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(demostración) 
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11 a 13 h ANALISIS DE DATOS GEOLOGICOS 

13 a 14 h 

15 a 18 h 

COMIDA 

PRACTICAS DE CLASIFICACION DE ROCAS 
(En la Mina Real del Monte) 

. 
9 a 11 h . ANALISIS DE DA"TOS GEOLOGICOS 

(clase) 

11 a 13h TALLER DE·A~~LISIS DE DATOS 

13 a 14 h COMIDA 
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12 de abril 15 a 18 h LEVANTAHIENTO DE DATOS GEOLOGICO ESTRUCTU Dr. M o Ash.raf Mahtab 
RALES 
(en la Mina Real del Monte) 

13 de abril 9 a 12 h ESFUERZOS IN-SITU 11 11 " 
{clase) 

12 a 13 h PRESENTACION DE EJEMPLOS ~· 
11 11 

13 a 14 h COMIDA 

15 a 18 h ANALISIS DE DATOS GEOLOGICOS 
(En el centro de Computación~ 11 11 " 

14 de abril 9 a 12 h DETERMINACION DE ESFUERZOS IN-SITU 11 11 11 

(clase) 

12 a 13 h TALLER DE ESFUERZOS IN-SITU 11 11 11 

13 a 14 h COMIDA 

15 a 18 h ANALISIS DE DATOS GEOLOGICOS 11 11 11 

(En el Centro de Computación) 

15 de abril 9 a 11 h INFLUENCIA DEL AGUA &~ LAS !-lASAS ROCOSAS 11 11 11 

11 a 12 h TALLER JI 11 JI 

12 a 13 h DISCUSION ·GENERAL 

13 a 14 h ClAUSURA 

-: CONVIVIO 
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50 _ Rock Classif¡cation 

TABLE 2·10 

Acferences to Some Engineering 
Clils~•fication Systems for Rock 

Obiect For general purpose 

Rock Coates (1964) 
Material 

Rock 
Mass 

Coates and Parsons (1966) 

Deere and Miller (1966) 
und Deere et al (1967) 

Underwood (1967) 
- shales 

John (1962) 

Onodera (1970) 

Iida et al (1970) 

Muller and Hoffman (1970) 

Franklin et al (1971)* 

For a special purpose 

Bergh-Christensen and Selmer~ 
Olsen (1970) 
- resistance to blasting 

Selmer-Olsen and Blindheim 
(1970) . 
- dri llabi li ty 

Terzaghi (1946) 

Lauffer (1958) 

Bieniawski (1974) 

- tunnels 

- tunnels 

- tunnels 

Barton et al (1975) - tunnels 

Kruse et al (1969) 
- tunnel liner design 

Ege (1968) _ 
- tunnels in granitic rocks 

Obert and Duvall (1967) 
- rmining 

Goodman and Duncan (1971) 
- rock slopes 

Caterpiller Tractor Co. (1966) 
rippabil i ty 

* Bcst applied to rippability classification. 

2-10). The rock strength is to be determined either by unconfined 

compressive strength tests or hy the point load index~ previously 

d¡scussed. This applHJach can be useful for organizing case experi-

A number of workers have considered the specific problem of rock 

m,1s::; class!fication for tunne1 excavution and supports. 13arton, 

., 
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Figure 2-10. Franklin's rock 
qualíty c!as5ificatron; Frank:in 
et al. (1971). The strength 1, 
is the po1nt load index. 

Llell and Lu•I'J,~ (1975), for example, adjusted six parameters by means 

ot detail~d study of 200 underground case histories, in proposi.ng: 

a single numt::rical t un ne ling index -- Q. 

RQD ,J J {5) 
Q r w 

:;- J SRF n a 

11!..!i1 ret'ers to tbe percent modified core recovery (Deere, et al,, 

1oJ()7), calculated f1·urn drilltng 1ogs by deleting from the "recovered'' 

c.t t :1gory a 1 l pieces of core li-~ss than four inches long*.. A mínimum 

----------'----
llarton, Llt!O and Lunue stace ttlat No:r.veglan Geotechnical lnstítute e 

¡:eu1u¡risu, have t'vunJ they ca11 •!Sttrnate RQD values in jointed, hard, 
•:Jay-1rt:t) roek~ from ft~lJ , .. lliil,t(eS of the number of joints per 
culJic OllJtet (J ). HQD = 115- J.J J (RQD < 100) 

' V' V 



52 Rock Classification 

Hl,ll> of JO is used in evaluating Q. The other terms in Equation 5 

evaluate the number of joint sets and the roughness, alteration, 

w~ter and stress conditions according to Table 2-11. 

TABLE 2-11 

V<tlut:s of the Parameters 
in Bilrton, líen, and lunde's Classification 

A. Number of sets of discontinuities 

ma:::;sive 
oue set 
two sets 
three sets 
four or more sets 
crushed rock 

D. Houghn~~s of discontinuities 

non-continuous joints 
rough, wavy 
smooth, wavy 
rough, p1anar 
smooth, p1anar 
slick, p1anar 
"f i lled" discontinui ti es 

Jn 

0.5 
2.0 
4.0 
9.0 

15.0 
20.0 

Jr* 

4.0 
3.0 
2.0 
1.5 
l. O 
0.5 
l. O 

* add 1.0 if mean joint spacing exceeds 3 meters 

C. FJlling anJ wal1 rock a1teration 

.. 

a) essentially unfi11ed 

healed 
stain1ng only; no alteration 
~ilty or sandy coatings 
clay coatings 

b) f111ed 

sand or crushed rock filling 
sliff clay fi11ing <5 mm thick 
su1t clay fil1ing <5 wn thick 
:::;welling c1ay filling <5 mm thick 
st]ff clay filling >5 mm thick 
so1 t clay fil1ing >5rnm thick 
swel1ing clay filling >5 nm thick 

Ja 

o. 75 
l. O 
3.0 
4.0 

4.0 
6.0 
8.0 

12.0 
10.0 
15.0 
20.0 



. Table 2 1 'i (continued) 

D. 

E. 

Water conditions ------
dry 
medium water inflow 
large inflow with unfilled joints 
large inflow with filled joints 

which wash out 
hi~h transient inflo;-¡ 
l11gh cont1nuuu!:ó inflow 

Str~!:js J·eductlon clas!:ó 

louse rack with clay-filled 
dtscontlnuities 

luc,se rock with open discontinu­
ities 

ruck at shallow depth (<50m) 
with clay-filled 
disc.ontinuities 

1' o e k w 1 t h t q; llt , un f i ll e d d i s­
concinuities under medium 
stress 

Jw 

l. O 
0.66 
0.5 

0.33 
0.2- 0.1 
0.1 - 0.05 

SRF* 

10.0 

5.0 

2.5 

1.0 

* Barton et al also define SRF values corresponding to 
degrees of bursting, squeezing, and swelling rack conditions. 

TABLE 2-12 

After Barton, l.1en. and lunde (1975} 

<0.01 
0.01 
o. l 
l. O 
4.0 

10 .. 10 
10.0 

100.0 
>400.0 

Q 

o .1 
l. O 
4.0 

10.0 
40.0 

- 100.0 
- 100.0 

Rock mass quality for tunneling 

exceptionally poor 
extremely poor 
very poor 
poor 
fa ir 
good 
very good 
extreme ly good 
exceptionally good 

53 . 
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54 Rock Cl&sification 

Barton's analysis of case histories yielded a relationship for 

the maximum safe span (D) for an unsupported underground opening as 

a function of Q: 

D = 2 _1 (Q)0.387 (6) 

where D is in meters, and Q is in the range 0.001 ~ Q ~ 1,000. 

Other functions of Q are given to select supports for different types 

of openings. 

For example, consider the rock masses in Figures 2-9c and 2-9e 

wi th respect ·to tunneling at 40 meters depth. In the former case, 

as::;ume tile HQD is found to equal 30% and in the latter 75%. Assuming 

tllere will be no water inflow, we might estímate Q for each case as 

follows. For the rack of figure 2-9c: 

Q = 30 
9 

l. O 
2.0 

l. O 
2.0 = 0.83 (7) 

According to Table 2-12, this classifies as very poor rack; the 

maximum unsupported span according to (6) is about two meters. For 

the rack of f1gure 2-9e: 

Q = 75 
I5 

1.5 
l. O 

l. O 
1.5 5 ( 8) 

This qualifies as fair rack; the maximum unsupported spa'n is about 

four rneters. 

Barton's classification scheme has considerable potential for 

eng1neering for underground works as well as for generalization of 

experiences in other areas of engineering. A somewhat similar 

cla~!>i fication, '·developed by Bieniawski (1974) is presented in Table 

2-13. Of course, no classification system can assign a name as 

gen~rally informative as a careful description of the geological 

environment, the rack material, the weathering profile, and the 

system o{ discontinuities. Table 2-14 summarizes those factors 

appropriate in a geotechnical description of a rock mass. Table 2-15 



is ~ standardiz2u data sheet developed by the South African Central 

Scientific and Industrial Research Organization (CSIRO) and is useful 

for providing input for Bieniawski's classification. 

TASLE 2-13 

Geomechanics Classification of Jointed Rock Masses 

A.. CLAS!:alfiCA.llOtJ PA~A ... tiE.RS ANO TktiA AATINGS 

u~-= ol uni.\udl (l)rll 
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_l 

1 

O, Mf.ANINO O, ROCK MAS$ ClASSE:i 

" '" ------- -----+---- --------·-

.,, 
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56 Rack Classification 

TABLE 2·14 

So me F actors to be Considered in 
a Geutechnical Description of a Rock Mass 

A.· Rock material 

u. 

Petrologic description -- rock n~m~, texture, fabric, principal 
and accessory minerals; nature of cement; alteration effects: 
Presence of alterable minerals such as gypsum, pyrrhotite, 
etc. should especially be noted. 

Classification as "rock',' "weathered rock" or "soil-like rock" 
aecording to resul ts of simple tests (see Table 2-l). 

Weatherability according to slake-durability or other·test. 

-
~echanical properties according to an index test -- e.g. 

Schmidt hammer, point load test, or scratch hardness. 

Degree uf weathering according to laboratory index tests or 
mineralogic criteria. 

State of fissuring, determined from polished sections or thin 
sections or by results of wave velocity measurements, 
tension tests, volumetric compression, or radial permeabil-
ity tests. · 

Micro .structures in the hand specimen -- bedding, foliation, 
etc. 

1eri ng Profi les 
\ 

0~script1on and classificktion of all the intermediate 
· wt-tlt h··ring products and their spatial arrangement -together 

wtltt n.!.~>ults of laboratory tests indicativa of their 
rrH~ci,ait i cal properties. 

Dcscription of joint properties in the different stages of 
weatltt.::ring. 

C. Diseontinuit1es 

Preferred orientations and spacings of each set, structural 
nan~. (e.g. bedding, joint) for each set; roughness 
anglcs versus wave length and description of ~all rock 
as ~avy, rough, smooth, or slickensided; note roughness 
anisotropy. o 

Wall rock scratch hardness expressed by a standard termin­
ology, or strength as measured by Schmidt harrmer. 



Rod C/a:;:;d:cation 

Yable 2-14 (continued~ 

Filling material: thickness; completeness of filling; 
compactness; composition; % cla.y and soil properties; 
classification as: swelling, erodible, soluble, or 
or stable. 

luterlocking and tightness of fit: 
cavernous (or loosened). 

bealed, ~lose, open, 

Other features: estímate of relative extent; chemistry 
of .water; wlll rock alteration. 

lABLE 2i5 

Jr¡p!.!t Dét_a í-orm: 
Geomech2nic$ Classiiicaticn of Joint,sd Rock Masses 

IH~T O.'lfA fORU C:lfOUECiiAWICS C6 A~Sll"lCAY~Or>l OF JOINJ¡;;D AOC" HnSSE.S 
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REQUI?~~ I~~ACT ROCK ~'~ ROCK XASS PROPERTIES 
W~H A??ROPR!ATE I~VESTIGA7IO~ TECP.~!QUES 

I~~o~~a~~ I~tac~ Rock and 
Roe~ ~~ss ?~ope~ties 

?..cc~:~ed 

Lithology. Stratigraphy 

Fiss~~e. ~oint and bedding 
plar.e f~e~~ency (RQD). 

Appropriate Direct 
:;:nvestigation 
7e:chnigues 

Core reccvery and inspcction. 
Borehole camera or televisio~ 

·core recovery and inspection. 
Bo~ehole camera or television. 

Fiss~~e. joint and beceir.g Borehole camera OL t~levision. 

Appropriate Geophysical 
Invcstigation 
Technig~es 

Numerous, including spontaneous or) 
natural potential, resistivity, ) 
caliper log, sonic velcc~ty. ) 
N~clcar probe, ~.e. natural gawma, 
neutron-neutron, neutron-ga~~a. 
ru~l'nil-aUM~a. 

Res~st~vity, calipe~ lag, sorne 
veloc~ty, seisv~e~er. 

cal iper log. 

co~:r.e!'!ts 

(A) Good data obtainable 
(B) Sorne unce~tair.t~es but r.o 

ma1or aeverse i~clicatio~s 

- Open borehole. 

- Open o~ cased tore~o~e 
Core inspection more re~i~~e. (A) 

Direct methods and seis?iewe: :cst 
useful. Se~sv~ewer can be used 
~ud-f~lled hole. (Al 

(,;) 

Ela~e c=:e~~~a~t~:~o~n~ó~-------------------~O~r~i~e~~~.t~e~d~c~o~r~~~-~~~~~~----------------------------------------------------------------------------------------------------

Fissur~. jOlnt ;1nd bedding Core rccovery and inspection. Nene applicable. Good asst.::r.Ftion can :t.e ~aée !.n 
;~~~~a~·~n~e~r~o~L~·c~·~:,~~~.e~~~-~s~a~r.~.d~~u~n~d~L~·l~a~t~i~o~~~--~--~------------------------------------------------------------~--------------------~c~o~~~-~~-~e~t~e~~~·~-~r~o~c~~~-- (E 

F~ssc~e. joi~t and bedding 
ol~~e :ill1~c and co~ditior. 

~l~n·~~;~:l~gT~al und pe trographic 
exn~i~ntion (indirect) -

Bo~ehole camera or t~levision. 
Core recovery and inspection. 

Naturnl ga~ma (clay-or shale 
content of adJacent rock)· 

Caliper log 
Seisviewer. 

Loc.a ti en a !'Id extent of •.:ea:< Ce re recove~y ¡¡,nd inspect~on. :-<u me roes. as l~ thology ar:d 
..::!~::>~~~· e~s _________________________________ _:3:::.o::.:.r.;;e:.:.:,:;.:o~l::.n~-~c~a:.:.~"'.e=-=.~.::a_;c:.:r=-~t~e..:l:..:e:..v.o..::.! .::s~i~o~n~. -----'s::-=t=r~ac=t. ¡, ~ •.r. ~!-..: s se:. s vi. ewe ::- . 

!o!ir..eral content of wea~ :o:res 

Mass Perneability 

Xir:era:og1cal a:1d petrograp~~c 
exa~1~at~on o: cc~e. 
nore~ole came~a or televisic~. 

Packer t~sts. dr~ll stem tests, 
Lorehole ca~era or tele~1s1on 
(~lgh!y per::o~a~le zones) • 

Natu~·:!l ga::-.-a (clay or s~ale 
cont~~::) . 

As for fiss~re w~dths and 
frequenc~es. 

Cat.:t~on s~ould be used i~ ces~i~ 
if hia~ clav cc~:e:'!t ~~e!'l':...~::..-=C· {?~ 

Flne fisscres - core. 1n:~g~al 

sa::opl i:1g, seis·Jie .. ·er, c2l1per. 
Wide f~ssures - all met~c~s 
exce::>:: ccre. .~.l 

(hl_ 

May be so~e d1f!1cu!~y i~ =~c~ver­
ing V. ~ea~ ~ac¿:1~l d~e to 
effec:s of dr1l11~~ wcs~· ¡;1 

Packer ar.d cr1:1 ste~ tests =est 
dl.rect rr.et~cds. Other ~.eo;.:-.ods 

sho~lc ~~c~cace p=ese~ce o! ve:y 
oe~;ea~lc zo~es. 3\ 

, 
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Fe~~1:e~ :-:2c~ 'o~~ ~~d R~c~ ~ass P~c:í·~t:es 

i:.:..-.:.~ ~::~==:-:-.:..at\2 ::-.vest.:.gat.:.on 7t:>ch!· . .:..~...!C>·.:. - 2 

~-E~-~~-----------

~~:-=~~=i3te ~~rect 

!.:-:.\Jes-:.4.?2.:.;;.o:¡ 

:·e::"" i:: -'" s ____ _ 

Cc=e rcc0very and tcsting. 

,'\¡:.p=op!.-..:a• .. e GE'(;?}~ysicaJ 

!:1vest.:.s:J.t.lcn 
:'l?cr-·~ ... c..;€·~ -------
npont~~~O\:S ar ~a~~=a! ;c~en~ialo 
Ncu tron-n-2ut:.-on. ::e'.l~ron-sa:n.'"rta,. 

~:_en~ 
(A) Goce eata cb~a~na~le 
{3) So~e ~~ce~~a~n~:es ~~t ~~ 

------------------------------------------..:c:.u~r.1::_:-l:_:a:_:-:;":.:.·::::J_~:_.n:.:a:. ar:c seis~:ic velcc1 t:::_·--------·-------------_ill 

~reo~~~~~¿ cc~~~essive a::;,d 
~c~s~:e 5:=e~g~h e~ ~ntact 

P:.ezorr.e:ters. 

!lydraullc fr:..ctur ing. 

Ccre recovery and testlng. 

Spontancous p~te~~~al. reslSt1\'ity# 
neL: ~;-c.;:-c~m'i?.. oar.~-:-t:.-a27""~"':':~. 

Kone applicable. 

None ap;>l.;.cable. 

~::~~=~lc~~cal cc~~cs1t1on ~~n~ralog1cal and petrograpl1ic· So~e ava1!ablc,b~t re¿~~da~t i! 

for ~se a: g=eat ~ep~h. ~~·~rc­

fract of limiteC use :..forl">~v. (!3) 

Star.darc lab tests. :10 p:::-oble::'s 
foreseen. {h) 

e~ ~ce~- ex~~:.na~1on e~ core. core is reccvcred. r;¡ 
~----------------------~~~:~~~~~~------------~~~~~~~~----------------------~------------------~~ 

Gro~~dwater chenistry 

:::.C~.:~\.:5 e: elast.:.c:i 7.y of 
i~~act r~ck or :oc~ ~ass 

Scu=ce and ~ove~ent o! ground­
\<.'a':.cr .;.~ ~ole 

rore~ole directional su~vey 

overall geologic structurc 

Mechan1cal baler ~lth opening 
and clos~ns hatch at cepth• 

Core. 

:VonE'. 

None. 

cal1brated fluid res~st~v~ty. 
Keutron chlorlde logglng. 
- Measure 1on concentration 

and sal1r.:-~ 

S01nc ve loe l ty . 

Temncrature crobe. 

Flo~meter (cculd be considered as 
d1rect techn:~:e,but perfcr~ed by 

Baler may need sor.1e ~~nor 
de ve lop!".ent. 

:-~odulus Ceter.::.r.~t~o::s r..o~ o: 

(;..) 

maJO:!' Sl.On.!.fic?.rlce, bt!t t:sefcl. 1 '3] 

P.) 

~eoch·:s~cal .:~:clo_!."2.tlon cc::-.oanv). ----------------------->-=::0::..:..1 
Dipmeter. 
~:~.:lt1-:ohot photographic direc­
:..:.o""'a~. incll!10~lcter. 

L1~holos~cal a~¿ strat!graph~c 

correlatlors betwecn frill hales. 

se~ co:rJT\ents . 

v~r~ous geophys~cal techn1ques at 
ground surface. Lltn~loglcal and 
st.rat.l.graphic correla'ticns bet.ween 

Hole direction can be surveyed 
d~r1ng crilling and/o:::- with 
oeoDr.vsical locr-i~c. fA1 

---------~---------------------------------~----·----------------------------------~b~o~=~e~h~c~l~e~-:~~·--------·----------------------------------------------------------------~~~A~l 
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Dircction Transm1ssion Maximum ApprOXÜild te Cost ($) Remarks 

range 1n 
ft (m) 

of view of i lllilge d1ameter of boreholc 
1nstr11ment size purchase lease 

Burescupt-

Perl ~cope 

Camera 

10 

(J) 

?5 

(!1) 

110 

(33) 

1000 

(3ü0) 

Televhlun IODO 

(300) 

Telev1~1on 1000 

(:JOO) 

at r1ght 2 telescop- 1.25 in. 

angles to 1ng tubes (3.2 cm) 

borc;cope 

at right series of 

angles to coupled 

borescop~ e'tension 
~u be·: 

at right coupled 

angles te extenston 
periscope tubes 

parallel 

to probe 

axis 

parallel 

to probe 
axis 

al right 

angles 
to probe 
a)( i S 

record 

illldge on 

film 

power and 

trans-
miss ion 
cable 

power and 

trans­
missiun 

cable 

1. 31 ir.. 

(3.3 cm) 

2.20 in. 

(5.6 cm) 

2.75 in. 

(7. O cm) 

3.0 in. 

(i.5 cm) 

2.4B in. 

(6.3 cm) 

--------------------

2.5 in. 

(6.4 cm) 

3.0 in. 

(7.6 cm) 

4.0 in. 

(10. 2 cm) 

3.0 in. 

(7.6 cm) 

360 

430 

27000 

30000 

46000 

250/wk 

cost includes camera 

+ 1000 ft (300m) 

cable an-1 rlinch 

300/d~y cost includes Probe 

with 1000 ft of cable, 
monitoring unit, truck 
techn1cian and all farll­
it1es except mobilization 

and interpretat1on 

co~t 1ncludes ji] 

equipmcnt with 1000 ft 

(300m) of cJble, mon1tor-

1ng unit etc 

Note: to~l~ given are thosc for new un1ts: used equipment lS consider~bly cheapcr. 
O¡·Jivery ttme for periscope, camera ur television is approximately 5 months. 

R<wge i s limittd by lhe amo un t of cab 1 e w1th un~ t and by the 11a ter pressure 
011 tloe probe: the probes g1ven he~c are only rated lo withstand 750 psi (5Mi'a). 

It includes compass orientation and d~pth c.n the 

16 nun film. Analysis involves prcjec.tir.g tlie 

doughnut-like picture onto a 360° groundglass 

scrcen, using a conical mirror. A speciitl 

transparcnt overlay sheet is uscd to n~ke the 

neces~<.~ry structural interpretations (ó). 

116. The borehole television camera (7) uses a 

closed-circ~it tclevision system and consi~ts of a 

probe containing the television camera, a lowering 

device, drum of coaxial cab1é!, control console, 

an~ monitoring unit as shown in Fig 10. Oirty 

~->a ter i s a drawback and must be re111oved. Minimum 



Pf··ELH1 J f!td~Y SU!·U1ARY OF COM..I'10N CORING TECHNIQUES 
riJ J!U,V lLY JOINTED AND POORLY CON.SOLIDP .. TED ROCK 

Method Supplier 

Triple Tube Wire- Longyear 
line SrsLem 

Dr::n j SOi) 

:Sa~npler 

Craelius 
Sampler 

rlydra-Flex 
Corc lJurrel 

Core Darrel 
Flm.,¡ Cu11trol 
Val ve 

Cryo-Co1· ing 

Acker & Others 

Atlas Copeo 
Craelius 

Diamond Oil Well 
Drilling Co. 
(Texas} 

Acker 

· Various 

Description 

Wire-line core barrel with 
split tube liner for re­
tention of sample. 

Variations: Drill with mud 
ln]poor ground; use with 
basket-t.ype "Full Closure 0 

lifter; plastic liner for 
inner tube; chrome plated 
inner tube. 

Basically a-thin walled core 
barrel capable of retrieving 
large diarneter (in relation to 
hole dia.) cores. 

Similar- to above, with split 
tube liner option. 

Thick walled core barrel 
(4-1/2" 0.0./NX Core) incor­
porating nylon reinforced 

• rubber liner which envelopes 
core to prevent disturbance. 

De~ice fitted to core barrel 
to decreasé fluid flow in soft 
zones, thus preventing washing 
of sample. · 

Pre-freezing poor ground prior 
to drilling. 1 



TABLE 2·13 

Geomcchanics Classification of Jointed Rack Masses 

A. ClASSIFICAT!ON PAAAMETERS ANO THEIR RA'l"INGS 
-· . ! 

~1reng1h 
Po~nt road 

8 MPJ 4 - 8 lAPa 2- 4 MPa 1-? llAPa Use ot un•,1••al -:r¡no· 1 
ol 

strcnc¡lh tndc• press,rvC resr prclt•rrt.•O 

11'1!,1CI rOCX Unrc).t.tdl 

' matl'll.ll compres<:ve tOO - ?iYJ MPa 
t·J-2:> J lu ' J 

~ 200 MPa 50- 100 MPa 25- 50 •APa 
1\.\P~ M Poi MP1 srrcnglh 

-Rahng 1~ 12 7 4 2 1 o 

Onll core Clu~ltl) ROO 90""·'~ 75 ... - 9()• .• 50". - 75 ... 2s~ •. ~~. .. ~ ' 
ll --------

Aa¡,ng ' 20 17 13 6 3 
- t l SpaL•ng ot ,o•nt~ ;·3m 1-3m 0.3- 1 m 50 · J<.l() mm se !';'"' -~. 

: ¡--------
Rat•ng JO ::'~ 20 10 • S ~ ¡ 

---------------------
1/ery rour;;h !urlaces 

Sllc>er.so·~r:J ,uda:es ¡- )" . _ .. < .. _ _ , 
Sltg~'tly rough suda:es St•ghll1 rougn s"rt~c~s on ~ ,. ·, ·· · · 

CondtltOO ol ¡otnls ""' ""''""'"' ~ Separa:•on 1 mm Seoara!•on 1m, Gouc¡r . S ,....,,., :n,~~ l C~' 

4 No sP.ocrar.on 
Süll ¡o"'' .. all rock 

OR Jor.-.t-, C!;'-"''1 S ..,..,, hara :o•nt wall rock Jo•n:s open ~ -~ rr•n 

1 Hard ¡o.•rl "'atl ro~~ co ... t·nucus 10 '115 Conr•••uu•;'l ,,)rr r ~ 

-- --, 
Ral•ng ¡ 2~ í 20 

10 , 

12 6 
1 

o 
-----

1 lnhow per 10m 2=> 2~ . :{~ 1¿~ 

ru.-.net rengtn Non e 
htres· ,.,,n f,tres m,,., lo' lltr•, "'''' 

lO•"'' ·~:cr 
OR OR 

GrvunCI 
Ra~<o ~~-

1 'fW'dre• ff'la¡O' P".,C ,,:al, o 00-02 02·0!1 0> ' 
11ress OR OR- ------ CR---~OR ----=\• Mo•sl only Wate, un-:;~r rr.,j...;L·t.l!~ se ... _,,. 

General cond•t•ons Compi2Jely dry 
(•nlerst•l•d' warcr) pre~S.u'C' ~ ... t t,.·~·Jt'llt nr~ 

-· ~ -----------
R~r.nq 10 : 7 4 1 o 

1 



0. AOJUSTMENT FOR JOINT 0FHENT A. TI ONS 

Slr•\e ~n.j d•P I/ en¡ 

1 
V t.:• 1 

l 
F a•o11table Fa:r U(iia·,ouroole 

Otl('nla'•OO~ ol ¡Oonls la•ou•aore o ,,nlrt.c,,u,¡l'~o· 

Tunnels o ., ·5 -10 ! ·I/ 

Aa1tng3 F Ot.nda!o()ns o ·2 • 7 q ·13 

Slooes o -5 ·2S .so i .f>O 1 ' 

C. g:¡OCK ilAAS$ Ci.ASSES AND THEIR RATINGS 

C•R·~ NO 1 

·~+ 
11 111 IV~ V . ---

Oe~cr,ph.9: \Jcrv ·JGOd Gond •oc> • F a1r roc!:s: Poor roct~ i VPt, ;J<Y~' r\)( "-

- - . ·- ·-
Rar•ng 100 ... 90 ! 90· 70 70 · •• so so ... ;;¡, l 2~ 

~- M!EANING OF AOCK !.U.SS Cli.SSI':S 

1 
Cla~' No :------

' A•~r~Q~ ~~~nd-ur> lome 10 ~eat$ ror ~ ,, SIJ~n 6 moni11; ror 4 m sr.•n r """e• kH J m sean 

1 IV V 11 111 

''"' 

r--c-·~o--n-,.·-s-.o-n_o_l_'_"_c_•_:::_c_"_'.,-,·-,-_---t-· ---;;:-1"-J----+ ----;;~~--.-,.-a--~;:,~--;>(); :~-a-·--+---,-00----,-~-.-J -.--r·~- --·t--·---,-o-o-.-r-.• ----i 

-L------------,--------!-------·--- ------------·+-----~·-
45' 1 40' JS 1 . J~"' · JO JO J' 

"J'IJr'; 01...•01 r:,y;¡¡- ,;,-;;f",·l:._. ~;;,-;.· -¡-----r_,-,-----~----~~ c-;:-;-:;,-~l•·y Vt•.¡ q. 

" 1 _ Ll'<Jt' ~, 1· 4 ·"·:·~~--- 1 Grv··j f.,, .t_' __ "_'_._ .. _·.J----------...J 

l•~ci~C'\n ftMQif· ·Jf rr-c rnc• .,,..:~~!. 

-- --~------· ··- -r-
C••.-JlHI•ty oto·~ 

' . 
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50 V ALENTI N V. TEPORDEI. 

p 

~ <:_•·o'- •u' Ui W ( t- "'"'-n.- ':~-~ .~ 

-----L--~----~--~---Á------- -----~--~----L-----~--~----L---------------IIO!liC&~.A-21 
$a!f!C.l Hlf. ~21.1 1 

FIGURE 1. Field cop}' of a rcck corc log and form derived by Meuser, 
Rutlcdgc, \Ventworth & Johnston. (Log, courtesy of Washingtor1 Metropolitan 

· Arca Transít Authority). 



STHIICTUHAI. CUI;J::: LOC 

.-------------------------.-----------------------.-----------------------, 
1) r ¡IIIJ)g Cur''l'-'''~ Sit~· Descll¡.>Lloll !Jorchole No. 

Sheet Nu. 

r------------------------------4-------------~--------------~J~o~b~N~o~-------------------------
íll d!in¡..: .\l•·lho d 

j Id~. JillllLalJun 
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Puint Lo.HJ, SclunHJt 1 
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S TH UCTlJ H. AL COit E LOG 

/', l)n. 11.,¡, No. 1\or <"hult• No. 

e, 
o. 
"' e:: 

f-.o 
u 

',) 
:: u; 0.. o. 

..., -

01) 

e 
CoL 
e .:; 
u E 
ro 
(l. ') 

r.ll 
o 

M 1 se e llancous: 
D1an1ctC'r, Reco,ery, 

~ RQD, Penctrometer, 

~ Pomt Load, Schmidt 

C: ~ llanmu~r. Wcather1ng. 
J ~, 

~----------~r---+-----~---r----~~-~-+--------r-~~~~~~~~-+---------------------------4 ::::1 ~- C'l tr. 
.__ 

j __ -- ___,_ __ , -- -- ,_____j __ __¡__ __ ¡___ ___ ----4-- --¡----f--L- -L- _¡_ __ 

-· J L __ J....- - ....J_ - ._L___L_ _...J.. __ -- t--· ·-- ---¡--L ___ ! __ ~......J....__ 

_ _.._ _____.._ _ _____. .J. - -- 4- _._ _____ l__ ~ -¡--~-- J. ----L.... __ ..L_ 

1 . ---'- ___ _.__.._ ___ ¡- .L -- -¡-- j ----'--

.~" :::::::::::: ::_ =~r --+-t '~ CL 
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_,L_ -· _..______ J. 
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__ .J._ __ 
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Fig B-2 - Structura1 core log. 



J· j Cl.IJ<I: 1 - Sl!·li'J.l Fl l:D LOG OF lvEST 
Vi\LLLY I·JELL NO. NFS Clll 

(:::::-;:::;;=~-""~ ----~-=--,_..-= ....... .....,.,..__._ ...... _= .. ,:;·~~-~-,J.~-: 1-. ~; 

¡ --------- i 

lkJ'lh, ft. o 

l 
lOO 

1 
. -------------------

200 Wcélthcrcd shalc =---- ? 
Silty shale & siJ.tstone 

Top of ver t. frac.·-··-· t fjsslle to mass., prc[. 
mod. 
frac. 

1 
1 

1 

i 

~!ES'ff li~Lll ~:JJJ\LE 

Vcrt. fr·.;c. 001 
._ '' J. 0} f t. ] OIHJ 

\-iPil thcn.:d vert. 
frac. 

Vert. fr<1c. 

Vurt. fr<~c. 

\' .:·1 t . f r ..te . 

Vcrt. frilc. 

300 ,_<1_~ sl_w le-si lt ~ontar.t_· s_· ____ _ 

t- illLy shale, sc¿m: of ;~-i~, --l· 
400 f_~ss~~~~~-:_ome ~l_Cl_~~?st~n~------- -~~-----··-----4._Q._Q __ 

~3ilty shale ¡; shaJey siltstone 
cross-bcdded shnlc & siltstcne 

, fractured sil ty sl1a le 4. 5 

so o ShaJ.0.\iítFi-fñ-rl1l)cc1s -orsífts tone~--­
sh,lrps tone cong. , mass. individual 

. __ ..s.oo_ ··-

beds with frac. aJnn~ contncts. 1 
f,.,TX:l"""~.T~k-"'Vlr"l~~"'U..;•.a::--~~~~~~ S .1 

600 

1 

'l'h.i.ck bcds of shalcy siltst:or.e & 

silty shale, calcarcous zone at 
635 f'._ 

700 sn'ty--sfi~1]'(;~1i"9ht'fy -cal carel)'us __ _ 
& petr.olifcrous 

- ----- --·- -------- ----. -----------
Dunki rk tr<Jr.si tion zonc 

.,800 occasionally culcarcous, pyritic 
· 

1 
& eros~.- bcclclcd structure 

fJet1:of:i.fercJus & pyr 1 .. tíc s!we w1 th 

90d ~iltslonc l~ycrs & frac. parallel 
; t,__~_!J-~~1-~~i__J~!] 

1000 

JntC'rlx~cldcd shale and siltstone 
1-:iUJ shé!rpstonc conq 

~~iiili(."Tn t:crbedded wi t.hsi l tstone 
\vl th ~,ornc~ sharpstone cong. 

J lOO si~::;J(:\.i'TU1 uecls of-sl J tstone & 

pyl'i te·, OJJP 5- f t 1 on<J ver t. 
1 frac. HitiJ b¡¡se at. 1159 ft 

" 1200 :;!J.·¡J c 1:! th !~J J t & p~!ri te scarns 

1300 

- - ---! 

[, o ce,)!~ J.on<: J fu~-~ i.l!.; 

-~;,1~1¡·(."- ·-¡:. i ¡ L·-y ... ~.;;·~-i Ts-~-c>cc:3Slol1511.y 
_J;~·tJ·,¡J, ll'rou:~, ~-;evcral vcrt. 
ioJlil.~ tillcd ~>·jth c.Jlcite, l 
,:,crl.ír<:lc. 4.7 ft long with base 
al JJifí ft 

---------------------------
liJO O S h Ll 1 e 1-.1 i t.h si i t , py r i te & pe t. 

scvcral vertical joints up to 
12-in. long 

IJ. 5 

5~5 

G. 5 

i 
: ·------· .J_D__Q__ 
1 

1 

___ B5.0....._ 

HORIZON.l ~ 

1 9 ~o 

1 

i 
5.3 1 ]1@0 ----- ------ --------

1 

5. 5 1 ~ :---T· _____ ll.Lo_ 

.. 
po~-<,:zoN 21 

------~--_j.2.5_0 __ 

4. 8 

1 

1 

L 1500 
- ---··-- --------
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FIGURE 4.-Ptot of Spacing Versus Frequency For One of Three Fracture Sets, 
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TRACE OF 
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FEATURE A 
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ACRES CONSULTING SERVICES LIMITE O 

80REHOLE PHOTOGRA~'1HY 1"-JT ERPRETATION SHEET A 
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111 

--- -20 
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----- 24 

1 
1 

1 
i f'HüJ(CT. ARNPRIOR GENERJ\TING STATION DATE ___ JLII,_'!'_..§~~3 --'-'------~ ___ 
1 1.1AGNE TIC OECLIN A T ION ( 8) N 12 ° W HOLE No. ___ MQ- 34_~--'--- ________ _. 

1 -

JrJCLINATION 1 0° FILM ROLL 2 ; 
-------- ---------- -------- --------·---- __ --J 

,AZIMUTH OF HOLE ol ______ ·------ DEPTH -~-?'_?._F!_: _______________ ~ 
~'\NGLE OF APPAR[NT D1P OIRECTION OF FEATURE t'---~~-0 _ _J TRUE_91P OIRECTION t FOR VERTICAL HOLE J 1 

I'LANAR FEATURE A- TIGHT JOINT j 8-FOLIATlON STRIKE (VERTICAL HOLE 1 ! --------- ------------ -------------- - ONL Y) 231° or S 51° W, 

FEATU_RE A CALCULA TI ON OF 
¡· 

APPARENT DIP FE.ATURE 8 1 
1 
·~A¡:- T HOO 1 METHOD .Il J 

1 
~RSI:.CT INNER CIRCLE AT -letf_J() _1_ ngt1f __ 9_!_ ov __ 10..:9_ INTERSECT _ 30~-- AT-Ieft_~~-rtght ..:~2._ov.~ 

JNTERSECT OUT[R CIRCLE AT lett __ 4_9_ rt9hl ~--lov __ 5,Q_ INYERSECT 0°/360°_ AT 4.0 ____.) 
1 

'NHRSECTJON OJFFERENCE ( POSIT JVE) 1 5.0:::.._ __ \. . 

~----------------------------~----~--

INTERSECTJON OIHERE NCE TI ___ _t.:; __ 

ANGL E OJFFERENCE 1 30 ° ' ----? ---------
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Depth mcc.~stHing whceJ 

------: -

o 
F1g lO- Bor~hole viewing with a television probc (7). 

hale size n:qu1red is about 2.0 in. (5 cm). 

117. The t,urehole telev1~ion camerc: delivers a 

! 
1 ob~ervat1on of interestlng oetail. 
r -

lt can be 

di rect view of the d•·illhole and allows 

straight 1 1ne on the screen, and the angle of dip 

and strike can readily ·be determined. 

Photograp~ing the televis~on picture is possible, 

but lacks the clarity of cfirect ¡¡:-;otoqre.~hs of thE: 

borehole wall. 

118. The borehole periscope is the h:ast expen~ 
si\le tool for borehole vie•;·i;1g and combines the 

1~or1ented such that a fracture plane shows as a 
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DETERMINATION OF ATTITUDES OF JOINTS SURVEYED 
WITH A BORESCOPE IN INCLINED BOREHOLES 

by 

M. A. Mahtab, 1 D. O. Bol stad, 2 and R. R. Pul ~e 3 

ABSTRACT 

" 

o 

This·report describes the proc.:;dures used by the Bureau of Mi.nes for 
obtaining attitudes of joints surveyed with a bor.escope in inclined boreholes. 
A~ algorithm for computing the dips and azimuths of the observed joints is 
presented. The algorithm is used to salve an example problem. A computer 
program based on the algorithm is listcd. lt is hoped that the procedures 
described here will be useful in treating large qu~ntities of data obtained 
from CQJnprehensive borehole surveys. 

INTRODUCTION 

A borescope (also called a borehole periscope or a stratascope) is 3D 

optical instrumcnt used for visual inspection of boreholes. Important sub­
surface geologic infonnation can be readily obtained by a borescope.examina­
tion of small-diameter, short (less than 100 ft) boreholes. During the past 
few years, the Bureau of Mines has frequently surveyed boreholes for obtaining 
the geometry (that is, spacing, orientation, and aperture) of fractures in 
underground mines. A computerized scheme was devised in 1970 for determining 
attitudes (dips and azimuths of dip) of the joints surveyed in inclined bore­
holes with a bores,:ope. This scheme has preved useful in reducing the field 
data from many cumprebensive burehole surv~vs of joint orientations. The pur­
pose of this report is to state the procedu~es us~d by the Bureau in determin­
ing attitudes of joints surveyed in í.nclined boreholes. 

The solution for di.p and azimuth of dip (or equivalently, the strike) of 
joint surfaces surveyed in inclined boreholes with a borescope has not (to the 
élUthur's best knowledge) been rcported before. The relatively simple problem 
of finding attitudes of joints surveyed in horizontal boreholes has been 
trea ted by Cooper (~) . .;. The more iu ter es ting problem of inc li ned boreho 1 es 
has been solved by Dnkhnov (]) for borehole surveys made with a 

1 Physical scientist. 
2 Geulugist. 
3 Physlcal research scientist . 
.¡Under 1 i.ned numbers in parentheses refer to items in the llst of references at 

tht! end of this repot·t. 

__ __j 
1 



t!1rce-electrode !:.onde. A modified. Dakhnov solution \·JOuld. hor,¡ever, be .:>uit­
able (•nly for a borehole with a diameter equal to that of the borescor•~· In 
<~ddit:i•Jn te this limitation, Dakhnov's solvtion would require a greatec com­
puta t: i una l effort tl1an would the scheme prescnted in this report. 

·TI1e n~xt section of this report describes the procedures used for col­
l.acting and recording the borescope data. TI1e algorithm used for deterrnining 
the attitude cf an observed joint is described in a subsequent sectf_on. 
Another Sl~ction of the report lists the con~puter program for determining atti­
tude uf the surveyed joints. 

DATA COLLECTION PROCEDURES 

The essentia1 optical features of a borescope are shown in figure l. A 
light source is housed at the bottom end (farthest frorn the viewer) of the 
borescope. A picture window near the buttom end of the borescop2 transmits 
the pictur'e of tl1~ object to a primn that refracts the irnage and transmits it 

.. : 

--Boresccpe rubing 

• .. 

FIGURE l.- Essentiol feotures of a borescope (plan view)o 

through a seq~ence 

of lenses to 
another pcism near 
the eyepiece. Sev­
e;: al exte•1s j en 
tubes (of len~ths 
2 it to 6 ft) can 
b~ assernbled ::o 
reach a desi:ced 
depth in the hale. 
A uinch (or a 
tripod) is aor­
mally requi~36 for 
suppcrting and 
guiding the bore­
scope in upholes 
(or dovmLoles) 
that are longcr 
than nbcwt 15 fl" 
Thc ·:i~~~ing dii:2C­

~iou in thc ~ol= 
i e; de C2l:'ffil.ned by 
t~1e piP ir': the 
first (syq··~ec_.;) 

tube, \,:-·:u::}, :a in 
alina~e~t with the 
pü•s on sl1 the 
othc,~ ~f..xte._:.ion) 

teb?s. 

l!o~···-~cú¡)¿ 

su._ .... t:;ying foz· 
joir:l attitudes 
e o_! S is ts o:f 
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p,.¡íf cZ 
Bor'e hale: H"/e N". EX 2 J.. to JPir;/ .5et 3 

1 o 4 ;z i 11'/t,dh () f l!tJtt!' .: /:S.,_ 
o 

J.,.c-lintJfio'l'l ~ 64e wif.í liJe borÍ:Z"If. ~ /2° {;nc/t'ner.l 'V') 

Otamefer of h,de- ::. /. 51"-j J idtflele.r of bore.seo,Pe "'/.O,¡.,, 

Opserver: 
Recorder: 
Dt;:~te: 

l~. tul& 
R. p~ 
Maf 1

1 
1110 

Joint Distance from a collar to 
No. Right Top 

1 0.80 0.9!' 

eyepiece, ft Lengt~ of tubing Remarks 
Left removed,ft 

/1/ifíal /ohfllt of fv/!i'"1 ::15.05 fl 

0.75 Open joint ( f t.ViJe 1 f J~ep) 

3 

t 1.41 /.33 {.39 l" 
- farfiJ!I¡ o¡~n 1 g 11//)e,py,.iie 

f,·tf¡~ 

-
o 

-

21 6. 00 5.56 5.99 b.OO Open joi111j f' t;Jiti'e 1 tJJH3 {. f'f 

e.tfens/on te mol/é'd 

.(2 0.22- 0.'20 0.2?> .L" Open oh /eff,g ¡,~,;/~ 

-
-
37 5.,9 5.77 5'.7~ G.OO Oten,f• witle/Jicde fil/,.~? vJb 

C. ff e) ¡e n.s ¡" n re hfv ./ 13....) 

.:T8 o. }6 o. /9' 0.11 Of ett 
1 
f.'' wit!e 

-

-
44 Z.60 t. 5Z.. 2.59 .1.'' J. / {Jeefj o~e"' 8 W/ e, ~>t 

ob.>crv.d/o n /n ¡:i,,:s h~>/óil 

FIGURE 2.- Example data sheet for recording borescope observations of joints • 



meatiuring the axial dist~nces from the collar of the borehole to three points 
on tlit:: observed joint plane. Two of these poínts, the "right" and the "left" 
puints, are located at the intersections of the midheight borescope diameter 
wi th the bore:hole pe rime ter. The third poínt is loca ted a t the cro'Wn of the 
borehole. Unless the joint plane is normal to the axis of the boreh~le, the 
borescope has to be moved back (or forth) between the right and the top and 
b~twecu the top and the left points. An example data sheet for recording 
borescope observations is shown in figure 2. Note that the distances from the 
borehole collar to the eyepiece are recorded in the data sheet. The actual · 
distances from the collar to the three points on the joint plane ~re simply 
obtained by subtracting t:he recorded distances frorn the known total length of 
the borescope tubing. Note also that the observations are begun at the joint 
farthe::;t from the collar of the hole; successive lengths of the borescope 
tubing are removed as the bottom end of the borescope is brought closer to the 
collar. 

DETERMINATION OF ATTITUDE OF A JOINT 

The attitude of a joint plane is defined by two angles; namely, the dip (/J 
(dowm.¡ard inclination of the joi.nt with the hori:wn) and the azimuth of dip a 
(clockwise horizontal angle from norr.h) to the directed dip line. The choice 
of azimuth of c.Iip, instead of "stríkc" {angle íilith north of a horizontal line 
on the joint plane), was made for convenience in using the existing computer 
tect!!liques (~) for a na lyzing joint orienta tions. 

The Algorithm 

As mentioned in the previous section, a borescope measures the axial dis­
tances from the collar of the borehole to three points (1 = right, 2 = top, 
and 3 = left)• Figure 3 shows the locatíon of these points in a local 
(X', Y', Z') system and the global (X, Y, Z) system. Notice that the Y' Z' 
plc~ne is given by rotating the Y Z plane around the X (or X') axis by angle y; 
that is, the axis of the hale (Y') is inclined up at angle

0 y. The two coordi­
n~te systems are re]ated as follows: 

o o 

J:1 = o cos y sin y (1) 

o sin 'Y cos y lz) 
Note tha t for a hale inc lined down from the horizon, a nega ti ve sign should be 
used in front of y in equation l. 

· For convenience in computation., the or:l.gin 
shifted by a distance Y', along Y' such that 

= 

where Y" 

L 
la 

o 

cos y 

sin y 

o 

sin y 

cos y 

of the X' Y' Z' system can be 

(2) 



o 

Figure 4 shows a cross section of the borehole in the X' Z' plane and 
gives the X' and Z' coordinates of the points 1, 2, and 3. Now, using equa­
tiun 2, the X, Y, and Z coordinates of the three points are 

X,. = a, ~ o, Xs -a; 

yl = o, Y :a = Yl' cosy h siny, y3 = Y" cosy; 
"" 3 

and ; = o, Z:a = y~· siny + h cosy, Zs ·- Y" siny. 3 

1 x,x 

NOTE:· X, Y, Z are global coordinates, and X', Y', z' are local 
d . t y" y' 1 11 1 1 coor 1na es. 2 = 2-Y1; y 3 = Y2 - y 1 ; y= angle between YZ and 

y 1 z' planes 

FIGURE 3.- Coordinates of three points on a joint surveyed with 
a borescope. 

z' 

-í H = Borehole radius 

h b = Borescope radius 

h = z~-z'1 =2H-b 1 

a = x'1 =(bh)~ 1 
X ,X 

FIGURE 4.- Sec:tion of borehole normal to borehole axis. 
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The wtll-known prlnciples of the graphic solution (fig. S) to the ''three-point 
prol.J1em" .::an notJ be used to. solve for the attitude of a joint plane. The 
solution is carried out in three steps: (l) The angle between Y-axis anda 

" 

A. Sol.ution for ljl 

1 2 3 

)( 0.059 o - 0.059 

y o 0.089 0.130
1 

-
z o o:1 04 0.028 

C. Global coordinate5 (ft) of 
thret.: po1nts on the ¡omt plane 

8. Solution for dip, cp 

D. Sign convention for dip ozimuth 
8:: Az1muth of Y:t ..p ±90(deg) 

FIGURE S.- Graphical solution for ottitude of a joint plane (odapted from Billings (l), p. 560). 
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horizontal line in the plane of the joint is obtained, (2) the dip of the 
joint is computed, and (J) the azimuth of dip is computeci from the results of 
the previous two steps. 

. To obtain the angle (with the Y-axis) of a horizontal line in tha joint 
plane 123, the ~osition of poiut 4 (lying in the bo~izontal plane cont3ining 
point 3) is first defined (fig. 5A). Sine e point 4 lies en a Une tb cough 
points 1 and 2 and at the elevation of ~. 

aud 

z3 
where m = 

Za 

x4 = ( 1 - m) .>S , 

Let 'i'{0° s:'fs:90°) be the angle between the level line 34 and Y, then 

7 

cos '±' = (3) 

and where IY3 - Y4 1 is the absolute difference between Y3 and Y4 • 
o 

The angle '±' is considered positive (negative) when it is measured clockwise 
(counterclock~ise) from the Y-axis; that is, the angle '±' assumes the si~n of 
the ratio (Y

3 
-Y~)/(~ - )(.¡,). The graphical solution for '±' for an e}.ample 

problem is shown in figure 5~. 

The dip c;t¡(-90s:c;t¡s90) of the joint plane (fig. 5]) is given by the 
·re la tion 

(4) 

where d25 , the horizontal distance between point 2 and the level line 34, is 
gi.ven by 

(5) 

In equatiqn S, A is the area of triangle 234, and its value is ohtainable from 

X y~ 
2 

2A = det x3 y31 = a(l-m) C2Y
2

- Y
3

>. (6) 

X vJ 4 
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Chapter 3: Graphical presentat ion of geologica 1 data 

lntroductior'l 

The dol'linant role of geolo¡;icaJ. discontinuities in rock slope 
behaviour h~s already been emphasised and few engineers or 
geologists would question the need co base stability 
calculations upon a~ adequate set of geological data. But 
what is an adequate set of data? 1-n·aat type of rlata and how 
much detailed information shouJd be ccllected for a stability 
analysis? 

This question is rather like the question of which carne 
first - the chicken or the egg? There is little point in 
collecting daca for slopes ~hich are not critical but 
critica! slopes can only be defined if sufficient infunnation 
is available for their stability to be evaluated. The data 
gathering must, therefore, be carried out in two stages as 
&uggested ~n Figure 6. 

The first stage involves an examination of existing regional 
geology maps, air photographs, easily accessible outcrops 
and the core recovered during exploration drilling. A 
preliminary analysis of this data will indicate slope~ which 
are likely to preve critical and which require mÓre detailed 
analysis. 

The second stage involves a much more detailed ~xamination 
of the geological features of these critica! regions and 
rr.ay require the drilling of special holes outside the ore 
body, excavation of trial pits or adits and the detailed 
mapping and testing of discontinuities. 

An important aspect of the geological investigations, in 
either the first or second stages, is the presentation of 
the data in a form which can be understood and int:erpreted 
by others who may be involved in the stability analysis or 
who may be brought in to check the rcsults of such an 
analysis. This means that everyone concerned must be aware 
of precisely whar is meant by the geologi.::al terms used and 
must understand the systen, of data presentation. 

The Íúllot.Ting definitions and grnphic,1l technic¡ues are 
offered for the gufdance of the reader who may not already 
be familiar with them. There is no implication that these 
are the best definitions or techniques available and the 
reader who ha~ become familiar with different methods 
should certainly continue to use those. ~P.at is important 
is that the techniques which are used in any study should 
be clearly defined in clocuments relating to that study so 
that errors arising out of confusion are avoided. 

Definition of geological terms 

,Rock lilteriaZ oc intact rock, in the context of this 
discussion, refers to the consoiidated ·and cemented 
a~semblage of mi¡,eral particles which form the intact blocks 
between discontinuities in th~ rack mnss. In ~ost harJ 
igneous and metamorphic rocks, the strength of the inta~t 
rock is one or L~o:n orders of magnitude greate"r than th..Jt of 
the rock mass ar:rf fai lure of thts intact material l.s not 
generally involved i.n the processcs of slope failure. Tn 
softer sedimentary rocks, the intact material may be 
relatively weak and faiture of this material may play an 
important pdrt in slope failure. 



An ord"'red structur-al p;.l tern in 
slate. 

Rock masa ifl i:he in~a-itu rock uhich has been rendered 
dibcontinuoua by systems of structural features such as 
joints, faults and Ledding pl~nes. Slope failure in a rock 
.11ass is generally assccic.ted with movement on these 
discontinuity surfaces. 

Waste rock o::- broken rock referEi to a rock mass whí eh has 
been disturbed by soma mcchanical agency such as blasting, 
ripping o:c crusliing so that: the interlocking nature of the 
in-situ rock has bee~ destroyed. The behaviour of this 
waste or brok2n rock is similar to that of a clean sand or 
gravel, the rndjor d~fferences being due to the ang-ularity 
of the rock fragmentt. 

IJiacont-inuities or Hea!,ness planes are those structural 
features uh1ch separate intact rock blocks within a rock 
hlaSól, Hany cngiaecz-s deccribe these features collectively 
3S joints but th1s is an cv~r-simplification since the 
mechanical pr-oper;-ie::: ni thi!se features will vary acco::-ding 
to the pr(•cesE !:lf d".i_.= fc-c;.,~tícn. Hence, faults, dyl<es, 
bedding planes, cle&~a3e, tension joints End shear joints 
wi 11 all emhibí1: dls~inct char.acter.istics and will respond 
in different ~ay~ to ~~plied loads. A la~ge body of 
1 i teratt.ne de<:l i 'lg !Jltl, this subj ect is avai lable and the 
interested redder is ~efcrred to this for furrher infor­
mation34•35,36. For the purposes of this discussion, the 
term discontinuity Hill generally be used to define the 
structural weakne~s plane upon ~hich movement can take 
place. The type of discontinuity will be referred to when 
the descriptio~ provides information which &ssists the slope 
deslgner in deciding upon the mechanical properties which 
will be associaled with a particular discontinuity. 

Majol" discontimdties tire continuous planar structural 
features ~wch as fault3 which may be so weak, as compared 
with any other discontinuit~· in the rock mass, that tbc!y 
domínate the beil'lviour of a particular slope. Many of the 
large failures which have occurred in open pit mines have 
been associ¿ted witt faults and particular attention should 
be paid to traciPg tbese features. 

Discontimdty :;ei:a {ef"'rs to systcms of discom:i_l1Ui ti es Hhicl 
have approlomat2ly the same inclination and ol:ientati~n. 
As a resul t of the processes involved in their fonMtion.i'• ,, 
m(lst discontlnuities occur in families which h.:..ve preferred' 
di rect ions. In sorne ca0es, these sets are clearly defioed 
dnd easy to di~tinguish while, in other cases, the 
structural pattern appe~rs disordered. 

Continuity. ~1ile major structural features such as faults 
may run for ~any tens of feet or even ~iles, smaller 
discontinuities such 11s joints may he very límited in their 
extent. Failure in a system where discontlnuities termínate 
within the rock mass under ccnsideration will involve 
failure of the intact rock bridges between these diccontin­
uities. Continuity alsc has a major influence ~pon the 
penneabi 1 i ty of a ro el< mass sin ce this oepPr.ds upon the 
extent to which discontinuities ar8 hydraulically connected. 

Continuity oc pe~siL~ence te the most difficult L¿o]ogical 
parqmeter to define and, aE L:r as the author is aware, no 
satisfactory sy&tc-m for reliablc <2Vi':luation of continuity 
is available. Jennings and his co-workers in South 
Africa 37,30, 39 havc nttcmpted to measure continuit-y and to 



use these measurements to estimate the cohesive strenqth of 
potential failure planes. This author docs not !:.tdieve that 
contlnuity can be quantified in this way and prefers to err 
on the side of safety - if in doubt 1 assume thnt 311 dls­
continuities are .continuous • Cohesive slrength is estimatt!d 
by other methods which will be described later. 

Gouge or. infilling is the material between two faces of a 
structural discontinuity such as a fault. This material may 
be the debris resulting from the sliding of one surface upon 
another or it may be material which has been precipitated 
frorn solution or caused by weather'ing. Whatever the ori.gin 
of the infilling material in a discontinuity, its presence 
will have an important influence upon the shear strength of 
thac 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 
the gouge. If the gouge layer is thin so that contact 
between asperities on the rock surfaces can occur, it will 
modify the shear strength of the discontinuity but will not 
control it 40 . 

Roughness. Patton 41 • 4 2 emphasised the importa~ce of surface 
roughness on the shear strength of structural dicontinuities 
in rock. This roughness occurs on both a small scale, 
involving grain boundaries and failure surfaces, and on a 
large scale, involving folds and flexures in the discontinuity. 
the mechanics of movement on rough surfaces will be discussed 
in the chapter dealing with shear strength. 

Definition of geometrical terms 

Dip is the maximum inclination of a structural discontinuity 
plane to the horizontal. It is sornetimes very difficult, 
when examining an exposed portien of an obE:¡uely inclined 
plan·e, to visualise the true dip as opposed to the apparent 
dip :.rhich is the inclination of an arbitrary line on the 
plane. The apparent dip is always smaller than the true 
di p. 

One of the simplest models which can be used in thinking 
about the definition of the dip of aplane is to considcr a, 
ball rolling clown an oblíquely inclined plane. The path of~ 
the ball will always lie along the line of maximum 
inclination which corresponds to the true dip of the plane. 

Dip riirection O\:" dip azimuth is the direccion measured clock­
wise from North, of the horizontal trace of the líne of dip. 
In terms of the ball rolling down the cblique plar.e, it is 
the angle, measur.ed clockwise in degrees on the compass uial, 
which the direction of rolling would take from true North. 

Strike is the trace of the intersection of an obliquely 
Ínclíned pL:>ne with a hori;¿ontal refcrPriC<' plnn<! and lt is at 
right angles to the dip and clip direction of the ohlique 
plane. The praclical importance of the strike of a plane 
is that it is the visible trace of a discnntinuity which is 
seen on the horizontal surface of a rock mass. The disad­
vantage of using this term in slope analysis is tha: there 
are :n fact two planes with the sa~e dips and strikes as 
shown on the !lketch opposite and, unless a strict 
convention is adopted in ter.ns of the direction in which ~he 
stcike is measured. confusion can easily arise. 



plane 

For this reason, the term stPike when it is used in this 
book, will always be defined as: 

Strike e (dip direction - 90°) 

PpeferPed tePmf!. In order to avoid the confusion which can 
arise from using strike, particularly when a number of 
engineers and geologists are involved in analysing the same 
set of data, many slope designers have turned to using dip 
and dip direction as the preferred terms for the presentation 
of all structural data. The same system has been 3dopted 
by the author and all the examples presented in this book 
are in terms of dip and dip direction. 

Graph1cal tech~iques for data oresentation 

One of the most important aspects of rock slope anaJysis is 
the systematic collection and presentarían of geological data 
in such a way that it can easily be evaluated and 
incorporated into stability analyses. Experience has 
shown that sphcrical projections provi<le a convenic11t means 
for· the presentatim> cf ueological data. The eng1nec't" 
or geologist, wJ.o is not familiar with this technique, is 
strongly advised to stlldy the following pages carefully. 
A few hours invested in surh a study can save many hours of 
frustration and confusion later when the reader becomes 
involved in studying designs and reading reports in which 
these methods have been used. 

Hany engineers shy away from &pherical proJection methods 
because they are unfamiliar and because thev arpear complex, 
bearing no recognisable relationship to more conventional 
engineerini drawing rnethods. For many years the author 
regarded thes<· gr;;phical methods in the Sdme light tnrt, 
faced with the need to an~lyse three-dimensional rack slope 
problems, an eífort was made, with the aid of a patient 
geologist colleague, and the rnystery associated with these 
techniques wa& rapidly dispelled. This effort has since 
been repaid IT.any tímes by the power and flexibili ty which 
the.se graphtcal methods pr·0vide for the rack engineer. 

Severa] types bf spherical projec~ion can be used and a 
comprehensive discussions on these methods have been given 
by Phillips 4 ~, Turner and Weiss36, Badgley 44 and Friedman~S. 
The projection which .is used exclus:ively in ~his book is 
the equal Q1'ea projection, sorne times called the Lambert 
projection or the Schmidt net. 

Equal-area orojection 

The Lambert equal area projection will be familiar to most 
re3dcrs as the system used by geographers to represent the 
spherical shape of the earth on a flat surface. In 
arlapting this projection to structural geology, the traces 
of planes on the surface of a reference sphere are used to 
define the dips and clip directions of the planes. Imagine 
a reference sphere which is free to move in space but 
which is not free to rotate in any direct,;_on; hence any 
radial Jine joining a point on the surface to the centre 
of the sphere will have a fixed direction in space. If 
this sphere is now moved so that its centre lies on the 
plane under consideration, the gr~at circle which is traced 
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out by the interaection of the plane and the sphere will 
uniquely define the inclination and orientation of thP plane 
in space. 3ince the same information is giver. on both upper 
and 10w~r parts Df the sphere, only on~ of these nced b¿ 
used <>I•d, in engineering applications, (he louer r•efe: _nao 
hemiaphere is used for the ;_nesentation of data. 

Ia additioG to the great circlc, the inclination and 
orientation of the plane can also be defined by the paie of 
the plane. The pole is the point at which the surfac~ of 
the sphere is pierced by the radial line which is normal 
to the plane. 

In order to cot'lll1unicate the information given bj the great 
circle and the position of the pole on the surface of the 
lower ref~rence hemisphere, a two dimensional representation 
is obtained by ¿:ojeccin~ this information o~to the 
horizontal or equato•ial reference plane. The metnod oi 
~rojection i~ iilu~trdted in Figure 12a and l2b. illustrates 
che polac and e~uatorial projections of_a sphere. 

Polar and equatorial equal-area nets are presented in Figure 
13 for use by the reader. Good undistorted copies or photo­
graphs of these nets will be useful in following the exarnples 
given in this chapter and later in the book. 

The most practical method of using the stereonet for 
plotting structural information is to mount it on a base­
board of 1 inch thick plywood as shown in Figure 14. A 
sheet of clear plastic film of the cype used for drawing on 
for overhead projection, mo~nted over the net and fixed with 
sellotape around its edges, will keep the stereonet in place 
and will also protect the net markings from damage in use. 
The structural data iJ plotted on a piece of tracing P~?er 
or film which i~ fi~ed i~ position over the scereonet by 
means of a carefully centred pin 'ls shmm. The tracing 
paper must be free to rotate about this pin and it is 
essential that it is located accurately at the centre of ~he 
net otherwise significant errcrs will be introduced into 
the subsequent analysis. 

Before scarting any 3nalysis, the North point mu~t be macked• 
on the trc.cing so that a reference position is avei.lable. 

Fi¡¡u:t<! 14: 

Geolc~lc3l d~ta is plotted and analys~~ 
on a piece of tracing paper which is 
located aver the centre of the stereonet 
by means of a centre pin is shown. The 
net is n1ounted on a base-board of ply....-cod 
or similar material. 
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vertical projection line 

Project ion of P" or. 
equator1al plane 

Figure 12a 

point P on surface of spherc 

....-...-1st projection of point F 
giYen by swinging P in an 

( "'"'" } are ab&tJt the point of 

'------p-'~/' contacl between &ph~rc and base. 

;;; il<tl( 

'·--- Hadial distance to P' i s 
reduccd by 1//2 to bring 
net diamete:· int.o coiuLidcncP. 
with diameter of sphen; • 

Method of construction of 
an equal-area projection. 

The radial distence roí 
the projected point P 11 on 
the stereonet is given by 

r ~ ./2:. fl Sin ~ 

Figure 12b: Polar atld 
equatorial projections of 
a sohere, 



Figure 13a 
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Equatorial equal-area stereonet marked in 2° intervals. 
This net is mosr useful for the construction of great 
circles during th~ analysis of ~tructural data. 



Figure lJb 
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Polar equal-area stereonet marked in 2° interval~. 
This net is used for plotting poles of planes during 
the analysis of structural data. 
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Construction of a areat circle and a pule representatinq a 
p1ane. 

Consider a plsne dipping at 40° in a dip direction of 130°. 
The great circle 'and the pole representing this plane ar~ 
constructed as follo~s; 

Step I: With the Lracing paper located over the stereonet 
by means of the CPntre vin, trace the circumference of t h.: 
net and mark the north point. Measure off the di p 
direction of 130° clock~ise from north and mark this 
position o~ the circumference of the net. 

Step 2: Ro tate the tracing abnut the centre pi!l unti l the 
dip direction mark lies on the W-E axis of che net, i.e. 
the tracing is rotated through 40°. Measure off 40° frum 
the outer circle of the net and trace the great circle 
which corresponds to a plane dipping at this angle. 

The position of the pole, which has a dip of (900-40°), is 
found by measuring off 40° from the centre of ene net as 
shown or, alternativelv, 50° from the outside of the net. 
The pole lies on the p~ojection of the dip direction line 
which, at this srage in the construction, is coincident ~ith 
the W-E axis of the net. 

Step 3: The tracing is now rotated back to its orisinal 
position so that the north rnark on the tracing coincides 
with the 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 130° is as illustrated. 

Deternination of the line of intersection of two planes 

Two plan-as, having dips of 400 and 300 ánd dip directíons 
of 130° and 250° respecti.vely, intersect. It is rec¡uired 
to find the clip and díp direction of the line of Íncersection. 

Step I: One of thesé planes has already been descrihed 
above and the grcat circle definine thc secnnd plane is 
obtained by marking off the 250° dip direction on thc 
ci tcumfc~cnce of the nct, rotat ing the tracing unt i 1 thi s 
mark tie& on the W-E axi9 ~nd tracing the great circle 
cot-r<.>:>ponding to a dip of 30°. 



Step 2: ~ne tracing is now rotated until the intersection 
of theo two great circles lies along the W-E axis of the 
ster~onet and ~ñe dip of the line of intersection is 
measured ~ 19°. 

Step 3: . r-~e tracing is now rotated until the nortfi mark 
coincides ~íth the north point'ori the stereonet and the 
dip direction of the line oi inter~ection is found to be 
196°. 

To determf~e the angle between two specified lines. 

Two linea ::.n space, e.g. linea of intersection or norrnals 
to planes, are specified by dips of 54° and 40° and dip 
directions of 240° and 1400 respectively. It is required 
to find t~~ angle between these lines.' 

Step I: ~1e points A and B which define these lines are 
marked on ~he stereonet as described under the procedure 
for locat:~g the pole. 

Step 2: _ :Je tracing is ncv rotated until these tl.'o points 
lie on ti:.: samc great circle on the stereonet and the 
angle beL•ren the lines is determined by counting the small 
circle di•isions between A and B, along the great circle. 
This angla is found to be 64°. 

The great drcle on vhich A and B líe defines the plane 
which con~éins these rwo lines and the dip and dip ~irection 
of this p:.ane are found to be 60° and 200° respectively. 



Alternative Method for finding the line of intersection of 
two planes. 

Two planea, dipping at 400 and 300 in dip dir~ctions of 
1300 and 2500 respectively are defined by thetr potes ~ and 
B as shown. The. line of intersection of these two planes 
is defined as follows: 

Step I: Rotate. the tracing until both poles lie on the same 
great circle. This. great circle defines the plane which 
contains the two normals to the planes. 

Step 2: Find the pole of this plane by measuring off thP. 
dip on the 1.]-E axis of the steronet. This pole P defines 
the normal to the plane containing A and B and, since this 
normal is common to both planes, it is, in fact, the line 
of intersection of the two planes. 

Hence, the pole of a plane which passes through the poles of 
two other planes defines the line of intersection of those 
planes. 

Determinatior. of preferred orientations of discontinuity 
sets. 

In plotting field observations of dip and dip direction, it 
is convenient to work in terms of poles rather than great 
circles since, when the numher of observations exceeds 
about 10, the plot of great circles can be very confusing. 
Even when the information is plotted in terms of poles, 
using a polar scereonet 0 the overall picture, as shown 
oooosice, can be confusing and req~ires additional inter­
pretation. 

In order to identify the preterred orientations of systems 
of structural discontinuities from a pole plot such as thJt 
s.hown, a number of contouring techniques are avai lable. 
One of these cechniqucs will be described and the rcader 
requiring further details on these mcthods is referred to 
texts such as that by Turner and Weiss 36 • 
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Schmidt point counter mach­
ined from 1.5 mm thick 
perspex sheet • Dimensions 
are given in multiples of 
D , the diameter of the 
st erE>onet • 
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The basic tool required for this contouring method is a 
transparent counter such as that illustrated above. These 
couoters are not commercially available but can easily be 
machined from a sheet of perspex or similar material. The 
dimensions of the counter are given in terms of the stereo­
net diameter which, for this application, would normally be 
15 to 20 cms. The centre slot is end-milled or cut with a 
fret-saw and should be approximately 1 mm wide. 

The tracing, on which the poles have been plotted, is placed 
over a grid with lines spaced at one-twentieth of the grid 
diameter (i.e. a 1 cm grid for a 20 cm stereonet). With the 
centre of one of the circular holes at the end of the counter 
centred on a grid intersection, the number of poles falling 
within the círcle is counted and-this number is written on 
the grid intersection. The counting circle is moved to 
successive grid points and the count noted at each point. 
Whcre poles fall very close to the periphery of the stereo­
net, the counter is located with its centre slot over the 
centre pin of the stereonet and poles falling within both 
circles are counted as shown. The total number of poles in 
the two circles is noted at both intersection points. 

Once the counting has been completed and all the counts 
noted at intersection points, contouring is carried out by 
joining intersection points having the same number written 
over them. The contour values are determined from the 
individual pole counts divided by the total number of poles 
on the stereonet. lience, in the example given, the total 
number of poles is 134 and the line joining intersections 
with ~ poles represents the 6% contour. Similarly, 16 poles 
corresponds to12% and 4 poles to 3%. The contour intervals 
are normally shaded as shown in order to assist the user in 
rapid identification of significant pole concentrations. 

Evaluation of potential slope problems 

Different types of slope failure are associated with 
different geological structures and it is important that the 
slope d~signer should be able to recognise potential stability 
prohlems during the early stages of a project. Sorne of the 
signs which should be watched for when examining stereo-
plots of the structural data are outlined on the following 
pages and a test for the possibility of sliding on one or 
more díscontinuity is described. 



Figure 15 shows the four maín types of fai1ure considered in 
this book and give~ the appearance cf typical stereopiots 
of geological conditious likely to lead to such failurec. 
Note that in assessing stability, the cut face of the slope 
must be included in the stereoplot since sliding can only 
occur as a result of movement towar·cts the free face crE<ated 
by the cut. 

The diagrams given in Figure 15 have been simplified for the 
sake of clarity. In an actual rock slope, combir.ations of 
several types of geological structures may be present and 
this may give rise to additional types of failure. For 
example, presence of discontinuities which can lead to 
toppling as well as planes upon which wedge sliding can 
occur could lead to the sliding of a wedge which is 
separated from the rack mass by a "tens ion crack". 

In a typical field study in which st~uctural data has been 
plotted on stereonets, a number of slgnificant pole 
concentrations may be present. It is useful to.be ab1e to 
identify those which represent potential failure planes 
and to eliminate those which represent structures which are 
unlike1y to be involv~d in slope failures. John4 6, Panet 47 

and McMahon23 have discussed methods for identifying 
important po1e concentration but the author prefers a method 
recent1y developed by Mark1and 48 • 

Markland's test, described hereunder, is to establish the 
possibility of a wedge failure in which sliding takes place 
a1ong the line of intersection of two p1anar discontinuities 
as illustrated in Figure 15c. Plane failure, Figure 15b, 
is also covered by this test since it is a special case of 
wedge fai1ure. If contact is maintained on both pla~es, 
sliding can on1y occur along the line of intersection and 
hence this line of im:crsection must "daylight" in the slope 
face. In other words, the dip of the line of intersection 
must be less than the dip of the slope face, measured tn 
the direction of the 1ine of intersPction as shown in 
Figure l6a. 

As wi1l be shown in the chapter dealing ~ith wedge failure, 
the factor of safety of the slope depends upon the dip of 
the 1ine of intersection, the shear strength of the 
di~continuity surfaces and the geometry of the wedge. The 
limiting case occurs when the wedge degénerates to a plane, 
i.e. the dips and dip dír.ection of the two planes are the 
same, and when the shear strength of this plane is due to 
friction only. As already discussed, sliding under these 
conditions occurs when the dip of the plane exceeds the 
angle of friction t and hence, a first approxiMation of 
wedge stability is obtained by considering whether c:.e cip 
of the line of intersectio~ excecds the friction angle ior 
the rack surfaces. Figure 16b shows that the slope is 
potentia1ly unstable when the point defining-the line of 
intersection of the t>•o planes falls wi thin the arca 
included between the great circle defining the slope fare 
and the circ1e defining an infinite series of planes (a 
cone) all dipping at the angle of ~riction •· 

The reader who is familiar with wedge analysis wi11 ar¡ue 
that this area can be further rzduced by allowing for t~c 
influence of "wedging" between the evo disconttnui.ty planes. 
On the other hand, che stabi lity rr~.ay be decreas'ed if water 
is ~res~nt in the slope. Experience sugg~sts thac thesc 
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a. Cir~ular fsilure in over­
burden soil, waste rack ar 
heavily fracturad rack with 
no identifiable structural 
pat tern • 

Plane failure in highly 
ardered structure such as 
slate • 

c. Wedge failure an two inter­
secting discantinuities. 

d. Tappling failure in hard 
rack which can form calumnar 
structures separated by 
steeply dipping discantinuities. 
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Figure t6c 

pole of great circle which 
passes through poles of 
planes A and B defines the 
line of intersection, 

Figure t6d 

Sliding along the line of 
intersection of planes A a~d 
B is possible when the dip uf 
this- line is less that thH di p 
of the slope face , measur~~ in 
the direction of sliding , ie 
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Sliding is assumed to occur 
when the dip of the line of 
intersection exceeds the angle 
of friction , ie when 
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Representation of planes by 
their poles and determination 
of the line of intersection by 
tho pole of the great circle 
which passes through these poles. 

Preliminary evaluation of the 
stability of a 50° slope in a 
rock mass with 4 sets of 
atructural discontinuities. 



Overlay for checking 
possibility of w·~dye 
failures. 

two factors will tend to cancel one another in typical wedge 
probiems and that the crude assumption used in deriving 
Figure 16b is adequate for most practical problems. !t 
should be remembered that this test is designed to identify 
critical discontinuities and, having identified them, a more 
detailed analysis would normally be necessary in order to 
define the factor of safety of the slope. 

Figures 16a and 16b show the discontinuity planes as great 
circles but, as has been discussed on the previous pages, 
field data on these structures is normally plotted in ter;ns 
of peles. In Figure 16c the two discontinuity planes are 
represented by their peles and, in arder to find the line of 
intersection of these planes, the method described on page 
47 is used. The tracing on which the poles are plotted is 
rotated until both peles Ue on the same great circle. The 
pole of this great circle defines the line of intersection 
of the two planes. 

As an example of the use of this test consider the contoured 
stereoplot of peles given in Figure 16d. It is required to 
examine the stability of a slope face with a dip of 50° and 
dip direction of 1200. A friction angle of 30° is ass-umed 
for this analysis. An overlay is prepared on which the 
following information is included: 

a. The great circle representing the slope face 

b. The pole representing the slope face 

c. The friction circle. 

This overlay is placed over the contoured stereoplot and the 
two are rotated together over the stereonet to find y~eat 
circles passing through pole concentrations. The lines 
of intersection are defined by the poles of these great 
circles as shown in Figure 16d. From this figure it will be 
seen that the most dangerous combination of discontinuities 
is that represented by the pole concentrations numbered 1 
and 2. The intersections I 23 and 113 both fall outside the 
critica! area and are not likely to give rise to instability. 
The pole concentration numbered 4 will not be involved in 
sliding but, as shown in Figure 15d, it could give rise to 
toppling or the opening of tension cracks. 

In the example described above, it would be necessary to 
examine this slope, and particularly discontinuities 1 and 
2, in MOre detail to establish whether the critical 
conditions suggested by this preliminary analysis do indeed 
exist or whether there are other factors which increase the 
stability of the slope. 

In cases where only one major pole concentration occurs ~s 
in Figure 15b, plane failure is possible if this concentration 
líes close to the pole of the slope face. In the example 
r,iven in Figure 16d, pele conce'ntration 2 lies' suffiently 
clase to the pole of the slope face for two dimensional 
sJiding to be considered a possibility and to justify a more 
detailed examination of·this possibility. 
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Sugaested method of data presentation and 3nalysis for open 
pit planning. 

During the early feasibility studies o~ a proposed open pit 
mine, an estiroate of safe slope angles is required for the 
calculation of ore to waste ratios and for the preliminary 
pit layout. The only structural data which is likely to be 
available at this stage is that which has been obtained by 
logging cores drilled for mineral evaluation purposes and 
by mapping surface outcrops. Scanty as this data is, it 
does provide a basis for a first estímate of potential 
slope problems and the author suggests that this data should 
be treated in the manner illustrated in Figure 17. 

On an outline plan of the proposed open pit, contoured 
stereoplots of whatever structural data is available are 
dra~~. These plots are drawn at the location of the field 
observations and should, where possible, be evenly spaced 
around the pit perimeter. It is particularly important that 
areas of major faulting or areas in which changes of rock 
type occur shoul~ be mapped. 

An overlay is prepared as described earlier and, in Figure 
17, it has been assumed that the stability of 45° slopes is 
to be checked. Where the geological mapping has indicated 
the presence of faults or clay seams, a friction angle of 
200 should be used to define the friction circle. Where no 
such structures appear to be present, a friction angle of 
300 is more realistic and this is the value used in Figure 
17. 

The eastern side of the hypothetical porphyry-copper pit 
illustrated in Figure 17 does not contain structures which 
are unfavourable to stability and, since porphyry is a good 
hard rock, steepening of these slopes can be considered. 
Figure 7 on page 20 can be used as a guide to the maxiMum 
permissible slope ang]e fnr a given pit depth. 

Note that the structures whlch occur in the south-eastern 
part of the pit could give rise to toppling failure if 
steep slopes are created (see Figure l5d). This possibility 
should be kept in mind as the pit planning progresses and 
a further analysis carried out if required. 

The structures in the south-western part of the pit are not 
critical but there are bound to be local discontinuities 
which will cause small wedge slides on individual benches. 
This would be particularly true for the porphyry/slate 
contact. Since flattening of· the slate slopes is essential, 
it would be wise to start this flattening in the south­
western cerner of the pit. 

The most critica! area in this particular pit will be the 
western slopes where thc 9late dips into the pit at about 
the same angle as the slopes (not~ that the pole concentr­
ation coincides with the pole of the slope face- a criticnl 
limiting condition for two-ciimt>nsional sli..'ling). It would 
be essential to carry out further inv~stications in chis 
part of the pi t. Additional drí lling to check the extent 
of the slate, groundwater studies and shear testing of · 
discontinuity planes would all be necessary. A detailed 
stability analysis, using methods described in later 
chapters, would have to be carried out to eatablish thc 
~afe slope angles for this part of the pit. 
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PROCEDURES USED FOR SAMPLING FRACTURE ORIENTATIONS 
IN AN UNDERGROUND COAL MINE 

by 

D, D, Bolstad, 1 J, R, Alldredge,2 and M, A. Mohtab3 

ABSTRACT 

The Bureau of Mines has developed p'Cocedures for sampling the geome try of 
fractures in underground coal mines. Stratified cluster sampling and the unit 
area concept are applied to the collection of fracture orientation data. The 
use of unit area mapping, stratification, and site delineation is made to 
assure collection of representative data, The procedures developed here help 
to is~late sources of variability in the fracture patterns. 

INTRODUCTION 

Fractures are planes of weakness in a rock mass, and very often their 
geometric patterns (attitude, spacing, extent, and aperture) influence the 
mechanical behavior of excavated structures in the fractured medium, During 
the past decade, numerical techniques have been increasingly and successfully 
employed for stability analyses of engineered structures in fractured media. 
The sophistication of the numerical techniques has increased the need for ' 
quantitative and reliable input information regarding fracture geometry. Some 
appropriate schemes for quantifying the geometric characteristics of fractures 
have recently become available (~) .'¡, However, no systematic and acceptable pro .. 
cedures are available for sampJing fracture patterns in subsurface excavati9ns. 

As part of the Bureau's iuvestigation of the influence of fractures on 
coal mine roof behavior, the Bureau developed and used procedures for sampling 
fracture orientations in selected underground coal mines. One of the several 
mines selected for the roof behavior study was Duquesne Light Co. Warwick 
mine Portal No. 3, Greensboro, Pa. The objective of sampling fracture orien• 
tations in this mine was limited to correlating natural fracture6 orienta­
tions with roof falls. To meet this objective, sampling procedures were 

lGeologist. 
2 Mathematical statistician. 
3 Phvsical scientist. 
4 Un~~rlined numbers in parenthc$eS ref~r to items in the list of references at 

the end of this report, 
6 NaLural fractures are defined as recurrent planar geo]ogic discontinuities 

0 

l1avi.ng spac ings of from tenths of a foot to tens of feet. 
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devised (1) to extract information on fracture orientations from a relevant 
.tsmall) portien of the mine (called the study area) and (2) to provide. 'a 
it;ttistical background for estimating the mean fracture orientations in the 
study area. This report discusses the procedures used by the Bureau for 
sawpling fracture orientations in Warwick mine Portal No. 3. 
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GENERAL SAMPLING PROCEDURES 

Three main s teps were fo llowed in the development of the sampling pro~ 
ccdut'es: (1) Defining the factors that might affect the sample, (2) obtaining 
~1nd analyzing a preliminary sa1nple, and (3) obtaining and analyzing the final 
SémtplE' .;nd presenting the results in a form useful for engineering analysis. 
(ln this eXé!Inple the analysis ínvolved correlatlng fracture orientations with 
toof Llll.s.) The general procedures followed in this study are illustrated 
ir~ the floHsheet shown in figure L These procedures may be readi ly inter­
pni!ted to fít the objectives of other problems involving sampling of attitudess 
spac.i..ngs, extents, and apertures of fractures in underground mines; for ex.am­
plc, a recent Bureau of Mines study (,;?) described application of these 
procecluL·es in an underground copper porphyry mine in Arizona. The methods of 
S<llltpling may also be applied to problerns relating to other planes of weakness, 
Hu eh as fa11 l't t caces, blas ting fracture pat terns, and bedding plane partings. · 

This report emphasizes the following sarnpling concepts: 

l. C~uster sampling, where a cluster consists of all the fractures in a 
srnall division of the study area. The clusters will be referred te as unit areas, 

2. 
strata. 
sense. 

Stratified sarnpling, ~Jhere the study area is separated into blocks O"C 

The term strata is used here in a statistical rather than a geological 

The concepts of cluster sampling and stratified sarnpling are combined to 
result in a stratified cluster sarnpling plan. This is a cou:nnon sa'11pling plan 
uscd in rnany other fields of study, 

RECO!\TNAISSANCE 

" 
This section outlines the geologic setting of the Wa1vick mine Portal 

No. 3 and describes the geologic and layout factors recognized during a short 
recoilnaissanLe of the mine (one engineer and one geologist spent a day visit­
ing the mine). The objective of the reconnaissance ~Jas to select severa! 
areas for preliminary sampling on tbe basis of the observed differences in 
their geologic and engineering characteristics. 

The ~iTarwick mine Portal No. 3 is located within a region of gently clip~' 

ping NNE-trending anticlines and synclines composed of sandstones, ahales, 



and coal seams of Pennsylvanian-Permian age. Major faulting is lacking in 
this region. 

