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. - ¡LE AGRADO "SU ESTANCIA EN LA DIV\SION DE EOUCACION CONTINUA? 

Si INDICA QUE "NO" DIGA PORQUE" 

2.- MEDIO A-TRAVES DEL CUAL SE ENTERO DEL CURSO: 

PERIODICO FOLLETO GACETA OTRO 
EXCELSIOR ANUAL UNAM MEDIO 

-
PERIODICO FOLLETO REVISTAS 
EL UNIVERSAL DEL CURSO TECNICAS 

3"- ¿QUE CAMBIOS SUGERIR!AAL CURSO PARA MEJORARLO?" 

4"- ¡RECOMENDARlA EL CURSO A OTRA(SJ PERSONA(S)? 

JGJI NO 
11 

5"- ¿QUE CURSOS LE SERVIRlA QUE PROGRAMARA LA DIVISION DE EDUCACION CONTINUA. 

6"- OTRAS SUGERENCIAS' 
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USO DE EXPLOSIVOS EN ROCA 

ANTECEDENTES 

El uso de los 'explosivos es más una técnica que un arte. 

Hasta ahora el método más económico para fragmentar la roca 

es mediante el uso de explosivos. 
,, 

La teoria está soportada por la práctica; de tal manera que 

el diseño de .voladuras se realiza más por la relación entre 

parámetros que. mediante fórmulas teóricas, por ejemplo: la 

relación entre el diámetro y el bordo. Es necesario compren­

der cómo trabaja el explosivo en la roca, para lo cual se re­

quiere del conocimiento de las propiedades de los dos elemen­

tos, .ea. Jtoc.t:t y .tol> ex.p.tol..<.val. • 

EN RELACION A LA ROCA SE PUEDE DECIR LO SIGUIENTE: 

Calidad 

Tenemos una gran variedad en la calidad de los macizos rocosos 

en función de su estruc;:tura y resistencia ( c.Gl.ltGláeJtüt:tc..<.án del. 

mo.c..<.zo Jtác.ol.a) .' Este término de calidad involucra muchas propie­

d~des del macizo rocozo, por ejemplo: velocidad de transmisión 

de ondas de compresión P, resistencia en compresión simple, 

densidad,, dureza, anisotropía, homogeneidad, flujo de agua, 

tempe):"a_~ra y e~tado ·de esfuerzos interno, son algunas de las 

propied~es más i~portantes de las rocas para su utilización 

en el diseño de voladuras. 

Mecanismo de fragmentación 

En todos los tipos de roca tenemos que la resistencia en com­

presión simple es mucho mayor que la resistencia en tensión, 
• 
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cortante o flexión (del orden de 10 veces para tensión y cor­

tant-~;::~' 4. S veces para flexión) . 

De acuerdo con lo anterior, los mecanismos de fragmentación 

están diseñados para Jr.ampeJt .ea Jr.Oect pall teM.<.ón, c.allte lf ó.te:U:.órt más 

que por compresión. ' 

Cuando existe una cara libre se produce el fenómeno de refle­

xión y refracci4r de las ondas de choque de compresión o pri­

marias P, creándose vibraciones de alta frecuencia (150 a 

200 c.p.s.) que dán lugar a impactos de tensión intermitentes 

por razón de la.fuerza centrífuga hasta que estas fuerzas de 

inercia vencen la resistencia a la tensión de la roca y enton­

ces se produce el desprendimiento de fragmentos de roca a par­

tir de la periferie hacia el centro. 

Por otro lado, las fracturas de tensión en el cilindro de pare'"' 

g!:uesa avanzan y los gases penetran en ellas produciendo eJ: 

desplazamiento d~, lo:~ fragmentos de roca. T.ambién se produce 

un efecto combinado, semejante a una viga con un apoyo empo­

trado y otro libre bajo la carga de presión producida por el 

2~:plosi vo. 

EN RELACION AL EXPLOSIVO SE TIENE LO SIGUIENTE: 

Que la gener~ci6n de la explosión o voladura ocurre por oxida­

.:~ión o reducción de com:.Ycstible a alta presión. Durante esta 

reacciójl se producen temperaturas de 5000°C y gases a presiones 

muy ait!s que varían entre 15 000 y 150 000 kg/cm 2
• 

Esta presión se produce súbitamente en forma de impacto, pro­

pagá~dose las ondas de choque a velocidades entre 2000 y 

7000 m/seg. 

2 



El trqbª=Oio realizado por 1 kg de TOVEX es de 580 ton-m/seg, 

·O se~~f~e-puede levantar 1 ton a una altura de 580 m en un 
1 • .. ~ ... -_ 

segundo, equivalente a 5800 KW y lOO kg a 580 000 KW. 

INGREDIENTES Y COMPOSICION DE LOS EXPLOSIVOS 

La mayor parte de los explosivos comerciales son mezclas de 

compuestos que contienen 4 elementos·básicos: carbón, hidró­

geno, nitrógeno ~oxígeno. 

Otros compuestos con elementos tales como sodio, aluminio y 

calcio, se incluyen _para producir ciertos efectos desé'ados. 

Como regla general estos·componentes deben dar·un balance de 
' ' oxígeno correcto. 

Esto significa que durante la reacción todo el oxígeno dispo­

nible ·en ~-la mezcla reaccione ·solamente para formar vapor de . 

\ 

a. gua (H 2 O·) y que con el carbón reaccione para formar únicamen­

te bióxidó de·carbono (COz) en forma de gas y el nitrógeno 
' 

quede libre formando sólo gas· nitrógeno (N). 

Cuando hay otros elementos ,además de los cuatro básicos, por 

ejemplo sod.Lo, deberá incluirse suficiente oxígeno adicional 

para lograr una combinación balanceada. 

Cuando h~y exceso de oxígeno disponible, se producen gases 

altamen4·venenosos, como los gases nitrosos NO o N0 2 (óxidos ----- ;-:,. . . 

de nitrófjimo). Estos gases son fácilmente detectables por su 

olor y color cafl-rojizo. 

Por otro lado, si estamos en defecto de oxígeno, se forma el 

mortal gas monóxido de carbono (CO) , el cual desafortunada­

mente no es detectado por olor ni color. 

3 
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Además;:;de la formación de gases venenosos ~or exceso o defi-
-

ci~~t~' ?e oxígeno, se produce una disminución de temperatura 

con una .consecuente reducción en la presión de los gases pro­

ducidos. 

Para ilustrar los efectos del balance de oxígeno en el AN-FO 

(nitrato de amonio-aceite combustible) como agente explosivo, 

tenemos: 

l. Oxígeno balanceado 

3NH,NO,. + CHz.· 7Hz) +COz + 3Nz 

3 ( 8 o) + 14 

240 14 
254 = 94.5% ; 254 = 5.5% =<> 0.94 K cal/gr 

nitrato de amonio + aceite combustible (dies,el) 

2. Oxígeno en exceso (positivo) 

., 

+ Chz llHzO + COz + 4Nz + 2NO 

= 3.4% + 0.61 K cal/gr 

Ademá!~ de que sii-: pr·.;.:.iuce rnr.~nos temperatura y presión se 

p:oduce gas nitroso (NO) , que es un gas yenenoso. 

Oxig8nc defici.~nte (negati7o} 

~~ 2NH,NO, ,. CHz + 5Hz O + 2Nz + co 
.•4, 

- .i 
92% 8% + 0.82 K cal/gr 

·O 

Se tiene menor t2mpera·tura y presión y se produce monóxido 

de carbono (CO) que es mortal. 
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La reacpípn química más eficiente para el ANFO es 94% de 

nitrat~~~amo~io y 6% de aceite combustible diesel. 
-:- .. -~ . 

Se pueden producir otros agentes explosivos más potentes, 

por ejemplo utilizando aluminio: 

240 2 ( 27) 

81 . 511-" 18.5% + 1.5 K cal/gr 

, .. 
La desventaja de este compuesto para uso'· comercial es su 

alto costo. Se usa sólo para explosivos militares. 
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CLASIE'I&ACION DE LOS EXPLOSIVOS 
.=::-_:_-~· -. ., 

Los ingredientes usados en'la fabricación de explosivos se 

definen como: explosivos bases, oxidantes, antiácidos y ab­

sorbentes. 

Un explosivo base es un sólido o líquido que bajq la acción 

6 

de sufici~nte calor o impacto se transforma en un producto 

gaseoso con acomp"'añamiento de energía calorífica. Los combus­

tibles y oxidantes se agregan para lograr el balance del oxí­

geno. 

Un anti~cido se agrega para incrementar la estabilidad en 

almacenaje y un absorbente se agrega para absorber o proteger 

los explisvos bases. 

Un aqente explosivo es cualquier material o mezcla compuesto 

por un combustible y un oxidante, de tal modo que ninguno de 

3\lS ingredientes sea explosivo base. 
/ 

En este caso la mezcla ANFC no puede ser detonada por un 

estopín No. 8, que contiene 2 gr. de una mezcla de 80% de 

fulminato de mercurio y 20% de clorato de potasio. 

L.~~ adici9n de un ingr-;. .. di,:=:!1te explosivo corno ~1 TNT, cambia 

la cla~ijicación de la mezcla de agente explosivo a explosivo. 

:,:,c.c. agente3 explosivos pueden ser clasificados como -agentes 

explosivos secos- o -agentes explosivos "slurry"-. El ANFO 

~~Jente ~xplosi.vo sec::) se i~ici6 en 1950. 

6 
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Hidrog&les 
- -4 

- "'=- ... _ 

Los hidrogeles son los explosivos más recientemente desarro­

llados y actualmente son los más utilizados·~ Se fabrican en 

formulaciones ·tanto de agentes explosivos como de explosivos. 

Contienen alta ,proporción de nitrato de amonio, parte del 

cual está en solución acuosa y dependiendo del resto de los 

ingredientes, pu~e ser clasificado como agente explosivo o. 

explosivo. 

Los agentes explosivos contienen ingredientes no sensibiliza­

dores, como aceite combustible, carbón, azufre o aluminio, y 

j 

no constituyen cápsulas-sensitivas, mientras que los explosi- ~. 

vos hidrogeles sí contienen ingredientes como TNT que los 

transforma en cápsulas-sensitivas, el TNT sólo es una cápsula­

sensitiva. Las mezclas del nitrato de amonio y los aceites ,o 

los sensibilizadores se ~spes~n o gel~tifican con gomas para 

proporcionar resistencia al agua. 

r 
Los hidrogeles .son más seguros y no detonan aún barrenando 

aobre ellos, lo cual no sucede con las gelatinas. 

Dinamita pura 

La dinamita pura está compuesta por; nitroglicerina (NG) y 

sílice (Si0 2 ) en proporción 50% (NG) y 50% (Si02l hasta 

25% (N~y 75%. (Si0 2 ) (Kieselgur o tierra de diatomeas o 
i~ 

infusorf9s). Normalmente se fabrica en 20 a 60% (NG) y 

4'0 a 80% (NS + C, donde NS = Nitrostarch. 

7 
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.c:-.:TABLA 1 INGREDIENTES USADOS EN LOS EXPLOSIVOS . =----..., 
- -::~--

.. ,._." 

INGREDIENTE 

Nitroglicerina (NG) 

Trinitrotolueno (TNT) 

Dinitrotuleono (DNT) 

Glicol de etileno 
dinitrato (EGDN) 

Nitrocelulosa 
~ .. 

Nitrato de amonio (NA) 

Clorato de potasio 

Ferclorato de potasio 

Nitrato de sodio (SN) 

Nitrato de potasio 

Pulpa de madera 

Aceite combustible 

Parafina 

ACé}i te para lámpara 

Gis 

1 Oxido de zinc 
' ! Aluminio (metal) 

1 Magnesio (metal) 

i :{'.5.~~-~·;elgur 

1 
: 
i Gxigeno líquido 
i 

Azufr.e} 
-------

Sal T 
.. _;, 

Compuestos orgánicos" 
nit.:c_·o.sos 

FORMULA FUNCION 

C3H3(N03) i Explosivo base 

C5HzCH1 (NOz) 1 Idem 

CzH, (NO JI 2 

C5H7 (N03) 10z 

NH,N03 

KCI01 

KCiO, 

NaNO• 

KN01 

C6H1o Os 

CH2 

CH2 

IC 

\ caco 3 

! ZnO 

i Al!. 

! Mg 
. .S j_Ql 
! 

l o~ 
i 
' S 

NaCl!. 

¡ 

Idem 

Idem, anticongelante 

Idem, gelatilizante 

Idem + oxidante 

Idem + oxidante 

Idem + oxidante 

Oxidante, reduce 
congelación 

Oxidante 

Absorbente, combus­
tible 

Combustible 

Idem 

Idem 

Antiácido-estabili­
zador 

Idem 

Catalizador 

Catalizador 

Absorbente anti-cake 
diatomeas o 
infusorios 

Oxidante 

Combustible 

Anti-inflamante 

1 
1 ' . : 

Explosivo base-, 
sensibilizador·es, 
anticake 

'------------·------'---- _______ ___L _________ ___J 
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/ 
T~~ 2 ENERGIA CALORIFICA (Q) PARA ALGUNOS EXPLOSIVOS 
- == -- -e:- _ __, 

. ·-e-:,.-~-, EXPLOSIVO DENSIDAD Q (cal/gr) 

~ 

Nitroglicerina (NG) 1.6 1420 

PETN ' 

Pentaeritritetetranitrato 1.6 1400 

RDX ' 1.6 1320 

Compuesto B 1.6 1140 

Tetril -... 1.6 1010 

NG, Gelatina 40% 1.5 - 820 

Slurry (TNT-AN-H20) 
20'-65-15 1.5 770 

NG, Gelatina 100% 1.4 1400 

NG, Gelatina 75% 1.4 1150 

AN, Gelatina 75% 1.4 990 

NG, Dinamita,40% 1.4 930 + 

AN, Gelatina.40% 1.4 800 

NG, Dinamita 60% 1.3 990 

PETN 
i 

1.2 1200 

Semigelatina, 1.2 940 

Dinamita extra 60% 1.2 880 

Amatol, 50/50 1.1 890 .. 
RDX 

1 

l. O . 1280 

DNT ,. l. O 960 

TNT-AN (50-50) i l. O 900 
' 

1 TNT 1.0 870 
i 

ANFO (94-6) ·, 0.9 890 

AN l 

1 
0.8 350 t-

-~-- -;.; .. 
. -e 

9 
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Pólvora:cnegra 
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Es el explosivo comercial más antiguo. Originalmente era una 

mezcla de nitrato de potasio, carbón vegetal y azufre; ahora 

se usa nitrato de sodio en lugar del nitrato de potasio. 

Composisión: Nitrato,de potasio 

Carbón vegetal 

Azltfre 

\ 

75% 

15% 

10% 

Cuando se usa nitrato de sodio se disminuye un poco su por-

centaje aumentando el -carbón y el azufre. 

Tiene propiedades indeseables para su uso, razón por la que 

ha sido sustituida. 

Es extremadamente sensible al deflagarse o quemarse explotan­

do a baja velocidad (1300 pies/seg). Se usa en forma limitada 

en rocas blandas en car1teras. 

VELOCIDAD DE DETONACIC::i 

La propiedad sol·a más importante a considerar al evaluar la 

po·tencia dG un explosi-\:.:, DS su velccJ.:~.ad sónica y puede- ser 

confinada o no confinada. 

La. veloci_dad de detonz.:::i.5cc confinada ec; una medida de la velo­

cidad crnt-_que viaja las ondas de compresión a través de una 
!" 

columna de explosivo dentro de un barreno u otro espacio con-

finado, mientras que la velocidad no confinadá se obtiene 

cuando se detona el explisvo a cielo abierto. 

10 
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Como.c:lo];- expl"osivos se usan con cierto grado de confinamiento, 

-;¿~~-S.,·. . 
es rit-~"'$ignificativa la velocidad confinada. 

~---

La velocidad de detonación confinada en los explosivos comer­

cial~s varia entre 5000 y 25 000 pies/seg. 

Las velocidades no confinadas son del orden de 70 a 80% de la 

velocidad confinada. 

~ 

PRESION DE DETONACION 

La presión de detonación es una función de_la velocidad de 

detonación y de la densidad del explosivo. Usualmente no se 

menciona. como una propiedad, pero es muy importante en la . 
selección del explosivo. Cuando se tiene una cara libre se 

producen esfuerzos por impulso que son reflejados en la roca 

y son parte importante del'mecanismo de 'rotura o de fragmen-

. tación. 

La relación entre la velocidad de detonación, la densidad y 

la presión de detonación es compleja. La siguiente expresión 

es una de las-aproximaciones obtenidas: 

en donde: 

p = 4.18 x '10-7 oc 2 

1 + 0.80 

presión de detonación, en Kbar 

1 Kbar = 14 504 lb/pulg 2 

D densidad 

e velocidad de detonación, en pies/seg 

11 



Hay cfi!e'"'distinguir entre presión de detonación y presión de 

ign.i¿'ik~,o de explosión, 

12 

La presión de ignición o explosión es la que produce el cho­

que o impacto y tiene un valor del doble de la presión de 

detonación. Esta presión de choque o ignición se caracteri­

za por una onda muy puntiaguda frente a la cual toda la mate-

ria es ionizada y pulverizada. 
-... ~Or---------------~ 

¡e, 
1.- ANF0-94/6 Granulado 
2.- ANFQ-94/6 Fino 
3.- AN-Dinamita 60\ 
4.- ·NG-Dinamita 60\ 
S.- TNT-AN-H 0-20/65/15 
6.- AN-GELATINA, 75\ 

1 " 
V> 14.-
0-IZ 

§ 10.-
o 
o a ...--

"" :z " o 4 -V> 
LiJ 'l 
~ 

0..... o 
o 

CURVAS DE I'IillSION CALCUT,ADA BAJO CONFINAMIENTO PERFECTO 

Cli.LIDAD DE GASES 

L5 detonaci6n id~al de los explosivos comerciales es que 

deben producir va¡:>or de ¿¡,g•.<a, bióxido de carbono y nitrógeno. 

Sin e~-~~go, gases venenosos como el monóxido de carbono y 

óxidos ~nitrógeno (gases nitrosos), se forman muchas vece,;. 
'. 

En excavaciones a cielo abierto los gases venenosos no son 

importantes, p~r eJ. contrario, en excavaciones subterr~neas 

hay que tener cuidado con ellos~ 

12 
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CRITE~.Q§ PARA SELECCION DE UN EXPLOSIVO 
.~~f~-

·-· -~ .. --

Para cada sitio habrá un explosivo que proporcione los mejo­

res resultados: 

La selección del tipo más adecuado está en función de las 

propiedades geomecánicas·de la roca, ·como son: estructura, 

dureza, densidad, resistencia, humedad, ventilación, etc., y 

. . de la fragmentactin obtenida: altura y proyec~ión del banco. 

En rocas duras·y densas, como la Taconita y los Granitos, un . ' 

explosivo de alta ve¡ocidad tendrá buenos resultados; sin 

embargo, posiblemente el ANFO también diera buen resultado y 

es más económico. 

En rocas blandas:deben usarse explosivos de bajas 

por ejemplo: caliches y basaltos vesiculares. 

'· 

velocidades, 
' 

En general, la velocidad de detonación de~e ser igual a la 

velocidad sónica del macizo rocoso (velocidad de las ondas P 

de compresión o primarias). 

·-~ 

13 
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PROPIEDADES DE DINAMITAS PURAS DE NITROGLICERINA 

. 

PORCIENTO 
DENSIDAD VELOCIDAD RESISTENCIA CALIDAD 

EN PESO CONFINADA DEL AGUA DE GASES 
pies/seg 

60 --.,_. 3 19,000 Buena Pobre ' 

50 1.4 17,000 Regular Pobre 

40 1.4 14,000 Regular Pobre 

30 1.4 11,000 Pobre Pobre 

20 1.4 9,000 Pobre Pobre 

Cú!-!POSICIO;·l DE LAS DINAMITAS PURAS DE NITROGLICERINA 

l COMPONENTES PORCEN'rAJE EN PESO 
.. 

' 20 30 40 50 60 ! 

¡-
Cli_ t.roglicerina. 20.2 29.0 39.0 49.0 56.8 ' 1 

;·Li .. ·::-.. i:·a to de sodio 
1 

59.3 53.3 
1 

45.5 34.4 22.6 
1 

Lceit.;.) vegatal· ' 15.4 13.7 ' 13.8 14. 6 18 . 2 ! 
' \ 1 ! 
}tz··~fr~ 1 2.9 2.0 

' 
- - -

' 

1 1 
Anti~~-$o 1.3 LO 0.8 1.1 1.2 

• 
1 

Hume da& 0.9 l. O 
1 

0.9 0.9 1.2 

~--

:t1 
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PROPIEDADES DE DINAMITAS DE AMONIO DE ALTA DENSIDAD 

... 

PORCIENTO DENSIDAD VELOCIDAD RESISTENCIA CALIDAD 
EN PESO CONFINADA DEL AGUA· DE GASES 

pies/seg 
-... 

60 1.3 12,500 Regular Buena 

50 1.3 11,500 Regular Buena 

40 1.3 10,500 Regular Buena 

30 1.3 9,000 Regular Buena 

20 1.3 8,000 Regular Buena -

COMPOSICION DE LAS DINAMITAS DE AMONIO DE ALTA DENSIDAD 

.------------------r---------------------------------, 
COMPONENTES 

20 

Nitroglicerina 12.0 

Nitrato de sodio 1 57.3 

Nitrato de amonio 1 11.8 

Aceite _pegetal · 10.2 

Azufr~-1 6. 7 , 
";? 

Antiácido 1.2 

Humedad 0.8 

PORCENTAJE EN PESO 

30 

12.6 

46.2 

25.1 

8.8 

5.4 

1.1 

0.8 

15 

40 

16.5 

37.5 

31.4 

9.2 

3.6 

1.1 

0.7 

so 

16. 7_ 

25.1 

43.1 

10.0 

3.4 

0.8 

0.9 

60 

22.5 

15.2 

50.3 

8.6 

1.6 

1.1 

0.7 

.. 



SISTEMA BULK 
-;?iJ1., (PRODUCTOS EXPLOSIVOS A GRANELl 

PROPIEDADES FISICAS (APROXIMADAS) 

PRODUCTO DENSIDAD VELOCIDAD DE RESISTENCIA AL POTENCIA RELA- POTENCIA RELA· 
G/ M' DETONACION AGUA TIVA AL PESO TIVA AL VOLU-

M/SEG. RWS MEN RBS. 

ANFO 0.85 ' ... ·1700 NULA 100 100 

EXPLO BliLK 1.01 > 5000 POBRE 96 120 20/80 

EXPLO BliLK !.1·1 > 5000 POBRE 9·1 130 30/iO 

EXPLO B liLK . 
U4 > 5000 BUENA 92 Hl 

40/60 

EXPLO BliLK !.13 > 5000 BUENA 91 146 
50150 

NOTAS: 

i.- Po:encia relativa :!i peso y pote-ncia relativa al volumen, con un valor de 100 para un ANFO estandard perfectamente 
bie11 me:.:dado. · 

i~-- La~ pro~iedades qac .J.quí ;;e m~estran son para diámetros de 12 l/4" 

PARA ;..-!AYOR Ii'·!FGf:.i'v!i\CION D!P.JCt:? . .SE. .\ ;·-n.l~·::;T!~fJ DEPARTAMENTO DE ASESORIA TEC:\'ICA 

!.• ··:, =:· : •. ::-:::_ ;.,,.., ; "'=~·-·· ,., ::o-....... ¡,, :" "·""" ·~· ~" ,--.:~:: ¡ .. ,, ;,, d. [{ :: ;-: ~: ;•¡ .: ;,•, ¡·,·-. ·-: . \ 11·::.:;( (: ·, ' . ·, .. , ,., '<111\<1 1'·" 1<" tkl '(;' ¡, ¡,' ~· '"'. ,,,,,,.,;,¡, ., .......... 1'''"'"1 .. "'' '1"'" [," i'" .t 
~--···'·'"'"•···-~:¡o¡~: .. :n·._¡••·:··; ... ,,, .. ,, .. , .. ,; '"•' ''" "_'•'" 1 "1' 1'''''_, •• - ... :,;,,~,-.;·,- ........ 1 .... -, ........... _ 

.(;¡ t:_XI'l.OSI\'OS · :.JJ:::X:CO "" ~~~~uui:_, rn,:r:.;tJ,,., 1-""'"'>lc-•. "' "''""•' ''"'1"'""-'hdu!;,,l ,,;!;'"''' ;~·• '"·""""t. iH«11"''""-¡,-~, 1 1.- "'' '"!-!1,,-11,;,,,, t:'"' iul'""''";,.,., "" ,..,,¡,.~,-· 
: '"" ¡¡~, 1~"" ,., .. , " ,.¡.,:,,,., u:.!t¡1•Í•·• ,.,;1-::u· 

le 



PROPIEDADES GODYNE GODYNE GODYNE 
DIAMETRO DIAMETRO DIAMETRO 

PEQUE!'< O INTERMEDIO GRANDE 

- Densidad g/cc ... 1.2 1.2 1.2 
- Velocidad de detonación en Km./seg. '\,500 '\ti()() :¡¡)00 
·- Presión de dt'tonación K bars 61 63 . 75 
-RWS 115 96 96 
- R B S 164 137 137 
- A S V (Kj/IOOg) 433 363 362 
- Sensitividad a la cápsula No. 6 SI SI SI 
- Sensibilidad ··- . . o•c . 0°C . o•c 
- Resistencia al agua Excelente 

' 
Excelente Excelente 

- Vida útil (en condiciones normales 
de almacenamiento) 6 meses 6 meses 6 meses 

- Clasificación de gasa - Cla"' No. 1 Clase No. 1 Clase No. 1 
' 

. 
EMPAQUE MEDIDA CARTUCHOS/CAJA PESO/CARTUCHO PESO/CAJA 

E\fPAQUE ¡·· X8" ... 210 ± 5 118 ± 2 gT 
DIAMETRO I 1/4" X 8" 136 ± 3 183 ± 4 gT 25 Kg 
PEQUEtll'O 1.1/2" X 8" 90 ± 2 276 ± 5 gT 

DIAMETRO · 2" X 16" 25 ± 1 
1 

925 · 1000 gr 
INTERMEDIO 2 1/2" X 16" 18 ± 1 1380 ± 20·gr 25Kg 

3" X 16" !2 2000 ± 100 gT 

DIAMETRO 4" X 26" 4 6.250 Kgs 
GRANDE S" X 37"• 2 12.5 Kgs 25 Kg 

8" - 12.5 Kgs 

' 
INERTE AL IMPACTO DE BALA CALIBRE 30 06. INERTE A LA PRUEBA DE FUEGO DlRECfO. NO CAUSA 
MALESTAR FISICO EN _fA DETONAC!ON NI EN SU MANEJO. 

----- -]::·· 

POLVORINESeVENTILADOS Y SECOS, TEMPERATURAS OPTIMAS MENORES DE 25°C. 

ESTIBAR NO MAS DE 10 CAJAS. ROTACION DE PRODUCTO. 

PARA MAYOR INFORM.\CION DIRIGIRSE A NUESTRO DEPARTAMENTO DE ASESOR!.\ TECNICA 

t::1:;.,; ;.,¡,..,-,..,,.;,..,,..,y ~uK"nHi:.~• nl~ll ¡,.,-....il,<"fl l;o , . .,pt·ti<n<"Í~ <k ICl J::XI'LOSI\'0:-i- MLX!C:-:l,! .,..,¡,.~..,,,.,,.., ¡..c•wdd .. ..,, io'iont~'"''"'"'""id<"''· :O..·l"'"""l""''''l"''1n•pro.Ju<"•',',.~l'h"i'-'" 
• .. ·du t:~<lus l><•r ¡ot·n.<m;o, ~"" d ,,!iri<:"l~ <<>•H•Ími<•w• "<\<IIÍ<<t 1'·"-' ¡•,.k-r ~pn"l"i~! d rit-.K<J '1'"" ;oocmqu¡\;¡ "' "'" 
lí:! - t::X!'LOSI :·os :O.lL:\1(:!) '"' ~~·.m:iJ.:t H".ult.:ttl"' l~><•r:<,',¡,., ,; ~''"'"" ''"'l"";o..:ot.iliú.:o<.!.<:y.11n;¿ IM", .,,..,..," 1;< ;.,,,~ 1 ,.,,.., .:,;,, U.·''" '"IC'.,,,,. ;~,. k: \la"'''"'"-''¡,·.,"" .,..,o[,. ... ,.'""'"~.,.,.,;,..,.,·., 
¡,.;¿r .. u-.;.u ",¡.,~;., '""l..[uÍ,-, ¡uh·ntt•. • 

\ 

ICI EXPLOSIVOS - MEXICO 
ATLAS DE MEXICO, SA. DE C.V. 

Sen Lorenzo No. 1009 Col. del Valle 
C.P. 03100 México, D.F. 

Tel. 688-5344 Telex -1771-309 ICIME Fax 688-4763 

1 
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EXPL 
EMULSIONES SENSITIVAS 

(ALTO EXPLOSIVO) 

PROPIEDADES \ 

- Densidad g/ ce 
- Velocidad de detonación en km/seg ~ 
- Presión de detonación K bars 
-RWS 
- R B S 
- A S V (Kj/IOOg) 
- Sensitividad a la cápsula No. 6 
- Sensibilidad 
__:. Resistencia al agua 
- Vida útil {en condiciones normales de 

almacenamiemo) · 
-Clasificación de·ga-ses 

EMPAQUE MEDIDA 

OlA METRO 1" X B" 
PEQUERO 1 1/2'' X 3" 

DIAMETRO 2" X 16" 
iNTERMEDIO 2 ;..-r x 16" 

v- 1> 3". X 16" 

DiAMETRO .¡·· :<. 16'' 
GRANDE ;, .. X 17" 

;,·· :\ :H·· 

1 
' ! 

1 

1 

EMULSION EMULSION 
DIAMETRO DIAMETRO 

PEQUEÑO INTERMEDIO. 

1.10 1.18 
5,000 "¡200 

69 80 
81 81 

106 114 
305 305 

SI SI . - 5°C ..:....__ 5°C. 
-E.~:celente Excelente 

6 meses 6 meses 

Clase No. 1 Clase No. 1 

CARTUCHOS/CAJA PESO/ CARTUCHO 

~:::¡ ± :, 100±2!{1' 

25 ± 1 925 a 1000 !{f 
::J ± 1 1380 ± 20 !{1' 
~ :~ 2090 ± 100 gr 

:) ·1.166 k!{ 
1 6.2!'>0 lg 
2 12.!'") k~ 

-· 

EMULSION 
DIAMETRO 

GRANDE 

1.18 
!i.400 

86 
81 

114 
305 

SI 
- 5°C 

Exceleme 
6 meses 

Clase No. l 

PESO/CAJA 

25 kg 

25 kg 

).~·-ii~RT1:: AL ~MPACrO DE B/ .. LA CALl3RE :.:n ú(l. INERTE AL'\ PRUEBA DE FUEGO DIRECrO. NO CAUSA 
i\'Aé.ESTAR FISICO EN LA DETONACiO''i NI i::N SU MANEJO. 

~ 

POLVOR'rNij;·VENT!LADOS Y SECOS, TEMPERATURAS OPT!MAS MENORES Df: 25•C. 

EST!B..\R NO MAS DE 'é' CAJAS. ROTACION DE PRO[){'CI'O. 

PARA MAYOR !NFORMAC!ON DIRIGIRSE A NUESTRO DEPARTAMENTO DE ASESOR!A TECN!C.\ 
,•' 

1~;: ~:,~:~;:<;~~:~:::·,·,·;-,_~ ~~~;-;' ~-,'~',:¡: ;, ··;-~':·;, 1 
~~ -_~;;,~;:,: ·-;',',:;' .~;~ ~~/;:•;:~::~. ~~'":' ::¡ .~;;:.;:;;, .. ~~.' ~-;: :~ ~.::~ •-:

1 
~ :;,:; l ~-.;;,:·;:,~·::-;~;~~;·::;, ~:"~'; .~:-,' ... ~~~ ~.:· :.: :.· ,, , • ''"'"";u,"'~- ~- '" ,,, ., .. ",.. ,,.,,. ,, " 

!C' !-.?-: i-'1 OSI~'OS- ,\IE>i.!CO ·,, ::·•"""'''· .:··u::;~:hr. !::~.~:.t.h-•. ,; ''""'"' n· !"l1'"'i,ilitL:d a!¡.:""" 1"" < '"'"W,. l.o ¡,.,, pu•t.t< ¡o,.,,¡,.'"~ •uo:no·n• i.o•. ¡,:,,,, inl'""'·" ;;,., "'' ., . .,¡.,, ,. 
·' 

ICI EXPLOSIVOS - MEXICO 
EXPLOSIVOS MElGCANOS, S.A. DE C.V. 

San Lorenzo No. 1009 Col. del Valle 
C.P. ú31 u O Mimico, D.F. 

Tel. 688-5344 Telex 1771'309 ICIME Fax 688-4763 



. - ANFOMEX "X" . : ·:: :· .:· ·._-
. ~- ~~ '"' .. 

. . . . . (AGENTE-EXPLOSIVO) ~-:-. · . _.-.J,;t', : <, · \ 
. . . . . -,-.... l'f~ . . . 

, 

• Densidad g/ ce 
• Velocidad de de­

tonación 
~ Presión de deto-

nación 
• R W._,5 
e RB$" 
e A S V (Kj /lOO g) 
e Sensiti vi dad a 

cápsulas No. 6 
e Sensibilidad 
O Resistencia al 

agua 
a Empaque 

0.85 

3200 m/seg. 

13.7 
100 
100 
377 

NO 

Nula 
25 Kgs/saco 

(Al"/FO•Af-Mup~Mot,...) -..cla Nltrateda •-• !H....n. 
KUe. . Die .. l 5.:r.l 

' . 
• 

,. ,. 3' 

Dt.t.caetrod~! hu"'- (pllf•·) 

l11n.e.da .. 1 dl•met!'1) 1'" ¡, vdocidad. de dete....::loi11 

.. 

POLVORINES VENTIL\DOS Y SECOS. 'TEM?!óRATURAS OPTIMAS MENORES DE 2.\•C. f ' 
-~. 

---.- -lf'TIBAR NO MAS nE 10 SACOS. ROTACION DE PRODlJCfO . 
. , 

PARA MAYOR INFORMACION DIRIGIRSE A NUESTRO DEPARTAMENTO DE ASESORIA TECNICA 

i::"a~ ;,;,,,.;,u·i,,.,,"' r "'.0:.,,,,, '"',..,,;.;u lo;L~• ,,, t .. '""'J>r.,i.c-ttC-i:.o <k l<l E:XrLO~I\ 'OS-,\1.!0:\ !C:!l. ~ "....- .,(.,.,, unn" ¡un<' 0.·1 .. ,,";., ,, ''" ""'''""¡..¡..,..,_ .'<·\ .. '"'"1 ...... 'l"<' J,.., 1'" .¡,,. '"' ,.,.,¡, "'' 
"'~:h, ""'J'" :••• !-<'"'''"" ""' .-1 •nfit ic1:1t· '""'" ¡,.¡,.,,tco !\., ,.¡.,, :~~~~ poún "1'"., i;u d ,;,..,.-;,. '~'"" ""'"'l'·"':.l '" ""'· 
!Ci·-l:\i'i.OSt''OS .:o.n:.xzco "" ~ot<u-.. uuira ""'"h:.&" f;o,.,,.,¡,¡,., ,¡ .,.,,.,.. rnp<~u..:ohilubJ :d:;una 1~", "'"'"':.o 1:o iuu·t 1'"~'" iiou dt· "" '"~':''".," ; .. ~. t:".o ;,.¡,,.,...,. ""' "" .... .,r, . .,., """' ·'"'·"';,,., 
¡>-~t;o """r '' ,.¡,,~;,, <tt.olt¡ooi,, ¡o:.att•tou·. 

-' 

ICI EXPLOSIVOS - MEXICO 
ATLAS DE MEXICO, S.A. DE C.V. 

San Lorenzo No. 1009 Col. del Valle 
C.P. 03100 México, D.F. 

Tel. 688-5344 Telex.1171'309 ICIME Fax 688-4763 
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IL____ ___ _________¡ 

- AN/FO B.O; - · : . ._- < .. 
_- {AGENTE EXPLOSIVO BAJA D_i;NSIDAD) _ - __ , -- __ :·. 

- ~ - . . - ' :· ---. . . ': 

PROPIEDADES 

Densidad g/ ce 
Veloci4(d de dewna­
ción 
Presión de de Lona­
ción 
RWS 
R B S 
A S V (Kj/IOOg) 
Sensitividad a la 
cápsula No. 6 
Sensibilidad 
Resistencia al agua 
Em~que 

0.65 

2800 m/seg. 

12.5 
96 
74 

361 

NO 

NULA 
25' Kg's./saco 

t::.•_y::·RiNE:; VP-'T!LADOS Y SECOS, TEMI'~"-ATURAS OPTIMAS MENORES DE 2s•c. 

ESTIBAR NO MAS DE 10 SACOS. ROTACION DE PRODliCfO. 

f· 
PARA MAYOítfj;¡FORMACION DIRIGIRSE A NUESTRO DEPARTAMEN·ro DE ASESOR!A TEC!\:!CA 

1 
. ·'-

~:~,: ~~~~·:~:.1(:;;=;·:·~".:,~\':~:~~;; ~~:' ::;~':,:~~~.':'¡:~~::,;,~:' ;~::::::~~:·~~~-~:~~11.~~;~:.\~,S1~~~.~;:{1~:~. ;~~~-~·.:::;.::~:' :::~·~~~~· ,,. Ut·J .,., • ;, ;, ·' "", ,,,.,.,,;,¡.,,"· _-;.. ptt~uJ•'"'' q•n· ¡, .. 1"' .Jo""" '''1 ,¡,,,,: .. 
;¿:¡ t:X~'LC~;¡v .. >.\·- !.!;:;;.,.:en :~<> "~":a:ito• ,,..,.,¡,""!". '"' .. r .. tok., ni .. _,,.,,. u""i"'"'"l>ili•L•J ~!,.,., .. ,;, :.-<>:, ,.~n:o;.a b imt,pon: .. i<">u U.·,,, '"I<'H,,. ;., •. ~:::.~ .. ;,¡.,,,.. .. , ¡,-,., "" .,..,,¡,.~•· • '""" ""'"' "·" "'" 
!'"'"' "'"'' <> ,¡.,¡_,, cuoohpoit,'p;ou·uu·. 

