\'C' llll'lh~\dS or an:.tlysin~ Jll'tllih.:s are d~·s~.:rihcd hcnl·e the ;,t.~pcrlly darnagt•. 
in 1hc li!cralt•rc by:. Fcckcr ·,mJ kengcr:-~ [ 11 fCompa$S (•',tR.-,~k rrinc..s~ ¡u e frcqu.:rllly '~e<lther¡;d n~·;¡r llu.: 
<!nd Ji~~~dinornctcr mdhncl} a_nd hy tfart\lll [5j (plwto- surfacC, B.'\~.~ ;u e ... onrl·timcs altcrcd~-.hy hyJrntl;~101 ,.¡ 
gr;.tmmctri~ ,i1H·.th0dJ. 1\.s dcs~.:tihcd- undcr Note-•(t,l. 1he prc•Cé'~·st,. Thc w~alt.(·rin1_l (anJ al!cration_l gl·rH.·roll!)' 
rni!H:uU ,·1f uualy~ing r,,mpass _and di~c-dinnmclr.r rc:ld~ alft'ct~.lhc walh of. d_i~conti.nuitics more than thc int~·•. 
ings. fC'>HII~ in·a dilalioll l:Urvc'whidl ~¡~ a plol or ra·ugh. Í~lf 0'(/c·ék blnds. Thi" re~u1is in a "-·ull $1TCOJ!,Ih ~;u m .. · 
nds (i) .;wgk·s vcrsu.'> shc;1r. tlispl:u.:cmt'nl. Thc<>c ,.(j) fÚl<.:li~n of_wh;H would he mca .• urctl on thc frc:o.hcr rt~ ... L. 
afigks aic addl.'d h) 41, lO cslimatC thc Shcar Strcngth ftH11ld in.lhr .,._Ínlerior'uf thc rod hlocks. for c~am¡dc:
(ol" di<>pl!lt.:l'IIH.:nl'i inh.'r~u:di:H,c b1:twc,~_n rr:ak a~.tt .• :t:~!- tl:.1t ~~~mrtcd .. ~Y ~lr_ill corc .. 1\ lh.-stT!ption of thc .\f;¡!e 
dú:JI :o.tr~~ngtli. ·~- .. .- . or wcathering 'or altcr.ttion hoth for thc rul-k m;llcr• .. i· 

. . . and f0r thc rock ffiat-$ is thc:reforc· an l.>SScnr'ial ;urt 
in:n:iiENCFS or lhc:dcscriplion ol wall wcng1h: 

,Fo.:d.t·r 1',& i(o.:nL'~""' N. r-.h';"tü~·mo:~or ,¡fl.lt~l' .;..:.ole r.·u~hu~"-'cs ,. (c).Th~re ~trc two muin rcsults of wcath:.!rin~: une 
· (,f rtL~k plome- h< IIIC'\In~ t\f ¡irulilnl(raph an'd·¡:·~¡,¡,.t~tt'tll"'.:on.',la,s . 
. Rr..-1, ¡.·rm·riJr.·. /'r,~¡· __ 11J 111/. SPlL¡t. Roe~ .~1 1·,11. N¡¡no;-y, Potpcr dominatcd hy lllc!C'hcruical disinte,¡rlllimP, thc tLiht·r h) 

1.1,, 11')71). _ ~ 1 • • c_Jr,•mical di'compositfru: including .~olutinn. General!~. 
:!. .llr .. .-l. 1!. & u,~;" J. ff,lek ''"re ""!~ln,···rin}l. Tlu: ln~1imru'" or· both ·mecha'riir:ll'anU d1cmiéo.rl ctTects act rogctiH:r. tn;t, 

\1tnm).l aflli ~l<:laltur~y. l.oihhm .. lll'l p ll'l?-l) . dcpcn.dino nn dimatic re-uirnc; one (Ir olhd nr lhl''C: 
.1 l..:dt~·~ E. CiC"tllcl¡!i~o:hc l<atli~·rullil de\ tichu:h-' llt•rd~-c,tlkh "t>n.. ~ e-

·.._. J"t,·,r·.t~Hit w,-m,Lra.~cí~•l\loic liau uml ,\m\,-rlllun\1 eln\."11 l'r•.,f1111· a~pcctS .may he dominant. Mcchanical Wt:ath..:1 i•·,;: 
¡¡r.rp!u~u. llilllcuL ... Jrhdl, tl11h·~~ulititl K:ulsnL1J,·¡J•i7H¡, . . .. rcsuhs in opcnillg_ nf.dio;conlin~liti~. !he form;ltion ,.( 

-l. lhn,·!u~ N,,·ln!l\t,·n~·c\,,f lhr ,;tnr:Ícc t•IUJ.'h_l.tr'-'l 1111 lh~ (rielion ~ ( new di!'conlimiilie) b)' rock fracture, lhc un.-·nín¡.: ,, pr~·~~·r1iL'•.nf f11d pl:!nC<o. J•,o~,·. oJ .'11<1 C.m;l r•( fr:l. ,\rl{', Rm·k 1'"' 
·"t'o /¡_, lh·l~r.rJc:, v,,¡, l. rr- ~.:! 1>· ~J.I¡I\Ii'P¡. • •· grnin ~(HIJ.dari~o:,, ~md·lhe fracture Of ~JCa\'ag_c 11f ind¡\ j. 

!i. ·nannn t..: A rl·bll-•n~hir h..:t\l."<.'t:n jt•inl '"uvhnc-.~ :uwl j11int •hco.r dual nlincral gr.aim. Chcrnil·;.tl wcathcring rcsult:i in d¡, • 
. ~trrn¡.¡th. r'~"·· l•u. $\mi' R••t:.~ M¡•rh. N.u\1.',.-. Rui.·A.:./-·r,u·tur•',~ ·-.:,-~JouraÜon .or the n)ck and leads. to rhc cn·ntu:tl 
· l'ap..·, l. )1'(1•171) · .t,~ : ' .. " 

, flalh•n N. & l.'h"ubl"y:"v. ThC' ~hcar '"t-u~•h ní r1•i.'k it1i11h in dccurnpo~ition {1( ~ilica\c rninerahr _.io day minc1 :1!,.·; 
1t'u:"n :wJ ¡ua.;iit~·. Jú,ck, !lf.·,·ftu,Jil·~ '!Sr• m¡;l-'r, \'l·rl~¡¡ .10. 1 S4 smnc ;·Jn¡n~rals. no13b1y · quarlz, rcsist this :1ction ;.m1f 

II<Jrll . m ay .o;ur.vivc ÍJ11Char.gcd. Solulion is nn aspect of chcmi· 
7. lbri••H N. Rc\·i·:w of..n ncw ~~~~~•tr-!'tr~·n)Uh. _nil~!!llM~for_ ro..::k. ~ 

j11i11t- ¡:;, 11 u~ 1 ,.,.¡,¡_ 1, -~K 'J- .1.\l _fJ<¡B). (.\1~~ NC iJ l'uhl. r,1'i. tO'. · cal--wcattícririg "hich •is part il·ularly Ímporlant ·in lh' 
(hl••. 1974, , _ · · . . ' . ·,. : · ·- CaSI~ of ca:-bonale and salme mineral!> 

lt 'l~:nrn 11 F IJ:,_Mulllple.rn"cl('s.of ~hc;u railúre.1n roció. and rela1cd ~ (d) 'The reiUtlvely thin "sk ¡~·· Or w'all roe k that \tn.:cn 
riw1..:nah. tlid.J '1 hl~~¡,, Univ. or 11/iuoi,, .:!R2 J'l 1]Q6fi). . h 

9. f';•llllu ¡:,D .• l'.t l.lt••:J•: D. U. Si~niftcanl }!C'olo)(ic lat:lnt1 in rC'ck she:a1 strength and dcform:ththty can be tc. ... tcd ~ 
~lopc- .. t:.biliiy. f'r,w. s.""'f'· nn _Pfa~,.;"~' OP.''"- Pi1 .'rlin•'· Jnh~n· mean~ of. ~llnplc inl.IC'< __ tr~ts. Thc npp~rcnt uma~ia 
nc•h•u¡¡ JQ70, l~alkC'n~n. ¡\m\terdar~t, -~~~l •. ,pr. 14.1·1~1:_f_t9,Ul:--... C mp'·r · ·ioh Sll'enroih c3n be ~timated hoth fn,rn 

111. t•ltl~iiU IJ. R. ( I~'I>)C>¡;:h·:d r:u;lor~ !l;¡~fllflC.11Lt •lo) thc: llllhthty nr o . ess C'> • • • "'l' 
~lnp!!~ l..'ut in ro<.k S_u11p. 11n /'fannln11 Ol'r.'" PH Mmr.'.r, Johann1:t· Schmt~C hammer test~ ancJ from scra~ch and gc~11°~ 1L•_ 
hHr)t. l'l7tl. Ualkcmn. AmlltC"rJitmJfJ'II. !11'- 3.'· S.11J97.1J._ : hamrner tesis, sincc th..: lnttcr h:we been roughly c;.alt· 

11, M'~u¡•l.'ll .. N. ·llnd'IL'nh\.'11 u mi R~tb~.npw•~'!trst_:.nd von. (.h:~~eln· ' ¡.; ated: · ~lnsl a 'largc bodY 0( lcst dou 3. 
\U~·nr.Oa.;he!'. 1>1. Jns. f~¡•,o.t·ri:III0_!1, 1-akull,ll'.fill R..IIICtiMgcntcur~ . .f r_ a.~ · · , , . . n th ('\( 
und v,.•me-;,unt.:~wc~en. llnivcrsiUU Kartsruhe. 129 r!l9711. (t'} Mtncral coatrngs wtll aiTect the shear strc ~ 

D. Wid:cn• E. 1~- &_ ~:~rton N. R._'fhc: llf'plit'n.lmn ~Jf ph..,~o~rana·_ · discorlünuittcs, to a marked dcgrce i~ rhe wa,lls. are 
mc•ry tn !he ~lat'l:hty m exca~~t_edlrtJC., Jtope. r.~t,h•(n~m. ·R.-c.: 1 n· r ~· nd ~mooth The tyrc of mincral co.allni=' 
71)71. Ap~il, 4.6·14 0?,71). ;. . .: · . , · . p n '1 

J . • . • . • . ' Id N' 
1.1. PI"\\·RroWn 'U. M., Wichn• E.'H:.'_~ P.-f.lrlo.l~~d J. Y. !~rrn11al. should be,d,cs~lbed w~ere p~~:o.thle. S.1mples ~~hOll. 

'phut•J¡:tr~mmctry _in operl 'pits.: 2-.-~-aid ro.ttie t:col(\11~1 map-· takcn when' ili doubt.: ·•· , • . 
R!''ll- Tr:uu: 111~t. Mln.,.Mrtte~lt. _CSce_',: A. ~int!"B hdo~tr~-.ll. rP- (/) ~r_OO.:durcs (t~) an<f (b) Ctlll(,;l'UÚng rhc wc;~lhl·r 111}-: 

•. -~ ,A}I~ A,30f,f9J.lJ .. ;-·--. :- ·,.:-•.:.~ _ ·;. . ··"'' . d h k d 1 • k · ·,.are ,Jc· 
14.,S~hnC"idr.r·u_. J. ~o~k,frit:l~>,n·-tllt.~urnl~l.r)',_~n''~t•aaho~ p,oc.-- gn_ c.oLt e rc~c mass an_ .llc. roe ~tllerw·.·. nJ 

···' -'. ·r·l. Cor'tl·:"l '"'· Soc:- R'•rlt. ,..,,,·lt., ·tkn~er.:_Ad~·o:m~~~ ¡,.Roe" scnptrve only. Prucedurcs (e) monual :rml~:c ~~-'~·., ~ .-
IA~""htmk:;,_,Vtll. 11. A~·.rP- liJ..:.~IS-(19?4~.: --;'. . ··{ (d) Schinidt hammer te.'H,\ are incrcasingly qu;tJIIItatt\l 

~~-l~~~~h.lt'l" L._R .• The a~ar·r.trcn,ath.f?,fJOinl!.::t-? 1 ~r"~~·rcd rock. . . ., . . .. d d.· 
1 

L .-·.• ... ;. 1:fn:uc:-o t•r 
Ph.f). Tlu·si"J." Univ. o( .L,indou. 427 p pq7S~ · -The laUer ~s recommcn e or ontamm~ u -~. . . _ 

1-6."00oorúun _k. 'f:. /.14'tlkiJs uf GMI{;ginJI f~t4m..·,·~;,.l1·¡~ 'DI\rcm· 'w·all. strefit,:...:h·· for: sUbsequent· ca!Cula'tion 0~ -.~l~<:·'' , .. 
: ,··: · .. i.f~!uw~ Rrd:.. ~~~- ~bl_i~hin¡t. N. Y., 422;_p C!976J. : •• \ ~trcnoth 'Whcil 'ti'Jilizi"Og thc: wall rólighnCSs' éodh+.'IC'tll 

17. Sc!hneldCf H. J. rnc (rt~o:hnn and derurmauo~ l'leha~IOI:JI nr roe~ . . eo • ·. - . ,' ·,·f r i' 
'jo&nl,. 1(~1. Mri·h,utlu (SJ'fin¡¡:er:Vé-rlagt8. ICI~ I!W (1976). (JI<.C') descntx-J uncJer Roughncss. 
' . 

1.-:-. :~; 
t
,· .· (1 ; ' . -~~ . . .. á~.--· ,l_. -- .. {' • . ~~~ 

1 ' :t ) ' • -"· ·' .,:·:,~ •.. ,. í ,. '- ~·------------·-------·-------------~---· ~-------'-'---
h~~~· -~ ·• r-:..~.r _ _:_ ___ ~~_:;.___:__...,!:,~·~oJ~~--~~-'----'-'---··--~--·- ---~---~ 
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Suggc::¡tcll McihoU~ fl)r th~· Quantitativc n,~s~Tir;i{lnl of Dis~ontinuiti~..·s 

lcrrn 

SliA!!h•ly 
wcctthcrcd 

Modcrately 
WClllhc:-tCII 

Hi¡d:ly 
wrutl•t·rcd 

('nmpktdy 
\1-'C'UihCrt·d 

Rc~ldual 

)>!IÍI 

1 ),:,~! l(lll••ll 

No ,¡,thk· ,¡Jfri nf rtlL'l taatcri.tl ~~arhcriuv: pc:rh.•ps 
,¡;!!111 •l".:••lmuatiuu ou m.tjo•r •lt•lo.:PIItiuun.~ ,uif,H.:t"~. 
l),,..,.,¡¡,,uratinn. irhli~·ottc~ v.,<'atill't tllll •• r ,,,d, rtlatl't ial 
;uh.l ~~~'l'üntÍIHttl~· 'ut fan: .... Al1 tht .rol' k m;ttct i.tl IIHI)' 

h..· ¡J¡,q¡Jnurctl h~ WL'athcnuJ.! aml tu;t~ tol' "'mc..-.hat 
\h'ah•t nt\:ttMih th.tn in Íh hl."'h 't.:utll.lili•lll 

L,.,,.. tlwn htdl ~ti thc: fud. matcu;ll i~ dcLillllf't•'t'l.l 
uBll't>t di'i1tl~¡!tah'd ht a ~.u! Fn·"h 01 d•••••h111rcd 
ttt~,;~ " pr~·,cnl l'tlhcr ¡¡, a ~··•mnuuu' h;um·v.oul or 
01\ Úlll'•hltt..:~. ,, 
Mute th,\11 h11lf ,,f tlw hiL'l. m.ttcrial ¡, .tr,·nmt'''~Ctl 
aud ''' dt,intc~r;¡I.:J l¡t a >~111. IIL'\h ••r ,¡,,,,,luurcd 
r .. d, ¡, I'HC\COI l'lll~l't "' ;¡ th\t'l•lllinu'"'\ ft ,¡mc~ork 
01 ll\ \llfl.'\!¡IIIC\, 

All rul'k. nurrcrial ¡, dt'l.'nmptht'd ami M ,¡,,mlquah·tl 
111 \uil Thc 1•ri~inalma~~ slrth'!Urc i1t ,¡,lll:tt!-'•'ly tntacl. 
All r,,t·l.. m:tlcrial '' ~·,•mr-n,·J ht ~nil. Th,· rn"" )>lt\IC· 
Huc ami matrrial f,¡hflc are- J.-,h•)nl. lh1·rc ,, ll largc. 
t•h;m¡:•· in 1 llhllnl.'. hui lh•· ~oil hu' .,,., hct•u 'iÍ¡.:nifi· 
~.1n1l~ lransrort,•,l. 

~--'----

. ' 
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11 

111 

IV 

V 

VI 

f.quipmt•nt fe) . Mwwal 111d•'X. !~'·'t.'i. Thc manual indcx h:..,ts 
(d) Geolo~icaf hammcr with tHlc I<IJlCn.:d Jli.'Íill. lktailcd in tht' t:•~k nn pagc .14X should,hc pcrformt'd on 
·(h} Strong JlCn knifc or simihtr. .t.hC w'alls of tfi,t:olllinuilics nr nn mutcrial rcprcsenta-
(f) Schmith hammcr (L typc) with c.:onvcrsion t;1hk tiv..: ,,f thc W;tll~. The choil:e o111d number of test loca· 

and grotph: titlll~ will dcpt:nd on the dchtil req111rCd. The approxi· 
(i) to corrcct fo"r oricnl<tlinn '_lf h;nHÚlt'r ¡~upplicd lllilll~ -,~angc of ~trcngth for the walls of a cntical set 

by thc múnufucturer) l 1finint!s may ilt' suln~.:acnt. Altcrnathcly a single critica! 
(ii) to convcrt corr,cct~d rchound uum~¡,:r, In an di,~untinuily m ay nccd lo he t·hamcteiiscd in dctail. 

estim:alc of uni;txinl strcngth (Fig. ~01 Tht• manual indcx test!' can he pcrformcd on hand· 
11l) Fadlitic:s for mcusurill!! thc dry th:nsity ol' ..;nwll si1.~.:d pi~ce..; ~~r frcshly hrokcn rock if thc strength <'f 

rock s;arnplcs, c.g. ovCn. hitl:tncc:, hcal..cr. water.' nHaL'I ,i"\""~á l~ridgcs is of intcrcst. Alternarívely. thc 
1\'Slllt"' of poi ni Jo:.d tests. if a\'ailablc, can be used to 
I.'SIÍillah: thc SlfCil{!lh of thc ÍnlaCt f\\lfliüns of any 

Pron·¡fllrt' \0. p(I!Cillial fotilmc surfoll'C i.SCC rcrsislcnce). 
111) W(•mllc·rill~ uradt• uf rof:k llw ..... \;. Thc ~Hade. uf (di Sdu11i(/i lwmml'.r.' lt'st. The Schmidt hammcr is 

•t::lllu:ring (or nltcr;.llinnl of !he wd.·llla"" :1~ :1 wholc ;1pplicd in a dirl'l'lion perpendicular to lhc disconti-
!hmlid h¡,: dcs~rihcd {i¡o,;t. Thl' h:nm. ahn\t' ar't' !!t'llcral nnity wallof intcrcsl. Thc rnck surface should be testeó 
md nHay hl· ml,lJilicd lo !<.Uit panicular "itualions. undcr :ooaturatl'd condition.s lo givc the most conserva~ 

,. . :'· ti ve 'rcsuii.Jf il)l' surf:'icés 8rc un3voidahly dry, this ra'ct 
¡h) w l'allrc•,:i"¡¡ •Jnith• o{ n;;.k·· mull:,.¡,¡f. The ··¡;r1dc. of should "ht:: rcP~Ir.tt·c.l ¡,·l thc rcsults. Thc surfacc .should 

ll·cathcring'¡or" altcrúi.ion).nf.thé.rock.n\utcrial ¿,·unpris-:~·-:,c free of loo:o:c partirles. 'at least undcr the hammcr. 
1n)! lhc walls of individualliiS~tHlliuuiti~~ or of tJ·¡~··w~rlls . pt1s\ti;l~l1: . ' ;_ . . . . . 
ia•pilfticulur "iC.I u(cliSl:Ontinuitics (c.~:.~tn unftl~'t'U~i.l-: lf the impl;·!Se from the s"rring·loaded projectilt! of 
~)' orit.'IHalcc.i !\l!l of jOintsl shnuld he dCscrlh,cd.;u.:rord·' · thc S~hiniJt.ha~nmcr is suffiéicnt to mOve 'the sur(acc 
n¡!.IO the following Scht:mc; · · · h..:ing tcstcd, thc resul~ing rcbound will. be ~rtificia.fly 

;· ·----~: ... -:... 
.F•c,h 

''"'~"'''U1cd 

. 
"' 

' . 
• 1 

N.• ,¡,ihlc·~~~~~~~ 1ll ""''llll1t'linl!! ,,r rhc rod. nwteri,,l. 
11~1·l'l•lnur ,,r lhc otl~tllal frc~h 11•cl. matl'ri'all~ chan¡N. Thc dc~rcc 

,,¡ di:IIIJIC fr. 1m lhc ¡tri}!lll,lll"lll(llll ~hmlld 'h.: inJu;:lll'\.1. lit he t:t;lour 
,·h.lll¡.!l.' i~ ..:m1hncd lo r{anirular rninCrftt c,,n~ .• ruenu lhi, shc1Uld be 
mrnlhm~'t.! · ' 

'1 he ,,,,1., ¡, \<cathcn·d.•·• thc ~·ondilion of 111 ~niltn whit:h lhc original, 
m.lh'l '·'' f;,hnr ¡, ~~~~~ irlla~·l. lmr M une 111 all of 1hc mineral greins 
,l!l'lii'O.,:CIInjl•'"l'll 

Thc I'Pl'~ ~~ IIO.::IIhctcd 111 1hc ~·~mJitit•n ni a ~oil in which lhc oti~tinal · 
fa¡..,,, i~ ~••lltlli:Íd Tll\:;t••d. is f•iuhtc. hu.t thc mineral grl!lins are. 

, ll~~l.cl~l<'IUI'It"l'tl, ---------------------------
Tlh: ,¡;1!'''' ,,¡ ,.,:;,lh·:titt[.' d<:~~·"l'l'd ah"h' m.1.1 t>r ~uhdi\l<kd u~ing qualifyin~ tcrms. 

h•r .:~:tmpk .. ,li"llll• ,¡,,,:,,lllllf~o:d". "llhltkrald) dt~l:tllt,tlr<:J". "hi~hly dhc1llour~·d'' . 

' .. ··• •. ~ 

.1 

.. ,;., ,·~·~. . ',. ~ .. ~: (" 

•··· ·-~-·-' _~:~·~~~~--:· .. : -------L~.-..0..'- -~---·--· ···---·--·-·-·-··--- ---·------------------·--------·-~-
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SI 

Sl 

"" 
"' 

1(.' 

"' 

. "' 

1.-tcl-1 iJ.:mtti~o::.tiun 

Ap¡·t~n. r;.u¡.¡c ,¡f 
u ni •• tal l'l")mpU~\ive 

~trrnph fMPóll 
--------·----------------- --- ---------------------·---·--- -------

Vrry .\till 1.'111y 
llard cluy 

F.•urm.-1;-
w.:;tl. 1ü1.'l.. 

\\·ry wcak t•»cl.; 
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iud11.' h~ thumh 
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inchr' hy thutuh with ·m~."kr
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Rc-.Jllil~ im!t·n~<..-d h_v thumh hut 
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lmJcnt.:<.l h) thumhnnil 

Crumhk~ un.tcr lir,n ~lnwt 
with. p.1int of ¡¡¡:oln¡; oc"ll hrun
lllCr, .-all 1)1.• pr.dn1 hy a p.:lckct 
ln1f.r 
(."an he pcded t-.~ a ¡>t)\;k.:t 
k1ufc 1\ilh Jilllcuh)·. ~hallow 
iw.JcntaiÍ••n-.. m•11k bv firm 
hlnw "ith i' 1int of ~l.:llll¡!ical 
hammcr 
Cann•·• he saJtpcot or ~eleJ 
wilh" a pt•~.:kct knifl'. ~rccimen 
c:~n b.: tral"lun:d ~Joith.-.~inl!lr 
h~m.hl"w nf gcnl1•gkal ham

m" 
Src:d:lo~·u rcquih:s mnrc thnn 
utlC ¡-,¡,.,. nf ~cnl•lgic.ll hammcr 
to fritCIIlrc 11 
"Srcciml.'n 1cquirc~ m:.ny bl•_,.,.,, 
or ¡¡tulull.icnl hnnam\'( lo fruc
ture it 
Srt-..:m•~·n can tlnly t-e chipr-.ed 
with ,~~,·rth,~ical hummcr · 
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O;~ -(L~Il 

;.lJ_~I) 

il.lS -l.fl 
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(j¡:~lk-> SI h• Sh <tpplv lo CtJh1·~i1C ~ni!·;.(,,, nan1pk ci.H~. ~•h) cb)S. and cnmhn•ali••ll• 
uf ~,¡, \ und , la y-._ \\ tlh ~utu.l. p:•·ncr:Jil~ ,r.low dtainin¡;. Ui~r-untmuir) v.al1 ~t•cut!c h "111 ~~~·n,·r :•11 \ 
-~e rhar.l<.:ll:citcJ hy 1trnJe' KO·I'ft lrod:t v.hil~ SI· Sb t~i;1y) v.ill ,l.'nera1J~ apply 11' till•··l 
o.!i\Coutin'Ji:i~·., ht.: Fil1in~\. · ' • 

. S(mu; roundtn~ 11f to.lren~ll\ \"ltlue' h:¡~ ~e,-. maJe v.-htn ;,;ovening lO S 1 un•t~. 

111'-\ Su eh 11::.1 H::-.ults t:01it riorm:tlly be hcard, sin~.:c flll.:rc 

is a_ '·drummy·· ~nund. Th.!'sc ·r·¡·Sul!<- shouhl he ignnrcd. 
For'"11t1: ;dhlV ... • r ... ·a--,on this fiL·Id indc:< h.'~t i~ un~uÍtabk in 
a k·losl' róck'ma~\ l.'onlaining v~rV clos~Jy spacd.J discon· · 
tinuitil.!.'>. (In Si~t,:h C<!S.::S ~m:1!f bf~ck samplc-S 'ca;i he re· 
nH.lVl·d :1nú tc~h:d \\·hcn <:hunrcét rígidly to'a hcavy b:Jsc.} 

i~ •)f intcrc~t. Altcrnali..,·dv th~..~ rc~~~lt~ ttf r~·t:tl f,,,.J 

IC"itS, if 1vailablc. can be u~oscd to <.:stimatc th.: ~a·~·;~¡~'· 
~r th~?. intnc(. póf-ti~ns nf arly potential r.,tlurc ~ll: : .. ,,. 

(S1!C Pcrsi~teriCe). 
Disc(nH.iuuitics Wit h ihin mincr:ll 1..~~n1 int~' :; h ·' 

appcar quite persbtcnt over a givcn súrf:ú:r. :1r-d ... ::·., ;, 

Would prohttbly· prcvcnt initial roete to tocl: n I'Lf• • 

should be t~ted with the Schmidt hamnH:r ll' 1'1>.•\ 

applyin~ the hammcr ro thc surf¡tcc üf thc nun~n·l · ·,••' 
ín~. Dep<nding: upon th~ thickncss of thc fllinc•-\llo~··· · 
in~ au1d its hardness, the estimatr oC JCS 1H!i~ '-'

1 
,H ·' 

not bt• relevant for ~timation of !ihe;.ar :-lrcnt-:_th. f:' ·~ · 
!-iUC"h ca~~ of mineral coatings, thc rnir1L'ra!í~~·s :":'' ·· 

1 

be ddcribed i.e. calcilc, chloritc, Útlc, pyra•c •. rr:-.¡···· :. 

F..adt ::-urJ'01a uf iutc-rcsl shnuld bc'tcstcd a' numhcr 
of time~ líl cnsurc a réprcs~•ní~itíve ¡~t o'r rc;nho;. lt is 
;o,tlggJ.:'\tcJ lhat h:sts nrc p~rf,,rmcd in l!roups of 10 (i.e. 
10 tests pcr_rJíscontinuity,·nr 'lO tl!sb pcr unít urca of 
a largc l.:ritical dir.cónlinuily, 8pplying t~c ha~mcr to 
a ncw p~rt of the surface hcforc cach ·impa..:t. Thc th·e 
low~t rcading-; of ~<~"h gr•\up of 10 ure·discount1!d u !'Id 
lhe mean value (r) oflhe five highesl rcadi~gs iA ,i¡U<ll~. 

Th(! mean valuc¡; of ític Schm"idt rebclund (rl an<i r.ock 
density (·,:) jsc:c individual ISRM "Sug)!c~;!.'d M1!th•H1") 
' r a ~iven dis~·nntiniJit.v urc u~t:d to ·"!<itimatc thc ntlut· 
of thc: ;mnf M'11/1 c'•únpre .... ~il:f.' strt'nqdr UCSl using Fig. 
~O_ (.,l.'c Not~ (e JI. ·· 

The Schmidt hamml!r tcsl c:~n he ·per(orrn~d on 1he 
t~urfaca or. or on mu1crial ohtaincJ front frC"shly bruken 
rock when thc strcnM,th of lhe intact ro::_k hridg1!s 111, J 

. 1 , 1 .,·r·l 
kaolinite, etc: Samplcs should be takcn \\' ¡en tn ' · . , 

An estimare of the arca! extcnt of th..: t:tlntin.: 1 ·• 
1
· · 

iJnd thc rang:e of the thickn~s of the l'Ut11 ;" ........ . 

!-h~'uld he includC'\.1. 

Nl'l(.'., 
(u) Wt'tUht•ring grcJJe., nf r~·k ma.~=- ami rae A: t:l·''c~-~ :. 

Di:-otribU1it.>n of wcath~~ing ·grades in a f\lLk ma'"" · 
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Suggt.~led Methods for th~· Quantilativc ~scripti~n of Dütcontinuitíe::. 
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SCHMIDT tiAr.DNUS ( r) L- ha m mor 

. h~. ~1), (.'nrrdalinl\ ¡:h;nt {,¡r s .. hnllolt !l.) ' hmumcr. rd:•'II•J! ,,,._1,, d~·n~i~~-. ' 
,,1/lipil''·'I\C \lr;;n~th .11111 J•:híHI'Id ll:tlll,...l.'l. 

¡¡(Jcr ~tilkr ¡ r 1 

h: tktanltnt.·d hy map¡~in~ ua.tural and artiliciitl cxpo· 
\~u·,:.~ .. lnwcn~r. it ~hould lu.: twrne in mind th:ll isl'l· 
IJIL·d u;uural l:Xp¡;-;urcs of rod.: uud t.:\..:avations nf 
!!111n..:d exh:nt are nnt rh:...:~..;-;arily 1..:rn:~cntativc of thc 
~·l.t'k wt..'k ma~s. sine~· WCilthc:rin¡; can be c:xtn.:mdy 
•:,ui:thlc. 

FurtiH!rmorc. 0111 ~J~Hks of wc;•lhcrin~'. may 1hl1 ~e 
\~'<'" in a ,;inn n.lt'k ma'i.:., and in !'fliHC ...::l:;t:s 3 particu~ 
l;¡r ~radc m ay he prL'S~nt tn a. \\!T)' snH11l c:\lcnt. Di~tri· 
:'!lt{Íolfl or thc \"ilfÍOU'i WC::&thCIÍllj~ l,!f;HkS or thc füCk 

ill<~l•:t :ni rnay 'he rcioHrd lo tlw po~r,,sitr ,lf tlu· ro..:k 
n:ar.;.~rial uthl th¡,; ptc~cil..:¡;- ,,f op\,~n dhrontinuitit·~. In 
:' 1)~gipg l:OI't!S 1 he di:-.11 ilH!I Íllll of Wt·,¡t IH':-ÍII¡! grades nr 
.'·¡e ro<.:k m.all:.r ialtuuv ht: rcconkd. hui thc ,ti:o:lrihutÍilll 

··f wc~uhcting J,:ra.ks. 111" tite ,,,d, "'""' ltniH which !In~ 
'''re-, Wt.:rl!' ohtainl!~t c~tn (111:y h .. · inh:rr.:d. 

l<u~.:k mas:-...:~. wlli~..h ~tri." w\,·a!Lcicd due 111 C\P•'~Ill~· 

In, nr iufilt: :tlit•n ftt)Jn •:urf.tl'l' :I(:Cl!l" "hno1d Pe dts
IÍ!tgui~hcd whci'C ptl:''o\hh:: rrPill ¡J¡,'!'-1..' th.t! :!h' ofl¡',.('d 

a .... í! rc~ult ,,f iulilti..tion or h~drn!ht.:rrn:il "uhllion->. 
11 ,l\~;~Vt.:r, in many 111~, 1 a r11.:c<:. t ht.: c!Tt.•t.·r·.; ¡)[ alkr at ion 

:uc rlt\l ca•Úl\ di..;t:nl!ui-.hcd fwm t1h'-"l' hwueht ahotlf 
hy ú·cathct''~~. ~ ~ 

1\n :1ht~mlant cb-.,o; t~f rock matcrJ:tb, n()l.¡hJ,· tho ... ~.· 
wilh hiph 1,:lay rontcnl, are rr~·nc to ;o;\\dlin!!. w~..~akcn· 

in:~ ('f di ... inte-~r;ttÍ~)Il whcn C\P''"cd .tn ~h·~rl h:lln 

\\c.,tl!crrn~ prol.."c,o;cs ,,f ;1 \H'tling antl dr:in~ naturc. 
S¡•c¡;¡aJ tc ... t ... ;¡r.,; 1\CVt..'Ssary lll prt:Jicl thi~ asrt.:ct or 
mi.'L'h\.lllic;.ll fl'rinf ltlalll'i.'. (Scc JSR M Su!"!).!e"!itcd 

Ml..'!iulils fnr dctcnninatum of !iwclling and sla\..c~dur:.· 
bihty intk'< prtlp ... ni • .:o;.t 

1/11 MoJtual illd,·x tt•.w;. Thc manual tnlk\ t~.·sts au: 

-·--·-- ... __ .-..=...".:.,.:_· ------.~------~-·------------------------------·---·--~ 
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lntcrnotional Sc>cicty for Rock Merhanico 

(.'orrc~o"1innt COf t.._.UCin)l mea.\uro.J Sc:hmM.II hlmmcr 1chound (il whcn 11\c: han'ma ti nof uscd \CMI;.,¡If 
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prcfcrrcd. tó con\'eOtionul tests on cardully preparcd 
roá cylindcrs hcL:aus~ a very large number or discon
tinuili(s can be s~mpkd. thrrcby .giving a more rcpre· 
sentativc picturc or thc CoiHJitíorl or ~he walls. Furthcr
morc convcnlional tc\ts cannot be aPplicd to the thin 
·:kin or watl rock or mineral coutintls lh.al domínate 
thc 'hear 'tren~th and deformal>ility or the rock mass. 

Thc manual indcx lc.-.ts fo1 dctcrmining g1adcs SI-56 
\..:lay, see Filling) can be rcphlced hy mur·c accuratc 
assc:ssment u!'.in~:t a standard soil mc..:hanics poclrt 
pcnctro~netcr. Thic. contains a stylus which is prcs!ied 
into tht. c.;ample at a constant rate. Thc maximum rcsisl
ance can be rcad off a sea le which i~ calihratcd to show 
tlte muximum comprcs~i\.·c strcngth or thc sample. (This 
valuc ís cqualto twice the undrained shear strcngth ~ 
\(n, - n,l.) 

(r) Schmidt humnrt•r test.\. Thc Schmidt hammcr 
rcbound numbci ranges in practice from ubout 10 lo 
60. The lowesl numbcr applies lo "weak'" rocks (uni
uial comprcssiYc strength "r < 20 MPn). whilc the 
highcst number applics lo .. vcry strong"' and "c~trcmcly 
.<trong" rocks (a,> 150 MPa). "Very wcak'" rock• and 
"extrcmely wcok .. rocks cannot he tcstcd with the 
l·hiJmmer. M11nual index tl!sts must thcreforc be 
resortcd to for roe k wcO:kcr t han 1 S--20 M Pa. 

For a given strength or surface the rebound numbcr 
is minimum when the hammcr is used vertically down· 
·vards. (rebound against gravity) and maximum -when 
used vertically upwards. The correlation given in Fig. 
20 applics to vertical downwafds te!i.ts only. The cor
ree! ions given in t he following table should he applied 
when the hammcr is uscd in other dircctíons. 

Block movement (drumminess) in closcly jointed 
·rock, or crushing of loose grain~ are SOI'RC o( the 
reasons for uncxpectedly low rebound numbers in a 
gjven set of results. Unexpectedly high readings are sel
dom obtained .. The rollowing two aets or actual resulta 
illustrate the sÍiggll'!ted method or obtaining a realistic 
r.1can value: 

(al. rough, planar iron-stained join" in-granito 

<4, 36, 38, 44, 32, 44, 44, 40, 34, ·42 
mean of highest 5: i' = 44 

(mean of 8 aets of lO tests: r = 43) 

(h) rough, unilulating ealcite-coaled joint• tn hornfela 

lB, 28, JO, 30, 28, 24, 2..; 28, JO, 20 . 
mean of higbml S: r • 29 

(mean or 3 aeta or 1 o tests: r - JO~ 

... 
---· . __ . ----'·---------·---·· 

-'J.l 
•• k.M -6.9 -H 
-7.K -6~ - J.l 
-· tí6 -S .. \ - 2.i - ~-) -4.1 -2.:! 
-40 - J .. l -1.7 

Thc Schmidt IDI is one of the fcw tC!itt. t• 111, ;lit. 

exccption of scrah:hin¡.! tests) \\'hich tales inlo *'1\.~a-l 
thc mcchanical strenf!th tl( the thin hand of ~ utha ,,j 
wall .material closr lo a discontinuily ~urfact. Stlk'IJ ~ 
is this wall material which (in comhmation •·i•h ,.,........_ 
tll'.\,\)" controls thc shear .• trcngth. 1t i<~ o( toMk!ctul"f.. 

irnportance ac; an ímkx oi rodc qu:!liay. Thc ;,:.1,-..1 ••~ 
campn•s.,il'l" strt•tJgth (JCS~ Í'i 'nftcn as lnw ., ~, .... <.<: 

the ndiacent intact rod. !'tn:ngth (n,) duc to "''\'dfh.ct~~~ 
cffects. (Scc scction f:.wimutúm of Slw,,r Strnulo rf' 
~42--346.) 

Prf'senr,Jtfon of rt7.,ula 

(a) Wcath~riny grade.~ ~~f rock masJ mJtl rod. lft~J·:,.,.....; 

Thc wcathering grad~ or fC'CCtgni7.ahlr tU'tlh-ntd.f 
domains in the rock mass should be recordcrl r.a '~' 
plificd sketches and;or vertical ~cctions, wilh a dt-J.~" 
key inuicating the differcnt wcathcring ~'ad"' 1, 11. 111 
etc. 

Thc wcathcring grade of the rock matcriol ol '"''~•· 
dual discontinuítit'$ or of specific Ji~·ontinc.:t) '.rt" 
should be describcd, i.e. Kjoint set no. 1: m•¡mllt -
walls moderattly disc:oloured, appro1:. l<t~ frt!tlt•. 

(b) Manual index rrsts. The strength o.lthe nll ,...;•. 
material o( individual discontinuities or nf ~rr.c-1~ J~ 
continuity seis should be noted to8"1h<r •iih ~"' 
assurned Tange of uniaxiat comprcssh·e &lrf'n¡tt1t. te 
~~~int set no. 1: majority m~Jium ·"'~~ ~·-·\ 
2r-so MPa), approx. 20~~ ¡¡ro"g (R4. S<HOO Ml'•l 

Values that are pertinent to thc disl'nnrinstff\' ..... '!f 
should be carefully distingui<hed from any vnhJ<!O """" 
might have been récorded ror the mat<rilll rt1'ft'-Nlh·"' 

the fresher rock wit hin thc rock blocks. ·· 
(e) Schmidl hammer rests. The mean ...,bolmd \fl "' 

lhe wall rock material of individual discontÍih1
-
1111 

.. '~ 
or specific dÍllcontinuity sets should be noted •. l•~ilit 
with :he ·mean rock density (y). and thc cstlnUt~.:. 
wall strength (1CS) in MPa. One sct o( 10 .,.,. ' . 
should be selected lo ahow the rypi<al ransc ol rc1Y·-
values. . . 1.1 -~~·. 

Values that are pertinent lo thc JíSCOfllrl
1
" ' ,~. 

<hould be"carefully diJ¡titiguished frotn ~o)' vwhr .. ·~· 
•night havo been recordcd ror the rnatenal re~ 
the fresher rock within tbe rock blocb · . 
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Dcnvcr. Ad¡,untt'f in Rntk Ml'c'ltotnk,, ·Vol. 11 A, l'P· 2t.3-270. 
ll9H). . 

'1~ Rit'h;~rds L. R. The 5hr-ar •trc-ngth or joints in wealhcred'r,Jck. 
Ph.D. Tlu!~Í~. tJniv. 11f l.rlndnn, 4.:!7 r (197~). 

lt. A:nh•n N. &. ('houbcy V. Thc !oh•:ar &lrenltth of rn.:k jnint~ in 
th•:my and prcacliu-. Rod .\ft•lhllui,·.• (Springcr-Verl:tg). JO, 1· 54 
j l'.,l77). 

6. APERTUR~: 

Sco¡w 

ta) Ap~rturc is thc pcrpcndi~ular dist;1ilcc scparatíng 
lhc adjaccnt Tl'lCk walls· of an open di~contínuity, in 
,.,hií.:h lhc intervenin~ space is air oi- water fil!cd. Arcr
lut4: i~ thcrcby distinguished from thl~ width of a filled 
di,.,nHllinuity. (see Fig .. 21) Discontinuities that have 
~<'t.'n fillcd (c.g. with cloty) also come under this category 
if filling m"terial.has hcen washcd out locally. 

¡11) Largc npertun~s can resuh from shcar di~place~ 
rn~..:nt o( di!'CI)OtÍnUÍIÍCS having llpprcciablc JOUghnCSS 

cud waviness, rrom tcn::.ile opcning. from outwil'ih. and 
fronl ~olution. Stcep or vrreicnl discominuities \hat 
havc opcned in tension rut a resull of vallcy erosion 
Jr ~~bcial rctreat muy have very latge .nperturcs. 

(e) In mnst snh-surftH.:I.! rock ~asscs npertures nre 
'nlall and will prohahly be le" thun hRif o millirnctcr, 
Compared to thc ten~. htmdrcd.'i or evcn thousands ()f 

rnillimelreq width of some or the outwuh or cxtension 
Varieties •. · Un1es~ di.'icontinuitics are r-xccpt ionally 
•rnooth and planar it will not be ur great signiftcance 
lo lhe shear strength lhat • "closed~ reuture is 0.1 mm 
~ide nr 1.0 mm wide. Howe\'Cr, indircctly a.1 a rcsult 

a 

: :· ... ·;··. 

ClOIID DISCONfiNUITT 

.. 

OPIN DISCONttNUITY 

e 

flUID DIICONTINUITT 

J-'i¡. 21. Diagr:tm~ Sh11'1\jnfl the SUfB~'>IC'd t.leñnitions of lhC iJrrrwrt 
or O~len diiCOJIIinuiti~ and thc 'lllidrh nf·filled di'>ContiniJitie-. 

of hydraulic conductivity, evcn tht.• fines! may be signifi· 
~ant in changinll lhe CftCctivC normal stress and there
fore also thc shear strenglh. 

(d) Unfor1unutely, ..-isual obscrvation of smnll aper· 
turrs is inherently unreliable since,. with the possiblr 
exceptions of drilled holcs and bored tunni'ls, visible 
apertures are bC)und to bt: disJ.urbed apertur~ eilher 
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d·.ac to di~turbance ~y blasting, or dueto :;urf;u:c w.:ath~ 
ering cffcct.o;. Thc inftucncc or aperlures ¡, hcst n. ... SCS'\Cd 

by Wlllcr pcrmcabilily lcSling. (Thi• i• the •u~wct nf 
•n individual JSRM llorumenl.) 

(f.) A1.erturcs nre reconJed. rrum thc point 't..'f vit:W, 
or both their loosenin~ and conducting capacily. Joint 
water pressure. inHow or water nnd nutflow or stora~e 
producls (hoth liquid and gns) will all be affcctcd hy 
aperture. 

. (JI ~~en ~lntli~turhr..-d aped~res giH! íJ p; .o1 .,_~,lll. .. l 
t&on of then walei c'mductmg putenti!U. ·r!~ •...¡lf 
rou~hnes~ may reduce thc actual conductivif,. lo JJ :;. . 

tion oqt!\ tht.'Ordical smuoth·wall equivaltnt 1~ 11 .. ~ .• ~~ 
.of fril·tion and lortuosity e.fTects~ In ·addition. lt-...: 1 'J~·~ 
· rnuch c,·iJen~ thnt Aow m joi'nt~ f113)' be: h&br-i.l.'; 
. ratllcr th.an ~h"ct-hkc (3]. In .~itu pcrmeah&lity rcc.h. 

will he a much mnre rcliahlc indicatt'r or the !rtf:ttffi.! 
of apcrtures th.an diru;t measurcmt"nt (Fii'IJ pi',,......¡,.,.. 
liry forms the 'ubjccl of on individual I~IIM ""•'-• 
f!lt.'nt). 

E1¡uipmt11l 

(u) Mtasuring tape uf at lca.~t 3m lcngth, c~litHakd 
in mm .. 

:hl Fcclcr gaugc {(or cstimating thc Wlthh of fine 
tlpcrturcs.) 

Id White•spray paint. 
(el} Equipmcnt rnr washing. the rock cxposure:. 

Jlroadure 

(u) T.>irty undcrground t.~l(posun:s ~hould he washcd 
dcan. lt is hclpful to !>pray white paint aiC'In~ thc 
tlr;<;ifcd lincs or survcy, so that thc fincst discontinuitic~ 
are ml1rc casily visible. Ciood lighting i,s esscnti:-~1. 

(h) Fine :-~pcrturcs c;tn he mcasured appmxim;¡tcly 
with .rcclcr gaugcs, while thc largrr arcrturc-; (..":lll h: 
mcrisurcd with a rule gr:uluatcd in mm. Thc apnt urt"" 
of all discontinuitics intcrsccting ilu: survey fine wiH 
he rccordcd. Állcrnativcly thc variation iu ;-¡pr't111rc 11f 
a majur discontinuity C<~n he mcasun.·d alon~ thc tra•.·t: 
of thc <.liscontinuitY,. 

' ' 
Notes 

(a) Thc apcrtures Visible: 111 a rock cxpO."llft' íHC in· 
hcrcntly distmbeC..: nperlurc~. duc eithet ro ln<.:ali;cd 
liurracc wcuthcring or lo thc mClde of c . .-.cavat.it~n. Fnr 
thcse rcnsons mcnsured apertures are likcly '"be largcr 
íhan tht'ISC ·existing Within the rück ma\:-.. "Tunncls that 
urc. m<tchinc horcd (ond borchole wallsl should givc 
a much more reliablc indication of the undisturbl"d 
npl"rtures. Borehole walls can ·be survcycd by means 
d pcriscopcs. boreholc ca!l'c.rns. and TV cquipmcnt .. 
and · by mean" of pressurc, scnsitive pad:rrs. a~ de~ 1 

sctibcd by Fairhurst and Rocgiers [1]. 
(h) Thc borcholc peri;cope is recommcnded when 

thc dcpth frmn thc suríacc docs not exceec1 )0 mctres. 
Grcater depth~ resull in distortion of thc oplical rHth 
which c01.sis1s of o series of rigid tu bes supporting a 
svstem of lenscs and prisms. ~ mm calibratcd scale, 
diffcrently coÚ:mred irom the rÓck, should be located 
on the outside nf the peri5~opc in such a position thot 
the apparent apertures can be. recordeJ. These readinr,s 
n.ust he correctéd for oricnlation if the borehole docs 
not interscct the discontinuities approximately at right 
angl"'. 

(e) The core recovcry method known u~ thc ihtt•qral 
.•uJmplin{l nretlrod [2] is · rccon1mcnded for ohtaining 
nperture datn in. special circumslanoes. The mcthod 
essentially ronsim of recovering a coro sample wh1ch 
has prevlously been reinforced with a groutcd bar. The 
reinftJrcing bar la co-uially overcovercd witb a Jarger 
diamcter coring crown. 

r ,. .; .. •· 
.~.-~· _. ~"-· ---~··--'-~.~~ 

~(' A~nurt~ mca ... uretl :tcross discontinultk• 11'i.li· ar
1 

di:.plaCetl h:v previous shc:uing (for c~:tmple tr.- lit\ r.at 

~olahlc s!npc) OlJY v¡¡ry widdy from roinf In p<Hnt T~ 

"dcad nrt:as" cause<! hy asperity contact and Uiot!Mc. :ed 
dehris '\vil! ngain mt\k.c :tpcrture m<:a:•~:rrmcnn rat~~ 
unrcliahlc as a Oasis f0r C('Jnductivity ~ti;rqtir~n f ''! 
Prt•.o;t·mmimt of r,..sulr.~ 

(a) ApC"rturc~ can be desnihed by m:;!n~ o( 1tw {. ~ 
!owing termo;: 

Apctturf' 

<01mm 
f¡ 1 <U~ mm 
O~( O S mm 

n.~:!'mrn 
~.~ 10 1\liH 

;.o 111 rnm 

1 ·IOcm 
lO 100 C"l 
··1m 

Ver y ll¡l;hl 
'1 i¡;:ht 
l'arth· oren 

Open 
~IC'Ith aldy widr 
W1de 

Vt:ry ~idc 
b.trC'md}' wiút: 
Cavernl'lus 

(h) Modal -(most common) apectures •h,·n.l.l ~ •• 
recorded for c:ach <liscontinuity sct. 

(e) Individual disconlinlllti~ havin@ apcrtUtt:'\o ""• 
ticcahly wider or Jarger than thc: modal , .. ,.loe ft,•·.J•• 1 

be carcfully dcscribc:d, togethcr with locatíon at'd ~)) ~ ~1 

tation data. 
id) Photo~raphs of e.rremtly wide i 10 .¡m <"'1 ·' 

cúvcrnous ( :> 1 m) apcrlurcs should be op¡v.-r..!~ 
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7 .. FILLING 

Sc~pe · 
;' . 

(a) Fillii)g is lhc lcrm for mnleriil1 ~cparuling .lhe 
:u:ljaccnl·i'od walls or discontinuitics. e.g. calcitc, chlor
ih:, el ay. si h. rault. gou!tC, hrtl~da etc. The perpendicular 
distance hetwécn thc adjacCnt rock wal1s is termcd the 
\<'idth of ttic lílled disconlinuily, a.• opposed to.the npn
wre of a gapped or open fcalure. 
', (b) llue lo thc cnormous variely or occurrenccs, fillcd 
discontinuitics display a widc range.of physical behav
iour. in particular as rcgards..their shear strength defor
mabilily and pcrmcabilily. Shorl-tcrm and Jong-lcrm 
hehaviour may be quite diffcrcnl such tha.t it is CiL<y 
lo he misled hy favournhle shc,rt terrn conditions. 

(e) ,Th~ "·ide rangc of physical bchaviour dcpcnds 
nn many .factors or which lhe following are pruhably 
tllc most important. 

(i) Mincralogy or tilli~B material 
(ii) G1 ading or partidc size 

(iii) Ovcr~con:tinlidation ratio 
(ív) Water contcnt and pcrmeability 
(v) Prcvi~n1s shear displucement 

(vi) Wall rcmr,hness 
, (vii) Width 
(viii) Fracturin~ or crushing of wall rock 

(d) [v<"Y :~ttcmpl 'hould be madc to record lhe 
abovc· factors. u~ing <¡uantitative dcscriptions where 
ros..,ihlc, to~~;thcr with !'iketchcs andfor coluur photo
p:rólphs or thc mo~t important occurrenecs. Certain 
ínJex tests nrc ~uggcstcJ ror 3 do:-.er investigation of 
m·ajor discontinllitie; cmisidcred to be a threat lo stabi

lity. In <pccial ca.<.,; lhc '""""' of lhcse f•cld dcscrip· 
tions m ay warrant 1 he rc,om mendat ion ror lar~t: sea le 
"' siru te.sting. at lead in thc t:a~c of da m flmrularions 
or major slopcs. 

Equi¡~tuent 

Measuring .tare of nt lcnst ~m lcngtl~ graduatcd 
ín mrn. 

(b) Folding straight-cdgc ol nt Je.~<t 2m in leng1h. 
C<'l Plastic bags for tuk•n¡' <n1nrlé< of the filling 

rnatc:rial nr uf' to ·1 or 2 kg in wclght. In some cases 
UndisturbcCt !lamplcs may he rcquirc•t ror ~hear le.~;ting. 

' . 
. ____ •. ::;t ··--·----------------~-

Variou<t suil mC'chanics lubc samf'ltr~ con be tJ~ctf fCir 
chis opcra1inn. 

(di Ucolop:ical hounmer with one tapcred p..linl. 
ltl Strong pen l.nife or similar. 

Procedure 

(a) Wldth. The nummum and .muximum widlhs ol 
>imple filled di<continuities (e.g. clay fiHed jointsl 
should be measurcd lo the nearest ·¡o;;~, and an 
estim:JtC n1ade or the most common {modal) width. 
Mnrkc-d difTcrcnccs; bctWCt'n !he minimurn and ma'ti~ 
mum widths may indicatc that shcar dísplaccm~nt has 
occurrcd if the wall'- are essentially unaltcred nr un
wea'herriJ, 

In cases wherc fillings are thin it may he helpful 10 

try to meásure thc mean ámplitude Drw:tll roughneSs 
· using thc ~traif!,ht cdge, and compare this wilh thf' mean 

widlh nf the filling as illustrated in Fig. 22. This will 
be cspt.:dally .valuahle whcn ,¡_<;:ses!iing shear ~.trcngth 
and clcf'ormatinn charactcri~tics in detailcd srudies. 

Thc principul dimt·nsion~ or cump!cx filled Oiscon
tinuitics (c.g. !iihear l.üne~. crushcd l('nes, íaults. fault 
¡once;;, dykes ond lithological cont!ld!iil should he e~ti~ 
mated. or mr.asured to the nearest 10':;., when ros~ible. 
In thc case or impnrtant -occurrentcs il is hetprul lO 

makc field sketchcs such that the condition or th!! "al! 
rock (i.e. degree of associatcd fracturing and¡or altcr
ation) is also commuuicated. Sce examplts in Fig. 21 

(h) Weathering grmftos. Fmcd discontinuiti~~-r; ihai 
havc OfÍginatcd 85 3 resulf or prdcrentiaJ W('J.Iherin~ 
aJong discontinuitics may h:wc fiilings comroc.cd of 
df't·ompastd rock, or ~n~illl~qratcd HH,:k.. Thc rl'!t::vant 
typc shouH be recordcd. 

Decompoo;cd:- The rack is wcathcrcd to thc Cl)JH.Ii

tion of a soil in whu;-h the original 
material fahric is sti!! inlaL·t. J.,ur 
!-;omc or all uf thc min12ral grams 
are decomposcd. 

Disinicgratcd:-- The rod. is wcathcrcd to thr condi
tion of a :-.cil. in which the nriginal 
material fabric is .still in!act. Thc 
rock i~ friable. hut thc mineral 
grains are not decompo$ed. 

(e) Mincral~gy. F~r all typcs of fillcd discontinuitics 
thc lincsl fraction of the filling or gougr is of mosl 
intcrcst sincc this m.ually controls thc long tcrm shear 
strcngth. Thc minnalogical compo.silion of. thc finer 
tilllng mate1 i<1l .o;;honld therdore he determincd. t..--s
pccially in ca~e-s whcrc active days or swdling clays 
arr. suspccted. Sampi("S -"~ould be taken whc-n-in dout-t. 
com:-erninp the mincralngy. 

In case<; whcrc swclling clay such as montmorilloni!.:o: 
i!>i idcntified <'f suspectcd. and whrrc this conditio11 
mi~hl he critica! for stahility. samples should be talen 
ror rrec swclling and swelling pressurc tests. (lt Ls of 
advantage to record·the inlilu water content of thesc 
saiT.pk.-s whcre po~sible. Such samples,~hould therdore 
be ::calcd.) 

(di Particlr .<i:r. Th·' methÓd of dcscribing the lll'ud· 

' ' 

' 
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Fi¡. 22 In tllc use of simple filled di!oconlinuiaie~. lhc umplitude 
oC the waU roushnes.s e.nd lhe thickne.u oC the fillina can hdp to 
mdit.."uu: the amount nf sbur displaeeincnl requlred fnr roc:k conract 
l~tiffcnin¡) lo oC\:ur. (Zcfo -volume chan¡c us.umcd durina sbear). 

ing or particlc sizc will dcpend on thc typc of occur
rence. A rough quanlitative descriptlon of tbe grading 
of discontinuity fillings c•n be givcn by cstimating the 
pcrcentagcs of clay, siit, sand and rock particlcs. 
U: Hl"/,). Scveral kilos of filling material may need to 
be exlractod and flngcr~ • bcfore malt:ing theae esti· 

malm. L-------~~~~:J~----~----~~~~:::::' 
Particlc size can be elassífiod aocordíng to tbe modí· f;g. 23. ¡;...,p~oo ol &eld üetdlcs or compt•• ftll<d ~· 

fied W<.11worth scale bclow: . [t]. 
boulders 2~ mm 
cobbles 60-200 mm 

· ·' coarsc sravcl 20-(lo mm 
mcdium gravd 6-20 mm 
fine gravel 2-6 mm 

coarsc sand 
mcdium saod 
fine saod 
silt. day 

0.6-2mm 
0.2-0.6mm 

Q.06-0.2mm 

;..;.L_ ___ __:__· ______ ,_. ------- - -----· 
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lf a dccailed ~oil mcchanics invc.~ttigation ¡, warrantcd 
thc fines! fraction can be analy.cd in the laboratory 
'"'determine: 

shc<.t~>t, r.lisplaccd eros!' _ioints, etc.) Thts shfluld he 
rc~..:nfdcd in conjunclion with an estimat~ nf the ap~ 
pro>imale over-consolidation ratio (OCR) of any clay 
filling. _clay fraction (% < 2 ¡•1 

'%, russing No. 200 sievc ¡74 ¡•1 (fJ) Wtltrr rontent ond pumeqbllify. Thc water C(Jn~ 
tcnt ami rermcahility of the fillcd discontinuity as a 
wholc and or lhe clay filling in particular should be 
dcseril:>ed •• bclow (sec also under Secpagc). The ded
siun to make actual measuremcnts or thesc prope:rties 
will depcnd on the importante or thc occurrencc to 
the projocL 

Atterberg indcx tests to dctermineliquid limit ancJ 
plasticity index: PI m (LL - PL) ~¿ 

1•'1 filli"'l .•tr.ny1h. Filling material, in rarticular the 
fim·r fraction which is u~ually weakest, can he aMes~ed 
!->) mcans of the manual índ~x tests lahulatcd bclow. 
,,, rl-cummendcd under Wall Strcngth: 

Thc undrained shear strcngth• of lhe soiis reprc· 
"""cd in grade. S) to SoS are equal lo one half of thc 
lti\ en uniaxial compressivc strcn,.hs· (ca re should he 
t·a~cn in applying lhesc cstimaccs to fi!isurcd clay~.) 

W 1 Tht· fillin~ materials are heavily consolidJh::d 
~~nd dry, §Ígnilicant How appears unlik.ely due 
\o Very low pcrmcahility. 

Ha dctailcd soil tnt~chanic.li ilwcstigation is warranlcd 
11.:.g. draincU shcar :;trcngth dctermination) duc 1'o thc 
(riti~:al nature oran individual filled disc:ontinuily~ thc'n 
undisturbcd samrles pf the filling material mny be 
·rct~uired. Various tube samplcrs are avallable for this 

W2 Thc ftlling material.:: ar.! damp, but no free water 
is prcsrnt. 

W3 The flllin~ materials are wet, occa .. o;ional drops 
ur water. 

W4 Thc filling material:-; Shi)W signs or OUL\\'a.coh. COO·· 

unuouS flow of water (eslimate litres/minute). 
o..;tl1lpling orcration. . Wt:.. Thc filling malcriab are washed out loca\ly. con

sidCrablc water flow akmg oul-wash· channcls 
(es!imate lilres,lminutc and dt!~t.:ribe rre'\sure i.e. 
low. medium. high¡. 

( /") l'revlou.~ displan•n1ent. Cure should be takcn lo 

dCtcnnine whcthcr a givcn filled discontinuity has ~pr~ 
flor~.:U prc\'ious :-;hear displacement or no1. (Siickcnsides, 

Grade 

SI 

S2 

SJ 

S4 

S5 
S6 

RO 

Rl 

R2 

R) 

R4 

R5 

R6 

Or.t~criplion 

Vcry ~oft c~ay 

Soft da~ 

Firm day 

Still duy 

Vc1 y stiff el a) 
111\u.J d::ay 

f::ltrcmcl:o
"""U,k IC"lck 

Wcak hXk 

. Weuk rock 

Med1urn 
'trong roe~ 

E•trcmely 
~lrm:p rod. 

F_a.,ih llCIU"Ir!HCd 'C''o'('Pal 
ind'~:, hy fl,t , 
l!i\slly rc-uctr<~ted se~eral 
mch~~ hy 1h11tnb 
Can he J"K:nl'lr.lled severa! 
jll(·l¡¡•, hy thumh ~ith mr. :~r· 
:t\l' dlor\ 
Rr.tdll) in~lenicd l:ly th•1mb hul 
prnctl.ltcd nnly with ¡:reot 
dl.,rt 
Rr;o,\11:-.· in1knu·d h_v lhutnbn"'il 
lndented with ~lifhcuhy l:ly 
lhmnhnail 

Crumhl~ undcr ftrm blnv.<, 
·llrlilh po.•int or gcologic;tl h:lm· 
mer. t·an \"le pecl.:d by u pc"d:-ct 
kn1fc 
'Can l:le Jl(!!'bl by • pod.et 
k11ifr. witf1 diRkulty, shallow 
inJcntation~ m;1tk by firm 
hlnw \dth romt or p:colo~i¡;,¡\ 
hamrnt.:r 
{ "nnn0t he 'craped or re-riel\ 
w11h ;\ fX"'dt•l l!\ift. 'p.!l"Ím~n 
t"n h.: fra.:tuud with s•n~lc 
firm h\t~\\' of g:rolo¡rica: hnm· 
mcr 
~;pcónlen reqoire\ rnor.: than 
onc blov. of ge.•logk<'l hatnmcr 
!{l f¡;¡dlJf(' it 
Sp.:~·imen ft'IIIIITC'\ mun\· h\oy. ~ 
,,f gc¡)\ngkal hammcr to frat:
ture n 
Spntmc-n (:an l•l\l)' be t.:h•Ptx~l 
""ith V"""'"p:ical hammcr 

A¡"~prol. r:1n~c 0f 
uoia1.i:tl t'\lmprC$,1\C 

streng!h 1~1Pa) 

O.o2~ 0.0.~ 

0.25.-Q su 
·.n~o 

fl l.'i 1.(1 

1.0 5JI 

5.0- ~5 

25 so. 

Norr. Gr:tdC'\ SI 10 Si, npp\y lo r.<•h.:~•w .,,,,J~. lm c11amrk. d.J)\. Sih) diir~ anrl coml"linalion\ 
l1f .il!~ and day,_ w11h .~:u~J. renerall~· \lm.- drair1in,. Smne rounding or the Mrcoi:\h valU:'"'i 
h:t~ ~n m:J.J(' whm cnn\trtw,:: toS 1 unin. 

'e~. ____ .!i_i '-----------·-··---··------·--··- ·------------~- ___________ ., __ _______ l 
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' .._. 
W6 The filling m•terial• "'" wa>h<d out compktely. 

very high Wnler t'rCS!i\HC1 tX(leTitn~o:ed. CS· 

pecially on tirsl t>Jl(l>Ure (cstirit•lc litres/ 
minute and dr5crihe prc.\Sure). 

Nott•s 

(u\ The manual index tests for dctcrmining ~r:~t.lcs 
SI tu S6 can be replaccd by more accurat~.: a'>~C:>smcnts 
using a standard suil nH~chnnit~ rn:netromelcr. Thi's 
contains a stylus which i!' prc!~!iied into thc .s;~mplc at 
a constant ratc. The ma,•mum re~istuncc 1.:au be rcad 
off a scolc which is culihrutcd to show thc..: m_;uimum 
comprcssi\'e strcngih of thc ~amph!. (This val1.1c is cqunl 
to twke thc undrainccl !thr.ar.Mrcngth-= .\(f'T 1 - ".-l.) 

(h) 1 fydrothermal altcration of gougc material and.' 
or thc dcpo~itiC1n of hydrot hcrmal products will Cl'ln· 

plicut(; the min~:ralogical identifu.;ation of fillin~ sincc· 
produc...15 not <lssociatcd with th~ pctrogmphy of thc 
crushed rock or thc wall rock may he prcscnt. 

(f) H prc\'ious displaCl!mcnt has o<:currt:d through 
thc putcntial weakest laycrsa of a lillcd discontinuity, 
i.e. thrnup.h the clay lillin~ or day gougc, as cvidem:cd 
by ~lickcnsíd~ and :-hcar~. thcn the over-consolitl;llion 
ratio (OCRJ of the day will not ·be important ~incc 
thc discontinuity will be close to rcsi,lual :-.trcn~th. 

·llowcver, Ir rrcvious di~placcrncnt through thi!:-c wcat.. 
Ja:Ycrs is not suspccted thc11 the cwcr-..:onsolidatim, ratio 
will he ímportnnt sincc the pt.:uk draincd shc;H ~trrn~th 
of the íntact da y may he- much hig.h~:r than thc rc~ulual 
s(rength. Shorl term stahility will he decqitivcly high 
cspe~.:ial1y in !he c:isC of unhladinp:. Juc h' thc rcduccd 
or ncgativc porc prcs!lourel'. llnv.c\·vr. in 1im~.: :-;w\,:llin~ 

and :-.:C)rtening ntay oc~ur dllc lll in..:r~:;¡:;cd pon! f'~'L''~ur~: 
:1nd water COIJtcnt and possibly alsn duc lo ·.\rain 
softr.ning causcd hy cnginecring louliing.. ror cx;unplc 
by cxcavation of an cwcrlying rnck slopc. This fHHClll ial 
ror rcduction in strength with time shou\d. lh>l he un
dcrcstimntcd durinp. field asscssmcnt. 

. (d) Faults frcquenlly contuin highly pcrmcahlc brcc
ciatrd gougc adjacenl lo highly impermeable clay 
gougc. The water conducting t:apacity will thercforc be 
strongly nnisotropic, anct may C\'Cn be confine;~ to How 
parallcl lo the planc or the rault lt m ay be premature 
to describe a [ault zone as "dry" or '"impermeable" ir 
thc 1 unnel or exploratory adit has nol completely pene
tratcd thc reature. 

Prts1•ntatfon of re~ult,o; 

The detail of presentation will be ·dependen! on the 
importante or the individual· filled discontinuity (or sel) 
lo the projecl as a whole. In general the description 
should be arranged as below, so asto include a descrip
tion or !hose ractors or particular relevante to the pro· 
ject in hand. 

(11) Coometry: widlh 

. lb) Filling type: 

.. 

wall roughness 
ficld sketch 

·mincralogy 
parti~le sil.t 
wcalhering grade 

:...!.:.!.>..._•_· _...!.!.:_..,__:__:__···-· _.--~----=.c..:.~='~-:......;_----

(d Filling "•ength: 

{d) Scepagc: 

soit ind~x par:.HncttOI 
•welling potcntial 
manual indcx (S 1 . '.>6) 
shear slrength 
over-co~solidution ryt~ 
d isplaced(und i< plact\1 
waler cor:th:nt·(rating .u 
Wl· W6) permcabilit) 
quantilati\'e dnta 
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Suggesled Methods for the Quainitative Descriplion of Disconlinuitics 

1 

1;nurtrcs ("secoudary" pcrmeability). In lho case of cer· 

1ain sedimenlary rocks lhe "primary" permeabilily of 
¡he rock malerial may be significant such thal a pro
pOttion of the total scepagc occuta r hrough the pores. 
The rale ofseepage is roughly proportionalto lhelocal 
hydraulic gradienl and lo ihe rclevanl direclional per· 
rncabilily, proportionality being dependen! on laminar 
ftow. High· velocily flow through open disconlinuiliet 

111ay rOliult in increased head losses due lo lurbulence. 
. (b) The prediclion of groundwaler level•. likcly """P· 

4gc palhs. and approximale wnlcr pre.,urcs may oflen 
'ivc advanc<: warning.of.stability or construction.di~ .. 
,ultics. Thc field descnplron of rock "'"""" musl mcvr
tably precede any rccommendalion for ficld permeabi
lity tests so lhcse faclors should be carefully assessed 
al lhis early slagc. 

¡cj Irregular groundwaler levcls · and perched water 
t;~.hles m ay be c:ncountered in rock masses that nre par
titioned by persistent impermeable reaiUres such as 
dykcs. el ay fillcd discontinuities or permeable beds. Thc 
rrediclion of these potential now-barricrs and aSSOCI· 

;¡tcd irrq~ular walt~r l':tblcs is or considcra~le impor
tanc,c, espccially for engineering prnjects whcre such 
barricrs might he. penclraled a! depth hy lunncling. 
rcsulling in high pressurc inflows. 

(e/) Secp<lgc or wnrcr caused hy drain<.~gc !nto an 
""~;im·¡,:rin~ cXcavation· m:1y havc far rcaching C0T1Cic:

qucnc.:C'!\ in rases whcrc a sinking ground w<Jh:r lcvcl 
would cnuc;c scltlcmcnt o(struclures (oundcd nn m·crly-
int! clay dcpt\sio•. . 

k) The approxin;mtc dC"Scriplion of the locnl hydro-
1 

~l'llll'!f!'l ... hould he ~mrplcmentcd with dctailcd ob~crvü
~¡(,n•. ;;r sccp<~g~.·. fhlm indi\·idu;tl di'5continuitie!i or par
ticubr sd!), accordinp lt> thcir relativc irnportance to 
"''1hilitv. A shorl comnlcnt Concerning rcL:ent prL-Ciri
lation in thc art.J. if known, will be hclrrul in thc íntcr
prctntion of thc:\r: obscrvations. Additional data ~,;nn
~·~.·t ning groundwatcr trcnds Rnd rainf311 and tcmrcra
IUt\' rtxords wiil he usdul supplcmentary information. 

e fl In !he case of rl1ck ~Jopes, thc prcliminary design 
ntimatcs will be ba.sed on assumed vulues of cffective 
norn'wl strc~s: 11: as· n result of ficld, observatiOnló onl! 
ha" tn nnH:Iudc that pt~ssimiStic assumptions of water 
prt.~Sltrc.: are justilicd (i.c. a tenSion Crack full of water 
.,._ ith lf'W, c:xit pressure ni the ·IC'IC O( thc unf:tvourabJ,.~ 
di ... contintdty) .thcn this will ~·lenrly' have the greutest 
í:on,.cqucnccs ror dcsif.!n. So al..:.u will thc ficld obscr~·n
tilln that ice formation i~ rossihlc or probahlc. r>ctcriO
ntion of rock slt\p:!~ ¡,md tunncl portal:\ through ice 
wL~dging and/or incrcascd water prcssuH~ caused Oy 
i~:d-,JockL•d rlriiinage. !"i.ll hs. nre''!icriOU~ St~:\~.on.ll ¡"'fOh
le~tts· in many countrics. 

¡:;,,1/rm~nt 

{11) Vi!\ual o"'servation (in !IÍC: c;tSe ~,( tunn·..!b gt,nd 

lighling i< es•cnlial). . . 
¡¡,¡ Air pholographs. rAinfall and 

rccords as appr<>prialc nnd dependin~ 
tcmpt:.r'ature 
upon u\'¡¡il-

Pructdure 

(n) Available air pholographs should be sludicd lo 
ohlain an overall view of the local drainagc pallern 
and likely groundwaler levels. (Groundwater may be 
indicaled by growlh of vcgetalion along faults and 
bnsic dykcs.) 1 nformation on sra.'>o~al variations of 
grouridwater levcls, and on rainfall and temper~ture 
records <hould bo obtained where possible. 

(h) Description oflhc local hydrogeology will u•ually 
be limiled in the preliminary slages of field mapping. 
There will probably be no boreholc:.< for pumping tests, 
no we11~ for water level detcrmínation and drawdown 

. tests, no tracer tests. and no pie¡_ometcr inst;¡llalions. 
Th" ·hydrog~ology will !herefore ha ve lo be a<sessed 
from geological prerhctions of the likcly locations of 
ucquifcrs. from ,.,rediclion!\ of thc Jikcly oricntation and 
loc;Jiion or impermeable now barriers. and from prcdic· 
tiorts of lhc lilcly rcsullan1 St.."t'p;t¡!C directions and 
gr,1und water lcvc1s. 1 he need ror exploratOr)' bore~ 

holcs ror water levcl determination. lraccr testing. piez
o.nch;r installation and pumping or drawdown tests· 
should he asse~sed, and their optimum location indi
-catcd on approrri<ltc pl<1ns. 

(d The mutu¡¡l interaction of 1hc planncd cngineer· 
ing project and thc assumc.:d grnundwalcr f1ow 1rg.imc 
should be a~ ... css~_·tl and importan! cons~qucnct"i sum
m~lri7.ed. Thc dTc<.:t ~)r secpage tPwartls or into a 
planncd Cxca\:ltif'!n ~uch a\ a tunnd or ~dope !hou!d 
be desL...,ihed with a vicw lo prdirninarv analysis. Tht 
prcdictcd cflccl o( any resultan! dr::wdnwn t,f p.rc•und 
water lc\·els on ni .. ting: in!>tall<llions. :JOd on th~.; 'tl'llk· 

mcnt of clay fPUIHbtions. ~h0u!tt be ~ummari/.c(t. 
(d) Sccr .• 1ge frnnt individual w!fillt·d ;:~nd Jil/ed di_,<-mr· 

tinuitle.~ or fr1l!ll ~pccifk scts nposcd in a llmncl or 
in a surf.Jcc C:\posurc, 4.:an be assc(;~cd at·..:nrdin!! to thc 
following dcst·ripti\'C schcmc: 

Utl}ilkd di.H,•Illilwirj¡•s 

Sccpagc 
r:tting 

1 

11 

111 

IV 

V 

Dc.scription 
Thc disr.:onti111l1ty is Vl'fY IÍ!!ht and dry. 
w:1ter How along it dol's not app<'ar pos.s-
iblc. 
The di.,contirtuity i~ t.lry wirh no cvidcnce 
of w:Hcr now. 
Thc discontinuity is dry hut sltows cvi
dcn~.:c of water now, i.e. rust Slilimng_, ('IC. 
fho.: di!>conlinuity is damp hut no free 
Yoatcr is prcscnt. 
The t.l1scnntinuity ~hows 'ccpagc. occa
.\lOnal tJrop~; of Watn. ¡.,ut no cnntir;unu:. 
now. 

VI Thc discontinuil)' shows a conlinuous 
!low of water. (Fqim:ltc l:"min and de~ 

saibc rrcssurc i.('. l0w. mcdium, hi8:h). 

FUkd di~4'tHiflnrtirit·s 
~H.'cp~•se 
r J.t ing 

1 Thc filling 
Dt:Srription·--

mat'erials are hcavily cons.oii-

r:: 

-------·----·· ·----· --~·-----'-------------
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. ' ' ' uatcd and dry, 'signiñcunt llnw o!Jipcars . -ohst;r~aHon. 'nf'l<t-udaL·c outcrops, slopc~ • .:mU h~·nnda ~ 

11 
_unlikely due •o v_cry lnw ¡>crmcahiloiy. . . shallowc.rl~plh: · · · . .. .. • ' 
·T_he fil1h1~ .. m~h~_fl~tls . nrt ~atilp .. ~':lt, no , •• . ~M ln!-_thc _,·use ur opcn . pit · m in~.~~: ~-borchl,lr\ ;.u~ 
:r~_ water-~~ prc.scnt ·. _ .. . _ , 1.~_r!,lcd . .ro~. uuneml C\fllorallom•and rock' mcchani.~ •• 

~~'JI!· ·.::·:The ~Hin_~ :mnter,i~lq ar<: ~-Ca; ~•c..:aSf~llllí.ll ~- c,,~1mo~Jy. e_nl~lai~,e~ :on~y. a: a subscquem • '"'~f:l!': 1! 
.... .-drops or-wah:~ .. - _: . _· ··:m_illl'~al:_~Ya1uaht~n is.cncouragnig. The-pi'e.existCñ.:t .. ~ • 
. ·IV · · .. :r,he fiUiii( ~f~riub ·. ~h'.'w . ,;_~~.;~ ~f .. ~~nretwl~·,..m illlow ~ ;cornpreh~nsivc hY'dro~eóln¡· 1,_, 1 
f' ·-' ~UIW8S~: CóOhl\lH.l,,IS ilH\1:':·-~0f •\\'3tCr . (CS,,IM ~~~~dy .•10~ ·be· pCrJOrmed, JndUd_l~g, lraccr :tt.:"ib, llil' ~~ 

; :~r!.1-ate 1/rrliri~: _- ~ '1.'.; ·· · ····: ' · ':\ · · ; .oa_nctcr,;.:lnsta118n_on. fálling·hÍ:ad •. and f)umpi01! ·\Cil\ 

. V' · -~~~-~e·· fi_~~~~g-~ ~~-~-h~fia1~ , ~!_e~ wash,~f!~ · ~lut :~;~orC!1ol~-- w~l~s~,C~il:- b..:_.;t;urveyc9 for sce~age _::h~~filmu 
:.l";"aUy, .'~ons1de,rublo ":'~.\~' .Oow '}Ion~ :· hy me;!~' :~r ;f><'!'C<'I"''· ·borehole cameras· anl.l ¡-v 

' . 
'· 

~ . :r 
~.VI · 

out·\\lash, channels (cst 1n1atc· .1/nHn ;tnU l. ·t''lliiJ1"'-~.nt... • 1 '': · \ · , l 
describe 'presstirc' i.e. tn.:V:"mediuli.:·'hiihl. . . . (rJ ri;,lin~ ¡\<:rformcd in .drill holcs. (e'~· fallin~> hc.J 

.,:Y:hC lilling mul~'fi~ls· are ~:f~Sh~d á:u~t_~C,>~h- ~.;._an~L l.ugco_ir!JCs._t~l .. f()r.,_e!Otim~ting- rod: ~aso; rcrm.:~ht
·, ·p_le1ely, YCry_ h_igh ~a ter .. ·~p~~urcS ~~pcfi· t ,:_~i~y: fo~~-s thc_,suhjccr'oJ a l\e'paratc IS~ M "!'oug·gt:',tcl-1 
o,C(H:cd,· eSp'r:ciálly 9n flrst':_é~PosurcJcst,i· '' nlethcxt.; Thc' dc~críption o( any a-waílab!c;·~-~up:~m 

~ ··maie 1/miO an'i.f dCscribe Prcssure).'- .' . :.v~tlu~s ._i~ obviously ·an· important supplemeni lo th&-
Ce(!i~ the :·cáSc of ~ '"róék- 'eó!;úu:c'rinlf éorlsti~etior. .;Pr~sc_r.t<~F~uggC!!\eo mcthJds 1 for .dcscr,iption o! rocl 

whic~: acis 0(8 drain .'for' ·tiu~·· ~Ock m3~s. ror exa!nr're 1 ;1 ,m;i~sc~ ~-n~;di~t:ontín~ities:,(See._,aJSo Drill Ctirc;l 
a tu.Oñcl, it is· hclprul if thc ovefoll nOw_ ·i'nto indi,:idual ·~. (di Ucilding ~¡(1ints. and hcd~;: of scdimcnwry. ht~. h 
~ccti~11s of thC .~tructUrc' ~rC. 'describid. Thi~. ShouiJ , .h;.wi_n!!thigh "p~i&nary"' -pcrmcability t\!nd .to be. ,X.r"a'\· 
idCaliy he perfqhried iiriln~di,at~_,·f. nfter e·x'Cavatiori.;sin.~e ... t:nl., fc.l}~res., with th~ potcnti31'for hydraulicall~· CUO• 
gro~ri(lwater.li:Vcl~. o~· the r~Ck~''mass s~~uage,·n:üiy be :~urctÍ11g~lar¡!e ~reas ()( scdimc~tary rock ·mns'lC~ ... Such 
depl~tcd raflidly. Descfiptio~~:njRy -b~·b~_i~cJ on th~fot- ,cQki~rH~~h)·druu~ic cunnc,tion~.will bl!· i!'lhcrcntly lo• 
l(lwing, :u:hemc.:_·: ~:, . '' · .. ''; '' ,., ·'. ·· m;1i ~cd in igricous and; metamOrphic •.envirorim¡;rn• tf 

' ' ":-. 0:"~' .·:·;.:~¡J. , ''11 . ':' ;~nWJ~lr r~gional.~joints·aml rauhs·afe ah~~ent: ~ · 
Rm:k ·-mau (t'.g. 'lunilel.\'wcill) ~L .~¡~: ·t: ~ ,., : . · {c>J Fa.ultlrí ~omet imc~·cnntain highly';· p\'!rmcahlc hrcc-

Sccpagc .¡i.,• _-.,·, .. , , ... . '· ,., •• '• ,.. 1, hl. . bl t' TI · · 
1 

De.. . . · . :., : ;~:1.1 ·:Ju.J¡u.:enl. to , ug, y. 1mpCrmea e e a.Y go.ugc. K' 

r~~1ng ·,d. _scnpuon,.' •. ·~, .:, ... _hy_,~r:tui~(;.CllOd}i<:tivit; flllY th~reforc bc .. strongly amtLt• 

· ¡\·1 ·nry wai_~S on r!mf, r~t; ~~tcct,thlc,;'"q · . ~r,;J'il:. nnd may c\·cn he conflned to tiOlA'I paral!cl '•' 

,,;n. 

·,111 

" . )v 
·-
" 
·V 

,•1!·' ' 

: ap.e. · '· .d· ., > . · ;~ .. ·, ~ · ·. tl;c plaq~ of,t~c fault. 1t may be premat~r~ to)dN..:nbto .. t 
Minor .-'s'cCpAg~. spcc¡fy • dr,~ppm!! 'lt 1'' '' 11 " .a f;;ult. 7.~:tuc o_s dry if a tunncl ,or explorai<'-'I:Y ·Jtlit t1:s• 
tinuitics:-~,:· · ,.,.. .-.. . .._,_ ' ' · nnt c.:urilPktely,:r'lcnetra'tcd the.féature. ·_ ,.. · ··, 

·:. ~Cdi~mi :inOOw;~.?~pcciiy.~ .. _.di~co;,\¡!i\li1n.:~· : .. ' . U) ~~_e:~ig~~t-locaÚon or'~pingjÚiilts o-n ,, rt~t:~ 
.With coittinuous ~now ·(c~timatc'·.l·min/ :slopc maY:~ ~mportant,indirecl input for,a pre'~iminat~ 

· '10m .. length·of c~cavatio~). ·' ,.: ·: · ,siability:analy•is. Likewise the."depth of a lur,¡nd 01 
:Mu¡'or ii'ift.oW:.speCiry disCOntinuití~:s with ' ... · '11 ..... · · · its ·Jo_catio.~ .rehui·.-e to ·,mejor.-, w_eaknesS.: zones¡.; ~_.: .. • . •~ 
· slrong Oows (cstinÍate ljni.in/1 o m. lcngth · . impo_fi~!J.t, ... ~in,ce this m,· ay iinply pot~ntially' S~l~H"U' 
'of cxcaviltion).· · ~ ., .·. '·,' · 
·Exccplicinally high inftow: spccify :•?urce ,inOows,.¡". ··:· ·.·• · 

:'Of e~ce~~9n_31}1_o~.S (cstim·ntc· l(~i~(:lO ':"· -.. ·Pré.~c:nr~!fo'l;of us~lts ~~ " ·~ ~·:;. , ti'· , 
. ,: ·" )~ng.lh,~f;~"""~~.tron). . . · . .'· ~- . ';, (a) ~fr:pholos, gcological maps,,or plans of ~uilab.l<' 

(/.');A field .. '!Ssessrn~l-·of !he. hkely ,elfecl"cness of · scalc should he marked wilh -arrows .¡0 indica! e '"'" 
surf~~c drain~, in~Hn~·.drill ho_les •. or.'droínage gallcri~s . ~gcncr~.l- 8¡.~ohnd~ater fiow,. patte~~ that -~as b~e_n·:_intn· 
shou,ld be mad~ 1n lh~ case,.of m~¡or ,_~ck slo~. Thts , . prcled ~ a resull 0 ¡ availat?le, hydro~logic~l. dal•
asses~menl wdl dcpcnd-on !he ,or.lcnl~hon, sp~c1~g on<l \Ir. appropriale, rainfall and and lemperature,,rccord• 
npcrtures of',th~ ~elc~~nt da~pryt.muJI_Ies. i. ·.• "~ri.be·,~ppended. · ·.~. · . ::-'.., , <· 

(g). The polcnllal 1nftu~nce. Clf frn•l .a,nd. 1ce on thc .. :.(b) Anlicipaled im¡>crmeable :llow. bartien .. ~_uch as. 
seepage palhs lh~oug~ -.lhe .. rock ,mass sho~ld be ~dykcs, '·major. clay-filled discontinui!Ícs' and im¡>cf• 
ass~seJ. Obs~r.vallons:or.~ "'Pase f~om,~he surf~cc trace._ ~mcable beds, should he drawn 00 simpl,ifi~ geologi_~l 
or dro<<>nhnuot•es ~·~.1!• m,~lead•ns· m fr~zonR' lem· _·111aps ~nd vertieal cross-_,;c,ctions,' log•'!1~'~' with .~ua· 
p.ltalures. The pos.,bdlly of u;eblock.ed ~rnmage palhs · pated groundwater levels. Oplim_u_m ·tocat_ions for m ves· 
shou(d be_ 86SCS"'d from lhc p<>1nl Of, VICW Of SUrf~ce ligalnry:boreholes ,and any existing boreholes~ should 
dete~1oro11on of a rock_.~xcovahon, and :from tbe p01n1 be indicaled •• appropriate. · 
of VI~W of overall stablhly. (e) The anticipaled mutual inleraction of lhC P'!anned 

· ,,.;. engineering projccl and thc assumed groundwalc:r flow 
rcgime íhould be desa-ibed wb<Ore possiblc. lf sufficlcnl 
dala is .available fe: reliable predictions, anlir:ipalcd 
pre-construction an<l post-cónatruction phreal !~ sur; 
faces should be sketched. -r= likely clfect o( t;xtrem 

Nnle$ 

(a) Local ruinfall record• should be obtained where 
possible, to help in lhe intcrprelalion oheepage obser· 
vations .. This is espccially importan! ,¡n lhe case of 

', 
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. Sugticst.;d McthOds· lor lhc Quantitalivc.:DI:Kription of .Dilcontinuities . ' .·;·, . . . ' ; ' ' ' ,. . .,, - ~·. ,,,.; . ' . 

··enthcr conditions sbould ,be indk..tcd 'i,l possiblc. lhc num~r of scts.dclcrmines thc dcgrec of o erbreak 
posoible eft'e<.1» Of frosl ·.and Of artificial 'drainap Iba! ICndJ lO occur 'with ClCilVation by blasttng. (Sec 
sneasures ahould be' appeíiiléCI. ' ·:. . ..._. _,; ' Fig.' 24.) . .,. · ·, . . 
·· :1<1) Locaheepage observatio111 lor'indivkÍUaJ discon· (bf The number nf seta o(dilconhnuities ínay he a 
tinuitiel, ·rór- apecific seta; 'nr"-lor ·the: rock 'm'W · ia '·a · dominan! lealurc of roc:Íi ,¡;;p¡; •iabiÍity; though tradi
wiÍole can ·be presentCd ·al; ilécpage':' ralinp''i-'VJ.' lf tionaily thc orienlation''or d~ntinuiiies rel~tive to thc 
•!1'?"8h .l!bsl:rvat.ioiia ~· a.v.~ilable, :ákctchca showina lace is co111idered of prlmary imponance:· ilowever. if 
itie distrlbutlona nf ratinp'can be contoured; drawn insuftlcient seto elisl.tlie prÓbability.>f·itÍstaiÍility'may 
"' histograms, or, in thc case:or tunnd•. prcaenteci on be reduced almost tci ~ro: On·the ot_ber hand:a large 
longitudinal sections .in par~llel with structural data, number of seta t.aving 'C:Iose'spacing may chango the 
in· the &ame way ·lhat. Lugeon ~alucs are ,¡iresented potential mnde ol slope 'rail~re fro'm tran,lational or 
parallcl with borehole geology. •:·•. toppÍlng lo rotarional/circulaf · . · 

.. ,. . '· (t) In the c:ase of tunnel stability three ·or. more sets 
. . will . gencraily constitute a thrcc-di.,;ensio~al block . 

slructure hBvíng considerably more .. deg.rer.:s of free
dom .. ror ddormarion lhan a rock mass with le.o;s thíln 
thrce sets. For cumple a strongly foliated phyllite with 
just one closely spaced jninl set may give equally good · 
tunncling conóition21: as a má~sive granite ~·ith three 
widtÍy Spaccd joinl scts. Thc amount of overbr-~ak: in 
a tunrel will usually -be strongly dcpendcnt on 'ttic 
numbt.·r or .sets .. 
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9. NUMBER.OF SETS 
S ~' 1! • .. :· ·.... .__, ~ 
('t•pe . , _, .. . . ·• . 

.. _,, ' . ' j' <- • ' • -~ '. ' •• , ~ • ' ' ' • • ' • 

(a) lloth tlie mi:ch'llnical hehaviour''and thc. lipJ'ear' 
'"'' · ol n rock mass· will be <lominatc<f by the number 
~r scts e>f diseontinuititi<'ihai intcrseCt onc anothé:r.' The 

,'1 : •• ,._,., . : .• _,, -~ ,. - ' 

m~chanicaal. behaYt()_ur tS e~¡>cpally .• ~.!fectcd .. ••~ce the 
number of Kts determitÍes the:cxte~t .lo which thc rock 
mass can derorm wiÍhout invo'lving f1illure ofthe intací 
fock, The apPearance of ~~~ ~o:Ok nía~Aii.• atl'ctií~ sin~ 

. :·., 

Equlpmem 

{a) Gcological compass and clinnmctcr. • 
(h) Visual rccognition and/or photo~raphic record-

.ing. '· · 

Proctdure 
{a). Tht: llUmber or SCIS wifl ofti:il be 3 function of 

thc size nf are'a mappcd. In a preliminary inv~sti¡.:á.tinn 
it is important ro record alf sets prcsen1. Thc rccogni
lion of in--1i'o'idual Scts · will usually proccrd simul
lancously wi1h thc orit~uruti•m nn~asur~Oicnl'i.)l¡; to 150 
joints' m ay nCcd to be mcaSUfcd. and t he n"urhbcr vr 
sets can Usually he detdrni.ned hy ·.contnu~·ing }oint 
polcs'Piouéd o~ Pol-lr'equal area nets (~ce Or!en'taÜon). 

(f,) lf orknt<~tions are- consistent, Carrfut '-S3mp1ini 
may reduCe thc numbcr of joints i'tíat h~\'e · to ·be 
ineasU;C\1 1<l rldinc _the n·UmhCr or set_~- .. · · ¡ 
,. (t·) In the deta'ilcd·;;·tagcs · of tield investigalio!lo;.. ÍhC 
number of •éts prcscni lor~U.i· shoul~' be recnrded a5 . 
a sUpi'tlemcnt 16 procc{·lure (tl}. Thb Stn_1~ility· ~r~~··i!ivell 
Section' ·or h.innCI or"' r ock stope. or t he defortn~1hility 
of a giVCri. folii'ldntion will he' a functio·n of the, rCJcvant 
nuri'lbcr of SCIS fnond loclliiV,' rather than of the' total, 
~\únb~~r m~rred under· pro~Cdurc (a). .. 
· Id) 'Visual· reco~nition of the numher of 'éts>hould 
he acCOrrípaniec.J hy Sorne systcm·ofriurril"lerirÍg for idcn~ · 
ti~Cati~n ¡'puipós~. For examPie ttic ritost S)ostématie; 
onil persisterit sct dti· be labelled "scf N<i. ·l .. 'and' so 
•'· • ,. · • ti' •o.l', •. 

on:(Sec Ft~. 24). Altcrnatively• sets can be numbeiéd 
in the1 ·0rd-ef or their 'iniporta·nte ·to~·stábility~:r\-.~ .. _ .... 

," 1_ .! . -. :· • •• ·~:.. ~ -~. ·,-if<{' •" 

Notes • ·-· :· . -~···· · ··•· 
. . • _t, . . • ' ' ' -~· 't ' 

¡,) ·sy•tcmatic joint'sets should be distinguis~cd fróm 
nt"~O~systcmntic joints when ·recordin"g-::-.the n~fn~ or 
,.,,_ In ~eneral systematic joints will be,persist~nt fea
luriO'. with individual ¡oints parallel or sub-paijillel in 
plan: while non:systematic joilil~'di•play'random ~ather 

.~.... -.. . : . ' . . 
., 

~~ 
!.': 
•' ·,.:;o . 
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lntefnotionai"SOc:iety fur Ru<li Mec:bonic< 
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jolftf ' ,,.,. '· 
:+-

1-'i)!. 24'.f!F.xa~lplcs.lhnt dCmo'nltr&tc 't.hc¡.c...Íf~ct of 
1tl1c"num.,c~; ~~f ~~1m! 

ieh ori.-lhe mcchanknl· bchá.iKnJ·r Atld' ap('IC'nntnct:: of a ltM.:k" m:t~¿-
:~... .¡¡ . ':•"'' i :~ 

; ~ .. ' ._ . ¡ ' • 

than ~~iented fi~Uerns in _'plan .. 3ód ~ccti_on._ Pn~hh·111~ 
or sci· ídentifiCation. Whcn scts Cannot r'e3dilv· 'h·~-- di!i· 
tinguishcd in the ficld ,.¡,aY be rcduced by Íllili~in~ >tat· 
istical~tCsts ro·r··idcntifyiñs 'treridS in th~ disÜib~tiúñ .ór ,,,_ .''• . ' - )'' 

pot~;:,ptotted ·-~" polar cqual ~rea nets;,.tScc Fig. 5. 
undcr.,Orientation.) . : : . ·' · •':.' 

(f,)")ncipiCnl' discont'i'riuiiics'-~~~h as thüse thtii Jnú~ 
dcveiÓp parallel lo liedding, or ~arallcl lo 'rotiatlon ~. 

•• _, . --.-. ' •••• ·-. -- ...... ¿ 

cleavagc. should be includcd'.in:the loéal estímate or 
~ •.,..:. . -1:·' ' . . ' . '• ' ' ' : ' "•·' • .. 

the numbcr of'sets, ifit is considcrcd 'that thc,method ·, ~· . . - .. . . . ' .... 
of e'c"'·alion'cmployed .. will sufficently disturb the rock 
ma5s'i·o cause d'evelopment or 'ihéae reaturi:s into . .;q¡,;v. 
aknt bcddins)oint., rqúation joints, eté. , · ·,.; '" 

tri A• notcd· undcr;.,procedurc:S (a) and (e), 'the 
~ . . . . 

number ol scts rccordcii. will tend to be a function or 
the siÍc of 8(0~. map;,c'~, ,and: ahould ~ interp~led 
accor.~\ngly._ Jhé spa<:lng,ol. lndiv_iduil seti ,will play. an 
importan! ro~ in this líi,icrpre~~~~on. FC)I''cxample, four 
us reeogniscd ,following. á ,"convéntlonal• survey ·c,r on 
arca (Üsing thc P.,te contourlnúncihod) may llldude 
sorne seis wií!Í iuch widÓ 'sp&_cina -that these wouid !Mi 
ol linte relevance to th~ stability. uf a sh_ort lensth or 

. tunne~ t~tough ,possibly.,of.considerablc importanauo 
lhé Stli~i!itY ~r;a ,m.ajor/~i,óp¿·~(i.· \ .• ; ... ·.-:t,\: ; .-.. ·~: ... :~~.' .. 
l'teJe¿iGtitm ~¡';elults':~~~ :· ":\? •. t~, " ,·:·:~ ! -~ .-~ :·i 

.:,rO:•'·· ... í.JI.\ • • -.·~·.· ..... ·.-,.,",, 1 ~,:.,, ! • ••• ·} 

.M ;¡f)le _nu~b,er or joint• scta_:¡iresetlt, can be reprC, 
sented:visually lis par! or lhc preSenlation of tJrltntatlon 

~·! ' . ' . 

..:,·;~ 

1-~.j;i:_li~~á~ ;-¡ -~:~~J~ ;.~}~~j~~:\ ' < • 

'·. '. ' . ' •. -. ' ~ .·- i• ' h. · . 
':pat~:.l~• Fig.- 2: hlo.;l¡ diagrum, Fig. 3:joint rose~r 
'Fi~.' 5: Schmidt polo contour. diagram.),, . ""
. ,, ,1.~1 TI)• nmn bcr or joint. áeis occurri,nJl locull_~· llor 
,e~nmrl~,alo~g th~ lc~gth ora tunncl) <:Un,he dtscrrbe-J 
. ac~O,niirig }0. the ,lólloiving •chtnlt:. . . 
,., .-. . .. . . ., 

.~:. : •• '1 . ': >~ 
., ..... , •11 

mas'Sive, oCca.~iOn'al ·r&íidOn\;j0¡01, 

l'ne joinl set •·-'- · ' ' · 
'"'" 

< •• 111 . !•; 
-~' .~·. IV 

""' joinl set-plus random .;, 
'lwo joint' séts ·. '· 
two joinl seis plus ranUom V 

VI 
VIl 

VIII 
IX 

three joint scts J · 

thrce joinl seis plus random 
four .or more joinl sets 
erush<.l rock. earth-like 

' Májor indi~idu'al disconti,;uitics' should .be r<eordcd on 
190 indi\·idual basi!. . ·¡ \". 

.; . 
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. JO. BLOCK ~IZE ., f.' ' .... 

' .. :r 
Sco,H '' ;• · · '· 

· · (a) Bloek sl:t :is an e~uemely importan!' indicator ol 
· rock mass behaviilur. Block' diniensions':ire deterrni..ed 
. by ._dlacontinuily sriacl"ff, by the · numb~' of sers •. ,~nd 
by, the /l<lrslsWtCO. ol the di_scontinuiiÍ:'" ~i~~llnl 
potential bloc:ts: · · · ·. ·1

• ' 

· (b) Tite' nu. ój:~ and ttie'mientat,;,n det~ine 
lile sh~pé'or_ ~~.r~pl1!.~~ bl~kíí.' ;.hich· can tal<e .: 
~pproXIm!JI~ IOf!D :~r e~~bes, rho"'bohedrl?~s; ·~·-·~h 
rons. sMets, etc. Hi>.oeYef, rigulrir. geometric shap<ll ~ 
the cx~ion nithér'tbaii thc ruie' sincé 'tbe]oint•:"' 
ány' onc .C. ·are séidom 'eonaislently pará!lel. Joinuns 

f. 

" . 
" 

··;· 

'· 
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in sedimcnlary rocks usu611y prouuces the most r~gular 
block shapes. 

·(e) The combined propertie:; nf block .•l:e and inlcr· 
hlock shear strcn¡th determine the mcchanical hehav
iour c.: the ·rock m~"s undcr:--Sivcn·'stre:;s' cnnditions'. 
Rock masses compósed oflnrge blocks tend to'he lc.<S. 
deformablc.'·ánd in the case of .underground é:onstruc
lion. develop favóurablc ~rehing onddnteriOcking. In 
the ..... of Ílopes; a small block .•i:e';may eause the 
potcntial modc of failurc lO ré.omblc 'ihot ofoooil: (i.e; 
circulor/rotationnl) i¡,stead of ,'thc lra~~i'ationiif 'or 'top
pling modes ,or failure usually' IL'sociated with 'discon
tinuous ·rock: masRcf: .. ln excePtionAI.'éa•ea "blóek" size 
r.H\}' be so s\mall ~~~~ ·.no·w· riccurs, B:~ With a .. sugar· 
cuhc" shear zone ¡¡,- qunrtzHe. 

(ti) Rock quarryini r·1d hl . .ú'ting cfficicncy are likcly 
1n be largely a function ol the nalllral In slru bli>ck·size. 
11' may he hclpful to .think 'in terms of a block sizc 
distribution. for the rock mass. in mLich thc siune way 
1hat soils are categorized 'by' a distribution of· parl iclc 
si1.cs. . •. · ·. · ·~: · ~ · ~- . . . 

(<') 81ock size can be dcscribcd ·eithci by mea m 0! 
tlui average dimension of lypical block• (block. >i?C ill
<1<' 1,). or by the total nuniber of joinls inter.e<linr 
a uní\ volume of thc rock maSs (volu~ctric jOint count 
'.1 ,.). . \ '; 

,; 

btui¡lÍIIt'/11 . ~· .. . -!~ 
· ¡.,¡ Mcasuring lape·or al .leasl J m lenglh. C:ilibralc·d 

in· mm divisiOns. · . · ·, · 

p,.,k('(!rr;f 
• 1 

' 
(a) /Jloc:k. .'tize imh•.'C (/11 ). Thc inlk;'( can h¡;: c:.tin•:ltl'd 

h) sdect1ng by eye severa! 1yp1cal hltu.:k :-.1/l'" .tTHI 
t:•king thcir avúagc dimcnsion5. Since thc il;•l~'i: lll:.JY 
rang.c from millimccrcs tn severa! mc.trc~. a mca.surin~ 
accuracy of ·¡o~~ should be 5ufficicnt. 

f:och doniain should be charactcrized by o modal 
1,. togelher· with ··lhc ra·n~e; i.c. typical lnrgcst and· 
smi1Jiest block sizc indiccs. 

The numbcr or set~ ·~hould- always, he rccordcd in 
pal-~llcl wíth Ir. sincc· if thcrc ·are onJy· one or 1

tw('l sct!i: 
.Ul·y suhsequcnt nttCmrl to convcrt 1.:-to. tyrical block 
r{J/wue.~ ri'my be unrcnlistic. · ·" · · 

({1) F nlrJmrtric joint r.mmt (J ,.). Ttie ·\'olumct ric .ioint 
'cunt is defincd os" thc !'U m ·of the numbcr or jnints 
(1('' nl4.'tre for cuch joint set · prcsent. Random discon~ 
linuili<S can he includcd. hut will gencrally hávc lillle 
cfTcct on the rcsults. 

The number or joiniS r eaeh set shoul<l be countcd 
along thc rclev::.nt joi~t sct f!Crpendicular. A sampting 
lcng1h o! S or 10m is "'~gcsted. Each joint count will 
lhen be dividcd by ~ or 10 .lo expréSs lhc résults as 
l"lumber of joinu pcr.mctre. 

·A typical resull for threc joinl'scts and n·'random 
discontinuity counted ul{lng S or ul,m pcr~~dicular 

. ';n_npli ng line.o; might appcar. as hclf'\V: 

t~. J,. u 6.'10 + :!.1/t_o + s¡s ·+ 1/IO ·: 
~ •. ..; 0.6 + 2.4 +' 1.0 .. 0.;··= 4.1/n¡,:t,i.cdiur~'•ize 

. · · · 'hl~~·ds) . . 

-~----~:._ __ _:~ ·:~~ ~:-~ '·_:._. ·--~-~-.,..---·-·~·---·---- ---~---

lhe'(ollo~inJ dc:scrirtivr: tc:rma pjvc an tmpr~\ion ~,r 111~· 
corn:~rondmg hlod. 'lite: 

Very ·l:u¡e blockl < 1.0 . .. ) l.ar1c block•. · . 
Mcdium-titei.l hlodr.• ·,.' 
Small blnckl , ·, · 
ver;: tmaD blod ... 

. )-lO 

lt~JO 
;·Jo 

Vahic:a o(!.> t-.0 wDUkt represe~! cru!thed 'fock,· lypK:al 
of o, clay.(ree r. ru1hcd zonc=. · 

{d Rock ma.urs. Rock ma~SC!\ can be dcscribed by 
the following adjCC(Í\1CS, (O giVC ftll imprcssion of block 

sile a~d shape: 
' (i) m11.Uil't = fcw joints or "cry wide 

spacing 

,, 

(ii) blocky = approximatcly cquidimtn· 
sion<tl 

(iii) tahular = one dimcnsion considerably 
smallcr 1 han t he ol her l wo . 

.- (iV) ralum~ar := nnc dimen~ion considcrablv 
:· ' · larger than thc othcr tvio. 

(V)· irrq¡ular = wide vari:nions or lilock 
sizc ami shapc 

(vi) L'ru.dwd = hcavily jointcd tu "sugar 
L'ube" · 

Scc Fig. 25 for cxamp1c~ or thc ahO\'C;;· 

.f\"¡J/f'.\" • 

•(11) HJ¡i("k si:c itult:.~ (h). Thc purpoo;c of lhc ¡,lod:. 
si/J irldcx is to represen! the average tlimcn~ions nr 
typi1.:al rod hlnás. The nvcragc \'<Jluc of indn:idu;sl 
modal spncin~s (S 1, SJ. cte .. scc Spacing) may nol ~ivc 
a· rcalisti<.: vnluc nf t,. if therc are nwrc th;~n thrrc sets. 
sincc the fourth sct, if widdy spnced, will anificially 
incrcase / 11• but may ha\'C littlc influc.nce on actual 
blm:k si1es as obscrycd in thc llcld. 

In ihe case or ~cdimcntary roch. two mutÚ~tlly pcr·: 
pendicular scts of cross joinlS plus bcdding constitutc 
an I!Xtrcmcly <.'01nmon cubic or pri~omalic b!Óck sh.ipc. 
'n su.ch cases t, i~ corrcctiV dcsaibcd 'by: · ' 

; ' • • 1 .. • - • • ~ ' 

' ,·. 
1• = ~~~!~ sl · · 

,. ' •.J". • 

(h) Volumt·tric joiut t'mmt tJ,.). Ficld m¡¡pping can he 
perfornlcd vcry rapidly a1: a me<t~:;uring tape can he dis
pensed with when individual joinl sp;1cings are not {Ir 
inter~t. 5 or 10m can be paced out Or estimated with 
reasonahlé accuracy by most observc;s (i.e. lo wilhin . ) . . .. 
± 10~~ of the corree! kngth). The ot.;crver should lace 
i~ l~c direcÚ9n' or s~rikc for each joint set ·that is to , 
he counted ~nd count ~rpenqicular to thc strik~. thcre
by rcmo\·ing the .wg·ular correction factor. 

Jt ~hould be no1ed 1 hal · 

J 
. 1 1 - 1 . 1 

r ts nol equa lo-- + -· + · · · --- . 
· S 1 · S J ... S., ~· -r 

The calculation ~~r Jr is ba5ed on ttíe mrd~ spadngo;:. 
not mOtlnl spacing• Generally lbe resu\ts will be simi· .. 

. lar, bur •pacing lends lo be log-no~ally di,1ributed. 

-----------------~-------------- ___ ·_ 
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lnlcrnolional S<lciel¡i.'Cór Rock Mcchanics 

a 
''!., , .. 

C: 

The ncc;t~ional randOm · dis~onlinuitiCs will · "'ll · 
~ . • , ., , . r 

O\lliwahly atTcct thc val~l.e of ) 1, unlcss thc spacin!i .,,f 
thc systémaiic joiri1s is Widc otvCi.y Widc (i,e. 1-10 rJ.i). 
In such casos .lhcy should be inéludcd wiih· appropri-
ulcly widc spnc{ri'¡i, for eX'amplc rii m: . . . ; .,. 

. In vi~w nf thi: widcspread use· of RQÓ' in ,·ari'obs 
rock mRss classilkation mtthods it is: or valuc'· lo 
prc~cnt. an approximatetéorrclaiioO betwcen J., and 
RQD. . ' 

. . \. . . 
RQo·~ 115',- J,JJ, (opprox.)·: 

(R'QD ~ 100 for J.'~ 4.5) · 
. .. ' ' ¡ . . 

This relalionsbip can hé ·u,ed fór óslimating lhe order 
of magniiude of'RQD whcn boricore is 'unavailabiÓ. 

. 1·' ' ,.1 ,,, ' •• ' • ' ' ••• 

(<) Orl•nrarlon ilota. Orleniutlon daln will providc od-
•lilional descriprive dala for a cleniér expression of'rhc · 
form or an anisorropic .irloek srru~.iure ir, prcscn~ i.c.' 
"wrt•ply dipping iliecls, slabs, bed•" 'etc: or:'"vtrrlcafcol
umnar blocks" cte. When'-bloCk'dimensions ate: reaSO'rt
ubly is<>tropic only ihc block; •h•Pi'.· nc~d .be· doscribcd, 
i.c. tubic, rhombohcdral, prismoric, lclralicdral, irrcgu· 
lar, cte. as approprinrc. 
~ •fh ··, ·' ' .•r', ~ .' ,, 

Pre.iéntiJtlon of '"'"''·' ' . . };: . : ' - .,., 
(a) Record rhe modal 

. ')' ·-·-:-..-, 

hllK'Í.: siz~ Jnde:X o.~ aód '· 

:-. 
·'· ) .· 

'1 
., 

... 

b 

·:. 

.d 

values typical for rhe IOJrgcst and smallcsl· bi1Kk ~ilC'"\ 
fór the, domain or domains of intere'\t. (!\_Js,, rCCClf"CI 
the n~tnri:f~;·;oj uu and describe the persi ... lt!tled. .. 

(h) Reco'r_d the e;o/umnric jnint coUnt (..(~J (or-r~~c, 
domain_or:domains of inter~t.. (Aiso record :thc numl!r" 

· Jf.!icts• aru(describC th·~ p~r!istene"e). . ~~-. 
(e) Uescripe thc rock ma" and its "hlockincs( ¡n 

general lerms as: massive,· block y, tabular,· colun.unr. 
crushed or. as appropriatc. . ·. . . · 

,Whcrc possible. block size and shapc should ~~"' be 
communicared.by. mearJS of photographs. and(or .. field 
skelchcs .oflypi~l expos~res (sec Fig, 25)., :.. .. ·. 
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f¡.or}(.tlfllonen K·H .. Onrdemi!I"ICt'R., JiiAall.ei!Jincn H., Niinl H. &. 
V~hti!>ario. P. En¡ineerinll ~eoln1icAI rud. clauiRc;.atlon (in Fin· 

·: ni .. hl. Cioole~hnical Lft.boratory. Rcp.1rt 1.1. Ttc:hnk:.al Re:search 
·:' Cenu~ oC Finhmd, 78 p (1974). 
.1. l'íilmtlrurn A. Characterilin1 lhc dct~rea of jc'inlina ~nd rod 
: mt\1~ ¡,;¡uality (in Norwcpilm) (l~tcrnnl MrpNI, ln¡. A:8. lkrdal. 
·:; Mur~u:i 20. llll Ht~"ik, 0¡1.,_· lb p (1':1151. 
'!1.' 1\llriOII N. · Umupportol tindeifround _openin~. Proc. RtlC'~ 
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11. DRil.L CORE 

St'"P'' . , . ' ' .• 
1<1) Drill core dc•cription is here intended primarily 

ltl pro,·idc information ofl · the disconlinuities. 
·,,, In thc preliminary ,•tagcs of ñcl<l m•pping. dril\ 

'"'" is unlikely lü be av.ailable. Howevcr, the, need. for 
l.lf:lling, 'ari'd the optirrlum location, and orierltations 
'"r lnilcs should be dcscrihcJ, bn~ed on existing inrorma
.cilln concerning th~ li~cly oriCntatio~ of discóíuinulties. 

td lf dril! corc ;,· avaihible it can first be .describcd 
l't) nu:afts of the followin& pararnct~n: wwl r:or,. rccov
trr tR), discontinuily (rer¡u<IICV {F), and rock qua/11)' 
J,:,,.¡IJ'hllion (R()O). H~WevCr, tht:se parameters alonc 
do ilOt .usually pro\'idc sumcient information ror design 
purroscs. · '' : ' 

¡,/) DriH corcs (nnd dril.rholcsl Tcrrcscnt line san'pk~ 
uf 1 he roch. rnass. Structural fcatures ~udt as disconti
nuaty orie•ttuli,all, ·.'ipadng l\nd the nunrhrr of.~C't!i c.anrwt 
r~orm:11\y he <uie4uatcly s&.~mplcd b)' one holc without 
rri(,, ~.nowkd~c or thc oriCntat ion and thc numhcr or 

' . - ' . . 
:u:t~. . . 

(!') l' ~~ rcfull)o· planncd. ai1~ ~:.\CCUtelf con: drillin~ ro1-
lt1Wt'.l hy dl'tai1cc1 corc dc:c;crirt ion anO h~'lle insp('Ction 
c.:nl· rrtwidl' <1flprox.Íraatl" inrnrmati•Hl ;thout m;my of 
1tw 1<.'11' .-.r>~.·cilk rock mass Pali.lmch·r:-. dc'icribcc.J under 
lhc prtxcdillg "suggc~t~d mCthll<ls"' i.c. 1. Orinllothm, 
~. S¡Jllcinq, .'. rrr.•\15tt•ttcr, 4, ~ouglm(·.~·: 5. Wall str<'t~yth. 
lt. ,.)pál~tn·, 7. f'UIInu. R~ S{'I'P(Jfl(', '>. Numhrr 11{ ,c;,·rs. 
lO. Hloc~· si:c. 

:[ !lll i {U/11'111 

, .• (c4) Mt:·as·;·H:ÍIIg.t<~pe of ai~·lcost ~m length., culibratcd 
in mm l¡"¡.,..¡;¡¡ín~. i,r.o'trncH.'r or ~intilar sea le for mcMur
mr;: thc anl:l-ks ~ctwccn thc ~~'lrr. axis and the disC'on
t•nuitics. 

(/1) Mukriolls for wa~hing thc (.'Ore. 
(•IJ .Sut'o•;cquc:n(rncasurclncnts in,.the dri11 .holcs may 

fcquirc lhC' U!'C of llt leas'! t'lnC o( lhC foJiuwing: btlfCltolc 
J'h.:ri~copc, ~nmer'a. TV t'illnCI':-1, water levcl imtit:alnr 
(clcctrical contact l~r~). to~cthct .,~.,.·ith thc a ..... ociatl!d 
'-'ahlc~ a·nd windinr. gc.:in apprnprioitc for tlic len¡1lh ,,f 
h<.,lc ami the equipmcnt ~c~cch•d. 

Prvt'('<iun• 

1,1) ()i~t)' rm;k c.(lrC .. 1\.:l.\11\! in gcnt.·ral re w;r,huJ 
t:k.tn pr'ior to makinn nh~n.,.·,,titm~. HoY.\:wr. thi.;. pw· 
~edure should be nv~idl·•l in th~: ~·ac;,c of fdicd di.:.tnn· 
,tin.uiticS am.J arp,illnúm'~ r,,d.s likdy l•) l'é ''\'ll'ilt!\C 

In wcttins and drying. . , 
, (b} Befóre m:lk.ing dt'l ~i1~·~t (1l.'~cr.\·at ion~ lhc cor c. a~. 
a \vholc should He cx:lf1lin('d IP det~o:rminr thc struci1.ral 

boundarte. l<k<=~,u:n-;1 and ~eological fe:tlur"" to he 
mea•.ured. l'ht: m.MI.ers índicating dcpths uf ge<llosical 
horizons allli óe ,,..., and end of each run should be 
carefully cltC\.i<.a.! ;,, errors. . 
: (d Totnl <•·T>t •on:orer¡·. (R) defin~d as thc summcd 

lcngth of all ¡;:-4..-.,...,. of reeovered cnre cxprcsscd as a 
perccntage <>1' locn,;~h drilled should be mea.•ured and 
recordcd lO :he ~.ucst 2~~ 'jf pos>iblc. When. the core· 
l• highly fr"87""at<d th~ length of sÚch portion• l• esll· 
mated hy 35S<'!:'.SNi':!g thc fni¡¡ment• and estimating the 
lcogth of core tha.t the fragincnl5 appear ,·0 represent: 

Corc r~o'Yt..~ la etUnnally uscd t(l dL-scribe indi\lidual 
corc runs orw~:l)k bc:treholes. nn.J nor specific strucmr~ 
ally dcfincd te,.~ u:tirs. The rcsults obtaíncd in a rock 
mas> of poor. .¡=<i: ~ v.·ill , be M 1 0ngly dependen! o~ 
the drillin~: 04,ui;<ment an•f·on thc skill of the drilling 
crew. Core gr.u.d::.ng: may rcsult in C)I.CC~sive losl con.:. 
Cme that is. -!.L.-nagcd in thi.c:. wa.v should ah .. ay~ be 
rccordcd. 

Tolal f,trtt "t!'t't':tTJ' (R) i~ in á1c fir~t instam·c u~uall} 
oLt:tín>!d Jir~·:.I:- from thc Jrillers log. ;,md is theref¡_,~e 
baseti on la..!: ... iJual lcng~hs or uptake .. Thesc m\lt 
·tenglh~ wilt \'.L:O w..íth the rate of drllling anJ thc quail-
tirics nf lht: r~-....~ drillcd through. ·· 

lnstru~.:tk'ft!'. ~r .... ,u1J alw~y' he g.iwn lo \he J.nl\ing 
crcw so tha·. tb:: dcpth drilled at thc :-.t;1r1 unJ cnd· 
of zon(.~ t.'l ..... ~~-~;.· ~~~s are carcfu\ly lt.:n,rlh:J. The rdC-

, vnnt lcmgli'·~.., !~..":'~ \.\Jil thcn be repkil'cd by wnoden 
blocks with r::¡: .. ip;;~ on hoth cnd~ . 

(J) Frl'l/lH.'."!_., ,J"I dcfmcd as th!.! nurnh~:r ,'lf n<uurrll 
disl'Ontinui:i1.'"' i::tt"r!- x:tin'g a unit kn¡,•,lli 1,f r~.:cvYercd 
corc. slwi1U :-..~ ..,'\.,ur.kd fN ,·:tch mrtr~ ~,f cnr~.:. 

Sincc tL: ,':t-;::ntaii.:'ln orthc.discnnlinuitie~ jc; nP: l'llO· 
salercd at t~:·,-; ~~ . .J!!l!'. iL i~ clcar that diiTcrcnL!y OJ'icn
lated hoiC!> \\.tn u.-.u~11ly prodt11.:e diO'aull results. 

Artificial f~;t.:t·J:- .. .., rcsultin_l.! frmn rough handling or 
from thc J:~·~i~- .; prnccss should be disr~1nt1h.'d nnly 
whcn lhc~ ~o· .. 1t, t"C dcarly di!-itingui<.:hctl frt'Ol nntural 
di-'continui! :.,": .. 

(,•) Rod. ~·.-;,¡:·::: dl·~it/IWiiml tHODl i~ a uH"\t.Jific:ct 
corc reco·\t:r:,t. r~r .. :"l.!Hlagc in whkh <~11 thc picces :or 
!ii<lund corc· .. ,\ ... , \O cm long an.• c':untc\t :!.s iocnvcry. 

·and are c'r•~-..;~,i as a rcn:cnt:lg~ oflhr kii}:!tl• chilled. 
Thr small.:r rk'\.~ rc~ulting. from dn~cr .i~1inting. f:.wlt
inp:. nr w"•;,Uhcrin~ ar<' di~cnuntcd 

U thc L'\ltc i::. t->r,,kcn by handlin¡: •'r b:. th~o· drillin¡! 
procc~~ (1 :. :!' 1:1r '·.,~·tun·" ;1ft.: frc\;1'• .. !··l(olt.!>o ratht:r th1an 
mt_lural ~t~r.:.1 ... ,...,, thc frcsh hrflk~.:n pic~·l'-. '>h!lllld he flt
li.:d~ tngrth'-·r :tih..f t:I..\HU!ctl .a~ O~l' pa~l'~'. )'ro\·ided thC)' 
l{'lrm 1l.l~'t.~·..¡ui..;ite lenp.fh of JO cm. 

M;,t1eri<t! t.ku i..- <1hviou.\l)' wc.:-a\;._cr thow thc ~·urround· 
ing r<.~d. ~udt ~~' ma-<nnsolid;ttt·tl gou!!t' Ío.; di.:;cf¡unted. 
t:\'CI1 .¡r it ~'l'f"'=·"'" as íntact pit:ll'~ th:1t <~re .I01.·m .or 
nwrc in l..:t··~.l~. tThis type n( ,;,ah·lial wiÍl normally 
nnly bt· ,,."·.,·~ ..;n:d '~ hrn usin~ fht• Ú\\1..,1 :uh·ftn~rd dfitl
iní= cquipr~t;,•r'H ;.t\l,l cX~'t~ricn~,.·.;.·tl ,1,. <.::~rdtlll.' .\Upcrvi~ied 
,lrillill!:'; t~'='l"\\~·.; ' 

Thc lt~IH~'h of in(tivitlual U•'.{' pi1.'l'C'~· o,;houltl b..: 
a~.:"l!.'Hi.C:d h~;~n..::. thc .:~ntre ~im: o.i'l h1:· \.:ou:,. Ml th:ti .di5-
CL)n~innittl'" •i1.1t hai1pcn to p:1rúlkl 1h~· ddll:h1•&e wii\ 
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lnlernatinnal Sodct~· for Mock Mechanks 
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J-'ir. ¡t, Eumplc•; or thu:c pclll~it'lle interptC'IBiit~n" or lhe lt'np.lh or core r"jeces,, The ctntre linc lrn¡th is suu~tt'..J ns 
· thC' n105t rcnli•til: mcnMJH:ment and is recommcnd\'d. 

nut unJuly pl:nalilC' tht· IH)O valuc5 of un otherwi!t''-' 
mao;.~ivc rm:k m:1ss. (Se!! Fig. 26). • 

lt is suggcstetl lhat RQD vulm.-s nre dclc:rmi,cd for 
'"riablc ralhcr lhan fixcd lenglhs or core run. Values. 
d mtlividua) bcds, structuraJ.dornains, WC'Rkneli'i zonc:s 
l'tc. should thercfore be logged separately, so as to indi~ 
cate any inherent variability, and provide a .more accu
rulr pic;lurc or lhe localion and widlh uf zoncs wilh 
l•>w or.zcro RQD valuc$. · 

St,pplt•mrntar)' dOta 

Subscquenl to lhc general proccdure ror logging total 
·<nre rrcovery (Rtfrequency (n and rot·k qualitr de.,ig
nntion (RQD), the following supplcmentary proccdures 
ur¡,: suggestcd ror dctermining a.'l much quanlilative 

';'' '\ 

~ .... : .... l:lJL ..... -· .: ~-' ., . -~~-. ., __ t~.::::::.:::::~--~:-·:.::.:-~~ ____ _ 

duta ac; poasiblc concerning the ten raramercr~: 

l. 
2. 
3. ,1 

4. 
~. 

6. 
7. 
8. 
9. 

10. 

Orirntation 
Spacing 
Persistence 
Roughn.,.. 
Wall mength 
Aperlure 
filling 
Seepagc 
Number or 
Block sizc 

A combinati~n or core 1~"1 .lnft hole '.¡"~:·' 
' ', ectiPif 

(borcholc periscope. TV camera) and/or wal<r 1
•
1! 

' etcu th-'1 
tests are suggested for a.sses\.,lg thosc pararn · 
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Suggestcd Mcthod1 fnr the Quantilative Description of ()i .. continuities 

are more or les!· diswrtx.·d in thc re..:ov~red corC
1 

for 
e"ample, aperwrt, Jillino. sá!lil~¡r. 

Orirntatlon 

f.fforls •hould he made tn log thc apparcnt orien
(stinn of discontinuílil!s inler!>CCiing the corc, using o 
protractor to mensure thc acule anglc.1 of intenection 
(11) relalivc lo lhe core axis (±5 ). 11 the relevan! hole 
is vertical, lhe anglts ('10.{1\ will represen! thc true dir 
of the díscontinuitícs. hui without orientated core the 
tHp dirt'l'lirm will remain unknnwn. 

lf two or more non-parallcl drillhole, ht~.ve hl'Cn 
drillcd in a rock ma.'i~ where thcre are recognisable 
n\.trkcrs such os bcddihg or folintion, lhc dip direction 
und dip nf thes.c fratures can be dt!duccd using graphi. 
cal tcchniqucs [1]. 

lf cxistinr. surfacc mapping ha~; nlready indic:ated thc 
,1pproximate oriental ion of ccrtain joinl ~eb, then ..:arc
fully ,oricntatrd drill holcs can be U!icd to 'hcck the 
Micntati¡,)n of these fcatures at dcpth. In thc case of 
;¡¡Úicií)atl~-d vcrtÍI.:•tl and horizontal jointin,ll it is helprul 
10 drill stccpl)' inclincd h1JIC~ f.i.c. 60") in prcfl·rcncc to 
45·. so that thc dilTc1cntly nricnt¡Jtcd ~cts can he flTOg· 

11hcJ during core lo~p.ing hy thcir difTcrcnt core intcr~ 
~cttion anglcs. 

Thc lruc orientatiou of discl)nlinuitit·~ (dip t!ir~(tiun 
&mi díp) ~30 he Obtained frn111 U Sir,gk drill C•'fC if 
oricntation deviccs are cmploycd dnrin~ tlu.~ drilling 
prnL:c:-.s. Severa! mcthoJs are avail:~hlc: · 

(,J) Oricnt.ation of the corc ha!!(:U on th': m..:<l~\Hl'd 

orirntalion in cach run (Craclius mc1hodt. Thi.'i rnctlw:! 
worh wdl if adjat:cnt picc~ (lf l:or>.: ~.:an be m;¡¡,·hr::.l 
Zonl'" of·corc loss and pcrpcndiculariy inlcr~ct.:tcd Ji~ 
conlinuitic.oc; reduce thc c:ITec1Í\'Cn~·s~ t'f thc mcthod 
lth:ally. 

1 ' •.. • 

(h) Orkntation uf the corc by mean~ nf .l hardcncd 
\!('el p.roo\·c !;~o:ribcr and compa~s plwtn de,·i'-·c tChri~~ 
lcn!'cn-Huc~~-cl method). 

(fJ lwt~(JI'of .,amplin~¡ metlwd in. whit:h the corcs that 
are n:cnvcn:d havc r¡~viou~ly hccn rcinforced ~,~,-jth a 
gnnl!l:tl har wlwsc ;¡zimuth is kn0\\0 rrom posiliotling 
mds. Thc t~·inforcing har is co-axially O\'Crrou~~l with 
a larp.cr diamt:tcr roring crown. 

Th~..· l'rh.~ntation of Jiscontinui1it.-:; ldip dircction and 
dip) ran ·.,e ,,htninl•U hy drill hnlc in·.j'Cdion using ~p~..·

cial tdr.; 1·bion cameras. and pcti.,C•.lPC~. TV cameras t'all 
h~.: oricntatrd such ·that a di~l..'ontinuity planc ~hows ;\::; 
a l'ltraight linc on the \RT scrccn. Thc dir dir~..·ctimt 
and f.Íip ,~an he rcadily dct1.:rminrd. C;tnu:nl' havc bccn 
n~d to dcpth:"> of 400 m. ~~~~u~h ~;cucntlly 150mC"tero; 
is scld<.lnl cxcccdCd due in parl to wa1cr prcs~urc proh~ 
lcms. Minimum holc siz~ for thr cameras is gcnerally 
76mm. 

The ~.oreholc rcri~cope can he uscd in ~m:liiCr holcs, 
but due to di5tortion cf tht optica! pnth thc dcpth is 
Hsu¡¡lly limiled to aboul 30m. 

2. Spacing 
. 1n rock with m;,rkcd foli:llioo or hcdding kanm .. -s 

it should be possib:c ro match lhe individu1l core 
piece11 such ihnr rhe actual opacing of ohliquely ínter
sectcd roliation joints. bedding joint!' or othcr regular 
intersecting joint sct:< can he cstimated. Th\! .~pacinf.J (S) 
will depcnd on the length (L) mensured along the core 
nxi, between adjacent natural di9C011Iinuilics of one st.l, 
and thc ucule an~le 111) that lhcse fcalures •ubtend with 
the core u.'is. Thus: 

S=Lsinll 

The anJl.leoc; (O) bctwccn the ~ore a:tis and thc indivi~ 
rlu;ll joillls of a ~iven ser will he inhcrently less rcliable 
than thmt renlnlrd rrom oh~crvation~ or rock exp<'l~ 

Mires due lO tht possihility of joint undulation and 
mug:hncs:;. 

V.'hcn a join1 set i.11o inters~c1cd pcrpcndicHiarly hy 
thc dríll holc. spacing. can obviou~ly he mc;isur!!d dí
rcl.·tly ~incc (Si is equ:1l to IL). 

\\'hc-n the roá h:n no c'lnsi~tenl or dcar marker 
]'caturcs su~.:h ¡1'; Jnliation or bcJding. thc e-;tim;Hion 
of spacin{l fnr ;m y gi"'rn sct of joints wi!l depcnJ on 
thc dc[tn·c lo whit·h thc rore piccc.., ~.:an ~e mall:hcd. 
Zonc~ nr l'Orc loss \\·ill ¡,:Jcarly fru~l!:tlt.' this ohjcdive. 
fi¡\W('\'..;r, iftkjf'Ínts that intt.·r:-\·ct the cnn: ha\ e m<uk~ 
t·dly di!Tcrl'OI cnrc intersl'l.:lion nngk~ (ti) and·or mark· 
nl!y d.!l'crt·nt surfill.C fcalur~ li.c. mincr:~l "oatin[!.S, 
rnt1~.:ln\·:;sl it nuy he possib!c lo estímate thc relevílnt 
:-.p:H:in¡•:; it~ '' <ou!ftúcnt numtx:r nf pla(~'" ah\ng the l'MC 
11.1 m:ttl.' lh.: c-:':rL·isc wdrthwhilc. 

ll·,rdwlc \ ¡cwin).! rlc\'Í(C'S th"t can h~ 1;rh.·nt.:11Cd 
11'\·rt:.nlpc. T\' c.Jmcra) will ckarly inc1C<1'e thl' rehahi· 
Lty ('f sp.n:-in¡• mcasmc!ncnt'!i. 

Unk~s hoks are dril_lcd 1n a \Cf)' clo"c!Y.·'Paced pat
lcrn. a\ may he thc ca~c for 0pcrations 5(tCh J~ ¡;rout 
nutain inji.'Cllnn. it \\-'ill usually O\lf bt• roo;~ihlc tn a:;.st.'\S 
thc rr•ni.\lt'lld' !mm dril! CNC !.lf dril! hn\c ohcrv;¡tÍnn·; 

lf d<,sc\y \p:ll.'l.'(t hoks ·are avaiJ;¡bic. \t.'ry c:ncful cor· 

rclation of ~.li.~~o:nntinuitics will he rcquirc:d hdnrc an.~· 

rcliahlc conclusion:-; ca .• bl· drawn conccrning thc pcr
si-aencc ol a.~ivcn discontinuity or sct. 

4. Rol,phnt."'·' 
Gro'\S rc~hm:s or di~rnntinuity wall rnug:hncs~ am.l 

rNft:"pon<ling fui! .scrtlc shcar !iln.:ngth cannnt 
olwiou!>ly be ¡\.~!-;....,5t.'U by mcan.o.; of dritl C{lf~ aktne. 
Howc,·cr, it is U"'tally poo;sihle to a.~sign lo a surfacc 
~nmc th::!!rcc t1f ,nl1111rlri1 r (rlwwr, ,·urn•tl. irrt•r¡ufur) ami 
.•wn.lt: dl..'!!fí'~.: of .\11/IWIII~l'.~J (.dil'k. snwoth. muglll. This 
suggL"'tct.l rrocrdurc is hroadly consisten! with thc 
roughn~s dc:~cri.~tion shown in Fig. 17, but with 
t.timcnsioru. re•1ucxd to thc scalc of cCntimeters and mil .. 
lirnctel".,; rcspccli·,·ely. 

Drill holl! in\pection with pcri:">co~ or TV t.:ameras 
w11l nol penerally provide an improved · picture of 
f(lughn~s unl·~s ti.~ roc_k typc is so weak andfor th~ 
drillintt ~l' potlrl~ rerformcd thilt ~rinding or the core 
pi.~cc~ has l'C'-·urred . 

-----·-------------·---------~------------------- --- \! 
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lnternational Snril:ty fN Rm:~ M~~o:hanh.'' 4 ·8 
S. Wall ·'''''"Y''' 7. Fif111111 

Thc im.lividual suggcslctt mrthotls (or dc'\crihing wall Unk·~;, rhc i~llc.:g.i<'l snmpling. 1_ncthod or bl!~t q 11 .,hl\ 
stretl{ltlr ((a) weathcring graUc·t\f rock mas~. (b) wcath- drilling. eqt!ipm~nt is us~,;tl (i.c. douhlc or triple 1,11

,·. 

ering graüc of rock material, (l'") manuul index t.:st~. eMe hurrcls, !'lrlit 1nner IUhcs, nnd controlkd·(hz .. ttir ..... 1 
(d) Schmidt hammer t~O can ai'\O be applicd to the t!u: "Softer lilli_'lg materíals aro.; unlikdy tu ,be n:1,;o"cr;,, 
dcscription of drill core. · in ~ignili~ant amnunts. Possihly only traces nr ~.:J..·.· 

Sini:e the drill cort. rrovidc:s n rcad\'·madc linc mint~J:.al' will be visihl_c on thc dis~.:ontinuity wall· . .,.,r., . 
. s~rnplc or thc 'l-ock mass, ~ucll rcatur~-s .;~ the <.lcpth . ph:d by 1\Hl\'l'ntinnal dril! corc. B\\fh lra~c:r;: anJ l:tt '·' 

ür pcnetration or wcathcring into th~: diS~,-,,ntii.IUily amnuph;t.'f rc~.:overcd falling ~houl<.l h..: dcscribcd o¡~\" 
walls can he Jirculy nhscrvcd ami du.::rcfore dc~;..:rihcd widÍit mincralog.y and _ strcngth. Tbc. intcrpr(' 1 ~ 1 ;~~ 
quite ac(:urately. Furthcrmorc thc dnll C1\H' pro~·tt.k~ naturc nf tht·sc dc"niptiPn<; should h¡,: madc clcar. 
rcady-madc sani'plcs for metha'nical tc~ting (i.r.. Sch.midt WhL·re tt)tal fflt'f rcco1 n-_1 is les~ than 100'.\, ~u11 f 11 
hammer h:sting ,,r rigidly rlampé'd corr. rkce~ f0r ttcs- 1s ~u~pcctcd that !'i)_~nilkant amounts or ftllin~ or "~.Jth
cribing 1nd/ -""'''!llh nr poiOt lond tcs(ing al~Hl'iS lhl· 'rrct~ material hól.:; h~en lost in thc drilhng prt~"t"""o' 
CPrc diamctcr for dcs\.:ribing nwtt·rial.\t"'"~t'hl- Franklin t&tlcmpts sh\)uld hr madc h.' as~css thc thid:nC"o\. 11""·4. 
("1 11/, 1:~) strnngly ~\<h·o~:&IC ll'l!}!.Íng th\! 'point h·1ad IÍoTl an<l Llrient:.fi(lfl or !he ,\U'\pt=..:tcd hJicú :~nnc,_ 1 'w 
str.:ngtl1 indt!x. U.J simulta'nt.:OU\Iy with tt(;ovcry tlf thc drillcrs lng tlc">l'ribing the ratc of advancc and '4.ilc:-1 

corc rrom !he cure harft.·l .. : . lo~s. typ:: tlf t.'"lltlings and colour ()r nu ... hing nuicJ. n.au 
Whén a~;sc~sinp. wall strcngth,· C:ue shouht he Llken he invttluublc IH:!~'. . 

lo chcd. ir thc rdcvunt corc _picccs tit to~cthcr. Lnck Tht~ u.1t·crl<~intic:, !-l~rrounding.thc: pílramctcr }1l/r,-,.,¡, 
of lit 'r\lay indicatc )ost fjJiing lllli:.crial. s!H:~r displnn.> llll-1 ir_, e>:trcmc irnporta!K'C v.:hcrc dcft~rm:IIÍon. r.Ld··r· 
mc'nt, ~lr parlial g1i11ding il\~ay or strnngly w..:athcred lit) a_nd WatCr "ccragl'" me conccrncd. suongly j•~'tlf) 
walls quring the drilling proccs~. v t+tc u ....... or spcei;1l r~~;PH"ry tct·hniqucs ¡¡nd tlu.- uv; ,,f 

horcho!C viL:-wint!'iet.:hniques. 

6.· A¡wrtur1• 

_Thc apcrture nr disCOritinuitic~ intcrsectL~d by drill 
'holc!>- can only h-e gucssca ·unlcs~ thc~inlégral ~ampling 
mL·thod i'i uscd. Jr thc cnrc pie~.·c..; 'on cilhN sidc tlr 

a disL·On'inuiry.can he fiueU to~cthcr by·hand !'O that 
no \'Ísihlc void spaccs renwin, il is likcly th:ll tl1c dis· 
C.:tlllliiHzity. b a fi!lllt (C<Iture in .'i/IU (i.c. very tight 
<0.1 mm. or ti!JIH O.J.Q.:l mm). l·low~vl!r il is IWI ccr~ 

tai11 !h;Ú lhC rcature ÍS tiyht. ir t'OUid abo he "gapp~.:d" 
i11 .\itu (i.c. modcratdy wiJc 05-2.5 mm. or witlc 
25 .. 10mm. etc.) Alignment of thc walls of the,rcl..:vant 
con: picc~:' should he chcckcd in lhis rc:-.pcct. 

lf r·,vo pi~.·ccs nr :.1dja..:cnt Cnrc..• cannnl he marcd ti~htly 
m:r~··;s a di~rontinuity nm.l ir vnids ·are vi-.ible. the ter m 
Of-'i'". ~·an he ·usCd in de~cril:1ing q,c discontinuitic~. It 
is reL·ogni~ctJ thut what ¡1ppcnrs to be an opcn or rar
tl~dly '1pi!n discontiuuity in thL! drill cure :H:Iu:-tlly may 
havc hccn tight ;,, sitrl. ir snOcr filling materials havc 
not ·hc~.·n rectwl·rcd. or if somc wcar or weathL!rctl 
nwtt~rial hilS oc~:urrcl1 durin!l thc _drilling ppuraliun. 

Dri11 hole inspct.:tion using TV cameras or pcrisc.:npcs 
should he -.ucccs~rul in di.~linguishing -, bctwecn thc 
ahu\C.tiylu nnd orcu.cuh:gOrics, allhough. it is unlikcly 
!ha! thc npcrtur~s of thc lincr;t joints cun be m~.:a~urcd. 
iu.:curately. From the point or vicw of scCpage potential 
thc Opcn discontinuitics are most ímpo;rtant, s~ this 
limitnlion should nol be importan! where hi~hlY. per· 
m~abte rock mas~es ·are concerned. Methods are Avail~ 
ah· for estimating thc theoretical smooth wall apcr· 
.tures nr water ~nducting .dbcontinuities b'y stati~tical 
analysis of water injcction tests [3). However. lhc real 
apcrtures may be severa~ time:¡; the theoreti~l ~mooth 
wall aperturea due to wall roughness and tortuosity 
.:fTCCI$. 

H. St•t'pllfll' 

()t'l,crvation~ or dri\1 t·orc rTI~}' prnvúk indircc..·t C'r·i· 
dcncc or watt:r s~cpage lcvd!'. kctldJsh-brown in'n 

'(Fe' 1 J staining usnally indit:atcs th~ zonc ~,f rod m:a:• 
that lics abovc thc mean grounl1 water 1~\·ct. (hu!ali• 1 f1 

in tJisconlinuity walls lying hcncalh.th~ ff~)und u..s:c1 

l~vcl mHy also oo.:ur. but at a gn·atly rt·dan•d 11Hr 
Frcqucntly·the strun~·t:~l iron staining is fouml in H:.-
1tli1C wherc thc ~round water lcvt.:l n_Hnrnonly_ flu~· · 
tuatcs. , .. 

Drill hules obviously pro vide thc mcans or t.:hl·d.wg 
ground water l!!vels dircct1y u~ing sin-:.ple ba11..:1) n~"f· 
:ttc-ú ch:..:trkal contact dcviccs whkh <11 e lowcrt.•J UH'-' 
lhc lwlcs. Addition~l inrormation on standing ,.,_,..l("f 
'lcvdo; shollld b·:: ohtained frnnl the drillcro;. lo!_! f0t c;n.h 
drill tlolc: Drill hole walls can be surveycd ror Sl.."t{'.tt'·: 

hori1.ons using pcrisc0pcs and ·rv cameras. 
· Te<ting pcrformcd in drill holcs (i.e. falling hc:~J ''"''" 
Lugcon packcr tests. traccr tests. piczomctcr ma.:wnu•:· 
tnCOt!-1 ror CSIÍUlilling fiKk Oli.l~" pcrmcabifity, <tl_ht IM 
estimati~g the hydraulic t.:onductivity of ír.di\ idua1 ti•~ · 

· · · r ¡· ,. · · · [orlO'\ 11\C ~ut--corHinulhes and scts o ' 1s¡;on IOUitJes. · · · 
. od Th 1>''~ 111 . jcct ora separate ISRM su!!gr..-stcd mct~ . e '[,'" · 

and prl!scntation t~f anY availablc Lugcon valuC' _ti'' -M 
' . . . O\'COIC.'t'l11' ímporta::t supplcmcntary <.lata, whtch c~n co · 

he prc~rntcd as a J0g. parallel 'v.·ith that for t••tol rN'Y:" 

rtcot:t'f:.\',.frtqur"t.v and RQD, etc. 

9. Numb,•r nf ,\f!l.'i 
bl rn,m drill Thc amount of ínformation obtama e J 

corc añd drill hole obscrvation "111 obvrous_IY _o.:rco 
1 · e:ustlnl! ~c-h .• on the orientation of the holes rc atlve to · . h lf 

and on their tcngth relative lo thc joinl spacm¡:~ 
. d · d. ated thc ·'1'" cxisting ~urfa\:e mappmg has airea Y m 1c_ hcn 

. . . ,. . d"scont•·nully seis. t prmomute ~)nentatJOn o t:ena•n 1 • 
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carefully orientatcd hole• can be uoed lo chcék the 
numhcr ol seis al depth. Drill core omervation will 
he easier il holes are drilléd lo intersect the dilferent 
sets al recognisably different anglcs. Usuully al leasl 
t.wo non-parallel holcs will be required. 
· Tho number or aeu obs~rvcd at the surlace is likely 

111 be more than lhe numbcr observcd al de¡rtiL Com
parison of ~urface observotions with llJDOCI excavations 
suggcsts that this is nol just· due lo the limitnlions or 
drill hole sampling. · 

·10. B/nrk" .<i:e 
. The tcrm hlork size is a composite description o( 

the rock· mass which is influenced by .<padng, number 
,\( ,\l't.'i; p_ersi:•tence and oriental ion. A log of block ~tile 
rroduccd from observationS of rock core can clePrly 
only givc an approximaló: picture or lhe true block sizc. 
. . A rapid method or estimating the approximate block 
· si1.c lrom drill core is lo select by eye several lypical 
pieccs or core and lukc their average diincnsions 
( ± 1 0%). E~ch rock unil or dom.nin m ay be assesscd 
in this way. H the rélevant hole is orienlatcd such lhal 
all sets prcsenl are inlersected (i.e. a diagonal hole in · 
thc case ol a cubic joinl systcm) then thcse average 
core picces will roughly represen! the block si:.• ind.·x 
(1,) dcfinrd under the relevan! sugg.,led m;thod. A 
dcpth.log showing the varialion or lhis inde• can he 

. a very useful supplem~nt to diil~ core dcscripti<'"· 

Not,'.'i 

(a) Whcm l!Stirnutingfrequt'nr.l' or RQO from llrillcorc 
it is ·ncccssnry to díscount Cresh artitirial bre:ih (frac~ 
turcs) ctCarly cau5ed by the drilling prnccss. and abt' 
thosc madc delibcratl!l}' whcn f11ting corc iulo thc .:.:nrc 
boxes. Thc followil)g critcria are suggcstcd: 

(i) A rough hrittle surface with lrcsh clcavagc piunes 
in individual rock mincrals indicntes on artificial 
fracture. 

tii) A gcncrally smooth or somcw~:_l~ wcathei'cd sur
lace witli son coating or infilling materials such 
as to1lc. gypsum, chhlritc. mica or calcite obviously_ 
indicates n natural discontinuity. 

{iii) In rocks showing foliation, cleavage or bedding il 
may be difficult to distinguish betWecn nahtral dis-· 
CIHIIinuitics ond <.trtificial fra<.:turcs whcn thesc are 
p;tra!tel with the incipicnl wcaknoss planes. 11 drill
ing has bccn cnrried out 'c:trefully lhcn the qucs
tionable breaks should be counted as natur.11 fea
tures. to be on lhe con~crvafive sidc. 

lh 1 Dcpcnding ~pon lhe urilling equipment part ol thc 
Jcnnth ol coro· bcing drilled mny o<·c.-ionally 
rolutc with the inner barreis in MJch a way that 
gw1ding Of the sur faces of t.tiscontinuirics and frac
tures occurs. In wcak ro~k typc..~ jt may he vcry 
difficultto decide il the '"""lling roundcd surlacr< 
rcpresent natural or nrtifkial (entures. Whcn m 
dclllht the conservativ<~ a.~~umption should ~ 
madc. i.e. a.f.sume.lhnt they are nalurul. 

(v) 1t may be usclultu k<rp a 'cparale record ol the 
fn:qucncy or artifi<i:.l lraclurcs ¡an.J asllOCi:lled 

lower RQD) lor asscssing the possible :nfluence 
,or blasting on thc weaker sedimcntary and lolialcd · 

. or schistn~e metamorphic rocks. 
IM The dcgrce of lracturing ol the core during the 

drilling procns may be par11y a lunction ol core dia· 
meter in lhe weak.er rock typei. Since sorne artificial 
fracturing is vcry difficult to distinguish from natural 
disconlinuities (e.g. in the case or weak fissile, cleavcd, 
or folioted rock) it is prelerahle that the core is not 
Jess than NS diameter (55 mm) wherc rock strenglh is 
in question. Use of smallcr corc diameters (i.c. 32 or 
42 mm) puts an increasing responsibility on lhe drilling 
cTew lor the- rcsulls obtained. A melhod ol correcting 
RQD to the standard NX· size has been supgestcd by 
llcuzé (4). 

(L') Sc>eral possible inter"pretations• or the lcnglh or 
corc: pie~es are possible i.c. tip to tip (maximum) length • 
centre llne lcn@:lh or fu!ly circular Jcngth. These are 
íllu~traled in Fig. 26. Tip lo .lip measurement involvcs 
doublc-counting íll C<Kh cnd 6f a corc piecc. whiJe full)' 

'· circu_lm measurcmcnt ignores core pieces that happen 
lo ·ha ve been Jrilled "·ith a small subtended angle to 
~me disContinuily in olhcrwi~e ma~~ive rod. Centre line 
mca.surcmtnl is thcrcfMc .~trnngly rccummcndcú. 

(d) Thc r<'ults ol core logging (lrcqucncy and RQD) 
can h(.· strongly time dcpcndent and moist u re contcnt 
dcpl~ndcnl in fhc case of ccrtain varietics of shalcs and 
Ollldstonc~ having reJativcly' wcak ly dcvclopcd diagt'He· 
tic bonds. A nol inrrcqucnt prohh:m is '"disdng ... i11 
whid1 an initially intacl C{lfC SeparóiiC'> intn digcs on 
incipi~nt planes, thc procrss bccoming noticcahlc pcr· 
hup" within minut~ of corc rccovcry. Thc phcnnmcna 
~re cxrcricnccd in severa! diffcrcnt fonns: 

(i) Strcs:o: rclid cracking (and swclling) by thc inilially 
rnpid reh:otsc nf strain cnergy in cores rccotOcred 
from nrea~ of high stress. cspccially in_ the case 
or 'hnly rocks. 

lii) dchydrali<'n cracking c.pcricnced in the \\caka 
mudstoilts and ~hales which may reduce RQD 
rrom 100'\ lo o~~ in a matter of minutes, the initi?! 
intc{!rity possibly being duc lo ncgative pore prcs
surc. 

(iii) slaking cracking cxpcricnccd by sorne of thc 
,-..·eakcr mudstones and shalc:s whcn subjcctcd to 
wcttin~. 

· AJI lhese phcnomena makC' core logging of ,frt'qrH'ncr 
and RQD unrcliablc. Whcncvcr such co1uliti0n" are 
anticirarcd con.· shoul¿ be logr,Cd. by an cnginct·ring 
gcolo!!ist as it ís rccovercd and· at subscqucnt" intervals 
until the pheñomenon is prcdiCtable. An addcd advan-· 
tagc is thnt the ~ngineering gcologist can perrorm 
m:chanicnl indcx tests such as the point lt1ad or 
Schmidt hammer tc~t. whilc the ~ore is still in a satu
rated stalc. 

(e) In ccrlain cases it may be helpful lo log thc sn/id 
cor~ rtcortr.r in adc':lion lO the totcJI cnre rerorer.r (R) 
dctiocd earlicr. The !.n/id cnre rrrorery includcs as re
covc~y tmly thn~c pieces of core lhat ha ve íl complet~ 
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circumfercnce. 'ffltul and solitl co:-c rccovcry will only 
bo equivalcnl when no rrap.nlcntal material is rccovered. 
i.c. ll(hcn lhe rock is mw"ivc, or whcn loss o[ samplc 
is rcrrcsented wholly by material carried away in the 
ftusbing systcm . 

. 1/1 Colour photographs pro,·idc a uscful and con
venient mcthod of rccortling tho appcarance of cor"' 
and are of considerable value as n p.:rmancnt record 
and meáns of rapid rclercncc. Tbe photngraph of cach 
core box shculd incorporatc a suitabl~ metric sc·ale 
along thc entirc len¡th ol thc box. Zoncs of coro loss 
should b< replaccd by wooden blocks with h:giblc 
dcpth markings. Wcuing of lhc coro bcfore photogro
phy produces excellent contras! hct wccn diiTercnt rock 
lypcs and any lorm or mineralogical bundiag. liut does 
not help in the observation o( di~continui1iC!, due to 
lhe general durkening that occurs wilh welling .. 
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, •!11\'-"':".'·,_!_•u '·'1'1'1 •J!llll¡uH.l\!P -:>¡t. l'uu .• 1~,,.) ''1 u a 
~S

1
!'f u o, "<t!pri,Jc.l •.:ti u! J:>~ ·u.•f·.~ii,:i ~••h ~•'.JoC>J se¡ 

~J' ~I.L'!III;">.till <¡:;'IJ"'f':l!•IO¡tJ St'j \I:~OJ.l•Ul'W IJPS 
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F"4 IU R«>tpc-ni:Ñ,Iin ,.,,,.¡ e flldlat de c:al!d-.1 de la 

·~ 
c~ost~lica. En !a fic J u' R" p;~la un d!agra
F.l.l ¿e ,-.lri.Jci.jn :!d ,ofurncn de la tnu-:~!ra en 
función dr l:a pr~ti>ll .. pJiuJa •. Pol•-• ,,,·des 
~dncidoJ de •. bs fi1ouras se ~n P''''~t.-1h"3-
rnrnh.' h;•\t:t akanur .. d punto A. 1...a n.-cta AD 
Uf'f~'>\.'nl.1 d COI!lJ'Orl:tmÍt:lll'..l Ó~ ~ Tn3tli.t: 110 

fho1 .!~.l. En la nu::.m:. cr . .alica~sc presenta la for· 
bla •k \alu.-r .,.__ , 

l.:~ porv\i~.uJ de fi~ur.adUn r'>t.i Jir~o-..:t~mc-nte 
lir:~J,~ con· l.a r..:\i-.t.·n~·i:a a la conlp~t·-.¡,·,n sin1plc 
de la ruo:a '! •' uto•lulu ¿. Jdt.~rm;•!.ii•JaJ ini..:ial 
tan:;.:nl.: Ui~ 11.1). T .. m!,kn ..e h.J C'>t;~bk-cido 
Un.l íOrr.:IJáOn c'¡h·nm,·nt .. ! {'r;:rc fa vcl.xidJJ 
<!.:la\ onJn.lon¡,!iluJin.:~l.·s y lr.:ln!>Vt'ri;lks y la 
pofu~id:u.l dc·f,.,ul.l~it"ou (~l·orlla, I%'J). 

En int:t:ni~·ria s.c h.¡ Jdinidu ( n .... ,,.,c, 1%.1) 
un it•t!i, .. • di.· ..:J.!iJaJ U.: f,, IHI.'.l. H.()IJ. ll::l!kulo 
Jr.,lir(o'l~ontC'flh! (U .·1 fUrtll~·rc1 1f•· ÍI.II'IIU.l; oh

S.:fiJd;l\ ~o:n itn Col:lt••ll~'\ r\10\"L'Itlnll~·\ J.; Un 
fn\ll'\11<'0. En lu;'M 'tic •lr•~·lll•lll·•r d nUmo,:ro 
d.: fr;o,!Uf.IS. J..: l.1s. IUu,·~ll,t\, !oC (lHIH'<h.' ;\ \'a• 
lor.Jr el co.:i~·rÚL' J .. • J,, l·•r•rimJ •11•~· ruul1:. rlc 
Sl'nl:•r Unk.lnlt'l!lc ¡,,s. 11"'"~ J,· H.t·a "';'}'Uit.'ló 

d~ 10 .-m {lt~ JI -'l y 1,. lvn¡;•luJ ~h:: ;n;uu,;.; del 
sund,·~•. l.a ''";' ~\· d;nili~·-' tk· :.rucJtl" n111 Ju, 
1altllt'" .Id IUJIJ (¡,,¡,¡,, 11.1) 

J·,ll· ••u!.r .. · .. ,. utili1.1 p.11:1 ,.,,_,t.l,·,~r .umpari'l• 
ci111u', ~o·uTrc !1111<;.,11,1\ pllol·,•¡¡j,·uk' ,¡,: ¡li\·\'1\LIS 
Smhf,·," U Lllti.l-. ck 1111 )ÍIIII ,•,uuli;IIIO. 

1UJD. 
... ,. ... ~.d•i• 

·(l.n -,..,. 
"'" '"' ''""' 

Ctt/Wod 

1.1 .... pobre ...... 
""~~!:tk 
Bu••~ 
Eau~:>te. 

'Contenit!o· c!e.ag:u.. Al aumcnt:.r'el contenido 
de 81;'..1.1. d~· una· mu~str:t de roe :a • .Ji,minuye su 
~Si!tenci:t a l.:r. co~prtsión 11imple.• Di.cha rr:duc· 
dón de rco;htc:ncl:!. pucd<:: ser nulori~. !·~ sea por 
b dio;tnínudOn d.:·los e:-lnyrlos d.;cli'd>S o J'Of 
eft:eto de cambios c~lluctuc>k\, p.lrticu!.J.rmcnte 
m aquellOs.· O.J.tt:rí;ih.~ 'lio:~r-.mCnl~· C<'O:I':'Itadus 
y que no h.1n ~q.,~lo ~on•~·~;_;,,;: prcl.iamcnte a 
&<Hur.tl·i·~n. En cierta~ tol'<no; muc\ln::~<Jas cu el 
1hio ¿c !¡'¡ preo;a S.ln1~ R<l53, hl., !:1: ~atnra.:ión 
prcxluje< 'mu d< .. miuuc:i•in de 1, rc\i~IL'nci3 3 la. 
ctomp•üi•in ,in•pk tic 210 ~ 30 1.~/crr:~ L'n con· 
dh:io!l~"'; nu drL'nJtbs (ln•tilulo •k ln¡;.:ni.::[3, 
1%5). M:h :on:urill n el l:a'" m~·ncion:..Ju por 
C<Jib:tl·k y ~Yiirt f I'J6:'i}.- Al \'ari:.r d ,·outcnitlo 

· dt: ao:1• .. J.· un,;¡ c_u.H•'Ít:.. d~· 0./Jit:i ól O.O'J pur t:;L'n• 
to. p:.~~:..mlo dd L"\t;,Jo s-."tn al S-1!\H-.JJo, IJ. r ... sis
tcnci.l a b COIII(ltc,iUn simph: \·ariU de t 9t'O :a 
9ru !.r:'.:n•~ { fi¡; 11.5 ). 

l.:lJ•IL:-:.t:ll..:i:. de ao•a cn·l.ti fisuras d<.' IJ.'> ro
ca~ prun ... :~ 1;:, n·ducdón de 13 ~nc•·¡:i.1 sup,•rfi
cial 0.: .JoUS. min.;ralc~. u :.ca. 13 cohl"Sión d.; t~ 

lt..•n'ac.:~• 

• 1000 
., ·-• r· -··: ~ ...... ,,o.~ 
~ 

r"-. •Pfok'- UtllfKI) 

. ... 

o o OOl> 0@ O.OIS ,.., 
w. tn II*Ctat•lt 

1'\¡ IIJ Jh_f,,.·lól\ •·nu~· JI\ ,.,.,¡,¡,·u.·J,, JI l:t ''""l'r¡:,/ul\ 
¡.ÍIHJ>hl, 11 .. )' ,., \UIIII'IIÍtlo !fl• ;1¡~\l;t, 11', tf\' 111\:.1 
(IL1rdt~ (Colh~k )' Wii,!. J')l;,~) 

( 
\ 

l. 
¡ .. 

! 

1 
!· 
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~.:OCa c!is.mlñuye ~r l:i simpfe prcser:ttl• d~ •!1!* 
~ )o!i. poros: en con~ccuc:ncia, a! s:~turar!oe .'"' 
muestra. su ddorm:~.biliJ:~d .:wmcnt~ y su tcSI5-
tenci~ lll:t comprc!.ion s.impk di~minuye (Buo:er 
el 4/ •. 1961). As.imismo, las.l~d~r:1~ tld c:n1h::1h.e 
M' un:1 Pr~a. "' s..;:~tUr.lne. p:..~ctkn ~u!rir un:~ 
f'l:du.::cit.n drohtic.l de su rcsi~t~:nci3 al corl:~nt.::, 
por Jo J.¡t:C pu,_-ü~·n f.'l'no:•arsc mt.dmkntos nota· 
blc~ de b m::t.<w. cU<o~a. y aun. (atlas. (,h; t:alud. 

Altoccidn y altaahilidad. L<~Jo roo::·~· al ser 
som.:tíJas ;¡ la acdñn a¡;n:~h·a dd arnhrcnrc, su. 
!non moJili.-aciu••., ... en ~u-cs.tn..:tura. )' cumf>O
slciün min.:ralngi~-:~. u. en ottlos h'• m in u~. s.c altc
nn. (n re!3CiUn con t:\IC knVHicno, \C eHu.!ran 
dM carartcristkao; eJe !a ro-::a: Sol' ól!tt'f,oció:l )'~u 
8her;.l>illd.ld. El {:t.ldo de ;~1tcr .... ciún d~· Uf'lo """ 

n un p.u:hn.:tro ·con d ¡;:uc !.C tr.~ta Jc_ <··~i,ir 
el C\tado pr..:~.:•:tL' d ... b ro.-~: 1;. ;~lll.:r;.h,!<,Ld 
es U. c;,pacid.tJ Jc una ru.::a f"'~"il_ .lhn:ns.: ~n el 
futtl!il, baio l.ls c~:.dicior:cs. .:lml.nnuak·-. rcuun
le~ en el ~il io. . 

Cu.,ndo se al! era una roca :..umcnla ,u- poro;,,. 
d.•d. 1.: .... dn~ifkaciu~.:s de la\ m¡~cura'> p10\'C· 

11 ~,,. 11 ,,·~ .!.· u.u hu u.;u.:iUn .rv..u..,a <..ula •• ldu¡•l.Jn· 
du .-o;nu c:iterfnS el ¡•;,,dv .le ;.,lto:r.•ci•'•n o la 
porosiJaJ·li~·r.in. por¡,,.,: ... iolhHit.". ~;¡,t c:Jtb:'l"· 
go, r.:sult:l ,kl:c:.do tk•~·¡¡,¡m ... r cu ¡,,,,~1;.;, ptt:CJ'>8 
b roro:.id.1J Jc un:a roo.:a: Por c .. ta 1 ~1·1~: tonl,,n· 
do rn cu.-nt;J. !;J. e'l.i"l·n~·i<l de una rcl.;t('l<•t• ~nlrc 
es.ti ¡¡::Jrnitud y d pt·~o Jc acua ;¡h~orl>icla rur 
la mU<:stra prt'\'i::um:nl<.: 5L'.::..J:t, al sur.oc~g~rl~ 
(h:f)'U¡nc y JudJ, 1957) sc h::~ v¡>L.I~~ (l!arnrt.;, 
1962) por ddinir d gr;~.do Ce :..ltc•acJon como 

d.undc: 

., 
P1 - P, 

1 por ciento=---)( 100 ( 11.1) 
p, 

P, ~so .!e b muestra al finalizar 18 prueba 
de 8Lson. iün 

Pi pt.'SO de la muestra sC"Cada en horno a lOS•C 

La prueba de nbsorctón s.c rc<tli.us manteniendo 
la mucstr:t s.um~·r;;id:t en a¡;ua duranlc \In la¡JSO 
cons.t:mtc d~· hora )' Oll·di:t. 

F.l l:ra,lo 11..: alt.-r:•nVn se rcl:oriun:. con la file· 
sish·nci:t y tldoflu,thiliJ.lJ ,!e la flX.l: 3 ma)·or 
¡r:~dn d.! altt·raci•'•n. m~n•.Jr. !L'~i.~l('nci.a y 010\
yur tkfonn;thiliobcl tkl lllllll'~ t.tl .. 1 am¡,·,·n el d~o·C· 
to ck ,.,.-.11:t {inci'n 11.1.11 ,¡,\nunuyt• Al crcc-~'r d 
erad•) ,¡_. ;~h.:•.•ciOn. E'to ¡,,;pli~:· tpt~ ht ;tl~t·t:t· 
ciVn :•1 :nun~·n!:u·. up:1ca d t.u~•tkr ''"t:n<lllllllo 
dl!-1; m.Hiil ,,,..,.,a y qtll!. p.tra ,.,,Ion·-. fl:llllkS 
del ilidicc ·J.; o•hrl':t•·io'm, d rotll:'l<•l i:HnicnlrJ tlc 
1.1 n•t'.l li,·wk ;,¡ tl~· 1111 ,11.-fu en •111<! d dt'cto 
d,· ,.,t'.d.t l'\ ¡,:.tu, tdo. 

Al •'~'"'lr.tr b alh'lahi!i•\.t,\ tic uua tocan -liC· 
(l');oriu '"''' :ty;•l ""''\',l!llt'l\1\' )., llllptdl.lllri.l tlL' 

( 

Su m1crofl\unct6n:.O..• hecho, las di-;contlnuida
des de 13 rr~Hi'- roco'>a juer:~n un p:tpcl fund~ 
mental en 'd pr~o de 1:1hcr~ciUn; la~ fisuras 

3bicrta' rcrmitt·n d ac,o,:S.Q Jd acu~ bOJc•:r. 1:~ m:a
tril rocu'ia, ;¡¡~ua que ::k'IÚ:I cntmKl'!l .,.,r.rc ::nL':ZS 
Jmpo1 tantc'fo d .. · Jus minctalcs. S_in f¡,ur?'~· !;,, al· 
tcradOn de b ma .. a rv..:oo;a ".e:•~ pr~~ot~<:..rn~·:'l_to! 
nula; ~in cmi• .... !¡;O, r~·~ult:l JdKJI \a.ur:~r 1~ m· 
flu~:ncia de: b hwr;.l(!lin :.oh re. l:a .'1\~lT.lbl/~~d 
de un.l roc:a. pu~'i ~u unpurtanrl.:l ~'>1:1 COJ•l·~~.lo

nada por. otro l.lctor: l.1 allc.':~'·•lt:l,.,~ '-''P:"'~'."' 
do!¡., ... mtn..:r:sk, en l.n l,nJ•~•••flt\ ;¡ol)h!U"ila.cs 
dd o;itlo, o s-..·a tl11C l:s al!n:..hil•d<Jd Je unl.,~~a 
eo; con,ctUt"nd:l de la li•.ur..-.il)n y la altl·tahJtJ<.:ad 
cspu.:i!.c.-. d·: iU~ min~·1:.ks. .. , . 

S~· t;:& tt)mj)lfJJ,;¡Jo l'lJ•t'rinu:nla!ru.:ule <.t<IC bJ 
cirrubli•'•n d~: :.t;u"' l·n la"i roC.l'> ~on•p,ottoa ,-~ 

po~ihk ~olo a f>olT'lir d~· u~ \;!olor c:k b ¡>~·nn~.l· 
hiiiJ.,d al aire i¡.:u.1l ;¡ 10·· t·m/M'b, apro.umaua
lfl'r'nl:= (fi:ltli'lrl y Th,·uo•. IIJt>_S). 0.: ;,_.u~:td•o lO:' 
e~tc c:ilt'ti"· 'lu~ rdkj.l l.l wfluci•Ua de 1>~ h· 
s.ur;oó~<t• .~e ¡,, H.C3 ~C"n \U a!tcr.11•i:id::d. c.e puC'
dc:n di•.tin¡:mt dus. ¡-r..tn.d~·\ !;wu!i:.~ d.: rto~a). la 
prirno:ri1 111wJ., lnu:¡;roul.• ¡m~ \;.~ ntuy C'Cilrlp.lC· 
t~s. rn ¡,,, qu•• el .lpt.l no o,:¡trub y, p!.r tanto, 
sor¡ in.1fl·:1:..!o:c• '''.1 cu:.l IIJfl<: \:1 i1lh·t:..hil!d.ld 
e:.t ... dli•::o de '-"' lllÍI.t't.lk' •. l.a-. rw.:n .Je ¡, \e· 
runU.l f;.wili.1 ~on fK'TOh.:ahlc\ al ;.¡-ua y p<or lanlu 
8h•;r:..!.lcs, er. C<JSJ Jc que"''' mtO.:r;ol•:" ,,·an Je 
c:k•·~ll:. .,!t.:f .. 1•itio: .. d ,·,pcdfi':'.~· (';,n ~.oh¡cl~ rle ~·a- • 
lor~r b alt•:ra!.-liJaJ l'.,jll:Ctf•ca t:C ¡,~ ¡runcr:uc\ 
de ur>a HK'~. w rrO<.nk ¡¡ una _pn,.-hil ,J,· p~·rv,. 
lac!Un C•>tl a1:u:1 ,Id sitin in\c,llt:>•J•J:. \101\t'\ de 

· · tma. rnuc ... !i-.i de la JO<:.l ( Fo.u.1n y ~~..-nut. ~~~). 
L1 di.,lllillud•in o atllllt.'/1\C. J:·! • r,d,.-.cnlc d: pL'r· 
moloili•l.lolt!~ b ro..-.;1 en fur.cilin 1~d lict.n:m indi· 
ca la c.,i:·l<'n..:b de un:• u·;...cci•:m ·~;;"1•\CJ. entre 
t'l ¡¡ru.l y 1•,~ tllincr:.!,·~ l''"'tit"utiH•'· n !.<':1 una 
oltnah1!..b·l ~ ... ;...:<'tfi;.:a di!..:tc:ltc d..: .-•·r•J. Tam· 
biin e~ .,irr•ili..:ali•·;~ 1:! cum¡•;¡r.;,c••itl e~lft: 1 .. com· 
pt•.,idfoll <luimic;~; Jd :1¡11a ltl~L'(I.l•b Y b f¡ltraJa. 

Al t'r:~to~r t!c óiJIIÍ< ;.r en la <Jr.r;~ lu~ .1nuil.1t!n!. 
ohtcniJu, <'n d l.•l•uralutÍII, e\ ,,,·,n;orto ll'll''! ('n 
cuento lu~ daiius oc:•'.ÍIIn;o¡J,,, a b roc.l ; .. ,r lv!. 
mO.:todn., ,~ ... all<¡llt', prill.-,p .. Jnwnh· luo; e\rtv\Í• 
\'OS. Uu;t uu.:a 1¡uc <'~ inah~·r.•hlc ·;,, úrtt l"'r "'r 
su pc.·r•n•·:,loiliJ;..J :~1 ;~ir<; inlo:rior a t~·' . ..:m/.,q:. 
pucJ,: l()ln.or•,c ah::r:ohk ~~ Jn, pn><..n.mll.-111•;~ de 
t'XC3\·;,ci(m \tlili1;Hiu'> :nuucnt~11l n1 form.t. noU•• 

hlc su fi~ltrad•in. · 
Etl coudu~ión, la :.all1!rahi!iJ.1t.! de una. Jroctl 

tk¡ .. :tH!.: tk ~11 r1.11h1 d~ fl~l,ll,\cit)l), ill,h•~tt·::ll! 0 

p~t;t•rool<lo. y tk ¡¡¡ nlll'• ahihJ.1d n_¡•t:• t! ll':l <k SUS 
mino·t.,k~. 

,ll1•tuiHt'id,u/. [1 C'O~n·piU tk -"CJ'I~iiÍ\'Ítl.•d tk 
una mu.·•.!la tic rtl(.a ~.: nl:.l·k~c :m:.liióuldll la 
v,u ;,, ;:.11 ,1,. \11 jo<..'l ,.,,.,,J.ilo:l,,.! ,,1 :•r"·'· ,.,, !un· 
cj(,tl .Id ~~t.Jd<) th! \'~iu~·IJ•¡\ a¡•li~;,,t,, 1 lkf\l,,l\, 

)')(>7). 
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t'trn .1-'~·;•¡···t'-' ='j'-•no! :lo: •r!••n¡•;•~-'1 r¡ ·'!! 1''!1~!1 
·~>p··j'H•I f"'l"""·'f' -'P '''-'!'fin¡ t'trll ••¡•u '!''';.¡,,S 
'1'11~-""li l'j 11.1 ·•J•'WJ,/i:l11'.1j >:1111 ·'!"('~1! -'ji p•:JI!J 
·!•l''·¡••t•f t:¡ IIHIIU i'l! 't•¡u ... :uu: '·'J"'P!U:I!HIU,l'>!Jl 
:'ijl J•:t<>J fli.'IIJJII\J f·l ·,,_,_,l.l I'J.l•J""' I'J :>p 11.1!1/ll(OA 

p ''l'''i' .":•!.!•:.u¡'!J :•í' l'''f'!\IJ.:p l'un r:to·.r !S ·~.:p 
-~Jw,t¡ •.ru¡ 1'¡ l.'.l\' <) '[!1!-'f' "!'111 1'111•/ ''( ·'''·'!IUI>;t 

;_;.,¡, IJ,I¡IIfiJ<I.\ •ljl HjH.nu,lp f·'jl o:! HP¡·-:· •. 11 1:¡ Jll<J 

·r.pt:uup!jlU•tl l:p.t¡¡b \-'fWI'!IIIIft•lttl'.!Jl _¡ruf 1Jfll:;) 

·Jn~ I~!J;IJl'Ul un :~p t'pu.,t'!'·'' 1:¡ ·,,,¡f_,_,un.) .JJf;) 

I.H.':t.•s ·~u-•¡:r'l r.un :.p l''h'l' um1 "!NJn/•3 [·'!' 1:) 
OlWI) '( fl'l(.of '1f0".) .\ J,),l,ll'( J jpl•J!·l¡\\ J<IÚ <;r¡¡• •• tud 
·lí.l ~Ol!l\l!i'jl:t¡nt<l \O¡d.nuo;:, 11.1 '~"C•j :\ .. u.•wn¡oA 
p ~Jr!IU~wnr: ¡r. -~l'''ll!~ U•.'!"·'·"h!!tJ:'I u a C!.lii;"OI\!"a.J 
;,t' UQ!.)flU!IU\-!fl t:¡ :>p 1:.1! J~l.ll 11~•!.11!1;\JÚJ.)JU! r-'1 

·~llrlll!lll<l.l~tp fJ St•f>I:.IJIJ,lCIJ 
'"!P·'u: so¡ :~p t'."~!l"~'al.'r.Jt·., "-' ¡·•·p-'jdl"lrd ,.¡ ... ;¡ 
·scpr.Ü ... it:J ~r-J.""'I'' .. r s~¡ a¡• u.•um¡r)o\ p un, u· r 1 
-<".\ 'l·'IF"I'·' ·'1' ~~'•!.w¡.u ¡cn~l! ·'JI ~c.>pru.'l!·' <l'll 
"''[;;>UtU Uf;.J \fepr"I!Jf':,ll l'!l!l,li'!'·'J ;,p \Ctj-lllJiJ ~Cj 
ap ~lllll-,liiHIIJ \Opl:ijO\.)J 50"J 'IIJIJ.IS,> >JJ' 0/.lJ/iJ 

·¡riu.lUH'í'''"l OlJ.lur!itl":<l 1in u,'l'IHH"¡ sa '<-,Hro!:> 
-!rtlQ.> "·'Jr:!t:l! 11.1 u~r.:•~o¡<J "C'i'·'lllll ¡,.,_, ~'f'!U 
·:'li<JO .;npr:¡¡u\.tJ !o.-..J ·'j' ~!"f;~'!P l!"J ·¡r.!.'<I-::J,:tu¡ 

• ,OP!''II .J·'P4.u~w,.•.Jd l. ~.:.l.Jt~:> ·"'P'I'~';~!.l<:¡."~., '\r:¡~ 
• ~ -<JJol .;q :'lp "·'11'11'.\l.t¡j¡,p Á CHIJI>J ~~ ·'P r! lt:."'II!Jil! 

1:( 0!-J<,¡¡:n"¡l'f J-l U.l .H'U!IIIl-"'l.lj< ''1"'¡;!,¡ \::¡ :'':) 
'071!1\ljJ<:¡•,;) :lllhf>Jtl.l Ull t"ljlllt'l~j!lll '\Uili:!!U<I;•o;!p 
Sf•!/'·"1-ÓU lllliH-3 "':ii~J·'I'!'>I.IU 1 ,._f:_.,,¡ ~\:f :;p 0)1~!"'] 
OtU.~!'''''I.i<•tiWIQ j'l U.~ JCJIII<I:Jr. r:o•.l :liU.•UII<'III-'IJU 
-cp1111J IIJH!l!!!IO Ur.~ :>o. U!JOII:JOIJl!i :ijl ~··I!'IIJ<;;) 
so¡ 'nouq Jt•,¡ ·cw.~;•¡••t•l¡a :l-1!1 :tnh Cf ~J '\l·;unf 
O \f:¡p·; ••~:..i'l.l •.:r:l!•J'.')\I•JJo•¡¡¡ !o.-"'fWr!nC!O•!O.l~!jl 

• :u:¡ :lp II:!"'U.~l'!':IJ t;¡ ·~e.,,,,_,¡,_; '>':'>•"111 uo.> npuc¡ 
.:.-cu 'o¡:u¡:~' u~ !9Piu! o.~ld ·'P u ~:Yl..l ¡o~¡r.tU 

e¡ ~P I'I:'P!i''IC"tUJflj-IJl l. C!.n/:!1'!\·'~ r:¡ 'r..1r¡o cun 
tu <;tlpl!.lJUI:¡tJ '!.ruP¡•¡,.JtJ 'of .-.p r! IQ.\rm r¡ u~ 
•o:Jn:f¡tu.) U!S '{ll¡du, .• ~~ .lt~<l 'o,t',,H<'JP¡t¡ns s.-.uop 
-~1\ll::t\:~ ~p '>:lJ~¡!d) \.:Jr¡o· ~~~~ ;.p lllJ:>"o!p p ~tJC\J 
lrP•li!J' ~t'P!I!IO ~ .l;)l U:'l¡oJmJ :)jU.tWjt'I!O!~t·JQ 
·no.xu l'!JIII:W 1:1 ;¡p Pt'PW'iii:WJt:lpp ~~ J. tpu~ 
"ifUJ r] 'F"P!II'iRUIIafo~p J ~U..III"IU 6["11 

... it-~11-b 

ol/ -~ 

:mb cl¡n":u 
·~~cq n<; 113 l'lJJC pp (IIU-"'IIIli'.'J1flétu.l :ljl O<tl.lu¡n!;J 

¡e :tiU.l:u¡cuopJDd'l r4 1:111'111 ~!\.lid r¡ :op l'<E.JJC 
t.Crl:-!t' U<;"•!JI'IIl.,'IUI!.J_ ~~ to.l, st'JO'>!j \l:f :Op ~ ÍJ!p¡¡-e • 

¡~ Jnh opu.,!uO!.lns '""fi:Cflll.l p u~ t:nae ¡:>¡-. 11 P• 
•!U p UIJJ upnme ~P t.>!J!f'OW :K ;)f¡!J, ·c~u;,l q 
•p U?!:)t'JU.lt.U!J l:f U~ SOU.10JS~ ;)p opc¡\;. p UO.) 

C'¡.Jt!A \r'Jn\!} u•¡ ;.p Olf.':JI' r••2;M ""V ·u cr:Jt :~p 
t!Jc-3 t¡ e Á ~t:.ln\!J nr ~p ~ Otpuv FP C:1n:t ¡e ¡vu 

_-oj~d l:t IS.ald •l ~p U9P~U~p ~ C;J U9P 

"'l''<;tU.1 
1' u, r;•:tor r •p ""'·"'"·'! • ~-• <1'~" 1-'fl ,., , •r•·il 
•1 Ul U\'1.>1"•1:!) ·'j' ~"'"';J )<>f •'f' U('J!.Jqto:,\ 

111 tU ·olt<G.,l¡>p ji.tll(. 

"' '"' "' 

+-+-+--t---l---1 .. 

" 

'!"111 
.... 

·l!'JiflJ :'lp OU"C~ p .1nb :t'>.J.JUoJn~ ap:md : Se..IIM!J 

"1'1 :>p :OJ.I:>(.,'I Á C.IIIIJ:...fl! •'P (>U.lW~Il.lj PP U.;>p11!Z!J 
·t:·"'r! aru)!n:t1..: r:o¡ e .-.pwxk~uo:> t.~pr.!Jr.' ~ ¡~ 
~1!.3 ·~np~•¡w.l f"P ':t ,o; z s-~1~·\!U ~o¡ t' SJIU'!PUod 

-s;uto:o IJ9P~IJ!J :'IP 'OOI'u~:ho¡ oos 10 J. O apuop 

(>'11), (..:L-'7. ) = .:2_ 
., 'Z-Z 0 

Jt'n3 t'f U~!'-'~ ·q~n 1 !t~J r1 :..:., 1"P1!1 
·tl.J~JJoJ ,(.lf r¡ uc•.l np1:on.,r. :'lp :o~¡C•jlll.l F'P P'!U: 
¡e -"'!illOJI:H) 1:1')1i,1U¡nc .lllh fi)311Uf}.) .~p I}.)JC ¡;>p' 
;::ojru:>Jp .1p r! ,_..,l'·;f e¡ 11.1 'i.1Utl!:t'CJI!!J uoJc.U.;~~qo-! 
-~ (v¡r·¡¡ :t'J) ·¡¡:r ·r~''ll t•¡urs ~o:~.;wJ r~ u,:~ 'ow: ·10!"'!\C : ( S"ril 'Ápr.¡•:s J uu.1:H~•U.'J ;,¡n :~p e¡ c.,..-~ ! 
UI:'J:J e "·'l"•!·Jr:t"-,f"l""t; u:..\ -...... ¡t:•!11lJ p t:J cn3e ¡ 
"'? P'!u J·'P u!•!-Jun; u.,,.~u-..:¡u.,,up c1 u.:~ u.ntJcJ1: 
·J1J :lí'l o¡q~;'l ¡.~, U~Jr.pr..\ e¡ OlUUJ !'>'! 'l'!;Úe.J.:J : 
U..l P>H~•Ip:~'V r.5:Ud t'f .lp c:¡~J Lj "Sl'~!.!';I)SO.;;oi."W . 
OWO:J SI'.'J!Ú',)JSOD!W OIUC'I St.H!~lJ.Sf'f ;,p c;;pue 
¡a u~ OD.ljJ m .JO;J sope•;::~ S07.J.)rl]~.J .:.p ll¡>C:t.J 

pp L19pUHJ U) :lfGl!!JCo\. [J 'c¡c;,-;,"1 UCJ:t O 1:'\_l.ln~ 
• ':r.K;J. "1 ~P. pcp!IJqt.Ju.u?<J e¡ 'u9¡~n¡;¡uo.J "'"3 

uo .• :tw¡ nq_,,.Jd ~··¡ :>p ~Oll"~tlm·•U 

1>=>/11 •• 'd ·o~nt¡eo ~.,.,,. 

Z:SI Jw. 

'(R.)t)J) ÁJJCtjl:$ .1od slip 
•'t'IU~..l.Jd SOJ OIUOJ '( l.'IJ :l!J) SOSt.J SIIU-"'J:> U.J np 
<C:IljU.J<\ 1:4 :~<;; .(:~¡ C1S3 'O!p:Oui p U..l '>;:!JU:li~!\".1Jd 
511:JflS'J se¡ ;~p cJntJ:lde e¡ t:."'lo.,nHl o,.l,td 'l'¡JC:J 

·!jdl: U':>!'i-"'Jd I:J .lp pnJ!U,t'Ui l:f ;lp ;::opu.>óp ~O.)Q.l 
e'>I!W e¡ a¡, p~pnsqc.~ull.-xii:J .,.,.,WU:'I MJJJO U'J 

·a¡u~¡,uo.'t "'un· V npu;lJS 

(('11) 

..¡:,,¡ '1 ;ln:Jrs 
':!lU:IUH:':'I!;~:p t'llOtfwOJ :tt: Jtlb Cpr:III\!J 1''''' ;,p 
!ni:W 't'Un G:'l d UO:pJJ UO:t l:n:JC =>f' III}F'J.1.(Uf 
:)PO o¡o;r' 13 ·H·-ir:: ·.-:pr:t;'-'Sl oúut:.) p u~ ~r? 
•(:tlj.t:<p U0,1.itq pcn¡;t.;,t':JIUJ.:>d :ljl ~1:rprud St'J :lp 
SO[lt'lf0';)J SO¡ 1\'t."'J~IJ;>l!l! UU!<; 'c-_'101 ,"'p I:.IJ<;:IOW 

IW"n ~p U~>!:OI!Jil\1.1 Cf ~p jl('jl!\II;'IIIJ! r.¡..tr.Jop::.\ ::>I!W 
·J."'t! o¡o-; OU 'pl:l'!·'!l!~ll;)<: :>p OH~:OlUO~ Pi' ::t'lt''J q 
a"n;:¡~uo:> ;lnh "''l''':'!jt!r !'Ol.l.111J<.l :'jl oprJ'OJ pp 
U~>punj u::> Pl:P!j!q.:.1Uu.Jd e¡ :~p u~·!,~IJr,, r¡ 

,. _·cp1H'IJ _U) I::>S 
-cl!"d¡cw :,p ~pu~ p o¡úw=of:; Jod n;uo:> ·scp:-Jn~!J 
.<n:u '>r:¡ en:.! ()-.',..101 :\P '>.1ro¡r.\ c:t:•"¡:: .( ¡~::: ¡rnJI 
S:> sr:peJI\';j OU \t"SOJOt.l "r.:'l'>l <.1~¡ :>p í•Cí'!•·!l!5 
·U:>o; C1 "(01.51 'l!f':U.I.11J ~ Q!'j:':Ii) UQ¡:>c;U~!J r.~ ap 
pcpt-tU.lltl! e¡ l. S p_O::ft!·'!''~u:o-. r.¡ .1p Jo¡r:., p .lJ¡u;~ 
U9!·"'..:¡.,J m> run J=oXI¡'jc¡s.:J op!¡m~! "4 :t~ ~t'->!I~JJ.:ll 
~ll'Jl?.J St"SJ;I,\!¡:l .Jp t"J.Ol .;:tp SO~Cl SO~I"JJ-J_Il:IU t13 

·:UD/~lJ Oi :;¡. u<;:».;;.;d 
eun 1: -a¡u::>:'!.;:~.,t:c:> j!:!PVJ ofnu ;;. \W.Jf311 i :p 
lf?!~.ld 11 ::OJt:.J:'I.I!!A!P"JC>pCJ ornu ;lp S..l1Jop¡puc.3 
ua slr¡)¡p;:uu ~?~!J!;t:t~WJJ-d H'j · :;)p ::.¡u:~poo 

(l'll) 
., 

'"'Y .. 
-;:-;¡ tt $ 

.rn•!u:ll!lu e¡ e t!:xu 
C( :~p S' p•:!'!·,III~U.l't f!U!UIOU.,jl ~S ·~l'tpiiJ<J ii.'.'!J 
•J:01h.•l •"¡ n.1 SClpl.~llj'll! 11¡;'1!~-liii•II03 -"'P O U~•!1 
·U:JJ ·'1' '·""'"1':1 •u¡ ;op "'·~·,J-' Joil .. r.ur~u.~q ;'\p 
;u,!.-.p·n 1'1111'-'dC r¡ C Ofl!'I·,P ·~-"'ltr.ll."~Jip tu~li''' 
•;l.! :t¡U.13J.l.\n0l o ;-¡u.l:lJ;o,\!P f'J~IIII UOl St'p!pJU1 
l·,l"'P!I"l'~·,IIU.l•l '•l'j '<;t·pr •. H\S~J UuS H':Ol"IJ ~l.'J !'> ·.J¡ 
-u.,;tr.'HJl O! o;¡¡ :tp p u,, U~!'"-,' ~r .( :ow.-.:•r.l1U03 
o!nn :>p n~r.l p ~~~ ''~II~:>Jiflllfl.l ;-op O::l)l!ll'J-' ~ot 
•J:IIIjS;l UT:II!l!'ii'J<) fll:>al 'So.:•pll.IÚ <;('r¡tu~ U.l,,,>Jt:113f 

UU"i: ll:"'!f11::1J'!Ij.:t'IIP!j'r.l3 JC SCJ'!I.(·"'j' U.,¡ur.¡•:H ·;:¡p 
S"c'l.1.111J ">r.¡ :~p Plll!11:1c1U e¡ 'r!lt::>oJ.Y,Unl UJ ·;<:-:l 

·JlU_"~j1! U'lli 'ó'IIIPJJ~\If' O ;))tP.~i:0.\1;0) of:•u UOl 

t.ll:pr.•¡r.¡oj ~(' Jl'-"'lllll <.e¡ UJ 'of111J :~p s:>pJJ Sil:'} 
"1'\J\:OIUIJ l:j ,,p jr":Plt'f ,1!,"11Jí-'olll~ r¡ :>p 9A 

-t!JI r: :o\niJ ;.nh un; lt'JIPI ;op o¡o;¡;;'l ¡J ;:op!'U :a ll 
"JI"-~·••u r¡ _...r p·JIIl-l1 oonpuo) p ua l'P=>-iL:! n 
U91<-_.,,,¡ e cn:ir ¡., o~r:o t>pun:!:"l<; p n:¡ ·~..:~~:"C-'I¡!J 

-Jp ·,.,.,,~ p •:1:0-"'J") ':>a:;,,!JIJ.1J pp J~"'!l-"ll:J p UCJl 
!':lt\11111100 ;;>r•t> '¡t:Jjll.l;) QpnpuuJ I'J d 'U<;!~UJd • 

en~c un::~ l"lj•'"lu.-.:m¡c ('t:>JI?ti!.l:Olj •"~IU.•!dp;.J un o~ 
~n;•oJlH! .lS e1¡unu1 r¡'(q·¡¡ !fJJ) 0'>\'.,'1 J;!UJ!ltll~. 
u:-:J ·;~1u.-.:ll.1.~'i' o ;.;u:oJJ;>.'u''' ..1;)\ .ljlJn•J :~t1tt c.rru 
'eJI'ia!:UII rí :op .. ,~.\r.JI "C ~:n;!c -:1? fE'•pCJ o¡n¡; ,,m C? 
-ll"CJO.H>Jd Ut:~U.1.lj:> :><¡ pcp!\~tp:::>UID\1 01;'1 !co¡->"l~d .• 
51."'1 't'I!PJC.W t:r>."' c.">>J r¡ 't' Oj>t:'i.-xl 0)!]:"'1;>•¡¡ <',·-¡r;J 
un c¡dcpc :;r¡; 'o:!.Jtt :op ww 001 .( OJlJIUf_!í' ap 
ww Zl =ap '¡r.;¡u.~_, o¡.:-npu,_,=o pp Jop:>d'n\ c~..:..~~.lllíJ 
¡a u:¡ 'JIUiU.l.) .liJCd C[ U~ OjlC..IOj.l:>o.l 'pnl!So..:o¡ .;? 
mw OSI l. OJi.JtH~!P ;¡p una 09 'P UI)7CJO.l un Jod 
wptNUOJ ~~"~ (9'1l B!J) '=?eqo1d_ teJ¡,~nw -.., 

• ~~u~ 

~ ¡wptJ .o{<ll:j -pr,:lHJ<qPIW~ ~ eq-...,¡ ftl iU 

1 

' 
j 

l 
1 

¡ 

1 

1 
.1 

1 

1 
' 



1 

\-::~ w!>d6G . .;,;~d ">o!U~ . .te la muntnt y"' 

1
.· · r"Mistenc:b .. 0.: acuerdo con la (unción expontn-
' · ciaJ p:tra la dc-n .. iód prob.1biUstica de la ~sis-

1 
- ttnci:s. propuesta poi" Wci~J. b relación entre b 

~- · .:._:;)-: rc.t.iuencia media en C:0."1'Ptt'~ simple, R...: de 
IJ ---.-... :. w:a prvb-:t3 J su ,.Q!um.,.:n. V, c;st~ <bcb por· 
1•- • 

' ·Ro= (•.Vl_.~·~ /t .!_ f (..!:)_} 
... m '" . . '~ . 

(11.5)' 

en q~ • y m. ~n conslantcs c:u,u:lo;d:o!ka¡. MI 
tr..illlt:ri<al J 1~ U b fvr.ciUn ¡:amm.&. Tom:bk.~ se 
pued~ c:sublCttr que f.¡ v.ar~ia de b rcsistm- . 

'. 

I"Nr/H,.I_~ ~ti. la~- %75 
.. •. . ;; .. 

1 .,...._., ,. •. -t-+--'---'---t 1 
-WJ~•1r(i!l:lll -"'~ 
·~~~ 

~ ~~~-t--.---.---r 
1 

¡-; " r 

( 

cU. es izuo~l, m esas condir;iones, a e •• • ·.:¿ _ ··~-
~ ~'< . 

-r-: "-i'-1---t----r-t--r 

L.JI _. ~'-'-l"'-~-.. ~-.,....._ .r-,_ -r 
~y~ ·¡-_ 1 

11 

\ 

1 

1\ 

\ 

1 
1 
i 
1 

.>a (o V)·h {~;m- .:., ro(~)} (11.6) 
; .. . ·' - .. '· . . 

Coa b:uc e-n F3·s ·r~bdon.;s .. ntcriores ~ obtkne · 
-.. que d c;-(.:dici.·Mtc rlc v;ui.ldún tJe l-1 rcsbteocia 
al~ cumpiL'"i.n -.ioip!é de un loto: de 111UNtr&s de 

(ÍI.7) 

F.:~te n-suhJd:J es.inl\:rc~•th::; p~s Indica que 
c1 co.-!icicnl,;: de \'3ri.:aci.~n de~la n-sisletk:b-a la 
co•n(rni6o sün¡•lc 'e!.: un btc dL' m1ic-s1r.as cs. de 
&C\1-C':Jo r;:on l.:u .. ·uri3 ck. \\'.:i!•ult. inJ.:Jl('tldicnte 
di.'~ \Ciumcn d~ '~ rr;,,,.,,,~_ L-. CliJ'ICrÍ\'m:ia ntuie:r.
tr.:¡ fi:.JC:. Jl<tl' ¡.., m~ no-~ ~-n cic:ltl)'!i co~ ( il,:m;tb:, 

-I96ii .. e>le.<.o..:itcient.: J.: \"asi.1c:~ln ~-d~-cli'l'a·. 
m.-nl~ inJq ... ·nJic-ntc- dd l·ulunM:n de· lo~ ~sfk~i
m-:n~ pn..J>.1d~ r. por t:~.nto, C'Oti\IÍtii\'O: un p;~rá· 
m.·t~·J (:11:-•·r,·r~-.¡i..:,, •!,· 1 .. n•o:a (·u-.~y;ui.l en el 
$1.'n!i.Jo, d..- '1110,: ,!c!"-'11<1.• UJ¡j~-.. MIC:Ric J~ ,.,, q\11: CS, 
U!',:J ColR>I.o~lh' ll.H:I .::.u!.• rn.u•·ri~!. 

To;·,:.H'!..!<• ,-nt .. n..-c:s tomu \".llur indkt Jd cfo."C• 
co .!~· c~.-J!.I d····•.:i.-nt,• ,¡,. f.,.,; ~<·~i);h'n. i:~); a l:t 
corHpr•••ilin siml'l.:- tl.: prul ... ·t.n J.: ,-o:l.ll.:iY!t de 
·t'~klr.·l 2 y di:imcrro); 1 ..:rn y o ¡;m, resulta, 
d,· a~·u:rJo con IJ ~e lJ .5: 

(11.8) 

.(11.9) 

A~bn t("U:tclon~s a .. pcrtcr('n únl~amcntc' del P~:-. 
. lltllt"IIO m )•, Ch Cflfl)~'CIIL'IICL,, n¡¡ SOCI lnJ~11\:I'" 
di(':~k\. En la lig 11.9 ~e llh~~-utan las variilcio-

. he\ d.: los ra•Mu..:lfoS U. ~; .. :u.-_,.;, y •IR~ ·~·n ~ 
f,u¡dún lk m. •- · • ' 

1,__, :n·u,·:,t., ·, ull l..1 k y rk W.-iloufl"( li¡• 1 1 .9). :t 
m.~y.,r ,-~!ur ,1.: m ~Th:nur d~·\"l•t ,h_. •·~··;¡!:• V-1110.:• 

nur c ... -~o.-knt.· a..- \;uj;,·¡pl¡ .k.¡,,~ h· .. ult.hln ... 

1, 

l·c;..;::.c~ 

·~------

.,. l 

. Jita IU .-Erntu t!e ~:.la~ vr dis¡:'t'ni<1n de- t ... ~ ~ul~ 
~ é-:: !nhtmcia_ ~ --~ totn?r.;dón S!tnplc 

En olros 1áminM. a r!'L3YQC gra,do de -ftsurac~ 
de la roca mt~yor efecto de csc:~a 'J ma)or dls
pt"DiOn. • . •. • . .,:: • • . 

La tt"nJ.:11ci.:t ITlO'!Oirada por Jos rcsu!t:ulos e'
pcri:uentalc~ ~s 1.:. mi~nu ((ic 11.9)_. C¡:: ·:_:101; 
nti1.tuos d.-. los IC{'O!'lados por Oem:u_ll ( I'J~• J Y 
Jaega y Cook ( 1?6~) •. que se ubtuncron ensa· 
joi'mt!•J un número ¡;rande lk probe!as, sc; fo:-rnó 
la 1ahb. !l.l. . · · l 

A.unq~tc la ar.li~.~üin· Jt" la l~y de ·Wcil,uU a 
ca.,0 de la,. ru.::.ts s.:a conCl.•plu:rlmotntl! dilo.C:utible 
( U.:mai:t, · J%7: l(udson. 1968), los resultado~ 
uhit·nidu<t t·n pru~·bi'ls d.: CUill;ll csiUn sim¡•l..: vcn-
Fici'ln s,·'lli .. f.n:IUri:uncrife· esta ley. - · 
, El .-f,·.:ro J,· n.:;.!a e!> uu [;ct"l"r fu~d~un..:nl~l 

·p:u-,t ..-{ diu:iio de fo!i.' ["il:trCS d.: C.'l;l";n·ac_li>II!.'S :.ua
tl'IÍ:af.o•:J<;. L• n·\i\t.:nd:t a lii Ct.ol!lpr..:)u~u !-.im¡J!C 

de un pibr ok utl.l mina put'lle :.cr nut:thl.:tu("nk! 
inf.:riur a l.l do! Cf>l:l/UOL"S tk l:orn:Ji•o 1.:-~lunUo, 
si la roo :.e ··nn•~·utr¡ muy [i!l.ur;.~d;,. L::t Uhpcr· 
si.iu· de: lo\ ro:~uh;.dns. c.lp.:tiflh..'lll:ll..:-. do! rru:.:has 
¡.Jc c"mpr..-~iúll )\mpk p.:nnhc oril:uwr b ckc
dón del ¡car;im\·tro m quc= r_igl! la. mn¡;nitud del 
factor de •:o,;wb. · . 

El Caci<Jr tk c:.oJa disminuye al numcnr.ar J:l 
p•..:-.i."m nmfi 11 .111h' o..¡tll' i'I<"IÚ:l. ~t1re 1:~. "!''l'Stra, 
pues ind•Kt' d ,¡,•¡¡e eh: la!. h~urOt.,·prt•.\l:.tcntl.'1 

')'. ror •. ,:·'t•. ~i.-r.J,. uu;mrl:lnt'i.t el c:ar:'l\"l<'f dls-
c ... nliÍitU•-•'1! l.t. ,,~-..~ (ll,th!l' y .Vuuilk, 1'.166}: -· 
CoiÍ\'I.tti~·:Hu.-ith', ~.:tmurlu :tun . .._nta !.1 pn·)itíu de 
(~nf\rt:IIIIÍt'lolu-. ,¡¡"ninU\"t' cl,l·Ot·ficicntc d.: vari.t~o· 
dom tk b ,,_ .. ,i-.t~·nda :-~1 tU: te . 

La t·tunpar;.rdoin dt: las rC\i.~lt•ud.1\ :~1 csfut"rJo · 
curlótnt•· ,l,•¡,•nuilt,,d.l t'll c·l Ja!•ur:altHio ron pro
hha' ,¡.. ditllt'll"iwic~ red;,t:id .• ~ . ..: jn •i111 <'11 oin·;¡_, 
rr,¡tu), .... llillt''-Loa t;omf,¡.:u llueyl d.-..:lu de <'~c:~l:¡ 
l"!t. lói;IIU 1\1,',.¡ p¡uiH/IliÍ!hl•l (llotlllfl l!i;'¡s·:lrt"lolll:'l· 

du t"_\ d ,·.u.il.h'l" "''""'''inuu ~1.: la f•w,t, l'otr 
" .. . ' 

·--. 

.¡· 

' 1 
1 , 
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:.---· .,,_ 
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' .. ToWo lU. u~.r. -ta 

FU..~~ • 

( 

• ~ ... 
"""""'" :.. ···-Crwil • Ahlpu.n, l'ftUICa ~ 

"""' 
Mi«dltt.trxión y macrtlllwrxi6rl 

' o:ri ... ~m..oi• 11'167) _,y lout"nul 

COMII 4r lb/pat"'-1, ni.Uit"!l b
(Uiud.a 

Microlo~u~~oc¡.,.¡ )' ln:Krotin.oad4o\ O.lO l.t tkrn.tit {1~1)· lhUD\.>J 

5ooo'n-•Jo .de fi>U<.>I :r dñilid..s.rs ••• ,, 1.1 J~r·< , Coulr. 
'\n.1fokl {1~11 

·.' 
~.:icru:1',..-..._,-.., <ldhl. MMrU'illlr.l• 

" . ., 1.4 Btl"!\..i• (1961} 
n·~" "''"'nu 

&loctc.li""""..>n ni<" JI• 

l.l.ocrol;..,-ur~~ion nu!~o 

('jt"mplu. Ruc:b (19(..¡) muestia que ;,l ilun:t·nt3r 
el r,r:tdu d._· :.!~t:r;,ri6n de un p;:o1i:o. o s.:a. ai dzs
minuir ~u c~r;'l.-zcr de rr>;.,!c-n:J./ f:¡,m :1do, el dccro 
de CSC:li;~ Jj~:n¡IIU}C' ( f¡S li.JO j. 

En cuudu· ... :m, y tk aruenlo ron lo expre--.,:¡do 
m d inei\o II.U, b scn~i!hi.io~.J Jc u11o1 roe~. 
asJ ccu:o d ro~.-!:..if ¿e escal;1 o¡_, •!i-.pe1:-.ión d .. - :.u 
resish:m:ia .1 l.! co:n.,a·si...;n si:npl.:, V!ll 1!':.1de~ 
laciun~ d.: umt nlilma n:aliC:,d: su fi'li!lr.w,ir:n• 
lo. En e~;"tsct"u.:tt.-i.J, n•.) es r,uu crue C\VJ\ p:or.1· 
mclt-os r..<> sc~n ind.:,.endi··"tc~. üc lct·c!:f), se l13 
e'!Oia!JicciJo ·¡n~·rrlóli1, J%7; 1J.Jhib y llemaix. 

: 

" 
1!1,- IUO Dhmlnuci.1n ,:,.¡ .,frriH d•• nc;c!a nm t1 au. 

lllt"lllu Jd'f',t.u\<l <lo: ¡¡/I~I;¡Ú•In,l f~·,!,ne 11.1.1) 

"' o.u I.Z (j.-n.~o1 • fl~7~ 

l7.S '·" r.u h·tn 7 C"'l 
,¡,.,~¡ 

o.~ ··"" ... ~~')o-1, r 
1970}, ur13 correlaci•in t:nlre Ll s~nsiti,·idoJ S, d 

codicienh: ele v..ri.1ción •!R. '1 d r,ci•Jr de c-~cal.a 
~~ .. Jñ,f .. : ¡¡¡ ni:J}-Of' s-:n~ilhit! .. J. lll:J)ur dis· 
pt;r~ión de la re~i\l('nci~ a cc.mpre\iún simple
y n:ayor [.l\:tor de: 1.:-..::;alo~. 
E/~Ho Jt' la f~rma: Son nu~n,~.-., los C:SIU• 

dio\ rd,otivu\ a !~ in!!ct<:ll•_·,_.. rk z., f••rm.l d>:-1.15 
pcob.:ta'> !><.,t.rc la r.·•_i·,¡.,~~ia :1 !.1 c•.:r::-a·,bn siri-o· 
pi-:; a,f cr.rnu f.t1. llir'¡-,:,;:,3, r:-•~•u•:•.ta-. par~ f(': 

pn·•.d•l:tr l::1 r<"durd·-.:. •!-: ~'."~i·.tc·n¡ ,;, c..O•w:•:~t!a 
al :~""'''"'·•r l.• n·!.H .. ~!l. .::~ , .. _,__,.;.,.l ,!e h'li <;~¡.e· 
ciru~·nt·~. ~·.oro..-:~· ih:'\C.fl."'. o;n to·.1l:.!.ui. b t.ú·.•;!l~c!a 
de uua f•Jruwb. o~u~r~l a;-~i::.Hc eu .. k·.qukra 
qnc s..-:~.n lliS uutcl ~r.:-,: ;m.J-.1::!•r.. J;i furma de 
Jz¡~ "m•·~·,ll:~"'- Y lo:. '''"'·t·dir.lit·l'lt"., •l~· t'l'l\.1\'c; uli· 
l!.r:i:clu\; \in' C';rok.r¡:u, J•,<; o;~tuc,!ic..\ d!"t'htaJ;,. .. por 
[1ndorc·¡ y Trnn.~¡;o¡ ( !".P ~l y Í.!<l',l"I':J<.1r ( l'Jt.l) 
han nt.:!okótlo 'fll': 1:• r:.·~-i .. :t·tY..:a di,,ni:H:yt• .. ;~te
d:,l.lt'tu.-tc!t' ;,l ~.u:r+<:::r-..:r la rei:~.-j6:t •k c~l..._·h~z: 
1::".\ta .'. J'o.ur ,·;clr.rt'\ -..ur•:rio:-,-.. a 2.!;. \Oiri~tt{jn 
de n-•.i•.!o·no.iu e<; n.·.~n .. :•.!3. F:n J .. l•l 11.11 }>(' 

pte!I.C"Illa /.1 t•;..ri;¡cJ(ou <k f.t tc;'.i\:LIHiol ¡, l.ii <:om
prl:~it'ill l>iu•J•k d('! mu.:·.a~~ de: .1~:·.! ..• ¡!:. .1l!o<~J01 
n1 fuuti•"·" de ~u rrbn~:l ck e:,l.l·:!n. 

f.11 -COf\\N"u~·nüa, 1.:~ pr.a~lic3 v1~11óo con'í'te 
en cft•tfnar b-. ¡•1 Ut !..1\ Jc ~o:·.i\:<'lo( ;,, t'•!"' n;JC· 

t/m~·l!l::i 'Jll<: IÍL'Ilt"ll !<"h(i•;.!') t.i1• l"'-~ld!o"l i¡:u:,f iol l. 
A"i~ulrupia. l~·u n.•t.1' :nr:.lrr:<·.,fira~ f•O:~ .• :n

tan a nwruul., lc:\:fur .. fr.Ji;~•.\.1 en 1.:~ ur:cl J.,, wi
ftl.'rak"> l.1111inar.:\, l't:lllfl mic.l )' <ko!,;:l. C\!:.n 
alin,-;,dos p.-H:old,,nwult: "11"" '"" "''''" C¡:rwi\, 
piZ<Jrr;.~. t·~•l~li'-1"\, Vt-r·q¡·:ur•luJ. S~: :.";"•t.c •¡ue 
en l'.\ÍIJ~ CI'U'i d Vlllll'f>ll.<mwulo cf,· ¡_,._ 1•-<"~' C'~ 
ani•:nlt•'c¡•inJ. En ,·{,·;·!'":>, ..-1 ,,..-,.¡.,¡., ,¡,. ~/..f.,rHJ-1· 
bilukuf ti\ d ~,_-,rill•• hHIJi.·Í ;, 1 .. lu!.;,,,.;¡¡ t"S 
lnfnior al mnlid,1 fl·••.Jl<'l.:t.:•·tllt' a 1.1 f··fi~ti.".n 
h:l\1:1 t'/1 ,;r¡ jriol' <.inclf) ¡c:o/,1 Í• "; !"'-'JUiq,,, {IJ.qrc 

y s¡,~'}'· !'H.'>). lJ fi'Jr ~ 1•:11:-1 1 ·"·'J., .. 1 .,,:.-•r-~·- y 
b\ 1.111.1\, V /O pu¡ ''·!•'.•• :··''·'J.,. v-.::···:,1\ 
(l!r.•tt·, l'ii"CJ). I'ar.a e.,1,1~ ,.¡¡,;n.o· .. 111 d ¡-i:.ll() _ 
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c;;,;"''l'·'''' '·'111.·1-JIIh: rn•:•·¡_·,j:¡¡·,¡ •~1 o n·••·u]'IC 
-~1111'~" l"" 1, lti>.ILIJ'.,1 j '; 1 l'fi'-'!'"'C 1'' : o: U;¡t•¡¡.>,hii,IJ 

... \:j l. ;o¡tJ•'II_II"~' ("!-'·'"f--> ¡.>jo ·,;"F"U'J U,l 11\'!'JllWI 
CJ-1~.\ ',\:.'OJ 'H'j;'ljl (,;'l!,iVt'.J.>; ~·lll·•!tl!o:podtu•>.l ¡;¡ 

";ljll.lUl 

-u:t' rm¡cJ:t.!!IJ,ll r1 e •r,¡r.u :'11\ll:lllji_IOl u.'IJilj\.l 
l. ;)JHCI'.Uf>l 1''!~11:' Ol.!.lfl)'-' •l!t:•¡ d.•.•u :op ~o:q 

:onud .-: ":P!I;l<ll<r\ '': •>J o;~¡ll!l'•!P ¡•¡o~,¡ ¡~uu¡¡~ 
epu;~l"! ... ll o-¡ -'l{l !>-'V"JO:-\ ~>••¡ u•:¡u.,~:•ltl .... ., {'lt.r.¡q 
·'t'l ~1 u;¡ ·-..rpur.¡•¡ c.,.,~l'!'l<i .( ~·:~o:nd ·-..r.Jnp-\t:S 
·U:'Ip :~r'l!llli:'J \:;JI¡ u;-. :.~u;.l!JI',<:j.l 11-'P-~ntl ~I::WU 
S•J_'0:1!3',ljo.UJ OIIP!IllC'UndlUit.l 11'-1 U:'l :J\C•l U<lJ 

. ·.J;Ill~l'•m> \.l u•,•! t..::•u'"J·'P :-~p p..::p 
•POj.lA O'i :mb U.l OJU;illlt•IU pp J!lll:ol ~ C.lOJ ap 
fol\f'UI CU•II :t;> C:lJ'.'J. Cj r. 0':"1;:1!1 ¡.~ .rt:¡ll-'lt:) .li!UU.xf 

f. f 11)61 ~Mr.U¡l _\ HIJI:$ :~}CM( 'J:"I~¡Jt•l\j) PjCJU,)UJ 
~.xh.l ~UJr:p \o<;O.J.;!_wnu t.:O.l appu!Q-l s.lmJ '.J¡ 
-uc:ur..duf! u opr:-t¡nW ~1'] '(S"-•) ~:pu:..z.ljtp a¡ 
:Jp O:l'!j~11[1:"1•lp( OU.J~ J::! Jt:U0!::110doJd itlU;)WI;SI.VoUf 

S:J • .JOPt:!.\"li:lp 01.1.-.u;~~ un v rtl!l;)WO"S 8Jl~.ln.ll1 
vun :~p CUCJ .:¡ e o<!~JI, p ·s•:.n;c¡cd SIZJ;O ua: 

' . 
(¡r¡l) 

'. "2ñb "'lna., 

!zrul 

• · · .. :ru~:mur e-un ;;,p '1 

·~u•J ~:¡ • OtJu¡.:,!J p n¡n>(•~ t:Jr.<J (9'f61l U!IJOl'J 
.IOd ~s:mdoJd e:¡ tao> ~~~~::ep.t cts:. JCH:dwolo ¡-v . 

• . • • 't:!U!llf.l1'!-)U.liSIPJ n"li 
P S" l. JC!-J~ew pp s~U\!J\UO.l uttS •• A ·~ ~b w. 

(lnll .. ( ~) .,...;· .. ~ .. '-· -. . 
·.·· 'i' 

. o;:J!fp0 
oo:-. np 1.-m.le op 's<J O!J'"I.I'I!-)<:J\3 ofniJ ;.p eJe¡ a 
-.::¡ 3!'-lCJni) -! t.i~x-uuopp :.p ;H'i'!lOf·......_ r-¡ 

·e~r-1!Jdl! ~~_l,lt:II!IUO-',u~w·-~•d ~1 ~ .( l'.Jnuu~aua 
CJ >fl u:.ru;""lo.J:.p :Jni'o ;r.U:I}~Ill pp •.~l!Jr.J\IJO.l DOS 

. • -~ .( V .( 'r:IUl!IU-~~"U! '~?!Jo:uuopp '"1 s.l •• lpuop 

!onn (1•-+ I)UJY ..... ""'(J)• 

· .· • . ~ ·~. · : ( ~r. 1) 71!'-l'~ .1od ,.,.,:O!'!•I<'l•d e¡ .,_, o u 
-oJ!'>Ut:JJ o!nu -~r OJH=-!WrtJoduii'D p J•:u~:~~:ud.it 
IUCd t:pl!'l!!~:n !:~~!dW.l Á,"' 1'1 ':tJIU!IIj~I:OU;'I~ 

'(9%1 ·~:.!;JO;,~: C.%1 ''100) ¡,_ J,•J.lt:r) 
n-~oJ_4wnu hnw uc.~ l.7<-CJ Sl'l"':. :tp run cpc~ J¡q . 
~;)sap ~ .. n:d npnwtn s~t::~~!l:..llo.:t s.Jü¡ st~ 

. . '1l'IU:'!Wne U{HJJ":UUOpp 

~ prp!:>OI~I\ '1'} ;,nb U? '(JU ";>SUJ) rue; ~ (.7 
·•: Olt¡J;l!WJOJ.l? :1? :IIUI!l 

· -suoo p_..:ppol~ ~·.en onJ) .-.,.:euop"O'lsa: (q 

) 

cJ¡¡pq 
t>~P ll9flU!lJ U.l liQ!nw;(lpjl rL ·'P U\>Pl:P~f. U'JI ILt 
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.. • 

'Uo:'!:)I~U!JOpp ;tp .IJU;I13 
-~J:)~ pi::ppo;:..\ UO~ '({ ,l';;~J} t:!JC)I~Ut:.l.l (D. 

: ~.l<;!:j ~-1.1) 0:111:1~;1.11[ \:."'lllJ 1:'[ .~p ()50;1",\ 

ofn!J p-·s :mfJ .w\t"w u • !!: 'o!;¡wr::t u:; ·c.,,,91 
oU!\C h.:-¡ VU/1 <ljlll,l!(1;¡!5 Olll!lo:~tu U!! Urlt:r::>¡C S:lll 

-opcuuop¡1 n¡ 'o.:uiiJ(!' !!pu_.ll.,!!I:-'IJ ••r~:w•:n ~1 01: 
·J~JU 1~ ;mh J• i•:••u _5.:. •. opur.n_J 'PIU.ll;\;).1) 
• S.:U(,Jl•!!-'"·'1' :!>t•~l-l!IJ!o.l e !!:epp~m,-. 1l'.)('ll -eU,s,ur 
lltUll ;>r St'JJ\.>1\tu ·'P ~IIO!.!'t:W.tnpp -.r:¡ ;tp en.flliJIJ 
p UO.) ~!)C!J•!.\ Cj t'III:O\;'IJ¡J :'t'-' [1'11 ilj t~flt::J. 

'(O:H·I '¡••r:•:,J.)J'>:t.\\) ":--¡.1 o:1Jc¡ e !orJO.l 
;1:1 jjl o-..:•-....!·' o¡u.:!U:l"'lJ'l-dHIL•.• pp sr.¡¡;Jlu:.f.l uo' 
U!'ll :'<p u¡f.;!¡ :'p "-':·'t!~ll \! t~-~.»1' ;-oí' ~:'J:OH\'HM( 

SCj' ~-~ ·: "U:~J~-.;n¡.>f :,;¡ l;.l.J,").)_ ',W>.:qo:;¡,l\' ;-¡I_OlOJ .. 
on.l ..• u. pp O,'l!l~~UP\' f:tp JIJ.OU j3 U.J SCU\'UIIU 

Sl!UpU '-Cil~!IU_I!. Sl:j :.p SCJ:tJ..¡IUOI _ _,p OJPIII~!P 
(-3 11;) 11<.01-~lr:\1 ·~f '0'<(>,-.,;!J' OII<:J!IIIr"I¿()JiftDj 

"0'-'0."lSJ·' Olll·'!'llr."}JildniO.l un OlCI•I O!fJt:! e Ul!.l1 
oS~~IU "'I"UI;\jl~ aut> 'S'r.'C'U ~t'j :tp pt:j'!!!'i\:\IUOJ-'p 
h l:!.lU,)I\~'·'·' ··i u • •..Jm:>!i 1111-'''_1 pp r.nuc¡_JOlJWI· 
t:j Ul'."ÍI~\(11<; ~-l;>~JU,>III!l-'dl::l SL'pU.'j'!..:~ St:)S:J , 

·s;>¡ue •·pruflpu.-.ut r¡ J:.~ ~~JroJ om'ilfU 
·11!->-1Ul :.¡\:o .:.¡• q·~1 .. :."1 "'1 :tp .-:un;. ·sn¡¡·~~ O! ·cnU,1 
-uo.:-~¡p i!'tiiJ"J u.:. .ltJU.x> c[J•'J :tp oo;;),"'>(>J,J >.> :mb 
opr-:.,J:>'i>jO rli .~ '>·'PnFI :>p l~l!'l p U;t U;'~(jt~l!'.L 
· T'u,JJ,·-4) \:tp.ucd sr¡ ~ r.¡u;,¡ 
-a,_, "11'~1 1:'1 -< P"':'l PI" rtn¡_¡,•Jc e¡ .>:;u3 os:~punJ 
--o.JJ <;o.:UJIU \I'J~:.¡.~ U:t CIU.Jc~;'JJ,j ;><; :onb C~•:J),ll ¡;¡ 
.lt:.l!¡:!' ;> ·"'P·~:ul nu."It:r~>U.lJ .:l;~::I ·s~¡c;o¡ ~of.l.'ll •s;) 
~1" <;nu;m:.l¡ lf:'l '1::vu t:¡ :.¡1 r.!:>U.ll~l'il:ll :lj" Olh:I1S 
·Ul:J) llH:'t-lli.lJ.>UI un ·owr.¡ _mJ '¡•uu¡;•~:>n :-il!di.l 
e:l1r...> l:'trn .1p·t>J:"I->p p o!r•¡ s'"·'!lr.J."lt: oJod ;¡p 
s-.1t:o¡s:tJd 5t:l~:t ;~p 110!Jt.I!~!P .\ \1~1!-'ClJU.~J t"'"J 

'(úl61 \"'JI'JU) CJJ<;:.nut r.¡ ;\fl :m:.¡ ~1 u;, 
~;U."':Ur"P:l.JJO.l ~::P!P-lta uos ou u;:¡¡n.ucs:-;• J5 ::~nb 
~C.\!IC;bu OJo;.! ~p.!:.1UO!S:JJd SCJ ;>1\bJC.d 'o;,,:,~ op 
•E)\3 ~ 1C!.J:"llt'Ul Otii~!W pp I:J C JO¡J:Jt!OS ln¡rtS.l1 
't¡J!d~J t:UlJOJ u;, opc~Jd ·opc.m¡~:~ Á. ~¡ura·np 
¡-q.:.,)¡cw un:.., ~o.,!lJ>;)P !oou;~nJs~ JP soJu:w.~yJ·u~ 
1:1)!J~lS!Sl.1 I:J 'OJUCI JOd 'rJ;S."lrtUI t[ U~ ~lUI!nJJ. 
~p.)W OJod .:.p U9¡~d 8J ~p EA¡IDI~d~ g 
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•PHI'··' ·1' ()Jti¡:>UII~ ¡.i •Wil.'\l'f'[ljl 1: Jl:,lllj 111~ :uro 
~!iHI! .':,:•1'1 ·'JI ~>! ~~~.111111 _JI•'.' .\i"f"'lll.<·p "·'J''!' 1'l 1 

".it.:IF1Ut1' SC""J:;__'Il~J-·'~ .S,:'IU!!~:•~J II'J "1' ~
1
1-'·'}3 

tol>•"l'-" ,., "'')»1 / f.L !1' f1·'t ~1>1'"'1"1 -";o; 
., ,......,d " l"'""" r:n '" (él .• -, 

.f-"J.!c·• 

'11!jll~ J:tn¡~AtiJ !l'.lo.l ,;(:¡ ;1¡'1 t!p1PI~!SZ~.J :'>? -~OIPU 
'1JCd so¡=>p SOIUjU!IU \:Ullll.l·\. \'_"~ Oi>tH!lll!\ll ("1\)."I~!J 
J:1>_ ir.l!Jl:.H Jllb .~IOJ"'I_l!OJI,~J\1\--rp:>nb 01.1 's:IUO\~!\ 
-uó:l ~··~.lll] "l!'l.t'lll--t'l ·'f' CIIUnd t•pt-.' u:. p¡ucn¡:, 
l:tp~tlpupd so:u:lnj\.l SOl <1p UO!.lJ:OI!P q I:P! 
-ouo,,vp S) ~."'¡r.n;l 1:01 U;t S:t[t' JMPOJH;-, \t'tU.l!lj"l 
¡¡p .. n~t:.l '01 'll'I-Qiaumu u~ s:.nd •r.r.r~!l~r tl¡r 
oQl t~!l:>j!Jd -i1n:a SQJr:¡.l 10W·~j1 Ul:l!~l:l'l~;ll ~ 

· ·s•-p•::oó ,.,e ~~lll<!J ~"1 ::p ¡or . 
1Bu<~¡ r.¡ :-~¡, :~pu:..l:>p pm:u;l'rut t:.\n.l ·~td~:¡o~s¡•! 
tKJn ·~III'>J5VJO uppnpUJ Ut'I!JI'li'IS!J :>tU:>tl),)•::i'lJ' 
J. '0\IO)CJo<¡•~~ ;lj1 cq;>riJd CUI! ;¡)l;t:wp t:.~; 'f"lU.O~! 
-(1):¡;1) 'pp 0};'\.,j.l .lf"ld r:t1: ~DpCj!J<ft: \Q1.l:>Oj~J _;' 

f1 >C~ "ft-1 ..,.., 
... i~ ~··'~ ·,¡.:¡, ., 
·~ .,., ... ' ...,. ••• ~ ... to 
t¡ t lf~l!-!lU "1 
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~¡l. osJc¡ F' e!JU..lllJ..lS_LIOj u.:. l. ·p?a~/W::J·u-01 o . -llp"r.ppnpO! o :IJII:Ol'!"--'.!d 'Sl'fH!!.!·'I!'Ud \.O:..•: 
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•:>:lj:"> SOL!:>i\]";J ~p s_OU!t:U?I UJ C.)OJ c\10 :>p ~j 'sÁ:>U!S f. :11.(1"0) .1)3 A ..Oi ~1111.3 op!p!J)_I..!W 
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U!pUCH ·:t%1 'Jrl JOI UOll!g) 't'pq¡ru_¡vs:.p o.lOCf •Jm& 21 ~ IC}.IU ~¡dw¡s_U~~ull.nolo i:ll' tlpl 

1 

;,p U9fS~ _p¡ ~~ _OpC:1!ld-e Ji!!Ol :llliRUJJU'03 OZ oS!UJ ns 'S(D!.!f;U\OUO PjC!J;!l'rUI JtJ t'lt'..ll 
•J:m;s~ l,P_ v;n: o '011-JI~J~ ~¡ut:U!JUn~ ou;~nJ'~ I.:.P ~b .a ~ "u¡enJ¡ QlLDWepaup:oJd~ .•seo; so¡ 
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tan SUS ~c-furm.at::Ki.nn diferfd.1s-.y,di:!~ninuye la .para nfoh'S del nfuenc) connft.lñ!e-Superlores 
rt"bdón d~:·- b, n:;;;o,:!·n.:w ~Uhim:~ a- b_ r~il:~en. . ,-·a l ()()O ¡,igfon':_llbryn et al. 1%~ ): quC-. evidente
da rru:dida:.~cb."l·.,chl";htid• \k ;·c .. r¡;.a cc.onltt'n- '·': 11Íet1iC? Oo sé-·pi~S~;iH:i,í'"én"ln~C:f.icri:l. civil. Siñ 
ciorul .. · . . - -~b;.t¡;o, ~l.fr;u,.r cun prr,blcm:¡s de vull::molo~ia 

E,;.:,. ~.lh .. ~ c-.pcrinJCn!óli!d han ~oitfu liitcJri.- pueC!! ser U1il .:un~id\T.I,.. ~,_~fut'ncs confina.nu:s 
dos. m,-,!, .. n:..: c:l uso d.:- uu.Jclos r.:ol•"•l"kos li~ de'c.s1:. nmrnitud.;~.soci.lÚ•JS a·d~·vad::as t~·mp.:ra

.Kch·in o ~~~r¡cn, en d _:ln .. ti":is_ d~ loas ddonÍl:\. ~-- . !Ü'l'is {Mpu~;:r .• _l%9). t_..•s''n~;~-.._ qut'· ~-·· 10n1::an 
<:io: .. ~-~~ 1.-u~'U pbza "~""¡.¡_.), ..... pru..:h.l\. .k rLic3 .• ·. dW:~ik1' a,nh-d""' ~ ~fth.·i·•ti_oo; ·.::unfiu3ntCs comu--
u ohcn·;¡Ü,:,; eñ ~,,-a,·':-..:i<nh:~ <t-u!;Í.:ff .. ll\.';\:1. .. : !JC'S en obr~t<;"cic: iue.'':fli:.:ua )Uil ¡_,._ :~~.,;I>!J.nJ.::s 'J 

Fm:1lm..-·m..-. u J1cr>u do! mrudlin d h .. -cho de poru'St~S {pi itas n:.::knú:s. nrJrt'al>, \ih·inii;:J'i, o=!::). 
qt~\.· ::a1 ::~l.c- ..!e h·¡¡r.:...-m;.zr. rn •. •.Ji:auh::·m•><k·!os, Puede t!.:c-ir~c. !>in ·~,:nll •.• rt:o. -.¡iu.:"o.'ll i,-..·u::ral b uu-
!o:s. fco•ll!"f\!!lO:ti' tn:hluit.O<t- ·~•~-o: ••~•u,;-u .:ri la COl lO:·· :-. .; yOriol Jc: "la"',,_;,,;; ;,;.. ~;-:n,,~··no:tn'.:n· fo.J'rrno~. fr-.l¡;il 
1.:1 ft:t¡~'\lrl':'l,.::af:a':.i&l<1 r.u:""'"', !. ¿ir f:l.ll<:liaies ·_ -en ¡.._.,._,,r-\•l•klli.!.~ 'J~ ;¡z;···t.il·a·i.~- ci·.-il. ··. 
tan \-i .. .:-•~u· comv b·},..ralin.a par.a rcpr-~Kñiar- '· · • En vi:.l:; eJ..: La ·,o;"l"'' J•J,,J dd ~om¡oun.un:,•nlo 
el cuwport.imil::n~o dé-bs:nx.u. ·_ _ :. · -r ·.dc'un.a. rO<.;t, 1!-.~c\uknh: qait• no S<! puo·dc: dl.'!amr-

. . ~- - · uQ critc-rio;,Jc-·¡,,¡::;¡_ t/ni ... •J_-nPu'r tanlu. c:n d in· 
11.1.3 CritrrlD.. Je J~ll;{, E.i.Cu;npoil.iuñic:nté)""dtf··. ·. 'iCñ-~aJ()---(J._:;euznp.;11:itñiciúO'·f f:í:.:'il.'"él""lrit~rio-co
f;n' rvo~ sOni~tidas a prucll.!s Jc. ernnpu.":!>ión tri· m_f1mn.:ntc utjHiik!o es d ¡¡rupuo.:SIO (JOr GriWth 
aJtb! \·:ula en funci···n .!clti¡•u ele nK"n •i dd niv.:l .¡:_ (19.::5.~; potr.l~llin·:~-~ iul;."''"'·d•··~ J.: h plt"<.i•in 
de t'~~,,.·r.:.,~\ u.mfüt.w:~--. a;•h~.n.:~.rs. _ C(IIIÍiu.tnf•• ~ cmp:..:-a ci-H!I.:zi<..ol.k fallad<! llo.rh:· 

Al rr"~::t.r u:-~a s..:rk •l.: nJU\.""1Il!o-. prtwcni.::ntt'S •.• iCvi•b•auh • ."y,.p~~:., ·\·~J¡,n:~ l'ii·t·;ul~.-s J,. b. rrc~i.:.n 
t~ 1.::-1 mi~r::o· n1.1citz• h';;'·""·-~ J'll'~>imh:\ ,-,¡¡~¡. tHnftn.ult-'- \C ¡.1'/ñ:.lu lo,. cii1crívs d:hi&:o..IS de 

·tu~Jtcs "'• cr.•,i .. ·ruc,.. \.e ,.¡,w,,.a un;.¡ Y:ui-•ci<in 1·n.:~.:.1 o J..- \'un Mis.:t. 
rn !;,., rd;~._¡,_Jilc:. nfuo:1to o!dr,rm:ll"i,-Jn ( fi¡: 11.14 }. 
J::n d .. -.;!o. p-ariJ r•c;.inn..·~o ·~ rcoht.-iJa:< la mu..:s
tr~ !e com¡.-:.r13 en furma e!.",\rk.1 !..a~t:~ ,.¡Vl'ki 
alu.s dd t')iu .. ·r.to «~\·iaJur .y._f¡¡ll;¡ n:¡-...:nlin:.· 
rncttl(' _t'n lolma'_ rr:aril, rrodut•ién:fu'\1: li!iu;-:¡'! 
J'Oll-.a!da!i a l01 diJ(."Cti.-on J,·t· .. ~luo.•rto .tlrinciptal 

• m;~yor • 1• Cuand..l las p¡,·:.íon<:' .,. aurnclilau, la .,.,. ·. 
cuna ~-.. ru,'1:Zl; Ji!foJ:-uul.'iun. pr~·<,t·ril:t un ·, .. ,¡,¡.,,kJ 
sc¡_:uit.lo de u1C1 dhtttimrri.-•11 'de .u.--.bh·n.:¡,, y 1::. 
muC'oll:t htla oi l• ... l:u·c·• J.: pl.•uli:. índiiJ:ulo.h o.un 
rnp .. -.:11.) a la Jitl'ú j,ia .1.·1 .. -~lu, uO ..-,: l'in.tlmcn· 
tt. pHa rorúÍ•Jtlt."• •· nm)' do.~\-,hla~. ¡·f cunlpm"la- · 
lilh:rato tk la Jl'l.nc~lr:t ~ a!ll.!fll~ja al.d~· un rnatl .. 
rbl d .•• t,; ¡•l."tkU. p.·•lt'~·I•J u .. ·un L'lhlua.·..:hnknlo-
rvr d,·furzu .. ciún. . 

El v,o!ot; d.:! c~fu..-l"lt• cutaliu.iuh• _,.,- flMOt d cuál 
c-1 lll,th·Jial »· '"'II.J¡•!.htll>l u oitlitil ¡, 1.1 lo"nt¡l<o. .. · 

.. '; 
//fl ... 
··~ ·::·. :· 

,., ,.:~~.~.~, .. ~, 

o 

m 
'(:p·· 

'• 

. rólllU~I ~~•.'! 0.1111!'~· nt.:, ll<'f'<:JIIk af.-1 1 ipfl tl1· 1 u\ ._1. 1 .4\:ol 

IV.: ,t\ ti.-II<Wl> ,hu •• ,. ( ¡;~ omil<o\ ill:tlti:l',hlus, ~·11.u d• 
t.r~ y c;,lir,t\ ~.wu¡:-·.r\·t¡¡~·!.) ~e 1urn.~1_1 ¡d.t~li.-.-.:\ 

;JI' Íl.14 \';,;i.l~-¡r,,l dd uun·;..,rt:mzi\'111<> ele 111111 noro 
¡·U flllh'Í''" tkl \""f\11'1/(} '""fm.tUIV ,•plÍ•••I" 
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, Crltirio dr: /cU11 frdril d~ Gri/fi11t. El csfurrzó: T 
,-ttóiiclrñente ne!:cu'i-¡oJ P~r;, liill~r a lrnsión un 
n:ateri>'J fr:í¡;il y pcrf..-..:tólmo.:nto:: homo¡:¿neo es: 

~ di~He at ¡JuntO efe-_ intrrsi:Cd6n c!c'l:a· ~lipsc: ~Í{"-: :\·.~ 
d pbno nmrnab- e-sta en que actl.ia •• (fig 1 LIS). 

. E 
T-

. .:. J() 

Pan • • O. •• ~ ., '1 •..- .. O, h Cf. II.IS se 
rtducc a la propuesta por Griffilh p3r.a !.1 tC$iSo . 
tcrici~ á tcn5!ón- d~ _mater!'-1, •r 

.. ---%~._a ;· ••. ra 
., l'-;:- (11.16) siendo E su módulo de ('l,tsticid;u.l {Fuu,!cfJd·l;aJ, · 

J9SQ). Sin cmb;¡rgo, ntc m.11cri:~l ideal di:.ta mu-
:·chO tk ser- "rcpr:."SCt\Utivo de 13¡ ruc;¡s, Qt•e !.;\Il.uJ. r · · · 
a lifl:¡¡ión h:ljo ~ruChos tu"ucho m..-Ítores. rür- un:~-· ~-slir{d0 r~ el r~"dlo di! cUrv.Hur;a·'dc la-dip$e. en 
to. es pn;cho ;u.Jmitil' QHc ~ta dÍ~h·p;mt:i.l_ SC ' SU Cli\í'Jide. . -. • . · . 
debe ~-~~\ con<cn!rólci._.fit.·s· de c~f 11.._.P!•\ que El midnlo valor de •• se (llotienc pa,-. 
1-c: prcn·nl;tn \:n I.J c-:rcania de la~ rhtlloh ~u~- )U,:.~ 
ca:-~ l-1 m.;~lzil r-o.·o.r..a. Clillith ( J?l~) :>11.1.li~ e,_· 
tas COI1(;CIItr:":>:UJI1<."5 de I.':O.ft!CilO.. y !>U¡>Jil.U qi.Jie 
bs dt1t:onlinuü.! .. Jc~ t!t!' la Ína:ri.z son Jc- furma 
eli¡>'lica. 

'" .... _ 
.~~ ... -. -. -··-.(. . --- .,,, 

··- .... + ., 

· .. : 

Cur.~iJ..-r~,:mtl~ rl ca~oH tk· un:~ •nuc~lr.t .!1" rt)(';J 
IOIIn:tiJ.J •-U!a.t p::ud>J. t1i.1:-;i::tl (!Jo; 11.15}. la 
dht:unlinuil¡.l,¡·~ul-u ..... l.l ..._. a·!>l."lllt"J:l i!.'una'clip'>c 
dt!' cj:.:s 0;: }'u_~ mdi.;;...;..,, '~¡~ún d :ln~ulo P con •. 
rc~¡IC'I.·tu a la JiJ.:..:r¡.Jn dd ..:-.fn,·uo pnroci¡ral lll::t· 

yw·. En ulcs ~_ondiüvt!l'!> Y-~upunio.'1u.lu ,,u~.: el 
.a-o~tt-rial e'i di:-ticu. !-":' dt··m~:.lra ..,uo: en 1~ ccr-

. -,'·.a [ ,"- . ;·. -•• ~-~-
··.-;_;;;:.,-e~~~ ... ··> (11.17) 

·.t.-···""::::' 

- ,c:nia de- Lt.~Usprdc dc·l.lldi..:i:\Jntinuidad:: 

.l(•.m·- '•••) 
--·~=~T;:.-_.- ( IIJ~)-

stendo m la clC:t'ntridJad d~ J~ t>llp,c, o sc:l d 
. cocic:nlc de l_ól fungiluJ b J.:: ~U ¡;-jc in~·nuT y l:a de 
su c.fe:m~yor., o; .re~ el >inJ;ulo pol<~:r ,corrcspu~ 

!lcmpla.undo rn "'• Ultima upr~\Mm la m:ag· 
, hitud rn ,;.. obtc:J:"ld:a mcJia.vtc l;a « 11.16. rcwlt-1.: 

ose.a 

. [··e'· '•J z .. = •• -'···~·)ti 

.:. - . .,:. ..... (.,- .. ) cr: 
( 11.18) 

. •• .•u • - • . ' . . 

'ta ccuael6n-P-1~b6J!Ca~IÚ8 ~nt& l11 cÓ:. • 
YO!ven!c de Mohr Cufrc~pondicntc .~1 criteiio de · 
Ctiffilh. ~ ,, · · 

Si ~n Iug;u de: h01!1tr ur.a .,.,,J.::a .._:¡,_co~atinuid.,J 
~n lól lf'::l .. ·a--l.i fi"lt;•ri·~n r.~C'r,) hrofrupii... la fall.3 
ocu~tiri:~ a lo far¡:o d.: l.a fhut;.:. paro~ J~,. •¡uc d 
~~!urrrr, th• te'a'>itin ¡:,·u~r:ulo (uera m:;""·"· Di· 

. , clzas f¡'~Uf3~ C\(án O!ÍcflUI.(J.t$ SC:¡;Ún el .ólfi(:UlO /1, 

·....: _-/. 
·-'· 

.. 

..... 

· tal·que ' · - · ·: · ~ · 

( 11.19) 

En ese caso. !Vi c~rucr:ws principales corre<,pon
diciut·s .• 1~ (:.ll.a se rd:.ci<>n.:an m~Ji.1n:e la 
(CUóldÓtt 

,'•' 

U resislencb a la compr..:sic';n ~irp¡.!e ft"'u!t.:t, 
Jlrlf L•n!H, j¡;u;tf R t1dzr1 Yrt<:\ la H:',Í'olt·n~.i3 l1 J.1 

· t~r¡•,;.-¡¡¡_ dd .111:1 ie_ri:ll. lo ci.1JI Clti:•< i.l•.· ~31 i·.f.1c 10: 
ri.nr:nllc con l~o\· da1•1~ t'\f"'litn<'l¡T.•!•·'· 

l .. -. i~mf,l lk ¡;,¡¡¡¡¡j¡ '''1''1 •''!'"'''.!-• •l,·fir.~· 1:!1 
ro·),,\;•Jlt~··, <'111ft: l·,fth'lll•' ;Hill(lp.do·l t¡'l•' •.h-!(r• 
noiuJ.n ,.¡ iuhitJ d_t• l.t 1''''1' q;.,li•Jn J:: 1.:·. !i\ut:t~. 

.·.·• 

.·• ~ 

,_ . 

.··-·,. 

-.-_;.. 
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~ro;·~~ ~en:: s~:;e-Qrrollo. •u~secv~t'!. Es:a 
rdacíón entre. esfuerZos principales no sief:l.pre 
coincide con un criterio de f:=l!.1. En efecto, si 
para una~ prueba ck tefuWn es & n:pt"rOJrse que 
b propaiaciUli ae··l:. fisun ÍlÓrmal :~J- 'esrueno 
ap!k:o1do lleve de iilnu:tli:tto 01 b b.ila Cd csp..:Ci
rr.~ri. no ocur-re Jo mismo ~ un~ prucb:t de com
prc-sió~ lri:ui;JI. ~n.csic caso, 13 lisura se propa. 

.~-:e-· ~ta situknrlu u e C3fl'lhlo c-:n:o b.uta q..:.: se tOrna 
,, • ~- f':ll·llrh·-:~J:i JltccCiDri:dd ~\feCHo !:li:'l~i;._:,rmOJ

yo:-.1.!.: compro.:siUn; en C\e momC'n:o b. fi\ur:~ 
¿eja dC rlujJ.I¡:"ar\o: (Ur.l¡;C y llombui.ü.is, 1%.3). 
t~l.: {cn(mll:no· w: C(.ol"fd:tcí"na con l.h ol·,.cÑa-

,-

, . ciofh.--s d't• los -mi_crorruiJ~ que ~ -:~·n.:r~ul .Jur.a.n
·'lc b pr'ud•:!. ·:~.·¡-..;u·tir-dc l::;ÍuC'TZ05o de- 2'i ·y-M ~r 

ciento d.: 1:~ h':'iÍSlcn.:ia ;a comprc:,;i¿n sin•pJ.: p::u.l 
¡;rar:ilos.poruloOS y_ t!o.:asvs, rc~~"Ctil·am.:lll.; (Pc-
ra:mi y-1-~c-.lon, 1969). . - _ 

.En '--or..::l"'-iUn;o-..-1 ·crilerio de falla de Griff:th 
rc-pH'\CiH.l .:d.:n!:~.b;r.cntt" d cOu1¡>ur!.1rnirnto de 
las mu..·str.n d.: wca SOln>:IÍli::l.:> a t"~foc-rtos do: 1-.::n
silíu. En d c:'ho d~ pr"o.:b:tlo t!.- co1r:pr'":>iUn. !..t. re
lación entre r::~ofucnQS.Pl~ncip:~l_es·qt~e_ re:~oult:a de 
la h.-mía de Griffith carn:s.rontk. nds bkfl. ~~in¡.; 

~ cio Ji: h f.•V.. .k· nlklÓri;,tía.h·iocl"!.!c:-'rJ ,,_,.-:~;en 
Clmn1t1 a la L.ill.1, C''>la v.·t.u.: p-or ge::~·t.:óJn de 
c~ft:n-.-.,., ct:~!:.lllt:S cu:,·~:,-o" a 11• i:lr¡:o Jc bs 
dim¡r.tinuh!.ldt-s asi cn•aJ.Js ( fill' 11.16). ·En t:im
stcu~nüa, el crit::rin Jc fJ.II:. comlif'mcnte utili-
lado r3r<J c-1 c:,_¡so de comrr··~iollt's tri:l<ci.::tl~ es el 
do: Mohr-C.ouiumb. 

Critc.rio t!.: Af:JI!r-Couf.;mb. ·Este- crit.erio. -1~ 
mateiriátiaunente. puede· i:qir~saise 

~- ~ ; ... ~ ·_ . 

(1121) 

t~Pnéi, ¡; f;.ltl:i ror éort;:¡nte :~ lo·lar~o (le plano:·. 
la tcnrf:~ d.: G1iifirh desrscciaha tl hechCJ Ce que 
las risÚr.l'i pueden c.:ri-.:u~ cuantlo los c:sfucnQS 
de cozr.prc~ion son ~ufki..:ut~:"nu.:ntc- ~r.mdes. En 
tal caso, c:'i d~ c ... ~i-:Jnl· 1¡uc s..: Gl.'n~rc-n ft~t:rUl!l 
de fricción C'lltlt' las c¡n;¡~ do.: lo~ fhura, y pJ.ra 
tom:u en ctt~·nt:l e,. t.: decUJ 1\tc. Climo • .-1-: y W;~!sh 
( 1961) moJifi.::~run 1:. tcori;¡ dl· <irifftth. m 'rcsul
latlo)'-nJ:\~ ilit:".vrtamc de· ~·~1.1 I''Vf+O)tcion.t'S que 
p:•r.t flJc,.ioUl'S 11!1:-m.lles ,.Jl:\:.das, d critcrb n:o
¿¡fi~ad" do: G~ifr::h cninci.l~· ••,trict:mwnte con 
('} d..: Mvhr-C.:nulnmh, P_or_l,IU(t), p.1ra nn~·s pr:i;:. 
ti..::os y fiar.. p1t~iiUI1l'S ..:•mtiua!II\'S ~ufk:knh.'ntt·n-
tc t:r .~o~Jcs,JtUt'll<: CO'!o"i'k·t~•r·:;e ,-:ili.to-d ¿., j¡~·rio 
dt: P.h·hÍ'.- Sin' l'mt..,q:o, fl:rt;l rll·sior.cs .c!ln~i; • .,~,. 
l''S SIIJ'I.'ri•m:s a 1 ()_)-_) l.¡;/~·n¡: )' en d e:~~ .. tle 
rOt:•u. dur.n )' tl.:n,.h; d w:.h·rül 1.kj;¡ tic n•m· 
r'l<-.rl;one n.mw fri~,ciil!l:Üth: y·"~ to>tu:l dlu:til, ~icn--· 

• du,;ol'liC;llil<:;. h''l rriti.:tios dr: ·f.,!l.t .k ll'l'.Ot',t o 
.V<.m Mhl"'i, . . 

Crito·ri,"ll J,· Tr .. to'll }' l'o~·, Mi\,'S. St' ha t'\111· 
~i.r,!u d•·ll'lti.i,wwntc d. nml¡•ull;>lllkul" .11•• ti! 

··::·--=:---- .. ".".----·- -< "::-:- ~ ,: e_: 

_,._ 

-,-- . ' ;'¡'' ···- ---_..-,·.--: .. '- . . - ~-:. -- -: . ... _--._· .. _· __ "" ·.~:..~ : ~;-_- -.~.-· _:·~-,,.,.-- -- ~:~--·;·-- •'--'"-~ ,;_ -·-·-· '""'-;-;-

de hts rocas debido • su o;. ¡n,plit:ocionc:s en pro
b!cmas de ccofisic:~ y t:c0lo¡:í3. En d C:Jmpo-Jc 
la mecónic:~ de rocas s.u 'inir'Qrtan.:::;t ~s mucho 
~nOr, pues son poC2s'l:!.s t:irCun1>t;ancl~s en que 
las tem~roitcras- -, r·n:Si+'llió ::tplic:~(j,_¡ a las ro-
cas -las tom.1n JUctilc§. . 

Los criterios dJ~icos' ulitil.3dDS son_ los de: 
Tn!SCa y VOn Mis~s. qoc Suponen :qw: 1 .. Jal!a 

_,. ocUi-r~'cu:.OCO-~·l·m:hirñO·Csfui:;,,J cQrt.--i'nic· o'li. 
Cneriia de-- d!)!c:r~itin, f't'§Jll'Cii\·~m.:ut.:, alcar.un 
t:n \·a!or prdij::nlo. Us c~plt:!!.iones corrc~pon· 
dict>t<.:s s_5)n. parad _criletio_:d.~ Tr~~a 

(1 Lll) 

'1 para el criterio de Von ,.:fi5<S 

(•,'7-.)1 + (~• -•,)~ _t(•;.- •al' =,ctc(tl.2J)_ 
. -. ~~ ··-- -~-· --~-·-- ,.-,.~-:- :~-·-.- .· 
siebclo • 1, •:t y •• los csfuc':2o-s p~indp:t!cs. 

11.% NASAS ROCOSA..~ 

El ~::.miento mtcó.nic-o ~ hidntulico d.
un:~. RlilU de ro..-a d..::x:ndc pl imortlialm.:nt.~ Jc fa 
c:or.fi!;uración de su• di:o.r.:ootinuicll•~C'!o. E:>!-H se 
egn.:p:m en familias. de JUnla\, planos th: o:•.tra
cificacióri, !.upcdicics-de foli:JriVn y (a.!IJ.s. F.l pri
mer [l.J'óO :'1! c~tutli.::tr un l>itio h.l de st"r, j)Ur t<~nto, 
la da.,ifu.:aciOn y k\·.lntasnicnlo ,!~la~ su¡>crficiC!I 
d.: dis.-:o:uinuicload d~ la rnas;a rucosa. 

Ji.!.l Cl¡,;ifim.-üm -T lrr...,fil-wñte'J~ dUr-"
nutrfudl'6. La cara-ctcril>li...-.3 que r-;rmíte clifcrcn
ci:~r las blla1 c.!.c-l.u juntas ~. s~ .corrim~:-a· 
to; las juntas wn rrnc~ur.as -l>in corrimicuto y 
lr.UJWCI~a!.:-s a!::~ estratili.r:~iün u t'\qui\ru .. ir!~·d, 
mictitla~ que !:ts f:tll:~s con~.t•tuyen sup.:Jfi .. i,;s 
d.: (!¡~conrinuiJaJ cun un curriruicnlo rdati\·o 
entre ;uuhos bk4u.:s d:.: ro-.·.t, 

l.a-. b!l .. , 5-e l ¡_,.,¡Jic::•n comu normalc'~-, ín,·cr
S:J~, o tr,lfl~\'t:l!>j\ ~q:ún bs Jirccdoncs Jc tv1 
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Capículo 2 
-... _' .~- ...... 

Propiedades mecánicas de las rocas 
. . 

A. J. H<ntlron. Jr. 

. ·: 
.•. 

%.1 lr.t-ión. 

, ..... 

En ·J;;·üchoc; problemaS dC MccAnica·de las Roca''i "s'6~ dt- iril~'rtancia rJn
damcnral las propicdaJes de la s1.11tanci:J roco~. En otros, oomo se indicó en 
d capitulo antcrtt."lf. d~hc con~iderane el comportamiento de 1a roca in s;rw 
ce~ la:o:. tli~nntinuidades geológicaS jnhcrc:11cs. En ·la priim:ra parte de este 
ca.p¡;lilo 51: comcn!an !3~ pro.piedi.idcs mecánicas de la s.uc;tañ.ci;:. rocosa. Entre 
e tia .. - 'i~ incluyen la n:~is!cno;ia a trai::Cit~n y a compresión simple, las c~ractc:
risticas ll?nsión-dcfurmación en cCimprcsit'm simp!e, la resistencia ·y las carac
kristicas tcw;.ién-Uefcrfn;:tci~\ñ de las rO\:~\ Vlmo:tida:; a t:nsiones comt.in:~.da<;. 
y la durcz.;l. En la sCgunda P:lrte· dCl C<Jpitu-lo se analii.a ia -ñ:sistc:ucia y· coin-. 
plcsibWt.lad de los macizos rooosos diadas.ados. 

l.l:l . Resisimcla a _tru_rcfón_. ",. ' -~ 

Resulla dincit la Ucterminnción de la resistencia .a. ·tmc:C~ón __ med_larite el~ 
ensa-yo directo de una pfoh~ta. cilin_úricn, )'Ol que aün no se ha ccmscguido un
mCtodo !.atbfactorio para ~~~~·t;¡f.fa probc~a !;in introducir tensiones de fk . .-ión: 

-1' ... _. 

Brace' ha utilizado mue~tra\ de fnnna Ci>p;:ci,,l que rcdi1ccn el problema 
anterior, pero el mé--todo operatorio e~ co~tuso y quiril dcma.,i:~.Jn comrticado 
para r.u empleo rutinario. El tn~todd m:í.o; pr{¡C"til.:o·pnra.dc-tcrmi~.lr la resis--
tenc-ia ñ tnicciún din:da se ron,igur pcg::mdo. con rCsina e¡m:\y, cahcz:tlcs de · ,. _ _., 
metal a nntc,.tras cilíndrica~ de ruc;t que se ponen en tensión m<:Jianl;: c:thles 
o cadl·nas. _ · _ · 

Como no .. sude !-Cr nec..: .... ,ria.- un;, detcrminaci(ln cxactit de la rc,.ístef)CUJ a 
tr.h~éilni dd nlatc:rial n>eetso, ést:i ·se suCIC medir gt·ncfalmcntC poí-'métodos 
r~piJos indirecto~. El •ttnsayo hr01~ilc~1o)) 1 cs un método inJirl'\:to muy u-.ado 
pilla tkknninar l:t rcY_stcncia a t¡m.:ción úe la roc-u. En e-; te ~:n-.ayo. um\ pro_bcta · 
cilíndric-a de longitud /#·y diámetro D se carga dia_me~ralmént_e con:una ~rga, 1'. 
La muestra ~e s·ur.:k rompc:r·"scp3rándo-;e en doS: mit.l~is Sei;ün el eje de carga 
diamL"tml. Se calcula entonCes la rc ... istcncia a tracción u, en rotura mediante 
la Ec. (2.1' l¡ue d:~ la tracción unirormc i¡uc.actúa sob_r~ la,;maygr p_artc·dcl 
diámetro, normalmente a 1~ linea que. une los,runtós de ca·rga de acuerdo cun 
la tcofia elástica. · 
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( 

Lln segundo mCtodo indin:C'to.7s el ~n,ayo U..:- ~~acdón con caq;J. ~-u~tual 
dl.~lito ·por e Rcichmut!l·' .. Lol re,JstcncJ:l A \1":\C\'l~l\ ~~a.,car~~ rur.l~l,ll: ~e 
dct.:nilina anlic:\nJo c;.~~~;1 s d.: cnmpr~si(,n JHmiual..·~ ~ l:;. !<.U('"rhcl~ lah:ral de 
un tc!--ti~:,o cilin.Jrico con el ej.: en r··,iciUn hnri~.<•ntal. Lt .. C:lft_~;J .. rm~tu;llc-; 
se :~rlic;n nu:dianlc una pr<.:n":l ~ tr:tn:·-. d.e fl1Ót~~os ~e acero cndur~·c¡:'.(l·de 
pc-qu_ci"lu di:imcLro. normak:; al l'Jt: t.h:! tc-"h?o. Eo;;.a ~rga pr~~ traccwncs 
¡Xr¡X:1üJicul;:m:; al eje d.: car¡;a; la rc~'"lt'I\Cil a lmCCIÓn a, v1cne dada por la 

e:\prcsiún empírica: . 

"'= 0.0675 P/D' (2.2) 

do_nd.: P es 1á. arga de rotura en kg y D d di~ metro del te~tigo en ~nti~ 
metroS. MiUcr' c-nsay"ó "·eintiocho. tipos Jifcrcn.tes de roca, seg1.1~1 e .. te m~todo 
cm::ontrando qu-: 13 resistencia a tracción mctha rr, c~taba rclactonaJ.a con la . 
rCsistci1eia 3 "coinpresi~n simple r:1~ por la Ec. (2.3). 

a~ ;:,~ 21~; + 280 kgfcm'. (2.3) 

Para fines práctlco". probahlcm~n!e es suficientemente C"-'acto en la ~a.yor!a 
de los casos el suponer una rc~i:.tcncia a tracción Ud 5 al 10 ;-;:de la rt'il!'t:nt~ 
a Compresión simple. Un:~. t.lc-lt"f11linaeién · m:i.!< e.t~cta puede. ~o c-;tar J''~ll

. fic3¡J.a tJCbido a ia :uüpl;a \ariJ.ciOn de. rc~htcnel:lS a_ tr;¡ccam o_b.;~r~a~as 
en cualqukr serie de ñllle!>tra~ ,,J,.:: ro..::a. ~t.!l•má'i, por .otro lado, !~o;; ''anacl~
ncs direccionales son-muy grandes en roca-;. mc:lamorfteas Y en roca!> scd1· 
mcntarias-- de estratifica~ión fina s. · 

~~2.1 Compurlnmi~nto a cm!!fff fiÓn .ti:uph• 

·· El ·coTn¡)o~micnto c.lt:. la sust.:Jncia· ~~osa· a· c:OinJlr.:sh.l~· ~m·~~e v~enc 
.afectado en cierta. utc:nsión por las comhc1oncs de ensayo. la'i \IJ;rtabtc)o de 
en!>;\ YO 'm;lo;; impOrtantes son :::1 rcl<1ción hm¡;itiH..f;"diáml'tru de la muestra, 
L/D .. la vi:tociúa.c..l tic carr.a y !a-. conllicion·c<t Jc: borJe de ~a mu.:stra. 
- Si 5c c11 -;¡;yun testigos liC r-.·.:-,l ~;nn ..-;,lores t¡'J) pcqucno~, es proh;ahlc 
que no se pucd 11 n form:tr los planos·tlc corte en la mu.:,.tr:'l <.1~ atrav~_,ar d 
plano formado por la b~-.c tic la lllllt.:\tra. y C'l plato de la_ rr_c~a. A\l ~IIC'>, 
el ronmir.:nto entre l:t nH~t.'!'tm y la prcn'a rroduce un .:r..:c_l? Jc co~~tn<Jmlel_tto 
o tria.xial c¡uc aumenta la reSÍ\h.'nci:L ubtcniJa. llna rd~~¡un .cm_rmca t.ldmiJ 
a Oh..:rl y Ouva!l• rd:aciona la rc~i-.tcncia a compr_~on med1da "' con la 
csbclt.:T. LfD: 

. i 0.222) 
ac = t1c1 \0,77~ + .. -L/¡}-. • (2.41 

donde rrc es la ;~~istcncia a C01~1pn:~ión para L/D ¡, l. y O"ct es la· resistencia 
a comp1csión Para l.JD '"'" l. Se n:comicnJa uria rc_l~d6n LID de 2.5 para 
a:\cgunir una t.!istriht•dón d.:: tcnsionc!; hn~lante un,¡orrne en la muc-n_r:t Y 
aumentar la po..;ibilidéid d.::· qu..: 'el pbn<? d..: rutura ~ pueda frJrmar hbrc
menlc sin inlcrfcrir con ct pl:.to dc_la prcn'>a. . .. , 

·t.a vciocidad d..: c-nrga co;; una variable ti<.: cn~ayo q1.1e ¡n!J,Jyc ~~bre la rcSJS· 
tcncia a wmprr.:~ióa y el m6tlido d..: da~lici_Jad. l.n t_a.~ta 2.1 c:ompJ.ra h1\ 
resistenci:ts medid<~~ en la areuisCil de lkn:a y e:'! gabro._.con_do~ vch,)C!dadt'\ 
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Rroc.:l 

Tabl:1 2.l Jnf!u-::ncia di." la '-·dcx:t!;ni J-.: C.l<~ • 

·Rcsisto::n~ia <~ co"'rrcsi6n Simil:.: fk¡:.,'crni¡ 

Ti.:.tn;~o 
hasla rotura 

_., JO'.i 

TiC1!~;-¡') 

h.1\1J: mlmill 
'=: O,O_IQ l 

Incremento 
de 1~Ncncia 

t"·~ 

A~n~ de Rcn:~ 
(;.,brn '"' 2.170 '"' 2.1!00 

lO 
JO 

de carg~ djfere'ntcs 1.-i..a tiÍ;U-r:l 2.( m-uCsú·a ci efecto Ce -la ~locid:~d d..: carga 
sobre d co:nporlamiento.t.lc1 hormigón en ma:r..a •. Al 3Umcntai la vrlocidad, 
la rcsi~cnCia y clmúdulo de e1a<oticidad aum;:-ntan. "disminu}-cndo la dl!forma
ciOn di: rOtura. Rc,.uhado'i. scnh·jantc~ se h~n <JbteniUO Con sal &cma; cñ un 
ciérlo grado pucUc t'i.pcrar~ que otrns rocas se componen de manera similar. 

..... -~-

~2.1 

• . c·j 1(.! 

'&~os 
~€"· 
!Íu¡~Q6 
<··-~:~o~ -
j2! r; • J50 ktJ/cm' 

-¡; t'~ 0·2 • •os S6 d+U 
• ! ,.. 1 

Qii•l -OQÓ4~Cl(.)6 0006 OQO • 

0.101'"-ióza' ,., hoo~. 1 

lnn • .rftci:~ .k la wloC'idad de ear~ <:obre la resistencia y el m6dufo 
- de c~¡•(fic!dold • · 

Pa.;, velocidade" cort1prendidas entre 0,70 y 7 lq;fcm1 s, o;in embargo. Wuerker' 
y Watstcin •• han indi,,::u.lo que la innucnt:ia de _In velociJaJ de carga sobre. 
la· resistencia de Jas·rocns y el horllli¡!ún e~ úc~prcciahk Normalmcnh.: se 
titili7ó'ln .vc::locidadcs. ~om¡m!JHJidas cnln: c-~u" limit~s en lo!>. en!>ayo'i mono· 
a.,¡alc'i en rm:a .. •. 

:Las condicioncc: d..: hMde de J¡¡ muc.<;tra innuYcn 'i:Ohn: la forma de rotura 
. y sobre l:l rco¡io,;tcncia de lus roCa~. Ohl•rt·y otros 11 rccOmic.:ndan el empleo de 
muc~t.rns·sin rdr..:11tar, ya qw: el 11Httnial de refrcntado sude ser má.-. brando 
que In mayotia \k la!<> rocas. L.1 tcn.:~·,(·ia de ~·<:le matt;rial a romperse csio:a· 

.pamlo radialmcnte pr~ducc un.1 rotura por tracción que da. lugu a una 
,.,..cñor rc~i~tcncia (¡uc en las nHIC'siras ~in refn.:nt:l.r. Por cst:l ra1ón las n•uco;tra.~ 
de roca dl!hcn cns;.\yarSe sin rcfn.:tllatlo, h:t-.tando wn dejar t'licn ptlliJ~¡s su; 
cnr:1~ cKin:mOls. 

· t"l';-:a) rcwhado de una a'mrlia "l!'tic Jc cn¡.ayo<> Co.n vdntiocho tipos. de 
rocas, Milkr•-dil~.ilic;a la~ curvas th: kmiún-dcfMmnci(ln t~n ]t)s sci~ tires 
·que aparecen en la ll~ura 2.2. El tipo 1 ptl.':>•·ma una ror"mn pr;',cticatncntc 
JinL"al hasta q_ue s.c-producc una rnlum rcpcn!tna. E.\lc Ctlri1p•1!l:;mi.;nfo Y" 

.. t_lpko __ dc_ ~os ~~ltos, cuarcl~s. ~iah.\~.a.-cJolumia y. calit.a~ nlraortlinaria·-:---
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mcnh· duras, como la (.h" Sok•lh•lrcn. L3" c:.-tlit:i\ má'i hlanda'i, :u!!ilit.l.' v 
tob:J" prc·)l,~r.tan una fiucnci~ :l~-d:i-.tia. conli:;~.;ar:,~·nh.' cn:ci..:r.h:, :i arrn~.\. 
m3r.-c a la cnr~:if.!c·rowra.1a ('~tal puCJc C;.iractccil~rs.c por la cu.r~a ~'-'! ti¡)_9_11_ 
de la fil;!tlf::J 2.2. .· · 

La curva tipo 111 ~ tipica úc IJ nn:n¡,ca .. gr~nito. C'iqui'ilos cortados 
p3raldamcntc a la cstrJtipcación y alguna~ diaba~~f<. La~ rocao;. m..:tamódicas, 

., .,, 

.S. 

r 
b 

b' 

r,r,. 1. [l.l-Jto 

1-2 811-saiiU ·- --
t.opao 111.~ Pla'I!O.Ü'II~ . 

191 A.~.io<• ·- --
llpO V, ~ast-las!qpthtieo 
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b 

b 
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'11.1 ,t,l-•t• ·- -.-
TipO ty. Pta•toelu!OJI:I,h!lca · 

~-r.~~ 

f<I"IO Yl. [la~toplillkO 
con ltuerK•• 
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';· 

'• 

'te ·-,: ·;·. .. :..:~ .. -·· ·=-···-<?:t~ 

b 

Fi¡:,urll 1.1 

·--···~· 
Curv:u tiric.u lcmión-do.:k•rm;~ciótl r..~r.1 tCIC:I1 a c:ompresi6n 

:<.implc car¡:nl:t'i h:1~t.l rotura' 

corno !t1.'i m;inno(t'<; y gnci<;.. c.,tán rqHc<,cntadas por un3 cur\Ía en S Jo~¡ una 
parle ccntml muy c-~c;H~··nl<t. de acuc:rJo con· el tiro IV.-Unicann:I.Jtc la<; 
muc~tra'i úc c..,qlti.,to cnrt:11Lt' ¡-..::~:--:ndicul:umcntc n la cstralific:u:ión prco;.cu
lan la elevada (.:tltllpre,ihilidnJ íp::..: '-.eii:ll:l la curva en S dt.:i tipo V. Lao;. 
curvas de loo;. tip;>.., 111. IV y V o.;c c:tr;.H.:Icril.an por una p:lrtc inici::~t cbm::n·a 
hada arriba 41H! ~\.· h;.~c..: m:h r~·n.Ji•;nt.; ;ti t.:crr:tr\C la.; S.lt{X"rfu.;i,:\ de mi¡;f,lfi• 
!-.ur;:o.; o c1\fPiial::··m. L• parte ir.ícial o.;c cnrHinú:• por otra. d:Jr:tlll~nto: liuc::.¡ 
<¡l:C' va mt•~.lr;uHI~· ¡:¡·;,du;dtnt.:ntc tliv~,;r:.n<: tr;.¡,_\uo; tk llucm:i::a and:~·.tiC:I al 
ucercar~c t.t la rrrtnr:r l,;l'o rnc:o'> dd Lif><l !lino p;•''.t·nl:rf\ Oucm;ia ••rrccial•k y 
se rolll()t;ll de una ho111101 ¡,,·.~¡¡ ~curcj:1nll: a lrt'> !Id ti~ J . 
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. -~ l::f~cun·a ti:.'lo VI es COH:1CI•:d~tica 'de b. s:tl·t:cma y tknC' una íJ':qccña 
· j\anc "recta inil"i~! s.ec:m1~J por un.J d l•Ht11,lC"¡j·, :l1dá";q· 1 c~ .. r:..:nt.: } mo.t 

l'h.Jc:':ciil c0.11inr.;OJ. :_,_;a cur·;a es !.101r-.:1 :i¡Jc,t l!d comí••'~tamiu:t,l {!1." 'a 
sat rotoí<.ica y (liras n~pori::'!s. 

. bl-ias ii~-:m·~-. ·2.3 y 2.4 _\C 'rcrm.~s.:ntan daín·.,. {kWli:!Ooo;. d~ cómprc-.wn 
sirnr-!c dd m~i.n:tol t!c T~cc::;t •. ·c,,n-t::q,¡:-;~:.:-; h::.i:t): !J \:'urv.1 :~,:~:,'lll·tkfnr
m<~c¡.·,n 1:\ cónc:!Ya h<l\:'i:t :-~rrih01, imbi~nJ11.~e r:1~·tiiúP U!l \;lbi- Jd nHi·~·!l0 
_d~ ~~i~~n li~~-r~mrn_lt'.~~::t;.·uivo.!;.J-~-. ¡;r.•.ndc_s dcfnrmacionc~ _ n:nic.:d:" ~e 
dd~.,_·n muy pr11t'-JI1!·:litcnt...: 01! cicr"re ~;~·iao; micr~.·f¡~ur:,~: y itQ"''l. :úlcn· n.comp:l
ñ:::~!a~ ~·r •.k·f~~~~~·:!<:¡r>,l~-.,_ r,,,fiak:s tl drcunft·r·:aci:.li~!<o. Les .. -a1:.1r~.·5 ii.:~·ta
m.:ntc nc;<i:n''" '~'" _13 ,!~r,~:ll:.h,.;;.:l ci~cUllf;.:n:n,.::al ."e t.i·.:¡.,~··t_p,L•b.~H~n~L-:1tc 
a l3·!>(·:1~ihi!id:td·!ran~vct .... :'l tk ·l•tS C:\ten,timc!ro"~;. ,\1 aumentar~..-¡ ni\'d d,; 
ten\.il'llC''i., l:t ,···n·a kn,i.lti-d·.:fmm:•cit'>n se \'ut.·ln.:- lirical C(\0 un móU:1I•J 
tan~l."ntc J:, .. k 5.1 -: 10' kg:cPJ1 p.1:-a d _<.n ·;.: de ia L"<!Tp! t.k rf'Tur;:. L'1s 
\<-alor..:!o dd múdt_t_!•l. de P~iv .. o~:_- cakulaJ,,:> a ¡•:Jrtir ~.k la'> 1.kf ... --., m<~.ci1'ne'S 
3..'1:ilc,. y circ•mfer·:nóaks mcdidól'i., aumc•\13:1 ¡;·radu:tlmcnte a ¡.._, l;:r~o::" del 
en'i.ólyO y .,,~:-"··ra~"c: ~all)r 0.5 'cnn h;nt,j,_lllC'i. elcv:1da~ ·,khiUo a qur;:"l:t w.uc-;tra 
p~·::-:!:.: •lih:t:••:·.:1,• ai ól<..:l."fCiii'C' a la ru:;.:ra. En ~a lit;ma ~.4 ap:n~-.. -~-n :a· • .,.:.~ri:1· 
cionco, Jc 1:1-. r~''flit.·J;tJc-. e<.l;"¡tie'-1 .. de t~.·n ... ión-tlcrcrrn3..:i.-J,, \' tk b \"..;lc-cidad 
5Ótlica Cfln la-.. tc'n.._i,.llc .. a~i!t::" para el mármol d.: TaconJ. En !a :·1:;ura 2.4 e 
pw.:d..- a•.h-c:!ir-....· 'lu~ la vdocida•J- .. tmiéa VL- (mct!ída er: ta· dircrci.~n J¡: la 
tcn!'ión a ... itJ auJllc:ltil de _1.!\iiO a 4.H.{il') !TI-"-" cuJnt!o ia h·mi;•n a.'lil p.!~J. Jc 
o a 115 ~~!cm'. l\1r cn·.:im:1 t.!c 175 J..g:cm~ ~·t :wmento rlc la vc-!OCi.-.::act ;C>niQ 
c_on.la tcn!.ión axil cs.p_cqi.J.::¡i:.t, habiéndo!.e medido llllit velt-acidad Je 5.100 mfs 
para JSO ~.gjcm:. La" curva c~tú~ica Jc te,isión·dc-!"nnn.:tci,la {fi;:. 2.4 11) t3mhi~n 
se vueh-e .J.p'ro:o:irr.¿¡d:t~m:rllc lineal p~ra 175 kt:.-'cmt. A'i.i pu~:s. la \·docidad 

' .... 
i ""' . 

:~o 

• , .. , 
i 
~ " 

o 
';c:tiiJ 

V~locld:;>¡j ,:;,¡u. I'J. tml~l 

Fi¡pn:t ¡,~ ·v;riaciún 1.le la vet(,C¡¡I:Jcl sónica C"uri !:t·Jc:t'<ii'n a~il en mUJ:!t.tr:~\ 
!M.'~\.'\ y -"'1\ur:H!;,, t.le "ll;lrmd (k btnna 

·. ~-~~iéa, p~;ktjcamcntc cnn~tanh.: por encima de _175 k_glcm'-, irtJica proba· 
· blémcnle que· lal t.li~continuid;ult~ de la ·ulU\:'$!ra pcrpcli,\icu\arc~ al ¡;jc de · 
carsa s.c han cerrado ni a_kilnMr c~c nivel Je tcnsioni."S. Todt~., lo.o;. e-nsayos 
con mue!otrn, inalterada, dé roc:1s con curvas tensión-deformación de .lo'i 
tipns 111. IV y V. mi.lc~tr.ttll¡'uc la vclocid;l.d .,(inicot d .. :~·il~.k mudiü dd nive-l 
de témibn en l:1 pá.rk de co;.\n'i. cor:..as con cóncnvid:Hf ]1;,,¡,1 :Hr!:•~ ~- Una 
vct. que la tenSión a.'lil :tlc;¡nta ·la p<.~rtC lifh.::tl U.c la'i mi..-.m; •. c;. ::..~ \'ch.h::ibd· 
slmi<'a ticndl! ·a un válor con'>ta.!Íte. · 

• En rc:.alid:sd r.e~tra1a de- Ul\Q citiir.a ~ la~qúc s~ ha daJO ,;Oñ-.ctCi;ilulCfiiC -c::ní.'mbrc.-Jc 
mlrmol (N. d~ll:). 

1 6 3 
,.-

1 -
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,1 
• 

1 :t \;'lf¡:!ÓÓn Jc.la \dr'ICillad'-.(•niC'ó! Cl•!\ 1:!. cn:¡~p~c,i0u 3'-i\ r:tr:!_!llUC\:ra~ 
~k 111 :i~;:HI d~·l::-..·nna--..-:-;:t'--·ti·~Jt\~r:íJ; .. ,e· rim.:,1fa \·:"i !it fi~·ui:I•2.5;'T:l. \é!o· 
cid.t\1 "i-:1ica c:t !:l. ;;;u.;~lr:\ ·.~.·::a c-.. <.c:hi~.!,; a t."J;;:h'\" en la l•:n-.i\in :1\ii. Cl1:!!0 

.<.e )•:1 comen~alh' ap;ni~>r::;t:IH\·. ¡~Ji·~n!Ct'- \¡1:..- b· mul·.,tra :-.att~r~dJ ~!t~r~ 
p<'l'tiCilJ.S variaóm1~~ en l;l ,-d,_;l·idad_._'i.l,n:~-.1 al vaii:H·Ia lcmil"):l_ a\iL !:\!t.• 
co~IJ'or:;lmic-nt•.l il'iJic:l q;1:: t:1 ~¡.:"ua con"i~-U!! tr:lll·-r.\;[ir ct:ii·apul~o -a-tra,·~s 
de la~ micruf,anuru" con.ni·•ck3 de t~.:o:-iP1:cs b:1jos: pcr t:11Ho, la vdo~.-·iJ.td 
S1~mica no es un i!Hlicadt•r cbrO de _la prt·~cncia de fr;tcl\lla~ en muc:-tras 
saturadas .. · De~itk'. a iquc un- c\)m~[L"~icÍ11o s.imila_r_~ ! g~~ C!._C,a_l.a,,. p_ut.·<lc . 
r\rc-n:rst:: en -u~~· m':11.:ilU rl1cp~~...~ 'n·a':,;fal. ia vCli.iciJ;~~ \i~n1ió nó par..:cé~r~u!tar 
JlkC:lada p;tr:\ ddcct;,.r J.¡._ dhC\oJ::im:it\;•_d\'S C.'li-..tl·n(c'i· en 110 m<:dio (0';0~0 
sa~u:-ado.-

] ....... J Comporramicnro·h")•-' carga.f cnmMnr:Ji:.r 

El cstadD tcnsi~Jna! i!llluyc )Obre Ias propicJadc~ de re~istencia, rigidcr.. 
duc1ilidad-y ·ouCneia .ik-:~.-- ~ O<>tancia 'rocosa: La fig·urá-- 2.6 a-muc:stra-la varia. . 
ci(.n ·dd desviador d"c i.~n .. ":tmt.-s (r.-1 - a3 ) ·en .función d¿ la" défc.nn8.ci6n a.til .,-
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Fi¡;ura- 1.6 V:uiilció;\-·,]( la\ r>mnic..!o~.l::-. lc-Mi6n·d~f~rm.aciill; y tk la te<.i\:c-nciJ. 
úc (;1} arcnisc:l el•! lkren y(\)) ¡,.;:1hro .:or. la pre:'>i6n dt connnam,cnto_' 
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":_-... 
en muC!.tr3~. cl!indri~a~ de a~r:,i;ca é: D~reJ o,{'l:,1:::!i•.!:l" a pr::<-icn..:~ C.: .::~:-:f1· 
nanli~·ntc-.¡ie 3~ ) .. 1.400 ls ~:;;¡:en d ..::1•:):_-.'0 tr;axi;.¡j_ El ;U:~lC:lW e~· i3 ro:..:· 

.,:~.::... ¡- ···.-.~í.ióñ .. d.~:-C:O~-~Ii-naruicnlO ·aa --,u~tr a. u!t ;~l!r:icnto·•uc la _rc,.i'itcnci3.~~c pico. y .. -. 

1

_:: ¿·-'~:·-:-;.:,: rco;irlU~:ifa\: wmO ~ un:-. :n:;y,l"r l:::f<>rm~-:iú:'1 ;nr:1 IJ c:tr¡::i' ~l'- rí'tura. Adc:-rlas. 

1

;·._.. las J~fonna-::o~:cs a:;d;!.,.lic::o:. a~tc:o;; Ce l:q;:1r;: rotur:'. au:-~~..::nla'l co:1 b. pre-
~ sión (j(: ·con!in~micnto. [n las OOC."\s. más. bl;müas, el móJuto ini.:¡:J.l ta:1;..:r:~~ 

·'a 1:1 curv.a. t:::'!·~i\.)n-dzforinación. lam\.'lién aumenta con la--.pr'!:o;;l.:,,,. de co~;Ú· 
~ ~ nJ.w.ic:-.tci;'c:..te.cOmr.orUnlier..io es evidente en b.~ CUJ":a-;)e'ris.iéO.-tio.=formáción 

¡; que aparc~'~n- en';,,...:~~::~,u-ra~'~·~~:6_;_oc._c_o_r~r:~~~~~·-n~d~i-'_"~t<-s-"-a,.,-'!a~a-r=c~n1i>~~ .:~ Bcrea. 

i 

1 ' 

(:-· ··.~- -
. 'r., 

·¡{._-, : .. .'l-': .• 
~:-.. -

. .: ·.o, 

~ 
~2"
ó 

'" 

·, '··-': ·'!->·· 
-:.· 

flMUra 1.1· Varo3ci,\n de las. propi::d.:uk• ten•ión-de(,,rrnaci6n y de 'rc~istenctJ 
de la ul gttn.l con la prc,.illfl de C•ftlfin;,miento (inllit·aJ:~ en J.g/c~• en coda curva) 

. -. 
·-~~ roca., rliu). d~;á!ro iarnhié'n. tliue~tran u'ñ aumerito dé rCsio;ter.c:ia con·1a 

prc~i6n de confinamiento, rcro fn:ctl\'ll!o:m:.:ntc los wdorcs de loo; miirlulos 
rc~ultan poco ;lf~o:t:t:u..l~s ror la~ varíari(li\CS Jc 1:1 mi,m3._. La figura 2.6 (b} 
reproduce los n..";-ultaUos ~t _UQ e,n<ayl! ~í-iaxial co~ un gabr~. donde el aurn:~to_ 
dC re~htcncia y laS';lfl,picJáde'i ei;YsticAs-iniCialcs no vienen afectadaS por la' 
pre-;ión de cuurin:~micnlt), Dd):C l:Hnbí{:o adv~.:rtir.)c ttnc d aum..:nto .de esta. 
prCsión no_pro~AICC en d t;ahro. cf grado de t.kfo{mJÓÓn an!!l_:'¡o;lica Y. C\Jnl('Or4 

tatnicnl<lt.hic:lil anh:s de llcgai' ,a ro1ura '\¡uc ~e ol!~crva. en .i:t·an:ni'>l'a de 
Bcrea, m~\ blandil. - · • · · ~. ·. · - · 

En la fir.ur!\ 2.7 se nuu:<;tfUI' ('.urv:1" r!pica~; tcn:;ión-dcfnrmaciú'l J.: lns 
cnuyos tr.ia~ialc1> rcnli1..1~os cvn Si.1l ¡;·.::;~ .• por el U. S. Burcau of l<.cclaJu,t-

( 

·- '• 
. ··: .. 

. ~· . 

( 

¡;o;: 1:. Pt:.:t!c aU\~'.'tÍr"-L' q•::: l:! r~'i,h:'h'i.tac''~llf!rl·--i,.,n (·r¡---.-:d .... o;.etlp:,:ica 
jlf.::.,·¡i,_:.~:::l;.:!!!.; Ct!:!!:t:(\ l.¡· rr·;,ir_";;t dt '''l!iia,¡!l'!L';!\<1 •~• :JU[;:~·nt.! .j~ t-' il 

JS. ~-c.cr.:! .. JV.::r.: ..:1 ~l!illh.nl•' nn c-. p.ri~f"tt.:inn;!l a !a- \';S~:._.._,_.¡,·,~ t.k b p!l''i•-:J\ 

dt ~t~:-.iin::n:::!lti'. Cm1 ;"1~:-it'n~·-. J~ (,t;:lin.t<::i·::!\<_1 1:1~~ ,_·i.:\,,d;: ... !17:-. 2Yi y 
].50~:;_ c:1''J !;1 r: .i\:·:nci.: ·.,·.::1 :u:menla li!;.-r;¡;¡:~·:::,. En !:: ~::Ji \_.:'-'0:\:1 !:.·. d~..:·,,r. 

!ni!Cio:tcs. ti':' rut11rJ ;:un:l·nLJ:l llll!:.:ht' col\ la pr..:-,.ión l!~· u.aliJ;;.¡r::i.,:nl••- p,,;:t 
la mucqra en compr\·_,¡l;:l J..- h lig¡:ra :.lb. t.h:li•r:n:¡l..'"i(m en rotura. o:, :.Id 2 ~~ 
y:~ CUf\'J ll:n~ió;hk:odu'a\:H.lll i:1t:i ... ·a un:! ro•.ura rr:,~il. Ll t!cf,;rr;t,ICi:m ~cñ 
rotura CC'r. un.1 pn.::.i:m i.k con!in:uuitnt<l dt: 35 l.:i:·cm1 es ;.>p~O:\im3.J~Int..:ntc 
de! 1 1 ~~;. y L.1 Ct;rv:t t.:miórHkfurm::ttiúa mu ... ··,toa un.! rot:.~_r~ r.lá-, L!;Jc.::il. 

·Con j'C•: .. itlnr-.. dc·confir.amkntO n~.h dcvad;;<; .. 1!" h;in oh'>Crva:·!o ,krl')rmacion.:s 
axik!io dd lO~~ o m~yor.:s. ¡;~c..:rotlil•o:n:.: :.¡n ·unocclara e~i<!t:ncia de rotura: 

r.Mr-----------------------~------------~----, 

! 

.. ""T 
! 1 -. 

.. ' 

:.•. , .. ,. 

"" 

.. ·Los n: .. ull;ulo'i. de los. Clli-ayo-..tria:\Í;tl~·; ~urJcr\ .. rc,umir<oc_~rn'·un dia.í;r~uña 
de Molü· tomO el que aparece en la. figura 2.H 1.1. En c'tc diagr"ama.c-adJ. en .. ayo 
tri:l\ial co;t:'• r~·pr.:,.~ntadn J'tlr 1111 l"Íl<.:uln de t'-.hdu·. l'mKi\'n d: b-,. kn,innc~ 
princ!p.1k:--: :·1o1yor y m~·¡wr en rutur;L, it:norúnJ(,~C la (nltu•:n..:i:t J.: b tCn.l . .i<-~:1 · 
·princip~_l· intl'fnu:dia. ~nrmalm-':nl_o..· l;t ruwra .'>C Jdinc ¡wr d punto dd dia
graPl:l teno;ión-dcfnnnaci~·lll (!!~!. 2.6), fltllldc la dircrméb e-:· tcn .. iur.c-. ·~·s 
1\IÚ.\Íllla. 1.:1 1,:\Jr\'a lilObO:il\\' ;¡ b. ram¡lia dt• ('ÍICII!n, .k Mohr \.'llfr~·,po:Hlitlltr~ 
a en-..:~)'~"· rea!i¡_¡~t.}o<; con· difcrcnll's prt~ionc-.; do: confm:..micnto co; la d<=no
min:da run•a dt· rr.\¡_,.,,.,/1'¡;, in:rln\rnt d~: la rol.'a cn\;¡y;tll:l. t-ktli:tnk en,:¡ yo<' 
rcalii'atlt~s cnn un;¡ ampli;¡ g;¡JIIa tic, pr~;~;úll';:;, · ... ~cli: ·~a P'J';¡I¡l¡; aproximar 
/:! .~11!"-'.: tk n:,:~!.:ncia in:rin~.-.:;,;.¡ mcdÍillli•: t:n;.~ iín:.:;: ,,·ct.:.}. r::1 •. --.:..: c;,¡~o. d 
{w~::dt• {:u·.: f;! l'ltvv!·.-..:ulc l'ol'l!l:l con el l!JC d..: ~!h-.ci:.as :--.: d-.:.:i•.•:n:n~ ¡jnt.~uro 
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de rozamicn:o Ínterr.o C,, y la ordrn~dJ t!l d orif:O:O l"\ J.111.::..-1."!da coh~\::'-c:'l ~
~ ~dac:ó_n cr.:.rc la-.; tcm.ion¡,;\ rri!l~ipaks m~~ o.:-_)' ll\~~-or en r~tur3. pá~Je 
~7.f'rt5ars:: e-n (Úr:c!ón -:!e- los parárnelrO'i de r-.hthr-Cnu!omb pc>r: 

,.l = nJN• + 2c \"1 N~. t25) 

siendo N,.= (1 +sen ~)!(l -sen~). Lo~ \"alores rcprÑr.l3dO!i> ~n f:! figu
ra 2.8 para un gneii c~q:uístoso tienen la particularidad de que. c:on knsionei 

i 
~· .. 
t 
~ 
; 
~ 
i 

i 

• .. 1 
1 

7 > • 1 
1 

• 
.,¡· ., . 

·"' • 1 • 

• .. , . 
·'· 1 

'· • 1• . • ~ • ecmpr•ll6n . 
o ~maJOS do trk'(;l6a 

,J 

2 

o 2 • 
T"ntl6n ~·lncl~l ~- 11a·lli:OJ 11'.,~~1 ' 

flpr. 1.9 Rd:•ciñrt tnlrc:: l;u, teminneo, rrincir,,~~~ m;him<t y minim01. en 
c::M">~I)"O; 1,k 1ran:i-6n y '-'Ompte'Oiím 1ria~i-1l en la c:1hla de S1)knh<1kn •• 

baja~. el imgu!o \"te ro1umicnlo interno C3 ck·v~tdo (43~1. y !<1 curva de fl'$i5· 
tencia iritrlmeca va variando de rorma que el ángulo ·de ren.rnicnto interno 
disminuye con nivele!> de tcnsiom:<; más alto~. Ochc advertirse qu~· lo\ pJrá· 
metrO!. de rcsi~.t..:nci!l. al corte de M<Jhr-Coulomh e y ·/• v:1rían en lns. roc:1s 
con la prC5ión y "úlo.icprc:.cnt::m tiaa apro:o:in~aciún di.': hl curva l!c rc!>ÍSt~·llC'ia 
intrin~cc~ denuo ,_~¡; ima cierta g;un;.¡ !!e tcn"-iunc' normalt:"i ;..:.] planolk u'111ra 

poh'n;:ial. · 
Mtll.:hos. invc~li~atlorc-. lamhién rcrrc~wtan los datns de lu'i. Cll~ay\J~.; 

trja.xialci en func•Ón di; la\ tcnsionn princir.ak~ ¡nayt\f y menor en rotulO, 
-~:.,.~ _., 
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;~···...:-· • .se-:.:.._.; ";-.;·.-.::o ::..·_,.J.!.- S- :~~~-·f.:n 11 . Aun:.¡·x L"n 

~.::: / ~~~.~: -~: -~;. ~:-~ ~~--~ :~::: ~~- ~~ ·~ :: . .-,-_:. ~~ -~< ~~~~r~;· -~·.~:~~~~~~~ i~h~r/::~t.~t-~; 
~ ... ;-:r.!:-t :.1 r :-·:-. .1 :~:- :.· •. ! . ..::·::.' .:: :.: .::-;-::-•. •:-~ ¿~ h•, J.tl•" t:\r:r•· 
rr.cr.:.J:: .... r,1r t.;¡:-;'.•. ci e:":::,,.'~::!:-,: •:". ;"·•::--.~·:;-..ti Í::~~·rm~·J¡.l CJf\'C<.;' ;Jí'J· 

rcn:.-~:l.'"r.tc ,.k ¡;::r-H:::!~ . .:;.l. ~.1 ~ .. e ¡,., ~·::-..~:••" t:: .• ,;.~;.--.. Jc COI~ljlll!\h.'/1 o 
tr3.:-n.":n ~3:t \al-H.;·..,- .;~rc:-:~·h c.!c !,¡ n:i .. ~·.;.¡ k:-t l." C:-l'.J~('I, t.I('·Com'pr.:.ión 
tJ 1 r.-,_. ~ l.'"r. ¡..,, tk tra.:ci~·n r. 1 .-:r 1 t. LO\ J .. t,-, .!.: r.:•i-.t.·:1ci.a l_ria,i:.l rt.•prc· 
-s.cn:;l\!\l~ <."11 ia formo! !k Ja lipna :.9 rri! .. Cnt.an "';-,;¡ r:::-:í!f-:nl<.'" (kCfl'Ci..:nt.; al 
aumentar la prc .. :.ún Y.rara,materialc~ r.!Uc~i!.:' cnrr.o l.1. \.JI __ o d nütrnot tiende:\ 

Tabl.:~ 2.2 ~~-~mtlrll"ii airico\ d~ rui~l~nci.~ iitl corte d~ fot..n int.~.;:t:.~\ 

Ti.,o de roca "rli<¡t'O"n'J r. ("uht·'tón 
¡¡,~·..:m'J 

Gnnilo V.:~riat:i6n i00-2.800 'J"II..io5 
. "-1~-d~ 1.7~3 .:!~ 

C.o~lia 
·varl..1ciórt 210-~_1(1() .15-.'~'J 
Medi.:~ 1.0'-'t-!AilU IH-HZ 

Arenisca V;~riac-i6n :- !'.!-.:. 1\.1() -'2-~:0 
-Media lC..0-1.400 1 I.Z·2_'JO 

Rci.Jci..,n c~lrc la~ lens.iC:lC'\ rrin.:irJl·~-- C:1 rulUra: 

"• . ,,N¡. 1-_lc-\IN,. . 

a, -:o K-r, 1- "• 

.•. <1 ( ' 

~~-" 

" li-!i8 
~ 

-48-50 .. 

,, ••. K 

S-17 
11 

4-IJ 
8 

6-,}, 

6 

asintótic2mentc a 45'' rarJ. presiones <"levada". ·En gcncr3.1 • .-.i ~aproxima la 
curva tle resistencia. intrinscca .por una linea r«I.:S. <:omQ se indica en la 

. figura- 2.9. "fa o¡ tensiones prin"cí~ks' eÍ'I rotura vier. en t!a_&s por('' .. 

~. ¡..·o;s . ; '1., (2.6) 

d01ufc K. ticnc- el mÍ'I-Íllo valor que N,. y rr~ es la f<.""~ist~rtcia a comprc\ión s.im
plt'. En la lal•la 2.2 .,e r!..'~llllH'n l;¡o;. pro¡~i ... ·dadi.'"S n.·o;,í,tcuh:s lipica•; Jc dh·,·rs.o\ 
tipos de roe.,-. "en funciún ,k In" panilill·trm tll' rcsi.,tenci.a al" corte de. Mofu·. 
que son lo:. n::'t\ cn~pl~·ado~ l"ll l;t pr:l.;¡;.__-~. 

Exi:~tc una 1..-n,knc;a entre lo-i invi.:\lii:o;•durc\ al'IH:•:·:\ a rc:prc\Cnlar les 
dalt.''i J..: rc,Í\t.;nci;\ en illl ~~r;'¡¡jcn qw: Of"ll'~'a la len-..¡,·,n tang..:ncial ('tl;n~Jrica 
Cll fulll"iÚn d.; [a (Cil',i<)n lHHIUa/ 1JCL1~dt Íl";.¡. f:,l!.' dbtJ!f,tllla tiene de ,·,HnÚn 
con cltk M nhr tpll' la tcn,iún tan~~·nci;ll y J;¡ lcn,ibn ·nfl¡!l1:.11 octaédri•:;1·. ;~ctú:ln 
sohr.; d•ld--!lltl rLII\Il. Silll'tllh:tq!o, el di:q•.r::m;L rr\"'-:.'nla l;~·,·enlaj;¡ adiÓtl<la( 
u~ \'lll\ ... id<:~o¡r .:: \":t.'Cto tk la l~ll~iún iul~T!LI::di~l lll \l..lhh' IJ CUf\-OJ J~· rc:-.i .h;u.;ia 

intrin..,cc:::t. [n ~a !i¡:ura 2. !O •t; d:¡n In\ dato' de lra~o:ci•'u; y comprl''-ÍÓn :ri:n..ial 
de !a ca!iT.a Uc Soknhn1~·:¡ 11 l<.:p;·~·.,¡;nt<~tiO\ d.: ~.,ta man..:ra. St" d..:dw.:.: dc'c;!c 
diagr:tm~ qut" la kn·.i,\n jlfi:u:i¡)al inkrnn:dia liLn~· iillrorta:lc.ia y c¡Ul' ];¡ r...:--..i~-
11!11\'ia ::ti caree- oct;.¡édric:! e' _m;tyor n com¡u.;..,¡~·~~~ que ;¡ :racci¿·n. E'>ta -::oncl~
sión e~ ea cierta f,\rOJ;i t·nntrad!c-tnria c••n IP<; tni·.;mn'> llatn-;. r..:co~id'ls en la 
figur.t 2.9 que muc~tr<:~ rc~.ull;uhr. :>l'lf)o.;jant..:., p.ua !11-..; cm.:1yt1!> d.; lrtiC'o;;i'•n y 
COII!Pfl!\ÍÓn. !In L"~.!uJ;c• n·¡;·,~ lkt:~lh-it.- •i•: In., !;r:'t!lt:H-. len~:0n !<mt~·ncial

lctl';¡{ln norm~l <.•.:.:t;ll;drica~; ha n:~d.n!t• que, iud11\0 '"m'¡!;t; ~~ rl··.i-.lcnci;t c.lo:l 
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1~ -~~~~de tra~í~~· ~~,¿~~;:~i~~-·~n !a,fig~r~ ·;~-IQ s~~~~nción ~Ó~i nl~todO· 
de ftprescntación :y no- puede deducirse- la innuencia de "' a panir de este 
d~~~~···.-~ ... ·:~ ... _,_;_~.'.·.~:~.::y,~;·~.· .. ~:-. . · .. ¡ . ,_,.· • 

--~~· ••. -:· 'i~ :_ .... ~ --~:;... .. · 
~.1.-f _- Dure:o .. :... 
~ :· _Oivéfs0siStUd_i8,:h:i_n ·m_ostmdq.q~~b·u·urcía de-1~~-r¿q.~_m~..·dida por el 
er\Sayo· de indcilt:J~c16h: t.le .NROCkwé\1, :cre!~dCi6u1CtrO-~~h'Ore O_:eL-~Par:üo:~de 
im~~cto d..: Schmidt (cnCrgia del martiltco en L o;., 0,74 m. _kg) c<;tJ. rdacionada 
.con-·1a·re\istcn~ia a cn~prc::-.íórt _sin)plc .Y el nlódulo de, dastidUaJ (módulo 
tans:en1i 'puni CL~% d~ -_l~.-!_e.,i$~C~cia -~- cori1pn.;-._ión) p;1fa ·Un.g~ajl:número de 

-rocas-u_•. L.'\ r_c!>btcncia· a 'cti•llprc:-itrií"".¡iniplc y Cl tmldulo di:, cl;~!.t!cidad._sc ~ ·. 
. -_. . . . ' ::-. ~: : ..: . : . ,. . . . --;.~ -"'": - --~·-- ' . 
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(1 
rcli!c.i nan· mcjor.con d r.rot!uctn J..: 1_41 dur¡;za (\·~kn Si:orc o Schn~idn por l:l 
dcns ;:d S~(.O! eh: !a roca. Lr fi!!ura 2.1' lllt!~\(ra ~~ll;i (.;(lfrcbciün oC este ii¡Jo 
dct • mm a da p:"'r .\1ilkr •. S-: r\n:-dc -.;~ilinr cqa curnhinaci0a de durCl.a. y den

~ ~-ca para p:cv¡:r :a rl·\is!::ncia 5 com:••l'~ién ~Íillplc o d módulo de· 
SUC1dad .~c. un-m~1e_rial, .co,n,un int;rv::;,, de C(lnfian7.a del 75 ~~- Esto se 

ustra en l.a figura 'Z.!l que es un áhaco p.1n ó·krminar la n.-sistcncia a corri-

~ zo ~~ ~ ~ ~ 4~ ~ ~~ ~o 

Ou~u Sd'lml<ll. n 

Flgun ~.tl Diu&r~m:t de d~'lifkadón de b~ -roc~'l bas.,~o en l1 dl&rcza Schmidt • 

~l'l'rtill"" L. de ~id:~ vcuiell . 
Urnitcs de ,Ji~p:rsi(,n c:orrt~ndie.nto:s l un intel'•illo 1ie c:onlianra .!el 7_5 ~ .• 

·p~6ífm \imPlc.a ranir di..' la durc7 .. .:\ SchiJlidt y la dcn~iU:td ~cea. Las línea-. de 
trazó·!'. mue~tra.n que, para uñ gneis dC DI\Or~h:~k con ún:t dl1h:z.a S..:hmidt 
R r- 48 y·una •Jcn:-.ittatl <;cea Y• ""'. Z.fiO l/m:\. j'lltc,lc l'rl'v~.:;~l.' una rt.:sist...:ncia :i 
conl{'lrc~i(ln ~im¡Jic tJc 1.510 kgfcm 1• L-T. rcsi'>tcncia realmente m..:did:-1. fue de 
1.650 lr.E/cm•. · · · 

.· ~cdcn ser ri~c\:~riaí.olras mCdi<.!aS de tJor..:za {';mtc.\lut.Íiar h\'> orcr;..cionc"' 
de ingcñicria y con~truccic.':n referentes a b:pcrfornción. C)I.C:J.v;:to:i6n mcdnica · 
dc __ túnc.k\, ele. l.AJS en;; ayOs ~~micwhiti~ y de ubra.~i0n r.rápuc.-.tos pM Millcr • 
hal!J.~~~-1\at..lo ba~1antc (ltil~:> a e:..te .. fm.. . ~ · 

,..._. 

48 
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.. , 
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1 

f -
' 

.'.::.h· f/m;Úda tic .la.w1~ .';'l'l.iltl llflio rm·¡;tlJ ~:<~mNna~l~.: .-

1.;1. nu~..-nci:t d..: \:t.; l'(h:a-. C('H'\tiluyl.'· tlll tct\lJ qu\.' aún requiero: 'Ct)n.¡i~_kr~hic · 
ilwc'>~ir:aci.ón. Al!!un~t:. rtKih, cpn•,l lo". ):!_ahros. ~t:wi!t'< l..'l~ .• mu~.· .. .tr•m una 

. ddcorm:u;ión :.'>J\i imkp.:m\icntc. ,Id tir.:m(\0 indu,t• ".Umt:tid:h n cumpr;: .. it1n 
simpk. En t'l~:lc; m~·¡¡., b'i llc:fo.rmacinlh:c; liC flucacia pltc(kn s.urt::r.lr en mucho 
a la" lkíorm:lt·ionr.:~ \.·l;ic;tÜ.\lS in ... !:llüún~<~'>. Un cj·:mplo lirni1c t.k: citrlo ~i¡;oi
lic~hk• pr;~,_·ti~·o ~:-.. ~~ d..: ht'i t:'I.C<H'<ICinnc<:. ~.:n :-JI ~cma y ('ltras cv;1porita". 

Con c'hkto de c:-.limar la n\.l¡;nilud )'_ n·lnciJ;-t:J th.: ci;:ne Jc la<; cavi•.lad~s 
pn.:·:i,La:-. en ÚC'p(.l<.Í!tl-. ~;¡1j¡,,)', .,;.; lii.:Ct.::o.:lritl tk!ámi;iar 'la.., prnpil't.ladc.'i 1..k · 
flucncia del rn::laial. St~fi\.Hti.:ndo un C'>l;u!o hiOru.-.tiiL~co Uc t~lr .. iu~lt:\ en l<! 
roe;,; '\..'llina a prufunJi,J:u.L la di<.tribuóón di! tt:n-.ilm~' en 1orno a una caviJad 
C:,kril'a. ~.,. taL~¡u~.: la lt'll"¡,·~n radi:li ~s l;t h·n~.icíl! pritH:ipal m ... ·twr. !-i lantn !:J. 
tcns:Un p1incip:tl intánu·di:! como b'má:-;inm '>0:1 il:!U<Ik-. a l.1. tt·n-.ic·,~ oricn\:1113. 
lan\!t:n~i;dmcntc a la ..:a·.-i\J~lJ. Lns mw•iu;icntn~ ~;.Jiak .. \.'11. f!l:tción t.!cl ti;:n:ro 
dcp:'l\d"·n. por t.,nlo. d.: Ja.., t:ar:Jclcd .. tica:> de !lucnóa Ue .1:~· 'al g~ma en lr .. tc· 
ci'ún tria:-.ial. C'> J;:cir \.'n.,;tyo:-. Uom1Ct1 1 -~ •r, .. ,. A .. i pu-..-.;, b~ C:ll;il..'tl'thti...::.tc; 
tk flu::ncia. ha jo ca;g;t c.omhin:ula <t•ll m:\s ·lhtl!rc<.:lllh:~ p:.tra el proy ... ·c:., que 
lo~ cn·.ayo:, d~.· tlth.:nci:t nm!W<.nial qu~ "\! sth::l!n l\·;.:\i1:1r en di-..~.·r .. ~n m:ltc· 
~~. . . 

F.ri la figura 2.1~ ~ c.bn lu..; rC.,\Ih>!:\ti.;.Jc.· cin~l CO'-;l)'tl,.de fiut:nci~.n::t1i-
7.adoo;. pt>r lr~lcciún tri~n.i:il 1 •. ·E:1 ·c:úl;l·cur\':t ~ lí;,;. i11dic~do el d.: .... :i,Hl'"· 
(tr 1 .:..- trl) con el 411...: ~-.: ha rl'alit.o.Hln c;~da c-n.,;Jya. t;, t;:h!a 2.3 <l-:1 !t,s vailiro:o; ·-
de la" lr.:n.,ÍtH\1!' prinl.'ipak" m:1.\il!lj )' mi11ÍI1l:t. n<.Í corntJ la lt:mfKT.llUrJ ;,am: 
t'lio:ntc l!n todo~ lo" ensayos. En· las curvao.; de la figu1a 2.1.\ rouctl..:n 'w·cr.e la-; 
di .. t!nt;l.'>_part.cs de la curvd chhka de Ou..:m:ia: l:t p:1r1c ~.·t;·: .. lio inqanün~·~~. I:J. 
pa~tc curv;t que rcprc.,enl:t l;t fhtcnci:t tr:u:t.,ilo;ia. );¡ p:Hll..' H'CI~ q~1'!' in.iica la 
fiucncia.pcrmaO.cnlc. y la llu<!ncia· a~.·dcrada h:.¡-.t;J. rotura (<.loln p"..ra t.k,via· 
do"rcs J.:· 1M y'_220 kt:.'cm'l;·las mul!~tra'i ~n.lcl!tla~ a des .. ·iadnrc".4c 26;4 y 

·2ZO kg.'~m' se rompieron 29 y 214 hora, dc.,.put;s de ap1ji:ar t~'cnr~x-bs 
muc~ua., !>Utnc:ticJa~ a dcwia~lorcs más pcquéño:!. -iii~ ... trar<?n u0:1 vdocidRd de 
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nuo:ncia c.h."t:rCcicmc ror I ... ~Cin;:! ce ia'f:!'>C de·d~form:\-;ión p:nnan~n~:·. in<li
Ca;l<:o la l!f':'O:>.i~,:~cit•.-, a ~:n c.;::~do •Jc cl¡..:i:¡b:-i~1. L.-.. ·:·:b1.::L:::J .J·.: :"llt~·::-:-!:l 
p::rm:tncn!c fue noaycr p:trJ. b.'\ t:~~c·:trao; C:.!!'"~:.Jt 1 :!.,; ce~ :~1::.yt·¡.;s t!í!~r;.::~;:;¡-~ 

·Oc t..:n~i{'•~..:~. 
, F.n la lig.ura 1.l•t Se nlUC!"tr~!ll 1a~.cw·~·a_.., tk liu:n..:ia d..:~ cn~:!yos t.k c•.1mrrc- · 

si~··n ,¡mr~..:. L0-. dn¡l,oi•J-. en bi:u~t'l' r~·rr..:....:-11:111 •·n~a)-,,.., Jnli':"h' ;t 21 C y 
k•<; ~¡,.·¡·_r,,, a t\5 -c. Si''-' nHHr>:tr:ta b.., tl,l:- Jll'J,_·,tr.•' ;.::1ro..:atb: a 12J k1: 1cn:"! 'e 
\·e t¡t:..:·. rJ.r:l b tcl~~r-.:r:.~tura n~:is alta; b, d ... ·form:,,_·¡\_,,1 :~~•:,i e' apr •. ,:.:,:ai\ <IH::th· 

. - - . . -· . 

doble a.la úcl cn-:ayo a 23 .. Cy ln vdo~;i\!11d .. h! nucncia.p-:rmunentc ~s t~mbi•~n 
m~yor. E-. cVitknrc _una tcm.lcnci<l !IÍ!nibr •. a.u!llJuc L'n menor gr~Co. para lo" 
cm-ayos ·rca.lb:;tdos a·l5X k[:.lcm=. '~- ~ 

• Se CLl!Hparan en ht ligur:\ 2.15 !:,!'> \"L'!tlCÍ<bdc" th: flt!Cncij, p~:rm:lnl.'nte en 
cno;ayü_~ de trac..:ió1\ simple y tdaxial. ~~~~ta t111;1 dirt'n·1~da J\! tnv;;ionc:; de 
lC•2 kt•.icm:: c~i-.t~· pt•t::t tlir,·r\·nc~~~ \'H ht'i .. ~d_nci•:a•k-.: de fiw:Pcia y pnr t.kk:jo 
óe 70 k~'cm·~ la vdot:ida;\ dl.· Ht'~!IH.:i:t e\ dt.:·-;•r~t·i;Jhk: l_.ll :indlu~ cn-..!yo-;:. Por 
cndlll;l de l!t2 ~}!!t.:¡ll: c\i~h' 1111:1 con..,idnahi•: di\•'ll't.'llt:b en ·''l" :·.:·,tt~t:!dt,._, 
l.a ..:urv:t tk tr:t•.:•_-¡.,·,:1 tri:t'-i:t! tllttl.',l•:t·u\l;t n:¡,,.__.idatttl\· !ltl~:ncia t~,1,::1al r.:rc
l'¡.._.~,;.- h;t•.l_;t IS \ k_!:.:cnt·.:. r~>;~i¡nn;lll!l~J (un ~111 r:'•pidt> i:w:~·ilt\"Hin •·,1<;: y pr1r 

l,:iwiul,¡ ..!_0 lt1--. 2111"t¡;.'..-ni::, 1 a~ t:•in·:t--. -~k f•>rll¡•••:·,lt'l:t_•j¡t•¡o!·: t:1 .~_;y t-~· ('1 '-\! 

cunfurtd\.'1_1 .._-n l~tt:t y ti,·ndt''' :hittlúlic:u¡Jo..:l1l1' :d valor 1.-k ).lfl lt~.'cm1 • 

·-.. 
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Esto.<; rcsultadets ml:t.:.:;tr::w que l::..c, '\o'l.:'locidadC<; de nuc!:d:s. ('!1 tracció~n 
tria~ial son PlCnQfcs uue rá .. rlc cOmprc~iOn Simple pma IO."OIÍ!'ina liif.:-r"cnCia 
de tcn~Cli1C:i. POr ..::-la r:l::úc;, d c~>aye> de Ouo.:ncia par lrn·ó.:•n si:\t¡1k Cs c.ic

. ma..,i:al<l ri!=.UfO'-Ct para ~u cn:r!t:o en b. prc•i~iún Jc los C•Jrri:nicntos U(,! fiuc1:cia 
en cavit.iadc!>.sub~errán~a~. La mejor e('UlcíC~ para dc~rihir la c.kformaCión 
f'n lo.s rn~ayos dé: fltJ~nci3. por traCc¡én lJia;(ial C's: · "-

ra ~ Ku-r"', (2.7) 

doñdc -~. eS ra d.cfo-rmación··a?til dC un~ piobeLa ci~índrica. :;, C:s·l~ difcrcllein ·d~:-
tensiones en kgfcm', i C-s d tiempo en horas y K, m, 11 ion constantt:~.-Para la .. 
... , 
¡ -
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Ofl .. ....cl• d• '-'"'~.-• ia1 ..;:a31 {ltg¡cm•J 
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· · -Y F'lilarit 2.15 '\lduc:idad de Rucncia en fun<:i-M de la tensi~ p:.ra s;al ¡(ma u 

aar~mo aq~t ensay.\da \t cricontró un valor d~ K de 1.8tx: 10-~u; m~ o,-36 
y .n.-·2,98. La Ec. (2.7} puede empicarse p<\r:J. calcUlar !;1s Udorffiacio.ne" de 
núenéia en cavida(!cS ~uht~rráncas si F.• s:é toma iguí\l o la dl.!foi-mación ra-
dlnlt;.- -.. . . 

- ;:': ·'. 
-, .. -

-- ·r ,,_ ... ;., .. -.--- ... ,. ·.·. ··~· 
1 .. 1- l'iOpltdulfes" mtclnlcas· de la.! 

.- -' ' ... ; ' 
rOca.\ «In !l.itui, · 

2.1:1 . ¡j4~~~o de Je/or;r~aCióit · .: 
· ~~- -.Vo;i~~i~~cs ·de h::hi:;.:··,mpucst:t~ por ··;:s ~~;Jiruc~iÓn dC :obra!>·' de 

ingc'nicrló!." hAce que se tlc:'ullll!! un·\o·olumcn de roca relativamente cra!'iúe.-. 
La'frecUcñ.cia·y naturalc7.a d!.! Ja,.-discont.¡nuidades g-:-ológicas derilro de 13. Z1mn 
.• ·:. ·.-:. : . ..::._~_-.; - - .•• ~~... ,. . . -.,.:.~ ¡ . 

.. • .' "-nbll'_ cqira.ada t:r1 lib/puli'.cl ovaloi de: K" de ,,6 X 10·;~-(N . .kl T.) .. 
52 ,~- . - . - . 

, __ -·._, 

·---

.·-

lb ':i 

afl.'ctada coH .. tittm:n factor~~ impt•nanll'~ que d~tcrmin;.m ,·n ·:;:r:'Ln r•:trcc la 
_..c<'n{fif',;n··~j~i!id~tl·· ,¡t:¡- -ñl:tCi/1\~ rtlt.'o;;;{l.· El- únko:mCI(lll~~ .... q~~- ilt!;_.JI.', .. ~mrl,_.~-r5e 
para c~:n .. ~r,uiL~ una ~--~ti.n:aclo.ln 1:1.t1H1:1hk dd .. ·:"~l'lu \!l." C'>to.H Ji~-t:(•ntiat:id:tJc-'i 
--J'>Í c;mw dd n•l1}r num .. ::-i:.:o lkl múduin d;; ~.h:ti.•rn::l.Ót·m--;-1."" l!fl t'n :ayo JI." 
carg:a a ¡,;s¡,·;¡)a_n:al. 1-<l ,Jlll~a l.'<lr~aJa lkll..:·s.· • .'r sulit·i·::llr.:llll'!lll." g_r;tntk ¡nra 

_" -_ a":in:ar·· un .volnmclt dC- r11ra· .q.t!t' conh:nga tii~C·mtiaui·..l:"k' sutici::ntcs p.1r_a · 
ser: rcprt"'-l.'IH:,tin'l Jd m:t(i/.0 rocn,o. L0-. '::n'-;·,-yn~ J-..: ct_r:::.~. con pbca y :os 
de jlr..:sitln en J!.akri:\S s.: l.'mpk:m r-::1:1 nl\.:dir ,_.¡ múJui:J c.k c.idtama .. ·iún 
in Jilll. ~blos·cnsil'llllS se tkcrihcn con t.lcl:liiC en el e<t¡líli.Jo 5. 

~-

· Lo..;'rc ... iilú,~¡S(·dc ..,_,.lo~- cn-..:i)'il-. ·de cú¡~a e un pl;.tca ~y de· pn:'iiún cn·gak·ria 
mu..-s.lllm ·que- ~,.·t nH\tlÚit) .del· uwri1u .rorn:.tl e_-.. ..,¡.;mprc inferior al múJult> 
cst_;ltico 1.kh-rmin:uJo a.pa1~1ir Jc lc-.til!l}'; \k t\1Ca. U múdui;, de cla,\ic-id.l'cflit 
loS t_~)_tii_::t~s··ináll~r~th~-~- ~jn 't·mbar~'-'· Pmron·il"n:t un limit~ ~upcritli d~i mótlu-
10-dd máeiro.co_-~l_~;;lso'tm,t¡n_e·l_;l~-diada..._,, t''>tCn lli\IY '-Cp:tra~J:to; y m'uy ce.
rraJas. Al aumt·ntar d gr:1dó ~k {ti;,~i;F;adu ti..:: l:i 1 !'<Ca. c1 múdu!o tic dt:f.1r- · 
maci:1n del maci1.v ''-' rcJucc-" una Jl;.'t;U<:ñ~~ fn•cción dd módulo ..!e cla-.tiCiJad 
dctcrminat.lo a partir de mu~:(.~ras en lahor;¡torio . 
-. -. :,, ... '1~ .. - •. > -~~·. ~. :-·· . .-e;·;.·:---:,.-;·, ...... 

1.3:1 1-'acftiT d,• ic-duaiiÍn dd 1/l,;¡J¡¡/u .f,•ft'flllintJdu a partir de 1€'.\figM :n 

• " lt1horcr~o~~'! _ .. _.. .·. _ .. ___ ~..;_; _ ''\:_: __ -~ ~~ ~ ... ~; 
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Los dl.:¡¡vo~ tic t;íhtll~lu~io ·schn: mm.·<;!ri\"' inoilhirJdao,; tom:~Ja-. ~n la. 
pro,imi,l:ul jc cn-.:•)·n~_ de car~a con pla~;a v 1k c;Íma:-a~ de rn:~i\~n pcrmilrn 

.al il'l.l;CIIÍl'l"tl calcul:IT·Ia rcla.citul entre d nHX!ulll J.: t!cit:-n:lou.:iún _:nnliJ,, c-:1 d 
terreno y el dctl.!nni11:1t.ln:cn 1;¡1-..pr;!tOI io con mn•:-.tfa" in;J:tcrada<o. [..;la r•:ldci.-}n ~ .: ~-- .·_:: 
CS d .jiwtor dt• rc,!:lt'dtÍn qu .' -~ ··.¡~r·:'ia la_ IJ1:1:,:-Hi:'Hd l.'n '-!1::: 'di·,uÜa\1~ t: d múdu!o ::-: 

.ór.:!maci;ó r~._¡-..:clll ~~! +· ~;: st~>!;I!H.:ia Úl..:oS:\ t.khido a la fr~.·cu•:::cia 'i :tbo.;rtura --~ 
de la<> úiad.l~a..,_(c3liJ:~;;· .~d 1u::dm rl:>--:m.n). Si '\t.' l"':lk-ula c-..t(.: fac!"r J:: r~~cc- ~ fi 

·.... · 'ci~rC.; rariir d~'t·ri .... í):{--i:,.;,, c~:!l~ n."ltú'r;~l'_rca:i.taüw. e~·- ,.-á:rlo~.-punto"' de uña.-; .• ~~: .. ··"!?;!: 
tona t.kl,..rnlinaJa JonJc la calidad d.:l'mou.:itu .:.-:a difcrcnt~. d inr,en!~-r.J p!!,·dc. · :. :_;_ ,..::_-[: 
cnnoc .. ~r ¡,, · ·ruf,ha ~-n; qt:c -~¡ ractN: tk-~n.:ducci,·m ~arta ."con la- calid01•.i t.h:: la ~- _ _-_ ;~! 
rocá. Ar'lic:uÚI•i t''la inh:rpll.:t:~~..:íi'm r.ndr;'i_c..;timar-.c.: d rn_.úduln'd..:.tl:.:ftnma•;ión ~ -....,¡ · ·: 
en olro~·-pun!o~ tk.t;l /l)llot.~l r::1tir' ,LJ t';mncimic:lto.dc.la~ p--;:,)p;cd;;(!¡.;.; ifc. · · ,...: i:~ 
nlu~·;tra:-. in:1ltcr:ula< \-':'llorando la caiid:Jd del m;.!C'i•l' nx:-0"'· btc métuJv ;} · .. ·~ 
puc~k '>4-:r muy U~il (.:l_latld(?_ ~! ·ll!-1_1~! • ..:-TII de cn'>ayo-. in .~!.fu c .. t:"1 flHJY lim;tado por _ 
f'3:t,¡j¡¡._:c, CC(\ÍIÚ!llÍC.l~.; · ..,_ ,. "'-· ', '• ,,. ; ..,_ · ' ~ · · ·, - -

_ El p;1~0 mú•; difi_t·il en la :lrlit·::cio.'ul ~¡ ... c'h: ¡;;~t:u!o l'S d c .. t;:~t--lcr:ín;i<:nto Je 
una mcJid:'l cu.lnlil:¡tiva de la 1•calid:ultkl niaci1o ·rn~o>0)' d~: fMma '41K eJ., .. 
~inJ,!c1licros .al ju1g:1r- un mi ... mo cmph¡<;nnicni·J oht::n!"an- el mi\rr.u \-oi:,:r. 
·Lo-'-' PH~Indlls 1;1ás. Prtulli.·tc~hm.:~--1;;¡ f(¡·lli:'··l·: jh¡f ~·u:i nli li:1 i~hmcntc. t..,lc ('~•uc·: j':o 
·-son-~~- illllicC' 'Jc cuúd~\j 'tRQD) 'y ·u-· vUC:Icidad 'rCbtiva, cr>mt'ntJdl'\ "" d 
· Cí'JlÍlU!\1 l. - . .. . , _. 

--. _·:_~i·: ~-··: '~~ - . -~·- .. ~::-.-. ·... ~. ~., E_ .. -·_-: . ., -;· _ -::!~ -_ •.• :;: & ·}, , ~~; 
.. ].J.J -_Fnáur dt• r_t•dun·híll.!/d m(ulufl¡ fWI' mhrn/c.s Jl.tmicuS ·" 

.. -· .. ,_; ' . : . . ' 

" -'i• 
;,~~ 

.-:':. 
:-: 

.• :! :t-; 

'~\j 
_ ... ~ :ª 
':~~ 

.'l-'· 
--~ 
:;-

.. , ., 
·· · J :á _v!-=IOCi\ÚHJ'- SíStllic_~ ·se -~uch: emplear p.:u a c;.li_~~r~c:l~ mó.Jul~_-_.!~1 p1a~izo 
_..rocoso i11' .'riyt."' l_::t" ,vcnt01ja '(lTiiH·ipJI: \l_d m~·11u!!' · .... (.;Jiú~ó~ .~s. ju'c-_ b._ mcdi•..!a. o;e 
-. h:u;c _::n el _h1g:1r r•:t¡uc1i<Ju •. c~land•1 al\:..:tad<J ,_-l in1puht1 .. ~ ... mico, e:-~ d;,.-."'!.:i {".{· 

kn<;it.n·. r_o·r· 'el' nLYm\:ro, y caraclcr; .. tiQ'> Jc ia'> t!i;-;,.;nnliúu;():~Jc-<.. c.~.i:.~cr·_t!:_; _ 
_ , .-. ,_-~.. . ~ ~--"¡ p;._¡cs,_ uria roci.\ ·muy fraclurad~t IJ mt'~t·nr:l;tt!:: f'l..:v:~l;:f .í ;;:r.J ·:c:;c,~;d~d 

~ _ ..... --~ · •• -~ ·-';l' __ "'.· · infaiór ¡,·lit ~.h:t una. 1 oca--~::-il~,:--sin.cm~Jr1~o. c.t !nc"~d,flo c._.lcuhi&!O di.rc:-c:<i.r::~::;tc 

:~.::.~'5 

.:{~ ·- .. _ ..... - -. -- -~-- . ' .. . . 
'·· :--. ·.-
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. ·."::'' 

:...· .. " 
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./- ·-.:: - ~:~~-~-::~.:S .. .._.:;."- :)-_:.·i?i~ ~-~~~--~~~:-~~~;; .. ~i'r:~~;:.~.~-!-~--~~;i~~~~~~-~~~~-~~~~~.:;,~;:-: __ -,:·~--~~-~fc..;.,,.._.,.._-~- --. --. 
·----'"~--;.-~. '-''-=-'''· 
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ik~7 
~~·,:~~ , , '_a~~~~~; ~e C\ta,vclc>eid;u.i. T'..l,, C<; ~cmprc !ó~lr:riN ::tlll!Ódu!o Je d..:iormadón 
if:~.;...-. ""~~;i· :·~.: :~s11i~éOidde~1ñin.tdo pvr, cns.ayos de pl<lc~ <':CIÍ d.m~r~ ~c.pr~~-.ión ya 'qt•~ d .. 
1~"' ~ . I~pt:lso sl•mHco t''> de muy cort:1 d.m~culn )'.lo 4t:e ~ mj<; import.a.ntc. cun un 
1 ..:.~ _,;: • ruvcl de tCmion..:s muy bajo. rlc Ítmn:.~ q-Jc d f,_·¡;Üml!'uf" o~<;erv:u.lo ~..·~ hlt<ll· 
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-;rn_c~tc· dáslic~ .. 1~"1- n.:laciO~ entre _el múduln t..k, ilcformaó(•n· cil<i:ico v el 
.:;~~l!fo '\i~m_iCji 'r.Ui:'~e·-·dr~r:.óCr"~nórmah:n~niC c~•ando t,~ja la-. éaWJaJ ~ dd-. 
m:ici~o ·róc·nw:··:'.ta~ atlcla:ttc dai"Cín<X uil.a cOrfCbi:i•.ln ci1tré- ~únhii<: nm&ni~~ 
tudo.::,, o /rt-;lor ti~ ,,-d,rd,in. con una \-a1c•raci(bnumCric;f de la c~iitbd de la · 
roc?,_dc ~ucr~o, em.:.d RQ_O:? la \-c,ocidad r~lati,·a (Clp. J):. _ ·. 

. -~~~~-~ ~: ~ .~.;:. .:::- ··?-3' ~}~. ·::~ '.:..:~ . -+ ... ,_;-~--~~ ¿~-- ~-· ~ ~:~. ''·"'::. :-~-::--·:.t ~ ··-··!- : ··:--~· •.;:..• {• ··-
23<1-:.~_Emph·~, rklifn úrJiÚ$ (/(' rulkl«hl ('rt·un f'.'fitnliiJ ,felt'nuinado .. :-_. 'l':.:~ 

. ;._ • .. ·:. '. ·• . ., . 7 . • __ :_ -· - • . . ':' · __ :. _,_ ... 

~ h~.hi..·~:!~~-un~-~n~~1"r:~c¡;.,! entre cf hútite t!c_c::i!id:td (RQD) y.d móduiCI 
~- d~~f"nna_~l~n..,c('t_t~--:r'!;tC"~- a; ftl!~~!_,_dt;: d:t_to~:~~or~c"~-,.:H.ti_c-tll~s .. a_:;_l_a.,. prr:~a:"dc_ ·h ;..;-{~-?~ .. 
u"·or<;.hol\;. Esta prC~ c<o1:1 sitüad~ •:n un gnc-i~ ~r:uiitk•l de dt•\-:~tfit' rC~i .. tci'icia:' · 
y catit.la~ en la'~- proiimic.fi1~ks .Jc Orofino, ltlahn. f:.! RQD .pcr:nilió e."plic.1r 
la~ ~!~iacion~s •. ~>.b!cEi!!?s.;c;n c_l mt">dulo· de deformaciún ®n lo~ e-n;.."tyos de 

,.. _ ··. pla~a~·y .Sirvió:· p;.1rai6timar~ cl"'móJiJtO_:c.lc d:foiril:ít:iúh~uc-ta ~i:lríicritaCión ae 
1ª~ P!C~1.. . . . . ~ .. ~~-

. s¿ ~n;~ili7ÚClll U_ll toi.~t tJe 24 l'n~.;ljW; ,j~ pi:1C;\ en {lQsici\''il vcftic:d ¡_, ~l~r:j. 
zonlal-en galería,· ~m. re .. '(" .. tir ahicrta~ en h1S•t.-~trihcs: rl1i::osos; haic, kl t.Jirt~
ch;•~\!~ ~lmnfi~íi:-Y':; ~~i:-._oil_~•: "dC~ <.-.o! pS ·'!r. Ent;:,f~X.ts .. t:o~_ct~~'"!Y'-'s. s..: h¡~ . .-1~_;-~_;n_ •. ; 
utdu:tntln r.ato' Fre:,,im.·t ti.:. J4 pu!~;aJ:t.~ t!r t.l!á:n~tro piAra lr.tll'>l~litir_una · 
prcsi(íñ uniformt• 3, . .'1a su~·rft~·ic rocosa. Se n•si...,tfilrvn tantO las- Ól'llt::'\i(t:-u.~ 
sllj)l:rti~i:lln; .cumo· .. ta-s· de. _c:~-lcnsó'r.\·tro!i. cnh:rrotdos." a· r.rofundid<ah:S de. 
O;-JC-C?~f·O y 5.40 111 :b;~_j.l J;r "ur'C'rficie-. Se C'n1p!t-~) J;¡ '!énría. dá~lica ji-;¡ fa d~·~h- ·" 
n~i_ria_lj:d nlódulo de· tkf''llll<:ciún a ll<Hlir · t.k l:.!S ;,.'"lirvas _· pr.;.,.ibn~íl!>icnlo 
C'?r:C~p~1 r.di..:nt~.:!> t:m:.o_ ;1 loS- mn!itlorc~ "Cf"'.'Tfici:tl~.¡_ .c{'lmo· a !()-; ·cnt~rmilos:~ 

· ~-~.at:_tí .un lt:s~i!,.~úk":t.liá~ln:tro- NX:a unu profpnUíd.i~_c.lc'_6 m;'-~ el. p!J.nl,~.dc. ~ ~-~ 
- C!:J1rt5'?.,nii~nt~ -dif aldi·.cñ~YO."'St: ... r\.~<;~fii':li-•':ri:í.~n~ayc~·dc Con\~ditin.-~síillpté~ "'· :·~:f, 

cori ulut•\tt:J~ ln31tc-radas'ttlnt:lJ!I~ déi !cstigo •. v~ll•1i':l.ndo.ta. c:t!id~tl d¿:l~ ·ro~ · 
Cí1 fuñ_cit'lli ód lic)n. l.ao; fi~ÍI.:tlH-.1'- rrú:o;ima~ :1 ~~ <t.lp~rli~.:il: LSt;lh:lll. ti1Í.Icho. 

"' . 
n·1á5 C:irlf:ula~ Y. lt•aí;;,._ uñ ~reCto muchú mityor snhié ·¡a (lcfnrnl:ición d~ la. 
·nt~qt.-;quc lu.s.frat1mas iná."~'rn'lfu-nd:l~: l'or tanto, ~i1 objctf"J,.:.dc t:omp:~rar 

· d int!ice de c.:llid;itl. de la roca (RQI>} con el cr>rf'!"J1'mdi~·nk •nullldo de 
· dcf9fflli:t:jún tk~ .::zs;tyo tlc" pl;1~a-fuc ucccs.arit~ fl'llll:.:r:li ~~~~ valon;~ RQO 
dc~~~-Ucr•!•l Cllll TJ. 'tCori:t.dc lji,trihul'ión Ji: t·l:n..,ion~·s -~k Hñt;s-~inc\q~ hó!jo l<\~ 
pJ.;•eat Ltl~ tli:ti1lk~ del mC.tiJdu !OC h.:m ·.dl!~crito cH·Ia7 rcf..:n.·nt·iil ltC.'. .. • 

. : -: .... ~n~; !;1_ · [tr;t~ra, _i;i6. ;oc: _ _l}'-!_1)_ r:_..:P_~!l~l!ntado" !rl:; _nníd t~l~~~ tic· ~icr~·H .. macilm en 
_ ,. f,~nciQ!!.~tk·, t_(:,j.Jn.lliCe(!l~ .?;llii.liia cJC~criuinoidnS.i.:n ¡,"':~~"pi.tilhlS·'tlé~é,_l~i)·o. cún · 
. 'PtiJC3?L;.:' uli"liltilo\- dl-·. d~fúi-~tl.atibil. c.:t:Yn iéri:rl~tUS -iir·n,'ooüloJ" e:"siáticó: Oblf;.: 

-. ·nid~. c_n' !ilhri~torio _ c_oD__, 1:1' mt~cslras .. c:<traíth:s _c·n· cad3. puntg de ·cnSa)'O. 
·l:~.S ~;_triaci,nu:s ~n:la rdou;iún úc,múditlu~. ¡-;, 1'/;'1"-b. eran_ pnr l:~rtto -ruucit~tlidc _ ... 

. , ·..-._'~~a,~~di~t!)tli_rüiid_tidc~·dcL·maeizo:,r~~t:o~t'•i.no dcl}tmlian: ltc. ·__¡_a~~-Piori~.:,Jai.li:~:- :, ::: ·· ·-· -
·. ~.dC~r~i'noítlu~-cÚ--las :siíuc~lia; íriahcia\bi-.. ·(E!. m_úd~IO~ d~ 1~!' nl\~C!>lraS:,)_:r.m; ··-.. : 

.er:n _apro-ximad:últcnt&:. de 6.-3 X Jo-·· kpjcn1' y' rió _varinba.·mu~hv i.k un- Jjunto·.· · 
_a:"~tro~dd h!&a!'J~ ~~"':_. : . ~. :-: . -~~- -. i :i. ·-:. .· ·-::- ~-~.:.:; ;.;i-- _:-;.- ... ,,:_;~--~ -~~-~:::--.; ~- • 

:t~~ _- ·:,.~_Sc-d¿~ucc.dt!,l~ frgúra. 21"1(, q4e'-cj m~"u1ui~J.~c ~cfcrm:lC~Ón-liCt~rmin_f!~~ a· 
P,~tjr, -~h:,-J~~!~~ul~.~:-cntcrro.id~\-era ~C9ñ-.idcrablcmctitt· 'Su.pcri~)·r ~-~ -~litCiiid~ 

··con:fás !itÍ¡\crficiiltcs. l.a muyorr<~·<.IC Jos. c.11tCnsómCtrn<.: CntCrn¡d(,_.,- t~hlan~ un 
.. lnJ~_- t!~ · C.ai!J:i~J __ -(RQD} ·surx-.rior _ nl ~O% y una rci:H;ión. Jt.; }llód_ul~1;-> Je. 

-}~.._:,,. -:>~- · "i _: sJ~~~~~Y!6~--~~§ict!~ -~S~.,. i_l!~e.n_~~-'i __ .qu~ -!:a· ~~~-a-yo~;~~~(~,-~¡,-_~~: .l!H"~l-~l~~res. · :-:- · 

:-~·.:. 54~·~.· .· _,;~~-? 
:~::. :: ''"'~~\;: " .. . '·. ' :-.' •'-.!!1;~. ...; • • • ; "· ....... • 

. ; 

-· 

( 
_.; 

.._ .. 

sup~·rliciatC~- tt:ni:m un :.jncJi~.:: de calid~d inf..:rio: al KÓ ~~ Y un:. rd;.:.d•'::l de 
:-:': .... ,.:. :müdÜI~~ .. ~·fnl.:iirif~i.lc .o)~)~_~,~ .. ;;,.1·::'1:j.:,->r.f',·.;:..-~""-~r·;1 •. ~.-r-.; . .-·~- ·., ·~- .- ·' ,·,.. -. • • 

';\{t'i1~u~: d !!11~.¡ .. "" ~~~-:'tili~ú. t~l·-l)wnr,hak ·~-.·r:t' dt: l'\i:dih~~ ('~!tt1ad ... ~ ~ r~-.:·· 
ciar~ ¡ 01 ~ am·pii:t' \':Hi:lt'itW•.'" q11..: -~ pnlt!u~·l·,~~ en la lkll-rmtnacton tkl mn~\~1~ 
.de t.k·roPn:tci0n a. p;trlir d~ o;:rl'•:l)'t'~ cun._ptu.:a. ~h!h:i.-ra. si~o ·~a,lant,;_ lilf,,,_-,t_ 

. · e!>liÍil:~r:~lm~ ólótfuh)· & d..:f~rñt:il.:i,'nl·rUra .);\ dml'il~ciúO d_~J~:-pr .. •,a úni(_:uncntt: 
a· p;ntir iJc íOS- rc;·ültf¡do·~~d..: · é~h;~·•cn~a y;)~. ~in·.·t(r.Cr. ch-. c:~~<.:ht~ el car;".ct·:r 
de'" roca y d ~ist..:ma d..-: frat·lu'r:;-; en d_ lo:-;ar J~ ~-.·n:o.ayo. L~'> Hl~\~ld,m:-.. .-.op.:r
fteiaks. rcsultamn ·muy· in!h:<:-·nc_i;;dn.<, por ~:.., fractura .. Pró.\ima-. a !:1 sup..:r· 

· • fiCie;· ·ori_gii15.~J.:t~ ·rn:i· 1;1 c~ca .. :ad~n_.d~; ~a~ 1~:tkr:a ... ~.i~r:tail~!>;·_cl· m•_ld4lo cJ:t.c!:
~!na~_o ~ parti~,_!.i..:.é~!¡l~c:Ciuta~·prob)hl_~~_5'0~l' hub1~~¡¡ -~a~.o valtucs t.lcma.-.t.a_uo 
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·• ~h,1j~~ p:1ra a~l¡¿~, l_n~ i: l~}··i~ll~·nta~i~~;_ -~c)m~-~ ~~'':1 ,_q~~: '-!:.'Ji.":- u_~_:r .c.~!i-~l¡,d 
!lCn:ral muv .. Up~·' inr. La mcJM C'-1 IOJ:\l'wn· del-: 1:1ml111<l th: l;í·cHncnt:Jd~m_ fue 

, la, obte-nida· a- partir t_k los c:o.~~:n~tun~lm~ ~o.·tü.:rr~.Jn~_J.Lo~ tnJic~~. de c:¡_(•(!;¡·l:· 
-~- tidcrmin<~d{'IS -n. l');tnir 'de· ello'. ~..:.-c.-\lfrc~rK,nt.li.ll~ ~~~c.ma~lcT:.I. I~Ja\~ ;Jd.:~u~~ta. 
·;:.·con la c:llid:n.Í..\-'.éncriil de lii Citlu.:iÚ¡léitm:J_:¡~H_alld_~l c.~ f.!l~-&r.!lích d~ ~¡~-~l~i'J!~ 2~16 

eón-el Rf)l)''inc~l¡~.- í.idérjilina~lo il. p:~rt_ir: d_c lv~: ~und~o .. ~dc: tc~q~¡¡;a_~lié!"lO 
- .n:::~li1ados en d L·~_LTÍH ·ue. cim~nlat:i~'m de .la prc_~.- P.Ut:dc obtenerse l!M 

' .. ·.~.:~'timril·iún . ._~<,:( m~~_ul~, ~k í.ti.;r,,_rnia~iól~ r.cn~·r;d\k tL~i,í.lt'l'~~~.:iún .. 
· ·· .. < .. :~ ~~!::;;:.t:: :~/ ..... -.~- -~- ; ;·.-,;_:!~:~·-: r· :j::_: _,-,,,__,':_~;~--~~---· ~ ·\:..~-;~ ':-i .... ~:.:~ ..... i~: ~ : .:;.:~:-

2.3.5 _' Gc:ln·ru!i;.1idáll de; fas rr.~lllriufo.f"tlc /i1.~ C'fJ.myos .dt• clt:/omwdplo 

--.: .. "~._ Ún~;_ iíH..:rpr~ta~iún· _g~nt•r;l( jc .ló~ .'_~,._;!->~llt:~~' .·--~l_;,·.,l~·o;_ .. l'n·,~yn-,_ ~~tjÚáH~~~s · 
· .... _: p~f.a-t- 1{-lktct·nlin:iCión ,.dd' ril~·ldulu"".. ~c:_d~,l~;r_m~a~tt:"n;: ~u_c . ¡!~1r_d~t ~mp!~~~r'c 

- ~ t;vCnlu~1 tiiwóiC p:tr:.t· rd;lcil·n~lr !1.1~ rc'iult:ul•"' p~ltl·:u~hl~., en· IJTI~rcnt~.,- tur:m·<:, 
.· f-~:quairia· cl"¡mtc~sO tlcscritc1 u .cOntimmci~·m·. _i~dl'n::r~Hllcr:tc.'.~c~.:~ia:' .r~;¡r¡. 

... : za~~c ,;;;-.ay(¡-; c1m phtc::l-. o en I."ÚIII:Ha ... d-: pr.::·,¡,);: _P~~r;t ,kl·.THllr.~lr el mn:'.'·'!c' 
: ~ · ·.-de .. Udorrh;u;ión.-JCI- macizo '·rn'c·(l:.o::___·Et..l·:~t:~t~"l.k1_ !Cg;lr, lli:br¡a ~otu...:· lc:tl¡¿.ar 
. ::'· :·!.~-· ...,._.,_ :.~.,:...~·-.·: _._ .• ,..._. ·;_ ·. --~· •• .;,- ~-- _ .... _., -~ ~~:· ~~: •. ~._:::.· .. :~;"'··. _ .. 
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, ... -,' .. ~·:·.-e~·~.~·... -• - < • .;"",, ' • •- <,:.~ .. :i 
• -..---~ ... ._, ,....._ ...... -.......---.,..,. ..._.., """"""'·~ '=""-~~--~-..F.'S'-, ..... t-J4-!.;;w.«"1f.i~$\@Ei!~....J!i"'ki?~~-g~_,gr~""-..r:~=-~~ 
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: Cfl~!Zi-~i-.-:iicn.-.. en Ja, prtl.\Ínti.i.b-~1.3"_~:.Cc: l\1' cn-.a,·p~ -~!llr.-ric•h:-;. 1\•r.·Uliir~•o, 
~·:;·,-.::tJ:-[a r,;;¡!ilaf ~:>i.tft..:·.'). tlifl·~·':Hli~"IH~ \"l:tjú j~ \~!j1::r1i~·j.,;:. t.:ar~:l:\:1. t.k f,,"f:n~ . ' 
quc-,c pucdi;;r<lll n::di/~f l."!l~)'O..; dt· lahúf:ihlrin Jl:lfil dl."!._:rminar \.·1 n:l...Julo 
cS:ñ.tic_c_y·f:l \dtl4:id;:d 'jtlnkn en nw~·_,lftl\ inalt~.·r:!d::!~. Una cu:tri:J c~~ntli·:ión 

-. Cs,tJ.\-·a!or.:ci~)n cua!italÍ\·a Jc t;i CatitÍ~d d~ l:s'fc_~;a"ltQó_"'Cn~la i':ÚJ,:l·.:'-tu.li:tda.· 
La_ é.li·.po:•l;i:-,¡:;d;~.t.l de la antcrinr i:'lft~r~·n:l~i/·n· •:11 •in' Cn~PI:Í ,-;,.¡¡.¡,,_,:,· tkt~·¡ .. 

mit•::,!•.l rcn::i!c c:~kuiar la rd:1ción cntrt'" d n¡ÓI.lu!tl ik tl ... ·ronn~,.._·j,'.¡, ••hq:r
-~?.'!·.f·· y r-Un~~h!lt:t ~¡_,mi~~·· E~r;o_~ o elmlxlull) •. k lah~,.~~ai~Jrir- "''brc tntl':.\lras 

· iño:dtCd.~Jc¡,~ f_·, • .,=:_ Atlenl:l-.. •. c\l~:o; rci<ICÍ•il:t·i;~tT"- factt1fcs: ·d,:O' ·rL-clu(-ci-tin í91:dcn·
rdaci<!nar~ con~l~ .... ·ariot~.·i,·•n t!c c:.ilitÍ:Jd r.k ia·r·,~:t.'Si:\l~c quC cr:JJ; p;¡fh: ,Jc 

.la \-O!!~_ciún.y d!.-..~r=-iú_n de lo" tlato-.. puhlic~'u'') c.n í3·¡_~~cr .. ·i.urJ. -pul!lii c.,;)li~ 
earse- o'ddioir·una·h;ntlem.:ia Ctlll'-Í:.lcnt~ ~¡ -~ ·hubicr".a in•te~tigaJO la cálidad 
de ~~:r~a '~-"'Tttln: f'._tiitJn dc~c~~!~fo. E-.~~}~li¡~~~t.:_"¡; -~-~~~s;S.ql~_l\r'~t~-~~ ·&~·:19S;._·::: , · .. 
c:n~ro> _,l.· l.1 ru:: ... a de n~,·nr~o,~ak qm: mostmrt)\1 una ·g.r:m vrtn:ll"toa en lo:-; 

: va1or~\ inl",ti,~o~ del módulo t.k dcformacil•n. Sin eritl--onrf!\•. 'C'- cnn"i~uió. 
tkfiflü· la !• :dcncia- de Co;1o" rc."ult.-nhl"> _:ti ,,,n~itkrnf 1:t calidad de ·¡a -roca 
(fi~; .. 2:1t-c~:·- -;<>_ ~-::~~~--,-.; ,-·· .·_ --= -~-~-.: • -;.;: .. :: .. _., 

.. Si Jtr.;.· r ... ;tor ... --s tic. H•tltJC.7it'1.1l D!fll;11 )' /;',¡'/;",:\, "~ll.· rr~rt<:ip':.:lnicnlC" funl.·i.ln 
de l.;l c-a!!thd d.: b. roca. Sl' lktlm·c- h ¡ ... ·.ihilid:HI d ... • c~t:1bk~~-r mi.:1 ... n:l:lCi,ln · 
<~n!f,C t.•! fact~r dc,.rcducc:ic"•n .vi<~.C'IIi•l;¡d ,¡.._.la r:Ka_:l r-_artir de i.l3.l{•'i ohh:nidns 
en '~""dH~-:~ntc-. iu:;;tn-'' ·70 -"C"n lma l•tt"a!i·l:i·.l __ tktt·lii•i•i:Ít!;t'_ (li~. 2._1(1). Se :.han 
h:co:~~Uo d:!:t''> tlt·~rit<" en la iitt.·:·:•tura •wtuc ..:zi:-<t)"U\~i~· (.";¡q;:t (."''" Pl::~a Y cñ 
gakr\:.!" dL" pn:\i•.!n ¡1:1ra rlif..:r\.·nt .. ·~ ~,.·;:...-n_., t¡ tl..:' .. a: ¡.,f:•o·n. _en tlbtinfo· g.nHin, l:t_S 
cuatn.• Ctlllt!ít·innc-o;. :1nh.'.\ c",rut.;:~~:l'i. \Jn T-esmucn tic C'i-tos· !.l:llo' dC" _(.·n~;¡yo 
<lp:Jr~·ó: ~-n !:1 figura 2.17: d nómhrr tic- !:1 nhra y d lug:lr·dc ·puhlkación de los 
ilah~s ~t··jn,!icrln en la mi<,:ma li;.:u1a. J.a uttkn:al;• es l:l n:_l:u~·~t'•~ ~·nli·e d llH;t!ulo 
d:: dcfMmacit'Jzn>htJ:nido Cll l"lliH)'nS th.." ca•!~:\ C;fll ]1\a..:::t o en o:: k! Í.l~ d..: ¡nC

,siúri, &. y ct -mbduhl cakt1ladi, por m•::wJc~ .~i-.milw:;. /::....-. La :~h~.._-¡,;, rs un:~ 
P\C_~Hda dc.Ja'Cali_tl;!d.Jc ¡;}roca~ "cxprc(:hla"·¡j¡¡~n·c·i,'[¡j¡l ... ·i\m diÜ lt()D o del 

· CuadiádO de. 1:\:v.:Incid;ú.l i-cl:iti,~a ( 1:•·/ v, )"'. ·Lt•s dalw> 'r¿\:o;:idos .. ·n ~:..:ta li¡;ura 
- ínt:~·!->u;o:! u¡>:~ h"n.{~·¡u:i.¡ t•a-~t:i.nh: cl:tr:! r ... ·sp...-r.\•1 JI- facinr t:t~ n.:Jurció:1 (f:-,fi:.;.) 
:baj:Jnohl '!l:~·;y-ln-\!-..l";ÍH~-CII~&~~t:tr_1~)n la c;liiol:uJ 'dC J:¡ ;.¡;é:i"·•"tJ..::~cit.:lli.h:.-tld \ Ú!J al 
-65%- Un lll:l)'•tr ~k..;<",:n.,t•"cu t:~. catiJ::d •k !,t l•!t"a no ·;,-j,·n·~ ;¡co:~~pa·~;H!!) P''r · 

."11ña m:l:/t~.- i-~ducci<in C!l la· n.:la...-i~·~~~ J..: 1111··: hil•f..;: L~)_.., :Úatu..; "corrc•;po_l¡·,dkntc-<:; 
_a·_l,_n,; ·_c.alid;u:l inft:ri~'r ;~1 _f •• .; ·;-,: .... _ll:.:ic;·~..:il. que d' t:Jctgr -~\~ _ r.~·tlucciOn apn•pindo 
·_debe- <:'ilar com¡}rl·nJ;Ju ¡;:ntre O. l. Y 0,2. En ¡;cn..:ral. I;Í iriterprctaciún d~ lo!li 
dal~\ ~O}\f_(" nl•ldll\tl<O Jc ,Jcft\l'n.•('i.t'fll en Ja f.,•rtna in.Ji,::ada Cl\ l;¡ l!¡;ur:l. 2.11' 
con-.tituyc \IOAllélmln muy p_~ómctc1ior pMU comhin;~r d:-.to.; d.: dit~n:ntcs 

, 1~l;a-reo:. y de difch:nlc.-. fl\~l}l{)s~·cnt un mi:-:mO cnq>:úa"nú·r:to. Sin cml·~·r~o. 
~ requicl.cñ m;J~ lhtO<; ·ra¡n·c~irrol:lor~r -la trniJ..::tlci:J. · nPreC:-iatl.l·cn Uiclta'li~urn. 

-'- ,. ~. 
-.--"~~~--- _ 2.)~6, .. ;ReJi:ttc_tl"rla_arrorfl• .: , . ,., •.. 

·;:- _-··<.¡.F..:-~-·-;~·"!.: ~q?:"':'.'' ~ · -'"': "'~~':-::;_; ~ 'f~-.- ._ :.: , ~· '; ·, 1r"'" ~; ~~ -:-(:.!:'' ~-- ~-:,'> -:' o,;.._,., ," • .~ 
·.··.::El ~istc¡ña dc·diach'i~~~s. ·¡l'i•la'> •llilonih7a~..l.•" v fall:!vde Ull'nlitciíil rocoso·· 

· réJUCe'fa "re!loiUCncin al corte t:fl!ctiva·:l Uri·v~¡lor n;uy·iuf~o.·ril.lr <~1 dc·la su . .;:~mcia. 
. róéMa~-:1)•. Ol('flCl<; \-'0· diH'I,.'CÍÓm·_-~--para\dao; 3-·C).~<;. <li!o.l,;()ntil\uid;t{ic<;. t.'a r~<;iS• 
t.CñtiO al~'CflfJ',·!\i~.._.·u,ui rt}ca ¡,,~ifu~i'C~ltlta.Pür'_i:!ntorñiii)r uni,úlrllp:~: CUant!o · 
la; dir"'-céintics.dé-~rr.:i :->n'n ·,;,~o.;~-(¡uc~laS s'\•r·.-~·licic-. Í{(,fCnCialcs d¿·rulura i.h:hcn 

· ~traVc;ai-1;\;:''(r.ictura~ cslruCturalc~. la· TC\i"ih.·ncia ¡¡1- Cui·le~~crá .~rúXtina· :t la 
-dé 13_-su;-laÍ•cit~ rocm:t. Cu:m,ln la din:n·iútt.dc carg-:\ M.:;a r·:trtdcla 1) ~uhp;u·:l-

r. •• •• ~t~ _ ·a-;.}~~i!\i!.~~;lr¡J~~l~s · t.'~_trU~~r~!f~~--~-~a: .:r~~i\t{n~i.!~:_al_ C~•~!~-~ \~-,_!,l_l_r~·,_: rcg!tl_.? 
·· .._~- pcir .Li··supc:rff~.:Je de -dtsconttnu•datl. s1cnilo en ~t.:I1Cral mucho n11.:nor. : • · 

...... :..- i[- __ ; .. _~,:~-- .. - -- ·-. .: -'Í"~ ·--·;" ",;_.,: ·-·· •• •• ,· 

·.56:,·:'··~~- ... --~:-::~· .... '-·.·.' ·;.·~--~~-. 
-.~.. • •• --:·~--. • ·--~.:~ ..!:¡. • 't· ~-·. 
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\.-• _.;;_ •• ¡":.. ~-- t:Ú-1-"-_U\~imtl_C.l'-\)_.:"" d·r·:l~ ct-;t_i.._·~<Y '-".~y_l "-tu.: !,.s_t.!J:J•l lup.r a hh ft'lur~' 
d.: ';\;:dra~~-- "\'";}ii--_IH .. \ta·,!,.:-,;fi ·CJO~C'!!l··~.'(\-tl\~--:, lug-3r;_.,_~ St'~o: .. tá '-!~· aCUI."I'ÓQ 

en ;~ncal en quc tJI \t>licnación t:\ crit1ca. p{lr liJ q_~_;e ..::n J,h Uhtnu~-o ::1im 
se ha dedicado un l.'r:ln tr:J.baj•l de in,.:~üp..:i<ia a la~ \':lriahk' que rlf<.'ll !:1 
reoi~tcnCi.1.~at :cortc~~C¡;Un. bs..di~o¡¡tinuidadcs.. _ ... 
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K J't::.:~.i"l.k o~~:nnh-1:.. cno,;:yo;Jc rrc~ión en ¡;:tlc:rb ll:t. CltiC:n\Ümc:lrC'> c:n:-::rr'l~"~ .: 
.;P'j- :t'I"C$:.1 dc"lhwr•,!J .. t.;.:m.~>2 d~ p~<"~~Ú<~ en ~"kr~.1ll}. Clt!C:~\Ót~lr'-:'l '\U~rl~~:•o~:·~~;:;· .... 
'r, Pre-..._"\ tk 1)....-or~i,.l:..-. cn~yu ~ok ;"J~·:,ión en r..1kt1a 11:}, C'l.tcnlbmo:tr~O'_cn~~.r:.•dt.,_. ,. ::- ..... ~.¡ _ _. ..... . 

¡,¡ . l'resa. de Q\H)r ... h.llt,"cma)o \k rrc'-u)n en ~.fkri.l {F.), e•t.c'ns6mctti'S :O.uí'!'triiCI.tkS ·' (Q 
A PrC~a úc IJwrj¡_o:fl¡lk, ci1Y}'m· de pl:.c.l, c~LCI\.'U't~!lClroS )upcrfici."11n'' 
r:< , PrC~=1 J.: !).,.,, :.h:•k.. ,,,.,1)<:~!> tic p;..c:l, CJ!cn..,·m'IC~r~s cnte_rr•doi" 
il' Prc~a ,~.: l.ati,=.m: Jr:ut 1" ·• ':}" ,. 
.6. rrc\.f l~'-' K ;tr 1h:1. ~~~~ Í\ l•r~ranu:11 t.,: rne~ct•riJado , • 
T Prc.,., de "-;1•ih.1, n:.:n.:il;a r:'!.I''J dt.¡d:~.¡¡Íd.l •.• 
)( __ Znna 1k o;u~.t"'" ~.-: S..:..-;~d.•. ('101/ido da::i!ic:o •• 

..(> Pfc,a ,'.,: ~1{,,-,,;w l'•liul ·~-" 
O l'rr~ ~ ~~-~ ,'\tl:ln:"i!·<"-''" 11 

',~) ltiu A!;!IÍ, lt.t;"'" 
G·. I'H.:.' ,f 1k K,J•,hitm. tl~i.ayn::. <k pl:~e:.. ... ~· 
Q rr.::o;;l {k K<~~l,it>.·•. ~·n.-...yo de pr.:~il)n Cll ¡:alcrla '· ..._. 

· ~ :~~\~~~~:~::·: \l.:·iii:u 
1
.'• -. --:. • -·~.'~~_¡_": : 

~ p,.._.-..:t Jo.: V;~innl. 1\;¡\~"l •. t.liHJ su¡ocl'~t~, Cfl""lYtl tic pn.:si•'.n e_~_¡plcrl .. a.':-~.'-." 

Ob~crvacilli\C~.dl.' C.1.mpn,han 1\hl~tr~d.o quo: alg_utl;l' C;Jract...·ri<;.lic<l\ g_co:ú .. 
SiC:to;.. "cumo, l;is :lllll:l_,. milonili7:HhP;; la~:ralla·._. y In ... vct~">.'r.le--n1;1\Cri~' 1 miiCH\i
_tÍ7.:ldá·. ~~ h:t-;1, fnrm.atiQ por dclo;pl;~¡.allli~nio~· t<inri\:n~iaics: ·t.;i'\ ·in~~flll;IEidOJd~- ... 
~uJlcrli•:iak.., de la fn.tt"l~'ra o fr;:dura., s.c han rcdu...-ido en l"i~·na e:-;Ú:II•.ibn p.,r 
cf•:CtV ti\; ICl:," C(ll\linun .. dt·!-.pT:IIan1i~n:o).. Cu;uito 'mayor ha .;iCJo l·l d..:.-.p\a¡a. · 
mil:n;;o _init.:ial. 1\t;·l,_l...:~·-d;;r \1:1 o.to~·d;¡;;,, la ~upcrr1(."il! y por l:tnto, ,¡,ennr .. ..:rá · 
!:1 16-i~ldlci:Íut ~oftc. Ou-(:.$_tiro\~ilc t!i~o!~linui\!;i~c~.~cuk'tg·~'"~\~. hañ li.n·-
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mide" por rnlur:h de trncdún. Er. taks ca~os, la ~uperficic de roturn ru~·Jc -.cr 
ha-.~:wtc Trr("gul::r. ~a qt:c nu "C' han prot111C1Jo J\.·s¡l!azarñi~ntos tan¡;+:nci ·!~·.; 
dt"\d:.: In fmm::!Ch}r. de !;.; lr:!•::e•a, 

W lit!urn 2.18 iluc,tra d ¡:~im..:r CJ\C ..!ondc 1~ Ji"Conlinuidad se debe a rotura. 
por corte. En e~c proccw. 1::~ rc!'istcnda al corlc a lo·tar~o de la discontinui
dad potenciod aicanz.a un m:i:<imo pra ua pequeño do:!'plazamicnto, en el que 

. ·-~ 

Fl¡¡:a11 2.18 Re~tcn::i-1 .,, cnrtc en runci6:1. Jil ~~pl:11~micr:to. 
iV3.lurc\ nl;ilimo y rc.,iúu.:d) '' 

~e Í'rodUce la fractura. l.a rt.":o;Ír;:tcncia al corte disminuye J;r~Hiualmcnte al 
· co111in~.t:Tr el ~k~p!:tl.amil."nlo. Pt'r U!:ir.te. ctln grandC's dc..,pla7.:ln:i.:n!os la 
re~i.,!cncin ;,¡ cnrte licndc: a'-int1\1ic¡¡menlc 'l u•¡ valt)r mínimo qu.: ::orrcs-

·pondc:'a la rC'si.ft~,ff'ia·n·.,itfunf:";.~ 1 •. • · • • : 

. En la· ~gura 2.19 1c muC~tran ,(r;,. ~ur""" de 'ié~l~-tcñ~ia "iíitrin~ec::f tr;..l7ad:l~ 
·a ti1tv6;·de los valores ma ... imo y mínimo de In rcs.is..L~:ncia al corte ub,t~.:11ÍÜa 

en nltll'"lra.; l!C mea b<1jo ~lifcn:11k ~..·ar,.;:l normal N. La lli-.t:Jnci:l v.:rtic:tl.cntrc 
laS dos cun·~.._ mu,·!'tra la rcducdt·,,, de n.: ... i~tnlcia al cvrte h;rj¡• un d::'!':;IZOl
miento ctmlinun. AJvi~r:a~c qw: !01 lín::a de fl''i"'tcnci:t r .. · .. iJu:tl no in~licrt la 
cxi,tcncia de cuhc.,j(¡n y queda tk:lin;Ja tmic:um:nlc P''r d linbulo de resistencia. 
rcs.idual al tlc~hnmicnto ·f,: A ... i r~·.'S, la rc'i"•t·ncia :11 corte .o;cgún una di "-Con- : 
tinuidad, para u_n valor d:1dr) de la C'arg:1 nnrnHt!. dcpcnJc de la magnitud de · 

-· 

ri:~i:Jt"n.:ia · intriu~cá 
ffillt:'~llóiS illlitCiól, ,. 

e 

. ~ -· .. 

( 

}!"' d.:<.pl:.ll<lllli\.I~{D;- ri.!"Ía~j\·{>; j'lr\.'~·jo.,; ~IU\' "1:' haya¡~ rr-1JU.,:I\,}.¡ l:'llth' ·1;¡._ 

"'u r-~·rf!t:i..; .. -rneil .. ;, "· · · ';:, 
. [:!' m·:c;mi'-'1:0 d~· 1~ rc-..i-.h·ncia al curh: .,t.~lm -..t;p,...r!icit:<. ir:..:¡.:u\.¡r.;, ha 

~ido 1..'\.f!/it•:tdtlJ.;~l/" Clb:t)"lh; ;tr.aj,\l!icl~;.. r..:alit<H!d.;; rwr l'.l!tlln .,,fl_ J:,lt' :!ll~t)f 

UC\"Ó !1 t';!IJl) l'H:-.;1\'0S tk Cllfh: dir~·d·J sc,;ún r1al1!.h ihlri¡nn:ak.,;. C\'!1 :nw.>tr<l ... 
rlc Yl"'>O.cl'_n:c-ni .. -n.Jo un cil:rl•llllHIKHl d~ ~·Jit·nt .. ..,,, irrc!=-ul~r.: ... como se im!ka 
en !a !"i~ura 2.20. ~· ct~>.~yuron :nu.:,lras id.:n~ica" CQn dift:h'llt.:s carg;¡, 
norm;¡l..:s, pudicndu obtene-r~· ur.a curva de n:._i,:cncia. intrin....:-ca mi\ima 
Ot .. B a tr.tvés 1k lo'> punto<> de máxima rc..,i::.lcncia al C(_>rtc. Co:Hinuand•' lo<> 
d~sp!ar.:uñicnw~ dco.;pli"S d.: la rotura inicial y rcgio;tran'd(, ·rara·cada mw.:~tra 

;-:]' 

la n.:sistencia al corte rc!-.idual, :>e puJo di!"-,ujar la c::n-·3 c!e rc•."i..,;h..-nC'Í~ intrin .... cca Q 
residual. linea (U'. C'•'rrc.,ponJicnlc a·cSto'\ rc,.uhadOs. La línea OA s.c ob:u .. -o-. 
para carga!. normald baj~-. y se puede c.,pfl:"2r ~"'r: 

S ·'N tg(.fo.., !· ;), 

dondc S e~ el :Ínz!uh• qm.· forillan hJs di...-nlc"> cnn lu <;.upcrfici..: clr: c..lC',Iinr:1:cnlo 
y 4,, e" d {utgul'' Jc ro1::tmi~·n1o pi•:- d~,Jí7;uniclihl d1..· un:~ <,upo.:rl¡cic pl:l.na .,¡n 
;mlir dt: yeso inl<.~ctu. 1\. dcctuc;. pL·,l·\icu~. 1•v C"> apro,.,imad:~m·:nlc i!;u:tl a •:.,. 
Lar. roturas. por corte corrr.: ... rnndicntc' ~ la línea Ü/\ \'\:"niJn .1Ciln:p.n':.;u).-:.,; 
por d~:;.rl:l7:tmicntos. nMmal..:s a la c.lircC'C'ión Je la·. fu;:u.a tan;.!::n..:ial. 
La !inca AH ~e Ohttl\'0 C().ll carga' I!Ofll\ak<i m:lyorc..,; a la'lo dd.~;a<.o cn l!ll': la 
rotura '\C rmdujo por 1¡¡ ba\C tJc lo<, dicrift."'ó, sin ntOVimj~·ntn'i Vt'riÍ('ait,; .. de 
dilatancia. 

1.01 di,t.'ltlCi~l n:rtit·;¡l l'lllrt: la.\.linca~ OAB y OC inJic:1 l:t pC:rtlid:1 d,;: 
're:-.i.;,lc11Ci:t al Ct'HIC p1\r ·,l,;:sf,l:i'J;.IUIÍI:nto. Ptu.:~!.: \;Cf.,~ 'que, :u.an•.¡U·.' 1111 haya 
cnh~·~itin. t:\i~lr.: uno1 conlrihw.:ilin rt·;d de !.1 rt·.,j"-ICHcia «r.:oh~·"i\au inH:rr.a de 
.!!'"'·dientes. pMa cuah¡uia C<1rga nt~rm:tl di'>tintJ. de cr.:ro. [~ta <ontritw:;:iOn 
:dc:1i11a'-lm \·~ll~u· u\;.t'<.imu cuando lo·. di,·nlc.., :-.e mmren por \u ha~>.! y 'l' man
tictü .. ~·<.'tll'l..,tantc·p;¡i-:u:ar!_!:tor;.ltormalcs dcv;ulu:-;.; Para la curva OA, la cnft .... ,¡;Hl 
1\IIIVÍ\Í"I:Id:t e=·~ 1\ilu.::lalll\.'lll\.' pi"P¡'OfCil'l!:d a);¡ (.":H~:I ll.O:'"nt:\1. J':1r,11;1 l'tlfV&I i\JI, 

la ~t,hr.:.,ióu ¡;.s in¡krcndicntt· de la ca:·¡!a nun~tal. Las Ct:Pid~ t.lc rc~i\tcr.da 
inlt'Ín:-.n;:l m[txima.t'IIH t.lt>~ pt.:m!icrd..:'> ¡¡jfa•:ntc)Ó. como (),\B, p11nh·n clp1i-
l.·J"C:·p~fr "do~· moJoS.th:.'rutura tli:~r..:nlt!~: .. ·. r .· · :·. 
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Fl~rn 2.21 

La fi~ura 2.21 nHu:slra 1('" lifn>O t.!:: cun'U\ úe rc-"i't~nci:t intrin•'l\.'\'a l{UC 
pucJ..:n C'\perars:.: en m;:cilo\ roe•'"''-; \"On b mio;;r~la ;nin~r;-~!o~ia y fl'"i"ll'llt,:ia 
que l.t su,tanci:l rocma. l.a di,lanria \"·.:rtic<.~! entre la curva de fl!">\:-.\cnciz 
rc•itiual y la \k n·~i .. tcncia m:ixir:1:.1 inJic<~ !a n:~i~tcncia corn''I''JIHii,·nk ¡¡ la'i 

· irr('!!UI~rida,lcs 11a1ur:dt.•s de líl suf"l:rficic de wtur¡¡ pam una cn¡::a norm;!l J:lll:! .. 
· la fr.su:-;.;. 2 . .:!2 :::cc:.tra el diagrama úc ~lo;;r t:•Hrt'o;p¡'ndic:Ht' a ía.:;, l\.-:-;,. 

tcrtciJ'i al corte m:l.\i:1~ac;. uhtcni.!;:o; en nHrr.:<,Lr;:s :nahc·radas:, tr.:,lif''' d~· roca 
di:¡c!:l~ada y nwc.,.tras :.crr:oJas J\: rnon.z\.lnita ccar:v!)a :·-!. Lo" rr.:~u!;;ahl" corres· 
pondi<:ntc'i a bs supcrlici~·<;. o;crr~Ú;J~ muestran un :'l:'lt:ulo de roJ'~IIilit:nlo que 
no \'OJtÍ:.!. dc~trc {:e th rrc"i(JJ.H:~ u1iiin.J~1s. r::-.tl! f.n~ulo C'i prob'ablt:lll\'Jllt: muy 
prÓ\imo a 'tt,• par;¡ J¡¡ nallll.t•:tila cu:Jr7n~.J.. (\m tcn<>it~t;~s normalt··; bajas 
(ml·nun..'"> de 210 kg.fcm'-J h.t curva ·de rcsi'>tcncia intri~:;cca m:t.~.ima pard las 

,., 
r,_.,.,,., t:• .. ,,.,.,,;!'o¡ 
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diacJ::h:i naiurak• ,-j~·:t~ ;.la\!:1 rt'f !;,: linea ();\. qU•: Cl~rr~"fHlliJ,; a U:1 :'tnpdo 
t!~· r~·-..i-..:l·nc!:-~ al CtHII.: apar~:1k 1:;~ ·/~, i¡ d·.: -il"': a-..i ruc-... f;_ao¡, irrq:tda
riJ:Hk.'> p;¡rl·ccn rwrorcionar un ,·¡¡fpr l'rl'l'li~'ll i tk ::rrol.in;:H:atn~·•lh' !J 
Par;_~ tcn-.itntr5 norm:dcs sup-:-rior~:-. n 2111 l1~'cm 1 • c;nothia In form.¡ tk r•'IUra 
y pr,~}\a!lh.'nll'llle :tif.Ull:l'l> lk l;t" irrq!ularit!adt:S dl' la ~11p~·rfi-:-ie (.h: la'> dj;¡(:j;¡,¡¡\ 
r~:.u!I·.::J t.l.:_;;\:!hd:h. El di:J,t;f;¡,¡la d·.: rt.-..i,::.:m.'ia :d con~· pao;1 la> Jiac;;,i,.;¡; na\u· 
rak~ :t r:\rlir tkl puot(l 1\ pu~ .. h: .. ~f'll'':Jrsc en :a (,,~;na: 

'! ~: ('¡ f· rtlg(31''}, (2.:0¡ 

d{,nr.k ('¡, r y f1 lil·;l~l\ k·~ si¡::nilic~do<> i:ldic;¡•_!n .. en la :i)!UI a 2.22. ('¡•mo 
puede vc-r.,.c. estos cm;¡yos con IOC:t<> n'.'.hm\ks. diac\a.,uJa~ mn~:.raron casi 
el mí:c;.mo compor1amí~nt0 t.¡uc los ,.n,ayo'i í~.kalinJJoo; de Pallon ''"'. 

Aunque la ccu:lciún 
(2.10) 

sirYf' <le ~ase rara inlcrprctar los. fl'<,ultal..l'~' de loo; cn\ayns de labornlnrio o 
de c~~lpo con mue~lras d:~d:t~alla'>.la aplicación pr:íctica de r~tc cun~·:p<o 

tolrrr~a-;·:•,¡,;~1 .. , 
6fl a.· ,..doen 

¡, !G" 

1'11 hregul•rlé•~U 

ó,. '·" o .. :~e" 

fA~~h• •¡¡••·••n.-4• 1.12. 

sc~a~ya en la c!'lima{·ión ;1/ ~itu lk i. l.a li¡.wr~ 2.V muc'ilra una wp.:di~.:ic 
tlpir,l de dicJda;a cnn V>i!Mco.; de ido,:_ 14 a .1f,'. Funk advcrli1-..: qu~· la\ irr~·
cularidndc-. con m:Jy.,r~:_~ v;,lorc.., d~: i ..:on t;.:mhit::·u !:.es m á; f:tcil:m:n:c dq•tJ· 
iJahh:s·por ll'ncr la nu:nor h:t\~·. Por tanto. l'-..1:1<; c-.tr-:-..:h~o; irrq;t:l;tridaJo.::·.; ~-on 
,las m:1~ .~oli~it:•da'o b;!j~' pú¡m·•ins tk~p!:tl~::nt~·nt•):-. y. en Cliolfil(l al~:u:n-. ,e 
ftl:Hpo.::J. la l·::rga '..: rrathltJit..: a la-. iaq;ul:iri.!;;d..:o; 111~-. aJicl;:.~.;, y mn:n·, rr<'· 
tubcr;.nlc.'>. p,1; tanto, pt:c'-h: prndm;ir\c l'tl ¡,,, t:rlt!l.k" ffX."<l'>O~ l!ll m.:c.:ni·~::::) 
lk rl)!l;fa prn¡:a:siva_. L.~~ ;ul·Jit!;¡-; ¡,, .liru r~::di::n/;1-.. p(Jr l',¡tto:: 11 inJi•:;¡n qut: 
un Yiilm.- tfc i tk 10-·!Y' C.<,. razoilahk p;;r;¡ ¡;¡ Ctlliiplll.,:ll{C d:: rl''.i,:~nt'ia dchit1G 
a !;u ¡rc~·:;td:iridatk:; dt• Li'i Ui>l·n•aitH!id;ak-; in ,>Jt•~. 
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\i1U1 1.;1!'--. mom. r,.;:::''1, 1). S. A11':1y \t'!í''> F:t¡;t\ .. l\l1•. niH:r n: ... !.ah .. 

14. 

15. 

16. 

17. 

IK. 

19. 

20. 

21. 
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~~~;~;~:;~~j,,~cl~~-~~i..,;;.:::~:~\. J. S, ~.-"~ntr:rL ·-Uf-..··::·• ,,f t::·: :r,:<'lrr..-:•~::~>.: r:i:--._;¡•::1 
~~~..:v-. t•n th..; f:!i!u;,· l•r li:n•·"><••n::. \/,,l,>mi:c. ar;J !:_:\::<>~ at Ui:t,·r .. ·Jll t~.·m;Jcr;:t•trcs 
and •,tt.oi11 ~:,Ir·-··. J. r;c,,..,¡,; :. F··-~ .. i~. núm.::?.. lo\ 1-(·~0 (1'1(·n 
1'. Kr•t:tl/, .,l(,,d,\\..:11 h:rr,:n~-\\ ;¡.; a:1 Íthk." propnly tof r<•d·"''· .H. S. '/1rrsis, 
1/¡li\. ¡:Enoi· •. 1'~'·1. 
U, S. Anny w. E. S .... p, •. ¡t:~·t Jribb!..:. rctnogr;tphic C:\,l!l1Ín:ni~m anO phy~ical 
k'-'' ••fl·u:c._, T:11an1 S.t!: [)t•m~·. t\·1i-.~¡,.,_¡ppi~>, 'IL·.:h. Hq•t. nú:l\. f,.f,J4, U. S. 
¡\,,.,.,.. Watcrwot\'\ F,o;ptl. $;,;., Vi.:bbu:¡:. Mi~.._¡,-,jppi. I'J(•~-
Sh;o;nnn y \\'•\_~¡.,,, lnc .. J(,·;•,•r< <H\ i11 üru rod: te'!', _p-,,,,r .. ha"- D.uu ,sitc, 
ft,r p. S. Army Fn¡.;m~·cr Di·.trkL Walb. Wal;;l, C'orp~ l:lr¡~r'>., S<:aU!c. \\~,h· 
Í111:11H1, 1')(.4. 
ll. 0, l).:cn:-. /\. J, lh~1Klrou. Jr.. F. D. 1':\H•.•n y [ .. J. Cording, ,.1)._:-.i¡:n or 
suri'rlcc ami nl!;or-wrface cnn\IIUCtit-n in 'rod "• ,';'_nup. H••ck f.,',·(/¡., Xrlo. 
Mimr,·u,w l~f,(J L".l:'-11~. l'.lf,-;<¡, 
R. G.· T. i.an.:. <•1( ce k founJatinn-\: Di:t;:no~i:, llf. mcÓ~<l!l:..::.~l pa•¡~rtks ;ÚIU 
trt.:.tlmcnh•, /nú·m. f'fmr:r. l.ar_,~,· /Jam• .. '(th, Dlid••~r;:h. )Yfi.J. 1, ll. S. 
\V. R. Jw_h! "SiliHC' r(l<.:J...m.l!d);:nic~ rru:~•~·m·~ i11 corr-~h:i:11: l::h•lill(.•ry r~·,ul\<-. 
wilh ¡)rotut~[lt! n:,tcliOIIJ>II, /lltt'r/1. J. 1\ud, .~t.·d1. /tlini•:•• S.-: .. 2. 11~·n1. : 