1 

~ 
State objective of study Analyze dota by Schmidt plots 
(correlate fracture patterns or computer program 

with roof fa 11 s) 
.. í_ 

w Select final study orea 
RECONNAISSANCE 

~ 
~ FINAL SAMPLING 

Define regional and local 
g_eology ~ 

"' Select strata, define study 
Collect mine engineering data si tes 
( method, layout, support) j_ 

~ - Determine sample size required 
S-elect study oreas 

~ (map roof falls in selected 
study oreas) Randomize unit-areas In ea eh 

. ~ stratum of each site 

PRELIMINARY SAMPL ING ~ 
Map orientat íons in selected w unit -are os 

Select strata 1 ~ 
. w Analyze data by Schmidt plots 

De 1 i n e a t e u n i t - a r e a or computer program 
d imensions 

*-w Compare and contrast results 
Randomize uní t-oreas in each by strata, study oreas, si tes 
stratum of each study orea and fracture sets 

"' 
(tabulate results fcr engineerlng 

input) 
Map orientations in selected 
unit-areas 

FIGURE 1. • Pro¿edures followed for sampling fracture orientations ir. an underground 
coa 1 mine. 
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FIGURE 2.- General plan of Warwi.::k 
rn1ne Parla 1 No. 3. 

FIGURE 3. ~ Dívision of the study meo 
into sites, 

A nearly or:-thogonal system of vertical roof fractures was observed 
throughout the Warwick mine Portal No. 3. The shale roof appeared to have no 
m;1jur ot.serva!Jl.e structural or lithologíc cliscontinuities. The coal cleat 
'sysLc:rn paralleled the roof fracture systcm and had well-define.d face and butt 
cle.n:..s .. Three: major mining areas were active (fig. 2); they Here the 1-North, 
3-Lé·ft, and viest -1·1nins entry systems. Since the objective of the fracture 
orientation 1napping study was to correlate roof falls with the patterns of 
naltlral fracl"res, the three active areas were selected for preliminary o 

S<unplillg, as ttl~~;e areas would afford a gx·eater probability of observing 
natu:dL fractures than would the inactive areas. 

PRELIMIN.L\RY SAHPLING 

The purpos(.; of the prelimin<1ry sampling \vas to supply i.nformation about 
the geometry uf the fracture patte~ns and to provide measures 'óf the natura~ 
varíul,i l.ity prt:.;::.ent: within and betivecn selected areas. This i.nfo-:cmation was 
th~n used to design the final sarupling plan. This section describes the 
dcsign of the preliminary samp1ing plan and reports results of the prelim­
inar y s amp 1 i ng . 

Design of !:he PreLminary Samp_l_:!.ng Plan 

Prior to mapping the 
results of the study were 
account of these Eactors. 
arca sizes, ferromagnetic 

fracture::;, tile factors that might influence thz: 
identi fied, ctnd a Sompling plan W2.S designed tO take 
For exdmple, the effect of relative location, study .. 

influcnct;!S, 'clifference in rack ty·pe, variability 

r; 
1 



of roof-fall areas, and operator bias were considered in designing the sam­
pling plan. 

Each study area (1-Norch, 3-Left, West-Mains) was defined on the basis 
or equivalent size and quantity of available entries and crosscuts. 'i'hes(; 
study areas were sarnpled and analyzed independently to examine th.: effect of 
relative location on fracture orientations. Each study area encompassed 
70 to 80 pillars, exclusive of return airways and actual worki11g faces. The 
entries and crosscuts were approximately 20 ft wide and were driv8n on 70~ft 
centers. The general absence of ferromagnetic influenc-es within the study 
areas allowed 'the use of a standard Bnmton compass fo.r orientation 
meas u rements. 

S 

Each study area was divided into (statisticcl) strata based on rack type 
and unsupported span dimensions. The three strata were (1) coal ribs, 
(2) shale roof between ribs, and (3) shale roof at intersections. This is an 
application of stratified sa!r1pling._ However, since unit areas (clusters) are 
being sampled, this plan is referred to as stratified cluster sampling. A 
cluster, as defined in this study, consists of all the fractures within a 
unit area. In the unit area technique each (statistical) stratum is divided 
into many small areas. In this stucy, 5-ft-square unit areas6 were delineated 
on al.l coal ribs, and 20-ft-square. unit areas were delineated in the shale 
roof between the ribs and in the shale roof at intersections. The unit area 
technique was used in preference to che line of traverse method because the 
latter method is biased against the fractures paralleling the line. In addi­
tion, the unit area technique allows a comparison of fracture-set geometries 
between individual are as and groups of areas. 

In this study the unit areas in each stratum within the study areas were 
numbered for iden tffication on mine maps. A random-number table was used to 
select two roof-intersection unit areas, four roof-between-the-ribs unit 
areas, and four coal-rib unit areas for mapping in each study area. This 
sample size'was based on the time available for mapping during the preliminary 
phase. The unit areas were randomized to insure that an unbiased and repre­
sentative sarnple of the area under: study was obtained. 

Results of the Preliminary Sarnplil!B. 

After mapping, fracture sets ~ere identified from the data and their 
mean attitudes were calculated using a com.¡:uter program (_~). Table 1 lists 
the results of an analysis of preliminary sample. Two major fracture sets 
were prevalent throughout the three study areas. No majar dlfferences in the 
me<:m attitudes of fracture sets. were found in a comparison of the three study 
areas. necause of this, it was decided to concentrate the final sampling o 

eftorts in just one study area. Since the 1-North study area contained a 
large air shaft whose effect on the neighboríng fracture patterns was unknown, 
and since the access within the V.Jest-Mnins study area was impaired, the final 
sampling WélS conducted in the 3-Left study area. The final sampling (and 

The choice of a square shape was convenient. The side of a square unit 
area was given by the height (S ft) or width (20 ft) of the entries. 
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analysis) of the fracture orientations in the 3-Left study area are discussed in the 
next section. 

TABLE l. - Svrnmary of fracture orientations obtained during preliminary samplin_a 

l=- S tud_y area 
Fr<~cture set ~ Wejt-Mains 3-Left 1-North . 

Azin:uth, Dip, 1 -c, 1 Azimuth, Dip, C,l Azimuth, Dip, C, 1 

1 degrees degrees degrees degrees degrees degrees degrees degrees degr~es 
Set l: ! 

Coal~ .•••.• ·1 203 88 - 25 87 1.8 202 88 1.6 
Roof3....... 197 88 3.2 09 90 2.3 192 88 2.6 

Se~:~I~~~~~~~~41 ::: :: 5~4 ::: :: :~: ::: 1 :: :~: 
1\oof ..... ::: 1 115 90 9.8 (6

) (
6

) ( 6 ) 110 88 5,5 
lnr:ersect~ (6 ) (

5
) (

6
) 98 89 1 14.2 120 88 14.1 

1 A!~ angle of the cone around the sample mean (as 1ts ax1s) such that the cone w1ll 
Luntain the true mean with 95-percent confidence--valid only for hemispherically 
normally distributed data. 

2 Surface of ribs away from intersections, four 5-ft-square unit areas. 
3 Roo[ away from intersections, four 20-ft-square unit areas. 
4 1\uuf at i_;:;tersections, two 20-ft-square unit areas. 
5 Insufficient data to delineate a fracture set, 

FINAL SAMPLING 

The purpose of the final sampling was to define the parameters of the fracture sets 
witltin each stratum of the 3-Left study area in a form useful for engineering analysis, 
particularly for a study of any correlation between roof falls and fracture orientations. 
This section describes the design of the final satnpling plan, including sample size deter­
mination and further stratification of the stuJy area, and gives the results of analysis 
o[ the final sample. 

Design of the Final Sampling Plan 

Here, as in the preliminary sampling plan, the factors that rnight influence the 
results of the study must be identified and the final sarnpling plan designed accordingly. 
For the .final Sdmpling plan the 3-Left stedy area was stratified into coal ribs, shale 
roof between ribs, and shale roof at intersections. In addition, since the objective of 
th<· sampling was to corrclate roof falls with the geometry of natural fractures, the study 
area was dividcd into three sites (A, B, and C) based on roof condition. Figure 3 illus­
tratl:s this division. Sites A and C contained few roof falls, whereas site B had a strong 
concentration of roof falls. 

The unit area technique was used for mapping and, as in the prelirninary sampling, th.it 
selection of the unit arcas to be mapped was made through the use of the random number 
table (thus· reducing the possibility of operator bias in the selection). 

The approximate number of fractures, Nt , to be rnapped in each straturn, was deter­
rnined by applying the following formula: 

where n = number of fracture sets delineated in the preliminary sample oi thc stratum. 
N1 is determined for fracture set i by the relation 

(1) 
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1 + 
lag~ (1/P) 

lag. [1 + (k - 1)(1 - cos e)] 
(2) 

The derivation of equation 2 follcw& from confidence interval relationsh:ips for the F'ishe~ 
distribution on the sphere (l). J:'hr: values uf k, which is a measure of the ti.ghtn•ss of 
tt::: data points in a fractur;; set around its meat~ attítude, ·\Jere obt.::dnec f~·oTia the c•:·m­
putcr aualysis (2) ot' the preliminary sample for each stratum. 1'hc p::obabilit:;, P, v:as 
st:L at tbe 95-pe-;cent level of conficience, and e, the confi.dence radius arcunc th.o tllEaü, 

was given a value of 1°, In other words, t.he s~ple mean was required to be withín l" of 
the true mean with 95-percent confídro:nee. fluring the preliminary sampling, an average of 
15 fractures was mapped in a unit nrea in a 15-minute time allotment. The albtment of 
15 minutes, though arbitrary, appeared to yield adequate coverage of each :mit area aud a 
.sufficiently large pre1iminary sample. The number of unit areas to be mapped in a 
stratum during the final sampling was t:herefore Nt/15. 

Results of the Final Sampling 

The final sample was analyzed by the computer program (2). The results of the 
analysis are Usted in Lable Z. Two fracture sets (sets 1 a~d 2) occur thrcughout the 
stu~y area; that is, in each of the three strata (coal, roof, and intersection) in each 
of the three sites (A, B, and C). Two additional fracture sets were identified: ~~et 3 
occurs in the rooF of sites B and C, whereas set 4 appears in the roof of site B only. 
(It is noted here that the frequency of roof fal1s observed in the study area was greatcst 
for si.te B.) The division of the 3-Left study area into strata and into si.tes e.xposes the. 
variability in the fracture patterns. If this had not been done, large variations with1n 
fractu.re sets would have obscured any fine-scale interpretation. 

TABLF. 2. - Summary of fracture orientations obtained during final sampling 

Si te 

--Azi-muth, D~p, j f:1 
e de 'ees de~ees,de~rees 

A =r==----"- B Fracture set 
Azimuth, Dip, r::s 1 Azimuth, Dip, 
clegrees degrees de rees degrees degrees d 

Set 1: -¡ 
Coal~ ...•••. 
Roo f 3 

••••••• 

In terse e tion4 

Set 2: 