ICI EXPLOSIVOS ·· MEXICO 
t'.í-LA<; DE MEl<ICO, S.A. OE C.V. 

Snn Lore.,zo tlo. 1009 Col. del Valle 
C.P. 03100 México, D.F . 

. Tel. 688-5344 Telex 1771-309 !CIME Fax 688-4763 



4) Etiqueta 

El último componente del sistema es una etiqueta 
con un código de colores, la cual indica: El tipo de· 
retardo .. MS"o·"LP", el númerÓ de periodo de retardo, 
así como el tiempo nominal de disparo. 

Ventajas: 

Seguridad: No requiere de ·modific;aciones tales como: 
cortes, uniones o separaciones. El sistema Nonel 
Primadet; deberá usarse tal como llega de fábrica, 
evitando así la generación invol':ffitarla de condiciones de 
rie.:;go. 

El tubo Nonel no puede ser iniciado por transmiscres 
de radio de alta frecuencia. electricidad estática o 
extraña, flama, fricción o impactos enconlrados en 
:~-:.:;diciones nonp.ales de minado. 

'De uso· sencillo y flexible: La conexión del sistema 
;,; . .., :)astantE:: simple ya que los componentes s .. ~ sune::1 
!.r:'lr.s.Jmente ensamblados. Además, ningún tipo de 
:::.:.;:;.r...:cimientos sobre conexión de circuitos e!tctr!ccs <!S 

::f; ::csario. 
Sistema No-Eli~cofN~ es necesario entrcna.r y 

re-entren~ personaLep ;.4;manejo de complejos circuitos 
eléctricos. Este es el sistiina" más sencillo que se 
dispone para aplicacioneSMonde una ilimitada secuencia 
dL". :-etardos es requerida. 

Sin ruido. El sistema de iniciación no-eléctrico Nonel 
,primadet disÍninuye los niveles 'de ruido, ya que su 
transmisión es mtida. 

Tiempos de retardo disponibles. 

Tabla 1 

Iaid.adoree coa retardo IDJdadoree eon retardo 
no el~coe no eltctricoe 

"MS" Nouel Pr1m.-.det 41LP" Noael Primadet 
Tubo Color Naranja Tubo Color Amarillo 

Periodo Retardo Periodo Retardo 

1 - 25 Mll!segundoe .,. - O .1 Segundos 
2 50 1 • 0.2 
3 75 1.,. - 0.3 
4 - 100 2 -0.4 
5 - 125 2.,. - 0.5 
6 - 150 3 -0.6 
7 - 175 4 - 1.0 
8 -200 5 - 1.4 \ 
9 - 250 6 - 1.8 

10 -300 7 - 2.4 
11 - 350 8 - 3.0 
12 -400 9 -3.8 
13 -450 10 -4.6 

14 -500 11 - 5.5 
15 -600 12 - 6.4 

13 - 7.4 
14 - 8.5 
15 - 9.6 



' 

Cápsulas de detonación o estopines 

Los estopines eléctricos son los accesorios más utilizados 

par~ iniciar o detonar los explosivos potentes. La cápsula 

puede insertarse directamente en el cartucho o sujetarse 

fuertemente al cordón detonante. 
-... 

22 

Una cápsula eléctrica consiste de dos alambres aislados 

insertados en una cápsula de metal que están conectados por 

un delgado filamento de alambre que forma un puente. Este 

alambre de puente a veces se pinta con una mezcla de fósforo 

que produce flama con los cerillos. 

Cuando se le aplica la corriente eléctrica a los alambres 

el filamento de puente se calienta e inicia una carga ins­

tantáne~mente de un explosivo altamente sensible al calor. La 

explosión del alambrrJ de'cona una primera' carga, la cual a su 

vez detona una carga de un explosivo potente en el fondo de 

la cápsula, tal como PETN o RDX~ 

Esta carga de fondo tiene potencia suficiente para detonar 

una cápsula-explosi~2 as~sitiva o cebo (primer), o bien, un 

cordón detonante. 

En las cápsulas ellctricas ds retardos, un elemento retar­
~-. 

dante-'de:,explosivo en polvo se deposita entre filamento de 
-!'· 

puente y.' la carga potente del fondo. Este elemento de re-

tardo está finamente co.librco.do para dar un intervalo de tiem­

po específico entre la aplicación de la corriente eléctrica y 

la detonación do la ca=ga de fondo. 

22 



Hay .®;~series básicas 

cort;;:'-'6~milisegundos 
de retardos disponibles: ' de retardos 

con incrementos de retardo de 25 m en 

el intervalo inferior y 50 m en el intervalo superior y, 

retardos largos a menudo llamados retardos lentos o simple­

mente retardos, con incrementos de retrdo de 0.5 seg y 1 seg. 

Con los estopines de milisegundos se produce mejqr fragmenta­

ción y se reduce la presión de aire y las vibraciones del 

terreno. 

Los estopines de retardo se usan en lumbreras o túneles para 
,,· 

dar tiempo .suficiente al movimiento de la roca. Probablemente 

se produce fragmentación más gruesa que la obtenida con mili­

segundos. 

_} ------. - -¡_---
--~ 

23 
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C.A?SÚLI>- ELE,CH~lCA o ESíOf\N. 
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.. 'E. X.l"LOSO e:.· 

~EL.\.0 lMPEtME..A'S\.E. 

~ E. ~E,A.~GOLAOO o \'lOQU E LAOO 
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Cordón- detonante 

El cordón detonante consiste de un tubo de plástico resisten­

te al agua, que se protege con una cubierta o forro fabricado 

con una combinación de textiles, plástico y alambre a prueba 

de agua. Las cubiertas tienen diferentes grados de resisten­

cia a la tensión, abrasión y flexibilidad. 

Dentro del tubo ~ plástico está el núcleo o corazón constitui­

do por un alto explosivo,. usualmente PETN. La cantidad de 

PETN varia entre 1 gramo/pie a 400 gramos/pie, y se produce 

en diferentes potencias. 

Todas las pote~ncias ·de PETN pueden detonarse con una cápsula 

eléctrica y su velocidad de detonación es de 21 000 pies/seg. 

Su notable insensibilidad contra impacto y fricción es ideal 
' 

para su uso en lá lí~ea de encendido y lineas troncales. 

Como los estopines eléctricos se sujetan al cordón detonante 

hasta el fü·cal justa'nente antes de Lt voladura, la mayor par­

·;;e. de una falla aleatoria por detonaci6n se elimina. 

f.~ccualmente ''e usa el. cordón de 25 gra.n,os/pie y el de 50 gr/pie 

38 usa en trabjos especiales. 

_;,:L cordón. det.onante es un explosi'n .-:-te alta potencia que 
~-. 

explota. -qon una gran producción de aire. Hay que tener cui­,. 
dado con"este efecto. 

Un cordón detonante de 25 a 50 gramos/pie detona cualquier 

c&psul~-sensitiva (primer e cebo y s~ps;Jlas de alta potencia, 

~CffiC son.los bcostezs). 

25 
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Cordón-detonante Non-electric (NONEL) 

Este es un cordón detonante muy útil para voladuras subte­

rráneas, pues se eliminan las ·fallas por electricidad está­

tica. También se usa en voladuras a cielo aiberto para evi­

tar vibraciones detonando barreno por barreno al igual que 

el cordón detonante y en zonas altas donde se generen tormen­

tas eléctricas. 

El NONEL detona en una sola dirección, por lo que hay que 

tener cuidado en su acoplamiento. 

También existen conectores especiales de retardo constituidos 

por el mismo tubo de NONEL en longitudes de 2 pies con termi­

nales de plástico. 

El NONEL tiene una gran resistencia al agua, ya que un extre­

mo ~stá sellado contra la cápsula de detonación y el o~ro 

está sella.do contra ..:mi'. terminal de plástico. 

El NOHEL no explot::: .- pudiendo sost.enerse perfectamente con las 

manos. 

El NCNEL tiene una velocidad de 9000 pies/seg 

Su COGposici6n quimic~ es: 

26 
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MECANISMO DE FRAGMENTACION 
. -- -;:. 

· .... -
Las rocas normalmente son más resistentes en compresión y 

trituración que por tensión, por ejemplo: algunas calizas 

tienen resistencias a compresión entre 250 y 1500 kg/cm 2 y 

resistencias en tensión tan bajas como 35 a 150 kg/cm 2 • 

32 . 

Por otro lado, los explosivos y agen~es explosivos utilizados 

producen presione~ muy altas que reaccionan con/velocidades 

entre 2500 a 8000, m/seg (5300 a 17 000 mph). :-, 

La presión desarrollada súbitamente dentro del barreno alcan­

za valores desde 18 000 hasta 15 000 kg/cm 2 dependiendo del 

tipo de explosivo y de las condiciones de confinamiento. 

El efecto del explosivo que reacciona contra 'la roca produce 

un impacto, o impulso, desde un golpe aplicado rápidamente, 

de extremadamente alta intensidad. 

Cuando el explosivo está dentro de un barreno circular, se 

ejerce.igual presión en todas direcciones a lo largo de todo 

el perímetro del agujero. La roca en toda esa región es com-
1 

primida y pulverizada hasta una distancia limitada del orden 

de r/J/ 4. 

La aplicación súbita ,;_,]_ impacto es ~'8guida por la producción 

d~ alta presión que introduce ondas d2 esfuerzos compresiona-
_;,.'· 

les que· :í;ápidamente penetran en forma de abanico a través del ,_ 
macizo rócoso como ondas elásticas. Esta acción se produce 

aún cuando las rocas son más 

elásticas. La velocidad con 

bien frágiles, 

que viajan las 

pero son algo 

ondas de choque 

a tra.vés de la re ca, es función de la densidad del medio. 

Las rccas densas dan lugar a alt~s velocidades y las rocas 

bland2s porosas o lj_geras, a. bajas v;,;;loci,dades. 

31 
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Parte-d& la energía transmitida a través d~ las ondas compre­

sionales'"es reflejada y refractada (flexionada) por cambios 
._ ... ' 

de densidad o discontinuidades d·e la estructura. cualquier 

frente libre o cambio en el tipo de roca produce este efecto. 

El resto de la.energia tiende a mantener su dirección original 

de viaje. 

Los ángulos de reflexión son iguales a los que van hacia las 

fronteras. Los li'ngulos de refracción dependen de las· ·carac­

terísticas de los dos materiales. Esto es, que en cada cam­

bio de densidad se produce relfexión y refracción de los im­

pulsos de la energía,. al equilibrarse la energía sigue via­

jando en su dirección original. 

Si un golpe es ejercido a una partícula, la energía es trans­

mitida en la dirección de aplicación del golpe hacia las par­

tículas adyacentes, hasta que la energía es consumida como 

resultado del trabajo realizado y por efecto9 como fricción, 

amortiguamiento, fragmentación, etc., 

Los suelos granulares no tienen cohesión~ de modo que tienen 

poca o ninguna atracción entre partículas, aún cuando cada 

partícula pueda tener un poco de elasticidad por si misma. 

La mayor parte de las rocas gs cohesiva y algo elástica, 

t~:1iendo diferentes '"f2ctos •c:ru.e los producidos en fragmentos 

sueltos. 
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VIBRACIONES 

Las vibra.'ciones del terreno· pueden medirse mediante los des­

plazamientos que se produzcan.a una masa sujeta a un re~orte 

o a un alambre. Los impulsos pueden ser proyectados en una 

pantalla de un osciloscopio., en el cual puede determinarse 

la velocidad de la partícula, su aceleración y la amplitud 
\ 

de su desplazamiento. 

-... 

Generalmente la masa viene a ser el núcleo de un pequeño 

transformador lineal en el cual al desplazarse el núcleo, 

se producen cambios de voltaje y amperaje 'en el transforma­

dor pequeño que significan los desplazamientos de la masa. 

Estos transformadores (LVDT) constituyen los geófonos y pueden 

instalarse en tres direcciones dentro de un geófono. 

\?..Morh~. 

M~s 0.. 

5 1 s. \-.\C>G. v~ .. ¡=o 

FrQ.C.uQ.v.::. i <A 
~--

' . ' 
o a ce\~.-,, --t- b1 p\i tvdJ \Je. \oc..ldo.d d.e..pa.rt·íc.u\~ 

fl-----\-=~:-..--f----''--l--:;;-- '(O. e i ó"' d. e ~.r ~ í c.uJ""' · 
\ u:. M ?O 

1 
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ONDAS SISMICAS 

i~ 
·• - ~ 

ONDAS DE CUERPO: 

l. 

-... 

2. 

Compresiona! 

Longitudinal 

Primaria - p 

De empuje 

Corte 

Onda transversal 

onda secundaria - S 

ONDAS DE SUPERFICIE: 

3. Lave 

Rayleigh Igual de peligrosas que las P y S 

En la figura 1 se presenta la transmisión de ondas de compre­

sión por reflexión y refracción sísmica. 

}--

!. 
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CIU\Illli\TION 01' lii\~\i\!:1' J(ISI\ ON Nlli(Mi\1. IU'SIIli'NTI,\1. lltiiiSINC 
liNITS IN HJ:I.i\TION TO Vll\lli\TION VI.I.OCITY v WlTII_IlL~I:'.H::r _______ _ 

~--oro--TIIIó---I'OliNili\TmW-Cff-Ti"IJ: .. BU LLll LNCS ---------- ----

WAVE VELOCHY 1000-lSOO 2000-3000 4500-6009 RESULT IN 
. --. ,_ 

Sand, Moraine, Granite, normal e -_.,.- g ra-
m/ se e ve 1 el ay slate gnciss, housing 

under soft lime- hard lime- units 
ground- stone stone, 
w~ter quartzitc 
lcvcl sanJstone, 

diabas 

Vibration 9 18 3S Not- no ti-

L 

e 
·6 

S 

EVEL AT 

= <lSOLl-
000 m/ 
E"C. 

0.008 

velocity, V ~P ·" i0 2S s'o ceablc 
~ 

G~m-0 
mm/scc. 18 35 

' - 30 (4: ~ SS 

40 
.~ ) " 80 A _, 

60 ( ) liS 

-·----

70 

lOO 

@ü.'..J 
225 

cracking 

Fine cr:1cks 
:1 nd fa 1 1 of 
plaster 
(thrl'shold 
valuc) 

Cr~cking 

Scvcrc 
cracking 

o.o:; 

0.0() 

o. 12 

0.25' 
0.50 

Thc accuJ·acy of t!1~ cmp!rical v:11ucs in thc tahlc are confir­
med hy lltJndreJs of tllotJsands of rc:1dings during t~irty yc:1r~. 

In connection with electrical. i.nstallations the accclcration 
p:1r:nuctc r a 1 so h::··. te, hl' ,·nn!' i dcrl'd tn prcvl'nt di ~tllrb:llll'l'S 
on thc sensitivo c~uipmcnt. In thc ~nmc way, it cnn l1c lllcntio­
,ncd that 'IJ'fl""is;¡J h;¡s hecn m:~dC' cnlll'erning ¡wnuissihll' v;¡l11cs 
in bl.:.~sting \YOrk i;o tho no.ighhourhooJ .or .following insta! 1~­
tions: 

Telcpl1onc stations: 
le ve l : 

Telcvision.'stations: 
i lcvcl: 

Computcr: 

v" SO mm/scc. ancla= 3.0 g 
O. O 1 S 

v = 35 mm/scc. :1nJ a= 3.0 g 
0.008 

a = ·o . 2 S g (un de r e e r t a i n e on J i t ion s) 

The values for computcrs imply that norm:1l hlasting is m:~Jc 
more difficult and under certain conditions impossible. To 
cnable blasting op~ra:ions 'in Stlch cases Nitro Cons~lt has 
developed a special method for d2mping of computer installa­
tions. 

It is important to obtain expcrience from measuring mcthods 
and units to reduce risk of d:1mage. 

lihcn planning hlasting· opcrutions ~Yhcrc ground vihration pro­
hlcms occur, it is important to he nw<Jrc of thc rclationship 
hctw<'L'll di~t;llll'l'/l·h;¡rging and·gn111nJ vihration~. 1\c f>;¡v<' 
uscJ thc l.angcfors' rclationship ror V;JJ'i!lll!' ,·h::rging IC'\'Cls: 



Leve 1 : 
Q 

3/2 
R 

Q = instantaneously detonating cl1argc i11 kg 

R = di s tan e e Tn :m 
- -- ,..,_ 

·rhe vibration vdl~city,can be calculatcd frorn the relation­
ship: 

v= kVz . ~ /2 
R 

where v = vibration velocity 1n mm/sec. 
k = constant dcpending on thc homogeneous of thu 

rack and the occurence of faults and cracks, 
(approx. 400 h)r hard homogencous Sweuish 
granite) 

ln Sweuen there are two k i.nJs of vibrution mcasurctnent tn­
strurncnts: 

~lechanical and Electrical 

The mechanical instruments are: 

Ampligraphs 
Combigraphs. · 

The i\MPLll.RAPH<Ill (sce rig . .1) i s a vihrogrnph dcs.i.gned for 
long periods of recording which has bcen Jcvcloped for con­
ti.nuous registration and rnnpping of ground v i.h rat i ons c·attscd 
by hlnsting, pile-drivi.11g or other vihrati.ons o( .u similar 
type. Bccause of tl1c long pcriods of continuotts recoruing; 
thc ·spced of rcgistration is low and this means that only thc 
amplitudc o( thc vibrations and the tintes at whiclt thcy occur 
are noted. The AI-1PLTGRAPH may he uscd for ei thcr vertical or 
hori. zont:tl mcusut-cmc'nts :tnd runs l'or up to e i ght d;~ys w.i tlwu t 
attention. 

\/)''""more dctailed .invest.iga;:ions are hc'JH! rnadc in critic;tl 
cases, supplementary mcasurcmcnts must be ~iue witl1 c.~. :1 
u·Jr•tBJl.RAPII<l< (scc lig. 2) on 1·1h i eh hoth thc rrcq<~cncy ;tnd thl'. 
v~locity of vibration cun b~ calculatcd. 

Tt1e COMBICRAPH i.'s a vibrogrc;ph o[ thc combin;ttion typc. 1 t 
consists of a-lqwspecd registration scction fo1· long pcriods 
of recording of oi:hc sarne type as that in the AI-IPLIGRAPII and 
Rlso has a high-specd reg.istr:~tion scction. Thc Jow-spccd 
rcgistration scction i.s [o¡· cantinuous rcgi.stration and m;Ip­
ping of ground vibrations causcd by blasting and pile-driving. 
The high-speed registration section is for the measurerncnt of 
vihrations during critical jl~sting operations and registers 
the a~pearance of the complote vihratic!l~ rrom which ampJitttdc 
a~d frequency can be C?lcuJ.a~ed as wcll· ·as ~he ratc and accc­
leration of oscillation. 

'i'hl' high-spccd J'('!_.:iStl':<tion Sc'c·tiOil o!' !he· C!l~!lllt:t:,\1'11 h;!S thc 
dTivc motor !Ol"íltcd .in tl:c c-:~·.·TJ' nr tlic i::strlllOC:Jlt. Thc re-
corJi.ng p;tper - known as ;¡ clmhigr<JJII - is ltKated on the ·in­
side ~f thc covcr. 
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Apéndice 1 

Distanéia ' Carga; ,_-. kg (detonación instantanea) 
' - --

(m) Grupo A B e D E F G 

0.5 0.02 -.0. 04 O.OB 0.16 
1 0.008 0.0015 0.03 0.06 0.12 0.25 0.50 
2 0.025 0.05 0.09 0.2 0.4 0.7 1.4 
3 0.040 0.08 0.16 0.33 0.65 1.3 2.6 
4 0.06 0.12 0.25 0.5 1.0 2.0 4.0 
5 0.09 O.lB 0.36. 0.73 1.4 2.B 5.6 

6 0.12 0.23 0.47 0.95 1.9 3.B 7.2 
7 0.14 0.27 0.57 1.15 2.3 4.6 9.2 
a· 0.18 ~36 o. 72 1.45 2.9 5.8 11.6 
9 0.2 0.42 O.B5 l. 70 3. 4 6.8 13.6 

10 0.25 o;5 l. O 2.0 4.0 B.O 16.0 

12 0.3 
. 

0.6 1.3 2.5 5.2 10.5 .21 
14 0.4 0.8 1.6 3.2 6.4 13.0 26 
16 0.5 1.0 ' 2.0 3.9 7.8 15.5 31 
1B 0.6 1.2 2.4 4.7 9.4 19 3B 
20 0.7 1.4 2.8 5.6 11 22 44 

1.0 2.0 4:o B.O 16 32 64 
30 1.3 2.6 ·5. 2 10.4 21' 42 B4 
35 1.6 3.2 6,5 13 26 52 104 
40 2.0 4.0 B.O 16 32 64 12B 
45 2.~ 4.8 ¡ 9.5 1'9 

1 
3B 76 152 

50 2.8 5.5 ; 
11 22 44 BB 176 ¡ 1 

'1 1 

1 

55 

1 

3.3 6.5 

1 

13 26 ! 52 104 208 
60 3.B 7.5 15 30 60 120 240 

1 65 4.3 B.5 17 34 6B 136 272 
' ' 70 4.B. 9.5 19 3B 76 152 304 

75 5.3 10.5 21 42 B4 168 336 

BO S.B 11.5 23 46 92 1B4 36B 
B5 6.4 12.8 25,5 51 102 204 408 

1 90 
1 

7.0 '1.4.0 

1 

28 56 112 224 44B 1 
95 7.6 15.2 J\) 61 122 244 488 

lOO ! 8.5 16.5 . -, -, 66 132 264 .528 ' .>O 

1 
.llO 9. 3 18.5 

1 
37 74 14B 296 592 

120 J-0.5 21.0 42 84 16B 336 672 
130 - p.7 23.5 47 94 lBB 376 752 
140 13.2 26.3 52.5 105 210 420 840 
150 14.5 29.0 58 116 232 464 92B 

160 16.0 32.0 :14 128 256 512 1024 
170 17.5 35.0 70 140 2BO 560 1120 
180 119.0 38.3 

~' 
153 306 612 1224 

1 
:.90 20.7 141.5 él3 166 332 664 132B 

1 
200 i 22.5 45.0 !JO lBO 360 720 1440 

! 
Los grupos A-G dependen de la vibración de suelo permisible para cons­
trucción, instalación, etc. 

El e es el grupo normal 

36 
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PROPAGA~ION DE ENERGIA 

-.... -_ 

La energía ~e propaga disminuyendo con la distancia es direc­

tamente proporcional con la presión de detonación e inversa­

mente proporcional al 1cuadrado de la distancia el Bordo: 

' 
< 

en donde: 

B bordo 

K constante 

P presión de detonación 

resistencia a tensión 

Energía t 
8 

L 

El valor más significativo de la energía es la velocidad de 

la partícula. El Bureau of Mines usa la sig~iente expresión: 

Esta exp~esión puede graficarse en escala logarítmica como 

se presenta en la figura 2, en la cual la distancia escalada 

SD D 
= c·i~ o sea W 

. ' 
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en dond'e ' 1 

- -- -=:'-

w máxima carga por retardo 

La velocidad de particula permisible es de 2"/seg. 

En la tabla I se presentan las cargas de explosivo máximas 

permisibles por retardo en Suecia. 
-... 

En la figura 3 se presentan los efectos de la velocidad de 

la partícula con la respuesta humana. 

:' 

-~ 

{.-
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REDUcq_óp DE EFECTOS DE VIBRACIONES 

Para reducir los efectos de las vibraciones deberán tomarse 

las siguientes acciones: 

l. Seccionar la voladura (dividir el banco) 

2. Reducir la ca~~a por retardo 

3. Cerrar el patrón de barrenación, y 

4. Utilizar dos cargas por barreno. 
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ABBREVIATIONS AND SYMBOLS FOR EXPLOSIVE 

- -- ~: ENGINEERING DESIGN 
._ .. -

a Constant 

A Blast area, sf 

Ap Amplitude of incident compressive wave, ft. 

AS Time used in adding steels for one drill cycle, min. -... 
b Constant 

B Optimum burden for charge, ft. 

B' Minimum burden for charge, ft. 

B" Maximum burden for charge, ft. 

e Unit cohesion of material, psi 

e Total weight of primary explosive charge, lb. 

cd Bucket capacity of power. shovel, cy (broken material) 

d Any distance, ft. 

de Loading density of explosive, ppf 

dp Distance between primers, ft. 

1 

p Minimum distance from collar to initial primer, ft. 

" p H.:::.:xi!llUm distan(::e between ::x!"!Y two primers fired 

simultaneously, ft. 

pensity cf rock, pcf (solid) 
_:<--

.D }rime consumed in penetrating for one drill cycle, min. 

De Critical diameter of an explosive, .in. 

De Diameter of explosive charge, in. 

Dh Diaméter of blasthole, in. 

Dp Diamster of primer charge, in. 

DFR Drill footage rate, fpm 

DPR Diil.l penetratio!! rate, fpm 42 
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~ 

e --Voids ratio 

E 

f 

F 

g. 

G r· 

._ .. -. 
Total weight of blasthole explosive charge, lb. 

Modulus of elasticity for rock, psi 

Frequency, cps 

Total footage drilled for blast round, ft. 

Acceleration due to gravity, fps 2 
-~ 

Modulus of rigidity, psi 

H Length of blasthole, ft. 

Depth of water in blasthole, ft. 

H' Minimum length of blasthole with single primer, ft. 

H" Maximum length of blasthole with single primer, ft. 

J Depth of subdrilling, ft. 

KE Kinetic energy, ft-lb 

KB Burden ratio or constant 

Ki Refractive index of a material 

K Bulk modulus of a material, psi 
m 

Kr Blastability coefficient for a rock 

K8 Spacing ratio 

K Velocity ratio 
~.¡ 

L Length of open fa\-::e parallel with blasthole 

Le 

Ld 

Lm 

;.· 

tiength 
' 

Maximum 

Maxirnum 

of explosive cartridge, ft. 

dumping height for power shovel, ft. 

cutting height for power shovel, ft. 

axis, 

M Time used for rnoving and setting-up for one drill 

cyc:le, min. 

n Nurner of blastholes per row 

43 
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N - ~,_Total number of blastholes 

p N.umber a·f full -passes ( loading on both sides) for 

power shovel 

p Weight of primer charge, lb. 

PC Total length of explosive column in blasthole, ft. 

PF Powder factor for single charge, tons/lb or lb/cy 

Pd Detonation pressure, psi 

Pe Explosion pressure, psi 

q Number of exp'losive cartridges required to build out . 

of water in blasthole. 

PR Production rate, tph or cy/hr (Salid material) 

Qe Heat of explosion from an explosive reaction, Kcal/kg 

Qp Heat of formation for explosive products, Kcal/kg 

Qr Heat of'formation for explosive reactants, Kcal/kg 

r Number of blasthole rows 

R e /:<Jaximum 

shovel, 

Maximum 

Maximum 

radius 

ft. 

durnpi.ng 

cutting 

of clean-up 

radius f:.r 

radius for 

of floor level for power 

power shovel, ft. 

power shovel, ft. 

Modulus of :r.upture of a m~terial (tension or flexure) P"ü 
-~-

RE -- fRelative energy of explosive, ft-lb 

RS Time for removing steels for ene drill cycle, min. 

S Spacing distance between blastholes within a row, ft. 

se Stick count of an explosive 

Sf Swell factor of a material 

SGe Specific gravity of an explosive 

Specific gravi 1:y of a roe k 
44 



t ~-- ~-Time, min. 

U Total strain energy, ft~lb 

T Length of stemming in a blasthole, ft. 

V Volume, cf 

v Linear velocity, fps 
1 

Bar velocity of a material, fps 

'""" ve Explosive's reaction ·velocity, fps 

vi Particle ve!ocity, fps 

vp P-wave propagation velocity of a material, fps 

v
5 

S-wave propagation velocity of a material, fps 

w Width.of cut of blast round, ft (measured horizontally 

and perpendicular to y) 

w' Mi.nimum cut width for loading by power shovel on ene 

side only, ft. 

W Total weight of rack, tons 

x Constant factor 

y Depth of cut or blast round, ft. (measured horizontally 

and perpendicular to w) 

z Mi.nimum horizontal spread of brokern material from 

vertical bench, ft. 

' Z Áccoustical impedance, lb-sec/cf 
! 

¿ Total or sum of 

a Angle of incident and reflected P-wave, deg 

6 Angle of generated reflected S-wave, deg 

y Katural ansle of repose,'deg 

11 Porosity 

Angle of inter~al friction, deg 
4.5 
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9 -;, Angle between normal stress and principal· stress direc­

tion of no shear (x axis), deg 

p 

e: 

Mass density, lb-sec 2 /ft 4 

Strain, in. /in. 

Compressive stress, or strength, psi 

Stress at any distance, d, psi ..,.. 
Stress introduced into material from explosive, psi 

Normal stress, psi 

Compressive stress from P-wave, psi 

Tensile stress, or strength, psi 

's Shear stress, or strength, psi 

Poisson's ratio 

~ Failure angle, deg 

vf Crack.or fracture propagation velocity, fps 

v Rock movement velocity, fps 
m 

tm Time for rock to move out from solid, sec. 

tf Time for fracture to propagate, sec . 

. ~-

46 
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·EXPLOSIVES ENGINEERING DESIGN RELATIONSHIPS . 

I. Explosivas' Properties 

l. SGe = 141/SC 

2. d e = 48De 2 /SC, lb/ft 

3. d = e-.._ O. 34De 2 (SGe), 1b/ft 

4. (a) pd = _[(6.06 X 10-
3 

) ve 2 
( SG e) ] / [ 1 +O • 8 0 ( SG e) ] , psi 

(b) Pe - = Pd(max.)/2, psi 

5. Pe = 62'. 4 (SGe)/g, lb-sec 2 /ft 4 

6. ze = Pe V e' lb-sec/cf 

II. Material's Properties 

7. d = r 62.4 (SGr) , pcf 

8. (a) Pr = dr/g, lb-se e 2 i ft ., 

(b) Pr = l. 941 ( SGe) , lb-sec 2 /ft" 

9. E = oc/Ec' psi r 

10. (a) Gr = Er/[2(1 + 1-1) l ' psi 

(b) Gr = 's1Es' psi 

11. K = Er/[3(1 - 2 !J )] ' F•3i m 

12. _;.~. z = Pr V p' lb-sec/cf .r 

13. r· 
K = oc/crt r 

:!.4 .. (a) V [2Gr(l - \1) /or (1 - 21-1) \ fps p 

(b) V = [E (1-\1)/p ( 1 + p) ( 1 - 2 1-1) \ fps p r r 

15. (a) V 
S 

= (Gr/pr)l:í, fps_ 

(b) V = fE /2p f1 + p l o ., fps 
S · r r · ' J ' 

16. (a) v. 
D 

= (Er/pr)l:í, fps 

(b) vb = [oc/ (Ecpr) l!.;' fps 47 
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_17. (a) V = p 
' 

- -- - (b) vp = 

18. (a) K. = 
~ 

(b) K. = 
~ 

19. vf = 

20. o = n 

21. o~= 

22. (a) 1: = 
S 

(b) 1: = 
S 

23. e = 

24. (a) v. = 
~ 

{b) v. = 
~ 

25. (a) o = p 

(b) 0 = 
p 

26. "' = w 

27. e = 

28. '!' = 

III. Blasting Design 

30 .t 
i.'· 

31.' 

32. 

3 3. 

3 4 • 

..., , . 

. ) ,:) . 
3 6. 

E = 

H = 

PC = 

J -

T -

V [ ( 2 - 21J) /(1 - 2¡J) ;,, fps 
S 

vb [ ( 1 - IJ)/(1 + JJ) (1 - 2JJ)J\ fps 

V /V p S 

[ 2 ( 1 -JJ)/(1 - 2 JJ) ]l.¡ 

Vp/3, fps 

(oe/2) (1 - sin q, ) ' psi 

o [ ( 1 - sin <j>)/{1 e + sin q,) l ' psi 

e + (oe/2) (1 - sin <j>) tan q, ' psi 

(o /2)· eos e q, ' psi 

(o el 2) [eos q, - (1 sin <j>) tan <PL 

211fAp' fps 

V E e·' fps (for P.lane wave) p 

zrvi, psi 

prvp 2E 
e' psi (for· plane 

(1/2S/l [Lcot a + 2y (1 

Tl/(1 - Tl) 

(<j> + 90°)/2, deg 

:1
8 

(PC) , lb 

L + J, ft 

H - T, ft 

i3/3, ft. 

2B/3, 

v /v e P 

ft. 

(massive rock) 

(massive roe k) 

48 

wave) 

X S f ) ] , . ft 
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---------:3-7-. -( a-)--dp'-=-1-o-6-lB-, -ft 

\ 

- (b) dp" = 6KvB' ft 

- -- "'"-" 
38;.(a) B' = 3L/ (6Kv + 1), ft. (single collar primer) 

39. 

(b) 

(e) 

B' = 3L/ (18Kv + 1), ft. (single center-of-column pri.J 

B' = 3L/ (9Kv + 2), ft. (single floor-level Frimer) 

B" = 0.62L, ft. (single floor-1evel primer) 

40. 

41. 

42. 

43. (a) 

(b) 

q = (HwDh2)/(Dh2 - De2) Le 

~=wy, sf 

W = wyLdr/2000, tons 

PF = W/EN, tons/lb 

PF = 27EN/WyL, lb/cy 

44. DFR = H/(D +AS+ RS +M), fpm 

45. DPR = H/0 1 fpm 

46. F = HN, ft. 

47. (a) 
!:¡ 

S = (BH) , ft. (Sirnultaneous and short de1ay, B<H<4B) 

(b) S = 2B, ft. (Sirnultaneous and short delay, H <: 4B) 

(e} S = 1.41 B, ft. (Long de1ay, 90 deg crater) 

(d) S = 1.15 B, ft. (Long delay, 60-120 deg, era ter) 

J.oadinq Shc·-rel Specifications 

48. (a) L L/Sf 
X ft. = ' m 

(b) L = m _:;-
l. 2Cd + 30, ft. 

4-9.; Ld = 0.6Cd + 20 ft. 
! 

50. R = e 2Cd + 19, ft. 

51. R = m 3Cd + 29, ft. 

52. Rd = " m - 5' ft. 

53. w' = 2.5Cd + 24, ft. 

54. (a) w = R (2p -e 1) + Rm' ft. (Rectangular box wt.) 

~b) w = s':{p_ '1+2(p-l'l J: e L 1 + Rm - O. S Lrn} , ft. (corner CU1 

' 
49 



Not~ :_ Use w for frontal loading, y for parallel 

loading. 

56 

ss'. (a) 

(b) 

PR = 1.35 CdSfdr' tph (SO~min. hour, 30-sec cycle) 

PR = lOO cdsf' cy/hr (50-min hour, 30-sec cycle) 

Note: For Y = 45~~eg and sfx = 0.85, 

L = cd + 26, ft, and z = 0.59(L + 0.3y), ft. 

,. 
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CHAPTER-1--~-------------------------------

THE DETONATION PROCESS 

1.1 Introduction 

According to Persson( 1 ) steady state detonation along a 

cylindrical charge can be regarded as a self propagating process 

in which the axial . compressive effect of the . shock front 

discontinuity changes the state of the explosive 

exothermic reaction sets in with the. requisite velocity. 

so that 

This reaction in homogeneous liquid explosives such as 

n1troglycerin is c~mpleted in a time interval of the . order of 

10-12seconds( 1 l. In high explosives, such as RDX and PETN it is 

completed in about 1~sec In composite explosives containing 

i\.ci the reaction times are considerably longer. , The significance 

of this will be demonstrated later. 

1.2 Shock waves 

Compressional waves of small intensity are propagated in 

gnses at the velocity of the sound. Let us suppose that a column 

of gas is set in motion by a piston which is accelerated into it. 

Let us also consider that the velocity of the piston is a 

stai~case function of time. Each step transmits a small 

comprcssional wave which advances through the gas already set in 

:to:c:·::.:.:d motion ar-:·. he¿,l:ed b;, the previous wa'i2S. Since i:he 

vclocity of the Wdve is larger at elevated tempe¡atures, the naw 

trave overtakes the previous( 2 ). Therefore the v0locity, pressu~c 

~nd tewperature gradients in the front of the wavo grow ste0p0 
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with time. If there is no dissipative mechanism :e.g. heat 

diffusion) the gradients become infinite(Z). 

This type of wave, in which a discontinuity has developed is 

known as a shock wave. The area of pressure rise is called the 

shock front. The front advances with a speed higher than the 

sound speed. The shock velocity depends on the conditions behind. 

If the pistons continues accelerating so does the front. If the 

pisten maintains a constant velocity, the front maintains a 

constant velocity as well. If the pisten decelerates a wave of 

rarefaction is formed ahead of it. Finally this wave overtakes 

and weakens the shock front. 

It follows that the velocity of the front is determined by 

the conditions behind the front. The wave does not maintain 

itself. Rather it depends on the support provided by the pisten. 

1.3 Detonation waves 

However from our experience we know that steady detonation 

waves exist. In this case the role of the pisten is played by the 

reaction taking place in the detonation wave. 