( !'%5). 
U.-::;_ Rur. Rcclam."'tion, (•Morrcow i'oint D.tm ;uul pilw~·r;'\.tnl founl.!.lli<>ll 
tnv~ti 1~;1 tiun», Wit\cr Jtcsnurccc, T\!C!J. l'uhl., fknvcr, Cult'., 1 1H.~ 

(t, 

2J. 

24. 

::?.5. 
~6. 

27. 

23. 

2'1. 

JO. 

J:. 

32. 

( 

L. O. :ti•: : ... J:'.--..i\!1 h"-li:1¡:_ ,,f f,·;.o::;\.~;;\~1\ ;:".11 ;\1,::!r.1."t\: rN'!.. for ú.H'.'.-.u, 1.-;:,·11/. 
(·,,,:~·r. ;,,._.,. n.ul••, Stlt. r,/i:;ll;r•r/t. !IJ.',.:. 1, !{-~. 

K. }.;.;p.~;1 :,,,,·::;_ .. ,\ ,l;:.ly ''~ ~:t;;i:1 (,:h,,,:ll..'=...-ri-.;i._:, C'! :t r('.Ci:.. fuunJatinn". /!1/•'rt/. 

Cw:~·r. ; .. ,.;.:- ;:,,,, .. ~-,¡~, f.'d/d,u--:.•1¡, ¡•;t,.f. 1, iL 11. 
e ¡_,.¡¡¡ ,. \1 :~~-.!r~,,.-~, .. - .. L,n·¡:!i,·n ;!!~d .. .-c:;tr~·: .. or C\l!t~t'I;J:ni,:n· wpr)..; 
crrr:~··.l ('t;l in !he f•Hl!lr!;;::t·:¡ ::•r;.. •tf ;m ;¡cch ~;-;1\ity d:Jm", 111/l'f.'f. Cm•.>fr. 

¡_,,,~··· IJom.r, ,•.ftl¡, /,,:;,!,w~·h, )lJ(t-J. l. R. 37. 
ll. t:: On~r~·. C1l/n11!1ic<::k·n p:i.l':l\1:.!. 
T. r. O;a•.l· ~:1. •·l}vn::mi..: i:•n:~~it:;t:i••n of f,tt:rai;Jli,•n r¡'{"O;~ in .titu», Pror. 
Sn:tfl. i.'m·J. .\.', dr .. :'i;;,_ ,\f,,:,,,._o.:.-1,;: ,'Wd. P..:r~;,r;~on, :-.ouc'a Yori;, p:':¡_.:'i:. 517-
SU. 
¡¡_ r.:•:L .. ¡:·,;;i•_,;tti<>:l t:f dc•i'~·i:y l'ni:,!n\i of 1.l.rm founttlii<•:-1 rnc\.;, l!c1crm:nl'•l 
-.ci,l-:1i..:,,ll\ !n ll':l\L'•tr:~to!'. o•l ;hn· . ..: ;:;IÍ;-t;<.: <1! 'i!i!t!c;:Ji~·", [tlf"rrl. ,('¡n~.:r. f_ .. t;:l' 

[),;mt, S;i:, J,,fi¡,/¡¡;o·_l'Ír, /'}l'o.J,_I, R.-!~. 
('. J;t;:l:cr. ··Rl•;:i-: r.Kch:tni~-~ f,,r <!,1:11 Ít>Un~.tlimt~», /nrrr11. C't•n.;r. 1-llf/:•' nmwr, 
8;!,, b!i,.l•llrO.:fl. f 11(;-/ .. 'Út,"¡:/., J-1~1. 
\\'.C. ~1.1\tlt.:r ... si~·-·.,: f.;ll:u~.: nf n>t.'k undcr com¡~;..:'i.<>ion», S~>c. p,•/ro!. D:;:n. J., 
5. llÚ:'ll. ::?.. 1<>7-!1(, i 1'1i•5). 
r:. t>. I';Hit'n, "'ltd;i¡-o;~- n••X:c.., flf ')hcar fail•.rre in nl(:k.>·, Pror. J¡;~,·rn. C,•q:r. 
Ro1·l.' ,\;,.,-;,., !~:. J.i•!rm. j'.;f}t,, f. ~;)'J·51~. 

F. D. l'::;t.•:+, --\1\•i;i¡>\; :t:,>,~c'!- .,f ,¡-,ctr faí;:Jrc in rt\o:",.: ;md h'iJ.!<.:o! r.,,1::::-i;;h·~. 
Fil. D. 'f!.-;-•ir, Univ. J::mt•i~. \W.-ó. 
\J. S. (',.;p~ L;¡;r,.., .. :-;¡r-_:¡-;~:ho:nino;: of :-nclo; a~:tin~: ~~\1(\o:: cff,;..;:~. l';lcdri,~r 
l'r.•jcd''• t-.1R{l lah. nüm. (.4¡~l0. V. S. Army C'orr" En~n .. ,\-lo. Ht,cr Div. 
L:.b., Orr .•• h;t, :--;;;br;";,,,, I'J{o0:. 
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Con.1·iderru;iones ¡y•olrí,!.o'r:rts • 

D. 1!. n~rrl! 

• 

1.1 .lnltudurcitin 

-! 
La mce:ink:t tk Roe;¡~ ce; la ci~.:IH,:i:t tcúrica y a11licaJ:t qut· trala del 
_CPIHptu!:un~t:nlu mcdnh..·o de la-; roc>t-~: r.<: la r:tma de la Mcc.·;"mica 
t¡uc ~.;·.lndia la lt::lt.:CÍc)ll de b-. ro•.::ts :1 los (.:ampo<> th.: ft:crta d~: su cn 4 

tt1nl(l fhi;,_·p '. 

!.:\1:1 ddinki:'m. d:al:t n.:t'i~ll11.:111t'nk Jlor un J!rupo tk iun·stigadorcs en 
!\h:c:·t,1 it:t d.: ~~~~~·:t.,, pucJc. p:ll't.:tT!" :• prÍIJH.·ra viqa tpt~ r,:all'a el rapd de Ja 
!n;:c;h:ic:l. i!•f!n!aH:Io d d~ fa !:;:q!O!!Í:I. !:11 rt•alid:ul L""l.t (l,:ti:oici(.l1Jt'<: Uc.: 'lliras 
llllly :unpii;t'i. l.a rm ... c 'lrl:;tn·it'ltl di.' 1;¡, f(1t:a'\ :: In'\ l"i1!llP~'S de fucr;¿a de su 
Cll~nl"llll ri-...h:o.) e·, ·;.ufidcllh.:IHt'llh.: j:t:llt.:rill para lJtH; S1.;;1 ;¡pJj~.,.·;¡hk a probit:tll<l.'i 
;1 (t~;!lquic:r c:.c:i!:t. Pnr ti•:n1pln, l'IHl:jll\_'1\tk !o_, t.''->lt:dH" del nlc;,:ani-.;mo de 

· tkl'nnn:tcit'•ll d~ !11:; ni.~1ak-. ltlit~erak:; .'>r1tll•.:íido·;. a cln·:Hl;¡..; fli'L'">i01:t.:.'\ y h:mpc
t:ll!:r;l'>, el L'll!Hpot t:uuicl!to tria.'.ia! d~.: una mu·.:stra d;: roca cnsaJ:lda en bbo
L:~f,ri•J. la t"l;thdidad del l"l'\'L'">Iinti,_:lllll dl' rtn 1und e i11Cll!:-O d nh:cani:-otnO 
dt: !:.'.'-. lil~>\-intH·it(I)S th.: l:t ~.:nr k1a lnrr.:·;trc. 

El p:1pd tk la ¡:t·ologia l'S cvidl'nll.·; todn.'\ In ... mah.·riak" cstudiaJo:; son 
l~w-...as l"Ot:tJ'\.1.., ~.il~t:tda" cu llll ertrorno gcoJ¡',¡•,ico o c\lrai..las d..:~~- Los tnale
thdc\..;. pn·,lTI! t:kr !:!'. l':tr:tcl!;t·j~lil':l~; f"i..;ir:;¡<; tpi..: \.011 J':nH.:i1\11 tft: <.;U orit!Cil j' de 
leo.; ptoct.";~,s !'.L'II!•.'•gh:n'i po ... tniorv·; qnl: han :1di1:1d,,· _..ohrt" dln::.. Ei Ctl:l_iunlt, 
d!: 1..:\l!ls kn,-'11\t·n~J:~ en l:t ht·.lutJ;I .l'.l.·nk'!'.iL·;t dl" lll!il l.'icrta /ll!la co:Hincc :1 una 
IItof;¡_:~ÍrJ p;!¡ tkul:;r, :t Ull:t dckr/ll!l;;:da -'t"J"Í¡• de: c".\"!1"111"/lfftl.\" g('(Jfr¡_::iuu y a llll 

('Yfrtdrl lcrl\iruttll ir1 .riru c:ll:!dt:Ji:;tiro. H,·pinn:!!ni~..:11k st: prndnet·n \':tdadolli..'S. 
d ... · l'~.t;¡~. {;tntdi..-ioll~·" y pllnk-tt 1:1111hil:n pw·.lt:cir'-i..: lot.:a!tn·~·n!J:. ;tún (,'011 mayor 
l:·tpurla!lt"iil, tl·~n~.-·1 dd crnpl.!.tiÍIJlit:llto de: una ohta tkl:-rn;inadJ. Al rcaliz:1r 
prrl;•.r;\IH:t'> (k Tt:trdlncindclltu, y ;il t:xlr:qwlar !11"- r;.;-.u!tado ... (k t:n...,ayo en un 
Ji~H:Io a las I.O{!;t..; :ulv:tr:..cn\c~. t::-> lnLdt!ll'tlk n~.:t'\:,:ni,~ cnn:>ídl'r:tr la ~li~ll_·ibuciún 

·en d 1 HJ•<I r· dt: los di i'l'n·u h·s tklllt:ll 1 O'-. ~~~nlúj'.ico". l.íl l.:.\ p~ 1 iuu.:ia ha J~· mo"i.l r:ulo 
t¡ti~: qnkn nwjqr :11h:dc r·c¡IJj¡¡¡¡· l::-.lc tr:1ktjn L'S un ili;..:t:nino·1:-.:úlogo que no 
~;J¡!t) tenga lM~t: \IIIÍL:icnle Cll cicnri:t<> t:i..·oh",gica" p:tra ;:lprn:iar los dct:dlcs J.: 

:.. la f~coln¡~ia dl'l lu!'.:1r, sino qut; lamhi,;n c..;.!~ hit.:ll ..-:ntcr:tdo d<..! ltlS m~t0d(l_~ 
.1110~kn:o~ de t~.:t.:clltol:il!ticnlo tk I:IS rnt.::t"i y esiC l":totiliari~tJdo con b .... exigenCia~

- Jc Jos -t~~:nkn'i.~ll ML·c:'tllka dt· HtH::•:.. 

• llc Utra lltfl111!1:t JllthÍk:ldún 1:11 dor¡ voh·uucnt:' ,,,••:i11.d d·~ Don:dd ll. llo..:coc, lit!l
lu•ln~ jlwvi·:ttlli.thuclllc, l:iwlm·,·nm.• r"·ol••t.•l· !Cicoln¡:i;t ·;•¡",Ji~.·.ttl;l :f .f:t· ln!:\·nfctb) y· /{,j,·J,; 
Alt•r'lumin ( Mn:.\n it·,¡ 1\.· lil..-li(k.:-;1'•1. C '1!;1 n·p, • tdllcida t.:• lit !;1 ollll•n·i:;H.·iúrl d,:; 1'1..!111 icc-ll:tll, 
lnc., 1:11r:k·w"'HI ('lilb. tl.,:\,; Jct.~t:)', U:. Ltf, · · · · -

. t- .1 h.:linid\ru ttCt n•mi!é. eh:· Mn·,\iJi.;,¡ & ... Hnca,·tk la Ac;.úJ.:mi:t Nat'ioii.al d;: Cicnda~. 
C~ tcl(tld-Mcdt:lll}":" a~~:trd111, Nclll. A cm/. St'i,vNt~fl. lú·.~·.-(f•,m~o·il, \\'.lsh;,_~!:l.tn, O. C., I!JCJú. 

. - 15 
• ,...-,- ·-. - -.,..,~- O • r, ; - ,, .. •-·• 

:<\ M· - .,,, 
1.2 l111pod:ll1ci:t de !;¡ Hlulni-!Íil o li!W de rnru e,., . 

. ill"l"tl •t·l·t ¡ ... ,.,,,.y fltliri< . ,., .. 1 .. ,, ·f·l"l'llCI:l :l Slj ill '" • 1 ·'' ""' . , ! La !illl!o;:t<l tk \111:1 ,,,~..:.t J,~¡ __ ni: e -. 1' 1, ·dr•útl ~i,ktlli\ de tb\dwacJ 
11 l krtnlll\J { l..:\l'l"l\1 IVO l l ' " . . . 1 - 1 Junlo f..:(lfl w1 no111 '·~.: 1 . 

1
. · .. . . hihtnli 1111.,a n:nnlo, e u1 

. l · .. lo ~.,.:·dr;¡¡ '"' tlwa. ptt..llt.t • ·· . . -
1 tt:Cll:\U':h ~~- rnr ~·_tl:.ll\1 • '· 1 . . ' 1· ·h·.ilit:acit'n' \PI\ T.t:Ohl)'.IUl'> •. 

. · - -1 · ·tL· 1 "" llnl 11 ,,c.., ) ·' l • - 1 · • 1 :e,., bJtlltt:\, L:..;qt!l' tl:-1, 1.. • • 1 .·,t•ftl'r,,,'\11.:Ph:l!l!!tl(t: O lfl,\t(; l~. . 1 .. · .. , 1. Hocao., 1:111 n:~;onol 1 1 · • "" 
l(:Cilll:US l'll f\. ;,;c .. tnt~.. ... ti.. . ·

1 1 1- .
11

¡v·11 1·1.·ndo ::1 nt•.:o11<: que llh.:~-~ 
1 ' • ·· · 11 l L' t'> e IP'' · ~ · de \!!1 ~;j,ktl!:l '~.: t:r:\'.llll.lt..l\1 1· . , ' 1'"111'"\ t.::\ll:!ot"dil!:lri;qq•:tlll: ill_llJ 

l. 1 · pu · k11 \l!"!..:~L'II ,\1 111'.1 ·' ·• · • · 1 la nJi .. ;¡n:t tto tll'la u · 1 iudw 0 ·dnt·dq·:: 1r tak•; IH)ill ~ 
· 1 1 · 11 , .. .., Se In propuc·. '' · · ' · · . 

1 Jc proplct ;\( l'.'\. Jtl_cc• ~,,~,. . '·. . . 1· ·Jw,i!k;l~;il'•n ha·.:•do Úllii.':IBJcn e 
n-collwil:u..., Y arl·•ptar un lllh .. ""~' ~L.!~.;I\1.1 l r..: e ... " 
o . ~ . . . 

l>ropkl\;¡tlc_"- n•n.:anH.:a:.. l . . .. ,1· .... a r•ur· ha•y· divr..:r·.:J'> r;t/.OIIC'l f'l 
. 1. ·d. r•""·>• t:1r cxu.:,Jv, • ; 1 -

1 
· .

l· ... a:1 p1 nput.:·, .l lnlt.: -~ ·. . 
1 

_ ·r ¡.1-1
,.1r (·Yi\lt: c••nH• nl lillllt_J 1 

. • ll J 'I"}S •11 Jlli1Ht:: • ·' • .. . coil<.cr·:;<:· los. lt.;i"llllllo'\ 1 o~~~. L:l.: . · .. :. 

·. . - . t ·' tt:~ !u joillfl por •liu:.L•·.a•,, illli_HI;,~:·i; 
1 •. ,,., IOilih\·.•r hL"lÍt••·; l¡;ltlth:pln, Cll tri: il1.1 ,.,," . • 1< 1 ll.f'l;·i ele di'.'~•)!Jl\lliH\l~~ • • .. . 1· .. 1· ·1 ... y Uoto~UO'.I~ V 1' · • .-

( 11 11'-·ICIKI"IS Cl\(lt: ~;<..,!.\\, ,l~- l_lo'~ ll"i· '"·· · • · · · .- f·• es a' c.;c1 ( ··- · · .. · . -. . . · .-.; 
fra:.;Luta\ (N .!d T; · 

\·• . . '. 



l.<. :1 ... p .. - _- • 

1
¡ . ' ( 

1' ;:q,·: ,,. -..: . . -;· •. ·..; p;;r;\ ru:dqn:..:t li;;:, ,;,: rn•::, .In¡'( k .¡n.·da ,.,,~,¡¡;r-:;~,~:.h .:·! 

¡~[~ Ld_:;~ dt: UH;~ -.:itTI:J pr•_l¡•it·d.nl llt .. T:'•~<W:¡_ l'.tl·;¡ ::IJ'aJ1:,, pr<~pl.·o~;,d,·: ;1¡,•,-::nic:L.-
1 . Y p:11a :d¡•au~~~; li!ia!\ th: •~~e:•' e·o~t: ici!u ~'aJo dL" <.-;ll·i:,.._:¡Ú:¡ ¡;::...:,:...: :-.t'l' tk·.;¡¡,-:lía· 
\- _ t\¡,¡;1:11·:q;,·-~:J::p,[,·; p;;¡;¡ n,r.l~- h:t·.::J:~!L n::'¡•; t•;-ql:~·,¡r .. p,\;· t'j;:J~J¡ai••. b 1'•:-.i...;. 
l· ·· t(!::.:l:l a (:oaapn.:'>:r-H\ !\in:ph.: d~.: t:n:• r;;J;¡.¡ JHI,:tk '.::r"i.ir d-.: J)() ,, 2.::í~O k;•.:.::n·:; 
l,'_.:_~f- ~in·em_h:d!•.o,~-p:1~f:\·fors.11 !~t.'Hl:t Ja ,-·ari:lci;m_e~ ..... bnH.'Ilh: de_.:!t)!) a 350 k!!/Cm:::. 

;tpwxun:~t!:um:uk. L;, du11..7:: 1:..; una Cli:JH.:-it;l :-.lTÚ l·!n·:~da y pr:'tctic:nlll.::nt~ 
,l t~nn\lanlc~ 111it:utr:'" qw~ la d~.: ¡¡a;¡ :1r.:ni\~.:a ..;cr:': 11:uy h:1_Í:1 n tUl!) alla sq~ú·~ d 
!J.:_.\'• -tipo y J'_rado dt: t-"Cflh'nlaci_i'uJ. 
¡' · · CHra !';1/l·,n it~~!h•rl:ll:!c ·p:1.r:~ •'iL'tnpkn del nn:~;hr·=··li!nl:'l!!i:.·<l.r.::-. h rel:tción 

1
¡: entre 1:1 kxlura, Lihric: y :wi~tHtúpi:l e...-trndur:d d~· lt~~ roe;'" <.k un dl:k'nllin:!do 

orfgt:n. l'or t".Ít:llljdo. l;l mayoría dt· la:-. rnt·::·: í_l'ncas ticn;,;n un:: l'Strth.:lur~ 

1 d..:-ll'>:l, h:en t'lh':qad;t, cnn luuv pl':quola-. ~!i\~·h.'tll'i:ls lft: dir\Tl.¡¡-111. rn b'\ r'tnpic 
1 ·· · dadt:'\ 11\L:C:.lilica'i :~._-n:: L: cxcq:r¡,·,a. por •:11¡ Jtll::-.:: •. d.: n;:J;.:h:h 1 nc:l'\ \·pk·:ini;_·as 
1 

-S-tl p¡;dici:tks. roc-as· intru:-.iva~ Sllll"llp~.·rlici:l k..;, v a!~t111a" 1111 rtL,ivas pn •ftlnd:i._., 

c~1u;o lo'i ;~r:1:~ifos l!Dt·i~;kl):~. ~,u~.· ¡·•··:::~;Jian ·,n:a· ~~~~.-~h~litr:t rioii~i..:J t.:n_ iJ. 
rcrJ;"¡,;¡ja th:lt illtfll:,it'lll). 1.:1~ f~1¡:;¡~; ~;.,:diJ!it:lli;Jt"i;¡-;, t,:dillO !:!'\ pi?;UT;:S ::;·;,;;í::o.-:a~, 
!;¡;,¡ ;¡r~ni.-.c;a-; y ;ii;!Un:ts c:a(i¡;;~-;. ~...,t;Úl ..;:,¡¡·;.¡iÍ!Jl':Hb.; y por 1:1111o illlt(·sLr~:n uaJ 
anisntropia ronsiokr;Jhlc en ta~ pr •• ;<~·d:nks ilh'C.u:ic:!-.. OlJ'a~ rn,:-;¡s ~:..·dimcn
tari~s. Cll:JiOJ Í:t ':ti r..::na, d yc.,~) y Olllt'ha:. i.':!IÍi':t' )' do!omi:ts, han !'1.'\.'I"Í,t;:!Í:':H\0 

1.'<1 ana k>..tur:t co:~¡¡>:oct:1. pr~. .. ::.;nt;unlo únicllll•.'nll: nna li1~t.:r:1 ani~~1tt·u¡1ia. 

L1s roca:-; Hll·t:unúrfit.:a..,; son quii':·t la·, tH!:s S\ll"fll\."fHkHI\.'S r~.·sp:.:CI!l a la ani:-.\llro
p;a. L¡ dnri1o1. d l:ilt.·o '} d wic:l .... qtii ... h.,·i.i..:lh'll ,dp~,·¡fit.:i...:s d.: ~-.;fPii:ICil:lil. bien 
t~-:·;:trruli:td;Js y 'L! <.:•HnpoJtcn d..: 111in..:rak·. (k l'"\r:¡¡,;lltf:\ !1ni()~:1 qt:c d:u~ :;.1g:s 
a gr:lltlk<o tiill:rcncia'\ en 1;: .n:<>i.-.h~lina y el Jll«-~duL1 e k dcf,•l'lll<!'-.'i,\n SLt~Úil la 

. dirl..'cl:ic'l/1 e k cn•.ayo. Los gn~is • uwc:.fcw :dg1t11:! :lni-.otropi:t p~:n) en nh:nor 
rr:1dt1. l.a pii':trr¡¡ es LHt1hiLn nwy an;,,,¡,-,:1:1 (khidll ¡¡ ,,, pronu:H.:iad~ c-\tr:l· 
ti¡ic:t:i•'•n. ( Hr;ts ·nu,.-:¡ ... till:l:il!l,.,t:ic,o.;, cnnto d ,n:·tflli•l: ~: b ~,;;t:tl'(;ita, han r\.'o:ris~ 

lali'l:ul•l en un~l k;t;.lurn cnuo¡':u.:ta. :--i~ndo _h;htant_~.· lh\_lllP¡:~·n~;,~. 

.tJII:a_r:li/H~ pa:'~l. CPil~Cf\';lf d fltHIJI:_:·~· )'\.'Oil.l¡'.¡l'l1 t::-. la ;l...;()l'i:t..;it':t\ lll!C pu~dr; 
J::ltl'r~C Cíll:"'..' Cit·¡'fn-. tipo'-. de fllt::l':¡ y o\r:l'i l':¡f:Kkri:'lÍ(.':!~ in sÍ/11 qui= pu~d;.'!\ 
(>t.;o.;CI!I;t¡'~;,:. J'or ~.:j•;rnplo, b r~·•;;,~_•¡h·ia l'll d h:i"l(li.O d~o: C;t\[/;_t, )'CSn )'~al ~::::1a 

pu_ed,; ÍHt:lin:1r :d lll\"l.'.:.ti~~;¡;im· a b bú.•:qucd:t de t~·¡;t'¡¡;¡~·;,li'- lk di ... t)!t:c.i/,n con:o 

_·¡,;_,·,·i·bdl..''., torr:1·i y :¡•,uf;p; :q•_¡;u:dad:!·:· pnr \:¡ t:i,o!l!cií\n. Fo ntrn c;t·>o, 
h.pr~:>LllrÍa ck ::na rn;ada dL· bv:1 h:ls:'tltil·;¡ pt~.nh: iHdil·ar l:t p:l~.ihk pr..:s.:.nria 
dt· un di;a:!asado <.:ohH1iJ1:1r v ll:unar la ;¡km:i,··n ~ohr~ In.-: nrn\-.L.:m;¡.., con d . . . 
J·.:lacÍilll:!dtlS·. An!do¡~:u1H.'I\IC. :ilgn1111S fipo~" dt• !'<~(:;¡...; pr!''ir.;nt~n un compor· 
t;¡¡¡¡it:nto c.:ar:!dcrhtíc.o ü proh!l;¡¡¡;¡, c..,pL'citi\:o". l.o1 t.:\i\t~o:ncia de sa! t'•...'nla u 
ol¡a" cvaporila"i p~tl'dt: t1:1f lurar :1. probk·:lla:~ uu1 dcform:u.:ionr.:s di.! i1t;l~!h:i:t. 

lk-hido. :l !-111 co-ull:nido d\,; :ltcilla. 1:!-. pitarra..; :H·,·illo~.a.., pr~'l'Ilt:tn fn:cu•,:¡¡l~· 
IIH.:ntc hín_challlil.'nln y .Ji ... gr:..:¡!:lciún :d aire por v:triill'illlh.:s Jr.: prc:-.iún y h~l:llc· 
d:1d. J{~.:..,tdla cvid..::a..: qm: ~~da un:1. ild•lnna<.:il'ln t\ltJL"IHJ :HÚ.., v;\li(l:..<l sohrc bs 
propiedades y el cou¡porlamicnlo d~ lllla ruca Cli;l1hhl ~e indica su nombre 
g\:o),',gkn. Sin cmhargo, a cl'c~.:tos ing..:nil!rik:-., •. :1 lhlmhrc gcoh1gico es insufl· 
cicll_tc Por sf solo y dt.:hc 'acompaibrsc de una dnsilicación lh: tipo mcc~nico 
~cg(Jn:Sc"inJica·cn.hi sección ~iguicnlc. . -- -. . ' 

·~; . ', 
'•·' 

. ~ .· 

.. ¡~ - •. -r;! . 

( 

' 

1 

1 

r 
' 

~-· Auq;(~-:ill~~,;¡~erite ~ tiende a c~cribir ltl'l.'i hllnh1s· rarCfcrido _-,_nn~rv.u l.t grafía (~!'.:~,:,; 

1.3 
( 

:'-l<...: l:n!;;·¡¡,;,,: ¡·,;f ft,._';¡ .. ;,;!;H.!:t•• :,;¡;:,·!!:. <!,· ¡,, l'll:d po•·d.·n !·q:¡:¡f·,,: !:lLt;,.".lr:t>;·~ 

p::•·:¡ :.¡¡ l'l<'-::·.·~ ¡'~; \:ih,H:Il•~l¡,,_ no ¡!r~,·~···:li:tlhL• t·;¡¡:H·;~,;i-.,ln:.l'. :;·.!rlli..'ll!i·:¡i~s\ 
d~,· rr:¡;¡ t-'"\·:!l!:. c,•¡;:n dl;td;p,;¡•;, pl:•u•'"· ¡\¡· ~~·:l,·;llib.::wi,··n. L;:t'luL:c: y '"'liaS~~ 
m;jt.n:i.i.':¡,::::._ ,: ~·:~!\..'·: 1 J;:: t.:!l;¡',¡\::,h• l'l lt~:n:il:•• .\:tSittli.'Í;r ,,.rosu (·,·:i.{c'\ 1-: 

Co~~h:s y ~::;r>:o¡¡·/,y 1\l iiln :; ha¡; n·;di/.ad<~ 1111 tr;.!::¡_¡•' at.·,·rl·:: tk la cia-.ilicaóú~ ~ 
tic la ftl~·:: tllt:i::ta ;1 p:,:·!ii- dt· la~· pi·opicd;uks ¡nCc;inh':l" llekfl!lin:!d~!s ··cri~ 
Jahnr:Jt(lf'lll. lk..;:,: )' t-.liih:r 1 k111 d:dn IJ1l:l \1\.'¡"~j,·lll lll!Hli!kad;¡ dd pritliCf .. 
tra~l:tjo dt.: ~Tilkr. si~o:lldo c~d:1 l:l;¡..-dit:.:K·i,'m la que se dc.'inÍhc" Cülilinu;¡¡;_jú¡l~~.' 

Lt cl:~.-.i!ica...:it·m ~t: ha-;;¡ en dn'> prurlictladcs inllllll'laniL's de la i'o~a: 11\~ 
rc~i·;:cn;,.~ia a Cllill pn.:~ión si mpk y d nh'nlulü tic da:-;t i~id:1d. El rn.';d u lo cn1 ¡}k;t~lO' 
es el múdulo lang~.:"nt~o: corrt:~p,~r:dicnh; ~1 un Hi\'cl tca .... io11:d igual :-t la mitUd~ 
J;: b rc:.isH::nci:t tic- t..t n.lca. La n;si...;tcncia a t.'O!llpr...:~i~·~~l ~in:p:C se <.ktcrffiil\3~ 
con rnucstras d~ n:la~:ión longitud;"di:',¡;¡¡._·tro jgual o ~upcrior a 2. La roéa. s;~ 
cla!>iHca en ua~ <.h: las cint·o C<:lCJ.!lH·ia' t!c'r~:!)istcncia indic\J:ls ~n la tabla· L1:2 . ' ·.:..! 

Tahla !.1 

l. 

lh·~i~1cnc;;t ; ·, • :.0:-

CI<!~ D~scripciún a com:l;~~!~;:,~t"·ll}lc ... · ;_ \ f:~i';'1 

-:--· l{.:,.is!t:lll.:n !llll)' ;¡l[;,· -------~- :z.lsíl •·._.r~_-·_-.,,'r:;·~.·-~·.·~,_'.:~.~.; 
11 H._·,r.:tl.!lll'i;, ;IÍ~:t 1.1 ~IJ-2. 2)1) ·. . . ; •. ~ 
C H~"i:-oh'll..:i:t n:~:,lia 5t.O-I.l~O 
D R\·,j·.t~:m·i:¡ h;1Ja 2H0-.5l.O 'l ·;-" •; ~::·:-~t 

·E ¡¡...,¡,'"''';"""'Y b.>ja ·.- _-:¡;o : ~··.é!;c~~ 

.Se ad·,.i..:rt•: qu-: la:-; c:u:.:goria!' dc rcsistcnr.::i:t siguen una fH·l,gn.:~iún r:l·0JÍ1·~ 
trka. La lin~a divisona entre la:-; categorías A y B se ha lijhdo en 2.250. kgi..:"t~ 
ya que éste cunstih1yc ..:lliillitL· superior d~; rcsjstcncja d..: l;ts rocitS más comun~· 

' ';'!~ 

18 

1!. 

11 
M 
l. 

Tab!a 1.2 

llas;uJa c:1 .:1 múdulu rd;ttivo u::~'''"' 

rkv;¡do lllúdull) rd:tll\10 

~¡,·t,hdoll...:blnu iu.:dio 
~lt\dHh• i"cl;ll• .. ··, ha;o 

Módulo rdali.,·n b 

~,. .50U 
:wo .. 'í1ro 
r::_~~~ . 

L::s ro..: a ... \C" d:~~ilie:m .... cg,·m_ ~u r,::.istvnciu y móJulo tclativo 
en !\M, UL. Bll. ( 1\1, ct..:. . 

" ~lúdulo 1\.!Lllt\'v .. ¡;,¡a.,, 

siendo E\ ..,. móÚtltn· iaa¡_~c11h.: pam ~ f 5H% ~e la car&a de rotura,. 
. nr _. rc~Í~{\!1'\CiU U Ct>Ú'l~')fCSiÓJ\ Sunplc; . 

' . 

.·.!.;:t._ 
: ¡' :, 

: ··-."! 

·,. 

¡~ 
i . : ·.,. 
~~ .. 

lr<&.Jidtm:.~~-'-:·,ifoJ'f,J, 

~,;., ~,.,,;~~''c"'"~;,;e.;,~i~~~k~;:*' ~ ,~ .. ,~;;,~}~~i.~.k~~~~¡z~~~..,;.,~,;¡~, _;,.~;.¡:;;,;;;::, .fc,e;~ e; ~· .' '• ·"', •;e::;,_,. __ ,-r;:;i-;:,).,¡¡ t~;;, .. C:· _, , ,'Ci.C"·,~~-
.-.:~ .. 

-~~ .. :~t:·; 
.':.:¡·;.-}} ., . _, 

' ... 
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( 
,¡._. !'<;,·;:-; tTI\!","!11 ::11_-ft! t::Hc;!'.H"i:t :\, b Cil;~fÓli1, b 
~;n;.r~_· di::·:. ·1.:: ·r::!!:;-.nr!:: tL 1.!::;;.-: . .:.;.;t ;.:~_:,'e:-:•:.:. 

t·t;:l:;·-:·::::r:~_- : :;::-::n:·;:~ (~t: !:•·, :""·•·-··:·- ;~"~t-:\':, !a·, :·ne:L'- :l~._:;:¡n~t':r:i•:::·; ¡~;::·; du:·:tS y 
::" ::r·.-·:• :.-. :¡;,;:! c<::n·::::;J·.:::·.:, :.:·. ¡:ir::;T::·> ::H::i:o:~::~ t~t::·;~!"> y l:; ;¡~::::;.:;·!:! t! .. : l;::; 
t::iii1:;·: :: •.!• ,¡mn i·¡·;. Ln la e;: t e;·nri:: e: r,.cas" <k f\.:~i-~h:nci:: tn ... ·<!i:•. l'<: ·ci 'intcr- . 
v:J:H 5t':1J-i.120 k!~!~:n::, S".: t.:iKIII.:r:tra!l mt:yh:J'i pil:trl'a:; :~rc:litlsa:.;. a:·;;n:_\C:Is 

F!::\tt:l l.l C!a_.,;Gc::•:i<m tl.: r•".·::-: :•¡!.1t:t::·.; •k !:1 f:1mi!i:• t;::! granito 
(~:o Jllu· ·•.t¡ ,, o:, ! (¡ .: mpl.• 1:1 tlPl~ 11 ¡,¡•;, v:1r;, 1•; h1~·~.: ..,¡ •:::' lhlft.':.) _, 

/:·, · . tn\·~,!ulr, t::n•_:cnle ,.,a .. a r·l ~IJ '' ,', tk la ¡.:;¡~¡¡a 1it! n>_tur:t, 
· l.:t ruc.::1 ~e,¡,¡~,¡¡, ;a con~n A:-..1', Hi l. 111 .• ~·r;:. 

cali'l.:.t'i poros:-ts, las varicdadc~ ttl:'l'i -~·s,¡ui'-ob_l'i;j-.;:, ~k· l:l'i ror:as m~:::tn1Úr~c:\'\ 
(pnr' ejemplo l:t c/P;it:l~ y los tllit.":t y WlL:oL-->{.IIIi~tos}. L:h c:ll_l'p_,Jri<t5 !) y_ E; d..; 
rc ... istcn~ia J,aJ:t~ a nt u y· -,.,IJ:t_i;{, t:o1_1 lfli'\'1 tdc11 l'll.l':t~ • 'ph!_~o_.:.:_:s·~~ ~- !i~· :¡;;J.ia- cJ~,.~n:-.h:::d 
coí~w·.-la :t('áti:--t:a· fri:.thic: ¡;, 1oha pori~:.a. ·1::·, pit:',rr:;s an:_:;·_art::!¡,,~:~. l::-5-al 
!:.::nta y' 'l:!'i rot.:as 11h.:J.~nrih!•.!;:s o :dkr;i-~:ú~ Aio:udcam:..:r_it~· (:•.· t:ualqui::r 
li:nk~~ía. · . ~ ·- _ .... , · . . .. 

Lí ... ~..·j:tn~do. t.·knwnto dCI. ,•·dslcnl:: de ·~ht~i!ié:H.;iún e< d'Jllút_luh' de ~-:~!:.ti· 
cid:al (L'd .. Sin ... ~.m~argn. -en. lugar. d~,.· emplear ei·:IH,\JuhFpf'op:<~l':ll!ltl:.! Ji~h6 .. 

.. .. . __ ;-.., __ ·; .. _ -· ~ - • .,:_...',~:..p,,-· . .,..~, .... · •. _:;--.:..;___:.~ ........... --:--:.· --~-,..--~--.::.:.~o- . 

l 7 7 

·;-. 

·:rr:nl~tt.\.:iú:·. -,.,,.,.,,,,,,., .. ,,,,., . . . , · 
t 1::t Jlll j!Ul:t·n¡¡,·;. p:u)• 

(N: 1!,·1 T.'l. . 

.20 __ ...; ____.,· 
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l. 
;l>•; ~ .. ..:::k-. :1 lt~ !;.:_::::-!.;¡~, · .. i :1 li :::1.1 i.2 n::t•:·.¡r::! ,-; ' ' · 1 .:t(;.~~ :!~· ::'(1 ~--n:h.;:::·: 

;; .:.,"; :: :~~ .:·E:i: :; X;:·:·.::·:·:~ , ~::E··,·:·::!:.¡~· ~':'~::;~~.-~:: ~·:~~ ; :':·:~ ~::~~ :, ;. ·:·:~ : ::,::::,::: ~.;~: :::~~: ?~:; ~~~r ~~ 
. · g,t; __ fjL:!i:·:nra _1.~ :tp:tr~·c~._·¡¡ k~ n..:.-'.\dUdclo;. de 70 n:ucstr;l~ <.k h~isalto v ot:-a' rocas 

volc;';niCa" d;; gr~mo lifto .. Co;n.:; ~.-ra de ~..~penJr. in'S n .. ·.-.u!wtlo~ ab~:-.:<JÍl ·ütiá: · 

: 

~~. •· .. ·:.'¡·· " " ·¡--;,--'j~--'1-~,·:'·10'¡ 
_.. n.~-.l·,:r.r.:-:ta r•e.i~-: 

lll•·· ¡,,,,,, 1-:.i.J 

_L--J_J _____ L ---1 ·----..J·---• > 
·r1. IC~ ;~·.r¡ ',!j· ~, .. , ·'''-' •1\l'.ftJ\;..,J:.,_m¡ 

ll---;¡.:¡m.,'IA :• r U¡qpr<!Lh-.u .•.111\j)\o: ''· 

1.~ ."<"l.t\ilic:lci(m lk fll.;.:," iJII:\1.:1::-;-IIa,:,h,i v otr.h 11~:1~ v\,IC:intUlS 
(7{) nltH.:..,tr;tS, 20 :;m-p!;;¡,ltl1tl'Ul•···:, \.11 j¡;o; it;\I!SI.ifi:HIMl'SJ 1 

f·, m(lclul') t;,n¡:~.-,{t~,; p;tr.t d '\fl •·.; d.- 1:1 c:tq~:t ~k r.Hu:-a. 
t;, me:" -.c_c~.,~ifi¡;a ~~·~~lo. AM. 1!11, tu .. ct(. 

.l ,_Q 

jl:nt:t·-· 11,-;;:,, :\ !' !J.t!l~· 11hr :··:¡t;-!11:·:¡ i~•ll:;;l:l\1:1) y¡:;( -ti,_:·i:¡-(.:¡:;:it:t·: 
1 ¡¡..;. • :: ;. ! ,, , .: ;,1 .. ,.·;:¡;: ... l • •• 1 \·•.pt l;:,!i, n\1", :1 !a :11\'lli'-l·;¡ y'¡ .: : :! ;it ... :i:: }·.: .. _.,-~ 

¡;¡ ::g1~;·:, i,:l :;¡•.ll";·c,·:o :dH.-tf,,·; p•>~ ·.tt t'\::,·n:tt.n:lo':·;.:;·- ,;,·!•:·~~~ :1 qu~·- ,!,~,-¡·.~t· 

í-r~~b.:t::.., ,_,. hi:.iJ~:.·t'c/1\ n~t! pn:~.iuu\·~: ~~~r~..·n,lr~..:·;·a ·¡) kr;,_-;,¡~_ :--;..: :t;-•:,:t:i:t'~¡~i; 
lallto !:t t:ll'.•oivl'H:...:: ;j¡· Lt:. ;¡¡~·ni·,\·,:o, l'•lliiO la tk t.~·- j•li:\:t:¡·, •',tll:t¡¡ -.:n la .•tJI~ 
d~ _múd:du ¡·,:lalivd h:q11. ·:.:;, :-.Jtua~._.·iún l'S ,,,-1 n:o;.ufi;tdo d.-.1:1 ;:;~¡·.utr•)p~a cn.::.h.i: 

., 

Cla• "'t...:w.:iú11 tk rot:;ls int;¡d:ls-n.'c::unwn de H~;\-. fgncas 
( 17(• IIH!C'~l !"a,, 75 /.. de lvs pUII(!~~)' 

/:'1 -. mó.h:lo l;u;g...:uh~ ¡ur:t el 5{}·-?~ de i" f.:i.tf~,t:& tic rtHuru. 
1..:1 ro~1 ~ d:,,;Úi;;:¡ ..;,_,mo AM. BU. llL, etc. 

"' -.. 

i por la cl\tratilk·:H:i,·~n o ~.·~qui;..to,idad. Los uuldttlos ld::tivu:-. -.;on h;~jos ya_. 
\ .nr_llpli:_l ,·.anta dL· v:tl,':r.Cs tkhido a fa vari:ll..';on t.'tl l:t min~.·.-:dt)gia. porn~idad, C:l~i ~:HI:l~ la:; nHL-.:-'-.Ir<Ls st: L'll":'y:lF"on cun el Cjc t.k car¡::1· nonnal al p!:uio 
'¡ lóllll,itii'c_J dd gr.lllo ·y c\trw.;tur:t· de cri->talih-cic'nl. El di::¡.~f:tma n.:sunh .. 'il di:.· l:ts c~lraiilicaéitin. l>aa llrit.:n!:Jci<'•n nn llúh.!!:i..:a Ia n;;;j~:~ncia pero ¡J;¡' J{¡J~n 

roCas i¡~ia:as s~ imlü.:a ...:n la. _l~f!lll'a 1.-1. . mú...lt:k.s luj,¡s por t.:fcc!l> dt.: la dri"ornweióa ori;~i_ll..~i..b p~,rtl ci•.:rrc de \¡¡~·p!:'l 

1 

.~ ~J;n !;1 lii~nra. LS ap;trt.:cc el .!ia1:;·;11n:t 1'1.::->ilmcn d,· l:t-... r.Jl';".; -.,~,",ii:l\l.'ILt_:tri;J<;. d~ ~:;t;·a::!kaci .. :li~ i;1cipi:.:nks y la alin..:acH'nt de lo•, mincrak~. la t!1;1yoría. dt 
., . .·-. S~C .. ,idv'¡_éfié~~¡l úC :Jas"Cü 1 i'la's · y:·dolomi:1S c-i1fraii ·¡\i-i•ú.·i¡)!t fnli.:atte en.· l;ts ;,::ttl·(ii)ri;ts ~ ~ .. :· cu:.:ics sna a pl~;.nadns, ~._.·s¡h.:ci:t i itlr..:utC· c.n 1::<; pi1a rra'l. ~ -~ 

1 

.: .. ~~l.c.Í'csht:~#Ci~ :11~y _<.~':tw~cpl~ :d;iunas_ín~ré~tr_:t_s:s,rn dd' t_i~m ''·de nwy d...:vada · · _. Er-Ji~g.;·;.mm rcsum..:n tk· b:-. rocas m...:tanh·lrllc:Ls ap;Lr~~.:c en la tif!~im. 

111 

rCsist(_.::~\;~1. o U. roCaS muy t.l~hilt.:_fo.. l.o":i d\:tall~S. dq '..!Sta!> ¡;ali1::.s 'i \ltllumí:t~. . :. ~La dispersión ,l.:'los Tl."SU IWtlos "-:s :it:I'X:l:Jor n lü de lqS otros tipoS de rvcd:i 
sc.ini~~:.,,t ~~.i'la 'ligu'r:i l:ó. 1\icdc verse ljllt,: iHll~hüs J~ l~..ls pu.atns C:\C:1 rr:)xtn(-::i:~·cl" ·_ iu.-·gran variación ·:de mincr_alvgia 't -~¡aJo de _aniso~n?f·,. -~ .m3)'oríU dt 

."o. l.a_. . ¡.,:Up¡;~io((f!'IÓ<luto rt:l~·tivo . .sm:·: 1 )_o por ..:ndm:t_ Jc ella. [.,¡,~ situac · · , . · ···r.<: 

• :·'; ' ".,. L; .. '~"'"'~ ~:;~.,;;.~~~i#.~~~;.~;.,'.:;,~~i~;;;.L;g;;;..~;,~;, ,;,J ~ S:~...?.-.=~·é_,;~;l._..~;~-~~ ,,,.,_};;~'-~·., .• :)~ 
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lL·¡¡.::!.t rur ._.¡·,_·,:tP de !1>tt:r:t'- pr~·¡ll:d!.!l:l:-. ;:.:::.t.tll lu~: p::!ll(l:-,'- ~t:iq;F.it.!:'!-.Ltá 
rli;.'l t..: in¡;,:,¡¡j:_·lt[d. !'.:j" 11!ru iatitl, Ja t'JI\'•.1;',-~:n:c tk bs nn:c ....... ~;J!: Ul~ pClJUC{J 

i· 
n!J ,.•. 11¡"••;·, .t .. _. t•J(.';¡•; CÍi.'lJ'.!!:., d·; ;•_;:IIHtS ;j''Úk:;. ~· ~:~:1 ucl.\!1,: c~nnp:lc!:t, ;.:onlil kr.. 
di:d¡;J~.;¡ y io\. b::\:dtüs- dc!riíl-". ! .l1'i !~th:i' YH:Hell r~·pr~,.·;.;ct_ll;tdl•.' d •. : fnrma_ se-

il :nt:j;:,~:~.: a b\ l'.f;nú::~~.: pr.:ro t'C•il :u¡:l n.:-.:-.l,:::L·ía nh.·d::1 a:!:.:o m:..'llr>r y d11a n;aycr 
-di'.pc;··;j¡';n en t:l !lP.)dul1) rcbtivo. La di:-:.pá!:>i{~fl ;:.iH.:innnl proviL·:~I! di.! !a :n:-tyc.r 

1 . :-:~·ariaciún ·ú~ miw.:ralo~ia re:spc~lo ~1 gr~nilc y a la ;,Hisi,trapia por cf.::cto ~e 

ú::ndo de c~;tpn·;¡o.._i,::l~\ 1 (-l)" o ntt;JIIl.'> n;:.,p\.·c~n a l:t l:ori!.Oii!:dJ ..:;:t.: en la zÓn 
d¿; ~~n\'Jdtdn..; i·~i;liiY<J'\ h;d.~:-.. 1:n ~.··.le t;l'itl, h r.:~ist~nci~\ ,·,¡-, rc:-.t:i~:i muy ::::.(,;,..{~~5 
por ::1 .:sqL:i~¡,l..,:,hd p..-1:n e! mitdulli d..: c!;:~iic!d::d e~ haj11 f!df cJ";;:cto t:cl dcr( 
ác la~ mi<:rnlisura!'. par;tklas a !os pbnos de csquistosiUad. La cnvclv~,;ntc _di 
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/':!_ ¡~:, ,7,---..'---'---L=--:-..&.. l i'!.ll ,Jjf) • ,-- l(..IJ¡ ('!j_J;J .;(rJ()(~t:ICnl L-

l'l~W'Il 1-~ (J¡¡i-lifiit-Cilm. de WCí!S ir\¡,¡._·ta<>·Ih:'iHn:.:n d..: rocas sctlimt!nt:LrÍ;lS 
( I'Jl IÍltk:\lras., n /~-·~fe h}S "J'Illlltl:--,) '· . 

·'j./;'1F- ~fl<flll~;: ;:w¡:l~r.:~' pa~a et .SÓ ~~ tic. ia carg.¡ ii~ ;,_,1urú·. 
· [a'roc;¡ s..._· cla~ilk" c.:o1!-1'} ,~M."! .. '~ -'.~1.: t·H.:. · 
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·-·~. :• ''-~i ... :· ·. -~ . 
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l'i¡.;ur:1 1.6 (l;¡~;!ic:u:J,tn d.: 11...::,, tll1:KI:l\·C:,Iil:t y'd•)lumla 
(77 1nu¡;.~tra.~. :?:2 o:!n•·.i:u::lmil:Lii•J", vario.' ill~'C\!icadort·~.)' 

/~ múdulu t:nl!:cntt." ¡l~r:t c-1 )i) ~~do! la carga de roltJra. 
L.a roe:¡ q· da~ili..:a L:H!I,l•"AM, IUI, IJL. ele. 
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· mún:Hil (!ir.~ 1.71 l.:nrrc,¡H)!ldt.: a un )'l';¡ttc!:o númcrn dt.: n·.l!cslr:-~s y, aunctu· 
b c~.;/¡-ui:-.t~si<.l:t.d.· Muchos dC los P'nnto!. qtH.' cat:n en la 7lHl3 d_l~ 1-!l.:vJdu .módulo. ~-· l5 Jc !as- 22 n!u~,;.-.tras ¡;:usay;td:t'> qu¡;:dnon t:on\l")rendit!::s e u esa criVol~tñ_ic 
n.:lat_i.vo· _n.:pr<o.,Jnr:ul 'hM'ums ·scr.l!n l?.wda:--. t:~(tlfi..,ln-.a" ·de' núrt:straS Ctln una .,.., sC ncct:~it~n lliú~ r~"~:i!tatl:" para poder t:encrali!.ar. De l1et.:hl.' pan.:cc <.juc_·c: 
hitTk· fHli:~ci~·~~¡~ · .. _ -· . . · _ Ch;v,aUú Ji)údul•• f,:falivo se c.:~·~rH.:\pdlllic c!,a.la h:nri..:Ju.:.in de!;¡~ i.:alil..::ts y·uO 

<)11i1:'a CJ_ tli:~grama mtts interesan le e~ c:l J¡; lll)_·c.->quistos. La <.'il\'Oivcntc lomia-.'quc.: conliL'l.ll.'!l I•JS Jni:-.lli<~., lllinL."rak">. . _ -=-~ 
1 _ 4:~ __t,fit~: J, 7 i}~t~g~~-~r.~~~dc _ ;' ·_!l~~~~~~ r•1~ -~,on ~~~m.; l:~'!-u~ft;~~~~!·~.~~; __ oric,'\~P.~Ia __ . l!fl~i~.:_;·~--~ ... -.,p, .-' ··: ., E_ú ·e:, diagr:ílll_:_l rc~uJ~tcn. llt: la~ rocu~ ~~·.t:f~U1lúr_!ic;ts_ l'S ~J_:•.ni !k;:t i vo ·lJUt¡---~· 
1: hl:v_c,J"tl!.:al;~cs_·~dl'Clr·cnn-un.unguln c!cv:l(tl\ (4-~' o ~UJ~¡,;nnr)~~,;'}~l_'c:d:pJa_no de:: .--... ··· Cnvotv\!nl'c .. dC los,gn<.·is se sup~·qllHig~~-.t..:on la <k)u·~ l:tw1~o.·d 1 . ...:_y. (.;VIl la~--~0 
¡ _._·c~QIIi!itosid3d_ )tr:t,llo·r-jiof"!ta! (k·s,figott é!l~riY:n~l~l"' C~tiú:!~ C_ic.Cí·~· ~~1siCión'vl!rtit:al);_~ · c1iv01V.:n1~..~- dC los·l."soújstó:.. Esw po!iidún Jc ~nmsJción inJic~l uJtn c¡)nwkjida_~ 
. - . El-éh:Viillo- módulo relativo; de •la-· mayoría <l~ · I:J~,_mu~~lras· no :.corfcspondc ch:~i~il_tC.~dc. riürici-Ui~tia' y cstrúcLu'ril, · p~~and~ _úc Ja!. cuarcüas .. u: lo~~·g-¡i~\,:~; 

i:~~~[~jf··~·~-j'i~~;';~::~~1R~~;;:~~;~~r;72:~ .. ~~,~::;.~~~~i;J~¡:,;;;;;~}ftg~~~~;,_;:3~~~i~~~~i;~~-~~:-:.: ·· ~ .. _ ··: --·- _.:. · ··-~ ... ~:Jc_';~.i~·· ~~---~ *';-~:l~i-z 
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. d:.; ér.:l\1\ a f~. ·.q! 1;'.t!J';, Lo-.;. ~~::::•r:rr·¡!;!-.; !··.:\!f!1!:.:n d,· 1:!:-. rcJi..'!\'; i~·rh:':ts v i.k :::s 
roe;¡-; "'-·dint~nbn:rs mw·-.;¡,-:¡n •c:q:¡~·tcrí·.:;l·;¡·, ',L!Hl'j:1:1h.'..., n¡ nr:•nbr a· l:t:·:.di
fcrcliCÍ~iS dt: ~nirh:r.:logí:: y C\trw:.·H,r:t. 

l.a d:!sili•::tcic't:l p:·~,¡Hr~·'-l:r •.e ,· .. ::•.!:kr;¡ t.llil \" :,;:l:h'j:H.,k !> .. ::'1 ha:~;:~::: •..:n 
la n..:-.jswnda a contprc;.;ión ;-..in;p:,.: y L'i1 !,.'¡ m¡í:iuJ(, Lh: da~li...:id:H..! -dos pro pie~ 
dítdcs fí~ticas jmpDrta.ntcs de l:t r,.t:a qt:L' inkrvit:••nl Ln la mayvri:l de los 

· Fi~t!(t.l.1·~·ct¡¡:QficUcibn -de nh:a., in!ilt:l:l!·>'·l<c'>um..:n di.! p1Ci.1S mctamúrfic;-¡s 
(\;',"/ n\liC',Int'>, 15 ·;~ dt: lü\ pt 1:1ttlli:) 1 

:i~, __ -';~,f!lód~liO tunr,t:nic p;;,,, cl.'\0 '.'.,1k b Clfi;ot de rotura, 
l..a roc~-SCd:t!Ü!it:!l cnmo AM,I!II, BL, etc ;·· . _...._. 

1

1, 'probL.~ilt:t.'i <i.~.: i.ugC~~~i.~l'i;t .. La_d;i:-.if:caciún tan1hi(·11 co11~dLra la minLralogi;~. 
~cxtut>~9 cstn1~lt~m y úírcccíbn de anbotropia· d~,.· la roca, d~ f'onna ql:c tipos 

¡ c\p~·rd!Ci)iO·dc ~t.l~a c:.1_cu cknrr~> de úrc:1.~t. dcl\.:rmmadas d.:l diagrama t.!.: cla:-.i-

1 

fit:a;í:i·ili .. t.n "'.l:iSil_iótCión conlpicl;l t.lch~ria ¡~~~~~Jir tan1hién la Jcscripción lito .. 
16gt.~:·· por. l!Jé.mplo, Cali1.a:. alta r<•si.<frnl"la. t•lclfmlu wódulo rc/arit·o (ll H): 
g_ran~· hnq •. üi:n.'ia, ._unifonnc: 

1 . ;·,· • 

¡ .... ··~· e< 
1 

. . . . ' . ·. . .~. 
• "':.~·-·.,_.- .;- - ,j' .:..,·,. ~.· • •.• • .- .. _.·. 

1 
·-:.-;;..~.~; :~ .:::~~.i~·:;._~;;.;~i~E~:i:. J;,i·~ ~- -:; j:5~ :~: :-.;~~.:·~ · ·~;:;;;f·:,:· ··:i :;( ~~-~--' 

( 

( ·~._.. 
1 ,..¡ CaLH'Il'fÍ">Ii(;¡;-, ._.,lnh·lu:-:d ... .., ;k In.,; lll"'filo' rt ., ' ~ ~->c-J -·· 

... ' 1\J.(), . -:~ 

lk·,;b,; t'i pu;:!11 (k vi·.r:1 ;k !:1 :'l.k·c·llllC:\ tk l{cH::•·.I_!:'[t:.:·¡¡o;: ;•.l:tn_ it¡opcllliliH.'f¡iJ¡j 
ca:dqui,;,·¡ t.".ll 11\l:n:' ¡••·•,!P!'r: .: 1p: ... : jlltt·d.t 1n:ini1 ·.~>ÍJ:t' h·, ¡•t•-¡•w•l.HI---. ,ht' í:i·) 
J\)C\ 111 si:u. t'tlfÍlll l:1 i\'·.:~.kt¡.._¡;¡, vln:¡·,dui,, de dr.:fl;¡·¡¡¡a .. :u'q, o !;1 !JI'Illl~·.,\•ilid:t~H~~ 

- --"" 
l.a ... ,¡_!'_!li<l 1 ;,;_,d~:-~ L''lllh:! 111 ;,:v:~ ¡u:·,., n q:nu:c·; "c•n bo.; d,:,dw-.::· .. h '' p!an•J-~~-¡~1 
1.:.\ILllilic:tt'it\n y l':-.tp:i'>lo~;jd;td j' l;¡s r:¡~J;¡~;. 1 h:hidn a que l:OII'>IiltiYt'll dl-.~.:üilÍf~' 
nuida1ks pf;¡nas o qu:1~1-pbua-. tiLIIL'\1 un iuqlort!mtc ckctu ;mÍ,ÚlHlpt> snJlt~~ 
las propi.:da~ks f.h:l 111:\L'ilo rocoM~. ~ ·-~1 .... _, 

/.4 .! Rcprt'.\1'1/ltlf'idn ;/e lrH di.\·roNlimtidmlr·.\ gnJMgica'i. . -~~~ 

t: .. i¡;¡p,•rl:!nh: r •. :pf"·~·.:nr:.r Cllid:lllo-.:;nH.:nh.; wd;¡o.; r.<>l:l'\ c:-tructor;¡s. i!Co"l~:;.: 
~ict'\ ii~l.¡¡,,;;¡¡¡do ·-.u ;.;_nljl.l:t/a!llÍI..'Il.to.' oriL'Jtlarit.i1J {(.lit~·~.:t·ít'r_!~ ,Y ht:~ilfi!Í<.'JtiO)j~ 
~...:para\.}oll. t>.~o:lh:il tatnhlt.:l1 lit.:~;cr¡hrn;t: las c:•raclt.:n-.llc:J" :, ... ,ca ... Se ha <ldvc;r~5 
tiúu qul.', j;¡duso ~...-n lo' !l.'sfi~n" ruco:->ns obknido~; por pt:J"!'or;¡cj¡'ntcon di;u~/:16'~1 
h·. JHi;,:dl.'.t:b~.:n·~¡¡"l' !;¡ :tl···r:ll:a e irr¡_·gu::~rh_!;¡cJ de 1;¡-:; Sl•p·:r!ici:.:'> de di·~t.;cili~}; 
linu:d~td ;t~i t:nr'nll ...:IIIJhl tk lilall-rial dt· n:lkno.ctnrc o ~1lo l::r¡..:o de SUj)1..'11ic(4S'~ 
ady;;ct'llks. s!..:shln L'tlfl ... L.:llil'Hlt: •.:¡:lstrar c~.LoS'{btn . .:;, l.o~ 1\:1111inos abicrti>?bJl 
·,·crm:io ;l:iL'lka <~pi k;\!':-.;,: p:11:1 d,··,crihir d grado de ahcl'ltlf<t: j'!un11, t'UITO~~'!{ 
irn•gt:.'ar par:1 ~(¡¡;,;;u· b !;üilHJ¡:~:al·Ídad Jd pL'rlil: y pulida. Ji.HI o rugo.m pá~ 
j¡~tlk:1r id h.::<tura sup~·rltL·i;t~. ·_rant!liCn dch·.:rían ohh:H~.:rsc valores m~m~.ri~~~~ 
~Jctnpr!..' q:t.: iucr;t p~h!hk 1:u..:d:rlo:-.. . ~-"'j-f~ 

!.os ír:nnah.'llHic!ll<>-. d..: ... ·::nq,o p11r:dcn dar l"~ ... ¡¡!l:t,IP' 1nuy ;':t/1.::-. n .... ..;p..:_él~~ 
a ia.'\ l'aractni:--ti ... :a-. cil<itb· •. Si11 \.'IHI•:trf,O. 1h-hc tCH':n.c cu~t!:Hio t:II-HO !'i:.t~.if~ 
'-'•J;1du:-ion~s \.·ITÚnc:t'> tic l:t' 11\l'dida:, pur laS ra:t.onc~ -.i¿:Hi._•¡¡¡.._•<;;: ~ll pri:}·~~r~ 
l:q2.ar. :._, ... aJ!,,r:t:::J\.'nlo" ptH.:dt.:il ¡¡¡) Sl! 1' !o -.uliri~..·siH:illl.'l\it.: nHm.·ro:.o::. pa'fa~ 
jH"OJhlrCit>IJ;,¡r t:ua mut.: .... tra rcprr: .... cnl:tti\a t::-l;tdistkPulCnl~.:: cu st·;;tt:tdo htg~f¡i 
J;tS diSI:tllHiiP.IidadL·'\. prÍTH.'Ijl:lkS. COillO :·alias O /.ulla~ dt~ !'al\::". múltip~~-:s: 
fHi.:d .. ·;¡ .no· :-.\.·r \ i:-ihk' Jltll' dcctn tk b L't ,,.,¡,·m:o una lndcorÍ/:tci~\n prnfw\1:~ 
que Lts ha~:~ ~-'lJt:i:.t~~·ar<Jd>~: t'!l tn~c~· IHt:ar. !(1<; allor:tt.lli~·n!n'i P.Hcdcn rw. tt:i~-~ 
\ll\a 0:.\pOS!\.'Il!IO IJ'lt!l/!tl'il.'>Jtllt;ti StlllL'IC!l~-...' p:ll;: ¡wn:llllr dl:h;J"IIJII!;¡r L'i JiU!IlCrQ'ú 

r~a! y la :-.~:p~t' :tl'i l··n d L: wd:t:-. l:ts d i:-.L:Prt l in ui~l~1 1ks (_ver, ¡h 1 r cit: 1, ¡¡ 1] ·. 1, Tf.' rz;¡¡~1:i.·.~Ifr.! 
y. por (:iliilH>. la-. di..,coniitll:td;td.:' Jt!'tll'i;nd:l'\ lhn:tlcu dili.:ril' con·.id~;ahkii;Cz~ljf# 
tk las qu¡,; otp:ll'i..'CL:lt sup...:ilk!;dntcHlc. Pur l'~la;-.. l:unuL.:~. ~~¡;,·fe ser conV\.'HÍ:.'ÚÍQ'] 
n:aE;:ar los kv.u¡~an1ici1\11.'; nn ...,~·,Jo 1:1~ la :o.UJH.:rl;t.:]c .\inu L'll p~1/l>~ d~.: rccünó;~; 
cimiento .. g.akría' y so1Hkn:-.. · ·· _¡f~:~: 

SI..! L'n:pkan l!ll:- ltlt.':to~J,,, ¡•l'iiH:i¡>ah:s po1ra 1-calinr rcprcscnt:tciclll~S grúlié~~-~~¡ 
3 p::n::· d~.· ~olld\:us. l;11 nP_:.l,ldn utiliza cl.h.:stigo oti~·nLHio '; d otro part~jl.!f: 
ta fniogr:tt'iit. bien pur lllt·dio ·dL' la lclcviSiún·" o. C1.¡¡ pdícu!;t en Ct)!or_''. l~í 
Vl.'lltaj:t de Jo~ mé!lhli)s !'otogrúlicP' es <JHC plll'th: ohl\.1lcrsc l'il·r:a iarorm:l..:ii:i_n~.~ 
sohrc; ~:l ant.:l111 d~ ::ts ~in¡!td<~ridadt·s cstrucl_liraks, pcnn:tic1:Jo sahcr si t:st~:~n:" 
abkrtas. o rdkn:!s d..; otro .nlah.:rial. .1 .·-~:; 

~ . ( ~ 

1.4.2 Prt'.H'JHociÚtl r!t•lo.r rcsulwrlo.v N .; ~~~l$. 
. 00 ... -.. ~~:~ 

Los d:Jh'"' obtenido~ por ob:-l:rva\.·iún dir~.:cta-dc la:; tlJ•.':nJ,tirll:il::,dcs gcl.,l';P~ 
lógicas pucdt..:n rt;rr~:.cntar~c d.: U os' 1 orm~1s htt_:; iC:ltÚcntc Ji f. .. ·;~:; L·. :; : 1 } o,J¡_;t(J'_~g~ 
pl~111v de situa\:it'm r..:al. con las: 'dblint::s !-.ill~~ularidaUcS .c~;tn:t::tirak.!!. _jO~~iJ~·! 
ficada~ en IU rc'i'ctcritC ;! ~~~ tipO, C·araCt~risliCtt:. [j~i~US, OfiCn)lCiÓJl Y ¡;mpl~~ 

( ·. ' .· ···'ll-'l 
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':'. ,;¡•,·.::,¡;:i::niil;:r:·:·: t::· 
'· "':-·~ 

:l::... k 

Ll pr!:.:n 1:¡; .• ,:·_· r·.·¡J;l··.•: .... ... - :•· 
J\•r;¡¡ÍI·.' l~Íhlli:1r ·.·.:L\'!<•:1.:·: ¡¡;,;·,.,•,,· ,;¡¡~·:, ,_;,. 

!¡\,~,· jl;,;;•, 1:!\ \_'l',":'l!,'ol :•;•;:,';-~~:. 

:·q::iq;':l.'l' /.t•ll.t c·.p::ri:t!nl'.:t\1\..' 

critico dt.: llil:t ••br:t, C:):i1o i!il ('.Uii•1:. 11:1 ,l,_·o.,:rlun:.: .,-.,c;¡r¡t~¡¡!o t\ 1::-.::. p::r=:.::k:> ~k 
lrl\:t ¡~f':lll (YX;t·;;¡,_;),',n ..,¡:io~t::r:'::::·;;, p·::·:;~i!icn~:·• ·.,:f lilli1•·di,l!:l1;lc,;k (U:dt;Oil...'f 

di·,•.:rl:.!in;:id;:d 01 l•'lllil,ict p,-,1;_1:n .• r:mo;;,·. 1 .. 1 :1 ¡,·,.;;\~,·i:l d~. un;¡ l''\t;·uuur;; )-.:.._·n· 
!:'l;!ic:~ .k mi~·,:t:~·-~¡,·,,,,,_-¡i:ir:: ,,-;~¡;:le:-.· .. ·.:~·¡.,.,,_..., 1111 -.,i::nib.:-.t 1\ú·..:-.;;11-:;¡~;¡-.:ntc qu-.: 
no p¡_:..._:,L: c'.io..;lir; (nl:l~;¡¡;;·.-;!: _ .• ¡ ... r\: ,:.: •. :ir ,¡ti;.:;~.-. it.~· ;~~.i.,~·r:id.! (.'11 ._·! pro_;,:r:tn:.: 
d;.: l'~·cOJl¡¡C!J:Üvllln. !),:!J.. . .-:i ~·x:,:.;:::;¡!','\t" j,". t::i!th ,¡~· !:t'\ ¡n¡¡;¡-.; Ci:'i..'ll!:,:::ni;.'S 

p:!f:l \'.._:-r \i, c~:Lidi-.,¡j,:;n;'.l.'i\1•:. \'• ;.·,\..: l..:m·r :d~·un:: p:-nh:thili,lad tk p!·c:;~._•:H:tr .... ~ 
t:n:i di-.,conti;¡uid:ld cri1i~·;._ 

La sil;¡;;;;j(u: IL':t~ de :;¡-:; :-,;t.~ld::ri.i:llk, ;-,u·.:d;,· r . .-¡,r·::-.cntar .... t: ... n t!il pi:tno: 
par:1 io., rozos)' _!~:tkrÍ:!S d~ 1'< lllii~r;:Í;:\!•::;!,• ••: i• .. '•.'''lllÍ~·nd::H 1;¡, O.:;.;c,:_·j,lllt"." dC:\~ 

·arr:diad:t\. l.:~ l.l!'l·:lli.:cH·~\t .-..: -u·;c rcp•c-.,·nr:¡t 1:,.·,\!:~::t.._· 1:11 :--i:il!ln!:l ;:prtq1i:tdn 
dl' dlrt.:l·~iim y hn;:uPi:.:ato. ~! th:t;:t:¡r: .. ;¡ •:t':¡d,-~t·,~íl d-.: \li\;kr Ctllr,\i!'.!YI..' 

1ar.1h!~n ~~~~a-i'or.n:t ~~:;·di.;;¡ l''-t..":\·nJ:..: p:~.-;, ;·,-p!\"·<t~!:lr lú\ d;:¡t,._ ~-
l.o•: ¡~j¡¡:•!·:~:¡J;!•; v-.::t·.H .!:-.-,;. ¡:::v•i,,:¡¡' ~.e;· d~· ,;;v:.:;_,t:_\ tipth. l.tl~ ¡;o;; 111:'\.\ 

con;•:~:(.·~~ ~~~n 1;¡ ro·,~.:I:J d..: di•. ;;;·.;r...;:t y la ¡hu)'\'l'l..';;·,¡¡ ~.--.: ... ·r(.·tl_t!r:·dic;t ,: __ ... ::.:- 11 . 

La vt·r;l;¡j;t eL:! di:ij!:':t!ll:t cs_l'!';d· ;¡._-,, ..:\ qn·.· pcn:::¡._· rdinir un : .. •.r;,rl r~ú:¡;.;rt) Ót: 

oh,: ... :rv:;r:inn,·o;; dispt:l~·:¡o., en t.•::,tl :1 11~1 nr1_,,·n t"lnll'<~. l..'nPI[h!:r:,·ltdP l::•.t lil!liLI 

d:.: !:t qt!~ Sl' pt~<.::lcn •.::l":tr Ct~:··i;:·.ion~·.., ~-"~. Ll d!:l;:r:¡:;;;¡ l'..,l;:d;-:;.-,, ._ . .., t':til p:!i'a 
oh~ . ...-n~..·.r u.;;1 iaJicaciún :-o\.r 1;-,o.; ;:"lidil'i,ln.._:, ._,,:¡._·d¡:¡_..;,, !:11 :il_~!u::u.-:: c:o.;ús 
ft~tcdc s~..·rvir par;; dcrinir ia'> cir~,.·c ... :ion...:·. <~..: \'\C:I\·¡¡..,·it'n•. ~!l.' .• kt..:\\·::•~tl mini:nos 
!<l.\ rr¡)b)ell\:!'~ d..: I;•J:t!~;¡¡,_!;t.:. !)._-~'·.: :-.·.::·:_::!:=:·'><' \l!l:\ L'/ 1!);\-,, SÍil 1..:/l.h;lf~::l, l,iiC 

~-\ ]':,cwr m;·!, itnp'ur:;:¡H¡; e¡ Hii dctl"rt.lin:tdo l'nrpi:tl;tnli.:E\.tcJ :-.u.:k-no s..:r el 
t'i::r~o Hn:ctlim>. ~it~o b. p¡:,:,(:v;;ia de t:na cstru..:toll:E t~··o:c-,¡~ic:t lit! \1ricnt3ción 
Cl'ític;1 com;, uaa zona mii"rilil;¡da. una falla o tnl;J t\iacLt:;¡¡ príncip;:l. 

Ad~..:1n:'1 <; de !:t rrpn.::.l ¡·.H":/111 ¡·.r;"dJ(';t o l''t:ttlr ... ii(.', tk L" di ... ·~:;)ll~in•,li\l:idt.:"s. 
[:.·oJ.'¡¡:ic;¡\ l,"Pn\·Í~Ih.! di·,:~¡.id d:..: :d_t'ti!l;l rlll':ll:: \1.: l..'i:t->:li~..·:tci,"·n (j:l\~ P~'l'illÍi:l 
b·c;tLH.:h:rlncic'tn d.;l rH::vu l'tol.\'':o. ¡;J ¡,h_j,·¡¡l tie ~-~¡;¡ cl;~,..,tJic:: ... ·i,·,¡¡ l.':-. !;t..:ilitar 
la .-.:ot:wnica...:.ll·,n ~.:ttlrt: lv. ~\·.c·,~n:··.< :~·,:nit.·n-; .k :\kl':.t:li,;:t de Ro..;a.-.;, in;_!t.:'IÚaO'> 

proyectista.-; y c()utrati:-·.1::: P;t!':l ·~.:ili;:;;r la h"I'\11Íllol!o~ia (:11 \11 dc~crjpción de 
l:t!-0 diJcias_Us, IJ..:crc r. ha icchti ];1 propuc.->1;1 qn~· lit!lll'a ~.:n !a l:thl~! 1.3. 
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Tabla_ L.l Tcrn:inol,•; tt t!..;~o.:ripti~., 
Cllit; tÍÍ;H,.'J;¡;,;¡.., ~ 

Térmi1•• dc~iptivo 

M u~· jun:1~ 
l'ti.JXÍ:¡r:" 
lla~l;, 11 c próximas 
Scp:u.d:r, 
Mc¡y . ..:par:alas 

Sc¡'·•r:t,.:ilHl 
l'll!l~ di:;..;!a .... b 

f...l.·••;lf .:.: -~ t.:ili 

~ -..-~l~·.hl (r.l 
Ul t.:¡H·I :'ll 

1 111-J m 
l\t.• j (1;' d..: :; 11! 

,( 
i\ .>:,1:~.:;.;,·,,.¡¡ ., .J.-,. j d ·. ¡; du~ !111':• d~·-- r\.n...:r;d~ 

.... ¡¡_¡_.! .. ,, :,1, ·: .·;: ¡] .:.·¡.·¡ :~.Í:Ltd;¡ ~ II•¡:;,,:.;:I:J~:n: .. ' :1 r•:r •.• :· ,¡._! fltil>..'clit.•;c, 

!r:l'~:t•.r.•· ~ ti ·i ¡•_¡;\\;,-, ;\,· :lllv;;¡ti,·lll. ¡:_tl 1111 :H,-'lt;,:o, la ;,;1;¡.,¡¡¡\. .. :L":/¡:¡ ···~· b<f\:t·., 

el ic:.;i;•_,¡ :\'• :<Jl• 1,1d,1 ·.~t· lt" ·;1,Ed>tl. l·.n el oi.H'• ··.;: L'lll;"~~\·;! ia ·,:·L¡'...·i:bd :-.~-:tiiíc 

_.¡. 1 

El i:tdii..· ... · ,;.,_- ;:;:ii,:;td 1 l·:t)l )¡ :',1_' \1:¡•.:: l'i1 l:t rrcup:.:rat·Jbn llll.'\li:ie:td.-.. di.' tc~tip. 
qu·~· :t ..;u .,,.,._ ,l,·:•~·t:d•.: r:;dirvc[;!;nt.·~r:~· <kl nÚilll'l'i.l de fr;tCiitLI\ y t.kl ::o.r:1du· t 
<kb:ll!:t::~:l·Clc; •t ::!r...-r~:riú:l ,k¡ Jl¡;;cÍ/u ;·uco-.,o, s:..:gún .... ~. ¡HEt.:dl.· t.•il'\\.';"'i<H pi 
il:.s tl::-.li.~:_~;s l·dr;Eit::;.., d~· lt!J :-.nndt.:n. En !u~:ar lk Ct~:ll::r las ,·1':!-:.:l:l!';t~. se nhti!..:-1_ 
t:na 1!1<::.\\d:: i:·,d:f,:l't:: '\úl1lJJldO b /¡¡n~¡tuJ total di.: u,;~tit_:(> rcro Cun:>iJcnÚaJ 
L;niG~:l\t:olll.: ;¡q¡trJ!o:-. ·.ro:t.o~ (h: testigo ·u e long_itu_d igual o ~up:.:-rior a JO cm.~( 
cstJdo :-.;•nv y ~omp:u..:h•.. · -·~ 
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1! •;!J 
i>l /1;)!) !111 •·, 

"'-' Muio 

- ....... t(o>¡J<llt1F 

')'J Ot:[!na ! ,: .. 
-•w bcoi<~nlo 

1 
: 

' - ~-~ 
;.;; 

' 
} 

; . 

~ 
e¡;. 

l:r~ !.t lil!.\11 .t 1 ¡.¡ :-.l' !lllli'',IT .1 11/J t'.km;,Jo corr.:•:¡wndic:Hc ;¡ un ~:nÍuko ~( 
15(j .:n•. Ftt -.-~.:-: c;\ ... !1 p;:¡ IÍl'!d;i!' i:t r~Ttqwraciú:t lli{;tl dl: ks!i¡;.r rHc dt: ¡ 2~ cúl, 
C(Hl 1111 p(lrT~...·nLI_i-: í.k r~.:~.!i;.:~• rc-:.:up-:r:u!o dci í-i5 'X,. Con !:~ twali:i·:::~-¡,·111, ~tilr 
Sl: t1~·n·.;;¡ (.'11 l.:dl.'ttl:~ ;·;·¡(:;l. ·.i..:Bdu d f\.()1) dl'l 5~ 'i:,. S~· j¡;¡ v::i!p qo.; el I<.<JD es 
un i1:dÍú' :n:'t:-. -~Lihl:lk y ._·o:hi'.ll'illt.:' ,!:..: la calid~.d ,!!,CH:..:r:.t.! de ur~•~ roca que __ ~¡ 
pü;'l~..::;~:;jl.." d,: l''-.:l:tq1t.:I';ICit'•n le•!:,!_ 

Si c.:i tl.·:,ti;:,.: )-,~ il;1 rot1) pur d manejo. o f'~H- el p:-occ~:.; d·~ pcrl ;¡l¡_'ton 
(j1l):' cj~mrlo. ·c'J:IItUn sc ;¡¡H·:clan :.up;.:rfici.;-;_ ·de iractu:·a n.·cirnlcs y rcgcL:i-CS 
l'll _iug.u <.k Ji:!l..':i;::.;::s naturaksj, .se junt¡¡n ios tro::.o5 p:w.iü:..lt:.s y se ~.:ucntan 

.. ;.· 

• 

28 ....... _ .. __ . 
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;~:t ,{( .. ; 1 ~ ~ ~;·;:; ~;~~ ~~ ~·¡~~ ~ :: ~~:- ¡;: ~~;~ :~!:--~t~ ;i;
1
t ·.! 

1 :.>::~~ ::<!t·1~~ '/ }:'1:~--:L~ ~ 1:~ ~~¡. ~ ~ ~ n1 ~- occ\\1~ 
nH:::;;nt··rl•c:!-" ~..-~tr:tiilicadas; 110 ~i-.:ndtl t;:¡¡ ~-,·::c:o d m·~iodll ~..·n t.::->t,o·; ca:-;o:: 
CfH~Jo ~.:n b; !""\"lt:::<; i¡:J;~;L'>, ca:it::... :.'" cstr;¡¡ :~;,·:¡c¡,·}fl :!nr:.:-.:.:1. ;.lr::-:!.-.ca!'. t.:t~. 

-Sin l..'illh:!r¡~n. el n:l:!-·do S~ 1·:: :tn!il·;¡:!(• •..;;-;} l··.:ih: ::~...:!US(\ -.:n ril':lrr;.;-.;, ;HJ:hru-..; 

era n-.:ccs;!rio medir Ju:~ tcs.ti¡~,¡~ i;un~·d:;\la~th·n;c ~..k~pu·.::, ck ~..~xtracrlo:• ;~·:i 
:sonde,\ y <mies Jc qt•~ COllH.'nzara d tk·.mc;w;:¡¡n;~ntn y JhgrL"gacién a! a::-~.:. 
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l} l':t;c,: Lk tún.;:l nmmahncntc a lac; diacbsa(, 
/• P:1rnl tk. t,·:nd p:u:ckl:~mcntc;,: l;t') di:tda-.;t" 
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Tc-.ti~,, N\: 

O l'r,:-..a de Dwr•r~h.:tk. gneis granítico 
~ H.t-.ai:,. tk .lt·l:n J)~y 
:,j All..'utna d•.: Ií:~;,;;..-::¡-.;¡~)< 

Fl¡;w-a _1.9 Corrdacióry cntrt! lno; fndicco: dt: t.";J\il\a:! de las roca1: frccucnci;¡ 
de l:ts fr:ic:w: ... y no¡) a·. 

E•:ükn~nJCn"tC'cStC-métoüo eS 11111)' rí;.!h.ln p.:rr:1 1~1 roca t:,!land~) /¡¡ n .. ·l.'u¡wra~ 
ció;l e•• \.'X~~sn. si hicn una c~rasa n:rupt.:r;ICIÚI! :-.~t-:k 1nd~t.;ar una pohn.· ~:tlii.bd 
ú;; la roca. l•cro c.-;to no sicrnprl.! es ci,:rto. s:n cn¡haq.!o. ~-;¡ q¡;;; un '--~¡oipo (IL' 
p~.:"rfnr:Jci/m n un:ltécnica ddidcnh:'i pú.·d~¡~ ::11nhil:n tl:tr lt:J-.:ar a un:1 r\.·cur.:ra
\:ii.IJl C!-C:t~a. Por esta razbn. '\t.: rcquicr~..· una hJtcr!a de -"'•HltiC1' d~ dt•hlc ltihtl 
d~?-di:·w.r~;tru minimo NX (~4 r~:mj, skado fundolln•:rdalun;~ :!dL·':l;.~,!;¡ vi¡:il:utda 
lk la }'...:rfor~rciún. 

Por !\ÍI~:p!.: que parezca-el proccd!mi~nltl. o,;c J:¡\ L'lll..'l\11\Lh'o l;th! c;..istc una 

cnrr..:lacit'lll ha~tanlt: hncna c.'lllrt~ los v~tlnrl-s 11111ll•~rico•; tk! j}_{)f) y la c:didad 
g~..·n~r:d.tlc b rr,c~t a_ e,;ft.:clos pdclkos de in¡~...:ni¡_;ri;.L F•;l;l c.~rft.:la·:i,'Hl _..;e tia C!l la 
ligur;• i.X Y ..:n--tí.lahla 1 A·. 

_El I{CJI) c~_l:'t_ ~_kndt_) ~llili:tadn Jll1r divt·:·~~s oíicin;1:-> d~ pro•tn:l¡,..,, l'Oil\ul· 

.torl'~.cn i!il·.'-·aicrÍ!J·y·conlr'nthta;; en lu:. 1-:.-.t~_:do">! lnitl11s p;¡r~t-l'S-Ir;nar h {;;tl;\i:td 
de 1:1?' rot·a·, i~ -~~;¡!,·y J:u.; ·vari~doJ;cs en Ull nli~:1ln" "otukl, o de t:t1 ~.n,;;kn a tJ\r1 \ 

~11 Uiti_~ ZOI·I·a.(~;:: _, _ _ . · . . _ . , - . . . 
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/\lgutll"- in_!~~·niao..;: p;\·!it'l\'ll t:nl;lk·:•c· ;;1 fn:...:twnL"ia d•.; 1:1'> f¡ac\tll:l-.; (:lor 

c_icmplo. !:L.-. di-.con:intli.:!;¡¡j.._-~ natur:dt:s C-'Pft:'\:~tb·~ L'll !'r;tt.;:\11:~-. i'~~r i:l(tJt\C 

como mt.:dida ck la (:;d!tbd de in rtJ('if. En Ja ti;:nra I.'J st.: w qtli..: cxiqc una· 
hut:na corll'l:H.:iúP -...-11rrr 1:! !•t...·l'!ll'IH.:ia dt: la'> frul:\u.-a.-.: y l'1 !{(_)J). 

~--· -·.-

Elcit-ct1' de.: l.; ... d;,c,•~l:i:ltli~\;¡,Jcs ~.lcl J:lill"it.tr nH .. -,.:,tl pt;cdc c~l¡,,¡;¡r~·.: com· 
p:1rand1J la velth.'td:ld ¡,, .H--'t' ,1.,- 1H11Í<l:~ th.: t:tlntpreo.;~/''' t:tlll la Vl'lt:•..;ir!:Jtl <.:t.JIIic3·. 
dt·:·::-:nin;~(!:l -..-n !:dhl:·;;lur·i, 1 p:11a H:l \c-.tip! iu:dt..:rad,. c'<.tr:tido tk la l!li:..ni:t_-' 
rr•cL t:o,;;" ~-l· intb.:a t.'ll !:1 ~i;~nr;¡ !.1!1. l.a d::·~·rt:nci:t ntlst,; a;:d1;r" vclncid:!Jc~· 
s~ <.!t.: h·.: a h ... d: -.co:!l i lli~Í¡I;~tk-.., .. -..,¡ ru ... ·¡ 11 r:d..:~ qth.: :..·x ¡.,, t.'n l'll el [<:r:\:llll. ( >:•mkra -~~---
fu .. · el prim~ro en prnpnna -.:onltl crilt.:rio de c.:did:al d ..:m:it...-ult.: dt.! vdo;.;idath:s.-
0 vciocid::~l n.-!;:H'-':1 l ,.::·,. tJ,,,:tlc r•,- y l-'1 "011,::;-. n.-l.t._;-id:u!-:·; ¡j;,; la ~;:Hb de: 
con~prL·sil1:~ pa:·;¡ ci ¡;;::ci;n ;-¡~r.:o:-r• 111 sit;f ) p:~r:~ e! !•::.!ir.n j¡~;llt•:r:l•!u rn¡v.;c;
tivan~~ntc. l)ar;t una l\1-..:;: H!;t-.iva de t:.\~.:~knlc t:t.di•bd, •.;t•n ~,·.¡:, l:nas pü~a,: 
<.!i~c!a-.:a'i cc.::rrada~. b \l..'i•'CÍtbd rdativa dchc 'Cr pr•.'~>.i111:t" b IHli•_bJ. ,\! au~ 
!11L'IlLlr el ~!r:1dt> J~..· d:::t-1.''''"'' y fra•.:~ur;ll"i•.'·!~. ia vl·lc~t·~t.i.:d r~_·!atÍYa Ji:-.muu:r~ 
a valor¡;\ inft.:rim~s u !:1 ~ruid¡¡d_ 
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t; i. i ;:,:!_ -;; .;~~ ;: :! ~:; \~ .. ;' ;t ~ ::: ;.¡ :; ;:;;; ~ ;~~:~:.i~i·:; :,1 ~: '~-·1 )\\{' ¡: ::;:·
1!: l 1t ::. ~~-\:~::~·: !1 ~~: :1,: :,:1 -~:;1¡~/.=- 1¡ 1 ;~:-1 ~~-! ¡ /1\ ;: :~;·¡~:·~~~ ·;, 

p.:ra b i·o~-;¡· ,_;¡ .,-¡rn (e·, dcci:- : .. ·.-..·;, ¡¡ ·-.:ttur:td;,)_ flt;·fi.·r.·nl.-:11~'111\: 1:! \'l..'iociJ:¡tJ 
~isn;:'.:;::. en ;,;! 'h:rrt.'llO dci;~ dt:!l·r:ni!;:i.J"-....: jFl1 la •.-,·:¡tci,!.ld ;¡-.~,_·..:ndcnt.; l':: un 

_sün<i~g:._~ la ~ransva::;~h~ntrc_:.o;;d~o:-; o g:t!(:ri:!·: d~:·· r~..:~,,~¡,¡l'i!llic:1ld pr,::~ÜraJs. 
ya _ql!t' ton estas nl:..:diJ::.'i !-lt; r,\;,;~: ... ·:! rcco;~Oct.:r zoíla:-. j .. :.~t-."..:i:!an.:~ honlJg~r:~aS 
con m~~ j>rt!cisión que -con la sismic~• dt: rcfrac.:::i{Hl su¡:crtiri:il. 
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l'? . .qrJ ufl tn 
--!ud•CI!-<!11 c!llid;¡ol. 0 0 o· f~.J ·-

• _) ro:.qnhti'l ~_f~ ~.f;¡nl~:~i!;u\-lí ).un,l,;o~ 
LJ T,;h,t .!..:- Kainici 1\.k\a-m·;dia d~: tln.., ~:mpi;¡¡_ami..:r.tos 
!y, Akut ila d-.: 1 l.tll-....;-tt~;¡o,;.k 

En la Jigura 1.11 se ·,llllt.:~fr;: una ,_·orrcLILi~\u~,::llh' d Ltladr:uhl dL" la vdu
cid:ul rclaliva (V¡:;'f"l.) y d·H.()I>. lk·lo\ linJil:tdn'i,da!n<i. I"Ci.."•'!!¡~tl~:~ ..;e tkdLil.'C. 
qu_¡; d.cuadfado c..k la vdocid::d l"l . .""ialiva ruL"dc_ntilizai'SC lk (,lflll:l l . ."t¡lti\'akntl! 
al R<)D en c"tudios lk in¡•.t:ni;;ría. Si11 t:111h:irgn, "..:: r~.:qu:crl.! lll1 m:iy,,r número 
de d;Úos p:tra ampliar d conocimi..:nto de ·~a rdaciúri •. :xistL'ntc cntr:.: ambos 
ÍtH.Iiccs- Uc ca liJad. Se vcrú en lt>s c.apiltlln~ 2 y 7 qtt..: t:sta:-; dcscripcÍtli1C:\ Jc.: la 

. ~a!ídáci dt: loS maciz¡ls i-ocos()s pueden rclacionar.;l·- con ii~> j1ropit.·iJ~lÚcs mt:cá-. 
nicas itr .fítu. · 

·, 1 
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LA MECANICA DE ROCAS Y SU CAMPO DE APLICACION 

La Geología, Mecánica de Rocas y Mecánica de Suelos, se agrupan en 

una disciplina tecno-científica denominada GEOTECNIA. Cada una de 

estas ramas científicas se relacionan entre sí. La Geología debe pr~ 

porcionar al ingeniero toda la informaci6n necesaria para comprender 

el futuro comportamiento mec¡nico d~ un macizo. rocoso 5 de un suelo. 

Debido a las cambiantes condiciones extructurales de la corteza te-

rrestre, !as fronteras entre suelos y rocas son algunas veces difí-

ciles de precisar4 Podemos encontrar grandes extensi9nes de masas ro 

cosas, tambi~n grandes extensiones de suel_os o biin e'structuras geo-

16gicas donde se .combinan suelos y rocas. Las discontinuidades cante 

nidas en las masas rocosas frecuentemente estan rellenas de materia-

les arcill.osos o granulares o combinaciones de ambos; el comportamie~ 

to de estos materiales de relleno ea, separadamente, muy diferente al 

de la masa rocosa; Rin embargo, es el comportamiento del conjunto el 

que debe considerarse y para ello es necesario compre~der y conocer 

el comportamiento mecánico de amhos materiales, suelos y rocas. 

1 _¿ 

La Mecánica de Rocas estudia la reacci6n de las rocas 8.""-lOs campos 

de fuerza de su entorno ffsico y se define como: la ciencia que est~ 

dia el comportamiento mec&nico de las masas rocosas que se encuentran 

hajo la accí6n de fuerzas producidas por fen6menos naturales (vulca-

nísmo, deriva de placas continentales, flujo o presencia de agua, 

Ptc), o impuestas por el hombre (cimentaci.ones, excavaciones, voladu 

ras, etc). 

T.11 solución de problemas en este campo, así como sucede con el estu-

dio del comportamiento e~tructural de diversos tipos de materiales 

-·----- _, ___ ,_:_· _____ · ----------·---··-'--------------------· -----
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(entre ellos los suelos), implica el conocin1iento de: 

a) La deformabilidad de los macizos r~cosos, as{ como la relaci6n 

entre fuerzas y deformaci0n. 

b) La resistencia de los macizos, aAi como las condiciones que. de

terminan su rotura. 

e) El estado de esfuerzos inicial o residual al que se encuentra so 

metido el macizo y, finalmentt!: 

d) l.os estados de esfuerzo qt1e se deHarroll¿tn en el macizo, e11 vir-

tud de las sol.icitaciones (est¡ticas y/o dinimicas) aplicadas, 

i.11cltiidas las debida~ o flttjo de agua. 

J~l rics¡Jrroll.o de estA nueva rama d~ la mec~nica ~s muy reciente y d~ 

tn dol a~o 1951 en qtie se realiza el primer C~J.oquio de Meci~ica de 

Rr)cas en Austria. Las primeras obras que tratan de agrupar los cono

cimientos existentes hasta el momento son las de Talob~~ '' Mecini.ca 

dL~ Rocas Aplicada a los Trabajos Públicos" Pditada en 19~7, y la del 

profesor Leopold Muller, editada en 1963 bajo el título de "Cori9truc 

e i 6 n en Ro e a'' • 

A p;:rtir dt! 1924 se presentan J.os primeros trabajos o experiencias de 

Mec.1ni~.::• de Roc:1.~1 en el "Fj rst Empire Mininv, and MetRllurgical Con-

r1:niiza,lo ~n l·n~~l.At~·rra. En estas fecl1aR (192S} se publica 

eJ .tibJ·o "Erdbau ~1cchanick 11 (Mecánicu de Suelos) de Karl Terzaghi 

<}&!e im¡lulsa el desarrollo cietltifico y t¡cnico de la Mecinica de Su~ 

los. En 1933 se realiza el Primer Cangreso Internacional de Grandes 

Presas. 

A principios de los aaos 60 se crea La Sociedad Internacional de Me 

-·-· --------·· -- ---·---~-------- ·-··· ----------------------·-----------------· ---------------·------



3 : 

canica de Rocas (ISRM) que impulsa vigorosamente la investigación en 

esta disciplina } se encauza a resolver los problemas mas urgentes. 

En 1966 se realiza e! Pr1mer congreso 1n~ernac1ona1 de Mecánica de 

Rocas en Lisboa. Hasta el momento se han realizado cinco Congresos 

Internacionales (1966,Lishoa; 1970, Relgrado; 1974, Denver; 1979, 

Montreux; 1983 Melbourne) ~odos auspiciados por la ISRM. 

En Mixico el desarrollo de la Mecfinica de Rocas ha estado asociado 

fundamentalmente a la construcción de presas para generación de ene~ 

gfa el€ct~i.ca participando interdisciplinariamente con la geología 

aplicad_a; l1a sido escasa su intervonci6n etl otros proyectos civiles, 

mineros, petroleros o geofísicos. l~ds Jlrimeros trabajos de Mecinica 

de Rocus los realiza la Comisión Federal de Electricidad (CFE) en 

1958, durante la construcciÓ•• de la presa La Soledad en el R[o Apu! 

co, Estado de Puebla. 

En-1964 se crea el Laboratorio de Obras Civiles de CFE la sección de 

Mecánica de Rocas. Actualmente este laboratorio recibe el nombre de 

Subgcrencia de Ingeniería Experimental y la Secci6n de Meclnica de 

Ho::as 6e inserta como oficina del Departamento de Geotécnia. Hasta 

z¡hora. es la dependencia con mas recursos t~cnicos y humanos para 

r~Rolvcr problemas de Mecfin:ica de Rocas en el País. 

~n 1972 se funda la Sociedad Mexicana de Mec5nica de Rocas que agr~ 

pa a los profesionistas especi.alizados e interesados en esta rama 

cíent'Ífíca. 

Actualmente la _Mec&nica de Rocas tiene mGltiples aplicaciones en el 

campo de la irlgenierfa, citari solo algunas de ellas: excavaciones 

··---------------·--·-·-·---···---·-----·---·-----·-------------------------------------~-~ 
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suhterrineas para Ji.v~rsos prütl6~itos tales como: ex¡Jlotaci6n de mi 

neralus, t&neles para defei1sa, tGneles para almacenamiento de petr! 

leo, ~as, armamento, desperdicios at6micos. IGneles para transparte 

de materiales diversos, t&neles para conducci6n de agua (agua pota

ble, aguas negras, residuos industriale~, d~svios, vertedores, para 

alojar tuberías de presi6n, etc.), tGneles para fines de transporte 

(trenes, tranvías, automóviles, peatones, barcos, etC), cavidades 

en zonas urbanas (estacioi1amientos, centros comerciales, etc.). 

Excavacion~s a Cielo Abierto, para explotaci6n de bancos de roca cu

yo producto serviri para diversos fines tales corno: escolleras, re

llenos para ~aporte de estructuras, ·pedraplanes, balastro, agrega

dos para concreto, enrocamientos, fachadas de casas e interiores, 

etc. Excavaciones para extracción de minerales, c~rtes para caminos, 

canales pa.ra conducci6n de agua y otros materiales, etc. 

Cimentaciones de pre~as, torres de transmisi6n, edificios y casas, 

otras estructuras url,anas, reactores, radares, puentes, etc. 

Otras ¿iplicaciones: Uso de fracturamiento l1idriulico para extracci6n 

~~ petr~leo, fracturamiento hidr~lllico para activaci6n de pozos ge~ 

t~r1ni.cos, tratamiento de masas rocosas mediante inyecciones, etc. 

---=---------· --····-----·--- ----------------------
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1.- CARACTERIZACION DEL MACIZO ROCOSO 

1.1 Ingenierfa Geológica 

1.1.1 Estudios Geológicos 

a) Estratigraffa 
b) Petrograffa 
e) Fotogeologfa y _sensores remotos 
d) Geomorfologfa 

1.1.2.Estudios Geoffsicos 

a) Métodos de Exploración 
b) Propiedades elá~ticas dinámicas 
e) Zonificación de· masas · 
d) Intemperismo y Permeabilidad 
e) Limit~ciones y Ventajas 

1.1. 3 Estud-ios Geohidrológicos 

a) Niveles freáticos 
b) Regimen del Ciclo Hidrológico 
e) Permeabilidad Secundaria 
d) Carst 

1.1.4 Estudios Estructurales 

a) Cartografiado 
b) Descripción Geotécnica 
e) Dominios Estructurales 
d) Proyecciones Estereográficas 
e) Estadfstica y Probabilidad 
f) Aplicación 

1.1. 5 Estudios Sismo.-tectónicos 

a) Tectónica Regional 
b) Estado de esfuerzos 
e) Sismi~idad Tectónica 
d) Sismicidad Volcánica 
e) :sismicidad Inducida 
f) Riesgo sfsmico 

1.1.6 Métodos de Exploración Directa 

a) Perforación de diamante· 
b) Zanjas y Trincheras 
e); Socavones y Lumbreras 

1.1.7 Estudios Para Bancos de Materiales 

a) Estratigraffa y Minetalogfa 
b) -Fracturamiento-
c) Intemperismo 
d) Técnicas de Muestreo 
e). Cubicación 

-
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1.2 Propiedades Geométrico-Mecánicas 

1.2.1 Estudios de campo 

1.2.2 Métodos fotográficos 

1.2.3 Descripci6n básica de las discontinuidades 

1.2.4 Determinaci6n propiédades índice en roca intacta 

1.2.5 Estudios in-situ 

1.2.6 Técnicas de muestreo 

1.2.7 Factores que regulan propiedades geomecánicas 

1.2.8 Criterio empírico de fallamiento. 

1.2.9 Propiedades elásticas de 1~ roca 
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Thc sut-·l!f)' ofs!Dprs an, ;'t:'ngs 

factor~s affectin.a ce1:tain f:l ~~ .. , 
b t't f\-

engineering projects ~J~-=~ 

~~:ff!ci~:!t :u cJusc ir.':>Lll.úiity of wcJk r~:.:~:' Jnd ~oi!s. 
VJ:ky t1u!~e5 (p. 76) <!re pro0~1c~J in this \VJY. and 
a.:comranicd by insubility of an adjaccnt slopz. 

For C\..:lr.1p!..:, 
tll::y mJy be 

• • L ~"'~\ ~v-
.<~~\··.· 

~~ 
8.1 THE STABILITY OF SLOPES ANO CUTIINCS 

8.1.1 CeologicJl factors affccting the stJbility of a new excavation 

The stJric conditions thJt cor.trol the initial, and also th~ !Jter, 
StJbility of a sreep face cut into soil or rock. ;¡nd which may 
Jetamine the need for sup.rort or remedi3l treoiment are os iol!ows. 

Thl! pror<:rti.:s in bulk, p.:Htil.::ul;uly tl1<; she3r st:-.::=ngth, of tht! 
m;.¡!~ri~l ,.orming the --:utting: the stJbility of a cutting in rack is. 
u<uolly dependen! on lhe O< :urrence of joints and oll:er p!Jnes of 
weJk:1ess. and on the a~ount of cohesion and the friction across 
t!ces.e pbnes. · · . 

Thc srruclure of the rO(k< Jnd soils. and spccificolly how any 
p!Ji:l'S of w~Jkness :ue orient::~.ted r~I.Jtivc to the n..:wlv exrlOScd f;:¡ce: 
for example. horizonlJi bedding pbnes in pooriy jointcj "nd,:one. 
ofren give near-vertic:d faces which or~ st:!bk, wl¡er~Js f;:¡ufts or joints 
striking p:JrJ.l!eJ to th~ ncw fJcc, 'and dipping stct:ply towards it, \Vill 
probJbly be p!Jnes of mcv~mcH or ;<otc!1ti~ll instahi~ity. 

The grouJidwJter conditions: s:l::.ir.J.tion significJntly lowers the 
strt>r~,::th o( mo~t soiis comp:Hect with thc.::ir \·a!ul.!s wilen dry. Ccrt:1in 
soils '.\'t:Jkcn lo ~ StJge whert: t;!cy run lit:e Yi~cous Jiquids. High pore 
pressur~ of ground wJt¡;-r in a byer, orina pb.ne.of weaknc.::ss,lowcrs 
frirtionJl rt:sisunce to r.1ovcrr.-:nt. (The rne...:lunism js the s2.me as 
th~t whi1.~h J!!.:)ws J hcv.:rcr:.1ft to glid.:! ov~.:r w:!tl.!r 9r bnd on a· 

hi!'!1-pressure cushion of air.) r\ drJmatic exJmplc of inSlóbility 
trigsaed by high pore pressur~ within a body of soils was !he 
Aberbn disaster in 1966, wher~ a spoil heap of mine waste slid 
downwards onto a Welsh vill::ge. 

Strcsses produccd by naturJ! loads adjaccnt to the cutting: 
;:a¡>·sidcd v:~l!cys or mounds affect the state of stress in the ground 
ncar the surf~ce, ·not only below themselves but also for sorne 
dist::nce around. This lateral change in stress conditions may be 

8.1:2 Orhcr geolog!c:~l factors CJUSÍilg instability of existing slopes 

1 An initiall;· st:~blc s!ope moy bccome unstJbl~ with the passJ¡;e of 
time bccausc oi humon ·disturb:~nce. This may consist of adding a 
frcsh loctd silch a~ a spoil heop. rcmo~in~ support by excavatiJ'g. or 
trig:;erins mov~mcnl hy ..-ibrations from ncorby heavy ·machinery. 
Thc <:ommon ¡;cologicJI .;au,~s are JS follows. 

We3thering of thc soil or rock of !he slo;>e so tlut it bccomes 
wcoker: lhis mJy offecl tho bulk of the material (for examplc, 
bould~r cL..!y) cr m:.1y be concl!:"!tdted Jlong pbnc:s in a rack. 
Chemi~J! 3lterJtion Of t'\Í~ti:1g r.1i::l.'rJ!s is in~purt::,nt unJ~r cert.:in 
conJit1ons, as is m:.:chJ.ni~al b:-..:2ktlown ia otht.:rs (pp._S0-3). Pl.:'ri
gla.:ial weathcring in Pkist0cene tin es also offects thc stobiÍity of 
some prcscnt·day cliffs. 

Erosion of the s!ope by a river or ot!>er nattH3l agent, u;.u:!lly JI its 
b~sc bu! possibly along a v.caker byer or plJne, m:;y CJ:JSe 

undermir.ing to túe p!Jce. 
Change in water content of the ;oil or rock: hea'y rzin, especi"liY. 

aft~r J droug!1t, sawrates the ;n;¡terial forming the slope, incrc;,sing 
i!s mass an<! the gavitation:!l pul! on a given volume, and élso 
reducir.g thc strength of soils ar.d the iri.:tion alor.g any dis-
continuities. 

8.1.3 Typcs of failure of soil si<Jpes 

lnstability of soils on a slop~ m ay take ene of the foliowir.g formsW 
Crecp cccurs on steep slopes :1nd produces a downhill moverr:c;H 

at low rJ!CS (less than 10 mm pcr year) of the lOp few me tres of soi! 
(se e Photo. 8.1 ). lt is facilitated by !he effects of frost, and by heavy · 
rain washing out fines from the soii. Any excavation on a slope 
affccted by creep is likdy to increase movement. Crcep may be 
recogni.,ble from disp!Jcement of fencing, or of a cover of turf, or 
by c.lr"g diccts oí strct:l under the soil. 

Flow is a rapid mcvement of waterloggcd soil, broken rock and 
mud. downh.ill, usuJI!y after prolongcd rain. 

Scree or talus slide occurs where rock fragments spall off a 
fractured ro.ck mass which has becn subjected to mechanical 
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Pho1ograph 8.1 .\!inor ri:;es on J hUI!I¡J~ p:0du.:.!J by soil crccp. (ks!itute of 
G::o~C>g¡..:Jl Sc:c:n~.:~s photcg~aph, C1333, publí$hec! by permi~ion uf the Direc· 
ter: SERC, copyri¡~t.) 

w~Jthcri:1g. T~.ey res! at a natural ang!e cf repose at the foot of the · 
slop:. Excavation at t!te foot of a scree slope or inadequate diainage, 
whkh in.:rease por~ water pressure in the mass, will lead to 
in>l~bi!itr of the slope. 

Transbtionol failure involves movcmcnt along a puticular plane of 
we"kness in th~ soils of the slope. For example, in a slope formcd of. 
a cby byer in ~nd bycrs, deteriora! ion of the shcar strength of the 
c!ay. may lead to movcment at the boundary of clay and sand. 
Failure of this type may occur with slo!"c anglcs as.low as 6 dcgrees. 

Rotatinna! slip affects c!ays or clay-rich rocks such as mudstones 
and sha: The surface of movement is curved, and is su eh that shear 

243 .;. j·-· TI: e r1abilfry o; slapcs a J-.. _ut:ings 

resistancc alung it is giw:t by tho cquJtion 

.$=e, +(o + u)tan 9, 

where o is thc stress nornJJI to thc surface, u is the pore water 
prcssure, e, is the coh.:,ion of thc c!Jy, <!>, is thc Jng!e of frictional 
resistance of the clJy atd S is the shearing resistance. Photograph 8.2 
shov·s rot"tioml slip falure in a slopo in California. 

Rotational sl'p is u;u>lly prec"Jcd. by dcve!op:o1ent of vertical 
tension cr:id:s at the t;:>p of t!1e s!ope. These cracks may re2ch a 
maximum depth of :.c"r where e is the cohesion of clay and 'Y is the 
,density of c!ay. TypicUl laboratory values formar! (a c!ay·rich rod:) 
are 

C= 2·5 MN m-2 and 9 = 42• (under dry cOn·.1itions) 
C= 2·0 MN m- 2 wrl 9 = 21• (under saturated conditions). 

8.1 '.4 Types of failurc of natural rock slopes 

!\linor rock falls are pr.Dduced by w~Jthering acting on unst:.!:Jk rock 
slopcs. The susceptibil;¡y of a ~ivcn r0ck ta weathering proccsses on 
be estimated by Jetefcini:1g its sJtllL1tion r:1oisture ..:ontl!nt ((.,) :1nd 
swclli<lg. co¿-fficknt (é";\. lgncous Jr~J hi:;h~grJ:it' tnd<:!rnorphic rvci<s 
wirh · i~ \"Jiues of less 1h~n lS- are gcr.cra!ly sJft! from wea!lh:ring 
effccrs. SedimentJry rxk'i ~!nd low-~r;.!de m~tJmorphic rocks Jre 
con~ilkred to be sdfc on slopcs i1 1!Je~r i.., values ;.ue less th:1n 3%. Jf 
expo-;('d rocks on a Qa-pe hJ\·e hi~h s~rur:.Jrian rr.ois:ure C0!1tcnts, 
th~n tt:srs sl:ouJJ he c~rri~d uut ov~r 4 ~·-~riod of time 1 und~r both 
fr~ae/thJw and wct/dry conditions. ar.d th~ir swc!li~g behaviour 
noted. Ice action is import"nt if jaints art rresent. lf the rock m:1ss 
has a low blo~k \'Olum~. thJt is, Jcss thJn O· 5 n1 1 , minor roe k i.:d!s 
m ay occur. even if the r~ck '""a low S:JturJtion moisture content. 

~bjar rack falls Usually rcsult from colbp~e caused by und~r
mining of rocks above a we.ak !ayer (see Photo. 8.3) The a¡;cnt may 
be weathering, erosion or mining. Common wc:aknesses in a rock 
mass which c:.tn !eJd to colbp~e afta we:Jthering and etching out by 
erosion are byers of e by rack, chlorite in joints and carbonJte ro~ks, 
includ ing calc:Jréous sand stones. 

T r:~nsbtional failurc along a particu!Jr plan e of weakness m ay occur 
In a rock m:.tss cut by fau!ts. master joints or stecp bedding plar.es. 

hotogr:.tph 8.4 illustrJtes s¡¡ectacu!ar s!ope failure alon¡¡ SJn A cas 

••. ·· ., ......... -.' ... ' .. -... .., . .., . 



1 .. _-

r-~ 

! .. 
t. 
r 
l .. , 

Typcs oj [:Ji!urc ú/ llti/urJI roe k slopes .J. _ .. _ 

. • 
~-

.-.. . . . 
\ .. 

·. 
·' .. ~ ... 

-. , 
- . 
' 

. ; ;,<i 

" .. 
...... 1 

_, 
-· 

.; ·"Y-~T~-
-~' • ·~ ;¡ .'-· 

-:,_ "-.:·.,;. ~ -. - ·-· .,; r'. :- . 
.-J 

~~ -,...,. 
} 
{, 

' 

rt.· .. : .-... , 

·--~ ... --·-

::. 

.~ ·. . ..... 

' t ;;. 
! 

_, 

.. , __ ·-

--·: 

,':"~ :r-1 \. -1 •. 

-, 

J 
. . J 

'· -_· 
-..;;..:{.k ] 
·._...,, -~ \i ~ 
. . t~~· •t; 

-·· 1 
~!~ 
( .. 

.. 
E 
o 
g 

<n 

250 

·-· -· ·-- . , 
. '"' · ... 

·.- ... · 

·. 

•" .. 
... . 

.· . 

t l> _. .... -~·· -. :; 

~..: J 

f-.:.:.:-..1'." 

.. --. 

. .. 

S./ Thc SIJI>ilit,l' of slu1 

·-. 

... . . 

.'-: 

. •' 
·.'· 

.·: . •'.! 

-.. , .. .;---_,-

.-_ •... 
.. . ' 

' 
_!nJ Cll/liligS 

.. -. 
·-· 

Photogr3.ph 8.3 A ma;or roe k fllt in tht Scottish Hi¡:.h!;njs menadng the We' 
ll•gl1land Rlilw>y. (ln1[itute of Geologiul S<ienc<> photo~ra¡>h. Ml'S!733(8 
pubhshcd by permihion. of thc Director; SERC copyri¡ht.) 
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Ph~Jto~raph 8A Hou!>::t¡; trJ.:t, Dlt)" City_ Californ:a, lo.:a~~d on unsr.able 
s;:ol;::d ~r: SJn ,..),~..!r.:Js F~üh zone. H.ou'Ses at tnd of :rJct tm:.:!-~ig.ht picturc:) 
r~:r.o ... ·eC .:1:·1~: j~s.!~~:u:Jn by s!ide. (Rcprodu.:ed bi' k.inj perrnissicn of US 
Gcol.::>g1..: Jl Sur"e~·. ~lento Par k, Californi.l.) 

Fault. Zone, California. The shear strength of the infill in these 
discontir.uities determines the sllbility of any slope cut in the rack 
mass. As in soi!s. th~ sheJring resistJnce along any plane is given by 
the cquation 

s~ e, +(o ~I/) tan q,, 

where e, is the cohcsion t>etween the two sides of thc discontinuity, 
o ·is.the stress acting normal.to the plano .of.discontinuity, u is the 
\ cr p:em:r~ in the discontinuity, and 9,_ is the anglc of frictir '' 
r< mee· attributcd· to thc pl:lne of movemcnt. In Table.8:1, · 

.--~.· . ··--:r- .. 

252 S./ .. ·r·.~ (r •h·/'t•· of</u''t'~~(- . Olllit:g¡ J '•L _.,u ·• ¡ .1 ~ ¡' ~ ...,. -

Ta~lc 8. A!"!r.!.::; of fr:C'ti.,:~ . .J r··•:,tJ:l.;l' {Vi Jnd u:1con!;~cd cc:--:~;·rc'>"•"'e 
Slít.:nl!th'> of '~'liH' ~o,n:~1 un t..;..:i.. t;; ;•c ... Th..: t.:..1tJ ::>:~ fr..;;n llo..::l t \'J ":0), !lo..:\;. 
ar.J Br;1y ( l'J/4) .1nd Attl"-'c!i .. uJ !-".li:ner <.1976). 

ftt,~nuJ ruct.s 

bJ"alt 
dol-:rite 
&Jt'lbro 
an.~l·site 

pu:phny 
Jiorite 
gr~ . .,itc 
s..:dimcnt:1ry ro..:ks 

· s<~nJ~tor: ... /g~t!ywacke 
sil:stone 
!:lh~k/mudstonc 

!im~stone 

Mct;~morpl;ic rock.s 
schist 

gnc:iss 
qu.trtzite 

J,¡ftf/ mJtniDIS 

cJlcite 
brc:cci.a 
ro..:k :J¡;grcpte 
sh.:dcy material 
el a)' 

--------
<)• ( Jcg) c.11 (de¡:) 

1 
J 

47 <45 

simtbr to b<~.salt 

ll-35 
40 

28-30 
30-34 

s¡:mbr to g:.ulite 
>35 )t-33 

27-JS 
43 
37 

>40 

25-H 
43 

27-32 
33-37 

nril.,k. -=HObJ bly quite !ow 
\-"Jriable. ic:ss. than quit.rtzite 
4~ 26-34 

?4 Hr;,~ (deg) 
~0-'17 

22-30 
40 

14-~~ 

t0-20 

U;:c,J,;fu:cJ · 
cv,r.pr,·un·c
S.ITtngiÍ/J (~L~ m-:) 

150' 300 
100-350 
250-300 

1 ;o ~JOO 
100-250 

~o -170 
10-1 e o 
5-100 

30-2 50 

100-200 
so-:oo 

150-300. 

v3\u~s of <:> are gi,·cn: one (9") ass~:mes t!ut the:c is some cchcsion, 
the othcr ((>" 1,) is for ~ cohcsionkss suriace. Friction ariglos for 
n1~teri: .. l!s commonly founú infilling joints Ji~ gi .... en. Js ;.:l~o ~re some 
represenwtivc v3lues of unconfined comprcssive str~ngth of rocks. 

In rock masses with discontinuitics wh!ch are not infil!cd. a slope . 
wi!l be st"ble only if the Jn~le of dip of "llY dis"ontinuities 
orieJl!Jtcd towJrJs the ~lopc is lc>s than the angk of iriction. e;-, of 
thc rack·. Water prcssurc in !he discontinuity ~¡ay reduce the safo 
slope ~nglc, Jnd must be t"ken into account. lf th~ Jn,!'k of dip of a 
discontinuity is greatcr than the ansle of friction, the slope will only 
be stable if .there is sorne cohesion, lh3t. is. if C has a value greater 
than zcro. _ 
. tf the discontinuities ~re jnfilled ;with a weak m a\~ '•su eh as clay, 
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~tJb:::ty of J sL>p..:: 1n ,u ... ~r. :.r ro.:K 1\LJ:-.'\ wilf dt·¡~t.:nJ on it~ ~h:.:.:r 

~t¡c;~;th. !f a r.c~k mJ::."- ..::~).-, ,;..,:-. r,f .:!:1.:rn.Jt:r.~ l:Jj'l'f:) c·f ~!ro;¡g Jnd 
w.:.1k roc~s. k~b i11 ~i::t ..:. :~J in th~.: !.1i.n;i.J.l<ny J!l' ;H..·..:c.'is:.::z-y 10 

J:.:~~.:r:ai~c wl;...:ti:.:r Í.Jibr~ ::- l;k..:l~ tu u .... · . .,:;.;r lh:c::u~ ..... · or ~h..:-~r f:J!1urc 

in lh~ we:.:k b:.mds, or P~..:.JUS:: of ~liJing :.dC~Ib th.: l;..:dt.ling pbnt:S. if 
they <.!lp >tc~ply. 

Rutltiono1 fJi!urc ocet:rs" hen th~ ;tres,cs gcncratcd by gravity on 
ro.:k~ n~.:ar th~ slope ex c..:~!~ t!..,c inhrr(·t~t strcngth of thc rock mJss. It 

· may he accor.1pJ~icJ hy :r:m,btionJI fJi!ure. Thc extra loJd of a 
·,poi! hcap may tri~g<r b'lurc of this typc. 

Crcep foibrc take; plJéé w!>cn ccrtain rocks. such JS clays, obsorb 
W;,¡h:r. '\Wt"ll. ~lowly Ceio~m :Jnd r:'!O\C dO\V!1hill. lf th~y :.HI.! ovcrl.:lin 

by :J mor!! ~tabk. ~tron~r.:r,by~.:r. tr.1ns.b!iunJ.l f;.:.i!urc.nuy L.tke pb..:;e 
a long thé be<l,d ing plan~· b.:t wccn t!lem. Cambering (p. 7 6) is 
proJuc~J in this way. 

8.1.:i Stlhi!isation of s!opes 

Full ;,ccounts cf slope stlbiiisation methods can be found in 
JJvJnced texts such as r\ttewel! Jnd Fatmer ( 1976). In brid, the 
three common measli.rt::s t;.:kl'n to prC\'ent slope failurc ar<! as fol1ows: 

!al The 'tope is moJif:e.l b~· rer:ooving m:J!~rial from the potentially 
~:rive pJrt of thc ~lop~ JnJ ~JJ1ng it to thc 'tcc' of tbt slope. 

(b: Thc: slop.: is d~J::~::J to reduce- loJd :mJ in,;n:a~~e ~trcngth or 
frictio~JI forces by mcans of trenc!>e> filld witil rubble. 

(ct Th:: slop~ i~ ~u;~ro:IeJ hy a rct~ir.ing w:1!l or by '-·:nu~?dded piles 
\vhl..:-h :.Jrc an.:;;or<:J ta the ro.:k ma~s. Tlle soil ;.~nd rack behind 
the wa!i must be Jrained. 

8.1.6 Case history: the Kishom Dock exca,·Jtion, Wester Ross, 
Scotbnd 

Sl)!lle of the !Jrgt!st ~XCJ\'Jtións of solid rocks r.ude in the UK in the 
19'0s were in the co~rsc of prcpJrJtion of sites at which oil pro
dltét>on platforms could be co~structed. Kisllorn Dock is J si te of this 
lyp~ excavated cntirc!y in Torridonian sedimcntary rocks (p. 104). 
Tf>c dctaikd sectio:> of thcsc strata at !he site is shown in Figure 
8.1. The JCkose (gmstoae groupl ba~ds are un"itercJ, but t.ile thin 
,JlJI)' lay<rs .:ontlin som~ ..:h1orite prodo¡cc•d by vcry slight th~rma! 
mctamorphism. The,;e·strata dip at an¡;lcs rangin¡; betwcen 13° and 
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fi¡ure 8.1 Sé:ction thrC'u~h Torr:~on::!:"'. s~_c:m~;.:s Jt K:~~.v:r. D.:>.:k. Fir,ure 
8.:~:gives precise loclt:c:". d ~~.:tic~. Tl-::: ~oc',...s :.:--:c::..:,!c :e·! cc.l;~::-g:ai::'"·d ~~~eses 
(gritstor.c f:roup) v.:1~h inter.:J:ltd &JUn b:m::!s of c::l.:;;:i:t:. Thes.: b~n.:!scv:n;:Jrit;.e 
S:"o of thc tata: voiu:n( o( thc: Í'.:>ck. 

21• to t11e SW. and h~'C ~trikes of hetween 1'315 'r.d :\330 (Fig. 
8.21. The bedding p!Jne dJs,·ontirn.Htics present irttk problem of' 
i:h\abiiity in a \'~rt:cal cut, b.:t :~ ... :rt: is J!so 3 ~-:e~:~<.! :~;:r.rt:!:-.t ~('t of 
dis;.:o;,tintútJ('S w~;i..:h str.~~e ru::;::l~· ;-..!r..:!k! to t:·.t: i1i~:-.~:\~ f.J.('..:. 0:- th\! 

cxcovation. and dip stocply (Jt :obout 65' l in· t::>wJrd$ it. T"bk 8.2 
gi\'es ·dJta on all r:te discontil:uiti.:s pres~~t. They ~re- s:r.al1 rev~rsc: 

faults~ whi..:h ::ne St!condary fractures relJLed to th~ Ki)1:orn Tf'Just 
pbne. This is not present al Kishorn Dock, bct crops out nearby. 
Bdore erosion to prcsent land surfJcc levcl, it lay a fow ~undred 
.metres above th~ rewrse f:>ults secn in the Dock. The r<btionshi~ of 
thrúst and minor faults be1ow it is a familiar mode1 in s:rJctural 
geolof:y. and tho pattern could have been expected at the stage cf 
preliminory invostigJtion. 

Th~s~ di .. contir.ui!i:."s and th: broken rock aójJ(:ent to thi!m make 
the red< m~~s :H K:~!~úU) D0c.'t. ín:.ü::¡r.,..z~n~r .. u:.. ;,' .. t'!flti::1>¡ t.:!'".-,!~,.,~~ 

in vertical cuts. :md ::lwkward to eXC3\"J1e. For ex;:mple. a nat nvor ís 
an essentb1 feature for a d0;<;k of this rype. bct one which was 
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Fi¡u.rc 8.2 ~!lp of ti': e Kist'.o:--!1 Dock exc.a~t.:. : .... 1howing tht main díscon· 
tinuitiei, anda :.So the beddir.g pl.lna of the rocks 

Tablc 8.~ 
--r--------
..4 f;/; ::.r. iinl.tit:"~J /b(ddfr.g ¡. ';r,.. .. J· 

tS) s;ncio~ v.via:-.le (see s.ection) . 
(;:) lib~:t J:sccn~ir.uity, rO\.:&h irregular sur~ace/no ~ater flow 

. td) 330" ¡:o• SW (dip \'Uilble betwoen 13 and 21 ) 

B du.:ontinui!!'ts (ut of pJrcUel [aults- vtry rart) 

(b) 'oc:y wi..!dy spa~cd 18m . . . · 
(e) opcn dis.:ontinuity 10 mm, smooth w1th shckens:des/no 

'oi.'Jter flow 
(d) o: s• to OJO" 160" to 80° NW 

C dfsconrfnuitits fjofnl Stt) foJJr.d in lOUth tXttJ'VatiOtr 

tbl ve')" "·iddy spced 1 S m 
(e) opt:n dis:ontinuity. smooth surfacefno water !low 
(d)090"/40" S 

',., •••• 1 .: .,. ,< 
'1 ·: ,_. .... :..;: ......... J\ .·.clcr 

;~:f(:...:ult t,.J J<..:li;,."o~..· .:) Jl'.l'·...... ...!·_~1\·::·. :·~·:·-.'· .. :...! tq ~-_,~·:; .. ~ t~···! 

f::h:tufl.:d /Oii:..:'> ;·,í;._·k~· .. :nt:.t!!y.' .. :· .• ! ~_).,~·r:\:...:\.!k~ l.:)..:..:;~):. i: ..:!..;:·) 

p;-ov~ú J:fft.::;..lt lu b!.1..,t <.:k:!I1-:Lt;;~lu! 11 ... ::1-..·:;(\ en fhe t.'\C--:'..Jk-J f¿.::e. 

and rJi\·.:J thc iflll)t.>rt:tn! tHIL'StiP:! c.f whJt Jr. .:!:.: of :-.~ní'e \\.15 nc"".:~J 
l • ~ . 

to tnJkL· thcm ;-..:.:(~·.) On th:! wc .... t.:rn siJ.: ot' thc I!'XC..t\·JtiO:l. thc ~!rlke
of tite r\!v~r\t.: f;.¡~¡lt-.; i\ t;.:ng~.-·nti:d to thr.: <.'\Ca\ ah: U Ll~c o;· t!;c Dock. 

antl lhclf tlip is away from 1hc f;~cc al stcep anglos (more lhJ:1 GS'). 
\Vht.:n bl;.¡..,tir.g took pbt'~ -th:.:n:. th~ n,:JrL':i.t Lult pl:.me to th~ (Jce 

tcnJeJ {o op(n, ~md lhc wc-d~r.: of ro;:k. bd\ve::n tl:e piJn:: J:ld · the 
fa~c wouiJ ~pall off. kJ\·ing the Do.:k fat:c with J I.!Jn~erous 

OVt.!fh:Jng. T~r.: mn~t Si:Jbk o~ck fJce th~rc \'-iO~lld PI! onc \Vit!l a low 
angk of ~lopt! (to thr.: hcrizoi~L!l): th ... ~or~tic:Jlly J s!ore ~t ri~!H a:1gies 
to thc ~n~!e o: J:~) of t!lt.: r:..:vcrs.: r~wlts (i.e. ~n ~n;ic of ~bvu~ 30-:;). 
Tl1is ~n~le would íit we!l '.vith th>! fr!ction Jngk (LJta gi\cn i:1 TJble 
8.2 lscc sandstone}. 

In prJcticc. it was not fcasibl;: becJuse of cost. .:tr:d ~~cJu~e there 
WJS irl':luffi.:ienr frt!~ grOll:ld at thl! ed~:: of ti:e ~x~J·•ation. to óllow 
th~s~ sh:.dlower-angkd bl!n:::hcs to l.e dug. ln'it~Jd. the s!o;;e a:1git! of 
thc maín ber.ch \\'as re:Juccd from \·crtical to ?Se. ar:d chJin mes!l 
WJS hung on the fJcl! to nünií:1is::- the risk from Jl~Y rack fJll. 

Subility of th~ face in 1!1~ wcm:rn pJrt of the do:k wJs cor.fc:sed 
anJ f\!'dUCt.!d by the pr('SI.!'tlCe of J!~Otllt.:r i;~~¡::or~:::nt s:.;: o[ jcints (~he 
e ioints in lig~lfC 8.:. The SJ!l!\!' COn5it!t!r.1ti0!1S r..:led cat J s!opc:!. of 
3 :·• but it was redu,;d fror:1 SO' 10 45' and hung wilh chJin mesh. 
Thesc solutions preved lo be ;¡de~uate, and durin¡: lhe firsl lwo-ye:l.! 
period ~fter conslruction, no rod:f•ll occurred. 

8.2 1\IPOü:\DED SL:RFACE \1".-\ TER: THE GEOLOGY OF 
RESERVO!R A:'\0 DA.\1 S!TES 

8.2.1 le3k3gc and olhcr consideralions 

A r~s~rYoir is m~ant to hoiJ wJter, hen.:e thc principal g.co!ogical 
crilcrion of !he suilability of a reservoir site is lhal the rocks and 
soils around and below it form an impervious basin naturally, 
wi1hou1 need of excessi\"e and expensiv~ ¡;routing of polential 
lcakage paths. Olher geological fa-:tors to consider are the 
consequence of a change in the posilion of the water table as the 
rescrvoir" fi!ls, and lhe rale al which sediment will accumulate in !he · 
r~sc:rvoir. 

Thc importan! wurces of leakai;e from a reservoir are (a· .. ~ rough 



~ .• 1· 
-. ~-. ,¡. 2S7 

¡11.':';;Jl'.J:.:!•.· ~-.,·•,,. (Í'¡' ' 1·r' ' l r - "- '-' ••· LUt':l ~:~~.-.: .:<..jU!:•."!'-., 

·r.:~St· . .'f jci.1tS. 

. (a) ~~ rc~i:~s whi~.:h hJvc t'\~,¡peJ ~·.L:ciJI cru ... _ion. ther•.: may. be a 

(b) 

• .le~ .dantk of wc .. dh~o.:r..:J ro\..-k formln); J p~.:rnh:¿j_bl~. soil. In 
gbc1;,¡t~J r.:~tons. howc\·1.!:, :-;oil~ lmu·.t notJbly bou!Ucr day) 

D1 ~Y ~orm ~ u,;.· fui imp~.:rv:ou~ -.kin un t!iL" r~~ .. :rvoir. but other · 
clc~OSilS (pJrtic~larly SJnd ~nd ~rJvd) may offcr paths for 

kJoge. flu,.~u d1anneb. infill~u wnl\ sanu JllU grave!, are 3 
poss1ble bzJrcl in both type' of rc~ion. Surcrficial u<!posirs can 
prt:sent o~!i~f probkms :J\ Wl'll. Orilt r)bS(lifL"~ the ~lnpC of the 
rock he~J s.L:rfJ.:e. PcJt mJ.y n~vour jnd colour thi.! \':atcr in the 
r~sen·oJ~. and nlJy n(.:cd lo he remov~J befare filling it. A 
chan¡;e m the water lJhle "' lile r<,~noir filb rnay affect the 
stabd1ty of scre~s anu oth"r soils on tilc hillsiJ<> an<l cause 
Lndslides. · 

Le.ik_~g~ through rock ~quikrs is controlkd by tht!ir structure 
an 1 jl) r~::1tton_:.hip to lh~ hyUrJL!li~ gr..~Ji.::r.ts protiuccd ~y th~ 
heod of water tn tite r;:w rcscn·otr. For examplc, leakage along 
tlle sar.Jstcc.~ by"r (Fi~. ii.3J would tJke piace in structure b · 
but not in a. The hydr;n:lic gr~!Jient c;lopes down from the 
re5~noir cnJ of the :h¡uifcr to iis out..:íop in Jn .dj:.h.:cnt vJllcy. 
Jf, r.owcva, tl\e W"ter lJbie in an ac;uifer. whic!J forrn> Ofl< side 
of !he re,;er;oir (Fog. 8.31. werc hi~her than the top water leve! 
of tbe irnpo~nded water. lhen now would be towards the 
reservoir. and Ihere wou!J be repknisnment rather than Je¡¡kage. 
In genera!, d:ps of the aquifer towarJs che rcservoir inhibit 

[J;f;d~f§~'&~--~-:.~L<::\:--;;;_-. -~.:....._,,_ __ _ 

r 
1 

--~i~u~e 8.3 A sandstone aquifcr (do:led) is a path of leJkab,e from the rescrvoir 
_.1. tt~ S!ru.;ture is u rtpre:otnted by b. but not if it dips 1owúds the reservoir as in 
.a. On .the left·hsnd ~idc the water table in thc aquifcr slopes tow;uds tho 
r(~CfVOlt z.n.j p:oduccs now 1011/Qrds it. 

(-

lt.:Jk¿:;f! ~dU!l~~ it. S¡~r\:;:·: .. ,;1~d s::~·;--.;_:~'> ;:1.!y b~ u::.·:ful i:1 
irh..\Í..::.~tln~ th~ poüion ~)f lhc_ w.1kr u:~k anU thc movcmcnt of 
groúnd' wJtt!r JcctiHI tb: JC')\.'f\'U!T. llh:Jlly. a rc.:'icrvoir '>hou~U bt! 

sitt.:d en imp...:rviot~'\focks o~. 11" unlY soriil.! !JyL·rS a;-\.' irr.pt:n'i('~s. 
0:1 J syndin1..! plm~in~ up::.tr~::Hn. Lim~stone, .:!r:d .to J l...:S':.lt!f 
exknt santlstone \\'Üh a c~kJrcous .:.:~.:rncnt. rr.ay prcs~nt seri.ous 
hazarJs. ·n~~ old\! Jiss<>lve,, cspc-:ially if tho water h:>s be<n in 

contacl wirh pctr. and is sl•~htly acidic. or.d lcakage p:>ths 

progressiv<ly widmo 'vilh time. The rock m ay be come cavemous 

after s~ver.1l y~ars. 
(.::} Fault zoncs filled witil pcrvious brc·ccia :>nd opcn joints rn;;y 

serve 3.S pJthClo f,n t::.Ü:Jgl.!. lf tllc trt.:m.! Jnd lo-.:Jt~on of J frJ,.:tion 
offe"rs a pos,:ib1e c'nduit thl.!n its outcrop i:1 thc: rt.·sr.:rvoir VJ.lley 
shou!d be seakd -... ~.tth grout. fractu:-t:s Jrc pJrti-::ul?riY hJzar· 
dGus if they affect calcaroous rocks and, if a ro>enoir must be 
sited on limestonr=. then extrJ effort ar.d rcsources r.1~s.t be 
spent to loca te 3nti se-;1I :11l f::mLs and maskr joint~. Jn gbciated 
valleys, incipient pucking of thc rack surface by ice has opened 
fractures to produ:c lift joints. These may be prcscr.t at clcpths 
up to 20m. 

The rocks bclow J:1J ~t thc ~id es of a J:1m shou!d form pJr.t of the 
impervious blsin togcC~er w¡th thc rcs.:rvoir Jrca, and the s~me 
geologiCJI consiJcratior¡;, Jbout a,·oiJ,ng leJkage apply to it, plus 
sorne additional criterio.. Tl\es~ include the >trength of the foun
dat¡ons Jn<! the depch to wck·h~aJ. 

Le:!~J~~ ur.d~..·r 3 cbm E•:JL!s ~o~ on~y to lo::.s of imroundcd ·.;.·.1teí 
but m.:J.y -al:io afl~~ct tl1e f..)\..:nd.Jtl·>:h by ti~e upl;ft prcHurc cf the 
pcrco!:J.ting water, and by eros ion whcre seep:lge is discharged, on the 
downstrl!".:tm side o f. the D.Jm. Progressi\·c l!rosion of \Vt:Jk rocks or 
soils backwards a!ong. .r1ow poths produces p1j:Jing, which con 
endJnger the darn. The critic"l hydraulic gratlienl at whi:h there is a 
dan~er of piping is approximately 1 in l. To lowa th~ gradi·!nt to at 
most 1 in 4, and also reJucc leakage, the flow poths frorn the 
reservoir should be increased in len;;th by constructing an imperviou> 
barrier before, below or behind the da m.' This may be an apron of 
cby on the tloor ofthl! r\!~:rvoir. a curtJin ofgrout injccteJ into the· 
aquifer bdow the dam or 3 ·wcir built on the downstream side. A 
fil!er o f. gradcd grav~l at the out le! for the seepage m ay be added lo 
prcvent w3shir.g out of fine material. · 

Large dams are almos! invariably founded on strong solid rock, 
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;..nJ tl:c tili.:kn:..·~s qf .1r:y cc·;~.,·r cf ~lllh a:a.! thr ~~:l'!~;;:i;s of th;.; rocks, 
Jl thc. dJm ~!te oHt' ¡:npor:Jnt LH.:tur::. lll p: .. ,¡)Jllllf. ;:nJ coshnb th·e 
cons~ru;,;ticn, Jr.d pc~::.:L'd} i!"! tle..,¡¡~:1iJ~r. tl1c <!,~m. The :.n.hJition:1l 
t:XC<.!VJtion rc:quir:d Jl J ~i:! o_v~:r ~ ~~!.11.:i.!l rvc~~ b~sin. compJr~..·d -.-.ith 
one o..,:cr J rock b:Jrri;!r w:--.i:ii li..:-:; J rt:w hunUreJ mctn.:s J\\-'Jy, m:.1y 
ac.!d sibnific;.:.ntly to t!H:: co~s. lt js import4ult, thc..:rcf:>rc. to \!Xplore 
thc position of rock hcad -.-ithin th~ cntirc arca of choice, ond to 
make a contour mep of rock head. The mcllwús of systematic 
explor~tion are described m Cll:lptcr 6. Sci<>mi...::-rl:frJction surveys 
shoukl be used. combin(d with borings. to define ro'k heaú, and 
rnay also be cornbined wi6 bboratory mea<urcments of specimens 
to dclineatc areas of ba~~ ira.:tur~d. or rollen rock. At thc lat~r 
stages of txploration. rock; at thc d~m sitc should be inspectcd in 
situ for wcJthering and f:·acture, by di~ging pits or by boring 
brg~·di"meta hale~. Partic::lar attcntion should be paid to mapping 
fracture~ which might beh""e as zones of sccpage from the reservoir, 
and as zones of weakncss ur>;!er and at the sidcs of the dam. 

8.2.2 Case htstory: leab~ from Clubbiedean Dam, ~!idlothian, 

Scotland 

.-'..'1 acccunt of a majar dam or of a sr~ctacular disastcr might be in· 
\Oked to illustrate thcse bl<ic geo!ogica! points. but tllis can be done 
more sir:-:p:>· by r~fcrring toa modc;tly ~<"oled problem des-:rib~d by 
Sivasubramaniam and Cana ( 1969). Clubbiedean Dam is a small 
earth dam built in 1850 which irarounds wat~r for seJ<onal storage. 
Le:JkJf:e haJ pe:sistcd O\Cr :1 lo:-:g pcrioJ, with 1!\.CP.tual!y somc local 
~olbpse, anJ visrble free no.r. into the ground through cracks at the 
bottom and sides of the de;'rcssions. The succession of strata at the 
dam sit~ (see Fi¡¡. 8.4) is as follows. 

CJrboniferous· 
0/d Red Sa11dsto11e 

·. 

(alcarcous shJleS and !hin limestones 
Top SanJstone- a soft ¡;rey limy sandstone 
Top \brl - calcarcous mudstone 
MidJk Sandstone - soft and permeable near 

rock bcaJ but otherwise well c~mented 
Midúle .~brl - calc3reous muJstone 
Bottom s~ndstone - h~rd pink SJndstone 
Basal !kds- cong!om~rate with mar! 
Lavas- impermelb!e exccpt wherejointed · 

1 
! 

W-d shJks with 1 d. f 
t:S~ cem.:ntstones 1 se 1me~:s o 

-· · C:;~:bonJicrous 
~/;F:J s;mdstv:lc ar.d ~ and Upper O!d 
k.: .• :.:~ mJrt b~ds ! Red Sandstont 
~~ con!!lome:ra1ic J fJcir:s 
~ beds • 

gcolog!c;¡,J boundarics. bro~en 
--- li-r.l!s d~notc uncert~inty 

-- r.IUtt 

15.2 /JnpouncicJ s:t\ .. " h'Jfcr 

o 8~ ~ 
~------~-------- ~ 

:ne1rcs 

Fi~ure 8.4 G~!olu¡;ica! mlp of !he ar~J around C!ubbiedc:Jn Reservoir Cfrom 
Siv;:.subr;~maniam and Carter 1969. by kind permission of the Scotlilh Jcu."'~lu/ 
Geo/ov·). · • 

' 
The impenneable cover of boulder c!ay on the reservoir site, which 

might ha,·e afforded some prote.:iion against leaka~e. had bccn 
mostly stripped away ~ither for use as fill in the <.bm. or JS a r~;ult of 
erosion. The strata ar~ fo!ded into a shJllow syncli<le, Jnd thc dam is 
founJ~d on tlle nonilern nar.k of the sync!ine. 

LeJkage and subsidence were due to seepage through the 
sandstonL·s. which had increase:l as solution ca,·iti~s formed and 
quartz grains were washed ~way. The Top Sand;tone ·s most 
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.:.:Íf-:dl.'d hy L.J~·j¡;~' . .!!;J tJ¡~,.· \~~~~~~:-.· :!:1,! i~:.Jt~ll;1; \,;;"d..,(¡);;~,_•--. \l,·,~fL' 

!>i~li!Jr!y WL'Jkt:lh.'<...l · ... ·!H:f·~· tl:r..·y .!~·: ::~·.:~ lli...: ..,:,~~ ..... :...:. j'~:l..." C.i'.''..'J ll•.lll'\ 

LOr:c rruy h:;\'C t.:\tt:n;J .. :.I lo J .k·ptl! vf:.!l::Ju! lO ;n h·:!o·.•: rutk hc:u.J. 
Dur::tt tilt: sitl..." J!l\'\..:'::l!i¿.•..!::on !•y 1:-;: .. :i f'!h J:':d hvl\..:~. tltt.::\.: w;¡'.) h>::>S of 

circubrion uf Jrilling \\.',lt..:r. 'umc ..,uJ~cn Jrops in drilling rods JnU 
poor corc rccovcry. 

Tlh.· tn:Jtmcnt uso.!U was to injn:t \.'L"llh'll[ clown .:. !in¡; of hoks to 
form a grout Lurt:Jin unL.!c:r ti;;,: p.Jrt of tlll.! tbm wh1,.•rc kak:Jgc w:ls 
t"ki:1g pb.:c. A total of JO ¡;rout !:oks. 'omc lo a t.kpth of 3 m,·some 
lo 6 m, an<.! >Omc 10 10m. wcre U>CJ. Wh.:n lhe r,·;crvoir was rcfilh:d 

leaka¡;e was only 1 ~~ of thc prcviou> amount. 

8.3 THE GEOLOGY OF Tt;:\r-;ELS 

8.3.1 Gcological consiJeralions in lunne!lin¡; 

In r~w engi!H:t:rirt~ p:GjCLb J:"..! tllC r~l~í0ilii.y. til!! p!Jnning. the 
costing, the desi~n. thl! kchniq~:L:S useJ ; . .md the nsk of st:rious 
;.¡c..;:idenr\ úuritlg. cur,st:uc!ivn ~o lkpe:l: .. k·nt 0:1 t!J¡; gt.:olo:;y of the 
sitc JS in tunndling. Thc jf¡;;.¡ i!1 w!li\..'11 :J runnd is built is Ud¡;rmint:d 
by its purpOst"

1 
but the de...::isi;.:'1 tn ~~;:!nl!l. rat!~cr th~n say build a 

briJne is influl!nced by th~ r' ~J,\i",:l ·:·:..<·~· ... :·tt~Jl d ifficu!ti~s. anJ the 
e ' . . • . - . . • ... -"..,¡ 

p"ci><: line of !he tunncl n.; '_,. ~:-> .' >i~~d by a choice of 
fJvvur; .. !lJk or Jift'í~Ldt lu¡;;Jl ~~.·o!'•;.:·.~; .:·.\: :/·.1ons. The rclative ease 

• cf extr;,¡ction of the rocJ..:s :mJ 11.~· <.. ·. • the roe k ami f~ce are 
prime factors in r:.Jt~s of pro:;r~~ · "'..!. "!lg CO'i~S. Jnd al so in 
Jc:h.'rmin!ng whetht!r a ro.:k-b0~1ng. u~achinC"..:Jn he us~d. \l,.·ht.:t!1er the 
grou:1d necds support J:ld wholh~r it i> :1ecc;sary to use cornprcsscd 
air. For exarnple, if a buric<.! chonnc! or ue<p scour on ll!e se3 Ooor, 
inf!Ilcd witll salurJted sanJ and l!fJVd, were unexpectedly en· 
counler~d. the r.sultant inrusll of water at lhe lunnel face would 

re:;ult in a scrious Jccit.lent. 
The goolo¡;ical fJclors consid~red in tun:~elling projei:ts are as 

given below: 

(a) 

(b) 

~e) 

the eJse of extraction of lhe rocks and soils; 
lhe str<nglh of the rock> a~d lile nced to support them; 
the Jrnount inaJvalen!ly ·excavat~d beyond lhe pcrimeter of 
the lunnel ou:.line (l!tat is, ovecbrcJk), p~rticularly. where 

explosivcs are u sed; 

.. 

262 

(J) tl:L: g:-ou:~J·,..::.;t~r (0:i~:itin:'i-. .\:~(t t\;.;: !11.'·.:..! fo~ ¡,~r.:in:.~,;':.!: :;r.ti 
(e) thc: t~:np\!r;:tGrc in \Cry U::..::r tur.1~::!s J;¡J thc r.c;:d for 

vcnti!JtiOn. 

The amounl, or dt~rce. of clnn¡;e in these co~diliOnl alon~ lhe 
tunnel Iinl!' c:Jn bL' a~ import:.mt in pbnr.ing, Jnd cost:; JS th~1r Jvcr:.:~e 
or maximum vJlues. The clunrc i> r<!Jte<.l to >lruclure. which ~o! 
only controls whal type of rock "prc><:n! in:. partin'l"r >e~mer.t of 
!he tunnel bul al>o ho·"' its byering :>nd otllcr aniscrrqpi.: ;'wperties 

arl! oricnt:lti.!d rc!Jti\'e to thc- tunnel f:Jcc, JnJ how \'-'C..!k.:n~J it is by 
fracture. fdt:Ji. :;eo!og!cJl CunditionS for c."XC.J\'Jlion Of J tt:nncf 3r~ 10 
encounter only onc lype of rock. ck;oi<.! of faelt zor.c,_or intrusions. 
wlli..:h is casily ex¡.;:.:vah!J but i:; s:iff ~r.ou::;h r:ot ¡o lh:CJ i::il:l~ .. L.Jtl! 
suppurt r.e:!r · the fac..-c, which iS impl!rm~Jb!\! JnJ y. hich is ::ot 
advcrsely affected on cxposure lo "''- 3y ~ ionunJte .:!!ance, 1":;< 
areas of London are undcrlain by a iayor (t;~e Londo~ C!Jy) w!:ica 
a¡:-proaches thi~ íJ~al, am! the most c-xt~nii\·~ syst(:m o! tt.:~:1ds i:l 
Brit1:n (t!te London (Jn;.k:c:rc;Jnt.! · J~d thc Lo1~Con s~..=wJ~(.! tur:.;:.:ls) 
are excavJ.tt:d paniy in it. u~iform geolo:;i.::!l conGitiG~s J!low 3 

uniform, if mod~..~rate. r3te oí prog.n:ss witilout thc troub!csome Jnd 
tim~·consuming need for clunges of techni'lucs, imbJIJ"cos in the 
effort requircd from diffcrcnt work sections, and ela!:>or:i!e and 

vulnerable arrangemcnts. 

8.3.2 !\lcthods of exc::~vation 

""" The main problem in consaucting a tunnel through no:·. tl: 1 :'"·-i~·e 
soils or wcJk ('soft') rocks ís to sepport lh< ground. ro1:·.- .. .o 
excavate it. Excav3tion is usualiy done by 2 ~oft-~round tu0n~ili:"',g 

machinc fittcd with a ro!Jry cc:tting h~ad. This may havc J ful!·iace 
rotary br~asting syslcm whicl! r~rnnins in contact w:th ti1e soil flce as 
lhe culter head m oves. Small si ices of soil are fed lhroug!1 slols into 
the cutter hcad. The working face is supporteJ by compressed nuid, 
which may be cornpresscd air, eit!1er in lhe tunncl or, wh~re a 
comp!ex machine is used, restri.:kd to lhe face uoa by a rrcssuré 

· bulkhead. The older melhoJ of having compressed air in lhe lunnel 
itself carries lhe · risk of disabililies lo workers, and requires time 
sp~nt unproductively al thc end of each shif! on dccompression. In 
recen!, 'uccessful developments. a slurry of mud and. wal<r wilh 

. lhixotropic clay added i< used a! lhe face imtead of air. The clay 
impedes settlement within lhe slurry, and tends to forro a sealing 
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c·t·e Or"t ~'te r · \ · 1 1 · J ... , ·• u •· .:e .. S l 1-.= r.U.~.- \J;";C i! •;J:l(C5, St:ppül :s :JfC insLd!cd 
f-., .• ,;"J ¡'t T'·e r .• 1 • "-'-• .;, · ·· y;:re U~L'u \;,.;p..;nu\ on !he pJ:Ii..:ui~ g..:o!ogicJ! 
cor:Jitions. 

S.J 

J iff\,.·rt.· nce in w 1 ·r 1 1 . ;..~t..: cun t:r.t c::n...: ).m~..: :1!1 otih:n\'iv.; ~tJl'k :>e!! Hit;:, 

_ n.:.:un;t:; f:fVUl!U. Un_~t~!!l;¡; .., • .;j¡.., cJn hr..: cu;l!l.OliJJrcJ Cy j;~j~·~:i~g 
chem1..:;.!!~ or .cc:m~nt 111to tl:t.:Jll, or br frt:~ling rhem. 

. . Ir. lurJ·rod·.: tunncb. thl' rcJ.;tt\r..: Jirfi:L:1ly of cxc~v;.¡ti::g, p~ir· 
IKtdar rocb Jep~ntls ¡>Jrtly on wLdhcr explosi,·~s ora· rod:-bcrino 
mJdun~ IS us.:d. Nev~rthckss. both Jr.ethotls share some importan~ 
f41c!ors. Tht.: ratc of t.'XCJVJtion in Uoth C;!Ses is i:lver~cly rd.!t~d ro 
the cru~lli~~ strl!:igth of tllt: !Vd~s. anU dir~ct!y r~b!cJ to tlJc Jf!~ount 
?f fracturmg. Whcn cxplosives are uscd, the rclations!tip to str~ngth 

• IS comp!lcoteú by !he way in which >eme weak non-brittk rocks 
such JS m:,·a·schist, rcJct to bbsr, ond do nor pul! wdl for 3 1:j•;e~ 
ch~Jrgl?: Jnd by thl! IHU\.:h gr-:atcr role [JLJt fr:.t~;turing rbrs. FrJc~ures 
ser-:-: both :.:~ p;1ths for cxpJnúir..;; gJs..:s from th~.: c:\plosivn, J:~J J.s 
planes oí weJkness along whicl1 lhe rock will part. !n rur.nel!in2. rhe 
ease of drilling shor hoks is depcndcnt on tl:e !10 ru,ess- a~d 
abnsiveness of the rock face (p. 235), and ;¡fso of the variJtion o( 

hordness witllin it, since, "' J sh"rp boun1ory bdween !:ord ond ,:>ft, 
the drtl! tenJs to be denccted. The lurJ mineral most !:~-<di' ;o ·"i.,.e 
ony rrouble is ene of thc nri<tics of sili:a, sucl1 as q:.a:tz: ilin~ or 
chert. occurring ¡JS vcins or noJular con(rt:·tions. S!~Jlcs conlJinin<' 
• o 
tr~nstone nodules CJn ;liso be ar: awkw~rJ mixture. Re!Jtiv~ly hard 
ffilOero_ls and strong rocks are often proJuced by tl:amal mc<a
morphtsm .. A \Ve u k, so.ft. CJlc3r~·ou;; s.:hist mJy b~ alt~r~d to 3 strc:1g~ 
han! CJic·llOrnfds. Tlus proved 10 (,e J significan! gcologic;l fJctor in' 

Thc princi~Jl f:.tctor confro!ling ratc of prcgrt~s and costs in 
comtructin¡; a lunncl in srrong l'hJrJ'l rocks, is u~ually relati·te ease· 
of excantion. The traúitior.:JI method is to blJ't out succcssive 
scctions of thc tunncl by Jriiling a P"tlcrn of holts in the rock, 
ch:lr¡;ing them with cxpiO>Í\'C\ ,ntl firing. The nccú for any support 
and the type of "'flport usetl are depenúent on thc rclative stability 
of the roof ~nJ w,Jis of thc u:nncl. For example, widcly spaced rock 
bolts a:1d wire mesh might be us.:J ~s a 'hiclú for small loose 
frJ¡:;:1er.ts. Jr.tf clo,el)' s;>ac"d rir.~ l'cc:o" rr.i~ht be employcd where 
there was J tl•::¡;er of a rock f~ll. This approach is still useú ior the 
mcjorit}' of .mojesr project' of unJerground cxca'·"rion, such as 
short, ll~ge-JiJmett:r r~Ji1 or hig.hwJy tunn~ls. Since tlle early 1950s. 
howe"er, th~ u~ of c.xplosi"~' bs bccn ii~creasingly replaced by 
rcck-bori,,g mJchincs f--,r cert~:n types of mujor tunncl!ing projccts. 
T~,i! rn2chines :sre heavy.and e.<:H~n~i\·e .Jnd rnJy be designcd specblly 
for one mJjor tunnel. :\bchines equippcd with s¡:eci~[ cutters 
cor.taining ..:!osd;• spJct!U tur.g\~t:n carbidc inserts sccm to be capab!e 
of tJckling roch with comprc-ssive srren~ths in exccss of 300 MN 
m ·l. 'rl1e lif:'!iting f~ct,or in design is !he strength or the cutter ctlge •. 
Tll~ Cl.:t!el"S us:;1lly weJr out ·~ur, if they mect a hard block of roclc 
during bori~g. the~· mar smosh on imp,ct. Their rate of wear and 
rep!Jcement is an important economic factor in tunnel costs. ¡ cerram hydroelectri_c projccts. where rile reserYoir is sit~J or. the high 

1

¡ ground correspondmg lo the o"t.:rop of a !Jrge granite intrusion . ..:a, 
Tun:1elling wirhin the lhcrmol "ureole tends to become increJsing!y l~ 

1

¡ 8.3.3 Com.,licarions arising from loco! gcological conditions d¡ff¡culr as the grJnile ¡~ ~ppro2 c!led. 
'In soft-rock tunr.els. heteror,eneous rock or ''ariable conditions at the Excessive case of extrJction beca use of overhelpful plar.es of 

i f•ce cah produce ~erious problems and add to costs. A boulder clay, weakness can lead to overbreak. (Fig. 8.S) and to potential rockfalls 
/ or cther .soil containing l3r~e pebbles, creates a near-impossible . from the roof. A cerrain amount of excess excJvation betwcen the 

1

1 problem for cxisting slurry-face m:.chines. Hard-rock rolling cuttcrs . . ·ideal ou:er surfoce of the lining and a pay line is ust!Jlly covered by 
.'·:w co¡:-e wi:~ hJnl boulders, but h&ve difficulty in other soft soils. A conrract, but allowance for treatin¡; any o\·erbreak beyond thJt is 

' _ mcwd i;;ce of harJ roe k and wer non-cohesive <&oil prcsents an evcn hkely lo be borne by !he contra.:tor Jnd should be ailowed fcr in his 
1 worse headache to the engineer. The variation of strength in the soi!s ·tender. Overbreak depends on !he iniensity of joir.tin¡; and the 
1 · alon¡: t!1e tunnél line should idea!ly be anticipated so !!lat appro- pre:ence of other planes of weakness. such as bedding 3110 
' priate support can be u sed while thc face is bcing excavat·=d. Inability . sch•s_tos¡ty, and also on the ori~ntation of the dominan! planes 
1 .. :o do so· C3n res u lt in ovcrexC<Jvation. Apart from tl':e obvious · ·' ·, . relat¡ve to. the_ tunnel fa ce. In general. massive uniform rock, properly 
1 ~,riations of strength among soil types (for example, betv;een b!asted, w¡ll f'.lVC a cle~n scction; well bedded. fractured rock wili givc 
1 • r..<ln 'lesivo: sand and partly consolidated clay), variation related to ?verbrcak. This is ¡;reJ!est in 'st~eply úipping byers wh~re the tunnel 
1· . sat:.a. n and porosity m ay produce significan! differerw.:s: A smal ·''· IS p~rallel t~. their strike. For examplc, th.e overbreak in :a-schists -: 

¡ .................... , .. , ., 
: :·. :~: ·: · .. 

.. ·.··-
·--. 
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f;"'ure 8 S Th -, 1 
. -~ . . e lut.l tur:r.d o~.,;t!i::e. i.\ .~how:'l hy ~he ['~ro!·. Ji Th ~ 
ce cx.: . .n . .ne<! are J!:ern.uir.· sh.d.:.i J .. t· ,...- • . -~n .ne: ._e strJta to 
anJ str•' in •. ,:, 1 h 0 Jr. '.l. o,;;; J .... tn.~c! Lm~:>W:tes.. d1ppmg ste:ply 

·"' it _;>¿,_,.e to t e- tur.n~l The a~h . .:JI amoun· p:.~Jrcd out b , · · 
~Jo~g the 1 r . .. • · Y c:xp.ostves 
- . • . r-:nes o l4'C:Jkn.:ss l:io u· .. :b::ttcd by thc: thick black líne. nus excess 
rack, C:X,_;.lVJ,ed b-eyond the pe:[C"ct se.:-t:on. is. CJUed ~verbre.aic.. 

was o!Js~r.~ed ~o vary in one tunnel from volues of 16% across the 
foltol•onol 40, alon~ ir. 

__ l'rcdictir.g. instabili;>. of the roo( or.d the nced to support and back-
1 lll ,P""s of a tunnel u e prob!ems common to botl: excavar ion by 
e~p~OSiV('S .:.Jr;J_:x~.;:v:J!lor: by 3 ro;,:J.:-boring mJc!une- as are seepa:;e, 
"'"kr:filkJ SO !oS m channds or ússur~s. swe!ling and popping rock 
~nd n:gh tempe; . .nurl!s. ' 

Exc_~ss:v~ o'·t!'rbr..-ak and the ris.k of rocJ...:fa!Js from 
most hk~ly wh~r~ lho fol!owing condilions are met; 

the roof ar~ ..:::.. 
w 

(a) at f3ult zones. ·<spccially if they contain loosely cemented 
br('cciJs: . 

lb) al dykes. n3rrower than the lunnel, which have well developed 
honzont;¡l coolingjoints; 

(e). l
1
1 syndinal_ axcs, as the t~nsional ioints developed at the hingc of 

t.te fold dn·erfe towards the tunnel, and the blocks are not 
surrorted; 

(d) at by~rs of l?osely compactcd fragmenta! rocks, such as sorne 
vokJn¡c brccc¡as; and · . . 

k) wherc thin byers of strong and )\'Cak rocks (for 1 lt · f 1. examp e, 
a aJtlons.o n11estone und shalc) are pr~scnt 31 the leve! of the 
roof, or stnke a long thc tunnel and ha ve a stccp di p. 

. - . ·--

1 [ 
. 1 • 

\\'hcrc J tunnd is hkt'li' hJ f..li!u .. v :o.i.lc,; J 7on¡; 0 \ ... ·.._·J:-..t:~...·~...; !-.•: :;n 
Jppn!ci.1hlc dt~l.mcc. Lol;:,.! .. h.:r.:t:on :-.~wulJ b:.: pv ... ·n to r.>.J!i:·:n:::; it. 
This m:.Jv l::h'l! lo ht.: dt;ll(' ;,¡th.r '-'':.;:.:.Y:.t!iÜn ":,l.Ht".>. ti ..:.,;':·-'~Jt:.}i\ :~:!S 
not r.:vl..'.akJ tll~ ... tru·.:tur~:. Í"1Jr t.:xJ.r.¡pk. thL· lCt:~tivn oí l~\·;.:ry tr:i:·:(•r 

dykt: in a J..::~.:p t•JI1ih!l 111 :1 Jr.ut:ntJinou':) J.rl?a. C.1:1:~ot ..:! .. '•..l:.-s be 
~ntidpatcd, bul thc trc•ml of tite dykc "v"rm is probobly known. Jr.d 
may be usct.l to ;¡,sess thc c.xtcnt to which lh~ dyke and tunncl line 
are likc!y to coincit.le. 

Th¿ Jtnount of s¡;cra~c into J tunnel through per\"ious ro:.:ks Jnd 
juinr~ m~y h~ J !-i~nifi(;:UH f:!.:tor in ¡J~si:;:1. It m;.:~! b~ :1~:),.:-~-::l'j f~om 

a k.:1owlcd.;e of groundw:Jtcr 'onJitions.. bulk. pt!rmc:lbi!iti..:::; f'f 1\)..:ks 
ancJ the geolo~Íc:JI ~tru~lurc. ror CXi.impl~ . ..:ry~t~dl!n\: rOI..':~S. ~u;:h JS 
gr:Jnite, g.neis~cs anJ sch:sts, ~HC typi..:::.Jily dry exccpt for nu\1.,' JlOng 
joi:l!S and [:.!ults, <!rl! rcrlurs ~t the mJ:~ins of :;:1y Uyk~~ whidl :ut 
th~m. [n .p.:rYiot..:.s rod:s, !!\·.! flow of c;ro•.:nd w:1r...·r in:v lL~ tu:-::-: ... ·1 is 
likcly to incrcJ~t!' at falilt z.one:o;, anJ ar ~y!1cli:1 .. d :!XC:i (wh:ch t·.:r.J te 
channd flow towards the tunnel). \\'ater·fii!c<.l f"s"res. e,pcciJlly in 
Iim~ stones .. prese,I 3 more s.crious hazJrd, whi..:h nH!St b! in su red· 
a~Jinst in ct>rtain p:-o_it·.: ~ ... hy prn1'Í:1f! JI::.·JJ of th~ wcrKing fJ~t: v..·::h 
S:-:"':d! horil.O!lt.d bor~o:'i:t.:>i.::;. fi;~ COil:-t.:(jUCI .. Lt!S 0!. Jr:\·Ú!~ t!·.~ !~::1::::1 

into tht: w::t :::.oils of a 'cun:J ..:iun:t::l cu1 i:t~O t:~~ sc.::J r(••::-. :;:,.: ~a 
serious thJt exploration rr.ust b\! thorough ~no<:gh !o dcEn":~H~ ro.::k 
he:1d eve!)'""''here along. rr:o~t tunne1 lincs. p:Hticu!..H!y ur.JI!r th(' ~a. 
undr.;r cstu.Jrit!s Jnd umkr -riv~rs. Depres.sions. m the rack h~aJ :>urL.:ce. 
may be pre·gbci:ll chJ1~:1ds or tr..::nches scourt:t! by strc¡:g tidJl 
currt!'nts. o:- L.ir~c- fi:i:;¡.L:&~\ k~('h~d in limc~!0:oe, '.\'hid~ luvl! sub-
s~:qutntly been infilkd ... vitil Pk!stoct.::ll! or Re::-;:r.t ':ic!'~!in:~.·:ns. In 

·are as which ha ve not be en g!Jciol!y erod~d. the b~droc~ ncar !he 
surface may be alter~d by pcri~bcial or oti:er we::t!tering, and 
consequent!y llave a pcrme,,bility ar.J strength intcrmeJiat~ b~tween 
its nlues when fresh, and those of ~ny residual soi!s fo.n-:ec from it. 

The t<mperaturcs in a tunncl, prior lo ,-entilation. occ re!Jted 
mainly to d{stJnc.: from the surface, the 'thermal conductivity of !he 
rocks and the amount of water circulating thrcugh tl1cm. !t is a 
significan! factor only in very deep tunnels. Any suúJen drop in 
temp~rature at the tunr.el face is usually _an int.lication that h~Jt ls 
being drawn from the rocks by circubtion.of w;Jter ciose to t!>.e face, 
and it may serve as a warning of a water-filled fissure anJ the thrc~t 
of a sudd~n inrush. lnflow of warm water occurr~d in tunnels 
throu¡;h the Alps. 

Át . Jepths below about. !50 ·m, the pressure of overburden 1! 
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. ~:..;c;r:1enled iOC.1!fy by :!;'pí..:.:iJ~k S:..·¡;,:o,H!,us ~(fL''-S...'S j¡¡ SQJnl! p:trh of 
tllc excJ.v.1:ion. Thc rc-::.eit.t:1t str.tin i:¡ II:L· rod.-. :1rol:nd t!J~ runnt:l 
m:..ty t:tke u-.t: f0r::l of ~\\l.;lling ln:o tillo!' ll::1¡JJ.;I ir. .... il:.!l~'i. or .~umc 
movcf!lcr:t ~1or.g beédir.~ or oth..:r.pbncs of wc~~n.:ss in brittk rocks. 
lt .mJy. howevcr. proCt.;cc cxp:osive sc;.:ling. from thc surf:.tcc of 
m~ssive briule · rocks wh1:::h cJ.nnot make su~h 3djustmel1ts. This is 
CJI!ed a rock-burst or popping rock and i.t can be l!:lZJnlous. lt is 

- probably !he cause of many of !he minor tremors generated as 
mining subsidence takes place. 

TI1e prediction of gro~nd co~ditions, lr.d how they vary "long 
!he li~e oi a tunnel, follows tire g-:neral lincs of sitc exploration 
described in Chapter 6, with appropriate emphases. Zoncs of weak
ness and perm~abi!ity - particuJJrl)' fJult zoncs, buried channcls, 
lenses of wat~rlog~ed runnin¡: SJnd, anu dykes - must be delineatcd 
wi~h espe;:ia! care. T!:e rocks in many mJjor tunnelling projects are 
Co\·~r('d by \\Jter, ~nC ~ontir.ua~s St"ismic-rcllecrion p:-ofi!ir;g cJn be 
use;! lo ad,·anro~e. TI1ere is always r.ecd for a Jine of borinrs along 
the proposed tunncl, to prove thc geolo¡:y and provide samples fo; 
physicJI mc:.~surements. As a fin:d check. test Jril!ing mJy be done 
ahcJd of the working foce by driving small hales outwarJ from the 
[J.;~ p:Jr:!lk! to the turu-:el Jx:s ·. ·,._r0nl"i:·m the progno~is, and to 
ens'.Jre Ih:Jt r.o h:.u~uds are cnc[)u:· .;:~.."; unexpectedly. These points · 
are il!ustr~ted in the case historj· \:., ·:· ,: , .. ! :~ the next section. 

. lt .· ....... , . 
Any need to chJ:-!~~ the mcthou 01- c.,é~\l"...illon or support beca use 

of an unforeseer. change of ¡;co!o~ica! ccnditions can b~ a difficult 
ond co:i~ly dc=cision for l co::~r:!ctor. The :JCCUL!te p:ediction of all 
su~h cl~J;:g;!s; b~icre ex~3VJt;an· ~t.Hts, is rnort: ·than c<Jn be providcd 

by present ex?lorolOIJ' mcthods. Sorne geo!o¡:;ical complications and 
hnJrds on!y become known as tunnc!ling proceeds. For these 
re•sons, it is ,·ery importan! that the fullest po,;ib!e appraisal of the 
geology is madc, and that exploration is nur thought to be finished 
or.~c ex~a,·ation has started. 

8.3.4 Case history: the proposed Channcl Tunnel 

The project to build a tunncl unJcr the Engli;h Channel and link 
Er.~lc~d lo FrJnce by r"il wa; shclved J< one of the cut; made in 
British pL!b!ic expentliture in thc mid-1970s. This was Jonc, however, 
al a r ·e where thc pcolo:;y of the site had bcen investig3ted and 
as""ss,_ tly members of the ChJnncl Tunnel Study Group, as part of 
a compr~t,ensive study and estímate of costs (J:454m at 1973 prices). 

·' 

~..... 
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Thc: pr0j: .. :ct -S:..: ... ·ms J. r~·;r:-•.,::.1:•\y <,rJunJ ...;:1~ in t.::-1~s. oí ~...:·.:>:~c::'iiL 
Slr~tcgy, fill..!!h.."i:d prt•:,it:-· :rn.J tt-...::1:1i .• :.:! L·.~,¡c.~Ety. fh..: pri)'::l;'.:.:ts :.1re 
cn...:cur.J~in¿; :nH..l rc.di~ti~· ~.:nourh to ;!tt~;¡('t somc pri·.-:~k c:1~·Ít.1l, :.:nJ 
lhc technl..)!ogy aln..."JJy "·xi:-.b .. Thc tunnd pro¡t:~t m:.1y b..: rt.:vJ\"I!ti JS 

economic conJitiuns a1.: impru\·ed by oit r..:\·c::'J..:s. Thr! fo~lowing 

· account is dr.:.r.wn m.Jinly .lrvm .O..:s~ombcs antl Silo.!phJ.rJ-TLo:-n 
(!971). anu from an ;h:count by llanlon (Scw Stit'lllist60, no. 867, 
October 1973). Th~..· gt?olugic:Jl invt:~tJgJtions anJ k'.lts were cnded 
out in 1964-5. 

Where thc ChJnrld mrrow>. Cr~t'c~ous Cb!k .:cops out on both 
CO:l'5:tS . .JnJ its iow J¡p'j Sl!_:!~\..'~tcd ti:.:t :t Ir.i~l:t L'e con~i~~~:ous J.~ ~!1c 

leve! of the tunne! from onc cnJ to t!:c ot!ler. The <!CO!o:;y bdow the 
Ch::1nnei for snn;c Ji,uncc on hoth sides. qf !ht: c;:Jortl!'..)t route w:1s 
reconnoitred using sh:.dlow ~t:i:;mic-rdlcction profílin~ (sp:::-kt:r) .. A 
pattern of lines, trcnding NE-SW :lt 0·5 km intcrv;.:ls,, wer..: lir.keJ !:Jy· 
12 tie lines ro gi\;-C S::!\·erJi ~lU:1Jrt:J~ of kilo::1-.:-!:es of conüm:o:.:s 
profi.e. As a con'rol on th~ int>!rpr~I~tion of t!1esc: !i¡:..:s. a::J to 
provide samplcs for testi::)!. 73 bor~holes w<re m".Je in lile sea f:oor 
and, in a1l 6 km of cor~.·s wcr~ ;(,:-Q\"~r::d. \1i,rofossils fro:n thl':n wc:rc: 
used to recognis~ fincr divisivns witllin t!1e Ch~lk . .:1nJ so ~~si'! in 
ddint.::Jting thc dt:~-ií!.:J ~tr:n.!ur<.: el ¡:¡L' !Jy~rir.~ .. L:.tl·vr.:i.ory <?~~') of 
permcJbility, watt!r cor.h.::lt. t!~r:sity ;.n~d. ~ompr~~':>i\·e strt.·!'l:_;~!l ·.a,ocre 
m:!de, plus sorne other> robted to the problems of this p>rticu\Jr . 
tunnd: for exJmpk, uitrJsonic vciocity d~t~rr.1:r.Jtio:1'i. for d~tJi!ed 
sp;uker interpre:~tion, v;.¡riJtion in clay ::~:~;.! CJlcite content, st:.ttíc 
str3in moJl:Jus and s!:1king te5tS . 

The in\·estig~Hions s!lOWl:d t!lJt ti~? Cha1k is fo!Cc::.:! g!!ntiy inio o:-.e 
.major anticline 2nd severa! k>S~r fü!Js, all treniling east-wo>t. The 
m3ximum dips, up to !5°. ar~ found on the French side. O~e faCJ!t 
with a throw of only 12m was mapped, and the few others dctected 
a~c even smatler. Tests in bor~holes auj:!.;ent to sorne of them showed 
no signific"nt increas~ of bulk per:r.<:Jbility, a1'J it is infcrred:th1t 
they are sealed by lat.:r mineralisJtion. or by clay. They do not 
represen! a serious hazard. The sea f1oor is swept by t!u~l currents 
and superficial deposits are generally thin. S•nd. migrating slowly in 
giJnt sand wa,·es, is present near the French coast. Thcre are also 
severa! deep hollows cut into the beJrock, which are fillcd with 
P!eistocene silt and sandy clay. The largest in mid-Channel extends to 
140 m ·beJow sea leve!. Fortunately, the Chalk below them is 

. unaifected by periglacial we>thering and there is more t" ·,:!S m of 
sound rock above the tunnel a long its en tire route. This b ~onsidered 
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lo b~ Jn :JÜcquJte SJfcty mar~in. Thc IJá ofwcathcring ofthe Chalk 
111 lhc boHows indicaih th;ot thc í¡¡fill of drift w3s alrcaúy prc~e!lt as. 
a rro:cctiv.: co,·cr hcforc· thc la;t g!:t,·iation (ar: :dtcrnaiivc ex
plan.,tion, which is possíblc but kr..< likcly, is that sorne of the 
ho!lows are scours cut by ~!ron¡: tiúal currcnts, whiclr hove bcen 
filkd with rccent sediment).~ 

The lowered sea lcvcls of Pleistocene times lcft the prcsent sea bed 
of the Channel exposcd to periglacbl weathering, which has 
increased thc permeability and lowercd the strcngth of the Chalk by 
breokafe and fissuring. The seismic vclocify in the weathcred Chalk is 
up to 30'} !ess !han in frcsh rock. <This effect must be :inowed for in 
ic!crpretation of the spJrker profiles.) The whitc l)pper Chalk is the 
or.iy !ayer seriously affccted. The penetration of the wcathering, 
p2rticularly along joi:-1!5. is controlled partly by the minor folds. The 
baJiy wcathered zones can admit large amounts of water to lower 
levels to produce s.erious and uncxpected water problems, but !he 
tu .. r.el line is sited safcly below alll<nown haz.ards of this type. 

The ¡oermcabi:ity of chalk is inversely rebtcd to its el ay content. A 
Channel Tunncl cut in chalk consisting of more :haa 80% calcite 
wo:;!d probably suffer serious s.eepage, and this limit was a vital 
crikríon in selecting which !ayer of the Chalk the tunncl should 
follow. The Chalk Mari. a laya up to 30m thick within the Lower 
Chatk, has a suitable permcability combined with adccuatc strcngth 
to st:pport the for.,.ard area unti!lir.ing can be installed. l! consists of 
a series of units, ea eh 0·3-·0 ·7 m thiek with cJav-rich roe k at the 

• J ..e-
rose grading upwards into purcr, harder chal k. Thc ribs of chalk give c.n· 
strength and the clay Jcts as a scalant. The permtability of the 
matrix of the Chalk ~!Jrl is nearly zero across the bedding, and !he 
efiective buL\; permeability in situ is entircly due to fissures. 
As;~ssments of strength are borne out by the fact that older tria! 
tunnels excavated in the !880s are still standing although they are 
unlined. The ea se of excavation of the Chalk Mark by rotary cutting 
mochines is shown by resulls of 30m per da y during-lrial;. 

lt is ros>ible to route the tunnel through Cha!k .~.brl for most of 
its kngth, and the m a in ge·Jiogical complications are at the coasts. 
Th~ low d!ps on thc English ~i.:le gi·:e considerable frccdom of choice 
borizonÚI!y in siting t~rminal facilities, but · the steep dips and 
norrower outcrops on thc French side are more restrictive·. unlcss a 
l'tologícal penalty i> acceptcd. For exampte, the tunncl shou!d 
nr~fenblv avoi:l \he w~ter-l:>earing sandstoncs tbt.occur bclow the 

270 

Dcspite !he or•?ful prcliminary i<wc,ti¡;ation and its f.l,ourable 
rc5ults, tl1cre is sti!J a po,sibility lhat somc watcr-fi!ld f"sures -
joints or bcdding·pbnes - have not been &lin.:atcd by .the sun·ey, 
and indced cannot he rc~o¡;niscd by pr~scnt techniqucs with 
certainty. They pr~s.:nt a potentiJ! hazard which must he insurcd 
against by stipu!Jtin;; that ,m:<ll·diametcr hales should be bored 
ahead of the tunnel facc to probc the rocks ahead. Thcse holes would 
be fittcd with valves so that they can be sealed and, if ncccssary, 
grout can be pu:np~d into any pcrvious zone they penetra!e to sea! 
it. The cost of this pro-:edurc is largely determined by time dclays 
wbcn drltling ofthc main tunnds is lulted. 

Tlie proposcd Jesign incluJcs two main traffic t~nncls 2nd a 
central s~rvicc tunnd. Thc m:1in tunnels wcre costed on the bJsis of a 
diameter of 6·85 m, which v.:ould accommodate !orries at kast 4 m 
hi:;h, loaded on raíl transportcrs. The service tunnel woul:! be 
advanced first, and borings could be m3de sideways from it to probe 
conditions along the sites of the two main tunnels. Th· n~t progress, · 
inclu-Jing lining. ·.~.·as pr0jected toO· S km per month for the scr;ice 
tunnel, and 0·75 km per month for tbe mJin tunr.els. These tstim>tes 
are bascd on an aimed excav3tion rate of 6 m per hour by the rot•ry 
boring machines. 

The Study Group also reported on the geological fac!ors rekvant 
to an alternative 'immersed tube' scheme, in which an open trcnch 

·would be excavated in the ChJnncl floor, and speciJI caissons, which 
would serve as segmcnts of the tunnd,. would b~ sunk into it. T!1e 
_topography of the sea bed is the most importan! factor in the choi.:e 
of route, and fe2sibility, of this scheme. The princip3l geolcg~~ 
consideration is ease- of excavation of the trench. lt was concluded 
·th:it no particular difficulties woutd be likety where Cha!k cropped 
.out,· but that the silt in the buried channels wou!d be liJble to 
collapse into the trench during construction. Mobile sand waves 
would also be a problem locally. Otherwise there appeared to be no 
serious problem of si!Üng up of the trench by the movemer.t of 
recent sediments. 
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INTHOOUC'riON 49 

Thc dcsign, con~truction and cvcn thc opcration 

of a dam, rcquirc thc combincd cfforts of thc gcologist and 

thc cnginccr in arder to cstablish a thorough understanding of 

thc gcotcclJnical problcms involvcd. 

In thc. past, gcologists commonly worked in iso

lation and produced tl1ick reports containing general dcscrip

tions bf thc regional topography and gcology, sorne inforroatio~ 

on thc rcscrvoir arca and the account of explorations under

takcn at thc damsite. There was little interactioti, if any, 

between gcologist and engincer and tl1e result usually.wa~ that· 

thc engincer failed to take into account important facts re

vealed by the geological survey. On the othcr hand, the geol

ogist knew little of the bcaring of thesc features on the pro

ject as ci whole or on any part~cular structure. Therefore, no 

spccial studics were performcd in time to avert a condition 

llnfavourablc either from the standpoint of economics or safe

ty. Fortunately this state of affairs has improved·as we 

travelled along a lengthy and sometimes arduous path, but much 

rcmains to be done to coordinate the joint interests of cngi-

necrs and gcologists. 
·. 

To illustratc severa! aspccts of the type of 

coopcrative cffort rcquired, the gcotechnical studics perform

ed by the Comision Federal de Electricidad (CFE) ~nd thc Ins

tituto de !ngcnicr!a, UNAM, at thc dcsign stage and during the 

c6nstruction of La Angostura Projcct will be cxamincd. 

___ ._c___l ___ ~---------·-···-----,--,-·-··-----·-------·- --------------···------------·--·--------------
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La Angostura Projcct is a hydroclectric power 

plant locatcd in thc uppcr Grijalva Rivcr, Statc of Chiapas 

(Fig 1). Thc dam is of rockfill type, 145m high; it has a 

central, inclincd clay core and pervious shoulders made of 

rockfill; .sand and gravel. The total storage capacity of the 

reservoir is 18 x 10 9 m3 , of which 7 x 10 9 are nceded for 

flood control. The spillways, two gatcd opcn channels with 

ski-jumps located in the left bank (Fig 2), are designed for a 

maximum discharge of 6,000 m3 jsec. The powerhouse was built 

in a cavern (right bank, Fig 2), approximately 22:m wide, 40 m 

.high and 100 m long; it contains 3 x 150 M\'1 units and four 

powcr transformers. The turbines are fed by lined tunnels 

6.5 m in diameter, connected to the intake works through 

·-..__., shafts. where the emergency and service gates -are installed. 

Thc river was· diverted by means of two cofferdams, the up

strcam one being 60 m and the downstream 30 m high (Fig 3) ,· 

and tviO concrete liñed tunnels, 13 m 'in diameter • . . 

GEOLOG'i. 

The upper Grijalva River flows along the Chia

pas Plateau through La Angostura Canyon, located 700 km South-

East of Mcxico City. For'a schematic prescntation of the 

~tructural gdology and tectonics of this rcgion sce the N-S 

section of Fig 4. Thc plateau is dividcd in several blocks 

due to thrust faulting and the crystaline basemcnt is under-

lain to the South by. the Pacific basaltic crust. 

----------- ·-- -·- ------------- --~ 
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In the rcscrvoir arca, thc rivcr cuts through 

stratificd scdimcntary formations of thc Jurassic and Creta-

ccous agcs composcd of limcstones and shales. Thcsc strata 

dip toward thc North-East with an average inclination of 

8 dcgrces. 

Fig S prcsents thc geology of the region bound-

ed by thc Grijalva and Santo Domingo rivers, both running in 

an almost parallel northerly direction. The map indicates the 

folding and the approximate boundaries of the different geo-

logical units that were idcntified in field inspections and by 

photogeological interpretation. The sequence of these units 

in a N-S section is attached to the above figure. The highly 

karstic stratum designated UD, underlies others of pure te 

clayey limestone; :Jt La Angostura, the latter are covered by 

reefy formations and shales. 

The structural gcology and tectonics of this 

.area is presented in"Fig 6. The set of fractures was further 

traccd and cxplored in the vicinity of the damsite, with. the 

purpose of evaluating seepage losses through the abutrnents 

(se e Fig .10) • 

Seismícity. Studics based on the location of epicentcrs and 

intensitics of carthquakes in thc uppcr Grijalva basin, indi

cate that this rcgion is very active from the standpoint of 

ocismicity. Sincc 1900 to date, 678 earthquakcs of a magni

tude cxcceding S (Richter Scale) had the cpiccnters located in 

---~-'--··- -- -·-----~~·. ---·---~-,---------····---~· . -~---. ---·----
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thc Chiapas arca*, six of them bcing of magnitudc 7 or 

grcater (Figucroa, 1973). 

SEEPJ\GE INVCSTIGJ\TIONS 

Rcscrvoir. In vicw of the geological characteristics of La 

Angostura watcrshed, permcability investigations wcrc undcr-

.takcn at the early stages of the design. These studies con

sistcd of topographical survcys, photogeological identifica-

tion of prominent fractures and faults (Fig 6) , and measure-

mcnts of water tablc levels in the sedimentary formations, 

ccvering the arca comprised by thc Grijalva and Santo Domingo 

riv<~rs. About 50 observation wells wcre drilled to depths of 

between lOO and 200 m, distributed over two arcas, El Parral 

and La Angostura, as shown in Fig 7. Over a period of· severa! 

ycars (since 1967), the water levels were determinad and cor-

n'lated with those of the Grijalva Rivcr. In general, the 

\'ater tablc rises gcntly from the river to a distance of 2 km 

im1.1rds, at which the elevation is higher that the intentad 

pool lcvcl (N.W.S., 539.50). Thus, it was concluded that a 

scepage connection with the Santo Domingo River is unlikely. 

Domsite. The selection of the damsite was influenced by the 

prescnce of a highly karstic limcstonc (unit UD) that outcrops 

in the rcscrvoir (Fig 5). In prcliminary studics, Sites I, 

IJ and III shown in Fig 6 were invcstigatcd. Site I, very at-

•Hcyion bounded by latitudes 14 and 19 degL·ces und longitudes 
90 and 9~ dcgrces (sec Fig 4). 

···-----~~------~------~·--~--~--~------·-·---------------
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tracti VC f ro m thc topographical S tandpoin t 1 W<lS ab.:mdoncd dt:e 

to the poor conditions of thc limestone in· the left abutment 

(opon fractures and solution conduito); furthcrmore, unit UD 

is only 20 m bclow the rock surfacc in the river. Site ir was· 

wcll suitcd for a concrete arch dam with tunncl spillways, tut 

it is closc toa conspicuous fault in th~ left bank (Fig E). 

Finally, Sito III was chosen for the rockfill damas enjoyir.:¡ 

bcttcr geological conditions since it is 600 m ciownstream of 

the fault mcationcd about and unit UD dips down 200 m belc·,., 

the river channcl at this point. 

The observation wells drilled at La Angostcra 

(Fig 8) allowed the investigation of drainage conditions cf 

the rock at the damsite area. Contour .lines of the water ta-

bld for t~o diffcrent dates (Oct. 1970 and Jan. 1972) are 

presentad in the above figure. Neithcr sets of measuremen:s 

reveal substantial differences with time. In the right ba~k, 
e 

the water table risos from elevation 420 (river level) to 500, 

approximatcly, at a distance of 1 km; then, it decreases t~ 

elevation 460 at 1.5 km inwards from the ri_ycr; finally, it 

climbs abruptly to clevation 595, the maximum observad at -::he 

farthest gage point. The zonc of low water elevations re-

flects thc influcncc of fractures on the drainage of this ba~k. 

Thc water table in thc lcft side of the river varíes from ele-

vation 420 to maxima of 485 and 450 in October 1970 and Ja~u-

ary 1972, respcctivcly; but, it falls to clevation 435 in the 

observation wcll locatcd 1.5 km from thc r.iver. Furthcr in-

·-------·-~---------~---·-·-~----'--'-
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side this b~nk, thc water tablc riscs again and attains eleva-

tions above thc pool lcvel (N.W.S., 539.50)• ... ··. ·.·.· • 

: ! • ': . 
w~tcr Ab~orptfon Tests (WA). Tests of this typc were pcrform-

•. 

cd in most of the borings drilled at the damsite either for 

coring or piczomctric observation. WA-values varied within a 

rangc ctcpictcd by thc examples give~ in Fig 9. Water absorp-

tions of 10 to 20 Lugcons wcrc observcd at sorne test sections, 

suggesting the presencc of fractures or solution conduits in 

thc limestonc. Howcvcr; a tendcncy of WA to diminish with 

dcpth was noted; with a few exceptions, WA was less than 

2 Lugcon~ below rivcr level. All the borings tested at this 

stage of thc geological exploration were vertical • 

> • 
.. .. : .. 

The apparent inconsistency between water table 

measurcments and the resulfs of the wat~r absorption·tests 

sommcnted atove,promoted an additional study of the drainage 
. ' ' 

conditions of the rock by means of inclined.borings drilled in 
> 1 

thc vicinity of promincnt f~actures. Each of the selected 

fractures was intersectcd by three borings at different depths 
1 > 

and water tcstcd. The distribution and valucs of water ab-

sorption did not reveal much differencc with thosc registered 

in vertical holcs. It was confirmad that one has to expect 

gr·catcr perrneabili ty abo ve thc Wilter t.able than in the decper 

st.t'ata of both banks. 
.. ·. ~· .. 

Bascd u pon the abo ve information, it was decid-

cd to l) confine thc grout trcatment of thc foundation· and a-

1 . 

1 
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butmentz to elevati¿n 400; 2) drill hales iQclined at 15 to 

20 degrces to the vertical, and J) distributc thcsc borings in 

two lincs uzing th~ split-sp~cing method. 

Scceaac Lo~scs Throunh the l\hutr.1cnts. l\ problcm posed by the 

prcscnce of almost vertical fractures in both abutments, out-

side the zonc to be groutcd, was thc cvaluation of the poten-
1 

tial seepage losscs of water around thc dam. This required a 

detailed mapping and inspection of the fractures togcther with . . 

hydraulic laboratory tests. Through thc latter it was estab

lished that Dupuif's formula was acceptable for vertical open 

channcls (fractures) of variable width with a horizontal bot-

tom (Cruickshank; 1970). 

The grid of fractures shown in Fig 10 was based 

on photogeological studies at the damsite, controlled by ex-

ploratory trenches and addits dug at severa! points. The 

width cif thc fractures and thcir probab'!e variation with depth 

was the main unknown in the computations, because of the limi-

ted numbcr of places wherc direct observation was possible. 

Tl•crefore, rangcs of width (;¡ and its cocfficient of varia

_tion (Vw) were chozen arbitrari~y. 

Expcctcd values of the seepage losses E(Q) in 

n1
3 /sec for w·ovcr thc interval 1 to 20 mm and Vw = O, 0.5 and 

3, are prescnted in Fig 11 (Cruickshank, 1970). For w ~ 5 mm 

and O <V < 3, E(Q) varics from 1 to 10 m3 /scc, approximatc-w . 

ly. Economic studics of the cffect o! water losses in the en-

. ___ L --------
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crgy production of thc power plant, showed that a maximum secp

agc valuc of 20 m3 /sec, about 7 per cent of thc average rate 

of flow of the river,· was admisible. llence, the decision was 

takcn 1) to limit the abutment trcatment to about 100 m inside 

both banks in ordcr to take care of tcctonic fractures as well 

.a5 those parallcl to the canyon devclopcd by ·stress rclief, 
• o 

and 2) to find a fcasiblc and cconomic wdy to seal, close to 

tl1e slopes, the most promincnt fractures connected to the res-
• 

crvoir. In this re~pcct, a new series ot' exploratory trenches 

and gallcries in the vicinity of scveral fractures was exca-

vatcd upstrcam of the damsite. Only the fault located on the 

right bank (Fig 10) was grout treated, as described below. 

ROCK MECH~~ICS STUDIES 

For. design purposes of the underground power-

housti and th~ stability investigation of spillway cuts, in 

situ and laboratory determinations as well as field measure-

mcnts during the excavation of these structures were undertak-

en by CFE and analizcd by J. Albcrro (1973). 

Results of laboratory tests performcd with 

5pecimcns sampled in one of the thrce borings drilled around 

thc powerhousc, are prcscntcd in Table 1. Standard deviations 

of thc porosity, unconfincd compressivc and tcnsiÍe strcngths 

... nd moduli of dcformation, show a rather high sco:~ttering in 

thcse charactcristic5 for geological formations U2 and U3 

(Fig 5), in which thc cavcrn was to be cxcavatcd • 

-----~--------- ---·---~ -- _\ ----
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Tablc 2 prcscnts average valucs of thc static 

and dynilmic moduli of dcformation dctcrmincd in two gallcrics 

dug in thc right bank, 12 m about thc vault and normal to the 

longitudinal axis of the cavcrn. Thcsc tests wcre madc with 

rigid and flexible platcs, the Goodman jack and the microseis

mic mcthod, perpendicular and parallel to thc stratification. 

Note the diffcrenccs between the values of the static modulus 

par.J.llel to thc strati.fication for Galleries 2 and 3, which 

may be explained by thc presence of fractures in the vicinity 

of the latter test gallery. Also, the ~oodman jack values are 

low; this is attributcd to fissuring around the test hole 

caused by horizontal tectonic stresses. Da•ed on 1) the dy-

.namic resultsi 2} thc frequency of transversal waves, and 3) a 

known cmpiricat correlation, the com¡mted static moduli are 

50,000 and 90,000 kg/cm 2 for thc normal and parallcl direc-

tions, respectively. Thcse values ·agree with those obtained b¡ 

mcans of static load tests. 

Stress relaxation tests were carried out in the 

powerhouse arca (Gallcry 2), to investigat~ the rnagnitude and 

direction of tectonic stresses prior to excavation. The re

sults of these meas~rements, combined with the computation of 

stresses due to thc overburden, disclosed a horizontal tecton-

!e stress parallel to the river of 80 kg/cm 2 • 

Ari cxamplc of the effect of blasting on the 

slopes of the spillway channcls is illustrated by Fig 12. Thc 

-~--L-~---- ____ :_ --- ----~--- --------------
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displ~ccmcnts induccd by the cxplosivcs (prc-split) during the 

cx=~vation werc mc~surcd with longitudinal cxtcnsomcters and 

icclinometcrs. Thc horizontal dcformations dctcctcd by Incli

nc~cter 15 (Fig 12) was of S mm, about constant for a dcpth pf 

lS m, and nil for thc undcrlying ~trata. On the dircction of 

Extensometer 22, the displaccments. toward the hill increased 

from zero to 6 mm in the first five meters from thc slope, and 

t~ercon decreased to zcro over.a length of 30m. 

Fig 13 shm.;s mcasurements undertakcn in Di ver

s~on Tunnel 1 during its excavation (performcd in two stages) 

a::d after..,ards. Displacernents toward thc tunnel in Points 1 

a~d 3 registered with longitudinal extcnsometers were B and 

5 mm, rcspectively, at the end of the first stage of excava

t~on; thcy increased linearly with time and thc effect of the 

s~cond stage is not appreciable. Furthermore, the total ver

t!cal displacement of Point 3 was 13 mm over five months of 

o!:Jservation, IJhich means a deferred deformation 1.4 times 

g::e.1ter than the ini.tial dcformation (5 mm).· 

Based on the mechanical charactcristics of the 

rock and the evaluation of tectonic stresses, Albcrro (1973) 

cdmpu:ed the dcf6rmationi of thc mass in thc vici11ity of thc 

caver!i ·for the powerhousc using thc finitc-clcmcnt mcthod. 

Fig 14 prcscnts a comparison of computcd and mcusurcd horizon

tal displaccmcnts at the end of ~xcavation; thc ratio bctwcen 

thcm is about two. J\s commentcd by 1\lbcrro, to nccount for 

---- --- ------------·---- -- -- ---------------------------
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this diffcrcncc onc has to bcar in mind 1) thc effcct of the 

blasting on thc dcformation of thc mass, as discloscd by ob

scrvations in thc spillway (Fig 12); 2). thc dcfcrrcd deforma

tions o1 thc rock rcvcalcd by mcasurcmcnts in the Diversion 

Tunncl 1 (Fig 13), and 3) that thc static moduli of deforma-

tion uscd in thc analysis was determinad ih a loading process, 

whcrcas thc strcsses around·thc cavern are decreasing upon 

cxcav;:¡tion. !!ad thc dynarnic rnoduli (Tablc 2) been used, the 

corrclation bctween measured and computad deformation·s would 

have bcen · alrnost pc~'fect • 

. The. above geotechnical studies helped in the 

planning of thc excavation and rcinforcement of the cavern, 

~nd also in the dcsign of the gate structures of the spillway • 

. . . 
DAM CONSTRUCTION 

Dcsign. Feasibility studies which included severa! alterna

tives for the dam, powerhousc and spillway, showcd that the 

most convenicnt schcrnc was that composcd of a rockfill dam, 

two gated channels for. thc spillway and an underground power

housc in the righi bank (Figs 1 and 2) • 

. The ihitially designad cross.:-section of thc dam 

is shown in Fig 15. A rather thin core of compactad soil in 

the central portian supportcd by masscs of rockfill, transi-

tions zones and filtcrs, are thc main fcaturcs of this sec-

tion; the up::;tream outer slope is 2!!:1V und the downstrcam, 
.. 

·--~-~· ~ --~---··------------------------------------~--.----------
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1.81\:lV. Thc coffcrdams are incorporated in thc dam and re-

mcval of thc nlluvial dcposits in thc rivcr channcl was pre~ 

s.:ri~,cd .J. long thc corc and p;-art of lhc pcrvious scctions. A

b:~t h~lf thc volumc of thc rockfill zoncs as well as thc fil

t~rs and transitions wcre to be compactcd in layers by mcans 

~- \"ibratory rollcrs. 

Thc use of about 75 per cent of the rock to be 

excavated !rom the spillway area, was the econornic concept of 

t~is design. The abovementioned percentage was based on the 

· xa.::-.inatio:-1 of cores obtained from borings drilled along the 

c.ri:;inal location of the spillway and the experience gained in 

r.re·;ious cuts along access roads. For reasons explained lat

er, the estimation of useful rockfill was grossly in error and 

:a~sed sis:1ificant changes in the cross-section of the dam. 

::0\:.:1d;1 t.io:: Tr·ea tment. As indicated above (Fig 15) , the design 

=alled ~or the removal of the alluvial deposit prior to the 

~la=emc:"Jt of the core and part of thc pcrvious zones. Explor

Atcry borings showed that this deposit was essentially com

?OSRd of sands and gravels, but thcre werc doubts about the 

:!ist.ribution of these soils and the possiblc ex·istencc of some 

la~·ers or lcnscs 6f silty ~aterials. Excavations in th~ riv

er-bcd (Fig 16) discloscd a mixture of sand and gravel inter

sp~rsed ~ith lcnses of medium to fine sands; no silty or clay

cy soils were found. 

Fig 17 shows the character of. the·rock·upon 

-------~·~--- ---------
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clcaning <Jnd trinuning of thc cxpo"cd surfacc. At thc bottom, 

the rock w<Js sound and prcscntcd small potholcs, smoothcd 

fractures and sorne karstic zoncs. On l>oth sidcs of thc can-

yon, thc stratification of thc limcstonc was clcarly rcvcalcd 

by laycrs of hard clay or marl, which wcre crodcd.by thc river 

to a dcpth varying from 10 to 50 cm. Wcathcrcd rock was re-

moved and the important dcfccts corrcctcd by means of dental 

VIOrk. It is worthwhilc noting that, upon finishing thc exca-

vation bctwecn coffcrdams, the total secpagc through the abut

mcnts and thc cutoff walls was less than 20 1/sec for water 

heads of 40 m {Ramfrez de Arcllano and Moreno; 1972}. 

The transversal profile of the canron shown in 

Fig 18 reveals pronounced overhangs en both sidcs and from el

evation 520 to the crest (elev. 543} the limcstonc was frac-

tured and weathcrcd. These conditions of thc abutments re-

quiied 1} the excavation of a trench to place thc core over 

sound rock, and 2) trimrning and concrete fillings to improve 

thc shape of thc foundation ~urface. The profile of this sur-

face along thc· core was recommcndcd upon studies of tension 

zoncs by thc finite-element mcthod (Covarr~bias, 1970}. 

The entire core-rock foundation was trcatcd 

with water-ccmcnt grouts injected through 2 in. borings Bm decp, 

unclcr a pressure of 1 kg/cm 2 • Grout takes of this blanket in 

diffcrcnt zones of the foundation are shown in Tablc 3. 

Doth thc river channcl and thc abutmcnts were : 

---L~-- -- ---·-·-------------~-----~-----------------
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grout trcatcd down to elcvations 360 and 400, rcspcct1vcly. 

7hiz work was conc from gallcr1cs cxcavatcd at thrce eleva-

tions (Fig 19), one of thcm below the rock su~facc at the riv-

cr channcl (elev. 369). Mixtures with water-cement ratios of 

1:1 to 10:1 by volumc, wcre injcctcd in 1.5 in. inclined holes 

cr~lled in at least two lines following the split-spac1ng 

~e~hod. A summary of this tre~tment is prescnted in Table 4. 

7he total length of dri¡ling was 48,840 m and the correspond-

inJ cc~ent consumption of 3,216 ton; the average grout takes 

r~•gcd from 0.03 to 1.73 m1 /m. From the abovemcntioned gal-

le=ies and upon finishing the grouting operations, a series of 

hcles 3 in. in diamcter at 10 m centers, were drilled to ~ro-

vide drainage • 

After·studies on seepage losses through frac-

t~res and subscquent exploration of the most important ones 

cc~nected to the reservoir, it was decided to treat the fault 

lccated in the right bank 600 m upstream of the dam (Fig 10). 

T~e other fractures explored pinched a few meters inside the 

hill or had iinperviou~ fillings. The treatment of the above-

mentioned fault was performed from three gallcries, using 

g=out mixtures injected through a series of ovcrlapping bor

ir.gs that extended from pool levcl to a few meters bclow the 

r.:. ver dc~osi t. 

The cffectiveness of the wholc. trcatmcnt de-

scribcd ~bove is not known sincc the first f1lling of the res

crvoir will start on May 1974. ,, 

----~-------····--··------- -
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Rockfill Product:ion. !Ir:. mcntioncd prcviously, the originill 

dcsigr1 of thc d¡:¡m colled for thc use of a largc il~011nt of thc 

rock to be cxcavutcd at thc spillw¡:¡y area. It should be men

tioncd thilt thc first loc¡:¡tion of this structurc was nc¡:¡r thc 

canyon and involvcd open cuts up to lOO m high.· Since this 

was.dccmcd undcsirablc in vicw of structural conditions of thc 

rock milss, the dischargc. channcls wcrc moved inside thc hill 

as shown in Fig 1 ~nd thc spillway works rcdcsigned. · The rock 

at the ncw location was cxplored Hith a limitcd numbcr of bor-

ings; no substantial differcnces between this and the former 

exploration was detec~ed. 

As the excavation of the spillway channels pro

gresscd, the output of useful rock was low and its .improvemerit 

with depth smaller than predicted. Both the useful and exca-

vatcd volumes of rockfill as a function of time are plotted· in 

Fig 20; by April 1972, the ratio of the above· volumes was 0.41. 

In addition, the limestonc was rather soft (qu < 500 kg/cm2 ) 

and it produccd large quantities of fine particles. The break-

age of rock fragments causcd by four passes of a 13 ton vibra-

tory rollcr was large, resulting in a mass of gravelly materi-

al with a high content of fines. At this stage of the con-

struction it was decidcd to changc the design of the dam by 

substituting an important amount of the compactcd rockfill 

zone for sand and gravel, borrowcd from alluvial deposits lo-

cated from 4 to 7 km downstrcum of the site. Fig 21 presents 

the maximum cross-scction of the dam as fi:1ally built; the to-

\ ·~ ' 
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tal volumc of thc rockfill placcd was 1.96 x lO' m', 54 per 

ccnt of thc material excavated at thc spillway arca. As a 

conscqucnce, the actual cost of thc dam comparcd with its bid-. 

ding cstimate incrcascd 8 pcr cent. 

· The use. of the gravclly materials in lieu of 

the r.ockfill was beneficia!. Due to the poor quality of the 

rock obtained from the reefy limestone. the deformation of the 

pervious mass induced by grain breakage would have been large, 

particularly during the first filling of the reservoir, and 

thcir effect upon the core alrr.ost unpredictable. 

COMMENTS 

a) Two problems in La Angostura Project remain uncer-

tain, i.e., the permeability of the reservoir and the rate of 

seepa0e losses through the abutments. The first filling of 

the reservoir by the end of 1974 will allow us to confirm or 

rectify 1) the conclusion about the permeability based on the 

piezometric observations in the reservoir, and 2) the predic

tion about secpagc losses through the fractures in both banks. 

b) The rcefy limestone in thc spillway arca, not detect

ed until the excavation for the discharge channcls was well 

advanced, brought substantial changcs in the construction of 

the dam. Its original desigri contcmplatcd the use of a large 

quantity o~ rock from thc spillway. Duc to the poor quality 

of thc cxcavation product, thc pcrvious zoncs of the dam wcre 

built with sand and gravel protectcd with thc best rockfill 
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obtaincd from thc ~bov~mcntioncd ~ourcu. Onc has to admit 

that cxplorution was limitcd ancl that our cxpcricncc of this 

typc of scdimcntary formation was scanty. 

el Thc gcotcchnical studícs at the sitc not only ccn~ 

tr.i.butcd to thc de~ign élf thc undcrground powerhouse and other 

appurtcnant structurcs, but also provided a bettcr undcrstand-

ing of the tcctonics and the bchnvior of thc rock ~ass upc~ 

severa! typcs of cxcavation. Furthcrmorc, the measurements in 

the spillwny and Diversion Tunnel 1 suggested the possiblc 

causes for the diffcrcnccs betwcen observcd and co~?utcd ¿is-

placemcnts in the rock around the cavern for the pc~erhouse. 
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TAOLE 1. TEST RESULTS FOR SAMPLES OF DORING CM-1 AT THE 

POWEI1110USE 1\REA 
.~ 

1 c;t N1trcb.:r -
pJrametcr Form:Hion 

of 
X o 

1 L'SI S . 
U2 44 14.1 9.1 

Porosity (n), 'Yo U3 38 11.8 .. 5.0 

Unconfincd cnrn- U2 SS 404 96 
prcs>ive ;trcn~th 

(o e), kg/CII\1 U3 S l 202 79 

T~.:nsile ~~ rc-ngt h U2 23 32.4 46 
(o, l, kg/cm1 

UJ 10 1~.9 1 1 
(llr:~zilian test) 

MoJulus of ddor- U2 27 166.3 59.3 
mation (!)). U3 19 116.5 46.7 10 3 kg/cm1 

x=avtragc value o ::standard dcvííltion · 

TABLE ·2. IN SITU MODULI OF DEFORMATION, GALLERIES 2 ANO 3, 

LIMESTONE Füf1MATION U2 (Aiberro, 1973) 

Type of Numbcr . Mean value of 
Tc;t si te test Direction of tests D, in 

kdcm1 

-· 
Galkry 2 Ri¡:id p!ate il 4 130 380 

(in a zone ~ = n cm 1 6 1 43 740 . 
Flexible 

or sounJ piJte 11 4 116 830 

roe k) 4> = 1 m 1 , 55 980 -- -
Goodman 11 6 57 500 
jade 

1 2 49 000 -
Micro- 11 1 190 000 
seismic '-· -- ----· 

1 ·l ISO 000 

Gallcry 3 Ri~i<l pbtc 11 3 17 5 :o 
(e lose toa 

.¡, = :!H cm 
1 4 4() 760 --

zonc affcct-
Fkxtblc 

11 1 54 100 
. 

plale - -· 
cJ by vertí- ~ ·= lm 1 2 ·14 R40 ---- -----· 
cal f r:lc t mes Micro~\ci~mic 11 1 170 000 

·-
D e mudulus of d<furmalion 

------------- ---- ------
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CHAPTER IV 

The Seismic Method 

l. OUTLI:\E OF THE ~IETIIOD 

. In the seismic method an dostic pulse (or lcss commonly a 
continucus elastic wa1e) is generated near the surface of the 
grou¡¡d, and the resulting motiou of the ground at nearby points 
on :he surface is dete~..~t~d by small seismometcrs or "gcophoae.s·'. 
~1easuremenls of the time interYals between the ~cneration of the 
rul:;e and its reccption a: g;.'ophones at \·arious distanccs givt the· 
'clc<ity of propaption of the pulse in th• ground. The ground · 
i:- geaera!Jy not ho.-:1vger.eous in irs cb:~tic proper.¡es, and this 
'<h;ity "ill thcrcforc 'af)· both with dep!h and laterally. Whcre 
the ~tn:cture of the ground is simple the \·a!ucs of clastic wave 
,·eJocity and the positions of boundaries bet\\een regions of 
Ji!Tering \'dccity c~n be calcul;ned from thc rneasurcd time inter
'ah. '"\'elocity" t-oundaries usually coincide with gcological 
bvundari..:s. and a cross-s~ction or: \\ hkh \·clocity interfa(:CS are 
rlott<J may therefcre rese:nble the geological cross·section, 
al~hough the l\\O ;¡re r.ot neccssarily the sarne. The seismic 
mcthod has been >pplied most cxtcn;i,·cly in the ;carch for oil, 
al;hou¿h it cannot of coursc detect oil directly, but only the ¡;eo
lo¡;ic~l ~tructurcs most favourablc for its accumulation. ln pros
pccting for o¡hc:r mir.erals the mdhod is littJe uscd. main1y 
bcc~usl! t!!C)' ~:.:n~r J.!!y O~(' uf i:1 .:1 ¡.;eologic~l context whkh is too. 

· complicated for a rcaJy in<crpr<tation of thc mcasuremcnts. This 
:k~. m.~ fa;;:tor, and the C.\pcn.;e ora ..:uO·;ention:a.l seismic survey, has 
hitherto limited the eueot to which civil en¡;inc~" ha1·c. bcen able 

66 
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to use seismic mctho.Js in site exploration. but in reccnt years 
much e.<pcrience has be~n gain<d. in sol"ing chcaply the class of 
rr,>b!em in which low-\·elocity ''soil" (u<ing this word in the engi
ncer's rather than in thc gco!ogi>t's sensc) twcrlies a hard high
wlocit)' "b<drock" at 110 gr<at depth. In site nploration. and to 
a _lesscr euent in largor-scale sci,mic work. the ,·alues of scismic 
1·dociry which are m<asurcJ are u,.ful in thcm<el\'es in thai they 
can pro\·ide a basis f,)r tstimating other rock pro~rt:es, such as. 
porO>ity. elastic constams and ·A u id content, which are of direct 
interest to the engineer, e1en th<'•.tgh vclocity ·alone can never be 
e•actly dia~nostic of a particular rock type . 

2. GENERATION ANO PROPAGATION OF 
ELASTIC PULSES 

• 

j 

The most usual way of ¡;oneratiog an artificial seismic pulse i; lo-l. 
by firing a shot of high e.xplosive in a holc ¡,mped wi:h ,•.ot"r 
wh'.h may b< as mucha; lOO ft deep. For shallow ir.ves•igotions 
smailer charges and shot·holcs only a f<w f:et deep can be used. 
and in such work it is oftcn practicable to P'Oduce a ¡:'Uise of 
adequ;o.te amplitude .. by striking w;th a hammer a steel p\o:e. 
lying on the suñace or !Jy dropping a wcight. Centinuous waves. 
as opposed ro discreto pulses of 'Cf)' limitcd durntion. can be 
produccd by various lypes of m~t.::h;mical and clcctromechanic:ll 
librators which impart a pcrioéic 1·ertical or horizontal motion 
to a limited arca or the surface. 

Howcver the pul'e (or wave) is gcneroted thc ground motion 
rccorded by a geophonc is very compl<', partly because different 
typcs of elastic wave, travellin¡¡ with ditfcrent velooities, are 
E.!n~.:r:lr.cd to~ctber, and partly b'!cat<sc eac~ of rh·c-~.e wa'le typ~ 
c;;m, by reflcc:ion-·und-·rcfra~tion at ir.t::rf:J.c1:s, fol!ow severa!.. 

. difrcrent paths to thc geophone. The seism~;¡ram or record of the 
ground motiotl produced by a short pulse will thercfore extend 
over a much longer time than rhc pul;e dur.ttion: 
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poinr S 11c.ar it> >U~fJC<- tfie. ~~1). thrcc dasric ruh~s .tr.a\el 

---·-----
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S 

ftG. 4.1. hlll fh:HII' o/ tll~ P, S ottd R "or·r '.l"i'.-, nt o timt t mJ~o/lrT tJw¡, 
iniriation ,,, 1ht point S. 

outwards at differcnt speed~. Two are body h·arrs; rhat is. they 
art: propagatcd as sjJheric:~l fronts .:~tfecied lo onlra .minor e~tent 
b,· the fr<e surface of the ground. and the third is a >wface • .-m·e 
"hich is !:onfined to lhc r~gion near this free surface, ir:; amplit~ . .Je 
falling off rapidly \\ilh depth in the body of tite medium. 