16.9 
4.0 

180.2 

' 89.7 
89o7 
89.3 1

198.9 89.1 1 1.0 
181.5 89.3 2.8 

1 181.3 89.2 1 

- 19.1 88.7 
- 186.1 89.9 

184.9 89.8 

1 Coal •.••••.. 
Roo f •••..••. 

108.5 
96.5 

85.9 
86.9 

-
2.5 
4.3 

., 113.8 86.5 1 111.5 84.1 
292.0 89.7 5,1 82.4 89.8 1 

Intersection - 278.7 88.0 1 
1 97.3 87.3 

1 
- 278.7 89.9 

1 

2.6 
8,7 
4.5 

::ict 3: 1 

;~~~;~~~~~~~ 1 A 1 ':' 1 302.3 85.3 1 H.O 

1 1 

1 
- 1 -

1 

- -· -
- - - 123.8 1 84.2 

1 - - - - -
Set 4: 1 1

1 

1 1 

Coa 1. • . • . • • • Ll ~-- - 1 - 1 -

~~~!;~~~~i~~ ! ~~L_~:_L_;_ __ j_; _ _l __ : __ 
1Apex angle o.f the cone around the Sd!aplc mean (as its axis) such tha.t the -:one will 

contain the lr<te mean with 95-:~ercenc confidcnce--va1id only f.or her.üspherica1ly 
normally distr1buted data. 

2 Surfdce of ribs away from intersections, 5-ft-square unit areas. 
3 Roul away from intersecLions, 20-ft-squ,ue unit arcas. 
4Roul at intersections, 20-ft-square unit areas. 
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" 
This report develops and applies a stratified cluster sampling procedure 

for sampling fracture orientations in an underground coal mine with the 
objecLive of correlating roof falls with fracture orientations. The use of 
th;3 sampling plan provides a statistical basis for calculating mean orienta­
t::Lcn values for fracture sets. Applicati·on of this plan involves three steps: 
(1) R~connaissance to define the strata by their engineering and geologic 
properties, (2) preliminary sarnpling to obtain initial quantitative inforrna­
tion about the patterns of fracture orientations and to provide the necessary 
data tor computation of the sample size for final sampling, and (3) final 
samplint in a portien of the mine to obtain statistical estimates of the 
psr~meters of fracture orientation sets for application to an engineering 
a':<d lys i s. 

Thé SPJl!pling procedures employed in this study were organized around 
the i.dea that the .collection of representative data w·as necessary for an 
acc:1rate enalysis of the effect of fracture geometry on roof stability. 
ThL> t~se of l!nit area mapping, stratification, and site delineation con­
trí.tJiited to the collection of representative data. 
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A BUREAU OF MINES DIRECT -READING AZIMUTH PROTRACTOR 

by 

D. D. Bol stad l and M. A. Mahtab 2 

ABSTRACT 

o 

_ _.. ... ·-~--­
-----"~ 

Til-is report describes the construction and use of a direct-reading 
azLmuth protractor (DRAP) by the Bureau of Mines for measuring fracture 
orientations in mines, tunnels, or other excavations having a magnetic onvi· 
ro111nent. The DRAP allows a rapid and simultaneons measure:nent of dip a;;.d 
azimuth of dip of a fracture plane. 'fhe instrument is rugged, lightw·e.ight, 
and easily constructible from standard hardware it.ems. The DRAP can measure 
dip .to within ±0.5° and azimuth of dip to within ±5° of correspon.ding values 
obtained with a Brunton compass. 

INTRODUCTION 

·This repart describes the direct-reading aztmuth protractor (DRAP) devel­
oped by the Bureau of Mines for mapping fracture orientations in mines, 
tunnels, or other excavations where the existing magnetic fields aff~ct the 
accuracy of measurements made with a magnetic compass. The DRAP. is a modified 
version of an instrument originally developed by E. D. WilsÓn3 for mapping 
fracture orientations in the San Manuel copper mine, Arizona. Wilson's dev:l..ce 
cons b ted o f three components: A compass card, a s trike board, and a handla. 
Strike azimuths can be read directly with Wilson's device. However, the 
measurement of díp requires the use of an additional instrument, such as the 
Brunton compass. By the addit ion of a compass card to Wilson 1 s device, DRAP 
has been made capable of simultaneously measuring the dip azúnuth and the 
dip of a fracture plane. The color coding of the dip scales in DRAP provides 
a "fail-safe" means of obtaining the proper dip direction. The addltion of a 
bubble level has also increascd the accuracy of the observations. 

The device (DRAP) in it!! present state allows the collection of ¿r,ta. in a 
form suitable for statisticai proccssing on digital computers. Instead of 
measuring the strike of a joint plane, the azimuth of its dip is measurcd. 

Geologist . 
.a Phys lea 1 scientis t. 
3Wilson, E. D. Geologic Factors Related to Block Caving at San Manuel ~Op!Jer 

Mine, Pinal County, Ariz. Progress Report, April 1954-March 19.56. BuMines 
RI 5336, 1957, 78 pp. 



The úip and tbe &.zimuth of dip then completely define the attitude of a 
fracture in sph-3rical coordinates. 
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geologist, Magma Copper Co., San Manuel Div., San Manuel~ Ariz. ~ for indep~nd­
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Climax Holybdenum Co., Climax, Colo.), for extensive field testing of DRAP at 
the San Nanuel mine during 1971. SpE.cial thanks are C:u? J. C. Bean. engineer­
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the detail dra-wings of DRAP components to iacilitate machining. 

CONS~RUCt!ON OF DRAP 

'll:e basie jevice as illustrated in f::.¡;u::es 1 and 2 Has machinccl fcma 
a1uminum plate and thick-wall bxass pipe Ior dm:ability and lm11 weig;-,t, The 
co~rlcte device weighs 2-1/4 lb. Any lightweight, modcrately inexpensive 
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material :::ould be used in construc~io·,1of the de11ice. Al:&. boli:3~ ;:;c:::ewsD and 
nuts ~ere s~~ndRrd hardwarB items. ~igu~E 1 11Lustrates the components of 
DR..\P, fi¿ure 2 11~ovides a detail drawing4 of thc comp<.c1c=í-tS~ and figure 3 
illus,-aLes ~hs ~omplete assembly. T~¿ i~~ividual parts a~e described in the 
folloving sections. 

Base Plate A5 .--This is a 1/4 in"'thick aluminum pl~.te measu:ring 4 in by 
~' in; itp-=-rovTde's. a fla t sur fa ce to lay the device on the fracture surface . 

.. ~a se Shoes B. --These are machü.2d from l/2 -in a1umint\.iil pla te~ are 
:'1 ctaci.:-rl to edges of the base plate A, and p;:-ov:tde the bea-r lng surfaces for 
the :cota ting díp cylinder D. Two dip sea lec~ graduated from 0° to 90°, are 
px-ovirleJ on each shoe. The graduatior;.s are scribed in incremeats of 1° and 
nu:mbeL3d -eve.ry u;o. The'dip scales a:.:-e color ceded in red and bl::ck. Red 
nu:nbeL"s &re the light-toned numbers i llustr.&ted in figures 1 and 3; ble.ck 
m . .n.nLe,-s app2ar in a darker tone. Add.:.t;:o'l!al mar!<ings oí: 0° to 15" are scribed 
ht.yonJ oitlteX end of the 0° to 90° scales to provide greater ease 1n t.J'~ppin~ 
nearly hori~cntal fractures. Note that in figure 3~ the base shoea ~re 
posit ior . .:::d S:Jch that the red (light~tone) numbers are clase(\ to the a:d..muüi' 
anc. I tL.:nt 5i"l?! th~ black numb2rs, 
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FIGURE 3,- DRAP assembly. 

·~Note that figure 2 contain::; sorne modifj.caticatio~n-¿~e-;:ti[;,,f-':-.(-, c1~ 1,Yi.fy~-~ 
machining of parts. 

6 Underlined letten; refer lo individu¿l co.nponents :L!..l;,r.~;-~·¿:::..:,.i : .•. :;:;_¡;:ur;;;e l 
and 2. 



End Caps C. --These cAps a!:·e wachi.1ed from 1/2 -in alumim.nn pl.a te and 
provide a means of dust-sealing the clip cylinder Q· Each cap i3 drilled to 
allow thumbscrews to be i.nserted i.nto threaded !?.oles in the correspondi:rcg 
base shoe B. 

S 

Dip Cylinder D. ·~-The cylir~der was cut fr.om a piece o f. bra:Js pipe hav:tng 
2-in OD and I-7/8-Tn ID. The 4-in-long cylinder provideE; e rotaling unit tt1~t 
fits within the base shoes 1}_. Each e11d o·f the cy1inder :ts capp.:c uith a 
2'-1/8-in-diam round plate ! to prevent lateral movemeut. The cylínder is 
s1otted to accept the azimuth plate E_, which is then scre•.o~ed to tht! back of 
the cylinder Q.. 

Azimuth Plate F. --This plai:e provides a surface for mounti<1g tne AZimuth 
protractor g_ and t~' lccking thumbscrew !!· The azimuth pline was roachined 
from lí4-in aluminum stock and measures 3 in by 4-1/2 in with one end rounded 
to a 1-3}8-in radius to reduce weight. 

Azimuth Protractor Q.--The pl.·otractor was cut from 1/8-in-thick R.J.uminum 
and is scribed in 2° iñcirements proceeding c1ockwise from ou azimuth (north) 
to 360° azimuth (north). The 2-3/4-in-diam protractor Q provides e mean."! of 
setting thc proper drift azimuth value by using the drift az1.muth pointt!r lock ª to f.asten the protractor firmly to the azimuth p1ate I· The protractor is 
also used in obtainiug the azimuth of di.p of a fracture. 

AzLmuth Arm I.--The 1/4-in-thick aluminum arm is bolted to the azimuth 
plate ! through a center hole in the azirnuth protractor Q. A thtnnbscrew 
provides a fric~ion 1ock on the free-turning arm. No threads are required in 
the center hole of the azúnuth ann 1 as the arm must move freely during tile 
mapping process. A simple (30 min) bull's eye level is fastened to the arm 
and allows the arm and cylinder unit to be leve1ed prior to taking azi.rrt.uth and 
dip r~adings. A scale (graduated in tenths of a foot) is scribed on the arm 
to allow measurement of apertures and spacing of fractures. The poiuter on 
the end of the arm does not correspond to a specific direction to be used, 
rather it provides a 90° angle usefu1 for alinement with steel sets (or other 
supports) in the drift being mapped. 

The circular portian of the ann is scribed with color-ceded 11 right 11 and 
"left" markings. Note, again, that the light-toned letters represt:nt red 
color, and the darker letters represent black color, as illustrated in figu:e 
1, l· Two pointers are placed at :10° to the long axis of the arm and at 180°~ 
a pa rt. 

USE OF DRAP 

In a magnetic enviro!lment, the az:Lnuth rueasurementF: made with a magnetic 
compass are not reliable. This difficulty is overcome by using DRAPJ \..rhich 
measures the azimuth of dip of a fracture with reference to a known d:!.rcct:iün~ 

for example, the az:imuth of a drift axis. The accuracy of obser·.rations, there­
fore, depends on the ability of the observer in positioning the azimu::h ann I 
of DMP at 90° to the refereHce linc. The authors have consistently been ablc 
to reproduce DRAP measurements of dip to within ±0.5° and azimuth of dip to 



within ±5° of the co¡-responding measurements made (in a nonmagnetic environ­
ment) with a Brunton compass. In addition, DRAP has allowed a slightly 
gr~ater speed of measuring these angles as compared with a Brunton compass. 
Auother important advantage of DRAP over a Brunton compass is that DRAP rua,kes · 
&vailablP. much ]arger measuring surface (base plate ~). The 16-sq-in surface 
tends to average over the protrusions~ crystal growths, and other rough fea­
tur.es on fracture surfaces, thus giving .. truer dip and azimuth readings. On 
the other hand, the approximately O. 75-~q-in surface (edge) of a Brunton­
compass !3vmetünes yields false dip and strike values due to localized asper-­
ities on fracture surfaces. 

Th,~ folloiiJing paragraphs describe the various steps involved in using 
DRAP to obtain the orientations of fractures in underground mines. 

~et~l_~ Drift Az:~muth.--Before any measurements can be made vJith DRAP, it 
is nect.!ssary to set, on the protractor Q, the azimuth of the (reference) axis 
of che 'drift that is being mapped. The az:imuth values for the drifts to be 
map!J~d ar1: det.ermioed from the mine maps. Each drift axis will have two 
azimutl1s, suc!. as 044" and 224°, as "illustrated in figure 4. If the operator 
travels northeasterly down the drift (044°) thls value is set on DRAP by 
rotatlng the azimuth protractor g_ until 044" is alined with the drift azimuth 
poinler lock _l!. The · protractor Q. is locked into place by tightening the lock 
H .. If the operator reverses direction, the new az:im.uth of 224° would have to 
be reset on the protractor. 

Note that the azimuth setting determines the rib's right and left direc­
tions, in relation to the direction of travel of the operator. 

Al inement o f DRAP.- -To map a fracture, the base place ~ of DRAP is placed 
on the fracture surface and is shifted around while rotating the dip cylinder 
D until the level-bubble is centered. The azimuth arm I is now rotated until 
it is at 90° to the aKis of the drift. This right angl; must be visually 
estim.ated. With practice, ho\o1ever, a good (±5°) estimate of this angle is 
e as ily made. As mentioned earlier. the pointer on the end of the az unu th arm 
al~o provides a ffieans of sighting-in along the steel sets or other supports to 
ma inta in accura.cy. 

Q_!_p__~~ Readi!!.8,. --The angle of clip of the fracture is read directly 
from either side of the base shoes B" One of the scribe lines on the cylinder 
caps E will be alined with a Jegree. marking on the base Ehoes B. 1'hi.s degr~e 
value is color coded either red (light tone) or black (dark to~e). 

Azimuth of the Dip Reading.--The pointers, on either sirle of tbe circular 
portian of the azimuth arm .!. have color-coded (red and black) "rightu. and 
"left" markings {for each pointer). These markings refer to the rih (~vall) 
being mapped. Note that in a previous step entitled "Alinement of DRAP". an 
initial drift azimuth setting of 044° was used. Therefore, the "right'' and 
"left" walls correspond to the üperator's right and left as he is facing 044°. 
In thts example the operator is rnapping the left wall and has obtained a black 
color-coded dip reading of 14u, Therefore, the pointer on the side of the 
az imuth !, which is marked "le ft" and is colored black, will correspond to an 

.. , , . -r 
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Drift axi~ 
224°~- -----

-- -- --+ 044° 
Drlft axis 

FIGURE 4. - Orift axis direction ond rib designation 
(plan view). 
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azimuth of dip value mar.ked 
on the azimuth protractor G. 
Note that in figure 2, the­
side marked black ·'1-oft'' is 
also marked red "rir.;hr. .n 

For this ex,;Cmpla 9. .:caa-;;:,5 
of 166° represents the .u;i·· 
tnuth of d.e el ~-P va l.·e. fhis 
co::-re r: ¡: onds te a :..1 tr ~!te 0 f 
8 76° M (o: S 76~ E). ~o 

directly read strike valu~s 
a new azi.muth protractur ~'l 

would have to be scribcd 
tdth qu.a.dra.nt uarkings (t\j .s, 
E,W). However~ dip values 
would no~ have to be rsa~ in 
quadrants also, thus CO¡npli­
cating procedures more than 
is necessary for rapid data 
collection" 

SU11.iMARY 

The direct-r2adiP-g a~i~ 
muth protractor, DRAP, pro­
vides a rapid means of map~ 
ping fracture orientations 
in geologic envi::::-cx-rn-=,~ LS 

where magnetic influ0n~es 
affect compass measur·e.11ents. 
The device ¡s easily con­
structed and is designed te 
eliminate operator er.ro' in 
mapping by the use of color­
ceded dip and azimu¡_-h of .::r1e 

dip markings. The DRAP is constructed from aluminum plate and brass p1p~ ~o 
maintain low weight; it uses standard hardware items to reduce macl.iuí:;..,; co::.t.. 

Adeptness in the use o f DRAP is readily acquired in less t:1an J. hr :..>f 

practice in the field. Comparisons of accuracy can be made by map~,Jin:; sur·., 
faces with a Brunton compass and DH.AP in a nonmagnetic envir0runenL TnE m;A)> 
can measure dip to within ±0.5° and azjmuth of dip to witltin ±5° c..f thE" :":'J·-.:·:::·­

sponding values obtained with a Brunton compass. 
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Monitoring 
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Fig 3- Flow of geological data for the design of pit slopes. 

REGIONAL ANO MINE SCALES 
24. As indícated above, the site location 

alone might all01v ant~cipaÚon of potential slope 

problems i f open pit mining e).perience or data ·on 

n.:.tut·al slopes are available for· the area. To 

develop a guud understand1ng of the geology at the 

pit site, an integration of the local geoloqy into 

tlw regional ucological pattern is vital. 

fü:gíonal geologícal data are available fr·om maps 

~y the Geoluylcal Survey of Canada and provincial 

Dt'pilrtrncnts d 1·\ínes. Other rclevant sour·ces of 

lnfornution <nt: quotcd in paragraph 196. 

DETAILED MAPPJNG FOR PIT DESIGN 
25. The general gcologica1 map of the ~it site 

provides essential background infonnation but is 

insufficient for geotechnical assessments. Rock 

types should not only be known by geologica~ 

names. but an estímate of strength with simple 

.hardness tests is the mínimum required to identify 

areas \t.Jhere in'stabilHy could occur duc toa ~1eak 

rack substance. The same applies for the 

discontinuitics which have to be dcscribed in more 

detail than is the case in general geological 

mápping. 

.. d • ,. 
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PROCEDURES USED FOR SAMPLING FRACTURE ORIENTATIONS 
IN AN UNDERGROUND COAL MINE 

by 

D. D. Bolstad, 1 j, R. Alldredge, 2 ond M. A. Mahtabl 

ABSTRACT 

The Bureau of Mines has developed procedures for sampling the geometry of 
fractures in underground coal mines. Stratified cluster sampling and the unit 
area concept are applied to the collection of fracture orientation data. The 
use of unit area mapping, stratification, and site delinea~ion is made to 
assure collection of representative data. The procedures developed here help 
to is~late sources of variability in the fracture patterns. 

INTRODUCTION 

Fractures are planes of '"eakness in a rock mass, and very often their 
geometric patteins (attitude, spacing, extent, and aperture) influence the 
mechanical behavior of excavated structures in the fractured medium. During 
the past decade, numerical techniques have been increasingly and successfully 
employed for stability analyses of engineercd structures in fractured med~a. 
The sophistication of the numerical techniques has increased the need for 
quantitative and reliable input information regarding fracture geometry. Sorne 
appropriate schemes for quantifying the geometric characteristics of fractures 
ha ve recently be come avai lable (~). 4 However, no systematic and acceptable pro .. 
cedures are available for srumpling fracture patterns in subsurface excavati9ns. 

As part of the Bureau's investigation of the influence of fractures on 
coal mine roof behavior, the éureau developed and used procedures for sampling 
fracture orientations in selected ·underground coal mines. One of the several 
mines selected for the roof behavior study was Duquesne Light Co. Warwick 
mine Portal No. 3, Greensboro, Pa. The objective of sampling fracture orien• 
tations in this mine was limited to correlating natural fracture6 orienta­
tions with roof falls. To meet this objective, sampling procedures were 

1 Geologist. 
2 Mathematical statistician. 
3 Phvsical scientist. 
'1 Un~lt::rlined numbers in parentheses refer to i tems in the list of references at 

the end of this report. 
o 

&NaLural fractures are defined as recurrent planar geologic discontinuities 
havi.ng spaci.ngs of from tenths of a foot to tens of.feet. 
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devised (l) to extract information on fracture orientations from a relevant 
(sm3ll) portion of the mine (called the study area) and (2) to provide a 
~t;ttistical background for estimating the mean fracture orientations in the 
sttJdy area. This report discusses the procedures used by the Bureau for 

· sampiing fracture orientations in Warwick mine Portal No. 3. 
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GENERAL SAMPLING PROCEDURES 

Three main steps \oJere follot-Jed in the development of the sampli.ng pro~ 
ccdut"es: (l) Defining the factors that might affect the sarnple, (2} obtaining 
and anal yzing a preliminary sample, and (3) obtaining and analyzing the final 
Sélmple an.d presenting the resulcs in a form useful for engineering analysis. 
(ln this example the analysis involved ...:orrelating fracture orientations with 
d-,of falls,) The general procedures followed in this study are illustrated 
in the Elowsheet shown i.n figure l. These procedures rnay be readi ly inter­
pr¡¡¡oted to flt the objectives of other problems i.nvolving sampling of attitudes,. 
spacings, extents, and apertures of fractures in underground mines; for exam­
ple, a recent Uupeau of Mines study (.}) described application of these 
procedures in an underground copper porphyry mine in Arizona. The methods of 
s;l!iipling may also be applied to problems relating to other planes of weaknass, 
suclt as faul't traces, blasting fracture patterns, ~nd bedding plane partings. 

This reporc emphasizes the following sampling concepts: 

l. C~uster sarnpling, where a cluster consists of all the fractures in a 
srnall division of the study area. The clusters will be referred toas unit areas. 

2. Strati fied sampling, where the study area i.s ·separated into blocks or 
stt·ata. The term strata is used here in a statistical rather than a geological 
s ense. 

The concepts of cluster sampling ctnd stratified sampling are combined to 
rc.sult in a stratified cluster sampling plan. This is a conrrr.on sarnpling plan 
uscd in many ocher fields of study. 

RECONNAISSANCE 
() 

This section outlines che geologic se.tting of the Warwick mine Portal 
No. 3 and describes the geologic and layout factors recognized duri.ng a short 
reconnaissance of the mine (one engineer and one geologist spent a day visit~ 
ing the miDL'). The objective of the reconnaissance was to select sever·a.l 
arcas for pt·eliminary sampling on- the basis of the observed differences in 
their geologic and engineering characteristics. 

The Warwick mina Portal No. 3 is located within a reeion of gently di.p~ 
ping NNE-trending anticlines and synclines cornposed of sandstones, shalcs, 



and caal seams af Pennsylvanian-Pennian age. Majar faulting is lacking in 
this regían. 

State objective of study 
(correlate fracture patterns 

with roof falls) 

RECONNAISSANCE 

Define regional and local 
g_eology 

Collect mine engineering data 
( method, layout, support) 

S-elect study oreas 
(map roof falls in selected 
study oreas) 

PRELIM!NARY SAMPL ING 

Select strata 

Del í neate un it- orea 
dimensions 

Randomize unit-areas in each 
stratum of each study orea 

Map orientations in selected 
unit-areas 

t 
Analyze data by Schmidt plots 

or computer program 

il 
Select final st udy orea 

~ 
FINAL SAMPLING 

~ 
Select strata, define study 

si tes 

-"-
Determine sample size required 

1 
Randomize unit-areas in ea eh 
stratum of each site 

w 
Map orientat ions in selected 
unit -oreas 

"' Ana!yze data by Schmidt plots 
or computer program 

~ 
Compare and contrast results 
by strata, study oreas, si tes 
and fracture-sets 
(tabulate results for engineerlng 
'input) 

FIGURE 1. - Procedures followed for sampling fracture orientations in an underground 
coa 1 mine. 
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FIGURE 2. GeMral plan of Warwick 
n11ne Porta 1 ~lo. 3. 

FIGURE 3. D D iv ís ion of the study a reo 
into sites. 

A nearly orthogonal system of vertical roof fractures was observed 
throughou t thé 1-Jan.Jick mine Portal No. 3, The shale roof appeared to have no 
~~jur ot•servaLle structural or lithologic discontinuities. The coal cleat 
;syst\~rn parcilleled the roof fracture systern and had well-defined face and butt 
cll:itLS. Threc.: n1<1jor mining areas, were active (fig. 2); they were the 1-North~ 
3-L<·ft, and viest -l'iai.ns entry $ystems. Since the objective 9f the fracture 
órientation ·I!Íapping study was to correlate roof falls with the patterns of 
' " na 1: tlral frac tu res, the three active areas were selected for prelimi.nary 
,;;unplinl~. as tl¡¡c~:t:' areas would afford a greater probability of observing 
·natul-dL fractúres than would the inactive areas. 

PRELIMTNARY SAMPLING 

Tlle pur¡w!:ie of the preliminary sampling \~as to supply inform.Úion about:, 
~he geometry uf the fracture patterns and to provide measurei óf the natura~ 
va!·i.aiJi Li ty present within ánd bet\vecn selected areas. This information \.ras 

then userl to de!:iign the final samplí.ng plari. This section ·describes the 
dcsi.gn of tile preliminary sampling plan and reports results of the prelim­
inary sampling. 

Design of tlle Prcli.minary Sampl~.g Plan 

Prior to mapping thc 
resu]ts of the study were 
acc:ounL o'f these factors. 
area sizes, ferromagnetic 

fractures, tlie factors that might influence the 
identified, dl1d a sampling plan was· designed to take 
For eXcllliple, the effect of relative location, study·· 

influenc.:.:s, di fference in roe k type, variabili ty 



of roof-fall areas, and operator bias were considerad in designing r.he sam­
pling plan. 

Each study area (1-North, 3-Left, West-Mains) was defined on the bRsiE 
of equivalent size and quantity of svailable entries and crosscuts. TheJe 
study areas were sarnpled and analyzed independently to e};:e.rrd.ne the e.ffec t of 
relative location on fracture orientations. Each study area ev..compassed 
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70 to 80 pi llars, exclusive of return airways and actual ~.,;orkir.g faces. The 
entries and crosscuts were approximately 20 ft wide and were driven on 70-it 
centers. The general absence of ferromagnetic influences within the study 
areas all01 .. Jed "the use of a standard Brunton compass for orientation 
m~~surements. 

Each study a·rea \vas divideC. into (st:'ltistical) strata based on rock type 
and unsupported span dimcnsions. The three strata were (1) coal ribs, 
(2).shale roof between iibs, and (3) shale roof at intersections. This is an 
application of stratified san~ling. However, since unit areas (clusters) are 
being sampled, this plan is referred to as stratified cluster sampling. A 
cluster, as defined in this study, consists of all tb_e_fr:.a.ctures within a 
unit area. In the unit area technic¡ue each (statistical) stratum is divided 
into many small'areas. In t6is study, 5-ft-square unit areas6 were delineated 
on o~l coal ribs, and 20-ft-square unit areas were delineated in the shale 
roof between the ribs and in the shale roof at intersections. The unit area 
technique was used in preference to the line of traverse method because the 
latter method is biased against the fractures paralleling the line. In addi­
tion, the unit area technique allmvs a cumparison of fracture-set geornetries 
between individual areas and groups of areas. 

In this study th~ unit areas in each stratum within the study areas were 
numbered for identification on mine maps. A random-number table was used to 
select two roof-intersection unit areas, four roof-between-the-ribs unit 
areas, and four coal-rib unit areas for mapping in each study area. This 
sample size was based on the time available for mapping during the preliminary 
phase. The unit areas were randomized to insure that an unbiased and repre­
sentativa sample of the area under study was obtained. 

Results of the Preliminary Sampling 

After mapping, fracture sets were identified from the data and their 
mean attitudes were calculated uslng a comp•Jter program (~). Table 1 lists 
the results of an analysis of preliminary srunple. 1\.JO major fracture sets 
were prevalent throughout the three study areas. No major differences in the 
meiln attitudes of fracture sets were found in a comparison of the chree study 
areas. necause of this, it was decided to concentrate the final sampling " 
efforts in .iust one stucly area. Sinct! the 1-North study area contained a 
large air shaft whose effect on the neighbor.i.ng fracture patterns ~~as ·unk:loHn, 
and since the access ~Jithin the \V2st-Mains study area was impaired, the final 
sa111pling was conducted in the 3-Left study area. The fine.l sa111pling (and 

The choice of a square shape was convenient. The side of a square unit 
area was given by the height (5 ft) or width (20 ft) of the entri~s. 
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Analysis) of the fracture orientations in the 3-Left study area are discussed in the 
ne:ct section. 

TABLE l. - .?~~~ .. ;~ry of fracture ori.entations obtained during preliminary sampling 

Study area 
Fracture set ~lest-Mains 3-Left 1-North 

-e ,l Azimuth, Dip, C,l Azimuth, Dip, -r·-e, Azim 

--·------t-~d"'e..,g~r 
u th •l Dip, 
ees 1 deg_re~s degrees degrees degrees de_grees degrees degrees degr~es 

Set l : 
Coal~....... 20 3 88 - 25 87 1.8 202 88 1 .• 6 
Roof3....... 19 7 88 3.2 09 90 2.3 192 88 2.6 
Jntersection4 19 3 89 5.4 191 86 4.0 195 87 3.5 

Set ¿: 
3 89 - 116 83 3.1 116 87 3,9 
5 90 9.8 (5) (6) (6) 110 88 5.5 

Coa l........ 11 
1\uof ••.••.•. ¡ ll 

_ tnte!:"S'2_~tiol]_¡___e_ ) (5) (6) 98 89 14.2 120 88 1 1/f~ l 
1 Apex angle of the cone around the sample mean (as its axis) such that the cone wtll 

~untain the crue mean with 95-percent confidence--valid only for hemispherically 
normally Jistributed data. · 

2 Surface oí ri.bs away from intersections, four 5-ft·square unit areas. 
8 Roo1 away from interseLtions, four 20-ft-square unit areas, 
4 K0of at intersections, two 20-ft-square unit areBs. 
5 Insuffici2nt data to delineate a fracture sec. 

FINAL SAMPLING 

The purpose of the final sampling was to define the pararneters of the fracture sets 
witllin each stratum of the 3-Left study area in a form useful for engineering analysis, 
parricularly for a study of any correlation between roof falls and fracture orientations. 
Tllis .section describes the design of the final sampling plan, including sample size deter­
mination and fur~her stratification of the study area, and gives the results of analysis 
oí the final sample. 

Design of the Final SamQling Plan 

llere, as in the preliminary sampling plau, the factors that might infiuence th~ 
results of the study must be identified and the final sampling plan designed accordingly. 
For the final s<~mpling plan the 3-Left study area was stratified into coa1 ribs, shale 
roo[ between rins, and shale roof at intersections, In addition, since the objective of 
thE· sawpling was to correlate roof falls with tite geometry of natural fractures, the ::.tud:! 
area \vas divided into three sites (A, B, anci C) based on roof condition. Figure 3 illu~­
trates rhi.s divi.sion. Sites A and C contained fHJ roof falls, whereas site B ltad a stroug 
concentration of roof falls. 

The unit area technique was used for mapping and, as in the preliminary sampling, the 
selection of the uni t areas to be mapped was made tlu·ough the use of the randoro number 
table (thus reducing the possibility of operator bias in the se1ection). 

The approximate number of fractures, ~ , to be mapped in each stratum, was dcter­
mined by applying the fo11owing formula: 

n 
Nt = 1-¡:; N1 1 

i==l 

where n o: number of fracture sets delineated in the preliminary sam,le of the stratllm. 
N1 is determined for fracture set i by the rel&ticn 

(1) 
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1 + 
1og

0 
(l/P) 

loge [l + (k - 1)(1 - cos e)] 
(2) 

Tl••2. deri vation of equation 2 follows from .::onfidence intt:rva1 relation:;hips for th~ Fisher 
distribution on the sphere (l). l~ne values of k, t1hich is a measure of the ti.ght:n%s of 
tlu~ data p:Jints i.n a fractur; set aroJnd its mean artitude, 1\>ert! obr:ai.1:ed frum the cmn­
pur.er analysis (_~) of the prelirnlnary sawple for each ~tratum, The probabi1ity, P, HdS 

set at the 95-percent level of confidence, and ~' thc confidence radius around the meRn, 
was given a value of 1. 0

• In other words, the sample n1ean was requirf.d to be within 1.? of 
the true mean with 95-percent confidence. During the prelininary sampling, an average of 
15 fractures was ·mapped. in a unit a cea in a 15-rninute time allotrnent. The al1otmerd: of 
15 minutes, though arbitrary, appeared to yie1d adequ~te ccverage of e~ch unit atea anda 
sufficiently large preliminary sarnp1e. The number of unit areas to be mapped in a 
straturn during the final saropling was thecefore Nt/15. 

Results of the Final Sampl~ 

The final sample was analyzed by the computer program (l)• The results of the 
analysis are listed in tab1e 2. 1\.io fracture sets (sets 1 and 2) occur throughout the 
study area; that is, in each of the three strata (coal, roof, and intersection) in each 
of the three si tes (A, B, and C). Two additiona1 fracture r.ets we>:e identified: Set 3 
occurs in the roof of sites B and C, whereas set 4 appears in the roof of site B on1y. 
(lt is noted here that the frequency of roof falls observed in the sturly area was greatest 
for site B.) The division of the 3·-Leít study area into strata and into sites expos~s the 
varia~~lity in tlie fracture patterns. If this had not been done, large variatioos within 
fracture sets wou1d !~ave obscured any fine-sea Le interpretat~.on. 

TABLE 2. - Sum'l!ary of fractur0 orlentations obtained during final s.am.E._~ 

Fracture set 

Set 1 : 
Coal:e •.•••.. 
Roof3 

••••••• 

In tersec t ion4 

Set 2: 
Coal •.••••.• 
Roo E •••••••• 
Intersection 

Set 3: 
Coc~l •...•.•• 

Azimu th, 
cJ.; .. rees 

1 Q 
1 

16.9 
4.0 

180.2 

108.5 
96.5 
97. J 

Si te 
A B ____ C __ ~----~--

Dip, c·, 1 Azimuth, Dip, C,l !Azimuth,¡ Dip, l. C, 1 

degrees degrees degrees degrees degreesl degrees rªegre~~~grees 

89.7 - ' 19.1 88.7 - 198.9 189.1 1 1.0 
89.7 - 186.1 

1 
89.9 - 181.5 89.3 1 2.8 

1 

89.3 - 184.9 89.8 - 181.3 89.2 1 

85.9 1 - 113. 8 8 6. 5 1 2. 6 
86.9 il 5.1 82.4 1 89.8 1 8.7 
87.3 - 1 278.7 88.0 4,5 

111.5 84.1 
292.0 89.7 
278. 7 89.9 

.. -- 1 - - i - 1 -

Rouf. ....... 1 - - 1 5.9 302,3 ¡ 85.3 B.O 

Se~n~~rsectiodn ¡ - ·· 1 - - j - -

123.8 84.2 
- -

Coa l. .... •.. ; - - j - 1- - - 1 - -

Roof........ 1 - - 1 7~.4 8~.3 9. 7 - 1 - -

1 
lntersection - _-__ l - _:_ ___ j __ _: __ j_ _____ :_ 

Apex angle of the cone around the smnplc mean (as its axis) such that the cone will 
contain the true mean wich 95-percent confidcnce--va1id nnly for hc.mispherically 
norma1ly distributed data. 

2 Surf.1cc of ribs away from intersections, 5-fc-square unit areas. 
3 l{o"l away from interscctions, 20-ft-squar.e uni.t areas. 
'*Rool at intcrscctions, 20-ft-square unit areas. 
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SUMMARY 
'" 
1 

This report develops 'and applies a s tratified cluster sampling procedure 
f~r sampling fracture orientations in an underground coal mine with the 
objecLive of correlating roof falls with fracture orientations. The use of 
the sarnpling plan provides a statistical basis for calculating mean orienta~ 
tion values for fracture sets. Application of this plan involves three steps: 
(1) Reconnaissance to define the strata by their engineering and geologic 
properties, (2) preliminary sampling to obtain initial quantitative informa~ 
tion about the. patterns of fracture orientations and to provide the necessary 
data for computation of the sample size for final sampling, and (3) final 
sampling in a portian of the mine to obtain statistical estimates of the 
parameters of fracture orientation sets for application to an engineering 
analysis. 

Thé sampling procedures employed in this study ~ere organizad around 
the idea that the collection of representative data was necessary for an 
aCClJ~ata analysis of the effect of fracture geometry on roof stability. 
Th~.· ttse of unit area mapping, stratification, and site delineation con­
tribllted ce the collection of representativa data, 

l. Fisher, R. A. 
Ser. A., v. 
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A BUREAU OF MINES DIRECT -READING AZIMUTH PROTRACTOR 

by o 

D. D. Bol stad 1 ond M. A. Mahtab 2 

ABSTRACT 

Th-is report describes the construction and use of a direct-reading 
azimuth protractcr (DRAP) by th~ Bureau of Mines for measuring fracture 
orientations in mines, tunnels, or other excavations h!lving a magnetic envi­
rorunent. The DRAP allows a rapid and simultaneous measurement of dip and 
azimuth of dip of ·a fracture plane. The instn.nnent is rugged, lightHeight, 
and easily constructible from standard hardware i.tems. The DRAP can m.e.asure 
dip .to within ±0.5° and azimuth of dip to within ±5° of corr..:!sponding values 
obtained with a Brunton compass. 

INTRODUCTION 

This repart describes the direct-reading aztmuth protractor (D~~P) devcl­
oped by the Bureau of Mines for mapping fracture orientations in mines, 
tunnels, or other excavations where the existing magnetic fields affect the 
accuracy of measurements made with a magnetic compass. The DRAP. is a modificd 
version of an instrument originally developed by E. D. Wilson3 for mapping 
fracture oricntations in the San Manuel copper mine, Arizona. Wilson's device 
cons b ted of three components: A compass card, a strike board, and a handle. 
Strike azimuth~ can be read directly with Wilson!s device. However, the 
measurement of dip requires the use of an additional instrt~ent, such as the 
Brunton compass. By the addition of a compass card to ~ilson's device, DRAP 
ha5 been made capable of simultaneously measuring the dip azimuth and the 
dip of a fracture plane. The color coding of the dip scales in DRAP provides 
a "fail-safe11 means of obtaining the proper dip directi.on. The addit.i.on of a 
bubble l~vel has also increased the accuracy of the obse:rvations. 

The device (DRAP) in its present state allows the collection of data in a 
form suitable for statistical processing on digital computers. Instead of 
measuring the strike of a joint plane, the azimuth of its d!p is measured. 

1Geologi.st. 
2 Phy~ical scf.entist. 
3 Wilson, E. D. Geologic Factors Related to Block Caving at San t1anuel Copper 

Mine, Pina 1 County, Ariz. Progress Report, April 195lJ.-Harch 19%. Bw1ines 
Rl 5336, 1957, 7B pp. 



The dip and Ue azüuuth of dip then cornp1etely define the attitude of a 
frac[ure in sphcrical c0ordinates. 
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C:ONS':;.T.UCT!.ON ~;- DHAP 

1he basir: device as illustrat-;:.d L1 figuren l a.nd 2 Has macúinr-!cl [-rom 
aluminum plate ,:;nd thick-wall br:::-.sc; pipe -=:e:-:- dc.rability and lou weigi-:.L The 
complete d2vice weighs 2-1/4 lb. Any lightweight, moderate!y inexpen~ive 
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i•.!atc·ci.:Jl ~ou!d "".;. ,Jsed in construcl.ioc. ci t'áe oevic3. All bolts P scre~m, and 
nuts "ere stand·,-1d hardc-Jare iterus, I'i.gure l il!ustrates the COúlJ!0nents of 
DRAP, :iit;..¡rz 2 ¡-;;;ovides a detaU_ dratáng~ of the compor.ents ~ and figure 3 
illustrHLes tha ·;omplete assembly. T~e individual parts are described in the 
following ~ection&. 

Base PLHe A5 • --Thi& is a l/q in-thick alurninum plate measurin.g 4 in by 
4 ~.n;it f>lo\;-id~ a flat surface to lay the device on the fractu:re surface. 

~~a se Shoes B. --These ar¿ rnad·ir:.e:-1 f:wm l/2 ~in alumirY<.: .. :.; pla te, are 
att.aclwd to edges of the base place A, and provide the bearing surfaces for 
the :..otating dip cylinder D. Ttw dip scalee, graduated from 0° to 90°, are 
providt::cl on each shoe. The graduations are scribP.d in increm2atr, of la ancl 
numbec:<J -P.v~cy lOo. The,. dip sea les ¿¡r2 coloc codE.d la red a.:<d bl¿_;-:lc N.ed 
nu::rber > '-"!:"::: che ·, ight-toned numben:: il i.'-Rstrzwd in flgnres 1 a.nrl 1; black 
r.Pmbe~ s lpJ?2El:r ~.n a darker tone. Acldi.tio·"12.l .. tartüngs of I(V' to i5"' are scribed 
:uyond e1ií:he·r :-:c,d of the 0° to 90° scaler; to provide greater ee;se i.r1 m:::ppi-ng 
cearly Lor·izc-ntaJ fractures. Note that ir~. fig' re 3, the base shoef; 4:li"€ 

po&it io::ed "'Ich tl-.at the red (l:í.gl:lt~toa.e) numbe'Cs are clo&ed to the aximuthP 
a nc I lhaP q H' the biac:C: ntm'bers" 
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6 UnderUx.2,~ i.etters refer to ind:!..v:.:.c:Uál compcnek1Ul ill'JJ.st,:·c.:::.:d ::..·~ ·: •. .; .. n:<.:f.: i 

and 2. 
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End Caps C.--These caps are machined from 1/2-in aluminum plate and 
provide a means of dust-sealing the dip cylinder .Q.· Each cap is drilled to 
allow thumbscrews to be inserted into threaded boles in the correspondi.ng 
hase shoe B. 

" 

5 

Dip Cylinder D. --The cylinder was cut from a piecc o.C brass pipe having 
2-in OD and 1-7/8-In ID. The 4-in-long cylinder provides a rotattng unit that 
fits within the base sho~s Ji. Each end o·f the cyl inder is ~app~d ·.vich a 
2~1/8-in-diam round plate ! to prevent lateral movement. The ~ylinder fs 
slotted to accept the azimuth plate E, which is then screwed to the back of 
the cylinder D. 

Azimuth Plate F.--This plate provides a surface for mounting the azúauth 
protractor Q and tne locking thumbscrew g. The azimuth plate was machined 
from 1/4-in aluminum stock and measures 3 in by 4-1/2 in with one end rounded 
to a 1-3}8-in radius to reduce weight. 

Azimuth Protractor G.--The protractor was cut from 1/8-in-thick aluminurn 
and is scribed in 2° Incrementa proceeding clockwise from O" azimuth (north) 
to 360" azimuth (north). The 2-3/4-in-diam protractor Q provides a means of 
setting the proper drift azimuth value by using the drift azimuth pointer lock 
~ to f.asten the protractor firmly to the azimuth plate K· The protractor is 
also used in obtaining the azimuth of dip of a fracture. 

Azimuth Arm I.--The 1/4-in-thick aluminum arm is bolted to the azimuth 
pla te 'F through a center hole in the az imuth pro tractor. Q. A thUIÍlbscrew 
provides a fric~ion lock on the free-turning arm. No threads are required in 
the center hole of the az:i.muth ann las the arm must move freely during the 
mapping process. A simple (30 min) bull's eye level is fastened to the arm 
and allows the arm and cylinder unit to be leveled prior to taking azimuth and 
dip readings. A scale (graduated in tenths of a foot) is scribed on the arm 
to allow measurement of apertures and spacing of fractures. The pointer on 
the end of the arm does not correspond to a specific direction to be used, 
rather it provides a 90" angle useful for alinement with steel seta {or other 
supports) in the drift being mapped. 

The circular portian of the arm is scribed with color-·coded "right11 and 
"left" markings. Note, again, that the light-toned letters represent red 
color, and the darker letters represent black color, as illustrated in figu~e 
1, l· Two pointers are placed at 90c to the long axis of the ann and at 180"~ 
apart. 

USE OF DRAP 

In a magnetic environme:nt, the azimuth measurements made with a magnetic 
compass are not reliable. This difficulty is overcome by using DRAP, 1.11hich 
measures the azimuth of dip of a fracture with reference to a kno~~ direcr.ion, 
for exarnple, the azimuth of a drlft axis. The accuracy of observations, there­
fore, clepends on the a.billty of the observer in positioning the azimuth arm I 
o f DRAP a t 90° to the re ference 1 ine. The authors ha ve cons is tent ly be en able 
to reproduce DRAP measurements of dlp to t>lithin ±0.5" and azimuth of dip to 



within ±5° of the corresponding measurements made (in a nonmagnetic environ­
ment) with a Brunton compass. In addition, DRAP has allowed a slightly 
gr~ater speed of roeasuring these angles as compared with a Brunton compass. 
Auother important advantage of DRAP over a Brunton compass is that DRAP inakes 
a va Uable muclt ]arger measuring surface (base plate ~). The 16-sq-in surface 
te~ds to average over the protrusions» crystal growths, and other rough fea­
tures on fracture surfaces, thus givíng truer dip and azimuth readings. On 
the other hand, the approximately O. 75-!?q-in surface (edge) of a Brunton 
compass sometimes yields false dip and strike values due to localized asper- · 
ities on fracture surfaces. 

'fhe following paragraphs describe the various steps involved in using 
DRAP to obtain the orientations of fractures in underground mines. 

Setting Drift Azimuth. --Befare any measurements can be made with DRAP, it 
::ts neccssary to set, on the pro tractor Q_, the azimuth of the (reference) ax:is 
of the ·dri[t that is being mapped. The azimuth values for the drifts t:o be 
mapped aru cietermined from the mine maps. Each drift axis will have two 
azbauths, such as 044° and 224°, as illustrated in figure 4. If the operator 
travels northeasterly dovm the drift (044°) this value is set on DRAP by 
rotating the azimuth protractor G until 044° is alined with the drift azimuth 
pointcr lock H. The protractor G is locked lnto place by tightening the lock 
!!_ .• rf the op~rator reverses dir;;ction, the new azimuth of 224° would have to 
be reset on the protractor. 

Note that the azimuth setting determines the rib's right and left direc­
tions, in relation to the direction of travel of the operator. 

Alinement of DRAP.--To mapa fracture, the base place ~.of DRAP is placed 
on the frac tu re sur fa ce and is shifted around while rota ting the d ip cylinder 
D until the level-bubble is centered. The azimuth arm I is now rotated until 
i t is a t 90° to the axis o f the drift. 'l'his ríght angl; must be visually 
estimated. With practice, however, a good (±5") estimate of this angle is 
easily made. As mentioned earlier, the pointer on the end of the azimuth arm 
also provides a means of sighting-in along the steel sets or other supports to 
maintain accuracy. 

Dip Angl~: Reading. --The angle of dip of the fracture is read d:Lrectly 
from cither side of the base shoes B. One of the scribe l:Lnes on the cylinder 
caps E wi 11 be a 1 ined with a Jegree marking on the base shoes B. Th is degr~e 
value is color coded either red {light tone) or black (dark to~e). 

Azimuth of the Dip Reading.--The pointers, on either side of the circular 
portion of the azimuth arm ! have color-ceded (red and black) "righc11

. and 
"left" markings (for each pointer). These markings refer to the rib (wall) 
being mapped. Note that in a previous step entitled 11Alinement of DRAP", an 
initial drift az.imuth setting of 044° was used. Therefore~ the "right" and 
"left" '"alls correspond to the operator's right and left as he is facing 044". 
In this ex:ample the operator is mapping the left wall and has obta lned a blaclt 
color-coded dip reading of 14°. Therefore, the pointer on thc sirle of the 
azünuth !, which is marked "ltdt11 and is colored black, will correspond to an 

. .. 
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azimuth nf dip ·Jalw~ n~;::..:ked 

on the f.l~~imut!·¡ protr.:r:to~ G. 
Note that ln figur~ 2, the­
sid~;! markeci blc1d--. ''lc::J:í" is 
a lso m::.rked r'=d ' 1 r igU .. " 
For thi.s eJo:.aru¡> ... E a :.~n...:.í.ng 

of 166~ r2¡n·e~ .. 2r .• ts tbc 1.zi~ 

mutí:-: of the di:p value, 'lhis 
corresponiE to Q gtrike of 
N 76° W (or S 76~ E). ~o 
directly read st~ike values 
a new azifuuth prot:rac:or f 
would have to ~e é~ribed 
~.¡ith quadrant markin~t: G"-i ,S, 
E,W). However, dip values 
would now bave to be read in 
quad:cants also, thus comrli­
cating procedures mo:ce ~h~~ 

is n;cessary for rapjj data 
collec::icm. 

SUhL"i.ARY 

The direct-read1ng a~i­
muth prol::actor, ORAP, ?t"O·" 

vides a rapid means oE DQ?­

ping fracture orientotio~s 
in geologic envirom,¡ents 
where magnetic ~0fl~cnces 
affect compass ru¿asur~mcnts. 
The device is easily Lo~­
structed and is designed to 
eliminate operator error in 
mapping by the use of colo;.· .. 
ceded d ip and a~ imu th o f dw 

dip markings. The DRAP is constructed from altminurn plate and brass pipe to 
maintain low weight; it uses standard hardware items to reduc·e m.cJ.r..hinii':;. cost. 

Adeptness in the use of DRAP is readily acquired in less thar' l hr ro_­

prac tice in the fie ld. Comparisons o f &ccuracy can be maJe by mappin[¿; ·Jüi" 

faces with a Brunton compass and DRAP in a nonmagne tic arv1~c.-..:uen .. _. TI!~ -JR"'\.F 
can measure dip to within ±0.5° and azimuth of clip te witl,fn i.5'- of the c--:Tre­
sponding values ebtained with a :B1·unton compass. 

U S GOVERNMENT PRINTING OFFICE 1973-712-!.50 >45 
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REGIONAL Mm ~111JE SCALES -----
24. As indicated ai.Jove, the site location 

alone might all01~ ant~cipation of potential s1ope 

problems if opcn pit mining experience or data on 

natural slopes are available for the arca. To 

develop a gu~d undcrstanding of the gcology at the 

pit site, an inte:gration' of 

~"'' regional !Jl'O.Iogical 

Regional geological data 

the local geology into 

pattern is vital. 

are available from maps 

~Y thc GcolLylcal Survey of Canada and prov1ncial 

0..:-pJrtmcnts cf 1·1ines. Ot.her rclevant sourcr:s of 

infornldtion iHe quotcd in pc1ragraph 196. 

DETAILED MAPP!NG FOR PIT OESIGN 
2~. The general geological map of the pit site 

provides essential background infonnation but is 

in.sufficient for· geotechnicai assessments. Rack 

types should not oniy be knm~n by geologica~ 

nan.es, but an estímate of stren9th l<.'ith simple 

.hardness tests is the minimum required to identify 

areas 'IJhere instabil ity could occut' due to a ~;eak 

rock substanceo The same applies for t~e 

discontinuitics which have to be descr1bed in more 

detai1 than is the case in general geological 

mapping. 

.. . . .. 
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OVERCORING EQUIPMENT AND TECHNIQUES USED 
IN ROCK STRESS DETERMINAT!ON 

by 

Verne E. Hooker 1 and David L. Bickel 2 

--

ABSTRACT 

Stress~relief techniques and instrumentation have been developed through 
many years of research in the Federal Bureau of Mines and successfully used to 
determine the in situ state of stress in rock. This paper describes the dr1.11-
ing equipment and acce~sories for use with the Federal Bureau of Mines three­
compon~nt defor.mation borehole gage. Operation and calibration procedures for 
the deformation gage are discussed in detall. Site selection and overcoring 
proceduras are included to provide a complete working knowledge for surface or 
underground applications. 

INTRODUCTION 

The Bureau of'Mines three-component (measures three diameters 60° apart) 
borehole deformation gage, which has all sensing elements in the same plane, 
is designed to measure diametral deformations of a 1~-inch borehole during 
overcoríng stress reliej. The process essentially consists of the following 
three steps: (1) Drilling a 1~-inch-diametcr gage hole (pilot hole) with a 
diamonJ bit and reamer, (2) positioning the borehole gage in the gage hole, 
and (3) Jrilling over the gage with a 6-inch-diameter thin-walled diamond bit. 
DeformJtion readings are taken at the start, during, and at the end of the 
overcoring. After overcoring, the borehole gage is removed ancl the drilled 
core is broken and retrieved. The orientation of the core and thc position of 
th e boreho le gag e in the e ore a re marked on the e ore. 

The marked core is tested in a biaxial chamber (2) 3 to determine the 
physical properties of the rock. The physical properties' and the defonnation 
measurements from each overcore are used to calculate the secondnry principal 
stresses and their orientation in the plane normal to the axis of the borehole. 
The effects of anisotropy can be included in the calculation (l). lf borehole 
Jeform.1tion measurements are obtained from at least three nonparall?l hales, 

· · three-dimensional representation of the average ground stress components 
je Jetermined (~) . 

. _.~rvísory geophysicist. -
2 [ngineering technician. 
3 lJIH!crlined numbers in parenthc:s~s refer to items in the líst of refert::nccs 

preceding · the appendixes. 



DRILLING EQUIPMENT 

The following drilling equipment should be employed for in situ stress 
measurements: 

1. A drill with a chuck speed ranging down to 120 rpm and a penetration 
rate of % inch per 35 to 50 seconds using a 6-inch-diameter overcoring bit, 
the chuck and quill large enough to take E.~ drill rod. , See figure A-l. 
(Note. --Since drills do not normally have chuck speeds as low as 120 rpm, a 
change in gear ratio is necessary. For the CP-65 air drill the recommended 
rotation speed is O to 1,000 rpm and feed ratios are 200, 300, 500, and 800 
r~vulutions/inch). 

2. An EWX6 double-tube swivel-type core barrel--one 5 feet and one 
' feet in length, and an EWX single tube core barrel 2 feet in length. See 
fi.gure A-2. 

J. EX diamond bits. 

4. A re3mer to use with the EX bit for the 1~-inch-diameter pilot gage 
hole .. 

5.- EW dri 11 rod in the following lengths: six 5 -foot pieces, four 2 -foot 
pieces. and two 1-faot pieces. 

6. Two stabilizers (5-7/8 
2-foot length of EW drill rod. 
6-inch-diameter ~ore barrel cut 

inches in diameter by 8 inches long) on a 
(Note.--The stabilizer can be made from a used 
8 inches long.) See figure A-3: 

l. Sorne BX wireline dri 11 rod in the following lengths: three 5-foot 
pieces, four 2-foot pieces, and two 1-foot pieces. BX wireline is the drill 
rod that has been found to be the most satisfactory to perforrn ove.rcore drill­
ing. The inside diameter of the drill rod is large enough for the borehole 
gage and pJacemcnt tool to pass through the drill rod. The wire line drill rod 
is light in Yeight, yet, it has the strength to meet our drilling requirements. 
Four threads per inch on the rod are desirable to provide fast coupling. 

8. Two stabilizers (5-7/8 inches in .:Íiameter by 8 inches long) on 2-fcot 
length of BX wire line drill rod. 

9. An adapter sub (EW box to BX wireline pin) for EW drill rod in the 
chuck and quill to BX wire line drill rod. 

10. A water swivel to fit.the E~ drill rod in the drill with a 1/2-inch 
hole for che borehole gage cable to go through and a plug to fit when the 
cable is not used. See figure A-4. (Note.--The EW pins at the water swivel 
and at the chuck must be dri lled out to at least 9/16 i.nch for cable and water 
to go through.) 

~E, EW, B, and N denote diameter or size. 
5 X denotes manufacturer's series of equipment. 



ll. Expander head to fit BX wire line drill red and a 6-inch-00 diamond 
overcoring bit. See figure A-5. 

12. Six-inch-diameter thin-wall masonry overcoring bits long enough to 
obtain 2 feet· of overcore 5-5/8 inches in diameter. See figure A-6. 

o 
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. 13. A 6-inch-diameter sta~ter barrel 1 foot in length rigged with a 
detachable 1~-inch-diameter pilüt shaft in .the center. The pilot shaft S~1ouid 
extend approximately 5 inches beyond the diamonds of the starter barrel. This 
barr~l is used to center the 6-inch-diameter hole over an initial 1~-inch· 
diameter hole at the face. See figures 2 and A-7. 

14. An EW e ore barra 1 to rep lace the detachab le pilot shaft. This bar­
re 1 should be cut to extenJ 1 inch beyond the starter barre l. When the bit 
and reamer are attached, the unit is used to drill a 1~-inch-diameter starter 
hale 4 inches.deep in the bottom of a 6-inch-diameter horizontal hole. 

15. A centering stabilizer for starting the 5-foot or 7-foot EWX core 
barrel into t~e 4-inch horizontal starter hole or for centering the EWi core 
barrel in the botlom of a 6-inch-diameter vertical hole. See figure A-S. 

16. A stee1 ring 2 inches OD, 1.448 inches ID, and 3/4 inch wide placed 
on the E~.fX core barrel in front of the centering stabilizer for. retrieving the 
centering stabilizer. See figure 8. 

17. A core breaker to fi.t the EW rod. The core breaker shou1d be at 
1east 2i inches wide and hardened. See figure A-9. 

18. A 6-inch core shovel to fit an EW rod for retrieving the core from a 
horizontal ho1e. See figure A-9. 

19. A 6-inch core puller approximately 18 inches in length to fit an EW 
dri11 rod for retrieving core from a vertical hole. See figure A-9. The back 
end of the barrel has an approximate 5/8-inch-thick steel plate t·lelded to the 
barre! with an EW box welded in the center of the plate. Three 1-l/2-inch­
diamett•r ho1es on 120° c~nters are drilled into the pl&te to allow water to 
pass through when the core puller is lowered into the 6-inch-diameter bale. 
On the front end of the barrel are four U cuts 90° apart. These rectangular 
sections of metal are push~d in slightly to hold the 6-inch core when lifting 
the cure from the vertical hole. (Note. --The shovel and core puller should be¡ 
made from a used 6-inch core barrel.) 

INSTRU1'-1ENTA TION 

The fo llowing ins truments are requi red for ca libra tion, tes ting the 
drilleJ core, and measurement of the deformations during the overcoring: 

l. Three -componen t bort~ho le gag e and accessories (inc luding spec ia l 
pliers, 0.005-inch and 0.015-inch thick brass washers, and silicone grease). 
See figures A-11 anu B-1. 
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2. Three Budd6 Model P-350 or equivalent strain indicators. (Note.--
lf oth~r indicators are used and gage factor (G.F.) of 0.40 cannot be obtained, 
then calibraLion at G.F. of 1.5 or other nominal G.F. is necessary.) 

3. Orientation and placement tools for the 'borehole gage. See fig­
ures A-12 and B-2. 

4. CaJibration device for calibrating the three-component borehole gage. 
Se~ figures A-13 and B-3. 

5. Riaxial chamber to determine the modulus of elasticity of the rack. 
See figures A-14 nnd B-'•· 

SITE SELECTION 

In arder to calculate the complete stress ellips~id, deformation measure­
ments must be obtained in at least three nonparallel holes. Typical systems 
o! bon:-holes and directians of measurement are shown in figure l. Three 
..-,~.-thogona t horeholes pravide the best configuration of three barehales for 
df·termi.ning all six stress campanents with uniform precision (fig. l~). It 
\s possib1e, however, ta obtain very good results from configtn·.¡tions 1]. and 
lf wheF-€ the angle between the horizontal hales has been minimízed to reduce 
drllling depths in the horizontal hales. Deformation measurements should be 
m~de outside the zone of influence of the mined opening. This distance is 
usually taken to be one diameter of the mine opening. Borehole configura-

D ~ 
~ 

•' ~-:¡:,. t..-- O __:• ,Vertrcol (( 
··--·¡ ---!.!:..., \ ' ·- _ .. _c------,-ni ~lo down ::, 

'·--. hore ·r 
\·~1-rr= fíW~~· 

ID 
. !J .. 

A 1, ,, 
11 

e 

,, ,, 
¡1 

1 1 
1 

/ 

B 

m \\J::"I'I!'\\1~!17~\"-=sw~ 
D 

FIGURE 1. · Dril! hole configurotion (D indicotes diam­
eter of mine opening). 

tions ~. 1]., and lf require 
only one drill setup. Geo­
logic or structural condi­
tions may require that the 
zone of stress measurement 
be confined toa small area. 
The configuration af 1~ will 
provide good engineering 
estimates of the stress com­
ponents except that a high 
standard deviation will 
exist for any calculated 
principal stress component 
having an orientation paral~ 

~ 
lel or nearly parallel to 
the axis of any of the hales 
of the borehole configura­
tion. This configura tion 
requires three drill setups. 

BReference to specific com­
pany or brand names is 
made to facilitate under­
standing and does not 
imply endorsement by the 
Bureau of Mines. 
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Horizqntal hales should be started 5 6 upwaLd from horizontal to facili­
tate removal of water anq drill cuttings from the hole. The drill site shoul.d 
be selected in competent rock where lengths of core of 1 or 2 feet can Le 
obtained. Sometimes it may be advisable to drill NX ho.les in the proposed 
overcore configuration to determine if core' of sufficient length can be 
obtained. 

OVERCORING PROCEDURE 

If the streSs distribution is to be studied near the mine opening, the 
following procedures should be used: 

l. Drill "1 feet of EX pilot hole. The distance of 1 feet has been 
experimenta lly determined to be the usua 1 limit of pilo t·-hole depth before 
overcoring off centers the pilot hale to such a degree that cores cannot be 
tested for. Young's modulus. 'The deformation readings will not be effected if 
the pi lot hole does not remain concentric with the 6-inch-diameter hole. HO\ol­
ever, to determine Young's modulus, the pilot hole should stay 1-1/2 inche3 ~r 
more from the circumference of the 5-5/8-inch-diameter core which is drilled 
by the 6-inch-diameter thin-wall diamond bí.t. 

2. The 6-inch-diameter starcer bárrel should be used to drill \ inch to 
1% inches or enough kerf so that the overcoring barre! can be started. See 
figure 2. 

3. Uncouple the starter barrel from the drilí rod near the chuck and 
remove the starter barrel. 

4. Open the drill to make room for borehole gage placement and rctrieval 
too l. 

S. String the borehole gage cable (which has had its end taped) through 
the adapter sub, EX drill rod, and water swivel. See figure 3. 

6. Remove tape from the borehole gage cable and hook the cable to the 
.three strain indicators as sho~1 in figure 4 or 5. The six pistons are 
pulled from the gage with the special pliers and kept in arder. A zero defor­
~ation reading is taken for each component and recorded on the field data 
sheet (fig. 7) in the row labeled, "zero," and in the three columns labeled, ·· 
·"U1 , '' U2 ," and ''U3 ." (Note. --When only ene indicator is available, use a 
switching and balancing unit or just a switching unit. With no switching unit, 
1hook up the indicator as shown, take a reading, U1 , and replace the white nnd 
·red wire wi th the ye llow and orange .wi re. Take another readiug, U~ , and 
replace the yellow and orange wire with thc brown and blue wire. Read U:~·) 

'The pistons are greased and replaced in thei.r proper place in the gage. Mate-· 
rial can be removed from tl1e 0-ring by a toothbrush if a pistan is acciden­
tally dro!;)ped. (Note. --Al\.¡ays grease the pisl:on 0-ring befare putting it bnck 

·into th~ borehole gage.) Each diameter should be checked by applying slight 
.finger pressure on the pistons to insure that the correct diameter i.s con­
nected to the selected indicator and is working properly. The respective indi­
cator needles will move as the pressure is appli2d toa pistan. 
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FIGURE 2. • Starting the 6-inch-diameter overcoring hole • 

gag e 

..-Column (for- m'ountln{l drlll) 
f 

' 
/Drill (open posltlon) 

Cable going to 
strain indlcator 1 

Water hose-' 

FIGURE 3 •• Setup for the three-component (3-D) borehole gage implacement. 

Ser.s•tivity knob' turn full clockwise. 
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Green 

¡""a\ 5Eü' N @ p 

KO~ P 
O 0BAT TEST F S 

- ySEIIlSI. ~ 

s~Peo CJ 
O OBAT TIST 

BAL"'"CE !) 

@ ~ S 

1 
flA; R~"GE o OQ 

'e@ o c:::=:7 e o 
· G"D0 

BALA 'ICE 

@ 

Brown 

= Blue 

cable No. 18 
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to common Pt ond P- ( or Pr and P2 ) of a 11 three indico tors. 

FIGURE 4. • Wire hookup to model P-350 strain indicafors. 
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Gage factor ~!.50 (!owest gaQe factor thie índi;::ator will g_o). 

Qr, lhe 8LH Model N strain lndicators, tho terrr.lnal murlad 8 un oli three lndlcators are hooked 
togcther as are the termlnals morked G. The block and oreen wires coming from the a conduelo< 
coble ore hooked ro the~e terminal&. 

FIGURE 5. · Wire hookup to model HW-1 strain indicotors. 

Examine the case screws of this borehole gage and tighten them if 
necessary. 

· 7. Plac~ the 6-inch-diameter core barrel into the hole made by the 
starter barrel. 

8. Holding the borehole gage (notch up), engage the orientation pins 
(see fig. B-1) of the borehole gage with the placement and retrieval tool 
using a clock\.,rise motion and secure the cable with the wire clip (see 
fig. B-2). For correct alinement, the cable groove in the placement and 
retricval tool sl1ould be alined with the notch in the gage case that indicates 
U1 (component 1). The notch is filed in front of the pis ton in the bon!hole 
gage case. 

POSITION OF COMPONENTS 

_Looking from rear of gage 

This placement and retrieval tool is designed to set and orient the gage ~.¡ith 

e lockwise motion. Since U1 (a notch in the gage) is peL"pendicular to the 
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orientution handle, a small level can be used on the handle for orientation in 
horizontal boles. 

9. With the placement rod, put the borehole gage through the 6-inch core 
barrel and into the EX hole 9 inches past the 6-inch-diameter kerf and orient 
the gage. See figure 6. 

10. Check the bias of the gage on the strain indicators. (See section on 
Procedure for Operating the Three-Component Borehole Gage for amount of bias 
needed and fo~ changing bias on the gage.) 

U. 'furn 'the placement tool countercloch7ise (approximately 60°) to free 
the pl~cement tool from the gage. Similarly, when retrieving the gage, the 
tflo1 i.s slipped onto the gage and rotated clockwise until the tool stops 
2f~<'!.nst t!1e orientation pins of -che borehole gage. (Note. --If the gage is 
~~iented too far clockwise, a counterclockwise motion of about 120° will 
&llow tfie gage to be moved counterclockwise, then reoriented correctly on the 
c}ockw1se motion.) 

12. Rcmove the plac~nent and retrieval tool from the hole. 

13. C!ose the drill. 

14. Pull all excess cable through the drill. 

15. Couple the dril! rod that is in the chuck to the BX wire line-drill 
rod extending out of the drill hole. 

16. Hold or tie the cable behind the water swivel. 

17. Turn on water. Allow approximately 10 minutes frorn the time the gage 
is St!t for the gag·e, drill water, and rock to cometo temperature equilibrium. 

18. Start the overcore with a chuck. speed of approximately 120 rpm and a 
penelration rate of l; inch per 40 seconds¡ 120 rpm gives very satisfactory bit 
life and will lessen the chance of damaging the gage if the core should break 
durf.ng an overcore relief. Each ~-inch penetration should be signaled to the 

FIGURE 6.- Posi1ioning the three-component (3-D) borehole gage with the placemenf rod 
through the 6-inch-diamcter core barre! and dri 11 red. 
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indicator reader and the inclicator readings (deformation measurements) 
recorded on the field data sheet (fig. 7). The rate of penetration of 
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40 seconds allows just euough time for the data observer to record the three 
diametral readings. Overcoring should proceed for a total of 18 inches which 
ts 9 inches beyond the plane of measurement for a complete overcore. If read­
ings are taken each % inch, 36 sets of readings are recorded. 

low as 6 and 6 
(Note. --If 

Modifications of the length of overcore can be reduced as 
or a total of a 12-inch run with good results still obtainable. 
the core breaks during overcoring, this breakage will be noticed 
cators fluctuating or the cable twisting through the drill rod. 
fH'ns, the dril! should be shut down immediately and the gage and 
rt! t ~.- it::ved. ) 

by the indi­
If this hap­
broken core 

19. Upon completion of the overcore or when the core breaks prematurely, 
unc0uple the EX wire line-drill rod at the adapter sub. 

20. Pull a little slack in the cable so the drill can be opened. 

21. Retrieval tool is hooked onto the borehole gage cable by the wire 
~~tpf and then inserted through the BX wire line-drill rod to retrieve the 
s-'gc. This procedure is described in step 11. 

22, Remove the core barrel and drill rod from the hale. 

23. Use the core·breaker to break core. 

24. Retrieve this core with the core shovel. In a vertical hole 
retrieve the core with the core puller. Mark an orientation on the core after 
the core is brought to the collar of the 6-inch-diameter hale. Be careful not 
to rotate the core puller when retrieving core from a vertical hole. 

25. Place the core barrel and drill rod back in the 6-inch-diameter hole. 

26. Repeat steps 8 through 25 for each addi.tional relief in the remain­
ing EX pilot hole. Do not position the borehole gage pistons closer than 
12 inches to the bottom of the pilot hole. 

Overcores should be tested in a biaxial chamber as soon as conveniently 
possible after recovery to determine the modulus of ela3ticity. 

The 7 feet of EX hole allows for approximately four complete overcores 
befare drilling out the last foot or so of EX and recentering and drilling the 
next 7 feet of EX hole for more determinations. Stabilizers are inserted in 
the drill stem generally at 10-foot-rod intervals. 

o 

In all drilling, the pilot EX hale should be cored with a double tube 
barrel so that the core ~an be obtained for observation. This core indicates 
the fractures and/or if core disking is occurring so that the gage can be 
placed in the competent zones. Disking areas or highly fractured areas should 
be dri lled out prior to gage emplacernent. 
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FIGURE' 8.- Starting the lYí-inch-diometer hole in the bottom of the 6-inch-diometer hole. 

Providing the only interest is to determine the stress field outside the 
influence of the mine opening, time c~n be saved by drilling the 6~inch­
diamet~.r hale without instrumentarían. Ther., centered in the bottom of the 
6-inch-diameter hale;, appraxi.mat.::ly 7 feet af EX hale is drilled for gage 
empl.1cement and subsequent overcore determinatians. See figure 8. At this 
distance af ane diameter from the opening, at least three gaod sets af read­
ings should be obtained from each hale for a good statistical determination af 
the ave t·age ground stress components. 

PROCEDURE FOR OPERA TING TIIE THREE -COMPONENT BOREHOLE GAGE 

· The procedures described in the sectian have been develaped through use 
of the gage aver a long period of time. It is important that the details be 
followed closely in arder to rninimize any chance of damage to the gage and 
providc far the mcst reliable acquisitian of data. 

l.· Hook the gage to the indica tors, as shown in figure 4 or 5, or to 
the switching unit and one indicator. 

2. Remove all the pistons from the gage with special pJ.iers. See fig- , 
ure A-11. The special pliers are made by brazing a piece of brass l/2-inch-bl 
3/8-inch-long (round stock preferred) to the jaws af a standard pair of pliers. 
An 11/32-inch-diameter hale is drilled parallel ta the jaws of the pliers in 
the center of the brass. The pliers are opened by sawing thraugh the brass 
along the diameter perpendicu1ar to the handles of the pliers. TI1e outside 
edges are fi led to fit inside the 1/2-inch-l-.ride milled · flats of the borehole 
gage case. 

3. Record the zero defor111<1tion r·,:!ading for each of the three component~;. 
La be l them U1 , U2 , and U3 zero reading. 

4. Grcase the 0-ring on all the pistons and insert the pistons back into 
the gage. 
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5. Place the gage in the 1%-inch hale or inta the test specimen if the 
work is done in the lab. Caution.--Do not force the gage inta the 1~-inch 
holc if it fits very tightly. Instead, remave any washers that may be on the 
pistons, as.fallows: 

/ 

a. First remove one pistan at a time with the special pliers. 

b. Hold the pistan with bath pliers and screw it apart, being care­
fu1 not to grab the 0-ring with the p1iers. 

c. Remove the washer and screw the pistan finnly back together. 

d. Crease the 0-ring and insert the pistan into the gage. 

e. Do this to only one pistan in each diametral pair (U1 , U2 , and U3 ) 

¿,tKÍ reset tl-ie gage in the EX hale. If the gage is stil1 very tight, remove a 
>J¿tsl¡er from thc remaining three pistons as stated in steps a-d. If the gage 
¡~ vcry.loose inside the 1%-inch hole, remove the pistons one ata time and 
;>ut on a ,.,asher using steps a-d. 

· 6, If the gage offers sorne resistance \-Jhen placing it into the l!;z-inch 
hole. ,posi tion the gage in the desired orientation. 

7. Read a 11 three components (U1 , U2 , and U3 ). 

When relieving stress as in fie1d overcoring stress relief, the bias set 
on each cornponent should be between 10,000 and 15,000 indicated units (uin/in) 
with a gage factor of 0.40. When stress is applied toa specimen as in~the 
lab, or in the~~~axial chamber, a bias set on each of the components shou1d be 
bclween 4,000 and 8,000 indicated units (uin/in) for a gage factor of 0.40. 
Ustng a gage factor of 1.50 the bias should be between 2,300 and 3,400 indi­
c2.ted units (uin/in) for overcaring stress relief and between 900 and 1,800 
indicated units (uin/in) for lab testing. The following tabulation shows 
typical zero r~adings and calibration factors for the two gage factors 
mt:ntioned: 

For a gage factor of 0.40: 
Zero rcadings (pistons out): 

U1 :: -4ooo 
U2 :: +3IOO 
U3 :: +4100 

Calibration factors: 
.. ul l. 00 u in per u in/in 

u2 l. 00 1-1 in per u in/in 
U3 1.04 uin per uin/in 

For a gage factor of 1.50L 
Zero readings (pistons out): 

U1 ::: -930 
U2 :: +670 
u3 ::: +960 

Calibration factors: 
ul 4. 35 u in per u in/ in 
u2 4.39 uin per ui.n/in 
u3 4.36 uin per uin/in 

Care must be taken to not overload the transducers. Maximum load on any 
component should not exceed 20,000 indicated units (uin/in) using a gage fac­
tor of 0.40; and 4,560 indicated units ~in/in) using a gage factor of 1.50. 



Lowering the gage factor increases sensitivity. A gage factor of 0.40 
gives a readout of one indicator unit (uin/in) for 1 microinch deformation. 
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Using any other gage far..tor besides the two mentioned, the workable·r.,nge 
in indicated units must. be determined as must the calibration factors. 

o 

BOREHOLE GAGE CALIBRATION 

The following steps describe the procedure for calibrating the three­
component borehole gage. Calibration should be done befare the borehole gage 
is used in situ or in the laboratory. It is a good practice to calibrate the 
borehole gage after it has been used. This will concur that no dam.age has 
occurred to the borehole gage during its use. 

l. Grease all pistons. 

2. PJt them into the gage. 

3. ·Place the gage into the calibration jig. 

4. Position the gage so that the pistons for component one are visible 
through the micrometer holes. 

5. Tighten the three wing nuts. 

6. Install the two micromete~ heads and lightly tighten the set screws. 

7. Se t the s train indica tor on "Full Bridge, 11 center the balance knob if 
there is one, and set the gage factor at 0.40 or any gage factbr desired. 
(Note.--The gage factor setting must be the same for calibratio~ as used in 
the field for overcoring and for biaxial testing.) 

8. Hook the wires for component one (black, green, white, and red) to 
the indicator as shown in figure 4 or 5 and balance it. 

9. Turn one micrometer in, until the needle of the indicator just starts 
to move. The rnicrometer is now in contact with the pistons. 

10. Do the sarne with the opposite rnicrometer. 

11. Rebalance the indicator if necessary. 

12. Record this uo load reading (zero displacement) .. 

13. Turn in each rnicrometer 0.0160 ioch (a total of 0.0320 inch displace­
ment for component one)·. (Note. --The micrometer is 'read to a ten-thousandths 
of an inch.) 

14. Balance the indicacor. 
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15. Record the readlng. 

16 •. Wait 2 minutes to check that the combined creep for the two trans­
ducers making up the component is not excessive. (For 2 minutes the creep 
should not exceed 20 uin/in). 

17. Record the new reading. 

18. Back off each micrometer 0.0040 inch (a total of 0.0080 inch for the 
compcnent). 

19. Balance and record. 

20. Continue this procedure until you are back to the starting point on 
tbe micrometers. (Nct;:.--This zero displacement reading will also be the zero 
displacemént reading for a second run.) 

21. Repcat steps 13 through 20 for the second cycle. 

22. Loasen the wing nuts and rotate the gage clockwise to líne up com­
p'onen t two wi th the mi crome te rs. 

23. Retighten the wi~g nuts. 

24. Hook up the wires for component two (black, green, yellow, and 
orange) to the strain indicator. 

25. Proceed with steps 9 through 21. 

26. Calibrate component three in similar manner. 

CALIBRATION DATA ANALYSIS 

Subtract the zero displacement strain indicator reading (last readine of 
each run) from all your other indicator readings to establish the differences. 
These values are in microinch per inch. Because of friction between the 
0-ring around the pistan and the wall of the hales in the borehole gage case, 
the last subtracted value (6,860 uin/in at 0.0080 inch displacement) is sub­
tract~d from the largest displacement di.fference (30,535 ~in/in at 0.0320 
inch). This dífference (23,675) in microinch per inch is divided in.to the • 
deforrnation difference for this given range, which is 0.0240 inch or 24,000 
microinches per inch. The resulting amount is the calibration factor. Do 
this again for the second run and average these two cali.bration factors for 
the calibration factor used for cornponent one. 

Repeat the above procedure to determine the calibration factors for com­
ponent two and ccmponerit three. 
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The follnwing :l.s a .sam¡J le of two runs for one componen t., ca libra ted a t a 
gage factor of 0.40: 

Dis_p lacen:..§.g__L._j_!!ches _ . . __ .[_ Indica ~QL!~e~a=.:d~i.!.!n5g_4 __ ::-. __ D~i..!:f..:f~e~r~e:..:cn!::c:.:e::._. 
~------R~U~~~~~l1 ____________ ~------

------~0------------- ~ -693 
. 0320 +30' 140 
. 0320 30. css 
.0240 21;920 
.0160 14,ot.o 

·.ooao , 6,3oO 
o i -480 

--~--~-----------L RUN 21 --------,------=----o 
.0320 
.0320 
.0240 
.0160 

·. 0080 

-480 
+30,034 

29,980 
21,914 
13 J 975 
6,335 

Wa i t 2 minu t·~s 
30,535 uin/in 
22,400 uin/in 
14»520 uin/in 

6,860 ui.n/in 

Wait 2 minutes 
30,430 uin/in 
22,364 u in/in 
14,425 u in/in 
6, 785 u in/in 

o -45~0~-----~------------­
.

1 Ca1ibration factor: 

.. Thus, for run 1 

for run 2 

Kr.own disp1ace_!!le~t!: (uin} 
Indicator units 

244000 
= 1.014; and 23,675 

24,000 = ' 
23,645 l. 015 . 

= uin/indicator unit. 

Use a ca1ibration factor of 1.01 for the component. 

The above method is a faster means anrl is within 1 percent of the 1east 
squares method for determining the calibration factor. However, if desired, 
a 1east ·squares detennination can be made from a plot of micrometer displace­
ment versus indication units. 

IDENTIFICATION OF SOURCE OF MALFUNCTION OF BOREHOLE GAGE 

If Balance on One or Nore of th~_Indic3tors· Is Not Achieved 

Recheck the w1r1ng hookup to see that the hookup is in accordance wlth 
the wiring diagrams in figure 4 or 5 end that all connections are tight. If 
balancing is still not achicved, the problem may be due to the p1ug-in cable 
connection in the bon,bole gagc. This is checked by' removing all of the 
screws from the plac~~ent end of the gage, removing this end, turning off the 
knurled clamping nut, and pushing in the cable to insure good plug-in connec­
tion. With the indicator set to the zero reacing for each coreponent a~¡d ,.,hen 
good connection is made, the indicators will balance. Screw back the knurled 
clamping nut very tiglttly and rcpl.ace the end. (Note.--Nonba1ance rnay occur 
when too much p11ll has been cxertcd on the cable accidentally or intentionally 



16 

during gage retrieval after overcoring. Sometimes in a vertical hale, cut­
iings or broken rock drop into the 1\-inch hale impeding the gage retrieval 
tool from hooking onto the orientation pins of the gage. A tendency always 
exists to attempt to retrieve the gage by pulling the cable. A better way to 
:retxieve the ·gage is to remove the drilling rod and the 6-inch-diameter core 
barrel and break off the core with the gage still inside. Remove the borehole 
gag~ ~able from the drill, 6-inch-diameter core barrel, and drill rod. String 
the cable through one of thA holes in the end of the core puller. Then 
retrieve both core and gage with the 6-inc6 core puller.) 

One or More Elements Become Insensitive on Indicator 

If elements become insensitive to deflection of the pistons or nonrespon­
si·Je to the turning of the indicator dial, the probability exists that water 
or moisture has s::>mehow entered through the gage into the connecting plug or 
c::ible. In tlüs case do the following: 

1. Remove the pistons and the borehole gage case to check for water. If 
~ater is present, check the pistun 0-rings for a possible cut that may have 
occurred from gripping tb.e 0-ring •Nith pliers. Greas.: the 0-rings and replace 
táe ~ase. 

2 ... Remove the piacement end as stated prev:tously. Check the grommet 
stal. If water is found inside the gage or in the cable connecting plug, dry 
out completely, regrease the cable •.vhere it passes through the gronnnet and 
tighten the knurled nut firmly. Replace the placement end. 

One Component Does Not Balance Anywhere on the Indicator 
Dials or B?.lances Intermittently 

This situation indicates a disconnected wire or possibly a cold solder 
joint. Remove the borehole gage case nnd check all wires going to this com­
ponent including the plug-in cable connector. Solder where needed and replace 
the g?.ge case. 

Indicators Are Sensitíve When Being Touche<:J. 

'This sensitivity generally occurs after the instruments are used for a 
period of .time in very humid conditions. Use plastic or other insulating mate .. 
rial undcrneath tbe indicators during the working day. Each night the indi­
cators should be brought out of the mine and allowed to dry. 
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APPENDIX A. --PHOTOGRAPHS OF THE DRILLING EQUIPHENT, 
BOREHOLE GAGE, AND ACCESSORIES 

FIGURE A-t.- Type CP-65 oir drill. 

- ~7;~'~/"'" --=-~~J-=::_:::~~'7::'~ ·~.~~~~~-~~~ "F~~-1 

0-~-...... "~~._J 

FIGURE A-2. ~ EX size bit with core spring, reomer, ond 2-foot EWX core bonel. 

FIGURE A-3.- Stobilizer on o 7.-foor section of EW dril! ~od (upper lefr), Slabilizcr on o 1-foot 
section o1 BX wire line dril! rod (upper right), ono e 2-foot piece of BX wire 
line dfi 11 rod (foreground). 
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FIGURE A-4.- Water swivel with salid plug. Plug at right used during overcoring. 

FIGURE A-5.- 6-inch-diometer core barrel 27 inches long (referred toas o 2-foot core barre!) 
and d isosscmb led expanJer head. 
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fiGURE A-6.- Expander heod ossembled (odapted for BX w1re line drill rod) and 6-inch­
diametEr core Í;crrcL 

¡· _., ·-ty•......--•'"':"'"F'r-'':l!"~Jl.l~-:-~-•-~-,..-~,,-.._~~'~";"1 ¡¡r-•r..,;....,""'lo~ :;---- ;• •--1 : •.:•~•T""'' ~U!""'-:-.-.. ~~­

' 

L 

¡ ' 
' ' 

~! . 

} 

' ... , 

-. ~~ "'""'~~'-'-·~~-'-'~---~·-· .•. ---~· 

F!GURE A-7.- 6-inch-d1ameter storter barre! w;th pilot and exponder head odor.1ted for 

EW drí 11 rocL 

........... :...--·~ 

Qi2~.'-156 
L_L .... ~-_:__I __ J_j 

Sco:e. 1ncnes 

~ ' [ 
" 1 1 
1., \ ' • -- -··· 

.... ..,._,__..__,_ -~---_.._....· ~ .__ 

J 

FIGURE A-8 ... Ccnterin9 strJbilizer. 
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FIGURE A-9. - Core breoker (lower right), core shovel (lower left), cnd core puller (center), 

L------·-----

. ~ ~ . .,. ... ...,,._ 
... 1' oor;. 

- . . . . 
1 • •• 

·___ J. 
*'·~·;.....•&:'.I.I>U''-''--''""" -... • ..._ .. ...,.. ____ ._. ..... .._ 

. .. ,,...,. 

FIGURE A-10.- Retrievol too! used in place of the core puller to retrieve 6-inch-diometer 
.:orefromauerticalnolethothas a Hí-inch-diometer hole through the core. 
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FIGURE A-11.- Special pliers, i'he Bureou of Mines three-component borehole goge, o piston, 
disassembled pis~on ond VJ:JJsher, ond o transducer with nut. 

FiGURE A-12.- ?lor:ement ond revriP.vcl ~ool. 
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FIGURE A-13.- The cc!ibrotion device (left side) ond o switching unit (right side), 
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FIGURE A-14.- Biaxiol chamber and pump (f). 
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APPENDIX B. --DIAGRANS OF THE BOREHOLE GAGE~ PUi.CEMENT Ar-~D lü:TRIEVAL '1\.lOt,.. 
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FIGURE BG1. ~ Three-component (3bD} borehole gage. 
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rapítulo 

[_¡{J lnedi'rla de tensiones )~" dcfonnacioncs en 
IIUICLzos rocosos. 

A. Roberts 

6.1 Introducción 

El objeto fundamental de la Mecánica de Rocas es el estudio del comporta­
miento mecánico de las rocas y macizos rocosos frente a solicitaciones 'estáticas 
y dinámicas. Tr~taremos aquí la det_crminación de las tensiones y la medida 
de las deformaciOnes. Puede aducirse que el ingeniero ocupado en obras de 
minería, cimentaciones o geología de obras civiles se enfrenta en efterreno con 
las propiedades generales de los macizos rocosos, en lugar de con el m::~terial 
rocoF.o en sí. Con tocio debemos conocer las propiedades de todos los 
e~emcnto: de que se compone un macizo rocoso, así como las del conjunto, 
SI queremos llegar a entender los problemas particulares que pueden presen­
tarse en cualquier instante. En algunos de nuestros problemas los factores 
predominanies son los que dependen de ras propiedades del material base 
mientras que otras veces el factor crítico puede ser alguna propiedad dei 
>Tlci:z.o rocoso. 

En el desarrollo de la Mecánica de las Rocas en los últimos años, ningún 
¡::;·ob1em&l ha encontrado mayor dificultad de solución que la determinación 
cki <::i>tado tensional in situ de un macizo rocoso. Sin embargo, a pocos proble­
r.;as s·e les l1a prestado tanta atención. Son innumerables los aparatos y téc­
n~cas. desarrollados con este fin y cada reunión de Mecánica de Rocas hace 
st:rgir otros nuevos. El que esto suceda quiere decir que hasta el momento 
n·:> se ha encontrado una técnica aceptable en general, tanto desde el punto 
de v1síl!. práctico como teórico. Muchos equipos y métodos no han pa!-:ado de 
J¡;:_ ia·>~ de prototipo y bastantes investigadores han expresado la opinión de 
qu.: ~tría m'Jcho más útil emplear el tiempo y el dinero en otras vías de inves­
tigac-i¿.n en lugar de intentar medir el estado tensional in situ. Se ha sugerido 
que- k':; ingenieros de Mecánica de Rocas deberían exoresarse en términcs de 
d¿'fom:aciones en lugar de en tensiones, ya que aquéilas se pueden oi.'servar 
y zm:d;;. <<Debemos preguntarnos a qué grado de distorsión perderá el material 
su.e~·f<;>,i!.id,'c y bajo qué deformación se rom!-ll!rá» •. 

U; ;r;,::G:"ia de la magnitud y velocidad del cierre de cavidades y de la defor­
n.'aóé<n }e :r.~s. macizos rocosos en los que se han excavado, ha'n constituido 
SJ~:n1p:~ un a<;pccto fundamental de la técnica de control de estratos en 
minerh. --

Tale& medidas incluyen la ob~ervación de los movimic.ntos entre puntos 

• Dr. Leopold Müller, discurso de introdocción al I C'-On8"cso de ia SDcicdad Inter-
,,acion:;;i de Mecánica de Rocas, Lisboa, 1966< -

de ref~·r~ncia e;;tahlecidos en la bóveda y ,;oJera o a lo largo - ,tre las paredes 
laterales. Los aparatos emph:ado!' pueden ser sencillos o sofisticados, en fun- _ 
ción principalmente de la sensibilidad de medida de~eada y de la necesidad 
de un registro o control remoto. 

Principios de medida an21ogos pueden aplirarse a las paredes de la exca­
vación, colocando varillas o· cahles en sondeos, ;:¡nd:lndolos en un extremo y 
estableciendo algún. sic;tcma para medir su longitud en el.otro. . · 

. Colocando varios c::tb!e~ en un sondeo, cada uno de ellos anclado a dife­
rente longitud 1dentro del ·mismo. pueden medirse los movimientos relativos 
entre los estratos a diferentes profundidades. Las deformaciones de un macizo 
se observan entre· puntos de refeíencia colocados con la separación deseada 
y situados, por ejemplo, en sondeos perforados entre excavaciones adyacentes 
o con medidas entre puntos de referencia a distancia cons!derable según la 
pared de una excavación. .· - . 

Sin embargo, mientras r.o podamos det.:rmmar el estado tenswnal en la cor­
teza terrestre y en los macizos donde se ubican nuestras excavaciones, la inge­
niería de rocas seguirá sier.dó un arte. Si la Mecánica de Rocas se ha de desarro­
llar como una ciencia co:< aplicaciones pr{;.cticas en ingeniería, debemos poner a 
punto métodos adecuados pára la l~lcdidii. de tensiones,in.situ. s.~n poder _ha~er 
tales medidas, gran parte del trabaJO realizado en los ultlmos anos habra Sido 
de interés académico únicamente; tal es el caso, por ejemplo, del desarrollo de 
criterios de rotura para rocas y de la evolución de métodos racionales para el 
proyecto de excavaciones subterráneas. ~nvestigadores de muchos países ~~n 
propuesto que la rotura de una roca baJo carga puede expresarse en funcwn 
de la teoría de rotura frágil, habiendo ampliado la teoría para tener en cuenta 
los estados de tensión tri.axiales, el efecto del cierre de las grietas a compresión 
y la existencia de presiones irltersticiales en el interior de la. r~ca. Pero la apli­
cación de cualquiera de estas teorías presupone el conoctmtento d~l .estado 
tensional in situ. Esto implica un conocimiento, no sólo- del estado ongmal de 
tensiones en la roca sino también de-la distribución completa de tensiones 
en cada fase del pro~e~o de rotura. En el momeato actual estamos muy lejos 
de tal grado de conocimiento. . . 

La estabilidad de una excavación en roca depende de la res1stenc1a de la 
roca frente a las tensiones que se le imponen en las proximidades de la excava­
ción. Si la excavación va a ser sosten.ida desde et interior, por ejemplo mediante 
el revestimiento de un túnel, necesitamos conocer las fuerzas que debe resistir 
el revestimiento si se quiere seguir un método racional de proyecto. Estos 
métodos, por ejemplo el descrito por Horvath X, hacen una hip~tesis sobre el 
estado de tensiones in situ, a partir del cual se calcula la capacidad portante 
del revestimiento. Se requieren medidas de los empujes de los estratos y las 
cargas soportadas para comprobar la validez de tales. métodos de proyec~o. 
Otro método consiste en la medida de cargas y empuJeS en estructuras c~:ts­
tentes y en el entorno de las mismas, acumulando datos reales sobre los que 
se puedan basar futuros proyectos en circunstancias comparables. 

6.1.1 Tensiones en la cor!e:::a terrestre 

El estado tensional en la corH:za terrestre, en un cierto instante y emplaza­
miento, se debe a fuerzas de distinto~ orígenes y características_ Se conviene 
en denominar estado tensional virgen o natural al que existe antes de realizar 
cualqui~r obra de inr•.:nicría. E:';t.: estado t~n'>Í•:!nal es alterado por ia constr•J..:­
:::lón de it:rr<1picrLe~. rcKcavacio;,:;~ :' es~rustura<; que dan lugar a una f'UC:'-'a 



:.·'Jción ~e icnsiv ·~~ lnc. ci:)1~ e:! ln' roLJ~ _:~~ b~- l.~~·:. ~.:2. ::.- _ :_.' ·~' ;:-~.-.~ 
·~aies están in el uióa:; b~- gra v;~ "t8rias, dchiGas 3] peso cie la :·r,'x .-ur2 
•sa y el efecto de ias tcn~iones Intentes, algunas de las cu:tles se han origi-

1 o en procesos de cri~taliz¡¡ción, metamorfi~mc, sedimcnt:1ción, corho!irla­
~ y desecación, según los di-;Lintos tipos de rocas, mientras que ul~a~ pro­
o:.- :n de fuerzas tectónicas y mo\imicntos de la ~:orlcza t<~rrestre. 

_;:¡concepto de tensiones gravitatorias •.upone, de forma convcnrior.;:.J, que 
- ·:xa se comporta como un nwtcrial clást:co con deformación lateral total­
~ te impedida, en cuyo caso el estado temional a la profundidad H vier.e 
L·1ido por: 
Tensión principal vertical 

<11 = Hw (donde w = peso por unidad volumen) 

·cn,ión principal lateral 

u 
a 2 = a3 = -------- Hw (v = módulo de Poisson) 

} ---V 

a relación tensió11 lateral-tc!1~ión vertical es en este caso 

u 
C=---

1-, 

. (6.i) 

s, el confina:nic>nto !atcrat no es completamente rígido, C alcEnzará 
' r·.s valores. Si 'a roca se comporta como un material plástico ideal, 

. S ri un estHdo hidrostático en el que e= J. Investiga¿cres de diver!'.OS 
1 atorio~ han establecido la e\istencia de fases elásticas y plásticas para 

,te;; materiales rocosos, según las condiciones de confinamiento y el 
') -:ensional. Horvath postula que para una roca con ciertas características 
n~.: :Jn de nuencia, peso específico y módulo de Poisson, existe una pro­
j:J límite por encima de la cual las tensiones Iater<~les pueden calcularse 
·ti• de la teoría e1?.stica, pero !Jara mayores profundidades la tensión 
ip·! horizontal debe dedu-::irse de un criterio de ftuencia plástic=i como d 

1 nt·~ 

· o-2 = Hw- <TF (aF = tensión de fluencia) (6.2) 

' ar,<!r 2 también describe un caso en el que una roca puede comportarse 
, ~a_,,ente, siempre que la diferencia entre las tensiones principales sea 
1 Jr a una tensión tangencial de fluencia, y deformándose después plástica-

. "'~seguir aumentando la carga. Al suprimir la carga el material debería 
· ' :>rt .1rse de nuevo elásticamente cuando la diferencia de tensiones quedara 

-~h jo del límite de ftuencia. Cabe imaginar que se produzca un ciclo de 
po si los estratos, de situaciÓn profunda, se dejan al descubierto p<l rcial­
. ;; eslratos adyacentes tienen diferentes límites de fluencia los cálculos 
;gu indican que pueden estar sometidos a diferentes presiones lat::rales 
e ~ayan sufndo la misma historia de carga. 
· t:strato de roca resistente puede no haber cedido bajo carga, mientras 
rr estrato más débi'l se puede ;1aher deformado más, dando luga::- a un 
e:11puje lateral. De acuerdo con la hipótesis de Seagar, el empuje lateral 

111 :.-e superior al calcul:;c;o a partir de la elasticidad pura, y fácilmente 
!>dperar en magnitud a la presión verticú. 

" 

¡· 
1 

1 
1 

! 
1 
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superiore~. 3 :_,_;; v-:;:;c::J_,t:.:.. :;·nr1o d~ •'C.!•dcr u;,;J( c¡;,•::o< í ~iu•~ de orief'lac:ór 
t'refcrcncid. r'.'~·_,y•,; ·v1.'.:: ·.in :::mbarg(', ~o:.;i,'::en qt<. t:\ fl-.ciiCÍa baJc­
c<Jrga~ mal~tenld;·, c: \), '- ~ .··:. ¿, :.i-::mpos gftl!~'i,;~ca ha vuaiJo t'ii,nin.i~ la~ 
tensiones difc,·•·,,-::,l!c:.. d.' U,; ;ng¡¡.- a t!n si:'ótema de !ensi!:mes hidrost:üi:::o. 
Everling 3, al d;:<.cr,'e>ir íoi ¡-,;;:,._¡);acir)!.. g.:nen::fcs de los cst~dws reali1ado:; soke 
el e~tado tensk,rJ! in situ de bs ~cJit.1..:nto~ carbonífel"os de E'urcpa Centr;J, 
!>eñala: «De todzs las 'hipó~e~•~ refcn.::n~::~ a !a presión horizonlal, la más 
prubabk d la de igualdad de prt"sio:lé:S en todas l~s direcciones.>) 

o¡ 

, 
3 

Figura 6.~ Rcprcs.!ntaciór, de l:J.s tensiones ::n un punto de un sólido (Lceman) 

La exi~tcncia de fallas y la producción de terremotos constituyen, sin 
embargo, una clara evidrncia de la capacidad de Jos estratos rocosos para 
soport:1r tensiones diferenciaies a una escala de tiempos geológica. 

6.1.2 Distribución de tensiones en torno a excaraciones en roca 

Al considerar el estado nc;tural de tensiones en problemas de Mecánica de 
Rocas conviene referirse a las tensiones principales en tres direcciones orto­
gonales, una de ellas vertical. De hecho, estas son tensiones principales secun­
darias que sirven para identificar las primarias, desconocidas en magnitud y 
dirección. Se pueden deter:-rr.inar las tensiones principales !>i se conocen las 
9 componentes de tensión que actúan sobre un cubo elemental (Fig. 6.1). 
Estas componentes son función de seis variables independicnt~s. 

Sin embargo el estado natuíal de tensiones está alterado en las rocas en 
torno a excavaciones y cavidades así como en la proximidad de la cimentación 
de estructuras. Sf produce u11a redistribución que da lugar a concentración de 
tensiones, unas de compresión y otras de tracción, en distir puntos de las 
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roca<> adyac~·ntcs a las obras de ingl·ninía. E~tl· nuc'o t·,tado tcn<>Íonal inducido 
es tridimo1"ional y ampliamL"ntc \al iahle en rn:tgnitud y dir.:cción. T0do lo 
m:ís que .,abcmo~ es que las tcmi0nc~ inducida~ puL"den alc:~n1ar una magnitud 
varias vt:ccs ~upcrior a la de las tcmiones naturales. La determinación de la 
situación probable y de la magnitud de las concentraciones de t~:nsiones resulta, 
sin embargo, de importancia primordial. 

Se puede obtener un conocimiento detallado de la naturaleza de las con­
ce-ntraciones de tensiones en torno a excavaciones, en un material elástico ideal 
bajo un estado de carga dado, a partir de métodos numéricos • o mediante 
estudios en modelo fotoelástico, como los empleados por Hiramalsu y Oka • 
(Fig. 6.2) u otros análogos. Estudios semejantes pueden ampliarse para mate­
riales rocosos reales o simulados, COMO los descritos en las referencias (5) y (6). 

Figura 6.2 lscstáticas t:n modelos fcto~lásticos de un túnel de carretera 
bajo carga vertical, horizontal y oblicua • 

· do1.de se ha visto que la heterogeneidad y anisotropía tienen una influencia 
~ouicera'ble sobre la distribucióu de tensiones, a veces con escasa semejanza 
con d caso ideal (Fig. 6.3). Los modelos suelen ser bidimensionales y someti­
dos 2 sistemas tensionales conocidos y constantes. La situación real es tridimen-
5ional y comprende componentes dinámicas. Cuando el terreno cede, la zona 
de CO!Icentración de tensiones se dehrma hasta una profundidad desconocida 
en ó interior de la roca. La deformación puede ser elástica y la roca permanece 
ind~~rada hasta Hegar a la rotura al aumentar las tensiones, o puede ser 
fundón dd tiempo y ]a excavación se va cerrando paulatinamente bajo carga 
const::: '"lte_ En rocas elásticas duras, la rotura puede producirse a partir de con­
cemraciones de tensiones en torno a discontinuidades o grietas del material 
rocr,:;.o y r~.o solamente en torno a la periferia de la excavación. Durante la reaü­
zzci.)n dr. obras de ingeniería, como excavaciones er. rocas, perforación de 
tú:nt"-::~ ~ ;.·oladuras, las tensiones inducidas variarán al progresar la excavación 
y, u; ".-J~::¡u¡er caso, las rocas de la corteza terrestre están constantemente 
som·~t'_,:ia" a las varia~iones diurnas de tensiones producidas por las fuerzas 
de rnue~ terre~tres. 

a h:¡;·· n1cro que ;;e enfrente con la determinación de las tensiones in situ 
debe, í,>O•· wnto, valorar una magni~ud que varía {'n el espacio y en el tiempo y 
que no se puede predecir en un punto y en un instante -dados. Unicamente 
puede intentar medirlas en las cond!ciones present~s. 

r '.'éa~ el c1pilUlo <>. 
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Fi¡;•Jra 6.3 
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E~tudio en mo::ldo fotC'elásti~o de la distribución de ll:nsioncscn la 
roca de cim~nwci<>r. de una prc!kl de gra,cdad 0 



6.1.3 Cmac:a!.,:ilr.s tenl·irin-d,fr¡¡uwción de ias ,,,cas 

Es impo,iblc mcJir tcn>i(lncs dncct?.Jn~.::\tc, pc:ro p-_Jdc~o¡p·_; dd!nid:;~ ~.:n 

la for111a de una fu..:1·.~a por t;nidaJ dr ~up-·rfl::ie y (kd-t;;irbs 1n:.::iu•do la 
fuerza aplicada para c:>tahleccr un estado de- equilibno. Por otro l:<.d0, podl·mos 
dcicnninar las tensiones midiendo alguna ctra propinJart física si ~r. conoce 
!a relación entre esa propiedad y las tt·nsiones. Entre t!>as propiL"d:de'> podcn10s 
incluir la velocidad acústica, la resistividad eléctrica y la ckformación. Los 
o tcnsómetros ( strain gauges) son con mucho los dispositivos más general­
mente utilizados para el estudio de tensiones en materiales .el::íqicos. Si,-1 
e:nbargo en la Mecánica de Rocas, aunque puede esperarse que algunas 
rocas como las ígneas y meta m órficas se comporten el:i~iicarnente, otras, en 
especial las evaporitas y los sedimentos poro~os, no lo hacen así. Muchas rocas 
presentan características marcadas de anisotropía y ~on cc,njuntos hetero­
géneos de varios materiales de propicclades mecánicas muy diferentes. 

La justificación para ampliar la aplicación de la te01 ia elástica a rocas 
diferentes de las ígneas y metamórficas, por ejemplo a las areniscas y otras 
rocas sedimentarias, es que, des?t;és de ciclos sucesivos de carga-descarga, 
bien durante ensayos il} situ a gran escala, como los de carga con píaca, o en 
ensayos de laboratorio sobre pequeñas muestras, se putdc apreciar una. relación 
lensión-deformación la cual, <lllnque 1aramente es lineal en todo el intervalo 
de observación, puedé frecuentemente aproximar:-e por una relación lineal en 
un intervalo de carga limitado. El "módulo» obtenido a partir de tales ensayos 
viene determinado pri.ncipalment;:: por la forma en que las discontinuidades y 
poros se cierran por compresión en la zona de influencia de las placas de carga 
o gatos en los ensayo:; in situ, y por la máquina de ensayo a compresión, en 
la muestra de laboratorio con cargas bajas. Coll cargas elevadas pueden obte­
nerse a veces en laboratorio resultados reproducibles en cierta extensión y 
c0n un lazo de hi!>téfesis muy cerrado, pero el ensayo in situ no da una infor­
mación que describa las prvpiedadcs físicas del macizo rocoso en términos 
absolutos. Los resultados de tales ensayos sólo se pueden aplicar al lugar y a 
]as circunstancias en que se han ubienido y no puede esperarse que exista una 
correlación sencilla con los cm::!yos de Jat>oratorio sobre muesiras del material 
rocoso. 

En los últimos años se han empleado los conceptos de la reología para 
caracterízar las propiedades de distintos materiales rocosos. Los modebs 
reológicos, formados por elementos como muelles elásticos y amortiguadores 
viscosos, repres~ntan las propiedades de elasticidad y viscosidad por medio de 
las cuales pueden describirse las caracteristica5 de deformación del material 
en carga y desczrga.;y de las que se pueden deducir ecuaciones básicas tensión-
deformación y .deformación-tiempo. · 

6.2 Principios de Ja mrdida de tensiones en- rocas 

Comideraremos dos tipos de medidas: 

a) La determim~ción de-l e&!ado i.ensional absoluto, 
b)- La medida de tensiones relativas, es ,Q~cir variaciones de tensiones. . 
Existe una ampiia variedad de aparatos y métodos para ambos tipos de 

medidas.. 
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conocid2s o ~,up'.•e~tas, Óé' c,·nq(,n-dc·fonll.!Ción pM2 13. roca -<:studiada. Las 
tcnsio:\~G- rdativa~ puef.en determinarse: midiendo la' tensiones ab~.)lutas r:l 
princil'")iO y al firial df.' l.!l'i Íntc>vaio dc ticrnpo dado, p~ro eslo no C<; r,i;::•np;-e 
-neccs~rio y mientras sea posible nc se utilizan para medir tcnsionc~; ri.'L,~ívas 
las técni(.;as dl~ li!Jeracibn de t<::mion':!S, quo;: son caras y lentas. Hahlanflo ~n 
g~ncra!, le" ir:~.trulll~!i\.n<, empkados en ambos tipos de medidas ~on semejan­
tes pero aunqt.:" :ualquie·r instrumento pruyect;¡do para !a medida de tcnsioneg 
absolutas medirá también tensiones rl'iativas, algunos aparatos que son de 
diseño

1 

~.encil!o e ideado:. para medidas· relativas. no pueden aplicarse sm 
cierta bwdificación para medidas abolutas. 

6.2.1 El método de liberación de tensiones (stress-reliej) 

En' e:>te método, el instwrnento de medida debe adherirse a la sup~rfici~ 
de la roca expuesta en la excavación. A contin11ación la zona de roca a la que se 
ha unido et -instrumento se separa del entorno, bien cortando unas ranuras 
en cuadro medi3nte una siena o perforando una corona de taladros secantes en 
torno ~ la misma, En otros casos la parte de roca y el instrumento asociado 
se recortan mediante una corona de perforación hueca de diámetro apropiado. 
A continuación se miden las deformaciones registradas en la roca indep:;n­
dizada: 

Ent:·e los instrumentos empleados de esta forma se encuentran los extensó­
metros que miden la deformación superficial según tres direcciones, las rosetas 
de exten:;ómetros y los medidores fotoelásticos biaxiales. Los resultados 
permit~n identifica;- la tensión principal secundaria, en un estad?. biax_ial,_ en 
el plan'o de la pared de la excavación. En este caso la tercera tensJOn pnnctpal 
es nula. 

La determinación dd estado !.ensional natural requiere la reaiización de 
medidas más allá de la zona de influencia de la excavación. Esto puede conse­
guirse perforando un sondeo en el frente de excavación y colocando el ~tedidor 
en et fondo del mismo. A continuación se realiza la sobreperforacwn * en 
toda l~ lon~!itud del sondeo original (Fig. 6.4). 

Ta~bié7t en e~te caso los re~sultados proporcionan las tensiones principales 
secundarias en un plano normal al eje del sondeo. Como se quiere c~tu~iar el 
estado :de tensiones tri axial, es necesario medir seis deformaciones pnnc1palcs. 
see-ún tres planos ortogonales, para obtener una solución. Hasta el momento 
esto no se ha conseguido casi nunca. Lo más corriente ha sido reali~ar ~1edi?~s 
en un único sondeo, introduciendo hipótesis simplificadoras sobre la dtrecc1on 
de la t'ercera tensión principal. Dos hipótesis hechas corrientemente son que 
una tensión principal es de dirección vertical (en cuyo caso el ~ondeo se perfora 
horizontalmente en la pared wcosa) o (si el sondeo no es honzontal) la tercera 
tensiórt principal tiene ia dirección del eje del sondeo. 

1 

• Elegimos esta pal.~bra para tr.tducir b ingles..t «Ovcrcoring>>, o' -arece de C'--JUi-
vaknre ~n ca,tcllano. (N. del T.) 
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Fi¡;urn 6.4 Método de liberación de tcnsi<'nes. (a) Utilizando un medidor 
de deformación transversal o la célula múltiple de Lecman. (b) Empleando 

una célula de bandas cxtcnsométricas 

Se han empleado tres tipos diferentes de medidores de deformaciones en 
sondeos. Put'dcn clasificarse como 7 «medidores de deformación transversal», 
«tensímetros de inclusión» y «células de deformación)). 

6.3 Medidores de deformación transwrsal (Borehole deforma/ion meters} 

Estos aparatos miden las variaciones en las dimensiones transversales de 
un taladro realizado en roca, cuando éste se deforma como resultado de la 
variación de tensiones. Las tensiones se calculan por la teoria elástica. 

La ecuación general de la deformación plana es 

aD 
.1D = -1:- {(1 +K)- 'JIL + 2(1 - K)(l - P2) cos 201} (6.3) 

ó 

(6.4) 

y para el estado plano de tensiones: 

D . 
.1D =E {u1 + u2) + 2(a1 - u2) cos 20} (6.5) 

donde L1D = variación de longitud del diámetro que forma un ángulo 01 con 
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la dirección de la tensión principal a 1, · 

D =longitud inicial del diámetro, 

r-'"- _0"2 
r.- • 

O"¡ 

Si se miden los corrimientos según tres diámetros difcrcm, ¡ se conoce 
el módulo de elasticidad y el módulo de Poisson, puede calcularse la magnitud 
y dirección de las t.!miones. 

En la figura 6.5: 

a
1 
+ u

2 
= ·- ___ E ___ (U +-U

2 
+ U) 

3D(l - J•2) '. 
3 (6.6) 

. y 

' . - v2E , · · 
ut- a2 = 

6
D(I :::_ v 2) [(Ut- U2)2 + (U2- U3)t. + (Ul- Ua)2

]
11

: (6.7) 

donde U1, U2 y U3 son los corrimientos medidos. 

S 

S 

Figura 6.5 Deformación de un orificio circular en una placa sometida a un 
estado de tensiones biaxial. Roseta de 60• (medidor de deformación transversal 

del U. S. B. M.) 

El ángulo que forma a 1 con la dir_ección según la cual se mide el corri­
miento ul vale 

y 

Si los corrimientos medidos forman ángulos de 45° 

E(U1 + U3) 

O"¡ + 0"2 = 2oU-=- ;if 
E[(L~1- U2)~ + (U2- UaFl' 12 

O"¡- 0"2 = 
2Dv1 2(l - v2) 

-2(U2 - U1 - Va) 
tg 201 = -· ------ -· --

U1 -U3 

(6.8) 

(6.9a) 

(6.9 b) 

(6.9 e) 



Mcrrill y Pcto.:r~on R dan lac; ~iguicntcs regla<; para la dc~crminación de 0~: 
Para una ro.;c\a con ejes a 60°: 

l. Si u2 > Ua. 01 C$(~ comprendido c.:ntrc +90" y +ISO" ó cnlic o'- y. --90°. 

2. Si U 2 < U3• 01 está comprt·ndidido cntr(;' Ü0 y +90°. 

3. Si V 2 = U3 y si 

a) V1 > U2, 01 = 0°, 

b) V1 < U2 , 01 = ±90°; 

y para una ro.;cta con ejes a 45°: 

l. Si U2 > (U1 + U3)/2, (} 1 está comprendido entre +90" y !80° o entre 0° 
y --90°. . 

2. Si V 2 < (U1 + U3)/2, 81 está comprendido entre 0° y +90°. 

3. Si U2 = (U1 + U3)/2, y si 
a} Ul > Ua, 01 = oo, 
b) U1 < V 3, 01 = 90°. 

Uno de los primeros medidores de deformación transversal empleado con 
éxito en Europa y Africa del Sur es la célula de Maihak 7·&·10. En este instru­
mento el elemento sensible es un medidor de cuerda vibrante conectado a un 
vástago que se hace salir mediante un mecanismo de tornillo hasta que entra 
en contacto con las paredes del taladro. Se requieren diferentes colocaciones 
sucesivas del aparato para obtener una solución, ya que sólo se registra un 
corrimiento diametral. Po~terior mente se han desarrollado en otros países 
aparatos que miden simultáneamente los sorrimientos "egún dos diámetros, 
permitiendo además un registro continuo. De este tipo son los medidores de 
deformación Marks I Y' II desarrollados por ei C. S. I. R. (A frica dei Sur) que 
emplean como mecanismo sensible extcnsómctros de resistencia eléctrica en 
a!1illos que se deforman bajo la acción de vástagos que entran en contacto con 
las paredes del taladro o transformadores diferenciales lineales conectados 
directamente a tales vástagos, respectivamente 11•12• 

Los aparatos empleados en Europa Central para investigaciones de Mecá­
nica de Rocas han sido descritos por Cibek 13, quien ha proyectado un medidor 
de deformación que registra las \'ariaciones diametrales según dos direcciones 
ortogonales. En este aparato los vástagos de contacto actúan sobre una 
palanca mecánica haciendo variar la resistencia eléctrica de un sencillo 
potenciómetro. 

Uno de los medidores empleados con más éxito en el mundo de habla 
inglesa es el del U. S. Bureau of Mines, presentado por Merri!l y otros 
en 1962 8•14 • Este aparato proyectado para su introducción en un taladro de 
tamaño EX (1,5 pulgadas de diámetro) se muestra en la figura 6.6. El elemento 
sensible es una chapa en ménsula de cobre-berilio a la que están conectadas 
cuatro bandas extensométricas formando un puente de Wheatstone. El aparato 
tiene una sensibilidad de, aproximadamente 20 ¡t cm, por cm, que corres­
ponde a una precisión en las tensiones de aprd:\imadamente 0,95 kg/cm2 para 
una 'roc.a de E= 210.000 kgjcm2 • 

La instaiación del aparato U. S. B. M. y la n:a!ización de medidas com-
prenden la sigu· · ~;eri'.: de operaciones: 

" 
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S¡_ y:.: k r{~·L:i Uf! ~ ,Jrtdcü -:-:r: 6 puig.~td:J: .. (~ ~_; ~~· -~':.) d:.: diánu;!¡•4, .:¡ncdianlC U;:?:. 

coí(•Hi {L:" diarr~a:tce .:~ 5 ~~; de Oidn1~~ro ~~~:e6c:r) ea la p3r~d rocosa,. ü unr~ 
d¡~·.ancii:l :'•.:;~e:--¡:,,, ~_--,.;' :1 tr~~ra•.ar la 7'·na fracturad:t cx~aior. SL~ extrae <:-: 
tt:!Si:Í~;o, y ,;; ,._,;,,,_._-," ¡:.·,;,'. l'l1 e! ~nnd(;} rara centra: Ull3 Gatu ia y Cl>!On<"i de 
perío:aciém ~e i;;_,-,L,h: .. EX, Con ella se pc-rfora ha:,t::> una profur>didad 1.k :; 
O más ffiC(f0S mas <iilá de! final dd 'iOnÓ;"O de 6 pulgadas. 

Se coloca el aparato e'l ei lalaJro de diámetro EX a unn profundidad nc~ 
inferio~· a 15-2) cm, seg(!n la naturaleza de la roca. El medidor l>C orienta pa··,a 
re;/Iizar medidas según el diúmt:tro vertical del sondeo y los cables se llevan a 
través del varillaje hasta un pu:~nte de medida. Después de tomar una lectura 
inicial,: se cornicnn la sobrcperforación, tomando lecturas a intervalos rcge~,. 
lares haqa que se termina la Op(;ración. Se ve que la deformación medida po: 
el inst~um·~nto, t<;l_ como la aprecia el puente de medida, se produce más o 
mcnos,gradualmt>nte al pasar la corona de sobrt:perforación por los vástagos 

Figura 6.ó Medidor de deformación transversal del U. S. Bureau of Mines 

que transmiten la deformación a la placa en ménsula (que ejerce una presión 
de 4,5 ii 14 kg sobre la pared del sondeo). Cuando la corona ha pasado 2 a 5 cm 
de ese punto, se suele hab~r producido la liberación de tensiones. Se toma una 
lectura final y se extrae el testigo que contiene el aparato para reaiizar otros 
ensay~s con objeto de determinar los módulos elásticos de la roca. A conti­
nuación se extrae el medidor y se le vuelve a colocar en el sondeo de diá­
metro ~EX para medir corrimientos en otra dirección (ver la figura 6.4 a). 

El aparato se calibra desplaza:1do la placa una magnitud conocida, regis­
trada con un micrómetro, y anotando la medida correspondiente en el puent·~ 
extens~métrico. Como las medidas U1, U2 y U3 no se hacen en el mismo plano 
es nec;esario interpolar entre los valores medidos sucesivamente. Esto es un 
inconveniente que limita la utilidad del aparato en los puntos donde son de 
esperar elevados gradientes de tensiones, como por ejemplo en zonas de 
concentración de tensiones en torno a una excavación. Para estos casos se han • 
proyectado medidores múltiples en los E;;tados Unidos, pri~~ipalmente poi 
Grosvcnor Y. Griswold 15 y más rccienlt:mcntc por Crouch j rhurst 1e. 
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6.5. 1 El «do1 1pcn> dt• Lt·t'IIWn 

, L_os primaos intentos para ~ohrcpcrforar aparatos con bandas c\kmo­
mct!·lcas c?lo~ados en el fondo de un taladro tropaaron con prohkmas. 
Jl·b~dos prlll~lpa_lmente a la dificultad de aislar las bandas y sus conc\iones 
al ~Jsh:ma el~ctnco, del agua introducida en torno a la corona en las perfo­
raCiones rcal11adas en roca dura. 
. Lecm~n 3~ resolvió este problema de. manera eficaz empotrando las cone- . 

. \~~nes elcctncas de las bandas en un taco de caucho de síiicona de 35 mm de 
d1ametro, en cuy~ ~ara frontal estaba montada una roseta rectangular de 
bandas _extcnsomctn~as que, en la célula original, quedaba protegida por 
una peltcula de araldJta de 0,6 mm de espesor. Los cables procedentes de la 
r?scta estaban unidos a cuatro bornas de cobre en una ficha de conexión 
a~:lada (fig. 6.16). El equipo puede emplearse en un taladro perforado con el 
c1ametro standard BX (60 mm). 

Ficha de conexion o enchufe 

Taco de caucho 

--Cables de un1on al enchufe 

Roseta d~ band¿;s e)ltensometrica" 

Pel icula de Araldlta 

0.6 mm. 

Figura 6.16 «Doorstopper» de Lecman 

~uede empl~arse un apa:ato _rara col~car la célula, orientándola para 
~ed1r deforrnacwnes. en las d1reccwnes vertJcal, horizontal y a 45°. El aparato 
mtrod~lctor se mantiene acoplado hasta que la célula queda fija a la roca, 
extra_yendol~ ,cnto~1ces para comenzar la sobreperforación. . 

. St las ~Jferenc1as de lectura de las bandas extcnsométricas en las direc­
Ciones ~ertJcal, a 45" Y horizontal, antes y después de la sobreperforación son 
respechvaente cv, c45 y eh, las deformaciones principales c1 y c

2 
de Ja roca 

en el extremo del taladro son: 

(6.12) 

!--as direcci?nes de el Y C2 son 81 y 82 , medidas en sentido contrario a las 
aguJaS del reloJ respecto a la áirección de eh y vienen dadas por: 
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___ 2~-~- fh)_ -- } 
2e45 -(Eh + cv) ~ 

_2(e2 -_~,;) l 
2e45 -(~ -i- Ev) J 

(6.13) 

Las tt:r.'>ioncs principales en la roca en el extremo del tat son: 

a 1 = · _E-- (e ...L ve)) l-v2 1.• 2( 

a2 = ~~2 (e2 + vcJ \ 
1 -v . ¡ 

(6.14) 

6.j.2 La célula biaxial fotoelástica 

HawL~s y Moxon han descrito el empleó de una célula fotoelástica biaxial 
para determinación de tensiones absolutas por la técnica de liberación de 
tensiones 33 (fig. 6.1 7): La célula está formada por uri cilindro de resina epoxy 
de 44 mm de diámetro y 3 mm de espesor, con un agujero central. La base 
de la célula está pintada con una película reflectante que deja un reborde bien 

Conmutador 
orientable 

Célula Muelle 
extensometrica 

Regulador de !a presión 
del muelle Enchufe de 

conexión 

Agujeros para 
ventilación 

Cable eléctrico 

Figura 6.17 Elemento de inserción de la célula de Leeman 

diferenciado en el cilindro. Este se adhiere a la roca por el reborde mediante 
un cemento de fraguado rápido. La secuencia de operaciones se muestra en 
la figura 6.18. 

La célula se observa con un polariscopio de reflexión (fig. 6.19), cuyas 
señales ópticas son semejantes a las descritas para el tensímetro de vidrio. 
Sin embargo, la célula biaxial se calibra en términos de deform:1ción utili­
zando unas bandas extensométricas colocada~ en crüz (fig. 6.20). 

Como en el tensímetro fotoelástico, las direcciones de deformación prin­
cipal vienen dadas automáticamente por los ejes de simetría del sistema de 
franjas observado y la relación e1/e2 por la medida de la distaHcia entre 
puntos isótropos del eje e1• La célula se calibra de forma que el número de 
orden de las franjas proporcione directamente e1. La sensibilidad teórica del 
tipo de célula empleado actualmente 3~ es de 440 X I0-6 deformaciones por 
franja. La sensibilidad determinada experimentalmente en estados de tensión 
biaxiales es de 440 microdeformaciones por franja (fig. 6.21). El limite de 
medida utilizando el analizador manual es del 2 al 3% de una f.-anja. La 
medida con números de orden de franja bajos (menores de media franja) 
requicrl! cierta habilidad y por tanto la célula fotocl:btica es preferible en rocas 
bajo cargas clcvad;,¡s que desarrollan una recuperación elástica considl!rable 
en el proceso de liberación d·.: tensiones. 

.• 
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ANAL YSIS OF FRACTURE 01~~ lE NTATIOt~S FOR IN PUl 1 u ~ rRUCTURAL 
MODELS OF D!SCONTINUOUS ROCK 

by o 

M, A, Mahtol.l, 1 D. D. Bolstod,2 J, R. Alldredge,l and R. J, Shonley4 

ABSTRACT 

This report presents a ne"' procedure for analyzing the orientations of 
rock fractures in an engineering site. This procedure, coded i~ a computer 
programJ ideritifies clusters or groupíngs among the fracture orientations 
and calculatcs (l) the mean orientation of the fractures within ea.ch clu~;ter 
and (2) the dispersion or scatter among these fracture orientations. Data 
point.s are represented by intersections of jolnt norrnals with the upper 
hemi!q>here, which is divided into lOO equal-area quadrilateral patc!les. The 
poi nts In adjacent patches where the País son dis tributiort test shmo1s sJ.gnifi­
cant conct:ntrations are afisigned toa single cluster. For a cluster whose 
fracture orientations follow Arnold's hemispherical nonnal distributi.on, a 
cu11fidence interval for the fracture orientation mean is calculated by 
applying Fisher's estimates. The technique is applied to the treatment of 
thrt:·L' examples. 

INTRODUCTION 

The mechanical behavior of loaded s tructures in rock masa is s'trongly 
inf)uenced by tl1e geometric and mechanical garameters of the prevailing 
g~nlogic planes of w~akness, such as joints and fractures, which may be 
e\¿· fi ned as recurrent planar geol.ogic discontinuities having spacings of from 
t..:·n!.hs of a foot to tens of feet. 11uoughout this report the words joint 
<lllll fracture are used _synonymously. 

As a result of the availability of large computers and owlng to the 
recent advances made in finite-element analysis technlques, boundary-value . 
problems in jointed rack have become increasingly tractable. For mathematH:aJ 
rnodPling of tllCse problems, the odentations of the discontinuities are 
ÍH\!)iHtnnt i.nput pararneters. Additi(llla1 geometric parameters, such as spacing 
and chnractL·r of joint surfaces, as ~Jell as the mechanical parlimeters 

~P·i~ys!.cal scientí::;t . 
..., , ;, · <• 1 o g Í S t. 
3 .· ,r !wm.lt:it:dl statfstician. 
4 ~~.1L .. 1ellli1lician. 

!.ll au thors are with the Rock l>lass BehavioY' Group. 
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n! ¡o.Jints, ;.;re ~qtlally important considerations in modeling a r0ck mass. 
T'~í·, r<·prnt will, hmvever, be restric:led toa trcatment of data on joint 

lll'ÍI'Il' alioliS. 

Very aften the attitudes of fractures in a site are observed to be non­
randomly <li.stributed, and in most of these instances, it is possible to group 
thc fr,a. .. tuH!S into sets such that the elements of each set have a statisti­
cally prefarred attitude. 

Wh.:n constructing models of discond.nuous rock containing sets of joints 
it is ~sscntial to estímate a single direction for each set and to obtain a 
ml~<J:;un.: of precision of t 11is estimnte so that the corresponding precision 
c•HI ~;e computed in the output of the structural analyses that employ these 
OIC"H~l~ 1:; • 

The availahle techniqt:es for defining :>referred directions of sets. in 
ndl'llt<..~Lion data consíst in visual selection of the mcans (or modes) from a 
!'ln::iir projecti!.m of the hemispherica~ distributions. However, errors occur 
i.n thcsc quanti.ti.es owing lo the inherent distortions in the planar projec­
t ion~. Tli.:se ~.·rrors may prove to be important in an engineer:i.ng analysis. 
FltrL!Jcrmon•, si.nce the furm of the dist:ríbution .of the data points cnnnot be 
t.cst.o•<l ag.iinsl .1 kno\om distribution, no estimates of precision of the mean 
a~·t i tudf':; can he formulated. Consequent.ly~ the s,nginE:er is faced with the 
all•'l:.r:at-ive vf t:-eating the orientati.ons as univariates of dip and aziw.uth, 
Howt·'h·r; itS poínted out by Pincus (i!), 5 this altervative ís valid for the 
study of n('arly vertical surfaces only, since one of the variables is now a 
CO'l':ilanl (that is, dip ~90° ). 

Thf' problem consists of devising an efficient scheme for quantifying the 
pr.·f.~trc•d (or lllL'an) directions of clusters in a sample of joint orientations. 
lt i s 11t·cessary to test ancl illustrate the forro of the distribution of points 
i'l ,. :•:h cluster and to give an estímate of the population mean in the case of 
a 1¡ •.. f,;pherical normal distribution. 

·;·his Bureau c.f Mines report describes a new technique of obtain:i.ng sig­
nifir•mtly Lig1.l 1;roupi.ngs of points, or clusters, of intersections of joint 
nonn:ds with tltL' l1emisphere. An efficient computec program is developed to 
tn·~J! multi.pl~ ~·11lsters as well as antipodal clusters in the sample. Clustcrs 
of t,:_vari ate .:ara points are compared with the hemispherical n0rrnal rlis tt·ibu­
t i.un hy app 1 y tng the chi -sq11are tes L Confidence intervals are then as s igned 
l:o l 11(' means of the clus ters whose data follow the hemispherical normal 
d is t r i bu t ion. 
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.. METHOD OF ANALYSIS 

The method of analysis is presented here i.n U.Jo convenient steps: 
(1) Identifying significant concentrations, or clusters, which occur in the 
data; and (2)_,detennining attitudes of joint sets (or clusters); both steps 
involve the application of statistical principies. 

Definition of Clusters 

3 

In the past, the generally accepted technique for defining mean orienta­
tlons of joint sets (or clusters) has been the use of planar projections of a· 
hemisphcre. Lambért azimuthal equal··area (or Schmidt) projection is most 
commonly employed. The projection of the traces of the joint nonnals, called 
a point di.agram, is displayed on the equal-area net. Point concentrations 
(expressed as percentages of the total points that occupy 1-percent areas of 
t.hc hem is phel:'e) are obtained by manua lly count ing the points in 1-percent-area 
circle9 centereJ on intersections of a grid that is super~nposed on the pro­
ject-ion. (There ate several variations of this basic counting technique. The 
fo1lowing nrguml'!nts are, however,· applicable to all of these techniques.) 
Sonw recen t ly de ve lopcd computer progrnms, for exrunp le, J eran and Mashey ("1), 
hav~ red,Jceu thc effort involved in counting of points and subsequent plotting 
o( contours of polnt concentrations on the planar projection. 

The azimuthal projection of a 1-percent-area circle on the ~phere is 
circular only if the pole (defined here as the vertical projection of the 
ce11ter on the upper hemisphere) of the sphere forms the center of the circle. 
T~10 cqual-ar,•:l projections of all other circles on the hemísphere will be 
elliptical, Hith the distortions being most pronounced for the equatorial 
ar,•;t-;. Poinr concentrati.ons obtained by counting points in a specified 
circt1lar aren in the projection are, therefore, inaccurate. Consequently, 
any dltempts to find mca.n values for joint sets will result in quantities 
which cannot be used with confídence in an engineering analysis of structures 
in jointed ro..:k. This· report does not use projections in defining joint 
s<·t:; and, thcrefore, avoids introducing dlstortions inherent in the projec­
tion techniqups, 

Joint oricntations are best expressed as the crientdtions of the jolnt 
nonn;lls which are directions without sense; that is, a joínt normal can be 
directed in the positivc or the nc!_;utive sense along an axis normal to the 
joi.nt plane. Hm.,rever, the S011Sc '.>fa joint normal can be fixed by détining 
i t .1s being nonnal to the di.r,•cr ed clip line in a left-handl~d Cartesian frame. 
Tlll!s, if the dLp, é

1 
(O·s,j 1 -:90~), a:cJ the azimuth of dip, 91 (O sf\ s360°), 

of the joint plane, i, are nl.:,; .. :rveJ in the field, the joint normal originating 
fron1 the ccntcr of a uni.t sphL·r.:· will be directed toward the upper hcmisphere. 
Tl1<~ an)juLu coordinares of Lh,~ joint normal can then be specified by f.ts 
C.:,)atitudc, rj

1
, anu its J.ono-;LI.u.Ít:, f

1 
(figs_. l and 4). 
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FIGURE l.- Division of Hemispherico! Surfoce lnto 100 Equoi-Area Potches. 

The'~pproach adopted in this study for defining densities of traces of 
joint· 110nnals was the use of lOO equal-area cells ( or patches) which cover 
lht· 1 11111Íspfu.'rical surface. Any shape of unit patches (that is, circular, 
e!Ji¡···<ical, ora quadr]lateral patch) could be used for this purpo~e. Ho¡,.J­
t:vvr, m<~ny more unit circ1cs or unit e11:i.pses would be required to cover the 
eu• i ,-t~ )Pmisrht·rica1 surface than the number of unit quadrilateral patches. 
T!,,· 110 quadr i J.¡tc·ral patches used in this study (fig. l) were designed 
thJ.o·•:·.lt t·f,e foliu•"'Í.IIB ¡'roced,Jre: 

'J'iH: •Jwmispherical surface was divided into nine coaxial bands such that 
band 1- crmtained r:hc: equator and band 9 contained the pole of the herr.ispl:ere. 
lt ~o.;a:. dto<:ideJ to include t:¡e following percentages of t}¡e hemispherical 
sur! •··l:'' in thc bands numben:~d 1 to 9: 18, 16, 15, 14, 13, 10, 8, 5, and 1; 

'tlH!:>t ¡1ercent.ages also rcprvsent rhe number of unit patches to be assigned 
to ,;,e corresponding bands. The next step involved the assignment of 
col;,!_ ir.1Hle (/; (or djp) values to the l>oumlaries of each band. Suppose that 
wirl, r·l.!ference to figure 1 (:Jr and r¡,J are the dips corresponding to the lower 

-' ' l. élflu up¡·t~r· bouncaL·ies of band number j (where j = 1, 2, •.• 9) such that 

'thcn the percentage of the hemispll.-rical surface s3 contained in band j is 
giví.:n by 
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J J J ' S = lOO (cos C/Ju - co3 f/J.e J. 

Now, for band 1, S1 = 18 and 1J1 ~ 90". Thc above equation then yields 

cp1 = 79.63". u .. 
The azimuth range for each of the 18 patches in band 1 is given by (360/18)". 
or 20". TI1e first patch in band 1 is bounded by longitudes (or azimuths) of 
O" ~nd 20", and the rest of the patches in the band are numbered consecutively 
in tl1e increasin¿; direction of e; for exmnple, the azimuth ranges for patches 
1, 2, 3, etc., in band 1 are, respectively, O" ~e ~20", 20" <8 ~40°, 40" <8-
~6C", etc. 

Proceeding in the above manner, the dip ranges of the other eight bands 
and the a<:imuth ranges for ~atches Ln each of these bands are obtained. The 
di(' ranges for band::; 1 to 9 are as follows: 

Band l,oo~tt¡O••e•••• 90° ';:!.</J ::2::79.63° 
Band 2••••eoeo¡oo•• 79.63° ></J ';:!]0.12° 
Band ) ..... oeoo••'"'"" 70.12" >'/J ';:!60.66" 
Band '· ............. 60.66" >1/J ';:!50.95" 
Band s ..... ll ..... :.oo 50.95" >1/J ';:!40.54" 

~ Band 6•o•o•••••••"• 40.54" X/J ';:!30.68" 
Band ]••••••••oo.••• 30.68" >r¡; ';:!19.95" 
Band 8 . ......•... o • 19.95" >r/J ';:!8.11 o 

Band 9 ..•.••..•.• 0. 8.11 o ></J ';:!.0" 

~atice that the range of azimuth for patches ina given band is a function 
of H\e band nll!l!b!'r and increases nonlinearly with the increasing band number 
( fig~ t?). Fur c·x.lmple, the azimuth r .. mge for a patch in band 1 is 20", 
wl1i.:rb~ls the ;l~tlll'ith range for a patch in band 8 is 72". Now, for a const3nt 
insti'ttnleht error in measuring the azirnuth of a joint plane, there will be an 
errot• l.nt:roducL'd in the rucasured azimuth which Mul1er (7) has shown to be a 
geómc~t~ic funct.ion of the dip of the plane. A graph of-the error in measured 
aiirnutlt as a function of dip is shown in figure 3 for an instrument error of 
5". 'Á ~lose qtldli.tative ::;imilarity can be noted between figures 2 and 3, 
ind ichttng th.Jt the schcme of sul.Jdivision of tl!e hemisphere in figure 1 
adoptt!d for tld.s study appropriately exploits the error in measured azimuth, 
thus. protlucing an effici.ent design of the 100 patches. 

Refetríng to figure l, the density of a patch is given by the number ot 
observtltitlns that plol in i.t; for exi.!mple, patch 65 has a density of 5. rn 
orc!Pr t:o define signific<Jnt concl!ntr.ttions, sorne kind of randomne.ss test is 
requ i.red tb indicate thc ucceptable level of significance, or "tht"eshold" 
dl'n:>i.ty .• Clustet·s are then ,JL~fi.n,·d a~> collections of all points in aJjacent 
p;¡t·cl¡es, where each patch po~;~;¡•ssp:; a densi.ty that excecds the threshold value. 
T!1e Poisson c!islribution moJd (se,• Stauffer, _2), provides a means of obtain­
tng tllc threshold density. The Poi_s:~on model states that the probability of: 
oc e u r rene e o f a rar.dom el ,·n~> i ty D (!J>x) is gi ven by 
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lt 

P (D>x) = 1 - E 
J=o 

-m j e m 
• 1 

(1) 
J. 

where m is the average density over all the 100 patches. 

For the purpose of this report, the largest value of integer x satisfying 
tP 

P (D>x) ~o. os 

was selected as the threshold density. 

Clusters in the data points are defined according to the above p~ocedure 
by th~.-~ computer program PATCH, which is listed in appendíx B. On.e particular 
opcrati.on in the program merits conunent here: While scanning the first banr.!, 
it is possible to discover diametrically opposite or antipodal patches, each 
h<Jvi ng a th:ns i ty above the threshold dens i ty. The program wi 11 comhine the 
pair of _clusters to which such patches belong on the assumption that the 
points encountered therein belong to a single joint set wíth a mean dip of 
approximately 90°. 

Analysis of Clusters 

The data of many clusters follow the hemispheric.al normal distrioution. 
For t'l'lis r~ason, the prcscnt sect.ion will indicate how to calculate statistics, 
such .~~; tite mean and the measure of dispersion for che hemispherical nonnal 
dístributi.on. ln addition, the relationship between the angular deviation 
frum lllt.~ mean, che mensure of dispersion, and the probability level for the 
hemi.spl1crical r¡on11al distribution will be examined. 

ln the pn•vious section the angular coordinates of the nonnal to joint 
plan.~ i. WL're dcflned as its colatitucle (/)1 and its longitude et. In this 
secti011 i tak~s on values from 1 to N, where N is the total number of data 
puints in thc clu:;ter being analyzed. Referring to figure 4, a left-handed 
r.::.: tangu lat- coorcl Lnat~ frame can be defined su eh that the x-axis indica tes 
Zl!l"O azi.muth. Thcn the direction cosines of the unit vector representing 
obsl'rv.ttion i ar~~ givl.!n by 

.el = sin C/Jf. cos et 

mt = sin r!J¡ sin et 

nt = cos </JI 

where i = 1, ·2, ... , N. 

1 

(2) 

Tlie resultant, R, of N of these observed unit vcctors passes through the 
ce11ler of gravity of the cluster. The 111agnitude of the resultant: is given by 

IR!=.; [(L:el)2 r O .. ml)2 + (Ent)2]1/2, 
e 

(3) 



X,N 

X¡:: 1¡ "' sin cp¡ cos B¡' Y¡= m¡ =Sin</;;¡ sin e, 
? ¡ "' n ¡ :: e os. q}¡ 

1.1 = lntersec~ion of mean vector (colatitude $, longitude 8) 
with lhe hemisphere. 

1ft; = Ang;e betwaen ths mean and obser-vation 

,,F IGUI~[ ·1. - Rt-clongu!or Coord rnutes (or Direclion Cosines) of a Poini i (With Colatitude "' ó¡ 
and Lvnyrtude ==O¡) on a Unit Sphere. 

whL•tl' i "' l, 2, ••. , Ne Thc direction of R is that of the vector sum of the 
un:i ~- Vtectors representing Lhe normals to the obsenred jointso The angular 
courdí1•L.tes of the resu1tarrt are obtained as follows: 

tan -l 

[ (~~ ;,
1 

) 2 + (Dns ) 2 J 1/ a 

!:ni 
(4) 
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and 
(5} 

These coordinates esti.mate the .:oordinates of the mean orientatlon vector of 
the joint set under study. 

If the direction cosincs of the mean orientation vector are defined as 
J., m, and n, the angle ~1 between the mean orientation vector and the ith 

observdtion is given by 

o 

(6) 

Arnold (!) has shmom the hemi.s pherical dis tribu tion to have the following 
form (for details, refer t:o appendix D): 

( k !::coa'~ 
U 'f', k)= 4rr(ek -1) e ' (7) 

where .¡, is a random variable •,.¡hich as sumes values 'Vs deflned in equation 6, 
and k is a measure of dispersion. This is apparent since when k is 1arge, 
the distribution is confined to a small portian of the hemisphere in the 
neighborhood of the mean orientation vector, and when k is zero, the 
distri.bution is uniform over th~ hemispherical sur(ace. The maximum likeli­
hood es"timate of k, denoted by k, satí.sfies ,the fo11owing equation \.rhich is 
deri.vPd in appendix D: 

1~1 = _é,_h-
N ek 

1 
(8) --~ . 

- 1 k 

Now, in the anaJ.ysis of the many groups of orientation data6 e:x~ined by 
the autllors (inclucting the examples cited tn table 1), the value of k was 
found r:o be greatcr than 6. It is reasonable to assume that the data points 
jn joi.nt set:.; (Jefi.ned through application of the Poisson test) wi.ll not 
occupy d sizabl~ portian of thl hemispherical surface. Larg~ values of ' are, 
therefore, assured. Assuming k ~6, equation 8 reduces to the following form: 

'~ 1 --N 
1 1 - ~ ., 
k' 

(S) 

which can be rewritten as 

A N 
k= N-jlq (lO) 

f'iT}¡ is---¡:-;:c ludes 39 independl·n·t ~·.l·t.H!p:.; of cc,al cleat and shale joint data from a 
l'•·IJ11:;:;lv.Jnia conl mi.rh.:, L! i ntlepL·ndcnt groups of data on joints and fau.!.ts 
in dn nnderground corpl'r 1:: ll•L', clnd tl1e Jata for surface joints in a 
Plf:.:.llni.Jri .• !ll grdnit,; in :\r¡,-,_.t.il. 



.. i.his pr ovidcs a cnnver.Jent formula for eslintat.ing 'the measure of dispersion 
o t .t :; ~ • t cd_- o r i_ en t .1 e i o n eh t a • 

1~e radial cuordinate ~ of the center of gravity of the cluster of points 
on the hem~sp!H~re is expressed by the left-!wnd side of equation 8; that is 

1~1 
N • (11) 

This too ís an <'xcellent lndicator of the scatter of the data points. For 
,.x¡unpl v, l>'hen .-:1 <~J•proacbes unity, the data points will bunch about a single 
dlft'L'[ 100. PiiiC 1 !~; {ª-, p. 506) discu:>ses the relationship between a and K for 
the l;,-;,,isplwric<Jl no!lllal distribution. 

Ar:tr•ld (~_) has also tabulated the probability integral for the hemisphere. 
ThLs inlegral is represt~uted by th(~ area on the h0m'isphere cut by a cone Hhose 
\-,:nex lies at the center oí the sphere. Arnold Q_, table VIII) gives the 
pHlhi.l:d l i ty, p, (• f an ob~;ervation lying within an (angular) dis tance 'lf of the 
r!lt-<lll Ctlf several values of k. The rclationship is as follows: 

p "" (12) 

Mhcn k ·{s greatt'r than 6, thi.s equation reduces te 

cos ~ = 1 + ~ log0 (1-P). 

7 Not.· l•ere thDt (•quations lO and 13 are identically derivable for k ~3 from the 
~;¡>ht.•ricéll ~"•Hint!l di_st:ribution formulated first by Arnold (1) ·and later by 
Fisher (_~), ln the spherical nonnal Jistribution -

U0 (~,k) 
k ekco [J lJ.r -

l~n si.nh k 

T!l ~· value of k is expresBed 

for k J. ave 

The probabil i ty of finding 
tnt.!an of a spl1erical norm"al 

by 

coth k 
1 !R 1 -
k N 

an obst·rvation within displacement 
distributjon ie expressed by 

p = 
] -(··-oc (1 -e o B t¡r) 

For k ~3, equation 12A reduces to 

cosv = 1 + ~ log
0 

(1-P). 

{lOA) 

lj.r of the 

(12A)-

(13A) 



\' 
1 

Equ.at ion 13 is illus trated graphically in figure 5 which has be en 
fash ior;¡.cd a f ter Watson and Irv!ng Q.Q, fig. 1). These curves should f•.; :::ther 
clarlfy the meaning of k. 

,. ~ 

In this section it was indicated how the resultant vector, R, is calcu~ 
~ated. Also, an approximate estimate for the measurP. cf disper.sion. k, 1~ 

provideJ. The relationsh{p between •• the angular deviation from thc mean 
orientat ion vector; P, the probability level for the h~mispherical normal 
distrihution¡ and k~ a rneasure of dispersion, is reviewed. 

-z 
Q 

~ '40 
0: 
t­
z 
w 
u 
z 
o 
u 
LL 
o 

30 ¡-

' 2 1 
o 20 ¡-
w 

Id 
(/) 

o 

fo r lt ~ 6 

cos ~ = 1 f t lo g6 ( 1- P) 

where 
and 

P= pe rcent of ob se rvat lons 
k= a mea sur e of disperslon 

about the mean 

l === ---= ! 
40 

..,,.....,n-=. '- ---L-.. 
20 60 80 

k 
roo 120 

FIGURE 5 •. - Semrongle of Conc of Concen:ration, '11°, os a Function of k (10), Curves 
represen! percent of observutions that foil within 1!' 0 of the me~; directior• •. 

H 



Confid~nce Interval for the Mean of a Hcmispherical 
--------No~·mal Di~ tri bu t ion 

In the section on "Definition of Clusters" it was shown how clusters that 
occur in the orientation deta are defined. In the last section, the techniques 
for cstLmatir.g thc mean value and measure of dispersion for the data that 
follNI the hemispherical normal distribution were reviewed. This section 
ndd,:ess•·s the problem of the confidence .interval for the mean. 

Si nce the me~n of e random sample rarely e qua] s the mean of the popula­
ticn · frow which thc s~mple is drawn, it is desirable to construct a con,fidcnce 
intt~rvé.ll aro11nd the sample mean, which gi.ves a measure of how close tite sample 
rr:'can :ls to the true population mean. For univariate data, the formulas for 
thc cc>~l í id ene e 1 imi ts, which de fine the botmdaries of the confi.dence interval, 