Let us consider a plana detonation wave which has been 

established -in an explosive (Figure 1). The wave front advances 

into the unconsumed explosive with a constant velocity D and it is 

followed by the reaction zone. If an observer is moving with the 

velocity D of such a front, the wave will appear to him/her as in 

?i g•1re 1. Undetonated explos i ve flows into the shock front AA' 

W;~·n ro~ot-"t velo-;•-· n - -D ¿.\.,. -~''"'o:. ~,.._~.y ... 0 - . Its pressure, temperature and 

density and interna! .energy per unit mass are P1 , T1 , P 1 , E1 at 

all pci!1ts to the r:igi:t c·f .o..A'. The <~ave front is considered to 

' 
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15e a Cil.scont-inufcy-in comparison to the changes occt.:rrlng behind , 

it. The¡-efore at AA' these values change to.values· P
2

, ... T
2

, o
2

, 

E2 . These values change at sorne later stage. 

The apparent velocity of.the mass leaving the front is 

(0-UP) where up is the particle velocity (mass velocity) in ·the 

zone between AA', BB', relative to the fixed coordinates. 

If we consider a region of flow surrounded by a tube of unit 

sectional area and two planes, one just befare the detonation 

front and one right after it, the mass flowing in must equal the 

mass flowing out ( conservation of mass ) . The mass flowing in 

per unit time is o
1
o dt. Ti1e mass flowing out is .:>

2
(0-UP)dt. 

Therefore : 

( 1 ) 

Furthermore ~he difference in momentum should be equal to 

the impulse of the net force. Thus: 

o 10dt O - o 10dt(O-Up) = (P 2-P 1 )dt 

p 2-P 1 = o 10UP or (2) 

\.) is very small compared to . 1 the de.Lonation pressure. 

Therefore it can be ignored and equation (2) can be written as : 

P 2 =o 10UP 

From equation (1), one can obtain: 

Up = (l-:-P1/P 2 )0 

Accord{ilg to cook( 3 ) 

functions of the original density. Thus: 

Up = f(P 1 )0 

where f!o 1 )= 1 -

are 

Therefore equation (3) can be w~itten as: 

2 P
2 

= o
1
f(P

1
)0 

( 3 ) 

( 4 ) 

slowly variable 
l 

( 5 ) 

( 6) 

í:'ol: most cases ( :,xplos i ves ha•:::_¡¡g a dens i ty betwee;.'_ o. 9 
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1.4g/cc) it is sufficiently accurate to assume f(P
1 = 4.0. 

Under this approximation, the detonation pressure in ~t~ospheres 

when the velocity of detonation is given in meters per second, is 

given by th~ following equation( 8 1: 

P 2 = 0.00987 P D2/4 (7) 

This is a relationship of great practical value. It allows 

the estimation of the detonation pressure when only the detonation 

velocity and the initial density are known. It is worth 

mentioning that the detonation velocity can be measured accurately 

in the laboratory. 

Apar·t from equations ( 1) and ( 2) other equations are used in 

the theory of detcnation. Many of these fall outside the area of 

interest of these notes. They are mentioned in the following to 

assist the reader in further studies. 

The conserva tic;·, of energy 1 is expressed by the fol1owing 

equation: 

( 8) 

This is k~o~n as the Rankine-Hugoniot equation. 

A fourth equation is the equation of state of the reaction 

products of the explosive. 

'l'he above four basi-:: aquations are ;,ot enough to calculate 

the five unknown quantities behind the d~tonation front (energy, 

density, det6nation velocity, pressure and particle velocity). A 

fifth condition is necessary. This is the Chapman- Jouguet 

hypothesis stating that the detonation velocity equals the local 

sound speed plus the particle velocity at the detonation state. 

Therefore: 

n = e + u . p ( 9 ) 

Equations (1; ,(2) ,(8),(9) and the equation of state of the 
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detonation products are essential for the calculation of the 

detonation parameters in the thermohydrod~1amic cedes. 

1.4 The Oetonation Head Model< 3 • 4 l 

Practical explosives are used normally in the form of 

cylindrical charges. Cook's detonation head model illustrates the 

sequence of events taking place. Figure 2 shows the detonation 

head formation in a cylindrical unconfined charge. With strong 

pr:ming a detonation wave travels out from the primer and along 

the charge. This is responsible for the promotion of the 

necessary exothermic detonation reactions within the explosive 

charge. At the back of the primer the high pressure gases expand 

into the surrounding air. As this expansion takes place it 

permits a release wave or a rarefaction wave to travel down the 

charge behind the detonation front. This always lags the 

detonation front for reasons which were explained earlier. In a 

similar manner at the sides of the charge immediately after the 

detonation wave the gases expand into the atmosphere. Again two· 

release waves are travelling into the charge. The detonation 

front, rear release n2ve and side release waves define a region 

calloíl the detonation ~2ead. The detonation head is a region 

associ.ated with high pressure and high densi ty. The shape of the 

deto;;;;•i;ion head depends on the geometry of the charge and changes 

as it travels out from the initiation source. This is due to the 

appro~i;aately constanc relationship between the release wuve 

veloc __ ;;y and the detolJatioil veloci.ty. Initially the shape is i:c;;_ :: 

of a section of a truncated cone with curved front and re&r 

surf~ccs. Further awny fro~ the initiation the length of th~ 
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detonation head grows so that it is controlled frorn the side 

release waves which rneet on the axis of the charge"forrning a cone. 

It has been found (X ray radiography) that the length of the cone 

when the detonation is fully developed is approxirnately equal to 

the diameter of the charge. The density inside the detonation 

head is consta.nt and approxirnately equal to 4/3 P
1 

where P
1 

is the 

initial density of the explosive. The distance from the initiator 

to the point where the full head is formed is approxirnately equal 

to 3 1/2 charqe diameters for unconfined charges. As the 

explosiv• enters the detonation head it reacts. If it is in a 

granular forrn (e.g ANFO prills) the reaction starts at the surface 

and proceeds radially towards the centre of the prill. As it w~s 

mentioned in the previous the energy liberated supports the 

detonation. If the reaction is not completed inside the head the 

energy liberated is less than the maximum available and the 

. detonation velocity is less than the maximum. This is what is 

normally known as non-ideal detonation. It is worth mentioninq 

that non ideal detonations can b~ stable; indeed a qreat nurnber of 

commercial explosives used by the mininq industry today detonate 

at non i.deal velocities at the diameters at which they are used. 

The detonation velocity is t~e most important parameter of 

~he detonating explosive. It is well known that the velocity of 

detonation is a constant characteristic of a particular explosive 

when the other parameters are kept constant. It was explained 

that the knowledqe of the detonation velocity can lead to fairly 

c<::c\lr:tte estimates of the c!Etonation pressure which is of 

particular importance and cannot be measured directly. In the 

next chapter the pararneters influencinq the detonation velocity 

will be discussed. 
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· CHAPTER 2 lO. 

EQUATIONS OF STATE 

An equation of state is normally a pressure -. volume -
temperature· relationship. Ideal gases have an equation of state 
expressed as: 

PV = nfl.T 
where P is the pressure 

T is the temperature 
n is the number of.moles of gas 
R is the universal gas constant and 
V is the volume. 

However real gases do not always behave according to the 
previous equation. It is obvious that a real gas cannot be cooled 
to zero volume. Under certain conditions gases turn into liquids 
or solids. 

The origin of the deviations from ideality is the 
interaction between particles. Molecules excercise attractive 
torces when they are separated by sorne distance and repulsive 
forces when they are very clase together. 

Repulsive forces are short term interactions while 
attractive forces have a relatively long range. Figure 1 piovides 
a plot of the compression factor Z = PV/RT against pressure 
applied on the gas. One can obtain an indication of the 
imperfection at different. pressures. For a perfect gas Z ~ l 
under all conditions. For a real gas the case is somewhat 
different. At very low pressures all gases behave almost ideally 
( Z = 1 ). At high pressures the repulsive forces domínate and Z 
> 1, while at moderate pressures Z < 1 due to the attractive 
forces. -Obviously an equation of state for the detonation 
products has to reproduce this behaviour of real gases. 

EQUATIONS OF STATE FOR DETONATION PRODUCTS. 

The equations of state used for detonation calculations 
are of two types: those which do not treat chemistry explicitly 
and those which do. The latter contain individual equations of 
state for the component molecules and a mixture rule for combining 
~hem' to give an equation of state for any composition. The 
composition of the detonation products is calculated by assuming 
~hemical ecuilibrium. 

At this point it is worth mentioning that much of the 
••ork involving the development of an equation of state has been 
·•.!mployed in . an inverted form. Exper !mental values are used to 
calibrate an assumed form of an equation of state. Attempts to 
develop a general, completely theoretical equation of state have 
failed to produce a good result. 

The most common equations of state for detonatlon 
products are: 

l. The Abel Eguation of state. 
The Abel equation of state is a form of the Van der 

Waal's equaticn of state. It can be expressed as: 
P (V-o:.) = nRT 

where ~ la a constant. 
It was found that this form did not produce acceptable 

( 1) . . 
r-;s~).ts for many cases of condensed '2xplosives. Cook prov1ded 
a modification exp~essing a as a function of the volume of the 
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___ detonation products without --considering their chemical 
composition. He showed that the emp:rical values of the covolume 
fall in a common ,, (V) curve. 

2. The Becker·- Kistiakowsky- Wilson Eguation of State. 

The 
The most popular equatlon of state ls the BKW equatlon. 

equation has the following form: 

where x= 

PV = 1 RT 
K 

V(T+8l""· 

and K = •<::kixi 

~-·X 
+ xe 

w i t h ·~.:., ¡:::, 1::, (·: a nd k i 

molecular species 

empirical constants. The constants k
1 

of each 

For the mixtüre each k. is 
1 

are the covolumes. 

multlplied by xi, the mole fractlon 

fine the effective covolume. 

of species 1, and summed to 

1 
According to a parameter study performed by the Los 

Alamas Laboratory, one may adjust the BKW parameters -=·,~·,>: and 8 

and the covolumes:of the detonation products. Cowan and Ficketf 2 

have shown that for "' given ·=--_ and ~' one may adjust >: to obtain the 

experimental velbcity of-detonation. The slope of the curve rela 

ting detonation velocity and density can be changed by changing 6. 

By· using one explosive as a standard lt was posslble to 
obl:ain a set of parameters which can be used for a variety of 
e::r•losives. BKW has been calibrated for RDX and TNT. The most 

common parameters used today are shown In Table 1 ( 3 • 4 )). It has 
bcen found that the RDX parameters resu1t in realistic values of 
th2 cietonation parameters ( pressure and velocity of c1etonation ) . 
Thc parameters which have been developed based nn TNT as the 
standard produce reliable results for very oxygen deficient 
systems which produce large amounts of carbon in the detonation 
proclucts. 

The best fit for RDX parameters should n~~ be used in 
tnedictions of the detonation state parameters. '."his set Has 
dcveloped in arder to have (dP/dT)V > O at pressures lf the arder 

of O. 5 Mbar. It has been found that this set e;: parameters 
results in pÓorer predictions than the RDX set. 

1 

3. Other Eguations of State 

Other equations of state have been developed by Fickett 

and by Jacobs, Cowperthwaite and Zwisler( 4 ). 
These equations are similar and they are based on 

statistical mechanics. Th~y use the Lennard-Jones potentials to 
describe the interactions bet~een the molecules. The general E6rm 
of the int2rmolecular potential energy is shown In Figure 2. Hhen 
the molecules are squeezed together, the nuclear and electronic 
repulsions dominate the attractive forces. The tepulsions 
increase steeply with decreasing separations. One approximation 
is the the h·ard sphere potential where it is assumed that the 
potential energy rises abruptly to infinity as soon as. the 

\ 
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particles come within sorne separation distance '" ( collision 
diameter l. 

Normally the intermolecular potential is written as: 

v ~- en/ n - c6/ 6 
R R 

This is the Lennard-Jones _(n,6) potential. Often the 
(12,6) potential is written in the form: 

V= 4E[(a/RJ 12 - (a/R) 6 ] 
where '' is the depth of the potential well and 

a is the separation distance at which V=O. 
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TABLE 1 

C0MM0NLY USEp BKW PARAKETERS FOR HIGH DENSITY 

EXPIPSIYES 

PARAMETER SET Q 

Fitting RDX 0.181 14.15 0.54 

Fitting. TNT 0.09585 12.685 0.50 

Best fit for RDX 0.16 10.91 0.50 
with car¡aT) .¡o 

Default 0.10 11.85 0.50 
parametc;:-s 

15. 
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CHAPTER 3 

EXPLOSIVE PROPERTIES 

3.1 Introduction 

A variety of factors influence the explosives selection 

process. This chapter discusses the most important of them and 

the parameters which influence them. 

3.2 Velocity of Detonation 

The velocity of detonation is the velocity at which the 

detonation wave travels through an explosive charge. The 

detonation wave travels at speeds above the normal sound speed of 

the unreacted material. Typical detonation velocities for 

commercial explosives rang2 from 2500 to 7000 m/sec. The 

detonation velccity is the most important property of the 

explosive. It can be measured easily and accurately and it can be 

used for the calculation of the detonation and borehole pressures 

which are of importance in explosive applications. The velocity 

of detonation of a partic~lar explosive depe~ds on factors such as 

charge diameter, confinement, density and particle size. 

3 .1.1 The effec t of char~·e Di ame ter 

Let us consider a typical velocity of detonation diameter 

curve as shown in Figure 1l 2 l. If the diameter is too small the 

explosiva fails te detonate. At sorne minimum diameter stable 

detonation occurs. This minimum diameter is called the critical 

diameter of the explosive. 

As the charge diameter is increased the detonation velocity 
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· is· increased as well. However when· a certain diametet· 1s reached, 

further incr"ease in diameter does not resul t in an "increase of the 

d¿tonation velocity. At this point a maximum detonation velocity, 

of the explosive is reached. This velocity is called the ideal 

detonation velocity of the explosive and is the value predicted 

by thermohydrodynamic codes. / 

The detonation head model as developed by Cook(l) .can be 

useful in explaining the shape of the observed detonation velocity 

- diameter curves. Figure 1 illustrates the length of the 

established detonation heads in charges of various diameters and 

indicates what happens when a solid particle of explosive enters 

the detonation head. For the small diameters, the degree bf 

reaction is small and the energy liberated is not enough to 

support a detonation. As the diameter is increased the detonation 

head length is incr~ased and for thj same size of particle the 
1 

degree of reaction increases. At the critical diameter the degree 

of reaction is sufficient to support stable detonation. .rf the 

diameter is increased further a larger amount of explcsive reacts 

in the detonation head. When the ideal detonation occurs, the 

full amount of explos1ve reacts in the detonation head. 

3. 2. 2 E:ffec t · of Con.f•·,-,_?m.ent 

The effect of. coni:inement is to lower the rate of expansion 

of the gases off the side of the charge( 2 l. This in· turn slows 

down the rate at which the lateral rarefaction travels into the 

reaction r2gion. As a result it takes longer for the side release 

waves to meet on the charge axis. The length of the detonation 

head is thus increased. This is shown in Figure z 11 l, where the 

d 1 t f th d t · h d · outlined for toth the ev2 opmen o e e onat1on e2. lS 
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confined and the unconfined cases. Therefore, if the explosiva 

·was not reacting fully at a particular charge diameter,. the effect 

of confinement would be to increase the degree of reaction and 

consequently the detonat1on velocity at this diameter. Similarly, 

confinement will reduce the critical charge diameter (Figure 

3) ( 2) . 

However confinement cannot be quantified. steel, glass, 

various kinds of rock and soil will produce a different effect .. 

For this reason most of the tests are done with the explosiva 

charge unconfined. 

3.2.3 Effect o_f Fa~ttcle Size 

If the size of the explosive particles is reduced at a given 

charge diameter in the non ideal velocity region, the degree of 

' reaction is enhanced because of the increase of the surface area. 

Furthermore since the grains are srnaller, they are consurned faster 

in the detonation head. As a result the critical diameter is 

decreased and the explosive reaches ideal detonation at a srnaller 

diarneter (Figure 4) ( 2 l . 

3.2.4 Ejf~ct of Denscty 

If the density is increased, the specific energy is 

increased; as a result the ideal detonation velocity is increased. 

It has been found that the detonation velocity and the density are 

related linearly. Figure s( 3 l shows the detonation velocity 

density relationship for v3rious explosives. 

However if the dens1ty 1s increased beyond a critical point, 

steady state detonation is not possible. The phenornenon is called 

dead packi~g and a qualitative explanation can be given by the 
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~--------·fact-t:hatthe vo-lume of the entrapped air is insufficient to 

provide e~ough hot spots for the reaction to proceed1 2 l. 

The relationship between critical diameter and density is 

shown in Figure 6 ( 5 ). It is obvious that apart from the· den si ty 

in which the material is dead packed there is·a critical density 

below which the explosive·will not shoot. 

:: .. 2.5 E/fect of Tempero.ture 

The initial temperature of the explosive has a small 

influence on the velocity of detonation at diameters well above 

the ciitical. However the critical diameter is dependant on the 

initial temperature. Figure 7 shows the effect of the temperat~re 

on the cri tical dr'ameter powdered TNT( 4 l . 

In the case of commercial liquid explosives the effect is 

more pronounced. Figure 8 shows the effect·;of low temperatures on 

the critical diameter of typical slurry explosives(S)_ The 

effect on solid explosives is almost negligible. 

3.2.6 Effect of Water 

Generally dynamites are not affected by the presence of water 

inside boreholes. Ammonium nitrate mixed with fuel oil has no 

water resistance. The product absorbs water and soon bGcome~ 

desensitized; Generally performance drops drastically as the 

weight of water in the composition is increased. 

3.3 Oetonation Pressure 

The detonation pressure is a very important parameter. It is 

an indicator of the ability of the explosive to produce the 
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desired fragmentation in the rock. However, due to its high 

magnitude the detonation pressure cannot be measured directly. 

For this reason the experimental determination is difficult. 

The detonation pressure is related to the square of the 

detonation velocity. Parameters which influence the detonation 

velocity have a very significant effect on the detonation 

pressure. 

3.4 Oetonation Temperature 

The detonation temperature is the parameter about which the 

least amount of information is available(G). The detonation 

temperature is measured from the brightness of the detonation 

front as it is observed by a sensor. However it is not known how 

much radiation is absorbed from the partially decomposed material 

between the sensor and the f.ront. Furthermore, any gas bubbles in 

the material will flash brightly when they are impacted by the 

detonation wave. This, obviously, will affect the measurement. 

It must be assumed that in all cases explosive fumes are to 

some degree toxic. Excess oxygen causes the formation of nitrogen 

<)Xides while oxygen deficiency causes the formation of carbon 

monoxide. 

In the United States the fumes of any explosive are 

classified after detonating the explosive in a Bichel bomb and 

analyzing its fumes. ~he following classes exist(
7

): 



----.1:>,.. Permi:ted·explosives (USBM) 1 

Fume class 

A 

B 

e 

Toxic Gas 

< 1.25 

1.25 - 2.50 

. 2.50- 3.75 

B. Rock blasting explos1ves 

Fume class 

1 

2 

3 

¡ 

Toxic Gas 

ft 3/lb 

< 0.16 

o. 16 - 0.33 

0.33 - 0.67 

Toxic Gas 

1/k 

< 78 

78 - 156 

156 - 234 

Toxic Gas 

1/kg 

10 

10 - 21 

21 - 42 
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canada uses the same standards. However explosives of class 

2 or 3 cannot be used in underground mines unless special 

application has been made to and permission is received from the 

authorities (EMR). 

It is worth mentionin~ here that the relative toxicity of the 

fumes is important and this is not shown in the above tables. N02 

is much more toxic than co (about 6 times as much)(S). 

Ii: has been found ~hat the fumes depend on(Z): 

l. The oxygen balance 

2. Marginal priming 

3. lv<<ter attack 

4. Critica! diameter 

5. Ga~s in loading 

6. Def1.a~rations. 
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3. 6 Energy of Explosives 

Explosive~ are substances that rapidly libera te their 

chemical energy as heat to form gaseous and solid decomposition 

products at high temperature and pressure. The hot and dense 

detonation products produce shock waves in the surrounding medium 

and upon expansion impart kinetic energy to the surrounding 

medium. The energy released in the detonation process is given by 

the following formula: 

Q, = ~Hf(products) - ~Hf(reactants) 

where ¿Hf is the heat of formation. 

The en~rgy per unit weight is called the weight strength of 

the explosive. 

The energy per ~nit volume is called the bulk strength of the 

explosive. 

sometimes it i,s useful to express· the weight and the bulk 

strengths as relative values obtained by dividing the strength 

(weight or bulk) to the corresponding strength of a standard 

explosive. The commercial industry normally uses AN/FO as the 

~tandard explosiva. 

3. 7 Shelf Life 

The shelf life of an explosive determ::.nes the maximum time 

period the explosive can be in storage. various explosives age 

and their use is unsafe"or they cannot be detonated reliably. 

3.8 Pressure Desensitization 

commercial explosives can be susceptible to hydrostatic 
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-- heads. Hydrostatic heads can -compress th~ explosive to high 

densities and ''dead packing" can result. 

3.9 Heasurement of the Detonation Properties 

3.9.1 Detonat(on VeLoc(ty 

There are various methods of measuring detonation velocities, 

These are outlined in the following: 

t The cont. tr~uous probe m.ethod. 

The systern cons1sts of the explosive charge, along the 

central axis,of which a uniforrn resistance probe. is inserted, a 

constant current source, a triggering source and an oscilloscope. 

The resistance probe consists ~f a resistance wire inserted 

into a srnall diameter brass tube. The resistance w1re is a 

nichrome wire having an accurately known linear resisCance. 

The oscilloscope is connected in parallel to both the current 

source and the probe (Figure 9) (SJ. At detonation the wire 

resistance probe is consurned .. Howevcr the circuit rernains closed 

due to the fact that the detonation wave is sufficiently ionized. 

'1'he circuit ·follows Ohrn's law. Therefore, since current is 

,,:,¡¡stant, th.e voltage change with t:;_;ue shown on the oscilloscope, 

.1.<3 pro"portional to the resistance. Knowing the full voltage drop 

nc,oss the probe and the length. of the probe, the voltage drop can 

be converted to distance along the charge, Therefore the velocity 

of detonation can be calculated by interpreting the voltage drop -

time record provided by the osci~1oscope. 
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t t. :5ta.r t -s to~ m.ethod 

Two prabes are placed at a known distance apart in the 

explosive. Each probe consists of two wires placed in 

' close proximity. When the detonation wave contacts each probe· it 

shortens the circuit by brinqinq the two wires in contact. By 

measurinq the siqnals obtained by either a counter or an 

oscilloscope one can measure the detonation velocity. 

iii. Str6ak camsra method 

The method is shown in Figure 10( 9 ). The streak camera uses 

a mirror which rota tes at the centre of the drum. The film is 

placed on the dl."Um. The field of view of the came1·a lens is 

masked except for a narrow slit. The charqe is aliqned so that 

its axis is parallel to the slit of the camera. The liqht 

generated by the detonation front enters throuqh the slit and 

after beinq reflected on the rotatinq mirror, leaves a mark on the 

,film. Thus the streak camera trace is essentially a time distance 

record. The slope of the trace made by the luminous wave provides 

the velocity of detonation. A typical streak camera record is 

shown in Figure 11 (lO). 

iu. D'Autriche Hethod 

This is the least sophisticated method. It is outlined in 

Figure 12( 9 ). The method uses a detonatinq cord both ends ·of 

which are inserted in the explosive at a known distance apart. A 

metal witness plate is placed close to the middle of the 

detonatinq col."d. The detonation wave in the charge initiates the 

detonatinq cord at both ends. When the detonation waves 

travelling in opposite directions in the detonating cord collide, 
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t:ney ~leave a dent in the witness plate. This helps to find the 

position in the detonating cord at which the ~olli~ion took place. 

Thus, the distance, and therefore the time, each wave travelled in 

the detonating cord can be found. The differencé in the times the 

two waves travelied in the cord provides the time it took the 

detonation wave in the test charge to travel the distance l. 

3.9.2 Detonatton Pressure 

The measurement of the detonation pressure is normally based 

on photographic techniques. These techniques require a streak 

camera and accurate experiments (aquarium technique). In the 

aquarium technique, a transparent liquid serves as a press~e 

gauge for measuring transient .Pressures. 7he transparent liquid 

has to be selected in such a way that the reflected wave at the 

gauqe-liquid interface is either a weak shock or a very weak 

rarefaction. The technique, as described by cook(S consists of 

the following two stages: 

i. Initially the Hugoniot of the liquid which serves as ~ gauge 

is determined. The experimental set up is _shown in Figure 13. The 

method consists of the simultaneous measurement of the shock 

~al0c~ty at the free surface and the free surface velocity as the 

sUoclt emerges from the transparent medium. Observations of the 

shock velocity and the free surface velocity are made by using a 

stre::,;:. camera. By ch<,nging the height (h) of the liquid inside 

the container, one changes the shock velocity and the free surface 

velocj.ty. By assuming that the particle velocity of the liquid at 

ths :Lnterface h "", /: <."\J. J.. of the free surface veloc ity the 

relationship between .shock velocity and the particle velocity in 

the liquid (Hugonlot) is obtaine~. 

,· 
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ii. The experimental set up for the second part of the technique 

is shown inofigure 14. In this experiment, t-he vel'ocity of 

detonation in the explosive charge and the initial transmitted 

shock velocity in the liquid are measured. From the transmitted 

shock velocity in the liquid and the known Hugoniot of the liquid, 

the initial pressure in the liquid can be calculated: The 

corresponding pressure in the detonation head is calculated by 

using the following relationship: 

where 

pd is the detonation velocity 

p 
ie is the initial density of the explosive 

use is the detonation velocity 

(PUS) il is the initial impedance of the liquid and 

Pil is the initial pressure in the liquid. 

The initial pressure in the liquid is calculated by the well 

known relationship 

where 

pil = PlUslupl 

pil is the pressure in the liquid 

u sl is the shock velocity 

u pl is the particle velocity and 

p is.the initial density of the liquid. 
1 

,. 
Because of the difficulty in measuring detonation pressures 

it is often necessary to calculate the detonation pressure from 

the detonation velocity by using the approximate formula: 

" P D" 
p = --

4 

where P is the detonation pressure 

P is the initial density of the explosive and 

D is the measured detonation velocity. 



27. 
--------

3.10 References 

l. Cook, M.A.: "The Science of High Explosives", Reinhold 

Book Corporation, New York, 1958. 

2. Bauer, A.: ''Explosives Technology Notes", Queen's university, 

Kingston, 1981. 

3. Mader, c.: "LASL Explosives Property Data", Los Alamas 

Scientific Laboratory, University of California Press, 1981. 

4. Johansson, C.H. and Persson, P.A.: ''Detonics of 

Explosi ves", Academic Press, London, New York, '1910. 

High 

S. Katsabanis, P.D.: "A Comparative Study of Emulsion and Slurry 

Exlosives'', M.Sc. Thesi&, Queen's University, 1983. 

6. Hader, c.: ''Numerical Modelling on Detonation", University of 

California Press, 1981. 

7. Meyer, R.: "Explosives'', verlag Chemie, Weinheim, New York, 

9. 

1977. 

Cook, M.A.: 11 Th e Science of Industrial Explos i,ves", 

IRECO Chemicals, Salt Lake City, Utah, 1974. 

gngineering Design Handbook, Principles of Explosives 

Behaviour, Headquarters, us i'!:my Materiel command, AMCP 706-

180' 1972 

10. Katsabanis, P.D.: "studies <•n the · Numerical Kodelling 

of Explosives Performance and sensitivity", Ph,D. Thesis, 

Dept.of Mining Engineering, Queen's University, 1987. 

11. ~tlas Powder Company "Explosives and Rack Blasting", 

\987. 

------



~--------------------------~-
cp3 __ 
cp2______________ / " ------------ ---
~---~ ~ =--_----- -(' -.."''~-

- ----- _,......;.,....,¡ -- --- - - - - - - - -- - - - -- - - - - --- - ,_- -'~ 
--- ........... - -- - _,..;:....-..¡ 

\ 

DETONATION HEAO IN UNCONFINEO CHARGES OF 
INCREASING'DIAMETER ANO THE REACTION OF A 
SOLIO PARTICLE OF EXPLOSIVE 

z 
o 

* 0 MAXIMUM V.O.O. 
AT THIS DENSITY 

STABLE VELOCiTY, O 

~CR!TlCAL DIAMEHR 
· 1 BENEATH THIS WILL 
1 NOT SHOOT 

1 

CHARGE DIAMETER 

28. 

FIGURE l1 TYPICAL VEL.OCITY DF DETDNATION CHARGE 
DIAMETER CURVE FOR A GRANULAR EXPL.DSIVE 
!.A.FTER BAUERJ 



-------------- ·-----------------29---

L/d: O 

Lid: 1 

L> Lm 

ST[;~DY STATE DETOf!í~TION. 
HEAD 

(UNCONFINF.:Dl 

RAREFACTION REGION 

L/d=l/2 

LATERAL 
RAREFACTION 

DETONATION 

REAR RAREFACTION WAVE 

L/d = ,2 
1 

SlEADY STATE DETONATION 
HEAO 

(CONFINE O) 

FIGURE 2a DE' DPMENT OF THE DETONATION HEAD 
U; :TER C:OOK. 19581 



FIGURE 3: \100 - CHARGE DIAMETER CURVES 
FOR CO~~FINED ANO UNCONFINED ANFO 

OQtonotion v~;~locity (rn/s) 
:iDíJO . ·-·-- · ---------- --------. 

4000 

3000 

2000 + 

1000 

. .. .11---+ ... 1. ··-·--+·- + 
:v'/­

+······,/ 
... ···¡· 

/ 
1 

o~-~----~---~----~----~----~--~ 

o 5 10 15 20 25 30 35 
Chargg d iamgt9r (cm) 

~ Unconfined --+- Confined 

density • 0.85g/cc w 
o 



FIGURE 4: EFFECT OF THE PARTICLE SIZE ON -
THE VELOCITY - DIAMETER CURVE OF AN/FO 

Dstonat!on velocity (m/s)-
5000 · ___ -. 

4000 

.::V 

2000 

1000 

o~----~----~----~----~----~------~--~ 

o 5 lO 15 20 25 30 35 
Charge diarm~ter (cm) 

---- Priiled AN/FO -+- Crushed AN/FO 

dansity • 0.85g/cc 



FIGURE ~1: DETONArlON VELOCITY - DENSITY 
REL/\TIONSHIPS 

Detonation velocity (m/sl !Thousondsl 
10 ·.· 

8-

4-

2-

0~--------~·~--------~~~--------~·----------~ 

o Q5 1 1.5 2 
Density (g/cd 

-- PETN - - RCD< · · · · · · TNT 

w 
'" 



-u 
u 

........ 
O' -
>-
~ 

(/) 

z 
w 
Cl 

1 . 

r 

33. 

1.0 

0.8 DETONATES 

0.6 

o,;-
' . 

¡:!\1 L S 

1 1' ., _1 . ·---.L.----'--..1...--....J 

JO 20 30 40 50 60 70 80 90 

éRITICAL DiAMETER (mm) 

' IGURE 61 EFFEL:T OF THE OENSITY OF 1\ TYPICAL 
HiULSION ON THE UNCONF!NED !'::1\ITICAL 
DJ/,_i•-1ETER 



FlCUh:E 7: EFFECT C)- TEMPERf,TURE ON THE 
CRITICAL DIAMETER OF TNT 

Critica! diameter (mml 
12~--~~---------------------------------.------~ 

--------
81-- ---------------
6t--

41--

2-

o~----~·~----JI ______ ~I ______ L_I _____ L-,----~~~----~ 

-250 -200 -150 -100 -50 o 50 100 

T emperaturg (deg. C) 

-·- Powdered TNT 



FlGURF 8: EFFFCT OF TEMPERATURE ON THE 
CRITICAL DIAMETER OF SLURRIES 

Critico! dlameter (mm) 
50 .. .. 

. . 

40-

. 30- ------•.. ~ --
···+ •. 

• 
----·------

• 

.. 
. .. .. 

--------------
.. .. .. 

------- • .... - .. 
20r- --~ 

~-

10 1-

o~--~~----~~-----L-~----'~--~~----~·-----~·--~ 
-50 -40 --30 -20 -10 o 10 20 30 

l9mperature (deg.C) 

~ Slurry A · · + · Slurry 8 

w 
'-" 



) 

TRIGGtR SOURCE 

TRIGGER 

PROBE CAP 

CONSTANT CURRENT SOURCE EXPLOSIVE CHARGE 

OSCILLOSCOPE 

FIGURE 9. SCHEMATIC REPRESENTATIDN OF THE CONTINUDUS 
VEUOCITY ~TEM FDR THE MEASUREMENT OF THE 
VEUOCITY OF OETONATION 



0<l!000 

' 

lmooe oí Detonatlon Gasee 

lumlnouo 
Oelonollon 

Fronl 

\ Soetlon ., __ "" 
Flm 

rototlng 
mlrror 

Troce of 
Detonollon 
Fronl 

!mago ot 
Dotonotlon 
SI roo••• 
or Smoarod 
by MoiiOn 
of Drum 

. 
FiGURE lOa MEt\SUREMENT OF THE VEL.O:ITY OF DEIDNATION 

. BY USING A STREAK CAMERA (r-e f. 9) 

i· 
' 

1 



30 
E 
u 

IJJ 
<..) 20 
z 
<( 

f-
Ul 
- 10 ·o 

10 20 30 40 50 60 70 

TIME (~Jsecl 

FIGURE llr TYPICAL STREAK CAMERA RECORD FOR THE 
MEASUREMENT OF THE VELOCITY OF OEIDNATIGJ 
OF PENIDLITE 



------------------'------------------

/ 

r<'i 1 
·DETONATOR 

' 

TEST EXPLOSIVE 

::>ETONATING 
,....--"" CORO 

TAPE 

' ' ' 

' ' ' ~t.-~ 
' : 
t ) 

MIO- :_':ENT 
POINT 

"TELLER 
BAR 



40. 

~-------- SLJT OF STREAK 
CAMERA 

1 

1 

/ -

.-- ARGON FILLED 
LIGHTBOMB 

TRANSPARENT 
LIOUID 

__,.---+-- GEN ERA TOR 
CHARGE 

. .._ __ BOOSTER 

FIGURE 13t EXPERIMENTAL SET UP FOR DETERMINING 
THE HUGONIOT OF THE TRANSA'.RENT 
U QUID 



1 
1 

'\ 

' 

,--~-~ 

!------'(. 
. \ 
• 1 

/ ' 

' 1 L __ 
- -.J 

\ 

" ...... _/ --
. _...,.,_,_- .. --

1 

1 

1 
1 

/ 

SLIT OF STREAK 
CAMERA 

41. 

EXPLOSIVE CHARGE 

A 
-L 

RGON FILLED 
IGHT 80MB 

TRANSPARENT. 
LIQUIO . 

FIGURE:: 14: EXPERitvi[·~NTAL SET UP FOR THE MEASUREMENT 
OF TH:~ !JETU~JJ\TION VELOCITY ANO í HE 
INITif\i. ':51-!0C:(. VELOCITY IN THE TRAf''SAt<.RENT 
LICJUIC 



42. 

CHAPTER 4 

GAP ANO FRICTION SENSITIVITY OF EXPLOSIVES 

4.1 Introduction 

The gap sensitivity of explosive represents its ability to 

propagate through barriers. The gap sensitivity of an explosive 

is an important property to be considered in blasting operations. 

If the sensitivity is iow, the detonation in the borehole can be 

interrupted because of obstacles (rocks) or air gaps. on the 

contrary, an explosive which is very sensitive can be dangerous ~o 

handle and can detonate sympathetically in the boreholes. cross 

propagation of adjacent 

eliminates the effects 

boles is 

of delays 

vibrations and peor ·fragmentation. 

ver y 

and 

undesirable since this 

results in excessive 

However one has to differentiate between solid gap and air 

gap sensitivity because the phenornena involved in each case ~~e 

considerably different. 

Tha friction sensitivity determines the safe handling of 

explosive charges. Charges can be subjected to friction forces 

when loaded · in blastholes. These can be of a significant 

rnagnitude especially where pneumatic loaders are used. 

4.2 Underdriven and overdriven Detonations 

The det.onation state (C-J state) represents a dynamic stable 

condition. If the detonation wave encounters a small gap in the 

explosive charge, it will weaken temporarily and will come back to 

the original stable condition once the perturbation is passed. 

1 
1 
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______ 'The-same-wi~l~l-happen-i·f-the-deton·ati·on wave encounters a part of 

the explosive which has greater energy. ·Temporaril~-. it. will 

strengthen but later it will reach the stable condition. 

Consider the situation shown in Figure 1 a. A detonation is 

transmitted from a donor explosive to an acceptor explo~ive. In 

this case there are three possibilities; the shock wave 

transmitted in the acceptor can be stronger than the detonation 

wave in the acceptor, the shock wave can be· of equal magnitude to 

the detonation wave in the acceptor or the shock wave can be of a 

smaller magnitude than the detonation wave in the acceptor. The 

first case is called overdriven and the last case underdriven 

detonation. It has been found that in the case of an overdriv~n 

wave the strengt~ always decays until the c-J condition is 

reached. In. the case of the underdriven wave the detonation 

builds up to the C-J value. However, there is a limiting strength 

below which the wave dec<:y·s and detonation does not propaga te. 

This limiting strength is of importance since it determines the 

conditions required for safe handling and reliable initiation of 

explosive materials. 