The two bodr "a'cs dirfer in that the ground motion· wirhin 
the pulse is in the direuion of propagation (i.e. radial) in the 
faster or ··r· (primar)) wa,e. bul 11ormal lo it (i.e. tangentialto 
thc puhe front) in the slower "S"" (secondary) "·ave. The stre>>eS 
in tht P wave. \\hiéh ¡_,a longitudinal \\3\e like a sound-wa\·t in 
air. are thus due to unia:dal compression~ whibt during the 
¡x\'"')<~ge of.an S ''a\ e rhe medium is su!~_i~.:ct to shear stress. The 
\Ciocitier., Vp and J's of these tvoo wa\·cs are rclated to the elastic 
cons:ants and density of the medium by tho equations 

(4.1) 

r:,=,f,'pJ (4.2) 

o o 

T!-IE SEISMIC METHOD 

where k is the bulk m0dulus (or "incompressibility .. ). n the shear 
modulus and p the density. The shear "·aw thus travels at little 
more than half the velocity 0f the P wa\e in most re>cks: tho 
uctual valuc of 1"5 .:v, can be sho,,n hJ depend onty on Poisson·s 
ratio u. (Seo ~.3.} 

The surfac~ u·act' travels mere slowly than eithcr body wave. 
and is generally compkx. In the special caso of a homogeneous 
ground which we are now consiJcri:1g. thc surface disturbJn~e is 
caused entirelv bv the wave known :lS a Rayleigh 11·are. in which · 
both vertical ;nd horizontal compc.:1ents of gíound motion are 
present. The horizontal ground motion is of rather smaller 
amplitude than the vertical, and is 90' out of phase with it, so 
that the resultan! path of an element of the medium during the 
passage of a Raylcigh wave c)'f...·le follows an cllipse lying in the 
pbne of prop:igation. The g.round motion becomcs ne¡;ligibly 
small within a distance from the free surface of the same orc:r as 
the wavelength of the disturbance. The vducity ~'• of the Ray
leigh wave is only about 10 per cent less than the body shear wave 
veiociry, the ratio VR¡' V5 again depcnding cmly on p,,jsson's ratio. 

These three wa.>es appear in order on the idealized scismogrnm 
of Fig. 4.2. wlüch is a graph of ground motion against time at 
a panicular geophone G a distance x from the ""shot-point"" S. 
The time zero is, of course. the time of the shot. and it is dcar 
that the three velocities V,, V5 V, could be found fr0m this 

l GrC•Jnó 
r m:;;:,o:-~ 

·--./Vs-

t, rnsec: 

fiG. 4.2. Jd~o/i:~d j~iJmugrum of tlrr gromul motioll "' a Ji~tutiU .\ fro, 11 
.\Otlf"C~ ill hCIIIKJyl"II~QtiS gromtd~ 
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re~.·vrd. A ~th:r d\21crmination is m a de by combining 0n a cil!l~
,fistc,,re grapl1 J.S in Fig. 4.3 the infvrmati0n frt.''ffi se,·eral geo
ph0ne~ Jt VJíi~."'us qist:tnc:.:-~ fr,,m the shot. E:!('h sc-ismogram will 
gi·.e ihr~~ tf:l\"C)-time'i f0r J p:util'ular \J)Ue 0f X. and th~ pointS 

~hL"~üld lie on three ~t~Jight lin6 pa!'sing through the '"'rigin. 1t is 
U5ull ro !Jke rh' diswnce ~,¡, <>f rhc graph ro be horizontal. and 
su the sl0r~s 0f thc graphs r.1casurcd fr0m this :nis \\ ill he equal 
10 l '·,. 1 J '5 ::.nd 1· J ·~~.. The ,·docities thcmsch·es can be quickly 
fouod by reading off from the graph the distance rr.nc!kd in. '"Y· 
10. ~O or 100 m'<c. lf dista nas are measurcd in fcer and times 
in ~\illisecOnds it is c~n,·enicnt to measure seismic ,·elocities in 
fecr per millisccond. rhar is in rhousands of fcet per second. The 
range of vclcxirics commonly encountered is 1-20 ft/ms..:. and 
co:-l\entional timir.g tquipment is capable of an accu~acy of 
:f 1 msec or !>etter. 

1 

. -.. ';; 

/ 

t H..i. -l ~- Trm t'l·timt" _waph COfl\lruch•d from a Jt"l nf uümn_qulmJ Jucfr ns thtrl 
oj FiíJ. 4.:! n:corclrd ni mriom rangt-s '· 

Jf the c;ei~mograms from a set of geophones are arranged_ side 
by (.id~'' ith ~he ir time axcs \'ertical. and separatcd by horizontal 
_di ... tan.::cc; proportional to :he actuJI gcophone scparation on the 
ground. the tra,el-time ~:-aph can'be tra<.:cJ. d.irectly throug.h the 
varinuc¡ pul~e~ arpar:ot on the ~ei5mog:rams. This has ~~r. doOc 
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in Fig. .. 4.4 for·a 'et of real seismo~ra~m obtained on ice, which is 
one of the belter nctural apprc,imations ro a homogene'Jus sol id 
medium. The slopes corresponding to the \elocities 0f rhé three 
main wave types are clearly shown. A la ter e'·cnt corre;ponding 

u .. • -

1•0 

.. 0·5 

o 

x, km 

FJG. 4.4. A s~l o/ sl'iJmos•rflms rt:corJrd on iu (f¡-o•;¡ H"fl:u,.eru gnt/ Rr.hin, 
195-f). The brok~n l!nr.r ha,·~ bun clru"" tl.roug}¡ tl•c main rn:nls rcrord~d, 
gil·ing c;pp.""o.timolt /rurcl·tinrt gruplt, fn,- llrr P. S nnJ surfou ,..·arr~. T~' 
~ruuá /in~ is dro .. , rhro11glr nn ~~ rnt "hidr crm lx: i.knrifi~d ns tlw P-wat"~ . 

uf/ul.:d f:-om rl~r h~d-ruo..J.. t~/o..,; lht ice (uc·F18. 4.9). · 
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ro a refl~ctie>n from the base ,,f the ice {Ste bclow. p. 73) can also 
be seen. 

In geophyc;lcal ptosp(~o:tin.@. as di~tinct frf\m large·~ale ~arth· 
quake ~~ismology. shear ,,a,c:s Jre not normally 0f great impor
tance. The str~" s~stem near a :>ht 1l is pr~dominantly one of 
radial compressi0n. ar.d therefore preferentially genera tes a com
pressionol pulse. When this is refrocted and reRec"d at discon
tinuities in the ground sorne transformation imo shear pulses 
occurs. but con,·entional geophones are sen~iti\·e only to the 
,·enical component of ground motion. and thi; ofren results in 
f~.:nhcr di)crimination against shcar motion. '' hich is horizontal 
f'")r pulses returned at steep angk,; to thl! surface. 1t is therefoi'e 
generally assumed in lhe first place that the e\·ents on 3 :"eismogram 
are all either P waves or surface wa\·e5, although the possitlility 
of the appe:uance of S~wa\'e e\·ent~ cannot be entirely neglected. 
\\'hen the impact of a wejght or hammer is U:i'"~d as a source, 
S \\3\es may be of much greater importance. ar.d in sorne- case<ii 
ir may be desirable to deliberorely generare S waves so that v, 
can be dercrmined as '"" os r·, {see ~3¡. In the fello11 ing simpli
fied treatment, only P wa,·es will be considered. 

Ray PJths i11 a ÚJyered ,\fedium 

A diagram like Fig. 4.1 which shows the position of the pulse 
front at a single moment of time rells us nothing about it.s pro
pagation o1·er the rest of the path be111een shot-point and geo
phone. In seismology ir is rhe travel-time o\·er this path that is 
of .interest. and so ir is more com·enienl to represen! rhe path 
by means of rays. A ray is a line which is drawn so as to be 
al11 ays perpendicular ro successi,·e ponions of rhe pulse front 
!this is strictly true only for isotropic marerials), and i> rherefore 
a path a long which the energy ofthe pub~ is propagared. iTo any 
one pul'e front thcre corresponds an infinite number of rays, but 
only a -.elected few of rh"'e are drawn on any on• diagram. which 
thc.rcfo.re gi\'e~ an incomplete picture .. More information· is gi"en 

o o 
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by a pulse-front diagram on which the positions of thc front at 
fi\ed intervals of a few milliseconds are drawn. We shall use 
eith~r ray or pu!se-front dia;rams as seems mo;t appropriate. 
sometí mes combining the two on ene figure. The rays can always 
bl! distinguished as hea\'icr lines with arrowh~ads. 

One Hori:ontallnterface 

Real inhomogeneous ground, which in fact often consists of 
stratif.ed material. i> usually be>t approximated by a layered 
med:um. each Iayer ha\'ing a constant velocity or one changing 
in a simple and regular way with depth. The interf3ces between 
the layers may be inclined ar any angle to thc horizontal and to 
each other, but rhe model can be treated most simply whcn the 
layering is horizontal. We shal! first consider the case of one hori
zontal interface al a depth h between media in which rhe P wave 
velocitics are V1 and V,, V, bcing thc grearer. Figures 4.5 and 4.6 
are ray Jiag.r~ showing. three possible paths for body waves 
betwecu a shot S and a geop!c,>nc G: we sha.ll consi<kr them in 
the order in which the rays are numbered. 

The first path (Fig. 4.5) is of course the same os the path of 
· th.t surface wave, but we are now discussing the P wa\'e Ónly, 

and trus direct wave travels with the velocity v,., which is much 
greater than the Rayleigh wave velocity V •· 

S G 

FIG. 4.5. TM ptzzlrs o/ a dirr~r rGy 1 lt·wld o/ a ra.v •2) oftlw SDmt p11M tdrkll 
is rtftuted umi rrjrar:trd al w1 inurfiltt. 

o 
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fu.; . .l.(.. (' riti<alfy "l'fro("d r'ay ,"mh 1 fu/{ finl') fmd a Ul of rays tt/ thl' .. h~·~1d 
"~f(' .. r11hC (hrCIÁt'll /in(J) .. 

Any wa\·e meeting. an int~rface betwecn media of differing 
,-elocities• is panly r<rlectcd and partly refracted. The laws .of 
re:1cnion and refta(;tiori are the same as those familiar in optics, 
so that for ray 2 in Fig. 4.5, i1 = i1 ' and 

sin i 1:1'1 =sin i,f!·,csnc!l"s Law). (4.3) 

The .. refrJcti\·e index"' ofthe interfaces is thus sin i¡/sin i2 = l'1 /~~ 
and in the case und~r con)idcrntion thc refraclion is au·ay from 
the normal. 

Tho amplitudes A, andA, of the reflectcd and transmitted waves 
vary in a comrlicuted way with the angle of incidence, but the 
rc~~cti\1n coefficient r =A,;'A¡ f<;Jr a normalfy incident wave of 
um;,litude A, dercnds onlv on thc propen:es of the media and i• 
given by 

,.,,·,-p,l', z,-z, 
r :..:: _.. -·· -·- - = ---

P: v, + p,v, z, + z, · (4.4) 

It dcpends on the .. arou.stic impedtmces·· Z1 and Z1 ofthe media 
r:.tf.c:- than Jn their veh.)citie'i alone, but d~nsily chan~es are io 
rncticc no more than ahout .!. 10 pcr ccnt, while seisr:nic velocity 

• The "\'cio.:ity d 4 mcJiurn., i~ Ü1e CUn\'Cntional · ii.bbrc\ i:t.tion. fÓr 
··\·docity with whi¡;,h sci;.mic wa\·c, are pro;t04:;Hc:d thr"u~h a ni~Ji;m¡". · 
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may chanee b} ±50 por ccnt. It is clcar that an interface with a 
good velocity C!'ntrast (strictly speaking. imredan.:e contnst) 
,,-¡11 ,giYe rise toa strong rdkdion. ar.d also tblt if Z1. is kss th:.tn 
Z1• i.~. if thc refkction is at rhe surfa~e of a )!ower medium, the 
n:O~ction coellicient is negat1rc. This simply mcans that such 
a rcflection takes ri;Jce ,.,·ith :t Ct1 mplc:re re,·ersal of phasc: a 
ccmprcssion is reflected as a rarcfaction. and ,·ice vena. Vdocity, 
dcnsity. anJ Üicídorc ac0ustic imr~dance gt:ner:Jily increasc.- '' ith 
d..::pth. so that mflst strong rcfl(:ctiom. cn..:ountcJcJ in aprikd 
geop~1ysics are po~:che. that i~. ''ithpuC ph:1-s...: 'hange. 

Tite ray 2 of Fig. -l.5 gi,·cs rise then to two rays: a ren~cteJ 
:ay returning to the surface to be rrcorded at G. anda refracted 
ray in ~ :tirection more nearly para lid to the boundary rhan "as 
the :nc!Jent ray. 

In Fig. 4.6 another ray 3 of the 'o me pulse front is drawn: this 
meets the interface at a greater angle of inciJence i, which is in 
fact so great that the refracted ray path is parallel to the boundary, 
thal is, sin i1 = 1 and so 

(4.5} 

This is the condition of critica! incidcnce and ;e is· known as 
thc critica/ angle: roys meoting the boundary with grcatcr 2ngles 
of incidence than this are torally reftccred. If V2 is less thon V1 

so that the ray pllh is refroctcd away frcm the normal thí; 
critical refraction cannot occur. 

The ray parallcl lo the 'boundary is in the lower rr.edium and 
the ray treatment alone would lead ·us to suppose that no energy 
can be rcturncd to the surfacc by thís path. 11\H'·ever, ifthc thcory 
of wave propagatic·.l with thcse looundary ronditions ¡, fully 
workcd out, it can be shown tha~ the pulse, as it tr:wels \\'ith 
velocity V1 a long the lower sidr. of the interface, wil1 g~ncra.te in 
thc upper meJium a pulse·or rather smail :lmplitude known a~ ~be 
"head wave" in which the '"Y paths are inclined atlhe se me angle 
i, to the oormal a• are the down·¡;,ing rays wl>ich are critically 
refractcd. A geophone 011 the surface al any distance greatcr 
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tha.n :.;, tan i. fr,,m S \\lllli"~ l'l1•'1l( l'f rhó~ ra)·:'to anJ ,,¡¡¡record 
th~ arri,al (lf lh~ ht.!atl \\a.,.: ~1t th~ ;1por~.,priah!' time. 

Thc!' natur~ , .. ¡' thl.' h.:;h.i ,,~,,·~ t::\11 ~ qu;dit:Jthcly unJI.!'r!'tt'"d 
if ''e!' remL"Inh..:r 1hat thl! .-.~i:-mi~ pul.;.e Í:'. ~~ rc-g.ion "'"~Ir.::'.., in the 
r~..xh.. ;1nJ th~1t a l'l.J~~ in the llm·er mt:dium wlll n~ces:-aril~ he 
~u.-~omrailh.!d n~ '"'mi! -.tre:-"e~ in tht: f';.!rt ,,f lite urrer medium 
immeJiatd~ ;..~b,n.: th~ t'-l'>unJary. Thi:' e!J~·ri~ally ~tri!'-:-~J rcgílm 
uf ~h~ ur~r m('dium tr::neh a),,ng lht: intclface \\ilh the- hl~ha 
\(kX'ity ,.: tfig. J.'if~tH. Sin~.~~ c:!a:-tk \\i.l\CS c~n tr:,,el in the 

up¡-:~r m~Jium 0nly \\ith the lo\\er '~h).:ily ,., th~ .. uuatit'n is 
5-imibr '"' rhat \\ hich 1.!\Í~ts. \\ hc:n an aiH.:r;lit or rifle: l"-L!Ikt trJ\'el
ling: at 5urer .. onic :'['('ed is 5olr~ss.ing a region \\hich menes ata 
higher ~pecJ th:Jn thJt of sound \\·a,·\!:-. in a ir. This rcsults in the 
generation of a ··:-hock "ave·· as sho"·n in Fig. 4.itb). and the 
"head \\3\·e·· can bl! thought of as its. a.nalogue. 

\." .. •,'· .. 

•• J l ...... . :: -· ·' .. 
flt .. ..l.'"'. lu• lht· f/t'''''""¡.,,, u/ u lttw/um<' /11 tllt· ¡tfl\\11.1/l' 11[11 n'}rur1~1l f'"l\a' 

a.'wl!l 11 huum/ar ; . 

Ahhouyh in calculating tht ''"'el-time nf 1he ¡>ul>c hy lhe>e 
thrce pitlh~ it ¡, l"OO\cnio:nt to r~fer to thc ray di;!gram' of Figs. 
~.5 and .t.fi, \\C can he11<r unJcr>~anu lhe proce'' of ih propa
gation by vi,ualiLin~ thc o;u,·cc ...... he po,ition'i of the pul~e fronts, 
10 \\h1ch 1he ra~\ :trc IWnnal. Pul,c-i'ront tli;.,gntm'io for thc dir(ct. 
retl!.!c.:h.:d amJ n:fr;,cteU fronh. 011\d uf the hc¡jU ''a\e. ;,m: gi,en 
in fig:. ~.JS. Thc rdlc~tcd front ha\ ht•:n 'hm\ft .on d -.,l!parate 
d1agram mc11:l) fnr l'i'-lrity: thc 1\\0 t.ktgrarn-, \\Oulú ha'c w be 

o o 
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FIG. 4 l (b) A phvtUQrupiJ oftlw .ffJIItt'll1rm tmologom .Qrllnatiou o/ 11 1hurk 
wua in,,;, ht· e1 ri/f.- J,,/1,., 1/mm St,und \\'a1.es. !h:ir Shapc and Spccd 

· by (). ('. .\lifl,..,. · • .. .,.,,illan. l'i.l7). 
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f1G. 4.~. P:du /rmrt rr:JitionJ ar ,.:¡~.~al intcnJI!. e/ rlme for {u) dlrtct and 
l(fl,·<t<·.f ;ul.<t; rh) Jirt~·t pu!Jt JJnd ufrocted ond l:t>ad wnr'!" ,.,.,/.le J. T11~ doiu·d· 
ii'1t j(li'!, p,,;,;;l I!'J .. Jr:ch tht rra1 t"l·lh•rts of .lirt'rt and hto.i ¡:uhtJ or~ t'l/flal. 
lt rfoJf1rr1 rht> l'•'/vct m riJt" criticcJI dhwnu '" from S. Tl:t ltf¡..J:and part of 
rit< .!i<~ J'll": ha; i·u1: ;i,~thtr •i11:piif;cd b_,. onlir;i,tg 1hos~ puns o/ rh~ pullt 

f,.o,.,h ~hiel: de nl'lf rro,l:1n· ··.fr~.\1 ,.,,;, aiJ" at tht s,~rfac~. 

')u¡~;.;rpv~ed to gi\e a truc picture of events. lt is dcar that ata 
g~crhur.e ncar thc sh\'t. t:;e Ji¡ect \\3\·e ·arrhes bt::fore rhe head 
,.,:a\·1!. bt..:t thJt at d¡')tar;cc-s frr:.:uc.r than a crilica/ distan~e xc thc 
hcJd wa\e. \\h:.:h no''· :--per.ds a grcater pr ..... ~ordvn of its time in 
the !1igh·,·elocity m<dium, is the fim arrivol. \Ve shall now 
di~TU''!o the ... e iJe.;~. in a mvr'! qu:.:mitati'e \\;.¡y, 

Trai·cl-tbll~ G.~uplls for a LoJyereJ ·.\lcdhom 

Sinylr Huri:untul Jn:t•rfac~ 
i 

H\1\\ •yjJ! tht• tra,·cl-ti;ne :d<"~:lg th·.:-~e thrce p~!h_~ ap¡.:,ear whcn· 
lh~y .Jr~ rloacJ agJim.t dist;,~nl:e mca~urcd :.ilvng th~ surf3ce? 
T~-11..' !!T;~ph f.,,. •h: :~;:·e~·¡ r \\ti'.'!!' ha~ ot!re.Jdy bccr. t;!\'c~n in Fig. 4.3, 
ar...! Fip.. ~.9 i!- t~:e :.or.1¡::;!,~:e gr;.~ph for thc si:1gje n~rizont~l ínter: 
fac..: of Figs. 4.~ ar.J -l.6. ignuring the ~IO\\Cr S and R waves. 

.· 
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•• l.'l 
~or, '~ 

,.... --~ 

-~ 
\ .. ~ 

1'i 

F1o. ~.?. T,.&Jr·d-limr grar!u /or J~rat, rcf.ect··d ond h.:od •lll't"S. A Jinvl~ 
hori:ontal ;ntcrfac~ al drprlt h ditid4':f an I•¡J;'U m~Jlurrr of t·docity \' 1 from o 

lo~ 'r of r~h;d1y V t· 

Jr i~ easy to sce from the ray diagram that a gcophonc: near 
tht shot-pQÍnt will record the ;;,rriv~d of the reficc:cd pul~ ;!(ter 
a time· ":.hjV1 , and alsv th2.1 at horizonta: r:1nncs ml.i.:h greatcr 
th:ul the depth h thc refte..~cd path bccomes practically the same 
as the dircct one, so that tl 1e grorhs for these two paths must.rorne 
togrther Mympiotically f0r !argc ,·alues of x. Thc actual J.n¡;th 
of thc reflected path is, in fact · 

2,,/((x/2)1 + h 2
} 

as may be scen from Fig. 4.5. and a; this is traver~cd entirt.Iy at 
the ,·elocity V,. we s<e that the time- ,'istance relationship for the 
rcftected pulse must be 

~· .... , l 1 '> _, H-l!-i + 1 
/=- v, 

- 1(·' ' 'h')"' -: ..... • ... -.... fr't (4.6) 

giving a hypcrbo1ic rclation~hip bdw_ccn x and t with the !im!ting 
bchavi~ur wc ha ve just .de,.;:rih<u for very >mall and ver¡ la:¡;c 
values of x. 
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The fl·rm ('\r th~ grarh r._,r the h~JJ. ,,:.1\t ~;an als0 be qualita
ti,dy fl'f~~ten if we rerr:emha thJt thij ,,a,·e i~ generatcd by a 
Jj .. l\JTJ:iJi1Ce trJ\·elling hl'TÍZOrlt.:llJy 3( the higher Yt(ocity J-"l and 
\\ill thad\."'TC h3\c! thi:; arrJrent \d\.,~11~ \\h!!il S<:c:n fr.-.lm the 
'urf;.1~e: thi'\ point is rr:fareJ to ;.tg:.iin In the lh!\1 ~ectaon. The 
¡_;f.lf\h v.jJI n~'l, o( ú'~UTSe. pa~S through the Drigin. :.lS does that for 
th(' Jirect ,,a, e. ~in¡,;e the wa\e is subji!'Ct toa deJa~ in tr:ln:lling 
down· to the high·\elocity refractor ;.¡nd 10 ;mother Jelay in 
returning to the surface. The;e _two delays result in an intercept 
,,n :he time a~i> ifthe graph i; produced back to x =O. One must 
re~ hu th>tthe grarh ha, no pll_rsica/reality f,,, ang!es ofincidence 

Fav. _4.10. c~onu.-rry of Ih~ path of the h~ud WCI't. 

less than the critica! angle (that is, for ,·alue:; of x Je-;s than 
:Ynan i,) as thc head wa \e. docs not exi~t o.t aH for su eh shor1 ranges. 
E\en at .;,!íg!nly greater rang:t''>. the heaJ \\J\·e will be .-.o Jelaycd 
P~ tf.-: indined parh of it~ path that it \dll arriYe ajier the direct 
\\;1\~. ;.snd (\nly beyond the critic:.:tl dist~nct: xc \\ill the hcJ.d \loa ve 
ht: ihe "first e,·cr.t recordcd on the sie\mogram. Since the head 
""'e;, usually much smaller than the dircct ware, the part of its 
trJICI·ume graph before the critica! di,tance can rarely be ob· 
~\!n cd in practice. 

The equation of the time-<iistancc line for the head ,,·are can 
be found quite rcadily by adding thc times spent on each .of the 
thrce sections of its path ( Fig. 4.10¡. · 
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Thus 

1 ,, .1 ' . 1 h 
t = -·-- +-!x- _Ir tan 1 t + -·--

l ·, .:os ;_. 1! ' vl cos ;e 

_, ( 1 tan ;¡) =-+"'Ir ---¡··: - 1'1 cos ;(" vl • 

Remembering that 

(·U} 

this t>ecomes 

.( :_¡, cos ;(" 
t=¡:-+ 1' 

z 1 

(4.7) 

That is. 

·' t =- + f¡ 
r: 

(4.8)_ 

rcprescnting a line of slope I/ V 2 and "intercept time'" r, =2/r 
cos i(",' V1, the intercept of the line on the time axis. Tne critical 
distance x, is the value of x which satisfies both this equation and· 
that of thc Mdirect wave" line t = xi V,. so that 

Hence 

'
. -¡ j¡.}__.}_l 

• e - ~· 1 \ 1' l · 

= ~~~ 
\ 

1 l ' 

(4.9) 

(4.10) 

The travel·timc equations (4.6¡ and (4.8) form the bases of the" 
sc.:ismic rejlection and refraction methods for determining the 

. depth· to an interface. Thcir use is described in more detail in 
the next chaptcr; herc we shall only draw ancntion to the fact 

~·- .... 
' ' 
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tllJt the refrJction mrtlll'd rdies ej~c!'ntially ..... n the measuremcnt 
'-'f tr~nd·timec;, ('lf the c:ulie~t arri,-ab at the g~\'phones. and is 
tl~!r('f~.'P! tl!~hnically a ~impla m:ltt~r than obsen·ing reflected 
WJ\eS ''hich occur btcr in a ~l"~mplc\ rcrt..,rd and which .:tre of 
~null amr!itude Cümr:tred \\ith the direct \\;)\'(". Thi:' is not to 
~;!y that l:uer arri,als (in r:uticular thc arri,·;.al;. of thc dirc.:t wavc. 
-~i!'y~,."''nd the critica! distan.:d ar~ of no \·alul!' in· thc refraction 
method: in fact it i~ always dc-5-Írahlc hJ identify 1h~m if p~.,ssible. 
~n.:1thl!'y r:1ay ofren ~ es.5c:nriJI hJ an unambiguous intcrrr~tation. 

T"·u Huri:ontallntcrfarr.r 

Fisure ·l.ll.s.hcnn thc rl·tll..'ct~d rJ.y r~uhs and tr:t.\·:!1-time graphs 
for a grúund with r~o·u horizontal int<rfaces. Her~ two rcRccted 
\\a,·es are possible (we are ne~fecting for the momenthmuhiple·· 
rd1e,:tivns bl!t\\·ecn the ir.t..::-fjcc~. "h:ch ~íe mcntioncd in Chap. 5) 
anJ tht minimum travcl-timc f0r thc ~ccond. onc: i:. 

~"' ~J,, ~(Ir, + lh) 1=-+-'= -
1 ·, ', r (4.11) 

This equ:aion is of the same f,>rm as equation (4.6) for x =O 
if thl! appropriate a\·eragc: \·docity Vis use-d. This is an average 
weifhted in accordance "ith the thickness of the layers and is 
g:i\·en by 

r :¡"· ''·¡ =(/¡, ... /¡,).-+--=o 
•. ' ¡·, F, 

(-1.12) 

This ;csuh is ~Js;ly gl!nera!ized if maf1y layers are prescnt,.and 
311 a\etage \"CICJCÍt)" f.' mn.y be U)Cd in equation (4.6) when X is 
~Hll~di C0r::p:.tre.J ,,;¡h JI;¡: dl."plh üf in'~~tig:-o.tion. This is almn:it 
al·.\ay:; ~o in apriíl·d refl:!\:tion \l!i ... mology. 

Tlic gra¡.""'h reprc\:.:ntin~ :he lir:it o.no:i·.-ab (fig. 4.121 no,,· consists 
of threi! br.;.nchr:s ''ho~c :..lvp~s gi\·c 1hc r .. :ciprocai:)· of the velo~ 
cities v,, v, and r,. l;sing thc metho<l by which cquation (4.8) 
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-· •• 
fiG· 4.11. Rrfluud ray p~thr rmd tmrrf.,¡,,;r grapln· u·hrn f'.t.·C' hnri:ontal 

imr•J{Ju!t are prrrrnt. 

was deri,·ed. it C"J.n be shown thatthc intercepts 11 and t, are gi,.en 
by . 

t 1 = 1.lr 1 cos i 11 .T·1 (4.1J) 
t 2 = 211 1 ces i 1 :: .. T 1 + 111 2 cos i 1 /V1 . 

In this notation an angle of incidence i,. is lhat of a ray in the 
mth !ayer which is critically refracted "at lhe base of the nth layor, 
i.e. tra,.el' horizontally in tho (n + 1 lth !ayer. This result can also 
be extended if more !ayer. are rr"'ent. 

Apparml Velociry 

Figures 4.11 ar.d 4.12 ::tJ~o s'!r\'e to illu~tralf! an important con· 
cept '"·hich is of grt1.t vs~ in di~c'Js~ing thc intr·rprc!ation nf seismic 
rcco:·d;;. th2.t of appar~-'nl •·elorit_r, \\hich is ");mp!y the ·.·ehci!y 
of a puh~ measurcd by timing its p:~!>')age- beh,{"en two c~n:.ciy 
sp~ced ¡;eophoncs on the ground surfacc. For the direct palse 'or 
in:leed for any horizontally tra\"clling pulse. the apparent \'docity 

) 
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f1G. J.l !. Hr,JJ non:• ro_1· putln and rnn-r>l·time graplts fOr lh o lrori:omal 
inrofi._,cn. 

meJsured al0ng. the ground surfacc is ob\·iuusly equal to the true 
,eJoci1y 1·,. but if the pulse frontis inclined atan anglo Oto the 
surface, Fig. 4.13 sho"s that its intersection with the surface 

G Gz 

travels a di;tance.G,G, = x "hile the pul'e moves only the sm~ller 
di<tance -'sin O a long rhe ray path R. lf thc true wlocity of the 
pul•e is V1, tht> will take a time r = x sin O¡ v,. The apparenl 

\ 
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velcx:ity measurcd. betwecn G1 :~nd G1 witl bl! v. = x/t = Y1/sin O. 
For the direct pulse, U= 90 and. a~ we ha ve already se<n. V= V1• 

For a ,·enically tra,elling pulse. >Uch as the reftected pulse (taken 
to be plane o ver a sma11 di~tan·.:e} .returning to lhe surface near 
the shot-point, O= O' and thaef.ore 1'. is infinite. Thi; simply 
e'P"'""' rhe f>ct that the pul><: arrives almost simultaneously >t 
any two clvsely spaced gcophones. The apparent velociry of lhe 
reflccted pulse become; less and less as it is measured further 
:rway from !he shot point andO increases to 90', when 1', has lhc 
limiting ,-alue V1• 

The pulse front of the head wa,·e from a hNizontal boundary 
has the form of a truncated cone with a \'Crlical axis. and in this 
special case is inclined at an ::mgle ic lo the horizontal. since its 
ray makes an angle ;e with the normal to the interface. The 
apparent velocity.of the head wave is therefore constan! and equal . 
to J-'1;'sin ic, and hecausc sin ic ::::: V1/ V1 it follows that v. = V1, 

t~' velociry of the lower medium. a result that might ha ve been 
fore=n from the way in which the head w3\e is gcnerated. 

We should perhaps here anticípate the discussion of in.teroreta
tion in the next ch.:1ptcr to thc C\lcnt of pointing out that this 
last result is true only for a fmri:omal interface or for a sc:ríes of 
such interfaces. Ifthe interface is dipping downwards in the direc
tion of propagation at an angle ~. the head "ave will be inclined 
lo the surface at an angle i, + 1. and the apparent velocity will be 

(4.14) 

"·hich is /e.u than V1 by an amount de¡;cnding on z. A dip in 
the oppositc direction '' ill clearly lead to an apparent velucity 
greater than the true velocity of the lower medium. 

The form uf iht. s~ümic Pul1t 

A seismogram is a record of the resultan! grounJ veiocity 
(generally of its \'trtical cómponent), which is due to the sum of 

· alarge number ofimpuls<:s from \\aves of difl'erenttypes travelling 

' ' 
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h~ Ji!Tcrent paths. ln ;att.:mrting: to an:tly!!~e \\ :¡r.:·s "'fa ~o;!iSm('gr:un 
it ~~ u~~f~l h' knl'"" th~ fl,rm ,,r thc \drxily impulse which is 
g~ncr~Jted hy an C\j"ll':-Í'~ :i-Pur~..·t: in h,'llhlgc:nc:ou..; grvund. sin~o:e 
~his ¡, the princir•:tl unit frl'"~lll "hi('h a ~ei:\mt'gram i~ C("~nstructeJ. 
fhe d;mic31tr,•,,;ment <'f this rr0blem is Jue lo Ricker 1.1953). 
"ho sho•-.J th3t the .. ,pike"" impube ,,f 'elocit~· (Fi¡¡. -U4(a)) 

• 

í~ 
! !o) {ti) tcl · 
~ 

(d) lt ~ 

fiG. ~.1-i. Th~ clwnyt' i1: c/¡¡~rt o/ tht' puf,~. lfl} lm,"aol•t of !JWimd n:locity 
•:<r•lr /C) thl' ¡i¡vJ: 1b1 Trt/IIÚÚull ihllflt': (e) wulld! Thr ··Ridu .. ¡;ul!.c, b .. oodcn

l•l¡i 11m/ .!ccrt'd)¡,l!f in r~mplitt,dt' •1iflt inH~1Jli11g nmyt. 

"hkh must C\ist ,·cry nc:1r to th!! so urce is transformcd in tbc e;nly 
St:!fCS. of it~ prorJ~aliun tú the ~} mmctrical form or Fig. ~.l4(b). 
This clement<try impulse. \\hich has. becom.:: knO\\n as th~ "i<icker 
\\<:.\'t:-kr"', b¿..;or:1cs bro¡¡der and smaikr in amplitude at greater 
disw.n..:es ( Figs. ~.l·Hc) and (d¡, ~¡,;' j;, e~St!lltJJII~ unahered in form. 
In the a:--,Jiysi:; \,)f \l:bínt".'grams it is neccs~Jry lO r~m~mber that a 
R;..;kr:r \\.J,\clc:t of grvunJ 'ckcity is di')torted by the rccord
ing arpJ.ratus (Anstcy 1956). thc: most {,.'ommon form of distor
tio'1 being the aJdition of e\tra ''loops" to the wave form, as in 
hg. 4.14(e). 

[k\th the hroaJcning üf the pubc by furthcr ~>!lccti\'t~: attcnua· 
¡¡.;n ~...~r high-frt:"qucncy ~omponc:nh and its general decrease in 
<.~mplitllde take pl;,u:e ::tt ;;t. rate ''hich is dl!pcqdcnt 011 tht! mechani
c:tl pro;:'c!"1:es v.f the ground. H~tn.l cornplct roch tranc;mit the 
pul5te with little ilttcnuadC'n. while loo5te soils·attenu:tte it hcavily 

·n 
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wi1h .Jccomp:.mying rJrid l1rvadcning. Attcnuadon and broad~n
ing are much less readily mea su red than pulse 'clocity, and so 
it is the \'elocity which ha:- so f::n bcen used as an indica\or of 
lhe mcchanical rropellies of 1l1e mcdium. As "e shall sce in the 
ne\t sec[ion. howe,er. lhis indic.1tion is only of thC truly e!ustic 
pr0perties: if we are int~n:~ted in the time-depe ··1ent cla.stic 
properties of rht ground. and in its permanent defurmarions, the 
change in pulse shape· is ('f great importance, and the1e are 
indications thal J.d\anc~ in tc(.:hnique m:ty make possiC~·: mcaning· 
fui m~~surements of ti1is cfT.:cr. 

3. RELATIO:"SHIPS BETWEEN SEJSMJC VELOCITIES 
AND ELASTJC PROPERTIES OF ROCKS. 

Most seismic irwestigarions are carried out \\ith the object of 
finding thc positions of interfaces bctween media of difTcrcnt 
velocities: the \alues of the \·elccities thertht:hes are of course 
needed in the interpretaticn process. bul lh•y also 'lcll us some
thing ahout lhe uature of rhe ro<ks them"hcs. 1! is easy lo tJkC 
eithor of two e., treme al! ilUdes: eirhcr lo say thotlhc rela:ionship 
bctwcen scismic vcJocity and lithOlogy Í'i so vacue and ~ilrc.liablc 
as ·to be usele::.s for prc:dicring one from the oth.:r; or to SLiP?OSC: 
that a measurement cf velocity is charactcristic enough in .itsclf 
lo identify a formation in geologic"l lerms and te specify all its 
ela>tic constants. Thc trulh. uf coursc. lics bctwecn thcm. and 
in this section \\'e shall sht.)\\ what other informalion can (and 
cannot) be reasonabl}· inlcrred from a knowled•• ol seismic velo-
cities. · -

The compressional wave ,·clocity is 

(4.1) 

and as a.granul~~ mcdium of a givcn composition is compi:h;t.:d,. 
il is found lhat the cla•tic moduli k and n ir.crea>e more rapodly 

. ·•' 
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than do.,.; thc density. so thal in sediments 1', increascs wirh 
· compaction. An emrirical relationsh1p between \elociry and 
density (which is simply related ro porosiry for a gi,·en mineral 
density) is shown in the graph of Fig. ~.15. A group ofexperi
menral re-;ults f,,r a particular roe k rype ,-arying Oll~l' in porosiry 

" • < 
E 
~ 

~ 
¡¡ 

: 

• 
• 
' 

E ¡ : 
• 
~ ' • 
o 
< • e 
: • 
~ ' 
e 
u z 

• 

o 
• 

-

• 1 
• / 

• j 1 • " 
• 1 . 

• ' 

j_ • 1 
1 

l 
L 

1 
' .. 

/. l ' 

·' • o 

Censity, :¡/cm' 

F1a. 4.15. Expl'fimé'fltal te/urionsl1ip httlrten P·II'DU' ulociry and drnsi(v 
ISujt u1•~J Drukt. lmpuhlishrd data, rrprodurrd ht Tabnmi. jH'or:tl und 

E1dng. J(¡f:JI). "' 

may fit the form of :hi' relationship "·ell. but other variables 
(mineral comro>i!ion. ce:nenla:ion, degree of fi.suring¡ should be. 
taKen into occour.t if the \'elocity of !he material is to be estimated 
from its porosi1y. This means that if, on !he contrary. the \'clocity 
has been measured. we necd to ha ve atleast an.estimate of these' 
othcr \'ariablcs if thc velocity is to be u>ed to make an accurate 
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estimare of porosiry. For example. it is imp0$sible trom a measure
menr of velociry alone ro say wherher a rock formation consists 
of a permeable limesrone ora more compact sandstone. Ho•,. 
ever. as with most physical pwperli<s of rocks. it is possible to 
quote a rango of \elocitirs which co,ers (apart from rxceptional 
values) each of the usual broad litholo¡¡ical divisions, and this 
is done in Table 4.1. This table also includes the corresponding 
ranges of ,-alues of densiry p g 'cw 

T.4AI.f -l.l 

, .. rt,'mscc pg:'cm3 

jctastic rocks, . 1 

unconsolidated 1-6 0·3+8 1·5 tpeat 1·0)-2·2 
-----

Ctast~ rocks, consolidatcd 
and,'or ccmcmc~, but 5-12 1·5-3·7 20-l-6 
only gtntly folded 

. 
C13.Stic roda m 

orogenic belts 10-20 3·1-6·~ 2·5-2·8 
--- -

~1ctamorphic rocks 15-20 4·6-6·2 2·7-3·0 
·-- ----

Ume!ttones 10-20 3·1-6·! 2·4-2·1 
·-- ·- ---- .. -------· --

lgncous rod:s 15-20 4·6-6·2 2·4-3·0 

This table shows the general trend of increa>ing -.locity with 
dei::reasmg porosity (i.c. increasing densilyl. and also.lo what extent 
roe k types can be scparated on !he basis of seismic velocity. The 
regions of o,·erlap are very apparent. 

Both thcoretical and e.xFerimental studies of material of very 
high porosity show that in the range of 50-:70 per cent porosity, 
the seismic wloci1y may actually bccome less tiÍan that of the 
fluid fillin¡¡ tbe pore spaccs, that is, iess than 1·1 ft/msec for dry 
material and lcss than 4·S ft/msec for soil sa1urated with water. 

D 
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-...·.- ~_Jqtcria_ls of C:\cepl"'ll'álly lfiW \dllCÜy 3re- Ín facl ("nC"Ou.n:·é~~d ~- ~~- ~- -f 

· r.l:'ar thc: :-urface. :~nd are l'f con:'idc-rahle importance in_ intcr-
... rretation .\)f ~(ismic sun <~s. as "< >]1al1: >e.é )n the nc:'\! chapt'er. 

. '.--~:~:.-- -· 
:!.:: 

1,, •. - -~-~.-:~. · ·• - Th(Ch iJ-'engihet'r·.·¡!o-~Coricéfne~f ltss·, :\fith·- ·g¡, iñg\1--rlaine---tO"'-·a· ~ -:-· ... · .:. 
. .. : r~k than \\Ílh <>limating ils dasri.:it{'¡:ilasti.:ity and strength. 

· :·: Th~ ."~ei1gth ,,f :1 r<"•~k is not uni(¡ue_ly·:_r,e!~~·d -'.~· irs. ~ismic_. 
. , :·:·· •·eiociry;· but for tincórisolidated·m:iteria!~ ~here is a useful cor~ 

.-· r<la1i9n of the two pwrerti(s. ""Soils·.· .. or velocity up ro about .. · 
• : .J ft mseé.c3n genérally be hanJied '\\ith .<>rdiri:iry rarth·moving 
.. equipmerir; :ind. 3 materiill of ; eloéity ·;~bii\'e ·s rl mm' í. ould 

be dassified as "ro.:k"" in the engin<ering. sen~e. Ela;ticity is 
· more ·diiectly 'related to .cismi.: .. ;locitv •. and .. a. íneasure of - - ,. - ·• -- ' ,.;: ' . ..;.,.;..~-:--- . - . . . ·-' -.-

. elasticity can iri fact be calculatrd from the \·elodty if lhe ·density 
· p is known. The elastic properties of án\sotropic material are 

· co.mpletely sredfied by any two of the elastic conStaniS.. · 
• '. • . ~ 'r· • '' - . . . 

Bulk modulus (incom.pressibility) k 

Shear modulus 

\' oung's modulus 

and Poisson's ratio 

. n. 

E 

because ofthe relationships that exist betwccn them. Theengineer 
·commonly uses E and "'· and the equatio·íu (4.11 and (4.21 can. 
b~ rca\Hillen in ter;,s· of. Íhe~e q~antities . : --. . 

pV.' .= E(l- ú)'ll + G"JI(-.2-r} (4.(5) 

PI': = E '(1 · "' S ,.. .,.. ~ !• (4.16) 

,. 
r· .. 

• l.tltfomor:,.., c"Cl ~-""'"' rocir.s 
.... .,..:;_.~S.cr.""..flfor~ ,.,.:.,¡ · ... · · 

---·-------

-·.·_ .. -. .-; 

• .. 
... 

·• 

..·--··r-· 
: .. .. 

•• • ... --:---
• 

1 
• • • 

• 
• 

• .... --.. 
• 

• 

_L-~--·= .. --~.~------~.:.~-------,,--------;,t.---------t,. 
rr/msec: 

·f-.;;. 4:i6. Exptrimt'ntal rt'futiomhip INtk·un P-M·ou c-~lorit}· IJ~rd_ Youttr's 
,\lodulfil (/rom Brottt:n und Ro~rtW.att~. /l)j), rtproducrJ by ptrmtsSIDII of tM 

/nstitut~ of Ciúl brginun). 

to Brown and Robertsh~w (19531, has been criticized by E"ison 

The~: cqua:~cr.:. . show thilt · YoUz!g~s ·m~dulus can onlY be 
determined from· a body "•'·•·•·elocity if both the density a11d 
PoiJ.wn's ;atio are knvwn. Ho\\e\cr. as:~ an_cJ .(!do n9t ~-ai-y widcJy 

·. , .. :forrock'nÍ~_terials:_e:X,érinicnt'ally deier;,inéd'úilues'.Óf V,; andE 
'gi,·e poinls scanrrcd about a parabolic graph CFig. 4.16¡ from . 

: .. ~<!·'eh E .éa~ be appro,;m·arel>: etimáiéd )f a-'J'~.;,·a,·e velocily 

· · (1956)who points outthat \'~riability of Poisson"s ratio becomes 
of considerable imporÍance \\hen j¡ takcs largcr \'alues. as it does 
for.just those unconsolidated material< of'low. (< 10 ft/msecl · 
seismic •;elocitv ro which llic method is most likcly to be applied. 
He dévised a. niethod ming 311 clectromechan.ical vibrator as 
a·seismic source which produced shcar waves of usable amP.Iitude, 

.. _, -so rh~Í bÓth v;'and' v,-could be measured. Now if the ratio 
V5/Vr í~ denoted by;, it can-be shown from equations.(4.15) and 

·._ ··:··rr.:..L,UrenieOi ·¡s·;rri:idC".~on .uí;J.aw\\ n- marc·rrJr . ThiS íñethod~ due -,. . - - ' . . . . . - . . 

. ... ' 
··~ 

;·.·-· .. ·')."_ · .. - ·-· ;..--: ~: .· 
. . . ' -
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·~ ·. . .. 
. . . ·~. ~~::,~~·-:~:.-::~--:"" .. < 

-··· 
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(4.16) that ,· ·. · · · · · · 

.. " cJ;., ci .- ~,,,·,2 ~ 2r'). (4.17) 
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S,ü i.hat a car. be ff,ur.d anú E ~tim;Ht"d '' i1h mUch gr¡;-JUrpred~iC'n 
than from a meas!.m:ment oí 1·,. :ti~l;l::-. Sz~ndrci ( 19591 c.i,-:s a 

._ gr:..~ph of this rel:':tll'll~hip rFig. 4.J7) !{"'f~lhr:r "ith 11i.at b~l\\("en 
a and the ratio J ·R l"P l1f R;,¡yleigh lt"' compr~s.ional ''a'< \clocit\', 
which may ofren be more eJ<ily measureJ than r. · 

• 2 
¡; . O·' 
u 

.!? 
• 0·4 > 

O·> 

0·2 
: 

Fac. 4.17. Tht'ornical rr-larimnhip ht>lhr~ll , ,;;.-(}\ of n·luc'iril'l d[ dijfar11 r 11·au• 
IYf''" Ut111 PIJh\()n·l ralio tn/ur S:f"ndrá JY5~J. 

The Rayleigh ~<ase alone has been uscd bv Jones ( 1962) in a 
technique fcr dctermining the thicknrr~e~~ JJ~J ei~<:-tk C('n:::.tants 

of the thin layers of di:Terent ma!eri:.Jis mn.king up ·a ruad. In 

S\.lch a layercd medium. the moti0n due ro Radeieh ,, 3\ e-:; of lon2.a 
\\ ave!ength will per.~trate ·more deerly i:Hv t.hc ~nderl:. ing med-ia, 
and -;u..:h WJve~ \,¡¡¡ h:t\e a hir.her (or lo,,erl vclo<.·it,· than those 
ol· shon ,,a,clengtb \\hose m~tion is ~~~enti<tlly cor;fined tu the 
upper !ayer. Tbe form "'f the ,-ariati0n of Rayteigh \\ase vclo~ity 

,,_,·ith "avclength ~an be thcnrctil·;,.dly rela!cd to th~ r.Jturt: of tile 
la)ering. and this vari<Jtíon or "dispersion·· i~ meaq:~red using a 
variable·fr cqucncy cvntinuous oscil!~tor as a source oi 'ibrations. 

Care is needed .in using s-alues of E dctermined scismicallv 
3S 8 basis for Slrucrural design. ln the flr>t place, of course, th~ 

.~-- --·---··· 
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m0di.1 !us so me:1sured is a true t'I~H úc moJ u!us. :"! ~d t akeli !10 accou nt 
of plastic or 0ther irren~r,ibfe ~trJim. \forcovcr. the mrthod of 
measuremen[ is cqui\'alc.r · w a loa.Jing C''\pertm~nt cJrried out in 

·a time of thc order of a 11\!ildredth of a sccond: it follows that 
,-i5co-ela~tic strains \\ith much k.nger timt:.-comtants than this 
can no! be recorded. Seismic determinativos of E generally lhere
fcre gh·~ Mgher values than con,·entionat methods in \\ hich the 

mJ.t~rial is stre~~ed for a much longcr time. \\'e must also re
member that thc 'e!ociry is· mt::l~ured l~ec §5.4) 0ver a distanr~ 
of the order of tensor e,·~n hundr~ds of feet. and that its ,·al t..: 
will he atfcctcd by fractures and .._,ther inhomogeneities found 

'"·ithin this dist;,mce. A mass of badly fractured rock will. for 
example, show a seismic velocity c0nsiderably Iower than will a 
small specimen ",f the sJme melteriai (too sinall to contain any 
fractures) me2sured in the laboratory. The velocity meJsured in 
siru may therefore in this case give an estimate of E which is too 
/ow. but ifit is alsÜ me<Jsur~d on a !Jboratory sea le the discrepancy 
bet\\·ecn the two resuhs will sugges.t the presence of fissuring: 
a resulr of considerable importance in itseif. 

Clearly. "field .. measuremenls of seismic velocity can give 
useful informalion abour ebstic properries, particularly if velo.· . 
cities can bt meas u red for t\\ o wa,·e types and compared with 
rhose resu1ting from laboratory tests. Ir is, howe\"er, un\,·ise to 
rely on sci11mic e~timatíons to the complete exclusion of static 
tests if a vcry ~h:curate result is required. Static tests can ghe a 
resull of high precision rclaring toa limited 1olume e>f material. 
ju>t as a borchole lowll_r determines slructure s·ery precisely. but 
the geophysical 1echnique provides evidence about a much Jarger 
volume which m ay be more useful ifthe medium is inhomogeneous. 
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Seismic Measurements 
and their Intcrpretation 

l. J)';TRODtJCT!ON 

lu tht: ··r.:~\..'..;;lrm" r.::.c-thod of :1pp!i,:d seismology. a shot~to
recphcue Sp:!C'mg ST!'!C1JI ¡;,;;-;:pucd witlt the defHh of Ín\eStigafion 
is u:-.~J with ti1.: objcct of rccc-rdir._g rhc puls~.::; re-!l .. xtc-d at JH'ar 

norn,i!l iucidt~nl·e írorn hurilon_s '~ here. thc JCOlhtic impcd.-mcr 
(k~~ ~tr!:tiy, ~he ,·ciocit}J ch~né!~·~ ~bruptly. ·1 h~ mcrht:d i~ :¡rJ~r.Je 
ir. p:·!!¡ci~·lc llh 1~tJgh r.Pt in pra:.·:icc_i. i~ ablc to rr~ord ;nforrnadon 
f~0:113 f~¡ f:C Olllli.Í"ler c1[horiZOl''5 dO\\ 11 lO dcpthS ofmam· th~•lsands 
of feet. ar.d r,:q:.Jir(S shots HU turcr th:..tn a fev; 1cr.s of pouncf(j of 
hi~h c.\p!.x~i\·c. lt h:.1s· Co!l~idcr~bk. acl..'taar.y. particularl; ,,·hen 
only chan~cs in the depth uf a reflector. rathc-r than absolute 
d~;:-1~\1., :trc .._,f i;¡tt:rcs.t. Th~~ n:·-nluí:oa i; also hi~h. ancl i~ li;niicd. 
in princirlc m:unly by tllc brc:Jdth .:•f thc p\:l:>e, which may be- o( 
the t.·rdl·r of 2\1(1 ft. Thc meth;:;d ~cnds itsclf to routine tcchniq~es 
in ,\(li,,:h lhc ~round. !s C\.'\ert"'d by íl series of prof1les, the rate of 
co,e-rap: usua!ly '=-'einr liwilcd by th~ tin1e :-<guircJ to drill shN
h.Jic~. A crew of about 15 ·20 ;11cn ·:.ith ninc ·.-chi~Jes. includiug 
two !i[lll d1 illing rir" ca eh \\ i~h tW<.l W3tcr"""'l..:";lrryit,g trucks mi2ht 
co\"i.~r :wlJ or th:c.:c: mi le~ o:· r~olll:: iu a da y, bur th¡,:sc figures will 
· ,·¿n· ·~ !rh:iv "i;.h the n:ttt:rc of th: ter:ain. tht: t!ifiicult\· of diil!in\7 

• • # ~· 

and thc Jcgrcc of t"iab(li;Jlion l'f lcchnique! rcqui1cd in count:-y 
''-h;:orc poor rcllc...::ion:. are ObtJin~d. Linc cc,·cra&e can be rr.uch 
qLii<.:k~r O\"C.! s.hd,~lcd iuland 01 coa.stal watcrs, ,..,.hcn the pr~c:ss. 
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can be· m a de more lruly ~··.•rHinuo:Js aud :-r1 C\i..ICput nf tens of rn!les 
pcr day may be common. All rhe:.;e ff:-~tur~~ have comrr:~r.d:d 
thc rcflcction rncthod to thl""~St wlwsc [lusine:'$ it is to find 
'truclural domes of small relicf, re<f,, sa!t domes, small an
gular unconfonníti~~ and othcr potenlial!y (1i!-bearing fc:ltures of 

· sedimentary basins, ~nd it is in th~ ~earch f¡;r oil that the mcth0d 
is most widely u~cd. so th:lt we shall discuss it in this ccntc:t;t. 

In tLc prubicms of mininf and ci,-¡¡ engine~rinf. on Ihc o~hrr 
ha.nd, 0:1e is (!ene rally rryin;; ro loCJ.te bt\d:cs or imr.-rfac~ which 
are shaiiow, of sm:::!ll bteral cxicnt, or b0th. S m::: JI bo:.iico;; r:mr.ot 
give rctlcctions of adequ:1tc amplitudc, ::md t~e retlcctions f1om 
shotlow bodi<'S r~turn to thc recvrdcr so <o0n th"t thc a:nplifiers 
have not reccn:ercd from th.: sc:vere ovcrbading to \\·h!ch thf'y 
are ~uhjccted by the di;!:'ct wavc. :,p,..:i~l reflrc1i0n equipmerH is 
now availab!::: whic!1 will rrcorrl '~llcrti(lOS. as ~hal!ow ~<: c:tc 0r 1 
\wo hundrcd ft::d, but gener:!lly Clt"l..'?'<.i'l{j lhis ty;Je of rrot-ll!m c.·m 
h~ more re;1dily solved bv rhc rdr;.1di0n mcthl'd. in whirh hcad 
·'""aves are rcco;dcrl. p.enc;.:!Hy ns flr-t arrivals ''" thc ~ic;mo?r:".m. 
TIICSt: ~.re plotrcd c·n a ftmc-di~.r~r.c~ rr;tph. 2TJci U!'ed to cilcuiat~ ¡..A. 
thc dopth to the inte•fncc ot \\'hich thcy originate by fin,iing the ~< 
"'intcrccpt time" dcfined in equat!c:n t4.3L Thc inrc'"rfctílti~Hl nf 
rcfraction seismogram'i and time-di~~anct~ curves will U-;: cJi,..:us!"cd 
in this c.:haptcr mainly \\ith application to mining and engineerir.g 
prnt-.i.-::m::. in r11ind, but of coursz rcfr;~r:-1ion P1r:thoris are ?..ho uscd 
on a·l:>:--grr scale in prc~pecting fc.r oil. cither in thc initial !-·tar~c5 
of tht.: ;:xplor<'.lion of a sedimo::nt~ry h;~sin. i'I the lo:ation ,,r s~l! 
domes, or i11 cL!cirlating ~-t~uctui·e ¡..., ar~a~ where rcflcction 
methods gi,·e resu!ts of littlc or no v;oiJe. If thc '·hcad W<iVC" 

br.1nd1 of thc iirr.c·-di:it:wcc gn•rh is to be prop!!rly Cdi~cd. 
ranr.c:~ of thc orDer of fJ,·e ur ~Í.'I( ti;nt:s thc dq)th ut"tlic r~:'"r.1r.1or 
wi:"! bt: nor1.~a1, a01d ~hi'l imr>!k~ thc u: e •·f ,.'=1 :· l<:i[!C :k!rg~ in 
dcrp exrloration, tor.rtb·:r with t"~tr:1 prf\hlr.r:v; c:fcmnmunic~iion 

.alo;¡g rhe p¡ofiie. In im·c'!>tigations to depths of thc ordcr 0f a 
hundrffi fcet, u o 'le of these difliculti~s ari~c~ but thc)' are replaced 
by othcrs ccnnected with the ~•treme inhomoeeneity of near 
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~t.:rfa~e ~.·.:~!h m:teriJis Jrtd the consequent :·nadequacy of anv 
:-tmplt!' b~~..-rcd llh1J·d in inkrrrci:n¡on. · 

h th.: r;,:J-r::ln;:.: l"f J.:pilb . .._,\~'r n·hjdl ei:hc:r l'f !he' I\\Q main 
m~~hods. m.::: be :JS.:"d. 1he r~,.~(r:ll .. '!it"1ll me!hth:i ~Uffi!rS from thc 
dis:J.t.:hantJ~~ tlu! rebii.-eiy fe\,. intert~~.:es (Jn bt: f~.Jl!V\\'cd on one 
pr0ñ!e. ~::~d tilJt :J.il ofthese m:tJt be 'C'liJcityincrc:\5~: fore.\Jmple .. 
the b:!~e of a thic~ bcd of hig.h-\e!ocity limest('~nc. ,, hirh ,,\_,ufd 
p:-c~~~bly gi' e rÍ'C h' J. g:0od retle::~i0il. c2nnc.t ¡;e:1er:H~ J head 
''.1'·e unless the und~íl~:ng ma:~ri.:ll is of t·,en hir:hcr Yel0cit\'. 

This f~ct. "hi..:-h ¡., ;,}i;;:::..~:'~ed m~.."~re (uJ!y !.ner in this ~h.1pte1. :!f,~s 
ri~e to !he p0:-:'ih::;ry t•f ·s~; ious mbinterpre:ation. The chief ad· 
\"3ntage of the :J("iion mcthod. 0n the other h::!.nd. is that it 
gj,·~s di~ectly the 'elocities ofthe refracting bcds. ''hich may help 
t0 :der. uf y th~m an¿ ;]fe in 3ny c.Jse ne~ded in th~ de-prh in.terpre· 
t:..mon. The need ro know \elocity as a function 0f depth is as 
grea~ in th~ reAection mcthod. but has to be satisfied either ln· 
directly by mJking IT'.ea=-urem..:rHs in borehole-s or by Srt"Cial 
e\tensions.of the t~hrlique. 

2. THE I~STRL'ME:-<TS l'SED IN APPLJED 
SEIS\!OLOGY 

An instrument for dete..:ting: and recordine: sei~mic wa\'CS is a 

JeiJmograph: the detecting head itself is a; electro·mechanical 
transduccr CJI!ed J seiSmomercr. 

Seismometers used on land are <:ommonl~· k nO\\ nas yeop!toncs: 
m0~t of thc~-e gi,·e an tkctri~.·c..l n~iput ''hich is proronional to 
th• 1erricai componen! of the ground 1elocity, though ;ome types 
mea,ure ground acceleralion or (rarely in applied geophysics) 
ground d:splacement. Specially adapted geophones can be used 
on the sea-bed. but it is usually more convenient to suspend a 
presSure·sensiti\e seismometer or hydrophcne free1y in the water 
for marine \\ork. 

The most common type of geophone is shown in section in 
Fig. 5. L n1e boéy is a permanent magnct wuh an annular gap 

• 

('. 
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..__ 
b:-twecn the rolc·riec.:es. ln-th(' rJJial magr:~tic field of lhis f;tp 
is a coi! o:t a srnn~ moun1ing ._, hicb rcr!1li~~ it to mon: \'e:-tic:J.Iiy. 
Any n:-rtical ground moti:Jn \\ ili cl.L.SC' thc c01l to rr.tl\e 1n thc 
tield andan c:.m.f. prorortional w lil!;! \el(~city 0f mcti¡~:1 \\in b-: 

inJuccd in thc: coil. This ekcuical t'lutp~.:! \\il! ~l'io dep::nd on 
thc freqt.:en.:y of the pound rr.oti')il rekltl\e to the n.1tural fre- · 
quenry. of thc: ..:~o..1ii. hul the Ji:.i11rmg of the s.\si.em JS so arré.n_;l.'d 
that its re:::··nn<::e i::: ;-¡oprn\tm~!::ly u:1iform 0\a th~ rJr.~e of. 
frequ~ncies lahout 1 10 2CO !..' q \\hÍ(h i; l)¡" inh:r~o:>t. \\.he:~ írc· 
q~h!llCic:s at th:: C\[ft:fl'l~ ~nd; i..'fthi~ fJ!l~e ~1re rre~er,t, {fare\:!mrfe. 
h .. .;·rar;ge dwt; u~eJ in de~r rl.':·í:!c:Jo.1 \\0d: m01y gl\e ;t)e 10 
frequencies of 5 L.·~ ;~nd bcltl\\ J a gct>j1;Jnn:- of lJJ.{Ur;,¡l frequerH..:y 
lo"er or highcr thart thc Ct•mmon ,·Jlues of J0-30 es m ay be lLc.::d. 

Aoy !;COJlhone wi¡h an ouq-·ut rroportional lO g¡ound \'cl('l('ity 
must be dirl'ctio:1al: thc geophone of Fig. 5.1 if iaid on its sid~ 
on the g.-ound would not resrond to the ,·enical compor.ent in. 
say. a Rayie:gh wave. bul onl: to the horizontal comPonent. T:-: 
is Óf importance if it is necess;.¡ry to distin.guish bctween wavcs 

FIG. S. l. Simplifi~d lrcl;onal rit·•· o/ a lypicul modlfg..coil ~(Jp/rone • 

o• 

• 
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of the ditfc:rcnt typ~ d~scri~cd in ~.2. Since most hydrop!10nes 
are prc.uure-..,ensitÍ\'C de,·ic-es. tb:ir outrut is ir.dependent of the 
direc1i0n of \\ 3ter nwtion in a pulse. 

rne ~;¡u!l .;.j~nJJ ffl'ffi thl! ~t"iSfl1l1r.lett"f OlUSt. be ;tmplífied ekc
lfi.."':1¡C'3i!: hcfore it can be rcc~..•r~..led. Thc h;_¡:;ic requiremcnts for 3 

:-::-i.-::-;i¡,; ~:u"h~l:tler ar~ feliahilin·, p~..1rL..tbi!Jt,· and eo.sc: of scrvic:n" . . . ~ 

:1:1J these are easily mer with moJern C.t:si,t:ns. often using tran
sistor' ;1nd printcd circuits. Thc mJs.imum gain of the amplifler 
s.:,t''.!!C be enou~h r ... ~r thc n0rrr.;.;.l t'lackground gr'-"'~und movemeot 
Or .. noise·9 to be d::tcctahle. and its r~:iponse shou1d co,er a 

F1G. ~.2. Frú¡u~ncy rt>sp.;n;~ nu;~ of a filur lfÚtab!~ for raordil;g !5 c/s 
impulses il! 1ht' preunc~ of hiylrer freqttettC)' tw~·u. · 

freq_ucncy ranse nf ah:,ut 5 to 200 c 1s. Elcctrical filters are 
i:K0!Tcr;.itcd in thc: :J.Jllj"!i~kr Sl' th:\t this frcquency rrsponse can 
b~ l¡miiL"d if n.·;,_;'..!i~cd: f(~i" cxar.1rlc. in lon_t-range rcfraction \\·ork 
th·: llr~:Jnmi;;:~r.~ f: :=qucr..::y of thc hc;1d wa\'c pulse m~y be of ¡-~;e 
urder of 5 L"_:s. ··\hi:St the ~r-nmd noise m~y cv•:er a ban·d from 
:':0 c:'s up·.,·Mds. A:. imrrovcmcnt in u~cful ~.cnsitivity co~:ld 

obviou5ly be obtain~d i;1 this ~ase by using a filtc; to gíve th~ 
freq~,;er.C'y resromc of Fig. 5.2, which wi!l practicaJiy elirr.ina!e 
~!-o·.: noi~e whil~ lca\·in~ th:; sign~.tl unchangcd. Filt~rs are a.lso u:;.ed 
in this way in refl~rion cquirmc:nt. but in this type.of n.:cordiog 
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the frcqu~n-cy diff·:;·:.::K·~ ~':¡,·.-een ~is:nal :.md ·nois·.: is IIC:\cr se~''· ell 
marked. as in the ex:.unrk just quor~d. Amj1lí:las fo: rd'!\·cr:on 
work musr also be prc,·ided ,,¡: .111 automatic g:t¡n con1r~11 t!e\i(':: 
wbich pro\'id«.:~·a Jo,._. ¡;~.on ft.•f rht' 't.:r)' ~trong sig:1;.d:> of !:1~ ditt(l 
wave and a much high::r ene fer :he wc¡!ker rigtt'>.:s traYelling by 
1onga paths. so th_::u tht: '' ide 1 ;~r.g~ of :1mpli\u<.ics uf ground 
motion can be prc!lc:ltc:l.! on a ~Íllfk rc<.ord. 

The rt't0rding: its~l~ m~y b:: by :1 gJh:In~rn.:!cr rene~ring a 
¡¡go¡~ t· '-iX·t on t<J m O\. inf: J•l.t•to~~r;¡ ph ;t: p:.1 p..::r {. tht.: r·:c0rJs uf Fib. -lA 
,,.l!lC madc in this wa} ). bu: il is rotumtm t'lractice no''· ro re~md 
abo on magl!ctic tape, so that thc record can be p!Jyed bad: with 
diff\.-rf"nt amp!iti~r characteristiCs. cJitTercnt time dt:IJy$ bdwecn 
the channcls. and so on. A visui.l: record is ah\ays n'!edrJ. 110'~· 
ever. Jnd this jc; made ei!ber in the "~rlphical"' form of fig. 4.4 
oras a ··\'ariabk-dcnsity'' or "\':!ri;Ji:lle-area·- r~curd. Th'..~e ncwer 
f\1rms of pre~ntJ.tion. ,-_.hich are sho"·n in Fig. 5.3. are very 
l:clpful in making the rcflt."crcJ pu!')cs whid~ occur Jater i:1 th: 
record dca.r tv thc eye. The vari::hlc-ar~o.·3 type h::1s thi~ J(.h ant:..g.: 
while rr.-taining rhat of the graphic31 rr~5-e[l::nion th:n !he ',\;a\'e-
fllriJi or'tht: rl!c.ord can l:.e studied in d:tai1. :\11 t>pcs are pJo\'!Jcd ..., 
with timing lines at JO m~ec inter\ab, dcri\'cd from cither a lun!ng ........:;¡: 

fork or a cry~tal oscillator, and the shot impulse (derivcd from 
the firing of the cleclrical detonator) is also recorded on om: of 
the traces. · 

A pro~pecting seísmograph '~ ill conc.ist 0f 12 or 14 cor:lplc:te
chanuels uf this k:nd (6 are shü\\·n in Hr,. 5.-t). u~ual!y mountcd 
:n :~ truck whiclt al so ~enes a~ a dar k room. Thc comri':'tc cqlJip
me-nl may, if tranc.istorite-d, be so light ~nd ccmpJct that it <:an 
rcadily Le divided into unit' >u'tablc for back-pad:icg by 7 rr.or. 
on :·out. Extra m:::n ~nd equip!nc;u i'tf~ nc('dc:J to JriH ~}¡t;t-hvk~ 
fvr invl·~tigations by thc rcflccti.-;i-1 rr.-::t!J"d i:>L'I ¡¡ thc refra<.:tir;n 
weü·,o.J i~ ht:ing uo;.eJ c•.-r.r shon n:ngt:'), s:;:illHw h¡tnc!-aug~red 
sh0t-ho1es sumce, and sincc thc ~ci~mograph may for thi~ type or 
v:ork be of only 6 cbannels, it is quit~ possible for 3 or-+ peopie 
to carry out th_c whole operntion. " 

.·· 
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Fvrmer1:• ;.h;: source ofthe :se:s:nic p\.,jl~e was always art ~~?lvsive 
charge buricd ar a suitabie dei1th in the ground: ir. ref~:c:ion 
seismology investipting cep:hs of the arder of 5()()0..10.000 ft, a 
:o lb charge in a SO ft hale m!ght be token as typica!. The deplt: 
of the shot·hole in this type of "ork i' :ontrolled by the ncce"ity 
of p!.tcing the chargc be-lo" th~ bycr of c,urface lov.-velo:ity 
.material to whicn the energy of the shot is otherwise larg<ly 

confined (see §3¡. 
In refroction seismology the size ofthe shot is controlkd mainly 

by'the rr.aximum rangc from shOt to gcophone. which mu~t be a: 
lcast twicc the critical distJnce xc ii the sccond hranch of the time
distance graph is to l:>e prop,rly ddincd. The critica! distance in 
turn dcrcnds on the depth to the· rcrrJctor of interl!st. Thus for 
dcpths in thc 5000-10,000 ft rJnge, chargcs of up lo a ton are 
likely to be needcd. but on the ;cale of an engineering si te investí· 
gation. a few pounds of gelignite will normaliy be a m pie. 

Al shon ranges, in fact. a mechanical impact such as a sledge· 
hammer _blow has bcen used ver y successfully as a seismic source. 
TI1e first description of a practica! equipment using such a source . 
'"'' ¡_tiven by Gough (195.2). and a simplified diagram of nis 
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ar:rJrJtu:; is gi\~ll in Fig. 5.5(3L r\ ~imp!~ imp:.!ct S\\itch ~.::los~s 

J~ tht: h;11Hn1(r n1\'~t5 J ~It-~J rbt~ t'O tht: grt1U!id. and S.O pnwiJes 
~n ck~iril·al im¡ubt: '' hich ¡, lhl'd hl ~l:lrt tht: time-ba~;e of a 
-.::J!ht'~d('-rJy th(ill\'PJrh. Tl~e amrlifkJ 0utput l"~f a single 
g¡;~'rhtlne den~.~h the ~_l..;.óllvgraph trace \..:'rtically so that a seJs
nH'f;rJm i~ di~rl:J~.:d for a sh0rt time on the tu be. "hich is of the 
.. a:"tergi\Jw·· 1: ~- The time inten JI l:-et,,·een the hammer blow 
and any ,.-:-c0gnil:J~k e-'ent 0n the ir.:l'.:e c~n be measured by using 
CJ.!i~rJlt :,.'nlrt'liS 10 r:10YC 3 •·mJr.k\!r'' ruJse aJong the time axis. 

Th~ ktmm.:r t'tJo,,- CJn be repeated at any ('ÚC' ran.ge until SJtis
fac:ory a.ccuncy is ohtained in this time mt::;J~urement. Thc 
ham:ner <!Od fiiJte lfC then nl(IYI!d tO 3 fTCJter distance. and the 
p:-oce~s i~ repe~Hed. ~o t!ur a tras!!l-time graph can be ploued. 
Gou:?h claims a ma.\Ünum range of ~50 ft (which ,.,.ould g¡ve 
us.eftll re~u!ts from a refra..:tor at a derth of 50 ft or so.J using a 
JO lt-- si:.:Jge-h:"\mmer. Thi~ range. hJwe·.-cr. ''ould be exvcctcd to 
d~·crcd5~ ir.\cr.-ely as t~e so..1ua:-e roct of the b~11.:kground noise 
leYel. \;.hich is 'ery mt:ch gr-~~i!?r in i;-;hab¡:~d are?.~ than in open 
cc-:Jntry. \\ h~re Gl..'t·~h·5- ui~l~ werc: CJí~iN oút. 

A \·ariJIH Or! Goufh\ app:H:!tu:=. \\<15 dr·.-~lGped b~ Moo:1ey ar'ld 
K<".ac:a (l95S_l Jnd i~ row ccr:1~e~cia!ly a·.aibble in s.e~.:eral forms 
lfi~. 5.5\biJ. This makes use of cvunting circuits to time the 
r~so;:"!.~e. cf the- impulse. which is nor rc-cordeC \"i:;ibly at all. The 
e:ectrical im;:-•J!se irom the h:.~mma-b!:J\,. opcns an elc-crronic 
··g:He·· circuit \\ hich al!ows th:! output of a_IO k e cry'>tal o-:.ci!Ia~or 
H• rJ'' tn a'~' nf dcc:.~L!e coun1er'i. The ~ei::.mic pulse\\ hich arri\·es 
fir5-t at t~e geuphor:e ic; r;.;:¡d~ to close tbe ~Jte, ;;o that the coura 
0f tlte n<.,c-iii:H<Jr .:;-eles "hich is recordCd \1n melers connc.::l!d to 
tile d~c2t!e unns is a r-:-H.":t'i.ure of tr:.ncl·timc to the nea:-esr one- · 
tent~ ef a milli-..;:conJ. Th:s mcth0d ha' the otn-iou5 adv~ntag:;:: 
O\ e;- Gou¿~~·.,. c.f t'\!re:¡:e- Cüm·:::ni.::;ce in i.hc ·actu:.~i time mcasure~ 
mznt. b~~t thi5 is cff":-:t t0 :t consl<.ler;.¡h!e extent by the fact th~t thc· 
g:t!•: m3y be O¡"'c-r3ted o:.!y hy 3 !>trone se.::nnd arri\·al in ~ircum· 
't:in.:::.:.::. und::r \\!"lich a \i~ible reccrJ \\Ould ha\·e ~n"'urcd the 
r-::lir:g o:~ 3 \\i:~kt::. bu_! c-arlier. C\\:nL Jt ha:. 3.!5-o"J bcen founJ 
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FIG. ~- 5. (o} Shcrl·ram:ic !éwiic rc¡11!pmnrl ti.\Út{l oJril.'wp·oph, run~éi"f· 
G--g~oph~n~, A-__:_umpÍ;fi~r •. \1__;_.\[üdn f'!tfu g~n~raror ... .-irh coliluoud ritr.~ 

d~lay. 

(b) Dirtc!-""•ding equipmt!11 for mca!:tror.~nl of .. fir:;f.arrimr troul
limt. D-dtcade cr11:rzUrJ 

that thc air wave, travelling al 1100 ft,-s!c, m~y cause c\1no:.iG!rahJe 
oround motimt wbch will be registereá as the f.rst arrival if 111' 
~,·erhurden velocity is mu..:h l:!sS tlnn this. lf the arri\'2.l is n0t 
re-...:ceni;:~ asan air wa,·e (it; high freq<J.:ncy maio th1~ ea.sy O!l 
a ~ci-smogrJm). the overburd!a \"C~Xi\y wilf be tal:en to be 1100 
ft_ se-e and thc depth to a refraó.in;~ Í1~terfacc therc:fure o·:e:-

tstimatcd. 
~lore rcCCTit commerc:al in.:ilr..:.:r:e•1ts- ::pre;¡r to comtiir.e [he 

adYantagcs of rhc t\\O te.:hniqttes to somt~ e:;tent, Jnd incor¡1ora:e 
imFCU'-·cr;¡~uts which ar'! said to make :;. possible to detcct reñe::
tions írom shal\ow horlll..;ns. The <.!:f:"~rzo-nt ,-ersions of this typc 
of ;eismic equipment '"e •11 c0mpktdy port3ble, and require 
only rwo opcrators, of \\no m one can be ·L.:nskillcd. 

Impact sources have also come to be uscd on th~ r.1uc:~ brg::r 
scale of pro~pccting for oil by !he rdlection n~-:1!--:od. A wei!;ht 
of ~ or J tons.~ mvunte-d on a Iorry. is Jrop;-;~d from a heigLt of 
abo~t 10ft~ The c:nergy of the im¡.X.aCL i~. ad~:q•Jate to gi;.·e e!::: c.:~~ 
able r~ñections f1om considáah:e depth. b~,. ~·:.)!" <~ _:..i¡;_:;lt.: i~r:p~-:r 
lhese are normally ffii..i.'J>kt:d by the- very l~rg-= aí:;¡,lituCc ~urface 
wa\·e-:t which are gcnerated. By compounding vn m~gnet:c tape 
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thc recürch from a L.ir~e number cr Jrcrs. ~uit¡_¡b!y 5-p:tccd. can· 

c.::latio'l oíthe surfa.:~: ''a' e~ can b_e pr~'"~dutcd. t-i,·ing a rl!cord of 
quJ!ity comr:J.rJhle '' ith th.:u oh¡;-Jincd h~ conH•ntiunai ~hooting. 
lhe meth0d is of pJrticubr 'al u e in areas \\he re :'hot-lwle drilling 
is difficult or impossible. , 

Truly contir.uvus source:,. 0f elast!c ,,a, es are of little \Jiue in 
rros.recting btc3.U~t: Of the difficuJty 0f timing thcir passage. 
\Vhere e:,sentially only one \\3\"e type and p.:tth is rrcsem. the 
problem is si:nply ("':1e of mea;uríng th(;! ditfer~nce in phase be· 
l\\ een the ~igna\; dt the ~0urce :tnd the re('ei' er. This is the method 
adopted by J0ne~ in his ,,·ork ·Jn the di:;p~rsion of Rayleigh waYes 
which \\as meniione:d ar the end of Chap. 4. For a normal type 
of seis:nogram. ho,\-eYer. a c::mi.inuous signal \\Ould gi,·e an 
e\·en more ccn!\J'5ing pi,rure ~han does a s!-,arp pulse. and the oniY 
p~ogr!ss tho.t is being made on these lines is by using a signal 
la~ting perhaps a hundred ccmpkte cycl~s which chan8es its fre
quency·ccntinuously during this time (Cra"ford, Doty and Lee 
1960). The method seems to be promising. !:>ut extra equipment is 
oeeC:ed to com·err the rec'ord Óbt.:uned into one which can be 
directly interpreted. 

3, THE REFLECTIO:-! METHOD 

The reflection seismcgram shown in Fig. 5.6 may be taken as 
typica1 of those oblained in routine \\·ork. The shot-hole is be
tween·the centre l\\O georhones ofthe t\\·ent:-four. offset slight1y 
from their Jine. and the sh0t in;tant is recorded as a break on 
the second trJce from the edge of the record. The earlicst arrival> 
are not normally dueto the direct \\·a, e, but to crítica.! reíractions 
at the base of the fo,,·-relocity !ayer~ commonly known as the 
"weathercd !ayer". This !ayer. "ith a "elocity u<ually in the 
range 1000-5000 ft sec. is nearly al\\ays prcsent. and e"ends'from 
the surface down"·ards toa depth of perh•ps lO-lOO ft. lts base 
seems to be defined either by the water table or by a rather sharp 
decroase in porosity. Ti'. ·:i,·iJ engincer's problems are often 

.·--. .. 
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d:r~ctly concern~d \\ ith the nat u re and thickne:os of thc "" c~thered 
b.yer .. in 1his. sen{,~. t-.ut in dce-per inn·stig~Hir,ns it·is no more than 
.:1 (,Uf'~rficial nuis:1ncc. mJking an :lpprccioPie and '"~ry Yariable 
C0ntribution lO !he me3sureJ refl~ction tim~S. 

The remainder of the seismogram is a C(lmplex of the wanted 
rdlec1ions (of "hich lhree are clearly visihlel. of body waves 
reaching the gcophone hy.other paths, and of 'urfaco wa'es and · 
other "noise". The iso13ted trace above Fig. 5.6 shows that it 
w0uld be practically impas~ihle to resoh·e this complex. without 
a ·muhi-channel re..:ord. on which evc·nts can be: correlated from 
trae\! to trace and their time-distance re1ationships compared with 
tbeoretical ones for different pulse páths. 

F.rs( Arrh·a/s; Dmmn Correction 

Th:- variat-ility of the WCJlhcred !ayer Ie::1ds lo a ~catter of 
ob.:.en:~d reftecti0n ti~e-s whi::h must be ":liminated if thc po;,sible 
;:.ccur¿:cy cf the. mc1r.od is t9 Ce rt~lizcd. Thc usual rracrice b to 
correcr for ~oth wc:!.th:'rcd l:.!yer thickness anC ground t0poóra;:hy 
in or.e step knc\\ nas th~ cbtum correction. in \vhich atl·ob~~rved 
timos e•e recuocd to thc ,·:;•ues :hey woul<l ha,·o if bcth shot and 
geophone were placed al S' and G' fFig. 5.7) on a common 
surface;·usu;úly horizontal anda little below the dcepest part of 

" v. r \ 

f¡r;. 5.7. 1/;t' l}t'(lnrnry of lhl' cklwm (·orTec:ion 
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!he hase <'f the weathcred b)er. T,, apply this corroer ion "• need 
fa know !he \"clocitit!"S J',.. ·t.!d J"1 aud th.-: dic;t::.rJces SS'. G11G,.,~ and 
G, ·e: lo find !he limes srcnt by tioe r<fl~crcJ ray (<h'Omcd to be 
returned from a con~idera_hle Qepth l on cach of thC!-'= SCf.ra-::nts of · 
its path. The time 1 ... ; Vw is thc: k•11ge~t. most variable ~:1d thcre
fore most importani of lhese: ami can be detcrmin~ quite easily 
from lhe lravel-time of the "firsl ar~J\al" path S G. • G,. if lhe 
shot is ~upposod lo be just below lhe base of the weathered layer, 
as is commonly the case.- The time for this palh is vay nearly 

r. = xJV, + I• • .JV~ 

= x.,/V1 + r_ (5.1) 

for thc uth geophor..e. s!nce the vdo~ity contrast tx.:tween V.., and 
V1 is usually SIJ peat that the ray p3th in th~ V•"C.11ht"red Jayer ÍS 

n.arly vcrtic~l. and the path SG; is close to the horiwntal. A 
graph of first-arrivat times t. a~~-tir.\t i_'.co~l:or.e :-:!~g~'i x. Wi!l 
thcreforc hJ.ve the form !.hov .. n in Fig.. 5.8. Prv\·ided h ... UCtes not 
show a $}'Stematic increas~ or d~crcase O\'Cf the spread. the bes.t 
fine th~ough the points (the dotled iine of lhe figure) wili ha ve a 
slope of l! V1• and the departures of the points from a lir.e parat:el N 
to this lhrough the origin will be the required time• r_ .,...,. 

+ : t' ¡j_--· -- ' 
-- 1, --· : --- ..... 

f1G. S.S. Eflát of cl~lays in ~Jr,. .,.,.~ntlrued layu on fi ... Jl·aTTital tin~~s. 
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The end gc:ophon~ nf rhe ~rrcad u"uallv C"l'incid~s with the · 
shl't-point c-f thr ne.\.t srreJd. and so for tlu~ ~t:-~"~rhonc The 'Jiue 
oi t .. is determined as thc ··up·h\"~!c'' tim( f~Jr the ne\1 ,hnt. i.e .. 
the ira,·el-time recorded hy a georhone a shon distance from the 
shor-roint. 

Knowing V1 from the first:arrival times. anJ the ek\·a:ions of 
!he shC?t and the datum sur;Jce. ir i~·a simple marter to det'!'rmine 
the time spent on the pa:h ss·. Similarlv. if 1'. is mea,ured bv 
~hOrt r::mg~ shots eirher in a borehole .'r ~n the ~urfacl!. Ir,,.,. and 
hence rhe elevar ion of e- can be fDund. and rhe remainir.g pan 
'c·c;· c-fthe correction-can bC ev::!luated. s:nce r· enters Clnh· inio· 
th1s rerm. it need be dctermined only re! a ti\ el y i~frequcntly: 

This datum correction. sc-metirr:es kno.,,·n as the --sratic .. cor-
rection. since has :v be :J.prli~d equo.lly ro i.Jll reñcction times 
ihown by a particular feophone. is of great import:J.nc: and is · 
also \·ery tedious to make. \\'hen sei~mo~Tams are recorded on 
mag:n::~ic tape it is pos.si~i: to s.et th'!': datum correction for e:tch 
geophone as a di5-pi;,cement of \he CL\rresponding rerroducing 
head. so that when the record is pl•yed back the correclion is 
made automatically throughout its length. 

ldcnrifying and ''Picking·· Rejiccrions 

Figure 4.8(a) shows that. ar ranges smail compored with the 
depth to .the reAtctor. the re!l':cted pul:.e ~nriYes r.e;3r]y ~-imul

tancou.sly at ail geophone<. and thereforc :~ppear> on l'ig. 5.6 as a 
>eries. of peaks and troughs aligned almo;t direcrly across the 
s~ismogram. An alignment of this kind \\·hich cJn be followcd 
across nearly al! rhe trace> cf '"' erai records is likelv to be a 
rct1ection.-and is us'ually "picked" for mea:;urement of ¡he tra\·el
time.ón the ñr:\t peak or trough \\ hich c~n be so follo" cd. Beca use 
of the increase in th~ l<ngth of the rerl:cted path \\Íth range the 
alignmeiú \\ ill in fact ')hO\\ a ~light e un :Hure or ••mo\ r:·out"' \\ hich 
will be more pronounced for th~ earl\· ¡,hallo\) renections and 
"hich can of cour.c be correctcd for if nece>sary. -The ~uúection 

.-··· 

SEISMIC ~;:::.\Sl'RL\1f~T.S ..\~D THELR ll'fE~PP.fT.1Tlr)s 109 

may ~ dcme t_,y thr interp:-ctcr. hur. a.., "ith the S:I;J!;.,; ;:;_--:;-r(·:'til!n, 

it i:-. no" m<'re usual lú appl) 11 by ~hnh oftr.:: heJds re~rodu.:ing 
the mag:nc-lic records. In this c:1se thc correcrion is ., ''d\·¡,;~mic'• 

one. that ís, it varies dowf1 the lcngth of th~ rr:c0ru. :.v .that the 
rcproducing he:ds h:1u· to be progr~..,sivt!'ly shiftcd during piay~ 
b"d:. 

·nu:- fprm or lhe rcfie-ct!!d pu!:ie ¡, r:lTdy that of the :-.impfe 
Ricker navclet sho·., n in Fig:. 4.1~. R~al r~oiogical interrJc:s. are 
gcncraliy comrkx. so th~t a numhcr 0r Ricker pulse\. erect :J.nd 
im:erted. and \\ ith \~triuus small ti m.: Uebys. \\ ill be .Jdded t'í 
form the :1ctual gr\.)Urtd mor ion. The íorm of this i-:. furth~r Jis~ 
toned by the ret:ording apparatu::,. wh:ch has the efíc:t <"'f J.djing 
C\tra "'ioors·· ID thc puhe and of introdu:ing other more compli
c~ted rlistcr!iens. Tbe net (esult of ttiis is that the rirst peak or 
rrough. to wh;c:h th;: time mé:1-..urement is m2de. has no absolutt 
signifi..::ar . .:e. ::,o that the .. s~ismic horizon··-riNtcd from it m:Jy be a 
h::ndred ft:et 'Ji m~xc from t!:e l!tholog~c~d ho:-izon "ith \~hich it is 
correiat~·d. S11ch an absolu1~ error is ncot nf freat impor::ar.ce in 
prosrecting for oil. provided that the sei~mk horizun accurately 
paralldr the srructures of the !ithologic~tl horizon. Relati' e error!t 
across a record or bet\\ cen one record and another are of course 
much more important. tts they m ay mas k a real ~tructure or indica te 
rhe presence of a ncm-e:\istent one. Such relatíve errors m ay be 
oauscd by a failure ro follow the same "phase" (peak or troughl 
across the record. or by a lo.teral change uf vdocity "hich is not 
ailowed for in thc ínterpretation. 

Bc~ides the 'surface-,~a\'e .. nois~ .. which can be reduced by 
suitably combining the outputs of severa! geop_iloncs on one 
rccording channcl, a "reftection seismogram also contains a Jarg'.! 
number of other e\Cnts which \\ere originally also classified as 
"noise ... 1t is now rccognized that many of these C::\ ents are in fact 

muitiple reflcotions rravelling by '"me of the po<>ible ray paths 
sug~csted in Fig. 5.9 .. These multiples m ay somctimes be identi· 
fied by consideration of their travel-rimes, amplitudes and -hases. 
or ofthc form ofthe reflector obtained by plotting them as though 
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!al (bl lcl 

·'*:· . .-f{" fJG. ~.9. Scmt pouihll' ruy patlu git i11g risr lo mu/tiplr ~fluriunJ. 

thcy '~~re single refl~t!vns~ For 1!\ample. the multiple of Fig.. 
5.9(a:) (a co¡-;¡muíl e\cnt kno\~n a-. 3 ··ghos('J \\'ill ah,ays follO\\. a 
strong sing;e rc:r1~-.·1ion after a tir::e ir.~en·aJ of 2 r .... i.e. about ru. ice 
rhe ··ur-h·-''e·· time: rhJt of F:g. 5.~{h) wjJI oCcur al almvs.t exactly 
t" ice the tr2 n!l-t i me of a single J r.d '' iJI be in\'en::d in pha.se by the 
refiection at th~ b:!s~ of th~ low-vdocity fa)er. The mu!riples of 
Fig. S.9(b) and (el will plot, if 1hey are a>Sumed lo be single 
reikc!iom, as ~.orizontal rd1ectors in the positions of the broken 
J:r¡~: if i1: :)O h~prens t:hat tht- rctTccting horlzons art."' her~dipping 
Yery differentJy from rhose nearer the surface ir will be apparent 
that the multip\es cannot be singles from this depth. 

!f di-.comi.nuitie5 su..:h as f:wlts are pre-.ent !n a rC'ftector. they 
m2.y ~ho" them;,ehe-5 nDt so much by a discominuol!S change in 
the tr:;\ e1-:im.e: ·;'the reikcted f'Uise f which is often of small ampfi· 
tuJe near a f:l:lt) as by renerat:ng a ,:,phc-rical or cylindri..:al 
d(f!rc.ctcd puise fron\, czmred on the disccntinuity as sho,,:n in 
Fig. 5.10. Thi.; moy be <'i<tinguished fwm • reflection by the fact 
Ü:.at the CUl"V3l!Jr(' oft!,e f:-ont j~ twice éls gr~at as tbat normaJfor 8 .· 

ref.::C':ion frorn :hJ! éeph. and difi:-.~ctions ha·;: pro·.cd to be very 
useful as indic..\s.tors •:-f minar faults which are otheN·ise not easy 
to J:~tect by the reff.:cti,,n method. 
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F10. S.l O. Tlrt gt'n~ration o/ a di!frotlt,/ ptt/.1~ /rOIII l"tfllrt'd on o dücc~t~ünuil,l' 
in a p!Otlf' rrflutor. Thc diucl m:J ll'):~, tr-d rufu fronu Url' tiiO-..·n as bro/,;r!l 
liMs . .'\'ott' thot rhr tlzffrarttd fr("'l ar rlt~ ,nr¡tlu has crbcrut t•·iu 1lrr curral.w~ 

o/ IN rrjfrctrd front, &111~/lhCI 111 Ullfrl' .dcwJ nor mou -.·ftlt S. 

Florting the position of rcflectors 

After the spurious reflections ar~ diminated. time measurements 
are ma.!e on 1ho5e remaining and are uscd lo calcula!e the depth 
and dip of lhe reflector. We shall •how how this is done for the 
simple- case in which lhe vchx:üy F¡ down to the rdlecto:- is 
cons!ant. ar.d the dip is who!lj· in thc line of the seismic ¡r.ofi!e. 
Oearly if dips perpendicular ro this line are present rhey mu;t be 
measured by cro5s-spreads and tho plouing bccom•s more com
plicatcd. 

The perpendicular depth /¡ to the reflector is obvio~Jy·given by 

{5.2) 

where :fJ is the mea.>urcd n.:r.¡;ction 'imc for x = O, i.c. for thc 
centre trace of a com·entional "'split" spre~d. 

Ifthe reflector-is dipping in tlle +X dircc!ion ll an ang!e Q, then 
it is clear ftom Fig. 5.11 tha¡ tho rofleoled pulse, cen!red on lhe 
imag:: point s·. will fin,t reach th: surface o:.r the point P, ata dis· 
tance 2h sin tl from S, and it is a¡ lhi< point.thal the pulc.e front 
wiJl be horizontal and the ap~arent velc:ity lsf"e ~.2) i:1finitc. At 
S the front \\iJI be inciined <!I ~;te clip anrk 6 k• di..; h..:ruont.ai, ar;d 
if tb.c total spread length :?.x is smo.ll enough cornpar:d with h for 
tlie i:urvature ofthe pulse front to be neglectcd. and t., L. are lhe 
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fl~- 5.1 1. G,·om~ti·H·HI r~iatir.JI/' l.i('> ¡,,, li ·.·>s;: JP~"~tlil o:·er a Clppu¡_.; rtf,eclor
Tit' ¡,1111 ¿;-~rfJm h a1i ~·:,'.;,r.¡cm .. ·n; r.( ¡:.-.· h'!l!•;;" 1".;' th.: ,Jwt·p"mt, "·itlrin 

.. hich rile' r~ti~nc-d pt.i\f' {lfl••l ma_,. h~ ,-n,nid.·rni lO !:Jr plane. 

reflection times rccorded by the end g,;ophones of the spread. then 

(5.3) 

Thus· the rcf.::ction rimes (cnrrected to da.rum l for the two end 
trace'i '~ ill gi\"e :he d1r c.f the reftector prfwided tbut 1'1 is known. 
ar:d frnm them aíi.d ¡~e ce~tre-tr3ce time '·) the p~>,ition of a 
Se2men! uf th~ rcfkclor car. in jirincip~e he pJotted Ofl a CrOSS· 
se~ti~n. The ler.;th 0ftl~:- 'egmer.t will he halfth2t ofth~ 5prc:::d. or 
a Jittl.: more if the dip iS considerahil':. and its centre'' ill of course 
he up-dip of the point \erlic;!ll~, helov. S. The e.\tra tr<.~ces on o1 

refle~tion scismogrlm are nece".~f!-- a~ \\e ha,·e s-een in Fig. S.6 .. to 
be sure tha: reftcc:ion e\·ents are correctly identifit!d. a11d also so 
that randa m irregularities in •.he rdiection times can be -,moothcd, 

gi"·ing be-tter c-stimat~ of t0 • t, and '- .. -

lf .1 s.:i~T.·c r::tkction r¡;~·prJ i_:;. ¡:-.!:ti:..:..!\\¡¡¡, i:!> l;rr.e a_,:s f"l\:·'l":ring 

"er:i:-a!i:, ..:!V\' ¡w.~rd>. it can its.cif h: r~~J.rdc~ a~ a cruc!;! app;-.,'(i
m:l!iol'l toa gevklgical ~::.:c-¡ion. Tite re~z=,.~~bnc-:= C:ir. ::~ i~r:-:v('d 

by :7;:.ü.:i:¡c: ~!~e :"u:-racectlrrec~¡Ln~ .Jr:d ··m,_nl!-out .. cvrr·::.:-tic:--. a:r::! 
lo<tir:g c . .,u:r1~1er of record~. (ü>o:-~i~o; :lCij~:ent ~rgr.v~;Hs o~'':-.~ 

re:1.:ctv·s.. ;;tJ..; Oy ~id~!. prl!j··Jah!,:. 1hcn ph~Hograpn1n~ ri10?m on a 
rcG·J.::ed s~-;le. P:-111ilé;, oftlJi, ~ir.C. usu~!!y lr~:ng eith-::-tt-:e Yari:!.~i~ 
de~;~i!y (); ·.·.;rL:..~ble are:: m..::thodi of rrc<;ent::uion. are bec0ming 
ir: .. -:-~asi!"<~!~Y l!<>cd. ::md :r r.·.\g~~ be ttlC":.!gh: tha! th~y a:-e" ili the~· 
s::kt>s rt .:•_:···.¡~;c;>:e r!IC(! fll~,<ii i!it::rr-ret:!t: ~:1 ofr~~ dJ~l- Th--:. Jre i!'"l 
f?.ct r.01 .;,.·. :¡,;¡4 i~ i; impürtant to :l~pre::-i:::r th~:r li:r.i:1ti0hs. Ir: 
thc ~r;t p!Jc. re!:.:.::. ion cven:s 3;'~i~~r \cn!~o.-.111: bclow the pbin:s 
on the surfac.:- at \\-hi:::h ~hey are ;ecorded. This is corre:t 011.ly if 
the :eftccwr is hariz0ntal: if it is dipping. its ··vertical! y piotted'' 
pvo;ition has te be umtgrated"' lO lhe ur-<fip dircction by an 

' 
' ' 

amount depending ·on thc <.~ngle llf dip. Thi.<> i::, made c/car 111 

Fig. 5.12. \\ hich shows normal ray path~ from four shot-pointl). 
anJ the position of the corresponding \CTticaiJy pfotted points 
P1'-P,·. Sccondly. the profile prepared directly from the seismo
gram is of cour-se a Time !:>ectton. and is orlittle practicaf \alue for 
mo~t purposes until it is COtl\erle-d into a depth !;ection: this con
version may change its appearance considerably. particularly ifthe 
vclocity vari"' laterally. a> ¡, commonly thc ca...:. :"-1oreover. Íhe 
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multiple ri:flectit'n~ and f'~ther ··,rurintls·· e'L"nts prescnt in the 
individual re(t'rJ~ may ''~11 b~ as prl•mincnt in tite prolile as tbe 
''antt:d reík('th.ms. ag:lin gi' ing. the pt,~síhility of misinterprcta
ti~.-""~n. Thesc warning:-; shouiJ lh"'t. of cCtur~e~ he read as a denial of 
the value nf e<mtinuous profile~. whid1 somctimes draw attention 
to import~ult e' ~rlls '' h0.;.~ ~.xr\!lation Wt1uld not h~ appJ.rent from 
the indi\·idu31 rC'cords. en~n when l<!id side by ~ide. 

~- DETERMI:'\ATIO;\' OF \'ELOCIT!ES 

\Ve ha,·e seen in rhc pre,·ious :;ection that the basic data required 
to plm the ro~ition of a seismic reflector (ifits dip is entirely in th~ 
line of lhe rr<'filcl are lhe lhree times '•· 1, and 1_,. and the 
,-e!C'City r-·,. Thi5 IJst quJntity is the mt-.st difficuh to determine 
'' ilh h1gh preósi0n. ;~,1 that the final stag~ ofsei,mic interpretation. 
ir whi..::h aaH!-limes :.rt" cum·ened iota depths. is often more 
subjt.:t to error titan ar .. ·le pre,·ious stal!es of identifying rellec-. 
tion" '!nd reading. tr:¡\·eJ- :nes. The <,a;nc consoideratio!l applic3 to 
the c-r•n'·~:,i~n 0f i:¡U:-l·ept times to depths in the refraction 
mcti:r.~d. If thc l~round i_:lo UiciínJ mly and horizonl:t!ly qr:uificd. the 
,·eJ.~:it~· ¡., 111\c.:l: lo ... :k1ng.: \\illi úcpth fgcncr;:~ll) incrc;¡~illl!' so 
tlnt i '1 i~ nOla '!imple quantlt~· but :111 arerage reluciry Jov-..n to the 
derth ofthe r.:-llector or refra~tor in question. An error in velc·cily 
de-re:mination unde.r the'-'! condiüons \,·jiJ ~"r course le:1d to aa 
abJC~lut(' error in derth. hut rc!orh·e dc;Hh' in gcnrly dipping 
~rructures \\ i!l nN be greatly affectt:d. lf for any reason the 
an·rage \elocit) rarie-s laterally to any great e\tcnt. relati\"c errors 
in dcpth cosn i.::t~lly occu'r. of a size \Utfkient to mask minor 
s!ruc!•;rcs in an h0rizon. 01 evcn. to creat~ suuctures where 
·n()nt exi!lt. 

Vclociriesfr'lm Rc!fit'ction Times 

Th·~ ::-.-1uirc-J a,·e:~~gc \'clocity, \\·hich ¡, denoted by P to 
Ji\t:ng.i.li)ll it frv:11 th~ \:tille- f'1 \~hich w¡;- ha\·e used for the 

SF.ISMIC ~IE.~Sl 1 RBiéNTS ANO .TilEIR INTERPRETAioON liS 

homogeneous first !ayer. is rdalrd lo the tia,·el;time of the 
rellccttd pulse by 

rr. = '(x' + 4il') (5.4) 

and on squaring this oqualion we seo lhal if lhr squarc of lhe 
geophone distance is plotted against the sq,uare of the rencction 
uavel·time to that geophqne~ we obtain a straight line whose slope 
~ives the square of the a\·cra¡;e vclocity. To use this mt:thod in 
pri1.ctict. a set of n:cords known as a uvelocity profilc .. a.nd 
covering a wider range of g<ophone distances than the usual 
"split·sprcad·· of 2000 fl, is prepared by moving shot-point ar.d 
geophone spr<ad in such a way as to record reftc.:lions from lhe 
same pan of the reflec10r at different rangcs. A typical velocily 
profile anda ray diagram sho'' ing the way in which it '''J. S obtained 
appear as fig. 5·.13. A single '\plit-spre.d'. record does not 
includc large enough ranges ror an x 2

- ,: rr~rh. in \\ hich the 
uavel-times an: subjectto errors· of a few r.-tillic,eronds. to gíve an 
accurate dcterminativn 0f r. 

This mclhod of measuremem ha< lhc Jd\amage rha1 rhe quan
tity F detcrmincd is the one \\ hich is dircclly u<:.có in inrcrpretation. 
and that rhe mcaSuic~ncnt ÍO\Oivf"s a fo.iirly !onl<tll ~dditiun Lo thc 
rou_tine v-. ork of shootinz a rcRection profile. HO\'-Cver. it gj\'es 'ef')' 

liuie detailed informa[ion about thc distribmion in a \'erti.:al 
direclion of lhe velocily. and il is very d'!Sirable lhatthis distribu
lion should be dr.lermined. in a borehole if po.sible. 

.\fcnJuremcnts in Boreluiles 

The intf~iprctation of any geophysic~i ~un·ey is much lc~1i un
ccnain if it can be •·1ied·· lo at least oae b0reholc, Hnd súrveys by 
rcficcticn seismology <lrc mmt frcqu..:.'ltly carriCJ vui in putential 
or known oilfields '"''herr: dril:ing form<; a 1:::.: .,_ --~ ·-fll·~e e>.plora
tioí' pro!!ramme. Unckr these circumstanc..::s. P·.c borclwks a~c 
inva.riably .. lo~gcd .. by sorne of lhe tcchr.iques !"hw; a,·ailahle for 
the dctc:-oinarlon of physical propeuies of r~ks u!.ing various 

• 

j • 



1 

j 

!. 

1 
1 

1 

i 
\ 
i 
i 

1 

! 
i 

1 

1 

116 APPUED GEOPH)Sit> FOH [-;GI-;E~RS ~'<f) GEOLOGISTS 

1 
1 
i 
1 

! 
! 

l 
1 
1 
; 
l 
1 
; 
i 
1 
~ 
1 
¡ 

. ' 
.:-.•. ~· .. 

~;.. í." . 

.• ~ ·_.-.:: . ,· .:::.: 
~-::....:.-<. 

··. 
--.: ... 

. ···---: .. 
'. - --~ . .--::· 

. "4' ¡ 1 • 

VlJliiYi 
FJG. 5.13. A u~·locirt· pTofilt. T/1~ ,/i;.;wram )honJ. tilc ~I.IC'C"~Hit"r po~üion.\ of 
tlwt tutd g~ophont _,prrad. Pro¡ id~d 1/rar 1hr rr/fcaor h. hori~ral. thr ,om~ 

PCJ" of 11 (lht /MIIint• J ü (Of.Utd by tnth ,-puad. 

. ' 

l· 
! 

inqrum~nts mounted in "c;onlic5o·· -...hir:h car. b::_I~J""-t:-cd into tia:: 
lwk. These t<ehmque< ort· J:..,·u"ed in Ch. VIII. but it is appro
priall! to:' memic~n herc-that srmJ:;(,. ita ve ~-:::n de~ ':."loj)ed to r.1::.::sure 
sci~mic \'docity hy timing the pJs~;,.ge of an uhrasonic f'l.!~-~ 
thro!igh the rock ovcr a distanc~ uf éj J~w fe:t. This di•.~ ante i.~ --J 

!i.hort thar thc in5-trument .:ffccti\.·eiy mc3sures veJocity as a c:on
tinuous function of depth. at~d so is known as the contir.uot.:s 
velncity log·or C.V.l. Me~suremcnts with the C.V.L. (a section o( 

a rypical record is >ho"·n in Fig. 5.1~) 'how 'cry "ell rhe delaiieJ 

'2,00Cit 

variation with deplh of velocity. and can be used to pie k out likely 
horizon\ of· high r~necrion c:cefflcier.t. co·mpuló1fion proce-s~~ 
ha ve in foct been devised by wh:ch the etfect of all the retkct.ng 
horizons. major and minor. 011 án inciden! seismic puls~ can be 

· com~ ined to give a "synthetic seismogram'" which can be comparcd 
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in dctoil \\ilh lhe field resulls. To ohlain 3 \OfU< of rror" parti
.cular reRecli<'n from a record likc lhal e>f Fig. 5.1 ~ will of course 
im0h·e an a\eragin!! 0r int~gration of thc acwal times recorded 
in lhe sonde. and Ihis moy lead lo a cumulall\e error. For Ihis 
reoson. Ihe olda Iechnique ofvelociiy measuremenl in boreholes. 
k no" n as "''<11-shcoring", is still imponanl: shots are fired near 
the mcuth ofthe well and recorded by hydrophunes suspended in 
it at \arying dcpths. The nature of this method is such lhal il 
cannot record detaikd ,·ertical ,·ariations of velociry as succe:;s~ 
fully as the C.V.l. (aith<'ugh its resolution is greater than thal of 
the ",·elocity profile" melhod), but on the other hand, s:nce it 
meas u res total trave1~times to various depths, it me asures d;rectly. 
Ihe average vdo.:ity necded for interpretati<>n. A combination of 
C.V.L. and well-shootirg gives 1he most reliable detcrminalion of 
,·enical velocily dimibution at a point. but velocity profile 
lneasure:ncnts. or vne ofthe other methods ;r~entioned below, ha ve 
lo be used belween bor<holes unless lhese aré closely spaced. 

Outcrop Shooring 

The mos: obYious way of measurin!_! the velocity of a particular 
formatio:1 is to set up a spread of geopbones on its outcrop. tire a 
shot into the sprc~d. and lime the passage of the dircct wa\'e acro~ -
it. Since- "outcrops'' are almv~t Jnvariab!y c:oYered by appreciable 
thickne;;ses of lo·.\·~n.:!ocity material. it is ifl facr the head wave · 
frorr. th'! 0Jse of this m2.1~~i?.l that is timed. aild th:s will be su~ect 
te ,·aryir.;! dela-yS in thc ·;:¡rying thicknesscs of ~rburden. Jt is 
therefore necessary lo "revcr;e·· lhe spread (see below. p. 122) to 
e-limin~te thc eff'ect oflhc OYc:rburdt!rt f1om the measurement. The 
.. plus-mi:1t:s'' m~tlw(~, des..:rihed in the next section (equation · 
(5.12)), p:-o,·ides a comenit:nt way of e...-aluating the rcquiréd. 
,·doxi!y. The distancc:~ from ~hot to sprea¿ must be great coough · 
for the ·true direct wa""e through the O\ierburden ne\"er to be the 
firsr :!rrh::tl, and not so g.reat thí!t refractcd · arri\·als are obtained 
from !lorizons bclow the on~ of inlcrest. The method is of most 
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use in attempts lo correlale ,·elociti"" found in shallo\. refraction 
shooling with those of expo-:d formations in the same area. Jt is 
nota ,·ery satisfactory way of d<Iermining lhe velocily lo use in lhe 
interpretalion of renection mcasurements. 

Laboratory :t-tcasuremenrs 

Seismic velocity, like olher physical properties of rocks, can be 
determbed in !he laboratory. A hand s¡:><:cimen is ::>><pared with 
flat p~lra1tel faces~ ar..d an ullrasonic pulse transmitttO acros!J il. It 
is easy to time the pul~e electronicaJ!}', and so measure thc 
ve!odty with a piecision of 1 per cent or bcttcr, but mea~ur~mcnts 
on a large numbe.r of representative specimer)~ are necessary beforc 
the results ,,,-an properl¡· be uscd in seismi-: iñtcrpretation. E ven if 
the S1mpling ofthe specimens is adequate there is the danger ti:at 
lhey may consist of sli¡;htly weathered material, or 1hat the forma
li<Jn in bulk is di"ected by minar fractures wh1ch are too widely 
sep:mued to be apparent on specimens a few inches across. for 
the>e reasons, laboralory measurements must be u.<cd with 
caution. 

Vef()('ifieJ from Rt?frac_lior. .\feasurements 

Finally, the more importan! changes of velocity in a section will 
g.i\·e ris-! to separate brancltes of a time-distance graph of first 

· arrivals in refracti~n s.ei.smv!vgy, and the slopt:.:. ~fthese braucbe:;, 
as we havo seen in Ch. IV, are the rcciprvcals of thc vclocitic; of 
the layers. lt is thu• an advanlage .of rcfraclion sei;mology lhat 
th~ vek~cily information nquircú in intcrpretation is a ~írcct by· 
prod~•ct of the expJoration techPique: if \'e1ccity measuremcnb by 
rerraction are to be us_ed in int.erpretation of reftcction surveys, a 
good de;a.I of extra work h r.er:dcC. Howcvt:'r !h~ r; : !\o:;·.::-ytcGt!\o are 
i.Jsed. it must be bornl! in mind thal they are )Utit:cl fo two 
importanllimilations: firstly, that they gi;c no inform"tion about 
layers of low<r velocity than those immedialely overlying them 
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(sec the next secti0nl; and scco!ldly. that the: vc~;,1ci;.ic~ o:-.:.üir.<:G 
(as in octcrop shooting) :tre velociues in th~ hod:m:r ... dir~tion., 

whereas ;n interpretation. of coursc. t·erlical ,-elo•..:iti.es are- r:
qt:ir~d. In sonlc rocks · imassi\e sandstones and lirne-;:one;. 
ig:1.:-:0us :ocks) this la.t·.er distincti\...~n is of liale impr::tance, but l:' 
shaie-s and sl3te5 tho:: \'e:locity :.il. . .1ni the beddin~ or ·:i~avage di:-ec· 
tivn mly be S()me t0-:.0 per ccnt h1ghcr thnn in.thc: perpendicular 
dir~tio:~. 

Tile imponaoco of full and accurate knowledge of vclocities in 
seismic interpretation cannot be ovcr..emphaSized, and a con
siderable propon ion of the effon of any seismic survcy should go 
into obtaining this knowledge. 

S. THE REFRACTI0:-.1 METHOD 

In refiectior.. seismolog:v it is ros.sible to use a stand;¡;dized 
routinc for obtai:1ing records~ from whi:::h only rela!ively small 
depa..rtti.r:s are m:1de to take account of local ,.~riations in condi
tior.s. Tnus th! "split-!!p:-ead ... co,cring ahout 2000 ft of grour.d, 
with a central shot-point, the whole arrangement being moved 
about 1000 ft a long the proflle for the nex! shot to give continuous 
coYc<age of rer.ector. is very characteristic of a survcy of th:S kind.. 
and commercial reHcction seismograph scts are designed with this 
routine in view. 

ln refraction work. on the other hand. thc object is to build up 
a time-distance graph with an adcquate number of points on the 
branchc> corresponding to all reiractors of interest, and this 
obviously means that geophone spacing and total.line length will 
have to be carefully chosen to suit each particular problem. lt is 
thereforc not possible to describe prospecting by thc refraction 
metbod in terms of a standard ro latine, but only to indicate so me 
of thc ways in which such surveys may be carried out and intcr• 
prcted. 

1 
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Time-Distana Gruphs from Dipping lntrr(aces 

\\'e ha\ e already ><en in §-1.2 that the apparent velocity recorded 
on the ground surfJce for a heod wave from an interface dipping 
down"ards in the posni,·e x direction is not v,. the true velocity 
of the lvwer medium. but 

1~ = r·, ·in(i, + 1) = V2 s[n i,, sin(i, + 1) (5.5) 

which is less !han 1·,. lf the dip i; upw>rds in the posatl\e x 
direction. a high apparent \'elocity v. is observed. gi\·en by 

1·: = V1.'sin(i,- >) = 1·, sh Vsin(i,- x). (5.6) 

Since we nmma!ly L,·e no knowled~e of the value of the dip, it 
fol!uwc;; that a refraction profitc shot in one d!rcction gives only 
t!:e ar·p2r·.:nt velodty V., (or V.,) which is related in an unknown 
'"ay tü the trEr velocity. Jt i~ ele u th:H both tl1c true \·elocity and 
thc angl• ('f dip CJn l>e iound if the profi)e is ~revorsed'', that ÍS if a 
new trave!-tirr:e g.rarh is det~rmir.C\! nith ia origin at the cnd
P<'int ofth: first one. From then bo:h r·, and v. are known. and, 
if tlie refraotor is plane uncicr the !'rofile 

- ic + :x =sin- 1 (''1 !1~) l 
a~d i,- 7 = sin- 1(1'1/I:J j 

. (5.7) 

from \~ hich 7 anJ ic (and hcncc:: V1) can be found. The mcaning of 
''rc:,·ersal"' is il!ustrJt¡;od in some dt!tail in Figs. 5.15 to 5.17. 
T\\Q W.l)S of shooting a profile from A to. B are ~hown in Fig. 
5.)5la}: th~y fi\e t~e \,)me inf,.\rmar.ion, 5-ince the origin of the 
tirr.: · di~t;.~ncc graph (fi!_:'. 5.16) remains at A, a.:1d tltc same ray 
paths are tran:r;,~~. altr.ough the directi0n cftnvd of the scismic 
ruJ:-.c is incieed ··re\·er-.ed" if thc seco'nd 3ff'1!1~cmcnt is o:•dopt~d. 
"t.1rr.'1Hy. of ..:\.h~rs:.:. it wiJI be more convcnicnt. to u~e .lhe ftrst 
~~rr:o:"'~.~c¡:1ent cf :\imultaneous re.:ordi11g at se\·eral pc·ints of a 
~~~g!: !!hi.:t. :hou;-h 1iw :Jlt~rr.ati\e Í!t u~~ful if !->hOt:!l can ~e tired in 
WJi~o.·o '"··i~h,1ut ¡he necJ ívr drilling. To rcrcrse thJ~ protile in the 
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A 1'·• ¡s. 1'·· 1 s, 1'• ,,. Go 
o B 

\ \ \ L \ \ 1 7 \ = 
{bl 

FrG. 5.1 S. Tht -r~t trsar of o ,fru~ricur prl)fi/~. la) 7 "·o "·u.1 J of Utootitrg 
""fwm A to B.'' Nou that no Út-crsal is obraintc1. (b) Shooiing ¡, tht uurg 

dirutiou jn.m1 B lo A. 

f)o. S.J6.- Th~ pair of 1rur~l-1im~ yn:plu "hk-11 .,oui,¡ b~·vir~" if 4 u,w/~ 
r~/ru~lUtg lwr;;Oif tt.·tr~ dipping uuiformly from A lo l:J. 
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:-.ei~mfl},\~ical ~~n~e implic:) 010\ ing the un s-in (..lf nl(~burcmcnl tn 
B t F :g. 5 .l 5( b • 1 ,~.,., t hat J di ñcr~nt p:Htern ""'r ray p;,¡th:; i~ rrc1d u~ed. 
Aga1n sh~.,ts and ~e~.,plll'llC:S. can Pe: intc:rchJni!ed with no rffe(t on 
the results. An implxtant feature uf a stri(t r;\·er~al (•f this kind is 
tho¡ the o•·erall time irC'm one end ofthc profi:C to the other (often 
c:~.lled the ··reciproca! time') is meas u red '"ice. ~o thot a check on 
the interna! consi;rency of the results is possible. Frg. 5.!7 shows 

Frc.. ~.17. R~ju;clio11 ro.' parlJJ for a spli1 _rrreud. Tht lrt•~ rrfracror ulocity 
co;dd b~ ob1:..·w~.1 '!ni.• if tht i;'ip hf'ft' ¡,_•:i¡'orm_from G 1 w Gu. 

that the stanGard ~plit-sprc:1d of reftc.:tion wo~k gi ves .. revc.rs.ar· of 
a kind for refra·..:tion arrh·als: if the refractor \\ere of unifurm dip 
beneath thc: '"hnlc srrcad. then a single: shot at S would give bmh 
ur·Gip and down-d:p <q."'part:nt velocitie5. As. howeHr. the dip 
cha..nges b~tween G.¡_ ~Ind Gq. \\ "; re the head wa\·~ are: f.rsl so:n a..s 
fir'jt arri,·als, it is clear that tht: l wo halves of the sprcad must be 
treated separately and both remain ··unrever).ed''. For strict 
"re,·ersar· of a r-eiracrion line. the same part of the refractormust 
be co,ered by both time-distance graphs. · : 

:\Jarping of Irregular lnrerfaces 

The concept of apparent vclocity helps us also to undcrstand the 
form of the t: ·e-distance graph from an irregular refractor. suoh 
as the bed ol . : olú ri•er channel fi!led \\ith allu\'ium. Clcarly. as 
the interface dips downward in the direction of 'hooting, the 
time-distance graph will increase ih >lope ldecrea>e in apparent 
\·clocity¡ aml \'ice \·ersa, so that the departures ofthe graph from a 

SEiSMJC ~-fF.ASL'R[~H:~TS A"D JHr::.¡p_ INTF.RPRETATJ:::~!'l 1:!i 

lim: of ~lope 1.: J.'1 will qua:it.ati\·cly form a mt.rror image d thc 
interhce, as shown in Fig. 5.1~. The featur"' of the ¡rraph ar: 
displaced laterally in t.he direction of shooting from those ofthe 
refractoi". sincc the head wa\'e does not return vertically thro:..:;h 
the cwt"rhlirden. 

F1G. 5.18. _.., rti'Ufl'd prf'lfil~ aaou orr irrrgular irrt~r[au (."'1/tn 1960). 

Anothcr way of appreciating the physical signiftcance of thc 
irregular time-dislance graph5, of fig. 5.18 is to realize that lhe 
""intercept-time .. 2h co:, i(' · V1 for a horizontal refractor at depth 
may be regaJded in the more general case of an irregular refractor 
as being composed of t\\O ''delay times" 

t, = h, cos it' 1'1 and r, = h, cos it' · V1 

where h, and h, are the thicknesses'(measured normal to the 
refractor) ofthc top !ayer at shot-point and geophone respectively. 
Thc delay time r, can be deñned (Fig. 5.19¡ as the difference 

.. ... . :-- - - . 
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FIG. ~.19. T~~ d'fi11i1ion oftht> deluy titrW 

se se 1 tan i~ . ' • 
'· = - - - = h, --- - -- = h, cos ~~ ... 1 '·, vt v, cos;.. J.·~ · 

A .\im;/or dr:l1niri(ln upp!ü~ ltJ 11 • 

hc-i.\\Ceo the time acO.u::illy spent by the P'Jise in the urper layt"r, and 
i:hat "hich it ''Ould ha ve ~re.nt in travdfing. in thl!' refractor at 
\"Cf0::i:y V,: frC'm a roint S' below the shot-point to the roint of 
critica! incidcnce C. ln Fig. 5.18 the first of thl'Se delay times is 
C0n'iJ:1L but the ~ccond inrrc~)C'(, and e!:.: ~!!ase; with thc local 
dcrt:l at :he p~..,~i!i~~n of thc gt'oph;.:.>nc. The ~otal navcl-time is 
therrf~··:-e incn::1scd a~Q\"C tt-:c \ alue appropriarl! ro a hori_:orital 
interface by an amount derending on the extra depth. 

lf ¡·, is ~m:mn. togethcr "itl: the depth ro the interface at the 
origin·. thc form of thc ir,il:rfacc can be cakulated rrom an un
rt:\Cr~ ... ct protile. lf lhe proí,le is re\Cr'>ed (as is ah\ays dc~:,irablc 
m cac-.e V2 should \ary oq·r ils Ien11th). then thl! form of the 
refractor can be simply f.;~nd by any one of a number of standard 
methods. For ex":nple, if in Fig. 5.18 the delay times at the two 
o"ds cf thc profilc ,re r51 onú 152 • and that at the geophone al a 
~istance X from 51 i~ t "' 1 hen 

zl = r., + 1., + x.'V2 
{5.8) 

) 
/ 

_,~J 
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whcr. X is the totallengtb of the profile, and t1 ~ t1 are thc travcl
times or the heaJ v.a~c to the ;ame geophone from' thc two s~ot
points. Adding these co.¡uations we ho,.< · 

11 + 11 = 1, 1 + t,, +X/V,+ 2r,. {5.9) 

Buc··chc 1otal travel-time from one shot-poinl to. thc otber (in
eithcr dir~tion_l is tl-.o reciproca! iime 

T = r,, + r,, + x¡v,. {5.10) 

so that 

r, = !{t1 + r1 - T) = ~~~ cos i,/V1 (5.11) 

and the dcpth h al this rco¡>honc can be found from the mi:asur.d 
times and velocities. 1t is worth noting that 

= consfanl +_!xi,-z 15.12) 

so that this time diCTcrcoc~ rlotted ag:.~inst X r,i,·es a lirl::: w!~osc 
n:...:iprucal slope is halfthc refr~Ktor vclocity. Ch3ngcs in refractor 
ve1ocity (·.:1n be Jc1ccred · i:t this \\ay. TI1is merhod is dcsc:ribcd 

more fully by Hagedoom (1959). 
In rl:e abo\·e discus5ir.n , .. e h~ne assumed that the geophon~ z.re 

set out in linc \\ith e"ch othcr and with \h~? ~hot-point. A ba~ically 
differcnt arrangemcnt of shots an1~ g~orhon-:=s is uc;ed in the .. fan•• 
or "broadside" ;lwoting methods. Her: t!Je dcteclors are pleced 
or. an arC ccntrcd C'!'l tht shot. or on a line D[ right angks to ihe 
linc of shooring, so that thc: di)tance is approximately the same for 
aH of tl-tcm. This plan is pa:-t:rul.uly suitat-le for ·a p·rclimin~ry· 
locaticn of bodio. or suucturcs which can then be c.xplort:d in 
more detail by profiling. for cxampie. it ~it:; ·'[;_¡;¡ •• cont.:tin:;. a.large 
stcep.,ided boJ y of Cv•llrasting \Ciocity, Fig. 5.20 makes it dear 
thatthe travel-tirnes will show a minimum (if 1': > V1} (or those · 
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r::!.ths wh!ch r~'-" thfl1L.!~h IY1e g.rl":.l(C~t thickn~_~, ofthe h0d\', lfthe 
"hf·t·t('>-_gcop!ll\11~ dh~:JIKl'_, \ary aprreciahl~ Jcr('!~::t thC fan it wjJI 

he nec~sary lO rrl'r:lrc: J ''llf\ffllal" lime-di~tance gr2ph for the 
Z.!"ea and to plo: out the Jcparturcs from it of ob~en·cd traYel-timc:s 
acro5s the anorr:.;!h.'U) hody. A ~eco..'nd "f.:111'' approximately at 
right >ngles to the fiN. will en3!:-le the po<ition · and ·e\tcnt of 
the body to be wu;'1l~ plottd. This method has been extensively 

- G, 

F•G.. ~-~- P/.:m rir .. •J_f ··,FJr:." orr.u1qt'm~nt o/ o~opharrrt for locarinr a bod\ 
(HCU II~U{lDri/y OLitcroppw¡¡ al lit~ )llr/acr) of high lAociry \'~in Jw,;og~n~o~s 
"latufa! of uloon \'¡. Th~ trD!,/-timt'J ..,.if! b~ ''normal .. far grophon~t 

G,, G,. u•ld G:o a~,J w1omalm111y lo-...· for lht' otlun. 

us("d to loca te ~alt· dom~s. but could of course in principie loc:He 
\.""~r~-hndics ofhifh ~ei-.mic \elocity. though the \arialions in travel· 
ti m:! bccome incO!"l\~memly .,mall ii the body ha;, dimer.sions lcss 
than ;:¡ few hu~dred f<c:. 

\\'ith the same arrangement of shot and gcophones. the course 
of a buried val!~y may be :raccd. In this case. the range x is choscn 
to be great enough for the h:ad wave from the bedrock to be the 
first arrival at the geophones. <o that the tra•·el-tiiTle is given by 

(5.13) 

o 

SF.ISMIC '-1E-\~l'IH \.1F~T~ .\!',;D. THF.IR Jl".iTfRPRFTATJ0S i:9 

whcr: r, ar.G :, :n: the d'!i3y tiro:.:..-. at ~ho:-poir:t ::l.id g-:<'p~ ..... i1.=. 
As x :-tnd f 1 are th~ same for al! gePphones, variatiPn-; ;n t ar•: 
sirr.ply dueto variation~ in !f. i.e. to :h~ thick:v:ss at th-: r.:o~~-~nc 
of the alluvial !ayer. the veioc!ty of which is suppo~~;.:! .to be 
roughly constan:. Fig. 5.21 ~hows how the method miz}.t :--~ 

applied: the lon¡;er travel-times rcxorded on G,, G, and G4 .,.¡¡¡ 
si':ow where the ne~t detailed protile for in•·estigation of the ere..-

.,-
/ 

1 
1 .,-

/ 1 
1 1 G,¡ / 

1 
1 r.,c f 

/ G,:. / 
Mnow" 1ectiol'l / G e¡ 1 ,. • 

\ __..,.,. V, /OG! 
___.-r / oG• 

\ / CG 
S (;,l-/· ,/ CG~ 

\ OGg 
\ OG 0 

v, 

FtG. S.21. A~pliration o/ fun-Thomi"9 10 traC'ing rlw c-our>t! of" buri~d ra!l~y 

section of the filled va !ley should be sitcd. If the two velocilies are 
very uniform the rango used can be as great as the lil:ely course of 
the vallt!y "'-ill allow. If V 2 \·arics, as for examplc: if there is an 
unsuspected anisotropy of 20 por cent so that in the direction of 
G, it is 12 ft,mscc but only lO ft.cmscc in the direction ofG10, then 
ata range <>f little more than 1000 ftthe time differences dueto this 
become comp3rable with tho>c to be expected from a vaUey lúú f: 
deep filled with material of >elocity 5 ft/msec. Even in a pre· 
liminary cxplo~ation of this kind. then, the importancc of vdocity 
control is vc:ry grcat. 
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LimitdtinnJ on 1l:r! Rc/iahi!iry and Acn1racy o/lntcrpretation 
of Rorat"tio, Surn·.rs 

E\·en J\~uming that 3 refraction suncy has heen properly 
t..""arried out. with ade~uate charges to gi,·e dear ··nr•a brcaks'\ 
careful sur\ eying of ro,:;.iti\"'05 0f :>hNs anJ detech.lrs. :wd so forth. 
there rema in mar:~ uncert~inties ab0ut the interpretJrion of even 
such an appareni!~. 5tr;¡ightfon,;ud pair ~·f travel-time graphs as 
thc~ of Fig. 5.18. In th~ first pb.c'!. ne:u !l>Uñace irregubrilie:; of a 
IC'w-velociry !ayer mJy introduce \J.rial_-\le time delays. and a cor
rection to da tu m sh0uld be rnade a~ \\.ilh J. reflecriun sun·cy. The 
rres~::.ce of a surface low-\·eJC'City !ayer mJ.y be shLmn Cy the first 
oSscrved brar..:-h of th.: grzp~ not passing t...Voug.il. the origin. but 
it rn?.y '='e rri"s:nt cnly over a p:1n of 1he p:-ofile ''el! away from 
fhl! 0rigir. an¿ so nvt show ii:s·lf in this wly. For thjs reason. and 
~c::.•..;.5c the \'ajue of ~· 1 m~~ weil vary on·r the Jength ofthe.pro-
6!~. tl i., C""\ClHial tn \h~t :t serie-i l'f ~hort profite!l within lhe m.:lin 
0r:.~ ... \\hc-;e only ohj-:ct is to det<::rmine F 1 and the time delay, if 
an~. in:ro..:!uccd U: a 1.:!:-er of lC\\er ,·~Joc:ry. 

lf th..! ccmrol on ,·el0city i~ r.:-cd. ar,d the br.1r.c-hes. of the 
ti~:'"'-:-J!.:.t~:nce frJ.¡::-h rc:pr.:s:r:t the üllly Jayers pre:>t!:lt in the 
fim;nd... ili::re is no rcJ.-;cn why a refractor ata dcpth of the ordcr 
of WCI ft s!wu:d not r~ p!uaed to '• itf.in a few fcct. Althou:._.:h !hfs 
refractor i5- Ii\d~· to coinciél! with a conventional geological h0ri· 
zon. tbis is nm necessarily so. and it is really essentiJi for a 
refra;::-:ion prof":le to be ··ried .. h• kncm n ¿eology either at outcrop 
or in a b...:.rcholc:. S•1 tha: the refracring horizons can be identified 
W!lh certainty. 

T~.ere an.: two impOrti1!1t circums~ó!nc~ ir. which the rra;:el-time 
gT:!.ph Coes mH fi\ ~ the fu:! inforrnation abo:Jt the ground byering. 
l.f J l2ycr 0\"'.:'rli::-:~o \...,nc of !m·:c:r \·ei~Jci!y. ~·¡s~e:Hl of e~ch interface 
being C'P.C of a \"l!locir;: increase dm\;~W:JflL a.s we havc so f3r 
su~pc-s.:G:, Fig. 5.2 :..ho\\!ro that si;!C".:' lhe rcfraction at thi~ bounc:!ary 
wiil b<= to:.·ards rho nocmal. there e~;; be no ray tr~ve:ling below thc. 
V2 -V3 ir.t=rf:.J;:c to gcn~ra:e a heó.i.d wa\e and a f;orre~ponding 

SEISMIC. MEAS\!REMENTS ANO TI!EIR INTLRPRETATION 1!1 

v. 

V.>VJ 

• 

"V3" branch of rhe ¡:>aph. lf rhe graph ís the onlyevidenceavaíl
able, the intcre<pt time r, will be u,td to find the deprh ro rhe rop 
of the V,. layer a~ though the 1'1 laycr lnd ti1e higlier \·elocity V2 • 

and an over-estimate ·of depth n iJI reult. Tt.e O\ er·estimate m a) 
be con~iderable. being deterrr.1:1ed by the thicknc:~s of the V1 !ayer 
and the amounr by which ils ,·efocity falls >hNt of v;. 

If onc of a serie~ oi layers is thin in comparison 'with its dcp\h, 
lhe h~d wave from lt r1ay ne\cr r.:a'7'~: ;~.t> ~urface as a first 

. arrival. since tht head wa\·c frcm thc l.o_:..er bel(•\\ C\'tortakes it at 
a rangc at which ir s<ill arri\r-; later rhan th~ dircct pul><:. This 
situation can lead toa mis.interpr.;tation if o,,¡_.. fi~1 arri\'als are 
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rlottcc! t'O t!le ~r:!ph. A good C'\3:-!1f1iC ¡J{ fhis ¡~ ~!HW•n in Fig. 
5.::. t:ik-::n fro:n ;, pJpcr by So~o,k:: ( 1959J. Th·~ fir~t in:.:rpr~tJtion 

;a a t\\(' IJ~a c:.i'-~ Cn·~'tc th:i.t !hr.: 'clucit~ of ~; ft m:,ec i~. imprüb~ 

ab:y hif!h lo rl!;l:-C~-c~~t a third laycr. J:d ~o is more pbusibly 
¡;::eoprct~J Ji an "up-Jip'• apparent \clücity of the hcad \\"3\'e 
from the 16ft msec r~fr.:.ctor) is sho,:;n h' he .:rroneous by a bore· 
h .... 1le r.!ar the s.h0t-poir.t. \\hich pa~s~ through a relati,·eJy thin 
bed cf ba .. alr 0f intcrmcdiate 'eiocity. With the nddition of thc 
borchole control. ,,r by recc•rd .. g Ihe "~::::ond arri,als·· of rhe 
head v.·a,e from thc h3salt. a c~:-; .. ·ct interpretatJ•Jn is possible. 
A:-:·.:d~ei e.umple .• ~na much !<J.rgt:r s¡,:al~. of the roc;')i!-lili~y of a 
··biirn1zone·· is 1 ht: f~ct thJt the iayer of sediment. perh:!ps 2 km 
thick. on th(' bej of thc (\Ceans. dv.;:s not .:o'l!nbu~(' ñr~I arri\·al.s to 
a ::!fra.::tion prori1e shnt on the ocean surface: the depths ar:d 
\ehxities im·ohed in thi~ cao;:e are in fact "uch that the \edimentary 
i>~er .. ,ould ha\·c to be more tbn JO km thick hef0re it could he 
l!e:~tcd wilhout ma~.!ng u'e of la ter arri\·J!s. The great~t possib:e 
:hickn~s of a hlind zone can readih: he c.J.Icubled from apparently ' . 
-r"o·l.lyer·· data if a "clocily is assumcd for the ínrcrmediale 
!ayer tGre<:n 1962¡. 

6. THE CHOICE BéT\1/EE:-> THE SEIS!'.HC A~D. 
RESlSTlVlTY METHODS ¡¡o.; GEOPHYSICAL 

PROSPECTJNG 

Far more money is ;pent on applied seismology. and in particu
lar on rcftcction sei:;;mology. !han on ::ny other g~ophysic3l 

n:erhod. This is pJrt!y b-:cJuse it is an inherently ..::.\pensive 
mct~,0d. and panly bcc:1use it h:J) hcen found to be mort ~ucc¿ssful 
than any other ¡·n cxpkration for cil. wh'<;:h is the largt:'lt ~ingle: 
fi,IJ of geophy,io:d <ffort. lt does nN. of cour>e. foll0w .that 
tt.e ~cismic m~lhnd sho: .. dd be applicl..! autl)mati\:JIIy to eYery 
probkm. evcn if e~nnomic consi·l;-n:ion:. are not cf over·riding 
importance. M an example of tfl: way in \\hich lhc ':hoicc may be 
made. Jet us consider the problem of delincaung lhe bcdrock 
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surfoce under cmer of no more !han a hundred f.:et of alluvium. 
ah•ng a 'ingle lir.e. h is physically possit-.le to soh-c this problem 
by placing either a set of boreholes. or a ;et of resislivity deptil· 
-··)be; (see Ch. 11 and 111!. ora set of gee>phone>. at intenals 
,,l,•ng the line. lf cost is thc only consideration the resistÍ\'Íty 
m!!lhod \\ !11 ccrtainly be u sed. v. ith the seismic method as ~cond 
ch,,ico. as <he cost of drilling a set of holes lo gi,-e equally closely 
sroccd ,-alues of the depth to bedrock will be very much greater 
th.m eithcr of che g.:ophysical melhods. e\·en-allowing for the facr 
thJt they wou1d need üne or two btxeholes as control points. 
\\'hen the quan:ity and quality of informalion obtaincd by the 
three methods is taken into account. howeyer. a different decision 
m~y "'11 be m3de. TI1e resistiYity method might still be choscn if 
rather l.1rge ( ±20 per cent) errors in the dcpth are tolerable. but 
oftea Iloc: n;.,ture of thc "ork will be su eh that the greater accuracy 
úbout ± 10 por cer.t in a typical case of this kindl of the seismic 
method might more than pay for íts greatercost. Anolher point to . 
be con"'i.kreJ is \\ hcther the \'elocities. dctennined in the one case: 
are likely to be more diognostic of the ground propcrtíes in "'hich 
one is rcally intcrested than are elcctrical resisti\·itics. A series 
of clos:ly srace<.l boreholcs v.iil give greater accuracy still, but 
hardly a gain in keepi1;g with the extra cost. panicularly whcn. 
i1 is remernbered that any gain ofa:curacy in !"Oint measurements 

··may be more apparenl than real unless the r ··ints are ,-ery closely 
;p;«·ed indeed. The information (Nher than depthl ol:otained by 
bvring !s of course much more than that given by either geo
phy<ical method, t-ul may he too definite if the bedrock or over· 
burdt: n arl! so variable that a knO\'·Iedge of their a,·eragt! properties 
Í> of more use than a limí1ed number of spot checks. 

h is of sorne intzrc~t to ~pc:ulate how the relative val u e or these 
thrc~ techr.iqucs is líkely lo change as a r<sult of technol.:>gical 
ad,Jnce~. Both the co<:;t uf driJiing and the nature ofthl! informa· 
tion !t prO\ id es ~l·~m unhkely to change apprel:iably. and th.e same 
may be said of the cleelrical resistivity method. The equipment 
rcquired fo~ this is alreaJy chcap (about GOO¡ and th<: cost of a 

SEIS~.IIC ~IEASt:RBIENTS A~'D TIIFIR 11'1 ERPR'ETATION IJS 

resistivity survey is mainly in the time tal:eit to ca.-rY it out and 
interpret the results, ·whích ,;¡nnot b~ grratly reduced. Thc 
seis míe method, howe,·er, with the advent of light. transistorized 
equipment and simple impact sources has come lo compete in cost 
with resistivity measurements for shallow investigations, and it is 
now often possible to make the choice between them on scientific 
r:nber than on economie grounds. 
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GEOPHYSICAL STUDIES OF ROCK MASSES 

Eludes géophysiques des massifs rocheux 

Goophysikalische Untersuchungen ven Fels 

A. l. Savlch 
Or.Sc.(Phys.-Math.), Chief of Geophysical Oepartment 

A. O. Mikhaifov 
Olpi.Eng., Chief Expert of Geophysical Departmenl 

V. l. Koptev 
cand.Sc.(Tech.), Chief Expert of Geophysical Department 

M. M. lljin 
Cand.Sc. ¡Phys.-Math.), Senior Geophysicist of Geophysical Department 

"Hydroproject" lnsttlute, Moscow, USSR 

~,. .. ¡::Jrer pres~nts the basic rP.:tdl~ _and methods of geophysi~al 
~;' ·.t~JI('S are considered: stuJH'~ ~'! the structure, propert1es 
•:~ !."•'lr propcrties as a result •'' ~~nn1ng and cons~ruction ~ork 
'i '"''}(,m Ir• th'e foundation ro'k. \,, the structures 1n operat1on. 

' , 
Pf ¡I,M( 

studies of rack masses in the L5 
and the state of natural rack ~~ 
and studles of the dynamics of :..: 

. Three main otjectiv~s 
~~s. studies of cnange 
-·.:-""':'!'!ation processes 

~f'--~-J~¡:or-t trJi~e de principau., n''u1~ats et de la métl'lodologie d'Hudes géophysiques des massi.:~ -:cheux e;; L'Q.SS, effec· 
t.:-r·, ódnS les trois directlon" ;'', ·.:lpales: _étude de la constitution, des propriétés et de 1'::?':.!': ""!turel des l':".aSt;Hs 
r•.t"~l".l•, etude de rrodificatior.' .... ... :s _propr1t'!tés 11u cours des travaux d'excavation et de cons::-_:-:ion, Hude de la dtnJ· 
'1:: .-~t- (lf.";. dcforrnations dans le'i ,,.,.,:Jttons d'ouvrages au cours de 1 'exp1o1tation. 

/::·.M·~u-~!:oF" ASSU~lG 

:~ !l•: qr·.1g werden Hauptergebni ~,(' '"" geophys lka 1 i schen Untersuchungen sowie Fel suntersuchun9s--=-: -_-.: i k in der UdS SR be· 
,,_1.-.. ~·-·lt. Es !.ind dref Hauotrit"";, ·.·:··l der Untersuchungen zu verzeichnen: Studien van Felsbesc'":.!·--:·-eit im natürlir:hen 
:.·.~Jr,J, Erfassung van Bescnaf~, ....... :sc.nderungen im Felsbau, Studien der Dynamik. der Veriormur.;::. :-;.::nge in Gründunqen 

vv~ b~~~erken be1~ Betrieb. 

1, I:;-::;¡ODUCTI0l1 
'!ho dcrigning. constructio~ "~· .. ! operation o! mo
~1rrn Ptructuie~ tou.."""l.ded e:~ ~~·.··i!l cr cut in 
Tü.:-=-n ro;:-ccranins the urb~:·.1 :~·.:;Jlcr.l o! <::Ot!t:Jre.
h' r.: 1v1• :nudiP.D o! rack :- ... , ..•• .;uJt.ing by the 
¡:rut:~;;.:J nrioing hereat a;:.~ · .: rr.c~noua o! 
tnc'dln~: th~1 oroblcr.1:; onc 1 , • .:.iotincuish the 
r~llo~!nc o~j~ctivco: 
- ~tui.!! ca o! the otructurt'. ¡·~.,·::~rtico ac.d state 
o~ r.~\t:1:-r~l rock ::m~seo; 
- rtu::í:: 1 .::·:::~nt of chOLt:cs -·· ..... ·¡·ticu w;.d ::;tate 
e{ rcc~a1 in tte process e! .::1,:; o.nd construc
t:,n wnri< e...'1d o! vo.rioua \..·.· .·:1 .J! trontment !or 
1:-:; :-·.:vc::.ent ot rock: L1tL::::JCt:'o.~ -;,:e :;:.OOCD Of their 
1:-.:.·r·t~t!c:'l. witr. ::;tructu:-.·: 
- ctto..:ien o! dct'or.:::.at1on t'~"· .- .... .;;~u J.U rock c.as
r.~':'l r..::.! ~rc.:!iction o! tr.~ :·· .'. :nnt p~cnome::a 
~u:-!.n;;; tho oerv1ce lite o: -..' \:Dg1n~er1n& 
atr.tcturcs. 

:'l':.e J:0;_1.:<r dccla wi tb the j'':''·.: ~;lea, methods 
A:::! ou:.co;:eo o! thc ::~olut~.· ... < !JOm1• typical 
pz-ct.•lc:-:.n o! thc above st-.::.· .•.. ·.:sin¡.: ¡.:cop!:.yai
•t\.1 u.'1t!, c.n!nly, ocia:nont.·· . . : =~t}hHlD. The 
c~ort 1o bn~cd on the s~:t:-··;~d dl\ta ot geo-

p!.j'<!ic:U ourvcy_ conductl•..:. · · ·~"~r·"~u ot lnrgr. 
h¡..!rotJJ.cctr1c proJ ccta .in t . .....,. ....... ,t, conG1der1ng 

... 
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the da~a o! analogous stu:..:.-? ~ ::btained in ott.P: 
!ields o! the engineering 0·:.:o¡:;y, mining an.i 
exploration geophysies. 

2. STUDIES OF T!iE STU!\c~·-"7.:. ??.OPERTIES A!iD 
STA'!'E OF ?iATURAL llASS:::¿ 

Thc typical problem3 o! t~~- ~::-•nd, ao well' 
aa the :::ain r,:..:>optyoical =·.:--:. . .:..::...:, .uaed t.J ::;.:;lv~ 
the:::., are SUI!lr.:ed up in Ta·:.:.. ~ :. As a rule, to 
aolve the:::-e proble:::.~ the =-:-.:.::.o ot en;~ir.\"'C
r~r.,.; gcop;~yai.::~ r..rc u:Jcd .:......:.. __ :.se reL.~H.;;J 
wi th trod.i tions.l methtJdr; :: :~t.nceriog !.mrvey: 
engineering-F,coloeical, t.:.-.:..._--:-:-:. : ~-1cal o..-.J ;.::c->
teci'.nica.l ou!"Vey me-:hoctn •. .._; -.:.e enginccr:.::o: 
ge?;:hj":J!C!J dcvelopcd c..nd .:_::-~:-:7ed, ito r·~lt' !.:: 
vo.i~,.;,tl.on o1· thc í)roble.oo :....=.. ::--eotion 1o .t:~tcu
dily 1:-.crea~i:-1&, while t~: --::..·..=en ot lt\~~
riouo e.nd e.xpeo.:~ive trnd!::::.. -e" surveys are 
going down. 

Physica.l. prcroquisi tea. !o::- :-.:..:'"~ion o! th• 
problcr.~.:~ l1Gtcd in Table : :-- -;b.e geophy!!l..:al 
z::u.•tl:.cds o.re the theoretice....:... .::..:::...:! experi.::t•nti\.1 
relot-lo:-!o bch~ecn the pc.r-=-·~ --!.:"D o! di!!t'!''-':¡t 
geophyolcal !1elds (claot.:: "Jr~-;-en tielJo, 
vlectric and r:.o,.;netic !le.:.:_: ~1 other ¡.·l'..,)':J.!.
cal !iel~o in rocks) and c~~=~cr1at1cd ~t 
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2 
:-~.~1r I. Sy.!'ltt'r.l of Cf>ophye!c!ll r:C'thodp u;ed ir. tr.,-:~rering-gt'ologiptl ;:tuditt.p ct' rock mnro[!es. 

J.:ethod:a M! typC'.r. or invootir.ntion 

.,.¡; ~~ 
-..~-

l u:-pooo o! invcot1¡;nt1on a..:l &:: ~ ... , ..... 
""' -=-¡.., 
~o; ~ "\:1 ~ b; 
~u "" ""'"' e ,., ¡: 

~" o...; h ::. .... :: 
fi o o o .... e;: ~ 
t;;::: "" u t.:" S ....... ... ... (,Ir: ..... ; 
t.·:.· ...... tJ ~~e " e ::o u 

1 ::··:··~ti5ntion o! roc!c 1 ' . 
1 

.. [·:::;.:.cture. 

1 . 1 ~i t;,olo¡;ical zonat1on + + + 

11: ~ 
:. :_;_..:;i.. :!.ns out or !no.;J. t 
zones + + + 
::c.tU.otion of thickness 
t!! • .:. ncture o! wentherinG + + + 
zone 

' . :• . .:--: ~~lr.e.tion of J2hys1cal-.. -:-.~': ;: :·.::.:e ::.1 ~~ro:-cr:ie§ 
... .--; ! ...... :• o: t:!e roci:.s. 

:. 1 .:. ;;·.:C:tin€ of joint1n¡; 
ir. te:-.si y + + + 

- - .ñ..t-sessn:.ent of olas tic . ··-
1 

c.-:d dc~o:r:::ab:111 ty in dices + + + 

1 =. 3 ~cterrcination or streJ18th 
p.-.:.rameters + + -

:.4 !.:-:ucyins o! permeab1l1t:r 
p:·operties - + -

.· . :: h!:!:e::::sment o! water ea-
~~!"'ation, water content - + -
1:.-":d porosity 

~.(;. A!::ceeEI:"tent o! rock pre-
sC>rvation "in si tu" + + + 

1" .. ;,rsessment o! anisotro-.; . ( 
cr.ó. heterc¡;one1ty 

1 py + + + 

1" StuCying or state ot ,.~ 

stress + + -
":á<:.> ::e.r;Ue u:'lder study (Gon•eino·.r, Lye.khovitski, 
,~-¡~; l:ii:itin, 19~1; O¡:;ilvi, 1S;-ó2; Sevich et 
:.....:. • , 1:;¿:,). 'i'he soh.:.tion!: coug:O:; e.Te r.:~.air..ly 
:. ::::-·.':: o~ t~~c at:5olute que::. ti ti e .o o! ~eas\.:.I"ed 
~·;_:..;-:.::cict:.l pere!:'.éters ( ti.:.e of Y • .e..ve rU!"., pro
:--r: ::.,:¡:: vclocitiec or..d in.:.ices o~ _cle.ctie 
·, •.•:r·:· c-:.-;.er.·.;ctio::. clcctric re!:ictc..'1ce valuec, 
~~~;·.t:r..o"tic t.moceptibility etc.) a.::d also on the 
:-•.¿o,"..:J..L.!"i..tic:c o! thcir distrib•.Jt1on in Ept..ce. 
.~ ~~t~in the dotn rnther co~plicoted eche~ee 
e:: :: '-t.~~,..;!"eL1en~.: o.rc ap;üied, tl:e Ob!:ervt~t1ons 
.::~:;~.~..:ct·~·~ on the cu!uce o!. roct: ct,c:;es a.cd in 
t:.t.· :r:tí:rior pointr:: of the ~:cJ1~-: bcint; close
l :: c:·::.:::.ncd ( Go:ry~:;.inov, Lyl;.k!-.O\':Í. ':.nl.:i, 1979 • · 
,;.~.·:.:.·.::L c·t al., 1YlSJ)i-or 1nterpre:ting the·o'b
tll.:..nv~ Qntn the Ittoch.ine procec:::ln~ z:1ethoda 
~l.:..:;..! ür. the thoort·t.ico.l .colutic:J:: de·telopec! 
i:: :.iir úf!.!!.,;.l ·~"ld rc:sf!c.rch geop:;y!;icc or.d alBo 
!.:• t::J~:;·ir.t-crint; r:t'o;;r::,·::.1cn, ere !'indiz:g ever 
.:.:.~:::·l:t:!;inr. uoe (i..yukhov1tak1, ~;a~ndcnaki, 1976; 
ryt<tci<1 et al •• 1976). 

r.ock mappPQ mnpping. 

1 o o;., .:; 1 ~ 1 1 ... ~ 1 ., i:-~oo 
o 

e u ~o-o:; 2..:; t <> e o _, 
"""J:';jo ...... +'CO .e o " Col E; ~ .... .., "' o .e ... .e ... 
.... oó.JB ~ ~ ~"' f..!()~ ~ "' .. 
o.-. ~ " o ......... G 1 .. 
~"O o "a" "'"' >.o E "'t.~ " Q o. a- ... ...; .. .... ~ ~ íie g~ " ~ ... ... ilól +'OQ 

0"0· e "'"'"' .. ., o ., , .... g.s .::e, e'-' E,!; 6 §~ ...; .... ... ~~ """00 ..... l'l";'1+-' " ...... 
-·~.-.o t; ~ ;.; ..... 

~a~ 
~ <.>O "'" E-o- 0.. l.: O!:: .... e ...... ca 

+ + + - + + -
+ + + + + + + 

• - - + - + + -
' . 

- + + - - + -·-

- - + - - - -
- - + - - - -
- - ·+ + + - -
+ - ·+ + + - -
- - + - - - + , - - - + - - -
- - - - - - -

To do this the ~oct pro=i~inb systems are the 
ere&l e..'"ld volu=~etric ob::ervation cyster..a v.-hen 
sever&l r,e~phy~icGl rnethod::: cbcrectcri~ing the 
meC.i-.w by a co:r.i::in~:ior. o! vL::-ious ceophysico.l 
parc.=.etcrs ere useó. e• .. a ti::-.c. ':hi,:j eneures 
not c~y a gren:cr d~cr~e of r~liebility in 
C.i:::tl:lt:ui.:hlp¡; thc rockt; \':1 :.t different physi
cel proP.erties in the rock ~~=~. but ~DO in
crcacec '\r.e trustv;orthioe-sc o! the engineering 
and [COlobical 1nterpretat1on o! the geophyai
cal eurvey data. 

ÁB &n ex~ple to the obove state~ent, on Fig.t 
ia :;;::ov.-:1 a geolor,ical-ge:op:r.y:::icul cection ob
tained a::: e re2~t o! e co~plcx o! crcLl (over 
the .cc:::t: cur!acc) l'eicwic procpecting and 
electrone:ric ar.d ~~cnctomcter ourv~ya conduc
ted. ':he drill1ng thc.t !ollov:cd tr.c curveye 
hac provcd thnt the crrorc in dcfining tha 
rnuin er.ginecrln[-F.C:Olo~icel boundnriea are not 
1.n excecr: of ~~:. at prncticolly !ull cgreemen\ 
o! the que.ntitative unU GUo.litt:.tivc char'a.cte
r1nt1co o! propl'rtiep o! rockn in the diotin
guioried otructurnl elcm~nte ot the mana. Theao 
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li¡:;. 1 G~ol or;icnl-ceophyoical cection c.t tbe 
dr_-r. r: .i. te 

1 - toluo-end-olluviol dcpooito; 2-6-
qu~rtzites Gnd qunrtzitic achiote with 
interlayers o! micaccou9 oand~tones and 
clay-micnceous ccr~cta havin& reopective 
vnlueo o! t''p: 1.4-2.0; 2.0-2,8; 2.8-).5; 
J,S-4.7; 4.7-5.) k;:-1/::~ec; 7- zonea o! 
tectonic dinlocationo; 8- footing o! in
tennive weatherin¡; :on·e; 9 - 11 tholosic 
boundo.rieo; 10 - boUJld&rieo o! rocko ha
ving v&rious degrees o! preservntion; 
l1 - boreholea. 

aections evidently contnin a considerable 
~7-ount o! engineering-&colo&icel in!o~ation 
nr.d ~~y serve a bazis for claboration o!.the 
reopective engineering designa. 

A core detniled diffcrentiation ojPthe rack 
~oca and, especially, o! ita inner perts can 
be obtnined usir.t; the volurr.etric ob!:ervation 
oyste:ns and in po.rticulc.r, the mul tipoint soun
dir.G• ~he numerical ~etbods of ~olution o! pri
cal ~~d inverse problem~ of sounding (Ye!i~ova, 
1973; Knruo et al., 19eo), widely used b the 
tss;<, mc.ke 1 t posaible to ningle out zones with 
anomaloua vo..lues o! geopi':ysicD.l. pare.meters in 
the rcck pillar::: betwCen the mining excava
tions 0'1g.2l The combination of these data 

li 

IIUHtl 

o .... ,1 o" o-bo-

1 - limeotone; 2- dolomita; ) - !is
sureo; 4- inclunions; 5- drop zone o! 
drilling toolo¡ b- zone o! abnorrnal 
grent intake valueDi 7- zone or low ve
lociticDt 8- 1ool1nes or veloc1t1ea, 
len/o. 

and thc reoul to o! tbo pro!ile geophyoical 
mco..?uremento makea it poooible to bu1ld tree 

3 m 

[1]1 Bf--·1, 
B•C!Jr 

volumetric engineering-geolocical models (seo 
Fig.)). Such :.:!O de lo pructicol'ly cive a com
prehen91Ve chsrncteri~tic or ~he rnass struc
ture and pre~cterr..ine thc auttenticity or the 
re:::ults of subsequent studies ot propertiea 
and state ot rockc in aitu. 

2.2 Studie~ o! oroperticc nr.d ~tat~ of roc~z 

The lsst years are mürkcd by certain achieve
~ents in the u~c of ccophynical methods for 
otudyir.g the physicnl nnd ~echonical propert1es 
o:! roc:Cs nnd .!:tute of rack r..a:::Jes. It wns pro
meted by the Cevelo~~cnt of t~e required 
equip~ent and rue~hodn of mea~uring o! the sama 
geophy::ical para.:netern of thc ;:ediu..-n c.t diJf'fe
rent scale levels: !rom se..T.jJlen of sot1e c.:: in 
voluce to larbe seoctructural blocks o! hund
red ~eters and !irst kmz in si=e• The mentioned 
possibility to use the engineering seoptysic= 
a.llowed one to rec.lize the followint; princi~le 
o! the technique o! ntt:.dying the rocks "in .::1 ttf 
condt:.c~ing of mcazurementn at di!fcrent ncele 
levels a.nd en intec.rated interpretat!on of tr.e 
data of di!ferent-scale mennuremcnts (~avich 
et al., 1969). Such ~tudies reculted in more 
cor:~.prehensive n.nuly.ais of the .!'actors v.-hich 
gover~ the variability of phy:ical-and-mecr.s
nicsl properties of rock ma.::oes and in the ~e
velo~ment of the ~cthods of quantitative esti
matior. o! propertiez with the help o! gcophysi
cal methods. Some o! them nre conaidered below. 

2.2.1 Estimntion of rock rnass heterocene~tx 
Parallel with irnditionnl statistical methoco, 
the di!!erent-scale ~eophysical mensurc~entn 
allow using a rndica.lly ncw approach to the es
timate ot heteroceneity of racK masses, r.a~ely: 
to esti~ate the nuture and debree o! hCteroge
neity of the J¡tedium by .the cha?e and olo;e o! 
scale curvcs•Jfor the gcophysical parnmetcrs 
to be Qeaaured. · · 

An elternntive o! this method, where the olas
tic wave velocitie~ are u~ed B3 in1!1al pern
r:eterc, !:a:; bcc:: in np;=¡l!caticn .::or a :.~~..:: e:: 
years in the ü.SSa for estim.n.tion o! heteroge
neity o! rack foundations o! hydroelectric 
etructurcs (Savich et nl.., 1Cj69 ¡; Lyi!.o:Jhin, 
1971). In accorUance with the data obtained, 
rack: r::r.:;~en ..,;~Lich urc co:.·.po!JcJ o! dif!c¡·~:>nt 
types o! rock~ and locntcd in various natural 
coodition:J, feature particularly apcci!ic lta".'fC: 

o: varintion o! rr.c~~ vnlucD o! velocitieo o! 
elastic waves 1i depending on the ocale o! 91r.;)c 
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•)i.e. curves which rcprooent the variation 
ot menn (or moot probable) voluea ot the 
parnceter in qucotion againot the give~ 
a cale ot menaurecen ts Wt • 
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...,1 

:~~.~ =~~~~ctcr of rnntinl di:~~itution of 
:. ·:.:· ... :J.:·.: . ..: \"·•.-..·.·:- \'t'10v:·.l<·:- 11 nnd 

..... ·. ..:.;. :·.;;.::: : ..... :.: ;.·. :.l.l' J.n-~ri 

~ ~;_; -~~-=~--.:;~~:;~-~~l~~~!i~~~~~)~ úlont; the 

1 - icoline of vclocity ~r km/oec¡ 2 
'·"'·· curve a in minir:t: oreninGs; J - iso-

1 i!<.c of :)\' c:2J0·10· ,..,_,m.:· 4 - isoline 
._: ~- s;1Q0·10 5 ¡.;,m2; 5 - l¿rge tectonic 

f1ssure 

r.<c:c:-e::-.e:ots w¡ • which is determined by the 
L;y~onr.ote expression ( 1). 

w~ ¡re c«.u2 (1) 
w{,o;-:-<:· :'- - len¿:;th of elestic T:aves; A,-l1f~, 

.:- lrequency of eler:tic vibrc.tionz;<X-0,2'}; 
:·- ':.r¡~e (inter.ral) of velocity. measuring. 

'· ~~?:-ier, o! .ouc·b relationships is given in 
: ::. .. ~ .L;. l-: was !ound out that t:Ce slopes ot 

: ~ .-. 

lc.mta1V.1r'""¡ ,- l 
H ... ~ '· c.-' 
. ~·" 

"\: ',~ :: ~--
u • , e ~~ ~ 

xr' ~a·<i ID.¡ '·' ¡al ,,a ,. tn 

~ 
~ ... ·tf 

• - 1 - -· • . [· ~-- ,. € ~i .... - _,, e 
-<7:. ~(\w~-. !3-~,{L~ --~ ~~ 
.""'"' S 1 S ¡ .' \. 

. 1' 

t. ;:..1-:f':--r~t:ion of avcrr. 
_ ··-~-~::>:--·: "t.· o: t·!:;;t;..c ~·':'n;:; 

Bnd 
vC'loc:i-

~- · :· ct:·¡..:c::t:..:.::..!:¡- o:¡ 
f!-"..l.CHS 

::.e !::Chl(: 01 investi-

1.- éinbaoes; 2- granitea; J- porphy
rlc tuccltc¡ 4 - aleurolites; 5-
~~eir~cn, cryatalline cc~4cta; 6- lime
e~~~~~¡ 7- llmectonec(· Volumes 1-J 
roc¡.>ectively 1; 10; 10 m~ 

ce :-veo V • f (V.i) indicnte the degree or hetero
f:t:.t·i ty o! roe: k mncocc in c¡ue:.tion. Y1hile the 
trt:t~k;.o:i.nt:~ c:how thc prcvniline det:rec o! het&
I"..:t.t::;('i t1L·:; o! diffcrcnt lrvclo r!lld ordere 
(.,_.,ce <t o.l_., ,~~;!). JUd~!n~ rrom thc dnta 
J.l!"~:=:·t:nteC. in }'ig.4 di!!crcnt ·rock a:ncoeo have 
t:.clr own cleorly de!int!d. net.erogcnci ty charo.c-

f . . . 

4 

teristics. The knowlcdce o! thet:e ch&racteria
t:ict. ü:. n~ccr:::r.~· bct:O: :o:- thc c~:cicC' o! opti
c::.f-.1 tech..o;igue of stuCyint: the ¡:'!"'pcrties oí tke 
rocl: ;:s.r:c,tin o:-der to choose the n:.ecsurernent 
bc.te~, !reqt:.encicz o: elc.~tic vibre.tions etc), 
BI~~ fo~ th0 esti=.~tior. of the Gcale e!!cct 
e.s. e.p;::-~ied to the ::-.oC.uli o! ele::tici ty and de
!o~atlon, strer.bth inCices etc. 

2.2.2 Studic~ o~ ~i~otropy 

It ic well k:nowr. thet e.nicotro~y o! rock c.as
~es is ~ovcr~~d by vuricU~ na~ur~l fectors and 
ee.ci: fc.c:or hes c. tenr;ible influe:J.ce on the 
rneCia prope::-ties onl~: at a certain scnle level 
(L::kosl:.in ot Ell., 1970). :·or procticlll purpo
se~ it is ~?ort~~t to have an estiwate ot 
a::.i::otropy o! the caes et a leve:l wl:ich co:r
re.!:~onds to the ::~ale of the :::tructure under 
desi&ninb or .its separete ele=ents. 7he prob
le::: CC..'1 be colvfd. by ce!:!Il::: o! e:i~uthn.l mea
s~re=er.ts of geophysical pcra~eters provided 
there is e stro~c correlution between the teeh· 
ni que El.!ld. scale of .ttudie.c. In i-'i~;. 4 are 
given exf;.."!ples of cuch mer.:.su.re::-.ents for one 
a.-:d th.e sa=;r:: rock r;15r:s e.t three scale levels:. 
the er.isotropy o~ the ca~bonnte rock rnass in 
que=tic~, ce~ced by the effect of diversely 
o~ientEd tec~ic fiscures o! verio~s arder, 
!or rocl: block=> of etout 1 m a.nd 20-25 m in 
size, differc cre~tly both in its intensity 
ene in its chur~ctcr. ~uch phenocena can be 
aleo ce .... ~ed by ot!1er fcctors: bedding, a.ppea
rc..:~ce o~ tec:or:.ic .ctrec.:es etc (La\·rova, 1976; 
Sf:!Vlch, l'e:Jhchcnko, 1979). Veriation.s o! ani
sot:-o;ly of p:roper~ies a:· rockc e.t d1.t!erent 
scW.e lcvels· cn.n be moc-;. zub~tuntial and they 
mu!:t be tc.i::en into account wJ.en ¡;ivint; a ge
ne~al tco~echanicúl chcructeristie of rock 
meaGes in qucstion. 

Dete~i~)~t of ~lnr.tic· a~d ~e!ormntion 
¡?ro;:e:-tit.:..· 

At present t:eophysical a.nd, in particular, 
sei~~oacou~tic rr.etr.odc heve beco~e the leading 
methods o! auuntitotiv~ ctudies o! elaatic and 
dc!or=etioo ·propcrticc o! rack CLcneo (Goryai
nov, Lyrlkhov!tcki, 1979; :.ikitin, 1981; Snvieh, 
Ye.::hchcnko, 1S'7SI). '¡'he rnethodn U!lt'd in the 
ti!.:!...:"! to colve the problem::J b.re the !ollowing1 
- n~erouo ~ea~urc~cnt~ of the ceophycicnl pa
rw:ctero in diffcrcnt parta o! t.he E;iven masaa 
- ccnecntic zonút1on of the rock maca en the 
bcnis o! bt:-ophyc:ical and er:bineering-geclogi
cbl etudies¡ 
- cctt>roinotion o! reaoono .,•hlcb govern tho 
varin tior;. o! meneurt:od eeophyci cal parame ters 
and ein&l1Dg out or the zonen v-·ithin' whicb ., . 
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the e!!cct o! ano ot tnctoro 1o predom1nnt1ng; 
- eotablio:-..":lcnt or corrclation rclotionc bct
wccn thc gcophy::::ical poro.r.1ctoro Md meo.Dured 
.. tatic r.~o~ulu::; o! elu::.t1c1ty Be or·moduluo ot 

'o!T.'lntion D; 
.;onvcr;.ion or f.4!0phy:~ical pnrameters to mo

duli E"' nnd O, ctuti:Jticnl j)rocconinc o! the 
dota nnd e::::ti~c.tion o! the ccnernli~cd pnra
metero o! Cc!orr..ab1l1ty (~nvich, Yaohchenko, 
1979). 

Tbe seic~oacóuntic method= nre used moot suc
ccoo!ully. :he cencrcli=ntion o! the obtained 
result~ r.:ode 1t po.:::iblc to elicit clcc.r de
!ined rcc'.llnri tic o in relr..tions tetwecn the 
elo.::-tic w.r.vco veloci ticD 1..'0 ( t·s) and thcir uaa(Jt 
ror estir:-::jt!n;; the va.lt.:cs or dynw.ic rnoC.ulu:J 
o! eln::ticity Ect1,L"..r.d thc ::ou¡~ht vc.lues :.:.Q o.nd 
D. ?he i:1ter:-clationz betwecn the ¡:ive!'l po.ra
metcr:J o:·c covc:-;¡cd l':":uinly ty the ty¡:;e o! rocka 
unc!cr c;tud:; c,:-,d by thc con:ii tion·s o[ e!:itioa
tion of tne ::totic moduli :::e und J;.. : duration 
o_f a.pplicntion of :J"totic loúd o, rno.:r:L":lu:n value 
6 • Cr.-..ur m: .. ·:,.ocr of loec!inc cycler (.So.vich, 
Yn!:ihcilcnko, 1979). Undcr fi::-:ed co:-.dition!:. ot 
dcfiniticn of ~tatic pornc.eter:::: the rcletions 
betwee:1 r.:o:iuli Ed'ynr D ond L 9 -ere ver¡ c.utr~en
tically givon by expreccions (2) - (J) (Savicn, · 
1979). . 

egE
0
-A¡;e-"'E 6

"'"' egEc~yu-Bl!.e-.hómu (2) 

egD-ADe-•nómu egEdyn-Bne_,,ómu' (J) 

Values A, B, cA ond ~ íor thc rocks o! the 
definitc ~colo~ic~ co~plexes ~re rcther clase. 
The ~tatizticol pr~ce~zi~g of tGe obtained 
ñata has inCic~ted that ~ocks can be divided 

to four groups, each c~up havins constcnt 
..J.ues of the above ..:ocificicnts. ~he rock 

gMup:: nre the followinc: :.edir..entary cerbo
·nute r0ckz, scdirnentn::·y cla::tic and duzt-like 
rock::, it:;neoil~ and r:ctu.11orphic roc:cs •). '!he 
valucs o:.· the A, 3, c<. and jJ coefficients !or 
the rncntio:aed t;:-oups s.cco::-di:lG to !:lovich, ( 19'i9) 
are given in i'able II. Using these data i t is 

Table II s~~~~ry tnble o! cocfficicnts !or 
ecue: t :or.:; '' r.r.d ; :'or v:.::-:ou:: ty?es 
o! z·ock.; ... Y 

ti. J1.ockn static 
Jl. l.oOZ. moduli A (;( B 

E• D 
1 • l.Cc.rbonate D: 0.970 0.0119 6.153 0.0110 

2. rockn E e 0.)44 0.0176 2.425 0.0149 

). II. l;:-.. :1COU3 i)= o.:-•44 0.0180 5.7Jü 0.0148 

4. roe k::> E e 0.462 0.0260 2.775 o.o;::oo 
5. ÍÍÍ.C:-ystnl-

11 n e odl1.otE 
¡)= o.7~J 0,0090 ::;.004 o.oo76 

6. gnc1no E e 0.~16 0.0160 1.614 0.0100 

7. Í V • !; ami.: t m.: ¡)" O.~uO 0.0140 J.Oüü 0.0100 
alcuroli te 
tu re-

e. brer.eia E e 0.180 0.0185 1.230 0.0100 

Ttrñ1s grn<.!ut1on coincit:.L·!:i w.ith (.u.vLJ!on of 
rockn by thcir pr~Jpcrtic!S, uUoptcd in eng1-
n'ocrin,; f:Colo¡-y (:.ii!rt_;ciev, P)'{u) • 

. •) tr.c coe t r !cien tn ohown e o rrenpond t~ va~uea 
D,E., E.J.~nh.a.vi.ng the dil:cnoiona 1n JO N¡m _ •. 

5 
very eaor to obtain the relation between the 
valuec U • E. nnd D tor c.ny type ot rock. ::·or 
instr..nce, !or carbo!'lote rack:::, the relo.tion 
betwecn thc modulua ::.:<1t.-n n.nd su.~11o.ry modulus ot 
d.e!or~tntion D~ , corrc::pondin¡:; to the vnl·Je 
Om:n .... 8MP~, io dc.!Ocrioed by the !ollowinc: ox-
precGion•J . 

rgDz:-0,970e-o,I!H,O egEdyn- G,l,e-0,110·1,0_ (4) 

-1,,1, e9 Edyn- ,,~17 

The use o! such co:relatint; equations c.llo•;O · 
one to detcnr.inC! the sou¡:ht value~ o! thC! cta
tic pa.rcnetcr:::; of deforr.:;l!.;ility without con
duct1ng o! labour-consumin¡:; cnd expcnai·1e c;eo
technical testo. · .. ith o prÓbatili~y 0.9 tl:e 
error whc!1 colculctinc tr.c moUuli J and ~ i~ 
below JO pcr ccnt, which is cood enou~h tor 
solution o! mo::;t o! practicul problems. 

2.~.4 Detcrminin0 of pc~eability properties 

To cive a qunntitative char~cteri~tic o! !he 
permeabili ty pro?crtic= of :·oc k= éifferent 
electric radiooctive cnd othcr bo~ehole invc~
tications are succeccfully u:::;cd l~ak~~ov, 1975; 
L:elkovitski et nl •• 1982; O¡;il ;·ie, 1962) •. 

.The ~e!inin¡; o! the di!'ection r."ld vclocity o! 
tbe seepcge flow is b:1~c d bo til on the de ta. o! 
the inter-hole :tudie!:i 5nd the data of ob~er
ve.tions cnrried out :!..n ene borehole. i'he ir.ter
hole studie:: n:-e car!'"ied on \';ith the help o! 
the~.ometric, cclori~etric ~~. rnort otten, 
electrocetric cnd redioicotope methods. The 
lest ones he.. ve be en knowri for o. .lene; ti:~e, bow
ever, tbe r.-.oc!ern t::et.su::-ini; devices 6Ild tite 
methods ot pul F. e exci :&ti::n: of thc borehole 
allow obtaininc fnr. r1ore reliable dc.ta. ·.:,·hen 
conductin6 ~tudies in one bor.etole the tr~cer 
method (i'eror.ski, 1977) and electrol:letric end 
!lowmetering me thods ( Grinbaum, .1975) are ~.:sed. 

The ~oin !actor which co~plicctes the inter
pretntion of tl:e gcophy:;ical dattl 1::. n non
uni!or.o o.nd co~.plcx n~ture o! the ceepace 
flow conC.itioned· by thc rocks jointin&• r¡·hat is 
why, it is r.ececz'ry to define the per:neability 
properties íor pcrticulnr quazi-homoceneous. 
rock mnEs blocks, singled out durinc the engi
neerin&-beological zonetion. 

2.2.5 E~timntc o! f!. de¡rec or precertation 

In the practicc of hydroelectric recources 
develop::-:ent in the li!;:.;~-: the qunli to.tive claszi
íicatior:. of roe k me.n::-;es by thcir pre=erve tion 
h3s found widc n??licc..tion. ?he te~. ''p::-c!:er
vation11 covera tHe dcr;ree of VE:.riebili t'J al the 
indice~ o! the r.:nin phycical and mechanical 
proper~ies o! tte rocks, cuch ns ~or~ctcr:::: o! 
jo1nt1ng, ctren¡-;th o.nd deforr.a.bility u..--:dcr tho 
c.ctio!'l o~ nt:.tu!"c.l a:-.:! tcch11o,·eneou~ fc.c~o:-c 
combination. Objective cho.r~Cteristic or the 
prcccrvo.tion dc~rcc co.n be obtained !ro=: the 
data or gcophyclcnl lnvectigotion cnd particu
larly on thc bo~i~ of mcucurlnG the lonbi~udi• 
nal wo.ve veloci ~ie.:: Vp. ha the obnolutc t..'p 
value~ are con~iacrably dcpcndenton the litho
loD'" o!" thc rock mo.o:Jea Wldcr 1nvectigation, 
~h.nt iD •·hy the pnrameter <¡-VP/trp.,., is uoed 

•) The d1meru;1ona o! D and Ed.~'tl are 0.1 t.:Fa. 
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t1~ t!':r prC'c.t'rvr..tion dce:rc.-c charcctt"l"'ictica 
::\·. _ ¡·, ... 1 ~ i~ thc vc.·locity o! lor.,:itudinrr.l 
... ~ ~:. ~.or.-\·.cc.tl.crcd t:":onoli"..:üc rock vc.r1e• 
L> .• :r:.1.r: r-.:.ro.r.:~etc:- ct':·vc::: a:. thc objcctivo 
~·: ... ;· .. ~::c·:ct1c of thc Cc¡-:rcc o1· p:·L·~:t'rvat!on it 
e:.:.~~ :.o. o:-:.:.: o! the Vp and i.iJlm" .. óctc.r.-4.no.t1on 
t::·, ~-~~;: • .l:::·.:!i:cd •. :or thi:: rc:.1co::., on n::ncos1n& 
t ... ;.-~:.,:·~:.~·t~;r '· ~ ", tilL' vt.luc o!' 'i'p 1& deter-
:; __ :.~ ~ ...:~:·..:ully ec thc r.1c:..n val u e of thc V(:loci• 
:: ::·e:: t!u .. • :::ci:-:r:Jic ac."..u, chc.:-:.ctl':-i:1nc th• 

·!'HJ.L:.t·d ini.!iccE o! thc propcrtiec ot the 
.: :!oc~: ~ilh linc~~ •l••• n(10 to 100)m, 

....• -~ -·lT be .in& ci.cíincá o.:.• the i.IC'M cox.imum. 
·.-: .. :(: ~~-~ tr.c vclocit,:v !o:- thc.· eiven vt...:-icty o! 
1. •• -.·· =-~e,::; by the res..:.l-:r. o: ul tru:.onic lor;s1ng. 

··:. :.\ :-- ~:.e p:.:-~.ctc:: " q ,. i:.; U.:>L<. for cinb-
: c...:~ :,;)llCC c...nd roclc Clocl;c co::rid(.\rably 

.:.::.; :·l':-.:.::c:: ir~ the ó.c¿;rcc o! their p:-ccervnti'.ln. 

:o clL:.·.:ify thc roclts by thc cnter.or:íea ot · 
· . : : :·~ ... t·r·.-~ 4~:..vl., th~ cc::cr;...l;;.::..~u. cmpirical 
::·\:::.:.:.o::.: tctwecn tbe ve:lociticc o.f loncitudi
;::...~ ~.L',"\·~· rr ur.d C.clor::u . .:.tion moC:...:.lu::; D (~o.vich 
'i:.;·;.:; ..• : .• :.:.., 1919), cornp:-er.sivc s-::rcnt;th Rcompr. 
:..:. :·~·c.: ¡;¡:;.:.,e (~hau..-::yu.J, 1972), joint voids 
v .. ·~·.:.::.~ :·:..:...::.o r;,v· 0..:1d o-..hc:- indiccs are em-. 
j.':1;:c.:.: ..... o'..U'.daries of thc rocks of di!!ering 
c~.:.:::-='.:-iet. c:-c fot:.nd froro condition that in-
c.:...·. . :.: -...he ct:-cnt;th e..'1d Uc!o.r::c.bility proper-
t: •. :.~-:- two neit-;hbou-:-inf: cc..te-o~·ie.c di!!er 
,·:.:.: ,, :·.5 ti::1eo (ccc ~-·::..;.5r. '!~ble !II 
:.:: .• ::~· -:::~E>. r~lc.tive inCicc~ o! the ;>:-opcrties o! 
.. · ~·~.·.:<:.: o.!' different catcc:;orie::.. ?he cet 
f;.;··.:. :. •. :-roncb to the c.c::e::soe:J.t o! thc roclc· 
::.: .. :..: ;::.:-.:.e rvation ho.c be en croployed at the 
;: :·:;e.:-;. t. in t he UtiS.t and nbroad. 

6p /6/JIItll% ,, .. _ 
" , .. 
" 

., 
,, 

"' ~m Ql.'/ V/ .. 
11./11.' 1111 , .,..,.% 
' • 

?~~.r:: ~·:: E">::t~_;:-¡r:tion of lirniting velues o! lrp 
· :· ~ :"(.1:1::· of v1~rio~s ac·G!'\:!c:~ of presE'r= 
~~ 
<:. - "::t:-encth" cri terion ( the graph is 
tL.r\en .from the pe.per b:; Ll'AU.":'.yú.!l. 1972); 
b - d<?for.r.c.tion :noduluc criterion (acc. 
te.. t:.~ <.lc.ta taken troc the pnper by 
:.~·:,eh ct al., 1969); 1-IY- de¡;rees o! 
pr~::P.rvation. 

;>.:.6 !":~t.:C·: o! rot:k jo1nt1ng 

lit::.;.:;~::..::::. ;.:cl u: e- thods in enr,inecrins survey are 
u::l·:.: L:.;::j w!:cn ctudyinc tho general nnture o! 
roc.;:. r.;:::.:; jointinc nnd when rntLking the qunnti
t~~~~L ~~::;~=cmcnt of their jointinc. Usually, 
tm· (..a":~ll o¡· ce:il::moacouctic mcthodt: c.nd rc=ultD 
ci .:.:~:::e typ~:; o! loa;1ns are uced !or tbeoe 
pL;:¡.·o:ea. 

~<f·lt..;.tion b'<.·tween vclocit1Co o! elaotic woves 
~~u vuluc tll1d nuturc ot joint void ratio tor 
tm· :-u¡,:tt: (.Lykoc:hin et al., 1971; ~nlconik, 
F<i:.J :.~..,;v•.-.::: c.c: tile phycico.l bú::sis !or ha.nd-
11:-.;· .. t:.o:.· r..c::.tioncd proLlcmo. ln the !irot ap
p~x~c~tion tnic r~lbtion can be descr1be4 by 

---------~-~-----------~ ------
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:nhlc III, k('>latiVC' 1r.li.1Crp of th(' proN:•rt1cg 
C':· :::·:-;··~e······· ,,;·¡-'"";,t C4":.c,·!l-

.<ntio ¡jatio 

H" 1oa-n 100-7: 
• 

I1 1 72-5=: 72-4G 
lll 52-25 46-19 
II 25-11 19-8 
I 11-4 8-24 

02 4-1.5 2.4-0.5 

o, 1.5 0.5 

ilatio 

100-97 100-95 
97-B7 95-75 
87-65 75-44 
65-50 44-25 
50-35 25-12.5 
35-25 12.5-6.2 

25 6.2 

..:haracte
rintics ot 
rock eon
d1tion 

Superior 

Cood 

Sormal 

Poor 
Very poor 
Semi 
rocks 
Rock del>-
ris, allu 
viu:n. 
gruss. 

the equationc: c:imilar in ~orrn to that o! 
tine" ,if in this ca3e t'ne pu..ra.:r,eter " a 1 
w.h.i.ch ceann a ccrtu..in e!".!'ccti ,~e veloci ty 
void and joinl filler is happily chosen: 

''mean 
• 

in 

_r__ ?¡v + 1 - ']¡v 
11 a¡ Vmax 

(5) 

Here 1T is the .velocity ot elastic waves in a 
jointed mediu:n. ·lTmtu ü the velocity o! 
wavec: in monolithic rock=. All things being 
equal, the '1 a 1 " val Ul" depez:ds on the 
frequency o! Qlostic vibre.tions u~ed for deter- · 
minution o! r~ jv vu.luez, tb.u!: the problem ot 
7 jv e.s.sec.::.al!ent ic clocely related to the 

problem of ci.eter=.:..ninc; the pe.ra.~eter "a f " 
for the veriouz conditions or measuring velo
cities o! the «'o.ctic woves. A:; a rule. the 
veJ. u e of paro.:neter " a~ " by seü::ci'c data 
is 1.3 to 2.0 tim.cc lower thc.n those obtained 
by the ultrnsonic invec:tisation. 

Criterion·or correctnezz o! esseczing the 
joint void r~tio ic the direct correlation of 
the values ~ ¡v , deter:r.ined by geophysical 
met'nodc:, wi t:n the rer:ul tr; of ¡;eolo¡::;ical docu
~entatian. Example of cuch correlation is 
ct.o\'.71 in i:'i¿;.6, where the vulues Q ¡.v cal
culoted by the d&ta of ultreconic locging are 
compc.red wi th thc vnlue.:: of ú!'Cd joint void 
rotlo K , de1'1ned w:"lcn CY.n::-.inins the ex-
ploro.tion pi te~ by visuul inspection o! the 
mining open!ng:::. i"rocecc!inc frac these dnta, 
the vnlue 'l¡v deter-.o~ned by ¡;eophyoical in
veotigntion io 1.7 to 2 timeo more than the 
valuc K detc:mined by ¡:eolot;ical testo. 
The lnttcr !indc itc explan~ticn in the taci 
thnt, !ir::;tly, tt.c ceophy:;ictl.l metbodo yield 
the vo.luc o! joint void::; volu:te, while the 
gcolor:ic rnf?"thod.::J allow, ac a rule:, !or deter
cinatlOD o! thc rclc.tive vc.lue o:r jointo areaJ 
btw1aeo. th~ ul trc.oonic mcn!lur<:mcnto tnke ac
COWlt o! not ·only vic;iLlc jointc but aleo ot 
cicrojointD whicb ca.rwot be ideotitied 1n 
borcholen vinuully. 1'h<: dio¡;rc.m 2 shows tho 
compar1ocn o! Jointa void v~lume data obtaine4 
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Pi 6.r:or:-eln.ticn 'o~tw.-.~r. o'!..nt vci;!: acc to 
t:.:c Cn.tn e:· .-·:-·Dl.:-.·::.:::~1 =•.:;-.¡e· · ... , :;u.:io 
of joi::: ve::.:::;¿ t.::.c: n.cc, :o .::e:.;:::1c c:.ata 

.Jl.+L-.o. 
1 - ul trasonic loo::.:ing, a - t:ot-Ilim 
hydropo\·:er,sta'C.io!'! •. b - InbUri ~ydro
power station; ~ - ~ei!~ic curvey (Ust
Ilic hy<iropower station) ¡ J - the line 
o! equal values oi n¡v•K¡v. 

in·seiomic surveys end by visual doc~entation 
ol torehole3. '.i'·he~e Cata are evede:-..c:!.::¿; that 
'pro·;ided the ini ti al po::-a:~ete:;::; e.:~ selected' 
cor=~ctly, the ultrasor.ic methodc and the lag
ti~~ gi·;e the value.::; o! the joic":~ vo:!.d vclume 
!ull:¡ ogreize wi th data of geologic docu:::enta
Uon. 

2.2.7 Esti~otion of rock :a~s stnte cf stress 
Firct applicat:!.ons o: gcophysicel met~ods in 
ctu¿yinc rack mo~s state of stress ~e:;e ~nde 
in :~~ WSS~ in the Institute of Geo~ty~ic~, 
AcaCe:::y of .Scier.ces, l.J,S~;~, i:t the 60-z ;.u:.dcr 
:ü:.r:.:ct!e~ko ¿;uide:..ce Lii::nic~e::f.o, 1<;=;é, 1967). 
;;Jy t::.e pre:::;ent tioe.eno'.l.;;h experience o! the 
DL~il~r inve~tiGetion h~:::; been cained ~d the 
rene~ of typic~l problc:.= ta:::; been delineated. 
'¡he ::-.::ün p!"o'ole=s ú=e a.z !ollows: 
1 - c.:-terr:'.int.tion o! d.:..Z:en.:ion:; and neture ot 
the r~lie! zone a:.d the st~ess concentration 
o.=v\.::...i _the W"!de:-cro·.:...~d e:o::co.vatio;:s, river val
ley .::l~?C!i, const!'Uction ~it:;, etc.; · 
2 - e~ti~otion o! te~sor und o~ientatior. o! 
p:-ind ~u.l axi~ o! r:tre::::.es; 
.3- dete::::i:13tion o~ vnriabilit:; o! beh.a.viour 
ot otre=o.fieldo ot variable levels and order~ 
'Ni th :ime. · 

.. !":.en :.o.r.d.ling: thc first proble:t. the nature ot 
vc.rin<;.ion of ;:;cophy.oical pnrc.=.eter~ within tbe 
arca o r u.ndcrgz'"Ot.:.nd .,·orkin.:::; C...""ld slopes 1~ 
otudi~..:J. ;..:; u:n.:n.l, cln!:itic wave veloc1t1es or 
~lect~ical r~ci:;tivitic~ u~e uaed. 

óy VD.:-iability o(l .... ~(t .. :-~) ru:d .3K values !he 
q,uull~ative informO:ion 0::1 thc .:.trJc.tu:-e ot the 
atrc:::n !i.cld n:-c· .. t.nd U.""lder~_~rou::d work"i~r,s (i·ig.7) 
a...1.d in th~ slopen CO!l te t;ained nnd :.or.t>:J o! 
utr12r::1 conccntrntion nnd rcli~! can be n..!.ngled 
out (Lc.o,·rov, 1~1¿1 ¡ iti:.nicl".!o!nko et al., 1956, 
11ó7; Savlch, Koptev. 1SS1). 

' qua,titative oolution ot tho problem 1s baoed 
o thc relation between the elastic wav~ velo-

7 

F1g,7 Altc!"ntion or thc lonr;itud.ira~l Y:nv~c vl!
loci ti('~ ¡;;. tt:c :-oc k r:::..:;:;.:; r.rOL:....'1d e7c.J.v;-
.ll!!l!. 
1, 2, J, ••• 10- shot holea; 
a - graph ot 1.'o al ter,tion along the shot 
hole; b- bou.""ldariec of & :.one o! inter.-

. sively relievcd rocks; e- boundnrics o! 
a zone of wea~-tened roe k.:¡ d :. external 
boundar,y o! zone o! increased stresses. 

cities and pressure applied to the rock. The 
relation is usually used es the "cal1brati:l6" 
ene !or dete~ination o! the stresses by eles
tic wave velccities. The rnethods o! stress 
evaluatio~·be=ed on ~he similar relations are 
termed "correlating" ones. 

Relatively widespread is the method by vthich 
the calibrating curves are obtained by mass 
mcasurements en rocY. se=ples and then u:;ed 
ror assesscent o! .the st.re=s· values in any 
poir.t o! the roe!<: r::o.ss. 1;eve!"'theless the ce
lib~atins curve~ obteined on the sa~Pies do 
~ot represent :~e ~:-vcess ot the natural ~ck 
Qass de!on::ation develcpr;o.cnt, ei ther by the 
scele, or by tl:e loed.in¿; pattern. That is wf'.y 
t~cre is a trend to chunfe sample testing !or 
!~eld loadi~g plate tcst~ng. In su!ficiently 
homogenous rocks utilizotion o! this procedu~e 
yields in satiz!actory ~eoults (~iachkin, 1978; 
·Xurchanlllov, Pe.:lin, 1978). 

The procedure ot plottins the system o! colib
rat.ing curves o! the !o=m or;!, .... ') ... f( v·0 ,6 ), 
where 1:"0 is the veloci ty under no-load con.;. 
dition. with hctero~;:er.ei"':.•J of rocks e...-.¡d scú.l.e 
e!!ects taken into ~ccount, has been recently 
developed in thc "~:.tdroproject 11 lnstitute 
(:.:cscow, c::~:ct) on the ba:;is o~ e~;:ürical ar..d 
expericcr.tal studie::. or velocity variation du
ring the rocY. dc~c~.~~i:;:: p."":'Occ::::;. ?/;e ?:-ccc~:.;.
re and the reDults obtQined áre preaented in 
deto.il (Salavadze, 1981 ¡ ~avich, Koptev, 1961). 

Alongs1de with correlating mcthoda, a method 
te~ed thc "n.ei~::-;onco~.:.:tic ·:c:-=ion ot st!'~os' 

. reliet m~thod" 13 widely uoed. ·rne method is 
ba.Ged on the follow.!.::.,;; r=llin provisiocs: ear.h 
undcr¡::;rou.n:i vrork1r.,; ia ccr.uidcred a::. a.n orir;i
nal !i~ld teet or the rack ma~s rclie!. On de
ter:!n1n~ the radial defor=uticn~ ~~ develo
p!n¿; in the cace and wi th the ~for..tlnd D ·vnlues 
kno~.-n oce con a.a:Je:::a the atre::se::~ existin¡; in 
-the rock maa.:J. On the ba::iS ot K..r..achikian's :~o .. 
lution !or thc de!o:-=:ation ot ·the wallo ot. tne 

.eylindrica.l Wltler~:round workin;-,9 the equo.tion 
wu.o obtuincd v.·hlch relaten tht! indiccs o! elns
t1c and de!ormo.b111ty properties ot tho roe~ 
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c:·ou.-:ti thc undc:-cround -.-orkinco to the rnd1al 
¡~:-C":-: ('"'. voluc: 

'"--~-" ¡ ~r .lloj·l ,. _ _. ;-:··--·. l+(l•flml" n(l•, ) (6) 
•·"'1Jm,"Lt:J+h0 l ~u. ej 

·.-.: . ..::-<' L:rn Q11d D 0 c.rc the de!or.:u:.tion rnoduluc of 
::.-c ::"?cr:!; ~dictu:-bed in th<' procc:;:: o! d:-ivint: 
a.:-.: ~::e :-:-.cc.n dc!o:7.'lntion l':loC.ulu: o! the roclco 
::. t::·. · .. ('~1\t'ncci zo:-~e; h 1, is the tbickne:a ot 
~:.·: ·,·.c~::"•nCid :one¡ lJ- 1n l.t thC' l-".:.i::.::on ratio 
~ :-:-- -: :.f' !"O el:~ b<'yonci thc U!l.CC'::"'i.rou..nd wo::-kinc 
::::~t.c:cc zone; 1-t·+ iz tnc c:·:.·l·ctive radius 
e~ '..:.~:· -..:.:::!C::"'t"":rou.'"i.C ·wo::-;:inc. ,:.,1,1 t!":c pllrQJ":";etcre 
:.::. -:.J.l.:"'. c~".J.c.tion cc.n "te óc!ir.cc!. !'ro:n the ceis-

·'· ... :.:.e ::~:-·.·ey_ d.a-:.a (~L.·oi.::~, ~.:.¡:~cv, ,~C1) • 
. :-. : co~ta1n::. tnp dota o! ~ete~ininG the 
;;:.::::.:¡~t4l co::.¡:¡or.ent of :;:t:-er:; e'\. (p!l.!"a.llel 
::- ~:~~- ;,-ivcr ~úlley slope) in the n:-cn o! tbe 
J.::.-".J:l wc.::: us1ns the nbove cethod {Do.lavad:e 
L~ ~ ••• 1~~1} . 

; .• :.-¡~n!:::; O? CHJJ:GES n: PltCrEiiTlES AllD ST.ATE 
0? !1.0CKS Dli.:u;;G c..:;;;~~·4!:.:Crl~;: ;J;D l:Il:II;~ 
·;¡""4J-;. 

·:.::. ~!: ~!:!> help of geophy~ics.l ~.~ett:.odc, and main-
2:: ~:·.:. :r. -:.r.~. hclp of r:cJ.E:;;oocou=!lc rncthods m8Jl1 
~:·:nlc::: ";::lch c.rlf:e in the preces:. o! con
~·-:-~c~::.:::l c.re bei::.¡; succe:;s!ully !:olved.The 
;OJ..iC·~·.:..~;; proble~s are the most widely en-
e-:>~-: t C'reC: 
- ot~o:r of :::-ock propc:::-ties and conditions 111 
:!"le: v.:.: :r.i ty of rr.ine exce.vations ( tunnels 
!:!~:.f::.. uz:¡.d.ercround mac:r..ine rooms, ·etc.)¡' 
-. c·t!:-. .::lon o! overburde:l stri~pins '·:ork upon 
:r.c ~:Jc~ :7.~.:.s propertieE e:.d stu::i.y o! the sur
.!~~e :o:;c.- of tne co!lstruction pits¡ 
- co~~r~l of quality ~~d estirnation o! e!fici
c:--.~y o.:· [:!"out injectiOn a..;.d., in particular, of 
co:::;vl:idC:. tion crouting; 
- cc'~~c,:on of variability o! the physical 
x:~ =.t.:cr.c.:ucal properties of the rock masa 
-.·:.r.l.cu lt. b:-oug:C.t by mining and construction 
work. · 

:e: u!i. I:.o.ve 
co:1!'im the 
~::.;i:a.•cring 

a look upon sorne examples 
ef!iciency o! thia trend 
geophysics. · 

wbich 
1D 

; .. 1 ~"!~::•:. of the f:'l:!"!'ace overb'l:rden ctripping 
~: ~:¡ o;;Qí···¡,··"c;i,i(¡j' pits 

:..:.:c!"l !·.t:.:éy i:::: cnrrie-d out on the basis ot de
::.i2.<:c. cc:i:::::.ic receo.rc~1C!:: t.! the netw_ork ot 
tr.c :;u:--: i'lCC pro files bl'ld observa.tions effected. 
:~ c:::-::-.~~ction c,;cevc.tion:: (~avich et al. 
1')?!.). ;.,; nn exc:.:;:.le, in ?it; .. 8 are sbown' 
~.:::.:.:::-lc-t.:l·oloGicW. ccction:; et heopbysicsl 
r.:--:.!llc·:-:. v.t.ich húve ,becn uccd !or drawing'ot 
:-:-._?¡.:¡:: cr :::o~inec of deptbc o! rack:: hc.ving ve
!""~ou:: í:lt::-.tlc propertico, as v.ell oa the capa 
o!· :-oc:Y. ~r-~Jpcrties below the weckeninc zone. 
;.:: ~~ ::l·:::.:~ t o! ::uch investit;otionr: a.t the In,;. 
cu:-:1 .._,~ .t:1te it wn:: found tho.t n!ter execu-
~!o!'._ o: [jtrippinr, l;Ork ru.od re:;.oval o! the · 
WN:.t!H.•rca lnye-r in the founóation pit every
wv .. · r~· wt.:..:: formed t~e 1'secondnry •· wea.kening 
:e;:¡c, ~- ·to 15m dcep. '.z.'hi& z.one con be divided 
ir.::J cc::-:r cubzone:;, &nd the rockc of thoae oub
~wne~ .cir~~~íficontly di!!er in the1r propertiea. 
·.r~c ~:.rocturc nnd thicknecc o! the Decond.nry· 
v.(·ur.<.·r.in;·. zone 1o boinc governed by tho rock 

1' ;J:·o:.cr-tif'c in the unchn.nr,cd part o! the rock 
~~ :-;,o,:.:;. ce wcll o.s by gypsomctric poo1t1on of 
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!::ej:-::-.ic<!f.eolor;ical ::ect~ons o! the 
¡·oc::~: ion ::.i ~ a:· tl:.c· .J.::c:-..;.ri erch dam 

1 - earth curface, ~ectior. boundary and 
its 1;o. ;. 2- isoline5 o!' lonr;itudinal 
wav~s veloci ti e::>; 3 - bounC.nry o! rocks 
uncn~~r,ed by the relief ~d ralues o! 
dcfo~ation moduli D·10;!:/m and the 
velocitiez of lo~c,itudinal waves 
Up b/~ ; 4 -·::.ene of rocks broken by 
explor.ione, with velocities of longitu
dinal wavec not less tr~ 1,0 ~a , 

steepnesa o! the alope. 

Simila:::- v;o:::-k executed in the !oundation pi t o! 
the Uct-lli:n hydropower ctation hc.ve allo..-ed 
to !ind with cre<t precicioD end details the 
thickness o! thc zone o! rack to be re~oved 
(:.:i<nailov, ct al., 1977). ~'he control dr1l
l1n~ or.d tfie rccordint doc~cntntion on the 
excavn~ior. ho.ve confil"'tr.c.-d the r·ez;ul te of the 
¡;eopt.ys1cal recearchea (:'i¡;,9), 

'!he geophyaico.l lJorY. corried en in the eoll8t• 
ruction pite of tte rtructures cn~bled to 
give tbe detuilcd ~ropcrtiec o! rockc in tbe 
top pnrt or tne sc·ction, which nllowo to spt
c1!y the quantity o! rock to be removed, to 
locol1•e the moct weBk arcas o! tbe rock maoe, 

~~---'"~~•o =•" '"""'"""" ~• " "" 
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.. 
and Unnlly, to mako the rook toundat1on pr ... 

. ~ parat1on Y~oric cheaper. 

ru-:d ¡"•:olo,·:.~~.i ( ::. J :::~ ·.:.~·~.- ::; 
ar:·¡;;~·.·· . -;.·· •--- .... 
Úst-il~~ :.'¡'·.l!'Oi"'J't."t'!" :;:n!:.::m 

1- borcholeo-pito (c•915 ~~); 2- coro 
dri111ng borc-holen; J - e::npiric depen
dence be tween h 9 and l1 Q ¡ 4 - line o! 
e~utll values o! hs and h¡, 

J.2 Study of elope relier zone 
At thc slope~ o! cont.truction pits, at the slo
pes of decop ns.vic;:ltion locks e::o::cav.:l-:::ons e.nd 
of wllte'!:' ~a:;ca¡-;e r; tructure!:: !he .sa~ ccoptysi
cal oethod::. c.rc being success!ully u.:;ed tor 
controlli~& thc dyna7.ics of relief process, as 
well a:: !o::- cct:1Ji.~tion of th~ .dopes stal:ility. 
The re:::::eo.rchct: wnich have bcen carried out in 
the fou.¡dc..:ior. pi t o~ the .:.;niepe:- nc.vige.tion 
lock cúl'l cerve a:n exe.r.;:le of :::::uch v:o:-k (.:...n.drai-. 
ev, Lcv::-ov, 1'l7E.), excovnted in r;:-c.::ite. i..nder 
the co:-,bir.ed influence of explo:::ion: e.nd stress 
relicf·in the ~it slope:::,zones of tec~obeneous 
,,:ee.kenin¡; wctrc for::;cc!, chr:::.!"'ccterizcC. wi th va
rious vc.ioci tic e of lonci t'...ldinal weves l7p e.nd 
with lndir:e::: of rclRtive pre~ervc.tion q • ~. 
(.L''ig.10) ¡·;i th the help of ::-epeated o·oservations 
the dync.mic~ of the tec:U'logeneouc relief in 
t~e he~ been ctudied. It tur~ed out thet du
ring t!'.r.:-e ycn.:-c r.:.ftcr cor::pletion of excavation 
the vcloci ti e~ of lo!"l,;i tudina.l \·;·,:;ves in the 
::-ockc of ~he relicved ::lepe src.d"...lally dec:-ea.sed. 
7otul ~cctuction o! vclocities in ;he relieved 
rock wc.S equnl to 200 to )00 per cent, the de
.tomntion modulus - by 4 to 6 ti::-:.e:J, a..""'d ~he 
rutio oi Jointing voida by 10· to 20 times. 

).) Grotltir:r; gunlity control 

The r;c·opi::,•!.:ical method: are bcine; uned ac well 
aleo fo:· :¡~::L .. t:r ccnt!"':;l o.:.· cor.~oliCc.tion and 
c.nti-sccpo.cc groutinc o! rock !oWlda.tion:::. · •. hcn 
doinc ~o, u~ u rule. the conr:oliCution r.routing: 
io controlle.J ·.d th ::eic::.ic-acou::::!ic r.:c-thoda, 
while the c."lti-~t.~c:;l"lf;<" G:'Ol:tin~ :: can·!;:-ollcd 
v:ith elcct:-icc.J. lo.;.;H:g (~uvich et al., 1979), 

E!!icie.ncy o! ~:~utinr. is cctimated !rom the 
r~lntiv~ cltcrntion of v~locitic:::: or the longi
tuctir.nl wcven or ot the ~;;>cci!ic elcct!"'icc.l re
ainta.nces. Ucc.a.lly, the rollowin~; problcr.'IC ure 
to be colved: to find thc poc~ible c!ficiency 
ot grvutir.c:: in thc ;:ivcn typc of rock.::: n.nd at 
thc· cpccif!cU tcch.r1olor,y or ,;routing; to set 

' the f.:routing quc..!ity dc;:rcC!Ji to locnt'e the 
nes nnd a~P.fiB ot peor quulity g~uti~g¡ gene-
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I-r 
Pig.lO Gcne=-nli:ed ::;ei:-:;::olo,-!c-teolot1~~1 ~:-e~.:::-

!::LOr•>:•c :'o:- · .. :·.e .:·:.~-e-~ o;· ·.: .. 0 . ..;.:. :·:.:.~ ... 

unc.:-:cbv:-.tcC (r:l. :··):· ·.:· ..... r.;:·:_¡·.:: o:· ·.·::e 
~"' ''" '··_·'• ," '· '"' ~.•• o ._ .... •""' • •U ~
,. 7 -(b) ._, ··- -l-· ') ,, ..... -·-1 
et\·:ec:: c::::-c;: o: ,: :~:'c; ,J i;: .~J:;¡., ·····.:

\acc. te :::e ;-,~::.::._..:.· by .. :-. ...:::-e.:.::v c.:;...:. .. :.'l• 
rove. 1'Sit.: 

1 - intensively relieved rock reate., 
'?-0,8; 2 - ztroi-:.cly relicved rock ~e, 

'? • 0.0-0.5 ¡ J - :-elieved rock ¡,:e:s, 
7 a 0,5-0.J; 4 - poorly :-elieved =ock 

masa. f? •0.)-0.1; 5- torehole; 
6 - i~oline o! vclocity, km/s • 

ral and di!ferented estimntion o! ¡;routin¡; 
e!ficiency. 

~he firct out of the ~hove mentioned p~ble=c 
is Eolved in the preces: of g~outing ot the cx
peri=e~tcl crounds, ~~d c.z a rezult o! ttis 
curves c.re drc.\":n inte:-relc.tinb the quality- ot 
&routir.g and thc v~luec. o: correcpondinb ch~n
ge.s o! t;eophy.zical pa!-a.-::ete1""r;, '..:he brapht o! 
:-ele. ti ve, c.h.::.n;;e o! the 1on¿:;i tudinal. \':.:lvec velo
ci ti e E \":hich ere ur;ed !o :o groutin¿; queli ty e:
ti~ation et the four.d~tion of the InbUri nrch 
de..":! (Fi¡;.11) can serve an ex"-"ple of this. l:c
ti~ution of b~~utinc qu~lity is effected on the 
bc.sis of repeeted rilee.r:-..:.rc::-.ents of veloci ti e e 
o! the lonbi tt..:d.inal weves, prior and c.! ter 
t;rot..:tir.s. wi th the help of seismie sounding o! 
the rock between the boréholes. 

Control over concolidation G=outinb quality ts 
also e!fectcd bchind the lining of preccure 
tunnelo with the hclp o:.' trie ceophy::ice.l. cet
hod.o. ¡·;or.k: in thc ln\;uri pov;er ctation power 
tunnel (iavrov, 1981) can cerve en example ot 
::uch ro:::ecrc::c:-: o·;.:.ere the cont!\ll was effectcd 
wi th radial borchol e e which hü.Ve be en drilled 
prior and a!ter Grout1ng. 

4. n:\"E~T~GAT.LOI: 0? AL~!::.~\-~Ior: O? ELAS'¡IIC '::i • ."·tEZ 
'f!::~C!!'I:::: I!: s;¡;¡:.;.; ;.~;¡) ~~·lZ.i.O?Ui..:l;7 O? :JE
¡.·o~XIO!I P.iOCES.S Ili Xllo:E · 

~~~s problem hcc come into bcing in cor~ection 
with co~ctruction o! big engineerin& ctructu
ren end, rt!li.r.ly,hiE;h drun3 with decp and vr.st 
::;torn¡_;e rcocrvoir:; which brour,ht \·;ith ther..:;elvm 
nctivc in!lucncc o! :r.o.n upon propertieo cnd 
co:1di tionD o! environ.::ent. '?he can en ot lúrr,e 
lar.dolideo, do\'.-n!'all:J, ci[;lli!ic&nt detor::ationa 
ot the !ou.ndution!l Md powcr!ul local enrth
quakcD which hnve been provoked by technoge~ 
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ne-t'U!'t_ roctora predeter.:~~r.~d the nrrc.n;~~=cnt of 
:;·(·e¡: .. .! co::-:plC':x of wo:-k to ~':udy Cyr.c..-:.1c::: o! 
.:::u~t> o! ctre:a;-c~nd.-strnin o: the V".lbcur!oce 
;.::.::: o! tilc cc.rtt: .::!:cll in ':.tH~ reci.n::; ot lo
c~.:.:.on o! toe r..oct i::portD..l6t ecc1neering 
r.: ~,.¡,ctu:es. 

V· •'"/• 

,. "'"' 
•• 
•• 
11 

••• 
, v•·""'l• 

/./J 11 u u 1.1 

Fi;-:.11 !:o:'!:o;r3Ph fo!" estir:o.ticn a·r c::-outing 
:·..:.c..:.:.:..- :·.:co::-~.::~- ~e -:.::t..> vclcc::..ty o! 
::-: .. -:·~·...:.:::.:..:.<:.:!. ·:.~.-:t:r. :::0::.~~'..:!"'C'c. t::-!c::- to 
¡·:-:·...::::~;: (l- .... ) t.:..c. e:..:.:c· Gro:.;:.:.::¡:; (r¡) 

I - 'c;::cellent .. croutins :.one; ll -
11 t:ood~' ¿;:-out ir .. ¡; zone; III - •·:;atisfeeto
:'"'.J'" croutin& ~one; IV - ''Unsatisíactory 11 

t;:routing zone. 

10 

;. co::-.yonent part o! this con::plex .is longterm 
¡;t;-cp:.:,•cice.l observo.tions which a.llow on the ba
c~~ o! ~tuCy o! the elteration of the pnrame
:r::-~ of varioús c,eophyzicel !ields \·:ith time to 
G~t so~e ce~tein in!or=.ation on óeform~tion 
;:=:-oc~sses wi:.ich tnke place et di!fere!'lt' pa!"ti 
o.: :ne rack r.:ass U.'"'lder etudy. The proced,Jre ot 
lc::l:.:enn g:cophy.:ücal. investi¡;etionc; e::;Jlojed in 
:!-.l' :..::.:~;l provió.e::: for their u~e in combination · 
o:.:.t;¡, the trc.ditional (geotecf' ... --:.ical e.."'ld geodet1c) 
!1e¡d stu¿ies. ~hese· ~tudies ere beinG effected 
!.:: :!;c:>ir !ull scope only in sorne individual 
~ re:·e!"'ence) parta of t~e roe k r.1ass e.."ld serve a 
Dü:l~ for_correct and reliable qucntitotive 1n
:t:.-:- :-ctc-:.::.on or gecphy:ical dato.. 'l'hc tesk of 
E:t>:.:;.·::y~iccl r:.etl~odz ic to cet infonr.etion on 
:.i_..e i.:.C!o:-r.:c.tion proces~cs which develop in 
tl::-.c- a-.. var.ious ccc.les e.nd in different (at the 
~U.!"!ace end inside) parte of the rock masa. 

The =o"t complete complex o! elike longterm ob
u:.:-:u-:.~on~ Üi b€:-lng: mnde !n the U!.,¡!,¡.i. at present 
~;: _t..'1c region of the l:-.guri erch de=J, 271.5 m 
t:b~. ar.U deep lnguri Dtorace rocervoir wbicb 
in loccted in l.e!;tem Gco:r;ia i!'l the zone ot 
b-polnts .•eiaoicity (Eo.lav~>d~e et nl., 1961). 

~hic co~~lex ot wo~k eonc1ste ot the !ollowicg1 
1 - <!e:tL.J.lcd acicr:-.ic, electromar;nctic nnd ul
tr~rcn1c inv~oti~ntions at the diffc~cnt points. 
e f ~t.(.· arch dc.m !ounó.ation in the runge ot 
óe~tr~ !rorn O to ~00-~'0 m, where the procea
Lee wr...1ch tuke plnce in the ttructuro.l blocks, 
1.0-10.0 ~~ to 10Q0-10~ooo mJ 1n volume are 
ctudied¡ 
~ - eeismic studiea at tbe submerged protilo 1D 

tbe bead pnrt o! the rrocrvoir whore the pro
cesse!J wtich tuke plnce in f;CO::;t:-uctur~l blocka 
hnvin¡; lir.e oiot·c n·100 m, ot the dcptho c!owu 
tó) 1.0 :c:-1, e: re ntudied; 
) - re¡;ior.nl ccop!:yt:ico.l (clectro~etric, grav1-
~etric n::.d r.;r..c::lctic-~etc.:-1n~;) a.c: wcll n6 the 
1l::stru::1cntal !."C'ic:=olot~iccl ob::e:r:a!.ior.s whieb 
rc::.ó.er in!'o:-::otion on thc p:-occsr.es wt~ch take 
place 1~ the blocks h~vinG linoar sizea ot 
n·~ at the ócptr~ down to 5-10 km.~ 

Tbe above centioned observations are cocbine4 
~~~h hiOh cccurate inclinocctc~i~s ~~d de!orco
cet~ic ctudie~. with fiela ~eotechnical obser
vo:i.ons o::. ·,·.-cll or. \'.i ~l1 tú1.• r.:.•pct~·w~.•.! detailed. 
a.."'ld resio~ol geodetic mcesurc:-:-.cnt~. The deta1-
led. dcsc:-iption of t,¡~is co::-.plcx cnn be !o:.md iD 
tk:e publisheó pc.pers (:inlavadoe et nl., 1961; 
&avich et al,, 1973). ihe ob~ervotion~ over 
ct.a.."i.t;ec ol paru:::e-:.1.-"r.: of the bCop;:::cical !ielda 
in the- region of the In¿;uri pov:cr station are 
beingmade during 6-5 yeerc, and thanks to 
th1s work the rnoct r.cnera.l reguls.ri ti es of de
!orcation processes ó.evelopment were revealed. 

Thé general trende ot alteration o! the cedin 
properties ~urinG conctruction of the ·d~~ prior. 
to filling the reservoir are distinctly sho~~ 
in" tbe curven of the vt:.rintion of the lor..gitu
dical waves velocities Vp ecain~t electric re
ristnnces .;l ( .r'i¡;.1 ~) :h·ese da t~ confirm that 
ple:ing concrete in the d~ body ~íd creation 
o! a surplu~ surcharce on the founCation have 
b:-ought wi th themF.el ve.s a sign.ifica.."lt grcwth 
o! t"o a."1d p vs.luez, cnd at the backsround of 
tl:is ·growth there hsve taken place sorr.e rela
tive variations of tho~e pnra~eters, corJlected 
""i ~h al tetations of seecon ter.:pe.!"ntures, YJater 
content in the rock ma.ss and wi th some Occasio-
nal. !actors. · 

Judglng by the results ot the dif!erent-scale 
icvestibotions the mentio!'led deforrnation pro
cesses ir. the lerger blockc occur wi th a · 
ireeter intensity. lt means that the co~pactiOD 
o! the r~J{ ness which brin¡;s wi th i tcel! tba 
growth o! t·p and p values happe!"ls, meinly, 
tha.."lks to closure of larce ficcures. lt is no
teble that, depending of the depth, the varia
tiene of F0 c..nd p values attenuete, and dee
per than to m those \'EI.ric.tions ure practically 
not found. Lut, as f~r ec those depths coin
cide wi t"il tlle bound.l!!J-' of Di[".nificll..'"'lt settle
c:.en~ of rack, the cüJove ::Jentioncd bounc!e.ry can 
be interpreted n::: the oounó.ary of ::one v;hicb 
is en active defo~ed zone unóer the structure. 

FillinG o! the recervoir hne brouGht w1th it
selr a· sr.nrp chanr:e in. the nature of derorma
tion proce~zc~ anc! the corrc~ponjing altera
tia~~ -1n para~etcr~ o! the vorioua seophysieal 
!ie!.d:::, In thc nrea o! the urch óo.>n it has 
CB":.;~Cd a reduction o! the clo.::tic votve!;(long1-
tu.:ino.l O.."ld trannv(.·rne) V(.•locities 69 well aa 
a rcduction o! elect!"icnl re!:i:;tWJce::; (r'1g.1)). 
'l'he ;:oct intencivc reóuction or th.e Vp end jJ 
vú.luc: took plc.ce in the period:J o! water le
vel riee 1n the reEervo1r, and 1t Wú9 a little 
bit weakcr dtirinr, the ~erioda v:hen the water 
level wua bein~ k~pt con~tunt. The ar.alyo1a 
has rhovm thot thic phcnor:-,enon hac been eaused· 
by entcr1r.¡~ ot wnter incide the rock ceas an4 
by aevelopcent o! preccurc incide the !i&eurea. 
'¡he laat phenomenon, in particular, is con• 
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t'lg. 12 ."/crinti<Jns of relntive velocitie~ ot 
elu:tic w.:J.vt::: i:--. ~c-i~·::-.ic :-~::,-e cf !::"e-

r~~r.~~~~~~ ~~!-~:-~: ;~~:~:-{~~~~~~-~-~"~fo~; 
i!l C.ifft:>:·e:1: d~:-·:ctic:::,; .1:;. ..-.::.:)ect to 
t~e ~::(~~i rivur ~~lley 

a_- reservoi!" fillinG craph; b _- va
riation of velocitiec elong ex axis; 
e- vnriation of veloci ti e e alont; OY 
axis¡ d- vc.ri&tion of ... ·elocitie:; nlong 
OZ exis; e- variation of velocities 
perallel to !:he ~lo pe¡ J - el teration 
of velocitie~ no~ally to the slope¡ 
16, 8.25- l1os of obcervetion points; 
V • 5120 - average velues o! zero 
cycle veloc1t1es. 

!irmed by the •hi!t in ti~e o! the reduction 
of t!:e v.::..lue t1'n in different perts o! the rock 
r::ess, th:.s ::Iai't beinc govcrned. by water !11-
trntion veloci ti es inzide the rocks und.er i!'lvGJ
tigation. 

The observed reduction or the velocities rf 
B...'1ó. o!' elcc!ric re.sistonce~f is eccor.:pc.nied \'; th 
e. !;t:orp !"C'c!'..!ctio:J. o~ !he !'ou:-•C.D.tio!1 ~cttle:::ent; 
t~is p~1cno~~non 1~ interrelnted with the p!~
cec:J of u :':'~lc.tive dc-consolid.ation ot rack 
r:.o.so v:hich i~ cnu!:ed by the hy'irvstotic pressu
re ot watc:- which hns cntered the rock t'lncs. 

·:·n~ bour.,.!n;y o:: thc :':):-Je, 1·.-~~~n~ thi.:.; p:-oc~s.G 
talce::. place IJn<ier thc da.'71, 1::: at 6 depth ot 
oorne250 m, while at the he&d pert of the reeer
voir it 1~ Gt the depth of &o~e 500 m. 

The in!'lue~~e o: thc r:c.~er .::.to::-cge reservo1r 
upon the de!or.:-; ... _tion procc~.:;C!J ha::. r.:anifeeted 
it:cl! di~ticctly in thc peculiaritieG ot alte• 
rnt1o~ of ~he local r.ei~micity of the region 
(!mlavod:.e ~t ul., 1l)Jl). 7he voriation.s or the 
rer,iono...l .:;('1 ~~üc1 ty \':hich cccor.~pnnicd the til
lin,; of tr.~ 1!'"'.t;ur1 power otc~ion water :::~tornbe 
rc~:crvoir, hnve rcache-d thc1r top one o.nd a 
hd.l! yenr a!ter beginning o! water leve! r1se. 

Fig.lJ ~te!"~tion of Vfir!ctio~o inte~~itv for 
vcJocit:c:: e: ::~;.i_;::::.:.~ \';,-_veo u::,:: :·:ocr::-: 
defo~.Jc.:i.on ir: :!:e ::-. .::...:~le p::::-t .)!. ~;.e 
left-1:'~~:-.l\ c.e:·..;.t.:::.~;-:;: e:· ::.e :.:·c:l •:·~::: .;;.:
P€r.l:i:~.- o~: -:nt.: ...:.c:l'::J. ~·:-o ... t:~e t::::·:n 
surf&ce in t::e roe~ c~=s 

1 -!-/&VI- f <hl/617/·i'"'"i.;'~'• where ,-, is 
veloci ty rp in the cyclcc \':hich too k 
?lace p~io~ to fillinG th.e weter oto
ra¡;e reservoir; 2,) - il(.ll')/at • !(h) , 
V~ he re a<&V )/ilt is a tempora:¡Y .;~adi
ent o! value ó11" in (;;) (year)" ; 
data prior to (2) and ()) in the period 
ot renervoir filline;; 4,5 - graphs o! 
detormatio:is in the rock cnss unC.er in
vestigation prior to (4) end in t~e pe
rod of (5) fillin~ of reservoir (ccc. 
to data p~ovided by Kouznetsov); h.
depth frorn the earth surf~ce alor.g :r.e 
normal to the slope; I-III - zone~ o! 
varioUs intensity o! Vp variations. 

and one yeer since the relative sta91lization 
o! the \';:.ter level ot 1JO m. However, t.he · 
first (,·,-enk enouch) ~tc.ge of ~eü:;mic activity 
began o~e- rnonth since the caid !illing o! the 
reservoir. It h~c ~anife~ted itself in e se
ries of seicmic shock=: with the ma::;nitude 
J.i • 0.5 to 1. 7 ur.dcr tllc head part o! the re
se:--.roir. :.ate:- on the foci of earthquake~ ooved 
to south-wcct alon¿; tectonic structures v:hich 
ce:;:arate t:'lc \':ntcr-bea:-i!1C limestoncc of the 
lov;er body from the watcrticht struta of Juras
sic depor.ita. '~his procccr; \·:r.s finnli:ed ~·.1-::h 
a power!'ul ou<;'::rco.ic o! cci!:::::!.c L!ctivity. ·;.ithin 
the liQited orea nt n distnnce o! 10 to JO~ 
nouth-west frol:l the da.m. in c. period or ttme 
sir.ce :eccrnbcr or 197~ to ~arch of 1960 thcre 
ha ve happencd more thnn 100 cc.rthquokec ....-1 th 1\ 

:r.n¿:r.i tt:.!c t.! ..... 1.-; -.;. J, c..."ld tte most po\·;eriul ot 
the~ hove ce~~ed local ~oiscic er:ectn ot 6-7 
poi::::ts • It v.cr; found thct or.e of thc n:ain !ac
.. ort: which dcten::inee thc snid seir:nic octivi
ty v.i thi:-.. thc re¿:ion of thc Incuri hydroFower 
stnt1on 1~ the in=ide precsure in joints. :he 
c.bove cent1oned rr:1irot1on of the earthqunke 
!oci ic G iOOC illuttrntion !or sp~endinb ot 
wcter nlone the fisourcs to the periphery o! 
the W4ter recervoir. 
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?hus, w1den1ns of tCe zcne of intlucnce ot the 
:-c~C'!"Voir r:,(;.r.ife.c t.:: ! t~:c! !' in tl~" V:J.rintionc . 
o! di!'fcrcn~ ceophyrict.l !'iE:ldr:, o.nd it 1::' cha
roctcri:.C>d c.t varic-...::; r.cale lcvels 'dth so;:e 
pcculiari U ea. 

~'OI;CLt;CIOJ: 

·~'he papcr denls r:i th cooe ~ ta.r.de.rd eng1necr1n&
~C'oloc1c:.l p:-o::1cr..s Y.!'-.1cl: :.re colvcC. in the 
.~.;.:~.\ \':it~ the hcl? o! c,cop;;y::icc..l r:.ethods. ":'he 
e~:: ... ;~plcc tl:O\',-:-J. !:.ere clc:.:l:: ilh.:::tro':.e the et
!'ic.ier.cy of thoce .:co;-h::!"ic:.l r.:ctt:.od:: in sol
·::.::c vuriou:: protlc:-.:.!. o.:: cc:o!oc:.~:-· t:.nd rocic :e
c!'lt.:".ic:, a:: well at: advm:.t:::.-er. of further de
·.-'-'.:..or;:-.cra a¡· tnc c::.cinc-c::.::.c ccop.G,ysics tor 
t:tudy:.nc of rock cRtseo. 
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Edmonron. A.lta. J't;(; 2Jl (Cana,úl) 

(Rcccivcd Scptcmb<'r :!0, 19~2; rcvi~cd version ac:ct"plcd July 1, 1983) 

tTrib('·C.tfv.,jo.l, A. and Ny!rmd, E., 11J83. Evaluation of thc risk oC induced a.eismtcity at 
lhc Itzantun hyrlroclectric sitt! 1 Chi3pas, Me);ico. Eng. Gcol., 19: 247--259. 

Consolida.tion tht•ory o.nd concepts of rock fnihae can be used to evnluate the Probable 
rii;k o( inducf.'d seismic:ity as a .rcsult o( filling of n•scrvOirs. This evalualion indicate¡ thc · 
s:1fest wny lo fill a reservoirl and detwnds only on ~hl' ~f'omelry of the load. tiH~ rateo( 
filling _;::md lhe ge-olo;ical t.t:-ucturt'.~ in the are:1. Th<.' ~tahility runct•on is actually .~ mea.sur~ 
or thc risk of h:n~in¡: failur~?, with time, for a particulro.r loading hi~ttory in respeci toa 

1 

plane or weaknc!-~. 
Th(' s~:lbilit)' fnnction i:; applif.'d to the area Of lhc ltzantun reservo ir, whlch wi,ll he 

in JQutl;ern Mcxicol DrRwdowns t:An iricrea.<>e the ri!>k of tri~~erin¡i! Parthqua.ke.'i in this 
a1ea, which i.s pronl' to thru~~ faultin~. lt is possiblc to e~timate thc"stresces after 11 period 
dllring which th(' WJ.ltr lt'vel is maintained anda decrcase in strt"SSCS with the depth IJf the 
oh;erv:1tion point. 

The f'Stimat('; of the probable inducr.d Sl'isrnicity are límited as the residual stre<;.a in 
thc ar~.\ prior to ttle .impoundir.¡.: iS unknown~ With n me&-<; u re of the rC"sidual tectonic 
str~SJ it will h~ po.~sihlt! to dt·terminc- ~n oplimal filling rate lo reduce the probability of 
inductd St•ismici~y. 

INTRODUCTION 

During thc \est tw~nty year:;, it has bP.en obscrved that large enginee.ling · 
projcrts m ay changc the ch;,rortcristics of thc seisrnic cvcnts in the sur
rounding "''!ion. 'lhcsc chan¡:i•s are inducro b;· changcs in stress that are.~ 
result of man 's ac:t iviti('s. Anwng thc activ1lies ancl cvf!nts that cause induced 
sr:i:;micity ru'~ fiuid injt~ction. fluid f'Xtraction. mining, underground detone.\~ 
tions, floodin~. a!ld res,•rvoir impoundmtmt (l'acker ct al., 1977). Here we 
will deal on!y with rcservoir impoundmcnt. 

l11ere are mcuty exnmplcs of where thc fillin~ of rescntoirs has changcod 
thc charactr¡is~ics of <:vcnts in an nrea. Tht•se chan¡:cs range from the induc
tion of br¡;c ma¡:nitudr evenls to rhangcs in the micro-carthquake activity. 
Thc fillin~ or br¡:c rescntoi". however. has not nlways rcsulterl in induccd 
seisrnicity . .\tl•,.npls to rdate indllct:d sei>micity to size or depth of a wser· 
Voir have had litllc success. The chunges in scismic uclivity do not !ollow 
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n •imple pattrm (Gour.h, 197R). F.xn·ll••nt n•virws of tlw obsen('ll chnnges 
haw IH·<•n pr<•parPd by ~impson (l ~17(;j, and. Cupta and Hastor,i (1976). 

Jndu,·<'d S<·ismicity is diff<cult lo provr. An incr"""' in s<'bmic nctivity in 
an•as that WPTC already uctivl' is difficult to attrihutl' entirdy dtw to the 
f<llin~ o! thc rt•servoir. In oUwr an•:IS the patkrn of seismic evcnts changes 
radic;úly, and there.S<'<'ms lo be an obvious assoriation wilh tlw filling oC the 
fl'H'tvnir. Jn sorne 3f('3S, thC'ft.' nrrwars lo be an iflt"f('::IS(' Of sf'ismic nctivity 
durin¡! thc initial fillinr,, whPr!'as in othrrs, the incn•a><· oecurs sorne yenrs 
aftl'r !J!Img. Thcre app<•ars lo bP a corrt'btion h<•lwo•o•n tlll' water dt•pth and 
UV! numlwr of earlhquak!'s ¡¡( sonw rcscrvoir; Ol'itlwrs and Nybnd, 1978). 
,\nd llwre also ap¡wars lo be n rl'lalion lo th~ rate of filling (l:Jimpson and 
Negmatullacv, 1981 ). 

Tho• nmount of data on rest•rvoir ·in.duccd scismicit y is limited. Up to 1977, 
t.hcr<' hall be<·n 55 r!'ported caws of rescrvoir-inducrd Sl'ismicity (Packer 
et al.. 197í ). Of the"'. Packer el al. dassify 16 as· clc:tr cases, 3 5 as ques· 
llunabl<• and 4 as probably not n•srrvoir-relat~d. Tlwy reach the following 
conclll!:.IUns rcgardin¡! in<..lucl'd srismil'ity duc to rcsPr\'oir loading. 

(11 The initial swt<• of :;tr"'" in tlie ground is of prime importance, 
(:::J Fai!ure of unfruclureu .matenal ns n rcsult of rrservoir filling is unlikely, 

bu t. failure is likcly lo occur along prr·cxistinr- faúlt.s in fractured material. 
(31 "lnstantaneous" stresses ~l'nl'rated by rapid rcscrvoir filling lead to 

shear stress nlon~ fuult.s without incrensing the cflectivc stress. 
(•\) ln:;tability alonr, faults could occur at grrat depths ns shown by the 

•·un·nturc of !he failure cnvclope. Thc shearing rcsistance of the material is. 
r(>duCf·d ns the confifJin{J pressures increase. 

Tlwrt.~·is by no mPans unanimous ngrccmrnt about t.he existence of 
ro·srrw>idnduced seismicity. Ot.hcr authoritics rlaim that only 3 clcar cases 
of n•so•r\'Oir-induc~d soismicity exist. The difficulty is to providc a viable 
nwcht\nism for failur<' caused hy res(·rvoirs and to use a convincing stress
;train rrlation for cn.!Slal roe k. \Ve helieve that the cvidcncc from other 
rcservoirs indicatcs convincingly that failurc can lw caused by relatively small 
externa! influences (i.c., ltalei~h et al., 1976: Pomcroy el al., 197G; Cook, 
1 Sl/(i: l;ou~h. 1978: 1\'ptmillcr, 1 ()81 ). The fact that stati;tically ri¡;orous 
oltservatwns do not <·xist for rescrvcirs doc.'i not deny that rcsr.rvoirs cnn 
induc~· ~Pismicity: it mcrcly ml'ans that seismic cviJP.n~c by itsc1C from reser· 
votrc. alo•nc, is nol sufficient lo r!'solvc !he mattcr. 

1\dding, however, Uw Pxistence of foulls on which scismicity is known to 
on:ur, lh<.• fact that stimulated scismicity has ¡,,,.,n observed for olhcr kinds 
o[ proct~:>$es, and Uu.· fact. that a rra~;onablc phy~.ical mec..:h<mism for rcservoir· 
induccd st·isrnicity can bp poslulatcd, justifies moc.J .. !Iing studics of this 
problv1>1 tu determine the rang!' of risk. 

Any pr.,diction of Sl'ismicity in vol ves ossurnrLions nbout thc strcss-strain 
rdations of cmst.al roe k and tlw cond•tions under wilicil faults will fail. The 
lar¡.!t·~.t ~;trt'SS incrl'rnt>nl dueto large n.•servoirs is of lht~ on..h•r of lO bnr. 
llndcr iJ>crrmcnt load• of 10 bar rnost erustal rocks deform •·lastically, Of 
"''UlSC thc incremental rcsponr.c of a rock confincd under lO' bar nt 10 km 
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dcpth m ay he tliffcr~nt from that o! n roe k nt thc surface, but its elastic 
nnture rcmaíns dueto the sma\1 size of the stress incrcmcnt. Thercfore, the 
assumption of elastic ll('h;~viour is plausible. 

The varintion of ~la;tic bt·h:~viour can he dl'<luccd from scismic data. 
Young's motlulus dcduc:"d from scismic data for dcpths from Oto 25 km 
vnries from 6 ·lO' to 8 ·lO' kg cm-•. Thi.> variation is smnll comparcd with 
ils magnitudc. ll<'ncc, thc assumption that thc t'iastic properties are constant 
is reas~nahlc albeit not ¡,ntir.•ly satisfadory. Othcr nuthoritics (i.e., Turcotte, 
19í4; K ir by 1 ~)77) ha ve considcrcd thc upper 25 km of thc lithosphere to 
be elastic. 

Obviously water prcssure plays a crucial role in the dynnmics near a reser· 
voir. The simplcst extPnsion of •·lasticity thPOI)' that takes into nccount the 
prescnc•' of \'.'att•r is thc Biot consolidation thi'Ory. lt is normally applicd to 
soils ami is justified herc only by thc fact that it is n simple tractable ex ten· 
oion which can dcal with !he presence of porc fluids in a plausible way. lt 
mny not be correct, but at these rélatively low pressurcs it is n reasonable 
first approximation. -

The general conclusion from the observa! ion of induccd seismicity is that 
rcservoir volumc is not always a reliable indicator of the risk of induccd 
seismicity. The larger the vol u me, the greater thc probable risk. but there is 
·nJways the potentinl for supnses such a~ were encountercd at Hydro-Quebec 
in Canada (Lcblanc and ,\nglin, 1978). l\larlicougan 3 on the Cnnndian Shield 
causcd scismicity changes while the nearby l\1anicou~an 5, twice as deep and 
with a consid('rably largcr voltime, has not induced any seismicity. · · 
Mnnicougan 3 has a hcight of 108m and its volumc is 1.04 ·1010 m'. · 

· ln only a fcw-cases have the depths of tlwse '*'ismic evcnts becn deter
mincd accurately. Local ohservations and the teleseismic data al! indicate 
thnt the hypoccntres are shallow. Gupla et al. (1972) have determined the . 
depths nnd positions from t.he <'vents nt Koyna from a local arrny, and 
found that thc majority of the cvents occurrcd nt n depth of less than 10 km, 
but ~o me occurn•d as uN'P a; 30 km. 

I\-lib'Talion of seismic r.vents has al so hPen obs.erved in so me reservoirs. 
Simpson (1976). Sobol.,va and ~lamadaliev (1976) and Simpson and 
Ne¡;matullaev (19Sli inclicate that the events at Nurek are migrating toward 
the reservo ir. 

The focal mechanisms (Bufe et al .. 1976; Gough nnd Gough,l976; and 
othcrs) observed that diffnent reservoirs are consistent with the types of 
precxisting faull$ in the nPi~hbourhood. At Kariba, Krcmasta and üroville, 
dip·slip faulting was ohs•:n·ed, while at Koyna, Hsinfcnkiang and lloover, 
the rnechanism was strikc-slip faulting. At Nurek thc induced seismicity is 
occurring along a series of thru~t faults connected by &hort scgments that 
•how strike·slip motion ( Simpson ami Negmatullaev, 1981 ). Simpson ( 1976 ), 
Bcll nnd Nur ( 19781 ami \Vithers and Nyland (1976) suggr.st that rapid lowcr· 
in¡¡ nnd rnisinr, of the woter l<·vd muy be nn importnnt factor in inducing 
seismicity in re~ions of thrust faulting. · 

The magnitudes of the rnain •hocks near rescrvoirs hnve been 1\5 high as 
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fi.5 nt Koyna (Gupta el al., 197:! ), 6 .:l nl Kr<•mnsln (Comninnkis et ni., 1968), 
6.1 at lls<•nfengkian~ (Wang ~l al., l!l76). 11 is not possihl~ lo give an upper 
lnnit for thc m:tgnitude of induced earthqunkes, as the filling oC reservoi111 
ncts only as n trig¡~cr of the preexisting rtreu. 

TI! E ITZANTUN Srt'E 

The ltzantun si te is in the state of Chiapas in lhe southem part oC Mexico, 
120 km:-;" of the city of Tuxll.1 Gutierrez (Fig.l).lt is in a rr¡:ion with 
sevt·ral rivt•rs, thc most importan t. of which are tlw Tlacotalpa, the San Pedro 
and thc. Huitupan. The TlacoLdpa flows in lhe IÍZantun gorge, and at this 
location the now is ~ ·1 o• m J of WHLN per ycar. Thl' r.rolo¡:ic formations in 
thc area are chi<•fly thick nsscmblages of mudstnncs nnd ma"ive limi'Stones. 

The foundation of the ltzanlun uam will be sandstonc, mudstone, and 
linu~~tone v·;hich appears rcasonahly homo(:!enf:'ous, at lrast at the suñacC. 
~bny fractures in thc formations n~ar the da m have b~rn filled with calcite 
bu t. so me are opcn and show evidencc of recent movcment of the arder of 
rentimetres. 

The ltzantu.n fault crosses thc reservo ir just upstrenrri from the dam and 
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ls clrnrly thc si~rüficnnt structural fcaturc in nn analysis of thc risk oí induced 
scismicity (l:i~.2). Thc ~or~" itsrlf was not dPveioped along a fault zonc. Thc 
irregular dircctionnl chan~es of the rivN, and thc factthat no fault brt•ccin 
was found in a bort•hol<· s\Jnt••tl to go undcr thl' ~or¡:r, inr}jcate that the 
rivcr h<L' rroúcd along minor fractur<'S nnd joints. Nrvrrthl'lcss thc strike of 
thc rivá is along a potcntral foilurc pbnc. (The known faults in thc arca are 
npproximately at ri¡:ht ani;l"s to the strikc o{ the rivcr.) 

MODI-:L !>lUDIES 

As a first approximation it is pos.<ihlc lo modcl thc problcm ns consolida· 
tion n{ a watcr·loe~cd half space. Our computcr pro~rams for two- and 
thrce-<iimcnsional analysís treat the mod<'lling problcm by consiúering the 
earth to be a ut:iform, i<otropic half·space consisting of an clastic matrix 
nfft•ctcd by nuid undcr pressure: Tlus matl!rial is characterizcd by a single 
permcability," relatíve lluid matrix compre;sibility, a coupling factor (or 
hydr.lUlic transmissibility) for the hottom o[ the reservo ir, and two e las tic 
moduli. The reseri:oir load can be approximatcd as a '·long" two-<iimcnsional 
load or within limits treat<'d as thrcc-dimensional. 

TI• e majar deficien~y of this approach is that effects on the strength of 
fnults must be judged qualitatively. lnterpretive examplcs are givcn in 
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Withrts nnd Nyhnd (197/l). 'l11ey point out thnt the inen•mentul stresses due 
ton rt-srrvoir are rarely Jarr,<> rnnuKh to causp failurt• by themsdvcs. Tiw 
poten tia! for failure must exist nmlmny bl' tn~gcred by the reservoir. 

l.i"TnF.SSr:S IN POROUS MEDIA 

111~ definition of strcsst>S in porous media mrets with certain difficulties, 
bUt sorne hcuristic l hrory has l•t•t•n dt·velopcd to dt':tl with thcse stresses. 
T•.:r.::al,.!hi ~ 1 ~J51) proposed that strt·s~t·s 111 porous fllt.•J¡a arl' a "n~utr3.l stress;\ 
the strPss in thL• flu1d. andan "rffr·ci!Vl" st.n•ss", tht! diff('n•nce betwecn U1e 
toto! stress prr,·ailinc in ti••· fluid-filled rncrlia a!lfl thc neutral stress. lt is the 
l'fiec~iv(• stress that cauc::r>!: dt•form~Jtion lScht>ideg~er, 1974). 

H1ot ( 19·11 l su¡:r.csted that '.lw co!llpactJon of soils is caused by a phen
omcnon caJied "suil t'onsolidat wn ". This means that the scttlernent is caused 
by'"'' ~radual adaptation 01 the soil toa load \'ariata>n. Biot made the fol
lowinr, "';c,umptions: (J) is'ltrnp~· of lhe matéri"l; (~l linear stress-strain rela
•iom; 1.1¡ tht• strains m the rneuJa are snmll; (1) thP water contuined in the 
porc:s is l<JCOrnpresoibl<' but may contain oir bub!Jies; ~nd (5) lbe water flows 
through the porous skc•Jeton according lo Dn.rcy's ]aw. 

\\"u¡, u.ese <L'Slimptions, Biot dr!Velopcd thl' theory for the consolidution 
of porrJus rnrdi;1: ~he basic rPlatJOns that dr~cribe thc phenomenon are given 
by Bi:. · in.: ~etws uf rapers ¡•ublislwd since 1941. Little has changed in this 
theor/ since tlwn (nice and Cleary, 1976). 

ln or.JN to .1pproach the consolidat.ion problem outlined en.rlier, we ~1ve 
follo\\"eri thc tPL"imique descnbd by Withers and :-;yJand in th~ir series of 
pr•.•r< : 1\'Jthrr·• and Nybnd, 197G, 1978; Withers, 1977 ). In order lo solve 
t-h~· n··J~t.l!:ctatior: equations, use is made of the displacement functions of 
,\kN.,•nc•· 'llU (;i;.:;on t l9GO). This irnp!Jes the development of a procedure 
to :dhw tJS to rif't.ermine the double Fouricr and Laolace tramforms of the 
''· :rt.cr i1.l¡:d. The 1· o:¡ril'r! ransforms <!re; Uunf:' by usi¡~g thc Advnnced ~-lathea 
rllalical l.ibr"r" nf the array processor (,'11'-l~OL). which oilows lhe whole 
curnoutat.ion t.n hP ovcrl~ppt'd with data·ilCCP5S time. This permil5 us to deal 
wit.n thP two-dmwnsion~l tr<l!lsforrns cf thc lond ata given time as a vector 
and dd.rrrnine th~ change of the strrs.ses ur tu that time. 

unce tbc v:tluc': oi thc transfonns of tiJt, stresst.•s at tbc d<·sired location 
~·r:rrv!-pondin!~ to t~ach of the tirnf's of thí• kntH\'H load ldr,tor~· are Uetermincd, 
\vt~ ha\'l' the 111fnrmation nc-c('.ssary to construct a curve for which iriverse 
L . .:qdat:c tr¡1nsforrn will ~rin\ tht> lwhaviour of one of th<' compont.>nls oí stress 
;:~ :u1y t11ne. From th,•st_' compr>rwnts. a failun• critt>rion andan nssumption 
;¡h~Hlt ti1'-' oriPntation of n planr of wc:tkrH:ss. we calculate r:;tirnatcs of 
::l:!biLty uf a point in thc formatifJn. Tile inclusion of ~(·vrral segments in 
Uw loading hbtory curve is done hy :-~pplying Üi(''5Upcrpositinn princip1e 
TIJU!i ~ftt·r thtl. inví'rsc Fourií'r transfonn is pr.·rforml'd in the ,\JJ for a givcn 
... ,,mponrnt of stress, the rcsulting vah.H'5 at some X, r, ~. ar(~ t.he 1 .... 1plnce 
p·:•!'lsJorJJ! in discrcte forrn of thc· chan~:e in tinw of one COIIIJWIH·nt of stress. 
·p,e n·su!L is a function of tirnP, whieh dt'fine; the way n point in the forma
tiO!I moves towards, or away from, failure. 

r "' 
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FAILUHE CRITE~A 

Jn the Mohr's circle 1 

shcar strl'SS ucross a pln 
m, n, are ~iven by Jncg1 
cosincs (say n nnd /) tw 
scnt.s Ónt' family oí Mol 
of the corresponding di 
fore, by fixing n and /, t 

willlie at a point on thl 
and will he a unique loe 
(o 1 + o, )/2 (UlU (o 2 +. < 
as shown in Fig.3: 

With thc previous prt 
and r for every combinl 
be determinod for any t 
(Fig.3) which suggests l 
exceeds ' 

r : S0 + o
0 

tan a 

where r is the shear stre 
o n is the normal effectb 
cohcsion and is ti ·,ea 
sures. S0 ranges r 'de 
hundreds of bars ... dl1 iJ 
are present and S 0 is pr< 
coefficient of friction is 
(a = 30°). 

As !he value of S0 is \ 
the mínimum distance b 
the cha.nging stability of 

By fixingtheanglesO' 
mincd. The variation wH 

r 

~ 
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fir.3. Dl'finition or the STA 
envelope. 
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f'AILUHE CRITERIA 

In thr Mohr's circlr represrnt.~tion in thrre dimensions, the normal and 
shcar sln•ss across a planr of weaknL'SS ""·hose normal has director cosines l, 
m, n, an· ~ivl'n by Ja,•¡:er and Cook ( 1 ()79, p.27 ). F"in~ t wu uf the direction 
cosine:; {soy n nnd 1) two ·''¡uations can be obtained. Ea eh of them repre· 
scnts onc family of ,\lohr'; e u· eles in two climcnsions and for a fixed value 
of the correspondin~! dirf'ction cosinr cach represents a unique circle. l11ere~ 
fort', by fixing n and /, two circlrs can be drawn such that their intcrsection 
wi11lic da point on lhe surface of a thrf'c-dimcnsions f\1ohr representation, 
ancl will be a unique local ion for thcse two cirdes whose centres are at 
(a 1 + a 1 )/2 and (u 1 + o 2i/2 and whosc ratios are AC and BD, rcspcctive!y,· 
as sl:own in Fig.3. 

Witll u,c prcviuus proceclure it is possible to determine the va!ues of a 
and T for every combination of strcsses. 'l11at is, the location of point P can 
be dctermined for nny time. A simple failure criterion is that of Coulomb 
(Fig.3) which suggcst:; that failure occurs when the shear on a failure plane 
e..xceeds 

T = S 0 + on tan a 

where r is the shcar strength of the rock, a.is thc angle of shear resistance; 
o" is thc normal cffective stress on the plan e of fracture; S0 is the apparent 
cohe;ion and is the shc:ll' stren¡c;th of the material under zero normal pres· 
3ures. So ranges considerably from zero in a fracturPd material to severa! 
hundreds of h:trs in an intact matcrbl (1\'itlters, 1977). fn Itzantuó, fractures 
are present and So is probahly small. lf a lirs bctwern 25° and 45°, thcn the 

· coeffident of friction is between 0.47 and 1.0 hut it is usually around 0.6 
(a = 3ff). 

As the value of S 0 is unkn0\\11, we set it to zcro. Now the variation of 
the minimum distance between the failure envelope and the point P, defines 
the chang-ing stability of the systcm . 

By fixingtheanr,lesO and ó, the plane of weakness of the material is deter· 
mined. The 'variation with time of the distance between the corresponding 

T 

f~i¡.3. Dulinition o( th~ ~iTAlliLITY function as the di"lnnce b~twe-en P and the failu~ 
envelope. 

--·------ --- --------- ------- --- -- ------------------------------------- -~-----
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point P O!l thP surf:~cP of tlw Mnhr's rirel<'s nnd thr fui\urr t•nvclope w!ll 
r•·.,u\t in a "STAIJ\LITY" hist.or:-- for '' ¡:ivrnloc:tlion of roordinatesX, Y, 
Z. 1llis stnbility hi,;tury cnn be rqnes~ntt•d ns n rurvr in a stabllily value va 
tirnt~ tlia).;ram and w~..~ reft~r·t0this curve ¿1s the st:1bility function. 

1ñt' stahility furict.ton dt?pends only on thc loadin~ hh:tory, the known 
grn\r.,:"·"\ r.tructures (that will d,•termine thr nnglcs (J anJ (> ), and the geo• 
metry o• 111'· bathimrtry of lht•lak•'· ~t.,l>llity h:c' l><'c'n ddinrd ns u function 
proportional to tiw mínimum dJ·~tf!IH'P lwtwC'c>n thr fíltlure pnvt•lope nnd P. 

The """ of a Coulomb failun· criterion implies tha•. lile rocks will behave 
in tHl ~·L1~-! ú-: way and th<~t fractur(• will ocn1r in n hrit tlt> way. Although 
rnckc: bchavc in a mon:> cnmplic;1tf'd v:ay, thf' ~ssumption of daslic mnterials 
is o1tPn mad~! in r.r•ophysics: SoltlrÍHm Pt al. (lUhO) and tnany others have 
su¡;!:'"!:strd thnt the urpcr ft•w l<•;¡s ot kilomctres of tllr eJ.rth"s cntst can be 
l,.,.,n,,d rrs t'hLqic materials. Tu r··otlc' ( i 97 ·1) drtcrmírhxt t hal !he upper bonnd 
fr,r U•is !N·uJo,elaslic lwhavio"r ¡, .1üO'C; this tempcraturr is well above that 
l'~:pt~~:t,~d at thc dPpths we considpr herc. 

Asmming Mohr·Coul;Jmb fólilure i~ consistent with Uw a.ssumption lhat 
t.;H· incr1.'mt•ut<J stress'~s caw;e elastk dc·formation, p:.trtit~ula.rly ncnr failure. 
')he as>:u:nption oí hrittle fadun• may not be truc fcr al\ faulls, but it is a·-
r~·J..;.;1n:d)l\·. tr.Jctablr.· hypnthcsis. · 

\\ P acknowledge that the treJtrnent of the cn.rth as a porous balf-fpace 
!::_qv;i:·.ti:l~! r~f m1 elastic rnatrix saturaled with watC'r is a simplistic model. 
Hovrr.vcr, the.st.ability functions <trc n~l<ttivc, and only serve d.S indicalors of 
ht'W tilr. ri:~~' of indw.:i;1g seismic activity is changing with rcspect toa fefer~ 
mee iníti::l value. · 

W!'. att~_•¡npt herc tn evnluate the risk of induCPd seismicity in n qualit.ative 
-.•:<..!y. ln .,~·d,.>r lo do this v:e havc rn:!clc and juslific:J as fa.r ns pussiblea 
l!lllli!H·r uf assumpt.ions. 

11) !11 tiw uppr.r :;s km of the carth incn~mrntJ.l stress changes cause. nn 
('] 1stic rc~;¡•nnse and fnilure occurs a<~con.ling toa 1\\ohr 4 C:oulomb fa.ilure 

· critnio11. 

(:~) 'j';,(' in-~itu stresses nrC' suc:h t.hat smnll incremt>nts can causC' faiJure. 
(:·\ l '1 !H' t.'lfe<"t cf w~~~~~r can hr rnndt~ll.l·d by the Biot consn1illalion theory. 
(-l J A nnlfnrm h-1lf·spacf.• is a re~sunaiJlc~ appro~:imatiun.to reality. 
(!)) ·¡ ht• ~:Polo¡:ic <·stimatrs of fauit oril'n~atinn d('finc the 16cfllion and 

din·ction of expccU:.•d f3i\ure. lnta<.:t roe k \Villnot füil undrr n:~.,:rvoir·induced 
loads. 

With tht')sr as:,umptions the rcsult~ shown in Fi¡:s.-1-7 were obbinCd. 
Fil!:;.-1 nnd :J rcpn·sent thr. .c;tability function for. two lnadin¡~ histcJrics con~ 
si'>Lin¡~· of monotorw incrr.asing lu:J.ds, toa constant load. Both have bcen 
c;.kula\.\·d for a point. twnPath thl' dr¡~pr.:;t part t•f tlw rcsf~rvoir l!l a depili. 
:f 1 km ond shu•.·; the rdulion of the resullin¡: o!rl'so to the rato of fillin¡:. For 
~!H· cut-vt.· wlwrf' thc complete load is reached 1 G yt•ars nfLrr the bl'~inning of 

. _..,. 
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Fig.-1. The upper graph f.how 
ex:pcncnti:1.1, whNe the toU.I 
&hows lhe ¡tahility function 
\'o ir .at 1 km depth. 

Pis:!. S. The upper ¡:rraph show 
expon<'ntial, where lhe tot.ll 
~hows the stability íundion 
voir at 1 km dcpth. 

tllc impoundment the ~ 
load is reached l ~ Y 

Fig.4 a)$0 il\u.st'. , t 
period, the slresses be¡,'ÍI 
effect of the nnomalous 
stalc Lhat do es nct ncce: 
arca. 'D1is can be thougl! 

The nordinear depen• 
'huwn in Table l. 'Ibis t 

TADLE 1 

Variation of thc !tability (u 
rcquicN! to allain complete 
maJo..nnum and fin01l •talue oi 

Doration or 
lo;Hlin¡ 
(yeara) 

2 
3 
4 
8 

16 
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T-......-;-
1 1 ll u u u H n n 10 
TIMt: rn:nRSI 

T=\6 .OEPfH=I KM. 

Fi;:.4. The uppcr ¡!raph 6hO\\"S n Jo;Hiin~ history consistin~ o( a continuously incred..SinR 
t·-c:poncntial. whcre the total \o;ld ¡_~ rcnchrrl after 2 y<'ars of load in~. The bolLo m ~raph 
ahowi thf- stability function conC'sponding toa poio1t below the deepcst pllll o( the rescr· 
voir al 1 km depth. 

Pir,.5. ~he upper ~'Ynph shows u l"ntlin~ history consisting of a continuou.sly incren5ing 
exponential, whrrc the totallnad is rcach('d aftcr lí.J years of loadin:l. The bottom gr3ph 
shows thc stnbility function corresponding toa point below the dcepest part of the rescr· 
voir al 1 km depth. 

the impoundment, the incrcasr. in stress is much smaller than when the total 
load is reachcd afler 2 yr?ars. 

Fig.4 also illustrates thnl when lhc load is kcpt constant for a certain time 
period, the stresse> bc•dn lo dccrease lo a limiting value. This means that lhe 
cff~;ct of thc anomalous streS> produces chanr;cs thal lead to an equilibrium 
statc that de('.'i not necessarily have to \-•e thc initiat state of stress in the 
aren. 'l11is can hr; thoughl of as rebterJ to lhe. cxistcncl! of residual strcsses. 

Thc nor.·lincar depmrJen.:e of th.:: risk funolion 011 the rate of filling is 
. shown in Table l. This lablc shows lhc val u e of lb e slability function 20 ye:us 

TABLEI 

Variotion of th~ stal,i!ity fnncl!on fnr differ~nt rat~s e,( fillinf,!.of th~ rc!t~rvoir, the time 
r€'quir('d tu attnin r:omplrlt• fillLní( for t•nt:h o( the lo3<lin¡.:: hist•Hies consid~r~d. anrl the 
m.Dcimum and rin!!.l valuc ou~~rn·d fnr the •latHiity curve Jurin~ each o( lhc&~ f:aAel 

Our:¡tiott o( , Sl:lhilily functiun in han 
·loading Mu. va.lue Va.luc afler 
(yenn) 20 yeart 

Att.aincl.l Time 
(yesra) 

2 t. 54 15 1.21 
3 0.95 20 0.95 
4 O.Gl 20 0.61 
8 0.15 20 0.15 

!G O.Oi 20 0.04 

-- -- -- ~- ------- -------~-- --·--·-----------
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aftt•r lmroundin~ was IH'h'ttn und tht•maximurn vnlu~ att'nilwd durin~ thnt peri· 
..._, nd. Tlus "do11P for n ln<'ation at 1 km ht•Jw:>th th~ d•·•·re>~ part uf the Izan. 

tun rPs.t·rvoir. 'llw.loadin..: historw~ usl'd ta ohlalll tiHs whlt• are ns !ollowa, 
wlwre T'" Llw llllH' ul which liH• In k,. wus f~r,t •·omplt·tdy f•ll<-d, and D is the 
mnximum t.kpth of tht• rcsl'rvoir. Aflt•r .25 7' tht• r<•s•·n·oir hud waler up to 
.·15 JJ. Aftcr .5 T it hod .75 D. At .75 T iL w:~s .~ D iull. From tlll' time T the 
rt''t•r\•uir rPmains fillt-d. ll is obvwus that a peak in tlw st;,bilily funt'lion has 
b•·•·n t<':ldlt·d durin~ this 20 ycars tnlt·rval unly Cor tlw first cnw of Tnble l. 
11 1th "la;tc·r rate oC l•lling Llw ri>k of n•ac:w1~ failure "h1~her; for the first 
l·a .... ~.· the rbk increases sharply, it rt'<.H:hvs it~; mJ.xuuum value 2 ycars from the 
bq:inPing ullhc fillinr. oC thc r~s<'rVOir and then it d<'creases ton val u e of 
ahout -~ bar und remains constanl. 

The rat" of fillin~ of lhc reservoir is not the only way in which artificial 
lab" could change the Sl'isruic activity of an art·a. Sorne chanr.t•s have been 
ohservcd after filling and draining the n'~l·rvoir, like in the case Or Oroville, 
C.\. whc·rt' a11 cvent oi "'"gnilude 5.\.J occurred aftcr this kind of loading 
hi,tot~: : 1\'ithers, 1977). 

ln order to see the rffcct nf drainin¡! of a re<ervoir on the stability (unc
tion, wt• 'l"!'¡¡,,d the loading hislory shown in Fig.6. This cxnmple shows that 
thP ~c;t~•hility fuuction fcr u'!lo:1din~ lC'nds to have o s~.)rond minimum, in this 
c:IS~ altl.'f o ye;u-s. 111e efiect of a fast decrcase in thc voluc of lhe stability. 
funet.ion muc.t r.merate sudcJcn changcs in th" strcsscs lhat might trigger · 
st•ismic cvcnts. 

Oth"r histories involving rcduclion of loads show that if lowering thc water 
IPvPI is do11e rapidly. tlw negative slope o f thc stability function m oves to
w:lf<l :1 horiZ<)nt..li position. This reduce5 the risk ovcr a thrusl fault but· . 

'-- '"""'"'·•·s it. for a normal fault, as thc values in the latter part of the stability 
cu··\·;,· arf' m u eh biggcr. 

[)"''"""·'"in loads in the loading histor_v resull in a stability <ILocrcase that 
att;•nuatrs ropidly with thc depth of the observation point. For a depth of 
.; km t!w elf<'ct is not observed at al! (Fig.7). 

\\ n.v th,• fillin~ of sorne resrrvoirs caw~es seismic evcnts is. poorly under· 
!;tuuL. \\·v ~:i\'P no firm prcdit:tions for"ftz;~ntun. Studies indir:ate residual 
·::lrP:-.:>P~. dtff1.'n~ncPs in permPahility, and diffl'reru . .:t~s in physiral properties 
ot· the fort:wt1ons undcr the resern>lr m ay ddt~rmin~~ wlwther therc i:J in· 
duc~·d ~{~i:>lflh..tty risk or not. i':onl· of tiH·~··l' f~.clors are known with precision 
nt ltzantun. 

Tht• <:h:.1nr!es in stabi!ity in n water rcs,.rvoir duc to the prescncc of the 
walt!r can be predictPd in n qua.litativc v .. ·ay hy nsstlfnlng-: (a) a modelo! a 
porcus half-~,pacc consisling of an clastic matrix s.aturated with water, (b) 
that britt!" lailurc can occur in the upper 1 O km of thc lithosphcre if sma!l 
stre-ss r;han~es are made, and (e) that the dfc:cl of water in rocks can be 
''f'proximatcJ with Biot's consolidation theory. 
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· Fir,.6. Tht:' uppN .:raph showll 
intrn·aJ irmn tht> SC'Cond ycRr e 
load is t~onlinucd until thc íou 
¡:raPh shows the- sl<ibilily funcl 
reservoir ilt l km deplh. 

Fi~.7. Tht" uppN grnph sho\\.,: 
graph ~hows the slnbility runcl 
rescrvoir "t 4 km depth. 

We cuggest that to di mi 
iilling of the reservoir sho 
at which the water 1ovel iJ 
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Fi¡;!.!i. Th•: uppl.'r ¡;raph show& a lo.adin1! history in which an unload takcs place in the 
inlt>rv;d from thc ~('cun,J yt•ar of lo~ulinl.! until thc third onc, after which the increase in'· 
load i~; continucd unltl thc fourth Yl'·H wht:n the totallond is attained. The botlom 
¡:raph r.how¡ thc stability function <'orresponding toa point below thc deepeat. parl of the 
rc~rvoir ot 1 ltm dcpth. · 

Fig. 7. The uppcr graph show$ the .s::une lending history as that o( Fig.6. The bottorn 
¡¡:raph !.hOW!I. the stability function curresponding to J. point bclow the dcepeat part oC tbe 
rcservoir at 4 km deplh. 

\Ve suggest that to rliminish the risk of induccd scismicity at· ltzantun, the 
fillin~ of tht> reservo ir should be as slow as economics pcrmits, with intervnls 
at which the water l~vel is lwld constant. 
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lNTRODUCTION 

1 

The primary tool ..tli eh is availablc to improve the sta bi 11 ty of 
an open pit mine at a given slope angle is control of groundwater 
pressure. This paper sets out the methods by which water pressure 
control can be achieved in large mines in different materials. 

The emphasis of this paper is on large mine slopes because these 
slopes exhibit the greatest need for groundwater control, the 
greatest economic benefit fro:o groundwater control, and the greatest 
techni cal challenge in achieving groundwater control. 

STABILIZATION USING WATER PRESSURE CONTROL 

Groundwater pressures reduce the stability of slopes in two 
fundamental ways, as shown schematically in Figure 1. In the 
example, a horizontal failure surface intersects a vertical joint or 
vea~ zone. Water pressure acts: 

o On thc base plane to reduce the normal force on the sliding 
surface and hence reduce frictional resistance to sliding, 
and 

o On the vertical back plane, to create a driving force for 
the system. 

--------------- ·-----.--. ·--·--·--------------------~-
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Fig. 1. Example of Effect of Groundwater 
Pressure on Slopes. 

This particular slope stability example was chosen to have water 
as the only driving force, so that water pressure reduction clearly 
improves ttP stability of the system dramatically. lt is of interest 
to note that in this example, about 70% of this increased stability 
comes from reduction of the driving pressure, and about 30% comes 
from increase·of the frictional resistance on the base plane. 

A powerful way to !llustrate the need for groundwater pressure 
reduction is to contrast the extreme cases of fully saturated slopes 
and completely depressurized slopes. The relationship between slope 
angle and the primary factors which determine slope angle (height, 
friction, cohesion, and n:aterial unit weight) has been elegantly 
presented for five groundwater scenarios by Hoek and Bray ( 1977). 
Subtracting the slope angle for a completely depressurized slope 
from that for a completely saturated slope gives the increased slope 
angle available through water pressure control. The resulting 
diagram is presented as Figure 2. 

The signifi·cance of the savings available for mine operators 
becomes clear when it is recognized that an increase of 10• in slope 
angle in most large mines halves the required stripping. 

--·-·--·~----·····-·--·--·---·-··--·----····------·------------···· -----·---------------
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Fig. 2. Maximum Available Slope Angle lncrease as 
a Result of Groundwater Pressure Control. 

THE NATURE OF lARGE SLOPE FAILURES 

.3 5 

3 

The nature of most large slope "failures" (using the term in the. 
geomechanical aense that some m.aterials in t'he al o pe ha ve yielded) 
is usually more complex than the simple example above, or the model 
used by Hoek and Bray. Such failures are rarely rapid, except over 
a bench or two, and bench scale failures, while an operational and 
safety concern, are beyond the scope of the present discussion. 

Large pit wall failures usually begin as slow movement of the 
surface of most of the wall. At first, the rates are in the order 
of a few millimetcrs per day. If minlng continues, these movements 
gradually accelerate over a perlod of month6 or evcn years. Surface 
disturba~ce insfde the pit become more =rked, and bench access and 

----~----~------~---~----~------- --------------- ·-----··-
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lntegrity becomcs impossible to maintain. Cracking at or outside 
the crest is common. Hovements ore much more marked in wet periods 
(rain, snowmelt) and immediately following mining at or near the 
toe. lf nothing is done about these failures, the movements become 
more and more rapid \IDtil finally a major translational failure of 
the wall occurs. 

If the conditions within the slope are observed, it is seen that 
these failure mechanisms are deep seated. The movement zone often 
extends into most of the region beneath the slope to the total pi t 
depth (i.e., the shaded zone in Figure 1). What is happening during 
failure is that the interlocking rock pa.rticlcs are being disturbed 
in this entire zone,· and the initial cohesive strength is being 
reduced. At some point in this process, the strength of a con
tinuous daylighting failure surface drops below that required for 
stability, and the wall fails in a translational manner. 

Most big pit failures do .not reach this stage. Water pressure 
control or slope flattening or both are usually used to reduce 
movements. However, some big pit slopes have failed without trans
lational failure because the continual movements have become 
operationally intolerable. 

For the purposes of this paper, the following points about 
failure are important: 

o Large pit failures are deep .seated 

o Water pressure is an important driving force when it is 
present 

o Slope control can, in general, only be achieved by slope 
flattening or deep water pressure control 

The remainder of the paper evaluates the ways in which deep water 
pressure control can be obtained. 

PARAMETERS CONTROLLING WATER PRESSURE IN SLOPES 

In slope stobilization using water pressure control, the focus is 
on reducing groundwater pressure. Typically, any stabilization 
involves installing pressure control devices at a number of loca
tions and waiting for the water pressure to drop in the material 
around and betwcen those devices. The process focuses on obtaining 
a major wnter pressurc reduction in an occeptable length of time. 
There are two disciplines which have traditionally dealt with 
matters of transient groundwater pressure changes: groundwater 
hydrology and soil mechanics. 

--------- -- --· ---------------------------------- --~--- --~-~---- - -- ----~---



5 

Groundwater Hydrology Approach 

·Groundwater hydrology has its foundation in the prov1s1on of 
water supply from aquifers. · Ever since the classic paper by Theis 
in 1935, groundwater hydrologists have used two major parameters to 
describe the characteristics of aquifers: 

Transmissivity (T)--which is defined as the quantity of water 
which flows through a unit width of an aquifer under a unit 
hydraulic gradient. It has the units [L2/tj. 

Storage Coefficient (S)--which is defined as the quantity of 
water produced by a unit area of the aquifer when the aquifer 
is subjected to a unit head reduction. It has no units. 

Both these par<meters implici tly in elude the thickness of the 
aquifer, and so for mine hydrology work 1t has been usual to di vide 
them by the material thickness to produce three corresponding 
parameters: 

Hydraulic Conductivity (k)--which is defined as the quantity of 
water which flows through a unit area of a material under a 
unit head gradient. It has the units [L/Tj. 

Specific Storage (S 6 )--wh1ch is defined as the volume of 
water which is produced from a unit volume of saturat~d 
material when it is subjected to a unit head reduction. It has 
the WlitS [L-lj. 

Drainable Porosity (nd)--which is defined as the volume of 
water produced per unit volume of matérial as the water table 
movés through the material. It has no units. 

The baste general differential equation for heads in a 
groundwater system is as follows for a planar one-dimensional case: 

where 

h • head 
t • time 
x • distance 

• ! 

-------~--·----- - --- --- -----------------------------~---·-·· 
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Soil Mechanics Approach 

By comparison, the eoil mechanics approach to this particular 
problem comes from the study of the settlement of buildings, and is 
embodied in consolidation theory. - The classic statement of this 
theory is in a book by Terzaghi and Peck, first published in 1948, 
and repeated in later editions (Terzaghi and Peck, 1967). There are 
three parameters which characterize this approach, as follows: 

Hydraulic Conductivity (k)--as befare. 

Coefficient of Volume 
as the change of pare 
pressure increase. 

Compressibility (mv)--which is defined 
volume per unit total volume per unit of 

It has the units inverse pressure 
[LT2/MJ. 

Coefficient of Consolidation (cv)--which is defined by the 
following equation: 

where P . • densi ty of water 
w 
g • acceleration due to gravity 

The standard equation for consolidation in a ene-dimensional 
case is: 

where u • p gh E the pore-water pressure 
w 

Thus, by substitution, the differential equation can be 
converted to: 

Comparison Between Parameters 

• e 
V 

Clearly, from the two main differential equations, 

T k 
S • SS - cv 

and cv, the coefficicrit of consolidation, controls the time rate 
of change of head at any point in a trans ient groundwater pressure 
aystem. This paramcter will be usl!d extensively in this paper. 

-- ~------- ------ ------------ ------------------- ------------------------
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WATER PRESSURE CONTROL METHODS 

There are four major water pressure control methods which appear 
economic today in the context oí most large mines. They are: 

o Unaided drainage 
o Horizontal drainholes 
o Wells 
o Drainage adits 

They are listed in order of increasing cost, increasing 
effectiveness, and increasing operational convenience. 

In ·addition, for very low permeabflity materials, the physical 
unloading associated with mining can also lower pore water pressures 
enough to create a useful stabilizing effect. 

Each of these five ~trategies is evaluated below in the context 
of their effectiveness in stabilizing slopes in large open pit 
mines. 

Unaided Drainage 

Method. Unaided ~rainage uses the excavation ltself as a collector 
drain. Water flows into the pit 8nd is pumped out from there. 

Theory. The effectiveness of the method as a function. of 
coefficient of consolidation of the host rock is shown in Figure 3 
for a typical mining case. Conditions selected were: 

Pit depth • 500 meters 
' Time for material to depressurize • 1 year 

Depth of critical zone • 500 meters 

The 1 year depressurization time is appropriate as the critica! 
areas are adjacent to the pit floor, which is usually continually 
deepening. Thus, relatively rapid pressure control in this area is 
important. 

If we assume that 80~ reduction "in water ¡iressure is required, 
then this method of pressure control will be effective in long pits 
with coefficients of consolidation of 2 x 10-2 meters squared 
per second or greater, and in radial pits with coefficients of 
consolidation of about 2 metera squared per second or greater. 

' Practice. These values are available in most relatively free 
draining rocks, with average horizontal hydraulic conductivities 
greater than lo-6 meters per second. (Note that average 
apecific storage of most rock materials is about lo-6 
meters-1.) However, even a few metcrs of clay in (soy) faults 

·----·---
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parallel to the face will so reduce the effective hydraulic conduc
tivity as to render this method of stabilization ineffective. In 
~lat-bedded sedimentary systems it can work well, provided the 
egress of water at the face is not sufficiently concentrated to 
eause piping of any poorly cemented materials. 

Operational Aspccts. Operationally, the majar. disadvantage of 
unaided drainage is the uncontrolled flow into the pit, most of it 
coming to the pit floor and lowcr slope areas. This flow (often in 
exccss of 0.1 cubic meters por second bccause of the relatively high 
hydraulic conductivity) makes operations difficult, and also must 
usually be trcated before discharge, as it is degraded in quality 
vhen it flows onto the pit floor. Thus, most mines which could 

, 1tabilizc thc wnlls by this mcthod choose not to do so for other 
reasons. 

·--·---·-------·-----~-- ------- --------~------~---- ------------- ~-----------
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·Horizontal Dralnholes 

!'_<:_thod. Horizontal draino are drilled into the wall from the pit 
floor as the pit decpcns and provide a pressure relief condui t for 
the wall m.:Herial. Typlcnlly, thcy penetra te thc wall in a grid, 
wilh spacing both vertically and ·horlzontally in the 25 to 100 meter 
rance. Holes are usually in the 200 to 300 mllllmeter diameter 
range and are cased with slotted PVC or steel liner pipe. 

T~~ory. The effectiveness of horizontal drains in p.•rts of the wall 
which they penetrate is shown on Figure 4 as a function of the 
average coefficient of consolidatlon of the wall material. As can 
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be eeeo, 80% preseure reduction after 1 year can be achieved with 
coefficients of conaolidation down to 10-3 meters equared per 
_eecond with a drain spacing of 25 meters or more. In rock mines 
this indicates that this strategy cnn be effective in wall material 
penetrated by drains down to an average hydraulic conductivity of 
lo-9 meters per second. 

Practice. The practical advantage of horizontal drains is that they 
penetrare atructures in the wall and provide pressure relief behind. 
them. As many large mines exhibit steeply dipping structures filled 
with low permeability material, this method of pressure relief is 
extraordinarily effective. 

The primary disadvantage of horizontal drains is that they are 
very difficult to advance beyond 100 to 150 meters. Their 
effectiveness beyond this reach is typically modest, so that they 
are frequently inadequate for the total pressure control of deep 
mines. This effect is shown on Figure 5. However, they can be and 
often are used as a part of a total pressure relief ctrategy. 

'6MALL' PIT 

'LAAGE' PIT 

Fig. 5. lmpact of Slope Size oo Effectiveoess of 
Horizontal Drains. 

--·----------··----··---
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gE_erationa_.!_!._':]'ects. Horizontal drainhole systems are difficult to 
· ínaintain in an operating mine. ldeally, water should be collected 

from each hole and piped to a point from which it can be pumped from 
the pit. This avoids resaturating the slope immediately below the 
drain, partially nullifying the cffect of lower drains. The drains 
must also be maintained with annual cleaning and occasional 
replacement. Both of these aspects require maintaining access to 
the benches from which the holes were drilled, which is usually 
difficult and makes steep slopes difficult to achieve. 

Finally, the drains are usually lost on each push back, and the 
network of holes, pipes, sumps, and pumps needed in an operating 
system -crcates obstacles for normal pit operations. 

There are, however, many successfully operating horizontal drain 
systems in mines ar0und the world, and they provide a low capital 
water pressure control strategy in relatively low permeability 
materials • 

. Wells 

Y.ethod. The classical dewatering strategy for mines is pumped 
wells, and there are many systems in uie today. T~e usual 
installation involves wells around the periphery of the mine, 
augmented with some in pit wells in larger mines. Wells are 
typically screened over their entire length with an inexpensive 
screen, and grave! packed when installed in poorly cemented 
materials. Pumping is usually by submersible electric or shaft 
driven turbine pumps. Unlike water supply wells, dewatering wells 
are pumped Wltil the drawdown epproaches the bot tom of the well in 
order to maximize the pressure reduction effect •. Water from wells 
is typically piped directly to discharge without.becoming 
contaminated. Treatment of discharge is occasionally needed. 

Theory. In essence, most well systems seek to cut off water entry 
into the mine slope area by creating a low pressure line along the 
mine crest. The effectiveness of an infinite line of wells is shown 
in Figure 6, for various well spacings and coefficients of 
consolidation. Practical well spacings for large mines are in the 
200 to 500 meter range, which indicates that they will be effective 
in ~epressurizing a mine slope when the average horizontal 
coefficicnt of consolidation exceeds about 1 meter squared per 
uecond. Note that t.his value is quite strongly dependent upon well 
spacing. 
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Practice. The practical limit to the ability of well dewatering 
systems is usually the nature of the wall materials between the line 
of wells and the toe of the slope. For large slopes, the wells may 
be some 1,000 meters from the toe, and any major. low permeability 
feature in this d1stance will reduce the effect of the system. For 
th1s reason, 1t is common for wells to be used in conjunction with 
horizontal drains. Also for this reason, wells do best in flat
bedded sed1mentary materials. 

The location of the wells is important. 
to slope movement and should therefore 
potential ~mvement zone. lf they are not, 
the very moment when they are most needed. 

Wells are very sensitive 
be located outside the 
then they tend to fail at 

-----------·------------------· 
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~rational Aspects. From an operating point of view, well systems 
have some good and some bad aspects. 

On the positive side, the systems can usually be placed outside 
the active operating area, and are not· an obstacle to mining. On 
the negative side, wells are an alien technology to most mine 
operations personncl, and require constant attention. This can 
~~use difficulties in the overall operation of the mine. 

Drainage Adits 

Method. The drainage adit or gallery has been a standard (if 
expensive) deprcssurization option for at least a century. The 
basic design of the gallery is shown on Figure 7. The adit is 

~---------200m-------~>i 
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Fig. 7. Typical Drainage Adit Layout (Schematic). 
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usually a.dvanced by conventional means, wi th ota t ions slashed out 
evcry 50 to 100 meters for fan drilling of drainholes. Typical 
drainhole length is also 50 to 100 meters, at about 50 millimeter 
diameter. Slotted PVC pipe is usually inserted Into the drains to 
keep them open. 

Th~. The effectiveness of adits was investigated by first 
evaluating the effectivcness of a single adit, and then multiple 
edits for large mine elopcs. The results of analysis for 8 single 
editare shown on Pigure 8. This is computed·for an effective adit 
radius of 100 meters and indicates that for a mine 500 meters deep, 
a single adit will be effective for average coefficients of 
consolidation in excess of about 0.1 meters aquared per second. 
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For materials with lower values of coefficient of consolidation, 
.~everal adits may be needed. The analysis of adit spacing a~ a 
function of average coefficient of consolidation and depth of cover 
over the adit is given in Figure 9. The cutoff in adit 
effectiveness occurs when radial drains are no longer effective to 
drain the material between each drain. 
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The conclusions of the study of the theory of adits is summarized 
below for pita in the.500 meter deep range. 

Cv(m2/sec) 

Less than ¡o-4 
10-4 to ¡o-3 

lo-3 to 10-2 

Creater than lo-2 

Adit Requirement 

Adits ineffective 
Hultiple, close spaced 
adits close to pit surface 
Two adits, deeply buried 
one at toe and one mid
height 
One adit located beneath 
the crest, at about toe 
level. Expect high 
init ial flows. 

Practice. The pract!cal appl!cation of drainage adits rests also en 
geologic condit!ons. While, in theery, ene· adit can depressurize 
very large volumes of rock, provided the coefficient of 
consolidatien is reasonably high, in actual operation the effect may 
only spread as far as the nearest th!ck, gouge-filled discontinuity. 
Adits work best in'relatively isotropic materials for similar 
reasons. 

One of the major benefits of adits is that they can be installed 
well ahead of the mine development, to gi ve the maximum time for 
pressure reduct!on to occur. They can al so, of course, be 
established outs!de the movement zone of the mine for operational 
safety. In any case, they are not particularly sensitive to modest 
movements. 

Operational Aspects •. Drainage adits offer several operational 
advantages. First, they are outside pit operations and need not 
influence them. Second, they collect all drainage water in one 
location for easy handling and discharge. 

The primary operational disadvantage of drainage adits is their 
inflexibility. If the pit is expended or the slope location 
changed, the adit system is difficult and expensive to modify. 

Unloading 

Hethod. Continua! unloading 
types of open pit mining. 
back. 

of slopes is a normal procedure in most 
It occurs whenever a wall is pushed 

• 
Theory. When a load is removed from a column of material, it 
expands. If the material is porous and saturated with water, the 
load removal causes an instantaneous drop in the pressure of the 
pore fluid equal to the stress reduction due to the load removal. In 
time, the pressure returns to a new equilibrium as water is drawn in 

. ' 
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from the boundaries. For materials vith lov coefficients of 
consolidation, this equilibrium may take many years; in these 
materials, unloading is the only practical method of groundwater 
control. 

The theory has been approached in two ways: first, by looking at 
the pressure effect of unloading at shallow depths, and second, by 
looking at the entire unloading history of .a large mine. 

The ahallow effects have been simulated by unloading a single 10 
meter cut and checking the remaining head after 3 years at various 
depths. These results are ahown on Figure 10. From this figure, it 
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can be oeen that for cocfficients of consolidation less than about 
10-6 meters squared per second, the surface of the mine would 

·atay effectively depressurized. 

The deep effects have been simulated by unloading a column of 
material sequentially as mining progresses, and evaluating the 
dictance below thc slope in which the groundwater pressure has been 
reduced below zero. This data is presented in Figure 11. As can be 
aeen, 1t would appear that a mine in a material with a coefficient 
of consolidation less than about lo-4 ~eters squared per second 
will develop useful unloading water press.ure reduction in its life. 
It will, howcver, be necessary to accept considerably flatter angles 
for the slopes in the early part of the life of the mine. 
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In summary, the unloading phenomenon can be descr{bed as 
follows: 

More than 10-4 

10-4 to 10-6 

Less than 10-6 

Unloading Effect 

No useful depressurization 

Depressurization effect 
increases through life 
of mine 

Depressurizat·i on 
effective even at early 
times 

Practice. The phenomenon described above has actually been observed 
in a number of man-ruade cuts, most notably the Panarua Canal (Banks, 
1972) and railway cuttings in London Clay (Skempton, 1977). In this 
latter material, the coefficient of consolidation·would appear to be 
in the order of ¡o-8 meters squared per second, based on its 
liquid lim.it. The author is not aware of any mine where there has 
been a positive identification of pore water pressure being 
depressed by this method; however, it is suspected that a 
considerable number of mines are presently stable for this reason. 

Clearly, the deep geology is of critical importance. There must 
be no major conduits into the mine area from depth to allow rapid 
pore pressure equilibration. 

Operational Aspects. If mining is to take place in materials which 
exhibit this phenomenon, then the mining method should be modified 
to maximize. the effect. Specifically, each part of the mine should 
be excavated at least annually, so that material· is removed from 
over the entire mine area. Permanent slopes should be avoided until 
the end of the project. Upon cessation of operations, the pit would 
gradually begin to fail, with the failures continuing slowly until 
pore water pressure equilibrium was established. In the case of 
London Clay and the Panarua Canal cuts, this process has taken more 
than 50 years. 

Summary of Groundwater Pressure Control Options 

Table 1 identifies the primary results of the above evaluation. 
The ranges of values of coefficient of consolidation for which each 
of the strategies outli-ned is val"id are shown on Figure 12. In 
addition, an approximate material characterization has been 
presented to guide users in material types which might be expected 
to exhibit the nominated coefficients of consolidation. o 

-- --------------·-·---------
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Several aspects become immediately obvious. 
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o Materials exhibiting an e!fective coefficient of 
consolidation in excess of 1 meter oquared per second can be 
readily depressurizéd. Flow control is more of an issue 
than pressure control in these QSterials. 

o Materials exhibiting an effective coefficient of 
consol1dat1on of betwecn 1 meter squared per second and 
¡o-3 meters squared per second can be depressurized 
using comb1nat1o.1S of horizont~l drains and wells, or by 
adits • 

. ;1 
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o Material& exh1b1t1ng an effective coefficient of consolida
tion below ¡o-6 meters squared per second will generally 
depressurize themselves if mining is designed to take 
advantage of the unloading phenomenon. 

o Material& exhibiting an effective .coefficient of 
consolidation of between lo-3 meters squared per second 
and 10-6 meters squared per ·aecond are virtually 
impossible to economically depressurize. These materials 
include fine silts and highly altered rocks • 

. Electro-osmosis may be the only available method, and this 
is prohibitively expensive on a large pit scale. 

CONCLUSIONS 

This paper has sought to identify the benefits to be gained by 
groundwater control in large open pit mines, and the ways in which 
these benefits car be obtained in commonly encountered mining 
materials. The conclusions are as follows: 

o Up to 20" increase in slope angle is available ~s a resuli 
of groundwater pressure removal. 

o The parameter which allows a determination of the 
feasibility of groundwater pressure removal is the 
coefficient of consolidation (ey). 

T e •V S 
.. k 

SS 

o Ma~erials wi th a ey in excess of 1 meter squared per 
second can be readily depressurized using unaided drainage, 
horizontal drains, wells, or adits. These materials include 
ssnds and clean fractured rock. 

o. Material& with a Cy between ¡o-3 and 1 meter squared 
per second can be depressurized with m re difficulty, using 
an adit system or a combination of wells and horizontal 
drains. These materials include fine sands, silts, and 
weathered, gouge-filled rocks. 

o Material& with an effective ey lower than lo-6 
meters squared per second will depressurize themselves due 
to the effects of unloading. These materials include 
massive clays and montmorillonitic rocks. 

o Material& with a cv between ¡o-6 and lo-3 meters 
squared per second are exceedingly difficult to depressurize 
economically on a mining scale. These materials include 
fine silts and highly altered or decomposed rocks. 

o 

() 
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Thi~ rrer'!rint has lx-en provil!cd !"or the! rntrposc uf convenient d!stribution 
l1f ir.:'~,g;n:ltiL~n O!! !he: cpnv~n!iun. Tu lkfr.ty, !n f'i.!fl, th:! ~.:ost of rrinting, i.\ 

úm\·~.:n:i~m prú.:c.: l,¡· ~~ .00 !u al: r~::i ... :r:u:~' ha:\ : •..:..:n ..:~!;tb\i'hl·J. The pllSl· 
..:ll~l\~:,:!.Jn pri.:c.:. whl.'~ u:-t!cn:J fmm r\SCE !ll.':a!q!ti.ll11.'r.; \vi!l he 'S2.t!'O wbi!e 
tht: ..,t~r;~:y l::..,b. Fl1r buli-.. orJer ... (lit' Ollt :1.':-.~ than ~00 Cllf"il.'s uf un~: pn:prin!) 
r:¡;-;¡ ... 1.' \\ rit¡; fllf pri..:~..::-.. 

~\l a.:.:l.'pt;mt:~ ur cnJor,-.:mcnt by thl.' t\lllcri._:;tn Sü..:icty uf Civil En~inccr., 
1:-. i;nplicd; !h.: Sl~..:ic:y !.., fllll r~·..,rll!l..,ih!l.' htr any ~~~11Ctlll.'llt lll<tdl! or opini\111 
O.:\j1!1..'7\"'o..'J in ih ruh:i .... ·a!ill!l,. 

!~·:rrinh m:1y tx· m;,J,.: on Cl'OUi!ilm 1h.11 lhl.." full titlc, nam..: tlf ;(u!ho!. ;,mi 
lt,ú• dt" rr¡;orriruins !~y 1hc So~il.'ty ~trc ~i .. ....-n. 

(\lvl.'r p!Hitu: \'i~w L)f 1 lLhW~r Dama' ,l.!cn ll"-lking upstrcam fmm l.oolülllt 
!'difl!. :\u~u ... t )IJJ-!. 