'.ir."!;) a;:éi i. L1b le for se ver<:. l parametric dis tri bu tions (Krumbein and Graybill, 5, 
~;"h.- ú, tah1e 6.7). ·The process of constructing confidence intervals around­
i:1i;' !il(·<'n of bivariate orientation data, however, becomes more compiex. 
Ft:::hi,·r (_~) dl-rives tht> fellotving formula for comput.ing the radius e (or the 
'-:::rtc:.;. .~i1gle) of the c.o!le of confidence for the mean of the' splterical normal 
J~st~ibn~i.on in tl1e case tvhe':e k ¿3: 

- l + ~-~1~ (l_P')l/(N-1) -1 1 
cos e iR! i , j 

ln equation l/.; N is thc 
length of the re511ltunt 
probab:i 1 ity leve 1.. 

numlJer of data points in the cluster, IR! is the 
vector as given in equation 3, and P is the 

(14) 

lt can be .s}wwn, by starting with the hemíspherical normal distribution 
and f"1.1owing F!..•.::.-r 's . .:.Jq_:urnents for the .spheric.al normal distribution, that 
t:quatil-rt 14 also '1,.:.d:.; fur the hemispherical normal distribution when k ¿6. 
TI.L· ap¡•l icHtlon of l;quar ion 14 to actual examples is shown in the next section. 

'fi,c- r<1C.:ius e CJf tl:e cone of confid.ence can be resolved to give the con­
ffd~:iH''.' !iu~its fur the dip (±~e) and the azimuth of dip (:!e~) by the follow­
lllg r• L,tl•H•S: 

and .sin éc = sin c/sin ~. for ~ >O. (15) 

() 

When the X:J test, described in the next section, shows the inapplicability 
of the h~..:rnispherical normal distribution, a cone of confidence for the popu­
lation rnedn will not be available. It may tilen be determined if the dips and 
aZiP.;•Jths of the fractures follow any Lnowrt JLstribution, and confidence ínter­
vals may oc' (;onstructed for the m<:ans of tht:se two variables separately. 
An allL·rnate approach, lf no k::own distríbulions can be fitted, would be te 
apply r.ltl: metl1ods to nonpararnetric statistics for ohtaining confidence 
intcrv:ds for tite population muli.1ns·, whi.ch é.lrc better measures of central 
tendency in thís case. 
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Ff.t of Observations to Arnold's Hemispherical Normal Distribution 

To compare the data in each cluster with the hemispherical non1al di.stri.·· 
bution glven in equation 7, the x3 gooduess-of-fit test, indicated by the 
followiug general formula, will be used: 

o 

(fo - f, )3 
-- fo (ló) 

where f
0 

and f
0 

are the observed and expected frequencies, respect ively • aud 
Nc is the tótal number of classes chosen. 

To complete the test, the value of x2 obtaiu~d in equation 16 b com·­
pan:d with the theoretical x2 value (.§_, table 4), which depends on the 
degrees of freedom (D.F.) for the case under examination. D.F. is given by 

(17) 

where NP = nurnber of unknown parameters to be estimated. In this case, each 
data po.i.nt i has only two parameters, w1 and a.1 , it~ apgular distance from. 
and its azimuthal angle about, the mean direction (~, 9), respectively. 

'Tllus, for the herulsphericnl normal distribution, NP = 2 and D.F. = Nc-3. 
Eql1ation 6 defines o/1 • The value of a

1 
is detennined by proceeding in the 

following rnanncr: 

Rota te the x-y plane (while keeping the z-axis fixed) such that the mean 
has o o azimuth. The transfonned coordina tes for point i are 

x' 
1 = XI cose + Yt sine 

.... .... 
and Yt' =-xt sine + Y1 cos 9 • 

Ncxt, rotate the pole to the mean; that is, rotate the z-x' plane through 
angle 6 wl1ile keeping ~· fixed. The new coordinates are gjven by 

.... .... 
x1' ' = x1' cos~ - z1 sin~ 

and z; = x; sin~ - z1 cos~. 

Tl,ic azinH~lhal angle, a¡. of observation i about the new mean direction 
(0 =O, o·= O) is then given by 

Regarding the choice!·of the numher of classes (N0 ) to be used in the 

(18) 

(19) 

u(2Q) 

X2 test, therc jg a wide divergcncp of opinion in the statistical literature. 
A lower limit o[ 16 I.s chosen hen~ for Nc, such that Na= N 1~ = 1,., where 
Nc = N~1 .Na., Ntlr = number of annul i or number of *-classes (fig. 6), and 
Na= number of sectors in each attiHilus. Keeping Na. constant, N,p is varied to 
a n1aximum value of 8 such that t!1L~ upper limit of N0 is 32. It is assumcd 



" 

'f. = Angular dlstance of the outer boundary of ths 1 ih • 
annulus from the pole P (thot is, the mean) =co5 1 [t· h (l·cos .r •• l] 

t'l~ 'rmo"' ~ a. "'Ranga of i tl!_ azimuthol division = 90", 1 S 1 54 1 

N..p = Number of !J;- annull required (4 5 N~ ~ 8) 

Nu Nunrber of az~rnutha1 divlsions =4 

N e = N u rn be r o 1 e 1 a $ ~ e s = N'+' - N a 

FIGURE 6, • Schcrne of Division of Cluster Data lnto Nc Closses. 

that Na ~ 4 provfrles an aJcquate rneasure of the azimuthal dispersion. For 
N~>'• iL is required that tire cxpectt!d frequency should be at least one in each 
of r ''• f..:JUr scctors of a] L ~-annuli, except the last. Note that the neglect 
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fn acco11nting for the theOi.·etical frequency in the last *-annulus will resul~ 
in .::1 sl iglltly increased sensitivity of the X2 test. 

Now 
ant~le ~~ 

(:) () 

equat lon 

the probability that a direction will be 
or more with the mean orientation vector 
12 for k ~6) as 

observed which makes an 
can be written (by using .. 

p ( W > W 
0 

) = e -k ( 1 -e o 11 ..¡, 
0 

) • 

For a given distribution, the expected frequency in any W-interval can be 
found by us ing equation 21. For exampie, in the interval [ ~1 , W

2 
J, 

f(*
1

,..¡,
2

) = N[e-~(1-cos t1 ) -e-k(l-cos $
2
)]. 

The expected freque~cy for each sector in this interval is then given by 

f = o 

(21) 

(22) 

(23) 

The obscrved frequency, f 0 , for each of the N
0 

classes is obtained by actual 
countins of the data points falling within the class limJ.ts. The process of 
comparing data in a cluster with the hemispherical normal distribution is 
carried out in the subroutine SECTOR (appendix A, fig. A-3). 

APPLICATION OF ANALYS IS TO EXAMPLES 

Based on the foregoing development, a given sample of orientations will 
be analyzed as follows: 

l. Joint sets or clusters are delineated by calculating densities in all 
of thc 100 equal-area patches (density of a patch equals the number of joint-~ 
normal !.ntersections plotting in it) covering che hemisphere and by collecting 
point~ in thuse adjacent patches which show densitiea exceeding the thrcshold 
densjty indic<~ted by the Poisson distribution test. 

2. Multiple clusters in the data are handled by an efficient computer 
progrom (for an csti.mate of thl..! computing time, see appendix A) which combines 
antipo<1al clustcrs (with near 90° dip). 

3. The mean value of attitudes is computed for each cluster, and the 
spatial distribution of points in a cl.!scer is shown in a level plot by 
¿onstnrcting a planar projection after rotating the sphere to bring the mean 
to tlw pule of the sphere. 

4. The datd in each cluster· are compared with Arnold's hemispherical 
normal disc rihutioll by applyin::~ th<2 chi-square test to the bivariate data 
polnt•.. For a ht.:·nlisph..:ri.cal n~Hl!!,d di.slributton, Fisher's theo;:-y is used 
:o cpn::;f ruct con~-l,lvnce irHcrv.t:; ~n·,)und t.he cluster mean which wi.1l contain 
the P•JfHddLiulr lllt~di\ with a givc·r·, lc~v<.:l of confidcnce. 



•o• -l' _, _ .- .,, ~'),--rr- pr·-s~~tcd in the previous sections is incorporated 
: 1 iC n~t~ noo u 1.. u~lu.!.. .:::; -..OJ - '-'- ~·' 

, _ t . -- r· '!l P'TC!I Hhich is lístcd in appendix B. Tl1e method can in t :t· co·.pu cr ¡~tLJl, tl•. ,.¡-,. ~ , • • 
lH' ;

1
,,;.1 :·~rl tn a::i .. l c].}ta origi.nating from the observat1on of the att1tudes of 

, ,,:';,, .. , 1. 
11

,., 1,.;(-rofractures, J'oints, faults, lineations, and crystal and 
• ) ' (, ~ . ' ' t) .• l ~ ~ ) '. ~ 

fold ;..,-,L·s. T~•c ¡-.,,: ential of the technique for analysis of axial data is 
il.lus~r.lted k1o·~ lJj npplying '.i.t to three examples; the results are summarized 
in ta:•le l. Iu thC':;e analyses the value P == 0.05 has been consistently used, 
corrc~~-l't':•.Jing to ,, level of confidence of 95 p~rcent. 

TA~LE 1. - Statistical analysis of clusters in orientation data 
from three examples by the compu cer program PATCl-1 o 

----.. ------------------------rf ::E_x_a-rr-.p-·l;-e--:-1-,-.----------r--------------

:A-axes of 
j glacial 
¡ tíll 

pcbbles1 

Example 2, 
e o al 

cleats 2 

Example 3, 
porphyry copper 

fractures 3 

1------~----~-----~-----r----~---
~}IIS_~:..~·-~_n.!:.'EJ.~er_~·. •. o., o, ¡ 1 

1 

1 1 2 1 2 3 
t~und_,,.¡- o! pu.incs in e 1"1:;-;ter·-'-.-.·-': ,,.---7-7----! 1 69 55 

1 
rlean .J<'.ilf1Uth of ~~ 

, - l " n 1 p ••.•.••• , ••• " .legrees .. ¡ 287Go5 
t-'!ean el i p ••.•• o ....... do .... 1 1.44 
i·k:;tsure .. of dispersion., .k .• ,1 17.23 
R:J:'ius (•f. co:-•C' of 

Ct·n f 1 ,:ence .. " ••.. degreE:s., 1 

C!1t-f-·'·.1
••• •:e valt1e ¡' "8 006 

-:·~ 'e:, t.r ,· r. e. • • • • • -' • 
'l''.·vo!-t·t it:<il chi-.,, u 

V:tll!•.'.-., • •• • •••••.••••• • .1 22.351 
P, ·,~¡·e,::: of freeclorJ ....••••• ¡ 13 
-'•ufi,!··t•('l: intl•¡\·.rls (for 1 

1¡, I!IÍ ~; /ll:l:" i cd::. nvrmal j 
distr; 1,11tion), C<·r,rees: ! 

A:-. : · ,, , :_ir o f e! 1'." · ... ! J .. o o .. Cl " o '!' "' .. t 
---'~í_!_):.. . . .. e- • ~ & • " .. • o • .. • • • 1) • • 1 
l 100 c.!•:>~·rvat i OII'>; Poi sson cutoff level 
;o 1 ] ') Cr: l ·:t." r \.' é 1 t i O n S ; !Joisson cutoff le ve J 
:J :?tf; (· ,'-,,.~rva tl nil!.>; Puisson cu toff levt::l 

¡ 24.69 118.84 
1 89,88 1 87.04 
. 108.96 70.93 
¡ 

1.65 ~ 

1 
1 8.435 24.288 
1 

122.351 22.351 

1 

13 13 

! 
1 ±1.65 

1 

-
' ±1.65 

' 
-

3.UOO percent. 
2.222 per~ent. 
2.098 percent. 

57 1 77 7 

248.62 348.25 120.31 
83.88 80.74 22.70 
23.08 1 22.37 215.39 

3.95 1 - ~ 

13.610 144. 71 9 '24 • 805 

22.351 32.663 22.351 
13 21 13 

1 = 1 : 

±3.98 
±3.95 _____ __¡___ 



Example l. --A-AxPs of Gladal Till Pebbles 

The orientations of the A-axes of glacial till pebbles were measl' ··ed by 
Krumbein (!!.) and have been listed by Arnold Q). Krumbein analyzed ti•e 
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100 observations by treating them as univariates of either the azimutl1 or the 
dip and defined a single preferred ori.entation for this dat:a with a ,mean 
azimuth of 268.5° anda mean dip of 24". The data are listed in tabJ.e 2, 
and the polar equal area projection of this data ls shown in figure 7. 

TABLE ?. - A - A~ES O~ G~A~t~L T]Ll 
PEARLESo ~~UM~F.IN 1~1. 

8 
32 
bl 
S lo 

'12 
tn~ 

· 1 z~ 
\5~ 

302 
321 
2'15 
2tJ7 
25! 
2J¿ 
343 

b8 
33 
?! 
7() 

8 
20 
44 

S 
n 

q 

:H 
b 
'i 

3:J 
30 

A D 

11 42 
)4 12 
hb l 
~5 2b 
'l4 Jlj 

ll O JS 
\]2 .. , 
175 L 
J'lq ln 
216 S 
300 40 
271 21) 
?.<;] /~ 

~33 18 
34.. ~d 

A= AZIMUTH OF DIP 
U= DIP 

A D 

12 2?. 
35 e; 
13 17 
B!i 1 R 
e¡~ 21 

11:? 1q 
137 41 
1 7q 4?. 
311 2f> 
27R 1 R 
262 se 
~ 11 11 
25 "4 7. 
23] b 

A O 

21l 7';1 

3!3 1"1 
7~ 21 
86 , 
96 ., 

1 l 4 e¡ 

13" ¡e; 
182 J~ 

311 11 
:»A i? 11 
i?l·) 1? 

. 242 bO 
?.5 b \ q 
23~ 1 q 

A 1) 

?"1 ?.~ 
3'1 1 
Atl ;>~ 

A"' \ & 
l !"11 lo 
\15 i'O 
1"-1 ~1 
lRi' 35 
311 e; 
C'CI? il2 
?h4 1 q 
24"1 11 
2?4 33 
23il 10 

A 0 

?& 12' 
48 ?A 
>14 1 S 
¡¡q lq 

103 ~5 
l:?i' 3l'> 
141 21 
?O& 8 
315 40 
?Q3 lO 
?"'4 A 
24~ 2A 
?31 3!1 
3?& Z3 

A 0 

12 S!3 
.,q lA 
R4 A 

RQ " 
\ñ'S 80 
121'· ?1'1 
1<;5 i'1 
2?2 ? 
3}7 20 
?Q3 S 
?tl-4 ?~ 
ii4Q l'l 
?3\ ¡1 

~12 o 

The analys is of these observations by the program PATCH de.fi~ed only one 
clustl'r (cluster 1), which encompasses a majar portian of the data. Howevcr, 
the X::? val•1e [or thi.s cluster (table 1) indicatés that the distribution does 
not follow th,, llemisphcrical normal di.stribution. The asymmetric fonn of 
this l~i:.tribur:io!J is illustrated in figure 8, which shows the level plots of 
concür.Lraci_on:: around the cluster mean. The output from PATCH will still 
sh:-J'..J valu.-;s of L:¡,; lnf:asure of dispersion, k, and the radius of the cone of 
con~ido._:nc•:, e, LuL these (:l,.¡o values are not accl'pted because the distribu­
t.i-~m .tppai-L:ntly d(>c,~ not follow Arnold's hemi.spherical normal distribution. 
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FIGURE 8. • Level Plot of Cluster 1 of A-Axes of Glacial Ti!l Pebblcs. Diagrom boundory 
is 'l';~ox from the e luster mean (thot is, the pole). 
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_Exa~_rle 2.--Co<Jl Cleat Orientations 

Jeran and Masl1ey (}) collected and analyze¿ 135 observations of coal 
r:J¡:,,t. attl.t11,:c-s; tht:!>e observations are lisred in table 3. The equal-area 
pr •• _:.:c t i.on oi c-\a:se axes is shm·m i.n fi.gure Y which illustrates two joint 
s¡•t.•, ,_¡, t.he cat<:. The <1nalysis by !'A'!'Cil defines the two joint sets as 
cl•1· ters l and 2. The data in cluster 1 follow the hemispherical normal 
dic,~_,ibution, whereas cluster 2 fails the Xz test (table 1). Since the 
e 1 "'' ~ .~rs ;:re very comrilc t and their mean dips ·are nearly vertical, the 
vJ s·1.1l est.:.n:ates of their mean orientat_ions 8 by Jeran and Mashey (]) agree 
(],.,,,•1y wLth the cmnputations by PATCH. Level plots for the two clusters 
dt• •;hown l.n figllres 10 and 11, and the output of PATCH for this example 
1 ,, : i »ted In npJH~nc!ix C. 
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FIGURE 11. • Level Plot of Cluster 2 of Coal Cleot Dato. Oiogrom boundary is 'V~ox 
rrom the cluslcr mean (that is, the pele) .. 

Exm~e 3. --Porphyry Copper Fracture Attitudes 
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The third example analyzcd involves 286 fracture orientations (table 4) 
which wcre collectt=cl from th1~ walls of two mutually perpendicular drifts on 
the 2015 level in the San H.l!lt~t·l copper mine, Arizona. The polar equal-area 
proj.:~·tlon of thcsc orlent:ltii'••·; (fi.g. 12) fails to produce a distinct picture 
of th•:! spread of the data ¡;v:11é-,. llowever, when the cluster analysis tech­
nl.quL! i:; <~pplic•l, a strong ~.,~ ;i ~ i~ pro•1i.dcd (table 1) for defining a majar 
orth•'t>mal joint system in t!,,_. :oir,~. Cluster 1 is found to conform to the 
hl•llliS~lheric.Jl nOnH:ll di.strihlltÍnli, wherv.lS clusters 2 and) fai} the X3 test. 
The ll·v.:l plots for the thr.:.: clustt:t'S are' depicted in figures 13-15. 
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FIGURE 12. -Polar Equol Arca Projection of Porphyry Copper Fractures in Panel 22, levef 
2015, Son Munuel Mine, Arizonu. 

SUMJ.IARY 

E 

In this approach of analye:: ing odc.mtation data, the surface of the uppe¡­
h~misphcre is JividcJ into lOO cqual-arca patches, and the points (interscc­
tinns o[ jolnt nonn¡¡,Js ;.;ith rhe hL·1nisphcre) falling within aach patch are 



26 

N 

E 

(~ . 

\. 1/-'1!>0~ ~31.91~ --""' 
· ~~ Contour intervol= lpercenl 

Numbar of observollons ~57 S " 
~:!CURE 13.- Leve! Plot of Cluster of Porphyry Copper Fractures, Son Manuel Mine, ArizomL 

D10grorn bou:tdmy 1S 'V~ax Írom thc e lustcr mean (that is, the polé). 

t:"c~nted. The dLstrihut~on of the data points is then obtalned in temlS of 
sl.~nlficant concentrntions, or clustcrs, whose mean attitudes are computad. 
i·. COt!lput~r prof."•,ram Ül c.:oded to treat multi¡:¡le cluste!"s ·in the sarnple and to 
~·om!Jine ant!podai clusters (with n<~.t·r 90° mea'n dip) ~nto.single clusters, 

In us i nr, t~1e Poisson d is tribution for obtaining s ignificant concent:::ations 
of data poin~s, a probnbí1ity lt:vel of P == 0.05 tvas used. The use of a sll.ght!y 
diff<'nonc prol,abilLty 2evel II!<J)', \-¡ol,'l!V~;r, result in defining s¡lghtly different 
clustet·s becat1se of the "di.sL·r,_:u!·" nRture of the Poisson distrihution. 
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Contour intervol = 1 percent 

FIGURE 14.- Leve! Plot of Cluster 2 of Porphyry Copper Fractures, San Manuel Mine, Arizona. 
Diogram boundary is '!'~10 x from thc e luster rrean (thot is, the pole). 

Clusters· of data points are compared with the hemispherical nonnal dis­
tributf.on by appl:;ing the chi-square test wherein both the dlp and the azimuth 
of an observation are consl.dered simulL'1neously. Note that the hemispherical 
nonnal distrib11tion offcrs the 1aost r•~asonable possibility for a comparison 
with orientallon data, particularly because of lts similarity to the widely 
ust>cl unlvari.ate normal Jütrl.hutiou. Other distributlons could, however, 
be ttS•"'d for compJrati.ve pur:)us.~;;. 
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FIGURE !5.- Leve! Ploi of Cluster 3 of Porphyry Ccpper· Fractures, San Manuel Mine,Arizona. 
, Diol)rom buundary is 1P~ 1ax fro:n the cluster mean {that is, th~ P?le) •.. 

- ' ~ . . . ', ) . ... 

F .. )r elata in a cluster fo!Jm-;ing ~he hemispherical normal distribution, 
a confidl·~•ce int!>rwd (around~ the S.JIIlJ)le mean) is assigned such that for a· 
given ]¡·v,··] uf Ct>llfidence, the (><•pulatiun :O('Llfl wi11 not fall OUtside this 
i11terv.J 1 • T.f s!J,,,Jlcl·be possiblL~ for tllL' ellgineer·to project· these conftdence 
;,llL·rv:tts lll[O cunfidence l.ntl:•rvals around the results of the structural 
;lll.:J1Y:..• 



The method of analysis can be applied for detennining the mean orienta­
tions of planar geologic discontinuities, lineations, and crystal and fold 
ax~s. The 'potential of the technique is illustrated by applying it to 
thr~::e scts of field data. 

o 
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The computer program PATCH perfonns an efficient analysis of. orientatic11 
data. The saving in computation time (as compared with sorne existing programa) 
is a function of the total number uf observations and incrcases rapidly with 
the inct·ease in this nwnber. The output from PATCH includes a polar plot of 
point ~oncentrations for a cluster while considering the cluster mean to be 
sttu<lted at th<~ pole, Thcse plots illur.trate more clos;dy the spatial di.s­
trihution of points in a cluatcr than do the usual projections of thc entire 
SU!'l¡J J t.!. 

" 
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APPENDIX A.- -COMPL.ITER FORMULATION AND INPUT INSTRUCTIONS 

Tlie progr.::.m PATCH is written in Fortran IV. The flow charts for the main 
progrdm and subroutines are given in figures A-1, A-2, and A-3 at the end of 
th is appendix. 

PATCH provides a more sophisticated analysis of directional data Hith a 
substantir,l saving of time (as compared .with sorne existing programs) fo1· 
pro~)lems involving· large sample size. The tabulation below compares computer 
time: used by 11ATCH and SNAP (3) 1 for problems involving 135 and 951 observa­
tio'i~. These problems were r~n on a CDC 64002 computer for the purpose of 
this comparison. 

Program 

S NA l") .. • o e e ~ • • o • • u e '41 • o ~ o "' .:> e o 

S!~!'\ p o;. Q .. ll! • " ••• u ('- • D • $' $ ••• e¡, •• 

I::::A 'f(~II ... o ., • ., ........... o ••• · •• 

Number of 
da~oints 

135 
135 
951 
951. 

Time, sec 

28 
29 

142 
54 

Sorts data into patches and computes dcnsity of each patch. Calls 
Sl'f{P.'\C and l'OLARC subroutines (;!) to plot data .and patch densities. Defines 
clubters and calls KLUSTR to perform statistical analysis. 

CLUP 

Deter:uínec; if a c1u.:;ter containing patches in band J, l:5:J;5;8, contnins 
patches in lli1nd J + l. 

PCTPLT 

Plots LEV}:I .. (J) or FLEVEL (J) at the projected rnj_dpoint of patch Jo 

SORTA 

Sorts data into patches. 

KLUSTR 

Computes the resultant, R, and the precision, K, of each cluster and 
ca11s SF:CTOR if K>6. 

Combines antipodal clusters. 

-·-----------,---
1 Underlined nurnbers in parenlheses refer to ite.ms in the list of ref.er-ence~;:-··a 
2 1<efcrence to specific ~..:q•Ji.prr.ent is made to facilitate understandiug and 

coes not imply endor~,c:nent by the Bureau of Mines. 
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SPRPAG 

Calculates page coordinates (IX, IY) of each observation. 

POLARC 

Prints "*" at the center and at every 10° interwll around the boundary 
of thc output graph. Places N, E, S, W at 0°, 90°, 180°, 270", re~pectively, 

aml prints assc!llbled page. 

SORT 

Arranges poínts in increasing order of dip or azímuth. 

Input lnstructions 

The program requires the following data.cards: 

l. Hcader Card 

2. NOBS Card 

3. Observation Cards 

4. ABCDEF CarJ 

Header Card 

Contai:1s a suitable heading for the output punched in 12A6 format. 

NOBS Card 

The total \lllmber of observations is punched in !5 format. 

Observation Cards 

The oh:>L'r·vt!U attitudes are punched (eight observations per card) in 
16F'¡,(I form.ll, t:he azintuth of dip preceding the dip (both quantities being 
i n d, · t'· re e!;; ) • 

ABCDEF Card 

Indi.catc~ end of data. Any number of cases can be run, but this card 
mu~;t be Llll' last card of the last case. 



Glosr.ary of Frequent]y Used Variables 

DIP. o •••• o •••• ~......... Dip of observation. 

AZ., ••••• , o •••••••••• o. o Azimuth of observation. 

NOB3 .•.•..•. o••• •••••••• Numher of obs~rvations. 

SL, SM, SNo•••·········· Direction cosines of observation. 

LPAGE ..••.••••••••••• ••o Page array, stores output from POLARC and SPRPAG. 

Lf-:1/EL .•••.•• o o.......... Density of patches. 

!JANG •.••• o ••••••••• ~... • Dip ang1es of band boundaries. 

rrmo ...••..• o .. ,, ... e..... Number of patches in each band. 

LPi•.'l'Cll ••• e ••• ,........... Number of observations in each patch. 

CtUSTER (KJ, lJ). . . . • • . . • • Patches (KJ) in cluster IJ. 

1 PTH (J) . . • . . • . . . . • . • • • • • Cluster ln which pa tch J lies (i f any). 

CUl, \.U2 ..•..••...•••••• Azimuth and dip of ohservation lying in a cluster. 

J>CT ••.••••• o •• :......... Poisson random cutoff level. 

SFKEQ .•..• o ...... o...... Actual sector frequency. 

TFREQ ..• ,............... Theoretical sector frequency. 

KBAND(J), o •• •........... Band in which patch J lies. 



r 
! 
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1 

lnltiOIIZe -, 
c~~stan!~. 1 

L.. variables j 

·i 
t"\ h~~~~~ cord__j 

Yes r-;:::~ 
--~~~ 

FIGURE A-1.- PA TCH Main Program F!ow Chort. 
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APPENDIX B.--PROG~~ LISTING 

¡.>~Q()RAM PA TCM C! "'II"'U! v UUTPUT; f.APES:t I·~P~T o! APEéJo~U lPUTl 

c~oo~o PATC~ A~ALYZES FRACTvRE ORIENT~TlON QAT~ ~~ ~E~INt~~ CbU~!ER~ O~ 
C THt HE~ISP~ERE 

C O M~~ 0 N le, L 1\ 1 A l 1 1 0 O ú ) v 0 1 P ( 1 0 Q O ). ~ C U l 1 91) O l o C U?. 1 9 O 0 1. o S L. ( l 0 0 0 ) ' 
1 S~11lOOO!eSt-4!l0001 ot<8ANO<l0Q) oNBolBNDI~I u0A'~GllUl ~L.F~!CH<l00) w 
~ LEIJELil1Hl) oiP~HilOQ) oCLUSTRISI'I•lOI ob.f,JAGEill!l!73l oNX~~VoNVI"l¡Qo 
J ~AMIOoPloD~GHAJoRAOEG,Q9ooxPINCHeYPINCHo~A~I~S~PCTs~~0MoK~o!~o 
4 IJPR~P,ToKUUt~QACUNVtVCO~V,IKePOSilOol 
UIMENS!O~ HEQI121 
F~ H. G E R C L U S T R _ • 
kEA~ KA~Go~l~NGv~EVEL. 

c~oG~~ 84~0 04T~ 

e 
. UATA IB~Uil~~lbtl5el~il3tlOv8o5o1/oK~AND/l8QlDl~o2gl~~l'14•~~~3~5o 
l 10"'&•13~7~5"~~1"'-i/vt..PLUS/lH<>/tlf-lLANFUlN lot.:::iT~/lH~/o0ANG/9J,Q~79.,~ 
2 ~70ol•~~.7;50o9t4~·5P]0o7Pi9oQ~8olo-l•O/,~~/~/PPI/3~i415~2~5/ 

UATG POS/]oP2o03•t4ooSo~6ut7oo8 0 o9orlnePllc012o01Jotl••Pl5°~l6oo 
l l7o)l8o•l•~~.vJo~~·•5•o6et1•tAoo9otl0;6lloÓl2;Vl3;0¡~;olS;ol6eo 
2 l•~2••3oo4•c5cobg•7•o8otqool0o'll~Ol2~013~Vl4~~1S~o~!;2ooJoo4a 0 
3 5•v6•o~ 0 oB•o9•tlQ•Plle•l2•tl3ool4ool.~2ao3oo4c"<SeU~•07oo8•~9oQ 
4 10•lll•ol2!9lj!tl:t2o;3o~¡.,5oe&•;7oeH•;9~;10!9l~~2~;Joe4~05•D 
:i bo,7collool••<'••3o~4·•Sotlor)l 

G(G,U .. [Jcc¡¡l8!lo 
r.: .. OE.·3"' 1. n;D[QHAU 
A~II\C'1"l0e 

Y P: "'C "1·.:;"'."" 
l.o'J(Jt.oC'JCo 
1-(.,j_QlLJ:,.,ts.n 
'~ T ::n~ :. ;J l v S o X P I "4 C 'i ~ O e 5 
1\ .~ .lO: t: f¡J :·. r o 1 
~T~~tC!vSGVP!NC~·o~S 

'" v "2"' ''~ ro l 
1\í V M ! D o N 'Y 1 (H l 
'")..M I f):: "-! t. 1 ~ o 1 
(~/(~1~ 01 ZII\)(UJL)~l 
r. ~ rJ. l Q 1 " "- Y"' I U- 1 
A C I..J" tH.I 9 ,, 1 "-.;X M [ 0 l 

ACO~v=lo~/l!.C0"-4 
vcOr...:::Y90/\JYM!Ol 
VCU,.,Vt~l o."'/YCQII,¡ 

8000 ~f~üC5•33~JI MEU 
3333 ~o~~ATCl~abl 

1 F 1 t-!ED 1 ll • EQ • tJnAooiCO€.~ 1 S TQP 
"'EAOC5t1't'HI t~l.)dSo !Al 1 ll o:JIPCII Pt:qoNúBSI 

3 3 3 4 F O¡;¡,., A T 1 ! ~./ ! 1 6 F' 5 o u l 1 

LJO bl){l 1) .J~· 1 e e, o 
"'somJ"'S~t 
lPT,..!Jlon 
J,PT,..,I.JSO!~'~O 

ro óC\00 o<ml ql) 
C.L.USTPC.Jo"<lm" 

bCOO COIIl'T INU!!: 



Fl',i=FLOATCNQH5l 

Am~~~o·~·~n~¡· __ ~-----------------------------------------------------li-F-4-c.;: t. X P ( - <\ 1 

~i.JI1=E>' AC 
1-AC=l•O 
L..O 137t> ""1 olfiClO 
FII'JozN 

t-t.Cui=".lC••ó/Fl'J 
P.~Utl::EFAC~F'AC 

!:1 u 11 "' S <..' "i • l::l e() 0 
TE~ f=l•lJ-'LJM 

iF<TEST-~.OSI 815oU7b~8r6 
s1~ CvNT rr•ur:· 
875 1--CT=F!NIF"fl.• 

cQoeoo ~o~r DATA !Niu ~AfCrlES 
CALL SO~TAC~OHS~~L~UIPoLPATC~l 

i..~'vt.L! 11 r::r:-L{JA 'i" (L.PATCi-i ( lll/FN 
llu B7ó" KL'K.:-'tlOO 

i..E~~LIKU~J=lLOAT!LPATCHIK~K~·Lc~rCH!KuK-ll)/FN 876~ C~~T!NUE . 
•·¡.;cT:.q0D .oPCT 

"' ~¡ : r E e o , 1 -.. a 1 1 ~1 t: o o r: P e r , N o a s 
1681 t-UHM~Tr¡H1 ~JQXtl2A6//JXt25hP~JSSON RA~DOM CUT•OF~ I5oF7oJol~g 

! 7HPE~CE~TtlHXPllh~EVEL A~RAY/1Xo9HTHEH~ AR~ol5o¡~o2i~PUINTs IN T~ 
?.E. 5AMPLF.Il • - .•. -
~u J6RJ J49=Jo50 
..J50"'~'"9•:::, 

J 6 ;.¡ 3 r- i-l 1 ,., T J '" .. :l , J 4 9 • L E •! f L C ..1 4 9 l • ..1 S O • L E V E L. 1 J S O l 
r •) ~-< ·• A r < L; .::. x , ? < 1 3 , ~ 9. s, 2 x 1 > 

._; u 2 11 9 ~<: L "' 1 '· 7 J 

20Q 

200 

U rJ ;' 0 Q .J l :: 1 o 1 2 1 
~PAuE IJL,~Ll~L~i..~N~ 
u o ;: ., o .J:o, , r·HB::• 
CALL. SP;:;·¡;.:.~·!IAdl'oOIP(J) oAZ(..Jl l 
~o.Y e, -. E : I l , r Y' l :.: l P ~ ~ :i 

_____________ ,.k-I-;-E-1-b-,-;;17-í 

212 FI]P,'-'¡;.T: \~-<1 •~"lXt .. Otü:.UUAL AHEA PRú.JECTLON OF UB?E~VATI~~~ TO~ 
l :,iJA,Jt>,..:_¡D;,J(.~ h~I·II::~PMERE/1/) 
e .~ t.. L D o L f¡ Q e 
, rl I rE 1 t> , " r nO l 1-1 u t1 S 

40CO F'CJf
1

'1,'1TC//J36.0:,9HfHt,I~E AREo!s•lXo?7H08SS~VAT.l~N!) !•~ T!:~ ~AM~LEol L':.L~ PC1PLTILEiltLJ-
¡.. ¡..¡; ,-., T ;> 1 "3 

2l3 ~O~~~T,1~1 o6lA•lOHLfVEL PLOTtl//1 
L '" ~ L. P !'} L .l P C 
~~¡~; Yt::~ .... noll 

4 0 O 1 ~ U w· _. T r 1 -;.<.A r 7 ~ ri ! H r: U P PE R '"'E "1 I ~>~.'"'E~ E l S 1) ! VI I:J E!:> 1 ~J! O ~ 0 O P A T CHE S O F' 

1 E .... .. ! c. L .:. "'• .. ! r r1 r:. u e: ·., s r n 1 4 3 x • t. 1, h o F E A en P A r ~ 1-i 1 ~ P H 1 !~ I E o A! r;.; E P R 
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l F" i '-; • F. G • 1 () ') 1 (, lJ Tú 1 0 1 
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¡QCli..=lPT.- cK2l 
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l !JI Cil1...L Cú·~td•~l ¡¡;¡Tr1(Nól) J 
F II ·"~';. Q¡ GO !O 3o98 
1 l ::. I "1 
I c.¡R~·,PO 5 e"-¡ 
(llLl.. Cl..LPt¡t[(,lk.;)9lll 

F<...Jl"'I(..J-1 
UÜ 7() !PP::r} ,o<Jl 
"'2=CLUS:wciDPo!~l 
lt:lCtKtiAr-..1) ( K2 J 

lFCI13C .F~• 81 uU TU 3698 
l8Cl:oit3C•1 
lWt-<C::~PO<ict<2l 
CALL CLLD(lbCoiW~CtiBCll 
1'-...Jl;;;I<...J~¡ 

70 CONTINU~ 
~1...J=Kj 

uO lO 1n1 



).-,;)11 IF'IL.EVEi..llQOl •'-T• PCT) GC TO 101 
I~!IPT~!tnol oÑc~ Ol GO TQ ~000 
Clus·rR (I'(.J• I.Jl =lOO 
lPf,..,(lQr¡)siJ 
~·..J"'~)·l 

~.Pr<.j 

Gü ro 1n1 
o 

C¡¡QQO J. ~- ! l ;:> T H 1 l n O l o N E. o I ..; 1 GO ro 3697 
GO lO 101 
CALl CO~~tNitPT~(lOOll 
"1 J =" J 

lCl CCNIINUE 

uO 1:3762 ~c:mpQ 

.;.:K•CJ 
!..J.:If.JTHI,Jl 
F!IPTH(Kl oEO~ 

lFIIPTN!~•l oi~E· 
a 7 6 2 e 0 ~~ ·; ; u uF 

C.).LL K.LuSTH 
GUro ;l·inn 
t. r~u 

o ! 1) ~ e I p T H ( J l o F a • I p T H ( 1() ) G o T u a ? ~ 2 
01 CAL!~ CCM;:¡JN!Ij.)fl'i(K)l 

45 



--- -- ------

·.:. 

4f. 

cQu~~o PEkFOR~ STATI~!ICA~ CA~C~~ATIONS FO~ EACH C~~S!E~ 

lNTEGER CLUSTR 
Cli"1."1QN IBLK/4ZilOOOl e0IPI1000I oCUl 19001 tCUzl900l. vSI..I~OOOl o 

l S~~ ! l O O O J , S N 1 1 O O V 1 o K l:t A NO ( 1 O O 1 e 1'11 B ti l:i N O ! 9 l ' O A~ G 11 O 1 t L.~~ T C ti 1 1 0 () ) o 
? L t: V E L. ! 1 1"1" 1 v I P! rl 1 1 O O 1 o CL U S TR 1 S O o 1 O l o L. P .4. GE ( ¡21 ! 7 3 l t NJI ~~~o N Y MI 0 o 
3 NXM1D,P!e~EGHAUtRAD~boQ9o•X~INC~vYPI~CHeRAUIUStPCTo~COMeK~viJo 
~ IJ~R,P,TtK0UoR;XCONVoVCONV 1 XK,·PoSilOOI - • 

JIMtNSION KPATC~IlOOloFL.EVELilOOI 
LJATA LPLUI:./ll-1•/ 
WATA PLS~S/2~•-1 
DATA BLA'\11<./l~ 1 

~ül.!I~T•'l 

lJO '12 JSo1qtlO 
1FICLU5TQtpJSI •Ewo Ol úO TC 92 
.JR=l 
.!:>XL"'() o 

S .K r~ r.: o o 

~XN~(jo 

CL=Oo05 
rU.)l,• ~ o 
JO 67'7 TKn}tlOO 
!F(CLl.!STPtii\oJSI oEOo 01 00 TO 678 
No:CLL'ST~ ( rKo,JSI 
i'q;;t..PATC-4rNl 
lFtN uEGo ¡J t<Sa¡ 
!F(N oGT. l oA1'40! L.PATCrd~·jl oEQo Ql KS=l 
lF(I\¡ oGTo 1 oAN;J! L.PATCHI~-11 eNE• ol r<S=~PATCHIN""ll<l>l. 
üO 26 :yp:KSeNl 
t\OU"' t\OU • 1 
Cl.ll !J'<l"'ll.Z!liJ) 
CW21.Ji-l)a:JTPIJI11 
lA~L SP~~nGIIXulYoCU21JR)eCUllJR)l 
~P~G~Itx.yY)aLPLUS 
.Ji-<;:..;i:;•l 

26 CV''T! 1JJE 
6 7 7 L Li i' _¡· ~ '1 U ¿ 
6 7 R C O;,_¡ T J ~·.u!:: 

J!P.O.J ·L.F"• 21 \JO Tú 93 
; ~ 1 r', L ,_. ~ T • ~u • 1 , G o T o 4 o 1') 3 
,.:J¡·:. t.r-,•9~",·11 I<IJur..T 

907 f=O•'"·•::¡ .... \el/•30!1.tl41'1CL.USTE~ fiiUMBERolSl 
K '..J u·.; r :-:: !'i. o l/ r -1 r ~ 1 
..,Q TQ 4n 

~tOO) ff"'li:;:tt,,4"021 
4002 FG~MATfJ~l•~iX•J2~~TAT%ST!CAL AN4LYS15 UF CLU~T~R~/1 

1 /13·)·'-•l~,..CL.USft.l't ·~UMoE~ tl 
r-.I)U!d::>I\Ql)r.JT•t -

GO TQ 41'\ 

'1J L,O '-/¡.. JG!¡o73 
úO (;¡, Kcltl2l 

94 LPAGEIKoj):8~AN~ 
010 ro 02 



e 
e 
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4 0 }. K U U : K 0 lJ 
,:¡ i-< I ·~ T ,. 

4 Fü~~AT!l~X 9 ~~NUMo5Át9HAZI~UT~ •llH!NC~lNAT!UNe5Xol~~tlQA~~HMotnX~ 
llMN/) 

!F'ICU2(JJ oi..T• t;Q.l GO TO 1600 
J'(;QU]:a><OLJ-l 
l)l::Í'-"1')• 
UO 9949 Jul~KOUl 
FJ=Ci..!l !..Jl 
..Jl=J•l 
00 ~9q9 ~~Jlo~OU 
¡;Kll:l;":'Jl (K) 

FMAX:::,\"1.l!(l ¡FjpFKll 
F- 1~! 1~ a:. MI N 1 ( F J P F K 11 
AOl5;;:,:.~1J"-11 1 (¡:oMAA-FMINI e (3~0 •"'F'"''AX+FM!I\411 

¡FIU!S oLT. ADI!:tl DI:i=ADIS 
9999 corn rr~uE 

lFiu:~ ·LE'• ¡so.l GO ro lnoo 
Qq<Ja ~At.i... SO>< T 1 1' l d<U~l 

u I S :;;; A r-1 I "' 1 1 C U 1 1 K U '.J l - C L' 1 ( 1 l o 3 6 O o - C U 1 1 K O U l ~ C U 1 1 1 ) 1 
lF(DlS • A5!l ltit400l -

1 ,.:~Cul!!l•qo· 

bc.:.•teo. 
¡sT¿::ao 
..Jf.d'"l 
.:JO ll Jm¡,~<;UU 
lFIJ oGT. ¡l JIJ:O.J-1 
J.;:"ICUliJl ... ;r. A !ANO~ CUliJGll oLE• Al IST1 8 Jid 
IF ICul 1_¡ .:;r. tJ ~t,"'ID• CUl (J{;J oLEo 8¡ IS!22lJ-
lFII5'·;: ."-<C:-• Ql úú TO 12 

11 CO~•' l i<·.:~ 
12 UO <; J"1oiST, 

CU2tJl=i~~.~~U21..JI 
p: teu¡ · J: .GT• lbQe 1 GO TO qQQI) 
Llll (._~: ~:.;, (.Jl•lbOo 
u O T O ':i 

A r; i) o e u 1 l ..; ' :.:: -: .j , r ..; , - 1 b o • 
S c.ur<T !'•--·• 

00 ') ~·=;':,f2•l<OU 
C.u2 1 Jl::: 1 »0 .-cu2 !JI 
If-"!CU;I..;) .~.:r, l8Qol GO TQ A001 
CU1 (Jl=CIJ1 !Jl•ltjQ, 

130 TO 6 
a o o 1 e u 1 1 J , -,e LJ 1 ! J 1 • 1 b o • 

b e o'" r r ~.u E 
G·J ro Jl'\nn 

4QC1 !'.)Tl:.oO 
i.::tCUl (11+'10• 
.J Gl :q 
0'..! 4 O O 0 ,1•:1} • 1<:\.lU 
i~(J oGT. ¡l JÜDJ-1 
1 ~, t e u 1 1 J , • u r • .¡ • ..1 N o • e: u 1 1 J ~ 1 • LE • A 1 I s r 1 u J 
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1 F 1 I S T 1 • '!E • O t GO TO 9 
4000 CONTI~UE 

9 00 13 JaJSTleKO~ 
cuz«Jl=t~~.-cuzc~, 
1 r: 1 C U 1 r J 1 • L T • 1 8 O • J GO T O ~O O? 
CIJliJI at&J\ (JJ •180e 
GO ro 13 

8002 ClJl !Jl =CU' C~l•ltsOe 
13 (;QNrtNUE' 

C COMPUTE oyRECTIVN CUSINES F"Uk EACH OBSE~VATlO~ 

e 

1000 UO 1~01 J•l•~OU 
UP=CU21JI~oEGRAU 
~T=CUliJI~D~GRAO 
~LIJI=SI~rO~I•COScATI 
~MIJl~SlNIOPI•~INCATl 
~,_,. I,JI~~<COS tQPI 
~ALmSJI.L•SLIJI 
:i"M=S.\M•SNI(J) 
~J(1'4:SXN•SNIJI 
~ R 1 TE 1 6, 3 1 Jo CU 1 ( J 1 t CUl 1 J 1 , SI.. 1 J l , S~ e J 1 t SN e J l 

3 
1001 

:37 
38 
~o,J 

1.4 
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7000 

7093 

FO~MATI~oxolBoF12e2oF"llo2,Jr:l1•41 
CONTJI\lUE' 

CALCULATE STATJ~TICAL PARAMfTERS 

P~I~T 3~ 1 SAL•?~M,)AN 
FORMATI~JXtb~Tv!ALS•22X•JF"l1•41 
kSY = S~L•SAL • ~J(M•SAM • SX~•SXN 
k :z SQRT¡QSf.ll 
¡.¡RINT 44t KOU 
FO~MATI/3~X•lOHNUMgER OBSti~I 
t-~RII~T 4c;, R 
CUHMAT(/J,XtJHH 0 tFlOoll 
lFISX~ •f.O• no .oH. SXL eEQ• Ool GO !O 9393 
l=ATAN?ISX~eSALl 0 RAOEG 
úO lO 91q4 
!FI!:>XL .fr., llel Ta~Oe 0 l2••SX~/ABSCSXM)l. 
1F(5XM oEO• ~.1 f••IS~L/ABS!SXLl•\•1*90• 
CONTINUE 
lF' IT.LT.n.Ol TaT •JbOo 
P•ACOS ISXN/~l~~AOEG 
!FIAKOU eFYe Rl ~0 lO 7000 
AK:AI(0U/IXK0u·~J 
bO TO 70Q:- . 
CU~TINUf 

~=O o O 
,t,l(a:'sl999999.999 
bO ro 7oqA 
CUNTINUf 
COSA= l• • 1¡,/A~I 0 1le/ CLOolle/CXKOU•l!l) • lol 
AGACOS cr.nSAI 0 QaOEG 
1-'l::P 
l¡aT 
lFir •GT. 90el üU TO 1002 

o 



~o ro 1"",. 
HOZ ~l=lBOo•P 

TI=T-lan. 
1j:'(T} ol.To Ool Tl=fl•360• 

1 Cl O 3 C O•'l T I "'U~ 
lFIAI< •LTo bol uO TO 5003 
~~ITEI6o4Al Tlo~ltAKoA e 

4d ~U~MATI/2~Xt26H~~~ C~USTE~ sTAT!STIC~ 900 //tJOAt 
1 lO~T, ALI~UT~tl7XtF7o2elXo)M0EG/eJoXo 
2 l4HPo INCLl~AT!~~•l3XoF7 0 2elleJ~OEG/t30At 
3 12HKe ~~ECI~lÚ~'lSXoF7o21•3~Xo 
~ 27~Ao QAOJU~ UF C~~E OF cUNFinoF7o2tlXtJMO~G/J 

C ~OM~uTE r~~FJOE~CE LIMITS FO" AZJMUTH ANO QlP 

sono lFtPloAI =olO•~ull•S012 
SOlv ATV~-J=3b0o 

uO TO S!!J'll 
5"11 ~TII 11 =lqljo 

bO ·ro so~" 
5012 ;:.uu:..oOEC!~AD 

PQ:~P)4t0EG.:!AD 
'"'20C9Qool)fGRAu 
~TV~=ASI~ !SINIAUJ 0 ~INCP201/SINIP0ll 0RA0EG 

501'3 í.J~I/H:A 
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~~ITE16o~n~91 ~~~MSoOPVRePLS~S,ATV~ 
500~ ~UH~ATI?9X•lJH CbNFo ~JMITS¡29Xt4H Ol~elXtA2ol~•F&•2/29XoJH AZti~o 

1 A2tlXeF~.21 -
uü ro 51'11" 

5003 wRiiEió,,I'IQ41 TltPltXI< 
5004 FO~~AT(j~7~•2ó~4too CLUSTE~ STATJSTIC~ 00 ~//tJOX• 

1 lOHTo 4ZtMUTHvl7XtF7o2olXtJ~0EG/eJOAt 
2 14~P, INr~INATlUN•l3XtF7o2,lXo3~DEGI30Ao 
3 1.2HI<t P¡;.F'ClSIU•>jf}5AoF7o2l 

S014 ~QUNTl=~OUNT-1 
~ R I TE ( 6 o S n O 5 1 K O U N'T l 

500~ FOHi.,ATCl~1•'+'5)(•J4MilQli'<TS 8ELCNGING TO CLUSTI:.R N~MdER~lS//1 
C..ALI- POLACC 
¡r:- (.lK oi'!T 0 Oo oA1'4Qa XKOU eNE• Rl. CAL.l. ~ECT0~-

92 CüNTINUF . 
t-oETUiH~ 

t:.~D 
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c0ooo~ SECTOR TtS!S FUH BIVARIATE·~ORMA~ OlSTRlBU~ION OF OATA-

COMMQN IBLKI~ZllOOOloOIPllOOOloCUll900loCU2l90QloSLllOOO)t 
1 S M 1 1 O O O l e S N 1 1 O O 0 ) t K 8 A N O ( 1 O O ) • N 8 o 1 8 N 0 ( 9 1 1 O A 1~ G 1 i'o ) t L ~ ~ T C H ( l O o ) , 
2 L.EVELIInnl e!P!MilOOl 'Ct.UST~lSOolOl o~PA~EilZ1~73) eNX!~YeNY~IO• 
~ NXMIOtPieOEGkA~•RADEG,Q9QtXPINCH•YPINCHoRAUI~S•PCTtLCOMtK~ 1 IJ• 
4 I~P~tP;ToKOUoHeXCUNVoYCO~V,XKePOSilOOI -

DIMENSION sFREYC9e4ltTFREC!9lt~PATCH!lÓOieF~EVEL(lQOitSANG(~) 
lNTEGER O 
DATA.SANC,/~laoleS707966t3el4159270u4o7l2389lv6o2831856Q/ 
DATA PI2/1o57Q7~óJ/ 

, DO 5001 .J'•¡:'l o 100 
r~.PATCHIJMI=>lO 

5001 FLEVEL!JMI=OoO 
~XL 111 0•0 
SXM 8 Qe0 
SXNasooO 
.AmDEGRAO 
A¡cto?ADEG 
AZL~SINIAOPI~CO~(AOT) 
AZM~S!NCAoPloSIN!A~T) 

AZN=cDSIAoPI 
91 ~HITE!6o3004)AlLoAt~oAZ~ 

J..004_ r<JRMAT(J('IH DIRtC!IUN COSINES OF' THE MEAN/4l03HI. :aeF8!4tJ}t~3HM c0 

1 F8o4t3Xe~HN ~tF8o4l 

e RQTATE ~E~N TO PUL~ ANO COMPUTE OIP • AZ OF 085 WRT MEAN 

9393 

8000 

e 

TAI!ITo.A 
PA~:P..,A 

!JO aooo J~loi(OU 
APNaSLIJJ~cosiTAI•SMCJI*SIN!TAI 
YPR=-SL!J)*SINl!AI•SM(JI~COSITA) 
,lpRar:SN(J) 
Zl=ZPR°CO~IPAl•APR 0 SINIPA) 
A\a~ZPRosyNIPAl+XPROCOSIPA) 
Yl:ayp~ 

CU21J):IAC~S ISL(JI•AZL•SMCJ)OAZM•SN(JI~AlN) 0 Al 
lFIAl .~Oo Oo o_OHe Yl oEOo O•l GO TO 9393 . 
CUl!Jl=ATAN2CYltAll 0 Al 
C,Q lO 9394 
lFIXl eEQ, OolCUliJ)m90o 0 12 1 ~Yl/A951Ytll 
lFIYl ~EQ .• OoiCUl IJI••IXl/AYSIXll•lelo~O~ 
CONT¡NUE 
lFICUllJI eLTe 0~1 CUl(J)aCUl(J)•360o 
CONTINUE 

ARRANGE POINTS 1•~ INC"EASING SEQUENCE OF ~EMI~AN~IJ) WlTH MEA~ 

CALL SO~T12oltKUUl 
C ~QMPUTE EXPECTEU F~EOUENCY ~~ 2ND ANNU~~S FUR P~I MA~! 

~SI°CU?!I(('IU)OA 
F III=FLOA 1 1 KQIJ 1 



~·Ps: :9 
1\.·C~l= .. 
r:PST:COScPSil 

1:3!'1 f\!PSf::NP~I·l 
~EL5!=1l.•CPSJ)/~LOATCNP~l) 
O I A•J:CPS I •DF.:L S Y 
CIIAI=!JIAO->DELSJ 
FJFAE=F~o(EXgi-XKOft,-"YAIIl • ~-~~--K•ct.•OIAOJI) 
JFfiEXF~E/FLOATI~CHillor.Po Jo enQe N~~~ oLFo ~! An 
<;O T(l 90 

lO~ 00 ~9 J=loNPSI 
no 1;:9 f<=l•NCHI 

6<; c:F~t:QIJeK):I'l 0 
['lO 11'ld8 ..JJ:J,I(OU 
culiJJI =c•JIIJJI.,A 

. CU?.IJJl=COSICU21JJ)OA) 
R8Aill C"ONT I ~JU!:. 

o 

TO tnn 

C COM'"UTE TMEOQETlCAL. s:-~~QIIENC:V tN NPSY AINGS AAnUNO lo!f ~~ 
CO 71 J::¡,NPSJ 
DELl=lo•FL04TiJ•t)00FL~f 

OEL?=DEL.l-DFL'ii 
71 TFREQ!~I:FNO(f~P(-~KO(¡.-OfL1~1 • EXP(•XK•IJ·e•nFL~I)I 
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.,..;..I"'Eif:loGI201 
9?n FO~:AAT(}Hlo~H' PINr,oAWe7~ SEcTnQo~lol~H ACT ~ECTnQ FR(no~XeJ~w TH~O 

l~ SECT FREQ//l 
('10 2 ._•c},NPSt 
~ANG=l.-FLOATCJ-11°0F.LSI 

PANGl=RANG-nEL~I 
JF(..J .Ea. 11 ~ANr.=l.nl 
JF(J uECJ. NPSil raNr.i=~IINlH•OeOl 
['lO;: K=l.NC'"'I 
l<}zr<•l 
['lO 7 L=ltKCIU 
t.T=CllliLI 
QP:CLI2(L! 
I~='!AT oGT. SANGIIO .a~~.Jno AT oU~. c;ANAO<l.l oANO., OP eLTo r:uNr. .. A~Oo 

1 OP .GEo ~A~Gll SFREtlCJ•~I=S~~F~lJeKI•l 
, CONTfNUE 

e· COMPUTE CHI S~UARE VALIJF FOR SF:CTORS 

SlJM:I). 
[)0 110 .JaltNDSY 
TEST:TF~fOIJI/~LOAT(NC~IJ 
1"0 110 l<:le~('hJ 
SU~=SUM•(S~~f~IJeKl-YF~T) 00,/Tt5T 

111'1 \olf<ITf.(bt9301 JoK,SF"~F"C'l(.lol()oTf~T 
93n f0R~AT!I~tlO~•I~o?F2n.11 

~f~~E=INPSI 0 NCHI!•3 
A"-=~LUt.T!r<F~fEl 

A t. : ? o 1 1 9 • 0 A 1~ 1 . 
c~qS:AN°(lo-AA•l.~~S05C'lRT(AAI)CO) 
AA:ACUS!CU2!K0Ul )•Al 

__ l 
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wf:.IITF.:Ibt~Olill K~QfEoc;•J~oCHqc;,aA 

)fJln FCR"'-'TI//vl~t-~ nEr.. F"O-:F"'nlol =• 111•111"4 Ct-~1 CiQ•JAOE a,F"lfl,'1/, 
1 17~ TH, CHI ~Ou q~ =•"1~ 0 3/o)nt-~ PSI loiAX :oF"lfJ,1e}Xo4~nF"~.I 

C rLUSTER LfVF.:L PLOT 

PSIA:PSI•Al 
("10 l000 .,¡=l•l(n•.; 
CUliJl:.:Cul (.Jl 0 Al 

3 f) 0 'l \ l; 2 1 J l =A C 0 S 1 C U? 1 j 1 l ~A 1 o Q n ,/Pe; Y A 
i.Jill. SORT A (K()UoCIIJoCIJ?o~"DAT(' ... I 
F"LfvE~Il):F"LnAT(KPAT~r4f1))/~~ 
00 ~764 vUK=?o\00 

F"L[IJf:L !KIJK l :F"LI)AT (KPaTrl-4 (1<1.111' 1-M'DATCI'i fi(UK-1) 1/F"Po.J 
A7t:~o· r.;Ot.JTINUf 

(ALL PCTPLTI"L~VF"LI 
w¡:¡PE lbo10J21 

)0'1' F(JDYA11l,...lo//"-I)X 1 JAt-~r.LIJti\TfP Lf\lr:'L Pb'lT¡iit»l(o141'4wfTH ..,.f'Atl AT PflL~ Al\! 
10 T••E 801JN0AqY¡<;c¡Xe;»A1-4AT PSJ MAl( r)[¡jDI'"ES F"Pr,,. POLf!:/11 

Cl.lLl. POu,RC 
P€T'J!:<N 
fP.,D 



~UB~O~TIN~ SuRrAINOBSoAtOtiPATC~l 

c~oooo SO"T~ Q4TA IN!v P~TCHES 

e 

COMMQN IHLKIAZ llOOOf tOIP llOQOi tCUl C900l tCU2 19001, el:il. q0001 o 
1 S M (1 O O O l o S N ( l O O O l t K 8 A N O ( 1 O n 1 t N q ti 8 N D 1 ~ 1 t U A ~~ G Cl O l ; L ~ ~ ! e '"i (l O n ) e 
2 L.EVEI.Ill'll') o!PTHilOOI JCLUST~CS!l•lOlei.PAGEi¡i21•73J tf.4A~~YeN'YMIOt 
3 N~MIDtPI,OEaRAUtRADEGt09QtX~INCHeYPINCHoRAUIÜStPCTtL.CO~eKJ,!Jo 
4 lJPReP,r.~OUoR;XCUNVoYCO~VwXK,POSClOOI . - . ·- • 
~IMtNSION ACNOBSioOINOBSI t!PAfCHilOOl . 
DO 9 I:~=ttlOO 

9 IPATCHitlaQ 

NOBStzrN08S-1 
00 7 I:w1 o~'iOBSl 
l p:¡ "'1 

.uo 7 Js:rroN0'3S 
1FiüC!I oG~• DCJI) GO TO 7 
TMPmQIIl 
UIII :a OCJI 
UIJI a Tft1P 
TMP::aA(Jl 
AIJI:~A(I) 
AIII:TMP 

7 CONTINUE 

53 

e~oooo A~RANGE THE POINTS IN EACH BAND IN INCHEASlNG ORQER OF AZlMUTH 

,.,:al 
DO 93 Lat,NB 
IFIM aEQ, NOBSI GO TO 8888 

9lt cot-.riNUE 
DO ~2 JuM,N09Sl 
..Jl=..J•l 
lF!OIJI .r.E• OAI'IGIL.•lll 00 TU A884 

8A85 M•J 
GO ro 93 

. 888~ uO 90 KuJ1 ,NQBS 
1PI0CKI .~E· OANGIL•lll GO TC 8886 

8887 f-IIIIJ•l 
uO ro 94 

tl88b lFIAIJI 1 LT• AIKll GO TO 90 
TMPIIA(JJ 
,.(.JI=AII(J 
AIKI:TMP 
TMP:aQ(J) 
O!JI=DIKJ 
D!KI:T"1C 

90 C'JNTINU~ 
MaM•¡ 

92 CQNTJt-.U~ 
9J CONT¡NU~ 
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ll r:(\ 
L,.foHIQ 

PO(I!IIC 

JOPsl 
(;0-.b1 Jat ei'IJI:J 
naii•P<I( 
l8JD ItiN:"ll J) 
1)0 ~7 I<B1eii:JJ 
l~~~~ .~Q. NOB~J GO TO 88 
f(J!.III'I. 

~ANG~FLOAT(KJ•J60eiFLOAT(JBI'IJ0(JJJ 
1~1~ eEC. ~B~OI~)J ~ANGDJ~O.S 
DO o6 LsiO~v~OB~ 
!FIAII.l .r.T• !(AMi etJRe Ofb) eL.Te OliiiGCJ•l)) B~ !O 79 

L.P=LI::I•l 
lFIL.P .~e. NO~~J tiV TU 86 

79 IPATC~III•~J~L.P 
IQP19L,P•t 
L.lllll•l<•~ 
\JO TQ A7 

96 CONTINUF. 
·a7 CO'~T!NUE 

ea 1FIL •EC, lOtJ Ht.TvR1'4 
üú 89 JIIL.elOO 

89 1PATCHI~J·~Oq5 
k E Tu..< N !S fi~O 
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SUS~OUTJ~~ CLU~I~It~B~I91 

c•o.,ee DE fEI<~q~~¡~S IF P. C~USTER CO"JTAtNING PaTCHES XN ÜANO liii.IMttER J 
C'"'IJ• 0 ~ COI'I.TAtr,s PA'I'Ciit.? 1~. BANO NU"'BER J•t• i S J s"e'! .... 

CO~MO~ /~tKIAZI1000loOIP1lOO~ItCU1<900itCU2C900ieS~IlOOO)o 
1 SIWlllOOOltS 11qlOoOltK8AN0110ol or.,.eetet.¡t-}(~1 e04~G(l0) D\..~~TCHilflol o 
2 l.. E V E 1.. 1.i n 11 l t I P!'"' 1 1 O O 1 • C t:. U S T ~ ! 5 n • 1 O 1 e 1... PA G t: 1 l ¿ l ~ 7l_l t ~ _. ! ~ 'f o 1'11 V MI O ~ 
3 ~A~IDePl,:f~~A~~~AUEGt09QeXPlNCMoYPlNCI"I,RA~I~Sv~CTo~~O~oK~~tJ~ 
4 IJP~tP,Te~Oue~oACJ~~tVCO~V.~~~PQS!lOOl 

Dl"'f"'Slt:lll 1.1 ~~ 
><EAL. l..E\IE'L. 
¡r...TEGf~ CLU~Ti( 
LI~Ll $ x~al.~ S AC 8 I9' Iqltil9~1 
A lil 1 .3 e, O o 1 ,:- L ("1 A T 1 I ~ Nü 1 I I ) 1 1 e~ L. O A T 1 l 8 1 
15\J'-1~0 

úU 12 Ieq.I9t 
lZ xsu~srs~~·I9~0lll 

lt!JIS I!:lND ( T'Jl 
UO <9 111\Ja!ofi:U 
xom""Q 
¿EFLOAT!~Ole360•/FLOATttB~OIICI 1 

·tF!i oGE. Al Gú TO 10 
9 CONTINU~ 

10 I.A11115UM•IO•l 
¡ G = : S U r~ o t'~ ~O ! I ~ 1 
lFilQ oEGl. I~JI GO TO 87 
IF'IlQ- 11 81~.;'.,81 

87 Llll:IG•l ~ LIZ1 8 lÜ $ ~t]lmtSU~•\ 
GO TQ 8~J 

81 ~lllm~A § Ll2)mi.A•l S L!]JubA•~ 
(jQ TQ S!!-

a~ ~lllHIG S ¡_l~l 8 l~U~ 0 l i.~l31 3 lSUM 0 2 
Ab DO ~5 J 21 1•3 

I..J21L.(Jl 
IF!I..E\IEI..!L.J) •L!! PCT aCRe IPT~-tiLJI !EY! lJ). ~OTO 8=» 
l'" (!Phi 1 L.Jl o NEo O 1 Gú TO 4 
l·P T"' 1 1.. J l • 1 J 
CI.UST~II(J 1 I.!I1DI.,J 

I(J;:I(Jol 
lF ILJ aEGo 1001 HETU~tJ 
GO TQ 85 

4 CALL CO~AtNI!PTMILJII 
IFIL.J .:Q. lnOÍ ~ETU~N 

-a~ CONTINUE 
METU~~ 

~' 1"1 

55 
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~UO~OUTINF SPRPAGClAelVe0IN 1 AZNt 
e SPRPAG o o o o o e e o o o o o • o o o o e o o o o o o ~ o o o o o 0 

e úlVEN ~EuiSPH~"f eOOHOJNAT[S COINtAZNltSPAPAG "ETURNS NEAHEST o 
C PAGE COOROINATÉS ClAoiYte IF OulSIOE PAGEeMOVE! ÍX·o~·~t-!O • o 
e C~O~fSl POINT O~ EuG~ OF PAGE e 

COMMQN IF"LKIAZilOOO! tOIPClOÓObCUl C90Q) •CU2l900J tSL.ClOOO)" 
1 SMilOOOitS~ClOOO!t~BANOilOoJoNBtlBNOc9JeOANGC101tLFATC~C10o)e 
2 ~EVELilonltlP!~IlOOJtCLUST~ISO•lOieLPAGEC1l1!731t~X~~Y,NYMt0o 
3 N~MI0ePI,QEARAUtH~OEGt090tXPINCHtVPINeH,RA~IUStPCTtLC0MtKJ 1 IJt 
4 IJPQeP,Ttt<OUtHiACUN'/v't'C0fiiV 1 AK,POSC100) · - ·- · 
loNGL.R:aAzN,.O~GAAU 

C THE ~~XT 3 S!ATEMENTS PERFOH~ EOUAL•AR[A PA~JECT~~N o 
100 XYT~l27.~798°SI~IOEGAAO~DIN/2•~1 

I•OUM=XYTo SIN IANGL."t 0 XCONV•o•S 
JOU~aXVT~rn~CANúLRJ 0 YCONV oo•S 

200 lX=II¡Xf-IIO•I,QU"4 
C SRI~A X INDEA IN HANGE IF JT IS OU!~IDE! e 

IFIIX~LT,.1) I-<•1 
lFIIXaGT,.NAI lAaN.( 
lY=NYMII1•JOUM 

e eRI~G Y INOEA IN AANGE IF IT lS OUT~IOE! o 
IFII'I'eLT.!) tyc:I 
lFilYeGT.~Y) IY=NV 
t<ETLJRr.; 
~NO 
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e 
e 
e 
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~UB~CVTI~: POLANC 
PUL~~C ft o 0 o o o o ~ ü o e 0 o o ~ e e e e o ~ e o o G ~ e r G 0 e 

URA~S A~J LA~E~) AAES ANO CI~CLE ~~QRQ~NO!~~ UU~PUT ~~APMo ~ 
P~AtE~ AN ~·A AT E~~~V lO DEGREES A~OuND CIRC~~ ~lHCUMF~~ENCEewiYH 4 

~oEeS~~ AT ~·90tl8~o270 DEG~ElS ~ESPECTlv¿~Yo o 
e o o e 4 L L s D S.f' Q PAr; e o ., G o • ~ , o .o o 
e 0 ~ ~ Q 0 0 g 0 ~ ~ 0 V 0 6 0 a 9 ~ 8 

COt-:A.:Qf'-4 /8l Kl<lZilOilOI eOIPflOOOI 1CUl IQOOI oCU2190QI oSt.(Í000} w 

e 

e 
e 
e 

zoo 

600 

700 
21)00 

1 5"'11001'1! .sr...fl000loi\8A~OI lOo! ~'oBoiS"-0!~1 o0A 1~G\10l oL.I=~TCrHlOol, 
2 ~E V E L. ( 1 ,, 11 1 t l P!"' 1 1 O O 1 'C L U S T R 1 511 t 1 O 1 o L. ::»A GE 1 1 e 1 ~ 7 J 1 o,. JI ~~V o N V Mí O t 
3 NA~IO~Piv~~G~~UrR~0~G~·Q9Q9X~l~CH~VPI~CNeRAUI~StPCT~~~0MeX~o!~o 
• IJ~~tPcTtKUU~~oAC0NVtYCO~V 0 X~vPOS!lOOI 
UI~ENSIO~ L.~uMSflOitL0!~(4l 
UATA LN~~S/l"0•AHl•lrl2tlrl~.ol~4olH5olH6eiM7elH8o1~9/ 
UATA LASTfRilH~'•AI~ellO;n/eLDY~/lH~;l~~il~~tlH~/ 

·uATA l.BLA''K/1"~ 1 
1\,l(¡=NA-¡ 

ANGL:Q,o 
LIU 200 Izl ,.3, 
CALL. SP~PAGI!XoiYGQ9QtA~GLl 

LPAr,~IIX 9 lYJELA~T~~ 
ANGL.•ANí.L•lO• 
L,.PAGEINX~ID~NYMIOl~L~)YER 

LABFL NvSoEow AT A~PRCP~IATE PQSI1IONS 
~PAGEINXMfUt~YI~LOl~lll 
L.PAi;EINXo-J.T0•JI=LD1~121 
t.PA(,~ INX,~JYM!Dl =l.Oli113l 
LPAGE f.} ,r~vMlDl :::LIJI~ !41 

P~I~T TnE eUMP~ETE ASSE~BLEO PAGE IMAGEuH~~ BY ~uw 
ooNcr~oo THE ¡r~UEA K ~usr GO BAe~wA~os dECAUSE TH~ ASSUMED 
eUO~OTNATE UH!~IN IS ~T LOwER LEFT H~NO CÜH~ER C~-PAGE! 

UQ 7Q0 .JIIltr-._¡y 
1\DNY-J•J 
wR! fE f6o?lll'l01 IL.PAGE l!tKl o l:ld vl\ll\1 
r;Q~r-A:. T 1?.7l(t91lAl 1 
i.JO 1~9 ,Jl"'l'73 
LJC 199 J?.zr:•121 
LPAGEIJ? 1 ~llml.8LAN~ 
K~TUHN 

E.ND 

o 
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~UB~OUTI~F COMBINl~) 

C6oeoo CO~BINE aNTIPOOAL CLUSTERS IN BANO 1 

INTEGER CLUSTR 
COMMON IBLKIAZllOOOltOIPllOnOloCUll900l•CU2l900~tSLI~OOO)o 

1 SMI1000)eSNC1000JoK8ANOilOOleNBtiBN0C9)•0ANG(l0)tL.PATCHI10o)• 
2 LEVtLilo~l~IP!HllOO)•CLUSTRISOtlOlt~PAGEl1~1!73)tNi~~~tNYMtOo 
3 NXMIOoPI 0 0EGRAUtHAOEGvQ90vXPINCHvYPlNCHeRADIUStPCToLCOMtKJ,IJo 
4 IJPRtPoTeK0Uv~;ACONVeYC011;V 0 Jü(oPOSilOO) . - .. ··- • 

DO l L~MltlOO 
¡.,1!!11. 

l~lCLUSTRIL~IJ) !EQ• 0) OC TO 2 
1 CONT!NUE 
2 DO 3 Na1v100 

J:~N 

lFCC~USTR(No~) !EQ~ 0)00 TO 4 
3 CONliNUF. 
4 lStaJ 

Ml•t-~ .. 1 
DO 5 L.sl,Ml 
CL.USTRIIS 1 K)mCLUSTRILeiJJ 
ICJ 15 CLUSTR(LelJ) 
IPTHClCJluK 
ISaJS~1 

S CONTINUE 
IJPf.t:iiJ 
DO 6 l.R&Dt,M 
CI.USTR(l.Re%J)Ill0 
lJ•K 
I<JE9M~J"'1 

L.COMaO 
to~ETURN 
ENO. 



.. 

SUB~OUTt~e SORTl!AviBoXCI 

c•oo•o SO~T~ OATA IN tlTrlER INC~EASING ORQER OF A¿IMU!H OR JNcRt~Sl~G 
cooeOO aRDER o~ DIPe 

C 0 M M O N lB L 1< 1 A Z (l O 0 O ) D 0 I P ( 1 O O O 1 ll C U l 1,9 0 O ) oC U 2 (C~ 0 O 1. o S l. ( ~ 0 O O l o 
1 S M 1 1 O O O l o S N 1 1 O O O 1 t 1{ B A N O ( 1 O O ) 9 N 8 ;0 1 B N O 1 'i ) v O A ~ G ( l O l ~ 6 P ~ T C H ( l O O ) t 

~ L.EVEI..Ilol'll oiP!rlllOOl tCI..U~iTRISOotOl tl.PAGE(12p731 PNX!~YtNY~IOo 
3 NX~IOtPI,OEGRA~eRADEGoQ9QoXP1NCHPVPINCHoRA9I~S~PCTo~~OMtK~,IJt 
4 !~PRePgTv~OUvRolCONVoYCO~V 0 XK,POSClUO~ 

1Cl 11 IC-¡ 
II"'IIA eE'Q. ll GO TO 2 
00 1 K~~:JEh ICl 
KlBK+l 
DO 1 J::.rlq o IC 
IF'ICU21~) ei..E:o Cl!21Jil GO Te 1 
Tlo4P 01 CU2 00 
CU211<1:~cu::-IJ) 

CU2(J)r.sTMP 
T~o!PiliCUlCJI 
CUl (Jlt~CU1 IKI 
CUl (K 1 =TI-1P 

.~ CONT I NUE 
METURN 

2 DO 3 KuteoiCl 
JqaK+l 
DO 3 Jsllq ,XC 
IF'ICUlll<l oi..Eo CUlCJII GO To 3 
Tfo!PDCUfll<l 
CUl (K)IIICLJ! (J) 

CUl(J)DTMP 
T;.,P;aCU2fK! 
CU2 PO a CUí' C J 1 
CU2(J)csTMP 

3 CONTI~UE 
HETU'lN 
ENO 

59 
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~uaROUTJN~ PCTP~!I~~tVELI 

c•~•~o FLOTS EITHl~ ~~VE~IJI OR ~LEVE~IJ) AT !HE ~R~J~CTEC ~IOPOA~T OF 
cooü-oo PATC~i "-U"'BEQ' J ~ 

COMMQI\j I~LKIAZilOOOl tOIPilOOOl tCUl 190QitCU21900I eSL.ClOOO) t 

1 SMilOOI)I ,S,..,.IlOuOl tKBANDilOOl tNB• IBNOc'lll tOA!'lGilÓJ tL.F~!CHClOol o 
2 l. E vE L. 1 1 .-;" l • I P!'"' 1 1 O O l • C 1.. U S T R 1 S O t 1 O l t L. PA GE 1 1 Z 1 ! 7 3 1 o N X ~~Y e NY MI O o 
3 NA~ID.~Io~~GHAvtRM0Eüo09QoX~INC~tVPINCHtRADIUStPCTti..COMeKJ 1 I~e 
4 ¡..;;;J~,P,r,l(úu .. ~.xcoNv,'fcOII.V,XK,POSilOnl · - · · ··- • 
lNTt.GE~ O 
Oit-~t:fi.SICI'II RL.EVI:':L.(lOOl tNUM¡ CiOI•NUM(lOI 
GATA ~UUl/lH tlMltlM2olrl3tl~4ol1"15olH6tlH7tl~B!l~9/v 

l NuM/lHQt~~ltlrl2el1"13tlH4tlHSelHbt~~7tl~B~l~9/vL.~~!IlH!/ 
00 1 JclvtOO 
l~J:'I(I:!A"-DtJl 
AZ"':IPOS!Jl 0 0o5l 0 3bOeiFL0AT!l8NOCIBJl) 
!B..Jl=I8..Jo1 
OINmfO~II.GIIBJI•OANG118Jll1/2o 
CALL SP~~AGIIXtlYvOlNeAZNI 

lFiDIN oLTo ':H!I .. Gu TO 3033 
lFIAZN oLTo 180•1 !X=IX•2 
!FIAZN ot;T 0 I80el lA=IXo2 

'30 3j- COin I ~4UE - . 
IFIJ •EO. 1001 lY:IY~l 
~·~LEVEL.1Jl 0 10000e•S. 
,..:al</1001) 
, •• Ir<- ( MO] 1'\ 1) o 1 J/1 o o 
U;(~-Mo]~I'\Q•N°100l/10 

LPAGEIIX-~oiYIQ~~Ml!M•ll 
L P A G E 1 I X - 1 t l Y l =~~V M 1 1>4 • 1 l 
lFIM oEC. Ql LPA~EIIX-ltiYI~~U~liN•l) 
~PAGEIIX,yYiaLOOr 
1.. P A G E 1 l X • 1 , l Y 1 : ~~ Ü M ( O • 1 1 
lFIM •ECo O oAND! •\t of.IJ., O oANOe 0 eEQ! 0) ~0 TU 2 
uo ro 1 

2 ~PAGEIIX•,olY)DNUMllll 
1.. P A G E 1 I ,1 -1 , l Y 1 ="''-!M 1 1 11 
L.IJAúEIJX•l elYl=I\4~Ml(ll 
~QNTINUE 
'"ETU~~ 

E. NO 
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APPENDIX C. --COMPU1'ER OUTPUT FOR AN EXAMPLE PROBLEM 

JE~AN•MA?H~Y COAL eL E ~- 1 nATA 
.. 

POISSUN AANOOM CUT•OFF IS 2•222 PERCENT I..EVEL ARF<AY 

!HERE ARE 135 POINTS IN THE SAMPL.Ea 
" 

l e0814~ 51 o.ooooo 
2 ,20000 s2 o.ooooo 
3 o.ooooo sJ o.ooaoo 
4 o.ooooo s4 OoOOooo 
5 o.oooao s!l a.ooooo 
b .!9259 56 o.ooooa 
7 .lllll 57 o.riOooo 
8 .Oli.8l se OoviJQOO 
9 o.ooóoo 5~ o.ooooo 

10 .o~92o 60 o.ooooo 
ll .l7Ó37 61 o.oooao 
12 aÓ0741 62 o.coooo 
13 o.ooóoo 6J o.ooooo 
14 .00741 64 o.ooaoo 
15 .05185 65 a.oocao 
16 ,05185 6ó OuOOooo 
¡7 o014Sl 67 o.ooooo 
¡8 .oo1td 6~ o.ooooo 
19 a.ooóoo 69 o.ooooo 
20 .01481 7Ó o.ooooo 
21 o.ooooo 71 o.ooooo 
?.2 o.ooooo 72 o.ooooo 
23 .oo74l 73 o.ooooo 
24 o.ooóoo 74 o.ooooo 
25 o.ooooo 75 o.ooooo 
26 o.ooooo 7ó- o.ooooo 
27 o.ooooo 17 o.ooooo 
2B o.ooooo 7~ o.ooooo 
29 o.ooooo 7'-i o.ooooo 
:¡O o.ooooo sO o.ooooo 
~1 o.ooooo 81 o.ooooo 
~2 o.ooooo 82 o.ooooo 
33 .oo741 e3 o.ooooo 
:.4 o.ooooo a4 o.ooooo 
,s .o.uoooo es o.ooooo 
'16 ·o,ooooo Só o.ooooo 
3? o.ooooo e? o.ooooo 
,a o.ooooo sé o.ooooo 
'1~ o.ooooo 89 o.ooooo 
40 o.ooooo 90 o.oooco. 
41 o.ooooo 'Pl Oo00Q00' 
42 o.ooooo c¡¡2 o.ooooo 
43 o.ooooo QJ o.ooooo 
44 o.ooooo ~¡¡. OoOOooo 
~~;S o.ooooo 95 o.ooooo 
46 o.ocooo 96 Oo00Q00 
47 o,ooooo q7 o.ocooo 
4S o.ooooo e¡¡ S o.ooooo 
49 o,ooooo 9~ o.oooao 
so o.ooooo lOO o.ooooo 
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LEVE'- PLOT 

o 8ol o 

o o 

lo5 ! 20a0 

• o o • 
o? lo!S 

0 So2 o • • e 

• • o • 
8 • 

o 

• ,• 

• o • 
o 

o • 
wo • ., o • ! ! 

• 
• 

o 

• • • • • 19o3 6l 

! • 
o • .. • e 

o •7 llol • 

• o 

17o0 ! ! lo!5 
• 

• 
~ 

T~E u~PER ME~XSPHE"E Is olvloEo t~ro lOo PATcHES or EaUAL AREA! THE nENSIT~. 
oF EACM PÁTCH Is·P"INTEO AT THE PROJECTED MIOPoi~T OF THE PATCH• ' 
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STATIST¡CAL A~A~Y~I~ e~ CLV?!EA~ 

CL.'!S T Ef~ NIJMBER 1 
NUM Allr-IUTH l~CLINA!I~~ L. "4 ~ 

1 12•00 9Q,OO ,'11781 .~ 0 79 .oooo 

2 l4o00 88,00 ~~697 ·~418 o0349 

3 l'SoOO 82,00 ,'11565 ·~563 ol392 

4 1t;oOO 86 .o o .~636 •2'582 o0698 

5 l'SoOO 90.00 ;~fl59 •2!§88 .oooo 

6 17o00 89, o o o9562 •'-923 o017S 

1 19oOO 87,00 !~442 •1251 o0523 

8 l9o00 89,00 o'i454 •1255 .ous 
9 l9o00 90o00 ~~~55 •32;6 .oooo 

10 21)o00 90.00 o9397 ·Hz.e= .oooo 

11 20o00 90,00 ;9397 • 34::!'0 .oooo 

12 21o00 9o.oo .9336 •"3584 .oooo 

1 J 22oOO ao.oo ~<}131 •1689 ol736 

14 2Jo00 87,00 !?l9z o3902 .o52l 

15 24e00 83oll0 ,90&7 o40J7 ol21\l 

16 24o00 84.00 ,9oes •4045 o1045 

11 24o00 8b .o o ~~113 o40S7 o0698 

l& 24o00 86.00 o9ll3 •4tlS7 o0698 

19 24o00 87,00 ~9123 o4062 o0523 

20 24o00 87,00 .9123 •4062 .o523 

21 24o00 ee.oo ;9l3o o4065 o0349 

22 24o00 89,00 ;9134 o4Ó67 .o175 

23 2!5o00 es. o o ~9029 /,.4210 o0872 

24 25o00 8s.oo ;9o5e o4224 o0349 
25 26o00 89.00 ,G987 •4383 oOl75 

26 Z'l'oOO 86,00 ~ii8a8 o4'329 oOb98 

27 27otl0 86,00 .ilesa o4S29 o0698 

28 29oOO e2.oo !ª661 o480l ol392 

29 30o00 82.00 otl576 o4951 o1392 

30 30o00 87,00 ~ti648 o499l o052J 

31 JOoOO 87,00 .a6•s •4993 o0523 

32 31o00 87,00 :~s6o o5l43 o0523 

33 32o00' 84 oliO otl434 -. 5270 ol04S 
34 )2o00 8s.uo ;b.\48 oCS279 o0872 

35 32·00 90o00 !ª480, oS299 .oooo 

36 33o00 87.00 oll375 o'5439 o0523 
37 33o00 B8.oo .8382 •'5,.43 o0349 

38 40o00 es.oo ~1631 •"403 .oa7z 
39 10o00 92oll0 .~a~z •t735 -.0349 
'-0 l3onO 90o00 ;974to ·~250 .oooo 
41 lboOO 96.00 ~~560 o;:J74l ... 1045 

42 l'l'oOO 94,00 ;9540 .;-rH 7 '"o06q8 
43 l7o00 92.00 ~Q557 •:!922 ... 0349 

44 18on0 96,00 .~458 • 3013 -.1045 
45 2'lo00 91,UO ~932'7 •3395 "'olZ19 
lob 2'lotl0 92.00 ~~391 e'!418 -.0349 

47 21o00 90,110 ,'11336 o'111)84 .oooo 
48 23onO 100.110 ~9065 o3A48 -.1731!1 
to9 23o00 95.00 .• ~1 70 o31392 -.0872 

50 2~·00 95.00 ;917o •1892 -.oa1z 
51 24o00 92.00 .~130 o4065 -.0349 

52 25o00 94. o o ~~041 o4?.16 -.0698 

o 
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Sl lb oliO 97,00 oli921 oi)JSl ·.Ut9 
S~> 26o00 94,1.10 ;8966 o437J ... 0698 
55 26o00 c¡¡z,oo ~~~82 •4381 -.o349 

56 26oi!O 90,00 !~~89 •4J'14 .oooo 
57 27o00 94,00 ,tiesa •4529 -.0698 
58 27on0 90,00 ;~~10 ·~540 .oooo 
59 2Aot!O 98,00 oiS71t4 •4649 ... 1392 

o 60 28•00 94,00 ;aso a o468l -.0698 
61 29ol)0 95,00 !ªhJ •4830 -.o87.2 
62 30•00 90.00 ol;j6bO •SÓOO .oooo 
63 JloOO 95,00 .as39 •'5111 •,oa?z 
blo 31·00 93.00 !~560 •13143 .. ,0523 
65 32o00 lo o .o o ol;j352 •S2i9 "'.1736 
6& 32o00 93c00 .~469 ·~292 •,oS23 

·67 35o00 94,00 obl72 o5722 ... 0698 
68 36o00 92,00 ;aoa5 o5874 ... 0349 
69 39•00 9o,oo ~ 7771 •62~3 .oooo 

TIJTAl.S 62; 1 h7 28o'3614 o1399 

NUMBER oes 69 

R • , 68oJ67 

e&• CL.USTEH STATr~rrcs ••• 
'T' AllMUTM i4!6., OEG 
p, lNCL.lNATIOI\4 ts9o81J DEG 
Kt ~~EClSIO" 108!96 
At AAOIU.S 01=' C~NE· OF CUNFIO 1:65 OEO 

CUNFo l.I1'1ITS 
OlP ·- 1•65 
Al. ·- JobS 
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UJN[CTJO~ COSI~ES O~ T~E MEA~ 
L • o9086 M e ••178 ~ u o0020 



AINr. 

1 
1 
1 
1 
2 
2 
2 

·2 
3 
3 
3 
3 .. 
-4 .. 

o 

~EG. F~~FnO~ • 13 

;J 

,'1 

4 

1 
? 
"ll 

4 . 
1 

'? 
~ 

4 
1 

:) 

1 
4 

CHf !Wt'APF. : Ao435 
TH. CMI S~• q~·= 22oJ~I 

PSI MA) = ;~.047 UEG. 

13 .. '1"1n 

~-""" 12 .• nn"1 
l'l.'ll\"1 

""·"'11\') 
fl.(ll'll'l 

1.rtnn 
~.onn 

?.nrtn 
o.oniJ 
l."'"" 
?..""" 
t.nn" 1.0,., 
1).1\ll!'t 

l.'ln~t 

11.,;)~, 

JJ.?f2;) 
11 e?~? 
11 • ?P ~ 
J.qo~ 

1 .. 91'11 
J.,Qn~ 

1oQI)~ 

t • :4~ n 
1. ~e; n 
1 "3._ n 
t.~c::n 

.4'>1' 

0 4f!o7 

8 4f!o7 

.461' 

67 



68 

CLU::aTER l..t.IIEL ~LOT 
WlTH MEAN'Af POLg-ANO f.,.e:·eou"4DA~Y 

A! P~I ~AX O~~~EES ~RO" 1'01,.[ 

.. " 9 

• ! • 
• o 

! ! 
f) 

o ~ 

• o lo4 ! 1•4 o 

~ 2o9 

• o • • 
2,9 ! • i·4 

'1! 4 

• o 

1·• 2!9 s.a 
! z,9 

i'o9 1•4 

• 1•4 
o 

7•2 lo4 lo4 lo4 
lo4 lo4 

... 1·• 1o4 2o9 ! e 2!ta • l •• E 
lo4 z,9 4,3 

! • 
• 7o2 o 

1olt 1!4 ··~ ~ 

i·• 2!~ 4o3 lo4 ! 
• 1•4 o 

2!9 

• 1•4 1• 4 2o9 • 

o le~ • 

• • 
! ! 

• o 

o ! o 
o o o 

!a 



69 
CL.~STER 1\jUNBEq 2 

IIIUM AZIHUTH IIIICLlNli!I~N !-: 1.4 N 

1 lOJoOO B6o00 •o2Z44 •9720 o0698 
2 l03o00 90,00 .. ;¿zso •9744 .oooo 
3 105o00 as.oo .. ;2578 o962l o0872 
4 l06o00 83,00 •o2736 o954l ·1219 
5 1oa.oo 89,00 -~3090 o9'309 o0175 
6 109.00 90.00 ... jzse. o94SS .oooo 
7 llOoOO 90o00 .,j"zo o9JQ7 o9000 

- a llloOO 81. o o ... ~S4o •9221 olSb~ 

9 llloOO 81,00 ... Js~o o92?.1 ol564 
lO llloOO ao.oo .. ,)515 oQ)ll oOb98 
11 11~·00 83,00 .. ;3718 o920l ol:C19 
12 ll2o00 89,00 -;~,~45 •9270 o0175 
13 114-. o o aa,oo •olo06S o9l'l0 o034'i1 
14 115o00 84o00 -~.;203 o9Qi3 ol045 
15 115o00 B8,oo -.~224 a9Q58 o034'i1 
16 ll'7o00 as.oo .. ~¡523 o8816 o0872 
17 ll7o00 90.00 w,4540 •A910 .oooo 
18 118·00 ao,oo .. ;~~23 oAó95 ol1'3ó 
19 llBoOO 81,00 ~,4637 oA721 .1564 
20 l19oOO 83,00 -.4a¡z oAbB1 .1219 
21 119oOO 8Jo:lO ~~~~12 oS68l ol2l'i1 
2i! 11Cia00 84,00 -·~~22 oA698 ol045 
23 1l9o00 90 1 00 -,4848 •8746 .oooo 
24 !20o00 eo.oo '"!~~24 o8S29 ol73b 
25 l20o00 84,00 -!?~73 o'l6i3 al045 
26 120o00 86,00 •o4988 •13639 o0698 
27 121o00 8],00 .. ;Sil2 .aso a olZl'ii 
28 l21o00 83~00 ... 5112 oAS08 .1219 
29 12lo00 87.00 -~SH3 •8!360 o052J 
30 122o013 84,00 .. ~s21o o!J434 .1045 
31 124o00 h,oo ... !)561 o8245 .1045 
32 124-oOO sr.oo .. ~5584 •8279 ,0523 
33 12~·00 85,00 ~;5714 ·~i60 ,(;872 
34 12'3·00 90,00 .;s?Je. o8192 .oooo 
35 12e.oo 83.00 ... e.i 11 o7821 ol219 
3b l2!!o00 87,00 -;6148 o'7869 .oszJ 
37 129o00 83.00 -~b24b o'77i4 ol219 
38 lJOoOO as.oo -;§424 e"PbS6 o0349 
39 132o00 ez.oo •ob62b o'7J<;9 ol392 
40 132o00 88,1)0 -~&687 o'7427 ,Q349 
41 l32o00 89o00 -.ii69o o"P430 o0175 
42 103o00 90,00 ... 22so o9744 .oooo 
43 lOboOO 90,00 ~.275b •9613 .oooo 
44 llOoOO 90,00 .. ~~~20 o9397 .oooo 

/ 

45 112·00 95,00 -!~?32 o92J'7 •,oB7Z 
46 112o00 93,00 -.3741 o92'59 •,oszJ 
47 117o00 91,00 -.4539 o.ll909 •,ol75 
48 ll8o00 94,00 .. ~4e,a3 oi:JSOB •,o698 
49 l2So00 94,00 ... stzz oA172 •,Q698 

50 l26o00 94,00 .. ,5864 o.II070 ~.0698 

51 l27oOO 96,CO -~5985 o7943 -.1045 

!52 l29oOO 90,00 -.~293 o'777l .oooo 

53 l35o00 90,00 •o7071 o'?Q71 .oooo 
54 l35o00 90¡00 -~1071 o7071 ~0000 

5!3 136o00 90,00 .. ;tl93 ,,947 .oooo 

TOTAL S -2~!P7o 47•4379 2o802J 
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-
rnffuence of Rock fractures and Bfock Boundary 

Weakening on CavabH!ty 

by M. A. Mahtab and J. D. Dixon 

The results oj a parametric study of the influence of natural jeatures ( str2ss 
fidd, Tock streugth, and strength a1!c! oriml!ation of fractures) es well as rhc inf/uence 
o! induced jeatures (undercut .•pan, boundary slot, and other boundary-weakening 
measur:::s) on the cavabilÍty of an wldercut block o.f urP in minin9 by thc block­
cat~lllg method are prese¡,ted. The two-dimer.siimal finite-tdement analysis teclmiquc 
was used fur this study. A coarse "mesh.'' a!u11g with li1le.ar 1wmogeneous assump·· 
tiuns for ·ruck properties, WJS used to mude! tite problem of ínitiation of caving 
in a block of ore. Intervretú.t:on of the test rcsldts suggests that weaktming the 
"abutmcnts" of the block as well as rertain orientntions of 11atural fractures exercise 
sigmficant iuf!uence on cavability. 'l'hcse findi1lgs hold promise for immediUte appli­
cation tO known situations in bloclc-caving mines. 

A host of geomotric, geologic, and physical parameters 
are rero~niz~d to rontribute to the- caving p('rfunnance 
(l"..¡vabll!ty) of 1uck rnass in undt'n·ut mming by block 
cavio1g. Buck.Y' reco¡;n1zed that "the abiUy of a block f.o 
c-av~ r)r fra~rnent is a funetion of it3 s!re!"lgth in ten­
:;io,J o•· shPar <tnd thc v.::lue of applied forces." King' 
:·elated th~ caving charactenstics of the Clirnax ore body 
to rock type os we-ll as lo fracture sp;.;cing &nd miner­
a!i:ration. Kmg cla~slf1l,d the cavability of rocks in !he 
Clirnax ore body as very strong, moderately strong, 
moderately weak, and very weak. K2ndrick• concluded 
that ''the cavabillty o! a given ore body is based on its 
mínimum dimension 1n the horizontal plane." McMahon 
and Kcndrick' r~·lated cavabllity of ores to modified core 
rccovery (sométin.es referred to as HQD) and the aver­
age quantity of st·conda¡·y blasting. Obert el al." suggested 
~t·1smic absorpt10n as :m indicator of cavabilily. Swais­
guc,¡d et al." taLulatcd prommcnt geologic and physical 
feutures of !>even selec!Pd block-cave mmes. An exami­
natJon of the1r Table 1 shows that, in five oí the six 
'"gnod lo excellPnt caving" ca~es, the ore was jointed. 
In <.Jdd!tion. sorne boundary-w('nkening measures were 
applicd 111 fuur of the six cnscs. 

Althuugh there JS a unanimuus recognition ame;ng in­
ves!Jgators and mine operators that rock fractures are 
unportant for SUl'cessful raving of ore bodies, there has 
bt·l'll a general lack o! quant1tative rclalionships be­
t ween the char<.Jetcristics of fracture syslems (gcomttry, 
nu.'chanJcal p¡·opertles) and cavability of rock mass. 

Another feature of thc me·~hanic•¡; oí ca\;ing deserves 
i11crcased attention, namely th;¡t a lack oi lafe~~: confi,,e­
rnent (for the cavmg block) is tleLcssary to inswc ease 
111 t·aving rock masses hy thc'" block-;::a1•ing ml.llng 
nwthod. Removal of lateral confinement is a measure 
that is cornmonly applied through sorne kind of bound­
Hry-weakening opcJation (for instance, con:er raiscs in 
t omb1nation with long hole5 for prcsplittíng). Kt•ndnck" 
j..!I\"('S an excellent acrount of induction caving tlnough 
i.;¡undury weakcnmg. 

M. A. MAHTAB ond J. D. DIXON, Mem!>ers SME. are wirh Acres 
Consult•ng Scr•ice~ ltd, Noagara FCJIIs, Cenada ond Spokone Mininu 
Rcsearch Center, U S. Bureau of Mones, Spokanc, Wosh, relj.lecr.,eiy. 
SME Pccpcint, 7SAM9, AIME Annual Mc<ting, New York, Fcb 1975. 
Manuscript, Sep. 13, 1974. Discussion of this poper, suLnulled in 
duplocate prior lo Jun. 15, 1976, .,..¡11 oppear in ~ME f:.Jns~ctions, 

September 1976, and in AIME Tronsoctians, 1976, Vnl. 2b0. 

The objectives of this paper is to emphasize i.he h' 
ftucnce of two critica! factors in caving rock rnas>.es by 
the undercut (block) caving method, namely ( 1) tbc 
influence OÍ low-angle (Q• to 30" dip) Íl actures and ( 2) 
1 he influence of block boundary wc&ke:t:ing. 

The observalions which led to an e)(aminaL;:,n of the 
inrtucncc on cavability of severa! natural and induced 
( man-mac!e) features are discussed in the section OJ' 
"preliminary considerations." The res·..¡Jts of a paramet::c 
study (with respect to the various feuturcs mfluencir>g 
cavability) of a hypothetical undercut block are pre­
sentt>d in ihe section on "analysis of an example cavint', 
block." The subsequent sections of the pnper preseni 
discussion of results, conclusions, and recommct,dation5. 

Preliminary Considerations 
The existence of íavorably inclined, closely spaccd 

fractures having low resistance to in-plane shear stre:.;ses 
i3 importan! for caving ore bodies. Th~ US Bureau of 
Mines (USBM) has dev!:'loped procedures fur :,ampling, 
mupping, and analysis oí the geometry of roclt frac­
tures.'·" These procedures have been a¡:.pJ¡ed to the nnul·· 
ysis of the geome!ry of fractures in Magma Copper Co.'s 
San Manuel mine in Arizona.• An example of the nearly 
orlhogonal fracture system from a panel drift at the 
2015 leve! cf the San Manuel wine is shown in Fig. 1 

·•"l. -., 
--~--.:.. ... _-:-- ...... !--~· ~ 1-.:.~-....... ---;..........~_.,_---.......--.__. ~ 

F1g. 1-Typicol near!y :uthogonal fracture 1ynr.m :n :~OIS (~•::. 
Sen Mon¡¡eJ n1:1 :. 

Reprinted frorn Transactíc:,n:; of 5~1E, .Man:h 19;>6. Vol. 26r1 
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Fig. 4-Piot of spocing vs. frequency for one of three frac­
ture 5eh al San Manuel mine. 

of data points (normals to the fracture planes) in a 
polar ec¡ual-area projec.:tion of the upper hennsphere. 
Thrc·e nearly orthogonal sets can be se en in lhe figure; 
one is a nearly hunzontal set and two are 11early verti­
cally dipping sets). An cxample plot of the spal'ing vs. 
frcquency of spacing for one of the three fracture sets 

obser\'ed in rhyolite and monzonite porphyry at the 2015 
leve!, San Manuel, is shown in Fig. 4. 

:<'ig. 3--T~pical polar equal orea projection of Son Manuel 
lroctt.res. The numben on the conlaurs repre~ent percc:nlages 
of ob!erval1ons. 

As part of a USBM study of ihe influence of jointing 
on cavability conducted in San. Manuel mine, three 
prominenl orthogonal f¡·acture sets were delineatt>d in 
two of the three principal rack ty¡.¡es (quartz rnonzonite 
and monmnite porphyry). Howevcr, only t wo fracture 
sets, both vertical, were found to be present in the third 
rock type (rhyolite). The inference of this study was 
that the absence of the horizontal sct in rhyolne con­
triLuted in part to lhe genen.Jly observed strong re· 
sistance of rhyolite to caving. lt must be noted that the 
av!'rage spacing of the two vertical sets of fracturt>s in 
rhyolite was sma!ler than the average spacing for quartz 
monzonite and monzonite porphyry, see Fig. 4 and Table 
1, (al so see Fig. 12 in Re f. 9). In addition, the HQD for 
rhyolitc was Jess than 20%. 

l'lus!ralive dE:t1nitions of the principal geometric param­
• i!·rs of ft ;H:ture sets (azimuth, dip, and spacing) are 
¡,:1 vf••t in Fig 2 TypJcal Schmidt plots ot fracture orien­
l<~lJuiJb f: ,;¡n a study arca in San Manuel are shown in 
~·,g. 3. Tht:"-1: "lt:vel plots" represent the concentrations 

The USBM also analyzed the fl·acture patterns in an­
other mine (Mine B, Table J). Three prominent sets of 
fra¡-turcs, al! having nearly vertical dtps, were deline­
ated in a study block in this mine. Thc block was found 
too hard to cave dcspite some attcmpts to weaken the 

Dqoth ol Overburden, Fl 
E>tlo·o~t,d Hüloo u! Lateral/VerU­

c:d H.o(·.k Strt·::L!Jt-&1 
Pf '"· lp.,J On·/ H•.lck 

Frac~ ure Orientatloua Strlke/Dip, 
DL·gree 

i"racturf' Spac1ng, Ft 

Cav1ng Characterlstics (V, Strons, 
Mr>C:. Strong, Mod. Weak, & V. 
Weakl 

i'kmarks 

Jable 1. Observations of Sorne Physical and Geologic reatures In 
Two Block-Cave Mine• 

160C-1700 
'1. 

J. Quartz Monzonhe (Qi\!l 
2. Monzonne Porphyry rMP) 
:l. .lthyolue 1 Rhl 
l. N8JE!H7NW: N~2WI89NE; N03E/22SE. 
2. NIJOE/87!\lW, N~uW!H;SW; N23E/26SE. 
:S. N7uE187NW. N.;aW;B;>NE. 
l. 0.6·0.7 
2. 0.6·0.6 
3. 0.2 
J. Mud Weak-V. Weak 
2. V. Weak -
3. V. Strong 
No boundar> v.eak .. ning requlred; Jow lateral 

slre>s; 'luW·anglc fractures an QM & MP; 
Rh lacks low.;.ngle lraclures; angle of lnt. 
lr~cuon for fractures ::e: 35• 

M loe• 

B 

1400-1500 
1 

Similar to rock t:ypes 1 ar\'d 2 o! mine A. 

3 promlnent sets strlk!n¡¡ N60W. N30E, 
!'<30W and d1ppmg ncarly veruca!Jy 

0.1-2.5 
Average: 0.5 

Mod. S!rong-V. Strong 

Sorne boundary wcakening applled; hiel! 
lateral stress; absence of Iow.angl~ 
uactures, angle o! Jnt. 1nct1on 1or trae· 
luJe& = 33' 

• Mine A representa bloek4 at 2015 leveJ, SaA Manuel mine, Magma Copper Ca., Arlz.; Mine B c!oes noi wish lo be ,denhfied. ,. 
1 Slf~'S rat1o al Mine A assumed lo cqual --, for Polsson's rallo • = 0.2 Ulef. 17, Table 16); stress ratio at Mwe B based on one ob:serva• 

1-oo 
lwn o! horizontal •lress (of 1400 pslj and asswn;llion of 1500 psi verttcal stress ol J500 ft dcp1h. 

¡ KJn,b's clo~~JfiCéltlon. aee Rel. 2. 
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-·· 
corners of the block. A preliminary inference of the 
stut!y was that th~ combined effect of hig!llateral ground 
st ro.:.> S and a general absence of low-anc!e fractures ti.e., 
w1th d•p~ less than 30~) resulted in the poor cavability 
o! this block. -The observations of the physical and geo- · 
logic features made by the USBM in the two afore­
mentioned mmes are surnmarized in Table l. Another 
example of the inftuence of low-angle fractures on cav­
abilíty cnn be found in the Climax ore body. A sununary 
of the geometry of Clirnax fractures was presented by 
Kendorsld''' who showed that mosl fractures in the 
Cll!nüx or~: iJody d1p easterly at 40• to 60", or shallower. 
Kendor~k1" :-namtain~ th~t the low-angle fractures ( with 
clo~e :>pac~ng) are "very import.ant to initiating caving 
m a -block or panel." Furthermore, "the vertical scarps 
at Climax's cav1ng boundary are in the country roch: 
lthat has] a much less developed low-angle fracture 
pattern." 

Low-::mgle fractures in combination with steeply dip­
ping Íraclures provide brick-shaped fragments of ore 
and facil!tate vertical movcment of these fragments. The 
potential for vertical movement, lateral expansion, and 
rotation of fragrnents of a systcmatica!ly fractured ore 
body (one havmg one vertical and one horizontal set 
of fractures in a two-d1mensional modelJ is illustrated 
m Flg. 5, afl!;¡· Goodman el al."' (p. 648), who modeled 
an expenment madc by Trollope.•• 

In add1t:on to quantifymg the geometric characte:r­
ISllcs of fracture systerns, it is necessary to measure the 
rnt•c:hanical properties (strength and deformability) of 
frac!!Jres 1n .Qrder to make rat10nal judgments as to the 
cavabllity of á. given rock mass. The strength of frac­
tures can be obtained by testin·g fracture cpecimens in a 
d1rect she<Jr machinP, and the results cf thes.: tests can 
bt! plotted as streneth erwelopes in the manner of Fig. 
6. The simpl1tted hi!inear strength envelope of F1g. 6 de­
r 1ves from the expcrimenti.: reported by Patton q At low 
normal st re~ses (.r.), the shear strength (t) of the rough 
f¡ acturc ( wlth 1ts aspenties inclined at angle i to the 
ave1agt:> jomt surface) is given by 

-.:=tan (rt>1 + i). (1) 

However, in the rar.ge of high normal stresses when 
mn>t of the dSper~lies hv.ve been sheared off, the resid­
U<~l strength of the fracture is given by 

Fig. 5-Caving or collapse of initíoi roof in a 
systematicolly lractured medi .. m (lrom GoodmLln 
el al.'·). 

8- MARCH 1976 

(2) 

f 

r 
e, 

liL-----'----: 
NORMAL !•T~l:.iS 1'1'11 

Fig. ~llilincar strength ~:nveiope far ro~:gh j-oint~ 
(from i'otton"). 

o 

where </>¡ represents the ar.gle of residuai sliding re­
sistance (of the sheared fracture) and el rcprcscnt:; the 
cohesion of the rough fracture. In-silu mec1surenwn1s 
of elastic modulus of fractured rock mass can be n1ade 
through borehole pressure cells;'" an example plot of 
results is given in Fig. 7 which shows the deterioratwn 
in the rock modulus as the fracture spacing decreast':': 
An example of this deterioration of rack modulus can 
be seen in pre:splitting, or mass boundary weakening 
(disc:ussed in the next sect.ion), whereby tr:e mod1lltJs 
of rock along the edges of an ündercut block i::; rteduced 

The existence of favorably inclmerJ, closely spact:d 
frdctu res ha ving low resistance to shear is im(Jort<Jn l 
in infiuencing cavability of ore: bnrlies. Howev<:rc irac·­
ture:> alone are not sufficicnt lo initi<Jte caving of aol 
undercut block. This observation sterns frorn the labora­
tory re::;ults made by Brown et al.'" on a jointecl block of 
rock having two perpendic:Jlar Sf'ts of joints (see Fig P.) 

The ;·esults of their tests, Fig 9, show that ( 1) at low 
conñning pressures, the strength of the jointed spe:cimcn 
is a small frarlion of the strengU1 of the intact rock 
with the lowest strength c•)ITesponding to the two fn.Jc­
ture dips of 30• and 60'; and (2) at high lateral Cor con­
fining) pressure the strength of jointed specim~ns in­
creases to nearly the leve! of strength of int¡¡ct spec1mem 
subjected to the same stress condit1ons. Tlwse tests sup­
port the observation that á cornbinat1nn or' favorJble 
fracture patterns and lack of later<~l confinement is nec­
essary for ease in caving of undercut blocks of ore 
bodies. 

Analysis of an Example Caving Block 
This section will present a tablc of the physical nnc! 

geological fe¡::tures inftuen::ing cavability, outlin~ tlw 
scope of the analyses pe.ifvrmed, introduce -the' mctl1od of 
analy:;is used, and present the rcsults of the analyses. 
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On the basis of the observations made in the previous 
sect1ons of lhe paper, !he pnncipal physical and geo­
lugJcal features innuencing cavability of ore bodies in 
en undcrcut mming satuation can be enurncrated as in 
TaLle 2. 

The analyses of the influence of natural as well as in­
duced features are restriclcd. to the initiation of caving 
m an undcrcut block of ore. The effects on cavability ot 
tune and of procedures for drawing the caved ore are be­
yond the scope of the paper; considerations of support 
of development openings are ¡¡)so excluded. 

2 
3 
~ 

Jable 2. features lnnuencing Cavability 

NaiDral Fealaru 

in-s!tu stre~s field !rallo of 
vt-rtH'al to honzontal sLres&) 
Hock strength 
Geon"\~try uf fractures 
Stren¡¡th of fracture• 

lndueed t'en&ores 

1. Underc:ul &pan 
2. Boundary slut 1 vertical slolD 

excavated al 1wo edges oi 
IJiockl 

3. Mass boundary weakenlng 
lreductlon In rock otrengtb 
along lwo edges ol block by 
presphttln¡ll 

The precise mechanism which controls the process of 
caving has, as yet, not bl'l'n ~ubjected to either ana­
lytical or experimental modt'ling. Physical measure­
mcnts made in block-caving mines have al.so failcd to 
provide sufficient inform:.~t ion to cxplain. the caving 
phcnomcnon. Consequently, there is no dctlnitive anal­
ysis or test which indicates whether a given block of ore 
will or will not cave. It is W1dely thought, however, that 
the two basic types of rack failure-by tension and by 
shearing-are involved in the caving process. lf this 
concept of failure is accepted, thc caving tendency of an 
ore block can be evaluated by examining the tensile and 
shear stress zones which develop above thc undercut 
slot. This evaluation can be aehicved by comparing the 
intensity and d1stribution of tensile and shear stresses 
with the corrcsponding strengths of the rock mass. This 
is the approaeh followed by the authors 1n making a 
parametric study of the influt·nce on cavabiltty of the 
various features listed in Table 2. 

The analyses prescnted hcJ e are derived from thc ap­
plied loadiug as well as the g(.·unwtric and strength prop­
erties of rock mass in a block of ure located JOOO ft be­
low the ground surface. A vert1cal stress of 165,000 psf 
is assumed at this depth. The dcsign features of the 
block consist of widening the undercut slot, introduction 
of vertical boundary slots of various heights, introduction 
of ma.ss boundary weakening ( 111 a strip of roe k aro u nd 
the boundary slot) by use of drilling and blasting boles, 
and hydraulic fracturing through bon·holes or sorne 
other means. The geometric configuration of the hypo· 
t.hetical block stud1ed herein is shown in Fig. 10 which 
·nJso gives definitions of the nu"chanical parameters used 
in the various analyses. 

The finii.c element meth<>d of analysis was used for 
the parametric study of the influenee of lhe various fca­
turt>s of Table 2 on cavabil ity of an under·cut block of 
ore. This method was found particularly suiled to deal­
ing with the complex geometry mvolved in the analyses. 
For each analysis condition, !>lresses were cetermined 
throughout lhe area inllut·nced by the excavated slots. 
From these stresses, the dtstribution, orienlation, and 
intensity of tensile and shear !>tresses (in the rock mass) 
were determined prior to locating the potential zones 
of tensile and shear failure. 

Severa! simplifications were effected to reduce the 
difficulty and cost of obtaining results by the finite elf!­
mcnt analysis. A two-dtmcnsional, plane strain formu-
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lation was used for modeling the prob1em. The rcck mass 
was considered to be homogeneous, isotropic, 1.nd lin­
early ela:.tic. A coarse finite element :.1csh was also 
used to mode! the undercut caving conñgucations. Be­
cause o! the use of a coarse mesh and the idealized 
assumptions about tht: pt"Operties of the rack mass, the 
computed stresses in the immediate neighborhood of the 
(geometrically acute) boundaries of the slots are not 
expected to be highly accurate. Note that localized 
stresse::; are of little interest in these analyses. Further­
more, 'he idealtzed conditions imposed during these 
analyses dp pi"Ovide a q:mfiguration of the problem which 
t:.i suited to thc parurnctric study described hercin. 

The rcsul t.:; of the a na lyses are given in Fig. 11 through 
17. These figures show the zones of tensile and shear 
failures caused by the presence in the undercut block 
of ene or more of the features given in Table 2. The 
zones of tcnsile fatlure as shown in :r1g. 12 and 14 to 
17 were obtained by drawing dashed lines normal to the 
direction of tensile strcsses ut iocations where they oc­
c~rred (thut is, at centers of the finite elements). Since 
the undercut block is symmetrical about its center line, 
on!y one hnlf of the caving bloclt is represented in the 
analysi::; r.nd presentation of the resuli.s. 

The zones of sh(•ar failure as indicatcd in Fig. 11 h; i7 
were determinecl through a more involved procedure. 
Thest- zones dclin('ate the location.s in the undercut block 
whcre drivmg sht'ar sti·~~~.ses exceeded shear strengths. 
Tht! driving sl1ear stresses were obtained from finite ele­
rnent analysis results. Thé shear strengths were deter­
mined by appl,i.catio11 of the Mohr-Coulomb fadure law 

S = C + "• tah '~>· (3) 

The normal stress, "•• on the plane of shear was obtained 
from finite element analysis results. whereas the values 
of cohesion, C, and angle of friction, .¡., were preassigned. 

The zones of shear failure presented in Fig. 12 to '17 
indude the potential fai!ure of intact rack as wcll as 
shear failure along ,fracture planes. Where failure oí 
intact rock is tnvolved, s!-tear fallure surface would be 
expl'cled to be altgned at:::!: (-:15 - t~>/2) degrees fr-om the 
d 1 r t!Ction of m a xnnurn compressi ve stress. Tensile frac­
tunllg would, however, occur normal to lhe i!irection of 
pnnctpal stre::.:;c•::.. On fracture surfG.ces, sbear failure 
\\ ould occur by slidtng a long the fracture, and !ensile 
l.lllltrc would occur normal to the dircction of the frac­
tun:. 

Unless otherwise notccl, thl' following pararneters 
Wt:re consistently used for the various analyses: vertical 
field stress = 165,000 psf; P/Q, or thc ratio of vertical 
to honzontal fie!d stress ::: 3; R, the ratio of undercut 
wtdlh to undercut height = 30; height of boundary slot 
= 120ft; rock Stlength, '~>• = -:15°, e, = O; and fracture 
strength, "'' = 20°, el = o. 

Discussion of Results 
As evidcnced from Fig 11, the effect of a reduclion 

in lateral confinement ftom a P/Q of 1 (hydrostatic stress 
field) to a P!Q of 3 is to shtft thc shcar zonc from di­
rectly above thc undercut slot lo the edges (abutments) 
uf tite block. At the same tune, the shape of the shea1· 
fatlure zone i.s changed and the total volurne of rock 
a tfccted is incre<lsed. The eiTect on tcnsile fai lu re wne 
(,t!though not shown) was also significan!; the tensile 
futlure zone occupied arcas above the uncleicut slot 
(a., shown in Fig. 12a). 

The tnflucnce of slot width, in terrns of the ratio, R, 
ot the wtdth and height of undercut slot, 1'- shown in 
Ftg. 12. Several-iold incrca.>cs occurred in the volume 
of rock under cond1tions of both tensile and shear f¡¡ilure 
when R was increascd from 5 to 30. The iniluence oían 
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fig. 12-lnfluence of undercut siot" wi.~th on ex· 
tent of tel"lsile ond sheor zones (R = w:dth/height 
of slot). 

increase in slot width on c:avability, as shown in F!g. 12, 
is in agreement with the conclusion of Kendrick.• 

The influence of rock strength, in terms of the ar~gle 
of internal friction </J,, is consistent with engineering ex­
perience and judgment in that, as sho>vn in Fig. 13, 
there is a progressive increase in the total v0lumc of 
rock shcared as thc value of cp is decreased. 

' 1 

A marked influence of the hcight, H, of the boundary 
slot on_ ten_sile fa~lure zo~es in th~ undercut blocll is · 
shown m Ftg. 14. As mentwned earlter, the dashed lines 
in Fig. 14A, 14C and 14E, are drawn normal to thc di-' 
rection of ten.sile stresses in the rock elernent.s. It rnay be 
noted that the difference in che volume of rock undcr 
tension is more dramatic betwecn the cases H ::::: O clld 
H = 120 ft than between the eascs H = 120 ft aml 
H = 200 ft. However, no attempt was rnade to determine 
an optimum hetght fcr the boundary slot. We note Uwl, 
ordinarily, intact rock is capable of withstanding sorne 
tension. However, in practically all block-ca ving si ltlil · 

1 
( ,, . ,.,~ 

Fi-.. 13-lnfluence of rock gtrengt" Dn sl¡car zon~s, R ::::- ~, 
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fig. 14-lnfluence of 
beight (H) of bound· 
car s!111 on ten5ile 
ond sheor zones. 

. , .-;:! p,~o1ogic discontínuities permeate the rock 
1 ¡,E•n:fore, the assum¡.¡tion made here, that frac­

¡ • ' ..... i' m.:~ss cannot .... w i 1 hstand ~en!lion, is re a sonable. 
';'¡., •l'flc.:._:'lce of uacn:asing the height o1· the boundary 
'· '·".e; ¡, .,., p~·onotwced fo¡· shear failure zone than 
f,- in_ :t·nsile failure zune. The shear zone, however, 
:·L.'Dll•lJ'-~"e:, ii Jaq;er volurne of •·ock (with the bound­
:¡, ¡,~s d (he zone shifted upward and farther back into 
th•! abutnJt·nts uf the block) as the height of the bound­
'11 y slot is mn ""sed. 

The infltH·IIce of mass bcundary weakening on de­
•clupruuat uf t~.n~Jle anc; :;hear failure zones is shown in 
:?ag. 15 A co11:p<trison of nc mass boundary weakening 
< l'u~s 15i: ¡_¡nd l'>r'J wiíh ¡J¡¡rtJal weakening toward the 
'Jl(" k ( F1gs. 1 ~,e u11d !5[J J :.hows a significant increase in 
:he cxtent of the !ensile faalure zone dueto partía! mass 
l;<cl!!ldar:r •~ cakcning. Hov. <!Ver, the shear failure zone 
f .. lllt:d í.o slww any imvrovcment írom the point of 

Q 

fig. lS-!nlluence of 
mau boundary -.eok­
ening on len~ile ond 
sheof zones. 

_,--z- • -· 

view oZ increa.<:ed cava0i..l!ty. A dramatic increase oc­
curred in the exte,·l ot both tensile and shear failure 
zones when the ~~:·s~ bou11dary wcakenang (that is, re­
duction in the m:.>dulus of the Iock) was app!ied lo 
strips of rock 011 l)ülh s1des 0f the boundary slot (Figs. 
I5A and 158). 'fhe iocrease an vúlllme of ten::;ile and 
shear zones for the case of •·tul!" mass boundary wcak­
ening over and above the case of "half" mass boundary 
weakening was approximalely 30%. Tensile zones were 
further extended mto the "roof" above the undercut slot. 
These results indicale that the caving tendency of a block 
of ore can be enhanced more by presplitting toward the 
abutments than by presplitling toward the block. In 
effect the mass boundary we;;kenmg of lhe block abut­
m.cnt~ tends to lenglhen the elfcctive "span" of the block, 
which is a desirable feature in inducing caving. 

The influence of ori~:ntation of fractures 011 the s1ze 
and shape of the tensile and shear failuae zones is shown 
in Figs. 16 and 17. Fig. 16 comp::lles the influence of low­
nng!e fractures (havmg dJ;JS of o·, 15", and 30") on th~ 
failure zones. The shear ZOilL'S are seen to be highly 
sensitive to tl¡e uip of low-angle fractures. The hon­
zontal L·actures (!.re shown lo exercise the most pro-

1~ 
t23ZJL 

C: TlHSIC[ l0Nt.P•60" 

Fig. 16-lnfluence ol 
low-angle fractures 
on !ensile ond sheor 
zones. 

fig. :7-influence of 
neorlr vertical hoc­
ture on ten¡il2 ond 
shcar zones. 
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nounced etrect on shear failure. AH low-angle fractures 
CF1g. !6) showed approximatcly the same effect on the 
h·n-;Jie failure zone which cncompassed the entire spnn 
or' t he u ndercut slot. However, the combi ned effect of 
shear and ten..,rle farlure is most pron,Junced for Lhe 
horizontal fract~res. 

The ínfluence on the failure zones developed above 
the undercut slot of nearly vertica!ly dipping fractures 
(those havrng dips of 75", 80", and !lO") is shown in Fig. 
17. The tensrle zone is most pronounced for fractures 
d1pping at 90". The combined effect on tensile and shear 
zones i5 approximately the same for all thc nearly 
vertical !1'-actures. 

Conclusions and Recommendations 
Seve<·al steps can be taken in developing a mine to 

obt<fin optimum inítial caving conditions. Natural fea­
tures that exist in the ore body (stress field, rack 
strength, fracture orientation, and strength) can be ex­
ploited during the initiation of the caving process. If 
the horizontal stress tield ts not uniform, the cross sec­
twn ol the undercut slot can be orien!ed paraliel to the 
mínimum hor'zontai stress. Cavir.g should idcally be 
rni!wted ín tri..' w.eakt•st portian of the ore body. This 
~hould ¡:;r.~vide mass boundary weakening on one side of 
additional b!ocks, thus reducing the total effort in con­
truued caving of the ore body. 

Other de<;ign features can be introduced to furthel' 
optimize inilial caving cor.ditions. The introduction of a 
vertical boundary slot, especially in situations where 
the horizontal stress is a iarge fraction of the vertical 
stress, ¡¡ppears· to be more effective than increasing the 
widlh of an undercut slot. This reduces or eliminates the 
horizontal stress field, a factor that greatly inftuences 
cavability. Furthermore, by introducng mass boundary 
weako:ning around the boundary slots, more favorable 
conrlitions fur caving can be. obtamed. The most effective 
mass boundnry weakening was created by blasting into 
tire abutment sido of the boundary slots. 'Th1s efTectively 
rncrcased the span of the undercut slot causing greater 
zoncs of tensile stress to orcur immediately abuve the 
!>lot and created extensivo shear zones over the abutr.'lent 
areas of the slot where caving is normally expected to 
progress. 

A combination of onc low-angle (0" to 30" dip) set of 
fractures and anothcr nearly vertical (75• to go• dip) set 
of fractures is the most effE'ctive two-dimcnsional frac­
turing ccnfigurat1on for ease in cavability of an ore body. 

In an actual three-dimensional situation, one set ot low­
angle fractures and two sets of nearly vertical !ractures 
will be most effective in improving cavability. 
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Chapter 6 Groundwater fl~w; permeabi 1 ity and prs!;sure 

Introduction 

The presence of g1·ound1o1aler in the rock wass su!:roundi ¡¡r; 2.n 
open pit has a deterimental ef.Lect upon th~ mining ;>rogramme 
for the following rcasons: 

a) Water p:reasu:re reduces the stability of th~ slor.-;:·:J by 
rcducing the sh~ar stre~gth of potencial failure 
surface~ as de3cribcd on ?ages 24 ané 25. W~t~r 
pressure in tension cracks or similar near vertical 
fissures reduces stability by increasing th8 !orces 
tending to induce slídins (pa~e 26). 

b) High moiatu:re aontent resul~s in <m incret.tSed unit 
weight of the rock aud hence gives rise to i~creased 
transp.ort costs. Changés in moistun~ content: of 
some rocks, particularly shales, can cause nccelerdted 
weathering with a resulting decrease in stabilit:y 
(page 33). 

a) F2'eezing of grcundwater during wintCoor can c;.use 
wedging in water-fi.lled fissures due te temperatux·e 
dependent volume changes in the ice. F:-eezíng"of 
surface water on slopes can block drainage paths 
resulting in a build-up of water pressure in the 
slope with a consequent decrease in stability. 

d) Eroaior. of both surface soi1s and fissure infilling 
occurs as a result of the velocity of flow of ground­
water. This eroaion can give rise to a reduction in 
stability and also to silting up of drainage syst~~s. 

e) Dúwht21•ge of eroundwater into an open pit ¡;;ives rise 
to increased operating costs because of the 
requirem<!nt to pump this water out and also because 
of the difficulties of ope::-o.ting heavy equi.pment on 
ve::y wet ground. 

f.l L·iquefac:tion of overhurden s_oi ls _or was te.· tips can 
·accur when W-ater p·reS!l~re Within t:he :naterÍal rlSéS 
to the point uhere the uplift forces exceed the 
weight of the soil.· This can occur if drain~ge 
channels are blccked or if ~he soil structure 
undergoes a suJden volume chauge as c.m happen uncler 
earthquake conditicns. 

Liquefaction is critically impartant ic the desi~n of 
tailings dams and r~aste dumps and it is d':'!al.\; viit:h 
in the r¿ferences numbercd 104 to 108 listed at ¿he 
end of this chapter. It will not be considereJ 
further in this book si~ce it does not play a 
significant part in controllin2 tte stability of 
rock 3lopes. 

By far the mos e irr.¡.¡ortunt effect of the preic:cnce of gr(lund­
water in E rock mass is the'reduction in stability rPsulting 
from water prcssur~s within the discontinuities in the 
rork. Methods fur including these water press~rc~ into 
stability calculatio~s are dealt with in later chapters of 
this book. This chapter is concerned wi th methods for 
cstimating or meas~ring these water pressures. 
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r;roundt-Jü·~er f1 ovJ i ,, roe k mas ses 

-;:·he:c ~ ate r.tJo ;:¡ossibl2 approaches to obtaining data on 
Bater p:cessure dist~ibutions within a rock mass: 

a) J):=chction cf the overall groundwatei: flow pattern fY"om 
consideration ot the permeability of the rock mass and 
sou~-ces of groundwater, 

b) Di,ect m~asuremen~ of ~ater le~els in boreholes or wells 
or of vater pressures by means of piezometers installed in 
bo;:ehoies, 

As wil¡ be shown in this chapter, both methods abound uith 
¡:,act:tca1 diiticulties bu::, because of the very impoJrtant 
infl~ence of water pressure on slope stcbility, it is 
L5Sential that the best podsible estimates of these pressures 
s:1o;•!d be ;Jvailable befarE a de':ailed stab' lity analysis is 
<-l:í:2.11:-'-~C. Bec;wse of th<: larg.:. numbe:r o:f i:actors which 
co~~•o1 the groundwatcr flcw 9attern in a particular rack 
masa, i~ is only possiDle to hi&hlight the general 
prtnciples uhich way appl1 and to leavc t~e reader to 
decide Phil.,. ~orr.binatior_ of these principies is relevant to 
his specific proble~. 

The hydPologic cyale 

A s~mplified hydrologic cyc:e is illustreted in Figure 4S 
to sbou sorne t~rpic,sl sou::czs of groundwater in a rock mass" 
This figure is included to ernph~sise the fact that ground­
water can e~d does tlBvel considerable distances through a 
roclc rnass. rlence, just as it is important to conside:c the 
regional geology o~ an drea when starting the design on an 
open pit mine, so \t is irnportant to con~ider the regional 
gro:.md•.Jater \)at tern :·'1len estimating probable groundw&tcr 
distcibutions at a particu¡3r site • 

Clearl) ¡)recipitation in i::!Je catchment area of t.h~ plt. ~s atl 
ir~r;>ortanl source of groul"O'J.:::te,r. 0 as :::uggested in i:he skd:ch 
o¡:; 1•osite, l ut other ~oLn·ce& canr.ut be ignoreC. Groan¿,¡,::':a:r 
rPovement from acJjacent ·--iv~r sy&tems, rescrvoi.re u1· !_.ak-:::. 
can be s~¡;nific;;nt, p<'rticularly if tLz permeability of th':! 
rack masp is l1ighly ani~otrop1c a; s~ggested in Figure 6~. 
In extreme f'«Ses, the movemcnt oi groundwater may be 
concentrated in open fissures or channels in the rock m~~q 
and there may be no clearly identifiable uater table. The 
photograph reproduced in Figure 50 shows a solution c~cnnel 
of about 1 inch in diamr.ter in limestone. Obviously, the 
hydraulic conductivity of such a channel would be so r.;,gh 
as compared with other parts oí: the rock mass that the 
ccnventional picture oi a groundwater flow p~ttern wou~d 
probably be incorrect in í:he case of a slope in which SJCh 
featul"~~s occurc 

Th.ese cxan.ples emphasise ;;he extreme> im¡:ortance of 
considcJring the geology o! the site when estimatin& wate: 
table level~ or uhen interpreting ~ater prassure measure­
ments. 

Definition of penneability 

Consider a ~ylindrical sampleP of soil on rock beneath r~e 
waterlable in a 5lope E; illust~~ted in Figurz 51. Th¿ 
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Permeabi l i ty conversion table. 

To convert cm/sec Multiply by 
to 

rAateJ:s/min o.6oo 
P'/sec té 

ft/sec 0.0)28 

ft/min t.968 

ft/ycar t.OJit X '10 
6 

2 • 
t.OJl X i0-5 cm 

Da.rcy.• 1.045 X 'iOJ 

• for water at 20°C. 

sample has a cross-sec.tional area of A and a lengch l, Water 
levels in boreholes at eithe~ end of this sample are at 
heights ht and h?. above a refere¡~ce datum and r.hn qua.ntity 
of water fl.;¡<Úng through the <:~aruple in a unit of time is Q. 
Accordi~g to Darcy's !aw, thc coefZicíent of permeability of 
this sarnple is defined as 110,111,112: 

k 
q.Z V·Z {21) 

o 

' . 
Wherc V is the dischargc veloci ty. Substit:ution of dimensiona 
Íor the terms in equation (21) shpws that the permeability 
coefficient k has the sace dimensiona as the discharge 
velocity V, i.e. length per unit time. rh~ dirnension most 
commonly used in groundwater sutdies is centirnetres per 
second and typical ranges of permeability coef:ficients for 
rock and soil are given in Table It1l3. · 
Figure 51 shows that the total head h can be expressed in 
terms of the pressure p at the end of the sample and the 
height Z above a reference datum •. Hence 

p 
+ z (22) h 

Yw 

where y'J is the der,aity of water. As shown in the figure, 
h is the height to which the water level rises in a borehole 
or standpipe. 

Permeability of jointed rock 

Table II shows that the permeability of ·intact rock is very 
lo'W and hence poor drainage and low discharge l·IOuld normally 
be expected in such material. On the other hand, if thc 
rock is disr...ontinuous as a result of the presence of joints, 
fissures or other discontinuities, the permcabili ty can be 
considerably higher because these discontinuities act as · 
channels for the water flow. 

The flow of 'Water through fissures in rack has beeu studied 
in great detail by Huitt 114 , Snow11 5 , Louisl 1E, Sharpl17, 
Haini1 18 and others and the reader who wishes te pursue this 
complex subject is_ªssured of many happy hours of reading. 

'For ~h~ purposes of this discussion, tbe problem is 
simpli fied to that of the determination of the equivalent, ~ 
permeé,bility of a ¡>lanar acray of pa1:allel smooth cl:ac:,s 116, 
The permeability [.o.:l'"allPl to this array is given by: 

k (23) 
12v·b 

whcre g "' gravitational acceleratior. (98t cm/sec
2

) 

e a openino of cracks or fissur-es 

b ~ spacing between cr-acks and 

v is the coefficient of kinematic viscosity 
(0.0101 cm2/sec for pure water at 20~C) 

The cquivalent permeability k of a parallel arTay of 
cracks with different openings is plotted in Figure 52 which 
9hows that the perrueability of a rack mass is very scnsitive 
t:o -the optning of discontinui·ties. Since this opening 
changes with stress, the permeability of a rock mass will' 
th~refote be sensitive to stress. lJ 



Figure 5'1 : 
Definition of permeability in terms of Darcy's law. 

(h h ) 
Q = kAo 1 2 

~ 

'"'here Q is the amount of 1vat'\!r flotving through the 
somple in unit time, 

k is the coefficient of penneability, 
A is the cross-ser.·tional area of the sample, 
(h - h ) is the difference in watertable 
~levation oetween ti1c ct~d:> uf the sa•nple 8.'1d 

length of the sample • 
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Figure 52 Influence -of joint opening e and joint spacing b on the 
permeability coefficient k in the direction of a set of 
s:nooth parallel jnlnts in a rock mass. 

Joint set 1 

-2 1 x 10 cm se e. 

Figure 5J : 
Ideiilised representation of two 
orthogonal joint systems in a rock 
mass • The spacing of both sets is 
1 joint per meter. The joint openin¡: 

-e or-·s'at--1 ·is O.!Ocm anu the- fo:­

sJ~ 2 is e
2 

= 0.02 cm. It is assurued 
that there is no cross-flow from 
one joiut set to anothE'r·. 

6 1 --4. . 
• t x 10 cmfsec. 



Louis !lb poincs out tha t equation (23) only applies to laminar 
flow through planar paral~l fissures and that it gives rise 
to slgnificant errors if th~ flow velocity is high enough for 
turbulent flo~ to occur. if the fissure surfaces are rough 
cr if th6 fissures are infilled. Louis lists no fewer than 
8 equatinns to describe flow under various conditions. 
Equaticn (23) gives the highest equivalent permeability 
coefficiént. The lo"''<!St equivalent permeahility coefficient, 
for an infi lled f,issure system, is given by 

k "' 
e 
b . kf + kr (24) 

where kf is the periDeability coefficient of the infilling 
u.at•crial and 

kr is the permeabílity coefficíent of the intact 
rock. 

(Note that kr has been ignored in equaticn (23) since it 
will be ve.ry smal¡ as co;npat-ed wíth t:1e pe::meabil.i.ty of open 
joints),. 

An example of the application of ef!uation (23). to a rock mass 
with two orthogonal joint systems is·given in Figure 53. 
This shcws a major joint set in which the joint openíng e 1 
is 0.10 cm and tLe spacing bet~een joints is b 1 • 1 meter. 
The equivalent perroeabi'lity k¡ parallel to these joints is 
k¡ e 8· 1 X w-2 cii1/Sec. The minor joint set has a spacing 
b;, e 1 joínt per meter .::nd an opening e2 e 0.02 cm._. The 
equivalent permeability of. this set is kz .. 6.5 x 10- 11 cm/sPc, 
i.e. more than two' arder~ of magnitude smaller than the 
equivalent perroeabi1ity oí the r;1.:!jor joint set. 

Ciea·rly the groundwater flo"r pattern and· the drainage 
charact~:ristics of a rock mass in which these two joint sets 
occur would be significantly ínfluenced. by the orientation 
of the joint sets. 

Flow nets 

The graphical representation of groundwater flow in a rock 
or soil mass is known as a flow net and a typical example 
is illustrated in Figure 54. Several features of this. flow 
net are worthy of.consideration. 

Flow linee are paths followed by the water in flowing through 
the saturated rock or soil. 

Equipote~ztial l.ines are lines JOl.ning points at which the 
total h~ad h is the r:.lluJe. As Bhown in Figure )4, the water 
level is the same in uorehole.s or ~>tandpipes •Jhich terminate 
at point8 A and B on the bame equipotential line. 

Water preasurea at points A and B are not the same since, 
according to equation (22), the total head h is given by the 
sum of the pressure head D/yw and the elevation Z of the 
mcasuring point above the reference datum. The wateJ• 
pressure increases with depth along an equipotentíal lineas 
shown in Figure 54. 

A complete discussion on the constructiol1 or coD'Iputation of 
flcw nets exceeds the scope of this book and the interested 
reader is referred to the coruprehensive texts by Cedergren 112 
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Figure 54: Two-dimensional flo~ net in a slop~. 
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EL.,ctric;..l unalogue fo¡· thc st.udy of anisotropic groundwatcr 
flow and dJ-atnage probll·m:; 117. 



and P.aarll9 for {urther details. Traditional graphical 
methods for constructing flo'W nets 120 have now largely 
been superceded by analogue 121 • 122 and numerical methods 12 3, 

An example of an electrical resitance analogue for the study 
of anisotropic seepage and drainage problems is illustrated 
in Figure 55. Sorne typical examples of equipotential 
distributions, deterrnined with the a id of this analogue, 
are reproduced in Figure 5612 4 , 

Field measu;·ement of permeability 

Detennination of the permeability of a tocR mass is 
nece&sary if estimates are required of groundwater discharge 
into an open pit or if an attempt is to be made to design 
a drainage system for the pit, 

Por evaluation of the stability of the pit slopes it is the 
u!ate1' p1'e3S11.1'e rather than the volume of groundwater flow 
in the rock mass which is importan t.· The water pressure at 
any point is independent of the permeability of the rock 
mass at that point but it does depend upon the path followed 
by the groundwater in arriving at that point (Figures 49 and 
56). Hence, the anisotropy and the distribution of 
permeability in a rock mass is of interest in estimating 
the water pressure distribution in a slope. 

In order to measure the permeability at a "point'' in a rock 
mass, it is necessary to change the groundwater conditions 
at that point and to measure the time taken for the 
original conditions to be re-established or the q~antity 
of water necessary to mAintain the new conditions. These 
tests are most conveniently carried out in a borehole in 
which a section is isolated between the end of the casing 
and the bottom of the hale or between packers within the 
hole. The tests can be classified as follows: 

a) Falling head tests in which water is poured into a 
vertical or near vertical borehole and the time taken for 
the water level to fall to its original level is determined. 

b) Constant head tests in which the quantity of water 
which has to be poured into the borehole in order to 
maintain a specific water level is measured. 

e) Pumping tests or Lugeon tests in which water is pumped 
into or out of a borehole section between two packers and 
the changes induced by this pumping are measured. 

The first two types of test are suitable for measurement of 
the permeability of reasonably uniform soils or rock. 
Anisotr!)pic permeabi li ty coefficients cannot be measured 
directly in these tests but, as shown in the example g{ven 
below, allolvance can be made for this anisotropy in the 
calculation of permeability. Pumping tests, although more 
expensive, are more suitable for permeability testing in 
jointed rock. 

Fa?.Zing head and constant head tests 

A very comprehensive discussion on falling head and constant 
head permeability testing is given by Horslevl 25 and a 
f¡;w of the points which are din~ctly r{;levant to th"! p:n:ser:t 



Permeability ratio 

a) Isotropic rock slope. 

Permeability ratio 

b) Anisotropic rock slope - horizontally 
bedded strata • 

Permeability ratio 
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e) Anisotropic rock slope - st>ata 
dipping parallel to slope • 

Figure 56 Equipotent ial distribut ions in slopes 
with various permcability confiouratior.s. 



discussíon are summarised hereunder. 

The coefficient cf permeability k is calculated from falling­
head and constant head tests in saturated ground (test 
section below water table) as follows. 

Fall ing head: k A . loge ~ "' 'F (t 2 - t¡) H2 

Constant head: k e 9 
F He 

t•here A is the cross section area of the water column. 
A = ! ~d 2 where d is the inside diameter of the 
casing in a vertical borehole. For án inclined 
hole, A wust be corrected to account for the 
elliptica} shape of the horizontal water surface 
i., the .:::1sing. 

(25) 

(21;) 

Y is a shape factor which depends upon the conditions 
at the bottom of the hole. Shape factors for typical 

'situations are given in Figure 57. 

H¡ and H2 are water levels in the borehole 1 measured 
from the rest water level, at times t 1 and t 2 
respectively. 

q is the flow rate and 

He is the water level. roeasured from the rest water 
level, maintained during a constant head test. 

(Note that Naperian logarithms are used in these 
equations and that loge = 2.3026 Log¡c) 

Consider an example of a falling head test carried out in a 
borehole of 7.6 cmdiameter with a casing of 6.0 cm díameter. 
The boreholes is extended a distance of 100 cms beyond the 
end of the casing and the material in which the test is 
carried out is assurned to have a ratio of horizontal to 
vertical permeablli ty l<h/kv "' S. 

The first step in this analysis is to calculate the shape 
factor F from the equation given for the 4th case in Figure 
57. The value of m a /5 e 2.24 and substituting D e 7.6 cm 
and L "' lOO cm, 

F ~ 2n t. 628 "' 154 

Loge (2m L/I'I) 

Heasuremenr of water levels at different times for the 
falling head test gave the following values: 

B1 e 10 metres at t¡ ~ 30 seconds 

H2 e 5 metres at t2 e 150. seconds 

The cross-sectional area A of the water column is 
A a 1 ~(6) 2 = 28.3 cm2 • 

Substituting in equation (25), the horizontal permeability 
k, is given by 
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Fa.ll ing head test 
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1~ 
Casing flush with end o{ 
borehole in soil or rock 
of uniform permeability. 
Inside diameter of casing 
is d cms. 
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L beyond the end of thc 
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! 

casing. D is borehole diameter• 
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Boreho] e extended a di stance 
L beyond the end of the 
casing in a stratified 3oil 
,or rock mass wit!l lmrizonl:al 
and vertical p~rmeahilitie~. 

Borehole extencled a distance 
L beyond the end of the 
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an impermeab 1 e boundary 
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Figure 57 Detai ls of falling hcad ur.d consta.rt head tests for permeability measurement 
in soil or rock masses with shap~ factors for bor¿hole end conditio•1s • 
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28·3 loge 2 1.06 x 10-
3 cm/sec. 

------
154 (150-30) 

Since the ratio of horizontal to vertical permeability has 
becn estimated, from examination of the core, as kh/kv = 5, 
"'-v = 2.12 x lO-"' cm/sec. 

Laboratory tests on core samples are useful in checking this 
Patio of horizontal to vertical permeability but, because of 
the distur~ance to Lhe sample, it is unlikely that the 
absolwte values of permeability measured in the- laboratory 
will be as reliable as those detennined by the borehole tests 
described above. Laboratory methods for permeabi lity testing 
are described in standard texts such as that by Lambe 126 • 

Pumping tests in boreholes 

In a rock mass in which the groundwater flow is concentiated 
within regular _ioint sets, the penreability will be highly 
directional. If joint opening e could be measured in situ, 
the permeability in the direction of each joint set could 
be calculated directly from equation (23). Unfortunately, 
such measurements are not possible under field conditions 
and the permeability must therefore be determined by 
pumpinr tests. 

A pumping test for the measurement of the premeability in the 
direction of a particular set of discontinuities such as 
joints involves drilling a borehole perpendicular to these 
discontin~ities as shown in Figure 58. It is assumed that 
most of the flow is concentrated within this one joint set 
and that cross-flow through other joint sets , pas~ the 
packers and through the intact rack surrounding the hole is 
negligible. A section of the borehole is isolated between 
packers or a single packer is used to isolate a length at 
the end of the hole and \•ater is puruped into or out of this 
cavity. 

A variety of -borehole packers are available commerciallyl27 
but the author considers that many of these packers are too 
short to eliminate leakage. Leakage past packers is one of 
the most serious sources of error in pumping tests and every 
effort should be made to ensure that an effective seal has 
been achieved before measurements aré commenced. A simple, 
inexpensive and highly effective packer has been des;ribed 
by P.arper and Ross-Brown1 28 and the principal features are 
illustrated in Figure 59. This packer is reanufactured from 
rubber h"osing which is nonnally used in the building industry 
for forming voids in concrete*. It consists of inner and 
outer rubber tubes enclosing a diagonally braided cotton core 
and this arrangement allows an increase in diameter of 
approximatcly 20% when the hose is inflated. Because of its 
low cost and simplicity, long packers can be used and packer 
lengths of 10 feet (3 meters) have proved extremely effective 
in pumping tests in 3 inch (7.6 cm) diameter boreholes • 

The permeability of the discontinuities perpendicular to the 
borehole is calculated as follows: 

------------------------* Available in a wide range of diameters from Ductube 
Co::npany Limited, Daneshill Road,, Lound, Near Retford. 
Nottinghamshire, England. 



Joint set J 

Figure 58 
1 

Pumping test in regularly jointed rock. 
The borehole is rlrilled at right angles 
to the joint set in '~hich the permeability 
is to be measured. 

pin for attachment 
of lifting cable 

airline 

Figure 59 Section through the end of a packer· 
fcr sea!ing thc bottom end of a 
pumping test cavity • The upper packer 
end has ad.liditional fittings for 
pressur~ inle~ and piczomcter cables. 



t.n-,-

k q Loge (2 R/n) 
(27) 

where q is pumping rate required to maintain a 
constant pressure in the test cavity 

L is the lcngth of the test cavity 

H1 is the total nead in the test cavity 

D is the borehole diarneter 

H2 is the total head measured at a distance 
R from the boreho1e 

The most satisfactory means of obtaining the value of H2 is 
to measure it in a boreho1e paralle1 to and at a distance R 
from the test hole. Where ·a pattern of boreholes is avai lable 0 

as is the case en many opencast mine sites, this does not 
present serious problems. Techniques for water pressure· 
measuiewP.nt are dealt with in the following section of this 
chapter. 

T-lhen only one borehole is available. an approximate solution 
to equation (27) can be obtained by using the shape factor 
F for a stratified system (Figure 57). Substituting this 
va1ue into equation (26) gives 

k q. Lo&e (2m L/D) 
(28) 

2 11 L He 

where 0 in this case, m a (k/kp)l. 

k is the permeability at right angles to the 
bol."'ehole (the quanti ty required) 

kp is the pe~eability parallel to the borehole 
which 0 if cross flow is neglected 0 is equal to 
the permeability of the intact rock 

He is the constant head above the original 
groundwater leve1 in the boreho1e • 

.. 
The value ~f the term Loge (2m L/D) in this equation does 
not have a major influence upon the va1ue of k and hence a 
crude estimate of m is adequate. Consider the example where 
La 4D; the values of Loge (2m L/D) are as fo1lows: 

k/k ¡.o 102 104 106 lOe 101o 1012 
p 

m 1•0 ¡ol 102 103 104 ¡os 106 

Loge (2m LiD) 2.1 4.4 6.7 9.0 11.3 13.6 15.9 

A reasonable value of k for most practica1 applications is 
given by assuming k/kp e ¡o6. m a 103 which gives 

k .!.:.3_ 
L He 

~9) 

In derivinll equation (29). Ít: has been assumed that t:"he test 



uities (say 100) and that the value of k represents a 
reasonable average permeability for the rock mass (in the 
direction at ríght angles to the borehole). t-l11en the 
díscor.tinuíty spacing varíes along the length of the hole, 
water flow will be conceutrat~d in zcnes of closely spaced 
discontinuities and the use of an average pen1eability 
valu~ can give roisleading results. Under these circum­
gtances • it is preferable to express the permeability in 
terms of the permeabllity kj of individual discontinuities 
where 

k· J k 
n 

(30) 

n is the number of discontinuities '"'hich intersect 
the test cavity of length L. 

The value of o can be estimated from the borehole core log 
and, assuming that the discontinuity openíng (e in équation 
(23)) remains constant, the variation in permeability along 
the borehole can theu be estimateó. 

Be fore leaving this ques tiou of permeabi li ty tesd ng i t mus t 
be pointed out that the discussion which has been presented 
has been grossly simplified. This has been done deliberately 
s'irice the literature dealing with this subject is copious, 
complex and confusing. A number of techniques, more 
sophisticated than those which have been described here, 
are available for the evaluation of permeability bllt the 
author believes that these are best left in the banas of 
experienced specialist consultant:s. The simple tests which 
have been describcd are generally adequ,;te for open pit 
stability and drainage studies. 

~easurement of water pressure 

The importance of water pressure in c.elation to the stability 
of slopes has been emphasised in several of the previous 
chapters. If a rcliable estímate of stability is to be 
obtained or if the stability of a slope is to be controlled 
by drainage, it is essential that water pressures within 
the slope should be measured, Such measurernents are rnost 
conveniently carried out by piazometers installed in bore­
holes. 

A variety of piezometer _types are avai lable and the ·choice 
of the type to be uscd for a particular installallation 
depends upon a number of prP.ctical considerations. A 
detailed discussion on this matter has been givan by 
Terzaghi and Pcck 129 and only the most irnportant consider­
ations will be summarised here. 

The most important factor lo be considered in choosing a 
piezometer is the time lag of the.complete insta!lation. 
This is the time t~ken 1or the pressure in the system to 
reach equi li.brium after a ¡H·cssure change and i t d€pends 
u pon the permeabi l i ty of the ground and thc volume change 
associated with the pressure change, Open hales con be used 
for pr·essure mcasurement. when the permcability is greater 
than to-4cm/sec but , for less permeable ground, the time lag 
is too long. ¡, order to ovcrcome this proble"', a pressu¡·c 

measuring device or piezometer is installed in a sealed· 
section of the borehole. The voll.lme change withb tbis 
sealed section, caused by the operation of the piezometer 



To re si stanc'e measuring 
circuit. 

core cable 

Standpipe -
mínimum i 1nch 
diameter. 

weight 
diameter 

Split cable 
set in epoxy 
res in 

to 
form contacts 

A simple probe for water 
level detection • 

should :,e very s1nall in order that the response of the 
complete installation to pressure changes in the surrounding 
rock should b¿ rapid. If a devicc which requires a large 
volume change for its operation ic used, the change in 
pre~sure induced by this change in voJume may eivc rise to 
significant errors in measurement. 

Sorne of the conwon types of pie?.ometer are briefly discussed 
hereunder. 

a) Open piezometers or observation wells 

As discussed above, open en<ied cased holes can be used to 
measure water pressure in rock or soil in which the 
permeability is greater than abouc 10-1¡ cm/sec. All that 
is required f~r these measurements is a device for measuring 
water level in the borehole. A very simple probé consisting 
of a pair of electrical contacts housP.d in a brass weight 
is illustrated in the sketch opposite. When the contacta 
touch the water , the resistance of the elec~rical circuit 
drops and this can be measured on a standard "Avometer" 
or similar instrument. The depth of water below the collar 
of the hole is measured by the length of cable and it is 
convenient to mark the cable off in feet or meters for 
this purpose. Portable water level indicators, consisting 
of a probe, a marked cable and a small resistance measuring 
instrument, are available frorn Soil lnstruments Ltd., 
T~wnsend Land, London N.W.9 or from Soilt.est Inc., 2205 Lee 
Street, Evanston, Illinois 60202, U.S,A. 

b) Standpipe p-iezometers 

When the permeability of the ground in which water pressure 
is to be measur~d is less than 10-1¡ cffi/sec, the time lag 
involved i:1 using an open hole will be unacceptable and a 
standpipe piezo¡;¡eter such as that: illustrated in Figure óO 
should· be used. This device consists of a perforated tip 
vhich is sealed into a section of borehole as shown. A 
small diameter standpipe passing through the seals allows 
the water leve] to be measured by means of the same type of 
water level indicator as described above under open hole 
piezometers. Because the volume of water within the stand-' 
pipe is small, the response time. of this piezcmeter 
installalÍon 'iáll be adequate for most applications likely 
to be enccuntered on an open pit mine site. 

An ~dvantage of the standpipe piezometer is that, because of 
the small diameter of the standpipe, a number can be 
installed in the same hole. Hence different sections can 
be seal~d off along the length of the borehole and the water 
pressure within each section monitored. This type of 
installation i-s important ~1hen it is suspected that water 
flow is confined to certain layers vithln a. rock mass. 

a) CZ.osed hydr•aul.ic piezometeJ'S 
1'' 

~~en the pe1~eability of the ground falls below about 10-6 
cm/sec, the time lag of open ended br,reholes or standpipe 
piezometers t.ecomes unacceptable. F!.'t: example, approJd_mately 
5 ciays would be required for a rypical standpipe piczometer 
to reach an a,·cepr.able state of equilibrium after a c.h.:mge 
in w<:;.er pressure in a rock or soil mass havin¡¡, n 
permeability of 10- 7 cm/sec. 
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An improved tim<: lag can be obtained by using a closfod 
hydraulic piezometer such as that described by Bishop et 
all30, Thls type of píezomter is completely filled with 
d•·-aired water and is suitable for measurement of small 
Wdter pressures. Such piezómeters are genP-rally used for 
pore pressure measurement during construction of embankments 
or dams where they can be installed during construction and 
left in place. 

d) Air Actuated Piezometers 

A very ra~id response time can be achieved by use bf air 
actuated piezometers in which the water pressure is 
~~asured by a balancing air pressure acting against a 
diaphragm. As shown in Figure 61, an air valve allows air 
to escape when the air and water pressures on either side 
of the diaphragm are equa1 131 • A commercially available air 
piezometer, manufactured by Soil Instrurnents Ltd., Townsend 
Lane, London N.W.9, England, is illustrated in Figure 62 
Similar types of instrurnent are available from other 
suppliers and the author believes that these devices will 
play an increasingly important role in slope stability 
~tudies. 

e) EZectrically indicating piezometers 

An almost instantaneous response time is obtained·from 
piezometers in which the deflection of a diaphragm as a 
result of water pressure is measured electrically by means 
of sorne form of strain gauge attached to the diaphragm. A 
wide varietv of such devices are available comrnercially 
and they ar~ ideal for measuring the water pressure within 
the test cavity during a pumping testll8. Because of 
their relat;vely high cost and because of the possibility of 
electrical faults, these piezometers are less satisfactory 
for permanent installation in boreholes~ 

General comments 

A frequent rnistake made by engineers or geologists in 
examining rock or soil slopes is to assume that groundwater 

.is not present if no seepage appears on the slope face. In 
many cases, the seepage rate may be lower than the 
evaporation rate &nd hence the slope surface may appear 
completely dry and yet there may be water at significant 
pressure within the rock mals. Remernber that it is water 
pressure and not rate of flow which is responsible for 
instability in slope~ and it is essential that measurement 
or ·calculation of this water pressure should form part of 
the site investigation for stability studies. Drainage, 
which is discussed in a later chapter, is one of the most 
effective and most econornical means available for improving 
the stability of open pit mine slopes. Ratlona] design of 
drainage systems is only possible if the water flow pattern 
within the rock mass is understood and measur~ment of 
permeability aná water pressure provides the key to this 
understanding. 
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Figure 61 : Typical circuit for 
an air actuated piezometer • 

Figure 62 : Air actuated piezometer m<~nufactured by Soil Instruments Ltd , London. 
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The· angle rp will as sume the sign of (Z2 - Z3 ). As shown in figure· Sf, tfJ is 
positive when the joint dips toward the observer. · ·r. 

The azinruth of dip, e, is nbw given by the following fonnula 
. '-_·''J.'':/· 

' .... • -. 
e= azimuth of Y-axis (deg) ±\f0 -±90°·. 

Notice that· the convention, of measuring positive ang.1es ·clockwise from Y-axis 
and from line 34 is consistent1y usea '(flg'. Sf.) .· 

J. 

Solution of an Examp1e .Problem 
,, 

The so1ution for the dip and azimuth of dip of a hypothetica1 joint 
observed in an inc1ined boreho1e wi11 be presented in this section. The data 
for the prob1em inc1udes 

azimuth of borehole axis = 134° J 

inclination of borehole = 12° J 

diameter of borehole = 0.125 ft, 

diameter of borescope = o. 0833 ft,. 

and Y' 1 = o, Yd = 0.1092, and Y' 3 = 0.1333. 

The comput~d va1ues of X, Y, Z coordinates of points 1, 2, and 3 are 
tabulated in figure 5~. The va1ues of ~ and tfJ obtained from equations 3 and 
4 (see the computer output) are 

'i' = -43.8°, 

and t/J = 79.5°. 

The graphical solutions for 'i' and t/J (fig. 5!, 5!) agree with the computed 
va1ues. The azimuth of dip is then given by (see fig. 5f. for sign convention) 

or 

e= azimuth of borehole + 'i'- 90°, 

e= 0.2°. 

'',• 
, .. 

", t"• 
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COMPUIER PROGRAM FOR,DETERMINING ATTITUDES OF JOINTS 

-1 '. . " 
~ Co1umns 

• 
Set L 1 1-5 

6-15 

; Set 2 2 1-5 
- •• ~•_)'- _l' \..¡ 

6-10 

11-15 
,., 

16-20 

21-80 

3 Í-5 

6-10 

11-15 

. , 
lé-20 

21-25 

30 

31-80 

': 
Input Instructions 

NH = Total number of ho1es surveyed. 

DB = Diame.ter · of borescope, ft. 

DEPTH = Depth .of ho1e, ft. 

DHOLE = Diameter of hole, ft. 

HOLAZ = Azimuth of hole axis, deg. 
--.:.. 

-' .,_),- ...... 
HDIP = Inclination of hole, deg (no sign for 

uphole~ negative for downhole). 
1 '_ , • ~.:.., r 

Alphanumeric information abou~ the borehole. 
.. '. 1 ·• 

N = Serial number of joint in this hole. 

YP(l) = Distance (right) from collar to eyepiece, 

YP (2) = 

ft. 

Distance (top) fr~m collar to eyepiece,, 
ft . 

YP(3) = Distance (left) from collar to eyepiece,· ~ 
ft. 

.AXIAL = Length of tubing removed, if any, ft. 

NEND = 1 if N is the last joint in this hole, 
otherwise blank. 

REMARK = Alphanumeric information about joint: 
Filling, width, etc. :, 

., 

:The tota 1 number of 
veyed in this hole. 
each succeeding hole 

'· 

cards in set 2 = n + 1, where n = number of joints. sur-, 
Set 2 should be followed by additiona 1 sets of cards foi""' 
(total number of these sets = NH). 

.. ·l.: 

r_¡ 

' 
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Program Listing 

PROGRAM ATTITUD(TAPE51 0UTPUT,TAPE6=0UTPUT,PUNeH) 
OETERMINATION OF DIPS At-1> AZIMUTHS, OF OJPS OF JOINTS SURVEYED 
W'ITH A BORESCOPE W INCLINF.D BOREHOLES 
DIMENS ION YP(3) ,11ED(l ~) ,REMO.RK(8)~ SJ(8) ,DU(S) 
RADN=57.2957795 . 

.. READ(5, U) NH,-DB 
' DO 1~!1 J=l,NH , 

REÁD(S, 12) DEPTH,DHOL'Eif!Ót:AZ,HDIP,HED 
WRITE(6,14) HED,DEPTH,oHOLE,HOLAZ,HDJP 
GAMI\=HD 1 P 1 PADN 
SH=DHOLE-DB/2. 
SA=SQRT(SH::oB/2.) 
S=SIN(GAWI) 
C=COS(GN-IA) 
WRITE(6, 3~) 

4~ READ(S,l3).N,YP(1),YP(2),YP(3),AXIAL,NEND,REMARK 
DEPTH=DEPTH-AXIAL 
DO 41 1=1,3 

41 YP(I)=DEPTH-YP(I) 
YP21=YP(2)-YP(l) 
YP3l=YP(3)-YP(l) 
Y2=c::yp2J-S::sH 

Y3=c==vP31 
Z2=s::yp2l+C::sH 
z3=s::vP31 
N-'>=Z 31 Z 2 
ANU'-1=Y 3-AW:Y2 
DNlJ-1=SA::(AM-2.) 
D34=SQRT(ANUM::::2+DNLM::::2) 
PS 1 =ACOS(ABS(ANLM)/034 )::RAOr,¡ 
SPS 1 =(ANUM/ABS(ANLM))::(ABS(DNLM)/DNLM) 
PS 1 =SPS 1 ::ps 1 

46 AREA2= (sN=(l. -AM)::(2. ::v2-Y3)) 
IF(AREA2.EQ.~.) GO TO 47 
D 1 P=ATArK(Z2-Z3 )::o34/AREA2)::RADN 

GO TO 48 
47 IP=9f1.~ 
48 SDIP=DJP/ABS(DIP) 

DIPAZ=HOLAZ+PS 1 +SPS r:=so1p::g~. S 
IF(DJPAZ.GT, 3fi~.) DIPAZ=DIPAZ-36~. 
JF(DIPAZ.LT.~.) DIPAZ=DIPAZ+36~. 
WR 1 TE(6, 42) N, YP(l ), YP(2), YPO), PS 1, DIPAZ,DIP ,REHARK 
NP=N-( (N-1 )/ 8)::8 
SJ(NP)=DIPAZ 
DJ(NP)=DIP. _ 
1 F(IHID. f\E. ~ ,01<, NP. EQ. 8)PU~CH 43, (SJ( 1 ), DJ_(I ), 1;: l,NP) 
IF(r~END ,EQ.--fi)~Go-~TO 40 -

PUNCH 44,N,HED 
1lJ~ CONTI NJE 

19 FORMAT(IS,Flfl.2) 
12 FORMAT(4FS.2,19A6) 

· 13 FORMA.T(IS,4F5.2,15,19AS) . 
14 FORMAT(lHl, 1llA6,//:: OEPTH OF HOLE :::,F9.2,:: Fr::¡ 

1 :: HOLE D1Ar1ETER ===,F9.4,:: FT::¡:: AZIMUTH OF HOLE ::: 
. ~ ,F9. 1,:: DEG::¡:: HOLE INCLINATION :::,F9.2,:: DEG::/) 

311 FORMAT(:: rKl. YP(R) YP(T) YP(L) PSI DIPAZ DIP 
lt2 FORt-IAT( 14, 3F7. 4, 3FG.l, 4X, 1f§AS) 

REMARKS::¡¡) 

43 FORtAAT(J6FS.~) 
44 FORMAT(I5,15X,1fiA5) 

STOP . 

END 

j 
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Description of OutEyt 

The output from ¡·t,~ iJrogram includes th~ ftJlbwing: 

l. The intcrmation gnren on card 2 of set 2 for each hole. 
o 

2. The Y1 distances of points 1, 2, and 3, from the collar of the hole-­
YP(R), YP(T),·and YP(L), respectively--for e~ch joint. 

3. The angie 'i', the azimuth of dip, the dip, and thc alphanumeric infor­
~~cia~ (rerudrks) tor each joint. 

4. Punched cards with eight pairs of azimuth of clip and dip for use with 
Pf:.~'·~H program ilf reference .4. 

!· ILs':.ing of the co1npute·c output for the exa..-nple problem is as follmvs: 

EXAMPLE PROS~EM GIVEN IN TEXT 

D?flTH Crr 1-IOLE = l. fi~ FT 
1-(jt_E DIA"1ETER = .1251!1 FT 
AZIMUTH OF H'JLE = 134. !f DEG 
hO!.E INCU•'IATlGN = !2,f.1f1 DEG 

NO. YP(R) YP(T) YP(L) PSI DI PAZ D!P REMAR KS 

1 g.see~ • 1 f592 .1333 -43.8 .2 79.5 HYPOTHETICAL JOlNT 

SUMMARY 

A new scheme for determining dips and azimaths of dips of joints su!'veyed 
with a borescope in incl ined boreholes is presented. The procedures used by 
the Bureau for collecting and recording the borescope data are described, ano 
a computer program basr:d .:m the solution scheme. :i.e 1ist2;d. The solution for 
an example problem is obtained by the scheme present~cl in the report as well 
as by the graphical technique for solving a three-point.: problem. The r:om¡.HJteY."­

based scheme ¡;resented hcre should be usefPl iP é1n~lydvg the large quan1:ities 
of data obtalned from ccmprehensive borehoi? f'u.r''t'JSo The input and output 
forw.its for the computer program listed in the repcrt are suíted to the pro-· 
ceJures followed by the Bureau. The program can, howevers be easily modified 
to suit any other convention . 
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The Design of Rock Slopes and Foundations 

ty E. lloek, Professor of Pock Mechanics, Imperial Colleoe, Le>ndon 

P. Londe, Technical Oirector_. _ _toy:ru! .. .&-eel'liP.r,--Parfs 

!. critical revie.., of the rresent "State of the Art" of the design of surface workiny,s in r~ek·is presented in 
this report which is divided into four sections: 

l. Appraisal of rock mssses 

2. Design methods 

J, ~ck slopes 

4. Rack foundatinns 

Site investip.ation techniques, labnratorv tests, mathe~atical and physical ~dels are all examined in the light 
of their relevance to eñrineerinp. design. The use of the factor of safety as a design index is diseussed and 
an assessment is given of the most practical approach to desipninF, rDck slopes and foundations. the influence 
of ~roundwater on the stability of surface workin~s is considered and the use nf drainage and groutin~ for 
eroundwater control is discussed. Other methodu for improvin~ stability, includins the use of controlled blasting 
techniques and the reinforcement of the rack IIIBSS, are considered. 
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IIITRODUCT 1 ON 

For centuries building on rock has heen synon}'Mous 
~ith building safely. nuring the pase few decades this 
sit•.:ation has changed amJ the increasing size of 
st:•Jctures such as arclt dams and opencast mines has 
¡•T•cS•,nted engineers witlt an entirely new set of 
problems. Th~ severity of these problems and the 
in~JeqildCY of exisring design methods has heen emphas­
ised by ~ev .. ral cacastrophic failures IJhich have 
occurred in recent years. 

l'~<> solution to these problems is not simple. 
Deúgr. :n.!!thods in roe!-- en¡:ineering evolve slouly, 
ia:·g~ly by erial and error since the physical and mech­
. :.dc:;l 1 aws governing the behaviour of rock r.~asses are 
por:!·!:, underscood. Geologists, whose contribution to 
;n<' development of rock engineering is vital, also find 
tl,._;o;,;,J.ves in difíiculty in attempting to quantify 
;-·re>l_:lt!m~ which hav<' dimensiona of botlt scale and time 
wbtch are smaller than those with which the geologist 
is nucmally concerned. 

As design methods are evolved, aew problems which 
:,;d ,:,e: been ant icipated arisc. Uew failure rnodes or 
unusual combinat1ons of forces are recognised and the 
rock engineer is faced with a new set of unsolved 
problems. lt would be a m1stake to regret chis state 
of affairs. On the contrary, even if tlle engineer is 
fr4strated by his inability to solve these new problema 
che vcry fact that these problems are recognised is a 
step towards in~reased safety. 

In reflecting upon the current state of develop­
ment of rock mechanics, the general reportera are 
greatly encouraged by one partic~lar trend which has 
bcgun to em~rge during the past decade and which 
suggests that the subject is slowly reachinc maturity. 
This is the trend to work towards a balanced design; 
cven if all the factors which contribute towards the 
coverall behaviour of a structure are not known with 
.Jlly great precisíon, at least the influence of each 
fa~tor is considered in arriving at an assessment of 
the probable behaviour of that structure. 

In th.:! past one tended to find "schools" or 
"techniques" emphasised. There was, for exar:~ple, the 
"Austrian" school or the "South African" school and the 
"photoelastic" era and, more recently, the "finite 
element" era. While these individual approaches made 
and will continue to make valuable contributions to the 
development of rock mechanics, they did not provide a 
complete or a balanced picture of the whole. Just as 
the medica! world has long realised that there is no 
onc approach which will solve all the problems of ill­
ness, so the rock engineer is realising that no one 
method will solve all the problems which he is likely 
to encounter. Rock is an extremely complex engineering 
material and designing in rock requires the application 
of as much science as relevant, as much cxperience as 
available and as much common sense as possihle. Above 
all, a design must be balanced in that every factor, 
even thosP which cannot be quantified, must be consid­
ered before redching ó\ final decision. 

Turning now to the structure of this report on 
surface workings. Two sub-civisions are imm~diat~ly 
cbvious: 

a) Rock slopes 

b) Rock foundations 

J 

Flow charts showing the main steps required for 
the designs of these two types of construction are 
presented in Figures 1 and 2. It will be noted that 
there are many coliU!lon eleoents in these ·two charts, 
particularly those areas concerned with geological 
data collection, preliminary stahility analyais and 
shear strength testinp,. On the other hand,deformation 
behaviour i~ a crucial design consideration for found­
ations but not for slopes while controlled failure is 
acceptable for sorne slopes' but totally unacceptable 
for foundations. This report ia therefore divided into 
four major sections which deal with the problema 
which are particularly important in slope design and 
problems which are particularly important in foundat­
ion design • 

Rather than present a catalogue of all the things 
which \le can do "ell, the general reporters have 
chosen to place the main emphasis on those things 
which we do badly, where our knowledge is inadequate 
and where research is considered necessary, Hany of 
the statements uhich are presented are controversial 
and certain parts ~ay even be biased. This is because 
the general reporters are typical working engineers 
who have not attempted to read all the literature, vho 
have not understood all that they have read and who 
have not necessarily foroed unbiased opinions upon 
that which they have understood. This is a report on 
the state of the art in rock slope and foundation 
engineering as seen through the eyes of these two 
general reporters and it is hoped that it will stimu­
late others to look more closely at sooe of the quest­
ions raised. 

1. fiPPRAISAL OF ROCK rlASSES 

1.0 Introduction 

The engineering appraisal of a rocK mass includes: 

a qualitative estímate of the response of 
the rock mass to change in either ceometry 
or loadinr,. This includes an ussessment of 
possible failure modes. 

a quantitative measurernent of parameters 
used in the numerical analysis of the 
behaviour of the slope• or foundation. 

Several neans have to be used: 

a) geology and hydrogeology 

b) detailed description of the structure 
(geometry of discontinuities, infilline, 
etc.) and determination of engineering 
identification índices. 

e) direct measurement of mechanical par~meter 
meters for use in the analysis. 

d) rnonitoring the behaviour of the rock rnass 
with changes in load or with time. 

Point (a) will not be dealt with in this report 
which is devoted to the mechanical aspects of slope 
and foundation hehaviour. It is stressed, ho11ever, 
that geology, with its description of the rocks, their 
genesis and history and the sorts of features th~t 
characterise the region, togcther with hydPoge.olog¡¡. 
with its description of the groundwater re~ime, ar~ 
vital for a complete understanding of the site. 
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l.l List of methods of appraisal 

Rock mcchanics offers many methods for testing 
saoples, investigation of rock masses and aonitoring 
rock mass behaviour, Indeed, so many methods are avail­
ablc that many ~ngineers are confused by the choice, 
sceptical about che reliabifity of che resulta and 
so~etimes doubtful about the meaning of these resulta. 
The purpose of tlais report is to propose a seleotion 
of techniques which che general reportera cansider moat 
useful for che engineer who wants to know the signifi­
cant enp,ineering properties of rack masses, 

Each method described is particu1arly app1icable 
to a specific stage in che study of rock slapes or 
foundations. Sorne methods yield on1y rough quaZitative 
z:,z,tz:aes which provide. warnings or which facilitate 
cornparisan with other sites. Other mechada supply 
:?Uantitative measz,l'ements of variables which can be 
used for analysis. 

The categaries, which are common· to both slopes 
and foundations, which are considered here, are in­
situ investigacions and laboratory tests. Instrumenta­
tion, together with methods of analysis, is required to 
fill different roles in rock slope and in foundation 
engineering and will be discussed under these headings 
later in che report, 

The methods selected as the most reliab1e ar the 
m0st promising are: 

ln-sicu investigation 

Laboratory tests 

Mapping of structures on surface 
outcrops in exp~oration adits or on 
borehole cores. 

Graphical presentation of structural 
geological data •. 

Geophysics 

"Petite sismique" 

Rock quality dPsignation (RQD) 

Lugcon tests 

Jacking tests 

Residual stress measurements. 

Compression and point load testa 

Radial perrneability tests 

Shear tests on discontinuities 

1,2 ln-situ investigation 

1.20 Introduction 

This section is devoted to investigations carried 
out on the site. Some of these methods apply from che 
very first stage of the study while others can on1y be 
used when boreholes and adits are availahle. Thcse 
methods are typical of recent developrnents in engineer­
ing geology. 

There are tests other than those discusseu here, 
The writers have selected only those which seem 
parti~ularly relevant to the present purpose: the 

. design of slopes and foundEtions as engineering struct­
ures, 

,) 

1,21 Mapping af str:.•ctural featur~s 

A description of the rock structure (geo~etry and 
nature of discontinui cíes such· as faults and joints) 
is an ess2ntial ingredient in any analysis of rock · 
slope stability or of foundation heha~iour. The amount 
af detail required for different ~tages of the analy­
si.o dependa upon whether one is de.3igning a slope or 
a foundation and this diff~rence is highlighted in 
Figures· 1 and 2, 

The rack slope engineer is frequently faced with 
the probhm of designing Miles of higi1way cut or open 
pit mine bench and it is c1early impossible to map all 
the structura1 features involve~. Consequent1y'the 
geo1ogical data col1ection is usually carried out in 
two stages, separated hy a preliminary analysis which 
is intended to isolate critica! slopes. Only these 
critica! slopes are considered in detail. 

On the othcr h~nd, the consequences of failure 
of a foundation are usually so serious that the 
preliminary design is carried out in much greater 
detail and the detailed geological data collection is 
required at a much earlier stage in the investigacion. 
Since the foundation cngineer is concerned with a 
particular site of 1imited extent, the amount of work 
is not usually exces~ive, 

~apping of surface outcrops of rock is one of the 
most reliable means of defining the structure of a 
rack mass. Mapping techniques such as those described 
by Broadbent,C.n. and Rippere,K.H.(l970) are well 
developcd, Dangerous and inaccessible faces can be 
mapped by terrestial photogramrnetric rnethods (Ross­
Bro•m,D.N. and Atkinson,K.B. ,1972). In either case, 
appropriate corrections must be applied to coopensate 
for mapping errors (Terzaghi,R.D.,l965). 

These surface mapping techniques are most effect­
ive when applied to freshly exposed hard rock faces in 
slopes, trial excavations or in explm·a tion ad i ts 
although care must he takcn lo alloil for blasting 
damage in these faces. Surface mappi:lg is less effect­
ive when there is a considerable arnount of over-burden 
soil or vegeta'tion overlying the ~itP. or wh~n the 
surface exposures are heavily weatherc,d end the 
structural pattern ill-defined. In these cases, use 
muRt be made of sub-sui'face explora<:.ion methods, 

ExpZoration adite, although by far the most 
expensive rncthod of sub-surface exploration, are 
probably the most effective. :lot only do they provide 
a large scale sample of the ro.::k mass buc, hecause the 
geologist can gain access to the interior of the rock 
rnass, the nature and the orientation of structural 
features visible within the adit can be dcte~mined 
with considerable precision. Site in~estigation 
methods which do not provide inf~rmat1vn on che inclin­
ation and orientation of struc.cural features are of 
little value to rock angineers since this information 
is vital in any stability analysis. With caretul 
planning, these adits can be used for large scale 
drainage tests (Sharp,J.C.,l970) and can thcmselves 
become drainage and/or grouting galleríes once che 
canstruction has commenced, 

TriaZ trenches can onl:v be uspd where the depth 
of overburden is small ~ut, whe~~ this method is 
applicahle, very valuable information can be obtained 
supplyin~ a continuous perception of the rnck and o( 



Preliminary collection of geological 
data from air photographs, surface 
mapping and borehole core. 

~stimates of shear strenp,th of 
dtscontinuities from index tests, lit­
erature and from back-analyses of 
existing slope failures, 

anJ groundwater data. 

'P¡•,_.Z:'ro¡r"na_rZJ anaLysúl of possibility 
of slope failure by different modes 
of f'a,· Zw•e. 

Temporarv slopes with lo~ 
risk of damage and loss of 
life from failure 

noubts stability 

YES 

Final des·ign of rock slope 
including any corrective 
measures which may be 
required._ 

Design of instrumentation 

Excavation of slope 

Observation in service 

Lessons learned 

Knowledge and experience 
~!Bml!mEilll!l!!!ll!llllltavailable to engineers, 

geologists and hydro­
geologists 

ermanent slopes with high risk 
~IG~~f dama~e to property and loss of 

life from failure. 

etailed stabaity arralysis 
reouired. 

Consideration of all pos­
sible corrective meas~es 

P.esults techn1cally and 
economically.acceptable. 

YES NO 

Can slope failure be 
accommodated without 
danger of life or damage 

roperty? 

NO 

Figu:e 1: P.ock Slope Oesiqn Flow Chart 

) 
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Preli~inary c~llection of geolo~ical 
data from ülr photographs, surface 
j~appin~ and borehole cores. 

a oratoty appra1sal of 
foundation materials and groundwater 
conditions. Determination of Ident­
ification índices. 

Graphical presentation of geological 
data with notes on mechanical prop­
erty and groundwater data. 

cvaluat1on of prel1~1nary des1gns and 
Jnvestigation of all possible failure 
odes - choice of best alternative 

ngineering structures with 
low riak of damage and loss 

f life from failure 

Doubts on stability 

YES 

eses and analysis of 
eformation behaviour 
f foundations 

of all pos­
measures 

esults technically and 
conomically acceptable 

NO YES 

eject chis site for 
hr. engineering 

'tructure considered 

Knowledp,e an~ experience 
~~~~~~~ available to ~neineers, 