4. 3 The Gap Test 

Experimentally a simple way to determine the sensitivity of 

an explosive to initiation is reprecented in the gap test. The 

gap test is shown in Figure 1 b. The experiment consists of a 

dono~ charge, an attenuator and an acceptor ch~rge. By varying 

the attenuator thickness, different v.ndeJ:driven waves &re 

transmitted to the acceptor. The thickness of the attenuator at 

which SO% of the times the acccptor detonates is called critical 
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gap thickness. At that thickness the shock wave in the acceptor 

has a limiting value above which the acceptor has a high 

probability of detonation. The gap material is normally a 

standard salid material. Air gaps are not desirable because hot 
' 
decomposition products of the donor explosive will 

directly on the acceptor. 

impinge 

The result of the gap test depends on the geometry of the 

donar and acceptor charges as well as the attenuator material and 

the donor explosive: For this purpose various laboratories 

standardize gap tests by using the same donor and the same 

attenuator material. Thus the results of the tests are 

indicativec of the explosives shock sensitivity. 

Typical gap tests are shown in Figures 2 and 3. 

The following factors affect the result of a standard gap 

test: 

1. Density. The effect of density is shown in Figure 4( 2 ) where 

the critical gap pressure is plotted against the percent of the 

theoretical maximum density. It is obvious that the explosive 

becomes less sensitive as the theoretical maximum density is 

approached. This is a general trend obtained in a variety of 

explosive compositions(Z). 

2. Temperature. The effect of temperature is shown. in Figure 5. 
,. 

This is a general trend for any material in which the reaction 

rate increases with temperature( 2 ). 

3. composition. It is obvious that the result of the gap test is 

compositicn dependant. It has been fou~d that if wax is added to 

RDX or TNT, the shock sensitivity is decreased. However if wax is 

added to ammonium nitrate, the sensitivity is drastically 

increased. This happens because of the combination of an oxidizer 
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-------~:t_tp~a-fu·e-r:-a:n·ct-t:ne-dominant factor is the oxidation-reduction 

reaction. F.igure 6 is typical of this phenomenon ( 2l. 

4. Acceptor diameter. Initiation is controlled not only from the 

magnitude of the impacting shock wave but from its duration as 

well. The reduction of the diameter of the acceptor has changed 

the duration of the shock wave. It is recommended that the 

charges are tested at a diameter above the minimum diameter for 

ideal detonation, where this is possible. According to Price the 

critical initiating pressure - diameter relationship should follow 

a curve as in Figure 7( 5 ). Experimental results by Moulard 

indicate the same trenw for composition B( 6 ! 
5. confinement. Price has found that confinement of the acceptpr 

in the test prevents the lateral rarefaction from producing _a 

large disturbance. The confinement gives a result which is 

comparable to that which would be obtained for a very much larger 

diameter unconfined charge. The result may approach that which 

would be obtained in the one dimensional flow(Z). In Figure 8 the 

critical gap pressures for confined ch~rges are compared to the 

critical cap pressures of unconfined charges. It is obvious that 

confinement increases the sensitivity.•J:~ explosives. 

t,.4 1\.tr Gap sensitivity 

;l'his term denotes the initia·i:ion of an explosive charge 

without a priming device by the detonation of another charge- in 

the neighbourhood. Tha transmission mechanism is complex. The 

important paramaters ure the shock .ve, the hot reaction products 

of the donor and the flying parts f~om the casing of the donor 

charge. Various tests are conductect to determine the air gap 



sensitivity of explosives. In Europe the smallest diameter of 

manufacture is used in the test charges which are tested 
(3)' 

unconfined . This will provide the largest gap below which 

detonation will always be observed. confinement however affects 

the result. For this purpose coal mining explosives are tested 

in pipes which simulate boreholes. It is recommended that gap 

tests simulating the conditions of application are performed to 

determine the gap sensitivity of a particular product. 

4.5 Initiation by Friction 

Th¿ mechanism of heating by friction has been investigated by 

Bowden and co-workers. When solid bodies are pressed against each 

other contact will occur only at the sumrnits of the surface 

irregularities. The total area of contact is ~ srnall fraction of 

the total surface area( 4 l. When the bodies are sliding against 

each other heat is developed at the regions of contact. Hot spots 

are created at the points of contact and their ternperatur~ depends 

on the pressure, sliding velocity and heat conductivity of the 

slid!ng material. The cont2ct material with the lowest melting 

pcint determines the he~ ~pat temperature. When melting occurs its 

supporting capacity is taken over by other points( 4 ). According 

to Bowden if. the melting point of tt.e slider is below the critical 

hot spot temperature for the •xplosive, detonation does not occur. 

severa! friction tests have been developed. The swedish(
4

) 

developed a friction test in which the explosive is subjected to 

stresses similar to those when the explosive is charged in 

boreholes. The test consists of a block of granite· which has a 

semi-cylindrical groove. A th:!.n layer of explosive is placed in 
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the slider. The slider moves at a constant speed and the result 

is recorded as a function of the load. 

In Germany a sample is placed on a roughened porcelain 

plate( 3 ). The sample is put on top of it anda porcelain cylinder 

is placed on top with various loads. The plate· moves at a certain 

speed and the result is recorded as a function of the load. 

Similar tests have been developed in other countries. 
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FIGURE 6: EFFECT OF TEMPERATURE ON THE 
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CHAPTER 11 
BLASTING THEORV · 

by R. ·Frank Chiappetta 
INTRODUCTION 

Blasting theory is perhaps one of the most interesting. thought provok­
ing. cr.allenging and controversia! areas of our industry. lt encompasses 
many areas m the science of chem1stry. physics. thermodynamics. shock 
wave interactions. and rock mechanics. In broad terms. rock breakage by 
explosives in vol ves the action of an explos1ve and the response of the sur­
roundmg rock mass within the realms of energy. time and mass. Past. cur­
ren! and new blasting theories are presented along with the factors affect­
'ng fragmentation and general blast design criteria. The chapter content 
has been carefully selected to emphasize the concepts associated w1th 
each blasting theory rather than a rigorous mathematical. physical. or 
chemical treatment through formulae. Where formulae are introduced. they 
are merely to enhance the concepts presented. 

In spite of the·tremendous amount of research conducted in the last few 
decades. no single blasting theory has been developed and acceptecfthat 
adequately explains the mechanisms of roe k breakage in all blasting cond'­
tions and material types. Given specific test environments. conditions and 
assumptions. individual researchers ha ve contributed valuable information 
and insight as inputs into blasting theories. although a simple "plug-in" type 
formula for predicting "optimum fragmentation" is still largely unresolved. 
There is as yet no consisten! and widely applicable theory of t:::asting. but 
only a number of lim:ted and disconnected theories. many oí whicn are 
empírica! in nature and based on ideal blasting conditions. Blasting theories 
have been formula!ed and based on pure speculation. years of blasting 
experience on a tri al and error approach. laboratory testing. field investiga­
tions. and mathematical and physical models adapted from other disc:­
plines of science. 

Primary breakage mechanisms have been based u pon: 

• Compressional and tensile strain wave energy 
• Shock wave reflections ata free tace 
• Gas pressurization on the surrounding rock mass 

· • Flexura! rupture 
• Shear waves 
o Release-of-load 
e Nucleation of cracks at flaws and discontinuties 

• ln-flight collisions 

Sine e so many schools ofthought surround blasting theory. one must be 
prepared to investigate not only the theories. but the overaH f:eld input 
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variables that are inherent in any blast design to ha ve any practica! mean­
ing. Given the di verse nature of field conditions encouGtered and the over­
whel ming number of blast des1gn variables to select from. blast results m ay 
not always -5e easily predicted as 1s outlined in Figure 11-1. Where one 
theory is successful in one specific env1ronment or application. 1t m ay not be 
as predictive in another. 

(A) CONT"OLLABLI VARIAaL&I 

• HOLE DIAMETER • INITlATING SYSTEM 

• MOLE OIPT!ol • INITIATING SEOUENCE 

• SUBRILI. OEPTH • NO. OF FREE FACES 
• HOLE INCLINATION • BUFFER$ 
• COLLAR H!IGHT • llPLOSIV! TYPE 

• STEMUING HEIGHT • !lPLOSIVE ENEAGY 

• STEMMING MATERIAL • CHARGE GEOMETAY 

• BENCH lot(IGHT • LOAOING METHQQ 

• PATTERN • WATER (SOMETIMES 

• BUADEN TO SPACING RATIO UNCONTAOl.LABLE) 

• BLAST SIZE ANO CONFIGUAATION • IETC. 

e Bl.ASTING OIAECTION 

(8) UMCOMT.OLLAaLa Y&"IAaLaS 

• GEOLOQY 
• MA~AIAL STIIJINGTHI 6 PROP!RTIES 
• STRUCTURAL DIICONTINUITIES 

• W!ATHER CONOIT10NI 
• WATifl (10 ... 111111 CONTROLLAILII 
• !TC. 

1 ,, 1 ' 0 UCDftdl 

L~D IUIT 

!!21!.; TYPK:AL 

~ 
P•ODUCT10N ~AIT 11 
Llll TMAIII TWO 
SE CONOS Out!'& TION 

1 
1 < 2 ucondl 

!Cl otnNT8 

• n1AQIIINTA11C* 
• IIUCK 'ILI DlalltL&CIIIINT 
• IIUCK lt!LI PROFILI 
• OROUNO VIIRATtONS 
e AIRILAIT 
• I&C& AA 1101 SPIUI 
• I&..,.OCK ·-· e ITC. 

FIELO MOOEL ILLUSTRA TING BLAST OESIGN 
INPUTS ANO OUTPUTS 

FIGURE 11.1 
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Often more than one theory is needed to clarify or explain certain 
results. Pa·rallel this approach to the physicist trying to expl\3.;n lighi with only 

one theory.-.that is. the wave theory. With the passage '?f time it became 
apparent that everything associated with light could not always be ade­
quately explained with this theory alone and hence. another theory. the 
part1cle or .. packets of energy .. theory was developed to explain the phen­

omena of light in which the first theory failed. With. both theor1es. the physi­
cist could now explain many of the mysteries surrounding light which even­
tually led to new developments such as the laser. Similarly. in trying to define 
the mechanisms of rock breakage by explos1ves. more than one theory or 
explanation is often needed. In any case. a blastíng theory should not only 
attemptto explaín and·predict the breaking process. but more ímportantly. 1t 
should suggest and allow new methods and techniques to improve on 

current blasting practices. 

2. T·BME EVENTS FOR THE BREAKING PROCESS 

There are basically four time'trames designated as T1 to T4 in whi~h 
breakage and displacement of material occur during and alter complete 

· detonatfon of a confined charge. 

The time Ira mes are defined as follows: 

T1 - Detonation 
T2 - Shock or Stress Wave Propagation 
T3 - Gas Pressure Expansion 
T 4 - Mass Movement 

Each time trame is first discussed separately. and then díscussed in 
conjunctíon with blastíng theories for an overall. mor'e detailed explanatíon 
and meshing of events. Although these are treated as discrete events. it 

should be emphasízed that in a typical shot hole or production blast. one 
event phase can occur simultaneously with another at specific time intervals. 

a. T1 ~ OETONATION 

Detonation is the beginning phase of the fragmentation process. 
The ingredients of an explosive consisting of a fuel and oxidizer 

combiñation: upon detonation. are immedíately converted to high 
pressure. high temperature gases. Pressuresjust behind the detona­
tíon front are in the arder of 9 Kbars to 275 Kbars. whíle temperatures 

range from approximately 3000° to 70oo•F.I" 
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Detonation pressure is generally expressed as a function of the 
velocity of detonation and density of the explosivas ás. 

P.j = (2.325 X 1 o-') X p X VOD' 

.Where Pd = detonation pressure in Kbars 
P = density in g/cc 

VOD = velocity of detonation in ft/sec. 
1 

To change detonation pressure from Kbars to lb/in'. multiply 
Kbars by 14,700. Generally. explosivas yielding higher detonation 
pressures are required to fracture materials which are massive. fine 
grained. hard. tightly bonded and strongly consolidated with heavy 
burdens. Typical values of detonation pressure for selected explo­
sivas are presented in Table 11-1. 

TABLE 11.1 

DETONA TI ON PRESSURES FOR SELECTED EXPLOSIVES 

Detonatlon 
Denslty VOD Pressure Pressure 

Explosiva (g/cc) (ft/sec) (Kbars•) (psi) 

ANFO 0.81 12,000 27.00 396.900 
POWERMAX 420 1.19 19,000 100.00 1.4 70.000 
HI-PRIME 1.40 20,000 130.00 1.91.1.000 
"G" BOOSTER 1.60 26.000 251.00 3.689.700 
'1 K bar = 1 4. 700 PSI 

The detonation wave starts at the point of primer initiation .in the 
explosive column and travels at supersonic speeds. Supersonic re­
lera to veiocities which are !aster than the speed of sound in the 
exptosive. Typicai velocities of detonation for commercial explosivas 
range from 8,000 to 26,000 ft/sec. This velocity. sometimes referred 
to as the steady-state velocity. remains fairly constant for a given 
explosiva. but varíes from one exptosive to another. depending pri­
marily on the composition. particle size and density ofthe explosive. To 
a les ser extent, the steady state velocity is al so affected by the degree 
of confinement and explosive diameter. 

Since the velocity of detonation is greater than the velocity of 
sound in the explosive. the explosive material directly in front of the 
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detonation head is totally unaffected until the detonation head pass es 
·' through it. In a typical 30 foot explosive column lo<Í:'ded w.iih an explo­

siv~ having a characteristic velocity of detonation of 10.000 ftlsec. 
complete detonation and energy release within the entire column 
would occur in about 3 milliseconds. For an explosive with a velocity 
of detonation of 20.000 ft/sec. detonation and energy release would 
be complete in 1.5 milliseconds. Detonations of this kmd are self­
sustainlng dueto the inertia of the explosive itself that provides con­
finement necessary to maintain conditions for fast chem1cal reaction 
rates. 

Figure 11-2 and 11-3 illustrate two typical hole load configura­
tions. Velocity of detonation withín the explosíve column was mea­
sured with the S L 1 FE R System developed at SAN DIA NATIONAL 
LABORATORIES. For a continuous. 11 foot column of cartridged 
ANFO, the velocity of detonation was measured to be 1 2. 200ft/secas 
indicated by the slope of the straight líne segment between point (a) 
and (b) in Figure 11-2. The straight line is in(jicative of a cons1stent 
explosive com 0 osition. constant density anda stable velocity of det­
onatíon. As detonation progresses along the column. not only ís a 

Hole Oia. = 6.5" 
18 'T 

16 (e) 

14 
Slope 2 ~ Shock Velocity 

/'.,¿, ___ ..J Through Stemming 
12 

10 

8 

6 

4 

2 

o 

Explosin 
(Anto) 

5 

= Veloclty Of Detonalion 
~ 12.200 

6 

Time Mllllseconds 

2.900 tt.lsec. 

7 

VELOCITY OF OETONATION MEASUREMENT USING THE 
SLIFER SYSTEM OEVELOPED AT SANOIA NATIONAL 

LABORATORIES 
FIGURE 11.2 
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shock wave imparted into the surrounding medium .adjacent to the 
boreh.ole wall. but is al so imparted into the stemming as indic.ated by 
thL slope of the straight line segment between points (b) and (c). In 
this case. the shock wave velocity through the stemming was·mea­
sured to be 2.900 ftlsec. or approximately 'J, thát of the velocity of 
detonation. 

Hole Oia. : 6.5" 

ANFO 

lb. 
Casr-· 
Primer 

2 

Slemming (Crushed Rack) (g) 

Shock Wave: Velocity 

Through Stemming 1----=~-+--\ 
~ 1.1000 lt.lsec. 

= 12.50C lt.lsec. 

= 2,0.t~ ft./sec. 

4 6 8 10 12 ,. 16 18 

Time Mllliseconds 

VELOCITY OF DETONA TION IVIEASUREIVIENT 
USINQ TH& SLIFER SYSTEIVI DEVELOPED 

AT SANDIA NATIONAL 
LABORATORIES. 

FIGURE 11.3 
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In Figure 11-3, results are shown using AL TERNA TE VELOCITY 
techniques wíth a hole loaded wíth ANFO as the main charge. with 
cartridges of APEX 260 emulsíon spaced 11-12 feet along the column 
Without dírect measurements of the continuous velocity of detonation. 
much of. the informatíon would not ha ve been discernable tn the 
fíeld by dírect observation. Many importan! points are noteworthy 
ín the resulta. Between points (a) and (b). the velocity of deto­
natíon for the 3 foot length of emulsíon cartridge is 20.500 ft/sec. 
Between (b) and (e) the velocity of detonation ís reduced from 20.500 
ft/sec to 2.045 ft/sec wíthín the ANFO and the detonation is sustained 
at the lower velocíty until point (d) is reached. At point (d) the detona­
tion head encounters another emulsion cartridge, which when deto­
nated. at 20,000 ft/sec between points (d) and (e), brings ANFO back 
up to its normal velocity of detonation of 12,500 ft/sec. Thus. even a 
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low arder ANFO detonation can actas a very effect1ve primer for the 
emulsion cartridge. The decrease in velocity betwéen points (b) and 
(e) rs attributed to water trickling into the bottom part of the.hole from 
the s'urroúnding roe k mass. Although ANFO can tolerate up toa 1 oo/0 

water saturation level. it do es so at the cost of blasting effic1ency .. 11 the 
center emulsion cartridge was not present. one of two things would 
have occured. lt may have sustained a low order ANFO detonat1on 
with a velocity of 2.045 ftlsec throughout the remaining explosive 
column. or it would ha ve soon failed. lt has been demonstrated in field 
trials that where an explosive of higher velocity of detonation is 
embedded sparingly within the column of a ma1n explosive with a 
lower velocity of detonation. that better results are genera_lly achieved. 
The greater the difference in detonation velocities and the harder the. 
material to be blasted. the more pronounced are the results. 

b. T2- SHOCK ANO STRAIN WAVE PROPAGATION 

The second phase. immediately following detonation or in con­
junction with the detonation phase of T1. is the shock and strain wa11e 
propagations throughout the roe k mass. This disturbance or emitted 
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pressure wave(s) emitted into the roe k mass results .. in part:.from the 
rapidly ·expanding high-pressure gas impacting the borehole wall. 
The geometry of dispersion depends primarily on the shape of the · 
charge. lf the charg e is shot. w1th a length to diameter ratio of less !han 
or equal to 6:1. then the disturbance is propagated in the form of an 
expanding sphere. 11 the charge is long. with a length of diameter ratio 
of greater than 6:1. then the disturbance is propagated in the form of 
an expanding cylinder. (Figure 11-4). However. in a typical.·bottom 
primed. cylindrical shot hole normally encountered in bench blasting. 
the strain waves originally formed near the point of initiation are 
already in progress and propagating into the surrounding medium. 
while the detonation is still progressing within the ex.plosive column. 
Thus. close to the shot hole. strain wave propagation is neither 
perfectly spherical nor cylindrical but more like that shown in Figure 
1 1 -5 

Fa ce 

Bench Bottom 

Bench Top 

Detonation Front In 
Tite Explosive Column 
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Transmltted 
Through The Rock 

SECTION THROUGH THE FACE DURING 
DETONATION SHOWING EXPANDING 

STRESS WAVE FRONT 
FIGURE 11.5 
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The pressure next to the borehole wall will rise instantaneously to 
·its peak and then rapidly decay exponentially. The qUick de.cay.is due 
to CéPJity expansion of the borehole and increased gas c_ooling. Cav1ty 
expañsion around the bor.ehole can occur through crushing. pulven­
zation. and/or displacement of material and can range anywhere 
from about one to three hale diameters depending on the medí u m 
and explosive used. Generally. extensive compressive. shear and 
!ensile failure occur as a regían of pulveri.zed material sine e the wave 
energy is at its maximum near the borehole wall. 

As the strain wave front proceeds outward. it has a tendency to 
compress the material at the wave front through a vol u me change. At 
right angles to this compres~ive front. there exists another compo­
nen! reterred to as the tangential or "hoop" stress. The tangential 
stress. if large enough. can causetensile failures at right angles to the 
direction ot propagation. The largest !ensile tailures are expected to 
occur clase to the borehole where the tangential stress is high 
enough fortailure to occur. 8oth the compressive and !ensile compo­
nents ot the wave tront decay with distance trom the borehole. 

When the compressive wave tront encounters a discontinuity or 
interface. so me ot the energy is transterred across the discontinutty 
and so me retlected back to its point ot origin.'" For the most part. the 
partitioning ot energy depends on the ratio otthe acoustic impedance 
ot the materials on either si de of the interface. as illustrated in Figure 
11 .6. Acoustic impedance. Z. tor any material is detined as: 

Z = p X Vp 

where: = acoustic impedance 
= density of material 
= sanie velocity ot material 

In reterence to Figure 11-6. where the ratio ot the acoustic impe­
dance of material 1 to material 2 is less than one. so me ot the wave 
energy is transterred into material 2 and sorne reflected back. but 
both waves remam compressional. When the acoustic impedance 
ratio.is 1. all ot the energy is transferred into material 2 and no 
reflected wave occurs. When the impedance ratio is greater than 1. 

then sorne of the energy gets transterred into material 2 as a com­
pressive wave and the remaining energy gets reflected at the ínter­
tace as a tensile wave. When a compressive wave travelling through 
rack encounters an interface such as a free tace. nearly all ot the 
energy will be retlected back as a tensile wave. lt the burden distance 
between the free tace and explosive column is relatively small in 
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contrast to normal burdens for a chosen explosive. then most of the 
energ-y is consumed in spalling at the free lace. 

- .... 

The interaction of stress waves in the outgoing compressive and 
reflected tensile modes around discontinuities and flaws within the 
rack mass is an are a of intense research and is considered to be quite 
importan! in some of the newer blasting theories. 
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c. . T3- GAS PRESSURE 

D~ring and/or alter strain wave propagation. the high pressure. 

high temperature gases 1mpart a stress field around the blasthole that 

can expand the original borehole. extend radial cracks and ¡et into 

any discontinuity. lt is during this phase where sorne controversy 
ex1sts asto the main mechanism of fragmentation. Sorne believe that 

the fracture network throughout the rock mass is· completed 

while others believe that the ma¡or fractur1ng process is 1ust beginn­

ing. ln.any case. it is the gases that ha ve jetted into discontinu,ties and 

the fracture network that is either fully developed or being developed. 

wh1ch are respons1ble for the displacement of broken material. 

lt is not clear asto the exact travel paths that gases takE! within the 

rack mass. although it is agreed that they will always take the path of 

least resistance. This means that gases will first migraté into existing 

cracks. joints. faults. and discontinuities. in addition to seams of mate­

rial which exhib1t low cohesion or bonding at interfaces. lf a disconti­

nuity or sea m between the borehole and free fa ce is suffic1ently large. 

the high pressure gases will immediately vent to the atmospheré. 

rapidly reducing the total confinement · pressures. and results in 

reduced displacement of broken and fragmented material. 

The confinement time of gas pressures within a rock mass vary 

sig~ificantly depending on the amount and type of explosive. material 
type and structure. fracture netviíork. amount and type of stemming. 

and burden. ATLAS studies. with the use of high-speed photography 

1n full scale bench blasts. have shown that gas confinement times 

befare the onset of movement can vary from a few milliseconds to 

tens of rnilliseconds.' 31 To date. confinement times have been mea­

sured to range from 5 to 11 O milliseconds for a variety of materials. 

explosives and burdens. Generally. but not always. confinement 

times can be decreased by employing higher energy explosives. 

decreasing the burden. ora combination of both. This applies equally 

to material at the bench lace or at the bench top. as in the case of 

stemming blowouts or cratering. Refer to Figures 12.35 and 12.36 
Vibration/Airblast for specific examples of gas confinement times for 

stemmihg blowouts. lt is evident that only suitably burdened and well 
... 

stemmed charges can deliver their full potential of additional gas 

extension fracturing and mass movement. 

d. T4- MASS MOVEMENT 

Mass movement of material is the last stage in the breakmg pro­

cess T11e mnjonty of fra\']mentation 11ilS cJiready been cornpleted 
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through compressional and !ensile stress waves: gás pressurization 
ora combtnation ot both. However. some degree ot tragmentation. 
althou-gh slight. occurs through in-tlight collisions and also when the 
material impacts the ground. Generally. the higher the bench height. 
the greater ts this type ot breakage owing' to increased impact veloci­
ties ot individual tragments when talling onto the bench tloor. Sim­
ilarly. material ejected trom opposite rows ot a "V-shot" design u pon 
head-on colltsions can result in tncreased tragmentation. Thts phe­
nomenon was evidenced and documented with the use ·ot high­
speed photography ot bench blasts. 

Mass burden movement ot tragmented maten al is shown in Fig­
ure 11-7 tora number ottypical tace conditions encountered in bench 
blasting operations. Face protiles and velocities are based on.the 
results ot high-speed photographic analysis pertormed at the ATLAS 
POWDER COMPANY. Where no subdrilling is utilized. (a and b). two 
types ot tace movement may be encountered. In 11-7a the entire 
length of tace burden. directly in tront ot the explosive column. m oves 
out similar toa plane wave and the tace velocity at any point is con-' 
stant. This behavior is usually encountered where material is very 
competen!. quite :Jrittle. and structured with well detined. largely 

· spaced joints. m u eh greater than the spacings or burdens employed 
in blast designs. When the material is sott. highly tissured. and/or 
closely jointed as might be tound in coat and some sedimentary 
deposits. tace protiles resembling that ot flexura! rupture is more 
likely. In this case. the greatest displacement and velocity occur 
adjacent to the center otthe explosive cotumn with the least amount ot 
movement occuring at the toe and eres!. When identical conditions in 

. 11-7b are assumed and when subdrilling is employed. tace move-
ment results in much the same way except that the toe burden is 
displaced upwards faster and ata greater angle to the horizontal. 

The first three cases assumed a relatively straight tace between 
the crest and toe. however. in many bench blasting operations. the 
condition is more like that illustrated in Figure 11-7d. where toe 
burden is considerabty greater than the crest burden. The toe burden 
is too great for the explosive setected. hence. very littte movement 
occursat the toe while the greatest displacement results in the upper 
half of ihe bench. 

Three options are avaitable te increase toe movement: 

• Employ an.gle drilling in an attempt to maintain constan! burdens 

from the crest to the toe 
• Use a higher energy bottom charge in the current vertical dril! hol es 
• Decrease the burden with the current vertical dril! holes 

11-1 2 



Bench Top 

-,. \ 
Stemming- \ 

(A) 

(B) 

Explosive-
Column 

Bench· Top 

Stemming 

Explosive 

Column 

Bench Top 

Slemming 

(C) Explo.~ive 
Column 

· Subgrade 

_i __ 

,, 

lsJ 
:.:. 

1 2 3 4 S 

Vs 
v4 

vJ 

v2 

v, 

S 

v, 

FIGURE 11,7 

11 -1 3 

~--~~------

v, ~ v2 ~ VJ 

Burden Mov es Out 
Wave As aPlane 

No Bending Occurs. 

Bench Floor 

Burden Moves Out As 
Flexúral· Rupture 

Bench Floor 

v5 > v4 = v3 "> v2 > v1 

Burden Moves Out As 
Flexura! Rupture 

Toe Burden Moves Up At 
A Greater Angle To The 
Horizontal 

Bench Floor 



(0) 

(El 

Top 

Slemming --1'/l 

Explosive 
Column 

Subgrade 

2 3 
4 5 

_1 __ ·~-B,-.....l 

-----

Bench 

Bench Bottom 

-8 

., .. 

v5 / v, > v3 > v2 > v1 

Toe Burden Shows 
Lillle Movemenl 

SmaU Crest Burdens 

Cause Blowouts And 

Poor Toe Mowement 

Bench Bottom 

FIGURE, ,.7 (Cont"d) 

1 1 -14 



(F) Bench Top 

(G) 

(H) 

Exploslve 

B 

(Htghor) 
~nergy 

Bench Top 

Stemming 

Bench Top 

EJ:ploslve 
Column 

Stemmlng 

Exploslwe 
Column 

sott seam 

. ··---·· -·----

10111213 14 15 

Toe· S urden M oves 

Out More Wlt~ Hlgher 

v5 Energy 

Bench Bottom 

/ 

Lell Over M~ckpile 

Restricts Toe Movement 

Benclt Boflom 

/)___...... 
........ 1 __ ., 1 

Fece Proflle .,.. -- ¡ 

------"' 1 .,..-.,.."' \ 1 
,-:., .......... __ 1 1 

/,. -- ' 1 1 /.-:..- 1 / y,. 1 / 
..... _- -, 1 1 / 

~ 1 1 / 

' 
/ / / 

1 / // ,."' 1 / / ., .... "" ., ........ --.... ...­---.::-::--
~--

Face Prollle 

Bench Bottom 

G;:;s 

E¡e-"r.tlon 
Prolile 

FIGURE 11.7 (Cont'd) 

11 -1 5 



1 -

In selecting the latter. care should be exercised so as not to 
decrease the burden to the point of obtaining·the conditionshown in 
Figure. 11 -?e. The toe burden is now corree! for the explosive 
selecte·d. but the crest burden is substantially reduced. This may 
bring about many adverse con,ditions near the Céest burden su.ch as 
flyrock. blowouts. and increased airblast complaints. Because con­
finement pressures are released near the eres! (in this case. a path of 
least resistance relative to the toe burden). restncted toe movement 
will result. lt is better to use the same burden. but with a higher energy 
bottom charge near the toe. This load configuration as shown in Fig­
ure 11-71 tends to pressurize more of the burden mass for longer 
periods without adverse effects. and adequate toe movement gener­
ally results. 

Where large leftover muckpiles are left against the tace. Figure 
11 -7g. toe movement will be restricted and increased ground vibration 
levels are likely. Unless the situation requires a buffer. su eh as when 
blastmg in the vicinity of mining equipment orto avoid dilution of an 
ore blast adjacent toa waste muckpile. it should be avoided. 

Where seams are encountered in a blast. Figure 11-?h. tremen-; 
dous gas ejections with velocities upto 600 ft/sec can occur. When 
such gas venting occurs. ·it will adversely affect other parts of the. 
burden to displace adequately and inevitably leads to poor overall 
blasting results. A stemming deck immediately adjacent to the sea m 
will give better results. 

e. TIME EVENTS T1·T4 COMBINED 

Up to this point. time events T1 to T4 ha ve be en discussed more or 
less as separate isolated events. However. in a real blasting environ­
ment. more than one event can occur at the same time. 

Consider a single vertical hole in a quarry tace with the primer 
located near the bottom of the hole as is illustrated in Figure 11 -8. 
Assume the explosiva used is 40 feet of ANFO with a velocity of 
detonation equal to 13.000 ft/sec. the material blasted is limestone 
with a sonic wave velocity of 15.000 ft/sec and a density of 2.3 g/ ce. 
Upon ;'nitiation of the primer. it takes onl-1 a few microseconds and a 
distanee of 2 to 6 hole diameters up the column to forma full detona­
tion head. When a full detonation head is formed. it travels up the 
explosiva column with a velocity characteristic of the steady-state 
velocity. (in this case 13.000 ft/sec). lt takes approximately 3.0 ms for 
the 40 foot column of ANFO to be completely detonated 

Within this 3.0 ms. many other things ha ve occurred. Starting at 
the bottom of the hole and progressing up the column. borehole 
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expansion through crushing of the borehole walls has taken place. 

This produces compressive stress waves with tangential compo­

nents emanating from the borehole walls andprogressing outward ín 

every directíon wíth a velocíty characterístic of the soníc wave veloc­

ity of li mestone. lt takes approxi mately 1 .O msec for the compressíve 

straín wave totransverse 1 5 feet of burden to the free tace. Behínd the 

straín wave propagation some radial cracks start to develop ín the 
crushed zone region of the borehole with a velocíty rangíng from 25 to 
50% of the P-wave velocíty for límestone. lf the íntensíty of the com­

pressíve strain pulse ís hígh enoug.h. new cracks and/or extensíons of 
pre:C"e·x,stíng cracks and flaws can be ínítíated anywhere between the 

crushed zone next to the borehole and the free face. The greatest 

numh<" of cn•c:ks are generally found closest lo the horehole 
W~ten tt1e compressive wr~ve strikes ;.1 fref.: fue e. it is lnHrtediately 

converted toa tensíle straín wave whích stnrts at the free face <1nd 
tr;~vels t)i'lCk through t11e roe k mass tow«rds the boret1ote. Owíng to 
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the new fractures cr~ated from the outgoing compressive strain 
wave.-the tensile strain wave will take somewhat loriger to travel the 
same ~_:Jrden distance of 1 5 feet. lf the burden is small enough and the 
intensity ofthe reflected strain wave is large enough. then sorne spall­
ing at the free lace or bench top is expected. although no s1gnif1cant 
mass movement will occur. 

At 3 ms alter detonation and complete reaction of ANFO. the 
original high temperature. high pressure gases ha ve reached a new 
equilibrium dueto borehole expansion. 8oth temperature and pres­
sure have dropped significantly resulting in an energy reduction 
ranging from 25 to 60% of the theoretical energy originally available. 
This remaming energy acts on the surrounding .. preconditioned" 
rock mass to displace it in the direction of least resistance. Further 
fragmentation can occur at this stage from gases entering and 
extending preexisting cracks or discontinuities. lt is at this stage 
where sorne blastin·g theories are contradictory. Sorne believe that 
the major fracture network is completed with1n about 3 ms dueto the 
interaction of stress waves on the surrounding material. while others 
believe that the major fracture network is just beginning. 

Regardless of which time trame is respcínsible for the develop- _ 
ment of a fracture network. mass movement and displacement of 
material at the bench top or tace occurs much later in time dueto the 
confinement of gas pressure within the rack mass. The onset of mass 
movement depends on the material response in conjunction with the 
strain and gas pressure stimulus generated from the explosive. For 
typical stemming and burdens encount<?red in the field. bench top 

swelling occurs between 1 to60 ms. stemming ejections betw,een 2 to 
80 ms and bench burdens between 5 to 11 O ms. Surface uplifting 
velocíties around the collar region of a hole occur between 5 and 1 20 
ft/sec. stemming ejections between 1 O to 1 500 ft/sec and burden 

. velocíties between 5 to 200 ft/sec. Gas ejection velocities at discon­
tinuities ha ve been recorded as high as 700 ft/sec and often occur in 
less than 5 ms. 

3. RUPTURE RADIUS 

The oegree of damage and fracturing around a borehole can be char­
acterized by tour zones as illustrated in Figure 11-9. In the crushed zone 
immediately around the borehole. the explosive induced pressures and 
stresses exceed the dynamic compressive strength of the rock by factors 
ranging from 40 to 400. These high pressures acting against the borehole 
wall will crush. pulverize and shatter the surrounding rock mass. causing 
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intense damage. This zone is al so referred toas the hydrQdynarJ!ic,zone in 
which the~elastic rigidity of the rock beco mes insignificant. (6) 

Next to··the crusr,ed zone is a region defined by a severely fr~ctured 
zone referred to as the non-linear zone. Here fracturing can range from 
severe crushing through partia·l fracturing, to plastic deformation. Extension 
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FIGURE 11.9 

of cracks can occurfrom previously formed cracks by the tangentral com­
ponen! (hoop stress) of the shock wave. infiltration of gas pressur"e and at 
flaw sites. 

In zones 3 and 4 (elastic zones) tensile failures and crack extensions 
occur in a less intense mode beca use the stress wave amplitude has atten­
uated significantly. Much of the original energy from the detonation has 
been consumed in the form of heat. friction. and fractur•ng in zones 1 and 2. 
The peak amplitude of the compressive stress is now much smaller than ''"';, 
compressive strength of the rack so no new fractures are likely in this wa-•e 

type. However. the tangential stress componen! of the wave is still subs'"'l~ 
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tially larger than the tensile strength of the rock Since the te'nsile strength af 

rack 15 abaút_1 /15 to 1/1 O of the compressive strength. the tarigential stress 

of the wave is large enough to cause radial fractures. These new fractures 

are formed from the extension af cracks in the non-linear zane (zone 2) ar 

from cracks initiated from microfractures and flaws 1nherent in a typ1cal 
rack mass 

Once the tangential stress has attenuated below the crítica! tensile 

strength of the rock. no further breakage occurs beyond this paint as illus­
trated in zone 5 (Figure 1 1 -9). Once thP. w;we or rlisturhr~ nce pnsses into r~ n<l 
through thts zone. the inciiVifiur-ll r>rlrtwlPs of ttH-J rnediurn wrll oscillctte élnrl 

vrhr;tte ;lhout therr rest r>osrtions wtthn1 tt1e elnstic linuls of IIH-~ roe k <Hlc1 so "0 

permanent damage rP.sults. lt 1S th1s regían where SeiSiliÍC waves are c<-lr­

ried considerable distances and are responsible for ground vibrat1ans. 

Table 11 -2 gives an 1dea af the degree of maximum damage found 

around the crushed and fractured zones in terms af charge radii far a 

number af canditians Results are based on the works ot many researchers. 

conducted in a number of different materialswith varying explosives. Far ?:. 
given explosive. the rupture radius is greater in saft rock than hard roe~ 

Given the same rock. the ruptureradius is greatertor higher strength expla­

sives than lower strength anes. Thus, the degree·Of radial rupture is influ­

enced by the explosive. material properties and structure. 
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4. BLASTING THEORIES (Past & Present) 

In this section. blastinq therJ(Ie.,.ofthe past and presentare discussed in 
concept form. Table 11 -3 1" :o l1st of sorn.: úf ti1e more common thoughts 
regarding breakage mech<~nr , 11,; ~" ,.j tnt> r "'"'"'"'r"chers responsible fortheir 
introduction. This list is by r IL' lllf:-:..:tr1S Cl...·l rq . ..'ieie. but it do es illustrate how 

certain thoughts on Uastir,.~ ""''-'' J '''" ir.-cJ '"'t'. tire simple reflection theory 
alter World War 11 and pr0yr e·c·cc;r_i to tr •<= 11 rv1 0 c,or11plex nuclei or stress­
wa ve flaw theory of the pr e:-c. 1 1i. 