\./AT)o.'K COt-ITROI. TN ,JNNEt.ING tiSlNC GKOt'NO fo'IH:EZING 

~~~"~L·: ~ 

ASCF. 

Wi ll i am R. Na ah 2 
~•cMht!r 

ASC:<:: 

Cround PreezÍnl( fe>r Suor>ort of Tt¡nnl!'l t-:xc.1vat ion~t 

Mnny construction prnjects in ur~an arcas rcquire exlensive sub~urface 
\olork with minimnl or ~~~· .!i,;t\Jd.>lln.:e of tht! 5\trf.lct!, 1-'I't!l!w.:ntly. ~round 

support anr! ;ro11nJw.tt .. •r con:.ro: ... ·ithi~ t~e t~:'\o.;<tvat iun ,,r,• m.1.~or pro:>tcr.-.s 
for CoiT'Iplctil10 c1! th~ suhsurfélC<: ""'H'<, T:-opic.tl .:u,~:>trt¡..:ti.,):l n; .. ·t!~<1J:> 
implemented for ltl!lnt!\5 in sof~ ...,:¡:.,~r~.:ari:l!~ svils ar..:: C<•t•v._·~t!on..sl 
mininf, nnd linin~ !echniQut!s, :-."cw A•Jsu·i;m Tunn..:lin~: ~~cth~ (,;t¡u~cr..:tc), 

Pipe jackiniZ, and ···=· í,:,u::; tyD.:~ of ... hÍ•!lds r..Jn.o•it:~·. fr._,r;, :: .. Jnt!.J~ cx~·lva

ti<ln to mo!chnniz .... ,l. ~hitd.:!s fnr ftd f-f,cc lt,nn..:lin¡:. i.'itt, tl.cse .,:'\.::ava
ti.on tl'ethorlll, !l.roun•!\,,o:tt.-·r ¡, usu.J~!y c.mtrtdi,~J by ~'ll' ut Un: fv~l0~o~in~: 

\. 1 ~\lpnints or ,Jeep w~ll-t, ,1qrry ~o~All.'l, ~hct·t pi!o! 0 compr<o"sscJ .. ir o.~r 
'llut·rv f,r lhc ftd!-LJCc t•wn..:l t.!del,!s, 

F\•r nluon~l s C<:nr 11rv, fit!t!Zifl!" ~as hucn IIS<~d :uu:<.:t•!lsht!ly 119 .;n srt to 
~t;tl>il iz•: ¡,r:rouu.! und control grultmh.mt.:r. Fil·bt •'111\)l.._,yc(! f,y the 111i.nir,g 
indu,-try in t-·uro!w, it loa'! "'inc~ bo~1!n wid,·!y ;~olo.~~•t.·d tl.roudhmt the 
wnrld lo(!) fltnbiliz•• ull lyt><•s of ei(CHYntiun~ ith:lq,!in)~ s~ .. 1:tR up to 
11\"l "' (J,nnn') in do·¡,th, (2) contr,,J ,..rPun.lw . .ro•r, .n1d l.·n uth!,•rpin 
strucruri!IL 4.:-C'L•nt it,prnv.·ml·nts in tite :-~.;i.•no.;.·H L>l·lr·•.t••n 1:r•JutH! cnRi
n.•.!rin.~ •1ml r.~fri¡•.:r.,tinn t~·cl•nn\,,¡:y ~ ... v.· o!)•·n··,! ••:•-r.•.JfiV "'-''"' ··~··"IOf!lical 
nnpl iclttion~ for lr•:•• . .:in!-l in .:<"lntttr,ctivn ltn•! miniu11, in.~''"trio:'i . ..1~ ... rc; 
for.~, i.n thc l.1~l c\.:"c,t.!,.. ~t_rt<ltnC frct•zin~ ha, ht•<.'tll~· D vi.,¡,¡,~ .1nJ co~,- J 
netitivo! L'nnt;truction ,1lt.:rn<1tivo::: h•r proviJinf: l.-n1pnr.uy 1:rcn:o..! ·!>uí'fh.Jrt 
.w.l ¡:roundlo'.lto:r contr,l) fvr tunn~l ex.;,,vntiuns in Jilla..:<dt .s.:.>il c.;¡n.!l"'; , 

t ions. 

A wide vnrit!l)' of ~rnund fre<:!zio.~ projo.:ct~ in tlw Unit<!ll St.st.~s 11<-~Vt:: 
hct'!l inS\J<!l:lcd and ;tcct!r>lo~d hy OSIIA, ~1$11A 1 EI'A, llnd n.um~rous other 
F.~.lrr.-al, .<::tnt•! 11nd lc,cal ar,o.:ncie~. 

The l•l·io1cÍple ht:l!ind ground frcczing ili lhe Hf'..: of ro:fri~~··rution to 
conv••rt in-tdtu ptlr.:-wat.:r ro ict!, 1'he ice bco.; ...... :s 3 honding 4J?.t~nt, 

fu~dn~ togP.thcr u,!j;n:.:ul JI.Hli...:!t!.o; of soil or hl•h:l.o.:; of rack to incrt!&6e 
thcir .:omhitH~d slrength ¡¡n,! m.1kt> lht.•m ir.pt!rViOIIS, '!'ht! hcnl rc;E,•val is 

accnmplisha•<l thrn11)!h th~ use c•f a. coolant, usu.1l!y catciun chloriJt! 
hrin~. circulnting thrvur,h refri.~._·ratiun pir··~ o:mhc.l.!..:d in tlit! zonc of 
soil to he fruz•:n. !·..,.<:;tVIlliL"'II\ 11nd ntlu~r rt.•q•Jir•·•\ ~o~ork cnn then proceerl 
~af,•!y cith .. r wi1 11io1 .. r n.li.Jl·t·nt l•• tJ,. b.lrri.:r ut :l[run~;. wo•to::rti.~ht 

fruzcn ,~¡¡rth. 

l. S!h:ci .. ! l'r.•i··l·t~ f.. (l¡,'rhtÍ,>n.s ~!.m;¡;·,:r, !•,·i\u:.l!,.,.~;-llli~! r.m~~! 

l'u:;IJ,,.!, :·~11:!"!1!, 1!.,,•,to.•n!•t:<"'•· ), l.t.()(\ lh~tl: .. ,,,j 1), \~o!>ol GooriTo-11\j 

1. Chit:l llittin~~ F•lt',1ll•~·~r. Ftlooti•·r-!'.,.¡ .. ·1· r .. ,,,;!rt¡.:tl•rs 

P. f\, !lolX (,)l,il, Ev,tnsvi!lt·. YnJi:t~~il 411!".! 



F'r<Hoi"n k'r..: is n.-)rma~ !y t>1!1plov~.! to provide one or m.Jr~ tc-mporary 
(., ... : l•l!1S su .. :"! .1s ter:>r>or<try su!''l.._,rt for nn ~xc.--:vation, structuraL 
u~ . ..!.•rtlinnin~ .HH~/or P.rOun.!..,,.ttcr c.lntrút. 

C::-,.,,~n,•- fr•'•'Zin~ i" <L~ar<t-1~.¡:., to pr.~ctic.1l!y .nny sizt'\, shape or Cepth of 
~;t~er a11 o2'~C.lV~tion or a strllCtllr~. ~r~c~in~ can be implemented 
11tilizi~r- s.r>.-.:ializrd rorta~le oL1nts r••;>at·d\"ess of the particular 

·~·.-,}n .. ~ri..: .;;i!~ c,,nJi:i'ons, 

7 1•<- rr~~.:hanical prop<"rties of ice, the critical ingredient, are much more 
l!, • ..,,.",:.-r-.~ L'l'l ti .... • <H'h!·t.'!'!1-:"ll'rat\lr<~ t~1an ~1n t!J.~ f:eOLlpv of the stratn. 

··::, .. r .. ~ .. H,~, Pr~),;rd ~ro:¿;>_in>'_ is !<~l><; :-;~nsitiv~ ta nCva~ce g..:olor.:i.c pr~dic
ti.-•:-, ::~'-•'1 0~\L·r J:t • .-rn .• ti~·e C•'ns~ructior• llh'tl~ods, Frc>.·zinl? mn~ ~e usccl 
1r1 .. n~· r-,,ist ~;:i; •H" r.J..::.t f,¡rro~.J~i''"• rc~ar.~l<':.S of its str-uclurt.!, grain 

·~1ze cr r•·r~ea'-lility. 

C:r,n:n~ ~r~ezin" creates no 51'\0ke, vit>ration, .shoc~ or undue noise; 
!'.--!":C•:, 1: is ... -,•1! sui~..-J for us~ in .1ro.:a:; "'!Jerc thesc environmental con-. 
s~,~~r .. :iJns are i~p~rta~t. 

T~~ fr~~zip~ pr0c~ss ¿ots not affect t!1e existi11~ \.l'at~r tabl~ or water 
~u.1!ity. \.~1~n :.!·,., r<-"fri~tratior. of t)1e soil or rock is Jiscontínued, 
t!.t• ¡>round ti'!a1o1s <~nd thtc' ice '<J."!~! r~mov.~s Ítscl(, l1 su<.~lly, the earth 
~'":··n r.-t•Jrr.s L) tts. orirína! cun,:itiun with no dctrim.,r•t to thc soil, 
!".'-:'..- •'!" >:rou<¡._!~oo·a:cr r~_.;ine "f t!l•· si.te. 

.._ .. ,.-, ·~·· t:~o· fro?.t-n .. nrt!"• itoo;;•:f i-: th•· nrio~·in.:J! structurn! ,,d~_:m,•nt in 
-~,"--"·' •r····z:n..-, nro ~r.1cir.~ nr ~~,,,,..tÍIII-'. i_.;,; n"1"''!!!y rí•quireo.!. The 

., __ ,· .. !t \•'" .~r.- .. ~-.,!1 '•··~•t •:n••:•-.tr•l<~~·:d, d!h! ~><lfh tl .. : l:l(..;;,vation and 
t'l•' in:.til!la~ion of the final :Hructur.• C.J'l !>.:: ~.J:dly lllo..:Ch<tniz.:J ""i1Ích 
i.; -=-:.o:rr~·:·w!v ir::,orrant on tunn•-linl! pr•'.i~·ct>~. 

'~ .e'~' t>~~ St.'lt<!•~ tl>at fre'O'z.in.l! !s '"'~' t :': .. ir~.! l.'{¡ ere ruinima: .~i.sttnbam.:e 
,.,:· [)~ .. i'"t'Ol:n.' .11"'.:! )!t'<lll!'<!-..,1~t·r o'<~rinP .11'1<~ ;¡((<.'[' C(l!l:itruct inn Are 

: .. ·:--:-1:"1~. Tt i~ L!1h~ to t!¡c.:; .. :.1Cl('rs ~h;ot l!rllunJ fr.~···'""" h:l~ seen 
i::<l•·-•5~·,! a~.-.:i.~·ati<ln .m r1i 1 1icn:t_ t11nn<.'! ~r?.i•·..:t:> tllrour,h•Hit the world. 

il.·~rit~ its br.._,,¡,l v~rs<~ri!it:-o, ~·.r~•"n,t fr•·'-"zin~ :! •• .-s l¡:Jve timit.1tions (as 
.,.,._:: .. 15 :esser considcrations) ~o:!tich TT':t:-o li~1:t 1ts attractivctwss t'or 
a:->;"l:i.::Jti,"lr-. to .'1 tunn~!in~ r>rv_iL'l"t. 

~~e s~,i! r:lUSt h.1ve S<J~ficient 1!10Íst11re to allow stahilization by freez.-
, .. ,,._ T!u! C.:;o;!'!o•!o> s.>t•.HiltioHI .,f tito> .;,;oi! Ís thlt r••fJuire.!, but a lO% 
5..1~11f.ltÍ.l:1 C.IO ~.· ..:..:-nsi.~er.•d ;¡s :t lowcr 1 ;!'1it. Tv iucrcase ttlc muisturt! 
,·,•:Ji.o':"lt, ·it ÍS r<~ssi~!c (<) t!Otr,Ún Wilt•~r l!ll<l t!JC soils prior tO fr~ez

:~'>' t---~ ro:r .... it s:.1~ili~."lti<ln by th~ tr"'·-·zin¡~ mctltud, 

:·x:r.-o~.- ,;;¡:-<' r.->tJ~t ':>~ f-':)'(<'rciso:d wh'O'n fr,~o:zinr; is att•·mpted in p,round 
'~-· .. •r,• !.Jt.,r.lt ~r.,nrh!\.l'.ltrr f!,n.;s .:.~r'O' ·~x¡•<!Ct•·•!. [f th"' ·ent'r~(y c.:.~rried 
_,,__,v ~, ... t'•.- ! :.•l.i'i">" lli!t•·r ,•:-;c.•.•ds rlh' ,,n.~rry inp11t trom thc rt•frigera
~:•·:~ fl! .• n~. !~ \-; i~¡ ... -.~ih!.· t•l in~t.1!~ ·' >,.·.lt•·rti••llt froz,•n <'¿¡rth w;lll. 
:r.··-~!f:,•, ~~ .•• ,,.~.~r.·, !->'•;~;~_!.' n.Jt ~.. .' \.'!t•'l•' ~-ll•:r;¡! l~folttlld-..:tl<:r f:owt: 
.lf•" ··lo..:">•'-=t~·d :o ··~C•''='•' !:.'1 ,,.,-r.·r . .; P'-r .\.ov (!¡!p.!) unt.~s!:i :q>t.•Li,.! ¡.rovi
~•- .-,r.• .-·-,,;.~ .. {,,·~· . .-•ro.'!,• tl.,· .-:-:~·,.,~ · .. ·'' .•:•,~¡ •. ,. ,,.,¡,~,-,. r!~t• ,•roun.!~-J.It.er 

r":,,..., In t~·· f.•r•· .. H j,,n, 

~ .... 1:-<!lr•··s :., h.-<'!··~.~ th.· t'~c .. ,;s !~<"~t <He: 
t<,:.~H<ti.l<) ,lf r.•tri,···~_,•_i,Hl pi¡~>~ S!>:I..:Ír,_.-_; 

TnstaLlation of several rovs of refriReration ri~ 
Jn:;;t.1 ! l.<~tion of ll'\.1'-tt•mperl'lture ret'ri¡zl"ra~ion t"qutp¡ul"nt; 
lfse of cxp.•ndl'lt>lc r.>frijl'er.1nta Buch ll~ liquid cnrbon diox.ide or 

lir¡ui1l ni-trol~ .. n for u!tra-lov tcmperaturcs. 

'1eá.sures to rerluce the f~ow in pervious sci !s are: 

C:rout im~; 
Jnc.~rception of a portion of the f!ow with \Jells to rtduce the 

hy•lrdu!ic Mradient. 

Dependinf!; on the groundwater re~ime and in situ cunfining pressures, the 
frt!ez.in~ proce~s m;¡y C<•u!ic r,rnund mllVell~cnts to occur in so:r:e soi !s. 
Poten tí a 1 P.rouncl movemen t s <h. s •)C i <~.t ed .,.. i t h ~rou~d free z. i ng can ~ CduSe~ 

bv three phenomena: 
. Basic frost f'Xpnn!>ioñ due to conversion uf the exist ing püre water 

to ice Curing phase ch<~nge; 

Se..:ondary frost expansion due to pore water mi~ration and ice seg
re.e:atíon with time at tlle freczing isotbern~ or in the t'rozen 

zunc; 
r:onsoliC<tt ion duriu~ t~l€: t~al.i'i.n~ ~rioJ. 

Thc f.irst phenol'"l~nvn is smal! And ·predictHb!e, The ot!;er two p!lenonena 
·-are much more complicAted an.! rn...1re difficult to pred:ct. How~ver, lab-

oratory tc~:t,. ,"lr.d ana!vtic oroc..-(iures l'Xist to t:V.1luat.: th~ potential 
fcir seconrlary fr<JSt cxo<~.n~ion anC/or tliAI.i' Ltlnsoli¿ntion for any ~iven 

soi 1 • 

fksi>!n ~ctho<lolol;V 

A thorou~h kn(lwl-=-d~·~ of the n1echilnics of th.-.! fret':tin.!! process and the. 
effects of the fn;e:r.:in~ on t!-le so1il are retJuÍre.! to; 

fvaluate ti .• · f,•Hihility of ,1 R_roun~ fr.· ... ~tng llpplication for 
r ll!!lh·! Ít"'•~-

Oesip;n fl fro:z:en ~arth systt"m. 

In cM1trast to '"''~t other altt'rnativcs whích are constructed in a 

~pccific manncr, thert.! are sever.tl a!tcrnative grount! freezinK ~thocls 
.1nd ¡,.,sic nhi lo."ophi,!~ of ¡¡poro.tch which r.t:ty· he t'mployt•<l vn uny ~<:iven 
proj..:ct, lt is du,! t<J this V<'r:,atility that ¡¡ Sdtn•~\o'~tnt oo.He lnVc<!VC<I' 
rl~:s.i¡m p1·oc~:durc is nec,•.ssary to determi,,e ·thc tcchnical tcusi.t.i.~ity of 
frt-f!zin..,. for a given "!'t.li..:<ttion, as wcll as th<:? sp .. clfic methoJ, 
m.1terials .:tnd e(p!Ípnt.:nt, In ~··n~rlll, the dcsign p~1i1Si! consi.'its of six 
distinct steps 1..-hich must b.-.! Cot::pl.:>teJ for .:v,·ry pr·ojrct. 

'T'hf>V 

1 

2. 

1 . 

•• 

t~r~; 

Oevelo¡l Oesi"'n Crit<'¡·j.¡- applicd lo,¡ds snd m<Jtcrial properties 
for the so~ l, roe k, ...,a ter and structttr.:li tourchar~c, i f any, at th 

si te, 

Oetermine technical feasibility of free:z:inK h.iscd on Jo;sip_n cri
teriA, sit•• Hntl pro_ject constrflint.!l, Dnd knnwn c.haraCteri.stic<J of 
the frt!o!zin)O!. mt,thod, 

Cm~"p!P.te stru,ctural analy!>i::l of the froLCll earth mdss'-to <!t'termir 
tJ,·.; '-'eomt:try ,r<!<pdro>d for overall sto;hility and rt'!latt:J interna! 
S~r·;•sS~·,;. !lor !hH\Structur:d cttt<>ff wodl npptications this stcp 

Th··r<·' d .JII•<i 1 ... i" to d<.'tl!ri:Jine: r.:tl .¡~~·r,tlÍ<IIl !'kt!toJ tr) bt! cmploye< 
,1s ""'·!! <~<> tlw ilmount 11nt! Jurnt ion of rc-frigert~tio,¡ n.:C•!d~ary to 



1 

1 
1 
' i 
! ¡ 
1 

1 

5. <;c-1.-ct &.Pecifi.c cOn!ltruction appro.'lch 11nd equi.pm<::nt to instsll the 
rt'l!uire•! ~r~~·.tinll. syH.trn. 

~.a eh of :h~ .:!rsirn 10t~r>s m .. nt iun1:•! 
·t>xt.:>rsiv.- tcochnical pap.-r. Thou,:h 
:~ t.~·yon.! tho! scOp<' o! this p.lu~·r. 

nbov~ .~OulC be .the subjo::..:L ut <~n 

n t1luroon•h tro!atmcnt ot these stt!ps 
somo! con~'•cnts are approprinte. 

;~-¡!:! su~sl.lrfa.:e !!.it .. t"xplorati•lfl shoul<.! consist of a !lufficicnt number of 
~·wrin~s to .ld..-Qudr.~ly dodin~ the sit~ tHr.lt iy,rnphy flnJ tu collt!cl repre-
.• ,>!'!til~ive sa~ro!<-·s nf tho:> '!'lnil t\'t~t•_.;, 1t i,; il"'p.lrt<~nt th.:~t th,• O..urin!-(S 
!.:-l:.ltco r...!r:r.<'.!~!l! zone:"> in V.1ich hi,·h ~r.:~u:'..!l.l.l~<:T f!ow r:1tcs. mig~1t occur. 

"!!'-~ :;¡~ur.lt..>!"y ~cost,;. tu he perforn~d o.n th.-- co! !<!ct~d soil sdmpl.:s 
s~,.,,¡)J consiH e>f inJcx oroDerty t~st~, such as j!radation ana!yses, 
A:~ .. r~·er,r- lir-it.s, t:lüis~ .. r. •••nt.•nrs and Scill,rdti.m. Aft.-:r Jeiinin¡\ 
tt':.-!s•> l~l.!o!X tl.1t..-1, ""Or .. :rcQu··nt~y th:~n not, it b possible to rt!h:r to 
t..;:a o~.~.:dn.·,' :r.l;o ~rt-vi,JuS ror•J.:•:CtS tCl c,;tim.H.: t!oe strenl':th-do:forma
ti0n h~·!•avior Clf t!1c !roz.-n sui~s. ¡¡,,.,,,:ver, tor final dt:si>:n on criti
_c~l .¡,r.d ca:--n:ica!.o·.~ nroj.,cts, it is r.:tor.rl.!nd•·<~ to ¡wrform l.;.,Doronury 
trsts en t:•co soil!> in the ic!cnt{ca! !íllZ•'" !>l<l~e:o t~l th.1!: v.~ich the soil 
wi~~ I"Xt>~rit"nce in t~lt' fíe:c!. :ht• !C>..t•! J,•f,¡P·o.ltion b~·hnvior of tlie 
!r,"l:<"n s.1il is c!~·tt!rmint'..! by unco1•finc.! C•ll'q.t,.,._>Í••II ur triaxi.1! ..:rct:p 
~ ,. ~ t S, 

~~ soft si!ts AnC c!ays are fror.o!n, tht! f)<)tentia~ f~.u frost hcave anJ 
t:-..;¡.,.. c,..,no;oli<!ati.~n must ~o! invr>sti. ... n:~·C ~ ... ~.~~""·lt.Jry t•!Stin~ ond r.co
t.·:·:r:i.:a! ..'IP..dvsis fur t~1~ P.'Jrti.:uL,r .1ro:1!i,:.o:ion, .:.g., um!<.!r¡;inni.ng of 
d ~.oi!J:n>! t..>uu.'Jtion. 

n,..,!ifi.-.~ te<rt facllitÍ<!!I V.lich hAve f't=rf<.~r~ .• ·.! S11clo tc:Hll url! Jucalcd 
:~,:".lt:•'~""'o:! thr> ..,.,,r!.! (!'nit.~C St.t:~s. 1..111,1•~H, rnrCltH:, J;.p;,n and ku:.sia). 
t"·:-t.;:.• :!'1<' "'.3si.: .!.\~.1 h.lVe b<!,•n "~:ai!l~·,•, a <Ju .• !!~i,·d cno:ind<!r is 11~le to 
f.!~:,~r..-;!!y ~~.·~iV". A .fr~"r.<>.n ~.1r~h <;vst._.,., fur' it ~nnnt>l .• !lut: tu the 
•:,•-::>!<">.. l'T0•1n.~ ~~rl.l.:!•lre int.~r.o..:ti.•u .,( :r.,:.•·" .. ,; ! ~'iJlilOrt :.y,.;t,:I'IS t 1lT 
t<H<:-:··~.o:, t~.· ··ini:,• ··!·~"'•'!!: lt.··t~•,..,_l is n""" "!l•·n ""'·'" ¡',r stru•·tqr;ll 
.l::.t! . .-~: ~. 

Q·"[h t~l•! shano: .111.~ the rcnui r~··! t~·fll[l•:T'•Ituro: .;,f .t frozen sup¡o<.~rt ny:.Lclol 
f.1r .~ ~"nr.~·! are char.acti'riz.:J by t,,~ f,1t!C>wi.n)! critc::rin: 

'!'ht' function ••f the frt:o.:'.tc w.;.,l!, i.<'!., structuri.tl sup[•oJrt and/or 
'o.'.H~r. cutnff; 

Tht> ti~r.e fr~czo:! wall is I!XPOse:d to l••ad, i.t!., the time !rom 
initial i'XCAv~tÍCln of tl1e tunnt'l untíl eíthcr a ~tr1•Ctt1ral 
rrc!i~T~in.lly ,1r fina~ linio~ i,; inst.1ltl!d; 

ti;,n ,,:· t'••· !r<'•'Zc w.t~! 1111,!._·:· v,ori":IS :>trc:.:. :,:\l~·t:. .,,.,, .. ,, ti•uc' 
L.:~ .... ,,;; 

i:::-:.·.!•-·:,·~y -•~'•'\'•', t.•it\,io :•n.l ['.,•!.,~,.,~ ti,.• tumH•l; 

The ~eorro.!try of the tunnel; 
The rlepth o~ overtlurdt•n to tlmnel crown; 
.The surface constrai.nt~ imrnediRtely above the tunnel. 

Refri¡zeration pipes mu:-~t he installed for the circulzni<Jn \.lf coo!ant in 
arder tÓ censtruct an "ice wa!l:" The refrig~ration pipo.!s cAn ~P: 
plac~d: 1) fr.-~n t!oo:: surfnce (Fi~. 1), 2) fr..:om within .s::~.a!l diamd~r 
constru~tion ~atlerie~ (Pi~. 2), or J) !1orizcnta!!y fr<Jm within co~!dr
dnmg or from within the lúflnl!l itseli (Fip,. J). 

To hetter d~mon11tratl! how vcrtlatile ground f.rdczing can be used as a 
support llnd/or ~rouo¡l ~o~atcr cuntrol systcm·, a fcw case t.,-istories are 
descdbed. 

~nil<way Tunnt!l- S;~lern,J, !taly 

Construction of .a 10.3 km (6.~ rnil~s) two-rra..:k rai!way tunnel required 
the crossinR under part of the city of S;.tlcrno. In this tunnel section 
the ovcrburden, V1'1i'yin,g frurn R to 25m (2~' to 7t.'), consi:>!cd of sandy 
to clayey silt, alluvial ~.1nJs Hnd so!·t l'l'''"'J.--ry dolomit·~. 1'unnelin~ in 
the dolor:~ite woul<~ havf! D<lSt•J no ~ro~lo::ms ns ton~ as th•! .water cou!d be 

isol.at~c! from this str.Ha. !tow.:vo!r, thl! un.1voiJah!e stress r<!lief Ju:-
inr, excflvation. rt'sultl:d in fissur,,,. in th~ d,,¡,lmi~c with w.1ter- sccpi~~ 

throur,h, turninP, t.lli!! l.~ycr :.h.:Jnly ir1to .'t ''t:1ui.:k s0i!." ;·;, .. ~~··nti.t! 
Cii'Jo:!-Íil!\ co•rl.! h.ave Clnos.!d scttlcnents .and .a thr..!.lt tu thc huil~ir.~:s 

ahov.: the tttnne 1. 

Th~ tunnel with a crOYS SI!CtiC>n of 85 1!',2 (Cil4 SF) was Jriv..,n 1.1iLh con
vention;ll drillinK nnd hlastin~ lo!l:~•niqut:s usim: stce! ::,,•,ur:~ and t.hot
crdc ~s .a ptcliminary lining follow.:d by 3: fin.Jl !ining of reinforccd 
concrt-lto>. To p<!Hlit snfe t•u1nelinp, l.IO,I.!r this t .. ~ • .,vily-1-->0rl.llat<:J a.rc~, • 
sp.~cializ!!J constructi011 t.:.L .. ic¡tot;' traJ t" be us<.!d to r.<•'t.:l tite fv!lu1.1in~~: 
l"t''IIO j (<!mCnt S; 

."'ethoJd should provi<l~ complt:tc gr..,undwatt:r control; 

Mcthod !\hould provi<!c structural ~upport with no scttlcm<!nts'until· 
Fuch time thi.it .1 prclit11inary is install..:d; 

F:xcavation oi tunnd .shou!J h..: kepl free o{ ob!ltru.:tions; 

Tuonel ing to be cont inucd with cquipment already in ulie on si te; 

After .1 carcful exumination of n vnriety uf so!ution5, the ~ro11nd 
freezin,li! method w<JB choso•n to be the .'l.1f.:st .1nd m.JSt cc.;,nomicnt system. 
Th<• pronoscd solution Wa!l llll urn~rf'lla <1r nrch nl froten cllrth ov.•r thc 
tunncl r..:m:liin~ lipproxim.1tcly \m O.J:) bt>lo1.1 thc inv..:rt ~·x..:av;Jti .. :m to 
provide both a <wi!t1:r cutoff anJ a structurul suop<.lrt (F'i~. 4). 

Tríaxial froze:n S•1il tests were performed in a laboratory to verify that 
t!w nnticipat<:>d !ltrcsscs to he cncou1ttcrcJ "'~'uld n<.~t re:.11lt tn creep of 
th~ fro1.en soi 1. 

Al\ of th<' r<!friKl!raCÍPn pipes wcre ins.tallc,! fruf!1 lh..: :>uriacc. Thc 
otrr;¡,,,:..:u .. :oH ,,f ti .. • rt.!fri 1 :.~r·,,tion pipt•:> r~·:.:u!tt•J in fr,·~·.:iu1 : r~o.;,r._. so~il 

lhan stnu::turally n:ql<ir.~d, hut l!tis wn:l ..:ht•a¡oer ;.hun in.sol.tti.n!! th~·m in 
tl1<· llllP·~r p.lrt. F'0111· T;)l..'.:l ,.( reiri.•~··r.otion ui¡·~~~ Hcr.: ir,st..tll.·c! t" 
~'" <t,, •. •;lrq.·• •. :.d tr.·.~¡.:•: v;ll! (Fi¡•, ~.) ln nr.~._.r tu ~l'<'l' :he 
r.·tri!~•:J.d 1 ... ~ toa.: ... ,, ,_, .. n,"l''• tl .. : flllll-,,.¡ le<:,·~: .~: 7!1·, (2)J') 
to ! .. · 11 ... d .,.,¡s divt.lt·J Ínl•' t!itt·<-' ::•!Cti<JII. t.1..:h S<:..:tlvll w<l:. bt:p;or
;¡!,·.1 t'r,:m ti,,· ,,,¡¡,,inin!' hv frt'Z•~n bu!kf¡,•;~<l,.;. 



· Tv,"\ refri~er~_.on p~an~s with a c.1o.acity of 1 .Ol x lOti kJ/h (RO TR) 
..-.Jd• at -1"•r (·lJ•n t'lrint> t('no.:r.ltur·~ ~o~t.>r<! in~tal!ed, After a freez-
in-~ ti""::~~ •lf <!poroxi!"l.H~:y foor ....,,~·~s. r1q:id t•1nnelinv oroceeded 11nder 
thco :'\f,,tf.!Ctio~ C\f r~, .. froz~n 

-.~r •.. , .. t in~ ..... 15 n.~c.:-ss.1ry. 

-\ !<~o t-."t:"a<1in0) .10•1 ~'t:nc~in~ f!k'thod uas us<!<! uith P. prt!,liminary Uning 
!·,,r 'r.r;..-n ~:•PV·~rt. Ir:l'!'r!c!i<'t~·!y :·u!~o .... in~ the top he<ldin)-( <.'Xcavntion, 
t!1 .. • ~r~·:in.in.1ry linin~'of .1rch ri~ !ol').~r'l•·llts, wirt! rnc-;h ;uut shotcr•!tc 
'"'~·r .. · ir•.,t.1l!o2.!, Th~ final :inin~ tl! rr!ini,)rf'L't! cr.>rH.:rete fol!owcrl as 
~,1,1n JS r .. ~~si~!o•, Tt 1.1,1s pl;ct"d í'n 4.0m (1.2') scctiorlS, In a timo! 
r-~·ri0.~ .,: : .......... , thrt• .. 1:1nr.t!Js, tunno::in¡-' -..·i•h an •!XCnvatiun cxcceding 
n,!)~1·~'~'~3 {7,Eflü ~~Y) was. c<-.mp:f't<.'¿ wit~uut :my l.!ifficu!lit!'s. 

::.•ttl~!!:cnt r:t.lf\ooM.-nts .¡~wvc tllt' turnicl show•·•~ no ~roomd H'IOVt!'m~nlS during 
thc fr.:ezinr ,¡¡,n,l t!'le su~:i<'Uotcnt t~l.JI.Iillh. 

Cflntract S~ction 17-b reouirc¿ t~lt~ CCinstruction of 302m (Y90') of a 
(1-'in-tr.lck sub...,,ty t•mm•! ~o~it~l an o•xc.1ViJtÍun of b2m2 (667 !\F) in ruixcot-

-!.l..:o' ..:un.~itÍ•lns in <~o~·rH<lloln ~-"~o·n. "!\ot!' covt:r uver tiro! tunnr.!l crown 
c.:•n.;istir.~ o! uncvns\1!il!."lt~··l siltv soits v¡1rieC frr.>m 5./m to'9,5~ (19' 
{,1 3!'). '!'hé av~r.Jt>e l!'roup.~\ol.1tt'r !.-vel was 2.Sm (8.2') abovt! tiro.: tunncl 
,- • ,, W'f\ • 

... ,.. •'\olr\~r st" .. cifit!J t'•~ .lr•vin~ .. ~ t!rc t1r~l 1~\lm ('d\1'~ undcr the proJ
t.·..:ti.J" ,\fa fr,•cz•! w.1!l f.>r ~rot~no!w.ltí'r ..:ontrol .:lrHI for the &tRI'>iliza
tir•n ,.( t!oe se-nsi~ivt!' ~ilt~ !:..,·,•r,;, 1hv rl·fri~~er.Jtion pipes wcre to be 
io·~t.•!~.;-J in sta~i!.'l fr._~ within th.- tunn.•! (cavcrn, ur dri.!l chamhcr 
!"'•· t 1-, ,'J ) . 

~•·c.au~~ of the ~uildi~l!: <1ensit~, h11rio•J .. tility lint!S aTHI the intensive 
tr.J!-~Íc, ''"~" un-.!crer.11'"d .:on:'tru..:~i.ln fl>l.'t~ll'•~S coutd b~ tendi!red. 

). i,•:·•f v._·n:ur•• ~'.li .JI.I.Jro!o!.l th•· .:,\ntf'llCt wit~J .10 •:nr,inet!rin)~ value 
.~.-..;r:•n io•r th~· r.rouno~ !"rt!o't.Ín~· W•Jr\<, T~r.· p~;JtlllÍII>!; COJllcd lur th<! 
,'ri!:inó" nf t!'le r.•fríy,<-'rati.•n h :, • ., .lrH! cJn·..:uti•m ut all freo.!zin¡:;, 1.1ork 
:·r ..... luxili..trv c~lrHtructi..:rn e, • .dtcrit"" runnin~ lh.lrllllo!t to and ;,!hJV.: th~ 

!"'.l!n tunn .. ! (Fi2. o). Tho! ,l,!v,;nLH~o!:o w~·rc <1:> !ollvw~: 

C.r,,unJ frel!tin~t (asan ~uxili.11y cunstructiun no<!tluld) i~ Cu111plcu.:ly 

s._.p.tro1l'-'•~ frorr, al! work in tho! main tuno<!!; 

!'!ri .... i:oí' nf t!lf' tunncl coool,! h~ .!uno!' contimrously \o'Ílhr.>ut 
intl!rruf't inns; 

! .• •n:""th "f the refri~ero1til"n f'Íflt!'S placed frnm tl)e r.al !eries and to 
be tic>d ll.~rr (1.1\') into COI'Irwt~·nt rock c.;,uhl easi'ly ¡,._. adjusted to 
the irr.-~u!ar surface of the ~t!rr.>ck; 

r.r.HJ"l,! !¡,·.·zÍnO! prolC<!ss co .. !.• '"' ,•.tsily C'ontrotl ... d, To minimizc 
fr."l~t J,.•avin.-s in t~l<" si lt L!ycrli, lhc !ro·<!J:t: Wdtl thickncss \1.19 
~:r-.itc'd !O l.f'M {),)'); 

L,r !icr .. -ol'lple:ion .1a~.: of th~ r.o.lin tunu.-!, 

( 
¡ 

/In acce.'IR shaft was sunk o1nd the gn!lt:ri~s ~.<ert! driven u , the pipt!-
.\ilcking mt:lhod (Fir,. !1). Tlre ~nlli~rif.:s hnJ .:..m int~rnat ~ha~•Ht!r uf 
1.96m (6,4') tn nt\ow drt'llin~ of the r~friKcration holt!s, lhe ro..>frig-
<!rnt i11n I'ÍPes w.•re pl.1c•·d on 0,90m (3') Ct!nters. To c~1t!t.:k tht! frOst 
nt~Po!tr<Jtiun .111d tu v.~rif~ t!~e r1•quirt::d frt.>t-2:,~ '-':": 1 ~ t~lic:;nc'l:l, St:v~rJl 
tr•rutot•rntorr•• r .. Hoitorin¡•, pjp,!S WL'!'O:: inslo'J~!.·.t in tllc ¡tr•llllhl, 

IL1:it>d on a wct!klv tunr11.!l advanct! r.1tc of 13.5r:~ (4-i') ~\JO réfríy,eration 
oLnrtli uith o1 tol11! cap~r.:ity nf 1,4 x tnb k J/h (l!OT!t) ...1t d briuc 
tcnuu:ratorrc of -:!o•c (-4•F} Wt!t'o.: inst.nllt!d. 

Our í 11)~ tuno e 1 in~~ tho..> fr,: .. · .:o.: w.1ll u as kcpt 30m {98 .4 ') ahcad. uf t!lt! 
tunnt:! fa..:c, fl•:fri¡.!:er.1tion pio~~s "''t"re conncctcd to ~he brint! sys~er.1 

accurdinr. to tht: nctua! .lo.""hieveJ tunru:l pr<)~rcss consiCt!dng that. 2.5 
Wt~t!\;fi Wl!l't! rl:!l')orirt:J to broild th,• frco..>ze walt. On..:~ thl." trccze ua!l had 
its requirt:cl thickn.:::ss, ho:at rcmuval was rt!duccd hy intt:'rmittent running 
of thc hrinc in thc r.•fri~.-ration J1iP•H. 

orodirninarv linin)~ .• d..,o;\p\<!<1 fur t!JI:! fu!: <;llltio.: !,,;¡\.! .:Jndoo:>tt•~rh!ing 

the hí!dro_ck, in~~P-.'i,:itr.ly_ followr.J the excavation. !t consiste~ o~: 

into 

Stt!CI rihs 011 I.Orn ().)'} Co!nl~·rfl (:~pacin¡.: w.l<; lttlt."r incro..>II!>Cd lo 
I.hm (5,25') b.~cau¡¡c o! the stiffness of tht! ~rt!cl.o: w.:dl); 

O 01 ( 2") 1 1 . 1 . . l ' 1 • 11> !'lltltcr~·te t~y.:r .,.lll w1re m~sh ~s !l~a to liYtllu thaw1n~ 

nr thc fn~t!i':<! wull; 

0, 27m (10-1/:"') ~truct11ral shotcrcte L1yer. with a doubl<! wirc 
m•~ s,..,. 

t-'reezin~ wns •ti!lcont inut:d as soon as the prel iminary lining waa 
insta! lcrl. 

Surfac~ souvcys Jid not in.ticat~ froat hcavt!. Croun,i su~:>Ídt!nCes of up 
lo óflr~n• (2.4") wt·r~ 'lo•·-1Suro:d :JS a resodt of tho! pip .. ·-j<lc~in~,.as well 8!1 
tlh~ suhso..>qu.~nt tnnnct (lrivin~. 

AIHlC<'!>I iA s.- ....... r Tunnttl - \Jashinr>,tM1 !1. c. 

A scw,:r line undcr a rai lr<ltrd eros sin~~: r~quircd tho! con::;truction of a 
circulnr tunno..>l with 11 clj;¡n,.!tt!'r of 3.66m (12'} anJ 34.'> (113'} in 
lt:np.th, p.1ssin~ 2.7ro' (R.~') l>cnc:rth : .. ur Sl!l6 o! r<~ilroad tr;;cks. Tht!' 
subsurfa<'e cnnditions consiste<! of filt with cin,kr~, intt•rh~·dJ •. ·J s . .md!o, 
silts ,,n,f cl;~vs ntu!crl<~in hy cúarsc-to-fine san.! And Kr .. vr.!, andan 
orgnnic silt l11ycr. 'l'he wHt•:r t.1blc W.:ls I.Om U.J') t>L•l;'lw t!u.! ~~rounJ 
~~~ r f ,t.:•:, 

After thorouv,h investi~ntion:~ by t.be f::n~ineers, consiJcrin~ th~ pOtt!'n
ti111 difficulti•~s tO t.c t>Xpo:rio!nC••d wlrt•n dri.vinr. n tunnt.>l un.!l!r hi~~:!'lly
tnlfficked railron.l trae':<!>, P;r,)ornd frcczing was Apccified itS tho! .-.uppC\rt 
zuHI proum!w;l!,·J· con t. l'<ll sv:;to•m. 

A fro;,:.:n c<Hth rir1h w.:ls rcqtdr•!d t.o cumpl..,tely surround thc o.:x.:Jv,ttion 
t<l rrovi.le a wato·rl it:ht su¡•pllr! · .. ·!'lt"fTT ;t!o tht! tunn<!! h.1J tn b~ o!t i•,cn 
under tht! wa~o•r t;rbiC'. Act:<•rJinr, to tht" Sflt!Cifications, thc tivc to.1d 
for tlr.~ d.:~i¡·ll "'·'" r•·nt~ir.·.~ ro t>.- a· fq!l C"•'r••r 1.· .. ~\1 tr.11n!L•J.! cm any 
twv ¡¡.fj.:H'<!Ill t!'.'IL'ks. Furtl,,•rm .. rc, •!•: . .,i,:n ~!": tr·,¿,·n o!:rrt!o ,·!!1' h:od 
to h,. h;1S1!d nn tho• ultion:<t.: str,·.n¡~th of thc tn1t.t:rt :.¿i: !·•r ...... ,,.:iu¡~ 
.tui-ari;,n td I,IH1f' hours. 
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1 a '.'lar~~ ~r v tt'll t :ot of t~H~ froT.Pn <'lnd unf rozen ~l(li! , in el u.! in K cyc l ic 
!C>!dÍno' t.rs~s. 1.1 .. r.• th•tfol!"m•··~ to det"'r~in~ the n•·ch:utÍc;,l prnpo•rti~a oi 
t~ .... ,.,¡¡ !or this part.icul:u· t!\•td~~n. '[ht' lon~-t~t!n frozo:W atrcn~th and 

srr.-,,-s~rain <'ata t!c:t~rmint•d fn~ Lht!:h:' tcf>~s wert: t•st•C .as inrut t!ata 
fe) a finite .. ~e:"l<.'flt orOL'rftl'l! to d~t.l•tmin•: the oro~¡:¡ble t;tt<.!!IS lc..,e!s to 
he arHicipatc:,1 in tht'! tr0zcn carth mass. 

!~u~ Ut'"tlCtura! fi~sir.;n vas .ton~ vith a thr~~-.!im<.'nsional finitt:! clt:!ment 
andlys~s usin~ ':1oth tht.• :iru.'.ar f•!astic strf!ss-strt!in muJuli fr,~n thc 

~.l">,lr.Jtury t<!sts to tr..l<!c! the ~h:havior of t~.._. frozcn soi.l and ti•t:! 
I·:"~:~ !''!11\'~L IT !''f•ll'l'".ltfl, \!ith a l.On (3.)') fro¿,•n t'Brlh rin¡;, thc 
n.1-.;ir:-.1:m c.J!cn!atcd alll'.H'"Ír.l{ strc~s in thl• trol.t•n zoóe lol.lS )77 kN/on2 
().!. no:.i) \lit!l oril'"!dpal str ... ss~s o! 7tJii )(~/w2 (100 psi) <md 
J) lo:~~/~'"! (~.7 tui) hol!l in cor.-.vrcssion .. Thc I'I..!Kimnr.'l tcnsi!c principal 
~tr~ss \llU 1ó2 kS/~r.:! (37 psi), occurrinv at the crown. Tite maximum 
c~!cu!ate~ ~~fl~cti~n \139 l7rn (,70''). 

.. 1s·t~e surfroct>: \oo'.l:o not accessi~!~, refrifr!.<'ra~ion pipt:!s ha<.! to be 
in.o;;~a!: •.• ~ r-.·r~ nr less hori1.ontal!:-;-, v;tr;dle~ to thco tunncl bon~ f~om 
~ 01t! ~h:!fts t • ., t"lt! sunk ~n eit!l~·r sit!c ,,¡ thc rai!ro.:ld cmb¡,¡ni{rncnt. Thto! 
tll.;~·ir::o nf r.·fri~·<:ration oi~<!S ro;tr.1llo•! to thc tunr..-1 nxis is the noo:>t 
··~fi,·i~·nt "':lV to) priJYit.e .1 fruz.t•n t·:•r~lt -.upp..,rt systt!m f,¡r tunn.d, 
~ •. ,,1,.,.,. tht• nioo•:-. 0:<'1'""1 he oL:lC•·•f ar•,,•n.! any sh.:t~ of lunncl nnJ th~ 

¡¡- •• .,·,t 01f :'r,,~ .• ·n ""¡~can ,._, ... ¡~v ~ .• linitcd to t!~o1t r~·.pdrt:•! for tht! 

~trut:11r.J! fr~·•·l•: \hl!l. tt.l~o~~·v~·~. thi.~ r:.o•th~"~ !.~ li1nit~·:! Ly tho.: ¡¡.;cunu:y 
, .. ;-.,·· ~.- .. n .~ri:! ~h•ri.to~ntal !1.•1 .... ~~.. Uith t ... :.,·¡'.¡ ave>i Lólt! l••duwlo~y t~nd 

.-.:.,tr•!'"'.o•l1t, !t.l!•''l (~n bt' r.:liably an.t ;occ.,r.•tcly dril le.! o>YI'f' .J <1i.Ht<JnCt:' 
,·,! :'•~r, !,l ~11., (1,") 1 t<'l !1,4') <!o·p.-n.!in 1: u!l t!.c ,...,¡¡ cun.titio1ns .. 11uwt.!VCr 1 
r,-,·th-~.l.~ .tre ~t!illll dcvo:!<l!l•'•' .,.,lr!..:"'i'~~ t., p•·;~.~:: t .. ""lrÍ¿uotlll plp"s cnorc 

•IC.:••r .ttc! y. 

T(> cro?ate th~ IHPtCtllrBIIy rc•t•drc.l froz,·n rin .. ''' l.flm (3.3.') thi..:k
n•'""• it Y.l!l in~t.·t .• !.~.t to inlitllll ]ll ro•!rigt.!r.otiuo p¡¡,.·,; ··•¡ually a¡,;u.:cd 
..,r<•tnt,j "5.)01!1 (!~') liinm..:tr.r ..:i.r..::e. t\ o.rund .. •u,;ot, · ... , .olr-ooclui!l<~d, 
i!'!-th·•-hol~ I'Í5p]..JCo•r.oent h;n!"ll'o•r "'itl1 /l :-.p<.'CÍ:d C<Hh' au.l ..:loihcl wus 

c't,)~<'n ftl ins~11l: tht" rt.."fri¡•,•r,ttt.•n pip .... ,. .. !JHc t,l th..- difticu!t ¡:ruunJ 
,·.•!".•'i~i.m.;., t~i-. ~.·tt-.··~o~ c.lttl.f thll ,•f(,·..:tiv.·l:-r !k",,,;,.,\ '"1.! th~· r••lri~•!rH

ti,,n f'Hh·~ t" .. h! l<l ~'•! Jriv,•:¡ ~o~it~l 1t PÍ!.o• h:t!!l!h!T ~1-.Um !J,Jth •JCC<'.!>:l :.\I:Jft¡.;, 

. ..._4'\'Í.Jt ¡, . .,!o ,,~· th.• pi.po•s wcr~ ~·h,•..:',;.o··' ... itlt ,l s:I<.!O:Íit! ole! :.:..:tvttt<.'tcr. ro 
,h·c,,unt !·,..,r ~he-· un.tv.>ic:!a~l~ t•n..! ~f pi~ .. : ,!..:vl.ltions,. tht"! ro!fril:cr;ttiOI'I 

~ir-··~ 1."<'1'"•· nv 1·r!.>f''"l•'•l at !cJ5t 3,t)rT> (•.I .. R'). No•v,•rt!H·!o .. ,·,, :>o.!Vt!T";Jt 

.-•. •.•i• i.m.tl rip,•¡, ~1.1.:1 lo he insta~lt'l~ to httti.sfy th•~ 11•.:.txim111t. sp:,cing o_f 

t• ... hl'~·.:ifi.-.1ti,1nc:. 

), r,•frt,'<"l.ttil'l1 plant \lith ,1 C.:Jpa,ity vf 1.4 x 10 6 kJ/h (IJU TR) at 
-:••·,~ (-:.·~·l J.¡rin<e! t,.!"pcrolt\11'"'-' nerf,•m·~··l !he fr ... cozint:. '!'cr::pL'T.Iturl! 

~ .. ,·:~s.,r~ \Jeto• in:-.t.1!lc1~ in tht! ~l'"tltln.! at v:1rious !uc,1tions t<J vct·ily thc 
t'"<to•nt ,,f th.~ tr.~t'7.~ ..,a!l .. ,,..¡ t0 r.10nicor th•• n~quir,•J, dcsit•n tCil•r'•!ra-

t "ro•. 

~·:o~.:avat ion \o'",ls J<>n~ with a b..Jckh<l<' .md lucklooll!l:t•L'rs tu tri m to no:;lt 

! i:1.· .. :-:u~:-··'"!tu•nt !y, o,.;ho·n t!~<• •'ni ¡,,. t"l'>t·.ov:Jt Í<~n .lrt~.t w.l:• fr<l1.•'!1 ~,)¡id, 

,< "'.h·'.,< ·'•' •ith .H'I if"•l,l.:t h.!!"t:'""L<'I" ;¡~t.K!,t:•o•nt w:lS ~~~.:.1 fO .:)(o",1V:tf•• th<! 
!!.'.t.•·n s~.i~ .. 1!.i .. v,¡-; nut ti•<' '""'~t o·X~··Jio:ut t.'':~o:;tvatiun n:•:th.,J, t>nl 

~:.1-.tin.: I.'.JS n,lt t'C'Y":"::itt•••! .1n•! :.1 r~):"l~I•'J•~··r, ~.~~i.:h '''"'·~\,,,ve casi!!' 
.:- 1:: ·:~ .... ·t"r.-..~~n ~ • ..,i!, w.l'> nnr :.v.li~.~~~:.! .. ·~ti•' tltl\n•·l 1-.':1:: lin.•.l l•it!l 
!:•:••f :•~.~~~S l.~ti..:ll \O<!l"o' ~·.r,nJt,·t~ in;;).¡,,: iuoa:,!Í:llcJ}I f,d!uiJÍII~', thc 
t' )o,~· ,¡V :0. t i <11'1, 

•. 

llnitcd Ststcs, hut it WC.!l tht.: tirst time for it.!l imp!em.,.ntntiou un..!cr 
r.dlro.ad trttckt'l. Thi.!l mcthCtJ l.lll1 usccl in C:hnr!o•btun, South {;.ttlllil!.1 for 

con.!ltructin~ t1 2,4lom {R') diamctt:r tunn..:l under an tnto:t:it.Jtc. ~o.:lln
while, this.!!Ltpport mrthnd h.1.!l ~c>!n npplied fur lH\Othcr rai~road ,;!'"oss

ing in Syrucuse, Ncw Y.n·k, anJ f,>r 3 tunncl in Louisvillo:, Y . .:ntqcky. 

~itchbuck Tunnel- 7.urich, S-witl-~·r!an.:t 

ThP. three-lane Hilchbuck Tunnel is pllrt of ll 1:cw t'Xpressway ~y~tcrr. in 
the citv of Zurich. This Lunncl, crc>!jsin~ under ;¡ !wavi!y hllilt-uro 
llr~a, sometimt!li \IÍth ti minirnum cnvt•r ot' bm (!':1.7') i.11 I,JI!'hn (4,297') 
Ion~ with un exCIIVation .. lrdl of 145m2 (1,560 SF) .. At its t.;Ju~h.·rn 
~n·l, th~ tunnel ha,! tn pllss throur.h a 15Pm {!,14~') lorh~·r:;~lr.aÍ:1t! 

scction 1 cnnsistin~ maiz1!v of :~ilty mntcriill, Incltz~ivtlS of cxtensive, 
snn.ly, e;rAvr.lly J~ns~!l u11J<:r onesiilf'l pr,.-ss •• r~ .:u wr.ll as :drl.!t! boult.ers 
t'"l~flrt·scnted najor Jit'ficultit!S to t•Hl!h!l .!ri ... in¡.; .. 

Th.~ ~roun.! fret:!ZÍl'IK meth.>d \las spo:cifie.t by tl,c Engint!cra as t!1c s.upport 
ano! g:round\later ·control ~y:.to."m [¡)tu: uso::d durin~ tnnnc!in¡{, not ~1nly 

t'-o'COJLi; • ._• of ~~conornic ft:B;inns, hut beCLI!l$1! of L11C f,>lluwin;.; tcchnic,ll 

t'"O:<l9U09; 

1'h<! method is not Sensitivc lo rapiJI)I dotH<,;ing soil cvn .. ditl,;~ns. 

The frt:!Czt: wall wot1ld pt·oviJc tvo functiun•--structur.tl 5up.,urt and 

\llltcrt i ~ht ne&s • 

The sctt lt!mcnts on the sur f..¡.;~ could bt! kt:pl luw lo..:cautlo: of thc 

ri~idit:-;- of tho! fr•~•~:t.•~ wttll. 

~p<!cial t!Odt!rpin11iu~ ui lhc t.uiiJin¡.:lf· tt!.ovc •>r the"vicinity of the 

tunno:l \ol.lS lhll !ll:Ct~:lS<lt'""Y. 

~·inimal surfilce cliHurbolnCe u( the h~avily bttilt-up . .th!d, 

Shurtcnin~ of over.111 time schctfulc, 

In ord1~r to providc the t~tructurn~ rHIPP•Irl <!11rin)', lt•tH'Io:lino•., nr. arch h;td 
to be frozcn aronnd tltt> tnnncl. Tht" "h"'!>e of tho~ fr(l;r.~·n ltrl:lo Jt.·~":ndeJ 
on several factors such as y,c<do¡?y, ovcrhurdc!n pr .. sstlrP, .:~nd lh.: loca-
tion of buildinr.s ahuv.: th.: ttnmt•l, ln fi~Ost .1rt~.Js otl<lll,: t! .. · tunnt."l, the 

• 
~:xtensiv.~ l1tholroltorv tt•sring 1olo1S p..-rftlf"m~·•l to ~ht.tin thc tlt•hi~n 
rarnt•tcters fur thc ft·ccz._. 1.1:~11. Tht.' finit~ ._.¡,_.,:11!/lL <:lllllly!>ctl shoOJcd tt1at 
n frozen nrch of l,)Um (4.4') thi..:knt!ss w.ls suftici.:1'1!. \lith e mc.111 

tcmpenlt•l'f•! of -tn•c (!4.F) of thc trr>>:t:n w~:~!l. 

The ht!uvio~ tt!Sllo r.:vo•.:.dc.! thtlt dcw.Jtt!rinK \l<)llld I..:<II'ISi:d<.'rably r¿duc¿ the 

root.:ntial h1.!.1ve on thc surJ,¡c~·aml thus l.tcilit:Jtc tunno!! t!riving. 
T!~o:rt•for<:, l:tnHII Ji;HlH'l<:r filtr!r ~o~c!ls \lo·r~ insl:ll\,•.1 on hollh ,;¡,l,:.s of 
t!u~ t 1mn 1!l. Furtho•rmttro·, 1'1"•':>:-.ltro·-r·o:li.•t h.>lo·:, ._.,.,,. III.Sl.<llo·d !!tlll\ tht! 

tur•n,·l itl"it::lf Jllnt tt> )Om (••K' to 164') nh.:.t•l ut !h., t•umcl :n:c. 

All lrct:zin~ IHhl n:d·;¡t•:•l \oo'oJrk h.tt! ltl bt! L'ltl'<:utr·d .tu111 .... it11i11 ltu• !•······ 
,,.,,.·._:foro·, tlw ]hPm fl,lh!' ,.,:..:li••l'l l.:l h.: tr·,o: . .:n ""·'~ l"i•"1•·\C,do:.l lltl•l 
,.1 .. .,1 ,,,,_ll,)!l~ ;¡ J·•<·l tn·:, ....• (!!]' l•l ]'.!') !o•ll,:tio;., ·¡:,,· ¡>~¡ .. ·,, \,/,'rl' 
pt;!ct.'d nn u Si ,, .. !,\ly oqn .• · .. ,.¡ hatt"r In Ort!o·l tú •·nl;!r!•.c tt .. : ··x.:.tv.tti<HI 

fr.,•:• !!.')m2 (!,'Jhu :.::)"''tu 11J5ut2 (2,0911 SF) ,,v,:r ,, lt·t11;th ,,, 
nppr,,xi!!UC•:!y t-<m {~t•') ¡,, ;d!nw .!rii\in1: nf e!.,_, r.•tt·i!•.cr.otl"l'l fl.:d·~H 



1 
1 

1 

1 

~,.., r t !··~ " o:r>r r. i r>n. 1'hn frn:o:~"l .1rch alw.cJys ('Xt~nrl·~rl 'IO!Tlt' 4m to óm 
(¡ '1. f n ¡o•) •••• \'()11<1 thl' .. .,., ··f •·nch P:-:c nv.1 t ion ,"Ct im• ( F ir:. n. 
,. .... t i ..... ti!'· frPt~·n .:trt"h ¡,,,,¡ to cnrry tiH' !C'o11J \o/.1!'. r:'li.ni!"::izPJ to Cl'ic id 
C'rt'"f' rr tiH• fr01.•'n .;r~il. Th••refnr(', th~ prf'IÍ1:1ln.1ry linins.: ..:onsi~t.ed 
nf fl,l,rh-. (1.1') of shf'ltcr~t+'" "''ith wire rw•flh nnd ríO fll~r.l ;mmediately 
foiiowinr [h~ f'Y.Co1V:1tÍon. 

A. ""n'=hinf" rY"thod a'ld 11 roadhead~r \J+'re 11s~d for liH~ tunn"!l ·f'xcavotion, 
"'''" ri•P "',,¡¡!< ,1n•l t 11r. in\'"rt cxcav.1tinn .1nd '="'ICr••t•· l inin1: followt>rl nt 
o1 di>:t:tnc•• o(~.., t•> Rn {20' to-2f,') bchind the lll~l'l"l f:¡c~ in flrcl·~r to 
P•r>r¡ .. ,,. th•• ¡1r•·!imin:¡rv lininl!; a~ ·• !':tructur:tl qup¡mrl. Sull~t~r¡tn•ntly, 
t 1tt• ~.-.~t••n¡rt¡n.fin? .1~d the innf'r finnl f(·iuíorcPd c•mcr~'tt> linin•; wPre 
in~t~ll,..~ {Fi~. 8). 

,\n f'll'tf'nc;jve Ínstfll::lf'Oti'ltÍOI\ rrC'JZf<11!\ 1.'35 f\CVf'}nped .lO ITlUOi.tOf P,I'"OUOd 
l""l""t't:'f.1lt¡ro•!' .1nri J:!I'"OIIf'rl mnvenu.•nts: 

Jnclinomrt~>rl'l inllt.1ll"t·d from the rwrfacP; 

F.xl~n~'lr.•~lt>r!l in:ott.,llf'd from the !lurface and from within tunnel; 

C':onv¡•r(;P•\<"r "'"·1"UI'"<'I'l'"'nt!'l nt 10"' to 15m (33' to 49') intervnlA; 

"ttri••u'l !••np••r,1tur•• r-~<•nsur••m.-.ntR wíthin th(' 'frn1.1'n nrch fr·n"' 
trm!"l••r.1tHrl"-... ,.,nir.t•ri.n~ pirl:':o;. 

Fr"M thr ~t-tninrrl fi~lrl rf.n.,, rrinr c~lcul.1tiono:: cnuld hp chrckPti <1nd 
.-l"!':tf'n "·1fo1r:>f'tPro:: v,-.nftrd, ~orP il'lrortnntly, fr-,,., tho~ ncttH'Il fi1•ld 
"";>"I'"Í~nC<:" I';"Jinrod, mndifir:¡tinns in thro fr•·ezinr. pn•ct•dure or lo!;t·ooJnd 

<:U:"JI"nrt ~"PIIur<'"5 cnuld he "'n'l"' in ü•t> fnllowinc- f'~C."Jvll.tinn R"'ctions. 

r:.--,ru1 Cl".nmnli!S wr·r~ the ¡,,..,,vin~ and !Wtll~rncnt ro..:.,din):!'l \oÜÍ.ch l.'ere 
critic.'\1 0n tliÍ~ t-ro_lPct. I'Pavin:· r.1tr<:: pf "" to IO'l11ro (4") were 
r~~.O!;•rr·~d in th~ fif!&l SPCti.on, This w.,.; i'ltlribut.1ldt~ lo the e:t~.tended 

ti:-·· (]r.¡ ,¡,,•;.-:) th:ll th<' fr•'f'Tin" hNl to h.~ r>nin!,,¡,,..,¡, dw• tn initial 
>:t,,rt-up <1iffic•dti.PA in tnmwlinp. anr1 to the I.!Xl<'li.'-'IV•~ overfreezinK as 

fr••f',rf' wall thiC":.-nr'lc;r-!1: of np tn 4.0r. {13') were mnnitor·~d. Such heave 
rrud·-~ tii)l ],.. trdPr:Jtrd in thP third fro•P7.in~ ~ct·ti.nn w1th sevt•u-¡:;U•ry 
t>ui!.-lin"q n~•o•,·.-. tlo~ t•mn.-.1. 

,t.d.litionl'lll lllf'olSure~ Wf'rl~ t.,kt"'n tn ff!ducc tho:r¡e r.,tes: 
l. Rv cbnnPin~> the d1"~ir.n p.oram•~tf'r~. 

2. Retter controllinl'. the si~:e of the frceze 1.',111 throug.h intermit
tent frf'~zin~ rlurine thr ,:,;•intenance pP.riod. 

) . t,.,~rrvinv. the t•mnf'l adv.anc~ ratf', Only fll ¡¡,,y!l total freezing 
ti~ w•·r~ n•quire•l in th(' ~('cond St>ction <"nd the ma:'ti.mum heave wae 
T"'•htt:"'d t1' 32':"'11\ (!.2S"). In lhe critic."11 third !lf:'Ction, the total 
fr<'<•,.ir•r 1 Í"N' wa<:: fqrtloror rrodncrd lo 41 dn_vs nnd mn~im•rrr heavt! of 
on i y 1 S mm ( ,M)") w<~ '1 nh ~" rv <'d. 

ThP fi••ld r•"!l"llf<'f"PfltP rr•vro;~{rrl tftC't tlo"" ll"<OTilifiP malf•rÍ;:!I W!l<l ~('!Hllt.i.VP 

to th.,:.r cn .. o:;,.]ir!.1fi•lfl~ Su1•!'liÚI'II!'•''o .,;. tn fol"'tn (~:lo!¡"} 1../!'fl' •t•H\Ítnr···t iu 
ttH' fir."-t '"m s••ctinu.,. J., Ch•· critica! arro:¡s (huiioiiuo·,o;·¡ lli"~P <;Pttle-
r<'nt'l W<!I'"P 'i>JC('PS<;f,¡)ly rt:'duc~d lo 2lfTIUI {O.K2") by p••r((lll'lin~ certw.nt 

:t pr,.,,.t int> d11rinv. thP lh<11..1Ínr of lht> frPe7-~ ~o~All. 
,;..>_ 

-· 

Pt• thi!'. :q-,.;,.,:t it ~-1!': in:;>r··~<;;,.,.¡ .... 

t.: ;Ju 1-1." u!'.•'d un.!•·r 1 ¡ .. : ·•<:t o! 1 1 1 1,- •• l: 

;.,*. il•.1 m('nitnn.·d ti1•lC cnnditicon!<, 
1:11 n i.r·uon, 

.·•uHI irf't': i :'\¡;:_ 

¡•y nJju~t ir.: l·• th 

ih<> .,._ ... n·~r.1Í "rule cf thul!lb" in .~st ir:~.1t.in~ cost i~ thJt "tbt>r~ 01 r~· r-0 

rules o( tl111mb·." ...,ith the. m¡~hf"r ••!' ;•.tl'"ll:!!~ter~ i'ltld \',1ri:¡J-.¡ •• .,. in\·~~i.vrd 
wÍth P.I'"<'Unt! frPf'7.Ín¡:, lh(' E"Sli1':1i1ti,~n ¡•f CC'St ~t"COr.'to!S !iiÍlE." sr\.'CÍ(Í(", 

Tnr~nPI ienr.th; 

¡:ounctions of fr<"!e7.1' ""''¡¡ fo::tructurnl ant!/cor Rrnundv:¡ter CC'rtr('ll); 
ACCI"~<:ihilitv ftlf •ll'ÍIIinr-; 
F:xc.,v.Hion :tnd linin,l! ;"""'thorl. 

Arproxinate Tcotal Cost 
PrniPct (1982 ;)~1lian) 

Pnilw.1); Tunn••l, Snl.•rno, Italy 
Suh~o·ny TunnC' l, • E~~rn, We~t c:.~rr:1.1n::o· 

1\n:H~n~t.in S<'l.'o'r T!l!lt\•'', \.!:¡~¡,¡.,,,f,..n, I'C 
'-tilchl>nC'k Tumu~l, Zurich, Swtt7.Pt·Jnn.t 

Con•· io!< i····" 

$ 7(\Q. ~1('1,.1 

1, iU•l,1·. 
t,<.,fl,OJI) 

2,7~U,u0\J 

Con~lnrction-~rPuntl frePzinr. is an t'xtr.·r:~•ly \'er!',1tile su!"lsurfaclt' 
rnro<11tr11Ctinn tE"CbniquP ll!=f"d {(l rrl'\'Ídt' _lo'r:t;>.;o-rary o:rCtund !"Ut';'<'Tl 

0 

p.n·~n~·h~.-.t.••r control .1nd structur.1l un·l~rr-inninr. f0r tunnf"l in..:. iJith th• 
r"~··nt i~rrnvcm~ntc; i~ the scir-nc•·c¡ rf rrtlLPM ~rcund en,in.-~~ 1 n~ and 

refriP.~rntion l<'ch:loln~y. ••rnun,J fr~·ezin): h.1s r.oataro•d t<' tht• ·rl'~int wnf!r• 
it can bf" r<1tion.1lly dec:iRnCd, r.o::tim.ltl"d, anr1 f'Xt.'t:ut~J l••r :t wide 
Vilrio•t·: nf ¡•roi,..cto;, thuo:: í'f"Vidinl! ,,.,,..,ti,•r pc>v~>rful {1"¡~¡ for tht:' 
fn•m.illC it•n C'nv.ino•t>r 1·• ,.,pe 1.1ith ti .. • chal len~ in¡.: und~q:round ;>rC'blems 
flO<II('(I hy mMty. mndern t•ro i~ct s. 

~·or on .. nf the \MH' hi<~~tories,· !';lidt'~ \,ff'fE" pro\'id('rl lly Electrcwatt 
F.n2int>crine: Serviccs, Ltd., Zurich, Switzf'rland. 

"Prorr..,..dinrs lst Iiltf!rnntionnl S~mrosilll!l on Ground Free~inp," 
Ruhr Univer!lity, Rochum, GFH, ttuo.:h l97ii. 

"rrncl'r:>diru~-" 2nrl lnt••rnat i .. n.1l S\'1'1PI'<::Í:u;" un GTllUnd Free~inp.," 
Norvet~ian [nstitute .-..( Teochnoi11K~·, Tr,..,·iht>i.m, tlorway, Junt"' 1980. 

"~lilchhnc~ Tunnf'l,'' Potf:olic.1ti.•n :: ••. :no rof t/,.• ~-..·is~ Soci('ty of Soil an· 
~nck ·'!•~Ch.1!'1iC!l., Í:llridt, 1'-ll':' (¡n t:•'Ti-'Mrtl. 
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THE I'.EASUREI{f.NT OF PORE PRESSURES WITI! PIEZOi·!ETERS 

P.R. Vaughan 

Lecturer in Civil Engineering, Imperial College, London 

INTRODUCTION 

The field me<1surement of porc pressurcs wi th piezometers has 
developed over sorr.c 40 ye.:tr.s. Such measur·ements are used lo 
check assumptions made in effcclivc st~ess analynen and to 
monitor the effectiveness of drainar;e and de-waterinG wo!'ks. 

'!'he pare fluid ln soil m¿¡y be w.:1ter or o mixture of gas and 
water. A piezo~eter is a hollow filter elemertt, embcdded in 
the soil, som~times within a gand pocket. The cavi ty •,:i.thin 
the filter is usunlly fillcd •..,rith watt:r, the prcssur·e of which 
is mcasured and presumed to be cn_ual to the pare flui.d 
pressure. A correct mcasurcment invol\·es equ.:üization of the 
Pare rluict prcssurc wi th thc c.:lVi ty rrc:;sure .:mct thc ~~e cura te 
measurement of thc covity pressurc. In zx1!'tly satura.tcd· soils 
equaliza~ion rr.uy be to cither the water or the gas pressure. 

Piezometers c:mnot be used lo mcasurc y;orc prcsr.urc.s bclow 
absolute -;:ero~ v.:hich may occur in partly sa~urated or unloaded 
suturat<'d soils, ~s thc free w:1.tcr in thP. .;:o,\•ity -,..ill not 
sustain tcnoi.on. Jn<iircct mcthods nf P.'!e.:l.:-;m·:ng porc · .. :.:ttcr 
tenr;iono in p:trtly s:1lur:ücd Goi1o h.:1vC' bccn devclor0d 
(Richélrd:::;:"!C)l:/b, I::oc.:-trio:19G<J). The nuthor r..nows of no me.:1sur.e 
mcnts of pare w~1ter· ten:::;ions in r;aturatJ:ti soil.s. Pr·oblem0 duc 
to thc form.:ttion of ai.r LulJblcs in thc pi.e:-.ometer c.•vity 
incrcase llñ :thc ca vi ty pre.:.::-.ure npprc:iches ,1bsolute :.ero. 

Pore pressurc mP.azurcmcnt wi.th pic::omelcrs is considcred in 
this p<"lpCr in thrcc cectionf; : cquali:-.~ttion betwccn thc cnvity 
prcsnm·e nnd thc pore pre~~.:.;ure in G:llur~lfed ~;oiln, cqu:1l
ization in partly r;.J.tm·:-lted r.oils :1nd n'.!'Jr.urcmcnl of the cnv
ity prcs.sure. Principlcr;, !;ource:> of ClTOI' o.nd curreftt unc:cr
tninticz are n'vic~·ed. l<~qui pm1:-nl dt1t;li 1 :.; ore not rli ~-.c:n~;::cd. 
Bir.hop ct nl (V)(~c)) rcvie .... ·ed recen! rr~lct.i.cc :1nrl. i~n\'C a more 

. ' 

compreh~sive bibli.ogrnph;y lh:m c:m be inc.1udeU here. :1 

\1 411 ·.,\'. 
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t.<.¡CP.LlZATION IN SATURATED SOILS 

Rich3rds (~969b) h~s ;,oi~.':.~C. ot.:.t that equalization may be 
i~~iOited by te~porary o~ot~c effects in a fine grained soil. 
Bolt & L:Ig~::-·..:erffe (1965) exa~:r.e these effects .. Thev are 
U~"-11·· ; .--o-"'C - ... d ""\.,e ,l.k"" 1 •• exte"t of ero · ' t. ...., .. .;;~ -.J -t.··· -- o~. -·· - ---J - .. • r rs 1n p1.ezorne er 
oe&su:e~e~ts C~e to the= ~eeds further study. ~~ere they may 
be ignorej, the press~re i~ t~e piezometer cavity will equal-

.. -. ise to a s:eady U!'.i fc:-::1 po:-e p:-essu:-e by the proces:;es of 
see:paf:e a::-~d. co::soliC.c.tic.:n, p:-o·1ided that the installation of 
the piezc:-:-.e':er does no-:: influe:1ce this pare pressure. This 
·re::;,~..:ir-=s tha.t :he c-:.:-:.-=c:ic!:s to the: piezometer do not form 
a p:-e:e:-er:ti[!l t:eep~~te pat=-:.. Vaug:-:.an (1959) considered the 
infl~e~ce on a steady pare pressure of a borehole backfilled 

·\oWi tt t:'::: te!"ial" of hit:her per:;:eüb~ li ty than the surrounding soil 
a:-ld fcu!'".d t.h:::.t t:"le L3.ck:~ill co:.:.ld be of the arder of ten tii:':es 
~~~e r~rc.eable tr.~, the soil befare the i~fluence on the pore 
p:-ess'.l.!"e beca..':':e signi fi c3.nt. 

The::Jry for the equaliza:ion of an out-of-balance ca vi ty· 
.. p:-er:sure 'With a ste8dy pare pressure hüs been dcveloped by 
f.·:v:-:.le v ( 1.95í), for a :J. i ncor.1pressi ble so i 1, and by Gi bson 
(~:?63) for a co:::F!"e.:;si!:lle elastic soil obe:1ing the Terzaghi 
cc~so:Jlid:.ttio;¡ thecr:,;. Sud·. tf.~or:r may be u::ed to estirr.ate soil 
p:-o;·:-:::i-::-!3 f!'.:~ the re~· . .ll•_s of cqunli:!ation tests or te 
e.:;':.i::".~~t.e thf: tir.~e taf:-:-n fcr !:iUfficicnt equ.:_,li7.ation to enable 
a fo 1)!"e p!"es:;U!'e r.-.ca::ure~.:en:. to be made. Gibson (1963) sh01 .. ;ed 
thot the 'cor.:pressible' and the 'incompress:ble • theo:-y give 
!;,:;.;:1<J.!" :-t:·~ul:s at hi.¿;h deg;:-ce~ of eaualiz:].:ion (·,...hi.ch is 
illus:ra:ed in Fic.í) a~d at these high degrees of equal-
i zat:on a la:-g-e error in estir.:J.ted resp:>:"!se tirr.e only implies 
3; s::J.ll er:-or ir:· pe re Fress'.l!"e rr.easuremenr.:. Thus the si:nple 
'inco::-:p::-cssible' theo!"y is gener~lly adequ~tte for e:1.gineering 
pu:-po!:es. lt r..ú:J be expr·essed as an equalization ratio,E', where 

••••• ( 1 ) 
\! E ~ u., um = exp {- ~.L 

1 u u V.~ 1 
1 g ~o w 
1

1, where ug is the pare prezsure, u1:; is the pressure in the 
Ca\·ity at time t, ~ü is the initial p:-essure in the cavi ty 

1 

F is the intake factor \<.'hich depends on the si.ze and geometry 
of the piezo~eter, k is the coefft. of permeability of the 

11 

coil, 'f is the volu;10e factor (or compressibility) of the 
.Pie::or.:eter system defin~d as the flow into the piezometer for 
uni t presGure eh unge in the ca vi ty and 't is the tUii t weight 

1
1 of ,.&ter~ w • 

1 
The infl'J.ence of the volume factor on respOnse was exarriined by 
P~:".::..;.::. {1 96/)j. Tüble 1 sho·..,.s re[jpon.se times calculated from 
eq.-c.c:.tion 1 for so:ne typical piezometer installations. The 

1 

i~!lu~nce of trapped air is sisnificant. if rapid response is 
reauired. A ~rticular probler.~ lies in ensurinp; th~t snnd 

1 :· 
1 

i 

w 
o 
~ 
e: z 0·51--'+----'~ 
o _¡:: 3 m 
~ t< Ion<'/ 

::¡· 
<{ o 
::J 001 01 f=kt 1 
f3 V.Yu 
Coeff~cie~t of vol~~e co~prcssib5lity, c,calculated 
ass~~1ng < = 180cm , V= 1.76 en /gm. 

Figure 1 Influence of soil cor.:pressib:.r.:.t:r on theorectica 
piez.or..et:er respo:1.se (a!'t:er G:.bso!l : 1963) 

pockets used with borehole piezometers are saturated. Respo: 
h 

. . J 
times are generally rapid e!\oug for eng::..r.eer1ng purposes . 
unless open stand pipes are used in clay soils. 

The~e are four field si.tu.:1'tions in which piezometer response 
must be considered. These are :-

P.easurement of a pore nressure varYing due to draina~e In 
these circ~~stances the pore pressure must be equalized 
locally and, provided the piezo::eter is ~r:;all in relation to 
the pare P.~e~-~~-e. gradient, the theory p::-e·Jiously described 

-· . . . V : F . t 

5 
c¡:¡/gm ""' hours 

Piezorneter system 

Borehole piezometer, sand pocket 
60cm x 15cm dia. 

-4 
x10 

1.5cm dia. standpipe 17,650 
Ditto with 150m 3w~ bore nylon 

tube & 3~~ Hg manometer 35 
Ditto with electric transducer 

in thc pie::.ometer cavity 0.05 
Ditto with tr~nsducer with 100 

cm3 a ir in the Cll.Vi ty 400 
Fill piezometer 10cm x 4.5 cm 

dia, with 1501:1 nylon tubing 
& 3mm bore Hg mo..norr.et.er 35, 

Di t. to 'Ni th tro.nsdw.:e:- in place 
of manome ter · 7. 

18o 

180 

18o 

18o 

40 

40 

Coeff:i.cient of perr.¡cnbili ty of soil. k = 1 r 

! 
1 

(( ~0.051._ 

820 

1.6 

0.002 

19 

7.3 

-10 
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~~y•~Y pressure behind the 
pore-preseure can be estimated by representing the changin~ 
pore ~ressure as a sequence of instantaneous changes.and 
app: .g th p:-inciple of superposi tion. It should be noted 
t:-a~ rate of ~hange of the po~e p~essure and the response 
t~::~ of the p1ezo:::eters are both controlled by the permea
C.:l¡ty a:1d cor..?ressibility of the soil. Thus the lag depends 
or~y on the intake and volur.e f~ctors of thc piezometer. It 
can be sho;.;n that adequate measurements can be made e ven wi th 
a standpipe piezo:1eter of slow response irrespective of the 
soil _perr.;eability, .provided it is not clase toa drainage 
bou .. ~.aary ·,,;he re rap1d chóinges in pore pressure can occur. Wi th 
pi~zo~eters ir.s~alled in bor~holes, rewoulding and smear 
adJacent to the borehole may reduce the permeability locally. 
Tne responEe of the piezometer will then become slm .. :er in 
relation to the rate of change of por~ pressu:e. 

-Pare t:ress~:.re c!'-.~:n;-es due to undr-ained loading The rate of 
s~c~ pore pressure ch~nges is not controlled by the soil prop 
ert~es and they rnay be rapid. T.~e defor=.ability of the piezo
r:eter will be different fror:1 the.t of the surrounding soil 
a~d thus the.total pressure ~~d pore pressure changes near the 
p:ez~~eter w1ll te atypical. T.,e equal:zation of the cavity 
pressure to the tr~e pare pressure will depend on the rate at 
•:hic~- this ~rturbed pare pressure zo::.e equalizes, as well. as 
on the response time of the piez~:n:eter as defíned in equation 
1. r:~ t~eoretical study of this p:-oble:1 i s Y.no'>-m to the author 
t~t 1t ls prot~tle th~t tr.e ctQng~s in average total stress 
•,.-ill be s~all cc..::.;pói:-ed to the chO!ne;es in principal stresses. 
T::erefore the pe::-:u:D3tions o:f the po!"e presscre distribution 
a:-e likely ta De ~aller t~a~ the ferturbations of total 
c:re.ss ·..:hi eh, fa:- inst~"rJ.ce, cau:::.e difficul ti es when earth 
p::-essure cells are used. 

SoderDe~g (í962) exa~~ned the equalization of a zone of per
t~bed pore p:-essure aro~~d an expanded, i~pe:-meable cylinder, 
u.s:::;,g the Terz.:;ghí-?.endulic consolidation theo:'y. Tnis is 
a_Fpr-oximately equi·:alent to equalization of a perturbed pare 
pressure zcne around a long cylindrical piezometer of zero 
vo~u~e factor. Depending on the a~ount of plastic yield of the 
so:l, Soderberg fo~~d that 8~; equalization at the cylinder 
EU!"i'ace ((=0.2.) OCC'...l!'ed at a time equal •to approximately 
10 ~2/c ~d 9c" 1· ". 2¡ · .... a.. ./J eqt:~ 1za .. 1on at 30.r c. r is the radius of 
the cylinCer and e the coefficien~ of consolidation. These 

::·:~-~es should be conservative for typical piezometers of 
1~n1.te length, as three dimensional effects will accelerate 
~qu~lization. Comparison of the above figures with equatio; 1 
~nd1c::tes that equalization of a typical standpipe pit:ZV!::e~er 
will be. at a sirnilnr or -slightly slo-...'er rate than eqUalization 
o~ the perturbed pare pressure zone. For all other types of 
p1ezorr:eter equnlization of the pertui"bed pare pressure zone 
will be much slm.·er than reBponse according to equation 1. 

Equalisation of the perturbed pore pressure le wi.ll be a• 
eZ.ated if the piezometer (or its sa."ld pocke" _ fs rtade as st 

as possible. Instaliation in a s~all diame~er borehole may 
facilitated if the tip is placed in: a poro~s g~ou: such as 
plaster of parís, whir.h ensu:es an intirnate contact with th 
soil and the exclusion of a_ir. A rigid probe piezc=:eter may 
especf8.lly pronc te error during rapid loadir;g., as str€ss. 
·changes may be conccntrated at the en~ of t~e probe where t. 
pare pressure is measured. 

Apparent undrained pare pressure changes observed after loa/' 
ing ceases may indicate the magnitude of lag during loading. 
although they may be due also to creep in the soil. A study 
such changes,. as recorded by piezor.:eters subject to typical 
engineering r3t~s of load~r.g, suggests that errors d~e te nc 
equalizat:on during loading are not of great si~.ificar.ce. 
Ho· ... ·evér, if r.:easure:::¡er..ts are made \!.·h.ere loadi::g is core ra¡):i 
such as near driven piles, greater errors may result and ter 
study of the problem would be desirable. 

Ini tL __ 1 eoual i zation arotL"'ld a borel'-.ole niezoT:eter This pro" 
lem is similar to that described in the previous section. 'TI'.~ 

perturbed pare pressure zone is due to the drilling of the 
~orehole. The stress and pare pressure changes will be large¡ 

and the pore pressures will be reduced. If the piezo=eter 
responds more rapidly than the zone of perturbed pore press\ 
can equalize and if the cavity pressure is initially higt~~ 
than the pare pressure around the borehole (as =ay occur due 

· to grout pressures or due to initial filling of a sta::.d.pipe), 
the piezometer may appear to equalize to a pressure lo;.·er thá 
the true poÍ-e pressure. Tlüs is illustrated in .fi8"u:-e 2, ir.. 
which the initial equalization of a rapidly respo~ding pneu
matic piezometer iS sho'l.il. The equalization of an adjacent C. 
standpipe piezometer is shown for cor.J.parison. The slo .... ·er over 
all equalizatian suggests :ha~ the response ti=e of the piezo 
meter is more important than the equalization of the perturbec 
pare pressure zone. Pare pressures around a driven piezo~eter 
will be increased and the process described above will be 
reversed. The overall rate of equalization can be accelerated 
by reducing the diameter of the borehole. 

Eoualization after in-situ tests or 'de-airin~' Piezometers 
with hydraulic connecting tubes may be used for falling and 
constru"lt pressure seepage tests, for hyd.raulic fracture tests 
to estímate the minor principal stress (Vaughan : 1972) and 
thcy may be de-aired by circulating water ur.der a differential 
pre-ssure. All these operations create a zone of pert1..1.!'bed pore 
preSsure around the piezometer, the size of which is depe~d~,t 
on the time the distUrbing pressure has been applied, or, in 
the ·case of hydraulic fracture tests, on 'the volt:.::'le of water 
forced into 'the soil. The equalization of the pey-!:u..rbed pore 
pressure- zone rilay control the ove!"all equalizati'on of tl;e 
piezometer, as described r.reviously. ']~.e (:,J•.:.:-:1~ "'::':iQ:": of a 
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..;-""' BOPEHOLE. PIEZOMETERS WITH 

/ SIMILAR SP..ND POCKETS IN LJAS 

10 

CLAY, PRESSU?.E MEASUREMC:NT 
BY(A) PNEUM;.TJC PIE.ZGMETER 

(B) 15.-n.-n HYO?..;UUC STAND-
. P\PE 

20 30 40 
TIME Doc¡s 

50 

Initial equa!ization of borehole piezo~eters of 
varying response times (data from R.J Char.dler) 

piez..:.:r.eter to ....,.hich an excess pore pressure has bee!"l appl:.ed 
for va:rying pe!"'iods of tir;.e is shown in Figure 3. In the·ex-· 
pe!"'ier.ce of the author, equalization after a hydraulic frac
~u:-e ~est is cor,¡parable to that after a consta.'1t pressure 
seeFage test (Vauchan : 1972). 

In partly saturated soils (fills, soils above the water table 
and soils in .,.hich gas is generated from organic matter) the 
p!"'essure in the pieoz.o::-:eter ca•1ity rr:ay equalize to either the 
wa:€r or the gas p!"'ess~e, the gas pressure being the higher 
dt.:~ to capill:.rity. The gas or áir m8y be continuous or it 
r:ay exizt in· di.s::re:e bubbles, depe:tding on. the degree of 

02 o 5 10 
w 1·0 
o 
t2 
0: 

z 
o 
t2 
11) 

:J 
< :::> 
o 
w o 

Disc piezcmeter, F = 
Pressure rneasurement 

13cm, 
by Hg 

T 1 iíE. min,;tes 
2 5 10 20 50 100 

45m·,n. 

in rnoraine fill (k 
manometer 3mm dia. 

Figure 3 Equalization of piezorr.eter 
of a constant pressure for 

after the appl~cation 
varying times. 

1-···-···-· 

saturation. If the air is continuous, the air permeability i• 
high, the pore ·air pressure will te~d to equalize to at~os
pheric press1.lre and the pare ..... ·ater p!"'essure ..... ·ill be st.:b
atmospheric. If the porewater press·.¡re is greater than atmos
pheric the air will generally be discontinuous • 

In partly saturated soils it is essent~al to know uhether 
pare air or poie water_ pres's~e is being !!'.easured. It is ·mÚch 
more useful to ~easu:e pore water press~e, as cha~ges in thi 
pressure usaally con:rol char.ges in effective stress and it 
is also 'the pressure ft!hich directly responds to drainage of 
water. The principles of ~easuring pore ·,¡ater press'.l..""e are 
discussed in detail by Bishop ~al (1964). If t!:e cavity 
pressure equalizes to the pare waterp~essure the rate of 
equalization will be controlled by p:-ocesses si.!:li.lar to U-.ose 
described for saturated soils. 

If pare water pressure is to be measured, · the piezc!::eter 
filter must. be of sufficie:atly fir.e pore si.ze for i t to be 
able to resist by capilarity at its surface an ai·r-....,a~e"r· 
pressure difference ( tr.e air en';ry value or blo· .. ·-th:-oll€h 
pressure) greate!' th3r. the pressure dif!"ere.I!ce in the soil; j 
otherwi oe the 'rOa-ter in '.:he fil ter and the piezor.:ete!"' ca vi ty 
...,,.ill be replaced by air and, unless this air is cor.tinu"ausly 
removed, the· pare air pressure will be r.J.easured. Spor.taneous 
and contir.uous re~oval of air may occur in star.dpi.pe piezo
metcrs as air bubbles rise in the st~~dpipe~ 

filio, 
If the pie::.o:::eter ca vi ty is enclosed, then, e ven ...,i th a high 
air entry value filter, air will still enter the cavity by 
diffusion~ This process occurs acco:-ding to the ger.eral 
diffusion equation and Hen!"'y's la•,; of solubility. ~.us air 
flows from bubbles at high pressure to bubbles at low· 
pressure. Diffusion of air through •..;ater is ve!"'y slow. If an 
air bubble forrns within the piezor.:eter cavity its pressure 
will tend to that of the ·..:ater in the cavity, it v;ill be less 
than that of the air in the surrounding soil ar.d diffusion of 
air into the cavity will continue. 1.-lhile the ca\·ity still 
contains f¡ee water the pore~·a:er pressure will be r.-.easured. 
Once the ca vi ty has emptied ·ar water, the a ir press<.U"e, ... ·hich 
is being r.ieasu:-ed, ...,.ill slowly rise as :nore air d.iff".lses into 
the cavi ty until it equalizes with the pressure of the air in 
the surrounding soil. If the air is flushed from the cavity th' 
cavity pressure will again equalize to the pore \\o'ater .pressure. 

If the air is continuous (which implies sul~-atr:~.osr-teric pore 
. \oo'ater pressure) diffusion is only required across tb.e thick:.. 
ness of the filter, whereas if the air is discontinuous 
diffusion r:mst al so occur through the sll!'roundir..g soil and i t 
will be much slo .... ·er. The m:Jss of air required to fill the 
ca vi ty will depend on t~e CD.'li ty pressure and the lower the 
prezsure the more rapidly the cavity will 'e;,;~r::r -·':;u~~ b!"'€J.~-

) 
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vf pore wa~er pressare ~easureoent may be expected to be 
~uch ~ore ~pid'when pore wa~e~ pressures are sub-atmospheric 
tha.."l · .. ·!-:e:. ey are abQ·:~ a:~osphe:-ic. Practical experíence 
(Bis:-.op et. ai : 1969) co~fir::s this prediction. Bishop et al 
(i96~i quote tte to:al flow of air i~to a high air entry value 
piezor.:eter reco::-d.:!.n¿; po:e · .. ·a:er pressures just above atmos
pheric in bould-::r clay fill. J...n i:lflow rate of ·3Cm3/ye:Jr is 
gi ven for the first fou::.· years of operation. Assur:1ing that all 
this air •.,¡as er;'.:ering t!l.e piezc::-.e+.:er cavity, breakdo .... n of meas
u..re::ent shóuld n-:>t ha·:e occ\Z'ed for at leas""; 5 years. Fig. 4, 
after Bishop et al { ~964), e:!-!c·..,.z ":he pressure record~d by a 
sir.:ilar piezo;:;ter in r'athei- Cr-y shale fill with co:-;.tir:.uous 

- air. Breakdo·~-!1 is indica':ed as de-airi::g restored the measure
. _ment of sut-at~ospheric Fress~e. Tr.e ~eas~ed pressure rises 

s:-.oothly as if respo::di::g to v.·ate:- in!'lo•,.; ar.d breakdovm is not 
a?~~re::t ~~less de-airi~g is perfo~~ed. 

Torl::la:J (í9E.6i d:scus!:es the U!3.<.: of a thick high air ent.ry 
value filter with a sealed ca~ity electric piezo~eter to in-
hi bi ~ breakdo· .. -n by lengthe:1i::g the diffusion path. Such uni ts 
-:.ay o¡;.-erate without bre~~:do...,n for many years if pare water 
pr!-:c::-.·.l:-ec abo·¡e tttr.:o:::r-::c.-:-ic ore r.:e.J0:..:r~d. If brcakdown occurs 
•her: sut:-at:::os¡:~.e:-ic press-.;res occu:- initially, correct readi'ng 
r::ay 't.e restored if pare ....-ater press'.!!"es rise sufficiently 
ra¡:i dl;.: for U:e a ir in ::-,e ca vi ty to be co:':ipres!?er:! a.t'ld for free 
-.on.:e:- to er.ter it a¿;.:;.~r::. =.:-ea.~::io·.m s.l'-.o•lid also be ir.hibited if 
t:--,e volu:::~ of wa:er ··,.·ithin the filter is initially as large as 
roE~ible. Hc~e~er! p~o~isi~n for de-airing is al~ays an ad
Va..!""!~nge, as breakdov.·n car.r:ot be Cetectc.-d directly and correct 
:-e.::d.ir.g r:.ay not be. rest.c:-ed ::a:'.l:'ally. If sub-atmospheric 
F:-~s~~res are to exis: for ~ery lc~g~ cu~re~t experience 
suggests that pro·1isi.on fcr de-airing is essential. The provis
io~ of tubes for de-airing d~es r.ot preclude measurement of 
"f.!'e~s·.lre in t~.e ca•:it:.y by electri.c or pnelli:";atic transnucers. 
Cé:.:-e!"ul ~f.:.~g:-.: s~oulC be gi·,en to such a system befare it is 
u5ed. Ca::itation .,...ithi!'l the tubes, with the resulting flow of 

. • .. ·~te:- into the c:.c.ri:y, may ir ... ~ibit equaliz.a:ior., as well as 
prever.~ir.g breakdo·.r.1 by supplying free water to the cavity. 
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Breakdown of a sub-atmospheric pore 
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Two additional factors should be considered in pro,•' -ling piez-
ometers for partly saturated soils. The seals at ~ ,.Jiezo-
a:eter tip must be capable of resisti:1g the sa .. :;.e 'bl.u· ... -:.r..rough' 
pressure as the filter. Where practicable, a blm.· th:ough test 
should be performed on the assembled tip before it is install
ed •. If the piezo~eter has de-~irir.s tubes its intern0l shape 
should be 1 clean' so that al l. air bubblcs can be flus!'.ed ou:. 

MEASURE~!ENT OF PRESSL'RE IN THE PEzo:-::;TI:R CAVIT'Y 

Pressure measurement may be via water-filled tubes connectir.g 
to an external measuring point, by an electric transducer in 
the piezc:neter cavity or by a variety of pneu."::atic pressure 
sensing syste~s in the cavity. 

Hvdr~ulic rneasure~e~t The siffiplest for~ of hydra~ic ~easure 
w~nt :s the o~en St3ndnine. 7he n:-essure to be meAs~ed ~ust 
be abo·¡e atmo;nhe~ic .. Pr~vided that the standpipe is of suff
icient di ame te; to allow a ir butbles to rise freely (in the 
author 's e::perience a 'clean' dia:::eter of abcut 12::".:: i s 
required) thP. systeC'l is -self de-.:l.iring. Accef>_S to thc top of 
the standpipe is ger.erally required fcr plu:::Oir.g the water 
level, although this ca!1 be deteroir.ed r-e~otel:; usi~.g an air 
bubbling system (Vaughan : 1965) which enables the top of the 
standpipe to be buried. 

In twin-tube hydraulic piezometers, the cavi ty is ccnr.e"cted 
to a remete measuring point by the two water-filled tubes, 
which are available for de-airing. The cavi:y presst:...:'e d:ffers 
from the pr-essure at the ~easuring pbint by the head differ
ence bet·..,·een .them;the tubes rnust be air free for a true 
correction to be applied. T:'1e entry cf aír into the tubing is 
insignificant if the correct tubing is used. Hylon 11 tubing, 
sleeved wi th polythenB, is impe:-r:-.eable to both a ir and •a':er 
a.nd such tubing v;ill operate at positive p!"essures fo:- r::a"lJ 
yer::.rs ~·ithout de-airing being required. A difierer.ce in 
measured pressure bet· .. ·een the t·.w rneasuring tubes .,..ill often 
indica te the presse·nce of air in them. Air in the ca·li ty will 
not cause such a difference. For trouble-free operation, 
pressures throughout the connecting tubes should be ab')ve 
atmospheric and the system will not operate at all if ~~nsion 
occurs in the tubes. This places a res~riction on the rel
ative levels of the piezometer, the tubes and the ~ea~~ing 
poir.t. 

Other disad·¡antages of the system are very fast re.s¡:..')nse 
times are prevented by the compressibility of the t~tir.g¡ 

exposed parts of the. system may freeze a::1d· anti-fre-ez~ sol
ution.s c;;¡,n cause osmotic pressures; the tubinc ar.d tb--: pieza
meter cavity must be filled irütially with de-.:üred ·.;~ ... er, 
while this can be done off-site in part it cor.:~pli<-'4•-·..:s ir:.s~all
ation; joins in the tubing (v.·hich should be avoid!<!C i f ¡:-ass-
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ible) and joins with the piezometer tip are potential causes 
of co~stric~io~s ar.d bloc~¿ges, they pull apart ~~der tensile 
forces a..":d s::~ll co:ls sho:.:.ld. be forrr.ed in t!le tubing on each 
side of coupl:.r.gs te reC.'..!ce t:r:.e tensile forces which can -be 
a~plied ~o t~e= ; tubes should be checked for continuity ~~d 
le.::::%.s be:':l:-e ir:stall3.tion ; dirty •..tater can cause blockages 
a!:d d::..uld !'lot te used ; pressure measuring systems and de
a~rir;s ~~its te!:d to be larse ~~d expensive ~~d to require 
la:-ge a::~ ex;.e:-.si::e ga-....:ge hou.ses, although :nodern develop~ents 
allo..., the 1;.se of s:::all te:-;..inal val·¡e units (t..:hich can be 
l:a.:ried in s.-;.all cha.o;¡bers to avoid freezing) together ·,..;ith 
portable ~eas~ing ~~d de-airing syste~s. 

Other ad·:antag'2's cf hyd.raulic systems are : in-si ':u tests can 
be pe~:~~~e~ 1 b~th to deter~:ne soil properties and to check 
t!'!.e piez".:::;..e:e~ ¡ autor.:atic recording: is poss1ble·; press1..l..!'e 
rr.ea.s:I~:;_:;.g s:n~~e:..s are exter~al ar.d calibrations, etc. 1 can be 

. c~-eci:ed; piez.:i::.eter tips a..r..d 'co!'lr.ecting tubes az-e cheap ; 
the:-e are r.o bu.ried =.ov:.!:g parts and long terr.t reliabili ty is 
ve_ry good •. 

.• A ·:·a.!"'iet;.y o!' de-air:;_ng s:rstems have bee!1 developed f·:Jr hy
e:a~:c pie:c~eters, so~e automatic. Fro~ the author's exper
ie::ce, Ce-airing systems should allow the following: the max
i::c: .. ::. press~:-e applied should not be suf!'icie:"'lt to fracture the 
gro:.:..~:i at :::e piez::>~.~:er ; a small outfl6w from the piezometer 
i:-.:o the gr~und s!':ould occur d•.:ri!lg de-airing ; pressure 
c:-.~¿es Í!'1 the :"t:binG should be mi::.ir.üsed. A back pressure on 
the return tute is cer.erally necessary to r::eet these require
::er.:s. It is often forgot~en that occasional de-aíring can be 
p-e:-!"c:-:;:e::! fro:.: t· .. ·o portable water containers at the appropriate 
le·:12ls. 

E}ect:-:c ::e-:.::-" .. ~::-::er::t E:ectric piezor.:ete:-s usually have no 
p:-c.·::5icr: for de-airir.g. 'The pressu!"e i:1 the C:l\'Íty is r.!eas
~ed by de:er~ir.ing the deformation of a diaphragm between it 
·ar.d a seccr:d c!"la;:-;ber. Usually, this c!-"la'Tlber is sealed ·...-ith a 
f.:.-:-·,..r:: pressure in i t, although i t can be vented to atrr.os
:::heric p:-essure. Because the deflection of the diaphragm is 
t:=:-.::.~1, ·;e:-y f:;¡,ct ::--espcn.se ti:-:-.cs can be achie·:ed (see Table 1)., 
1•{.'lere ';he piezcrr:eters are perrr.a.11ently bW""ied and "'here the 
signal rnust be tranEmitted long distar¡ces, vibrating wire 
st:-ai:--1 gaugeE: are usually used to sense · tht7 diaphragm dis
plá.ce::.ent. Such strain gauges are vcry stable and the signal 
is suitable for long distance trans~ission as it is un
i~fluenced by the resistance of the cables. For short term 
obs~~.r·;ations · ... :here tra:1s:::ission is over sho!'t distances, there 
i s d. g:-o· .. ·i!'!g tendancy to·...-ards the use of mass produced trans
Jucers wi:h resistance strain gauges. 

Advantages of electric measurement include : convenient 
installati.on. as· only a single cable nceds to be laid out 

"\.J:1t: t:qi..L.L,Pllii:UI,. -LO UVIo O"'">J.J"'"'- .. "v ... .._ ...... .._..._ • ._0 ' g.o..o~.._.._ <:..U-o..,. '-""•••..:; ... -

ient terminal ~~its can be used, with portable readi~g ~~its ; 
there a.re no restrictions en the relative le..-els of the ecuip
ment. Disadvantages inclu¿e : the high cost of the pie=oo~ters, 
corillecting cables~~¿ t~e reading ~~its ; the piezo~eter re
q~res a cnlibration wh~ch car.not be checked after inst~ll
ation unless special provi.sion is rnade ; the buried and inac
cessible part of the equipment is sophisticated and lo~g-~e~ . 
reliability :nust al·..:ays be in sc:-::e doubt as no check tes:S 
can be perf~rwed. 

Pnet::natic measurer::ent Pn.eUr.Jatic syster.:s Í:l'tolve two air-
filled tubes connec~ing the weasuring point to the piezo~eter, 
which contains a valve operated by the difference bet.,..een the 
appl:ed pr.e~~atic p~essu:e and the pressu:e in tte nie=c:-::ete~ 

. ca?ity. EitheY" the vaJ.::e s!"'.u:s r,..·!":.e::-1 the inp'..lt ai!' p;eES'..:.Y"e 
eqt:.3.ls :he ca·;i ty pressure, in •.,·h:.ch case the r.:axi~:.; .. :;: ~Y"esst.!.!'e. 

built up in the retu:n tube gives the cavity pressure,· or the 
valve open?, ir. ·~·hich case the r::ax::.:::t~.:;¡ oressu:-e sus:ai::ed in 
the Í!1put tube gives the ca·1::..ty p:-essur~. In r.:ost sys':e;::s, the 
operation of the valve :n·;clv~s a s;.:all calib:-atiOn fac:o:-. 
Operatior:. of the ·:al·,re also :-eq_'..l.i.:-es a s:::aL!. ·:ol~.::::e c!:a: . .:;e 
within the piezor:1eter ca·:ity. Fo:er-.tial e::--ro:-s r::ay a:ise due 
to this volu.11e cha!1ge, their r.:a~i tu de depe:1dir.g or. the ·:olu:r:e 
factcr of the system. Such erro!'s r.::.t.y be o·.-erc.::-::e, at leas: in. 
part, if the valve has a •sr.3.p' action tri¿;r.;ered by the n:-~s

su.re 0perating before the val·:e r.¡o•.-e.s. If there are r.o h:, -
draul::..c tu 'bes cor .. "'"!ecting to t!l.e ca vi ty (as ca:1 be p!'o'.·id~d j 
for de-al1"ing) t_he response tir.:e will be ver:/ short. "T'ne co:r-'1- 1 

ecting tubes must be kept free of r,..·ater. They 1::1ust be of sui t- 1 

able impermeable ma.terial and dry gas m'..:st be used to ope:-ate ' 
the s:rstem. Other problems · ... :i':h plasti.c co:-,:-.ecti!'.5 tubes are as· 
Cescríbed for hydraulic con::ections. 

Ad·1antages of pneurr:atic syste:ns include the·: s!"'.ould not 
freeze i portable reading ~~its c3n be used, ~ith &~all and 
cheap terr.Jir.al vél.l'/e boa:-ds ; instal-lotion ·is r::ore con·;e::ient 
than wi th hydraulic syster::s, as the cor...nec.ting tu bes do r.ot 
require filling ·..:ith water ; tubir:g is cheap ; there a:-e no 
relative level problems (ur.less de-niring t~bes are use¿) ; 
while the buried val•:e may have a:1 uncf'.ect::::.ble cslibra::i.o:t 
the effect of this is usually small and the ~ai!'! pressure 
measurement is external and checkable. Dis.::td·;antat;ec include 
the usual absence of de-airing facilities ; operation is slow 
and time cons~~ing; if the connecting tubes are lohg-head 
losses in them during operation may.becor.:e significant ; dirt 
enterin¡s: the system r.wy prevent v~ll.,·e OFero<::ion ; pie=orr:eter 
tips are relatively exper . .si\·e. 

Pn'.:'umatic systems nre a COr:lf:.:l~·atively recent develo~r.;ent and 
there is little expe.r-ience of lon¿.; terr:: .o;.~c:-ati.on: !-~-:llf'...:....'1.c:.ion 
of valves due to corr0sion, sticking, perishing of plastic 
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parts nnd the likc sccms to be the mont likcly potential cause 
of failure. Until cxpcriencc jo obtnined, thc u.se of pneumatic 
systcmr. ~or long tcrm mcncuremf]nt r<~f1uires caution. Thcrc is 
come poc.sibilit.y of checking th/] opcrntion of pneurnatiC systems 
by in-c.itu tccls on the circultüing tubcs. 
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upuru: pressures mn 
2 hydraulic structures 

·By l. G. K. Soos 
Consulting Engineer• 

Three methods of calculating the uplift forces on· a structure subject to hydraulic pressure are described; 
by simple calculation, by elastic plate simulation, and by electrical analogue. 

COMMON TO TllE calculations which follow are four basic Considcring a horizontal contact-plane, the prcssure-
assumptions: head at a point at /, distancc from the origin will be: 

o the roe k foundations are integral parts ofthe structures 
and thcir stratification is considcrcd in tht: analysis; 
o cach individual roe k formatión, or strata;constittlling 
thc foundation is within itsclf homogeneous and 
uniformly permeable in thc horizontal plane. with a pos
sible differcnt vertical pcrmcability. satisfactorily pre· 
dictable by ficld and laboratory measurements: 
o the concrete is homogcncous and. for any practica! 
purpose. impermeable: and. 
o the permcability along the secpagc-path no. l. that is. 
along the contact planes is the samc, as in thc cor
responding strala provided, that the normal forces are 
compressivc. 

The pressure-variation bctwcen two points. in a 
homogcneous ground, is rectilinear. ic. the hydraulic 
gradient is constan!: 

i=dP/1 

The variation of the hydraulic. gradient betwcen two 
adjacent strata is proportional to the variation of thc 
permeahilitv of thesc strata. 

Thc rclative thickness of a stratum thai is. the relativc 
lcngth of the secpagc path in a stratum (1,') is dircctlv 
proportionalto thc actu:1f kngth of thc sccpagc path and 
mversely to thc pcrmeability of this stratum: 

1;+(/jk) 

and / 1':/,': •••• : l.'=l 1/k 1:/ 2/k 2 : ••• J./k. 

As the total length of the seepage path 

.1=11+1,+ ..... +1 •. 

to satisfy the condition of 

1=1,'+1,'+ .... . +l.'. 

the relative lcngth of the ,;eepagr path in a stratum will he: 

¡; =1(/jk)li (/jk¡) 
1 

and the hydraulic gradicnt in a stratum will be: 

i1 ~i1~1¡11,). ir' heing thc ~l<>bal hydraulic gradicnt or. as 
,,,=h<JI. h0 t>ein¡; thc dillerential hcad, 

Í¡= (h¡J/)(1,'11) = (h ¡J/)1(1 jk,)/ • • 
l( (/ Jk,)l] =" Jlk,~ (/ Jk¡) 
1. 1 

• Av. PJuhlll 810, Apio. S. Oll10 S~o f'aulo. B••r•l 

Wnter Power & Oam Construction May 1979 

h,=h.-(h¡J/)1: 

h. heing the upstream hcad and 1.' the relative distance. 
Applying this thcory to pressurc exerted over a 

contact-surfacc of various inclinations./ will he come the 
devclopcd length of the total contact surface. /, will be 
measured alon¡; thc inclined line and h., will he the 
upstream head. relatcd to the point of examination. (Fíg. 
1 ). 

There are thrce design-elcments which can strongly 
innuence the intensity of the uplift forces: 

o the upstream blankct. which increases thc length ofthe 
·seepage path: 
o thc grout-curtain. which consolidates part ofthe foun
dation roe k and iné:rcases the length ofthe seepagc path; 
and. 
o the drainage curtain. which relieves water-pressure. 

Upstream blankets are uscd in affu,·ial founda!ion 
material, where grouting is impracticable. 

The grout-curtain forms an individual stratum with a 

"· -j 

1 

"· 

1 __ _¡ 

Fig. LA hori;ontltl contact plane, where 1, is the developt•:f 
lenqth of thc contact surfoce. snd h the upstret~m hc ... u 
rel8ted to the pomt of exam,natwn. " 
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dccrta\Cll pcnneat>thty. As tnc pracuca1 vaiUe m 
dc~..:n·;t'c ·in rnmrahility ~.,_·;mnot c.xcccd thc valuc of thc 
im.:r.ea,ing.lt:nrth of thc \ccr•~~-~r path ar~1111td thc groutcd 
rockr:na~s. thc pc:rmcahility fadnr of tl11s \lratum·will be 
takcn -as: 

whcrc Á0 ¡.., thl· pcrmcahility factor of thc ungroutcd roe k. 
/ 0 thc contact-lcngth oftht.: gwutcd ... trata and d thc dcpth 
of thc ~routing. . 

Two mcth<)J\ of installin!! grout-curtain~ are con
~idered. In onc, thc injcctinn ¡..,maJe hcforc concrctinJ!, 
Of thc foundation. Ir is in;t(CL:\'iÍhlt: aftcr thc cornrlction 
ofthe ~o,truclllrc. In thc othcr. thc ínjcction i.;; rnadc from 
thc compktcJ g;dlcry. tht; gro11t material filling all con
tact !lourfacc .... Rcinjc..:tÍlHl can be maJe whcncvcr nece~
sary. 

Thc sccond tcchniquc has thc following advantagcs: 

• Thc g'"routing ¡.., carricJ out from a covcrcd arca, on a 
straight ¡;round. not dclaying or intcrfcring with any 
othcr opaation. 
• Higher grouting-prc\surcs can be used, due lo the 
weight of the structurc. 
• Grouting i~ carricd out afta a good part of thc shrink· 
age of thc conrrete has fíni..,hcd. thus filling all fissures 
along thc contact-surl"acc. 
• Regrouting cm be Junc aftcr thc rescrvoir has reached 
full height and thc foulllb!ion-rock rcadjustcd itsclf. or 
anY time during the lifl.'tirnc uf thc stnJcturc. 

The influcnce of thc drainagc cunain on the uplift 
forces dcpends upon its clliCicncy, its position in thc 
seepage path, and the leve! of its discharge (gallcry. 
collectint: drain etc). · 

The cflicicncy of a drainage cunain is the factor 
exprcssing thc pruportion of a 11ow that it can capture. 
or, in othcr words. by what propo11ion it can reduce thc 
chargc. It dcpcnt.ls on thc relation hctwccn tht.! spacing of 
the wells and thc lcngth of the scepage pa!h and !he 
ability ofthc wells to handle the flow. As a 1.5 in holc in a 
reasonable condition can handlt.! largc tlowS thc seconJ 
paramctcr can he neglcctcd. lfthe spacing of tht.! wells is 
reasonahly e lose in rc:lation tn the lcngth of thc seepagc 
path in both Jircctions. thc propon ion of thc now cap
tu red will be vcry high. The efficicncy factor will be then 
appro.ximately: 

k,;:= l-4(d//); 

d being thc distance bctwcen two wells and 1 the total 
length of thc scepage path. A more cxact figure can be 
obtaincd with th< el as tic plat< simulation. or thc clectric 
analogy mcthod. 

The charge on a draina,!.!c curtain is the difTerencc 
bctween the undr~UncJ hcad at thc draina~c linc: and its 
level of discharge. Two le veis of dischargc con be dis
tinguishcd, normal and cat.astmphic. NormJ.I opcration 
takes pJa¡,;:c at thc leve! of thc dischar~·.c Jrain. fmm whcrc 
the water is rollectcd ami pumped out. t\ catastroptnc 
level is thc head t)f dischargc abt)VC ma.\irnum tailwatcr. 

Thc d.rain~tgc elcmenls can be catcgLHized as: 

• lnfallihlc unJcr all conditions: 
wells of more than 0.5 m1 cross~scctinnaJ area. 

· stiaight du~.=ts bctwcen two .acccs~iblc wclls, of 
more than 0.~5 m 1 .cross-scctional arca. 

• lnfalliblt• undcr reason;tblc maintt~n;mce cnnditions;· 
all\traight wclls and ducts dircctly at.:~.,_·e,..,iblt fwrn 
a gallcry or '"'·el l. (Note that in most hvdra11lic struc
turcs. thc nmtrol and maintcnanct~· tlf thc equip-

'- mcnt is etlntinuous. An abandont•d structurc is 
m u eh more likcly to fail becau~c uf thc.failure uf its 

·-------~--'-------'-------· ----~---··~~ 
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• Fallihlc: 
No drainagc lincs accessihlc for control and 
maintcnancc. (Note that thi.., Jrainage Í-' u~clc:"'~ for 3 most practica! rurpo\cs. as thc \tructurc has lo be 
dimcnsioncd as if this drainagc would be inupcra· 
ti ve. 

The following examplcs of uplift prc"ure' unda dif
fcrcnt ground. con\truction anJ drain:tgc conditiun'. u..;c 
a hori;r.ontal c.:ontact-'\urface, to which all prc~'urc~ "'ill 
he rclatcd fur !he "'ke of sirnplicitv and clanty. 

Fig. ~a \hOW\ the hyúraulic graJÍcnt. ur prc,~:.;ure ~r;.¡
Jicnt. in a homo!_!cncous ground. whilc Fig. 2h :thJ ~~..: its 
pos~ihlc dccrcasc or incrcase. rc..;pccti .. ·clr. m a 
hctcrogcncous. stratificd ground dcpcnding un thc r~la-. 
tivc pcrrncability of thc conscqucnt strata. lt dcmon
stratc¡ al so tl~c importance uf an exact gcologica/ survey. 

r-·1---------------J -,-

1 .~ 

' ------- -- ----,- --¡ 

"• 

V 
_L 

/ " 

l / ......---
/ / 

Fir¡. 28. (top) Homogeneous ground, Fig. 2b (centre) stratified 
gro{Jnd.with pcrme;.~b¡/¡;~· increasing downsrream. and Fig. 
2c. (bonom) ss lar 2b. only with ths permeabtliry decreasing 
downstret~m. 

Fi¡¡. 3a shows a structure with an upstream hl<~nkct and 
Fig. 3b with "" upstrcam grout-cun~Un. J~:nlLmstraling. 
how form can influcnce the uplift prcssures. 

Tht uplift pr'"cssure in Fig. 4a is cakulat~d with the 
familiarlr.,,..,n :-::[(Ir,- h 1V3}+hJ fnnnub, whi\.."h r¡;I:Jtcs to 
thc joint inllucnce ot grout and dr:tina~¡; curtains. 
Pil'7.omctric mca:-.urcments ha ve shlH"-'" th:tt 1hi:-. forrnul:l 
is very cnnscrvativc. lt abo nc~lcl't\ thc ihllul'n .. ·c of thc: 
position ~nJ lc_vd of dischargc of the drainagl.! curtain. 

Wt~ter. Power &: Oam Construction May 1979 



Fig. 31t. Hofnogeneous ground: up
sttoDm blanket t> 

'Q Fig. 3b. HomontmtJous ground; 
upstream grout curtoin. :) 

¡
L 

This leads to an anarnolous situation shown in Fig. 4b, 
wherc the calculated uplift is larger with, than without 
drainagc. 

1 
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l:l Fig. 48. Homogeneous ground; 
upstresm grout snd drain cunain 

<l Fig. 4b. Homogeneous ground; 
upstream blanket snd drainage cur· 
tsin. 

. 'Figs. 5 and 6 show three basic conditions whcre the 
position and dischargc leve) of the drainage cunain is 
taken into consideration with 100 per cent (Figs. 5a, 5b, 

t--ft-----_-_--_-_--'_'-"_'-r-----;1 -.-11 r--~_1_ 
L-

r--· --- ,-f-------------, --,-
Fig. 5a. (Above left) Homogeneous 
ground; drainage efficiency 100 per 
ctmt. 1.-1-------.:.. _ _J _____:· 

Water Po~er & Oam Construction May 1979 

<:J Fig. 5b. Homogcneous ground -
upstream blanket;. drainage eff¡c¡ency 
100 per cent. 

Fig. 5c. (Abovc right) Homogeneovs 
ground - upstream (Jrout CLif1i.llfl; 

dr~inage efficiency 100 per cent. 

----------------- -----------------~--~---------·---·--- --------------·-------

.) 
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<ol • 1_-_ __ e,========~------~~- Fig. 6~. · (Below Ioft} Homogeneous 
ground; drainago efficiency 67 per 
cent. r· .---------~----~--------------~-, 

•. 

5c) and with 67 per cent (Figs. 6a. 6b. 6cl efficiency. 
In Fig. 7th ere are structures with two and three drain

age curtains. represented. for simplicity's sake. without 
groul curtains. In Fig. 7a the drainage-curtain's effi· 
cicncy is 100 per cent; consequently the pressure gra· 
dicnt drops from the upstrcam facc. full rescrvoir hcad, 
to thc upstrcam drainage curtain line, drainage head, 
down furthcr to the dównstrcam drainage curtain line, 
drainage head and continues !O: thc downstream face, 
downstream head. 

In Fi;:. 7b a similar layout (lo Fig. 7a) with 67 per cent 

~----------------H-, 
•• 

. __l r •. 

L __ _ 
~=~------------~~-_i-r. 

•. 

j __ 
Fig. 7e. (Abovel Homogeneous ground - two dreinage 
curteins; drainage efficie_ncy roo per cent. 

Fig. lb. (Bt:tlowJ Homogeneous ground - two drainage 
cut1•ins: dreinagtt efficiency ~7 por cenr. 

•• ___ j Fig. 6b. (Left) Homogencous ground 
- upstream blanket; dra•nage effi
ciency 67 per cent. 

Fig. 6c. (8elowJ Homegenous ground 
- upstream grout cunain; drsinagc 
effic•ency 67 por cent. 

r-~:f--+----;----H =r-
, 
•. 

L 
Fig. le. Homogeneous ground - three drsinage curtains; 
drainage efficiency 67 per cent. 

well-efficiency is shown. The two wells' influence on 
each other is considered by constructing an auxiliary 
basic pressure-gradienl from the upstream face, full 
head, lo the downstream well line (in this case) 67 per 
cenl cfficiency pc,int. disregarding the upstream drainage 
curtain and then doing the same bctween the firsl drain· 
age curtain line 67 per cent efficiency point and the 
downstream face. downstream head. These lines mark 
thc adjusted hasic charge al the wells. which is then 
reduced by the drainage curtains efficiency factor. Fig. 
7c shows a pressure diagram with three drainage cur· 
tains. constructcd with this method. 

In thc elastic pi ate simulation method an elastic plate is 
placcd havíng thc dimensions of thc contrae! arca. and 
consisting ol' ri.gidly jointed elements, represcnting the 
diffacnt strata (inclusive of grout-~urtains). each v.ith a 
rigidity invcrsely proportionalto the permeability of the 
respective strata. Alternatively, the plate can ha ve 
unifonn thickness and module of elasticity. with adjusted 
relative lcngths (1,'¡, This plate is then forced bctween 
indcfonnahle, articulatcd supports, represcnting the 
upstream and downstream faces (continuous) and the 
wclls (points) on thc XY plane and their respc~tive pres
sureheads with !he Z coordinates. The displ:!ccmcnt (Z 
C<)ordinatcs) al each point will be proportional to the 
uplift pressure at that point. 

• ••. ¡· ·., ,, ;~. '."'lp~, [~'L:Jrt•·~" Mav 1979 
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. Al3STRACT 
Thc response of ground-watcr lcvcls to tidcs ~nd changcs in baromctric 

prcssurc provicks an in-si tu meas u re ofthc rt•spon~e of thc rock-watcr systcm 
to changc~ in stress. Tiual and l>aromctnc ctlicic~<cics can thus be cxpresscd 
in tcrms of draincd and undraincd moduli. In addition. if thc various moduli 
are known from labor:nory mcasurcmcnts. thc lahoratory cquivalcnts of 
both tidal and baroml'tric c:licicncy on pro vide an estímate of thc spccilic 
storagc. Thc mdhod is dcmon~tratcd to provide rcasonablc and consisten! 
rcsults whcn applicd to various rock typcs·of diffcring rigidity. 

INTROIJUCTION 

Numcrouscascs ofwater leve! fluctu;llions in wclls 
in rcspon~c 10 atmosphcric prrs!'>urc. OCL':tll :'!mi carth 
tidcs. carlhquakcs. and p;1s~ing tr:1ins havt• hl~~.~n r\.' 4 

portcd (Jacoh. 1939: Rol>inson. 1.'13•1; ;mJ rarkc·r 
and Strin¡;lidd, !.'ISO). An cxll'llSIVC hihliogr;¡phy is 
providcd by ToJd ( I'JXO). Thcsc lluctu;llions are 
r.cncrnlly ac:ccptcd as cviJcnrc that contincd aqui
fcrs are not rigid bodics. hut are clastit·all)' com
pr~ssiblc. an idea fostcrcd hy ~ kinzcr ( 19 28) and 
advancc·J by Jacoh ( 1 '140!. Currcntly. it i' a matt,·r 
of simple routinc to compare thc w;1tcr lcvcl re
sponse to the loads whil'l1 c1use thcm· i11 order to 
caf.:ubte CC'rt:lÍn hydr:IU\ir prop~..Tties or the m\.'dl
Unl~ namdy ·spccilic ~toragc. Tht' purpo!<i.-= of this 
p:1pcr is tu fl'de,·L'Iop tiH'\1,.' i<.kas from strc~~-~tr~u:1 
thcot)' in ord~o.T 10 rrl:u~o.· w;Jil'r Jcn·J tlurtuations tu 
thc bulk d:l';;tic proprrtil·~ ofthc !Jost ro¡,: k. In n.·n:un 
cases. i1 wou!J app~..·ar that thl'SL' hulk prnpl.'l tÍl'S may 
be d~:tc.:nnin'..'d dm .. ·rtly from ~urh llurtu;u.ions. 

JIACKGROliND INFOR~f:\TION 

Thc t.ktaikd ronslitul ¡, '-' n:latJon'i for i\tllhcrm;d 
püHHJs llll'dium" h:lh' hl·~·n pt\'"L'IItt·d l1y H1o1 ( t li~ l) 
and will h~· IJril'lly rr:\LllúllH.'rL'. ·¡ hl·~c ~·:\prL·,~ion~ 

(283] 

includc mcss-strain rrlationships in a saturatcd po
rous mrdium ns wcll as corrcsponding cquJllons for 
changcs in lluid rnass contcnt: · 

e~ (u/K)+ {PIH) Eq. 1 

whcrc t is volumctri~.: strain. rr is mean stn.·ss tTrCg. 
ativc in comprcssion). K is the bulk moJulus. r is 
fluid prcssurc. and H is an clnstic constan t. Ccrrc
sponding cquations for changos in lluid mnss con
ten! ar1·: 

mlp = (P/R) + (a/H) Eq.2 

and 

mlp = ~· + (P/Q) Eq.3 

whcrc m is thc mass of porc· fluid pcr unit volumc· · 
ofporous mcdium. p ¡, thc c.kn~ity ofthc ~·ata. and 
R. Q. anJ t arl' da,tic constants. The rcl:l110nship 
tk\w,·cn thc·sc const:ults is givcn by: 

I/Q m (1/R)- Wll) Eq.4 

Thc clastir ronstants cítcd a hove ha ve llC1'n dis
ru\\l'd ;JI knrlh hy l,;lli..·i~lu,l...a\ and Don·u.·nu.:o 
( 1 '1~~). llndly. K ' ,·qua! to th1· wmpr,·ss•hllity ,i 
rdkl't• thc l1ulk vulum,, rc·spons.: to L'h:mg<·s m slrt·ss 

... ·. ,.. 
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al rnn,lanl pn·\surc. Le .. thc conditinñ\\"h,·n· thr 
wall'r 1~ free to drain during luading. Acnud111g tn 
l.liol ( 1941): 

Eq. 5 

wherc é is thc ratio. of lhc water vol u me s¡¡uec~<·d 
outto thc volumc changc ofthc matcrial•fthe lau,·r 
is comrrcsscd at constan! lluid rrosure. 1 r thc vol· 
umc of water so removed is cqu;~l to thc ,·olumc 
changc of thc material. a common :issump110n in 
consolidation thcory. E= 1 and ll =K. lfthis con
dition is not satisftcd. E -;. l. but ";lightly lcss than 
l. Thus. E is a proportionality con•;tant hetwcen thc 
porc and bulk vol u me changcs at ron>tant fluid prcs
surc and cari be dcscribcd (lliot ami Willis. 195 7): 

E = 1 - (KIKJ = 1 - (fJ,IfJ) Eq. 6 

wherc thc subscript s stands for the polycrystallinc 
grain structurc. From Equations 5 and 6! 

1/H = 1/K- 1/K. =/k {1, ~ fi. Eq. 7 

whcrc ll. is takcn as thc comprcssibility ofthc pares. 
Hcnc~. 1/11 is a meas u re ofthc purc comprcssibility 
as thc mcdium is comprcsscd undcr thc condition 
of constan! fluid prcssure. 

Thc cocfflcicnts R and Q are formulatcd in a sim
ilar lashion. lliot ( 19-11) has dcscnhcd 1/R as a mca
surc ofthc changc in watcrcontcnt for a givcn changc 
in fluid prcssurc, and 1/Q as a mcasurc ofthc amount 
ofwater which can be forccd into a material undcr 
prcssurc whilc thc volumc of the material is kept 
constan t. Thcse coc!flcicntscan he nprcsscd in tcrms 
of thc compressibilitics of thc various componcnts 
as well as in terms of drained and undrainc<l moduli 
(Palciauskas and Domcnico, 1982): 

and 

1 IR = fi. + -.f(Jl. - {!,) 
~ fK/K(K, - K) 

1/Q = .¡.¡p, - /J,) + PJI/IJ 
~ f/(K,- K) 

Eq. 8 

Eq. Q 

whrrr >? is poro~ity. ¡1 1 is thc i~othl·nn:\1 fluid _rorn
Jlfl'~sihility. and K .. is ;m undrained hui k nwdulu<:, 
i.c., th~· modulu\ <..h.'IL'rnlim·d und.:r c:on~t;ant Huid 
mass. lt follow~ 1h;lt th...: undrain~d n,'!~.pnnc;,t: will be 
clastic:llly >tilkr than thc drain,·d rnponsc. 

As thc statcd purpme of thi' r:q>cr is lO l'.\prcss 
somc of thc routin<' calculat•om in ground-wat<·r 
hydrology in tcrms of th,• formulatl<lllS Clll'U abo ve, 
a fcw words se,·m tn lx appropriall' hcre on thc 
naturc of thcse calculations. Rcfcren,·c he re is s¡x·-

-----------------·-· 

2 nlirall\' tu what h:" tx·n• tnmnlth<· h.lPtltlt'tl'lr and 
ttd:tl \'llirll'lll'll'' as dnnll>,·d hy J;K'uh 11 '1·10). f'irst. 
wc fl'COf.ElÍ/l' tll;ll hnth ralrula\ions a~\UlllC' a con~ 
dition or comtant lhud ma>\ so that thc condition 
m ~ O in Eq. 2 or Eq. 3 is appropriatc. Tidal dft
ciency (f. E.) is <ktined as thc ratio of the piew
mctric lcvl'l amphtud,··,,, measurrd in a wdlto thc 
tidal amplitudc or. in tenns of prcssures: · 

T.E. = pghlpg,\ Eq. 10 

· where h is hcad. gis thc gravitational constant, and 
A is th<' amplitude ol'thc ti<IC. That Í> to say. as thc 
ocean lcvcl dcYiatcs from its mean by plus or minus 
A. thc hydr:tulie head inmnlincd aqui l"crs C\tcnding 
under thc occan lluctuat<·s accordingly . .-\s thc tidal 
fluctuation reprcscnts nothing more than a fluid 
pressurc response toa variauon in load at constan! 
Jluid ma·ss.thc appropriatc cxprcssion bccomes, from 
Equation 2. 

T.E. = (.lP/Ja)m = -R/H. Eq. 11 

It may be notcd that this cxprcssion also describes 
Skcmpton's ( 1954) pare prcssurc cocnicicntB. 

Darom,·tric prcssure has an in,·crse rclationship 
with water lcvcls. Thc haromctric clfKicncy (ll.E.) 
is uscd to describe how failhfully a water lcvel re
sponds to .changcs in a1mosphcric prcssurc, and is 
dclincd: 

B. E. = pgh/P, Eq. 12 

whcre P, is atmosphcric prcssurc. As B. E. plus T. E. 
cquals onc (Jacob. 19~0). thc baromctric cnicicncy 
is obtaincd from Equation 4 and Equation 12: 

D.E. = 1 - (1/ü<l - R/Q). Eq. 13 

1t is clcar from Equation 13 that if E ~quals onc 
for· incomprcs"blc grains. B. E. = R/Q. r\s a f1nal 
word. it may b~ notcd that a "spccilic 'toragc" S, 
may he- inrorpurntcd in somc ofthc..·sc statcmcnts as 
a \'OIUnll' oi" w:ltcr n.·k:lst.'d from :l unit vol u me of 
porous mnlium wh~o.·n th .. : prt.~s~un.· iil th(.' unit vol· 
unw is. rnhli.·~.·d ~~ urut ~mHHIIlt. Thi\ n·l:llion!'ohip is 
c.x fHl'S\I.."d l' .\dCt 1 y hy JH..' 'R. 11 owcvcr. tlll.,. ~..· .\ prl'S\Íon 

d11h:r' MHlH.'\\h.ll from tht~ om• prc-..~.·nt\.'ll hy J~coh 
¡1'1411) in ill:lt ·11 indudo n>mprrs"illc grain' and is 
nol rr~tril.'tcU to vcrti~.::.tl cornprc.·ssion only. Thcsc 
~;~me.• cond1t1or1' hold abo in thc l·it~.·d n.·loltion,hips 
IOr th~.~ varHIU\ dfint'lll'll'S. A cloo;,cr hut nnt Yl'l C:\3Ct 
cortL·,pondrnn·tll Jawh'' ( 1'1411J <klinitions can be 
ohtamrd by con~itkring thc grains to bl." incom· 
prc~'ihk. In ;¡ny ""'''· thc approximate order of 
magnitudc ofthc sprcllic 'toragc so obt;1incd should 
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"ot dilfcr apprcciahly from that oht:lilí<'il in \trirt 
arcurúancc with Jacol>'\ ( 1'!40) ddiniiÍ<lll. ,\11 fur· 
tha rdá<·nr<··tn a "'pcrliic 'tora¡:c" and lioth "ild:d 
and baromctric ,·tliri<'lll'Íc\" in thi~ p;~pa lll<'<>r¡lo· 
ratcs thnc :lllditional wnúitiom. 

SAMPLE C'AI.C'tJI.ATIONS 

lncompr<'\sihk Cirains 

Th~ ras<' of incom¡m·S\ihk grains is thc m<l~t 
strai¡;htforward and thc onc gennally l'lllplo,rd in 
grOUIHJ·WJt(.'r hydroJogy. for ¡J¡j~ ;l\')ll!l1ptlol1. ! -"" 
l. 11 ~K. 1/Q" <111 1 • wl11ch i' mcn:ly a rrlkrtion 
ofthc romprc~\ibility ofthc wat,·r in thc pon·'· an<l 
1/R ~ 1/K + <111 1 so that ,,g!R is <'CJUÍ\';dcnl to a 
spcrifiC storagc .. Thc sprciflr storagr. IHll''l'''<'f. i~ 

dcsrrib<:d in terms of tlll' bulk modulus K ""'•·ad 
of a constraincd modulus K .. whcrc• thc '"'' r.wduli 
are rclatcd by K= K, - 4p/3 whrrr 1' is the 'lwar 
constant. From Equation J for ro.n•tant fluid mass: 

éJc/iJP"' -1/Q 

and, froin Equations 14 and 11 

oda~~ (1/Q)(IVK) 

Eq.l4 

Eq. 15 

which is obviously ofthc form ofan undraincd mod
ulus. Thus. from Equation 4: . 

(1/Q)(R/K) = (1/K)- (1/K)(R/K) Eq 16 

or 

l!K. D (1/K)(I - R/K) Eq. 17 

whcrc R/K is thc tidal clliriclfl'y and 1 -- IVK is thc 
baromctric cilicicncy. lt is intcrcsting to nolc that 
B.E. = K/K, whcrcas T.E. ~~ 1 -· KiK,. 

Sorne. data lrom Long lsland 1\'ill he· uscd to il
lustrJtc thr naturc of thc c·akubtions. wh,·rc J:Kob 
(1941) has rcportcd a porosity of 0.35 and a tid:~l 

c!Ttcicnry of0.4~. For tlll' Uoyct san d. tl>is translatc·s 
. into a spccilic stor:1gc of S.6C1 x 1 O ' ft 1. For a ~00 

foot aquikr. this g1vcs a storati<·ity of 1.7.1' 10 '. 
quite.~ rc:tsonahk for a ~and~l(liH.· anJ romp:~rabh.• to 
Jacoh's ( 1941) mcJsurcml.·nt ufJ ;< 10 ~. 1t is nnh.·d. 
howc\'cr. from J:1<·ob's 1 '140 :1nJ 1'141 papcr•. thac 
is con~idcrahk unn.·rtainty as to thc valu~.· of thl' 

storati,·ity. In addition. l:"t-\. 01 is rah.:ul:lll'd to l't.: 
0.007 15 U>:~r 1 and 1: K is 0.01 ~ ~bar '. l>nth oi' 
whit'h are.• of th~..· l':\Pl'l."tcd ordn~ of mag.nltud..: f(lr 
a !..Jndstork. For l'\~1111 plt.·. n h'a~ur\·d la boratl..ll'~ '~~~ .. 
uc~ for IIK .. o\nd ., .: K l~u· tiH· J\.;¡y~,.·nta ~;111lhllliW ar~.· 
0.005~ :llld 0.0105 khar 1

• r<'SJ'<'<'ll\'cf)' (Dr•'l''" <'l 
al .. 197S). 

Furlhcr suppon for thc mc·thod dc~nill,·ú ah.>w 

3 can b,· oht:un:·,; hy t•mploying som~ rakul:nion' 
from canh udc \tud•cs. llrcdl'l1odt 1 I'Jt•7l has pro
vidl'Ú comput;Jtinn' ofporoslly :111d ~Jll.'l·ihc \IOfóll!l' 

from an arlaly'li~ or l':trth lid<.' tlth..'lti:11Ítll\\ ftlr thrl'l' 
dill<.'l'l'lll arl'OI'I. f ·or il lmH.'\I<Hll' aqu1kr in lo\\ a ('ir y. 
thc h:lfOIII<'tri<' l'llú·i,·ncy h:" !w,·n rq>ortcd "'O. 7 ~. 
Un:dt.~hot:ft\ ( 11Jú ·;} ~·;drul~ll itJn~ 111d ll'~ltt.' ;m il\'t.'Cih'l' 
poro,ity ofO.I 7K andan :1\'l'f:l!!l' Slll'rilic· >l<irag<' of 

. 2.8 X 10 'ft 1• !Jtiliting this ,·allll'IÚr porn\11~. 'PC· 
cifil' storagc is c.lkllbicd to b<: :>.J x 1 O '. whirh ¡, 
quite do~c 10 thl' lil!urc citcd nhon·. Th~..· llhHluli ;¡r~· 

cakul:llcd to lw 0.011~~ kb:1r 1 1\ll' 1 K ... 111d !).(l(l~•l 
fnr I:'K. For this limcstonc. it app~·ars that thc un
draincd rcspon;c is only slightly Slilli:r thJil thc 
drclilh.'d rrspoll!-.l'. 

An intcrt·stinr. applic~tinn fnr a compositl' ro(k 
~cction is p.1ssihk from d:11a rcportl'd by Carr and 
Van Ocr Kamp ( 1 969). Thcsc aulhors mcasur<·d 
scvcral val11cs ofboth baromctric and tidal ctr,c·icll
ci~s in scdimcnts consisting or mo~tly sand~tonc ~wd. 
siltstollc. with smalkr amounts of clayston,• and 
con~lomcratc. Thc baromctric cilicic·ncy a\'crag,·d 
aboul 0.37 and thc tidal etlicicncy avcragcd ahout 
0.57. Thc dilkrcncc of 0.06 bc·twccn thc s11m ot' 
thcsc valucs anJ unity is reponed to be witlun thc 
rangc ofcxpcrimcntalcrror. ron y roe k sampks pro
vidcd a mean valuc lor purosity of 0.177. Spenlic 
storagc was determine<! by both th,• uJal mctlwd 
and from pumping t~.·sts. giving nll'Jn valu~.·s oU1.3 :..; 
1 O ·l ft·• and'9 x 1 O·· t't '. rcsp,•cti H'f\·. Cilnil:llions 
b;1scd on thc mc.."tlw\.h dt·sc.ribcd ;JlHn· •. : ~i\·~_·s J sp~..·

c·ifiCstor~gcof6.4S x ¡o·· ft 1
• 111<. ot'O.UI45 kb;~r '. 

and 1/K, of O.OOS.ló k bar 1
• Tksc obviously I'<'P· 

rcsrnt average• u\'l'l' thc gcologic scction. 

C'omprcssiblc Grains 

Whcn ~ is notc·quallo ~nc. it is ckar that wc haw 
more unknowns than cquations so that somc cstl
matcs ha,·c 10 b,· madi·. for this c:tsc. ihc ¡x·nin,·nt 
c·quation• occonw. from Eq. 4: 

T.E. = !VIl ~ ( 1 10(1 - R/Ql 
1 

or. substituting R ;n1d Q (Eqs. S :uld 9) 

T.E. ~- IVB = (110(1 - KiK.J 

In addition wc ha ve 

D. E. " 1 - (1/0(I - R/Q) 

ur 

U. E. n 1 - ( 110(1 - K! K.) 

whcn· ll.E. + T.E. - l. 

Eq. IS 

Eq. 19 

Eq. 13 

Eq. ~o 
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Tablc 1. 
I)'P<'J, 

t:::-.: :n..:."'X'C'--:--- :.-=::..:.::::-..=..~..=.=..: 

helor' llnm. Cl•y Sand,lun"· LtmL'\ItlO"' · u~~''' 

« 1 0.7S~ 0.69 O.H 

''" kb;u 1 1.6 O.OON~ 0.00!.11 O.<~XIS2 

"1/R kb.1.r 1 1.7 0.0119 0.0119J~ O.lkiJ.\8 
I/Q kb.:lr·• 0.017 0.00l9 0.0078~ 0.(~1~!6 

R.·ll . 0.99 0.67 O.!S O.l:! 
I!K klxw• · 1.6 O.OIOl 0.003 O.OO!n 
ltK. kbar 1 0.016 O.OOS;' 0.00!37 0.011!16 
S. ft·• S x 10 ' ).l X 10·' 1. 78 X IQ ' 1.~9 X tO·. 

.: ~ O.ll 0.20 0.178 . 0.0& 

·As an illu~tralion of tho nalurc of thc r<'quircd 
approximnlions,. tlw limnwnc aquikr di"us~cd 
abovc will be used asan cxamplo. 11 is assumc·d lhal 
lhc 'c:alculalion ofspecif1c sloragc indulics bolh com
prcssiblc fluids and grains. i.c., S,= pgo R whcrc R 
is dcf111cd by Equa1ion 8. For S,= 2.8 x JO·• ft·•. 
1/R is calculatcd lo be 0.00948 kbar·•. For a mca
surcd oaromctric cflicien.cy ofO. 7 5. 1 iH is calculatcd 
lo be 0.00237 kbar·•. r\tlhis poinl. an assumption 
is rcquircd for 1/K,. which for calcitc can be taken 
on thc ordcr of 0.001 k llar·•. For this assumption. 
~ is dctcrmincd 10 be 0.69 and 1/K and liK" are 
rcadily calculatcd to be 0.003 and 0.0024 k bar·'· 
rcspcctívcly. In this illustration. as in the previously 
ci1ed incomprcssiblc grains base. thc undraincd re
sponse is only slightly stilli:r lhan thc draincd re
sponse. This. howevcr. docs 1101 secm OUI or line 
for thcsc rocks, as well he dcmonstratc·d hdow. Fur
ther.thc>e calrulations do not dilkr apprcciably lrom 
!hose giv~n li>r lhe ca~c of incompre"iblc grain>. 
bul, as cxpcctcd, indica te a sligh1 increasc in corn
prcssibility. 

Thc methods desnihcd abo ve can be extended 10 
incorporatc laboratory deternunations 10 dcmon
stmte thc kinds of cakulations that are po>sihlc. 
Tabk' 1 is such a <kmonstration "" severa! rocl. 
lypcs. labor:nurv dala i"or hoth thc Kay<'nta 'and
Sion~ and lhe llanford hasalts :~re rathcr rompktc. 
Al thc other extreme. no data whatsocwr are prc
s~nted for the da y <'ntry but. tor comp;lftlll\·c· por
poses. a porosity or 35 perccnl is a>sumed. along 
with lh\' rc·asonabk a"tunpllon that E ,·quah 1. As 
R/H is it-.m~lhurc of thc P<'rcTntagc of thl load that 
is cari·icd1 by the purc "'"cr undn undraincd load
in¡... tlm ~;1Im· i' S<'l :11 0.'1'1 i"or hi~hly compr,·s,i,·c 
clays (>l'c' tamhc and Whitman. l'l6'l. p .. 1'15). 

For thc 1\.a)·cnta "'n<hlonc•. tlll' only llll':I\Urcd 
valm·s are porosny and h>th K and K. (1 hop,·~ el 
ni .. 197H). t\11 nthn cntrp tl>rtlll' 'au<hton,· 1n T:.hlc 

1 are rakubtinn\. Thcsc cakubtions rc•quir<'d an 
4 a"umptinn li>r lit\., of O.Oil~~h kl>ar '. whid• is 

fC:ISnnahlc fi>r lhc mmprc\\ihility or quarll. Thc 
lilll<'"OIIl' l'Ítc•d in Tahk 1 has hl'l'l\ prc·viou,l)' dis
c.:u'~"·d. with lhl· r~.·purt&:d mltlrrn:uum iiH:Iutting a 
bammctnc dht'lclll')' nf0.75, an a\\um~d pl>ro,ity 

of O. 1 78. anct a calrulall'd SJ'<Tilic· ''""'~" uf !.S :< 
10' ft' (ilrcddwc·fl. 1'167). t\11 olhc·r c·ntrys for 
linll'Slonc in Tablc 1 are cakulatinns. r~quiring an 
a"umption for ¡,K, oJ"O.OO 1 ~bar ' for c:.lcilc. For 
lht' t>asalt. thc rcponc·d intl>nnation inl'iudcs thc 
bulk modulus and thc purosity tRockwcll lntcma
tiunal. 1 'ISO). Thc cakulatinns rc·quired an cslimate 
for I'K,oftl.0017 khar 'fnra r<><"kl'Ontainingwcll 
in e.\l'l'SS of )() ¡J<.'rCl'nl plagiodas~ and ¡l)TO<cn~. 
Thc basalls are funhcr co•nplicatcd by thc fac1 that 
threc porositics are reponed, a total porosily, an 
apparenl porosity. and an unconnected poro~ity, 

which is thc dilli.·rcnce bctwccn thc total and ap
parcnt. t\ more exacl calculalion of spccilic sloragc 
is possiblc if we consider thc apparcnt or connrcti:d 
porosity of 0.018 in conjunction with thc con
strained mndulus. K= S 11 k bar. which is known 
from mhcr mcasurcmcnls. For thc·sc mcasurcmcnts, 
lhr spceihc storagc in strict accordance with Jacob's 
(1'1~0) dcf111ition is calculatcd to be 6.! X JQ·• fl·•, 
which dilkrs appreciably from thc valuc citcd in 
Tablc l. The lowcr poiosity valuc cmploycd is largc
ly rcspon,iblc for thi~·ctilfcrcnt·e. 

In spilc of thc assumptions rcquired. thc consis
tcncy Jisplaynl in Tabk 1 is quite good. Thc rock 
typí..'S :.lñ.:arr~mg~~d from lcll to ri!;!ht in ordcrofwh;tt 
wc would c.·.\pc.'<.'t tn be: d~...·cn·asing <:ompr~s~ibilitY. 
llcncc. unsurprisingly. ~ dccrc·ast'S from unity to 
somcthll1l! ron~ic.k•rahly k!\s than unity as rock ri· · 
gidity incrcases. This samo stat<·mcnt holds for thc 
codhcient> 1/11. 11 R. and i'Q. all ofwhi,·h are com
prc·"ibiliti,·s of so me son. Thcsc valucs all dccrcase 
in thc dirc·,·tion of incroasing risidll)'. cxccpt tor 1/Q 
for tlll' limcstonc. Tho inUL'\ of rigidity. howcvcr. is 
bcst cxprcs"·d hv IVH. wl11ch givcs the paccntage 
or thc load c;micd by thc porc· water undcr un
dratncd loading. "' thc dcgrcc of rigidity increascs, 
t'his p~...·n .. 'L'llt:Jgc ronsish.·ntly d,,:rn.:asc.·s: or. st.:ttc.·d 
anothcr V~ ay. thc ¡x·r<.:~.:nt.Jg:.: oftlll· inrn .. ·mcnto..~l ~lrcss 
CHmC'tl hy the ~rain Slfll·:lure ( 1 -· R'H) inacascs. 

· Thi~ i~ furthcr n.:lkt.:tL'd h)'lhL' ~p~..·cilic ~tor~1g'-'• wh:ch. 
:t\ L'~Pl'<'tnl. d~.·cr~,.·;¡,,·s 1n thL· dirl'i.'tiun ofin~..·rL'J!iing 
ro,·~ ri~idotv. Th,· ,·aic·ulation' for 1 '1\. :md 1 K" 
hl--l'\\ ¡,l. n·lkrt wh;lt \\'l' wuukl l'.\fJl't't for thc nxk 
typ"'' «.'lll'd. -¡ h:1t ¡,, wath llh.Tl'asmt! ri~idaty, th..: dif
f~.:r~..·n~c ht·twn:n 1/i\. and lrKu h"·roml':. in1¡x·rn·p~ 

··.·· 
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ABSTRACT 

Most vari:ttion in geometry and angle of. 
inrlination of subductcd oceanic li~h·osphere 
is caused by four · interdependent factors. 
Combinations of (1) rapid absolute upper
pla~c motion to_ward the trench and active 
on::rriding of the subducted plate, (2) rapid 
rclntive platr convergence, and (3) subduc
tion of intrapl<~.te isl.and-seamount chains, 
as~isrnic ridge~. and oceanic platcaus 
(: . .~nomalou:.ly low.density oceanic litho~ 

sphcrc:) cause·iow·angle subduction. Under 
ccnditions of low·angle subduction, the 
upper surbcc of the subducted plate is in 
contact with the base of the overlying plate, 

· wcdgc of iow-density asthenosphúe is 
~,daccd by '-lubduc:tcd lithosphere, and the 

w:rJth of the arc·trench gap either is signifi
cantly increascd or a magmatic are is not 

r. de\'c\opcrt \Vithin the overlying platc. The 
fourth factor b a~e of the subducting 
lithosphcre. Subduction of young litho
s.phcre produ~es two opposing tendcncies: 

· (IJ b:n.v·angle subduction and increased are· 
trench distancc, owing to its low density; 
and (2) JecrcaseJ arc-trench distance, owing 
to its higher temperature. 

Two factors of secondary importance 
contributc to vaiiation in ~ubduction-zone 
gcometry and arC·trcnch distance. Acere~ 

ti0n of sedirncnt in trenches dcpresses the 
uppcr portian of the subducting oceanic 

Statcs). intra-arc cxtc.nsion (for example~ 
the Basin and Rangc pro\'Ínce): forc.land 
fold and thrust belts, and laramide·style 
tectonics. 

1:-iTROOUCTJON 

Since Luyendyk's (1970) pioneer attempt 
to relate s~bduction-zone geometry to sorne 
fundamental aspect(s) of plate kinematics 
and d~·namics, subsequent invcstigations 
ha\'e suggested an increasing variety and 
complexity among possible controls and 
resultam conf!gurations of subduction 
zones. Most of these investigations have 
examined cause and effect relations of bi
variate systems. For e.xample, attractive but 
imperfect correlations have been reported 
betwccn convergence rates and dip of the 
inclined seismic zone (Luyendyk, 1970; Tov
ish and Schubert, 1978), bctween the vol· 
umc of scdiment accreted along trcnches 
and the width ofthe arc·trench gap (Dickin
son, 1973; Karig and Sharman, 1975; Karig 
and others, 1976; Jacob a~d others, 1977), 
between the dircction and cate of absolute 
upper·platc motion and pre~ence or absence 
of back-arc spreading (Margan, 1972; 
Cha>e, 1918a; Uyeda and Kanamori, 1979), 
and betwee~ dip of the inclined seismic zone 
and curvatUre of island.arc and trench sys
tems (Frank, 1968; Tovish and Schubert, 
1978), 

convergence rate, direction and rate of 
a bsolute upper-plate moiion, age of the de
scending plate, and subduction of aseismic 
ridges, oceanic plateaus, or intraplate 
island·seamount chains. lt is crucial to 
recogni1e that, in the natural system of the · 
Earth, the majar fa.ctors may intcract and, 
thercfore, are interdepcndent variables. De
pcnding on the associations among them. in 
a historical and spatial context, their 
effects ~n the geometry of subductcd litho-
sphcre can be additive, or by contrast, one 
variable can act in opposition to another 
variable and resuh in total or partial cance1-
lation of the normal effects of each variable 
acting independently. 

The interaction of these variables produc· 
es observed variations in geometry of sub
duction zones, principally with rc~pect to 
angle of subduction and the depth to which 
oceanic lithosphere has been subducted. ln 
turn, suhduction·7.0ne geometry and.its evo
lution through time is a principal control on 
the space-time distribution, of magmatic 
ares, as well as other majar tectonic fea ... 
tu res, such as the elevation · of the upper 
plate above subducted lithosphere, regional 
subsidence and conscquent accommodation 
of stdiment within continental interiors, the 
occurrence of Laramide·style tectonics and 
foreland fold-and·thrust-bdt dcformation. 
variations in the petrochemistry of sub
duction~related magma, and extcnsion ·in 
back-arc and intra-arc regions. 

1' 
1 

platr.: and c~uses tht: trench axis to migrate 
sca'w:nd. Prolonged subduction thickens 
the upper platC", depresses the isothcrms in 

This repon .describes the majar factors 
which control the geometry of subducted 
oceanic lithospherc and analyzcs the conse;.. 
quent variations in spacc-time distribution 
of magma tic ares. We recognize four prin
cipal factors or varíabks which control the 
geometry of subduction zones, and we 
bclicvc that most of the ob!lcrvcd Variations 
in subduction-zone !(Cometry can be ex· 
plained by the interaction among thcse var
iables. The major variable:\ are relative 

CONTUOLS OF SUBDUCTJON·ZONE 
GEOMETR\' thc !>uhductcd p:ate, and may create a 

broader are. 8oth factors incrcase the are~ 
trcnch gap. 

The four primary factors also control 
,icvdopment of other tectonic clements, 
~tH.:h a~ n.:gional !.Ubsidtnce (for cxample, 
thc J\ma1on basin anda portion of the Cre

\Ccous lnu:rior Seaway of we!.tern Unitcd 

To isolate the principal factors control
ling subduction·'ZOne geome\iy and to 'de
terOline thcir intcractive dfects, we have 

. examined the characteristics or comempor
ary subduction systcms in' which two or 
mOre of the possible variables are constant 

.-----
This articlr i~ inc:luded i~ a set or papen presented at a !ymposium on "Suhduction of oceanic plates," held in Nonmber 1979. 

Geulugical Society of America Bulletin, v. 9), p. ~4~-~62, 9 figs., 1 table, Junc 1982. 
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nnd only onc or two are changing. We pre
sc:nt srlccted examplcs of subduction sys
tc:ms which empirically dcmonstrJte thc 
major contróls of subduction gcon1ctry, 
how thoSe cóntrOls intcract, and sorne of 
the consequc:nces of those interactions. 
Although this approach has not. yiclded 
quantitalíve mcasures of the various dfects 
rclatcd to isolated or combincd controlling 
factors, it docs pro vide estimates of the re la

. ti ve importance among thc factors of ea eh 
subduction system. Furthcr, it provides a 
means of understanding depa:rture of par-

2 
CROSS ANO PILGER 

ticular subduction systems from otherwise 
systematic reations observcd in bivariate 
plots. For example, bivariate plots of con· 
vergence ·rates against inclination of the 

Benioff zone show a systrmatic trcnd for 

most subduction systems. but others plot 

wcll off the trcnd (for example, Tovish and 

Schubcrt, 1978). Often, the source of these 
discrcpant values is rclated to other major 

factor(s). such as subduction of an ascismic 
ridge. modifying the effect of relative con

vergence ratcs. 
The factors which control subduction· 

zone geometry and the principal df'-'Cis of 
cae h. acting indcpendently. are summari1cd 
in Table 1 and shown ~chemati:··¡l!y in Fig· 
ure l. The first four facrors are regardcd as. 
primary controls. whereas the last 1\~oo are 
subordinant in importance with rc-spcct 10 
their influence On the geomctry of thc en tire 

subduction system and on other geologic 
and tectonic responses to subduclion pro. 
ccsses. We propase that the four majar-con· 

trols and their effects constitute a general 
empirical modcl for understanding and 

interpreting the geometries, kinematics. and 

TABLE l. FACTORS AFFECTISG TIIE GEOMETRY OF SUBOUCTI0:-1 ZONES 

Factor 

A. Convergente rate 
T:··. '' ' ' 

B. Absolute motion o( 

upper plate , . 
1 

'1 :. '-:' . "¡:.CJl-1. ·~·' ... 

~-~ '· '.>. ,.:... \'.' i L· 

¡\_ .... \ ... ,~:. i 1- t· 

C Subduction of aseis
mic ridges, intraplate 
island-scamount 
chains,.or oceanic 
plateaus 

D. Age of descending 
platc 

E. 

F. 

Accretion of sediment 
in trenches 

Duration o( subduc· 
tion and agc of are(?) 

Poss.ible effects 

lncreased rate decreases angle of 
subduction, depresses isotherms, and in· 
increases width of arc-trench gap (1-4) 
lncreased motion toward the trench de· 
creases angle of subduCtion. Arc-trench 
scparation cither increases.or the are is ex
tinguished anda new are devclops 600 to 
1,000 km inland (ro m the treneh. Slow or 
retrograde motion permits steeper subduc- · 
tion and seaward migration of the trencb. · 
(3, 4, 8, 9) 

Reduced average density and conscquent 
rdative buoyancy of lithosphere reduces 
subduction angle. Vcry low-angle subduc
tion is eommon. Voleanic are is cxtin
guished, but a new one may form 600 to 
1,000 km inland from the trench. 
(4, lf>-18) • 

Young lithosphere is relatively buoyant 
and subducts at reduccd angle. In various 
combinations with other factors. subdue~ 
tion of young lithosphere will cause 
volcanism to migrale trenchward, land· 
ward. or '?l'.e'-'" entirely. (4, 20..24) 

Flatten'i lh: !:\;:;ined seismic zone al 
shallo.,.. :~·':::\'; •.•1~!1, Arc-trench separation 
is incrt·,;·.~d ·b/·~·.~•twan.l migration .of che 
trench (25-_.::'8) 

Addi!!ve c:ffects o( aceretion (E.) c.nd 
deprc~.sit1n o( isotherms c.lue to prolonged 
!iUbduction of old lithmphere increas~ 
the arc·treneh sep~~ration. (29. 30) 

Contemporary C:Xi!mpl~s 

Trans-Mexican'volcanie belt 
(COCO-:\OAM). (3-5) 

Trans-Me:~.iean voleanic belt 
(COCO-\'OAM) versus Cen· 
tral American are (COCO. 
CARB). (3, 4, 5, 10) 

Aseismic ridges: Nazca and 
Cocos Ridges. (4) 

lntrapl:ue seamount chains: 
Juan Fernandez Ridge. Louis· 
ville Ridge, and Kodiak-Bowie 
seamount ehain. (4) 

Trans-Mexican volcanic belt 
(COCO-:\OAM). (3·5. 24) 

Andean are {NAZC-SOAM 
and ANTA·SOAM). (4) 

Sandwich are (SOAM-scon. 

Circum-Paeific and northern 
Jndian Oeean ares. (25. 26. 28) 

Cir~um-fa;:-ific ares. (l) 

Associated phenom_ena 

1 ncreased rate increases down--dip length of 
clined ~ismic zone. (6. 7) 

Rapid O\'erriding and low-angle subduetion 
creates eompres~ional stress regime in uppcr 
plate; e rus tal shortenin¡; (Cordilleran or Lar• 
mide style) results. Retro¿;rade motion e reates 
extc::nsional stress retime in upper plate: 
back·arc and¡or intra-arc extension results. 
(3, 4, 11-15) 

Buoyant lithosphere resists subduc;tion. In
ere a sed area of interface increases coupling 
bctween upper and IO\~er plates. Compres· 
sional stress re gime usual! y is produced in 
upper plate, and basement·rooted thrusting 

(Laramide style) may result. Jsostatic subsi
dence above subducted ridge creales peri· 
cratonal basins. ( 19) lf absolute upper·plate 
motion is retrograde, back·arc spreading rate 
is retarded. 

Subduclion of young lithosphere generally 
results in back are and intra-arc eompressioll. 
Subduction of old lithosphere gene rally re

·sults in back-arc and intra-arc utension. 
Down·dip length of inclined seismic zone 

decreases with dccreas.ing age. (4, 7, 20, 21) 

Weight of accretionary prism depresses 
occanic plate prior to subduction. (27) 

Thickens upper plate? (29) 

Refercnces:.(J) Luyendyk. 1970; (2) Tovish and Schu~ert, JQn; (J) Cross and Pilgn, JQ78a; (4) this report: (5) Molnar and Sykes. 1969; (6} Jsaeks and 
othc::r~. 196ñ; (7) W. J. Morgan. cited in Oeffeyes, 1972; U~) llyndman, 1972: (IJ) ~1oh.:dy. !972; (lO) Joidan. 1975; (11) Hurchfic::l and Oa\·is, 1975: 
( 12) Brewcr and others, 1980; (13) Morgan, 1972; (14) Chase, 1978a; (15) tlyeJa and Kan:no.ori, 1979; (16} Kcllcher and McCann, 1976, 1971; (17) Pilger. 
1977, I'JXJ; ( IH) lsaeksand Uarunngi. 1977; {i9) Cro~s and Pitl:cr, 197Mb; (20) Moln>.~r<~nd 1\twater, 197M; (21) England and Wonel. !9MO; (22) Oelongand 
Fox, 1977: (2)) Pilger and llenye'y, 19?9; (24) Truchan and Lars..-1n, JIJH; (25) Kari1: and o1hers, 1976; (26} Karig and Sharman, 1975; (27) Wor¡el, 1976; 
(28) Jacob and 01hers, 1977; (29) Jame¡,, 1972; (JO)' Di~:kimon. l'Yl.l. · . 
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!dynamics of ~odern and ancient subduc~ modeling of thc load applicd by a.ccreted prisms are formr:d only when voluminous 
··ln systcms and their assC'Iciated magmatic ··material, K::uigand others(l976)concluded sediments are carricd to orare otherwisc 

.:s. Thus. IO_~":~.I'_lt;le __ ~-~ductio~~~?~S: tha_t the geometiy of the upper, shallow available on the subduc1ing occan floor. 
1 from combinations_ of: {l) rapi(f absolutc;' segmcnt of the inclined scismic zone is con· lnasmuch as accrctionary loading affccls 
l_~pper-plJ.tc motion toward the trc:nch, (2). trollcd by the load· of thc:_ accretionary thc: subducting platc: only in thc: rc:gion 
/ rapid relatin: plate convergence, (3) subduc· prism on the subducting platc. Accretion- betwcen the inner slope of the trcnch and 

l tion of anomalou!\ly low..<fensity occanic ary proccsscs are dependent on thc: rc:lati\'c the uppc:r-slopc discontif!uity (Karig and 
1 lithosphae, and (4) subduction of young balance between rates of convergcnce and others, 1976), the ~comctry and dip of the 
/ occanic cru~a. Ancillary effects of lo\\o'-an~le sediment supply. Under rapid..convcrgcnce remainder of the subducting platc are indc-

• j subduction indude landward· displacement situations, which indcpcndently induce nat- pendent of thc affects of loading. Through 

1 
of thc mag.matic are or ccssation of sub- tening ofthc Benioffzone, accretion is rapid this rcasoning, we regard accretionaryload
duction-Tdated magmatis!ll, compressional and is principally tectonic in origin. Under ing as subordinate to the other four factors 

. í tcctonics within and behind the are, and slow...convergence situations, tcctonic acere- in controlling the gcometry of the entire 
·\' \\.·idt:sprcad sub~idence in pericratonal re- tion is slow, but sedimentary filling. or subduction zone. 

Rions. 0:orm.al or steepcr subduction results accrction is variable and dcpends en the Th.e second factor which may act as a 
\ from combinations of: (1) slow or retro- rate of sedirnent supply. Hamilto':' (1978, subordinate control of subduction-zonc 

·' grade a b~olute upper-plate motion~ (2) slow 1979) observed that larg~ accretionary gcomelry is that of prolonged subduction of 

1 

1 

l 
1 
1 

relative pbte convcrgence, and (3) subduc~ 
tion of norinai-dcnsity and old oceanic 
lithospherc. Ancillary effects of steeper 
subduction include development of a mag~ 
matic are close to the trench and exten~ 
sional tectonics within and bchind thc are. 

The two factors, load of an accretionary 
prism and prolonged subduction, that we 
rcgard as subordinant to the Other four ha ve 

! been suggested by others and are reviewed 
_L briefly here. __ ·___,,------,---:-----:--1 

. . - -rn- a· í-é'Vie"-· of ;-~c-trench systems, Karig 
.nd Sharman ( 1975) noted an empirical 

correlation betwcen the width of the are-
• trench gap and the volume (width) or 
acCreted scdiment and slices of oceanic crust 
a long t~e inner rnargin of the trench. This 
correhttion corrcsponds to a flattening of 
the inclined seismic zone at shallow depths 
between thl! trench axis and the front of 
thc volcar.ic are. Karig and others ( 1976) 
dcmonstr:ued that the width of this flat
te:ned portion of the inclined seismic zone 
·is proportional to the arc-trench separation 
for most subduction systems. Several in
vesti&awr~ ha ve suggestC:d or inferred that 
accretion of sedimcnt and sliccs of oceanic 
crust a long thc inncr trench slope loads a'nd 
depresses the subducting plate, reduces thc 
angle or subduction ln the shallow section 
of the Bcnioff zone, and causes the trench 
a.xis to rnigrate seaward; the direct result is 
an lncrca~e in the arc-trench separation (for 
e.xamplc. Karig and Mamrnerickx. 1972~ 

, Hurk, 1972; Dickinson, 1973; Hamilton, 
l 1973; Sedy and others, 1974; Karig and 
i Sharman. 1975; Jacob and others, 1977; 
l l!amilton, 1978). Expanding upon these 
1 ·· '<uggestions, Worzcl (1976) showed tha1 the 

o\·eight of thc accrctionary prism was suHi- . 
. 1 cient lO depress the subjacenl lithosPhere 

1
:1 l~ostaucally. From observcd geological and 

·~ _"""''""' ~- ··~''"~"""'""""' 

PRINCIPAl CONTROLS ON GEOMETRY OF SUBOUCTED UTHOSPHERE 
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Figure 1. Schemati.c illu~tration of the subduction modtl, showing the tffecls of ·each 
major control aCtin~ indcpendt.ntly. nrawn approximately lo scale. Only suhduction ol 
octanic lilho!tphere b.eneath continen12.l litho-.phere is comidered. Salid tri;~ngl~ indicate 
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oceonic lithosphcre. James ( 1971) suggested 
that rrolongcd .subduction of cold occanic 
lithosph('r"e dcpresscs isothcrms within the 
subducling plate and the overlying mantle. 
Conseq·Licntly, the 1one of mag1na genera
tion is diSplaced downward and laterally 
away from the trench, suCh that lt undcrlies 
rortions of the 0\'erlying platc at progres
sively grcater dist;:~nces from the trench and 
a broader are iS crea1ed. James also infcrred, 
and Dickinson (1973) suggcs!ed, that lhis 
efCccl may be augmented h·y gradual thick
ening of the over!ying plate through acere-· 
tion of subduction-related volcanic and 
plutonic rock~. A crude, empirical correla
tion bétween crustal thickness and scpora
tion of tht are and ~rench, ~~ well as. 
duration ofsubduclion and arc-trench scpa
ralion, was sh~wn by Dickinson (1973), We 
havc not been able w extend these observa
tions beyond an cmpirical levcl nor to 
incorporace the possible cffccts of pro
lorigcd subduelion into thc subduction 
modcl. for twO principal reasons. First, as 
Dickinson (19'13) noted, it is usually diffi- , 
cult to determine whether increased arc
trench separation is the result of accretion 
(scaward trench motion), prolonged sub
duciion (continentward are molion), or of a 
combination of theJwo. Second. an~ more 
impo~tantly, · these empirical ·corrclations 
are nccessarily derived from study of older 
and often inactive subduction systems. In 
these instances, it is not possible to un
equivocally demonstrate that the arc-trcnch 
separation is the product of proJonged sub
duciion plus a~cretion, or of another cause, 
stich as angle oi subduction, which is con
trolled by !he other four principal factors. 

Relallvé Converi:ence Rates 

4 
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ing contrOts on subduction-zone geomctry. 
Acting independent ly, convcrgcnce-rate 
variation is presumed to control the dip of 
thc inclined seismic zone and, consequently, 
the arc~trcnch separation in the following 
manr,c:r. Oceariic lithosphere is metastable 
beca~sc it is denser than the undcrlying 
asthcnosphcrc. Under constant conditions 
of slow rclative convergence, gravitational 
force prcdomin3.tcs, the plate dcsccnds ata 
stecp angle, and thc separation of thc vol
canic are and trench is small. By contrast, 
fast relativc convergCnce results in a lesser 
component of gravitational sinking, smaller 
angle of subduction, wider spacíng and 
depression of isotherms, and widcr arc
trench separation. 

One region that exhibics the effects of 
variation in re1ative convergence rates is 
a long the Middle. American trench whcre 
the Cocos plate is subducting beneath the 
North American plate (Fig. 2). Relative 
convergence ratcs increase from -5.5 cm/ yr 
in che north to -7.0 cmjyr in the south 
along the trench, ·a consequence of close 
p.Í'oximity to the relative-motion pote (Min
ster and othe~s, 1974). Absolute motions of 
the North American and COcos plates are 
almost invariant along the subduction 
boundary. The age of the Cocos plate 
increases from north to south along the 
trench, As predic!ed by !he subduction 
model, the arc-trench distance incrcases 
progressively from north to south, corres
ponding to increasing relative convergenc~ 
rates. Thc influence of age variation of the 
Cocos plate on subduction~zone geometry 
and arc-trench distance is discussed subse
quently. At this stage, it is sufficient to note 
that incrcased arc-trench distance assocíated 
with subduction of progressively younger 
and relatively more buoyant oceanic lithos
phere is not observed along !he Middle 
American trench. 

Luyendyk (1970) first proposed an inverse 
correlation b~twecn convergence rate and 
angle of subduction. This reJation was 
based' on examination of four arc-trench Absoluce PlaCe Mollon 
systcms in the western Pacific. More re
cencly, Tovish and Schubert (1978) demon- Absolute plate motion, particularly thac 
strated that, when more arc-trench systems of the upper plate, is a second majar control 
werc: includcd in such an analysis, the invcrsc of subduction-zone geometry. lt is not read-

. relation betweCn convergencc rate and in- ily apparent that absolute motion of one 
clinarion of the subducting plate was exhi- or more platcs can be treated or cxpressed 
hited by sorne arc·trench systemS. but other differcntly than relative motions of the same 
wstems did not conform to the_.anticipated platcs. Nor is it readily apparent that abso-
rclation. In additión~ thcy ob'served that Jute motions of two plates a1ong a convcr
dips were constant throughout the length of gence boundary prpduce phYsical changes 
each of five subduction 7.oncs, although the in thc ccinfiguration of thc subduction zone 
convergellce rates varied by as muchas 2. 7 tliat are conCeptually indcpendcnt of the 
cm¡yr alonc' a single s.ystem.•Thcse excep- con'figuration induced by relative motions, 
tions to the general rclation obscrved by th;.lt is. by rc:btive Convergcnce ·ratcs. Bc
Luyendyk (1970} are important in that th~:y cause motion_s of litl:osrhcric ¡)lates <tlonr, 

lute and rclative components. the two con .. 
trols are always interdependent and onh· 
rarcly can their inderendent cffc:cts 0~ 
subduction-zone geometry be asccnained. 

In contrast to relative plate motioni 
which are dcscribed by angular rotation; 
about geometrically ~onstructed floles of 
relative motion, absolute plate motions are 
described rclative to sorne externa! (inde
pendent) rcference. sUch as the Earth's cen. 
ter or axis of rotation, which is presumed 
fixed o·r which is stationary compared to 
relatively rapid motions of lithospheric 
plates. A common way of determining 
vectors (or angular rotations) of absolute 
plate motion is with respect to the hot-spot 
refc;rence frame, assuming it is stationary 
over tens c:>f millions of years, relati,·e to 
rapid motions of lithospheric plates (for 
example, Minstcr and others9 1974~ Molnar 
and Franche!eau, 1975). One can also 
regard material in the asthenosphe;e as 
moving diffusely and more slowly than the 
overlying li1hosphere (Jacoby, 1970; Elsas-
ser. 1971). In this case, the deep mantle is 
nearly stationary, and motion of lithosphere 
relative to the deep mantle may be ~efined 
as absolute plate motion. 

Along a convergence boundary. absolutc 
motions of the adjacent plates may aug
ment,leave unchanged, or oppose the phys
ical effects on subduction-zone geometry 
induced by rela·tive convergencc: rates. In 
arder that the absolute motion of a_plate · 
may influence or control subduction·zone 
gcometry independently of relative ptatc 
motion, the lithosphere must not be coupled 
directly to asthenosphere now, at least 
along a wide margin parallel to the conver
gence boundary. This assumption is implicit 
in our analysis. The relative influence or · 
dominancc of the two controls is most 
directly related to the absolute motion of 
the upper plate. As noted by Solomon and . ~'
o!hers (1975), all subducting plates advanceefllS ; '· 
toward the trench in an absolutc-motion · 
frame, whereas upper plates move at vary4 

ing ratcs and directions toward and away 
from convergence boundaries in the ab
solute-motion frame. On the basis of this 
difference, we argue that the absolute 
motion of the upper plate dominates over 
relative convergence rates in controlling the 
geometry of subduction zones. 

Abso\ute upper-plate motion controls the 
geometry of subduction zones dyÓamically 
by modifying the e!fects induced by gravita
tional sinking of subducting lithosphere. 
Rapid absolute upper-plate rnotion toward 
the trench cau!.es active overriding of the · 
!rer.ch and the subduction zone, reduced 
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· subt,iucting lithosphcre, and consequcnt 
·rorm;stion of a shallowly inclincd su.bduc
iionzonc (llyndman, 1972; Mobcrly, 1972). 

,.'The major consl·qucnces are landward dis
pbccmenl of the volcanic are or, in sorne 
cases: ccssation .of magmatism along the 

~ former are and devdopment of a ncw are 
~ ~C\'tral hundréd kilomctres away from the 
. trcnch (Cross and Pilger, 1978a). Wi!h slow 
absolutc uppcr-plate motion toward the 
trcnch, grayitational sinking of thc subd uct
ing lithospherc predominates and results in 
a more ~~~·.:ply ínclined subduc~ion zone. 
occanwan.! mig~at~on of the trench rclative 
to thc upper platl!, and a narrow arc-trcnch 
separalion (Mobcrly, 1972). Retrograde 
(aw<ty from thc trench) absolute motion of 
thc upper plate cxcrts little or no control on 
thc geometry of the subduction zone, and 
the angle of descent is determined by the 
intcraction of the other major controls and 
gravitational sinking ofthe subducted 1itho-
sphcre. The ccntrast between generally 
stccply dipping, westward-verging subduc
tion zones of the w'estern Paciftc and inod
erately dipping, eastward-verging subduc
tion zones of the eastern Pacific (for 
cxample, lsacks and Barazangi, 1977) may 
reOt!ct .control by differences in absolute 
uppcr-plate motions. In the western Pacific, 
upper-plate absolute motion is retrograde 
or highly oblique with respect to strikes of 
trcnches. By contrast, in the eastern Pacífic, 
thc North and South American plates are 
ovcrriding the trenches in the absolute-

. motion frame (Morgan, 1972; Minster and 
othm, 1974; Chase, 1978b). 

The convergente bóundary a long MexiCo 
and CCntral America provides arare exam
ple whcre !he cffocts of upper-pla!c absolu!e 
motion are distinguishable from the other 
majar controls on the geomciry of subduc
tion zones. Along the Middle American 
trench. the Cocvs plate subducts bencath 
two plates, the North American and the 
Carihbean (Fig. 2). In !he vicinily of !he 
!hree-pla!e boundary, !he age of the Cocos 

· plate is essen1ial1y constant (Hcrron, 1972) 
and the rates of relative convergc:nce be
twc:cn the Cocos-North American and 

· Cocos·Caribbean. plate ·pairs are compara
. ble. or the four major controls on subduc
. tion-wnc gt:ometry, <::Jnly ·thc. absolute 
motions cfthc upper plates are radically dif
fercnt. Whtreas, in an absolute-motion 

· . frJmc:, North America is ovcrriding the 
Middle American trcnch (for examplc, 
Min~tcr and others •. 1974), thc Caribbcan 
plate is moving.slowly subparallel to and 

, sligh1lyaway frorn !he 1rench (Jordan, 1975;' 

·-"~-· ... ' 
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Chasc, 1978b). As discussed previously, the nic crust bcneath aseismic ridgcs reduct'1. 
arc-trench di!ttance incrcases progres5ively lhe average density of the litho~pherc : 
from rlorth to soulh in Mexico. A rninor such that lithC'I~phcre bearing an asei~mic 
~:1p in actl\'C are ·volcanism and a substan- .>. ridge is no longer gravitationallJ' un:.t.lhlc ,::,__ 
tia! offset of the \'Oicanic are toward the :· Consc4ucntly, as Oceanic Úthos.ph·~;;-b;~·r~ 
trench occur at the boundary between thc ing an. aseismic ridge or occan.ic platt."au 
North American and Caribbean plates (Fig. encou_nters a com'ergencc boundary, it ¡5 
2). Southward from that boundary, the vol- buoyed up in the subduction zone, an4 
canic are in Central Ame rica is parallel to J~~-_ang.le subductíon ensues. Alternativcly::l 
the trcnch, and ·thc arc-trcnch separation ls the ridgc m ay acere teto the uppcr plate and i 

. ' narrow and const=ant. The sudden n:urow~ a ncw subducuon zone may develop out-\ 
ing of the arc-trcnch gap reflects contrasting ·board of the ridge. Beca use ascismic ridges\ 
absolute motions of the Nonh American are the. samc age as surrounding oceanicl 
and Caribbean platcs. The subduction crust, httle or no thermal contrast exists\ 
modcl predicts shallow subduction of thc between the ridges and adjacent oceaftic \ 
Cocos plate bcneath North America where crust, and the buoyancy of ridges relati\e \ 
thc North American plat~ is overriding the to adJ3Cent crust IS unlikely lo be age-
trench. Conversely. th~ Cocos plate should dependent. lt is the diffcrenu in average 
descend at a steeper angle beneath the density of lithosphere bearing aseismic J 
Caribbean platc: wherc the uppcr pla.te is ndgcs versus that of normal hthosphere that 
ncarly stationary in the absolute-motion 1s cnucal in assessing the rclative buoyancy 
frame. Observations of earthquakc foci dis· of the ridge. 1 

tributions in this region support these pre~ lt is difficult to predict how deeply thc: 
dictions; the inclination of the scismic zone buoyancy cffect should persist. Experim~n-
is stceper beneath the Caribbean platc than tal ·evidence, summarized by Ahrens and 
beneath the North American plate (~1otnar Schubert (1975), suggests that oceanic trust 
and Sykes, 1969, Figs. 10 and 11). should transform 10 much denscr eclog;!~ in 

Subduction of A~el~mic Ridges, Oceanic 
Plateaus, and lsland-Seamount Chains 

\_1:'. 1;.>l~f":·\ '::·. ¡·.:::. . 
Aseismic ridges~· oceanic plateaus, and 

intraplate island-seamount chains of var
ious origins stand as topographic prOmi
nences or a"s broad, t_Q~graph~~a_l_l;~.P~~0Y~. 
arcas relative to surrounding oceanic crust. 
BY ·virtue-or-tfie-·anoma·¡ou·s· .. crus't---a~d 
mantle which underlie them. they are Iikely 
to produce anomalous effects on the con
figuration of subduction zoncs when sub
ducted. 

Aseismic ridges apparently form. syn~ 
chronously with adjacent oceanic crust, as 
indica!ed by DSDP dala (Sclater and 
Fisher. 1974). subsidence curves (Dctrick 
and others, 1977), isostatic gravity anomo
lies (Kogan, 1979; De1rick and Wa!ts, 1979; 
Wa!!S and o!hers, 1980), and plá!e recon

. structions (Pilger and Hand~chumacher, 

1981 ) .. Kelleher and McCann (1976, 1977) 
reviewed evidence supporting the presente 
of 3~<!.L?.~J~1.hLc}~ .. 5!~~L.9r ~·.structural. 
roots'' beneath aseismic ridges. Sub~equent 

-sttidits: Da-~·cct"Ori. gr:iVit}·:·seis.mic réfraction, 
and isost~tic modeling, have recogniz~d· 
that aoomalously thick crust is characteris~ 
tic of aseismic ridgr.s an~ oceanic. plateaus 
(Kogan, 1979; Oetrick and Wau,, 1979). 
Kcllcher and McCann (1976, 1977) sug
gcstcd th<:tt the incre<tscd thickncss of occa-

!he depth inlen·al of 40 10 80 km. Such a 
transformation of anomalously thick cru!lt 
should increase the density contrast between 
oceariic lithosphere and asthcnosphere and 
should rcinforce the gravitational instability 
of the descending plate. Assuming that this 
transformation occurs, the experimental" 
work .prcdicts that aseismic ridges ~nd 
oceanic plateaus shoutd subduct at steeper 
angles than normal oceariic plates, owin& to 
their greater average density. This predic
tion differs from observed relations; :we 
consíder possible resolutions of this disCre· 
pancy subsequently. 1 

In contrast with aseismic ridges, istand
seamount chains form in an intrap~ate 

position subsequent to formation of sur
rounding litho~phere and in associaticin 
with a thermal anomaly of uncc:rtain origin 
(for example, Morgan, 1972;· Jarrard ~nd 
Clague, 1977; Wa!!s and o!hers, 1980)., As. 
a consequence of thCir intraplate oriCin, 
island-seamount chains lack a·substantiá.lly 
thickencd crustal root; any increase in úUs
tal thickncss of ·such chains is· confined to . 

¡the volcanic edifice .buih on the sea nc?~r . 
Thc thermal anómaly responsible for ,the 
cti'ains also produces a decrcase in dcn;ity, 
thickness, or both, of the lithosphere ¡be
neath young chains. This response is mani· 
fested in a di~tinctive thermal swel( of 
litho~phere adjacent to individual edifices 
(Crough, 19n; Dclrick and Crough, 1978). 

--·---~---------·---· ----· ------~------·---·------·-
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·.;., ,'i .. Jipnscquctttly, Jith~sphere containing an 
~~4land-scamount' chairi has an average den

' :• ;lty lowcr than that of nOrn:'al oceanic 
·:t lithosphc:rc ~md is relatively more buo}'ant. 
,;J The thcrmJ.I anomaly associatcd with thc 

·/~ 1:: ·¡ for'mation. of an island-scamount chain 
¡;.,:'~··~ decn}~S With age of fOrmation, of the chain 
·;.; · (l>ctrick and Crough, 1978). Thus, litho-
":.~·'•• ·~r'n spht:rc bt:01rin~ island-scamoUnt chains in-
........ 1·' ' • 
,.'1 :~· creases in thickness, average density, and 
:/

1 

gravitational instability as a function of agc 
~~·, fro

1
m thc lime of chain formation in a 

···'~ · manncr similar to that observcd for litho
:;, .. ·.·.~¡ spherc gencrated at spreading ridgcs (Parke.r 
"'- , ·and Oldenburg, 1973). 
~;: .~ Des pite lheir different origins. both 
~:~: .. ~ aseiS:mic ~it.lgcs and inuaplat~' island-sea
:r~··: · mount chains repres·ent density anomalies , .. 
::'. ,•; m pceanic platcs. a¡;¡,d both are relativdy 

!~.· 
~ ¡;· 
1¡,: 

.'.' ...... 
_.\ .. ·: 

~- ·~.I.J ·.··· 
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more buoyant than normal Jithospherc. 
However. all aseismic ridges and intrapbtc 
island-seamount chains are not cqually 
buoyant. Differences in relativ'e buoyancy 
arisc from differc:nccs in absolute age, con
trast in age with respect to adjacent lithos
phere. size, and crustal thid.ness. Upon 
subductinn. the buoyancy cffect for both 
nor'mal oceanic lithosphere and, lithosphere 
which includes an island·seamount chain is 
1ikc1y to be agc dependen!. That is, o1d 
lithosphere and old island-seamount chains 
havc a lc:ss pronounced buoyancy dfect 
than young lithosphere and young island
seamount chains. This rebtion conforms 
with tcntative conclusions that young 
occanic lithosphere subductS at lowcr 
ang1es than o1d lithosphere (Deiibng and 
Fox,' 1977; Mo1nar and Atwat;r, 1978). 

.,. 
o 
o 
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10' S 

20° 

30° 

Subduction of aseiSmic ridg~ produces thc 
most dramatic dfects on the configuratión 
of subduction zones ül the castern r:icific. 
wherc lithosphcre gencrally is young . .;here 
ascismic ridgcs are continuous and well 
dcvelopcd, and whcre uppcr plates :m: 
ovcrriding the subduction zone in the 
subduction zone in the absolute~motion 

frame. By contrast, in the western Pacific. 
whcre lithospherc gcnerally is old, where. 
aseismic ridges are thinner and discontinu .. 
ous. and whcrc:: upper plates are rctrcaÚng 
from trcnches in the absolute-motion frame. 
thc cffects of aseismic-ridge subdudion are 
limitcd to retarded back~arc spreading and 
to slight decrease in the inclination of ·thc 
subducting p1ate (Vogt and others, '1976; 
lsacks and Barazangi, 1977). Thesc re1a
tionships are considered ín the following 
an~lyses of four subduction systems. 

1\"azca and Juan Fer~andez Ridges. Stu .. 
dies of earthquake-hypoccnter distribution 
have demonstratcd that the Nazca plate is 
subducting beneath South America at 
angles of 2Y1 to 30° in the intermediate lo 
deep zone along most of the Convergencc 
boundary (lsacks and Mo1nar, 1971; Stau
der, 1973, 1975; Barazangi and 1sacks, 1976, 
1979;· lsacks and Barazangi, 1977). Except 
for two conspicuous breaks, Quatcrnary 
stratovolcanoes forma continuous volcanic 
chain along the western margin of the 
Andes above what Baraza'ngi and lsacks 
(1976) interpreted -as the line of con.tact 
between the upper surface ofthe descending 
Nazca plate and the overlying wedge of par
tially molten asthenosphere. The gaps in 
recently active volcanism occur in northern 
and central Pero and central Chile and 
coincide with positions of very .low-angle 
(< 10°) subduction ofthe Nazca plate in the 
intermediate depth interval (Fig. 3; Bara· 
zangi and Jsacks, · 1976). Barazangi and 
lsacks (1976) attributed the abscnce ofvo1-

~-·-·. ~ ~. 

.. ' .. ~ .. '. ~ 

'· 
. ·:· 

Figure 3. Peru·.Chile subduction zone. Conloun (ii1 kilomtoo 
tres) un top of inclined .seismic zone and.locatiqn of active . 
volcanoe.s from Harazangi and hacks (1976} and lsacks Bild: 
liarazangi (1977). Focal-mechanism solulion~ o( shallow .. 

,earthquaho¡ within the South American Pt~te :!rom:Staudtr. · 
·(1973, 1975). All indicate horiwntal, easl·wtsl compression. 
Center\. of shad;d quadrants ar~ 1'1e _'¡• a.'Ú~¡·. cenlers <!( 

1 un~haded qúadranb are T axcs. Thin solid-liile is 3~km topo,-·,. 
graphic contou'r; nolr lriver~t correlation'· behween "width ~f 
Ande~ zind dip of the inclined seis~ic zone • 
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'cani~m in thcse two rcgions to disptacemcnt 
of thc wedge óf partially mchcd asthcno
sphcre by thc very .)ow-anglc subducting 
litlw~pher.c 3nd comcqucnt din:ct superpo
silion oftwolithosphcric platcs. At thc sitcs 
of vcry Jow-angle subduction, the Andes 
fornl a narrow, ncar,o.Jstal m'ountain range 
instcad of a broad, high platea u (for exam
plc, thc Altiplano of thc central Andes). 
EanhquJkcs with comprcssional focal 
mcchanisms within thc westcrn South 
American plate ':1-TC rcstrictcd to thc sites of 
ver y low-angle subduction and are abscnt or 
undctcctcd in segments of stecper (- 30°) 
subduction (Fig. 3; Staudcr, 1973, 1975). 
Additional evidence for compressional 
·stress in continental crust overlying a low
anglc subduction segment occurs 500 km 
east of th~ Peru-Chile trcnch where the 
Argentine Pampean ranges comprise a 
rever~c-block.-faulted tcrrane of late Ceno
zo!c a¡;~ (Fig. 3; Stoll, 1964). 

1t i~ r.O.ssib!c to qualitativcly rcsolve the 
rdati\'C contributions of thosc factors which 
control the geomctry of the subducted 
lithospherc bt!ncath western South Amer
ka. par!iculady the configuration of the 
two ano:nillou.s, very low-anglc subduction 
scr,111ents. Relative convergcncc rate is es
scntial!y constant at ... ¡¡ cmjyr along the 
South American-Nazca plate boundary 
(Mihstcr and others,·l974), as is the agc of 
the !'o7Ca plotc (about 41 to 46 m. y. B. P. at. 
the Peru-Chile trench between 35°S and 
15''5 latitudes; Pitman and others. 1974). 
Absolutc motion of each plate is constant. 
with South America moving toward thc 
trench at Etbout 2.2 cmfyr and the Nazca 
place advancing toward thc trench at abo~t · 
9 .. 1 cm/yr (Minster and others, 1974; Chase, 
1978a. 1978b). Moderate-anglc (-30°) sub
duction characteristic of most of the con
verr,cncc: boundary. in al! probability. is 
auributable to the effects of rapid conver .. 
gencc, OYerriding of the trench by the South 
American plate, and the relative youth of 
thc sUbducting Nazca plate. Other factors 
which may affect suhduction-zone geometry 
on a global scale also may contribute to 
rnoderate--an!tle subduction along South 
America in cornparison to generaJiy steeper 
inclinatitlOS · of subduction zimes having 
wc~cw:nd vergence. These include hydrody
namic forc:es {Ji~chke, 1975), and tidal drag 
( Bostrom, 1971; Nelson and Temple, .1972; 
Ho!-.tH'm n.nd othcrs, 1974), alÚ10ugh· Jor
dan ( 1974) h'as argued that tidal forceS are 
inadcquate 'tO significantly inOuence plate 
motions. 

,1'. 
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The m.ijor factors responsible for the two 
very low·angk sulx!uction ses:ments a long 
the Pcru-Chile trcnch, as well as the asso
ciatcd gaps in Quaternary volcanism a long 
thc An.dean chain. a1e suhduction of thc 
Nazca Ridgc oprosite southcrn Peru and 
thc Juan· Fernandez scamount chain. oppo
site central Chile. B:uazangi and lsacks 
(1976) and lsacks and Barazangi (1977) 
noted the corrcS,Pondence betwl'Cn subduc-

. tion of thC ;\'a1ca ridge and the anomalous 
low-a ngi"C :,ubd uction segmcnt beneath 
Pcru. Pilgcr (1977, 1981) expandcd upon 
and Jocumented this observation and sug
gcst~d that this corrcspondcnce rdkcte-d 
a fundamental genetic rclatiun~hip. He sug
gested that.the ;'\azca and Tuamotu Ridgcs 

¡~, 
wcre generatcd contemporaneously by a 
sing!e·source, such as a "hot spot" (Easter 
lsland maritle plume of Morgan, 1972) or 

· other fundamental proccss, centercd on or 
ncar the symmctrically spreading r\azca
Pacific Ridge. Pilger concludcd that the 
gcometry of the subducted portion of the 
~azca Ridge could be reconstructed by 
assuming it was initially a mirror imagc of 
the Tuamotu Ridge. Using plate reconstruc
tions and the assumption ·of initial mírror 
im3gery, Pilgcr mapped the successive posi-

4'-t::::3.o 

120 1 100 1 

tions of the Nazca ridge beneath South 
America and demonstr:J.tcd that the \'C'l)· 

Jow-anglc subduction scgment and othcr 
gcologic fcaturcs in Pcru correspond in time 
and spacc to progressive subduction of thc 
Nazca Ridgc (Fig. 4). Thus. we conctude 
th:1t thickened oceanic crust berieath thc 
T\'azca Ridge and consequent reduction in 
a\.'crage litho~pheric dcnsity has caused Jow. 
angk su~duction bene3th Pcru. 

In zdditiori, Pilgcr (1981) showed that if 
an off-ridgc "hot-spot" .origin for the Juan 
Fernandez scamount chain is assumed. thc 
plate reconstructions place thc subducted 
ponion of that chain in the zone of \'try 
Jow-angle subduction bcneath central Chile. 
Buoyancy of the lithosphcrc beneath the 
Juan Fernandez Ridgc. owing to its relative 
youtb, is proposed as rhe mechanism pro
ducing the central Chilean low-angle sub
duction segment. 

There is an apparc:nt difficulty with the 
buoyancy hypothcsis for aseismic ridge 
subduction that requires resolution. In the 
case of the Nazca Ridge. wc observe that 
low-angle subduction extends toa depth of 
150 km, well in exccss of the 40- to 80-km 
dcpth at which the transformation of crust 
to cclogite is expccted from experimental 

20' 

30' 

•o• 

70' 60' w 

Figure 4. RecOn\lruction ef lht relativt po\itions of the Nazca and South American 
pl:tlts Bf O, 4.2, 9. 19.5, 25.5, and JS.b !n.y. U.P. (corr~ponding magnf'lic·anomaly numbtn 
!ih9"''" by numerals in parpnthr~e'i). Oullinr of suhducted portion of Na1ca Hidge is shown 
by ~tippled pattern. a~suming mirror-imwge symmetry with the Tuamoto H:idge. Modifitd 
from l'ilger (1981), 
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· 1a (Ahrens and Schuben. 1975). The 
-'~em .. ·c uf !<>tccper subduction in the vicinity 

of ltic: r-.;.1/_c;,¡ Ridge projectíon indicatc~. by 
c~ntr;1sr. th~•t·cither thc transformarían to 
cclogite ha~ not occurrcd or that the basahic 
componc:nt. which prcsumably would trans
form to ccl('!dte, is abscnt from the sub
ductcd scgmcnt. The first postulation mighÍ 
be cxpl:lined by low initial abundancc of 
volatilcs witliin the OCt:'anic crust which are 
necc~sar.y .to catalyze the transformation, 
AÚernativcly. thc crust of the aseismic ridge 
may be shc~1red away from the mantle por-. 
tion of thc dcscending plate at shallow 
depths. Such an eVent was suggested by Nur 
and Ben-Avraham ( 1981) in anothcr con
tcxt. If phas: transformation of basaltic 
crust to edo¿:ite is the norm and is responsi· 
bit: for the incrcas~ in angle of dip typically 
observed in .subduction zones involving 
.. normal" oceanic lithosphere. then absence 
of rransformed Oceanic crust (that is, sub
ducted lithosphere consisting only of peri· 
dotitic mJ.ntle) could result in reduced 
average density and low-angle subduction. 

., 

Both of these ahernati\·e hypotheses are 
speculativc. Direct evidence is lacking for 

f,ossih!~ existenci! of sheared-off aseis-., 
:~ 
... 
·' 

~-ridt:~." crust along the Peruvian segment 
of low-angle ·sublluctiori. However. there is· 
im.lirect t:videuce that ·such events may 
occur (see J.!so Nur and Ben-Avraham. 
19.SI). In the Orcgon Coast Range. an 
app~rent ascismic-ridge terrane was identi
f•nl hy Sanps"n ara! Cox (1977). They cited 
tht: evidcnce indicating that this tectonically 
anomalüU\ clement formed as oceanic crust 

~ anO scarnoums and postulated that an 
Y¡ a~cismic ridgt.! or island-seamount chain was 

shc:trt·d off lhe. subducting Farallon plate 
1 and was <.~ccrrted to North America. 

·'' ,, flhysi(;'al !<-t:paration, by shcaring or other 
mc:chani~m. of ~ubducted aseismic-ridge 
crlJSf from t!le subjaccnt mantle provides an 
c:"'.p!:tn:tti(ln, illternative to that of Bara· 

": l:tngi a nd lsacks (1976), for the correspond
ingab\encc: of an.: volcanis'fl. Anderson and 
oth1:r s ( 11J /6) sttg!lt:stcd that dehydration of 
subtlucted occanic crust may provide lhe 

1 watn necc~~ary ·to partially mclt astheno
¡: ~phnc or thc pcridotitic.: manth: at the base 
· of thc upper pbtc:. However, subducted litho

~phclc corhi'iting only o( peridotitc rriantle 
.;: wuuld he dcplt:tcd in free w•1ter rclative to 
1. fl al Ol·~·anic litho~phere and would be 

r •el)' >table al shallow dcp!hs (<;150 
kru): Con~cqucnrly, dchydration ·o( sub
ductr'd m:wtk lithosphcre would not occur 
and water would not be reh:asi:d. Alterna~ 

tively. the absence o( subductc-d oceanic 
crust would preclude pani¡¡J .mdting of 
amphitlolitic or eclogitic m:uerial. a mecha
nism !ha! Green and Rin~wood ( 1968) and 
Marsh ( 1976) have·propos<d for ¡:enera!ion 
of andesitic magma along "'normal" subduc
tion zones. 

Cocos Ridgt. The subduction boundary 
separating the Caribbean and C".:os plates 
provides another example of the intluence 
of a young aseismic ridge on the.configura
tion of the subducting plate. Absolute 
motions of the two piares were discussed 

prniously: relative convergence rate along 
the boundary is o.pproximately constant at 
aboul 7.5 cm/yr (Jordan. 1975). The a~e of 
the Cocos plate as it enters the trench is 
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approximatcly constant from about IS m.y. 
B. P. in the northwe.st to about 20 m.y. B. P. 
in the Southeast, the region o( principal 
concern (Fig. 5; Heyand olhers. 1977). Hey 
( 1977) and lley and othcrs ( 1977) described 
the cvolution of the Cocos_-Nazca spreadlrig 
ridge and of the Cocos platc. They con· 
elude~ that the Cocos Ridge was generated 
by a "'hot-spot" or other fundamental pr~ 
cess centered on the Cocos-j\;a¡ca spreading 
center. Thus, the Cocos Ridge is the same 
age as the relatively young Cocos plate. The 
subduction model predicts that the Cocos 
plate should be relatively buoyant where the 
Cocos Ridge intersccts the Central Amc:ri· 
can trench and that it should subduct at a 
much reduced angle; magmatism should 
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Figure 5. Plate-tecrtJ~ic !ltlling or the Ctnfrul American voh:unic are. A~tive and Qua

ternary \o'Oicanue.~ (~tipplrd pallt·rn) frnm 1\Iacdonald (1971). AJ!C or Cocos piare (in m.y. 
H.l'.),frum llt.·y u.nd ulllen (1977). JSO-km (!!oulid Jine) and lOO· km (doHed line) c~ntoun on 
top or iudined sd'imic ·wne ouuJ ~e¡:ment~ ohubducted litho,phere (da!lohed lines) from Carr 
and olhers ( 1979). 
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eithcr cc;1se or be displ<tccd signifi~antly 
( rbm thc trchch axis. Carr <md othcrs ( 1979) 
su:mmari1cd the t''lhscrvcd rclations bctwecn 
Quatcrnary volcanisrn and dip of lhe in
clined scism;ic zone in Central America and 
dncumcntcd ·,h~ · scgmcntcd naturc of the 
~uhducting 1 plate. From thc triple-pl~te 
bound:.nv m .the northwest lO thc point of 
intcrsccti,)n! Of thc Cocos Ridge and the 
trench. thc :subductcd platc dips bctwecn 
45u and 60C' within thc intermcdiate depth 
inh.:rval (Figs. 5, 6). Within the samc rcgion. 
thc axis of ih~ continuous Quaternary vol
cJnic e ha in is parallcl to and situated 150 to 
20() km ah·Ay from the trcnch. In ·central 
Costa Rica. ·immediatcly north of thc inter~ 
srCtion or"the. Cocos Ridge and Central 
Americ:.~n t~ench, thc dip of the Benioff 
z.one in the. in!ermcdiatc depth interval is 
ahruptly and substantially re~uccd and the 
volcilnic axi~ isdisplaccd landward (Figs. 5, 
6). Farther to thc southeast. opposite the 
Cocos lUdge. historically active volcanoes 
<:~re i:lb~ent.' In. summary .. moderate-angle 
suhducrion in thc intermediate depth inter
Vdl from Gu

1

atemala to Costa Rica is a pro~ 
duct of rclativcly low convergence rate, 
;¡bscnce of an activcly overriding uppcr 
pi<.~ te, and sJbduction of young lithosphere. 
Thc: notable, decreasc in dip of thc: Benioff 
:tone and the abrupt cessation of volcanism 
occur in the region whc:re the aseismic 
Cocos Ridge intersects thc trench, while aU 
olhcr factors presumed to control the 
gcometry of lhe subducted lithosphere 
remain consfant. A complicating factor in 
the analysis

1 
of the Cocos Ridgc requircs 

mcntion. Lonsdalc and Klitgord (1978) sug
gest,·d that the ridge has only recently (< 1 
m.v. B. P.) cncountcred the Míddlc Amcrica 
rre~ch, so tl~at the observc:d seismic effects 
may not h~ reprcscntative of prolonged 
suhduction of an ascismic ridgc. 
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1974): Chase, 1978a, 1978b Uyeda and 
Kanamori, 1979), thus contributing a slow, 
strongly oblique (with rcspect to the strike 
of the trench) component to the rclativc 
motion. Thc age of the Pacific plate as it 

enters the trench also is remarkabty uniform 
at about 45 m.y. B. P. (Pitman and others, 
1974). 

The Aleutian Islands and the Alasl\an 
Península comprise a continuous volcanic 
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Kodiak~Bowie Seamounr Chain. Subduc
tion of intraplate island~seamount- Chains 
affccts the: geomctry of thc subducted plate 
in a mannc1 s:milar to that of subduction of 
a.,t.¡.·;mic (-idgcs. Howcver. for the reasons 
discUssed pr~viously •. Íhe changes are not 
always as dramatic. One region suitable for 
ob:;ervi"ng th~ d(ects of subduction of sea 4 • 

rnount r.hains is the Pacific-North Amer
ican. pi:..~ te boundary a long thc Alculian 
trench. ConVergence ratcs are nearly uÍli~ 
form ovc.:r the lcngth of the Alcutian uench. 
(rom nbout 7 cm;yr on thc west to about 6 FíÍ:ure 7. Platc~teclonic "elling of Aleulhtn and Aht\kan \'olc:mic arc;150-km contouroR 
cm/yr on the tast ( Fi¡;. 7~ M inste~ aod oth~ lop of inclim•d_\ei\mic WOl'. loc'3tion..- of ''OicanoK (\o lid cirdl'.\), and maximum widlh ol 
crs, 1974). In thc absolutc:~motion rrame, accrcfed ~edimentury pri\m •dm·e the l\1i{)C(."f1C (diat:,onal~lincd pafttrn), rrom Jacob, 
North Amcrica·i~ moving tO thc souttiwc:st. Nak:unura, anü J)¡nie~ (1'177). l'o:o.itiomo hf the 1\odiak !.ea.nwUnt and.Muunt t\tcKinley 
at abo,ut 2.3 c;~¡yr (ivfinstt:r and olhcrs, · Me indkaltd by"!-:" anJ "X.' r~~WH'h·e1~¡~, 
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' l"ECTO!'ICS OF. ARC A:» O DACK-ARC .REGIONS sss 
' ' l . r' !., north-of the Alcutia~ trench; The are-
' ,h serar:uion increases progrcssively 

fn1m wcst tll cast, from a minimum of abo u e 
170 km to a mJ.,iinum 'o( about_ S10 km in 
1ia: Gulf of Alaska region (Fig. 7). The 
horizÓnt:l! seParation betwcen the trench 
and !he ·150-km conlour. of the top of the 
indined :-.cismic-zone (as projectcd to the sur· 
Ltec) aho increases from west to east, 
rdlcctin!'- the ~rad u al d'ecrease in dip of the 
;uhduclin~ pla!e. Jacob and others ( 1977) 
showed 3 corrdation between the increase 

- oí the arc-trcnch distance and the width of 
thc accrc:.tcd sedimentary prism on the lead
ing margm of.·the ~orth American plate. 
Thcy attributed much ofthe increase in arc
trcnch distancc and the gradual decrease in 
dip of the subducting plate at shallow levels 
(<lOO km) to accretion of the sedimentary 
prism sincc: the mid·Miocene. The max· 
imunt estimated widths of the accretion· 
ary prixm vary from 100 to 200 km in 
thc Gulf of Alaska region. Removal of 
thcse values. c:quivalent to correcting for 
the maximum amount of increase in arc
trench dist.ancc attributable to post-mid
MiQ.cenc~accretion. _rnakes the arc-trench ' - . 

~ r· ~nce uniforma long most of the subduc-
boundary (Fig. 7; Jacob and olhers, 

1977). ' 
E ven wirh thi:t corrc:c!ion. a major anom-

. al y, in the form of an abrupt increase in the 
arc·trench st"parat¡on and a dccrcase in the 
dip of thc: ~:.~bducting p!ate. occurs in thc 
rer.ion of int¡:rsection of thc: Kodiak-Bowie 
scamount e ha in and the trench. This anom
aly ·~liso corresponds with a conspicuous gap 
in the volcanic chaín centercd about the M t. 
McKinlcy region. Despite the absence of 
Quaternary volcanism, a well-developed 
inciined stisrnic zone lies beneath this 
rcr.ion to dep:hs grcate'r than ISO km. The 
!>trike of th: Kodiak-Bowie seamouilt chain 
is (lbliqw: to.the magnetic-anomai)Í pauerns 
M thc: ~orthcasr..:rn Pacific. lsotopic ages of 
samples colkcted from severa]· seamount.s 
show- an ar.:e progressfon .from .... 23 m.y. 
B.P. at Kokir,k seamount to Recent at 
Bowie St:<~:nount ·¡n the southeast (Turner 
aild others, 197J; Jarrard and CJ01gue, 
1971). The~c a'gcs are considerably.younger 
than the ages of thc surrounding sea floor: 
(l'itman and nthers, 1974) and indicate that 
thc .!oc:ainount chain Was generatCd by an 

. pf•" ,.idgc- "hut spot" or other proCesli unre· 
to crustal formation along spreading 

nuges. 
Wr. uttribute ihis anorhalous rcgion of 

sÚ;t\Jow subduction and absence of volean-. 
i~m to s~Oduction of an intraplate island~ 
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·Figure 8. Plate-tectonic setting of Tonga
Kermadec subduction zone. Contours 
on top of inclined seismic zone (in kilo
melres), from Isack• and Barazan~i (1977). 
Absolute-motion (1:'\DI-hotspol) and 
relati.,·e~cunvergence (1:"\Dl·PCFC) nctors 
calculated from Minster and others' (1974) 
model; lengths of arrows ore scaled to 
calculated rates. Thin contours show posl~ 
tions of Coalville, Lau, Tonga, and Kerma· 
dec subsea rid¡es. 

sc:amount chain, the northern extension of 
the Kodiak-Bowie seamount chain. As the 
Pacific plate passed over the Bowie ··hot 
spot," thc: lithosphc:re thinned by ~elting of 
the base of the lithosphere. Replacement of 
lhe base of the lilhopshere by lower-density 
asthenosphere and concomitant thinning of 
rnantle ca u sed that portián of the plate to be 
niorc buoyant than !>Urrounding "normal" 
lithosphcr< (Dwick and Crough. 1978). 
low-:lngh: subduction in the Gulf·of Alas ka 
rcgion was·a resu\t of subductio'n of this 
rclatívely buoyant lithosphere. Abscnce of 
volcanism in the M t. McKinlcy re.gión may 
rcnect the direct contact of the subductCd 
pbte with the hase of the North American 
plate and consc:quent di~Piacement of as
thenosphere, as suggested by U.:~razangi and 

lsacks ( 1976) for the Peru-Chile trench 
rc:gion. 

l.ouisville Ridg~. As age of an intraplatc 
seamount chain increases, the buoyancy 
~ffect o·f. the chain as it enters a subduc
tion zone should be reduced. Thc: intcr .. 
section of the Louisvillc Ridge wlth the 
Tonga·Kermadc:c trcnch in the Western 
Pacific illustrates this prcdiction. In eon
trast to the other areas cited in this revicw, 
the lithosphere in this part of the Pacific is 
old, ahhough poorly determincd at >80 
·m.y. B.P., and its gra\-'itational instabllity. 
owing to its greater average density. a~ 
proachcs the maximum for oceanic lithos .. 
phere. The Louisville Ridge is probably no 
younger !han 36m. y. B. P., on the basi• or 
isotopic agcs of samples collected from the 
ridge, and it may be older (Jarrard and 
Clague, 1977). Wans and olhers (1980) 
dcti=rmined that the- Louisvillc: Ridge was 
generated on old (> 35 m.y. B. P.) litho
sphcre in an off-spreading·ridge position. 
Covergence rates between the Pacific and 
Indian plates along the Tonga-Kermadec 
trench change uniformly from .... 7.5cm/yr in 
the south to -9.9 cmfyr in the north (Fig. 8; 
Minster and mhers, 1974; Chase, 1978a). 

With such a configuration, but in the 
absence of an intraplate seamount chain. 
the subduct-ion model predicts a fairt)' siin
plc:, uniform subduction zone with a stec:p 
inclination (possibly progressively shaliOwer 
to the north) and a well-developed oontinu
ous volcanic are on the upper plate .. Figure 
8 illustrati!S thc gerieralized bathymetry of 
the seafloor. the positions of Qua.tern_ary 
volcanoes, and contours on the top of the 
inclined seismic zone. lt is clear thai ~tbe 
geometry of the subduction zone is not sim
ple. as predicted, and therefore that sU~ 
ducted portions of the Lo'uisville. Ridge 
ha ve modified its charactc:r. 

The subduction zone to the south of the . 
Louisville Ridge, .opposite the Kerm~dc:c 

trcnch, dips about 72° in the intcrmediat~ 
and deep levels (lsacks and Bara~ngi, 
1977). as indicaled bphe spacing of hypo
center depth contour~ (Fig. 8). The dip pro
gressively shallows to abour 58° in the · 
intermedi3te leve! to the north of the louis
vilk: Ridge-trcnch interscctiof_l (lsacks"<;Lnd 
Barazangi, 1977). Moreove~. the subduCtcd 
Iithosrhere Progressivc:ty naue'ns at deeper 
lcvels opposite the 'Tonga trench. Kelleh'cr 
aild McCann (1976) previously no1ed lhat 
Quatcrnary and active volcanoes and majar 
earthquakes in the subductcd lithosphere 
are clustered bct ween 1 S0 S and 23° S latí
ludes and bctwcen 28°S and 32°5 latitudes. 
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In thc intervcning gap, approximatcly op
po,ilc thc Loui~villc Ridgc-trench int~rsec
tion. Quaternary volcanocs are abscnt and 
maior earthqu~d..:es are r:uc. The hrcadth of 
thc:. vo!canic and seismic gap 01nd the modi
licd f,l'omct~y of the subduction zone to the 
north of thc Louisville Ridgc is explaine-d 
by obliquc subduction of thc l.ouisvillc 
Ridgc and it-5 presumed continuation to the 
'i,onhwcst benc:ath the Lau basin. lsacks 
and lktrazangi (1977) summaritcd the re
!!.Uits of plate reconstructÍOQS \lo'hich. (}lace 
the initial interscction of the Louisville 
Ridl!e extc11sion and the Toñga tre.nch to 
rhc north of its present po.sition. Since the 
Plioccne, the point of interscction has 
migrated southward as successive sea~ 

mounts romprising the Louisville Ridgt: 
wcrc subductcd obliqucly. Subduction of 
this anomalous oceanic lithospherc was 
Concomitant with the opening of the Lau 
basin. 

ln summary, local tnodification of 
subduc.tion-Zone geometry and othcr anc~l
lary effccts occur as. ascismic ridges. oceanic 
platcaus. and intraplatc island-seamount 
chains are suhductcd. Dc.spite the different 
origins of these ridges, the lithospherc 
which contai!Ís them has a reduced average 
dcn.sity relath·e ·ta surrounding lithosphere 
de,·oid of such anomalous elements. The 
müdificationS are a consequence of the 
reduc:cd average density 3.nd consequent 
buoyancy relative to surrounding litho
spherc. In contrasi to lithosphcre bearing 
as!.:i,mic ridges and oceanic plateaus, the 
average density of lithosphere carrying 
is!Jnd-seamount ehains is strongly depend
ent ón agt:s of the crust and the island· 
seamo~nt chains. As showft in the cited 
examplc5, ·with progressive increase in agc, 
the buoyancy effect is progressivcly reduced. 
Nonclheless, even· old chains on old Jitho~ 
spherc cause the Benioff zone· to dip at shal· 

, Jowcr anile~ and may. inhibit generation of 
are magma. The relative buoyancy of 
aseismic ridges and sorne o.ceanic plateaus is 
rclalcd lo anomalously thiek crust created 
during thc formation of the ridges. · This 
thickncss · Jnd,· thercfore, the buoyancy 
eífcct are not agc: dependcnt. Greater crustal 
t hickne~seS of asd!imic ridge.s ·m ay be related 
to form:1.1ion on sloow: sprcading centers or 
to mantle so~rces contributing nnomalous 
volumcs of magma .at isolated positions 
along spre~ding centcrs. 

' 
'Ag< of Lithosphere 
' ·' .. 

Eh:vntion of the sCa Ool")r along and mar
gin~l to occanic sprcading fidges is. thcr-
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mally induccd, and the sea noor is in 
isostatic cquili_hrium (Sclater and others, 
1971). lnitially,tht thin Jithosphcreconsists 
predominantly of light occanic crust which 
forms near the ridge crest. With time, the 
lithosphc:re thickcns. cools, anJ becomes 
denser. and the !iea-lloor elevation is grado~ 
ally rcduccd ( Parkcr and Oldenburg, 1973). 
Most of this thickening occurs within the 
mantle, whercas the crustal thickness is 
produccd early and in~.·r.cases only slightly 
through time. As litho~phere ages, it con~ 
sists of progressi\'ely lowcr ratios of crust to 
mantlc. Consequcntly, the a\'crage litho
sphcre density is a function of age, and 
young litho~phere is rclath-ely more buoy
ant than older, denser lithosphere. 

The anticipilted effect of lithospheric age 
on subduction zone gcomttry is derived 
from these generalizations. ·As old, dense 
lithosphere enters a subduction zone, it 
sinks more rapidly than young lithosphere, 
beca use it is gravitationally Un .... table. Other 
factors being equal. old lithosphere tends to 
subduct at steeper anglc:s than young litho· 
spherc. Conscque:ntly, a magm3.tic are with a 
narrow arc-uench separation develops ap~ 
proximatcly parallel to the trl!nch. Undcr 
otherwise similar eonditions, young litho
sphere will subduct at shallower angles 
beca use it is thinner. hotter, and more buoy
ant. In contrast to subducüon of old litho· 
sphere, the relation between are magrnatism 
and subductiori is notas simple when young 
lithosphcre is subducted. Low-angle sub
duction ct\used by rclative buoyancy of 
young lithosphc:re produces efft:cts similar 

·. to those induced by rapid convergence and 
rapid upper-plate motion toward the trench. 
These effects are either increased arc-trench 
sepata.tion or eessation of volcanism by dis* 

: placement of subcontinental asthenosphcre 
(Barazangi and lsacks, 1976), Howcver, 

· because young Jithosphere also is hotter 
than old !ithosphere, partial mehing of the 

. oceanic·crust and generation of are magma 
· máy "oc"cur more quickly and closer to thc: 
trench. Moreover, young lithospherc may 
be absorbed in"to the asthenos'phere befare 
appreeiable low-density mag"ma is pi'oduced. 
In this case, are magmatism ceases. Subw 
duction of you.ng lithosphcre thus pioduc"c:s 

.lWO opposing tenden_cies wiíh r'espect toare 
m"agmatism: (l) Jow-angle subduction and 
increascd arc-trench distance, owin'g to its · 
low den~ity; and (2) deereascd arc-trench 
distanct, owing to its higher:,tcmperiuure. 

This rittionale prompts thc following pre~ 
"diction~ rcgarding relations of are magma
tism to ~ubduction kincmatics through time 
and· undcr conditions of constant convcr~ 

gcncc races and absolute uppei'-plate mo
tion. As a sprcading ridge approachcs a 
trench and progrcs.sively younger lilho
s.phere is ~uhducted, wc anticipate gradual 
dccreasc in dip of thc Rcn!off zonc and · 
migration of the are away from the trench. 
As thc thermal cffect becomes dominant 
over the buoyancy effcct, pílrtial mdting 
occurs progrcssively closer to the trench and · 
the are migrates back toward the trench. 
cvcn though low-angle ~ubduction coa
tinucs. r=inall}', at sorne critica! point. are 
magmatism ceases as warm, young litho~ 
sphere is absorbed prior to significant 
magma generation. This critical point is 
dependent not only on lithosphere age, b~t 
co·varic:s with convergence rate and abso
lute uppcr-plate motion. In cases where rela~ 
ti ve plate motions require subduction of a 
sprcading ridge and recently formed litho-
spherc on its oceanward flank, there ,~,-·in be 
a delay before are magmatism is rencwed. 
Resurgent volcanism will occur near the 
trench, and as progressively older litho-
sphere is subducted. the are wil1 migrate 
away from the trench. 

In the prc\'ious discussion of the' Coeos
.Korth American plate boundary(fig. 2), we 
noted the correlation between increasing 
convergente rates and greater arc-trench 
separation from north to south along the 
Middle American trench, The age of the 
Cocos plate also increases from "north to 
south. \Vith n:spect to irc magmatism, it is 
clear that the age·related buoyancy effc:ct is 
subordinate to .the opposing cffeet of age~ 
relatcd temperature. Ahhough recently 
formed, rclatively buoyant lithosphere is 
subducting beneath S_outh Ameriea in. the 
north, magma generation oceurs early, clo!te 
to the trench. This rcflects the dominanee o{ 
the age-related temperature effect, slow 
convergence. and moderate·angle subduc· 
tion. To the south, as progres5ively older 
lithosphere is subducted, the age-related· 
tendency toward steeper subduction is offset 
by increasing convergence ratcs and de· 
creasing temperatures of the occanic plate. 

Ob~erved relations. of subduction·zone · 
geometry and are magmatism along thc 
Pcru-Chile trench north of the Chile Rise 
(Fig. 9) are con1patible with our predictions~ 
but thcy do nOt ·provide an una.mbiguo'us 
test of thcm. Absolute·motions of thc Nazca 
and South American·ptates along the suJ>. 
duction boundary are essentiaily consta ni. 
Convergence' rates also 'are essentially con· 
stant (<2% dt:viation from maximum value 
of -11 cm/yr at·39'S'Iatitudc), and they are 
notably higher than: along the·: Middle 
American trcnCh. The agc of t~e NaZca' . ,, : 
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"* .: incrca:-.cs. uniformlv northward from 
;he Chile H.i!>e. tO aho.ut ·30°S latitude. 
E"cludin~ th:1t por\ ion of thc sUbduction. 
Zlln~ .inllth:nccd by the Juan Fernandez 

. Rid!:e, from 20°S to 40°S latitudes the 
Na1ca piJit: subductS at modera te (- )0°) 
anp.ks .bl'ncath South America (Stauder,. 
191); !Jarúangi and lsacks. 1976). From 
about 40°S to the intersection of th~ Chile 
Risc with the Peru-Chile trench at 46° S lati
Wdl·. sl·i~micity is less intense and gene rally 

· is rr.:slrictcJ fo sh:~J\ow le veis and the gi:ome
try of the sllbducted plate is less welt 
ddined. Ct"~rresponding to the southward 
dccreasc in age of thc: Nazca plate, the arc
trcnch separation gradually decreases slight~ 
ly· from .'\0°S to 43°S latitudes. To the 
south, active volcanism termina tes opposite 
tlie rositipn .where young lithospherc ( ... 14 
m. y. B. P.: anomaly 5b) is sub~ucted (Weis
sd and otllcrs. 1.977; LaBrecque.ilnd others. 
1977). 'Cessation of are volcanbrn in this 
rc_f!ion is probab!y a result of high conver-

ncath South America. Th·us. South Arricrica 
is overriding the westcrn flan k of lhc former 
Chile Rise. and' prop.rcssivcly oldcr litho
sphere is being subductcd. The lithosphere 

· adjaccnt to the trcnch is younger ·ihán 19 
m.y. B. P. (anoma1y 6: Weissc1 and others, 
1977): therefore. the subductcd portian of 
the · Antarctic plate is· young. warm, and 
thin. Convergence rate is slow, about 2 
cmfyr, and rnost of the convergence is 
attributable to west~ard motion of South 
America. No magmaiic are is present east of 
the trench. Under these conditions of slow 
convergenCe and subduction of young litho
sphere, the warm occanic crust is being 
assimilated into the asthenosphcre without 
attendant magma generation. The subduc
tion modd · predicts that, as progressively 
older lithosphere is subducted, diffuse vol
canís~ will occur within a bread region of 
South America, and gradually a volcanic 
a~c wi11 develop dose to the trench. 

'· gence ratcs. shallow subduction of the CONTROLS ON THE TECTONIC 
young, reÍatively buoyant Nazéa p1ate, and ENVIRONMENT OF 

* and combined infracrustal compression 
with suprncrustal extcnsion. Thcsc tcctonic 
stylcs rcsult from differcnt stress regim~s in 
thc crust of thc upper p!Jte imposcd upon 
pre-cxisting lhcrmomcchanical properties· 
of the cr~st. The stress rcgime is rclated to. 
the geometry of subducting lithosPhcre. The 
four· factors infcrred as the principal con

. trols on the geometry of subducting litho
spherc, thereforc, nlso are inferred to 
control the_ stress rcgimc: along the convcr
gcnt margin of the upper plate and thc 
deformational style within and landwárd or 
the volcanic are. 
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\'ertica1 juxtaposition of coniinenta1 and CONVERGENT-PLATE l\IARGINS 

.t .. ~anic lithospher~. HO\vever, avaitabl_e ________ - · - ----- ------

The dcgree of compressional stress trans
mission through fht cr\lSl Or theupper p1ate 
ls relatcd to_the area of inierface and degree 
of coupling between the upper and Jower 
plates and, thus, to the· subduction angle. 
Low~angl_e sub_ductiorÍ and efficient "trans
mission of comprcssional stress are induced 
by combiOatiOñS-orra·p¡d-ábsolute upper
plate motion toward the trench, rapid 
rclative convergence, subduction.of young 
lithosphere, and subduction of anomalous
ly low-density lithosphere. R~gional exten
ÜQ~<!I_-~~-r-~~-s-rcgimes within- the ·crust ~are
induced by steeper subduction (reduccd 
cm.ipling between the upper and !ower 

-~11 
.smic datJ are insufficient to resolve this Along contemporary corivergent-plate 

suggestion. margins, deformation within upper plates at 
South of the Chile Risc, the Antarctlc- varying distances from trenches may be 

f'atca srn:.Jding ridge has been subducted assigned to three principal styles of defor
amJ the Antarctic plate is subducting be- maticin. Thesc are compression, extension, 
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platcs) and retrograde upper-plate absolutc 
motion. Exte.Jl!LO_!!al stress regimes at t 
supracrustal levels may occur above a .:¡.-
region of compressional stress Where iso
statically uplifted crust has greater gravi-
tational potential to expand in the absence 
of lateral confining stress. 

Within these regi·bnal stress rcgimcs, 
deformational behavior is also partially 
controllcd by thermomecha~ical propertics. 
of the crust, which are a product of its geo
l<;>gic history. ~r~~al shortening at deptb in 
relatively cold, elastic. rtgions at grea! dis-
tances from the trc~ch~ (Lar;:;id~ st~is a 

_ "C"J.\c""~;eo ... ~\ :..\ • .-:. response to very Jow~angJc. subduction, 
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· rapid trenchward absolute motion of thc 
upper p¡;t~.- -~-nd--~~bd~_~i!9!L9f ··ªseism~ _.:\-,,..,,J, .... j 
-~_idge~:- cO;dilleran "Styie crustal shortenins·-~··:..:.\.c •. :\: 
·.:,y fold and thrust deformation is a response ~ ' 
to modera te or lovi-angle _subduction'and !.· ~ 1 ,,_·,_ 
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figure 9. Plate·tectonic sttting of southern Andean sUbduc· 
tion 1one. A~t or the Nazca pinte (shown hy patterns) based on 
muRnt=lic anomali~~ identified hy llerron and Tucholke (1976), 
\\'eh"tl snd othfh (1977), arld Pitman :a;rid othen (1974) and 
prcstnt.td accOrding tu the time scale or La8rccque and olher~ 
( 1977). ·l'osilluns of identified magnetic an~malies shown ·by 
numeral5. 
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untferthru~ting or thc forcland hc:ncath thc 
ductilc-. is<lStóltically. upliftcd back-an:. Usu
ally, rhis comprc!'sion<~l ddormation is 

.nccompanicd by extcnsionaJ dcfornto.1tioñ. at 
hiph crustal IC..-els in the. ;irc and hack-arc 
rcgions. wtiere thc isostalically upliftcd 
crustal mass~expandS)n'.thc abscncc of lat
eral confiniOg stress/ExtC'nsional ddorma
tion within· thc crust of bnck-arc and 
intr.l·arc rcgions is rclated to stecp subduc
tion, but it rcquires retrograde absolutc 
motion of the uppcr plate.¡ . 

Contcmporary back-arc cxtensio!l is well 
Jocumcntcd bchind thc lzu-Bo'nin, Ryukyu, 
Marian:l, and Tonga ares in thc wcst~rn 
Pacific (for c:xilmplc, Karig, 1974; llcrman 
:.wd others, 1979), within the Andaman Sea 
in tbe lndian Oceó\n "(Cuiroy and othc:rs, 
1979). and behind.' Íhc:·:sC~tia are in the 
South Atlantic q3arkc:r, 1970; Barker and 

CI/.OSS ANO PILGER 

are absent in the IWI.) segments, in contrast . and stress transmtss!on betwec:n the· sub. 
to thc continuous ch~tin of volcanocs of.the ducting and overriding platcs. 

_ccntml Andes. In addition. thc Andes· are lJctcrmination of crusial stress regime 
markcdly narrower along the two scgments, and deformational style in thc Ca'icadcs 
by comparison with thc Altip.lano o( the volcanic are is complicatcd by its prox.imity 
central Andes. to two trip.le-platc junctions. a conseqüencc. 

Rcgiona 1 intra-:uc compression a long the of the srnall size of the subducting Juan de 
Alcutian and Alaskan volc3nic chain is fuca plate. Howcvcr, east-wcst extension 
indieatcd by prcferred orientati'ons of dikc within the are apparently is the principal 
swarms and distribution of volcanic eoilcs dcformational st"yle, as indicatcd by numer
and cratcrs (Nak3mura 3nd others, 1977). ous north-south trending normal faults and 
Using this mcthod, N3kamura .and othcrs fissurc zoncs thJ.l cut Pleistoccne volcanics 
(1977) dctcrmined that the maximum hori· of the lligh Cascades Group (Hammond, 
zontal compressive stress is parallel with the 1979). . ~ 
dircction of North America-Pacific conver- Volcanic centers of the tranS-Mexi·c-~ 

:, ~ ·. G_riftit hs, Í 972). !~.:~~_r~--.~.!:.~~.X.t.c.n~iQ.I,lj~pg:~:
cnt in the central pan of the Middk 1\meri-

, :. 

gcnce. By contrast, in thc back-arc region of volcanic bclt show a subtle northcast
the Alcutian volcanic chain. maximum southwest alignment on a regional scale. 
horizontal compfcssive-stress indicators are (King, 1969). Through application of the 
oricntcd approximately east-west, or paral7 tel·hniques of Nakamura and others (1977). 
lel to the strike of thc are. l'\akamura and we infcr a parallet maximum horizontal
others ( 1977) infcrred a venical maximum. stress orientation and note that this orienta~ 
an east~west intermediatc, and a north- tion is approximately parallel to the 
soúth minimum principal stress, thus plac· direction of North America-Cocos com-·er
ing thc b:1ck-arc legion in a dominantly gence (for example, Chasc. 1978a). \Ve sug
extcnsional stress n:gime. In the back-arc·af gest that the crust of the back-arc and 
Alaska. co_incident with the region of low. intra~arc regions of Mexico is dominated 

• \1: can <.~re ( IJt:wcy and Algermisscn. 1974) and 
occurn:d in tbe Basin-Rangc (Scholz and 
othm, 1971; Cro<s and Pilgcr, 1979) and 
proto-Gulf of Calif~rnia (Karig and Jensky, 
19n) regions d~uing the late Tertiary.- angle subduction, maximum horizontal by a regional eompressive stress field, 

comprcssive-strcss indicators maintain an with the principal stress orientcd northeast--....ww...,... Mcgatd and Philip ( 1976) concludcd that 
the central Andes is a region of intra-arc 
cxtcnsíon. Other data · suggest a coeval 
compressionnl stress reginle within the same 
segment, but displaced to the east. Pub
hshed cross-sections by Barth (in Zcil, 1979, 
p. 1~1-!42) show thrust faults of late 
Cenuzoic Jgc: along the eastcrn flan k of lhc 
central Andes Altiplano.. Shallow-foeus 
(<70 km) earth_quakes along the cast flank 
of thc Allípl::wo (for example. Barazangi 
and lsad.s. 1976) ma.y reflect contemporary 
movcmenl along these faults. Howcver, 

approximate p:uallelism with the direction south·,.~,·est. Possible foreland fold and thrust 
. _of North America-Pacific convergence. belt~ devclopment in the transitional crust 

Contemporary stress faelds in back-arc and beneath the Gulf of Mexico is marked by 
intra-arc regions of the A_leutian~Alaska · the northwest-southeast-trending Mex.ican 
and the. Andean subduction systcms are Ridges fold belt {for exa~e.Lc;, Buffler an_1 
remarkably similar with respeet to geometry 2l~~r~!.J2?.?l· 
of subducting lithosphere. This revieW of selected subduetion sys· 

The statc. of stress and deformational! tems shows cleafcorrelations between the 

focal-mt:dlílnism solutions for these earth
qu<tkes han: _not bc:en determined, and the 
statc of stress and scnse of faulting are not 
known. Fcw, if any, shallow-foeus earth
quakes have been detected within the Alti
plan<> (Darazangi and lsacks, 1976). 

1 

1 

: stylc within and bchind other volcanic ares! geometries of subduction zones and ob
~ are less ccrtain than the cxamples discus_o;ed/ served stress regimes and· deformational 

above. The tcctonic character of sorne of styles within thc leading margin of the 

these was termcd .. simple" hy Molnar and; upper plate. ~r::{;E ... ~,!l-~_t_th~'.!\~~r 
Atwatcr (1978), in the scnse that neither< ~~-~?r.E..t,h~.L~o .. n.t!,?,~"~~.<;..G;~f!.f!:H~!Y .... ?L;.~?u~s.; 
exten.sion nor compression ("Cordilleran" tion zoncs also control the stress regim~ 

. . j ·- ... --· ............ ~~·-···· ...... -··--··· .. ·• ---·-· • -

1 
Contemporary regional compression in 1 

back-arc and intra~arc regions·, with the : 
princip:1l stre!-S component oricnted per-l 
pt.:ndicular to ~trik~s of trenches, is doc
umcnted along fewer subduction systems. 
Thc two segments of vcry · luw~angle 
suht1uction along the Peru~Chiic treneh, 
in northcrn Peru and centra_!· Chile, ·are 
chnracteri!.Cd ·by eastwwcst horizontal com
prcssivc stress \\"Íthin thc shallow (<90 km) 
part of the upper · platc (Stauder, 1973, 
! 975). These 1.oncs of.. eompresSive sfress 
cxtcnd up to 700 km from thc trench. As 
prcviou~ty Jisc_us!.cd, Quaternary.volc~nocs · 

style) is dominant in back-arc or intra-arc wíthin the _up~e.r_pl~!~ .. ~.l}!L.i.'lfJ.l!~.D.s=....lhS. 
regions .. As they noted, the infori-nation ..[~.f~l§~tylc within andJ.~_pd.ward,.g(. 
bas~ is not sufficient to definitively charac- \tl ... C.!LC-
terizc the tectonic style of intra-arc and l Thcre is a dircct correspondence between 
baek·arc regions of Sumatra and Java, the 1 :low-angle subduction and evidcnce Or eom· 

Caseades. and the tra~.s-~exiean volca~i~ 1

1 

;.~e.~i!_~~~-~..S.~ .. ~~:!.I.Q_r.:.~~.! .. ~!:'.~]~.C:~.J 
are. · .... \.·.-···;· ·· ··: ./~ ( ~. : · ;Hnrazangi and Isacks ( 1976) and Megard 

\Vilcox and others (1973) ascribed late and Philip (1976) suggcsted that Jow-angle 
Ccnozoic comprcssio~al deformation in the ,:subduction results in mechanical or dynam· 
back-arc region (fordand .. hasin .of Ha mil· ~e coupling and more cfficient transmis

ton, 1979) of Su matra to wrench-fault tec· ~.Í22-'!f.r.~2.~!~~!:.,~·~s. bctween t~~ 
tonics. i\lternatively, we ,-~-~lali~~c-l},···r~C3~d ...... :o~sccnd1ng and overriding plates than does 

the rcgion as a foreland fold and thrust bClt 'steeper subduction·. This general relation 
·, -·-----~ ..... analogous to the C:Jnadian Rockics, on thc 

basis of the dimension of the deformational 
zonc. thc anomalous modcrate~angle dip 
(30'; f'itch, 1970) o[ thc suhducting plato, 
and thc probabili1y of moderate coupling 

::;:a.: !E r l!!'_;l_ ~ ~~~! ~11 Y.J9 s-wJ'Iin..1mc~L 
maJ'or Gram1dc evcnts_j!} .. ~·_s;j~JW."t?.~h. 
AnlCfíca'."'~\Cs'é'iñCit'l7Jc ba~cmcnt-rootcd 

t~~.i~~- i_ry·rr:,i !!2.~C ~}iliEr:~ ~s~.f.}JÓl;';tf.iliit 
(fiurchficl and Davis, 1975; Brewer and 
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15 • TECTONICS OF ARC AND BACK-ARC REGIONS SS9 

others, 19XO) anda shift in locus and reduc· era te anglcs (- 30°) beneath the central 
.. ti ~n volume of m;:igmatism from the Andes, and absolute-motion modcls indi-

S Nevada to thc Rocky Mountains cate active ovcrriding of thc trcnch by 
(Cr(;ss and Pilger, 1978a). An anr.illary South Arnerica (Minster nnd others, 1974; 
cfkct of very. low-angle !'ubduction is Chase, 197~a). This subduction c_onfigura· 
rcr,.ional i~ostatic subsidence of the upper tion gen~rates compressional stress across 

· platc.; due to su.bcrustal· cooling and re- thc base of the crwa beneath the Altiplano. 
placcmcnt of iow..density asthcnosphcrc by Compressional deformation occurs along 
higher dcnsity cceanic lithosphcre · (Cross the eastcrn margin of the Altiplano. where 
ond l'il&er. J978b), This effect is reflected by the · South American foreland is undcr-
thc .contrast in ele\'ations between the broad thrusting to the wcst beneath tht Altiplano. 
Altipla_n0 of th~ central Andes. which over- Uplift of thc Altiplano is the prOduct of 
lics a scg~ncnt of modúate-angle subduc- westward undcrthrusting of .the foreland, 
tion, and the · IO\\o'Cr elevations of the ~·t;"r~1P~r~tu;c· and isostatic compen
Amazon basin and by the narrow wiúth of sation aboVc thc wcdge of panially molten, 
tht: Andes in central Peru. Cross and Pilger low-dcnsity asthenosphere. and add¡tion of 
( I'J7~b) also explained regional subsidence magma from dcpth. Uplift and addition of 
of the central Roe k y Mountains area during magina require expansion of the upper crust 

-··ttic Late CretaC:'(:ous by this mcchanism. of the Altiplano. Thus, both crustal shorten-· 1 
Anothcr" evidc:nt rclation between the ing and extension may occur concurre"ntly ~ 

m;tjor controls on -the geometry of subduc- along the same subduction segment. but at \ 
tion Iones and iectonic styJc was observed ,different structurallevels or at different dis- J 
by Mor¡:an ( 1972) ond discussed by Chase itances from the trench. 

.(197Sa). All areos of back-arc. extension. 1 Molnar and.Atwater (1978) argued that 
overlie s~-~~;r ~¡··st-;¿p~~-~·bdu~ti~n, and. the major control on the tcctonic enviren· 

. íh~ .. a-b~olt.HC_ ·~~Íion of -ihe ~pp~r- _plat~ ment of back~arc regions. whether ex ten· 
~iúi;~:·¡s p;-~~JiC'".i-o ihe·~(~n~.li~(,f~¡~ retr.o- · ~lonal or compressional. is the age of the 

· grade'.\\·ith respf:·Ct- to-th"C.trcnch. In the SCo-. · §l!.bji_l:!g_!!lg _ _fub_Q~PI:t.erc. They noted that 
r· ... ~a~··-bacl<·~arc· Spré3d¡Og" fs-~bs~rvcd subductiou zoncs in the westcrn Pacificare 
(., "cr, 1970; Barkcr and Griffiths, 1972), charactcrizcd by subduction of old, dense 
but the absolute motion of the upper plate is lithosphcre and back-arc extension. whereas 

: unccrtain. Howcver, the analysis by Forsyth subduction zOncs in the eastcrn Pacificare 
( 1975) requires very slow upper-plate mo- charncterized by sÚbduction of young litho· 
tion if tht: platé beneath the Scotia Sea is sphere and back-arc compressional tcc
coupled to the A ~tarctic plate. To the tonics (either Cordillcran style or .. simple"). 
extent that the descending platé tends to England and \Vortcl { 1980) expandcd and 
anchor thc subdu.:tion zone. retrograde quantified the approach of Molnar and 
upper-platc motion requires crustal exten· Atwater ( IQ78) by combining convergence 
sion within tht:. upper plate. The tendency rate and díp of thc inclined seismic 1one to 
for bad:.-arc or !ntra-arc· extension is in- . estimate sinking velocity. England and 

·crea sed by ( 1) the gra viüuional inslability of Wortel ( l9XO) concluded that a 'combinatiori 
~he desccnding líthosphere ~nd cci'nsequent of increasing lithospheric age and in~ 

·• scaward migration of th.e trench. and (2) the creasing dcsc·cnt velocity favors back-arc or 
incrcased potential of the elcvated crust in intra-arc e~tcnsion, whilc subduction of 
thc are re!!ion to expand in the absc:nce or younger lithosphere at low ratcs of dcscent 
lateral confining stress.. favors compressional (Cordilleran style) 

Other subduction sys.tems cxhibit neithcr tectonics. 
do;¡;;¡-;.;¡¡_Y"C'OffiPfC;siüñ:\f nor ·~j";;~p;;t·iy The analysis of England and Wortel 
€~t~n~f0n:JI,~dCfO, rliatit·.n~ ... Yh~ .. -~ ... -~.r~ .as S~:' ( 1980) shows attráctive correlations bctween 

ciiiil·d"''\1-·itft ... ci_~.:,!:.t~ ..... !.~-~!!~PJY. ~.~.P.ins.. · age of subducting lithosphcre. descent velo-
. suhduction 1ones and :t~solute-upper plate city, and tci.:tonic style within the upper 

;;¡;¡(¡Q;j tO\V;Inr'the trench. Evidence for plate. Howcvcr, there are severa! arcas 
· cunternpuraneous cumpressional ·and ex· which do not conform with these cor· 
tcn~ional deformation oftcn is found at dif~ relations. Majar discrcpancics' include 
fc:ring !l.tructural levcls or at varying dis· thc Sandwich (Scotia Sea) and Central 

•. ,, 

·:s· frcJm th~· trcnch along thc same American ares, in which relativcly you~tg 
uction: segmer:tt. The central An~cs lithosphere is subducting, but ·in which 

providc nn c:~amplc of Po~-~ibkCOeXISi~nce extC:nsion;.d tcctonic) appcar dominant in 
ol cxtcnsional and cornpressional deforma-· btl.ck-arc and intra-arc rcgiom.· Similarly. 
tiou. 1 he r\azca platc is sUbducting at mod:· ·." comprcssional deformation in thc Cascarles 

~--'"----~~.y¡ 
.; 

of Oregon and Washington would be pl'e* 
dicted beca use of the slow subduction ofthe 
young Juan de Fuca plate. but cxisting cvi
dencc indicatcs regional extension. The5C 
discrepancies arise bccause thc analysis 
ncithcr includC:s an evaluation of the othcr 
controls on thc dip of the subductirig platc 
nor considers the cffects of upper-plate · · 
absolute motion on the style of deformation 
within the uppcr platc. 

Observed contrasts in tectonic sty1e a long. 
the thrce scgmcnts of the Mi~dle American 
are are correlatablc with combincd varia· 
tions in thc four m3jor controls Of sub-
duction~zonc seometry. The s"ubduction 
zone bcneath the trans-Mexican volcanic 
belt is inclined ata moderate anglc (-200), a 
consequence of relative youth of the CoCos 
plate, relatively rapid convergc:ncé, and 
southwestward absolute motion of · the 
Nonh AmefÍCan plate. On the basis of . 
moderate~angle and shallow subduction , 
(carthquake foci ha ve maximum depths of 
about 150 km; Molnar and Sykes, 1969), we 
infer that the two plates ar.e moderatcJy 
coupled and that c;ompressive stress ·is 
"transmitted into the crust of Mexico in Íhe ¡· 

back-arc and intra·arc regions.-·1-;.ra-.uc. 
exte.nsion in Central America is, in all prob
ability, primarily a response to slow, slightly 
retrograde absolute motion of the. Carib. 
bean plote. In the absence of upper-pl!rte 
motion t~ward thc trench, the older Cocos 
plate is gravitationally-unstable, descends at 
steep angles, the trench migrates seaward, 
and the minimum principal ~tress within the 
Central American crust is orientCd norma) 
to the strike of the trench. Uplift of the an: 
above the wcdge of partially molten asthen
osphere provides additional "gravitational 
potential for extension. Thís com.bination 
results in extension within the hot, ductile 
Volcanic-arc·region. The zone of extension 
within the central segment of the Midd1e 
American are apparently ends in southern 
Costa Rica. In this arca, back-arc th"rust_s 
are devclopc:d which continue offshore to 
th~ southeast a long the base of. the Carib-
bean continerltal margin of Panama (J. 
Case. 19MO; oral commun.). The transition 
from intra-arc extcnsion to· back-arc shor· 
tening in Costa Rica Corresponds with the 
interscction of the a~cismic C9cos R¡dge 
an·d the Middle American trcnch. We intcr
prct back-arc thrusting as a direct conse· 
c¡Úcncc of enhanced c_oupling betwecn the 
Cocos and Caribbcan platCs and transmis
sion of compressivc stress through the crust 
of the uppcr. platc: This is a rcsult of 
increased resistauce to subduclion of the 

/ .. ' ' .f-. 
.;¡"! 

·l. 

; 
; 

'· 
! : 
1: 

! :: 

' 
1 i 

1 
i 
1· 

u 
~ ,, . 

·1 



S60 

thickcr crust and more-buoyant lithosphcre 
·bcnc:uh the Cocos Ridge, as sug~cslcd by 
Sil\'er ( 1979), ánd in partial analogy with 
subduction of the Nazca Ridge béncath 
Peru. 

In summary;the four majorJactors which 
control the geomc:trY,of subducting lithC?-: 
sphl"re also control or affcct the state of . 
stn·ss and tectonic styl~ in the upr~r (11ate. 
In general, the state. of stress is .mo'st clo,ly 
rcloucd to the i!lclination of the.subduc'ting 
plate and reOcctS thc dcgrce o~ coupling 
across the subduction interface- a'nd the 
effcctivencss of str'ess transmission through 
the uppcr plate. Stress may be transmittcd . 
to th~ surface di-rectly, by mechanical coup- · 
li~g O\'Cf an'1interface of -~hear stress·; or 

indiicctly, by hydrodynamical coupling via 
the f1uid asthcnospheri~ ~·cdge between th.e 

upper and lower plates.. . . 
Under moderatc- or stcé¡:)-~ngle · subduc

lion conditions, a regiorial·cx~ensional sfress 

regim_e ·,..;..-;;_f:in t~e crust arises_from isoStatic, 

upl!ft, r.(;n:.':quent inácascd gravitational 
: p_otcntial ;f~r. cxtensional dcformation. and 

! . . . . 
th~rmal cxpans10n (mere a sed ·volumc{mass 

ratio) of the hrust. These are induccd in two ' . 
ways: (1) iSostatic compensation and thCr- · 

mal expansion above the wedge of ¡janially 
moltcn, Jow--density asthenosphere; and (2) 
u[llift, thermal expansion, and increased 
vol u me by injection of magma from depth.· · 

Surficial uplift and near..:surface cxtensional 
dcformation within a dOminantly c·ómpres

.sional rcgime aiSo m~y be induced by 
} underthrusling of the foreland beneath the 
~ volcanic are and immediate back-arc regio o 
(for example, the Altiplano). Extensional 

strcsses are re"inforced by seaward-migration 
of the trench, a function of lithosphere den~ 
sity (age and presCnce or absence of anom
alous cruSt), arid absolute upper-plate 

ffiotion. Slow or retrograde, mOtion of thc 

' . 
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potcntial.' for e:ü~nsional· dc:formation. Geophysical Journal, v. 57, p. 531-SSS. 
R_apid upper-Piatc: motion toward the Rarker, P. F .• 1970. l'late tectonics ofthe Scotia 
trcnch tcnds to nattcn the.subducting plate, Sea region: Sature, v. 228. p. 1293-1~96. 

in~reases the a' re a of interface and dcgrce of Bark;~~~~;¡{~·o;~:c ~:~f~~~h~¡d~~ 81~d' s1,9~~~ ~r:a~ 
coi.tpling bctween thc plates, and crcates a Royal Society of London. Philosophil:al 
comprcssional re-gime (or reduces the exten- Transactions. \". 271, p. ISI-183. 
sional stress) within tite urrcr plate. Crustal Bostrom, R. c., 1971, We~tward disPiacement of 
shortening and extcnsion ma)r result at dif-·'. thc lithosphere: 1\'aiUrc, v. 234, p, 536-538. 

Bo~trom, R, C., Shcrif, M. A., and Stockman, R. 
fcrcnt stru.ctural lc\.·cls within thc same ~cg· lt, 1974. Deformation of earth's lithosphere 
ment, as in thc central Andes . .St~bduction with reference 10 tidal couplcs: Am'e'rican 
of a~omalously low.density lithosphere (for Association of Pclrolcum Geologists Me~ 

1 . . 'd . 1 . 1 d moir 26.·p, 463-485. · cxaf"!lp e, ase1Sm1C n gcs. mtrap ate IS an • 
. Brewer, J. A., Smithson, S. B., Olivcr, J. E., and 

scamount chains, or ver y young lithosphere) Brown, L. D .• 1980, The Laramide' orogeny: 
augmcnts the tendency toward low-angle Evidence from COCORP deep crustal seis-
subduction ~nd causes compressive stress mic profiles in the Wind River ~1oun-
and crustal·shorteniilg to domina te· in the tains, Wyoming: Tectonophysics. \', 62. 

. p. 165-189. 1' 
upper p_lat~. · Displaccment · of the low-)1

. BufOer, R, R .• Shaub, R. J,, Watkins, J. S,, and 
density _asthenospheric wedge by anomal-·~· ~; Worzel. J. L., 1979, Anat.omy of the \1cxi
ously loW-density lithosphere. particularly .( '. can ridges, souihwcstern Gulf of Me:~tico, in 

ascismic riélgcs, may cause surficial subsi-\.t ~:. Watkins, J. S., Montad~rt, L. and Dic~cr~: · 
dcnce 3.nd. cre:ite a pericratonic sediment~ry 

1 
.. ". · • ~on. ~- w_.. eds.f, Gco~og¡cal1 and g~ophA)"Sical , · '"' ._ mvest1gauons o contmenta margms: rner-· 

basm. (for example, a portian of the West- ican A!.sociation of Petroleurri GeO!ogists 
ern lnierior Seaway and thc Amazon basin: Memoir 29, p. 319-328...... i 1 

Cross and Pilger, f978b). '. Burchfiel, B. C., and Davis, <?·A .• 1975. ~at~,rc 
Wc regard both the cxtensiorial and com- ·. and controls of Cord1lleran orogene,sts, 

. ·. . . · wcstern United States: Ex.tensions~ of 1an 
press10n~l stress_es as bc-mg broaJly dtstnb- earlier synthesis: American Journal of Sci-
uted within the crust. Thc·actual,location of., ence. v. 275·A, p, 363-396. 
deformation, whether intra-arc, back-arc. Burk, C. A .• 1972, lJplifted eugeosynclincs and 
or both is controlled by pre-existing ther- cominent3.! margins: .Geological Socie'ty of 

· h• · • · · f ' A_merica · Mem"oir 132, p. 75-85. 
momee antcaJ properlles o the crust. Ca 1 1 1976 u d h · and. · · 
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Surfacc Faullinn· <mcl b 

Rclatcd Effccts 

!1!. G. llO:<:JlL\ 

G~ologíst, U.S. Gcohl[;ical Suát•y 
/t.{(n/o Park, California 

3.1 INTRODUCTION 

Faults :1nd f:~ulting ar~.: irnportant tn cnginc~rs hc.:.:.1usc 
(1) th:.:y Gln SCY~n.:ly tlam~gL' or Jcstruy srructun::; by 
shcJriP;. c0mrn.: ... ~itHl, c:.xtcn-.itHl, and rotJi!on cau:;cJ by 
ti!tin[; or bcnding: (2) c.:arthqu:l\. .. cs may O(Cllr :.~long 
them; and (.\) pa-.t raul1ing m;~y havc: grc~llly ;lifc.:ctcd thc: 
physic.!l pwpcrti~,.·.,. or flllHlLL.!Utlll ma¡~,~rials by dc(rC3S

ing thcir ~trcngth . ..:h.tn~int! thcir p~?nth.::\bility, or hring~ 
ing tnt:cthcr fl)\·1-- t:nits v.ith vcry Uitrcrcnt phys;~al 
pro pe r t iL'~. 

This chaptcr is h:p.cd rrt.m:1rily (~n expcnciiC\!'. an 
Nurth ,\¡ncri.:.l :mJ dt·.·..:~¡..;,c.; l\nly itc.ms 1 and 2 abü\"C:, 
.....,¡lh !..:mpha~i., ~}1¡ 11~111 l. ltt.::n ~ ,., tr·~·;H!.:d nhm.: fully in 
otht:r (h.lj'it:r~ uf 1h'' h'"lk, p~,n.cnbrly lhc cll:tptcr:. 
by HniCC nllll ;11\J G. \V. iloll\\ll:r. 

Faull Cllpturl.· and th~ ¡;r,·.¡n:~ tk(Prr1l.1!Hll1 d\.l">dy 
JS\U~i;ll~d \\ith it t;;t!l j¡,¡\¡; t.:\\r~oTh;ly ~.t.:rilHh (¡)llSC· 

qt:l:n!..·l.·.., ¡,:·•:..·n 1!11:u~~i1 thl..' ;¡rL":t J11\.\:1ly :tl~\;l..·h.:J i:; 'inia!l 
(umr:tr~J t•J tlH: :1r¡;,¡ :llh:(ti.'U hy ~lt:ü.ing. J,,nt!.-l!dint!, 
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t:t,mp:H:t•t~n. :tnJ Jiq,H.:C:Idi~,n. Huildin~~·,, hridft.:'. J:tms, 
IHll!h'k ~.tn.d ... :Hhl ptpcliiW., h.l\'t' b~o'l'l\ .~onrH·ly d:nn
;)~ccJ ¡,~ l.tult rnplllrl': d.IIIW~'l.' ,,( 1111' ~ind ¡.., •k,l'lihL'tl 

in r~pt1rl' ¡,~ l.aw"t'n atH.I ll\ht.:r' ( l 1>ll:\), t\mbra,~.,·~·~ 

( I'J<·OI. 1 )u k~: ( 1 1>h0). :1nd thl' Calirv, ni;t Lkr.trlmt:nt of 

Water !(<'''"'""' ( 1967). 
f';,,, .11! fault~ :trc impt,rtant to cngint.:cring. Sorne 

h:t\T J• ... rl.tl'l..'llh.'llh pf nnly a fcw indh.'~ anJ kng.th~ of 
a fe:" hl a f~.."w huntht.:d fL·ct. Thcir cfh·ct'o ('111 thc phy~icat 
prnr~..·rt•~·, ,,r thc rtlC~ may have hecn minor; furthcr
nli'' v. m;tny oncc-J..:-tivr: faulls are rww hcalcd and as 
!ot'und ...... thc .. urr\l\IIH.hn~ rcxk. ~-1•''1 f;.~u\t~ are not now 
thC' ~1\1..' ,,r t.';Hthqu;~\..C!>. ~1<HlY f~\Ul!S JfC '-CfY 31lCÍ!..'Ill. 

JIH.i tht· ar.~~ncc t'f mo\'crncnt for hunJrcd~ of' millions 
of ~car~ can '='e dcmon~tratcd. for somc of them. 

3.2 GlO~SARY 

A short ,!!ll'S~ary dcf1ning sc\cctcd gclllogical tcrrns uscd 
in this r~:p0rt i~ ~Í\Cn hdc,w. Thc mcanings apply to the 
l!.'r;il~ as u~.cd in thi:; t·h.:::~ptcr :1nd are n0t intt·ndcd ac;, 

~cncr:Jl th:finitions. Ccological tcrms nnt in thc glo!lsary 
c.:tn br: found in o .c..tandarJ dictionary or in thc GIM.wry 
n.r (;t.·('/ogy and Rclatl'd Scil,nces (American Gcolorical 
lnllitule, 1960). 

Dip: Thc anglc that a stralum. joint, fault, or other 
struclural pbnc makes with a horizontal plane. 

Di¡> ,,/ip: Thc componen\ of thc slip parallcl with the 
dip of the fault. 

Fo11/1: A frJCt\Jrc nr fracture zonc atong which thc 
t\vn ~idcs ha,·c bcen displaced rclativc to onc another 
parallcl to thc fr~1cturc. Thc dispbccmcnt may rangc 
frorn n fcw inchcs to mnny miles. 

J-"aul.' ncci1. /\ppar~:ntly CO!Itinuous (lisplaccmcnt 
nll)Jl~! a f:1u\! at í1 lo''-. hut v:.trying rJtc. usu:dly not accom
p:1nicd hy kit c~1rlhquakco; (see al~o tcctonic crccp). As 
u~cd in this ch~1ptcr, fault crecp i-. not ncccs~Jrily tcr
t0nic in 0rigin: it m ay r..:~uh from ar\ifJ~i: . .d withdrawa\ 
of 11uiJ~ or solids. 

Fcwlt di.,placrmcnl: Rcbtivc rnovcmcnt of thc tv.c' 
sid.:~ or fa \lit. mca:.urcd in any srcciticd dircction. 

Fau/; .\Gg: A n~Hn)w tc-<.:tonit· Jcprc~sion commnn in 
:itrib:-stir f;"tult 70I~C::.. Fault sa~ ... are gcncr;_¡Jiy closed 
dcprc.._..,¡~~ns les~ thon :l fcw hundrl.!d fct:l \\.idc and approx
im:ttt:ly r:.~ra\lc! 1o thc f~!U1t ZOilC; tho~c that I.:Ontain 
wat~.·r a1t' c:..llcJ ~;1g pnnds. 

li.w/.t 5cnr¡,: A clifl" or stccp sl,)pc formt·J by dic:.placc
mcnt of thc ground surface, · 

FraUJif(': A fcncral ter m for discontinuitics in roe k: 
includcs fauhs. j~>int-" .. 'llHl otha break:;. 
· (irahcn: ¡\ fault hlock .• ~::ncrally long ¡¡nd n:urow, 
thal has hccn l1ropp<.·d down rcbtivc to thc atlj:.lcrnt 

· hlncks hy mo\ócrncnt Jlong lhc bl.'cndinG fauhs. Thc 

------·--·----··-- ----------

90 
~.l!nc flHnt of thc \\0Cd h u\cd ft'r both thc ~ina::ut.u Jnd 
1'1" r:tl. 

/.0111/lfid,·: '1 h~· dov-nW;\r\1 :llhl o\1\\\';¡nJ n10\"Cnli,.'llt Q( 

'\••rx·-formin~ lll~llrl ial'. sm h ;¡, r,'{\i., M)il, :Htili~o·ial f 
l'f t'l"~lllhlll.ltl•'n~ pf thc~t..' mat~riah t\'atll!..''· 19.'\K, p. 20)~" 
t~l"' h)('\'graphit.: 1\:~lturc tt1u.\ thc Ucpo:-.it rc:;.ulling from 
::.uch nuwcnu:nt. 

Ldr .<hr: Stri~c-,lip dispbcemcnt in which the block, 
.u:rm.s thc fault ffl)Tl\ an ob~crvcr has moved lo thc left; 
Jh.o cJlkd :-.ini~tral !-ltrikc slip. 

.Vonual fiwlr: A fault in whil'h thc block abo"e an 
H'H.:lincd fauh surra·l.'.: h:1s nhw'-·d downw.1rd rclativc t~ 
the hh.1..:k h.;:l,,w thc fault surfac.:; aho includl.!s vertical 
f.1ult~ with Yl!rticol slip. 

Obliquc sliJ': 1\ combination of strike slip and nor
nt~ll or rcHrsc stip. 

Rcl'rr.<c (cwlr: A fault in which thc block abovc an 
inclincJ f:<ull ~urface has moved upward relati\'c lo the 
block bch'w thc fault surfacc. 

Ri.~ht-norml.ll slip: Fault dispbccmcnt consisling of 
ncarly c<pul l'C'Illf'h111ents or right slip ami normnl s1ip; 
<tlso calh.:J Jc.xtr.:tl normaL 

Righ1 .•hj>: Strikc-slip disp!Jccment in which the 
block acr1'ss thc l:n1lt from :1n l'b~~n·cr hJs moved to thc 
right: :tbo cdlcd dc.x!ral strikc slip. 

Slir: Thc rcl:~t.ivc dispbccmcr.t of points on opposite 
>ides of a fault, mc3'urcd on the fault surface. 

Strike: .Thc dircction or bc~ring of a horizonlalli 
in the planc of an indincd or vertical stratum, j 
fault, or othcr structural plane. 

Srrikc slip: Thc componen\ of the slip parallcl with 
lhc strikc of thc faull; thc hNilOntal component of slip. 

Srríke-slip fa:dr: A fault in which lhc slip is approxi· 
malcly ·;n lhe direction of lhc strikc of thc fault; also 
callcd wrcnch or tmnscHrrcnl fau!t. Thc historie displace
mcnl< on "rikc-slip fauiiS discusscd in this chaptcr 
ha\'e. in pl:lccs along thosc faults. included a vertical 
compon..:nt that hns ~cncrally bccn lcss than onc-quartcr 
of thc horit<lnt;d comroncnt. 

lcctrmic: Of. pcrtaining to, or Uc~ign~uing thc roc\c 
titru<.:turc ami C.'\lcrn.11 rorms n.:\ulting from Uccp-scated 
cru~tal Jntl .\IJbcru\ta\ forc~:s in thc can h. 

Tl.'ctonic crccp: Fault crccp of tcctonic orígin; also 
calkd slippage. 

3.3 SURFACE MANIFESTATIONS Of FAÚLTING 

Surfacc m:~nlfc<lation< of faullin~ and clo<dy rclatcd 
proccs~c·. 11\clud-.: ~uddcn rupturc and di!--pllccnlcnt, 
creer. warpint-:. tiltint!. o.nd gro .... s ch~mgcs in l;tnU levcl. 
Thc flr)\ of thc~c is of f!n:atc:-.t impNtancc for most 
cnt-:inccring "tructur\!~ anJ con~;.cqucnlly is trcatcd 
fully than thc othcrs. r' 

,./ 
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Chop. 3 SURfACE FAUliiNG AND RHAT(D EFfECT5 
!)1 

:1.3.1 Suddon Rupturo ond Dhplacomont 

Sw .. hkn rup1urc ~HH..t di\pl:t~.:~..·mctlt ocrttr." with nor· 
"'~''· h.'HP•I.', ~trikc-~lip. (lf uhltquc-~lip f.11dting hcc, 
~hh .... ~\ry). ·¡he hi,tonc.· rc.:\•Hl of ~urf.Kt: fault1nt~ in th..: 
contirll.:nt;d llnit\:J Statcs ami ~H.Ij;l~.:ctH part~ uf ~1nicu, 
as curn:ntly J..~,o,,·n. 1s summari1.<.:J in t.:hrmwlnt:i..:al 
<:>rJa in T•blc 3.1. 

3.3. 2 Lcngth al Surlaco Rupturos 

Thc kngth of smfacc rupttlrcs givcn in column 3 of 
thc tahk- is thc·dl~tall(C bt.:twccn thc ctH.Is of cuntinuous 
or nr.arly ~.:ontilllhlUS brcaks tk1t furmcd at thc ~urrace 
in thc h:-t~:d carthqllab.:~. Thi~ knL:th l..':tn be ~ubst;lllti· 
ally lc!;S tl::tn tbc h.:.tgth infcrrcJ from thc di~tributilln of 
;lftt:r~llud;s, frum ~~i~lncation th~.:1'ry, or l'rom uthcr 
indirt:ct mcans. Th~.! longcs.t surLI(C rupturc lpartly 
subm;~rinc) on record occurrcJ :llt,ng 270 mi of thc s~u\ 
A,;drc.t< faull in \906. Thc lc!lgth uf sub<urfocc faulting 
that 0ccurrcJ in th~ 19M Alo,kon canhquoke is esti
ma!cd al about :110 mi by Sa\"agc and Hastíe (1966, 
Tab!c 1) anJ about 450 mi by Huusner (Chapter 4, 
this _volumc). 

~.3.3 Fault Displocoments 

rv1Jximum rcc0rdcd surfacc disrlaccmcnts accom· 
panying t:~1rthqu~d:~.·s ha ve rang~,·J fn .. "~m 0.05 ft of strikc 
t-lip in thc lmpcrial. Calit.ornia. t:Jrthquakc of 1966 
([lrune ancl Alkn, 1'!67) through· )5 ft ofvenic:li displace· 
mcnl ¡, tl,c A,;am carth4uakc of 1 S97 (Oidham, 1 H~9. 
p. 145) to p1)<.:-,ibly a:-> much ns 42ft of \'t:rtiGd Jisrb...:c
tncnt in thc Y:1l..utat Ua)·, Ala~\..:;1, ca;t!H~ua\...c uf IXiJIJ· 
(Uoailla, i'Jó/, pp. 9--IO). Thc brgcst mca...,urcd strikc 
slip, 29ft. uccurrcd in thc. GtJbi·Aitai l::lrthquake ot" 
l957 .{Fk~rc-nSi.W and So!cnlcnkco, 1965. p. :2~H). Frmn 
mca::.un.:mcnt·i t.'f offs:et strc:un ch:Jnncl~>. \V:1H:u.:t.: ( 1{)63) 
has suggc:::.t~d tlnt ~trikc ~lip on thc S:.1n t\ndn:as f.:-~ult 
may hove hccn 30ft in 1g57. 

Thc vcrtic;_¡J Jisrlal"l.!rncnts fnr nornial faults givcn in 
columns 4, 5, :'nd 6 uf Tablc ).1 ore !he scarp hcirhts 
excert whcrc othcrwi . .-.,c !-.pccifll·d. Thi..! :-.cJrp hci~ht 

gcncr:tlly i:l rnorc critica! fLlf cnginl·cring purpt.l<>Cs than 
thc \ICrtÍCJI CUI11f'OIH:nt of f~IU\l di:-.p\accrnt·nt: furlhcr· 
more, rn:1ny publi~;hcd rcptHts g.i\"c only Sl:arp hl'i_¡;hts. 
Sc:1rps prnduct:d by normal faultinG commonly are of 
greatcr hcighl th~Hl thc vertical corup.>ncnt of fault 
displaccmcnl, f.:hiL'Ily h•?(.'Jusc f!r:wity graben form alnng 
!he faull (Gill'<'rl. 1~'10. p. 354: Slcmmons, 1'157, pp. 
367 -375}. Tl;i-. is :-.hov.n in Fig. J.l, a di~gramm:uic 
cross scction f.\f a typical graben fllrn11.:J by. gravíty sct· 

- --~---------- ---

____________ ___::__...., 

o 

Unco,sohdoltd 

Fig. 3.1. Crt1S<; ~c...·tinn of a gravity graben nss(XiJtcd with J 

nurnul f:.1ult .. Tht.: rclativc movemcnt o( th.:: Cault Íi ~ho~n by n.rro\\:s. 

tling e1f parl of the ·hanr,ing wall of a normal faull. The 
vcrtiCJ! compllncnt of !"aull disp!acomcnt, equal lO tho 
-.nica! distance from A to B, is lcss than the scarp hcight 
AC. In order lo avoid having lo accommodote the full 

scarp hcighl, a structure """" the main faull would 
ha ve lo bridfc thc grab.:n (Fig. 3.2). lkcausc the width 
(Fig. 3.1, C D) of thc grabon is gcncra!ly more than 10ft 
and can be as much as 300ft (Witkind, 196·1, p. 45), 
structurcs m ay bcar ·on the graben and ha ve lo accom
moda!c lhc full scarp hcighl. · 

In addition to thc clfcclS of graben formation, s.:arp 
hcigh~s n1Jy be incrc;_¡scJ by rninor land}liding and o~hcr 
cro~ional procc~scs th:tt c.:auc,c.: ;¡ gradu.1l uphilt n:treat of 
thc brow (Fig. 3.1, point A) or thc scarp. Scarp heights 
arlo! not givcn in thc table f11r ~pccifi.;; points whcrc 
erosiun.:1l procc~scs JrC krw•;.:n tu have substantiJIIy in· 
cr~a-;¡,;d thcm J.S, c.g., pans of thc Fairvicw Peak s~arps 
forr:1'tl in 195·1 (Skmmons, 1~57, pp. 373-375). 

A!~hou~h thc .scarp l1cight~ of normJ.\1~\ults are com· 
mon!y grcatcr th:.tn thc vt:rtical compnnl:"nt of fault move· 
mcnt at 1hc .surr~n:c, tht:y CJO be ~ub~.lantially lt:ss th:ln 
infcrrcd r:wll Ji . ..;pt!Cl:ffiCIH :Jt dcpth. Thc m:.uimum 
sc~rp produccU in lhc I'J59 M~nlana carthquake. e.g., 
"'"'20ft (Witkiml, 1%~. p. 37; Mycr< anJ lbmil10n, 
1')6~. p. 81), bul thc subsurfacc di.;placcment basc·d on 
disi•.JCJliun thcory wa> more thon 40 l"t (Urunc anJ Allcn,· 
1967, p. 510). 

Small to modcr:\tC amounts of vcrticJI movc:mcnt 
ha\o·c Jccompanic<i somc strikc-slip f:.tulting. According 
lO Jis!üc:.ttion tht:ory, J sy:-.tcmati¡,; quadr:lnt:ll distribu· 
tion of vcr:v srn:dl clc·:;ltionc, and Lkprcso;ioM ~~ ~xpC(.'ti.!J 
fllf slrikc-;lip f..1ultmg that is nul infínitcly. long (Chin~ 

·-·---......:-----.. :_ ___ -·-..:.......:-~~~---:. 
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F~ult (n;2r:'IC N lo.:;¡t¡on). 

d01!e. Jr.J l)';'e of di\pl:~cc· 
mcnt• (Scc note' .at 

cnd of tJ.blc:) 

l. Ncw Madnd. Min.ouri; 
1111-1812; NI'¡ 

2. 1b} ".1rJ. Ca1;rom1a; 
18.16; R<{:'J 

3. San Andrtai-, Caliromia; 
l:O.lS; R1-( ~} 

... SJn AnJ!~.ls, California; 
UiSi: R~ 

$, Jl.,¡~"';uJ, Ca!1rorr.ia; 
lStJS: R-.{':'¡ 

Ma¡:nitudc 
(Ru.:hter) of 
;¡~~ociatcd 

carthqualtc 

2 

6. Ov.t'n\ Valh:y, Cal,fomi~: · · !1.3· 
U~~: RS ar.d Lt'\\?J (cslimatcd) 

7. M.,~.l""i. \'al:cy, Caliromi.a; 
1875. ~( ~~ 

!. Sl,n(lr.•. Mnico~ 
1!1S7; S 

9. S:..n JJ.cinto. California; 
JS>'"il~ R~"!, 

!O. Yü~o;l~l Bay, A1¡,.k.,¡; 8.5-
1899; ~( ~) ¡r.d Lfot ?) 8.6 

( 
• 

Tabie 3.1. liiSTOfUC'" SUIUA\( f \t'I.TIS(; 1"'111f COXTtNrr-;TAL UNIHP 'HA TU ,o,;D .-.OJACll'<r PARTS Of MUICO 

lcntt~. of 
~urfacc 

rupturc 
(miles) 

3 

38(1) 

35(?) 

200.t 

JO± 

60+ 

35+ 

2 

Uni.nown 

Di,;"I:J.cemcnt 

{kco. rr .. tin 
fault 

(max.imum) 

4 

6{1) V 

l;nge. 
PO\~Ibly 

30 

3 R,.( ?), 
IV 

2JN; 16-
lORs 

26N 

29-42N 
(7) 

Oi'r!J~:Cnlcnt\ (rl."ell :J( indi!:arcd 
Jisl..:r.cc<; (mik;) from ccntcr cr 

rr;ain fzuH zonc 

Bunch 
faullin¡ 

S 

Di!>placcmcnt 
unlnown 

Sec mnarU 

\ 

Scconl!.uy 
faultin¡ 

6 

J.SV at 1.4 

)!V at1.6+: 
4N al 8¡ l.SN 
al 8; UV at 1 i 

Sec: remarks 

Oi!>lancr; lma-..:i1num¡ from 
ccntcr of main zonc io O>Jtcr 

limlts !'\( 

M a in 
ron< 

7 

0.!5 mi 

SOO,I: n 

Dranch 
faultin¡ 

8 

0.8± mi 

See ... 
mar u 

Sccom~;¡ry 

· · faultin¡ 

9 

1.8 mi 

10 

F<~llll u ho...: ~arp ~'und\ 

ReclfC"IN la\.c shows \Crtic;l 
s.cp.Hal1on or .:o f1 in Eoce,,c 
bcJs 160ft ~low thc surfacc. 
UpliO as wcll as subs..idenc:c 
occurred in lhis carthquakc. 
Sf'C tCJil, 

r 
c;,t'a ]c¡¡¡:lh indu,Jco; ¡ 2l·mi 
~o•lll;rcn ._:;-¡:m:r.t anda p:ob
~blc !>q;.mcnt O.l mi Ion¡, 7 
mi !..>!he n:..•rth. 

8 ml Oi,pl.tl·cmt>nt, ¡:i~t'n (or s«· 
ondary (aula illl 8 mi uc 
!.(;J.rp hc•¡,:hh; nct di1-pl.u.c· 
tnC/11\ "'CrC 1 j and 1 n. 

Mon ha~c bc..:n landdidin¡: 
r:llhcr than f,¡ulting. 

Po.,sih!e sccondary (at.:ltin¡ at 
m:nimum dhtancc o( IJ mi 
fmm m;]in f.n .. llt bt.:t cor:tcm· 
por.meity is d"ubtrul. 

Sc:c n:marh M:nimum urhfl 47 fl. In· 
fcrrcJ princíp;JI fJUII~ u,.,dcr 
~•alcr. UrllfL W.Jtpine. :an4 
pos,ib!e fa:;hine in are,¡ al 
lea~t JO by 1 S mí ~\"Id prob· 
ab!y much ¡rcalcr. Scco,-:dary 
(7) (.mitin¡ produccd s.cups 
as much u 8 n hí¡h, 21 mi 
from lhc infem:d pritaCipal 
(¡ults. 

( 

JI 

Fu!;~r. 1912; Fisk. 
19J...I; U.S. Army 
Corr1 o( [n¡inccn. 
19~ 

louJcrbad:. 1947 

l.. a·" ~n ,., o/., J9':i!; 
Wot•d. ·i9~~; AHcn rl 

"'·· :<;~5: Bro·o~.n a~ 
Vcd~c-r. 1967; Wal· 
1-hc, 1 Qf.~ 
l.;t·.o.~n n g/. !?()!; 
RJ1~n.;:h. Jr¡'"; ": 

KnN'If .lnd ~irl, 1918; 
WtH!My, 15'!; l{obb,_ 
I'Jjf1; tJ .. ~~rr.Jn, 1?,,1; 

Bn:-1.\:~. 1'1 1,1 :~nd un· 
pt.:b]¡,hc,J c.!~!.1 

Turncr, IS11, 
IS97; GtJr.d!A. 
Br¡:u!l.a, ~~~~ 
Ar~u!cra. 1920; G<>Od· 
(dlQ"'". IEU; Richtcr, 
19~! 

O.&nt"S, 1907; Alkn '' 
&JI., t'i&S 
Tarr ar.d Mutin, t906, 
1912; Mutin. 1907; 
f<K:hler. 1951; BoniU... 
1967 



¡-
1 

i· 

1 

i 

! 
1 
1 

! 
1 

1 

1 

1 
1 

1 

1 

1 

¡, 
1 

1 

1 

r 
( 

Fault (r.amc or location). 
d;ue, an<.ltypc of di~pl.tcc· 

fne'nt• ($toe notes al 
chd or tabic) 

11. G~l¡J K1n¡, Nc,.a.da; 
1903( ?J; NO) 

12. San Andrcu: California; 
1906; R1 . 

~hgnitudc: 

(RichEcr) o( 

.;1\SO.:IJIC:d. 

urlhquüe 

l.l 

JJ. Shcltcr Co .. ~ (San Andrcu '!). 
Ca:ifomia; 
190ó; Rs. RN(?) 

14. Pk.tunt Valky, Ncvtda; 7.6 
19!5; N 

l5. CedH Mountain, Nevada; 7.1 
193:?: kN 

16. E-.cchivr Mountaisu., 6.5 
:-.-e\ aJa; 
¡qJ-1; N 

17. H.trhcl \'ailey (Kosmo), 6.6 
UtJr.: 
i'iH: N 

18. SJn. J::..:J~!o, Mcxico; 7.1 
1'134; R~(7) 

!9. lmr~ri;:,.l (El Centro), 7.1 
Co~ltf<Jmia; 
19.W; Rs 

20. VJdt.:t:c, Loui\.ian;a; 
19-'3; !\: 

len¡th of 
surf..~cc 

rupbrc. 
(md.:\J 

J 

270 

2-t-

"201040 

lB 

0.9 

5+ 

( 

----------· 

Disf'll•cemenl 
CfcctJ, main 

fo~.ull 

(m,ntmum) 

4 

20Rs.; lV 

( '?) Rs; 
.. (?)V 

15N 

2.8Rs; 
4V 

DAN; 
llight LJ 

1.7N 

I!>Rs¡ o&V 

0.71< 

Di~p!.:c~mcnts. (fC'('!) at indicatec:! 
d1~t:J~.:~l> (mi!ec.) from ccnter of 

main f.:au:¡ zonc 

Ur:1.nch 
fJ.u!ung 

l 

Oispi.J.cement 
unknown 

Nonc:(?) 

Scc remark.s 

Nonc: 

0.08Ro and O.l7V 
at 0.5 

Non e 

.. 

Sccondary 
f.tulting 

6 

2Vat I.S: 
0.5Rt at 1.3; 
4l.s 01t O.J; IV 
at 0.2; 4Rs and 
l.SV ai 0.6 

Dispi<J.~mcnl 
UR .. RO\ItR 

JV.atl.$ 

Sec rema.rks 

Nonc 

None 

. Nonc 

Distante\ (~:uc.imur.1) from 
centt"r of main zonc to ou:cr 

timit'i. of 
---------

M.Jin 
zonc 

7 

200 ft 

50011 

30011 

Oran.:l'\ 

fau:tin~ 

8 

Sc:c~Jnd~ry 

f01u!ling 

t.S mi 

l.S mi 

( 

Rem:nk.s Principal rcfcn::nces 

10 JI 

Pu~\ibly 12 mi lonc. Fa.dt S:.Cmmon~,a1.,19S9 
m.ulcJ by tlpcn cr::~ck. ) to S 
f1 .,..t.Jc. So d.11a. J\ad..~t.lc on 
\Ctth:.tl or hurironl • .l J.:,)m· 
r\ln~·nh uf Jhp!J.;I,"r':\(1"(1. 

M,t,.:m..:nt ,¡l~·~ o..:..:urr.:J on 
rh" f.1ulttn 1'15..¡. 
Sr:tJII ~tJ..:l, 1n h.:Jr•xl. .-s· 
mu.·h :¡.,. lO md..:, frvm f.1ult. 
A tunn..:! p..:rp.·nJ,.:u~Jr 10 thc 
fo.~ull \\,1~ utf~t ;,¡nd J.-s".•rm.:d 
:lh~u~ n.:.H!y ..1 md.: lJf ,,.,. 

knl!th; at ~(1•'11.1 f: fr.>m lhc 
f.1ult tlt.:: dt~:'IJ.::em..:nl '"'J~ 1" 

in. 
Rt¡,:t:t-~ltp nunem~nt tndt· 
lJI·:,I !"-~· ...tp¡'\~o'.lt.m..:c ~olf tr .• u:c. 
~fJ)' · t•.: tloc S...tn .J...nJ•.:J\ 
f.Ju!t 11.,....1r ,,r a 1:-rJn.:h or 
~.:..unJ...try Lu:ll 1.5 h> 1 m1 
CJ,t uf :he S.1n .A.r..!i.::J~. 

s .. nlt.:rn S mi o( rJult ¡~ NI 

uh,/,uJ to rrin..:tp-11 ~.¡:~na. 
pJrtly ~oHcrlo.~p\ 11, JnJ i1l: mi 
r..:rp,:nJt..:uL.ad) fr<Jm tt. 

Di .. continu .. w<. Ir .u.:~ ..c.~ncccJ 

O\cf a hclt -4 hl 9 mi ""tdc .Jn.J 
38 mi l~oUl¡:. 

F:tulting infcrrcd from acnal 
photos 1aL.cn in 193S. 

In lhc Rc,J Ri,cr fault :tOt\C 

ar:d on lhc nank of a ~ll 
dome. EviJa • ..:c at s.urface o{ 

.:an c~rl~<:r (ro~ctur-::-; dttllmJ. •rl"' 
dic<~tc\ a \'Crtic.JI !.Cp;.ar;.~tivn o( 

3 ~ (tal dcplh. Sec tn.l. 

L.:a~n ,, .el .• 1908: 
Bon•l:.:a. 1967 

la ... ~n 
Cuna y 
1?67 

.,, 4/ .• 1~: 

.:anJ Nuon. 

Joncs. 191S: PJJI!, 
1915: Mu1lcr, Ft:'tiJU· 
10n. :l!'ld Ro~:¡\, 

19SI: Fere1.1W!"', JI oh-o 
ut\, ar.J ~tuCa, 1952 
Gi.lr.cl!~ ..an.j C J!l,¡

ch..an. 1?}.1 

C..lll..aY• •. m .1nd GtJncl· 

1•.1'1H 

t-.;eumJr.t'l. 19~6; Ry.all 
,, 11t., i9tr6; Epplcy, 

J%S 
t.:o,:.:t: n el., 19ól; 
B.c::1::r ,, al., 196-1 
l,;b:::h. 1._.,.1; Ri<htcr. 
19S!; J. P. Bu-.J.!rJ.t, 
un!"-ubh ... h.cJ 1\c'IJ ft{lln 

r .. L., l'j-.U. U. 5. Army 
Cc.r~ o( Encincer1. 
19~ 
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1 
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1 

1" 
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1 
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l., 
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----------- --· -- --~- .. 

F~ult (nam~ l.'r h.•o:.alr••:'\), 
dat~ • .and l!>rc' t'll ,J;,~Iacc-

mrr:1• (Scc n1)\C~ at 
c:nd olt;~hlcl 

lL M.1nÍ'\, Cahromi~; 
1947; ls 

22. N . ..1f 8JL.c:l'\ficld. Cali• 
f•.)rn;J; 

~'i-'q: :-..:e) 
23. fo.)rt SJ.¡:c:, Co11irornia; 

I9SO; N 

:!4. Surcr,tition lllll(, 
c~:,f~•rr:ia; 
19SI; j.(s 

::s. Wt-.:t: Wolf, California; 
195~; LRv and 'X 

:6. R;unl·~,,~ ''''Uniain. 
:x.- .... J.l: 

JQ~.!. h:l~: N 
21. R.~i'1:0<'"' ,1,•unt;¡,in. 

~c•.::dJ: 
19.SJ. Au~u~l; :-.1 

:!8 .... ainÍ.:"Vt." rca\,;, J"CIJd.t.; 

IQ)""'. Ot...:cmNr: RN 

29. 01\:e Va!lo.-y. ~r:,.ld~; 
19~-S. Dc.:cm!'>cr; 1'-i 

lO. SJr-: ~-1;~-.;d, Me~; 
iQ5(•: RS 

31. Fai:-... tJ.thc-r. Al;~ú.~; 
1958; P.\ 

M..~¡.:r•otuJc: 

(R•r.:htt'r) of 
3!\(l("i.:ucd 

caqhqualc 

2 

6.4 

)';o 

quak.c 

l.6 

s.ó 

7.7 

6.S 

7.1. 

6.8. 

6.& 

!.0 

Lrr.í:th of 
~urf.acc 

rupture 
(mil~} 

3 

2 

l.l 

2.= 

)) (discon-
tinuou\) 

11 

19 

l6 

l8 

12+ 

Jll-124 

---- --- .. ------------

D,;~IJ..:emc-nt 

(ft"ttl, m;.,:n 

f.1ult 
(m.l'if'l"um) 

4 

O.ZlLs 

0.6-2N 

2.Sls; 
4\'Rv: 
4\'N 

lN 

2.SN 

1 ·i N 
(15' s.carp) 

JN; 
2.C.R, 
2t.SRs: 
6V . 

Di-¡ol.~;;\·rntnl" (f..:::tJ ~~ irtJr~: .. w:d 
•Ji\tJnCc'!> {m:ksJ irom ~-~r.l.:-r of 

m01in f:.IU!t zonc 
----

Brarh."h 

fo.ultmg 

S 

Nonc 

Nonc 

ILs at 1.1 

None 

Non e 

7V at 1.6 

Nonc{!)_ 

None 

----
Se(:ondary 

fauitin¡ 

6 

None 

0.2SV at 0.25 

0.3N a1 B 

O.l$V nt O.l 

?V ai 0.) 

JN lt 2: I.SRs 
at 2.5: 1.7Rs 
at 0.6: 1.5N 
;¡t J !-: 0.5N 
at 4..!.. 

2N at LJ; 
O.SN at 2.-4; 
0.2!'-i oac l. S; 
0.2N at ~ 
0.7SN at 0.4 

SN at 0.4 

u:,l.&n~c·. l·~· .. "m,un·· fro>m 
c«"nlc:r of m.un rÍ"tl'le to outer 

l•:ntt\ of 

M. a in Branch Sc-condary 
t<Jne faultín¡. faultin& 

1 a 9 

0.1 mi O.lS mi 

O. S mi 1.7 mí ami 

O.Zmi 0.) mi 

O.l mi 

o.ski 1.6 mi 

lOOO n 2.Smi. 

4SO fl. O.S mi 

0.6mi 

( 
---------

Rcm.Hk'J 

JO 

Surf;lCC rJulting rnay be 5o«on~ 
d.Hy lo COIKt"liCd right·slip 
n1píurc. 
May t'>t! rcbled to sub\iden.7r:. 

Thc e•' ~·n Jislan.:e rrt•m lh< 
(l'nlcr uf thc matn lC>r.c h.., iu 
ouh:r ltm;l'i i'i nnr:-h..;lf thc 

pcrpr:ndtcu!J.r dl'l:~n-..::e ~

t,.,cc-n ("ned~lf"f"Ín¡t. rn ,.,l!,.lolf 
s.c:gmenh. 

Princip¡1 rtfcrcncn. 
-·----
11 

Ri(htcr. 1951; Ai!cn u 
al .. 1965 

Hill. 195-4; Al!r:n ':al., 
J96l 

Gi¡neila. P~SJ 

Stri~e-\tir indicatrd t-~ ,.,, 01P":-In, 19>-l; Alk!"l 

uhd••n fr.JCiutc\ but amC"Ivr:t t'l .:1!. lllf65 
of di\pl,lccmcnt unln0-.t n. 
Ten (l·ct c•f ,hnrtc-,.,ing mea~ 
\u,=d :~ero\\ m.1in f.au!t zone 
:.t <ll1-:: ¡...,~Jhty. Stuling or 
rq·iou.¡l rcJd¡u\tmcnt cr 
t.tr:1in rroducc•l O S fl Hrtical 
fJul\1111; f,H 400 lt .don¡¡ t,;,.,. 
lod.: fault. 20 mi from Whilc 
Wolf fault. 

P.1rtl~ O\erl;¡fh thc Jul)" JQ~4 
R.linh<' .... MIUIIII~un rurture\ 
;¡nJ in~rcJ~cd thc ¡j,·.pl:.ce· 
rncnt on wme of thcm. 
Produccd \Carp, lli lo 23 ft 
hi,h. Mo\emcnt occurn:d 
along part o( this lOM' or 
faultina in 1903 (Gold Kin& 
f.:tuh). Muimum obliquc ttip 
.,.as 16ft. 

Bu•a\Ja anJ 51. 
Arr.~n,J, lllf5S; D'b
bke. JQSS; Kurfa ,., 

el. IQ55: Richtcr, \9SI, 
p,. &J- !4: Wh¡ttrn, 
19)1 

Tocher, 1956 

Sl<'mmo:'l!., l'H7: 
Romney. 19": Slcir.
brugp: •nd Mor•"· 
1957 

Shor and R.obcrt\. 19.51 

\'eniol d•"'rt ... ccment r.:cord· Tochu. t?GO:t: To.:hcf 
eJ 3!nng O.::! S mi or the f.tult. &nd M¡Hcr. t959 
Vcnjcal di1.placcmrn1 ... u .. ).S 
ft .,.,hcrc horilontal di.,pi.Jcc- _...---.., 
ment w;1.s 21.S rt, indicatin& 
oblique slip of21.8 n_ 



( 
--,_ 

--------·--- --------·----------- ------ -------

F.1ult {nJ.mc- or lo.:.ttion¡, 
,;btc. ar.;! t~pc of di,pbc<· 

rn;rn • L'iec: no:e1. ¡¡t 

c:nd of l.ihlcl 

f .. hgnituJe tcnt;th of Dt~rl:u::cmc:1t 

(Rich!.:r} of !>:Jrf..!.-.c . ((.:ctl. m..~ in 

o~.r!.a.:c~efl~~ {f~:) ... t indicat<d 
di<;.t:mceo; (:"TH!c'>) írorn ccn1cr of 

m:u:1 f.ntlt zor.e 

~S\O.:ÍJ.~d n.ar'Jturc: f •uh Ot.lnch Sccvr.J.uy 
c&rthqU;ikc. (mtlc\) (f1J:l\tr.lUm) fo~ulting f,H.I/tÍ,lá: 

Ot'..t:l.ncc=s (m.ut:num¡ from 
ccoicr of m;:¡in zor.e tn outer 

hmll\ of 
----------

M.1.in Dr.~•;..:h ScconJ.,¡ry 
zonc f;¡lOhil~~ f.,¡u\tln& 

-----------------~--------- -------------- ------------
'J.::. _Hct:¡;cn:L~Lc:. )r.to.)r.t:.&na; 

')'1~~: !'ro' 
-~- ·-.~ 

31. P.oHon B.~y. Al:n.L;,a; 
I'Jú-1; R v 

H. H~~n;n~ 801.)', Al.l~a; 
19~: R\ 

Jl. hr.)X'ri.~.l. Co~t.~rorn~: 

1Y~. M.H.:h; R~ 
)6. S.;n Ar.Jrc.H. P:ul6cld, 

C .. I:!,Hru.J; 

1<;66, Junc: Ri. 

~7. &ucru. \'i .. tol UtH~ 

e olhf<Jrni~: continuin& 
fo~ult crccp: Rv 

2 

7.1 

••• 

).6 

l.l 

No 
qualc 

lli. 

)9-

4 

6 

2) 

• 

2\)-1) 

VR.'.-; 
1.41.\.{:'); 
26.;, dip 

.. ltp 

16VR.., 

O.OSR~ 

0.53Rs 
O. leN 

5 

3N ;tt l 

Nonc 

Nonc 

6 

1.75~ at .u.!. 
1:-.1 :1t_4:; IN 
.>t1.Si: IV at 
8.5.:..; 0.7V at 

8;:; _,N at 8 
Nonc 

None 

Nonc 

O.OSRs al O.BS 

; 8 ~ 

500ft J mi B. S mi. 

1100 n 

6SO n 

10 n 

ID 

In adJtt.,.>n 10 f,¡uhin¡ of 8 h 
~~ onc rl.~.cc. Ji,t~Jnion ,¡f 1 
part \Crlt~'.l\ in ~& part' hori· 
:on;J! o.:~·tnrcd "'ithtn Jl()\1 ft 
of thc (..wlt. \b~nitu~c ¡ncn 
i~ f,,r r.1.1in .,h,xl. -.~.hoo..c 

cpi.:.:ntd ~' :•., m<.'h: th .. m· iS :ni 
frnm thc "urf..~~·c f.Julhr.t; 
F011C aft~·r-.1-h•Cl, \IIUhin SU mi 
Clftl:t; r.~ultin¡; h.lJ rn.q,!nituJ~·\ 
nn:;i:-~s; frum t..~ 111 b.b. Simul-
t.~f' • .:Ou"> f.tull1!1\! u((urr.·J 6 

rni .I .... .L)' (.ce H.utlli:'l¡_: R.1y 
f.J!.ihl. 

( 

1! 

M}c~ :tnd H,u:-:illon.. 
1'16-1; Wttl.ir..!, 19-04 

Pl.~fl.cr, 1~65: f'L&.n.cr, 
19,..! 

F .. H IL,:¡;;· .. t.:J;; \0.:<!' P.Hl.lll 8.J)' Sltne 
(,,¡,~(. ""h;..:h o..:.:urrcJ ~Hllui· 

l.ln~·uu\ly 6 mi :J\\Jy. 

Di~ri.Jccmcnt si~~n includc\ 
te.::hH\Í.:: creer th.ll o.;currcd 
v.i:hm SO J.,y .. f,¡/!ov.ir.;; r.1.1•n 
shod •. ln•ti.d '>lrikc·\!ip di ... 
pbccm.:nl unl..no\\n :lt thi\ 
h)CJI•ty: J.l an~)\hcr loc:~lity 

!r.tri\...;.,tip Ji\p!Jc.:n<cnt tu-
t;.!cJ :.th,•ut 1.8 in. 10 hr :~.ftcr 
thc -.h¡>._k an..! 4.7 in. n da) S 
lata. 

Brunc a<\d A!:Cn. 11;.'S7 

Bro ... ·n .snd \'c-;!C"cr, 
1967; W~!a~c ~.d 

Roth, !'if.oi 

C.i'! 

F:..~ult cr.:.:p ho~-. bc\'n oc.:urru~g KCK;h, 19Jl~ Wllt,. 1951 
on thi'> rncnc f.1u!l. v.ithour 
fclt carth<¡uo~\.c<., f<.>r more 
th:on )0 )CJ.r\. T ot:.tl '"-i•p-~lip 

dil>Jllo~..:~mcnt 1.6 ft bct""«n 
19.13 :~.r.J 1?58. Sc:c tc'\1 fur 

o!h.:r hh::.J!itic' ~h..:r~ J:rccp 
h..as o.::currcd. 

*.\.l•Nr.,.t,.·•·M 1,., l)r>c ol J,~1K(I1l(nl; R,,r.ahl·lhl); Li. kft·,lip; N. n.:~mul •lip (induJn H"f1ic•1 ftuth); RN. ri¡:hl-rwr~lali"; LN'. td\.oQQrft\1.1 Llip; RY. JC'VC.I'C tboth to>,h ¡n&lc- •nd \ow an¡¡lcl; i..R•. ki'\--("("'0~ ~i.ip; V, 
~en •.• ! 1c.1tcr n..•r,.....l ~ rtwcrw); \ll'-1, ~Citoc;¡l ""pl.oenacnl Oft notm.al bull; VIl.,., ~cnical dtq:.L;¡a-tMnl 00 rc-.c.n.c (;t.ull. QutiJ {!} itl4i.utcs ~inty ., lo lypc, qu;anhlf, ur ¡.J.:nl•ri.:.llion. Bb11l.. •p.loC.C't i.-. .._bW: oft>J*'"'"W; DO r-tli
•t·te .l-•~-~·~··~1'\ó 

--- ·· .• ·-·---····-···-

1 
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fig. 3.2. R:lní.."h \)uildin~> ;J.\\¡Í¡!c :'1 ~:IJ\'ily l!r:.;bcn th:ll r~mnt'd in 
th( 19~1l ~1nntan:l carthqua.J..c. Tlu:- ,¡¡;-w is frt~m thc top of th.: 
rr.;nn ~:~rr IOll~.ing wward thc orpO\in~ ~.:-ar¡l ab0ut :!. ft high . 
..-1 ami D C<'frc"'rund ''' A ~nd D \111 I i~. J. J. Part of lb e wllapscd 
a•ncn:tc l'!lock \\311 can t>c ><:en undcr thc buildin¡;. Photo t;,y J. R. 
.Stacr, U.S. Gc('IJo¡;icaJ Survey. 

nery. !961). bu! the observed vertical movcrnenls in 
;trikc-,Jir faulting in CalifNnia and Ala;ka havo no! 
h~c11 dcscribcd a~ ~ystcm;uic. The mJximum vcrlicJ.I 
di;placemcniS reponed werc 3ft fDr thc !906 faulting 
(l.;"''"n ct al., 190~. p. 147). 4ft ror the 1940 rault· 
mg (lluwlld:l and Richtcr. 1941), nnd 6 f: for thc 195S 
ianltinf (Tocher. 1960a, p. 276). 

Tbt maximum horizontal and \'Crticai mo\'emcnts 
~ivcn in Tablc 3.1 gcncrally have no! bcen at thc samc 
p<.'inl en !he rault. 

1.3.4. Map Pattern af Fa~IU 

F::wlt rupturcs mJy consist ef a single n;:rrow rnain 
hrcak, hut l:ommonly lh~y are mucb more comr!::' 

{l"ig. ·'-~) :tnd are :lCC:~)mp:1nicJ hy !.llh'-idiJry hrcaks. 
·1 he: ¡-\,¡¡~~"m~ <k..,~,:rirtif•n of thc I'.10t1 C;dif~,rnia f~wltin~ 

(L:l\\~l'll o al., PX)S, p. SJ) m;\kc~ this point:. 

Thc wi~1th ('1( thc 7.onc of surfacc n1p1uring 
v;ui,;J w.u:i\ly fr~,,m a rl.:\\' (..:,:: ill' l~l 50 fl'Ct l'f mort, 
r-.~.'1 \Hl.:of"'1!1Wnlv th~.·n: '~cr~ au,ii!:Hy cr;.Kks cith~r 
~r:tr.:hin~ fr11m lht: m;nn f;1ult-tr;h:e o~li4udy for G 
(~,.'\\ hunJr¡,;J k..:-t or ~-artb, or l~i11~ ~u~p;uJI\..:1 to it 
an\i n~o.H. '\O Llr ;H cJi,turbancc pf thc soil indic:ltCd, 
dir~~:ly cnnm;.:t,_·d "ith it. Wh~:-rc· thc~ auxiliary 
cr~h·h wcrc fcalur\.·~ of thc bult-tr.:tcc, lhc zone o( 

surfJl'C' Ji,l:.Jrh.11~(1.' "hi...:h in.:lw.kJ thcm frc:qucnlly 
hJd J width of ~CH'r~¡) hund~e.·d r ... ·c:t. Thc displilCC· 
m~.·nt :1rrcars thus nc•t ah,·:tys to h:wc beco contined 
to J sin);l~ linc ~'r rurturc, l:lut to havc bo:cn distri· 
hlJ:úl 0vcr a 1:0nC' of var;.·ing: width. Gcnerally, 
h(\\\C\'C:r, thc...· ¡;r~,·;ltcr p:..1r1 of thc JislC\c:ltion within 
thi~ 10ne was n1nlincd to thc main linc cf rupture, 
m~.11ly m:lrkcd ~y a n:urow riJgc of hcavcd and 
torn sod. 

For Jrscriptive purposcs it is convenient io cl3ssify 
surf~trc rupturc:>. into thrcc catcgorics or 1oncs. Tbe · 
~ubsidi::rv Lwlts c:1n.h~ subdividcd into brJnch faults and 
sccvncu;· f:mhs, thc m¡,¡in fault cnnstituting the third 
cat~gory. This classificatitln is illustratcd in Fig. 3.4. 
which 'hows ·sor.¡o of !h~ Stufacc faulting !ha! accom 
p!1icd the Fairvicw l'cak. Nevada, carthquake of !9. 
Thc m;lin fault and do,cly associctcd faults which. at 
a m:rp >C.11c o[ 1 :c:iO.OOO. form a band of varicd widtli, 
cC'r.:;titL:te zonc l. For this' classif1c:ltion thc f:wlt with 
thc gr·.:·.;:¡cst displ:.lccmcnt. length, and continuity al thc 
surfacc j) considcrcJ thc main fault f0r a particular 

eri~l'dc of fJu!ting. Some of thc main surfacc fau1ts 
(e.¡:., l'atton Hay. Alas ka, f:rt!\t of 19M) acwally may be 
s~tb<;idury to a nmccalcd p:-iocip;!l J'ault thJt is m.:>rc 
dir~c:ly n:latl.!'d ii.J th~: carth4uakc*gcncrating proccss. 
z,,Jl'.; 11 cont:nn..; th::: hr:lnch !':ndts; thc~!: Jivcrr,e from 
ami r.:\:..:nd wrll h1:yc,nJ thc main 7onc of f;wlts. They 
ctiht:i-- jo in thc m~u:~ faull ut lhc surfacc or can rCo.sonably 

. . . -. . . 

i 
( 

r•w···--J 

Fig. 3.3. Part of thc mJin zunc oC 
f~ultir.¡: :Jl1'n¡; thc San ,\ndrc:.ts fault in 
l?l)c,. 1hC' nuin H~lt'C pJ!.\C~ lhwu&h 
lhl.' n·ntcr pf thc photo, and ant,ther 
... tr.1nd p.Jw .. ·, throu1;h thl! nnt~h in thc 
~l..)lll,e hl th~ ri1;ht c1f thc phnll• ccntct. 
1 h...- d;.t~twJ linc ¡., dr:¡"'n to kft of lhe 
f.sull tr:.J.n: ... : thc doth:ll liw: indic;::.tr 
tllc 1nfcrr..:d p¡.,...\tion uf thc H:lLI.'"'. 1 
m;l\unum hPI!ltlnlal dhl:1nc~ bct· 
thc lmc-. I1Hl thc tiJJ:t: l'r¡;•.t) ¡.._ ~ 
l'!wto by G. K. c_.¡¡t.,....,t, U.S. Gc-t,lo¡,:~al 
Survey. 
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Flg. 3.4. Mar uf r.:trt tl( thc f.1irvic:w t•..:nk, Nevada, I?S-t, 
~-.. \du~g. shO\\Ifll!. m:~in f:lult 1unc (l), br.lnd\ fondl-~ (11), ::~nd 
\•:"l.:ondar)' f.wlh (111), Thc J;l,Jh:d (mct iiH!it-~\\c fuult.~ ~ct:f1 from ó\ 

hq:.~ncc or im~·rrn.:lci.l from .J.:rial l'llt.lh'J~raph1: th<: qucty (?) 
~inJi~.1h~S that thc cnd t'f tln·:~k w;n nol c.kh:rmti'\Cd: D imtic.:l.lco. 

thc d\\\\nthruv.n ~iJ~.·; thc ,¡n.,-k·barbo:J arrtl\V int.l,i..:at~~ thc n:bll\lc 

hori:ontal di.;plJ~cmcnl. ~1o.Jilicd aftc:r Skn\rnont, 19H. 

----L.__ -------------

be infcrr,·J lo do 5<) un<kr¡:round. Thc distinction be- · 
twccn thc m:1in faul1 :111d hrand1 fauhs is, of ncccssity, 
somewhat arhtrary and oft~n ditlicult to ma~c. Thc 
&e<:ond:uy faults that ma~c up zonc 111 havc no surfacc 
connccli"n with thc main fauh. 

Ahhough thc con~cpt of wncs is uscful, il i~ nol.· 
applicabk t<l :111 histori<· surfacc fauhing. In thc Ccdar 
Mounl:lin, Ncv~da, faulling of 1932, c.g.,· thc surfncc 
rupturc> "ae wiJcly ;catlcrcd and thcrc was no single. 
continu'"" main faull. Anothcr eumpk is·the Yukutat· 
Bay, Abska, faulting of 1899 in which severa! large 
faults w<rc postulatcJ but no main fault has yct bcen 
idemiflcJ. 

3.3.5 Subsldlary faults 

At kast half of thc his1oric faulting cvems in Norlh . 
Amcrica have includcd subsidiary faulling, and the pro- . 
portion is probably cvcn grcatcr bccause in only about · 
one-sixth of these C\'cnts is thcrc good evidente thal it·: 
did not occur. Thc importance of subsidiary faulting is; · 
indicatcd in Fig. 3.5, which shows the cumubtivc lcngths 
of the main and subsiJiary sucface faults for 15 evcnt$. 
For sorne of thcse evcnts thc cumulative kngth of the 
subsidiary faulting was lcss than 5%. and for others 
more than 95%. or the length of the main fault. 

Tbe displacements on subsidiary faults can be sub- . 
stantial, evcn at sorne distance from the main fault, as 
shown in Fig. 3.6-a figure based on the data in Table 3.1. 
The occurrcnce of displacements of one to a few fcet at 
distantes as great as 8.5 mi from !he main fault is worthy 
of note. The distances givcn in columns 5 thcough 9 of 
Table :>.1 were me~<urcd at right angles to the trend of 
the main fault from its approximate centcrline. The 
distanccs given in i:olumns S and 6:trc to points whcrc the· 
displaccmcnt was actually mcasurcd or estimated by the 
investig.ator; thc corn.:spondin~ distanccs in columns 8 
and 9 are general! y gr..:alcr. bccaust: they ·wcre mc:t-,urcd 
to the most distJnt parts of the hranch or secondmy . 
ruptures. 

The data of Fir,. 3.6 h"ve been ceplollcd on Fig. 3.7. 
with thc displuccrncnts on thc faults cxprcssed ~s pcr .. 
ctntagcs of thc displaccmcnts on thc corrcsponding main 
fault. A curve thot induJe> al! but thrcc of thc data 
point< bdow it has h<cn sketchcJ nn thc graph. The 
curve crosscs thc 20~~ linc lt a dijtlncc of 3 nr ·~.mi 
from tht: main f~1ult ~wd UccreJ~C'i at a low rat.: h~:yond 
that, but of Cllur.\C thc curve could be dr:twn in othcr 
ways also. Thc part of thc curve to lhe lcft of lhc 1-mi 
linc rcrrc~-. . .-nts ~n infcrcm:e asto thc m:1~imum di,l"l:ti.:'C· 
mcnt th~1t might 1)<.:1.:u r. Thc thrcc point.•: ~hove thc \kch.:hcd 
curve lll:!Y nlJt h1: in th~.: corrccc ro5iticu1-. with rc~ard 
ro thc ;tmoun! of Ji(,pbccmCnt during thc rc~(1\.>t:ti\'C 
carthqu:J~c .... Thc upp\.·r pair w:..·rc nnt mc-asun.:d until 
m:my. ycors aflcr thc 1~72 Owcns Valloy, Calofornil, 
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Fig. 3.5. Bar gr;1ph ~howinr, cumulati\c kn~lhs oi main fault and sub!>iJiary faulls for U 
cq·nt\ in Nl1rth Amcri.:J. Lcnsth~ rür San AnJrcas J9ú(l and Fairwcathcr 1958 exdude puts 

· r.:ovcrcd by wa1cr or ice. ' 

canhquakc; and 1he lower one is ha>ed on 1hc accounls 
of rc>idcnts who c'pcrien,ccd the 1 o68 Hayward. Cali
f<>rnia, carthquake. 

3:3.6 Width ol Iones ol Faultlng 

Thc maximum di~tanc~c; from the ccrltcrlinC of thc 
rnain zonc of fo.llllling lo lht.: outcr cd~cs of thc m;lin. 
Ofanrh, ami ~cnHH.IJry zonc:- uf faul!inJ! are pluttcd 
;¡g;linc..l c:arth4u:1lc ma!!nillu.k (RidHcr) in Fig. J.H. 
Thc: currcl;lli<""~n bct\\Ccn mal!llllud~: .:wd di~I:Jnu~ to thc 
ou11;r cdgcs. of 1hc 1onc~ i~ n·ry ¡ioor. Thc f1¡:!Uré ~c:n·cs 
to illu~tratc, howc\·cr. th;.~t thc m:uinwm v.idths of thc 
thn.:c zoncs difTcr :lmonp. thc fnur typc!l. of rauhs in thÍ\ 
~amplc nnd that thc zonc~ o( ~tri~t:-~IÍJl Lnlll.., ar·.: thc 
n:urowc~t. For eac.:h typc uf f~wlt ~howr. irl tlu: figure the 

maximum dis~ancc lo thc outcr cdge of thc threc zoncs is 
indic:Jtcd by nmtJn numcrJis-1 for thc main zone, ll 

for !he '""" of hrancll fauiiS, anu 111 for thc zone or 
:-..:-cotJdary filul!'i. Thc maximum Ji~lancc to the outcr 
cuge of wne 1 i; le>; than 0.06 mi for slrike·•lip faúlls 
hut hct\\cen 0.5 ond O.b mi f<•r thc othcr typc;; for zone 
11. 0.5 mi for ;trihé.,lip faulls and 1.6tu 3 mi for thc othcr 
l)·pc;: fnr lOJlc 111, 1.5 mi for >lrike·;lip faulls and 8 
tu S. S mr for thc olhcr thrcc lypcs in !he -amplc. Sorne 
nf thc zonc~o rn:ay ha ve b'-·~n widl..'r t~an indi!."óltcd above. 
Thc LHdtín~ at Ya,utal Uay, Alaska, in lh~~ occurred 
ovcr a hroaJ arca, hut thc m:.tin faull h~1s nol be-en 
IJcntiíkd. Sc!.'(•nd~tr)' faoltin¡! i~ rcporl~d to h3vc or 
curr~d I.S mi frnm 1h~ Hayward. C:!lift.lrnia. ~trikc·!'"· 
faull in 11;(,:; ([.a'""" <'1 u/., 19(!K, pp. 435 anú 4 _/ 
RaJbn~<../1, llJ67J httt ¡, not ~hown on thc figure bccausc 
the m:¡grHtudc i~ tmknowñ, 

; 
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Fig. 3.8. Oi~lanccs 10 outcr cdgcs of zoncs Clf faultin¡t as rcl:ucd to the masnitude or associ· 
a1cd carthquakcs. The numbers t>oidc 1hc symbols rdcr to c:;·cnt'i li~tcd in Table J. l. 

3.3.7 Absorption. of Rupturea In Rock and Soll 

Fault rupturcs can he absorbed (i.e .• die out or be
Cnmc indístinguishnblc) in short distanccs ín rock or soil, 
hut thcy aio;;o can he tr:1nsmittcd throu~h thi~k deposits 
of' Urll'0J'IS\lJid~tlc..'d scdiment~. f¡)r C.XJ.mr!t:. a part Of thc 
Whitc \Volf, C:difornio, fJulling uf 1952 displaced 
railre:H.J tunnds. but nc;ú the surf:.~ce it scems to havc 
hccn lncollv abs0rhcd. lluwalda and SI. Amand (1955, 
p. 4X) >tole: "\h ha,·c thc dilcmrna thal thc f:!Uits indi· 
c:ttcd Jt the tunncls slhnv disrbccrm:nts nf at Jt:;1st St:.:\'~ 

crJI íct:t whilc 1hc molctracks which are prr::iumahly t~cir 
continuation on thc hill abovL· shlHv relati,·cly sm~ll 

olf>ch hoth hori1ontallv and vcrt~C·allv.·· Kurfcr and 
01hn~ (1955, p. 74) ~uggcst th:tt fr,tclt!rcs f...'onspicuous 
in ri!!id concrete rnigiH ·go unn0tic('d orbe dí ... trihutcd and 
ah>orbcd in .1he fracturcd and wcathercd bcdrcck ami 
soil nc.-ar the surface. 

Sm1ilarly, 'lrikc-,Jip [ault di,placemcnt of 8ft in a 
tunnr.:l Uimini~h~d to lcss th:m J ft at thc pound ~urf;)cc 
:•hcH:I 500ft abovc durinr. thc IJu. JapJn, c:uthqu.1ke of 
J•J)O íSuychirc>, 1•132. pp. J2-37; Richtcr. I~SS. p. 5&01. 
Thc '~dl·Jnic ro .. : k in \\hi,.:h th.: tunnl'l ·,,:as dri\'cn is 
"'crl:.in hy at lca\l 1 JO fl of 'andy da y lake dcposi¡, 
íNJ\U, 1931, p. 456). 

Thc 1915 Plcasanl Vallcy, Nevada. fault >carp "''es 
nol l'fl)~S a bcJro(.'k !.pUf ju~r nor'th or Ct)I!On\\Odd. 

Crcrk: this gJp in thc fauh ~~ar{l is ~.hown on lhc map by 
l'agc {IY35, F1¡;. 3) auu on 1hc ¡~r,¡ :'>1<•Uat T:>bin 15· 

min topographic map. Just north of the spur the s s 
about 10ft hi~h but dics out rapidly as it a>ccnJs !he spur, 
thcn rcappcars lo thc south: possibly the Jí;plac.:ment 
was taken up by bcndíng ralhcr than dístinct faulting. 
Thc 1\cd Can,·on fault lhat occompanicJ !he 1 ~~9 Mon· 
t:wa earthqll3ke accomm0l.!Jtnl lhc di-,p!JcC'mcnl local· 
ly t>y warpin~ rathcr than h) .!he U>nal high Single scarp 
1.~1ycrs anil llamilton, 1964, p. 83). 

One of the hcst cxamplcs of local ahsorpticn of fault· 
ing occurrcd on the l'alton Doy, Alaska, J;¡ult in !964 
and is sho" n in Fig. 3.'!. Rcverse faulting proJuced a 
5C~1rp ~q. ft high (A, l"ig. 3.~1) in {he gravcl-covcred bcd· 
roe k Jt bcach leve!, but ·no \:ompar:~.blc scarp could be 
found whcre thc princip:d trace or thc fJult cut the top 
of thc sea cliff (ll, ri¡,. 3.'!). Thus more than S fl of dis· 
pbccmcnt v.as Jh:,orb~d in rock hct\\CCn P'Jii1ts A and 
8·-J distaacc nf ahc>ut íO<J ft. Scarps hchinJ ar.d parallel 
to thc Sea t.:liiT ~urr.c~t im:ipicnt bnJ-.Iiding (Piafker, 
1967, p. G1.1). but 0nly muwr ~loughing occurrcd during 
thc cJrthqu:lkc; cviJcrHiy thc faulting wJ~ distnhuted and 
takcn up along thc numcrous joints and minor faults in 
thc rock. 

From thc foregoin¡!. one mif!ht infcr that fau!t 
rurturcs ,..,·ou\0 gcncrally he ab:-.orhcd hy unconsoli· 
óatcd dcpo!-.ih; on lhc l'ontrary. tht·y h.:nc h..:cn t;an·~ .. 
rniucd throu!:h hundrcd~ of ·rcct of uncnns.o1 d 
dc:po\,ils. antl in ~o me placl!s Ui.,f!larcmcnt~ h:.t\'C •. ,sJr· 
<!!liy hccn CX:If.~Cr;I!CU in 'ofl Ue(\O\il<. ;\fuch of thC 
ÜWCJb Valll·y, c~.liirorni;a, faulting of 1872 was ncar 
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FiQ. 3.9. P.tth'n B.ty, ·Ab"'l..J. faultin~ 
ttf l')h-l pnld~h.:~J a '>l..:arp s; JI hi~;h at,., 
t•,;l nn Lt'l111'.1r .tbk !>"'3rJ" <~t D. ·¡ ~~¡; ":li1T 
¡, ~hl'ttl ~tM:ll¡ hi¡;h. ~1nJ pclint~ A 3.1\d 

Jr :uc 01l•.,ut :-oo ft apJn; note thc 
h..:l.tO:t'rtcr in f~)rq;round. . -·· ..... --···· .. ··--·· ... :...· ... ___ ·;¡ 

the ccnter ,,f thc valky--an arca unJalain by 500 fl 
Pr more 0f uncnnsolidatcd to scmiconsolidatcd al· 
lu\'iurn and lakc dcposils. Thc water tahlc there was 
le" !han 10 fl bcÍow thc surface in !909 (lec, 1912, 

'· 72 ·74) ami rrobahly ju't as shallow in 1872. Simi-
·~·.nly, 1111: lrnrcrial V~dlcy, California. faulting of 19~0 

th.1t irw~thl.'d strikc ~lir)of more than 15ft J.t thc surfacc 
\lo;h pr,tp;tg;llt,:d ur\'-'ard thrvugh many fcct of poorly 
,_.,,,1\nhd;at\.'d dqw~its. Log-; of okl WJtcr \\c;\ls in Holt-· 
"llk ami Ll (\:nllo. ~~hout 5 mi c;.bt and \\C')I, rc~pec· 

tr.l·ly, tlr th~ IIJ-m LHilt, J.:~..:ribc thc scdim~nrs to t.!cpths 
i11 C:\1..'1:\o\ of 700ft ~h L:I:J)', SJIHJ. anJ ~l)jJ {llutchins, 
¡:114, pp. :iJ.-:!~~). A ldg ur a buring in El Centro 
1ndi\.'ah:-.. ~~ d .. -rth 1\f (1ft tn grnundwat..:r in 1 1J..J6. This log 
'holo\:o. h1:11H anJ da) lt) a t.kpth uf 100 l't (()ukc and 
1 ((d-.. I'Jt,,;, StatÍ1111 Dat:l Sheet 6..JL Tllt! c..cJirncntary 
dq',J-.1(..; thr,IU¡_!h \\ hid1 thC fau!ting \\'a<iO rHtlp:q;a\CJ :trt.• 
!,·hc\~..·d 11, 111.' ~imilar. in thi~..·!..nch ~ml kinJ. to thosc 
~..k,..:ntx·d in thc logs. 

l.3.8 Extenslon and Compression 

In addititm ltl thL• :>hearing 'di'lpkH.:crnt.·nt.;; thJ.t ha ve 
l'<'rn Ji,d,.....,ct.l ahtl\'l', ~urr;.t..:t: faulting i~ tlftclt :11.:com· 
(1.1111.-tJ hy l'\1\..'11\itlO or Ct.l01pri.'S'IÍOI1 arprU.'\ÍOl~llclj: 

l'(r¡X"ndi..:uttr ltJ thc fauh. An cxampk ~,r c.xlcn~i,,n ts 
.'h<~"'n tly lht: fra..:-wrc (Fig. 3.10l \\hidt f~..lfmt:d 151t" 
!r .. rn rhc Pallnu lby~ t\b .. l..~. fault ~carp. !'Jl,mt:rous 

( ·.tllurc, of 1111~ linJ ftlfl\h:J in h~úrnd,: un tht: upthrown 
':.-.,_...~k, ~1f th"' P.1th'n IJ.ty anJ tlanning: Uay fJults: thcy 

~'\'fC :1'.n11H:h a't 0...1 ft \vitk and 200ft lnng .niJ \\\!f\! 

'·•ttntl ~'" nl\lt:h ~'" 1000 h from rhc fault ~c~up-.. lPLIH.c.:r, 

1967, pp. G7-GJ3 and G3~·G35). Opcn fractures of 
much brger sizc commooly accompany normal f:wlting, 
becausc of a changl.! in dip of the fau!t ncar the ground 
surface. An example is a fracture 9 i'l widc on !he Pleasant 
Valky, Nevada, fault (Jones, 1915. p. 203 and Fig. 
10); anothcr cxamrle is an opo.1 fracture aboul 10ft 
y,idc Orl the FJir•ticw Peak, ~CVJ.da. r~wlt (Sicmmons. 
1957, Fig. 15). Opcn rracturcs arl! somctimcs 3S',tJCiat(:d 
with strikc-slip f:~ulling. usu;.¡lfy al or close to thc main 
falllt trJcc, ant.l are Jrrangcc..l in an en cchelon r:Htern. 
Sorne of thc t'racturcs e lose imm~Jiatcly, as was !he caSI! 

whcn a cow fcll into a \~ iJt!' fracture akHlg thc S;.¡n An· 
Ureas r:tult in 190(, ;.¡nd was cntomb~_.·d when thc cra'-:k 
ch1s¡;J again (Lt~~~t)fl t'f al., llJO~. p. 72}. 

F:.lllll SJgs. which are COnlll\011 :.~long \trikc-slir ra.ults, 
probab!y are Gw,cd in part by cxtcn~ÍllO trans~·cr~..: to thc 
f:JUit, pcrmitlll\!! thc ~cttkmcnt nt' hlm:ks hounJcU hy 
fault3. M.1ny faulc ':1gs alvng .thc SJ11 Andrca'i fault 
wcre Jccpcncd in I1J0(1, g1.:ncrally nnly :1 fcw i'm,:hcs but 
locally a,s much '" 2ft ! Law,on <'1 al .. 1908, pr. :t:!-33, 
67, 69, 72· 73). Fault '"Pare founJ 0.5 lo 1 mi fr,lln thc 
1906tracc{la"'"n t'l a/.,190~;pp. 33. 75; Higgin>. 1961, 
p. 57). 

Compres~ion trJn\\t.'rse to thc -f;,¡uft occurrcd, at 
ll';J:>t locally, in thc !tJQr, Calihlrnia carthqu:¡~c. r~\r 

cxamplc, at :1 pLH:c whcrc a rn:nl pcrpcn~i~.:ubr ltl th!! 
fauh wa\ scv~r~d and di,piJceJ ~ ft. btxlnl fcnl'l'' un ca~.:h 
\iJc or thc (\I;,:J Y.o,;r'~ hruh·n, thl.! bo"'n.ls Oh'rbpf'Cd, 
and thc ~H.Ij:ll'cnt tl'l~phtJilC' \\ ircs ~;1ggcd, indicJting 
('('!tTij'lrt.:.'l~it.lll pt.:r¡1cnJi..:ul.lr to thc f..tult (lav··~on anJ 
o>lhers, !'lO~. r. 10~). 

Í);_¡m~lgt: hl '.llth:turt.:.'l by c:-..ll.'il\it.ln anJ Cümprcs!oilln 
..:an and h;.~s Ol'l.:llrrc:d on ~trikc- ... lir fa11h~ witlhlUI nct 

e---------------~---
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Fig. 3.10. Fr::H.:turc rHlduccd in lx:dn.Kk. near lhc 19(:>-t Patton 
U:ty, 1\la~ka. fadt s.c:trp. The fra¡;-tur.: l.t> in . .., id e follo\'.,. S a pre-c.~tisl· 
íng 11~h1 miw~ralizetl joint. 

c.xtcnsion or shortcning norm:1.l to thc fauiL This occurs 
~<krc a '\ructurc crn;scs thc fouil ohliquely and the cnds 
of the structun.: are brought ·c!o!icr togcihcr or pulled 
farthcr 3pon as tht walls of 1hc f:wlt movc. Struc\ures 
cro~sing a right-~!ip fault obliqucly from right to left 
(oh><ner !ooking along thc fault) will be lcngthcned, 
J_r.d "tructurcs cro'3~ing from lcft 10 right will be short· 
cnrl1; thc rc\'l:r~c is'tme for kft-slip I"Jults (R~·id, 1910, 
rr- J.l-3-l). ~1any c:o.amplcs of tlli:-1 l'ifcct wcrc r.t)lcd in 
1906 where q,~. S:111 Fr:1nciscn aquc:duct cros~eJ thc fault 
ar1ll w;¡.,.pulkd aparl or tclcscorcJ (Lawson and othl.'r~. 
!908). 

'· 
3.3.9 Tilting, Warping, and Leve! Changos 

Tdting, warping. Jlld t.:h:1nr.c"' in clcv:!tinn c~m scri
OIJ,Jy affc~t canals :1nJ \lwrdnJ¡,;o f<Jtiliti<.:'i of various 
¡._¡m\-. hy clwn.t_!inpo thcir n:la!Jt'll !iJ water lc\·cl. 'J he 
n1P\"l"flll'lll.'i may be rc.,trictcd to ln~.:al arc:1s Jdj:1...:cnt to 
a fault 0( thcy may alfcct !ho"ll\:lnd~ or squ;ll'! miles. 
ri¡.!Un.~ 3.JJ ~hnw~ Jll CX:llnplt.: 0f a Jar~t: ~.h~ft in the 
')\wrclinc as. a . rc~ull of tiltin~ anJ o,ub')it.J..·ncc of tht: 
Jlrl"'f'-.:n L<~t..c h;¡sin in thc l9YJ !\1P:Hana carthq11akc. 
Th~.: tiltin~ cx.tcmkd 5 mi nr more: l'rt:.'ITl thc Hchgcn fault 
~c;1rp. 1n pl~ICCS lhc tilting cnJcJ IItH a~~~lin.;,~ :t fault 
scarp hut again:.l J zonc of \I.;Hpin~ in whirh 9ft or 
vertical changc occurrcd in <~ ho~ritont:ll J¡..,t;¡ncc uf 
ahout 650ft (j p;trl in. 72) v.i(holll fCC(l~Jlit;,;J f'~u;lling 

(M;crs :md ll:unillon, 1%4, pp. Hl· 82 P!at< 2). 
Thc Yakut;¡t Bay, Ab,ka. «lftllqual.e of IR'!') """' 

accomp:~nicJ hv hoth widc,¡>r~ad clcvation an.] l.x:~l 

o~.·pr~:~:.Hm tlf thc :\lwtchnc-. ThC" max.imum uplift r 
tivr lo !-t'J lc\'cl W:l'O llH'r~ than -17ft; in pbcc\ ~ubst~w 
tiJ! warp111~ nccurrcd. r<lthin¡: 1 p:1rt \crtically to 360 
p:1rts lh'ri1nntally helwl·cn p(\inh ~~00 t'l ~1p:ut 0n the 
wc•.t ~l11~rc l'f Dt~cn~h;IIHnwnt fl;ty (T:1rr and ~1artin, 

1912. l'l:ltc 14). bcn <~ccrcr worpin~ (1 in 56) occurred 
in thc 1%4 Al:lsk:ln C:lrthqu:I~C within abüll\ 800 n 
of thc P~HI<m lby fJtllt. and !-imil;1r w:uring occ'urred 
nc:1r thc lbnnin~ lla!· f.111lt (Piafkcr, 1%7, Fig. 2, pp. 
G7, G.''· anJ Pl:ltc l. Scction A·A'), rroducing only the 
()PC,n fr.lcturc." dl.'scribcd in Section 3.3.8. 
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Fig_3.11. f.:rner~t·ncc c1f shordme ao; a r.:~~~~~ or ti\ting o( the 
H::!'!-'0::1 Llkc h;1)in ín !he 1959 Monl.ma ca1:hquak.c. f'holo by 
J. H. SIJ...:y, U.S. Citol(•gical Survey. 

Hc~ionJI tcctonic movcmcnts accomp3nyinr, iarge 
c.:uthqu;1kc:s havc producc.:d changcs in lcYcl (upliCt or 
depP:":~~o.i('tJ) fl\·cr vcry Jargc arcas.. Thc 1})1)9 YJkutat Oay 
uphf'l :111d 'illh~idencc ha<.. alrcady hcc:n mt:nlionc:d. 
SnniL1r mo\'c.:mcnts :llkucd pm ... ihly 110.000 n~i= in th~ 
J•J(J.t ALh~:ta c•rthqua~r.. rrod1H..'ing uphf1s of a~ much 
ar.¡ Jh ft :lnd dnwnw:Hp') ni' more 1h:1n 7ft (Pbrkcr, 
JIJ(J7, pp. <.i1 (i-lJ. 1\ somo,.;\\h~•t lco;;.c:.c:r arca \\:11.. Jlf~cted 

in !he Jt)(~n Chikan c::•rthqu:ü.c: whcrc upl•ft of :q. tn 

Jnd \llh..,j,J,.:n~c.: of 2m h:1'i b·.=cn rcpnrted fS;,¡mt·,\mJnd, 
19(,_1, r. 3501; rcccnt wnrk l"ly Pl:lfk~r (wn11cn c.Jmmuni~ 

C;!tÍnn, 19(~~JI..hOW'>Ih:ll thc m;¡;'(¡mtun urlift illhl ~Ub')id· 

em:c \\<,.;re 5.7 and '2.7 m. rc'ipccti\'dy anJ thJl. more 
than 75,000 111i: \\·ere ;\lfcctcd. Thc Nt:w .\ bJrid. ~1 is')OJ'"'*. 

c~Hihqu;,kc.., nf lf:JJ. IXI2 ~crL' arconlr:~rli~..·J hy u 
:nh.l,kprc\\il.llllha! proJun:d l~r:tlfuot l.a~·c an\lcnl. d 
Si. l:r:Hli..'Í:-, L1kc: Hü·lfont L1kc is ~ .. JQ mi long, 2 ·J mi 
widc. '""'"'le;¡,; 20 fl Jeep (Ftoiler, l'JI2, p. 73). 

....... - ... --·--·-""------------·~ ·----------------·---·-------------·-----------·--·- ·- ·-··-"--4- .. 
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(. 
:1.3.10 foult Creep 

~ A dc.\criptitlll of thc prn..:c ... s of r.w\t l'rCl'p or ~lii'rJt~C 
il!ld SOm~ of Íl'\ t!K'1 1P.:'IÍI.":d i.lflJ pr~H:tit.:al t.:<'ll't.:qUt.'OCC::, 

"·~~ivcr1 in Sl..'ction 2.3, .1nd ouly a fcw additinnal c~,m
mcnts will he rn.alc. hcr~. "' ll~1tcd in thc ~~~'~';1ry. faull 
cr~.·cp as \l'i;Clt in thi..:, cluptcr is not nc<.:e~'larily hmitcd \11 

h'd0nic flh1YL'fl1Cnts. \\'ithdLI\~al üf pdrokum, water, 
"''1\fur, !<.:tlt, 0r C'lltt:r :..uh\t:mcc~ CJI\ rc\ull in surfacc 

~uh~iJcm:t:" at.·l"~'mp:JnicJ hy c.xtcn..,inn;d and compre:'· 
"ÍNl:ll rlhl\~lllcnts on f.wlh. \Vhcrt.: thi-; o~·t.·un~ in an arca 
th;lt m:ty be tc...:!nnit·;dly acti\'C it ¡, ~omctimt.'S cxtrcmt.:!y 
d1!1lcult to .,cp:tr~alt.: natural and artdici:ll ctu'\cS of f:wit 
nccp. Fxarn'pks of su..:h :1rc:ts are ;t\un¡; thc Ca~a Ll1ma 
;wd San J:.tciht\l faults. C;¡!ifornia 1rcn. ll.tmi!t\Jn. :itld 
Hcming. JfJú7): irt p:nts \)r thc city of Holli~tcr, C~lli· 
fornia. aJj:tc~.:nt hJ tht! Cala ver;¡, fJult ( RlH:I.!"rs Jnd 
t\';uon, 1967, p. 102): a!ong thc Bucn:1 v¡_,f,\ ll;·lls,.C:IIi
furnia, f.tult (,\\kn el al., 1965. pp. 7(,5--IMJ: \VIH!tcn, 
1%1. pp. 3t:l-jl9: \Vbittcn, 1%6. pp. 72-7(•): anu ncar 
thc H:d(l\~_in lldls Rc:-;crYoir, CaliflHilÍ.t. LHdtint! of 1963 
(Krc.,~c, 196tl). Thu:-; J gellt:ral tcrm sud1 a~ fault l:rct:p is 
usdul for thn'-t: ~i1u.1<ions whcrl.! t!H.: r:.:!:tlt\"C itnponJm:c 
of tcCtonic crccp and arti!icially induccd crc..:p is un
known. 

In !ldJition hl thc arcas of falllt crccp citcd in Chapta 
-:. 5ocvcml otht.:r ;.tn.:as CJn be mcntiot~cJ. T ~ctonic crecp 

·...._...,;¡s t1CClllrcd on thc San /\nJr( . .-as f:nllt bct\\CCn the 
wincry ;ol VincprJ (Tnchcr. 1 %Oh) ond thc l'arkfield
Chnbrnc ;tr:~:t, :1 Uist:Hll:C of about 90 mi ( Orown and 
\\':dl;;¡;c, ¡t)(,~·q, as wcll ac; north of thc wincry (Tcchcr. 
i9(~6) anJ n~.:ar San Juan Bauli~ta (Rtlgcrs ~1nd NJson. 
l\J67). Additional .:1n..·as of fault <.·rc~..·p ,,r rroh.1blc creep · 
Jl~~1 hZtvc h:t'n lntiiH.I on the }j;¡ywi.lrd f:.Itt!l a:; far ncrth 
J<; R:chmond. thc Ca!J\·cras fJult ncar Gilrny. anJ thc 
Pk;!~:.nh1 1l fau!t ncar Pk:1santon. C:.~Jifornia ~Radbruch, 
JI)(,S; Gihson and \Vfll!cnbcrg, Jl)(lr:). 

Mcwcm~·nt:-. sugg~..·,l!vc nf tc¡,:tonic creer (li:curn.:J at 
k:1st hx:ally pri,,r ltl thc 1 'J59 ~1ont:wa canhqu~I~C. At 
thc ~IJdi,on F,1rk RJ.m:h, 8.5 mi frnm' th~ 1\l:d Can\'t)n 
~·:n:lt, ~C\,:r:li rrl.!"qu:1~c scarps shm .. cd ncw nHwcm~nls 
t.\n!_~ing fru¡¡¡ .1 rcw inch..:s to 1 h. A llld~c hudt JCfOSj lhc 
rr0jc.:-tiun ()f onc 0f thc scarp~ w:.h hcmg s!uwly de~ 
f,,rm~d bcfnr1~ thc c-arthqu;,kc p.1~1.."rs and Hamillon, 

·1 líJ6~. P·_ óO). ''hich
1
s_trongly sugg~.;sh th~lt tcctonit.: cr~cp 

WJ<; ~.:ttvc acr\)~s 111~ nnrm:!l l~lllll. In ~uJJitton to dis-
! '."'r'l\..' fallltinr. h.H::d wJrping in this vicinny J.ITet.:tc:d a 

\lr~::tn1. ditl.·h, and thc lü~al runolf p:1t1crn. . 
F:•nlt crccp also has occurrcJ al \";triuus lucatinns in 

le:"< a'\, whcrc m1 ,,·cm~nts un faults h;t\C tl.t~n:lg~.:d ruaús; 
hqjlding'i, pipt.:linc~. Jnd 1.Hhcr struL·turcs ( Bry:1n. I'J3), 

!;· p. 4)9; Shccts, 19~7. p. ~16:. Bdl anJ !lrilt. i'l.1o; Wcavcr 
>··- ,_p,_U Shccts, tt){J:!; \Vipl!ins. 1954, p. JO:<). Sorne of th.:\c 

movcmcr.ts art.: unUoubt;:dly r~.:latcd to thc' wi!hJra,,·¡¡l of 
fl11id:» or to :¡¡;,:condary tlfL'Ct!. relakd tu thc prc~ncc of 

salt domes, but 'i(llllC pr,,h;,hly ~He h:ctonic l\Vcavcr 
and Sh«·ts. 1%~. p. ~5~: Ru"dl, i'l:i7, p. 69). 

Tcctonic crct.·p al :\ r:tlt:' proh:1hl)' grc.1tcr than nor
m;ll i-. known to ILl\C Jir~.·uly f,,JhmL·d :-.0mc f:wltin~: and 
¡, in(~,.·rrcJ in othl.'r iu.,tancc'i. Pt.htqu:.~kc creer 1n the 
P:H~Ii,..JJ-ChoiJmC, Califllrrli:1, ~1r1..':1 continucd for many 
\\~o:~~~ aftcr thc Junc 27, I'J(•b, c:lrthqu~\kc. Mcasurcments 
slartcd ;honly ai"lcr thc carlhquakc showcu that in 2 
\l.cd.~ Jhout 2 in. of crccp oct.:mrcJ ;\l a rapidly dccrc:ls· 
ing r:1;c ;.¡nJ th~n continucd slo,~ly l\Valbcc :md Roth 
IWJ7, Fig. 25) . ..\ ~imi\,¡r pattcrn of postquakc crt.:cp at ~ 
f.lí'ldly úccreJsing ratc <Jccurrcd on thc Tanna, Japan, 
r.\C:it in 1930 and t9J l. llowcvcr thc postquakc crccp 
lih:rc w~\5". lcss th:1rt 0.5 mm (0.02 in.) in tl_1c lirst 2 wccks 
ofter lhc carthquokc (Tabhosi, 1931. Fig. 10). Post
quakc creer ·prc,bably accounts for lhc followine: the 
fault movemcnt not~d aftcr tllc l962 lron carthquake 
(Ambra<cys, 1965a. pp. v.7, V-10); severa! inchcs of 
progrcs~ivc overl:lprint! of tl1e boards- of n brokcn fcncc 
on lhc HJyw;ud, C:\lirl)rniJ. 1':1tdt in IS63 (Lawson et al., 
t•JQS, p. 442); small rno1cmcnts on thc 1940 Imperial, 

Colifornia, foult (Richtcr. 1~5~, pp. 7·1-75); and move
mcnts J.t four !o\.."atillllS 011 thc Whitc \Volf, Californi::t, 
fault in 1952 (lluwatJo and Sainl Amand. 1955, pp. 46, 
48, 49: Kupfer el al., 1955. p. 6X). Tilc postquakc crcep 
1n the Parkrtctd.(hol:lmc arca eX<:ecdcd the amount of 
thc initi'll rupturc, but in tbc nlher cases it was only a 
frJction of thc initial rurture. 

The forcgoing e:r.::trnplcs ~how lhJt f~wlt cn:cp is a 
widesrrcad ph(·nomcnon that shou!J he considercd, 
01lo~g wi_th thc po!isibi!ity of suddcn ruptltre, in plunning 
cngn~ccnng. str'Jcturcs on or n~..:ar fauits. Althuugh not 
spcct..:.cubr. it is pl:rsistt:nl and capab!t: ofcausin~ damage 
to sorne kinds uf structmcs. Long-lcrm .rates of teda ni,; 
crcep h::nc ran&,cLÍ fr•~rn Jbout_ 0.1 in.:'p::~r on the Hay
llaru fJult (scc Char!c·r ~) to oboul 0.~ in./ycar for a 
loag ~cgmcnt or thc SJn AndrcJS f:!ult (Rrown and 
Wallacc, 1%~). :>.l,o,l rcportcu foull crcep has bccn 
concentrat('J in 'linJ.;Ic narrow Zt.mcs·of a fcW tcns l)f feel 
ür \c<;s in witlth, but sorne ~ccms to be distribu~cd in 
Zlmt:s a:> much as 500 l"t wiJc (Brown and \Valbcc, 
!IJ6S) or is in pJ.raikl ovcr!Jpping en echc!on zonl!s 
mnrc lh~n 175 fl apart (Radbruch, 196S, p. 50; Nason, 
t>J6o. p. 87). 

3.4 GEOGR.APHIC DI5TRIBUTIOH OF IUSIORIC 

5URFACE FAULTIHG 

· Jn Norlh Amcric:1 ne:uly all of thc historie f:1ul1ing hl~ 
bccn in thc wc~tt:'rn part of thc cnntincnt, as '!iohown in 
hg\. J. 1 2and !.1 J antl in h~. 2.2. Thc foults '"''"'non 
Fig'i. J.\2 and 3. t 3 t.::~n be idcntdicd by thc lP.anbcr-s. 
whil:h :\re kc"y::d to T~1hlc.: J. l. 

Faulling al ll1c surfacc has nol bccn unequivocally 
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Fig. 3.12. Map of C\1nlcrminCiu~ Unitcd S\Jtn and p:uf of Mc:tico 'iht1wing location o( 

hi)turic s.urfa(.:C fJuhing. Numbcrs idcnlify f:!ult<:. (s.Ce Tablc 3.1): 

cst:1blí~hed for thc !!rc~t Ncw Madrid, Missouri, carth
qlloi.c, nf !811--ISI2 (numbcr .l in rabie J.!}, bul lhe 
avail:1.bh: cviJcm:e stwngly ~uggc~Js thnt it dili occur. 
Hi~tonc :IC'(Ounts mcntion thc ferm~tton of hoth bar
ncí'- aml w:1tcrf; .. llb aao~" thc Mi~si~sippi Ri\·cr nc;1r 
~C\\ ~la;JriJ; onc uf thc v:;"Jtcrf;li\s wa~ r~tim:ltcd tu h!! 

6ft l:lgil IF11IIcr. 1912, rr. 51'. S'J :lid 1•2). Rcclfocl 
L<~~t·. which formcd in tlu: c;:\rthqu:d·\C. is boundcd on 
it> snutiH\'L'St sic.Jc by a f:wh. onc ~idc oi wh!ch wus 
Hf1llrtt"J \\hile thc othcr sidc ~ub')t\kJ (Fullcr, 191~. p. 
75: l·i:-k, 11144, p. 25 and hg. 33: U.S. /\rmy Corps of 
En¡.:inccrs. 1950, pp .. 6 ·ll ). This f~tult ¡;:;~tcnd~ hdu\v thc 
st;ri'tci~d ~cdimcnts, ~nd boring\ show a \'Crt1ral separa· 
tiPn c,f 40ft in Em:cnc heds 160 lt bclow .the ~mLtce 

(l'.S. /\rmy Corps of' En~inccrs, I'J~O. Fig. 41. O;hcr 
ar~as lhJl san~ <lr rn~c during !he r:trlhqu:lkc alc;n m:1y 
h': b;ltliH.kd hy f;,n!lts, but no ddin1tc informarit•n abnut 
tht'm 1" ;lvJilable. 

l':ndt~~ that :1rc cx~HC'Ssl·d in thc p!c'-cn: tor~)gr.tphy 
:lrC found in ~l''iCraJ p:II-(S of lile !tl\\·cr ~11~~¡)j:>sippi 

\':¡ll~y (Fi3k, 1944; U.S. Army Ct'rrs pf. Enginc~r>. 
J<J50; Vc;lt(.'h, 1906), ;¡nd faultin~ (•f a P!ciqon .. ·nc tcrrJt.'C 
in .lb~· nc:trhy SOIIthcrn part of lllm(Jj<.., h:l\ htcn rcpt~rlcd 
by Ro~~ ( 1963). This is a scr-.mi<.: rcp.ion thal C\pcrirli<..."td 
othcr grc11l carthquakcs ¡,;,,,lo IXI!.(I:ullcr, 1912, 
pp. 12 ·13) and has had many small lo IIH'<icratc e::rth· 

quakcs sinre thcn (Hcinrich, 1941; U.S. Arrny Corp; of 
-Enginccrs. 1950, pp. A9-A!7; \I'<,IJard, 1958; Heyl and 

Urock, 1061, p. D-4}. 
Th~: lcctL1nic 0ri~in ofthc V:-tchcríe, Loui'5ian.l, faulting 

of 19-t.J (numt-cr 20 in Tahlc 3.1) rcmo1ins in doubt. This 
fault nwY::mcnt ,\:;,rs acco:Tlpanicd by a sm~dl c:lrthqdake 
fclt lllcJl!y. Thc nc:~rcst scism."t;raph, which \l.'JE> SO mi 
a\~o;¡y and Ut..,ign!.!d t.:-1 record !:Irgc Ui~tan~ .shocks. did 
not rc~.:nrd th:.: c~trthqn;d\c. Thc inirial displJccmcnt was 
J in. but it incrc:z,cc.J to :~bPut ~in. in thc next 24 hr 
1 U.S. t.rnl)' CPrp> o[ Enginccrs. 1950, pp. AJ~-A37; 
fis~. J!J-4 .. 1, p .. lJ). Tht.: arca is on thc nank of 3 s;.~\t dome 
and i~ abo in thc Red Rivcr faull 7011C (Fisk, J9-14, p. 
).l) .. 't\ wl."'J bciilC! dri!ll:J ncarby C'llt.'OUfltC'rcJ a Strong fiow 
of ',I,'Jicr lllldcr 20()0 lb of rrc ... swc at a dcpth of 8300 fe 
:-.hvrtly bcfün~ thc ~u1 facc f:lulling oc·currcd Thic;. f!ow 
~u~gc~tcd a p\1:-.~iblc ctus~:-:!nd-clfcrt H.'l:ition, but prior 
mon:mL"nt ;¡\...,,, haJ occu:-rcJ on this f~¡uJt. ·Drilting 

rr\·c;d,·d .\.) ft ~_,f 'crtic1! \t:p:,rati,)n of 11pp-.:r Pki::.tocene 
'cdirncnt> al a dcpth of 5<; ft !Fi·.~. 1~4-l. Piole 17). 

Sl."vcul <tlhcr cpi~utk:. nf ~urÍ~1t.'C faullinf~ or·prohable 
~tJrf~tcc l'.:!tlitin~ :nc nt)! :-.h<l\\11 on thc m:1p or tabJ,. 

bccau!->C ltl\lt: ¡..,. kno\~tn of thcm. Mo:ll of thr')c h:t\'C be 
on 1111.! San And;~:.i!- fault ~y:...tl.'m in Caltíorni:l Jn( 
elude cpí:.otk-> at Do-. P.dm~1s (nc~r S:dwn) in lbt•8 
{Ttn'•nky ami .A.Ik:n. I!JYJ, ·p. 50); nc:1r Chith:ndcn, in 

-·-----··----··-----~--- ·---~-----,-
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Fig. 3.13A. lndcx map for Fig. 3.13. 

JR90 (lawscn and others, 1908, p. 449): near Parkfield, 
in 1~'01. 19~2. and 1934 (1-lchilly. 1966, p. no: Brown 
ami Vcddcr, 196;, pp: 9-10): and possibly noor Vine
yard in 1961. Fauhini or possiblc faul~ing a!So has been 
rcp~1rtcd on tbc Ca!Jvcras fault in 1861 ncar Dublin, 
Califc rnia (lbdbruch. J9óo, pp. 52· '3¡: in 1 SS~ on the 
ll1g Pinc f:lult, California (Vcdder and flrown, 1968, p. 
256¡; in 1875 in :he Mnhawk Y~llicy. California (Giancl
!o. 195;. p. 177\: •md in J~(,? on the Olingh"use f;llllt 
zon;.:, Nc:vilda (SkmnH"'nS, 1967, Tablc 1 :md Fig. 2). 

Hi-.t,)ric surf:Kc f:..~tilting h:1s 0ccurrcd in mJny pl:tces 
f"Ut~idc Nt~rth ,\mcric:t, but a dc!:Jilcd trcatmcr:t of it is 
Pcy0nd the scopt" of this chapt~r. rau!tin~ h~1s nccurrcd 
.11 l:ast 0ncc in thc ft)llowillg placcs: Argentina, Bui
_r.;tri;l. Grccce, H:twaii, J:1pan, lndi.:1. lran, KL·nya, 
t-.-1!"•r1Fl)liJ. f'.:ew Zc:1land. P~ll-~ist:m. PL"t u, Sw:bn, Sumo.· 
rr~1. TJÍ\\:tn. Turkcy, .:1nd pcrh:lps YtJg<•si::J\ i~1. Nrn.rly a\1 
of it occurred in thc ~cismically acti\'C :trc~c:; that are 
app:trcnt in Fig. :!.1. A !-umm:uy uf m['~t or this L1Uiting 
i> r,i,cn by Richlcr (1958). 

3.5 fAULTING ANO EARTHQUAKES 

3.!1.1 Earthquake lntenslly Near tho Faull 

Mw.t Amcri..:an gcologi~ts and ~cismol••i_'L'Is hcli:.;\C 
"lhJt sh:.lllnw cnrlhquakcs tHC l"lu:-.t:t.l' by d~t:.t!c ;·:..·:>ctlnj 

(<ce Chopter 2) occurring at faulls. This theory lcads '" 
thc condusion that shaking ell~cts should be grcat r. 
the faul! anJ d::creasc away from it; expcriencc shows 
this tn be trtiC in-:.¡, general wJy. lt docs not nc('cssarily 
follow, howt."vcr. that thc in:ensity of shaking rises toa 
hi¡:h peak rit:ht .11 thc faull. Thi' idea was dc,·cJ,>pcd by 
LoudcrbJ..:k. t.l9--l~). who rointc:d (Hll th:n tht SJ.'tJrce of 
tl:c c.1rthquakl· wavcs. ~t lea~! of ~tron~ c;uthl}uak.es. 
was likd~· 10 t-.c :-.omc miles bcncath thc ~urfJc.-: .1TlLi that 
thc tnt"rf'y rc.:tdllil¡.! th.e surfacc \\·nuld.bc :tbout th~ same 
in 3 m(\dcratcly widc 2(1nC alonr. thc r~uJ!t. Housner 
ICh:zptCi 4) ~llf,!!l::-.lS that thc C.t:rc!crations dccn:asc ata 
:-.lo\v ratc for ahnu: thc ~.Jmc di-.tancc from thc fault as 
tll¡; \'Crti1.::d d1mcn~i~m of 1hc L1ult rupwrc. AccC'Icrom· 
r:t:.:-r record~ f,_,r onc c:~nhqu;,1kt: (Parkfit:lt!, Californi3, 
J'j(,l.l) \urpl"~r! thi~ S\Jg~~c::.tion: thcy show \'Cry liulc di mi· 

nuli~Hl of ma\illHinl J.l"Ct:lcr:Jiinn within 4 mi l1f thc fault 
and r;1piJ dcL"r~..:;l'l' bcyond th::t. The- rccords !-.how 0.5 g 
:1t :no ft fron: thc I";Ju\t, 0.46 ~ at 3.) mi. 0..1 g at -1 mi, 
""J 0.2o g al 5.7 mi !Cinud '"'d l'crcz. 1967, ¡:;g. JO). 
·rhc \·crtiC:J! r.~!l'n! lil.!hl! f;tullznr. ha'-> hL"l'!\ i_nfcrn:d to be 
on the ordcr o!" ú 1~1i or k:.~.o 1 ~11.'[\·illy, Bakun, :1nd Casa· 
t.by, JfJ[¡7, p. 1~-W) f\,r tbis cJrthqu:tkc. lhc lack of 
marh.cdl) p·c:i:cr sh~kin;; dJm:1¡~;: to strucLurc~ :-~djacent 
tn !he .'o;zrfacc lt.\<:C of fauJa:-- h;¡~ hL:CO rcrortcd by ~CVCral 
invc~.1z¡.:at~.1r~ (j<,)n..::.. lYJS, p. I1JS; Gi;~nc\b und Cal
brhan. J9J4. p. )67: Louucrh:~ck, 19·1~. pp. )16-3" 
Stcl!lbn;¡~f:l: :.~m\ Cloud, J9(J2, p. 231: and ¡\rnhrasc.,J, 
\YúJ, r- ';,35); note, ho\'oevcr. thc qunlilic~1lions rL"g:uding 

----·-·----------------~----·--~ ~----.-- -----~--------~------------------- -~-
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·hr llco1:<'11 Ltkc, M''"'"""· c.trthquakc gi"cn hy Slcin· 
,\rll¡' , ..... ( Ch:t pll'T l) (l r 1 hi, 'H tl\llllC ). 

'-' 
lhc o:unpk~ citcd in thc n:ptlrl\ Ji..,tcd 

·..._. 

l·.,tc that rh.:itha muhH.li":~\Jt)n;d ~ha\-.ing unr "Otar," 
\loC'IC: c:frcctiH ;¡gcnh or dC"olflh.:titHI adj;h.'l'll\\u t\h- f:wlt!i. 
l-'\1ng ¡., tlu: raptJ tJ¡,p\al~crncnt nf Tttl:k 1\.l.I,,CS !t) p,,..,,. 
thHl' of lhl (tlT ~rc:Jtly n:Ju~..:cd) cl:htk ~li:un, a~ ptl\IU· 

1~1\C'd in. tht: cb~tic rchtnulli thcory. Thc dt~pl:h.:cm~,.·nt 
.,twuld t--e c''cntiJIIy p:1ralkl .to thc fault. llomncr 
{Pl65. pp. 111·10-l) t:t>nc.:luJcJ from a thcorctkal :lnJiy
~i'Jo that a m:t.,inwm ;,h:cc:h.:rJtil'll on thc yrUcf of 0.5 g 
~ ,1tdd be rrnduccd ncar tht! fault, u~ing a úi!Tacntial 
f.!ult Ji~pbccmcnt LQll<..d tü thc I'J06 San r\ndrcas dis· 
pi:ll'cmt:nt Llhuut ~O ft) in thc ;1rtaly~is. Thc 0.5 g ;.~ccl'lcrl· 
til'll tk:t \\,l'i mcasurcJ 270 ft·from thc JIJ{¡(l Parkf1dd, 
Colifornia. rurturc (f:tult dispiJccmcnt bs thon 1 ft 
:\t the ~urfJCL') thu!\ was uncxpcctcd; nwrcovcr, the 
tli-.rl;tccrPcnt pulse was ncarly perpendicular r:Hher 
th:tn p:trallt.:lto thc fault. Sci~.rnosc<,r..: rccords from thrcc 
c:trtbqH;Ü;C') in Jt)(JÜ :lnd \961 nn thc S;tn r\ltdrt.:as fault 
:!l..,o ~how nw.\itnurn motion at a high Jnglc to thc fault 
tCimtd. 1%7, p. 1446). At kosl loc:dly, c.!i;placcmcnt 
rubc:S dirt.:ctcd ,at 3 hi!!h angic (O thc ¡';¡u\t J. ISO I.JCCurrcJ 
m l~llo (Lawson <'1 u! .. 1908, p. tn). Somc 'horl· 
dur:uion but dam:1ging carthqu;1kcs Stll'h :1s thc oncs at 
Por! llucnctnc, California (llousner ·and Hudson, 
19%), 1\pdir, Morocco (American \ron anJ Stecl lnsli; 
'"'e, 1962, pp. 81-32) ond Skopjc, Yugosla"ia (Ocrg. 
l'!f•:;· p. 3.!; ,\mbrascys, 1')65b. p. S2J¡ ha\'c incluJcJ 
unidircction:d puiS!.!S po..,sibly relatcd to lling. Ncither 
ti;(! in:p\.\1 t;trH.:"c Ol1T cvcn thc '=xistcnce of lling is univer4 

:-;1liy a(L"Cph.'d, and nHlrc facts are clcarly nt:cdt.:d about 
11. (Scc olsu Chaptcrs 1 and 2 in this \'úlumc.) 

3.3. 2 Nor.aeismic Fr.ulu 

Loudcd:a..:k (1942. p. 32S) rc-J.soncd that ~ornc ~cti\e 
f:~!Jit.~. hcc:w:'c nf lhcir ~rnall sizc or :;h:l\IÜwncss or 
hi."CII.I"C thcy cut incompctcnt rocks (cven thuugh lnng 
:¡nJ th.·cp). nny produce tlllly .;Jight or unfclt c·arthqu.ü~:s. 
Pater.'>on ( \9)X, p. 473), on thc ba..,i!'i ~,.,f hlhur<.~tory w0rk 

on marhlc. Sllf![:C:\kd that carthqu~kcs v.oul,1 not be 
a'soci.J.tcd \\ith faults that dcn:ltlp in calcitc rm:ks. 1he 
dhclwery ,,,. f:udt nccp :11 rnany p!Jccs sincc pt!t"llic:ati0n 
pf tht: rcports hy Lnu1.krh;¡..:k anJ .P.1tc:r~üf\ Jea\"CS nc> 
dtlUb~ that f:¡ul( dÍ!'.pl;IL'\.'ffiCill 1..'~1.11 ll(l.'llf ;lt th~ ~urfat . ."C 

'-'llhlltll fl-11 t::trthquaiH:'i. 11\)"C\'-'f. thc lmpt:riJI. Cali· 
ÍPnn:t, illl1h ~.:arth4u~1~e (llU!~tlitud\.' J.ú, nttlJlli'-·d ~h:r

L .. Iih 1ntcn~uy V) haJ it~ ~,HJrl.:'..: ''within thc ~on ~~..~úimcn
tary ~cc.:tiun" (ilrunc :lnd. ,\lkn, 1967, p. 51:!). JtHi the 
1 k·h~~cn La l.. e, t\1ont:..~n~t. t":JUits of 195'} ~.:ut thruu¡;h 
f•Hnl~llion~ t:tlllt:1ining a l~tf!!C propurtit)O nf c.llcitc 

·~ :t·d..s (\Vit\...ind. tl:uJicy, anJ Ncl,tln, llJ64, Pbtc S. p. 
201). rurthl'rnwr..:, rnu~t of thc fauh :;q~mcnls alft:('\l:d 

---·--.. ---------· 

by lt:t:h.Hlil.:' t.'rt:cp h;l\"l' h:ul mnJcratc-tn·.<.lnlll1t t:lt th· 
'l"·'l"' k~ .. thc 1 l:tp•ar.t f.11tlt. 186X) a\''"1: !l .. · m in 
thc ht\ltlfll.' pa..,t. S~.HHC hi\tt\ri'-· f:t1.1lt mmcmcnt h:\~ 

t'l.:'~urrcd on faulh (In \\hil-h nn hi ... tt'ti~ l~:uthqua~~' lu\'C 
b~.:cn r~pnnc:d bcc Sc~.:tiPnlJ.IO anJ IHI11lhCIS ~l :111d 37 
in Tahk 3.1 ). hut thc tct..:tt.'Oil.:' tlfl!=in o( tlw~c nw\Cilll'lll!t 

¡, unccrtain.- In thc prc::,cnt \late ot' knu" kJbt..'. ic ducs 
nt.H sccm pr'udc:nt to conduJe that a ~1\'Cn a~ti\'t! fauh, 
b..:.:JUSC' of thc kinds 0f rcx:lt; it cuts llC<lr thc surf;tcc or 
thc occurrcncc (l( tcctonic crccp along it, will not pro
duce damaging cJrthquakcs. 

J.5.J Relatlon of Fault Displacement and Length 

at the Surfaco to Earthquak"e Magnitude 

Figuros 3.14 and 3.15 show the relation bclwcen the 
m:1ximum di~placcmcnt on thc main fault at thc ground 
~urfJcc :1nd thc magnitude of thc associ;Hcd earthquake. 
Thc dt-;rl:Jccnn:nt gcncrally incrcascs as thc magnituOe 

incre:tscs but with considerahlc scaucr of indiYiJual 
potnts. ,\ linc qfbcst lil (A in Fig. 3.14) l'or J\lthc pvints 
has becn obtaincd by thc method oflca\1 squarc;,)iduing 
thc equation 

log D = 0.57 M - 3.39 (3. 1) 

in which D is thc mHimum displaccmenl in feet and M 
is the Richtcr magni.ludc. The linc of besl fit for strike
slip faults alonc (núl shown on graphs) is almost thc 
;ame as lhc linc ror a\1 thc faults; lhc line for normal 
faults has a somewhat higher slope than thc line for ali 
faults. lnasmuch as only a small nurnbú of points are 
pre~c-ntly a\'~lilahle for ea eh of tlle various typcs of f:1Uits 
and the beSI·Íil lines are not greatly dilkrcnt, a\1 types 
havc bccn CL'mhined in the cJiculi.Hions. 

Anothcr line (8 in fig. J.!·\) that inclu<les the l:trgtSI 
di<placcmcnts for all thc fnul" has bccn dmwn para\lel 
to !he linc of bes< lil. lis cqualion is 

log D = 0.57 M- 2.67 (3.2) 

Still anothcr lint.: (C in Fig. 3.14) corrt:sponJing w 
line B h~1s be en drawn on the othcr si de of lint: A. making 
the ~erar~ninn bctwccn lines A and C lh~ samc as be· 
lY.een A and IJ. Thc t.:LJUation for lince is 

log.D = 0.57 M -- 4.1 1 ' (3.3) . 

Linc C bounth all but on•.: of thc smalk!~t Ji~r!Jccments. 
Thc c.;.dud~.:J point tnumht.:r 21) rcprc~cnh tlll' ~bni:~t. 
Californi:..~. faul11ng l'f l'J47. H.idllcr ha:-. .;,ufgt.:'>ICd lhat 
the surfacc f:1ui1ing JI !\.1Jnix wa.::. sccnnd:1ry tn l con· 
ce;,¡JctJ m:IIII rupturc (Ridllt:r, 1958. rr. 517·-~18; Alkn 
t"r al .. 1965, p. 7(JH). ,\ largcr Ji~pl~ll'Cillt:nt YHlllld ~hifl 

roinl 21 ,¡,y;~:r ll>. or pcrhap'> lo tlv: uthcr ~idc of, linc 

c. 
Lin"' A, o. ande ll\1 Fi¡;s. 3.14 ami ).15 and thc C<'f· 

rc;pondtng bJI. J. 1, ).2. and ).3 can be U5ed to esti· 

----·--~---~------·-----
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rd:ued t0 t.Jrthquakc magniwdc (logarithmic plot). 

Fig. 3.16. Unglh of Surfacc rupture on main fault es rebted to earthquak:c magnitudc. 
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Chop. 3 SURFACE FAUlliNG ANLl KtlAlH> HFECTS 109 
-,all' faolt Ji~pl:u:cincnt al thc ~rounJ :-aurf:1cc th:tt m:1y 

:' :.•mp:1ny ;w c.trCh4t1akc '~fa givcn m:Jg.nitudc in thc 
'. "'llllllncnt:d UnitcJ Stalc'\. \\'hcihcr linc A. ll, or C is -

· ... ~-~· 

\l~t"J tkpcnJ~ upon thl! Jcl!rcc of ri'lk that ~."an he t1'kr· 
a\('d. For high n1;1p:nitmks. linc 11 ind~~.:atcs di~pl;h.:e· 

m~nts suh,tantially l~ngcr thJ.n any tlut hJ\'C bccn 
rc\·llftkd lo date, and thcrcforc thc linc is d.1slu:d for 
nlJgnitud,:s t:n:~llcr than 7.5. \Vith this c\ccption, the 
IITlC'~ ll\:rmit r~.·:1li~tic t:!itim:lk') (1[ fault d!"irl:u:emcnt. 

hr.urc 3. H• ~h11WS thc rc!ation llctw~,.·cn c.:tnhqua~e 

roJ:;n:tudc :utd thc h:-ngth uf ... urfacc ruplurc on the main 
(;Hilt. Thc .rl}inh ~how t.:onsidcrahlc ~clltc"r anda lc:~st· 
~qt::ir~~ fit \\:1:\ not maJe. hut :l linc h:.:s hcen drawn th:1t 
ht•:nnb :lllnf thc tlata Pl'Ínts on thc: t!raph. Thc linc can 
he uscd J'> :.~n u.iJ in cstim:atinf! thc m:a.'<imum lcngth l~r 

f:wlting: th:ll may CICCtlr in an C\'eTtl nf .a givcn ma,r.nitudc. 
Thc pü;;ition of this linc i'i strongly inllucncc:d ~y tv.o 
'm:dl cart!H.¡u:tkcs acc•,mpanicd hy surfacc faulting 
(numbcrs y; anJ 36) th:lt occurrcd in lt}úft. lt~ position 
may ha\c·tn be nltcrcd if futurl! smJII l':.trthr¡uakcs show 
C\'~0 Jongt:r surfacc ruptures. 

Fi.~_urc 3.17 5hows in 3.· lot:arithmic plol the rclation 
b.:twc;cn the maxirnum surfi.!CC di .. pbcement ::md thc 
lcnt:th of lhc surfacc rupturc nlong thc main fault in a 
rivcn evcnt. Thc gcnt:ral incrt:ase of maximum dispbct:· 
ov:nl with lcn¡:th uf rupturc is apparcnt. Thc line uf be'l 

:. ohtained by thc mctlwd of least squares, has the 
cymlion 

log D = 0.86 log L - 0.46 (3.4) 

whcrc /) is nia~imum di~.rLtccmcnl in fcL:t a:1d l. i~ !ength 
"'of st:r!';¡c:: n1ptufc in mi!~s. This graph can be U)Cd asan 
aid in fL)Ufh!y c~timating the maxirnum t.lispla·:cmcnt 
lhal may ('~c;ur on a fault or known lcngth .. 

Fir=· 3.17. R~·!.llh 1 n 0f mJ.•.imtJm 'l:rfJ('t: Ji.;piJ.ctÚnl'nt to h:ntth 
(Ir ,,~~t:h·-:· rl.Jp!nrc nn m3in fau_l!. Numbt.T'> bl'sillc symbt)Í\ rcfc:r 
((l eH u\ ... ¡¡,f!:,l in T.1blc 3.1. 
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Surfaco f:~uliin¡~ in a porticular carthquake ~cncrally 
cxtcn .. b_l,\Cr just :\ p;1n ol thc ltllJl lcngth uf thc pree,. 

istinr. [Jult. Thc kngth llr L!Ulting a..:comp;111ying historie 
c:lnh~u;l~.e~ in \du:han l'alifnrni;l, accorJing to Albce 
and Smith ( 1%6, p. 20), hJ' o:nmmonly b<:cn nnc·half lo 
onc-lifth th' tot"l lci1gth ,,r thl' i':~ult sy>to:rn on which it 
occurr(d, bul thcr~ i:-, a wi\.le rangc in ll~i"' ratio. 

Núnll..'rous stlldic~ h;l\'t..' tx·cn mad~ rclatlng carthquake 
magnitudt: to thc product 1..'1" the len~tlh and Übpl::u:c· 
mc1H \.~11 thc fault. Thc t'Jrlit:st of thcsc was by Tochcr 
(1~5SI. using Ctl:f<•rnia nnd No,·ada faulting; followcd 
hy Loh (195•), 196:.), using Japancsc ar1d worldwide 
f.¡ul:in~; ·anJ Slernmons ( 1%6), using Cnlifornia and 
llasin-and·Rangc Pruvincc t"aulting. Slcmrnons' formula 
IS 

M = 3.6& + 0.41 log LD (3.5i 

in which· L is surfacc fault lcngth and D is 3\·crage sur· 
fJce di<.plact:mcnt, bc.th in ccntirnctcrs. Slcrnmons 
(1%6, p.~)) found lhat thc average displacemcnt in 15 
examplcs rangcd from 1 ~ to 60% uf thc maximum Jis-· 
pbccmcnt, and the median was 40%. The formulas of 
Techa. lid::1, o.nd Slcmmons are of thc same form. King 
and Knopoll' ( 196S, p. 25)) ha ve inlroduccd the squ:irc 
of the displaccmenl lo give 

log L D' ,; l. 90 M - 2.65 

which cnn be wril!en as 

M= ~,4 + lo~;o• 

(3.6a) 

(J.6b) 

in whir..:h L and D ~re in centimeters. The King-Knopo!T 
formul.1 gi-..oen above is b;~~.t:d on data from 42 world~ 
widc evcnts. The. King-· KnopoiT forrn ,,¡ thc cqualion 
s.ecms tn bl!'il cxpr•.;ss thc relation bctwccn mJgnitude, 
f:wlt length, ~tnd dispb(.:~rn:=nt. Howevcr, the codl:icients 
in tht:ir cquations Jre bascd pútly on faull dimcnsions 
1hal hav< bcen thcorctic:JIIy dcrivcd (e.g., 40ft for Mvn· 
tana, 1959, wh':rca~. the·maxinwm scarp height was only 
20ft; s.-:-c S~ctivn J.3.3 abo\ e). 

Thc e:c.i-;ting fnmui.¡s and 'urvcs rclating c:arthquake 
rnagni:udc to L.wh l::ngth :1nd fault Jisplac(ntent can 
serve :u gcr¡cr:-~1 guiJcs. hut \\ithout doubt all ufthem will 
need to be (,"~\:-~nr.~d in thc future as mor¡;: dat:.t. bccome 
~vailahh:. t\11 th(! flamulas have somc wt:aknesscs. 
Among thl..'~:c are (1) tht.: mi:..;ing of data from ditkrcnt 
kinds of !'~;.ults, (2) tht.: lllll'L"rt:un rclation lxt~~:en bult 
JísplaCt:mrnt in un~.:on,Piubtcd m~1tcrials ;;md Uis.placc
ment in ro{.·\(, (3) insullkicnt data to evaluatc pusfquakc 
fnult crecp a~ a !."~)mponcnt oí fault di~pl~u.:c:mcnt, (J) 

inferenct:s rcgarJing tht: rdation kxtwccn nuximurn and 
average f"":.¡uif di~r!acl.!ment, bt1th <lt thc ~urfJcc Jnd at 
d~p!h, nnd {S) inl'ac:n•:c5 rcg~1rJillg lcngth or fJuhing 
at Jcpth. ~'lu~11 th:: formubs and curves are u~cd, 1hc 
uncCnaintics. in lhcm ncl'llto be ~criously ~;on~iúcrcd. 

·---~ ------------~~---
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3.6 PUTUR! fAULTING 

Anticipation ()f r.ufurc .~urfacc faultin.': Ín\'1\he~ <J\h''\li~\llS 
of whclht"T, whcre. how much, what ki~1d. ;lllJ whcn. 
lhc nn'\'crs currcntly av;'lilahle are not Wl \' ~:lli~.r~&ctory. 
hut mudt re~om.:h is undcrway. Thor: qt:\:~IÍPO'\ nre 
closcly rcbltd to c;lrthqujkc prc,hc:il'll. Otnd a bctler 
underst:1ndlng. of·thc- procc(,scs invoh·cd sh~'uld progrrs· 
sivdy inneasc thc qt~ahty of thc answcrs. Some ap
proachcs to lhcsc answcrs are out1ined bclow. 

3.6. 1 Locatlon of Future FaultiMg 1 the Active 

Fault 

One of lhe best gllidcs 10 1hc loc01i0n of future faull
itig is the lo':ation of past fnultin~. Gcologic evidencc 
shows thJt mo:o:;t [;!ul!~ hJve had rcre;Hcd mnvcrncnt on 

them. :1nd sorne Jrc kll<"'wn to ilJ\'C b~:en nctivc for mil~ 
lions of _vcars. Th~ San Andrcas faul!, e.g., ha~ devclop-ed 
u 2'onc of shcaring that is a milc or more wiJe in sorne 
place~ bt~cause of n·pcatcd movement. 

One would expec1 1hat once fot~lts ond fault zones 
v.·cre wcll C$tahlishcd. the strcsScs would tend to be re~ 

lieved along lhem rother than in th" more sound rack 
nettrh_:.. =tnd historie ruptun:) surport this inferencc. 
All of thc m;tin faults listed in Table 3.1 (except possibly. 
Sonora. 1887) followed prce,isting faults for all nr nearly 
all f'f their cx1ent. ;\'lany of the)c! faults werc known prior 
10 tt.c rupturinr.. and all (cxcepl posc.ibly Sonora) could 
havc bc·:-n idcntifr'..'d hcforchand:· howcver, e1.tcnsive 
invcstif!:i:ion would h:!ve bccn nece~·;:-try' in some cases, 
and ~omc would prc-.hahly haH· bccn cunsidered inn.ctivc. 
Tht: \V:1it~ \Vnlf.fauh.which hJd surface displa<.'t':mcnts in 
1952. had be<:n clo•.,ed as "dcod" 01: thc faull map of 
C'alif,,rnia (Srimr. So,·. Am., 1922): bv !930 il mi¡:ht 
h!l·.·ro he-en cl.1~-::cd u." Jctivc. howcvcr, bc<.:ausc Hoots 
(19]0, í'· 315) infarcd that brge pn~t··PIIoccnc lnove

rncnl h:HlnccurreJ on ir. r\t leas! one-thi;d of thc hr;J.nch 

and !'-t"t:ondary faulting listcd in Tablc 3.1 ab;o nccurrcJ 
on precxisting f:\Ulls that t..:Quld havc h•.:::-n i~kntificd a~ 

faults by ~implc ~t·ologi~.: invc:aigaüon.;,; whcthcr thc 
rcs.t cuulr.l havc becn iUr.ntiflcd i::; rrob!cm~!icJI. A 
pos!lih!c instJncc of St'llh.' ncw f:wilil'lf.! occurrt!U in 1959; 
incom:Ju·.ivc cvidcncc ~urgc~ts that p:Ht of the Hch!!cn 
L:~kc. M.ontana, faulting of l'l59 may have advanccd 
IDcally 11110 prcviously unfaulled rack (M)~rs and llamil-

. 1on. 19(,.1, p. 85). 
Cicn!tlgi¡; and historie evidcncc ~tll~g~·-~:~; that most or 

...,¡_¡ of t!v.: la ter mcwcmcnts a long parts <1f ~;e¡ m~ fauJI!, ha ve 
hccn c0nccntr;.¡tcd in n:Hruw zoncs. F<,r examplc. in 
mos.t (hut not nll) se!!mtnts uf thc San ¡\tH.ln:~l'l f;n!lt one 
nr two 11;1rrowcr s1.ronds within thc broad fau!t 7_onc c::-tn 
be readily· idl!ntillcd :t!. i..:cing thc loCus cf the OILHt' rc\:cnt 

-~---·--- -------~~-·------·-----

mnl'cmcnt'. Wallacc (I%K, fi!'. 8 nntl di">Cu<Sion) h115· 
pn:~entt·d c.·\'idciH.'C' thal JO tlf mnrc c.ll<>(ll;tc~.·nH:nls h:l\'e 
fl.c~.:urrcd in :t \lrand k'' th:nl 100 (1 wiJc ,m onc scgnl':nt 
(lr lhC f~11111: lh)WC\"Cf, h{; ~~~;o 1\~ll\."\lh:&t p;Úlll.'t!lar ~lr:md. 
die nut and r:1~,· di"rbccmtiH is tJ\:.cn ur by nc:uby ttn 
rd~L•Iun . ~ 11 ;11\d\. T he: 190h rup1Ures wr.-1 e <'Ir rchclon 
in al h.·~~~~ two pi;.K~:s, hut unfnrtunJlély the \vidth of the 
l"IJ t_t"hi'lo.•¡ 10111! is th)\ known (Lawson ttnd othcrs, 1908, 
p. 6~: Tabrr. IYlJt,, p. 307 and Fig. 2). 

Thc l'l<•b Parklidd, C1lifornia, fauliing closcly fol· 
lowed 1wo-s1rand, within thc f:tult zonc lhat showed 
rcccnt m<.nemcnt and h:td bl'cn itkntilicd prior to 1he 
carthqll.J!\c: morcover. som~ or thc 1966 ruptures were 
abuul :!5 ft from rupturcs formcd in the 19J.i cJrthquake 
(llr0wn and Vcddcr, 1967. pp. 4. 10). A simi!or example 
is pro,·idcd by the 1966 lmrerial faulting 1h31 occurred 
cxar:ly whcrc lhe \940 ruplures hnd occurrcd (Brunc 
and !\!len, 1967, pp. 501. 502). Thc Borrego Mountain, 
CalifNnia. fouhing of April 9, 1968, closcly followed 
c:-~rlier line~ of faulting. but it also crosscd areJs that had 
no surfac-c evidcnce of prcvious fnulline (AIIcn et al., 
1968). . 

The cx.amples g.ivcn above were on strike·slip faults; . 
rrpctition of breaks on two norm3l faults show more 
d~;cordancc bctwcen older and ncwer brcaks. Most of 
lite August 2J, 1954, Rninhow Mounlain. Nevada, fault· 
in" coincidcd with or e<ltJl(kJ 1hc July 6, 1954, fauhing,. · 
but some oflhc ne·.l' rupturcs wcrc subparallcl to the olde1 
ones (T"cl;or, 1956). l':in of thc Dcccmbcr 1954 faultir 
nonh cf Fnirvicw Peak. Nevada, on lhe Gold King fault 
coincidcd with ruplurcs formcd about 1903, but over 
most of itslcngth it did no t. Study of a somewhat genera) .. 
iud mar of tht• 1903 brcaks shows lhnl thc 1954 faulting · 
crisscro!,sed thc carlier faulting but was more than 200ft 
frorn it in many p!Jcc::. and more than IGQf) ft in some 
piJccs (Sicmmom ct al .• 199, pp. 262-·263, rnap). 

Geulo?ic csidcncc shows thJt somc f;:tults that were 
dorm:~nt ro:- a long time- h:~vc bcen rc:tctivn.ted. An 
cx:unrk ¡)l this is thc Hurri{:ane f;¡uJt in ~outhwcstcm 
t ltah, whi~..:h h~1s had ~cvcral epis.odcs of movcment 
squratcd by r.criods of quic~;cencc. Sorne uf thc quies .. 
c~nt rait-.ds w...:rc !ong enough to p~rmit crosion or the 
fau!tt:d !crr:¡nc and cmpbc..:-mcnt of bvJ nows.. lt!i latest 
ll'juvi..:P;I!i('!l cx.tcnd~ into thc prcscnt. and ~ome earth-· 
quakc.:~ h:tv<.: occurrcd nn lhc fault in hi\t(Jric time (G~Hd
ncr, 1941: Avcri!l, I'Jh-1). l.ittk jo:, lnmvn of the Wte at 
which fault~•. dorman! for n long p~riod (in gcolosic 
tcrms). havc i.tccn rcactivatt:d. 

'fi:C ~V:LilahJ¡.; '!ViÜCilL"C ~llg_gc~tS lhat ruture faufting 
will el'cur on cX:i~ting f";_tu!ts·rathcr thó.!n on ncwly formcd 
faulb ami that j{ prubahly \~·ill occur on ththC faults that 
are ~u.:1i..-c. An activ•.; fault c:w he ddincd as onc that has 
mr•v;d in t!1c: n:rt.:nl past anJ m ay tflO\C in thc ncar futurc 
Thc .. rccc.:nt p:.t\t .. a~ u~t:d hcrt· induJcs tllc rurrt:nl ho··
:-~nd c:x.tcnt~·; baCk om indclinitc tinu: thJt rn.my gcoloti._._....· 

--~----·---~----------------·--~~-- ····----·-· -- ~ 
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·•lli 1:1kc In indndc allca't thc llul<"·cnc Ep<><.'h (ahout 
( ,,)()Q )"\!;.¡p,), ., h.,; "m,,':\f f~JtUfC" ;¡\ U:•l'd aho\·C ÍllChH\I>i 

·~~ k~orth of time on thc ordcr 1)f the u!<-dul lif~ (,f cng¡-
1\C't:l ing ~truci!Jrc'\ or thc time :\p;m lnn~iJcrcd in hw~
rant:.: pL.tn\ ft•r thc futurc. 1'hc J.:tcrmin:ltirtn·ul'\\ht:t!wr 
a (;¡uh is ··a..: ti' e,'' as UdincJ a hove. invoh·cs gt·u\~)_:!Y. 

~Cllph)sics. gcodcsy. and l'Of!inccring. Somc r:rit..:ria 
currl'ntly in u'c are (1) thc 0ccurrcm.:c of c:uthquak.c!!. 
tku (an ~e rc.:lJtcJ to thc fautt with rcastHl:tblc a ... sur· 
ancc: <2) une l\f more cpism.lcs of surface rupturc (in
cludmg tcclnnil' cn.:~p) or acutc bcnUing i_n thc rccL'nt 
pa:-1 as dcf1ncd aho\c: (J) in ... trumcnlal ::videncc of ciJs· 
t:~.· l1r incbstic strain: · anJ (-l) structuwl coupling te 
:lnl'thcr fault (or othcr tcctomé fea tu re such as a mOJlú
clint:) th:u is active. At pn;.;;~nt :,nmc acti .. c faults nuy 
""'be idcntiliablc. but thc ability to Í<kntif)' thcm '"o"ld 
; .. :¡·.;¡)\'C with time. 

3.6.2 Amount of Futura Faulting 

At pr<;ent. estimates ofthc typc ond nmounl offuture 
f¡¡u\ting that m:1y oc¡,:ur are hascd on the hi~toric and 

· gcologic rccurd. Thc typc (i.e., normal. re\'erso. ele,) 
,,f faulting th.1t ha> occurred in thr post is generally 
"umcd to be the typc that will occur in thc fulure. Thc 

l lcnc.lh and displ:u.:cmt.:nt of pr~hist0ril: faulting sometimes 
· '-",. car; b~· e!-tirna tt:d from thc di~pllccmc::nt of -thc grounJ 

surf:H.:c--thc hcight and leng.th of S:carps and thc amount 
1 of ofrs~t of \ln:~uns. Thc g.cnt:ral ratcs of older displace
. mcnt~ oftcn C\!1 he cstiínatCJ by m~ac;urins the displace
~~::nt of form:1ti~n1o.; nf known agc. \\'ith thi:; gcoiPgic 
t•:f.H·n:llion as b~lt:kgú.Hind, U~l·ruJ \;Stinwtcs of flltUfC 

ir· 1 ~tr.crnent ..:~111 he madc_ ~~· using v:irious empiric:1l 
~ ;¡r\·es .1nd formubs (...,uch :h th~t\C in Scctu~n J . .5.J) thJt 
in!nrci:H~ lcn~•th. di~pbccmcnt, and carthqu.tke magni· 
tu.,!e. Conn:r~cly, estirrwtC"s of magnitudes \)f pre:1i~roric 

e:nthunakc\ can be m<Idc if thc lcngth and dtsri~H.:cment 
PI" prchistoric rupturcs can· be dctamincJ by g~..·ologic 

invcstig:llions. Rc'>L'arch currently unticrway mJy sorne· 
<.by pcrmit e~timatcs l)f futurc displaccmcnt b:.1scd. on 
mcasurcmcnts üf ~train on th..: fault system. 

3.6.3 Likelihood of Futuro Faultlng · 

Thc rnost di!1icult qucstion tn :.answcr rq:::trdin~ active 
fault:.. is if ;.~uJ \\'hc.:n ~urfa..:c f;tultin~ will 01 • .'..:m. SurfJ(.'I! 
faulting is more l.'ommonly a~~ociatcll wllh thr.: brgcr
than thc ~rnalkr~magnH\ujc e:uthquah·s, .. tltlh1ugh this 
unh~li:.mc\! i!- prol:tably much lc~s than thc pr~:-.cnt rccorJ 
indicatc~. Thc surfacc Ui!<~pL.t~cmcnts th;lt an:omp;.my 
~r11:11l earthquakc\ are smJII. and thc cvidcnce i') h~c!y to 
be quickly oblilcr;otcJ. C'jlCCIJI!)' for 'trikC·,Iip oi>piJCe· 

mente; in ~uca.\ that havc: fcw artificial structurcs: more .. 
ovcr, rnJny C':Hihql1:1kc~ 1..1r OhlJcrate to ~mall si1c in the 
''~C~tcrn Unitcd SLitC') wcrc ncvcr in\'C')tiga.tcd in thc 
ficiJ by ~colt'Gi>tS or ~c:ismoh,gists. Furt)le.·rmorc, thc 
Cl.'l.'<'f;!niti"'" nf t he proccss of tc<.:h,nic. crccp introdu<.:\!S 
thc Pl'.'i~ihility th:H surfacc rupturc on fauhs nlól)' ::u:com· 
p::my ~h:tllüw-focus C:1.nhquakcs of a.ny magnitudc. 

Thc quc,tion of whcn surfJce faulting will .occur 
C::lnnot be ~Jtisfal'torily ;tnswcreJ at prcscnt on eithcr a 
lnng:-tcrnl or shon-tcrm hasis. Thc prohlcm is closcly 
31licd to e:l.rthquake prcdiction, aml currcnt rcsearch 

· tcw>Jrd thol goal prohably will produce uscful rcsults. 
Var:vus mcthods h,:l\'c hccn uscd to cstimate the time 
bctwct.:n laq;c CJrthquakes. By using strain rates, Rcid 
estimatcll a rcturn pcriL'd of ;~bout 100 ycars aftcr 1906 
for thc nc.,t grc:u e:>rthqu:~kc on thc San Andrcas faull in 
central CaliftHnia (se~ Ch:tpter 2). B)' using ratcs or slip, 
Wallace ( 1968) has tcnt:lti;·dy suggcstcd a 700-year 
recurren« interval for anothcr pJrt of the San Andrcas 
fault; he also suggcstcd that thc rc~urrcnce intervals on 
di!Tcrcnl ram of the fanh may di!Tcr by severa! orders 
of mognitudc. Anothcr approach involvcs the use of the 
statisucal rclatíon,hip bctwcen thc frcqucncy of earth· 
qnakcs and their magnitude. A study by A !len and others 
( 1965) of 1he southcrn California rcgion. usmg eárth· 
quakc statistics for thc 29-ycar period bctween 1934 'and 
1963, yicldcd a rccurrence inter"al or 52 ycars for lnrge 
earthquílkes in that rcgion: the historie record of iargc 
earth4uakes since 1800 ~uggests Hl:.tt the Cllculated rate 
may be apprll.\im~ltc\y corrcct. The same stuJy, howc\'er, 
wht:n Jrrlied. tu c;mnll arc:.ts within suuthcrn California 
yit::ld~d rcsu\t;;. thut thc authors bdi::vcd wcrc unrealistic. 
Rc:..:urrcncc cur\-·es for much of thc w·c:stcrn Unitcd Sta tes 
ha\'c bocn publishcd by R)all, Slcmmvns. oné Gcdney 
ll9(16). Othcr ílpproa<.:hcs involvt: measuring changeo; in 
variuus propcrties of the roe k in ·the vicinily of thc fault, 
but no practica! mt:thod of cstimating time uf occurrcnce 
i) yet avuilable. 

ACKNOWLEDGMENYS 

A rcview of historie surfacc faulting that fllrms much 
of the ba~is fl1r tl.is chaptcr wa~ 'iponsorcJ by thc U.S. 
Atomic F.nergy Cummi-.~inn, Oivi·,¡,m of Rc;u.:tor ·Oc"cl· 
opmcnt Jntl Tcchnoh1l!Y .. , he wntcr also ac.:knnwlcUgcs 
WJth thanlo.s th¿ ldt:as ;1n ... ! inflHmation supplicó h>· v.trimh 
~ul!t:~J~ucs. p~trliL·ularly L H.' Pampr:yan, G~.·ur¡;c Ph1f· 
ker, D. IL RaJhruL"\1, anJ Jullu ... Schlockcr--thl.." ~t'UfCC\ 
of uthcr iJ~a::, JnJ Jata are citcJ in thc tcAt. Jan\! fvl. 
Buch;,nan Cl,mpikd so me uf tii~.: JJta and prcpart.:d many 
t'f thl.' illu:.trathlll'i. Puhli.:ation uf this cluptr:r \\ ;¡~ autho· 
nrcd by ,·he Director, V.S. Gcologic•l Survcy. 

. ' 

' 
·~ 

' ~ 



70 SlJRFACE fAUlTit<G ANO RtlATHl EFFECTS 1 1 ') Chop. 3 

REfERENCliS 

A)!uikm. J. G. (l')~i\). "Thc S1li\NJ Luthquakc: ,)( Jt(R'/," 
Sdw1. Svc Am. /Jull .. 10(1), .11-44, 

· A\t'l('('. A. L .. and J. L. Smith ( 19(,1•).''E:H lhqua~é Ch:Hn~·tcrit· 
111.'\ JIHJ h1ult A~.:tivity in StHIIhl·rn CahhHni:1," in Lndntrr
fll~' G('t./•'A'Y in ... 'úwthait Co/¡forni,z. PJl. 1}. ).f. (ilcnJale, 
LllS Ant-:clc! Sct:tion of A\Sll~o:i;ltinn of En1:inccrlng Gcolo· 
~Ü\tS. 

Allcn. C. R .. A. Granll. J. N. Orune. M. M. Clark, R. V. 
Sh:trp, T. G. Thco•hlrt:. E. \V. Wolfc. and M. \\'ys! 
( l(}t.~l- ''The Bllrn:~n Mountaul, CliJhlrnia, Elrlhqu,¡lo;¡• 

of 9 April 19(;8--,\ Prdiminary Rcporl;" Sd_fl;,_ Soc. 
Am. Bu/l., 58(3),1183-1186. . 

Allcn, C. R., P. SI. Amond; C. F. Richter. and J. M. NorJ· 
quist ( II.J65). ''H.<:lationship Bcrwc..:n ~cismicity .::md 

r;cok1gic Structur~ in 1hc .Snuthern California Rcgion ... 
s,-,;-,,,, Soc. Am. Bull., 55 (4), 75~-79'1. 

Ambra~.cy~. N. N. (19f:0). O.·r rhc Sl'i.rmic B,·harior o_( Earth 
n,/ll:j, Prccc-rdinpl· 1'/ ,;,,. Sccond n·or/J C~m;t·r,•nc.: on 

Llfll:.¡:wJ..~ E,,-:incai1:g, \'ol. 1, pp. 331-4 358, Tokyo a·':! 
hyoto, Japan. 

Aml,ra~cys, N. N. (1963). "Thc Buyin--Zara {lnn) E:1rthquake 

l 1f S·:plcmbcr 1962---/\ Ficld H..cport, -Scir. Soc. Anr. Bull .• 
~.1 <·'l. 705-740. 

t\mbr .tscys, -,...:_N. ( 19fl5a). Afl Earthquakt• Enginaring Study o/ 
thc lluyin-ZulmJ Eúrlht¡uake (~j'_)~~·¡Ht·•nher 1, 1962, in lran, 
l'rnr,·¡•dill_rs o_( rJr,. Third U'or/d Con_facncc 011 Eanhquakc

F.nginn:rio¡;, Vol. J, rr- V'l-\-''26, New Zealand. 

Arnl,·ao;.t:ys, N. 1'--:. (1965b). A;, Eorrhquai...C' Enginnoring 

l·'ieH'/1¡1/1/f o_{ t}w St:orjt· f:orthi/Litlkr, 26r_h J¡¡Jy, /963, 
Prvce'cdmr:s of rh~· 7 hird 11-'(l,-/t/ Co,¡j,•rt'IIC<' on Earthquakc 
L1:ginecr;ng, \'u l. 3, pr. S2:!--S_JR, N.-;\·v Zealand. 

:\J!Icri, ·,1 n í icolo_gical 1 m.t it ut<: ( 1960). GfmHJry of Grolvgy ond 
Rt•/¡¡fed Sál.'nco. :2nJ etl.. \Va-.llir.glon, D.C. 

Amcr:c:1n lwn and Skcllnstitu¡,;: { 1962). /he A,r:ndir, Morocco, 
l:aul:qtwk¡•, Ncw York: An,crlC:ln In m and Stcclln~jitlllc:. 

A ·.-cri t!, P. ( I'.J!d l. "T a hlc of Po~a-C rl:l:tc,;:nu" (jcolo1:ic E~·cnts 
.-d11n¡.: tLc ilurric:uv.: f";wll. Ncar (cJar C11y, lron Cour.ty, 
l.t;d.," C,o/. Sur. Am. Jl11fl .• 75 (9), 901--908. 

tbt~~~~~;~n. r. C. (19fd). "\Vilbrd D. John•;on and thc Strikc
SitJl Componcnt of Fault Ml•Vl:IHC'flt' l!l lht: o~~Cil\ Val!cy, 
'(';¡li~ul!na, Earthqua!..c of 1872," Sc•ism. Soc. Am. Jlu/1., 

~1(4), 483-493. 

Uo.:ll. D. E., nnd V. A. Urill (1938). "Activ~ Fanltin[! in Lavaca 
Cuunty, TcxJs," A m. Ass,,c,_ Pc·rr,JJ. ú't·o/. JJull., 22( 1 ), 
104-106. 

Hcq:. G. \'. (19(,.1). Th,· S/.;¡Jp/C, i'nl'mlo··io. F:arthquakr July 
~"6, 19t~3, Nt:" YPr\...: Amcrit.:-:\11 lrl'il ;nnJ :;h:clln~!11UIC. 

H1~·hkr. S .. R. L. KÜv;¡..:h. aml'C. H. Alkn (l'>ft-1). "(in,phy~~ 
tc:ll f-r;tlllC\~ork nf Nnrtil<'fil ·f.nd (l{ (iu!f llf ('~llforniJ. 

Strm;tur:ll Provi1Kc-," in T. ft. v:u-: J\fH!d Jnd G. 11 Shor, 
Jr. ledo;.}, .\fa,-j,w Gc·,J/ogy of ¡/w Gul( u{ Cnliforllia~-A 

~\~·m¡4JÜto,,, pp. ¡,J6 -1·0. Afncrican A'í'lQt:iation üf Pctro~ 
lcum Gcologis:s. 

~-

U,lltill;¡, r.t. (~ .. (1967). '"lli~IMic Surfa,·c F.tuhi~~ in C('lnfi· 
O•:m;l) llnnL·J SL.t!c:-. .111d t\dJ.Id'lll P.Ht!. of Mc'\i~(',~ 

l.l. S. r,·;·,d,·.~·i,·,rl .\'s.n·,·y Or··,,.f'sf,· lú-porr: nhu U.S. 
At.,nlit J,¡,·r¡..·_,. Cumm111i,.,, R,·p.,rt rto-:n:-1. 

Ort''\ n, H ·D .• Jr .. :~nd J. G. \'c~ldc-1 ( 1Qh'1)_- "~urf:Jcc Tcctonic 
h.v.:HIIl'" AIClll~~ lht !':Hl Andrca' Fault, Cahfornil.'' in 
H .. P. llril\\11, Jr., 4'1 uf .. T/s1' Parf..-_tidd- (h¡•/anlf', C"t.fontla. 
Em:l:qll!l.l..1·-' (l( Jmrc•-Aur:IISf /966--Sur/oct• Gtolog/c 
1-.'tf,·.-rs. H ·otrr~Rr.wllrC't'J A tf'~'"'-'· ami Prl'iinti11ary Scilmic 
/),fft7, U. S. GeolopQJ Sllf\-'CY Profc:.sional Papcr 579, pp. 

2-23. 

Br~n\'tl, R. D., Jr., anJ R. E. \\'albce ( 196R). ··currcnt and 
111'\tori,: Fauh Movcrncnt Along 1hc S:..~n t\n,lrC.l'\ Fault 
tklwcen P:1icinc~ anJ Camp Di.t. Califor:li:1," in W. R. 
Did.ins~.~n ;wd A. Gr;tntz (eds..), Pt¡JCC't'dit!J:J e{ th~ Con
fcrrna tln GcohJ¡:ic Probl~·ms of t/1<' San Andr(!OS Fau/t 

SyJI¡•m. St·pronbcr /.J-16, /967, Stmrford Uni1·usity, pp. 
2:!-41, Stanfnrd, CJiifnmiJ: Stanfon.l Uni..-crsity Press.. 

Drunc, J. N., and C'. R. t\!lcn (1967). "A Low-Strcss-Drop, 
Low-t...lagnitudc Eanhqua~c wilh SurL.1cc Faulting-Tho 
lrnr:.:rial. Ct!iforni<t, Eanhquakc of Man.:h 4, 1966," 
Sl'ism. S,Jr. A111. Jlull., 57(3}, 501-514. 

Dryan, F. (lfJJ}). '"H.cccnl Movc:mcnts on a Fault of the 
Balc:¡)ncs Systcrn. htcLenn:ln County, Texas," Am. As.wc. 
Petrtd. C(·l~/. l!u/1., 17t4), 439--442. 

Buwalda. J. P., and C. F. Ri,htn (1941). "Imperial Vnlley 
Eanhqua'c of ~lay 18, 19-lO," G,•o/. Soc. Am. B<J/., 
52( 1 ZJ, 19·\4--1945. 

nuwah.~:\. J. P., and P. St. Am:tnd (1955). ''Gco!ogica! EfTects 
vf thc Arvin -TchJchapi Eanhquakc," Ca!Jf. DiY. ~-lint.J 

Bu/l., 171, 41-56. 

C.diforni:t Dt~p:ntmcnt of \Vat'er Rcsources (1967). "Ennh~ 
qu::tkl.' DJntJp.: w Hydr¡¡_uJic Struclurcs in_ California," 
Cof(fl"nio DcpartntNtf _o! H ilft'T Rrwur'cc'i Buflcriu 116-3. 

Call:~~h:tn. E., and V. P. (iianclb t 1935). ''ThC Earthquake 
of Janu:.Jry JO, .1934, ~1t E:-<ci.!btor ,\1ountains. Nevada,"' 
Scis:1t. Soc. Am. Bull., 25(2), 161-168. 

Chinno.:ry. ~-1. A. ( 19f> 1 ). "Thc Dcfnrmation of tbc Ground 
ArtuJn.J Surf;;¡o,:c Faul!">,·· .~á.'.ltl . .\'oc. Am. Bu/l., 51{.1). 
Jll-372. 

Cl11HJ. W. K. ( 1_967). "Sci:.nHl\.(.:t)pc Rt:stJits from Three 
l·.ar:hqu:1~t:s in thc llolltsta, Californi'-1, Arca, .. Sds:n. 
Soe .. -lm. /Ju/1 .• 5116), 1-145-1448. 

Cloud. \\'.f..: .. ;111d \'. Pcn:z( 1967). '·Ac •. :cl.:rClgrams-Parkfidd 
E:uthqu:.Jkc," ,)'fism. SoC'. _.-lm. lJu/1., 57((J), 1179-1192. 

Curr:.ty, J. H., and R. D. N;.~-;Pn.09rl7). ··s:m Andrc::Js F;JUit 
Nonh <•f PUint Aren:\, California," G'~·ol. Suc. Am. Bull., 

78(3¡,.413-418. 

Ihm·~. J. V. (19117}. "D:1s Erdhcbc-n ..-on San J~H:into a.rn 2.S 
Dt:ll'nlh..:r lh?9." Cn•.(•. (irtcll. H'it'll Mili., SO, 339-)47. 

Dihhk-c, T. W., Jr. ( 1 Q~-n. "Gn>ln¡~y of lh~ Imperial \'a !ley 
IC:v•<'ll, < ::lltfn1 n¡;¡," Ch:1p. ~in R. lt. Jahn·; (\'d.). Gr()/og" 

· (1/ Sr•ii!hl'm C.d1jimúa. pp. 21-~H. C .. ili(~lrnta l>iYi')ion •, ) 
1\-:i::c...; Bulk!in 170. .____, 

D•bbb·, T. W., Jr. ( :•J55). Gt•olv¡::y of the Svuth.~m'lrrrt ,\farr:ln 

1 



Chop. 3 SURFACE FAULTING ANO RtLATED EfFECTS 113 71 

' 

,~¡ thr S. m Jo,,,¡,,¡, ''al/,·_, .. Ca/,fornia, pp. ~3 ~4, C\alif~,rui.1 

Oi\1\Í<'fl t-"'f "'lin'-'5 Uullctin 171. . 

,.,...Oukt•, C. f\1. e IW~m. Fotutdari~"u 11111! rcuth Strllttllll'' ,-,, 

l.'ut lh•/111/Á ,. '. 1'1 0(1'('¡ ''''1..'1 ,,, 1 he· s.·no:d H .111 Id ( '¡~n(O('I/((' t "' 

Fmth.¡udt' L'n¡:it/l'l'rin.~. Vol. 1, pp. 4.15-·t.\5, lu~)'ll ~tnd 

K) oto, J~1pan. 

Ou"c. C. ~f.. and D. J. LccJ~(I9(,~). Silc- CI11"'Jrtaürin of 
S.Ciufht'rll · Cahjl•ntia Sfl·,m¡,·~.\ltllit•t¡ l:'llltiiiJIIoÁc St.~r;ous, 

l.'niwr\ity of CJ!iforr11a at Los Ant;d.:o;, lJI.'pt. [ng. Rcpt. 
r-.;\.1, 6~·.55. 

Frrk:v. R. A. ( 196~). ··stron1~cr f.anhqu:1.kc' nf thc Unitcd 
StJtcs (['td~~ivc of Clltfornia :md \'..'c-;tcm Nl.!v:J.t.b)," 
Part 1 in l:aTtlu¡uo(.· /li.1torJ· of tlu· L'nir.·d ~"ira.·cr, rcv. cd. 
(l_hrou~h 1963): U.S. Coast and GcoJt.:li~ Survcy No. 
41·1. 

Fcrguson, H. G., R. J. Roberts, ami S. \\". ~!ullcr (1952) 
Gt'ologic .\fap of tite c;,,/c,mda Q~tu,frwrglc, .'\'e,·ada, U.S. 
Gcolo~kal Survcy Gcoh.l.~il.: Qu.uJrangh:: Map (GQ-15}, 
sea le 1:125,000. 

Fctt. J. D .. Ó. H. flomiltun, and F. A. Flc:min~ (1967). 
"Continuin~ Sur rae.:: Di~pl:tccmcnts· A Ion~~ thc Casa Loma 
01nd San Jacinto Fau!ts in San J~Kinlo Vatley, Ri\lcrside 
Counl)', Calirornia,'_''Engr. Gt•ci/., 4 (1), ~2-J~. 

Fisk, H. N. ( 194--1). Gcoft,gif·,ll /m·,·.rtigarinn of rhc Allu~·ial 

Vallry u/ lhr Lo..,·cr ¡\/ississippj Ri,·a, U.S. Mississippi 

00lorensov, N. A., and V. P. Soloncnko (cds.) (19f,J). "Gobi-
~ · '-· Altn.ysb)~-~ Zcmktrya~.cnie,·· /z. Akad.· Nauk SSSR.; 
~ ~l!>O [')¡,~. The Gohi--Aitai Earthqtwk~. U.~. Dcpartmcnl of 
~ Commcn:!! (Ens. trJns.). 

1 

Fullcr. M. 1.. (191c). T/1<· N•w Madrid Earthq11ake, U. S. 
(Jcologk:ll Survcy Uu!l. 494. . 

(;;¡rdne;. L. S. ( 19-ll ). ··Thc Ht:rric;mc Fa~lt in Southvw·cstern 
U!Jh and Nortll\\csÍcrn Ari.t:('lna," Am. J. Sci., 239(-t), 
24i-260. 

Gianclla. V. P. (1957). "EanhquJkc and Faulfin~. Fort S:.1gc 
Mount::!im. California. Dc..:cmbcr 1950," Sr~ism. Soc. 
Aot. /Ju/1 .. 47(3). 173-177. 

Gi,lr~clb, V. P .. nnd E. Call;1~han (1934}. "Thc CcdJ.r Moun~ 
tain, NcvJtb .. Earthqu:ll ... c of [)~(cmtxr :o. 19JZ," Scism. 
So,·. Aot. !Ju/1., U (41, J45··3S4. 

Gib~on, \V. M., and H. A. \Yollcnbt:rg(l9h8). "lrm:."Hir,ations 
·ror GrourH.l St:.1bilíty in th~o: Vi~o.·inity of th•.: C:ii:H"cr~s fauh. 
Li\'crmurc Jnd Am:HJ(lr Vallc)S, Al:.uncJ:t County, Cali· 
Jomia," Gl'o/. Suc. A m. l1111! .• 79 (S), 6~7--bJil. 

Gllbcr:, G. K. (1390). úJJ.t> &nllt't'illt•. U.S. Gcologi~,;al 
~urvcy MOilOGraph l. 

~Juodfctlow. G. E. ( 18R8). ''Thc Sonora Carlhqualc," SC"il'llct, 
11, l(l.!-IM•. 

¡ lh:inrit.:h, R. R. ( 19-11 ). ",\ Contribulion to thc Sci~míc 
1 -... ll1.,1oryof Mi!)\tturi," .Sá.tm. Soc. Am.llu/1.,31 (J;, 187-~:-'. 

¡,_ ~tc-;,.1, A. V.,Jr.;an_d M. H. llrl)l.;k (1961). "Sum:turJI f'r:tmc· 

1 
work. or thc 11hnot~·l-\.t:nlu...:ky Mining l.Ji.,lru:t and !ts 
1-tc!ation w Mineral D\:~,~~u,·· in (;'¡·rJh•J.'Íft¡/ Srtn-t'y Rt· 

--····-··--·---·-. --··---------·--~-. 

mrr. h. 19~1. pp. [)J. D6. U.S. Gcologkal Suryoy Pro· 
(\.'~!liCln.ll )';1pa -1~4-D. 

llí~!-dm. C. G. (IIJ(d). "~~~~~ AnJrc;;u Fault North or Sa:-1 
han.:i'l.:o, c~~ilrull\ia," Grul. Sur. Am. Bu/l., 72 (1), 
Sl-6g. 

llill, M. L. (195~). ""Tc<toni>S of Faulling in Southcrn Cali· 
fornia" in R. H. J:llms {ctl) .. G1•iJio;.•y ,,f Suut/r,.,n Cali· 
j'utllill, pp. 5--l J, Cal1forni:1 Division of Mines Bullctin 170. 

llobb•. W. 11. (1910). ""Thc Eanhquakc of 1~72 in thcOwcns 
Vallt:y, Califl)rnia," Bl'itr. G't•ophys., 10 (J), 352-385. 

Hontc:., H. \V. (1930). G!'alo.f!y ami Oil R!'.wuras Alonff th~ 
Southa11 IJ,m/,·r o[ S'a11 Joa{¡ttin Va/ley, Cali{umia, pp, 
1o!3-JJI3, U.S. Gc0logic:JI Survcy llullctln 812-D. 

Homna, G, W. (19(J5). lllh'ttJify o/ Earrftqtwh· Grotmd 
Shaking Nt·nr tlrr Caumtirt' Fault, Procrt'~hngs of tlh· Third 
ll'mld Cot:fcrcna (lit Farrlu¡uakt! En¡:inarin¡:, ,1\'ew Zealmtd, 
1965, Vol. J. pp. 11194··111115. 

llousncr, G. W .• anJ D. E. Hudson (1958) "Thc Por! Hue
nt:mc [C.,Iífornia] [J.rthqualo..c of March 18, 1957," Seism. 
·soc. Am. Bu/f.. 48 (2). 163-168 .. 

Huh.:him, \V. A. (19141. Rt·p~?rt on ftrvnt1),:ntion o( Wtlls ira 
/mpaial Val!cy, 1914, pr. 212-2:!8, CJiifúrnia Dcpartmcnt 
of l:ngin~cring, Fourth nicnnial Report. 

lida, Kumili (1959). ""Earthquakc Encrgy and Earthquake 
~aull," Nagoya Unil•., J. Eartlt Sci.,_1 (2), 98-l07. 

!ida, K. (1965). ""Earthquake Magnitudc, Earthquokc Faull, · 
and. Sour.:c Dimemions," Nagoya Uni~·., J. Eanlr Sá., 
13 (2). 11 l-1 J2. 

Jonc•. J. C. ( 1915). "The Pl~asanl Val!cy, Nevada. Eartt,quake 
of October 2. 1915,"" Srism. Soc. Am. /Ju/1., 5 (4). 190-ZOS. 

Kin¡:, Chi-Yu, and L. Knopoff (1968). ""Stress Drop in 
EarthquJkcs," St'ism. Soc. Am. Bt~/1., 58 {1), 2-19-:!57. 

Km)pf, A~olph. ;_¡nd E K ir~ (1918) . .-t (';,·olo_l.:icnl Rl'(unnaif· 
s~ncr ofrhc In) o Han::(' and rir(· Eastem ~'-'lop(! o_f th<' Sourh,•rtl 
Sierra N nada, Cohj(mJia, wirh a Surio11 011 t/1(• Stml(l!raplty 
o_frh,· /n.1·,) 1\unr:t· by E.Jwin r.:;rk, U.S. GcOlogi~.:al Survey 
P1ofc:ssional Paper 110. 

Koch, T. \V. (19JJ). "Analysi.'i anJ Effl.!cts ofCurrcnt Movc· 
rncm on Jn Acti\'c Thru-..t Fault in Uucna Visla t-lills Oil 
FíciJ, Kcrn County, C~lifc:rnia," Am. Assoc. Petral. 
G•·ol. B•dl .• 17 (6). 694-712. 

Kov.1ch, R. L. C. R. Allcn. anJ F. Prcss ( 1962). ··oouphysical 
!nvcsti¡;ations in !he Colorad? Ddta Rcgion," J. G~uphys. 
R··s., 67 (7). "~4S·-~S71. 

1<.rcc~. F. C. (19(r0). "~hldwin Hills Rcservoir Failure o( 

196J," in F:u¡.:j,ll'ain~· G,·ulo¡,:y in Svruhan Cuhjimtia, pp. 
93-10). Gl.:n~blc, Lu') Anr;des Section of A~~ociation 
of [ngir.c."l·ring <Jcoh>bi~l'\. 

Kuprcr, D. H .. S. Mun .. ig-, G. 1. Smith, and G. N. White 
( 195S). Anin- '1'.-Jwchof'i 1:-afrh,¡uaJ..t> /Jamd.l!t' .-UmtK lht 

SrJioth.-m Poc;jtr J<o¡/uto,J ;\lc·ar /Jc-a/l'i!lr, é'alifurnin, 
C3lirllrnia Lliv,~ion pf Mrn~..-~ Bullctin 171, Pfl. 67·· 74. 

La\\ son, A. C., t'l al. (1908). TlrC' Cuhfor11i11 [urtlu¡uak~ of 
A1.trif 18, /Y06 ~-- Rl'potl c1/ !la• Sr ate L:a1 tiH¡1tak~ lnn•stigution 



. ...._,. 

·.__ 

7l SURFACE fAUlTING ANO RtlATED EFFECTS 111 Chop. 3 

Cr•ltulliui"''· Vol. 1, P;1rt 1, J'Jl. 1-~54; Pan~. pp. 255·· 
·01. (;unCEtLC 111,\llution of W;l\hill(:h\f\, Puhli~·;\111'" lt1. 

Lec. e' JI. ( 191:). A,, '"'''IHÍH' Stu.Jy a( th.· 11 'nla Rt'.HIIirUJ . 

of u fart t~/ Ownrf Vul!.·y. Cuh¡.,,,,¡,, l:.s. Gculn~u:al 

Sun·cy. W;¡tcr-Supply Papcr 294. 

Loudcrh;1rk. G. D. ( 194~). "FoJUit ... :tnd Eanhqua~cs, .. Sl'iJm. 

So•r. Alll. D .. ll., )Z (4). 305-JJO. 

l.t>udcrha~.·l<., G. O. (1947). ''Ccnlr;d Califor111a [:.nhqu<"~k.cs 

pf the 1 ~)O's,'' St·ijm_ SPr. A m. LJ,,fl., .:n ( 1 ), 33-74. 

~brlln. L. (1907). "Possiblc Obliquc Minur Fauhing in 
AI.J.~\...J ... I:ron. Cic\Jl,, l, 576-5.79. 

t-.h'F.villv. T. \'. Cl9M•). "Pn:limin:1r)' Seismi~ .Data. June
July, 1 96ó," in "P.trkf1c!d Lnthq\Lakcs of June' '!7- '!9, 

19hn. Momcrl'y ;¡nd S;w Ltuo; übi~po Coun•ic~. C~llifornia 
~--Prc:hminary Rc:port," Sásm. Soc. Am. Jiu!/., 56 (-l), 

967-971. 

McEvdlv, T. V., W. JI. llokun. :~nd K: B. Cn"-1ll:!)' (1967). 
'lhc P.:nktlclJ. C~dif~,)¡nia. L••:hqu:1kc~.of 1~66.'' Seism. 
Soc. .-i111. Bull., 51 ((1), 1221-1244. · 

~iullcr. S. W .. H. G. Fcr[!U~Dn~ aml R. J. Robcrts· (1951) 
lit'tl/(lJ(,I' (lj JI:~,• ¡\/(Hiflf Tohi11 Quadran¡:lc, ,\'erada, U.S. 
Gc:oln~ical Survcy Gcol0gic Qu.JdrL!nglc M.:1p [GQ~7), 

'cale 1:125,000. 

Mycrs, \\'. B., · nnd W. Hamilton ( 1964). "Ddorm:~tion 

A'.C'-'mranyint: thl.! J-lcbgcn Lakc, M0111Jna, _Earthquake 
~,)( Au~·.u~t 17, 1959, .. in Thr ffch¡:t'll Lakr. Monrmra, 

D;rr/:q,.,aJ..:(' (lj Augrt~l 17, 1959, rp . .55-98. U. S. Gc.:ologic<Jl 
Sur"cy Profes.<>ion;-.1 Papcr·435. 

!":t~on. R. D. ( l9(18). Foult Slippa;::e at Jinyward, California, 
pp. !Hl-87, (i('o!n~iGll So~.:iely or Amcrica, Cordilleran 
Sc~.·¡·~~n ... Sci~.rnnl~~!-!¡Cal SOí..·icty of Amcrica-P;;Jconletlog

icd Sclciety, I'acitk Coa~t Set.:tit~n, !· ... 1\h Annual \-te~nn~. 

Tu;,·cen, Aril\)11:1, 1968, Program. 

No\Sll, ;.J. í 19.11 ). r~)111paraÚI'(" StwlieJ e•( [arthqrmkt .\forions 

Ahoi'('·Gt·oruul a/1(1 ;,. u Tmutl'l IPart /),Vol. 9, pp. 454--
4'/~. 1 o~kyu UnivÚ~;ity E:nthqu~J..c Rcscarch ln~!ltutc: 
Bu!h:tin. 

l'cumafm, F. (19Jf1). "Thc l.Jtah [~•lhqu.:-.kc of M::trch 12, 
1 9)-l," in Unitul Stnl1'.~ l: . .'arth•JIUikcs, /934. pp. 43---48. 

L1.S. CoJ.!.t o:uv.l Gco~ctú: Sur\ e)' Serial S93. 

Ohlham. R D. (1399). "Rcport <lrl thc Grc::J.t Earthquake of 

l21h JunL', 1!)97," /11dia Gt·p/, Sutl't'J' Alcm., 29, 1-379. 

P;q~c B. M. ( 19)5). ''lbsin·R:IIl~C r~uhinf~Of 1915 in Ple.JS-lnt 
\'al\~.·y, Ncv.JcJn:· J. (icol., 4J P>. {¡'){) .. 707. 

l'.ltl'f<.On. M. S. {1()58). "t·:'-PL'tinwnul Dd<Hm:nion ami 
1-:1uhi1l~ in \\lomtx.·)·;m ~1.:1rbk," (;col. Soc . .-'1111. JJ¡,fl., 
6? (·11. ·1h5-475 .. 

Pl;:ncr, G (19(,~). "Tcc!flnic Ddn:m;nion Ao,~oci:1tcd with 
lh~ J'J(,-l Ala~J...~ [arthquakc," .\'c/1'11(1', ).¡8 (3~7C), 1675-
lóHJ. 

Pbfk('f, G. (19(,7) . . Yur{tiCI' r,m/tt 1111 A/OIIIUJ.:FI' hlt/ltd As

_J.otiatc·d "'ith //¡¡• /Wrf AlruJ..,, f.'c/1 ri,IJIIOJ. 1', rr. (j I-G42. 
U.S. Gcnlo~i¡,;al Survcy· Profl·.,~•or1al l';•.pcr 54J·C.i. 

HJdbcw.:h, D. Ji. (1967). Appral'ii;Wtc• Lorat1v:¡ uf Faalt 

Twcc1 ami u;_,,,rir Stn{ll(¡' Rurrur('_f ll'irhitl lh¡• //!Jj'H'Orcl 

r~::df /.t•ll( lJc/M'c't'fl .'iull l'oM,, und U'llrlll .. \'prh¡~s. c,JJi· 
/cllllhl, t 1.S. Cco\1l)..~h:,d SunC"y Mi..,~d\anc:ou~ GCuk,~il"~ 
ln\C\tlplhm Mar 1·~~~. ~~.tic 1 :6~.~00. 

R:ulbru..:h. D. H. (19t1S) ... ~c..·w [\idcn,;c of Hiqoric Fnult 
A:¡p,·ily in Abnl('da. t\1rHra (\)~\:\ ;t~J S:\Jlt:l Clara 
Cl'UIIIl~''>, C.'\hf~,rni:1." in \\'. R. l)¡(')...in~on aml A. Grantz 

(cd.\. ), /'n>cc•,·r/wg.f fl( tlu• Cc~r~fcrt'I/Ci' <111 Gcvh•J:iC' Prohlt·nu 

o{ thc 5,111 Andl'nl_~ Foufl s_,·stc·m. Scrt1'111hcr J.f-16, /967, 
Sr,J!1/I•r.l Uni~·cr.,iry, pp. 46--5..\, StJnford, California: 

Sl:~nfl'n.l Univ,:ol!lity Preso;. 

Re id. H. F. ( 19\0). "Tht: Mcch.1ttic5o of the Lathqua\.:c," 
Vvl. ~ in Tlrt' Ca/il;,rnitz Eflrtlu¡~tak.¡• t'[ April 18, 1906, 

Rt'!''!''' (l( tlrt' Staf1' l:'artllf¡unl..t· /nrc.HigatiOII Comu:i.sJion, 
Carnq:1c ln<:.l1tution of W::~slúnl:ton, PublicJtion 87. 

Ridu.:r, C. F. (1958). Clcmrnfary SC"i.Hnvlogy, S:m Francisco: 

W. JI. F rccman. 

Ro~cr5, T. ,t, and R. D. Nason (1967). "Acti,·e Fauhing in 

1 he- Húll istcr A re J.- in G 11idd•o(lÁ, Gnhilwt Rang~ and 

.Adjoccnt Snn Ar:drcm Fwdr. pp. JO> 104, American 
Association of Pclrolcum Cicoh'f,:ists, PoiCific Scction, and 
S0..:icty or ECl'IlOmic P<.tkontolvgists, Pacific Scction, 
:\r.nu:d Ficld Tri p. 

Rom:1cy, C. F. (1957). ''Scismic \V ave~ froni thc Dixie Vallcy
F;!irvicw Pc:1k Enrthquakcs (!'Cv:idJJ," Sdsm. Sc)C. Am. 
8:</1 .. ~1 (~). 301-319. 

Ross. C. A. (196)). Fa:drinl! in Svurhemmn.ft 11/inois, p. 229~ 
G\.:ologi~.:~'ll ~ocicty of Amcrica Sp::d:.tl P~JX:f 73. 

R~.;s~.cll, W. L. {1957). ··t-=áUliínf! an:.l Superficial Structu. 
in Ea~t-Central Texas," Gulf Coast Assoc. Geol. Soc. 

T'·'"'·· 7, 65-72. 

Ryoll, A, D. B. Slcmmons. and L. D. Gedncy (1966). "Scis
m.:cily, Tcc.:wni~m. :lnd SurLtt..:c F:1·.J!ting i11 thc \\'c'}tcm 
L:nitc:U Si:ttc':. Dt:rinr, i 11sloric TH.ll!, .. . ~-cism. So.::. A:n. 
/!<di .. !'6 , 5 ), 1105 .. IIJ5. 

S::il~i-,\m:HHI. r. (19(1)). Thc G'u·af Fttrth.¡ua/.:c;o¡ \.¡ Afay 1!:60 
;n Clúfto. rp. :u·¡ ... J(I3, Sruilh~or:iJn ln:;liiUtio;., \Va~hinGtotl 

I'ublil'illiun 4550. 

S;! v .1~;,_.. J. C., :JIHI L. !\·1. l Ll~.t i:.:: (19M~) ... Surf.H.:e Ddormation 
.A·.~o~i;nt:ll v..ith Dip-Slip h1ulim~,'- J. Gl'cpÍJ)'.J. Res., 71 
leO), ·IR97--A904. 

~ ••. :i":ollll'lll!:it::ll ~<,ciety of A1ncrio..:a (!92:!). Fau/t ,\fap ofth~ 

Sur:,· 1!/ Cuf¡j{Jmia, sr.::llc 1 :506,880. 

S hecto,, t-.!. M. íl9-n). "Dra..,twphÍ"-Ill Durint-: lli:-.tmi.; Time in 
tht: Gulf (oa;-..t;d Plain," .-tm. AHoc. l'ctrul. Gt·t•l. Bull., 
:'1 (2). 201-226. 

Shvr, G. C.., Jr., <~mi[. E. ftpbt:;·¡.., {!951-tJ. "S"Jrl Mt¡~uel. 

\l:fj:1 ( ·.d1forni;1 Norte {M"·.•.i{,.·¡)J, Ltrthqu:tl ... l·'> or Fcbruary, 
1?5G---l\ f'¡dJ Rcport," Sá.HtJ. Svc_. A_m. flull., 4:i (2), 
1 o 1-116. 

. SlcmmPil~. o.· B. (19~7). ••fico!O!!t'::ll [llcl'l<i; of the Dixie 
VJikr. htir' ir:-~~· Pe:• k. Nc,ad,l, i·.trlhqu:..:.~.·s 0f Dc~.·cmh--'-,. 
16, 1:15·1," Sl'l.lllt. Sor. tlllt. U.,/1, 47 (4}, 353-·37.5. 

Skmnwn~. D. h. (19f,f,\, l.ml.t.?-T•·"'' Sttoin R(·!t-mt-' 
{(//fÍI•JI•nk.- llt.lftuy ami Lutr' Crr1n:mc f'mdri"J." In tlu 
};, 1_;,,h,lld-l<a''t-:t' Pru,·inc(·, pp. 82 H-1, Proc~·ed:n_(''f o[ r,)( 

______________ :._ __ .:.. .. _ -~-------~----- ~--- .. ------·---
---------~-..... -------------------------·-----.. ·-----· -·· 



i 
t, 

Clw¡>. 3 · SURFACE fAUllltiG AND RElAIED EFFECTS 115 73 

,··· Su''"d Unih•d Srar,·r-Japmt ('¡•nfcrrtl(l' 011 Rt'ft'tnth 

lú·/,,r,·d ta Dulhr¡lifl/.. e Prt'ilictitlll . 

. '--"Sh:tnnh..ln'\, D. H. (19ti7). "Piinc~nc and l)u:th.:rnary Cnl\tal 
Mtn·cmcnt, of thc J!,,,in-:u1J·IC~n~c Provin-:c. USA,'' 
Or.d .. -,J City Uni1·. J. lir·mci., 10, ')1--IOJ. 

Skmnll'""· D. R., K. V. Stcin~ruc¡.: .... ·. D. Tm:lu:f, G. O. 
O.Jh· ... holt, ami V. P. Gi;1nclb {JI}59L ··wnm.kr, N¡; .. aJ:l, 
LHthquakc or.I90J,'' SáHII. StJC. ~tm. flllll., .¡q (3}, !SI-
2i.s. 

~tcint,nJr!!~. K. \'., ;¡nJ \V, K. Cloud (19(·~). "[piccntral 
hlcmitks ;md p:nn:t!!"'' in thc lkb~:cn lal..c, MPnt:tna. 
LuthquJ~l' of r\U!;U'-1 17, 1959:' Sci.Hit. Soc. Am. lJu/1.,· 

s2 m. IBI-2J.I. 

Stcint~rUI;!f!C, K. V., arht D. F. f\.1or.ln ( 1957). "En!!inccring 
A~rccts of thc Oi'\it.: V;\lky- F;lin·icw !1c.1k E:l(thqu:tkes," 

Schm. Soc. Am. lJu/1., 41 (-l), 3J5:·J48, 

Suychiro. K. (1932). ··Enginccrin!! :~ci"imOhlgy:.......Notcs on 

Amcri-:an Lc:cturc~ ... Am. SiJt:. Cm1 Engr. froc., 58 {4), 
1-4). 

' T:tN=r, S. (1906). "Somc l0cal Ef'kcts of !he San Francisco 
Enrthquakc," J. Gcvíogy, 14 (4), ]03-315. 

Tak~ha~i. R. (1931). "Rcsclls of th~ Prcci.<.c Lcvcllings Exe
cutcd in the l'ann:1 R~tih,ay Tunnd and thc ~1mcrncnt 
AJen~ thc Slickcn-Sidc that Aprcarcd in thc 1unnel," 
Toi..)'U Uni1·,, F:arrlu,IUake Rcr. hnr. Llull., 9 (4), 4J5-lS3. 

Tarr, R. S., and L. ~fartin (190G) "Rccent Chanscs or 
Leve\ in thc Yakut;tt Day Rcgion, Alas.ka," G~·o!. Soc. 
Am./Ju/1., 17(1). :9-f>Í. . 

Tarr, IL S., ;.\m\ L. t\l:!rtm (191!). 1hc Etulhquakcsat Yaturat 
llay, Ahl\ka. /11 S!'f'll'lllhcr 1899; 11·ith n Prt·J/:n• by G. /(, 

tiilbt·rt, U. S. Gcolugit..·~J Survc) Pwft..·ssion~l P;.1pcr 69. 

To;,;ha. D. (I!J5ú). "f\tovcmcnt nn ll'c Rainbow Mountain 
F;tult tJ-.:cvada!,'' in ''Thc Fallon·Stilh.,atcr Eatthquakcs 

ol July 6, !95-l, ;.tnJ Ausust 2J. 1954," Sásm. Soc. Am. 
Jiu/l., 46 (1), 10--14. . 

'úx:hcr, O. (1958). "Eanhquakc Encrgy :tnd Ground Dreak.
agc," Seis m. Soc A111. Bu/l., 48, 1-D-153. 

Tcx:h•;r, D. (19MJa). "Thc Ab!.ki.J E:lf\toquakc of Ju!y 10, 
1958, f'.hlv\'111\.'rll on thc Fain·\\.'.tth~r F~tult and hcld 
lnv~..·~i!pliOfl or SLlUI1H;rn Eri.:cntrai Rq;ÍOII," Sá.llll. Soc. 
Am. IJ,•il., SO(::!), ~l)7· !9!. 

T<Xh\.·r. D. ( 19(¡0h). ,\ftll'c'Uit'n/ an Fmdu. Procct'dingJ o{ thc• 

Saond ll'orld ('¡~ujacl/('c' 011 t:mtJ,,,,wJ..c EngiNrain.r(, Vol. 
1, pp. 5ll-5i>~. Jaran, 1%0. 

T1'>\:h\·r. O. t 19(.6). r(J/tlt Crccp ¡, San flolitt• Cou11t.t·. Cali

/owi.t, p. 7~. GeL,In~it..·~•l Snócty tlf r\ml.!rio. Corddl~ran 
S~..·ctinn ·- · Sci\nli.IIPgi~.,;al Sol.'icly o( Amcr i\.·a-- (';d..:nnto· 

lnf!ical 5\n:icl)', P;JI.:'tlic ('n;1q S..:~..:tinn, fo!J Annual Meet
ing, Rcrw, Nc,·ada. Pw!_!rJ.m. 

TlX'hcr, o.·~mu D. J. ~tilk·r (1959). "FÍI.!Id Ob.st:rY.JiiOn\ on 
Ufc(t.-. or Ala~\...a l:Hthquak~ of ll)" July 1~58," Sá,'IIU, 
129 ilJ~b) 394-395. 

T 1l\\ nk·y, S. D .• ;,tnd M.\\'. r\lk·n ( 1 l).\9). "DI:'>t..'riptivc Cat"h~ 
nf E;.J~thqu;¡~c.:~. of tht.: P;;(tlk C,t;J~t uf :he Unit1;~ St;llc~. 

.17l•'> to 19~8." S d rm. ~\'oc . . ·1111. !lid/., 2? t 1}, 1 -1'> '1. 

l'urncr. JI. W. (IR91). "M~1ha''~ Lakc lkd' ¡r!Um:l\ Cnunty, 
Ci\hf1Hnia]," l'hif<,r. S11C". lt'mll. l!ull., 11, 3S5 4lN. 

T\IPII:r,lt \\', (1896). "Funhcr Contnhution~ tll thc Gcol0~ 

~.,,f thc Sierra NcvaJa," U.S. Grul. Sw rq Ann. Rcpt., 17 
(1), 521-740. 

Turncr, lt. \V. (1897). l>l'.teript/íln o/ rh,• DcH•mit't'ilh· Quml· 

ro11¡:/c, Cali{¡mlia, U.S. Gcoloci ... :al . Survcy Gcological 
Atl><, Folio 37.·-

Ulrich. F. !'. (1941). "Thc lmpnia! V"llcy Earthquakcs of 
· 19·W," SdJw. Soc. Am. /J11II., 31 (~). IJ-31. 

U .S. ,\rmy C orrs of En~:inc,;:rs ( 1950). Gndogicul /f!n'lll);ariou 

o[ rtmlting in th(· {_("''''' ,\fiJ~is.tippi J.ldl/,')', U.S. Army 

Corps of Engin~crs Wntcrways Exrcrim.:nt Station Tcch· 
nic:ll r-.kmor;mdum J-311. 

Varne$, D. J. ( 1958). "Land,lidc Typcs and ?roccsscs," 
Ch:-.p. J in E. B. Fckd (eJ.). Lot:d.,·!idt·s a11d En,r:i11t'l'rilf/! 

Prartia, pp. '!0--H, National Rcsc~rch Council. Highway 
Rc')~J.rch Uoard Spccial Rcpl>rt 29, NAS·NRC Publi..:ation 
544. 

Veatch, A. C. (1906). Gt•o/ogy nml Umlcrgrovnd JVurer R, ... 

sourct•s o( Norrhcrn Lo11iJinm1 and Smalll'rn Arkmrsa1, 

U.S. Gcological Sur.·~y Profcssional Paper 46. 

Vedder, J. G .. and R. D. Brown. Jr. (1968). "Structurnl'and 
Str:lligraphic Rcbtions Along thc Nacimiento Fau\t in thc 
Southern Santa Luci.::t R~lí11!C and S;tn RafJc:l Mountair:s, 

California," in .W. R. Dickinson and A. Grantz (;:(.ls.), 

Proceeding_r of rhc Confcrcna iJII Gt·ologic P1ohlems o( /!u! 

Sun Amlrt'ns Faull Sy.Hcm, Scptt'lnbt·r J.1-16; /967, Stanford 

Uniw:rsir)•, pp. 24:! -~59, Stanford, CJ!ifornia: Stanford 
Univcrsity Prcss. 

Wallace. R. E. (1968). "Notes on Strcam Channcls O!Tset 
by·thc San Andrc~ts Fault, s~'uthcrn Co:1st Rang.~. Cali
furnia," in \V. R. Di..:kinson and A. Grantz (cds.), Pro· 
ccnlim:.t of the Cnnjácncc tm Gt·ofol•ic Pn,/·lmn o{ rht 

· St1" Andrt"m f(w/t Sx~ilcm, St•prl'lnht·r 14-16, 1967, Stc{lf

ford Unhcnity, pp. 6-21, Stanford, California: Swnfonl 
Univcrsity Prc~s. 

Wallacc, R. E., ami E. F. Roth (19(,7). "Ratos and Pott<rns 
of Progrc'i:o.ivc Ddormation~ ... in R. D. Drown, Jr., ,., al .• 
Tht' l'urJ../ic/;1-Chúlonu:, Co/ifonlitt, [.'artltqlltl/..es t•{ Jont>
AugliSI /966-·SIIrjc:rc G'enlo::i<· E/li·cts, Waft•r-RcJOIITCl'-S 

ÁJPt'CIS, tllld Prl'iimilll1r)' Sci.1111iC' Data, pp. 23-40, U.S. 
Gcol0¡;icnl Survcy l'rufc.,,ion:.:.l Parcr 5 79 .. 

Wcavcr, P., and M f\-1. Sheet'\ (1962). "Active F~tults, .Sub
sid~n..:c, i.tnJ FounJ:1ti\Hl Pr\1bk:ms in thc Hou\tún, Tc.,as, 
Arca," in E. H. lbinwatcr, anJ H. 1'. Zill!;UIJ, C('o/rt.('Y t~/ 

1/11' C:ulf Cucut ami ('('llfral Tex:B and (;¡¡j¡/,·l,v,:J.._, uf. 

F..(CI/nimu, pp .. ~5-l .:_'!(¡5, Ccolll)-!t.:al Socicty of A:ncri..:a 

anJ As~oci;Hcú SllÓctic~. Annual M~,."Ctin~. Hou!.ton, 
Tc.'\35. 

Whitney, J. D. (1:~8H). "Thc Owens Valley Earthquakc," 
in W. A. Goodyc;¡r, lnyo Cumay. pp. :!3&-JrO, California 
Minin..: Burc:.1u Ei~llth AnnuJ-1 Rcport Stalc Min¡;r;\IO&l'it. 

Whillcn, C. A. (195S) .. \/nwm·nft•nr.r o/ Emth ,\liH't'lllfl!l1 iff 
Colif!.Jrlliu, pp. 75-HO, Cal¡forni:.~ Divisioo cf Mi1w5 Uul· 
lctin 1'11. 

---~--------------- ----------~ ---------



. ._, 

74 SURFACE FAULTINC. ANO RELATED fffECTS 116 Chop. 3 

Whillcn, C. A. (1961). ''Mt::Jo;urcrnl'nl ü( Sm.1!1 M~lv('O\cnl~ 

in lhc E;nth't Cru\t," Arad. Sri. f,·n~linu ... 1,11. Srr. A, 
(ir•rd. G~ograplr. Suonwluinttf Tict!faJ.:Mtmw, J {M), 

Jl~-320. 

Whillcn. C. A. (f966). "Cruo;t;tl Movcment~ fr0m Trianpl· 
IJ!it'n Mca;\un:mcnt~." in ESSA S.•'m{"f•sium ,,,, f11rthqt1c1h• 

fn·rhoion. Rorkn1h·. Marrlancl, 1966, rP- 7:--76, U.S. 
[nvaronmcnt:ll Sc1enct: Sc,""Viccs Admlnistratil:ll. Washrng· 
tun. U.S. Gon;rnment Printing Officc:. 

Wo~~m,, 1'. N. (1954). ''Gcolo¡:y of H>m Gomtt 0il Ficld, 
K:JUfman County, Tcxa.s,'' Am. Assoc. Pttrol. G,·vl. Bull., 
38m. 306-318. 

Wilt. J. W. (19.58). "McJ.!.urcd Movement Alonr, the Surface 
Tr~tce of an Actl\·e Thrusl f.:tull in the Buena Vista Hills, 
Ktrn County, California," Sásm. Soc. Am. 811!1., 48 (2), 
169-176 . 

\\'itL.in\1, l. J. (19(..4). ''RC"acti\'~\lc.-d Fault~ Nnrth of Hcbccn 
Lü;c," In TJ,,. Jl,·bgcll J.aA,·. ¡\(rHI/rJI1¡J, r~ur.'IIJIItl~'(' ,. .. 

• .fu¡.otnt 17, /V)V, pp. 37-~U. lJ.S. Gcnlogi~.1l Survcy Prr.. 
fcuion;¡l 1'.1pcr 435. 

Will.inol, l. J.,J. R. llodlry, onol W. 11. Nd""' (1%4): "l'rc· 
TC'niary StrJII~rJphy ;md Stru..:turc of thc f kbl!cn Lake 
Are:1," in Tlw Jlt·bgr'' Lak(', J¡¡,,,/OIW, Et~rthquakt' o/ 
August 17, 1959, pp. 199·c07, U.S. Gcolu¡;ical Survey 
Profcssionol l'apo:r 435. 

\Vollml. G. 1'. (19~81. "Arcos of Tcclonic Activity in thc 
Uni1cd StJ.[CS J'i lndi.::J:cd t-y EarthquaL.c Epiccntcrs ... 
Am. Ga,rhys. Unimr Tram., 39 (6}, 1135-1150. 

Wuod, H. O. (1955). "The 1857 [orlhquakc in California," 
S.-ism. Sor. A m. [)¡¡//., 4S (1), 47-67. 

----·--·-------~-----·--~--· ---· ·-----~- -----··-·--



DIVISION DE EDUCACION CONTINUA 
FACULTAD DE INGENIERIA U.N.A.M. 

MECAl'liCA DE ROCAS APLICADA i\ LA ~llNERIA Y i\ JJ\ CONSTRUCCION 

1l!E GEOHE01ANICS ClASSlFICATION IN ROCK ENGINEERING N'PLICATIONS 

MAYO, 1985 

Palacio de M\il:oria. Calle de iacuba 5 primor piso . ne'leg. \:uauhtémoc 06000 Mé).ICC, O.F. Tel.: 5;l1-40-20 Apdo. PO~tal M-2285 



IQtt\.f'lnl•¡<JtS 

·~.,t ce~: ..... ,. 

1v~nt 

.& 'J"OlJI'·r· 

.. ~Y.r:r<~lt't'o" 
1''~fr j 1 'ft)rlt 

O:<:''l"~t.~.lt:l..•'' 't 

,. h 'ifctut.r;1qve 

h.thln!r : h 
r.c.·n ,,..,.!t~nt ~t 

nt e~ \{\ (!re:~t~ 

.. 
h ::;r~( t~o" 'tn 
df~r'•·;~~ · .lr~ 

rl,.ur C,. 1'~u~~• 

rC~•tr,~t ~trn~~t 

arrb~t\ dt f•~cn 

'1nt,.rir:.u· dt 

• w ..... e. 

, . ~ . . . 
--~J ......... :.;.........:J~~.:..-~.t.......-.--...u.-.:...,.......: . .___~ .... , .. .a:.,.;..; .... ~~c.......:..il.r_!W6,~~ ... ;~~~ ..... 

¡ AJ 1 <: ;,·. < ( 1..,:, •. .,.: : .. '. c.""' . '. <''í )·: 1tu~·:· fl. 
Vto/.. ::? ,1./ti.'ll'f:i/,. .~U/:.:.'1:~ !'/ Jy r ... 

., lfl[ GEOMCCIIANICS GLAS~.JJ'JC.\TlOI·IIN IIOCK wr;JN((Jllf.IG APPLICATIOfiS 

1 

1 
1 

1 
1 
! 

1 
1 

S\r.'VJI.T: 

Cl95~lllc,llion \:l>t')tTH'r:nnt<luO '·'' :".'Jn Apphcnltón pottr futg~~nu:ur di'' fOChO!J 

Goomcc_hanisLhO Gcb•rg~J...In~utltltorung und thffJ Anwcndunl) in fcl3bau 

tll.lrtSSOl t. T. ltn.tA~·~J:t-, D~((f.lll) 

Pt<'t•••<'r el .. ,n,.r•l (••·.tnu•rlnt. 
rh• r.nn•r!~&nla st~l• ~nl~~r•lty 
thltur•lty ru_•• fA hNl, USA 11(1 

Th• (.~ocaclP•ntc• Clttalfi•.Hh.t .,t ro-:k n~•B•·• ,..l, pr<>on""'<i tn 197) anJ h.11 •l!H·o bc•TI tppllrd to 1uc.h •nrl..-4 
rCK~ ..rr.alr:~~·rln¡o rro)#Ct~ _,., to..:r;nrl~. ~·""'"'• .;ot>r• .._,~o.~ l.,¡.,,...~•tlont In civil ,;o~l.lni'IHI/'hl '""J te. h;wlu:tlll •·~ 
ll\uobrr• 11'1 alr:tr,a.. ~h~ cl~~,::tc.'lttnu 11 b.~ • ..._, en eh par.>,.ctc-r•: fht vn1~xl.1l ~o~pr.-~H'/111 ttrc:n~th o• tl'lo 

( 

ro<:k •Htrlt1, d~~ll cor• ·~.~ .. l!:v ~.~,:~ •• ,..~In¡¡, orl.rl·t .. tl<'n .. ,,¡ ..:ondltlcn vi <:11':<>ntlnu~th:~ .. ...a ..;r'"'"d".:uCr C..)n

<iltlonl. !cpon.:I"C~ t:H:rt' 1fl •l;u,·~~l"d lO Cl.o~h ;>.~o~,¡.:.o.-c~r .~oud tot.sl rD<"• .. .:...~ r.l~tn.•.t H~w,:¡¡ !ur ti~., r">c-.,_ e••• 
el••••• •r~ lp .. cHicl. :hh rJpu ••~UUtlt~• th• r . .¡nr1c:'lcl ao~.t.ru:,J wLtl\ t~1• cl&lllltc. .. tlon 1:~. ti'!• pu.t tlv• )'IJtO. 

1Ut.."H7.: 
t.<~ Cl•~•lftc.nlo!l r;;,.·.rc~nlq•H, une cl11111!f!c•tton pour 1'1n,¡Cntw .. r dt• •-"•••• di' roch#t fracttl~~·•· 1 :t. prupn1Jo 
I'<S l~J) ~t • iti: Jr;-llr;oi- .-r: ln;;u•l.,rlt ::t.,lt .. r >::lln~.-r.-. tilO' •l•'<Jrn•l J,. 1\• pH.l.L::.:tr~.: l;a r•tl1t~n:;-f' l 1• 
~u•lltf dr" c•rtottrs d" '"fl'!-lr~ ..,•,u:r>·•o:• \vslo!''Jt ,:t;;:,J, tup."r-H-C. o~~rntatlcn re ~C.It t.!t"s !lst"ro:~, ll: 11!.• 
v•n.u,., d'tau BOUtl'rrJ!n~. u•. ¿,:(¡n¡~ úr.' ""leer tt'l.tb'<!• ,, .. ,r ~~'"'i'a~ ¡:a~!..Q;,trl ~t a •• ·¡,.Jo:n:t<l tiJt"l~~ ¡><;tlt' l.a 
OMite rodu·uil~ IR.'tR). CHI• (OI:<:Itua.lce.t1J11 ~-.:l~f'"IOit un r·,.~· .!r <l-.1-Pt'TI<:!nce IIVPC. (rtt• (~ltlltl.c.st101o p~:-.J-t lr1 
C•rnl~r~ clnq •na. 

lUSA.'C'i'L" i I.!:SirnC: 
Ch C""'"""~h.1n!1~ht Crblr·~,1d.an~!l::l..rl.ln(. tlne !¡;r drn In~~;••l;_,,r bo::<ttl~!l U:HJI!.t!::luvr.¡:: r;.it" il;¡:·tl,-;oe-s Ctbtnt 
v!rd •rot&t••:t.l.l~cr. In 1.-,"J "ud U; ~ .. .,:ro~o~nlt""r"'"~rn uf\..1 e~r;;:~.r·• ~,..,_.,,.,.,,_~ .. t wl~J.. ~:• ~;o..:;-.·1~: •'.eh aut , .. ~1-s 
Par_l.,.r: Jlr e!nJ<:h\:11" l..o·t~t'ln.lfv~o.IPitL:~o:lt, <111 ~ ... ,.li~.>~ ~~~r "-"·''""•"ncn lhlhrlu~~nr o;.1;;,- L.'O'rt). j,·:'l Kluft~':l~ 

u~ •. J, ·H~ KlulttCf'li:.n.l .,,,¡ d~n !•J1t.1:-u1 <ler •hit.,. ,..,.,.1•! .:u\-~·-'"! l..r~.>r.·J••~~H·Pu:\u~~- .'.,.Jer Par,U'!":t~r "'~-i <'111-:.'; 
•t!ucr rt::~(.,'<'rj IJtO,t~~ul~ lo"!',..._.r~t-t u;,u o.l!v .• _.~...,.t:,._,rw,.rti.rt;; o..l._.l I.""Oa¡;:rt t?.'O:A) "ti-<i .!vt1:uut. O!.,lf .\al.s,a<.c 

tu...uHo!ouJt •Ue I:.rt.a.hr;m.¡ u\c dt•:t'l' IUauo~!i:ltnonJI. ..,_.h~ .. ~ die •·•q¡,.ln&¡;-r.c ~Ünf Ji.lue. 

En¡tr.t:tftl'l& cln•lftc.Hir."• of roclr. '"'"~~~• art 
•ctn.,.,le-J~rd tf)<!J:t o~• JI ncc'"··H:W .t,\)unct lto( ~~J•~•lnll 
I'O<lt •·••• ccn•J lr h•:,_t f~·r ._. .. ~ )':• .. rln~ p•.rp<l'J>'I. ~n! 1 
... b}•rt h.,. rn~·l"•~l rur.•::.!•.• •11l1 ~\t.-r-t~vn IOI\v...,~:>~ 
tr.o p1.:¡ortr1nr . ._ . .,ri ~., :.r:1~"~ (:?:./)¡, :... ... !lrr (i'lJ!i) 

•nJ il~o:r# (l'll,.:.¡, : .• f., r,·.·o·:~• .• ~. thrr~ ~I.:1•~-~:~~--~1V'I 
•J'•t•"• h.l~f' t.,.r, .-.1.-n~tv·h .....,,¡ .•• ~;:¡ ll•rtlt".ll.uh ln 
t~• flf'IJ'of tu""1Pih•¡;;. ;•,.ap >~vr~: th<: R~'1. ,·...,n~r¡H by 
kltcll' .. t• •t 11\. (I'Ji~i. t·.~ \.~,..,.,eh.1nlct l:l.:1•4ill.:HI<U' 
bJ l.ltnl•"~l..t ¡¡qi}) Jr1J !1-..· '-~-~ •• :,· . .., !!~ a.uton •t lJ, 
(lq1ilo). A ,.,,.,:->rr <"! C<•,..,;-.H~tlv+ t:•o·H•' ~~~~• ho''n ... un• 
C"<tN 1Loo:n¡¡ •t ,.,,,.~,n~ u ..... ct•·~lll".ltl.•n •~·~••• 
(ro.'"'" f"l"t <.>f '-'lrw ~~ th .. ;~ ... ot ~rrth .. lton, 11•• 
llrcv.ti<'Y o( ¡.ofr·lh't !rn .ol\l ·"'' r•••Ud~ turr.-l .• tl~·'l, 
lr...1!'otu"• ¡~;), •twnt~~·•l, 11/D, '\Ar! ''1, 1•11" ~:-.J 
LottotJ;¡,, 19!!\. Ir 1 H<.·l" IH tlol -~"frvt l,t·o,'O,), 1 

tot•l of lll f"~• .,lotr.rl~t '""'"' .:lnalr~r-t tn~.,~tln:t 
r.,~cl• 1nd ch""'h••• Ir··' •r!" ~rr1o1, (•off'PI. -. .... ,,~, 
•ttlc• 11o.J A•utt•ll• .,,., t'•• l•dlu.,.tna r•l.•tLo~n•hJp 
....,, dtrh~:d: 

lita • ' le., .. Q ..... (1) 

~.•r• PJ"íR 1• t!\01 r<>c:. ...... tlltll'lll :~.,.., t~ .. c.,.,__..,cn•~!~" 

Cl~•~1tl~atio~ •nJ Q 11 th• rock ~e~• q~ttcv tr~ th~ 
Q-Sy~t=. 

P.rc~:'ltl·!, R·.tlt"<1~t<' (l·H'I) correl•t•J th~t~ c:IJ'"!~ 
rt~.-: \,;.n ~.,,:....; .. o" t~,.,. ~hU ot .'l:t tv':lntlt '-" ~~~~d~· 
._.no:-. ~" li•\1 Z .. •l•noi. ho:o \ll'rlv~ t:ll {r>ll ...... ~~ fo'lU~·'•,_ 

~-"\~ ll.~ lof. Q + 4l (2} 
II.Sil 0.11 ~.'<.-( ~ 12.4 (}) 
~~R • ll.l ~~~ 1 + '~-~ l4) 

""'•n• J:->11 lt eh• R.oc'>l ~trYtt•HI 1.tct.·4 ctttr Wlo::\l.-
•~ ~t.. l9: l. 

!'<•H•l>l• .-t•val<>P"''""C'I In eh• L••H ''"" 1~•vt '""" 
car-al.."ll to.elo. •••• rl••~~otfn•• lo"" (•U ... .w .. , ••..-•• li-11 

2. 1 ~.!'-~ .. ·:.~_,_".~:..!!!.! rr 1 '-(~' _t t·•:-:.~ 
•\o ... ,.., tn .. .,,¡, ·'!'¡•ot•"H'"'~" ol ,.., .. ~"'"•fl4•olft~ 

Catlon-l h.•,.~· tr.t.lltl••••·dlJ h.·,·n lo\ t'"'"'"'A'• (1\t· ""' 

••<.,•:ol.:e •.la••ifl;::ltl"" 11 ~n U•'.~~•(h>n !.,,.¡.,, ho'"'" 

a.l•" "i'~l!•<.l co GU1•r ~ruj.-c;t• ••1J a.•Jl 11<1l1 (<1 ''""'"" 
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llc":.l l. r. .. lmlfchanlr• Claaalflcalton t~( rock Mlns: 0\ltPYt fot twtna11na. Plothd polr"IC.• nprf'••nt 
r&a• tlatorlcl aludlc4. 

Onot r1l.lro:•i tunncJ U.!l11 dt,.."c.uer "'"' J.Blll lonr.l tn~ 
...... ~ • .-1. .o y•~.if Jvn11, t.:~nnel ,.._,n:torln;: rro¡t;tan ftoH\.ITlDI 

at•· .. ~·~ ~·•"rl.!ll[ at.UI••n1, nu• data :rua~ ~o~:O.h·n ~ .... 
~atu;:tl•te1 lr'l <;'Jn)u~.:;tiOI\ vlll'l u ... Crll~accl:antca Cl.usl· 
1 ~·.·at\vn l'i r"·~r.rdo·d .~,.rlr>( CC""~ttr·;ctlon (lll.:nlav .. ~t 
•nJ ~-.t- .. Jo., 197~). T:~~ .:;l•ullic.Hivt~ t•ttriiU u.-u 
..:vr r.e ... tt<> "'lth auch (' 1t1 .11 tl"'• .• ,.,., ... ut 1·l roe k aoov~r· 

-nt, ti ... tOtl' of f&Ct' .r.•fV.or,(t 11\<1 th" IU!'I!'IH( Ult'<!. 

In ad!lllon, ~~ t~ll tunn~l w~w t~~racc~tll~d b• 
ht·")'f VH!o~l• c"rd:tl('l\\- fro11 .,,.,., ro11r rock to 

v•ry l"OJ rvc;. - t<H:ÍI tu¡•ru~rt r.,.,~,;¡r,.lll~·ntlil "'"'"" 
•tl!-..!~~. lor to:-;urJ~oo purp<>~""· by -ntne ~tlter-
ent cl.ualftcolttofl av•tuu IUtnt.w~kt, 1916). 

.v>otloer rro¡ .. ct 
lutt.,l'l In tt• v .. rld. 
lo"t ~nJ t.,.~~ o-... ter. 

Jn,.olv•J thr 1'-'nK<'It rontlnv~"•Jt 

1 v~t•r con~r•l"nca tunncl N~k~~ 

lh• r.,., • .,_.,,.,,nll'a (1.1t11tlr•-

tlon ""~• c•:•,.·.t .. rly aprJI,.d anJ • ductoral dlaeerta• 
tl.on rtpcrtl o,,. lln·Hnr.• IOitvhr, l'fl1). 

Ap¡·lt.;atl'"'~ to l.ltJI• unú,.rs;ruund cavarna tor 
hydr~·c:httr 1.: a..:hr-• wrr• ¡>Ari.trulonh u1.:lul 

brt.:tuu 1 r 1!'1.;1 ot unsurportl'd ''~"' coJuld ba llY<ilt4 
Uoua ¡>r,>llld lilA ¡,~ ..,,.,.11 ton o!'l thw tnlluwri.:a o( 

tvnn•l ,, ... ''" ,..,., at .. bllit'l of tha autroundtnc 
1vo..a -•• (Uao\lav~oklo 1918). . 

4.. J. .. rr l_l_r_•_•..!:_n!...~~·-'-!'l.!.! 
•: ... '.,·o·u <'•·•nltl t:l~••lltr .. tlnf\ ·.,., appll•4 to 

ro<~ ,tor•• hY H•ffe-,.., I'Hb, In SINtl\ Alrlc8 ~~ 
1 . ...,_ )"''"'· l'lill. In C..r-nr. 

h •twuld b• ruH•d that tl''l.l Wor•ctwntca Cbui/1 8 

..:•tlun pruYL•l"•• •• 111 out;u .. t, th• culot'tlun and lrtcthlll 
daca '"' tha ! !ve rO( k .,.,, el•••••· Stalhn, 19111 

chsalff~d )~ tlupu, ol vttch 20: h.1d hlltd, \ltln¡ tba 
C'"""r-•chanltt Ct., .. ~Utt4tlon o~nd b-111~.1 ·'" Hoe av~r•~t• 
v"lu•t ot cot,.,~¡,,.., .. ,.d lflttl..,n so t•t·t•Znu, ht- calcula~ 

(l<d t:h ( .. L[Of' 01 I .. J4t)' 1,111..,~ (t"oe d4'•\;:n (t\aftl ~~~
.by hOPO. lt\J ar1~, J9/l, n .• Tt''IUJtS .....-r .. t•lOt(t'd fa 

thl' loo·-. ol • hutr:ou.u• •h"""'ln.: th• he--;·.,.•ncy of occur-
r .. .,c,. vrrlul th~ ! .. tror ol -~le-tY, A d•ltnlt• 1t1tlttl• 
tal tr•nd .. ,., fo·:ol1. 11....,e-••r. c•utlnn ,,.,.,..t,s bl!! aser~ 
Clll'( vhl'n I?PI .. InJ th\1 ti11,1IIC..HI<'n 10 roe~ tll)pll 
11n'or D<Ht ~.:1St ht,tort~, nr~d to be .r••I.HI!d. ll.l!'tr•rch 
'tn tht• rurrct h currenti'l con<.hicttJ bp X, IJ, John ta 
C..n.ny. 

-'·) ~!'..P.ll~SJ_a~,....!.';'_~~...!J~~~.'!.r.t.~n...! 
l\"'r tul!' d•-•llr of !Otl. Jou~o.J~l!O!"II, lo.now\adJI Ot 

th• -.>dvlut o! dd•·r .. ~!->Jilly of ro<l• ....... ,,la ol priiM 
I•OOrl&l'\tl. Hu• <..-u•rc!"llllltl Clltllltc,l\\01\ w•t found 
•"vutwl ..,th<•.:l I<H ••1\ll.•fln:~ tn 111u dof<.lnao~b1llty ot 
roe• -•••• lll<""l• .... u, l'ri::IL lid~ h .~ .. ._.,..alr.n•• 
lt1 ft¡vrt l .. oJ, •• wlll M ••en, t.h~ ~uii<Nln& co.- ... 1e· 
tlon w•• obtalnl.d: 

r"'1 "' 2 • IU'III: ~ 100 U) 
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..1 
Proo.•t.>di"IJf o/ thf' S¡·mpos•Úm cm [,¡¡:orJ(Irm lor Rnck [nyinct~ring 1 Johmnt'súurg 1 Novcmbcr 1916 

Reccnt expericnccs with the Q-systcin 
of tunnel support design 

SUI·l/1ARY 

The Q-sy'itet:'l of ~·ock mass classification and S'J;:port 
design is b.;sed on a nu:;,erical asses-;r:u~nt of th~ rack 
mass quality using Si" differ·ent parar.et~rs. T"le 
six pardrneters ccnsist of -the RQO, the r.un:ber of joint 
sets, the rou~_¡hness of th!? most. unf·n•ourable ioint or 
discontinuity, tire degree of alteration or fi~1ing of 
the most ur.f"ivourable joint or discontinuity, tLe 
degree of 'rlalf!r" infloot, nnd tt:e ~tres•, concitinn. 
Another cla~sification s;stcm, the Geomechanics 
Classificatüm (Blenlawski, 1973, 197~) is also ~-ased 
on six l)arar..eters. QualiLHive differences betJjeen 
the two mctt:ods are discussed. 

The 200 case recor·ds thdt '.-J~r·c analyc;<::>d.when 
developing the Q-sy~tr~. includeJ ::1or-e th.)n JO .:ases 
of permanently unsu;:¡portrd openings. An analy:;is of 
the rock rnaSS' chari!Ctt!risti-:s involvcd nJs shoN" thdt 
certdin characteristics M'e t•sscnti.:ll ;r :1n exc.1·1ation 
is to be left pcr;;:anently.unsuprorteé. lf the :-.. ninur:1 
unsupported Spt1n for a givcn Q-~·alu~ is exccf'deC, the 
sa_fe life of the CACdvation n1ay be sfJor~ened. A 
prelimindry <lttemnt is rrade to correlate stand-~~ 
tir.1e, rack mass quality Q, and spJn ·,.;idth. 

The Q-system nas .been applied on sever.¡J projects in 
Scandinavia and abroad s1nce its Ce..-elopmcnt in 
1973/1974. f,n exa~p!e of a reccnt ap:-lication is 
given in detail. Tr.e p!·eliminary 'O'S:.imates of 
permanent su~;>or·t for a 19 r.u~tres spa:1 undergr;J:;nC 
rowe1· house wcr·e obtained from an Jnalvsis of 
con~logs. In d suosequent site visit ihe O·systc'"'l was 
applicd ::•t-::i~:J. The fín.il estir1:at~s of rer~dnf'nt 
support were found to cor.-.¡Ja•·c ;-:~11 with thP. 
prcliminary estimates. Core logs, s~ismic proflles 
and sur·face t:~Joping were t.:sed as a basis for 
prel iminary Ces igil of pcmanent suppQr"t for the 
9 mctrcs sp,1n toilr.1ce tunnel, J~,~in t:sing the 
Q-systcm. This tunnel is prcsently tmG~r constr.Jction 
so comparison of predicted and actt.:al support is not 
yet possible. 

J\l.'Y f..'CR~S 

Rock mass, classification, tunncl, powerhouse, 
support, borecore, CJSC record. 

INTROOUCT 1011 

The six paramctcrs chosen to d('Scribe the rack russ 
qu<llit_y O ureas follows.: 

10"1 

RQD rack quality designation (Ooero, '1963) 

Jn joint set number 

Jr joint rowJhncss nt .. ::-:Der 

J, joint alteration numbcr 

J,. joint water redrJct'ion factor 

SRF stress rcduction factor 

These parameters are co~:~bined in pairs and are found 
to be crude measures of: 

l. relativc l;llock size (RQO/Jn) 

Z. inte'"-block shcdr strength (J/Ja) ('?tdn ·~·) 

. 3. active stress (Jw/SRF) 

The ovcr·<'lll qua.lity O 1s cqual to the Droduct o( the 
threc p<'l: rs: 

O • (RQD/J
0

) . (J /J ) . (J /SRF) r a w (1) 

:hus, the fc-llo·..;ing r0d rr.ass would be most favo'Jr~bi~ 
for tur.nel s:Jbilit.y: hil}h ROD·vabe, s~ail num~cr uf 
joint sets, aoprrciable jolnt roughness, ~inimal joint 
altcration of filiinl), minir.:a.l \•'Jtcr inflo.,., and 
favourable stress levels. 

lndi•tidual rating> of the sh pdrdflleters ~:"l'IC ~ee., 
publi:;hed r.rev~o:.;sly, toget.her"" with detcilC'd sup~urt 
t3bles fror.1 ~-tr.ic~l est ir;:J.tes of appropri.:!tc -~enr.;:~n~nt 
s;.~port can t:e obtained. In vie·,¡ of the 1.;ct that 110 

char.ges have teen found necessary, the ~urrort t.1.bi~s 
_are nct repeated in this raoer, <!nrJ r·cac·~··s sho:.rlc 
ccnsult two earlier pu':llic.ltions for such details 
(8al"tcn, Lien and Lt.inde 1974, 1975). 1-iov.·e·.·e¡· the 
cldssification ratings are giver. here (<;~<¿ :.poenclid 
so thJ.t the following excn:rles of su~1port pr~dict1Ó" 
and clussification pl·Jilosouhy r...\'f :;¡e rrore c~sily 
follo .... ·ed. These classification ratings ·lrf. also 
unchangcd from the oriQinal. 

COMPARJS0/1 WJHi lHE GEOI<ECHANICS 

CLASSJFICATIOII SYSTEM 

It is not thc intcn~ion here to make a quantitative 
compat·i!.on bcti'-CC'ro the 0-syste:--: .u:d Gíena-...s•.i's 
(1974) Gcor.~L'chanic:; Classificat.ion since u-, 1s i!. done 
in the l;:l!nerJ r revicw raper in this sym;¡osiv::~. 
fiOWl'V('r, r.e•·tdln q;rJlitative diff('rences cJn be 
mcntioned ~hich serve ~s a useful basis for 
discussi.,n. 

----------~-----·-----------------·~..:._ ____________ . 
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Ch:.-¡it'lw'iki ( 1914) rJte5 lhl! follor/Ínl) six paramctc,·s 
in hls system: 

1. Unia.-:i.:ll comprc:.slvc ~trcruJth of tock material. 

2. Dril\. corc· rJlMlity R(JD. 

3. Spacing of joints. 

4. Condition of joints. 

S. Ground.,.1atcr conditions. 

6. Oriental ion of joint~. 

It can be secn that stre:,s is not uscd ~pccifically 
as a parar.l(>ter .though it is ap¡>ar·craly 'tlh~n sclecting 
support r.;cilsures. 1~ the f)-system,.thc r~ti~ (';c/o 1) 
(unconfincd compress1on strcnqth/mdJOr pnnclpJ.l 
stress) is considcrcd il 1norc rcalistic m~thod of 
trcating this "rack burst" factor, and in fact the 
onset of rock burs~inl) and slabbing probler:1s Cé\n be 
qu1te accuratcly predictcd (sce App~ndix, Tablc 6U). 
The Q-system dlso uccounts for ~·-'•'·•···::'•l:l caus~d by 
sh~ar zones and faults, and :'t/11•:._,::[,,:, ond ~~~Jdtú1:1 
ground. 

A common factor betwccn thc t·,¡o systems is thc use of 
Oeere's (1963) ROO. Hm1evcr [3icn;n¡ski ,)lso inc1udcs 
joint ::;l.l•~:':J and .-;¡•:'•:•:t .• Hic:':, whlle thc Q-syst,~m 
only considcrs the 1::.:~:. ¡· t:;' .f·J.:n~ :;."·te. The. 
significancc of thc num:.•cr of joint scts, roartlcul:~rly 
in the case of unsupportcd tunncls has been d1scussed 
at sorne length by_ Barton {1976). 

The exclusion of ,:r/.:ru .. :.~;>:•t as a sepJrate parameter 
in thc Q-system has bcen critirisc.l quite widely, but 
possibly thc basic philosoph.:¡ of the Q·system has not 
been fully appreciated by thrse C':Hl(Crr.ed. 

In all publ ications it has bccn emphasio;cd that the 
parametcrs J .;a(•: ~ r• ·:,_-,::•:•::::; •lw-:(:,·I', (Append i).: 
Table 3) andrJ . .:.·.-:•!' r:.'.'.·t·::.;:,;,¡ •u, ... :f.:r•, (t\ppcndix:-
Table 4) shouJ8 apply to the joint set or .single 
discontinuity most likely to ... u(-...;::.:;"/, ..... :· .. • !··::::·:t .... 
Thc orientation of thc ·fcatun~··rc1ativc to the 
~xcavation is implicit in thrse instructions. A 
practical cxamplc ~Jy be useful here. 1he 0-system 
was reccntly used for estin.atinCJ the· '>llt'POrt 
requiremcnts of a 19 n~c.ters spJn hydro pm~er caven\ 
anda parallel gate gallc,·y of 3.5 li'Cters span . ."\ 
vertical narrow she."¿¡r zonc intcrsccted thc ox"is of 
both excavatior.s, r.1ore or less perper.d"icularly. 
Besides othcr joint scts tt1er~ wa~ also a sct of 
unfavourably o,·ientotcd smooth, undulating joints 
dipping at about 50 fro1n the doo~nstn~,,~, ~.·alls. íhc 
minimum value of J /J is obviously obtaincd ft·o~~ thc 
shear zone. Ho•~ev6r,adue to its favourublc 
orientation this was iQnol"t.'d in the cl,\ssificatiorc 
and the slightly highcr ..,,,1uc of J /J for thc 
unfavourably odcnt,,ted jroints wasrcoH~.idL'n~d ~:Me 
relcvdnt. !f.tl:e shear zone had bcen loase,· ,\PJ cl.\y 
bearing, then cleat·ly it wou1d rc-cstablish itsclf as 
the potential. source of failurc, und a 1owcr 0-•,aluc 
and heavier support would result. 

Bienawski (1974) appcars to h,lVe favotn·ed UH' ~·: 
rating·for :';·.:.·:··:_¡ and .;,·::.·•::•:::·,:n of the differcnt 
joint scts according to the case record givcn in his 
pape,·. 

The vcry detailcd treatn.L•nt of joint ¡·,·:,:1·:•: ·.·:· C~nd 
rJ!.t,·r•,¡tf(": which is perh.1ps the stronge-.;t fe.Hvt·e of 
the Q-systcm is not particul.1rly cmphJsised in the 
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Gcomech.lnics Classification. rn his original Vt:'I'Sion 
Bicniawski (1973) considered ti1C condition of joints 
under thrce dcscriptive terms: •.;· •tl:rr•rt:1 
(S ratinrys¡, r.•·r·w•n.¡:rm r.f j--ú•:t" (S ratlngs~ <0.1 lllrn 
up to :.S mm) and ,.,,,¡tin.¡U!I o/ .ir'lútt.~· {5 ratln')S, not 
continuouo; up to cont~OIIQUS with IJC•JI)C). !n his 1974 
public.1tiOn Oicn,Jwski cont1cnscd.thcse· threc tcrms to 
cxmrUtiP•I nf .i(•i•1t:: 'rlhich again hus five ratingso 
from ur.r11 t~·:,;d, .:•T·H'•H.z·,,,r -:a. 1 •...• ,, rtl'lt can~¡",,·.,·;:..::, 
up to (l¡J~n· >S n.,,, continuous' qouge >5 mm. in~¡~ •. 
most reccnt IJUblication {')cncral ,·cview papcr, th1s 
symposium) Oien:a~Jski also includc5 joint rOu<Jhness 
in his fourth parcln:etcr c·mdü::v,, o[ jo:'nt:;. 

MAXIMUM SPANS FOR UNSUPPORTED EXCAVATIONS 

A very inte,·csting arca of application for thc 
0-system is in the recognition of rack mJss 
charactcristics required for saf~ operation of 
permancntly unsu¡1portcd openings. A Cetailed unalys"is 
of all thc dvai1ob1e case records of unsupportcd 
excavations (Barton, 1976) revcalcd the follo·.~ir'lg 
requirements. (The ratings of the various pJrorceters 
should be chccked against the descriptil)rlS g1ven 1n 
the Appendix). 

fi,_•,¡nnl. , ... ·,"1u::r•,:...-,;nt:: for pCr.'""1.11tCil; l;_1 ur.:;upt'"'or~c.J 

o¡;cnú1:1.::. 

1. J
0

S9, J,.~l.O. Ja~l.O, Jw=l.O, SRF~2.5 

2. lf RQD' 4D, should ha. ve J
0 

S 2 

3' 1 f J , 9. . n should have Jr o 1.5 and P.QD,90 

4. 1 f J,, 1, should have J
0

< 4 

5' 1 f SRF> 1, should ha ve Jr;: l. 5 

6. 1 f SPIHl > 10 ::1, st10uld ha ve Jn '9 

7. lf SPAN > 20 m, should ha ve Jn ' ' and SRF ~ l 

Existing natura 1 and man·madc openin<;s "indicate that 
very 1argc tlnsupportcd spans can be safely built dr.o 
utilized if the ¡·ock mJss is of sufficiently ;ligh 
quality. The ose ·rccorCs that describe uns•J!.1POI'tt'd 
man-made e(cavaticns llave spans rang1ng frorn l.2 to 
100 r:1ctrcs. lf there are only a lirnited nurr.ber of 
discontinuotlS joir1ts and the roe~ wass quality Q is 
up to ~00 ot· 1000 the max ir.um unsvppvrted SDJr. r.:ay 
on1y be limited ~y the ratio of rack str2ss/ror;~. 
strength. r:aturdlly, if this rntio becomes un~avot.r-. 
able {~ce Arpe•1dix, Tdble 6b) thc quality Q will nat 
rernain at this high value, and the maximum sofe Sf.JMl 
wi 11 be ,·cduccd. 

All thc av,Jilab1c cuse rcco1·ds of ·unsupportcd c;pans 
· ,u·c plotteJ in Fi'). l. The tcntat ive cuned t:nveloue 

is the assur,led ·· :., ...... ~~-; .:r.:-'.m :·;::·1 for r:.;•;- .. ··: ; .. 
opcninns bJs~d 011 thcse avuilablc cases. The fivc 
squan~·dat.¡ pojn:..s plotting a:Jove this curve ~~ere 
obtaincd from the huc:t~ •:.:·:,¡•,¡/. openings ot' thc 

.Carlsbad 1imestr.nc c,lverns in t:N1 ~~cxico. lf tr.e 
data for n1Jn·m.1de and natural oncninr¡s is cc~nbined, it 
is sc~n thot tn~ Jimiting envclope is approx;~ately 
1 incar. 

rt can be rc~rcsentcd by the following _simple 
eouation: 

SPAN ' 200,66 (1) 

~. ' 
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lOCK MASS OUALITT ( Q) 

~ Ci.J•clr::;: rcrrc·:ov•lt ~ i¡r. f'iQ)!-r.:"'.rlc UY.t:!cprortcd 
e.rcavatiol':.'> r···p.w~.c,l út th"! tiu:rr:t.w'C, 
Sqvflrr.r; rcprr.::cnt :~.;,-:e n<Tt.ural c-r-:múz:t~ from 
Carlnbad, ;:r:,,l :-;(·:rú•·;, TI:,: (!ta'•J··ri t!nti<'Lr:-pt? is 
an C:3t.·:"r.-.at.; o[ Uu: ~"'r...t:Úl7Wtl dc:;i(T~! .1pa11 [•JI' 
porm:men t ly W1SI1ppor•t,·d rr:mt-m.·¡,Jc op,:nin3:::. 

For desicjn purposes the evidencc of the natura 1 
caver~s i S i gnored. Sugges ted n::.ri-o:-::1..":1 dcr. ~:7'1 rp-:r!,: 
for d1ffcrent types of excavatlons are bascd on the 
curvcd en~elope. Details are given by Cortan (1976), 
and also 111 the last section of this paper. 

STAND-UP Tlr1ES FOR UNSUPPORTED EXCAVATJONS 

1he man·made open1n~s which plot closcst to the 
curved ~nvelope in Fig. 1 were,the followlng lypes 0f 
excavat1onso 7 m span mc1jor road tunnel {slow lane 

.for lorries), 8 m span \'Mter collector tunnel for 
hydro scheme, 11.2 m span tailrace tunncl for hydro 
electrlc stati~m; 12 m span waste water treotment 
plant, 12.5 m span hcad race tunnel for hydro scheme 
20 m. span mine open i ngs ( l'tlO ca ses). 22 m span subwaY 
stat1on, lOO m span mine opcrdng. 

In view of the type of excavations involvcd, and the 
fact that the mine openings in Question have b~en 
perfectly .stdble fm· rnány ycars, it is certainly 
co•:t:et>Vatt~·.::o to assume thdt the above excavations 
have a stand·up time in e .... ccss of 10 yNrs. For 
practical purposes they can probably be rer.arded as 
PL'n1:r:c'1t. Certainly the Carlst.~<1d c.-wcrns-must be 
cons1d~red dS "perm.lMnt" unsupportcd opcnings. ~lo 
appreClable rack fall has been obser·ved ln more thdn 
50 years of public visits, and mo•·c than 1 million 
people pJSS through the cavcrns cach yeM. 
Classif1cation details and appt·oxilr.JLe dimensions of 
thcse cavcrns are givcn by Oarton p976). 

The Ct?sencss with which an unsupportcd openinq can 
b~ des1gned to the envt:>lop~ of r:·,r.n::.-.~<''1 d.·.;/~''' .:;·rm 

·'lnll depcnd on thc type or t:JLJvJtion, thc dcl'lree of 
sarety, and the st<~nd-up ti¡nc ,·cquir(•d, tf tlle 
~u:'Imf11! d.·.-~:·:,.., •T"" is excecdcd, or if sorne of thc 
above co_ndi~ion,ll facton. are not s.ttisficd thc 
stand~up time may be less than "pernt.Jncnt". 

3 
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.4 g~oup of_excilvtltions which are probably frequently 
des1qncd Wllh spans cxceeding the"maximum dcsign 
envelope are t.·r:p•Jr'·H':'' ,~"~,:,,,. _r•,-:r:•JÚIJ:l, As a group, 
thcy can be subdividcd sint:c the rcquirtd st.lnd~up 
tirnr.'s wiU dcpend on the-tir:;c it ta\:.es to finish 
Clltracting ore in the vicinlty of, or in the 
CKCctVJtion in qucstion. Hu'! Hano-up time dCtu.llly 
avathh\c "with d ~lvr.n sp!ln w\11 dt•pcnd both on thr. 
!.hJfiC of thc roof, 1\nd on thc rack mas-. qu.1l\ty 0, dnd 
tt will ctl~o dt!p•~ml on thc CM~ with which !JLl'>t.'r,q ;,. 
carried out, althoúqh this effcct should tlc 
autol\\atica1ly incorporatcd fn thc cstimatt.• of Q. 

lt has bccn assumed here that thc c~~:cavations that 
plot closest to the curved envclopc in Fig. 1 (the 
ma.rúnW'! J,:oi~l'l n¡>•l•t) nave stand-up times in e¡c;ccss of 
10 years. ln view of the type of excavations 
1nvolved it ls obviously e~pected that thcy will stand 
unsupportcd for at least a "1\fe-time''. in othl!r words 
more th,1n SO yeat·s. This con~ervat ive no:¡e of 10 to 
50 years to represent "pcnnancncy" is u~.ed to ohtain 
F1g. 2, whlch is a prcliminary attcmpt at correlating 
stand·up time, Q, and unsupported span. 

The envclopcs have bccn truncated at various ti~e 
intervals as a conccssion to the approxirr.<lte ninlr:tUm 
construction pcriods of the vilrious dimensions of 
e~~:cav~tion. The equlvalent unsupp\)rted span at any 
one t1me can be considered as the length froí':l the 
face to the supported zone, cr !S i.hc span itsclf. 
whith ever is the smaller. Except for the St.:allest 
spans there ~ill be a significant stand·up period 
concurrent w1th the advance of the successive 
blasting rounds. 

The dCt.ual inclinatlon of the shaded zones drawn for 
various srdns is unknown. In othcr words for a ')iven 
span thc reldtionship betwccn stand-up time and' rock 
~~~~ss ~uality is unknown. HO\·Jever, it seems quite 
1 1kely that futu,·c case rccords w\11 show that Hand· 
up time reduces more abruptly and unexpcctcdly in the 
poorer qual itics of roü .. The shaded zoncs ·~ould 
then .tcnd lo bend down towards thc vertical as· 
suggested in Fig. 2. 