geologists and hydro­
geologistb. 

l ---· .1 

onsideration of alternativa 
ngineering structu~es which 
ay be suitnble for site 
reparation of preZimi~ary 
esians. 

------~----------d 

Engineering structurcs with hi~ 
risk of dama~e and losa of life N" 
from failure 1 
netailed ntabiii~¡ añQ!Yoea· 

noubts on stabiZity 

iscontinuicies, ground­
ater investigations. 

e-analysis of all pos­
ible faiZure modes. 

Bt.:zbiZity 

YES 

and-

YES 

Fi~ure 2: ~oundation Desi~n Flow Chart 

r 
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its ruain geu·.,~ical features with no gaps over great 
!engths. Con.-.tdering that excavation equipment for 
Jiggi:~¡; thesl trenches is readily available on most 
si tes, it is surprising .that so l ittle use is ClBde of 
L;·,t::. method for site investigations for rock slopes and 
fo1:n .;i( lons. 

¡;¡:,mMid dl'ill.J:n(l is the most comr.umly used site 
~nv2Higadon rnethod for unt!Xposed rock masses. 
Althc.ugh diamond drilling equipment (Jeffers,J.F. ,1966) 
and drilling ruethods (Rosengren,K.J.,l969) are highly 
devcdcpcd, the resul ts of a diamond drilling progra~m~e 
,;:·e Z:re::¡uently unsatisfactory, One of the majar sourceo 
•'. ilticulty is asBociated with core orientation. 
•lr,l.ess the orientation of structural features visible 
:.n :!-.~ <:ore is known, the investment in a drilling 
,rograrume w~ll be largely wasted since the core will 
·,Jy Je ot qualitative value to the slope or foundation 
en~.ne~r. ~ethods of core orientation are available 
(f..e:Jif""•W.F. ,l9t7) but,because they require careful 
l:e~cment and because they introduce delays into the 
dri lling tin•etable, these methods are disliked by most 
diar~"nd drillers. The development of simple and 
"'· i; .,blc ::!C'I'e op;,'entatior¡ systems is a challenge to 
<~•, 'l ing t':Quiprnent :nanufacturers and the successful 
dPvrlopment of such tools would represenr a significant 
Btep forward tn site investigation technology; 

Of all the techniques used in site investigation, 
<.llaJ!lOnd dri ll ing Muse surely be che one '"hich is ' 
subjected to the Most abuse. All too frequently, in 
<>rder to satisfy a site investigation specification 
derived from soMe out-dated code of practice, an 
inexperienced driller is provided with antiquated 
drilling equtpMent and instructed to drill in a numb~r 
of locations which have been chosen with little 
rt!gard to local geological conditions. Payment on the 
hasis of length of hole drilled rather than en the 
core recovered is also placing the emphasis incorrectly 
and che final result is usually of no use whatever, All 
core boxes should be systematícally photographed, so 
as to keep a safe record of them. All too often the 
~ure boxes have disappeared when their examination is 
mosc required. Good colour pictures are adequate for 
checking important features. 

Development of site investigation contract palie~ 
ias has simply not kept pace with development of 
equipment and with t~e needs of th~ rook engineer. 
This congress could benefit greatly from the present­
ation of a model diamond drilling contract for site 
investigations by an experienced geotechnical consult~ 
ant who ts familiar with the problems of negotiating 
such concracts in different pares of the world. 

Sophisticated drilling techniques such as integral 
sampling (Rocha,H., 1967) although having great 
potential, are unlikely to gain wide acceptance while 
the quality of basic diamond drilling generally avail-
able is so poor. · 

Recognition of the difficul~of obtaining high 
quality diamond drilling has lead sorne companies to 
advocate the use of optiaal op teZevision probes for 
the examination of borehole walls. In theory, if such · 
tools could be made effective and reliable, there 
vould be no need for expensive diamond drilling and 
hales could be drilled with percussion equiprnent at 
low cost. Unfortunately, this theory is far from 
realisation and currently available borehole probes are 
exceedingly costly aud notoriously unreliable and are 
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probably more expensive to use than high quality 
diamond drilling equipment. In the hands of special­
ised companies having the necessary technical expert­
is~ to maintain and to operate these units and to 
interpret the results, excellent resulta can be obtain­
ed particularly for the detection of thin soft layers 
'"hich are likely to be missed by the coring. "Do-it­
yourself" operations are to be avoided. 

1.22 Graphical representation of structural data 

The reader may consider it unusual that this 
tapie is identified for special discussion and yet, 
when one considers that the graphical presentation of 
structural geology data is a vital link in the 
communications chain between the geologist and the 
engineer, it beco~es obvious that this is not a trivial 
question. The graphical presentation of results which 
depend upon more than threa parameters is a permanent 
source of worry for the engineer. llere we have more 
than ten variables, not all having the same signific­
ance, but all requiring presentation in a form which 
can be understood and utilised by the engineer. 
Further research into methojs of data presentarían 
would certainly be worth while. lmproving the presenc­
ation ~1ould enable the enginee':" to understand the 
geological structure mol., clearly and to recoenise 
rnechanical behaviour patterns more easily. Thia 
improved presentation would also considerably ease 
the diffic~lties which occur in the dialogue between 
geologists and engineers. 

Several methods have been proposf!d for presenting 
the three-dimensional geological structure of a sit~ 
and sorne of these rnethods are briefly reviewed here, 

Major features such as large faults can be drswn 
on a map, clearly showing their direction in space 
(e.g. Muller,L,l963). Such m<.~ps are most important 
when considering the overall geological conditions of 
che site since smaller scale features which may have 
a more direct influence upon the stability of the 
site will usually be related to these majar features. 

One gre~t difficulty in preparing geolo~ical map~ 
is to recognise the oontJ:nuity or 'pePsiat.enae of 
structural features. Since a thin clay searn of large 
extent may be more critica! than a large pocket of 
crushed material, the determination of continuity from 
ouccrops and borehole intersections is an imporra~t 
part of this stage of the site investigation. The 
writers have found that aoaZe modela of the siu 
(constructed from rigid plasci~ sheet or fro·ro rot'.s) 
are extremely useful in this respect sinr.e it is 
possible to visualisc the three-dimeneional nature of 
the rock structure n~re easily (Fig.3). Ouplicate 
models in che design and site offices will minimise 
misunderstanding. 

Mi110r features such as thin joints, bedding 
planes etc. cannot be represented indiviuually Úi'IC<! 

there are too many of them and such features muse be 
treated statistically in arder to establish sta'uatural 
patterns. Polar diagrams, projections of a uni t 
hemisphere, are widely used for this type cf anaiysis 
(Phillips,F.C.,l97l). The equal aPea projeccion 
(Fig.4a) is often preferred by structural eeclo~i&ts 
because it allous for easy plotting of the distribut­
ion frequency in space, The stereogr~phia or equal 
angle projection (Fig.4b) is preferred by many 
engineers because ell circles on the hemisphere remain 



loi:.I'EIIAL REPOIIT 

igun• 

1· igur·e 4 

Plexiglass model of the geology of a dam site. 

(al 

N 

S 
( b) 

Po lttr d iagr·run., • 
!a) Equal arPa projf'ction (Schmidt) 
(b) Equal angle proJ.,l'tioor !wül f) 
( 1) Upper hcmi sphen·. 
(2) Circle on ~phPrP. 
( ) l Pro J e.: t ion o f e i re· 1<' (u o t e 11·c u 1 a r· ) 

(t,) l'roj .. ction of ClrcJP !c-ircular·) 

7 

E· 



;,t;NERA L REPORT 

circles un the projec ion and this propertv allows 
verv co•wenÍPnt graph cal treatment of stability 
proble.ns. The errors n detennination of the atatist­
ic-:11. di$trihution of structural features can he minim­
ised ~v using a special grid for counting plotted 
0-•int •• The writers suggest that these counting ~rrors 
have been over-e~phasised since there are certainly 
av&tematic errors in the data collection process due 
•o bins resulting fro~ the direction of outcrnps and 
adits in relation to the direction of the structures 
{TerznBhi,R.D.,l965). Moreover, there are likely to be 
·~ i ff•"<'¿nce in the statistical resulta of two surveys 
«,\·rté':< out bv two different teams, Hence, the tTriters 
··.<~¡_¡:,,~"~ that the statistical treatment of structural 

::<Ht-erp and the subse.,uent graphical stahility. analvses 
'::·"' ÍJ" c;uried out l'ith comparable accuracy ·u'sin8 
s¡r~2r equal-area or stereographic projections. The 
,;..,·ic2 oi which method to be used can therefore he 
bJ•~d upon convenience and personal preference, 

Us~ of these projections for presentation and 
onatysi~ of structural data provides the engineer anq 
c~e·s~ologist with a very powerful tool. Once the user 
'n.·,~ c~,,~ome tamiliar 11ith this cool, it is rapid, 
~o~venicnt and reliable to use. The general reportera 
wis~ to znter a strong plea that the use of these 
pro~ections should for~ an essential part of anv rack 
r1ecl\anics ceachin¡:; programme. 