Since ea eh theory has "1t1'-'' .,,¡ srno>1 •<;li•1S and weaknesses. the m a in 
concepts of ea eh theory a1 e·,,,,.,.._,¡ r;~plaint'<J w1th a brief description. Blasting 
theories discussed are. 

a) Reflection Theory (Rdlectt'd Scr,·ss VI/aves) 
b) Gas Expansion Th,c,ory 
e) Flexura! Rupture · 

d) Stress Wavf'S & Gas E'?p<Jn,~ior• Tt.eur { 

e) Stress Waves. Gas Ex'pansion & 3tress-Wave/Fiaw Theory 
f) N'uclei _'or Stre.ss-WavE:/Fiaw Ttreory 
g) Torque Theory 

h) Cratenng Theory 

i) Cratering Mechanisms 

a. REFLECTION THEORY ¡Refrecte<.l StrE:ss Waves) (17, 18. 19. 20) 

One of the first attempts to explairr. analytically. how rack breaks 
when a concentrated explosive ctrarge is detonated in a borehole 
near a free surface was with the reflection theory. The concept was 
simple. straightforward. and based strictly on the well known factthat 

rack is always less resistan! in tension than in compression._ A 
compressive strain pulse is generated by the detonation of. an 
explosive charge. moves through the rack in all directions with a 
decaying amplitude. and is reflected only ata free surface. Atthe free 
surface. the compressive strain pulse is converted into a tensile strain 
puls~that progresses back to its point of origin. (See Figure 11 -1 0). Sine e 
rock .. is weakest in tension. it is easily pulled apart by the reflected 
tensile strain pulse and damage at the tace appears in the form of 
spalling. The high pressure. expanding gases. are· not deemed 
directly responsible for the majar degree of fractCJring that occurs. 

A more detailed explanation follows: Detonation of an explosive 
charge in rack generales a large quantity of high temperature. high 
pressure gas in a very short time. Typically. this occurs in a few 
microseconds for small cylindrical.charges andina few milliseconds 
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DATE 

1949 
1956 
1957 
1958 

1963 
1966 

1970 
1970 
1971 . 
1971 
1972 
1972 
1973 
1974 
1978 

1983 
1983 
1983 

-

. 

TABLE 11.3 
BLASTING THEORIES ANO 

THEIR BREAKAGE MECHANISM 

BREAKAGE MECHANISMS 

RESEARCHER(S) TENSILE 
COMPRES-

SIONAL GAS FLEXUAAL 
REFLECTE O 

STAAIN PRESSURE AUPTUAE 
WAVES 

WAVES 

Obert. Duvall (17) (18) 1 
Hind (19) 1 
Duvall. Atchison (20) 1 
Rlnehart (21) 1 

Langlors, Klhtstrom (22) 2 1 
Starlield (23) 1 

Porter. Fairhurst (24) 2 1 
Persson, Lunborg. Johansson (25) -1 
Kutter, Fairhurst (6) 1 1 
Field. Ladegarrd - Pederson (26) 1 1 
Johansson. Persson (27) 2 1 
Lang, Faureau (28) 4 2 1 
Ash (29) 1 1 
Hagan (30) (31) 1 

Barker, Fourney, Dally (32) (33) (34) . 

Wlnzer, Anderson. Rltta~ (35) 
Adams. Margolin (36) (37) 
McHugh (38) 

NUCLEI 
STRESS-

FLAW 

3 

1 

1 
1 
1 

for long cylindrical"charges found in normal bench blasting. This gas. 
pressure acting against the borehole wall generates a compressive 
strain or stress pulse of high amplitude which will crush and/or frac­
ture roe k next to the borehole. This stress pulse travels radially out­
ward in ali directions from the shot point at speeds equal to or greater 
than the velocity of sound in the medium. Dueto wave divergence and 
energy absorption by the rock. the pulse amplitude decreases very 
rapidly. Thus. the extent of the crushed zone immediately next to the 

bonthote is relatively small. 
When a longitudinal compresaive stress strikes a free surface. 

two reflected pulses are generated. a tensile and shear pulse. The 
amount of energy imparted to each depends on the angle of inci­
dence ofthe compresaional stress pulse. Of the two reflected pulses. 
the tensile one predominates in breaking roe k as it moves back into 

the rock. 
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The effective transfer of detonation pressure to stress in the rack 

depends on the impedance match of the explosive-t-6-rock. A smaller 

explos_~ve to rack impedance ratio w<Js shown to provtde a more 

effecttve·transfer of thts pressure to stress Tl1e concept of reflection 

breakage JS tllustrated in Figure 11-1 O. The time arder of key events 
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t 1 - borehole walls are crushed ana 
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t 2 -t 4 r:omprcss10nal str~tn pulsr. prooa­
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t 5-t6 ·- part ot pulse continues to travel 
outward and part of it is reflecteo at 
the free surtace as a tensite strain 

pulse 

- slab of rack begins to detacn Ir o m 

free lace and moves forward 

t 7 • - other compresstv~ stress pulses 
arrtve at the newly formed tace and 

repeats break•ng process 

RELECTION THEORY 
TENSILE FRACTURE BY RELECTION 

OF A COMPRESSIVE STRAIN 
PULSE AT A FREE SURFACE 

FIGURE 11.10 

Slabs broken ott closer to the hale are displaced with lower 

velocities. 
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b. GAS EXPANSION THEORY (25) (39) 

Th~e pressure acting on the walls of an explosive filled hale. u pon 

det.onation. will be approximately one-half of the detonation pressure 
dueto expansion of the borehole~ This pressure will propagate out 
from the borehole into the rack as a shock wave. The material 
between the borehole and the shock frontis compressed and flows 
elastically or plastically. depending en the pressure and strength of 
the rack. So me radial cracks form next to the borehole wall starting at 
about two hale radii out and then propagate radially inwards as well 
as outward. The greatest frequency of radial cracks are next to the 
borehole. but a few extend farther out. When no free tace exists. a 
small number of these radial cracks become very much larger than 
the others. 

By the time the shock wave reaches the free surface. radial crack 
lengths formed are less than one quarter of this distance. At this stage 
the longest of cracks ha ve extended inwards and reached the bore­
hole wall. Gas pressure is now capable of entering these cracks and if~ 

the pressure ts high enough can reach out towards the crack tips. 
thus further elong?ting the·cracks. This has the effect of aiding cracks · 

that interact with the returning tensile wave and cause them to reach 
the free surface. Up to this point. accelerat:c~ n of the rack mass 
between the hale and free tace has been neg11gible. Only alter the 
cracks have reached the free surface is the rack accelerated by the 

remaining gas pressure. 

The key point of the gas expansion theory are: 

• Radial cracks are initiated not immediately next to the borehole but 
abouttwo hale radii out and extend inwards toward the hale as well 

as outwards towards a free tace. 

• Rock displacement does not occur until pressurized radial cracks 

extend to the free surface. 

c. FLEXURAL RUPTURE (A Gas Expansion Theory) (29) 

Ouring detonation of an explosive confined in a borehole. two 
distinct pressures are formed: one from the detonation itself and the 
other from the highly heated gases acting on the borehole walls. In 
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this-th·e·a·ry. ninety percentof the total energy to break rack is in the 
latter. Detonation pressure acts only momentartly against any one 
part of the borehole·s interna! surface area. while gas pressure is 
sus"t§lined considerably longer until sorne form of cavity volume 
change occurs. Gas pressure, then. <S the majar componen! respon­
sible for fragmentation and flexura! rupture. 

Radial cracks for!ll only in planes parallel with the borehole axis. 
No cracks develop where the explosive is not in immediate contact. 
thus most cracks form adjacent to the borehole wall where tangential 
stresses are produced within the boreh'ole's wall as the cavity is 
pressurized. Providing strain energies at crack tips are adequate. 
extension of fractures continue. Breakage by reflection of strain 
energy ata free lace is considerad negligible. Gas pressure dnves 
the radially produced cracks throughthe burden to·the free lace and 
displaces rack through bending and in the direction of least resist­
ance generally following naturally occuring planes of weakness. lt is 
during this final stage where the majar breakup of intact material 
takes place. 

Breaking of rack by flexura! rupture is analogous to bending a!]d 
breaking a beam as illustrated in Figures 11-1.1 and 11-12. A recteín­
gular beam is used to. represen! the field configuration of bench 
height. H.:and burden. B. in the form of a modified cantilever beam 
model. The fixed end of the beam represents toe conditions while a 
roller. placed directly opposite the center of the stemming column. 
represents the stemming function. The roller allows the collar region 
to rotate and m ove longitudinally but does not allow deflection normal 
to the borehole axis. Although not shown· for clarity of concept. the 
be a m thickness in Figures 11-11 and 11-1 2 is actually equal to the 
burden. Borehole pressure is represented as a load distributed al<;mg 
the length of blasthole containing the explosive. Rock weight of the 
bench segment is considered negligible relative to the load resulting 
from the borehole gas pressure. Maximum contribution of total rack 
load acting at floor level is only at a ratio of about 1:1 00,000 or more 
compared togas pressure. 

The degree offragmentation is controlled by the stiHness property 
ofthe burden-rock mass. This stiffness depends on existing restraints 
to ~pvement. rack (Young's modulus). radially-cracked 
block's geometric shape as defined by its average thickness. width. 
and length. In terms of blast configuration. burden. spacing. and 
bench height are the controlling factors for any given rock. 
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cant amount of rock breakage. but it do es provide the- basic c.Óndition­
ing for-,the l¡;¡st stage of the breakage process. 

Stage 3-ln this last stage the actual breakage of rock is a slower 
action_ Under the influence of the exceedingly h1gh pressure of the 
explosion gases. the primary radial cracks are enlarged rapidly by 
the comb1ned effect of ten si le stress induced by radial compression 
and by pneumatic wedging. When the mass in front of the borehole 
yields and moves forward. the high compressive stresses within the 
rock unload in much the same way as a compressed coil spring being 
suddenly released. The effect of unloading is to induce high tension 
stresses within the mass which complete the breakage process 
started in the second stage. The small fractures and threshold frac­
ture conditions created in the second stage serve as zones of weak­
ness to initiate the major fragmentation reactions. (Figure 11-13c) 

f. NUCLEI OR STRESS WAVE-FLAWTHEORY (32. 33. 34. 35. 37. 38) 

Th1s relat1vely new theory was formulated at the Un1vers1ty of ' 
Maryland in the fracture. mechanics laboratory. Laboratory tests. 
were conducted in homolite-1 00 models. both unflawed and flawed. 
by simulating many of the geologic structures and discontinuities 
(joints. fractures. bedding planes) typically found in large scale 
bench blasting. Results showed that stress waves were quite impor­
tan! in the fragmentation process and caused a substantial amount of 
crack initiation at regions rather remote from the borehole. These 
regions consisted of small or large flaws. joints. bedding planes. and 
other discontinuities that acted as a nuclei for crack formation. devel­
opment or extension. This new stress wave domin'ated mechanism of 
fragmentation is referred here as the nuclei theory. 

The theory and actual mechanisms of stress wave propagation 
and interaction in a flawed medium are quite complex. They involve 
many phases such as: (40) 

• detonation and crack nucleation around borehole 
• crushed zone extension 
• dynamic crack stability 
• activation of flaws 
• coalescence of wave velocities and strains 
• branching of cracks 
• interaction of cracks and reflectad wave systems 
• ihstability of crack direction 
• random progressive failure 
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FIGURE 11.13 

Stage 2-The pressure associated with the outgoing shock wave 
ot the first stage is positive. lf the shock wave reaches a free tace it will 
reflect. but in so doing the pressure falls rapidly to negative values 
anda tension wave is created. This tension wave travels back into the 
rock and since this material is less resistan! to tension than to com­
pression. primary failure cracks will develop due to the tensile 
strength ofthis reflectad wave. lftheae tensile stresses are sufficiently 
intense they m ay cause scabbing or spalling at the free tace. (Figure 

11-13b) 

In rock breaking this spalling effect appears to be of secondary 
importance. lt has been calculated that the explosive load must be in 
the order of 8 times the normal load to cause failure of the rock by 

reflected shock wave alone. 
In the first and second stages. the function of the shock wave 

energy is to condition the rock by inducing numerous small fractures. 
In most explosives the shock wave energy theoretically amounts to 
only 5 to 1 5% of the total energy of the explosive. This strongly sug­
gests that the shock wave is not directly responsible for any SIQnlfi-
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In more simple terms. the important points of the theory are 

explained with the illustration in Figure 11-14. A bo'rehole i's located 

behih__d a free tace with two disconttnuities. a joint plan e and a small 

flaw. located between the borehole and free tace. Assume all other 
areas in the medium to be homogeneous and flaw free. 

In u·ntlawed material. only ·a·to 12 dominant cracks emerge from a 

dense radial network around the borehole. These dominant cracks 

can travel. significant distances and consequently form large pie 
shaped segments. that alone are not conducive for good fragmenta­

tion. Stress waves continuing away from the fractured zone around 

the borehole result in no further damage. 
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1;, flawed material or sections of the material wh-ich conb3in tlaws. 
fragri}_entation is qu1te different. Consider the P and S ·waves propa­
gating away from the fracture network around the borehole in Figure 
11-14b and 11-14c. Refer to Chapter 12:.._Vibration/Air81ast section 
for a d1scussion on Seismic Waves. No fracturing takes place until the 
flaw (joint plane) is initiated by the P wave tail and the leading front of 
the S wave. (Figure 11-14c). The remainder of the S wave has 
sufficient energy to keep the crack from arresting. A similar effect 

/ occurs as the P and S waves move past the small flaw between the 
joint plan e and the free lace. (Figure 11-14d). lt is i mportant to note that 
cracks are initiated at flaw sites remole from the borehole region by 
the combined act1on of the P wave tail and the S wave front. Flaws 
initiated in the immediate borehole vicinity of these waves ha ve only a 
small effect. Note al so. that the outward directed P and S waves can 
initiate flaws anywhere independent of the presence of a free surface. 

When a P wave encounters a free lace (Figure 11-14d and 11-
14e). it is reflected and travels back into the medium as a tensile wav~ 
to meet the outcoming S wave. Atthis stage. constructive interference 
can occur which allows ·for further crack initiation or extension ot 
cracks previously formed. New wave systems (PP. PS. SP. SS. PP. and 
S. PS. and S) will also form from the original outgoing wave system 
upon reflection at a free surface or discontinuity. These new wave 
systems can also contribute to crack extensions. Figure 11-141 and 
11-14g illustrate further crack extensions when all wave systems 
ha ve been reflected back towards the hale. 

The importan! points of the nuclei or stress-wave flaw theory are: 

• the fracture network spreads with the speed of the P and S waves, 
which initlate fracture around ttaws remete from the borehole 

• in hlghly flawed material. fragmentation resulta from the nucleation 
of new cracks at flaws and reinitiation of old cracks from the 
reflected stress wave systems 

• gas preseurization does not contribute significantly to the fragmen­
tatlon procesa 

Computational models incorporating stress wave/flaw interac­
tion as a mechanism of nucleating and extending cracks is growing in 
popularity. (32-38, 40) Although the models differ in approach and/or 
details, the main idea is that shock and/or. stress waves fragment 
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material and gas pressure acts to displace the broken material. 
Stre·ss wave functions not only to initiate fractures aior near.the bore­
hole wall. but also initiate frac'tures throughout the rock mass be1ng 
blasted. 

Recent work in full scale production shots and in large blocks 
added further insight into this phenomena. (35) Stress wave induced 
fracturing at flaws and discontinuities removed from the borehole 
was found to be considerably greaterthan either spalling or borehole 
radial !ensile failure documented by earlier works. Gas pressurized 
radial fracturing, in typical bench blasting operation. was found to be 
only a minor contributor to the overall fragmentation of the rock mass. 

Some key points of Winzer·s theory and observations are: 

i) new fractures are seen to form at the lace at about twice the 
time it takes for the P wave to traverse the burden distance 

ii) old fractures are the loci of new fractures or are re-mitiated 
themselves early in the event; they continue to be active lar 
severa! tens of milliseconds alter detonation of the explosive 

iii) fragmentation continues in blocks of rock. following detach­
ment from the main rock mass, by ~rapped stress waves 

iv)' the fracture pattern on the free tace is well developed prior to 
the expected time of arrival of radial cracks from the borehole 

v) in blasted faces from production-scale shots. fractures are 
' observed to ha ve initiated at. and propagated from. joint and 

bedding planes. suggesting the same operating mechanism (s) 
as those observed in homolite models at the University of Mary­

land 

vi) gas venting occurs through already open cracks relatively 
late in the event, indicating that the majority of fractures 
observed on the free tace are not gas pressurized 

vii) in more massive rock stress waves are transmitted with 
higher velocity and less attenuation. but fewer- fractures will 
form because there are few fracture sites. However. more 
radial fractures will form in massive rock. while fewer frac­
tures form at a distance from the borehole 
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viíi) large fragments will form early in the event. andas they move 
and fractures open. large segments of.the .. rock mass will be 
effectively isolated from further stress energy 

ix) in more heavily fractured rock. the stress wave velocity will be 
lower and attenuation higher. but there are more fractures to 
serve as initiation sites 

x) the stress wave takes longer to penetrate the mass. and 
movement of the rock can be expected to be slower as more 
energy is absorbed by the rock mass 

xi) cracks open more slowly. and smaller masses of rock are 
isolated early in the event. so that later arriving stress waves 
can continue to increase crack initiation and propagation 

g. TOROUETHEORY 

The success of this theory is totally dependent on the absolute. 
accurate timing of initiators. When two adjacent explos1ve colunins 
are initiated simultaneously from opposite ends. a compressional 
shock wave from each column traveling parallel but n opposite direc­
tions is formed. (Figure 11-15) The greatest stress is always directed 
perpendicular to the primary shock front. This stress is al so assumed 
to be greatest near the detonation head in the explosive and dimin­
ishes with distance away from the detonation head. An u neven stress 
distribution is formed between explosive columns when the columns 
are fired simultaneously and from opposite directions. This action 
tends to toss the fragmented rock between explosive columns in a 
counterclockwise motion. Reversing the primers of each explosive 
column will toas the material in a clockwise motion. This action is 
precisely what is needed to obtain uniform fragmentation and avoid 
tight muck pites such as in the case of ln-situ retorting. For this theory 
to work, exact initiators are crucial: nothing less will do. especially 
when using explosivas with very high velocity of detonation. 

h- CAATEAING THEORY (41-45) 

The concept of cratering. its development. and resulting applica­
tions were originally proposed by C.W. Livingston and later modified 
by others such as Lang and Bauer. (41) (43) (44) lt involves a spherical 
charge of length to diameter ratio of less than or equal to 6 to 1. 

detonated at an empiracally determined distance beneath the sur-
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APPLICA TI ON OF NEW BLASTING 
THEORY TO IN-SITU RETORTS 

BLASTING 
FIGURE 11.15 

tace to optimize the greatest volume of permanently fragmented 
material between the charge and free surface.This implies that given 
a specific explosive and material. there exists a burden distance 
between.the charge and free surface which yields the largest crater 
(Figure 11-16d}. This burden is referred toas the optimum burden or 
depth. Similarly, there exists another burden distance referred toas 
the critica! distance. which is too lar below the surface to result in any 
crater or expulsion of material at the surface. other than minar radial 
cracks. This is the point where material at the surface just begins to 
show evidence of failure, (Figure 11-16p}. 
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FIGURE 11.18 

Livingston determinad. experimentally and theoretically. that 
there was a constant factor between this critica! burden distance and 
the cube root ot the weight of explosiva and expressed itas: 

Strain Energy Equation 

N =ExW 3 

where: 

N 
w 
E 

= 
= 
= 

critica! distance in feet 
weight of explosive in pounds 
proportionality constant or the atraln energy factor 
which hali no unita and is constant for one given explo-
siva - rack combination 

lf a sufficient number of tests are performed as illustrated in Fig­
ure 11-16, then the strain energy factor could be calculated. For 
example if the critica! burden was found to be 12 feet when using 40 
pounds of ANFO. then 
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. N 
E-_=--, 

-- w] 

1 2 E = --=-:-

E = 

(40) 3 

1 2 

3.42 

E = 3.51 

Strain Energy Factor= 3.51 

This strain energy factor. E. will differ if the same explosive is u sed 
in a different material or the same material is blasted with a differ~nt 
explosive. When roe k gets more brittle. E in creases ar.d the optimum 
crater vol u me occurs at lower values of depth ratio. In softe~ material. 
E decreases and the optimum crater vol u me occurs at higher val u es 
of depth ratio. 

The strain energy equation can be written in another form that 
relates the c11arge depth from surface to the depth ratio. strain energy 
and explosive weight as: 

Upper Limit of Shock Aange 

de = t::, X E X W _3 

where: 

de= r:listance from surface to the center of gravity of the 
e 11arge in feet 

6 = depth ratio = depth of burial 
critica! depth 

W = we_ight of explosive in pounds 

lf deis the optimum burden thatyields the greatest vol u me of 

fragmented material. then it is referred toas d 0 and the opti­

mum depth ratio is referred toas 6 0 . 
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Grater data can be plotted in a number of differ~nt ways Figure 
1 1 -1 7 illustrates the effec't of two ex plos1ves. A and 8 on the amount of 
fragmented material that each is capable of achieving at different 
depths of burials. Note that the higher energy explosive always frag­
ments a greater volume of material at the same depth of burial as 
explosive A. but that the optimum depth of burial differs for each 
explosive. 

Explosive B 
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/ 1 ' 
/ 1 \ 

/ 1 \ 
/ 1 ' 
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/ .: . \ 
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1 \ 

do For Exptosi_.e A 
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lncreaolng De9fh 01 Burlal 

\ 

' ' ' ' 
VOLUME OF FRAGMENTED MATERIAL VERSUS· 

DEPTH OF BURIED FOA TWO EXPLO&IVES IN 
THE SAME MA TEAIAL 

FIGUfiiE 11.17 

Another method of representing era ter data on a common base is 
by plotting V/W on the y-axis and the depth ratio on the x-axis as 
shown in Figure 11-18. (44) Vis the volume of broken material in cubic 
feet. W is the weight of explosive in pounds. and the depth ratio has 
been defined as the depth of burial divided by the critica! depth. The 

important thing to note is that the optimum depth ratio. ( 6 0 ) . varies 
with each explosive-rock combination. The advantage of performing 
such field experiments is that one would obtain crater data specifi­
cally suited to the user environment for a number of different explo-
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sives. Although the curves in Figure 11-18 are fitted as smooth 
curves. one should remember that some scatter-i:Jf data is always 
pres·e_nt and it i_s importan! to take this into account for crucial applica­
tions of cr<Úering. 
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i. CRATERING MECHANISMS (4) (45) 

As the high pressure explosive gases expand against !he medium 
immediately surrounding the explosion, a spherical shock wave is 
generated causing crushing, compaction and plastic deformation. 
(Figure 11-19a) For commercial explosives the initial shock pres­
sures are on the order of 100 to ·200 thousand atmospheres (one 
atmÓsphere = 14.7 pounds per square inch). As the shock front 
moves outward in a spherically diverging shell. the medium behind 
the shock frontis put into radial compression and tangential tension. 
This results in the formation of radial cracks directed outward from 
the cavity. The peak pressure in the shock front becomes reduced 
due to spherical divergence and the expenditure of energy in the 
medium. For shock pressures above the dynamic crushing strength 
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of the medium. the material is crushed. heated,and physically dis~ 
placed. forming a cavity. In regions outside this limitthe shock wave woll 
·produ-ce permanent deformation by plastic flow, until the peak pres­
sure in the shock front has decreased toa value equal to the plastic 
limit of the medium. This is the boundary between the plastic and 
elastic zones shown in Figure 11-20. 
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EMPLOYMENT OF ATOMIC DEMOLITION MUNITIONS 

DEPARTMENT OF THE ARMY, WASHINGTON, D.C. AUG. 1971 
FIGURE 1 1.20 

VÍihen the compressive shock front encounters a free lace. it must 
match the boundary condition that the normal stress or pressure be 
zero at all times. This results in the generation of negative stress. or 
rarefaction wave which propogates back into the medium(Figure 1 1-1 9b ). 
Thus the medium which was originally under high compression is 
put into tension by the rarefaction wave. This phenomenon causes the 
medium to break up and fly upward with a velocity characteristic of 
the total momentum imparted to it. In a loase soil material. this spalling 
makes almos! every particle fly into the air individually, while in a roe k 
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medium the thickness of the spalled material is gen_erally determined 
by th_e presence Of pre-eXISting fracture patterns a~d zones Of weak­
ness.-. As .the distance from surface increases. the peak negative 
pressure decreases until it no longer exceeds the ten sil e strength of 
the medium. The velocity ot spalled material also decreases in pro­
portian to the peak pressure This breakage mechanism is predomi­
nan! only for charges placed at very shallow depths of bunal. 

The two mechanisms described so far are short term.lasting only 
a few milliseconds. The gas acceleration mechanism. however. is a 
much longer lasti'ng process which imparts motion to.the medium 
around the detonation by the expansion of gases trapped in the 
explosion-formed cavity. (Figure 11-19c and 11-19d) These gases 
are produced in the surrounding material by vaponzat1on and chem­
ical changes induced by the heat and pressure of the explosion. 
Venting occurs because the material is no longer cohes1ve enough to 
contain the explosion gases. As the gases are released. fragments 
assume free ballistic trajectories. At dE- c.:hs e' burial at which crater 
dimensions are maximum. the gases produceo .·. 1 give appreciabl~ 
acceleration to overlying material during its escape or venting 
through cracks extending from the cavity to the surface. At shallow 
depth of burials the spall velocities are so high that the gases are 
unable to exert any pressure before venting occurs. For very deep 
explosions the weight of the overburden precludes any significan! 
gas acceleration of the overlying material. Gas acceleration is the 
dominan! mechanism at optimum depth of burial. With a constan! 
weight of explosive. the optimum depth of burial varies with the sur­
rounding material. 

At deep depths of burial. the mechanism of overburden collapse 
(subsidence) becomes dominan!. This effect is closely linked to the 
crushing, compaction and plastic deformation mechanism which 
produces an underground cavity. At these depths of burial. spall and 
gas acceleration will not impar! sufficient velocity to the overlying 
material to physically eject it from the crater. Most throwout returns to · 
the crater as fallback material. In a rock medium the bulking action of 
the rock . .when it is disoriented from its original fracture pattern. could 
produce a volume greater than the underground cavity. This could 
resuit in no crater ora mound above the ground rather than a crater. 

At even deeper depths of burial. about twice or deeper of that of 
optimum. another type of subsidence occurs. In this case the spall 
and gas acceleration has no significan! effect on the overlying mate­
rial. Only an underground cavity is formed. When the pressure in the 
cavity decreases below overburden pressure. the root of the cav1ty 
begins to collapse. In most media this collapse will continue upward 
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forming a chimney of collapsed material. In soil. wh~re the d.ensity of 
the material will not significantly change alter it has fallen. the vol u me 
of the undergrc und cavity will be transmitted to the surface. 

Figure 11-21 illustrates surface time profiles alter detonation of a 
40 pound equivalent charge of ANFO. buried 8.0 feet in an unconsoli­
dated. sedimentary type material. (46) High-speed photography was 
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u sed to document the effects of shock and gas P~E!ssure .. The first 
observation was that of bnsance or the reflection of the compressive 
shock-at the surface a few milliseconds alter detonation. This is indi­
cated by the dotted eclipse 1mmediately above the charge hole or 
surface. With sufficient camera coverage and appropriate viewing 
angles. this shock ring can often be used to _estímate. ih rough. the 
degree of crater damage. In this case. sufficient viewing angles were 
not available and so only part of the total reflected shock could be 
resolved. Because the charge was placed at a depth significantly 
greater than the optimum depth of burial. no appreciable spalling 
occurred. Gas pressure was the dominant mechanism respons1ble 
for uplifting and ejecting material radially outward. 

As gas expansion occurs around the charge cav1ty. ttie material 
above the charge 1s compacted and heaved .upwards. Between Oto 
45 milliseconds alter detonation. the uplifted material is resiliant and 
compacted enough to maintain sufficient cohesion to contain all 
gases resulting from expansion. At 60 ms gas venting begins to occur 
directly above the charge and continues to expand in a well defineq 
are with respect to time. lf the gas venting contacts at each end oi 
ea eh time profile are connected with straight lines. the lines will most 
always point toward the top or the center of the charge. In this case. 
the gas venting anglewas measured to be approximately 45 degrees. 
The gas venting angle is useful in determining how much of the top 
part of a cylindrical charge. as found in production holes. actually 
contributes togas venting, cratering and/or lost energy through lack 
of stemming confinement. At either side of the gas venting angle. no 
gas venting occurs. but material fragments are displaced and/or 
ejected outwardly. Material fragments are also ejected from within 
the bounds of the gas venting angle. Owing toa charge depth beyond 
opt1mum. the final result is a mound rather than a crater. The mound is 
indicated by the shaded section underneath the 60 ms time profile. 

The initial instantaneous uplifting velocity above the charge is 
general! y high but dil'ninishes to zero when the material has reached 
its highest displacement. In reference to Figure 11-21. the average 
initialvelocity a long the vertical displacement vector up to 45 ms is 68 
fVsec,: The average velocity from 60 ms to 239 ms is 54 ft/sec The 

ditference in velocity is attributed to the effects of gas venting and 
expansion beyond 60 ms. These velocities are dependent on material 
type and structure. explosive and depth of burial In general. the 
velocity will decrease exponentially with depth for a given explosive 
and material type as shown in Figure 11-22. (46) 
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" 5. DECOUPLING 

Decoupling is generally used as a control to reduce backbreak to the 
final planned excavation limit for pit wall ·slopes in open pit mines. shafts. 
drifts. ditches. road cuts and mine benches. 

Since the borehole pressure is quite intense for a fully coupled bore­
. hole. exceeding many times that of the dynamic compressive strength of 
the rock. it must be reduced to avoid extensiva damage. The three principal 
modes of rock failure occur by exceeding the dynamic compressive. shear 
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or tensile strengths. ldeally. the borehole pressure should be somewhere 
between th.e compressive and ten si le strength of the rod<. so as· to avoid 
extensi\ e cr,ushmg at the borehole wall. yet provlde enough pressure to 
extend a single predominan\ crack between any two perimeter holes in the 
control line of holes. 

A good example of decoupling in air and water in relation to fully 
coupled holes 15 1llustrated in Figure 11-23. (47) The pressure imparted in 
the rock mass at 36" away for the same explosive is shown for four 
cond1t1ons: 

i) a 6" di a meter explosive in a 6" hole 
ii) a 2" di a meter explosive in a 2" hole 

iii) ·a 2" di a meter explosive 1n a 6" hole (air decoupled) 
iv) a 2" di a meter explosive in a 6" hole (water decoupled) 
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All measured stress levels are compared relative to the 6" diameter 
explosive in a 6" diameter hole. A number of important points are imme­
diately evident. The greatest stresslevel was achieved with a fully coupled 
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explosive in a 6" diameter hale. The next highest stress .level was achieved. 

again: with a fully coupled explosive. even though the hale diameter was 

reduced three-fo1d toa 2" diameter. Water decoupling followed next anda ir 

decoupling produced the smallest stress level. Thus. an air decoupled 

charge ís the most effective means of reducíng borehole pressure and 
consequently the peak stress level wíthín the rack mass. 

A reasonably reliable method of calculating the borehole pressure is 

with the following formula which takes .into account two decoupling ratios. 
(48) (49) (50) 

~ 12.6 
pb = 1.69 x 10-3 x p x voo2 x L x~~J 

where: 

Pb = Borehole pressure in PSI. 

p = Densíty of explosive in g/cc 

VOD = Velocity of detonation in ftlsec 

e = Percentage of explosive column loaded expresséd as a 
decimal 

de = Explosive diameter (in.) 

dh = Hale diameter (in.) 

This formula is best suited for explosives which contain no metallíc 
elements or relatively small amounts. since the addition of energizing 

metals lowers the detonation velocity of the explosive and hence. the 

borehole pressure as calculated by this equation. Computer codes su eh as 

TIGER and EXPLODE are used to calculate borehole pressures from 
explosivas containing metallic elements. 
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EXCLUSIVE 

IN quarrying, the 
, profitability of an 
operation is directly 
controlled by t he 
blasting, because it 
is at the f"ce that 
the production 

cycle begins. Poor blast -results in­
variably will lead to economic diffi­
culties. In addition, the frequent 
changes and complexity of operating 
conditions force opcrators to strugglc 
continually with thcir problems. 
often without reaching satisfa:tory 
solutions. The usual tnal-and-crror 
approach as such is expensive ami 
oflen hazardous, and it rarely leads 
to complete success because of a 
lack in ftexibility of applic;:aion. 
Al:-.u information that is generally 
avo.~ilable. on blasting is not usually 
aPplicable from the practica! view­
point. 

For these reasons certain basic 
standards have been developed to 
assist producers in the design and 
evaluation of their blastíng. It is the 
purpose of this discussion, therefore. 
to describe those guidelines and 
show how they can be applied, in 
order that normal blasting difficulties 
might be reasonably avoided. 

There are two fundamental effects 
r rom blasting that must be con­
trolled: fragmentation and displ,.ce­
ment. For the first effect, uniformity 
of particle-size distribution and the 
limits of actual sizing are the two 
important qualities. Usually reason­
ably uniform sizing is preferred, too 
many fines or too many slabs being 
undesirable. Similarly, for the sec­
ond effect, rock movement, too little 
or too much displacement is not 
wanted for economic and safety con­
siderations. The two cffccts always 
become problems if overbreak oc­
cu". Air blast nnd objectionable 
ground vibration are also problems 
that can lead to serious·difficulties if 
uncontrolled. Thus, to direct these 
effects properly and apply the basic 
standards succcssfully, one should 
first· have a working knowledge of 
the blasting process itself. 

THE MECHANICS OF ROCK 
BREAKAGE 

Roclcs are normally more resistan! 
to failure by compression, or crush­
ing, than they are to·being separated 
by tension. For example, limestones 
as a group may have compressive 
strengths of 3,500 to 25,000 psi, 

The Mechanics of 

Part 1 

but they nlí.IY huve tensile strc:ngths 
;.as low as 500 to 2.500 psi. In ;.¡d­
dition. the ordiní.lry high explosivc:s 
and blasting agents normí.llly used iri 
blasting produce very high prcssurcs 
at .extremely rapid reaclion veloci­
ties, which may be from 8,000 to 

1 
1 

·- -·· 

·- -· 

EN(II:GY SOUitC:[ 

COMPR:ESS10N 

-·- ·-·- REFLECT10N 

---- • REFRACTION 

.. 
\ 

\ 

Figur• 1-En•rgy reR•ction •nd refr•ction 
forc• cornponenh •t den,ity int•rf•c••· 

26,000 fps (5,300 to 17,000 mphl. 
. The rapidly developcd pressures in 
bl"stholes may be "s low a< 250,000 
psi or in excess of 2,000,000 psi, 
depending on the panicular type of 
explosive and the conditions under 
which it is used. The cffect of ex­
plosives reacting on rocks. then. is 
one of impact, or impulse, from a 
quickly applied blow of extremely 
high intensity. 

When explosive charges are 'uscd 
in circular blastholes, the sudden ap­
plication of high pressures into the .. _ 
surrounding rack is exerted equally 
in all directions along the blasthole 
perimeter. The rock in that region is 
quickly compressed, usually crush­
ing the rock fo' a limited distance. 

2 

Tht: ~uJden ;.tpplication ;.tnd follov.­
_ing quid: release of high prcs~urc 
·introduces a compressive ~tn::-;o;-\'w";¡\._: 
· that quick.ly spreads throu:;hout th..: 
rack nli.ISS as an rb ... ti~.: w;¡ve. This 
a::tion results becausc most rock:. 
are ch;1racterized by snme brittle­
ness and ;-.re thcrefmc somcwhat 
elaSlic. The particul;.u spceJ at which 
tlh ~.:ncrgy tr;.avels throu~h thc l'tlí.:k 
¡, ;1 function of the rock's density, 
dcnser materi;,¡Js transmitting com­
pressive-wavc energy at high rates 
;md the porous or lighter ru~.:ks 1.1t 
rebtively low speeds. 

For simplicity, one might visual·· 
ize the wavc effect as being similao· 
to th"t achieved by dropping a peb­
ble into a pond of w;.lter. As with 
the wav~s in water when they en­
counter a shoreline, sorne of thc 
compressive-wave energy from thc 
cxplosive transmittcd through 
the roc;:k is reftected and refractc:d 
( bent) al all changes o'f d('nsity or 
structural discontinuities (Figure 1 ) . 
Any open face, change of roe k type, 
etc., will produce this effect. The re­
mainder of the energy, however, 
tries to continue along its origin:.~l 
travel direction. The angle of travel 

o o 
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direction of the reHected energy is 
the same in value but opposite to 
the direction of t~e energy imparted 
at the boundary, the direction of 
energy refracted into the next ma­
terial being a function of. the char­
acteristics of both materials. Thus, 
at every change of density sorne of 
the impulsive energy is refiected and 
rcfracted, the balance continuing to 
travel in its initial direction lhrough 
the second material. 

The action of energy transmission 
is more easily understood if one first 
considers the material being blasted 
os being made of many small parti­
cles (Figure 2). lf a blow is exened 
on onc particle, we could expect the 
energy to be transmitted in the di­
re<tion of the applied blow to ad­
j;u.:cnt particles, until the energy is ~ 
... ·\·..:mually consumed as a result off 
work-performing effects such as. 
r riction, dampcning, fragmentation, .­
Cte. Particles in a pile of sand are 
noncohcsive; so thcre is little or no · 
attraction bctween thc particles, 
even though each may have t1 certain · 
amount of clasticity within itself. 
Most rocks, however, are cohesivc 
as well as somewhat elastic, thus 
promoting a different eflect from that 
occurring in loose materials. 