T~e ~nvel~pes· prescnted in Fig. 2 ha ve been used by 
BH~n1awsk1 (1Jeneral review PiiPCr. this symposium) to 
coopa.-c the Geomechanics Classiflcation and the 
Q-system. lhe Gcomechanics Classification .... ·as bo<:.·~~1 
initially on.Lauffer (19SR). which is now ackro·,.,lech¡<::d 
to be e~~:cesslvcly conservative. Oesplte later · 
modification _bascd on South A fricar. cas(• rccon!s 
Bleniawski's chMt of stanel·up time versus :,•; ....... '. --! 
span is still scen lo be very conscrvativc ccr::p,lreJ 
to the Q·system. In the best qualities or r(ICi<. r.l.lS5 
it is é~tremcly con~ervatlvc. This is cll'Jrly .1 

refle~t1o~ of the J1fferent tunnelinq pr.:~ctice in 
sc.ln~tnavla corr:pan~d lo South Afr·icJ. ThC_')I'CJtL:l' 
con f1 den ce appMent 1 y exhi b ltcd in Sc!lnd ilw,r i dn 
tunneling projccts is cleuly a fvnction of th..:- ~~'".CI'
ally cxccllent r('ld, and the longer experience wÚ11 
ellcavations for civil engineering pu•·ooses. 

The value of case rccords of tunnels that f,,ilf!,! c.;,• 
to inadcqua te s t,lnd-up t irrcs cJnnot be over•"ll"·'" i ···-·d. 
The tunnelíng profession is constantly ash•J t,, n·.•;.•ss 
the "factor·of·safL•ly" of 3 giv~n design. lf .,.,,~ ~~-t~ 
honest we h<~ve to admit tt1at our prcsent <.Lttf' <?1 

knQ\11/ledqe i'o in.1dequate to allcw us toco:~~~ .H'I\;,•:,:•·e 
near the correct value. tor this redsor. tnc i··:·~
ana\ysls of a fllilcd lcngth of tunnel; thc stJnd·t¡¡¡ 
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ROCK .MASS QUALITY (Q) 

Fiq. 2 _ Thc cnvdo;•cc 1'<:[.J1'f?G<.mt n p1•dirlir.ar•y a~t'-'"Pt at pt'•!d~cti"'~ ho1J r.ruch t1:a ntflr~d-up tif'la rcrbct!C:.t 

1Jhcn. t 1:c s_;Xm of 11n. WHi~.J.pportcd czCtltJa ti o'.' ÚJ Útc-I~.".:J.;~.;d bcyornl tl¡e r:>:"a.riMWit doJsisn .:;pan ( Fi!J• 1). 

time. the Q~value and the span. can give'·us sorne 
indicat'ion of hów co'nservativc our. present desig'ns 
really are. Wc have to start on the "simple" case of 
unsuppOrted oPenings. befare attempting to assess the 

· "factor•of-safety" of supported excavatlons. with all 
the assOciated complications- of rock-support 
interaétion. 

When c_onsidering safcty _'it. should be rcr:1embered that 
the Q-system ·'itself has a built in safety factor since 
,it is firmly bascd on an en9ineerlnq. tradition that 
-l"'esults in vcry few failurc'i. t:oreover, the .--:.r,i('r•::ty 

· · of tunnel ing case reCords on whiCh it was based were 
under construction or already built befare 1970 . 

EXAMPLES OF APPLICATION CF Q-SYSTEM 

fhe practiCal ~xamples to be dcscribed here concern a 
power house and associatcd cxcavations and tunnels, 
which ue prcsently bcing excavated at J dcpth or 
between lOO and 150 mctres, mostly in quitP. massive 
biotite gneiss. Thc consultants claimcd to have used. 
the Q;syst~m in their _preliminary e'Hirnotes of supoort 
requtre~nts. Ho.,·ever, the contractors,. 'INhO \Jiere . :·· 
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widely ~xperienced, doubted that the o~system could 
llave been used correCtly, ·since the designed support 
~tas considered by them to be excesslve1y conservati·:e. 
This situation resulted in the contractor requestin'J. 
an- independent assessment of thc rock.~ass conditions, 
anda re-assessment.of the support requirements based 
on the Q-system. ~ 

I. t.'cci . ...atú1a erj~pcrt l'~~q¡,il•c,r.et•to ¡i•Om lJcJ··~~O~": 
k!).-> • 

The first re-assessment was based on geological 
reports and core logs made avallable by· ti1e 

· contrac~or. No photographs were avaihble. either of 
the core.or of the exlstíng excavations. Only 13tP.r 
owas tt~e site visited and the Q-systcm applied :'•:-.~·:-¡4 
in the existing tunnels and power house roof heading. 

Five boreholcs hJd bcen drilled in the ncighbourhooñ 
of the powcr station. Four ,~ere vertical and or.e 
was inclined. The relev,lnt core logs were studied, 
in púticular the records of core recovercd froca 
between about 110 and 160 mctrcs, which correspond to 
roughly ten ~ctr~s ,Jbove the roof down- to the base of 
the excavation. "Bes.t", "medium" a'nd ."poorest" 
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qua1ities wcr·c cstim.HC'(I fmm the rcle'o'Jnt dcpths o( 

NCh corc. Thc fo11o·..;ln1J c:w.l111plr. ~ho.,.l', th~ rdtin<J~ 
tHimdtCd frotr~ th~ hnn~hole thi\l 11<1':. most typic.,l of 
lhe f i ve ho le>. ( T he ¡\ppP.IId i x shoull.l !.le c.h~c.lcd to 
obta1n thc appropriJte vct·~Jl dt~·.criptlons). 

!~!~ 
100 

3 

2 

Q 67 

!':~-~.1_1!:~ 
90 

4 

1 

1 

22 

Poot·cst 

70 

9 

4 

0.66 
2.5 

o. 5 

For the purposc of estim.ll"ing the app(oxir.~te over-all 
support requircments, the i1vCr1l!JC values c~~ained 
from the five lengths of tloreholc ~1ere used., eq1..ally 
weighted for each hale since there did not appear to 
be any holc with a particular advantaqe as reg.lrr!; 
location. The mean Q-vJlues ~<1ere 67, 20 a d. 1.2. 

Geological engineering judgement .,.,.as used to estir.tate 
thc overall •::;r:i:•:z• "i' ,ici•;t, ::.:t:: (J ). The !]eoloqical 
report contained descriptions of up 0 lo three joint 
sets on individual surface oulcrops, thou-:n sevel"al 
additional joint orienlalions were plolled in poldr 
diagrams. It appears lhat this n1ay h.wc !:-?en one 
source or error in lhe consultant'~-estintes of o. 
in other words lhe value of J ~1as ovcrCst~":1iHed. 
The unb,.oke¡, nalUre of mosl or the core .-1-:e lt 
unlikely lhat there werc fo~r or five joint scts in 
any one location. lherefore thrce S('ts ~·~··e chosen 
to reprcsent lhe "poorcst" .QU•)\ity, <>incr this 
corresponded te .,.,h,lt was fo;md at tho:: -;ur:~ce in 
strongly weathcred oulcrops. The extrapolation lo 
two sels for the "medium" qu,ll ity, and ore set plus 
randorn for thc ''besl'' was con~idcred realistic in 

'view of thc excell~nl con~ recover·y (moqly lOO: .. ) and 
the high RQO (mostly lGO ·.) .1t the aprropnale depths. 
(This assu11rption thJt lhe jointin!] ~~.~s r..H·>.edly less 
persistent at depth pr·oved lo be essentially correct 
on lr.e subsequ~nt site visil). 

The Joú1t. rcJ•::':•zr.Ú: '::tM!L.:l' (J.) was gcner·ally guessed 
to be 2 (smoolh, undulatiOfJ) '" YÍC~I of t~.c foli.:¡ted 
nature of the gneiss, I<Jhi1e for lhe "pooresl'' qualily 
it was assumed to be 1 (sn!oolh, planar). 

The ,ioú;~ a!.t.:r :t'ir•r 1!:1·-·:h:1' (J ) was assu':'ed lo be 1 
(unaltered joint wallsj for· lh~ "bes:" :~t.:Jlily, and 
down to 4 (chlorite cocHings) for the "rcorest" 
qualily, sinc.e OCGISional chlorite ilnd 11-onite cOo:lled 
joints·were recorded in the corclog. 

The ,f,.>úrt r.'.:'-l~l" z•.;¡;':.-.·t.:',·•r r~:::t(11' (J )· was generally 
assumed to be 1 (dry excavatlortS, o~ mlr.('r· infiow) 
though for the "poor·est" qualHy it 1.,.,,s J$Su~:ed lo be 
0.66 (mediur.1 inflo\•r or prcssurc, occaSll)r31 outwash 
of jolnt fi1lings). Hany of th~ lut)con ru~:ping tests 
showed "zero'' pernl'.'J.bi 1 ity, ~xcept io11s r.er..~rally 
corresponding to zones where the RQO vo1loH~S 'f;cr·e 
lower than· 80 or thcreJbouls, 

.Finally. the :;~r···.~:: ¡•,· :':,,·t;:.:-~r ru•U:r (Sf:'.F) was 
assu~1cd tó t-e 1 (rr.cdium stre~s. a /r' t'letween 10 and 
200) for the. "best'' and "medium'' ~uol \ iti~s. The 

5 ac;.o:.utucd v,lluc of lh(' n1o1xinn.un pl'incip.:ll stre~s (n } 
wH SO ~!J/cm1 • based 011 a dC'pth of 150m, a \ev~l . 
topugr.lphy olnd ~ ~jf'O\O(}iCo1l hio:,lory thJt ~UIJ"JCStr:d 
th.tt hiqh hol'izor.t.ll •.tn~">c;.C'i. 'tmultl be abscnt. íhc 
u~ul'!led·valu~ td 11 w"s 1300 lo:q/cm~ for th~ biolite 
9ncio;!¡, lhl\ va tuS ~t.IS .ICluillly me.1~ured, but dO 
lnformL•d 1)111'\S 1>/0uhl ¡u'ollolbly ll.lvl' l~<~t·n in lhi'i 
rcfjlon ;>¡nyw.PJ. (1\rcordlnq to 1Jtllt! f·b ·of ·the 
Ap¡wndi~ .• m\ Id rock t~~.n·:.l probl1~lll'i 1.;nuld nnt be 
t'lncountt:tcd unl~~~ lhc r,ltiO., /o · ¡J,·o~~rH .. •I.I to 
bclw~~cn 5 flllrl 'l.~). Tl\e vlllub ot ~Rr H~umed lo 
tJ~'l rCtJrC'ienl lhe "pOOl"~Sl" Z(liH!' WoJS 2.5 (He 
Table 6<l. dt~s!.:riptlon C, Appendi)(), 

The thrce ll\f'Jn values of O (67. 20 ,,nd 1.2) were·used 
to obtain estim~tcs of rerm.1ncnt roof and woll 
support for the 19m spon, 3t' m high pQ~<Iel" housc> 
usíng the Supporl lables given by Barton et.al. 
( 1974, 1975). 

"Ecst" 
(Q~67) 

roof arch 
üñteñs-fOnt'd, g routed 
b9lts, 5m long, c/c 2.0m 

walls 

spot bolts 

"Mcdium" tensioncd. Qrouted 
b~lts. Sm lÓng. C/C 1 .7m spot bolts 

(Q~10) 

"Poorest" tensioned. grouted tensioned, groutcd 
(0~1.1) bolts, Sm long, c/c l.Om bolts. 7m long, 

+ shotcrcte, ~esh rein- c/c 1.4m + shot· 
forced, 15cm·lhick. crete, mesh rein

forced, l2cm thick 

The a9ovc estimales of support ~1ere apparently in 
line with lhose considered appropriate by the 
contraclor. 

Note: [t is (';;ne:-al practice to use alter.natinr¡ 
bOlt 1cr\9ths in caverns of this size (G-=19.m). 
F'or example, 4 m und 6 m long balto; coulc be 
used in the roof arch on JO interrnesheG p.Ht·~rn, 
whilr. 4 m and 8 m long bolts cou\d be used 1n 
the walls. ll is also g€'nera1 praclice·~ 
though possib1y of quesliOn3ble value • to use 
long len~ioncd ancnors when the rack mass 
quJlily is.as 101-J os the poor·est value (Q=1.2). 
Howe'ler, s1nce thcse zoncs we,-e 1 ikcly lo te 
relativcly narrow, wi:h Qu'itc massive rocl:. 
surrounding lhcm, there did not seem to ·be an/ 
neccssity for anchors. Careful orienlJtion 
(''stilching'') of the bo1ts across the ~eakr1e5s 
zones was recor.trr.!:'nded. 

. .. Ect{·~:~::•t,; :;:j;'¡:CI'! rc'7tn'l•·:~:.·)¡t::: Ji-:;.'fl in.,;:~:;, 
e,;,,.~:~ i .{ic, :t.:' o•:, 

1he site in qucstion \<JOS vislted appro,imateh ene 
n10nth aftcr lhe above estilrJtes .,.,·ere mJde. •;¡;le 
locations ~;ere sclected in and uround the po•~er 
statlon. The roof arch wac, shotcretcd al lnis stM:•! 
lhouC)h ~ome 3 lo 6 n:etn:>s of thc walls were Ctcav
,\lcd ond parts ~~ere not shotcr·ctcd. Oolh entl .,,1lls 
wcre bare. Other unsupport~d locolions were 'i~lc<.:tct: 
in the it:nllt~diale v\cinity of lhe power hous~: 1n .lll· 

altc'T!pl lo pr·cdict conditions likely to be cnc::•Jnt
ered wi1en the c.wer·n heighl w,1s increused to the 
maximum 31 metres. 

Thc six <.:L1ssi(icution po.~r·Jr:•rtcrs ~~ere e'ilim<Ht~d al 
each lo(,ltlon. In the case of thc cnd wJ11 of t~~~ 
powcr hovst tl•rC(' scparate dsseo;sr:cnts werc r·,,,1t..', 

. one for lhe localised silty·c1dy bcJring froctur·t! 

111' 
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zone (which h,,,¡ thl! ~,nr•,t /111.\lity of ,¡JJ), .11··\ thc 
othcr t·,¡~) J',t;é•,<,::u:r¡t_<, fnr lile r;u:dil¡lfl .llid twllL'f roe~. 

al~o founf'l ln th~ (•nrt >·t,Jll . 

ihC C:,('j¡.Jfrlf.t: ,p,•,¡:~.',IP•·nl', Íi:ll into thrPt' (ji'ClliP'•· ror 
Slill ls.t.lc.ll pLJr"pn',l!', thc-.1' 1¡(:n• \ iwply ;p:cr·,¡•J~'1: 

I:Q0/.1
0 

8(5! 93/4.3 

WORS T 40/9 

J rl J .1 

1.711.0 

1.9/1.~ 

2/6 

Jw/'A~F 

1/l 

1/l 

1/?. 1 

o 
39 

11 

0.6 

!n tcnns oJ e~pccl(!d frcqucncy of oc.currcncc, 1t ~tos 
es.timdted that more th.ln ':JO' of thc e~c~vil~rd surf,lCC 
in thc P~"hler· hvuse ( ÍIIChHlinr¡ rcof dlld 11,1lls) ~10uld 
be of "bcst" Qllality, le•,s thon 10:. of "poorer" 
l'¡uality, and pro:lat;lly only 1 or 2 ·:. of "~;()rst" 
quality. A can~ful "~,;c~,sm,!nt of avail~blc norcr.orc 
SU!)(¡ested tl'ldt l}nly the e)istin·J top p.n·t of ll'lc cnd 
vMll 1·1ould be affpctr·d by thc "worst" (1ual1ty zones. 
Thc rcmJ indcr yet to be excavdlcd could ..... !11 be up lo 
the "bc5t" qud 1 ity. 

lhe mf!dn rutinr_¡s for' t.he mJjodty o{ t.l:~ r,K~ rr.,1ss 
( BEST, Q=39 can t:Jc tronslatcd into Lhc following 
dcscriptic.ns 

1. ROO 
2. Jn 
3 · Jr 
4. Jd 
5. J 
6. S~f 

98 
4.3 

- 1. 7 
1.0 
l. O 
1.0 

(excclh·nt) 
(appro~. two joint set~) 
(rOUfJh·planM t(J Sl;:uutr.·undul<ltin<J} 
{unaltc1·cd joints, surfacc staining) 
(dry CXCr)Y(IlÍOIIS) 
(111edium Slfess;. no rack burstin!J) 

(A vcry favour;,ble qu.llity v1ás the non·phnJrity of 
the joints. The s\ifJhl displacen:ent resultinq from 
excavat ion al l01vs joints to ·shcar s 1 iqht ly thcreby 

inC.rNsing the favourablc intcrloc~ effect. A r.on
planar joint dilates Stfongly ~hen sheared, espec

ially if the norn1al ~.trcss 1cvei is not too high. 

The thrcc mean va1ues of ~ (39. 11, and 0.6) cstimutcd 
from the ¡',: .:·:(.-, classlfication di'c cach .~bout half 
the valuc cstin:ated fror:, thc eM1ier clussification· 
of bore core logs ((1.:67, 20 ,¡nd 1.2). Hol·,'t:vcr, dueto 
thc logurithmic arran(jO:~i!ll!nt of thc O r.)ting (i.~. POOR 
=1 - 4, FAlR=4 - 10, GúOD=lO ~ 40 etc. sce F1r¡urc 2) 
the two·fold discrep.1ncy hñs n rcl.Jtively srrhlll 
effcct on the rcCOillll!Cnded pen11,1nent <;upport. The 
supporl reconm:end.Jticns, l'lhi(h ~lf'n:' .:Jg.)in obt.lincd 
froru Bar ton ct al .(1974, 1975), wrre as follows 

BES! C3. 9Q:·: 0"39 Roof: o 1. 7m c/c + clm 
Walls: sh 

POOR[R C3. 10': . o,n Roof: o 1.5mc/c+ S("') 
ZOIIES Wa 1 \S: o 1. 6m c/c + e lfll 

7cm 

WORST l ~ 2'; ? 0"0.6 Roof: B l. Orn C/C + S(mr)lSc1n 
Walls: o l.Zm C/C + ·S(rnr)l2cm 

KEY O.= systc1:1.1tic ~olting with glyen c/c spacing 
sb = spot bol ts 
S{mr) = mnh r,~infor"·ccd shOtcrP.tc 
clm = ch.lin link me~h or st~('l bJnús 

The nb011~ rccommend.H ion-:. fo1· support, cc;pcc i a lly. 
thosc for thc m.1jority of thc rock m.\<,s (Q=39) ~~ill 
ob11iously appc.:Jr ')rossly under~const:>nativc in 

6 

, , 2 

.:ount.ric:; when: a conc.retc 1 ininq h.l<; b('cn il cori~;!Cn 
fc,¡turc of fin,)] tiJIIfl!!l ~.upro~"t .. i!o·.re·;•.•r, it •,nr;,;ld 
not b~ fOr'ljOtten thJt thr: SUf'~IOY't rt'Cúo~llCn•~,;t l•lP', 
(¡t)LlÍIH~rj f¡'(';lll thl'! !)-~,ystr•o•l IICr'(! tJJ<,Cd Or! tlt•; ·111.11'/'.1':; 
uf <.~hout ?líO c.l'.e re<:ords, ,Jrif1 i'J ot tt·.r~·.e ·,l(.:r·c 1•; 
th~ pu·o.r.r' hrw'>t: Cllc•;ory. U•Ht.·rtJrourHJ (·.o:cav,lt \1)1\', 

·a,.r ~up¡mr'f.~d vdth 50•Ia: r.•Hd id•.•ncc pr'ir;,o,\rJ}y t'• (.lw,r: 
m"ny otncr'i h.,vr. lwr.:n sup¡:or'lcd_ bcfor~ thcc1 a1,11 thcy 
htlVC pcrfon:u:d ').ltisfactorily. 

Thr. pi\rticulñr support I:CL'thod r·L·cor:•:::rnCt·rl hy th•.~ 
Q~system d~pc1H1S on IJ<c rack mJss QIJJ i 1 t¡ O, tile sp.:~n 
or wal1 hciQht (which•"!ver is relcvJnt), and thL' ·.·;·· 
el .'.:"•'ti'•:'Ú'''· Powcr houscs <Jrc natur·ally arr.ong~.t tt.e 
rr.ost important c,.cavations. whf!re saf;'!ty ha<; to t.c 
perm,Jncntly ,1<;<,urcd. 7he suppnrt r·eco:;l~-r~ndationc; dr·e 
thHcfore inhl!rcntly con'>er·,utive, dnd the t<.lctr,f-- of 
safety against c.ollapsc is likcly te be quite hign. 

If fiqurc 1 is exa111incd, it v1íl1 be seen thH. thc Q 
value of 39 (Uí:.ST} and thc span of 19m, lic ::.o:::f'! 
3 to 41)1 abovc thr. rndxirHJ•:\ dcsi']n srnn fur perr.~.,r~('ntly 
unsummrted o¡1en inqs. Tht: rccor:illlcnded o:.¡s tC.l'il tic 
belting (c/c 1.7m) and tne stcel l>.Jnoi•HJ (a ;ir.•de 
laycr or shotuctc might be rrdcr-eG tor .1cs:.h,~r. lC 
rcasons) do inde~d se"•m to be o·,erdt!Si<;n c.onsi·J·~··ing 
thdt tile joi11t spacing vr.:JS 1 to 2:n tln¡1 the ois:iniJ 
jOintS reJ,¡tivCl'j diSCOiltÍr\UOU$ di1J'I'I,ry. !n o1d;!\!.1~)1l 
it rnay be n0tc•j thdt the r.lf;dn ,·<~tinq" of the ~1x 
rack rllilss pdi'ar.1eters for the 13[57 quul ir.;t {(··.1~) ··oc~. 
Satisfy all tht:> .•.•:·/¡'·:···::: .:::·•·,·¡·;: ap;l<lr·cntly llo'l.'•!c·li 
for an excavation to b·~ left permanently un<;upp~:r·tcd. 
Thesc were listed eMlie1·. 

Estimatinq thc s.upport rcquirementc; for a 'tunn•!i 'tha·. 
has yct to be e;.;cavated is ob'liou·sly a diffic~,;it 
task, e yen i f a lar-se nu~1ber of boreho:es n,,v~ t·t•Cn 
drilled. The p1·oblem is n.'duccd sor.:ewhat if·:-.t!i:,,:.ic 
measurernentc;. are ovailable, althou0h if tnc tunr:::-1 
1 les be\01·1 the interfaCe bet'>lt:'Cn the weathrr•.'d ;Jnc 
and hurd ·rn~~.h r·ock, it is casy r.v uncc·rcsti•·:<~t•' 
tt:e QualHy from seismic ;Jrc.:filcs. (Ir-. thc fJ:·e:.ent 
c)-¡¡n,plc the <-ieathered ZOI~C e:o:tended do· .. :n to ,~ n:c.<ÍITIUJH 
depth of .¡Qm.} 

The problcm 0f extrapol~t1ng the rcsu1ts of surface 
or n~¡¡r surfacc m¿;-¡¡1inq to tunnel de;1:n is •.:l•':n·ly 
of consiae1·able illlpür'tdncc if cost cHi:-,Jtes <\!'<' to 
h~ve any mC',lning. To take un c~amplc, o~~c lJil u~r· 
sidcr d fault 111.1ppcd llt thc suduce. !t mt-:¡ht cMr
ectly be ghen the iollo1·1Ín'J classificJtion 

Thesc r<ltingc;, combine to qivL' aln1oq ttll~ ;,•(w"t 
possiblc quality Q=0.003 (fXC~fllJONALLY POGH), ,¡rld 
correspondii19ly hr..1vy <;u;,ro1·t (cast c,-.ncr·,~tt!·l i·~in:.J. 
Thc valuc of Jn = 20 r·..:-prescnts ''cnJsi;Nt ··~,,~.,., t:,11'th 
lik.c" which m,Jy be a ~ood dcser-iptic~ ot tttc s;;drtcc 
condition of ~~:,,ny fau1ts ,1nJ ···•e.:~kncs~ ;:,~r~es. :\.~\~+::ver, 
at the tunne1 d~pth of <;UJ 100m, thl· ~M:C f.H.l:. mic;ht 
only tle a r·e:at ively n,\rTOI·J .:-onc of ~.¡¡,ll...ncss, .Hh1 i.ht: 
clac,c;.íficatíon Jnd r·cc;,dtinrz suppod <;ll,lulr. tht:n also 
reflec:t ttle quJiity of ~llc·svrToundin.:-; r·ock. 

In the pn'SCnt (';(J!llt>lc d planncd 51-.m lun9 t.lilr·,lcC 
tunncl tracf' w,ls inv('Stigatcd 1~ith 15 ir'r"f'C!Jl,~l'ly 
sp<.~ccd bordltllcs. As .1 fir·st Jttcmpt ,,l SI:Pí'•JI·t 
prrdiction. thc conloqs \'lere examin~d tH~tv.,~.:n thc 
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itppropri,11t~ 1kpth•,, which in 1.111~. r,,.,,, f,¡nr¡t:d frnm 
Jt1011l \ ~0·\6()m ,\ t l,hf' LJII'o f o't',\l!l ( \'IIW•t"llll\1',1.') 1.11\d, dmHI 

1,(1 1mly IO·:'fltll t.ln•,¡: lo t.l:t! <ln\Ho',ltl'o\111 ¡otu·t.¡\, 
[<..lim,tll~'• (ll ''bt·',l", "pi¡llfl!f /1)111",", olllll "~10!'',1" 
Qll•l\itit>'i Vl+~f"\ 1 r::,\dt• ft'f]!ll 1'•,111111Mtlttl\ ()f l.'oiCh fiJI•.•\t¡(',, 

llu,: llt;o\rl'\l ][11~1 t.ot.h olllt\Vt' ,!lltl l·t•lm·l llu• ¡¡\.tnrtt•d P,,;;!ll 

~poln lunnt:l ~H:f~ c.ow.idt!l"f'IL The (\,\<:,•,ifJ(,tll•ln lt.tok 
into tl((QlJnl ~hf' l'(;•t!(led \no~.t!t' ollld IIIOI"C ~l(•,¡lht•n:<t 

st.1te of thf> rock t::,:¡•,s 1-1hen• thr. tl••pth of C:.O'.'i>t· ~r:.J', 

lcss than 30-4(;1':1, ils ...,.,,s the ca':>c nNr thc !JOt'l-' 1. 

The avera'JC Q v.11u~s for the \S holes werc as follow, 

BE5T 0~~2 

POORER ZONE5 0~12 

WOR5T 0~1. 1 

The variation fro:n bor·ehole to b0n·holc Itas quitf: 
mar-ked, a<; curt be st:'en from thc follo•¡tin'J n"1xi11:urn 
and nrinirnur;r Vdlucs 

BES! · max. 0~100 

m in. o~ 19 

POORER ZOtiES max. Q"' 50 

WORST 

o 

~ 
~ 

< 
:E 

" u 
o 
" 

mln. o~•. 1 

max. 0•19 
m in. 0•0.03 

- NUMaU Of OBHRVATIONS 
~~~~-=~---.----~ 01 

~ 
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" _¡ w 

10 
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~ 
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1 
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~ 

4 

10 
e 
o 
o 

" 
,.e 40 
u o 
wo 
>" 100 

o • 10 15 

r::.• ;:_,.,.:}.; • .'¡'. 1! ,-l r: !'.¡;lj.:;r fr·.:•"l .~>:::.-..· .. 
l'[ ! .'• . •. :t'• · ~ ;•,;;: :,"· .,, . !·::: ; d•rJ ~.r :"Ir·;<,·.: 1 :.•:•:-· .• 

7 
In vit~>'l of ttrc •.•:.ttiPr the rr.wlt.-. r·t~rf' p\ottt;>d H a 
hi•.tr.•p\\nr, ,\~ •,hmrn in fiqurc~ 1, Prr~ b10 rni,ntntu:n 
qrr.tlrly i:~lk~.T l•r!lt", h.n! () v.rhw•, ¡¡( OJl/ .rnd IJ.Ol, 
.trul 1 Ir••·.•· .wr'l'l! ,r•.•.u:··r••l tr> n•pr'f'',,•f\1, 1.11" qr;,r l r tv (JI 
wr•.r~r.r••.·; /f)IU,'r, ·.r\. I•Hitll•\ dc•t•llr, \\o:!.;-:!'''1< ;•n .rru\ ~~~ 
Wl'•l~llo''•'• /0111:', ~;l'r·e ~.IJ',¡rl'o'tr•tl fr·n·11 ",IJt'l,l•~r: rrr.rpprn') 
,\rrd/or· lm1 !>t"ismrc w•locrtrr:~,. 

1hl' -.'•lt'li)UC:, C'>t i111.}ll~~ Of )ll!r'lllo\lll'lll \U]I¡Hll"t •l!"<; f)iv~n 
bclOI't, hl',('Ó on d tun~r!':l ~pMr t~r:d ht~i•]hl of •1.!.:-'111 •Jr~-t: 
an f~R v.\lt:t· f'qu;¡l to 1.3 •r¡lpropriatr'· tn th•! ·r'•:\,\tive 
lmpOr't,ln•~e of d t.lilr.n.e tunnel.í[~R ¡·c¡·r'c'>L'nts the 
::,:·,· .. ~ •::•:·:· ., in ten:rs of its n:lat;v•! s,,fe.ty 
re·quir·Cr.:t!nt. lhe use of ESR valtH'!S is dL"s.:r·ib~ó 
fully by I'·Mton ~tal. 1'3i4, J'};'s, <lTHI is sun;narised 
in thc last section of this papc1·.) 

BES! . o~~z Roof none 
W•ll nonc 

f'OORlR Qd2 Roof B l. Sm c/c 
2011[5 Wa 11 non e 

WOP.ST o~ 1. 1 Roof B 1. On1 c/c ~ S(nrr) Se m 
W•ll B I.Onr c/c + S Jcm, 

(oc : S(mr) Scr11 alor.c~. 
depcnds on 3lock slze) 

FAUL 1 S or QcO.OI f~cof S(mr} 20·2Scm 
\.I(At:r:ESS Wa 11 S(mr) 20·2~etl1 
ZO!ilS 

Kl y 

(lncludc invcrt) 

li.=· s:r;u·n:Hic nr)\ting with r¡ivr-n ctc s~ilcinl) 
~(mr) meslr r·~infor·ccd ~hotcrcte 
'>b 5 SI'Ot holt<> 

Ther·c \':.rs no i:vir'lcm:.e of ~,\·tellin') cl.1ys, 
thcrefcire thc O valrlCS d:~d recor.rmeMcd 
suppod are not c:o.ccpt ional. 

Rack mass cla;;sific,,tion ;,: :: ·,in an el(istin!J 
unsupported tunnel clr,,,·ly givl'S u r:ucfr ll:Jr"e n~l iablc 
e~timdtc of supro•·t than thc ahovc e~traoolJtion of 
surface m.!ppirHJ and bor·cholc d-Ha. bpl'r·iencc r·titn 
the Q-system in many kilo:~eters of tunnels Shl•I>S ir • 
to be a vcry rapiO :o~cthod both or' r,;appin•J cssrnti.:ll 
paramcters ,1nc1 of cs~i1:1atinr¡ suppor·t n~quir¡;n~nts on 
site. lh~ input data is list~d on a s.implc fc., .. n for 
eac~ lcnryth of tunnel corlsilie,·~d to r"'2quirc differr.nt 
support from t!1e adj.1cent lcngth. 

If th~ ~n')inccr·inr:: nr.0lO·Jist prcfel's to consu1t thc 
supoor·t tclbl¡~-; (8,\l'[lll! f't ,11. 197.;, 1975) irr l!:·~ 

\u).u,-y of a sitc office. '-hr.'n a shor·t 'H.>r"t1.ll dl'lCr· 

iption of thr r!iffc•·(·nt zorlr)S ~~•:·~dinr¡'sllpport is 
hclpftll. ,\\t·'!'IIJtivt•\y, thc n¡,:n;,,~.- and lPttl'r" co-:ir.·:; 
ap~'ropr·iatr. t0 t~dch o! tht_,· si:• par·,lmt~ter·s CJil t't! · 
r~C.On.h>J. r 1"<)¡:1 tilt' •l!'Pl'Tltll • i t 1'11 1 \ bl' SC'L'rl ~ ~¡J t 
a roc~mass with tt1c followir1n ch~r·actcr·i~tics is 
extre;·,ely fMou~,,blc fof tunñl'l staUility 

1.E/2.A, l.A/~.A. I.A/6.K 

CRITICAL 0 COI;CEPT 1~ TU!;t;EL !·1APP;NG 

fn this 1.-.<>t S!)(t ion ilfiOthl'l" problCill of Cxt•',\110\.itiOrl 
_is considere_d. lh(' problcm ~s one of CJtla¡:olJtinq 
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oh~ervatíOII'> rrom pilot ltmnP.I'\ or· .-,o:!''>'• tunnt·i! to 
the full ~c.ll~ cYc;.w.lt.irm, flrut ffrJtll U1~ ~rr•,¡t 
advdnl.:l"JC of more reli<lhl·~ map¡1jnq th.!t. d. rilot 8 
tunn~·l ;¡ffurd'>, U1P ¡11•rfonn.Ht(e of lh<.• tu1111f>l it•,t•lf 
C..lll prnvide tJ.,t•ftd {Jtllll!l·t·•, t(, ftdl '•<ollt~ h••h,¡yinur·: 

lf lir¡hl •.uppor·t 1', ju•.L fh•t•dt:d 1!1 H•.tllll.t\11 •l ~.•'l.li••rl 
of th;. pilttl opo·nlnq, rn .. n :tu: l}·v.tltH: ,_,,n t•r: , ·· 
1 :>:,¡·'·,,:.··! .utd (.ht•,·~t·d l·.'llh lht' .,,Jito• t.",ltnt.llt•d fr'(tl11 

the 't\IIHH~I nt.J¡•pinr¡. Jt,r· rt~li.lhtlity Ol thc input tJ,¡LI 
cdn thcn b~ dS~~~scJ. 

. 
: 
; 
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40 1000 

ROCK M.ASS aUAlltY (Q) 

.·:,,,,_... :;: .. ·! •/.·.:1,/ol ¡,· .. r:t:: .f-H' ~::.· ¡¡,,f'_:,..,,j,: ·:,¡•·· 
... _~· .... '.li' :.' .... /¡ ':;.'.·•! ¡'¡¡ ,_;._. 1 .. ¡/.!.· -:; .. ¡· .. ,· •. 
.~::·,:; !' t '.:o · ·¡·. 1' .' ;: :•: ! • •; •ti j' t;• : .• '· •t•-':r;' 

r:p.·•¡i,::~-·. /:·1· .-.. :, _,".:.::: ::• .... .-·,:,/. •r: t•···¡r •. :·.-
r .. :•1: .. : .:c1: ·,·¡••./•:,: .;,' .. :•l··i-:•¡· ~ :···:.•:: n· · :·:r• :·~ 1l•l.:. 
~:u¡•}'ur•:. r, 1!' i·.· , .. ·'/!l~)•,•,j 1¡' ::;-':<:.: ¡'•: '..:':.· . ... o[ 
~;,,, r•.:i .. :t•·:'•·' ,f,·:::::'~ '.ú·u··:: .JI'•' •.rt:·t:J;/ . ..• 

Thc .. ,..-.;.:"1!<.", i.:;:·..-·t ::, .... •r (curved ·cnv•!lupe, Fir¡ure 1), 
hds becn n:druwn in figure"·· tOt_]Cthcr 1~\th a set of 
p,lrallcl 1 incs thH n'pr"csent t'ne su'jgCH•.'d <;pd:l 
1 imits for unsupuor·tL•d •!•.Cñv.Jtions of vuious l/PCS. 
Thc table shows tl1e \l:r¡r¡c<;t~d cldSS•'S of r~cJv~!ion 
ond their (01'1'eSp01Hlin;l [')R 'idl~J~S. Thc so.ln oiÍ•1th 
dividcd by ESR (SP:,;;¡[~l~) <Hló th·~ rc;d. n· .. ls<; W.iúlity 0 
<Jive d CO!I'hincd n~o~,lc..ur·c 0f th1! de~~·er of <;.uppor·t lhdt 
is requirerl. The olO.:lll<ll span limits for· PL'r·,.,,\1\Cntly 
un!.upported opening:-. un be e>pre:;secl dS follov:s 

SI'AN '_2.fSR.Q0 '
4 
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The six puolleJ·Jines in rigure 4 COJ'íCSpond to this 
equotion. 

The VdSl r.1djority of ¡;,1c,e rccor·do; with sp.1ns r•u•ed
iniJ thcse su~~es tt:d des i t_]n 1 inri t s \·:rJ/'l' -:.up;;nr tr•d in 
S01'1C ~JdY- for· in<;t.,lll(f! v1ith Volf'IOuc, Cllmbrn.lt~nn<.. o( 

boltinry, shotcr,~tc t~nd rcintor·ciniJ ruL'Sh. r:cfurnin,; to 
the ¡ -'." : •., ... , .. · ._, .. , .. ; ·:~:-,m, it will he ,lpJ¡rr't"Í,l
tcd thdt J section th.rt .. ·.:.-.',':r::: rer¡uin•; su~•por·t 

gives d spot ched. of lile O v.lluc, if this in situ 
evidcnce ot suppnr·t !lf.'(•d>; is (•V,lluo~ted .lct..:ordirH¡ to 
Figure~- Thus d ?1n -:.p.lrl ¡1ilot tun1rcl (ES~=l .6) w1ll 
not require suppnrt unlr<;s O lies in the V[R'í rOür< 
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lYI'l OF EXCAVAT IOil 

A. Tcmporuy mine (Jpcninqs ·ca. 

U. PPnn.lllí!nl mínr~ (JIWHÍnt:<,, w.ltr•J" 
tunru•l<, (nr hy•ll'ú prr·"'t't' (•:•t.l!Hir, 
111'111 lll'f;',',lll'f' r•:n·.to<..ic\), pilt)t 
l.LJIHit:l·,, I]I'Íit~. olfl!i ht•,Jdlllf]\ fQr" 

largc c~to~vations etc. · 

C. Stor,lfJe rcoms, t·lñ!('l'tre,lll!iCnt 
plants, minar ro.td and rJiJ· .... ,ly 
tunnels, surge chJr.lbcrs, acr.css 
tunneh, etc .. (hcmispherical 

ESR 

1.5 

cavern~) ....................... 1.3 

O. ro~H~r hou-;cs, m.1jor road and 
rc1llwJy tunr.els, clvll defrnce 
r.h.1111bcr·s, portJls, interscct-

. ilú. CASES 

1<1 

1831 

1251 

ions cte ........................ 1.0 (79) 

( Und~r·f)rounrl n11C 1 car pov1cr 
Slilt ions, srol'l<, dnd pub! ic 
facilities, f~ctories etc ....... 0.8 (2} 

------------------
cutcqnry (0"0.1 to 1). 
i 111] to C'IU•H i 011 ,¡ 1·1\.11J 1 d 
form of cquJt ion 3 : 

SPAil 2 . S 
1 -~-) 
2. ESR 

Thc thcon:-tical O vCilue acconl
be Ci. 3, bdsr:d on tt:e re.Hr,lngCd 

1' 1 

In routine mopping of tunnels, thc .·:·;:-:· O v.-.Ju.: 
should be detcrnlined fl'orn Fir¡ure 4 (o1· eQ•úllion ~~ at 
the outsct, >;o that sections t'(·r¡r:irinry su:mort'cdi'l ~.·e 
more rdpidly distinguished from the ';ections thJt C:Hl 
be left ¡:-:erm<~ncntly unsup¡JOrtcd: 

In the ust' of a pilot tunncl t.hc rans;c of O valve·> 
obtaincó from n·,1prinr; ,lnd b,lck :"JnJlysis p.-o·ndL'S ~n 

invaluahi.o- Jnd soeciiic ron•:;e oí vdlUC'> fct· estirr.Jtin9 
suppon for· the full -:.cale ('q~il'Oiltion. Tnis ·,,._Jl,ld 
be se-lectcd f··om t.he supf'h)t't char·t and S~lppor·t ~.~r.l•-·s 

•¡ivc·n by [lMton ct o1.{19l•l, 1975), usir.~J thc ~,li''C 

l'dnf]c of Q vuluer., but the v,1l11c of 5Pt,:;,'[SR r·clc•~tJnt 

to lhe full scale e·xco·;ntion. r'l,HI¡rally, il r:eoli)•li .. \1 
m,l;Jpint] <..uQf]('Sled different conditiC!lS in r.,,··.s of the 
fu]} 5(,)1(' OC.1Vcllion, iJCI'tJ,J¡l'~ JUC' tD ti'.(' tlt.'JtlkSS ot' 

,) fault ~one. then the f) v<1ll:es Obtalnt:J :·n;:a tr.~ p1lot 
tunnel ~~ould h.Jve to be modificd ,lcc'or·Jln'Jl.:,·. 

'7he SUPI'(It'l I'I.'Cür!'nt•ndations (o,· thc lol!'•.:•~ s-:.,J,~ r-.c:ov
otion \1ovld f]L'rH~r·ullJ inCOJ'POI'rltf! thiC~•:•· s:.,l:..:~·et'c or 
cast concrete Jr'Chr~s. ond ot C')ur·sc lonqt>•' t">r1Jts. 
IJO~If'VCI·, thc incrr~<'lse 1n thid.ncss of th·• ">~'-0lcn~te 

or coner·r:te only r.oes u¡¡ in dpprJ~ir.\Jtc ¡l··c:.:c•:·tj,_:;n '.o 
thc S¡1.H1 \-."i.lth. Tbe Dolt SfhlCing Jnd tr.vr,,·t'tic.tl 
suppo1·t prc<,sur·c ,·pmain r·oLnJhly th•.: S•1i:'·t·. ;nis .:!;r:-r>,lrS 
to be in 1 ine 1~ith pr"co:;ent ;wactice in !,¡,·.:;e L'•C.l'.-,1:

ions, ond i<; justifieJ tJ.::·c,Jusr: of the effiCil·nr:¡ t.lf 
rrnGcl'n t•·•Hpon ry support n:t!t hocls ( i .e. sil,~ te,.,. ~L' .~r:d 

troltill'J). lt h only unJt~r' c~ti'''IIIC:ly difficult •j•·n,,r,;J 
cori(Ji t it'nc,, \·dl~¡·c e ven tt:·::l;.•or.lr·y >;üpf)Ort lS "too IJ :-~" 
U1-1t ,1 ¡,¡,·qc -;:•on e,..c,\V,ltion is lii..cly t~J•'qtrln• v 
tllfll:t?r dP<..ú¡r,etl <;.uppor·t prcssur·e tilJn ,) ;~110~ 'tunnr!i 
lhrou')h thL' '><~t'l{' CJ''O:Jnd. A c,Ht!íul multiui,• r.,•.téln·:• 
technir¡ue can pr·e>;u.nably ¡·educe thc discr·•'p.lncy . 

_________ ...,: ______ ; _______ ·- ________ ,, __ _ 
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Tt1nncl mJppifHJ Jnd ~11pport prt>dictinn h,lvc t.·t·cn JH~rf
ormed ata ratP of ur to ~I'Ver.tl kllut•u.•ter·. ¡u.•r d,ty 
U\ill<J tht: Q ~y<;tt•il\, \-Jhilt: it l~. t:~tr·t~:Tit·ly unwi•,p ltl 
rush thi<;, impprt.Htt t.t•,lo., it tlnw; ¡\\u'.tr.ttt• th,¡l. tl•t' 

. method is (ert.ltnly •: ·'''too (lllttplil..tled to be 1)'"11'1'· 
i\lly J((('PlJbiP in pr.\flÍu~", ,¡•, h,¡r, h~t:rl r.l,¡iuu~d 
reccntly by Í'P11s (\IJ7~). The tuethod is 1n L1tt ('mb
llrHsingly sin1¡Jlé, once the us~r bccortt~~> c~w~ricnccd. 

The O systcm i~ cssC'nt ia lly J ¡:.:;'.:1;:.:·,::1 pr-1 .... :~.', in 
which thc positive anó negoltivc "spccts of d rockntdSS 
are ass.esscd. A ston: of expcrlcnce (ca<:.c rccordq, 
1.1hich i:: iL:o•,: .. r i..~.;.·.t .1•: .:.:¡·,";'e¡• .·.t¡···l·t· .. ,, •:, is sci\rcn
cd to try to find t!ll.' most •Hlrwopriatc sur.port 
mea sures for· thc givcn c,:cuvñl ions und roe k ~~<l:iS 
conditions. Thc wholc procccdurc i<; prohJb1y nnt 
dissimilar to the r.1ent.11 proc0S'> occurrinr¡ 't~hcn a very 
expericnced tiJnnclinq consu1tant is ,]sked for r.is 
support rcc01rmcndutlons. \-Jhile the <•'iSC><;Jment al most 
of the pMiln:ctcrs is adnlittedly subject1ve, tne proc
ess of support selectlon is organiscd and reasonably 
consistcnt. 
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APPENDIX . 10 
Table 1. O~scriptions and ratings for thc para~cter 

. ROO. 

l. ROCK Q.IJA_i,_!TY 0[$_l_Q'0.lJ.Oil ( RQD) 

A. Vr:ry poor , . • . . . . . . . . . . O • 25 
B. Poor .................. 25 SO 
C. F•ir .................. SO 75 
D. Good .................. 75 - 90 
E. Excellcnt ............. 90 - 100 

Note: ( i) Whcrc R!JO is rerortcd or mcHurcd i\S ' 10, 
{includin!) O) a norninal v.1lu'! of 10 is uscd 
to e va 1 ua te Q' in equa ti on ( 1 ) • · 

(ii) ROO intcrvals of S, i.e. 100. 95, 90, etc. 
are sufficiently accurate. 

Table 2. Ocscriptionc; and ratings for the pdrarreter J
0 

2. JO lr/T S[! I:UI·IBE R 

A. Massivt', no or few joints ......•....•• 
s·. One joint sct ........................ . 
C. One joint sct plus random ....•.....••.. 
O. Two joint· sets ....................... . 
E. Two joint sets plus random ..........•. · 
F .. Three joint sets ..................... . 
G. ThreE' joint sets plus ranócm ......... . 
H. four or more joint sets, ronóom, 

heavily jointed, "sugar-cube" etc.- ... . 
J. Crushed rack, earthlike ............. .. 

Note: {i) For intersections use {3.0xJn) 

(ii) For porta1s use (2.0'Jn) 

(Jn) 
o. 5-1.0 

2 
3 
4 

.6 
9 

11 

15 
10 

Table 3. Descrlptions and ratings for the p¿t·a:reter Jr 

3. JOINT ROUGH,ESS r:u:1eER 

(a)· .'?o~..·l< L•:Ll ,_.-;,:'ac·~ ilnd 
{b} Ro-:k. L.".;ll. !.'.J1lt·IC't .:·:-[.:;,•e (Jr) 

10 e,..:.., r.i~r:r.r 

A. Discontinuous joints .. ···:···········. 4 
B. Rough or irregular, undvlating ..... .. . 3 
C. Smooth, undulating·....... ... .. . .. .. ... 2 
D. Slickcnsiócd, undulating . .. ..... .. .... 1.5 
E. Rough or ir~·egular, pl,~nat· .. . . .. . . . . . . 1.5 
F. Smooth, plilnar ....................... , 1.0 
G. Slickensided, p1anar .... ....... ....... 0.5 

Note: (i} Descriptions refer- to s~all sc:ale features 
and intcrmediate scale features, in that 
arder. 

(e) !."o rof'!: '-'tlll ~..·e·;~ .... ~~ ,_.;, .• ,: ;r;! • .'.-:!•,·d 
H. zone containing clay mir.erals thick 

enough to prevent rack wall contact ... 1.0 
J. Sandy, grave lly or cruShed zone th i (.k 

enough to pre11ent rack w<1ll contact ... 1.0 

Note:·(ii) Add.l.O if the t:~tan spacing of thc relcvant 
joint set is greater than 3 m. 

( ii i) J O. S can be u·sed for p 1 ar.ar s licl:ens i Ced 
jb nts huving linet'lt ions, provided the 1\ne
at ons are orientated .for mínimum strength. 
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Tible 4. Dcscription~ and ratin~s 

4. JOIIIT ALTERA110:1 IIU~·IGER 

{a) Rnck ¡.nTL (';·•1k~·t 
A. Tight1y hNlr.d, lldrd, non

softening, imrermc<Jbl(' 
fi11 ing i .e. QIJartz or epi dote 

B. Unaltcred joint w~ll~. 
~urfJce stainin9 only ....... . 

C. Sligtltly alterco joint walls. 
Non-s.oftcni nt] 111incra 1 co.-lt in')S, 
undy puticles, clil.v-frec 
disintegratl!d rock etc ... , .... 

O.Silty-, or s<~ndy-clay coJtings, 
sm.-'\11 el ay fract ion (f1Cf1-soft.) 

E. Softening o~ low friction clay 
mineral coatings, i.e. 
kaolinite or mica. Also 
ch1orite, tille, gypsum, 
graphite etc., and SIMll 

for the 

(J.) 

O. lS 

l. O 

1.0 

3.0 

quantities of swelling c4ays. 4.0 

(b) F..·_•/.- 1-''lll c.<tJI1tact C>!fi'JT'c 
10 •>r:,-, ."!::.:r.r · 

r. Sandy particles. clay-free 
disinte9rated rack etc ....... 4.0 

G. Strong ly over-conso 1 idated 
n~n-softening clay mineral 
fillings (continuous, but 
<S mrn thickness) ............. 6.0 

H. Medium or lC\1 over-conso1 i
dation, softcning, clay 
mineral fillings (continuous 
but <S mm thickncss) ......... 8.0 

J. Swelling -clay fillings, i.e. 
montmorillonite (continuous, 
but <S mm thickness). Valuc of 
J depends on percent of 
s~elling clay-slz.::! particles, 
and ~ccess to water etc. 8-12 

(e) /.'r r.? ... ·~ L'ClZ l c.:n:tact u·=:j:r: 
:;::rar,-'7· 

K, Zones or bands of disintegr¡~ted 
l, or cr~shed rack and clay (see 

purarrctc_r J a 

(~r) 

(approx.) 

( - ) 

(21-31°) 

(15-30°) 

( 10-15°). 

H. G, H, J for dcscription of 6, 8, 
clay condition) .............. or 8-12 (6-Z4°) 

rL Zones or bands of silty- or 
sandy-clay, smc11 clay 
fraction (non-softening) ..... 5.0 (-) 

O, Thick., cor.t inu01.1S zones or 
P, bands of clay (~ce G, H, J for 10, 13, 
R. description of el ay condition) or 13-20 (6-24°} 

Table S. Oescriptions and ratings for the 

S. JOINT :.IATER REOUCTIO~: FACTOR (Jw) 

A. Ory cxcilvat ions or minar infla.,., 
i.e. <5 línin. locally ....... l. O 

B. ~1edium inflow m· pressure, oc
casional outwash of joint 
filling~ ..................... 0.66 

C. Large ·inflow or high pressure 
in com~ctcnt t·ock \'lith 
unfillcd joints .............. O.S 

O. large inflow or high pressurc, 
considerable outwJsh of joint 
filling' ..................... 0.33 

E. [xceptionally high inflow or 
..,.uter.or~~.s~~re H bl.nting, 
CICCiyli"·IJ Wltll t H::e . , , , ••• , • • 0.2-0.1 

PJra:nete!"' J 
" Appro .... 

"~~:a ter rot·es . 
(kg/crn') 

<1 

1-1.5 

2.5-10 

1.5-10 

>10 

M_!_; ____ .. ___ _ ·---·--·--
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f. [xccptionJlly high inflow or 
water p_rcs~urc continuinq 

App"rox. 
water prcs. 

{e) ;~,7twr·::i''!7 ,.,,,_.z.. ria . .,t.Íf• J'l·.'l.i of 
illt'·-'"IJ·,•f.rnt ,.,-;-,_.;,._ wtrf.·r tiu• 
i•t[lr~cw:r r:f ln',,l¡ '~"'el.: p¡•,:¡•twrr 

without noticc_o)ble dccay' ..... 0.1-0.05 

Not(': (1): factors C to F are crudc cstimHr.s·. 
,Jn(J'C\1!-C J if tirain<l!'JC mcasun•S itr-c. 
instclllcd.w 

>10 11 N. 1-lild sr¡uceziniJ rock pt·r.ssure ........... . 
O. lleav.>: squeeziniJ rock press,jre .......... . 

(SRF) 
5-10 

10-20 

(li) Spccial problen·~ 'ilusrd by'ice rormoHion 
are not tonsidcrcd. 

Tab le 6. De~cri p~ ion and ra ti ng~ fo_r paramcter SRF 

6. STRESS.REDUCT10rl FACTOR ------
(a} "'caL;,,.:.-:r. .":(>1¡,:-r: Úl ::.,:rr:cct ::.,;. 

c.reqoo ~ io•1, ;.1i;i ,!:, 1";'1'r ,.m,::.: 
loor.C',:i':.1 (1! l'('<:t.: .":::~;:: ,,,:zr.n 
tu>t'1Jl i.<J r X~:-1!}'1( .;r!. (SRF) 

A. Mult iple. occurrences of weakness zones 
containing clay or chernically 
disintegrated .roe k, very loase 
surro:Jndiñq roe k (dny depth) ........ ·..... 10 

B. Single weakness _zones containing el ay 
or chemically disintegrated rack {dcpth 
of exca ... Jtion :; 50 m) . . . . • . . • • . • . • . . . . . • . S 

C. Single ~¡o¡eakncss ionl'S containing clay or 
chfmically disintegrated rack {dcpth of 
excavation >50 m) ...................... ·.. 2.5 

D. Multiple shear zones in competent rack 
{clay-frce)", loase surroundinq rack 
(any depth) .. . . .....• .. . .. . ....... .... ••. 7.5 

L Single shear zoncs in competent rack 
(clay-free) (depth of excavation f50 m) 5.0 

r .. Single shear zones in competent roe k 
(clay-free) {depth of e.-.:caviltion >50· m) 2.5 

G. loase open joints, heavily jointed or 
"sui]ar cube_" etc. (any depth) . . .... . . . . . . . . 5.0 

Note: (i) Reduce these values of SRF by 
25-50: if thc rrlcvant sheJr zonrs 
only influence but do not intersect 
the excavation. 

(b) 

H. Low stress, near surfa~e 
J. Medium stress ......... . 
K. High stress, very tight 

structure (usually 
favourable to stability, 
rnay be unfavourable for 
wall stabil ity) ........ 

l. ~1ild rack. burst (rnassive 
rack) .••••............• 

H. HeaVy rack burst 

ctr•cn.~ pr'•?b~•-""t: 

o,lo'
1 

at/o 
1 

>í'OO >13 
200-10 13·0.66 

10-5 0.66-.33 

5-2.5 0.33-.16 

(SRF) 

2.5 
1.0 

0.5-2 

5-10 

{massive rack) ........ ; <2.5 <0.15 10-2::> 

Note: (íi) For strongly anisotropic vil·gin stress 
field (if mC'as'ured): when 5¡!o /o~ 10, 
reduce oc and ot to 0.8 a, and 1 • 0.8 e t. 
When C"' 1 /o 1 > 10, reduce "e a_nd ct to 0.6 ce 
and O.b o , where: o = unccnfir'lcd 
cornpressiSn strength: and ot .= tensile 
strength (point load) and c. and ~ are 
the majar and rnir.or principbl stre~s~s. 

(iii) Fow caso rocords availablo whore do,th of 
crown below surfJcc is le~s than span 
width. Suggcst SRF incrr.ase from 2.S to S 
for such cases (sce lt). 

(d) ,'\•·l/t'lt,1 r'0)<.•1· r'f:.:·"!ÍC!•Tl /!',\'llÚ!~1 
aot i 11i tu dcpr,rJ::•r~J. 011. prr:-¡:;.'u~.; 
O{ •,I,J!·•r 

P. M11d swclling rod prPssur~ ........... . 
R. Heavy swelllng roe. k prc~surc .......... .. 

A::iJJTJOt'.'Al. wrrn; ot: THF: use of' TMr.t:; 1 10 6, 

5·10 
10-15 

When mak1.ng estimates of the rack mdss Qua11~y (O} 
thc following IJUidelines should be followt"d, 1n 
addition to the notes listed in Tables 1 to 6: 

1. When borecore is unavailable, P.iJO can be 
estimated from the number of joints per unit volume, 
in which the nu~bcr of joints pcr metre for Pach 
joint set are added. A simplc·rclation can be used 
to convcrl this number to RQO for the Cdse of clay
free rack masses (Palmstrcm, 1975): 

RQO 115- .3.3 Jv (approx.) 
.,.he re 

Jv total number of joints per m) 

(ROO • 100 for Jv < 4.5) 

2. The paran:eter Jo representing the r.u:;-;ber of 
joint sets wi11 often benaffected by foliation, 
schistocity, slatey cleavage or bedding etc. !f 
strongly developed thcse parallel "joints" snould 
obviously be counted asan cor:1plete joi11t set. 
Howcver, if there are fev1 "joints" visible, or oniy 
occasional brcaks in bore core Jue to these 
features, then it will be mOre appropri<!tC !.o cov.'lt 
thcm as "random joints" when evaludting Jn in TJ~le 2. 

3 .. The parametcrs J and J (representing shear 
s.trength) should be rclcv5nt to ~he !Y'::·,~.-:: · 
si:T~lif:: .•. ,,:t ,-:;úr~ ,-:.·~ r.1• .:¿r.y ¡":·u.·,! J.:'::c-:,:: :,,1át;1 in 
the givcn zone. 11m1ever, H the joint S('t or 
discontinuity with the m1n1mum value of (J /J ) is 
favourably oricntcd for stabrlHy, then a shoHd 
less favourably orientdtcd joint set or discor.tinuHy 
may sometimes be of more significance. and its higher 
value of J /J should be used when evalua~ing Q frcrn 
equation 1~ ~;1,! 11.1!w~ of J /J .1 ci::::uld ú1 :··:.·~ ,,.~.;·.~ _ 
to t':c ~riJ'¡"'..:~·c '"l~~:;t Zi=<dy fa ~:n ...... .- . .:-ai.lu.rL :: :·,:-::-;~ .. •. 

4. When a rack rnass contains clay, the factor 
SRF" approrriate to >c.,.-·::·,:.: .:C'::'."; should be cvaluated 
(lable 6a). In such cases the strength of the intact 
roe~ is of little intercst; Ho1.,.ever. when jointing 
is mini~31 and clay i~ completely absent the strength 
of the intaét roe k r,1.ay become t11e wcu-.est 1 inlo... and 
th~ stability will then dcpend on the ratio rock
stress/roc~-strength (!able 6b). A strongly 
anisotropic stress field is unfavourable for 
staJility and is roughly accounted for as in 
Note (ii), labio 6b. 

S. T~e compressive and tcns i le strengths {o 
ando ) of thc intact rack should be evalu,Hcd in'the 
saturÁtcd condition if this is appropriate to ore~ent 
or future in si-tu conditlons, A very conc;ervJtiv~ 
estin:ate of strength should be 1:1ade for those roclo.s 
that neterim·ate whcn exposed to moist or saturated 

· conJitions. 
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Uniform Rock Classification for Geotechnical 

Engineering Purposes 

OOUGLAS A. WILLIAMSON ( / q ga) 
The Unified Rock Cusifie~tion Svuem (URCS} i1 uiOd by alargt or;anization, 
.uch u thl Foreu S.n-iCA ol the U.S. Oepor1ment cf Agriculture, to handle 
proittC:U ot all1iL~1 that involve rock. E11i1ting geologi;;: cl.tnlficetiot'll heve not 
ptol!d.d the necun.tfv inforrNtion. The u1-etulnen ol URCS i1 thet tht perti
rwo,u ulturttl cunditiOJ>I relat!KI to de1i~ 1nd 1trenuth ere empl'l11iled and eaon 
~ rud at • <;la~. v.t.ic.h atloW'I 1n imrrwdiate euem"l1flnt. A deeision i1 then 
mltd"' n to tne •ppropriatelevul ot da~il and tht t(\.l:nt of invutio.uion nePded 
to corflplttu 01 IYehutl th• ptoject. Ettoru r.an t. •:•Jr\'".o>nÚaleJ tow1rd th• •oek 
t()OtJitionl that IIÍ~ mO.t critica! to. thl projoct. The d1t1 lMM that c:owen rodc 

condition• is, in ~ny i~1t.1neH, too dttailed for collective an•ly1i1. URCS i1 1 
rype of enqintf'Wlll 1horthand to conwey muimum deWgn and connruction ln
torm•tion and om•t 1pocil•c deuil1 unrela~ toa 'iJffnerll evtluation. 

Th@ Unlfied Rock Classiftcation System (URCS) was 
ori•~int~llj• cOnce1veod in 1959 and l!~t:d ln U~t~plifled 

form to .P~rform l.nvesttg.stions and explorations ter 
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t.h.• dt~•lfiln •nd conatruction of IIAiljor tlood""Control 
da11111 by th~ Portland Diotrlct ot theo u.s. Army Corp• 
of En9inf'PU. Th• utae of liRCS materially tncreeaed 
Pff1clency end produc~ rellable rock lnforaatton 
that rP.sult~ in successful lleaign and" conet.ructlon 
a~:~ "'ell as postconstructlon pvaluatlon. URCS in itl 
prf'sent tona dates. from 197~ and ia uat'd by the Por
Ut. Servic•• u.s. Depa~tment ot Ac)ticulture (USDA), 
ir. Reqion 6 end perta of Regiona 1 end S. It ho.a 
~Pn found to be a reliable method of communicating 
rock conditiona (including those in quarriea. re
taining valla, and extensive rock excavationa) for 
the design of forest acee:ss roads. Inforl!ll!;tion on 
URCS has been published by USDA 1!1· 

PURPOSE AHD NEED 

The: purpose of URCS is to establish a means of mak
ing rapid initial assessments of rock conditions r~
lat('d to desig¡, and con~truction by simple fhld 
t~sts that establish natural strength parameters. 
ThP purpose is threefold: (a) to present a rock 
clas~ification for use in engineering g~logy and 
gt>Ote-chnical investigations, (bl to outline field
identification procedures that require simple field 
apparotus, and (e) to establish the classification 
rellltionship to desi9n and perfor!D4nce. Experienced 
professionals ·who deal with roCk can, and often do, 
etpply the principles of rock mechanics without any 
form.ally accepted raCk claseification. This is not 
the usual case, especially in an organízation thllt 
hes employees of mllny exper ience levels. URCS is 
not intended to supplant the existing geoloqic clas
sif ications but to implement and to eliminate the 
1nherent confusion of". subjective terminology vhen 
applied to civil engineering. 

Classificátion is not the chief ai11 of 
geotechnical investig.stions; but a uniform vocking 
clBssification is necessary to effectively supply 
thE> needs of a lacge organization of diftering 
professional disciplines. The assertion that there 
is no need for o· new classification is· eosily 
diccounted by the statement that a classification is 
alw.!.ys needed until one is found that meets general 
approval and acceptance. The stotements that there 
t~re t~s a.any classif ications as there are geologista 
and that n~ tvo geoteehnical investigotors vill 9ive 
the saM name to the same rock are . unfortunately 
still "true. Because of the number of geotechnical 
personnel working in the field, it is vital that 
soroe uniformity pf datt~ exist. Even now, when one 
reads gl!<>technícal reports, drilling loqs, or con
tra<. t documenta; t"t is not possible to be sure that 
two difterent geotechnicd specialists who are dis
cussing the same rock are describing sufficiently 
identical design characteristics. A working cla~si
fication requires uniform symbols, abbreviations, 
notations~ and definitions that are establishe-d to 

· be- acceptable procedures (_!). 

BASIS OF UI!CS 

URCS, 
basls1 

•• conceived, has the follovinq 
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6. The ayat.om h uaeful to all levela ot. 
••peorteneo. 

1. '11\o ayaum allova immodhte aaaoao•ent, bOth 
direetly and on notea or docuaenta. 

BAS IC ELDII!lft'S 

URCS Uftea the four baeic elementa, or majar phyalcal 
propertiea, related to des19n and conatruetion 
eva~uation: {a) de-qre·e of ~eathering, (b) strength, 
(e) rliacontinuity or dire-ctional weakneaa, and (d) 
gravity or unit veigoht. By establishing limiti"9 
values of these four basic eleme-nts by using unifor• 
field tests and observations* terminology, notatlon, 
.and abbreviations, URCS reeorrls anrl comm.unicates a 
reliable indicatt.on of ro:::k pro¡)erties and 
performance. URCS permits a useful estímate of 
compressive strength, permeability, ond ahear 
strength--the three primary properties of a rock. 
When combined with Other geotechnicol 1nformation 
(stress history and water-table location}, ORCS 
permita a rough estimate of rock performance aueh as 
foundation sui tability, ex.cavat ion means, slope 
stability, material use, blasti~g character, and 
water transmittal. 

The equipment used ·for the field tests and 
observations la simple anrl available: one'• 
f 1ngers, a 10-power hend lens, a 1-lb (2. 2-kg) ball 
~en hammer, and a spring-loaded scale of the 10-lb 
(5-kg) range. The fingers determine the degree of 
veathering añd the manual-strength estimate. The 
hand lens assiats in definínq the de<Jree of 
weathering. The ball peen hammer is used to 
estimate the range of unconfined compresstve 
strength from i~pact reaction. The spring-loaded 
scale determines t!"-e field-unit veight or apparent 
specific qrevity. 

URCS design nototion consista Qf underlined 
groups of CDDibinations of t.he letters A through B, 
which stand for the five categories or 
design-limi_ting conditions that define each of the 
four basic elements, or mejor physÍc&l properties of 
rock (ve&thering, strength, discontinuity, and 
v~1ght). These five limiting conditions vill be 
discussed for each basic element in the seetions 
that follow. 

Deqree of Weathering 

In URCS the de-qree of "'eathering is restricted to 
chemical weathering. There are five deslgn-limitt.nq 
stotes or conditions that define the- basic el~nt 
de<Jree of weathering: A, micro fresh state (MP'S)' 

e. visually fresh stot~ (VFS); f• stained stat• 
(sTS); g, partly decomposed state {POS); and !, 
canpletely decomposed state (CDS). MPS is" defined 

. by examination by means of a hand lens; VPS is 
defined by examination by means of the naked eyer 
STS is weathered but not to the deqree that it la 
reffiOldable by finger p[essure¡ POS remolds with the 
flngers to combinations of rock and soil due to 
weathering; and CDS remolda to aoil. 

l. MFS (Al is determint>d in the fleld by oeane 
ot a 10-powe; hand lens. This condition exista vhen 

1. The rock c"'n be defined by simple field tests. thf!re is no oxidation alteration of any o! the 
2. '!"he information presented ia in silnph, llin~ral components. lt is desirable but not 

understandable, nontechnical terma. neeessery to make this determine.tion for ordtnary 
'3, The conditions defined are related to duign rock-design e~aluation, except for investigations of 

and construct,on. crush~ rock an~ concrete ,ggregate. 
4. Th~ design notation is flexible to scale in 2. VFS (B), the condition that is representativa 

that Ü applies to both a very sm.sll sample or of the et.and~rd of quality for the site and the rock 
sec.tion. of rock or to a large rack exc11vation and la quolity with respect to weathering, 1s not expeeted 
appropriate to. evaluotion. . to change within the economic limite of the excava-

'='· 'I'h~ d,;t.a co.l)ected a.r:e verifinhle, reprod.Jci- tlon. The mir1eral compone_nts arco evaluatcod with the 
~--~.~...:...-~.-:....o.~_...<>..;.Lc.o.·...<....a.u~11LJ..Lc ... L-~i..!>il:o.D_:.. ___ ,_)!likf~d eye, tind s•Jc:h an f!"valuation ls usu.!llly "'ccept-

--~-------------------------·--- ----
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sor. PO':r 

R.lRD ROCl 

- \1/.' . -.w:r-. 
V'!RT HARD ROCl 

ablP. for all foundation and excavation designs. The 
rock material has a uniform color, usually shades of 
gray, green, blue, or black. The samph teated. and 

·clasEified is representative of maxlmum unit weight, 
maximum specimen strength. and least relative ab
sorption for the site and from vhich comparisons to 
STS are made. 

3. STS l,f) denotes that the roe k ~tJtterial is 
partly or completf!ly discolored 'due to.'oxidation but 
cannot be remolded by means of finger pressure. The 
mineral components· are uaually shades of yellow or 
brown and have a reduced unit .weight and a highei-
ab~orption of water than VFS. 
may or may not Vl1CY fr'om 
com.parison ia made at a 
reduction is expressed as a 
unit weight. 

The speeimen strength 
that of VFS, and a 
given aite. Weight 
percentage of the VP'S 

4. POS ID) is a condition that 1s defi-n@d by 
R'IC:Ildability - and the size o! the resulting 
aggregate. The rock' material is remoldable by means 
of finger pressure to gravel-shed and larqe rock 
fragmenta vith or vithout sand, silt, or clay 
mixtures. In other words, the material -1-s-solid 
.. hen in place but becomes rock and soil mixtures 
when excavated. The relative .Percentage of rock 
fraqments is estimated and the quality of individual 
fragmenta is ll&sessed (by ~CS), and fines are 
d.,.termined to be plastic or nonplastic. The 
in-place strength is estimated by manual consiatency 
values or by size, shape, and gradation of the 
rel!lOlded aggregate. The re1n0lded soil aggregate is 
tested for diletency, dry strength, and toughness 
and classified liCcording to field pÚ)Cedures of the 
Uni fied Soil Classification System (USCS) (3). Both 
U}{(;S and uses symbols are recorded (3,4). -

5. cos (~) is a condition of- au remoldable 
mineral components to sand, silt, or clay, or 
mixtures ot two or JDOre. si :tes. In other words, the 
~aterial is rock vhen in place and becomea soil vhen 
exc.avnted. The remolded material is determined to 
be plastic or nonphstic, and dry-strength, 
dil~tency, and toughness tests are performed. The 
in-place strength is estimated by manual consistency 
values. Both URCS and uses symbols are .recorded. 
Note that in URCS the boundary condition that· 
defines rock l!lnd soil on a basis of size 1s th~ 
siev{' size that .divides ·gravel and sand (Me. 4). It. 
iG qenerally ac:cepted by most lnvestigators, · vhlch 
includ~s laypersons, that gravel is composed of rock 
fragmenta but. ·that sand 1s composed ot minerala. 

The de-qrees of .. eather 1n9 and their URCS aymboh 
are summarized belowr 

Condition Oetlnit ion 

MI'S Fresh by uaing hand lena 
! VPS Fresh by uainq n.aked eye 
g STS Weathered.but not moldable 
:Q. POS Re!roOldt> te rock .an'' soi 1 . 

3 11 

A reasonable eatiute of apechaen atrength can be 
.. de by atrikinq the aample, rock core, or outc:rop 
with the round end of a bal.l peen hai!Mier tor vith 
the roundM end of a 20-~nny nail 1f the apec:i~~en 

ia to .be puurved). The reaulting characteriat1c 
iepact reaCtion lndicatoa a ranqe of unconfined 
c:ompreaaive atren9th (~). The roc:k epeci~n or 
out.crop i.s atruck Df'Vf'ral tiMa to determine 
uníformlty_ of response, and a quallty is aasic;ne4 
baa~ on the diatinct reaetion at the point of~ 

impact (Figure 1). There are five design-limitlng 
eonditions (A-El in the URCS basie-element catec;ory 
of spe'cimen -at"tl!'ngth: ~· rebound quality (RQ) 1 !;. 
pit quality IPQl; e, dent quality (DQ): o, crater 
quality (CQl 1 and ~;- moldable quality (MBL) ~ 

l. RO fA! rock material shows no reaction under 
point of i.;pact and is & true brittle-elastic sut
stance in a mechanical sensl!'. This classificauon 
qualit~ has an estimated unconfined eompress1ve 
strenqth ~reater than 15_000 lbf/in 1 Cl03 MPa). 
The exact unconfined compressive stren~th 1s seldat 
signific.ant vith respect to typical civil enginel!'r• 
in9 design and construction once the strl!'ngth 
reaches this value. RO rock material produces 
free-draining .Hll that is suitable for road agqrl!'
gate; hOWever, it is often sharp and .angular due to 
its brittleness and therefore produces a less desir
able material. RQ rOck material has a very high en

.ergy transfer in response to blasting and is diffi
cult to ddll and break in the absence ot: ~lanar 
separationa. 

2. PQ (~) rock material prOduces an explosivo 
departure of mineral grains under· the point of 
iatpact, vhich re_sults in a shallov, rough pit. 'nlh 
quali ty of speeimen has an estimated unge of 
unconfined compressive strength of 8000-15 000 
lbf/i.n 1 (55-103 H.Pal and is considered hard rock 
by the construetion i.ndustry. PO rock material 
produces ftee-draining fill and i& suitable. for 

. road-aurfacing materhL It has a high energy 
transfer in response to blasting, whlch produces 
good frag~ntation and sa~isfactory excavation 
slopes. No special blasting de_sign procedure ia 
necessary. 

· 3. DO (f) rock material produces a dent or de
preasion under the point of impact. This indicatel 
the presence of pore spaces between the mineral 
grains. This classification or quality has an esti
mated r.ange of unconfined compressi.ve strength of 
3000-8000 lbf/in 1 (21-55 MPal and is roughly 
•quivalent to the strength ranqe of concrete. DQ 
rock 1!1.4terial usually does not 11eet absorptlon 
specifications and has a low energy transfec in 
response to bhstinq. Speci,sl blastinq desi9n h 
necessary to ~void boulders and sl!lnd as the end 
produet. DO material is usually not suitable for 
road fill. or surfacing and la not frel!' draininq. 

4. CQ (B) rock material has, as the ter• 
.implies, a re.action under the point of impact that 
produces a ahearinq and upthruating of adjaeent 
mineral qrains thot is similar in shape to a moon 
eroter. This cate-qory ha a an estim.ated unge of 
unconfinPd c~pressive strenqth of 1000-3000 
lbf/in 1 (7-21 MPa). CO rock material can usually 
be cecovered during dhrDOnd-<:ore drill109 
o~rationa, has high abnorptlon, and will respond to 
freeu·-thaw stree~es by at least crackln9 and 
checktnq. It has a very lov enl!'rgy tranater when 
blastf"d and C.'ln be excavated by means of machlnery, 
produces pootly drained ~~bankments, and ia not 
suitabll!' tor roa1 fill or road-aurfacing materiale. 

5. MD.L (!l rock ie in a condition in whlch 
oU.t!rvi6e visu.!lly Gitd.la~ And eontinuous roclt 
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Jtaterial can be remolded by meana of fin9er 
prrt~lluro. Thia cateqory haa an unconflo•d 
cccnpreuivo etr~nqth of lesa than 1000 lbf/1n 1 (7 

MPal. ln all cases, the matorial h exomlr\ed and 
teatr.d aa a aoil and a dual claaaiflcation h 
Qiven. The znaterlal uaually cannot be recovered by 
chalhOnd-core drillinq, can ~ excavate<S by u
chtnery, and muat be evaluated aa a aoU tor deaiqn 
pucpoaea. 

'l"he types of specimen strenqth and their URCS 
symbola are summarized belaw Cl lbf/in 1 • 0.001 MPa): 

~~ Conditlon 

~ RQ 

! PQ 

f DO 
!! CQ 

,!; MQ 

Discontinulty 

Ran9e of Unconfined Compresaive 
StrenQth llbf/in 1 ) 

15 000 
8000-15 000 
3000-8000 
1000-3000 
1000 

Directional veaknesses of a rock mass or rock 
Daterial are termed planar or linear features. 
Planar separations are open separationa that already 
exist in the rock masa and are defined by relative 
capacity to trans'alit water. Linear features are 
directional ~eakneSses due to visual or nonvisual 
mineral alignment in an otherwise solid rock m~ss or 
mateüal that usually requires blast1n9 or 
mechanical cruahing to produce a separation. For 
purposei of del!ic]n evaluation, linear features are 
dc!ined by breakage chaucteristics. Planar 
features or open planes.. of separ!ltion are· defined by 
the scale dimenaion of the rock maas examined and by 
the geOI!Ietric determination that defines a plane or 
a shape. The. five design-Umiting conditions dis
cussed belOw are as follows: A, solid fandom break
age (SRB): ~. solid preferred breakage (SPB)J f• 1~
tent planar separations (LPS)r ~· two-dimensional 
open planar separations · ( 2-0) J and E, ·thrée-dlmen
aional open planar _separations (3-D).-

l. SRB (~) representa ideal design conditions, 
in which there is no effeet from plana,r and linear 
features vithin the dimension of the rock mase 
examin~. The specimen strength equals the masa 
strenqth, so that the strength value of any 
individual sample tested 1s directly representative 
of t.he entire rock-mass stre09th. Needless to say, 
this is seldom the case, except in very limited 
foundation dimensiona. 

2. SPB (~} indicatea that there is a nonvisual 
mineral alignment that resulta in a ·directional 
we11kness in the rock mass or SDaterial. The rock 
breake conslatently along a constant angle or 
direction. SPB roek material may produce an 
undoairable ahape oc &ize for rock aggreqate or may 
prevent the a"chievement of a destgned slope in rock 
e~Cavation. It. is adverse in the production or 
dimenaion stone. 

3. LPS Cfl is a category that indicatea visual 
mineral aliqnment, which EMY or may not affect the 
atrength- or breakage character of the rock .,ass or 
rock material during excavation or crushing. The 
latent planea may be atronger or weaker than the 
rack masa. The reaction of LPS D\llteriol to impact 
defines the at.tength eati~te. Latent planes occur 
in Patterns · or at random and are continuoua or 
diacontinUouar the plane may be of a meaaurable 
thicknesa. In G11 caaea, t;he infllling of the 
material in the latent plane of. BPparatlon ia 
oreater than 1000 lbf/ln 1 (1 HPal~ LPS ~t~riel 
is UStJally not a foundation-6esl9n ccm!lid'crl!llion, 
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because the materlal h. for practica! purpoaea, 1 

aolid~ In cansiderat1on of rock-&lope- desi9n or 
road-aqqr~gatf' !'Ource, blaating energy will, in aoot 
case•• be re!lected by the latent plane and produce 
a sepsration and breake9e 90• froca the plone 
aliqnMnt. 

4. 'l'he 2-D (,!?l cl.it~ory indicatea the preaence 
of of!e or ftiOre parallel open planes of separatlon 
that pass through th!: rock masa at the polnt of 
examination. The 2-0 planar separations may vary in 
trequency and spacin~ but do not intersect. 'Z'tle 
att1tude, relief, and continuity of the plsne oc 
plan~s. 11re the fundamental elements of design 
analysis. W.!lter transrnission alonq the open planee 
can be .determined by observation of the dri1Uft9 
operation ~r by water testing~ 

s. The 3-0 (El category indicates the presence 
of tvo or more intersectinq planar discont.inuitiea 
or open planes of sPparation that pass through the 
rock mass at the point of examination. The planar 
s~paration may form patterns or may be rsndoa. in 
~currence. Interrial planar aeparations (IPS) 

terminate within the rock mass. and mass planar 
separations (~PS) pass entirely through the roct 
mase and are infinite in extent in terms of desigD. 
By geometric definition, three dimenaions form a 
shape. This shape is often referred. to as a joint 
block, which has an average si:r:e' and weight that can 
be estimated. The degree of interlock between joint 
blocks defines the strenqth-of-foundation oc tbe 
stability-of-excavation factor. If MPS occurs, the 

·attitude of the plane or planes with respect to 
slope or excavation is the chief design factor. 
Whether or. not the planes transmit va,ter la 
estimated or meaaured as in category B• 

The types of discontinuity and their URCS aymbolo· 
are summarized belov1 

~ · Condi tion 

~ SRB 
!! · SPB 

f LPS 
.!! 2-D 

! )·D 

Gravitl 

Definition 

No directional weakneas 
Nonvisual mineral alignment 
Visual mineral alignment 
Nonintersectinq planes of veak-

ness 
lntersectinq planea of weakneas 

Density or unit weiqht has been fOund to be one of 
the most useful and reliable means of C01f'llllunicatih9 
rack quality to the design engineers or contractora. 
due to their past experience with rock. The unit 
weight is determined in the field by using tbe 
spring-loaded scale. The apparent specific gravity 
is determined first: then it is converted to unit 
weight. Unit weight in pounds per cubic foot h 
used for a better individual appreciation of weight 
and changes in weight. Pew persons understand the 
numerical difíerences of specific gravity vlthout 
ita conversion to unit weight. The URCS baaic 
element related to gravity or veight has five 
categor ies or ranges of u ni t veiqht 1 160 (_!), 
greater than 160 lb/ft1 (2667 kg/m1 ) f 150 (,!!), 

150-160 lb/ft 1 (2500-2667 kq/m 1
) 1 140 (Cl, 140 .. 

150 lb/ft' <2500-3333 kg/m 1 l; 130 (El, 130•140 
lb/ft 1 {2166-3333 kg/m 1

), and' 130 (El, lesa than 
130 lb/ft 1

• The unit-veiqht desiqn evaluation ea
tablishes the driving force in problems of alope 
atability, the rehtive usefulnesa of the rock 
material as a surface course "or concrete aqqre9ate, 
or t.he weight-valume relatlonship for estim.atea of 
t.aul .cost. Unit weiqht eHtablishes the deqcee ot 
chllnge l!luo to change of weathering atate. Aa a 
general fult- of thurr.b, raCk materiÚ th.ilt has a unit 
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.. 

e 

··- .. , 
• 

Traneportation Reaearch Record 78l 

veiqht 9reater ·.t~an 160 lb/ft 1 h auitable more 
than 50 ~rcent of the ti•• for uae ea roed· 
aqqrpqate, concu·te aqqreqate. riprap, or jetty 
stonf' v1thout ·laboratory testlng. · Rock uterhl 
th.nt hae a unlt veight of 150-160 lb/ft 1 .My M 
accrptabh bUt vill r~uire laboratory testin9 for 
confirmation. Rock tha"t has a unit velght of 150 
lb/ft' h not uaullllY acceptabh· for the abov• 
pi.npoaes, h not free-draininq: fill. and vill 
de<:;~rade. Roe k that has a u ni t weight of len than 
130 lb/ft 1 can usually be excavated by machinerv 
but vill degrade dur1n9 e·xcavation under the 
abrasion of excavation equipment. 

The categories of ·unit veight. their URCS 
symbOls. 8nd their speeifie gravity are. given belowt 

Unit Meight 

~ (lb/ft 1 ) 5Eeelfic Gravlti 

~ 160 >2.S6 
B 150 2 •• 0-2.56 
!': HO 2. 2•-2 •• 0 

E 130 ·2.08-2.2. 
.§ 130 <2.08 

CONTRACT SPECIFICATION OR DESIGN MF240RANDUM 

lnformation that pertains to roc:k material or rock 
mllsses in current contract speclfications or design 
memoranda is sketchy and ambiquous, to say the 
least, even when supported by laboratory testinq. 
The terminology used in dríllirig l0<;1s end geologic 
sections usually fails to provide understandable 
i nformation to the con tractor for purposes of bid 
es:tim<Jtes. Rer~ is ·~n exarnple of a rock description 
found in a typical contraCt specification or design 

Figure Z. Logging axample of .. ':JRCS u-. 

j Wtl.~l"toMETTE'" N. F. (E.){AMPLE') HOIJ NO. OJ-1-I "1 
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U.t..íC 5"· 2•90 TO 5"- 3•80 1 CEPTH TO FIOCX: /0.0 
~LL RIG: C:0-%0 ACXSlMtl: 1>1 ROCX CRlu....E;: "'S"· O 
,:u;_ OlA.: ~-,..., CEPTH TO WA.TER: .o '6wl. 

"'3.; I.Q!;.: -.J. ·l~fi ~-·•uc !i:::,!: c¡tr¡¡ ,....~ ws;¡ W•!:;E"'-'""E' 1 

l"·"·í·· L;J~ 1'· 1 
MATE'R:I Al..' ~; ~PEJ;tFIC. DATA 

noo.s r... S ~ 1 "7 • Cl)MM&WTS 

.4:~t.c 1 O ::! ~ 1 1 ¡¡g:s_~~= WoT> 1 t!:5:::!: ;s,u:~"i'" l-.l ::! 1 Q 'S1~Ty SA...:::~ ~,... N A º' 1..AT~..,c.y Qurc.ll: j-::GM o 1 ·~-. MOo>', 4bo•~~ Tb<J61H.Ie"S\. r.,6l,LI 
l~(l: \ .. PI2~T'IC. .. , ... ,T, ~·~f 

~l'la- '• : :r:::::-... : ! ROCOC'l.li'VIr-10 O~•C.ro.J :n¡~-
Z5~ :r .............. 

: 3 ,, ··¡-· ·····--r-~<C.IGOO""' : -t :':i : ; tttq, 3-D op,. EEEE 
; :t.: ::3- ~ .' - o..-d/.J. :rt' h'I8L ¡;;;::;--

y:¡, •. ,,_ "••; 
.. , ....-. ':$. :-· _,-,,..s 1-'$1-'.5!1.. r-~ ~llCIP(F 

WB ~:,¡:h i -;..;:;.~ .-.;:-;;.;:,-- "'tCI'l !J't~r:~ .: roe• "' 
r-~ .. c-1~/lfiD 

• ~-<..L..!_ 3·0 Op~ OEE'D 
7s-l ·y s-•-•• awL.. · Z2il '!('~~-< ) ~'í::f.;;_.~-~ 

Z17C --------- lo'¡ r~!JS.I Oeo.t'l =¡:;~ IJ LT . ..__,"'"·o~. r-- ~..!1· J----"· ~ 'L 3-D OP!> C.C.FI'!I 
v ..... ;:ro • ...,. ·~ --- ,,... (}~ 1~3" ~p 

:.z .. z. !~:/ 1 .., .... 1.-- ,::-.,.p~r- Pr~ ,::,~ ~ -.:~.:.;;:.:.-;.:.: /l'f'J .¿::;;::;"' .,.,. .. tr.-
~ P,, 9RB ~ f-- -/H'I u .... r ,.u~-·,.,, Pcl' 

f.-- ~~'m"!"' ..... tJ 

4 /#f'l~"' .. """'e e,,..., r---=- ... ., .. ,.~¡,.,,.-.... 
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j 
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meaorandum1 •s119htly veather~, moderat~ly hard, 
highly fracture<!, liqhtvei9ht, rhyolitlc roe k. • 
Thh lnfor~Mtion h aincer•lY lntende-d to portuy 
the actual conditlons e-xi.lttng at the alte and vlll 
provide the b~ala of the deaign, the coat eatlmate, 
or the jud9ment of thr conatruetion metho4 
re,quired. DPscriptive ter•• auch as thue- vary 
widely in meaning, dependin9 on both the individud 
and the professional experience, and cannot be 
qu4nti!ied with any deqree of pr~ialon or 
uniformity. Desi9n deeiaions. eost esti~tes. or. 
construction methods based on thia informatlon vacy 
videly vhen used by contractora, en9ineera, 
planners, or 9eologiata. 

URCS AL'l'I!RHATIV!! 

URCS offers a suitable alternative to this ambi9uous 
descrí.ptive approach. The term •unifted• refers to 
the necessary unification of geol09y and enqineerin9 
for qeoteehnic~~rl purposes. The URCS equiv~~rli!nt of 
the- t.Y?ical rock description for contract 
spe-cifications ~~rnd desiqn memoranda is CCED. This 
simple notation is based on uniform acceptable 
procedures that define design conditions. Thh 
notation indicl!rtes th~~rt the degree of wutherin9 of 
the rock 1s· the stained state (STS) or not 
representative of the st~~rndard design condition that 
exists at the site and that comparative datl!r vill 
have to be determined. The strength of the roek· 
material is dent quality (DQ) and has a range of 
unconfined compressive strenqth of 300~-8000 

lbf/in 1 , vhich indic~~rtes that lt l9 roughly 
comp~~rr~~rble to concrete 'in. stren9th when in a 
veathered state. The rack mass has three-dimen
sional planar separations (3-D). which will be the 
primary design ~~rnd ·construction c~nsideration with 
respect to stability, excavation, ~~rnd material use. 
The size, shape, volume, and veight of the· unlt 
joint block have not been defined and will have to 
be determined as well as the continuity, attitude, 
~~rnd deqree of interlock of the planea. Water 
tranSlllission will h~~rve to be estimated or measured. 
The unit· l>'eight of the rock material ia 130-UO 
lb/ft', vhich indicates that there vill be full 
lo~~rds for haulinq equipment but that the material 18 
probably not free drl!rininq nor ~~~~n it be used in 
load-bearinq fills or for surfacing:. This simple 
but vell-defined verifiable design nohtion h 
suitable for gr~~rphic abstr~~rcts, boring logs, plana 
and sections. ~~rnd other document~~rtion. Since it la 
based on basic design elements, the notation 
provides a reliable means for dtK:ision. The 
notation reqisters rapidly in the lflind durinq 
sc~~rnning and allows r~~rpid compar 1son vi th aeveral 
rock conditions. Sirnilarities and differenceo can 
be. established lrnmediately. Thf' simple notation 
miniaizea the drafting effort. The notatlon 
prevents aubjf!'ctive connotation and allowa rrcordtnq 
the sign1ficant infor!Mtion on a acele- approprlat.e 
to the investigation. The informat1on can be 
checked and verified. See Figures 2 and 3 fot 
exa~plea of hov the notation looka in actual uae. 

CONC LUS lONS 

URCS furniahea a meana by vhich a relatively hr9e 
number of persons from profesaional and technical 
diacipl1nes vho h~~rve different experience levels can 
vork toqether in a ouccesaful teaiB effort. 11\e .tvo 
government agencies involved vere the Portland 
District Corpa of E:.ngineera fr0111 1959 to 1975 ~~rnd 

the- Foreat s~rvice, Reqion 6, from 1975 to the 
present (§). URCS, although not universdly 

· accf>pted vithin theee tvo aqencies, did provide 
rel.hble -inforNtion. vh~n uOe-d,. w·hich .re8ulted ln 

1 



• • 

' 
'·. 

o 

o 

A 

10-
l!.So 

noo 

uso 

zzOo 

ZISO 

ICtOO 

... 

effective planning. design, specification, and 
construction of projects that involved rock. 
M~chiavelli wrote, in The Prince (1513), 

It must be remembered that there is nothing more 
difficult to plan, more doubtful of succeaa, nor 
more dangeroua to manage than the cre&tion of a 
nev system. Por· the. initiator has the eruaity of 
all who voul'd profi t by the preservat1on of the 
old insti tution and merely lukewarm defender a in 
thoae who vould gain by the new one. 

l. D.A. Williamson. Onified Rock Classification 
Syatem. Pield Notes (Forest Service, o.s. 
Department of Agricultu~e), Vol. 10, No. 11, 
Nov. 1978. 
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The Unified Rock Classifica• 
tion. Presented at Reqional Geotechnica.l Meet
ing, Forest Service, Re«;ion 6, u.s. Department 
of Aqriculture, 1977. 
A. Casa9rande. Classification and Identifica-
tion of Soils. Trans. ASCE, Vol. 113, 1948. 
~. Terzaghi and R.B. Peck. Soil Heeharú.cs in 
Engineerinq Practice, Wiley, New York, 1948. 
D.A., Wi lliamsOn. Rock Cbssification for Engi
neerinq Investigationl'l. Presented at 2_0th M ... 
nual Meeting, Oregon Academy of Science, 1961. 
D.A. Larson. Green Peter Dam Foundatioñ ~
port. u.s. Army Corps of Engineers, Portland 
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r11E HELATIONSIIII' BET\\'EEN IWCK ~IASS QUALITY AND EASE Of EXCAVATION 
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·Summary 

limcstonc, dolerite, gr:mite, shJIC, hallclay and chinaclay from south west Enr.l:lnJ have hecn classificd in ter~s of rack 
m:1ss qu:liity by thrcc c1iflcrcnt systems: point load slrt•nr.th and fracture st,Jcin_g, thc CSIR Rork \f:lss lbtinr. ::md the NGI 
(.hJahty lnr.lcx system. 

Comp:uisOn with excJ\'Jtion practic:e in quarries in these rock masses indicatcs that the CSIR Rock MaSs Rating: system may 
v,ivc hettn JSSC'S..'irnent of rock mass quality relat~d to ease of cxcavation tf.an the point load strength and fracture spacing and 
(}u:1lity lndcx systems. · 

REsum~ 

t'ollS avons classé des m.:1ssifs de c.llcaire. de dolérite, de r.ranite, de schiste et d'ar~ile daos le sud-ouest d~ l'Angleterre selon 
lt-ur quJ!it!.! et en utiliS3nt trois systCmes différl!nts. ('es systemcs sont ceux de Franklin U 97'2), llicniawski (1976) et Barton 
el al. (1977). 

t\ous avons comparé la facilité d'cxcavation dans les carriCres de ces m.:1ssifs et )e$ prédictíons faites 3 partir des troU sys
tCmes de cJasslfication. Le syst_t!me de llieniawski (1976) Jonne la mcilleure i.ndication de la facilité d'excavation. 

,. ,duction 

1. No onc f<ature of civil cnginccring work has becn rcspon· 
sihlc for more disoute tli"3n the -classilication ol rock to 
he cxcav3tcd, and ·thc conscquent payment for this work. 
As unit priccs for blasting m:Jy be considerably grcater 
rhan thc corrcsporiding unit priccs for ripping and digging 
thc oppnrtunity for dispute arising from questionJble 
ciassification of rack masses will be obvious. 

Thcrefor~~. no! only is thc col!cction of datJ to.asscss the 
rock mass quality c:~scntbl. but also thc sclection of a 
suitable dassification system is vital. 

( . 
Rock mass classification systems. 

One of th~ first classification of roe k m:1sscs was introduccd 
hy Tcr:t.:lp.hi ( 19-lO) hut this cb:-.sification ha~ bccn criticiscd 
on thc grotmJ that il is too ~cncr:ll to pt'rmit :m objcc,tivc 
tvJitlation of roe k m:.~ss qualiry. Suhscqul'ntly Dcc~c t'l cJ!., 
f lllú<>) introJuccd thc conccpt of Roe k Quality Desi~nJ
Iion, RQO. Thl'n, Fr:.~nklin t't al., ( I 1J7"~) proposcd a cbssi
hcJtion in which twu rar~unctcrs wcrc use.: d. thi! point load 
\lrl'ngth anJ thc fr:.tcturc sp::~cing. 

~tMc rcc("nt cb::;síf~e.::1tions of roe k masscs in dude the CSIR 
Ru·..:k ~b;;s Ratin~ ::.ys1cm introdth.:cd b·y Bicniawski, 
11'!7ú) >nd thc NCI QuJiity lndcx, Q,~ systcm (llar ton 
~rta/.,1<!77). 

l"lle Fr;.~nklin. Bicniaw:-.ki anJ lbrton cl:!ssificatíon systcm~ .f: 
l e Ji:.cusscJ lata in d¡;-t:~iJ hccuJsc thcy :uc thc main 

... _ _ sy::.tcms us~.:d in this stuJy. 

Th.cre is ~ood a~rccment bctwccn thc .various cl:1s,i· 

fications JS rcg:uds thc prorcrties considercd important, 
although thc tcchniques of incorpororing thcse prop<rties 
are different. Fe::~ tu res common to thc classification sys· · 
tems as summariscd by Just ( 1978) include: 

1) Thcy u <e clearly det1ncd pararneters which can be 
measurcd in thc licld. 

2) Only rhose .propcrries of rock mass judged io be most. 
significant ::~re included. 

3) Thcy all determine an index of the rock mass from 
various rock mass parnh!h!TS ~cighted to account for 
their rclative importance. 

Field investiga! ion and data collcction 

The field work WJS dcs.igncJ to Co\'er two aspects. First, 
to cullcct dJt:J rebtcJ to thc dbconrinuity ch:Jractcristics 
of c.Jiffcrent H.H.:k Jll:JSSt!":>. Sudl chara~..:tt!"ri:.;tics indude intact] 
strrn<;th, fr:1¡;turc spacing, joint orientation,joint conJitinn 
and wc:.ttht•rut~. SeconJ, to examine the excJvation 
methods u sed fÜr thcse rock m3sses. 

All rock IHJ"~cs e:umined wcre exroscd faces in quarries. 
A rapid nup;:oin~ tcchniqut.! \VJS mc.:d in thc ticJJ. lt invol· 
vec.J tllJppin:! unen :..t pt1Llro1J pholtl!!rJrh cach rock mJss 
examint·d. ;tnd thcn this m:1pping w:JS tr:lnsfercU bttJr to 
a nornul hbd; and whitc rhoto~r:Jph takcn from 1he 
same location f Ahdulb!if I'J.)~). This mapping·was supple
mentcJ hy rm:k ma::;s :..tnd di~~.:ontinuity surwy Uat:~ !\hccts 
recornme1hkJ hy tlu~ .Enr_•n'-~l·ring c;roup \\'orkin~ I'Jrty 
( J 'J77). Tht· Ú;lt:J shct~t'\ prtlVt . .'d to he suitahlc fnr ~ctting 
a qukk anJ ¡;ompr..:ht!"n~oivc, i.kscriprion of a rock nJJSS. 

The colicl'lt'd infnrm:Jtion ijs thou~ht lo be impnrtant 
for the :~ssc~mcnt of ro&; k mass quahty. · 

-------------~---· ·~-----~---~-------·-----~----~------------~~-------· 
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1 "~n. •u ....... ,. ................. ·-··••··~ _ 
of rock mm quality by the following classil'ication sys· 
tems: 

1) Point load mength and fracture spaclng 
2) Thc NCI Ouality lndex 
3)' 'll1e CSIR Rack Mass R.1tlng 

• Pointload strength and fracture •pacing syslem 

Fr:mklin tt al .. (197c) rrorosed a two raramet<r clos.sl· 
fic:~tion hased on roint load strenph and the fncture 
sparin~ uf the rock nuss. Thcsc two' paramcters c.1n be 
mcasur<d easily in the foeld. 

In the point load test.thc rock srecimcn is loaded between 
conicJI piJlens of standard dimcnsion and the Sf'ecimen 
f~ils by splitting b('twccn plateo contJCt pnints. Then, 
thc point load strength index, ls, is obtained from the 
rdation: 

ls = P/02 

where, P = Force rcquircd to break the spccimen 
D = Distance betwcen platcn contact points 

All point load meJsurcmcnts were t.Jkcn for irret::ular· 
lumps. :.md the averJ~e of severa! mcasuremt:nts was taken 
~s thc point loJd strcn~th index, ls. of the róck. For poor 
quality rock mJsscs point loJd strengths were estimatcd. 

Fracture spacing meJsurements were taken from exposed 
rack faces in quarrics .. Then, the fracture spacing index, 
Jf. w:.~s measured by couming the number of fractures 
which intersccted á trJVl"rse line of known length. For each 

. roe k face, two or threc traverses were t;:~ken and the average 
of these traverses wa~ taken as the fracture spacing index 
of the rack mass. 

Thcn, for the different rack masses examined, the point 
load strength indcx, ls. and the fracture spacing index, 
lf, rock mass quality classification are sct' out in Table l. 

Tab. 1: Point load .strcnJ:th and fracture spacing classlfication 
(Franklin cr ol .• 1972) 

Tab. 1: La classific!l.tion des massifs rocheux suivant la mé· 
thC?de de Franklin (1972). 

Point load fracture 
Sample Rock type ·strcngth spJcing 

ts (\tN/m 1) lf (m) 

1 limes tone 4.1 0,65 
2 S!l.ndstone 0,83 0.46 
3 ~ndstone 0,27 O .SI 
4 limcstone 5.13 0,57 
5. limes tone 0.35. 0.09 
6 1imcstone 0.34. 0.03 
7 limcstonc 8.22 0.48 
8 limcstone 9.51 0,74 
9 Jimcslonc 7.26 0.4t 

JO 1imcstonc 8.50 0.37 
11 dolcrite 20.17 0.47 
12 gr!l.nite 11.17 0.70 
13 shale 4.27• 0.07 
14 shalc 1.00 0.05 
15 sh3IC 0.65 0.03 
16 shalc o.15• 0.01 
17 china clay 0.25. 0.02 
18 granite 3.51 0.56 
19 gravcl 0.26 .. 0.06 
20 .ball clay o.Jo• 0.02 
21 dolcrite 12.59 0.45 
22 gunite 8.51 0.30 
23 quarcz vcins t 1.23 0.20 

i- ii'\\C\\Cd 

• ls i~ mc.;J~ured rcrpendil·uLu to bedding, 11 a long bedding b 
0.23 MN/m1 . 

·---~-·-· --------

•••"' ••'-6a ......... .,,~ •--••-·• _ .... - ···-··· 

n:uton ct uf., ( 1 l)77) propo~cd thc rol'k niJ'\~ QuJlity lndex. 
Q. Tite numcrica1 valuc of this indcx is det1ned by~ ' 

RQD Jr Jw 
o~--x-x 
. Jn Ja SRF 

where, RQD = Ruck Quolity Dcsignation 
Jn = Joint set number 
Jr = .loint rou~:hncs·s number 
JJ = Joint :.lltrr:.~tion number 
Jw = Joult w:w:r rcduction factor 
SRF = Stress Rcuu.:tion factor 

Hock onu llrown ( 1 'IXO) cnncludcd that thc Ouality lndex 
O. can he considcred as a function of only three puamc: 
tcrs, which :.~re crutle mc:~surcs of the following: , 

a) lll<'ék sizc (RQD/Jn) 
b) lntocJ block shcar strcngth (JR/Ja) 
e) Active str<ss (Jw/SRF) 

For thc CJ!cubtion of thc Quality lndex, Q, the informa· 
tion colkctcd in the rock m:.~~s and discontinuity sunreY 
data shc~B was uscd lo estimJtC all the pJramctcrs excep1 
thc K.o~:\.: ()u:.lliLy Dcsi~nJtion. RQD. which was estimatcJ 
from thc :i\'(:r~F.C fr~qucn¡;~' of Jiscontinuitics likely to he 
cncountcr~d in a vertical driil hole, bv Pricst and Budson's 
fonnub (1 976). Thus, the Rack Quolity Dcs:gnation, RQD, 
is given by: 

4. RQD = 100 e-oH (0,1). + 1) 

where, X is thc mean discontinuity fiequency per metre .. 

Then. for the different rock masscs examincd, the calcuJi. 
tion of the Quality lndex, Q, is sct out in Table 2. 

TI1e CSIR Rock Mass Rating classification system 

This cbssilication was proposcd by Dicniawski (197( 
Five basic parameters are involved: 

1) Strcnelh of intact rock 
e) Rock.QuJ!ity Dcsignation 
3) Spacing of joints 
4) Condit ion of joints 
5) Grounú water condition 

A numbcr of points or rating is allocatcd to cach r•n•' 
of valucs for e~ch paramctcr. and the overa\1 rating of the·· 
rock tn:1::.s is nudc by addin~ the rJting ot' the paramcters. 
Thcn aftcr the ovcrall. rating is adjustcd for joint oricntJ· 
tion, thc rock mass is given a class reprcscnting the roe\; 
moss quality. 

For all rock masscs examincd. thc intact strcn~th was esti· 
matcd by using thc point lo:.~d strcn~th mcasurcmenu 
givcn in Table l. Thcn. for Hock Ouality Desig.nation. 
l<OD. thc VJiucs cstün:ttl·d for tite \'Gl Ouality ln;J¡;-x, 
O. wcrc uscd. Thc spacing of joints, condition of joinn 
and ~round w:1ter condition, wcre all cstinutcd from tht 
rock m:.tss Jnd discontinüity survey dat:..~ shccts .. TheQ. 
~dter C\'cry p:H:.~.mctcr is rJtcJ. thc c:.~lcubtion of thc Ro(~ 
1\bss R:.ting of all rock masscs i~ sct out in Table 3. 

,¡-_.,. ,.:. ... ; 

Exca,·ation mcthods· on siles 

All exc:tvation mcthods e:-..amincd were c:uricd out in 
qu:nfies, whcrc thc cxcavatc:J rocks Jrc uscd cithcr fot 
con..:rl'lc or ro:..J ~rgrc:r.:11c. Thc exc:.~vation Illi.!lhods. indu~t 
c.Jir.~·.in~. ripping ~~~d ·bb~tin¡:. Tablc 4 shows excavali1• 

mctlwJ ... u~.eJ on ~itcs. ;md dco.,cription of these m~lho 
and rock mams is givcn by AhdulbJit (1982). 

--~-~-··----~ --- . --- ·- ~ ·-·--- .. 



l}'lc 
H.ud; 
tyrc 

-~ 

1 limc-.tnne 
2 S:md.,tone-

3 Sand,tonc 
~ lirnc,tonc 
5 linh'\tonc 
6 limo:'\tone 

' 7 lunc-.tonc 
8 limc\tonc 
9 lime~tonc 

10 limcstonc 
11 dolcritc 
12 gr:mitc 
13 sholc 
14 shale 
15 <;hale 

. 16 ~h.::lle 

17 china clay 
18 ~ranite 
19 gra.vcl 
21 dolcrite 
22 granitc 
23 quartz vcins 

Sample Rock type 

1 lirricstonc 
2 Sandstone 
3 Sa.nd!\tone 
4 limcstone 
S limcstone 
6 limcstonc 
7 limestonc 
8 limcstone 
9 limcstone 

10 limes tone 
11 dolcrite 
12 ~r3nite 
13 sh:.~le 
14 shale 
15 shate 
16 shaiC 
1 7 chin:1clJy 
18 granile 
19 g.ravcl 
20 ha lid.:~ y 
21 dnleritc 
22 ,ranite 

·, 23 
qu:utz 
win' 

,-~. 

... Tab. 2: D.1cubtion of N{!l Tunncllin~ Qu:llity lnd~x (lhrton (1 al .•. 1971). " 
Tah. 2: La cbssilication del manih CO\.'ht·u• suiv:mt h m~tlmdc de R:uton t:t al. (19_71). 

k HQU ~ In · Ir h lw SRF .B~L!l Ir 1~ Q Dc".:rip· 
In h SRF tion 

1.5 99.2 6 1.0 2 10 2.5 I6;S O.lO 0.40 6.6 F:lir 
2.2 9S.2 6 1.0 ~ 1.0 2.5 16.4 (I.:!S 0.40 l. M r{\Or 
1.9 'JH.G' ... 6 1.0 6 1.0 2.S 16.4 0.16 0.40 1.05 Pom 
1.7 9H.9 6 .• ¡._~1.0 3 1.0 1 16.5 1.0 0.40 6.6 Fa ir 

11.1 72.2 12 1.0 8 1.0 5 6.0 0.12 0.20 0.144 V. Poor 
33.3 29.9 20 1.0 10 1.0 5 1.5 0.10 0.20 O .oJO E. Poor 

2.l 9S.3 6 1.5 1 1.0 2.5 16.4. 1.5 0.40 9.~4 Fa.ir/Good 
1.4 99.3 6 1.5 1 l. O 2.S 16.6 1.5 0.40 9.96 F;~ir/Cood 

2.7 97.8 6 1.5 1 1.0 2.5 16.3 1.5 0.40 9. 78 Fair/Good 
2.7 97.8 6 1.5 1 1.0 2.5 16.2 1.5 0.40 9.72 Fair/Good 
2.1 9H.3 4 3 2 1.0 2.5 24.6 1.50 0.40 14.76 . Good 
1.4 99.3 4 4 1 0.66 2.5 24.8 3.0 0.26 19.30 Good 

14.3 62.5 6 1.0 l 1.0 2.5 15.6 0.50 0.40 3.120 Poor 
20.0 46.6 6 1.0 2 1.0 2.5 7.8 0.50 0.40 1.56 Poor 
33.3 29.7 9 1.0 4 1.0 .5 3.3 0.16 0.20 0.106 V. Poor 

lOO 4.5 20 . 1.0 6 1.0 2.5 0.13 0.16 0.40 0.014 E. Poor 
50 9.0 20 1.0 6 1.0 2.5 0.45 0.16 0.40 O.Ql8 E. Poor 

1.8 98.7 6 1.0 2 1.0 2.5 16.45 0.50 0.40 3.19 Poor 
16.7 56.6 15 1.0 6 1.0 5 3.77 0.16 0.10 0.060 E. Poor 

2.2 9X.l 4 3 2 1.0 2.5 21.5 1.5 0.40 11.9 Good 
3.3 96.1 6 1.0 1 "0.8 2.5 16.0 1.0 0.31 5.12 Fa ir 
5.0 91.7 6 1.0 1 0.8 2.5 15.3 1.0 0.31 4.90 Poor/Fair 

,. . •. 
•. 

· Tab.· 3: Geomechanics classification o( jointed rock mas.ses (BieniaW31d,l976). 

Tab. 3: La classification desmas~fsrocheux suiV<lnt b méthode de Dieni::lwsld (1976).· 

.. Joint Condition Ground Joint 
Strength 

Rating RQD% Rating Spacing Ratio& of Joinu 
Oriental ion Total 

MPa 
~,~,:a ter 

Adjustment Rating 
m Rating Rating 

Rating 

4.1 12 99.2 10 0.65 20 6 10 - 10 63 
0.83 2 98.2 20 0.46 20 6 10 -10 48 
0.27 1 98.6 20 . 0.51 20 o 10 - 10 41 
5.13 12 98.9 20 0.57 20 lO - 5 63 
2.21. 7 72.2 13 0.09 10 o 7 -12 30 

·0.34 1 29.9 8 0.03 S o 7 o 21 
8:22 15 98.3 20 0.48 20 20 10 o 8S 
9.51 15 99.3 20 0.74 20 12 10 o 77 
7.26 12 97.8 20 0.41 . 20 9 10 - S 69 
8.50 14 97.2 20 0.37 20 12 10 - 5 72 

20.17 15 98.3 20 0.47 20 12 10 - S 72 
11.17 15. 99.3 20 0.70 20 4 o 79 
4.27 12 62.5 13 0.07 . 10 12 7 -10 44 
1.00 4 46.6 8 o.os. 10 10 10 - 10 ll 
0.65 2 29.7 8 0.03 S o 7 - 12 10 
0.15 1 4.5 3 0.01 . S o 7 -10 6 
0.25 1 0.0 1 3 0.02 5 o 7 -10 6 
3.51 7 98.7 20 0.56 20 12 10 - S 6~ 

0.:!6 1 56.6 13 0.06 10 o ' 7 - 12 . 19 
0.30 1 9.0 3 0.02 5 6 7 - S 17 

12.59 15 98.2 20 0.45 20 12 10 - S 72 
8.51 15 91.7 20 0.30 10 12 7 - S 59 

11.23 15 96.1 20 0.20 10 12 7 - S 59 

1 
1 
1 

1 
l 

1 

., 
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Tah. 4: F.xC3VJtion mcthods on sltet. 
Tab. 4: L('S m¿thodcs d"t)ll2VItloiL __ _ 

Sample Rack l)'f'C b.e1vation "bchine 
mcthod 

1 Limc,tunr. Ub\tin& -
2 S.lnd,tunr Rq·tping Tuc:k loadtr 
) S-lnd\tOOC' R•rr•n~: TrJdo loadtr 
~ Limcstonc LU.utina -
~ Lime~ tone Di~~nJ \\'hrd loadcr 
6 ÜmC'\tonc Dt~ing \\11cclloadcr 
7 ümc~tonc lill\ting -
M l..Jmcstonc Ul;sstin& -
9 Unicstone I:U;s~tinc -

10 Umcstone Bbstin¡ -
11 Dolcritc Bt.utinc -
12 Granite Blutina -
1) Sh1le Ripping 

Tuck loadcr 
917L 

14 Shale Rirping Tud; loJ.dcr 
917L 

15 Shale Digging Tuclc. loadcr 
977L 

16 Shale Oig¡ing 
Tnc:k loader 
917L 

1 7 china cl.:ay Digging Bulldoler 09 
18 Gr:mitc BlJ.sting -
19 Grave! Digging 

Bydraulic fac.e · 
shovcl· 

20 Ballcl:!y Digging Hydrautic 
backhoe 

21 Dolerite Blasting -
22 Granite Ripping Bulldozer D9L 
23 Quartz vcins RippQlg BuUdozcr 09L 

' 6 

~ EH o o.gg.ng 

/). A•PP'nQ 
~ o Bluting ... ® 
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.; o• kiA z 
ü 
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Fig. 1: 

l'lg. 1 : 

SlREt~GTH·Ia· MNim 

EH E X' TREMELY HIGH 
Vli VERY HIGH 
H HIGH 
M MEOIUM 
l lOW 
VL VERY lOW 

Rock m:m qtJJ!ity cl.n,iOcatlon b.ued on polnt load 
stren~th Jnd lucturc ~pacin& inJiccs. lt ~hows c~cava· 
tiun mcthods. on silcs. 

La d:l\~ilication des ma~,¡fs wchcu.\ suivanl 1-'ranklin 
( )9 7 2) el les méthodcs. d'excantion. 

J 
c~a~,ifitalion di:lgrams 

All rock m.a~scs examincd, hJ\'C bc-rn c!J~,ified in tcrmi 
of roe k ma's qu:.lity, hy thc 1hrce- cl.m.ificlt ion systcms 
rnentioncd pu.·,·iou~ly. Thcn, two classification diJgnm\ 
havc becn introduccd. 

FiJ:urc 1 shows a rack m1s...\ qu:~1ity clas~ification di3g 
bJsed on poinl 1,1ad strcn~th mJl·x. ls. anJ fanure sp.:-' 
cin~ indcx, lf. tl'rJn~lin ct al., 197cl. The quJiity of a 
plrlicu!Jr type rack ma~s is dl·termincJ hy plotting t3ch 
rock mas..~ as sinf!le point locatcd in thc di:Jf:C;Iln hy means 
of its two indiccs ~iven in Tahl~ l. Simibrly. Figure ~ 
shows a rack mass au:!litv c:b~siti~ation di:~~r:.~m of the 
same rock masscs. ba~cd oi1 QuJiity lndex and Rock I.bs,s 
Rlting CJlcubtcd in Table 2 and 3. 

The two cbssification di.J~rams exrress the ease of exca· · 
Vltion of thc diifcrent rack n1Jsses. and define the loCJ· 
tion of di~~irlf:. rippm~ :md h!Jsti:-~g in thc c!Jss.itication 
diJ~rJn1s. ·¡he e:.~ se of ex..::J\'Jtion shown in these cbssificJ· 
tion di,J¡!rams is deternlined by the exc:~v:llion methods 
given in Table 4. 

Discus.ion of cbssifitalion di:lgrams 

Figure 1 shows thJt thc fields containing rock mass suitéd 
to dip:~in~. rippi;-¡~ or blas.tin~ are distinct. However, there 
is not sufficicnt dJ.tJ to determine precise! y thc boundaries 
of lhe ficlds. The data do indicare that 1hc boundaries 
are not parJ.ilel to one another. 

Figure ~al so shows distincl ficlds for !he diffcrcnl methods 
. of excavalion. The Rack Mass Rating indicoles that rock 

mass can be dug up lo RMR values of 30 and ripped U? 
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l·ig. 2: 
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[I' l,o,:l;l',1(LVPQ0R 

Ror\.: JUJ\s'qu:ality rl:u•.ificJtion di:~pJm bJ~tf un'"'"" 
m:1\~ r:..tin~ and t¡u:Jiity mdku. 11 shows C"lC'".JV.JI 1- ~ 
mcthod\ un sitcs. ' 

l..;a ~:!;.,,..lh":.ltion Je• m.,\,¡f .. rocheux \uivo~nl Hieni.a\ull 
(\IJltl) el h.mon u al. (!!)71). On voit au~si lc:J rni· 
tholtcs d'cx~valion. 

,• 



10 RMR \·alucs of C•O. Rock rnass ratcd as "sood" or betler 
. t•Y !{uck M:~ss Rating ,lwuiJ be blastcJ. 

11u~re is ;¡ tlis.tinct f!:•Jl b~I\\'C'l'll thc O \'Jhll'S of rock masscs 
¡h.ll t:Jil he ÚUJ.,:-. O v;1hll'S up lo O.l·l,;.wJ IIHlSC th:ll rcquire 

/ ·plll~. () v:Jiul.'.'\ ahovt.: 1.0). ~dore thta ale rrqttirCU tn 
l'nHilll' whclhl'f fcw C.\l':l\'atcJ rock 11\JS~l'S h;¡y~ 0 

,Jitll'S. in this rau~~~- lhnc is llVCr bp in{) v;tlul''i hctwcen 
J.2 ;uHJ · 5.2 of rot.:k ma~scs whil:h can he rippl•LI and roe k 
1n.•s,es whid1 rcquirc hb:-.ting. Thu:;, thc u:;c uf Quality 
Jrlllt:~. O. :as a ~~nidc for C\t.::1vation pra~.·til·c in rock n1ass 
:~ppcars thrn lo prcscnt prohlcms. Thc :1cttvc.: strc-;s paranlc· 
ter. Jw/SRF, important in rnnsidcrinr- thc ~t;~h!lity of 
undcr~round opcnings ~1ows liulc variation in ·otJr SJ!Hple· 
of roe k masscs :..tt thc grountl surt"Jcc. So Q is a product of 

. only four variablc.~s. nonc of which cxplicitly considcr* 
. the joinl oricntation, a conlrast with !he R.\! R. 

Conclusions 

1) For excavation purposcs, lhc Rack Mas Raling system 
gavc a bcttt!r asscssmcnt of rock mass quality than 
Quality lnucx and poirll load strength and fracture 
spacin~ systcm. This is bccausc !he ltoL'k ~lass Rating 
incltH.Ics ~ufficicnt information to allow realistic as
sessmcnt ofrock mass quality, 

. ~) Our prcfcrcncc For !he Kock Mass Rating is based on 
limitcd cxpericncc from ·south wcst England. lt would 
be intcrcsting to sce how rclcvant ·this cxpcricnce is-to 
arcas with othcr climatcs and wcathcring Jnd gcological 
hiStories .. 
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PREDICTION OP HAZARDS IN UNDERGROUND EXCAVATIONS 

Evert Hoek 

Goldor Associatee, 224 W 8 Ave., Vancouver, Canada 

Abstract. Exceptionally weak ground, usually aasociated with faulting,· 
unanticipated groundwater pressures or flows and exceptionally high 
stress concentrations are sorne of the hazards which confront the 
underground excavation engineer. One or more of these hazards can 
seriously de la y or even hall a tunnel or mining project, · and mcthods for 
predicting thcse hazards are urgently required, particularly for projects 
involving high epeed drill and blast or tunnelling machine excavations. 

This paper explores the current availability and the potential for the 
development of tools and techniques for the prediction of these hazards. 
It is concluded that systematic and automated geological data collection 

· and interprétation represent the most promising avenue for development. 
It is suggeeted that there is room for the use of expert systems in 
which the computar is used to assemble and organizo practica! 
underground excavation expcrience into an interactivo decision making 
system. 

Keywords. Gcological ha'zards; underground excavations; rock mechanics. 

INTRODUCTION. 

The cost per ton of ore recovered from the ground depende, to a 
significant degr'ee, upon the ease with which this ore can be minad. 
Difficult mining conditions result in reduced rates of production and 
hence higher mining costa. As easy-to""find high grade deposita have 
been depleted and as the search for minerals has ·moved to more 
difficult terrain and/or to greater depths below surface, mtnmg 
difficulties have tended to increase. These difficultics have been offset 
by technological advances which have resultad in more efficient mining 
equipment, blasting techniques and methods of rock support and hence 
mining costa have tended to remain reasonably atable. 

In evaluating a new mine it is normal to consider a ranga of mining 
methods which are best suited to the type of orebody under 
consideration. The availability of iiUitable equipmont and of skilled 
manpower need be considerod together with tho grade of the ore and 
the most suitable recovery processes . If, having considerad all these 
factors, the mine is considerad economically viable, detailed mine 
planning can commence and ultimately the mine will go into production. 

---------

• 

.O 

t'\ .J. 

() 



• 
2 

Experienco suggests thut, however thorough the evaluation and planning 
of a mine, thore will always be problema which were not or could not be 

( -'. unticipatod and thal thcse problema can havo serious consequonces upon 
·- thc performance ot the .mine. Amongst the most sorious of these 

J 

·c--.. 
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problema are "bad ground" conditions causad by faulting, intenso 
jointing, high groundwater pros sures or flows, exceptionally high stress 
levels and other geologically rell~ted phenomena. These "bad ground" 

·problema can be particularly serious if they are not anticipated and if a 
smoothly-running mining operation is brought to a hall by a largo fall 
of ground, water inruah, rockburst or similar event. 

GBOLOGICAL HAZARDS IN UNDERGROUND MINING 

While in no way wishing to diminish lhe importance of hazards in 
surface mining,::tl\ls paper will concentrale upon the geological hazards 
which can have the most serious impact upon the safety and economic 
performance of underground mines. This choice has been madc in order 
lo limil the · scope of the discussion and also because lhe prediclion of 
these hazards is much more difficult in an underground environment 
than in the case of a surface mine. 

One of the most obvious sources of · "bad ground" problema in 
. underground mining is the discontinuous nature of rock masses, In 
many cases the orebody is associaled wilh major faulting and, in 
addition lo concentrating the ore, these faults will also havo causad a 
significant amount of fracturing in the surrounding rock masa. These 
fractures or joints reduce the strength of the rock mass by providing 
weak planes u pon which movement is concentrated. E ven· in relatively 
massive rock, the presence of a few joints or bedding planes can reduce 
the strength of a pillar to about one quarter of that which is calcul.ated 
on the basis of small scale laboralory tests on the intact rock material. 
In the ·case of heavily jointed rock masses, the rock masa strength may 
be one tenth or even one hundredth of the intact material strength. 

The disccntinuous nature of most rock masses is made worse by the 
presence of water. In near surface excavations, the downward migration 
of water carrying soil and. cl.ay will cause the deposition of weak in
filling material in the discontinuitics and this will reduce their strength 
even further. Al greater depths, water under high pressure can move 
considerable distances along faults and joints and can be very 
dangerous if a water bearing discontinuity is intersected by the 
excavation. 

As the depth below surface· increaaee, so doea the magnitude of the in 
situ stress leve! in lhe rack. Creation ot excavations in highly stressed 
rock further increases the local stress levels and a point is reached at 
which theae local streases exceed the slrenglh of lhe rock masa; In the 
case of weak rocks this wi!l result in cloaure or squeczing ot the 
excavalions and, while this · may be ver y inconvenienl, it ie not 
necessarHy dangerous. On the other hand, when a strong briltle rock 
such as a granito or quarlzite tails, it may do so with considerable 
violence and the- energy released by the failure of a largo volume of 
strong rock can generate a rockburst. Theae rockbursts, which are 
extremely difficult lo predict, can have a aerious impact upon the 
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opornlion of nn undorground mino, nol only bocnuao of tho phyeicnl 
dungor neHocintcd with thc event but Rltlo becnusc of the unccrtainty 
nnd fonr gonoraled by tho phcnomenon. 

Other hoznrdH in underground mmmg are nssocinted with time
dopendonl deformntion of cvnporile rocks such as eoll nnd potaeh, the 
proeence of methnne and other gneos in rock neaociotcd wilh deposite of 
organic origin euch as coa!, high rock temperalurcs which occur in 
certain parte of thc world with high thermal gradiente and the danger 
of spontaneous combuetion aesociated with oxidation of sorne sulphides • 

PREDICTION OF GEOLOGICAL HAZARDS 

Ideally, during lhe exploralion of a mineral depoeit, all polenlial hazarde 
should be defined so that, in planning the mining operation, appropriate 
stepe can be taken lo avoid or lo minimizo the impacl of lhese hazards. 
Imagine sorne forro of radar device or seismic exploration too! which 
could penelrate lhe earlh to a deplh of severa! thousand melree and 
which could define faults and zones of intenso frncturing, eub-surface 
groundwnter reeervoirs, zones · of exceplionally high stress and, of 
course, lhe detailed three-dimeneional ehape of the orebody. The 
availability of euch a too! or toole would · be of enormous value lo the 
mmmg industry but they exist only in science fiction and are likely lo 
remain there for many decades lo come. 

Even on a local leve!, where penetration is limitad lo lene of metros, 
these remole eeneing toáis havo not lived up lo expectalions and the 
author's personal experience with these devices euggests that a greal 
deal of developmenl remains lo be done befare practica! tools become 
available for general use. 

In the abeence of remole sensing tools, what techniques are available 
for ·the geologist, the geotechnicnl engineer or the mining engineer lo 
use for the prediction of the geological hazards discuseed earlier in this 
papar ? In the opinion of this author,. the moet promieing techniquee 
are lo be found in the eystematic collection nnd interpretation. of 
geological data during site exploration and during the mmmg of 
underground excavations. In order lo understand the use and the 
potential of these techniques, it is necessary lo examine what geological 
data are important, how theee .data are col!ected and how this 
information is ueed for the prediction of hazar.ds. 

Relevant geological data 

The role of faults and joints in making the rock mase discontinuoue has 
already been mentioned but it is ncit adequate lo characterize a rock 
mase as faulted or jointed in order lo understand ita behaviour. The 
strength of the intact rock material, the natura of the infilling material 
in the !aulle or jointe, the orientation and inclination of the 
discontinuitiee, the leve! of stress acting on .the rock mase and the 
presence or absence of groundwater all hove an influence upon the 
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bohaviour ot tho rock maRa. Consqeuenlly, any nttempt lo predict 
goologienl huzurdti must lake ull of thiti information into account. 

Hook and Brown (1980) havo diecunsed tho quostion of interpretation of 
goological· data for undorground excavation dosign and havo euggestod 
that the rock mase claseification syetems developed by Bieniawski. (1974) 
and by Barton, Líen and Lunde (1974) are currently the most Jogical 
vehicles for· thie interprelation. 

Bieniawski'e Rack Mase. Rating ie made up as follows: 

RMR : A + B + e + D + E - F 
where 

A = compressivc atrength · of intact roe k 
B = Rock Quality Designation (RQD) - an 

index determinad from diamond drill 
coro (Deere (1964)) 

e = Spacing of jointe 
D : Condition of jointe 
E = Groundwater conditione 
F = Adjustment for joint orientatlon 

Numerical ratings are given lo each of theee par:ameters on the basie o! 
matching the field observations with standard descriptions published in 
Bieniawski's paper. Although qualitative, these c,lescriptions provide a 
very practica! and easy lo use guido which permita· rapid and systematic 
classification of rock massee on the basis of diamond dril! coro Jo'gging 
and/or mapping o! eurface outcrops or exploration adits. 

Barlon, Líen and Lunde's Tunnelling Quality Indox (Q) ie calculated as 
followe: 

where 

Q : RQD/Jo x Jr/Ja x J.,/SRF 

RQD = Rock Qua!ity Designalion as above 
Jo = Joint eel numbel' 
Jr : Joinl roughneee number 
Jo : Joint alleration number 
J., : Joinl water reduction factor 

SRF = Stress reduction faclor 

Barton, Líen and Lunde publiehed a detailed eet of tablea lo allow the 
usor lo establish the value of each of these parameters in the !ield and, 
although not quite as easy lo use os Bieniawski's classification, the 
'Tunnelling Quality Index is a very usoful practica! too). 

Both of these classificatione include information which describes the 
strongth o!. the intact rock, the size of average blocks within the rock. 
mass, the eurface charactoristics . (and hence the strength) of the 
diecontinuity eurfacee and the influence of water. The Rack Maes Rating 
eystem deecribed by Bieniaweki includes an allowance for joint 
orientation which makes it euilable for the classification of relatively 
ehallow rock maeses .,. eay lo depthe of 200 metros. Bart.on, Líen and 
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Lunde's ayate m allows for lhe influence o! in sil u stress and is more ·.' 
suilcd lo thc design of excavations al greatcr depth. 

Once the geological data has been collected and assembled into one of 
theso classification systemu, the index obtaincd can be used lo estímate 
rock musa slrenglh or tun~elling conditions by means of empirical 
relulionships dcrived !rom practica! cxperience. 

Systomatic data collection 

In order lo make use of rock musa classification systems for the 
prediction of geological haza.rds which could be encountered in the 
mining of underground excavations, it is important thal sufficient data 
be collected lo ensure that the sile is adequalely covered. Since 
diamond drilling and lhe mining of exploration adits are expensive, il is 
ossential that lhe exploralion programme be planned very carefully and 
that all meaningful informa.tion be collecled systemalically. Practica! 
limilations imposed by the wealher, by unrealislically tight budgets and 
by uncooperative contractors can make it very difficult lo collect this 
informalion bul these limitalions musl be allowed for in planning lhe 
oxploralion programme. 

Because of lhe largo amounl of information · which must be collecled for 
rock masa classificalion, mosl users of lhese syslems will have lhought 
about aulomating the data collection procesa. Unforlunalely, lhe 
descriptivo nalure of the informalion and the currenl lack of 
inlernalional or oven nalional standards make lhis virlually impossib]e, 
In lhis aulhor's opinion; lhe besl which cán be hoped for al presenl 
and for severa! years to come is lo have a lrained observer such as an 
engineering geologisl or geotechnical engineer collecl lhe information 
and input in inlo a central computar syslem by means of a ·portable 
compuler or field terminal. The aulhor is aware of one major civil 
engineering tunnelling contract where this is being done and where it is 
possible for the central computar to produce daily logs and drawings of 
the geological features mapped al lhe lunnel face. 

Il is relatively common when lunnelling into previously unmined ground 
to probe ahead of lhe lunnel face. Typically, ·a percussion drilled hole is 
extended severa! lunnel diamelers ahead of the face lo probo for high 
pressure water and to. invesligste the rock quality. During drilling, the 
ralo ot· penetralion , lhe thrust on the dril!, the quality of the drill 
cullings and of · the cooling water return are monilored. When this 
informalion is compared wilh similar informalion obtained from previous 
probe boles, an indication can be obtained of possible changos in the 
rock ahead of lhe face. lf mejor changos are indicated by the probe 
hole, lhe tunnel advance can be slopped while a horizontal hole is 
diamond drilled from lhe face. In addilion lo logging the core of such a 
hole, down-hole geophysics techniques can· somelimcs provide very 
utieful supplementary information and, in extreme cases, borehole 
television cameras can be used lo invesligatc potential troublo spots. 

This probing áhcad is particularly importanl when using a tunnelling 
machino or roadhcader for excavation since thesc machines are far leas 
flexible than drill and b!asl methods. Once a tunnelling machina has 
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been set in motion and ita gripping system and cutling mechanisms 
choscn, it is very difficult to chunga those al short notice. 
ConRoquonlly, ·as much advance warning of changing ground condltions 
as possible should be ovniloble Lo the muchine operator. 

Interpretation ot goological data 

Imagine an ideal operalion in which a very carefully planned exploration 
programme has been executed, borehole core has been carefully logged, 
exploration adits and existing excavations have been mapped and all of 
.the information has . been · asaembled by computar into rack masa 
classification systems. Jt is planned, once excavation commences, to have 
a full-time engineering geologiat on si te to continua the data· gathering 
procese and Lo assiat the owner and the contractor in the interpretation 
ot this information. 

How is this information to be interpretad in arder Lo predict excavation 
stability conditions, to deaign aupport aystems, lo predict excavation 
advance rates and, most important, to predict potential hazards which 
could aeriously diarupt lhe operation ? Unfortunately, at present, the 
interpretation of this information ia básed almost entirely upon 
judgement and experience. Fortunately, a great deal. of lhia type of 
experience exista but ver y little of it has been formalizad· and presentad 
in tablea or charle which would permit someone other than a tunnelling 
apecialist to draw meaningful conclusiona. Bieniawski (1974) and Barton, 
Líen and Lunde (1974) atlempted lo use their rack masa claasifications 
as a baaia for drawing together experience on underground excavation 

(- · aupport and they presentad tablea which gave recommended aupporl 
·, __ . designa for different rock masa classifications. These papera repreaenl a 

good atart but even the authors would not claim thal their 
recommendations are adequate. 

In the author's opinion, the interpretation of systematically collected and 
clasaified geological information presenta one of the most exciting 
challenges for the application of computar based expert aystems or, as it 

· ia aometimea callad, artificial intelligence. In developing lheae systems 
for use in underground excavation engineering, a group of experienced 
mining and/or tunnel engineers would be aaked a series of very 
carefully structured queatíons relatad to their interpretation of a 
number of 'seta of inter-related obaervations. For example, "What 
conditions would you anticípate when tunnelling in masaive gneiss when 
the rack masa at the face · exhibits intenso jointing (four or five joint 
seta with spacíngs of 10 to lOOrnm), st.aining, water aeepage from aeveral 

. of lhe jointa, continuous ravelling ot a mal! pieces of rack from the faca 
?" The answers to mahy auch queatíons would be stored and sorted by 
computar and would be organizad into an interactivo system in which, in 
addition to providing answors, the user would be asked queationa which 
would narrow down or amplify the original input, thereby permitting 
progrese! ve refinement of the interpretation. _ 

This procesa ia baaica!ly a meana of collecting and recording the 
interpretations which would be made by .a very experienced engineer or 

.r··· geologist when examining a Jorge body of relevant data in search ot a 
L- particular answer. The · diagnoatic techniquea which are usad are 
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peculiar t.o each individual and ohviously depend upon the experie11ce 
base from which that individual draws. Never-thc-less, these 
lnterpretation techniquos follow similar paltorns and lrends and it is 
these similuritios wh ich form the busis of the computer based experl 
systems. A parallel can be drawn with tho medica\ profession whcre 
forma of cxport systems have been used for muny years in the diagnosis 
of illnesses. 

Sma\1 expert systems havo beon successfully developed in sorne fields of 
geology, eg, Campbell et al (1982). As far as lhe aulhor is aware, no· 
serious attcmpl has yet been made lo develop systems for the prediction 
o! the types of hazards discussed in this paper. Since the ·entire 
science of artificial intelligence or expert systems is still in its infancy, 
it ·¡s probable lhat it will be many years befare effective systems for 
the · prediction of geological hazards become · available and thal many 
more years will pass before these systems are accepted by the 
conservative industries for which they are intended. 

CONTROL OF GEOLOGICAL HAZARDS 

Suppose that a tunnel .engineer or mine operat.or is lucky enough lo 
hove an experienced engineering geologist or geotechnical engineer on 
staff and that this individual. can successfully predict most of the 
hazards which are likely to be encountered in underground excavations~ 
What can be done, short of slopping the tunnelling or mining operation, 
to control these hazards ? The answer obviously dependa upon the 
nature of the hazard and sorne of the more common problema which can· 
be encountered underground are discussed below. 

· Rockfalls 

Rockfal\s occur when blocks of rock are released from the· roof or 
sidewalls of an underground excavation. by intersecting disconlinuities in 
the rock. These discontinuities can be naturally occurring bedd.ing 
planes or joints or they can be fractures induced by blasl damage or 
high stress c~ncentrations. These )alter types of discontinuities will be 
deall with Jater in lhe papar and the present discussion will concenlrale 
upon naturally occurring geological features. 

Techniques for analyzing structur'al\y control\ed failures in underground 
· excavations havo been discussed by Hoek and Brown (1980) and new and 
improved techniquos are being developed at severa] universities and 
research organizations. The lack of adequate analytical tools is not a 
problem bul there are problema wilh the adequacy of lhe ·input data and 
with techniques for controlling structural failures. The data input 
problem is the same as that which plagues the enlire subject of 
geotechnical engineering - there is never enough reliable information on 
which to base accurate prediclions and analyses. This problem has 
already been discussed in this paper and , while improved exploration 
tools and systematic data collection techniques will help, · the 
interpretation wiii still hove lo rely upon judgement and experience for· 
the foreseeable futuro. o 
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The queetion of control is much more dependent upon developmenls in 
practicnl auppori. techniquos. Once a potentinl structural failure has 
beo'n identificd, the miner has two choicea' - lot it fall or support it. In 
the case of smnll wed!{ea and blocks, the formar choice is usually the 
most practica! although it does have the potential of crealing a 
progressive ravelling problem if lhe block which falle ie a key block 
which keepe the interlocking rack mase from falling apart. If the block 
is a key block or is. of sufficienl size that a fall could be dangerous, 
then supporl will be required • 

. The design of eupport to prevenl etructurally conlrollcd feilures ·¡a a 
relatively simple procese eince the driving force ie the weight of the 

· block and this driving force must be re>~ieled by the inHlalled support. 
Tho trick of good supporl for etructural!y conlrollod failuroe is to place 
it early. Thie is becnuRe, once n block or wedge ia releaaed, there is 
nothing lo stop it falling and hence the principal aim of the supporl 
deaign ie to prevent movement slerting. Th~re are many practica! 
lechniques for pre-supporling excavations in which structurally 
controlled failures are likely. One of the mosl effeclive is lhe pilol and 
slash ·melhod where a ama\! pilol lunnel is driven ahead of the main 
lunnel to allow lhe inelallation of roe k bolle befare the full tunnel span 
is excavaled. Others include spiling or forepoling where forward inclinad 
bolla ·or grouted dowels are instelled in such a way as to form an 
umbrella of pre-supported rack under which the lunnel face can be 
advanced. In lhe case of largo faull conlr'olled structural failures, the 
uso of long grouted cablee is usually required and the lechniques for 
inslalling these are relatively wel! developed. 

There is considerable polential for aulomaling the equipmenl used . to 
inslall lhe support in these cases ·and sorne equipmenl ie airead y on the 
market. ldea!ly, a highly mobile rubber-tyred jumbo or similar unit, with 
an oplion for remole control, could dril! holea in appropriate localions 
close to the faca and lhen, wilhout moving from a given location, insta!l 
a mochanical!y anchored or resin grouled boll or a friction anchored or 
expended dowel. The advanlegea of such a unil in terma of eafely arid 
apeed of operalion are obvious and lhe need will become more urgenl as 
mining conditions become more arduous and as it becomea more difficult 
lo allracl skilled minera to work under the crudo condilions which are 
sli!l common around the world. 

Groundwal.er 

Whilo the preeence of groundwaler in underground oxcavations can 
aggravale slability problema, the principal lhreat posad by groundwator 
is lhal of flooding or of a audden, unanticipaled inrush. Systemalic data 
colleclion and careful probing ahoad of tho face aro tho main prodictive 
lools .available while drainage and grouling aro lhe main molhods of 
control. 

In lhe caso of iaolatod pockels of groundwalor, drainago is tho .obvious 
remedy · to subaurface groundwater problema. Where a largo water 
reaorvoir. is likely to be lappod by lhe excavation procesa, grouting 
fol!owod by local drainago is the proferred routo. Thia grouling may be 
carried out from holee drilled ahead of lhe faca to form an impermeable 
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umbrella 'or it may be carried out from ·long holea aimed at specific 
water passnges. 

Currcntly, the practico of undorground grouting is rathcr like ahooting 
In lho dark - lhllrc are vory fow tcchniquos avuilnble lo holp the 
oporator decide upon optimurn loc:ulion, grout visconily, prcssurca and 
pumping ratos during placing of the grout. The only successful test is 
lhat the water ·Blops flowing bul expcrioncc suggests that a grcnt dcal 
of grout is usually wasted beforJ this test is passed. · 

The potentinl for the development of tools and nutomalic control s.ystems 
for such grouting operations seems to be remole at present - mainl.y. 
because it is very difficult to define the problem lo be addresse'd. 
Rowever, there is 'clearly a need for a better understanding of this 
procesa and this understanding will eventunlly lead lo the development 
of suitable equipment for the control of underground grouting. 

Stress induced fracturing 
. . 

The creation of any underground excavation resulta in a redistribution 
of the stresses in the rock masa and this generally leads lo a. 
concentration of stresses in the rock immediately surrounding the 
opening. When these local stresses exceed lhe strength of the rock, 
failure of the rock occurs and, if this failure is severo e-nough, complete 
collapse of the excavation can occur. In extreme cases, when mining in 
ver y hard, strong and . brillle rack,. these failures can . occur as 
rockbursts in which significant amounts of energy are released wilh 
explosivo violence. 

The ingrediente in the stress induced fracture problcm are the direction 
and magnitudes of the in situ stresses in the rack, the shape · and size 
of the excavations created and the strength characterislics of the rock 
masa. A full discussion on these problema exceeds the scope of this 
paper and the interested reader is referred lo the general review 
published by Hoek and Brown (1980) and lo the proceedings a recenl 
conference on rockbursls published by the Institulion of Mining and 
Metallurgy in London (1984 ). 

In lhe context of this paper, the quesliori of control of stress induced 
fracturing and rockbursts comes back lo a full understanding of the in 
situ stresses and rock masa characteristics, based upon lhe systematic 
data colleclion and interpretation discussed earlier, and the 
incorporalion of this information inlo lhe excavation design procesa. In 
choosing the shape of the excuvations lo be created and lhe perccntage 
extraction , lhe mine designer has sorne control over the slresses. which 
will be induced around · the excavations and in pillara belween 
excavations. The sequence of mining is also importanl in that remnants 
and island pillara which tend lo altract high stress should be avoided. 

Numerical modela which can assist mine planners in avoiding the · crealion 
of high stress concenlralions are becoming available and are· being used 
in an increasing number of mines. A good examplc of onc such 
applicalion has been presentad by von Kimmclmann, llyde and Madgwick 
(1984 ). 
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When conditionu are such lhal ll is nol poesiblo lo avoid stress induced 
!ructuring, a substnntial mnount o! control la avniluble by mcans ot 
supporl using rockbolts, dowels, cablebolte, props, packs and back!lll. 
In contraat lo thc support o! structurully controllcd fnilureu, discussed 
earlier, sorne rnovernent o! lhe rock befare the inslallalion of supporl la 
desirable in order lo allow a controlled amount of !racturing aild the 
diseipation of sorne of the stored energy in lhe rock rnass. In tunnslling, 
the time and deformation-dependent interaction between the rock mass 
and the inelalled support is reasonably well understood and goes under 
the nemes of the closure-confinement method, the rock-supporl 
inlernclion technique (Hoek and Brown (1980)) or the New. Austrian 
Tunnelling Method (Rabcewicz (1964 )), In the case of mining lhe problem 
is more cornplex because of the cornplex shape of most mine openings but 
practica! techniques such as rockbolting and the use of rapid-yielding 
hydraulic props (Tyser and Wagner (1976)) have proved lo be effective 
in controlling local problema o! stress induced fracturing, 

Rockbursls are a more serious ·problem and have many parallels lo 
earlhquakes. Nol only are they extremely dangerous but their 
unprediclability gives rise lo a fear of rockbusts which can be seriously 
disruptive ·in an operating mine or tunnel. Attempts lo predict 
rockbursts have received a greal deal of attention bul have only been 
partially succesaful (Salamon ( 1984) ), The monitoring of lhese events by 
means of microseismic techniques (Cook (1963)) has made an imporlarit 
contribulion lo our understanding of the localion· of rockbursts and 
refine!Dents in microseismic moniloring techniques together wlth 
compuler aided interprelation of lhe resulls offers sorne long term ho~ 
of furlher improvements in ·this underslanding (Salarnon (1984)). 

CONCLUSIONS 

The purpose of presenting this papar al a conference on Automation for 
Mineral Resource Developrnent has been lo give a brief overview of the 
current slate of our underslanding and ability lo predict geological 
hazards in the creation of underground excavations. Water inrushes, 
falla of ground and rockbursts are sorne of these hazards and the 
author has allempled lo show that, while our underslanding of the 
origina of these problema is reasonable, our ability t.o predicl lhem ie 

· severly limitad. 

There are no magic tools which enable us lo Jook into the earth and to 
detect the presence o! trapped groundwater, zones of intenso fracturlng. 
·or areas of exceptionally high stress - sorne of the faclors which 
contribute to the hazards encountered in underground inining. The mosl 

· useful of the currently available techniquee is the systematic colleclion 
a·nd interprelation of relevant geological dala during exploration or In 
advance of the tunnel or mining face. The wide availability of computara 
will be of · great asaislance in this dala collection and interprelation 
syatem. There appears to be considerable merit is the use of experl 
systems in which the knowledge of experienced minera, engineering 
geo)ogista · and geotechnical engineera is gathered into an ordered 
computar basad information ayate m and developed into. an in ter-active 
deaign too!, 

'·• 
- ·'t 
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The control of gcological hnzards in undcrground cxcavations is an 
equally ditficult Ulfik but 11ignificunt practica! progrc11n has been made 
by l1·ial . and error· developmcnt of mining equipmcnt and support 
uyatomH • Thcrc i11 cerl.ainly room for somo nutomation of such equipment' 
as drilla, mucking machines and rockbolting equipmonl in. order lo 
h1creuse the productivity and to give the operators a 11afer and more 
attractive working environment. However, it is considerad unlikely that 
automalion will contribulc significantly to the control of geological 
hazards which will remain as inescapable parl of lhe procesa of 
underground mining. 
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In designing thc vury larg~ excavated alopes which are 
becomins increaaingly common in both mining and civil 
englneering projects, che engineer is facud with two 
conflicting ruquirementa. On the one hand, vaát aum• of 
monuy can bu savcd by Jteepunin& the alopea, thuroby 
reducing the amount of material to be excavatod. On che 
othur hand. loas of life and serious damago to property 
can result from tailureM lnduced bY excesijive ltebpenlng of 
a particular edope. How do~s the engineer achieve an 
optimum dcsign - a compromiso betwoen a alope which is steep 
enough tobA uconomically accoptable and onu which is flat 
enough to be safo? 

Because the rock masa behind 83th slope is unique, there are 
no standard recipes o.r routine solutiona which are 
guarantecd to produce the right answcr each cima thcy are 
applied, A practica! solution la built up from th~ baoio 
geological ~ata, rock Htren&th (nfyrmation, Broundwater 
observations and a good measure of enginouring cQmmon 
sonso, Thuse lngredlents are blendeJ in difhrent 
proportionH for each case and the only as•iatancu available 
is a collect!on of tools and techniquea which ~111 help tha 
enginoer to colleot the. lnlormation quickly and officiencly 
and to p_rucess it in an orderly manner. 

This book seta out to describe these toola and techniQuea 
and to illustrate. their applic:ation to practica! problema 
by means ot.a number of worked examplee. Ae far as 
possible, th~ text has bvcn kept free ·of mathematlca and 
a number of simple deslgn charts and graphlcal mothods 
have boen lncludod to enable the non-apeciallat onglneer 
ropidly to obtain approximate answera ca hia problem. 
Thcae approxi1uate anlliWt!rlll ure frcquently adequate but 
there will be l:lituacions in which the enginuer will wiah 
to call upon a g&otechnical specialiat for aaaistanc~. 
llaving attumpted to sol ve the problem for himaelf 1 • the 
cngineer will bc in u strong pordtion ·to corumuqicate his 
needa to the gcotechnicul·specialist and ca vork out, with 
the apacialiat 1 tho moA~~t practical engineering a~lutíon. 

The authorH make no apology for the fact that the book ha• 
been printed by offset lithography from typescript and that. 
sorne of the drawings un~ photographs are not perfect. Tha 
intention has b~~n to produce an engineering handbook at 
mínimum cost rathcr than a fine example o( the .printer'a 
art. Wide margins hav~ bcen provided for the the reader's 
notes and the uuthors hope that oach copy Will v•ar out 
from hard u11e rather th.un docay in decorativ~ lnactivity, 

This book is thtt outcomu of a four year reaearch project 
carricd out at the Roy~l School of Minos* between 1968 and 
1972. The proj~:ct w.u~ tipon~ored by the followlng mining 
co~1pani~s: 

*Pai-t. of thc Imperial Collt-gt' of Science and Technology 
~hich. in turn, iti pdrt 1lf thi! Univer.sity o('London. 
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Roan Salact!on Truot Ltd, on bahalf of CWO 
mamber companiao in Zamb!a and tha follawlna 
mambar companiaa of the Auacrallin Mlnerel 
,IIIIIuacr!ao Rollar eh Auooiadon Ltd .• t 

Brokon Hill Proprlatary Company Ltd, . 
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Weotarn Minina Corporatlon Ltd, 

Hr. H,J, Cabalan, of tha Rio Tinto Zlno Corpgratlon'a 
Reaoarch Sacratar!at, actad •• co•ordlnetor.ot che proJ•••• 
Tha authora w!ah to acknowlad&e tha ¡eneroaltJ of thlll 
compan!aa and alao tha!r w!llln¡naaa co prevido ~_,~, ... , •• 
and pract!cal aaa!atanca wbenevar lt wao r•quaa&a4. 

Tha raaearch waa carritd out by 1 taam ot ataff ~1r1 end 
reeaarch etudanta at tho Royal School of Nlnaa a~ ' 
valuable criticiam, advico and aaaletanca va~ provl••• bp ~ 
numbar of tha authora' frienda from all ovar the' vorld, 
It woul'd be impractical to nema all of theae paraona 11 .. 1. 
tha authora sretafully acknowladae tholr anntri-.clone lo 
tha projec~ and to tha praparation of thle book, 
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~napter 11 t:conom1c ana p1ann1ng cons¡aeratlons 
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lntroductlon 

This book lo concorns~ with che otablllcy of rock oloDol, 
wlth mothoda for uaoulna chla otablllcv and wlth coch· 
nlquu fcr lm~rcvln~ tho otoblllcy cf olopu whlch ara 
pctent!ally rlanKtrnuo. Rnck olcpo fallurao, ~r che romodlal 
mouurn nec~Riurv co ~ruvent thom, coa e mcnoy and 1 t la 
opprcprlotu th<lt, b•foru hucominM lnvclvod In 1 docollod 
uxamin•tlon of ulopa hohovlour, lomo cf che accnomlc 
implicatlono ul thlo buhovlour ahculd ba conoldotod. 

A numbor of authorol·u• havu dlocuoaed tho lnfluunc• of 
alopa anglo upon the doal~n and ocomomloa of o~on ~le 
m!nin& ond cha lntoroatod ruodor la rofarud co thotG 
publicotiono whlch daal wlch tho oubjoac mora fully chan la 
poulblo In chl.l lntrc~ucclcn. One cf cho moat cbvlcua 
!acta ·te omor¡o frum tho"" dlocuulcno ia thu, In ordar co 
roduco ce • mlnlm11m tho omcunt cf waoce rock whlch hu co 
bu oxcavatod In rocovorlng on oro body, cha ultlmato alopaa 
of th• mino aro gunorolly cut co che otoapeoc pooelblo 
onala, Slnco tho aconcmlc b•nallto ualno~ In thla way can 
be no¡atod by u moler olcpa falluro, ovaluocina che 
atabillty cf tho ultl~ato alopaa 1• an lmpcrcant pare cf 
open pie mina plonnlnK• 

Stowart ond Konriody 1 ohcv chot le la no e only tho atupneu 
o! tho ultlmoto olopaa In on aoon pie mino whlch hao en 
ln!luoncu upon' thu ovoroll proflubl\lty el cho cporatlon. 
On tho botlo e! cooh flow colculatlono, thoy ohow thac 
charo la froquantly ccnaldorublo oconomlc advanto~o to ho 
H•lned from ualns otoep alcpua durina tho inicial atrlppina 
programma. Thuaa authcr• aloo amphaoloo Cha fact thac 
thero ora oavorol laceara, In addltlcn ca ltahllit~, whlch 
docarmlno tho ataopnau of tha ·alcpu In on opon plt mine. 
LArga minina aqulpmont connot bo cparotod en narrow 
honchaa, houl rcad Rrodao havo te bo kopt wlthin limita 
!mpcud hy tho optln1um o~orDtlnu condiciono or crucka or 
trolna and thl• aonorally moano flattor olcpoo and, In uomo 
oadao, local minina rogulatlonu do!lno maxlmum banch 
hoi¡hta ond widtha. 

~1lla tho ovaroll oloooo ero eloarly lmpcrtant In tormo of 
tho oeonomlca of tho entlro minina oporotlon, tho aceblllty 
of indlvldu•l bonchoo lo u1ually o matear cf moro lmmudlato 
eoncorn co tho onlllnoara raaponilblo for tha day·to·day 
mlnin¡ c~orutlono. Slope falluro In a banch, whlch carrloa 
o mQin houl ro•d or whlch la ad\aconc te 1 prcparcy 
bcundary cr an Lmportant lnotallatlon, can cauao aovara 
dloruptlon to tho minina prowummo. le lo oho In thou 
rolatlv•lY amall lalluroo, whlch can cccur wlth Ydry llttla 
wornlnB, Lhot llvo• can ha looc and oqulpmont damaaod, 

Tha atoblllcy e! an Individual bonch la contrcllad by local 
. sooloAical conrlltlcno, tho ohopo cf cha cv•r•ll alope in 

clo•t ••••, loaol Kroundwucor conditicno and aloe by e ha 
uKc:tt.v.atlon cuchniqua u•ad ln c:ruatlna tha ato~u, Th11e 
controlllnK loct<>ro wlll chvlollaly vary oc wldoly for 
dif!uranc 01lnlnn oltuatlono that le lo lmpc10lbh ce Mlvo 
nonoral rulu on liow hl~h or hcw acoap o honch 1hould bo 

• Numburo In parunthoolo r•!ar ce tilo llat of rolouncn 
alvan to tho on~ ol ooch ehoptor. 

--~-~---·-------- -----··· ---------~~-- --·----- -------~~---~~-~ ----~-----
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l•'lou•·• 1 1 nnometry or wedga 
feilura in example ot bench 
atability mnalyal•• 

Oetail• or wttdgo goomatry and 
matttri.al p•·oportioa uaad in thi• 
anaLy•i•• · 
DLJH:ontinuity IIUI'tacea upon wh1ch 
wndu"' Mlldo" hoth dip at· '•'jo aflfl 
l'lt.l'lk.l"' nl l¡'j0 L.u Llut il'liOtt•• fm.~r, 
o~vlnn· n M)'llllllf'LI'!l~nl wmi(JI', 'rlu• 
su•· fntrM hoth hAYtt 'rr Lct ion AlltJ• 

1 "• uf ')0° nucl culiut~lvu atrnnuth 
or 1000 1 b./rt~. 'rh•• rock ~anolly 
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to enaura that l.t will bo atable. Whon the atablllty or·a 
bench, whlr.h ia important In a particular mln!ng oparotlon, 
!a ouapact, !to otnbilitv muat be •••••••d on the baa!a of 
tha ~aoloaic•l otructur<•a, ~roundwator condit!ono and nther 
controlling factor• wh!ch occur in that apeciflc alop•. 
Thia book ia devotod tn orovldin~ the eng!noer or geoloalat 
with techniquoa for carry!ng out aurh an evaluation. 

Economic consequences of 1nstab111ty 

Poao!hly the boat !ntroduct!on to tho auhject can ha &!ven 
hy nn oMamplo which !ncludca a conatdoratinn of thc mnat 
importont factora which control ror.k aln¡e behoviour AA Wfll 
aa the oc:onomlc eonsc.~quenc:os of lnstnhi.lfty. 

In the alope 11\IJHtrntocl In FIR_uro l. twn malar ~!aeon
tlnult!oa l1avo hron cxpoood durin~ tl1o oorly at•R•• of 
axcavation. MenN~r~ment ot tho orlentntinn and inclinatlon 
o! thaae dlocont_lnultioa and pro,laetlon of thaaa meBOura· 
monto !nro tho rnck mnoa ahowa that thc lino o! lnteraact• 
Ion o! the diar.ontlnultlaa wlll doyllght in the alopo faea 
when tho hol~ht ar thr olnpe roarhoo IM reet. lt !a 
roqulrad to invootl~nto tho otahllity of thla alopo ond to 
ootlmote thr roat• of the altarnotlvr methoda o! doalin& 
w!th the problem which oriaoo lf the alopt la found to be 
unltablo, 

Tha foctor of aofety* af tho alopo, for a ran~e of alope 
ongleo, ia plottod in Fi~uro 2 for tho two extremo 
cond!tlona ar o dry alopo and a alopo axcavatod in 1 rack 
muo In whleh tlw Kroundwator levo! la very hi~h. lt will 
becoma cle•r, In tho dotailed dioeuulono glven lotor -In 
thlo book, that thr prooonco of ¡roundwotor in 1 alopa can 
havo a vory lmportunt influonea upon ita atoblllty and that 
dra!noae of thla Kroundw•tar la ona of the moat offaetlvr 
moana of !mprovln¡•, tha atablllty of the alopo. 

A olapo wlll fnll Ir the for.tor nf onfrty follo hnlow unlrv 
.fin ti, fron1 F i l',llrt' 2, 1 t wi 11 hC' '"'c'n thnt thP Antur.1trd 
alopo wlll fnll if lt lo axeavotcd ot on anglo otoopcr thnn 
~1, 0 , Th• dry olopn la thror•tieolly atoblo atan~ onp,l• 
hut tho far.tor or anfrty of approxlmotoly 1.2 lo not 
conaldorod oufflrlently hiRh to on•uro that tho alopo wlll 
r•mnln atablo. In nooot mlnln~ oltuationo, wh~u A alopc la 
only rrqulr•cl.to r~mnin atah\P for B r~lattvrly ahort 
parlad, a focror of AAfotv of l.l ia norm•lly r•R•rolod ao 
tha mlnimÜm ncerpt11blo volue. For morr pennantnt slopPR 
auch 01 tho•• wt1írh cnrry th~ haul roAd, a factor cf aafety 
of 1.5 la móra approprlote. 

In thla nRmplo, o fortor of oafoty of l.l lo CMild.rod 
Htloqutlto nud thl 11 mtnnfl thot, 1 r no othor a topa are takon 
to atnblliu• tho otopo, it would havo to ho oxcavat•d Rt 
on nn~l• of 4~0 rnr tho aaturatad eondltion or 55° lf it 11 
dry in ardor to ~lv• thlo value. 

An aatJmatu of r.oats can only bo ohtalned U the tannattr• 
tO hP PXCOVntrd ~r ~lrnrotl•up 1 if (oil\lfl OCCUfl, Ate 

1111'ha definltlon or thia nnd of othor terml u111d 'n the 
Htob!l!tv nnulyRis la ~lvon later In the hook. A detailod 
knowludK~ or the muthod of analyaia ia not necooaary in 
ordar to follow thla rxampla. · 
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calculatud. Thl• hu boon dono for a ranao cf alope an~l•• 
and tha ro•ulta aro plottod In t'lauro 3. In calculatlna 
tha tonna~o fnvolvod In tl~ttanlna tho alopo, l t hAI boen 
oaaumod thot 300 loot of alopo toce hao to be ••cavetod. 
In mony c••••· llattonlna tho alcpo wculd aloe lnlluanco 
benchoa •bova thot undor conoldoratlcn ond much lorsar 
tonnaaa• than thoae glvon In Flaure 3 wculd ba lnvclvad. 

Alac lncludod In thla !Iaura oro twc curva• alvina tha' 
oxternal load, appllod by moana ol cablea lnatallod In 
horlaontnl holee drillod at rl~hc anslea to the olcpo hco 
and onchorod In the rack bohln~ tho dlocontlnulty planee, 
roqulred te wlvc o loctor of Süfoty of L3 for both dry and 
aaturatod Mlopua. 

The coat of tho varlouo opclon• whlch aro nov avaiioblo 
to tho onalnoor wlll depond upon che aaoarophlcal loculon 
ot tha mine, avallablllty of lpaclalilt aervlcol for 
lnatallatlon ot drolnaae or of tenalonod cablea and upon 
local labour celta. In derlvln~ the coato praoonted In 
Plaure 4, tho lollowlng onumptiono were modal 

o, The baalc coat unlt la token •• tho coat par ton minad 
from tho faca. Honce, lino A In Fisura 4 lo obtalnod 
dlrectly from lino A In Fisura 3. 

b. The coat of cloarlna up o olopo talluro lo auumod to 
bo 2j tlmoa tho baalc minina coet. Thla ¡lvu ·lino 
u whlch atarte !rom a alopo anglo of 64°, thoorotlcolly 
the fluttoat alopo at whlch follure could occur. 

c. Tho dealan and lnotallotlon of a dralnoge oyatam 
lnvolvoo a ll•ed coot of 75,000 unlto, lrroapoctlve 
of slopo anglo (lino E). 

d. The coat of tenaloned cabloa, lnatalled by o apeclallat 
contractor, fa auumed to bu 10 unit• per ton o! load. 
Thia glvoa linao C and D. 

On the baalo of a aot of dota auch ea thet pruonted '¡n 
Plsuro 4, tho onjlnuer la now In a poaltlon to ccnaldor tho 
rolotlvH costo of th• optionl avulloblo to hlm. Somo of 
thoao optlons aro !lotod horaundor. 

•• 

b. 

c. 

Flot t.,n alopo 
oufoty of 1.3 
(Uno A) 

to 46° to alvo • factor of 
undar aoturatod condltlona. 

Flutt•n alopo to 
ayatom to giva A 
tur u dry alopu. 

Total cott: 

55° and !natal! drolnosa 
factor or •ofuty of 1.3 

(Llnol A and ~) 

116,000 unlte 

Total coot: H9,0ó0 unl ti 

Cut alopo to 64° to Induce 
cloar up fallad matorlal. 

falluro and 
(Llnea A and 8) 

·rotal coat: 166,000 unlta 

d. Cut alopo to 80° and lnatall cobloa to 
slvo factor of aofoty tor ••turatod alopa 
of l. l. (Linea A ond C) 

Total coatl 137,000 unlto 
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lt'iouro ) 1 t:xct~vution tonnautttt "''-'11 calJlu loud~. 

1 5ll 

Linc A - TUHIIHO•' t.nCl.:avutod in fLtlll•lllnu 
~tlu¡Jt.• 100 ft. hiuh x 'JDO fL. lu••U· 

Litltl U - Tlllllt<~UU tu bo clt•;¡r·uu up i f wttdU•• 
fui (UI't.l UC..:CUI'I:Io 

Lino C .. C.tldu hhul n~quirt•ll fu,· f;,t·tor· of 
l:ihfuty uf 1.1 foJ' lllllt'UI'itl,.tl ~Jupu, 

Lino U - l:ttldt• lu11d rcc¡uln.HI for fo.lt'I.OI' of 
l:iltfuty or 1.) for tlry slop~. 

Fiuure 4 J Compurativo coat» of option~:~. 
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Minimum COHL 
•· .. withuu~ fuiluc·t· 

Q • 

Huuc·tt 5 1 t.:oa~tat ¡uutociat.ud with mininu 
Lhu ulopu tu a t~~teep ouul~ 

und aCCtJJit. tnu t. hu riak uf a . 
t'uilurtt. 

.sto¡lo nngltt - .tJuut·cu• 

e. l.eave slopo vertical, !natal! drolnago 
oystom and cableo to givo factor of safoty 
of 1. 3 for dry olopo, (Lineo A,D and ~) 

Total coot > n~ ,000 unltl 

f. Cut olope to 60° on the oaaumptlon thot lt 
uu1y not tall and ncaka proviaion for clearing 
up follure !f lt occura, (Figuro ~) 

Haximunc totul cost: 159.000 unita 
Hinlmuzn total coat: 70,000 un! ti· .. 

lt mulft be emphattiaed thut these elltimatua are hypothutical 
untl LJpply to thill particular alope only. The costa of theao· 
une! othur option» will vary from tilope to slope and no 
nttumpt uhould b~: madt! to derive genaral rult!a froa1 the 
fi~url!tt givcn. 

On tho baNis of the estimutoa liated above, moat open pit 
engin~cr6 would prob~bly decide to flatten the alop~ to 460 
ontl th~ruby to eliminate the problem. The cose of th.i.a 
o~tion is lowCr than the orhers coneid..:rcd with the excepc
ion of th~ mínimum cost of f. Flattening the tilope to 46° 
hüa ene im~urt~nt advantaHu ovor tho otl1or option» in that lt 
doca not carry with it tllu putuibillty that, !u1vinK spcnt a 
grt.!at tl!!al of mcn~y on rcmudial lllt!Utturet~~, thu slope could 
ntill fail aa a ttJbiult uf ao1nu unfordseen combination of 
cirt:um~tm¡cua.. 'l'he total cowL~ l! chi11 were to occur, would 
L~ vor~ hiwh, 

' 1 t t 1 ... 
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rcquiroJ to givc an ad•lquute factor oí 9uf~ty undcr all 
conditiunll mHy not ba poHtdblu. Undur thcue circumstances, 
onu of thu other optious would have to bo conHidored. 

In rcr.o~nition o! a dcc.iwion which ia f'requently made in 
op<mcu:H mining, althouRII not often with tho background of 
knowludKO 'uv;.dluble in thilll example, tho option lhtl.!d as 
ttom r und illustratod in Flsuro 5 haa beon includcd. 
FiKun• 2 •howo thot fui luru of tho •lopo la likuly if it il 
cut stccpcr tllun ~4u unJ lf lt is aaturoted. Adauming that 
thi~ co¡Jdition only ari~ud during oxceptionally heavy reina 
whi~h muy only occur once in the next 10 - 20 yeurs, i .e·, 
hopufully noL durinH thl.! unticlputut.l life of the alopu, tho 
U[h•n ll i L. ~o.·n~ i no~·r muy dl!t:l dt! tu ..:ut the d lo pe ttl hOu and to 
uccupL thl.l riuk uf loilurL' ua part of hiH mine phnninw,. lf 
ho itt lucky an~ failutc dous nut occur, th~ total coHt will 
havo buen kept to 70,000 unita. On tho other hand, if 
adoquatu provi&ion has b~on made to accornmodai:o and te dual 
wlti• the failuro, tho totul coot of 159,000 unito incurred lf 
foiluro occUrd IH atill within the ronge of costa ot the 
oth(!~ optiontt. 

·Tho publlcatlono of Kennody et al9, 10 , doallna with tha 
prudi.ction anO Huccuuful ac.:commol.lation of a ma.ior slidt! at 
thu Chuquicumutu mintt in Cldle, havo dernonatratt:d that 
occep•ing a fullure ao port of a plannad minin~ operation la 
fuat~iblo providt~d that the riak of loas of llfo uwl domase 
of equipmtmt cnn be mininLiled, Knowlodgo ot the: likuly 
behavlour of tho alopi, durivod rrom a acabllity analyaia 
such 011 t:hat ~ivan abovo, la osaential if any n1eauurc of 
control ovur tho consequcncoa uf failure ia to be achieved 
in thl6 situatíon. 

Planning ~tability i"vestigations 

A typical opon plt mine moy only au!t,•r two or three alope 
failuros dc.ring ita oporutlng !!fe. Kow can the iaoluted 
&lopus whlclt uro potuntially danguroua ba detuctud in tl1e 
mnny ntilua of ~lo~ed cr~atud in a large mine? 

Thc aniiiWIH tíc::J in thc fact that certain comhinutiunti ol 
g~!IJlogic<II Ji~;~contlnuiti<l&"', Hlope ueometry anJ groundwater 
conlliLilllltt n·sulL in dlopt!" in which the risk of foilurc ia 
liigh, lf thclH! comhinatiuntl can be rEscognhed during the 
prulintiatary ~cologicul ·and pit layout atudies,. atBps can be 
tükon to dual wilh the slopu problem• which are likaly to 
arisa in t:huBc anu.~:t. SlopllS in which thuao combinutions do 
not occ~r rtquiru no furtltcr investigation. It must, 
ltowuvor, bu ut1ticiput~~l tl111t undet~cted discontinultiuu will 
bu t!XpoiH!d as thu pit ia \!xcavatod and provhion muttt be 
m~do to dual wiLI1 thu reaultins alope problema aa thcy ariae. 

Thio approach to tho plannlng of alopo otabillty atudloa in 
opun pi t minufll la CJutl inf.lJ in tho chart prutiant~d in Figure 
6 und it: will bu au~n tl1nt two.distinct atagoa are propoaud: 

St.age l invo}vqa a preliminory evaluatlon of tht! 
Hllolo"lcnl dltla ovoilulJle from the proapocting or 

•TILc turm ~~l~c~t\tinu!ty aa uwcd ·hare covera !a~lt1 1 jointa, 
bud~liuM, _ptnpcri ur 11ny uthar 11urfoccü Úpon 'Jhich movcnu.!nt 
Cii!1 taku place, 
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1. Prelimino.ry collut:tlon of uuolooicuJ 
cJrit.u. from air phot.od, ~urt'u.cu m.eappiuu 
and boroholo C:OI't:u • 

• 
2. Pr•ollminary analyl:li111 uf ¡¡uutuuicuJ ·ctatu 

to e•tabli•h mujor uuolc•uh:aJ put.l.~r·u•• 
h:xwuinut.iou nf LhUIHl IWt.l.t•r/1111 lu rulut
iou tu propuauHJ Jill Hlopuhl Lo HIUIUiiH 
probobl 1 i ty of ~1 idtHI Ut•vt~lopinu. 

'•· Slupu,. lli w•ll eh UJI f¡¡VI.IUf'Uil J 11 di tn:ont 111 .. 
uitiuw HX i Ht ldoul i J Jt .. d oncl t hcun~ ttlupua 
iro wldc:h J'uiluru woultJ lw criticul "' Ull)' •tauv oJ' thu mlniuu u¡.Jur¡,t jou mu.J'kllttl 

for dO\.Liilttd .-tudy. 

),Sioptt• iu which no unfuvouroblu 
di .. couliuuJtit:d uxittt or dlcJptut 

iu ~o~~hid1 f~dJur·e would not m¿at ... 
t'ur· llhmti(J.ul.l, No !urttutr 
hllULJll ity IWid)'.tda ot tht•l:io 

~1 o¡wb i .. n.•qul 1'1H..I. Slupu 
.:u•Uit·• c.Jutt.or·milhJtl ft·om upurot• 
iur.,.d con•ld..:z·ut iou •• 

U~;~\.ailud Uf!oluuicnl iiiVUNt.iy• ~. SlutUI' L ''bL in u vf di J!ICOil .. ?. Iuwtalluliou of piu~ometurtt 
tttlou uf crltlcul tt! u pu Ut'l!U.I:I 

~ 
Lluuity MUJ' ftaC.:t!ft - pul" t ... in drill hui <1& to ettla.bli•h 

011 IJtud • of ,.¡urfJtCu mu.ppl•!U i<:ulu•·l y ¡ r clL~)' cuvur\!ll uroundwator flow pu\.terna 
U/hJ di" i 1 J "0n1 luuuiuu. S¡wc- 01' l!ll.ickuu~i•Jutl. aud preaUIUI'Uii ond to mon-
1 ol <.tri 1 Lluo 01' nd i LM OULHhJu L tor chanoaw In groundwatul' 

OJ'I'hocly muy ht! I'CitjUlrudo l~voltt duriug miniug •. 

~ 
u. l~uunnl )'HU crlt.icnl MI upu UI'ULU; 011 ht~atllll 

of llul-11 i 1 ud Jnfo•·muL.iun frum Hluptt t;,l, 
Ulld 7 1/Mi HU linliL •·qui 1 ii11·Lum tct.:llniqlhltt 
fUI' l' fl'l'tll Ul' 1 pllllll/ Ul' WHd U!! tt J ilJtH4o 

l!;xwuinv pot~ttihi 1 il.y uf utlicl' LY.fH~t~ of 
1'¡¡ Í. 1 UI'O 1 wlncud iq Wl~utlw¡·luu, I.Uppl ill(l 

Ul' doalllia{I•J dnu tu tJiuMLiun. 

-li.:Jj)' 

'J. L•:xwnl tH• HJCliJUH i 11 wldl'll 1' ¡ ¡.;¡, ul' r .. i t cu·u 

1• hi.uh ill tcwm~¡~ ol' u puu ¡JI L dt•tooi U/lo 
0¡Jf J UltH 111'0 1 

"· I•'J j,¡ l.l Ull tilopctw 1 

1>. St lth 11 ia10 wJ OJllÚ; !Jy •lndt•LIIItt Ul 1 '" ""P'"·Iul l.:U.t¡UIIIt hy I'IH'i\JJO 1 t M "'' t 1•11 ,. .. 

lou•:d l!Uid ,.,.. • 

t:. A~·c'a!pl 1' l~:~k. of l'lt ¡ 1 111"1 1 ji/Id lm¡JI ''lnttlll 

monllul'inu fli'OUI'IIUUIII! t'tll' fui IUI't! jii"U• 

llit•liuu. 

H>. :;tuLd 1 hwtlc>n uf ,..Ju¡H'"' lty lll'o:dllltlJu ,,,. 

n•lnfut·c:.•ml'ut" · fc•u1·dlllu i 1 cuttl t~ovlnu 

l'l'tilllllll(l fi'UII\ ~ll'l'j.II'IIÍII\) Of ,.,/Ujll'tl 

I'XI't•utl.-c t:ot>l O/' ¡f,.¡.¡J !JIIÍIIU iiiUI l'llll~.t 1'\U" 1-

l11\l r-~i;tiiJ\l,..uLiuH h)'l"oL•·•n. Add!L\c~n. 1 1 

f'it1lil 1/111111'/UI't!l!ll'lll,.; /'l•t¡lliJ't<d Lu .,,.,~, 1 h-

11. Ac:cu¡ttittU ri.J< of failur·o 011 ll.ul.a 
uf ¡¡!Jflli.y tu pr·otlict Alld tu itCC .. 

umu.clu.L11 611 ic.lu without t!lldauuur•iuu 
1111.111 w11J oqu1J1mont. /t!(Jttt rul1"'bJu 
¡wulli~t ion lnttLht,.ll.l L.utwd upun nu·~~~~

lll'uml'ut uf 11lopu l..liapliicurnt.•uLa~. 
JJ :Mil d1 llilliiUI' r,J¡,·,¡·;¡t' l.tH"i ¡.,1 j 1.:/i Uf 1 Ud\ 

Ullt:--1/'lo 
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axploi-ation pro~,rammo which nonnally includea "ir 
photo in.torprett~.tion, surface mli!pping und diamond 
drillinH, 
No t. e thut this data is col hcted for ore-reserve 
~v11luutíou lllHI it is udually nac:eli&Mry to re-exanlina 
í t in tl·ruu~ of che facLors which ar6 important for 
lll'ability. 
'fl1c prcliminury asscssnwnt o! atability can be dono 
uHJn¡: u number of "implc tuchniq~us which will be 
JctH:rihed in c·ht! firt>t part of thi» book. This 
prolJminury alucly sl1oulJ identify ¿ho¿c slopea in 
.,.,hich no ftd lurc is 1ikcly, dnd which can thcrcfore 
IH.~ du"ÍKJHH.l on the .busJ.11 of opeHatíonal considerationa 1 