. In spite ot the advantaP,es of the l'!ethods alreadv 
described, it ~ust be pointed out that no one method 
pf graphical presentation is entirely satisfactory 
because no one l'lethod can cover all the paramete~s of 
che problern: direction, spacing,continuitv,opening, 
roughness and infilling of structural discontinuities. 
~ence, in addition to plots of structural patterns, 
~he authors visualise the need for something sioilar 
~o the grading curves used in soil'mechanics~ The 

.development of such a svstem is a chal1enRe to resear~h 
workers in rack mechanics. 

The surface roughness of structural discontinuit~ 
les is a question of vital interese to rock slope and 
foundation engineers. The shear strength of the 
disconcinuities and the permeability of the rack masa 
are significantly influenced by dilatancy of rough 
joints during shearing. This dilatancy is closelv 
related to the shape of the surface irregularities and 
to the previous history of shear displacement. In other 
words, description of the surface roughness of joints 
at all scales is part of the geometric description of 
the rack structure, (Fecker,E. and Rengers,N.,l971). 
~ow this description can be done is a vital question 
for discussion. 

1.23 Geophysics 

Seismia 'f'e_f'r'aation is a well established ~ethod 
ueed by geophysicists to measure the thiclmess of 
weathered rack or soil cover. It has proved extremely 
u$eful as a site investigation cool for rapid compari­
son bet"een several sites. This method vields onlv a 
zo~ing of depth in terms of longitudinal velocities. 
le is well kno11n that longitudinal velocities are not 
well correlated with other mechanical properties of 
rack. The question then raised is: can we rely upon 
chis seismic survey for a first selection of sites? 

Another development ~1hich may in time play an 
impqrtant part in site investigation is that of 
seismía logging of borehules as used by the oil 
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industry. The advantage of these methods is that 
percussion drillinp, rather than dia1110nd core drilling, 
can be used,resulting in a considerahle cost reduction 
Various tvpes of lop,ging tools are available and have 
shown pro~ising resulta when applied to probleos out­
side the petroleum engineering industry (Ze~:~Snek,J., 
1968¡Bal·tosser,ll.H. and Lawrence,ll.l~. ,.lcnn). Recent 
investigations (Lakshmanan,J. and Allard,T.,l97l)have 
shown that there is a good correlation between the 
fractured densitv wi.thin th'e rock masa and the 
transve~se velocit~ of the seismic signals, 

Finally, the recent i.mprovements in groavimetry 
have Qade it possible to use this geophvsical method 
for the detection of voids in rock·formations. It has 
heen successful since ¡q7n,when high sensitivitv 
gravil'leters Nere huUt hv Lacoste-Romherg.for 1-ocalis­
inp, buried quarries or karstic channels. 

1.24 "Petite !:isr:~i11ue" 

The method called J'etite Sismique (Schneider,B~, 
1967) is entirelv different in its principie of 
operation. !nstead of one, several seismic parameters 
(particularly transverse velocity,wavelength and 
attenuation) are measured and shown on the card (fi~. 
5), SocéNhat similar to a passport, 111Jich does not 
full describe its holder, but identifies hi~ 
sufficientlv for police officers, the Petite Sismique 
gives the identification of the site and enablea che 
differences, or ~il'lilarities; with other sites to be 
detected. This technique has been successfully used in 
a number of countries and probably deserves to he used 
more widely. Calibration of a qualitstive index of 
this tvpe can onlv he achieved by collection and 
comparison of the results of manv successful applir.at­
ions. 
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Fi9ure 5 : 11Petite Sismique11 card ioll" a aite, 
·, (Schneider,B.•, 1967 ) 

(1) Time for transversa wave. 
(2) Distance betveen shock and geophones. 
(J) Gain (dial units), 
(~) Frequency. 
(5) Schmidt schlerometer roadings, 
(6) Half wave length (transversa wave) 
(7) Median velocity. 
(8) Median attenuation. 
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·'ha•ltit:tt>l)e co!"I'elations have he~n esrablished· 
bPtwecn Prtite Sismique p~raneters nnd other rncineer­
oararneters (e,l(.f'ig.fi). r.onsidel"in'l tllat Perite 
Sis~ioue survev renuires onlv one engíneer for a 
relativelv short space of time, it appears ro he a 
cheap wav of cettinR useful information on a give~ 
rocl: foundation. The onlv condition is that there , 
s~ould he enough rack cxposed, either in outcrops or 
preferaldv in adirs. 
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~1gure 6 Correlat ion between static modulus of def­
ormation and frequency of transverse wave 
signa! obtained by 11 Petite Sismique" , for 
various rocks. 

(1) Frequency of transverse wave signa! (Hertz) 
(2) Static modulus of deformati~n (MPa) 
(J) Transverse wave seismogram. 

1~25 Rock oualitv designation (~Qn) 

The rack quality ?esignation (RI")D) (neere,n.ll., 
1968) is an index of core recovery obtained hv surnming 
the length of p;eces of core longe~ than lOam a~d 
dividing this lenr,th hy the total length of hale. It 
i~ an inclex of fracture frequencv and 'has preved verv 
useful on manv sites for estimatinB t~e dept~ of 
excavation required hefore good qualitv rack suitable 
for foundations is reached. nne of its nain advantages 
is its extremelv lo" cost; the conputation of q_(ln for 
hundreds of metres can he done in a few hours, either 
on site or froM photographs of the core boxes. 

The main ouestion is whether the qualitv of ¡zork­
manship can t:Jfluence the length of individual core 
pieces and hence the ~nn value. It is believed that, 
provided the drilling operations are carried out bv 
qualified personnel using modern equipMent to produce 
core of at least 50MM in diameter, the R~n or ~imilar 
fracture frequencv índices are useful guides to the 
mechancial characteristics of a rack ma~s. 

The presentarían of resulta of the successful 
experiences involving che use of RQD would be useful 
in clarifying sorne of thc uncertainty associated with 
these techniques and in convineinP, sceptical enr,ineers 
of their value. 

This wel) known test, originaily pro~osed by 
~aurice Lugcon as a criterion for groutability, is 
widely uaed ro estímate the permeabilicy of rock 
mas,.cs. The tes.t involves !Hlcking off a section of 
borehole and mear,uring the amounc of water which can 
be injected into che rack mass tL.rough this section in 
a given perioó of time anrl at an excess pressure of 
10 kg/cm2 (l M Pa). 

Several authors argue that this test is invalid 
in rack because an exces~ prea&ure of 10 kg/cm2 is 
sufficient to open discontinuities and to change the 
permeability or the hydraulic conductivicy of the rack 
mass. Indeed, if a great deal of trouble is taken to 
orient the hole at right an~les to the set of fissures 
in which p<!rrneabil ity is ro be me.~aured, r.o vary the 
packer spacing and the preasure of rnJection, a greet 
deal of information can be eeduced on the spaain(l <Jnd 
the opening of d1'saontinuities.. A further refineruent 
te the Lugeon test, involving th~ use cf four packers 
instead of two, has been propnsed by Louis (i970). In 
this test, the central section between the second and 
third packers is the measurinr. section, while the rwo 
outer sections act as flow bsrriers which are designed 
to ensure that radial flow occurs in the measuring 
section (F'iR. 7). 

1-'i<Jure 7 : Hydraulic triple probe ior water· tests. 
( louis,C., 1970) 

(1) Probe. 
(2) Packer (0.8 m- long ). 
(J) Central measuring·section ( 2 tu 5 m long). 
(~) Cuter flow uarrier section (2m long). 
(5) Flow lines ( radial in central section ). 
(6) Piezometers in lincd hotes. 

A question that the, general report~rs raise ís: 
are we really improving the Lueeon test which is 
extreme1y simple and adequate for most sites? The 
modifications te rhis tect dcstribed ahnve: Plav r,ivc 
the illusion c>f great accur·acy but this accuracv mav 
not in fact be! obtainable in a mediu~• a~ complex as 
rack. !/hile thz reporters accept the need for the 
adoption of a scientific approach to the very difficult 
problem of water seepap,e in rack ma2ses, thev also 
f~el that the1·e is a need for a clear and unambip,uous 
presentarían of the re3ults already aci-.ieved, so that 
tne general reader can judge for himself whether prog­
ress is being made in this field, One question which 
wiil be disc~ssed in more detail later in this report, 
Dut which has a bearinz on the use of thP Lugeon test, 



1s; does the flow net concept derived from the consid­
~ration of flow through porous media applv to rack 
m:>ssJ·t. or is ir necessarv to use an approach hased on 
f!,-, tr.r.n.gh individual dir.continuities? 

.Ía~Y. t"sts dt>signed to determine the modulus or 
~t•J:trid <Y of a ruck r.1<1s,; are more relevant t<> found­
"tion> [han to rack slope desir,n. !levertheless, these 
éE:>;;s ~re discussed in this corranon section hecau,;e 
<:here are some c:'ases in Fhich results of iacking tests 
'c1V ¡;ive information on rack mass behaviour,lihich is 
·p;~~u! to the rack slope designer, 

:'lose Jackin¡: tests are interpreted in terns of 
:l'<! !loussinesq equations which provide a relationship 
'),·- :ec.n -n?.asured load and displacement and the MaduluR 
·~~ -~Llst id ty. Sine e these equations are onlv val id 
:n· ¿;·, tolas tic concinuum, · their use yields a r.~odulus 

•.i .;~~,.1.~t1citv for an "eouivalent 11 concinuous nediuM. 
Cc-r,•:.:quf:nt.lv, the first question Hhicl¡ arises is: can 
:n& ~nculus of elnscicitv obtained bv a jacking test 
~. ¿rplied to the desinn of an engineerin~ structure 
fu,,,-.<-:d .:-na discontínuous rack l'lass? 

Closer exanination of the results of a jackin~ 

~'-"St sl-¡ol's that the relations!tip ben,een load and 
defot"nati.:>n is general Jv non-! inear. In other words,'it 
ts po~~ihl~ to infcr fron a given test severa! values 
0f ~efc~l'lahilirv dependin~ on the maenitude and the 
sien (lcaa¡ng or unloading) of the applied load. In 
fact, thesc non-linear curves can be used asan addit­
tional ide>'Zri+'(~at~OI! inJex for the rock mass 
(~chneider,n.,!Gh7). ~orrelations with other enRineer­
ing propert ies have shot·•n that various slopes of the 
curves (Fig.B) are indicative of' the fracture 
frequencv anc! the rnechanica~ hehaviour of the rock 
nass. chese identification& índices nav ~e uqeful dur­
ing the preliminarv site investigation·. The non-linear 
load deforl'!ation curves oht~ined in jacking tests are 
al so useful in establ i shing the stress l. imi ts hevond 
\Jhi::h the concent of modulus of elasticity becomes 
neaningless ,;nd 11here a foundation design tased upon 
e!astic theory could not he considered reliable, 

Jacking tests are u~uallv performed in adits 
11her<.> the reaction to the applied load is provided by 
rhe ~pposit~ side of the gallerv. Surface tests can 
al so be carried out if the ~ad rea~tion is provided by 
deep anchors (Stagg,l967). The main point of contro­
versy in the use of these devices relates to the size 
of the loaded area and the magnitude of the applied 
load¡ amall load area and hip,h stress, or larp,e load 
area and low stress? The second. alternative is more 
P.xper.sive but probablv closer to the conditíons which 
will applv to the full scale structure. In fact, the 
crucial point of,this argument is the question of 
'"hac effect the scale of the structure has upon the 
(ounda,ion deformations. It is unlikely that this 
question will be resolved hy theoretical discussions 
and what is needed is a correlation betwePn iacking 
test results and the deformation of foundations 
measured on full scale structures. Sorne atteMpts have 
been made to establish such correlations (Ward and 
Burland, 1969) but it cannot be claimed that this 
question has been adequately resolved, 

Borehole jaaks have been developed in severa! 
countries and have the advantage of heing capahle of 
application at depth Hithin a rack mass. The question 

® Cp p 
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Figure 8 : The Jacking test and its interpretation. 
( Schneider, 1967). . 

(1) Displacement of plate. 
(2) Plate stress. 
(J) Points for a given site. 
C,Cg Slopes. 

Cp in lo-2 mm per bar. 
&p irreversible displacements. 
A Zone of practically elastlc deformations. 
B Zone of important irreversible deformations. 
a Zone of compact rock. 
b Zone of average rock. 
e Zone of open jointed rack. 

of scale effect is even More important in this case 
and Plélnv engineers 11ill remain sceptical about their 
use until it has been convincingly demonstrated that 
the results are relevant to full-scale found~tion 
design, The walls of a borehole,ho.,ever,are less 
disturbed than the walls of an adit excavated bv blaGt 
inp,. This is in favour of the borehole jacks, 
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Figure 9 Displacement versus tin1e - Limiti~ load. 

(1) Displacement. 
(2) Time ( log. scale 
(J) Limiting load ( Llim. ~ L)) 
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Hanv jaclcing tests show that deformacion is time 
dependent. lt is therefore interesting to investip,ate 
the effect of sustained loadin~,althouRh such tests 
are not often carried out in situ because of the· higb 
cost and time re~uirement. lt has been sugp,ested that 
the maxinun strain rate under constant lo;Jd that can 
be accepted is that corresponcl~ng to the upper linear 
curve in F{g.9, in wh{ch strain is plctted aRainst the 
logarithn of tine: The load P,ivinr, tiJis behaviour is 
the naxinuM pernissihle load ahove wh~ch failure of 
the foundation ~o~il 1 occur after a finite lapse of time 
The tests can be carried out hv plate loading at the 
rock surface, or bv the use of borehole iacks. The 
influence of the scale of the test upon the time 
dependent charaC'teristics neasured is an important 
point requiring further invescigation. 

1.28 Residual stresses 

Before applving a ne11 load to a rock foundation, 
it may be important to kno11 the rnar,nitude of stresses 
of tectonic origin which alreadv exist ~ithin the rock 
mass. A kno•lledge of these stresses is less il'lportant 
to rock Blope engineers, althoup,h tl-¡ere rnav be caoes 
11here high stresses can develop near the surface, e.r.. 
at the toe of a hi¡;;h e li ff. 

One method of stress rneasurement is to use a fZat 
jack which is inserted into a slot cut into the rock 
and pressurised to restore the readings on a deforma­
don gauge set across the slot. This method has t!te 
advantage of givinr, a direct measurernent of the stress 
acting across the slot, hut it has the disadvantage of 
being limited to shallow depth from the rock surface 
(F'ig.lO). 

Figure 10 Flat jack test - cutting a slot with a 
a circular saw. ( Photograph by courtesy 
of S.E.I.L., Paria ). 
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An alternative l'lethod is to use electrical resist­
ance strain gaur,es, or photoelasric transducers which 
are glued into the borehole ahd !:tress relieved b~ 
ove:ro coPing. These methoda permit the tleasu=er.~ent of 
stresses at depth 11ithir. the rocl' mass, but the int,r-. 
pretation of the results, particularly in an anisotro­
pic r.ock system, i~ difficult anG there are someti"cs 
significanc variations betwee¿ the ~easurements 
carried out at adjaccnt points in the same borehole. 

In vie11 of the relative Jnir..portance of residual 
stress results in the design di: surface "orl,ings, it 
is not considered appropriate 'that stress measuring 
techniques should.be discusscd in greater dccail in 
this report. lt is, hoiJever, h6ped that the rock enr.in• 
eer 's abil ity to r.teasure Hres:S will b~: improved as ¡¡ 

result of the reseax:ch activides of those IJho are 
concerned with underground exc~vation design and to 
whorn residual stress is a crucial issue, 

1.3 Laboratory tests 

1.30 Introduction 

Only a li~ited number of!tests which can be 
carried out in the laboratorv~are considered relevant 
to rock slope or foundation d~sigr.. The reason ÍS·t~at 
the behaviour o f the rack mas,s is governed by the 
orientation and nature of the aiscontinuíties in the 
ro• k mass, whereas the sanples'· sent to the laboratorv 
generally consist of the stron~er rock material. There 
are, however, two reasons for studying sampleR in the 
laboratory. The 'tírst ís that the behaviour of the 
material gives a clue to sorne of the problens which 
are likely to arise on the scale of the rock nasn. In 
fact, the rock material ís often a small scale DDdel 
of the rock mass because it has passed throush the 
same tectonic and geological history and the srnall 
scale features in the material are frequ!'ntly closely 
related to the large scale feature3 in thc roe!• masa. 
Consequently, a test on a small sample of intact rock 
can frequently givc a useful identification inder 
which can assist in the engineerinr, apprisal of the 
rock mass. A second·reason for laboratory testing is 
that of convenience, provided that it is pnssible to 
ohtain samples of roe!• and particularly of rock cont­
aining discontinuities such as bedding planes or 
joints. The best place to carrv out these tests is in 
the laboratory. It muct be empha,lised that the lahora­
torv necd no t h"e located --in London or Paris and that a 
hut or caravan on sorne reMOte site can he an effective 
location for laboratorv type work. !he term laboratorv 
testinp, is used here to differentiate het••een those 
tests which are carried out on sampler. which have been 
removed fron the rock mass, and those tests carried 
out in situ. 

The test!! discussed here ar2 oniv a few of those 
t~ich can be carried out in the labor.atorv in arder to 
uncierstand the behaviour of rock. It has been assumed 
that the neneral reporter of The~e I will cover thi• 
subject more thoroughlv and that· onh· those topics of 
dir.ect relevance to the dPsign of surface workings will 
be deal t wi th in 1'heme III. I t mav he arp,ued that 
manv prorerties other· than those di scu!lllPd hereunder 
&re useful for the studv of rock propertics required 
in the desinn of slopcs and foundations. This question 
is open for discussion hut the tests descrihed are 
considered hv these general reporteors to he adeouate 
for dcsir,n purroses within the fraru;worlt of cur~ently 
availahle knowledge. These tests are: 
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r.ompre~sion tests (inclurling point 
load te11~s) 

Radidl permeahilitv 

Sbear stren~th of joints 

l,ll ConpreRsion tests 

The unia.xia~ unaon,fined aonpresa1:on test is a 
cheap and easv means for ohtaining an identification 
!.n:i<!"l! cf che rack t1Sti!rial, '1ore elahorate tests,which 
,;~:r:: ·~;¡treMelv nurnerous, l,ave little practical value 
f•n dope and foundation desip,n, The resulta of uniaxial 
~amprcssion tests, li~e all other tests on rock, 
i<'IVariahlv sho" a significant arnount of scatter. Thjs 
!C3tter is associated with the diocontinuous nature 
of roe!:: the enAineering properties heinP, governed hv 
disc~ntinuíties uhich rnav ranr.~ fron grain houndaries 
o:m ~ ;;mall se ale to joints and faul tR on a larP,e 
r:~cc.1te .. 

Soi"'e authors have argued that the amount of 
~c2~tar as~ociated with the uniaxial coMpresaive test 
is rt'ason enoup,h for the test to be discarded. f'ln the 
other hand, sorne ar~ue thdt the arnount of scatter nívea 
a useful .qualitative indication of sorne ~Rpects of the 
nature of the rocl: mass. The general reportera suggelJt 
that t~e following qualitative indications mav he 
ohtained hv uniaxial te~ting: (a) the Mean valuc o1 
strength allows an initial olassifioo.tion of t~e site, 
(b) the variation i_n strenp,th frnm one zone to another 
r,ives an indication of the het~rogeneity o.f tire aite. 
(e) variation in strenAth with the orientation of the 
sample gives an inrlication of the possible anisotropy 
of the roe!: mass, (d) scatter of the resulta of small 
s~ple testR Aives an inrlication of the microfraatur­
ing of the rocl: as a result of previouslv applied 
tectonic stresses. 

In order to nininise the time and expense involved 
in preparing the ends of specirnents for uniaxial 
co~pression testing, it has been sur,r,ested that point 
Z.oad teoto or 81'aa1:lian teets yield resul ts of conpar­
able accuracy, In these tests an unprPpared piece of 

Figure tla : Hachine tor point load strength determin­
ation. (Manutactured by Robertson Reaearch ) 

J 

Figure 1tb Relationahip between point load strength 
index 18 and uniaxial compressive Gtrcng­
th ere. 

roe!: core is loarled bet11een t1~o points (Fig.ll) and 
the core is split as a result of tensile stresses 
developed across the core, This test, Hhich is extrel!le· 
lv cheap and Guick to use during site inveetip,atinn~. 
provides reFmlts uhich are closelv related to the 
strength of the rock material {D'Andreas,n.v. et al, 
1965). 

In addition to strenr,th testíng, measurernent of 
the moduZ.us of elast1:ci.t!' on coree of rock suhjected 
to uniaxial lo11xi.ng is a basic meano for determininr, 
this propertv of thc rocl: material, This vdue must 
ob'lliously be reduced uhen considerinn tho deforma!:i,!)rn 
of a rock mass anrl the exteut of this reduction ;s a 
question rec¡uirinR furthe:: iuvestigation. 

1.32 Radial perceabilitv 

Radial perrneability is also an indirect rneasure of 
the degree of fracture of a sa~ple af ~ock material 
{Bernaix,J.,l967), In thiR test, cores with an axial 
hole (Figure 12) are suhiected to radial percolatioll 
of water under rressure. The index mearmrli!d in ~hi.s 
test is the ratio S " k(-1)/k(+SO) in vhich k{-1} f,, 
the permeabili.tv mcasured for converge11t flowv under ¡¡¡ 

differential pr~SRure of 50 bar. I.Jhen S is hish th~> 
rock material ]'lemeahility is verv aanaitive to appt­
ied atresses, a flhenomenon which is t''rical of fl.·act­
ured rock. The main value of this teRt is not fo¡r th11: 
measurement of the permeahilitv of the rack material, 
14hich generallv h11s little influence on thc hvdr5.ulic 
behaviour of a rnck maRa, hut of the degrec of fract­
uring of the rock material, A great n<.~rnber of r:llsts 
ha ve. shown the existence of correlationu h<etween th~ , 
ratio S a!ld thP. scatter of strennth Volluco. or the ~··./ 
scale effect on Rtrcngth. 

The use of this Rinplc test is thereforP. ~irnilRr 
to that of the uniaxial cornpreRnion test. The value 
obtained is, hm4evcr, more clearlv related to the 
degree of fracture of thP. specimen and it hs6 littla 
relationship to the mineral composition of the rock. 



® 
k 

10 -& +---·---

10. 

ro· 

~~~~~~~-~@ 
10 20 30 40 ~o óp 

S • .-U:!!­
. b 1•50) 

·1 

Figure 12 : Radial permee.bility test and curves fc.r 
various values of index S ( Bernaix,J., 1967) 

(1) Rock sample with. axial hole. 
(2) Pressure cell. 
(J)' Water pressure differential t.p (bar). 
(~) Permeability "k" (cm/s). 
(5) Oolithic limestone (no fissures). 
(6) Gneiss laverage ). 
(7) Gneiss (compact ). 
(8) Gneiss (fissured). 

1.33 Shear strength of discontinuities 

Because the stresses acting on rocl; s1ores anrl 
foundations arP. lolol, fracture of intact rock i!'l seldon 
involved in the failure of these structure~; t~eir 

rnechanical behavi.our beinp, governcd by shear !'lovemP.nt 
on discontinuities such as faults and joints, r.om¡ec¡u­
entlv, determinati.on of the shear strength of these 
discontinuities is a question of fundamental import­
ance in the desip,n of surface workings. 

The surfaces of .~eraration (stratigraphic layers 
such as bedding rlanes and geologicallv induccd fract­
ures such as fau1ts and joints)have a tensilc Rtren~th' 
which is for a11 rractical purposes zero, and a shcar 
strength which depenrls on ~<all roughness, the infill­
ing material and the arnount of imbrication (arranGe­
rnent of individual blocks). The most uangerous for 
stability are obviously · the surfaces that are planer, 
smooth, filled with soft naterials, of large area and 
not interiockerl. This is the case of shear fau1t. 
Less dangerous discontinuities are those which have 
not been subjected to 1arge shear rlisplacements in 'the 
geological past and Nhere there is sorne inter1ockinr, 
of surface .roughness or cenentin¡¡ of the surfaces bv 
precipitated infilling. 

The difference in mechanical behaviour between 
these two rypes of surface is illustrated in rigures 
13 and 14 'in \lhich ~hear stress is p1otted acainst 
uisplacement and against normal stress. In the case of 
rough surfaces (curve A in Figure 13) inter1ockinp, of 
surface irregularities causes the sample to behave in 
an approxi~atelv linear-ela~tic manner for small 
displaceMenta. At a Riven displacement, the peak sl~ar 
strenp,th oí the surface is overcorne as a resu1t of 
ov~r-rídin~ ar shearinR 'hrough of the interlocking 
irregularities and a ra~id drop in qhear strenP,th 
occurs ar. displaceme'nt i' continued, Eventuallv. •·•hen 
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Figure 1) : Yariation of shear resistance with dia• 
placement on a discontinuity. 

(1) Displacement 
(2) Shear stress • 
(J) Peak shear streugth. 
(4) Residual shear strength. 
(5) Prc-existing discontinuity. 

.) 

A Rough surface which has not beeu subjected 
to previous di~placemAnt. 

B Smooth surface which has bcen aubjecter to 
lvrge di~placement. 
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Figure 1~ : Variati'on oí shear strength ~<'i th normal 
stress for peak and residual strength. 

(1) Normal Dtresa. 
(2) Shear strength. 

'(J) Peak strength. 
(~) Residual str«ngth. 
(5) Dil ation. 
(6) Shear. 

the surfaces have heen ground smooth, a residual 
stre~uth value is reached. 

In the case of snoot:h surfaces (curve D in Figure 
13), the ¡;ealt strenr.th has alreadv hecn cxceeded · 
during ~revious gp.olop,ical movement and the shear 
strenp,th increases 9Moothlv with dis~!Ac~ment until 
the residual ~trcn~tlt valuc i~ rt>ach<•·.!. 
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Considerinp, the values of peak and residual 
st•¿•,gths for v11riou11 applied normal stress levels,l;he 
cur~es illustrated in Figure 14 are tvpical of the 
behaviour of rock surfaces. In the case of the peak 
str.,~,g;th behaviour, 11 srnall value of cohesion e may he 
ptssent duP to cementinr, of the surfaces. The curve 
n:h.tine s!1ear strenr,th and normal atres!'l is gener­
allv non-linear ns illuatrated. This curve is steeplv 
incl ined nt lo•• norma 1 s tres ses as a resul t of the 
intPrlockin~ of surince irregulariti~s. Decause of 
the high stren~th of che rack material frorn which 
the:::·~ i rrer.u lar. i ti es are forrned, shear displacement at 
1m< normal strP.ss takes place as a result of over­
d.di.ng or dilation in 11hich the irreguladties movf­
ovar one another and the total volume of the specimen 
i>" increased. The slope of the curve at low normal 
stre3ses can be approxiMated bv the an~le (~i + i) 
tlhe::e H is the friction an~le of the I'Ulterial surface 
and i is the averap,e anp,le of incidence of the surface 
irregularitiP.s to the direction of she~ring (Potton, 
F "»" 1966). As the normal stress increases, the 
dilation of the specinen is inhibited and fracturin~ 
of or ahearinn throup.h the interlockinp, surface 
í~•~gularities commences. Event~allv, the shear 
stzenr,ch of the surface is controlled entirelv bv the 
shearing throup,h of these irregularities and the 
inclination of the curve appronches the peak frictton 
angle ~p of the rock naterial. 

In the case of the smooth sur.face (curve B in 
Fig,l3), tlm residual strength behaviour is defined hv 
the friction angle ~r and the cohesion is, for all 
practical rurposea zero, llote that the friction angle!l 
+p and ~~ are not necessarilv equal nince the infill­
iñl! material in the case of the smooth surface mav 
have heen altered hv ¡¡e~thering. 

An extremelv imoortant point which emerges from 
FiRure 14 is that the residual strenp,th of sheared 
surfaces is .not in.fZuenaed 011 tha aaaZ.e of the test, 
This is hecause the friction angle +r is·a di~ension­
less number and, orovided that there is no cohesion 
intercept, ita value can be detennined hv·tests on 
s11111ll samples (Londe,r. ,1<173). On the other hand,~then 
large shear disrlacctnents have not alreadv occurred in 
the geological past and when the sample displavs !l 

peak stren~th hehaviour (curve A in Fig,l3), both the 
cohesion e and tl11! roughness angie i 11ill depend on 
the scale of the specirnen tested, The basic question 
which must he considerad here is: can the values of 
cohesion and roughness angle dete~ined in snall ~calA 
lahoratorv tests he relied upon fcr the design of 
large engifteering structures? 

This question can onlv be •answered bv considerinp, 
the behaviour of f1.1ll acale enp,ineertnft structures, 

auch as rack slopes and Figures 15 and 16 illuatrate 
an example of this tvpe of analysis. In Fifl.l5, the 
results of 11 number of ehear tests on porphvry joints 
are plotted and the linea A,B,c· and D define the limits 
of scatter of the peak and residual strength valúes. 
In Fig,l6, critical slope height versus slope anp,le 
relationships have heen derived from the resulta given 
in Fig,l5 and are compered with the slope. height -
slope angle relationship for nine porphyry slope 
failures in the Río finto ares. It will be noted that 
all the slope failures fall within the region defined 
by the residual atrenpth parametera, although it 
ahould be noted that a small cohesion intercept (0.1 
liPa) has been assumed for thio analysis (Hoei:,E, ,1970), 
Note that, unless the small cohesion value is included, 

all slopes should have failed at the residual friction 
angle of approximately 35°. 
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Figure 15 1 Shear atr~1gth reaults for porphyry jointQ 

Figure 16 

from Rio Tinto io Spain. 

(1) Normal atraes (KPa) 
(2) Shear strength (HPa) 
()) Peak strength • 
(~) Reaidual strength. 

Cri tic al slop& hright vez·mHl sl<l)JHl Mgla 
relationships ded Yl":ld f:ccn1 fi"ure !5 , 
comparad with mina slope failu~~4 in 
porhpyry, 

(1) Slope angle (~egreea ), 
(2) Slope height ( a~terE ). 
()) Slope !alturas. 

In Figure 17, vslues of cohesion an~ frictian &hRló 
have been plotted from the resulta of ll nu1:.ber oí 
analyses, similar to that diecuaned above. MDa~ of 
these resulta have been determined fror.~ 1relatively 
short term failures in snall slope2:1 anó, inc:luded 
in the diagram, an arrow gives a qualitative iooi.c&t= 
ion of the influence of time and ecale of the s!!:ruct·~ 
ure, This is a question which ob~ioualy r~quire9 ~ 
great de al of research 'and d iacussion "ln!i:, as a raGI.ll ~ 
of their own eKperience. the reporters propose the 
following general rules: 

lj '· .. 
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Figure 17 Relationship between cohesion and frictian 
angle determinad by back-analysis o! slope 
!ailures. 

(1) Friction angle ~ (degrees ), 
(2) Cohesion (Megapascals ) 

(1 MPa = 10 Kg/cm2 = 142 lb/in2) 
( J) Each point corresponda to an obse1·ved 

slope !ailure. 
(4) Boundary o:f suggested range of values 

which can be used for slope design. 
(5) In:fluence o:f time and size. 

a) When a very large structure such as an arc 11 

dam or major building foundation is beinr. 
designed for condiciona ,of lonp, terll'l staHl­
ity (more than lOO years),it is recommended 
that the design based on zero cohesion ond 

.a residual friction angla ~ r, which can be 
deterMined in smal1 sca1e laboratory tests. 

b) Where ternporary rock structures of limi ted 
size are ueing desip,ned, it is perrnissib1e 
to allo~· sorne cohesion and non-linearitv of 
the shear s'trength versus nortr~al stress 
curve, provided that these values are 
checked against typical va1ues obtained 
from uack analysis of failures in similar 
materials. 

The general reportera regard it as irresponsible 
engineering practice to attempt to ca1culate thc value 
of cohesion from th~ intact strength of small scale 
rock samp1es. 

Severa1 diff~rent tvpes of direct shear rn~chines 
have been designad and two typical designa are illustT 
rated in Figure 10 and 19. The machine shown in Fir. 18 
is capable of testing rc1atively larP,e specimens 
(approximate1y 400mm x 600mm)while the small 111achine 
shown in Fig.l9 is designed for testinr, pieccs of core 
or small hand samp1es, Friction angles measured in 
ei ther of these types of machines tend to cOI'If"are very 
well and, since the reportera do not advocate the 
determination of cohesion bv laboratory testinp,, it 
makes litr1e practícal difference tJhich one is u11cd, 
The on1y reason for using the large one is ~1hen one has 
to test a thick joint. 

Figure 18 : Direct shear apparatus for testing rack 
joints in the laboratory (Londe,P., 1~7J) 

N Normal force. 
T Shear force. 

(1) Upper and lower parta of shear box, 
(2) Fixed parta. 
(J) Moving parta. 

) 

Figure 19 : Portable1shear machino for use in site 
laboratories, W'eight loOO N (Hoek,E and Bray,J., 
1973) 

(1) Concrete or plaster cast specimen mount. 
(2) Shear surfacc. 
(J) Normal load jack. 
(4) Shear load jack. 
(5) Upper ohear box. 
(6) Lower shear box. 
(7) Rope load equalise~. 

In order to estímate cohesion from large scale 
shear tests, many authors have reported the resulta of 
shear tests carrled out in situ. Ir. these tests, the 
specimen is cut free from the surrounding rock rnass, 
~ith the exception of on~ slde which iR left attachod, 



Shear and normal loads are generally applied by means 
of flat jacks or hydraulic ram jacks and, because of 
the large size of che eouipment required, these tests 
ar• B•~rdmely expensive. These general reportera do 
not rccommend in situ shear testing except under very 
~pecial circumstances. Many readers may wish to 
clis;;.vree with this recommendation and the reportera 
wou!~ welcome a general discussion on this topic. 

2. DESIGN HETHODS 

2.~ Introduction 

Eefore going on to discuss the desiF,n of rock 
a\opes nnd foundetions, it is necessary to consider 
~~2 gcnMral question of how a design in rock should he 
approached. Having accumulated data on the geometry 
of the rack structure, the mechanical properties of 
<:i~e rock masa and the rroundwater conditions, how is 
thtf information to be processed in order to arrive ac 
a~ 3CU?.~sment of whether the ov~rall design will be 
~ansíactory'l 

Gonsider1ng the large number of parameters which 
:;:;:,, involved in defining the behaviour of a rock masa, 
th~ fBct that their measured values will be widely 
scattered and their inter-relationships ill-defined, 
it is clear that a precise assessment of the performance 
of the rock mass is not possible. In addition, it must 
be kept in mind that different criteria will have to 
be satisfied, depending upon the purpose of the rock 
structure. Hence, a safe slope may be regarded as one 
which remains standin~ for the duration of its 
working life while a foundation may be regarded as 
inadequate because of differential movements of 
relatively small magnitude which can induce failure in 
a structure Guch as a concrete dam. 

In spite of theae difficulties, it is, never-the­
less, clearly necessary that some form of quantitative 
assessment of the performance of the rock alope or 
foundation should be attempted, The following chapter 
gives a brief review of the methoda which can be used 
together with commenta on the usefulness and limit­
ation of each of the methods. Detailed diacussiona on 
the application of ~ome of these methods to the design 
of rock slopes and foundations are given later in this 
report. 

The following topics will be discussed in this 
chapter: 

Model studies 

Mathematical modela 

Limit equilibrium methoda 

Mechanical effects of water 
pressure 

Factor of Safety. 
2.1 Model studies 

Mechanical and civil engineers have made extens­
ive use of modela as design tools for many year&. 
Hence, a complex component for an aeroplane, a car or 
a bridge can be made up at low cost as a reduced scale 
m odel and tested to destruction. Because the 
materials used are luan-made and their behaviour is well 
known, precise model laws can be used for the inter­
pretation of the resulta of such model tests. 
Consequently, such models are valid o~d valuable 
design tools-. 

) 

Because of the difficulties involved in studying 
the behaviour of fullscale rock structures, it is not 
surprising that ~any attempts have been made to use 
models in much the same way as they are used in other 
branches of engineering. Two distinct typea of physical 
modela muat be considerad: 

a) Phenomenological f1odels which are designed 
to studv general behaviour pattern 

b) Design Mode'Ls which are intended to 
provide quantitative information, 

Modela which are built up of simple bricks of 
plaater, cement, uood or any other material to repre­
sent a rock mass can provide extremely valuable 
information on behaviour patterns in such discontinuous 
systems. Such models have revealed previously 
unrecognised failure modes or have confirmed hypotheses 
built up by careful field observation, Note that these 
models are esaentially geomet~ica'L modela and that no 
serious attempcis usually made to simulate all the 
mechanical properties of the rock masa. Model studiea 
of this type (Maury,V.,1970,Barton,N.R.,l970,KrsManovic 
D.,l967,Goodman,R.E.,l972) have proved invaluable as 
~esearch tools and the writers strongly recomrnend the 
use of simple modela to assist students and design 
engineers in understanding the básic behaviour patterns 
in discontinuous rock rnasses. 

On the other hand, modela which are intended to 
provide provide quantitative design inforroation are' 
not favoured by these general reporters. Rven if it 
were possible to satisfy all the aimilitude r~quire­
ments, the amount of time required and the cost of 
constructina a detailed desiqn model is such that it i5 
mnst unlikely that more than· one model will be built 
for any particular problem. Such a model, if well 
made, may create an illusion of great accuracy and mnv 
encourage the designer to eccept a single aet of result 
results without considerinR other failure modes and' 
behaviour patterns. Hence, while value of l!lodels as 
research and educacional tools is not que.stioned, their 
use as design tools is not recommended since their use 
defeats the basic object of $ gcod design - to consider 
all possible combinations of parameters and to arrive 
at a ba'Lanced judgement. A "precise" anJwer ba::;ed upon 
an inadequate set of assumptions is of no use to the 
design· engineer. 

2.2 Mathematical models 

Two types of mathematical model are rclevant te 
this discussion: 

a, Ilinite element r¡.;odels 

b. nyriamic relaxation models 

Recent developments in both finite ele~ent 
(Goodman,R.E. and nubois,J ,1972) and dynarnic T{!iax•H." 
ion models (Cundall,P.,197l) llave extended the methods 
to make i.t possible to deal 1JÍth discontinuoua aystems 
and simple tro•ee-dimensional prob'Lems. Although the 
mechanical properties of all the elements in a 
discontinuous rock 1'1.!15!1 are difficult to represent ¡¡nó 
although the capacity of present computets li~i;s th~ 
size of problem t~hich can be dealt with, the writert.: 

.are confident that further development of these 
techniques will provide engineers of the future wich 
very powerful tools. Compared with physical mocels. 
these mathematical modela will he both cheaper end 
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auicker to cperate. Their ene outstandin~ advan:age 
is the possibility, at small additional cost, te vary 
each cf thc pardmeters involved in arder te check the 
sensitivity of the design to these variacions. 

In spite of general optimism abcut the develcpment 
of these tools, there are still serioue barriere to 
their effcctive use as design methods. These barriera 
involve the difficulty of supplying adequate input 
data fcr a. meaningful analysis. Ccnsider a relatively 
simple stability problem involving a rock mass with 
three intersecting sets of discontinuities and 
subjected te water seepage, The input data required 
for a mathematical model of this problem are: 

3 values for frie don angles 
3 values for cohesion 
3 values fcr hydraulic conductívity 
3 vali.!eG of compresaion modulus 
3 values for shear modulus 
3 values for dilatancy coefficient 

A total cf 18 Vúriables, each having a range 
within which its'values can be scattered, In addition 1 

the hydraulic boundary conditions (generally very 
poorly known) have te be defined. 

The simple nuestion which must, therefore, be 
considered is - can input data be obtained for real 
problems which will permit a meanin~ful mathematical 
model te be used for design purpcses? The answe~, in 
the case of typical problema encountered by the 
design engineer, is no. Consequently, the conclusion 
must be that these mathematical mcdels are extremely 
useful research tools but must be used with caution 
if applied te real problems. 

2.3 Limit equilibrium methods 

The most impcrtant failure modes in rack masses 
which are subjected te low loads (i.e, surface work­
ings) are associated with movement en preexisting 
discontinuity surfaces (faults, bedding planes, joints 
etc.). If,failure of the intact rock material and 
deformations within the rock mass are ignored, a 
simplified mathematical mcdel of the failure procesa 
in a rock mase can be constructed. In this mod~l it is 
assumed that sliding of blocks of material occut·s when 
a condition of Zimiting equiZib~ium is reached, i.e. 
when the driving forces due to gravity and water 
pressure are exactly balanced by the resisting forcr.s 
due te friction and cohesion. Because deformation of 
the rock masa is not considered, large blocks, which 
are assumed to remain intact, can be considered and the 
force sys~em can be simplified to a few total forces 
acting at specific pcints on the surface of the blocks. 
The problem of a wedge of rack restinr. on three inter­
secting discontinuities can now be solved en the basia 
of: 3 values for friction 

3 values for cohesion 
3 values for fcrces due to water pressure 

A total o( nine variables. As discussed in section 
1.33, a critical s~ructure is normally designed on the 
basis of zero cchesion and hence this number of 
variables can be reduced te 6 for such cases. 

Graphical and analytical limit equilibrium soluc­
ione te a variery of rock scability problems have been 
published (Wittke, W., 1965, Lende, P., 1965, John, K., 
1968, Lende, P. et al, 1969 and 1970, Hendron et al, 
1971, Hoek et al, 1973). These methods are the most 
widely accepted and commcnly used design tooZs in 

surface rock engineering because thcy are sioople anó 
quiclr. to app1y end because they per1:1i. t a rap~c 
asseusm~nt cf the influence of varistions in al! the 
parameters invo1ved in the solution. The gr3phical 
metl:ods a¡:e particulady •Jseful fo;:- fieZd applications 
and can play an_ importune pert in thi! progressive . 
desi¡;;n of cite inveatigations - each step in the inv~st­
igation being designed to check sped.fic features whiah 
the analysis hao shown to ·be imponant. 

This approach has, of ccurse, sorne limitationd, 
Thr. .;onditioM of limiting equilibraioo ate aasessed 
without takin~ the deformations of the rocÍt mans into 
act·cunt, If the rack masa is to act as 11 foundati on, 
these unknown deforDations rilély be unacceptilbly large 
and it is therefore necessa~y to carry ouc adrlitional 
work (Fig. 2) te check thís deforll!lttion beha\•iour. The 
assumption that thc sliding mass rP.~~ins intact may 
also be unrealistic and practi.:d ob!le:rva.tions augg~st 
that the breakinr up of a block cf rock durin~ the 
eatly staees of sliding will have a aignifica~t 
iní'luenc:e upc-n the behaviour o( a slf>pe. In SC!lle cases, 
improved drainage due to cpening up of fractures may 
he sufficient te atabilise the slope. 

Are thesc limitations serious enough to overcome 
the advantar,es of the method? The answer seems to 
depend upon which point of view is taken. The 
responsible engineer should be concerned with the 
detection of.factors important in controlling the 
stability of his particular site rather than with 
"accurate" compucations. Once these factors have been 
identified, realistic practica! decisions can then be 
taken on the steps which are necesa~rv te ensure that 
the rack mass will behave in a reasonably predictable 
manner. On the cther hand, the research acientíst is 
concerned with understanding the fall picture, hope&ily 
in order than he may he able to evolve betcer design 
methods, Conseouently, he may feel that che assum~ns 
upon which the limit eoui1ibrium methods are based are 
unacceptable and that the more comprehensi.ve treatment 
provided by mathematical modela is prefersble. 

The general. rerorts feP.l that both pcints of view 
are valid and the development of these anc other 
methcds is necessary provided that the final aim of 
designing safe rock structures i~ kept clearly in mind. 

2.4 Mechanical effects of water pressure 

2.40 Introduction 

A rock masa is &eldom dry. Water aeeps through 
fissures as soon as a hydr~ulic gradient develops, 
either from rainfall or from water present in a 
dam or from the creation of an excavation below the 
water table. 

Onlv the mechanicaZ effacta of water ;:;eepage will 
be considered here, that is the influence or. fissure 
L.'ate;¡o p1•essUl"e upon stability - an influer:ce which is 
unusually impcrtant ancl is aometimes the governing 
factor is ·a slope or foundation d~sien. 

In orcter to determine the pattel:n of water fcrces 
developed by the flow of water in a rock mass, the 
designer has te kno11 or to make ass~•{[lptions on che 
flow ccndi~iona. This ia an extte~ely difficult 
p!'ohlem. 

· Pirstly, the enswer dependa upon the geometry of 
the st~uctural diocontinuities in the rack mass apd, 
as pointed out.in section 1.21, this geornetry is 
difficult te ascertain. Secondly, it ce~end~ upon the 
b"undarv condidons of tne hvcr;,ulic field (includin~ 
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tü.1e ·• tl'ansíent or steady state seepaRe). Thirdlv, 
d1iln¡¡es in fissure opening as a result of deformation 
(sor;:c af "h~ch are due to the water pressure itselfl 
c•n significnntlv·influence the hydraulic conductivity 
ni the rocl~ m<~ss. Fourthly, there is a marked scale 
.¡:ffect in hydraulic ccnductivity measureMents. 

Na general aolutions which will allow all these 
conditions to he c9nsidered are yet availahle. There 
2re, ho'dever, sorne simplified moc!els which are very 
urefu! to the desi~ner in that thev enable hiM to 
cppreciare the possihle influence of water pressures 
~n r~e stahilitv of rack masses and, also, rrovide 
ié~;;tÍP..l:\Ce on appropriat<? corrective actions. 

2,41 Forces developed hv water seepage 

The water flowing in fissures in a rock mass haE 
s hv¿~aulic head at each point end this allows us to 
:,>;,~~-¡~, t(; these svstems, the concept of potential 
:rrcdié·>'lt used in the 1-tvdraulics of porouR Media. 'fhe 
~orces develope~ hv aeeraRe flow are b~dy force& 
~~pl\ed to the intAct rock and are proportional to the 
poLential gradient. These fnrces ~~ve to be added to 
the forces generated by buoyancy. 

The lwdraub:c condtcativit¡¡ of a rack r.~ass is 
¡:overned bv the discontinuities which have a rr.uch 
higher "rermeahilitv" than the rack Material, Because 
of the Í!lhPrentlv anisotropic nature of the rock rna1ts 0 

the hydraulic conductivity is aniaotropic and the 
forces due to water pressure have preferred directions. 
In sorne cases, these forces are detrimental to 
stability since they have nagnitudes aoproachinR that 
of other forces (such as weight of the rack mass or 
the thrust from a structure) and act in unfavourable 
directions (such as towards the free faces of the 
rock mass}, 

The concept of a conductivity tensor to represent 
both magnitude and direction of hydraulic conductivitv 
in a rack mass is an interesting research toric 
(Haini,Y.N.T., 1971) but it cannot be claimed that it 
is a practical desip,n tool. Consequcntly, the onlv 
approach available to the design ensineer is to 
consider a number of simplified modela of possihle 
flow behaviour in arder to obtain a qualitative assess­
ment of the influence of the forces developed by water 
flow in a rack masa. Hence, schematic f.lo1;- neta which 
allow for the anistropic nature of the rack can be 
used to estímate the magnitude of water pressures 
which can he used in stability analyses (Sharp,J.C., 
Hoek,E., Rrawner,C.O.,l972). lt is important that the 
method of 'stahility analysis should allow a wide range 
of possible forces due to water pressure to be 
considered in arder that the sensitivitv of the design 
to these variations can he assessed (Londe,P,et al 
1969 and l qJo) 

A disadvantage of using flow neta for assessing 
water forces is that they assume a static flow 
situation. In fact, forces due to water pressure may 
change in map,nitude .and direction due to deformation 
of the rack mass and, under sorne circumstances, the 
forces due to water pressure may disappear due to 
increased permeability resulting from deformation 
while, in other cases where a large supply of water 
is available from a reservoir, the forces ~Y persist 
due to the greater flow volumes. Consequently, the . 
concept of water energy is probably necessary for a 
full unders'tanding of the response of a rack Mass 

' . ·. 

) 

to water flow. An interesting question for discussion 
is whether it is possible to introduce this concept 
into a practical stability analysis. 

A considerable amount of attention has been devot­
ed to defining the type of water flow in rack masses -
lihether it is laminar or turbulent,' Research studies 
have shown that the type of flow has relatively little 
influence upon the forces 1~hich are developed but that 
the quantity of flow can be significantly different 
from that predicted by simple modela, (Louis,C,,l970, 
Sharp,J.C., 197l,Jouanna,P.,l972). 

2.42· The planar fissure model 

Several authors have shown, by theory or by 
experiment, that in a rock mass where all the discon­
tinuities are planar and of constant opening fron.node 
to node, the modulus of deformation of the rack ~~s 
is very low as compared with the modulus of deform­
ation of the rack material. Obviouely, in such a 
system, the opening of the discontinuities 1dll change 
significantly with applied load. 

Applying the la1~s of hydraulics, linear or other­
wise, to this behaviour may produce extremely opect­
acular changes in hydraulic conductivity for moderate 
variations in stress (Serafim,J.L.and nel Campo,A., 
1965, Londe,P. and Sabarly,F.,1966). These changes 
couii result in the.completed engineering structure 
having a behaviour pattern entirely different from 
that predicted from site investigationa carried out on 
an unloaded rack masa. The application of this Hadel 
to engineering design has t1vo important consequences. 
Firstly, any stability analysis mu!lt include extreln·a 
Hater pressure conditions resulting from stress 
changes and, secondly, the design of remedial messures 
should take this er.treme behaviour into account. 

A discuseion on the validity of this model would 
be useful since it has a great practical significance 0 
particularly for foundation design. 

2.43 The preferencial channel model 

Practical observations of the flow of water fro:!l 
discontinuities exposed in adits 6hows tnet 0 in some 
rack types, water flowa through prefwentia~ c-hi'.ZYI1'Ids 
which ar~ usually located within the planes of the 
discontinuities (Sabarly,E et al,lS70}. 

Examination of a model where all ~ater Qeep&ge 
occurs through such preferential channels l~~dó to ~~ 
important conclusion: in this cast, draioage will not 
have a significant influence upon the flow conditionu 
except where a drain happcns ~o intersecc a cha~nel. 
Consequently, drainage 1~ill not be effectivc au s 
corrective measure for irnproving stsbility. 'rllis 
ccncl usion has very serious Í~~>plications sh•c~ dn>.in~ 
age is an essential feature in the design of many 
foundations and slopes. 

Whatever one's personal op1n1on on this model,it 
seems important to answer the Íollowi~g questions: 

a) How can the seepage of water which ukec 
place through channela in a rack rr~~~ b~ 
detected? 

b) Can the "permeabilitv" of a rack msss with 
preferential channels be controlled by 
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e) 

arouting? 

Is it ~ossible to drain sucb a rock masa, 
possibly by uif!erent drainaRe systems? 

lfuile it is unlikely t.hat an actual. -:ock masa 
will correapond to ei ther the planar fissure-model ur 
to the preferencial channel model, these modela do 
represent extreMe &ituations 11hich the deeigner has to 
consider as "the moat unfavourable mechanical possibi• 
1 i ti ea which could be expec ted" (Terzaghi ,K., 1929). 
This is a basic principle of rock design when the 
safety nf a'large structure is'involved, 

2.5 Comments on the use of a Fsctor of Safetv 

One of the most controversia! questions in rock 
engineering is concerned with the use of the factor 
of safctv concept. la· the factor of safety of a slope 
or a foundation mcaningful or ia it, as same writera 
have auggested, a totallv misleading and useleas 
concept? 

The factor of safetv for a rock slope mav be 
defined as the ratio of the total force available to 
resist failure to the total driving force tending to 
induce failure .• In the case of a foundation, the 
factor of safetv Mav he considered as the ratio of the 
amount of defor~ati~n anticipated as a result of 
movements within the rock mass to the allawable 
deformation of the structure. 

In the case of a rock structure in 11hich a large 
number of ill-defined pararneters interact in a complex 
manner, the calculation of safety is a much lesa 
satisfactory procesa. 

Should the entire concept be re.iected? Are there 
alternative methodR which are more acceptable? 

One poasihle approach which has been discuaaed 
by several authors is the p~obabiZistic anaZysis of 
variables leadinR to a concept of safety in teros of 
a given prohability of failure, This definition of 
safety is, in itself, a problem since many clients 
find it ext~emely difficult to accept an admission bv 
the consulting or design engineer that there is a 
possibilitv hotJever small, of failure, A factor of 
safety of i .5 or 2,0 mav be regarded as acceptehle, 
hecause it represente a familiar situation which · 
experience suRsestR will be sa~e while a probabi~ity 
of failure of 1 in 100,000, wh1ch may mean prec1selv 
the same ~hinR, uill he treated with suspicion. 

If the probahilistic approach was inherently 
superior to the factor of safety approac~, t~is • 
problem of definí t.ion could be o ver come 1n t1me s1nce 
it is basically a question of education. A more 
serious difficulty, houever, is ~he dif~iculty o~ deal• 
ing Hith the large number of varlBblcs 1nvolved 1n the 
problem. Sorne mathernaticians may be confident that 
these problema can be solved by probahilistic methods, 
but most engineers are certainly not convinced that 
these methods are reliable - even if thev can under­
stand the mathernatical jargon wh~ch tends to be used 
to excesa. 

These general reportera feel that probabilistic 
methods have a great deal of merit and that further 
developments and a greater familiaritv with the 
techniquea ·.will .. eventuall v resul t in these methods 

) 

gaining vider accept~nce as practical deaign tool,, 
The present conclusion, bowever, iB that probabilistic 
methods are not yet aufficiently d~veloped for get\eraJ 
application in rock engineering. 

In the absence of acceptable probabilistic methods 
-and as .an alternativc to tbe uee of a ~ingle value for 
the factor of safety in an enginecring design, an 
approach whieh is frequently used is to analyoe the 
sensitivity of the design to changcs in significant 
paramet«ra, There are 3everal methods available for 
doing such a sensitivity analysis and t~o examples are 
given below: 

a) 

b) 

Por the condition of limiting equiZibrium. 
calculate the value of one of the impor.tant 
parameters required to DRtisfy th~ condic­
iona being studied for a range of values of 
the other parameters invclved. Hence, the 
value of cohesion required to satisfy ~he 
condition of limiting equilibl:'Llllll in a 
slope problem can be c~lculated for a !anga 
of friction sngles and groundwater condic­
iona. An exa~ple of this type of analysis 
is given in section 3.3. 

By varying each aignificant par~eter in 
turn while keeping the values of other 
parameters constant, the seneitivity of the 
factor of safety to variations in each 
parameter can be evaluated. The rate of 
change of factor of aafety probably has 
rn6re significance in engincering design 
than the value of the factor safety itself 
because this rate of change is indicativa 
of the importance of each pare.111eter and of 
whether the behaviour of the structure can 
be controlled by artifically inducing 
changes in these parameters. 

Graphical presentation of the resulta nf these 
sensitivity anaZyses is of the utmoat importance since 
it is only when the variations which have been 
computed are clearly displayed that they can form the 
basis of sound engineering decision making. The 
computer, with its ability tocbeck a large number 
of variations rapidly and to display the resulta of 
these computations in various graphical furms has a 
very impot:tant part i.n this ty¡:e, of analysia. 

The conclusion of this section is tbat the concept 
of factor of safety is not easily uued in ;:ock engin­
eering but that the rate of change of factor of safety 
is ,robably the t:IOflt reliat.le indicl'tor of engineering 
behaviour which is currently available. This subject 
certeinly deserves a wide and open discu~sion and it 
may well form tbe theme for a future Congress. 

3. ROCK SLOPES 

3,0 Introduction 

This chapter is dcvoted to the application of 
rock mechanica to rock slope engineering. 

The rock slopc engineer is primnrily concerned 
with ensuring that a alope will not fail or that, if 
failure is allowable, it should occur in a predictable 
manner. Except when a slope ia also to act as a 
foundation, the deformation of the rock masa into 
vhich the slope is cut io of sccondary importence. 
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l:,, contrast to the foundation enp,ineer,who is 
gmoc:rallv concerned with a specific site of limited 
<1Xr,ont, the slope engineer may be involved in design­
io;~~ rlí.lnv 'ki lometers of hip,hway cuttings or the overall 
slo¡;es of an open. pit mine, Since neither the time 
scale nor the economics of such a project allows a 
detailed investigation of each slope, it is essential 
that the slope engineer should work to a svstem which 
allows him to elirninate stable slopes ata verv eariv 
sta¡;e of his investip;ations and to concenúate bis 
8~t~ntion anta those slopes which are critical. 

Figure 1 shows that very crude stability analyses 
should be carried out at an extremely earlv stage of 
u project when only the most rudimentarv geoloY,ical · 
c~t8 is availahle, These analyses should permit the 
engineer to differentiate between those slopes which 
ar,;; obviouslv stable and those in which some risk of 
failure exis~s. They should also be used as an aid 
~D che planninR of site investigationa to ensure that 
a ma:lli.murn amount of relevant inforr~ation is obtained 
!L m1n1~uru cost, ~ore detailed types·of analyses, 
appli~d only to critical slope~ are only justified 
••hen detailed information on the structural geology, 
the groundwater conditions snd the mechanical proper­
ties of the rock mass is available. Such analyBes 
should permit a consideration of the widest possible 
range of conditions rather than being confined to the 
production of a "precise" answer for a particular·set 
of assumptions, 

Having established that a given elope is potent­
ially unstable, the designer has then to consider 
whether its stabilitv can be improved hv changes in 
geometrv, bv drainage or by reinforcing the rock 
mass. In some special circumstances, particularly in 
mining, an ecónomical solution may be to accept the 
risk of failure and to lllake provísion to predict and 
to accommodate this failure with the mínimum of ~isk 
of loss of life or damage to property. 

The following topic will be discussed in this 
chapter: 

~ecognition of slope failure modes 
Simple slope design charts 
Influence of water pressure on stability 
nesip,n of critical slopes 
Increasing the stability of slopes 
Predicition of slope failure 

3.1 Recognition of slope failure modes 

The i~portance of structural geology in controll­
ing the stability of a rock slope has alreadv been 
emphasised and the first stage in any stabilitv anal-· 
ysis involves a recognition of the -most likely failure 
modes for a particular combination of geological 
features. 

IHthout dount, the most effective means of 
recognising these different failure modes is to r 

examine a graphical presentation of all the relevant 
structural geology data together with the proposed 
slope geometry with the aim of. detecting patterns 
which are representativa of. the different types of 
failure. A convenient presentation is to use a largoe 
topographic map of the site and to plot the geological 
data on small diameter stereonets (equal-area or equal 
angle spherical proiections) which are pasted onto tbe 
map at the observation points (positions of boreholes 

) 

Figure 20 : Reccogni tion diagram for different typea of 
slope failure. (Lower hemisphere equal area 
projection ) • 

A Circular failure in ucil, vaot~ rock or 
heavily fracturad rock with no identifiable 
structural pattern. 

a Plane failure in highly cordc:red structure, 
e.g. slate. 

C Vedge failure involving alidfng ~long the 
line of intersection of two planes. 

D Toppling failure in hard rock with .eteep.l.y 
dipping discontinuitiea. 

(t) Slope face. 
(2),(2') Discontinuity planos. 
P,P• Polea of planes • 

(J) Direction of sliding. 

or outcrops). The proposed slope geo:uctry can th~n !;~ 
overlaid on these plots to check the likelihood of 
aifferent types of failure. ~ecognition di~3ramo ior 
four imporotant t¡¡pea oj' elope fa-Hure are present,¡,d in 
Figure 20 and, once the designer has become faMili~r 
with these diagrama, the recognition of potentia! 
failure is relatively simple. 

An essential feature of this early consideration 
of stability · is that the designer should attr..mpt to 
keep an entirely open mind, being pre,ared to cons1d~~ 
all possible tvpes of slope failure, including thone 
11hich he knows that he will be unable to anslyse, The 
early recognition of a potential failure will allow 
remedial measures to be carried out se the desi¡¡o'l and 
construction stage. Such measures are inva~iah~v 
cheaper and more effective than corrective meas~?~s 
which havc to be taken in the case of a slope which 
is found to be onstable during an advanced sta~e of 
the construction. 
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. Il must,hoi·Te'!er, be <nade clear that not all poten• 
t1al slope failures can he recognised before construct• 
ion commences' sin ce cd t ical g~ological fea tures Clav 
r.ot be exposed or ma.v !:ave heen miesed durinr. pa-elim­
inary site investigations. The designer rnust,thereiore 
make provision for both time and finances to deal wit~ 
~nerpected probZems w!.ich may arise dur.ing const.ruct­
lon, He should also ensure that facilities are av&il­
ahle ~t short notice eor the implcMentation of any . 
remed1al measures which ~ay be required. 

3.2 Simple slooe design charts 

J:ver since Taylor published his simple slooe 
design charts in 1937 (Tavlor,D.W. ,194E), soil. 
engineers have madc use of these and of more eloborate 
charts for the preliminarv analvsia of circular 
failure in soil slopcs. These charts have preved to be 
invaluable aids to the designer in that they permit a 
rapid assessment of stability under conditions where a 
detailed analysis tJould not be justified, r.an such 
charts he used for rock slones in which failure in 
controlled by pre-existing discontinuities? 

Since it is.onlv possihle to graph a limited number 
of variables, the first step in producing a meaningful 
rock slope design chart is to consider whether there 
are ~ few variables which are so important that, by 
sett1ng all other variables to zero and conRirlering 
only these few, a reasonable approximation to the 
ans~er can. be obtained. In the case of a ~ock slope 
des1gn, th1s process can hest be illustrat~d by means 
of a practical example. 

Figure 21 illustrates the geometrv of a rock slope 
containing a wedge scparated from the rack mass bv 
three intersecting discontinuities - one tension crack 
and two planes or:a which slídíng can occur. This type 
of problem has been analysea in detail by Hoek,F.., 
Bray,J.W. and Boyd,J.ll,(l973) and the proportions of 
the different forces acting on a particular wedge arP. 
gíven in the pie-chart in Figure 21. 

Figure 21 : Contribution o! different torces to the 
stability o! a wedge separated from the rock mase 
by three intereecting discontinuities. 

Resisting !orces : 
A Friction on sliding planes JJ% 
B Resistance due to cohesion 19% 

Disturbing !orces : 
C Upli!t !orces due to water press-

ure on sliding planes 13% 
D Force duc to water pressure 

in tension crack S% 
E Component of w_edge weight acting 

down line o! intersection JO% 

) 

Note the.t the t~o items, A (fr~ctional reoistance 
on the slidins suriDces ) and E (componP.nt of th~ 
w~ight of the wedge acting do1o10 the li ne of i.nter.Ject• 
len) contribute 63% of the total of.~i! the forceB 
acting on the wedge. Both of these i!:I.!DI~ dr:.pe:'d upon 
the geome try of the wedzu and i t ca¡·, b~ showr. tha.t 
only aix variables (the dips and dip directions and 
the angles of friction of the t:'I<:O planes on which 
sliding takee place) ax·e necessary conplt:tely tP 
define A and 1! (Hoek,E, ,1973), A sct of sÜlple charts 
have been pi'epared by ccmbining thesP. variables into 
groups and these charts msy be usec te. Íl!lprovc unon 
the asscae:n<':nt of atabilitv provided' by the r·eco~nit­
ion diagrama illustrat~d in 'figure 20. An exampl~ of 
the use of theaoe charts is presented in Figure 22. 

rlote that the factor of safety dcrived fro;n these 
charts is independent of the heiRht or the a~gle of 
the sl.ope face, Thís ls because the only strength 
narameters involved in the cal::ulation are che frict~ 
ion ang'!.eu 11hich, os point-2d out in section l.J3, are 
independent cf the dimensiona of the aaruple, Although 
these calculations are based upon a very ~uch simplif­
ied set of assumptiona, and do not thereiore provide 
absolute valuee, they have made poseible the product­
ion of a verv useful design index for rock slopo 
engineers, An intereating queation is - are th~r~ other 
simple relationships of. this type ~:hich could be 
utilised in deriving simple dcsign ch~rts for other 
modes? 

3.3 Influence of water oressurc 

Figure 21 shot~s that, for the example cor.sidered, 
water pressure in the tension crack and on the planes 
along 'Which clidir.g occurs contrihute 18?. of the 
total of the forces acting on the wedge, For steeper 
slopes with very deep fi.lled ter,sinn cracks, this 
proportion can rise as high as SO%. A consideration 
of the influence of water pressure upon the stabilíty 
of a slope is obviously of majar importance but hotJ 
should this influence be evaluated? 

The difficulties of adequately defining the water 
flow pattern in a rack mass hsve alrea.iy been 
discussed (spction 2.!,) and the reader "'ill appreciate 
that a precise calculation of the inf!u!!nce of water 
pr~ssure upon slope stahility is not possible, HoNevcr 1 

in view of" ita importance, the onlv rea$Ona~le 
approach is to base the calcuiatio~ upon the worst set 
of condítions which can he antic~pat~d and to use the 
results of these calculations as an ~id to •ud~ino the 
consequences of probable grounjwat;;!" condition~ i~ the 
rock masA under consideration. 

An exiU!lple of BüCh n calculation is preaented in 
Figure 23 in which the shear strength (friction and 
cohel?ion) required for limited equilihrinm Í'l a 25 
meter Plope, .in which tl~o-dil!lensional plano failure 
occurs, is plotted for a nu1r.ber of different a~sumpt­
ions. Thc dotted line include.d in tt.i.b Hr,ure 
surrouncls the shear strengrh values obto,inc~ fr•;,rn. t!le 
back-analysis of a number of slope failu~es (Figure 
17) and this type of c.ompoaite plot assists the slope 
designer in judging ho~~ important variou>J changes are 
in relationship .to the shear·strength availablc. 

In this examplc, rclatively lcw shear strP.ngth· 
values are required to ensure the stability of a dry 
slope, Not:e ttpt the p:resencc of 11 tensiGn c-rack (line 
2) does nct aiRnificautlv reduce the ~tabilitv of the 
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Exa~ple of determination of factor of safety for dry cohesionless slope with potentinl wedge fnil~re. 

Oip 

PlaneA 400 
Plane B 70° 

Difference JO o 

From charts : A a 1-75 and 

Dip direction 

105° 
2)5° 

1)0° 

Friction angle 

20° 
30° 

Tan f/J 

0.)64 
0.577 

B "' 0.95, 

Factor o( Safety F = A.Tnn ~A + B.Tan ~B 1.75 X 0.)64 + 0.95 X 0.577 1.18 • 

Figure 22 : Example of simple wedge failure charts for slope design " 
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Figure 23 : Shear strength mobilised for various 
conditions of two-dimensional plane failura. 

(1) Dry slope with no tenaion crack. 
(2) Ory slope with tension crack. 
(J) Slope with water-filled tension crack. 
(1.) Slope with water·-filled 1;onsion cra~d< &'Id 

water pressure on failure eurface. 
(5) Boundary of zon~ of obaerved slope !ailures 

(see Figure 17 }. 

slope provided th&t there i s no \'&ter present. When 
the tension crack hecomes water-filled under cortdit­
ions of heavv rain or due to poor control of surfnce 
drainar,e, a significant increase in ohear strength 

o is reauired lo maintain stabilitv (litH! 3). ThP rno~t 
severe conditions which could occur in verv heavy and 
prolonged rain which could result in the slope . ' 
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becoming completely satur~ted(line 4) would dlmost 
certainly produce faílure in this slope, While the 
conditions giving rise to line 4 ~ay be very rare, 
their inclusion in the calculations give a clear 
indication of the oeneitivity of the sZope to uater 
pressUl'e, An example of a slope which failed with 
considerable violence due to the filling of a deep 
tcnsion crack during heavy raid has been analysed bv 
Roberts and ll.oek (Roherts,D. and Hoek,F.., 1973), In 
this case, the factor of safety of the slope was found 
to reduce from approximately 1.9 for a drv slope to 
about 0.8 fo~ a saturated slope, Although these values 
themselves may not be accurate, their difference and 
the understanding of the mcchanism which leads to thia 
difference is important and this analysis enabled the 
designe•s to impl2ment simple drainage measures to 
prevent the recurrence cf these extreme conditions, 

Sorne indicati.ons on the drainage measures which 
can be applied to a rock slope will be gíven in o 
later s~ction of this chapter. 

3.4 Design of critical slopes 

A large proportion of the total numher of slopes 
which the average enp,ineer will be called upon tn 
design can be dealt with bv means of the simple tech­
niques al ready described. Occasionally, h011ever, a 
situation may arise in which obvious and inexpcnsive 
steps such as minor changes in slope geometry or 
simple drainage measures cannot be applied. Under theae 
circumstances, the slope designer may be faced with o 
critica! problem in which it is essential that a more 
detailed evaluation of the stability of the Rlope and 
of the effectiveness of more elaborate corrective 
measures should he undertaken 

The first and most important step in this analvsi& 
is the acquisition of reliable data on the structu~al 
geology, the mechanical properties of the rock mass 
and the possible variation in groundwatcr conditions, 
Unless such data is obtained, any subsequent calculat­
ion will not only be a waste of time but MaY even he 
misleading since it may generate a false sense of 
security in·the designer who has been through the 
calculations but who may have failed to account for 
sorne critical factor in the slope. The collection of 
this data may, involve the drilling of additional hore­
holes, thc testing of samples to establish the shear 
strcngth of the rliscontinuities and the carrvinR out 
of pumping tests and the installation of piezorncters 
to detect changes in ground1~ater condiciona. Whenever 
possible, existing sZope .faiZUl'eB in the sarne rock 
types in the ·area should be carefully studied and an 
attempt made to deduce the shear strength which vas 
mobilised in these failures. (Natural slope failures 
may give misleadi.ng values because of the verv long 
time scale ihvolved in such failures and back-analysis 
should therefore be confined to excavated slopes). 

On:ethis data has been obtained, a detailed analy­
sis of the stability of the slope and of the effect­
iveness of remedia! measures can then be carried out 
by means of techniques which permit the inclusion of 
all the relevant variables in the analvsis. Such 
techniques have been described by Lond~, Vigier and 
Vormeringer (1970), Hendron, Cording and Aiyer (1971) 
and lloek, Bray and Boyd (1973). Because of the 
co~plex inter-relationship~ bctween the large number 
of variables involved in these problema, the calcula­
tions are· generally ~arried out with the assistance 

of computers. 

It munt be emphasised that, in spitP of the 
versatility of the&e tvpes of calculntionG, they are 
still based upon simplified models ~f the actunl tail­
ure processes "'hich take place in ~he slope. The 
desigm;r should, therefore, be11are of falling into 
the trap of relying too heavily upcn the results ~f 
such analvses which should be used to assi~t but not 
to replace the judgement of the engineer. Theoc analy­
ses show, in the same way as do le~s elabornte methods 
the sensitivitv of the slope to the variouA assumpt 
ions which have heen made, 

3.5 Increasin~ th~ stahility of slopes 

There are four hssic methods fN· increasing the 
stability of rock slopes: 

a) Changing the slope geometrv 
b) nrainage of grouodwater in the clope 
e) P.einfot·cement of the l"ock mass 
d) Control of blasting 

3.51 Changing the slope geome!!I 

Changing the geometrv of the slope generally mean 
oeano reducin¡; the slope height or rec!ucing the angle 
of the slope and, when it is possible to implement 
this remedial measure, it is generallv the cheapest 
means of irnproving the stability of the slope. It is 
however, not always the most effective measure sincc 
reducing the height or the angle of the ~lope not 
only reduces the driving force Lending to induce fail­
ure but it also reduces the normal stress and h~nce 
the frictional force resisting slidin~. Conscquentlv, 
before implementing thi~ measure, it is es&ential to · 
check whether it will be effective. As a general rule, 
very steep slopes can most effectivelv be stabilised 
by reducing their height while relar.i~ely flat high 
slopec can be stabil iseó by redud.ng the sl.opl! angJ e, 
provided that the stability ís not controlled bv 
major gcological structures such as faults, · 

In addition to the slope height and the slopc 
an¡;le, the geometry of the slcpe as seen in plan has 
a significant influence upon stability. Correct align­
ment of the slope face 11ith respect to 'the dip 
directions of the major ~tructural features in the 
rock maus wiU reduce the number of the~e features 
which will "dayli~ht" in the slupe and hcnce improve 
the stability of the slope. Relatively small changes 
in the position or alir,nment of the slope face can 
result in considerahle improvements in stabilitv and 
this should be regarded as both a design end a remed­
ial measure. lolhenever possible, the creation of 
"noses" in slopell should be avoided since slopes which 
are :onvex and in which a number of fea tu res dayl ight 
are lnherently less steblc :h•m concave slo:>es IJhere 
good lateral restraint is provided hv the curvature 
of the face. · 

One majol· advantage which changinr, the slupe 
geometrv has over oth<!r methods of imu::uving the 
stability of slopes is that its effec:s are permanent, 
Thia is because the improvement in stabilitv is 
achieved by a more effective utilis~tion of. the 
inherent po:operties of the rock mass ami hy malting 
permanent changes to the force systcm i~ the slope. 
This force system can al so be changed bv draínage and 
by reinforcement hut t:hcse changes rnav be reversed if 



GENERAL REPORT 

the drains beco~e blocked or if the load carryíng 
cGpscity of thP'reinforcement is reduced. Consequentlv 
when methods other than changing the slope geometrv 
~re used to improve stability, it is essentia~ that 
!\>,;:;.;: n!mPdial measures be maintained and that a 
chac~ shnuld he made at least once a year (preferablv 
iust ~ufore the wettest season) to ensure that these 
~e3o~ru~ are otill effective. 

3.52 Slope drainage 

From the discussion on the influence of water 
~~~esGre on the stability of slopes (section 3.3), it 
~:1 '.l be el ~ar that th>! ¡::¡¡·eaence of groundwater in the 
rack ~ass into which a slope has bRen cut is always 
de~1·i~rntal to stability. It follows that drainage 
of e'.:'.~ groundwater will always improve atahili.ty but 
the quustions which concern the slope engineer are -
llo1.1 ·r.•.Kh improvement can be achieved by drainage an<l 
hnw mu~h will it cost? 

Tt." simplest and cheapest form of groundwater 
co,.·t•·;:,] is to minimi se t~&e amount of water 1-lilich can 
.u;:ect in puols on the top of the slope. Sirople 
·:.J lcula t lons shou that water which can entcr open 
tension cracks from the top of the slope is very 
dangerous since it has the potencial for generating 
high water pressures within the slope. There is no 
excuse for allowing water to collect on the top of a 
slope and good engineerine practíce requires that 
these areas should be graded to encourage the (ree 
run-off of surface water and that surface drains, 
when t~y are installed, should be properly maintained 
to ensure that they renwin effective. lfuere tension 
cracks are visible in the topa of critical slopes in 
areas of high rainfall intensity, it i~ advisable to 
fill thesP cracks with porous material such aR gravet 
and then to seal the top of the crack with impervious 
mate~ial such as clay. This will prevent direct 
entry of surface water, particularly durins heavy 
rain, but will allow ~ater already in the rock mass 
cv drain freely towards the slope face. 

Percussion drilled horizontal boreholes can be 
very effective in draining a rock mass but very fey 
quantitative design guides can be given for the 
spacing of these holea since their effectiveness 
depends almost entirely upon whether or not they have 
intersected water-bearing fissures. In heavilv 
fractured rock, the hales may be regularly spaced 
sincc the permeability of the rock masa will he 
reasonably uni~orm. In rock masses with widelv spaced 
fissures,· the holes should be drilled to intersect 
those fissures which are helieved to he heavily water­
bearing. Geñerally, the hales should be drilled a 
horizontal distance into the slope approximately 
equal to the hPight of the slope. The main advantage 
of this metijod of slope dralnage is that it is cheap 
to install and to operate since the t~ater drains 
under gravity and pumping is not generally required, 

Vertical boreholes, drilled from the surface and 
fitted with down-hole pumps, have the adVantage that 
they can be opcrative befare the slope is excavated 
and can be used to improve the stahility of slopes 
which are only required to remain atable durin~ a 
limited period. Permanent drainage by pumped vertical· 
boreholes is expensive and is liable to become 
ineffective at the most critical times due to pump or 
power failure .. 

J 

nrainage p,alleries, while certainly the most 
exrenRÍVP form of drainage, are probably the most 
effective means of controlling the groundwater in a 
critical slope. These galleries have the advantage of 
exrosing a lArge numher of fissures within the rock 
mass through which water can drain freely by gravity. 
l~hen additional drainage paths are required, these 
can be created by drilling from within the gallery. 
While it is difficult to justifv the construction of 
a gallery for drainage only, it is frequently possible 
to reduce the cost of this measure by careful planning. 
Hence, an exploration adit can become a drainage 
gallery at a later stagc in a project or existinp, 
underground excavations, particulary in mines, can be 
utilised provided that care is taken to remove the 
·~ater which accumulates in these excavations, 

3.53 ~einforcement of slopes 

lmproving the stability of rock slopes by artif~ 
iciallv rcinforcing the rock mass is generally only 
economicallv feasible for relatively srnall slopes or 
for stabili~inr. blocks of limiced size on slopes. This 
is because the forces which h&ve to be applied by the 
rockbolts or cables may be as hizh as 207. of the 
total weight of the rock which is potentially unstable. 
!he installation of reinforcement is a slope in which 
instability is already evident is the least effectiv~· 
form of reinforcement since much of the atrength of 
the rock mass will already have been lost due to the 
opening up of fractures and displacements along 
discontinuitieo. On the other hal'.d, if l"eir.fcrcement: 
is used as part of the deeign system and ic installed 
durin~ construction of the slope so that dilation of 
the rock mass is inl&ibited, the effectiveness of the 
reinforcement is greatly enhanced. A more detailed 
discussion on the reinforcement_of rock masses io 
given in section 4.45 of this report. 

3.54 Control of blasti~g 

h final ouestion which must be ~entio~ed in this 
section is that nf the control of blaBtiug durin:¡: 
excavation of a slope. Hhile this may not gene;:¡¡lly be 
regarded as a means for imprcvinz the atilhility üf 
slopes, there is no doubt that tl'.c; d<nnage due to 
blasting has a very significant influance upon stabil­
ity, F.xperience suggests tha1: a t.lope which has be<m 
created b~ carefully controlled blasti<.g may b~ stabla 
at an angle which is 5 to 10 degrees steeper than ~ 
slope which has heen subjected to the h~avy hlasting 
which is now common in open pit rnining. Th~ airn, 
therefore, should be to minimise the damage te the 
rock mass which is to form the final slope and toE 
can generally be achiev~d by thc use cf preeplitting 
or smooth hlasting techniques (Lsngefors,U. and 
Kilhstrom,B., 1963). The use of these methods ic ~o~ 
fairly common in civil engineering hut th:>v llave r-.ot 
gained wide acceptance in mining because oí the 
relatively high cost of drilling vnich is involved. 
Although the actual drilling cost is ~inh, it is 
beli;ved that che total cost of creating and r.~.>intain­
lng a slope by the use of controlled blasting, 
accounting for the srnaller volumes which l'.ave to bl.! · 
excav<¡ 1:ed and t he reduc t ion of s lo pe m& i n::ewmc2, •.Ji. U 
be lower than the cost of an equivalent slope e~cavated 
by. normal heavy blasting. A comparison of s·.Jch coses 
recorded on actual projects would be of grPat intere3t 
to slope en~ineers and the general reportcrs ougge$t 
that this comparison would forman excellent tapie for 
a short research project. 
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3.6 Prediction of slope failure 

~1en all efforts to stabilise a slope have failed 
and it is clear that failure is inevitable, it i& 
sometimes necessary to attempt to predict the behav­
iour of the slope in arder that men ar~ equipment may 
be moved- pase-- it before it fails. One of the best 
known case histories of slope failure prediction iR 
that of the spectacularly accurate prediction of the 
d~te on which a very large failure occurred at the 
Chuquicamata mine in Chile (Kennedy,B.A. and Niermayer 
K.E., 1970). Figure 24 shows the plot of surface 
displacernent versus time on which this prediction was 
based and this curve is typical of several exarnples of 
slope behaviour prior to failure which h11ve been 
observed, 

Generally, the first obvious sign of inetability 
is the forrnation of one or more tension cracks on the 
top of the slope. These tenaion cracks may occur 
scveral years before the failure takes place but model 
studies (Barton,N.,l97l) have shown that these ten!lion 
cracks are the first ruanifestation of deep-seated 
sh~.ar movement in the rock masa and that they must be 
regarded as warnings of instability. Simple measure­
ments of the opening of tension cracks with time can 
give valuable information on the behaviour of the 
slope and it will generally be found that the rate of 
opening increases with time. l~en the rneasurements are 
carried out with sufficient frequency and accuracy, a 
clase correlation between opening of the tension craclt 
and recordad rainfall on the site will frequently be 
found. 

Opening of tension cracks will generally be 
followed by slumping of the crest of the slope and by 
bulging of the toe of the slope. Because the movernent 
of the rock rnass is controlled by pre-existing 
discontinuities, these changes may be leas obvious 
than those which occur in soil slopes, Sometirnes the 
movement of an un~tahle block of rock may be oblique 
to the face of the slope ~nd it mav be difficult 
to detect these subsequent rnovemen.ts without measure­
ment of a number of points on the surface of the slope 

Because of the complexity of the movement pattern 
which takes place in a rock slope, the installation of 
sub-surface measuring devices such as boreholes 
extensometers rnay not be effective since it may be 
extremely difficult to interpret the resulta, It is 
also usually botti dangerous and difficult to install 
these devices and to keep them effective for the 
life of the slope, 

The most successful slope monitoring systems which 
have been used to date·are those based upon simple 
survey type measurements of the movement of targets 
placed on the surface of slopes. These measurements 
may be by normal triangulations or they may utilise 
one of the electro-optical distance measuring 
devices which are nou comrnercially available (St.John, 
C.M. and Thomas,T.L.,l972) The latest developments in 
stereophotogramrnetry are also promising (Ross-Brown, 
D.M. and Atkinson, K.B., 1972), 

No means for quantitative evaluation of the 
resulte of such measurements are currently available 
and, in view of the large number of parameters involv­
ed, may ncver be available. However, experience 
suggests that the accelerating displacement curve 
reproduced in Figure'24 is typical of slope failure 

and tha~ it givea as good an indication as any which 
is likely to be available in tne forse~ablc future of 
the lik~ly failure date, 
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Figure 24 1 Plot ot diaplacement ot tastest moving 
target on the tace ot the Chuquicamata mine 
(Chile). The tailure, involv.ing apprnxi~ately 
12 million tona ot material, occurred on t8th 
February 1969. 

(1) Date. 
(2) Displacement in meteru. 
(J) Extrapolation ot data CQllected up to 

13th January 1969. 
(4) Predicted tailure date. 

4. P.OCK FOUNOATIONS 

4,0 Introduction 

This chapter .is devoted to spccific applications 
of rock mechanics ,to rock foundation engineerin~. 

The flow chart shown in Figure 2 il'lus trates the 
main steps of the _appraisal, design, construc:tion _ and 
monitoring of the-rock foundation of a large engir.eer­
ing structure. This chart, of course, is very crude 
as cornpared with the actual appr~ach. which entails 
much knowledge a~d judnement and subtle relationships 
between several fields of engineerinr,, geolo~y, 
acience and cr&ftsmsnchip. 

For the sake of claricy. this chapter has been 
divided into !ive categories of problema: 

a) Resistance to failure.i,e.safety as 
regards zouptU1'e 

~) Deformations.and their effects on the 
stresses in the foundatio:& rock and the 
structure 

e) Hechanical effects of wat~.ssopag~ 
through the fissures of the roclr ma'ia. 

d) Col'l'eotiw: action that the designer can 
take 

e) Monito1'Ú1¡1 of the foundation rock. 
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F:u .. k ""chanics offers a number of tools to help 
,:~• ,•e theo.-J problems. As alreadv stated in the 
:.oct'odL~tion to this ¡¡;eneral report, although the 
.:..:J'.í'ln ~,¡alvsis is very crude, owing to our limited 
~~J~l2~~ . che rock Mechanics approach leads to a 
::.:.. cnt undi"!::-stanáinp, of the basic or possíble 
t.. .• ~vHJo.U p<.tt.::rn>~. Th.is is vital for the foundation 
J ~" ignel': ..... hose 111ain concern is not to aompute 
ar:cUJ~c.rcel.'J b•;t to ,iudge soundZy. 