For the noncohesive particles, the 
one on the outside of the piJe, on 
receiving a blow from an adjacent 
one inside, would endeavor to kecp 
tr;.¡veling outward, since therc are 
no partic1es remaining to impede 
its movemcnt. The cohcsive material, 
on the other hand, would havo the 
outer particles held to adjacent enes, 
as if by springs. If the blow is suffi­
ciently strong, the inertia of the 
o u ter particles will tend to kecp them 
moving outward, once the energy 
has been applied to them, the springs 
then being placed in tension. lf the 
tensile strength of the springs is ex­
cecded, thcy will break. The sudden 
releiiSC ol tensiori wlll in turn cause 
the adja~ent . panicles toward the 
insidc ol the mass ·¡ó rebound. As 
cach panicle is acted upon in this 
fashion, beginning at the open lace, 

the springs will be broken in subse· 
quent arder bad to the sourc,.. of 
the initial blow. provided that there 
is enough energy remaining to ex· 
ceed the tcnsile strength of all of 
the springs. 

Thus. the stressing. action of 
breaking rack begins <~t a free sur­
face, or change in density, and 
moves back in toward the explosive 
charge .. The problem for proper 
fragmcntation. then, is to be certain 
there is sufficient ;.¡pplied energy to 
pCrmit travel outward from the ex­
plosive charge and return, with suf­
ficient strcngth to exceed the tcnsile 
strengths of the rocks along the en­
tire path of travel. 

Sincc blastholes are circular. the 
energy propagation will 5pread out 
in distance from the source, or as a 
ra~. This action causes thc energy 
travel in panicles to move .. in differ­
cnt directions. In addition, stresses 
developed in the walls o! blastholes 
will decrease rapidly as the energy 
pulses travel away front the charges. 
There will be only one direction. 
that perpendicular to a free lace and 
usually called the burden, where en­
ergy will be the strongest and first 

By RICHARD l. ASH, P.E. 
School of Pl.4inn ud l••ht•ll'"liY 

Uni,..•r•ity of t.4iuowri 

to rcach the boundary ·surface. En· 
ergy froni the explosive charge will 
continually weaken and will reach 
outer particles along the face at later 
intervals in progressive order. 

Fly rock velocity will be greatest 
at th_e center point, where the encrgy 
trOJvd distance is lcast; on eithc:r 
sidc. particles will have less energy 
imparted to thcm and will have a 
progrcssively greater lateral action 
as distancc is increased rrom thc 
center. The appearance of the face 
assumes the shape of a large bubble 
opposite the charge, with the outer­
most edge stretched in lateral ten­
sion (Figure 3). As a result of this 
action a crater forros, caused by the 
combination of tensile effects along 
the encrgy trave( patns from. the 
charge outward and thosc betwecn 
particles lateral/y becausc of the di-

.. verging action imposcd by the dif­
ferences in energy travel directions. 

The outline of thc excavation and 
fracture pattem within the cratcred 
portion are inHuenced strongly by 
the structural planes of weakness in 
the rock mass, such as slips and 
joints. Whether . or not there is 
enough energy to travcl outward and 
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uturn must be determincd for each 
blasting situation. If the amount of 
initial cxplosivc cncrgy is inadequatc 
for thc total travcl distancc. so that 
thc tcnsile strengths are not excecdcd 
both outward and on rcturn. onc can 
cxpect to find the unbroken rock, 
or vcry coarsc brcakagc, Huid~ thc 
brokcn rock pilc, ncarcst thc loca­
tion of the blasthole. 

Whcrc cxccss encrgy is used, the 
broken rock Will be thrown farther 
out from the face, and there may be 
sorne overbreak in back. of holes 
and on the edges. On the other hand, 
if slabs or boulders are found ori the 
outsid~ o( the p·le aher blasting, it 
is most likely because the ledge was 
cracked before the blast was made, 
from carlicr ovcrbreak, or bccausc 
mud scams or similar density 
changes existed in the rock mass. 
Cracks, or density changes, serve to 
reftect and refract encrgy bcfore it 
reaches thc outer free face, with a 
subsequent reduction in energy 
levels passing through, the outside 
portions therefore . being merely 
pushed out from the lace. 

For most field blasting, more than 
one free face will exist. i.e .. a bcnch 
or ledge is present. The addition of 
a third free face, such as a comer, 
will alter the crater ef!ect (Figure 
4). Since the relative distances to 
opcn faces from a charge determines 
which facc is stressed first, too large 
a difl'erencc in distanccs often givcs 
humps, toes. or vcry coarse fragmen­
tation in the arca with the longest 
distance. Full cratering with over­
break will occur on thc other sidc, 
where energy ttavel is the least. even 
though a comer may be present. 

In that blastholcs are much great· 
er in lcngth than they are in width, 
the ef!ects from the explosivo rcac­
tion along thc blastholc must also 
be considered, cylindrical rather than 
spherical ef!ccts being the usual con­
dition. Figure S illustrates blastholcs 
in a Iedge with pcrtinent terminology 
described. while Figure 6 gives wave 
forms in rock resulting from the cyl­
indrical efl'cct. 

lt is apparent frum the sketches 
that thc time whcn the compresslve­
energy wave in rock flrst arrives ot 
an operi lace will be dif!crent for 
each blasting situation •. The shape of 
!he wave will vary from that of • 
spherc to a cene, the actual shape of 
which is a function nf thc cxplosivc's 
reaction vclocity (v.) to that of en-

•r• ~ ncr ;w.,.;¡:e;;:: n.ta;.W<W 
, LlDU: , 
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Fiqure l-Seque11ce of ectio111 in cref•r for· ' 
metion. 

ergy travcl in thc rock (v, ), usually 
expressed as the K,- or velocity ratio. 

The primer location will deter­
mine that portien of the lcdgc which 
will be strcssed and displaced first. 
As hole depths incrcase, the dif!cr­
cnce in blast cf!ccts will becomc 
greater. Collar priming usually pro-

T 
,__,----< ,...--· ...... __ _ 
1 

¡ '" 1 

Fiqure 4--lllfluellce ol free-fec. locetio111 
on cret•r positio11. 

motes a water! all ef!cct, with thc 
broken rock left in high piles direct· 
ly against thc vertical tace. Bottom 
priming tcnds to scattcr, or spread 
out, thc broken rock ovcr a largor 
floor arca. Center priming, on the 
other hand, produces a compromiso 
ef!cct. Collar and bottom priming, 
when used together in thc samc 
blastholc, will tend to lncrease the 
strcssing in the ledge center, thereby 
intensifying the fragmentatlon and 
displacemcnt actions. 

The inHuence of gravity, or static 
loading, has little or no practica! 

4 

etrect on fragmentation under most 
blasting conditions. However. for 
vcrtically drillcd blastholes the high­
er thc ledge, thc proportionately 
greater the resistance to ·displace­
ment of .. rock at ledge bottoms. Since 
the pressure waves produced in the 
rock from every point along an ex­
.plosive column cannot rc .... :h the 
vertical and horizontal free faces at 
the same time. it is most often pre­
ferred that stressing begin at the 
base of 'the vertical free face. This 
is usually because of the need for 
adequate displacement to insure 
e~sy and s.afe digging. 

· -· Blastholes that are inclined ( Fig­
ure 5) help to compensare for weight 
effects as well as to extcnd the cf­
fective arca for stressing in the vi­
cinities of hole collars and bottoms. 
Boulders · most often come [rom 
those arcas. lt has been shown that 
·the greater the angJe of inclination 
thc better geomctrically propor. 
tioned becomes the stemming z.one 
for cratering. thus rcducing back­
break cf!ccts. But air blast and pos­
sible violence are more likely to 
occur · since the volume of rock is 
apprcciably reduced in the stemming 
region. Thus, less dense explosives 
would be preferred in collar arcas. 
lt should be notcd, howcver, that 
stressing in ponions of the ledge 
other than at thc collar and Hoor 
leve! will be no dif!erent, regardless 
of the hole inclination, proviJt: :: 
that the bench lace parallels tr,, 
charge column. 

Fiqure S-llesthol• terminolo¡¡y. .... -r ~.~ .. , 
' 
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I_T_is_ not_enough ~jUst .to. understand ---­
what happens during blasting. 
Probably the most importan! 

thing to the average person is to 
k.now how blast effects can be con· 
trolled to suit the requirements of hi~ 
operation. In this respcct tbere are 
available five basic standards uport 
which lO evaluate blasts, all of which 
are unitless ( dimensionless) r;ltios. 
They can be applied to both under­
ground and surface blasting with 
equal success. For simplicity, how­
ever. their use wiiJ be discussed as 
applied to surface (open-pit) blasting 
conditions. The standards are de­
fincd as follows: 

---=-=-----=--=----=----·----·--
The Mechanics of 

ROCK BREAKAGE 
STANDARDS FOR BLASTING DESIGN 

Part 11 of a Series 

1. Burd~n Ratio ( K 8 )-the ratio 
of the burden distante in feet to the 
diameter of -the explosive in inches. 
equ¡¡l to 12 BID. 

2. Hui•-D•pth Ratio (K., )-the 
rmio of the hole depth to the burden. 
both measured in feet, or H/8 

3. Subdrilling Ratio (K,)-the 
ratio of the subdrilling used to that 
oC the burden, both expressed in 
feet, or J/8 

4. S"mming Ratio ( KT )-the 
ratio of the stemming, or collar dis­
tance to that of the burden, both 
being in feet, or T/8 . 

5~ Spacing Ratio (Ks)-the ratio 
or thc spacing dimension to that o( 
the burden. both measured in feet, 
or S/B. 

Burd•n Ratio The most crlt;C<.tl 
and important di-· 

mension in blasting is that of ¡he 
burden. Tht::re are two rcquirements 
nccessary to define it p,ropcrly. To 
covcr all conditions; thc burden 
should be considercU as the dis­
tance from a cha.rge meaS\Irtd per­
pendicular to 1he nean::st free face 
and in the direction in whlch dis­
placement will most likely occur. lts 
actual value will dcpend on a combi­
nation of variables. including thc 
rock. characteristics. the cxplosive 
used. etc. But when rock is com­
pletely frar,mented but displaced 
liule or not at all. one can. assume 
the critical valuc has been ap­
proached. Usually. a~ amount 
slightly less than the critica! value 
is· preferred by most blasters. 

There are many formulas that 

Tahlc l-5taadard Blastin& Rallos for '.'utical Blastbola 
(AII Typa of Suñacc Blastina. :ZO Diftcrcat Rock T,·pn. Hole Df:pdu From 5 to UO 

rt .• aad Hole Oiamctcn From 1441 lo JOMI la. for AIJ·Cnda of Explosl~e-s) 

All Opcnlions All Opcnnons but Coal Strippinp 
K, KH K' 

' 
K • T 

Group frcqucnt'y Croup FrcqueDCy Group Frcqucnt)· Croup frcque~tt)' 

0.10-0.19 o 
n.o-o. 9 o 11.~0-11.~~ • 10-13 o 1 0-1.9 4) 11.311·11.:\9 1 ~ 

l-4-17 ~ 2 0-2.9 70 0.00·0.09 1 ~ 0.40-0.49 18 
18-21 1 J J.ll-).9 S6 0.10·0.19 ,. 0.50-0.~9 ·~ 22-25 ·51 o4.0-o4 9 4S 0.20·0.29 '7 U.60-0.tí9 1l 
26-29 74 l.o-l.9 ~2 0.30-0.39 " 0.70-0.79 19 
JO-JJ M 6 ().6.9 22 0.4J-0.49 2~ 0.80-0.89 1 J 
)4-37 44 7.G-7.9 ti 0.50-0.~9 ' 0.90-0.99 • )8·41 10 8.0-8.9 4 0.60-0.69 6 1.00-t.()C) 14 
42-45 7 9 0-9.9 ' 0.70-0.79 ' 1.10-1.19 7 
46-49 4 10.0-10.9 8 0.80-0.g9 o 1.20-1.29 7 
5<>-ll u 11 0:11.9 o 1.)0.1.~9 J 

12.0-12.9 1 1.40-1.49 ' l.l0-l.l9 ' Tuto.l 284 Total 284 Total 125 Tot11l ll2 

Mcañ )0 Mc;an 4.0 Mc:¿n 11.28 Mean 0.74 
l\lodt JI Modt 2.6 Moc.k 11.24 Modo 0.65 
Median 29 . Median 3.4 Median 0.27 Median 0.67 
•Note-Rf: Ash, R.·.L_., and Pearse. T. E.-"Velocity. Hole Dcpth Related 10 Blastin' 

· Resuhs ... Afininc Entinuring-Scptcmber, 1962. p. 75. 
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provide approxima(e burden values. 
but :nost requir_e calcul:.llions thnt 
are bothersome or complex to the­
average mao in the field. Many <liso 
require knowledge of various qu<lli~ 
ties of the rock: and explosives, such 

. as tensile strengths and detonation 
pressures. etc. As a rule, the neces· 
sary information is not re'!odily <lV:til 4 

able, nor is it understood. 
A conveoient guide that can be 

used for estimating the burden, how­
ever, is the Ku ratio. Experience 
shows tbat when K0 -30, the blast­
er can usually expect satisfactory re· 
sults for average field conditions 
-(Table 1). Thus, for a 3-in. diam­
eter· cxplosive,. a 7 1h: ·ft. burden 
(30 x 3/12} would be ·a reasonable 
approximation. To provide greater 
throw, the K8 value could be re­
duced below 30, •nJ subsequent 
finer sizing is also expected to re 4 

sult. 
Light density explosivos, such as 

field-mixed AN/FO mixtures, nec­
essarily rcquire the use of lower K11 

ratios (20 to 25), while dense ex­
plosivos, such as the slurries and 
gelatins. pcrmit the use of a Ka ne<l • 
40. The final value selected shoula 
be the result of adjustments mad,· 
to suit not only thc: rock and ex· 
plosive types and densities but also 

· thc degree of fragmentation and dis­
plaeement desired. 

To estimate the desired K8 value. 
one should know that densities for 
explosives are rarely greater than 
1.6 or less than 0.8 gm/cc. Also. 
for most rocks requiring blasting. 
the dcnsity in gm/cc rarc:ly exceeds 
3.2. nor is it less than 2.2, with 2. 7 
( 165 lb. per cu. ft. in the solid) by 
Ciir the most common vatlue. Thus, 
by first approximating the burden 
make simple estimatioos toward 20 
al a K1 of 30, th< blaster can then 
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(or 40) to suit the rock and explo­
sive characteristics, densities for the 
latter exerting the greater inftuence. 
·. Thus, for light explosivos in dense 

rock, use Ka- 20; for heavy ex­
plosivos in light rock, use K8 -40; 
for light explosivos in average rock, 
Ka-25; for heavy explosives in 
average rock, Ko-35, etc. Figure 7 
illusttates the relationships between 
burdeos and explosivo diameters and 
can be used to approximate values 
for quick estimations. 1t should be 
noted, bowever, that thc burden 
must be more carefully selected for 
small-diametcr blastholcs than for 
thc largcr cbargcs, a fact well con-
6rmed by 6eld experience. 

Hoi•Depth 
Ratio 

As a rule, a blastbolc 
should never be 
drilled to a depth 

Iess tban the burden dimension, if 
overbreak and cratering are to be 
a voided. Tbe primer location and 
the K. ratio (Figure 6) ha ve an im­
portan! inftuence on the minimum 
rcquired depth, in that the sbape 
and direction of the wave form de-

termines where and which face iS 
stressed first. In practice, blastholes 
are generally drilled from 1 1-l to 4 
times the burden dimension~ and 
blasting is done most frequently with 
a K" value of 2.6 (Table 1 ). 

One could , then presume that 
when using a 3·in. explosive of 
average density in normal. rock with 
a 7 1-l-ft. B. a hale depth !ro m 10 to 
30 ft. would normally give satisfac­
tory rcsults. As the depth increased 
beyond 30 ft., displacement prob­
lems could result, leaving toes or 
bootlegs (part o! the hale left in­
tact) beca use of the failure to pull 
the full lcdge height. lnclined drill­
ing will help to eliminate somo of the 
difficulty. But a hale depth less than 
the burden, 8 ft., for example, could 
always be expected to be violen! and 
to produce overbreak in back of 
boles. 

Subdrllllnt 
Ratio 

The primary reason 
for drilling blastholes 
below ftoor leve! ( or 

grade) is lo insure that a full lace 
will be removed. Urieven ftoors 

causcd by humps and toes generally 
create problems for later blasting, 
as well as in loading and haulage 
operations. For most conditions, the 
requirec;l subdrilling (1) should never 
be less than 0.2 ihe burden dimen­
sion, a K, o! at least 0.3 being pre­
(erred for quite massive ledges 
(Table 1). 

The amount of aecessary over· 
drilling logically depends upon the 
structural and dcnsity charactcrisücs 
o! the ledge, but also on the direc­
tion of thc blastholes, in that in· 
clined hales requirc lcss subdrilling 
··and horizontal hales no subdri1ling 
·whatsoevcr. Undcr ccnain condi~ 

tions no subdrilling is requircd also 
for vertical hales. as would be thc 
case for many coal strippings or rock 
quarries having a pronounced part· 
ing at ftoor level. Howevcr, for rela­
tively massive rock drilling, at \east 
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·o.:\ the hurden bclow the floor will violence, pJrticularly for collar prim- at extremely short-delay intervals, 
---insurc~th;.lt-full-ledgc -hcights- arl!- --¡ng·of-t:harg\!S":"""Hmvcv~r~-¡f il1 .. ·r..: .~ne reiílfOrcement-·actiOn-iñcreaSc~ 

obtaincd. providcd, of (;QUfSe, lhat structur;.d di,(;nn-tinuitics in th~ l."tll- with larger angles of force collision. 
a propcr Kn valuc is ;.¡lsó uscd. Thu.. lar rcgiun, rdk• .. :tinn and n.:fr~tctÍ\10 · This action promoti!S gremer ground 
for thc 3-in. cxplu"ivc ami 7 1/i·ft. of th~ cn .. ·r:.!v \~a\"CS rcJu~.:c thc vibrJtion rorcc-eflects. However, as 
hurJcn, the bl;.sthole · should bl.! ellc .. ·ts in thl.! .. i.Íin:.ction ot' th~ 1.:h.:H!!C dcscribcd earlier, ·the energy le veis 
Jrilll:d ¡¡( h:<.l:-.t ~ 1/! !t. bclllW lluor h.:n~th. Thu~. thc Kl' v;du~.: l.";tn h...: or slress~s in the rock are reduced 
lcvcl. r~.:Jw.:~.:J un~.kr ... tu.:h ~.:ircunbLllll..:~'- by the fan erTect as distotnce from 

Stemmin9 Ratio e u¡-¡ a r 01 n J 
stcmming :tri.! 

'omctimcs u ... ...:d 111 c.xrrc'~ thc o;;:ulh! 

thing. Huwc\'cr .... t...:llllll\0~ rcfcr.., Id 

thc lillin~ uf bbs1hoks in thc colbr 
rq:ion v.·ith m:u...:riaJ, ... u¡,;h :ts Jrill 
I.."Uttin~s to cunlinc thc c.\pln~i,·c 
;~:,,..:...:. Uut "knnuin.~ .111J amuunl if 
...:111br. thc lallcr h~.:tn:..: th~ unloaJI!U 
Jlllt ti\111 <,f a bl;.t..,Lhtlk. pcrform othcr 
lunl.."tton:-. in' ;...dJitúlf1 lo conrming 
;.:.~ ... e•.. Sin~.:c :1n cncrgy wave will 
tt ;¡vd mul.."h f;.t,t..:r in :-.PiiJ wck than 
'n 
-.tl'li1111Ín~ nwtcrial. ~trc~~ing will 
¡¡._·..:ur •nu..:h C<.trlicr in thc ~ulid ma­
lt.:rial lh<.!O I.."Ontp:IC(ÍOO O( thC S(Cffi• 

nHn(.! m;.ttcri;.d could be accom. 
rti ... h..:d. Thu.,. thc.! ;amount of collar 
th;1t i:-. ldt ( l1. wht!thi.!r or not stcm­
ming is u,..:J .. d..:tl.!rntinc:..; th~ dt:grec.! 
uf :-.trc:-.s halan~.:c in th~tt region. Th&:: 
u'..: o( :,tcmming nHllcri;.¡) thcn a.;­

,¡:-.ts in conlining thc g;.•scs by a de· 
by-:J action that should be long 
cnt~ugh in time duro:ttion to pl!rntit 
1h..:ir p..:rforming th...: ncccss;.uy work 
ht..:for~..: rod: mnvcmcnt ~•nd stl!mnting 
.. -j ... ·..:tion 1.:o111 o~...:ur. Fur stress bal­
oto..:..: in tx:nch-blasting of m:.ssiv...: 
¡n;,h:ri:tl .. th..: v:.~luc uf T :-.hould equal 
lill· B liim¡,;n,inn (figures S Jnd 6). 

lJsually a Kr ... -;.aluc of less than 1 
111 .. olid rock will c:tusc some cratcr­
•ng. with b;.u.:k bre;.1k omd possihlc 

1 

•coo• 

rhc amuunt lkpt:nding up• o~1 , th~.· thc so u ~o .. ·..: of encrgy incrt:ases. The 
Jc~1 e~.: of cn~.:rgy rcdu<..:tinn :11 1hc mutú;.d reinforcem¿nt acuun then 
Ucn:--tty \11' slt lh.:tur;d int~.:rfa~.:..::-._ Fi~!J t...:nd'i partially to minimizc the en-
C\f'lCri~n(~: ,¡hiW...: th;1t a K, \';du~.: ot cq.:.y n.:Ju~.:tion bcc01use of L<~t dfect 
0.7 ¡, :1 h.',¡:-.tJn:ibk ;trpro:\itll.ll~tl:l r~.:Ju..tillOS, 1hus pcrmitting greah:r 
h11· thc .... \,nlrt~l of air hLt,l and ... n~:-.' ... p;tcings lO be used betwl.!cn bla~t-

b;d:ull.·~.: in thc ~.:Cllbr rl·~ion t L1bk hules initiated simultancou ... ly 1han 
1 J. Thu'. f\lf tht: ~-in. t:.\('hhÍ\C whcn · dd<.tyed. 
u ... ing :1 7 1 • .::-ft. hurJcn. :' hl h f1. of ·Thc m:tnner in which thl! zonc of 
,,:olbr \\ ith 'uil;1blc -.t~mmin~ h :: ... ·n. 
crally ~:tli..,l;1..:tury .. 

Spacin9 Ratio e () 111 111 ¡; r e i ;¡ 1 
hl~1stin~ u-.u:~ll~ 

fl'•jUÍf~., lh~ U:--..: tlf lllll~ltpL.; hl:l'l· 
hok'. 11\:tkin:-! ll th.:..-..::--,;•ry í\11 hl:1'l· 
crs tu knr;\\ \\h..:thcr 111· Ollt th~r~ at..: 
;¡n~ mu1u:d ~..:tk..:ts b..:tw~~n dur~¡;,_ 

lf ;tdja~.·..:nt d1ar~c' are initi:~t..:J 
'cpar<.~tcly 1 in -...:qu~n~.:c l. \\ ith ;¡ 

tin~.:-,kby i nt~.·n·;d of ~uiTil'i~.:nt 

h.:n;th to p ... ·, mit .,:;,..;h ch:Lf_:!C hl l.."\1111· 
pl..·t..: ib .. ·m ir ... · hJ:t,tin~ ;¡ .. ·tion. th~rc 
wiiJ "h..: nn Ính.'LLI.'IÍt'll th:l\\l.:¡;n th~.·ir 

cn..:r~y wa\·._:, ·{ Fi_:!ur~ .X 1. 
Hn\\·~.:wr. if thc time in1~.·rval Íür 

initi:tlin~. aJja .. .-cnt ch;•rgcs i:-. r~­

Uu<..:cd .. ~ompl..:x crTccts will rc:o;ull. 
Thcrc rni~ht h.: rcinforc~.:mcnt or l..":tn· 

l.."clbtinn of h1r..:e..;. dependin~ upon 
thc it¡,·._·.; lll;¡gnitudcs and dirc..:tion, 
:11 th~ir point of interferencc. F1ll 

\.."h:tr~c' initi;.ltcd :--imultanclHISiy, or 

•~oo• 

··rt:Ji.:k bc1"-·cen hules is brokcn de­
p..:nds th..:n not on\y on the p:micu­
l;.tr initiottion-timing system us.:d but 
;¡[,\) on the spacing'dimcnsion. lde:1l 
cncrgy bJbncing bctwcen chJrges is 
u ... ually J~.:complished when the .. p~tl."· 
in~ dimcnsion is nearly cqual 10 

Jouble th"t of thc 1- .. ,Jen (K,- 2) 
whcn dtarges are initiated simultun­
cou,ly. For Jong-interval delays, thc 
spal.."ing should approximate the bur­
dcn. or K"~ l. For short-period de­
);.¡y~. thc K-. v;.¡lue will vary from 1 
10 2, Jepcnding upon the interval 

. u'cd. However. since structural 
pl<.tnes of weakness such :.~s joining, 
cte .. , are not JCtually pc;:rpendicular 
10 one ;.mother. the exact value for 
K" normally will vary from 1.2 to 
LR. the preferred value of which 
must be t~ilored to local conditions . 

Most di'lficulties resulting from 
bi:Jsting c~n be attributed to the 
use of an unsuitable Ks relationship. 

' -----j 
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For example, from Figure 9, illus­
trating compressive-pulse wave posi­
tions, one can see that when 
fracturing begins for simultaneous 
initiation, extended spacing~·. (K~ 

greater than 2) always lead to hori­
zontal cratering. The aqion always 
!caves humps at ftoor level bctween 
the blastholes. Too close a spacing, 
on the other hand, causes premature 
~hearing between hales. This condi­
tion produces flnely broken rack be­
tween hales, providing ull thc explo­
sive reacts, but with boulders or 
slabs formed in the burden zonc. 

Premature shear and related loss 
of conlinl!ment further promotes 
volume changes, with subs~:ljuent 
pressure drops in the blasthole re­
gion, which for the relatively insen­
sitive blasting agents may kili the 
reaction completely and result in a 
misfire. The action also usually 
loosens stemming too early and per­
mits the release of gases out through 
the collar regions. Unless deliberate 
shearing is desired, as for pre-split­
ting when charge loads should be 
reduced and fairly sensitive explo­
sives are used, normal blasts exhibit 
vertical cratering, overbreak, violent 
Oy rock, nonuniform breakage, and 
toes at floor level. 

11 can be generally assumed that 
uniformity of sizing is a direct re­
sult of the K, ratio. lf on liring a 
single hole the rock is satisfactorily 
broken and cleanly removed without 
excessive displacement. it may be 
assumed thc ~:!urden is satisfactory. 
Too often blasters reduce the burden 
rather than extend the spacing in 
their desire to eliminate boulders 

or to make rock sizing more 'uni­
form. 

The basic principies for spacing 
selection apply to al\ multiple-chargc 
blasts, as long as ull holes <.~re Urillcd 
parallel and in thc samc dircction 
relativc to onc anothcr. Figure JO 
illustr;~tcs the basic Urill pattl!rns for 
most licld condi!ions and may be 
summarizi!U <:~s follows: ( 1) for sc­
qucnce dclay.s in the s<.tme row, thc 
K~ shou\d be nco.r 1; (::!) for simul­
t:tncous initi~tion of holes in th..:: 
~•une row, the prefcrrcd K~ is nc~r 
2; ( 3) for scyuence timing in thc: 
so.mc row :tnt.i ::.imultancous initia· · 
tion lcaemlly bct,,~:r.:n hales in adj~t­

cent rows. thc entirc bb~t should be 
drilled in a squ¡,¡rc ;,¡rrangement in 
ordcr to :..~void stress unb;,¡lancc; and 
( 4) staggered drill patterns ar~ pre­
ferrcd betwcen rows ,..-ithin which :tll 
charges are initiated :-.imultaneously. 

lt should be noted that the actual 
( or true) burden m ay be different 
from that normally considered for 
each separate blasting condition. if 
we take intu account the fact it 
s.hould be mc;tsured in tire direction 
in which displ;tcemcnt occurs. For 
examplc. in Figure 5 thc true burden 
for arl inclint:d hole is rlot nctually 
the horizont;ll dist;¡ncc. since stri.!S~­

ing [rom wave travcl will occur 
earliest at a point on a !ine perpen­
diculor to the free lace (B'). Thus, 
the normally considered horizontal 
burden c<.ln be extended by inclin­
ing thc blasthok C\'t:n thoug.h the 
true burden would be the samc <:~S 

that discussed previously (K,-20 
lO 40). 

Table 1-;'lliormal llrUl-Pallem Dimeasions for A,-cra~e Blaslins: Conditioos 
(AU Values in Fui Escepl (or EAplusiwe lli:.mder) 

2 
) 
4 
l 
6 
7 
8 
9 

.10 
11 
12 

B 
21'> 
5 
7~7 

lO 
121'> 
15 
171'> 
20 
22 
24 
2'6~ 
29 

J 
(. 

•Nott-Minimum L=B 

T 
2 
4 
l 
6 
8 

lO 
12 
14 
ll 
16 
t8· 
~o 

L 
(' 1:.'\,)~ 

lO 
20. 
JO 
40 
lO 
60 
70 
Kll 
88 
96 

106 
116 

f.ttuh ¡alent Pauerns 
Sta=cnd Square 

(Simultancous (Sequeace 
TiminaJ Timin¡:) 
21,.-i X 4 J X 3 
S x9 7r. 7 
71hxl3 IOxiO 

10 Xl8 l)xl-' 
12Vlx22 16x 16 
IS x27 ·wx~O 
17V:zx31 13x2) 
20 r. J6 26 X 27 ~-
22 x 40 29 x JO 
24 X 43 J2 X J2 
2tí\llx48 Hx36 
29 X 52 38 lt 39 
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From Figure 10 onc c:n sec that 
thc prcrerred "Ki nev~r ~,;h;,¡ng~~. r~;. 

g;udless of conditions. with ;1 K, 
near 1 for ... cquence and ne;.¡r 2 rllr 

simultaneous initiation patterns. De· 
~,;~use movement is about 45 deg.rces 
with the open face for sequence ti m· 
in·g, when hales in adjacent ruws 
measured laterally are initiatcd at 
the same time, their true actual bur­
dcn must be considered as measured 
latcrally since movement is perpen­
dicular to that direction. Thus, for 
different drill patterns but using the 
s;•me K o value, the actual are a ( or 
volume) o( rock blasted should not 
change. 

This can be .explained by the e<­
ample of the 7'12-ft. burden for a 
3·in. explosive, where a 10 x 10-ft. 
square pattem is desirable for se· 
qucnce timing in the same row; but 
a 7 1,2 x 13-ft. stOJggercd pattcrn 
would work equally well when ;111 
hales in the same row are fared tu· 
~e1her. A typic:.l 8 x 12-h. pouern 
often followed in the field is merely 
" compromise between the two morl! 
dcsir;.1ble arrang.ements. Howevcr. 
the pattern invariably gives. non­
lll_dornl breakage, particularly in 
m;t~sive rock, no matter what tim· 
ing system is used because of stress 
unbalancc, and resulting overbreak 
in cornees. 

Under certuiii conditionS the K, 
ratio controls displacement to a.n 
advantage. If the timlng system is 
properly selected lo give a desired 
blast effect, slight adjustments can 



be madc to tht: K. ratio s~ as to place thc broken · :'or the dceper hales divided equally between a small 
-·-~-- ---rock-in-an-other·t~an·normal-position.---but-with ... sóme--u~cL;:-charge;-loaded-near-the-collar-of-the-deep-llól"e __ _ 

so1crilice in uniformity of rod: sizing. For example, for but separated from the main chOJrgC by stemming, anr1 
a K, of 0.7 to 0.9 (whcreby the spacing <~ctually be- a small charge placed in the extra short hole. In th" 
comes thc burdcn) the use of sequence timing causes m:1nncr thc: ledgc .height limitations are satisfied, with 
brokcn rock to move parallel or along the ledge f;t~e tht: c~1p rack and remainde~. of the ledge then being 
;md not out unto the tloor, as is the ~lfect often des.ired considered as two separ;¡te bcnches, even though t,ey 
in co;•l ~tripping. On the ot.her hand. a Ks o( 1.2 to are blasted at the same ~~me. 
lA Íllr dday..:d charges moves the broken rock f;.¡rthcr The standards will be found to be quite convenient 
:•w:ty frum the iedge. and uscful. after very little practice, not only for the 

SUMMARY 
Mo!.t bl:t~ting difficulties occur because of a bck in 

undcr~t<Jnding of how rock is brokcn i.lnd the U!.l! ot 
impropcr ch~lrgc·placement and ínitíi.ition-timing praC­
ti!..·c..... Thc clues us to what &:ould be wrong are oftcn 
•~:vcalcd by observing how a blast per[orms: whcthcr 
llf not nonuni[orm bre;.¡kage results, toes are left, over­
br\.·ak and vioknce occur, and similar undc!sir;.¡b\e elfccts 
cxi ... t. PruviJcd that the proper explosives are employed 
lur thl.! opcro.~ting conditions, certi:iin standards c;m be 
;•ppllr.:U. tú help in the evaluution of blasts. The~c 
... t;nldard~ can also ;.¡ssist in providing guidclines ••s to 
which Uire~o:tion adjustments should be m;.¡dc for cor~ 
rcding o.my ditficulties. The standards are practic;.¡l and 
... impk to ••pply, being based on two fundamental. 
u ... uo.•lly knol.\-n qualities: explo~ive dh\metcrs and lcdge 
h\.·il.!ht. Thc standards are as follows: 

• K,.-20 to 40 ( 30 avg.) 
KH-n-2 to 4 12.h ;wg.) 
KJ -0.3 minimum 
K,-0.5 to 1 (0.7 avg.) 

· Ks-1 lO 2 
· As a ruh:, the K1: rdationship is the first standard 

to :..pply, since it pro vides :the burden dimension. An 
cxccption to this is (or bla.sting extreme! y. low or very 
high lcdt.~s. In such cases the ratio must be adjuste:d 
tu ~uit thc ledge height. For normal conditions :•nd 
u ... ing a 2-in. explosive, for t:>..<.~mple, the burden will 
awr.1gc near 5 ft. for hale depths not lc:ss than ?V2 
nor mure than 20 ft., with subdrilling of <st least 1 V2 
lt. and stcmming near 3\ll ft. The ledge height (l) 
uHJIJ thcn be from S to 6 ft. up to about 1 H V2 ft. 
·lahll.!' 2 lists d;.¡ta for normal operating condiüons. 
Huwcvcr, the spacing value for adjacent charges will 
U..:pcnd cntirely on the timing system uscd and on the 
ru<.:k ~tructural (ea tu res¡ but it will vary from S to 1 O 
l!. [or the example givcn. 

For ledge heights less than the minimum, smaller­
Ji;lmctcr cxplosives should be uscd; otherwise, over· 
luo.~ding and possible violcnce wilt occur. For very high 
f;.JC.:c~. the burdens must be reduced or the explosive 
c.Ji; . ..nteters increased. The latter can be accomplished 
by drilling larger vertical holes, springing or enlarging 
hules OJt their bottoms, using additional snake •. or hori· 
wntally drillcd, holes in the toe region, inclining thc 
drill hules, etc. 

An i1dditional problem often present in blasting is 
th;~t of cap rock, or hard massive layers at the top oC 
<.1 lcdge. Using less than normal stemming does nothing 
but promete violén~e, s.ince this solution only aggra­
vutcs vútical cratering, with subsequent overbreak. 
lnstead, an additional short hole should be drilled in the 
block center, with part of thc normal explosive charge 
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initiill design of blasts but <liso in providing guidelint:o; 
upon which to correct normal blasting difficuhies which 
invari;.¡b\y oct:ur from time to time. However, onc must 
realize that the stamdards in themselves are not curc-alls, 
since bh1sting &!S such depends heavily on cost and 
safety considerations as well as on the explosivc grades 
u sed. the matcrial's · Characteristics, ·and blasting tech­
niqUes emplüyed: 

·-



1 N seJecting an explosive upon 
which to base ·a particular set al 
blasting standards, the choice 

will depend largely on the cost and 
properties o[ the explosivo and iis 
adaptability to the materials to be 
blasted. Since blasting effectiveness 
from any explosive is contrOiled by 
its chemical composition · and the 
eflectS produced b~ IIIC field condi­
tions under which it is used, the u ser 
should have a working knowledge 
o[ thC V<lfiOUS explosives prodUCtS 

available anJ their particular prop­
enies. In this manner he is then 
better able to make a practica! 
choice to suit his own operating con­
ditions. 

An exp!osive c<.Jn be considered 
simply as a tool lar perlorming 
work, designed to accomplish a 
specific job. The work perlormed 
· is made possible by the gas pros­
sures produced when the explosive 
reacts. The ideal explosivo would 
be one in which only gases aie 
formed from the original ingredients. 
However, if sorne solids are also 
produced by the reaction, the gas 
prossures would be correspondingly 

· reduced, with the explosivo then be­
ing capable al producing less work. 
Since there are many different field 
conditions with which to contend,. 
manufacturers offcr many different 
types and grades, many al which are 
nooideal and designed to have their 
own qualities that make them differ 
[rom one another. Part al the dif­
lereoces are chemical, part are phy­
sical. However, since explosives are 
chemical compounds, it is from their 
original composition that all basic 
qualities are first determined. 

lnc;¡redlents 
and ~ompositlon 

Most commcr­
cial explosivos 
are mixtures or 

compounds cootaioing four basic 
elements: carbon, hydrogco, nitro­
gen, and oxygen. Other compouods 
with additional elements such ·as 
sodium, aluminum, calcium, etc., 
may also be included to produce 
certain desired effccts. As a rule, 
manufacturcrs desigo their producto 
to be ocarly oxygeo-balanced. This 
means that there is thc correct 
amouot o[ oxygeo availablc in the 
mixture so. that duriog the reaction 
al! of tlie hydrogén reacts to form 
ooly stea.m (H20), thc carboo re­
acts to fc.rm ooly carboo dioxidc gas 
( C02 ) , aod thc oiuogeo released 

The Mechanics of 

CHARACTERISTICS OF EXPLOSIVES . 