~~~J thorlc ~lopes in which th~ risk of failure 
up¡a\urs to be high and which require more detailed 
unulywiu, 

Stago i, whlch opplleo only to thooe alopea In whleh 
pot~ntial inetobllity could preva dangeroua 4t aome 
tJtaKu in the minlng operation, involvcs a much ID~Jre 
dotail~d atudy of thti goolo&Yt tl\e groundwater 
conditions and thu mechanical properti"s o! the rock 
MIUi. A thstuilc..d an.alysis of !lttibility i1:1 thon 
cnrriod out on the baai8 of thh inform.o.tion and 
this ahoulc.l pruvidc thc mine managcment with o set 
of c¡uanti tutivc c.Luta upon whích rutiona1 deciaiona 
c."Jn be bllsed. 
'I'hu ~ccunJ· part of tlda bouk will dual with the 
tL·.dmlqucu which cnn b€.! uscd for choscs doL¡dlud 
ütJtbility ~tudiaü. 

At thi11 point thu roadt.:r would probably wiah to aak the 
quoutions: whu ijhouhl do cid& work and how much w!ll it 
cost? Thc fulluwing commcnts on the8e questionll are 
oCfcrcJ wi eh thc wurning chat thoy reprtuient the personal 
opiniun1:1 of thl! uuthur und 111houltJ not be regardcd a:J 

.&t!n(u·;¡l rulen, .ConditiontJ will obvlouGly vary widcly from 
minl! Lo minu und from country to country and the ultimate 
daciü!on u¡1on l1uw to dual with st~bility problema in an open 
pit mjno muHt be tOJk.en by th6 mino managumunt aftcr dua 
consitll!rutiuu of tho factor:~ 1.1hich nre important to chat 
parti-enlur mine. 

Thc pn•liminury JnvetJtiuotions- lítitod abovC! under Stage 1 
.shouJd lJu<.Jl]y bo intt.!grOtted inca th~ ev.o.luation and 
foesildllty studir:ts al che mine. Much of thl) inforotatíon 
requirud for tltetJc pndiminsry slop~ studietJ can be 
obtninod lit Jijinint3l coijt if provisíon iH made for ita 
collt!ction tlurinn 1.hu explorotion drillin~t prognumm:. Thure 
ÍtJ no n1ailo11 wlty thu:Jt! prt.!liminary utuUic~;~ ~;~hould not bo 
c:t~rriod ouL by thCJ ~t.wlo~~!Yt!:l or tmgintrttn cngaij~d ln the 
fo.oliibility .'ltudlu~;~ on tht~ míne. 'l'ha ttJc:hniquoli ara n\lt 
dit'fieu!L und ,tó nut requiro any complcx mathematical 
troatuK!flL. tl(llfdUt: ilt.:liiHtan.;:c ia 0!11Y ruquircd at. thh 
ttlDCu if tht: ('lliUJiilllY t·nuln~uru or l(llulogÍtlta fc~:~l t:hf:lt it ft 
llt!l.:\.ltl~nfy to dltoCitiltl tludr t!VOluution 1M'ith somuo11C with 
uxpcritmr:u in dlupc lU1;dysi~ in úrdur to ~h~:ck that no 
iwport.ant poinlti·IJ,1VC lt1.•cn ovurlook(!d, 1'h~rc· m.ty ho ather 
HÍt:uul.:i.uiui i.n whid1 llu: mint ownl!r!i or m¡jnagemcnt mny 
_conwiUcr it moru ~.:fficiunt to cont:ract thiti work out to 
consulting cnginul!rs ur u·uull.lgi¡to ond, unJor norrn.ul 
ch·cuunJu.~ncc!l, ;j prl!liminOJr·y evaluArion o( t~lupt problen11 
would t·,,qulrc: bot'w'ul!n una And throa man-D\Ontha of wot•k, 

···-·--·-·------·-------·-- ---·~--· .---·-·- ·-
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ln ox!otlna opon plt n~lnoo, • n1uch ""'" dotalled knowltd¡o 
of thu Q•olo~y on•l ol oruo• ol tho plt whlch havo ohuwn 
olyno ol ln•tahlllty wlll 11lro•t•IY b• ovollnl>lo. IJndor thooo 
circumltanc"tt 1 thu problumN wlll have datinud tham.atlvOI 
ond tho prwlimlnary lnvootlg11LÍuno diucuuod abov• wlll 
prabnbly not bu "''coutry. llowovar, 101na hi.Lura• may 
alraol.ly huvij duvwlo¡,uJd tv tha axtunt that t:hü r"m~diol 
muua.urua r,1qtdrtttJ to 1.hH1l wlth thu1n are mur1.1 tlKpUn*-iva than 
WUl1ld havu l~t!Un chu C:MitU 1 f "ction hlld baen takun ourlior 
J.n t:l10 li!u uf tilO 1nfnu. 

Onco tha l'ritlc:al alopoa in t1 rt1Lno havo boun dafilll!d, the 
rnl.'ll'u d'-ltliÍ hu.l 1tutlicu which Gr~t chon nocu!titlry wi ll vary 10 
much fron1 111lno e o mine LIÍot gCJnaral auldea.JI nea are very 
dÍ(Ilcult to dcllno. lL lo unllkely thot, wlth tho 
bMCtJl'tiou 11! YIH)' Luq,u mininy &l'()upa, thprw would h13 
11uuLo"i1t11 or uuwinCiurw In thu com1Hmy who would hctl 
eompotunt tu dool wl.Lh tho moro cuntpl•• •lopa problom• wlth• 
out 11umu ouLaL«Jca .usiaLunea, '1'hia dL.tt.tU IHH tn(ldn thu thu 
toehnlquo• ur •lopu •nuly•i• llru particular! y ~llfloult uut 
Lt dou 1u"'40 th1tt tii~Hw un"ly•u• p¡·ovido only p,u.rt: of thl 
anawar to 11 IILUfl" problun,, 'l'lut r\.!IH ~lf tho LIIHIWIU cumu• 
from analnuadnH jud~UUIVIlt buud upon t!Xporiunc;:O frcm 
havlnK ~uult witll ~ varldty ur ülope prubl~lod. 

Spaclollat goutoeltnlcal org•nlsatlon• whlch hovo dnnlt 
witl1 M nun~~r of u¡1u" l'it mlr1u1 lltudiuü aru Jn a ~uud 
pua!tlon tu provlt.ll! U\JUI1J oLivicu in tholu euavd and, 
IJUC.:uu•fJ O( t.huir f¡,¡ndiJIIdty with JJitulltH prüblan11 1 it i1 
lrurpt~'11tly l.:IHHirHH JuuJ 11111ro tftid .. nt t.o uw•• thiliHl Jt1rvJc:oa 
Jn prcf(Huncu tu um!Jurk!u¡¿ liiH•n 1.1 ' 'do-Lc-yourwt!lf 11 uudy, 
l.f ~,:1¡/,. cuunu1 i~a 11Uop~ut.l, l.t l1 uaurul ir 11n onKinour or 
guolol'iat: nn t·lu.: rnluu huw a ru11Uonubh knowltHiijtt o( 
tj,tchni<¡uc.nc ft~r wtublliry nnAiyglu in ordur thur.: an off1.1ctivo 
llal,HH1 but.W~\un tl11J m,l!ltlij~l!hJill und thh conuultunts llhould 
axíut. 1t i.lf hopnl tli"L· thi• IJook will prevido a 
conlpruhantdvl.l oourctl of lnformation t.m tha10 tec:hniquoll, 

llow 1nuch h A •lopo 1111üly•l• by a opodollot con•ultllnt 
1JkG~ly to ClliL 111\d Whlll wuuld .bo th•l CIJH af implumontinM 
tho rwconlnlwnd:~t.tun• muUu ru• 4 ra•ult o! th1u Al\dlyoh? Tho 
IIUiwur te ·t.hlw c¡uuutlun 1111 t~ub.loct to rJua d41FIU d"~ruo nf 
unc1nt·nln1;y u11 ltt IIIH'l.H'i~atcad with a vialt eo t.ha dontor and 
yot fuw or 1111 woulJ hvrdtutl! te vhit tho doctor tr wu 
luuPt.~r.tud t ¡,,,t fHJIIIl.!ti¡JrJ» Wlll ~ron~. Somu minue e1.1n ba 
·tnvolv~d J11 ~un~J,¡,,r~~lu uMp~nla In ~vulli\M wJth al~p~ 
Callul't.UI ~>•hile oth~!rll u¡LJy 1:1puntl vlrtually nothlnu on thia 
prohlc..uu. J• • .KpurbHil:"' dlJV,l~u•ta Lhnt A tnun ot U of tho tat¡¡l 
mi ní.n" t:aat nwy t\ut bo un unrOIItJOndl;lst llnultlnt to lf'HtnJ on 
slopl! dc.1HI¡•,t1 und rurr1H~tiun ~:oran. ~ven it no pocdtivll 
"c.:Liun 1.111 duiii~IIÍI1~ 1, optÍfHlllll •Jop"H i.a tAkQn, tlu; CL1Nt. fJf 
thH~lln" wlLh untqcpvt't~o~d l":dlur"N d~1rfr1S thu ltro ot thd 
mlnu , . .,n ~~~~~~~!y ~!)ll't•ud tldt~ l'l~un•. 
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1apter 1 referencea 

, 

hloctud roforoncua on oconomic and plonnin¡ conafdoratlona 
ralitod to opon pit ••!no alop ... 

. l. MOVF11'T, R.B,, Ykll¡SH·CRUNK, T.W, and LILLICO, T.H, 
Pit alopoo- thoir intluoneo on tho doo!sn ond oconomlce 

·of opon plt m!noo. Ppoo. Znd Sympoaiwm on a~bilt~v in 
Opsn Pit MtninQ, Vancouver li71, Tobo p~bliohod by 
t\,l.M.E., Now ~ork, 

2. S'l'EWART, R.M. and K~NNHDY, S.A. Tho rolo of alope 
otability in thu oconomico, dialsn and oporatlon of opon 
pit minea. Proa. Iat Sympoeium on etabitity in Opsn Pit 
Mtninv, Vancouvar 1970, A.l.H,K., Now York li7l 

3, STRFF~N, O,K,H,, HOLT, W. · and SYHONS, V.R, Opt!miaina 
opon p!t wuomutry and oporot!onal procoduro, Planning 
Opon l'it l>liriiJa, Johonnoobura Sympoa!um 1970. P~bl!ohod 
by A.A. Uulkoma, Amütord•l!l 1971, pp.9•31, 

4. HALLS, J.L. The boa!c oconomicl of opon plt mln!n¡. 
PZarmin~ Opon Pit l>linoe, Joilunn .. bura Sympooium 1970, 
Publiohod by t\,A. Uulkomo, Amotordam 1971, pp.l25·13l, 

5. SOD~RBURC, A, ond RAUSCH, D. Pit plAnnlna ond layout, 
liu~f~ao Mtning, Kd!tor Ru¡¡ono P. Pflo!dor. Publlohor 
A,I,M.~., Now York 1968. Choptor IV. 

6. ULACK, R.A. L. nconomle und ons!naadns dooisn problomo 
In o~on plt mininK. llin• and Quarr•y l.'nq\naor•ing, Jan,, 
Yub. und March 1964, 20p. 

7. CROn, R.W. Tha chonglng oconomlcs of aurtaca minina. 
hooa. Int>ll, fJynrpolliLun on Computll' Appliaat1:on8 in 
Mininy indi.<otry. l'ubllahors A, I.M. E,, Now. York 1969, 
pp.40l-4l9. 

8. ST~Wt\R'f, R.M. and SEKGM!LLER, B.L, Roq~iremonta ter 
Habllity in opon.pit m!nins. Proa. 2>1d Sympoaium on 
fJta~il'ity in Opon l"it /otininy, Vanco~vor 1972. To be 
publlohod by t\.I.M.K., Nuw York. 

9, KENNI!DY, U.A., NlKRMEYER, K,E., PAIIM, B,t\, ond BRATT, 
S.A. A e••• otudy of alopo otobllity at tho Chuquica• 
"'"'" Mina, Chile. l'raprint No. 70-AH•Sl, Soo1:.ev of 
llin·ing t'nyinuer•u ofA.l.II.E.',, Fobruary a70, 

lO, KENNKDY, U,A, and NIERMEYER, K.E. Slopo monitorins 
oyutumo uood in tho prodittion of o mujor alopo 
1:11 l luro '" tho Chuqulcum•t• Mino, Chilo. f•umning OpeH 
I'J:t Min""· Joh•nno•bur¡ ~ympooium 1970. Publiahod by 
A.A. Uolk•mo, t\motord•m'\971, pp,215•2B. 

-·---- w ·----- -- -----··---- -·-·--------------··---·---·--------· -·---· 



_,._,. ...... .......... "' lllll:l'"lll:llll'"tl or s1ope railure 

\¡ ( .. 1 ,,, 

·' 

'•·' 

1 
., 
•• ... 

ConUnuwn nwch4ti1CI !lpprootil to 1!upo itoblll Ly . . ' 

A qu••tlou wldull tt•uqu•ntly orlo•• In dl••u••l""" on olop• 
u•ld!lr.y ¡, iluW idHI, olllll liuW UIYop Cílll ü ru~k 11011• b• Oll~. 
OtH~ IIJijlrtHH~h lu l;lllti p1'uldtl!ll1 Wlduh hu tuu~n AtiYf't~d )¡~ S 
11Uitlhur uf IIIVV!aliW~L'41full"/'¡ 1 iR tu UiiUniU tiHH lllll rll~k 
lfhll41i )lt¡j¡/tVPI·j i!."l 1ltl ~+Luirl¡; tiiHl-iniHI!II, 'J'h~ ,_IH'I:~UI Whlc,l\ !Hui 

I;~H'II ilt;/\111\I,Jd 1/,y I.IHl lljipiii~Jill~;n u{ t\lj,:)UI{q~¡"¡j kUCII ~
pl1iJI'Ul'111t4l'lt~ ~L~'"'"u llii¡JiyH{" Pr rlulta Plt~m,,Mt n141LhtJ&Ji1 In 
thU J~•Jd1411 111" tlfHh!t¡~fiiiiiHI UICI~I~Vuttunll ~1/1" tllni!JI.t!d ltlüll)' 
¡'t~tWut'\:11 W11rl~"r:' ln 'lpply l,ll1! &illlfil-! Cut:hnfqiHttl tO 1Jllllll.111, 

llhh'i·d, II'Hlll 1'!11• r•~tH'ilr,·ll ¡H1l11' td vlww, LIH~ rt•HuiL~ huvu 
1.4tl•ll v~q·y lnl~>I'Pid i111: lnti In L~·t'nui uJ prut:t ¡,,ul rY,•k. Hlup~ 
Yll¡~ln~1vrln¡: 1 tl1~~u lilllliHtdN lu~vu lludtuiJ y~"'t.uln~-l!i. 'f'li~1u1 
llmltrlllun• ;oriMv h"''"""" '"" krwwlédM• al th• m•ch3"1c•l 
l•ru¡>ord•• of nH:k "'''"""" 1• •• !na~uquuo Lh•t th• chut~• 
of m,¡,¡bvl'l¡d ¡ll'lqt~o~nl~~.~~ lur utJ" tu tiiCI ~tnulycdl boconu~d a 
~~~~~tiH ur purv 1\IHHI!.IWul'l\, li'ur UlUinJPll, Lt onll atc~mptM to 
colllul"''' rlu• liudiiiiM v.•nl~:•l hu!wht of 1 ~lopo In • vory 
11ol't lflllt.~íHClllll un lht IJ¡¡~:~IM uf tea~ int.uoc ltr~nl¡th, "VllUII 

lu """""" ~~ :1;110 f<•ot ¡, otiColnudiO, Cloarly, tldo holQht 
bu•r• vury iiLLiv r•l•orlun co runllty ond ono would h•v• to 
r~hhlt:ú Lll~ Nl.t'tliiMth IHUp~td~uJ IJy ti (lc;:LOr cr IH htllH lO in 
ur~"r hf11rrlv~ 11t u I'Yi'"''iuuldlil ilopu huluhc. 

lt lv ép~ropri•L• tu quur• ftorn • pApar by TariAKhl' 7 whoro, 
Ln ~~~eu•oln~ Lit@ pruhi•lll ur loun~utlon And •lopo ~tobll!ty, 
llu Midci 11 ,.,,1Jiltufill l-!lmdltll)nll ma.y prochuh; tilo pu1111ib• 
IIJty "'·'~''"I'ÍIO¡\ 0111 lito li•Lr• rYqulrod tor pr•d(ct!f1j¡ tht 
purft.~rtnmt{'~· ur 11 rllill liHUitLtt'llln thiltctrLal by luualyt((l~&l 
~.~r 1111y ~,Lh1!f' lilt!Lli!Jdll. · 11' 11 lriLiHj!Jic:y eernput«Liun {ti 

ror¡ui1'v~1 und~·t' tht•!W ''lmdil.ltJttA 1 lt lti IHH:&i!~ltrlly bu-.d on 
MtliL,uhpLlllltl• wid,•fl lluv~;~ llUlu tn ·t·uNIJIIYM wlth roa11ty. Such 
.,wmp~n-¡a l111t• du mnru li¿jf'f!l l:luan dOnd blilt:IHIII@ ~hP)' d!vart th11 
•l••lliuvr'• ottontlun frum thu lnovlt•bl• but lmpertinH ~"P" 
tn Id~ ltnuwhHI!\ll .... 11

• 

Mutlor 111 m>rt ldH ou·workora In l~urupu hAYo, for mony yuru, 
ún,tlluu:;fuhl thu , .• ,,n t;huc u ru~k tnuo '• nct • contJrnlYifl and 
thüt llo b~l•"vlnur 1• domlnALod lly diAoontlnultloa ••el• •• 
foulto, .lo>l>lt• •nd h•~dluu ¡ol•u••· Mou proe~lcal roek 
llopo dP~tl¡•,n 1• :¡t'\1 CHJrrul1~1y luia~tuJ uf'un thili di.aeentJn~u.un 
•f•pruMio 1111o1 ¡Id• wlll ho l,ho llpprt,•oh •doptotl In all Lho 
t'-1~:hnitJm••• pri•NUIIft.ltl In t.lll~ brH1k, llnwuv~;~r 1 b~foru lu;.~vll\1. 
th~ q~~~~:illnn ,,¡: tiH1 r.unr.lnuHil! 111'-'~~hunLc• .apf1rcu.ch, thu 
IU.Ithor v/NII~~w tu ul!lt11Hullth• tllt1l. hu la nut oppoaPd in 
prlnr.l.)'ll! ,,. !1• •ll•rll":oLiun ""~ ln•l•otl, whon ~no h 
runci.lrm•'l wl ~~~ 41Vt.1flil 1 ,11 ijpJAt.·~mfíflt or arounliw~atiH' tlow 
¡l¡lt;t"'r'IIR 1 th~· pq;¡dr~ ulHiduvll 1 ruw A nunr.trical lfllr1thofJ llil:h 
U!i t:hu ff11lrP vlt•UII'Ill- t·upltlllt¡uP tHIII bu ve~rv UM~ful. 
Ot!W 1•1)1111,1 111 ~ ¡¡¡ 11\llllul'/i~Ul luP~hnU" 1Weh a• thUIICI r~l'hHt"d by 
Cuo~.-lfn1111 1'1: 1tl 1'1 .¡¡1d t:und,,J 1:' 11 ~ahYW thüt Lh" o,sp h6:1tWiilfiln tho 
l~lfH¡)/\i~tl ' 1 I¡HII j," \1111\t /111111111 IWd L)ua Udl dhcuntllüHI111 ,. 
1.\I'IÍtlillllly !J~dttU ltl'll-ll!-1.1•1 uu,l ¡J¡,¡ ~uthor 1• üptimL•tl~: tl•"t 
th"' ¡.v¡·l~nltll•v'i wltlt.•li 1~1'~:~ l'tll'l'~•nt.ly lntctru>Htin~ f\llriUfit'rh 
UltJLiu•df.l ...,¡ 11 v•Nt1t1ti&IJy l¡¡q·,ltlll' ~"'~tul tn~inlil~rtn~¡ ,hu•IMn 
uwltl, 

Maxlnnnn lltJ~• h~:l~ht • lilll\1! nnt¡lo rtlntlnn!hlp re~ 
~xcovH~d "1~1"''' 

,. ___ . ___ . ___ ......,__ 



A piHIIÚt' dl,..t.:Ut1ll11111Ly 1'1\ll'l'ltt'l' 

ltt ;111 u¡u•t• pit lu!ltt:ll. 

____ ...... _. --------· .. -. ..:.........-·-

tdtu;aiou!'l Whcre rhc oduntntion anJ inclit\ation of theue 
diiH:unLinuitil!b h tHu:lt tltdf sin•plt.' üliJin¡; of alab~. block& 
ot· Wt.~d¡<,t·~ i!; ttol pot;N!IIle. F<Jiluro ir\ thL•s~ sl•,P•~B wíll 
invulvt~ ;, ~·utnbitt;fli•JLI uf lfloVl'IUCIIl un llítH.:outinuities nnd 

fui lurl! of int/H"l ror.l{ mutt:ri.:.d 111111 ol')o W01_tltl antidpu.te 
til<.~l:, In tiut·li cil!iE!H, higln:r 1111d tHt!cpcr Glop~a tllitn avcraga 
cou1d IH: •!xcuvul•!J. Whar pr.:ictical ovidt!nttl ia there th.1t 
t.ld!t is ;¡ rcHson;ddo :•s~umptiun'l 

A Vl!ry iwponnnt. '.~oJ l~ctJou of Juta on excavatcd slopea wau 
('.ttntpi lctl Oy K!cy nnU l.uLton7l tmJ tldi:! r.ollcctiotl hua 
n .. ·,:,!nt.ly hl'(!ll ;Jtidt!d ltJ hy Rt)t>s-Hrown;~ 2 . 'l'llc Lnformation 
rt:l•:rs tu :lluJH!!"i ill Clpcntust mines, qu~rri,~s, Jum foundution 
IH• itVid 11111~ o111tl ILi!)lildLY t:llll:lo 'flul slop~ hcl~hta snd 
cnn·c.-,pnnJlng ,}()pe ••nfl,los for the t~lope' jn materiala 
~..·J .. sgifi()t! ns !tate! t'(H.:k !lava Loun plotteU .in Figure 7 whic:h 
int:lu.!us both wraUlc LILH.I unst:uble slop~!&. 1,(.111Clrir\g, fur 
tht! monwnt, 'thc tUIStablt~ slupt!S 1 this plot sl~uwS that the: 
higlu.HH ;1nd Utui!pt!IH ¡.;)tLp~o:~ which hnve b~l:!ll tlUCCCSUfull)' 
l~xcúvaled, us (llt ;w í~.; know11 from this collection of ltata, 
f'-1!1 ollong n Ldrly clf.1 1H l1U~"' t~hown Uat1h1!d in_the fígut'li!:, 
(Oui' addiríunnl puint: .:il.: 4::! 0 ~nd a ln!Í¡¡,ht of 22Uu ftÚH from 
u11 u¡H:tH';¡sL ndtLLr in Att!JtriLJ lull$ on thl! curve Uut hns bet~n 
ornÍlll~d 1 n,u, tltt..' liKLtfl.'), Thi~ linC! gives a uacful practical 
guid!! tu tlH! hi~hPst unJ atut!pt!St slopes whích can be 
c:outuut¡dutl!d [(>L" LHJnnul open pit ntinu p!anninl!· ln sonlli! 
\!)(n!pt.ional ~:·lrt:tt!ustmlt.:t.!t:~, ldglter or tHCeper slopl.!s may be 
ft~;,sibltJ ln1t tiH!~;,. cuuld clrdy ht! just.ifiud if a vcry 
ttllnpn•h\•nsiv,~ tilat.il íty f>lutly liad shoWil thttC there Wtltl no 
risJ< ,¡1 indttl"i!L¡; 11 w;~ntllvu !JIO¡Ji"! faÍlltft! 

Hole of discontinuities in slope failure 

Figurl! 7 shrMs thllt, ·while inany slope., ate !Hable ac ateep 
un¡~l,~~:~· and tll . .: heighta of stlvoral hundredu of het. 1 many 
flnt N)(JJH!!I foil at hejghts L)f ·ortly tena of feet, This 
dlfi"arf"'nce in l:it:ah.i.lily rl!!lults fro1n thc dí.fferone:u in 
Í.t•clin;H;l.ll!l ,¡f t:I11J Jlsct.ntinuity surfacas upun \ihÍc::h sliding 
cun toko pluc.\i, 'I'IIÍH i.s :itri.ki.n&lY illustrntod in the 
ái.u¡pll: I..!Xtuapllt glvcn ln Figure 8 in whi.ch the critícal 
hci¡~ht of n vtati"t·•ll Rlupe contrdning un inclíned wuaknéiiB 
plw1t.: lt~ ~ivl.!uA:"' for both dry am! a.aturataú slop~s 16 • Thh 
(B'l·:.ic;tl lt•d!!JH. ~~orransas from n1oi:e than :!.00 teet for a •~ope 
with discontinuititH> ...... hich ore nearly horiz.ontal .and 
Vt>t·titlll. to appr!tJdtnataly 70 fol!t for alopes rcnt,dninp, 

lll'l'h1• d¡a;ltl!d r.ltrvc curr~llpondn co c::írcular falluro ín 4 · 
mnr.cri¡tl wí.t!. a t"rict:ion ;.m~le 1/l•JOO anda ~oluuive atrent~,th 
e • ()t,oO lb/ft:', ~~~Lhods of unalyai11g this type of ft~ilur~ 
,trv diNt.aw:::t.!•! Jutt•r in tlliB Luok. 

wht· r·~ .: . 
4. 

2 e 
11 • ·~:"",í-J,~TS17;;¡:-:·· C. os~ Twitl·t· + T;(;. Tun~· Tan~·) 

l 1 \ ~~ 

l "·: 
t 1,,, 

t·uho·t.iÍVt'·tJl!"í:ttJ!,t.IL ut thl! surface • 2UULI lb/ft2 
ffi,·¡ ion .:.ngl,• o( this surf;;JCI..' • 20t1 

t"¡o¡•j, do•¡¡t¡jt\'"' liJO ]b/ftl 
:tr11l ·,w, 1!,1• dt.!tn:il'l ui.WHt~~r • 6"l.) lb/!t. 3, 

) 1,/)~. 11 l"t dt'\' rtloru~.o.. 

'. 

l'flt ·IÍ.-;I••HI.iltttil>· <~ti\Jlt·~ IJ(•ll<lt·t~n O atnl J(l0 nitd H(l urul 9t..lo, 
L ILt~ ! 1 11 i 1·.11 ¡,. 1 •·./ol • ..;. \¡; t"l•l-1 1••,· lltt• do~,.ltt:d t 111 \'1! J 11 Fi IJUI.tl 7• 

•· ------. ---~-----' --- _,__..:::_~ 



·11. t. 

--· 
¡¡.. '. 

·:. 

. r· .. 

~ 

" "' < 
.e 

• o. 
o -"' 

1i' 

::~ 1 
' 1 

.J .. 
1 

!f 
1 -¡-

1 1 1 

e IJiiHluiJ! t~ l:dO)JOJ:I 

l)tX) l 

1 1 

1200 -----~--- -··--¡· 
1 

• 1 ¡---' 

1 11 
---· ¡--... í --

.. ! 1 

111X) 
---o·--·-¡ ---ol inu fui Jun.- of lntuct 

~..,:- ~- l \ r·ud( ;u• wtd 1 a~ td idino 

1000 ---, ""{;--~----~ 0\ on <li;cont!j"dtico 

<)O(l -- l Plun" ol ,J,·., ---· : -----\------- .............. 1. __ _ 

!\()() ·----r + i, : r \ T .. ·-- -------
----~---·¡- 1 T r;\~-¡-~,~ 
~ ·····-¡o --<>·o --~---\f--· iJ 
-<.::,~~ 

1

. ' 0 0 
\ Toppl1ng ft&ilurc i11 

::illl~JM --~ -~ -~---"· 6-q----0 ~-~\__ :~:::)C::!~~~uifltt!ll 

700 

(,()() 

500 

~ I¡OQ 
1 q o •i o 1 o¡ \ 

1 

o . .oo 1 \ 1 

----+----·- . o. 8 -1 8- .. ·-- - ----

1, 

. S 1 1 ', 
i co 1 o 1 1 ' 

- 1 ·o· • ,.:.. 

i -- . ~o ~i} -·ro-~-l~ --. ~ 
! • 'b• • ~ : _1 o ' o o 1 
1. o • ' 1 o ... ¡. ..¡ ........... ---

'• • ~o ¡ ¡ 1 

100 

~()(} 

100 

() 

¡O Go 70 HO 

Slopt• hHiuht Vt-·J·:-~u~. tdu¡w anult: n.:Jutiout>ldp .... 
!"t>J' ho~td ,.,,,-¡\ :~lo¡u•l':l inclttdinli dulü t.:ollt·•.l•:d 

lty 1\lt:y .1J1d l,¡¡llt•t,:.:t 1..111d lly Jlo¡.;t;-l\J'()'Io'l\2~. 

------------



--·--------4-·--·- • -·-- ----;;·--·-- •-·--------··-•- •• •• •• •• m•••··-·•••-••·---·~-• '"" ·-•--•·--

• ,.., r•!fHU-t 111' pt f1~tplrl!p At!fiU!IUu,r~·¡p .ll'll'~jll 1' · 

f1111111\,11HI;I ndo¡~ ¡tUI1•htt\ V JU ·¡qll)f•lf p!.1lii.J.I JI Hlldl¡,.J 

,,.,,' 

· ... ~---1 
1 

.! .,. .... ···-·-

¡ 

' 11 ~ 

Bl 

" 

O(lt 

om: 

'1 ... 

,_, .... 

'1' 

'i!• 

·.~ 1: 



·' 

.., 1) 

..lo 

UiHc.'IHII.Ínuitles lnl!llnl.!li u -40 tu mu, Cl~.tarly thi! pri!tll'IWL', 

(11' HhHl'I1CP 1 ni HI.H:Ic dÍiill'~111dlluitiu& w{ll h;~vc G Vt'I'Y 
lmp<.ollant ínthu-tn·~· upc111 th~ Htahility ot' ro~·k till·~~~-~ ;_cnd 

t:IH! dc·tt·c:l iLllL vi' llh'I:H' gcc_¡lugi"ul funturua; iw on,~ ot thc 
m1111t l'l-lticul part~ of tt Ktuhility inVtl'lltil'ntion. TP-c.:hniqutH~ 

for fi~'ltli"~ wi r.h thiw probhm u·e dhcuased in the m·>.t. 
L'h;qHCJr of thilll hook. 

fr1ct1on, cot·e~1on and •:ens1ty 

TIH~ mHLI!rÍal prupl!rLltHt wldt:il nra m11t1t rtduvant to the 
di:)ncutliun on slopc Ytabi ll_ty pruM\!nted in thili l){lok ~IN thc 
mq;lc of fril'Liun, thu cohu•ivo ittrl!OKth and tlw dcnsit:y of 
rul'k nnd t;uÍ l mo&IIQI:I, 

Frit:tlún ntHI ,c;oiiC!sion ara baat defined in tirms of tht plot 
or 9l1eer Htrusd v~rAUH normal atres• glven in fiM~ar~ 9. 
1'his plut i11 a aimplifiod veraion ot the redults whi..:h 
woUld ha o!Jtained if a roek.apecimcn c:ontainlng a 
geoloRicol dJacuntinuJcy auch as a jolnt ia subjcctl.'d toa 
lunUit1~ "'Y~li;!UI which cauBI.!i. Mlid{ng along thu diacontinuity, 
'l'lu .. ' 111hear stn.·u 1 r~quirud to causa sliding increas~s with 
incrcnsin~ normal atrctt~ ''· Tha alopc of the line relating 
aht>ur to norm<ll atniiiS dufinea the anglo of fricriun ~·· lf 
thc Uit~e.:ontinuity aurfacu h initially c:~muntod or uf h is 
rough, o finitu value or ahaar atraaa t Yill ba requíreJ to 
r.nu1H~ allJlnK whon tha normal atrae" levc.l·i» r.cro. This 
i11it iul V¡ll\au uf Hhear atrwn"tt1 defineH tl1o coh~slve 
Stn·n~~th t: o( Lhl.l aurfacl•. 

1'lu.! rcluLÍonllhip between shear and normal atresaeti for a 
typi cHl roe k liurf.uco \lt fur a Hoil sample con be exprcaacd 
u~: 

t • e + a Ton 4- (1) 

1 
1' ,, 
" ' '· .. , 

'· -r ' ~ 
"· 

("rofll•.,.,iUii e 
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Type M.tt ~·•·in 1 

"'-·· 
Dry coa rae sand 

Vry { ine sand 

"' Wet sand 
~ 
"' Very wet sand 

"' 
' Lonvnon mtxed 

"' ~ 

"' ~ River grovel _, > 
7. • u ~ Loase Shing1a .. " VI 

~J Sandv Rravel 
o Granito u 

•• ¡-

'ti Basal e and 
o dolciite 
~ 

• l.imos tone and u 
• sandstone < :. 

Ctlalk 

Shillc 

Dry el ay 

·Damp, drained el ay 
. .Wet el ay 

> . Sandy loa m • ,, 
u Marl 

Gravelly el ay 

1 ' 

~ Top HOi 1 
'O 

"' " Ory soi.l > , 
~ "' V> .. Moi st aoi 1 
"' .• 
:r; ;. 
•=-) , .. , w.~ t ~o i 1 
'~ 

Cr~nllc 

Clu11rt1.Ít1J 

S11nUs lonl.!. 

1 '" 
l.i mt·slt.111e 

' :·¡ P•}q,hyry 

u Sh;¡ J ~~ ., 
" Chal k 

.. ._. .•. 

2n 1 

TAl! Lb: 1 - Tri'ICAI. IIOCK ANil !:Sill L I'IIUJ'l'I<T 1 ES 

IJtHIHÍ l y l Ji¡·l t' l j 01\ nn¡d .. ~ CoiH•a ion < -
Kg/ml Lb/ft 3 Mllt•·t·iul Duss. Mal t•r i 111 1\g/m:.l Lb/tv 

1440 90 

11ioo lOO 

1840 115 

!920 120 

1760 110 

2240 140 

1840 115 
1920 120 
1600- lOO 
2000 125 
1760- llu-
2240 J /¡() 

1280- 80-
1 ~20 1~0 

¡uuo-
1~ 80 

6'-
8~ 

ibOO- IOU· 
4'DOO 12 5 
l 7 {)l) JIU 

1840 1 1 1 

1920 120 

1600 10U 

1760 JIU 

2000 125 

1360 81 

1440 9U 

!LOO 100 

!680 ·¡o; 
2611, ).(;4 

2f>l 4 164 

1950 12~ 

'JJ(¡() 1 lill 

2~1110 1 (,O 

2400 ISO 

1760 !lO 

Compactud, wal1 40-41 
Kralled, unl rorm 

U ni form, coa re a, 35-40 
medium tlna or 
sil ty aand 

t..óos~, Well 
Mrad"d aand 35-40 

¡.~¡ lh! dr)' sond 30-JS 
Conuu~n rnix.:d 35-45 

Shlnula 40 

Sandy.oompaoc 40-45 

S•nill'. looae 'Jl-40 
CruHhed or 35-45 
broken roe k 

1 

l~rokt:n chal k 35·45 

Hroken a hala 30-35 

Dry buuJuur c1ay JU very 1[111 11 7600 JóOO 

ll;lm!), dralned 
boulder el ay 

boult.ler duy 4U li.ud •haley 14600 10UO 
S ti ff el u y 10-20 o1ay 

Soft c1ay 5-7 Stlff el ay 9800 2000 

Cl•1Y ~ gouga l0-20 l'irm clay 4900 1000 

Culcite 111h~ar 
So!t el ay 24tH) )00 

zonu mat~rial 20-27 

ShtJle fault 11¡ .. ~:.¡ 
nwl•! r i ul 

OVI:'rburdun aul 1 30-35 Overburden 490- lOO-
sol! 4900 1000 

Gran1 te JU• '" 'llard roe k 98<l0- 2000-

Quarlzite 30·4~ 
maas (granltt!, )Ot)llO 6400 
porphyry ate) 

' 
Htindu l U MI.! )0-45 

Sandstone ' or 4900- 1 ( 11)(1-

1.1 nu.:H ton u )0-50 limQ&tone nliiS!i l[¡(ll)() )OOll 

Porphyry 30-4() Shslo or soft 14ütl- Stlú-

Sl11..1l u 27-45 roe k nl.i:I.S S 9600 ~llt)O 

Cllnlk )O• 40 

~--------~- ~- ---~-----~---~------~--·----
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2:1 
Typicul vuluu• Cor tl¡u unclu uf rrl,·tlon Gncl t'tllh.:sfun wldch 
;¡ru ftHIIId In lihUIJr t~UN un n runl\1! of rocks 11nd ,.,.d l:i ;¡rt• 
liHtl.•tl in T,¡ld•• 1 tlll:t'Lh\!r wlt.h dt•ntdtJt.•H fur tl•t··h~ 
11111Lt•ri:Jin. Tlu.> v1&1m·•· DuuLI'd in tld111 tnhlt• 11n· inti~Jul··•l to 
¡•,JVl' tllt' l't'iid~·r UniiM' fd¡•,l 111 tlw III~HnitUli'-'111 Whid1 !.'olll lll· 

t.•xpt'('l\·d íilul tlu•y "huuld !JIIIY In.· 11/H'J tur ohL.iÍI•Íul', 
pn•lludu,·~r·y t•HL'illlllLI•Ii of Lhi• a.illihÍ JJ n uf ll Hiupu. 

'l'ltun• o1n.• lu:mv J'¡¡¡•t·urH whirh t'IIIIIJU thtt Hht•ítr Htrcn¡:th ul '' 
l"llL'k or tii.Í 1 lu d~o-•yf,¡h• rnllll lht• oimplu lirH'•Ir d¡•pt.;nd~·tH:t: 

ttll1111 llllrn •• d t;l ri.!!'IH llluHLr.1h•d in )ci)lurt.• '1, TI••·:..• 
V~¡rfutiotHI, ltii'YIIwr wlth 1111!tluult1 cd t'lw:lr .tl•st:in¡t 1 un• 
diiH:IIHI:II'd in 11 lilll•r d!UPt.:r. 

Slldlng <luu to ur~vlt~tlonal lo4dlng 

C:nnNid¡•r 11 IJio••k of Wt!h•.ht W rot~Lin•• un lJ plant• litlrfül'l.' 

whit.·h iN lnl'!inl.'d llL itn unMiu-~· tl> t·hu huri!t:ontlll. Ttu· 
blod IH 'u'tt•tl upun IJy Qravlty only nnd lu.:nct~ Uu.! Wl·J¡.J,t W 

,11rtH \H'rtic·:¡lly t!owuwt1rdN lltf Hhuwn In ~'i¡•.urc )11, 'l'h~o.• 
fi.!tWivt•d l'•'rt llf W wldch m'Lal dt)Wn Ltw pl.lllt! llHd whic·h tl'tHht 

L'n C'li!JSI· llu· l•le~c,.'k LU NIII.Jt.• Ja w Sin~·· Tlu- t:ompunt.•nt or 
W whirll lh'tti ;.~t.:rcuua tht· pl1t11l! nnd wldrh tl.mdtt tu ~L.tbili~n· 
L'lw H ICJpc· i ~• W r:"H .¡., 

Tht.~ IH,rml&l l':ltruu 1J whlch act~ acrou thu potuntl.:Jl dliding 
tllJrlar.(J j¡¡ r·.lvun hy 

" • ( W Cuo ~· )/A 

wlwil' A l.w thtt llüiHI arua c1f thu Llleck. 

A.iiHimin¡•, th11L tlu.t tJlwnr wtrem~th of thit~ surfac:tl' ib u~:finl.'d 
hy CIJu:n·ion (1) ;¡nd Hubstlt.uting for tho normu1 strctt:> from 
orruaL l un ('n 

• e •. W C!!.L!J! 1. 
- • an ~· 

A 

ur R • cA + W Coo t. Tan t (J) 

wh~·r\.l M • 1A la t.hu lihoar ff•I"(.J~l which resiattl aliditlij 
down t\lc plww. 

Tilo block wi 11 bu juot on tl•o polnt o! e ilding or in a 
cunt.liti.on y!' t:'m(t/nu tJqll.tll/Jp/.¡4, when tho diaturbing force 
actin~ Uown tht.• plunl.'l la oxactly uqual te tho reaistinH 
f O j"Cl!: 

W H 1 n ~· • c-1 + W Ceo ~·, Ton ~ 

1f th1• cohooiun e·• O, tho condltlon o( llmltinM 
<'qui 1 ihrl um dof 1 nu•l by oquatlón (4) •lmp!i flu• to 

~1 • ~ 

lnfluen~c ot water rressure shear strength 

(4) 

(5) 

l'hc irifJUl.'IH't! oC Wllt.\•r pntBiuru upon the tihcor StnlnHt.h of 
tWtl AurfiJI"'-'" i" runtiiCt con mo»t affuctfvuly bu dt~monH raterJ 
by tltu lll'l'r ciln cxp,1rimont. 

A11 llJl~llUt! J,\·~r r;¡n rl•nt~ en an inclinad pJoco of wouJ u~ 
.·JhPW!l in Fi¡',11n: ll.11. (Drlnk lhá b(!llr and rufill th~~ r..Jn 
With W:lll'l" it YUII WÍtih LU kUl.ljl tht• COWt Uf thid I~Xpt•rillh.:Ut 

----------------·---·--·----
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to a mlnlmum), Th• lorcoa whlch oct In thio en.., •re 
pruclouly thu lama u thooo ~ctlnR on tho block of ruck in 
Piuuru lU ~ut, tor olmpllclty, tho cohooion hnw''"" thu 
boor ''"" ~••• and tho woad !1 auume~ to bo oero. Accurding 
to oqu•tlon (~), tha can wlth Ita contunt~ of '"'"' •i!' 
oll~u liYIIll tho pllnk Whlln ~ 1 • ~. 

' 
Thu ba•• ut thu un 11 now punctund 10 that wot••r can unter 
tho u•P butwuun tho buoo und tho plonk, Qlvin~ ri•• to • 
wutur pruuuro u ar tu on uplllt torco U • \lA, whcre A i•. 
tliu iiiLIIH• 4iruo ot tho can. 

1'hu norou1l ro reo W Coa~¡ h now roducod by thl• upl i ft 
foreu U und thu rulotanoa to •lldlnR !o now 

R • (W Col ~~ • U) Ton • (6) 

lt tho wolgh~ per unlt volumo ot tho can plu• water is 
doHnod u Yt whllo tho wal11ht por unlt volumu uf <h• '"""' 
1• Ywr then W • Yt• h,.\ and U • Yw·"w·"• whoro h and hw aro 
tho hul"hta dorlnod In tho okuoh oppo~lto, Prom thio 
okutch lt wlll bo uun thot hw • h.Cau~a and hence 

U • !!- , W Co• ~~ 
Yt 

Subatltutlna In (6) 
K • W,Coa ~a(l .Ywlv,) Ton+ 

(7) 

(8) 

and thu condltlun for llmltln¡ oq~lllbrlum doflnud in 
oquatlon (4) bocom•• 

(9) 

A•uumlnK thu frlotlon anal o ol tho ean/wood 'lnterfaco i• 
3U0 , tho ~npunoturod ean wlll flld~ whon tho plan• i• 
lndinull ut ~~ • 300 (trom equatlon (5)), On th• otl1or h«nd, 
tho punctur~~ ean wlll olido &t a much ~mollor lnclinution 
booouoo tho uplift toreo U hu rud~ood tho nonnol torce ond 
honco ru~ueod tho trlotlonal roolotaneo to •Iidln~. Tho 
totul woluht of tho oan plu• wotor lo only •li~htly ~·cater 
thun tho wolaht o! thu wuor only, Aaaumlng ~w/vc • 0.9 
und ~· JUO, oquat!on (t) 1howa thot tho punotured can wi ll 
olido whun thu plano la Inclinad ot •~ • 30 18'. 

Tho errect1vo 1tro11 1~w 

Tho oflort of wotur prouurY on tho bau of the P<mcturod 
boot cu11 lu tho '"''"' u the lntluonco ol w•t•r pr•••uro 
actlnM un tho eurfaeou ot a ahaar apoclmun a• lllu•Lratod 

.In the okotch oppuulco, Tho normal &trou u 4otin~ •eros• 
Lho f•iluru •urfa~O l• roducod tu tl\0 •ff•ctiU<' Uil'""" 
(u • u) by tho wator prauuro u, Tho relarlon•hip b..cwoon 
olwar Htronsth and normal otronath dotlnod by ••qu•tion (1) 
IICJW' lH,li,!(JIIW ti 

• e + (o • b ) Tan t (10) 

In mo•t hurd rock• and In mony undy ooih •nd ~rawl>, 
the cuhv•lvu ''"' frletloual propertlot (e and ~) ot thu 
m••f~rl~h t1ro.nut MJan!flc:iHHly alturlild b)' th~ preH~ncl! cf 
w:1Ler illld l•~nl!b, r~~yctlon Jn uh~ijr •trftngth of thes~ 

_____ •._;__ ___ .:_ ___________ f._c ___ . .:. ____ :_ .• __ . ____ ··------------
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' 
crack 

materlall la due, almoat ontlroly to tho ruduction of norm•l 
etrau ocro111 failuru llurfacoa. Cons~tquently, it {s L.tatt!r 

pl"tiBDid"U rathur than moiuLui'(J oontenc: which ie i•hportcnc in 
dofinlns thu otrunKth charoctoriatlca of hard rocb, sunda 
and gruvu la. In turma of tha 1 tablli ty of S lopos in these 
INiturlala, thu proauncl of a amall volume of wator "' high 
proosure, truppud ~lthln tho rock masa, la more importont 
than o lursu volumu of ~atar dhcharging from. a free 
dralnlng aquirur. 

In tho calo uf Ioft rocka auch aa mudatonea and ahale• and 
alao in thtl .casu ot clays, both c:ohaaion and friction cDn 
changu morkodly ~lth chongua In molaturu contcnt and it is 
nac:U&IIIry, whun taetiny thoaa matorials, to ensurt! that the 
molature contont of the material durina test la •• close •• 
poaalble to that ~hich operatea In tho fleld. Notu that the 
oftoctiva atr""a la~ dttlnod In oquatlon (lO) atill appli"" 
to thoae mator!ala but that, in addltlon, e and ~ chango. 

The effect of water pressure in a tension crack 

Conalder the eau of. the block reatlna on tha Lncllned plane 
but, In thi• Lnotanee, auume that the block· h aplit by a· 
tenalon crack which !a filiad ~ith water. Tho water 
prtsaure in thu tano!on craek inereaaeo l!nearly with depth 
anda total torea V, due to thia ~atar proaaura actlng on 
tho raar lace of the bloek, acta down tho !nellned plano. 
Aaoumln¡ that tho ~atorpreooure la transmittod aeross the 
interaoetion of the tenoion crack and tha baoe of tho 
block, tl1o water proaauro diatrlbution illuatratod in the 
akotch oppoalto oeeuro olona tha boae of tho block. Thia 
water proaauro diatrlbution resulta in an upllft force U 
which ruduc:ea tha normal force •c:tins acreas this aurface. 

Tha eonditlon of !!mitin& oquilibrium for thll caee of a 
block aeted upon by water f~reea V and U in addltion to ita 
ow weight W h doHnad by 

W Sin~+ V • eA+ (W Coa~- U) Tan 9 (11) 

From thia oquotion it ~111 bo ooon that tha dlaturblng 
force tondina to induce ol!dina dow the plano la 
lnerooaed and the frlct!onal foree realatin¡ al!ding ia 
ducreaaed and \lene e, both V and U reault In docreaaea in 
atob!llty. Although tho ~atar pNDSUNII involved' ere 
rolativoly amAll, theaa preaauraa act over lary,e areas and 
honco tho water foPOIIB con be vory large. In many of the 
pruct!cul exomplua conalderad in la ter ehaptera, thu 
pro•encc of water ln tho •lopo alvina risa tó uplllt forc•• 
and water torcos in teneion cracka h found te be critic;•l 
in controllinK tho ltabll!ty of alopu. 

Relnforcement to prevent sliding. 

One of the moat etfectf.va mean• of bltutdliallinu Llocka~ or· 
oloba of rack ~hlch aro likely to alldo do\111 inclined 
discontinuity aurfacua lo to lnatall tensioned rockbolts 
or cablos. Cons!dor tha block roatln¡ on the !nclined 
planc nnd acted upon ,by tho upllft forca U and the force V 
due to water prouure In tha tonolon erack, A roekbolt, 
tonaioncd to • lood T lo lnatalled at on anslo 8 to the 
nlnnt• nct ~tl•n""" ., • .,. Plll•,.._l•••·l ..... - ............ ·• •' 

" 
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; 
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T actlna parallel to the planu la T Cosa ~hile che component 
actlns acroao tho ourface upon whlch the block rosco la 
T oin a. 'rhO condltlon of llmiclna aquilibrium for chia 
coou lo dofluod by 

w Sin~ • V • T CooS • cA + (W Coa~ • U + ·r Sin~)Tunt (12) 

Thlo oquetlon ohowl that the bolt tanoian reduces che 
dlotur~lna turco octlng down che plano and incruaoeo tha 
normal forco and htnce the frictional reaiatance b~twuun 
tha baoo uf tho block and the plano, 

The mfnlmum bolt tono ion raqu!red to stabi llou th• block is 
obtainud by,dlffurentlatlon of equstlon (12) wich respect 
to th• onslo a and thlo ahowa that tho optimum bolc 
lnclinatlon lo alven by 

8 •• (13) 

Factor or safety or 1 slope 

All the uquatlono deflnlns tho stabillty of a block on an 
incliufld planto~ havu beon preaented for the condition of 
limitlna uqwi!ibl'ium, !.o, tha condltion at which the forcea 
tundlng ta induce alldlnu are oxactly balanced by those 
realotlns alldlna. In ordor to comparo the stabilicy oi 
alopoo under "ondltlons other than those of limiting 
equil!brlum, aomo form of lndex la required ond tho moat 
commonly uaed lndex lo tho Rlator of Safst¡¡. Thls can be 
dofinud ao tho ratio of che total force available to reaiot 
olidinQ to thu total force tandlns to Induce slidlng, 
Conoldurlng Lho caso of tho block actod upon by water forcea 
and atob!llood by a tenolonod rockbolt (oquation 12), tho 
fuctur of aafoty ll alven by 

F • 
cA + (W Coot • U + T Sin B) Tan f 

W S ln ~ + V • T Coa a (14) 

Noto that tho condltl.oil of llmltlns oqullibrlum la 
roproountod by a factor of ufoty F • 1, 'Stable alopoa must 
obviouoly havo u factor of aafety In oxcoas of unity and o 
vital quuotlon for tho' o Jope onslneer ls - whac value for 
th• fu"tor of .. roty ahould be uaod for dealsn purpoaos? 

Thlo la one of the moat controvaralal queationa in rack 
onalnuurfng and mony omlnont onQlneoro havo orgued thot, 
beaouou of th• uncort alnty auoclated wlth thc Input data 
for a factor o! aafety colculation. the value obtained ia 
too unrulJublu to hava relevenco in ensineerfng deaign, 

Som• outhoro hovu ••BB•stcd that a pl'ObabHi•t io oppra•ch 
1• moru muanlnuful ln.that tho uhty ·ot a •Jopo con be 
&UIItt81Htd ln turma of tho variMtion ot each ot the factora 
whlch control !Lo stablllty 21,2~,25, Although thia 
upproach has mony attractive feotur*ll, ·it ba1 two draw• 
bocko wtdch hovu lnhlbited lte dovulupD>enc as a deai~n 
toul, The tlr•t of thaoo lo tho d!fflculty of obtainin~ 
ad~quatu input data ror 1 meaninaful atatistic~l analysia 
ot' all tha paran1"tura involvod, The aocond drawback is 
a1u1ociated with the avorago englneer' lac:k of understandina 
of titaciatical concepta and of the mathemaLical jargun 
which l• ao freoly usod In dlacuoaluns on thla subject, 
lluw dous o no ro loto tht odoquacy of a deaian to a probabl lit y· 
uf folluru of· 1 In IOO,OOOf lndeed, to aome cllont•, tho 
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~iuw.J•· .. l••tl lt•J•Jd l111J fcdlu¡·u 
hto•cllt·:rd,.m uf IIUI'lh J'nt·c• of 
V .• 1••11! :ti [!1¡•, 1\ 1"1 PI' llul"!lltiiiii:.!L 
;oud lllul 1 o·,.:''?, 

25 1 
~admhHlon, h)' ~ ~o·unt~ultlnH u•udrwur, thut tlu.•n· l11 u 
pu""l~lilly uf Lollur•, huw••v••r »oouoll, io tutally un•ccopt• 
abh•, 

1'hu uuLhor do~·lt nut. eontddt~r thuau drawbacks tn he thJ 

t~urluuH Lhut thu)' wlll nuL hv ovurcomu in tlrn~J anJ LL ia 
IIJJh' Lh~n 1 lk•·IY thu&; ~lul 11"" of .. factor or ll~futy wi 11 
uvt•ntunlly hL• r••t•lai!Ud hy ti•IIIIU dualan lnllux wld,:h bu~t bul.'!n 
tlt•l••rrulm•,l hy IJI'ohublll_.tl\' m~o•thod», Huw11Y''''• in thu 
iliHn..'lll'f.' ul1 ucc••JHühlu ltutlllldc:ul rnuthodll, the dulii).tn 
un~l1wur uf tu!Ji.ly l111 IIL!ll fotcull whh thu pruhlam of h~JW to 
c:umpul'u •• uumh~o·r uf ultorntttlvo •lapo deuigns or te "-'*'u.wa 
Llu• HLwhllit.Y 11f ,un oxlt1tfn~ olgpu, 

Tl1u rnuHt H••tlafuctory •olutlon to thi• probJ~m 1~ t~ carry 
out u u~mo•t'tiiJlt-11 cmaZuvt'd ut thu lnflu~tnca of uach 
YLirillhlu upun thu MLublllty gf tho ilopa and to u1u thc 
rl.l._u1 LN ,,f tld• 11nuly•ia uu u bu•i• for unuln..:urinte 
~u~IM/o¡¡H, Tl1uru.uru Rovural waya in whlch 1u~t1 an analyail 
con bt• \Junu un..J ~ 1l111plo UIU&mpla la &ivun :l.n ~·i·~urto ·~ un 
p.a¡w 9 whld1 wltowM thu vari11tlon in factur of turoty or • 
p~rtlcult•r Hiop~ wlrh ch~n~~~ ln alop• anMll unJ araulldWator 
con~ltlunH, llclo•r typ•a ur •~n•lclvlty unuly•i• will bo 

·¡ liluotraL<"oi loo loocvr "huptur» of thi1 book In whloh 
l~oh:t~o~tlud uualyaH'U of pru'-!tlt~ul 1lope problema ure prOII!ntud • 

Thu no•rlt of auch • oonaltlvlcy anolyoll lo that it ~ou1 not 
$1lüc"' tu~ nuu:h um¡)tuuda u(lun tha abool.wtu valutt· of thu 
luctur ol ""futy or uf 1ny 11tllor lndcx whlch la u10d to 
llllo'LIMUtt• tllu MLuht 11 t)' or " allupo. Thu z•vZatl()¡ YUIU.UII or 
thu iwlux, fnr" t•un¡~u oC •JJrf"•ront condftiona, ''an 
uttuuJ ly 111.1 JuLur"'lnutJ \o,¡ r.h rt.uu•unubla accurocy and. tlwa~u 
ruluLivu v~:~.luL·t~~, tiJCuthur wlth 11ounrt enPineorfne common 
aunH~·. wll J tuluülly provl~u an aduquate baaia for a 
priH.'Licu.l wlupu duwiQn. 

Slope falluro due to toppl!ng 

Onu o( thu llmi tat luno co( tio<' !actor oC .. toty com¡>utud 
from uq,.iltlon (14) 1• thot lt la bo•u~ upon olldln~ ot tho 
block'""'~"''" nol üllow lor rotatlonal or topplinM 
fui furo, 'l'hu •lmpluot c:onolltlon»· undur whioh topplln~ 
r:on orcur cun tw tl\•ducod by r"turnlng to tha mLh.hll of a 
block ••·Ñtlooij on un lncllnud pluno, In thla caac, th• , 
»hnpu ur tlw hlork aa woll oo Ita welylot lo lnoportont, ' 
Thlw ahopu 1• d"llnud by tho• hulyht h ond wldth b aa 
illuatrutud in I~Jnurtt JOu, 

'(hu oonliltlcon rur toppllnp f• du(lnud by thu pnoition of 
tlw .WL'l.:ht vurtor ln r'•lntJnn to th• baa" of thi' hlc~k. 
Jf Lhu w~·iwhL" Y'1C'Lur, wtd•~h pnlltll throush thu ct•ntrc of 
uroviLy uf tlou block, (olio outa!do tha biMO o( tloo blu"k, 
toppllny will <occur, 

In FlKUr<' IOh, tho r.ondltiOnl (or topplln¡ und oildlnH 
oro plottud, 'l'ho crltorlon lor llldlnR 11 b ... ~ upon 
frlctlon Only (•quotlon (~)) nnJ 0 (r!ctlon IO~Ic ~ • ))0 

h41 buCI'n ttuum~·tJ, l•'rl.ltfl thl• tiRurtt Lt vJ 11 b.:! a~uen that 
tho JunutH' nt tup¡•ll nu lncreo•~• wi th incrtMaJ ny; 
discontlnL•lty ''nclo ond Rte~p 1Jop~1 in vartlcally Jointcd 
rucka frtl~~~~fiLI)' ••Khlblt •IMnM uf topplfng (Qilurei~,2?~?H, 
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t.:oniJUI\.C't' prn~hu:u•l drawino• 
of lOfJiJ,I,~uu f'u.l.lu¡·,, • Altar 
CUtltiU 1 1 .. • 

(!1111'1~ L.!uckw nr•u rlxc•d ) 

llnch l't•it•l't•ll't•n••·tH lCJ pi'PVI'II~ 

'·"IIIIÍ l11q /,¡ 1 lt¡¡·.,. 

... 2'7 

In an uetual rook oiOI•• conaloclnu of • lorc• numb•r of 
blovko of lrr•Hulor ohopu, •Impla toppllng Kuch 11 thoc 
llluotrutod In flKuru lll wllf ouldom occur. Fallur• will 
1 nvulvu •·um¡>luM llliiYUIMIIlt, boch tlldlnH ond toppl lnK, of 
block• whlch wlll bo In canucc wlch aurroundlns block• and 
wlll, thuruforu, bo r .. trl~cod In tholr mov•m•nco. No 
ootlafuccory onalytlcol c•ahnlqun tor doallna wlth ·,hla 
compl"" oltuaclun aru aurroncly avalloblo olthou¡¡h a 
~roonl•lnij atare on tho dovulopmont or luch tochnlquol hal 
bu un moolu by C11ndoll ~ D, 

A UM11ru1 quolltotlvo cuchnlquo tor ocudyln11 tho poaulhillcy 
uf tuflpllnu foll11ru In • rack &lapo wlch otucply lncllnud 
.tloouutlnulcluo lo llluotrutod In PIHuru 11. Thh muthud 
•·••ployM chu haow frlaclon principio propoauol by Coodman11 
and •h•ponolo upon chu olmuloclon of ¡ravlcotlonel loudlns by 
cho lrloclaftol forooa aMurcad on Chl baoa ot a madul whon 
thu papar on whlch lt ruca la pullad from undor chu modal. 
Thu modal con bo aonltruutod fram ony aultuhlo macurlal 
whlch h•r•J•one to bu ovallablo¡ cho plutlc block• whlch 
noako 111• nhl ldrune cayo ouch •• "1 .. 0." be! na Ido al tor 
olmplu modula, In che uamplo llluacraced In Flauro 11 o 
ohu<oc or cor~, auch as chot uud for maklns aukota for 
motor en onalno•, hao buon uaad 11 cho modal material. Tho 
suamutry of tho alopo undor conaldoratlon le trai:ud anto 
eh" curk and chu dleconclnulclae aro chon cut by moona of a 
onodottlns knlro, A. drowlna board wlch 1 porallol onovtmont 
oyMC\Im makoo on lduol baao tor thl modo! and che frlcclonol 
luo~ nurcod on tho bauo of che modll 11 lt lo puohod ovar 
thu ourfuro or tho bonrd provldoo o romarkably accuraco 
•lm.,Juclun of arovlty loedlnaiO, 

Although cho raeultl obtnlnud from ouch a modal aro 
quul ILutlvu, thty do provldo chu analnoor or auoloslat wlch 
un undoratandlna or Cho poulble folluro modus whlch oro 
llkuly to occur In o puclcular elopo cnd thcreby cnablc 
hlm to orrlvo oc 1 racional doclolon on how cho problom 
•haul~ bo cockled, · • 

Re1nforcement to prevont topp11ng 

Tho oondltlono for toppllna doflnad In Figuro 10 ohow choc 
cho -•naor ot chla cypo of falluro occurrlna la aroacoac 
whon cull elondor rock columna oro praaunc In a alopa •. The 
prlnclp11l al m of relnforcomunc, In che rorma of rockbolca 
or cublas, lnet11l lod to provant copp!lng ahould bu ta ti• 
tho•o columna tOBOthar co lor~n wldor blocko, lt la 
purcl"ulurly lmp~rconc chac che "keyacono" which pruvonca 
cllu fronc faca uf cho alapo Crom movlna Dhould b• ldontlrlad 
ond oucuroly onchond alnco Ion ot cho rucralnlna octlon 
ar thla block wlll lnlcloto 1 pro¡ronlve falluro proouu 
ln thu alupo, 

lt lo unllkoly thlt Utompca co atobllioa a rock •lupu, In 
wllloh toppllna la Che doonlnont falluru mechuniolft, by 
dr•!nu"o wuuld be auoaonful alnco cho acructura or tha 
rock m••• 1• dl•turbud to u much aroacor axconc th•n In 
ello •••• uf rullure by ulldlna ond cho olo~u la thuruforu 
•ulr•olrulnln~. 
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Muth'l ruwtJuo on n drnwluu IHUtl'd• 
UtiWhl'd liLM 1 alnuuan~otut ni' Llw ¡m•·ullua 
ttiQVJIIIIt•nL uf t.hn b~l&rll riUiUI LW 111 

28 

~IOUf'lt 11A 1 Mullul la cut ouL fr•nm 11 •hn~o~t 
O( l:OI'k With tt mnch!II111U ludfu. 
Thu nw~ua tu thitt ctuu• 1. u( 

\ho lir61Hk •1 hll! 111 Allu•t·lu, 
Curuulll which uetlll'rml tn t~l) 
nml whtch i11 dl~~tCIJI!IIH!d I•Y 
C.:o&eLu•l2 ""'' 1't.ol'lf,/1Uhl ~:1. 

''' 

llw ~""" ul' lhu Hlftth•l lloluu •uhJtll'lud 
t,() fl'l..;.t.toun1 f&U'C1 1 N whl~h M&mUittLII 
Ul'll\lllu\.lorwl lomiLIIU• 

• 

I'IU"''" 11c 'Thu rrnnk oll•lt• "" 11 l• ''"'"Y· 
Thu t~lidl' luv,Jtv•.••t Rfliii'UJ:in•••tdy 
ltl lftiiiiOfl lau• Ul' I'UI'~ 01111 
1nlttluu nr u l'Utll ~wttnl ,,, \h•• 
IHUIH ot th" lntUHilniu fth.tY huVu 
lmuu part!ally 1'\!llill~lls,Uit~ fut' 
lhl• f111luru. 
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i"itllll'&t 1111 1 Ur•inln11l prufllu of 
T11rllu RICIUIIL,dfl OU \llhirh 

t tw to'rnnk MI itlfl (H'llUI'fflll. 

r-·luuru 11o 1 Uondinu ot at r·utll on 
niUlHILUill LUJI llllll •Hlll'l 
of llluck muvt.•munt. 

nuuru 11t "Top¡lllnu ruul rnlllnu or 
ruck hlockM 

,..tuuru 11U 1 Stahl1• wlo¡.u' H•nulinJnu 
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Wh .. t•• I'UCk ti11IIIJ1 

;; 1 olpo• ¡ 11 1;.\';d IJI'I ,,.¡ ~111' l'o'\1 P 

111.11 ,. j-; ,ol • 

A qu•Hinn wlolo•h frvqu•ntly 11rlao• In dlocu .. luua on opo•n 
•••• """'' •lu~• d"1h1n C. whuth-r thu 1lopu an~l• c•n h• 
r.lhHH'I\ un Lliu IHINIIII uf tlw unNit~ or rupouu o( w~•t:u LlumDM· 
'J'It~ anuwt.•r h " ""uiC .,mplwclc t'" btllcou•• chu ll~'('lfn¡ltury uf 
th• ruck onou 11 ontlrul~ dllluront rroon th111 ur tho p:~c~ln~ 
patturn 1 n thu wu.cu ruck, AlthouHh thu rack •••u ••ay bl 
¡,.,uvlly fr•..,turud, rhl1 fr••••l.urlnu gunorolly fnllow1 
•Y•tulluocl,; PlllturnN unol ftllluro•, wh•n le nooura, uounlly 
fulluw• "•untlnnuul luatur" •u•h u• o jolnt or 11 boddlng 
~lomu, 1'hlv lo nnt rh•• oa1o In o wuta rock pll11 In whlch 
"" '"IIIILor oil•o:ullllnult~.pattorn ulatl and In whlch f•lluu 
lowulvu • o·omplu noovumunt path for ouh Individuo! ploco 
"r roe k, 1'ho M roundvacor aond 1 t 1 o na 1 n eh o rock ul opu ond 
In tho wuc• pilo anillo •lanltluntl~ dlfforonc boca11U 
ot chu dlfhnnau• In tha dralnaao charactnl•tlc• ot eh~ 
cwo .,Y• tum11.. ' 

Tabla 1 Mhowt that th1 offeulvt lrlcclon anglo for wuco 
rock uanurolly lla1 botwoon lS and 450 and the anala ot 
rapo1a of waute rock·dympl 1• froqyently lound toba 
opproxlmotoly J80, Fallurll In wuta rock duntpl can and 
do '"'""'' ''"" to a Yorlot' of aau1oe, mon of whlch ara 
.. uochcad wlth ttldhlg 011 che aurlaoa upon whlch tht 
dump h111 batn plaood or brtlk180 ol p.rtlclaa w!thln tha 
dump, 1'hau flctorl wlll be IUIIIInld In moro dotall In a 
lotor chapc~r. 

An lntaraKtlna aorollar, eo thla dlfterinco bacwoon tha 
bohavloYr ot a waate rook dwnp and a rack mau lo tha 
¡~ropot•l whlch 11 toiiiGtliiNII put torward co ltablllee a 11ldo 
hy bu•klns yp tito plano on vhlah alldlna occyu by maana 
ot corotully placad bltltl, Thla propo1ltlan 1• dlacu••~~ 

· by ~aruba and Hanc1' 0 ond thoy canaludt thac tha tachnlqua 
lo unroll•bla Ud that tho rlak of lnducln~ a mejor tildo 
by blu•tlny prohobl~ outwolah• tht advenua• of a atlshc 
lncruaeo In auhlllt' whloh may be aahlovod lt tho blut 
c•n bo aucaaufHIIJ carr!Gd out, Thti auchor la In completa 
aaroomanc wlth thla aeaaoomant and wauld not recommond 
thla noochod or a topa ltablllut Ion ucopt undur vory 
unutual condltlon• And cubjaat to .tho control ol a bl01clng 
apoclüllat, 

Slopo fellura lnduced ~, woathorlna 

ttnaimHtra aro aomo&lmCII l"'fl , .. ,,ut~•·Hu~l wUh \1111 "''•rti.u_dt~•·uf 
al op~ r 111! un th11t thvy fargot thAt roak dou not havo tho 
••m• prudlatablo hahavlour aharactorl•tlaa u ntan•m.do 
onulnourlnv. ntotorlala auch 10 ataal and aonartta. Wuachor• 
lnu, wldclt ruuHa In a prooroulvo daurloratlon ot tha 
~rc•rar~ 1~• or tito rouk vhh t 111111, 11 a laotor whl eh 1• 
•••••tlmu nat IIIIIR'"''' ourflaltnt lmportonao by •nMinuofl, 

A oomplato dlar.uulon un woothorlna uoaad• tha 1cope or 
thl• '"'"'""'"'' •nd thc lntorlltud raadar h ruhrrod to 
tito .. lonolvu llturuura.on thu aubjoat, rvconcly ravlowod 
lly NoutHiur• a11d r~okull, llno oumph wltl •orva to varn 
tho t11uolur or thu cypa ul prohlom whlah ma~ orlu In rock 
•lopua 111 u ra.ult •' voncharlns. 

'rhd du buar' a dlnmund mine ac ICimborloy In South Atrlaa la 
Clltrontty bulnM ro•opanod, haYing aoand aperatlana In U08, 
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K1tu1JIIt'll tu pLrw 

Apiii"OlCltllnll! 6UOI!t l1111 lhi'UIIUh ~hu 
111' 1\1'1•1' 1 H jj l llltiUtlcl IIIIIW • 

A• ahovn In che okacch oppoolco, thu v•rcl••lly joln~od 
dolorlcu whlch oocun on che ourhcu ruH• on u chlok bed of 
ohuh•, Thl1 ohalu, whl•h la a KOOd medlu1n/hard roe~ In lcr 
unwuuchurud IIU~u, Mroduul Jy wuchun on uxpo1uru e o o 
r.•ulduul Mol l. Thlo wuothurud macurlal h•• o cohu•lvu 
ocr .. nuch or •uro and • frlcclon lftKI• of opproklmutoly 32o 
ond pratlraulve !al Juro of chu orlalnolly 1tuop ulopaa In 
eh~ oholu hu lndu•od hlluru In cha owrlylna dolorltoa 
•• lltuocru~od In th• vhotoKraph raprodurod too•luw, 

In chu aau of cht du Huur'a mino, waathorlna hao takun cona 
or yunn co produce thu alnpo oondltlonu lllu»tracod. Thuru 
oro nwony u~hur olcuulonw In whloh wuthorlng of mudatono•, 
ullcutonu ond aotc aluoluo un ooour In a maccor of n10ncho 
ond oan KIYu rho co uvora alopt problomo unlan cholr 
pruoonao hoa boon recognlaad and provldod for In ého de•lsn. 

. . 
·•', .•.• ¿ . ' .. " ,' . . . 

,, 1 ~' \: ... 
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llllllflf' N lüfll•• rm Lhv du Duor 1 1 tll,\I'IIUIIII 
mhw Al IUmlml'lur '" tlouth At1·h~ ... 
~llllut'N ur llu• voor'IIOülly Jcoitllo·~ 

dn 11'1'1111 1 ~ 1 "'""'"" by prou•·•••l vu 
w•.t.•t.lu•t•lnu ur •hu umlurl~luu whnhttl• 
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apter 3: Graphical presentat ion of geological data 

Introduction 

Thc domin.:mt role of gcological discontinuities in rack slope 
bchaviour i1as alrcady been emphusised and few engíneer~ or 
gcologists would 'question th~ need to base stnbility 
caJcul;¡tioos upon an adcquate set of geolorical data. flut 
what is an adequate sct of d.:~ta? What typ~ of data und how 
much d~·Lailcd ínformation !lhould be collected for a stability 
anilly!i i s? 

'rhis qucstion is rather liku the question of "'hich c.1me 
first- thc chicken or thc og~·r There Ít:i littlc point in 
coll~~tín~. data for ij\Opcs w\¡ich are not criti1:al l>ut 
criLíc;¡J slopcs can only 1>~ dcfincd if suffiricnt information 
is av:.~i lahll! for their stability to be evaluated. Thc data 
gathering must, therefore, be carried out in two sta~cs as 
su¡t.gestcd in,Figure 6. 

The first staSe involvcs an cxamination of existing regional 
geo\ogy mavs, air photographs, eosily accessible outcrops 
and thc coN recuvered during exploration f.lrilling .. A 
preliminary analysis of this data vill indicare slopes which 
are lik~ly to preve critica\ and which require more detailed 
analy!iÍS. 

The second stage involves a much more detailed examination 
of the geo\ogical features of these critical regions and 
n1oy r~q11ire the drilling of special holea outside thc ore 
body, ~xcavation of trial pita or adits and tl1e detaíled 
mappit1g and tcsting of díscontínuities. 

An importnnt aspcct of the geological investigations, in 
cd.ther the f irst or second stagea, is the presentation of 
thc daLa in a form which can be understood and interpretad 
by others who may be involved in the stability analysis or / 
who may be brought in to check the resul ts of .such an 1 
analysis. This means that everyone concerned must be aware / 
of precíaely what is meant by che geological terma used and 
must understand the systen1 of _data presentation. 

The following definitions and Ol'nphicnl lPt:huiqtu>t; al"t· 
offered for the guidanco of the reader who ma.y not already 
be familiar with them. There La no ímplication that these 
are thc bes t de fini t ion a or techni ques avai 1 ab le and t he 
rcadei- who has bocome famili_ar with different methods 
should certainly continue to use those. What is important 
is that thc t~rhniques which are used in any study should 
be clearly defined in documenta_ relating to that study so 
that crrors ariaing uut of confusion are avoided. 

Oefinition of geological terms 

Rvc:k ~lltvrt'a~ or íntact rock, in the co"ntcxc of this 
dí~cu~;sjon, rcfcrs to the consolidated and cemented 
assumblag~ uf mineral partirles which fonn the intact blocks 
bet.wL·en Jiscondnuities in the rock masa. In most hilrd 
igneous and metamorphic rocks, che strength of th.: intact 
rock is on~ or two orders of magnitude greacer than that of 
the rock mass and failure of this intact material is not 
g~nerally involved in the processes ~f.slope failure. ln 
::;ofter St.!dimcntary rocks,. ·t.he intact material mav be 

.. 

r~lativcl~ W~ük and failure of tt1is ~acerial may.play an 
im¡Jortant:'' p.1.rt in alope faih1re. , , 
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Hud: muu:r is the in-::;'¡.¿, rock which has b~cn rcndcn•d 
dit>cunt inuuuu by :iyst,•ms uf structura1 ft•atures such as 
joi11t~, f<rult:-> and bcdtlin~ planes. SloJh.! failurt• in a rock 
m;H,s is gl'nt~rally as:-wc:i;;ltl.'d with movcnJcnt on thcsc 
dl::u:(Jntinuity !Hirf;¡¡·cs. 

h~w¡.,~ ,.,,eJ: or brokcn rock rcfers to a rock tna.ss whi"ch has 
IH't•n disturbcd lly somc tai.!Chanical LIRE'ncy such as blasting, 
rippinr. ur l'rnshing !'>O thut thc intcrlocking nttturc uf the 
iu-$itu r11('k hus !.leer~ d~!~troyed, 1'he be!haviour of tlds 
w;u>tt• ur hn1kt•n ror.k i~• :dmi lar to that of a cle;m sand or 
¡•,r':IV\·1. lht~ majur di ffl·r••th'l':i bldng úuc tu the ang.uladty 
nf lht• rut'k fr;I!',IILl'IIUI. · 

lllauorlt.im.u'tlco or wcaknctts plant!s are tho~c structucal 
f(·~turc.s which separljce intact rock blocks wichin a rack 
m~ss. Mafty cnKineers d~scribe thesc feacures tollectively 
os Joi11tD !1ut chis is an ovcr-simplification since the 

.., mcchnnit.!nl properties of these f~aturcs wi ll vary according 
to che prot:t":llii of thcir formation. Hence, faultli, dykes, 
bedding plan,·s, cleav1tgc, tension joints and shear joints 
will all cxhihit distincc chnractcriatics and will respond 
in diffPre11l w~ys co applied loada. A large borly of 
lit~raturc deal·ing with chis subjecc is available and the 
i11terustcd rcndcr iH reforred to thia for furcl1er infor· 
matiot\ 31'• 15, lt. For tl1e purpeses of this discussion, the 
tt'rm rN;;contimdty will generally be used te define the 
structural wcnknesa planc upon which movement can cake 
pi.:Jc(', Thc typc of discontinuity will be r~ferrcd te when 
tite d<:~criptiun providct~ infermatien which a~ai.::.t:. tlw alopo 
d<•sienL~r in cicciding upon che mechanical properties which 
will b~ a~sociated with a particular discontinuity. 

Pajo'!" dl.ocontimdtioa are continuous plaaur scructural 
f c<Jtures su eh .u fa u 1 t s whi eh may be so weak, as campa red 
wltll ·nny otl1er discontia1uity in the reck mass, thac thcy 
don1inate tl1e bchaviour of a particular slope. Muny of the 
lan;c fldlures which llave occurred in open pit mines havc 
bcen a~sociated with faults and particular attcntion should 
b<! pait.l to ti':Jcing ttwsc featurcs, 

!Jiaeontt'mdty tlt.•tv refers te systems of discontinuities whicl 
h.:..tvc upproximLtLuly thc s;tmc inclination and orientation. 
As a roS11lt of thc jlrocc.sscs involved in tlacir formation3~. 
nlotit disconLinuiti~s occur in f1.1mitics which have prcferred 
llir~ctions. In somP C{IS~ij, thcse aeta are clearly defined 
und l'<H>)I to di~tingui!o!h whil\! 1 in othtir cou.>es. tht! 
btructural putl~rn Ullpcars disordered. 

ConLi.mdt.y. Wld le ma.ior scruc:tural feo cures &uch as faults 
mny run for mnuy tcns oC foet or even miles, smaller 
di~cotlt:inuiti"·:; such as joints may be. v~ry limiced in chcir 
l'Xll'nt. Failurc in a system where disconcinuities tcrminate 
wit·l¡in che rock m:tss undl·r consideration will involve 
f•.d lurc uf tlw intact rock bridges betW(!Cn theao discontin
uitics. Continuity also hos a major influence upcn the 
p<!rmuability of a rcck ma~s since this dependa upcn the 
oxLcnt Lo wtJicll discontin1altiea are hydraulically connccted, 

CLJntinuity or peuiSLcnc.c ia che moat difficult gcological 
par;Jml.:U.!r tu define aud, <Jtt far ad. the author is. aware, no 
~~tiHI.acLory ~ysLcnt fur T\lliablc evaluation of continuity 
Í!i Jv:ti Juhlt•. JcnninAS anJ his co-workcrs in ~outh 
¡\frit:ll ~·I,~I),'J'¡ h~Vf> ;¡ll•·•upl•·d lu u¡,~,, .... tUI' ¡·ontÍtlliÍI'\' ;,ud 1•• .. 



1'rul:l dip 

U:->1: lJH·~;o• tno·¡¡,..III'I"IU<'III.-.. lo 1·:-.l Í111;1l•· llll' l'ldlo•:.i y,. :-.l1 o r¡qlll of 

pol•·nti;,l 1'11il11••· pl••ll•·~. T!.i:-> I•••Lho•· do1·:-. 11111 ¡,..¡j,·v•· LII;•L 
1'1uiliuuity 1',111 lu• q••••••lifÍ•·d in lhi:-~ w,,y .uul 111 ,.¡,.,,.., to ,. 1· 1· 

un tlw ·"itlt• uJ ::wf••ly- il- i11 duuht. 1 11:-i/"'IIuw lll;,t ,,¡¡ oli:-.

t'oulilluili•~:. un.• t:o11Linunu!-!. (oh•~sivc :->llt'ti~Jih is t•:-.Limal•·li 

hy ullll••· n11·Lhud~ wliida wi 11 tw dCHcribei.J lnlt•l'• 

Couae or infilling is the material between cwo faces of a 
Btructural Jiscontinuity such as a fault. This material may 
be thc dcbril) resultíng from the sliding of one aurface upon 
anothcr or it ~y be material which has becn precipitated 
from ::~olutiun or caut~ud by wcother'ing. Whaccver th~ origin 
of ~he lnfilling material in a diecontin••ity, its presence 
wlll havc an i_mportant lnfluence upon the shcar strength of 
that discontinuity. If the thickness of the gouge is such 
that the faces of the discontinuity do not come into contact, 
the shear strength will be equal to the shear strength of 
thc souge. lf the gouge laycr ia thin so that contact 
betwc~n asperiti~s on the rack surfaces can occur, lt will 
modify the shear strength of the discontinuity but will not 
control it'*o. 

Roughneaa, Patton'* 1•'*2 emphaaised the importance of.surface 
roughncas on the shear atrength of atructural dicontinuities 
in rock. This roughness occurs on both a small acale, 
involvin& grain boundaries and·failure surfaces, andona 
large scale, involving folds and flexures in the discontinuity. 
the mec~anics of movement on rough surfaces will be discusscd 
In thc chapter dcaling with ahear strength. 

Definition of geometrical terms 

/Jt'p is the ma:rimwn inclination of a structural diocontinuity 
planc to the horizontal. It. is sometimes ve.ry difficult, 
whcn exami.ning an exposed portian of an obl::¡~ely inclined 
plane, to visualise the tru.:~.dip as opposed co che appa:rcnt 
dip whicl1 i~ the inclination of an arbitrory line on the 
p lanc. Thc apparent di p is a lways sma ll er than thc truc 
uip. 

One of the símplest modela which can be used in thinking 
about thc definition of the dip of a plane is to consider a 
hall rolli.ng down an obliquely inclined.plane. The path of 
thl.!, ball will always lie along the line of maximum 
inclínation which corresponda to the truc dip of the plane. 

rn·p tUrection or dip azimuth ls the direction mea5ured clock
wi~c from Nortl1 1 of the horizontal trace of the line of dip. 
In terms of thc ball rolling down the oblic¡ue plane, it is 
th~ ongle, mcasurcl.! clockwise in degrees on tht! compass di al, 
which thi.! c.Iírectíon of rolling would take from truc Uorth. 

Utri~e is ct1e trace of thc intcrsection of an obiiquely 
inclined 111(1111' ~o-·ilh u hor·i~.unlul r·cf•·····lll''' plilll<'.illlll lt i:o.. olt 

right angll!f) to .che dip and dip direction of the oblique 
plome, The practica!' importance of the strike of a: plane 
is that it is che visible trace o.f a discontiriuity which Í&J 

~c~:n on thc horizontal surface of a rock mass. Thc disad-:
v:tntage of u~ín..-.. this term in slope analy~is is tt.-at""therc 
are in f3ct two planes with the· same dips arrd~·strikcs as 
Shown on the sketch opposite and,. WTress ·a scrict 
cnnvt.·ntion is adOpced in CPnias of che dircccion in ~hích thc 
strikc ~s maasurcd, confusion can easily arise. 

'·,;:.., 
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For tlli::> rí!üSOn, the tcnn Dtrike when it is u!lcd in this 
book, will ~lways be defined as: 

Strikc • (dip direction- 90°) 

Pr•cfi.'I'r·r:d ierm~. In arder to avoid the confunion whidl can 
arisc'from using strike, particularly when a numbl•r of 
cnginccn> and gcologists are involved in analysing thc liame 
sct of data, many tJ}ope de:dgners have turncd to u:dng dip 
nnd. dip clird:tion as the prcferred terms for the prt:sentation 
of .:.~fl .stnu;tural data. Thc samc syscem has becn adopt{'!d 
l1y tl1c alJtiJctr ;¡nd all the cxamplcs prescntcd in tl1iti book 
<~re in tenas uf dip and dip direction. 

Graphic•l. techoiques for data oresentation 

Onc of thc most important aspects of rack slope analysis is 
tl1e systematic collection and presentation of geological data 
í n su eh a wa.y that i t can e as i ly be e va 1 uated and 
incorporatcd into stability analyses. Experience has 
shown that ::Jplh!ricul ¡wojt·ction:i ¡ll'oville a l'uuvt:llit~lll mu.:1nB 
J'o¡· thl.' pl't.:!>t~tJl<al ion of Ul!Ulouil~ul tlata. Tlw llltUirtet~l· 

or geologist, who is not familiar with this technique, ia 
~trongly adviscd to study the following pages carefully. 
A few hours invested in such a study can save many hours of 
frustratiCln and confusion later when the reader becomes 
involvcJ in studying designs and reading reports in which 
Lhi'SI~ /lll'l hods h;¡Vl! hl!l'll U:-ot!lio 

Many enginccrs shy away from tiphericnl pt·uj1~t:l iou mothodH 
bC'causc they are unfnmi 1 i ar and beca use thev appear complex, 
hcaring no n:cogni.sablc relationship to more conventional 
cngineering drawing methods, For many years the author 
reg,urdcd lh1·tw IJI'IIJlhicul mt•thotls in lht! t><Unl' 1 iuht hul, 
fae1!d with the necd to analyse three-dimensional rock &lepe 
problem.s, an effort was made, with the aid of a pJtient 
i_;t!Ologist colleague, and the mystery associated with these 
t~chniqucs war. rapidly tlispelled. This effort ha1:1 since 
hc:cn rcpuid tr.any times ·by the power and flexibility_ which 
llh'SI' !JI·;,p.ldcal Olt!lhotlt; ¡wovidt.' for thc ¡·ock ~"IIUillt~•·¡·, 

Several typcs of Hpht·l·icul pt·ojection cuu lw u:o<·d illlll 11 

comprehensivc dit~cussions on these mettlods have been given 
by Pl1illip~~ 3 , Turner and Wciss36• Badgley~~ and Friedman~S. 
'fl1e projection which is used exclusively in chis book is 
thi.! _e.¡ual ari..!a ~I'OJ'eotion, sometimes called the Lambert 
projcc.tion or che Schmidt net. 

lqual-area orojection 

The ! .. 1mhcrt equul are a projection will be familiar to most 
rcnd~rs as tltu systcn1 used by gcographe~s to repre~cnt the 
sphcri ea) ~twpc of the earth on a flat surbce, In 
a1lupting this projection to structural geology, the traces 
o[ pLLm~s on thc surface of a reference sphere are us~d to 
Jo.:! in~ tite Jips and dip directions of the planes. Imagine 
a reft~rcncc Spherc ....-hich is free to move in space but 
wl1icl1 is not free to rotate in any direction; hence any 
radiill 1 ine joinin3 a point 011 the surface to th~ centre 
of ti~~: !>pln..!re wíll havc a fixed dire'ction in spacc. lf 
this !;phc.rc is.now moved so that its centre lies on che 
pl;mu undcr considcru.tion, the great circlc which io traced 

-- ----------·-·- ·---·------·---------------------------
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qut hy r:l,c inrl·rnt•c!"Í(ll\ of thu pl;mc .:md the spht.•rc uill 
tmif¡m·!·¡ •Jd in~· ''"' inl:l iuat ion dtH.I oril!tili.ilÍon uf lhl~ plane 
in ~;p.,,.,., !;iu•:'' thc ri<IIUl' inlurmi.Jtion i~ y,ivt•n 01\ both up¡n.!f 
:tnrl l111oJ•·r pi.Jrt¡; uf thl! sphl'r.._·, only onc ot thcth! nl•ud bu 
11:;1~d ;tnd, in t•ngitll!~rin¡t iJppl ic;¡cions, the .',·,w,•r• l'·'i'•'t'Cr!ae 
l¡,!lllt'n¡,h.·t···· iH Wit!d for thu prl!ll'-lntaLicm o( Jata. 

In ttdt[ir.ion to tht! grt'at circle, tho incllnation ¡tnd 
orL•nt.:tl:ion of thll pl.1nu can also be Jofitwtl by thu E.oOlc of 
th•! pLtlll!, Thc poli.! Íl'l thL· poinc ut which the twrface of 
rlul ~;ph•·re.Íti pi,~rcl.!d hy tht! ro:~di.tl li.nc which is normal 
t•l tlll' pl;nw. 

[n nrder t.o conun11nicutc tiH~ lnformntion ~iVL·n by thc ~rl.lllt 

drel .. · und th!.! potlitiof\ uf the pole on thc tiurfaco of the 
luwf'r rL'ferl!nce hemisphere, a two dimensional repr~s~ntation 
is ohtaincd'by projttcting thia lnformation onto thG 
horir.onl·;.¡l or (!quatorinl rcf~rence plane .. 'l'he ml'thod of 
prujc1:t~un it~ illustrated in Flgure 12a and \2b illudttates 
the r•1l11r a~d ~nuatorial prniectlona oE.a s¡,ll~re, 

Polar uud ~.Jquatorinl ~qual-srea neto are pr~dented in Pigure 
IJ f'u¡· u~u by the r~ad~r. U~od undiatortoJ copil'd or phuto• 
~ruph.'> rll thcse n~Ls wi 11 be ua~ful in Collowlnü thc cxamplcá 
•¡iv\.•n in thiu chaptttr and lójtur- in thl! book. 

Thr. nuHH practical mtlthod of ul!llng the &teruonet for 
1llotrinr. struclurol lnforntation lato mount it on s. basG"" 
1""".¡ ni 1 lnch thlck plywood •• ohown in Figuro 14; A 
"'hl!l~t nf dear plutlc film of tho type U&<!d for drawiñn on 
for ovcrlwod projt,ction, IILount~d over tho nct and tixed with 
:r.~llot.o~p ... · nround lta t;ll.lfktHt, wi 11 lc.eop tho blt~reonut i.n place 
,LLHI wi 11 tdao protect thu nc:t tRarkinga from damuge in use. 
'1'\¡u sLructural doca is plottud on a piece of tr~cing papor 
o1· fi ln1 whiclt ia fix~d ln po~ition aver the atereonet by 
mean~ of a co.~n•fnlly centrad pin ·u ahown, Th~ tracing 
pllpt!r muse hu frue to rotata übout thia pin ond it is 
usHcncial tl\at it l~ loe~t~d accuratoly at tl1e centr~ of the 
.ILCt ottwrwitle aignificant vrrors will be introductld into 
tlw ~ubHf.!QIIC!Ilt analyalu. 

1\f•.fore t~turtlng any anB)yslN, the North point must be m4rkcd 
on thl"1 trn(!i ~~~ so that .1. rehranco po!itlon i.a aval lable. 

Fluure 14: 

G~oloKical data ia plott~d and andlyaed 
un a pl,~c~ of trac:ing papt~:r whi.ch h 
lnc:aL~d ov~r the c~utru uf tha ster~on~t 
by m~un~ of a centrd pin os ~hown. Tl1~ 
nct l.a mountlid on a basll!-bourd cf plywu\)d 
ur similar materiaL 
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Vtlrticnl projection li~o 

·p .. o.Joction o r 1"' on 
/equntu•·iu.l pltuw 

Figure 12a 

point P on surface of aphere 

1Bt pr·ojcction of point P 
/ oi ven by t~winging P in an 

( ar·c ubout tlw point "ot 
"-..__. contucl bt.)lwueu ~phcrc and base. 

·------{:::::::::::_Radial tli HtAncn to P1 is 
roduccd by 1/./2 to br'ing 
net dinmotor into coincidcncn 
with diameter of aphe~o • 

Method ot construcdon of 
an equal-area projcction. 

The radial diatance r of 
the projected point· P" on 
the atereonet ia given by l 

r • ~ R Sin i 

Figure llb: Poiar acd 
oquatorial projeotiona of 
a apbore. 
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Figure 13a : Equotorial equal-area stereonet marked in 2° intervala. 
This net is most uaeful for the conatruction of great 
circl~s during the analysis of structural data. 
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Polar equal-area stereonet marked in 2° intervals. 
This net' is used for plotting polea of planes during 
the analysis of structural data. 
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Construction of a ~reat circle and a pole representat1ng a 
plane. -
Consider a plane ·dipping at 40° in a dip direction of 1300. 
The gn.~ut circle and the ¡)ole representin~ this plsne are 
constructed as follows: 

~;¿~~r 1: Uith the tracing paper located over the stereonet 
by mcans of the centre pin. trace the circumference of the 
net and rnark the north point. Measure off the dip 
Uircction of 130° clocluáse (rom north and mark this 
position on the circumfer~nce of the nct. 

Step 2: R~tate the tracing about the centre pin until the 
dip direction mark líes on the W-E axis of the net, i.e. 
the tracing is rotated through 400. Meaaure off 40° from 
the outer circle of the net and trace the great circle 
which corresponde to a plane dipping at this angle. · 

The position of the polo, which has a dip of (900-40°), is 
found by measuring off 40° from the centre· of the nat as 
shown or. altemativelv. 50° from the.oUtaide of the net. 
The pote lies on the p~ojection of the dip direction line 
Which, at this scage in the construction, is coincident with 
the ~-E axis of th~ net. 

Stap 3: The tracing is now rotated back to ita· original 
position so that the north mark on the tracing coincides 
with che north ·mark on the net. The final appearance of the 
great circle and the pole representing a plane dipping at_ 
40° in a dip direction of 1300 is as illustrated. 

Determination of the 11ne of 1ntersection of two planes 

Two planes, having dips of 400 and 300 and dip directions 
of 130° and 2500 respectively, intersect. It ia required 
to find the dip and dip direction of the line of intersection. 

Step I: One of these planes has already been described 
ahove and che great circle defíninz the aecond plane ia 
obtained by marking off_the 250° dip direction on the 
circwnference of che net, rotating the tracing until chis 
mark 1 iea on the W-E axis and _tracing the great circle 
corrcaponding toa dip of 30o. 
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Step 8: The tracing is now rotated until the intersection 
of. the two great circles líes along the W-E axis of the 
sterconet and the dip of the line of intereection i~ 
moasured as 19°. 

Stop 3: The tracing is now rotated until the north marlt 
coincides with the north point on the stereonet and the 
dip direction of the line of intersection is found to be 
196°. 

To determine the Bngle between two specified lines. 

Two linea in apace, e.s. linea of interaection or normal& 
to planea, are apecified by dipa of 54° and 40° and dip 
directiona of .240° and 1400 respectively. lt ie required 
to find the angla betwoen these linea, 

Stop 1: The pointa A and B which define these linea are 
marked on the stereonet as deacribed under the procedure 
for locating the pols, 

Stsp 2: The tracing ia now.rotated until theae two pointa 
líe on the same great circle on the ateteonet and the 
sngle between the linea ia determinad. by countins the amsll 
circle diviaiona.between A and B, elong tbe great circle. 
Thia angla ia found to be 640, 

Tho great circle on which A and B lie defines tho plano 
which containa theae two linea end the dip and dip direction 
of thia plana are found to be 600 an4 2000 reapectively, 
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Alternative method for flndlng the llne of intersectlon of 
two planes. 

Two planes, dipping at 40° and 300 in dip dir~etions of 
130o and 2500 respactively are defined by the1r poleo A and 
B ao ahown. The line of interaection of theae tvo planeo 
is dcfined as follows: 

Step I: Rotate the tracing until both polea lie on the·aame 
great circle. Thia great eircle defineo the.plane wbieh 
containa the two normala to the planea. 

Step 2: Find the pole of this plana by measuring off the 
dip on the W-E axis of the storonet. Thio pele P defines 
the normal to the plsne contsining A and B and, aince thio 
normal is common to both planea, it ia, in fact, the line 
of intersection of the two planes. 

Hence, the pela of e plana which paaoea through the polea of 
two other planes defines the line of interaection of thoae 
planes. ' 

Oeterminatlon of preferred orlentatlons of discontlnulty 
sets. 

In plotting field observations of dip and dip direction, it 
ia convenient to work in terma of poleo rather than great 
círcles since, when the number of obaervationa axceeda . 
about 10, the plot of· great 'eirclea can be very confuaing. 
Even when the informetion ia plotted in terma of polea, 
uain~ a polar atsreonet, the overall picture, aa ahovu 
ooposito, cap be confuains and roquirea addicional iacar• 
pretatiou. 

In order te identify. the preforred orienta dono of syatema 
·of atructural diecontinuities from a pole plot auch aa tbat 

ahown. a number of contouring tachniques_ are available. 
Ono of these techn!quea wi 11 be describod and tho reador 
requir!ng furthor detallo on thoae methods is referred to 
texto such oo that by Tumor and Woiaal6, 
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Schmidt point counter mach
ined 1rom 1.5 mm thi~k 
perspex sheet • Dimensiona 
are giv.en in multiplea of 

.. 

D , the diaiaete"r ot the 
atereonot • 

The basic too! required for this contouring method ia a 
transpa'rent counter such as that illuatrated above. Theae 
couoters are not commereially availablo but can eaaily be 
machined from a sheet of porspex or similar material. The 
dimensiona of the counter are given in terma of the atereo- · 
net diameter whieh, for' thia application, would normally be 
15 to 20 eme. The centre alot ia snd•milled or cut with a 
fret-nw and should be approximately 1 mm vicio. 

The tracing, on which the polea have beon plottod, ia ploced 
over a grid with linee apaced at one·twentieth of the grid 
diameter (i.e. a 1 cm grid for a 20 cm stereonet). With the 
centre of ene of the circular holea at the end of the counter 
centrad on a· grid intoraeetion, the number of polos falling 
within the cirelo ia eounted end thia number is written on 
the grid intersoction. The counting eircle ia moved to 
successive grid po.inta and the count noted at each point. 
Where polea fall very cloae to the periphery of the atereo
net, the counter is located with ita ceatre·atot over the 
centre pin of tho at'ereonet and polea folling within both' 
circles are counted.aa shown. Tho total number of polea in 
the two circles is. noted at both interaectl.on pointa, 

Once tho counting'haa been completad and all the counta 
notad at fntersection pointa, · contouring h carried out by 
joining intersection points having tho oame number writtan 
over them. The contour values are determinad from tbe 
individual pole counta divided by the total number·of polea 
on the stereonet. Hence, in the example givon, the total 
number of polos ia 134 and the lino joining interaoctions 
with 8 polos repreaants. the 6% contour. Similarl:y, 16· polea. 
corresponda tol2% and 4 poles to 3%. The eontour intervala 
are normally shaded as shown in arder to aaaiat tho uaer in 
repid. identification of oignificant polo concentrotiona. 

Evaluat1on of potent1al slope problems 

Differont typea of slope failure are aaaociated with 
different goological atructurea ánd it ia important that the 
slope deaigner ahould be able to recogniae potential otobilit:y 
problems during the earl:y atageo of a projact. Somo of the 
signo which should be watchad for whan examining atareo• 
plots of the structural data aro outlined on the following 
pagea and • test for the poaaibilit:y of aliding on one or 
mre dhcontinuity ia deacribod, • 
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\o'ig'IT(; lS shows the four main cypes of ·tai lure considered in 
chis book and gives the eppearance of ty¡¡i.cal a·cereoplots 
of gcological condiciona like.ly colead to such failures. 
Note that in assessing stability, che cut face of the alope 
mu~:>t be included in che scereoplot aince aliding can only 
or.cur as a result of move~nt towards the free face created 
by che. cut. 

The diagrama given in Figure 15 have been aimplified for the 
snke of clarity. In an actual rock alope, combinations of 
scveral types of geological structurea may be pr~sent and 
this may give rise to additional typea of failure. Por 
example, presence of diacontinuities which can lead to 
toppling as well as planes upon which wedge aliding can 
occur could lead to the sliding of a wedge which is 
separated from the rack mass by a "tena ion crack11

• 

In a typical field study in which atructural data has been 
plotted on stereoneta, a number of aigni!icant pOle 
cOncentrations may b8 preaeat. It ia useful to be able t'o 
identify those which repreaent potential failure planea. 
und to eliminate those which represent structures which are 
unlikely to be involved in alope failures. John~ 6 • Panet~? 
and HeMahon23 have diocussed mathods for identifying 
ímport·ant pole concentration but tbe author prefers a method 
recently devoloped by Harkland~e. 

Harklsnd's test, described heroundor, ia to establioh the 
possibility of a wodge failure in whfch aliding takea place 
along the line of intersection of two plsnar diacor.dnuitiea 
as illustrated in Figure l5c. Plano failure, Figure 1Sb, 
is alao coverad by thio .test since it h a apecial case of 
loiedge failure. lf contact ia maintained- on both planee, 
sliding can only occur along the lino of interaection and 
hence thia line of intersection muat 11 daylight 11 in the alope 
face. ln other words, tho dip of tho lino of intorsection 
must be leas than tho dip of tho alope faca, meaaured in 
the diroction of the lino of intoraection as ohowu in 
Figure 16a. 

As will be shown in the chapter deallng with wedge failure, 
the factor of aafety· of the slope dependa upon tbe dip of 
the line of intersection, the ahear strength of the 
discontinuity aurfacea and the geometry of the wedge, The 
limiting case occurs when the wedge degenerates to a plane, 
i.e. the .dipa and dip direction of the two planea are·tha · 
same, and when the ahear strength of tbfa.plana is due to. 
friction only. As already diacuooad, oliding under tbose · 
conditions occurs when tho dip of the plana axceeda the 
anglo of friction ~ and henca, a firat approximation of 
wedge atability ia obtained by cousidering whether tho dip 
of.the lino of intersection escaeda the friction angla for 
the rock aurfaces. Figura l6b ahowo that the alupo ia 
p·otentially unatable wben th'e point defining the liná of 
interaection of the two planas falla within the area 
included between the graat circle defiaing the alopa faca 
and the circla defining an infinito series of planea (a 
cona) all dipping at che anglo of friction ... 

The 'resder who io familiar with wedge analyois will argue 
that thia ares can be furthar reduced by allowing for the 
influence of "wedging" ba.twoon the two diacontinuity planee.' 
On tloo other hand, the atabillty may be decreaaed'.:1f water 

. is preHent in the o tope •. Bxporienco auggeo ta that theae 
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a. Circular failure in ovar~ 
burdon aoil, waate rock or 
heavi.\y !ractured rock with 
no identifiable structural 
·pattern • 

b, Plane fallure In highly 
ordered atructure such aa 
alate • 

·c. Wodge failure op two inter
secting diacontin~itiea • 

. d. Toppling tailure in hard 
rock which can :Corm colwanar 
atructuroa oeparated by 
stooply dipping diacontinuitioa. 

N 

Jo'iguro 15 1 Main typoa ot alope failuro ana appe&rance ot at.8recip.~A~~~ .• ·. .~ 
ot 5tructural condi t ion a likely ,·~o . give rise to .,tp_e~~-t';.~Ai'f."'freo~' · 
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dip direction 
ot elope tace 

Figure t6a Slldlng along the llne ot 
interaectlon o! plánes A and 
B lo poeoible when the dlp ot 
thia line ia leas that the dlp 
of the slope tace , meaeured in 
the dlrection ot aliding , le 

"/'t>'l'i.· 

Figuro t6b 1 Sliding la asaumed to occur 
when the dip ot tbe line ot 
interaection escaeda the angle 
ot trlction 1 !'e wb.., 

'1¡. > '1/~ > q . 

~~~>nteraectlon ot planea 
must lle in ahadad 
reglan !or alope to be 
unatable 

Figure t6c 1 

pole ot great circle whlch 
·paasea through polea ot 
planee A and a define& the 
lino ot interaectlon. 

Figure t6d'o 

Repreaentatlon ot plAnea by 
their polea and detcrmination 
of the llne ot lntoraection by. 
the pole ot the great circle 
whlch paaaea through thaee poleo. 

Prellminory evaluatlon ot the 
stobillty ot a 50° alope In a 
rack maus wlth ~ a•t• of 
•tru~t~ral.dl&cpntin~lt.Íett• 

t ' < -,: ,' 
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Overlay for checking 
possibil t ty óf ¡.wedgo 
failu.rea • 
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two factora will tend to cancel one OIIOtber in'typical vad¡e 
problema and that the crudo aaauopti011 uaad in derlvill8 
•"igure 16b ia adequate for 1110at practica! problema, It ; · "· ... 
ahould be romemberad tbat thia caac la designad co identify•· 
critical diseontinuitlea BJ:~.d, baviDa .ideutiflad tbam, a 1110reJ 
detallad analyala would normally be neceaaary in ordor to .::· define the factor of aafaty of tbe alope. 

Figureo 16a and 16b ihow tba dlocontinuicy planea as groat 
circlea but, as haa been diacuaaed on the previoua pasea, 
field data on tbeae atrueturao la oormally plottad in t•rmo 
of·poleo. In Figure 16c the tvo diacontinuity planea •~• 
repreaanted by thair polea and, in ordor to· flnd tbe line of 
interaoction of theaa planea, tho motbod deecribed on page 
47 ia uaed. Tbe tracing on wbich tba polea are plotted ia 
rotated until both poleo lie on tbo aamo sreat.cirele, The 
pole of tbia great circlo defina• the line of intaraeetion 
of the two pl'anea. ·.. ··"": · 

.. ~.~ 
· As an axample of tbe uae of thia teat conaide~'·cbe contourad 

stereoplot of polea glvan in Figure l6d. lt la required to 
examine the scability of a alope faeo witb a dlp of 50° and 
.dip direction of 120°, A frietion angla of 3QO ia aaaumed 
for thla analyaia. An ovorlay io preparad on Wbicb the 
following information ia includodJ · ·" 

a. The great eirelo reproaentin¡ tbe slopa faca 

b. The polo repreaantina cba ilope faca 
e. The friction eircle. 

Thia overlay la placad ovar the eontourod aterooplot and tbe 
two are rotate,d tosether over the atereonet t~ t.tnd gtea:t 
circleo paaaing throu¡h pole coneentrationa. Tbo linea 
of interaeetion are defined by tho polea· of theae araat 
circlea as ahown in Figure 16d. From thia figure it will be 
oeen thet the moot dangeroua eombination of diacontinuitiea 
is that representad by,the polo eoneentratione numborod 1 
and 2. The intereectiono l23 and 113 both fell outeida tba · 
critica! area and are oot likely to glve riae to inatability. ' . 
The·pole concontration numbored 4 will not be involved in 
olidin¡.but 0 as· shovn in Figure Ud, it could give rhe to 
toppling or the opanlll8 of tanai011 crac¡u,,_· ._· 

: ·, •!.! .• 

In the example deocribed abova, it would be necoaaary to 
examina tbia elope, and partieularly dheontinuitiea 1 and 
2, in moro. detail to eotablhh wbothor the critica! . 
condiciona ausaeoted by thia proliminary analyais do indead 
exiet or whether there are othor faccoro wbich lncreaao che 
etability of the alopa. · ·' . : . . , 
In causa where only ona major pala conceutrati.on ·Keuro as 
in Figure lSb, plana failure h poolible if·cbia ·'concantration· 
Uea cloao to the pole of tbe olopa fato, •In che ozample 
givon in Fisura 16d, polo eoneontratlon 2 liea .auffi•ntly 
el ose to the polo of the a lapo tace for two climsnaional ·· .. , 
sliding to be eonsidared a pooaibility and to .Juatity e 1110re 
detailod exam.tnation of thh poulbility, " .,. 

.··. 
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Su ested method of data resentat1on and anal 
p t p ann ng. .;•. 

. ' ' i·. 
Duriag the early feaaibility atudiea on.a·propoaed opeo pie 
mine, an eatimate of aafe' alope a1111lea ·h required for che , 
calculation of ora to waate ratioo and·for the prelimioary 
pit layout. The only at~ctural data'wbieh io likely tobo 

. available •• thia auge io that vhich baa been obtained by 
loggiag corea drillad for miaeral evaluatioa purposea and 
by mapping aurface outeropa. Scanty a~~· i:his deta ia, it. 
does previda e bada for a first aati!Dilte of potential 
alope problema and the author ausaeou ... that thia data abould 
be treated in the manner illuatratod la Figure 17. 

' . 

On an outline plan of the propoaed open pit; contoured 
stereoplota of whatover atructural data la available are 
drawn. TheQe plata are drawn at tbe location of the field 
observationa and ahould, wbere poaaibla, be evenly apaced 
around the pit parimeter; It ia particularly important thet 
areaa of major faulting or areaa in which chongea of roek 
type occur ohould be mapped. . ·· : · · 

An overlay la preparad ai daaeribed earlier and, in Figure 
17, it has been aoaumed that the etability of 45° alopea ia 
t.o be ehecked. Where the gaoloaicel mapping hes indicated 
the presance of faulta o~ clay aeama, a friction angla of 
20° ahould be usad to define tbe friction cirele. Where DO 
auch atructuroa appear to'be preaeot, a friction angle of 
300 ia more realiatie aod tbia ia tbe value usad in Fisura 
17. 

The eaatorn sido of the hypothetical porpbyry-copper pit 
illuetrated in Figura 17 doea not eontain atructurea Whicb 
are unfavourable to atability and, oinee porpbyry ia a aood 
hard rack, ateepenina of theae alopea ·can be considerad. 
Fisura 7 on page 20 eao be·uaed aa a auide to the meximum 
permiaaible alope anal• for ~ aiv~ pit dapth. 

' .. i. 1·: .• 

Note that tho atructures whieh occvr.·i~ the eoutb·aaatern 
part of the pit eould give risd tq'toppling failura it 
ateep ~lopea ·ara created (oeo Figure 154). Thie poaaibiUt7 
ahould be kapt in min4 oa the pit planqing progreasaa and 
a hrtber ana1yaio carriad out U requbed. . . . . ! 

~ ·:, .. 

Tha· atructurea in the aouth-waatero par~ of tbe pit aro oot 
critical but thare ore bound to be local diacontinuitiea 
whicb will cause amell wadge elides on individual benchea. 
Thia would be perticularly trua for the porpbyry/aLate 
contact. Since flattaniog of the elato slopea io eaoential, 
it would be wiae to atart thia f1attening·, ~D the aoutb•. .. 
weatern corner of tha pit. · · · 

' 
The moat criticol area in tbia portieular pit will be the 
weatern alopea whare tho aleta dipa into· the pit ot about 
the aeme an~lo ea the alopae (note thot t~ polt coneeotr
ation coinc1deo witb the polo of the elopa· faco -a or1Ucal 
llmlting condition for two•dimeoaional sliding), It voul4 
be esaential to.carry'out furthar.iovoati&ationo in thio 
part of the pie·· Ad4itional 4rill~ll8 'ca check tbe axtent , .. -
of the alate, sroundwster otu4iea and ahear taotiDB of 
diocontinuity plan~o would all bo· nec~osary, A dotoUo4 ... :. 
otebi li ty analyei~, usi1111 methodo daocribe4 in· la ter ..... ;' . 
chaptera, would llave to ba cardad ou~ to aatl'l>~hll cbo ,, ... : 
aafe &lopo anslee .. for tllh pare· of tbo:plt. · · · ~ · 

.. ¡ 
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Pre:;uuto.tion ot aeological data aud preli~inary analy11is ut wlope 
~tability for teat.lbility t~tudy on hypotheti,·al open ~it. mine. 
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Wedge failure 

Introduction 

The previous chnpter was concerned with slope failure 
resulting from slíding on a singlo planar sUrface dipping 
into the excavation nnd striking parallel or nearly parallel 
to the slope face, lt was atated that the plane failure 
analysis is valid providcd that the Strike of the failure 
planc is within }?.0° of the strike of the slope face. This 
chapter is concerned with the failure of sloPea in Which 
structural features upon which aliding can occur strike 
across the slope crest and where aliding takea place along 
the line ot' intcrscction.of two auch planes,-

This problem has been extenaively discus\2d in geotechnical 
literatura and the authors have drawn heavily upon the 
work of Londe, John, Wittke, Goodman and others listed in 
referencea 152 to 162 at the end of chis chapter. The 
reader who has examined this literatura may have been 
confused by sorne of the mathematics which has been presentad. 
It must, however, be appreciated that our understanding of the 
subject has grown rapidly over the paat decade and that 
many of the simplifications which are now clear were not at 
all obvious when sorne of theae papera were WTÍtten. The 
basic mechanics of failure are very simple but 1 because of 
the large numher of variables involved, the mathematical 
treatment of the mechanica can become very complex unless 
a very strict sequence ia adhored to in the development of 
the ec¡uations. 

In this chapter, the basic mechanica of failure involving 
thc sliding of a wedge along the line of lntersection of 
two planar discontinuities are presentad in a form which 
the non-specialíat reader should find easy to follow. 
UnfortunatP.ly, the vcry simple equations which Bt'e presentad 
to ·itlustrate che mf!chanics are of limited practical value 
because the variables used to define che wedge gcOmetry 
cannot eaAily be measured in t"he field. Conaequently. the 
second pare of the chapter deals with the stability analysis 
in terms of che dips· nnd dip direcciona of the planes and 
che slope face. In the transformation of the equationa 
which is necessary i.n order to accommodate this informatio_n, 
the basic ml!'chanica becomaa obscure but it is hoped that 
che reader should be 3ble. co follow the logic: involved in 
che development of these equationa. 

In the chapter its~lf, the diacusaion is limitad to the 
case of che eliding of a simple wedge such as that illustrat-. 
ed in figure 91, acted upon by friction, cohesion and 
water pressure. The influence of.a tension crack and of 
cxternal forccs duc to boles, cables or seismic accelerations 
resulta in a significant increaae in the complexity of the 
(~quations antl, ~:inca it would only be neceaaary to consider 
thcse influences on the fairly rare occaaiona when critical 
slopes are being exarnined, the complete solution to the 
problem has hP(•n pr:esented in Appendix I at the end of the 
book. The ana:vtical crr•;1:·ment of the problem presentad in 
part III of tht~ Appendix is particularly suitable for 
processing by cornputer and, once the reader has underatood 
the basic mer:.hanics of che problem, he should have no 
difficulty in havjng this general solution progranuned for 
alrnost any· typc of computer, inclUding the desk top machines 
which are now avai 1 able. · 

···-·'·····-----····-··-C·--··· --·---·- ·····--------·- .... -------·--·------·-·----~-------- ---- ---



Figure 91 : A typical wedge failure 
involving aliding along the line of 
intersectíon of two planar diacontin
uitiea. 

Figure 92 : Seta of íntersecting diacontinuitiea can 
somct.imcs give rise to the formation of familiea of 
wcdge failures, 
(PI¡otogroph reproduc~d with permiasion from !tr .K.H.Pare) 
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P!ctorial view of 
wedge failure 

Note t ~he convention adoptad in thia 
analysis !o, that the plana with 
the flatter of tha two dipa ia 
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Stereoplot of wedge failure geometry 

irection of sliding 

Figure 93 Wedge fa!lure geometry. 
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Oefinition of wedge geometry 

Typical wedge failurea are illustrated in figures 91 and 92 
which show, in the one cae~; the through-going planar 
discuntinui ti es which are norma.lly asaumed for the analytical 
treutmcnt of this problem and 1 in the other case, the vedge . 
formed by seta of ~loaely spaced structural featurea. Ift 
the lattcr case 1 tht= analytical treatment would still be 
based upon the asaumption of through-going planar featurea 
although it would have to be realised that the definition of 
thc dips and dip directions and the locs.tions of thesc 
pJ~1ncs muy pr~sent practica! difficultiea. Tite failure 
i.llut~tr:llt.•U in figure 92 would probably ha.ve invo1vcd the 
(airly gradual l-uvclling uf tnnall loose blocks of rock 
and it i~ unlikely that tbis failure waa associatcd with 
any violence. On the other hand, the failure illustrated 
in figure 91 probab1y invo1ved a fairly sudden fall of a 
single wedgc which would only have broken up on ímpact 
and which would, therefore, constitute a threat to anyone 
working at the toe of the slope, · 

The geometry of the wedge, for- the purpoae of analyaing the 
basic mcchanics of sliding, is defined in figu~e 93. Note 
that, throughout this book 1 tho ['tattsr of the two planea 
is ca11ed P1ane A wbi1e t~e st••P.!~ plane is called Plane 

el 10••~ -8 f',.;;¡tw 
• • 11 ,,,_ 

As in the case of plane failu1:e 1 a condition for aliding 
is defined by ~fi> ~i > •• wbere ~fi is tbe inc1ination of 
the slope face, measured in the view at right anglas to 
the line of interaection, and ti ís the dip of the line of 
intersection. Note the '4lfi would onlY be the same aa ;f• 
the true dip of the slope face-, if the dip direction of tbe 
line of intersection was the same aa the dip direction of 
the slopc face. 

Analysis of wedge failure 

'fhe factor of safety of the wedge defined in figure 93• 
assuming that sliding is resisted by friction onZ.y and 
that the friction angle + is the same for both planea,· is 
given by 

F • 
(RA + R8) Tan~ 

W,Sin~i 

.. 
(71) 

where RA and R8 are the normal reactions provided by planea 
A and H as illustrated in the akeJtch opposite. 

. In order to find RA and Ro 1 reaolve horizontally and 

.vertically in the view along the line·of interaection 
f~k t-~ 

RA.Sin(B - IÓ • R8.SinÜ :;: fü• (72) 
1-;..>J ~~~ 

~Cos(B --!O- R8.cos(B + l~l· • W,Cos~¡ (73) 

Solving for RA and R8 and adding 1 

RA + Rs • W,Cos~¡. Sin S 

SiniC 
(74.)' 

Hence SinB Tan~ F • 
e T:':"1'7 •. :r:;";;i. ¡¡~,. 

r~·r,,.:; ... 

-------·----·-·-··--------··--·-------------·-·---------·--------------
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In other words : 

(7ó) 

where Fw ia the factor of safety of a wedge supported by 
friction only, Fp ia the factor of aafety of a plane 
failure in which the alope face is inclinad at ~fi and the 
failuJ:e plana ia inclinad at "'i. 
K is a wedg~ factor which, as shown·by equation 7S 1 dependa 
upon the incl~dt!d angla of the wedge and upon the angle of 
tilt of the weJge. Valuea fot' the wedge factor K, for a 
range o( valucs of B and C, üre plotted in figure 94. 

As ahown in che atereoplot given in figure 93 1 meaaurement 
of the angles B and t can be carried out on the great circle, 
the pole of which is the point representing tho lino of 
int.ersection of the two planes. Hence, a atereoplot .of the 
teatures which define the elope .and the wedae geometry 
can provide all the information required for the datermina
d.on of the factor of safety. lt should, how~ver. be 
reme~ered that the caBe whlch has been dealt with is very 
simple and that, When different friction anglas and the 
influence of cohesion and water preasure are allowed for, 
the equations become more complex. Rather than develop 
these equations in terma of the anglos S and t. wnich cannot 
be meaaured directly in the fiald, tho more complote analysio 
is presentad in terma nf directly meaourable dlpo and dip 
directions. 

Before leaving this simple analysis 1 the reader'a attention 
is drawn co che important. influonce of the wudging action 
es the includeJ anglo of the wedge decreaaes below 90°, 
Tho increase Ly a factor ot 2 or 3 on the factor of sofety 
determinad by plana failure analyais is of great practical 
importanco, Sorne authors havo suggested that a plana 
failure analysia ia acceptable for att roek slopea beeause 
it provides a lowar bound solution which has the merit of 
being conservativo. Figure 94 ahowa that thia solution la 
so ·conservativa as to be totally uneconomic for moat 
practical alope designa. It is therefore recommended that. 
whete the structurol featurea which are likely to control 
the stability of a rock slope do not strike parallel to 
the slopo faco, tho otability analyais should be carried 
out by means of the three-dimensional methods presentad in 
this book or puiJlished by the · authors listed in references ... 
152 to 162· st the and of thia chapter, 

.Wedge analysis including cohesion and water pressure 

Figure 95 showa the goometry of the wedge which will be 
considerad in the following analysia. Note that the upper 
slope surface in this analysis can be obliquely inclinad 
wit_h respect to tho alope faee, thereby removing a reatric
tion which has been preaont in all tbe stabil~ty analysea 
which have been diacuased so far in thia book-. The total 
height of the slopa, definod in figure 95b, ii the total 
difference in vertical elevation between the upper and 
lower extremi ti es of the l.ine of interaection a long which 
sliding ia assumed to occur. 

The water pressure Uistribution aasumed for this analyaia 
is basad upon thc hypotheais that the wedge itaelf ia 

1 

1. 
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Figure 94 WeJge factor K as a function of wedge geometry. 
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Figure 95 

6 ·:1 t 

Upper slope surface which can be 
obliquely inclined with respect 

thu alope facc. 

lope face 

a, Píctorial view of wedge showing the numbering of intersection 
lines and planes. 

Assumed water pressure 
distribution 

h. View noriMl to the line of interaection 5 ahowing the 
total wedge height and thc water pressuré' distribution. 

H 

Geometry of wedge used for stubility analysia including the influence 
of cohesion and Of water pr~ss~re on the failure aurfacea. 

:• 
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impermeable and that water entero the top of the wedge 
along line·s of interaection 3 and 4 ancl leaka from the 
slope face along linea of interaection l and 2. The result
ing pressure distribution ia ahown in figure 95b - the 
maximuro pressurc occurring along the line of interaection 5 
and thc pressure being zero along linea 1.2,3 and 4. This 
water pressure distribution is believed to be repreaentative 
of the extreme condi¡;ions which could occur durinK very 
heavy rain. 

The numbering of the linea of intersection of the various 
planes involved in this problem ia of extreme importance 
aince total confusian· can ariae in the analysis if these 
number are mixed-up. The numbering used throughout th~s 
book is as follows : 

1 - int~raection of plane A with the alope face 
2 - intersection of plane B with the alope face 
3 inceraection of plane A with upp.er alope surface 
4 - interaection of plana B with upper alope aurfac:.e 
5 - interaection of planea A and B 

It ía assumed that aliding of the vedge always takeo place 
along the line of interaection numbered 5. 

The factor of safety of th~& alope ia dexived from the 
detailed analysis presentad in part III of Appendix 1 at 
the end of thia book and ia : 

F • ;H (cA.X + c8,Y) + (A- ~.X)Tan+A + (B- ~.Y)Tan+a 
(77) 

Where 
cA and c8 are tha cohesive atrengtha of planea A and B 

+A and +o ane the angles of friction on planes A and B 

y is the density of the rock 

Yw is the denaity of water 

li is the .total height of the wedg<\ ( see figure 95) 

X,Y,A and B are dimenaionlesa factora which depend 
upon~the geometry of tbe vedge. 

Sine 2 ~ 
X • (78) 

Sin645•Cose2,na 

y • 
Sine 13 ( 

(79) 
Sin6¡s.Coe6¡,nb 

A • 
Cos~8 - Coa~b.Cos8na.nb 

'Sin,s.Sin2ena,no 
(80) 

Cos.Pb - Cos.\118 .Cos6na.nb 
B • 

Sin~s.Sin2 ena,nb 
(81) 

where ~q and ~b are the dips of planea A and B respectively 
and $5 10 the dip of the line of intersection S, 

The angles required for the solution of these equationa 
can most conveniently be meaaured on a atereoplot of the 

.'• 

l' 
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Figure 96 
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data whid1 define:i. thc g~omct:ry of th~ wedge and thc slope. 

Consid(!r the following l!Xamplu : 

Plane dip 0 dip diructiono Propertic!i 

A 45 lOS +A•200' cA• 500lb/ft2 

8 70 235 4s•)OO, e u• 1000lb/ft2 

Slope face 65 185 y• 160lb/ft 3 

Upper surfuce 12 195 Yw" 62,5lb/ft 3 

'l'hL.' totnl Jwi~~ht or t:hl• Wt'd~t' 11 . 130 ft!ct. 

Tht! stcrcoplot of thc Rl'UIIt circlcs rt!presenting thc foJur 
planea involved in this problem is present~d in figure 96 
and all the angles requi red for the soultion of ·equations 
78 to 81 are matked in this fiKure. 

N 

circlc 
8 

Creat 
Plcme 

Pule uf Plane 8 

-----------/;" 

..,..,. ........... 

+ 

Dircction of sliding 

Stereoplot of data required for wtdge stuhility analysia. 

.,. 
' 
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INPUT DATA 

~ .. 4~ 
11>¡, . 700 

~5 . 31.2° 

e • 
na.nb 101° 

824 - 65° 

e~s •2s0 

e2,na" 5d' 

8¡¡ • 6~ 

8¡s - z¡O 

el.nb· saO 

+A - zoO 
+a - 2o0 

y - 160 lb/ftl 

Yw" 62. 5!b/ft 3 . 

<A" 500lb/ft2 

es• 1000!b/ft2 

H • 130 ft 

~ . 

IIEDGE STAS! LITY CALCULATION SHEET 

FUNCTION VALUE CALCiiLATED ANSI.'ER 

Cos ~a • o. 7071 
Cos~a - Cos~.CosBnz.nb 0.707] + 0.342 x ú;1Pl Cos 1/1 ~ 0.3420 A = 

Sin¡p 5 . Sin2B03 • nb 
. - 1. 547 5 b ... 0,5180 X 0,9631: 

~in ~5 = 0.5180 
= CosfPb" -- CosVa .Cos90 a.nb 

Cos -0.191 a = 0. J420 + 0. 707] X •:).191 6na.nb"' 
SinWs.Sin2Bna.nh - 0.9557 

0,982 0,5180 X O.HZf . 
Sin Bna.nb== . 

Sin9 2 ~ = 0.90f3 

Sine~ 5 - 0 •• 226 
SinB 24 0.906Z X = - . J. 336 3 

Cos82,na" 0.6428 
SinBlfs•Cose2.na 0.4226 X 0,6428 

SinO¡¡ = 0,8829 

Sine 35 • 0.5150 y -
SinO¡¡ 0.8829 -Sin83s.cos8 1.nb - z. 4287 

Cos8¡,nb• 0.5000 0,5150 "0,500 

Tan; A - 0,5773 

Tan;8 - 0.3640 F • 3<A !:!.Y (A - y.., ,X)Tant A (f. - ~.Y) Tanta -·X • + • yR yR .. 2y 2y 
Yw/2y - 0.1953 

kA/yH - 0.0721 F = 0.2405 + 0,4941 + 0.8934-0.3762 + 0.3478- 0,2437 - 1.3562 

Jc8/yH - 0.1442 
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lktl.!nnin;lt iun or Llw L1ctor nf s'-!f~~cv is moNt convcmiently 
':arri~o•d out 011 <J cn1<:ul.•Liiln ~h'-'l't such as that prcscnted 
on pa¡~l' 191. St•tLin 1 ~ thl! ca\,·uLtt.inns out in chis mannt.•r 
nnt u11ly ~llillllds ·c11~ us~r l1> t·huck al1 tl1~ c.J¡¡[a but it also 
shnws huw rwl'/1 v<~rL1blc conLrihutC'S tu the overall factor 
uf s••l'L·t:v. Jl\·nc~.~, if it is requir~d to check the influence 
of Llll' t:oh<.•sitlll on both pl:mt·s ralling to zcro, this can 
lw doliL' by s .. :tl ing thc n·o· ,~rnups containinr. the Cohesion 
vulut•t> t'A and t·¡~ to :tt:ro, f•,iving a factor of safety o( 0.62. 
Alu·rnill ivLdy, Lht• L"ffC'<'t of drainagc cAn .bc checkec.l by 
pulting tht~ t\o.'u w.:ltl'r pr<.•ssui'L' tl•rmt; (i.e, those containing 
Yw) tu Ztlro, giving ~· • 1.98, 

As IL:J~: ht•o•Jl l'lllph.i!iiiH•II in l"·,·vionH chllplt•rH, thiH nhi 1 itv 
lP ¡·h¡•¡•J: lllt' S••llt:it ivÍtV o! liH' lat:l.:or of Süf(!ty tO changc8 
in m~ncriul propert:ics or in slopt! loadi-ng ·ie probably as 
important us thc~ ability tn cnlculate che factor of safety 
itself, llüC!k. ami l.ondc, in A r,tmt!Tc1l rl!view of rock alopc 
and fOIJIHLJtion t.h•sign nwthods 165, have concluded that thc 
infonn;n ion whi eh i s most: useful to the design cngineer is 
thnt "''hich indicatcs thc rcspnnaH' o{ the structure to 
dHlOl~cs in sig1lificant p.uml'lcters~ llcnce, dt!cisions on 
rC!m'-~dial m~~nsures such a~ dralnaA~ can he bRsed upon the 
ratl! of l'han)'.'-' '-'f f;1ctor nf Hafcty, cven if the absolute 
valut• ni the far.tor of 1HJ.fety cannot be relied upon, To 
quotc from thi B Af'Ol'r.1l rcvi('W : 11 1'ha function of che 
dcsi~n cnHÍOl'l'r is not to compute accuratcly but to judgc 
sountlly 11

• 

~ledge stability charts for friction only · 

lf the cohl·siv(' strcngth of the planes A and 8 is zero and 
tt1e slopc_ is fully drainéd, eouation 77 reduces to 

r • A.Tan~A + B.Tan~ 8 (82) 

Thc dimcnsionlcss fnctors A and B are found to dePend upon 
the dips i.lnd dip dircctions of ·thú t\orlo planes ant.l. values 
of thcse twn ractors have hcen computed for a range of 
wedga g~omutri~s a~d tl•e rcsults are rresentcd ·as a series 
of chacts t!O tt¡c rollowing PBHCS, 

ln ordcr t,, ill11~trate the use of these charts, consider 
thc followirw \•xnmple : 

di Po dip cJ i rtH' e i on° fric:·tiD-n angle0 

Plant! A 40 165 35 
Plane ll 70 285 20 

Diffcrcnl;cs 30 120 

llcnct!, turning to Lhc charts hcaded "Dip difíercnce 30011 

anJ rcading off the values of A and 8 for a difference in 
dip dirc<:tion of 120°, one finds that 

A•l.S aod B .. 0~7 

Substitution in equation 82 gives the factor of safety as 
F • 1.30. The vulu~s of A and B give a dircct indícation 
of eh~ contribucion wl1ic·h each of thc planes makes to 
tlle toral facl_or of safcty. 

Ndtc t~at th<: factor of safct).' c.:llculatcd from equation 82 
is ·indcpcndl~nt of the slopc hei~hl, the angle of the s_lo. ~e 
fnc.f• And thP i ...... li.-. .. tin .. ..,f ....... ··---- -1 •••• _ •. 



r<H:IH.·r surP"rising rcsult arises because tht.! weight of the 
WL!.IKI' occurs in hoth thc num..:raror and denominator of the 
L1.ctol· o( safcly ~qui::lt:Íon and, for the frictión only case, 
thi.s tt~rm canr:cllA out, lt~avinr. a dimcnsionlcss ratio which 
licfiÚc¡; thc factur of safcty ( sec cquation 75 on page 185). 
This simplificaliun Ítt V{•ry uscful in that it cnahles the 
USI!r of tlu!Sl! chartli to carry out a very quick check on 
thc stability of a slt•pc on the hasis of th~ dips and dip 
clirl!ctions uf the discontinuilies in thc rnck mass into 
whiL:!I thc Mlupc has bccn cut. Au cxample of such an analysis 
is pres~tttcJ ]ater in thiN cltaptcr. · 

Many Lrial C'a]culations hnve t~hnwn thnt a wcd11e having a 
I:H:l~tr of ¡;;¡f,!LY Íll t'Xt:l!SH of ~.O, as ohtai.nl!d frnm thc 
lri,:Li .. n only !:lluhility ch.HLti 1 Í.'i unlikcly to fail und,~r 
c:v¡¿n t.lle most scvcr~ combination of conrlit1.onli tn which the 
stope is likcly to be subjecl~d. Considcr the example 
discusst!d on.pagea 190 to 192 in which the factor of safety 
for th~ worst conditions ( zero cohesíon and maximum water 
pressurc ) i s o. 62. This is exactly SO% of the factor of 
suf~ty of 1.24 for tho friction only case. Hence. had the 
factor uf safcty for the friction only case bc~n 2.0. the 
f~ctor of safety for thc worst conditíons would have been 
1.0, assuminK tlult thC ratio of the factors of safety for 
th~ two cases rcmains conatant. 

011 tl1e llasis of such trial calculations, tt.e authors suggost 
tllat thc friction only stabil i Ly charts can be used to define 
thvst! .slopcs whit..:h are aJ~quately stable and which can be 
i.gnorcd in suhsequent analy~;cs. Such slupes, having a !actor 
of safl~t.y in cx.ces::; of 2.0, pass into catcgory 3 in the 
chart p~escntt!d in figure 6 on page 14, Slopes with a 
f:tcLor of safcty, based upon friction only, of less than 
2,0 mtlst bt~ r~:.gardcd as potentially unstable and pass into 
c.att!gllry 4 o( figure 6, i,c, thcse slopes require further 
dcti::tilu(l exdminntíon. 

In many practical problems involving che dl~sign of lhe 
ovcra ll s lopcs of an open pi t mine or thc cutL ings for a 
highway, it will be .found that lhcsc friction only stability 
charLs provide all che infurmation which is rl!quired. It 
is frl·quently possibla, hnving idcntified a potentinlly 
dangcrous slope, to elimindte tttc problcm by a slight 
r~-a1 ignment of the pit bt.!nches or of thc .road cutting. 
Such <1 solution is clearly nnly fcasible íf the potencial 
d.:wg..-r is rccogniseJ bcfnrc excavation of che slope is 
st.1rtl!J and the ntai.n use of tht! chnrts ís during the site 
investigntion and prel i.minary "planning s_tage of a slope 
projcct. 

Once a slopc has been cxcavar:ed, these charts will be o( 
limited use sitlcc it wilt b~ fairly obvious if the slope 
in unst<.~ble, Under these condiciona. a more detailed stuJy 
o 1 th~ &O lop~ wi 11 be rcqui red and use woUld then ha ve to be 
maLle of th~ mcthod dcscribed on pages 186 to 191 or of one 
of tl1e mcthoJs described in Appendix I. In the authors' 
experience, rclatively few alopes require this detailed 
an<.~lysis nnd the rcud~r should bewore of wascing time on· 
auch an analysis wlwn the simpler methods presented i.n chis 
chaptcr would be aJt!quute. A full stability nnalysis may 
look very imprt:!Stiivc in a report but, unless ir: has cnableJ 
the slope cnginecr to take positive remedía! m~.Juurl!s, it 
may not have served any ut>eful purpose. 

·---··~-·~-~--··--- -·---------~-----~----~ 
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WEOGE STAOILITY CIIARTS FOR FRICTIDN ONLY 
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Note The flatter of thc two planes is 
always called Plane A • 

Factor of Saf~ty 

F • A.Tan~A + B.Tan~B 
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Pract.ical exar.~ple of wedge analysis 

Dur i ng the Ce aH itd li ty study for a proposed open pi t mi nc, 
tht! mint..• planning enginecr rcsponsible for the pit layout 
h<Js request~d guidnnce on thc maximum ~:~afe angléa which may 
he used for thc design of the oV~["all pit Blopes. Extensive 
gt!ologiral mapping of outcrops on the s.ite together with a 
cenain amount cif cort! loggii'lg has established that there 
are fivc sets of geologic~l discontinuities in the rock 
muas surroumling the ore body. The dips and dip directions 
of theso discoutinuitiea are as follows : 

Tli~c:oJltinuity set dip0_ dip direction° 

66 t 2 298 12 

2 68 i 6 320 i 15 

3 60± 16 360 ±lO 

4 58± 6 76 :l 6 

S 54± 4 118± 2 

Not~ that, because thiS mapping coversthe entire síte w_hich 
extends over severa! acres, the ·scatter in the dip and dip 
direction measurements is·considerable and must be taken 
into account in the analysis. This scatter can be reduced 
by more. deteiled mapping in specific locatíons, e_,g. figure 
17 on page 54, but this may not be possible because of 
shortagc of time or because suitable outcrops are not 
availuble. 

Figure 97 al1ows the pole locations for Lhese five seta of 
di scontinui ti ea. Al so shown on this figure are the extent 
of tlw scnttcr in the pole measurements and the great 
i:::i.rcles corresponding to tbe most. probable pole positions •. 
The dashed fi.gure surrounding the great circle interscctions 
is obtni.nud by rotating the stereoplot to fin~ the extent 
to which tht! intersection point is !nfluenced by the Hcatter 
around the pol<! points. The technique described on page 47 
Íd used to define this datihcd flgurC. The interscction of 
gn:at c:ircles 2 and 5 has bacn oxcluded from the da9hed 
figure because it defines a line of intersection dipping at 
lcss than 200 and this is considered to be lesa than the· 
B11gle of friction. 

The factors of safety for each of the discontinuity inter
a~ctions is determinad from th~·wedge charts (some inter
p(Jlation is nccesDary) and the values are given in the 
circlcs over the int:ersection points, Because all of the 
plan~s are relativoly aceep • some of tha factor& of safety 
are danKerously low (assuming a friction angle of 30°). 
Since it is unlikely that ¡;¡Jopes with a factor of safety 
of less. tl1Hn O. S could be economically stabilis~d, the only 
practica! solution is to cut the slopes in these regions to 
a fla¡;: enough overall angle to eliminate the problem. 

The construction given in figure 98 is that which is used to 
find tlw maximum safe slope angle for different parta of the 
pi t. This construction ínvolves positioning the great 
circle tl!presenti.ng the slope face for a particular dip 
direction in euch a way that the unstable regioo (shaded) 
is avoided. 'l'hc maxímum safe slope angles are marked around 
tha pcrimeter of chis figure and their positions correspond 
to· the posltion on che pit perimeter. 

'. 

l • \ . 
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a. Black triang1es mark most likely position of polea of five 
aeta of discontinuities present in rack mas&i 

b. Shlldcd urea surrounding pole position defines extent of 
scattcr in measurements. 

e, Fdctors of safety for each combin.ation of discontinuities 
ia given in italiaa in circle over correaponding intersection. 

d. Dashed line surround5 ares of potencial instability. 

Figure 97 

--~-----·---- --·-----------··--··--

Stereoplot of geologic.al daca·'for the preliminary 
design of an open pit 

·J 



Figure 98 

No tt~ Figures around the perÍI.leter are the recommended 
stahle slope angles for the corresponding posi~.ion 
on the pit perimeter.· 

Stereoplot of great círcles representing atable slopes 
around an open pit in a rock masa containing the fiye 
sets of discontinuities defined in figure 97. 

----------
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Figure 99 sbows the suggested pit layout as presented to 
tlu! mine pJ¡mrling·cnginct=r by thc rock slopc engineE'-r. The 
pit fl<Jor sl1ape and el~vation is that originally specified. 
Ly thc mine planning cnginccr on the basis of the shape of 
tlw urc boJy. This luyout is for the overall slopes only, 
nu lH!rlChcs or haul rond ha ve been included. lt muse al so 
h~! point~d out that the slopes on the north-eastl!t'O side 
o( rhc pit have b~en specified at 70° insteuJ of the 85° 
SllKKcsted by figure 98. Tl1is laying back results from a 
consitlt.!ration of the ntaximum slope height- slope a_ngle 
rclarionship prescntcd in f~gure 7 on PDKC 20. 

On no acc:ount should tlw lnyout suggested in figure 99 be 
r··~::n·d;·d <~H thl~ fincll pi L pl~m. Tlw nmtt stnge in thc 
f<.!iiSihility stutJy wuulJ oUviouSly he to cons.idcr thc 
implications of this suggcsted pit shape on thc overall 
stTÍpping ratio and hcnce the economics of the operation~ 
This could easily rcsult in a rc-definition of the econumi.c

. ore body shape and the nced for a new pit layout. 

Onc:e the general pit shope has been decJded upon, the next 
ste!J is tó considt!r th~ layout of bot.h production antl final 
bl'nchcs and to make provi sien for a haul road. or for an 
~lLcrnative transportation syst~m. 

W':dge fai lurcs in the benches forming the south-western 
part o( thi s pit wouhl he unavoidablo sine e any faces cut 
srel!per than 30° would allow the wedge intersections to 
J.;.¡yli.ght and, considering the factors of safety shown in 
fi.gure 97, stabilisation of these Lenches would not be 
eCOJlomically feasible. lt could, of course, happen that 
thc assumption of friction only is grossly conservative 
anJ that the factors of saiety are much too low. I t may • 
thert!for~.!, be worth c:arrying out further stability St\ldies 
on t.he south-western siJe of the pit to determine whether 
nuy cohesive strength could be relied upon. Back ana"lysis 
uf local quarry sJ.opcs, if ~uch quarries exist in the area, 
woulJ proviJc the most reliable source of cohesiva strength 
Játa. Altcrnativcly, shear strength tescing would have 
to be carried out. 

I f furtil(!r studies showed that che bcnches in the south
wcstern purt of the pit would be reosonabJy atable, this 
sidc of the pit would provide a good haul road route since 
thi.s wouJd perrui t the stripping ratio to be kept ·e o a 
mínimum by rt!t..uining the stecp overnll slopes on the north
euR tero ~id e of thc pi t. 

un thc other han.d, many open pit operators dislike steep 
slopes anJ it may ho dccided, without further stability 
studies, to sacrifcc on thc stripping ratio and to place. 
thc haul road on L:he north-eastern side of the pit. While 
this woulJ resul t in a. considerable flattcníng of this side 
of the pit, it would ensure trouble-frce benches since, 
wi th the reduced hcight of benches. 80° bench faces could be 
toleratcd and 1 according to figure 98, such benches would 
be aafe. This solution would probably be the most satis
fuctory from an oper.ational point of víew - {lrovided that 
the ore boJy grud'-! was hígh enough to stand the high atripp-
ing ralio. · 
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Fig~re 99 Dcsign of overall pit 
defined in figlJre 98, 
rouds are included in 

slopes according to Safe angles 
Note that no benches or haul 

this pit layout. 
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USO DEL STERI::ONET I'ARA ESTUDIAR LA ESTADILIDAD DE ROCAS FRACTURAD .. \S 

J•r.OI'ft.:O,\IJrS !lE LAS i'KO\'ECCIO:'a:S f:Sf[RICAS: 

U. (:cnaal. 

La orictllari(~U dt: un plano en el e!opacio, ddinida. 
¡;nr ::.u nu¡¡lw y m:mtco, se rcprl'\Cntil mcdi:u11c 
la ilt ~e' ~c·criüu tic dicho pl:!.no ron una c~rcn de 
u.~(crcnria a tr;tn:·s de.: cuyo ccutro p:ISa el plano 
';.'1\ (ll('!ltiún. f';u·:t dCu:nninotr. C".\t:l linc:l de intcr· 
J~n_-¡(,11 c.•n el C'>p:trio, C!o nccc~ario proyccl:trli\ !oOLre 
el pbno Nu:uori:1l d..: la esfera. DirCrcmes mélotlos 
tic p:oyecciún h<lll- !.ido ideados: sin cmbnrgo l~n 
:liHot!>ir·ncll que· !oC pruducc11 al pwycctar y:triablcs 
u idimL·mion:•lC\ en una plauo bidimensional u o 
ltJII !>ido n:!!uclt;ts. J':ua oln·br csro~ ¡noblcm:u dos 
liptl\ tlifetcntcs de proyct:cimiC'i .\C m:m en g:colo· 
gia C'<oll LLCtural. Ln cri,t;Jiusr.·tli:l y cHahililt.uJ tle 
uiud~..·~ t·s lk~c·ahlc m:tr el nH.11Udo ele proyccdoncs 
idt:~alos por \VuHf y:.~ que en t:\u..: Lis mrdid;a anr,u· 
l:nc~ no son c.liswJsioniubs. En.otru~ casos, cu'ando 
\C '¡uic1c: conon·r \':ll•ncs cmulhtico~ de densidad 
y (-,ricJH:u:iún dé <.·stnLcluras gcol(,hicas, C!i. impar· 
t<llltc pic:sCr\'ar. Ulla conecta lt'Jli'C~Cntación de 
;'n-cas y en conscntcnci;¡ se cmpk;¡n la.\ proycc-·· 
ciones tlc SriLmidt. La proycniUn eijt:iaugular 
(\\'11lff) es C'l mé1udo usado en C\te estudio. 

1-.2. l'royución ~qr1iangular. 

.El mt:aoclo de plllyecc.iones \VuHf ha sido extcma
nH"Jlle c¡.:plicítdo en Ja hibliograría (I,Z) y no nós. 
n:u•nd~Jcmos en detalles. A modo iluurati\'o la 
Fig. 1 nHI<.'str;.¡ un plano tipo (rcprc~e:ntación de 
uua r"'lb o franma gcolúgica) intcrcrptando la 
~sfl"la imaginari:1 y ~u pmtcrior proyección mcdi:w
le un ritculo m;I)Or rn el pl<~no ccuatori;l!. La 
Fi¡.~u,·a 2 ITliiC!Itr;¡ un diagram<~. ~ltl<.'onct olucnido 
dr: nn:.~ pro)'cc(:it'ln cc¡Hian~ul;a en el hcmbfcrio 
inferior. En L1l ~e rc·¡nC">('/Ha uu pbuo con rumho 
.~s indinado a ·l0° Oeste y tambil·n s.c indica la 
:lO~icít'111 ele un pLmo con rumbo 1'\ ·1~ 0 E indin~ulo 
'}0° SE, y l:t iutcrsccc:ic'm ele ambos. Se recomienda 
que un:. 1Tt1 clt: c~tc tipo ~e dilHLjc cu 1111 plástico 
!1:111\p:JLentc la! cp1c pür ~upcrpmicicin y JOt:Jcióu 
del tl·:ul\JI:In:ntc~ )C punbn dil,uj:1r simuldnc'a· 

HICnl.r- linc:u < on difcl'l'IIIC manteo y rumLo. 

• Jn~. Jdc (Id J.;¡hm:.~turio de ~lcdnic:\ de Roc.a1, 
1.1<-p:c¡l:unc·uw de :'\liu:c,,, Facuh<Jd ~le C:knd<JI 1-"i~ic;u 

~· M;.¡lnu;itíc;n. l!ni\cn.id;ul Llc Chil(", 

···------~---

Guillermo KrJtulovic L.• 
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El uso de Stcrconct en el aa1~lisis de csto~ilid•d 
.1 pó!ia rons fnÚuradas ha sido descrito por varios 

autorci (~. ~~ 5). El mélot1o puetl~ lCT utiliLJdo 
para ev:aluar la escaLiJidad de una cuiia de roca 

Cono d~ fricción 
paro p = 90• 

Ooo U= o.i;L, W 
(o ) 

N 

r ,1 
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' uhlimen,ionaJ _dcia~undo ,10~~ rl pl~no. Wn' · 
rrsiucncia !riccionaJ . ..! Su apHcacióo ac ucmcja al ¡_ 

siucma. poligonal par.a. sumoar rucrz.a gr;ifiutncntc. 
pero en ese caw Wlo l:1 oricf!taci~n (y r.o 1~ m•t 
nilud) de l:u fucrz.a.s t.e determinan dircuo~mcntr 
con Stcrconct. 

En la fig. ! se muestra la oricnución de 1u 
fucu:•s de reacción en el p1auo de hllamicnto 

N ,--
Inclinación 30° 

( b) 

' . . 

\ 
·\ 

Cono de' 
fr~ttión \ 

\ 
\ 

Factor de Sl?guridad 

1.- Debido al pe~o w 
F. s. "ion 4W= 1.45 

on 300 

2.- Debida a W• U 

F.S.·= Tan400=0.71 
Tan 500 
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· pan: el caao &imple de dealiumlen10 en un plano. 
El an1Ji&il de eJtabilidad IC <Jivide en dos partn. 
Primero se dibuja en St.ereonet b orientación de 
la reacción Oe resistencia máxima RL·cn el plano· 
de)allamien1o po1encial. En ene caJO comsponde 
a la con1poneme resistente c.leiinida por el ángulo 
de Crfcci6u interna ,¡,. el cu:ll tletennina un "cono 
de friccicJn" (el- gr;t;clc» con _respecto a la normal al 
plano). La segunda parte corrcsporltle a la Octer· 
minacióu de la oricntilci,)n de las fucnas desli
zante!, actuando en la cuña. Est:~s fucrz~u pueden 
incluir el peso del material, (uen<~.s de aceleración, 
presión de ilgUfl en ·los planos de falla y fuerzas 
pujantes <¡uc se ¡>re$entan dehitlo a euructuras 
de superficie (ejeml>lo apo¡·os de represas de agua). 

La suma gr:Hic.a de vectores se usa con Sterconct 
para dctcrtÍlinólr la orientación de la resultante de 
ruenu dclliL1nte&, deriniéndosc con ello zonas ele 
~talJiJidad e inestahilid.td lcglin tl ángulo con 
que actúa la fuerza d~aliuntc rcsultanu:. J,or ejem
plo. si esta fu~rza actúa con un .Sn¡;ulo más alejado 
de h. normal. con respecto al plano potencial de 
blla, que el 'ngulo de n.siuencia de reacción 
mixima f .e prodUce el Uesli7..amiento. Se dcuaca 
que la uUicacic'm exacta de las fuerz:ts no es cono
cida y la suma de momentos no se cfenúa. · 

En nuesuu ejemplo el plano N 90° W ubica 
• (- su polo sobre la Hnea NS en Stereonct. l'ar:a diUu· 
\..) jar d cono de (ricción ~ = 40° c.s nCtfiario usar 

el cn_marcaclo de 40° de1de N en la red Stereonct. 
Se observa que N no está. en· el centro del c:;lrculo .. 

o 

formado por el cono de fricción. 
En la Fig. ! ~~oe_ han estudiado dos casos posiUlc.s. 

En el primero la cm1a de roca esti K~licitad:a por 
su propio peso \V que se representa en el centro 
de Stcreonet y por lo tanto dentro de la zona 
ataOie delineada por el cono de fricción. El f:l.ctor 
de seguridad por• ene caw es 1,45. En el &egundo, 
se ha supuesto una presión de poro U. tquiva· 

. lente a 0,44 W lo que ha desl'iado la resuiLOnte 
. W + U tn 20°. lucra de la v<mical. Esto en 
St.erconet significa quedar: fuera de la zona estable 
con. un fa«or de seguridad 0,71. • 

.JIL A.NAUSIS DE ESTABILIDAD PARÁ. WULnPL.U liJo 

TEMAS DE· FJlAcTURAS: 

:É,]· ejemplo a;l·tc.~io~ ilustraba• el caso má.t sencillo 
i.pa-:a una cufta de ~oca dcslizalue iOUrc un pbno 
Uruco. El método puede hacene extensh·o a una 
cuñ~ formada por .do_•· tres o mas pbnos de desli
Umlento.,r¡¡ra mul11plcs planos Londce y Hcn
dronT han plan1eac.lo \":trias ¡)o-;il.lles modos de 
rallolmknt~. Para c~Jcjcmplo mostndo en Fig. 4 
podcmo~ suponer !~ aiguicntcs modos de (alla
rnienio: 

Deslizamiento cuesta al.!Jjo en plano J •. 
DcsJiumicnao cucstJ ahJ.jo en plano 2, 
Dc..""SIÍJ . .amicnto cuesta :tiJajo en intcrr.ccciÓA.-de......

planos 1 y 2 .. 

1. . ': 
.... 

'· ·' 

..• 

i • 
Adcm.ia. &e presentan lu posil>ilidoda tcóriC<>J 

de "levantamiento. de la cuila" desde los plonos 
1,6 2. 

111.1. Orientación de.,. linea de inltr~icción dt 
los pla11os 7 fucn.a d6 rtaccidn tn ti plano 
de fn/lamieRIO. · . · 

La oricnud6n de b linea de· inter~cción dr los 
planos rcprcK'ntO&~os en la Fig .f, se oLtlcne ~en 
Stcrconct al dibujar los cin:ulos mayores c.urrn
pondicntes a c:uta plano. Ver Fig. 5. En nuestro 
e;cmplo la Unca de intenccción está oricnuda 
S 27°\V con u11a indin:tción •{0° dtS<It la hori· 
1.omal. 

Para ~~ cuo eJe dcdiumicntos solamente tn el 
plano l. la orien10ción de RLI represen1oda por 
el cono de (ricciún en el plano 1 ddinc las 1onu 
estaLles e inestables. Para deslizamientos en b 
interucclón de pl:mos 1 y 2. la orientación de 
RLI + RL2 separa las lOn:ls estables e incstal>lt~
El limite entre clt:)liz.amientos en la linea de ínter· 
sección y desliT.amientot en plano J rrsulta ser el 
circulo mayor que pasa a Lr01vb d~ N 1 y 51, siendo 
estas las rucnas uormala y de ciz.alle' actuando 
en el plano l. 

El tstmlio de estabilidad se inicia constru)·endo 
los conos de rricción p;Jra amiJos pbnos. Ellos 
quedan determin;ulos a partir de l:u normales 
N 1 y N2 según >< explicó en 1~ Fig. !c. Paro el 
c;,so de de)li1.amicntos en la intersección de ambos 
plauos las fuerzas de cizalle 51 y s, ac1úan en lo 
dirección del tlc!ilil..amicnto siendo éua paralela a 
la linea de de intenccción. Las ÍUCrz.al sl y SJ iC 

diUujan en el mismo puma en Stereonet. Cono
cidos N y S para cada plauo, las fuerzas de Teac· 
ción respectivas se deducen. directamente y con 
la resultante RL en c.ada plano ac.auando en la 
misma se~ción que &us. ropcc1ivu N y S. Por ejem
plo, lo <hrcCCión de la& fuerza& de reocción RLI 
puede localizarse dil>ujando un circulo n10yor a tn· 
\'Ó de N y S. RU &e ul>ica donde es1e circulo lnter. 
ccpta el cono de fricción a Ua\'6 del plano J. 
Couocidos RLI y RU lo resuhante total del ai .. 
lema RLI + RL2 delx: DCluar en una plano 
paralelo a RLI y RU. En Sterconet ale da<o ae 
oUricne tra.Llndo un drculo m<~.)"Of a tra\·á de 
RLI y RL2, y lo reacdón IOIBI oe ubi<¡art en algún 
lugar ?~ este circulo. Sin embargo a.e oi»cn•a que 
su J>OSICtÓn Cl.:acta depcmleri eJe la orientacfÓI'l de 
las ot.ras fu_eras dcsli:r.:mtes por considt:rar, ya que 
la onentacuín t.le atos vectores afecta )¡¡ lftllgni· 
1ucl rclau\'a de RLI y RU. 

IIJ.2. Fuerzas fttinirJUU rtqueridtu portt. causar 
dtslizamienlOJ o cslabiliz.ar la nuja. 

Para causar dcdiz..amientos en la cui\a, d vector 
dt..'Siizante rcaultJIHe del..te y:ac:cf ru~r.a de la.s zonas 
estables y tl r:~ctor de seguridad debe 1tr reduCido 
al valor uno. Esqucm.áticom_!ente ello JC consigue 
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medianle \lna (u~na N\\' que dibujada en un poli. 
gono de fuerza se ubicada entre la punta del 
\'CCtor c>.:istcnte (,·cctor peso \V en este caso) y 
perpendicular al plano RLI + RL2. 

:En Jo Fig. 6 el ~ngulo erare w y RLI + r.L2 
~ cuatro grados. Se obscr\'a que el rumbo Ue b 
luen.a mlnima. 1\''V (S 40~ \V) no Cl el miuno 
rumbo de lo llnc• de intemcción (S 27° W). De 
acuerdo .al c~qucrna de fucna prcsenu.<.lo en b. 
Fig. G la magnitud de la fucr..:a minima rcq\IC·rida 
para jniciar el dcsli7.amicnlo es ig11Jl a 0,07 'V 
y se oricnt_a al S 10°\V' a 1° hJcia 1 01rrih:.. 

Una \'ez que se ha estimado la mJgniwd y dircv 
ción de la fuerza que po~ria. causar el desliza· 
miento e1 necesario determinar la magnitud y 
dirección de las fuenJS necesarias para cstabiliz:uh. 
y c:srablcccr ólSÍ d ractor tlc scg:urid;.ul. L1. C:lUC· 

lerhtic..a de: la fuerzJ estabilizadora depended del 
_tipo de c.o.currimicnlo oLscrn.do, por ejemplo: 

CASO l. 

La cu1ia de Fig:. 3 csul solicitatb por una fucrz.1. 

2G 

deslizante n y escurre potencialmente en. el pla
no l. 

En c~tc Gt.so la orientación NI y Des conocidJ., 
siendo sólo necesario detcnninar las c.uactcrlsticas 
de SI y RLI. Los ,·cctorcs SI y RLI •ctúan dentro 
de los planos definidos p9r N 1 y D, 1u po.sidón 
se olJii(:'IIC diLujando un cir,ulo m:toyor a tra\·~ 

de 1'\ 1 y D (l!nc• sólida en f'ig. 7). Rosulu .-1 
<¡ue 51 se ubica a 90° de l\1 y RLI a ~ grados 
de N 1 a Jo largo Jet círculo JnJ)Or. En el ejemplo, 
el :\ng:ulo cnue NJ y RLI es q, -S 20°, el ~ng:u1o 
entre RLI y D es 37•. El !actor de •cguridod 
resultante es: 

F.S. = 
Fuerza de cit .. 1He nd.xima 

Fuerza de ciz:tllc moviliutla 

0,2·1 
Tong (20° + 37°) 

Para C.SlC caso el t1cs!it.:tllliCIHO de )a Clllia ~<eri 

en dirección de bs fucrt:~.s de ciuHc S. con indi· 

'i 
' 
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oe~tizomiento 
rn plano 1 

w 

Plano 

Plano paralelo 
a N1yS 1 

---- \ 
Le van lo r;¡ipnt3\ 
en los planos 

\ 

S 

D(_)slizamicntos hoc.ia 
abajo en Intersección 
de pi:Jnos 1 y 2 

\ 
PlanolL\ 

De•lizu mientas 
hacia arriba en 
lntersecc ion 
piGnOS 1 y 2 

\ 

Levantomipnto 
rn lo~ plano~ 

--L Plano2 

E 

o~s.lizomicnto 
en plano 2 

Plano 2 1. 

"~ 
" • 

FIG.fJ05.- StE>reonet para deslizamienlcs en dos planos.-

/9. 

~y en la tlirccció~1 S 40° \\' en el n:~ci(m de 
plano l. 

La m:~¡:;uinuJ tlc la Cutf/3 minÍm:l r ~ rcqHCI Ítb 

p01ro1 n:rr:tr loto ~7° :w~ul;urs c-..:i\lt'ntn rnll e RLI 
y 1) ·(y C"OIISCCUC'IItt·mculc aunwnt:1r el bonr tic 

,.cgutid;ul ;¡ uno), puetk tlCIC'IIIlinJuC tk J;, cono,
truccil~ll &dfic• en 1.1 Fi~. 7. Si ll 111:,~:uitwl D n 
conocid.1 cutoncn b [ucTI:t mini1u.1 n: 

-----"------- -·--~--~·-· 

l~1. cuJi;¡ n iiJlicit:ub por d \'C'Cior Jc,liz:~nlc r. y 
cHur.i:.\ a lo b:;;u tic b linc-:t de intChe<CiUn t'~: 
)u\ pbuas J )' :!, :d )' ~'..! ;¡nu;q¡ J•;u;,klus ~ J:t JinC.l 

27 



·····-- ---··--·· ............ ····-· ....... ·--·- ---· ... -

/ 

N 

--~.tr' 

·--·· ... -· ···--

---
1 
1 

UI.ADl( 

w 

...._ __ 
S 401'1 

( Diroccio'n do NVI) ___ _, 

S 27'W S NW = 07 1'1 ••Jo d;r; Sido 

L:nea deo intpTS('tción 
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normal al plano f1l¡•.RL2 
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o 
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FIG. N!? 6 ... or~lizornil'nto~ en do~ plano~ 
Fuerza m;nim:J TI?'Quer1dO poro (ausor df'!.lizomiento .• 

ele íntc-urccit,n c.le <"~to~ pbnos. La )}()\ición lle 
1'\1 + 1'\2 y l\LI + l\L2 quedará dcliuitl• >1 
dil.mj;1r un c.htulo nl:•yor (linc:t sólid:t l'll Fi~. ";) 
a Jr;a,·t. tlc SI, S:? )" B. El Hc.tor RLI + RI.:! 
IC: Jnc:di1a cu 1:• intC"IH'UÍÚu tic c~tc circulo m.1)·or 

y C.JIW circulo t¡uc p:l\:1 por lt l.l )" H L~. T;unbitn 
d ,·cctor l\1 +!'::!~e loc.;,li1:• en b intcncccic"~u l!e 
)oJo dnulm ma>CHt:' t¡uc p:,,:ln p·11· SI + S:!, H y 
NI, 1\~ lnpt'lti,·;mWIItC:. 

Ll raour dt: \(";.;u1itl.ul 'JI;t•b ddinidu por ¡,,, 
jngulll) !il 0 t'IIIIC :'\1 -t· r.:·~ r H. y d ;in¡;ulo :l:t 0 

CIIIIC N 1 + 1'\2 )' Jll.l + 1<1 ~-

28 

F. S. _ _ _ _:.T_, ~·.r:_ _3_3 .__ __ 

To,ng (:l:l 0 + le'¡ 

La dilt"Hic)n dd tl(\\ir:tuliCnlf' na l•• ):u,;o tlc 
la liuc:l clr ifiiCI!.Crci('n¡ S ~¡o \\' con inclinacilu1 

·1U'' h;•ri:t ;~h;.jn. 

IV. N:OC:tPI'IIf::'\10 (.IJ,II'l'IAC 10.'\"AL 

. FJ mt·wdo .Jc~crito 14.."\llll:t .::.p:HCIIIt"lllCIHC' corr:¡•Jj. 
c~11lo )' &cdimu rn el tlilJu j() m::wu;.J, puJicuJo 
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P min = O •~n 37° 

Coso 1 

Deslizamiento en plano 1 

\ 
EJ 

1 

Coso 2 

.. .... 
-u-' 

Q: 

g. 
o_ .... 
a.<>= 

De!.lizorr.iPnto C'n Jnter~rccioÍl 
do rtano~ 1 y 2 ' 

FIG. NP 7.- Fue-rza mínima r<>querida para C'!.tobl~c<'r lo. cuña 

aunH"ni:H l:u (lificull:adcs ;J) crccc:r d r11'uncro dt 
cu;,~ Jílnn ele 1.1 cu.-•a de ruca c.·n C\ltulio. Pun l".!.IJ 
rnuch:1; \·cu·~ 110 se C'IIUI<'IIII:t tldiuit!;¡ ¡•or una 
d:.ua y dcliuc.Jd;a linea 1\c Ldl:t liii•J l"'r 1n1J serie 
dt c.JisCOIIIÍIIUid;adn gcol•'>;..:it;l1 (HP\, dÍJCb\;1\, 

etc.) CJUC prc~cntan pbnos Uc UclJilitbU. 

:\ objeto de oln·i;¡r C'~W!o prn!dn:J:ts se han di· 
sciu.Jv un.l snic de p•o¡;r:11n.•s tic coiii[HII:I(Í•~n 
(R.~IJ p:uJ p•cn•:\;H 1ud.1 b in(orrn:tti(m por c·tapl. 

L1 c.i, lo ~e· ¡,,;,: i:t con l.t H'lOlctlÍÚII tk infmm;¡ci•'lr\ 
en &c.·ucn~ di\·idil·•:dr, J., ln't.t :1 C''lutli:n en Llo

qut·\ (IIH'HO' 1k c:llcl i.H, rnÍ11:1~ ~ulJtCJ 1 :iut;l$; •u~r-
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Cicic de h<~nco~. min~ a tajo :~Lic-rto). Lm dato!. en 
(ullll.J. de TlllllhO y nl:llltCI) p:1ra C:alfa llÍ\l'OilliiiUÍ· 

tl;ul gcolt.¡;ica ~on proet·-'iatlos por S1 t:w.t:o:-ot:T 1 pal'_a 
diLujar conccnll'acit'm de palos en un:' Red de 
\\'uJff. Sn:no:-.:t:T 11 illcntirica form:~cioul'!l- de ~ru. 
pu~ de pJ!os ~;,cuHio su micul;u:itJu J11<:dia y dcs
vi:,(ÍÓn u=tnd;ud. Fi1wlmt'ntc Sn.Rro:-;tT 111 obtiene 
ia~ iutCiscrcion(·~ ele pbnos JJiinóp;•ln y :w:dit;t 
ios bno1 es de ~cguricl:u.J. 
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Summary - ll.i'sumé : 

Slopc st11bility for plnn.u, polyp,onal anc.l wc<l¡;c-shnred sliuitlP, surfaces: A formula 
for the de•ign of :onchors in rock slopcs is presente<!. Since several parameters can 
be lumped ro¡;ether in two f:tcLors nnd thc cnhusion :tppc:trs in an explicit forro thc 
fonnul.1 c~n be uscd ~o carry '"'t pnrnmctric s~udi~:s with little expcnditure of time. 
Duc to :tn nnalogy llf'twccn plnne failurc nntl tll<' si iuing of 11 wedgc on two planes 
the samc formula cm1 be uscu ro describe thc thr.•c uimcnsionnl problem. An extension 
ofthc ·~ork to problcms involvin¡; polygonnl slicJing surfnces is prcsepted, which is 
based ·upon che hypnthcsis th;at duc to kincmntic cnn~idcrntions n discrete number of 
internnl ellp surf:occs must ~xist in thc rock ma!;s. Thcsc intcrnnl slips may take 
place on prcfcrrcu surf.1ccs, which nrisc from thu :octual geologicnl situation. In 

' the majoriLy ·oí cas<'s, how~vcr, ncw rupturcs nrc crc>.1ted, thnt dcpend only partially 
·- on existing pl~ncs o( wcnknoiH. In the numcricnl proccdure the rack mass is divided 

up into discrctc cl••mcnts I'.OV<'rned by thc :~ssumc<l internnl slip surfaces. The basic 
formula mcntioncd ahov~ .¡, tl11.:11 npplied to cnch elcmcnt s.cparatcly." The internal 
forccs :~cting on tia<' intcrf;•~•·•• bctwccn clemcnts :1rc dufined by nn additiorial failure 
condition. In an cxamplc t:~kcn from rack cn1:lnct.'ring prnctice it is shown how gn•at 
the influence of the rock mnss in resistin~ tite dcvelopment of such internal slip 
surfaces is with nspect to thc stabilit.y of thc olopc. 

Stabi lité de talus rochcux sur des surfaces uc ·Alisscmcnt polygonales et spaci11l<1s: 
Pour dimensionncr 1 'ancrn¡:e d'un talus rochcux, en présente une formule qui. penne~ 
d'effcctucr des nn.1lyscs pornm0triqul's nvcc un tr.wnil minimum du fnit que plusieLJrs 
paramct res sont résumés .d11ns doux fnctcurs ct q11c• In coh.:lsion est prise en compte · 
explicitcnocnt. Gr3cc ll une annlogie entre le pruhlcmc plan des talus et le glisseanent 
d'un caín de rache sur dc11x pl.1ns, le prol>lcmc sp.1cial se laisse aussi traiter avec 
1~ mcm: formule fondam~ntnlc. Un i!lnrgisscmunt du domaine d 1 application ¡¡des prob- · 
l?m':s n. surfa~cs u•:· gllsscau('nt polygonnlcs se bnst• sur le fait que pour des raisons 
Cloematlqucs 11 cx1stc des glisscmcnts int('rnc~ ou cisnillements dans la masse ro
cheusc. Ces su:faccs de cis;.aillcmcnt sont parfuis

1 
úonnl-cs pnr la naturc, mais la plu

part ~u tcmps al S<' forme ut-~ cnssures "'"'vd Jus <JIIÍ nc suivent que partiellement 
-des zones fnablcs pr0oxist.1ntc>s. Les "'"'f:tc<•s de· cis.1illcmcnt divisent la masse ro
cheusc en tlifféreol<'s flllrtics nio la fu¡·;,ulc fond.1roK•ntalc cit6e' peut étre appliquée 
séparémenc. 

• 
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1. lO[rOlluct lOO '1 • 
3 

Normally, for investit;.ltin¡; numcrically thc st~bility of rock slopcs, simrlified de-
formlltion mc-ch.1nisms are a~sumcd. Thc comput;~LÍoll·s ar0 thcn carricr.l out for various 

~criill propcrtic•s ~nd lo~din¡; v¡¡lucs. Witli thc· aid o!' tlic simple mathcmatical re-
... _cionSiaips prcs<:lllt•d hcrC' nu¡Jt(..'rous bchuviour J¡ypol/¡t·st•s c.1n he c:~sily tcsted, so 
that a bcttcr unucrstanuin¡; of thc intcrpL1y nf .li1C furccs in thc rock structure is 
possib.le. Only on thc b.1sis of thc knowledgc thus ¡::tin<•u and by considering influen
ces not dircctly c¡u:tntifiablc can dccisions be madc• n· 1• .• 1ruing shnpe, drainage and 
saícty mC:lsurcs in :t rock slupc•. For " p:tr:tmctc•r an:tly::cs in rock cnginccúng ii: is 
.imp.ortont that tllc extc11t uf till' 1ualhemnti~al formal i:->m j¡.; kcpt to :t minironm. 1'hc 

cc:lllputation~l mcthou ¡;iven hcrc llll'Cls this rcquircllll:llt in two respccts. Firstly, a 
busic formula (or thc Silfety f:tctor of rock slopcs is prcsented, which is valld for 
both slip aiong a planc surfacc nnu of a t~rce-uimensional rock wcdge, This is pos-
6iblc thnnks to thc discovcry o( n formal onalogy betwecn the two problems. S.!condly, 
tlie use of this fonnula is furtlier simplified by mcnns. o( charts or programming for 
a pocket ~alculator. Thc invcstigntíon o( problcms with polygonal slip surfnc:es gives 
11 uscful insi¡:ht into thc rclati onships holding for kincnwtic.:~lly complex slides. 
llere, e~pccially, thc si¡;nificance of potentially ncw íailurc surfaces, i.e. slip 
surfaccs within thc slíuing rock mass, is evident. 

2. Theoretical Foundutions 

The mntltemntical trentmcnt of rock slidcs is bnscd upon the hypothesis of limit 
equilibrium. Thc rock is idcalizcu as n ri¡;id bndy, nnd only sliding but no rota
tion or lifring-off of thc potencial sliuin¡; mnss is considercd. 

&.1 Remarks on tite defintion of snfety f~ctor. 

In civil engincering snfety factor is usunlly unuerstood as the relationship between 
·(he a.p.plied stress nnd a strcn¡¡th. In this scnsc thc safcty factor with respect to 
sliding of n slopc is formulnted as 

F • 
1
maximum shear resistancel 

5 applicd shear force • 
(1) 

Another defintion thnt is frequcntly usqd is based upon a grouping of the forces 
acting on the sliding mass. This leads to thc following dcfinition of safety factor 

res istin¡; forces 
driving forccs 

(2) 

With the aid of a simple example it is shown that the two defintions can lead to 
completely different rcsults (Kovari and Fritz, 1976). A body resting on an inclined 
plane is loaded by its self-wcight W and an anchor force T. The corresponding com
ponents parallcl and normal to thc sliding surf<1cc, 1~ 5 , T5 and Wn, Tn respectively, 
are shown in Fig.l. If thc mDximum shear force at the momcnt of slip is dcsignated 
by Smax• tl.en accoruing to definition (1) 

S F 
5 

a .::.J.I'..il.lL 
Ws-Ts 

.. 
oo that th<: component of tlic anr.hor force Ts reduce~ the effcctive applied force in 

•e dcnominator. Thc safcty factor defined by (2), howcver, becomcs 

- • Smax + T5 Fs 
Ws 

i.e. thc anchor force contributes to llKrcase: the· rcsisting force lO the numerator: 

------ ---~-------------· 
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Fi¡;. 1: Potencial slidin¡; mass with che components of- self-weight Ws, 
W0 nnd thc anchor forc·c_ T s, Tn 

It is evidcnt thnt dif(icultics :~rise in appl:;in¡: the sccond definition. Whereas <~<
loase anchor is considcred ns a p.1ssive resisting force in the numerator, if one is 
consistent, a prcstrcssed anchor "'ilould be considerud as nn active force reducing 
the result:~nt drivin¡: force in thc denominator. 

A cornparison of tile two ucfinitions of sa[C'ty [nctor for a given case is shown in 
Fi¡:.2. Thc ratit• T~/I.Js is plottt·d ns nh~CÍHsa, the or<.lin.1te rcprescnting the aafecy 
iactor. Firstly, .it is noticcable tlult thc nsymplotic v:~luc of F· (Dcfinition l) at 
't 5 ~ Ws is inf ini te, sincu the rcsultnnt for<:c pnrnllel to- the sliding surface, dis
appcnrs at this valuc, which mc;ms thnt failure con ncvcr occur. For even higher 
vnlues of T5 the rock mnss wil-1 sliuc upwards nnd Fs dccreases. The second definí-· 
tion, however, is not cnpablc of taking into occount these two phenomena. For T5 &W 5 _/ 

the vrilue of Fs is finite •. Furtl1crmorc upwards m~vcment of the rock mass is not 
a_ccounted for. Only for downwnrds sliding in thc_ rongc of values of F5 around l is 
there agrccment bctwcen tl1c t"'o dcfinitions.· lt i~ clc~r that the second definition 
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Fig. 2: Safety factur accordin¡; to two diffcrcnt J"finitions 
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' ;,n.I.Octl on thc considcr.ltion of drivín¡: ;nd r•::dstin¡: rOí-el"& ahould ncit: be appliod for 
!;11·c followint; reaaons: 

Uj.Jt-t.¡,rdtt "liding i& not Dccounte:d for, 

au:uningÍ,•ss valuc~ aro ~bt:ai1wd Cor T 6 .. W9 • 

~: it ¡nrrinacs upon Oln clcna·nt:1i'y low of. mcch:mics, _accordin~ to which n group of 
!orces o'l~ting on n ri&i"d boúy ·il-1 cquiv¡;¡lcnt ro ics n:tHiltant. Thc deterrnino.tion 
tJ! .1 rcsultont is not Po,.sihlc, bccousc che ('MtOn_l.ll (orces duc co· inadmiasiblo 
¡p·<,upin1; nct · p,artly_ M tlrivin¡~ .• ind p.1rtly ~~~ n•si,.tin¡~. 

;:,2 .!.:-~~~ ftdlurl.' 1111rfucu 

A •N:rticnl Dection throu1:1Í 11 potl~IHi..:!l.ly ut1st_ahl;!_roék filopc is shown in Fig.J. ·rhe 
·,te_igh¡· of che rock mnss is W nnd thc r.ontact ~rctl with· che underlyin¡; rock on \oll".ich 
·i t. ri!sts is A. The resultont H uf all extorna! !orces· ,ac:ting (anchor force, water 
,,,~.·.r:s.:..un:, surcharge etc •. ) is directt:d .1t tUl an~le 3 to che horizont:~l. 

~~ ·. 

~-. . _d'~area of sliding 
. f"s surface · 

N 

w 
.............. 

. Fit:o J: GeOmetry of che slopc ond che forccs acc'ing on- it 

the s~~m~:try .of che slopc.enters the c.alcul.ltion through tho area A, tht! slope angle a 
and inJi rectly throu&h the sclf-wcight w. Thc rl!oction' on the -failure surface is com
po.scd of a normal force N and a shear force S. Resolving the forces into componente 
pa.ral1el.and norm.:¡l toche f'ai1urc surfac:c lc:.ds to the following equil.ibrium equa-
t'ions 

S • R 'e os (a • 6) - e sin o . o . 
N - ·R sin (a • 6) - e C08 a . o . 

The definition of safety íoctor according to (1) is 

Fs • Smnxi . 
S.lctinj.l, 

!bHI CouJ~·mb'.s fuilure c:ondition for thc concnct ~turfocc is 

Sm:~x • N tnn t + e A (~o~_hcrl.! e: cohcaion, +: friction angie)~ 

nus the sought for bnsic formul.:~ (l:ovDri and ·Fdtz,· 1975), which representa the lc.ey 
to the ~drnplc trcntmcnt o~ slo¡;C' stubiljry rrohlt.•ms. i.s· o~tai.ned directly, namely 
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~ 
'rhl! ~CJt!Hiciencs k¡ .1nd· k:¿ ;~ra g~ven by thc l.'xpressíons belo\.1 

F 5 ~ina- cos~ t~n~ 

kl • F,.;;~-{~-.. -·j}) ~~-- ;in(a .. -(l)--z~n'!l 

'rf~r~ l'nllowln¡; pointK llrl: worthy or note with n.•¡;tird to th~- ilhove formula: 
i•, bcsit.lc~> thc .1nchor (urce, nfl nLht'r cxt<.'rn,1l fnrccs Hr_c· nc'ting, it. m.ly be ue~d 
tl!rc(:tly n.s a_Ucot-dun formula rnr LilC. ancho;· f·.li"C"l'• 

r!.r. r.uhcf>ion e app['nr~ L'xplicitly, which allo-.o~H a vcry n{n,plC' C>Htim.Hc ar itu in·-
f'lu<mr:c to be mDdc. · 
i-: Ífl Vóllid, as will b.e shm.m nftt·rwards, t~lso íor thc thrce.dimensionAl ¡>rcblem 

.nf d id in¡~ of a wcdgc -on t~o~o Plllnc surfacc~. 
'i:!:.~ ~slmp\e (:vnluo.tion of Úis formula in pr8cticc ís Aidct.! by the use eir.her of o 
!lt;lb' :.n~n.:~ble pocke't: ClllcuL1tor or of design 'harts (Kov¡¡ri and Fritz, 1976). vhereby 

':t _; :•cLo<o kt and k2 nrc a function of geomeny'. safct;¡ factor and frictian an¡-;.le 
:tly, An i:xtcnsion o( th~~ formula i; desct"Íb'Jd in .1ppcndix. 4_.1. 

'. 3 :.:!.~.~Jing o( a wcdr,l.! on· twu planc~ 

~hH r.f-rc:c-dimcnslonal problcm is trcntcd hcrc of a ~o•cdgc sliding_ on ¡;~o plor,ea '-lith 
t11;c •:<>c1tact <lrcns Al and A2. 1 t is shown (Fiu.t.:~)· how this c;:¡se is aTiblogou~ to che 
sin;r:1-'! one prcviouSly h.:~ndlcd. We define a c~1rtesi:m coordinate system (s,n,h)'. The 
:.;-J>Kis lict~ in ttlc dirl'ction o( thc line of intcrHcction o{ the two planes. the 
t':---"'11.<; i!:. horizontQl onU tlw n-Olxi~ is in che vc-rticnl pl01ne t.hrough the li.ne o·C 
{!ltl~~-~~ccion. Fig.4b shows n St:ction vitl: a vertical planc through the intcn:·sccr:ion ,··· 
l i11''t !·Jhi le Fis.l•c shows a scction normol t:o thc intcrscction line. '........J-

The ú.nc . .:!s actin~ are di'vidt•ll i'nto tlircc groups: 
tl/! 1 (-~wr!i(!hL \J. 

· ru-~c~:itln (now two nonnql (N¡, Nz) nnd two ~>hCOJr forccso (S!, S2) reepcctively). 
·· tlll' l.'i:sulLaOt R o( che cxtcrnal (oJ:cct-1, 

An~~_\~·¡;nc te thc case or onc slirJinr,. plane che bosic relationships may be formulated 
Jor 
·· the r:hree cquations of equilibrium, 

the definition of safcty factor (1), 
Coulomb' s law o! íriction for she¡H" resistance 

., 

aloñg the siiding; surf~ce. 

:ro ber,i.n with. it w-ill be assumed for thc snke of simplidty, that che resultBnt R 
lies p;Jrallel to the vertical pl.nnc (s,n) through thc ini:.crsection line, and further 
thai: tltc Sdine frictiorl anglc applíes to both plllncs. The combination of che fivt: 
I!Onditions with the hclp o! clcmentsry algcbraic operation3 yields the followine 
basi.c. C'fuation for wc.~gc prob lcms · 

Hherc 

c¡/11 + C2~ 
R • ki (1 •- \1 ~J 

• tant 

• .:~~ i O.ls .. - COSQ~~~~-·---
F5cos(o8+fi) + sin(a 5+ft)t~n~~-

CO!iWl + COSW2 

~in (:J}Iw2 ) 

,._, (4) 

' . 

,¡. 

----·-- ------' ___ P -·~-:...·-·-~---~ ·-·-·-·-~·-'---~ ---------------- :.:... ________ -·-- _..: .' -- --~-- __ .:._ __ --··-··----· ---
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. .• . l . .¡. . íl:lu unmt'ul.:1tQ y rccosnues thc corret~pOildcncc of this formula wi:th that for a nngte· 

\.. 

:·ltwe and tilo conditlons oC thc nnnlo¡~::: , _ 
1-nsteold of tho &lapa onnle o. o[ thc singlo i.o.ilura sur(nco tho ·alope angle n 1 of 
1;ha line oC intunoction-·of [he two Ct~ltu'r~ l~o~t(Acut: ~· omplo)'Odt 
lnatood nr. tha Crlc:tion anglit '" thl.' nn~h +* la u:u:uJ. · ·. 
instaoll of tlu~ product cf.. th¡• ¡.;um c~'\l + c 2Az nl\JIIt. be; Cl'lnaldor~li. 

'1'1\1! inclin3tion ni> Or thc ;intCP>I!Ction lín~: .wtl thu rru:tor ~ f~r ~~torminlng the 
ií'lglo ~· m:~y he n·~tl di n·c:Uy frn1u t01hlt~N ror v~ritl\IK H~·un•cHica (Kovd'ri and Frita., 
1~17b). Jn thu H.'llnu wurk ."111. tlll' m•cCtiHary th-rivatic•nt; ..re ¡~ivcn jo •h·todl, cupucially 
1 ~~r thc O:nr,l~·" ,,.1 nntl "'2• 

.~1 
1 

f'ig'.•r 4: Ison\ctric vicw and scctions oC • ror.k wcd~-tc 

• <' !,., ,. 

( b) 

(e) 
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2,1. Ex.amplc rrom ~ock cnp.incori~.B ..... I!.!:!:CtÍ<;2_ 

... 
ltock slnpo in (;Anton Cd.aons';· 
Swi tacrlomJ. 

• ., 

With the aid of o prnctical cxnmplc :t 'WÍll be snown how s parametric. stud; can b~ 
·:arded out using thc ba.sic formula prcscntcd hure. Jn tfle courae of che recoru:nuc·
r.ion ní: a mountain roaJ in Switzcr~JLnd o scctiun • .1pproximately 10.0 m. long. of l'. 

stccp rock slope slicl down (Fig.S). Sincc sliding o( thc retnnining part of the sloroe 
LHr.~ fenrcd thc use or rock nnchors as a possiblo rcn~<.•Jinl rneaauro was to be itwcad
gated. Char:~cteristic for thl' whole rack m3ss \JólR intcrisive foldinp; and sheari!'lg o! 
che intcrch.:mgins bcJs of lin¡cstonc nnd argi llnc~ouN shnlc (Fig.5). The rncst impar« 
tant: consiclcrntion rcg.uJin~ P•)t:cnti.nl instnbility W;tS the presence of shear li'urface3 
in thc plnne of the oxi:> o( folding, inclincU <lt on anglc )Q0-400 normal to the road. 
The roc.k mass could brc01k free fro1n onc of n numbur of joint syatems runninr.¡ tht:~:.tu: · 
it. Bosed on .this dntn tho problem was reduced to ·aria o( t>liding on a single phne,
whereby strips l m wide wcrc considcred. 1'he endnngcrcd rack maes waa divided in 
cross-section (see Fi~,6) mor~ or le~s orbitr01rily into three p.arts, with the ide-a 
th.ilt thc safcty factor wne bcst conddcrcd, for cithcr just the lower part bteak~ng 
off or the whole rack mass cominc down, 

A1a7 m2/m' 
A2 •5 m2/m' 
A3•5 m2/m' 