"·· ~ t11re o"f rock founáations 

.:<". <h:signer's main concern is to prevent failure 

. ;J~~~ations as it representa the worst possible 

··.! t.1ethods of assessing stat-ility, invoh•:ng 
·~ ~ul appraisal, deter~ination of possib:e 
•• _,,e 1••odes and analysis of che conditions of limit-

.;,;:, .-i_!.,riu~t. (F'ig.25), have already bee:t deai.t with 
-, :.h~;te;,; 1 and 2 of this report, Although it is 
--~ ··· .. ~c;.;,ry to repeat these methods in this chapter, 
.¿ iJ u;ceosary to emphasise that the consideration of 
~h~ i'e<riatanae to faiZure of a foundation must always 
precede the study of foundation defo~mations, since all 
~utsequent calculations are only relevant when it has 
been demonstrated, beyond reasonable doubt that the 
bundation will not fail. ' 

Figure 25 : Stability of a tetrahedral 'rock volume. 
{Lende, P., 197J ) 

OABC 
Pl, 
ul, 

w 
Q 

Tetrahedron. 
P2, P3 , Geological surfaces of 
u2. UJ W'ater presaure torces. 

Weight. 
Thrust of dam • 

4.2 neformation of rock foundations 

4.20 Introduction 

separation. 

In consider~ng the deformation of rock foundat­
ions, it is nece~sar~ ~o differentiate between 
deformations within thf! rooak mass and sur.faae 

dispZaaements. The first category is useful for 
understanding the intrinsic behaviour of the foundat­
ion whereas the second is adequate for analysing the 
engineering structure built on the rock. The rock masa 
in comparable, in that respect, to an equivaZent 
aontinuous medium which has the same aurface deflect­
ions. 

On the other hand, the deformation within the 
rock mass cannot be determined without considering 
the actual disaontinuous mediiJI!I, or at leaat a 
representativa model of it. Because of the contribut­
ion of the suríaces of separation, the deformations 
within a discontinuous rock masa under low confining 
stresses, will be significantly different from those 
in a continuous medium. This will be the case for 
surface workings. In the case of underground workinga 
the confining stresses are higher and, once the 
dücontinuities tYÍthin the rock mase have- been forced 
into intimate contact, the deformation behaviour 1~ill 
ap~rcximate to that of the continuous medium. 

The theory of elasticity is satisfactory for the 
analysis of deflections of the equivalent continuous 
medium, at least as a first approximation, provided 
that the irreversible part of the first loading cycle 
(due to closing of the iissures) is considered 
separately. 

Determination of the deformationa withic a 
diacontinuous rock rnass requires the ~ie of math­
ematical or small scale modela. 

4.21 Determi~ation of elastic parameters 

The equivalent cor.tiuuaus medium can be defined 
bv Young's moduluR and Poison's ratio, ~iving the aame 
displacements at the surface as those of the actual 
site. Since the deformations within the rock masa are 
different from those in a contír.uous medium, this 
approach is necessaríly a rough approximacion. In 
practice, however, it is reas;mable to U.JUillC an 
elastic b~h~viour for most rock foundations, the only 
restrictions being to use an Gppropriat~ ela•tic 
modulus for the stress range under consid~"a~iou, 
Comparis ... ns between the resulta of analyses and 
measurement of foundation deforll18tiona on ma .• ¡ dam~ 

have shown this approximation to be velid. Such 
comparisons are not generall~ avaiiable for other 
types of sürface structure. 

How can the equivalent elastic parsmeters be 
determined at the design stage? Jacking LZ~r~ ~re 
almost the onlv practica! means availa.ble fo:- auc~\ 
determinations and yet the interpretation of th~ 
results of such tests is open to questioa. In section 
1.27, the influences of saa~e and of duration of 
Zoading upon the resulta of a jacking test w:n·e 
q~eried. Even if these questions are ignored, many 
d~fferoent moduZi can he derived from ~he non-lincr.:­
curves obtained í'rom a jacking test. Alrhough ü has 
been proposed that these results are useful ide~cifi­
cation índices for the rock roass, the questian which 
must now re considered is: can chey provide num~•=cal 
parameters for use in a deforrnation analysis'l 

Experience suggests that, 9rovíced a lorge numb~t 
of tests are carried out in situ, the mean valuc .snd 
thc scatter found from such tests allows a reascnable 
estímate of full scale d~form3bilitv. It seems likelv 
that, in a rock mass, the s·~all sam~lea are .nodels of 

· ... _ 
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larger samples, themselves modela of still larger 
hlocks, this aeries heing closely related to what hae 
heen called, in 11ecd.on 1.22, the "grading curve" of 
the rock masa. J.f this C:<'ncept is valid, it would 
""¡¡plain whv the s'cale effect does not rcsult i.n 
cxtremelv lo~· m<'>duli for verv !arce dimendons and 
also the fact that scalc effect does not appear to 
have too significant an intluence on jackiug tests. 

For the analysis of the foundation beh11vio~r of 
the Auburn dam,the IT,S, Bureau of Reclamation has 
worked out·a method aimed at reducing the number o! 
in-situ jacking tests required, The principie is to 
combine the cwo co~ponents of deformahilitv of che 
JTiass (a) the modulus measured on cores and. (h) the 
surfaces of separation (spacing,thlckness,infilling). 
This "analvcical" mcthod has to be calibrated on each 
site (Von Thun and Tarbox,l971) 

The~e are cases where che jacking test has given 
lotJel' va'Lue¡3 than the moduli worked out from tlu! over­
all behaviour of the compleced structures, This was 
the case at the "ouglans dam where place tests 
(28cm.diameter) gave an average modulus of 16,000 ~a, 
1~hereas the. dam load i ng gave 30,000 Ml'a (Groupe de 
Travail,CFGB,l967). Severa! explanations are, of 
course, possible for this"reverse" scale effect: 
fissures unde~ the jack plate, higher test streRses 
and, most important perhaps, the fact tlJat the 
Boussinesq and Vogt solutions userl to derive the 
moduli do not applv to the discontinuous svstem. ~he 
concept of the eauivalent concinuous mediuj;¡ is t!tere­
fore possiblv responsible for the discrepancv. 

A final remark concerns Poisson's ratio, which 
is assumed~ ~ot ~easured. This concept ir. probablv 
far frorn applicable to a rock masa where, not only do 
che lateral deformations of intact laboratory 
specimens show wide variations, but che presence of 
discontinuities will have a significant influence upoQ 
the lateral de,formation hehaviour of che rock masa. 

The di~cussion is therefore open, How shall we 
measure the defprmahilitv of a rock foundation for 
design purposes? Jacking tests, either on the 
surface or in horeholes, appear to he the onlv 
praccical means currently ava;lable, even if their 
resulta hav~ to be treated with caution. Is it 
possible to improve the test procedure and our 
comprehens~on of·the tests? 

4.22 Influence of rocv deformation on engineering 
structures 

Whereas permissihle displacements of rock slópea 
are usuallv large, ~hose of a foundation are extremelv 
small, owing to the dama~e which they can induce in 
the engincerinR structure. 

This structure is senaitive to two separate 
effects: 

a) The absoZute magnitude of the deformations 

b) The l'elative displacements, from one ~one 
to another of the foundation area. 

Effec t b) · is generall y more detrimental than 
effect a). Hundreds of dams have heen designed u11ing 
the Trial Load Method of analvsis which required an 
ascumption on che ratio F.C/ER between the modulus of 
the concrete and that of che roclt mau. It has heen 

J 

checlred that, provided this ratio is nearly constant 
over the whole foundation ares, its influance on the 
maximum stress~s in a high arch d.1m is slighc. For 
example, a variacion fro~ 1 to 5 mny result in an 
alteration of the crit~tal stresaa~ by 20~ (some are 
increa'sed ,othecs are decreesed)" ·~his 111ean1.1 that great 
accuracy in measuring ER is. nct r?.quired, at least 
for this pare of the design, and ~hat the scale effect 
is not ouch a oerious drawback to the determination of 
deformability. In low or rigid structures, the 
iniluence of EC/ER is much more marlted but, fortunstely 
the stresses are seldom critical in such cases. 

On the other hand, however, local variationa of 
EC/ER -havu a strong influence on stresaes in the 
vicinity. For inRtance, an arch nam can span a fault 
zone of severa! metera in thicknes; with practtcallv 
no change in the strees pattern, e~~ept locally where 
special arrangemcntll must be made, Should e zone of 
softer (or harder) roe!: be much wider than the 
thickneu of the dam, the prc.blem is more Gerious. 
Finally, when a major part of the bank has a modulus 
different from the re~ainder, it r2sults in mechanical 
assymmetry uhich is much more important on the stress 
patcern than geornetrical assyTilllletry. 

The difficulties met in determining the deformahi­
lity of a rock ~ass are therefore, at least partly, 
off¡¡et even for an ind!!terminate str<~cture bv t••o 
favourable condiciona: · 

a) 

b) 

It is not necessarv to meaaure the rocl( 
modulus with anv great accuracv 

Rclative variations, resulting from 
heterogeneity are probably obtsined with 
adequate accuracy, from small scale tests. 

Can these condiciona be relied upon? This quest­
ion certainly 11arrants further discussion. 

4.23 Irreversible dcformations 

Jackins tests a11 well as monitorin¡¡ of t'or.k 
foundations heve shown that a pare cf the first 
deformatiou is irreversible. especially near the 
ground surface. This is due to the clo&ing of fissures 
and to some local minute shear failures. The equival­
ent modulus for the first loading is therefore lo~er 
than the modulus which applies to the further loading 
cycles. Th~s behaviour ~s what could be called Btl'ain 
hal'denir~~ as in metalo, with the difference that in 
rock it develops from the be&inning of loading instead 
of beyond e threshold. This point is vital for the 
atrtJcture, becauae ,t.,lte low -codulus a.t the first load­
ing may crcate the most critica! conditiuns. The 
problem Íll all the I'IOre Bt!rious ns this irreversible 
displscement is extremelv difftcult to estimate from 
small jacking tests. Furthermore, it is not the 
aame over the whole foundation ares and hence the 
eleotic heterogeneity of the foundatiun is exaggerated. 

A majcr point is therefore to e~tablish whether the 
designer can obtain the irreversible part of che 
foundation displ&cemeuc from jaakúl{l, O!' othel' tests. 
Is a measurement or esCiW3te of the scale effect 
possiblc as it would most probably be very large? The 
stress uaed in the test has undoubtedly a governing 
influence on the irreversible deformations, as would 
be expected in a strain hardening phenomenon. 
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io.2i. Influence of roe!; defo.rmations on instrwnentat 
Tn~ trumentat 1 on 

When a fixed rEJerence point is required for 
geocieti<: r.1ea.suremcnts or for snchorin~ an inverted 
per.ául,,m, it ha•• tó l>e at a distance increasing with 
1he magnicude oi load applied to the rack foundation. 
Lams wi Lh th["u&es amountíng to millions of ki.lo 
newtons and influenced hv hillions of kilo newtons of 
1·ater "Weight, are particularlv interesting. What is 
the distance reauired to obtain fixed points? This 
ra~p~tstion i~ seldom made, 

!t was however carried Out recently, using 
~~aetic theorv, anrl puhlished in the form of chart~ 
fcr different tvpes of loading (Mladvenovitch,V.,l97n) 
l<: it realised that the engineerinp; structure 
di~plac~o the supporting nedium far and deep; much 
C1r<hcr snd deeper than coi'II11onlv reclconed. ror 
:·.Q~t;wce, an i.nverted pendulum should be anchored at 
a depth of about lOO~. so as to give a reasonable 
w<~as¡,n·,,w,··nt for the disf"lacenent of the baae of a 
á<>ln l_f,.::m. high (Fig.26). 
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Figure 26 : EKample of influence of depth of anchorage 
of inverted pendulum on measured relativa dis­
placement. . 

(1) Hultiple-arch dam • Croas section. 
(2) Rock foundation (continuous elastic medium) 
(J) Invert~d pendulum. 
(~) Anchor point at depth Z0 • 

(5) Horizontal displacement V. 
(6) Depth. 
(7) Actual curve V(%). • 
V' Heasured displacement. 

4.25 neformations ~dthin the rock mass 

All the preceding comments concernin~ the surface 
of the rack mass could, more or less, be dealt with 
by assuming an equivalent continuous medium, This 
assumption is no~ valid inside the mas~, where the 
stress and strain patterns are govérned l•y the 
discontinuous nature of the medium. For instance, 
the transmission. in depth of a compressive stress 
field applied at ~he · sur.face will d iffer dras tically 

J 

from the continuous solution and close the fissures in 
much narrower banda and at a greater depth than shown 
by Boussinesq's equations (Fig.27). Although several 
eminent authors have tackled this difficult problem 
their results do not lead to a convenient tool for 
the designers, owing to the extreme complexity of the 
data. The models,, both physical and mathematical, 
are the same as those discussed in paragraphs 2.1 and 
2.2. The discussi . .:>n and comments would also he the 
same, 

® r ho< .. 90 • 
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Figure 27 : Oistribution of atresses in a jointed 
rock masa o! varying bcdding dipa under an 
applied externa! norm~l load ( Gaziev and 
Erlikhan 1 1971 J. 

( 1) Continuou¡¡; mediuro. 
(2) Series of discontinuous rock l'iW>Baea 

(..S = anglc between bedding planes and 
load ), 

Fortunately the design can gpnerslly h(! car:·ied 
out on the basis of qualitative reasoning. !t ic not 
alwavs necesoary to compute to arrive at a sound 
engineering answer. The main conc~pt ca remember ia 
that comf"ressions applied at the surface of fissured 
rock, act along deep snd narrow hands within the rock 
mass, closinp, fissures, and that conversalv tensions 
applied at the surface open fiasuren only in the 
close vicinity of the appli~d load. 

Thi~ effcct Íq of fundamental importance in the 
hvdrauli.c regime of seepage, and therefore on the 
rcsulting water pressures. 

More inatrumentation is required to investigate 
these mechanisms which, for the time being, are 
mostlv theorP.tical. ''eanHhile the designers have to 
malte allowance for ti-JeM in ordecr to avoid the d.anger-

.. 
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ous conditions they could create 0 should they really 
fully develop. 

4.26 Special case of deep excavations 

Sorne heavy engineering structures, particularlv 
large dama and tall building& vith many basement tevelt 
required the excavation of deep cutA into overburden 
and sometimes th~ rock.below. The applied force& 
during the excavation procesa are therefore a ayat .. 
unZoading the rock foundation. befors re-loadinR with 
the structure. The analysis of the foundation rock 
dcformatió~s in this case is extremely difficult 0 aad 
has very httle to do with the resuJ.ts of small scale 
jacking tests, where the unloading stage cannot be 
simulated. It-would be extremely interesting tn 
discuss the point of how to forecast the behaviour of 
a rock formation during a cycle of unloading follawed 
by re-loading. The problem is not simple. and includa• 
the considering of pre-existing residual stressea. 

There.has been a case of a sound limeatone bed 
10m thick, lying horizontally over a softer formatlon 
in which the application of a load of 2,ooo.nOOkn bv ! 
tall buildinp, 0 and 0 elsewhere. the unloading up to 
lO,OOO,OOOkn by a deep excavation, resulted in puncb• 
shear failure through the vhole thickness of the hed, 

4.3 Mechani'cal effects of water seepage 

This topic has been discussed in section 2.4 and 
the details will not be repeated here. It must 1 however 
be emphasised that the control of water pressure is of

1 

fundamental importance in the design of rock foundat• 
ions which are required to support large engineerina 
structures. It is the dominant factor in the case of 
dams. 

4.4 Foundation treatment methods 

4.40 Introduction 

The engineer can improve the properties of a rock 
foundation by_three different categories of correctiva 
action: 

Reducing deformations 
Increasing strength 
Controlling the hydraulic forces 

All these means are not equally efficient at a 
given foundation site. Moreover, their effect is not 
always clearly understood, oving to the inadequacy 
of knowledge still prevailing in several fields of 
rock mechani~s. There is therefore a part of guess•~rk 
in many décisions taken about foundation treatment. 
There are a number,of rock foundations where no 
corrective ac~ion whatsoever has been taken, and there 
are others. l1ke at El Atazar dam, where practicallv 
every possible type of corrective action has been · 
taken (Guerrero and Serafim,l970), 

The purpose of this aection ia to mal:e comments 
and specul~te.on sorne usual or leas usual methods so 
~a to promote discussion and 0 with a little luck 0 
1mprovements of our present techniques, The meana of 
corrective aLtion dealt with are: 

Consolidation grouting 

Presplitting · 

Excavation and concreting of joints 
·and faults 

Surface strengthening 

Reinforcement wíth steel 

Curtain grouting and drainagc 

4.41 Consolidation grouting 

It is posaible to increase the stiffness of a rock 
masa by injecting cement grout in che open cracks, 
Thia treatment, conventionally applied in the near 
foundation zone of practically all largc structurea. 
has two main effects: the first is to reduce the 
i~eversible part of the deformation. and the ~ther is 
to increase the modulus of elasticity. This result 
can be achieved ho~•ever onlv if the cracks are open 
and if they are proutable. • 

The first condition is often met near the ground 
surface,-l'here the lack of confinement leads toa 
looseninR of the blocks (Sno~,,n.T,,l968). The opening 
of the fissures near the surface is clearly indicated 
by the high hvdraulic conductivitiea gene~elly 
measured in the upper sectiona of water tests. 

This necessary condition is not 0 however, suffic­
ient. It is also required that the grout should 
penetrate the fiasures at the moderate pressures 
permissihle near the surface, For cement grout the 
mínimum Rrouta~le opening is about 0,2mm. It ahould 
be remcmbered that auch an opening corresponda to a 
high hvd•aulic conductivitv. For instance, 0,2mm 
cra~ka ~t 1 ~etre spacing give a permeability in 
t~e1r d1rect1on of about 50 Lugeon units. The tentat­
iva concluaion is that consolidation grouting with 
cement is probably useless in rock zones where the 
11ater tests have given lesa than say 50 Lugeon units, 

In rocks with fine cracks ch~cal grouts c¡n be 
used: silica gels or synthetic resina. The resi~s are 
restricted to extreMely rare cases, owing to their 
cost (rrice.o,G. and Plaisted 0A,r. •• 197n). 

Attempts were sometimes made to jet out the aoft 
filling materials befare grouting. The procesa ia 
difficult and requires great akill, Usually. series 
of holea are uaed for injecting air and water 0 with 
or without chemicals such as bicarbonate. while soma 
other holea act ao outlets for the eroded materiala. 
It seems that the high cost and always douhtful 
resul ts of •the operation hinder its development, 

. The efficiency of consolidation grouting has 
not often been checked. There are a few cases in 
literature, mentioning either an increase of modulus 
measured in jacking tests performed before and after 
the treatment. or en increase of seismic velocity, 
But in most cases the question t'emains: uhat is trhe 
real gain of stiffness obtained? Another point is: 
~ to check the recult? This latter aspect is 
lmportant. contractually for the acceptance of the 
works by the owner. 

It seems, however, that the main result is to 
reduce the deformation heterogeneitv over the 
foundation area, the zones with wid~ open cracks heinR 
~quivalent. after treatment 0 to the other zones. That 
15 pro~ably whv the treatment is very generally 
applied, even if not properly understood. 

4.42 rresplittins 

Another poasible action to reduce the deformabil-
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itv of the foundation is to open the excavation by 
presplittinP,. I~ greatlv reduces the tendency for the 
bla~ks near the·hottom of the excavatinn to becorne 
loa!le under the action of shock waves. The result is 
again, a lower irrever~<ihle·deforrnation anda higher 
rnadulus. The theqry of presplitting has heen attempted 
in a continuous rnediurn. The rnechanism in a fiscured, 
then.!fc,re discontinuous, medium is not well understood 
and spacing of holee tagether with their explosive 
loads <5re still empirical. Practice has sho•m the 
~reat ~dvantages of the procesa, widely used at pres­
ent. Consolidation grauting is still required, as 
~r¿~riitring·does not corrP.ct the natural hetero­
~enelty of deforrnability of the rock rnass. 

~ ,.(.] El!cavation and concretin_g of jo'ints and faul ts 

!he presence of major joints or faults in the 
foundation of a large engineering structure is nat a 
counter-indication although it gives rise to occasion­
Jl severc difficulties. There are very feu dam 3ites 
:or i.nstar.ce' with no majar geolagical feature 
~russing the foundation area, 

t-.'hen the filling ~:~aterials are soft; or "hen 
there are open vaids, the conunan pract'ice iB to fill 
thern with concrete, either by hand ar ~Y injection, 
after the necessary excavations have been done, 

It is not always recl;oned necessarv to treat the 
whole surface of the joint. The concreting of a 
rectangular network of galleries and shafts \lÍthin 
the plane of the huge vertical joint called "Julie la 
Rousse" in the Monteynard arch dam right abutment is 
an exarnple of successful pa~tiaZ t~eatment (Faivre 
D'Arcier,G. and Cante, J., 1964). The more thorough 
filling of several faults in Nagawado darn ab~tments 
(Fig.28) used 2n,ooo cubic metres of concrete (Fujii, 
T., 1970). The excavation of the soild and broken 
rock material was done with a high pressure water jet 
(lO MPa) for fear that explosives would shake and 
disturb the foundation eranite. There may be sorne 
other applicatians of this excavation method for 
"dental work" of that nsotur" 

The problerns raised bv replacing soft material& in 
the foundation 1~ith concrete are different depending 
upon the nature of the stresses to be transmitted, 
but in all cases the most difficult point to answer 
is: what area of the fault or joint has to be 
concreted? The answer dependa upon the assumptions 
made on the distribution of stresses within the rock 
mass, a very doubtful field of rock mechanics, 

On the other hand, when considering shear strength 
the fact that concrete has usually a higher modulus 
than fissured rock max induce local concentration of 
higher shear stresses and p~ogressive faiZure. That 
is why small concrete key ways,as sometimes contem­
plated across shear zones, are of doubtful efficieney. 
This question deserves further study, In any event 
such corrective action should always be contemplated 
~ith a serious monitoring of the treated zone. The 
foundation treatment of the Carei highway bridge, 
France (Fig.29) is cornposed of concrete shafts, 
excavated down to a bed that cannot slide into the 
valley. A difficult question is: what would he the 
load on the piles in case of movements of a higher 
bed of the rack formation? 

4.44 Surface strengthening 

Action at the rack surface is poasible by means of 
concrete' buttresses, struts. sh<ltcrete and gunite, 
Al though the forces aupported by these clemente are 
slight as compared with the total forces involved in 
the equilibrium of the rock mass,practical ex)lerience 
has proved that this type of corrective cction is 
often adequate• 

The pro~ressive loosening of fissured rock 
starts at the free surface. Its cause mav be either 
the stress relief due to excavation or the slow 
alteration of the matrix, or more often, the softening 
of the rnaterials filling the jointa. Slight openiug 
of the .ioints goes •áth imperceptible rotations and 
sliding of rock hlocl~s, lar¡;e enough,however, to 
reduce verv appreciahly thc Gtrength and st.ifiness of 
the rock mass as a whole, evcn .u: depth. 

CD 
® 
® 

A.4 

Figure 28 Nagawada Arch-dam concreted' faul ts • (Fujii, 1970) 

, (t) Fault. 
(2) Concreted excavation in fault. 
()) Adit. 
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Figure 29 Concreted shafts under Carei bridge 
piers (France ). 

A shotareta or gunite Zayer applied immediately 
after the opcning of the excavation obvioualv providea 
superficial protection against weathering, As the 
projected material rnoulds itself around all the 
irregularities anrl nenetrates into crac~s, even of 
minute size, it develops a spectacular increase of the 
stiffness of the "sldn" of the rocl; mass, It is, 
sometimes, however, argued that the efficiencv of 
shQtcrete or gunite is more dountful on a surface 
Phích is not concave, and even, in sorne olaces,sharplv 
convex. The role of a reinforcin~ ~esh,even light 1 

is then prohal.lv essential. Again, the J'IOint is to 
apply a resisting force across all joir.ts where thev 
daylight at the surface sp as to prevent their first 
displacenent from starting, Experience shows that this 
force can he extremely small. It is interesting to 
mentían that the protective lining is so flexible that 
it can follow the general displacement of the rock 
mass without hreaking, therefore'keeping its full 
efficiencv. 

Rig"~ buttresses or struts look stronger than 
thin linings and the forces are able to IJÍthstand can 
be computed. Is this the reason why some designers 
trust them more? lt should be remembered, however, 
that in surface worldnp,s as in underground workings 1 

the forces are all the higher as the support is more 
rigid. The main point in modern techniques is to 
avoid the progressive deterioration of the compactness 
of the rack mass, originating always at the free 
surface, There is therefore a weakness in strengthen­
ing by localised rigid units:the surface left 
unsupported between units is not protected at all 
(Fig.3n), unless it is covered by a layer of gunite. 

The discussion is open on the relative merita of 
flexible continuous protection and rir,id discreta 
supports. nne of the factors to be considered is 
ohviously the rleformabilicy of the rack mass proper. 
the ~eological structure and also the sequence of the 
worl:s. 

The theorv of the mechanism of surface strength­
ening has yet to he developed. F.ngineers are unahle 
to put forward a ~uantitative analvsis of the inter­
action between rack loads and surface protection. They 
are therefore unable to prove the design arrangements, 
There are, however, a number of successful applicat­
íons. 

J 

(a) (b) 

Figure )O : Comparison cf sur·face stre!lgthening of a 
discontinuous rack maus • 

(a) with butreeses. 
(b) with ahotcrete. 

(1) Zone of loosening ot rock blocks. 

4.45 lteinforce~ent vith steel 

Rock is a material with practicallv no tensile 
atrength and often low shear strenp,th, owing to its 
numerous surfaces of separation. The idea of rein­
forcing it with steel bars, as is done for concrete, 
la therefore verv logical. The two principies used 
ln concrete ere al uo u sed in rock: "pass1:ve" steeZ as 
in reinforced concrete, "aati.ve" stee!. as in 
prestreosed concrete (FiP..31). 

Two main re&s~ns however preclude any complete 
analogy with reinforced or prestressed concrete: 

a) The rock maso is a discontinuous medium ~<ith 
a mechanical behaviour drastically different 
from that of concrete. 

b) The steel cannot generally be installed in 
rock masses either at the.optimum location 
or at the optimum time. 

In fact, the·choice between passive and active 
steel is still open to discussion because the theory 
has not yet been developed, 

The preatressing solution results in a clearer 
conception of the forces. Each bar or ~able i5 
equivalent toa given and well kno~n appliod load, It 
can be introduced into any 1118tbemstieal or physical 
model. Of course this applied load has several effects. 
In the first place it can reduce, by vectoriaí 
addition, the effect of other applied load3 wllich are 
detrimental to stability. In the second place, it can 
increase the friction resistance of joints bv adding a 
normal compressive stress to the existing sness. It 
is also possible to introduce a high enough compresa­
ion to avoid the development of tension,i.e. openíng 

·of cracks. One may even claim that prestressing 
reduces the irreversible J'lart of founcation displace­
~nt by closing sorne open cracks. 

The method,however, has some draw~acks. Although 
the total loads that can be practically applied are 
atill very small as compared with the forces J'lresent 
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Figure Jl Reinforcement with steel • Sketches 

(a) Prestressed cable. 
(b) "Passive" anchor bar a. 

in the rock mass, the stresses near the anchor zones 
are high, approaching the compressive or shear 
strength of the rocl:. In addition, there is always the 
threat of failure of high tensile steel wires bv stztess 
corrosion, particularly in rocks where the chel'lical 
composition of water might be ruuch more unfavourable 
than in concrete. The procese hvs, however, preved 
~erv successful in sorne cases ~uch as th~ surface 
strengthening of che banks at Vajont nam, or the 
tightening of treated fault zones in the Nagawado 
dam abutments. 

Ordinaroy reinforcement bars embedded over their 
~>hole length have been used more often. Although thc; 
mechanism of their action is more difficult to under­
stand, they have preved successful in mdny cases: :he 
principal is to introduce into the rock mass addltlon­
al tensile and shear resistance at the surfaces of 
separation crossed by the steel. The maximu~ available 
force is determined by the steel cross section but 
the strt>ss actually developed is not kr.own. 

It has been argued that passive steel can 
contribute a stabilising force only after rock has 
deformed, i.e. after failure. This is true but t~e 
rock strain necessary to mobilise the steel react1on 
is extremely small owing, first, to the fact that all 
deformation is concentrated within the thickness of 
the joints and second to the fact ~hat ~he ~tee~ is 
perfectly embedded in its hole. Th1s_po1nt lB Vltal 
for the proper functioning of the re1nforcement. A 
joint opening of o. 2mm, for instance, would have to 
open only lo-~ mm. more to develop a stress of lOOIWa 

(permissible stresR of mild steel). ~hould the bon~ 
fail over a certain length on both s1des, the ope~1ng 
of the joint will remain an extremely small fract1on 
of a millimeter. 

The théorv of the reinforcement is however not 
yet available. It seems that there are cwo dístinct 

cases to consider. 

In the first case, steel is used fo~ stabilising 
a possible failure bv sliding on one or two single, 
smooth geological features such as bedding planes or 
faults. The computation can be done assuming that th~ 
strsin will be limited toa low value due to the 
reinforcement, and allowin¡ a certain shear strength 
to develop. ~ith joints exhibiting peak strength, it 
msy be poGsíble to keep u psrt of this peak strength. 
The question is: how to compute chis available 
cohesion? There is no answer yet, although one might 
feel that it could he given by a clase examine:tion of 
the procesa of progressive faílure. 

In the second case, ateel csn.be used i~ sr. 
imbricated rock masa, or for stabilisina shear sur~ 
faces with sorne degree of l'oughness. In this case, 
shear Btra ;n: is ac"companied by dilatancv. Th~ joir.t 
croased bv reinforce~ent opt>na up and puta the steel 
under tension as soon as a shcar failure starts. 
Another way of looking at the mcchanism is to ccnsider 
the intrinsic curve of a rough ioint. If irregularit ~ 
ies are arranged in a random pattern, the:r angle~ 
vary and are higher for amaller irregulaiitieo and one 
obtains a curve, with a ver~ ete~p nZope near thc 
origin (Fig.lt.). This means thai: for low normal 
stresses the angle of frictíon io much hikher than 
usually assumed. The consequencc ia that, with the 
low normal stress developed in the steel bar bv a 
slight diZatanay of the joint, a relatively high 
shear strength is available. The eff~ct of the 
reinforcement is therefore to translate the intrinsic 
curve as a ~hole towards the left res:1lting in 11.1"1 

appreciahle aoheeion. At the same time, ~he inter~ 
locking action of the steel, ,.;hich, with a rr.odeJCate 
force, prevent~ the smallest irregularities of the 
joínt from sl.ippinr., probably resulta in inc.l'eased 
etiffnese. The rcinforcement might therefore he 
visualised as a means of improving the modultts of 
deformstion of the rock foundation. 1'he resulte 
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obtained with mine rock bolts (Leonet,O.,et al,l971) 
tend to show that cmbedded bars are better thnn free 1 
anchored bars. 

A difficult problem is raised bv the anchoring of 
main cables of large suspen~ion hridges, which apply 
s~ear and tensile loads of high magnitude to the rock 
~ass. At Tancarville bridge, France (Fig.32),the load 
11as 160,000 kilo newtons. It was anchored in chal k. All 
rossihle failure surfaces were investip,ated, in terma 
of the structural data, and grouting together with 
placement of "passive" reinforcÍnf: bars ~1as done. 

-· -:r 
-- _j ~l 

Figure J2 : Anchorage of Tancarville suspension bridge, 
Right bank (Esquillan , 1961 ). 

(1) Concreted key excavated in roCk. 
(2) Shafts and adits. 

In the cases where millions of newtons are 
required, the use of prestressing would lead to 
serious problems of stress concentration, whereas 
ordinary reinforcement, in adits backfilled with 
concrete, is a cheap and straightforward operation. 

The extension of this concept plus a better 
understanding of the mechanical behaviour would lead 
to a new material for the design of foundations: 

reinforaed roak. It is fully realised that much has 
to be studied yet and that several statements in the 
foregoing are controversia!, but it is considered 
that the prospects are pro~ising encuph ~o stimulate 
at least a lively discussion. 

4.46 Curtain grouting and drainage 

When the decision is made to act on seepage forces 
the two main tools are grouting and draigage. They 
are complementary, although sometimes only one is 
used. In the past, say before 1960, most of the 
rock foundations were only grouted when water seepage 
was an obvious nuisance (particularly to reduce loss 
of water from reservoirs). It is interesting to 
note that,until recently, rock foundations of dama had 
deep grout curtains, and only gravity dama had 
drainage curtains, usua~ly very shallow and practica­
lly limited to the rock-concréte rontnct, After the 
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effect of vater Geepage on the stability of foundat­
ions was better understot>d, t!,at is prect~cally atter 
the Malpasset Dam abutment failure, drainage was 
considered che best action in moet ca9es. It in et anv 
rate the only efficienc treacment in rock of lcw 
hydraulic conductivity, such es all ro:k with fine 
fissureso 

In paragra¡.:h 2.4, comments werc mad(o on the basic 
understandine we have acqu}red at present, of water 
seepage in fissured rock and of forces that it deve­
lopo. Even if this knovledge io stil! r¡•Jalitative, 
it is adequate for directing thc engineer's work. Aa 
it often happens in foundation eugineering the main 
point is not to have e perfect technique of aualysis 
but rather a aound underatanding of the possib).fc 
mechanisms, There is, however, a limitation: IJhat is 
the effectivPn~ss of any corrective rueasure? The 
danger is believing that the action is efficient ~hile 
in fact it may not be. Grout curtains, with one or 
several linea of holee, ain at plugging the \iater 
paths by grout. An ideal grout curtain would support 
the whole water pressure on one face, no water 
remaining on the other side. Unfortvnately, t.i,;;re are 
aeveral reasons which prevent grout curtai.ns irom 
acting in this perfect way. First the limitations 
given in paragraph 4.41 are still valid: cement erout 
daes not ~enetrate thin fiasures, and does not remove 
sandy fillingd. The use of chenicals and the jetting 
out of fisaurcc is generally too expenaive for the 
purpo¡¡e. Evc1' roore as the efficiency of a thin 
curtain is extremely sensitive to a minor and local 
defect. This point, strongly made by Prof. ~. 
Casagrande at the First Rankine Lecture - 1961, was 
then questioned by several authors but is now 
commonly accepted. 

Fortunately in finely fissured rocks, where a 
grout curtain is not valid, drainage is a suitable 
alternative. It fully controls the hydraulic pocential 
on the downatream side. In other wnrds it achieves 
exactly what waa required frorn the grout curt~in, the 
only difference being that the drainage inareases the 
amount of Zea¡...age, wlriZst the (1l'Ot<ting reduaes it. 
This is without any consec;.uence in most rocks where 
the hydraulic conductivicy is low. Conversely, if the 
conductivity i.s high grouting has .to be csrried out, 
should it be only as a consoli¿ation tr.eatm"'nt. 

To summarise "it can be stated that, for fissured 
rocks: 

a) of low permPability (say less tbcn S 
Lugeon units), drainage is generally 
essential, wherees grouting is useless, 

h) of hi.gh permeability (say more tLan 50 
Lugeon units), grouting is required for 
controlling water leakage whcreas drainage 
is ~ot necess~ry. 

e) for medium permeability, drainage is 
always useful,its cost i~ low, and the 
de~ision on whether to carry out a grout 
curtain can be made on the basi3 of 
economics (permissible w~t~r loss or cost 
cf pumping leakage). 

The theory of change of conductivity of rock 
Nnder stress. as discussed in paragra~h 2.42, leads to 
other considerarions (W.ler-Minassian et al,l967) 
which have a particular significance in da~ foundat­
iono, but may also have t~ be consi¿ered in other 
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cases. The fact that the stresses applied bv the 
~ngineering structure act at depth and niRht render 
thc wcK e>ttrenelv tight if it is finely fissured 
;:.al.~s the 1 imi tations of the grout curta in mentioned 
,Jh.JV<· still rnore pronounced. lt also helps to locate 
c~e ¿,~ins in a zone of the foundation where thev are 
not ",,asl:ed" bv che watertight barrier due to stresses. 
:n ti1e c._,se of ar~h dafl'IS they should he directed in an 
uns n--<>ar.>. Ji rec ti on. 

This theory, although checked in the few cases 
where the foundation rack was adequately instrumented 
fcH L;;.~ purpose, is still controversia!. It would he 
~xt~P~ely useful to the profession to know of cases 
¡¡f¡;,, e the behaviour of water seepage has confirmed or 
i~validaten this nade!. On the other hand, it is 
( ikelv that in the future, more draú1age teste than 
,-_rüuting tests 11i 11 be carried out at tne design 
sta~e. This would he a normal trend as "drainability" 
~i~~t be a vital oart a[ che design of a large 
"[tücture foundatioo (Dena,H. et al, 1Q7n). 

Another imporrant point, made in paragraph 2.43 
; ~ •,\,,ther the drainage can be effective in a rock 
iu:Raticn where water flows through p~efer2ntial 
chanPels. As a single line of drains gives no 
protection in this case, it may be necessarv to 
contemplate a unifor~ distribution of drains throuch 
ch .. whole rock mass. This mechanism hao to be 
studied in rnore detail, It i~ a vital suhiect of 
invpstigation, because a number of foundations 
protected wich a convencional drainage curtain are 
ocl'hape not drained at all. nf course many rocks 
probablv have not the ideal plane fissure no .. type 
nor the equallv ideal preferencial channel flou 
cvpe. A numher of recent observations hovever have 
sho1•n chat the preferencial channel flow is frequent 
and the governing factor for the efficiency of 
drainage is the proportion of flow drained:as soon as 
channels are present the ratio between water discharge 
v1a channels and discharge via fissureo is very high. 
The result is that a drain which does not intersect a 
channel does not significantly alter the flow net and 
che corresponding pressures. 

For all the previous reasons, the effect of 
drainage, often vital for the stabilitv of the 
toundation, should be monitored. PieaoMetel'e are 
therefore considered as an integral pare of the 
drainage design. They would also detect the ageing 
of the svstem, as i t is well known that drains have to 

be maintained against clogging by fine grains of soil 
or chemical deposits. Onlv piezometers ean give 
warning in time that drains have to be reamed out or 
new drains have to be drilled. 

4.5 Monitoring of rock foundations 

4.50 Introduction 

It was realised, rather recently, by civil 
engineers that instrumentation and monitoring of the 
foundations of major works was a vital part of desi'gn, 
However,before 1960 hardly any rock foundations were 
monitored. lt is generally considered at present 
chat monitoring of the foundations is at least as 
imporcant as monitoring of structure. The French word 
for instrumentation is "auscultation" from the medical 
term meaning ao ioveotigation through specific sounds 
or noisea. As in the medica! field, it is not 
necessary to assume that the patient is ill before 
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practising "auscultation". As a matter of fact, che 
role of instrumentation, as a medicine, is twofold: 
research into the normal behaviour and early detection 
of any significant divergence from it. The information 
obtained is all the more valuable, the earlier 
readings are started •. lfuen possible, instrumentation 
should be installed befare the structure is built. 

Finally, instrumenta le{t within the rock masa 
should be robust and the read ing operat ions should be 
simple since the conditions on a site are far differ­
ent from thos~ in a laboratory, The methods discussed 
here do not cover all available instrumentation, but 
are reckoned to be the most reliable and suitable for 
rock foundationa. 

4.51 Geodetic measurements 

Two types of measurements, based on geodesy, are 
commonly performed: displacements in direcciona x,y, 
, by tl'iangutation, and displacements in the vertical 
rli<ection z only, by ~evetting. The sensitivity of 
levelling is ten times more (O.lmm at 50m distance) 
than that of triangulation. 

Recent developments in eleccro-optical distance 
~easured deviceo (Penrnan,A.R.,l97l,Thomas,T.L. snd 
St.John,C.,l972) have added an imnortant fs~tor of 
rapid nnd accurat~ meacurement ~! dietance to 
geodetic measurements, A combinntion of these new 
methods and trnditional optical survey methode 
provides the engineer with a powerful oet of 
monitoring techniques, 

The main drawback in all these methods,ho~ever, iD 
the poRSibilitv, whic!. has often heen obscrved, of 
unstable reference pointa. The emall displacemente to 
be measured in a rock foundation may be exceedcd hv 
errors from reference baee JrLovements. The latu:r 
movements rr.ay come from elaatic deformations of the 
ground under applied load~ and also from errstic 
displacements of the surface lavers where the 
monuments are founded. 

le is therefore sugge~ted that geodetic m~¿~ure­
ments should ~ot be relied upon lor the detPction of 
the small displacements •·•hicll are associated with the 
vor-na 1 behav iour of nn eng ineer i ng s truc tu re. Tht'V ::e~ 
ho~ev¿r,provide ~ means of detccting large displace­
menes which are indicative of abncrmal hehaviour. 

4.52 Invertcd pendulums 

In fcunclation rocks, pendulums are ucuallv of :h<l 
inverted type: the wire is anchored at the bnttoR of 
a shaft and ~ent in a vertical nosition hv a ring 
float at the upper part (Fig.l3). Norm~l pendulums can 
be used however when placed b~t1~een aclits like in 
'iontevnarci dam abutmP.nts. '!'he sensinvity ia about 

· o.ns~ in·x ami y directions. 

Invertcd pendulums are prohablv the most accurate 
instrurnents that one can place in a rock found-ation. 
Thev Rive a verv reliahle value of thP. horizontal 
dispiacement vector providcd the fixed point is 
reallv fixed. 1n1at should therefore be the depth of 
the shaft1 That is a question still to be ansvered. 
It depends of course on the loads applicd to the 
foundation, but Rlso on the geological structurf' of 
this foundation. Qecent computations (Hladyenovitch, 
v.,l970) have Hhown that mosc of the pendulums now in 
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Fig~re~_J)_c~ lf!verted_pendulum in foUfldation rock (Electricite de France ). 

(1) Stainleee eteel vire. 
(2) Large diamterer borehole. 
(J) Anchor zone. 
(4) Ring-shaped tank. 
(5) Ring-shaped íloat. 
(6) Reading scale. 

operation are not anchored deep enough to give a 
good approxímation of thP ahsolute displacenent 
(see section 4. 24). In spíte of chis dra~•hack thev 
•muld however detect very early devíation from normal 
he~aviour. A mentían should he made also of the 
difficulty of drillin~ deep, straitht vertical hales 
ro be sure that che wire does not come into contact 
vith the walls at anv level. 

4.53 Wires in boreholes 

The relative displacement along the pendulum wire 
itself could he measured, hut in practice, special 
wires, not necessarilv vertical, are used for this 
purpose. The main difficult" is to eliminate lengtl, 
variations due to stress and temperaturE, Invar wires 
have to be used for years to calihrate the geodetic 
base lengths and the technology is the same, except 
that the wires are installed in adits or boreholes. 
The sys teros ha ve be en u sed for many year11 in mi neR 
but the development of the method is recent for 
roe k Eoundations. It i s now common to instal! eight 
wires of different lengths in che same hale (Fig,34). 

The ma;n difficulties for the installatíon of 
this valuahle device are: Figure J4 : Borehole "Elongameter" 

a) Drilling straight holes,particularlv 
when thev are long and near the hori­
zontal, and executed from a narrow 
ad i t. 

h) Avoiding possible frict;on along the 
walls hv an adet¡uate tension. 

e) Avoiding creep of the wire due to too 
hip,h a tension, 

( Manufatured by TELEHAC 

(tl Stainless steel wire (8 wires). 
(2) Wstertight PVC casing (50mm diameter). 
(J) Anchor ring for 1.-ire no. t. 
(4) Borehole (?5 mm dlameter). 
(5) Meaauring head, 
(6) Vibrating wire device. 

J 
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d) Anchorin~ correctlv thc different wires 
of different lengths 

According to the local conditions and length of 
~ira the sensitivitv varies: it is approximatelv 
n.I~·: for a ranp,e of 5ctTI. 

Ai t!lnup,l: a .Jefinite improvement, this multiple 
"ire device is still discontinuous; the fissures 
csnnct ~e localised exactlv within each section 
betPei::n anchor noints. The idealwoulcí he a lonv, 
~~tenscmeter, ahle to measure the strain over its 
¡_·l.uie iength (Bernaix, J., lqli9). 

~.54 Clinometers 

To>o types of el inometers are used in rock found­
;;;do;n: fi:red in:Jtrwrrents. and sliding cells lo!Jered 
::neo "t·Jl'ei-Joles. 

The first type is extremely acc~rate. The.v~b~st­
in¡ vire clinometers for instance p,tve a sensttlVlCV 
cr ; <C ), 10-6 raJians, and thev give the direction 
•~"" ;.: ~nd y of the v;.riation of slope. A number of 
t~ew are installed in adits, shafts or underground 
cilambers, to detect any possible anomaly of deformar­
ion. 

The second t~pe, using boreholes lined w~th a 
plastic casing equipped with guiding g~oves la very 
commonly in soi l. Its lowcr accuracy 1s due to the 
imperfection of the guides, deforma ti o n of the hole, 
and inaccuracy in positioning the cell at the same 
place for each series of readings. It ls therefo~e 
not a good device for measuring the real defoTtT1at1on 
of a rock masa by integration cf elemcntary slope 
variations. Jt is however useful to detect any 
possible shear zone or surface along the bore~ole. The 
only drawback is that bevond a certain shear strain 
rhe measuring ce!! will iam in the hole and not give 
any further information ~n.the section below. 

The chain def1ectometer (~uller,G and Muller,L., 
1970) is an instrument of intermediate tvpe; althougl¡ 
removable from the borehole for repair or calibration, 
it is left homed-in for several series of measurements 

4.55 Geophysics 

Monitoring by geophvsics has been attemped several 
times. Although not often applied, these methods are 
perhaps worth developing, and it would be interestinp, 
to gather the experiences, positive or negative, 
obtained on rock foundations. lt is tempting to use 
geophynical lDethods as thev act somewhat like 
radiology in medicine: they "loo~' inside a large 
body of rock. 

EZeatria aonduativity could bring valuable 
information on changes of permeability, but ahove all 
on alteraction or dissolution of rock owing to the 
resulting change in ion content. 

Seismic refraation or transmission between 
fixed points could detect a possible change in fissure 
openings, in otn~r ~ords, in stresses. The investi­
gations made in the- foundation of Gage 2 Dam in France 
(Faurox et al, 1968) are encouraging. It would be 
interesting to know whether other experimenta have 
been attempted, and what are the most significant 
seismic parameters: velocitv,length,attenuation of 

J 

waves? which waves? For instance, at Gage 2 dam,the 
variations between empty reservoir and full 
reservoir conditions, were 20~ for the wave velocitv 
and 90~ for attenuation of energy. 

Finally miaroseismia recording by highly sensitive 
seismographs of minute shocks originated in the 
foundation mav detect either a normal adaption to the 
new stress field, or the ons~t of failure. This . 
method of micro-seismic measurement, mainly used 1n 
rnoni toring rock slopes, could probably be u sed in 
foundatíons as well, provided it is interpreted with 
p,reat skill; otherwise there might be needless concern 
at quite normal developments. 

r 
4.56 Piezometers and drains 

The drains, which are usuallv installed in 
founrlations, at least when the hydraulic gradiente 
could develop forces detriméntal to atability (e,g. 
in dam foundations), are not only efficient corrective 
~el!aures (see 4.46) hut also us~ful monitoring 
in~trument~. The increase in diJcharge, or the 
drying out, of a drain obviously has a mesning. 
H~rever, no i~tcrpretation in possible without the 
aecond term of the flow net, i.e. the hydraulic 
potencial. That is why all designers nou agree on the 
absolute need for pieaomet~ia meaaurements togethe~ 
with drain disahnrge readings. The whole is ~hat hao 
heen called in French "auscultation hydraulique". It 
seems that it is a powerful means of detection of any 
rearrangement of strains in the rock foundation. As a 
slight deformation of the roc!t masa entails s much 
larger defcrmation of the fissureR,which in turn 
result in spectaculat changes ín hydraulic conduct­
lVlty, it is claimed that the slightest modífication 
of rock strains should react on the flow net,i.~. 
on the piezomerer readings and drain flow rates. 

Al though thh behaviour hl!_s be en ubserved in a 
few cases, it is of utmost impcrtance to gather 
fur.ther confirmation, because it ..-ould ¡¡ive a powerful 
menns of warninR, probably bef'o~e any anomaly is 
detectable by other instrumenta. 

It should be remembered, however, that 'he the\>YV 

of sensitívity of flow net to fissure width vari~tion 
does noc hold when che flow is concentrated alon~ 
chaunel-like paths. This point, discussed in 2.4 hnB 
to be considerP.d.seriouslv for the interpretat{on ci 
"hvdraulic instrumentation." 

A mention should he made !:ere about the T!t!l iabi 1-
ity of piezometric measurements. 

The piezometer típs are either too ah~ot, givinr, 
only a local value difficult to uRe, or too long, 
giving a wrcng "mean" value by permitting cil·culaticn 
of water betwe2n levels at different potential9. Th~ 
c:ontinuous borehole piezometer (Fig.35) worked out in 
France (Groupe de Travsil ~FGE,l97n) is an importan¡ 
step towards proper piezometric readingG: a complete 
log of pressure is possible for the whole l~ngth of 
the borehole, which, in addition, does not dllow 
circulation ot water, thanks to a rubher membrane. 

Finallv, drain holes could also he used to 
perform Lugeon tests. at constant locations durina 
the operation of the structure (Louis,C.,l971). Tesrs 
of this nature are not often done, although thev 
deserve to be, to enahle a hetter understanding of 
foundation rock behaviour. 
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Figure )5 : Cont inuous borehole pieZCIIIIeter (Gro u pe de Travai 1 du CFGB , t970) 

(t) Borehole with rubber aembrane under pressu~e (P
1

> P
0

). 

(2) Borehole during meaeurement at depth Z (P = P
0

). 

()) Rubber membrane, 

(4) Measuring probe, 

(5) Packe .• 

(6) Time in minutes, 

(7) Water pressure inside probe, 

(8) Curve of pressure va. time at depth z. 
(9) Depth, 

'(tO) "log" o:f water._pressure. 
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SYNOPSIS: The Drakensberg Pumped Storage Scheme is a multi-purpose project belng undertalcen 
¡olntly by the Electricity Supply Commission and the Department of Water Affairs. The Scheme 
mvolves three ma¡or underground excavations for the pumping and generatlng plant and associated 
subsidtary equipment. There ts in additton an extensiva senes of inter-connectlng tunnels to act as 
waterways and access. The general approach to the rock engineenng aspect!l of the Scheme are 
described and detalls are given of the project feasibility considerations and subsequent exploratory 
geolog1cal and geotechntcal work. !he geological programme ls ou~lined and details are given of the 
rock mechanics investtgatlOns involvtng sample and ln-situ testlng and evaluation of rock reinforce­
ment and pneumatically applied concrete. The testlng of an enlargement to the full cross secttonal 
dtmens~ons of the future machtne hall and of a full scale penstock test chamber to determine the 
feastbtlity of concrete lined pressúre tunnels are described. The inter-relationship of investigation, 
testmg, analysis and destgn are cÓns!dered in the Paper, 

INTRODUCTION 

l. Engtneering Description of the Works 

The principal source of water for Johannesburg 
and other centres in the Wltwatersrand for both 
industrial and domestic purposes has tradttlon­
ally been the westward flowing Vaal river 
(Figure 1). However this source is no longer 
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sufficient to provide an assured s_upply to meet 
the demands of this rapidly-gro.wing are a. As a 
result, the Department of Water Affairs has pro­
ceeded with. a scheme to abstract water from the 
upper regions of the eastward flowing Tugela 
river and to pump this over the Drakensberg 
escarpment into the Vaal catchment. 
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The ftrst phase of this scheme was completed in 
1974 and water !S now betng pumped over the 
escarpment from a pumping station at )agersrust. 

The pred1cted demand for water from the Vaal 
;atchment would have made 1t necessary to 
dupllcate th1s pump1ng scheme by 1980. Howeve~ 
asan alternatlve, studies were carried out mto 
the posslblllty of develop1ng a pumped storage 
scheme lil the v¡cinlty of the first pumptng 
station which could be used both tor pump1ng 
water 1nto the Vaal for water supply purposes 
and for stonng electnclty. These studws 
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were undertaken jolntly by the Department of 
Water Affalrs and the Electrlclty Supply 
Commiss¡on (E~com) as a result of wh1ch lt was 
decided t.o proceed wlth the Drakensberg Pumped 
Storage Scheme (1). 

I:scom will use the Drakensberg Scheme prlmarlly 
to store surpl us off- peak energy from therma l 
power stations. For water supply purposes the 
Department wlll draw water from che upper 
re servo ir (Driektoof). 
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The pumptng hed.: wlll be approximately 500 m, 
one of the lughest tn the world for thts type of 
!óCheme. 

The Scheme, whtch ts now tn the eor!y stages of 
construct10n, tS located approximate!y 5 ktlo­
metres to the north of the existing jagersrusr 
pump statton. The pnnctpal engtneenng 
structures tnc!ude an underground power station 
to contatn tour reverstble pump-turbtnes each 
dnvtng a 250 MW reverstble motor-generator, 
as::;octated tunnels and shafts, surge chambers 
.Hid access lltnntds (f'tgures 2 and 3). These 
·works wtll be carned out under contract to 
f.scom. In addttton, the Scheme tnvolves the 
co:-JStructtOn of two maJor embankment dams at 
Kilburn and at Drtekloof and extenstve open 
ex:::avat10ns. These excavations and dams 
are not dtscussed further in thts paper. 

An tntttal study of the rock mechanics aspects 
of the Scheme was made by the Counct! for 
Sctenu!ic ::md Industrial Research (CS!R). 
h!tcr thts study Escom appointed Gtbb Hawkins 
and Partners as tts consultmg engineers for 
the destgn and Stte supervtsion of tne 
excavation, stablltzation and llntng of tile 
underground works. Gtbb Hawkins and Par~ners 
m turn appOinted Gclder Associates of the 
Untted Kmgdom as thetr specialtst advtsers 
íor the rock eng1neenng aspects of the Scheme. 

Two expiNatory contracts were awarded by 
Escom at the begmntng of 1975. The ftrst 
contract ~nvolved excavatton of an exploratory 
adtt and an exploratory shaft wtth tnter­
connecting headtngs tn the area of the future 
machtne hall. In addttton provtsion was made 
in this contract for excavatton of a test enlarge­
ment to the tull span of the machtne hall and 
constructton of a tnal length of concrete ltned 
pressure tunnel. The second contract was 
for exploratory drilling both from the surface 
and from underground • 

In August 1975 a preltmtnai-y contract was 
awarded for the excavat10n of the tatlrace 
tunnel and matn access tunnel (headrace and 
tatlrace refer to the generating mode). Further 
contracts wtll be awarded by Escom for the 
remainder of the underground work. 

This paper describes the rock engtneenng 
aspects of the Scheme including mvesttgattOn, 
testing and destgn phases. Particular emphasis 
is placed on the power statton excavations. 
Followlng a bnef summary of geological and 
groundwater condtttOns, the main rock 
engtneenng aspects are discussed: At the 
time of wnt1ng Ouly 1976) the exploratory 
works are sttl! 1n progress and full results 
are therefore not avatlable. 
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2. Surnmary of Ceological and Groundwater 
Condtt10ns 

2. 1 Geo!ogy 

fhe underground works !te mainly beneath the 
south fac1ng slopes of the Drakensberg escarp­
ment between elevatton 1730 m at the top of 
the surge shafts and elevation 1214 m at the 
tnvert of the tatlrace portal (Ftgure 2). 

The Scheme 1s stted matnly withtn rocks of the 
Beaufort Senes of the Karroo System. fosstl 
and stratigraphtc evidence indtcates a 
cont1nental depostllonal environment. Lateral 
factes vartat10ns are common and therefore 
the boundar1es of ltthological units are 
frequently diachronous. 

A disttnct dtvtsion of rock types in the viclntty 
of the Scheme occurs below a prominent sand­
stone honzon wh1ch outcrops at approximately 
elevat10n 1550 m (ftgure 2). 

Betow the marker hortzon the rocks are primanly 
sandstones, sdtstones and mudst0nes from the 
Mtddle and Lower Beaufort Sertes. Siltstones 
and mudstones from these horizons vary tn colour 
from greentsh or blutsh grey to dark grey. 

Above the marker the rocks cons1st mainly of 
mterbedded sandstones, siltstones and mud­
stones of the Upper Beaufort Senes, the mud­
stones and stltstones oí which have respecuvely 
a d!stlncttve reddtsh-brown and greytsh-green 
colouration. 

In addition to the rock types mentioned above 
there are a!so occassional thin catbonacerus 
seams predomlnantly tn those rocks be!ow the 
marker honzon. Carbonaceous seams are 
usually th1n, poorly developed fossil leaf 
rematn s w1thin dark mudstones. 

Dolerite sdls and dykes are al so present. 
The dykes are typtcally near- vert<cal, from one 
to three metres th1ck, and often bounded by 
slickenslded, serpentimsed shear zones. A 
ma¡or sill having an upper elevatton of llJ3 m 
and over 70 m thLCk has been found beneath 
the proposed machtne hall. 

The strata withtn the Site area are essentlally 
horizontal and beddtng forms the dominant 
structural feature. Beddtng plane spacing 
has been fcund to vary from less than S mm 
up to 500 mm. Frequently cross beddtng 
and other sedimentary structures occur within 
the lttholtgical units. 
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Jomt surveys have been carried out both on 
surface exposures and tn underground adits. 
rhe surv~ys show three stattstically significant 
riear-vertical JOinting trends strildny at approx-
mately 120°, 1b0° and 190°. In interprettng 

the stgntflcancc of the ¡o¡nttng it should be 
remem!)ered that the major axes of the matn halls 
are east-west, the axes of the tat!race and 
pressure tunnels are approxunately north- south. 
(AII dtrections tn thts paper are with respect to 
magnettc north, 19°04' west of grid north). 

Faults are usually assoctated with dolerite 
dykes although displacements are generally 
limited toa tew rnetres. 

2. 2 Groundwater 

Borehole permeabillty tcsrs carried out over the 
are a of the S che me show a range of permeabi llty 
from 10-6 m/s to l0-9m/s. In general. the 
sedtmentary unlts are relatively Impermeable. 
Permeable fractured zones up to 2 m th1ck have 
been found at dyke margins. 

Piezorneters were tnstalled m selective borc­
holes to determtne extsttng groundwater 
condttlons, seasonal vanattons and the tntlu­
ence of tunncl excavation on groundwater 
prcssures. 

The presence of low pcrmeabdtty mudstone and 
sdtstone seam.> g¡ves nse tn general toa 
perferred groundwater flow dtrect!on paraltel 
to the bedding wtthtn the m·Jre permeable units. 
The dykes and dyke margtns modtfy thts general 
'low pattern by dtvtdtng the rock mass into a 
senes of reservotrs. Stgntftcant change-s in 
ptezometnc head across dykes have been 
observed. 

The groundwater table ts generally close to 
surlace. Stgntftcant departures from hydro­
stattc co 1d1tions wtth depth are expected in the 
vtctnity o' the escarpment. 

ROCK ENG!NEER!NG ASPECTS CF THE SCHEME 

1. General Approuch 

'fhE• underground excavatlons required for a 
hydro-electnc scheme such as the Drakensberg 
pro¡ect have to be destgned to satlsfy a number 
of hydraullc, mechamcal and electrical require­
ments. These requtrements 1mpose certatn 
constratnts upof\ the stze, shape, depth below 
surface and or1entat10n of the vanous excava­
ttons whtch make up the underground complex. 
Within these constratnts, rock engineering 
pnnctples are applied to check the feastbdity 
of the proposed layout (baste constderatton of 
excavat10n stze, spactng and geology). further, 
they are used to destgn the detalled shapes, 
excavat10n sequences and support systems 
whtch are necessary to ensure that rhe excava­
ttons 'rematn stable throughout the ltfe of the 
pro)ect. 
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The scope of the tnvestlgatlon, testing and 
deslgn proceosses depends largely upon the 
charactertstics of the rock mass and the nature 
of thc in-situ stress field. These factors will 
determtne the degree oí stabiiity inherent in the 
roof. sidewalls and 1nter- sections of the excava­
tions and the necessary reinforcement to main­
tain requlred stabtltty conditlons permanently. 

During feasibtltty studies for a project, only the 
most general-type of geologlca! tnfnrmation is 
usually avatlable. At thlG stage, the potentlai 
behaviour charactenstics of the rock mass are 
identified in very broad, general terms. Pre­
cedent and expertence from other similar schenes 
are princtpal factors. 

Such experience is related to the rocl; mass and 
excavatwn geometry by me¡;¡ns of geomechanical 
classiftcations (2 and 3). Geomechanical 
classtftcanons can be used to dtstmguish 
between dtfferent potential fatlure modes whtch 
may range from structurally controlled roof falls 
111 ¡otnted hard rock masses, te failure of intact 
rock material under stress in more homogeneous, 
weaker rock masses. 

The potential behaviour and possible support 
requirements for the underground excavations 
are then estlmated. 

During the exploratory phase tbe available 
geological tnformation becomes more detailed 
anda final spectfic design 1s formulated. At 
th1s stage, the mechantcal behaviour of the rock 
mass ls constdered in terms of the most dominant 
charactenstics and the tnvestigation, testtng and 
design processes are related to these spectfic 
parameters. 

2. Project Feasibtltty Stage 

As prev10usly mentioned, the earltest studtes on 
the rock mechamcs aspects of the Drakensberg 
pro¡ect were carrted out by the CSIR and were 
based upon the use of a geomechanics classlft­
cation system (2). These studies suggested 
that stable roof spans would be ltmlted by the 
poor quallty, horizontally bedded rock mass ln 
which the ma¡or underground excavations wou!d 
probably be located. Other schemes with 
similar rock conditions to Drakensb•3rg were 
appratsed. Table 1 gives the gen&ral rock mass 
characteristtcs and, mach tn¿ hall sizes for the 
Drakensberg, Poatma and Portage Mounta!n 
hydro-electric ;:ao¡ects. 

Based upon comparisons with the ?oatina scheme 
In Ta smania (4), the use of a trupezotdal roof 
arch with a total span llmited to 20 m was 
constdered. In order to minunise the '"ifective 
overall height of the Drakensberg excavat10n 
and thus ensure greater tnherent stability of the 
stdewalls, each of the four pump-turbtnes was 
ptanned to be located tn tndtvidual pits 
separated by adequa(e rock pl!lars. 
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1 

1 
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TABI.E I 

·~-- --------
·, ,· ?ro¡ ect Machlne Hall 

N ame Dlmenslons 
LxWxH (metres) 

Drakensberg 193x16,3x45 
(Natal RSA) 

Poatina 92 X 13, 7 X 26 
(Tasmania, 
Australl~) 

Portage 271 X 20,4 X 44 
Mountain 
(B" C. Ganada) 

1 

1 ---- - -- _ _j 

Followmg a detalled appraisal of the CS!R 
recommendatlOns severa! major points emerged 
which af!ected the layout of the scheme and 
the scope of the subsequent exploratory works. 
These were as iollows :-

í l) 

(2) 

In accordánce w1th the CSIR's recoillmen­
datwns, the pump-turbines would be 
located in a machwe hall of the m1nln•um 
possible cross-sectional dimenswns. 
This would be achteved by separating 
components such as transformers and 
valves w1thin separate halls, which would 
be located far enough from the machme 
hall to minimtse tnteraction of the stress 
Ílelds surround1ng these excavatwns. 
Simllarty, the downstream surge chambers 
were to be located as far away !rom the 
other major excavatlons as possible, 

The lnitial deslgn of the roof oí the 
machlne hall woutd be based upon a 
trapezoidal sectton '(simllar to that used 
at Poatina), The purpose of th1s shape 
is to limlt the roof span ln the horizontaUy 
bedded sequence by means of haunches. 
In order to check the validity of this 
concept to the rock mass conditions at 
Drakensberg and to perm1t the evolutlon 
of a ratlonal roof support system, based 
upon the use oí tensioned relníorcement 
and pneumatlcally applled concrete (PAC). 
lt was proposed that a machlne hall test 
enlargement should be excavated durlng 
the exploratory phase of the pro¡ect. 
Thls test excavatwn would be carefully 
excavated in stages, monltored and the 
results used to ascertain the optimum roof 
shape and support system. •' · 
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Rock Conditton 
Depth 
(me tres) 

150 

152 

61 

(3) 

Honzontal series of sandstones 
and siltstones and mudst0nes 

Horlzontalty bedded mudstone. 
Horizontal stress apprcxlmately 
twice vertical. 

lnterbedded sandstone, shate 
and coa! measures dlpplng 15°. 
Horizontal stress approximately 

twice vertical. J 

In order to take advantage of potential 
cost savings of uslng concrete lnstead of 
steel l1ning for the lower portion of the 
penstocks, 1t was proposed that a pen­
stock test chamber should be constructed 
during the exploratory contract. 

This chamber, which would be Lined in the 
same manner as the lower portien of the 
penstocks would be fully instrumented and 
tested to the full hydraulic head of the 
Scheme to check the interaction of the 
lining and the surroundiny rock m<Jss with 
respect to deforrnation and leakage. 

In addition to the speciflc test openings men­
tioncd above, a cornprehensíve g:~:~log•cal and 
geotechnical investlgation and testing proyramrre 
were developed to determlne conditions through­
out the Scheme. 

3. Exploratory Stage 

3.! Introductlon 

The purpose and scope of the various elemants 
of the exploratory pro9ramme were establlshed 
imtially in terms of the destgn ob¡ect1ves, 
Adequate flextbility was built inro each e!ement 
to allow progressive refmement durmg the 
exploratory phase. 

The followlng main factors were considerad:-

(1) Geology 

(2) Groundwater 

(3) Mechanical characteristlcs of thc rock 
mass 

(l) Sampte testir:g 
(ll) In-sltu testing 

(4) Rock relnforcement testlng 
(5) Evaluatlon of exploratory works. 



These stud1es together with the machlne hall test 
enlargement and the penstock test chamber are 
descnbed In the followlng sectlon of the paper. 

.1e geological and grbundwater cond1tlons have 
oeen summansed earller in this paper. The 
bread scope of the lnvestigatlons are descrlbed 
m the follow1hg sectwn for complete:ness. 

The mvest1gat10n and testlng programmes were 
carried out to satisfy the follow1ng two ma!n 
requ1rements :-

(1) Classification of stability/support 
condit10ns in tunnels and mlnor openings 

(2) Specific deslgn of major halls, blocks 
and intersections. 

For the first requlrement, extensivo use has been 
made oC simple index tests on core to supplement 
geological data. For the second requlremcnt 
more elaborate tests have been carried out ata 
representative scale and at locations relevant to 
the major works. 

,_ MACHfrC HALl ( 

\ 
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FIGURE 4 

LOCATION OF EXPLORATOR.Y BOREHOLES ANO GEOPHYSICAL INVESTIGATIONS 
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3.2 Geologtc_:al lnv~J:!.~-~ 

f¡gure 4 shows the locattOns of boreholes 
whtch were drL!Ied pr1manly dL;ring the explor­
atory contract to ¡nvestlgate both the gene:al 
geologtcal condlttOns over the enure altgn­
ment and the detalled cond1llons tn the vtclnlt:; 
of the ma¡or excavatlons. ';.'he rocks were 
class¡fied accordtng Lo argdlaceous contentas 
tllustrated on f lgure S. 

Most of the boreholes were drilled w1th 54 mm 
dlameter double tube conng equ1pment. The 
core was generally wrapped 111 alumin1um fotl 
and waxed ¡mmedlately upon extrus1on frro¡m thP 
barre! 1n order to mlnlmtse detenorat1on due t 

weathering pnor to testing. Permeabdity 
testing was éarried out in representative bore­
holes. 

B A C 
23 2 1 
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FIGURC 5 

GENERAL ROCK CLASSIFICAT!ON SCHEME FOR TUNNEL ROOF COND!T!ONS 

Detailed geological loggtng was carned out on 
all core. An example of a typ¡cal geolog1cal 
log is g1ven tn figure 6. · An expanded scaia 
of loggtng was used 1n the victnity of the 
ma¡or cavern roofs. 

Htgh qualtty colour photography of ali core 
pnor to testu'lg was carried out in order to 
provide a permanent record. 

Geophyslcal investtgations were carried out 
along traverses as 1ndtcated tn Ftgure 4 to 
check the depth of surface weathermg and to 
identdy anomolous zones between borehole 
locallons. Surface reflectton, refractlon, up­
hole and cross-hole shoottng selsmtc techni­
ques as well as magnetometer surveys were 
u sed. The measured setsmtc veloclttes were 
htgh for the rock types encountered (except in 
anomolous zones), an indtcatlon of the 
relat¡vely unfractured nature of the in- si tu rock 
mass. Magnetometer surveys proved to be 
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useful rn the location and mapp1ng of ciykes 
a long tunnel altgnments. 

3. 3 Sampl~Te~!.!!lSI. 

Tests on core samples were carned out for two 
rnain purposes :-

(1) To provide representativa 'intact' 
strength and modutus va!ues f0r the 
varwus rock types 

(2) To provide tndcx values for classi~!­
cation of stabtlity/~upport condtt[ons 
in tunnels and mtnor openings. 

Small scale sample test results werc not used 
as a basis for design of d:c ma¡or ope.ltngs. 

Early studtes of vartous types of 1ndex tests 
ind1cated that the Polnt Load !ndex for core 
loaded diametratly (parallei to bedding) gave the 
most representattve mechanical lndex íor roof 
stability cond1tions. 
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F!Gl!RE 6 

WP~CAL GEOLOG!CAL AND GEOTECHNICAL LOGS 

Thls test was therefore carned .Jut dS a general 
1ndex test for the ent1re works and also incor­
porated 1nto a Roof Stabll1ty lndex for tunnel 
(llmlted span) seqtions. Correlatwn wtth 
l1thology and actual roof conditwns 1n the 
tunnels allowed three classes of diametral point 
load strength values to be defmed (Ftgure S) .. 

The susceptibl!.ty of the siltstones and mud­
stones tq detenoratton on exposure was studtecl 
using .the Slake Durabll1ty Test. A senes of 
v1sual tests, us1ng dye penetrants on samples 
subjected to varwus wetting and drytng cycles, 
was also carr1ed out. 

Umax1al compression testwg of cores wtth 
modulus measurement us1ng mechanical cal!pers 
wa s .carried out on a large number of represen­
tative specimens. Results from such tests were 
correlated wtth lithology, tnclmation of beddtng 
to the core ax1~. and other parameters. Expected 
lower values of strength for increase 1n argilla­
ceous content and at Crltlcal 1nclwatwns of the 
bedd1ng to the core ax1s were determtned. The 
sample preparatwn and testing techntques used 
were relattvely stmple and the results should be 
constdered as 'tndex' values rather than 
'bsolute parameters. 
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A se!'ies of c.;areíully contro!led uniaxiai comp­
ressiOn tests on selected core samples lrorr. the 
vadous ltthologtcal groups was also c¡¡nied out 
to determ1ne laboratr:>ry valucs of strength, 
modulus and. Po1sscn's ratto. Modulus and 
Poisson's rat1o measurernents were: rnade using 
stratn gauge techmques. 

Shear test1ng of mudstone samples a~.d spectfic 
tJeddu,g planfls ar.d joints was atso C3rded out. 

3. 4 In-_S1tu Testin__g_ 

The ob¡ectlve of the Lil-SILU wstln:J programme 
was to provtde def,r,ttive design diJtil íor the 
maj or underground opernng s. The ~o¡ tow 1119 
tests were carried c:;ut :-

(:¡) Measuremt:nt of the in- :.itu stress itcld 

(2) Measurernent cf rack rnass rnodul1 for 
5trata with1n ·..vhich the ma)or cdverns 
woutd be excavated 

(3) Mt::asure:nent of rock mass modu¡¡ for 
strata surroundin9 tha penstocJ.:. test 
chamber. 



(a) !D..:.sltt¿_ S~re::;s Deternllnatlon 

Measurements of w-s1tu stresses are necessary 
m ordTr to dett:!rm1ne l1kely stresses and dts­
placements induced in the rock as a result of 
excavat1on. /\tl such measurements were 
therefore concentrated 1n the v1c1nity of the 
power statlon. The C>bJectlve of the tests was 
lo provide average stress values 1n the v1c1nity 
ol the mam halls and tn particular ra[los of 
principal str:esses. 

lt was recognised that stress measurements 1n 
tr,e rock mass at Drakensberg wol!ld be ddflcult 
O•lwg to the weak nature o[ the rock and the 
rddtl~'ely lim1ted depth below surface of the 
cxcavat.,ms. The CSIR tnaxlat stra1n cell 
o·Jerconny method was cons1dered to be the 
:nost su1table. The d1sturbed nature o[ the 
excavation surfaces d1d not favour the use of 
f.iat Jacks (stress rei10V1ng' slots) and bored 
~c\ises were not avadaule for larger scale over­
coring methods. 

MA(HIN( HALL TEST 
f~·lA.iK,fl-tENT 

[ -FUlURf t .. U(•l~NE HALl 

--- SERVICE HEhOING 

l'ollow1ng an tnitlal test to check equ1pment 
operat10n, a two stage testlng programme was 
drawn up and carned out by the CS!R. The 
scope of the second stage was based on the 
first stage results. 

Only two measurements out of a poss1ble total 
of ten yielded correlatable results fr"m the 
fust stage testing. The other tests were dls-
counted dueto flood1ng, lack o[ gauge adhes1on 
or breakáge of the overcored sect10n. Pre­
l1m111ary results 1ndlcated the minor prmcipal 
stress to be verttcal and sllght!y greater than 
the overburden stress. The rat1o of honznntal 
to vertical stresses (horizontal stresses about 
equal) was appr"ximately' 2, 5 to l. 

The second stage of tests has be en carned "lUt 
but results are not yet ava1lable. 
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(b) Rock Mass Modulus DetermlnatiQ~ower 
Stat10n 

Rock mass modul1 ln the victr"ty of the power 
,tation were deterrraned by Plate Beanng Tests 
at represcntattve lcc.'ltwns together wtth Bore­
hole Morlulus Tests (Goodrnan Jack) 10 a number 
of boreholes 1n thc roof and walls at the pro­
posed rnachwe hall locatLOn. 

Plate Bearing Tests were carrted out in explora­
tory h0adwgs at loc:at10ns shown on f'1gure 7. 
The locauons corre:sp'Jnded to the rooí strata 
encountered 1n the mach1ne hall test enlarge­
ment and the proposcd machtne hall roof (the 
mach1nc hall test enlargement was excavated 
prior to a ftnal dec¡s¡on on the mach1ne hall 
elevatwn). The test equ¡prr.ent 1s shown 

2 
typ1cally on Figure B. A loaded area of l,OOm 
w1th a correspondwg contact stress of up to 
4,5 MPa was used. The max1mum stress was 
determined fol!owwg cons¡deration of the stress 
changes mduced.during excavat1on. 

Tests were carned out parallel and normal to the 
beddmg. Rock mass .j¡splacements were 
measured relatlve to the loading plate on the 
Joadmg ax1s. Three point extensomeLers were 
used at depths up to 6 m. Severa! loadlng 
cycles were carried out (generally 5) and a 
short term creep test was carned out at the 
max1mum loi:id1ng. 

A typical test result is shown on F1gure 9. The 
inf!uence of rock relaxatton at limlted depths 1s 
~learly mdicated. Modulus values are corrected 
.o allow for the conftnmg effect of the headmg 
usmg results from a three dimensional boundary 
tntegral equatLOn method study (S). 

Borehole modulus tests using a Goodman Jack 
were carrLed out 1n vertical boreholes into the 
proposed machine hall roof strata. The bore­
holes were spaced along the length of the 
proposed machwe hall as dlustrated on Ftgure 7. 
Tests were carried out on representauve strata 
identifted dunng detaded logging. Other tests 
were also carued out in the vicinity of the larger 
scale Plate Bearing Tests to compare the results 
obtatned from each type of test. In addttion, 
borehole Jacklng tests were carried out in 
ho~1zontal holes 1n both a horizontal and vertical 
sense on setected strata to determtne modulus 
amstropy. 

(e) Rock Mass "Modulus Determination -
Penstock Test Chamber 

Plate Beanng Tests were carried out in a spectal 
test adit alongstde the penstock test chamber to 
determine the rock mass modulus at var10us 
points around the chamber. The tests were 
carned out on strata representativa of those 
exposed In the chamber excavat10n. All tests 
were radial to the surface as indtcated on 
Figure 7, 
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FlGURf. 8 

PLATE BEARING TEST EQUIPMENT 

Tests :¡tere carried out using a plate area oi 
0,5 m- and contact stresses up to 9, O MFa. 
Such stresses are repre<.enLattve of the induced. 
stress (pressure) changes In th<> penstocks 
dunng operauon. 

The test normal to the tnvert of fhc penstock 
test chamber was rep.~atod following groulins; 
of the rock mass. 1'!18 grout.ing process was 
deslgned to stmulilte as closely as possible 
the actual grouttng technique around the 
lming of the test chamber. 
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VERTICAL TEST 

l"LAI'E BEARING TESf 9 
(BH 'JN 24) SECTION AT 
TEST LOCATION & GEOLOGY 
f!;;¡ E~ANATION c:1' GE<X.OOV 
5H FIGURE 5 PLATE 8EARING ,;::~ i ~ ; . N 24) 

KELATIVE OISPL!\C~r .n•T 6C• WcE.~ 
ANCHORS 1 .:.,~!) 3 

PLAíE E:.EARiNG '¡EST 9 (<.m 2<1) 
RELAiiVE OISFLACEMtNT dETWEEN 
ANCHORS 2 ANO 3 

TYPJCAL PLATE BEAR!NG TEST RESULTS 

3. S Rock Remforcemen~ and Grane Beafll 
Anchor Testtng 

The performance of rock reinforcement was 
tested in relatlon to the Vdrlous rock streta 
where remforcement wlll be required. 

Of particular tmportance was estab!isntng 
anchorage crltena in the weaker rock units. 
Pull-out tests were conducted on resln a11d 
mechamcal anchorages using various types of 
retnforcement bar. 

As expected the performance of mechantcal 
anchorages 1n the weaker rock units was poor. 
Resln anchorage systems were, in genera!, 
highly sattsfactory and opttmum len<;¡ths for 
vanous relnforcement loads were determined. 
Typlcal results are shown 0n Figure 10. 

132 

oo 

~ 
óO 

:! 

~ ;o 

tñ 
~ 

¡o 

iO 

o 

+ ++1 t- --- -1 r -T+ -+H--J 

~ J_ ¡- + - - ·r' ++ -
TT, ,. -A~W~iO 80lf 

'~~"•"ffi-, -L. YI[LO LOAO -. 

-; -+~r- ~ tt -·-~- -
~ -t-- ~1 - r~rmff'~~ --t 1 

¡ 

- ¡ -¡ 1 ¡ 1 

1 l*rnt~Tl' 1 • ' 

-t- T -+ '·r ~ •· +TT¡-~· 
--t~ 1-r--t-

-- +~-' ... -' 1 ' - , =r -1-H ,_L 

-t rrn-~ _¡_ - -
-r- t- _;~-ft-i·-~ 

- ,. 
~,~t'4~J±~~ "' i- r H H-±Iffi tt.; 

o 400 1200 

RESIN SOND lú1GT:-l (mm) 

u MAX re:.· ~ ~ 
R1 TES'¡ NU•C.Z~ 

ROCK REINFORCEMEfJT TEST l{ESULTS 



Spec1f1c tests were ca!ned out on thc type of 
re1nforcement propose:d for the ma1n ha lis. lt 
is 1ntended that res1n anchored )t>lls wlth 
ad~quat.: or c.ont1nuous (threadbar) nut adjust­
ment wdl be u:>ed. Secondary bondwg cf the 
free length aíter comple:wn of fwal tenswnlng 
wdl be effected probably usmg cement grout. 

lt 1s intended that the creme beams in the 
machine and valve halls will be supported by 
stressed rock anchors, each w1th a wcrking 
toad of 90 tons. Tt:sts wlll be carried out to 
determine the anchorage charucter; stics of the 
rock strcta 1n which the anchors wlli fmally be 
located. A cement grouted anchoragc wlll be 
u sed. During the tests ea eh anchor w1ll be 
lully loaded and lonloaded severa! t1mes and m 
add1twn short term creep tests on anchorages 
of varyl ng leng thwi ll be carr!ed out. 

3 . 6 Ev.:~l uat ion of PAC (Pneumat¡cally Appl ied 
Conc.@~l.. 

As cucrently propnsed all excavat10ns wlll be 
permanently lmed with mesh reinforced PAC 
other than where a placed concrete ltnmg 1s 
requ1red for hydraul1c or interna! structural 
reasons. The PAC llning wdl be appl1cd 
generally 1n two stages w1th me3h relnforce­
ment being piaced after the mltial FAC appll­
catlon. Currently PAC as used in tbe ex­
ploratory contract and prellmlrlary contract 
works has been evaluated. 

PAC spall1ng has been recorded and the results 
related to the part1cular rock str.::.~a/bedding 
weakness. Only lim1ted trials using mesh 
re1nforcement have been carried out. Th<J 
follow1ng conclus10ns 1nvolvmg the use of PAC 
fcr the permanent lwing of rock strata such as 
encountered at Drakensberg are as follows :-

(1) 

(2) 

(3) 

The rock surface should be sound 
(controlled blastlng and adequate scallng) 
and inspect10n 1mmedlately prior to PAC 
application is required 

Spec1alised PAC mixlng and application 
equ1pment capable of spraymg PAC at a 
specifled d1stance from the face are 
required. Thls impl1es equ1pment with 
cons 1derable nozzle/opera ter reach for 
the main halls 

Onlr tra1ned operat¡ves w1th adequate 
experienciA should be used 

(4) Adequate p1nning back of mesh to the 
first PAC !ayer to ensure minimal clear­
ance ls requ1red. 

Since the process of PAC application 1s highly 
dependent upon the method used, final tr:ats 
wlll be carried out after the main contract award. 
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4. Machine Hall Test En~argement 

The purpose of thc machine hall test enlarge­
ment (r./í!iTE) cen be summarised as follows :-

(]j To conftrm that the roof s;:an requtred 
for the main halls 1s feas1b!e 

(2) 'fo demonstrate that haunchen (r~qulred 
to llmit the span) can be effectively 
excavated and re1nforced 

(3) To deter:nme the necess;.Hy leve! of 
relnforcement for the roof span. 

lo order te develop a reallstic load,ng conditlon 
for the roof span, thc effect of sidf:wall ex­
cavation was simulated by excavattng slots 
toa depth equal to about half the flr.al Slde­
wall height, The prmcipal sta;¡es '"f excava­
tion are shown on Figure ll. 

Tile ¡níluence of excavation to the full crossJ 
nectwn on the stres:;es in the rod s::ratd will be 
deternuned by a staged strens analys1s using 
both the results of monitonng from tha actual 
test excavat10n and the results from the in- s1tu 
!'itress measurements and rock rr.ass p;-opertles. 

· The elevat10n of the MHTE was chosE::n such that 
the haunches cnd roof were pos1twned tn (he 
weakest possible stróta (as de~errro~ned from the 
dnlllng from surface) for the iS rn range in 
possibte level for the propcsed machine hall. 
Th1s level was only flnally selected 111 }uly l976, 
based on the requirod settlng for the pump­
turbines. The axis of the MHTE ts parailel to 
the proposed mach1ne hall. 

The length of the MHTf. (approxlmate~y 1, S 
times che span) was chosen to ollow for a 
central 10m section which would be retat1vely 
unaffected by end constraints. 

The excavation sequer.ce for the test enlarge­
ment was slightly more complex than that tor 
the proposed mach1ne hall (S sllces 1nstead of 
3) because of the need to tnstall crown 1nstru­
mentat1on prior to s1gniflcant rock deformat1on. 

Reinforcem~nt/suppo;-t was provtded ty two 
means -

(1) Rock bolts estlmated on the !Jas1s of 
preceder:t and :limpie nurr:encal analyses 

(2) Temporary hydrauilc props along the 
cemreline of the entargE.ment (5 x 100 
ton capacity). 

The pufpose of the temporary props wa s to 
provide a calibratad stiff support along thu 
ccntrellne as we!l a::; a tampcr<:Hy support 
durmg exc<Jvation. Prior to increasing the span 
ata g;ven stage the props were set to d 

nominal loild (10 ton) and the increase 1n load 
wtth span monitor•~d. 



STAGE 3 

HEAOING F'OR 
INSITU STRESS 
MEASUREMENTS 
ANO PLATE 
BEARING lE•·;, 

A 

- STF.t:5S 
CELL~ 

STAGE 1 

CENTRAL 5ECTION THROUGH MHTE 
SHOWING INSTRUMENTAT!QN 

EXTENSOMETER DETAILS 

FIGURE 11 

MACH!NE HALL TEST ENLARGI.MENT; STAGE EXCAVAT!ON 

The load caroed by the props was then distri­
buted to the primary re~nforcement as an mstalled 
'callbrated' load and the props subsequently 
unloaded. lt was thus possible to observe 
potential support requtrements under acceptabte 
displacement condtllons (as monitored by the 
extensometers). Untortunately the excavation 
of Stage 2 (Figure 111 caused constderable 
damage to the pillar supporting the props and the 
sttffness of the plllar was stgnlficantly reduced. 
Followmg an evaluation of thts conditlon, 
addittonal load was placed m the prtmary rem­
forcement for safety reasons. 