Part 111 of a Series 

form5 only free nitrogen gas (N::). 
tr thcre are other than the· basic 

four clemt.:nts, e.g;, sodium. solids 
would be c::c;pected lO be produccd, 
and for thcsc there must be includcd 
sufficient additiunal oxygen lo com~ 
bine with them. When there is an 
ex.cesS uf ;,¡vaii;.Jble oxygen. how­
ever. cerwin other compounds are 
produced, among which are the 
highly poisonous nitrous.oxide fumes 
(NO/NO,). The>< p;~rticular fumes 
are easily dctect¡¡ble by thcir ob­
noxious odor and red-brown color. 
On the other hand, if there is an 
oxygen short•ge, the deadly car­
bon-monoxide lume (COl will lx 
formed, as well as certain other 
compounds. depending on the in­
gredients. Unfortunately, carboo 
monoxide cannot be detected by 
odor or sight. In addition lo the 
formation of poisonous fumes, an 
excess or deficiency of oxygen will 
yield a lower heat al explosion, with 
a subsequent reduction in pressures 
produced. 

h should therefore be recognized 

that if one is to expect safe and 
efficient results from explosives, 
there should be a suit<.ible initial 

·chemical balance, with thorough 
mixing of ingredients to ensure thal 
:111 materials are in intimate con­
tact, maintenance of the des¡red 
mixture while in storage, and thcn 
proper use on che job. The follow­
ing chemical e4uations may help to 
illustratc the effects from oxygen 
balancing, using an AN-FO blasting 
agent for an example: 

( 1) Ba/anced for oxygen: 
3NH 4 N03 + CH,-+-
7H,O + CO, +.3N, 

( 2) Exass oxygen: 
5NH4N03 + CH,-+­
IIH,O + CO, 
+ 4N, + 2NO 

( 3) De~ci"ll oxygen: 
~NH,NO, + CH,-+­
SH,O + 2N, + CO 

It is not necessary for an explo­
sive to canta in nitroglycerin ( NG l 
nitrostarch ( NS), TNT, and simii•r 
explosivo compounds. The individ-

Tablc 3-Somc lnerHicats of Esplosivcs 

N ame 

Nilroclyccrin (NG) 
Trinitrotoluene (TNT) 
Dinitrotoluenc (ONT) 
Ethylene clycol 

dinilratc: (EGDN> 
Nitrocellulose 
Ammon1um nitratc (AN) 
Potii.Ssium ..:hlor01te 
Potiolssium pc:rchlorate 
Sodium nitrate (SN) 
Pota~ium nitrate 
Wood pulp 
Fucl oil 
Paraffin 
Lampblacli. 
Chalk 
Zinc oxide 
Aluminum metal 
M a¡nesium metal 
Kieselauhr 
Liquid oxy¡:en 
Sulphur 
Salt 
Organic nitro compounds 
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Cbcmical Symbol Fuactioa 

CsH..CNO.), 
C-H.CH<NO,), 
C:N,O.H~ 

C,H,(NO,lo 
C.H:(NO.),O• 
NH,NO, 
KCIOs 
KCIO, 
NaNO, 
KNO, 
c.H.o. 
CH, 
CH, 
e 
c:,co. 
ZnO 
Al 
M y 
Si O, 
o. 
S 
NaCI 

Ex.plosi'o'e base 
Explosive base 
Ex['losive base 

Explosive base, antirrceze 
Explosi'o'C base. gelatinizing a¡e':lt 
Explosive base and oxygen carncr 
Explosi'o'C base, oxyacn carr~er 
Explosi'o'c base, oxy¡en carn~r . 
Oxygen carrier. reduce freezmg pomt 
OxYKCO carrier 
Absorben!, combustible 
Fud 
Fuel 
Fucl 
Antiacid 
Antiacid 
Cutalyzer 
Cóitaly:t.:r 

- Absorbcnt¡ anti-cak.ina material 
Osnen carrier 
·Fuel 
Flame depressant 
Explosive base, but used p-rimarily to 

sensitize, reduce freczm¡ pomt, and 
u aati-eakin& material 
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ROCK BREAKACE 

By RICHARD L. ASH, P.E. 
Sc:;hool of Mines ud Metallurgy 

Uni .. enity of Minouri 

u al characteristics of each ingredient 
determine whl'Lher it may be desir­
able for use i11 a mixture. Table 3 
gives a partial listing of the many 
ingredients that might be included 
in an cxplosive. It can be recog­
nized that certain compounds may 
be highly explosive by themselves 
or may be normolly inert; but when 
combined, the entlre mix may form 
ilD explosive. For this reason the 
compounding of explosivos should 
not be attempted by the average 
person. 

E•plosive To be an explosive, the 
Reactions change ·in form from 

liqUid or salid, or a com­
bination of both, to that of a gas, or 
gas and salid, must be an exothermic 
reaction, or ene from which heat is 
released. For most explosives, the 
quantity of heat released is quite 
large (Table 4). The gases formed, 
in turn, quickly produce very high 
pressures, with the reaction being 
called either deflagration or detona. 
tion. ' 

The distinction between the two 

types o{ reaction is that deflagration 
consists of a burning action at a 
high rate uf speed, the chemical reac­
tion o[ which causes gaseous [orma­
tion and pressure expansion ulung 
with the burning. Thus, a heaving 
action {rom the pressures produced 
is experienccd at nearly the same 
rate as that of the burning. This 
typc of reaction is characteristic of 
low eltplosives, of which black 
powder is ene particular type. 

Detonation. en the other hand, 
consists of the propagmion of a 
shock wave through the explosive, 
accompilnied by a chemical reaction 
thctt furnishes energy to sustaín the 
shock-wave propag.ation in a stable 
manner. with gaseous formation foi­
lowing shortly thereafter. The shock 
wave is characterized by a very sharp 
rise in pressure (Figure 1 1 ) • in 
front of which there is a zone in 
which all immedhlte matter is ion­
izcd. The pressures developed by 
detonation (shock) are nearly 
double those produced by the gase­
ous expansion that follows. All high 
explosives are designed to- detonate, 

Table 4--Auilable Hut Eaera:iH (QI for Ccnain Selec:ted E:..plosh·es 

ExplosiYe 

Nilroglycerin (NG) 
PETN 
RDX 
\omposilion 8 
Tetryl 
NG gehllin 40% 
Sturry (TNT-AN-H,O. 20/65/15) 
NG ¡elatin 100% 
NG ¡elatin 7 S% 
AN gelatin 75% 

-?> NG dynamite 40% 
AN gclatin 40% 
NG dynilmite 60% 
PETN 
Scmi¡elatin 
F.r.tra dynamhc 60% 
Amatol, 50/ SO 
RDX 
DNT 

· ·> TNT-AN, SO/ SO 
TNT 
AN-FO, 94/6 

•.,· 

A N low..Qer.sity dynamitc 
AN 

SG 

L6 
L6 
L6 
L6 
Lh 
u 
u 
L4 
L4 
u 
L4 
L4 
u 
1.2 
1.2 
1.2 
1.1 
1.0 
LO 
LO 
LO 

. 0.9 
0.8 
0.8 

SC Q !Col oml 

88 
88 
8K 
RK ••• 
94 
94 

101 
101 
101 

.:... 1 01 
101 
109 
118 
118 
118 
12ii 
141 
141 
141 
141 
157 
176 
176 
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1420 
1400 
1320 
1140 
10111 
8::!0 
770 

1-401.1 
1150 
990 

;... IJ.'O 
8110 
9YO 
1~00 
940 
880 
8YO 

1280 
960 
900 
870 
890 
880 
350 

¡; . 

·~ . . 

" 
!' 

.. 
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d•••lop•d by oom• ul,ct•d ••ploti•ll un· 
der p•rf•ct ~;onfinem•"'· 

alllow explosives will deftagrate; and 
blasting agents may elthibit one or 
the other type of reaction. according 
to their specili~;.¡tions and conditions 
of use. The important thing to re­
member about the reactions is that 
the effects o[ ene type are very much 
ditferent from those of the other, 
detonation producing higher energy 
and much higher velocities. · 

To accomplish a desired re<iction, 
certain temperature and pressure 
conditions must be met, most explo­
sives being designed for use under 
confinement. e.g., in blastholes. If 
the temj:,crature required for a pro­
per reaction is not present,· no 
detonation m ay occur, with only 
burning or possible deftagrat1on re­
sulting. In practica! terms. lhis 
mean~ that even though the dcsigned 
chemical composition calls fN det­
onation. inadequate initial hcJt from 
an initiator or primer or a loss in 
confinement conditions can rcsuh in 
lower blast energy being developed 
from the explosive charge. ur even 
in complete failure, causing a mis­
fire. 

For this reason. control over the 
confinement ;~nd the selection of 
primers with adequate heat ~nergy 
and initiating power are partJcularly 
important. One should re~.:ognize 
then. which of the explosivo• need 
strong priming and which need very 
little heat for initi~ting their reac­
tions, not only for reasons of blast· 
ing efficiency but for safety con· 
siderations as well. (Turn p4ge) 

; .. 



To better understand the require­
ments just described, Table 5 illus­
tratcs the approximate temperature 
characteristics of two basic ingre­
dients used in many commercial 
explosives. lt should be· noted that 
at a very low temperature NG begins 
to decompose, boiling_ occurring 
shonly thereafter. Flame from a 
!use, heat released by blasting caps, 
a relatively warm blasrhole ( such 
as one just recently drilled), friction 
from metal objects. and similar 
effects can all provide quite easily 
the relatively low temperature need­
ed to provide dangerous ·conditions. 
lf the NG is confined, e.g., in a 
blasthole, the initial decomposition 
will. be accelerated to result in det­
onation. 

On the other hand, AN requires 
a· fairly high temperature belore ít 
will begin to decompose and fume. 
necessitating a large amount of initial 
heat. However~ once dccomposition 
begins. detonation or deftagration 
will follow with a very small tem­
perature rise. By combining the two 
ingredients, as is done in the am­
monia dynamites, a compromise 
effect is achieved, the grades having 
the most NG being the easier to 
initiate. 

Importan+ 
Properties 
Of bploslves 

Most manufacturers 
supply catalogs and 
other information 
con.cerning the 

specifications of their products. How­
ever. certain properties are par­
ticularly importan! to quarry blast­
ing. A review and explanation o( 
their practica! aspects should there­
fore be of special interest to the 
operator. 

Water For aU explosives, the 
Resistance presence of water in 

. blastholes teods to 
promete chemicaf uabalance, as well 
as retard the heating reaction. Water 
supplies additional hydrogen and 
oxygen and requires additional heat 
to be vaporized into steam. If water 
is ftowing through the ground, a 
leaching action can occur, whereby 
certaln salts that may be easily dis­
solved could be removed from the 
explosive mixture. Explosivos may 
be protected internaUy from water 
actioa . by gelat.lnlzing the mix or 
externally by cartridging. · The in­
gredleats added for gelatinlzing are 
usuaUy iacluded ia the chemical bal-

T•ble S-Comparisoa of Approximale 
Reution Tnnpentures (•F) of 

NG •nd AN 

Detonó~. te 
Boil 
Decompo!>c: 
Frecze 

NG AN 

420 
290 
!40 
lO 

460 

410 
340 

ance, as with the use of nitrocellu­
lo::.e in the gelatin grades. 

Similarly, the poper. wood fiber. 
pJruffin. or polyethylene used for 
externa! cartridging are generally 
includcd in the chemical balance. 
For this reason explosives that are 
made for use in cartridges should 
not be removed if preservation of ·. 
the oxygen balance is to be main­
tained. 

1f an explosive is properly com­
pounded initially, but detrimental 
effects occur from water. the action 
will be noticeable by the formation 
of brown nitrous--oxide fumes and 
a low blasting action. lf these effects 
are observed, the explosive grade 
should be changed or e, :her appro­
priate action taken. Primees must of 
necessity possess unlimitcd water re­
sistance. 

Fumas Most explosivcs are givcn 
a fume rating, thc classi­

fication of which is based on the 
amounts of poisonous gases pro­

. duced by the expl.osive reaction. 
Limits are set by ~oy of the states, 
the U. S. Bureau of Mines, and 
certain othcr agencies. Where in­
adequate ventilation and exposure 
of personnel to toxic gases may exist, 
care must be taken to ensure that 
the explosives used givc amounts 
below the established limits. 

This property is particularly im­
portant for uoderground blasting; 
but for open-cut operations the prob­
lem could also be quite serious. 
Fumes may lie inside pi les of broken 
rack. Such material, when stirred 
up by loading equipment, "ill re­
lease the fumes, to contaminate the 
air in which men are working. The 
problem may be aggravated by at­
mospheric conditions, deep cut~. 
and similar facton that hinder air 
circulation. Men will become ill 
and nauseated if thls sltulition is 
present. 

A person should understand the 
distinctioa between fumes and 
smoke, the latter of which is com­
posed of liquid or salid pa:ticles 
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suspended in the air. Usually whea 
white smoke is observed from blasts 
it is quite likely composed primarily 
of the steam from the reaction. 

Sensi.tivity This property actually 
reftrs to two related 

characteristics. lt defines the rela­
tive case with which an explosive 
re::~ction can be initiated and the 
relative case with which the reaction 
is prop~1gated through an entire 
charge. Severa! tests are used to 
rate sensitiviry, the most common 
of which is the minimum booster 

. _required for initiation. Usually the 
· total number of No. (, ,trength blast­
.. ing caps required luf initiation is 

used to classify sensitivity. 
However, an ·explosive may in­

itiate easily but in small diameters 
the reaction may not propagate and 
dies out. For this reason explosives 
may not be · manufactured below 
specific diameters. A critica! diame­
ter, or that below which propaga­
uon of a reaction will not continue, 
exists for practically all commercial 
products. Sorne blasting agents have 
a large critica[ diameter; most high 
explosivos have a small one. By 
definition, blasting agents cannot be 
sensitive to initiation by a single 
No. 6 blasting cap, while high explo­
sives all are· one--c3p sensitive. 

On the other hand, an explosive 
may be quite insensitive to initiation 
but propaga te easily when above ·' 
critica! diameter. For safety rea.::í· -· 
this .situation is the more desira:-<.: 
it is a definite advaatage offered by 
many of the blasting ageats. How­
ever, adequate priming is mandatof)' 
for their use. lf propagation is 
difficult or impossible through a 
columa of explosivos, boosters may 
be used to sustain the reaction. But 
it should be recognized that both 
boosters and primees must be sen­
sitive to initiation. 

The sensitivity of an explosive is 
a function of the ingrcdients, their 
particle sizing, the charge diameter, 
the degree of confinement, and cer­
tain other factors. For examplC, 
ammonium-nitrate explosivcs may 
become quite scnsitivc in time by 
purticle degradation due to the proc­
ess of cycling. AN has the charac-

~-. teristic whereby it will change its 
crystalline form with changos in 
temperature; two of the changos often 
encountered in normal field blasting 
are at O aad 90 deg. F. Constaat 
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changes lhmilgh lhose 1empc:ra1u~s ___ -·-- _______ --~-____ ---Expression-(-3),- above,- Since -the-----
cau::.es the particiCi lO -briik in(Q- Tahl_c 6--Pcrccoc. ~Y '' .·i¡·i·l of SG of water is 1 and its cquivalent 

11 . T . . 1 DICHI FO Addlth'c: .,, llt'U~ . . . 
sma Cf SIZCS. he smaller partiC CS Detonatioo Fllih SC value IS 141, any explOSIVC Wlth 

offer more contact surfaces between Pct. QL FO/lb. an SG great~r than 1 or an se ltss 
ingredients, making it casier for E~;plosi\'c Add. or Eapl. . than 141 could be expected to sin k 
particles to be consumed by the EX1ra dyno.ulite 40% I..S o.ooa in wet blaStholes. It"shoutd'be point-
explosive reaction. The rtSL!If is to E~tra dyn<~.mile 60% 2 . .5 0.014 ed out, howevcr, that D. is the 

low""ic:nsity Jynami1c 4 O O 022 
permit c:asier . initiation and sub- (SC 120¡ · · · diameter o[ the explosive, not that 
sequenl more rapid propagation AN f:cl<stin t~O<:o M.o• o_ns• of the blasthole. These diameters 
through a charrre. Blastinrr agents NG f:d;J.tin 60% 39 0• 0 . .:!1• · 1 1 . h f f 0 ~ • .A.mounts applied. but · detonation suc- are equa on y 10 t e case o ree-
th<Jt would normally be insensitive c1:ssful; no failure:s. flowing explosives or charges com-
become quite sensitive to initiation posed of cartridges that are thor-
by a single No. 6 blasling cap, simi- oughly llmped. 
1 h d r h. h 1 ( D,.). which should then also be ar to t at expecte o tg exp O· Because certain ingredients may 
sives. specitied easily for ciJrity. be induded in explosives that do 

Larger charge diameters also prop- The v; 1rious measures for density not contri bu te to the energy pro-
agnte reactions more easily because can be l· •• !culated eJsily for rapid duced, there is nO distinct relation-
of the gre:Jter surface arca available. use in lh~ lield, provided that the 'ship between density and pressures 
Confinemcnt tends to concentrate charge diameter (D .. )· exprcsscd in developcd. In fact, sorne manuf~c-. 
the reaction's force along the charge inches; and one of the density values turers make a 40 percent Extra type 
length rather than permit the action are known. The relationships are dynamite. for example, that is den­

as follows: to spread. ser than the 60 percent of the same 
d. ~ 48D." se e 1 l eertain hydrocarbons ha vean ad- - 1ype of explosive. Similarly, a 90 per-

verse etfecl on sorne types of explo- d,- 0.34D .. '(SG) (2) cenl gelatin is ligh1er lhan a 30 per. 
sives, principally 1hose wi1h free NG. SG- 141_-se (3) cen1 gelatin. Bulas a general rule 
as do the straight and extra grades These formulas provide a very it ¡5 reasonably approximate to re-
o[ dynamites (Table 6). Since sorne convenient means for estimating ex- late the energy developed by explo-
of the blasting agents have liquid plosive quantities, in that most ex- _sives hl.their relative densities. This 
hydrocarbons as one of their ingre~ plosive mnnur.acturers supply the se is because explosives ~.rl! character-
dienls, e.g., FO, one should be or SG for lheir produols .. For ex- ized by generll densily groups lhal 
particular! y cautious in his choice ample, if a free-ftow AN-FO mixture . correspond to their various tyoes, 
of primer explosive. Under certain with an SC of 176 were to be used e.g., gelatins, dynamites, etc. The 
conditions there could be an accu- in a 10-in. diameter blasthole, one , denser types as a group produce 
mulation of the hydrocarbon in the would expect slightly in excess of more energy than the lighter ones, 
blaslholes. parlicularly al:lhe bol- 27 lb. per foo1 of hole (or d,- 48 x even though 1here may be exceptions 
1oms, which in 1um may lead 10 10' divided by 176-27 lb./ft.). lo lhe rule between grades wilhin 
misfires when charges are bottom- (The relationships are illustrated the same type. 
primed. This situation can be avoid- gr;,phically by Figure 12.! 
ed by using gelalins or siniigelalins lt will be noled lhat an se of 176 
or high cxplosives conlaining no NG corresponds 10 an SG of 0.8, which 
for priming. Furthermore, it ¡5 could also be determined from 
simply good practice lo avoid lhe 
use of excessive FO in any blasting 
agent, to avoid upsetting the oxygen 
balance. 

Denslty Explosives are manufac-
lured and sold on a weighl 

basis, lhe densesl explosives usually 
being lhe slrongesl. The densily, 
or weight per unit volume, of an CX· 
plosivc is thereforc onc of its moM 
importanl properlies. In induslry 
this properly may be specified in 
lh rec ways: (a) by specific gravily 
( SG) exprcssed as a uni1less number 
or in gm.'cc; (b) by stick count 
(Se) or lhe number of J V. X 8-in. 
curlridges per SO-lb. box; and (e) by 
louding dcnsily (d.) or the pounds 
of explosive per· fooí of charge 
lenglh. The value for lhe loading 
density, ho~vcr. is a function of 
lhe explosive's charge diameler 

: 

. • 
• i : • • . • . ~ 

~ i 

Fiture 12-Reletion•hipt between dentiti•• 
of ••plotiw•'-
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Velocity The rale. usually express-
ed in feet per second 

( fps). at which a reaction propa­
gares through an explosive is con­
sidered by many as thc most im­
portant quality of an explosive. lt is 
oftcn called the detonation ve1ocicy, 
but this i~ not always technically 
correct. · Its importance can be 
better appreciated when it is under­
stood that the energy produced by 
any explosive is a function of the 
product of its dcnsity and velocity 
characteristics. Since the initial 
reaction for most cxplosives used 
in commercial blasting is detonation 
with subsequcnt gaseous expansion, 
the action would be considcred dy­
namic. 

Thus, impulsive and momentive 
forces are produced as a result of 
the kinetic energy of the reaction, 
which can be expressed by the rela­
lionship KE- 'hMv.•, where Mis 
1he mass and v. is the velocily of 
lhe explosive's reactioo. The rela-



(v.) must be known, or approxi· 
mated. furthermore, to simplify 
calculations, one can assume blast­
holcs would be filled across their en­
tire diamc:ter, or D .. - o .•. This con­

.dition cnsures linle ur no energ)' 
losscs, or damp:.:ning, for J cpn1plete 
l.'m:rgy rran~fc:r from 1he exp!o:-.ivc"s 
• ~·aclion in tu the ~urruuuJing ro~·; 11'. 

be blastcd. 
The rel•tiYe cnergy (RE) and that 

l.':u:rt¡;cJ tu the rock could thcn be 
l.'xprcss¡;cJ by ;t ~implilil.'d kinetú.:­
l.'ncr!!y rclation~hip, or RE-..,. 
atS(j)v .. :.:. Thc "a" is a convcr~ion 
LKtor lo pt:rmit tht: u~e of specilk 
gri..ivity in:-.h.:aJ uf mass, and it as­
-.umcs lhal the cx.plosives will be 
u:-.-.:0 in thc same dii..imeter. For any 
:-.d uf simil:.~r l"tciJ conditions the "a" 
will be"' p<.trticular conS1ant number, 
111al..ing it then possible 10 omit it 
from the rclationship when explo­
:-.ives are compar.::t.l under identical 
liclt.l conditions. Thus, the following 
cxpression can be used for comp:sr­
. ing two or more cxplosivcs, based on 
thcir encrgies: 
RE, RE,~(SG,)(Y,,)'/ 

(SG 1 )(Y,. 1 )' 
lf ExplosiYe No. 1 represented the 
average cxplosive (SG 1 =-1.2 and 
Y. 1 ~ 12,000 fps) and Exp1osiYe No. 
2 had SG,=,L5 and Y,,-18,000 
fps, the rclative energy of the second 
compared to thc first according to 
Expression (4) wou1d be as follows: 
RE,/ 1-( 1.5) ( 18,000)2/( 1.2) 
( 12,000)'~2.8 
The RE Yalue shows then that thc 
:-.~cond cxplmive ha~ 2.8 times the 
cnergy potcntial of the standard 
cxplosive. Since the comparison is 
madc between explosives used for 
hlt~~ting the same material, the com­
para ti ve blast results in the rack 
would vary as thc cube root of their 
rclatíve cncrgy value. The cube root 
i~ uscd rather than the direet ralio 
hecause of the spherical fan elfect 
for cncrgy propagation through ho­
mogcnous materials. This relation­
~hip then tells us that the K 8 ratios 
:.md thercforc the burdeos will vary 
in proportion to the cube root of 
thc explosivcs' relative energies. To 
provide a simple formula for illus­
trating the re1ationship, the follow­
ing ·may- be used: 

K,"-Ku 1 ( REJRE1 ) 
1ta 

1f one ·assumes tb¡~.t aVerage rock 
will be biasted, a K, va1ue of ·30 
would represcnt the average expl~ 
si ve (Figure 7 ). The burden used 

" 

_., 

fi(La1!Y( (N(II(;~ JtaloO tRE¡I"[.I 

Figwre Í4-Rel•tiOtl1hip1 bttwUtl butdetl 
dimet~liOtll for e1plo1i .. es eccordi11q lo their 
rtl•tiYt etletqy •nd whetl u~ed u11der fltld 
COtlclitiot~~. 

' would l.l\: 7 V:z ft. for a 3·in. diameter 
explosive, since Kt:t -30-l:!Bt D ... 
~hich gives B1 -300,./12-30 x =~ 11 :: 
or 71/:z ft. 

For Explosive No. 2. thcn. using 
Expression {5), one cJn appru~unate 
thJt Ku::-42, or K11:.:--30(2.8)1(1

• 

The burdcn for the sc~:ond explosive 
would then be IOI/2 ft .. since B~= 
420,.112~3\h x 3. For direct cal­
culation of the burdeos for cxplo­
sivcs uscd in the samt.: diametcrs and 
und~r idcntical lield conditions the 
following may be us~d: 

B,-B,!RE, RE1) 1!" 
Thc relationships ~;iven by E.\pres­
sions (5) and (6) are showo on hg­
ure 14, which permits one 10 deter· 
mine the ?pproximate new burden 
for any explosive as compared to thc 
average cxplosive when used under 
identical field conditions. 

Although the examp1e given illus­
trates ideal conditions and one 
should recognize that many variables 
enter into making the final selection 
of a Ku ratio and its related subse­
quent burden dimension. the rela­
tive-energy comparison technique 
g:ives a realistic approximation. As 
a matter of interest, for most c:xplo­
sives used in blasting the maximum 
density variation is from 0.7 lO 1.6, 
with a velocity variation from 8,000 
to 20,000 fps, the heaYier densities 
having the higher reaction rates. 
Therefore, the weakest explosiYeS 
possess on1y 26 percent of the energy 
aYailab1e. while the slrongest have 
370 percont of the energy available, 
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as compared to that available from 
the average explosive. Converted to 
Ku values and using a Ko-=30. for 
the average explosivc in average 
rack, the lower and upper limits for 
K, Yalues .would bé .19 and 46, re­
spectively. From Table l it can he 
seen thJt these values satisfy results 
rrom actual ficld experiences. 

--
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ROCK BREAKAGE 

MATERIAL PROPERTIES, POWD ER FACTOR, BLASTING COST 

MATERIALS PROPERTIES AND 
INFLUENCE 

M OST materials requiring 
b~asling are not homoge~e­
ous nor are their properues 

the same throughout. Of all the 
physical l'roperties, there are essen­
tially five that predomiDantly IDflu­
ence blasúng results. These include 
in ·arder of their imponance· the 
foUowing characteristics: ( 1) struc­
ture ( 2) . resilience, (3) strength, 
(4)' deosity, and (5) velocity of 
energy propagation. Blastability, 
elasticity, hardness, toughness, and 
other terms 1112y also be used to de­
scribe a material, but often such ex­
pressions are too indefinite and diffi­
cult for the ordinary quarry llLo~l 
to understand. Drillability, or case 
of drilling, should in no way be con­
fused with the manner in which a 
material can be blasted. 

Structure Tbe structural features 
of a material usually 

have the greatest infiuence on blast 
eflects. To better understand their 
importante one should recogniz.e 
that rock, as we think ol it, is es­
sentially ao accumulation of small 
panicles bonded together_. The co_n­
stituents are orieotcd ID defi01te 
structural paneros, established dur­
ing the formation and alterauon 
processes. 01 primary. importante 
to blasting is compresston JOIDUng, 
existing within all rocks " ( igneous. 
sedimentary, and metarnorpbtc) and 
composed of planes along whtch 
there is no reslstaoce to separatton. 
lgneous rack may also have tension 
jointing, formed during the coohng 
process. " " . . 

Scdimeotary rocks are uruque ID 
that they have stratilication planes 
(in addition to joints), which were 
originally horizontal and formed by 

Part IV of a Series 

interruptions in the initial deposition · 
of sediments. Stratification and 
jointing are not the same thing. For 
metamorphic rocks, the relationship 
of · their jointing to schistosity is 
similar to that between jointing in 
sedimentary rock.s and their stratifi­
cat.ion, both io angular position and 
mc~ltanical development. 

Jointing is usually easily detected, 
the planes being generally smooth 
and often short distances apart. One 
set of planes is parallel with the dip 
and strik.e of the rock format1on, 
with two or more sets being nearly 
perpendicular to the first set. Rocks 
when broken will separate 1nto 
blocks of a shape characteristic of 
their particular jointing pattern, and 
the new faces produced from blast­
ing tend to follow the jointing direc­
tions. (Sce Figures 3, 4, M, 10, 
and 15.) " 

For the sedimentary rocks there 
is one panicular direction along 
which jointing is the most pro­
nounced, the other planes being less 
dominan!. The horizontal angles be­
tween th~ vertical jointing planes are 
usually near 75 and 105 degrees, 
which form rhombohedrons when 
the rock is broken. lgneous rocks, 
however, have jointing planes of 
uniform strcngth, the angles between 
planes being most oCten near 60 
degrees. The fragments produced 
from "blasting are generally hexa­
gons or pyramids in shape. 

1 ointing directions can ~ found 
quite casiJy if it is recognlzed that 
most faults, cliffs, mud seam.s, caves, 
etc., produced by weathenng and 
the other gcologic actions tend to 
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follow lhe jointing planes. lt is par­
ticularly important that the blaster 
endeavor to locate the planes befare 
laying out a drill pauern. Blast­
holes located in tight corners will 
generally overbreak, opening large 
cracks in the ledge. Subsequeot 
blasts will usually do no more in 
those arcas than give large boulders, 
and po<>ibly be quite violent. lt 
can be seen from Figure 15, wbich 
illustrates a representative quarry in 
a sedimentary rack formation,. that 
there are tight (75-degree) and 
open ( t05-degree) comers. This 
means rhat normal blasts under 
those conditions should be directed 
out of the opcn angles in so far as 
possiblc, or toward the east or ~est. 

-e H blasting is done in the other dtrec­
·tions or to the north or south, 
cra2king of the salid ledge will occur 
along the planes forming the tight 
angles. 

Another structural fea:ure that is 



• 

very importan!, panicularly to rock 
fracturing, is the type and strength 
o( the bonding between individual 
grains. For exarnple, roe~ may have 
pronounced jointing at widely sep­
arated distanccs, but the material 
between joint planes may be strongly 
hended, or massivc in character. 
Urge boulders invariably result 
when blasting is carelessly done un­
dcr this condition. On the other 
hand, rocks may be highly lamin•ted 
or stc~tifled, or the bond betwecn 
grains may be very weak, so th01t 
fragmcnlation is always easily <tc­
complished by merely moving the 
material from its original place. 

Resilience This propeny, sorne-
times called spongi­

ness or toughness, refers to the elas­
ticity o( a material. It is used to 
express the capability of a rock to 
resist shock and recover its original 
position and shape without being 
ruptured. H a rock on being 
dropped, for example, makes a dull 
thud and does not rebound, it would 
be very difficult to break by impact. 
Brittle rocks, however, shatter easily, 
particularly those types having a 
high silica (quanz) content. A 
bl<tster can generally determine 
quite easily whether or not a ma­
terial will break into small sizes or 
large coarse fragments by conduct­
ing a simple drop test. Funhermore, 
the test provides a clue as to the 
energy absorption power of the ma­
terial, which is imponant for esti· 
mating the amount o( additional 
charge, or energy, that would be 
nccessary to overcome expected en­
ergy losses. 

Strength , 0( the characteristic 
strengths o! materials, 

blasting is normaUy concerned only 
with that o! tension. Most rocks are 
vcry weak in tension, more resistant 
to shcar, and strongcst ln compres­
sion, having approximately only one­
tenth the resistance to tensile rup­
ture that they have to failure by 
compression (Table 7). However, 
shear is not actually a force by itself 
but rather the result of two !orces, . 
either two tensile or two compres­
sive forccs, or a -combination of one 
of each, . which ac;¡ along different 
lines and directiOns: 

To knnw the actual strcngths of. 
a material, samplcs must be tested 
in a laboratory. (Regular tensile-

Table 7-Propertics of Various Selec:ted Materials 

ComprtsSive Modulus Spec:ific Deaslty Loacitudla.al 
Streogth or Ruptun Gravity (d.) Velocity (v,) 

Name aod Localioo (Jisl) (Jisl) (SC) (too 1 cu. ft.) (fps) 

Amphibolite (fine gr;sin, 
India) 61.~00 7,400 ).t2 0.097 19,000 

Bas.ah (New York) 4b,600 8.1>00 :!.94 0.092 t8,700 
l:i<~salt (Michig;sn) 33.-WU l.HOO HS 0.089 tl,200 
B .. !>.alt glasS 2.HI 0.088 2t,OOO 
Diaba!'oe (fine gram. 

Michi&41D) 4~.200 l.JOO 2.94 0.092 t6,700 
Dol0mite (MI:.!>OUrl) H,!!UO t,UOO HO 0.087 
Dolc.mite (Tcnncssee) 46,700 J,HOO 2.84 0.089 t7,900 
G;sbbro (illtercd. Ncw 

York) 40.200 5,400 2.9) 0.091 t7,600 
Granite (Georgia) 2!!.000 2.000 2.64 0.082 8,900 
Gr41.nitc (Vcrmonl) . 33.200 2.':100 2.66 0.083 t t.tOO 
Gr41nitc (N~\':.J41.) 3Y.5UO ].'H)(J ::!.63 0.082 14,500 
Granite (N,. ·1• Carolina) . 30.400 l.t-tUO 2.60 0.081 8.000 
Greenstone ,:,l,~·l.l!,!;..n) 45,500 3,300 J.JO O.tOJ t6.600 
Gypsum On•Ji41.n,,J 3.200 1,200 2.32 0.072 
Limcstone (Ohio) . 2!!,500 2,YOO 2.61.,1 0.084 tl.400 
Limcstone (Utah) 2!S.UUO 2.200 2.78 0.087 tl,900 
Limestone (fossiliferous, 

lndi.,na) ....... ". 10,1:.100 1.600 2.Jt 0.072 12.400 
Limestone (WI!~I Virginia). 23.000 1.900 2.68 0.084 t6.400 
Marble (Maryl41.nd) . )0.800 2.800 2.)1 0.074 tl.700 
Marble (New Yor~¡ I!S,4UO 1.700 2.72 0.085 14.500 
ObsiJian .... 2.ll 0.07) t6,t00 
Qu.,rrzite (laconite, 

Minncsota) s-1.200 3.400 ~.75 0.086 18,200 
RocL; salt (LouisianaJ l.OOO Negligible .!.SO 0.078 

0.064 Siindslone (Qhio) ..... , .• 10.-400 
Sandstone (We:.l Virginia). IY,400 
Sandstone (Utah) ........ , t t,lOO 
S..nd~h1ne (Aiab41.ma) 26,tWO 
Sh.ale 1 Utah) ............ J t.JOO 
Shale tWcst Virginia) ... t 1.600 
Syenitl! (New YorL) ... 34.J00 
Alluvium. broL.cn rocL, 

loc:.s 
Clay 
Air .... 
w,.tcr ... 

strength tests are usually difficult to 
conduct.) However. tests for what 
is known as the modulus of rupture 
are much easier to perform~ yet they 
provide information that is just as 
useful in providing tensile-strength 
data o( equal practica! value. In 
fact, the laboratory test for the 
modulus breaks samples in tension 
by bending test slabs until they frac­
ture, much in the same manner that 
rock is stretched and brok.en nt an 
open lace during blasting ( Fig· 
ure 3). 

Quite often it is impossible or 
quite impracticable for quarry op­
erators to have tests conducted. 
Also, test results on samples may 
not necessarily provide information 
on the over-all stre~gth of • rock 
deposit, except when the material i! 
homogencous and . very m:1ssive. 
Nevertheless, if tests could be mode, 
the data would aid greatly in deter­
mining the stress le veis (psi) re­
quired for fracture. lt is the resist· 
ance to tcnsile rupture that must be 
exceeded by the energy pulses at 
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lOO 2.06 5,600 
3,400 2.l0 O.o78 t2.900 

620 2.t1 0.068 8,400 
2.200 2.16 0.086 t2.l00 
2.500 2.8t 0.088 t4.900 
4,:!0o 2.40 0.075 13,600 
2.~00 2.72 0.085 t4,l00 

t.l-t.l 0.044 2:Joo 
2.l8 0.08t 5,900 
0.00t2 1.080 
1.00 O.Olt 4,750 

the free faces, and thus, if known, 
could also give an approximation of 
the required burden dimension and 
the explosive pressures needed for 
proper breange. In the event spe· 
cific test data cannot be obtained, 
the operator may find the informa· 
tion in Table 7 quite useful. From 
the various moduli listed for many 
of the representative rock-types, a 
practica! estimate can be made that 
will approximate the characteristics 
of his panicular deposit. 