'fig. 61 Typical cross-accr.ion tltrou¡;h tl1d potontinl slidins maa·a 

,i, 
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L~· a first cc.n¡putJtionJ.l t.~tcp thc m'.-ttcriJ.l fH(lpcrti'.•s _of the 61iding .surflce w~re 
ha.:k-catculateU from the stJ.bility qf tht: wl*olc r-ock IJI:lSs with thc help of the f.or·· 
tn .. dA (3), Su!>:.tituti.ng .:l ·S.l[c.ty fnctor ~·, • l tmd vor.ioua friction anglet t the 
~~~~auaary co!Jesion e wn~··calculnt~d ~~J plottcd in Fl~.? in function ot •• E•~h 
¡· •\nt on this curvt! rcprucntr; o po.•Hdblo comldnation;-of. v~luca of e cnd t s.atla

..... na the condition of li"mit c•q¡iiJ'il"lriun~. 
r~.r typical pllirll ur v.,l~~u• uf e nnd ~· tht~ ro~ui.rod anchor rorca waa doterrninod· tor 
•1aduus vo1Ltl!ll of 1::1fr.ty Car.t:c11·. Fur .:x.1mplo, {o·rin.B rt.o anchor force [or throe 
..:·11ics W • W¡, w • t.:¡-+\.:2 nÍhl W • W1•W2+WJ ia 11hown (orA uolec.~t.od pDir ot váluu (c:,t). 
lf .11 om.1llor probahility of oct:urr•mcc ill attrib\llCJtl to thc \.lho\"é rock rnaaa (i_.e. 
iJ ""·Wt•\.12-+\J)}, tlw B.ofcty fnclor 1-' 11 • 1.1 mny be rc¡:nrtlt•ll ,38 adcquntc. Thc r.orrespon-
t!ing (lllChor force '1' :r 25 t/m' mt~an!l, howCVL'T, thct fur BliUi::lU of thc lowCT Pt'.ft 

Fig. 7: 

fs = 1.0 
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Sti-en'Sch 1')iU"<lmí!:tCrs for thc limít equilibriunl mcthod 
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(\J .. W¡) :.dOill.! thc s>Jfcty f.lt.:tor is F5 • 1.4. 
p.:~.red with that (or slhlin1; oc: thc wholc rack 
probability th.1t was as:lin,nctl to chis C.lse. 

Thc incr~Jsc of thc sdecy factor co;r
mn!ls is in .ngrccmcnt with the greater 

111 

\Jith che simple c~nimtttC' for che .ln!:horing coses t• in l.!crcntlcnce 11pon t.he number of 
l 1 -' 1 nr>''o 1' ncr unit of the nnchors and PB of. borinss n, tht' nnchor C'ngthH ,1nu t 1C ,. ,. ,. 

tl1c borin¡:R, l,c, 

. /' • ( 1' 1\ + n 1' n) 

tan uptimum ;mchor incllnoltion 11 w:1to rin:dly tlcU.!rlllinc.•cl. Tha nnchor costa .in p:·rcrl1t 
o[ r.hc ndninu11n val11~ nrt> plottC¡J i.IS orc.Jillal..:o .1¡•,:1inst. ti•:.· Hnr,lc li nr. ni 1SCII'JfJil on 
Yi~.'J. Ut•pcndin¡: upm1 th .... tll·Jdn•t.l ~afcty factor FH tl•t.·r~ n.•9ult, n;ttur-.:~llY: differtnt 
andHH co:;l:;. llu~o~t•vcr, lhc nptimum inr.linntion ft for t!tts Cl\emple nh.1:1y!i })P.Il bCt\olct.:·n 

' lQO .Jnd )QO • 

•• 300 

"' 
~ 700 
u 

?: 
"' o 
"' u 
~ 

-20'' ·lO'' 

w = w, 

0.9 kp/cm' 

~ ---- . \• 

10" 

INCLJN/,TIOI~ OF ANCHORS ~ 

Fig. 9: Dctcrmination of thc most economic anchor inclination 

3. ·Slidi"n,s en polygon.1l sliJin~ .surfocas 
/ 

Prom experience it is known that sliding, ·corr~sponding to the nat\!rC: cf 't:.d•. 
· uaually takes ploce on polyhonn.lly .. shaped aurfaccs. For such c.a"Jea Janbu (19Sl,} 

and Mórgenstern and !'rice (1965) have suggcsted pr.1cticnl methods of computl:.r.it.•P:, 
whereby tlle cnd~ngered <Hn·th or rack mas~> is dividcd up i~~o vertical at:ríps f,l. 

alices. The computationol proccdure is bucd· oo cortoin o.ssumptions resarding t:h.t 
dist:dbution :1nd slopc of :intcrnül c:ontact (orces, .11 wcll as thú hypothesie el 
limit cquilibrium. Tha mctho<.l .:1Jvocated herc 1 howuvcr, is b8aed upon che physi'"•d 
requirement th.:tt slidin¡.; on a polygonal surfacc ia only possii.tle kinematically if 
a sufficient numher of interna! ~henr surfnccs cü.n Ucvclop. For the sAk.e of 1/iro·~ 
plificacion, in thc: Collowing only continuous plome: "shet.H" &urfacea star,ting frora 
tht: interscction lines of che. polygon slitl'ín..: ~urrncc nrc assumed. n1ua~, as shr..'wlll 
in Fig.lO. the slicle of .-. mnss on thre'e plcmcs must be nccompanied by at leas[ rc:wo 
ÍnternJ.l ihcnr surfJ.ccs, For n externa! t~lidin¡.; plnncs (n-1) such interfact:s a(e 
required. Thc incthotl dc!icrib(!d hcre. rcst~ upon thc (C'llcwing bao:;;ic as:'wmptions: 



... 

,, 
ro) '!'h-.:. h!t;('ks c.Omprising tlu· rock m:1.H~· ;lrl.! e;H.:h c.un:ddcrcd l'o bu rigid. 

b~ The rljrcctions oí tllc.intcrn:tl shC:!r :;ur!nccs nrc known. 

d 011 tiH~ intorn.ll ontl cxtcrnnl slit.liu¡: surL"lCCil (ot thc condition of .. limit equi
lib•ium) thc Coulomb fnilurc conJition ¡¡pplies, and no tensilc atrancth is 
pernoi t tcd. TI! e st rl·n¡•,tlt i)¡Jrnnl'-'ters n1.'ly he ollocjuoJ di ffcrcnt .v.l.lu'~i on each 
s.Jinint. Hurí;a:c. 

d ftH th~ snr(~Ly (octur - ,"\CCOI'dinr. Lo Jcfinition (l) - tlw Romr. vat'ue ia anumed 
(.:.¡·al l int~.:rtl.'ll u11U t•xtum;d uliJin¡: tilld!lcol:l. 

¡in. 10: Kincmalics of n slopc foiltJtc for n JlOly~onol slidin& aur(ace 

i;hc b.1!>is of thcsc ó!Ssunoptions the t>.'lfcn:y (ncLor and a.ll externa} and Jnttotnnl 
11:acrivns cnn be dctcnnincJ (or ,, ¡~hH:n gcou¡ctr)', lo.oi.Jin¡~ nnd utrc-nr,th. Tho dirtc~ 
tion oí the intcrn:~l shcnr surfuCC9· is ciiOKtm from c.:~ilc to c.nu en the ha1h ol n 
cort'f1:l investigocion o! thc :•tructurc o{ thc potcnt:i.:~t sliding moss. Huwever, (cJt 

hir,hl.y jC'.intcd rock thc dircction of thc intcrnol Blip surfoces clm be found by ;h;: 
r.:nnd{don Of a mínimum sJfcty f.H::tor- for thc systcm. In on inVestigation of thc s:a···; 
fodity ol an earth dam Sult:m .1nd Sced (1967) uscd a similar c:ritedum, It i6 na- ' 
1.i.ly Sf!fm that the resi.stanc" of a r11ck mass to splittin& up into various pan.s 

·pl<l)'S ~n important role in stubility calculDtions. The si¡;nific::ance of int~Jt'loeking 
rd~ect.G in the joints and thc strcnnth of the rock are. in this connection of·gte11t. 
in;port;mc.c. HUller (1962, p:2i0) has already drown attcntion to these aspects. 1~ith 
n:gard to thc samc Solfcty factor being postul"atcd for all ·slip .Stlrfaces the follo~· 

wing re:n.lrks art: offcred, As will be shown in thc ncxt section 1 it would be fQrmally 
f•I.1SSibJ.e to allocate a differc>lt s~:~fety !actor to cnch slip surt'ace. One limitin~ 
r:011di.t:ion must be observed, i.e. that .at thc mom!'nt of slip the ·aafety f&ctor on all 
.:.ur.ff!c;~s rnust be reduced to tiH"! value of unity. Th{s rcfinement allowing for VaP•.~ng· 
t;af'e.r.y factors, howcvcr, seems to us, duc to in~~urficicnt foundation and conaidt.-ring 
r.hc many simplffic,ations introrJucerJ to salve tho- problcm, to be inappropriate. J~ 

m~y r.bñ~, with considcrotions o[ this kind the contribucions of the·reletive di.splect: .. 
mt>nts .1lonr. the interfllcf:s, \.lhich llrc. ncccs::;:Jry to mobilize tho ahear reaiatanc~. 
mu~t al;w be ta/..cn irito accCJunt·. Onc could quite caRily iniagine a situation, in vhíd; 
L•:c.an:>~ of large deformations the e:-.ternnl ~lip surface has reached a átate of ·resi-~ 
·funl shr!ar strength, whcreas i:he intarnill slip surfncefl (with smaller relative det:Or 

.:ions) .still cxhibits thc pc.lk villuc oí shc.:1r resiat~:~nce, This cons"ideration,.vhi.::h 
it> r·;:llnted to thc prÓblcm of pro¡.:reosih· failure,. c>ec:eeds the limits, haweVer, of 
1:hi.'J ptest!nt study. lnrJccU~ dw mcthod uf limit cquilihrium, du(l to ·the assumption 
o[ rigid but.ly beh<Jviour, is not suit,,Ol.- to solvc' thc problem of progressive fai_lure. 
te is only' po~siblc to t.lctcrmi:H: an .:.ldfl.i ~sil>"lo vclocity field in che sense ;of thl': 
¡":!n.sticity thcory o[ Hill (1955}. 

'-~-~-·---'-----· ·'-~-
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3.ll'olygonnl C11iluro liLitfacc. conii.!!_~~~~~~~-~ · ... 

The general c;Jsc of J. t•ot.onLi:~l roclc. nlille on a n-sacdon poly&on.ll 11lip surh::u. i• 
sho\tlll in Fig.ll. 'l'hc gt•t)Ul(..'try of tho slopc i~ fixcd by tho nnr,:~t-s _oí lntlinatíon 

a.i and li .and tho corn•spondinp, :treos Ai nnd i\i o( tho rc"pectivc ~lip planéa. The 
!orces nctinl; llt\: n¡:.1in úivitlcú into thrt>c gcuups: 

- Thc wcighl.t> \J¡ o( tllc individu;:;l hluckH, 

- tho cxtcrnnl rcnctí.on6 Nj, ~i onJ thc inncr t{'.1CCÍOO!; Fl¡, Si (cont<u::t !or~es), 

- thc r~.:sultnnc lt¡· (of ,;lopt• ¡1¡) nf thc cxtNnul (orc,·~ (anC'hPr ronc, w.:~~ar raen•· 
sur~ j 1¡ t.ll<.• cxt 1•n,al slip t>urfm·t·s .:..>te.). \J:It\·r prt·t~:;un', 1\wt n1:1y .nct 1"' eh(: 
joints normal to llll' intcrnal Hlip sutf.1CC!i, are t~IIH•n_carc o! ,by !;he foL""o:c:; 0¡. 

If it is·now <!s::>umcd thilt tht:re is ll dif(crent s::.fety factor in c:1ch slip plene~ 
four unknowns .Jrc ·obtained for each pl.:mc, the sofaty (nctor, tvo reac::ti.on force& 
a.nd one strcngth vnlue (Smax). TlHw for n externa! rmd (n-1) internal slip surf.<J.c:es 
there <trc nltogcthor (Sn-4) unknown~ to be d•!terminl!d, Fcr this purpcse, fcr en(.h 
of thc n blocks 1 two_cquil~hrium cot·ditioru; n:utlt bc._.s.-nüried 

o 
as wcll .:lS tllc ln + {n~l} 1 Coulomb •.:ondition~ '-"'" the sliJing planes and the cov:,:e··· 
sponding cxprcssions (.1) fur safcty factor in thc form 

S. • N· r·"n••c·A· (N· >O) S· • ~,· tAn¡+ c:A1· (N,. 1 O) 
lm:Jx 1 ·" ' 1 1 1 - ' • lmax ... 

S¡ 

S· 
--~ 

Si 

In the nbovc it wn5 tacitly m.1Uc:> tnH~ o[ clte JlrinciplC' of ilction nnd reaction for thc 
componcnt forcc.Y Ñ,$ on thn intcrf.1cc. Tllus (or thc systcmns D whole with n bloc.ks 
there are (6n-2) equ.ctions Jnd (Bn-t.) unknowns, i.c. thc problem ia statically inde
terminate to the (2n-2)th Jcgrne. This indctcrmin.:~cy Í!> a c:onsequcnce of th.e tJo:·kir-,~ 

hypothesil5 o( the method o( l imit cquilibrium, as with the nsaumptíon of ri~id btha
viour thl! displAccment and stn:ss ficlds are unkno"W"n. The deficient equatiCln'o6~ th~rt:
fore, cailnot be found usin¡;, mcch.nnicoll or physical laws. h possible hypothesi.a ii to 
make tbe safety factors in thc vari ous slip phnes tlepcndcnt upon one ancther. Sinct: 
the :JO.ÍI!ty fnctor in thc c.ose of slip must be cvcr)"Jhcrc unity and here a simplified 
approilch is sought, wc a<~sumc thnt llic uafcty factor is equal in all slip plane~. 
The deficicnt equntions are thu!l 

(2 ~ i ~ n+n- 1), 

.In solving thc syst"m of equotions it should ·be oot.ad, thnt most cf the un\tn(;t..t.s Cllf\ 
be eli.minnted with tho hclp 'Jr che oasic fonnul<ls (3) nnd (7) respectively, t~:u:.-ing; 
just n v.:tL.JcS. To sol ve· tilc ·rcmainins, cquatio;ts, on account of l:heir nonlinear. d~a
.racte-r, an itcrativc mcthc:·J i:-; used. The equntion::~ nre best solved, t~ere.fore, }¡y 

'means of thc computcr progn:un listed in appandix ,.2. For the specí.al 'c:.ase vf Glidíng 
on a two-degrec polysonnl surfncP. it is shown in thc ncxt section that thia pr("lblc•ll 
can illso be solved by hand· '·'ith not: too much crrOrt, Por the sake of completeneu, a 
semlgraphical procedure for che nrw1ysis of an n-dc..:,rcc polygonal aliding &urhc:.e. i~ .. 
also prescntcd. Cencrolly, this procetlurc would onl)' íind opplication if an electn ; 
nic computer wcre ·not av.JÍlnhlc. . '··-' 
Remark: H, 'With che cxclusion of ten!li"Jc strcngth of rock, negati've e:~:mtact (in·,e:-: 
action) forccs occur rhis pcints to a s•:p.:~r.:~tion of thc indivídual btocks. Fcom tht: 
point of Vil'IJ o( thc SL•IJilit.y anollysis, tlw slith..• of thc wholc rock mDS.S i& iw loo
ser of intcn:st. but only o( n t·~~rt~in ¡:coup o( bloC'kl'l • 

. ·,: 
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fi~> 11: El~rhenr. i uf a rock mnss with a polygon.1l slid~ng &urface 
a·,l ~eomctricD.l qu.: .. mtiti .. ·<; 

b) internnl"D.nd extcrnnl forccs 

:¡. 2 ~E..!1J1.~?..~}ding surfacc cnlllposed oi tl.o'O pLmcs 

a) 

b) 

·_rhe rack .. ma~s shown in Fig.12D rests on two potentiD.l sliding planes of angla· of 
inclinatioi1 CJ¡ and a 2 .•. Sl iding is only possiblc ir an internnl slip surface with a 
n~rtain i11clin.otion '1 can dcvclop, so t.h.:J.t thc m•1ss is divided into cwo block.s of 

ighc: ::{ ond W2 rcspcctivcly. !lel-iitles possiblc cxtcrnJl forccs R¡ and R2 and a wnter 
··,.~ cssurc iJ .1cting in thc intCrfncl? r.hen: nrc thc rc.1étions N¡,· S¡ and N2 respec~ively 

on ~:he c;-<ternal slip pl:tn<'s and an inc:e~·action force 1 on the interna! slip surfaee. 
1'he componcnts Ñ, S o( J must fulfil tlw failure conclition of Coulomb. With the par.a
meters.foc t!1c interna! slip suf"fact'- ·~ohcsion C, friction an¡:;lc ¡ and contact area 
A- the Coulomb cont~ition is 
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UETAIL OF IHTERNAL SHEAR SURF~C( 

a) 

Fig. 12: ltock mas~ witl1 rarees ~cting on it íor o Hliding surfacc 
Cllll:iistiHt; of tiJo plnnc~:~ 

s~l.:l)( . (Ñ - 0) t.Jn$ + e,\ 

Employing che dcfinition (1) fur Solfl!ty f.1ctor, viz. 

sln.lx Ñ - o CA 
F, ---. ·~ tan.:> • T 

( 

S S 

bl 

one ~btllÍns the ch.un.ctcristictJnc,b 6 _(Fig.l2b) bct\JCftn tho interaction fm:c~ 
and the norm.ll to the corrcspondin¡; sliding surf.occ: 

can6 
S • .l. (tono c.~ri\ - + ) 
;¡ Fs " 

• 

wi th thc rclDtionships 

N . cos6 and -· e . e 
ü 

tan o:.. 

;¡ 

As a known spccial C<lS~ ono obtoins, for cohcsionlctH> material, 'Jithout water 
pressu~e1 in thc intcrf.,cc .1nd a snhty fnctor Fs • 1, thc v.o.luc of 6 : 

6'• 4 

Thc anglc of inclilwtion fj of thc intcruction force fotlows from conaidt=ring 
Fir:.l2b (or thc lowcr block l, i.e, 

nnd .for tht: uppcr hlock 2 

R2- r1
1 

, 11 • 

(>a) 

(ó6) ·, 

(tib) 
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f.1.ctor for thc ...,holc rack m.l!iS is !ound rrom thc c.ondic'ion that thh 
be equóll for both t:lcm<'nts. In rractic(.• thc ncca&sary force 1 is found 
for oncl• hlock with tite .1id of CIIC basic formul.l (7) u a function of 
C.lctor. For thc lower elcmcnt 1 the (ol~owing oxprosai_on halda, for 

Tbe soíety 
:valuc must 
separatoly 
che s.:~fety 

examph: 1-.· '> 
' 

1. k¡(l 

Thc an¡:l~.· uf inclin;¡tíon ~ nf 1. is chu~,.n. o:-~ n riru opproximotlon, wirh the: he1p: 

oC r.:c¡11,.;, (5h) :uu.J (6), Tbl! n·~·dL'lllt (urcl' l\1 11T i111 l'~llujh.IIH:ntiJ lqv Dl\\1 R}i in tht: 
cJirccLinlltl uf~~ ouhl 1 TI'I'IJH'l'thli.•ly Tl.'llTt.'PH'IH •t.•)(ll·rnal fur~L·H nc:tln¡: on thc h~nr;k 
uuch as Nltrch.1r¡;l'• .11lChnr ínrn•, wnll·r pn·to~ouru in Lht· l,.'.lttcnl.:ll slip !ll.ll(.lCP. (w;'llCr 

prcssurc in thc íntcrn.al slip t~ur f::cc ÍB accounu•d tor by lL r<H.IuccO cohcsion C"). 
For .the nn¡;lc n ancl che .as~;umed valuc of s.ofcty fllctor Fa thu cocCl i:'c:it!nts k¡ and 
k2 and thuJ:> thc intcr.1ctíon (orce I are ~ow dctCrmincd. Figol3a shows the inter·ae
tion force as a function of snfcty factor plotted ucparotely for both blocks. The 
in_tersection o( thc cwo curve.- ~ivci the req;Jircd aolut:ion, because at chis poir.t 
both the interaction forcl~ nn1! che safety factor ore equal for thc adjoining blf.>c!tS. 
Since, hOwt>:ver, thc inc_lin.Hi.on (i of the intcroc_tion force wos only .an initialLrial 
value, it must be rcdctHmÍnt•U hy substituting· for 1-'sJ~ and I in (5a) and then the 
calcul.:1tion must he rt!pC'.'ltNI itcrat:ivcly with thc ncw v.:tlue oC _ó. Usually the method 
convergt.:t> vcry rapidly. A Ci.ISC of lntcrcst is shnwn in Fig. Db, in which the equi
librium oí t.he two blacks, ·i.c. the point of intt•r~:~cction of tho two curves le.,ds 
to e nc~utivc intcr.'lt[ion force. 'J"hh corrcsrond~ L:O thc si.tu.ltion, whe're the llDfety 
factor oC thc low..:!r clcmc.:nt 1 Í!i lcss than .tholl of thc uppcr ehmcnt. Due to the 
requirc:mcnt that lht.• intl..'rforc:c cnnnot tr ... nsmit tcn~i ll• forres it iollows that t.he 
lower e lcmL·nt Qlolll• il'l ·t.~~ci :·dvC! for Rtobi li ty conliltlcroll i 111•. wi th l • O and rn'Jt ele-:· 
menta nctin¡.; togethcr. For (!Y.nmplc. iC FHH • 1 sljding ouly u! the lower element is 
.to be cxpccted, whi le thc uppcr clcmcnt m.:ty r~maJn nnblc. 
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Fig. 13: ~ffcctive S.lfety C.:anor t's¡; of ,p body on two planes oí .different 
itlclination5 . 
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'" 3.3 Scmi- 1;rophic:lll m~·thuJ.of t-:olution for n polygon:d slip surf.:~r;c_ 

COIIICORCU O [ !:ICVO r tl 1 ~~~ ·~"~"C:' '!.....----------:----c-----
lf an annlysis ha.o to he carric..J out for· .:1 multi.plc-planc alip surface and uae i1 
not rt\Qdo of 'thc comput:cr pro 1~rólm givcn in thc nppcmlix, thcn _it. ia also posaible · 
to obtain a solucion by scnd-grapldcal wcoms. l·:~sc>nti~lly, this mcthod is baaed ~~-· 
upon a succcs:-.i.vt! c.l<.:ccrniinJtiun o( thc intl'r>lction forccs l¡ in tho vo1rio¡,¡a bloc\:.& 
mo1king use oí che bounJ:sry conUi tion In .. O. 'fhc Collo~in¡~ dl•scripti·ou should auf
!ice to cxplain thC' Ootílilcd HL•:p!i oC che mcthoc.J; l~ich Che holp oC. che bas\c formu
llle (3) or (7) tl11/ int~r.:'lcticlll forCl' is fouc111 rina fur i.olcm'-'_nt l.for vnrious v4\u'u 
o( che aafcty fnctor l-'s• Sine«.• tlic inclin.1tion il) nf tln· itlic·.r,:~e:¡ion force in_ equ 
(5) ilml (ú.:~) is d~[H.!nJ~nt 11pon l J. this c.1lculutiun is uf ,,,, itcrotivc nnt:ure. Usins 
thc sr.1pldc:~l relacionsldp for· J¡ .. í {Fs) in Fig.l4::~ nnc con find the interaction 
!orces l¡rJ, llF~, I¡F~ corrc:sponrJing ·to thc thrce villucs.o! S4fcty•foctor F¡, F~. 
Pi respcctivcly. 1~e s~conU block is now subjectcc.J to :~ppliod forces • I¡F! in a 
auccessive m.lnncr nnd for thc corre::cpondi'ng valucs o( thc snfety f.Jctor, · ' 
FÍ, the necessüry intcrJction Corees I2FÍ are found (Fib •. l4b). Duc to'che. implicit 
r~prcscncation of thc inclin:~cion JnAlC H2 this cJlcul:~tion muse also be carriec! 
out intcrar.ively. AftcrworJ~. tlic lhird elcmcnt iH lo.:u.lcd with the Corees - 12ri 
and sp on. From thc conditinn cli.1t for thc n-th clentcnt In • O, the soÚghc-fo~ s 
factor of safl.'t:y Fsh is uhtolinuc.J by menna of intcrpol.:Jtion in FÍ!;.l4c_. 

~'- Fl_ - -- -- -- -- - --. 
¡, Fl 
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FACTOR OF SAFlTY F5 

a) 
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FACTOR OF SAFETY ~ 
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Fig. 14: Dct<'rmin.otiGn o( che snfecy L1c.:tor for ;1 poly¡.tozu1l sl.~ding surface 
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3.4 E>.:tnople: e_:~~~~:.~·-~~~ ru,:k mmo~¡ re.'Oting no nn pol.ygonal slip aur!ace 

1As part o! .1 nati.on.:ll higttway projcct in Swittt·rL1tHI it Wus proposcd to use pre
stresscd anc.hors to stabili.?.i1: a scc.r:ion of hi¡:hw.ly c.utting through rock. The rc.ck 
lflass, il ch.ilky marl, w.1s chnr:..t.:tcfiz~;J in chis arca. by pronounc:ed bedding, dipping 

·......__. 'ownrds thc ro.::sd at .1 sh.:Jllow nn1~lc. Uuc to thc .structurc oC che rack two different 
'slidi~g·mcchanisms with polygonóll slip ploncs wc-rc lUUumcd (Fig.l5). In case ® 

... 

the extcnt of thc rack m;Js:> is such rhot thc .::snchor force& nre fully effective, 
"whercas in cnsc ll· tite sli~Jin¡; surfacqs warc HO lkcr tl'1nt t!u.!Y wL·rc beyond the 

nnchoring, tones. Fo[' tite ''I'P"' sliJin¡; sudaca (c<a:>t! @> thc in.Cluencc of t:Jlc incli
n:.tion. Y2. oi the interface on thc safcty f:.ctoi' was 'invcstig~ted.· The safety factor 
corresponding to v.1riou~ valUI!S of Y2 wc:~s cv~lu01tcd (Fig.l6), plottinc Y2 as ordinate 
and sn!ety.factor ilS Jbsc·i~s;¡. Thc mínimum fi<lÍCty factor leólds to the critical value 
o! Y2 (or thc S.Jfcty (.Jc:tor Fsg of the rack slopc. The t~trength,_pllrameters for the · 
internal 'slip sudace wcre ossumed to be C • 1.0 kp/cir12, and-.t • 25°. The second 
(1roblem that had to be investi¡;ated in connectfOn with ·this projer.t was the StOlbility 
with reapeci:. toa dccp-&c~tcd faÚure surC.::scc @.In a simito'r'way to the previGus · 
case, the. first step wna to determine the cdtical inc:linndons :of the interOel slip 
surfaces. 1~ was ·found that for the sllmc .strength pnrornctcrs the !"~e value Ot Y2 
wao ·obtaincd for the dcht interface (scc Fig.l5) os for case @. •nie left slip. 
surfnce with inclination "11 wns cl_eterminc,l (practlc.::slly indcpendenttf of ·stren~th 
propert_ics) duc co the·consrruint Ü\o.t it tHlSRCS ·chrounh the CoOt of the retaining 

.W<lll. Tllc inCluence of !ltrcngth in thc shcóli" tiurfacc On thc Stability or the poten~ 

,. 

tial slidinc mass is cvid~ot í..-mn Fig.17. For const.:mt material prop~rties in the 
external slip surfaccs nn inC.rc.:a;c of tho cohcilion oC 2.0 kp/cm2 in che internal 
slip surfaces effccts an incrcnsc or saCcty fact~~ AF 5 a 1.0. The influence of the 
friction anCle i!i by c.ontrnst is much smnllcr. For thc purpose of-comparing these 

'• .. rea'ults with óthcr mcthot.ls of nn.1lysis, thc sarcty ·!,actor based on J8ftbu's method 
__.,.¡as als_o computed. for c.;sc ®. IC, in J;mbu'~> n.~~Hh~U. the int~rface forces arll¡neg

lectcd, il :;;d'cty f.;ctor v .. 2.6 rct.ult!>. '111is v:1luC' liold~ pcr definition independent. · 
of thc interface pJ.ramctcrs t: ;HHJ i¡i, f'l¡·íC "cx:t.c';" computJ.tions usinc Janbu's method 
considerio¡: tlia intcr_.1cti~n ·rorc.:cs d() unt ,1c.1~_1, for this'cx.:Jmple, to reasonable re-

•, ¡·. . i\ .. ,,,. 

' ·:¡•' 

'·'' 

.. ,, . 

.. 

. ' 

'· 

•:.·· 

·, 

.1 

'' 
-----· _. _____ ....J._,__. _.r_i __ . _...i..: __ -·~:.....-' --·-· _. _______ :_ : ___ :___:_ ___ ._"-..:_,_.....,-'.:__ ___ ~.-

• '• ·~' • i .. ~' • • ' 

.:..C..--"-'~---'----'-~------



• .. 1 ••. 

,. 

i· 

·-

Fig. 16: 

• 
140 

po" 

o 
100 

1 
1 
1 
1 Fsu 

80°--1--

¿ • '1,0 kp/cm~ 

:¡ '/ f¡ lo 

~----

2,75 3,0 

FACTOR OF SAFETY F5 

lnflucncc c.f thc inclin<ltion of thc interna} !ihe:o:r aurfoce on tlie 
snfety f<:~ctor (colht' @) 

t'É 10,0 
u ._ 
c. 
~ 

e 7,5 
'U 
;z 5,0 o 
,_, 
·~ "' 2,5 o 
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FACTOR OF SAFETY F5 

Fig. -17; Influence oí thc otrcngth oí the intcrncl shcnr audaces on the 
safcty factor (cast.' @) · . 

sulta, as a variation of thc assumed sl•lpc of thc prctH;uro ·une or of the int~r
.action forccs by just a fcw dcgrccs cilrt.•ady h.H thc cffcct of doublíng the factor 
of:safcr.y. 
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4. Appcndix 
'1 

4.1 Exunsion or. thC' h.-lsic Jo~ 

Oft.cn Lile rl!sult.o:int H. o_( all lht! exccrn;1l rorcc!i i,; _cnnsroiícd of.a force K vhoae 
magnitud'· ;md di-rection- ls knO~o~n (c. 1~. w:tLcr prc~~-~~r~) ;ami of a Coree T vhose 
dircction l\ iH knnwn, but nor Ítl,mJ~niLÍt~h• (c.¡•,, tlllC'hnr fofc:c. intcraction force). 
In orc.J~.:c to usL' Llw h:tsir fonnul..-.c ()) m1c.J (4) 11crc• .'llluJ dircctl)' Cor dcsi&n pur
Poscs (i.c. to find ·n. thc (orce K ia rct.ulved intn itH CCIIllponents.Kt in the 
dircction of T untJ Kw in thc din·ction uf ¡~l".lYÍty (1-'ig.lB) •. 

----

~
1~----·---

K . 
, . Kt 

. -~ 

1 
·1 w 
1 
1 
1 

w 

---

i 

Kt ; 
cosak. 

~ 
cosa ' . 

~ ; (sinl<k-CCSak 

t 

Fig. 18: .~esolution o[ o force K into the componentes Kt an4 Kw 

tga) K 

Thc rcsult.:ant R is thus- rcploced in the basic formula by the valuc R • T + Kr:- The 
effcctivc wvi¡.;ht incn.•at>t•s Lo W.'· • W +. Kw' 1'hu~, in this 'inato~ce, the modified form 
of equation (3) is :·, 

(7) 

The coefficients k1 and'k2 are thc snme os tor cqn. (J), 

4.2 Computcr prugrom for comput.oti~n oC polrgonnl slidins -sur faces 

!he following sirÍlplc progr.:m-subroutinc, written in fo'ORTR.AN language 1 may be used 
to c.alcul.ltc thc· safcty [·actor oC a rock mass on a polygonol sliding surfac.e. Ceo.oM 
metry, m.ltcrial ch:trncfedstics, and cxternal forcos are givc~ os input data 3n.d 
the safcty·Iactor i's c.:tlculatcd in function thercof, o,. wcll es che magnitude and 
direction of inter.lctioil (orc~s. 'r-he input and output valucs are transferred by 
!o~mnl p;1ramctcrs. Tbcir . .significnncc is explÓincd Ot thc head of the subroUtine 
listing. The mcthoU Of Solution is b<1scs upon .1n extended ·rorm of eqn. (7). With 
i:.he nomencloturc or Fig.ll one> obteins che _intcr:i'ction forc:e.for the i-th element, 
viz.. 

C'.'/1' 
I¡ • k¡O-=-"-- k2l (W¡+R¡w) ·~ R¡¡+kj.l.i-lw "I¡-¡ 1· (l~!~n) , W¡ +l{jw 

1 W~ereby ln muse eq·u~l z.cro (~i¡ nnd Hi¡, dcsi~no.to 'thc con1pononts of R¡ in the c:Ui'er.:-. 
~1ons oC 1 í •'lnJ '\-li rcspccdvcly). Thc J:CaH.•r,11 rorrn of tliis equotion le.:::uis to a non· 
linear sy:ncm of,NJuntionr; o( the n-th JcgrC'u 1 wldcll, with the hclp of án iterative 
preces&, is ~olvcll in linc,u fOnn. Sint·.! Lhu numhc·r•or cquatior:t• ·n.to bl solved ia 
n~rmally quitL· tÚno\11, thc cumputcr cc!il:> :~re ;1ln1' !JC'ry small.· 
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C := -~i /:]\1-\D!~: FfHJr"'TION SYSl"liM NOT SOL~ABLi:: C 
e e 
C REMfiR~!l C 
e ---------- ----·· e 
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CAl.CliLATIUN Of TIIE ¡o II<IJ.: lli.IN llf L:UNfAC 1 Flif~GC~ 

lO 1\01./V "" -1 
ll fTCr' = I'f(;"f\ -t- J 

JP< I ITR.GT .rrr::r\l'lo1X> iiOTO ·it 
Jt= <~?iNUE.EI/;0,0) tHflll 42 
{Lll.l9 T~=l,Nt 
\)¡')((,?. ~ 1 • 
JF(¡\Lf'H/HJiJ),L"I,I\U'ti(I(J)) VORZ L1 -1. 
IF< IlTf<.[!l. 1) lof.Lll\ " ATAN(F'IIIS<Il/SNIIU 
IF<JlEf..:.GT.l> ItCI .. lA Pll:)- G('IM(I(l)- UEl'At\(l) 
TF < ITCR, G 1. 1 • AIHl. Cf'f;( l l .NE. O,()) GIJTII 13 
TGltCL Tr. 
{j{J'I o 1 ::,; 

f'I-I!S< 1 >J::;NUE 

13 CrJSitEL T .:.: CO!i ( nCL. r.'1 > 
IF<CO!:lfL[lT.CU.().O) GOTIJ 4:.! 
TGJcF"LTr. ::.· (F'HIB<IH·C:FS0)/1'\I\(I)/GI)SIJEl.'l )/SNUE 
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o. LlNCAR SYSTEH lW HHJoH.!ONS SET lJI> Wll'll IJNI\NOWN CONI'ACf 
C FORCES Al\ 1iNI• Clli"!Nraf OF SAFETY FI\CnliO.' lJSNUC 

' e 
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VD ~9 J=1,N 
¡¡ra· • cJ .. ll*N 
IE .• J - 2 
JFCJ.LE.2l G(JTO 2~ 
DO 2( I-=1, lE 

21 Z<NRZtll • O. 
22 FlZI :.· SNUE*SlNCI\J.F•!Jii<,.J)) •· COS<r.LI:'I·if.I(J)l*F"H!G(J), 
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TRATAMIENTO DE MACIZOS ROCOSOS 

1.- ANTECEDENTES.-

ING. RAÚL CUÉLLAR BORJA , 
AUXILIAR TÉCNICO 
COMISIÓN FEDERAL DE ELEC
TRICIDAD. 
MAYO, 1981. 

EL TEMA SE DESARROLLA EN UNA SERIE DE CUADROS EN LOS QUE SE 1~ 

DICAN EN FORMA CONDENSADA LOS CRITERIOS BÁSICOS QUE SE UTILI~

ZAN ACTUALMENTE EN EL TRATAMIENTO DE MACIZOS ROCOSOS EN RELA-
CIÓN AL TRATAMIENTO DE CIMENTACIONES DE PRESAS. ALGUNOS CON-
CEPTOS SON VÁLIDOS PARA LA ESTABILIZACIÓN DE TALUDES. 
A MODO DE COMPLEMENTAR LA INFORMACIÓN CONTENIDA EN ESOS CUA- -
OROS A CONTINUACIÓN HAREMOS UNA BREVE EXPLICACIÓN DE LOS PRIN
CIPALES CONCEPTOS. 

2.- COMPETENCIA DE LA ROCA.-

. SE REFIERE AL COMPORTAMIENTO ESTRUCTURAL DEL MACIZO ROCOSO BA
JO EL EFECTO DE LAS NUEVAS SOLICITACIONES DE CARGA ( EMPUJES ~ 

HIDROSTÁTICOS Y EMPUJES DE LAS ESTRUCTURAS DE CONTENCIÓN ), -
TANTO DURANTE LA ETAPA DE CONSTRUCCIÓN COMO DURANTE LA VIDA -
ÚTIL DE LA PRESA, PREDICHAS, DESPUÉS DE HABER ESTUDIADO Y ANA
LIZADO EL ESTADO ACTUAL. 
( EN FUNCIÓN DE LAS SOLICITACIONES DE CARGA OCURRIDAS EN EL -
PASADO), 
LO ANTERIOR IMPLICA LA ESTABILIDAD TOTAL DEL MACIZO ROCOSO EN 
TODA SU EXTENSIÓN, ASÍ COMO, LA PRESERVACIÓN DE SUS PROPIEDA-
DES GEOMECÁNICAS DE MANERA QUE NO SE PRESENTE EROSIÓN FUNDA--
MENTALMENTE EN EL CONTACTO CORAZÓN-ROCA PARA EL CASO DE PRESAS 
DE MATERIALES GRADUADOS, ASÍ COMO, EROSIÓN O DEGRADACIÓN DE LA 
ROCA POR EFECTO DE SATURACIÓN EN LAS PAREDES DE EXCAVACIONES -
DE ESTRUCTURAS AUXILIARES. 
ADICIONAL A LOS EFECTOS DE EMPUJES HIDROSTÁTICOS Y DE LAS ES-
TRUCTURAS DE ·CONTENCIÓN, DEBERÁN TOMARSE EN CUENTA LOS EFECTOS 
DINÁMICOS POR LA SISMICIDAD INDUCIDA. ( LLENADO DEL EMBALSE ·
QUE A VECES ROMPE EL EQUILIBRIO DE LA CORTEZA), 

-----·-·----···----------------------·-~------- -·--- --



3.- PREVENCION CONTRA LA EROSION.-

3,1.- CONTACTO CORAZÓN-ROCA 
LA PRE~ENCióN CONTRA ~A EROSIÓN DEL CORAZÓN DE ARCILLA -
EN EL CONTACTO CON LA ROCA SE REALIZA MEDIANTE TRATAMIEN 
TO SUPERFICIAL SELLANDO LOS PASOS DE FILTRACIÓN DEL AGUA 
A TRAV~S DE LAS DISCONTINUIDADES DE LA ROCA; FRACTURAS, 
FALLAS, OQUEDADES, ESTRATIFICACIÓN, UTILIZANDO: . . . . . . . 
A.- INYECCIONES DE CONSOLIDACIÓN E IMPERMEABILIZACIÓN --

(fAPETE), EN LAS CUALES LOS BARRENOS DEBERÁN TENER -
DIRECCIÓN E INCLINACIÓN PREFERENCIAL PARA ATRAVEZAR 
LOS PLANOS DE DISCONTINUIDAD MÁS IMPORTANTES EN LO -
REFERENTE A CIRCULACIÓN DE AGUA. 

B.- RELLENO SUPERFICIAL DE LAS DISCONTINUIDADES DE LA RQ 
CA MEDIANTE : 
B.l.- CONCRETO DENTAL ( RELLENO DE PEQUE~AS CAVIDA~-. 

DES ), 
B,2,- CONCRETO DE REGULARIZACIÓN DEL TALUD 
B.3.- MORTERO COLOCADO A MANO 
B.4.- MORTERO O CONCRETO LANZADO, SIMPLE O ARMADO. 

C.- ANCLAJE 
D.- DRENAJE 

4.- REGULARIZACION DEL TALUD.-

SE REFIERE A LA CONFORMACIÓN DE UNA SUPERFICIE CONTINUA, ME- -
DIANTE CORTES DE ROCA Y/O RELLENOS DE CONCRETO, AL EVITAR -
CAMBIOS BRUSCOS EN LA SUPERFICIE DE APOYO DEL CORAZÓN, SE EVI
TARÁ LA GENERACIÓN DE FRACTURAS DE TENSIÓN POR LA CONCENTRA- -
CIÓN DE ESFUERZOS DE COMPRESIÓN ( EFECTO DE ARQUEO ) FACILITAN 
DOSE EL FENÓMENO DE FRACTURAMIENTO HIDRAÚLICO. 

5.- ACERO DE REFUERZO EN TALUDES.-

EN ESTE CASO E~ USO DE ACERO DE REFUERZO EN LA ESTABILIZACIÓN 
DE TALUDES SE REFIERE A CUALQUIER TALUD. 
SE. PRESENTA LA DISTINCIÓN ENTRE ACERO ACTIVO Y ACERO PASIVO. 

' 
EL ACERO ACTIVO CORRESPONDE~AL ANCLAJE DE TENSIÓN EN EL CUAL -
LA FUERZA DE ESTABILIZACIÓN PUEDE CONOCERSE POR MEDICIONES YA 



SEAN DE RETENSADO O DE CELDAS DE CARGA Y EL ACERO PASIVO co~ ~ 
RRESPONDE A ANCLAS DE FRICCIÓN EN LAS CUALES NO SE CONOCE LA -
FUERZA DE ESTABILIZACIÓN .. 
SE RECOMIENDA EL USO DE ACERO ACTIVO EN ROCA MUY FRACTURADA Y 
ACERO PASIVO EN ROCA SANA. 
LA PROTECCIÓN ANTICORROSIVA DE LAS ANCLAS ES FUNDAMENTAL PARA 
GARANTIZAR UNA LARGA VIDA ÚTIL DE ESTOS ELEMENTOS. 

6.- INYECCIONES DE CONSOLIDACION.-

ESTAS INYECCIONES DE CONSOLIDACIÓN SE REFIEREN AL TRATAMIENTO 
DE LA ROCA EN EL CONTACTO CORAZÓN-ROCA, CONOCIDAS COMO TAPETE 
DE CONSOLIDACIÓN E IMPERMEABILIZACIÓN, CON ESTE TRATAMIENTO SE 
OBTENDRÁ: 
A.- UN AUMENTO EN LA RESISTENCIA DE LA ROCA Y CONSECUENTEMENTE 
B.-.UNA DISMINUCIÓN DE LA DEFORMACIÓN, AUNADA A. 
C.- UNA DISMINUCIÓN DE LA PERMEABILIDAD Y 
D.- UNA CIMENTACIÓN HOMOGÉNEA 

LA TENDENCIA ACTUAL CONTEMPLA EL USO DE MEZCLAS GRUESAS O ESTA 
~bES INYECTADAS A ALTAS PRESIONES. 
AL HABLAR DE MEZCLAS ESTABLES NOS REFERIMOS A MEZCLAS AGUA-CE
MENTO-BENTONITA Y EN ALGUNOS CASOS_CUANDO HAY FLUJO DE AGUA EN 
LAS DISCONTINUIDADES SE AGREGARÁ SILICATO DE SODIO PARA AUMEN
TAR-LA RESISTENCIA AL-CORTANTE DE LA MEZCLA EN EL MOMENTO QUE 
ADQUIERE LA CONSISTENCIA DE UN GEL, 
LA APLICACIÓN DE ALTAS PRESIONES EN ESTE TRATAMIENTO, QUE POR 
CONVENIENCIA DEBE SER LO MÁS SUPERFICIAL POSIBLE ( 4M A 6M ) -
TOMANDO EN CUENTA QUE LA FINALIDAD ES LA PROTECCIÓN DEL MATE-
RIAL DEL CORAZÓN, ES DE UN ESPECIAL GRADO DE DIFICULTAD POR LA 
FALTA DE CONFINAMIENTO DE LA ROCA, 
SIEMPRE SERÁ CONVENIENTE REALIZAR PRUEBAS DE INYECTADO PARA D~ 
FINIR LA PRESIÓN MÁXIMA DE INYECCIÓN CONOCIDA COMO PRESIÓN DE 
RECHAZO, TENIENDO SIEMPRE CUIDADO DE NO PRODUCIR D[SLOCACIONES 
EN LA ESTRUCTURA DEL MACIZO ROCOSO QUE PODRÍAN OCASIONAR SERIOS 
PERJUICIOS, EL FENÓMENO DE DISLOCACIÓN'DE LA ESTRUCTURA POR -
EFECTO DE LA PRESIÓN HIDROSTÁTICA APLICADA EN ÁREAS RELATIVA-
MENTE. GRANDES SE CONOCE COMO EFECTO DE " GATO HIDRÁULICO " 
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LA VERIFICACIÓN SOBRE LA EFICACIA DE ESTE TRATAMIENTO SIEMPRE 
SERÁ CONVENIENTE PARA LA TOMA DE MEDIDAS CORREtTIVAS. LOS M~T~ 
DOS MÁS EFICACES SON EL MONITOREO DE DRENAJE Y LA PIEZOMETRIA. 
TAMBIÉN SON REC0~1ENDABLES LOS M~ TODOS GEOFÍSICOS, 

6.1.- PRESIÓN DE INYECCIÓN. 
LA PRESIÓN DE INYECCIÓN JUEGA UN PAPEL PREPONDERANTE EN 
LA PENETRABILIDAD DE LA MEZCLA OBTENIENDO CON ELLO UNA 
Q_~f1INUC IÓN EN LA BARRENACIÓN QUE REPRESENTA UNA ACTIVI
DAD COSTOSA, 
UNA MAYOR PENETRABILIDAD DE LAS MEZCLAS SE OBTIENE CUAN-

' DO LAS FRACTURAS SE ABREN ELÁSTICAMENTE SIN PRODUCIR RO-
TURA DEL MACIZO ROCOSO, 
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EL GASTO VARÍA CON LA CUARTA POTENCIA DE LA PRESIÓN Y SE 
EXPLICA PORQUE SI SE GRAFICA EL GASTO CONTRA LA PRESIÓN 
EN ESCALA AR!TMtTICA SE OBSERVA QUE A UNA CIERTA PRESIÓN 
EL GASTO ABSORBIDO POR LA ROCA AUMENTA MUY RÁPIDO Y SE -
PIENSA QUE SE HA ALCANZADO EL FRACTURAMIENTO HIDRÁULICO, 
EN REALIDAD, SI SE REPRESENTA CON LA EXPRESIÓN (1) SE OB-
SERVARÁ QUE EL FENÓMENO ES PERFECTAMENTE CONTÍNUO, VER 
11 LAS INYECCIONES Y LOS DRENAJES DE CIMENTACIÓN DE PRE-
SAS EN ROCAS POCO PERMEABLES 11 POR fRANCIS S~BARLY. 

A ESA PRESIÓN EN LA CUAL EL GASTO AUMENTA EN FORMA NOTA
BLE SE CONOCE COMO 11 PRESIÓN CRÍTICA 11 Y SE UTILIZA COMO 
VALOR LÍMITE .DE LA PRESIÓN DE RECHAZO. 
Es NECESARIO DISTINGUIR PRESIÓN DE RECHAZO Y PRESIÓN DE 
INYECCIÓN. 
- PRESIÓN DE RECHAZO, 

Es LA PRESIÓN MÁXIMA O LÍMITE QUE SE ALCANZA EN LA OP~ 
RACIÓN DE INYECTADO Y UNA VEZ QUE SE ALCANZA SOLO DEBE 
APLICARSE MOMENTÁNEAMENTE PARA EVITAR UNA ALTA PRESIÓN 
SOSTENIDA Y NO DAR LUGAR A QUE SE PRESENTE EL EFECTO -
DE GATO HIDRÁULICO, LA PRESIÓN DE RECHAZO DEBE SER UN 



POCO MENOR QUE LA PRESIÓN CRITICA. 
- PRESIÓN DE INYECCIÓN 

. ' 

Es LA PRESIÓN QUE SE DESARROLLA DURANTE LA OPERACIÓN -
DE INYECTADO, CON LA DURACIÓN QUE SE JUZGUE CONVENIEN
TE PARA RELLENAR LA~ OQUEDADES DEL MACIZO ROCOSO, SIN 
LLEGAR A LA PRESIÓN DE RECHAZO. 
PENETRABILIDAD . . ' 
Es LA DISTANCIA QUE SE ALCANZA DESDE EL BARRENO HASTA 
EL EXTREMO DE LA MEZCLA INYECTADA. 
HAY QUE TENER MUCHO CUIDADO CON LOS GRANDES RECORRIDOS 
DE LAS MEZCLAS ( QUE A VECES LLEGAN A DISTANCIAS DEL -
ORDEN DE 100 M ) PUES NO SE LOGRARÁ LA EFECTIVIDAD - -
DESEADA Y SE TENDRÁ UN AUMENTO IMPORTANTE DEL COSTO -
DEL INYECTADO. 

6.2.- COMPOSICIÓN DE LAS MEZCLAS 
TIPOS DE MEZCLAS MÁS USUALES: 
A).- MEZCLAS AGUA-CEMENTO 
B).- MEZCLAS AGUA-CEMENTO-BENTONITA 
e).- MEZCLAS AGUA-CEMENTO-BENTONITA-SILICATO 

D)'- MEZCLAS AGUA-BENTONITA 

E)'- MEZCLAS AGUA-BENTONITA-SILICATO DE SODIO 
F),- r~EZCLAS AGUA-SILICATO DE SODIO 

DE SODIO 

LA MEZCLA A) SE CONOCE COMO MEZCLA INESTABLE SON MEZCLAS 
QUE SE SEDIMENTAN RELATIVAMENTE RÁPIDO CON LO CUAL SE 
DISMINUYE SU PENETRACIÓN. 
LAS MEZCLAS B) Y C) SE CONOCEN COMO MEZCLAS ESTABLES, 
TIENEN MENOR SEDIMENTACIÓN POR EL EFECTO DE MOVIMIENTO -
BROWNIANO DE LA BENTONITA AL FORMAR UN COLOIDE, EVITANDO 
LA SEDIMENTACIÓN DE LOS GRANOS DEL CEMENTO. TIENEN MA-
YOR PENETRACIÓN. 
LA MEZCLA C) QUE ADOUIERE MAYOR RESISTENCIA AL ESFUERZO ' 
CORTANTE YA QUE TI ENDE A fROD!JC IRSE UN GEL EN CORTO TI Et)_ 
PO DESPUÉS DE SU FABRICACIÓN SE USA CUANDO SE PRESENTA -
ESCURRIMIENTO vE AGUA EN LAS DISCONTINUIDADES DE LA ROCA 
EX 1 TAN DO EL. DESLAVE DE LA MEZCLA, .A. ESA MAYOR RES 1 STEN
CIA SE CONOCE TAMBIÉN COMO RIGtPEZ. 
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LAS MEZCLAS F) SE UTILIZAN'A VECES PREVIAMENTE AL INYEC
TADO DE LAS MEZCLAS A), B) Y C) OBTENIENDO LO QUE SE CO
NOCE COMO UNA SILICATIZAC1ÓN~ ESTA SILICATIZACIÓN PRODU
CE UNA DISMINUCIÓN DE LA RUGOSIDAD DE LOS PLANOS DE LAS 
DISCONTINUIDADES OBTENI~NDOSE MENORES PERDIDAS DE .PRE-~
SIÓN POR FRICCIÓN Y POR LO TANTO SE OBTENDRÁ UNA MAYOR -
.PENETRACIÓN DE LA MEZCLA FINAL. 
LAS MEZCLAS D) Y E ) SE UTILIZAN EN LA INYECCIÓN DE SUE
LOS, 
A LAS MEZCLAS ESTABILIZADAS CON BENTONITA V/O SILICATO DE. 
SODIO, AL TENER MAYOR RESISTENCIA AL ESFUERZO CORTANTE -
QUE EL AGUA, SE LES CONOCE COMO CUERPOS DE B!NGHAM Y - -
USUALMENTE SE DICE.QUE SE TRATA DE MEZCLAS n B!NGAMIAS n. 

A LOS FLUIDOS QUE NO TIENEN RESISTENCIA AL ESFUERZO COR
TANTE SE LES CONOCE COMO FLUIDOS NEWTONIANOS Y EL AGUA -
SE APROXIMA A ESTE TIPO DE FLUIDOS. 

NOTA : Es MUY IMPORTANTE EL ORDEN DE AGREGADO DE LOS COM 
PONENTES PARA FORMAR LA MEZCLA, PUES SUS PROPIED~ 

DES FÍSICAS CAMBIAN EN FORMA NOTABLE HACIENDO QUE 
SU COMPORTAMIENTO REOLÓGICO ( CON EL TIEMPO ) VA
RÍE DE. MANERA IMPORTANTE Y SE TRANSFORMEN EN MEZ
CLAS QUE NO SE PUEDAN MANEJAR. 

6,3,- PROPIEDADES DE LAS MEZCLAS. 
LA PROPIEDAD FÍSICA O MECÁNICA MÁS 111PORTANTE DE LAS MEI_ 
CLAS PARA EL CASO DE TRATAMIENTO DE MACIZOS ROCOSOS ES -
LA RESISTENCIA EN COMPRESIÓN, QUE A LA VEZ SIGNIFICA RE
SISTENCIA A LA EROSIÓN- Y BAJA PERMEABILIDAD, 
ESTA PROPIEDAD FISICA DE RESISTENCIA DEPENDE DIRECTAMEN
TE DE LA DENSIDAD DE LA MEZCLA UNA VEZ ENDURECIDA. 
POR LO TANTO, EN EL CONTROL DE CAMPO, UNO DE LOS PARÁME
TROS BÁSICOS SERÁ EL PESO VOLUM~TRICO DE LA MEZCLA, PARA 
FINES DE SU ELIMINACIÓN. 
LA RESISTENCIA EN COMPRESIÓN MÍNIMA PARA EVITAR EROSIÓN 
POR FLUJO DEL AGUA ~S DE 15 KG/CM2. 
ÜTRO PARÁMETRO IMPORTANTE DE CONTROL ES LA n FLUIDEZ n -

DE LA MEZCLA, EN GENERAL, SE DEBE DE MANTENER UNA fLUI 
DEZ CONSTANTF EN CUALQU 1 ER TI PO DE MEZCLA, DE MANERA QUE .. 
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SEA BOMBEABLE, UNA FLUIDEZ ENTR~ 36 SEG Y 38 SEG EN CONO 
MARSH DÁ BUENOS RESULTADOS PARA SU MANEJO, DE TAL MANERA 
QUE DEBE VARIARSE EL CONTENIDO DE'BENTONITA HASTA LOGRAR 
ESA FLUIDEZ. 
LA " FLUIDEZ " ES FUNCIÓN DE LA VISCOSIDAD DE LA MEZCLA 
PERO NO ES PRECISAMENTE UNA MEDICIÓN DE LA VISCOSIDAD, -
LA CUAL TIENE OTROS PARÁMETROS DE MEDICIÓN COMO EL POISE 
O EL POISEUILLE . 

. CUANDO SE PRESENTA DISPERSIÓN IMPORTANTE DE LA FLUIDEZ, 
DIGAMOS UNA VARIANCIA DE 10%, LA MEZCLA DEBE ELIMINARSE 
PUES HABRÁ UNA VARIACIÓN IMPORTANTE EN LA RESISTENCIA EN 
MAYOR O MENOR VALOR DE LA RESISTENCIA DE PROYECTO, 

- TEMPERATURA DE LA MEZCLA.- Es UN PARÁMETRO IMPORTANTE -
DE CONTROLAR PUES A TEMPERATURAS ALTAS DIGAMOS 45"C LA -
MEZCLA CAMBIA SUS PROPIEDADES MECÁNICAS EN DETRIMENTO DE 
SU RESISTENCIA EN COMPRESIÓN. CUANDO LA MEZCLA EXCEDA -
UNA. TEMPERATURA> 45"C DEBERÁ ELIMINARSE. 

- TIEMPO DE LA MEZCLA.- CUANDO LA MEZCLA TENGA MÁS DE 2 HS. 
DE HABERSE FABRICADO'TAMBIÉN CAMBIARÁ SUS PROPIEDADES FÍ 
SICAS EN DETRIMENTO DE SU RESISTENCIA A CAUSA DE LA FOR
MACIÓN DE GRUMOS POR INICIO DE FRAGUADO, DANDO LUGAR A -
QUE POSTERIORMENTE ESOS GRUMOS NO TENGAN BUENA ADHEREN-
CIA Y POR LO TANTO SE PIERDE RESISTENCIA. ·DEBERÁN TOMAR 
SE 2 HORAS COMO LÍMIT~ DE TIEMPO PARA USAR UNA ME~CLA -
DESPUÉS DE SU FABRICACIÓN. ( ESTE DATO CONVIENE VERIFI
CARLO PARA CADA CASO PARTICULAR ), 

-TIPO DE CEMENTO.- EN TODOS ~OS CASOS CO~VENDRÁ.UTILIZAR 
CEMENTOS FINOS P.EJ. TIPO 111, CON SUPERFICIE ESPECÍFICA 
o FINURA B~AINE ~4200 CMÚGR: 
LA RAZÓN ES QUE ENTRE MÁS PEQUE~O SEA EL GRANO DE CEMEtl 
TO PODRÁ SER TRANSPORTADO POR LA f~EZCLA A UNA DISTANCIA 
MAYOR, Y POR OTRO LADO, SE PODR.~rl RELLENAR DISCONTINUIDA 
DES MÁS CERRADAS, TOMANDO EN CUENTA QUE EL DIÁMETRO DE -
LA PARTÍCULA DEBERÁ SER 15_ VECES MENOR QUE EL ANCHO DE -

·LA DISCONTINUIDAD PARA EVITAR EL EFECTO DE " ARQUEO "Y 
SUBSECUENTEMENTE EL TAPONAMIENTO DE LA DISCONTINUIDAD. 

- EXPRJ!1l_QQ.__:: Es EL FENÓMENO DE SEPARACIÓN DEL AGUA DE LA 

., 
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MEZCLA AL PENETRAR EN DISCONTINUIDADES CADA VEZ MÁS CE-
RRADAS. EL AGUA ES "EXTRUIDA "DE LA ·MEZCLA JUNTO CON 
EL AGUA QUE EXISTA EN.LA DISCONTINUIDAD POR EFECTO DE LA 
PRESIÓN, POR LO TANTO, SU RELACIÓN AGUA-CEMENTO DiSMINUI 
RÁ OBTENI~NDOSE UNA RESISTENCIA MAYOR. 

- AGUA LIBRE.- Es EL AGUA QUE QUEDA EN LA PARTE SUPERIOR 
DE LA MEZCLA POR EFECTO DE LA SEDIMENTACIÓN, TAMBI~N SE 
LE CONOCE COMO SANGRADO. 
A MAYOR PORCENTAJE DE AGUA LIBRE ES MAYOR LA SEDIMENTA-
CIÓN. 
ESTE PARÁMETRO SE UTILIZA PARA CLASIFICAR EL TIPO DE MEI 
CLA. 
s 1 EL AGuA uBRE És ~ 5% LA MEzcLA És EsTABLE. 
Si EL AGUA LIBRE ES >5% LA MEZCLA ES INESTABLE. 
VER CUADRO CON RESUMEN DE PROPIEDADES DE LAS MEZCLAS ES
TABLES. 

7.- CRITER~OS PARA EL DISEÑO DE UNA PANTALLA DE INYECCION Y DRENAJE 
CoMo EL 6BJETI~o P~iNci~A¡_ És E~iTA~ EL FLuJo D~ AGUA A.TRA~~s 
DE. LA MASA DE ROCA. SERÁ NECESARIO DEFINIR SU ESTRUCTURA PARA 
SELLAR·LAS DISCONTINUIDADES MÁS ABIERTAS QUE SE CONSIDERE EST~ 

. RÁN CONECTADAS CON EL EMBALSE, POR LO.TANTO, LA DIRECCIÓN DE 
BARRENOS SERÁ PREFERENCIAl PARA INTERSECTAR LOS PLANOS DE ESAS 
DISCONTINUIDADES, TOMANDO EN CUENTA QUE EL. FLUJO DE AGUA A - -
.TRAV~S DE LA ROCA MISMA ES DESPRECIABLE, COMPARADO CON EL FLU-

- ,. . , .. 
JO DE AGUA A TRAV~S DE LAS FRACTURAS, 

LA PERMEABILIDAD A TRAV~S DE LA ROCA SE CONOCE COMO PERMEABILI 
DAD PRIMARIA Y NO TIENE IMPORTAN.CIA PARA EL CASO QUE NOS OCUPA, 
SINO SOLO EN AQUELLOS CASOS EN QUE LA ROCA SEA EXPANSIVA Y SE 
DEGRADE O DESINTEGRE POR SATURACIÓN, ESTO TENDRÁ OTRA SOLUCIÓN 
DE PROTECCIÓN MEDIANTE DRENAJE Y/O CONCRETO LANZADO. 
LA PERMEABILIDAD SECUNDARIA, A TRAV~S DE DISCONTINUIDADES SERÁ 
POR TANTO LA MÁS IMPORTANTE. 

7.1.- NúMERO DE LÍNEAS DE INYECCIÓN. 
1 

. , .. 

i 

SI HEMOS VISTO LA CONVENIENCIA DEL USO DE ALTAS PRESIO--
NES Y MEZCLAS ESTABLES PARA OBTENER UNA MAYOR PENETRA--
CIÓN .DE LA MEZCLA. BASTARÁ UNA SOLA LÍNEA DE BARRENOS DE 
INYECCIÓN . 
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7.2.- CLASIFICACIÓN DE PANTALLAS 
PANTALLAS SIM~TRI~AS,- CUANDO SE INTERNAN EN EL MACIZO 
ROCOSO Y SE PROTEGE TANTO LOS BLOQUES INESTABLES DE ROCA. 
AGUAS ABAJO DE LA PRESA, COMO TODAS LAS EXCA~ACIONES SUB 
TERRÁNEAS, INDEPENDIENTEMENTE DE LA ESTRUCTURA DE LA RO
CA. 
PANTALLAS SUSPENDIDAS.- CUANDO LA ESTRUCTURA DE ROCA ES 
HOMOG~NEA Y NO EXISTE POSIBILIDAD DE EFECTUAR CIERRE HI~ 

DRÁULICO NATURAL EMPOTRANDO LA PANTALLA EN ESTRUCTURAS -
DE ROCA CON PERMEABILIDAD MENOR, 
CIERRE HIDRÁULICO.- SE OBTIENE CUANDO LA PANTALLA DE - · 
INYECCIÓN Y DRENAJE SE EMPOTRA EN UNA ESTRUCTURA. DE ROCA 
DE BAJA PERMEABILIDAD; FORMANDO LO 0UE SE CONOCE COMO -
UNA 11 CAJA 11 O ENCAJONAr~! ENTO DEL AGUA, HAC 1 A AGUAS ARR 1 
BA LA LA PANTALLA. 

7.3.- PANTALLA DE DRENAJE,- EN GENERAL BASTARÁ UNA LÍNEA DE -
DRENAJE TOMANDO EN CUENTA LAS SIGUIENTES CONSIDERACIONES: 
A).- DIRECCIÓN PREFERENCIAL PARA ATRAVEZAR EL MAYOR NÚM~ 

RO DE PLANOS DE DISCONTINUIDAD. 
B).- SE USARÁ EL MAYOR DIÁMETRO POSIBLE DE BARRENOS DEN

TRO DE LOS LIMITES ECONÓMICOS. 
C).- VIGILANCIA POSTERIOR DURANTE SU FUNCIONAMIENTO, 

OBSERVANDO EL REQUERIMIENTO DE REPERFORACI_ÓN SI LL~ 

GAN A TAPONARSE. 
D).- HACERLOS TRABAJAR COMO PIEZÓMETROS EN FORMA SELECTl. 

VA, COLOCANDO VÁLVULAS Y MANÓMETROS, PARA OBSERVAR 
SU EFICACIA Y/O PELIGRO POTENCIAL DE INESTABILIDAD 
DE BLOQUES DE ROCA O EXCESO DE PRESIÓN CONTRA LAS -
ESTRUCTURAS SUBTERRÁNEAS. 

7;4,- GALERÍA POR DEBAJO DEL CAUCE.- ·PARA EL CASO DE PRESAS -
DE MATERIALES GRADUADOS, SOLO SE-JUSTIFICA CUANDO : 
A).- EL GASTO QUE SE ESPERA A TRAV~S DE LA ROCA EN FUN-

CIÓN DE LA EXPLORACIÓN SEA RELATIVAMENTE ALTO Y CON 
VENGA INVERTIR DINERO PARA CONSERVAR ESA AGUA, MEDl 
ANTE INYECCIONES DESDE LA GALERÍA; 

B).- COMO UNA ~1EDIDA DE PREVENCIÓN. PARA REALIZAR TRATA-
MIENTO DEL CORAZÓN; PARA EL CASO DE LA EXISTENCIA ~ 
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DE FALLAS QUE POTENCIALMENTE PUEDAN DESPLAZARSE Y -
DAÑAR EL CORAZÓN, 

C),- EN CASO DE INCERTIDUMBRE SOBRE LA ESTRUCTURA DE RO
CA, POR DEBAJO DEL CAUCE. SERVIRÁ PARA EXPLORACIÓN 
GEOLÓGICA Y POSTERIORMENTE PARA TRATAMIENTO DE IN-
YECCIÓN Y/O DRENAJE. 

ING. RAUL-CUELLAR BORJA 
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EXPERIENCIAS SOBRE EL USO DE ANCLAS DE FRICCION CON RESINAS 

EPOXICAS EN TUNEL~S DE LA- MINA DE CARBON DE:RIO ESCONDIDO, COAH. 

Por: Jorge E. Castillu Carnacho* 

l. INTRODUCCION 

Corno parte integrante de los programas de expansión de la -

Comisión Federal de Electricidad se planea la- construcción

de la Planta Termoeléctrica de Río Escondido en el Estado -

.de Coahuila, aproximadamente a 35 km al Sur de la Ciudad de 

Piedras Negras, Coah. 

La planta tendrá una potencia instalada total de 1200 MW y 

en ella se utilizará corno combustible el carbón mineral que 
. ' 

será explotado de una mina construida ex profeso en la mis-

rna zona. 

La úbicación de la planta obedece a que en el sitio se en--
> 

cuentra la mayor cuenca carbonífera explorada en el país, -

cuya explotación permitirá suministrar a la planta un roaxiffio 

rle 16,000 toneladas diarias de carbón. Las reservas detecta 

das permiten estimar la vida útil 'de la planta en 26 años. 

El programa de la mina, cuya producción será mayor que la -

producción anual total en el país en los últimos años, ha -

propiciado numerosos estudios siendo uno de ellos el· rela--

cionado con el soporte de las bóvedas de los túneles en l¡i 

forma'más eficiente desde los puntos de vista de seguridad, 

economía y-maniobrabilidad en el interior de la mina~ 

---------------------------------------------------------~-

* Oficina de Mecánica de Rocas, Departamento de Estudios Ex 

perirnentáles. 

-~--------~-------~ ------~ ----- ---~----------~--- --
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A principio de 1977 las autoridades encargadas del proyec

to de la mina invitaron a la Oficina de Mecánica de Rocas

dei Departamento de Estudio:;¡ Experimentales de C.F.E. y al 

Instituto de Ingeniería de la U.N.A.M. a colaborar en los 

programas de estudio para el diseño de un sistema de sopo_!: 

te adecuado para las características de la mina. 

El presente trabajo describe las actividades desarrolladas 

por la Oficina de Mecánica de Rocas de C.F.E. en tramos ex 

perimentales de tBneles, cuyas bóvedas se soportaron me- -

diante anclas de fricción con resinas epóxicás, la instru

mentación colocada en dichos tramos, los resu~tados obteni 

dos en las mediciones y las conclusiones derivadas de los

mismos. 

2. PRACTICA USUAL EN.EL SOPORTE DE. MINAS DE CARBON 

Generalmente las ~inas de carbón se explotan mediante sis

temas de tBneles a partir de los cuales se extrae el mine

ral hasta provocar la falla del techo, por lo que en estos 

la estabilidad de la bóveda sólo es necesaria por un cier

to tiempo. Sin embargo, existen túneles principales que d~ 

bon ser estables durante toda la vida productiva de la mi

na y que por lo tanto deben contar con sistemas permanen-

tes de soporte. 

En México el sistema de soporte para bóvedas en minas de .

carbón se ha desarrollado por métodos ·empíricos y ha_con-

sistido principlamente en el uso de marcos de madera cons

tituidos por 'dos _troncos verticales de madera rolliza que 

soportan libremente a un tercero horizontal, el cual sos-

tiene al techo. 

--·-------------"·~----· -------
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Los troncos son generalemente de 6" u 8" de diámetro,. con-
• 

longitud variable. Ocasionalmente el. tronco horizontal es-

substituido po~ una vigueta de acero de 4'' 6 6" de peralte 

en túneles en los que la.carga de roca es excesiva. La se-

paraci6n de los marcos es usualmente de un metro, en el 

sentido del túnel, pero llega a ser menor cuando por obser 

vaci6n del comportamiento se juzga necesario. 

En los túneles que funcionarán permanentes se acostumbra -

construir muros de mamposteria paralelos al eje del túnel-

y pr6ximos a las paredes a través de 'los cuales se transmi 

te la carga del techo al piso. Transversalmente a ellos se 

colocan viguetas de acero con espaciamientos variables, g~ 

neralmente de un metro. 

En los frentes de explotaci6n,. sea esta por medio de pe- -

queños túneles 6 por el método de pared larga, en donde -

la carga aumenta por falta de apoyo al extraer el carb6n,y 

el techo está en franco proceso de fálla, se colocan, para 

seguridad de ·los mineros y del equipo de ataque, . "huacales" 

formados por pares de troncos s~perpuestos hasta llegár al 

techo, tratando de formar una columna. 

En paises de Europa (Francia, Bélgica, Alemania, Inglate--

rra, etc.) y en los Estados Unidos, es práctica común el -

uso de anclas como soporte en túneles de duraci6n temporal 

El tipo de ancla más utilizado es el de fricci6n y de en--

tre estos lo es el de 

guado rápido y por lo 

resinas ep6xi\as que ofrecen un fra

tanto su trabajo es practicamente in 

----------------·---------~-----
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mediato. Las anclas del tipo de expansión 6 de cuña son me 

nos utilizadas debido a que en la mayorfa de los casos la 

roca se encuentra junto con los depósitos de-cqrb6n no tie 

ne la durez'!- necesaria para propiciar un buen trabajo de ~ 

este tipo de ancla. 

El sistema de soporte mediante anclas ofrece algunas vent~ 

jas con respecto al sistema tradicional del uso de marcos-

de-madera como son un aumento en la maniobrabilidad dentro 

de los túneles al evitarse la presencia de.postes vertica-

les, que aunque próximos a las paredes ocupan un área den

tro del túnel; la.disminuci6n del riesgo de derrumbes por 

deterioro del sistema de soporte :al golpear los elementos-

verticales por los movimientos propios en el interior del 

túnel; el menor volúmen de material que constituye el so-

porte lo que frecuentemente puede representar también dis-

minuaci6n en su costo; la facilidad de colocaci6n sistema-

tizada, asf como la rápidez en lograr el trabajo de los --

elementos de soporte. 

No .obstante lo anterior, existen desventajas del sistema -
de soporte con anclas como pueden serlo el que se requieren 

·condiciones especia les. de la roca sobre el techo de la mi-

na para lograr un buen trabajo de las ancl.as, y el efecto:-

psicol6gico que causa en el personal que trabaja en la mi-

na al no observar los elementos de soporte por estar estos 

ocultos en perforaciones. 

. . 
. ' 

"·· 

'. i 
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3. LA MINA DE CARBON DE RIO ESCONDIDO, COAH. 

3.1 Aspectos generales d~l proyecto 

---~---~--

La breve 'descripción que a contim.¡_aci6n_ se incluye, corre~ 

pende con el proyecto elaborado por la compañía polaca·que 

asesoró a la C.F.E. en el año de 1976. No obstante que el 

proyecto ha sufrido modificaciones a la fecha, 'se efectúa-

esta descripción general debido a que los programas de en-

sayes en los 'tramos experimentales se r·ealizáron con base-

en las características del proyecto mencionado. Sin embar-

go, las experiencias obtenidas pueden ser aplicadas a otros 

proyectos pues las caracterísiticas de los túneles serln ~ 

similares. 

Como se mencionó anteriormente la mina se proyectó para 

una producción máxima de 16,000 toneladas diarias. La expl~ 

tación será por medio del sistema de pared larga con de- -

rrumbre de techo. El acceso a la mina se hará por tiros i~ 

clinados hasta la profundi~ad del manto. La mina se dividí 

rá en dos secciones. 

En cada seccióh de la ~ina existirán tres túneles ó caño--

nes principales que deberán funcionar durante toda su vida 

productiva. Un cañón será el de arrestre, para extracción-

de material; otro el de transporte de personal y .equipo y 

un tercero de ventilación. Consistirán en túneles de 4.0 m 

de ancho por 2. 2 m de altura, y serán paralelos dejando .e~ 

trc ellos un espesor de 25 m de carbón. La longitud de los 

túneles permanentes· será en total del orden de 20 km·. 
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Transversalmente a estos túneles existirán los canones de 

acceso a los frentes de pared larga. Estos consistirán en 

pares de túneles de 4.5 m de ancho por 2.5 m. de alto se

parados por un espesor de 15 m de carbón. Cada par de tú-

neles quedará separado del siguiente por 180-m de carbón, 

que corresponde con el largo del frente de explotación. 

Las medidas anteriores corresponden con las minimas nece-

sarias para la maniobrabilidad del equipo para explotación 

de los túneles, lo que se hará con mineros continuos, y -

para el movimiento de los escudos de protección de la 

frente de pared larga al transladarlos de una frente a 

otra. 

Los túneles ó cañones de acceso a los frentes de pared 

larga, deberán ser estables durante la explotación del 

frente al que. dan acceso, lo que de acuerdo a los progra-

mas es del orden de un año. El soporte de estos túneles,-

los cuales en conjunto tendrán una longitud total del or-

den de 180 km, es el objeto de los trabajos que se inclu-

yen en el pre·sente reporte. 

3.2 Descripción de la .geología 

rJa geologia en la zona de la mina se ha determinado con -

ayuda de más de 200 barrenos con recuperación de núcleos, 

.La secuencia litológica en el área ·es muy uniforme exis-

tiendo en la superficie, con espesor'variable entre 15 y-

22 m, una capa de caliza de origen continental, de color-

blanco lechoso a café claro. Su dureza es muy. variable. 

Subyaciendo a este depósito existe un manto de lutita co-

--~---~-~-~~~~-~---~--~---- ------------

' '' 
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lor p_ardo en el·'que .se encuentran lentes de conglomerado e 

interestratificaciones de arenisca de grano fino a medio,-

constituida por fragmentos de diferentes 'tipos de roca y -

por feldespatos y cuarzo. Su matríz es ·arcillosa. En la zo 

na de la miria la parte inferior de este manto se encuentra 

entre 42 m y 172 m de pr6fundidad. 

Bajo este manto y éon espesor promedio de 2.0 m y máximo-

de 2.8 m se encuentra el estrato de carbón explotable. Pr~ 

senta una inclinación hacia el este de 1 a 2 grados y se ~ 

alarga en dirección Norte-Sur. 

A continuación del manto de carbón existen areniscas de 

grano fino a medio, de matríz arcillosa. 

El nivel freático se define entre 5 y 10 m abajo de la su-

perficie del terreno. Sin embargo, es probable que corres-

ponda con mantos colgados confinados en los acuíferos· cons 

tituidos por el conglomerado. 

3.3 Propiedades de la rdca 

De ensayes efectuados en laboratorio en 'núcleos de roca ex· 

traídos de profundidades próximas al manto de carbón se de 

· terminaron las siguientes propiedades. 

Propiedad 

a) Lutita: 

peso volumétrico seco 

resistencia a 

resistencia a 

resistencia .al 

la compresión 

la tensión 

corte simple 

' ,,· 

Valor medio 

2.15 ton/m3 

137 kg/cm2 

11 " 
4 " 

Coeficiente 
de variacion 

4% 

17" 

65" 

25" 

---·------~-----
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Propiedad Valor medio Coeficiente 
de variación 

b) Carbón: 

peso vulemétrico seco l. 37 tontm3 11% 

resistencia a la compresión 175 kg/cm2 33" 

resistencia a la tensión 9.5 " 38" 

resistencia al corte simple 10.5 " 5·o " 

e) Arenisca: 

peso vulemétrico seco 2.20 ton/m3 6% 

resistencia a la compresión 323 kg/cm2 59" 

resistencia a la tensión 38 " 55" 

resistencia al·corte simple 19 " 38" 

indice de alteración 10 " 7" 

4. TRAMOS EXPERIMENTALES DE TONEL 

La falta de experiencia en el uso de los sistemas de ancla 

je como soporte de la bóveda ·en minas de carbón, origina--

ron la necesidad de efectuar·ensayes en tramos de túnel y-

observar el comportamiento de los mismos: 

Para la ejecución de los ensayes se eligió una pequefia mi-

na, propiedad de C.F.E., próxima al sitio, de la que ~e e~ 

trae carbón para abastecer a la Planta Termoeléctrica de 

Nave, Coah. Esta mina se explota por métodos manuales, a 

base de túneles de 3m de ancho y 2_m de alto, para obte--

ner una producción de 400 ton diarias de mineral. El sopo_E 

te en los túneles temporales de esta mina es el usual, a -

base de marcos de madera, dejnndose ademSs in situ los 10 

ó 15 cm superiores del manto de carbón para proteger del -

intemperismo a la lutita que lo superyace. 

---------·-----~-

- "-... 



., 

9. 

Las características de los tramos de prueba se fijaron con 

la asesoría de los ingenieros A.G. Douthwaite y C. Rudge -

del.National Coal Board de Inglaterra quienes visitaron la 

mina antes mencionada y conocieron el proyecto de la nueva 

mina. 

En un principio se pensó en ejecutar cinco tramos de prue-

ba, de 50 m cada uno, en los que se soportaría el techo de 

la siguiente forma: 

Tramo 1: anclas de 2.4 m de longitud espaciadas 1.20 m en 

dos direcciones ortogonales. Entre las hileras de 

anclas se colocaría malla de 3 x 3 pulgadas de 

alambre calibre 20, sujet~ndolo con las placas de 

las anclas. 

Tramo 2: anclas de 2.4 m de longitud espaciadas 1.20 m en 

dos direcciones ortogonales. En cada hilera de an 

clas transversales al 'túnel se colocaría en -ta---

bl6n de 14 pies de largo, 8 pulgadas de ancho y -

dos pulgadas de grueso que estaría sujeto por las 

placas de las anclas y atravezado por estas últi-

mas. 

Tramo 3: igual al _tramo 2 pero con anclas de l. 80 m de lon 

gitud. 

Tramo 4: igual al tramo 2 pero con anclas de 1.80 .m de lon 

gitud. 

Tramo 5: sistema de anclaje "truso" patentado por:la Torque 

Tensión, Ltd. de Inglaterra, consistente en un par 

de anclas colocadas con una inclinación de 45° en 

·----------------------~-------------~---------------· __:__ 
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el techo, junto a las paredes, unidas, por un tensor 

horizontal que tr6quela al techo con polines de ma-

dera. 

Las anclas deberían de ser del tipo de fricci6n colocadas 

con resina. Los tramos de prueba deberían tener 4.8 m de an

chd y la altura sería igual a la del manto de carb6n menos -

15 cm que se dejarían para proteger a la lutita del intempe-

rismo. Deberían escogerse tramos recien excavados de túnel -

para colocar las anclas, evitando así tramos en que el techo 

hubiera sufrido deformaciones anteriores. Los sistemas de so 

porte experimental deberían colocarse junto con el soporte -

de uso convencional en la mina y s6lo ~uando en los túneles-

se suspendiera la circulaci6n de personal se procedería a r~ 

tirar el soporte convencional y a observar el comportamiento 

de los tramos. 

Una vez establecidas las caracterísiticas que deberían reu--

nir los t.ramos experimentales y con el. fin de no alterar los 

planes de explotaci6n de la mina, se eligieron los cañones 

de ·regreso de ventilaci6n números. 3 y· 4 para localizar los -

tramos de prueba. La elecci6n se hizo también considerando -

que estos cañones irían a permanecer abiertos un período de 

un ano y medio, tiempo en que se realizarían las observacio-

· nes. 

5 .. · INS'l'ALACIONES DEL SISTEMA DE SOPORTE 

Los tramos elegidos para la ejecuci6ri de las pruebas se am--

pliaron .de 3. a 5 m como se aprecia en· las Figs. 1 y 3. Para 

soportar el techo se colocaron dos marcos colineales cada me 

tro. 
. ' 

•' ------
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El sistema experimental de soporte se coloc6 intermedio a los 

marcos. 

5.1 En este cañ6n la longitud del tramo de prueba fue de 41 m, c2 

mo se ve en el recuadro de la Fig. 2. Se colocó también malla 

cicl6n de 2 1/2 pulgadas por 2 1/2 ~ulgadas cubriendo el an-

cho del techo del túnel. En un tramo de 20 m de longitud, in-

dicado en las figuras 1 y 2, se colocó up ancla adicional de 

2.40 m de longitud, inclinada 45° y a una distancia del orden 

de un metro de la pared derecha del cañón, como re.fuerzo adi-

cional, pues en esta parte, en el resto del.tramo de prueba, 

se venía abriendo una grieta inclinada hacia el cent:t;o del te· 

cho del túnel. 

Lasa.ahclas instaladas· en el tramo fueron de dos tipos. Hasta 

la línea de anclas número 26 se colocaron anclas constituídas 

. 2 
por varilla corrugada de acero grado duro (fyp=4200kg/cm ) de 

1 pulgada de diámetro con una tuerca soldada en su extremo ex 

teriorr el resto de las anclas consisti6 en varillas corruga-

das de 7/B de pulgada de diámetro con cabeza en forma de tuet 

ca preparada en fragua. 

Las anclas se instalaron en perforaciones de 1 3/8 de pulgada 

de diámetro en las· que se introdujeron dos o tres cartuchos -

de resina ep6xica de 20 pulgadas de longitud· y 32 mm de diáme 

tro. Se experiment6 con diferentes cantidades de resina tra--

tándo de- que se rellenara completamente el espacio entre las 

paredes de la perforaci6n y el ancla. Se opt6 por utilizar :3-. 

cartuchos pues el uso de inás impedía la entrada. del ancla has 

·ta el ·fondo. 

., 
. : 

·¡ 

______ i__:_ ___ ~ _ _: _____ , ---····---··--- ···'-' 
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Las perforaciones se efectuaron con "stooper" y· con este mis 

mo se introdujo el ancla previa colocación de los cartuchos-

en el interiOr de la perforación .. El stooper permitió iinitro 

ducir el ancla en la perforación con una velocidad de rota--

ción de 200 revoluciones por minuto aproximadamente, lo que 

provocó el batido del catalizador y el endurecerdor de la r~ 

.. sina. La instalación de cada ancla desde el inicio de la per_ 

foración hasta su introducción total en la misma tomó entre-

3 ·y 4 minutos. Para lograr un fraguado inicial suficiente se 

sostuvo.el ancla, posteriormente a su colocación por un lap-

so de 5 minutos. 

La resin~ utilizada fue la Celtite cuyas caracterisiticas 

son siguientes: 

volumetrico: l. 85 gr/cm 
3 

peso 

resistencia la compresión: 1125 kg/cm 2 a· 

resistencia la tensión: 170 kg/cm 2 
a 

resistencia .al corte: 527 kg/cm 2 

tiempo de fraguado 1 minuto 

tiempo de mezclado 15 segundos 

5.2 Caiíón 3 

En este cañón el tramo de prueba fue de 50 m de longitud, di 

vidido en tres zonas. Conforme se aprecia en la figura 3, en 

la zona A se colocó un ancla central de 1.80 m de longitÚd -

completamente vertical, dos anclas con 60° de inclinación --

. 
-----~------··-------··---- -------------· 
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/ 
hacia las paredes del túnel y 2.40 m de longitud y dos anclas 

a 45° también de 2.40 m de longitud. Estas cinco anclas se co 

locaron atravesando una pieza de madera rolliza de 14 pies de 

longitud y 8 pulgadas de diámetro que sostenia a la malla ci-

clón. Además se colocó un ancla adicional, de 2.4 m de longi-

tud y con 45° de inclinación separada entre 60 cm y un metro-

de la pared izquierda del cañón. 

En la zona B no se colocó anclaje para poder contar con un -

tramo de referencia con el sistema convencional de soporte. 

En la zona t el anclaje colocado consistió en anclas vertica 

les de· l. 80 m de longitud, espaciadas como se ve en la figu-

ra 3, colocadas sujetando un tablón de 16 pies de largo, 8 -

pulgadas de ancho y dos de-espesor, el cual sostenia una ma-

lla ciclón. 

Las anclas utilizadas en este cañón fueron todas varillas co 

rrugadas de acero grado duro, de 7/8 de pulgada de diámetro-· 

con cabeza formada en fragua. 

Por lo que respecta al procedimiento de instalación tipo·de-

resina, etc. fueron los mismos utilizados en el cañón 4. 

Durante la instalación de los sistem~s de soporte experimen-

tal en ambos cañones, se procuró estar siempre lo más próxi-

ino posible al frente de explotación, Se llevaron registros -·. 

del avance del frente, de la colocación de los marcos de ma-

dera y del anclaje en el .techo. Con los datos reunidos se 

-------------------'-------------···-------· 
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formaron.las .gráficas de las figuras 2 y 4. Se observó que 
\_ 

el hecho de no colocar el anclaje inmediatamente despu§s -

de abierto el frente, permite la deformación del techo, 

aunque estén colocados los marcos. Cuando el anclaje se se 

paró del frente del orden de 3m, seprodujo una grieta p~ 

ralela al eje del túnel en cada lado del techo. No se pudo 

determinar la profundidad de la grieta pero su dirección -

tenia tendencia.a ir hacia el centro del túnel con aproxi-

madamente 60° de inclinación con la horizontal. 

6. INSTRUMENTACION 

Para observar el comportamiento de las paredes, piso y te-

. cho del túnel,. se fijaron secciones instrumentadas cada 

cin~o metros de distancia en los tramos experimentales. 

La ins~rumentación de las secciones· consistió en la coloca 

ción de extensómetros de barra cuyo dispositivo de medición 

fue un potenciómetro el€ctrico de presión. En el techo y -

paredes se utilizaron potenciómetros Helipot de 10 ohms, -

o.5 de linearidad y 1.5 cm de radio. En el piso se utiliza 

ron potenciómetros Spectrol tambi€n de 10 Ohms y 0.5 de li 

nearidad pero de 3.5 cm de radio y sellados para proteger-

los contra el agua. 

La distribución de extensómetros en las secciones instru--

mentadas puede apreciarse en las figuras 7 a 17, junto con 

la profundiad a la. que fueron fijados dentro de la roca.

En al~urias secciones se ·colocó, además de los extensóme- -.. 

tros, un dispositivo para medir la convergencia del piso .. y 

'• ' ~ • ' 1 ' .! • 
------- - ----------·------------------------- --- -------- -----------------------------
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el techo. 

En la figura 5 se incluye un croquis de la colocación de los 

extensómetros y del dispositivo para medir convergencia. 

A los lados de la sección instrumentada 7 se colocarón dos -

extensómetros de 2 m de longitud y 2 de 3 m para conocer la 

distribución de los movimientos de la roca sobre el techo . 

• 
Todos. los cables de los potenciómetros se llevaron a una con 

sola fuera del área de prueba para evitar riesgos del perso-

nal que ·efectuaba las mediciones. Estas se realizaron con un 

Puente de Wheatstone. 

Se colocó además un sistema de niveles hidráulicos para se--

guir las deformaciones del techo, pero este presentó proble-

mas por la evaporaci6n que ocurría en el interior de los tú-

neles. 

• 
7. PRUEBAS EFECTUADAS 

'ci 
Como.primer paso del programa de pruebas se extrajeron tres-

anclas de 1.80 m de longitud y 1 pulgada de diámetro, insta

ladas en perforaciones de 1 1/2 pulgada·de diámetro. La fig.!:! 

ra 6 muestra las gráficas carga-deformación determinadas en 

los ensayes. 

Una vez que los tramos experimentales dejaron de funcionar -

para la circulaci6n en la mina, se procedi6 a la ejecución -

de las pruebas programadas. 

Para retirar el soporte convencional se construyeron cerca -

de 100 gatos mecánicos de tornillo que se utilizaron para --

substituir los troncos verticales de los marcos de madera, -

,., .. _, 
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colocándose con una distribuci6n de 1 m x 1 m bajo los tron 

cos horizontales. 

Al ir aflojando los gatos mecánicos el techo comenzó a de--

formarse y las anclas comenzaron a trabajar. Las deformacio 

nes que se fueron presentado se detectaron con los instru--

mentos colocados. Algunas de las gráficas eleboradas se in-

• 
cluyen en las figuras 7 a 17. 

La deformación.máxima permisible en el techo se fijó en 12-

cm correspondiente a 2% de expansión del techo entre el pu~ 

to de medición y la cara libre (profundxmd del extensómetro 

igual a 6 m) . 

A continuaci6n. se detallan las pruebas y .resultados obteni-

dos en cada cañón. 

7,1 Cañón 4 

La prueba en este cañón se verific6 en do~etapas. En la pr~ 

mera etapa, iniciada el 26 de septiembre de' 1977 .se movie-
,® 

ron seis marcos, tres a cada lado d~ la se~ción instrumenta 

da número 8 (ver fig. 1). La segunda etapa se inició el 17-

de octubre siguiente moviendo 8 marcos más, hasta llegar a 

la sección instrumentada 6. 

Al inicio de la primera etapa se aflojaron los tornillos de 

los gatos mecánicos hasta dejarlos prácticamente sin cargar 

Se observaron las deformaciones en forma continua principa! 

mente en la sección 8 llegándose a tener una deformación de 

2: cm en el extensómetro central del techo después de 2 hrs. 

de iniciada .la prueba, y 3.4 cm después de 24 hrs. Se pro

siguió de esta forma, aflojando los gatos que se notaban -

cargando, diariamente, regist~·ándose las deformaciones ,que 

·~¡ ; ¡ 
'•'. ____ .::.:.....:_ _____ :_ ___ ~.:_ ___ ';'.:.__· ---------·-------~-------- ------·-----------------·· 

--------------------~-------------~--------·--
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se iban produciendo. 

Al comenzar la segunda etapa, ampliando el tramo con marcos 

apoyados en gatos mecánicos, las deformaciones sufrieron un 

aumento brusco llegando a ser del orden de 12 cm en el ex-

tensómetro central del techo de las secciones 7 y 8, el día 

24 de octubre. En este momento se decidió suspender la pru~ 

ba para no poner en peligro la estabilidad del túnel, por -' . 

lo que se colocaron nuevamente los 'postes verticales de los 

marcos de madera y se retiraron definitivamente los gatos -

mecánicos. Las lecturas de deformaciones continuaron tomán-

dese por un tiempo. 
. l 

) : 
Las figuras 7 y 12 muestran gráfica~? de deformación de algi! 

nas de las secciones inst-rumentadas, de los extens6metros -

cortos (2 y 3 m) y de las mediciones de convergencia. 

7.2 Cañón 3 

En este tramo sólo fue posible efectuar pruebas en la zona 

A, iniciándose ésta el 18 de enero del presente año. Se re-

movieron todos los marcos de la zona (ver figura 3), en to-

tal 8 marcos, teniéndose lecturas de las deformaciones que 

ocurrián. El día 26 de enero en la sección 2 la deformación 

acumulada en el extens6metro central del techo alcanzó 12 cm 

por lo que. se decidió suspender la prueba colocando nueva~-

mente los postes verticales de madera y retirando los gatos 

mecanices. 

No fue ·posible efectuar la_prueba en la zona C de este can6n 

___ :.._ _____ .___ _ _:_· __ , __ .__: _______ , ______ ~--------·-----------------~------------·------···-------..:, _____ _ 
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debido a que la mina fue cerrada al dejarse de· operar la 

Planta Termoeléctrica de Nava, Coah. 

8. CONCLUSIONES 

a) Los instrumentos colocados proporcionaron mediciones-

congruentes con el comportamiento estructural del tú-

nel y consistencia durante su operación por lo que 

los datos obtenidos se juzgan confiables: 

b) Las deformaciones que ocurrieron en el techo en los-

tramos experimentales (secciones 7 y 8 del cañón 4 y 

sección 2 del cañón 3) fueron excesivas para la esta-

bilidad del túenl de acuerdo a experiencias publica--

das*. Se alcanzaron deformaciones de 12 cm, correspo~ 

dientes a una expansión del 2% entre el punto de medi 

ción y la cara libre de la roca, en un tiempo corto -

para lo que deben estar abiertos los túneles tempera-

les de la mina. 

e) Las deformaciones deL techo ocurridas en secciones en 

las que no se removieron los postes verticales de ma-

dera fueron entre 1 y 2 cm en el tiempo que duraron -

las pruebas (ver figuras 7, 13, 15, 16). 

d) De aucerdo a las mediciones de extens6metros coloca--

dos a diferentes profunidades en el techo, entre 2 y-

3 m hay una deformación importante, posiblemente una-

grieta. 

e) Las anclas de 1.80 m de longitud parecen ser reduci-

das para el ancho de túnel ensayado. Anclas de mayor-

longitud. 

---------------------------------------------------~-----

--~--- ' -------------------- -------------
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podrian conducir a resultados más prometedores. 

f) La deformaci6n de. las paredes de los túneles fue muy reducida 

con valores máximos de 2 6 3 mm. 

g) El piso del túnel manifest6 expanci6n con valores del orden -

de 2 cm como máximo. 

h) Los dispositivos para medici6n de convergencia proporcionaron 

datos congruentes con los obtenidos por medio de los extenso

metros de piso y techo combinados. 

i) El tramo en el que se· colocaron anclas con madera rolliza co

mo trabes (zona A del cañ6n 3) present6 Un comportamiento más 

uniforme que el tramo con anclas solas (cañón 4). Además hubo 

menos agrietamiento en el techo. Sin embargo, la longitud de 

anclaje y separación del mismo, no represent6 un soporte ade

cuado por ia rapidez con que se llegó a la deformación máxima 

permisible. 

j) Se pudo observar que e·s muy importante para el buen funciona

miento del anclaje colocarlo inmediatamente atrás del frente~ 

abierto. para evitar deformaciones entre ambas operaciones se 

formaron grietas en el techo, próximas a. las paredes y paral~ 

las a ellas. 

9. RECONOCIMIENTOS 

Los trabajos desdritos en el presente reporte fueron posibles 

gracias al patrocinio de la Coordinadora de Rio Escondido,Coah. 

Ió colaboración del personal de la Mina de Rio Escondido,Coah. 

'.: 

. ·' 
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y especialmente del Ing. Salvador Uribe V., Superintendente 

de la Mina, permitieron el desarrollo de los programas de -

ensaye. La colocación del" anclaje estuvo a cargo del Sr. Ma 

rio Urquijo B. En la coordinación de los trabajos de campo

participaron los Ings. Raúl Ramírez Aranda, Sergio Ochoa y-

Alfonso Rodríguez García. La colocación de instrumentos y ~ 

jecuciones de mediciones fue hecha por los Sres. Filadelfo

Ayanegui U., y Humberto León M. Los trabajos de laboratorio 

fueron ejecutados por los Sres. Efraín Esper6n Q., y Fran-

sisco Vallejo C. La fabricaci6n de instrumentos fue hecha-

por personal del taller del ~epartamento de Estudios Experi 

mentales, a cargo del Ing. Jorge Borb6n. 

NOTA: La suspensión imprevista de la operaci6n de la mina -

al cerrarse la Planta Termoeléctrica de Nava, Coah. -

impidieron llevar a cabo la totalidad de las pruebas-

:programadas. Se pretende.continuar con los ensayes 

.·una vez sé cueJ1.te con la mina nueva. 
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La información en esta publicación ha sido d0.sarrollada; 

' 
por Du Pont para proporcionar a los consumidores de explosí-

vos el conocimiento práctico relativo al arte de las Vo.ladu-· 

·ras Controladas, para reducir el exceso de rompimiento. 
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ADVERTENCIA 

La presente informacién comprende un análisis de los pri~ 

cipios,· ventaJas, aplicaciones y limitaciones de cuatro -

métodos de voladuras.controladas, baRada en .la informa---

ci6n elaborada.por DU PONT para proporcionar el conocimien: 

. .-to práctico sobre el. uso de explnsivos a fin de reducir -

./ 
,el exoeso de rompimiento o sobreexcavaci6n. 
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Los consumidores d~ explosivos han buscado y ensayado muchas 
maneras para reducir e¡ ex~eso de rompimiento o eobreexéavaoi6n de -
las voladuras. Por razones de seguridad, el rompimiento excesivo es
inconveniente tratándose d~ taludes, bancos, frentes o pendientes -
:inestables y es tambi~n eodn6mioamente inconveniente cúando la exoa
vaoi6n excede la "línea de pago" (implica concreto extra y los -talu-
des fracturados requieren un mantenimiento costoso). · 

En voladuras controladas se utilizan varios m~todos para re
ducir el exceso de rompimiento¡ sin embarco, todas tienen un objeti
vo común·¡ Di'sminuir y distribuir mejor las cargas explosivas para r,2_ 

·ducir al mínimo los esfuerzos y lo. frP.ntura de la rooa más allá de -
la línea misma de excavaoi6n. 

Los nombres descriptivos asociadoo con los métodos para las
Voladuras Cont~oladas son muy numerosos y en algunos casos, hasta-
confusos. Este informe ha sid·o preparado por Du Pont para aclarar -

.estos ·términos y para establecer los principios básicos de loo divor 
sos procedimientos uso.dos. -

Desde que se empezaron a utilizar lo·s eXPlosivos en las in -
dustriae minera y de la construooi6n, se ha intentado desarrollar -
f6rmulas que proporcionen métodos más seguros para controlar el exc,2_ 
á o de rompimiento. En años recientes, los métodos se han vtie l.to m<Ís
compli~adqs¡ sin embargo, son todavía proposiciones esencialmentn a
base d'e onsa,yo y ajusto· en lo que se refiere a su aplicación en el -
·campo. ·Esto no es reo.lmente sorprendente si se consideran las vo.ri<J.!!_ 
tes geol6gioas involucradas en las· voladuras. Es ilusorio cree1· que
el mismo método de voladura pueda ser igualmente eficaz en formacio
nes Ígneas compactas que en dep6sitos sedimentarios altamente estra
tificados. · 

·Por. muoho<:; años la barrenaci6n en Línea fue el Único proce 
. dimiento utilizado para contro"lar el rompimiento exccf<iVOo La Barre
naci6n en L:l:nea 'o de límite simplemente' consiste de una. nerie deba
rrenos en línea, vaci.6<', a cor.ttL distancia unen de otros y a lo lar (lO 

de la línea misma do e::-:cn•ro.•:ión, proporcio;c~tY\o a·~'l un ple.no dé debi 
Údad q~.o la voladu:<·a p1cc\o romper con .fo.oilidlC.d.. · -

;' ' A tr~vés de los· años'; las modificaciOl163 al B.arrenado en Lí.,. 
:nea han provocado la introducción· ele otros términos talea como1 Vela 
dUras Amortiguadas ( Cushion Blas'tincr), VoladUl•as Prefract'.IT<tdas - _: 
(Pre-Shearing), 'voladuras Preoortas (Pre-Spli tting), Vohdura.s Perfi 
ladas·· !Smooth Blasting), Voladuras Esoul turalcs (Sculpture Blas tine); 
Voladuras Perimetrales ·(Porimatcr Blasting) ·y Voladuras de Contorno
:(Contour. Blasting ), Estos procedimientos difieren del principio do -
~la. Bar.renaoi6n en Línéa, esenoialmen te, en que algtinos o todos los -
,barrsnpa se' dispeu;:an .e:on cargas explosivas re la ti vamente pequeiias y
debidaménte,.,distribuide.s. La.'detonaoi6n de estas pequeñas car.aas·-.-

·-·.• .. ; '¡i ,·: 
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tJ.ende a fracturar la roce. entre loa barrenos y permite mayores es
'Jla.ciamientoa que en el caso de la Barrenaoi6n en Linea. Por lo tan
to, loa •costos de barrenaoi6n se reducen y en muchos casos se lo
.gra un m.,jor control del exceso de rompimiento. 

Los procedimientos de voladuras controladas descritas en e~ 
te informe se agrupan en ·cuatro categorías• 

1) Barrenaci6n en L!nea 1 de límite o de costura. 

2) Voladuras Amortiguadas. 

3) Voladuras Perfiladas o rl.c: afine. 

4) Voladuras Profracturaci.as. 

Algunos de los proc0dimientos ante.s mencionados tienen apl.i 
. oaci6n tanto en trabajos aubtorráneos como a cielo abierto. Este -
informe enumera eus aplicaciones, ventajas y limitaciones b~jo va
rias oondioiones. 

BARRENACION EN LINEA, DE LIMITE o· DE COS'll)JU. 

Principio. 

La Voladura con Barrenaoi6n en Línea involucra una eola - -
hilera.de.barrenos de diámetro pequeño, poco espaciados, sin cargar 
y a lo largo de la línea misma de excavaci6n. Esto proporciona un -
plano d'e menor resistencia, que la voladura primaria 'pueda romper -· 
con ma,yor facilidad. También origina que parte de las ondas de cho
que croadas por la vol;¡.dura sean refleJadas 1 lo que reduce la tri -
turaci6n y' las tensiones en la pared terminada. 

Aplicaoi6n. 

Las perforaoionoo d0 la Jlnr.rcnaci6n en Línea generalmente -
son· de 2 11 a 3" de diáffie tro· y se sepa1:an de 2 6 4 veo os de su diúm.2_ 
tro a -10 largo de J.e, lin~::.::L do cxcavaciÜT'-~ J..:os barrenos mn.yores d8 -
3" se usan poco coJJ. cr~t-.-:-· r~ir.~tcn1a p1.10•:¡ lG:J e1to::J costos de barreno.:
ci6n no pueden. compons(lrr;o suficientomcni.o con meyores espaciamien
tos. 

La profundidad de loa barrenos .. depende de su buena alinea -
ci6n. Para obtener buenos resultados, los barrenos deben quedar en

. el mismo plano. Cualquier. desviaci6n "Jn ellos 1 al tratar de barre -
nar más profundamente, tendrá un efecto desfavorable en los resul -

· tados. Para barrenos de 2" a 3" de diámetro 'las profundidad¡¡s nia,yo
res a 9 metros son raramente satisfactorias. 
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Loe barrenos de la voladura di'rec tamen te adyacentes a loe 
de la Barrenaci6n en Línea, HO cargan generalmente con menos explo
sivos y tambi~n a menor ''sraciamiento que los otros barrenos. La.--· 
dis ta.ncia en +.re las perforaciones de la. Barrenaci 6n en Línea y los
más pr6ximos, carga.dos, ''a usualmente del. 5t'l al 75% de la berma o -
línea. de menor resistencia ucmnl. Es práctica común reducir los es
paoiamientoo later:üos 'mtre barrenos adyacentes cargadoa en el mis 
m o orden con un 50% de ':Gd.Lwei6n en la carga explosiva. Los e:rplosi 
vos deberán quedar b:inr, rUs tri bui.<los en al barreno, utilizando para 
ello separadores y Priwe ... -::orcl. 

Loo m·ojoro::; re:-31.tlt;:H\os eon l~,. iJ.:t~rc.n;rci6n on .Línea no o'htiQ. 
non en form(lcioncs haJmogér\oCJ;; gn dónde loo plznós do estratifica. -·
ci6n, juntan y hon(lcchn;t;.:; ~.~on minimns. E::;tas irrec,-~.tlnridpdes conat!_ 
tuyon planoc: natural<'s rlc dch.i 1 idad tJ.UO tienden a provocar y prol·o!l 
ear el corte a trnvón d'J loA bnrrenos 0n Línea, y dol paramento dol 
corte. Por 1 o t(l!lto, lc.u formn.ci.onoo ocdimentarin;; do capas delga -
das y las moto.m6rficrt:> nJCnos connolidadas, son poco adecuadas para.
la Darronación en }JÍr¡ea como co11trol do rompimiento oxc~~sivo., a mo
nos que la barrenación ¡·ucoda bacerso perpendicularmente al sentido
de la formaoi6n. S:i.n omb2.rgo ésto es poco práctico on la mayoría -
de los trabajos do excavación. 

Trall~.ios_Q:_ _ _sj.eJ..'?.J•bi,crto.- La Fig. 1 muestra un patrón típ.i:_ 
co y un procedimiento I'f).ra li1 Barrena.ci6n en Línea para trabajo a -
cielo abierto. I.os m~.jo,·cs r•Jsul tados r.e obtienen cuando l2. excava
ci6n pr'imaria ee mantiene retirad.a do nna a tres filas de barrenos
de la línea precisil de occavaci.ón. I.a última fila o fila.o de barre
nos se separan entoncer; do la Barrenaci6n en Línea utilizando efJto
pines de retardo o conc>ct'Jroe ~IS de Primacord. E2te procedimiento -
permite la s:.tlida w~s fi\dl hacia el frente, pudiendo moverse la-
rooa hacia 8ste y cre::uHlo así menos prooi6n hacia atrás que pudiero. 
causar un exce.so de rcmp:cmientc milo alltí de la Burren.:wi6n en Línea 

En :form~cióncw m<l"tttmGrfioo.o no bien coneolirlarta~ y en form~ 
cionns sedl.mc~ntal'i ;.<; d. E> r:~p<>n d elg~dn«, lna. r"cul t.ad.or; con le. l1¡tT1'9._ 
naei6n en I . .í.neH P\!"--.d12n rrwejoral:Oi!:H~ cargatJdo ligGr~rr.o::nte algunoc do -
onos barreno" en lü1ea. l!ste proo.?.di:ü{)nto condujo a..1 dcGr.rrollo 
do los sistemas <1<1 VolRclur~.rJ Amorti[:uadns y de Voladuras ?erfiladas. 
Tar~bión se 0ncontró q,uo ll)3 ~·csuitndoo de la Barrcnacié.n en Linea -
podían méjor(:!.rse en algunas formaciones, carGo.ndo liGcrG.mtmte Y - -
disparando los barTHnOG ·,;;n 1-lnea antes do la voladura principal. -
Eato condujo a ln intrDducción del método conocido como }'recortado
o Prefracturado. rl.\.1da.s t:::;tas modificaciones a la Barl'cnaci6n en - -
Línea provocan ma;ror dnbi.li.dad u' lo lar(lo d.e la línea proyf!cto do -
la axoavaci.ón utilif>ando la fuorza d.ol explosivo para cortar la ro
ca entro los barrenoo, 

.; 
-· ·-·--· _ ... _,:__._. ---~----· --'-·~-------· -----~--------·-------

• &, '. 

• 1 -~· • 

~-.··. :· : 

• 1 • !~ 
r·. ,, • ;1. 

. ,, 

·' '1 ... 

. ' 
. ·~ 

. ' 

,., 



- 4 -

~ajos oubtorráneos.- La aplicaci6n do la teoría básica 
del sistema de Barrenndo en Línea; esto es, utilizando solamente
barrenos vacíos, es muy limitada en trabajos subterráneos. Gene -

· ralmon te so usan barrenaciones cerradas, pero siempre cargadas -
aunque ligeramente. A este procedimiento· hemos preferido llamarle 
Voladura Perfilada y será desc:-i ta pos tcii ormen te. 

Venta,jas.- La Be:rrenaoi6n en Línea es aplicable en luga-
roo donde aún. con carga o oxplo:'li va o l iceras' <?n combinaci 6n con -
otras t<icnict\U do voladura<< controla<iau, pueden causv.r frac turno
más al-lá d<il lími k de la oYca,,aci6n. 

Cuanüo se utilizt.\. c.:on ot·1:os procorliminatvu de voladuras -
controlaclo.n, la Dilrron¡.~.c i ón -;;~n "Ll'Iíe.a entre barrenos cargndcs 
~casiona fraotur·ao qur:.1 mHj6x':::~ 1os resu} tados. 

Limitacionas.- El Bu.rronado en Línea tiene ciertas limi
taoionen que deben conoecroo~ 

Los re:ml tadoe <lo la Barronr;ci6n en Líne¡¡. no siempre son
previsibles, excepto con fon"aciones muy homogéneas. 

Debido .a que la Gepc;raci6n entre barreno y barrono es muy 
pequeña, 10t1 ooiltoo de bn.rronaei.Ón son al tos. 

Debid.o a que· la Darrcnaei ón en Línea requiere un (íl'an - -
número /do barrenos a ec}>aoios muy cortos 1 la perforación llega a
presentar dificult.ncles por lo quo lon reoultad.os a menudo ·nO son
satisfactorioc debido al clefectuo,,,o o.lineamiento de los barrenos. 

VOLADURo\S AMOTI ~g;_Uj~.]?AS. 

PRINCIPIO. 

La Voléidurn .ArnorttG··.lt:.-:ln a vccnf.; denominada 
po,ra recorta:r, lQ.;j~éÜ' o dl~libr.:.~i;nr, ::;(~ introdujo cr· 

r . o ···., A' . D , 1 [l . . o -' 
va_~ n <:Lltl...~s~ _, l~.::~Pa._. qHc .. .:-.~ -~u.•rl:nar.~:l.VP n:·¡ J:l.nc::!~ 

A;nort.it';u.:¡do· iu:pl:i.Gn. une flOla. Lila (::J L)(l_·;,·_::~-~·.'10::.1 -~-~lo 
línea peoyün.to ele cx.c;:'!.V;_v~i~~;-¡. 

como vo_ladnr:l-
01 Canadá h~tce · 
lé-:.. Vü.l.ndtn·~ 
1are.o de la 

Aünqne on cut a volad.ura, eo;no o o prac ·t.ic6 originulmcn te -
ne hacÍ<ln barrenos de 1¡ 11 a 6 1/2 11 dn rl.üSr:wtro ~ tD.mbién hc1 u ti iiLJf!.. 
do barrenos pcq_uoi1os h'auta. Lle 2 11 y 3 l/2n de tliÓ.m(.'tro. L;;JJ cc:..-;_~gas 
puTa lao volo.,(lureG n.mortigua.d·2.t:J d.ebcn Gc.r p\::quoñan, bien dintri -
.huidas, perfoctnmente rctacadaG ·y ~-10 hf1.rá.t1 ·explotar deBpuéo de -
q_uc la m:cavaci6n p:rincipal ha sido deope;jada. Al ser volada la -:
berma, el taco .amorti(';'un .la 'Tibraci6n dirigida hacia la pared ter. 
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TABLA I 

\ 
k//) .... ~ -

CABGAS·Y PLANTILLAS PROPUESTAS PARA VOL~OURAS ------·---- ~-----
MORTI GU,~DAS 

-- - --· 
O 1 MlETRO DEL ESPAC\1;:,11 ENTO BORDO EN ·cARGA EXPLOSIVA EN 

PIES BARRENO EN ~ 1) L 1 BRAS/P 1 E (1) EN PULGADAS PI S ( 1 ) 
'• -

2-2 1/2. 3 4 
1 

0.00-0.25 

3-3 1/2 4 5 0.13'0.50 
-

4-4 1 2 5 G 
' 

0.75-0.75 

5-5 1/2 6 7 -0.75-1.00 

6-6 1/2 7 . 9 1 
1. 00 - 1. 59 

-
(1).- Oependerr de la naturaleza de la roca. 

( 2). -

Las qi fras anotarlos ~;on promedios. 

' . ., 
El diámetro .tlel cartucho debera ser 
igual o menor que la mitad del -· 
diametro del barreno .. 

. ~ . ' . . 
-- --- -----•---- ._..:... -------- -----------------~-~-----------------~- ~ 

¿(:;, /. 
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minada, reduciendo así al n¡Ínimo la fractura y las tensiones en es 
ta pared .. Di<;parando los barrenos de amortiguamiento a pequeños i!l 
tervalos, la detonaoi6n ti~ndo a cortar la roca entre ellos dejan
do una superficie uniforme y con un mínimo de aobreexcave.ci6n. 

Obviamente, a ma.yol\ di.ámetro de barreno, se obtiene ma,yor
e.mortiguamlcnto. 

APLICACION. 

_ E,n la Voladura Amortiguada 1 so iú;oaloja el áreG .. principal
do cxcaváció:n de,jando tUl m:lnl.mo d.o l:·e.r.~:o fTente a la lÍnHa final -
C.o e?Cca.vaci6a. Los ba:r~:rcr:os ele ::H:l:.-::~. :~:l;::;u.a-~1i.cnto _pneclen pe:;.~forerse -
ya se.a· antefJ ·de ln. voln.durn p.t·i_:n:~f'L-1 o justamcnto anten d.e rcr.1ovcr 
el banco finaL· 

Tra.ba.ios a cielo .1.btcrtoG~~ Kl banco o Qerrna y el eciJacia 
miento v'ffi.id;:in d;-,-~;ü~';~(Q·-~~--~~f di.1·notro de los b~rrenon que so
hagan. l,a Tubla I iTILHHJtra una c·uío. de I>at.rono:-; y CELI'[;'O.G p;::.ra d"i.fo

:rontos diámetros do barrenos. N6tesc que los números mostr¡;,<lcs cu
bren un campo promedio debido a las v¡criacioneG que resultan del -
tipo de forrnaci6n por voJ¡¡rso. Con ontc procedimiento los barrenos 
se cargan con car.tuchos enterco o fraccionad08 atados o. líneas de
Prima.cord n. manera do :r~cua·c·io·, 'll8i.Sntlo~.i0 e:onoraJ.:n"ento CUJ.,tuchos de
l 1/2" do diém~tro po1• 3 11 d.e lr•.rgo y eolocá.ndose a 1 6 2 pios do -
sorn.Lracióri. 

Para provoo:u· el eorto nn el fondo del barr.ono, so utiliza 
uua carca 2 6 J. vece::> mn:¡-~or ·que .lu: ut.i.lizcida en la parte· Gupcrior
dcl barreno. Pa:ra efect~Js dP. ú.n amortj_GU<Jiiiicnto máximo, las carcas 
deben colocarno dontro del barreno t2r. :'r6:<imas co,~o GOll posi blc -

.a lu pared correspondiente al la.d.c, :le J.a ~)xcavac.i6n. Pura loe,rar -
esto, pued.e roi;a.car:Je· la p¿rr!:o posto:rior :1cl bari;eno,. pudiend.o 
también colocai'3e cui~ias· o blOck::; G.c11tro dtJl miurno (ver fig. 2) • 

. I.Joo cúrtuchon 88 f:;.,jnn eon r:.i .. n[;;:_,_ ;Jd.h0sivn a 1:.:;.~. líneas dc
Pri:nacord1 o ·cu:~ndo ~~:-;tL;-1 .,.,_~otr:i.r.;1;t;u do tu;)C·~·; cl•:r-;liz.:.:.nt:n~~ p;.1ra ;
Pl·:LnH:~cord., . .PO()d•.:n G;.:.:i.'Gi'.l.~;·~· l;í.:jÜiHl;l.ll·~:·.: J.~·~f-;.[)·~~ln.::.~ n lo::-. int.cr\ralo::; 
de~·-:.cudoe .• Pueden uti.l.i ~.;:n':;_: tu.1HJr; (:r:i·¡.J~:·t.e.i.a/:.orcn par.:!. ~Jl1toner ln.s 
distn.ncí~1G dc:incaduc ün1iJ•u Ct3.rtuchou. 8.i. no se llfJD:J C3paciadores, 
oc puede colocCL:- taco en.tru cad.a cw·tacho quo se d.e.je C3.CT• 

CtAando la cn..rga en Lora pnr<J. un ·barreno r:.e arma p.r.cviamen te 
fi¡jn.nd.o a una. l:lnen de Fr.ír;¡.:::_cord. .lo:-; cartuchos., ol to.co dcbt: colo
carse yu. quo la carB".::t com·plcta hn.~ra qur:dado .colooada en el" in te 
rior del hn.r.rono. En er:it.e t":D.sO, puodcn servir como taco materialoa 

·como arena., piedra tri:tura.:ia· o grava~ "siempre y cuando tenc.m su~ 

~ ' . . . ' . . 

J~· ~·~·-·-· -·~-----:._·-~-·~-·-· -·~· ·~· _·.:..-.-----------·----~--·-· -· -·~-
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ficiente fluidez como para llenar el espacio entre los cartuchos.
Subiendo y bajando continuamente la línea de Primacord a medida -
que se va vaciando el taca, se n,yuda al rellenado entre cartuchos 
Los últimos 2 6 3 pies dl!ll barrono se atacan completamente y no

. se cargan. La cantidad de taco en la parte superior varía de 
acuerdo oon la formaci6n por velarse. 

El retardo mínimo entre la explosión de los barrenos amo!:_ 
tiguadorcs proporciona la mejor náci6n de corte entre bc:.rreno ;¡ -
barreno¡ por lo tanto, normalmente oc c1nplean líneas troncalec de 
PI-irnacord. En donde el ruído y la vibrc.ción ·Tcsulten ct·ítico3, se 
pue.den obtener buenoo rcsul tado~; c·:·.n nr. topincs de re t~J.IClo j.~s .. 

Lo. relación berma o. línea <le menor rcsi~tcncin./espacia 
miento, variará en algunas fcrm<lCionc'l, l)ero para· obtener un me -

· jor corte entre barreno~,, el espaciamiento debe ser menor q_uo el
ancho del banco que cleba ser volado .(Ver ~'abla I) 

La Voladura. Amortiguada puede :practicarse por mrítodos de
banqueo o perforado previamente lqn barrenos de arnorti¡;c~n!nicntb -
hasta la profundidad completa de la Bxcnvaci6n. Cuando es uaado -
ol banqueo, se deja usuo.lmen to un escalón mínimo de un pió por -
banco, ya que es imposible eolocar el taladro al ran ele la parecl

·dol banco superior • 

. La profund_idad waxJ.mn que puode volaroe con éxito por es
ta método, dependo do la precini611 de1 alineamiento de los bnrr.2_ 
nos. Con barrenos de diámetros ma.vores puede mantenerse un mejor
alineamiento a mayor profund idarl Las desviaciones de más de --
6u del plano de los barrenos dan generalmente malos resultados. -
Se han hecho voladuras con éxito 11r,ando barrenos de a.nor tie,uamic!:!_ 
to hastu de 90 piés de profundidad. 

La vefocidad de penetración clel talaclro debe· taubién ser
ci:>nsidere.da al ·determinar la profun.hdb.cl d.o los barrenos. Si por
ejemplo, la penetrá.ción a unG. profondid.c1<l. (l<et"rminada resulta de
masiallo lcntrt. 7 Il\H.:d~ rr:~·ul·l:J:1_:- J:H:Í.r:; cconti:ll:i.có 1Jetnqt:¿_l.r y t'I.GÍ obte -
ncr n.vfll.1ccs má.u _]'cale:-~ p::;.rv. rle.r un cos·:.d glcl1n.l b:.:.jo de porfora -

·ci6n. 

Cuanclo se rea.li~'rall volad.ura3 por alilortiguo.:nien to · en irean 
Cll:rvus o en esquinas~ sv requiere menores espaciamientos· que -
cuando se vuola una ·sección recta. Pueden también utilizarse vcn
tajoswnente talarlros-gu{a cuando Ge vuelan caras no lineales. En
esquinas a 90°, una combinaci6n de varios procedimientos para "vo
laduras coutrola<lao, clnrá mejores resultados que la voladura amor. 
tiguada si~ple (Voáso la Fig. 3) 
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RESULTADO OE ·UNA VOLADURA AMORTIGUADA USANDO BARRENOS DE 
AMORTIGUA~IENTO DE GRAN DIA~ETRO Y BARRENOS GUI.A DE 

PEOUE~O DIA~ETRO. 
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con el espaciamiont·o de .aire. En ·tiros o· en cualquiera operación -
subterránea:en la que.intcrvenga.il barrenos verticales o inclina 
o:J.~s 1 se aplican los· mism!Js procedimientos_ que para loa trabajos a-

. cielo' abierto. 
J t. 

'Práctii:::amimte,.'el control de la sobreexeavaci6n en gala -
rías subterráneas deba. involucrar. exclusivamente el uso del taco -
efl. el ouello·:del barreno: Este téma ·será.-·trat~do en las Voladurae
P!!l'filadas. 

VENTAJAS. 

·'La Voladura, Amortiguada ofr,~co ciertas ventajas, .tale:s e o-· 
mo1 

Mayor.es espaciamientos entre barrenos para reducir los. co!!_ 
tos de perforacj 6n. 

Mejores resi.ll tados en formaciones. 110 consolidadas. 

Posibilidad de aprovechar ventajosamente la· i11formaci6ri 
geológica obtenida al valar los mantos principales ·cuando
se cargan los barrenos amor tiguadorcs. Resu1 tado, menos --
en<>a,yos en el trabajo. ' 

LÓ" resultados pueden ser observados desdo el primer diSPl!:. 
~<"ro, lo que permite ol'ajuste de las cargas, si es necesa 
ri o 1 , antes . de pro~eder. · · 

El mejor alinea.miento obtenido con barrenos de gran diáme
tro permite perforar barrenos más.profUndos. 

LIMITACIONES •. 

Hay ciertas limitaciones para lio.s '·Voladuraó Amortiguad,as - .· , . 
. que deben tomArse Cn c'on3iflt;-.r•'ación. Entr·~ ;.éstaG. están~ : ·;; . 

! •' 

... 
La necesid.ad; de d.cspcj;.u· el ¿_Írc.J. e::.:r::~:.:.vad.u. antcG de· .i..niqiar 
las voladuras ;ünor tiguadas. 
' ' . 

·~: ¡ 

N·o·son:·prácÚcas para cortar cr;quinas.a·'90° 1 sin utili~¿r~ 
q. la· vez la Jlarr.en;;,ci6n en Línea o. el PÍ-e frac tur.ado. 

·' . ~· ., 
•' 

·'.A· veoés, él · oxoeso de' r'ompirriien to .originado por 'las volad!!_ 
.. ra.s pÍ'incipalo3; elimü1a completa 0: parcialmente el· banco 
, P?r volares por aniorÚg-Uamiento. Requierensc· así, 'vario~. 

ajustes a ·las cargas do diferenten bari'enos. ,;; 
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PlANTILLA TI.PICA P.ARA EXPLOSIONES RETARDiiDAS, 
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TABLA U. 

VOLADURA PER~ILADA. 

-DIAI;lETRO OEL ESPACIAf,iiENTO BlhRDO EN CARGA EXPLOSIVA 
BARRENO EN EN (1) ~(IIE)S ll BRAS/P 1 E ( 1) 'PULGADAS PIES . 

' 

1 1/2 - 1 3/4 2 3 0.12-0.25 

2 ' / . 2 1/2 3 1/2 0.12-0.25 
" 

(1).- Dependen de. la naturaleza de 1 a. roca. 

Las cifras anotadas son promedios. 
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PRINCIPIO. 

La ·voladura de Afine, conocido:. ·t·r.;nbi.én como de Contox·no, -
Perimet:r'-11 ·o de Escult1U'a, fué introducj.da en Suecia y es el méto
·:lo más. ampliamient8 aceptado para contl:'o.lar o1 e·xceeo de rompimie!l 
to en galciíus .dO .~1.va11C8 o e.xoavac;io.nes encalonadas .en trab.;fjos -
Subterráneos .. 

Loe rrHJtodo8 d. e lt~ VolD.Ü1H"r.~. ~-~·- r,-:r].no; t~l y cornO sun (lc·~cr_i 
tos por Ulf IJ:~n&efors y D:iGt·n Kii~.t-•;, ,_--·::-::};J en su reci{;:-1te l:i. brol 0Ln
técnica Jdod.cr·na de Voladt~rtl~~! ~~n Rc.=~;:..::Y, tlenen aPI::icaCión ton·:~?- en 
traba.) os su.btnrrándo~J como P.. c·ir:J.o u.lüc'r-l;o. Sin .ert!btJ.rgo 7 pU03to --:

que el uno <le esto~~ rnétod.ÜS ~n ,tra.lJc::.jotl a d.Csr-ub-ieJ'to ·cG pr.áctir:t:!
men te idén-tico 8_ lO!·I 1le L::. Vo.l.U.dnra .!\Elorticnada,. en es te informe -· 
so tratará· sobrt: su aplicaci.6n _r;oltt.:ncn t.c en trabajo.t~ subterráneos •. · 

El :pri.ncipio básico d.e lu Yol.;,durn de l~fine C3 el miSmo -
que ol de la Voladura Junort.iguadaa ~;o hac!'n barrellos a lo la.r¡;o de 
los límites de la e.xcavacl6n y nc cn.r¡;a.n con poco cxplosi \"O p<ITa -
elim.inar el· bnnco final .. DíspnJ,~and.o 9o.n 1¡n mínimo de rctc.rdo entre. 
lor~ \)a.rrcnoG, obtiw-:o un cf0cto cor-tante que propo.cciona paredes. -
lisas con nn mínimo de s6U~céxcr.nraci ón •. 

APLlCACIO!< • 

. 2Enlv:'.,.i_c.~:; su.btcrr6:!2~~- _En !.)··unte;;; _ subto!rdneqs, en donde
la roca del techo y do lo'' contrd\Jcr f::J:o e: o dc.rruml:<a y desmorona -
I10r la falta tlo consoiidaciün <lcl ·m¿;_t•i:.'i.·in.t, el exceso de rompimien · 
to Ob corn(m debido et la ~~ .. ~~ci6n t-r:~tu.~·rJ.nto de las Voladuras .. ·. -

l!::npleando el m•)t<x1o ~.e la VoJndun:. Perfilndii ·o de Afine 
con cargns lir;eraG· y"· bien tiistrllmicl.~s ~ri ló"s 1Ja.rrrmoS i-::~rirn.et.rD.:· ... :~ 

·1_cs, 'oe roq_uioeCr1 ·me.n_03 pc~ri(a.' t.•.?s y :rcnui'·t:;.: 'úrla menor sobrc-e"x.cr~·.ra-~~. 
ci6r1. Aún en form<i\'::.i on0s lH:'-J;IGG,):u:~ac-~· r;-¡;J:::;·.tiu~:-~.~~-3_; ~.?;t(1 m8tnd.o_ pr_orJor-, 
"Ciono.. tcchnG:; :P!t-rer}(~l.~ rn:·:;. 1.].:-~r.,::-; ;{m;_'¡;-,: _f.~··.·::loG .. 

' lúJ.. V:olc:l/J.u:rn. Perfj_Jad'a' on ~r¿•.b3.,iOr; ::tuhtol-r.5J1óos u.ttlizr.t ba_; 
rrEnJos· perimctra)o;.:: en Ur1;J. J."elñ.ci6;·~ ele (.~pl·o.-:cim;.~dFJ.nÚ:!1tc·· 1 1/2 -a 1",
entre. Ql rmcho de -la -bermt~ Y ·f.:l or.;pr:.ci;J.m:iG.n·to us;:ndo ·carc.'ln.;licc.)- · 
re.:3, bion cl.i.:~Jtril:ini.daG:·y dispilú,dc.s en el úl'timo por:í'odo de.:retar..o 1 

·dO de ··la· ~.rol.'ud.ur.ao ·' ,{V.;)r F'is~· } ) ... Bs to:s ~·:> .. rro'tloa s;::· dl sp2~:~an' :O.C:s .. ~-_;._.
puét1 de .-lnG ·tar~enOr:i do pa.tt:.~ c.i Pié pa.ra --_a.süc;~ra:r- 'que 'l¿t ·rocaf 'fr?-:f:?-7-.~ 
ln0ntad·a.·. B·:-:. d.eGplaóe lo su:í.'icicnte pe.r!!. ofrccor el rnflxir.to desah.OljO:_-_ 

,.a.:, los .barrerlp.s de' ,1;J. Volad1u·a · Pei·fj_lada. E~Jtq franqueo p·t?rm:f·te 1,~-

.... ' .. -~-
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libre remoci6n qel banco "final y produce menos fractura más· allá
del límite do la exoavaci6n. 

Para asegurar un máximo de desahogo se utiliza a veces -
una galería de avance o túnel piloto. Despúes do que esta galería 
ha sido totalmente excavada, se barrena el banco final y se disp~ 
ra. En·eete caso y con este procedimiento pueden perforarse Y ve
larse a profundidades. mayores que con una b"arrenaci6n simple. El
método de galería de avance permite el •1so de las Voladuras Perf.i. 
ladas alred~dor de una parte ma,yor d.ol frente de una galería. · 

Al disparar barrenaciones preparadas con ente método·como 
aparece on la Fig. 7, el espacio de la parte velarle. se limita ul
arco y en parte, hacia la parte inferior de los costados pero. de
bido al abundamiento de la rezaga, no debe esperarse que este sig_ 
tema dó buenos ·resultados en la parte mrrs baja de las paredes. 

·Aunque la relación de la berrna n.l espaciamiento de 1 l/2-
a l, se recomienda oolamente como punto de partida.¡ sin embar¡;o,
en la práctica puedo neccsi tb.rse hacer modificaciones en la" forma 
de la ·voladura. También disparar los barrenos de lc.s Voladuras 
Perfiladas con un mínimo de retardo entre ellos, no es siempre n.s:.. 
cesa.rio. ~as cargas pequoñas bion dintribu:Ídas en los barrenos P.L 
rimetrales usando plantillas y retardos convcneibnales, han prodl!_ 
cido regularmente resultados satisfactm·ios. La Tabla II propor -
oiona las plantillas rocomendadas··y las cargas en libras por pió, 
para la'Voladura Perfilada. 

P1.1.esto que no es conveniente ni práctico at~r carg?-" a -
las líneas de Primacord en barrenos horü,ontales, la Voladura i'cE_ 
filada se realiza cargando a ccu·r] 1 <)art.uc!los do dinamita do baJa 

·densidad de POCJ.UOños di6.metros pare. obtener, tanto car¡;as peque -
ñas, como su buena distribuci6n a lo lar¡;o del barreno. Es nec•}G~ 
rio taponar estps barrenos con tarugos, arcilla o aún con un car
tucho de dinamita d. e tamafio normal bien· n.tacado. Si los barrenos
para la.. Voln.rlura PorfiltJ.rt.a no so t;.:..ponn.n ~· lo·r~ c·Eirtuchon co..t•go.dos
nc:'\Ji-ril sc:r5n Gt.1GC1(~no..do:·¡ por len 1H:.I'rl:;no:J del retardo n.nterl0r.
Ea tapón cvi tn -~a.ml.,ión .lec; O!:)COpc tatiOH y pormi te c1 uso dB ca'ic.as 
más ligeras. 

Loo cartuchos largos, de pequeño diiir.Jctro y con explos i -
vos de baja densidad, mejoran su diatribuci6n a lo lar¡;o del .ba -
rreno. Sin embargo, se han utilizado ..,on éxito cartuchos ·do 8" do 
largo y do diúmetro standard en este ·tipo de· voladuras subterr;Í -
ncas ·empleando espaciadores entre cartuchos· para dar una concen -
tración total más baja de carga (lbs .jpió ). Con este proccdimion
to, sin embargo, pueden producirse puntos de relativamente al.ta ~ 
concentración, pero con· resultados inferiores cuando se trata de-
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RESULTADO DE UNA VOLADURA PERFILADA 
EN UNA tALEHIA DE AVANCE. 
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• V8LAUilRAS PERFI.LAOAS PANA OBTENER 
CONTOHiiOS SEGIIN PROYECTO 
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RADIACIONES_ONOAS· DE CHOQUE 

ZONA DE-'TENSION · 

RESULTANTE DE LA COLISION DE 
LAS ONDAS DE CHOQUE 

RADIACIONES ONDAS DE CHOQUE-

ZOMA DE FRACTURA 

- ' 

----- SEPARACION· EN1RE BARRENCls-------------.. 

'- '.------~------------------------- ---'- ----·-·----------·---------'----- ----~--

• 

PRINCJP.IO DEL PREFRACTURAOO 

N O T A,. Si los barren,Js est~n sobrecargados, 
la zona de fractura se-extenderá hacia los 
l.ados y aún mas allá' de 1 ~ zona dé tensio'n. 
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formaciones no bien consolidadas. 

Las figu~aa 8 y 9 muestran los resultados de la aplicaci6n
de la Voladura Perfilada. 

VENTAJAS. 

La Voladura Perfi.lada o do Afine ofrece dos vonta,jas princl._ 
palos: 

·Reduce el rompimiento oxccsi"o CJ.UO produce los métodos con-:
vencionales. 

Requiere menos adorne. 

LI!HTACIONES 

Hay dos limitaciones básicas pura la Voladura Perfilada: 

Utiliza más barrenos perimetralen (lUe los mótodos convcnci~ 
nales. 

No es ,)fectiva }1éU'a torlar: las formncion8s c;col6gicas. Si el 
terreno es demasiado débil como para sostencrGe así mismo,
é<> te método no e.liminará completamente la necesidad de ado
rnes. 

/ 

PREFHAC'7'URAD0 

PRI!ICIPIO 

El Prefructurado, trunbi.on lLJ.r:wdo }'recortado o Pro-ranurado 
comprende una ·fila do barreaoo a lo largo de la línea. de oxcavaci6n 
Los barrenos sol\ generalmente del mismo. diámetro (2" - 4") y en la-. 
rno,vor:í.a de los casos, ·tocios cru·gadon. El Prcfracturado difiere ele -
la Barrenaci6n en Línea, rl•., la Vcilarlura f.mo::-tiguada y de la Voladu
r;..!.' Fc:rfil~1da, fm qt:.G r:.ur: ;_,~:.~renos oc dis1•:.u:an .:::.n tes QUC cu;::.lquicr -
b'rir:cono do lou de a1¿:.tna ;:;occiün do la. l;:::cnvo.ci6n principal ínmcdi~ 
tn. 

La teoría del Prefl·acturad.o consüJ·tc;' en que cuando doo car
gas se dic;pa.ran simul tó.nco.mentc en barrenos ad,yD.centcs' lD. colisi6n 
de los ·ondas de choque procedentes de lo" barrenos rompe ln pared -
de roca i'!tormedia y oric;ina grietas entre· los barrenos. (Ver Fig.-
10). Con cargas y espaciamientos ·adecuadoé, ·la zona fracturada en
tre bru:ronon se constituirá an una agosta fr'anja (lUe la· volndura -
principal puedo romper con facilidad. El resultado es una parerl li-

'· .:i ~· ,. 
•' \ , r .~.;_,:-.-:,. 
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TABLA · III. 

' C~RGAS Y ESPACIMll ENTOS PROPUESTOS PARA 

El.PREFRACTURADO. 

·. --
DIAMETRO DEL BARRENO CARGA EXPLOSIVA EN ESPACIAMIENTO fN 
.. 

. 

• - ¡ 

;,l!i\ f . ü " 

.. ~;~- ::_· ~ .. ; \ :i.. '~: '_ .. / i,. ¡ . 

EN PULGADAS LBS./PIE (1) (2) P 1 ES . ( 1 ) 

1 1/2 - 1 3/4 0.08-0.25 1 . 1/2 
. 

2 - 2 1/2 . O.OB-0.25 1 1/2 - 2 

/ 

3 - 3 1/2 o. 1 3 - o. 50 1 1/2 - 3 

4 0.25-0.75 2 - 4 

( 1 ). • Dependen de 1 a naturaleza de l.a roe~. 

(2).- El diámetro del cartucho debe ser. igual o menor 
que la mitad del di árnetro del b:J;reno . 

' ' 



12 

sa que casi no prorluce aob:reexoavací.6n. 

El plano pref1·s.cturado refloja parte de las ondas de cho -
·que proced•mtes de las voln.duras principales irunediatamente poste
riores impidiend.o que aenn transmi tidae a. la pared terminada, red_!! 
ciando al mínimo la fra.oturaci6n y la s~>bree:z:cavaci6n. Esta refle
xi6n de las ondas d.e ch<?que de las voladuras prino'ipa.les también -
tiende a redu.cir 1<1 vibración. 

APLICACIOU 

Tra.11n.jos a cio1o abiert2..:.:· l.•x> be;rrenos pnra _prcfracturar
se cargan do mnnera SütliL:LX' 8. los i·:JJ'renos pura voléiduras n.morti 
guadas, CDto es, ft~3 form¡'-ri r::.t~rgP.t· "en rosario" do co..rtuchos ente 
ros o pr.rtes de cc.rtn~hc, do '.L" 6 l l/2" de r:hámetro, por 8" de 
largo, e:rpaeiados a 1 a 2 pi<ía centro a centro. 

Como en las Voladuras; Amortiguadas, los barrenos ee dispa
ran generalmen to en forma sünul tá.nea, usundo una línea t.:-oncal de
Primacord. Si se. <lisparrrn lírwa.s demasiado largas so pueden rotar
dar algunos tramos oon octopines MS a Conectores Pri;naoord NS. 

En roca sin consol:ida.ci6n nlgunJ., los resultados se mejor.!!_ 
l'Ún utili7.ar11lo barronos-guía o d.o a.ltvio (sin cnr€;a), entre los b~ 
rrenos cargados, provocar;do así "l corte a lo largo del :plano de -
Sea.d o. Aún en formaoí oneB más conGiG ·~entes 1 los barrenOs-guía col!?_ 
cados ol')tre los cargados, cln.n mt<;jor resultado que J.umenta.ndo la -
carga e]cplosi va por barreno. 

JJ0!3 ospaoi.amiento" promcd.io .v lan carrras por pié de bn.rre
no so dán en la Tabla Ill. Es tus carr:.an anotadas son para las con
diciones d.e rocas normalt:JfJ y pu&d.on obtenerse utiliZ8¡ndo cartuchos 
de dinami. ta convencionale'', fnwci :,;.wdoz o enteros,_ espaciados y
ligados u líneas de Primacord 1 ("rünarion") ~· En un eJ. f0rmaci6n oin
conaolidnci6n alguna o e o"btuvierot.1 malos. r·36Ul tados hasta que la -
carga se redu,jo o. una col.nmna ·rormacla por l'rimacord de 400 ¡;renos/ 

·.pié o.xc1u.ui\'"clinoute c:n b:-1.ri:·cn0;;; r..> .. J.;~" eh~ 1-::ontro a centro. Ex).sto -
ta.ll!hié.n un caso cu qu~~ fu/: r.t:!c·~~B.:-!.rio red~wir la c~u~g2. de la colum
nu a. don tr;:Jrnos (le fr.lmt!.cu:rd Llü 50 grancn::/p-ié para evitar el exce
;:;o d.o rompimiento en úna. J)U.:!'Od t:tGal;artn, ::nl.J .. p~co con::;olirlad_n.. Po.r
lo t.a.htu, l(;i~.i ca:rga.G y etq)acin;ni~~n to8 dafl.os en la 'llabla III pueden 
ut.ili:¿ar(H-1 sólo cor:¡o un¿;.. t;uía y eu fOJ'ii!acionEw extremadamente· in · 
temperi.::.,:Hiao.. (De be consul ta.r~-;;o a un represen tan te do Du Pont an 
tea de proceder). 

Tod·on loo ba.rronoo C&.l'ffHdOo por Prefracturado se taponan -
completa.mon te tanto alrededor como entre ca.r¡pa para. evitar la fu
ga de gases hacia los estt·a.too débiles y que se originen así'·malos 
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Fig. 13 

. BARRENOS PERFORADO 
ER ÜNEA 

.. 

2.- PLANTILLA,CUANOO _I,A.EXCA· 
VACIOH ESTA DENTRO DELOS PLA· . 
NO& DE PREFRACTURA. 

e CARGADOS 

. .. ; 

•'r, 

. ' 

o DESCARGADOS 
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malos resultados,. Sin embat'go, al ,igual que en las Voladuras 
·Amortiguadas, se han obtentdo buenos resultados en las ·roroacio -· 
nes homogéneas más s6~idas 1 colocando el taco solamente en los --
111 timos dos o tres pi4s del barreno. También ,como en las Volad.u 
ras Amortigtiada.S' es cjonveniente aumentar la carga en los prime 
ros piéa del barreno ~aeta cer,ca de 2 6 3 veces la utilizada en 
laporci6n superior.- Esto provoca el'corte en el fondo en donde
es más difícil obtenerlo. 

Las cargas para Prefracturado so colocan y detonan de la
misma nmnerá descrita para las. Voladuras AmortiBUadas. Se rece -
mienda asimismo, colocar las cargas al tresbolillo en barrenos 
adyacentes para obtener una mejor d~tribuci6n total de la carga. 

La profundidad que puedo prefractur·arse c;ie una sola ve·z ,
nuevamente depende de la habilidad para mantener un buen alinea -
miento de los barrenos. Las desviaciories mayores a 6" del plano
de corte deseado, darán· resultados negativos. Generalmente la mi
ximn profundidad que puede utilizarse para barrenos de 2" a ---
Ji" do diámetro sin una desviaei6n considerable en el alinea'llie!2_ 
to es de 50 piós. 

Te6ricamente, la longitud de una voladura para Prefractu
rar es ilimitada. En la práctica, sin embargo,. el disparar muy 

. adelante de la oxcavaci6n primaria puede traer problemas pues las 
característice.a de la roca pueden cambiar y la carga ser causa de 
un exceáo de fractura en las zonas más débiles. Llevando el Pre -
fracturado adelante únicamente a la mitad de la voladura princi -
p"al siguiente (Ver Fig. 11) loa conocimientos que se van obtonie!2_ 
do con las voladuras principales respecto a la roca, pueden apli
·carse a los disp;::ros de prefracturado subsecuentes. En otras pa -
labras·, las cargas pueden modificarse si es necesario y se corre
un menor riesg9 que si se dispara el total de ·la línea de excava
oi6n antes de ayanzar con las voladuras. principales • 

El Prefracturado puedo realizarse s_imul táneamente a la -
voladura principal retl·vsando sus barrenos con retardadores f.!S, .
de manera que loo barh¡noG de Prefractura.do estallén pr.imero que.,. 
loe de la .voladura principal. (Ver Fie.l2 ) • 

En muchos casos, especialmente si se trata ·do' frentes no
lineales, el Prefracturado, en oombináci6n, con la Barrenaci6n en 
Línea dará buen_os resultados v.g .. cuando ·se desea conservar una'·-

.. ·. esQuina de roca s6lida entonces. puede utfliznrs_e la barrenaci6n --. · 
. en líneas en. la · acq.uina: para evitar el rompimieri to a· ,'tra,rés· de 7~ 
ella. (Ver F1g. 13). Los bn.rrenos-guía son tan ventaJosos en el ~ 
Prefraoturado ·como en las Voladuras Amortiguadas para provqcar 
cortes a lo largo de los plal!os ·deseados. ·' 

.. .' 

,•, 

• > .. 
. . :'" 

'' 
···.· •, 
·'.,' 

.... ' .... ,, 

. ... 



-14-

Cuando se profraotUfa on. formaciones sin consolidáoión y 
además ae utiliza la Barrenáción en Líneo., entre los barr;nos es--
paciados normalmente, lo. profundidad de la Barrenaoión en· Línea 
puede aer menor unos ouanto11 pié a 1 re.spocto de la profundidi).d to -
tal de los barrenos de la Profracturación. El rompimiento hacia 
atrás eo más probable en. la parte superior ·de un banco o nivel¡ en 
consecuonoia, el barren·ar ·en Línea entre barreno¡; de Prefractura-
dolaprofundidad.os-medi·as,-reduco-la-posi·bHidad-dc-rompimio·n.to,-='-=------,-
excesivo en cualquier tipo do formación. El material sin consolid2 

. ción las- oa.r¡tac do oxplooi vo por pié lineal dcl1orán reducirse en·-· 
. un 50% on la pe.rtc superior del b~.r.nmo' tendiendo e. reducir al -
mínimo el rompimiento oxccsi \'O de l.:t pared terminada en las capas
supo.riorea. Fi[;IS. 14, ~i y 16. 

TrRbn.joB S~'?J:t5n<2_?..",!.::. Usualmente combinado con el- trabo.
jo a cielo abierto, ol Prd'racturad.o tiene al¡;,ut1a aplicaci6n on -
frentes y rebajos nubtcrránooo escalonarros paro. controlar el exce
so de excavación y así mejorar la cot¡,.bilidad del tccl1o y de las 
paredes, reduciendo ·loe volúmenes de concreto dol ·revestimiento. 

Si los barrenos perimetralos de un frente se ejecutan b;ijo 
el principio del Prefracturado, se Cilr[;nn J.i¡;or.:~.mcnte y so dispa -
ran simultáneamente anteo do 1::: voladura principal; ol exceso de .,. 
excavación puede reducirse al mínimo. En ba:rronos horizontaloa, -
oin' ombar¡;O, no .rosÚl ta práctico atar los cartuchos de carga frag
mentados/a líneo.s do Primacord o colocar taco alr8dodor de la car
ga. En consecuencja, en trabajos llUbterrúnooo' pueden utilizarse -
cartuchos de menor diámetro, con onpacimloros, ·para reducir al mí
nimo la oar¡p. por pié. Es neceoari o utilizar cl¡;una for.ma. da tapón
colocado en la ·boca para evitar que "oseopetcon". 

Aunqub -teórico.mente firmes, las técnicas del p¡·cfracturado 
no se emplflan oÓn frecuencia en loo frentes subterráneos debido a
·posi blea probleni<:.s por barrenos sin detonar, o. la línea de mcnor
reois t.oncia y .a loa oop,cü!mirmtoe tan pGr¡ueños que se ti san en ·la
vol:id\lra prinroipal. No ob:.ten·te so han obtenido buenos rerllll tados
utilizo.ndo lan técnico.s cld PJ•"f:racturado en ga-lerías subterrú. - -
ncaa. 

Unn aplicaci6n del Prefracturado en trabajos subterráneos
qua ha probado sor satisfactoria, es su utilidad po.ro. el control -
en lns operaciones de oocavaci6n y derrumbe. Prefracturando hasta
lo<J lími tos de la vota, reduce al lírni te la pérdida. de miner.:~l en
la operación do derrumbe. También prcfracturnndo hrw ta los límites 
del rebaje fo.cilita el derrumbo inicial dol mineral. 
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VENTAJAS 
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El Prefracturado ofreos las siguientes ventajas! 

Awnen.to en el e:;,po.oirunien to de _los barrenos ~ reducci6n de 
o os toa d. o barrena eJ. 6n. 

No es necesario rGgx·esar a volar taludes o parodes rlespu~s 
de la exoalfa<Jión ;n·ü¡cipal. 

LH!ITAGIONE::l 

Al pro:fr·ac turr.r, ,::;8 ,...t ·L.fi c~·J ~ dutermin2.:r r,us resultados -· -
hasta no P.r:.L1er exeo.bado 1.otp.J.p¡·)nte hn::Jta. la. pared te:rri1i.nad.a .. Pues

. ·to que· al Pro frac turaclo "'" J.:Ceva a cabo :J.nt.cs qu0 lar, voladuras. · 
· prl.nc1'palea, no oc; pORiblc ap:·ovocb<>.r ol conocimiento de 19.3 condi_ 

e iones de lll. roca que se ollt.i.one con l~'.s voladuras :prin~ipales. 
'I'P.rn.bif3n;. loe osprwiamien tos d.B los bn.:'renos do las Voladurru:; Amor- · 
tigue.das y I)érfil:.!.das :3911 geno:ralmcntc m~yores que en el Pr·cfrac~. 
rado, siendo aBÍ qllf:: lon contoo de:: barronaci6n son menoros con en
te-dltimo oistomc. 

C O M B I 1T A C I O N E S • __ .. _. ___ _ 
Como ce .:1,~-:unté en l;l::; oc(:cioncq anteriores, es COt1vcniontc 

a menudo, cspoci:_:,:.)_mente !~n \.'crrrw.eionou imperfectamente consolido. -
das, bn.irenar en Lino a f!Utro los- ba.:rrcnos de Volc.duras ·amor ticua ·
das· y do Prefra.cturado p::u:a obt,_,;·.e.r bw.>nos resultados. Es tambión
fracuontomcnte ·vr:ntajoso ban·cnm· en Línea o prefracturar esquinas 
on donde se omÍJloa -la ;,oJ.a<iura e.n\Orhguada. 

l!il,J· un ce>:o registrarlo cm rlon<ir: ol Profre.cturado se hiz,o 
dentro· do 1a lÍneP. nctn de Gxcavac.itin antes de la voladttra p.finci..:. 

· pal; dcspu6B de . .llcvo.r la pxoavaci0n PT.inCiJJal hasta el plano pre
fracturado, el banco restante t;;s voló usando la técnica de voladu
ra nmortif,u(l.cla. E:~ló proce~irn·J~nto ofrecJ?. J.a. mcb:tma prot0·"cci6n ·pa
rr. la pcl·nd "t.erm.i n:;ula .J!UefiiO qu~ el pla:-10 profractu.rado tie.ndc a -
refloj[.:.r ltu:l oncl~v~ d.e choque de J.;:t voln .. rlu:t'fJ. p:.t•imc.riD.. T2.JTibién puo
clc obtenerse un conoo in: ion te completo <le la formación al quitar el 
banco final por m.:;d.io do VoJad.ura A:riortiBur.:.dn. .. Do esta ma.nern se' 
du protac'ci6n y un m~i.rgcn du scgU:!.'i(lad. por crr_ore.s de cálculo en -
el .caso dE-) que la l:lnou. p.refl·c-~c:tul·a.cta SO[~ robas:::.t.do.. 

·. ' 

R lE S IJ fJf :E; N • 

Est0 informé ha descrito loo procGdim:icntos principc.les pi
rt\ lar; Voladura:; Control<:ttks. Ha definirlo las ventajas y limita -
ciones de lr". B11rrcnaci6n on Lín0ti, de 111 Voladura Amortiguada, .do.,. 
la Voladura Perfihdr. y del Profrnctur;:do. · 
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TABLA A 

TAMAÑO 

1 X B" 

1 1/B" X B" 

1 1/4" X B" 

1 1/2" X 8" 

2 X B" 

'.• 

. TIPOS OE EXPLOSIVOS DIIPONT PAr\ VOLADURAS 
---,·-------~-------·-·-·---'----

CONTROLADAS A Cl-flG ABIERTO 

GELATINA ESPECIAL C. REO CROSS EXTRA C. 
c-·r i\'J'_;(Nj J.::.41:El .U ~-•·, i' tU .. T.Il:. .. EZ~·,·g;o _·:.-~~ .. !L-""·' ~- '· . · L-- ;cAiirucuus PUH · l lllS.; CART~CIIOS ll BS./CARTUCilO 

POR r.. 50 Lbs. · . el 50. Lbs. CARTUCHO --
139 O. 36 167 o. 30 . 

--·· --
114 o. 44 137 0.36 

---··· 
90 0.5G 11 o 0.45 

-- --
' 61 O. B2 79 0.63 

.• 

36 1: 40 42 1. 20 

-,.on: 
~"T· 

'·. ·. ',;, ·t· ' ,. 

2 ·:,,~ijt; e·.$:,:~ :•,_~iLi:~:L . _ ~·:~·- _i::.·~e..~~~··.- ~·-~------~--~--~--~ _________ . _··_·_· ------~:..........._ __ ..2..._'_. __ 
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. La Barrcnaci6n· l'n I.inoa, se ha demootrado ·que d<Í re3ul te. -- · 
dos imprevia i blos excepto e;¡ formaciones homogéneas. Los JlO(\Ueñoo -
espaciamientos. y el gram nú,ncro de be.rronoo necesarios, oriGina que 
los costós oepJl altos y la perforc\ci6n tediosa. La Voladura Amorti
guada ofrece ventajas dofin1 ti vas sobre la borrena.ci6n en Linea, i!!_ · 

cluyendo. un mayo::- espacirunionto y obteniéndose mejoras resultados.· 

La Voladura PüTfil.o.<i.n o d.o Afine sirrtto b1oicamcnte el misn:o 
principio que la Voladu:rr. Amorti¡;un.cla. :Disparando con un mínimo do
retardo entr9 bo.rronos, se obtiene un;.i acción dG corte que propor -
ciono. pñredos mó.:J lisas y ·un. mínimo d.: 30brGoxc~v<:!.ci6n. El uso de -
os to mó todo, en traba,jo~ subterrr.:ot',Os roquiorr. el o ciar t.:cs formas 
especiales quo yr:~ h:.:tn ::1"ido ox.pro1;.~1d2.s on detalle • 

El Prefr'l.ctu:ra.do di..fioJ:o do lor; otros métod.on on quo c;uo b!!:_ 
rrenon se di~pn.rn.n a_nt;(~s qut.~. cualquiern .. do ·los do la. voln.duro. prin

. ci:po.l. Es irlnor.o:3o.ri6 roc;re3a.r u volD.T tt:.J:udos o pcr(·)dc.z; dcspué~5 do 
ln voladuro. princii)al. Sin cmhnrgo, no es pot;iblv npro,.recho.r ln. ex
periencia o conooimicnto do lr..n condiciones Lle la roca que notmcl -
mente se obtienen· d_e lc.n voli:\dura.s principales. 

Es ln]]Y' . e o ·~2.!.~ te ~Ll.!!?-.Q:J!.!!l..lJ o:-:: r¡_!¿ o ti cr::S:!l_S.~Y...2!_9 o~-
trélbn..io de· volD.cltn:r.o nono~~cn.n de :!.ntomnno 1::,.:> ve:nt;;l.i<18 y lú::5.ta_cio-
-~~~'~ada Jt!:.?C(~;U:~~gn,E~:~l uT:í.l.i.z~r E.'.:.lf:f;jüi;,~~~d·~;-loc-; tipos do -
volo.durz..o -contróladaa, 8e recom.iencla efectuar en::; ayos }Jar.J. detorr:Ji
nar lnn ,C'argaS y pln.ntillas mt~s conv.enicnten. Deben tronarse V?~rios 
bnrreno3 y c~iudin.rac los rEJsul t.:.:.doa c.n te::.; de proseGUir. La GA'1JC -

riencia y conocirnion too que Du Pont ha ndquir ido en Voladuras Con -
trola.das a través do una divorsiclEod de operaciones pr<lcticas., pro -
porciona al conswnidor dc.explos:i.vod un.::. fuente in~preciable de con2_ 
cimientos. Los representantes t6cnicor: d.o Du Pont e;3tán dispuer:;toD
a trabajar conjuntarncnto en ln datcrminccci6n del cnótoclo miis ·éepropi;l 
do que deba ser P.plicccdo en un u si tuaci6n dn.da. 

Unu ovid8nctt'.. má{i dol cancci:n:i.~ntó de Dl.l Pont en el campo--. 
dn las. Voladuras Cont:r·olu9.a.~} est;) repr0.s"~nt1.L~lR Hn lo~ t1·es tip06-
do oxpl os i von ~!1.\'."!C)<~Jil)?:O.t.~. ;1).~e>,j1,:.~l.9.:."'.....~.TC.:::i\_~:~1.!'-EJl.E.~~- Controlada~ · 

Loo tipon --:t.nto:e:ior<:Hl un diáraotros de 1 l/1¡. 11 y mc.:rorc;; es 
tñ.n pre-pl;n·forados n lo lo.l.,?.N de tm:1.o el cartucho, o bion. tienen un 

·tubo de Pricnacord. de 8" innortado para cargt:r por graved<:d en lí 
neas vorticalos do Pricnucord. Los tubos do. 8" do Prima.cord so pue 
don utiliznr como ospaeiadoros .entro cartuchos completos o parciá -

loo. (Voáso 'ralütt A). 
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TIPOS DU PONT PARA VOLADURA~ 

CONTROLADAS A CIELO ABIERTO 

T 1 I'OS OU !'Urd PAfiA VOL ó.UUilAS 
CONTROLADAS SUBTERRANEAS 

; ___ ; ____ ,_!_.;'~_.J:...;.;..!_;_ ___ ~~:._~--- --- -~-·-· _____________ - ---------------- -- ----

'· 

--~ 

'' 

,· 

.. 

·' --~ 
\.\ 
'· '·' 

. ;• 

. ·'· 
~ z .. 

,. 

-:·,•· 
.. , 

. :j~; 

j. . ~ . ;~ 
!.r -.:j. 
' "! ' . ..:;. ;~ 
'' 1 \ ·._, 

' 1 
. ¡_ \ 



,. 

,, 

,! 

' 1 
t' -· .¡· 

\ '. 

' ·.; 

. ,'• •,' 

17 

TIPOS DU PQNT pARA VOLADURAS CON'rROLAllAS SUBTERfiANE~ 

TRIMTEX es un producto de baja densidad, de 7/8 11 diáme-
tro, por 24 11 de largo con lOO cartuchos por cada 50 libras o sea -
l/4" de lb,jpié de cartucho, Los cartuchos están provistos de lnan
gaa de acoplamiento para acoplar más de 1 cartucho y asegurar el -
alineamiento en el barreno, La ligera zarga/pié y el anillo de ai
re entre el cartucho de P"queño di..icmetro .y la pared del barreno --. 
·contribuyen a obtener un perinet¡·o liso con un sobre-rompimiento 
minimo.- ·,. 
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ExcAVA ClONES A CIELO A8;ERTO EN RocA 
-------------- ------- ---------,-------

;f'at! 1 e vél/t?r !3oiJ'tl 

mayo,~ 1.985 

?ROPI.éDAOES ClEOMéCANICAS ~pE INTE~VIéNEN r'A~A 

EL DISEÑO 

EsTR/JC TURA ' 
Milsivt:t ..... G_rqni/o1 cali2a, mineral 
Eslrali(ict~da . C'aliu¡ 
P!e3ada .... Luh'la, ¡:;i2arra1·esJvlslo. 

F rae lurt~do . .. (E n/ritumenlo o lecloni5mtJ) 
Dist-onl/nvtl . .. Basa/lo v~siavlar 
Cavernosa ... Cali2t1 cJarslic4 

' ' 

. 1 A ~TITUD . 
Rumho .!:1 echtl do . {! Cif4S /;tJr/:zonlt~ lq, veril'-. ¡ 

ca les e in el/nadas. " 
C/'HIDAD 

F ¡'s/cq 

Qu/mica 

?RtJPIEDAD.E.S r;s¡CAS 

¿ INDJCEG 

. : : : ~ S Cina o a //erada 

Resisfencia 

Densidt~d 

Porosidad 

li 

: 1 
_· ,j 

'' 
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-ea mino.· sin ¡;reeorle 

C'~.RTé. EN OBRAS DE loMA 'f CAMINOS 

Bt!llt(J J._ C'on ?er/oradom de f21ernc¡ 

13antc;s 2 !1 3. _ t!on l.racl:-dr/1/ 

TALUDES LISUAL.E5 

Grttnilos, ha6a//tJS!f lavt?s: }/4.:1, '/2:/. 
. . . 

Aren/seas mas/vt~sJ calh.as : }/4.:1) 'jg.·J 

Aren isca.s eslmfi/icc¡das1 /ol/~ 
fqs .!.f C!t;/ht/s no rn~sivat : }/2: 1,3/4:1 

Gne/ssJ es7vis/cJsJ mqrmo/ . : )/4: 1) f/2: 1 

Pi 2 (!¡ r ras : Y2 : 1, 7/4 : 1 
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1 

CANTER.A 

- E., 1 la !u el Je17era/ liene ~er¡()r ¡andienle 9'-'t- !t~.r /rt~t!· 
lvrt~ s e~r; ec!Jc¡ do de 60~ · 

- Se presenfr¡rr/n ¡;ro6/emás de fq !fa. /()t!Q/. 
- E/ /t¡ !u el /ti-Jet! no deiJe !le wr ¡;reefJrle. 
- Totí/ando en werrm l~s echc;das ele laa dtH dlsci/7-

lir¡vidc¡df!S {.¡¿_s/rt~ -l"s J /raclvras) el lalt~cl ye/Jera/. 
debera"' ser es/c¡/;/e. · . · · . ., 

"¡ 

' 



4. 

MINAS oe toB~e 

/ 
/ 

TALUDES DE. LOS TAJOS 

• • . . .. 
• 

f ••• . 
• - 1 

.. r!/ TA1.uo Ts~HINAoo 

?ERFIL OE éxPJ.OTACI(J/.1 
(Slll f'reerJr/e) 

__....,.~,-.-.-...._, ------- e a m in o es? irt:~l 

f7 A M 1 AJ/1<: 

Pendien les: 
Un1/orme :. m a.~ 8/o 

~~ RQ!nfaS de acceJo: 10~ 

/VIt:;txitrlt1 _. ;z ft. 



/E.CNIC'A5 DIE INYECTAOO 

a) 

' ' 

-.E.. ~ ho 
:Qif/mln i 

. ' '. 1 

GAsío i:.N ¡¿ /I!JJ~Jl ba¡'á Vfltl 

presion, de ./0 kg/~m 2 

1. 

1 

. -:~ -· ··:- . ! 

-, - ' . 

1 - . 1 

i 

r,. • 
¡ ! 

' 1 
,. 

¡- -· t 

·r -¡.....;...--:---11-J-1--t---'----+-L---·- , 

;· 

- i ' 

L--J'.I.L-"-----L..........,...--~...J- o~ 1 . 
'o. 0/ ¡ (), 1 ; 1 . 1 

' 'es¡u.sor,; e, mm: 1 

TrJ~no deitJJeclada~~m 1 

1 IJ/. '= J 11 /mih/m !. :. ; 
. • 1 

~ i /0 :KJ jam1 de¡;~e;i~ñ. 
• 1 • • 

! 

Borde: 

Wc,.> = 4-(I-P:) g b 
'iTE 1 -

• 1 

~eiJiro: 

w(tJJ= z (¡-pZJ~<? 
E ' i -.' 

• 1 

Ae=.2Wo i Lle=~Wo 
. i . 

... t • 
: ·. 

' 
' 

5.i ~ E:: loo t!X1J Kj /am 2
; Jl= o, s / R:e !Oii? :i )= /Okt/cnl 

1 
: orde • 
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j t/L = 5 ltj m/17 ?arC~ { /isvra de' r!J./ mm· 

1 O U L = 50 /t /mitJ ¡;qrq 'f, /lsvrt~ . ele tJ.?. mm 

f f? O UL = 5 ()() lt jmi11 jJélfa ~1/tsurt~ de ~- 5 m;, ;:: · . . 

5/ vn lrt:t mo de .5177 abStJfbe vn __9adfo :J= . .10o Jt/mil'/ · 
tt /0 k.f!/t!/77 ~ eoi\/¿S~Ilde! ~ J /lsvrt~ c(e. ~. ';5mm de . 

--esJJesor-o-a---;/-CJ-/isora-s-dr(p.12-lnH? .oi ~ ~:ioo~-w·-l"c:~_s_· --,---
1 . j ' l 1 1 

de {), 061J7n.. : i : ; ! ; ' . · ,,, l ¡ . ; ! ! 1 1 

' ¡ ~ ' ' ' 

?ERMeABJ¿¡pA!J C!ONTlÜ AP~IlT/I.eA 1o~ rtsu~~s : 
. ' ! ' 1 

' ' 
' l 1 

U L. 1. /isvra (0 /fstH4S 
1 

itJC /lsvrtls ' ' 
1 ¡ 

' 

/tJO o .. 4B4mm o~ 22s mm. (), /tJ6 1'17h1. 
' 

' 1 ¡ l ¡ 

1 1), 225 
j 1 ~ ¡ o ()) lt;6 ' tJ. O.t/S: 

' ' 1 ¡ 

' 1 i 
i 1 

1 ()./~6 4'.048 ' (). o22! 
11 

' 1 
•· ' 1 ¡ ¡ . 1 

' ¡ 

; ' ' ¡ . ~ ¡ '~ : 

' 

1 
1 

•1 . 

1 -, 
. i 

•. 1 

. ' i 1 i i. ' ' ¡ j : ' ¡ 
SitJIJ eemenlo -:4.6 lie11e tJ.;z.fo dejrtu¡os>a~Í25min 1:: 1 

1 1 l ' 1 i 

::: 2() _Jrcrmos e;¡ lO K¡ de t!em~lo es §.pl!_~/e,llle f!_él¡.CI! -1 

f_fCJdvc/r sed/1J7enl;aioÍJ JI !}¡)_g_ht?mie/;lo. · · i . , .) 
• .. ~ . . - 1 . : • ' • i . ¡ 

:5; ii?.!feelt:framo.s a .30 d 40 k¡ ft~ 2 /as /tsvías 
1
Se a~rin~ ,! 

a. e;, 0 o/ CJ.f ml/7 _y et~lt:>lle!e~ ~A.,PtiStlr';;,/1 los ¡rti11lt1S, · : . ¡ 
: ! . ' ) j ' \ 

5e ¡o~dur vsar ~emet?/r;s /r'll~/ ~ /JtljbS ¡resiolles ~ 'ie.; . j 
lner;~s ¡tt,¡eMs.4 alias ¡;ré'siooeS¡. • : , ; : · i · ; , ~. 

' 1. j . '. • • f 1 ', 

A"""''" ·. i · 1 ! 
do!l7o la ¡f.ve:ba--/,~etJIJ se h~ae étJt1 :tl)v,a //mfJI'a J¡ a Jt?~/&il¡ 
de~tesidh /70 exis/e ~orre/qt!;'tJf¡ (!fi,¡ '/tU1tt'hSOíC/o11eJ c/~me;.~M!.' 
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donde : 'l = vlseosidacl de!/ltJido 
r ::: radio . de/ /)(:¡ rretto ¡ , 

j i 
R.:: radio· de pe11etrttaion , ' . ; / . 

• ¡ ! ¡ 

1 
. 1 

. ' 1 i ' 1 . 

tJe los eusa¿es de de)rm.qJ¡J¡·daj~.;_jjeJ: o( j; . 1 ¡ 
1 

¡ . 
• ' ' 1 1!' ' ' 1 ' ¡ 1 ''11' ¿;;; ., .. ,, \ ; . . ¡ 1 i ¡ 

La dejbrmt~tu'oh de la /,-svrt:t es ·d;rúd~:,;nú}le jú .. oj;roioni/4 A. 
• • • • 1 ; ¡ ' . 

¡;resioh e /17 vel'sqmMie ¡OI"',Pora;óna/ i!h¡'e{ moáblo; e!tú~ea . 
. de la ~o M. .. i : . · ' T ¡ ' . : : : ; 
1J ()(tf/J le la a¡;/i t!t:~doÍJ' de: /a ¡;res/oh· /a jj,'stl/"4 eo ¡"MA . ~ 
¡a..e_r : 

40 +--+---+-

1.0 1---h-'"--1--

2 4 6 a/() ¡z, 
. ,P ,1 k¡ /t!lni 

+ f'raclvram/enlo Ütldfa/la¡Mr 

! j ·.--¡ ! 

- !. - 1 

f • i-

: ! ••• '1 •• 

- ! 1 
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1 
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Q: Af .(~ .;;31') 

' ' V 
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/. 1"1 
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1 • 
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/ 

' 1 ' • • 
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:i 
. 1 • ; 1 

1 • '. 

' . ;•' 

. ·"-!! . .. i¡ 
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:.. . '! 
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.' 
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ltjmin 
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1 1\ 
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1 1/ 
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Ret>!?E5éNTAetoN DE ENsAYES iuGeoN EN ESciLA io(iA.iiTMICA 

'. 
-sA· la fU~ el/en le de !tv.J en vo/venl~s f'l't>la.-1 foetz~ mt~-

JOr de 4} se lendn1' /n:¡ef..urt~mléiJio hiclrt:(u//eo 
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6 ) L /miles de ¡;e11efra~lli dd.d de /as mei!.t!las 

en/1/ncioñ de /~ ¡;eimet~/Jillclttd del terr~ . 
..... 
~ .\1 ...... 
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e!) S e dimenlac/c/n 

-

·' 
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' '. 

'1 . 1 

' 

1' ' ¡ ; 

í 1 '~----

• 1 

1 1" ¡ 
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' 1 l -- ~ 
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r-----...;tZVLA uv.a------==--- . , ., 1 1 1 . 
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Ve¡;oúc/ih: .. de ~.UU~Io ~m#eauda: ;¡ 
· h01c.la. CtfA:M, aha¡o • : · • · ¡, 

' ! 1! 
'. i 

i. ! 
¡. 1 

1": 
•• ! j 

' • 1 ' ' ¡ 
1 1 ¡ 

j ' 1 1 'l 1 'V..._e._¡;_o_~..:::ic'-)~ '¿e~~~~ ~~tUI20#~:) 
h~cld a¡u~:tll'rJ!Jt:~. . . :1 

. . ... . . i ¡ . '1 
' ' • ' 1 ¡ • ' 1 ¡ f 

· 1NrEce;oAJ t)~ LJNJ t1su.e~. iow; Mo~treRo !Nn/¿8¡./ 
¡ i ' 

. :. ! ' 
. : 1 

rara c;ue 170 Se jJtr:ld{)Zf!/:1 Ol"ft'~O.: 
. ¡ ¡ 

! 1 ' 
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PRUEBA LEFRAN~-MANOtL 
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SISTEMAS DE SOPORTE CON ANCLAS Y CONCRETO LANZADO 

tJiposilos de r;ó 

?;1LUO SO!VRTAlJO CON ANCLAS DE f'R/CCXON Y TENS!ON 1 

' ... ' 

f COnlrciCtmela . · 

1 
' ! 

.. ''··•···:' .... '- - . 
. : ,•:.'t .1' .... -

• • 

' 

Concrt!'lo /t1n.7aclo con mq$·~ 1 

ac:e;o y c¡nc.bs corlas de trie- 1 

C/Ofl \ 

C.Cul?elo ' 
1 

Roca mt/g a llera da 
o /uf/fa···· · 

'{• . . 

1 

i 
1 

..... ¡' . ~ ... . ··¡ 
· .TAl f/0: SOPORT400 C9# A#CLAS ·LJE rtf'!CÓON ¡>; .... :;j 
CONCRETO L4NZA1JO CON MALLA #ETAL!CA 1 

' 



12. 

ANCLAJE EN TALUDES 

·A continuaci6n se muestra un sistema de soporte de taludes a base 

de anclas de tensi6n postensadas y barrenos de drenaje. En el di

seño de este anclaje se ha tomado en cuenta el empuje hidrostáti

co, el efecto de sismo y el soporte de los dep6sitos del r!o. 

De,oosilos 
de r;ó 

Esfra.fo ¡',rfics 

/I-'-~-27Cc-li' eslre1/¡f'¡Cr¡.! 
1-'-~ oh atmú¡/erC'OP·j 

cténes áe or. . 
Pr4s1i>n hidr~sf.fficq cilla · 

TALUD SOPORT.400 CON A#CL.45 Oé TENS/CW 

EA/ ROCA ESTI?ATIF!CAOA 

• • 



13. 

SISTEMAS DE DRENAJE EN TALUDES 

De la relaci6n entre esfuerzos cortantes y normales de Mohr

Coulomb, -r = .a tan (il, .puede verse que los esfuerzos cortantes de

penden de los esfuerzos normales. 

Cuando existe presi6n hidrostática en. forma de subpresi6n la fuer;::: 
. ' . 

z'a normcit."ti~nde 'a disminuir con la consiguiente disminuci6n. de la 
·'' ' .. 

'fu~rza cio~tante:.' = '( fa'.:. u i tan (il; en d"oride' u = éubpr~Si6n. 

De acuerdo con lo anterior, se comprende la¡importancia del drenaje 

en la estabilidad de taludes. En la figura de abajo se muestran los 

sistemas de drenaje usuales. 

Gal~·rt'á 
filfranfe 

Conlracunqfa 

Barr~nos de rtr:.,..n.R 

? :::::: . 
ltJbo de alivio 

SISTEMAS DE DRENAJE EN TALUDES 

' 1 
' 1 
1 

'l..! 
' 1 
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· SISTEHAS DE ESTABILTZACION DE TALUDES 

DRENAJE 

ANCLAJE 

MUROS DE RETENCION 

MOVIMIENTO DE MATERIALES 

CONCRETO LANZADO Y MALLA 

PERFILAMIENTO DE TALUDES 

Cunetas y aliviaderos 

Contracunetas 

Alcantarillas 

Subdrenes 

Galerías filtrantes 
.· 

Barrenos de drenaje 

Anclas de fricci6n 

Anclas de tensi6n 

Tendones 

Concreto 

Mámposteria 

Cortes o bermas en zonas de 

carga actuante 

Terraplén en zonas de carga 

resistente 

Para estabilizaci6n local 

uso de voladuras de precorte 
para estabilizaci6n local 
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P.H. LA ANGOSTURA, CHIS, 

Sistema de drenaje e instrument·aci6n en canales vertedores 

Como medida preventiva contra la falla de talud se implement6 un sistema 
de drenaje constituidp por canalones en muros y losas en la zona revesti
da, descargando mediante barrenoa á una galer1a central, Superficialmente 
se construyeron cunetas y se hicieron barrenos en paredes. A la vez se 
instal6 un sistema de control de desplazamientos mediante instrumenta
ci6n. 

Hasta la fecha no se han presentado problemas de estabilidad y solo du
rante la construcci6n se presentaron· fallas locales en zonas de fractu
ras y disoluci6n, resolvi€ndose mediante rellenos de mamposter1a, 

1· 

,...-¡ 
C· 

-- 1 .3../-- . 
l 
1 

1 

50nz 

CANA t. 
IZQIIIE!fOO 

---
.,-a 
., 

50 m 

" 

........ CANAL 

OE!fECIIO 

~--------
r--"-r-L.~e 

4 

'f 

. o r 

' 

8 

1 

1 
.. .. 

y 
1 

\ 
1 
1 
1 
\ 
\ 

.;>: 
' 1 1 

1 1 
1 1 
1 

S~CCION T/f'ANSVE!fSAL 

/HST¡fliMENTACioN 

¡ 
i 

i 

1 l, 

SISTEMA OE OHEHA./E Yf',f'OTéCCION 

/.. Cor¡/ract/nela 
2.. Ct/nelas 
3.. Barrenos cie cirencve 
4~ GQ/er/él fillrcll'lle 

A .. ;llq¡o,¡eras (!O) ¡ 
B.. Exlensómelro5 longiho1óoks (8) ¡ 
C.. 1 ac/;Í7omelros (6) · i 
0.. 13ancos o'e nivel pro/(lnob (~) · ·.1 

5.- GtNJile 
6._ Cq.oa/ones. 

' ~"""';..>• . 

7.. Relleno d'émQmp!etú 

1 

1 

:1 



!?.· H.,. SANTA ROSA, JAL. 

En la zona .vecina al. canal de llamada del vertedor: sobre la margen ,, 
derecha,· se detect6 una zona. inestable .que cubica·aproximadamente 
700 000 m3 hacia el año 1964: •. La. soluci6n que se le. di6 fu~ la de 
colocar material para aumentar el peso al pie del talud. Se coloca
ron aproximadamente 100 0.00 m3. 

Durante. el primer llenado los. desplazamientos hor.i'zontal y vertical 
fueron del orden de 2.5.m, de entonces a la fecha.' el desplazamien
to ha continuado a una.velocidad __ del orden del cent1metro por año. 
Desde 1965 hasta 1976 la operaci6n .. de .la pJ.anta. se restrtngi6 para 
que no se presentaran descensos en el embalse mayores de 25 cm/d!a 
para evitar problemas de subpresi6n. A la fecha se ha modificado 
este criterio sin que se haya acelerado el.movimiento del talud. 

Toda el ~rea tiene un sistema de control de desplazamientoshorizon
tales y verticales a base de extens6metros superficiales el~ctricos 
y,mec~nicos, bancos de nivel, lineas de.colimaci6n, inclin6metros, 
vertedores y piez6metrcis. 

ESTA8/L/?.4C/CJAI tJEL T4L fltJ COLOC4AitJO PESCJifES/STENTE 

ZONA D.é. L C4..VAL DE LL.4/V/AfM 1/EI?T.é.tJO,R SAIVT41f'OSA, J4L. 

Se esla/;;/i.zo' el/ci/¿¡c/ colocando ICJOt:Wnl dema/er;· ¡ 
eo la zonq resislenle. . t1 

1 
··--.--) 
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.,o ¡, ,, 
• • ~-(> 

llJ-I+f+lttí 0 E· 6 

Cortina 

Zona de deslizamiento cercana al vertedor de la presa Santa Rosa, Jal. 
localización de Instrumentos de observaciÓn 

23 . 
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1. 64 1 1080 1 . 1161 1 1017 1 ltll 1 

Seccidn da control 3 

"":4 ~- --- ---- - -- ---- ·-- -- ---- - -- .. ---- -
·-¡.... ·-+-- -· ·- -· 

1 '~ 
1 .l._! .1 .. 1.. .... .. .... .... ... -- .. .. .. .. ... ... -- - 1)_.1 1 l. -. 

--~ Sección da control 5 

1"' . 
·r-: ·- -· f-.. ·-· -· -· ·-

J A O O F A J A O D F A J A ·0 D F A J A 0 D F A J A 0 D 
1084 1 1960 1 1918 1 1017 1 .... 1 

Mo~imientos vertlcatn -·-·-·-· -·
Movimientos 11 al olineam .. -----

Movimientos..!. al alinea m.--- - - .. 

Desplazamientos verticales y horizontales en dos estaciones del 

vertedor de . Santa Rosa 
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26. 

ANCLAJES EN TALUDES EN LA P.R. CHICOASEN, CHIS. 

cauce del· río. Caliza estratificada con intercalaciones de arcilla • 
• 

Se utilizaron 570 anclas de fricción de ~ 1 1/2" acero. grado duro, 

con longitud variable entre 24 m y 32 m. Al profundizar la excava

ción se fueron realizando barrenos de drenaje. El control de despl!!. 

zamientos se realizó mediante extens6metros mec~nicos y superficia

les complementados con nivelación de precisión. 

Fxfe:nscfme fros de 
ha·rra. J 10 /J? y .30m : = == :1--: =··. ~~·~·;¡ 

t---T-~-~--I=~--=-~~ l 
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P,H, IXTAPANTONGOr MEX, 

zona de tubería de presi6n junto a 'la· ·casa de máquinas 

La conducci6n a presi6n está constituida por tres tuber1as exterio 

res. En el tramo de llegada a la casa de máquinas entre los macho-' 

nes 9 y 10 estos conductos están apoyados sobre dep6sitos de talud 

constituidos por rocas volcánicas. Desde la ~poca de construcci6n 

entre 1945 y 1952 hasta la fecha, se han producido movimientos de 

tipo "creep" en la zona correspondiente al dep6sito de talud con 

una velocidad de desplazamiento del orden de S mm/año en direcci6n 

diagonal con la tubería 

El movimiento se inicia desde el contacto con la roca fija aproxi

madamente a la mitad entre los .apoyo·s 9 y 10 hacia abajo, incluye!!_ 

do el cárcamo de la. casa de máquinas que tambi~n ha sido alcanzado 

por este efecto ocasionando desplazamientos verticales diferencia

les hasta de 15 mm que llevaron a la necesidad de renivelar la uni~ 

dad No. 3 en el año 1975. 
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Los movimientos relativos entre el terreno y la tubería han produ~ 

cido empujes horizontales sobre. los apoyos de las silletas de sopor ! 
te que han ocasionado la ruptura de varias de ellas en vista de que / 

no tienen libe:r:tad de desplazamiento transversal. Este efecto se 

ha disminuido eliminando las restricciones de los apoyos al movi""' 

miento transversal de la tubería. Se ha considerado que el movi~ 

miento del talud es ocasionado por el flujo de aguas subterráneas 

ya que el material de talud cubre parcialmente el cauce de un arró-

yo antíguo. Además de que durante las exploraciones geol6gicas en 
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30. 

los años 1970 y 1973 se presentó artesianismo en un barreno del ta 

lud y en un barreno de la·. plataforma inferior de casa de máquinas. 

Con objeto de disminuir el movimiento de· ·este talud en el año 1974 

se construyó una galer1a filtrante a la elevación del pie del talud 

pasando a unos 25 m por debajo del terreno en la zona de contacto 

con la roca fija. Esta. galer1a filtra un. gasto de 4 lt/seg y faltan 

aún de ejecutar barrenos radiales habil!indose logrado disminuir la 

velocidad de movi,miento a 1 mm/año,. 

Se tiene instalado un sistema de control de desplazamientos median

te colimación, extensómetros de cinta y nivelación de precisión, 

complementados con piezómetros e inclinómetros. 

.( 
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/' 11. IXT.4?AIVTON60, MEX. 

. '· 

., 

o~ylazt~münlo 
maxlmo R5mm""""w.!. [)emoiÍ'ctoÍ'J ¡;ort~ ~vilt~r 

resfr/cciÓI7 !t~l4'rt:i/. 
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P./l. !XTA?ANTON60, AlE X. 

Tubería de presiÓn 

. --------• 

UACNON ltJ 

Perfil esquematizado mostrando los trozos de los diferentes flujos 
y lo orientación que guardan las fractures de tensldn 

33. 

l 
1 ·, 
'l 

/)islanciÍis ~11 mm 1 derecho /Jisl. mm. lz?· ' ' \ 
-~ 1.50 1.30 1/0 90 70. 50 .30 /O O /O -MACNON'} 

~-

/~691 ... -:JF 
~.;· 

2~ mm ,,i:_~ 
, .. ~:--~-· ,, , , . 

' 1_, 
.,)(• 

~-<~..]"· 
.'¡(-· 

... 
.,..' ',9¿ .. - . ... t ' • " 1 ·1 ' . • 

' • -..• 
'· ··- x, .... • · ... ~ 
'~- ¡-. ... -

-..., 't ... ... '·, 
.... ... Jt . .., 

• .,¡, -· -· -. 
~- ... !>!...::·-" 

.... ... ·.;::if :-

r' 

. T JJBEI?IA .I 

[)ESPLAZAMI EN TOS 1-101?/ZON TAL ES 

it';.. 
~'-·:;) ?-

~ 

. ! 
J 

40 

~o 
~ 

So ~ 1 
Ir¡ 1 
-~ 
~ 

loo ~ 
~ 
.11\ 

~ 
/20 

.¡ 

/40 
__ MACHONIO 

:: . . •j 

¡, .... ~~·; -:.i 



---r·!l .. 

P .H. EL INFIERNILLO, MICH. 

Zona de vertedores y obra de torna 

Los portales de entrada de los taneles vertedores y de torna sobre la 

margen izquierda, quedaron localizados en la forrnaci6n del conglome

rado silicificado con. intenso fr~cturarniento de origen tect6nico, 

Cuando se excavaron los portales ocurri6 un desplazamiento del talud, 

de 2 a 3 cm, en todo el frente de excávaci6n, a través de uno de los 

planos de estratificaci6n, con forrnaci6n de grietas en varias zonas 

del corte. Se suspendi6 el trabajo y se excavaron dos galerías de 

exploraci6n. A 5 m áel frente, apareci6 una f,ranja de roca intensa

mente frac turada y alterada. El resultado de estas investigaciones 

fué: 1) desplazar las estructuras del vertedor 12 m hacia el río, 

con objeto de reducir el volumen de la excavaci6n y 2) aplicar .en 

todos los cortes de esta zona, una poscornpresi6n de 7 ton/rn2 median

te anclajes con inclinaci6n de 45° respecto a los planos de estrati

ficaci6n y de 18 a 25 m de profundidad. 

Se utilizaron barras de 1.25 pulgadas de diámetro, espaciadas a 

2.5 m tensadas a 42 ton, también se usaron anclajes formados por a

lambres de acero, de 7 mm de di§metro. Ambos tipos se alojaron en 

perforaciones de 1·. 5 cm, fijando a la roca el tramo interior de 4 m 

con mortero inyectado • Peri6dicamente se verifica la tensi6n y a 

partir de la segunda revisi6n, la pérdida de carga en las anclas ha 

resultado menor que 10% por año. 
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Flg 16.19a Pl3nta de localinción en la casa 
de máquinas. de lus ap3ratos do 
medición y de los sitios de prue
ba. Presa la Angostura, Chis. 

Flg 16.19b Corte en la galería de pruebas 
N• 2. Presa la Angostura, Chis. 
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NOTAS: los valores d< 1 >s osfuorms cstio 
dados on k¡Jcoo' 

Las zonu dt tifuerzos de bttS.ióll SI 
indican can Jin:n sombreldas 

1 

\. 

r '6.20 Distribución de esfuerzos principales en el contorno de la casa de máquinas, al ténnino de la e.<Ca\·ación. 
Presa L..,. Ansostura, Chis. 
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F..1t:-:.l.Ji:'i1!nrl d~ flttl.iat TtJ•"uu:t :t7·1 

• ' 

5li.!J 

1 

o o o _+=-'--- -- --El u 486.50 o 
Ro tu: las :antid ad·H 

anotad.u eil ca.:!! 
punto indicJn los 
valores en mili~e· 
tres de los des· 
plazamientos. les 
ulculac!;.s r.st.in a 
11 Izquierda ,·les 
obs.er1.1dos a · la 
derecha. 

O siena f-) indi· 
ca duplaumltnlo 
bad<~ abajo. 

Flg 16.21 Comparación d~ los 
desplaz:~.micntos calcu
lados. suponi.::ndo qut! 
la roc3 soporla tcnsiOn. 
y obserndos con e.<· 
tensómetros longitud~ 
nates, referidos al te
cho y al piso de la s>· 
!ería de instrumenta· 
ción. Presa La Angos
tura, Chis. 

r-~-----<~-o:.;.::.._-óT'--~=-..,;::..:...-----rEiev 458.00 

'--------'---:-:1~-:--:~:._,.,~~~~~~-----L¡¡., 455.50 
C•lerl• No 2 

-- -- Elev 439.00 

cavación. En la part~ central de la bóveda los 
csfucrws de compr~siún son elevados y ha.sta 
mayor~s que la r~sislcncia a la compresión sim
ple de la roca (220 kg.' :m=, en promedio, para la 
formación U 2 ll ). Se prcs~ntan. t;~mbi~n. con· 
centr:~cioncs de esfucr1os de compresión por ue
b:~jo dd piso d~ b c"", de máquin:~s. 

A raíz de ese anülisis ·se recomendó la coloca· 
ción, a trcsbolillo, de :nclas de 15 m de longitud· 
en las par.:J~s vcrtic:~lcs d~ la excavación, según 
hik·r;IS Jisla~t<·s entr<' si de 2.5 m en 1:~ dircc· 

ción \'ertical y de S m según la direccióri :1orizon· 
tal. Como se comprobó analíticamente, ·a carga 
de 10 ton impuesta por cada una de estH anclas 
a la roca, no modifica apreciablemente ·;. magni~ 
tud de los esfu~rzos en e: contorno de la exca,·a
ción; sin embargo, dichas :~nclas son úulcs para 
evitar los caídos delimitados put fisuras de t~n
sión." L1 excav:~ciún de la casa de m:iquiuas, huy 
día concluida, se pudu efectuar en estas condi· 
dones sin prohl~mas ni d~nwras. 

A fin de comprohar los rcsulr;~dos num~rkos 



Flg 1613 Despbzam:c~:os horizontnles 
obsl!rv:H!os ,,. c:J.lculados. Ter
cct·a. etapa dt: t!xcavadún. In· 
clinómetro lU. Casa de mi· 
quinas de la presa La An~os, 
tura, Chis. 
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z • • 10 

Despl.Jnmíentos hotizontales 11 dectuuse l1 
cxc.aución del nivel 421.00 al nivel 414.00 

---- Observado, inc\inómetro 1 

-- --- Observado. inclinómetro 5 

-- - - - Otl~rvado. inclinémctra 9 

• Observado, extrnsómetro 1 

- • -- - Calculado 
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Desp!usm.icntos tlofizont!:"!, al t~~:IIJJr\e !.1 
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----- O~nria!Jo, inciiné:r.ctro 10 

-- • -- .. Ca!ct.:lado 

flg 16.24 
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t.···· 
Desplazamientos horiio~ti.!es ob- .. 
servados y caku13dos. Tercera i!ta· 
pa dt:: cxc;¡,vo,.:ión. Indiném~tros S, 
7 y 9; cxtensómc:tro 7. C;tsa de 
miquinas c.!e la prt!sa 1 1 Angos· 
tura, Chis. · 
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Chapter 10 :~fM¡iscellaneous topics 

,1· 

,;_ -......... ·. 

lntroduction 

The theoretical models presented in the previous chapters 
are intendcd to provide a ratíonal basís for the design of 
rock slopes. lt should, ho~ever, be clear to the reader 
that the successful design of a slope depends not onlv upon 
the choice of the correct theoretical model but also upnn a 
numhcr of other consideration!> which cannot conví'n i ent 1 v ht· 
quantifíed. This chapter deals with the followin~ tapies : 

The influence of slope curvature upon stabilitv 
Controlled blasting 
nrainage of slopes 
Surface protection of slopes 
Control of rockfalls 
Nonitorin~ and interpretation of slope displacements. 

The influence of slope curvature upon stability 

All mcthods of stahility analysis currentlv in use tre~t 
slopcs two-dimensi"nall~ in tl1at it is assum~d tl1nt t:1P 
section of slop( under cc,nsid~ration is part of an infiTlit,·lv 
long straight slop,·. Tt is nlso gcnerally assumc>c1 tl1at th·· 
slope face is planar from to~ to crest, i.e. the slo¡1~ fa~ •. 
inclination ~an he defin~d hy a single angle. 

Actual slopes are invariably curvcd in plan and tl1ere í~ no 
rcason whv thev should not also be curved in eh·vation. 
Noffitt 1 Fries~-Grecn(· and Lillico 1 have shO\o.'TI that tlH' 
pit slope geomctry, in hoth plan and elevarían, is imporrant 
in the econonics of an op¡;:n pit mining operation. It is tlh· 
task of the roe k s lo pe l'n~ineer to define a slope ge~,r.¡t•t ry 
which provides for tl1~ st~rp~st possible stop~ angles and 

.a r.1inir.tum risk of f;;i lurt a:1d he should be frct' tn incorpor
are any f~ctor Hhich is lik('ly to improve the stal•ilit\' of 

'tlle slopes, fxp~ríenc~ sugRcSts that the curvatur~ 0f a 
slope has a significant influence upon its stahillty and 
this facto'r is discussed on the following pages. 

~ . '" - ,¿J·"·.•.o,J 
' , •. :. í·'· ·¡.. • 

·'' .•:"'fl'. Il ·~,. · 
ftl-J ..... 

. . ,• 

Figure- 109 : An extensinn of an open 
pit to follow a hrancl1 of tl1e or~ 
body results in the formation of 
conve~ slopes. Tl1ese ''n0s~F'' are 
invaria~ly less stabh· t han t he concave 
slopes • 



The only serious Bttempt to study the influence of slope 
curvature, in plan, upon the stability of sl~pes, as far as 
the authors are aware, was made by Jenike and Yen 21~ in 
1962. This study, although giving useful indications of 
the improvement in stability resulting from decreasing the 
radius of curvature of a concave slope, was Dased upon 
assumptions which ·che authois do not feel are applicahle 
to rack slopes in \lhich the stability is controlled by 
structur.11 di.scontinuities. Although the authors have not 
att~rnpted a complete analysis of this problem, it is 
Sllggested that a useful analogy exists in the wed~in~ 
action which occurs in the case of a slope containíng 
two intersecting discontinuities - defined by the factor 
K given by

1

the graph in figure 94 on page 18?. 

As the included angle of the wedge (() decreases, the 
horizontal components of the reactions RA and R8 (see page 
185) play an increasingly important part in supporting the 
wedge and the resulting "arching11 action gives rise to.a 
~ignificant. incre3se in stability. In the case of a 
concave slope in which many intersecting discontinuities 
exist, the lateral support provided by the surrounding 
rack would have much the same effect. On the ot.her hand, 
a convex slope would permit lateral relaxation of .the 
rack mass to take place and the beneficia! effects of the 
arching action would be lost. 

Figure 109 illustrates an open pit in which a small second
ary pit had been created in arder to recover a branch of the 
ore body. The overall slope angles were kept constant 
around chis small pit and the two "noses" were noticabl:v 
less stable than the remainder of the pit. 

Piteau and Jennings 215 studied the an"gles of Stopes around 
five large diarnond mines in the Ki~berley region in Suuth 
Afrlca. Because of the method of mining involves a form 
of block caving, the slopes are all in a condition of 
limiting equilibrium and their inclination depends, amongst 
other factors, upon the plan shape of the diamond pipe. 
After scpa·rating out the various factors involved, Piteau 
and .Jennings concluded that the average inclination of 

· concave slopes with a radius of curvature oÉ 2t10 feet 
is )9.5° ± 9° as comp8n!d with.an inclinación of 27.1°! 5° 
for cnncave slopes of 1000 feet radios. The .iVerag~ slope 
height for these mines is 320 feet. 

These studies by Piteau and Jennings confirm the g~neral 
conclusions reached by the authors as a result of experience 
in othcr parts of the world. This experience can be summed 
up in the following suggested design procedure : 

.'rfuen the ra~ius of curvature of a aoncave slope i.s less 
than the height of the slope 1 the angle of the s\ape can 
he 10° ateeper than that calculated by two-dimensional 
thtwry. l~'hen the radius of curvature of a convex <ilope 
approaches the h~ight of the slope, the angle of the slope 
shapld be·approximately 10° f!atter than that indicated 
by two-dimensional theory. 

Obviously,care must be exercised in the app\ication of this 
su~gestion since m."ljor .changes in che geology or the 
1iraina~~ cllaract~ristics of the rack mass c~n invalidate 
the ass•1mptions upan which the conclusions are bas¿d. 
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The shape to which a .slope fails almost always approaches 
that of a general curve in which thf' slope angle decreases 
with increasing slope height. Sine~ a failure representa an 
attempt, by nature, to;relieve dangerously high stresses, 
it can be concluded that the shape of the failed slope 
is more stable than the original planar slope. This reason
ing leads to the suggestion that the ideal shape for an 
open pit mine is that of a bowl, i.e. the slopes should 
be concave in both plan and· elevation. 

The authors fully realise that practica} considerations 
rel.ated to the shapE'. of the ore" hody and the layout o! 
haul roads means that this idea] is se1dom realised. There 
is, however, no basic reason why a slope should not be 
curved in elevation if there is any economic benefit to 
be gained by making it curved. Joloffitt, Friese-Greene 
and Lillico 1 show that slope curvaturc can have a signifi
cant influence upon mining economics and Rana and Bullock 
216 suggested the curved slope face illustrated in figure 
110 as a basis for the design of a pit for the Iroñ Ore 
Company of Cana'da. \-!hile the authors. are not in complete 
agreement with the method used by Rana and Bullock to 
derive their design curve (figure llOa), the application 
of this curve to a slope design is an interesting example 
of sound engineering. · 

Figure llOa : Design curve for Ruth slate 
and quartzitc derived by Rana and Bullock216. 

0
2r> 30 4() 50 60 70 80 90 

Slope _angle 0 

Sugg~sted slope design 

Oepth Slope angle 

Figure llOh 

feet degrees 

o - )()0 50.7 
)00 " 200 41.5 
200 - 300 38. S 
300 - 400 37 .o 
400 - 5no 3S.8 

toe - 500 ft¡ below crest. 

Rana and Bullock's suggested slope design for the Iron Ore 
Cornpany of Canada. 
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Severa! curves similar to that presented in figure llOa 
have been given in this book and the 'interested reader may 
consid~r the influence of such typica·'¡ slop~ height versus 
slope angle relationships upon tl1e slopes with which he 
has been concerned. A word of warning is necessary, however 1 

since over-enthusiastic application of these concepts could 
lead to trouble. 

ln sorne cases, it may. preve necessarv to ¡""latten the upper 
part of the slope 1 particularly when ti1is part is to 
be excavated in soft \Ve'athered overburdcn matet-ials. In 
other words 1 the variarían of geology wíth depth ~ay be the 
controlling factor and should be carefully examined. 

It ís also ímportant to realise that the increased slope 
angle \vhích can be used for small slope heights depends 
upon the cohesive strength of the rack mass and, as has 
been made abundantly clear in this book 1 cohesion is the 
least reliable of material properties. Hence, befare 
praposing a design curve such as that presented 'in figure 
llOa, the rack slope engineer shauld be absolutely convinced 
abaut the reliabílíty of his rack strength data. 

Controlled blasting 

Experienced apeo pit operators will often remark upon the 
deteriaratíon of slop~ behaviour which has resulted from 
the íntroduction of increasingly large production blasts 
in the mine. The authors do not dispute che need for such 
large blasts in arder to achieve the tonnages required in 
large scale modern open pit mining opera"rions but they do 
wish to enter a plea that a different approach should be 
adopted for production hlasts and for the blastíng method 
used to create the final pít slopes.· 

Figure 111 ilustrares the damage to a slope face resulting 
from the use of uncontrolled blastíng techníques and 1 

in contrast 1 the appearance of an lB meter high slope face 
created by pre-split blastíng ís íllustrated in figure 112. 
Although these two examples represent the extreme ends of 
the spectrum of blasting damage , they do illustrate the 
significant difference which can achieved by the application 
of controlled blasting techniques. 

Prepar~tion for a large 
production blast in an open 
pit mine. The dark coloured 
mounds are pites of chippings 
which have b¿en aír-flushed 
from the large diameter hales 
drilled to accommodate the 
exp los ~í ve. 
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It would •exceed the scope of this hook to enter into a f•d 1 
discussion ,¡n either the detaileJ t¿chniques or the coses 
of cor1troll~J bl.lsting applied to rack slope engin~ering. 
The purpose ,¡f chis Jiscussi.:>n is si:.pty to Jraw the reader's 
att.ention t,1 che h¿nefits to be ~aineJ from. the ust:! vf smuoth 
blasting drld pre-split ~lasting techniquei in the creation 
of the final <;lt)pes .vf an open pit :;}Ínr vr 3. rao:1d...:ut. 
>!ore detdi L·J inior::-~ation on thesl' ~•!t~uds .:an be obtained 
from the ..::<cellent t't::<tbook ~y Lan~t>iors .Jnd Kihlstrtsm 217 
or from p:tp~rs 3tJCh .1s chat by •)riard ~ie. ~luch af the 
material up.m which che foltowing ~tiscussion is based has 
been dra•..m from an unpublished mernorandum by Kihlstrtsm 219 
which was m.JJe .Jvailable to one of che authors (E.H.) by 
:Htro ~Iobel AD during a recent visit to Sweden. 

Smooth blastíng is a technique which is used for trimming 
the face af an excavation which has already been created. 
Figure 113 shows a smooth blasting operation in progress on 
the site of a large arch dam site in Tasmania. The purpose 
of this particular operation was to trim off loase and 
unstable surface rock from an existing natural slape in 
arder to provide sound stable ahutments far the dam. The 
method involves the drilling of small diameter parallel 
hales along the line of the desired slope profile. In the 
example illustrated, the hales were drilled with a normal 
hand held percussion drill to a depth of approximately ten 
feet for each blast. The hales are lightly charged and 
detonated simultaneously and, as can be seen fram the 
photograph r~produced in figure 113,. this results in a 
clean cut face in which the fractures have propagated 
along plant:!s passing through the parallel hales. Two more 
examples nf snooth blasting are illustrated in figures 114 
and 115 which show, in the one case, an ai~-track machine 
heing used to dril! a ~attern of hales and, in the other, 
a tunnel profile created hy· snooth l:llasting. 

'Pre-splít blasting is similar to smoath blasting except 
that che line of lightly charged hales is detanated before 
the normal- excavation blast and this resulta in a smooth 
fracture which protects the rack mass behind the face 
from the effects of the normal blast. An example of slopes 
in.whích pre-split blasting was used on a targe scale is 
illustrated iri figure 116. 

Figure 113· : Smooth blasting 
· beíng used to trim loase and 
unstable rack from a natural 
stope face an the síte af the 
Gordon arch dam in Tasmania. 
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Figure 116 : Slopes excavated after 
pre-splitting final faces on ihe 
site of a hydro-electric project 
in Austria. (Photograph reproduced 
with permission of Atlas Copeo Ltd, 
Sweden }. 

fi~11r.: 115: Tunnel profile 
:rÍ"'T.l.~J by smooth b1asting. 
1 Pht,t.,~raph reproduced with 
p.:r~issi0n of Atlas Copeo 
Ltd •. md ~itro ~lobe1 AB, 
Swcden } • 



Typical arrange:-~ent' of 
explosive chargt! in drill 
hole for smooth or pre
split blasting. 

The factors which are ímportant in a smooth blastíng or ~ 
pre-split blasting.operation are 

The specific charge (weight of explosive per unit 
length of hole ), 

netonation. sequence and del ay, 
Ratio of hole diameter to charge diameter, 
Burden V ( distance between free face and hale ) 81l•1 
Spacing E (.distance between successive holes ), 

The table ~iven below is taken from the memorandum by 
Kihlstrtsm2 9 and: lists recommended values for hale di~ml·lpr, 
charge diameter, specific charg(..', burden·and spacing fo1 
typical hard Swedish rack. This tahle can be regarded to; 
a guide for both smooth b'astinr, and pre-split blasting 
and rnay b(> varied .to suit local rock conditions, 

Note that no value .for · the hurde11 is given for pre-spli t 
blastinR because the chargcs in these boles are detonatt·tl 
before thc normal blast and he.nce the burden is either 
infinite or. very large as campared with the ~pacing l'etw~cn 
boles, 

In both smooth blasting or pre-split blasting, all the 
charges in a line should be detonated as nearly simultan
eous~y as possible. Best results are obtained using 
instantaneous detonators or a pentyl fuse but acceptable 
results can he obtained as long as the delay between 
detonators does not exceed ± lOO milliseconds. The purpose 
of the simultaneous detonation is to allow gas pressures 
to build up· at the same time in all the hales, thereby 
encouraginr;

1 

the progagation of a planar fracture between 
successive boles 22 • 

Recomr:~ended dimension for smooth hlasting and pre-split blasting 

Drill hole Charge Specific Smooth blasting Pre-split blasting 
diar.1eter, diameter charg.:-*. Spacing E l\urden V St'acing E 

mm, in. mm. in. Kg/m. Lb/ft m. ft. m. ft, m, ft. 

30 1( 11 l . 0.07 0.05 0.5 1.6 o' 7 2.3 o. 25-o. 3 0,8 -1.0 

37 ll 1 7 1 0.12 0,08 0.6 2.0 0.9 3.0 0,30-0.5 1.0-1.6 

44 Jl • 17 1 0,17 0.1! 0.6 2,0 0.9 3.0 0.30-0.5 1.0-1.6 

51 2 22 ¡ 0.25 0.17 0.8 2.6 1.1 3.6 0,45-0.75 1.5 -2.5 

62 2/ 22 ¡ 0,35 0.23 1.0 3.3 1.3 4.2 o.ss-o.8 1.8 -2.6 

75 '3 25 1 0.50 o. 34 1.2 4.0 1.6 5.2 0.6 -0.9 2.0 -3.0 

87 3! 25 1 o. 70 o.so 1.4 4.6 1.9 6.2 o. 7 -!.O 2.3 -3,3 

lOO 4 29 !1. 0.90 0.60 1.6 5.2 2.1 6.9 0.8 -1.2 2.6 -4,0 

125 5 40 ¡¡ 1.40 0.90 2.0 6.6 2.7 8.8 1.0 -1.5 3.3 -4.9 

ISO 6 50 2 2.00 1.30 2.4 7.9 3.2 10.5 1.2 -1.8 4.0 -5.9 

200 8 52 2 3.00 2.00 3.0 9.8 4.0 13.0 1.5 -2 ,l 4.9 -6.9 

* Based upon Nitro Nobel 's Dynamex B 



As with all other techniques described in this baak, smoath 
blasting and pre-split blasting techniques should oñly be 
applied after due consideration of all che factors involved 
and after trials of limited ~xtenc in the rack mass being 
warkP.d. ll.arget 2~l reports that, in sorne preliminary 
~:.::pcriments ..:arrit!d out by the Canadian Dcpartment of Energy, 
~ines and ~esources, pre-splitting in heavily fractured ore 
result.~~d in ~ore damage to the •dopes than a normal blast 
because ,Jf che venting of the gJsses from the closely 
spaco2J hul¿s. On the other ~1and, the photographs reproduced 
on the prcviuus pages should have served to convince the 
reader that, when correctly applied, these techniques can 
rest1lt in considerable improvements in the appearance and 
the stahility of slope faces. nbviously, pre-s~litting a 
slope face will not prevent a deep-seated slide if the 
slope is inherently unstable but the authors suggest that 
che slope Eace itself can probahly be cut 10° or more 
steep~r if controlled blasting ~ethods are used. The main 
henefits ~hich derive from the use of these methods are in 
the r¿duced ~aintainance and the r~duced danger of rack 
falts !ro~ a face·which has not been shattered by excessiv~ly 
heavy htastin~. 

Orainage of slopes 

The very i~portant influence of water pressure upon the 
stability of a slope has been emphasised time and time 
again in this book. Since water pressure reduces the 
stahilicy of a slope, it follows that drainage will increase 
che stabilicy of that slope. The following discussion is 
conccrneJ with methods of slope drainage. 

The thr~e hasic principies to be kept in mind when consider-
ing slope dr.linaze are: · 
a, prevent surfaée water from entering the slope through 

open tension cracks and fissures, 
b, reduce water pressure in the vicinity of the potencial 

failure surface by selective sub-surface drainage and 
c. positton the drainage so that only the water in the 

ímrnediate vicinity of the slope is drained - there is 
no Doint in draining the country-side for miles around 
the pi t. 

The rnost corrunon me:-thods 'of ¡dope drainage are illustratt!d 
in the composite sketch presented in figure 117 and the 
following comments refer to the methods illustrated : 

Surface .:lrains are designed to collect run-off and to divert 
it befare it reaches the area immediately behind the crest 
of the slope. This is the area in which the most dangerous 
tension cracks are likely to occur. Attempts to line these 
surface drains are usually unsuccessful because of movements 
in che slope and bec~use af the damage which results from 
heavy traffic in the area. The authors suggest that the· 
surface drain can be left unlined provided that it is 
steeplv graded to _promete rapid water movement and that 
it is regutarly maintained and kept free of blockages. 
So~e of the most effective surface drains are those which 
are cut by a narrow bladed bull-dozer and where the same 
rnachine is run along the drain at fairly regular intervals. 

The .J~vpe SIA..I':'"ace,~. 'immediately behind the slope crest, is 
an area of c0nsiderable potencial danger in that water 
which is allowed to collect in pools in this area is likelv 
to find its way i~to the slope through open tension cracks. 
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and fissures. Grading of this surface and the removal of 
obstructions which could cause damming of surface water 
is probably adequate in most cases. Sometimes additional 
measures are consid~red necessary and the slo'pe surface 
is sealed Yith a flexible layer such as lateritic soil. (n 
one instance, old engine oil from the workshops was used to 
bind the soil into a surface sealing layer above a parti
cularly import~nt slope. 

Open tension araaks are very dangerous in .ueas liable to 
high intensity rain storms since the water torces which are 
generated if. these cracks become full of water are likely 
to induce violent slope failures (see practical example 
number 2 on page 158 ). In addition to diverting surface 
Yater away from such cracks, it is also advisable te take 
steps to pre.vent water entering the crack by sealing ·the 
top of the crack with a flexible ma.teriat.such as clay. 
When the crack is more than a few inches wide it should 
be filled wit~ gravel or waste rack befare che fl~xible 
cap is placed. This permeable fitting will allow che 
free passage of sub-surface water while, at the same time, 
providing support for che surface seal. Cnder no circum
stances should the tension crack be grouted or concrete 
.filled since the creation of an impermeable barrier at 
this point in the slope could result in the build-up of 
dangerous water pressures within the rack mass. 

Horizontal d~ain holea drilled inca the slope face can be 
very effeétive in reducing water pressures near the base 
of a suspected tension crack or along a potencial failure 
surface. The spacing and positioning of these hales 
depends upon the slope geomecry and the struccural dis
continuities within the rack mass. (n a hard rack slope, 
the water is generally transmitted along joints and the 
horizontal drain hales will only be ~ff~ctive if they 
penetrate such features. In the cas~ of a soft rack or 
soil slope, the drain hales can be regularly spaced but 
a certain amount of trial and error is necessarv in arder 
to determine.the optimum spacing. In either case, the 
installation of pieaometers before the drilling of the 
horizontal hales is strongly recommended since, without an 
indication of the change in water level, the rock slope 
engineer will have no idea of the effectiveness of the 
drainage measures which he has implemented. 

CoZleator d~ains to lead the water discharged from horizontal 
drains are important otherwise this water will simply find 
its way into the next beoch down and the problem wil.l have 
been transferred from ene level to the next. 

VertioaZ drainage weZÍs drilled from the slope surface and 
fitted with down-hole pumps can be effective in slope 
drainage and they have the advantage that they can be 
in operation before the slope is excavated. The disadvanc'age 
of.this mechad of drainage is the expense of keeping the 
pumps running and also the danger of power failure during 
the most critica! period - a h~avy rain storm. In some 
cases, vertical wells have been used during the early 
stages of a drainage programme and these well have later 
been connected co' a sub-surfaCe drainage scheme so that 
they become gravity drains. 

Drainage gall2riea, with or wichout fans of radial hales, 
are ~robably the most effective means of sub-surface drainage 
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but they are also the most expensive. In many open pit 
mining situations, 5uch galleri~s ~lready e~i~t in the 
form of underground mine workin·gs. In other cases, the 
excavation of suitable galleries can be justified as part 
of the ore body exploration programme. The excavation of 
a gallery for the sale purpose.of drainage would only 
be justified in the case of a very important hard rack 
slope in which the groundwater flow pattern was known with 
a reasonable degree of certainty. The optimum location of 
drainage galleries has been investigated by Sharp 117 and 
has been discussed by Sharp, Hoek and Brawner 22'. In very 
general terms, the optimurn gallery position is at the cerner 
of the parallelograrn defined in the sketch opposite. A 
sub-surface draínage gallery will effectively drain about 
200 feet of over-lying material and. hence. for very large 
slopes, two or more levels of drainage galleries may be 
required. 

The effectiveness of any slope drainage schemE- is very 
difficult to gauge. Piezometers installed in th~ slope 
before the drainage system is brought into operation can 
give very valuable information on the reduction in water 
pressure which is brought about by drainagE', Knowledge 
of the overall groundwater flow pattern in th~ slope is 
also of considerable help in planning the most effective 
drainage measures and sorne of the concepts discussed in 
chaptér 8 may be useful in building up this knowledge. 
One positive as.pect of slope drainage is that i t can 
never do any harm - sorne drainage, however inefficient, is 
better than no drainage. The drainage characteristics of 
most slopes can be improved with relatively little effort 
or expense and simple precautions such as the diversion 
of surface run-off should be an integral part of any slope 
design. Mor~ e1ahorate drainage measures designed to 
improve the stability of critica} slopes ar~ ~enerally 
more expensive but they are sometimes the only means 
availahle for achieving the desired results. 

Surface protection of slopes 

Slopes in soft rack or soil are liable to serious erosion 
during heavy rain and some rack slopes are prone to severe 
weathering when exposed, The surface protection of such 
slopes can be a serious prohlem and rhe following comments 
offer sorne guidánce on this subject although it must be 
emphasised that local conditions and the availability of 
suitable materials may be the dominant consideration in 
many cases. 

Vegetation is almost certainly the best forrn of surface 
protection against the erosion of soil slopes. A grass 
mat covering the slope will not only hind the surface 
material together but will also tend to inhibit the entry 
of water into the slope. F.stablishing the grass or other 
vegetation is the most difficult proble~ since the rain 
which is needed to promete the growth of the young plants 
is also capable ro removing these plants from the slope, 
particul'arly when the slope is relatively sceep and when 
the rainfall intensity is high. Various schemes for 
stabilising the surface layer during the initial growing 
period of the vegetation have been tried but finding the 
best method for a particular slope is very much a question 
of trial and error. 
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~echanical anchoring of top 
soil layer on slope. 

One system which has preved successful in sorne applications 
is to mix grass seed and fercllizer into a liquid rubber 
or plastic which ís then sprayed onto the slope surface , 
and which serves to bind the se~ds 1 soil and fertilizer ·~ 
together until growth has been established. Another sv~teffi 
involves mechanically anchoring the top soil in place-by 
means of travs anchored into the slope or suspended from the 
slope crest by means of wire iopes. 

Choice of the correct grass type and deciding upon the best 
method of establishing growth dependa so much upon the 
local conditions on the site that the authors feel that 
there is little value in discussing this tapie further in 
chis text. Instead, .it is recommended that the slope 
engineer should consult the local agricultura! officers 
who will have experience of local conditions and who would 
normally be very willing to help in a project which, to 
them, would be unusual and interesting. 

In the case of rack slopes, surface protection is necessary 
when these slopes are prone to rapid weathering. ~ateria1s 
such as shales and, in sorne cases, granices have to be 
treated with care when they are exposed in a slope face. 
and, since it is not normally possible to establish vegeta
cien on such slopes. sorne. form of protective layer must 
be used. Probably the most common form of surface layer 
is a cement-sand morcar which is spraved onto the slope 
surface. This pneumatically applied morcar, known as 
"Cunnite11 or 11 Shotcrete", depending upon the moisture 
content of the mix, is very successfu1 if applied immediate
ly after excavation of the face, befare the weathering 
procesa has set in. The cortar is sometimes applied by 
hand, as in the case of the "Chunam" surface layers which 
are. co_mmon in Hong Kong. 

\~en a slope surface is to be protected by ~eans of a 
surface layer, it ,is essentia1 to remember that thts 
layer may not only keep water out but it may also keep it 
in the rack mass behind the slope and che resulting water 
pressure can induce instability in the slope. Shallow 
drains or weep hales left at regular intervals in the 
!ayer will serve to dissipate these potentially dangerous 
water pressures and should be included in che specifications 
for che protective surface layer. It is also important 
that these layers should be inspected at regular intervals 
and that repairs should be car"ried out if the layer is 
damaged since failure to repair a hale in the layer can 
give rise to progressive damage to the whole layer. 

More elahorate, and more expensive, methods of surface. 
protection are sometimes used and figure 118 illustrates 
a scheme used to protect the surface of a 1arge soil slope 
in Hong Kong. Interlockin'g precast concrete members form 
an open framework into which a 1ayer of no-fines concrete 
is placed. This porous la.yer supports a layer of top soil 
which is then seeded to produce a grass-covered slope. 

Another form of s.urface protection is to use various types 
of gabions whiCh are wire basket& filled with waste rack. 
Figure 119 illustrates two typical applications of gabions 
for the surface protection of Slopes. This form of protec
tion is particularly effective when the slope is subjected 
to wave action or scour from rapidly flowing water. 

\ 



( 

' 
Figure 118 : Protection of the surface of 
a large soil slope in Hong Kong. Precast 
concrete membeis interlock to form a 
framework into ·which layers of no-fines 
concrete are placed. These lByers support 
top soil which is seeded to produce a ~rass 
covered s lo pe. 

Figure 119 : The use of gabions for the stabilisation and surface 
protection of slopes. Technical literature on gabions ís available 
from River am~ Sea Gahions (London) Ltd, Princes Street, London 1-.'lR BSQ 
and from Terra Aqua Conservation Ltd., 4930 Energy Hay, Reno, Nevada 89502. 
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Control of rockfalls 
.: 

One of thc dangers associated with rack slopes is that·:t;} 
falls of Joos~ b0u!ders from the top of the slope, Such" 
bould~r~ can fall, bounce or f11ll Jown the stop¿ dS shown 
in figur~ 120 and, unless steps Jre tak~n to Jis5ipate ~he 

enerKy ~lti•:h has b¿en acquired by the boulJer, ~0nsiderable 
da~age ~an ~e caused. This Ja1tger is particularly ~cute 
in thl! case of highway s topes ~md a study carricd out i;,y 
Ritchie in 1963 ~23 vas aimed ac minimising this hazard. 

Figure 120, adapted from a drawing in Ritchie's paper, 
summarises the main recommendations for the control of 
rockfalls. A ditch at the foot of the slope will contain 
much of the energy of the fall and a chain link fence on the 
shoulder of this trench will prevent the rack from bo~ncing 
onto the roadway. Unfortunately, to be fully effectiV,e, 
the dltch should be as much as 25 feet wlde and 6 feet deep 
for a 100 foot high slope. The authors suggest that it may 
be p0sslble to reduce these dimensions by placlng a thick 
layer vf gravel in the base of the ditch since recent work 
has shown t.hat such a layer of gravel is very effective iO. 
dissipating the energy of a runaway airplane or truck. 
However, in most open pit mining situations, the space 
required for such a ditch could not be made available and 
these suggestions could only be used for critica! haul 
roads or p~blic roads. 

Figure 120 : Rockfall modes and protection 
systet:Is suggested by Ritchie 223 

he used 

fence 

Ditch 
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llonitoring and interpretation of slope displa~ments 

When, in spite of all his efforts to design 8 Stable slope 
or to improve thc stabílity of a potentially dangerous 
slope, the engineer finally comes to accept that a majar 
failurt is inevitable, what steps, other than catching the 
next plane, can he ·take ? The answer líes in attempting 
to provide a reliable prediction of the slope behaviour 
up to and including the final failure so that::·:appropriate 
action can be taken to minimise the danger tO'men and 
equipment. 

The most spectacular set of predictions of this sort was 
associated with a majar slope failure in the Chuquicamata 
mine in Chile 22~,225, to be discussed in more detail 
later in this section. There have, however, been a number 
of other cases of slope failure prediction which, although 
less spectacular, have been just as important in preventing 
the serious consequences whích invariably result from an 
unexpected failure, The l~sson to be learned from these 
cases is that a large slope will almost always give warning 
of f8ilure, provided that the slope engineer knows what 
to look for and takes heed of the warning, 

Since shcar movement on a failure surface t-.'ithin a soi 1 or 
rack mass will be transmitted into the overlying mass of 
material, monitoring of the movements of the slope surface 
will give an indication of overall movements resulting from 
instability in the slope. [xperience has shown that detailed 
knowledge of the precise movement pattern within the rack 
mass is not irnportant and that meB.surernent of surface 
displace~cnt is usually adequate for the prediction of 
slope behaviour. 

Measurement of these surface displacements is basically a 
survey problem of establishing adequate targets or bench
marks, a stable reference datum and using the correct 
instruments for the measurements themselves. These problems 
have been discuss~d by Kennedy and Niermeyer2 25 , Watt 22G 
and St John 22? and will not be dealt with in detail in 
this chapter, t¡ost cine survey departments would have 
adequate equipment for t he measurement· of slope surface 
displacements but these departments would almost certainly 
require assistance in the interpretation of these measure
ments. 

Obviously, the earlier a displacement measuring system is 
established around an open pit the bettei- since the gradual 
change in the movement pattern would reveal any anomalous 
slope behaviour which would identify areas requiring 
detailed examination. Unfortunately 1 the cost and the time 
required to establish and to maintain such a system can 
seldom be justified, particularly when slope problems are 
not aniticpated, Consequently, a displacement monitoring 
system is normally only installed when slope instability 
is evident or when local mining regulations require that 
a check must be kept on surface movements, 

Since the serious instability of a slope is almost always 
accompanied by the development of one or more tension 
cracks behind the crest of the slope, -ene of the best and 
most reliable methods of displacement monitoring is to 
measure the opening of the tension crack at regular 
intervals. Very simple mesuring systems, using a steel 



An electro-optical distance 
measuring instrument set up 
to monitor displacements 
across a large·quarry. 

tape stretched b~tween pegs on either side of the crack, 
have preved very ~ffective and have rroviJeJ sufflcient 
inf\lrmation for soun'd decisions to be r.1aJe in r.1any mines 
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and qUarries. ~1ore sophisticated systems, using more 
orecise measui'eing methoJs, h:.tve been useJ .10J une such 
;vsc<.!m is illustr.lted in figure 121. Evt>n :nure sophisticat
.:J -;ystems 1 usingd;l~ctro-op~ical Jistan..:~ ::tesuring devices 
itd·:~ dlso been us~ 1n certa1n cases 227 • 

!"he .1uthors do not wish to enter into d Jiscussion on the 
··:...-rits ,)f these different :>yst<!ms uf measurement. The 
~huice of the method to be useJ in a particular situation 
·,.,;ill Jepend upon the magnitudes of the anticipated movements, 
che local site conditions and the availability of staff 
and equipment. While it may be interesting to measure the 
displacements in thousandths of an inch, this is seldom 
necessary and the slope engineer should avoid JemanJing 
,¡n unnecessarily high degree of accuracy. [n che case of 
che Chuquicamata slide, movements of the orJ~r 0f 6 rneters 
were recorded and it would certainly not require a 
~icr0meter to ~easure such displacements. [t is preferable 
to get a simple measuring system functioning edrly than to 
argue about the required accuracy while the slope falls 
down. 

In sorne cases, loase overburden on che upper surface of the 
slope may make it impossible to establish stable bench 
marks for displacement measurements. Under these conditions, 
a borehole method of displace~ent monitoring can be 
considered. Several systems for this type 0f oesurement 
are available commercially and most of them depend upon 
che lowering of sorne forro of borehole survey instrument 
down a borehole lined with a grooved plascic Cdsing. The 
casing is left permanently in place and measurements are 
taken at che same depths at regular intervats. The 
relative movements with time of different points in the 
rack or soil mass will give an indication of instability 
in the slope. 

The interpretation of the displacement versus time plot 
obtained from these measurements poses che most Jifficult 
problem for the rack slope engineer. There are n.o theories 
which define the movt:r.umt patterns in slopes and the authors 
f~el that it will be a long time befare such theories are 
Jeveloped. Experience does suggest , however, chat the 
rate of movement in an unstable slop·e will gradually 
accelerate until the point af failure is reached and that 
this rate of movement, rather than the magnitude of the 
movement itself, provides the mase sensitive inJication of 
slope behaviour. This is best illustrated by means of 
the Chuquicamata slide prediction which is Jiscussed on 
che following pages *· 

Figure 122 illustrates the eastern slopes of the Chuquicamata 
pit. The overall height of che slope in the failure regían, 
in the centre of the photograph, was 248 metli!rs and the 
overall slope angte approximately 43°. The main rock type 
in the slide arca is unaltered porphyritic granodiorite • 

• The authors claim ·no credi~ for chis example which has 
been taken from the papers·by Kenn~dy et al 2 24 •~25 



a. Four pegs are set into h<'l~!' drilled 
into tlle rock on cither sidc of the 
tension crack by rneans of ep>:iiY resin. 
Tht: measuring heads ar(: pr0Hcted by 
grcase-filled caps scre~ed onto the 
pee. These caps should be: le:ft un
painted other~ise they are likely to_ 
attract vandals. 

c. A precision lev~l placcd a}ong thc 
caliper bar can be us~d te determine 
th~:: changl~ in leve! of thc pegs. 
Note that ml!asuremi.:'nts are made 
across tl1e diagonals as well as along 
the sides of the mcasuring square in 
order to detect any shear movement 
along the tensíon crack. 

:z -: ./ 

b. A large vernier caliper can be adapted 
to rneasure the displacements across a 
tension crack of up to 5 feet wide. 
The attachments on the caliper are cene 
seatings which are centrcJ on balls on 
the top of the measuring pegs. 
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d. Precis~ measurement of movements across 
a narrov.· tension crack can he made by 
m~ans of a mechanical extensomenter. 
Measurernents of this accuracy have 
preved useful for correlation ~ith 
daily rainfall and hlasting records 
for research purposes. 

Figure 121 Measurement of movements across a tension crack • 
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Figure 122 F.ast~rn slope of the Chuquicaoata mine in Chile 
in Late 196~. The area on the top of the slope to the left 
of the tw~ smelter stacks is where 4} million tons of material 
was removed in che unloading programme, 

Figure 123 : Plot of slope 
displacement v~rsus time 
used for prediction of the 
Chuquicamata mine slide, 

A - Plot of fsatest moving 
target on slope face, 

B - Plot of sluw~st moving 
target on ~lope face, 

C - Prediction oi slope 
failure date nade on 
the basis of ~xisting 
Jata on January lJ. 
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Tension cracks were first notíced in this slope in August 
1966 and a simple monitoring system was established. Move

,ments were found to be extremely small and eventually ceased 
so that monitoring was discontinued. An earthquake, on 
December 20, 1967 of magnitude 5 on the Richter scale, was 
apparently responsible for reactivating move~ent. 
Incidentally, Chuquicamata is in a desert ares with 
extremely low annual rainfall and hence groundwater is not 
a factor in this slide. 

Displacement monitor~ng commenced in .June 1968 when· it was 
evident that movemcnts were taking place· in the slope. The 
monitoring systems, described by Kennedy and Niermeyer225, 
were basically very simple, consisting of tension crack 
measurements, survey measurements and sorne extensometer 
measurements. A three channel, short period siesmograph 
was also installed on the site and, although the results 
produced by this instrument were not used in the failure 
prediction, it is interesting to compare thern "-"Í th the 
displacement records22~. 

In an effort to stabilise the slope, an unloading 
programme was started in August 1968 and a total of 4.5 
million tons of material was eventual'ly stripped from the 
top of the slope. This stripping is ·visible on the top of· 
the slope, to the left of the 9celter stacks, in the photo
graph reproduced in Figure 122. Although the amount of 
material finally deposited on the pit floor by the slide was 
probably reduced by this stripping programme, it is 
unlikely that the unloadi9g of the slope had any significant 
influence on the slide. The analysis presented in Figure 
85 on page 171 sh0\ .. '5 that a very large reduction in slope 
height is necessary befare the factor of safety of a slope 
is significantly improved. 

By late 1968 it was evident that a majar slope failure was 
inevitable and steps were taken to reroute the hau1 raad 
system and to stockpile material for the mill. On 
January 13, 1969, a projection of the displacement data, 
plotted in Figure 123, was made. The earliest predicted 
failure data, bas~d upon the fastest moving tarFet on the 
slopt, was given as February 18, 1969. 

Th~ failure itself, illustrated in the photograph reproduced 
in Figure 124, occurrE.dat 6.58 p.m. on February 18 and 
involved the movtmtnt of approximately 12 million tons of 
material. Figure 125 sho.,.·s the slide, as seen from the 
air, and the relocated haul road can be seen in the lower 
right hand side of the photograph. 

FulJ production resumed on February 19 after a shut-down 
of the pit of 65 hours. The mill continUed working 
t~roughout this period on stockpiled material. 

The spectacular accuracy of this prediction is not 
particularly relevant to this discussion since the overall 
result would have been the same had the prediction been a 
few days or even weeks out. The point of this example is 
that by knowing what to look for and by making full use of 
the available data, a set of sound engineering decisions 
could be made and the serious consequences which could have 
resulted from this failure were avoided. 



Figure 124 Failure of the Chuquica~ata mine east.slope at 6.58 p.m., 
F'ebruary 18, 1969. 

Figure 125 : The Chuquicanata slide seen from the air. Sote the 
nev haul road posítion in che bottom right hand side of the photogr.lph. 

fl1e photographs reproduced in figur~s 122, 124 3nd 125 are prints of colour slides 
releas.?d to [mperial College by che AnacunJJ. Cumpany • 



¡ 

1 

Chapter 10 references 

Selected references 

214. JENIKE, A and YEN, B. Slope stability in axial 
symmetry. Proc . .Stl¡ Syrrrp. Rock Mecñ.J Univ, 
Minnesota.l962. Pergamon Press 1963, pp. 689-711. 

215. PITEAU, o·.ll. and JENNINGS, J.E. The effects of plan 

216. 

geometry on the stability of natural slopes in rack 
in the Kimberley area of South Africa. Proc. 2nd 
Congress Intnl. Soc. Rock Mec}¡anú!sJ BeLgrade 1970. 
Vol. 3, paper 7-L.. 

RANA, 'M. H. and BULLOCK, W.D. 
mine slopes. Canadian Mining 
pp. 58-66. 

The design of open pit 
JournalJ August 1969, 

217. LANGEFORS, U. and KlHLSTROM, B. Rock BZasting. 
Wiley & Sons, New York 1963, 404p. 

218. ORIARD. L.L. Blasting effects and their control in 
open pit m1n1ng. Geotecr.~n:cal praatice for stabt'litt
ir. opor, pit mining. Editors Brawner, C.O. and 
MILL!GAN, V., AIHE, N"" York, 1972, pp. 197-222. 

219. KlLHSTROM, B. The technique of smooth blasting and 
presp1itting with refercnce to comp1eted projects. 
Nit1'CJ !.'obel AB Teahn"CcaZ MemorandW"' No. 8672 1 

Janual"!f 1 1972. 

220; KUTTEP, H.K. and FAIRHURST, C. On the fracture 
process in blastíng. lr.tr;2. J. Roal: J.:echanícs 1 

Minú;p Se--:·., \'ol. 8, Ko. 3, 1971, pp. 181-202. 

221. HERG[T, G. Recent research on rack s1ope stability 
by tht- Hiníng Research CentrE' (Otta\.'a). GeotccJa:;:cal 
praetic.2 for· stal"·ility Ír; open p:'t mirdng. Editors 
Bra\olfl~r, C.O. and Milligan, \'., AIME, New York, 
1972, pp. 47-66. 

222. SHARP, J.C., HQ[I;, E. arl BRA\.'NU, C.O. lnfluence 
of ground~ater on the stability of rock masses
drainag~ syscems for increasing th~· stability of 
slopes. :'1'aY..:·. IY.:.·:. ,1./:·y,. M.:t...::ZZ., Londm;. Sect. A, 
Vol. el, No. 78ó, 1972, p¡ .• 113-120. 

223 •. RITCHll, A.M. The evaluation of rockfall and its 
control. H¿gh.:ay Rcco"J'd, \'ol. 17, 1963, pp. 13-28. 

224. KEl'."'NEDY, B.A., NlERXEYER, K.E. and FAHM, B.A. Majar 
slope fallure at thr: Chuquicamata Mine-. M~'ning 
Eng· .. ·r.e.Jring, AIME, Vol. 21, No. 12, 1969. p.60. 

225. KENKEDY, B.A. and NIER}~YER, K.E. Slope monitoring 
systems used in the prediction of a majar s1ope 
failure at the Chuquicamata Mine, Chile. PPoc. Sy~f. 
Fla11m:ng Ope1; Pit Mines, Johanneebu:rg 1 September 
1970, A.A. Balkema, Amsterdam, pp. 215-225. 

226. WATT, I.B. Control for early warning of potencial 
danger in open pits. Proc. Symp. Planning Open Pit 
Mines 1 L1ohannesbuPg 1 Sept. 1970, A./1.. Ba1kema, 
Amsterdam, pp. 103-113. 



227. ST. JOHN. C.M. A note on displacement measurement 
for open pit monitoring. Proa. Symp. Ptanning Open 
Pit MinesJ Jofo.annesb~A.rg~ September 1970. A.A. 
Balkema 1 Amsterdam, pp. 328-330. 

'.i 



MECANICA DE ROCAS APLICADA A LA tHNERIA Y A LA CONSTRUCCION 

USO DE EXPLOSIVOS EN ROCA 

ING. RAUL CUELLAR BORJA 

!·lAYO, 1985. 

Palacio de Minería Calle de Tacuba 5. primer piso Deleg. CuauhtOmoc 06000 México, D.F. Tel.: 521·40·20 Apdo. Postal M-2285 



' . 

DIV/SION DE EDUCACION CONTINUA 
FACULTAD DE INGENIERIA U.N.A.IVI. 

MECANICA DE ROCAS APLICADA A LA MINERIA Y A LA CONSTRUCCION 

THE LAWS OF ENERGY DIVERGENCE 

MAYO, 1985. 

Palacio do Minoría Callo do Tacuba 5 primor piso Doleg. Cuauhtlimoc 06000 México, D.F. Tel.: 521-40·20 Apdo. Postal M-2285 



THE LA\·;5 OF EN!::RGY DIVERGENCE 

By Richard L. fsh, P.E. 

Energy trans~ittec through a homogeneous isotropic medium from 
an explosion-induccC: confined source is divcrged out11arc equally in 
all directions. T~e effect is to reduce the unit energy at any onc 
posi tior, 1·1i thin the mcdiUJ". as the distan ces increase a• . .,ay from the 
explosic'n c<;ntcr. This phcnomenun as a1)plied to rr.ass, volumetric, 
or \'leight consi:Jerations is described by what is kno1-m as the cube.
root la~¡: ~rhereas, the decrease of the effective stress or pressure 
wi th c.iistance in any single é.iL·ection is expressed by the square
root la1.¡. ~otll of thP- t1w laws serve as the principle bases for all 
explosive-energy c'esign critcria. :tt is nost important, therefore, 
that the la11s be .cl:eq.:dy distinguishecl from one z.nother as to their 
specific applications. 

The first assuffiPtion ~ade in the use of the laws is that the 
explosion source consists of a single concentric or point charge, 
i.e., o~e that is initiatea in its center and whose length-to-¿i
ameter ratio (LE{Cel is not r.1ore than 6. H011ever, thc la~1s can be 
applied equally as well to the long-length cylin(rical charge nor
ma:Vly used for the bulk of industrial blasting, providi.n<¿ one rec
ognizes that only in 'the plc.nes of the charge lengt:1 Hill th·~ effe:ct~ 
differ frpm those produce¿ by th~ concentric charge. 

To comprehend the unique: characteristics of the long-length 
charge it is convenient t0 consieer t~at it is essentially no ~ora 
than a contim.1ous series or succcssion of inci vidua l point charc¡es. 
'I'hus, stress ene:rgy fro¡n cach :;eg:>e~t norJ:!alll~' 1d ll !:t: relr-:.i:~éC:. :.n 
a definitc sequence or progressive orc2er, frcr: t;-,e roü,t of ini:::i
ation and thcn preceding te each ac'.j acent portien of the cha;:g.:;: no.·· 
ma.ininc;:; in the colur.-Jl. The resultant composite stress-fe!::". tr<'nn
r.d.ttec. i:1t0 the surrounéling rneaiur:•. will vary in shape frcr. t:tat of 
a :::~1-:e:re to that of é', cylim:er l·!i th her.-ispherical enC:s, éepcnding 
on the rr·<·:thoc. of initiation used. an,~ the properties of both t:h2 ex
plosives am: containing material. Por the cylincirical Ha ve to forrn, 
fo¡: e:::i!.r.¡:>lo, al! points along the colu~n rust be initiated sil"ul·· 
t,;¡,;:-¡eonsly. 'rhis is highly ilT'probu.ble for ::'ost ty~)es cf blas tü.g 
excapt: for very :>hort columns that are initiatec; in tha cent":!r cr 
rooderate length charges that cont¡¡in closely-spacec '?riF.ers to:.ic:á 
are all initiateü by ~eans of instar.tanacus electrical blasting 
caps. Instea.~, the composite v1ave-form t.:sually is cither sore form 
of conical sha~e cr spherical. T~e conical Have rasults Hhe:n the 
reaction ve lo.:::i ty through the explo~i ·¡e colur:m cxcee.:':s the com-
pres si ve \·:ave velocity of the surrounó.ing rreóiun. In this instance 
stresses fro~ the charge en~ in each of the planes intersecticg the 
axis of the .:=xplosive: column will be c~iverqed lH:e· those fro!'l the 
spherical charge with changinq anglos bf i;ci~ence at frce-facc 
planes, \</hile stresse~ in t~·ú; nla.ncs of the a:<i!l fro:-: the cent~al 
portien Of the COlUDn Hi!l be C'<irectecl l<lith a COnstant ancrle Ot in-. 
cidence. Strasses in the planos cf the charge ~iameter a~d pe~poc
cicular to the COlUJT1n axis 1 ::o~ICVCr 1 \lill be éliverqa.:: r.uc!1 Jn t.~.e 
sa."':'.c circular 1nanncr as those produced froM the ::mherical pcint. 
charge. -
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For the i~calized conC.ition of the single point charqe, as· 
would be al so tl~e case for each single segment wi thin the ·lonq
lcngth colo~li'n charge, t::e ci vergencc of energy t~rough a material 
propagateü frov: an explosion could be consiúered te te containcd 
within a sphcre of influcnce '~hose volurne would be a function of the 
cube of t!1e ciistance of propagation a\·lay from the explosion' s v~nte::= 
or ViJ = ~3/..;ii: It follo~·ls, thcn, that fcr the energy to sr,¡read out 
with~n a volur!\e ~1hose raC.ius is t•,¡ice that of the charge, the ex-' 
plosivc's energy would havc becn dispersec throughout a volume equal 
to ó tifi'.es that occupied by the explosive. In the event the radius 
of influei>Ce considerec'. in th<:> l"atcrial is 5 times the charCTe radius 
or el = 5D0 /2, then the voluf".e of the expanded sphere of influence 
\·lould be 125 times that of the ci1arc¡e. In othe!: 'VlOrds, the ideal 
t:agnituC::e of the energy contai:1e::l Hith:i,n one unit volume of material 
at a cüstar,cc of d fror,, an explosion center (dQul woulu be equal 
to thE: procuct of the unit oimcrgy releaseC:: initially from the ex
plosion (é.Qel 'l'Ii!ES the spccific ratio of the explosive' s initial 
volume to that of the spherc of influence in the material affected. 
llathc!l'.atically, the general relationship would be 

Decau:;c ti:e volu.Me of the exulosive \·roulc. be a function of its charae 
<iial'\eter, or V0 ::: (D8 /2) 3, and the volurne of the sphere of influence
in the r.1aterial being strcssed by the explosive is pror>ortional to 
the C:istance a\lay from tho:;, c:~"!"'lc.sion center, \·There V¿ ::: d3, i t can 
be cor.cluclcd tha.t ti;e fr.:1c~ion cf the explosion' s uni t encrgy con
taineC:. vi thin a uni t volu.mc of the ~aterial \lill be equa.l to 

dO¿/¿Qe = (De/~¿) 3 • 
In similar nanner, it can be reascncd that for ~~y specific 

spheric<:l eXi.Jlosive, i·ts tot"l wcig!it and c.l'\ount of availahlc 
energy •.;oulü. ~epencl to a largc= c:,tent on its unit density (SG l 
and c:1argc clia:;~eter (C.,), provh i=lg velocity effects are excliiccd. 

· Thus, a point cl".arge wi th a 4- inc:1 c·.ianeter could be expectec '.:o 
contain :-: t.:r.cs ·the encrgy ant~ l·!eigh ?. times that of a L··inch Gi
al' .• ctc:r point charge of the sarce cxplosive. HcMever, the t.c•-.:?.1 
weights Houltl clif!:er bet•.-Teen a conccntric point ch:'lrge and a long
length colt.:I:'.n ch&rge with id8ntj c:l charqe diaJ~aters hy a factor 
equal to t!1e ratio of their res,.,ective lengths; although the energy 
concentration P21. FOOT OF r.r·t.T GE Lrr·;G7:I \·Toulc~ Le identic-::!1. T~en'

fore, it is gen;n:ally preferreG te use the unit -::ens1.ty (SGel ~!7. 
_ loat:ing ¿ensity (d, .. l of an explosive as i:he s·i.:<~nJan~. fo:::- corcpu.::iscn, 

ratl:e:::- thill: total. éharge v1eight. In the event the exrylos i ve' s 
velccity does ilOT remain constant, it is then necessaÍ:y to acc01.:nt 
for its C:ifferenca in ordcr to consie:er the enerqy quantity for 
each co:1G.itior.. T.s a general rule!, the relative energy (!iL) \·:oulc 
be a function of the proC:uct of t[lc loacing C.cnsity anc recction 
val oc ity square~:, or Üe v0 2. 'l'herc fore, using the conccpt of rsla ti ve 
energies from ¿ifferent explosives and uncer different blasting \ 
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conC:.itions, it is possible to ~ake reasonable approximations of the 
encrgy capabilities of various kinds of explosives anC: the estinatec 
level of the transmitteC: stresses at any uistance d from the ex- · 
plosion center. llith respect to the relative enerqies of ex
plosivas with ¿iffarent C:ensities but having a constant charqe di
ameter ar.rJ velocity of reaction, the follo~ring expression can be 
useC:' 

RE 2 = FE 1 (SGe 2/SGel) 

In the c. ase 1·1hero explosi ves 1 c!ensi ti es, charge diameters, anc 
reaction velocities all differ, the general relationship for making 
the compúrison ~ould be 

2/, . 2 . 
RE2- = PEl (ce2ve2 7delvel ) 

For all pra!=tical consi¿erations, the cof"parisons 1~oulc be reason
ably valic; for all center-ini tiat;!d 1-,ft long charges ,,,i th diameters 
that 1·roulC. vary fro!". 2 to 72 inches. This is because t~·.e range of 
values for Le/De and its reciprocal, or '-•elLe, HoulC: not exceecl. 6, 
whic~ ~-Tas clefinec1 earlier as the limitation for a point charge. 

The significance of thc foregoing relationships becor.es 
apparent 'llilen or.e consici.crs their application for cratering in 
materials. The problen, in gist, is one involving the accomplish
ment of I:\echaniC;al l·tork, whereby thc energy supplieC:. :>y the ex
plosivG (Q0 ) is usec! for fracturing t!"'.e IDaterials by overccring 
their strength properties and then (lisplacing t:-te bro};en ~a1:tü:les. 
In general, th<:! required divergP.d value of ó.Qe, or cQ¿ at éistancc 
á fror• t:1e explosion' s center, 1·1ill he unique for any given type 
of material. 

The specific clepth of c!large burial, 11hich \lc-ulc ccrrcsr-·on:l 
with the naxir:n.un limit for distance d, at which optinum era té!" 

resul·.:s 1·1i 11 be achieved is c<.lle(, the burden, B. The volu!ne of 
the :::evelot:Jcü crater (Vcl, in turn, will al•.1ays he a function of 
B, as. 1·1ell as the explosive's Qe• For exar.-.ple, .Ve for a simple 
cone-typc cratar 1-1ith one free surface is 1Tr2B/3, but the value for 
the era ter raL.ius r is ó.epen(ent on the IT'.aterial' s properties ano 
is relateó to 13. Thus, as a general rule one can assurr:e t'1at 
V0 a a3 a Qe for approximation ?Ur~oses. From the previous dis
cussions i t '~a3 sho~rn that Qe a !'Be = SGe a De 3. Thercfore, for 
any confined explosive charge it can be concludeC:. that 

B ,. V 1/3 
e 

= ~~ 1/3 a SG 1/3 ,. 
e e 

In s~ation, the cube-root law describes the effect of three
dimensional c~i vergence in recucin:-¡ the stress energy produced by a 
confincL. explosive chargc as the energy propagates in all dircctions 
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through a material. l'.s a result, the ideal optimum C'epths of burial 
(or burGen) and the resultant crater volumes produced by confined 
explosive cha.fge,s in a given blasting enviro11r.1ent \-lill .be .. :,J)'rOpor
tional to the charge diarretcrs anC\ the cube root of thefi:'·'·r!;i,speGt ive 
relative energics. · 

The Square-Root Law 

Because the energy of an explosive is released as a pressure 
. or stress, Le., Peor cre, it ,.,ill exert itsclt·.over lhe entir;:; 
surfacc of th¡, charge. For the concentric or. t,'?:i.n-: char~ü \;.hE; 
total outer surfacc at uhich the pressure acts is eoual to · 
<.n re 2 = nDe 2. · ':'herefore, the total enerqy from the-cxplosion (Gel 
wilJ. be equal to cre(TTDc2¡. By similar analysis, fror.. the explosion 
center th.;;¡ stress transr.üttcd through a material a dista.ncc e 1'1ill 
be cistributeC: over a surface area equaling 4nd2, in '<lhich the total 
energy at that loc<~tiol1 cr¿ ti~r.es the area 1mulC. be relate.::: in the 
form of Qo3. = crc.(4nd2). Assu."lling there are ·no losses because of 
absorption, cte., or Oe = Q0 , it follo\~s then that 

cre(nDe2) = cr¿(4nc!2l, 

or (Jd = ae(De/2cl)
2

• 

If u = B ·for the optimu."l era ter produceC:, thcn 

B "' (De/2) (cre/crB) ~ 

R~cause the stresses transmitte¿ into a material are propor
tional to the pressure relcased by the explosion, or cre = Pe, the 
transmitted stresses for the production of a crater r.ust equal or 
exceeC: the naterial' s strength pro'[)erties, or a t or ,. s der''"náing 
on ~1hich woulu be· the most cri tical. •rhus, one can conclu,~e that 

B ~Pe~~ crt-~ or 's-~· 

In brief, then, the square-root law of energy civergence, uhen use<! 
to preC:ict requirements for the proliuction of craters, states that 
the optir.urr. depths of burial (or burcen) and the resultant crate~ 
volu."'les for confiner..: explosive cl;arges in any given bl;;;::;tir.r¡ en
vironl!lcnt will vary C:irectly 1o1ith the square root of their re·· 
spective ex:_Jlosion pressurcs an.:: inversely .\~ith· the square root 
of the pertir.ent materials' strengths. · 
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SINGLE BLASTHOLE DESIGH ?ROBLEM 

A depos1t 1.a quarr1ed in 30-tt high benches for crushed 
fjtono. Tha roe k is quite wassi ve and has the following IJr.o:per• 
t1ec ¡ 

- 2.9, vp = 17,000 fpa, p::. 0.25, sf = 0.7, 

'( = 45 e\ o g, ~ = 25, 000 po 1, nnd e;¡ = 1'{50 poi. 

Blasted rock is loaded by n 5 cy front-end loader. The 
blaatholes are drille·i vert1cally und bulk louded (D 13 ::. D'Q) 
w1th un e~ploslve havlng an SO= 117, D = 1 in.; ana conlined 
v•looities of 12,500 fpo at 3 in •. and 1§,ooo fpo at 5 1n •. and 
largar oharge diame1;ers.. The re lu t1onsh1.:p bet1·reen v P. and Da in the 1 to 5 in •. rauge can be aEoumed to be in tha ioru: of 

ex 
~· -
<#-" - •· 

a + bx: 

Drainaee at t.he operatl.on 1.E such thut blastholes gencrally 
!lro ulwaya dry, and thare 1s no free parting in tha rock :.vall
able that <;an serve as a floo1·. For aotimating purposes the 
average blaat areu .1:.. of

2
me.ter.l.al r;ro.tored by. a sinsle lJla:>thole 

woulc1. be equal to 1 .4-B • . 

A.. Oons1der1ng the forego1ns !.nformo.ticn,, í'ind the followin~ 
:¡iro;pérties tor the 1ntact rock: · 

(1) 'rs ,. r.nd (2) Er• 

B.. For charge diamet.era D~ of (a) 2 in • ., and (h) 4. 
mine each of the following~esti~tea: 

(1) v
13

,, 

(7) E, 

(2) pd•· 

(8) w, 
(3) 1' e' 

(9) tf, and 

( 1~) B •. 

(lO) tp 

(5) T, 

, 
.o.ll. ' d. e ter-

(6) J, 

04 A.t tho g1ven bench height L deterro1ne <;:1e r:;sr-oo:lv<l D,, 
value a tha t define ea oh of the follo1ring cvnoli t~ . .;;:.s: ~ 

(1) The B' that 1nsures all o! tho explosiva colu~n w~ll 
raact before a.ny cracks w~.ll have p:copagated to any opc::J. 
faca when uaing a single primer located at (a) Floor lcvel, 
ar.d at (b) The Oenter of th!l charge colurr.n. 

(2) The B11 a t wh1oh ovorbrr!a.lc quite l1kely "Jl.."lY begin to 
<locu.r when the primer :l.s pla.cc. o. t !'loor le val. 

\ 
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C O N T E N I D O 

PROPIEDADES ELASTICAS DE ALGUNOS TONELES CON: 

a) Maquina tunelera 

b) Método convencional 

e) Método parcial 

ANALISIS ESTADISTICO ENTRE METODOS DE TUNELEO Y RESISTENCIA 

A LA COMPRESION 

LINEAS DE CONSTRUCCION DE TUNELES (figura) 

CALCULO DE BARRENOS DE CUNA 

NUEVO METODO AUSTRIACO DE TUNELEO. 
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TABLE 1 

+:l.ifE -FA&HACH! N~lU.NNEL~ NG-EXAMPü-S<-

Compre!;si~ -EJ.ast.i.¡;,_ .tui\l.a 1\Ce-

S.tr:ength ... .;Modulu~ ~O'i-6 wn.!.s... ..&At~g ... Di ameter 
Tunnel Roe k (~si) (~si/uG) .aat io .. •( ft/.l:la.d:: (ft) Machine 

Nast, Granite, medium 18,000 8.50 0.30 22.7 9.75 Wirth 
e o to fine grained TBII-300H 

Nast, Gnani.te,....Li.ne. .24 .. 00~ ·8.30-· 0..:33. n4~:r-• 9.83 Wirth 
e o ~rA.ineci TBII-300H 

e 1 imax, Granite Gneiss 8,000 9.70 0.35 14.2 13.00 Calweld 
co Silicified 40 

Mather B, Metamorphic 7,000 2.50 0.15 NA 9.96 Cah1el d 
MI Hematite & Martite Occillator 

Geduld, Quartzite 14,500 NA NA 8.2 11.15 Hi rth 
S.A. & Dolerite 51,000 Sll-340H 

Richmond, Mica Schist 15,000 12.26 0.17 33 11.00 Jarva 
NY 12-1100 

Richmond, Mica Schist 13,000 8.50 0.20 ?B 8.50 Jarva 
NY 8-806 

Queens Lane Mica Schist 11,000 4. 50 0.25 26 11.00 Jarva 
NY 11-1100 

White Pine Sandstone, 22,000 5.38 0.25 43 18.10 Robbins 
MI fine gra i ned 181-122 

White Pine Sandstone, 23,000 9.50 0.15 NA 18 X 8.5 Atlas-Copeo 
MI Siltstone, Shale Rectangular 4-head 



._; 

TABLE 1 (Continued) 

e 

:comp_ressi ve .Elastic Advance 
.Strength Modulus :Poisson' s Rate-Avl. ·.oi·ameter . 

Tunnel Roe k (psi) (psi/U") Ratio (ft) Machi ne (ft/day 
Superior Limestone 29,000 8.70 0.41 70 13.67 Lawrence 

AZ HRI 

Superior Limestone 20,000 4.61 0.50 58 13.67 Lawrence 
AZ ARI 

Mi 1 waukee L imestone 36,000 10.00 0.30 44 11.17 Jarva 
WI 11-1100 

Milwaukée L imestone 22,000 7.84 0.46 43 11.17 Jarva 
0\ WI 11-1100 .. 

Mt. Green L imestone 26,000 10.63 0.50 85 10.33 Robbins 
105-1414 

M t. Green Limestone 30,000 10.82 0.30 105 10.33 Robbins 
·105-144 

Layout, · Sandstone, 10,000 1.80 0.10 130 12.92 Robbins 
UT mediUlll grained 141-127-1 

Layout, Congl omerate, 22,000 10.80 0.18 79 12.92 Robbins 
UT sandstone matrix 141-127-1 

Currant, Congl omerate, 28,000 6.00 0.18 133 12.92 Robbins 
UT ca 1 careous cemen·t 141-127-1 

Navajo #3 Sandstone, 2,000 0.20 0.10 87 20.50 Ores ser 
NM fine grained TB-205 

Navajo #1 Sandstone, 5,000 0.10 0.10 51 20.50 Hughes 
NM medium grained Betti r 

h :J Jv,, -y t?..:::.~:,..- ~o r k· L .J~;I/ 
•- : •. t. r E ,. 1 / 

h, .. J~t-' ' ¡_,. ~ • ... .. ),; 0 ¡__,,- E -"'"- ; - • t \h .. r ~ 
IT'c -. -/ .r 

h' J !ve 
/ -· 

V V 



Table 1 (Continued). 

Compressive Elastic Advance 
Strength Modulus Poi sson' s Rate~Avg. Diameter 

Tunne 1 Roe k (~Si) (~si fu~ ) Ratio (ft/da_l) (ft) ~1achine 

Rochester Sandstone, 11, DOO 4.47 0.24 92 18.33 Lawren.ce 
NY fine grained I-R RRT 

Starvation, Sandstone, NA NA NA 64 9.5 Robbins 
UT and Shale 81-113 

Water Ho 11 ow, Sandstone, Si lt NA NA NA 96 12.92 Robb i ns 
UT Shale & Cgl. 104-121A 

River Mtns, Rhyo 1 i te and 16,700 NA NA 108 12.00 Jarva 
..... NV Rhyodaci te 11-12 

Azotea, Shale and 1,400 - 6,000 NA NA 153(Sh) 13.33 Robbi ns 
CO & NM Sandstone 3,000 - 8,500 72(Ss) 12.67 104-121A 

Blanco, Shale 4,000 NA NA 154 10.58 Robb i ns 
e o 104-120 

Oso, Shale 4,000 NA NA 198 10.58 Robbfns · 
CP -- 104-121A 

White Pine, Sandstone, 12,000 - 31,000 NA NA 36 7.00 Hughes 
Hl Sil tstone & S hale 

Star, Argillaceous, 17,000 8.35 0.13 29 9.00 Jarva 
ID Quartzite VIII 

Kermac 33 Sandstone and 2,500 NA NA 16 9.00 Robbins 
G rants, NM Shale (weak) 103 

. 
Homer Wauseca 1 ron Ore 11,000 NA ·NA 19.5 7.00 R obb i ns"" 

MI 71A ~~~ 

NA - Not available. 



) 

Tunnel 
Nast, 

co 

GA-1 

Hunter, 

Hunter, 

Hunter, 

San Manue 1, 
AZ 

Star, 
ID 

Cresent, 
ID 

Homestake, 
SD 

Mather B, 
MI 

TABLE 2 

Cmoo!nlloniiLik Ul,BJ a.s.t.,Mu.c:Uunne ling.-Eiampl ea. 

Rock 
Granite, fine 
grained 

f.J:anjte·i· majw: 
~~ 

Granite, fine 
grained 

Granite, 
gneissie 

Granite Gneiss, 
jointed 

Quartz Monzonite, 
coarse grained 

Argillaceous 
Quartzite 

Quartzite, 
fractured 

Phyll ite Schist 
Chlorite Schist 

Graywacke 

Compress i ve 
Strength 

(psi) 
28,000 

GS:,.OOO· 

32,000 

39,000 

29,000 

19,000 

21,000 

13,000 

19,000 

22,000 

Elastic 
Modulus .Poisson's 

(psi/uf) Ratio 
8.32 0.35 

8.00 0.31 

10.00 0.35 

8.89 0.31 

7.46 -·~: {). 20 

8.53 0.13 

. 5. 72 0.18 

8.62 0.20 

9.76 0.20 

Advance 
Rate 

(ft/day) 
12.6 

NA 

NA 

NA 

Size 
1!.!1 
lOxlO 

lOxlO 

10x10 

lOxlO 

Shape 
Horseshoe 

Horseshoe 

r:orseshoe 

Horseshoe 

NA lOxlO Horseshoe 

NA 9x10.7 Arched Back 

NA 10x10 Rounded 
Rectangular 

NA 7. 5x7. 5 Arched B a"ck 

NA 10xl0.8 Rectangular 



--. 

'v' 

TABLE 2 (Con~inued) 

Compressive Elastic Advance 
Strength Modulus Poisson's Rate Size 

Tunnel Roe k (~Si) (~si /u~ ) Ratio (ft/dat) llli Sha~e 

Hhite Pine, Sandstone, 23,000 9.52 0.15 NA 24x7.5 Rectangular 
MI Siltstone, S hale 

Superior, ConglClllerate, 11,000 7.20 0.25 NA 9x10 Rectangular 
AZ Limestone Matrix 

Superior, Congl Clllerate, 25,000 8. 70 0.22 NA 9x10 Rectangular 
AZ Limestone Matrix 

Western Nuc., Sandstone, 1,000 0.10 0.10 NA 5x9 Rectangular 
.::;¡ ".IY poorly consolidated 

NA - Not available. 

• 



TABLE 3 

;p art 1 al .i.Face.:..Mac.h.in:e_:r.unneJJn g....UaliiQ.] _e_~ 

Ccrnpress i ve Elastic Advance 
Strength · Modulus Poisson's Rate Size/ 

Tunnel Rack (e si ) (esiM) Ratio (ft/da~) Shaee Nachine 
San Fernando, Sandstone, Arkosic 1-2,000 0.10 0.10 156 . 21.0 Robbins 

CA "loosely consolidated Circular 221S Ripper 

Mather B, Metamor phi e; 6,000 2.10 0.15 NA 10x9.5 Alpine 
MI Hemztite & Martite Rectangular F-6A 

Western Nuc., Sandstone. '-1';.000. .:o:;.1c¡.. ().:;:.1 (}o. 13.0 10x8 Alpine 
¡.¡y ppor:ly~cnnso·' j dat¡¡d Rectangular F-6A -o Kermac, JWds.tona._ q-1-,:00G. ::S.:.or. .n::li-. NA 10x9 Alpine 
NM lMSliÍY~ Rectangular F-6A 

Orchard, Claystone 1,700 l. O 0.37 16 9x9 Alpine 
co sandy, massiy¡:! Horseshoe F-6A 

NA - Not availab)e. 



··,. ... l, ·,.;~t;:.;.:t;·\' ~.¡¡~ ·;j,jif>; -:' ~tijt:~:. -_:·;>~·:~-.:-,.~:~~~;._~~;:;¡~/:~··!::..:·.~.e·;. -..v ¿. ·r.; .:..;~ ,.,;:.: ~ : .. -~ 
l TABLE 4 

~, ,;-. StafEflcaFAnaTysi's:O! Probable..Re.lationshipll. 
Between-Tlinne TTng-:- Method<;:·añd. Compres si on::.Str.engt t't,. 

Compression:Strength. E qua l i ty of Eqúali~ 
Tunneling .(pst)... Means - Difference ~1ce ifference 
Method JI e a o.. Std. Dev. No. tea le Confidence ~ Confidence 

Conlient i ona.lJ:. :22'"; 64(). 14' 240 14 
:(h.B:.M • . 

:;::· · .. :~., 'i..n6·· .. ; t · ;;~ ·:~-~. · -r: ¡·i · •:¿·?: :: --~ :· i_7 ;:._..:· ;_: ~-~ -,~,"'.-~·z ·:.; ~~ ~:"~ ..• 
" ' ~ .. 

95.7'/;. · Z.12 · ' ~ 95.5% 

MachinefAll!'} .;;,16.';.16(). 9,780 31 
full~E'acf6. 

2.659 99.4% 5.22 93.6% 

hlachine. .:A;24Q. 4,280 5 
~ar.ti al ;,Faca 

2\1128 97.1% 6.01 99.5% 

Machi ne 14,090 10,490 19 
(Successes) Full-F ace 
) 1A9. 97.1% 1.84 90% 

Convent i ona l 22,540 14,240 "{4' 
0-B-M 

2.798 . '99 .3% 11.07 98.1% 

Machi ne 4,240 4,280 5 
Parti al-Face 

), 
• 

- 12 -



( 

~ 
.; 
::> • • 
~ 
o 
~ 

--......... 
~@ 
w 
~ .. • 1 
o 
< • 

~~ 

.:.' 

2 
7r D, . 

.1 •1 

'D -= 1 'tz. 
' w~= . 4 ···.· .. 

3 !1!·S"+l:l,)>_ 'llb:t_ ?(í.si) rE r 

l_ 2. 1~Z. ., ... ,] ·~.-

o. e o -=-

c.. 7> t- 4~ l 

~ 

- /. !> 1>1. + "{. <j 

. . 

D, 

Dz. 

. ' 

2 
o.7.!'CDz. 

- o. 71 /)2 
~· 

+- s-./C. 

o 
/ 

\ 
\ 

"Ü 

2 . . e,-

(. )'7 - 7J"C {), 2 - - . 
J . - D • 
1 

' 
{- /. :, ) ( ~- J c. ) 

-z_ (_-l. 1) 

- ""·) 7. /C. 

-3.0 

4. í 7./C. " 
3. J' 7 3 

- b .¡. V &2. - 4 A. c. 
-----------------: 

' -; 



Table 1.- Cahesian (e) and internal frictian (~) 

angles far typical racks. 

Intac rack (Farmes, 1963) (Jaefer & Caak, 1969) (Wilsan, 1962) 

e (psi) ~ ( o) 

Shale 2 ta 4, 300 8 ta 33° 

Granite 2,000 ta 7,000 45 ta 55° 

Dalerite (Di abase) 3,500 ta 8,500 55 ta 60° 

Basalt 2,800 ta 8,500 50 ta 55° 

Sandstane 1,100 ta 5,700 27 ta 50° 

Limes tone 1,400 ta 7,000 35 ta 58° 

Quartzite 2,800 to 8,500 50 ta 60° 

Marble 2,100 to 4,200 35 to 50° 

Trachyte 45° 

Caal 800 ta 4,600 30 ta 40° 

Rock-on-rock, 
natural surfaces (Jaeger & Caak, 1969) (Metcalf, 1965) 

e (psi) ~ (o) 

Shale 5 4 ta 10° 

Granite 45 30 to 35° 

Gabbra 55 33 to 43° 

Trachyte 60 29 to 35° 

Sandstone 40 27 ta 35° 

Marble 160 22 ta 36° 

Rack Salt 30 

Cake 32 to 40° 

Anhydrite 31 ta 37° 



NÚEVO METODO AUSTRIACO DE TUNELEO (NATM) 

AUXILIAR: 

El método proveé un sistema de segurida~ y soporte económico 

en cavidades con incapacidad de soporte 

CARACTERISTICAS: 

-Reducción del deterioro de roca de baja resistencia. 

Reduce las medidas de protección necesarias en el soporte, 
permitiendo cierto relajamiento 

- Mediciones sofisticadas para confirmar el equilibrio del 
soporte 

' , 
- Ausencia de soporte interno 

- Record de seguridad establecido 

MEDIDAS DE PROTECCION: 

La combinación del concreto lanzado con la malla provee seg~ 
ridad al personal y estabilidad en la roca 

BASES TEORICAS DEL METODO: 

Reajuste de 
o > o ó 

o t 

esfuerzos 
o >o 

t o 

BASES PRACTICAS DEL METODO: 

después de la exc~vación ya sea cuando 

Cooperación entre el diseñador, supervisor, contratista y 
personal de operación 

AVANCES TEORICO-EXPERIMENTALES RECIENTES: 

Clasificación de roca 

"DEBILIDAD DEL METODO": 

Alta dependencia de ingenieros y personal de operación con 
gran experiencia y entrenamiento profesional 

\ 
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C O N T E N I D O 

ESTIMACION DE CONCENTRACION DE ESFUERZOS 

a) Obra subterránea 

b) Tajo abierto 

ESTIMACION DE ESFUERZOS Y PRESION DE SOPORTE 

P. H. Agua Prieta, Guadalajara, Jal. 

Aplicación para diferentes estados de roca 

a) Te.rzaghi 

b) Talobre 

e) Rabcewicz 



ESTIMACION DE ESFUERZOS TANGENCIALES 

... TAJO ABIERTO 

POSICION r LINEA 01 02 

1 - A 1/1 -LO +3.0 
B 1/4 +l. 7 +5.2 

Prom. +0.35 +4.1 

2 1/6 2 1/2 +2.5 +1.8. 
3 +l. 5 +5.2 
3 1/2 +0.0 +4.4 

Prom. +l. 3 +3.8 

1/2 2 1/2 -0.4 +4.5 
3 +l. 5 +5.2 
3 1/2 +2.4 +3.0 

Prom. +l. 2 +4.2 

1/3 2 1/2 +1.2 +3.2 
3 +l. 5 +5.2 
3 1/2 +1.2 +3.0 

Prom. +3.3 +3.5 

3 1/4 7 +1.4 -0.8 

4 - A 1/4 +l. 5 +5.2 
B ·1/4 +l. 5 -0.8 

Prom. +1.5 +2.2 

5 
Si 

R o. 77 ~ 

CL 

ot ~ -0.09 

01 ~ (+1.5) (-0.09) ~ -0.16 

02 ~ (+2.2) (-0.09) ~ -0.20 



POSICION r LINEA 01 02 

6 1/2 -l. O +5.0 

... 
7 1/2 4 1/2 +0.7 +l. 5 

8 Si 
R 

0.59 = CL 

o = +3.2 
e 

01 = (+0.7)(+3.2) = +2.2 

02 = (+1.5) (+3.2) = +4.8 

9 1/2 8 +l. 7 -o.5 

10 Si 
R 

0.50 = CL 

ot = -0.1 

01 = (+l. 7) (-0.1) = -0.17 

02 = (-0.5) (-0.1) = +0.05 

11 - A 1/2 +2.0 -l. O 
B 1/1 +3.0 -l. O 

Prom. +2.5 -l. O 

12 1/1 5 1/2 .+l. O +l. O 



... 

EJEMPLO: 

Se planea.la construcción de una estación quebradora subte-

rránea en forma ovaloide en la parte superior y rectangular en la infe-

rior. 

La estación es de 40 ft de ancho, 80 ft de altura y 80 ft de 

largo a una profundidad de 1 100 ft. 

Los esfuerzos in situ horizontales son estimados en 0.5 o 
V 

en la dirección NW-SE y l. 5 O en la NE-SW 
V 

Estime la concentración de esfuerzos en la estación para am-

bas direcciones a lo largo de los ejes orientados en las zonas indicadas 

en la Figura. 

a) Estime: 

o = 
V 

oh = 
1 

oh = 
2 

b) Estime los esfuerzos correspondientes: 

POSICION 

A 

o 
V 

lb/in 2 

lb/in2 NW-SE 

lb/in2 NE-SW 

ESFUERZOS TANGENCIALES (lb/in 2) . 
NE-SW NW-SE 



B1 , B2 (promedio) 

e 

e) lQué orientación recomienda? ______ ~--------------------------
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CHAPTER II 

CONCRETE SHAFT LINING DESIGN 

Depending on the physical and mechanic~l properties of 

the rock and the magnitude of the forces ac~ing, the 

following stress zones can be found around ~ shaft: elastic, 

plastic and fractured. 
~. 

In the elastic stress field, the 

m~gnitude of the stresses does not exceed the yield point 

(ir compression) of. the rock material. Competent rocks, 
. ' 

especially under a low degree of confinement, tend to 

expibit brittle (clastic) rather than plast~c behaviour. 

Due to brittle properties of most rock material, the clastic 

state is encountered more often than the plastic state. 

Weak fractured and soft rock formations which are 

potentially plastic.in their response have also been 

' considered, using both elastic and plastic approaches. 
,. 

II.l TRADITIONAL METHODS 
,, 

< 

Prior to any shaft lining calculatíons~ an evaluation 

must be made, taking into account factors as the geologic 

and structural state, rock properties, the effect of 

discontinuities and stress state. 

The planned Agua Prieta penstock shaft•will be located 
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in soft to hard, competent igneous rock. 

The shaft lining requirements are influenced by; 1) the 
' 

level of confidence in the interpretation of underground 

conditions which determine the forces acting on the shaft 

lining and 2) by the function of the.shaft and· environmental 

conditions. The importance of the shaft required a 

conservative safety factor. A concrete shaft lining should 

be, intimately connected to the adjacent rock walls so that 

i t forros one con ti nuous body wi th the ground. The 

mechanical pro~erties of the two materials (rock and 

concrete) are generally comparable with respect to strength 

and bonding. The concrete and the rock surface are assumed 

to be homogeneous. 

The lining design, depends on the shaft sinking method, 

that is, the shaft may be sunk incrementally to a certain 

level and then immediately concreted, or the shaft may be 

sunk in stages (10 to 20 ft). The latter shaft sinking 

method normally necessitates temporary support. Temporary 

support such as rock bolts allow sorne relaxation of the rock 

adjacent to the shaft and out into the rock mass. 

Relaxation of the adjacent rock reduces the ultimate, or 

equilibrium thrust, on the concrete lining (Pi). Geologic 

conditions permiting, a concrete lining can be placed before 

relaxation takes place. 
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Relaxation of the rock adjacent to a shaft depends on 

the nature of the róck mass. The intensity of the pressures, 

dictates the type of temporary support, and the sinking 

method utilized. 

One of the more important aspects to be considered in 
' 

selecting a lining designare¡ 1) estimatiqn of the 
( 

equilibrium thrust (Pi), (a function of the radius to the 

boundary between the clastic-elastic or plastic-elastic 

zones), and 2) the unconfined compressive strength, (which 
' 

measures strength with time). 

The Agua Prieta penstock shaft lining was designed 

utilizing traditional methods, i.e. estimating the 

equilibrium thrust (Pi), and calculating the lining pressure 

on a rigid lining. In a plastic (yielding) rock mass 

Terzaghi's (1943) equation was used. In the case of a 

cohesive, rigid (non-yielding), brittle (clastic) rock, 

Tªlobre•s (1967) equation was employed. Irt the case of a 
o 

non-cohesive rock, lining pressure was predicted using 

Rabcewicz 's ( 1965) equation. Appendix A pr:esents these 

equations. 

' Concrete is normally considered to be an elastic 
1 

material even though it exhibits minor plastic deformation 

within safe working-load limits. Design of concrete shaft 

linings should consider the following factors: 
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... ,. '. . ; ... ':..r'¡ 

d'•ll· 
' ' 

'a) Design the concrete lining to support predicted 

compressive stresses. 

b) Maintain concrete quality by using a low 

water-cement ratio (Low slump). 

e) Control shrinkage of the concrete by proper curing. 

d) During the concrete curing stage, maintain 

sufficient moisture to allow the concrete to cure properly. 

é) Deformation of the shaft lining as the concrete 

creeps (flows plastically) under load and differential 

stress. 

6 

f) Prevent point loading on the lining which may result 

in large differential stresses within the lining or 

potentially, tensile stress. 

A temporary shaft support system should, if used, be 

designed to resist the loads outlined in the following 

subsection. The final permanent lining, should be designed, 

to prevent cavitation, erosion/corrosion and to support 

interna! hydraulic pressures. 

The thickness of the concrete lining for the Agua 

Prieta penstock was calculated using the Lame equation 

(equation A.15) for each lining pressure predicted by the 

three theories mentioned. In addition the compressive 
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strength of the conqrete was varied from 3000 psi to 4500 

psi. The safety factor varied from 2.0 to 1.0. The Lame 

e~~ation does not take into account non-uniformity of 

applied lining pressure produced by the,heterogeneity and 

anisotropy of rocks. But the use of this particular theory 

is probably conservative as the concrete is,assumed to 

behave elastically. 

Concrete lining thicknesses were calculated for each 

rock zone at Agua Prieta, considering the concrete design 

7 

strengths and predicted externa! pressures. The development 

of these design lining thicknesses, presented in Tables 2.2 

and 2.3, employs the triaxial state of stress condition 

postulated by Lame. 

The lining thickness must be designed to carry the 

lining pressure, which develops after sinkihg has removed 

the stress shield from ahead of the shaft location (Abel, 

et. al., 1979) •· 

The radius of the relaxed zone {R) has traditionally 
) 

peen estimated with,the Mohr-Coulomb strength criteria. 

That defines the relationship between confining pressure in 

the rock and the rock failure strength (See Tables 2.1 to 

' 2.3; Figures 2.1.1 to 2.1.6; and Figures 2.2.1 to 2.2.7). 

The results of the lining pressure equations of 

Terzaghi, Rabcewicz ·and Talobre, together with the results 

' .. 

. , 
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.z= 
.z= Table 2.1 Stress/strength Distribution and Thickness of Over-

stressed Rock, including pertinent Roe k Properties 

Zone 0: f ah Tan B e 1:0. ?r a t ar af o 
psi psi psi psi psi psi 

I-A 170 4 2 30 2 1. 09 20 0.03 447 1 3 4 48 

I-B 450 4 2 80 7.80 80 0.025 5 47 1 4 555 -
I-C' 1250 4 520 1 8. 4 3 150 0.0 

I-C' ' 1250 4 570 1 8. 4 3 150 0.0 a <a 
t o 

I-C 1 1 1 1250 4 750 1 8. 43 150 0.0 

I-D 260 7 680 7.80 50 o. 11 1232 128 1260 

II-A 1 240 7.5 1 020 7.80 45 o. 12 1 833 207 1853 

II-A 1 1 240 7.5 1145 7.80 45 o. 12 2058 232 2051 

II-A 1 1 1 240 7.5 1325 7.80 45 o. 12 2 381 269 2336 

III-B 1010 7.0 710 4 .24 245 0.06 1342 78 134, 
.... , .. 

III-A 1 3290 4.0 730 , , • 5o 650 0.0 " ... ~ .. 
.~~~;:.. 

:JaJ::··. 

III-A 1 1 3290 4.0 820 1 1 • 50 4 85 0.0 o < a 
t o 

CX> 
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Table 2.1 (. ••• continued) 

a o 

LEGEND 

= Unconfined Compressive Strength (Rock 
Mass), psi 

f = Scale Factor (Selected from Wilson Method. Used 
to Reduce a- a nd C) 

ah = Horizontal Stress, psi 

C = Rock Mass Cohesion, psi 

l:O.?r = Thickness of Relaxed Zone, ft 

R = Radius of the Yielded-Elastic Boundary, ft 

at = Tangential Stress, psi 

a r = Radial Stress, psi 

a f = Failure Stress, psi 

r = R 

Tan a = Passive Pre~sure Coefficient 

9 
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Table 2.2 External Lining Pressure Prediction (Pi) for 
each Zone of the Agua Prieta Pressure Shaft 

Trial Stress ~ !2S i2 Pi (!:!Si) 
1 =O .• ? r at a af (Terz) (Rab) (Talob) 

r 

0.001 Q60 1 1 80 1 3 20 20 

0.005 Q57 2 218 1 1 19 18 

Zone I-A 0.010 Q55 5 266 9 17 16 

Oh = 230 psi 0.020 Q51 9 358 6 1 q 1 1 

Tan B = 21.09 0.025 qq9 11 qoq 5 1 3 9 

a = 170 psi 0.030 qq7 1 3 qq8 q 1 2 8 
o 

0.050 Q39 21 621 o 8 3 

o. 1 00 Q20 qo 1012 o 3 o 

0.200 390 70 1652 o 1 o 

0·.001 559 1 q 5Q 12 63 63 

0.005 557 3 Q12 1 o 62 59 

Zone I-B 0.010 555 6 4 93 1 59 55 

ah = 280 psi 0.020 5Q9 1 1 535 3 56 Q7 

T¡¡n B = 7.8 0.025 5Q7 Pi 555 o 5Q qq 

a 
"0 = Q50 psi 0.030 5QQ 1 6 575 o 52 qo 

., 

0.050 53Q 26. 653 o Q6 21 

o. 100 51 1 Q9 830 o 33 2 

'• .. 

: '. 
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'· 1.:·;. .. ~. 
Tabl·e 2 .2 ( ... continued) 

Tri al Stress (Qsi) Pi (QSi) 
l::O.'?r a a a (Terz) (Rab) (Talob) 

t r f 

0.001 1359 2 270 1 24 1 53 1 53 

Zone I-D 0.005 1353 7 313 120 150 1 48 

oh :: 680 psi o .o 10 1347 1 4 365 1 14 1 44 1 42 

Tan 6:: 7.8 0.050 1297 63 753 79 1 1 1 1 00 

a o :: 240 psi 0.100 1242 11 8 1180 47 81 63 

0.110 1232 128 1260 42 76 57 

0.150 11 94 166 1553 25 60 36 

0.001 2038 2 256 203 230 230 

Zone II-A' 0.005 2030 10 319 1 91 224 223 

oh :: 1020 psi 0.010 2020 20 397 1 89 217 214 

Tan 6:: 7.8 ·0.050 1945 95 980 1 37 166 1 56 

a o :: 240 psi o . 1 00 1863 177 1621 90 1 21 1 04 

o. 120 1833 207 1854 76 1 07 88 

o. 150 17 91 249 2180 57 90 68 

0.200 1728 312 2671 34 67 42 
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rable 2.2 ( ... continued) 

Tri al Stress ((2Si) Pi (Esi) 
l:O.?r o t Or Of (Terz) (Rab) (Talob) 

0.001 2288 2 :258 231 258 258 

0.005 2279 11 329 224 252 250 

Zone II-A 1 1 0.010 2267 23 416 215 243 2 41 

oh = 1145 psi 0.050 2184 106 1070 1 57 1 87 1 77 

Tan B = 7.8 o. 100 2091 199 17 90 1 05 1 36 1 19 .. ' ' 

O o = 240 psi o .120 2058 232 2051 89 120 1 01 

o. 150 2011 280 2418 68 1 01 79 

0.001 2647 3 2 61 272 299 299 

Zone II-A 111 -o . o 05 2637 1 3 343 264 2 91 290 

Oh = 1325 psi 0.010 2624 26 444 253 281 . 279 

Tan B - 7.8 0.050 2527 123 1201 187 . 216 206 
·' 

o o = 240 psi o. 120 2381 269 . 2336 1 08) 139 120 

0.150 2327 323 2760 84 1 16 95 

0.001 1419 1 10 16 77 270 269 

Zone III-B o.oo5 1413 7 10 40 72 267 262 

oh = 710 psi 0.010 1406 1 4 1069 66 262 253 

Tan ~ = 4.24 0.050 1354 66 1290 21 2 31 1 86 

o = 1010 psi 0.060 1342 78 1341 1 1 224 1 70 o 

o. 100 1297 12 3 1532 o 1 99 1 16 
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f 1 c = 3500 psi 
' 

Zone Pi FS t FS t FS t 
(psi) (in) (in) (in) 

I-A 8 2.0 o . 3 2 .5 o .4 3.0 o .5 

I-B 44 1.8 2.3 2.8 

I-D 57 " 2.4 3.0 3. 6 

88 ' II-A 1 3.8 ll.8 5.9 

II-A 1 1 1 01 ll.4 5.6 6.9 

II-A 111 120 5. 3 6.8 8.1l 

III-B 170 7.9 1 o. 3 13 .o 
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Table 2.3 ( ••• continued) 

f 1 c = 4000 psi 

Zone Pi FS t FS t FS t 
(psi) (in) (in) (in) 

I-A 8 2.0 o .3 2 .5 o .3 3.0 0.4 

I-B 44 1.6 2.0 2.4 

I-D 57 2.1 2.6 3.2 

II-A 1 88 3.3 4. 1 5. 1 

II-A 1 1 1 01 3.8 4.8 5.9 

II-A 111 120 4.6 5. 8 . 7.2 

III-B 170 6.7 8.8 1 o. 9 

f 1 c = 4500 psi 

Zone Pi FS t FS t FS t 
(psi) · (in) (in) (in) 

l-A 8 2 .o o .2 2 .5 o .3 3.0 o .4 

I-B 44 ·1.4 1.8 2. 1 

I-D 57 1.8 2.3 2.8 

II-A 1 88 2.9 3,6 4.4 

II-A 1 1 1 o 1 3.3 4.2 5.2 

II-A 1 1 1 120 4.0 5 . 1 6.3 

III-B 170 5.9 7.6 9.5 
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of the Mohr Coulomb failure ·Criteria were compared with the 

stress calculations from Carlson strain cells installed in 

the concrete lining of the 14-ft I.D. shaft at the Mt. 

Taylor Mine of Gulf Mineral Resources Co. (Abel, et. al., 

1979). In that case Talobre•s brittle rock lining pressure 

prediction correlated most closely with the lining pressure 

measurements. 

II.2 ROCK MASS CLASSIFICATIONS 
1 

Tunneling or shaft sinking is not a exact science, 

therefore theoretical (analytical) methods for predicting 

support requirements are often lacking. In many cases, 

empirical formulations based on specific evidence of 

underground rock behaviour are available, such as the 

G~omechanics rock mass classification (RMR) method that 

provides estimates of stand-up time as a function of rock 

mass rating and unsupported span. This classification was 

developed by Bieniawski in 1973. Barton (1974) has 

presented a classification system for rock masses to 

differentiate between self-supporting openings and those 

requiring support. The basis of bis classification 
r 

technique is a quality, O, representing "Rock Mass Quality". 

2.2.1 GEOMECHANICS ROCK MASS CLASSIFICATION (RMR) 

28 
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layers of water-bearing basaltic-tuff. It seems reasonable 

that ·the uncored andesite is similar to the andesite on 

either side and, therefore potentially water bearing. 

Above the 675-ft depth high drill water losses were 

recorded. It would be reasonable to assume that the 

penstock within the rhyolite will pass through open joints 

in a permeable rock mass. 

The penstock intake tunnel construction is likely to 

encounter excavation and support problems in the andesite 

and rhyolite tuff portions of the tunnel, which involve a 

little more than 2000 ft. 

III.5 DISTRIBUTION OF ROCK MASS RESPONSE ZONES 

The response of the Agua Prieta rock mass to excavation 
' depends on quantitative information on the intensity and 

.nature of significant geological features. To calculate that 

response and evaluate its mechanical properties, the 

vertical section of the penstock has been divided in seven 

zones. See Tables 3.1 for the distribution of these zones. 

A vertical section is presented in Figure 2.7. 

III.6 STATE OF ESTIMATED HORIZONTAL STRESSES 

Table 3.5 shows the state of calculated stresses for 

each lithologic unit at Agua Prieta, Figure 3.1 depicts the 
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profile of the calculated horizontal stresses down the axis 

of the penstock. These results are based on laboratory test 

results. 

The data obtained for this assessment from drilling 

records, from analysis of drill core and from statistical 

analysis were as follows: 

a) Visual core inspection, describing the lithology and 

its attendant characteristics, angle of fractures, porosity, 

partings and fractures, apparent strength, loss of water, 

sets of fractures, penetration velocity. 

b) Percentage core recovery, which is a useful guide in 

indicating extremely weak rock, zones of sands, clay. 

e) Compression tests on samples as a guide to 

conditions and stability of excavation within the rock mass. 

d) Evaluation of the Agua 

properties in relation to rock 

structural characteristics. 

Prieta 

!' mas ses 

project elastic rock 
1 

with similar 

e) Rock mass cla~sification by more specialized 

techniques. 

3.6.1 CONVENTIONAL METHOD 

The conventional method used to estímate in-situ 

stresses involves determining the weight of the overburden 

r 



T-2744 92 

to calculate the vertical stress. Poisson's ratio is then 

used .to calculate the elastic perfect confinement horizontal 

stresses for the rock. The horizontal stress is an 

important value neéded to estímate the pressure exerted on 

the shaft lining. 

3.6.2 HYDROFRACTURING METHOD 

Haimson (1968, 1973, 1978) developed equations for 

horizontal stresses in relation to depth from a number of 

hydrofracturing in-situ stress determinations made in the 

U.S.A. These equations are A.9 and A.10 in Appendix A. 

Haimson•s analysis indicated variations of stresses with 

depth. At shallow depths the mean horizontal stress tends 

to be higher than the vertical stress. Because of the 

shallow depth at Agua Prieta the relationship in equation 

A.10 was used. 

The hydrofracturing technique measures average stresses 

over relatively large areas by recording three hydraulic 

pressures, one, the pressure to crack open a segment of a 

section of packer isolated borehole, second, the pressure 

required to propagate the fracture and the final pressure or 

the shut-in pressure. 

This technique determines stresses directly and is not 

dependent on knowledge of the elastic rock parameters. 
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Another feature of this technique is its particular 

sensitivity to in-situ stress and insensitivity to rock 

properties. 

3.6.3 OTHER METHODS 

The extensive strain-relief overcoring in-situ stress 

measurements made since 1969, were used by Hoek and Brown 

(1978) to develop two equations for horizontal stress, one 

for maximum and the another for mínimum. These equatíons 

are presented in Appendix A. 

The average mínimum ·horizontal stress method was used 
) 

for comparison with other methods. See Table 3.5 

Modifications of these equations are necessary for 

93 

density. The average density calculated for the Agua Prieta 

project rocks is approximately 144.3 lb/cubic foot. 

3.6.4 STRESS CONDITIONS UNDER DISCING 

According to the lithology of the borecore of the 

penstock area, two minar and one major zone of core discíng 

were found. The former at depths of 328 and 677 ft with 

thicknesses of 4 and 9 ft, respectively, and the latter 

between 398 to 474-ft depth, for a 76-ft thickness. See 

Figure 2.7. Below 474ft of depth ís a low strength 

lithologic unit, whích despite its posítion adjacent to the 
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overlying highly stressed rock, exhibits no core discing and 

has only been affected by the load produced by depth. This 

underlying unit may well have been shielded from horizontal 

stress by the overlying stiffer and stronger rock. 

Hansagi (1974) experimented in the laboratory with 

varying pressures applied to core of varying strength rocks. 

The confining core stress needed to cause discing ranged 

from 70 psi to 3500 psi in a rock with a 16500 psi 

compressive strength. He reported heavy core discing rock 

fragmentation occurs only under higher pressures. The 

discing has also been reported in core from thin beds of 

competent anhydrite and sandstone, separated by thick 

sequences of low strength strata (Abel, 1975). 

Thus, it can be inferred that in any area where discing 

is encountered, stress induced rock failures such as 

spalling or rock bursting may be experienced in underground 

excavations. 

The state of stress required to produce discing in a 

core from a vertical hole can be approximated by equation 4 

given in Appendix A. 

III.7 LINING DESIGN FOR AGUA PRIETA PROJECT 
' 

The concrete lining design method will be demonstrated 

using rock mass Zone III-B as an example. Zone III-B has 
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F;gure 3.10 Talobre Pressure Predicting (Pi) vs. Concrete 
Lining Thickness (t) for various Strengths of 
Concrete (f•c) and Constant FS (: 2.5) 
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Figure 3.9 Talobre Pressure Predicting (Pi) vs. Concrete 
Lining Thickness (t) for various Strengths of 
Concrete (f'c) and Constant FS (= 2.0) 
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r.igure 3.11 Talobre Pressure Predicting (Pi) vs. Concrete 
Lining Thickness (t) for various Strengths of 
Concrete (f'c) and Constant FS (: 3.0) 
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G L O S S A R Y 

a Interna! concrete radius, ft 

e Rock mass cohesion, psi 

c1 Average lining circumference, in 

CD/L Compressive strength, psi 

D Sample diameter, in 

Dp Platen diameter, in 

Ds Sample diameter, in 

D/L Ratio of diameter to length of sample 

d Externa! diameter in concrete, in 

d Deformed shaft diameter, in new 
E Young•s Modulus, psi 

Ex Excitation factor, volts 

FS Safety factor 

f'c Compressive strength of the concrete, psi 

K Gage factor 

L Length of the sample, in 

1 Core length, cm 
' 

Pi Externa! pressure, psi 

Pw Interna! pressure acting on the steel lining, psi 

r Excavation radius, ft 

t Concrete thickness, in 

Tanp Passive pressure coefficient 

U Elastic deformation, in 

121 
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u 

z 

a 

y 

Ad 

AC 

t 

<av 

8 

a 

Displacement, mV 

Depth, m 

Loading factor (proportion of Pw) · 

Specific weight of the rack, ton/m3 

Decrease in shaft diameter, in 

Tensile strength of the rack, psi 

Shortening of circumference, in 

Strain, 

Average lining strain, 

Angle of .internal friction, degrees 

Poisson•s ratio 

Corrected stress, psi 

~onf Confined stress, psi 

~ Failure strength, psi 

oh Conventional horizontal stress, psi 

ahb Hydrofracturing (mínimum horizontal stress), bars 

~ Mínimum horizontal stress, psi 

~ Unconfined compressive strength, psi 

~ Radial stress, psi 

% Te~sile stress in the steel lining, psi 

~ Tangential stress, psi 

ate Maximum lining stress developed, psi 

ate Average lining stress, psi 

av Vertical stress, psi 

122 



ASTH stress correction for platen-specimen diameter 
variation under triaxial test: 

a= !Load -o!n<og - of)/4ll/!~2/4Jn 

123 

A. 1 

Hodified Bauschinger stress correction for specimen shape 
(2x1): 

C112 = 0.889(CD/L)/{0.778 + 0.222(0/L)} 

Relationship between the applied strain,and 
measuring the displacements in the borecore 

Strain level (&) = 4ux10-3/ExK 

A.~ 

voltage in 
(Vaughan, 1975): 

A.3 

State of stress to produce discing (Obert and Stephenson, 
19Íí5): 

oh = !-3400 - 2r} + {0.7(-ov>J 

~oment of resistance of the core (Hansagi, 1974): 

w = no3 /32 

Bending moment (Hansagi, 1974): 

A.4 

A.~ 

H : q1 212 A.6 

where q = o2nv;4 

Relevant core length (1) (Hansagi., 1974): 

A.7 

State of conventional horizontal stress: 

A.8 

Hydrofracturing (mínimum horizontal stress) (Haimson, 1976): 

ohb = 20!. 0.16z A.9 

Hydrofracturing'at mean horizontal stress (shallow depths) 
(Haimson, 1978): 

oh b = 5o + o . 2 z A. 1 O 

Other methods (mínimum horizontal stress) (Hoek and Brown): 
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' 

''i 
J.¡' 

O¡¡m = i:2918 + 0.0069z 

Externa! pressure in the shaft (plastic condition) 
(Terzaghi, 1943): 

·', 
· !Tan p-11 

124 
• 

A. 11 

Pi = '!!2/(Tanp- 1 )}{oh+ o
0
/(TanP- 1l}(r/R) · 

; - o
0 

1 (Tan P - 1 ) A . 1 2 
y 

Non-.:Cohesive brittle (clastic) condition (Rabcewicz, 1964': 

P ( 1 . ) ¡ /R}2Sine/( 1 - sin el i = oh - s1ne r A. 13 

Cohesive, assuming a rigid (non-yielding) brittle (clastic 
condition (Talobre, 1967): 

Pi= {CITana+ Oh(1- Sine)}(r/R}Tanp- 1 - CITana A.14 

Lame Safety factor for plain concrete shaft lining: 

FS = (f'c- f'c/(t/a + 1) 2 }/2Pi 

Tangential stress (Obert and Duvall, 1'967): 

2 ot = oh { 1 + ( r 1 R) l 

Radial stress (Obert and Duvall, 1967): 

2 Or = oh{1 - (r/Rl 
Failure stress (Mohr-Coulomb Criteria): 

A .4 5 

A. 16 

A. 17 

A. 1 ó 

Elastic deformation (shaft unlined) in infinite plate (Obert 
and Duvall, 1967): 

U = 4roh/Er 

Maximum lining stress developed (thick-walled cylinder) 
(Lame, 1852): 

otc = 2Pi!r2/Cr2 - a2 lJ 

Stiffness of the concrete (ACI, 1971): 

.E, = 57000 ff'I'C 

A. 19 

A.20 

A.21 



Average lining strain: 

cav = ote/E 

where ate = average lining stress 

Average lining eireumferenee: 

c1 = n (a + r) 

Cireumferenee shortening: 

~C : Ce : oteC/E 

Deformed shaft diameter: 

dnew = (C - ~C)/n 

Shaft internal diameter deerease: 

.od=a+r-d · new 

Overbreak in the shaft (Abel, 1966) 

S overbreak = 0.0021 x diameter (ft) + 11.747 

inehes of overbreak = 0.3364 x diameter (ft) + o.o307 

125 

A.22 

A.23 

A.25 

A.26 

A.27.a 

A.27.b 
Wall thiekness of the steel lining (Jaeobsen, 1977): 

A.28 
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A oucber of technical treatments of the 
. ral subject matter regarding the New Ausc.r.c 

ti 1•• Tunncll ng Hethod ( NATH) approach to tun-
t.cllng have becn pubUshed :Jn recent years and 
~,.., dealt \óith many faceta of the subject. 
n:se publJcations have documented the re
htlvel)' vide acceptance of the ph:Jlosophy of 
MTX throughout the world. However, for a 
El~~cr of · reasons that could be conside red 
~otb. te'chnlcal and phllosophlcal, NATH has 
bc<!D slow to receive much acceptance in the 
tb!tcd States. TI1e authors havc spent t:Jae in 
r c~nt y~ars tryJng __ to_.vndcr~.t~_!:l:~ ...... -~91.~-- .. the 
• :rcn¿;~& .. _and ·--~C]!:_~e~~:e~ ~:~r----~~~~~~~ .. a·-aes1.g.r 
~ft:,ce, 6···and to~conslOer· some·af the rationale 

·fot ita relative lack of favor in United 
!tt~tes design and construction practice. This 
t'fer ra an attempt to present our f1nd1ngs 

4
,..,;; conclusions as to the bcnefi_ts of NATH as 

lt .Jght be applled to Unlted States practlce. 

M 8 startJng pofnt of this d1scuss1on, we 
tr.ruld l1k.~ to pcesent our definition of what 
.., beUeve constltutes the NATM philosophy. 

tre beUeve it to be a comoon sense geo
ttciJDical approach to the design of uni:Jer
,ru·~nd support systems that can. embody a 
udHY of support clements and excavation 
cech:llques. lt also makes extensive use of 
c:o:dtoring of ground behavior during con
JtPICtion to corroborate desit,rn assumptions. 

The support ele;rents generally include 
c~bJnations of shotcrete, wire mesh, rack 
~olt•, and light steel ribs, as applied to 
coMtruction in rack. These are the most com
JZJR elencnts used in relatively poor ground 
coo:U tions. Hot.Jever, other elements can be 

~ • .f thin the context of the general phiuJCI.l .,,. 
Jo;o,phy. Heing a geotechnical. approach, the 
ioJgn acthods incorporate controlled de-

formation to permit mobilization of the inher
ent strength of the earth medium. This point 
will be developed further in the discussion. 
On occasion, the literature has called it a 
"shotcrete method''. lt certainly can embody 
shotcrete as a support method, but it is ob
viously not rcstricted to shotcret"e alone as a 
support elerr.cnt. lt has aLso been called an 
""obscrvational 10ethod". ·abservation during 

. construction is one element of the ap
proach, but this description is also limited. 

The philosophy has certain historical 
negatives, particularly relative to appli
cation in the United States. However, we sub
mit that NATH constitutes a valuable tool in 
the designers' arsenal of design concepts 
which should be favorably considered on 
projects where 1t is advantageous to do so. 
The authors· hope by this discussion to develop 
the strong points of the phUosophy as it ap
plies to United States practice and consider 
posslble limi tations. To do so, i t is neces._ 
sary to turn back the clock and examine the 
philosophical development of the basic con
ce,pts. 

"A:.5..C?r:'::.~~t..:.~1_n~ .. 1 ~ ~ !.~ B;l-~·~-e_~~e~~ . .- f.2 
-an tncdcan engineer, would ·be to consider the 
~ork .. of Kar~--r~;::Z;ag~. ü is understood tfrat· 
P'a?"tOttne ·eai-1Y--reseach and study of Ter
zaghi was accompli shed in Euro pe and that he 
spent some time at the Universi ty of Graz in 
Austria. His early work in the United States 
was accomplished in about the late 1920's and 
early 1930's, when he conducted sou:e of his 
classical experiments relative to pressures on 
retaining walls. From this early work, Ter
zaghi used Rankine theory to evolve an under-
standin.g of the nature of stresses on re
taining walls. Terzaghi 's work d__!:mons~rates 
that move~nt of a wall, controlle3-·or-oth"e:C..:.11 

~., ••..••• To --~-,- •• -. .-..;;:::;,;_-:..-=.::.::..·-_:p 
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:-Jst:, per-mJts .. mob111zat1on_.Qf .. the .. _inhe_rent 
6t r"c"ií¿lli "• or"'llie-eRá'rtn- niediü0ibeb1 ña-rñe-~all~ 
.tfUcb- ilLal·::a·:-~~-able --::~alf·~: ·s:?Sléml-.5 ;~ach~d 
f¡u der..;._ cO,lar fJ ClñSWhe"te- t hé pre;s~}e;t~oh-=· t ~e 
6all_c;;r:~:i-eil u~e<Crróm" a"s t á te:· ~D:-óüPfet<6iáf 1 
tl'¡¡'! dl_.:y;---'A't -t'liel fiii.~ oftñ l'iiCl'cv'iifO¡)né n (. 
this vhJlosophy represented a departure from 
the hlstorical er)gineering approach of using 
theoret1cally rig1d structures to retafn the 
medium. 

More adaptat1ons of th1s .ph1losoph1csl ap
proach are now evident in many aspects of con
struction that involve support of the earth 
medium. This is most evJdent today in highway 
constructJon. Twt!nty years ago, extensive use 
of wassive rack buttresses and/or concrete or 
steel elcm.!nts were evident to provide stabil
ity lo highway cuts and fills in terrafn with 
rnarked topography. Today, there is extensive 
use of Gabions and ReirúorC;ed Eartb. con
struction possibly ·coupled with drainage sys
tems \.lhi eh are icproved ways of helping. the 
tarth medJum oobflize fts own strength through 
the controlled deformation of flexible support 
systems. 

!~ 1~-'!~ apt_~~- ~ 2_~_<;1f_~ ~~~-bJ:e~.su ppo rt_. sys
.t. eros ~t~~ J.>.ci~(iD_I_f~~.P?.LlTiá t i"on_ P.f &r:o~4 -=s.TI:eñS'ti~ 
Co·ns u tutes·. t he·· }lca.rt.~~or_:tb·~-.. -pliilOs.Oph r c·af 
i~jl_r~a~-~~_"t.9~~t·~,~~e11 ng :1 O:.'';é'Co.Cdá'ñC'e __ Wf"tli""'"~AT~ 
t1ieo·ry~ ~"'"' An~-eXá-mJ ·n::it10ñ Ot-'the-iliS'ro-r'ie"--de-

:. . '· velopcent of NATH shows how well it matches 
what !s really common sense geotechnical en
gineering. 

On~ of the technical leaders of Europe in 
this era was, L. v. Rabcewicz. He began his 
work ahout the same time as Terzaghi and also 
s~nt so1ae tine at the Universi ty of Graz. 

t!is _fn~.tJal __ st.udles __ also dealt with the 
... • . . ' ' .... ·-··-¡;· . ····--- ······-- . ,..,_ 

~:;once"pr··: of~Dió.bllfZ.3tTOñ~or: thé~.Sfre·ng·th- of- the ..... - ···----··--·-·- --------------....:.:..J'OO e o rt h uwdium. ut ili zi~ contro11ed . de fó rma t Jon 
...... -·· ·---·--··-----·-··-- ----- . -
o!.__!lcx_~?~~g~~.~o:'5-: Howt:!ver, wt\;"re-as 
Terzat~hi's wark dealt w1th reta1ning walls. 
KabceiJicz's work dealt with tunnel lining sys-, 
~ Rabcewizc also found that tunnel lining 
systems tended to be more susceptible to shear 
faillure as opposed to failure in bending. 
The nature of these early investigative tech
niques involve:l both model and field case 
studies as well as more traditional rock 
mechanics theory and laboratory testing. 

Some of the Jnitial reseatch approaches to 
the understanding as to how the ground medium 
reacts under load were conducted by field ob
servations in a drift of a large rock tunnel 
where an initial side drift with complete sup
por-t had b(~cn prcviously excavated. As the 
main lwading was a·dvanced, careful mcasure
nl!nts and observations were made of the 

deformation pattern in the ground surrounding 
the original drift. This was a technique u sed 
to understand the movement of the rock masa as 
the excavation procceded. Thia peradtted a 
partial understanding of how the· medium hacl 
reacted as the initial tunnel Was· ;·excavated· 
This approach 1 coupled with laboi"atory re
scarch led to 1n1t1al understand1ng of the 
mecha ni sm of the ground roovement and behavior. 
Rabcewicz, in his early labora tory modeling 
tests, developed a load frame to simulate an 
anchor system similar to what the contributton 
of rock anchor& would be in stabi 11 zJ ng a cob
bled ground arch \./Íth a thin support meo:brane• 
It was discovered that through this relatlvelY 
simple support conc"f~pt of simulated rock an
choes and thin liner that the cobble arch was 
capable of carrying significant addJ tional 
load above what may have been othei-wise po¡
sible. An example of this load fraae is shown 
in figure l. 

Th_r-ough this process of laboratory 
investigations and field measurements and ob-· 
servatJons, a signJficant advance in the 
understanding of the behavior of the mediull 
under load was possible. It led to the con
cept of the support mechanism that p.:1rmit& 
mobilization of the self-carrying capacity of 
the earth ¡nedium. 

AB the ~rethod developed nore fully, it be
came· more wldely used in practice through 
value engineering proposals suggested by con
t ractors. Si nce Euro pe was un de rgoi ng a pos e-

' war construction boom during the 1950's, 
significant unJerground works were being 
proposed and developed. Host of the 1nltlal 
design for these facilities used h1.stor1cal 
engineering concepts. NATM then came into 
vogue because of its cost effectiveness re
lative to these hJstorical concepts. Thus, it 
has evolved from an initial alternative de
sign and construction concept in the 1950'& 
and 1960's such that today it has become a 
primary des1gn philosophy of European under
ground practice. 

Much of the success that NATH has had in 
the past .two. decades can be attributed to it& 
capability of dealing with a variety of ground 
conditions, it's provision for maximum flexi
bility in choice of ground support and con
struction methods as applicd to tunnels af all 
sizes and shapes, and it's establishment of a 
mecl1anism for alternate construction ap
proaches for varying geologic conditions in 
sensi ti ve are as. NAlM do es not require un
usual tunneling equipment or skill on the part 
of workrren. Hut like other tunnelirg aethods 
it relies heavily on the skill of the tunnel 
foreman, his tunneling crews, as well as an 
understanding of baste geotechnical principlea 
by the Engineer in charge. 
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Figure 1. Example of a labora tory load frame 

us!.!d to modcl an anchor systcm 

Thc neX[ sil,'llificant theoretical step in 
( !!nccrt ,,:j t~ the Work ot' Rabcewicz e ame in the 
~.·\·~Jop~!~t- of r_he concept of the ground re
. .:tt!on curv~. ln, Eurupe, this development 
u.:r in part frow R •. Fenner and F. Pacher~ An 
"'¡_.t:r.pl~ .of a Fenner/Pacher ground r~action 
,,,p't 1s dl!rwnstrated in Figure 2, 'Wi.th a 
ufety iactor ana.lysis. as i t might apply t_o a 

···el He support concept. Thi s curve dcnx>n-
t,•~ . 
•tr'~itcs' thc mann1.::r in :which .che radial (i.e •• 
iu~J-.:~rl) stress necessary to stabilize a 
drcul.1 r opeuir.g, in a roed~um changes as de
fo!::.ltlon in_- t!'l_e_<Ul':.dium occurs around the 

. nl:1·,"' - The ver.ticle. 3xts d~picts a radi.al 
G('('• · b• · · · 
,

1
;c.s· Tela.tio:-~ship and the horizontal axis 

.: <' ;11 e t s .. 
~:. .. • n9r 

r_¡:¡JJal .def_ormation.. lf deformaqon 
J(.(ur, · the radial s tres& rcqui red,<to 

a~~ievc stability ~f the opening is a maximum. 
As deformation ,occurs, the stress required for 
stabllity decreases until the deformation re
aches a point of theoretical maximum support 
effici~ncy. Continued deformation causes ir
revoca!lle movern?nts within the medfum and re
sultant loss of strength, such that contfnued 
deforrnation bcyond this poiñt r"';q~re;- an tñ------. - --~aslng amount of rad:ial stress to stabil-
~e tilc Ü¡~l--¡-;-1~ :- :(; t ~nel- de-51 g0: the ""Op
timum interactfon bctween lining and openfng 
is accomplished when stability is reached just 
prior to deformation 'reachi ng the zone of 
minirnum stress. At this stress deformation 
sta_te 1 roaximuru efficiency is achfeved relative 
to the support required to achieve a stable 
o pe ni ng. 
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Figure 2:. Ground Rcaction Curve (after Fenner 
and Pacher). . 

1~ ..... !~-l!~t __ .l»e _ p~_!-~4-o~:..;~··t.hél! · i.t . ..J...:~z=c~~.., 
t r.e rne).Y:_dJJJ ~ ~.~'ll::~:.!-~Jij ~(J _t_c.~ :._a_ . ..pr:~-C:J ~-e .. ,gr_q_l!f!~ 
Je"ác-~1Qñ~.:~~~·v·~~fo:_-=~~Yi~-~~~~~-a-.r:;.--~~}~~~::;o;n·_=a: 
;i'fVtúi- i)i-Oje c~~_sil_~-~~Z:'!.·-.'!!'.:..U..!!~i:! :.!~_I_'l_':.~.:.. s~~~ 
.sYSi.e·m. --- -unTy· 9

tbrougñ a history ol con-
"'struct'fb'it experlence, careful measurerrent of 
gruund response in tunnels 1 and an u_nder
stapding of the na~ure of var1ous support 
mechanisms • can this curve be approximated for 
design purposes for a given si te. Different 
ground condi tions obviously yield a fam:l.ly of 
curves, sone of which \,lOuld have a very steep 
declining stress with minimum deformation. As 
'ferzaghi pointed out in the ~evelopnent of 
earth pressure theory, the deform.:ttions re
quired to permit the active pressure case to 
be cealized are quite small in an engineering' 
sense. Accordingly, defor~aations of the med
ium around an opcning necessary_ to permit 
strength P.Ilbilization such that the optimum 
design cond1 tion of mi ni mal support is rea-. 
lized, are also quite swall. 

lt is a bas:lc principie of NATH- to prov:lde 
initial support at the heading immediately 
upon t!xcavation to prevent deformation from 
becoming excessive and causing irrevocable 
differential loosening of the medium, parti
cularly relative to difficult groünd con
ditions. ln this way, NATM attempts to take 
advantage of the principie expressed by the 
ground re:aclion curve su eh tha t mi ni muro sup
port is requ:l red and the maximum inherent 
self-carryi_ng capaclty of the medium itself is 
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rt!altzed. Too often tn Unt ted State& pract• 
ice, careful atté:ntion le not gtvcn by botb 
designer. and contractor lo tal'=: necd to _prevent 
excesslvc deformation a t. the hcadf ng prior to 
the lristallation of lniltal support•, The rr 
sult la that deformatJons e•ceed 'i'tie .optimua 
cfficiency of the ground reaction me.'chanh• 
rcsulting in the need for a aore substancial 
support system than otherwtse would have beell 
necessary. 

A further element of thts ctrcumstAnce hat 
to do with the phllosophlcal appróach to 
teooporary or in! ti al support. TraclttionallJ 
in Un1 ted Sta tes pract lee, the con tractor fa 
rt:spons lb le for teJDporary support, wf th safetJ 
being the. pri~e mottvator. Therefore_, it h 
often the case that the tn!ttal support plated 
in the interest. of safety is not tnt,egrated 
into the total support system antleipated for 
successful project ltfe. Accordln¡ly, no 
credlt is glven In the design of the permanent 
sup¡)ort system to the carrytn¡ capacfty of the 
ini ti al support system to be destgned by the 
contractor. Further. because consideratJon of 
t he ground rt:act ion r.:!sponse ts not lncluded 
in the. design uf the tnttlal support systeD, 
even initial support systems can be quite 
bulky and wasteful of materl al. Figure 3 de• 
picts an example of rather ~nasstve steel usecl 
as inittal support "'11Jch "''aB gfven no, credlt 
as an clcm~.:nt of an fntegrated total support 
sy~tem. 

On some projects In the lht ted Sta tes, 
treroendous material quantltiea are used ie 
initial support systems. Not only ts there 
l.nefficiency In the destgn.of the tn!tlal sup
port systefQ. the tnttla"l support system ts not 
inc.luded as part of the integrated final sur 
port syste01. and is in effect wasted as far al 
the long term carryfng capactty of the total 
support required for stabilt ty. NA1M oak<s 
use of an integrated deslgn concept 1 therebJ 
roaximi zi ng the ef fi ciency of the total· support 
system. ln this concept, the destgn engineer 
lays out the sequenciog of each stage .of sup
port woh:ich becomes tncorporated into the per
manent support system. An example of a. slmple 
staging operation is shown ln Figure ,4. The 
initial support is generally developed b7 
shotcrete, anchors, and other supplementar)' 
support elements wlch are usually tósulled 
immc.!diately after exco:avatton. In ~t~ddftton to 
providing initial stabtltty duri~ construc
t ion, t he se elements be come f ncorporated into 
the permanent support system. L1ter _in che 
tunneling process, more support elements mar 
be added until complete fnstallation of tbe 
total support unit has becn a'ccompllshed. ln 
this way, maximu"m ef f tcfency 1 s made 'of the 
materials used i"n the support process. "In ad
dition, as much of the lnherent strengtb of 
the medium as possible ts mobill~ed into 1 

quasi self supporting arch. 



figur~ 3. Exa1nple of steel sets used as 1n1-
tial support for an unde rground 
c.1~rn. 
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fJ~urc 4. Cross-scctfon and scqucuce of con
titructfon t>trategy o¡~ration. 
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A •cvre complex st~gJ ng procesa is de
•uvnstrated in Figure 5 which dep:lcts a mfned 
HLation. In this case, the coustruction se-
4ucnce :1 ncorporated a multiple stage exca
vation procesa, with installation of Jnitial 
suyport occurring immedJately afteC' each st
age. In this case, the left sfde gallery was 
excavated first with the right side gallery 
following by a d!stance of approxirnately 100 

feet (30 IDOters). The thi rd s tage .invol ved 
the cxcavation of the top heading. At the 
completion of the ·installation of"·the Jnitial 
support system at the top he a di ng • a complete 
support ing arch had be en ach:l eved whicb 
pennitted excavation of the central core·· 
NAT/1 frtquently makea use of intr:lcate 
excavatJon stages, particularly Jn difficult 
ground or odd geometry, to permft immediate 
Jnstallation of 1o1t1al support. 

Figure 5. llined rail transit station con
structed with a multfple stage excavatfon 
procesa. 

1 
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ln recent years in Europe, the design 
pro~ess has incorporated finite elerrent 
techniques as a supplcmentary mathernatical 
tooi'. further, so~ cases exist where 
deformattons predicted by a ftnite element 
analysia hav~ bcen substnntially corrobrated 
by meatturt:went of field performance. Hinimal 
cases of such documentatton presently exist in 
the United States. The European destgner 
using a finite eleoent or other analytical 
appr.oach, proceeds in the followt.ng manner. 
An tn1ttal estimate of support requiren:enta 
based on experience is made. Th1s is comoonly 
referred to as a predimensioning phase. 
~themat1cal modeling of this assumed ground 
support system then proceeds. The stability 
of the ground opening relative to various 
construction stages is then analyzed. 
Adjustments are then made in the support 
!!)'Stem as necessary until a proper atable 
design for each construction stage .is 
achi~eved. loherent in a finite eleoent mat_he
utfcal model is the capability to mathe
toatfcally crack the mode of failure and also 
to conduce sensitivity analyses as to the 
impact on the de si gn of the accuracy ·of the 
stre'ngth characteristics of the medium. De
pendi ng: on the knowledge of the s trength 
charactertstics of the rnedium, ·and the extent 
to ...mtch they can be rnodelled mathematically, 
the appropdate safety factors can be incor
¡>Jra'ted tnto the design of the support system. 

It ts also inherent in the NAlM design 
proccss to prepare a number of proposed sup
port systems in anticipaUon of varyi ng ground 
condltlons through a particular job site. l~! 
exsr.t ~u.m~r_of_,c;l~ (f..~.'."".~.~;- S.~.?.~.nd s~~~.LI:__!i~ 
re;¡~ o·r-" á.:Pi~J~-f-~ra·r; ~.~Jt~ ·"!~~~ ~.bvJ~9j~~~-JY.~·-.-~" 
rmcr ion·· ... ot;~~Jle_ .•.. a_l"}.t1 clpa.{ed ·~.Y.~:r:t~!-1~~:--:of 
~~C7nd (t~i Oñ~ :a t:~t.,~~~:-¿}~~e~-----ri-'aa 1·t·1 onaJ·:..-
fY. three····co'"'si.x 'different gro'und support sys
t~ms are dcsigned for a particular site .. 
These vary between minimal support require
cents involving randomly placed t-ock an.chors 
to 8 complete integration of several laye rs of 
shotcrete, lolire mesh, anchors, and Hght steel 
ribS· lt could also involve subsequcnt 
placewent of a case-in-place concrete liner .. 
The bid docuucnts show an estimate of the 
total Unear footage anticipated on the 
project for ca eh of che support systems. The 
contractor is then asked to bid on ~stimated 
uantities of the anticipated eleroonts of each ·:f thc support systems. 'A field decision is 

then 111 ade duri ng co.ns t ruction be tween the 
contractor's represcntative and the owner•s re
prescntative \Jhere possjble change from one 
¡upport system. to another is a.nticipated. 
HJ.nor adjustnents are generally made in a uni
}atral decision at the heading by the tunnel 

forccan. 

.• ·~: .~.. • ; 1 l -· •. .. ' _..,.... .. 

lt has been argued that a greater coopera
tion exista in Europe between owner and con
tractur as opposed to the relative adversa'rial 
relatlonship that exista in the United States 
and that this contracting practice is not ten
able in United States practice. The autho'rs 
believe that some lllOdiflcations in t.nited 
States contracting .practice are necessary to 
achleve the full benefit of using a variety of 
support systems to respond to changing ground 
conditions. Nevertheless, the authors believe 
that it is possible to work towards this con
cept wi thin the basic framework of present 
Unitcd States contracting practice. 

O....rners must coc.e to understand though that 
the baste r1sk of variable conditions at a 
pcoject si te belongs to them and the transfer 
of this rJsk is accomplished only through pay
ni!nt of a price relative to the magnitude of 
the risk. 

Construction monitoring is also exten
sively used to compare predicted stresses and 
deformations relative to field response. The 
tnos.t .. , _comn:orily. Used. contruction ru::mito~ng' 
t~c~~~~i~. rrWO!ve~ . a. ne.E:'oik o"f:-Tonverg~ncf. 
pol "~~s- to ceas ure .. a~mcions .aOO"".:ChBñ"S"~.E!:_in 
S~:_pe~-~!.·~-qle -~~~ñ:.r:!P.• In. aOai"tT~s-oaie-us~ 

'r"s made orextensoueters and pressure cells. 
Othcr devices are also used depending on the 
nature of the des1gn and the aethods of con-. 
struction •. Obviously, tJ.mely reading and com
p~rison with predicted response Is a majar 
tool to be used during constructton to perroit 
und-=rstanding of how the ground opcni·ng is be
ltaving. '-':._his monit.oring program, as well as 
visual observation of changes in geology, 
ground behavior, etc., plays a ma1or role in 
decisions regarding the need ta change from 
one support system to another during con
struction. 

In co.nclusion, the authors believe that 
NATM as a philosophy has some very 1mportant 
concepts that provide r~:eaningful improve~nt 

in the United Statea tunnel design/con-
, struction procesa. The benefits are maximized 

i-n poor ground and/or difficult geometry. lt 
constitutcs a·n important tool for designers to 
consider as thcy approach design of a specific 
project and wish to evaluate the resulta of a 
nuruber of design techniques. 
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The New A,ustrian Tu1,1nelling Method 
' 

After describilig !he inllucm:eof rock-prcssure ciTccls onlunnel 
linings, lhe uuthor undcrlines the inadequucy of convcntional 
tunnel driving and, lining methods. in poor ground and 
explnins thc ctTectivencss and rcliahility of a ncw method 
consisting of .a thin sprayed concrete lining, closed al the 
earliest possihle momenl hy an invert lo a complete ring
called an "<iuxiliary ;1rch "--lhe dcformalion of which is 
measured as a function or lime unlil cquilihrium is obtained. 
Ways are slwwn lo dclenninc lhe magniludc of aclive forccs, 
which lcads lo dimcnsinning of linings on an empir:ical hasis•. 
Furlher arlicles describe successful applicalions of ihe melhod 

' By Prof. Dr.lcchn. L. v. RABCEWICZ, 
•• 

PAI\T ONE 

1 N 1he cor,venlional lunnclling ¡\ractice of lhe pasl. 
masonry in drc~scd stone or brick w~s rcg:mlcd 
as the mos! suitahle lining material in unslahle 

rock. Concrete was rcjcctcd hcc:JUse possihle dcfor
malion during !he scllling anJ · h"'dening proccss 
was supposcd lo causo irreparable;damagc. The spacc 
bctwccn masonry lining and rock face was dry packcd. 
Timbcr lagging. which was suhjccl'lo rlecay whcn lcrt 
in pbce, gcnerally could nol he removed, panicubrly 
from !he roof, because of lhc dangcr of looscning 
and rockfalls. 

The situJtion was furthcr ;Jggrav~tcd by a vcry 
unfavourable time factor. Merely lo bring lo full 
scction a 9m·long scclion of a doüble-lrack railway 
tunncl by thc old Austrian iunnc.IJing mcthoJ. aftcr 
the boltom and lop headings had' hcen Jrivcn. took 
about four wceks, and anolher rnonlh was nccJed 
lo complete !he masonry of thc s~ction. The :11nounl 
of timbcr used in more difficult éases was so cnor
mous that ofle third and sOmcti'mes even more of 
!he c'cavalcd space was fillcJ by salid limher. 

Allthcse circumslances, togcther with lhc tendency 
of_ the temporary timber frarncwórk to yicld. ncccs'"t 
sarily produccd violen¡ loosening prcssurcs. which 
frcqucntly caused roof sclllcmcn\. up lo 40cm and 
more bdorc the masonry could~ be closed. Ycars 
aftcr construcl ion had be en finishCd a slow dc:crcase 
in volume of !he comprcssible ond somclimcs badly 
ücculed Jry packing oflen dcformed the lining 
asymmctrically, cousing darnagc and costly rcpairs. 
Damage ro the surrounding rock as well a~ to lhc 
lining itsclf was furlhcr incrcascd locally by the 
rncchanic~.d and chemical dfccts of water. 

11 is evidcnl lhal in lhis pcriod of ralhcr inadcq11ale 
mcthods and matcrials for temporary and perm;..lllcnt 
supports, Jooscning pressures ,\·er~ a source· of the · 
greJtest concern to tunnel cngincCrs. All attempts to 
design a liníng during this period ·wae conscquently 
carricd out wilh sale regard lo lo·oscning pressures. 

• Thc ~ouh•umc ~,r thi\ I.Cf_in w.u ut i¡:inallr I'HC)tnlt"d lothc: XIII Collut¡uium 
. uf !he lnlcfu .. lwnal Soc:ocly o{ R,.ck Mcch.mi.·~o'in S11hhurc. Octut•cr l\162 

.~ud 1hi1 [:.¡¡li.n ''"r~oion, "':hic:h cuntainl ;,dditiun¡¡) m••crilll, il Jn.obli~hcj 
b:t ;,rr~n¡:rmenl "'11h Spnnwer-Vc:rl;;o¡:, Vic:nna, thc publi\htn uf /~·1~· 
,. .... r¡,.,,.¡J.. und lnrrnirurM"olotjr. 

t Ndrrcnct"\ .,.,¡]1 be culleclcd 11 !he cnd ,,r 1t.c: ll,i!rd and C"onduJin¡: artidc. 

Ül'C:1sional suhsequcnt Ól'formatiuns of linings for~ 
cibly lcd to thc crroncous conclusion lhal thc linings 
dcsigneJ in this way slill lackcJ !he nccessary morgin 
of safcty, whercas !he f•ilures :drnosl withoul excep
tion Wl.!fC Juc to incorrccl lrc~llmcnt or thc SUffOUnd

ing rack :111d lo fundamental shorlcomings of !he 
mcthods. · ' 

A !ypical practical example of the impcrfeelions 
mcntioned't is a Jouhlc·lrack railway tunnel in 
ClC-choslovakia, which \\'as drivcn almost a ccntury 
ago lhrnugh a ridgc of soft, horizontally ,¡ratiflcd 
samlstonc. Allhough lhc rock was fairly stablc, 
slratiíication and jointing caused the corncrs in the 
roof on hoth sidcs to fall out, lcaving a more or less 
rectangular ravity instcaJ uf an arch. The tunncl was 
suppork·d hy an cxl'cllcnt dres..,ed-stonC lining. 45cm 
thick, hu l. il was nol backlilled. During !he following 
dccadcs the unsupporled laycrs of sandslone sub
sided :ind sclllcd on lop of !he arch, causing the roof 
of the lining to bulgc downwards (Fig. 1 ). Had the 

j_:E_F~ _S-'!~T.O~ 
_ .... ___ -7'-
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Fig. 1. Dc/ormaticm o/ a wulcoJJ.J:truc/t'd llllllll'i urch 
by /oo.reninJ.: pres:wre 
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Cl\ 1l1cs :ll cithcr sidc hchind thc lu,inl! lllll bccn 
simullancllusly filled lo a ccrt;,1Ín tkg: .. c..: f1y picccs of 
r1Kl f:JIIing out of thc \\cathcring corúcr:\ thc ~lfch 
"••uiJ ccnainly have failcJ. 

Rcmarkablc progress in drilling and rock blasting, 
cspccwlly m Swcdcn, h¡¡s also helpcd lo reduce 
damagc to thc surrounJing rock. 

l\1odcrn Tunnclling :'llcthods fhough methods and mcans of tcn~porary ;,md 
rcrmancnt ~upport have imphw~.-J fundanu:nt;,tlly 
~in¡;c tln: carlicr pcril,d. linings ••re still made us 
thid: as thC)' wcrc about half a ccntury agn. l.ooscning 
prcssuro is still considcrcJ hy many to be lhe main 
:Kth·c force to he rcckoncd \'o-ith in tunncl dcsip.n. 
althou¡;h modcrn tunnclling mcthods actually makc 
it p0ssihlc lo avoid looscning almost cntircly. 

D"clo¡Hncnl or Conslruclion ond Linin~ 1\tcthods 
Shú<lly aftcr the lurn of lhc ccntury gmuling was 

introJuc~.·J as an cfft!t.:tivc mcans of consolidating 
1hc mck surrounding a lunncl. lly fllling lhc voids, 
uns~ mmclr11.:al lo..:al loaJc; un lht! lining are ;,¡voiJc<.l. 
:md purtion:i of Joosc or soft ro~.:k are strcngthcncd 
bv ct!mcntation. 

"Thc ncxt slage was thc introduc·tion of sleel for 
supporls onJ which, comparcd with timber, con
stitut~ .. ·J a rcmarkablc improvcmt!nl as ~~ tcmporary 
~inin$ makria! hec~use ofits bcttc.r physical propcrtics, 
1ls h1gha r..:s1stancc to Wt!athcnng. and its rcduccd 
1endency h' vicld. De~rca.<cJ deformahility of thc 
lcLIIporary su~port mad~ it possible lo replace 
!nasonry a' a hnmg m:1tcnal .by com:rctc. Dry pack~ 
&ng lhcn hccame obsolcle, S&ncc the con~rctc filled 
lh~ .'\paces outside thc thcurdical c~traJos. 
On~ or the most import¡111t alh·antagl.!s uf stccl sup

p..rts &S lhct lhcy allow tunncls to he drivcn full face 
10 \'C~)' brgc cross sections. Thl! Tt!Sulting unrcstrictcd 
\\~ukmg ¡Ht!a cnahks puwcrful drilling: and mu~.:king 
e.¡uipmcnl to be used, incrcasing the ratc of advance 
anJ rcducing cosls. NowoJays, dividing thc facc into 
hc:~dings whkh are suhscquently widcncd is uscd 
only undcr very unfavourahle gcologic;~l condilions. 
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Finally, durin¡; the last fcw decades. roábolting 
and .shotcrete• wen: introduccd in tunnclling practicc. 
To JUdgc from lhc results obtaincd up lo· now· the 
inlroduction of thcsc mcthods of support and surface 
protccllon cun he ccmsidcrcd as a most important 
evcnt, cspccially in the lieiJ of soft·rock and carth 
tunncllingt. 

Thc :1dvantagcs ofthcsc mcthods can bcst he shown 
by comp:&ring thc rock mcchanics of tunncls lincd 
by the ncw and by oldcr mcthods. Whereas all the 
oldcr mclhods of tcmpu"'ry support withoul cxcep
llon are bound lo cause looscning and voids by yicld
lllg ~f lhe d.ffcrcnt parts of lhe supporting structure, 
a thm !ayer of shotcrcte togcthcr with a suitahlc 
system of rockbolting applicd to lhc rock face im
mcdiatcly aftcr· blasting entircly prevc111s toosening 
and reduces decompression to a certain degrec, 
tr;~nsforming thc surrounding rock inlo a self·SU(l· 
porting arch. 

A .laycr of shotcrole wilh a thickness of only 15cm 
appl&cd toa lunncl of 10m diametcr can safely carry 
a load of 45 lons/m' corresponding to a burden of 

. 23m of rock, which is more than has ever been ob
se~vcd wilh ro?f falls. lf a stccl support slructure 
uH.:orp~..H~~ltng N u. 20-typc w1dc-nangcd o1rchcs at 1m 
centres wcrc uscJ unúcr thcsc conditions, it would 
f~i! wilh 65~·~ of thc load carried by lhe shokrelc 
hmng, :111J a lnnhcr. snpporl of the conventional 
Auslrian lyp~ would he ¡¡hlc to carry only a very 
small proporlion or lh.e samc load. lf the tcmrorary 
support Jcforms or fmls the erroneous conclusion is 
usually Jrawn lhat the proposcJ permancnl linings 
are not slrong cnough. In this way pcrmancnt linings 
lhat nrc :&lrcady ovcrdcsigncd bccomc still heavier. 

Sholcrctc ns Tcmpurnry Support 
A temporary support designed to prcvent loosening 

must att<~in a high carryin¡; capacity as quickly as 
possiblc; and il must be rigid and unyicldin¡; so 1hat 
11 seals off .lhe surf;rc~ closcly anJ almost hcrmelicnlly. 
The ._91~r.Y!.!)g s~r~~of_¿_~mp~ra_ry ~<:e.P.E!.LE 
JCiermrncJ by lhe malcn:il as wclT as bylls ;lructvr~l 

,_~csi¡~ .. Timber, cspcc&ally whcñfiüñiiO,"ísliy"fa-r the 
w~rst; 11 comb1ncs low physical propcrtics with a grcat 
tcndcney for lhc stru.ctur~ to yicld. Althuugh stccl 
has mucl~ bctlcr physica.l propertics lhe c!fu:knQQf 
stcd nrch111g dcr~nJs maanly_Q.tLLhs_~t<~liJr_o_fp~~¡~,g 

· ~~~ll.!_~.r~!~c~~lll __ t_!1_c Tl~~ f¡~~~· whlc11 IS always 
an u.nsausf.'u:tury pronTcm.lJn trlc contrary. concrete. 
parllcularly sholcrt!tl!', mt.::t!ts all thc rcquircmcnts for 
an ideallcmporary sup¡iort. 

" ' 
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. ~rrsl~~, .. Qigh eaJ,lLHU:mph.. is of thc grcatcst 
un~ortancc 111 ~l]~~~~V~S* ._:.!:,.-~tgh l;~aring capacity 
raer~l)', :11\J Üus IS part&cul;¡rJy lruc of ils carJy 
TICxural-l~ll:O.IIc strl.!ngth, which amounts to 50 and 
Jo~:. of thc cnm rcs'\i\·c ~trcncthJfu:r oiw-t@ JQ(l-

-~~:~~ -'- .~" SC\.' ·1g. _-.A rc<:cnt fiilTfl>iJUCcJ'harú..:iiirig: 
act.:cfcrat1ng. at.lml.'\turc hascc.J on silil'kation givcs 

• o 1 . 1 
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FiJ,:. J. Rt·.wlr\· o/ .Jtr.·n~·tiJ IL'.\'IS 011 jhotcrt'/1• carric1/ 

out in th,· lt'.\lin;: laflnratory of tht• Tcclllli.\t'lu• 
1/och.H·Iw/,·, Cita: 

u _ . r .... , 

• l'ncUili.IIÍ~,ally .lf'pli.•·lol mo>rur, "ri¡;inaiiJI L.n,, .. n a, "tt•rcr.:tt" •lf "'11mite' 
1-o("(amc: \O:fy muLh unr•••~c:J ,hnrlly aTicr Y.\.uld WJr 11 t>)' l new I)PC or 
m.u:hu•o· .l~"¡:owlol '" ~llY ;¡ nli\\UII! '-'nnt.ainiu¡o :~.~¡.:rt,.ol~·· u;• to !5mn' 
m \IIC_. 1 o•r 1h11 ''-''" J'f·-J•...:t.lht lc'rm "shotc:rc1c:'' h,,, h1:·:"n"· .:u'l••n•.U), 

f Thc fH,I ... ,.,·,"iul .:.rrlk.'ollhlll u( ~ur(a..;~ \(~1··'··;1111111 by •h<~l-l'ciC r •• , 
1unn~l. "~ ur"t,d•k ¡;rutmJ ;o, an irHt~ral r.an ,,r thc: ~~ ""',; roru..·...,.., lf\liUd 
,,fu,or•¡; 11n>hcr ••r ''"d ;¡¡, lt"'I'••'H)' •urr .. n '"·'' • .uutJ ov\41 thc: LoJ.:.no
\l• .. a¡.;nu """'d ,,( 1h.- !1>1.•.-:o:•.a h)lolrl\dttln.: •• :hcnlc s .. nurb"'oo! IQ51· 
1'1~~·· ".A 1'""''' '""~ ¡;r.uu~,J f,.r lhit n~e1h1>d 1n A'uUfl;¡¡ 11\ ¡o¡~f.u, 
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still hL'tiL~r rcsuhs. \\'hcr~as only il fcw yc:1rs ag.o. 
cvcn if thc wah:r influw was limitcd tu dripping. 
c:lftcicnt Urainag.l.!' hall lo he- arhicn·d bcforc ~hntcn:tc 
ClllJid be applicd. thc lh.''" :u..·L·dcratnr makcs it pos
sible to shotcrclc u 'cry wct surf:u:c e ven whc-n drip
pil~f! hca\'ily. For inst;mcc. in nnc of thc lunn.:ls uf 
TI WAG·s Kauncrt;ll hydro~kclric ><heme. a ~in 
jea: nf w~L .. ·r w:1s plugp.cd tllf '' ith shniL'fciC :done 
without thc nrcd hl in!'otall a n.·licf pipe. 

Thc mosl ~,.·nnspicunus fcallm: of shotn&:IC' as ;¡ 

~u¡)pnrt against _lonst:nin!l :tiH.I stn:ss-rcarr:lll!.!Cillcnt 
prcs~urcs lics in its intcr:h .. ·til1il with th!.! nci¿!hl;nuring 
rnr~. A :-!HliLTt:IC la)l'f :1pplicd immcdiatcly :tf"IL·r 
op~ning up 01 llC\\' rnek facL' :IL'h o:1s ~ tnu!!h :-.urroiL"C 
hyr whid1 a rock of milltlf strL·ngth is· tran-.rorm~c.l 
i111o a :-.t~1hlc onc. Thc shntch'tc ahsorhs lhc t;un.!&:lltial 
!>.lrCS\CS whil.:h huild up 10 ~ p~.-;~¡::-·cll;-:~é-~t~l ihc ;urfacc 

ri~:. J. Slt'd·.\11/'I'Orlt'tl /1111111'1 ll"hich ¡,¡¡,.,¡ 1\'"1'11 

rca,·hing a :.ont• o/ ktiulinist·d •ndss 1111da 011 p¡·cr
hurdt•IJ oJ._]_!JJm: u·at,·r 111 ou· 35/ilf.\· 

of a l·:1vity artcr it is OJk'lh!d up. Ll.:La._t~"!l.l! .n.f thc 
el ose intaJction hctwcl!n ~lwh.Ti!IC :111c.l. rork thc 
r'leíghbOUríñiPm=liólí.S(lr-~¡:¡;~K·· .. ,:c¡ll:li·,; . :',TillOS·¡. in 
thcir oricinal umlisturhcJ stalc :1nú art! thus l!nahh.:c.l 
to r~rtiCipate dfcctivcly in thc arch 'action. Thc 
st:llic:llly effcctive thickncs:\ of thc zonc·of an.·h ;Jet ion 
is ip this way inrrcascd lo a nwltipk ,,[ that nf !he 
~lwt..:rcl~. In this way. h.'n:-.ik· slrt.'SSt."S du·c tu h~.·ndinc 
u re Jiminishcd and comprc . .:~si' e strcsscs :¡re c:1sil~· 
:1hsnrhcd hy thc surrou1H.Jing rork. Thc zunc ,;,· 
arch ;.~ctitlll can ht.: incn .. ·a:-;~.~J at will hy f¡lckiHllling. 

Disintcp.ration alwavs '· ,._1h,! ..... O.p~Hffi.g,4._;,¡ 
.1.!.1~ ~lJfl:tL'C !S'\Uft.': ¡j'!!Jli.ju~ll1!JJ.1_j~-pr,tt· 'JH··J 

:11 thc outscl hv aprlym" ·• .. hqt.·r··•c h3·cr q,,. L.UJ.:1._ 
t~·cn'i'illl thc shnlt.'l't.'~\..!l!!.!~;,hk This c:\pbin!>. 
wlly Cl\ 11ks in haJ flh .. ·k lin~.:d with a si.. in llf only a 
fcw ct:ntimctr~s of shntcr~.·tc r~.·main in pcrl~ct cqui
lihliurn. ~hallo\\' tunncls in rt•t.·k nf lllt.·dium t.¡ual_ity, 
when huilt by cusll>lllar) mctlwds, nccJ u f:urly 
strong tcmporary support anJ ~.·uncrctc lining. \Vhcn 
thc ncw rndhl)J of surfat.·c stahilis:1tion is adt,plt.'d. 
only a thÍn !ayer o!' ~hntt.'I'CIC. ptlSsihJy Joc.illy 
~tr~ngthcncd by rockhulls. will proviJc hoth 1t:m
por;.~ry supp¡lfl :.~mi a satisf';,lt.'lory pamancnt linin!!~ 

[> p ·ri•·n··c so f:1r h~s :-.htlW/1 tlwt ~IOit.'rCit!, cspt.•ci
;.¡ JI v \\ IJC !l r !l lllhiJu::d._l~ tUll.cJJ;lOI t..Uu!. has p~ 
Wl.C .\U.:UcJ.l.a ~~S IJl.P..!lli!.!.L~HP pnrt 1 0..u.~.Ll__q \,1!! lil.ic!i_J)r 
.IJ.!.C:~~ it lj ~~~~n~ i n~ .. l.iJl)C:i ..V.•.'-'~~'!...'.o. c~s ·' h:.l}l.}¿Jl~J!.!!.!'~ 

·' 

Ulld l'\CJI l'or !!rO~Ild .which .lhJflll=1Jiy l'~JU)d 011Jy ht 
nMsl .. 'll.:"d h~· t.'arclul lurcpollll¡!. f.xt.·!.!pllonally. cven 
;¡Jmo-.1 l'Pht.•,ionll!!<.\ ami pla:-.lil.' l!rouml has hccn 

Fig . .J. 'Fitc tunm·l .\ho1nt iu Fi_t:. 3 \llt't't'.nlu/1\· 
r,·rotnlruc·t,·.J hy rnlril·iug lhc· tlt·/ormnl portitm i!1 

.\lt'd mul .\ll'l'll'...'lhcni11g it hy .\'htiiCTt'lt' 

~\llT\!:-o~ftllly handkd. In \Cf}' h:lc.l ca-.c:-. ur pla~tic 
''alt.'rh~.·arin!! t!rnun~.!_~~5- ~i~d~_·t~ir~¡;jilíug.· failcd, 
~h~ llt.Tclc h:~~_!~~:!!~~~~--~-~~~ l'.lb:. t.'lllJltnyt.•d a.'> • .O.I •. ~:-1 '' b:
,J¡ .. n¡g l't.'lilTnrt.·cnH:IIl lor \In:! -.uppnrl, and an C\an:
pk i\ t;i\1.:"11 in Fig.:-. . .l aud 4. For 1\'a,t•ll:-. whirll \\l! 
:-.hall lltll di..;t.'tiSS hL'I't.'. a ltlll11t.'l or Xm! :"ol'l'tion for a 
hydrot."icctric_ :-.t..·hcm_c in lh.: Au ... tri:m t\!p, h:1J oriJ:!ill· 
ally h~.·cn drl\ en w1thout shotcrctc. u sin).! only stcel 
arl'llt.'S and stccl laggin!!. \\'hcn thc tunncl. tht.' O\'Cf
hunkn of' ,,-hirh w:1'\ ~50m, rcat.·hcd a tl!dílnic:lilv 
Oisturhcd IIHlC' in a l.'omph:td) nu~hed ka11lini,;:j 

•p.nl!iss \\'Íth ht.·avy walcr inllnw. tht.• píc..,,ul\! hcc:unc 
SH hca vy 1 ha t t he ;¡ rcht.•s wcrc dd'onnt.·d a nc.l t hcir 
fnotings f'urcl!J intn lhc grounc.l. The hcavv w;,Jicr in~ 
llow cnuld nnly be rclicvcd slightly :1' .. th~- water dis
ch:tr_!!..: pipe..; h~t.·amc dop!!cd 'hnrtl~· alter pl:\(:ine. 
\\'ith tht.• ~ituatinn as ~ht)\\'11 in 1-'i_!!. Jl'\t.':l\:ttilln h:;J 
lO hl! stuppi!c.L 

Tn rcnHJstflll'l tht! dcl'llflllt.:d tunncl lht.• t.'tllllr:lctor 
rcturn.:d lo thc still unLlcformcc.l p11rtinn and cm
h.:ddl'll lhl.:" :-.h..:t.'i archt.•s in a JOcm linin!.! 111' !>.hntcrete. 
Afia rt.:dri\ ing th.: ron!' in thc dt.'forme~J purtinn n.:w 
stccl ;!lc.'ht.·_s had lo ht! fiact.•d :11 (¡(h:·mc .. ·ntrcs on hcav)· 
Wtltltkn ._,u..., aud anotht.:r arl'it lllkf()ll~cd h~l\h'L'Il 
t.':lt.'h :-.;.:\. 1\, -.nnn ;ha ~el was pL!l't.'d th~ -.url'at.·c ~·;¡s 
inHnl·di:lkly :-.hotL"rctt.•d ltl a t..·nmplcte rin.!.! {'\L"C Fíe. 
-1). Thi, di1lin1lt siluatin_n. '' hid1 h;~d ht.•7n. ).!l't.';lljy 
ag~f:l\':llt.'d hy IIIISIIt..'l't.'SSJul ;lllt.'lllph al drt\ Jll~. W:tS 

thus m:t,t~.·rt.·J witlwut any furtha '"'lhat.·~.,. 

E!Tt'l'l'í tJf Stn·..,'i-Hl·arr;uJ:,.:t.·mt.·ut Pn·">'.llrl'.., 
\~·h~.·n a CI\'Íty is made in unJi.;IUrhr.=t.l rnck thc 

nri,!!in:tl ~!re'' paltl.:"rn is disturh~.·d. In thl.:" l'lllll''t: nf 
tit.llt.'. thl! dltr:tlion ,,f \\l_lil'h ~kJh.:nd, 1111 th~: prop~..·ni~::-. 
ol r,)cl... a ncw :-..1rc:-.s -.nu:lllo¡¡ app:.=ar:-. in th~.: nci~h· 
lwurlh'~'d nf thc c:l\·ity. anJ t.'lltlilihrium i-. :tll:til~cJ 
c!lht:r \\itl! ¡)r willhHII lht.• a:-.,J-..I:IJII..·~,.· uf ;¡ Jinin~ ---
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HAIN PP.USUI( jOÍOt~. Of Sfl:..IJIÍng or lhC C'd!;CS or 

1111 1111 
. thc masonry. However. in many 

...... , cases linings failed by shcarin[! olf 
_ •• · ·• •. - aflcr a pa11cro1 lypical of this ~ind 

/ ..._ . _,.. \ of strain and had lo he rebuill. 
7 ·'- J' '\ 1··;. : .. One of rile mosl fregut.nl_r_c.fl~Ol!S ..e 

-f ........,. .2/ r .l for IIJCSe O•ilur_cs ... b!'sides many __} ...._ -.~= L._ ol~er_ shorlcommgs:. of lhe cus-
: ,.- ~ ¡ lomary mothnds'--was thc lack of 
'_lJ .. ' an invcrl. Nol only were invcrls 
\ \. - · · prMidcd much loo scldom hui 

---1 lhcy werc usually placcd much lno 
~. _., Í ..._ . latc-[!cncrally nol unlil lhc roof 

"'-... nnd sid~o:\\'alls of the cntirc tunncl 
\ ~ ....... ,' 

-. _., . "- ;-- had bccn finishcd. Givcn a rock 
\ J / ORt;UU,l or illSUniCÍI.!III SlfCilplh CVCO JÍilÍOJ:!S 

••••. .. ..... CJIO~!. ~Cllo:t or lll:llllllllllh lfilllCilSiOOS WCfC! 

11 ... 1 .. 1111 bound lo dcform hcavily in 1hc 
:abscncc or ;an invcrt. hec;tuse thcy 
form a shcll W1lhou1 al))' bollnm m 

Fig. 5. Sl;.c•tch o/ m,·c/umical prOCl'SS ami .\'t'tJIU'IIC:C of /ailnrl' armmd 
u cal'ity by l/rC'l"l' rcorrangc·mc'll/ prcl·sw·t• 

hracmg. · · -· ··· .. · 
-with thc foroning of the Trom-_ 
pe ter zonc. whi~l! .• we .... shall . call 

:¡;:,·or~ i_n g~~ ~--'-"--'~!•el ~~~-~ .!J•c _yh.s.'!!:.~! ~~!'ll.~' .. <>[ .! he 
.r..u.c.!...!LQr 1s no~ cx_<;_cc(.fcd.:. Th1s stress rearrangcmcnt 
is rncchanical and progrcssivc, and gcncrally occurs 
in thrcc sl:lges (scc Fig. 5) pro\'idcd lhc rock in 1hc 
ncighbourhood of thc cavity hos not hecn dislurhcd 
by earlicr lunnclling. Al lirst, wcdgc-shapcd bodics 
on cilhcr sidc are shcared olf along lhc Mohr sur
faces and move towan..ls thc cavity, thc dircction of 
mon:mcnt hciclg vertical lo thc main prcssurc dircc
tion (1). Thc incrcascd SNn thus produce<! causes 
thc roof and noor-lo slarl convcrgin[! (//).In lhc ricxl 
st~gc this movcment is incrcased; thc rm:k hucklcs 
under continuous lateral prcssurc and may protrudc 
inlo the cavily (///). 

Pressurcs arising from this action are corrcctly 
1crmcd "squcczin¡; prcssures." S!a¡:c JI/> thou¡¡h frc-

' f{_U~~-t~ m!!!L~B-!....1~~~~ . .:!~':?~.~1-cr~J~~ .-~~:n 
cnc!~'-l~~nng. . 
'"i)uring the days of convcn11onal 

thc ··rrottctive zonc;· surfacc slrcsscs dccrcasc 
'inarkcdly whiíellie'Siirlace"deforms. The radial 
stress which must he counleracled by the ncccssary 
bcaring capacity m thc pcriphcry of the cavity, 
which wc shall call "skin rcsistancc," hccomcs 
sm:..~llcr as 1he pc:ak or t:~iiSCililaTSlrCsScSñiOVeS·a"\\:;,)t 

~ ffói"i"l-tTlCC.1,~1i y~¡;;· r~.ruus ·or -\\·lliCllSiñ1u ltailro;¡s·¡y 
a~m:isc-s:·- ·------ _________ .. ____ ... 
- Th-¡;-sC ·rL~falions are mathcmatically dcscrihcd hy 
thc cquations of Fcnner-Talobrl! 7 and Ka~lncr~0• 

. . ·- ... . ?'1 < ..... 1 
.v JI,= -ccnlop+p.[I'Cnl••·HI· sinq.)J-·-~;;J 
.,.. -· •• o;. R 

and shown ~chcmaticatly"ill Fig. 6. p¡ = skin r~sislance. 
e=-:· cohesion. ti' anglc ·ar infernal frictil1n. R = radius 
or thc pn11C'Ctive zone .. r=radius or 1..'61\'Íiy. Pu=¡·/1. 
11"' o\'crhurdcn. By omilling lhe cohcsion the 

. . 
' 

tunnclling practico the elfecls of 
:;trc~s-rcarr:.mHcmcnt prcssurcs "ere 
nol sufficicnlly well known. Morc
over thcrc was no mcans of clcarly 
rcco~nising the progrcssive occur
rence or pressure phenomcna as 
describcd above, because, wilh the 
obsolcle mclhods lhcn uscd, lhe 
sections wcre usually not drivcn 
full face bul dividcd inlo hcadings 
which were subscqucnlly opcncd 
oul. Mcasurcmcnl of deforma
tions was most unusual. 
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Bchariour of Linin¡:s Subjccfcd lo 
R('arran¡,:tml·nt Prcs'>nrcs 
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J."Gl( Or IHT(r.1oiAl rRICTION 

P..&OIU~ or ffiOHCTó,'[ ZCN( 
archcs of stnnc masonry withstood 
rcarrangemcnl pressurcs in dir
ferenl ways. Frcqucnlly the timbcr 
lining deformcd during conslruc
tion lo such a dcgree as lo allow 
the appropriate Jrompc.!cr__¡Qlle 
to be formcd,. so that pcrmancnt 
equilihrium was ;JIIaincd without 
any or only significan! lining dam· 
age such as crushing of morlar in 

¡/ __ f ________ u.,.J 
\ \ 1 1 R 
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R .I.OIU!. or U.VITY 

Pu~c Fn11r 
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FiJ:. ó. Schl'nullic rcf'n'.\('1/IUtitm o/ .f/I'C'l'.fc.,· arowrd a cirnt!nr CU\'it:• 

ll'itlo llyclrostll/ic JWSSIIre (u/ter Kastuer") (- s;, p 
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r !,in• 
equation ts simplified lo p,- p. (1- sin '/>)-¡¡ 1- "" • 

;np •. In Fig. 7the values of 11 ;~re givcn as a funclion 
ol p. and q •. With R = r, i.e., withoul l~~rmation ol a 
protective wne, p,=p. (1- sin '/') aml lhe cavity 
allains equilibrium without any deforma! ion. 

The practica] interprclation of lhesc thcorelical 
f111dings is th:1t with a very yiclding support stru"ure, 
having ;mall skin rcsist:lllCe, the protective zonc 
increases but simultancously the skin 1.0nes lo<"cn 
up. and '/' decreas:s. Should looscning cvenlullly he
come so greal that opcn cr<H.:ks and scams are furmcc.l. 
thc skin 7nnc loses ils bcaring c;1p:1city almost cntircly, 
whiéh ha. practically the ctTccl nf a J;¡tent incre;~se 
of 'pan. 

Ncvc:rthcless, thcse thcorctical consitlcrations do 
nol "allogcther cxplairi s:Hisf;tclorily thc cxtremely 
hiph skin rcsistanccs aclually requircd in plastic 
~round whcn applying ohsolete methods of temporary 
,_upporl. The rcason must _prohably he JOU~I~I in !he 
ttme clcmcnl. The form:tlton of thc prolecttve zone 
does ·nol arise simultanwusly wilh the decrease ol q.. 
for whcrc;" the lallcr follows the excavation almos! 
imm~diately, <!cercase of stresscs due lo stress re
arroln!!cmcnt (prolccti\'e 7.onc) nt·cds 1nore time. 

A temporary mcans of support to meet these 
complic~ted conditiuns tn the hcst advanlage must 

..li.L.l.1 '""' the newly cxp<>'CU rock f:tcc as ~uickly as 
pos~iblc: scrnndl,y. it must havc sullicient skin rcsis1-
:111cc lo preven! serious loosening; and thirdly it 
must•!>.ttll h"e sufficicnlly yit·lding. to·allow a prott:'<."livc 
¡_one to he fonncd. 

To comply with thcsc rcquircments the author 
tricd out during thc war a new melhod called the 
"atl\iliarY ar<".!L. which con,isted of applyins a 
r..:l;1tivcly lhin rnncrcle lining hl thc rock facc as soon 
as J1llSsil11c, closcd by ;.~n imerl :.md inlcndcd lo yicld 
lO thc:, action of !he protective zonc. Dcformations or 
lhe ~uxiliary arch wcre measurcd continuously as a 
function of time. As soon as !he observations showed 
a stabilising trend of the time/deformalion curve. 
anothcr lining callcd the .. inside liníng" wus con
SI ructc:d i nside. The .JP~!J~q_d_f'\!l .. be~s:.fl.tl§lc;f.¡;.[~~t_~.~ a 
reo! rr<:<k\:c.sS.9L9Lthc 'New Auslrian Tunnelling 
Mcthod," as il compriscs all its integral fealures with 
the cxccplion of the modcrn means of surfacc stab
ili~alion. 

Al thal time !he mcthod had thc grcat disadvantagc 
thal tunncls had lo be drivcn using obsolete methods 
uf tcmporary support, which necessarily couscd far too 
much looscning bcfore the auxiliary arch could be 
built. The situotion has chanccd with the introduc
tion of modcrn tunnclling mcthods. By applying a 
!ayer of sholcrete lo the rock face immediately afler 
driving, or if nccessary even as an integral par! of 
the driving process, with rockbolls for additional 
suppo~t. an :wxiliary arch is formcd which complies 
in cvcry aspc:ct wilh thc requircmcnts for :..1 lt:'m
pnr:..~ry lining as dcscribcd ahove. 

Therc are still some difficulties to be ovcrcome in 
normal methods of conslruction, as invcrts ~re Hill 
usually built last of all, lcaving the roof and sidcr:alls 
of the lining to deform at will. Jn the meant'me, 
"'rcricnce has taught us that it is by far more ad•.an
tagcous from all points of vicw, and frcqucntly cvcn 
impcrative, lo close a lining lo a complete ring al a 
shorl distance bchind the face as soon as poss:ble. 

To comply with this rcquircment, tunncls sh)uld 

ID " 20 </> " •• 
Fig. 7. Skiu n•.\i.Hmw,• p1 r('t¡uirt•d tu estahlish 
n¡uilihrium o/ a cm·ity as a /um·ticm o/ cp tmglc of. 

inle'tlla/ /riction aud p" = yH 

he drivcn full f;¡cc whcnever po"ible. ahhough this 
rannol always be done, particularly in. had ground, 
whcrc it uflcn Oc'comcs nc<.·cssary lo re~ort to heading 
and bcnching. In thc most difficult cases it may even 
he ncccssary to drive a top pilot headins bcfore 
opcning it out to full scction. 

An au.xiliary arch cxcc·utcd in the upper heading 
(Oclgian rnof :<rch), though fairly ctTcctivcly prcvent
in_f! rnof lnosennl].. reprc:scnts an intcrmcdiatc cort· 
slruL"Iional stalc. whit:h ís :-;till ~uhjcct to latcml de
formati<111. Su eh instability has to he removed as soon 
"' r•"siblc hy c.xcavating t~c hench and closing the 
lining. hy :111 invcrt. 

0C'si~n of An!\iliary Lining 
\Vhcn dt:'signing 0111 auxiliary lining the _¡nagni

ludl! llr thc al.'tivc fnrccs. lhc aJmissihlc qrcsscs and 
l11c salctV'O('itC-·crCW- hav~ lo. be c:onSi.JCfea.-Acci
tJThTs "·-¡¡fiSi·,;g· ... rr·órri·-géOi0gíC3 t'~ Ca·uses:-· iilva riu bty 
hrought ahout by rock falls or slides as a resuh of 
looscning or cffects of water, can be avoided almost 
cntircly by a conscicntious geological survcy. Ncver
thclcss, a.s a general meas u re of. safety1 shotcrcte. 
linincs ,J¡ould be rctnrorl!~a .. bv "!ijihl slecl' sections 
; nu "rciícTJ,;¡;cs-·;;g~ :J!lli!.:."tQ.:;cl.évc,i.il:. Lb~i_ld.·u.P· or 
~ccpage pressure. eformation resultmg from stress 
rearrangemcnl never occurs in the form of roof falls 
but as a slow displ:tccmcnt. Such deformatio¡lS are 
in no way dangcrous lo the crew, particularly as the 
mo\lcmcnts are norrnullv vcrv slow. 

Under such favour:thle- safcty conJitions per
mi"ihlc stresscs may safcly be takcn closc lo the rup
ture Ji mil, particularly if the auxiliary arch is intended 
only as tcmporary support. Should it :tdopt a per
man ch:tractcr a safety factor of 1·5 to 2 is sufficient. 

Active forces can e roug y est1mate rom e 
formulac givcn o1bove, hut there sccms no dangcr in 
adopting rathc:r low values for these forccs since a 
considerable f:~clor of safety rcsults from the inter-
llil.I!!UJL \lit. ~f¡pt_!:felé:;~~\(lí.-¡b.i:> ,~ii\~ ~o ü_~i ,_,g .ro~ k, 
par~'"~l"!.!Y .. _~0 )¡_Q!gtJ.q_yalues __ gL'l, a· Sla·uc ctTcct 
wluch 1s 1101 l:.t'ken into consiJeratul!1 by compuling 
!he thickncss of lile lining. 

Though secmingly rathcr daring al first, thesc 
dcsign rules havc hcen lestcd in practice and proved 
corrcct in constructing m::~riy kilometres of tunncls, 
as will be descrihed in thc succeedins articles which 
are dcvuted lo actual examples and lo derormation 
mcasurrmcnts in íJ test tunnel. 



1 ne 1'\J ew A ustrian 1 unnelling Method' 
1 n t his ~..:cond art id e t he a ut hor th:scrihes a numhcr of 
actual tunncls, in various countries, in the l'Oilstnll'lion of 
whid1 thc ncw Austrian 111ctlwd has hccn applicd 
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~un:cssf u lly 

lly Pro f. Dr. tcchn. L. v. RA HCEWICZ 

PART T\\'0 

I NTERESTING prnclical example' ,,r slress
rcarrangcment cffccts. :~s wdl as ,,r thc StHtrH.In_css 
of thc Jc~ign rules for ;~usili~lfY shotcrctc linings 

enunciatcd in tht: lirst artidc. havc hccn cm:nuntcrcd 
'"turing lit,,: l.'tlllSiructinn nf numcrou~ prcssurc and 
di,·crsion lllllllcl, for lh~ Tirnkr W"sscrkr:1fl A.G. 
(TJ\VAG) Prut;.-lm"'t ami Kauncrtal hydroclc~..·tric 
~che mes. '1 he autlwr h;ts also had thc opportunity 
lt) observe thc phcnnmcna dcscrihcd in a series of 
11111t1cls huilt ahroad in accnrdancc with lhc ncw 
mL'IhnJs. In thc K:tuncrt~tl ~chcmc altHIC ahtHtl 70J.:m 
oftunncls \\l.'rc huilt wilh ltlC:Illy rnckhoiiL'd :111xiliary 
shtlll'I'CIC Jinill!!\ :IS :111 css~nli:tJ pa~l t 1f lhC dri\'ing 
prtl\.'CJ ur~ ( Fi!!. X) t' mphiho!itcs. ~l:h.is_l nst:. J;l~~i.s~_¡;s, 
l'¡f~1!2.!cissc~ a nd mic.:~.-\l_;_iJf~ülL~t1Lr .. '!:i.~t1~~ }) ~t~ !i,t.i_p 
down iOíT1c \HUSI h~n·c h~cn pclll'lralcd hy tunncls 
wilh nos~-Sl'CIInnal afeas ran!-'ing from 10 lo ~Oml 
-~- -o;r--.......-.-~ :Jiltlll\!.:IOUf(JCilS UJ:! lel J.lf}(!m... .. 

Thc worJ..:ing 't:qucncc shtm 11 in Fi!!-. 10 was u sed 
alnh,,l wi1hout l'.\l'Cplitlll. ·rhc :tu\ili;¡ry shtlll'fl'IC 
lmin!! (~la~c /J/).l·on:-.istin_;.! only nf nwfand ~idcwalls 

/'io.:,. S. Twmcl u·u/J Tf'c'c-il'ing .wr{an• prot1't'tion hy a 
.\-hnlactc• /ayer inm~c·t!ioll·~r (~/iC'r nuu-king out 

of 5-15cm lhickiless, was "' ;¡ rule lefl wilhoul an 
invcrl fnr a h:~y long iun!=. In ~iliii'c--c-;I~CS'-if"·\1,·;:15 ... 3. 
'Yi!:rfOf-,ilCii·é···hcf,)rc tlii.!i'íi'Vcrt was plaL:cd. Thc sidc .. 
walls wcrc thus hound lo dcrllfiTI undcr prcssure lo 
variou'i dc~rccs ncc~lrding to thc qu~llity uf lhc rock. 
Parlicul:lrly in thc scctions cutling across mvlonites 
w.:rc I,K;ll llf.,D_~~~1:!_0~!!:i..~'PJ.t?);~..l'!.l~. «?~~~cr\'~ti':"GiliSi,ig 
hca,·y ~-.r¿a~~-'n~. fi1 phacc-s thc suJcw:dls h;.~lJ to he re .. 
pcatculy rrdrcsscd :~nu fr<shly shotcre1cd (sce Fig. 
lJ}. Equilihrum was oht:lilll'c.J C\·c¡llu;tlly by thc u'c of 
addititu1al Pcrfo rocldllliiS. Charat.'l\!ri'\tically tht: 
roofs showcd no !<iÍgns of prcssurc :111ywhcrc. R oof 
prC~StlfC hy funscninp. thC pl'l'\';~ilill_!.! l.':IUSC tlf lrouh)c 
with lhc oldcr rncthods- ditl not arisc :al all. 

In thnsc cases of S\\'t:lling_rrcssure causcd hy_ H_J~
incrcasc in volumc nf ICCIOiliC:iTij~"';')"fdO;'¡dCd clayey 
1lr _maiJ{)L1!fLCf~~S1 ""''i.luC~--¡n-- \\·~it~i- _;ih~-~·~Jiti~,n whcn 
tllc prcssurc 1s rt.·lc:¡,cd. sysh:mallcaliy ;~pplu:d tlccp 
anchorin.;! hy Perro (lf SN-typc rockhollt._.,.gr_o_ut~9 
in pbcc_ ~1as pro;."·é(l··s·¡,. foar··¡o· .hé th~o: ~-,,re .. n1cans 11f 
.iht?liiíi·,·~~ ·...-(J~i-~if~í·iii~ll- \\·irh"·;¡· m·inií'iúim ·nr <Tt:f,)iil·l:i.:- · ... ~-·----·--=-·----.. ~·--- . . ... -....... -. -~ ---~ 
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1. •[~u·~•ion; l. Andwrin~:: J .. ~hulncl:nl,! rour 0111d \\~:1~: 
.t. 'J-•~ ... atin; in• .. n: !1. !<ih<~:.·:l·lll\1 •n•ot: 11. l(urk ¡!rr:u:ml,!; 

7. Strd Jiuin; :•nd nmcu::in~ 

Fig: JO. Cm~s!rurti:m scr¡uencr ji~r tlu! 1\mmcrta/tunne/s 

1ion. To kecp lhc surfacc from slackcning a lhin 
!ayer of a few ccntimctres of shotcrctc reinforced by 
a nel has bes! servcd lhc purpose. This lcchnique 
developcd many ycars ago' has since bccn rcpcalcdly 
l'Oil fi filll!d. 

For thc Kauncrt~l schemc an inclincd pressure 
shaft of fai(ly cxccptional din"1cnsions was also 
drivcn, 1,650in in lolal lcnglh, lhe lowcr parl, 650m 
long. inclining al 42" and the uppcr pan :tt 20'. lis 
cross scction was 16m 2 and thc average ovcrburdcn 
!50-200m. Gcological condilions wcre ralhcr un
f:JI•ourahlc, for lhc shafl was drivcn lhrough mica 
~lall . .as and saiL·itc which was p:1rtly mylonitiscú and 
\'(fY wct. 

The sequence of opcrations in lhe inclincd prcssure 
shafl, whic~ differs from lhal dcscrihed ahove for 
lhc tunnels, is shown in Fig. 11. The rock '"'" moslly 
so had lhal lhe lop hcading cnuld nol he drivcn full 
facc and had lo be slartcJ hy · 
a pilo! hcading. For safcly rcasons 
1he roof had lo he sccurcd furthcr 
by a stccl~an:h segmcnl rlaced 011 
timber rropE, logethcr with S0111( 
channel scction JS Jagging. lm
mc"dialc slwlcreling rcinforccd by 
rorkt-ohing had lo he c:~rricd out 
nol only in thc roof hul al so as the 
<idc11alls and brpsl of lhe heading. 
Aflcr widcning lhc heading nnd 
extcnding lhe slcel archcs. shoi
L·rcte protcction w<1s continued up 
10 1he ccnlreline, Fig. 12. Two lo 
thrce wcek:\ aftcr finishing the lop 
hcading the bcnch was excavated 
in l:nglhs of aboul lOOm. The 
stccl :Jrches wcrc closcd and !-ihot
creling was opplied immcdiatdy 
afler the cxcavalion (Fig. 13). 

11 , lo(l h·:aJ•.u:,z: lo. \\';,J~·nin¡.: ru~•f: r· .. ~.H·:.~O!Lin¡,: h,·nrh :.nd 
¡,,,.,,: J. Hndo l!lo>UIIII¡!; "· s:.·d \mm~: and l'UU.:H'IIn.,, 

Fi¡:. JI. Con\'lru..tion .H'tjllf'Jwc•.for J!Jt' 
¡•rc·sxun· sht!(l 

Kawwrtal 

Jll:JdC :¡f'tcr l.'t1111i1Jclin11 of thc :IUXiliary ~hOICfCting 
showcd that thc lkl'ürm;ltious "•'ere Úcl.'rca~ing in a 
rangc of lhe Clrdcr nr hunJrcdlhs of millimclres in 
severa! monlhs showing thal lhe rock was praclically 
in cquilibrium. 

Thc following conclusions can he drawn from lhese 
e.xpcricnccs. Whcn suitably scalcd by shotcrele clmed 
lo a complete ring, only rclativcly ~m:..~ll dcformatinns 

•. 

Though lhc lining of thc top 
hcading rcmained unhraced for 
ahoul a monlh, in spile of very 
unfavourable geologicol condilions 
no visible signs of deformation 
could he nhservcd. Measurcmcnls 

Fi.~. 12. Drii·Úrg thr top lwading in tht' K awu•rllll prcS.'illfC' slwfr; prott•cticm 
h,r J/1'<'1 ardw.'i oml slwtt'fcfl• 



the sct:IÍlH1 a hollom hc;tJing w:1s 
tlrhcn fnllowcd by :1 top hC'atlin!,!. 
11H.• lauc:r hcin~ ~uhsc4ucntly 
\\iJcncd (U lhC C\ll:nt ~IW\\'11 in 
thc pictur<. lly the time thc 
"""""'Y nf the ;,rcl) h;d hccn 
dnscd !he roor had >l'llkd 40· 70-
cm. lateral dcformation of thc 
,1rdcr nf ::!L·m daily twt tmly kd to 
sp:lllinfl (scc Fig. 15) but aiS<> 
causcd in\'Í!-iihlc damagc insidc thc 
ardt, prohahly simil:tr lo the ver)' 
lypil'~il c.l!:struction ~hnwn in Fi!!. 
lh and thc 40cm-diamctcr timhcr 
strut~ al 1·50m n·ntrcs \\Crc t',llll· 

prcS'\Cd ;uul hu&:~ ICll. e onst ruct inn 
was l"lllllinucd · hy C\1,.-a\';tting thc 
rcmainin!! por1íon anc1 ,.:ompkting 
lhc lining.. Movcmcn! stoppcd in 
thc c:our:-.c uf time and rquilihrium 
was linally auaincd. Tl11:rc can he 
no douht that hy far thc grc:ttc:st 

1 ' 1 1 ,. . 1 p;trl or lhc dislortion or thc lining FiJ:. /J. Bc·1w 1Í11g out the 1\mmC'rftl prt'.'i!itlrt'-J u~ 1 llll'c•rf; ¡u·otcrlion '.1' 
· .~Ú·d urrhl'.'i mul Jlwlrrt'h' wa~ duc lo Jcoscnin!! (:-.t:..~ge 11 in 

of thc slif!hlly dccomprcs~cd surrounding 1.onc ;.trc 
~ufli~.:icnt lo attain .:quilihriurn. By ;tpplyin¡! thc ncw 
mcthods corrcctly, C\"l!fl roe k of fairly had quality can 
be handlcd suet'C:'\sfully hy hcading anU hcnching pro
\'Ídt:d thc auxiliary lining is closcd by placing thc in
\'Crt ~'i ~oon ;¡s po:-.siblc. thc actual time hcing «-ktcr
minr:c.l hy thc quality of thc rnck. An au.\iliary shot
n~tc linin!! ha\o·in!! a thkkncss nf ~lnly 1,'-u. In •¡., .. t)f' 

thc di:unctcr suitahly rcinl'urccd hy stl'l·l arl'lll'S and 
rtll'kholts is ~uflkil·nt to allnw thc lininl! In he dn~cU 
withotrl dama!!C hy dcfnnnatinn. 11 is i;npnrlant th:1t 
th~ lining h~.: m:uk as thin :1s po'isihlc to alltlW ;1 rc
l:ltivcly lar!!c tkformation withnu1 hl'Ín,g don11:1gcd lo 
:111\' l'\ICIII. 

\\'L· :-.hall lhl\\' l'tllllJ'arc thcsc: fa, nur;1hk rc:-.ults 
ohtaincct \\ith tht: lll'\\' mcans nf stahilis:llion with 

' ' too -1·1~- ......¡ 

11 [INf I)R((D 
(I)H(Rifl 

8[.1.11 

/ 
\ LY"A"' .,.. 

All [IH(I:)I;I'I\ IIIIIIIIIU 

Fig. /.J. Rm~f-m·,·h .fui/un· in a claycy-myloniJc .\.('t'limr 
o/lhc llt'll' Sc·nmhTing 1111111('1. Thl' mn.wnrr nmsisiJ o{ 
.\lw¡,ct/,·ollc'l'c'/i' hrick.'i, cmtl h~t:h t'tii"/,1'-J/r,:ngJ/¡ t'i'lllf'lj¡ 
11"1/\" ll.f,•d Jin· tlw.rc· mul for 1/u• r('il~/ill·n·tl·nm.·relt' 

hcam.'i 

oh-.av;~tions m;tdr: only 15 y~ars ;1go durirl!! thc cnn
st nll.'t ion ~,_r t h~~ 11111,ll"rj !l,g. t '"~!~~l.ll..}'.!l1~ _t-;_1.!•.!!.1.ll.cl_h.'~d 
-·:t nwdt.!!.f!!J~!!!.!_ -or il'S .. ~~~~.!.~--~~!.~~tJto~~- ·¡ hi:'\ is a 

typ•l·al c\ampk ol ihc Ttlrmcrly commnn lHJtarnncmt.o., 
pr:•l·ticc nf o\-crdirncn:-.innin!! thc pcnn:tnl.'nl linin!!,. 
hl'l·ausc of \·inh.:nt dcf',lrm;Hions that tll'l.."llfl\.'d durin!.! 
thc intr:rn1cdi:1h.' nHlstruction;d ·:-.tag.l"s as a rl.'sult n~f 
o.,tatic in:-.whilitv. 

A r,lof art.:h. hral·cU hy hcavy timhcr :-.truts in a 
~cction of l'laycy lll)lonitcs (Fig. 1~) h;u.J hL·~.:n l'&lll

~trul'lcd in concrete and concJctc hric~s. To c.\l'il\"ilh.: 

l'o::c Eig/11 

Fig. 5) which conscqucnlly lcd 
lO progrcssh·.: soflc.:nill!! or thc rock. In \ÍCW or thc 
!!real d:nnagc thc lining sull"crcd hy vinlt:11l di'illlrtion 
lt is oh,·iou., thal ~~ n11u.:h thinncr lininc wouiU havc 
sulliccd pr1H id .. :d thc distOrtic.)ll was k~pl insid.: thc 
clastic r;1ncc. 

(,\_¿iQlil;Lr_f_\aHU11c.~.\~l .~J!~~- ~~rra. _Ri.r.~.l~ 1~.fm 
supcr-lughway twm 1i111nc1 on the AutostraOa·· 'del 
s,,lc n,,¡,,gna-Fircntl' in ltaly. which wa~ drivcn 
thr&HI!!h illl l'\ll'llsin.- old slid¡; _l'onsistin!! nf chanlic 

\ 
' 
\ 

\ 



-- (IU.tiC.5o IN tLO(U 
----·--C.~~tiC.!> ~ij JOIHlS. 

F1i. /6 . .Destructire dl'.formativn of a lining in Kara~ 
tnmkca twmel hy stuss-rcarrangc•mclll prc.uun·s nwscd 

hy thc ahsl'nn• of an inrcrr 

masscs of loam and houlders, 
surcrP.oss~Ló!,_laycrs·or_ bhi<:K n;,liy 
Clay Wlth intefslra~itica_!l}ln_pf )llore 
orlcs"s'c(uilpact lajcrs.of.Jnarl and 
salidsi0í1·c:· Two ·scctions. cach 
añq'li('9bm long, of parlicularly 
had ground consisling of pJ;¡stic 
clay. were encountcrcd nc:H thc 
portals. The gcological condilions 
wcrc app;1rently evcn som!!what 
worse lhan at Scmmtring. 

The twin tunnel was slarled by 
dril'ing one 1ube wilh a cross 
scclion of. 11 o~, tl::__th_: __ (J~rman 
mcthod ol k-a\"lllf! a cnrc 111 the 
1l.iiddle <-~l:!alnsr-~·hlcll-tl~·\\:alls 
werestfütiCd .... \Vhen opening out 
lhe .top heading, looscning prcs
surc hccamc locally so grc:ll that 
lhe timbering scttlcd from lm to 
l·oüm ( Fig. 17) which ncccssitalcd 
cxtremely difficult and cxrcnsive 
rcdressing. Al1hough lhe lunnel 
was finally complclcd by tltis 
method. the expcricnce was so 
discquraging lhat thc managcment 
dccided to lry surfacc slabilisation 
by shotcrdc for thc sccond tubc. 
lnslead of conlinuously slrugg1ing 
with mas:o.l'S of timbcr lcaving no 
room for tunnclling equipmenl. it 
lhen bccame possiblc lo drivc lhe 
lop hc;¡ding full facc, using cuslom
ary machines for mucking and 
1 rJnsport ( Fig. 18). The a vcrage 
rate of 3d vanee \\'JS.f trcblcd, no 

SC:Ii1Cincñ1 occurrcd;--=~llld an avcr· 
agc financia! SJving o( 20/~ coro
pared wilh thc first lunnel was 
l.Jchicved. lt must be mcntioncd 
lhal by laking full advanlagc of 
1hc possibililies of 1he ncw me1hod. 
lhe 1hidncss of bolh lhc auxi1iary 
and inside lininos cou1d s1il1 have 
bccn considcrably rcduced. The 
Scrra Ripoli tunncl was huilt over 
:he period 1957-1960. 

Thcrc is no douht lhal lhc diflicull scclion o( the 
ncw Scmmain!! tunncl dcsrrihcd ubuve, as wcJI,as 
:111y othcr ~imilar case, t:ould havc hccn c>.ct·utcd 
succcssfully hy applying only a lhin auxiliary shot
crclc lining. rcinforccd hy li~hl slccl urchcs and rock
hnlts. In l'cry had ground, howevcr, il would be 
advisable lo prolcctlhc ruof, wulls, fa ce. and exccplion
:dly cvcn lhc floor, by sholcrclc, al inlcrmcdiolc con-
structiün:tl stagcs. t 

Ano1hcr ~cr-highway twin lunncl cnnstructed 
in 1 '!57- 1 Y5X u"iiiig" 'úndwríiiif'•;;;r;Jiolcrclc was 
huill 1n ..._\~cla in thin laminuted Jimcstone inler: 
1,:::• \c;J~~Ii:>:J ~yc):_ <;r;•.nl'.' I•"JS.cr~! ~1,~ :l~i? :x; ñ~~in 
<>,:crGurJcn hc111~ 100m. ·rr.c ong•nan}· propos~d 
rclnlnrl'úi-cnm:rclc:m'iiiTh:" from (10cm thick at thc 
top tu 1m at thc :-.idc\Yalls. was changcd on thc 
:llltlwr"s aJvic¡;- to ól l:avcr or sholcrclc with an a ver~ 
agc thid,n~.:ss or only ·2<km ior-oDITl'""tTlc'1aü\ili:ü}· 
:and Pl.'[~lncnrlFIIIJi!~l:~~~!~c~~ .. :Jnd·rcinflnced ~y 
systcma 1 h:alry;i¡lpliCü prcstrc!'lscJ Pl!rfo rnd .. bolt.s. 
Thc final shnt.·rclc closdy fullowcd lhc irrcgularilies of 
lhc roe k ( Fig. 20). l!al'ing rcgard lo lhc Ol'crbrcak 

l'a¿;r Sine 



Fi'g. 19. Supcr~lli,t:./nray /Wmc·l in Ita/y south ~~l Firen:C'. Formin.~ ~~~~· rm.ri/iary lini11g ,~¡ the uppC'r part o{tlu· tuJUicl 
wilh ·'·hot.n•fc· rciJ~(orn·,/ hy ,,.,.,.¡,11'/ling 11111/ stc·,·l arrhc·.r. Comr,Jdor.L lmprc'.'iil G. l.odixümi, 1\liftm 

hl,l!l'lltcr wilh lhc low qualily uf ftll'k. lhe h\ll lunnds. 
wt.:rc pbccd mtll'h hm dnsc In cad1 tlllu:r. l~lJ_g._ 
in rhtl'L:S nnlv 6111 uf noor rol' k hl.'l Wt.'t.'ll llt\.'111. In 

~---.-......,._. .... _ 
- - ... --·- -·- .. ,.,. 

. .., -... 
• 

T(~. JO. Fu/1-{cwl' drhing ·~fa .wp,·r-higl111'a_l' 111111 ttumd 
¡,, 1 't'llt':ucla w"i11g .rholcrt•tf' ami ¡m•sfre.'iJctl ,,,.,.¡;, 

tol'khnll.f · 

spitc uf this nror in dt.:sÍ!!Il ''hidt l'illl~cd \cry un. 
foa\·our;ahh.: pn.:~~un.· ~,.·,ludilinns ftlr thc inlcrnwdi:llc 
pillar lhL' Slrth:IUrc 1\.'tllain•:d in pcrl'c...-1 cquilihrium. 
<.,'h:llli!Í llf.! (]\'l'f 1!!.., 1111 ulcr!J-.m.~.!JWJI~ J.C.:'l.JJICQ )11, .•m 
CL'tllwmv ,,r alwu1 '25 •· • 

ln-i'hi:'l::;·"'·c '01íT1C'· \i~~ll'/lh'lan t unnd j ust dcscri hcd . 
Pcrfo rorkhtlll.'\ \\C'rl' uscd as thc nlain mc;ans ,,r 
.st<~hilising. thc shnlnclc, whkh was t1tiH~Iwi~c lcft 
unrcinf'tll"l't.'ti. A supcr-highway lunncl huilt in 196:? 
!"OIIlh of FirCil/t.' U'l'd much thc samc prncess or 
ronslructinn a!<~ thL· Scrra Ripoli tunncl. and a 'icw 
insidc lhis tunnd ¡, !!i\l•n in Fig. 19. 

In S\\"l.:dcn an L"4Uipmcnl has hccn nu~->tructcd 
L'ailí:d .. Th~.: Rt,hnl .. "hi~o:h cnahlcs the n1nf uf lart!e 
lonnds to he 'flf;l~t.·d with slwtnclc immcdiatc.ly 
;tftcr hla~lin!!. lhc cquipmcnt inrorpor:Jtes a bc;tm 
t.:antilc\('fÍlll! nH'r thc muck pik. and thc opcratnr 
lhiiS \\tlt'kS !<oali.:Jy und..-r thC J'IOriÍllll nf roof ~ilrc:u.Jy 
prtlll'l'tCd hy !<ohtlll'ft.'ll', 

'F 



The N ew A ustrian T unneliing Method 
In this final article the author stresses the value of rock 
deformation measurements in dctermining the thickness of 
thc lining. A test tunnel has been constructed in Austria to 
investigate this si.Jbjcct. A failed tunnel construction which 
was rescued by applying thc ncw Austrian tct:hnique is 

described 

By Prof. Dr. techn. L. v. RABCEWICZ 

PART THREE. 

THE fllndamcntal importance of dcformation 
measur-!ments with rcspcct to time was emph:1sised 
by the author 20 ycars ago. ¡\ knowlcd_ge of the 

~~cc~_).:~~-"!f.li_!_lj_n,g$ot;Mit .. o(.!.~e~~~r,.rr~~-ñ,.d¡~Ci~ 
· as a lüñctLon_pf.}l!]l_~, nol oiíly makcs 11 poss1ble lo 
dctcriñiñC- "~hcthcr cquilihrium will be rcachcd or not. 
but can also be regarJed as a valuable mcans of 
asccrtaining the magnitude and distribution or the 
forces around a cavity. Furlher inrormation. such as 
chccking the formation of thc protcction zone by 
gcophysicat mcasurcmcnts JS was dnnc in thc case of 
the ~EJ:e.Ji'!.~:l. is naturallv cxtrcmcly valuable. 

which uses surface stabilisation by a thin auxiliary 
shotcrcte lining. suitably reinforced by rockbolting 
and doscd as soon :JS possible by an invcrl. ~e 
first time in tunnclling hislo!}' ... ~):~!cma~.i~.,!Oe~~~e
mcnt of JcrofmotJOJJ ·, s_re~ses enablcs thc rlqu~r§l 
lillllll! t HC ·ness to he ev:llu:.lteO ana-t=Oñli"OTled 
s7',cnl,i.c"\P;· ··lliCiñciñóiliíáS6ce•i'·caifea"-'·'ríié-NCw • 
Austnan unnclling Mcthod." since Austrian engi
nccrs havc t:lkcn a dccisivc: part in its dcvclopment. 

Bascd on all this practica! c.,pcricnce and .thcorctic
al findings a ·ncw tunnclling. mcthod-particularly 
adaptcd for unstahlc ground-has hccn dcvclopcd 

A conspicuous cxamplc of an almost complete 
a' 1lil"ation of this method is iven b a 400m Ion 
hi!!h~UJ)IJC' u1 1 rcccnt y. .n t 1c southcrn part o 
~Stria. With the cxccp~l~~- ~mall r.ortio~in 
Tiincstonc thc tunñCTio.; situated 111 shghtly \~ear-
lllg gr~~ri:it,ic ·~v!!!_:~~~.~,!;!lJ~Ls~~.J~lJ..!Jy~.Q.'.l~'.L1!!2 
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Fi,t:. 21. Cons/ruction .ft'tJIIl'JU'l'for routltumwl in J¡mfh('fll Austria 

Pa;..:c• ElcTt'll 



tn "\;UIIlU' u~.:ca.c::.-. 01 u¡~•Ha.:~ 

Frauon. Thc -mou.imwn O\:!,:. 
hurdcn ";"' (,11m~, ih-: ... trile. 
llllllll!h \C.:f}' IHl'f!UI~tr. WiiS 

!!Cnt:rally ~hou0Q. to 
1
thc gxis. 

with a 'll'!:fl dip o :1 oul 
60-70 .. 

- liíf lunocl w·n st•![Jc,J 
otc~o:nrdin' to thc lk·lt!ian hlll
nc 111{! me hoil m \ cr;-r;:ta 
~"iü11ír.JI)y".ilriVIn¡; thc l!!!J!!i.' 
half of thc scctiun :11 " spccil 
~uut 25m a n'.!!!!lh. As 
tcmporary supporl n ver'( 
,tron • osuxiliar shn t' etc l'llUU:.. 
4. tn , t.."lll 11u; · rc111fnrn~d hv 
;,n·hcs ni wdllCJ sll'\..'1 h:1rs :md 
~....-...,..,....--,.-, ~..,.,¡--
11~t\111C nao nct.:n ;!_P_P-IICU. w 1cn 

ihc lc~c .... h~ill.l•n.D~l }t:ar~ 
/>7T:1ihc hendí was startc<!J!Y. 

lhc l'UStomary ..D~·.tili.!rc ot 
m;•k•nr a rcntrc...J..rcn~:J.l. hut as 
!l.oOn :1~ :1 small por11on of the 
'idcwalls was cxcavatcd ~md 
,hotnctc lincd, hcavy sclllc

F~~- 22. E.\'t"lll'lllin;: lop h:·odin.~ ulldform!n:: 1111 riliar)' lining ( Stagt•s 1 ami 11) 

mcnl m:currcd ;,¡nd thc first 27m nf thc lunncl 
<.:;1vcd in. Though thc lop ht~aJinJ,! had ht'cn carricd 
nut SUl'Cc:~srully hy immcdiatcly lining it hy slwh.:rctc. 
lhc l:OilSirUCtion WaS hounJ lO rail, ;1S lh1( onJy lhc 
mclhod or driving hut also thc dcsÍ!:!Il- which diJ not 
CVI.!Il providc an Íll\'Crl-- rund:llllÓllaiJy \'Íoi:Jtcd thc 
principies C\pbincd in thcsc artidcs. 

Thc author. commissinncd hy thc tJ\\tk·r lo :hh·isc 
nn thc rcpair of thc damii!!C :itHI•lll furlhl'f l·on:-.truc
tion. intrnducCd as ~non ;,¡s pn..;,ihli.! a :-.ysh.:m nf 
mca:-.urin!! dcformations. Aftcr Jinbhin!! tht' rcL·nn~ 
MructÍotl of thc coll;1pscJ portion a mdlwd nf dri,·ing 
was carrit•J nut as siHlWII in Figs. 21 -25. ·UlsJ.~..bc;td
ing was ~cd .~t-11~~~9·6 -_!2!1~ in lhl' form 
of :1 hall·l"lllJ!. k;l\ 111~ llH~ l'l'lll'f;if j't)l"itnn tn hr:tl'C 
thc walb a!!ainst bulginl:!. lnllllL'c.liatcly al'lcr fini:-.hing 
the cxcavation 1 :t ncl \\"as allachcd In thc cirntm
fcn.:m.:c. which w~1s thcn proh.'L'Icd hy a J 5l'l11 l:iycr 
uf sh~llf.:rctc (Fig. 22). and :1fh:r pl:ll'ing thc wddcd 
an.:h ( Fip. 2.l}. thc au~iliary lining wa:-. inl'fl':I'\Cd lo 
linalthid,n¡,:~s JI. Thcn tlu: l'nrc /// was rcmnn:d. and 

(ig. 

thc walls wcrc suh:-.t:ql.lcntly C.X(.'~Ivalcd JI' and pro
vidcd wilh a sh,~lcrctc lining also rcinfnrcl.!d hy ;,¡ nct 
ami nrdacs J'. Finally thc hcnch J '/ was C:\.ravatcd and 
thc invat concrctct.1 FJ/. \Vhilc stagcs 1 10 V wcrc 
:JJv:ntl'i.!d dailv. J'/ and 1'/1 wcr\! c:t~ricd out once :1 
wcck. Thc pt.l1 r,m¡t·llf"il\\: .. 1iCÍIC1l'~,~:;s'.lcfi._a·s·Sil,l-rras 
~~ ... ihlc··- jusi cnnu_:!h lo givc thc mucking m:1chine 
sp:u .. ·c lo turn. In lhi~ way thc l'')ncrdcd invcrt follow
cd thc faL'I.! at ;1 di:-;talll'l.! nf 15-2:'\m. Thc time intcn·al 
hclwl'l:n rxrava.l..i.L!.g tlw fill'C and clnsing ~he lini~1i:.l2Y 
cntH.'[l'IÍnp. thc Íll\'l'rt c~lll'\l'~l.!'c'lJ.!r nc\•cr cxt:~:!!'?J.I. 
1:" to l'.ili!Y.~. 

· · At :1 dista~·c of lOO 1 ~Om hchind the racc tht· lin
~~1-~ was tll~ltlat~<l __ hy :-.:_r!~lS. glasSJlh!~-rcíi"l .. i!~rf~t 
pn ycslcr J /~g. ':!)')": lollnw~.·d al a S'llt~lstanú· 
hf"\:on~..Tcllll{'i",r lhc insidc lining IX. 

1hui!Ju:.i.!n~n·;•l .. bct.>Y9.f!' J!P" m!!\!~').:( /.•L'l<LLJ.U.. 
~~_I:)~J.U-..'\J.l.uJJJ!h~ was rc<.Juircd to ohscrvc thc mnvc~ 
mcnts of' thc auxiliary ;1n.:h anJ cstahlish dcfnrma
tinn:'limc !!raph~ l'<lr. il. f\1r:!j,.V.'+!l.lC~l':l~·~-~d 
nut ncddy hy dh.:d •. 1ng tÍlc vcrtu:al and lwn1ont:ll 
d1:111h:lcrs c\·crr.· 1 ~10fTüilT1Cl"1clli.!tli:-1ii-:iUiJiiiOri. 
lhl:·asurii"i'g' ·a nci0fs." bírí-l"ii1lg:-- \,·érC' ""¡ il~rh:d in hoth 
sidcs. consisting ora stccl har inside a pipe. fastened 
at th.: outcr cnd in lhe rnd~ ~nd provided with ¡¡ 

lllC<lSUrin!.! th:Yicc al thc inn..:r cnJ to cstahlish thc e.\-
. tcnsion o~r thc rnd~ hy mcasuring the 1110\cmcnl uf 
thc lining rcl:1tivc 10 thc point of fastcning .. J=urthcr 
;¡ hsol~lli~.ll).!lXSill.Hll~ -~' ~rc ... ,ll\CilSUrcd gcods_ti~aHy ~ of 
tTiCT'op of thc au.\iliary arch. Diamctcrs and anchor 
dcformations wcrc measured with an ílC"!;L.!racy_(lf 
Ü·i nlmL :lllli lhc p~\J:lik.JllC:\;!lf.ClJlrll\;;._()f Jhe. fO.(Ú. 
WiTI1 ~l!f;.il.')'_.L)( P·..5mnL-. . 
Aftlwu~h lhi.! mcthods or tlll'asurcmcnt uscd wcrc 
rathcr simple anJ CtlUid he imprtn~J upon in many 
ways thcy cntin.·ly scnc:d tht: intl·ndcJ purposc. which 
was to pnl\"c lhat in a r~lL'k as h::d as that in 4ucstion 
;¡ sllntcn.·tc lining ur only 20c!ll thicJ..ncss :ind of a 
CO~lllrC!->Si\'C SlrCil!!lh of 2:"~~!S!!(l'!!.l:. .!,~1 J~~-~a~·s,• .. _l_:
lllltlfl'l'd :t'\ · 11.:d. sulltl'Clf lo n:ach cqui11hrtum 
in a sh~1rl tillll' alh-r thc ardt h:uJ hl'Cil clt'~t:U by thc 
lll\l'rl. Fi)!. ::!6 !!i'c~ typil.:al cxamph:s of thc mtmcrous 
!!' aphs l'~l:lhli~lll·d r~lr cach mca<;tll int! :-.cction. which 
sllllW lhrnu!!hnut ;dnwsl thc samc cuursc. Though' 
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frc4ui:ntly thc lirst anJ--as can he gucssed J'rum 
s..:vc~~J) nhservationS-l'tlnsid..:rahly grL·atcr part nf 
thc lkformaiitlllS c,1uld thll h..: rcgistcrcd. sin\.·c thc 
mca~uring points had 10 h~ plac-:d SlllllC c.Jisi:IIH:c hc
hind thc f:tce. thc dcfonnation,'timc t!raphs _ckarly 
show without C\.CCplÍllll thc rapiJiy tran4uillising 
1rcnd of movemcnts anJ thc nh,·ious TL'asun -thc 
\.·losing of thc auxiliary lining. 

1t was ncv..:r intcndL'd "ith this simple antl chcap 
way or mc;JSUfCillCilt lO !!alhcr suflicicnt tbta to Cai
CUJnte thc actual ma!.!nitut..lcs of the :H:tivc forccs. 
Ncvcrlhdl·,s; if has h~el'll dclinitcly aSl'l'flainL·d that 
wilh thc lf"CSL'Ill ~t:nln~il.·al cPndiiÍili1S a 20nn ,!Jnt
~n.:t.s.· JJl.!!-PI'I n-:';7k·~ a l'l..'fl a 111. tiH, 11 ~h .J.!..!l~!!!.lliJJ.,.. 
mart!in tlf :-.al'cly. :111d that hy applyitlg an additional 
111"fJc luiiiiltJOcm thid. ahi:-. ~ar~tv fat..'hlr is multi
plil!d corrcsl'~tllldingly. By :tdditinn:;lly mcasuring thc 
:-.lrcs:-.cs hy dt:comprcssiHn ~lils thc aL·tual strains nf 
1hc au>.iliary lining Ctltdd h\.· L'SI:thlishcd and its re· 
quirL·J thid•ncss comJHIII..'d. 

Tl•.o;f Tunnds 
tlnf\lrl u naldy meas u rcllll'nts nf a 11 J.. i nds ncccs':' rily 

L':JUSl' somc trouhlc to thc crcws. sincc lhl.')' l'\.'thtt.'C' 
rrogrc~s somcwhal hy rcp~atl!d 
:-.lll;tll fll!\~l'S ,,f time. F\)'\.'fi~lll'\.' 
has ="btH\ 11 lhal l.'arrVilll! l\ll( Of 

!oo\'SICill:llic olv•;cr\'atitl~lS ~¡ ... rathcr 
tfimrult. p.trti,cular1y if gr~al aú·ur
:tcy ¡,.ralkd for. lh•g~tlar t'hs~..·r\'a
linns rt:4uirin!_! hi,gh c\:tl'tiwdc can 
conscqut:ntly hc11er h~ act:"om~ 
pli~hcd in prllJlCr test llllllh'ls. thc 
1'1urpn,¡,: of whid1 is ouly :-.~..·i~..·ntilk 
rt:sc:..~rdl. 

·r he ma\i111um o\crhurdm \Vas 
XOm. Thc rc,can.:h '-'Ort w tu: 
tcq-f'unncl \\'01' r;trri\.'d ~ h¡ 
Dr. lnp. L. M iilkr :uu!D.pl. 
1 ng. F. l'achcr. !he S:!Thur¡; • 
\.'011!<oUIIing Cll~Íih.:CT\, i.m col~ 
lahnralion wilh lnlcrfL-1\. ~>·ho 
prtl\ idcd thc in'ilrumcntt.. 

Thc a el u al lt..•st 'icctinr con
~istcd ur :1 &.:irrular n"·''l 
:!·5m in diaml'tcr. dri'CSI in 
thc s;:qul m ~7.'üttr aatanccs 
of !m. 11111\lCdÍ;~y¡,j¡~[':" 
i il¡!:l§'_J~c~~.l' __ c _, pt "r:l. rod,; 
f:tl'C was Ct)\cn.:d wtt~S:m 
1!lfL.rm-s1irlr~i'Cté;ihl!~t mca
slTI:¡tTJr¡·liíi~-\,:CrC"p1al·l'd ;:1 thc 
cin.:umfcrcncc ami thc CJc.Jial 
and pt)lyg.unal Uistann..,. mca
surcd hy thc in!\lrlllllt.'lll..fwwn 
in Fig. 27 at r..:gular inl::T\'als. 
In orJcr lo ohtain al"'lutc 
test rcsults, thc axi!-was 

n=nlrL·d oplÍL':tlly hy a· pn:ci:iinn tht:oúolitc licfore 
rt:adill!!!\ wcrc tal\cn. thc th~..·odulitc hcin!! D~it..lly 
llllHtlllt.'d in a chamhcr al thc cntratH:c to tht.· !llnncl. 
Hcadin~s \\ \.'I'C continucd rora ycar ( Fig,, 2X aW 2.1.}.) _....,-

Sinwil:tlll'illiSiv thc physil:al propcrlil'' of thc~hot· 
c:r~t~i~t.:2CI.il--lj)llé_·~r.~=1~f!.l:l( li);",liáhO:rfng 
thc claslic mnduli :lU.ti.Jh~-~~ll.lJ!!~~~h~ ,\lr.cn,gtl. The 
propl'fllt:S ,11 thc !!rnund wcrc l''lahlishcd h.) load 
tcsh. A !'ter dcfnrm~1tions· had oh\'iously stoprcd- thc 
ultimalt: \lrcssrs in thc shotcri.!IC wcrc mcasuz:d by 
thrcc-poinl strain gau!!cs, uf thc Ell'ctricite de funcc: 
typt:, ·1hus providing a cht:"ck on thc fin<.~l rc:xfings . 
llltitn:th' !\lrl'S'L'S in thc !-.lwtnctc llll':tsurrd D this 
wa ~· \\ 1..'1'L' a!\ lll~ll.'IJ:.!L1_~.l:.l~1f".-:l·lilT'tlíC7iVt·r~s;,:-pfil
portlllll ,~r lt~ad carricd hy 1l1c shntnciL' lining un~t:'d 
f"r\llll 0·17 1,1 0·:'-Jy//. Lnad diagrams in which Jdnr
mation ... otre rclatcd lo load and time fnr thc sluu:rcte 
as w\..'11 :t'i rllf lhr rnd;. {'iCC Fil!. 2X) wcrc prcpauJ for 

·ca eh tc~t l''1int. Thc lnad ntrvc of thc !\hotcrCl: L·an 
he plnlll.·d hy dctcrmining time ch.:mcnl. tkfurn.:.tion 
and 1:: valuc ror cach point, ;uH.J thcn computO~ thc 
load. SiHL'C thc prnccss uf cvalu:ttinn ¡..., !\till in he tlc
\'clnpmcnl ... ta!!C it will nol he dc ... nihcd in F-•lcr 
dol:~il. · 

A pr:lctiral C'~:tmpk l)r tlh.: r\l(C• 

poing is :tll'onlcd h.Y, a 1 km tt:st 
!..!!.!l.ucl whid1 w.as dri,cn111 !\IHllht:rn 
Austria to rroviJc thc h;lSil' dl·si~n 
d:..~ta f,n a twin roaJ lllnn..:l. Thc 
mosl f:l\nurahlc lunncl litk' was 
\.'flOSI.!II Stl as 1\l I..'I'OSS lh:J'Itl'\i!.LQJ:4. 
slightlv lo f~ir!Y-ll:_~:ll l't.~nh:nt..:~ 
s·ifijcJiíñ'i:·,~r~tin st/c hlr 
lhrcc-guarH•rs o( its h:1~. wluk 
lhc res! was in f:~irl\· slahk day. F(~. !5. Placing t/w P"fn·slc'l" in.wlation, sccn com¡lh·lnl i11 tb,· jilfl:;ruwul 

l'tl'...'t' Tlú1n·n 
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HORIZONTAL DEFORMATIONS. STATION km 0-240 

Fig. 26. Curres of hori:mrlaf untf ralicul deformu/imrs 
uf thc auxiliar)' lining in rcs¡n.•ct uf time 

The Fenner-Talobrc formulac werc u sed to com
pute thc forces acting on the full-size tunnel, which 
was ·lo havc a cross-sectional arca about 15 times 
grcater than the tést tunnel and four times as rnuch 
overburden. lncluding a satisfactory factor of safety, 
.the rcquir<d lining thickncss was found to be betwcen 
one third and onc quartcr of that assumed for the 
prelimiriary design on the basis of expericncc with 
customa·ry mcthods in earlier tunne1s in the samc re· 
gion in similar ground. The saving thus madc amounts 
to' ahout 30% of the total cost of the preliminary 
desisn. 

Ncw \\'atcrproofing Techniques 

z,-rn-~ .. 

HORIZONTAL DEFORMATIONS. STATION km 0·150 

·························· A5SUMl0 S[IIUNG 

------------- JoOOf SUIUH(t.:l H!ASURlD C.fca:TOW' 

----- C;J..HLT[R H[lS:JRLO BY DIAl C..l<U 

u -·-·-·-·-
1 ---------

Ut;O(Af'IHiliNG CA" llOOI ARCH (ST.I.G( V) 

COI<I![lfiC Of ~ AIICH hl.lf.l VIl) 

r!?c_Lf~_c_s,_l9~...bee!)_prefully .drained by ,o!1• •. 9f .!11~ 
conventional tcchruques, such . as thc · Obcrhaslr 
mcthod, · fjlé·~:,fiiJfú'.x._!ini.JÍg~éaiiJte.:.spray~d . .\!-ith a 
l¡lrn 9-fJ>o!.Y,~!!;r. ,\1iich would thcJ!..Q'-J1f.Q.lJ?r.\Cd . .b.Y. 
a'nolfíer !ayer of sllQlc.rctc .. or J'.Qilf!~.~.lQ . .¡Jrcycnl llli: 
(ó..uiiajjo'ri ~....liliiliu.JJ.Y . ..lb.ui:~!~LJl[J!~l!(O:. The facr 
that insulating agcnls can now be applied lo irregular' 
surfaces by spraying, instcad of láboriously bonding 
bituminous shcets to concrete surraces which have 
lo be pcrfc,ctly smooth, is a further importan! advant
agc of the ncw mcthod. 

·Inncr Lining 
A secondary lining inside thc auxil.iary lining· may 

be rcquired for structural or for watcrp.roofing rcasons. 
The firsl case ariscs if thc auxiliary lining has cither 

r becn ovcrstrcssed ór ir the strcsses in it are ·near thc 
clastic limit, so that il óoes not possess tlic·dcsircd 
degrcc of safcty. In the sccond case thé_ inncr lin_ing 
protccts thc waterproof (ayer against water ·pressure 
and frost. . .. . . .... 

lfthe auxiliary lining has actually been overstressed, 
thc inncr lining should be dcsigncd accórding lo the 
following principies. Whcreas loosening. prdsure. 
can be Jcft out or consideration as the active force
provided modcrn methods ha ve · been uscd-re
arrangement pressures and possible squeezing pres
sures have to he considercd, and their ni;Jgnifude and 
distribution judgcd by !he rcsults of deformation and 
stress measurcment on thc auxiliary 1ining or addition
ally by results obtained on a test tunncl. Since re· 
arrangemenl pres.,ures will mostly ·act laterally, a 
lining to suit this type 'of load should propcrly be 

The auxiliary arch can also be uscd economically . 
to carry a hish-<¡uality waterp~oof !ayer. After the 

elliptical with the longcr axis horizontal, and the lin
ing should be thirmer at thc sidcs and hcavier at the 
roof; but if it is dcsired lo suit all possible main pres· 

Page _Fuurtt·t•n 



Fig. 17. Dt:fiu·nwlion 1111'11.\'lfring "I'Jitll'ti/Wi iu Jhe 
ll'c•l:ml'inkt·l /1'.\'/ .~al/,.ry 

sprc Uir~l'tions a rircular scc:tiflll with ;1 unil'nrm lincr 
thickncss should be nd,lptcd. 

lly f"r thc most frcqucnt llhldc ,,r failurc nf sudt 
a lining Íll CJO.SC COill~ICl With thc fOCk n1cc ;¡nl) cl,l."•L:d 
by an in\ocrl is shcaring :ilon,g plan\!s whid'l c;,Hltinue in 
thc ~1ohr planL:S or thc surroundin!! r~H.:k. Mndcl 
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IC''ih h:lh.."' "'hown 1h:11 hy climinating thc rri~.:tinn b::--
1\\l'l'll lminl! ;111d cnvirnnmcnt thc prc~~un: line rc
main..;. d•h.C' tu the ;1\ÍS cvcrywherc :1nd n.•,ulh in 
almost l~U;&Il'tHnprcssi\'C cdgc ,strc!-.SC'!!o. This dl'ccl is 
lar,p.~.·l)' uh1~1incd hy .... pmying á hituniiiHHIS la~cr nn 
1h~.· in,i,L..· tlf thl!. :IU\iliary :m.:h. or hy l-.cL·pill~ thc E 
\illuc oflhc \\;&tcrprouling mcc.Jium rclati\cly low, and 
llu: lhirln.:~ ... or thl! scparating bycrs ha\ tu he ild· 
ju\h'tl :&l'úlnliu~ tu lhc irrcl!ularitics of th~..· ~urfarc, 
tal\ing intn ;u .. 'I.'Olll'l( thc prtlholhlc :unount ur tangcn
tial llhl\t.'lllCnts. In thÍ...;. \\;1y thc inncr lining l't.lll he 
n1:1dc 1.'Pil'oid~r:1hly thinncr ami lhu:--. morc I.'I.'Oilolni~.·al; 
:-.imultan ... 'l'II'IY its· d~fnnnahility innca~cs. lf the 
au.\iliary lininl! ha~ h~..·nun~.· st:1hlc wil hnut 1.!.\l'I.'Cding 
its limit ,lf r~,.·,i~l<~ncc. thc in!!oidc lining 1111ly ~aves to 
incrca:--.~.· lhc f;,<.:ltlr ,)r safcty. 

lf thc ;au.\iliary lininf! f;~ils. its prokL'IÍ\·C zonc he .. 
co1111.'\ laP.!a a&allhc skin rc:-:i~tan~.·c rcquircd lo cnsure 
slahilih· :t .. ·~,.·,~,·a:--.c:-.. Thc ac.J\':1111:1!!1! thus gain::c.J is 
1:TQ!cly·~.·t•unt~..·rh:d;lnl.'l!d hy lllll"L'ft;linty in cstimati11g 
thc maeni1udc ofthe c.xh::rnal force..;. 11 ¡, l'0/1\Cl)UI!Ill

ly alw:¡~, prd~:rahle frtun :111 puints or vil:\\' to huild 
thc :nl\ili:1ry :1rl'l'l so thal st:1hility i:--. :lltainl!d within 
.thc limit,,f n·,istanl'C. 

Stahility uf l.inin~~; \\ilh J>i..;ronlinuous SurfoJI.'l'S 
Onc ,,r th~ l'\Hl"PÍl'UtHIS l'calurc-; ol' lhc n~.·w 111l'thud 

is th:11 ah~.· 1..'\l'..:s~ivc use ni' \holncll! in o\·.:rhrc:lk 
arL"a:-. i~ :t'.t•i,kd hy thl! facl th:1t thc liniug approx- ' 
iinat~,·Jy (lliJtH\S thl! irn.:gularitic\ nf llu: 1nd.: l":u;c, lt. 
is nft..:u mainlaÍHI..'d th:11 a lini11!! with a di'L'tllltinunus 
surl:lrc ¡, t.l :--.Hucturi11 impossihility. Thc ..:rror t~l' this 
npinion h;.ts nnt only Jx·cn demnno.;tral~d in thcsc 
arlkh:s l1u1 has d~.· .. rly hL:..:II prnvcd in pral'lil"l! (Fig. 
.10). In "''~llld rtK'k a ravity wilh di,l'tJIIIÍIIlHHI'i :--.ur
fal'L' al\6• rcm:tins in cquililuium \\lthout :111y rc
inrtlfl'l'IIICill. Aparl from thc fact tlwt prot1uding 
purtion~ of rock ar1! :lliiOmati~:ally of hclll!f qualily, 
an unst;~hlc rock hcl·nmcs a s1:1hlc nnc as a rc\ult of 
thc int~.·r.u.:tinn hctwcen :--.hotnctc ami rock, which 
transfonn~ thc uni:l';ial stalc nf strcs' intn :1 triaxial 
t)lll! .. 
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Final Rcmarks 
Shotcrctc: is unforlunatcJy an cxpcnsivc construc· 

tion maTI·i'i!I1; .111d \'íliCil uscil m lhe wrong wnv 11 msu!_ 
ñ0t3Tways show a ~~vmg compared wnh rmwn·tC 
placcd in shuttenng, parl1cularly whcn unil shu · 

..s:ns1S""Q!rt¡dm · . . ccn c.,plaincd, 
shotcrcle is not intcndcd lo he u sed likc a com·cntional 
concrcle lining on a fairly good rock far bchi11J lhe 
face, where lhe rock is alrcady dccomprcsscd and 
suflicienlly safcguardcd by rockbolling. On lhc con
trary the method aims to reduce anchoring lo a mín
imum by preventing initial superficial looscning as a 
rcsult of the more elfcctivc intcraction hctwccn shot
crcle and rock; lhc worsc lhc n>ck, lhc grcalcr lhc 
sa ings lhal can be madc by lhe ncw mclhod. 

_ _sh retine is not introd 1 cd as an inlccral 

'1 1 

walcrbcariM grou:~d. Applying ihe melhod corrcclly 
needs as much pracllcal kno\'.'ledge as. say, fore
poJing in difficuh ~round, and it rcquires in :tddition 
much clo~er co~I;.Jbor:ltion with the cuginccrjng 
geologist. Evaluating forces by measllrcmcnts \\'Íth 1 

respect to time is the n:ry basis of the method and the 
sole mcans of cconomical design in accordance with 
lhe aciUal propcrlics of rock. The design and dimcn
sioning of auxiliary and inner Jinings nnd thc as
st'cialed slcel reinforcemcnls should lhcrcfore be 
carried out cxclusively I'Y cngincers who have not 
onJy practica! tunnclling cxpcricnce hut also an ex· 
lensive knowledge of rock mechanics. Thc handling 
of 1he purcly praclical parl of lhc work can be en
trustcd to n.pcricnccd forcmcn cspccially trained in 
lhc mclhod. Disrcgard of lhcsc rules has alrcady 

causcd severa! ~rious accidcnts and failures as wdl · 
as financiaJJoss by ovcrdimcnsioning. Dimcnsioning 
linings on lhe basis of cxpcricncc wilh runnels buih 
by obsolele mclhods is cnlirely oul of fashion and is 
lhus no Jongcr acccplahlc, ncw cxpericnce having 
supcrscdcd whal was done in lhe pasto.':l~; !~·.a grave 
blundcr lo apply obsolele and unscienliflc· mCihods lo 
c~pcnsivc modero shotcretc Jinings. . 

This causes irrcsponsible wasle and is fiable lo 
di::criminate a,g;linst the new mcthod. 
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DETCRI1If:IICION EN C/\~11'0 or: L/\5 PROPIEDADf.S MCCMJ!C/\S DEL 1·1ACWJ ROCOSO 

J. /\n,wndo R.'íbil\P 1·1a:·t ín 

El ;:bjct·ivo de e"te tema de'l CUHSll HECMICI• DE 110C/\S ·es el de des-
cribir los cnsayl'!s que SE reuJ·j,_;¡n "in situ" par·¿¡ ev~luar ·¡él l<r·i,¡st¡,n
C"i u, lk:fonnob·i l·i (iad, f'cri.Jeahi 1 i d;,~l y Es t~do de f.~ fuerzas Tect•)n·i ecos 
del macizo rocoso, csta:Olecih,do ·ras ventajas y desventajas de cada 
u:<?tociCl y los di fercncias que ~xistcn entre los r·csu"itados obtl"nidCls 
con estas prueb;t:; y los obteJ-,-i(i(:S en ·rabo('atorio. 

INTRODUCCION 

La determinación de las prorriedades mecanF;ils del 111acizo rocCoéO pen.li
te u·¡ i ngr~1ri ero p: .. edeci r e 1 comportamiento fututo de una masa roces e! 
somet-ida a fuertiiS impuestas por 'las· obras ingenü;¡·iles. Los v¡¡lor·es 
de resistencia, cleformabllidad, permeabilidad y mag11itud de esfuerzos 
te e Lóni cos obten·i dos mcd i ante pruebas de 1 abor·atori o y de campo, sir
ven püra alimentilr ·íos mode.los teóricos o m•;¡¡fricos utilizctclos para 
predecir ~1 comportamiento. Es evid~nte que la validel de los resul
tados vhteni dos cün 1 os mode 1 os teórico~: o nUJ•t:;r i c(ls está en función 
de la buena cletcmninación que se haga d<~ esta" p¡·or•iedades. 

las pr·ueil3S rr.u.l'i~adas en c~;npo tienen la particu·lé.ridad de ó~"lorcar 
un nwyor vo·lumen <:le roca que 0.1 ensayado en laboratorio, ·¡o ql!i.: las 
hace m(ls rep,·•~sentat i VJS ya e¡ u e i nvo 1 u eran a un 111ayor número u e clL
continuidados y se hac.c: m.'is evidente la heterogenl!'idnd y an·i>Otl'cp·ía 
del ITH~ct·io. Por o·cro rac:o lu rocu ensayada en campo sufre menos alte
raciones q11e las orig"irtada'> por el muestreo para ¡·ecuperación de 
muestras que serfin ensByadas er1 laboratorio. 

Una ele ·rus más importantes restr·icciones que imponen ios ensayes en 
camp;; es su elevado costo re~;pccto al costo de los ensayes ele: labora
torio. Sin embargo en obras arandes donde el costo rle una falla puE·· 
de se1· muy.alto (tanto en p&rrlicius econ6micas corno h~m¡¡nas) ju:.ti'fica 
plctlinnr;nte el estudio de las rropiedades rnecánic<,.S de'! r,lélCi<.c rocoso 
en c;nnpo. 

El cc•nllci!iiiento de las linri 1·.acionc~s que el l!lét.odo de prueb¡, iu~p·JIW y de 
la J'~i'l'l~~:,,nti.!tiv·idad de·! sit-io elegido para hace,, l¡¡ prueb~ en relación 
con c·r re;to dE: la nli.l~;a rocosa, as i r.OII!O el co,locimic:nto de las hip6-
tr,sis eh) !a hl'!rl'illllie,¡ta tr"órica y nu:r;érica de que' disponetno!. (la cuJl 
ccnsicler<t, en lJ ;nayoda de los casos, al rnr•di<"l ¡·oco,:o como L':l medio 
honlo(J6neo, iscítr·opo y de colnpcwtcu;;ü:nto elástico; y la expe1·ienciv y 
buen juicio de:"! 'ir;~crdei'O UI!OI".ccni~.ta deb(~rtín conjur:t.Jr~.e pc:r,1 :nter
¡n·dar é:u<'cuadiinh:llf:C lo', re~ul tildo~ r•bü~n·idos rle las prueb.:.:; y poderlos 
c;p"lic;,¡· rócion~1tw'nte al disciio ·íng~:n-i0.riL 



DElERMINACION OE LA RESISTENCIA AL lSI'UEHZO COHTANTF 

Los probkmas de ·inestnbilidad de tolu:il's rocr¡sos, fallas de cilnenta·
ciones y, en ¡¡·Jgttltos casos, ele movimic,nto:; de rocél hacia llllil rxcilvil-· 
ci6n ;.ui.Jterriine<J, se dC'!J~n en gran mechda il unil insuf·icienlr: rc~>istcn·
ciil al E:sfuerzo cort¡¡nte ele "las cJiscontinuid<!des existentes c,n ·¡a 11\a
sa r0cosa o de lil matriz rocosa (roe¡¡ intacta). Al hacer· Ullit rcXCiiVil

ciGn 0 cimentar unJ cstrttclu¡·a se ~mponen nuevas solicitaciot1es a la 
ttlasa rocosa y se desarrollan fuerzas nonnalc5 y tangenciales ~n zonas 
potc,llCiale~ de falla de·! ttlacizo t·ocoso. Una vez identif·ic<H.los ÜJS po
c.iuh,~; lneconi~;lnos de fana y la(s) discontinuidaci(es) crítica(s) por 
dond~ pu~de ocurrir el cleslizamiento o talla, debe evaluarse si las 
fuc:rzas tc11t9enciales (motorDs) inducidas son 1naytwes que lus fue:t·zas 
resistentes de la roe¡¡ (fuerzus not·males, cohesivas y friccionctnte:s). 
Si esto ocurre,cntonces la masa rocosa comenzará a desliZüt'. [s pre
ciso entonces detet·minar adecuadamente la magnitud de las fucn<~s ¡·e
sistentes, es decir, la n:sistencia al corte de las discontiltu·id<:clcs 
geológ·icas y de la roca intacta rarn dife¡·entes lltilgnitudes dc esfuer
zo normal actuante en el plano o zona potencial de falla, dP. tJl for
ma que éstas cubran el intervalo de presiones que se espera ~c1.ne so
bre la d·iscontinuidad. Conocida la resistencia al corte será J.>Dsible 
entonces evaluar si hay condiciones para que la roca falle y d~sli
ce y se podr-án tomar lus acciones correctivas o preventivas que sean 
pertinentes en cada· caso ~~rticular. 

Identificada la ~ona o plano potencial de falla debe hacerse un detil
llado levantamiento de las cat·ucterísticéiS de la discontinuidad críti
ca ya que el espaciamiento entre fracturas, grado de alter11ción, tipo 
y espeso¡· de relleno, rugosidad en diferentes sentidos, ·¡a prc:;c·11da 
de a\)Ua, el tarnailo ·Y án~Julo de las irregulat·idades, las zona:; de con
tacto roca-roca, tienen unu notable influencia en la resistc:nci<l al 
corte. 

Los ensayes de resistencia al corte vadan de acuet·do a la fot·n:n de 
apl"ic:ur ·la carga laterol al ,plano de corte y pueden ser de cu¡;tro 
ti ~us: 

a. [nsaye aplicando la curga lateral poralela ul [llano potenciill 
de fé1lla 

b. r:nsayc ap"licando la carga lateral incliltada t•especto al plano 
de fa 11 o 

c. EnsoyP aplicilndo carga rodial con cuchillas 

d. Ensuyc de torsión 

l.ils f·iqut·a, 1 a 4 1\II.ICsl:r¿¡n 1111 esquema ele cada uno de los cnSilyes tnen
cior~c .. Ju,;. Esto~; ensayrs pucdc•n ejecutarse en el irtÜ!t•·ior de un sucu-



v6n Je ex¡1loraci6n, o bien en superficie. Cu~ndo se hace en superfi
cie (fig 1) se requiere ut-ilizar marcos de v·i~cts de acero, plat.uformas 
de ca1·ga y bén-ros ancladas en roca rara poder propo1·cionar apoyo a los 

·~J·ltc>s hidrául·icos que apl·ican las cargas a las p1·o!Jt"tas y les permiten 
tr••n:;fE~rir sus ¡·eacciones. Fn las pruebas realizadas en socavones la 
transf~rcncia de las reacciones se hace hacia las paredes y clave 
(liy2). 

Fl ensaye de corte consiste en l~brar un bloque superior de roca de 
i<PI"oxiuwdamente 0.7 x 0.7 m de secci6n transversal ·y 0.35 m de altura 
(fiy 2) sobrc·la superficie potencial de falla y colocar sobre 61 los 
~JC!to:; h·idrtíu'i·icos que p¡·oporcionaron la carga normal y tangencial. Si 
e·l plano potencial de falla es una discontinuidad con relleno arcillo
~~o. sr~ inserta en el relleno una aguja porosa que a su vez se conecta 
con un transductor de presión para medir las presiones de poro debidas 
al ar¡ua contenida en el relleno. El bloque supel"i91' se instrumenta 

. Jlill'il IIJcdir los desplazamientos longitudinales, transversales y la di
lat.<<rJcia o ruo•rimientos ascendentes. En una primera etapa del ensaye 
se .1plica ca¡·qa normal al bloque supcr·ior para restituir la car·g¡¡ qu¡~ 
tenTa ori~¡inalmente antes de que se dccompl·imiera por·el labrado. Pos
t.er·irmnente sr! nwntiene un¡¡ curga constante, normal al plano potencial 

1de falla y simult5neamente se aplica la carga tangencial en incremcn
_tos lia"to llcgor a la fal'la. La velocidad de aplicación de la carga 
tun<:Jf'ncial dc'be ser tal que las rresiones de poro generadas durante 
el [li'ocuso de falla sean l'educ-idas. Cuando la carga tangencial se 
·ap·l·ica inclinada (aprox .. 30" con lu hor'izontal) el centro de ciirga del 
gato debe p;1sar por el centro del área del plano potencial de falla 
,p;n·;1 ev'itar inducir momentos; por otro lado, conforme la carga tangE:n
'cié'l <Jumenta se adiciono una carga normal de tal manera que resuHa ne- · 
·cesario ir dis11!inuyendo durante ·la. ejecuci6n de la prueba la carga 
ctp'l i cada con el g¡¡to superior, de tal forma de poder mantener la carga 
·non,¡al const¡¡ntc en el plano de fal'la. 

IJul'unte ·¡B pruebil se construyen gráficas esfuerzo cortante (T)-despla
Zillll'icnto long'il:udinal (11) como .la que se observa en la figura 5. D" 
las curvas obten·idas se obtienen .un volar máximo de resistenciil al cor
tn (1 111 ~xl el cuol ocurre pnra desplaza1nientos pequeHos y un valor re~i
duiil de la rcsislenciil ~l corte (6resl ~ue se presenta despu¿s de que 
ocunc un dc:;pla;:~ll:iento grande de·l ll'loque superior sobre el ·inferior. 
En tr;l'nlinos w~ner·ales el valor máx·imo del esfuerzo cortante JIO>"Illil.lmen
tu :.:: clc·bc iJ ·.,., rupt.urJ [JOI" CCJI"te del material rocoso de las caras de 
lad·i:,continuid:irl o rJ¡~·¡ relleno y el valor residual¡¡ la resistencia 
pélr frini6n q¡1e se desarrolla en conjunto entre el material afollado 
y la~ curJs d:: ]¡, discor,tlr,uidad. 

1\ purtil" de lo:; valores de Tmáx y .lrcs obtenidos pa1·a cada csfut•rzo 
nonwl ilp·l·icildo, _:;e construyen grdficus c:.fuel'lü normal (o) - esfuerzo 
cort<~l1tr! (-r) ('i"i9 G) de ·liiS quo se <•ht:iPIIen las curvas que repl'<::;eiiLHr 
lq ·¡,-.y de l'":;·istcnciil al esfuerzo cOI'lilntc que en caso de ser rL:clus. 
¡•s'l.cll·;i d¡idiJ ¡•<"<1" 1 J ecuac-ir!n lJl'llt,l'ill: 

. i 



T = e + a tan cjl dondr e " cohesión del material 
fa 11 auo 

cj> = á~gulo de fricción in
terna del material afa-
11 a do 

que en tfrminos de esfuerzos efectivos ·sera: 

T " e + ü tan Y' " e+. (a- p) tan <P 

donde Jl = presión de poro actuante 
en el plano de falla 

En la tabla 1 se muc:str·an valores de e y q' obtenidos para disUntas ro
cas. Generalmente' se recomienda ejecutar tnes pruebas de corte como 
mínimo para podc:r tr·azar la ley de resistencia al cor·te. 

El ángulo i de las irregularidades existentes en el plano potencial de 
fulla el cuul se mide respecto a la sup~rficie media de la discontinui
dad (fig 7) tiltllb·ién influencia notablemente la resistencia al corte co
mo pm:dc obsc:rvitrse en la f·igur·a 7. Para cargas norma\les bajas (línea 
DA) la ley de resistencia queda expresada por: 

T =a tan (<Pr + i) 

donde ct>r ángulo de fricción resi
dua 1 

En d ·¡ sc~o tenemos que rredeci r 1 a situación más des favorab 1 e pos i b 1 e y 
lil situución mtis rrobable. La m.:is desfavorDble estará basada en lu re
sistencia residual (t = a tan •rl· La condición miís probable se debe
I'Íil ci·isr;ñar con la resistencia ·tlláxima pero existen una serie de facto
res que pueden afectarla (despldzamientos previos, falla progresivil, 
gricdo ele altcr<cc:·i tll1, pt·occ:d·imi r•nto inadecuado de prueba, espaciamiento 
de cl·iscontinuid~cl. relleno, iÍIFJt(lo i, etc.). Finulmente, la elección 
de l11<; p¡;c·(l,lletros dt! resistencia para uso en diseño es sobre todo una 
CLH!,,L·jc)ll !le ju·icio ingenieril bosado en e·l conocimiento de los mccunis-
1110!; dr~ fal /u que pwerliln ocurl'ir y en la ex¡.H.:riencia y observación de 
ca!:oé t'r.:c!lcs y cxpcr·itllent¡¡les. 
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OETER~1JNACION IJ[ LA DEFOnMI\!llLIDAD fJU. t·1ACJZO ROCOSO 

La aplicación de Cill"9ilS imp11estas por las otwas ·ingeJriel'iles a la m~
sa roen sil provocan deformaciones en 1 a mi srna. La rnagni tud de 1 as dc
formacion•:s serG funciün del nivel de esfuerzos aplic~do a la masa i'O

cosa, tiellJJl'' en que se apli~uen estos esfuerzos, espaciamientos y frc;
cuencia de las discontinuidades, caracterfsticas de las discontintJi
dades y de 1 a roca intacta, grado de a 1 teraci 6n de 1 a roca, a ni sotro
ll'Ía y heto·og8neidad dr. la nws<J ¡·ocosa, tamaño del área cargada en l'(!

laci6n al espaciamiento de las discontinuidades y magnitud y dirucción 
de los c';fuerzos residuales en lu roca. La deformabilidad de la masa 
rocosa se expresa mediante el t·1ódulo de Defonrrabil·idad que es la rela
ción del esfuc;rzo aplicado y su cOl-respondiente deformación unital"ia 
d~rante la aplicación de una cürga al macizo rocoso incluyendo su com
portwniento elástico e inelástico. 

Lajeonstrucci6n do excavaciones y cimentaciones en roca requieren de
finir lv. deformobilidad de'! milciLD con el propósito de conocer su com
portami r:nto ante cargas y descilrgus y poder d·i señar adecuadamente los 
~evestimientos, estructuras y m6todo de construcción a utilizar. 

~as prucbus de camro, por involucrar a ·Un mayor volumen de roca y en 
consecuencia a un mayor número ele discontinuidades, permiten obtener 
valores más realistas de la deforrnabilidad de la masa rocosa que los 
obtenidos lllé,diante ensayes en laboratorio. Los equipos utilizados pa .. 
¡·a 1 as pruebas de campo tienden o afectar vo 1 úmenes de roca cada vez 
mayores y a incrementar la magnitud de los esfuerzos aplicados. El. 
princ·ilrio de los ensayes es simple y consistE, en aplicor una carga al 
terreno (reproduciendo las cond·iciones a las que estarii sometido) y se 
miden las deforrnaciones inducidas mediante aparatos colocados a dife
rentes profundidades y,d·istanciils dentro del volumen de roca afectcdo 
por la carga impuesta. Durante el e~saye se registran esfuerzos apli
cados (o) y defonnaciopcs (o) l¡¡s cuales se dibujan en una gr~ficJ 
esfuerzo-dcfonnaciéin como la que se muestra en la figura 8. El módu-lo 
de deformab·iliduu ele~ido puedt/ ser secante, tangente o inicial depen
diendo del conocimiento del nivel de esfuerzos al que estar6 sometidD 
la litasa rocosa. En al9unos ca~os {p.ej. en excavacion"s) es rH'cesario 
tor1ocer el módulo de deformabilidud a la descarga y en otros (p.ej. ci
lllentación de lllaquin<H''ia, ciclos de llenado y vaciado de a(jua en Cli:ba·l
ses) se ¡·equie¡·e conocPr el comportamiento dt! la roca sometida a ci
clos de c;;r~a y desear~¡,¡ con difc¡·entes tiempos de permanencia pi1J"a 
ob~ervar 'a tendencia de la defonnabilidad dcspu~s de cierto namero 
de ciclo:; y su comrortwniento viscoso. 

Las prucbé•S de deforrnabilidad pueden ser estáticas o dinámicas según 
el t.icllqJo que dura la <•plicación d,_, carga y/u dt;scar9a y pueden hacer
se en superficie o a pt·ofundidild. El siguiente esquema 111uestra los 
ensaye> qur. se han rc<<lizado pitrd evaluar la deformabilidad Lie la tnil
sa r·ocosa 11 in situ". 



Procedimiento 
lstático 

Procedimiento 
Dinúmico 

Superficiales 

Profundo's 

. ¡ : ;·i 
·~·?. ~ 

. . ¡placa rígida 
prueb<I de placa placa flexible 
gato plano delgado- (LNEC) 

tOneles presurizados 
gato radial en túneles 

[ aparatos en sondeos 

geos ísmi ca 

., 

En genet·a 1 1 a milgnitud de 1 l~údul o de Deformabi 1 i dad Dinámico es mayor 
que lü o~tenida con métodos estáticos de campo. Esto se debe funda
mentalmente a que las deformaciones inducidas por la onda que viaja a 
través del medio son muy pequeñus y se encue11tran generalmente d2ntro 
del ·inter·valo de comportamiento elást·ico del 111cdio. En cambio las car
gas estáticas"' ·inducen defor·maciones altas que rebasan el intervalo de 
co1npur·tamiento elástico del medio deformable. 

En comrat·aci6n con los módulos dinámicos y estáticos obtenidos en en
sayes de luboratorio se puede enunciar la siguiente tendencia. 

Edin lab > E es t 1 ab > 
\ 

Prue~as Din5micas 

Estv:, pruebas fueron mencionadJs en el tema JI y se realizan emitiendo 
una fu~ntc de ondas al terreno generada por un impulso, estas ondas 
v·i¡¡j¡¡n a través del 111edio y regresan (por refracción de las mismils) a 
superfi¿ie donde son captadas por ge6fonos. De esta forma es factible 
conocer· el t'iCiilpo y la velocidad clf~ llegada de la onda al geófono el 
cuul captn ondas longitudinules y/o transversales. Los volúmC;nes ele 
roen invo 1 ucrados por este tipo de prueba son grandes y dado que la 
onda se tra11S111ite en rocas de litología y grados cle alteración rlife-· 
rentos, así como por diversas discontinuidades,el valor del m6dulo es 
un v<dor r,romed·io muy genc~t-éil y se obtiene mc=diuntt' las expresiones: 

*su tiempo de pennanenci a 
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PROBLEMAS EN EL O!SE~O Y CONSTRUCCION 
• 

DE TUNELES. 

R.f\UL CllELU\R 80RJf; 
,l!J L l O 1 9 '\ 2 . 

LOS PROBLEMAS QUE ENFRENTAN GENER~LMENTE -
SON DEL SIGUIENTE CARACTER: 

'¡ 

GEOLOGICOS 

TOPOGRAFICOS (OEF!NJC!ON DEL TRAZO) 

DE CONSTRUCCION 

Procedimiento de Excavación 

Soporte de la Roca 

Tratamiento de la Roca (GtJnita. ·lnyecciGrles) 

Bombeo 

DE DI SEi'10 

Definición de la Carga sobre el Revestimiento 

Definición sobre la necesidad del Revestimiento 

:. 1 

\. 
L 

:!. .. . . 
~ . 

··¡ 

; :, 

• ,.·. 
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TRAZO· TOPOGRAFICO 

E 1 trazo toDo g r § f i e o s i e m r re d P. be r á basa r se en 1 as e o 11 di e i o

. nes qeolóqicas del terreno. 

Conforme se conozca mejor la qeologfa sobre el trazo preliml 

nar, este se modificará tratando de evitar atravezar zonas -

de mala calidad. 

EJEMPLO: 

' TUNEL SAN LUIS RIO COLIJRADO - TIJUANA. 
ArJ..I~ d..u á"o 

Estos tú n e 1 es forman p a r te ri e l -Ac-ue-P-fkl- San L u i s P. í o Col o r a rl o 

- Tijuana, B.C. de 125 Km. de lon~itud construirlo nor la --

SARH para abastecer de aaua notable a Tijuana, durante 1°77 

a 1980. 

Existen dos tramos en túnel, de 3 ~m: de lonaitud carla t•no -

con sección oortal de 3.5 m. excavarlos en aranitos de nrano 

fino en la Sierra de La Rumorosa, con cobertura máxima rle --

60 m. 

Los dos tGneles sE excav~t-ar• ~es~e los ~o,~tales ?v?nzanrlo --· 

hacia él centro. r:~-~ -:!c:~c.le fiD( la e>;ist.encia rle ar1·o·vos la co 

bertu1·a e:. alqo·'"'·'r:o!' :'.'.> GC: JT. y el <:r:uc SE infiltraba not·

las fracturas de '¡, roca ora~itica ocasionando su rlesintecra 

ción en arena suelta. Faltando 100 a 150m. en ambos tOne-

les hubo necesidari de susoender los trabajos al ser exrulsa

·da .la at-ena suelta _hacia dentro del túnel. 

En uno de ellos se cambió el trazo nirando el frente 90" na

ra alcanzar mayor cobertura de roca y oor tanto roca sana. 

. '1 
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En el otro 
•'· se·: logró estabilizar··mediante· inyecciones-de 

mento. 
i. .. , 

frC\c~uf"o~. 
ve rtic o les ~ · 

'' 

.. 
/ 

---<'-o 

1 
1 

, .. 

?· 

de 

. ~ 

'• ' .. , 
~ '. ; 

r . 

\ • 

,_· ... '; .... 

'• 
\ 

\ 

3.-

.ce-

NOTA: L6 mejor es tener cambios de dirección menos bruscos. 
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PROBLEMAS GEOLOGICOS 

TIPO DE EXPLORACION 

METODOS INDIRECTOS: FOTOGEOLOGIA 
IMAGEN DE RADAR 
GEOSISMICOS 
RESISTIVIDAD 
RAYOS GAMMA 
FLUJO TERMICO 

METODOS DIRECTOS: 

FOTOGEOLOGIA 

GEOLOGIA SUPERFICIAL 
PERFORACIONES 

Sirve fundamental111ente para identificar rasgos estructu-. 
turales como f~llas regionales y locales, arroyos, depó
sitos de talud, fallas de talud y tipos de rocas, direc

ción de echados. 

En el Anexo 1 se presenta un ejemplo del levantamiento -
fotogéologico .del Proyecto Coco de Pedro Brand; sobre el 

Rfo Haina, Rep. Dominicana. 

1>. 

' 
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IMAGEN DE RADAR; . 

Se usa funda~entalmente para identificaci~n- de rasgos est~uc . . --
turales como so~ las fallas regional~s ya que en la fotogra
fía-se borra la vegetaci6n. Es muy Otil para estudios de-
riesgo sísmico. Ejemplo: Managua, Nicaragua, oara.estudios 

' 
del sismo de diciembre 1974 (25 000 muertos). 

GEOSJSMJCOS 

El método de refracción sísmica y microsísmica viene a ser 
una de las herramientas más importantes en el diseno de td-
neles. 

1 
Basicamente se obtiene información fidedigna acerca 

de la estructura de la roca, así como de su calidad en cuan 
to a resistencia y deformabilidad de una manera indirecta, 
con base en la velocidad de transmisión de ondas de choque 

tanto longitudinales (~)como transversales (~),también se 
obtiene .la relación de Pois~on. 

Ejemplo: Túneles de Desvío Caracol. Anexo No. 2 

--------------

1.-on'\·,\vd' A,c,o '"' 

cober~·..J.fO-:. 1 Se IY'. 

----------------------·- ____ __..__ ' ------- -- ----------
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Con esta informaci6n se puede determinar 16 siguiente: 

Extensión de los portales 

-Definición del tipo de soporte a lo largo deltúnel:: 

a) Temporal.- Anclas, malla, ~unlta simple o armada, 
ademes. 

b) Definitivo.- Anclas, malla, ~unftaX simplé o arma 

7.-

da, ademes y revestimientos de concreto. 
Camisa metálica en tuberías de presión. 

-Propiedades mecánicas para dis~fio: 

E= M6dulo de elasticidad din~mico 

0(:; Velocidad de transmisión de ondas· longitud~nales

r= Relación de Poisson ; g= gravedad 
f= Peso volumétrico del medio de transmisión. 

z ) 1 E=p·j -z.(vP' · j 

fo= Velocidad de transmisión de ondas transversales 

.!_ (~)2-
v = -~ __ _o:fl:.__ __ 

( o<.•' 
(3 ) - 1 

- Diseno del Yevestimiento en función del E, de la roca 
1 usando elementos finitos. 

---~- --- ---- -~-' --------------~--
----~-----------~ ------- ----------~-----------·-----

1 
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-Módulo de elasticidad e~tltico en función de la frecuencia 

de la onda transversal. 

25Xi04- 1 
[1 ,..,_.¡.;..\-;co· "" lf..~jcm1 
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zoo 400 

Relación experimental r,ntre el módulo est~tico en pruebas -

de placa y la frecuencia de la onda transversal. 

e i a : 

1\eferen--

Mbyens nouveaux de reconnaisance des massifs roche11x 

Schneider 

Annales ITBTP; Julio - Agosto 1967, No. 235-236. 

1 • 
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RESISTIVIDAD 

La información mas importante serfa la detección de caver

nas en rocas \al izas y basaltos ve-siculares. · 

También se puede obtener información sobre los nivel~s de 

.agua. 
E je·m p 1 o' : C h i e o a s é n , m a r gen i z q u i e r da 1 9 7 4 ( G e o f i m ex ) 

RAYOS GAMMA 

Mediante levantamientos dentro de barrenos pueden locali
zarse con precisión estratos delgados de lutitas delezna

bles que puldieran crear problemas de estabilidad. 
Ejemplo: Chic9asén, margen izquierda, 1974, C.F.E. ofici-

na de geofísica. 

FLUJO TERMICO 

Mediante mediciones dentro de barrenos puede conocerse la 

temperatura de la roca y dejtectar ano~al}as con tempera
turas elevadas, conside~ando como ano~llia las variacio-

nes de temperatttra mayores de l"C por cada 33m. de pro--

' . 
;-.l•J.y'· .. 

.' 

fundidad. Los problemas sedan que el túnel pasara'cerca ., 

de zonas hidrotermales con temperaturas mayores de 60". -
En el Cañón ·del ·Sumidero Chis. y en El Caracol, las rnedi-

cienes dieron valores nortnales. 

l 
. ' 
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GEOLOGIA SUPERFICIAL 

Reconocimientooa· pie efectuando un Jevanta~iento concienzudo 

de los rasgds estructurales más importantes: echados, fallas, 
contactos, fallas de talud, litologia, cavernas, manantiale~ 

corrientes superficiales, etc. 

Los puntos de·observación deberán ser controlados por topo~

grafía precisa. 

Ejemplo: mal control topográfico: Chicoasén margen izquierda 
donde potencialmente l1ay problemas de estabilidad en taludes 
·que se extienden a 1.5 Km. desde el rfo, dificultándose. la·
definición de la geo~tría del modelo geológico estratigráfi

co para fines de estabil1dad de taludes. 

PEREORACIONES 

Este es un medio de exploración caro y por tanto debe se1ec
cionarse 1a posición y 1ongitud de cada barreno. 

Se obtendrá básicamente la estratigrafía y la calidad del ma 
cizo rocos6 en cuanto a discontinuidades (fractu~amiento, fa 
llas, oquedades).· 

Con las muestras se obtiene la calidad ffsica y qufmica cte.
las rocas (Resistencia, alteración, a~r~sividad al concreto~ 

Se puede obtener información sobre niveles f¡·e~ticos y sobre 
la permeabilidad de la roca: 

Conviene que los barrenos ter1gan dirección e inclina~ión ~re 

ferente para atravezar el mayor ndmero de discontinuidades. 

Las perforacion·es deberán realizarse en tresbolillo a los la
dos del eje del túnel, digamos a 50 m. La separación entre-

sondeos a lo larg9 del eje dependerá siempre de la incerti-
dumbr~ sobrello~ cambios importantes 

' 
ya sea en litol6gfa co-

mo en la estructura de la roca. La separación máxima pudie-
ra ser 500 m. 

o, 

·--+---- ~ -- --------~--------- -- -- -----~-- -- - --------- ---

' ,} 
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INFORMACION GEOLOGJCA 

e o n 1 a i n forma c·i ó n obten i da en 1 os es tu di os y 1 e van t ami en tos 

9eol6gicos se elaboran planos con olantas y· perfiles donde -

se indique la ~~guiente información: 

GEOMORFOLOG!A.- Topograffa superficial, drenaje, manantiales 

etc .. 

ESTRUCTURA 

TECTONICA 

- Plantas y perfiles mostrando estratigraffa, 

fallas, olegamientos, fallas de talud, etc. 

- Fallas regionales, información sfsmica (epi

centros, profundidad ,.maqni tud). 

Cálculo de desplazamiento de fallas orincioa 
les y subsidiarias durante eventos sfsmicos. 

Ejemplo Chicoasén: Se calculó un desplazamiento de 20 cm. en 
el eje de la boquilla para fallas subsidiarias a 1 km. de 

distancia de una falla principal de 120 Km. de lonoitud, para 
un sismo con magnitud de 7.5. 

Ver ~jemplo anexo 3. 

GEOHIDRÓLOGIA 

El conocimiento real del flujo hidráulico obtenido de la in

formación del flujo superficial, manantiales y barrenos es -

de suma importancia para predecir los problemas de manejo -
del agua de infiltración haci~ la excavación, asf como oara 
para disenar el drenaje del tanel mediante barrenos, o bien, 

para estar preparado para evitar la extrusión de la roca oor 

alterafi6n a arenas en granitos y areniscas mediante inyec-
ci.ones de abanico por delante del tanel. La oresión hidros
tática también interviene en la determinación de la calidad 

del macizo rocoso según la clasificación de Barton acerca 
del tamano de los bloques y de la resistencia al corte en 
sus caras. 

' ' 

,, 
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.PROPIEDADES GEOMECANICAS (Geométricas .Y mecánicas) 

Perfiles estra~igráficos con los resultados de ensayes de 
laboratorio practicados en probetas de roca intacta: 

Compresión, tensión, corte, porosidad, alteración, peso 
volumétrico, Módulo elástico, expansibilidad, efecto de -

creep, efecto de escala. 

Lo mismo para ensayes de campo: 

Estado de esfuerzos interno, módulo de deformabilidad, re 
si s ten e i a a 1 e o r te 1 e>< \'a 1-1 '5 ió ,., . 

Ver Anexo 4 sobre Pruebas de Campo de Mecánica de rocas. 

Ejemplo: Prefactibilidad técnica P.H. Itzantún, Chis. -

C.F.E. 1978. 

12 . -
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INTERROGANTES QUE SE PRESENTAN AL CONSTRUIR UN lUNEL: 

1.- FALLAS.- Que posic16n guardan con el eje· d~l tOnel 

En que longitud afectanal tOnel 

NOTA: 

. Amplitud de la falla 
Naturaleza de los materiales en la zona de fallai 

Milonita (esquis/tos y calizas) 
Arcilla expansiva (Mont--mordt'nita) 
Aren a, ( alter a e i ó n de granitos , aren i se as ,, -

y rocas antiguas, paleozoicas). 

Lo m~s .conveniente es que el tOnel atraviece las fallas en di
rección perpendicular 

Ejemplo: Exploración dique 1 de margen izquierda, en El Cara-
col, Gro. excavando un túnel paralelo al dique y efec 
tu a r e r u e eros a e a da 1 O ..&~ 

Mayores dificultades se tuvieron al explorar el dique 
4 en El Caracol, Gro., excavando sobre el mismo dique 
alterado. 

\ 
' .. 
\ 
\ 
\ 
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' La detecci6n de bolsas de arena·y/o de 

foración piloto al frente del tú1el. 

aqua se realiza mediante una oer-

2.-AGUA.-,En que punto se enc~~trarl agua 
.En que cantidad 

.Con que presi6n 

.De que calidad 

• 0\~o\uc..i.~"\ 4t'\ c.o\i:-z,.c.~.llj, · 

(1<. ""-">1) 

.En rocas calizas, anhidritas y yesos se tienen oroblemas de

alteraci6n inmediata y disminuyen en forma notable su resis-

tencia al hidratarse (más del 50%) . 

. Algunas tobas {gneas de matriz vftrea montmorilonftica se de

sintegran con la humedad del aire. 
Ejemplo: Tobas vftreas blancas en San Juan Tetelcinqo, Gro. ~ 

margen izquierda . 

. También la brecha fgnea con matriz vftrea. color rosa en la 
·misma margen izquierda se expande con la humedad ambiente. 

(Formación Balsas) . 

. La formación Tu,cacuezco en La Presa Las Piedras Gto., de la 
SARH, esta constituida por areniscas de grano qrueso con ma-

triz de arcilla montmorilonftica color café rojizo. Se desin 
tegra en presencia de agua y el material de las excavaciones 

del vertedor no se pudo usar en la Corti~a . 

. Las Anhidritas o Lutitas de Rfo Escond~do Suorayacientes al -
estrato de carbón se exoanden y se colaosan con la humedad -

del aire. Se deja una cáscara de carbón de 3" a 4" como oro-
tección contra·la humedad . 

.-r 

,; 

' ,. 

. .,~ 

'' 

' 
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.Las lutitas interestrificadas con' calizas --
en La Angostura y Chi coasén, Chis., di e ron va 

lores de 25 ~~~de expansión al saturarlas, -~ 
sin oermitir cambios volumétricos . 

. Las calizas, an~idritas, yesos y basaltos oro 
·ducen agua abundante . 

. La esftructura de sinclinal nroduce anua . 

. Los cauces antiguos (oaleocanales) también 

producen agua • 

. Las agua zelen1tosas (sulfatadas) atacan el -

cemento Portland. 

NOTA: En El Caracol .• Gro., la alteración de los cliques ígneos 
de composici~n andesftica (Felsita) ha sido a través de -

cientos o miles de a~os. 

o 
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6.: ADE:1ES 

7.- PORTALES 

1 R.-

Dificil.- Conglomerado silicificado de El 

Infiernillo con resistencias dE 

2 500 Kg/cm 2 en compresi6n. - -
Muy abrasiva. Produce silicosi~ · 

Gneiss granítico con 20% de cuar?O en la 

Rumorosa. Túnel San Luis Río Colorado - -

Tijuana de 3.5 m. de dilmetro. Fracas6 -.

una mlquina topo rascadora tioo,Fullface 
por desgaste excesivo en los cortadores. 

Avance máximo 17 m/día. 

Avance promedio 1 m/día. 

Avance oromedio en rocas blandas 35.50 m/ 
ct i a 

En funci6n de la calidad de la roca será · 

el ademe que se utilice: 

Gunita - Gunita y Malla 

.Anclas 
Marcos 

Preanclajes 
Simoles-colados. 

Necesidad de apuntalar la entrada y .sali

da del túnel y en que lon~iturl. 

Se determina en funci6n de la calidad es

tructural rlel macizo rocoso mas que de 1s 

calidarl física y resistencia de la roce. 
En general la roca superficial esta alte

rada y es'necesario removerla. Tener cu'
dado de la estabilidad qeneral del talurl. 

\ 
' 
'· 
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• 
NOTA: Por una falla general de talud se puede obturar toda la 

toma. 

Cerro de Oro-falla prirtales. 

8.- FALLA DEL TUNE L - Pos i b i 1 i dad en ,tj ne_~?_p.f_O f_¡¿ ndQ_S_ que 
' J por relajaci'6n de esfuerzos se expanda 

9 .. - REVESTIMIENTO 

el material y se 

entos violentos. 
t, u r s t) 

presenten desprendimi

Roca explosiva (Rock-

lRevestimiento en portales zonas de fa

llas, o en toda la longitud? 

¿Revestimi.ento total en taneles de des
vío? 

Se ha observado que en general se re--

quiere solo en los portales, ·para el -
resto funciona muy bien la protección -
con gunita .. Depende de la calidad es-

tructural de la roca y también de su -
composición mineralógica y perm?b'.ilidad, 

geometria de la excavación etc. 

En general rocas con velri~idad de ondas 
longitudinales« 1 3000 m/seg., son com

petentes para no revestir. 

Depende también de la velocidad del a-
gua y de la energia de la misma. 

Velocidades ) 15 m/seg., son peligrosas 
de erosión. Ejemplo: Túneles vertedo-

res Infiernillo. 

Las tttberías de presión generalmente se 
revisten de concreto. 

En Noruega y Suecia se han dejado sin ~ 

revestir en granitos muy sanos sin frac 

turas. 
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El revestimiento deberá llevar al menos re~uer . . -
zo por temperatu~a cuando se ten~an·du~as rle

la. colaboración de ln roca bajo pres16n Inter
na del tOnel y ex.terna cero. 

Ejemplo: Falla conducción a presión en. la .P.H 
·El. Arenal, Costa Rica, fal 16. un tramo de 600 -

m. por presión interior en rocas blandas con -
2 ' . 

presión. interna de 6 Kg/cm y externa cero .. --
Se formaron dos fracturas longitudinales en·--· 
clave y piso con separación hasta de 2 cm. 

El túnel tiene 4.6 m. de·~ interior y 40 cm. de 
e o nc reto de f~ = 2 5O K q 1 cm 2 

y .'l.L~g_ __ c o_Jo e ó _ (!_c:_~;_ro. 
g_e .. r..ef ue.r.~.Q. Ver anexo 5. 

NOTA: Rocas que atacan el concreto: Rocas igneas o metam~rficas 
con Pirrotita Cu Fe So

4
. 

10.- PRESENCIA DE GASES VENENOSOS.~ Se encuentra co
2 

en terre-
nos volcánicos recientes, o en rocas que oor -
su composición desprenden gas butano. Antraci 
ta, Lignito y Carb6n. 

Rocas con: 

•• 

~ ·--- --~--------· ~-~-- ------- --------
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DISEÑO DE TUNELES 

1.- ESTADO NATURAL DE ESFUERZOS 

Se conoce como "estado natural de esfuerzos" o "esfuerzos 
residuales'' a los esfuerzos existentes en la corteza terres · 
tre previamente a cualquier excavación. 

1.1.- Estado de 'esfuerzos interno en un macizo rocoso .. Hi, 
pótesis de Heim. 

El ~eólogo Suizo Heim en 1878 observó en los grandes tOrie~

les trans-alpinos que la roca estaba fuertemene esforzada -
en~todas las direcciones. Supuso que la componente de es-
fuerzos verticales ~ estaba relacionada directamente propo~ 
cional al peso de 1~ cobertura de roca,'pero que adicional
mente había una componente de esfuerio horizontal ~h que -
probablemente tenía una magnitud similar al de la componen

te vertical. 

Una hipótesis similar había sido propuesta por el experto en 

tOneles Alemán-Rzhia en 1874. 

·, í: 

.. · .. : 

.. ·~ 
; 

.:· 

·'• 

'.• 

_ .. _ ·'""'--·------· -·'--··-··-~---·' _. _.¿_.. __ ...:.2_ ___ ~__:-~..:.;._ _ _,_ _______________________________________ -----------
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1.2:- Relajación de esfuerzos superficiale, e~ una masa de .roca. 

En un caftón prof~ndo el estado natural trjdimensiona·l de esfuer

zos debe encontrarse a una gran profundidad {generalmente a pro

fundidades~ 350 m.) mientras que en dirección normal a la supe~;

ficie no hay esfuerzos por lo menos en los primeros 50 m. 
< 

Se observa que este paso de estado de esfuerzos tridimenjf'ional -. 
a bidimensional ocasiona fisuras y fracturas paralelas a la su-
perficie del ¿anón que se les coKoce como ''foliación''. 

Son fracturas po~ relajación de eifuer~os ocasionadas por la fal 

ta de confinamiento o de soporte lateral que dan lugar a fractu
ras perpendiculares al esfuerzo principal menor. Los cambios de 

temperatura también producen ese fracturamiento. 

Relajació11 de esfuerzos superficiales 

Se deberá poner atención a este fenómeno cuando se apoye la 
cimentación de una presa en una ladera de estas carac~erfs
ticas en la cual la roca tendrfa que consolidarse con inye~· 

ciones de cemento y ~nclas postensadas. 

·-· ----~--------·-·· ·-----~ ' ------------------ -----------·--·---------~ -·- ~- ------
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l. 3.- Módulo elástico efecti v~_,Y_~~l ación de Poi sson efectiva 
en un macizo rocoso. 

Teoría de Terzaghi 

Hemos supuesto que k: es la relación entre los esfuerzos de 
campo horizontal a vertical;"'-;,~ Terzaghi en 1952 relacionó 
esta .k con la relación- de Poisson como sigue: 

Ley de Hooke. 

._ ~-~--------~~ l e.~ . - ... -<fl..-- -- r~ 
. 'Z. 

La teorfa cl§sica de la elasticidad está restringida a mate

riales sólidos con las siguientes propiedades elásticas idea 
lizadas: 

1.- Linearidad entre esfuerzos y deformaciones. Ley de Hoo
ke. 

Si un cuerpo esta sujeto a un esfuerzo, entonces la de-
formación en la dirección del esfuerzo es directamente -

proporcional al esfuerzo aplicado. 

2.- Homogeneidad.- El material de un cuerpo esta uniforme-
mente distribuido a~ravés de todo su volumen y las pro-~ 

~----------·--~. --~-'-------------------

·~ 
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piedades elásticais del material son las misma~ en todos los 
i 

puntos del cuerp~. 
1 

3.- Isotropfa.- Las propiedades elásticas del material son las 
1 

mismas ·en todas l¡as direcciones. 
1 

4.- Perfectamente elástico.~ Al dejar de actuar las fuerzas de 
' ' formantes, el tamaño y forma del cuerpo regresan precisame~ 

te a su estado o~iginal: 
' 11 

E.~ ( 
E=Variación de la deforma-

ción con resoecto al es-
~uerzo que actua en un 
cuerpo determinado. 

E=Módulo ~e elasticirlarl. 

t/=Deformaci 6n ~ni turi a.· 
~=Esfuerzo orincioal. 

1.4.- Relaciones esfuerzo deformación. 

Suponiendo un paralelepípedo rectangular con sus lados paralelos 

a los ejes coordenados, actuando sobre el un esfuerzo normal ~. 

uniformemente distribuido sobre dos caras opuestas. 
i 

La magnitud de la deformaci6n normal x esta dada por 

é 
_ lu, 

y--
¡E 

esta extensión del cuerpo es acon1panada ¡.or una contracción late 

ral en las direcciones. r y z 

esto es: 

' donde tes una constante conocida· como relación de Pnisson. 

La relación de Poisson para ~uchos de los materiales varía entre 

0.15 y 0.35 y a menu,do se supone igual a 0.25. 

-- ------------ --~ -- ------- --- -- ----- ---- -------·------ --------- ------ ~--------------------- -
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' 
.~ 

Si al pfiralelepípedo rectangular se le sujeta a la acci6n si-

multánea de esfuerzos normales ~ ... •1 ,•~ uniformemente distri

buidas sobre su' caras, las deform~ciones normales por el --
principio de superposi6n de causas y ~fectos son las si~uien

tes: 

1.5.- Estado plano de esfuerzos. 

Si suponemos que en un plano horizontal los esfuerzos son si

métricos, ~~e G"'t y que no hay desplazamientos en una direc--

ción horizontal, e. 1 :o 

• • lí' '& : lf~ • ( t' \1 "" 1- t"' 

tenemos: 

como Üv :::.Cí1 J 

P a r a val ores de 1' entre ~ y ~ ; G' ._· = cr'l : -~ o3 ~} o se a k= O . 2 5 a 

0.5 con k=0.3 como el valor m~s probable .. 

para un estado plano de esfuerzos con ó~,~c.•otenemos: 

tendríamos 

- ----~-----·---~-·----· --------------'-------··------------------~----'--.;... _________________________ -~---
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La re la ci 6 n ( /.,. ) de Ter z a g h i 

la roca entre 0.3 a 0.25 y 0.2 

ciones act11alcs realizJdas en 

tados de medicirines favorecen 
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con valores usuales de t para 

es contradtttoria a las medi

yalerlns prof4ndas. Los rnsul .. 
la hip6tesis de Heim;<r'I''"F~"""ill.oo' 

,, 

·.1 

con K=l se requiere que Y=O. 5 el cua 1 no existen en 1 a_s me di -~ 

-

clones de la roca. Se presenta una paradoja obvia conocida 
como ''paradoja de terzanhi'' . 

. 1.6.- Esfuerzos de campo. 

Hemos visto que los esfuerzos de campo dependen de las condi 

cion~s de confinamiento del material y del comportamiento ~

elástico de la roca, así como, de la magnitud de los esfuer

zos de la corteza terrestre. 

De esta mariera, los esfuerzos alrededor de un tanel pueden -

compararse con los esfuerzos alrededor de un agujero en una 
plata siempre y cuando se cumpla (1) que la abertura sea lar 

ga en comparación con su sección transversal y (2) que la -
distribución de esfuerzos a lo largo de la abertura sea uni~ 

forme e independiente de su longitud. 

Así el problema de un tGnel se reduce a un problema de defo! 
maci6n plana y puede ser resuolto considerando un agujero en 
una plta ancha sujeta a un estado bidireccional de esfuerzos 

actuando en el plano de la placa. 

o 
" .& ,. o 

Unidireccional ---------------

--=-'"".., Su p-:: rf i c.\' 

o 

Sv:.- l'h 

Restricción Lateral Hidrostático 

~ ~--- ---~---··------------------------------------------·- __ __.. ---. ~-
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También deberán cons1derarse geometrfas simples cpmo: cfrculos 

elipses, óvalos o rectánqulos con esquinas rerlondead¿s. 

los esfuerzos verticales se considerarán iquales a h equivalen 

tes al peso de la cobertura de roca en donde1= peso volumétri

co de la roca y h= la profundidad vertical del tOnel. 

Por lo tanto: Sv= Componenfte del esfuerzo vertical. 
Sh= Comnonente del esfuerzo de compresióri horizon 

t a 1 • 

y m = Constante que depende del estado ~e esfuerzos 

de camoo. 

-El estado de esfuerzos para m=O puede ocurrir a ooca orofundi-

dad 

-El 

y/o cerca de superficies verticales libres. 
1 estado de esfuerzos reoresentado por m=3 puede 

un amplio intervalo de profundidades. 

ocurrir oaril 

-El estado de esfuerzos para m= l. puede ocurrir a nran profundi
dad o en macizos con rocas semi viscosas o plásticas. (rocas sua

ves o blandas). 

2.- ESFUERZOS EN LA VECINDAD DE EXCAVACJO~ES SUBTERRA~EAS 

Los esfuerzos ~ue se qeneran e~ la vecinrlad de excavaciones-·· 

subterráneas, por ejemplo tünelés largos profundos son semejan

tes a los que se o1·oducen a1rededor rle un aauiero en una olac~ 

infinita. Solamente 11nas cuantas sec·ciones tr·ansversales oue--
den ser analizadas t~6ricamente; sin embarno por medio de fotn

elasticidad o anilisis de esfuerzos. aberturas con cual9uier 
forma de sección transversal pueden ser estudiadas. 

.. 

' ·.-·- ~._:__~---~------~--:..: ________ . _.:......_ _____ ~_:... .. ~-- '----'-------------~ ··-----' ---~------------------
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Conslderando una nlaca infinita de esnesor t con un aouiero -

·circular de r~dio a con centro en el ori0en y sujeta a esf~er -- - . . ~ 

zos de tensi.6n. Sx y Sy. Para una distancia lar3a desde el_ -
agujero, las comoonentes polares de esfuerzos ser~n aQuella~ 

·resultantes' solamente de la anlicaci6n de esfuerzos: 

2.1.- ESFUERZOS EN .UNA PLACA CO~ UN AGUJERO CIRCULA~ 

Si en una placa sometida a un esfuerzo rle tensi6n uniforme 

se práctica un agujero circular peque~o (diámetro del aauiero 

5 veces menor que el ancho de la 'llaca) se ororluce, en los nun · 

tos n-n una grán concentraci6n de esfuerzos. La teoría exac

ta desarrollada por Kirsh.en 1898 muestra que el esfuerzo de 
tensi6n en estos puntos es iaual a 3(f. Se ve ta~hién aue es 

ta concentración de esfuerzos es muy local y esta limitada a. 

la vecindad del a9ujero. Si trazamos una circunferencia con

céntric~ con el agujero y de radio e relativamente grande, -

puede sup~nerse aue el estado de esfuerzos en esta circunfe-
rencia no queda afectado por la oresencia del agujero. 

Consideramos por tanto un anillo circular seoararlo rle la ~la

ca por una superficie cilíndrica circular de radio~· En ca
da punto de la sunerficie exterior de este anillo aolicaremos 
esfu.erzos dirinirlos verticalmente v de vnlorCistnpes decir, 

iguales al esfuerzo corresoon~iente en el ~rea elemental A de 
la placa: 

Por lo tanto, los esfuerzos en el interior del anillo serán -
aproximadamente los mismos aue en el trazo rle la nlaca limita 
do por el círculo de rodio c. 

De esta manera el oroblema de la rlistribuci6n de esfuerzos en 

las proximidades del aqujero auerla reducido al rle calcular. 
esa.distribuci6n en un anillo circular de sección rectanaular 

V . 

sol)citado por fuerzas verticales conocidas de intensidad 
distribuidas en forma continua sobre su contorno exterior. 

--··· ---------------~· . ____ _.:_...:._ ___________ - ------------------------------~-----------· -------------------- --- -------------------
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E~te problema· puede resolverse considerando un cuadrante de ani
llo en el cual los .esfuerzos ligados a la sección m-n pueden re

. ducirse a una fuerza de tensión longitudin~l No aplicada en el --. ., 
centro de gravedad de la sección y a un par flector Mo. 

La fuerza longitudinal de tensión se determina por las condicio

nes de la estática, y es: Ño•G"·C· 

2flifni(j 
a. b e 

{:M: 1.~10~c. 
~ , 

ln~t:<f=>\ >-lum~r~c.c.o. Je. \o., c..-,fu«~<>S 

R~ ._.h. (1a 1 c,b -e) 
24 

t t t t t t 16" 
12c :{1~<1+,><0.=to~t-o)~::. 5.,2.1'3-li"'<r 

riJo= ere 
El momento r-b es 

1-~lOSc. 

\',;.3131> .. 

r= 12. 
estáticamente 

1':..31% ~ ... ~ 

IJ· •• I = <r.c. • t-4o 
indeterminado (porque no conoce--

mos e) y se puede calcular por el teorema del trabajo mfnimo -
utilizando la expresión d~ la energia de la deformación total -
de barras curvas para anillos gruesos, como sigue: 

Anillo grueso: 

., 
'· 

.\ 

¡ 
i 
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• 
En esta expresión la fuerza longiturlinal ·y el momento 

flector para la sección general del anillo caracterizada 

por el ángulo rp son: 

t-l=lfc.cos1 ~ ~ 

M: "'\o t fe. (1- c.o!. ~~ [ ~ (•- co':> ~) + 1 r_o<; </>]-

<¡e (e - ~ ) ( 1- e os 4>) 
. __________.. 

donde h 
~ . 

es la altura de la sección rectanqular 

La ecuación para el cálculo de Mo es: 
nh "/2-

~ = r ""dt. _ r t!lld<P =O 
d"\o J H e ) 1\E 

o o 

donde: 

Después de integrar se tiene: 

en donde R ~ radio de la linea media y~ la distancia 

a la lfnea neutra desde el Centro de Gravedad d~ la sec 

e i ó n. 

El esfuerzo· en el punto n de la sección m-n del anillo 
consta de dos partes: 1° el esfuerzo de tensión produci 

do por la fuerza longitudinal No e igual a: 

(ic 

T 
( d) 

•• 

.,.._ ------- --- ---------------------- -------- ---·----- ______ .. 

... 

', 

--·----------------·-----~-----·--·--·- -----

' 

,. 
! 
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y 2" el esfuerzo en el punto de flexión producido por Mo cu~ 

yo valor es: . h · 

G",., ""'"• :.Mo(rc) .. ~.(1- ~\ 
. AA4 A. a. q T«.<l 1t 

·(e\ 

en donde a; radio del agujero. 

La distancia ~ se calcula por la ecuación para diverso? valo

res de· la relación~ y después f. y G"1. se de-terminan por las 
ecuaciones (d) y (e). El esfuerzo máximo es: (f""".,.= U1+ifz. 

La· di s·tanc i a e se calcula por 1 a ecuación r- h 

e log a 
Resultados: 

n 

c/a 3 4 5 6 8 10 

te .......... O . 1 7 9 6 ·--¡;- 0.2238 0.2574 0.2838 0~3239 0.3536 

~. 
T" 

.......... l. 50 J. 33 l. 25 l. 20 l. 14 l.il 

(j~ . 7 ......... •. 2.33 l. 93 l. 83 l. 83 l. 95 2. 19 

q-,..,.., ...... ' ' . 3.83 3.26 3.08 3.03 3.09 3.30 
<i" 

·Comparando los números de la última linea de la tabla ante-

rior con la solución exacta para un agujero pequeno qmax=3r¡ 
se vi que para 5(~(8, los resultados del cálculo aproxi~ad~-

a 

mente están de completo acuerdo con la solución exacta. 
Cuando~< S el agujero no puede considerarse muy pequeño, --a 
por lo que tiene una influencia apreciable en la distribución 
de esfuerzos sobre la circunferencia de radio~ y la hipóte-
sis establecida sobre la solicitación en el borde exterior-· 

del anillo no es suficientemente exacta. La discrepancia con: 
la teorfa exacta para ~)8 se debe a la exacti.tud insuficien-a 
te de la teorfa elemental de piezas curvas cuando el radio in 

terior es muy pequeño comparado con el exterior. 

Para un punto cualquiera de la seccióri,,m-n a una distancia r 
del centro del agujero, el esfuerzo normal es: 

.· 
' .. 

; . 
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donde fes el esfuerzo de tensión u ni forme aplicado en 1 os -
extr~mos de la placa. 

Esta distribuci6n de esfuerzos se -presenta en la figura de 
abajo y se ve que la concentraci6n de esfuerzos esta muy -

concentrada en los puntos n El esfuerzo disminuye rá-
pidamente a medida que r aumenta, y para un punto situado 
a una distancia del borde del agujero igual al radio del 
mismo, es decir, r=2a se tiene un esfuerzo normal ü8 .\t?.<l" 

También disminuye rápidamente el esfuerzo al crecer~ y p~ 
ra f,:J. el esfuerzo normal en el borde del agujero es de com-' . 
presión e i gua 1 a (j o sea <lpv 

Si los esfuerzos externos fueran de compres1on tendríamos 
un esfuerzo tangencial de tensión (ifoípara </J• i y un esfuerzo 
de compresión ~e·~para los puntos n. 

(j' 

.4A 
/ -

/ )-, 
1 ~ \ 

1 ;": ~ 1 

------ .1----/ _j2___ 

\ 1 ,, / 
..... . ---
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Considerando una placa con una perforación en el centro 
( . 

que se supone de material homogéneo, elástico e isótvopo; 

Kirsh determinó los esfuerzos norma)es, tangenciales Y
cortantes en cualquier punto de la placa. 

Se supone que las fuerzas externas P y Q corresponde~ 
·con 1 as transmitidas por 1 a cobertura de roca. 

p 

! ! 1 ! l 1 ! l l 1 ! ! 1 - " .(,lb ~<-, --+ E,IO ' / ' , ...,....... / 
tú( 

--.. -
Q --·-----+ -
~ -- tit i t t t t t t l t i 

Esfuerzo radial: p 

r. PtQ/ a 2
) "'-P( ~r~ -. -, 1---, i -"'--'- ¡-2 \ r~ 2 . . 

Esfuerzo tangencial: \ 

------- Q 
+-·--------4-----

t ;la~) co:; 2.6 
r'~ 

<fe= Pi G (1 t ~ ):.... .9-::f (1 t .2<"
4

) ~oo; 26 z r' z r~ · . 
Esfuerzo cortante: 

3a4) ---¡:+ Sen le 

Se observa que los esfuerzos en la placa no dependen de -
E y V 

. . ' . 
-------~·-'-----...!-----·-· _.!:...... _______ • .._----------- ....._ ______ ---~ 

__ _..! ------ ------ --"·------------------

,. 
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Para el caso r=a, e~oa y P > Qy tomarnos un elemento de roca, 

el confinamiento horizontal es cero, de manera. que sf (3po.Q)' 

>Re (Resiste~c~~ en compresión simple de la roca), entonc~i 
se presenta r á 11 . f rae tu ras e o r1 un á n g u 1 o de i n e 1 i na e i 6 n res- --

pecto a la verticnl de 45° - ~/2. 

=\"c.tiGl ,(\. 
¡;.j,r; e ,,4e. 

--"7'-- ~ Cl \\ c;.o. 

..¡.;,'- P/a 

o 

Para el caso r=a, 9=90° y P > Q y tomamos un elemento 

confinamiento vertical es cero, de manera que (3Q-P) 
gativo se tendrán esfuerzos de tensión en la clave y 
puede fallar por tensión en caso de que ese esfuerzo 

cuyo --

si6n resultara mayor que la resistencia 

Resumiendo: 

1 
erytensi6n de 

1 

es· ne--
1 a roca 
de ten-
1 a roe a. 

]

Es la la condic1ón para que se presenten fractu

Si(3P-Q))Rc ras por C01npresi6n en el di§metro horizontal del 

y ( 3 Q- f' ) ~ O t ú n e l y f rae tu r a s de t e'n s i ó n en 1 a bóveda de 1 tú 

r: e 1 • 

Si P>Rc+Q 
3 

y p) 3Q } 
Es· la 

(lave 
2a condición para que exista tensión en la 
del túnel. 

o sea que P> R~+Q) 3Q Ro 80 

Si Re) 8Q significa que no se tendrán problemas de falla de -
la roca ni por compresión ni por tensión. 

O, 

• ---------·----------~-- ___ ¡_____.,: ____________________________ ------- --~---------------------·--- -- ------'--·---~--'-------- -· _____ ~...,_ __ ~-------- ----
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Para una distribución de presiones externas de tipo hi~rost~ !• 

tico, o sea P=Q; la cual se presenta en taneles con gran·c~ 

bertura, estu'diados por Heim, Suiza 1878, los esfuerzos 'nor-

. males y tangenciales pueden detetminar~e utilizando l•s ex--

presiones de Lamé para conductos de pared grue~a sujetos a -

presión externa P. 

2 
<fr = P (.1- a,) 

. f Formulas de Lamé. 

Cíe' P(l+~) , r 

te= o 
Para a=r: ua= ZP ':l líe ,o, en toda la periferia del -

túnel. 

Para r=4a: 

1 

·'1.) lír:P(I-_s_ :o.'}4P 
1 ~ o.• 

De acuerdo con esta hipótesis la distribución de esfuerzos -

en el túnel ser~: 

2 fa~ilias rle fallas nue rleli~itan lns blonues fH 
llildos: cuanrlo ZP> Re se presento el fénómeno de-
I'OCil explosivil va nue el bloaue c¡ueda suelto y .es 
expulsado (rock-burst'. La explosión de estos-
bloques li\leril ¡nucha energía. 

El comportamiento de la roca es --
elástico si ?.D <Re, nero si el "lilte 

r-r-.--r~,......:<:ie•~O<oP rial se fractura el cwnnorta"lientn
de 1 a rocil en 1 a peri feri ~del tú-
nel es plásticn, formándose un ani
llo de material .fracturado de pt·o-
piec'acles tuecánicils muy bajas, de ma 

/ --'-..L_LJ__..!or"·~4Pnera que los esfuerzos se "arquean
11 

7 :z · \' 1 
1 

o .,puentean"·.librando la zona frac-
-..o.""' ¡;. <>\1ico. - d 1 -

. t 

' 

__,_"'-_ • 
1 

. türada aooyan ose en a roca mes --

----"---"--· -~~· -------·-""-__:-~--~~· ~--r-'--+.!.L __ c~-·----' · le,iann dei túnel. . .· ------·---------------··-·---.; _____ ;_. -· -~-----·---
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Variación del esfuerzo tanqencial para el caso Q=--'r 

Para :9=· o o y 

G= o o y 

8=90° y 

0=90° y 

e=45° y 

.Q= 4 5o y 

r=a 

r=4a; 

r=a 

r=4a; 

r=a 

r.=4a; 

C:· . 

' 

1 
1 

1 i 

V 

<ro =2057 p 

ll'e=l.~/1 p 

Cie =O 

(J'G =0 o 37 p 

<fe= l. 33 p 

üe=Oo71 p 

/ 
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/ 
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/ / 

/ 
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i / / 
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1 o 
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1 1 o 
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CONCENTRAC10N DE ESFUERZOS EN UN AGUJERO CIRCULAR• 
PARA UN ESTADO BIAXIAL DE ESFUERZOS DE CAMPO ..... 

1'\=1 "'"" 

~ 
S.. 
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Las concentraciones de esfu~rzos coh signo positivo significa 

que. son del rnisn10. signo que· los Eosfuerzos exteriores aplica-

dos. Cuando las concentraciones de esfuerzos tienen signq n~ 

gativo significa que son de signo contrario a los esfuerzos 

exteriores aplicados. 

ESFUERZOS EN UNA 

i i 
PLACA. CON 

S';\ 

i i 
VARIOS AGUJEROS. 

t i t --
-
-

+--. ' .. -+ . 

·- (: 

·, 

•, L_·,_ • .. , ,_·~· :~~·-· L_.~L-"·-· 1_: __ , _ _j_ _ _:j_~ __ _¡ __ j_._.·· ·-'-·~-· __ ._· . ·--'--· -~·----· 
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Caso·. 

Esfue.rzo 

Wp 
Wo 

o 
0.5 
1.0 

2.0 

4.0 
7.0 

10.0 

Sx = Sy 

G'e 

S . y 

e =0° 

2.894 

2.255 

2.158 
2.080 
2.033 

2.014 
2.000 

8 '" ::::: .. 

0.000 

2.887 

2. 411 

2. 15 5 

2.049 

2.018 
2.000 

. :: 

SyJ-0 Sx"-0 

~e 

S y 

3. 8'>9 

3. !51 

3.066 
3.020 
3.004 

3.001 
3. 000 

0.000 

3. 264 

3.020 
2.992 
2.997 

2.999 
3.000 

38.-

Sy=O ·, SxH 

2.569 

2.623 

2.703 
2.825 

2.927 
2.970 

3.000 

La concentración de esf~erzos para el caso de dos agujeros 
alineados es considerablemente menor que el resultante de un 

,(./ 

número i ~/fi nlo de agujeros alineados. 

Los esfuerzos en el pilar aumentan a infinito cuando el ancho 
del pilar disminuye. Por lo tanto, relaciones Wp 1 Wo peque
ñas deberán evitarse en excavaciones subterráneas. (Resulta

dos de Ling Chih-Bing ''On the stresses in a plate containing 
two circular holes'' Journal Applyed Physics, January 1948. 

.. 
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ESFUERZOS EN UNA PLACA CON CINCO AGUJEROS 

La distribución de esfuerzos en la periferie de 5 a~ujeros 

circulares con igual espaciamiento fue estudiado por Du.vall 

para varias relaciones Wo/Wp. Las máximas concentraciones 

de esfuerzos ocurren para los puntos A, B,C,D y E. Obsérve 

se que 1 as concentraciones de esfuerzos en D y E son práct2_ 

camente iguales .. 

¡ 
' 

J 

\·Jo A " --- e> 

\Jp 

l. 07 3.29 3 . t: g 

2 . 2 1 3.63 3. 7 2 

2. 96 3. 53 4.08 

4.35 3 96 5. 12 

l ' r------____, 
' ,....---..... 

/ ' 1 \ 

' ,, 
' ' ' .... 

~o _j 
' 1 

t; 
/ 

/ ' 

' 

¡ 

t 

' 
' ' ' r--·-····-···:·--""'"i· ~- ·-

""f 

___ _,. 

¡ 
Sv 

¡ j j ¡ . ¡ 

i ¡ • ¡ 1 ¡ 
i . 

1 

1 
1 

1 ! 1 1 ' 

e D E 

3. 2 9 3.29 3. 2 9 

3.39 4.03 4.03 

4.22 4.39 4.39 

5.22 5.23 5.28 

Si 
Ho 

l =Wo + Wo 5 
\~ ó \i Jl =4 4 -- 5 \io 4 l '- -4 20 La relación de áreas -- = = =-;;-

\·J p Hp \'o ~ 

4 

Por lo tanto el esfuerzo e11 Wp es por lo 
menos 5 veces n1ayorque Sv. 

S· -

-~~-~'----'--'"---~~-----------'----'----------·--·------- -·-··--·':-----------~------~---------------'--
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CONCENTRACJON DE ESFUEZOS EN DOS AGUJEROS CIRCULARES 
Wo/Wp= 1 

1 
4.------------------. 

1 
1 

1 
1 

1 
1 

1 1 
1 1 

1 1 
1 1 

1 
1 

/ 
/ 

/ 

/ 
1 

/ 

/ 
/ 

1 
1 

/ 
/ 

/ 

1 

' 
1 

1 1 
1 1 

1 
1 

' / 
1 

1 1 
/ 

/ 
/ 

/ 

/ 

~-------·~-----------'"'· z w~ 

1 
1 

1 
' 

--1-- w. 
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Para cada uno de los esfuerios de campo analizados, la concen
tración de esfuerzos de compresión crftica para B=O" es mayor 

para el caso de varios agujeros que para un solo ~gujero, la -

mayor diferencia ocürre para es.fuerzos de campo de tipo hidro~ 

tático (S 1= s ). 
l. V 

Una concentración crftica de esfuerzos de tensión ocurre sola-
mente para e=go• para el caso de esfuerzos de campo uniaxial 

(Sx=O y Syopo)> . 

.. ·. 

' :. 1 

i 
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CONCENTRACIONES MAXIMAS DE ESFUERZOS PARA VARIAS -
R~LACIONES-ANCHO DE ABERTURA A ANCHO DE PILAR RELA' 
ClONADAS TAMBIEN CON EL NUMERO DE ABERTURAS. 

"' o .. 
~ 
~ 

' "' 
~ 
1 

S 
o 
'J 

4-
~ ... 
1 

o .. 3 
~ 

7 
o A_ 
u 1 

" ~ L D 

" 4 
~ _00 5 X 

MO.nO\tO:.C Dll Ae. ... "-TUIZP\<¡, 

Dbsérveie que cuando el nam~ro de aberturas tiende a infinito 

el valor de la mlxima concentr·aci6n de esfuerzos es solo 15% 

mayor que para el caso de presi6n hidrostltica (Sv=Sh) .. 

DISE~O DE PILARES 

~ ' 
Cuando 1 a 1 o"'g i tu d de 1 os pi 1 al' es es g r a n de e o m par a da e o n t r a -

el ancho de la abertura entre los mismos, se considera enton
ces una·estado de esfuerzos de campo bidi~ensional. 

P ~ \or 

'. ¡ 

. 'r 

.. -

• 1 
_,.:...:_:_ __ . -~--·----~· ·- .---'·-----'---~------·------- --···------·--·------
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Para un número infinito de pilares con ancho Hp separados por aberturas· 

con ancho Wo, el "esfuerzo promedio en el pilar" Sp, se obtiene supo-~-. 
niendo que un pilar soporta uniformemente sobre su plano medio el pes'o 
de la roca existentej sobre el pilar m~s·la mitad de la abertura de ca

da lado del pilar. 

S _Wp + Wb Sv 
p . Wp 

o sea: Sp · Ap = Sv ( Ae + Ap) At Sp=Sv -Ap 

en donde: Sp= esfuerzo prom~dio en el pilar 
Ae= área excavada 

Ap= á_rea· del pilar 
At= Ae+Ap = área total 

Esto significa que el esfuerzo promedio en un pilar para un sistema de· -

aberturas puede obtenerse a partir del área del pilar y el área total 
dentro de los límites minables. 

Para un sistema dé aberturas paralelas separadas por~ pilares donde el. 

ancho de la abertura es. Wo, el ancho del pilar es Wp y la longitud de -
lás aberturas y pila1·es es Lp, el ~rea excavada esta dada por.: 

A e = L p · \·!o · N 

y el área del pilar esta da¿A por: Ap = Lp·Wp · N de donde el esfu~rzo 

promedio en el pilar es: 

Sp = Sv Wp + Wo 
Hp 

La relación de extracción Ra se define como la relación entre el área 
excavada y el área total: 

Ra= ~-~ = At n~ Ap = 1 ~ - At 

\ 
_______ : ___ :._ ______ · . ---''-'-· -~--· '~---···-· --------------- ---- ·-"- -- -------~--·-·-------------·-



El esfuerzo promedio en los'pila~es. puede determinarse 

ti r de 1 a relación de· extracci 6n Ra; · de'sde So=Sv ~~. 
1 Sp=Sv ( f:Ra--) ..•...... (a) 

O. bien:·· Sv Ra=1-sp .............. (b) 

4 3.-

a oar-

Para relaciones de extracción mayores de 75% el esTuerzo oro-

medio en el pila~ y la máxima concentración de esfuerzos son. 
i gua l es , de a q u í que l a e e u a e i ó n ( b ) o u e de s e r re e s e r i t a e o m o 

So una ecuación de diseño oara ~ilares sustituyendo SV oor 
Cp 

Fs'Sv; donde 
Cp . 
--es la c.1rqa oe seouridad riel oilar. Fs . 

esto es: Sv Ra= 1- CD x Fs 

Si la relación de extracción es menor de 75% el 

medio y la máxima concentración de esfuerzos en 
· . . ( ) óe m á x · <íe m á x 

pue~e ser sust1tu1da en a. oor: Sv ~ Sv . 

tuirse p_or ~~- x Fs oara dar la ecuación (b). 

esfuerzo nro
Sp 

el pilar Sv-
deberá susti--

h máx El valor de Sv para cualquier relación de extracción nue 

de obten~rse de la gráfica siauiente: 

12r-------------------------~ 

10 

1 
. 1 

~ r 

• C~nco 0\lo.\oS Ho -:.o:s 
Wo 

o C i neo e( rc.u \os 

Relación de extracción Ra. 

.,., . 

--------------·-...!..-· -~.::-:.;._.:.,.;:..:_,__, . ~--'-...:.·· -----------~----.. ·-·--'------·~_: ___ . '--------·-----'-·---.. -----------·---
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RESISTENCIA EN COMPRESION DE PILARES 

La resistencia en compresión de pilares se determina a par- ·· 

tir de la resistencia en compresión simple de especfmene;·~ 

de laboratoiio corrigiéndose por esbeltez. 

Se utiliza para 
para relaciones 

ello la siguiente 

de esbeltez (~) 
expresión que es válida 

·desde 0.25 a 4.0. ~ 

en donde: e = 
1 

el Cs=C 1[0.778+0.222 '-)1----------(b) \ h . . 

Resistencia en compresión simple para especl 
d -menes con h- 1 

Cs= Resistencia en compresión simple ~e especfm~ 
d 

nes con 11/>1 

d= Diámetro del espécimen 

h= Altura del espécimen 

La resistencia en compresión de un pilar en rocH masjva e--

l á s t i e a puede . e a 1 e u l a r se e o n l a rn i s m a ex p res i ó n sub s t i tu y e._fl. 
a o d. y h por H p y l·i p : , 

en donde· 

Cp= c1[0.778 + 0.222 

Wp=Ancho del pilar 

Hp=Altura d~l pilar 

l·!p 
Hp ) J - - - - - ( b) 

El resultado asf obtenido deberá estar del lado conservador. 

tomando en cue~t~ los siguientes aspecios. 

l;- la resistencia en cornpres1on de un espécimen de sección 

transveisal WxL y WCL como la del pilar es mayor que la 
de'un especimen de sección circular con diámetro.W. 

,• 

. •'. 

... :;' 

·' 

, ·,. .·.. . 
- ------~-~ ___ :. ~--.. _:..:__~ __::_: __ ~ -------------------- - -~ ---------------- __ ;_:::...._::_::::___::_.:: ___________ ....::.._ ____ -_ _:__ -------



-· 2 . - · S i 1 a.-s s u o e r f i e -i e s de 1 n i J a r s o n e .6 n e a v a s en e a s o de q u e 

~stén formados por aberturas circulares, 1~ resistencia 

del p.ilar pudiera ser a·lc¡o m~yor que la resistencia <'le -

pilares con pa~edes rectas. 

3.-:El extremo empotrado de un pila~ formado en roca contfnua 

pudiera ser mayor que 'las restricciones l~terales que ·se 

tienen en un'a 'prueba normal de compresión s.imnle. 

4.- La ecu~ción (b) no da un aumento tan oran~e en la reiis
~encia del pilar para dife~entes relaciones de Wo/Hp co

mo las dadas por otras fórmulas P.ej. si Cp=Cc (~) t Hp 
donde Ce es_i(jual a la .resistencia en comoresión de un-
espécimen cObico; para un pilar con relación Wp/Hp = 4. 

el incremento en la r~sistencia 

diera ser el, doble mientras que 

sulta de 1.66 veces. 

para un oi]ar cúbico 

con la exnresión (bl 
' ' 

pu

re-

(1) Habrá que tomar en cuenta oara considerar· el "ancho efec 

tivo de un pilar'' el efecto del fracturamiento oroducido 
por los explosivos. Se ha observado y medido que la ro

ca fracturada alcanza hasta 1 m. desde la suoerficie del 
pilar.· 

En el caso·cte e\olotaci6n de minerales conviene utilizar 
·voladuras de precorte oara oreserv~r la sa~irlarl d~ la ro 

ca y el costo arlicional rle la vola~ura uor aumento ~e ba 

rrenaci6n y exolusivos se cornpensa con un aumento de ex
plotación de mineral. 

En la exnlotación de minerales usualmente las metas se -

encaminan a una obtención de mineral tan alta como sea -
posible y que sea comoatible c6n la senuridad. 

Un sistema de exolotaci6n a base de ''oilares contfnuos'' 
pudiera no ser la mejor manera de alcanzar el objetivo -

anterior. 
o. 

Por ejemrlo: considerando un cteo6sito en forma de un estra 

,. 

'·., 
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to de 15' de espesor; a causa del 'frac'turamiento de los explo

sivos el espesor efectivo del pilar pudiera ser de 9' .. 

Sin_embargo, si l'a ·relación altura-ancho q*) decrece a! ha--

ciendo Wp=30.'; para una relación de extracción de 75% (valor -
nominal para mi neo .en roca dura) el ancho del salón deberá te~ 

ner 90', un el ar·o que .pudiera s~r.minado sol amente en r~ca' e;c 

cepcionalmente competente. 

Por otro lado, si se utilizara un arreglo tridimensional de 

pilares, la relación de extracción de 75% pudiera alcanzarse -
en el mismo depósito con salones y cruceros con ancho de solo 

30'. 

,. ,. 
30' 

Ra= 1- An 
At • 

,. ,. 
~o· 30' 

R 1 ]O.L ·1 O 25 = 
a= - \9(i+30)-L = - • • 

l 

/ 

" we .. 
1' 

30' r 

0.75 

.. 

'1 

'. 

,., 

' .. 

., 
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Arreglo tridimensional de oiJares . .. 
l'lientras que en los pilares contínuos la relación lonai'·tud a-

ancho del pilar es muy ~rande, en un arreolo tridimensional ~e 

pilares esta relación es de 1 o alQO mayor ~e l. 

El estudio matemático tridimensional de estos oilares es com-
plejo y hay ooca información de modelos fotoelásticos tridimen

sionales. Sin embargo, haciendo ciertas suoosicione~ este caso 

tridimensional puede aproximarse a los resultados teóricos y e! 

perimentales del caso. bidimensional de nilares con~'nuos y una 
ecuación de diseño puede establecerse. 

Las suposiciones son las siguientes: (1} en un arre9lo tridime~ 
sional de pilares, los pilares soportan la carqa total de cover 

tura de roca uniformemente en su sección transversal y el es--

fuerzo promedio en el pilar ouede ser, calculado nor la ecuación 

S p = S v ~ ~ s i e m p re y e u ando ha ya o o r 1 o m en os. 4 o i 1 ares en un s a 
lón, con los pilares extremos al~o menos esforzados que· los oi 
lares centrales, (2). La relación de extracción debe ser alao 

mayor de 75%, valor que es consistente con la práctica minera. 

En este caso la concentración. de esfuerzos oromedio en el ni lar 

puede determinarse por la expresión ~o=Sv ( i-~a ). 

siestas condiciones ~e satisfacen, el esfuerzo oromedio en el -
pilar y la ecuación de diseño· para oilares contfnuos son satis

factorias para el diseño de pilares con arreqlo tridimensional 

como sigue: 

y Ra= _1_ fs x Sv ----e¡¡--

... 

' l 

... 

• • • 4 
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' 
en donde para este caso Co es la resistencia e~ comnresi6n del 

pilar corregida oor esbeltez con la mlnima dimensión rl• ln se~ 

ci6n transversal como ancho del oi lar. 

Para un sistema de arreglo aleatorio de pilares y de forma 

irregular, el área d~ los pilares Ao 

de evaluarse por integración gráfica 

y el área excavada ~e 

rlel área total minarla. 

QUe 

Para un sistema de ollares con forma reoular y con los arre-~~ 

glos que se muestran en la siguiente finura, el área minada 

total pude considerarse comnuesta oor N elementos idénticos ~e 

área ( \4o + Wp) (Lp + W~ ), esto es:· 

At= N(Wo + Wp) (Lo + !~o) 

el área total de pilares es: 

Ap= N (Wp Lp) 

Por l,o tanto el área excavada será: 

A e= N[(!1o + Wo) (Lp + Ho) - Ho.Lol 

y la relación de extracción: 

.1\e -Ra= TI - .1- Hp.Lp = l- Jl.o 
\HoHJP) { lo+l•fo) At 

Verificando la exoresión oara un sistema de oilares con Wo= 
l<o= Lo se tiene: 

0.75 

o-. 

' ' 

~. 

"''. 
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50.-
DISE~O DE MULTIPLES ABERTURAS EM ROCA COMPETE~TE 

CONCLUSIONES 

Las orincioales conclus.iones oertinentes sobre ~1 disen6 rle oila 

res continuos son: 

1.- la máxima concentración de esfuerzos que s~ desarrolla sobre 

las paredes de los ailares de una se~ie cte aberturas horizon 

tales paralelas ~on dependientes básicamente de la comnonen
te vértical de·esfuerzos externos. 

2.- La máxima concentración de esfuerzds de tensión oué se rlesa~ 

rrolla en el techo y aiso de un sistema de múltiples abertu-

ras en un campo de esfuerzo uni.axial, decrese con la aolica
ción de un esfuerzo horizontal que aeneralmente es de compre 

1 sión con Sh~ 3 Sv. 

3.- Para 5 6 mas aberturas en roca elástica la máxima concentra
ción de esfu·erzos de compresión 'son iguales con excepción 

de las orilla~ de los agujeros eitremos, en las cuales la 

concentración ·de esfuerzós es menor. 

4.- En la mayor parte de las operaciones de mineo en las cuales , 
m:: 1/3 el Dr'oblema de diseño de-mÚltiples aberturas se rerlu-

ce al diseño de oilarcs de sonorte estables. 
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Fig. 1. REPRESENTACION ESOUEMATICA 
DE ~EACOMOOO OE ESFUEZOS ALREDEDOR 
DE UN.-TUNEL (SEGUN K"ASTNER) 
r ~ RAOIO DEL TUNEL 
R= RADIO DE LA ZONA PLASTICA 
l:t.R = DEFORMACION RADIAL 
üo= CONDICION DE ESFUERZOS PRIMARIOS 
O" ~ ESFUERZOS TECTONICOS 
üfo yGt 0 =ESFUERZO RADIAL Y TANGENCIAL 
CUANDO A.R:Q 
Gr'yút'= ESFUERZO RADIAL Y TANGENCIAL 
CUANDO HAY OEFORMACION Y SE TIENE-
r • 11 r 
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P'IG. 2- REPRESENTACION ESQUEMA TI CA DE LA CURVA 
G"r/llr MOSTRANDO LA RELACION RECIPROCA ENTRE 
Or,t.r,r/R y T, PARA~ SOPORTES DE DIFERENTE 
FLUENCIA 1 y 2 y TIEMPO DE REACCIO~l (SEGUN FENNER-
y PACHER) . 
G"er" ESFUERZO RADIAL PARA r / R= 1 
G r =ES F UJ¡:RZ9! RADIAL REOUERI DO COMO FUNCION 
DE Ar ~A y !',.,=RESISTENCIA DE SOPORTE DEL 
ARCO EXTERIOR E INTERIOR 
S= FACTOR DE SEGURIDAD 
Cy C' = CONOICION DE CARGA Y DESCARGA DEL ARCO 
INTERIOR 
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Pl pA_'pA ~A :o RESISTENCIA DEL CONCRETO, ACERO DE R 
.., REFUERZO, ARCO DE ROCA .. V ANCLAS. 

Pfl = CAPACIDAP TOTAL DEL SOPORTE 

~~ m~~~RDMARj~~s"Ti2Tdf6HANTE 
G,t =DISTANCIA SOBRE ANCLAS 
S: LONGITUD· DEL PLANO DE CORTE 
W" ESPESOR DEL ARCO OE soPORTE DE ROCA 
O"gd= RESIST!NCIA EN COMPRESION SIMPLE 

DE LA ROCA 
C= COESION DE LA ROCA 
~= ANGULO DE FRICCION INTE~NA 

"&1 fRESISTENCIAL AL CORTANTE DE LA ROCA 
~· = PROPOACION DE RESISTENCIA Al. CORTANTE" 

DEL REFUERZO 
e 5 1 E1

: MODULO ELASTICO DEL ARCO DE ROCA Y 
' DEL ~EVE.STIMIENTO . 

<><S: ANGULO DE CORTE DEL MACIZO ROCOSO 
F'1 : AREA DEL ACERO DE REFUERZO POR METRO 

LINEAL DEL TUNEL 
t 11 .: AREA DE LAS ANCLAS 
r!1 = LIMITE PROPORCIONAL o·E LAS ANCLAS 

"' DE ACERO · 
~R: RESISTENCIA CORTANTE DE LA ROCA 

O"Jh~5~~~~~pENORMAL SOBRE EL PLAN? DE 

<><:V: ANGULO DE CORTANTE EN LA ROCA 
lt' == INCLINACION PROMEDIO DEL PLANO DE 

CORTANTE 
/Jo;¡= INCLI NACION DE LAS ANCLAS 
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FIG.3. ESQUEMA DE OISEtitO DEL ARCO EXTERIOR PARA UNA 
CAPACIDAD OE SOPORTE DADA. 
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FIG.4. DIAGRAMA ESQUEMATICO 
DEL COMPORTAMIENTO DE LAS 
ANC CAS 1 NYECTADAS 

a~::: ESFUERZO RADIAL DE FRONTERA 
['t,ESFUERZO TANGENCIAL DE 

FRONTERA 
<n'=ESFUERZO RADIAL 
O'"t= ESFUERZO TANGENCIAL 

(!'o 11 1'H 
cr:n = ~f&~!R(O TANGENCIAL PROMED10 

&.-•ADHERENCIA MORTERO-ROCA ¡:.' :rRESISTENCfA DE ANCL:A EN EL 
RE\IESTI MIENTO 

fe = AREA DEL ANCLA 
ae =RESISTENCIA A TENSION DEL 

ACERO 
F=AREA DE LA PLACA 
d"' OIANETRO DEL BARRENO 
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F 1 G. 5' SECCION NORMALIZADA DE MEDICIONES MAS IMPORTANTES 
R1- R8 =CELDAS DE PRESION RADIAL 

T- Te =CELDAS DE PRESION TANGENCIAL 

H¡,H2>H3cLINEAS DE MEOICION DE CONVERGENCIAr 

Ej E6= EXTENSOMETROS LOt-lGtTUDI NA LES 

E;' E;~EXTESOMETROS CORTOS 

V , v-: PUNTOS DE COI'iiTROL TOPOGRAFICO EN PISO Y TECHO 
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Los procedimientosmás usuales soY\·, 

-. Excavaci¿n con: escudo 

· - Ca1o V\ e. S \·wV\4 ·,Jos 

Lo5 es:cudos ~U:ede<A ser 'alo\ertos o c:err.:Jdos SejLÍvl b. 

i-eMc.io. del ~~e\o. 

C.UCLY\do eJ sttelo es -vnuy blo..Yido se usDM los escudos c:errr<Ado$ 

coVJ ci.wo.ro. de pn:-sio'v¡ a\.~r~te ~o. sea c.oVt a.\re prcsui-Íí'él

do 'o \'ado p1'esuri:z:ddo po.r~ evibr L?. exhus;,¿'lf\ de\ s.ue\o 

hacia e.\ escudo. E..V1 ó('1ulflos casos ~e lrlJ t'ecurrido a la 
~ . ¡ 

COVl]elo.c\ÓVI det 'SUelo pctr~ mej'oror 5Lt C0\11Sisttu_(;_,:o_ j p~er-

\o ex e o. \fo.x., ; 

E..J "M~Je.rio.\ exco-"o.do se vne2'cla :i se 6o~t~beo. cow¡_o \oclo 

(s \u r r:s) · ~~c.-\v.. . o. tu. e~~"- ci OV'i Je se se po.n:.~ d 09 u o.. Je \os : 

so\i.Óos po.rp.- volver a uti\i2cnse... 

Re.lle.~o~odeWlod·cro Cortadores f\u1·o de(sue\o 
~Jf?.:.'_IYI;J~d~d~ ), ____ (extru~íón) 
e;:::;:~ -4~; ~~---·. ~~====~~=.t(/7 ~ . ' 

. . Gato hidrCÚl\ic.o - · ""f-f:\ 
· '-----' 5omba . ·- :,lg 

l:kvelas de ~oVIl~cto Ac.e\\-e hidr.l::>oW>'o<>. 1'-1e~d"dor- ::; 

l" r.:: . , 4 • , 

1 CJ . ; 1 Lo.loi---[Odo ~BH_~_' ~: . ', 
' 1 ., ...... ',"!)' 

'"-""' 

fRINC\f\05 DE.L C'SC.L\00 ,\Aire.olodocoVY\pl·,i~ido 
: : ! ! ' 

Lo. excel.'/acióV\ de.\ ~re>1~e puede. hac.ersc: a 1/Y\óVlo o ces~ co:d~do;es 
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NUMERO DE CARTUCHOS POR CAJA DE 25 KGS. 

DIAMETRO ·---·-
203 mm (8") 

f-- ( 1 ") 
···- --~·-

25 !Tllll. 

29 rnrn. (1 1/8") 
32 mm. (1 1/4") 

Gases tóxicos: Mínimos, dose 1 

Requisitos de cebado: 

209 
165 
137 

Un fulminante ordinario No. 6. Por las 
características de ruptura del material 
de la envoltura, para introducir el 
detonador dentro del cartucho, se 
recomienda hacer la perforación en un 
extremo frontal ¡unto al cierre 
metálico. No se rec"omienda perforar 
lateralmente el cartucho. Es . 
indispensable asegurar que en el 
mane¡o del cartucho cebado, el 
detonador no se salga del cartucho. 

Densidad: 1. 1 O grns/cc. 

Energía 

Tovex• 100 

Dinamita fxtra 40% 

Dinamir¡¡ Golatin;¡ 40·:o. 

'Dinamita Seminf!latina 

o 0.7 04. 0.6 0.8 10 

~NI flGIA lCALIG x 103) 

Velocidad 
·-· 

DIAMETRO M/SEG PIES/SEG 
1------~-:~ 

32 rnm (1 1/4") 4050 13300 

Resistencia Ol agua: Excelente. Sin envoltura, 
sumergido en agua, mantiene sus 6ptimas 
velocidad y energía. 

LONGITUD DE CARTUCHO 

305 mm ( 12")* 406 mm ( 16")* 

139 105 
110 83 
90 68 

venta¡as: 
. itud Long . op tativa 

l. Cargado: TOVEX 1 00 es sensible a 
la cápsula. Se ceba y se carga de 
manera similar a las dinamitas. Su 
habilidad de compactación 
proporciona el máximo 
acoplamiento al barreno y la 
máxima densidad de carga. Basta 
un leve empu¡e del atacador para 
llenar el barreno. 

2. Plasteo y Moneo: Superiormente 
efectivo para ambas operaciones. 
Excelentes plasticidad y 
adherencia. 

3. Gases Toxicas y Humos: 
Mínimos, clase 1. 

4. Propagación Entre Barrenos: 
Los hidrogeles TOVEX están 
diseñados para minimizar la 
propagación entre barrenos. Toda 
sistema de retardo para aumentar 
la fragmentación y para reducir la 
vibración funcionará 
apropiadamente. 

· fsttis inlnrm<rcioni!S y ~l!gerenr:in~ estón bmodos t:n lu ~~xr)(:ri1:nci<r d.-! Du Pon!, S.A. de C. V. y se ofrecen como parte 
del s.ervKio u sus cnnsun1idoff~s. Se pH~~UfXmc qut: los pr{xlurtos explosivos será':! usados p::x personOs con el 
suficienl•~ t:unócimiento técnu:o porn poder oprtxinr" d rie~go qutl acompoi1o su uso .. Lo compañía Du Pont no 
gmontizo rt·~sultodos fovoráblcs ni o~tmu: respünsobilidorl nlgunu por cuanto a la interpretación de sus sugerencias. 
Estu infonn(ición no se ofrect) como ouldri;;rx:ión poro usar' u violar cl)(]lquier patente existen!!~. 
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Tllllex 100 es un hidrogel (explosivo 
licuado)de diámetro pequeño, sensible 
al fulminante, diseñado para usos tanto 
subterráneo (excepto minas de carbón) 
como a cielo abierto en barrenos desde 
25 mm ( 1 ") hasta 50 mm (2") de 
diámetro. Excelente para plasteos y 
moneas. 

Cebando un cartucho de TOVEX 

propiedades y 
es pe e ificac iones 

COMPORTAMIENTO: Adecuada 
densidad, velocidad y alta energía. 
CUENTA DE CARTUCHOS: 
Los cartuchos son de 203 mm (8") 
de longitud. Optativamente 
pueden ordenarSe también en 305 y 
406 mm ( 12" y 16"). Se empacan en 
cajas de cartón de alta resistencia con 
25 kgs. netos. 

Cargando en una operación subterránea 
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Tovex 700 es un hidrogel (explosivo 
licuado) sensible al fulminante. Su 
diseño está particularmente dirigido 
para los diámetros de borrenoción 
intermedios desde 50 mm (2") .hasta 
150 mm (6"). De gran. versatilidad, 
tiene los característicos y propiedades 

propiedades y 
especificaciones. 
Densidad: 1. 18 grns./c.c. 

Energia: 

r------··--·-
••• BIIIIiillllllllll·- Tovex• 700 

Oinam1ta E~.11a 60% 

Gola m ex 

Gelatina 60% 