The lnstrumentation comprised the followtng 
types ·-

(1) Displacement monitorlng (multi-point rod 
extensometer s, convergen ce mea sur e­
ments, prectse levelltng) 
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(2) Stress change momtormg (embedded 
mercnry fdled stress cells) 

(3) Ptezometric monitoring 

(4) Load monitoong tn re,nf_orcement and 
central support ¡acks. 

The :nstrumentation was primarlly !ocated on 
three sections; a central sactton and sections 
spaced S m elther side. T·¡pical layo\Jts are 
shown on F tgure 11. 

Dtsplacement monitoring using the ext,:,nso­
meters proved to be re!table except whe(e 
blasting damage occurred. Typlcally a resolu­
tion of O ,01 mm was achieved and botn elastic 
and irrecoverable deformatlons were monitored. 
The monltormg results at each stage were 
compared with dlsplacement data predicted 
poor to excavalion from flnlte element an;slyses .. 



A typica! p!ot of dtsplacement. versus time/ 
excavatlon stages 1s shown on Ftgure 12. Both 
ctosure measurements and precise tevelllng were 
on order of magnttude !ess accurate than the 

tensometers. 

Stresses momtored during the excavauon stages 
were very sensitive to changes in excavation 
geometry and cou!d be usefully correlated with 
the dt spl.acement records (F tgure 12). 

Piezometric momtormg in the roof strata indi­
cated relattvely htgh pressures (up to 15 rn head) 
relative·ty close to the excavation face. These 
measurements funher indtc<lted the !ow trans­
verse permeab!lLty of the siltstones. ConsLder­
atton of l!kely loadings dueto groundwater 
pressures on roof strata w!ll be made durlng the 
design stage. 

I.oad monitoring In primary retnforcement has 
ytelded few results to date (end Stage 3) as 
deformations have been small since the retnforce­
ment was tnsta!led (Figure 12). Signiftcant 
load mcreases (of the order of 40 t0ns) were 
observed in sorne support props durmg Stage 3 
excavation. These toad tncreases occurred 
where the p!llar was relattvety undamaged and 
were used tn assessing Stage 3 primary rein­
forcement toads. Ata ti stages of the develop­
ment a conttnual evaluatLon of displacement, 
stress and load changes was carried out. 

At the time of wnttng Stage 4 (sidewal!) excava­
tton remams to be completed. 

Penstock Test Chamber 

tne penstock test chamber has been constructed 
to check the suttabi!Lty of concrete as a ltning 
for the pressure tunnels. The chamber has been 
located in an area representative of the weaker 
rock condittons expected along its altgi'lment. 
Attentio!1 was gtven tn the chmce of stte to 
locatlng the chamber in strata havmg a con­
stderable modulus vanatton over the hetght of 
the chamber. 

A principal obJeCtLve of the test was to determine 
the relatlve behav10ur of the concrete lming, 
grouted rock and surrounding rock mass to 
demonstrate that an effective transfer of stress 
into the rock will occur under acceptable defor­
mations and 1eakage. 

The chamber was concretad !n three bays 
approxtmately 1!1 m long having a finished 
interna! dtameter of 5,5 manda nominal lintng 
thtckness of 0,6 m. The three bays are 
separated by conventional waterstops. Each 
end of the chamber is terminated by a concrete 
plug. 

The central bay is considered to be represen­
tattve of tunnel operatlng condttions and contalns 
all the lnstrumentatlon. The tnstrumentatlon is 
arranged on 5 secttons as !llustrated on Figure 13 
wlth particular emphasis on monitoring the 
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central section. 

The pnnctpat tnstrumentation can be summarised 
as fo!lows :-

(1) 

(2) 

(3) 

Dtametral changes across the tunnet 
sectton monitored by means of interna! 
ciosure measurements 

Radial deformatton of the lmmg, grouted 
rock and surroundin:;¡ rock mass 
monitored by means of rnulti-potnt ~;o~e­
hole extensomc~ter:> irlrltch iire tted m 
wtth the diametral closure measure­
ment ( 1) 

Strams in the lining meas1.1rc·.:i i:y rneans 
of embedded and surface vibrating wtre 
gauges (rad1al and tangentiál stralns 
monitored) 

(4) Stresses across the lining/ro~:k mter-· 
face monnored by means of mercury 
ftlled embedded stress celt~~ (radial and 
tangenttal stresses monitored) 

(5) Water pressures behind ¡,he lining <:~nd 

tn the surroundtng rock mas2 momtored 
by means of hydraullc piezometer5. 

Ren1ote read-out of 1nstrumentatton ur:der htgh 
fluid pressures (up to 7, 5 MPa) necessnated 
special developments particularly of rernote 
sensing elements. Temperatures a.-e 
monitored at vanous points 1n the test zone and 
invar rods/wires are used for reference dis­
placement mon itoring. Stress cel i s are 
designed to allow for compensat10n from wtthin 
the chamber. 

As previously discussed a series of plate bear­
ing tests was carned out to determine radLal 
modulus cor.ditions wtthLn the rock rnass as 
weli as the effe:ct of grouting. 

High pressure grouttng behind the chamber 
lining will be monttored by ineans of the 
lnstalled mstrumentation. Particular attention 
wt!l be paid to unlformtty of deformations and 
stresses :ndicating that a complete grout ring 
has been establi shed. Residual stre3ses 
1nduced in the lining witl be careful ty 
monitored. 

The chamber pressunzatlon pro']ramme has nol 
yet been flnalised. lt is intended however to 
pressurize :n stages and carry out tests at 
constant pressure .'ls we!l as under cycltc 
conditions. 

A theorettcal s:udy of llkely deformat10ns/ 
stresses wi!l be fina!ised prior to commence­
ment of tesung. The :est chamber ts located 
at a shallower depth than the proposed pre;;sure 
tunnel allgnments. lt will thus be a valtd 
acceptance test from overall j.Jressure/rol:k 
cover considerat10ns. 
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TYP!CAL ROOF DISPLACEMENT AND STRE~ :iANGE CHARACTERISTICS - MACHINE HALL TEST ENI.ARGE MENT 
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6. Proposed Design Studws 

. The destgn process for the excavation and re¡n 
forcement requirements of the main undergroum.: 
works was imtially constdered during the for­
mulatlon of lhe wvcsttgation aml testing pro­
gramme which was consequ8ntly arrangcd to 
provtde relevant parameters for the design re­
quirements. 

As already outlined, considerable attentlon ha2 
becn patd to testlng rock condttions ata 
representative scale. Both the machtne hall 
test enlargement and penstock test chamber are 
full scale tests. The informat!on obtained 
from the investigation and testlng stages wlll 
be used pnmarily to extrapolate observed 
underground conditlons to the overall stat10n 
layout uswg recognised stress dnalyses 
techmques and a structural evaluation of the 
rock mass. Optimtsat10n of the detalled 
underground layout and ;ock reinforcement wilh 
respect to localised geologtcal conditlons will 
then be carned out. 

Principal design aspects are as follows :-

( 1) Excavation method to achieve specified 
profiles 

(2) 

(3) 

(4) 

(5) 

(l.) 

Shape and precise elevatlon of majar 
roof spans taklng into account pre­
domlnant bedding features, haunch 
geometry and geology 

Remforcement of ma¡or roof_ spans 
tncluding haunches 

Reinforcement of sidewalls 

I:xcavat10n sequence for maln halls 

Excavatton Eequence, shape and reln­
forcement of ma¡or tntersectlons 
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(7) 

(8) 

(9) 

Reinforcement of minor galleries and 
tunnels 1n the vicinity of the main works 

Excavatlon sequence, shape and 
relnforcement of surge chambers 

Penstock linings (both steel and 
concrete) 

(lO) Drainage of the rock mass in the 
vLcmity of the penstocks and up­

. stream wall of the valve hall 

(ll) R.ock relnforceme'1t detailo; (lncllnatlon, 
tlmtng, installatton, tensionlng, 
secondary groutlng, corros ion 
protHctlon) 

(12) Grane beam anchors (in5tallatlon, 
tensionlng, groutlng,-:orrosion 
protec tion) 

(13) PAC and mesh reinforced PAC. 

Principal methods of analysis are as follows :-

( 1) 

(2) 

(3) 

Two and three dimensional stress and 
deformation analyses (Úntte element 
and boundary integral equatlon methods) 

Kinématic check of prevalllng geologlcal 
structure to identi fy potential f.allure 
modes caused by movement of blocks 
of rock 

Analysis of structurally control!ed 
failures taklng into account rock 
stresses and re¡nforcement loadlngs 
(production of detalled relnforcement 
requtrements and likely rock defor­
mations). 



A final design wlll be evolved from che results 
of ¡he full se ate tests 1 an evaluation oi the 
rock mas!; characteristics andan analysis of 
the final statlon layout ii?- terms of the measured 

arameters. 

The lnter-relatlonship of investigation 1 testlng, 
analysis and design for the underground works 
at Drakensberg ls surnmarised on Table ¡¡. 

TABLE II 

INTERRELATIONSHIP OF INVESTIGATION - TESTING - ANALYSIS - Dl:SIGN 

Ü ~ I-41HOA INFLUfNCE 

• ~AJOA INfli.ENC.E 

DES ION 

CONCLUSIONS 

.The determination of rock mass properties at 
Drakensberg in relation to the design oí 
underground excavations has been revtewed. 
The lnvestigation methods and testing tech­
nlques have been outllned and the reasons for 
thelr selectlon given. 

The particular role of full scale testing has 
been highlighted. The relevance of testtng 
at other scales, both in-situ .andona sample 
se ale, has al so been discussed in relation to 
the final des Lgn proce s s. 

The current status of the lnvestlgatlon/testlng 
works precludes the reporting of detailed 
results at thls stage. A full evaluation of 
all data ts expected by early in 1977. 
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STRUCTURALLY CONTROLLED iNSTADI~irV IN 

UNDERCROUND EXCAVATIOt~S 

by 

Dr Evert Hoek, Principal, 

Golder Assoclates Ltd., 
224 W 8th Avenue, 

Vancouver, BC., Cu~ada. 

ABSTRACT 

Structurally controlled lnstaollity ls one of 
the major factors to be considered In relatlon to the 
design of underground excavations In hard, jolnted 
rock mas ses. Thi's lnstablll ty may take the form of 
gravlty fall's of wedges or blocks from the roof of 
the excavatlon or the sliding along planes or lines 
of intersectlon of planes in the roof and sidewalls. 

This paper describes a number of simple checks 
for falllng or sliding uslng stereographic plots of 
structural data obtained from borehole core or pllot 
tunnel mapping. These simple kinematic checks are 
used to ldentify problam areas whlch can then be 
analysed in greater detall using stereographlc 
techniques or computerised vector analyses. The 
dimensions and hence the welght of eacn block or 
wedge which can fall or sllde can be calculated and 
a reinforcing s'ystem can then be deslgned to prevent 
instabillty. · 

These conslderatlons lead toa num~er of general 
conclusions on the optlmum orientation of underground 
excavations in relation to the structure of the rock 
mass in which they are located. The sequence of 
excavation ls also lmportant, particularly when large 
spans or the lntersectlons between large excavations 
are belng created, and the tlmely lnstallation of 
relnforcing elements to prevent the development of 
instabllity at each excavation stage is dlscussed. 

1 NTRODUCT 1 ON. 

An example.of the role of structural dlscontln­
ultles in controlllng the stabllity of an underground 
excavatlon ls illustrated in figure 1 which shows a 
tunnel In a slate ~uarry In the United Klngdom. Thls 
tunnel was constructed approximately 100 years ago 
without any form of rock support or relnforcement 
a~1 the tunnel shape has stabilised to conform wlth 
t~e structuraf pattern In the rock mass. 

In most modern rock excavatlons, close control 
of the excavation profile is required and the degree 
of over-break apparent In figure 1 ls unacceptable. 
Consequently, potentlally unstable blocks or wedges 
must be ldentlfled and dealt wlth, elther by adjust­
ments to the excavatlon locatron or proflle or by 
reinforcement or support cf the rock mass. 

The baslc infonmation requlred for an evaluatlon 
of the structural stablllty of an excavation ls the 
orientatlon, lnclination, spaclng and characterlstlcs 
of discontlnulties such as faults, joints and beddlng 
planes In the rock mass. This lnformatlon can be 
obtained from.oriented dlamond dril! core or from the 
mapplng of surface outcrops or pilot tunnels. The 
data are most convenlently assembled and presented 

?ig.;re 1 : A tunn~l i·! ~l<te :hc:.,ing 
the lnfluenc-:: of stn1.:t11r.;l discootin­
~lties upon ~Ycavation ~tubiiíty. 

on plottlng grids preparPd ~~ srhe:iral projec­
ti~n. Space do~s not pe(mit ~fui: ~iicussion on 
these techniquas and the rcader i~ referred to 
comprehens i ve descr 1 pt ion:.. by p,, i 11 i p:; ( 1971), 
t;oodman (1976) and Hoek 2nd 2ré:y <:977). 

Throughout t~is pape~, c:e ,•cr~ographic or 
ec¡ual angle projectic~ ls u:;c..C: i·~,. ü''" presenta­
tion and analysi:: of stlo..c~·;r .. l ,i,•c:;. Thls 
projection har, ~een chcs¡,n :n pri~i:. ;.-n:e to the 
equal area ¡;roiection bec:c:.Jse :e ,,fíords a more 
convenient m..:dr,s for ronstn·r.tiro<J i:he intersec­
tii.:Jn figurt'.!s requir,¡;.d for st3bi11~·¡ 2'lalyses. 



Two Simple klnem~l¡~ checks for r~ll 1~9 or s1 ;_ 
i~g wedges are illut~rated in figure l. 

Gr?vity falls fram the excavatian raof can u<..t;t'l 
1~hen t'1c apex .A of· a wedge of rack fa lis wi thin the 
base R-C, as illustrated in the left hand sketch in 
!'l!)Ure 2'1. Stereagraphically, this candition ls 
~a~isfied if the centre af the stereanet falls withi~ 
U:e clased f.igure farmed by the intersection of at 
least chree great circles representing dlscontinuities 
in the rock mass. 

$. 'd!ng qf wedges In the excavation raof can 
~:::ctJr •>'h&n the apex A fa i 1 s outs ide the base B-C 
~·o~;ded that ai Jeast ane af the planes bounding 
.!e ~~a~e dips at a st~~per angle than the angle of 
~-!:t1cn. ~igur~ 2b shows that this canditlan is 
d··Li~!:Bd when ane af the three great circles repre-
·.nt;n; the planes tauches ar falls wlthin the dashsd 

~~~ele defined by the angle af friction t. The same 
~1nema:ic (;heck applies to the sliding of wedges from 
~ ~ e~·d~8tion sidewalls. 

~"; · 'J9~'1arly jainted rack masses, "mirror-imagEo' 
~·Jg:i ~ccur in the floar and appaslte sidewall as 
• 1 u~t··~ted by the vertic~l ly hatched areas in figure 

.:iG'ng of mirror-image sidewall wedges can accur 
>),e s.tereanet centre falls within the ir.tersec· 

:n :;gure as illustrated in figure 2a, 

Figure 2a : Kinematic check far gravity falls 
fram the roaf af an excavatian . 
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Figure 2b: Klnematlc check for the slldlng af 
wedges from the roof ar sidewalls af an excavation. 

·¡;,;; ldn<!m.Jt.ic checks illustrated in figure 2 
e;-.,, t;;;, ~~~,ctl dut ir.g the prel iminary evaluatlon of 
stn!ctural data obtained fram care logging or 
explaratory tunnel mapping. They wi 11 glve an 
indicatlan af problem areas whlch can then be 
investigated In greater detall. The kinematlc 
checks give no infarmation on the passible slze 
af falling or sllding wedges and, slnce thls 
infarmatlan is required for the design of support 
systems, a more detailed form af analysls ls 
necessary. This analysls ls described below. 

DETAILED WEDGE ANALYSIS 

Figure 3 glves the constructions requlr-ed to 
find the maxlmum size of wedges which can fall or 
slide from the roof ar sldewalls of a square 
tunnel running due east-west. 

A lawer hemisphere stereographlc projectlon 
of three planes ls glven in figure 3a. These 
planes are represented by the thre~ great clrcles 
marked A, B and C. The strlke lines , marked 
a, b ande, are plotted as are the lines of lnter­
sectian ab, ac, ba . 

Since the Jower hemisphere prajectian has 
been used, it is convenient ta view the ~edge In 
the raof af the excavatian in the sa~e dlrectlon, 
i,e, fram the apex t0 the base of fram the lnter• 
lor aF the rock mass into the tunnel. A plan 
vlew af tha wedge is given In figure 3b and the 
canstructian af this view ls carrled out as fol­
laws : 

The strike línes a, b ande in the sterea­
graphic prajection are equivalent to traces of 
the discantinulty planes In the horizontal tunr.~l 
(ocf J~d the directlans of the•~ tr&ces Cln be 
dei.~rndned ciirectly from the strikE: lh1E'S. Stan­
in~ ::;t th> north~::rn sidewd11, the tra'::ea l!i 
dr.:¡wn acra~s i.ht:: fui i spa., af tLe t•J!mel, ';>.Jrall.;;oé 
to the strike Jine a. From the inter~~ctio~ of 
the trace with the northern sldewall, the trae~ 
b ls drawn parollel to the strlko llne b and, 
similarly, the trace e is drawn from the ln~er­
sectlan af trace a and the sauthern sidew~\1. 
The intersectian af traces b and e deterrni~es 
the plan shape of the largest wedse whlch can 
farm for this particular combinatian of dis~on­
tinuities Ir this tunnel. 

In arder to find the pasltlon of t~s •GR~ of 
the wedg~. draw the lines of lntersect 1ci. f:l~ 
the carners of the plan view of t~:e wedg:;, p¿;o\­
lel to the 1 ines of intersecliar. al;, ru:t .lnll bt'! 
in the s t :o;reograph i e praj e.:d on. Tht: v~>:t't 1 C'l 

height hr af the ~''t!dg':! Í!: found ~Y t~kln:; .Ji 

section through the apex cf the \"edg~. p~::-al ~sl 
ta tlie tunnel al ignment. Tt>e a~p¡¡rer·t d:. <; ¡¡¡ 

and t af the traces af the planes 1n the vart1;~J 
plane running parallel to the tu~n~l ~~¡, , due 
eas t- •. ¡es t, a re u sed ta d~f t ne the t .. : •ght ~f !hti 

wedge as sl,own. The volume of tf,e ..,;¿dge !s !;;,.¿,;, 

by the product af the base area cf t~~ tr~e ~=a~ 
view and one third af the hcight h~. 

Cons t ruc t 1 on af the :; i dewa 1: wedge ~:.,ow11 q r. 
figure 3c is slightly mo:e complica"":ed 3S a!)pa­
rent dips a, B and ~ hav~ to be used to d~fine 
the intersectian figure In ti1e !ildm~3ll a!'rl éle­
cause projected views or the llnes of int•;r1ctlo~ 
are required to !acate the apex cf the ~adge. 

Start ing at the roof of the tunnel, the ·~rae~~ 
a' and e' are drawn ~t the appar~nt Jlp !ngl~s ~ 
and ~. determined from the stereogr~ph!~ prcjec­
tian. From the lntersectian of the tr~ce a' and 
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a. Lower hemisphere stereographic projection 
of planes. 

Vlew x-x 

b. Plan vlew of wedge in roof of tunnel seen 
fro~ lnside rock mass looklng lnto the 
tunne 1. 

c. Vlew of wedge In southern sldewall from 
lnslde the rock mass looklng lnto the 
tunnel. 

Figure 3: Detalled wedge analysls. 

the llne definlng the floor of the tunnel, the 
trace b' is drawn at an angl~ B as shown to com· 
plete the intersection figure. 

The projections of the l'nes of lntersection 
ab, ac and be In the vertical s!dewall have to be 
determined by stereo9raphlc construction or by 
calculat:on. The angle ~abt !s glven by 

Tan 1/labt • 
Tail ljlab 
Cos 6ab 

where ~ab is the plunge of th~ llne ~f lnt~rsec• 
tion ah and 

eab is the angle between the trend of the 
line of lntersectlon ~nd the alignment 
of the tunnel. 

The angles ljlaat and lj/bat are found In the 
same way. These angles are used to locdte the 
apex of the wedge as shown ln figure 3c. 

The height ha of the sidewall wedge is found 
by ~etermining the angles ljlaat' and ~bct' which 
represent the apparent dips of the lines of lnter­
section aa and ba in a vertical 9lane at rlght 
angles to the alignment of the tunnel. The ansle 
ljlaat' ls given by 

Tan ljlact' • Tan Va~ 

Sin óac 

and slmllarly for '4ibct'. 
Figure 4 !llustrates the outllne of the roof 

and sidewall wedges which have been identified 
for the example considered and this type of figure, 
together wi t'1 thc we 1 ghts of the wedges, can form 
the basis for 3 reinforcement design. 

In the case of the roof wedge, ~olts or cables 
wlth a tota: load carrying capacity of approxi-· 
mately twlce the weight of the wedge and a length 
of approxlmately 2hr would provide adequate sup· 
port. The sidewall wedges would fail by slidlng 
along one of the intersection lines or on one 
of the planes and the frictlonal resistance of 
the plane or planes upon which sliding occurs can 
be taken !nto account In calculating the bolt or 
cable loads. Hoek and Bray (1977) have described 
calculation methods which can be used for this 
purpose. 

Figure 4: Outllnes of maxlmum po~slble 
wedges in thP. roof and sidewalls of the 
tunnel, looking west. 
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In spiLe ~f th~ app~rent coilipl~xlty of lha c0~·· 

~ ructlon glven In flgur~ 3, the exampla considared 
~osslbly one of the slmplest whlch could occur. 

,¡ m::ny real situatlons the underground excavatlon 
~~signe~ may be faced wilh flve or six strongly de­
VP!o¡cd sets of dlscontinultles lnters~cting an ln­
c\:n~d tunnel .~lth a curved roof proflle. The stereo­
~rapn:c analysis of potentlal instabillty in such 
CdS€S-C6n become so complex and tedlous that even thc 
,~;t ent~~siastic structural geologist would soon 
~:·.·:r.r.~P- d!:>couragttd. The rr:ost diffic._ult problem of 
. , ur..c:•rs at the l nt<!rsect 1 on of two un de rg round 
·c.·.:-s¡.,!<: ...;¡,('n add;tlohal free faces are created and 

:.1·:·. ,;,~·-·:dl!ty has· to be considered ve-:y carefully. 
!n on:ícr to overcome these problems , Gol der 

·.~:a~3- has deve!oped a set of computer programs 
/ ; eh ~:, s usf.:d for the eles 1 gn of maj or underg round 
~YC.'!Irat!o11s ln hard jointed rock masses. Th.:se pro­
~·~_,:~. ~-~1 be used for lnitlal klnematk checks orfo¡­
,· ·_,; .. " :~¡;b:Jity analyses of speciflc geological 
r;;·~:..:r~s. For example, from detailed geologícal map­
·:- ·· ·, :>i lot tunnel, structural features can be 

~~~;~ -~~d onto the final excavatlon profile and wedges 
~~h fall or slide ldentified. With such aovanc~ 

Pi:~, the lnstallatlon of reinforcement at each 
~- , vn \itage can be designed to provide complete 

.• : ;..o:, t'or the roof and sidewalls of the final P.,.-
,.: •• : ¿f • 

;Jhan the height hr or he of a l'ledge is lcss than 
~he span of the excavatlon or the height of the side­
·~:!11, lt is unlikely that the stabillty of the wedgc 

¡uld be influenced slgniflcantly by the in situ 
~tress In the rock mQss. However, when the apax 
2ngle of the wedge becomes acute, the normal stresses 
acting across the potentlal failure planes should be 
consióered in the stabil :ty analysis. 

Consider the extreme example of the sliding of a 
block between two parallel discontinuities as illus~ 
trated In figure S. The conditlon of limiting equi­
librlum for the block of rock of weight W can be 
wrltten as : 

Cos ~) 

where an ls the aver~ge normal stress acting across 
the discontinulties and 

<ll is th.e angle of friction of the discontinuity 
surfaces. 

When the aver9ge normal stress an is less than 
the right hand side of the equation, the block will 
be unstable and relnforcement would have to be pro­
vided in order to' restore its stability. lf the 
average normal str~ss ls hlgher than the right hand 
~ide of the equation , the amount of reinforcement 
can be reduced.or elimlnated, dependlng upon the 
factor of safety whlch· is required. 

The magnltude of the average normal stress an 
has to be computed from the measured In sltu stress 
fleld and the stress redistrlbution associated with 
the creation of the excavation. lf this stress !s 
to be relled upon to provide support , care should b~ 

aken to check ~h<lt' this stress could not be reduced 
~Y the creatlon or other excavatlons close to that 
being considered.· 

}'lgure 5 : lnfluence of In sltu stress 
on the stability of a block In the roof 
of an excavation. 

OR 1 t::tiiYAT 1 ON OF UNDERGROUND EXCA'JAT 1 ONS 

When the designer has a choice of the orie~­
tation of an underground excavatlon, consldera­
tion should be given to the selection of this 
orientation to give the smallest number of roof 
and sid€.wall lnstabillty problems. When onl'/ 
one major discontlnuity, such as a fault, fs 
present in the rock mass, the optimum ori~ntJtl~n 
is obtalned by placin!:J the smallest plan di'I'ILn- · 
sien of th~ excavatlon parallel to tha strike üf 
the discontinuity. In the case of c. >:1<11nel, thls 
means that 'he tunnel shoulci be zllgnr:d .•urna! 
to the strike of the díscontinuity. 

When severa! sets oí dis:ontlnuities ar~ 
present in the rock mass, the choice beccmes 
rather more dlfficuít. One obvlous c'ri2ntatlon 
to avoic! is to al ign a tun:,el p2 ;-al le! to the 
1 ine of intersection of two imp<:n.ant disr::.rt!nv 
u i t 1 es as shown in figure 6. ~-lowever, ti1 1 ~· 1112y 
be only one of many posslble 7orm, uf instab!­
lity in a heavily jolnted rock m~s~ and lt may 
be necassary to conduct a sensitlvity study on 
thc structural data in order to arrlv~ at an c~­
tlmum orientatlon. 

SEQUENCE OF EXCAVAT 1 ON ANO SU!' POR i 1 NSTAUATI 0.\' 

lt \Jill be ol:>vious from the exatnples ~~On$i:~ 

dered in this paper that t~e dlmenslons of wed~ .• 
which can form In the roof ~nd sidew¡lls of ew­
cavations depend upon the spdn or rhe toc:T "",j 
thc h::ight of lhe sidewal!. lf such ¡10t-?i<t2.,\ 
wedges have been recognls~d at an eurly ~t-~~ ~~ 
excavatlon, the subsequent excavation sequence 
can be designed to permi~ the sequential ¡n~t~~-­

lation of relnforclng bcl•:s or cables" :Í::lnr.·~-' 
the pllot tunnel can be ~s~d as a~~ess for the 
insta!!a~ion of the first relnforcement whlch 
should have sufflcient capac!ty to support ¿ny 
blocks or w~dges whlch wo~ld be unstabie at the 
next excavatlon stsge. Once the n~xt ~ta~z has 
been excavated, addltional relnforclng es~ La 
lns•alled to sccure the exposcd fac~s cnd tú prc· 
vide support for subsequent staget. 



figure 6 : "Cathedral" fallure In the roof of 
a tunnel allgned parallel to the llne of inter­
sectlon of two well developed discontinultles. 

COHCLUSION 

In most pub!lcatlons deallng wlth the design 
of underground excavatlons, the emphasis is usually 
placed on lnstablllty dueto stress In the rock mass. 
iJhlle stress-lnduced lnstabllity ls lmportant, lt is 
not th~ only form of lnstabillty which must be con­
j(dered ~nd the treatment of structurally controlled 
stablllty problems has been reviewed In thls paper. 
Early recognltlon of potentlal lnstabillty caused by 
the lntersectlon of discontlnulties In the rack mass 
ls lmportant lf effective remedia! measures are to 
he deslgned. Simple klnematics checks can be used 
to ldentlfy potentlal problem areas. 

~here wedges of significant size are likely to 
be exposed In tne roof or sidewalls of an excavation, 
determlnatlon of .the slze and weight of these wedge~ 
i~ necessary In order that the length, capDclty and 
dlrectlon of relnforclng bolts or cables can be es­
tabllshed. Such detalled analyses can be carrled 
out wlth the ald of the stereographlc projectlon 
method outllned'ln thls paper or by a computer anal­
ysls of the lnteractlon of the excavation shapes and 
Ehe structural dl~continultles In the rock mass. 
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DESIGN, CONSTRÜCTION AND 
ANCE OF ROCK SLOPES ON 
PROJECTS 

MAINTEN­
HIGHWAY 

The most important factors which contribute to the inata­
bility of rock slopes on highway projects are: 

{a) Adversa geological discontinuities in the rack masa 
in which the slope is cut, 

(b) High ground water pressures in the rack masa, 

\e) Dsmaga to the rack mase causad by blasting, 
' The dosign of a rock slope dependa upon the early recog-

nition and interpretation of these factors, The paper 
describes the technique& which may be usect in both the 
feaaibility and the final dssign stages of highway pro­
jacta, The llBe of air photographa, field !Uapping and 
diamond drilling in geological interpretation ia consid• 
erad together with field and labot·atory tests to dotar• 
cine rock strength and ground water parameters requ1red 
for stabil1ty analysos, 

Emphasis 1a placad on the des1gn of blasting patterns 
for the excavation of rock slopes te minimiza damage to 
the rock meas behind the slope face. 

Even when the factors listad above have been recognized 
and incorporsted into a slope design, it may be 1mpos­
sible.~r uneconomic to design a atable slope which de­
penda only upon the strength of the róck masa, In &llch 
situations, remedia! measures must be considerad and 
these include the provision of drainage to relieve 
ground water pressures, the use o& anchored cables or 
bolts which apply restraining forces to critical por­
tions of the rock masa and the application of surface 
leyera to protect the exposéd rock masa against deteri­
oration causad by moisture and temperatura changas. 

HIGHWAY SITE SELECTION 
The primary consideration in siting a h1ghway is the 
location of population or industry centres to be servad 
by that highway, Once the overall route has been esta­
blished there is usually a considerable amount of flex­
ibility in the detailed route to be followed from one 
centre to the next and it is in tha selection of this 
detailed routing that geotechnical considerations can 
be of mejor importance. 

An examinat1on of sir photogrspha of potential h1ghway 
routes by .a trained observer will establish the location 
of such features as old landslides which should be 
avoided, 'if at all poss1ble, in routing the new highway, 
Detailed regional geological mapa exist for many parta 
of the world and these will usually indicate the broad 
ranga of rock types and structurel geological featuree 
which would be encountered on a particular route, Full 
use ehould be meda of euch mapa and en engineering 
geologist woul~ normally be able to identify general 
areae where potentiel slope stability problema could 
exiet and ,which should be avoided 1f possible, 

Having eetabliehed two or three possible routes on the 
basis of sir photography examination and a coneideration 
of the regional geology of the srea, field surveye of 
these potential routee ere then required, Initially, 
theee surveye can be carried out by engineering geolo­
g!sta or geologists with a eound underetanding of rock 
and soil elope behaviour and the survey resulte can be 
presentad in general descriptiva terma, Features which 
should be botad ere: 

(a) Steep-sided valleys in hard jointed rock where for­
mation of a highway cutting could induce instability 
higher up the slope, 

(b) Areas where existing inatability has been notad from 
sir photograph examination or where such instability is 
evident fro,ll) the ground. 

{e) The general su~face water flow characteristics of the 
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srea and particularly any seaps or springs which could 
indicate sub-surfece water flow which will have an ad­
versa influence upon stability, 

{d) The presence of clays, particularly activa clays such 
a·s montmorillonites, in joint fillings and in alope de· 
bris, These materials hava very low strength character­
istics and will generally ind1cate the ~sed for careful 
consideration of elope stabil1ty conditions. 

(e) The preeence of material such as. shales, mudstones 
and clayatonss which ere prone to deter1orate when ex­
posad to the atmosphera and which require special treat­
ment in slopee, 

(f) The presence of faults or of paTr.icularly well 
developed joint1ng which could play a dominant rola in 
slope bahaviour. 

The final choice of the h1ghway route can generally be 
meda on complet1on of these field survays and 1t is evi­
dent that, other factors permitting, the route with the 
smallest number of potencial slope problema should be 
chosen, In hilly or mountainoua regions, the opt1mum 
route may still include e number of potentially unstabla 
rock slopes, The remainder of th1s papar ie devoted to 
the detection, analysis, and treatment of such slopes, 

COMMON TYPES OF SLOPE FAILURE 
Severel common types of slope instability are 1llustrated 
in Figure 1 and each of thesa failure types is discussed 
briefly below. 

(a) Circular failure occurs in solla and soft rocks and 
aleo in rock masa·ea which have been very heavily dis­
turbad by glacial· or tectonic activicy. The failure sur­
faca is approximately hemi•spher1cal in shape and move­
ment is characterized by a slumping.of the crest of che 
slope and a bulging of the toa of the slope. Where 
ground water is prasent in the slope, the failure can 
occur quite suddenly and the fallad material can move a 
considerable horizontal distance from ita original posi­
tion, Under certain extreme conditions, the failure can 
take the form of a flow slide wh1ch has many of the 
characterietics of an avalancha and can move large die• 
tancea at high speeds, 

Many large landsl1des have the overall appearanca of 
circular fa1lures although, in many cases, portions of 
the fa1lure surface w111 follow pre-axisting weakness 
planee such as faults or bsdding surfaces. 

(b) Plana failures occur in slopos cut in rack meases 
w1th very strongly developed structural features such es 
faults, bedding planes snd joints, When one of theee 
structurel features, which is very much weaker than the 
intact rock material, is exposed in tha facll of the cut 
slope and 1s inclined at en angla greater than about 30" 
into the cutting, sliding can occur on this plana. Shear 
tests on the weak material can be perfo~~d· to determine 
the approximate cr1t1cal angla for etability, 

{e) l{edge failures are a more complex form of rack slope 
feilure in rack másses with strongly developed structural 
features, ·rn this case sliding takes place along the 
line of intersection to two discontinuity surfaces. Fig­
ure 2 illustrates a wedge failure in a rock slope. 

(d) Toppling failure can occur in slopes in which steeply 
dipping discontinuities separata the rock mase into a 
series of columna, This type of failure has only been 
described in geotechnical literatura in the past decade, 
The authors have found that it ie a surpris1ngly common 
failure moda, Recognition of potential toppling cond1-
tions in a rock masa ia icportant if offective remedia! 
measures are to be applied to a slope cut in thia rack, 

(e) Ravelling of heavily jo1nted rack is generally a 



gradual procese which occurs es a result of gradual 
1Jeathering of weak portions of the rock mass or becauee 
of freeze/thaw condittons in cold wet climates, 

{~) Weak sesma of shale or mudstone tend to weather more 
rapidly than surrounding rocks such as sandstone and 
this ca~ give rise to undercutting of blocks of the har­
dér overlytng roc!(s as illustratcd in Figure lf, Recog­
nltion of this potencial weathering problem is important 
:>~nce freehly exposed shale or mudstone may eppear to be 
good sound rock and the instability due to undercutting 

Figure 1: Commor. types of rock alope inatability, 

a) Circular failure in aoila and very disturbad 
and altered rock, 

b) Plane failure on through-going planar 
discontinuitiea. 

e) Wedge failure along the line of interaection 
of two discontinuities, 

d) Toppling failure in steep slopes in rock 
with steeply dipping discontinuities. 

e) Ravelling of heavily jointed and disturbad 
rock, 

f) Undercutting of blocka on slope due to 
weathering of weak seams. 

g) Rockfalls from heavily jointed rock masses, 
'h) Rockfalls from slope faces damaged by heavy 

blasting. 

Figure. 2:. Wedge 'taUure in a hard rock slope in­
volving sliding along the line of inter­

. section of two discontinuity planes, 

may take severa! years to develop, 

(g) Rockfalls from heavily jointed rock masses are akin 
to the ravelling procesa discussed in (e) above, Freeze­
thaw condiciona and deterioration of joint in-filling 
materials can result in individual blocks becoming de­
tachad and falling with very little warning, Scaling of 
loose blocks can be an effective remedia! measure. 

(h) Slope instability induced by excessively heavy blaat­
ing is a man-made problem brought about by an inadequate 
understanding of the procesa of rock fragmentation re­
sulting from the detonation of a contained explosiva 
charge, Figures 3 and 4 illustrate two extreme cases of 
this fragmentation, In the rack slope shown in Figure 3, 
serious fractures have been induced by very heavy blast­
ing and it will be noted that these fractures follow a 
tandom curving pattern, ignoring the natural fracture· 
planea in the rack meas, On the other hand, Figure 4 
shows a rack face created by controlled blasting tech­
niq''"::J and it will be seen that there are no loase un­
atable pieces in this faca. The amount of explosivas 
used in the closely spaced hales should be the minimum 
required to develop the tension crack which will form 
the final slope face, Favourable resulta in average rock 
will usually be obtained with the use of about 0,7 Kg of 
explosiva per square meter of rack faca, 

Figure 3: Damaga to a rock faca by excessively heavy 
blasting giving rise to rockfall instabili~y, 

Figure 4: Clean atable rock face cr~ated by pre-split 
blasting techniques, 

SITE INVESTIGATION FOR ROCK SLOPE DESIGN 
If prel1r.~1.nsry field surveye have established that ,m:; 
or mora of the failuro modas illustratsd in Figur.; t •l'.ll 

likely to be encountered ~long a chosen highway route, 
detailed investigations of araas of potential instabilit'l 
are requi•ed to esteblis!l the seriousness of the pro;>l:·!l9 
and to provide the basis for the desigr, of re111.ed:i.e..1. 1'.~• !­

sures. These sita :i.nvestigations :~hould inclüde seol·:~;o­
cal mapping of structural features in l:'Ock outcrops, ,!¡.­
tailed logging of diamond drill core to detect variatltJ¡. ,¡ 
in rock <:trength conditions and i:o cietermine attitet.:L ,_,¿ 
structuralfeatures in the rock maGa, rock strength testu, 
psrticularly of weakness pJ.anas and clay-fi.lled d·.;¡c¡¡¡·­
tinuities, and the observetion o~ ground water condi­
tions •. These latter observatioue., !nvolving the ir.sl;;,.:., 
tion of piezometers in diamond drilled borehc.lc!l, l:!,.·r 

very important since the presence of water in a rock 
slope is always detrimental to Btdbility ar-d the t~ii'""­
tion of water preseure by drainage io one uf the lrOill; 

effective snd economical remedia! measures, 

A detailed discuasion on sita t.weattgation tll~h.lic¡.•:..l 

exceeds the scopc of this papar ~•d the reader is "e­
ferred to the texc book by Hoek and Brayl ~hich deGcribea 
the techniques which should be usad a.'ld the interpr·,:,e­
tion of the resulta of the investigations described 
above. These investigations and tha subsaquent interpre­
tation and analysis of resulta should always be cAr:o:i'-"d 
out by sn engineering geologist or geotechnical engineer 
since serioue and expensive errare can be ~~~&de if th,' 
information is misinterpretad by '"omecne lac1<.1ng ~1:!:-.q~J.¿te 

training or experience, 

ANALYSES AND DESIGN 
Ho~k and Brayl have revie~ed the gl:'~phical and mathemat­
ical toc:vliquec which are available for the analysis oi 
the failure types illustrated in Figures la to d. They 



have alao diacussed thc influence of blasting on the 
stability of rock slopos (Figure lh). Sea aleo The Hodern 
Techniques of Rock Blaating by Langefors and Kihlstrom2, 
Most of these techniques are relatively simple and have 
been found, from·exparience in many practica! applica­
tions, to give a reliable basis for the design of rock 
slopes. · 

No analytical techniques are available for the types of 
failure ill~streted in Figure& le to g and the succesa­
ful design.'of slopes in which these problems occur de­
penda upori experience and an awareness of the rango of 
remedia! measures which aro avGilable for dealing with 
these failure processes, 

Normal rock 'excavation practica has generally been to 
specify that new slopes in rock be cut to 1/4 to 1 and 
that shallow, 'V' type ditches be uaed. These slopea 
were not designad according to the strength or quality 
of the rock. With the knowledge that now exista in rock 
mechanics, ·the atable slope angla can be determinad with 
reasonable success and at reasonablo cost. 

Where the rock strength or where the geologic structure 
is favourable, rock cuts should be designad and con­
structed with vertical slopes (Figure 5). This will re-
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Figure 5: Provided the rock strength and geologic struc­
ture is favourable, vertical slopes should be 
considerad using controlled blasting. (Drawing 
modified from Ritchie3), 

duce quantities, allow wider ditches to be usad and re­
sult in rockfalls dropping vertically into. the inner 
ditch instead of bouncing or rolling onto the highway 
(Brewner4). 

Where geologic structural weaknesses dip out of the elope 
at a steep angla the slope should be excavated to this 
angla (Brawner5). 

Controlled blasting using pre-split or cushion blasting 
should be specified for che excavation of all rock slopea 
where the geologic structure is orientad favourably for 
stability. · The rock in the slope will be subjected to 
leas dam~e due to seismic acceleration forces which, if 
larga, can bre_ak rock and open joints for tena of feet 
back from the slope faca. With controlled blasting, 
slopes can be excavated steeper and the slopes will ravel 
lesa, requiring much lesa maintenance over the years. 

Thc design must s~ecify the magnitude of the blasting in 
the main ares• of any cut be kept to a reasonabla minirnum 
by the use . of' delays. Normally not more than 500 pounds 
of explosiva per delay should be detonated at ene time. 

MAINTENANCE 
More problema gener~lly exiat with stability of rock 
slopes that were constructed decadea ago rather than on 
recent constructian·. This 1a generally a result of hap-

- hazard construction procedures that have been used in 
the past. · 

The most important maintenance techniques that are effec­
tive are ~~rizad in the following text, 

{a) Scaling the Rock Faca. 
Where the rock is jointed with random orientation or a 
limitad number of blocks appear to be unstable these 
blocks can be removed by scaling. A geologic appraisal is 
recommended to locáte rocks that require scaling. Scaling 
is normally not recommended where very blocky rock exista 
or where tha· rock dips out of the slope. Scaling can bo 
performed ~~ing' hand or hydraulic tools. If explosivas 
are used, care must be taken to ensure vibration does not 

loosen moro rocks than planned. 

(b) Flattening the Slope. 
Where excessive rockfalla occur or where the joints or 
bedding dips out of the slope, the slope can be flatten- · 
ed. A uniform slope may be used or the cut can be bench­
ed. The bench should be vide enough to clean &inca fall­
ing rock from above may bounce from a debris filled 
bench onto the road. 

(e) Slope Drainage. 
The most common method is to drill horizontal drain holea 
into che slope on 5 to 10 meter cen~ers for. distances of 
at least 10 matera and not more than 0.25 times the. slope 
height. If the holea collapse, perforated plasr.ic pipe 
should be installed. If ice glacicrs develop the drains 
must be insulated or heated with heating ~ables, A track 
mounted percuss1on unit can be usad for rapid installa­
tion. The drains are particularly effective in soft rock, 
A typical drain is shown in Figure 6. 

Figure 6: Horizontal drain installed to .reduce the water 
pressure in a rock slope. 

(d) Surface Stabilization and Shotcrete. 
Concrete can be sprayed on the rock faca to increase re­
sistance to ravelling, to reduce weathering.and to seal 
exposed joints. The procedure is particularly applicable 
to blocky slopes. The rock must be ~lean and wetted 
prior to appl~cation. A thickness of only 4 to 6 cm. is 
required for long term stability. Where larga blocks 
exist with joints far apart the shotcrete need not cover 
the entire aurface of the intact rock but need only ex­
tend 20 to 25 cm. beyond the cracks. Far more shotcrete 
than is actually needed ia frequently applied by the 
contractor at considerable unnecessary expense. Frequent 
drain openings are required so that water pressurc does 
not build up behind the shotcrete. Flgure 7 shows a 
typical portable shotcrete plant and application. 

Wherc the rock is extremely blocky or the zone of weath­
ering is considerable, wire mesh can be pegged to the 
rock, followed by the application of shotcrete. 

(e) Rock Support with Rock Bolts or Cables. 
Rocka which provida key aupport to blocks higher in the 
slope can be stabilized by the inatallation of rock 
bolts, To develop long term stability, they should al-

Figure 7: Portable shotcrete plant (left). Field appli-
cation to stabilize rock slope (right). 

ways be tenaioned end fully grouted. The tensioning in­
creases the shear strength along the joint and the grout­
ing resista stress relaxation and minimi~cs the proba­
bility of corrosion. The installation should be de9igned 
to develop a specific load capacity. In soft rock, bolt9 
may be usad in combinatiun with shotcrete and wire mesh. 
Figure 8 shows rock bolts being installed. 



----------------- ------------------
Where the rock joints dip out of the slope at a modet­
_,¡r,.¡ly steep· ang¡e, short steel dowels can be grouted l;1 

p~ace in front of the rock faca to previda support. 

r:¡;¡ ... re 8: Installution of L'OCk bolts. 

~~ :.oncrete Support Buttresses, 
"'"ue lary.e blocks of rock ovsrhang a r>lope or where 
~:.:cavation may \lndennina a larga volume of rock, a coa­
. ·cte butt..·eas can be c~.latructed to previda support. 
Se~' f1gure 9. The buttrA!13 D<llBt be capable of taking the 
,_ll load of the rock above. Usually the buttress should 

'o;.l l:ayed into the rock w:!th steel dowels. 

Figure 9: Concrete buttress to support rock, 

(g) Special Ditch 1'-aign. 
Highway ditchea can often be economically excavated with 
sufficient depth and a steep roadside slope to catch the 
majority of the rock which may fall 1nto the ditch. On 
lees important roads, this procedure is reasonable. 

(h) Catch Walls. 
Where it would be expensive to devclop deep ditchea the 
construction of catch walla can be effective to control 
rolling rock. The alope sida of the wall must be v~rtical 
to reduce the potential of the rock rolling up and over 
the wall. coñcrete walls are rigid and frequantly craclt 
and brea~.when hit by larga rocks, Ghbion walls are more 
resilient to impact, and leas expansiva than conc~ete 
walls, see Figure 10. 

Figure 10; Rock filled gabion wall constructed to catch 
. · roÜirtg rock. 

(i) Wire Mesh Blankets, 
Whare blocky rock is prevslent in the slope and ravell­
ing is a problem, ~re mesh draped ovar ths slope can be 
effactive in' controlling rockfall, see Figure 11. 'The 
blocks roll down behind the wire mesh and drop into thil 
ditch where they a!e removed with maintenance equipment, 

Figure 11: Wire mesh draped ovar a blocky rock slope. 

(j) Rock Sheds. 
In very rocky moUrttain areas where rock tends to roll or 
fall from a considerable height, it may be necessary to 
conatruct rack sheds to carry the rock over the highway. 
Figu~e 12 shows both concrete and timber ~heds, 

Figure i2: Concrete and t!~: ~r rock- ahaaa. 

RECORDS OF ROCKFALLS AND SLIDES 
In areas vhere rockfalls occur, records ehould be ~~in­
tained which record every serious fall vhic~ requirea 
maintenance clean-up. At such time aa funda al'e avuilr.':l!"' 
to improve stability, the recorda will show ~he locatlon 
where the most frequent and most serious falla occur. 
Stabilization of these oreas can then be developed on a 
rational priority basis. 
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ESTABILIDAD DE TALUDES EXCAVADOS EN ROCA 

Carlos A. Seto 

El siguiente artículo ha sido reproducido de la revista técnica 

MI~ERALES, publicación oficial del Instituto de Ingenieros de Minas de 

Chile, Vol. XXX, No. 131, 1975. 

El artículo constituye una recopilación de información (ver 

referencias) acerca de los principios básicos que gobiernan la estabilidad 

de taludes en roca. Se discuten aspectos económicos y de seguridad, 

propiedades mecánicas fundamentales de la roca y sus modos clásicos de 

falla, factores que influyen en la estabilidad, principios de los métodos 

de 'estabilización mediante reforzamiento, etc. 

El objetivo Último de este artículo ha sido discutir brevemente 

los principios.básicos enunciados y, al mismo tiempo, ayudar a definir la 

naturaleza de aquellos problemas cuyo estudio y solución requiere el uso de 

servicios especializados. 

En esa fecha, el autor ocupaba el cargo de Ingeniero Inv~stigador 

en el Centro de Investigación Minera y Metalúrgica (C.I.M.M.), en Santiago 

de Chile. El artículo fue publicado poco después que el autor concluyera 

sus estudios de post-grado en Mecánic~ de Rocas en la Escuela Real de Minas 

··e Royal School of Mines), Colegio Imperial de Ciencia y Tecnología (Imperial 

ColÍege of Science and Technology) Londres, bajo la supervisión d¿l Dr. 

Evert Hoek, quien entonces era Profesor de Mecánica de Rocas en la 

Vniversidad de Londres. Desde 1975 a la fecha presente, el Sr. Soto ha 

mantenido el cargo de Ingeniero de Mecánica de Rocas y Estabilidad en 

G.older Associates, Vancouver, Canadá. Esta empresa es un grupo 

internacional de ingenieros consultores geot;cnicos y de minas. 



ESTABILIDAD DE TALUDES EXCAVADOS EN ROCA 

J. II'TRODUCCION 

· Durante los últimos años el estudio de los proble­
m¡¡s relativos a taludes excavados en roca ha ad­
quiri~o una progresiva importancia, por la necesi­
dad de excavar taludes de grandes dimemiones re­
que,ridos tanto en proyectos de ingeniería de mi­
nas ·como civil (diseño de minas a rajo ·abierto, 
carreteras excavadas en roca, etc.) . 

Enfatizamlo la incidencia de este campo en la 
ind.ustria minera, es necesario mencionar que sus 
problemas específicos deben abordarse tratando de 
cQmpatihilizar dos requerimientos conflictivos: cos­
to mínimo de extracción de mineral, y ~eguridad 
razonable en la operación de la mina. En efecto, 
gr~ndes sumas de dinero pueden ahorrarse aumen­
tando el ángulo de un talud al disminuir la can­
tidad de. material estéril extraído para obtener una 
cierta cantidad de mineral, pero si el ángulo es 

· excesivo puede imlutirsc una f:llla o derrumhe con 
pérdidas considerables de vidas y ectuipos compro. 
metiendo la operaci6n futura de una mim1. 

Un diseño de talud óptimo ser;í entonces un 
compromi~o entre un talud suficientemente abrup­
to como para ser aceptable en lo el:onl'lmico, y 11110 
cuyo :íngulo es lo sufidentemente pec¡ueño c~.mo 
para ser ~eguro. . 

Actualmente para hacer económicamente facti­
hle una operacié111 minera a rajo abierto es ineludi­
ble sacrilicar una parte de la seguridad m:ixima 
en favor del beneficio económico. Determinar en 
qué medida esto puede hacerse es una cuestión 
tan importante como difíc.il. 

Otro asj>ecto c¡ue complica el problema pro,·iene 
de reconocer que la ma~a rocosa ilwolucrada en 
cada talud es •'111ica; y por lo tanto no existen solu­
ciones de rutina que garanticen la respuesta adc-

. cuada en todos los ca~os. Así, la soluci6n de un 
prohlenia pdctico individual debe comtruirse a 
partir de la información específica acerca de la 
geología. del lugar, 1 csistcncia de la m:1sa rocosa, 
ob~cr\'acioucs sobre el <~gua !'Uhterr:'mea, y una 
buen:r .do~i~ de ~entido <.oml'm de ingeniería. La 
proporc;ii'm en IJUC ~e mc1clan estos ingredientes 
'aria ~egl'm el Gl\o, tal como tamhién lo hace el 
tipo de herramienta o téwica disponible para 
comtruir una ~oluciún. 

• Jmntig;ulor del Centro de Inrcstigación Minera 
)' Mctalúrgrta (C:I\1.\1). 
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IJ. (:OI'S!DERACIOSES ECOI'OMJCAS '1 DE 

PLAI'IFICACION 

La íi1ffuencia- c¡uc- ejerce el ángulo del talud en el 
i.Ii~eño y economía de una mina a rajo- ahierto rc­
~ulta obvia. Ahora bien, dado que los l>enelicios 
ecotuímicos obtenidos al disetiar un talud relati,·a. 
mente ahrupto pueden ser anulados por las pérdi­
das causadas por un gran derrumbe o de\lil.:Jmicn­
to del tahtd, una e\·aluadém de la estabilidad de 
los taludes finalc~ de la mina es de import:mcia 
fundamental en la planificacic'm de la operación. 

Sin embargo el :íngulo de los taludes finales no 
es Jo único impor:ante desde un punto de vista 
emnbmico: tamhién es posihle ohtcncr grandes 
henefi<.ios por medio de taludes abruptos en las 
fa~cs inidales de la explotaciém. 

l'or otra parte, debe reconocerse c¡ue la estabi­
lidad no es lo único c¡ue determina los ;ingulos de 
talud l'lptimos a usar en un c;1~o pr:ictico. A~i. por 
ejemplo, influyen l:1s c;u actcrbtic:1s de los gr;mdes 
cc1uipos mineros c¡ue no pueden ser oper:ulos en 
hermas dcma~iado ango~tas. Adem;ís, la pendiente 
de Jos caminos ele tramporte debe mantenerse 
dentro de ciertos limites determinados por las 
condiciones de oper;lcibn c'lptimas de camiones y 
trenes, lo c1ue generalmente .<.onducc a la necesi­
dad de di~etiar talude' de ;íngulo menor. 

Dentro del problema global de considerar la 
e.tahilidad del wlud como un todo no debe pcr· 
dersc de \'Ísta el otro prohlema, de menor alcance 
fi~ic..o pero no menos importante, como es el de la 
c~tahilidad de hancos indi\'idu:lles. J::~to es funda­
mema! dc~dc el .punto de \'i~ta de la operalic'm dia­
ria. Así por ejemplo, un den umhe en un hanco 
por el cual pasa la principal \'Ía de tran~porte o 
en el cual ~e encuentra una instalaciém impor­
t:rntc, producirá ~crío~ tropielo~ en el programa de 
explotacic)n. E~tos problema~ relati\'amente pcclue­
rios, «JUC ocurren con C~lasa o ninguna advertencia, 
lÍertaínente c1ue también pueden producir pérdi­
cl;r~ de vidas y cl;uio a Jo~ cc1uipo~. 

lJ J. I'RI:-.<:II'IOS RA~KOS t:N I.A I'ALI.A DE TALUDES 

En el clbetio c)ptimo ele taludes exca,·ados en roca 
~e intema determinar el :ingulo de wlud más 
;rpropiaclo como funcic'ln de la altura del rnhmo. 
l'ara haLer t:~to, es necesario a~umir un· modo de 
cornportaniiento de la ma~a rocma. Una gran 



p;.rte del trail.rjo de iol\esti~;,cit'm en este :-o~r .. 1.o 
~e ha hecho pm.tlllando que la masa rocosa se cor.¡­
por'ta como un medio el.'rstico continuo. Sin em­
bargo, al tnrtar de obtener re~ultados pr;íctito~ e~te 
enfoque tiene grandes limitacione~. principalmente 
dehido a que nue>rro wnocimiento de las propie­
dades mednita~ de la~ ma•as roco~as es todavía 
muy limitado. 

Mucho m;b reali,ta entonce~ re~ulta el enfoque 
comrarlo, <¡ue tomidera que, en términos genera­
les' el comportamiento de una ma'>a rocosa esta do­
minado por di~comiuuidade•: planos de falbs, 
r 1 a(.tura~. planos de e~tra ti ficacit'on, etc. La masa 
rocosa e• a>i un medio di~continuo, cuyas propieda­
d~s mednica' revelan un;r re,i•teutia <.omiderable­
mentc menor que la de la roca iutacta o "rna. E'tc 
enfoque e• el m.Í\ utili1ado en el di~er'io práctico 
de ialudes exca\';tdm <"n roca. 

Debe de•ta<.arse. •in embargo. la importancia 
'lue la mednica del medio <outi1111o Ita tenido en 
la in\'C~tig-aur'.n. Por ejemplo. de dc,pl.ri.IIUicnto~ 

globales de la ma•a rocm.o. o c11 t'"luema' de flnjr> 
del agua ~ubte1 r;ínea. t'll doude 'e pucdcu apli<.ar 
ciertos métodos uumt'Ti<o~ talt:' <omo la tú nita rlc 
elementos finitos. 

'Relació1t en/re lo olltna uuixima y el tingulo 
de 1111 talrtd 

Aun cuando la e•tabilidad de~ nna ma•a rocosa 
puede eMac enteranu·rHt· domiuada por di~<.Otlli­

nuidade~ geolr'>gica•, l.rmbit·n hay \ituatinnes en 
que la orientatir'm e indill;u_ir'ln de t:'la' di,totni­
nuidade\ e, tal I(IIC 1111 de~litamit:rllo 'iruple de 
hloq.tc~ .. taiada, o curia, 110 e' l"''ihh:. El prou·,o 
de falla o derrumbe de t.tlt:' raludt•, <otl\i,tir ía t:ll­
tllll(;e' en una comllinat:iúu eutn· el 111111 imicnro 
~egúu e~a~ dis<.untinuidadc,, y la la! la dd 111a1e1 ia! 
intacto o rma ~ana. 

En tale• casos, es po.~ible e•petar lfllt' t.tlndt·~ 

m;ís altm y abrupto\ que los de una ~i tuat ir}u pw­
medio puedan •er e~tables. J>e hetho e'to ha ~ido 
coufirmado de mauera general por la e1·idcnua 
pr;ícti<.a re<.ogida en un gran nt'mrero de mina~ a 
rajo abierto. 

E'to puede ilu,trar\c en el grMico de la Fig. 1. 
c1ue ~uc•u·a una relar.:it'lu tipita (oll\·iamente no 
cxutta para cada Gr,o) entre la altur,r m;'rxima y 
el ;íngulo de talud<:~ en "roca dur;t", que p<na 
tale~ U">IHiicione~ auu •on e~t.rflles ('egt'm h.lcy 
y Luiton 1, y Ro~~-Browu~) . 

'l 1·:/'rol de lu1 tliiWIIlinuidutles e11 los jJrocesos 
1~e j,jf'¡a 

La indinatir'lu de Ia, 'uperficie~ de discontinuidad 
en la~ ur.tle• puede ourn ir u u de,lilamielllo puede 
lleg.rr a téuer uua iullucntia <ham."rti<.a en la es­
tabilidad de 1111 dctenninado talud. E\ta \ituación 
~e tlu,!•·a 1:11 la Fig. !!, que muc,tra la 'ariación 
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Figura 1 

de la altura crítica de un talud vertical en función 
del ;íngulo de inclinación de una discontinuidad 
plana, para taludes secos y saturados según datos 
de Hoek~. r.. 

bte g-rMico muestra que, por ejemplo, cuando 
la iudinacir';n de la discontinuidad es de 50" con 
rc~pccw a la horizontal en ambas curvas la <;itura 
uítica ele un talud disminuye a aprnximaclamente 
la rualta parte de l.t altwa critica <!el caso en qüe 
l.r di~continuidad es \'erti,·aJ u horizontaL La Je­
tenir'ur de e~to' ras~os geolcígicos es emonces de 
fundarnrntal importancia en los estudios de est:l.­
hilidad. La Fig. 2 es v;'tfid;: ~ólo para un ca:.c; espe­
cíl ico; e !la depende de los par;ímetros de resisten­
l.ia en la di~wntinuidad, y de la densitl«d de la 
IOta. 

:1 PropirdaclrJ mrnínicas ftmdnmentale~ 

Las propiedades medilicas Iil;ís im¡'ort¡¡ntes eu 
1elac.ir'm al ;rn;íli~is de la estabilidad de taludes so:' 
el ;íng-ulo de ft iccir'm, la cohe~ión y la densidad de 
la~ ma~as roco~a~. 

!'ara la ddinicic'ln de friccilm y cohesión púde­
mo~ 1 er 1111 ir a la Fig .. ~. que ilustra la \'ari:tciór. 
de la re\i~tencia al cizalle o corte r, con la fatiga 
normal a · r es entouces la fucrn por unidad de 
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área requerida para producir el deslizamiento a lo 
largo de una discontinuidad en presencia de a 
(fuerza normal por unidad de área) , según se 
m,u.estra en la misma figura. 
· Este gráfico es sólo una relación aproximada, 

··dado que en la mayoría de Jos casos prácticos la 
dependencia que aquí se ilustra como lineal es más 
bien· curva. La pendiente de esta línea es el ángulo 
de· fricción .p. mientras que la cohesión r es el va­
lor· de la resistencia de cizalle cuando la fatiga 
normal a es nula. Este es el caso, por ejemplo, 
cuando la superficie de discontinuidad se encuen· 
tra cementada, en donde se requiere un t' finito 
con a = O para producir deslizamiento. 

En consecuencia, la relación entre t' y a está 
dada por:· 

t' = e + a tg cp [1] 

··16 
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4. Deslizamiento debido a carga gravi{acional 

En orden a ilustrar el mecanismo de deslizamiento 
simple consideramos un bloque de peso W que 
descansa en una' superficie inclinada de áng~•lo a 
con respecto a la hor;zontal según la Fig. 4. 

R 

NaWcoses 

Figura 4 

La fatiga normal. esto es la fuerza por unidad 
de área que actúa en forma perpendicular a la 
superficie de deslizamiento, está dada por:· 

N 11-' cosa 
a=--= 

.11 A 
[2) 

donde A es el área basal del bloque. 
La resistencia· al cizalle o corte sení enton~es, 

de [i) y (2]: 

t' = c.+ W ros a 
--- tg cp 

A 
[3) 

y la fuerza resistente que se opone al deslizamiento 
está dada por : 



R = 1 A = r A + IF ,o,· a t¡; cp [•l] 

C;t;prdo el hloque ~e encuentre a )>111110 de em· 
pe1ar a de~li1ar. decimos que ~e ha alcanzado la 
coruliliún de "E<ptilihrio Límite". En dicha wn­
<li< i(111, la fuer1a perwrhador;r (que induce el de~­
Ji¡am·iento) e~ igual a la fueua resistente, o 

; J11 H'll a = e A + W cos a lg cp [5] 

Si la ·cohesión e e~ nula, la condición de equi­
librio límite ~e translor ma en: 

Cl = cp [6] 

5. Prt'\ltÍII d1• fwros y fatiga t'ft•ttiva 

l>epcndiendo de m1a ~erie de factores t<des como 
e: r.'gimen del c~currimiento de agua~ ~uperfiliales 
i nap••~ ~uuterr.ínea~. los poros o cavidades exis· 
tcntcs cnuc los g.amo, de un dctt•rminado mate· 
rial que pueden contener agua a pre~itin. Esta 
prc,itín de agua, !A• llamada también presit'ln in­
tcr~ticial o de p•>ros, actt'ta en todas direcciones. 
J::n particular lo hace en direccit'Jn contraria a la 
f.ttil?a normal auuatlte entre la~ ctr<t~ opue~tas 
de 1111a l<t\'idad o una di~contittuidad en la masa 
I'OlO~a. 

EMa t'dtima siwac.ic'm se Íthlica de manera es­
quem;ítica en l<t Fig. 5, que mue~ua el erecto de 
l<t prcsic'm de agua !A en una mue:.tra de roca que 
e~ Mlmetida ,, ciLalle, según una superficie de 
falla. 

cr 

C1 
Fic;¡ura 5 

l..t :atiga ttormal o (fati).\a total) que actúa en 
la ~uperliric de falla ~e reduce a la fatiga efcc­
tila (o·!l), que e~ la que efectivamente actLía nor­
ru.d a ·la \uperficie. En comccucntia, la relación 
l 1/ se 'n amfor ma en: 

1 = e + (o·¡.t) tg cp [7] 

Veu"" ''ltton(C~ que la prC\Cntia de ~~ produce 
una di~minudt'llr de la re\i~tencia al de~Ji,amicu­
to. En rel.u:u'111 al irngulo de fricción cp y la co­
hc~ión ,. debe nutar~c que: 

-En la mayoría de las rocas duras, así como en 
muc..ho' ~uclos areno~os y gra\ a~. e y cp no ca m· 
hian wn la pre~icín de agua ¡.t: la di.,minuciún 
de re~i,tentia al ciLalle l' ~e debe ca.,¡ crllera· 
mente a ~~ (dbminucicín de la fatiga normal de 
a a o·~t). En consecuencia, lo fundamental es 

la presicín de agua ll· y no el contenido de agua 
o humedad. 

- En rocas blamlas y arcillas, e y cp a su vez \'arían 
con el wntenido de agua lo cual, adem:ís del 
efecto directo de ~t, produce una di~miuución 
adicional en la resi~tcncia l'· 

6. Efecto de la p¡esiúll de agua c11 una grieta 
de tl'luiúll 

i'otlcmos e~tmliar e\te problema utililando el 
mi~mo an•ílr~is elemental del ca~o de un hlo<prc 
que de~cama en un plano indinado, ~eglrn la 
Fig. 6. E .. te bloque ~e encuentra ~eparado de la 
ma~a roco~a mediante una grieta de tensic'm, que 
a :.u ve" est;í llena de :rgua. 

R 

Figura & 

La preston de agua dentro de la grieta de ten· 
'ic'ln aumetlla Jinc;rlmcnte con la 1-rofundidad. 
En otra:. palabra~. e~ trn.t <li~trihucicitl hidrosr<Í· 
1 ita tic prc~ione~. tal <orno ~e indica en la figura 
.rnterior. Si como e:. una it.pc'ncsis h;~hitual, ia 
pre .... !'llr hitlro~t:ítica del fondo de l:t r;rit:ta puede 
trammi1i1~e hacia la ha:.c dd bloquc..•, dic..ha prc· 
:.i!'liJ :.e di~ipa a ~u \'Cl a lo largo del plano iucli· 
nado ha~ta <ttJular~e en conwuo ,-_on li.! prc:.iün 
atmo:.lérica. En la h;;;e del bloque ,cu~mos en· 
ton< es una nue1 a di:.trihuci!'lll lineal de prc:.i<,JlC& 
de ag-ua. 

La~ fuerJas totales resultante.> de estas ~lCJs dis· 
tt thutione' de pre~iones :.on U y V, como se in· 
dtc..a en la Fig. li. La condici.)n de C<¡uilibri~ lí;n:­
te puede e:.cribir:.e en e~te ca.,o: 

11' sen a + 1' = l A + (ll' cosa-U) tg cp (8) 

Ambas {uerLas, U y V, reducen la estal>ilid;¡_J, 
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puesto que U disminuye la fuer;:a re~istente y J' 
aumenta la fuerza perturbadora que induce al 
deslizamiento. 

7. EJtabilizacion media111e reforzamiento 

Uno de los métodos artificiales más efectivos para 
estabilizar bloques o cuñas localizados sobre dis· 
continuidades de deslizamiento potencial es el 
us'o 'de pernos o cables de anclaje· tensionados. 

Continuando con la mednica elemental de des· 
lizamiento de un bloque, ·consideremos el efecto 
que sobre él ejerce un perno de anclaje cuya di· 
rección hace un ángulo ~ con respecto al plano 
de eventual deslizamiento, tal como se esquema· 
tiza en la Fig. 7. 

Figura 7 

El perno de anclaje ha sido tensado hasta. apli· 
car una fuerza T, y asumimos que las fuerzas U 
y J' previamente discutidas también están presen­
tes. La condición de equilibrio límite se escribe 
entonces: 

W sen a+ JI-T cos ~ = cA + 
(W cos a-U + T sen ~) [9] 

En consecuencia, la tensión aplicada por el 
perno produce un doble beneficio: reduce la fuer­
za perturbadora en T cos ~ y al mismo tiempo 
a~menta la fuerza resistente en T sen ~ tg q,. 

La orientación óptima del perno de anclaje, ~, 
será aquella que requiere una tensión T mínima. 
Derivando la ecuación [9) con respecto a ~ se en­
cueptia que: 

B óptimo [10] 

8. El factor de seg11ridad 

Todo el análisis previo de estabilidad se ha 
ha~ado en la condición de equilibrio límite. E~w 
sugiere la· nece~idad de definir un índice o factor 
que entregue una idea de la estabilidad de un 
talud bajo otras condiciones, además de la deíi-

nida · como equilibrio límite. Puede definir~e así 
un factor de seguridad, F, como la razón entre 
la fuerza total que se opone al cle~lizarniento (re­
~is~ente) y la fuerza total que lo induce (pertur· 
badora). 

En el caso de! bloque ilustrado en la Fig. 7, 
sometido a las fuerza~ W, U, V y T, el factor rle 
segurid<~d ser;í: 

F = cA +_(W cosa-U+ T sen~) tg cp 
W sen a + V- T c:os ~ 

[ 11] 

La condición de equilibrio límite está repre· 
. sentada entonces por F = 1 y teóricamente cual­
quier talud cuyo factor de ~eguridad ~ea mayor 
que la unidad sed estable. Esto plantea problemas 
vitales que se discuten hrevememc a continuación. 

Una primera cuestión fundamental es determi· 
nar qué valor de F puede considerarse aceptable 
en un caso pr<íctico. Dada la incertidumbre que 
hay, primero en la elección de un modelo para 
representar un proceso fí~ico (por ejemplo, el des­
lilamiento simple de nuestro bloque), y segundo 
en la información entregada al modelo (ángulo 
de fricción, cohesión, densidad, etc.) , debe reco· 
nocerse que el valor calculado para F no tiene un 
sentido absoluto. 

Por esta razón, muchos autores, :Mcl\lahon4, 
entre otros, han sugerido la necesidad de uri en· 
foque probabillstico para evaluar la seguridad de 
un talud en b<~~e a la variación de cada uno de 
los panímetros que controlan la estabilidad. Sin 
emh<~rgo, esto e~tá aún lejos de ser una operación 
rutinaria, principalmente debido a las dificuhaúes 
para obtener una información 'completa que per­
mita efectuar un awílisis estadí~tico consistente 
para todos los parámetros iuvolucr<~dos. 

Lo m;ís adecuado es, por ahora, efectuar un 
análisis de sensibilidad para detectar la influencia 
de cada variable sobre la estabilidad del talud, a 
p<~rtir de un amplio rango de condiciones. Esto 
permite obtener, no factores de valor ab~oluto, 
sino c¡ue relati,·os y con precisión T<lLOilable. Tal 
informaci6u, junto a una dosis de buen sentido, 
generalmente permiten efectuar un diseño ade- · 
cuado y con ~ignificado práctico. 

9. Falla rotacional o ele volteo 

El factor de seguridad que se ha discutido recién 
tiene como limit:Jcil'>n e>tar ba~~!tlo en la falla por 
de~lizamiento del bloque solamente y no consi­
dera por t<~nto la falla por rotación o volteo. La 
condición elemental para e~te úitimo modo de 
falla, en el caso de un bloque que de~cansa sobn: 
un pl<~il<l indinado, ~e mue~tra en la Fig. 8. 

El bloque caení por \'Olteo cuando la indina­
dt1n ¡lel pl<~no, a. sea tal que el \cctor peso del 



Figura 8 

[;!oc¡ue, WJ pase por fuera de la base del mismo. 
Esto ocurre cuando: 

tg a > b 

/¡ 
[ 12] 

Comidcrando la influencia que es~e modo de 
ialla ideJ!itó.tdo puede tener en problemas rea· 
les, lo (¡ue de hecho ocurre e~ una falla por volt-:!o 
de e~trt1<.tu1 a; columna re~ que se hayan formad0 
debido a una particular geología e;tructural. El 
comportamiento real es sin duda mucho m<ís com· 
piejo, lnduyendo despl;11amientos en <.ualc¡uier 
disculllinuidad y reacomodaciún de bloques. 

El .u~o de cables u pernos de anclaje tambi(n 
es muy adecuado para refo11ar taludes en e~tc 

tipo de terrenos,. uniendo mediame ello varias 
columnas para producir unidades estructur,tles de 
mayores dimensione;, que pueden ser m;b estables. 

IV. l·ALLA SEGUN UNA IJISCONTII\UILlAI> I'LAI'iA 

La fall~ según u11 plano de discontinuidad es un 
fenómeno de ocurrencia 1elati1·amente raro en ta· 
lude; ex<.avado; en roca debido a (¡uc sc'Jlo en 
cien;,¡s u<.a>iolle> se cumplen toda; las condiciones 
gcométri<.as requerida;. para tal modo de falla. 
Según ~e ver;'• en 1<~ prc'lxima ;eccic'm, la falla •ipo 
<.uña es tnl GIMl m.í~ general, cuyo an;íli>i> admi· 
tiria a. la falla plana como un GI>~J espe<.ial. 

Sin embargo, 110 se debe de;conocer que la 
falb pl;111a o<.urre en oca,iolle~. especialmcme 
<.uandu cxi~te un control preponderante por parte 
de una. di;continuidad e,tn1nural. Ademits, este 
tipo áe anüli;is e, p<~rti<.ularmcnte útil para de­
mo>trar la ;emihilidad del taluu ante cambio; en 
la r'esi~'tencia al cilalle o en las condiciones del 
a~ua. ;ulnerr:ínea. Didw ,emibiliuad no es obvia, 
Íli mutho menos, en otros tipo> de análisis m;is 
wmplcjo>. 

l. Co11cli¡ iones geoméll icas 

Las siguiente> condiciones deben cumplirse para 

que el de;lizamiento ocurra según un plano indi­
vidual: 

a) El plano de deslizamiento debe tener un rum· 
bo paralelo, o dentro de -+- 20°, con re~pecto 
al de la cara del talud; 

1.:) El plano de deslizamiento debe asomar en la 
cara del talud, es decir ;u buzamiento o incli­
nación debe ser menor que el ángulo del talud. 
En la Fig. 9, esta condición se expresa como 

a<~; 

Figura -9 

e) La indinacic'111 del plano de falla debe ser ma­
yor que el ;íngulo de fricci6n en ese plano, esto 

·es u > e¡,. en Fig. 9. Comparar con la condi­
ción de equilibrio límite en ausencia de CO· 

hes1ón, a = q,. ;egün ecuacicín [tij. En defini­
tiva entonces, se requiere ~ > a > e¡,. y 

d) Para que el plano de deslilamiento no tenga 
una exten;ión ilimitada, debe haber ;uperfi­
cie> de desprendimiento laterales cuya resis­
tencia al de;li1amiento sea despreciable, las 
que se indican en la Fig. 10. Tales superficies 
110 ~e requieren en el caso de la ··narit" de un 
talud, donde un plano de falla temlria una 
extensión finita. 

5Up. de desprendimiento 

FilJ ura 1 O 
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2. l'us/itladuo~ ele! a1uí/i.1is 

C01'1 1 et11 ¡,·m a la Fig-. 11, el ;udli•i., de la falla 
Íllana de un talud ~e dcul1a ••sumiendo lo ~¡. 
guientc: 

[; 
H 1 

Figura 11 

a) Exi~tc una grieta de temi•ín de profundidad 
Z en la supcrfitie supc:rior del talud, cuyo 
rumho e• paralelo al de la ctra ,;el 1alud; 

b) La grieta de tcmi,·lll es ,·cnilal. y esL<Í llena 
de ;1gu.1 en una p10fua1<Pdad Za; 

e) El ;:gua entra a la •uper!i<.:ic de dc~Iimmicnto 
pur el fondo de la grieta de tensiún y e~curre 
e~c;1pando a p1 e~il'111 atmo,(ú ita en la tara del 

'talud. L•~ di~ll illlltiouc~ de plt\il'ln ~:: iudicm 
en la mi~ma Fig. JI; 

d) Toda~ la~ fuer/a\ pre\cutcs ( 11', U, 1') actúan 
a tran:s del ttlllro de gra1cdad de la masa 
•¡ue dc,lila, es decir. 110 hay momentos que 
ticudan a produtir rotati<'>u; 

e) L¡t JC\i\teu<.:ia al <.:Ílallc c:n la ~upcrfidc de dt~· 
lit.amicuto ~e de!iue en 1élmiuo~ de tohe~iún 
y !1 a<.:<.:iún, ~cglm la ec.uatión [ 1 ), cM o es: 
"C = r + o tg cp. y 

f) El an;íli~i~ es bidimensional. es decir, se aplica 
a una tajada del talnd de grosor unitario. 

El fauor de seguridad de cHe talud ~e define 
en forma similar a la dcducd!'m de la ccuacilÍn 
[111. cxc.epto que T 110 cH;'I presente y 1' es ahora 
horimmal, puc~to que );, grieta de 1tmi1'lll f'S ver­
ti<.:al. Es de<.:ir, 

F.·= 
.. 

cA+ (ll' cm u-U-T'scn u) lgcp 

11· se 11 u + V ws u 
[13] 

En e~te Gl~o. A es el .írea ele la superficie de 
dcsliJamitnlo. En !! dimcu~ioue~ C\ la long-itud 
de;><fc el loudo de la g1 icw al pie del talud, ~eglm 
Fig-. J l. El pc•o de la ma~a dc~li1ante es 11' . .-1 y 
11' ~c·-c.akulau a panir de la geometría indicada 
y la dtimidad de [;¡ ma~a mema. Adem;í~. la lucr­
la. total eje1tida por una dJ\tlihuc.it'm de prc•i1ín 
de agua e~ igual al o'uca de la dl\triiJU<.icín (trdngu­
lu~), ohtcu i(·ndo~c: 

V y .. z;.! [14] ,, 

u [15] 
2 

donde Y" e~ la den~idad del agua. 
El lauor de ~eguridad recién dc!iuido puede 

aplicarse a di1·erws casos paniculares, ya ~ca en 
que l'. V, o e estén ausentes. Para el c:\o di! un 
talud seco soAenido po1 fricción ~vlamente, la 
cwaciém [13) da: 

F [16] . 

cxpre~ic'lll c1ue e~ ccmsi~tente cc•n la condicit'm de 
cc¡uilihrio límite. cnaacicín [li), en tlliC~tro ptevio 
an;íli~is elemental ,)e un bloque. 

\'. FALLA TIPO CU¡i¡A 

E~te tipo cle falla, m;ís frecuente c¡ue la anterior, 
~e puede originar cu;mdo exi\te al meuos 2 planos 
cle cli~continuiclacl preponderantes c¡uc al interscc­
tar'e producen una cutia c¡ue puede 'clesli7arse 
h<tcia afuera del ~alud, como !o indi.::a h Fig. 12. 
E\tl' e~ el <:<t\o luanclo los pl;u;o~ de discontinuidad 
tienen rumho~ l>.~~tante dife•emes {fuera de :!::: 
20°) al de la cara del talucl. 

intcrseccion 

Fiy U! Cl J2 

.En el ;m;ílbis [5) simple c¡uc si~ue asumimos 
que el ;íngulo de fricción es el mismo en ambos 
planos, y c¡ue no hay cohesión (una hipó_tcsis co~­
~cn·adora) . La Fig. 13a mues u a una seCCIÓn verti­
cal c1ue p;t~a por la línea de intersección de amhos 
planos. La condición rcc¡uerida para que el c!es­
li7amientu ocurra es: 

[17] 
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en donde ·¡i, y a, son el ;íngulo del talud y la indi­
nacic'!n de l:t linea de inter~ecci<Ín medidos en esa 
partiqdar 'ecciún, y cp es el ;íngulo de fricción. 
Nc'!te~e la semeja n1a entre la ex pre~i<ín [ 17] y la 
condi<.iún para lalla plana di~cutida en la sección 
Jv-1., En la mi,ma figura ~e indican la~ compo­
neille~ del pe~o \V en direccione~ normal y para­
lel<l a la línea de intersección .. 

Figurd 13 a 

Consid('rando una ~ección perpendicular a la 
linea de intcrsecci<'111 de ambos planos, Fig. l~u. 

podemo~ •:alcul:Jr el factor de seguridad en· fun­
ci<'m de l.1s fuer1as o reacciones normales a cada 
pl;1ho, R., y R 11 , y la fuerza '"' sen tl., e~to es: 

f. = _(_H_,_+...:___R_,.:...) _t.:...g....:cp.:... [18] 
11' len a, 

Wcos04i. 

Figura 13b 

Debemos oljtener enwnces R., y R 11 en función 
de'•\'\' y la geometría de la cuña (;ingulo de volteo 
l\ y ;íngulo de la cuiia E) . 

Re\ol\'iendo para 1;;~ fuerzas horizontales se 
tiene: 

} E)= Ru Sl'll (180- (l\ + t E)) 

= llu 11'11 (1'> +~-E) 
(19] 

y pa1a lo!~ fuer¡¡•~ \'erticales: 

. U, r 01 1 ~ - ~ F) - U 11 I'OS (h + J E) = IV e os a, 
[20] 

'', lo• • • .... 
. '' ., 

de donde: 

IV cosa, un 1'> R_, + Rn = ___ .....:__.....:__ [21) 
sen 1· E 

y finalmente: 

F= 
sen l) 

[22) 
sen·} E tg a, 

Comparando esta expresión con [16), Yernos que 
ella es de la forma: 

F, =K· F. (23] 

donde F, e~ el factor de seguridad de la cuña, F. 
el de una e1entu:~l falla plana de un talud cuyo 
:"!ngulo es ~, y en que la discontinuidad tiene un 
buzamiento o manteo a,. El coe[iciente K es en 
general mayor que la unidad, puesto que de la 
Figura 13h vemos que(') > }-E- Es decir, F, > F •• 
y así el efecto de cuña ha aumentado el factor 
de ~eguridad comparado con ésa hipotética falla 
plana. · 

Las expresiones (22] y [23] muestran adem;is que 
la falla plana puede considerarse como un caso 
patticut' •• r de la falla de una cuña. En efecto, la 
falla plana puede describir~e como la de una cmia 
cuyos dos planos coinciden, esw es: E = 180°. 
Si adem;ís () ,= -! E = 90°, entonces K = l, y 
F.= F •. 

Por último, debe mencionarse que los ángulos 
/) y E se determinan mediallle proyección estereo­
grMira, una de~cripción de lo cual cae fuera del 
alcance de este artículo. Autores como PhillipsG, 
pre~entan un excelente tratamiento de tales técni­
cas. Existen abacos;¡ para determinar el coeficiente 
K que facilitan el c;ílculo iteratil'o y cartas de 
diserio simple muy expeditas. · 

El modelo presentado aquí es simple y particu­
lar, para ilustrar los principios básicos, pero la 
presente edición de ~~~~ERALES contiene otro ar­
tículo que presenta una t~cnica m:is general y 
sofisticada para el an;íl isis d<! cuñas. 

1'1. FALLA CIRCULAR: 

Los taludes excavados en roca son susceptibles de 
experimentar, principalmente, procesos· de falla 
de lo~ tipos pre1 iamente di~cutidos, con un fuerte 
<.ontrol de la geología estructural. Sin eml,argo, 
existen otros problem.ts en el ;irea minera que 
in\'olucran la presencia de materiales menos resis­
tentes, tales como ~uelo~ de sobrecarga y botadcros 
de las u e, en donde no existen estructuras domi­
nantes, y la supc1 ficie de falla busca lihtementé" 
el <.amino de menor re:.i~tcncia a tral'és del talud. 

Se Ita oh\erl'ado que en tales cin.ullstallcías la 
superficie de falla :.e acet ca a una forma circular, 
~egün la pr;'•ctica aceptada en ¡\lec;inica de Sudos 
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aplicada a taludes. En este campo hay una muy 
completa literatura disponibie (Terzaghi7, Bishops, 
et.c) , a la cual debería dirigirse el lector interesado. 
Baste sei'íalar aquí que tdl comportamiento _puede 
encontrarse eri la roca fr'!gmentada que (onna un 
botadero de lastre o de ripios, suelos de sobre­
carga en un talud, :'o incluso en ciertos taludes 
excavados· en roca altamente alterada o meteori­
zada que hayan. _'perdido -un control estructural 
definido. 

VIl. OBSERVACIONES FINALES: 

En un cámpo ·-tan. amplio como son los taludes 
excavados eh roca, el prop0sito de este tral>ajo 
ha sido plantear los principios fundamentales que 
rigen su comportamiento mediante modelos sim­
-ples y elementales. Estos permiten ilustrar la in­
fluencia de los principales par;ímetros en la esta· 
bilidad de un talud, la cual resulta mucho menos 
obvia en los análisis más complejos. 

. El factor de seguridad, F, debe utilizarse de 
preferencia para estudios de sensibilidad, como 
se ha méncionado. El problema de definir un valor 
a,ceptable de F para que un talud sea estable, ?Or 
ejemplo entre 1-3 a 2,0, es función de la con­
fianza .que inspiran el modelo de análisis utilizado 
y la información que se le entrega. Cuando des­
pués de \)n análisis simple persiste una consi­
derable duda,· lo más razonable será recurrir a 

,, ! 

,. 

técntcas más compleja~ y f o a lo5 servicios especia­
lizados que puedan estar- disponibles. 
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