~~~~~~ ~~ 

O 0.2 0.4 0.6 OR 1.0 . 1.2 1.4 

ENERGIA (CAUCC X 1 Q3) 
-------' 

Velocidad: 4800 m/seg (15750 p/seg) 
Gases Toxicas: Mínimos (Clase 1) 
Resistencia al Agua: Excelente 
Cuenta de Cartuchos: 

Oióm. del Cartucho Núm de Cartuchos 

mm, plgs. por c!"ia de 25 Kgs. 

44 l 3/4 32 
50 2 24 
64 2 1/2 17 

76 3 11 

Lo longitud de los cartuchos es de 

406 mm (16 plgs.) ' 

requeridos poro todo tipo de voladuras 
de roca y mineral de duro o mediano 
dureza en minos subterráneos, tojos 
abiertos, conteros y construcción en 
general. Muy eficaz en plosteos, con 
superior plasticidad, consistencia y 
adherencia. 

requisitos de cebado: 
Un fulminante ordinario No. 6 (Una vuelta y un 
nudo de Primacord* Reforzado de 50 granos, 
equivalen paro el caso con este producto a Un . 

. fulminante No. 6) 

a 1 macenam iento 
y transporte: 

TOVEX* 700 es compatible con los altos explosi
vos (dinamitas y ag"entes explosivos). Es incompa
tible con los accesorios detonadores (fulminantes, 
estopines, etc.) En condiciones adecuados de al
macenamiento, polvorines secos, frescos- y bien 
ventilados, puede conservarse durante l año. 

USO: 

TOVEX* 700 es sensible al fulminante. Para ini-. 
ciorse no necesita ser cebado. Es un extraordina
rio producto como carga de fondo, carga de 
columna, como cebo iniciador de otros explosivos 
o agentes explosivos y como explosivo Para plas- · 
teas. 

1 •• 
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ventajas: ~,\~ 
1 ' \ ; ., 

~ -- •. - ~ 1 . '1 . 

l. Sensible alifulmin'ante.\ No requiere cebo 
suplementorio. -:· ~ 

2. Versatilidad. AdJ2Godo paro usa. en barre
naciones de _diámetr:.o intermedio, (desde 50 
mrn hasta 150 mrn) en. O~Jerociones Sl~bterrÓ
neas y de superficie: 'Excelente puro plasteo. 

J. Carga. Lo variedad de diámetro en étue es 
obtenible permite gran flexibilidad al diseño 
de voladuras- y' al ca_rgado de bormr~os · 

4. <;;ases tóxicos.- Mínimn producción de gases 
tóxicos y humo. 

1':' --~ .1 

l -~ . 1 

5. rS~g~ri~ad 1
incremEmtada. Menos senSibil·¡_ 

dad al1mpocto, al 'golpe y al fuego. 

6. Resiste~cia al Agua. Excelente. Superior a 
la de los explosivos tradicionales. 

. 7. Propagación entre Barrenos. Está diseñado· 
poro minimiZar la propagación entre borre
nos en plantillas normales; por lo tonto", todo 

diseño de retardos con el fin de mejorar la 
fragmentación y.de reducir la vibración, fun
cionurá más apropiadamente. 

bro~ inlorrn(J<.i<:uJc~:. y :>IJ~¡eren(io:; o:stc'Jn IJ(l:;cui¡J~ Cll lo r:xp,~liCIICin de~ Du Pon!, S./\. de C.V. y 5t: ofrecen como por1e de! 
~e1vi' io >1 ~~~~ o;ucJsun,idon!:.. Se! I'II!SUfXJih; '\IJ'! lo~ ¡HorloJf.t(,~. C\fJic•~IV05 ~cré1n u:-.t1Jo5 por personas con el suficiente 
(<Jnl.x·imiwlltl rl:cniCO ¡)Uro fX)cler '11 Jr eciw •.:1 1 i·.!~\10 qut' 111 orr1¡ ~ 1Í"n1 ~u 11~0. l. o corn¡loiHu Du Pon! no garontizo resultados 

'towllllhle!> ni ¡¡•;ume 1esponsubdidnd olgunu ¡>or CIJOnlo u In 11\lerpletocH)n rle su~ su\Je1cncrns. Esto inlorrnoción no se. 
ol1t:<.C ¡·omo outCJri::ución f"XliCl u~ru o viol<11 cuolqui•~r p:11l~nlt! ~JY.ÍSI<•nlc. 

DU PONT, S.A. DE C.V. DEPARTAMENTO DE EXPLOSIVOS 

HOMERO 206 MEXICO 5, D.F. TEL: 250-90-33 
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. Super Mexamon* O reune las 
características principales de los 
Agentes Explosivos: seguridad, 
economía y la eliminación de los 
malestares físicos producidos por las 
Dinamitas. Conjunta las 
propiedades principales de trabajo 
de los altos explosivos potencia y 
velocidad, pero con·dos ventajas: 
baja densidad, que permite ahorros 
substanciales y resultados 
superiores, al hacer posible la mejor 
distribución de la carga explosiva en 
el barreno. Además, un mínimo de 
gases tóxicos que lo hace indicado 
para uso subterráneo. 

PROPIEDADES 

Potencia: equivalente a Dinamita Extra 65% 
Densidad vaciado en el barreno: 0.65 grns.lc.c. 
Densidad soplado neumático mente: O. 75 
gms./c.c. (a 4.20 Kg./cm2 ó 60 lbs./pulg.2) 
Velocidad: 3,800 rnts./seg. (12,500 pies/seg.) 
oprox. 

usos 

Super Mexarnon 1
· D propo1·ciona buena 

fra9mentoción en roca de mediano durezo. 
Super Mex(nnon* D está diseñado poru uso en minas 
bCliO tierra. Fluye perfectomcnte con cargadores 
neumáticos y se compacta perfectamente aún en 
borrenaciones de contra·pozo. 
Super Mexarnon* Des del todo recornendoble para 
ser empleado a cielo Obierto. Fluye con toda 
facilidad en barrenos inclinados. 

VENTAJAS 

·:>.Potencia: La velocidad de Super Mexarnon* D y 
la energía que desarrolla por su gran volúrnen de 
gases de expansión lo equiparan en potencia a la 

Dinamita Extra 65% . 
J. Distribución de la carga: Super Mexaman* D 
por. su baja densidad permite la mejor distribución 
del explosivo en el barrer1o y en consecuencia, una 
mejor fragmentación. . 

4. No requiere mezclas odicionales: Super 
Mexamon* O es un Agente Explosivo . 
cuidadosamente forrnulado e integralmente 

elaborada, lista para cargarse directamente de la 
bolsa, tol corno se ernpaca. Resultado: economía, no·. 
hay desperdicio. 
5. Sensibilidad Super Mexamon* D ha 
demostrado ser más sensible a la onda de detonación 
que cualquier mezcla de Nitrato de Amonio y Aceite.' 
Diesel o combustible. · '. 
6. No es aceitoso: Super. Mexamon* O por su .:<" 

·elaboración integral, ofrece las máximas · 
comodidades al usuOrio. Está libre de migraciones y 
evaporaciones. 
7. Resultados reproducibles: Con Super 
Mexornon* D los resultados obtenibles, voladura tras 
voladura, son constantes y reproducibles siempre y 
cuando se cebe opropiadamente. ·Los resultados 
constantes no son posibles en las mezclas de Nitrato 
de Amonio o fertilizantes con combustibles, debido a 
los tantas variantes que intervienen en su 
preparación. 
8. Seguridad: Super Mexamon* D no contiene 
nitroglicerina. 

l. Versatilidad: SupÚ tv\exomon* D puede tJSorse 9. Economías: Super Mexarnon* D puede en 

tnnto en minas ·oo¡o rierro corno en ~peracione_s ~~~-~---- _,·,_l:rtuchos casos sustituir ventajosaniente a los otros 
cielo abierto. l."··- ,_·;;~>Q~:~gxplosivos, más altos en precio. 

/~_:::;~n~ . 

~ ; 

-~---------·---· -~~ _ _"_:_ ____ · __ ._· ---'-------~--· -·-·--·-----~-'---------~ 

• 

,. 



;.-

., 1' 'J 

INICIACION 

El ini_ciador o cebo recomendado poro detonar el 
Super M.axamon ~ D debe ser ui-1 explosivo potente y. 
violento, tal como, 1) T ovex 100 y 
2) T ovex 700. El cebo de iniciación 
debe.constituir un 15<Yo. 
aproximadamente, en peso, del totol·de lo curga 
explosiva en el barreno. En barrenos largos es 
recomendable usor rnÓ5 de 1 cebo de inic.iación y 
cordón detononte "Primocord" o "E-Cord" a lo 
la nao del barreno, distribuyendo los cebos a 
intervalos máximos de 5 metros; es decir, debe 
distribuirse el ceba total a intervalos a la larga del 
bor,reno dejando siempre en el fondo la rnayor 
cantidad del cebo iniciador. 

ALMACENAMIENTO 

Super Mexnmon* D debe olrnacenorse 
considerándolo para el caso, corno cualquier· utro 
nxplosivo. Es aconsejable dar rotación a las 

ex¡stencios almacenarlas, usando siempre 
primero el rnaterial rnás antiguo. 

CARGA 

En operacionCs·o cielo abierto, Super Mexomon* D 
puede corgorse por gravedad, vaciada. Lo tabla a 
continuación muestro aproximadamente los kilos por 
metro lineal de barrenos de varios diámetros. 

Di6melro Barreno 
cms. (pulgs.) 

2.54(1) 
5.08 (2) 
7.62 (3) 

10.16 (4) 
12'70 (5) 
15.24(6) 
' . 

EMPAQUE 

Kg. por Metra lineal 
de Barreno 

0.329 
1.318 
2.964 
5.270 
8.234 

11.857 

Super Mexomon*. D se en·v'oso en bolsas de papel 
tnulticopos con forro interior de polietilei1o. Cada· 

soco contiene 25 Kgs. netos. 

EstOs inlormociones y sugere11cios esrcln bo~odos en lo exp1:rie1:ci(J clt! Dupont, S.r-\. de C. V. y se ofrecen como porte del 
ser\;cio a su:. con3utnido•e! .. Se pre:.upone que IQs producto:. •.:·plc·~ivo<> serón usado~ por per:;c:mos con el suficie11te 

conocimiento técni<.o poro poder opreóur el rie~·tF' que O(OmfY.lilO :.•.o uso. Lo compañía Du Pont no garantizo r esultodas 
favorables ni osurne responsubilidnd olgu11o p01 cuanto n lo interp1r!:ac1ón de sus sug•~1encius. Esto inforrnoción no se 
ofrece como outorización poro usar' o vio\or cuulr¡uier pulenle m.i~lt~nte. 

.... 

DU PONT, S.A. DE C.V. DEPARTAMENTO DE E~PLOSJVOS 
HOMERO 206 MEXICO S, D.F. TEL: 250-90-33 
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vcrj imporfant, particularly t"o rock 
fnH:turing, is thc type. ond strcugth 
of thc bonding betwccn individual 
grains. For cxample, rock may have 
pronounccd jointing at widcly sep
aratcd distJnccs, but the material 
betwccn joint. planes may be strongly 
b~ondcd, or · massive in charactcr. 
Largc bouldcrs invariably rcsult 
whcn blasting is carclessly done un
der this condition. On thc other 
hand, rocks may be highly bminated 
or stratificd, e>r the bond bctwccn 
grains may be vcry wcak, so that 
fr.agmcntation is always casily ac
cumplbhcd by merely moving the 
m:Jtcrial from its original place. 

Resilience This propcrty, sorne-
times callcd spongi

nc.ss or to~g.hness, rcfcrs to thc elas- . 
ticitv of a matcri.1l. It is uscd to 
cxp;c:>s thc cap<.~.bility of a rock to 
rcsist shock and rccover 'its original 
position and shape ·without bcing 
rupturcd. lf a rack on bcing 
dropped, for cxamplc, makes a dull 
thud ami does not rebound, it would 
he very dilficti!t to break by impact. 
Brittlc rocks, howcvcr, shattcr casily, 
particularly those types having a 
high silica (quartz). content. A 
blaster can gcncrally determine 
quite ea.<ily whcthcr or not a ma
terial will break into small sizes or 
large coarse fragments by conduct
ing a simple drnp test. Furthcrmore, 
the. test providcs a clue as to the 
energy a bsorpt ion powcr of the ma-

. teriaJ, which is i_mportont for esti
matíng the amount o[ additional 
charg~, or cncrgy, that would be 
nccessary to overcome expected en- . 
crgy losses. 

Strength Of the characteristic 
strengths of materials, 

blasting is normally concerncd only 
with that of tension. Most rocks are 
very wcak in tcn.sion, more rcsistant 
to shcar, and strongest in compres
sien, having approximatcly only one
tcnth the resistance to tensile rup
ture tl:at they have to failure by 
compression (Table 7). However, 
shcar is not actually a force by itself 
but rnthcr the result of two forces, 
cither two h!nsile or two compres
si\'e fürces, or a combination of one 
of each, whi.:h act along dilferent 
lincs and directions. 

To know the actual strengths o[ 
a mataial, samples must be tested 
in a Jaboratory. (Regular \ensile-

•·:, 

1 1 ) _, 
' T:•:hle 7-Prupatie~ of Yuriuus Sclt•ded Matcrlals 

J"mne and Location 

Cumpns.~ive 
Strcngth 

(p.\i) 

Modulus 
of Rupture 

(psi) 

Spcdfic 
Gnu:ity 

(SG) 

Ut:n.,it)' Lon~iludinal 
(dT) \'clocih· (v¡) 

(too/cu. ft.) ([pi) 
-----------·------------------
Amphiholitc: (fine grain, 

India} .............. . 
na~alt (Ncw ·York) ..... . 
B:J~:.Jit tMichigan) 
B:~~alt gL1~s ........ , .. . 
Diaha~c (fine grt:~in, 

61,400 
46,600 
33.400 

Michigan) ............ 44,200 
Dolomitc (Mi~~ourí) . . . . . 8,l:WO 
Dolomite (Tcnnc\~cc) . . . . 46,700 
G:~hbro (altcred, New 

York) ................ 40,200 
Gr:mitc (Ccorgia) . . . . . . . 28,000 
Granitc: (Vermont) . . . . . . . 33,200 
Clr~nitc (Ncv:tda) ]9,500 
Granitt~ (North Carolina) . 30,400 
Grt•cn:.tonc (Michigan) . . . 45.500 
Gypsum (lndi<1na) 3,200 
l.imcslonc (Ohio) . . . . . . . . 2::-\,500 
Lirncstonc (Utah) 2K,OOO 
Lime~tonc (fo~~ilifcrous, 

lndi:ma) . . . . . . . . . . . . . 10,900 
Lime~ton:: (West Virginia). 23,000 
Marblc (~1aryhmrl) . . . . . . 30,800 
M~nblc (Ncw York) . . . . . 18,400 
Ob~idian .............. . 

7,400 
R,OOO 
3,800 

.1,300 
1,000 
3,800 

.1,400 
2.000 
2,Y00 
3.900 
1,600 
3,300 
1,200 
2,900 
2,200 

1,600 
1,900 
2.800 
1,700 

3.12 
2.94 
2.8S 
2.81 

2.94 
2.80 
2.84 

2.93-
2.64 
2.66 
2.63 
2.60 
3.30 
2.32 
2.69 
2.78 

2.31 
2.68 
2.37 
2.72 
2.3S 

0.097 
0.092 
0.089 
0.088 

0.092 
0.087 
0.089 

0.091 
0.082 
0.083 
0.082 
0.081 
0.103 
0.072 
0.084 
O.UB7 

. 0.072 
0.084 
0.074 
0.08S 
0.073 

19.000 
18,700 
15,200 
~1.000 

16,700 

17,900 

t 7 ,600 .. 
8,900 

11,100 
14.500 

8,000 
16,600 

15.400 
15,900 

12.400 
16.400 
13,700 
14,500 
16.100 

Quart1.ite (taconite, 
~tinnc~ota) .......... . 

Rock ~alt (Loui~i:llla) 
Sandstonc (Ohio) ....... . 
Sandstone (West Virginia). 

91,200 
5.000 

10.400 
19,400 
11,500 
26.BOO 
31.300 
11.600 
)4,.l00 

3,400 
Ncgligible 

500 
3,400 

2.75 
2.50 
2.06 
2.50 
2.17 
2.76 
2.81 
2.40 
2.72 

0.086 
0.078 
0.064 
0-078 
0.068 
0.086 
0.088 
0.075 
0.085 

18,200 

5,600 
12.900 
8,400 

12.SOO 
14,900 
13,600 
14,500 

Sandstone (Ut~h) ....... . 
Sand~tonc (Ah:bama) ... . 
Shale (Utah) _ .......... . 
Shale (Wt.:st Virginia) ... . 
Sycnitc (Ncw York) ..... . 

620 
2,200 
2.500 
4.:wo 
2.BOO . 

Alluvium. broken rock, 
loess ............ · · · · 

Clay ............. . 
Air ................. . 
\Vater ................ . 

strength tests are usually difficult to 
conduct.) Howcvcr, tests for what 
is known as thc modulus of rupture 
are much easier to pcrform; yct they 
provide information that is just as 
uscful in providing tcnsile-strength 
data of cqual practica! value. In 
fact, the laboratory fest ·ror the 
modulus breaks saniples in tcnsion 
by bending test slabs until they frac
ture, much in the sarne mJnncr that 
rack is stretched and broken at an 
open face during blasting (Fig
ure 3). 

Quite often it is impossible or 
quite impracticable for quarry op
erators to have tests conducted: 

· Also, test rcsults on s:unples may 
not neccssariJy providc information 
on the over-all strength o[ a rock 
deposit, except whcn the material is 
homogcncous and very masstv~. 
Neverthcless, if te.sts could be made, 
thc data would aid greatly in deter- -
mining the stress levels (psi) re
quired for fracture. lt is the rcsist
ance. to tensile rupturc that. must be 
cxceeclcd by thc cnc¡gy pulses at 

-.~ .. 

1.3-1.5 
2.58 
0.0012 
1.00 

0.044 
0.081 

0.031 

2.300 
5,900 
1,080 
4,750 . 

the free faces, and thus, if known, 
could also give an approximation of 
the required burden dimension and 
the explosive pressures needed for 
proper breakage. In the event spe
cific test data cannot be obtained, 
the operator may find the. infÓrma
tion in Table 7 quite useful. From 
the various moduli listed for mariy 
of the representative rock-types, a 
practica! estimate can be made tbat 
will approximate the characteristicS 
of his particular deposit. 

Density Denser materials require 
· greater amounts of work 

energy to. be satis[acto'rilY, broken 
and displaced, and heavier explo- · 
sives or large charges will therefore 

· be nceded. Howéver, from Table 7 
it can be concluded that for most 
rocks there is. a very narrow range 
of density differences, with SG values 
varying from 2.3 to 3.3 in most in
stanccs. The matcrials generally re
quiring blasting have densities con
fined to the 2.5-2.9 SG range. This 
can be interpretcd to mean that the 

,, 

¡. 

·.~ 
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T/\llLE 1 · 

C!iARf,CTERISTICS OF SOIIE INGREDIEr<TS USJ::D Ill EXPLOSIVE tiiXTUI{ES 

Corwound • Short tiar.-.c 

Chloratü 

Freezing 
Temp., 0 f 

695 

Explosion 
T 'o emp., F . 

752 (Decomposc) 

4Na~o 3 Su· 585 712 (Decomposc) 

4N 2H4o
3 

AN 340 460 
. 4C

3
N

3
t:

5
o

9 
NG SS 420 

4C2 N2h 40
6 

rGDN - 4 239 (Boi1s) 

4CaC0 3 Limestone 

4C 5 N4 H8o12 * PETN 282 420 

4C/1 0 H6o6 * RDX 252 500 

4c N H 0 ~~!trocellulose, 212 (Decomp~) 345 
~ 3 7 11-~1trostarch 250 

1JC 6 t1 3!1 3o7 Picric Acid. 255 610 

4C 7N5H5o8 T~t~y1 265 495 

4C 7 N3H
5
o6 TNT 180 888 

'•C6H10o5 Cellulose, \!ood Pu1p, or Starch 

4C 7N2ll 60 4 D!IT 158 752 (Decompose) 

'1Pl>N6 · Lead Azide 480 (Deconip.) 660 

Ideal Reaction Products -----------
t 60

2 
t l!KC1 

4i~O + 30 2 ~ 2Na
2

0 

Bll 20 + 311 2 + 2!!02 

10H20 + 5N2+12C02 + 2WO 

Bii
2

0 + 4,1
2 

+ sco
2 

, l!C02 
16ti

2
o + 8u2+12co2 + seo 

12H
2

0 + 12N
2 

+ + 12CO 

6H
2
o + 6!1

2 
10H

2
ó +10ll

2 
101-!20 + 6N'2 

201120 
12li

2
0 + 4N

2 
12i~2 

+ 22CO 

+ 22CO 

+ 14CO 

+ 4CO 

+ 4Pb 

+.l!CaO 

+ 2C 

t 6C 

+14C 

+24C 

+24C 

J\vai 1 ati1• 
Oxy~en 

Atoms 

12 

10 
1} 

2 

o 
o 

. -- 8 

-12 

-18 
.... ~-. 

-26: ,,_, 

-31¡ 

-42 

-48 

-52 

NOTE: * - These compounds are used in the water-wet condition. PETN can be initiated 
by a single #6 blasting cap with up to 35 per.cent water_content. Witro
cellulose and nitrostarch are very _sensitiva to initiation ••hen dry. 

u 
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TABLE 2 

HEATS OF -FORMATION FOR SELECTED · 
CHEMICAL COiíPOUNDS 

8. 

(Rf: Handbook of Chemistry and Physics, 48th Ed., 1967-68) 

, __ 

- '·, 

Comoound 

Corundum 

Calci1:e 

Lime 

Paraffin 

Forr.1aldehyce 

For;:-.ic acid 

Methyl alcohol 

Nitro:nethane 

Hethane 

Urea 

Acctylene 

Oxalic acid 

Ethylene 

Acetic acic 

tthylene glycol 
dinitratc 

Ethyl alcohol 

Ethane 

RDX 

.Propane 

Clycerine 

li i troglycerine 

:Putane 

PETN 

Pen1:ane 

Picric-acid 

Formula 

Al O 
Al O. 

2 
Al 2o3 
CaC1 2 
CaCo 3 
Ca O 
cao2 
CH 2 
CH O 2 
CH 2o2 
CH 30h 

CH
3

0
2

11 

CH
4 

CH 4 o;~ 2 
C2H2 

C2h204 

C2h4 

C2H402 
C2H4o6li 2 

Form -
g 

g 

S 

S 

S 

S 

S 

S 

g 

.._g 

1 

l 

g 

S 

g 

S 

g 

l 

l 

l 

g 

S 

1 

1 

e· 
S 

g 

S 

---- ·-·-------·----------------------

Mol. Wgt. 

43.0 

70.0 

102.0 

111.1 
100.0 

56.1 

72.1 

14. o 
30.0 

46.0 

32. o 
61.0 

16.0 

60.0 

26.0 

90.0 

28. o 
60.0 

153.0 

4'6. o 
30.0 

222.1 

44.1 

92.1 

227.1 
59.0 

316.1 

72 .l 

229.0 

Qp or Qr 
K cal /r.1oH.: 

+ 10.7 

- 31.7 

-399.1 

-190.0 

-288.5 

-151.9 

-158.3 

7.0 

- 27.7 
86.7 

.: 57.0 

- 21.3 
17.9 

- 79.9 

+ 54.2 

-197.6 

+ 12.5 

-116.4 

- 56.0 

-66.4 

- 20.2 
+ 18.3 

- 24.8 
+159.7 

- 82.7 

- 29 .-e 
-123.0 

35.0 

- 53.5 

ú) 
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TABLE 2 (cont.) 
1o·; · 

' 
Qp or Qr 

Compound Formula ~ Mol.\'lgt. Kcal/rr.cle , 
1 

Sylvite KCl S 75.6 -104,2 1 
Potassium chlora"te KC10 3 G 122.5 - 93.5 

' 
~ Pot.:~s::;ium pcrchlorate KC104 S l30.G -103.6' 

Salt pe ter KN0 3 S 101.1 -117.8 
Caustic po1:ash KOH S . 56.1 -111.8 

K20 S 94.2 - 86.4 

; Arcanite K2S04 S 135.2 -342.7 
~. 

Periclase MgO S 40.3 -143.8 
Halite NaCl S 58.5 98.2 

Sodium chlorate NaCl0 3 S 106.5 - 85.7 

Sodium perchlorate NaCl0 4 S 122.5 - 92.2 

Na2co 3 S 106.0 -27 o •. 3 

Soda ni ter . NaN03 S 85.0 -101.5 

Caustic soda Na OH S 40.0 -lü2.0 

Na2o S 62.0 - 99.4 
~/ 

: N+ ion 14.0 + 85.1 -
Am:nonia NH 3 g 17.0 - 11. o 
Sal ammoniac NH4Cl ll 53.4 - 75.4 

Ammonium hydroxide N!-i 50 l 35.1 - 87.6 

NO &, 30.0 + 21.6 

N0 2 g 46.0 ' 8.1 

Amrnonium nitra te a2H4o3 S 80.1 - 87.~ 

N O 2 !; 44.0 + 19.5 

N203 g 76.0 + 17.4 

N204 g 92. o + 2.3 

N~05 7 108.0 + 3.6 
~ 

o ion 16.0 + 59.2 

Lead azide PbN 6 S 291.3 +110.0 

so2 
,g 64.1 - 71.0 

503 g 80.1 - 95.1 

Quartz Si O 6 60.1 -205.0 
' 2 

'-J· Zincite ZnO 9 81.11 ·- 83.2 

-------- ---------------------------
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11. 
TABI..E 2 (cont.) 

ATOMIC \JE:IGETS 

Al = 27.00, e ;; 12.01, Ca = 40.08, ci : 35.46, H ;; 1.01, 

Hg = 200.61, K = 39.09, Mg = 24,31, N = 14.00, ... 
J• a. = 23.00, 

o = 16.00, Pb ;; 207.21, S = 32.07, Si = 28.09, Zn = 65.37 

fQ_N_vERSION · FACTORS 

1 lb = 451t gm, l cal/gm = 1403 ft-J.b/lb, 1 BTU .: 252 cal 

,_ . 

..1!...-------··-~--· 



TABLL 3. 
r .i' \ 
~~- ./ 

HEATS OF EXPLOSION '(Q ) FOR SELECTED e 

l::XPLOSIVE COt1POU!:DS AND MIXTURES 

Formula -· -----.·· 
(Sa1t pctcr) KN03 
(SN) NaN0

3 
(AIO N

2
H40

3 
CNG l c

3
N 3H5o9 

CEGDNl C2N2H40 6 
CaC0 3 

- --;;- CPETN) c
5

N
4

H
8
o12 

(RDX) C}' 6H6o6 

'·-... 

,_ 

(NC&NSl c6N 3H7o11 
(Tetryl) C¿IJ 5H5o8 
(Picric Acidl C6N3H3o7 
(TNTl c

7
i0:

3
H5o6 

CDN7) C7N/I604 
(Cellulose) t 6H10o5 
(Starch) C

6
P.10o

5 
(Lead ozide) PbN2 
CFO) CH 2 

KC10 3 

2CH 2 + 30 2 (23/77) 

e + o 2 (27/73> 

e •· 2At;. (7/93) 
CH + 

2 
2fj!. ( 8/92) 

Cl!2 + 3AN (6/94) 

CH 2 + 5Ñ'l (3/97) 

Cellu1ose + 12AN (15/85) 

2CX 2 + 9Ail + 2A1 (3/90/7) 

2cn,., ·• 
~ 

·SAN + 4A1 ( 218 5/13 l 

2CH 2. + All. + 2SN (10/29/61) 

. . 

.. A. CmlPOUNDS, 

Products 

K20 ,No,o 2 
11a 2o ,NO ,02 
t'i' .u? \~'02 
H20 .~~2 ,1-"<·NO 
H20,N 2 ,co 2 
Cao,co 2 
H2o,N 2 ,co 2 ,CO 
H2o,N2 ,co 
H2o,N2 ,co2 ,co 
H2n,N2 ,co,c 
H2o,N2 ,co,c 
H20 ,}r

2
, CO, C 

H2o,N2 ,co,c 

H20,C 

E2o,C 
N

2
,Pb 

H2 ,c 
KC1,02 

B.MIXTUJ<ES 

H2o,co2 
co2 
P. 20,N 2co 2 
E2o,N 2 ,co 
H

2
o ,:,;

2 
,co 2 

E2o,H2 ,co 2 ,1'JO 

H2o,!I 2 ,co 2 
H20,N 2 ,co 2 ,A1 2o3 
H20 ,N 2~o 2 ,A1 20 3 
H2o,1:2 ,co 2 ,Na2o 

Qe' 
cal/r:m 

+956 
+860 

-663 
-1,468 
-1,620 

+4<.<. 
-1,402 
-1,220 
-1,402 
-1,009 

-779 
-986 

-1,054 

-777 

-517 

-370 

-so o 
-87 

-2,337 
-2,139 

-668 

-761 

-897 

-580 
-911 

-l '160 
-1,398 

-693 

:~ ...... ··, 

Qe' 

.L.L.U ~

IZ. 

ft:-lb/1b 

+1,334,950 
+1,206,sao 

888,520 

.:.2,060,170 
-2,285,770 
+ .c. ... (. . ?1r· 
-•,9G7,5't-. 
-1,711;<'10 
-1,966,&70 
-1,415,210 
.. 1,092,940 

-1,383,220 

-1,478,480 

-1,089,710 

-725,770 

-519,110 

-701,500 

-122,460 

-3,278,950 
-3,000,600 

-1,217,800 

-1,067,960 

-1,257,790 

-813,040 
-1,277,570 

-1,626,920 
-1,961,113 

-971,580 

----------------· -·-·------------------------~-----·-----------



TABLE 3 ( Cont, ) 

·Pl"oduct::; 

(Art.ato1 53AN + 10TNT (65/35) H20;N 2 ,CO,C -500 

(Al1AT0L) 21AN + 2TNT (79/21) h20,N2 ,co2 -1,310 

(TiUTO:lAL) 10TNT + 21A1 (80/20) H20 ,N 2 ,A1 2o3
,CO,C -3,938 

(PENTOLITE) 14TNT + 10PETN (50/50) E 2 o,~ 2 ,CO,C -998 

(COM~.~) 70TNT + 100RDX + 103 Wax + B Po1yisobuty1ene 

tl 20,N2 ,CO,C -1,157 
(.COMP. C-4) 100RDX + ·28 Wax + 9 Po1yisobuty1ene + 3 Sebacate 

e + 4~;G (1/99) 

Ce11u1ose + 24l'G 

Ce11u1ose + 12NG 

· Ce11u1ose + 21\G + 

Ce11u1o::;e + 4r:G + 

~itroce11u1ose + 

Cellu1ose + 2NG + 

B20 ,1·12 ,CO ,C. 
H20 ,:~ 2 ,co 2 

(3/!.17) E2o,N 2,co 2 
+ 6A!: (5/81/14) . ¡.:20,'~2 ,C02 

llAN ( 11/30/59) E20 .:' 2 ,co2 
4SN (12/64/24) H 

2 
O , !l 2 , CO 2 , Na 2 O 

9NG ~13/87) H2o,N 2 ,co2 
6AH + 2SN (l3/36/3e/13) 

'. 
' 

'' 

P.2o,r:2 ,co2 ,Na 2o 
H2o,co2 

• 1 .. ~. . ' ' ,, ·. 

-1,293 
-1,598 
-1,595 
-1,481 

-1,124 

-1,289 

-1,632 

-1 ,121 

-2,375 

2Z/ 
13. 

Qc' 
ft-l:J/lb 

-701,500 

-1,840,000 

-5,525,300 

-1,400,330 

-1,623,270 

-1,814,080 
-2,242,130 
-2,237,080 

-2,077,420 
-1,577,390 

·-1,807,770 

-2,290,000 

-1,572,623 

~~.332,130 

~- ,,., 

p'<'.. }:·~~~-· ··. ::, 

.. ./ -· 

·' : .~.1 .•• 

1, 
. •r . . ·- :,.! ;_( -~ 

'1 

i 

1 
1 

1 

1 

1 

1 

1 

¡ 

:1 

;) 
'' . ' 
'1 ·¡ 
'1 

1 

'1 . ' 
' i, 

1 
' ' 

; 1 

' 1 

' ' 
: 1 

i 
¡ 1 

'1 
. ·¡ 
' ! 

1 

1 

' \ 

'1 
' 

; 1 

' 1 

·¡ 
' 

' 
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Edin campo = 

\ 
2 p (1 + vd·) (1 - 2vd) 

1 - \Id 
donde: 
vl = velocidad longi

tudinal de onda 
r• = densidad de masa 

del medio 
v = módulo de poisson 
· d dinámico 

vt = velocidad trans
versal de onda 

El módulo de poisson puede obtenerse mediante la ecuación: 

Estas ecuaciones suponen un medio homogéneo, isótropo y de comporta
miento elástico. 

Pruebas Estáticas ------------·-

Pruebas de Placa 

Existen 2 tipos de placa que pueden utilizarse para determinar la de
fonnobilidbd del medio: la placa rfgida y la placa flexible. La'pri
meru es una placa de acero de aproximadamente 30 cm de diámetro a la 
cual se aplica carga muerta o con gatos ·hidr5ulicos para inducir de
formaciones a·l terreno. Esta placa solo permite medir las defonna
ciones qu~: se generan en la superficie de apoyo y talllbién en la su
P'~rficie dc~l terreno lateralmente a la placa. Las figuras 9, 10, 11 y 13 
mueslrun las d·iferentes formas de' ejecutar un ensaye de este tipo. 
Para una placa infinitamente rfgida y considerando al medio t·ocoso 
homogéneo, isótropo y elástico, P.a ecuación siguiente nos permite cal
cular el Módulo de Defonnabilidad estátlco: 

Pa ( 1 -v 2 ) -1 a E = --11,,,¡¡--- sen (¡;) parar > a z = O 

E=f._(l -v 2
) 

2wza 
para r > a z = O 



donde: P = pres1on aplicada a la roca 

a = radio de la placa 

w = desplazamiento 

v =módulo de poisson 

r = punto en donde se mide el desplazamiento 

z = prof~ndidad del punto de medición de desplazamiento 

Lo reducido del área de la placa rígida permite aplicc:r mayores !Jl'e
s·ionr.s al terreno, sin embargo, el bulbo de influencia de los esfuer
zos en el terreno es muy reducido por lo que se afecta un volumen pe
queño. 

Por el contrario la placa flexible aunque permite aplicar menores pre
siones afecta a un mayor volumen de roca y además esta placa es anulor 
y pl~rmite medir deformaciones a profunrlidud en el centro de la placa 
1 o que nos da oportun·i dad de conocer ·¡os desp 1 azami en tos máximos ge
nerados por la carga aplicada en la zona de influencia de los esfuer
zos. Normalmente se colocan dcformíml~tros en el centro de la placa a 
una profundidad entre O y 3 veces el diámetro de ·¡a placa. El módulo 
de deformabilidad se conoce mediante la ecuación siguiente obtenida de 
1 a teoría de e las ti ci dad: 

z2rl- (a22 + z2r~J 

- (a 2 + z2)!]} 
1 

donde: a1 ·- rad ·jo menor de 1 a p 1 a ca 

·W z 

radio mayor de la placa 

= desp 1 azami ento a 1 centro de 1 a p ·¡a ca 

módulo de poisson V = 
z = profundidad de·l punto ele rnedición del despla7.ilmiento 

Las fig 14, 15 y1ó mucstriln los equipos utilizados para realizar estos 
ensayes y la tabla 2 ilustra los datos completos de. los ensayes rea
liza~os con los equipos correspondientes. Las presiorres m§xirrras que 
se o¡1lican en estas prueba~ de placa.son hasta de 200 kg/cm 2 • 

La selección de uno u otro tipo de placa dependen del espaciamiento en
tre discontinuidades, del Pspesor de la capa de alte1·ación de la roc<l 
y de ·¡a hetcrogent>i ducl de 1 111Ccl i o. 



El sitio donde se realizan los ensayes debe estar poco alterado p0r lo 
que se recom·i¡,nda qur, la medición de desplüZalnientos superficiales se 
haga lejos de la placa de carga o a ~rofundidnd a~ajo de la zona de
colnpr·in,·ida. Pnl'o ¡¡pegarse a la hipótesis que impone la teoría e·liÍs-

. ticv de semiinfinito es necesario que el dii1111etro del socavón donde 
se realice la p1·ue~a sea por lo menos cuatro veces el diámetro U<! ·¡a 
plac¡¡ de carga. 

En la f·igura 17 se 101ucstra una curva .. esfuerzo-deformación obteniua de;, 
unJ prueba de placa flexible en roca caliza. Puede tibservarse que el 
comp(Jrtililriento no es elástico y se definr:n dos módulos y un coef'i
c·ieiiLC?. La relación [/lf vale uno en masas rocosas exentas de discon
tinuid.Jcles. El pariÍmetro C¡:¡ crece cuando lil plasticidad del relleno 
de fracturas o fallas o la densidad de fracturamiento aumenta. 

Este 11~todo consiste en introducir un gato plano en una ranura de 
aprox irnadilmente l. 2 m de profundidad, 1 m de ancho y 7 mm de espesor. 
Las ~ctredcs del gato quedan en contacto con las de la ranura y el 
nato r>osee 4 defonnómetl·os eléctricos en el cuerpo del mismo que permi
ten 111edir la deformac·ión de la roca al ocurrir cambios volumétricos · 
en el mismo. La presión se aplica hidráulicamente. Es factible pro~ 
bar 5l·eas mayores si se utilizan más gatos colocados la1teralmente. Se 
han llegado a probar áreas hasta de 4m 2 y se han aplicado presiones 
hasta de 100 kg/cm 2

• J· 

La fig 18 muestra la máquina pe1·foradora utilizada para ranurar la ro
ca y los gatos planos. El módulo de deformación se obtiene de la ex
presión: 

E = e -~ 
p 

donde: p =presión aplicada 

p = desplazamiento de la 
pared en un punto de 
medición 

e = constante que depende 
del punto donde se mi
dió p, tamaño del gato 
y su relación con el ta
maño de la ranura y su 
cercanía a la superfi
cie 

Las rcstFiccioncs a la deformación que imponen los bordes de la ranu
ra y la Ct!rcunía a la superficie son l'i:nitantes importantes al método 
J•1 qur los 111ódulos obtcn'itlos son casi siempre lJ¡,jos. los módulos o~
Lcrl'i dos il partir de 1 os desp 1 azami entos re ni s trados por 1 os deformó-



rnd.'ró:; más lejanos il lü superficie dan una mayor aproximac10n a·f.'ver
cL.cic·r·u móliu.lli. Se ha r·ecornondudo que 1 a ranura tenga un diámetro de 
2 il 3 vecr:s c·l diiir,1etro del guto paril evitar esos problemas de fron
tcr·a. 

·Tdnelrs Pre~r1rizados 
------------- ·-···· ------

[•;te método r·equ·iel'e de aislar una cámJra en un trínel, colocando ta-. 
pom's en el 1.iirwl. Si la roca del túnel en lü zorra de la c5mara es 
muy pcnneablt.! r·equerirá de un aislamiento en las paredes tal como un 
recubrimiento de concreto o membranus impermeables flexibles. La cá-

. ma ril se instrumenta col o cando deformímetr·os e 1 éctri cos (tipo cuerdu 
vibr·ante) par·~ medir las divergencias o cambios diametrales y también 
S•" colocan r:xt.ensómétros radia·lcs en la roca a diferentes profundida
dr:s. La cá:n¡,r·u se llena de agua. y se aplica pres·ión hidráulicJ re
gistrando sinrtrltáneamente las deformaciones inducidas. 

La figura 19 nrtlcstra el esquema del equipo utilizado para proporcionar 
c¡,r·gü y el ¡:rn:glo de los defonnímctros diametrales. 

l'ur'il obtener· e·l módulo de deformabilidad en un túnel revestido de con
cr·l:tD sirr1ple, de diámetro intr.rior, d y espesor de revestimiento, e; 
se tjnplea la relación siguiente: 

Pd . 2 
E "·--~E 
r M d e 

donde: P= presión interior 

lid= deformación diametral 

Er= Módulo de Deformabilidad 
de la roca 

Ec= Módulo de Elasticidad 
del concreto 

d= diámetro del túnel 

Si no hay revcst·imiento se util.iza la relación: 

donrle: v= relación de poisson 

La longitud de la c5mara debe ~er,mayor a 5d para m1n1m1zar los erro
rec provoc¡¡dos pm· las restricciones que imponen los tapones. Se harr 
cnsayudo túncll.':; desde 1.5 m de di5metro hasta 4.9 rn y la máxima pre
s'iéin aplicad¡¡' Ira sido de 25 kg/cm 2 • En Hf'xico fue ensayado el túnel 
de la preso 1·1<,zutcpec,'Pue., de 4 m de d·iámetro, 500 m de longitud 
revc~tido y aplicélndo 6.8 kg/cm'. La figura 111uestra la gr·áfica tiempo 
dr.for·rniiCi ón .. pn;s i 6n obterri da en una de l-as estaciones i nstr·umcntadas. 



La ventuja de este t"ipo de ensayes es quC>. p~edcn medirse defot·macio
nes en v;wius d·j¡·eccionc's poniendo en evidencia la anisotropía de"! 
macizo rocoso y el vol~nen de roca involucrado es muy grande. La 
desventaj~ es que el m6todo es muy costoso. En la figura 20 se mues
tran valores (curva envolvente) de las defonnaciones circunferencia
l es obtcni dilS con este método. 

Gota rodiol en túneles ---- -··--·--------·---··-

Con este método, al igÚal que el descrito arriba, es posible aplicar 
carga en toda la periferia del tnnel; solo que en este caso la carga 
se aplica utilizando varios gatos (almol1adillas) met5licos de secci6n 
rectangular apoyados en las paredes del túnel y reaccionando contra 
un marco rígido (de.acero o de aluminio) anular como se muestra en 
la. f"igura 21. ·Las dimensiones del túnel mostrado en la figura son de 
2.7 m de diámetro y la longitud ensayada 2.4 m. La carga máxima apli
cada fue de 70 kg/cm. equivalente a aproximadamente 1.35 veces la 
presión que transmitiría el prototipo. La instrumentación se hizo 
colocando en cada ·uno de los 8 barrenos t·adiales de 6 m de profund·i
dad ul)"icados al centro de la zonil de prueba, 7 extens6metros eléctri-

.cos LVDT capaces de medir el cierre de grietas cercanas a. la excava
ci6n y generadas por la apertura de la.misf!la y también el cierre de, 
fracturas preexistentes y las deformaciones elásticas de la roca in
tacta. Durante la prtteba se estudió la dcformabilidad¡ct~ la roca a 
di.ferentes niveles de carga y bajo cargas constantes mantenidas du
rante th~mpos hasta de 48 hrs para conocer el comportamiento viscoso 
de la rnco, las deformaciones residuales y las deformaciones a dife
rentes distancias de las paredes del tdnel. La figura 22 muestra las 
deformaciones obtenidas en diferentes direcciones circunferenciales 
(nótese la influencia de la anisotropía del medio en la deformabili
dad). 

Al igual que los ensayes en túneles presurizados -estas pruebas invo
lucran un volumen de roca muy grande respecto al involucrado en cual
g~ier otro ensaye de .deformabilidad.(la influencia de los esfuerzos 
aplicados en el tdnel aquí· mencionado llegó hasta urta distan¿ia ra
dial de 15 m) sin embargo el ensaje es laborioso y muy costoso y sólo 
fact i b 1 t·. de hacer en obras cuyo costo sea considerablemente alto . 

.!_\pa.ca.!_C?_s. s_n~ Son_déQ_~ 

Estos ap~ratos permiten evaluar la deformubili.dad de lü masa rocosa a 
diferentes profundidades sin requerir:e la excavación de galerí¡¡s de 
pt·ueba. Los aparatos se introducen en un sondeo y pueden ser de dos 
tipos: los Dilutóuwt~os que se expanden ¡¡l aplicarles una presión hi-
dt·os ti: ti r.a i ntcrna .Y presionan a las paredes de 1 ba n·eno deformándo- , . 
l11s y los gatos curvns que car(]an la pilrcd rkl barreno con 2 zapatas r'4'~~~ 
curvas di a111etr¡¡ l111c.~nte o¡-.urs tas. La i nter¡we taci ón de 1 as pruebil s Cc:frc
tuadas con dilató111r.tros es 111ás sencilla y confiable que la corrcspon-

/ 



di~nic u gatos curvos. 

La Tabla 3 presenta un resumen de las características de estos apa¡·a
tos. 

::.. . 
La figura 23 muestra un e'quemo de un dilatómet¡·o ~1enard en donde se 
muestran las 2 partes ¡Jrincipales del mismo: la sc•nda medionte lo 
que se aplicü la presión a la pur-ed del bülTeno Cla sondo es prest!
rizada con gas ¡¡presión hasto de GO kg/cm 2

) y el volúmetro mediante 
el cuol se miden los cambios volumétricos yue experimenta la sonda.: 
La fiy c4 muestra la griif·ica ¡m::"ión-defonnación volumétrica del te
rr·eno mediunte lu cual es po5·ible calcular el módulo de deforr.tabili
dad. 

En la fig 25 se tnuestra un esquema de la secc1on transversal de un 
gato goodman (g¡¡to curvo) donde se ilustran las zapatas que arlican 
la presi6n al horreno en el interior del aparato. Entre las za~atas 
se encuentra un transductor de despl azanl"i en tos LVDT que mi de 1 a de
formoción de los paredes del b~rreno. La presión sobre las zapatos 
se aplica hidrául icarnente con oceite. E"l módulo de defonnabilidad 
se detennina mediante la expresión: 

donde: 6Q = pres1on aplicada a las pa-
redes de la perforación 

óUd = clesplaz¡¡rniento di ilmetr·a ·¡ 
de las paredes 

d = diámetro de la perfora-
ci ón 

k ~ constante función del ángu-
loSyde la relación de 
poisson 

Con los gatos curvos existe el .riesgo de gE.~lerar fracturas de tensión 
en 1 as paredes donde las zapatas., no están en contacto. Las gri das 
se de"ilrrollan en sentido perpendicu·lar al de aplicación de la carga 
con l~s zapatas y el valor del módulo disnrinuye. 

El uso de aparatos-en sondeos tiene la ventaja de ser un método que 
pernlite conocer el módulo de defonnabilidad de la roca en varios pun
tos de lil masa rocosa y a diferentes profundidades lo que permito, 
incluso, realizar estudios estadísticos. 

La colocación y tnanejo de los aparatos durante los ensayes es relati
vamente sr,ncilla y rárida. Sin embargo, su principal desventaja es 
que afecta a un volwnen muy pequeño de roca. 

·-



DETrRMINACION OE LA MAGNITUD Y DIRECCION DE LOS ESFUERZOS TECTONJCOS 
RESIDUALES ACTUANTES EN EL MACIZO ROCOSO 

Generalidades 

La continua actividad de la tierra hace que las masas continentales 
se encuentren en movimiento pet·manente. Como unil forma de conserva
ción de cnergfa interna ·¡¡¡ corteza tc•tTcstre se conS\Itne en zonas de 
subducción de placas continentales y se abastece en las zoniiS o fran
jas volcánicas también en los línlites o contactos de placas continen
tales. Esta uctividad tectónica (tanto la de empuje entre placas co
mo la volc~nica) genera fuerzas actuantes en la corteza terrestre que 
da lugar a camb·ios estructural es y l i tol óg·i cos (casos de metilmorfi s
mol y provoca la ruptura de las formaciones preexistentes. Los es
fuerzos generados durante esta actividad son almacenados por la roca 
y sólo son liberados en una zona al retirar la roca que confina esta 

·roca lateralmente. La remoción de esta roca confinante puede ser na
tural (erosión) o artificial (excavaciones superficiales o StJbterr8-
neas). Al excavar la roca en obras ingenieriles ocurre en el macizo 
una redistribución de esfu~rzos y una tendencia de la roca a desplac 
za rse hacia 1 a zona excavada. Si estas· defornwci ones son res tri ngi das 
inillediatamente por algún elemento de· contenr.;ióno soportP., la roca em
pujvt'ií con una fuerza sobre el soporte.., equivalente a la\ magn·itud de la 
fue¡·za tectónica almacenada en la roca. La determinilción de ·¡il direc· 
ción y magnitud de los esfuerzos tectónicos almacenados por el macizo 
rocoso nos permite diseñar adecuadamente los elementos de soporte re· 
queridos para la estabilización de excavaciones y además comprender 
como ocurrió el proceso de fracturamiento local o regional y como es
tos esfuerzos internos afectan la deformabilidad de la masa rocosa. 

Los métodos de liberación de esfuerzos utilizados para conocer la d·i
recci6n y magnitud de los esfuerzos tectónicos en el macizo rocoso 

·son: 

Procedimi8ntu 
supet·f·i ci ~ l 

Proced 'iini ente 
profundo 

r ,. 

l. magnitud 

dirección [:iltétodo de la roseta de deformaciones 

[ método del gato plano 

[

dirección [método 
aparatos en 

sondeos 
magni t.ud método 

fractur-amiento hidráulico 

de Merri 1 

de Hast 
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Los métodos del flY'Ocedimiento s~perfic:iul 5r~ llevan a cabo 011 "oca
voncs u c¡alel"ias de prueba. La excuvacirín c!e esté! galeriu ,,,ocJ'ifica 
la dist.r·ibución de c~sftlr:Tzos en su c·oni.onlu y por lo tanto 'los es
fuerzos determina dos no son 1 o's tectó11·i r:us si no ¡¡que 11 os modificados 
por la excavación. El procr.d.imientu p1viundo tumbién tiene esta 1 i
mit<mte, sfn embc.rgo, el rel<iJI.lam·iento es de menor· mi:lgnitud. 

En algunas regiones donde no{ha ocurrido actividad tectónica los es
fucerzos en e 1 macizo rocoso 'lúni CiliHente ,;on dcbi dos al peso pro pi o de 
la ¡·oca. En otras ('la nwyot~a) est611 octuando conjuntamente tanto los 
esfuerzos tectGn·icos como lós de peso provio. En este últin:o caso, 
no es válido en c;stricto rigor, que se ciJlculen csfue¡·zos verticales 
ror peso pr·opio mediante el' peso de l¡, r.olumna de roca actuante en un 
punto debido a c¡ue la presencia de lo~ esfuerzos tectónicos e11 la ma
Sil hacr! que estos se modifiquen (algun:Js veces notablemente). En zo
néls afectadas tcctónicwnente se hiln mr;dido magnitudes de esfuerzos ho
.rizontales dos veces mayores a las del esfuerzo vertical. 

Método de la roseta de deformaciones 

.El procedimiento de ensaye consiste en colocar !Jijas en la pa¡·ed o 
pho de una excavación, diametraln1ente opuestas y en 3 dil't'cciones 
rad·iales a 50° y se mide la d·istancia inicial cntr·e pijas para cada 
dirección. Posteriormente se abre una ranura circular(de 1nayor diá
metro que la distancia entre pijas y se rc!9·istran las rleformaciones 
inducidas al separarse las pi,ias debido a la l'elajación de esfuerzos· 
de'l bloque que contiene. las pijas. La figuril 25 muestra con detalle 
como se ejecuta la pru0ba. La dirección de las deformaciones prin
ci pa 1 es se conoce construyendo un círculo de f··Jotw de defonnuc iones 
como el mostrado en la figura 27. Es necesurio hacer por lo menos 
tres dr. estas ¡¡ruebus para conocer espaci¡¡lmente ladirección de la 
defrmnación principal. A part'ir de las c!efomwciones principales es 
posible calcular la 1niJ~nitud de los esfue,.zos principales suponiendo 
un medio elástico, isótropo, homogéneo y ~:emiirrfinito con liJs si .. 
gui entes 8Clli~C i OIWS: 

(· 

[ 
e'¡ ·- ·--------- (c 1 + ve,) 

1 - \)2 

E 
(¡;~ a, ·- --···---- + VC 1 ) o 

1 - ,,. 

donde: E -·módulo de elasticidad 

v = relación de poisson 

r.l - defo1·maci 6n principal 
mayor 

E:2 = defonnación principal 
filenO!' 

o 
J 

= esfuerzo pr·inci[lal uwyor 

n, - t•s fue17o pri nci pa 1 JHr:nor 

..... 



El uso de esto, ecuaciones requ·iere de la detentrinación de los valores 
de E y v por lo que 110 son utilizadas con frecue11cia y en su lugar se 
prefiere hacer lu determinación de la magnitud de los esfuerzos prin-· 
Cipules med·iantc! el método que se describe a continuación. 

El procedimiento de prueba consiste en colocar plJaS en la pared o pi
so de la excavación a ambos lados de una ranura en la cual posterior
mente se insert¡¡rií un gato plano (figura 28). Se mide la d·istancia en
tre los pijos a11tes de perforar la ranura y una vez perforada la ranu¡·¡¡ 
y relajudos los esfuenos se miden las deformaciones ocurridas por la 
diferencia de distancia entre las pijas de referencia. Posterionnente 
se introduce ~1 gato en la ranura y se aplica presión al gJto hasta quE 
todas lus pijas vuelvan a su posición original y en ese momento se mide 
la presión (presión de cancelación) que ser~ equivalente a lu magnitud 
del esfuerzo actuant~· en esa dirección. Para conocer la ~agnitud del 
esfuerzo principal mayor actuante deberán hacerse·por lo menos tres en
sayes a diferentes direcciones ya· que este n1~todo solo proporciona el 
valor del esfuerzo norrnal actuante en el plano de la ranura. 

La figura 29 muestra los resultados de una prueba en el proyecto llidro
electrico La Angostura, Chis. 

Aparatos en Sor~d_eos 

MétosLo de._r_'ª-l!l.jp¡;:.i_.Q!l_Qe ·esf_11erzos en e 1 contorno de un sondeo 111edi ante 
el registro d¡;__d.eforrnacionl?s (!:)~todo de Merril). 

Este método permite efectuar mediciones hasta a 6 m de profundidad y 
cons.iste en ejecutar una perforación de 0 1 1/2" (fig 30a) en la cual 
se ·introduce un aparato que permite medir deformaciones en tres di
recciones ubicarlas en una misma sección transversal (fig 30b). Una vez 
introducido e1 ~parata en la ·perforación de 0 1 1/2'' se perfora con 
broca anular 1111 burrenn de 0 6". hasta una profundidad mayor a la que 
SI? encuentra el fondo del apara'to·,de esta for·ma queda aliviado de es
fue¡"zos un cilirtd!"o de roca hueco y se miden las defor1naciones en los 
ti'C~S sentidos. Supo1riendo que el eje del sondeo coincide con la direc
ci6n del esfuerzo principal menor a 3 , pu0den determinarse las magnitu
des y direcciones de los esfuerzos prir~ipales o1 y o2 que actaan en 
u1~ pluno normal al eje del sondeo, rnecliante. las ecuaciones: 



t:b 

e e 

donde 

' m e i odv el e 'h7 ('( ( ( 1 

1 =- { ( () 1 
, a,) + [2(ol - 02) ( 1 ·- \) ;: ) e os (4' + a)] - vo 3 } 

·-

E 

1 { (o 1 02) [2 {o1 02) (1 ., ) + + - - ,,-
E 

E =módulo de deformabilidad de ·la roca 

v = relación de poisson 

cos 2 (e¡; + 2n)] - VU3) 

e¡, = ángulo que forma el eje ele 111edición a - a' con la d·irección 
del esfuerzo prin~ipal mayor 

a = ángulo formado por la dirección b - b' con la dirección 
a- a' 

Los valores de o1, a. y e¡, determinados,se expresán en función de o3. Al 
efectuar tres mediciones sen1ejantes 11 lo la¡·go de t1·cs sondeos inc;"lina
dos cnt¡-e sí, es posible determinar la ma~;nitud y dirección de los tres 
esfuerzos principales. Nuevmacnte la ncces·idad de determina¡- E y'' li
mita el alcar1ce de este método. 

11étodo ele rel¡dación de esfuerzos en el contorno de un sonrleo en el cual 
se--h~-~iú:~ti1¡j_d.Q~jn1~:Jri:c_~f.dor ª~~~51:~~-rzCJ:; Jl~ctódodeHa-stl~:-----------------

En este método se siyue el mismo procedimiento que el utili"ado en el 
n:étCJdo anterior sólo que el medidor de esfuenos introducido en este ca
so es ele gran rigidez en lugar de·! ap¡¡rato medidor de despluZiHn·íe11Los 
que es de muy baja rigidez. En,un coso ,,,_:;nc>ral en que la rigid(;z del· 
mcdidül' no se considr,ra infinita l,os esfl!Cl'ZfJS princi¡>nles actu11nt~:s en 
la roca y en un pl¡¡no normal al eje del ~ondeo pueden calcu·Jarse con lu 
ecuación: 

k{x+2)+x 
01 " ----- --- __ g_ s1 

2k(x + 1) 

x
0 

- 2 - k(x - 2) 
CT¿ ·- ··---·-···-------

2k(X + 1) 

+ 
x

0 
- 2 - k{x - 2) 

-. ·-·---··-------··· S 2 

2k(x + 1) 

k (X + 2) + x
0 ···--·-·----- ·-- s2 

2k{x + 1) 



donde: 

Go 
k=·-

G 

siendo: 

x = 3 - 4v· x = 3 - 4v o o 

' G
0 

módulo de rigidez del dispositivo de medición 

v
0 

relación de po·isson del dbpositivo de medición 

o', o'' y o"' esfuerzos nor~tales medidos segGn tres direcciones dia
metrales c¡ur; forman ángulos de 63° entre sí 

G módulo de rigidez de la roca 

v relación de poisson de la roca 

En el caso en c¡úc v = v = 0.25 ·las_expresiones anteriores se simpli-
fican a: 0 

2k + 1 2k + 1 
D1 ·- ----

3k 3k 

El factor correctivo 2k + 1 es poco sensible a las variaciones de la 3k 
relaciGn de rigideces k. Si k? 5 el factor correctivo tiende a 0.66 
y por lo tanto los esfuerzos regi_strados con un medidor muy rígido se 
relacionan directam~ntc con los esfuerzus ·internos de la roca, casi 
i ndepcnd i entcmente de 1 módu·l o de deformabi 1 i dad de 1 a misma. Esta es 
·¡a 9t'illl ventaja de e:stos ntedidores que rueden estar constituidos por 
celtiDs metálicas cor1 propiedades magnetostrictivas (Hast) o por inclu
siones de vidrio con propiedades fotoel&sticas (Robcrts). Este m~todo 
pan~cc ser e 1 que más ventaj ilS ofrece sobr·e 1 os mencionados anterior
mente. 

fEil.f_t~~r:.i!.'!'.!.~nto _ _1_1_i~jil_l_l i co 

Esta técnica originalmente utilizada por los petroleros para estintular 
1 a proclucci ón de pozos , cons -¡ s te en i nycctilr una suspensión de arenil, 



·' . ·. 
ad·itivos y agua en un tramo pn~viam2ntc' sellado del pozo e incremr;ntar· 
la prcsiGr, l1asta pruducir la apnrtura de las fracturas de la masa ro
cosa en r.l contorno de·¡ pozo. La f¡·actura creada es nonua 1 a 1 a di ¡·cc
ción drcl esfuerzo ¡.wincipul mcno1· iJCtuante y la prcs1on necesaria para 
lograr la propagación de esta fractura es igual al esfuerzo principal 
actuante. 

Este bur·clo método h~ permitido determinar a gran escala la dirección 
y m¡¡gnitud d¡;¡ esfuerzo principa·l menor· actuante en algunos campos pc
trol ífr.ros. rkl mi SliiO modo, e~; ['u si hl e inducir fractur·arni cnto hi drául i
co JWctl'iillli:e ensayes ele pcrmeab·ilidud t·ipo Lugeon en ¡·ocas. 

~-· 
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DETERI-1IIJACION DE LA PERMEABILIDAD DEL MACIZO ROCOSO 

La pcrmcabindad de un macizo rocoso está fundamentalmente regida por 
sus rli~continuidadr~s debido a que la permeabilidad intrínseca de la 
roca intacta es ¡nuy reducida en la rnayorí« ele los casos. En rocas 110 

fisuradas la penneabilidad está en función de su porosidad absoluta 
y dr.,pc•nd.i en do de su griJdO de alter<tción o alterabilidad la permca
bil·irJad podrá ir creciendo con el tiempo conforme el fluido intempct'i
za y t:r·osiona v la roca. En rocas fisuradas está en función dc'l núme
ro de familias de fracturas y del espJciamiento y dirección de las frac
tlll·iis respecto a·l flujo, así' ·como de ·la aberturu, rugosidad y tipo de 
material que n~llena a las fisuras. En r·ocus cársticas es función del 
núrn0I"O de condyctos, de su diámetro, rugosidad y trayectoria. En to
dos los casos·¡¿¡ permeubilidad también dependerá de las caractei'Ísti
cas del fluido (tipo, viscosidad, temperatura, etc.) que circula a 
través del macizo rocoso y de la presión o carga hidráulica actuando 
en el fluido. 

La estimación d~ la permeab·iliclad en masas rocosas se hace, aún consi
dei"ill'ido a la masa homogénea y flujo laminar a través de la misma, lo 
que en la mayoria de los casos está alejado de la realidad; sin em
bargo, esta idealización obedece a la dificultad de expresar matcmií
tici•lnr.nte el complejo mecanismü de flujo en un medio discontinuo. 

El conocimiento de 1 a permcabil i dad de 1 me di o nos permite es timar 1 os 
volúmenes de filtraciones esperados- hacia excavaciones tanto super
fi e i a ·1 es como subten-áneas, 1 as pos i'b 1 es fugas de ilgua a través de 
la ci1nentación de una presa, volú1nenes de extracción de petró'leo, po
sibilidad de uso de cavidade;> para almacenamiento de fluidos o dese
chos, captaciones de agua para diversos usos, niveles de abatimiento 
de aguas freáticas, etc~ 

Las Pl'Uebas más comunrnente usadas para conocer 1 a perrneab·i 1 i dad en ro
ca son: 

.\' 

A~riba del Nivel Freático [ Pruebas en zanjas 

Abajo del Nivel Freático 

1!~-
! 

Ensaye Lugeon 

Ensaye Lefranc 

Pruebas de Bombeo 

Trazadores radioilctivos 

Micromolinete 



En este t~11a sólo se verán con mayor detalle los ensayes Lugeon y 
Lefranc que son los de mayor uso. 

Este ensaye normalmente se realiza en medios satu1·ados (abajo del ni
vel de aguas frefiticas) pero es factible ejecutarlo en·medios no sa
turados o parcialmente suturados con la condición de que se sature 
"localmente el medio y se pueda cstilblecer el flujo. El ensaye se rea
liza haciendo primero una perforación en rocu (de preferencia en diii
metro NX) e int¡·oduc·icndo tubería en la perforación con un empaquf" al 
fondo que puede ser de copas de cuero (rocas sanas), meciinico de hule 
(rocas poco a med·iana1nente fisuradas) o nelllnático (r-ocas muy fractu
radas y/o blandas) el cual permitir~ aislar el tramo de prtJeba. Los 
t!rnpaqucs i'ueden ser dobles si el ensaye se huce del fondo de la ¡wt
foraciún hacia la superficie o sencillo si se procede de superficie 
al fondo, lo longitud del tramo de prueba es v¡¡riable dependiendo de 
las características del terreno, sin embargo, longitudes de 3 a 5 m 
son u:,ualcs. Una vez fijo el obturador en el tramo de prueba, se in
yecta agtta al terreno y se mide 81 gasto de a9u0 en litros por minuto 
y por metro lineal de perforación hasta una presión máxima aplicada de 
10 kg/cm'. La unidad de medición de la peruleilbilidad se denomina uni
dad Lugeon y cada unidad Lugeon rupresenta un consumo de1un litro por 
111i nuto y por metro bajo 10 kg/cm 7 de presión E:fecti va. La figura 31 
muestra un d·iagrama donde se observa el equipo utilizado y la forma 
de calcular la presión efectiva. En términos del coeficiente de pel·
meabilidad, k utilizado para suelos homogéneos, isótropos y para flujo 
en régimen laminar, una unidad Lugeon equivale a k = 10- 1 m/seg. Un 
mi s1no va 1 or de u ni dad es Lugeon puede obtenerse debí do ¡¡ una fisura 
grande o a un nan~ro grande de fisuras finas y las características de 
estas fisuras sólo pueden conocerse si se varía la longitud del tramo 
de.prueba. 

l'at·a conocer el comportumiento de las fracturas y sus coructerísticas 
es necesario variar las presionris de prueba. La secuer1cia que se sigue 
es la de incrementos d(~ presión 1,. 2, 4, 6, 8 y 10 kg/cm'' y ltlego de
ct·e¡ncntos c. 8, 6, 4, 2, 1 kg/cm 7 en cada i ncre1:1cnto o clect·emento se 
inyecta agua durante 10 111in al terreno y se n!iden gastos y presion~s 
cfrxtivas que se grafican obteniendo curvas COiiiO las mostradas en la 
fi~Jura 3?.. La forma de las curvas es muy variable y rür'il vez es li
neal. Estas curvas no pcrnliten tlcetectar si un aumento s1íbito del 9<•s
to " una drtet'lninarla presión se debe a un dcstilpon¡¡miento .Y arrastre 
ele 111aterii1l de relleno de una fis11ra o bien u ruptura de la roca al 
rebasar las ¡n·esiones el límite elástico (fr¡¡cturamiento hidráulico), 
por lo ~ue es necesario dibujar un¡¡ gr5f·ica do!,lemcnte logarítmica ·in
tn>duci<mclo valot·es del <JJsto y de la presión ~lr'vada a la cuarta po
tencia (fig 33). Un quiebre en la linea recta dibujada indica la t'UP
tura de ·ra roca. 



E ns_i!.Y.P,.J_!lfra r)_~ 

Este ensaye se rc,,l·iza en rocas ubicadas abajo del nivel freático muy 
fracturadas o rocas cuyas partfculas est5~ débilmente cementadas y se 
uti"liza f¡·ecuentmr.:nte para medir la pc:nneabilidad de depósitos alu
viales. Las pres"icJileS que se aplican co11 lJste método son bajas y nor
malmente no mayort~s ele 0.5 kg/cm 2

• La prueba consiste en inyector 
agua en el terreno ~aturado convirtiendo al pozo cn.un r.ermeámetro 
de carga constante (si el tel't'r.llo es penneil[,le k > w-• cm/seg) o 
bien en inyectar o extraer agua con carga variable si el terreno es 
poco pennea!Jlf:,. En ·la fig y, sr. mwo.stra el dispositivo de ensaye de 
la prueba Lefranc de carga constante. 

Manteniendo la carga constante y conocido el gasto Q y la sobrecarga 
t-H, puede calcularse la penneabilidad k del medio mediante la e>:pre
sión: 

siendo 

Q = e k(llH) 

k ·- _º--:__ 
c(t..H). 

e es un coeficient~ que depende de la geometrfa del área de infiltra
ción. Si ésta es cilfndrica de longitud L y radio r, entonces: 

4IT e ·- _ _;:.;__ 
1 L -- 1 og -

2L · r 



" .. 
CLfiSJF!CI\CION HIGEIHERIL DEL 11/\C!ZO ROCOSO 

Dado c¡uc estos 1o6todos estfin orientados a establecer el tipo de sopor
te requerido en excavaciones subterr&ncas se considera más adecuado 
que este aspecto se trate en el tema V del curso, Subtema V.2.~. 
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Anctwr grips 

Fl•l jock 

CuUing .:round 1he block with di~c ~aw 

B~!.'== frJmc 

JC~:.ks. fur !>hcaring load 

~1-.o;:cr box 

FIG 1 
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FIG 2 

Ensaye de corte 
uplicando curgil 
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directo 
lateral 
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5 marco de (ortante 
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· FIG 12. Prueba de placa 
en sup0rfi ci e 
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Typical Assembly For Horizontal Test 

l. Mortar Pad. 
2~ Bearing barrel, steel face, circular, 12" diamcter. 
3. Frame and attachments for dial gauges. 4 dial gauges 

used per measuring face, 
4, Pr·':'ssure measuring assernbly, consisting oí flat jack and 

pressure gauge, sandwiched betwc<:n two square steel plates. 
5. Loading ;:,ssembly, comprising flat jáck, between two 

circular steel plates .¡ pump. 
&. Packing plates octG.gonal, for adjustment of length oí assembly 

to width of tunnel, thickness ranging írom l/2 11 to 2". 
7. Thrust beam, lO" x 8" x 1/?." I be a m, sectiona of l, l-1/2, 

2-1/2 and 4ft. length. 
8. Scaffolding frame assernbled frorn 1-3/4" water pipe+ scaffolding 

clamps; It carries the whole assernbly, except the reíerence 
írarnes íor dial gauges. 

9. Rollcrs, pipe or round rod. 
JO. Di;:,l ¡:;auges, divióions O. 0001". 
1 l. All bc"s of beams,· barre! and pacbng pl<·t~s are n>achined. 

FIG 13. PruebH de Placa rf~ida en Jlilrcctes de un.socav6n 
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FIG 14. Prueba de Placa Flexible 
en clave y piso socavón 

FIG 15. Prueba de Placá Flexible 
e~ clave y piso socavón 

FIG 16. Prueba de Placa Flexible 
diagonal en paredes so

cavón 

i 1---'--
... ··' -·· ..... ····- ··-

( 1) 
( 2) 
( 3) 

: ( 4) 
' ( 5) 
' ( 6) 
(7) 

( 8) 
' : -· '" ~- . 

Hartar. .· 
cushions .. Oil filleÍ.metallic 

Pressure g'auges. 
Timber packing. 
H-section irons. 
Hydra.ulic jack. 
Extensorneter for 

Total load 300 ton~. 

Iro:1 bearing 
' 

rneasuring central 
deformations. 

plate. 
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TABL/\ 2. Características de las pruebas de placa mostradas 
en las fiyuras 9, 14 (A y B) y 21 

Ple.'.ión cll: l 
cvntcc\o, 
"' ~/cm' 

w-

4(1 -

¡-- . ..J.Q.Lr,r_n -·. 

27 cm 
¡- ·--! 

·-¡ 
1 

i 

Dj 

1 

r ., 39 000 ~-e/cui~ 

E 

e,. 
143 OtlO k"/cm' 

0.004 mr,,¡i;gfcm' 
ddormar.ión c!ohal 

Boussine:;q para t.-l.' 
chtt-nido 

FIG 17. Curva Esfue?rzo-dcfonnución obtenida en prueba de placa 
fl exi b.i e 

con la 

,, 
[! 
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FIG 18. Equipo para perforación 
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l. 
). 
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Baterfa de 3 gatos ·planos (LNEC) 

(o) 

mor.hole 
~r.-!,!>W~ sougc 
wotrr rnlet. 

"" outlet 
C:C.t.lc: Ci;,l11'U !>!>IC>n 

e C1 ~)ll' :ut• .. u•ai. 
W~IIC"r nlt'tor. 

centering for rubber pocket 

r·. 

(Al 

•• 
\u~e. • 

10 ... 
lutJf". 12. 

13. 
14. 

fL:(tf1 
-~-

: (bl, 

wn!rr CIU\II!'t. · 

pr·ru•ur~ couge. 
vrtu·o~rng nreteor. 

orr I•I'C!.~I:If' CQUOh\lr'IQ 

tt'l'v0'" rod!. 

"" '" ~~:.-..~.re CQU(;h!oing 

( Clt>l•·· 

c:n::m't•f'l. 

tuN:. 

FJG 19. Túnel 
Presurizado 
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FlG 20. Defonnaciones circunferenciales alrededor de una 
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FIG l'l. Esquc1na del arre
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Fluido de \ lfcáició~t de 
/úlmcro de 
ái.tt.'nr<ros 
de "tcdi-

Di..:.•"ct:-o ¡· · Lort::;i.t:td, dcT ... cm deo, Ti,"V'J 
pr~sión i dcfonr:ación 

1 
en r.onr: cióu 

Fún:mla Di:cro.">ítivo 

1 
Mcn;1rd 76 Aire <~.ctl:.a. so--l Cnmbio de 

brc .:!i;U3 volumen 
' 

Lr-<EC ! Ac:ite 76 

DiiatUmctro 

1 

1 
l ( 1 + v) 1 Janotl Mcrmin 1 Aceite 

Presión unifo=c 1 E=~ pd t-1------ i 

163 

l 1 Com~s Aceite !(:() 

i 

1 

1 

! 

(;! r~a arlic:1da a 
h, l"q:::D ele dos 
sccto~s diamc- l 
tralmcntc 
O.'¡"!OC'.'IU< 1 

J~::.t!"io d,.. Y\1':;•g, ::n k~/cm! 
r"i:n:to~1 Ü¡,· P1 •i .... nn 
p:t•o;.í0n ;-plic<l.~\;1, en k¡!/cm~ 
di;imctro del ~ondeo, en cm 

pd 
E=k-

1\d 

Gouchn;;m 

CEilTP 

297 

300 

' ; 
jAccitc 76 

,~d 
k 
LVDT 

vnrh!.ci6n del diámetro del sondee, en cm 
const:mt(" del cquilm 

76 

trar.sformador difen.:ncial variahlc y li:'lea1 

o: H11?1 

515 

540 

Ti O 

1 600 

1 300 

1 ~c:o 

1()1 

Prf.~ión 
máxima, 1 

Crf kt/CIU' 1 
Pa!s Ce 
ori~cn 

' ' ! 
101 j Francia 

1 

!50 j Po:-tu¡:ai 

1 
1 

!50 J Francia 

! 
i 

!50 ¡Francia 
1 

' ' 
45 

1 
¡Japón 

68 l Yu:::c-si:J\·:~. 
' 
i 
1 

630 EUA 

' 
J.;!) i Fr:mcia 

1 

1 

TABLA 3. Aparatos para determinaci6n de deformabilidad de la roca 
en sondeos 

----~-- --~--. . .-... -----· -------- ... 
. ' 

i 
' 
1 H " , , .. cn;:~ra (¡o:;¡ 1 
1 

i 
1 

Rrxha ~; C(-A j 

t 

1 Jo"~d y ~~•.:nnin 

1 19!'4' 

·--·---· 
i ¡ Cornc~ ( ¡or.:;. 
1 

Tak:1r.0 ,--s!n;~"!t;·· 
10 (JO(,(,) 

] :..:m!j:::··-~i7_:-: ; ]'• " 

1 G\~'~6";)"' y Tr:•:• 

1 t\b;o;.i y ~es::uin 
1 1191-7) . 

1 

..,_ '•• ... 
·-
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VOLUMETRO 

Aguo 

[:-1 . 
............... ... .. ..... t 

Tu,bos de 1 
plos!lco 

Tanque 
de gos 

.. ·777//?J/ . .j.";/7,.?/7.iZI/,:. /; 
Terreno 

CURVA· TIPICt\ 

tlp-Lip¡ 
E=K(v )--·--

m - l:.v 

FIG 23. Esquema del equipo 
del Dilatómetro 
11enard 

FIG 24. Gráfica Deformación 
Volum~trica-Presión 
obtenida con un · 
Di 1 atómetro Mena,·d 
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MACIZO 
r~ocoso 

so. 

PUNTOS OE 
REFERENCIA 

PRISMA CILINDRICO 

Acqlacione_s_e.o_tm., 

"PRUEBA DE ROSETA" 

OlfiECCION Y MAGNITUD CE ESFUERZOS INTERNOS 

METODO DE LIBERACION DE ESFUERZOS 

EJECUCION DE LA PRUEBt, 

1.- Pulido superficie de lo roca. 
2:-Colococión de puntos de referencia, fijondolos con epoxy. . 

1 1 

3.-MediciOÍI inicial de•lo separación entre lo5 puntos de referencia, con medidor 
mecánico tipo Whillemorc, de carátula, con precisión de 0.001 mm. 

4.- Borrencción de lo ranura de formo circular de 30cm de diámetro, t5cm de ,. . 
profundidad y ~cm de ancho. 

5.- Proce$•J de deformación de lo roca "Inducido por roturo de lo continuidad 
de lo mismo al efectuar lo ranura (liberación de esfuerzos que produce 
defom·~ciones en· el prisma cilíndrico de roca). 

6.- Madición de estas deformaciones en tres direcciones a so•. 
7.- Obtención de la dirección de deformaciones principales. 

FIG 26. Prueba de Roseta de deformaciones 

• 
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~indro:21crn 
Profundidad ranur.o: 21 cm 
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1-4 
5·2 
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t 3 • 

Oi<:.~. 
mm 
~~-214 

lé0.\94 
!:0.181 

'·;. 

81 . 
D<:r. kdJ! D~r. uni!dria Oirec<"i00 

mm ' 10'• 
0.081 5.~9 e, 
0.111 1.il'J e, 
0.001 4.oó ea 

e1 .. e ... e;¡ _ €.1 +E 2 =e 
o - '2. 

f ' ; ·f 

POLO 

; . ::. 

.. 
1' 

;, <i = 41,qo 

-~ ~= 48.1' 
'· 

... ··.:.. . ;. 

1 

' . 
.. ¡, ... , ... , ...... , 

J.· ... ' ¡ . ~ 
j·' t., ¡: .... • :· •. '• 
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O eformacioneo lonsiludina les undarias, e, x 10"'4 
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fP"""'f-"l ...... :..r .... 
_O HWC ION DE f.S FUE.RZOS PRII-JCIPAm _.ROS HA DE DEFORir';\CIOHES" 

FIG '1.7. Forma de obtención de la Dirección de esfuerzos 
principules 
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M:1CIZO 
ROCOSO 

·. 

•. 

SOCAVO N 

'SECCION GATO PLANO 

ESQUEMA, PRUEBA DE "GATO PLANO" 

DETERMINA.CION DE ESFUERlOS INTERNOS EN ROCA 

METODO DE LIBERACION DE ESFUERZOS 

EJECUCION DE LA PRUEBA 

· 1.- Pulido superficie de lo roca. 
2:-Colocación de•punlos de referencia• (onclos),fijóndolos o lo roca usando morlero con 

aditivo estobilizodor de volumen. 
3.-Medición inicial de lo separación entre los puntos de referencia, con medidor mecánico 

tipo Whilten-.are, de corótulo, con separación mínimo de 0.0005 
4.- Barrenoción de lo ranura de 42x 42 x 4 cm . 

. 5-Proceso de deiOJmoción de lo roca inducido por roturo de lo continuidad de lo mismo 
ot efectuar lo ranura (liberación de esfuerzos que produce deformaciones perpen-
diculores al plono de lo ranura). · . · 

.S.-Medición de eslos deformaciones, tornando lecturas inmediatamente después dt: ronu
ror (que son del orden del 90% de lo ~eformÓción totoi ), y durante un pen'odo de 
tiempo entre ly 3 d1os después de hale• hecho lo ranura. 

7.-Jn:;;erción del u gato -plano'' cuadrado en la ranura, ahogándolo en mortero con aditivo 
es.tcbililodor dt! volumen, con resistencia de SO}.~g/cm2 a los 7 dfos. 

a, Tiempo de fraguado del mortero 3 d(o~. 
·9:-Aplicoción de presión hidráulica hasta que los •puntos de referencia 11 reqresen o 

s.u posición inicial, obteniéndose to ·presión de conceloción• que es el votar del 
esfuerzo interno de la ,·oca en direccic'n perpendicular al plano de lo ranura . 

• 
FIG 28. Esquema prueba de gato plano 
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o-o o---o---o 

[:: 111000 KQ/cm2 

1)• 0.2 

----.L-.-----_J 
100 150 2('..0 

OEFORMACIONE'S X 0.0005 mm 

LECTURAS EN EL EXTENSO_METHO ~ 

VISTA DE Fl~(t-.ITE 

POSICION V[kl1CAL. 

01STH18UCION 01:. ,I.NC~AS 
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o .. • • + + 
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[ __ 1o o< LA 
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1- ' 410 420 

2- 4 10 10 

,_' 970 810 ·-. 1010 ez~ 

>-1 >90 3'0 ·-· 480 »o 
o-o 1145 1050 1180 

* EXTENSOMETRO MECANICO 2 UNIDADES/MICRA 

ABRIL. 24/1~7Z 

OPERAOCH; 

~RIO 

CROQUIS OE LOCAL.llACION 

PRUEBA DE GATO PLANO 
POSICTOf~ Vk:HTICAL 

.;'t---•-<J. .. _· _ _.,.t- ' 

~---!~<-------~ 

Ún' Pc(Cj- d) ~ 24IIA."'j-}) 

FIG 29. Forma de obtención de la ~1agnitud de los Esfuerzos 
tectónicos principales 

a. secciór longitudinal dP.l sondeo 
en el que se efectúa el alivio 
de esfuerzos 

b. sección transversal del nledidnl
dc dcfonnaciones 
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ÍINJ\LISIS ES'rHUC'l'URJ\L 

, UNA FJ\SE DE PLEGhl1IEN'J.'O CON F'RJ\CTUHJ\S 1\SOCIJ\DJ\S ( 2) --· 
La figura 022 es un mapa de una·r6gi6n de metusedimentos plegudos. 

los aflo-La forma de la estructura mayor es 

ramientos, adem~s del plegamiento, 

claramente visible en 

61 firea estfi' intensamente frac-

turada e intr:usionada por d.ic¡ues de d.í.fcrentes composici·.,nes. Es

te ejercicio sirve bfisicamente para analizar fracturas, l~s cua ·-: 

les se P,ueden clasificar en varios sistemas o grupos, mientras que 

sus orientaciones se pueden relacionar sistematicamente con los -

pliegues mayores. 

Describa la est~uctura de la regi6n especificando la actitud y el 

. estilo de p,legamfento, las relaciones del clivaje con lo~; r,J,c:g.'1-

roicntos mayorc·s y· sus trazas. 

DisU.ngu los si:;t<"nus de fracturas y donde sea posi.ble, relacione· 

sus actividades con el plegamiento~ Denomine de manera apropiada 

los sistemas de fractura. 

PHOCEDI!1IENTO 

Complete la distribución de los aflóra~ie11tos y coloree el 111~pa. 

Prepare una graficación "pi" de la e~;trati.ficación con los polos 

de clivaje pizarroso y los ejes de los pl·iegue~ menores en el -

mismo. estereograma. No es necesario graficar todos los datos, 

pero ui ~n ejemplo repr:ese11tativo de la poblaci6n. 
~ . ' . 

J\ partir de este estereogram~ se puede especificar exactamente -

la orientación del plano axial y el buzamiento de los pliegnes -. 

mayores, asi como el estilo del plegamiento . . . 
Grafique los polos de los planos de fracturas en otro eslere~gr~ 

ma y marque la dirección del eje axial mayor, el polo del plano 

axial y los flancos (círculos grandes). 

En ·el estereograma se ve claramente el agrupamiento de las frac -

turas, lo que permite determinar la rel.:~ción de c.:~da siste111a de·

fracturas con los elemento~ geom6tricos del plegamiento mayor. 

Dibuje un esc¡nr~mil de ·¡a~; 'orientaciones de los sistemas de fL·actu
ras con respecto ·al pl,~•J'llnicnto m.:1yor. 
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¿Qué c_aracterS:sticas sugieren que algunas fracturas son de ten

·-·si6~ y no de cizalla~iento? 

¿Es posible sugerir las razones por las que las fracturas con -. 
actitudes particulpres deben ser de·tensi6n o de cizallamicnlo, 

teniendo en cuenta la manera en las que se forman con rc·c;pccto 

a los esfuerzos que originan el plegamiento? 
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IINliLJ.SIS ES'!'HUC'l'UIU\L 'rLI 

ANliLISIS ESTER~OGI~FICO !lE PLIEGUES (1) 

1.- Se ob~erva un pliegue en una secuencia de paragneises fel.des-

ptí.ticos. Uno de los flancos del pliegue 1 tiene la actitud de •. . 

159" SWGO" (rumbo-inclillación). El otro flanco no se puede

medir directamente pero se observa con u.na incli.naciÓJI apare~ 

te dc.28" a 277" (buzamiento y orientación), en un pl¡tno de

aflorámiento con actitud llG SW58 y con un pite}¡ de 25? al N, 

en un plano con una actitud de O" !~ 75". En 61 Gltimo aflora 

,Jn:l.ento, la traza axia-l del pli.C~Jue se observa·. a 10" y 3" ( -

pit'ch). 

Dctermin¿ la actit11d del eje del pliegue~ nl plano axial. y el 

finguló entre los flancos del pliegue. Si se ob~crva 11n~ tra

za axial en el plano de afloramiento a llG" swso•, ¿Cu:íl se -

ría su pi.tch? 

Dibuje un<> ·~;ccción esqucm:íti.ca. perpendicular al buzamlr:n[.o del 

pli.egue (no vertical), en la cual las rcl~ci.oJ1es angulares sc

an,exactas; marque los dos flancos y la posi.ción del l'lano axiaL 

Etiquete la sección cuidadosamente. 

2.- Los s:l.guientes elatos son mediciones representativas de la es -

\:ratificación (rumbo e inclinación) en una región de areniscas 

calcáreas plegadas. 

222 NI~ 80 25G 
223 NI~ 79 314 
224 NW 78 267 
329 NE 32 225 

.297 NE 30 32G 

N 42 237 
NE 30 227 

N 3G 24 G 
NI~ '1G 232 
NE 32 332 

NI~ 
N\~ 

N 
N\~ 

NE 

59 
72 
50 
GS 
32 

281 NE 33 
31B.NE 30 
322 NE 31 
2 2 (, NI~ 7 5 

Use un diagrama (pi) para determinar la actitud de. los ejes del 

pliegue en la regi6n. Determir1e el ángulo entre los fl~ncos y 

marque el ;.;;gula en el cstcrcogr~ma. Dibuje una sección esquc-· 

mStica perpcnclicul~r al buzan¡ie11to del pliegue. 

S~ se asu~e qun el plegamiento es nim6trico ¿Cti~l es la ~ctitud 

del pl<tno. axial? El pi e<;.uniento cst:í acomr;•i,;Hlo por un fr~ctu -



• 

r.aml.e11to (cU.vaje) convergente en abanico, l.i.c;eramentc dc~;;u:ro

·lluclo, cuyo :inr;ul.o di.hedral es de 20°. · Determi.ne la actitud -

-aproxi.Jn,tda que tendJ:ÍLI el cÍivaje (Le. 'planos ·de cliv.:~jc) en 

capas con ·actitudes ele 222 l·l\'1 130 y 332 llE 32 •. D1buje el cliva 

jc en abanico en la secciGn csqucm:itica. 
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Jos GÍ.<Jllient:e:; c1)\:.os cst:ruclur.:tles pcrtcnecr:n ¡:¡ tUl lewm\:ami.c:nto ele fractur,]:; 

en una roca vol.c:Jn.i.c.:t fract:uwda donde. [;e pJ.anr~ constn.Jir un cuml cuya o 

rien\:.:tciún es 119.0°1·/. y \:alude:; de o:>rte ele O. 2S: 1 (76?) 

RurnlX> Jnclimci.ón lb. Prilct:uras 

N 40 E 60 SE 4 

N 37 B 65 SE 3 

N 69 1•1 62 NE 1 

N ~3 W 60 im 1 
N <13 E 62 SE ~ 

N 70 v/ 60 NE 5 

N 38 E 66 SE 3 

N 35 B 72 SE 1 

N 62 v/ 65 l'!E 2 

N 68 1·1 63 NE ~ 

N 21 E 38 SE 1 

N72 E 67 SE 4 

N <1 O 1·1 65 NE 3 

N ~G E 71 SE 2 

N ~3 E 67 ·SE 2 

N 6~ W· 72 NE 2 

· El ::Ín<JlllO eJe fri.cciún entre los plunos de fractur.:ts m::x1ir1o cn el J.al:oratorio f~6 

de ~0°. 

0Jn lu uyud.:t de una proyección ester.cogdfica <JI:afique los polos de lus fractur.:~s 

p.:tra deten1tüur lo si<Juientc: 

a) Rcnnb::> e inclimción de la \:cndencfa ccntrul de los sistanas de fr.:~c-

l-uras· 

b) Rlunbo e. incli.mción de la intersección de los princip.:tles pl.:m:::n; ce 
debilidad 

e) ('J6 rcpresen\:.:t esta dirccci.6n en· t:énJtÜ10S ck esfuerzos pr !ncipc;lcs? 

d) J\ngulo clihcdm en los sista,ns de fruc\:ur;Js 

e) Par.:t detenni.n.1 r la zona que repn~scn ta lu ines t.:lbi 1 iclad e il~o":í tic.;, 

gr.¡:¡fique los taludes de cor\:? del c.:Jn.:ll y el .'ingulo de fricci.6n m

. t.re las dü;continuid.itlcs. 

f) Con b..i!'e al an.'ilisis prclimil'...ir ele cst.ibilic1.:Jd ¿('Jé \:aluc:cs ele -

cot·te n-oJnv:ndad.:J p.iru g.;r.:mti z.;r J.¿¡ citabil i d .. 1d de los 'coL·tcs? 
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CLI\SJFJC/\CJOII CSJR 
(Uicnlawski, 1979) 

'fi,r 

l.OCI\J.JZI·.Clotl ---,---------

'flPO m: J<OC/1 ---------------------''------------------------

'100-2:,0 

1oqo-2:,oo 
(]2) . 

. 50-100. 
500-1000 

(7) 

25-50 
250-JOO 

(~) 

5-25 
50-250 

(2) 

1-5 
10-~0 

(1) 

< l. 
<lO 
(O) 

2) HQ_D- JI :IJ l_~E_J!!'-. C/\LIJ~~!._f!.E_!l_~~ 

100-':JO"'. ~0-")5\ 

(17) 
75-!JOt 
(13) 

50-25\ 
(O) 

25\ 
(3) 

11uy 

(20) 

>?.m 
(20) 

r.u•JO~j,) 

IJi!;t:OIIli 11\lil 

J>oco 

2.0-0.G m 
( l ~) 

l:ll90~lil 

/dJj l!J'líl < 1 mm 

• ~00-. 200 rn 
(10) 

l'oco ruqo:;,'l 
/J)il:l"lil < 1 uun 

.200-,GOO rn 
(O) 

E!;td'_Mj 

/\rd.l).) -: ~; f:l!:l 

< (,0 llll!l 

(S) 

1\I:<.:il)n > 5 IIJil 

/1hJ crta > ~I:JII 

cc'r.r<HJn Poco jnlcmpc- guy i rll.t..::npc:r.!_ /ddt:r.t:;l, 1-~~ r:ttn Cvntinu<l 
t: j Zittlit 

(30) 

5) ~t!t!..U~. 
Compl e Lwne nlc 

OCCl'l 

(l S) 

Muy fLworablc 

TÚnelc~ O 
Cirnc::Jlt.'lcioncn O 

. 'l'al utlc!.i O 

Jtl-1H"' R -i HQD + .1:; + Jc + \-1- Jo 

RHH .. 9 ln Q + 44 

< 

OOSI:RVACIONL:S --------'--

( 2!>) 

JIÚIIICtlü 

lO 1/min 
(JO) 

Favot".'lblc 

-2 
-2 
.-5 

100-0l 
00-~1 

W-41 
40-21 

-20 

1.af.l.J Cw1Lj llUll 

(20) (JO) (O) 

IIÚml'.!d.l Goteo 1'1 u jo 
incJph:nlc contJnuo 

10-25 1/Hiin 25-]25 1/rni n > 125 l/min 
(7) (4) (O) 

!lo rclcv;-.ntc Dc:-:L1VOJ."ablc !-luy dc~(avor.¡,lJlc 

- (, -lO -12 
-.7 -15 -25 
-25 -50 -60 

ln<lc.: izo (C"JCü<..:O muy bueno CLASe 1 
tllo\Ci?.O r.oco~;o bueno CU\S~; Il -----rn¡,c izo roco:;o rcc;lJI ilr Cl.J\!11: JII -----
m."\c i:-:o roc.:o~o pobt:c CIJ\SI; IV -----
m.:lci7.o l'OCO~O muy pobre CIJ\SE V --·---



.•. 

• CL/ISIF!Cf,CIOII IIGI 
(Darton, 19/G) 

TLI 

_(. I'H0YEC1'(J J,OC/¡l,IZ/~C!.OlJ 
---~---

'ni'O l!f: J<OC:h ----------------------------·--------------

1 ). B.QQ__! 
· a) Huy pobre 

b) l'obrc 
e) -HcrJUliLr 
d) l!u~na 

<¡) ~;xc..:,.!lí:ntc~ 
Si Jv ~ Jlo. de 

I<Qll ~ 110.4 -

' , 
fr<Jét,ura::/m 
3.Gü Jv 

0-7.S\ 
2_5-~0\ 

50-"/St 
75-SIO't 
90-100\ 

t:ntoncc~ 

2) Jn-SI SHIIf1S 
"ñ)l-i~1-:~-i'v-,.~ ·,-!; j n fr. a c..: tur. iJ ~ O. ~-l.. O 

h) tJn ~;i ~lt:m;J 2 
. e) un :d ~:t.r:mr1 -t· dl ::p<~r:r.iún 3 
d) no~; r:i::t.c_·wa~• 4 
~:!) llo~; ::i::t.r·rn:¡~; + rlí::¡¡•:J·::íún G 

f) 1'rec· "1 :;L""'·'" ' ~ 
t;) 'l'rc~ :d.::t(·ma:; i- c!l.::¡•f:r.::itm 12 
l1) Cuo1t.J-,) o ru.Í:) !Ji.:;t.,:HL:J:: l!J 
1) 'J'ri1Hr;ui:J ·20 

1lot:c1: Jl<LroJ intt:r::•:ccior1'::: .Jn Y. 3 
J.líll'll J•Urt:ll~.c:> .Jn x 2 

3) Jr* -IIIJCO:; lliflll 
--¿:~-J~¡·¿~;;;·I:o·-~~:~-: l' lw wn 
ll) Pi~c..-rJr¡tjJ~ll~1 4 
h) H1lfJ0~.;¡, ondu 1 illlll 3 
e) !;u;tve, onr!o 1 :Hb 2 
d) E!;l.rÍ;t::, ondul>~dd:: 1.5 
e) JJ·t·er_¡u};¡r, pL111~1r 1. 5 
"() ~•\lliV1! 1 ploHhlr } 

q) ·r::;u·:í.·l:>, pl;tn<lr o~-5 
.~·in c:o11 iw.! to d1J p /.rmoo 

h) ~rcillo 1 
i) Hoc;1 lrilut~."'lda 1 
1Jott1: !;i el e!:p.lcioud.cnto >3m taun~\r 1 nl Jr 

4) J.1*-RrLIDIO 
--¿·Q-¡jT~:;t..O dn plano o 
n) !:el l ;ul01, dura 
L) !;in ill t cr;1r 
e) J.j(;cr.lrnc~nlc ,1llct:ítd.:l 
d) J.JmcJ:;,,, rccuhrin1iento 

~1-CI\O:;o 

e) llec.:ubrimil.:nto:.; mincralc!; 
(clorjt"a, etc.) 

f) r.:n·tí~\11,,:; .u·cno~;¡n 

9) 1\n: i 11.·, fuertemente con 
sol i d.-I(J.:l 

h) 1\n.: i l 1.1 lnJ:tlian.lmcnlc 
CPt\!iPl Ílbtl.\ 

Sin eullttlc'IV d~~ pJ.a,wo 
1) 1\t-cill."l (·~p."lll!>iv~' 

j) fh~ :; i llll''l I";H !.1 

k) ll.md,J~; de ,"lic i 11.1 

0.75 
1 
2 

3 

4 
4 

e 

6-12 
6- o 

13-20 

OIJSI:IWi\ClO:a:~ ------------

.. 

5) J>~_:f_I_GUA 
a) !,;(;Cü 1 
b) Flujo medio O.GG 
e) 1-'lujo rJr,lndc o;~, 

d) J-')ujo mo..~~ r;r.ande 0.33 
e) Flujo rr1uy rJ r..:.r ndc 0.2-0.1. 

di:;rrd nuyc ¿1 tiempo 
t) f'lujo CJl'ondc. cún~:t.~~ntc 0.1-0.5 

6) SHF-Ff•.CHJH ll[ ft[f)IJCCI 011 IJE ESFUEIWJS 
-~T-M~lti_1_)_i"Z;;· ~~-~;--, !:;· d ~ ¡:·¡: -----.. --

lidacl. '¡~r_,r..;.¿¡ ,,]ter.)da 

(orclllo) lO 
h) ~<JI) ... ¡!; el(! dc:hi ll.d<td r·.--=~o:n 

ko.Ctl ;dtc:l'<Jd.) (;¡r:r_;jl}<¡) !) 

e) Zon.J!J dr; rl(!bí l j d.¡d P.:..~om 
JVJCII itlt.r:l'itfl.:t {o~l."I;Í});¡) 2.5 

d) HÍJltipl,::: zr.m:t:; d•: r:iz;¡})a 

nnc.:-1 c:orn¡Jr.:t<~ntt: (:;in 
~rcl_ll~) 7.5 

e) zor,:J:J <.le c;jz.:.lLJ_ r:n roca 
(;Ompeb:nle (!Jill ;¡rr:j )};¡) 

J'.<~Out 

!) í'.ou:.:; 1k• cJz;¡)),¡ r!n l'<.JCil 

compt:lcnlc (ni n ;¡rc.i.ll:l) 

S 

J·.>~Oitt 2.5 
t;) zr._,n;¡:¡ muy fr,,c.:tiJr"otd:J!.i, 

nbJ crt:1:; (c.:u.--d r¡u i •.:r· JITO 
rUnclic.l;¡d) -·· s.o 
1-'rol,l.!IIJO:J. dn cn[rH:J•;:o:J (nc.:/0

1
) 

h) l:!:f\leo.o:; b.t_jo:; >;wo 2.5 
i} l:!ifuet·zo:;,_lnr.:dio:~ -~\J0-10 1.0 
j) 1-:!;fuerzo:; alto;. 10-5 0.5-2 

Roca ti úu .. 'Gm¡H: i•.''l ten 
k) 1\l~nmcut.c comprr::;iblc::;. 

10-20 
1) J.J,p:r·.:tuu~nlc compre:~iblcu 

0 CXJlil~!;ih}C3 5-15 

• Si.Glcm.l m.t:> dcsf~'IVOI"<lblc • 

Q R .~\2!2 X .Tr X JW 

Jn J.1 s1a· 

Q e --- X -- X ---

Q • 

_, __ 
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wlth ,:nl.1r~p:d Lc.Hin9 
f"in111 !.uppc,rt Hh~n 

"por.pln~" IH:tlvity c.:iD·~•:\. 

J, ~evr.rnl ¡,(.¡l lr.rH_¡llo:O tdlcn u-..~d In :..)rT•f' cxc..1viltlun, l_e 3, ~ :ond ]•n. 

~. ~cvérnl bcdt lt:ro~}lh\ oftcn tJ~f!d ln \.,,,,,e t:Y.(..1'~:.Hion, le:!, ) .1nd lun, 

s·. Tc-n!>IOrH~d c,::,Lic .lnchors oftc-n U!.r:d to ~up,>lc:m.:nt IJOit !>Uppon prt·."-:.ure~ •• Typlc .• 1l :,p.1clng 
') to l¡m, 

6. Scvr=r.1l lrolt lr=n~"jth$ oftt:n tl!o(·d In S.'lr"~ t:>'.CIIV.'"l!lou, le G, fl .H1d lOm. 

7. "lr-n~lnrH:d cr,!Jlr: llrt(.hor~ oftr:n ll!.td lo ,.upplrt••c·ttl hult !.UI•P<'rt prc:~:.urc::;, Typlc.1l .. ~p.1Cin9 
~ to Gm. 

O. Sevcré\1 (Jidr-r ~p:n~r.Hion po1.-rr !.l.1tlon~ In thi!. (•1IC':')Of"y c·mpl<•y ~y·.tt-m.ltic. or \prJl hnlt
ln!¡ witlt ,,,,.;,, ol ch.,in llrd. rr•t·:~oh, ,lnd ,, frrc !.p;Jn <.onrn•.tc <~rc.ll ro0f (~~O- l;OOnrn) a~ 

pe rm.)ncn t ~ llpfo<lr t. 

9. (.1~t:~ lnvolvlnf} :.wcllir".l• for ln~.t.lnet·. tnontcJ-orlllonltc- c.l.1y (wilh {J(CC''.~ of w.1tcr), 
Rtoom for c·..-.p,lft'.oion loehind lhr !.upr•ort 1~ U\C:d In ca~r.:l. of hc.wy !>Wt:lllng. Or.1in.:l~c 
mc.,~urc:. lHc u'..c:d wltr:rr. l'll~!.il.de. 

10. C,}•,cS no( lnv~oJvin9 :.h-cllln9 C.J.1y CH'' !,tpu:r.zlng rock, 

11, C.ncs fnvulvfng ~.qucctfng f"Ock, I!C"VY rl~hf ~.uppurt l"s gc:nt'r-'Jiy U~Cd oH pcrr...)n\nl 
sup¡ovr t, 

11. AccofdlniJ to.1ulhor'\ eJq'"lC:rlc:nc~ ( (I,Jrton r-t .ll}., In c;t::t:~ of swt•lllnq or \quc•r-zin9. thr. 
trmpor.1ry ~up¡o(lr\ !l'qulrr:d brfore concrt:tc; (or !.hntcf"('(c•) .1rrt .... ., .1r~ forfll~:J r•o.1y t:on<,ÍSt 

o( t,oltln') (lt•n•,ionc•d \hc·ll-c~<f),ln!ooion.typr) lf tiH: v.rlut· of I'.QD/J 11 1~ • .. utricit·lltly hi•Jh 
(le> 1.~) rn•.•,ibly cod•inc·d Hith \hotcr·rtr.. ~f !he H•cl.. r•-.1·.~ 1~ vt·ry hr.1vily jointcd 
or c.ru~lwtl (IC' RQO/.ln <1.~. for l'}l,)llopl<: ,) 11 '-ll~l·H o.t.c" '!.hr.\1" /(¡1\(~ In c¡u.Hlll!l·), thrn 
lhe lcU<jllH,HY '.tl)•¡ourt r:~1y C.<m'>i\1 nf up lo !.l"""'r,ll ,l¡oplit.llitorl•, uf \hol;.;rl·tc:. ~y·.tc·r:~.ltlc 

boltlnr.1 {lr.n•,l<•ll<d) n<.ly br ;Hhh·d ,,ftr.r C..1!.tln~J thr c.oncrr•tc (nr •,hotcr••Ír) .lrth lo re· 
duc.c thc ll!lf~vcn lo,Hflcu¡ con thc c.on(rr.tc-. bul lt rn,¡y_ not lrt: c-ffr-rtivr wht•n RO.P/J 11 <I.S, 
or whr:n .'1 lut of c.l;¡y ¡., prr.~r·rrt, unir.,~ thr. lovlt~ .He ~¡routrd IH:forr ll'n\ioninq. A 
S,U(flr.it:l\{ lr11~J1h tlf olll(.loO/t"cflud( JIIÍIJh( ttl\t) tJ1: (¡t,t,,jn¡•¡j 11\ÍIIfj '!11ÍI:I., !oor.!"lill<J (t"'>Íil 

l!nc.hors l.n tla".r c·:w:tlt·r·t·lr l'liUr qth11ity ruc~ r ..• n~t"~. St·rÍCHI\ t•U.urrr••Hc''> c,f.\wPIIintj 
tmd/or \qtH'r.llur¡ ruck rnty t1•quif"t" th.ll thc:. U•nC.It'tc: .uc.l,r:\ Le (.ll-..c·n ri')ht up to tire 
f.lrc. I•O\~lloly u!>ln•¡ ll \hlt:ld ,l\ tr·u•por,lf·y \hul(crin•J· lr••:,pur",uy •,u¡•¡oc~rt <>f tt>c- worklng 

lo•ct" '"·'V .ll!ooo lH: r!'c¡ulrr-~1 In tlu:\c <•1\c:\, 
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1). For r~.-¡·,on-; o( ~.1fdy thc rnultlplt: rlrift ru.-:tltr..od ~di\ oftcn t..c ncedr:d durlwJ t:Jo'.Ci1v.1tlon 
br\d '!ollr•ptJrtlnfJ of fC'n( ;¡rc;h, for ~p.1n/[~H > 15 l•l.!y, 

JI¡, tlulti¡.lr: drlft nit:thod U' . .lJ,Jlly nct·ckrl dlJrin~J t;)".CiiYottlnn ,,nd support o( .1rcl•, H.tll:: and 
floC!r in c;,~c.,. of hc;tvy o¡qut"CI.IrH;. ror ~pdn/L~I\;.. 10 in cKcr.ption;,Jiy poor rvck or\ly, 

!:14JI[i1emr.niary not11n /J!f 1/of!l.: mu:I IH·cr~ltl 

a, In ~c."lridlr .. 1vÍil, thc u:.c of "Í'r:rf~Jt,olt· .. " i~ cry:rrv.·,,,, llH:o;.c ,11c pr:.'rror/!lt~d hollr>H tubc~ 
\lhlc.l• ,¡rr: fí\lt:d ..,.IÍ!h •¡rout ;uod Íll',l:ftt:d ÍllltJ ;¡,¡¡¡¡,t¡lc•,, lt.c ~¡rout ¡., CY.trwlr:d tr.J fi\1 
tht: M•nul;,r ~f><•r.C. ••!•Jw•d th•: tuiH: ~.J,~n ,, pi·~c.c: 0f r•:Ínfc,rcÍn<J rrHI i·, fHJ-..ht;d irllo thr:-
yrout flllln(J tli•~ tulJc:. UJ,vinu~l·¡, tl11:r~.: i·. fi(J \/.ly In which tlw·.•: dr:vir.(;!. can J,: tcn-
5-lnnt;d ;¡Jth<,uq!t it.i:> •.tJ''(:.rm to thr•::,d thc ~:nd c;f ti.~ rr~inforcif,'l fiJd .1nd pl;¡cr .• 1 l•orrnal 
l•e.lfÍrHJ pl.ttt,'f¡l' Hó!',llf;r· ,wd 1\IJ( rm tld·, cnd,(:..r:r: ()~¡clfl:.l)l¡ (lll p:•'l'! 37:H). 
In llc,nh l•ll•t·rír.l tl•c: IJ',•: f;( "f'c:rfr,l,ult-." l'. r:,n:. lo winir•'J ,q,p1,ic.ltic.o~;, dcvlcr: kr,c,Hn 
l!~ lJ "~¡,\ i t '.,t:t" pr ''l'ri<.t ilm '.l't" (dr:v•:lt.l['•r:d 1.'/ ',cr,tt:''·-J) Ji;¡o;; L•:<'.O<nt~ pnr•ul.-cr, ¡¡,¡., Í'. 

ll 5-¡olit tul••:·~,t,jcl¡ i·, (¡_¡rr.r•d i11to .1 '.li<_,htly •,n<.dlcr dj,,,,,:tcr ¡,,¡,: th;¡n thc~ ••tJit•.r dia-
mctcr of tiH: t11l•r.. Tlu: frir.tirJII IH:I~If!f'rl tht: !.tf:t:l ltJI><: ,,r,d the "•!.~, ,,.,,., icuL,r'l·¡·,_,]¡t:n 

\hr: .. ,,.,.¡ r·u·.t'., ,-¡t;l', i11 11111C:h lht· ~ .. ~u~: H.ly ;t•, tl•t: qrout ,¡rf;tmrl ;, J<:infurr.ÍI•fl 1<¡<1, l'ur 

tcm:Hifo~ry •,uppor't tl~<;',r: tkvi<.t:!. .11r; vr.ry t·(f•:ctiv•~. (~,,.r; fi•¡tHI: lj} r.r1 fl•t't'! ji'C).-
In fiiJ',lr·;,ll;,n rotiru:•,, \Httf'fl">lr¡r)r;d •trrHJlt·d rr.illforci'".l Í!o in•,l.llll'd lrt ,,.,ro,t•ir.r¡•thlc.V. r¡1out 

lntn dri\IJ,ld•:'. ''"d th;., '..if.it•ly t•u•,hin') ,, piet:t: of thn·.tded rr:ird•,rr.ír,•¡ f'l;d ¡,,t_,; 1!11; 

9rout. 1hc 'JfiHil i•. thi~.k CII(;II•Jh t(J rc:·,tln i11 11n u¡rhnlr. duri11~1 pl.t<.ir•9 r1f ti"~ r11d, 

(J, (h,lÍnllnk flll!'..h Í'. ',(I!I<Ct Íltlf;'; ll'ot:d /() C·'llt.h ';nt.l)J pÍt•(t;"i of I'IJCk IJI1ÍCI1 C:o111 l.i·C<•Ii;r~ 11¡(1',('_ 
wlth tlu,,_;, lt ~\tr11tld lu: .1\tar.hl".d lo the rocV. .1t il>lf•f'\,¡,,1•, of b!".l•~<·r·n 1 ;tnd l,jn1 ;pHJ 

U'.r:d \th•:r'~; it l'. illtt'llllt:d trJ l>c f>t!lf'l,)ll:,nt, f:') l11 .u• unr!r:r•¡r'"Jfld t•'•""r·/gJlJ',r:·, 

e, \-lclú•1..-:'.h, con•,l•.tir"J rof '..l•:cl Hlr•:·. !of:l 11n" !o'!IJ.H<: p.ltlt:rn ;,nd H•:ld•:d ,,t ·~;,r,h Ínter· 
!J,rttion, "..lo{tUicl be IJ'.•·d fnr lhr. rr·i¡¡(nrr,¡·r,rrtl rd •.l."tr.fl:tr, •,inr,r· it ,,¡ IC>v•'• r·.'¡','l ;g;r_r:'.~ 

td tl.r. •,l,ntcri:l•: lo ti": IIH,k, (lt.dnl·ill~. 11!1",1, .,,,,J,J!d n::vr:r lir: u·,o·d lor tl;i•, jJlJil•(J',c 

~In<.('. the -.,!,otl.r•·t<: c .. \fll>ol l"·'n.;tr.llr. nil 1/or: '•I'·H.•": 1.•:1""':11 u .. · ·.tir,..·, .,n.j ,,¡, pl•r:t•r:l~ 

l!fr. forn11:d ~dtlt c.t•fl'•"fltH'Ill t~J',tln•¡ ot p,: ~1irc. \.lht·n ciii>O'.ill') ... •:dr,c•,t,, j¡ i·. ¡,,¡HJfiiH\_1 

th.Jt th<: lll<':',h r,;,n lu: l>dtHIII'd t.·¡ 1111r: or two 1"1!11 ~"JI·kiro•¡ fiiJIIo l/>:· ·1~• 11f ,, hi•¡lt··!lft. 
vr.hl(l•: 01nd ht:nc•• tht: 1"'"·" ~l"nJid 11ql ltr: ltJ0 IH•;,vy. 'lypit_,,ll·r. !,.¡¡,.,,1 HÍrt~·, •,•·t ill IOOrtwn 
lntt~rv.JI'. (de:.iqn.ltt·d I(JU Y. lOO x lr.'J. ~o-ocldtto•:·.h) ,Jrt: u-.t:ll for ,,.;r;l(.rcir~•J .. hcl!r.r•:tc-:. 

d. In por,r•:r t¡u.Jiity rock, IIH: u•,r: {)f IHI\t:n'tionl'd ~¡routr:d d11~•r:l~ ,,., tr:ccl<'rWJII-:ndr:d by 1\;trton, 

llr.n ;,wj Lund•: dr:prrHh IJfliHl Íl'~llf;di.11<; in\lo1lllltlon or thr·.·· rf'inlnrr.iroq l!l•·r:o•:nt'. br.hinrl 
thc f/lct:, lhl~. d•'l"'lld', tJpnn lntr·•¡r,qi,lr¡ lht•. •,uppr¡f! drillin') ,utd in·,t.111.llitlrl lntu lhr: 
drlll·bl.'!o;t~rnut:k r.ycl•: ,1nd lll,lflY nruJ·~.c..-.ndin.tvi:u\ r_-¡,nlr;lctor!. ,,rt: 1>111 (Jf('p.1n:d In con~itk 

'\Id~ -..y~.tr;m. ~/IH~n lt ¡.,. illtpw,'.ll.\c to rn'>~lfC 'th.-tl llll!f:'n',ion!"d IJIOUtt:rl dt¡IIE'!\~. ;,·e 9ulng 
toLe in•.t.lllt·d Íttt:tt·dl .• tf:ly bt•hind tl11: (.lCt:, cow.id~r.llÍ•>n :o.hould IJc. 9lvcn lo u·.in7 
tr.n'>lon~d rocJ.J,oll:. ~·l.ich c.,H\ br. r¡nnr_lr.d .11 .1 l.Jtcr '.l.l'JC. lid._, •·n~urc!. th,1t !oUJlfJ(Ifl ls 
tJvall.-,hlc tfurin~t tite critic;,¡ t'lt.C.IV.lliun ~t.~r¡r:. 

c •. IIM•Y (flll(f';tCl!JfS Hould con•,id~r· th.lt a ]00mm thlck Co'l~.t <nncr~tr.'arch ls to~> dlf(Jcult 
lo con•,truct br:C.1u' .. c tlocrr. 1 ~ not cnouqh rt:.<.>m Let-11:1:11 tln: ~.lnlltr.r .1nd th1: ">urroundirHJ 
t·ock to pr.ndt ·~·''>Y .H~,,~.,., f{lr pn.:rinq (,)ll(.rt:le ,¡n.l '-'I'.H.ÍI•'J yiLr,1tor\, Tlu: US f,rmy Cor¡n 
of rn•¡iru··~,·~~~,t. •.tHJ'J'~~t'> lU inchc-§. (254 ,,;,) ,,!. ,, norm .. 1l n•inlmu:n whilc ~omc contr,Jctors 
prcf('~ J00n"Vn~ . · 

(. IJ.trton, llr:n ,1nd lunclc ">uq~tnt !.hotcr("le Í.hld.nt:<,<,c~ of ur \o 2m. lhl~ would rr.r¡u/re 
tn.lny .,,~p.1r.11c ,1prd ic.11 ¡,,.,., .uul il\,111'( r.ontr.lctor<:. Hould rr~1.1rd ';hotc.rr.lc thir.knr·o;•,(:..,. of 
tlds r',lf)ldtude ,,!Jo btdh illlp/'.lCtic.ll .Jnd uncconomic, prc.ft:rrlnq to C:.1o;.t concrt:lc ,lrCh(':\ 
in';~t·.tó, /1. ~.trunq ·II~JIJ'"t'nt in l.n¡1ur of '.hotcrctt: ¡._,,lh.Jt lt C.HI he rl.,c:c:d vcc·y cloH: 
to tlt..: f.\ Ce .11Jd ltcsn.'(! l.lll bt: u'tc\J lo provid.: (;,tr·ly !J.IJI'POft In pu•.1r Qu.li i ty roe: k rn,-,.,.,!"!L 
fl,lny (ontr.Htor., would ,,,-~JIIf! th.J\" >O t0 100'"'1, !.Jycr lo; qrnt'!rJIIy .. utflcicnt for thls 
purr>O'>I"', 1'·''1;t,t!.Jily ~lht''l u•.~:d in cnrljtJI'CtiCin-with lt~n'>innr;tf ro(kf¡.:>lt'.> J'. indl..:.ltt:d by 
6,\rtun. Lit•n,,:·d l.undt:, ,HHf th.lt thc pl.1ci"q nf ,, (,1'-l Ct111t.r1~t~ linin¡¡ ·'1 ,, I.Jit:r c,(,1fil:: 
would t .. • .l r.or1: t:(f,·cti\·o: H.Jy to t.lcl...l,: th~ prol•lcrn. Ol:vit>U\Iy, th~·fin,,\ choice will 

dcpcnd upon tlH: unlt r,J(t:~ for concrt7tin'1 .lful .,¡lfJ!C:fl"'tlrH¡ offt<rnl hy the Ctlntr,Jctor ,lnd, 
lf 5-lt¡JtCrt"tC i•, ch···ll'l'f, llfHHI ,, pr,1<.tic1l tkm.Jn'.tr.ninn hy thc cuntr,lctor th,Jt hr. can 
.lctu.,ll)· pi,Jt.'•~ ·.h .. ,lcrt•tt• tu t!•i._, thifkn~,· ...... 
In fl('lflh 1\r"l'l'l( .. l, thr \1\f' ur (t>ll(f!"\(" l)f ··hll((ft'((' linll!'l .. or UCl to 1m thli·'k .... ·~/('1\l~ti·.:i·,('· 
(<lf\\Í.1,•r.._•J 1/l>u',lf.d ,)lid ,1 \<ll'•hin,\(it•ll p( •·,·,\vy ..,,,.,.¡ .,"rl<, ,\nd c:,~n'i:.lt'lo! wnul.!.U(llll~._fly 
lrc U\l'ol tu .h:llit'VI.' tht~ hi<Jh !.11\'l'\lll IHC\5-Uf\'~ r,•quirt·d In very r•JO( 9f'U\Hhl. 

'--'------"------------·----
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CLúl~[tl!fdll(~ U.flj~JrJCJ,liCHI t:UI(t[ I'Oft lJ:Cf,V/dlfJli /.110 ~Uí'P(rf'.T 111 P.OCr. TUII!H.LS 

~Hfd·t:: HOf..H~.H(l[; \JJDTil: 10 rn; Vtl\liU.L ~.lfi.[~.s: 1\[LO~/ 25 111'1'1; 
C011~1HUC11l;l/: {¡J;JJLIIIG /dHJ l:J.f,:;lJJIG. 

rull f~~er:. 

) rn lHlVl\!lCf:. 

------·-----·-------
~upport 

Crnc:r,,lly roo '·''l'l•'.r·t rr:f¡OJirrd 

t~l':c.r.pl fur· ''''~·~·.lur¡,¡\ '>(•oJI J,nJt in•¡. 

-·--·-·--· .. ~-------·-----·-- ·--------,-- --~-.. ----

ruw.: f, 1 -l!o 

. r 1/ 1 1 ( ¡, r. e:. i.lt( 1'1 1 1 y !or' 1 t •, i ,, 
1. (J- J • ~ f:l ;odV.HiU'·, r. 1 O•lll, }r·r J (HlfJ 

(r,rr•plr:tr. !.uppr,rl /f1n from '•J·.H·r:d /.~,,,, ~lith 

r .·rc.r.. /¡(.(.:•·· irn •. rl rrw•,h. 

~(mol in Cr(J~o-111 

~·hr:rr: l"(·.qul rr.d 
llcJfl e 

------- ..... _. ____________ ----------·---·- __________ _. ... ----------
llllf rock 

J J J 

f'<,or roc.k 

IV 
Rt11\: ?.J-I¡Q 

V1:ry poor 
fOCk. 

V 
1\t\11,: < 20 

1rq, lor·:,ditL:J llfld lor·tlth, ;,y!.tf·u~rLIC 1•(•\t:. 

1.~.-)rrr IHIV.trH.r: ir• l.r·~ullnr¡. lw¡ ¡,·;n~¡, •,p,H .. t:d 

(.¡,¡¡rnr·tH.r. \tJ!•POr"l ;¡f ll:f \. ~,·/r:l in t.ll•~o-m 

•·<~eh b\r,•.t. (tw•r•lr:rr- itftd ~~;t\1~ ~~ith 

'.\Jjlf•Oft lOm frPtn IM:t. me:.h In LJ"II'<Irl. 

~,(}·](J(h-n )¡¡ Cf(JHII, 

j(!dotu In ~ ld('~o-~a 11 :.. 

·-. --·------- __________ ... 
lop h,·..,dln!J 11nd ¡,t·nch, 1-
l.~:rn i\dVolll(C Íll lli'."I()Ínt_l. 

ln•.t;dl •.up¡oort (.(Jr,c..ur
f¡•nt 1 y ~tl 1 ¡, C'-<"·''Vitl ior' -· 
l{)n fp,•n f.H.C'. 

11~111 l¡•lt: dr·ift!.. ('.~-\.)tu 

,""ldV.""IIl<.r. In lnp hc.ldiii~J· 
ln·.¡;,JI '•lippnrt t.ru,r.ur· 
Jt·ot 1 y ,.,.¡ t h r~cav;d iofl. 
$i~rllr.rf:tr: .1!. :.o(•fl .,~ po~
!.iblc: .:dtr.r ltl\.l~tlrHJ, 

~)·:.ten.;¡¡ le bol t '> 

l¡-)m \¡,¡,~¡, '•fl•H .. r.d 
1-l.~tn _in c.roo·m 
,lnrl \1.1\1 •, Hi lh 
~~~~~ rrw·.h; 

~r~~~~m.tfic bol-t-. 

j-(,m_IOIHJ, •.part-d 
1 .. 1 . ~frl ¡ 11 (_ 1 (l'lll 

ollld w,¡JJ :0 wi th 
Wii"C FII!:~IJ, 1\(1\t 
lnvcrt. 

J(l;J-I~C.Hn\r¡ C(ü'"'ll, t.i~tht rlbs :,p."l(.~d 

;•.nd l(;)~oln in ~itlt:• .. 1 .~,r:' HheJc: rr.quir-
rd; 

------- ·------
l )0-7. OO:wl 1 n r. r(!Hn, 
I)Onom nn 'Joid~~. 

,H\tl ~o~· m on f iH: e. 

H¡·dÍlJIII lo h(',lVY 

rib~ •,p;¡ced (l.]jm 

wi t h :. 1 r:t·l 1 ·'~l'.l. 

In~¡ ,""111d 10rt:pol-
i ng i f n·•¡u i 1 ed. 
e lo•.c- lnvcrl. 
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e>'.l.I':O) 1 v'c. 

P.~ttr:rrwd qrr.utr:d ¡,,,Jt:. nt ,, · ~,.,,·tolll'lr '.p;rclr·~ JHHJ· 
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Tht• orl9ln.1l G•·orn••ch,lnlc\ Cl.n'!>lflc.ltlrJn ,,._ wr:ll .l\ the 
Jnlju•.t..:d r.ttin~¡-, muq br t.lken lnto iJ((.ount In ll'i"..t'~slnl) 

tht• '>upporl Ft'•lllirn·t.:nl\. 

llolts •,erve llttlt• purpo'iC In ldr_¡hly Jointc:d gruund .lnd 
\lti"lllltl not br- u·.c·d .u thr. \olr. -..up¡•.:.>rt wherr. thc joint 
"'P·lC 1 ll•l 1 .1 t 1 n.¡ 1-.. ¡, . ., \ 1 h.¡n (•, 

lhe rrc.on't'IC'IHI,tllnns cnrq,linrd In l~tdr ](\ o'lr~ ~ppl lc.thlr. 
tur•dnin·.l Pl't'•;rtic>n., Hilh •,(•,·-.-.. ¡, .. ,,.¡.,·¡\ • ., .. t 1t,ul 30 1"1'.1. 
l.l~"<ll' ¡·h,lnrbt•r-. o;l~<>ul,l cu1ly t>,· t'.~'-·'•-•1•·11 in 1o¡·l., •..:ith 
.ldju'.dt•d l11Ltl c.:l.~">~ific.lliun ,,,tin •. l .. of SO ur loctt .. ·r. 
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DIRECTORIO DE ALUMNOS DEL CURSO "MECANICA DE ROCAS APLICADA A LA MINERIA 
Y A LA CONSTRUCCION" IMPARTIDO ENESTA DIVISION DEL 27 AL 31 DE MAYO 1985. 

1 . - ALVAREZ MEJIA RA~L 
SICARTSA 
PRESIDENTE DEPTO, GEOLOGIA DE MINAS 
LAZARO CARDENAS,· MICH. 

2.- BARBOSA ANAYA HECTOR FDO. 
COMISION DE FOMENTO MINERO 
ANALISTA 
PUENTE DE TECAMACHALCO No. 26 
COL. LOHAS DE CHAPULTEPEC 
DELEGACION MIGUEL HIDALGO 
11000 MEXICO, D.F. 
520-85-07 

3.- BELMONTE JIMENEZ SALVADOR ISIDRO 
CIA. MEXICANA AEROFOTO, S,A. 
ING. GEOFISICO 
11 DE ABR~L "Na, 338 
COL. ESCANDON' 
DELEGACION MIGUEL HIDALGO 
11800 MEXICO, DF. 
516-07~40 EXT. 148 

4.- ESCAMILLA PASILLAS LUIS 
COMISION FEDERAL DE ELECTRICIDAD 
ING, GEOLOGO 
CALZ. H. COLEGIO MILITAR No. 2120 
CULIACAN, SIN. 

5- GONZALEZ'VILLALVASO PEDRO 
.' '', ' 

FACULTAD DE INGENIERIA UNAM 

CONOCIDO . 
COL. VISTA HERMOSA 
LA MIRA, MICHOACAN 

GENERAL SOSA No. 12 
.COL. PARA:JE DE SAN JUAN 
DELEGACION IZTAPALAPA 
09830 MEXICO, D.F. 
520-85-07 

HDA. NORIA No. 32 
COL. IMPULSORA 
EDO. DE MEXICO 
37130 MEXICO 
794-10-82 

28 DE AGOSTO No. 7-1 
DELEGACION BENITO"JUAREZ 
516-57-96 

ANAXAGORAS No. 580-3 
COORDINADOR DE LA CARRERA ING. GEOFISICO COL. NARVARTE 
CIRCUITO INTERIOR FAC. ING. DELEGACION BENITO JUAREZ 
590-52-15 ext. 3724 03020 MEXICO, DF. 

6.- GURRIA ESQUIVEL GERMAN 
COMISION FEDERAL DE ELECTRICIDAD 
INGENIEROS No, 402 
COL. MARQUES 
QUERETARO, QRO. 
283-79 

M. ARISTA ~o, 48 
. COL. SAN JAVIER 

QUERETARO, QRO. 
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7.- GUZZY ARREDONDO MA. ELENA A. 

8,- HERNANDEZ DEHESA JOSE LUIS 
CIA. MEXICANA AEROFOTO 
ING, GEOFISICO . 
11 DE ABRIL No, 328 
COL, ESCANDON 
DELEGACION MIGUEL HIDALGO 
11800 MEXICO, DF. 
516-07-40 EXT. 144 

10.- HERNANDEZ VILLANUEVA ALFREDO 
LAS ENCINAS, S.A. 
AV. REY DE COLIMAN No. 268-7o. PISO 

' COLUlA. COL. 28000 

11.- LARA AGUILAR FELIPE 
S. A. R. H. 
JEFE DEPTO. CONTROL CALIDAD 
Y RhNEJO DE MATERIALES 
H. COLEGIO MILITAR No. 40 
VILLA CORREGIDORA, QRO. 
6-22-39 

12.- MANRIQUE GUERRERO JORGE 
S. A. R. H. 
JEFE OFNA. PROTECCION INSTALACIONES 
HIDRAULICAS 
INSURGENTES SUR No. 30-32 -PISO 3 
COL, JUAREZ 
DELEGACION CUAUHTEMOC 
266-59-49 

13.- MARTINEZ BELLO FLAVIO 
S. C. T •. 

DIBUJANTE 
DIREC. GRAL. OBRAS MARTITIMAS 
COL. DEL VALLE 
DELEGACION BENITO JUAREZ 

. 687-55-10 

14.- MENDOZA LARA HECTOR 
CIA. MINERA AUTLAN, S.A. 

1.~.-

NUR!LLO No, 7 
COL. MIXCOAC 
DELEGACION BENITO JUAREZ 
03910 MEXICO, D.F. 
563-35-15 

HACIENDA DE LA NORIA No, 32 
COL. IMPULSORA 
57130 MEXICO, D:F. 
794-10-82 y 794-30-82 

JOSE MARTI No. 224 
FRACC. SAN PABLO 
COLIMA, COL. 28060 

HIMIABUAPAN No. 324 
COL. VISTA ALEGRE 
QUERETARO, QRO. 

BELGICA No, 810 
COL. PORTALES 
DELEGACION BENITO JUAREZ 
03500 MEXICO¡ D.F. 
532-15-45 

SAN LUIS POTOSI No. 84 
TLALNEPANTLA, EOO. DE MEXICO 

.. .,-.. 

•·· 

·t 