Denslty Denser materials require 
greater arnounts o( work 

energy to be satisfactorily broken 
and displaced, and heavier explo­
sives or large charges will therefore 
be needed. However, from Table 7 
it can be concluded that for most 
rocks there is a very narrow range 
of"density differences, with SO values 
varying. from 2.3 to 3.3 in most in· 
stances. The materials generaUy re­
quiring blasting have densities con­
fined to the 2.5-2.9 SO range. This 
can be interprcted to mean that the 



inftuenee .of rock density alone has conven velocities by using v.-
--- ------a~limited-cffcct-~:)Q··blasting;-the-ex..:-- --I-.095v¡~-for· ·appr~>ximations. --llnw:---~,.el .. u. 

treme conditions being within 1 S cver, it is more practica( :1nd will 
percent of the average 2. 7 SG. One not introduce any gre<it crrur if thc 
may then reasonably assume that two velocit'es are considered equal. 
rock density by itself is_ of little im- The importance of velocity in 
portance to bl3sting and would not rocks on bl<~sting is th:n it has a 
appreciably affect a Ka value or strong influence on the amount and 
burden dimension. m<~nner in which a material will be 

Its importance, however. lies in stressed. In arder that the momen-
the fact that it does influence costs tive . (orces be conserved, there 

· and the other physical properties. should be nearly perfect coupling 
Although densities are most often of the energy from an e:o<plosive's 
given by specific gravity, for calcu~ reaction with the surrounding ma-
lations in costing and powder factor terial. The match:n:; of thc momen-
dcterminations it is more convenient ti ve energies is considert:J nccessary 1 

, to use the densitv ratio. d.. ex- theoretic.ally for the most efficient 
pressed in units of tons/cu. ft. of blasting results. This condition is 
salid ·material. Il. the d. value is known as acoustical coupling. Since 
not known, one can utilize the fol- the. energy required for stressing 
lowin~ expression for converting strong and dense rocks would b: 
any SG that mav be ~iven: relatively large comp>red to that 

d.-SG(62.4/2000)- needed for lighter materials. the use 
0.0312(SG), tons/cu. ft. (7) of denser, fast-reacting explosivos. 

Veloclty The velocity of energy 
transmission in rock. v,, 

is tike the reaclion velocity for ex­
plosives, .V... in that it increases as 
rock density becomes ereater. The 
denser rocks are often. the least oor­
ous and are gener?Jiy comoOsed o( 
small J!rains, which permit easier 
propaeatinn of energy through the 
material. For this reason most dense 
rocks have smaller ener~ 1osses due 
to damoenine. and they often have 
a tendcncy to sh":)tter rather than 
break into slabs. Most brittle rocks 
also transmit ener~ at very high 
rates. except in the unique case of 
certain sandstoncs. Thc charactcr­
istic low ve!ocities of nlany of the 
sandstones are duc to a peculiaritv 
in their composition: the matrix 
bonding the sand grains may be 
clay, lime, or other energy-absorb­
ing substances·. However, if the 
matrix is silica, the velocity is quite 
high. 

Velocities for materials are usual­
ly specified as lon~itudinal velocities, 
v~, as are also thosc given in Table 
7. But these values are normal! y 
slightly lower than the velocity of 
energy propngation, v •. The two 
velocitics are reluted by the follow­
ing exprcssion: 
v,...,v 1[( 1-~) 1 ( 1 +~)( 1-2~) )'; 

. . (8) 
BeeaUs: ¡¿, or -Poisson's Ratio, is 
usually eonsidered as 0.25 for esti­
mation:s, it is more convenient to 

is gencrally advisable. 
The velocity of a rock will deter­

mine the time it takes the stress 
energy to reach free faces and return. 
The velocity of an explosive, on the 
other hand. will determine the total 
time it takes for an entire charge to 
complete its reaction. The relation­
ship of the two velocities. called. the 
velocity ratio or K,.-v./vro has a 
very important inftuence on the 
manner in which an entire blast will 
function. This is because the K. ratio 
defines the shape of the composite 
wave produced by all the individual 
stresses introduced into the rock 
from each point along a charge 
column (see Figure 6. PtT ANO 

QUARRY, Scptember, 1963, page 
119) the primer positions thus con­
trolling which faces are fractured 
first and the direction in which the 
composite wave will travel in the 
roe k. 

Thc K, ratio, primer location, and 
general design features of a blast 
must follow certain deti.nite relation­
ships, if results are to be satisfac­
tory. In particular, the influence of 
roe k velocity is such that t here will 
be a certain optimum of critica} 
hole depth for each blasting situa­
tion. For example. when a charge is 
bottom-primed. there will be a spe­
citi.c minimwn holc depth. lf the 
dcpth . i~ less than the minimum ~- _ 
value, bh1st effccts will begin ncar 
the collar rcgion, which quit• likely 
may promo'te violence and air blast. 
In sorne instances, toe will be left 
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at the ftoor .. However, when hales 
are deeper than the minimum value, 
suessing and i'ock movement will 
always begin at the ledge bottom be­
fare action occurs in the collar re­
gion. The particular minimum re­
quired depth of hole can be deter­
mined from the following expres­
sion: 
Hmoo-K.[(B'+Pl '-TJ+ T f9) 
The relationship is iUustrated graph­
ically in Figure 16, in · which 
KT-0.7 and K,-0.3 are considered 
average conditions. The ·values for 
thc Hm 11,. represcnt balanced suess­
ing at both the toe and coUar re­
gions. 

lf charges are collar-primed, 
stressing will always begin in the 
collar region, unless the amoUm of 
stcmming used exceeds the burden 
dimension. Even undcr that condi­
tion, collar overbreak and air blas·t 
may occur, with possible toes re­
sulting, if a particular maximum 
hole depth is exceeded. This 1imit­
ing condition can be determined 
from the following relationship: 

H~,-K.(T-B)+T (10) 
F ,.~m a practical viewpoint, the ex­
p: :-.sion shows that under no cir­
cumslances should the stemming di­
mension be less than that for the 
burden iil blasting massive rack. 
Othcrwise, collar cratering and :tir 
blast can be expectcd. The condi­
tion becomes particulady critica! 
when detonating fuse it used and 
initüuion is done on L~e surface, 
sincc !he fuse on detonating has the 



tendency to loosen the stemming. 
For de<:p holes, collar priming would 
definitely be undesirable under con­
ditions where massive cap rock oc· 
curs in the collar region and where 
column loading is practiced; .i.e., the 
chargcs Jrc continuous from just 
below the stcmming to the hole bot­
toms. 

An unusual situation exists when 
the K. is less than l. or when the 
rJte of travel of the compressive 
stress-w~ve in the rack cxcecds thc 

·spced of the detonation wave in the 
¡,;harge column (Figure 6). Stress 
Wí.lVCS will reach free faces befare 
the explosive h<ts complcted ils re­
;¡,ction. with rack at the (;Jces being 
repeatedly stressed by the pressures 
produced by the still react'ng «­
plosive column. The action reín­
forces thc stresses and reduces the 
resistance of thc rock: to fracture, 
giving the impression th:H the explo­
sive is stronger than it actually is. 
Under certain conditions. blasts are 
cx.tremely efficient, but they are 
usually difTicult to. control. produc~ 
ing gre••ter hca've or throwing action. 

Since there are critic<Jl hole 
depths for each blastin~ cond:tion, 
the best result!' can often be in­
sured by first cstimat~n:; the panicu­
lar K,. valuc for the conditions pres­
ent, <Jnd thcn placing prime~s ac­
cordingly. Control for very decp 
hales,· for cxample, is achieved by 
u~inp. primcrs both near the collars. 
and in the hule bottoms; or primers 
n•:~~· be pbccd at str:uegic intervals 
thr,llighout the columns, with or 
without !he use of deck cha.rges. 
Eith~r detonating fuse or close-in­
lervol deloy blasting caps can be 
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used for initiating the primers, those 
near the collar being preferably of 
a longer dclay. The composite et!ect 
of using primers at both the collar 
and hole bottom is th~tl it exteilds 
1he optímum hole depth and better 
distributes the stresses in the ledge, 
notably in the we and collar .regions. 

POWDER FACTOR AND ITS 
SIGNIFICANCE . 

A guidcline used by m<~ny for 
estimating and cv<:~lui..lting bl¡),sting is 
thc Powder Factor. PL an expres~ 

sien which reliltes thc yield of mate­
ri<JI blastcd to the quuntity of ex­
pi. •si ves use d. For qui..lrry work 
und min!ng. the Pf is most often 
st<Jted in tonsilb.. or vice versa, 
while for most consú uction excava­
! ion it is customarily t:~pressed in 
lb./cu. yd . or cu. yd./lb. The latter 
ratio is ~liso commonly used for 
much of the work in overburden re­
moval for coal and m~wl-orc opera· 
tions. Of nll -the diffcrl!nt ratios in 
comlllun use, only tho!'.e utilizing 
weighL..,, e.g .. tons/lb .. t<.~kc into ac~ 
count any of thc proper(es of the 
mi..lterials being: blastcd. 

Because of its extremely variable 
character Pf is not ri.ormally a sound 
index upon which to jud~e blasting 
ef!iciency or design bb~ts. as many 
believe. Diflorent values will be ob­
taincd by merely changing the biast­
hole p:mern or configuration. and 
values will also chan-;e for other 
reasons, such as variable hole depths 

Fic;~o~re 17-The•• 1~etche• 1ho,.. fo~o~r ponible 
.... .,., of bl••tinq ... ith • linqle c~•rqe •nd 
si. p•tt•~n• ~o~ti\iain9 • 'v ·CYI •rr•n9em•nt for 
m~o~ltipl• cherCJes. 

and deck loading. Also, the many 
ditl~.:rcnt standards employed tend to 
confuse rather than assist persons 
in evaluating reSults. The most prac­
tica! Lalue of Pf is in cost analy~is. 
becau~ .e.xplosives . are sold by 
weight, and payment for materials 
mined or removed is generaUy m:..adC 
on a weight or volume basis. 

One of the ways in which the 
p11wd~.:r faelDr can vary is shown by 
thc .:.\i..lmples given in Figure 17. 
Thcse sk.etches illustrate four pos­
sible ways of blasting with a single 
charge and six different patterns 
utilizing a V -cut arrangement for 
muhiple charges. All the bbsts are 

· conducted under identical conditions 
except for the relative position:) of 
open faces. Pertinent data for Fig­
ure 't7 are given in Table 8. The in­
formation there given is merely rep­
resentative and used for comparativc 
purposes. lt may or may not fit 
actual blasting sitl:latioos. 

In determining the possible yields 
given in Table 8 for the various 
blasts shown in Figure 17, the sur· 
face blast areas. A, were approxi­
mateJ based on the locations of 
open taces,· assumed rock structural 
features~ and the particular me­
chanics of how each specific blast 
would be expected to function. The 
excavation volume would then be 
the product of the blast area and the 
ledge height, L, not the hole depth, 
H, as sorne might assume. Sim~1e 
conversion to tonnage yield, W. ;: 
accomplished by multiplying 1 

volume by the material density, d., 
using the following relationship: 

W-AL(d,), tons (lll 
The quantity of explosives used, E, 
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of the other Jr.:sign dimensions. 1[ 
Table 8-Chaoce in Powder Fador (Pf) With Variaci~n _ ----~ _column_loading- is-practiced, -the -Pf-

-----------;---Jo-Oriii~Pattem CoD.fiCitntiOo-l.il-- -- ---' ~- will change with the hole-depth vari-

(Fo; blascinC-IimHtone with d.= O.OU ton/ru. fl. u,¡ by Extra 'O'lr. drnamilt, ~tions. The trend is illustrated by 
D~=l inchH<cl, and blascholts located according to.a~era~e KR ratio of.JO 11111 -) data given in Table 9,"in which the 

Tolal No. 
I:Uaslbolcs 

Tolal 
Yit'ld 
(loost 

Total 
E'pl. 

Used (lb.) 

Po.,.·d~r 

F .. ~·ror 
(lons/lb.l 

valuc~ represent condirions for the 
9-hole blast sho·wn in Figure 17F. 
The cause for the Pf variations is 
the rcsult of changes in the ratio 
of the. amount of hale used for 
stcrnming relative to the total hale 
depth. To counteract the lowering. 
o( yields, deck loading could be 
used, a practice commonly followed 
for decp hales panicularly. Thi~ 
practi~.:e produces no detrimcnral ef­
.fcct~ on fr<.~gment~ttion when the 
_dccking. i~ done propcrly. 

Single charces: 
(81 Cc:nter cul-hole (2 free faces)· 
(C) Cornú holeO free f<ices) .... 
(0) Cen1er she¡¡r-hole (4 free faces l. 
(E) Block ho\e (5 free f<iCt:sJ. 

Multiple ~o.hargcs: V-1ype throush·\:ul: 
(F) Single row 
(G) Doub\e row .. 
( H) T ripie row 

Multiple charges: V-typc 
1 1 J Sin[:le row 
IJJ Oouble row 
lKJ Triple row 

~i<Je-cu1: 

S:!!! 
.JI)! 

l96 

2::!.7 
::!2.7 
::!::!.7 

!05 
!OS 
w; 

::!.':111 
::!.':111 
5.!!2 
11.6~ 

:!.58 

1.93 

2.?0 
3.06. 
!.YO 

Notes: lai-See Fi¡;ure 17 fo~ de,ign ~rl"\:lft=:t~tion" 
11>~-Rf. Tahle 7. 

Bl<.~sters should ~ Ci.IUtioned re­
gurding difficuhies that may resuh 
from rcducing the explosiYe loJdin~ 
density as J means for improvin~ 

th~ir Pf, or use of lighter grades or 
smaller diameter explosiYes .. At· 
tempts to extend 'drill-pattcrn di­
mensions by increasing burdeos, 
etc., will produce "imilar ditficulties 
for the same reasun. Rather than 

. sacrifice good fragmentation and 

•· ~-Rf. Fi¡;urc 12 . 
.," -Rf. Table 2. 

wuuld be thc· product o( the explo­
sivc's Jo<.~ding dc:nsity, d.,, the total 
average _length of one charge, PC, 
ond the tot•l numbcr o( blastholes, 
N, calculated ~s (ollow": 

E-(d")(PC¡N,lb. ( 12) 
The powder factor, Pf, would then 
be the ratio of the above two ex­
pressions, or 

Pf-W /E, tons/lb. (13) 
In studying Figure 17 and Table 

8, it will be noticed that the number 
of free faces has a very pronounced 
inOuence on the valuc of. the Pf. 
For multiplc-hole blasts, whcn there 
ls a free tace added on one side, the 
over-all Pfs for all blasts will usu­
•IIY be the same as that for a single 
cerner or cut hale. However, thc Pf 
may be affected by the initiation­
timing pattern employed, whii:h may 
changc. the blast arca outline, as 
shown in Figure 17J and line J o[ 
Table 8. For the particular blast in 
point, the additional tonnage rcsults 
from overbreak in the tight corner 
of the second row of holes. H a 
J;.¡ter-interval initiation delay were 
used in the corner hole, the blast 
would then be expected to cut 
squarely without any overbreak, to 
give the same yield as for the other 
two examples (Figures 171 and 
17K). 

EStim~ting or evaluating iln en­
tire bl2st on a single-hole Pf basis 
can be very misleading, but unfor­
tunately it is a ·--practic~ o_lten · Ílli­
Jowcd. For the dcsign ond evolua-

. tion of underground foce-blosting, 

t-hc errors produccd would be cven 
more serious and costly when based 
on a single-hole PL This is be-
cause thcrc: is ~n automatic elimin••­
tiun of potential tonnage for onc 
complete row of hales. The row 
may be considercd as serving merely 
to shear the cut out of thc solic.l 
without achieving any ctfective pro­
duction. Jt is also vcry importo.mt to--, 

recognize that in ;.¡IJ blasting:. when 
rows are added into the solid. with 
.a subsequent reduction in thc num­
ber of opcn (occs. the Pf valuc will 
continue to ch~ngc toward 1ower 
yields even though all other runda' 
mental blasting relationships and 
the rcsulting rack frJgmentation 
may remain substantially the sJme. 

In surrace · or opcn-p;t blosting 
the hole dcpths may vory ·within a 
particular cut or excavation. with 
no mher chJnges being: m;.1de in any 

displacement effects by decreasing 
the explosive energy, adjusting the 
blasthole arrangement is generally 
Preferred. This can be done by re· 
design, so that more free faces are 
made available and charges are Jo­
cated more advantageously .. 

COST OF BLASTING 

Thc: primary concern of t;.. 
quarry operator is to malee a proh~. 
To do this. costs must be kept to 
the minimum. Sorne costs, however, 
are interdependent. so that no ~in· 
g.le cost rcduction may neccssarily 
gUar&~ntee an ovcr-all decrease in 
production expenses. lt is the com­
posite clicct with which one must be 

T.v.blt 9-Chana:t in Po.,..·der 1-"aclur (Pr) Wilb VariiiCioo 
of Hole Deplh (H) 

(9-holt sio~le-ruw \' -1) pe lhrouRho("UI. uMn¡: Eslra 60%. dyn~mile wltb ~·iD. D. columa' 
loaded •nd drill patltrn dinaen~ioru:• c-on!litanl for blastaac hn1Htone tr1tb SG of 1.fi9) 

Aw¡¡:. 
H (ft.) 

111 
1~ 
14 
16 
1~ 
¡u 
Z2 

AwJ. 
ec (rr.l 

~ 
7 
9 

11 
1l 
1l 
J7 
19 

A't:· 
L (fl.l 

~ 
10. 

" 1. 
ló 
1 R 

Z! 

Total Yield 
E~tpl. (toas) 

llsed (lb.) Total 

79 264 
110 JJO 
l-12 396 
t 7l 462 

__ lOS l28 
2]6 l94 

. 268. 660 
lOO 726 

Pf 
(loas/lb.) 

3.34 
l.OO 
2.79 
2.67 
2.58 
l.ll 
2.47 
H2 ---------------------

Note: •S.:c Fi¡,:ure 17 for drill p01.U:rn sp.:cifications . 
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conccrned. In this respect many di!­
ferent costs <:~nd their effects on one 
anothcr must be considered, sorne 
of which include the !ollowing: 
drilling, primary blasting, secondary 
breakage. loading, haulage, crush­
ing, 5cr..:\:ning, !:oh.lckpiling ·anct re­
claiming, loading and weighing for 
dclivery to customers, supervision 
and engineering. maintenant·e. 
cquipment and materials purchases 
and replaccmcnts, insurance, deple­
tion and depreciation allowances, 
sales and other administrative serv­
ices, royalties, stripping expenses 
( including ground breaking and re­
moval), and li.JXCS. Qf <all COSlS OT 

expenses,· the first se ven ( and in 
so me instances those for stripping) 
generally constitutc the majar por­
tian of costs for quarry production. 

The percentage c1f to_tal produc· 
tion costs auributed to drilling: and 
-blnsting may be as low as 10 per­
ccnt or as high as 40 percent. The 
relative importance of primary and 
~ccond;try breakage co:-.b to load· 
ing, huulage, crushing, eh.:., will de. 
pcnd largcly on the properties of 
the dcposit, cquipment and plant 
operatin,g characteristics. and rc~ults 
achievcd from the primary blasting:. 
Studics on quarry efficiency show 
that in most cases hourly production 
r;ttes for well·bla~ted material are 
n¡;arly double that achieved for 
roorly blasted rock. Similar results 
;,re obtained in the other types of 
mining and in heavy construction 
work. Crushing and screening costs 
are likewise o.tppreciably reduced if 
thc materi: .. tl is well blasted · at the 
vcry hcginning. Because of these ef­
fl..'cts the trend today is to spend 
more for primary blasting, because 
thc savings realized from all the 
uthcr production ph<tses more than 
t:ompensate for the inilial :1dded cost 
for blasting. This fact is evidenced 
hy thc lower powder [actor yields 
ohtained in a great many operations. 

Primary blastin~ expense is nor· 
m;,lly considered to be composed o! 
cost• !or both drilling and explo­
:-.ives, including ull char~es for labor 
and material used. Be!ore the ad­
vcnt o! the new high-speed highly 
mobile· drills, the respective costs 
for drilling and blasting were about 
equal. But with tl¡e new types o! 
drilling equipment, élrilling costs o[ 
many oper:~.tions are only hall as 
much as th6 explosive with conven­
tional high explosives. 

Tablc I0-81asting Cosl Ao•lp.i·. •howiDt: Effec-ts from Cboainc lhe Type of E:.:plosiu 
(V·t)'pe !oide--cuti•J for "trti,·;al boles in a lime~tone ledc;e wicb ~oost•al PO 

1\. A''>umcd Condilions: 

i 1 J Kcpt cor.stant are K r = tl. 7, 
¡.;_,~:U.), Ks = I.U. D.= 
Ou = ) in .. L = ~U ft .. ¡¡.nd 
d, = O.OM~ tontcu. fi.IL 1 

(~) E •. =. E~.:tra óll':O dynamit~ with 
S(.j = \.~M :tnd \'. =: 1 ~.~tlO 
fp~ (e 1 

0) E: = fidd-mi,cd AN·fO. 9~/f... 
w11h ~G = 0.85 anJ ,._-= 11.\0il 
fr~ ¡.J) 

(.q A\1 hob dn1h:J with 41/l·in. 
hanun~·r t rad, ·mount~d air-drill 
wilh 5tHI ..:im ,\)mpressor at av. 
era¡:e drillinF r;1tc of 400 h. per 
8·hour shift 1" 

C Bla~1in~ Data C .. dcuJ;¡tion'· 

E. 1 E \Ira 6ll';. dynanHtc J 

RE.= i 1.~!!1(1~.~{1111: = 19\ X \(16 
\f Ki, :--= lll. tho.:n H = 7 1 •1 ft. for 
~qui,·aknt Jrill p:.&n,:rn of JO x 111 
r .. , 11 

T, = K1R, = ¡{17)f7.5) = 5 fl. 
J.= Kdl.-= lli~J(7.5J = :!IIJ h. 
H.= L- J =~u~~~.-~:: .. ~~ 1 ': h. 
PC. = H, -T.= ~:!' :i - 5::::: pt,} 

[l. 
Smce the hlast con~i)IS o{ 3 rows o{ 3 
holes e41ch. m ¡..;, = 9 hotes. then 
W, = .'\ UJ,¡ = J0(101t9H:!UJ 

(0.08~) (¡1 

or W, = 1510 tons 
lf d.,= J.IJ lh.:fi.l\1 and 

E:::::: d IPClN, In. then 
E,::::: 13.9¡(17"21<91 = 615 lb. 

Thu<;. if Pf. :..: W,/E, Ir••. then 
P(, = 15 1 u. 61 S = ~.46 to.nsilb. 

Th~· totc.tl r~quired drill footage. or 
H,N. = !~~~·~ H91 = 20) h. 

u Unit Costs '"': 

(IJ l>nlling at S0.]6)/ft.(•l 
t~l EJ.tra 60% at SO.~~ ·'lb. 
(3) AN-FO. 94/6 Olt )U.OSJib. 
(4) 30-ft. MS delay EBC at 50.62 
(5) 6-ft. ínst41nt EBC at SO.I7 
(6) Regular Primacord·at S0.) 21ft. 
(7) MS dcl41.y Primacord conntttor at 

S0.50 
(8) Cast booster n-1:-lb. primer) a1 

S0.50 

E, (field-mixcJ AN-FO. 94.'6) 

RE,= (0.85)( 11.!00)2 = 105 r. IQt> 
RE!/RE, = 105/191 = 0.55,(c! ·or 

K•· = 24t!J.(hl 
Thus.' 8, = 6 ft. 10 for equiv3lent 

squarc: . dril! panern "f 8 x K '·l· 
ft. !11 

T~ = KTBt = (0.7)(6) = J ft. 
J, = KJB: = (0.3)(6) = 2 h. 
H, = L + J! = 20 + 2 = 22 ft. 
PC, = H~-Tt= 22-4 = 18 !t. 
To dril! a complete· pauc:rn therc: 
should be 4 rows of 4 holc:s each, or 
N, = 16 holc:s. 
Thus. w. = A,L(d,) = 8(8112)(161 

(20)(0.084) (j) 
or W, = 1830 tons 
lf d ... = 2.6 lb./ h. lkl and 

E, = d#t(PC,)N,u'. then 
E,= (2.6)(181(16) = 750 lb. 

Thus. if Pf, = W,/E,("'l, thc:n 
Pft = 18301750 = 2.44 tons/lb. 

Thc: total required dril! footage, or 
HoNo= (22)(16) = 352 fl. 

O 81it .. tin\= C o't Comparison: (C.Jculated from 8 and C. above): 

\lethod o( 
lnitiation: 

Drillina: 
Explosivcs: 

Oynamite .. . 
AN·FO ... . 
Primen ... . 

lnitiaaors: 
lO' MS EBC. 
6' lnst. EBC. 
Primacord .. 
Primacon..l M S 

conaettors. 
Mise.: 

Connc:c:tin¡ 
wire ..... 

Lotbor !or 
loadin¡ and 
firin¡ blut 

Tot11l bl;ssting 
cost: 

Cost per ton: .. 

E, 1 Extra 60% dynamitd 

E k..: trie Nonelectric 

<:or, S 73.69 (203') S 73.69 

(615 #l il5.JOf6f5;o) 1 35.)0 

{9) ~ 5g 
(2) 

1300"1 

(9) 

~.UII 

0.)4 
9.60 

4.50 

r I.KO 

S!!$.23 
0.1.9 

E Perct:nla~c Di~tribution of Bt;,.,ting ('osh: 

Drilli.n¡ . . . . . . )).K 31.8 
Explosi"es u_ 

(Excl. primen) 6~.:! 60.1 · 
Primers ..... . 
lnitiators ~.6 6.) 
Mise. l.J 0.8 

Total ..... . 100.0 100.0 

21 

E, (Fic:ld-mixc:d AN-FO, 9416) 

Elcctric Nonelectric 

t352') $127.7!! (352') 1127.78 

{750#) 37.50 (750#) 37.50 
( 16) 8.00 (16) 8.00 

(161 K.l:! 
! 2) 0.34 

(505.1, 16.16 

(16) 8.00 

1.25 

u o 1.00 

11 Kh 15 S200.78 
o 102 0.109 

68.6 63.7 

20.1 !8.7 
4.3 4.0 ... 12.1 
2.6 1.5 

!00.0 100.0 



·- --· --~- -------=-==---=:=======---====--==-==-= ticular-properties ~Qf-the -e::ii}il·:..ives Spedal Nores-Table 10 
thc:mselves, since the la!: :ctc: hl-Sce Figure 17K for general dril! panero and iniution-timing system. 

tbl -Rf. Table 7. the final required drill p :t-
1cJ-:-Rf. Tablc 1, p. 63, Blastu.s' Hat~dhook, l~th edition. E. l. duPont de Nc:mours 

& Co. ' mcnsions, i.e., the Ka. FUJ 1 ·!, 

tdi-Rf. Figure 6. p. 8. Tcchnical Bulktin AG-:!. !'-/ov .. IYhiJ ~1on,;.,.nto Chcmical 
Co. 

'lome _explosives simply \' .. Jr 

be suiÚ1ble for Use: undcr '-~~tJin 
hl-Rf. A Fi~fd 1\/an's ·c¡,jJ~ 10 Drillittg Corts. A. W. Fo-~ter. Atla\ Cht:mic<~l 

1 ndustrics, lnc. 
111 -Rf. Tablc 2 
111-Rf. Formula (.4) 
lld_Rf. Fol"mula t5J 

quarry oper~Hing condi; ¡,,.. One 

••1-Rf. Formula ¡fo) and Fil;urc 1~ 
td..,..-Rf. Formula lll) 
••1-Rf. formula t:1J an:J hgurc 1~ 
•11-Rf. Formula (I:!J 
lonl-Rf. Formula ( 1)) 

::;hould. thcrefore, recognil·. ~'nr 

ma\..:ing a cost an;liysis. '· ... .¡ 
v~:lucs for e.'<pcnses ;md -~·. 

nf matcrials peculiar to 11. .uc:d 
circum~tances should be t• nn1 

'"'-E,plo'!.ivc unn cos:s b¡¡,ed on ".:h-:tl11lc ]'Jhl! pru.:c:c; 
~ener;d c~timJtcs. ;..~s wa· ·1r 
Tahlc 1 O dilta. 

With the introduction o( inexp~n­
sive AN blasting e~gents, however, 
the drilling-explosive cost ratio has 
been reversed. Even though the less 
dense blasting "gents appreciably in­
crease the cost of drilling becau~c 
of the in~,.·fcased number of blast­
holes re4uired, the over-all drilling 
and blasting cost in most instances 
has been m;.¡t.;rially reduced. This 
is beca use of the tremendous s;wings 
in costs of explosives. Such blastii,:·­
agents often cost only 20 to 30 p<r· 
ccnt as much as· the c.:onventional 
high explosives. 

To illustrate the effects of the 
various components that. determine 
primary drilling and blasting cost. 
TCJble 10 presents i'epresentative 
data for a typical quarry blast. Only 
the type of explosivo has becn 
changed, with the powder factor. 
drill-pattern general arrangement, 
and initiation-timing system kc:pt Lhe 
same. It should be noted from the 
data, however, that for conventional 
dynamite, i.e., Extra 60 percent, a 
typical 10- by 10-ft. pattern is used. 

In order to use a regular AN-FO 
94/6 blasting agent (field-mixedl. 
thc pauem dimensions are changed 
to an 8- by 8 \n -ft. arrangement. 
This is done according to the prin­
cipies outlincd earlier in the dis­
cussion on correlating the propenies 
of explosivos to the blasting stand­
ards. In this instance, the net result 
is that 16 blastholes are requircd 
for the AN-FO blast, compared to 
only nine holes for when Extra 60 
percent is used. Because of the dif. 
fcrence in thc requircd true·burdcn 
dimensivn, other design dimensions 
ncccssarily muSt~be adjusted lo ~ive 
a prop:rly balanccd blrist. How­
evcr, the basic KT, KJ, K!. and K u 
ratios are kcpt closely to the same 
valucs for both blasts, only thc Ka 

Thc influencc of the P', . · •f 
éx.plosives on finí.ll cosh c.t •. tll•l ¡.,~ 

r:..~lios being :Jdju•at:d ••• ~uit th~ 
v¡•r•ous cho.Hact~ri,ti •. :.-. uf the ex.plo­
sive~. 

ovcremphasized: this is tP : •:-u-
larly of the vclocity of thl· 1. , •. 

sin..:c it has a very promi; :~t 

From the costs indic:ned in T ~tble 
1 O. ene would logic;.~lly concludc 
that cveryone should ch;mge to 
AN-FO blJstínc acents. However, it 
mUst be kept in- mind that individu<.~1 
circumst¡¡ncc" may grcatly Changc 
thc over-al1 cost r~l:nionships. The 
facwrs that h~1ve tllc gr~~test in­
tlucnce on thc f¡n:.¡l values would 
he the unit costo; for drilling ;md ex­
pi .... ives matcri:d:-' u sed and the par-

on thc most dcsir:tbl..: dr,. 'lrn. 

A~ dcscribed e:~rlier. thr <.~f:.~c-

turcr's spccific~aions m:~y 
\y dcfin~ wh~ther the vei 
uncl'Litncd or confinc:d t· · 
which charge di:lmeter :q· 
one c~m ~ee from T;1ble 11 
C'<llions v;:¡ry considerablv 
which in turn gremly ::11: 
matv l.•r dcsi:!ninc hla~t· 
ener~y putential (RE) of 

Table 11-A {.'omparison of Publisbcd [,.plosh·cs Specilic;llio1• 

(For competili~Vc ~:radcs rquivalcnllo 60% ammoaia d)namic• 
"·hcn uscd "·ith 0.-=3 in. and b:ased on publi~bcd d:atal 

Aa-erl· 
can la) A.padltla.l Do HCrfll• Oüntl• 
A~· ... !;and- A.tb•hl p.,nlt~l le-thl s ... 

rnnnla ... t:uta ••• E~~ da\ 
Oyna. I.J~na• O y na· Crn" Oyaa. O )'TI-o 

m lit alill mil e E11ra m lec mi" 

Velo.::ity (fps) ....... lll.KOO 1~.800 10.000 1 ~-~00 1 ~.450 \3.61~. 

· Open (0) or ~O! No¡ N"t 
conlined (e) : ::•• ~·n (01 (01 \c!HC::"I (0) ¡¡.i\ ~·" 

Char¡e dittmeter Sol N•): 
( inches): !!1\'~'ll JI j [1 ~ 1 •• 1' .. ¡;:¡v~ .. 

Stid: count: lltl lltl !!O 1\tl 110 11 

Src:cific gravity 1 . .:~ 1.:1'1 1.~8 1 ~l'l . l.: IS t.:: 
RE faccor (XIOC>) \" :10 1 ~~~ ,., 

'"~ Rehttivc: enersr 
R.uio (RE,/ RE, l' "' o 7tl 1.\0 0.67 l.tl:l \.0~ 1. 

Adjusttd burdcn 
(H. in i..:e1): til h.~ 8.0 ó.: 7.5 7. 7 !1.~ 

Equivalen! drill 
Pautrn ( squarc 1: .,. lo \1 1 ~\~ lll ~ 1 \) 101 11 1 1 ' 

Rcferences: 

.. :r­

i;:r 

1.H 

\;o; 

.¡J:::.:iri­
fact 

•.'-<ti-
1 11n 

-od-

., 
•''1· 

(0¡ 

:.01 

7.5 

·.lll 

1•1-p. 2. '"mmonia D~ n:.~nút..:~ 'fiC:l·iti.:ation )1h·..:t. .4.-~ 1 J I-J00.4ifl,. -,,ncri.;;¡n 
Cyan:~.mid C o. . _ .. 

11·1-p. li'l, .o\p:tch1.' r:,pl1hiv~·~ ~·:¡c;~1n~. llur.l rc~·,~,nn .. '\pachc: Powf.lcr C·· 
,,,_p. :!1, All;.¡~ E\plo"'"c~ PluduO:l!l. Catall•e !"'o. \J. 1'1 ~7. Atlas Chcm;; :~1r1c\. 

lnc. • 
1,11-rt. hJ, Tat'llc: 1. IJ/u.Hc·r.\·'1/wuJ¡.,.Hk, JJrh cJition. 19~A. E. l. du Pon: .:1,0Ut!l 

& Co. . 
1 

· ¡· 
'"'--p.~. Hcrcuk .. E'-plu .. in:!'.. ül;,.,una: .'\~..:nt"' ••n'l H a~tm~ Supp u:s. :. 1':15'1. 

H~:n.:ul.:' PnwJcr Cu. . . 
l!l-p. 9 Olin t ... plm1\'cS Pr,¡du.:t!l ··atalo~. fourth cJHion. 1955, Olin M;llht'-~·-n Chcm· 

cal Co. . ¡· C 1 N O T . C 
1,1_('1. 4, Trojan E'rlo~ivc) an,;l Bbsung Surr. 1..:'·. at:.c os o. 1 l. rn1.,, · ·:der o. 
.... _Rdati,·c cncrgy r.,lills ¡,;;.~h;ul.•tcd on ha!lt!l ot Ou Punt Red Cros~ !· ·,o% as 

unity. 
til-Fi¡ures 1 ami IJ. ""'ith Kn=3•1 for Du Pont Red Cross blr;) 60';(, 
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uc1. The suggested drill-pattem ar­
rangemcnts will not give the same 
powder factor yields but should pro­
duce comparable blast results, if the 
published specifications are not in 
error. 

The expenses for prim..:rs and ini­
tiators may have a greater lnfiuence 
on final costs than one might ex­
pect, from the d:Jta indicated in 
Tabt.: 1 O. For blastholes with deck 
charges and those having extremely 
short depths, the costs for primers 
and initiators may constitute a con­
siderable share of the over-all cost. 
Nevertheless, under such conditions 
the inherent sav:ngs resulting from 
higher powder factor yields usually 
compensate for thc added costs. As 
experience has clearly shown. it is 
simply good practice always to ~:~se 

the'best primers available. As a rule. 
the total required quantity of power­
ful high-energy · primers is much 
smaller than that needed when 
chca.per low..energy explosives are 
used for priming. lnitiator costs are 
also normally rd:Jtively Jow; so if 
improved blasting results can be in­
sured by usin~ ;;.dditional initiators. 

the added expense could he con­
sidered insignificant, as comparcd 
to the benefits receiv~d. 

As powder factor yields are re­
duced, costs will be increased pro­
portionately. But irrespective of the 
actual powder (actor value. blasts 
should alwoys be designed to givc 
the vield most suitable for m<Jxi­
mum' production at the least ex­
pense. _In this respect, the percent­
age of usable material from a bbst 
mu~t :do;o be given consideration. 
Well-bl<.~sted rock does not mean it 
must necessarily be pulverized. On 
the contrary. the required particle 
sizing and its uniformity must be 
such that max~mum recovery is 
achieved. 11. for example. 10 per­
cent óf the production is lost due to 
spoil:ng or waste. which in quilrry­
ine is quite common. the toss must 
be- included in the final cost analysis. 
If recovery is reduced in arder to 
incre~se rztes of production, the 
value ot the wasted material should 
logically be less than the savings ac­
complished from the lower opcrat­
ing costs for the material salvaged. 
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CONCLUSIONS 

Effective blasting depends largely 
on a knowledge of how materiaL 
fracture, the particular characteris· 
tics of those materials, qualities ot 
the varíóus explosives that may be 
used, and recognition th<~t the se­
cret of efficient, economical, and 
s<Jfe results lies essentially in thc 
suit-able pb..:..:ment of charges where 
thcy will do the most good. Since 
explosives are merely very powerful 
tools for performing work:, thev 
should always be used accordingly 

·As has been shown by these dis· 
cussions. there are no easy, simple 
methods for solving blasting prob­

·.)ems. The mechanisms and factors 
involved are too complex and nu­
merous to permit clear-cut solutions. 
Eilch situution must be handled ac­
cord~ng to íts own requirements. 
with the prudent use of one's best 
judgment However, with a reason· 
able <!mount of study and under. 
standing of operating conditions, 
blastcrs can evaluate results and 
make adjustments tnward improve­
ments by using certain basic stand­
ards. 1 t has been the purpose vt this 
anide, therefore, to outline those 
standards ;.¡nd explain how they can 
be adjusted to apply to on-the-job 
conditions. But it must be realized. 
that there can be no substitute for 
initial ·tests to o.scertain what m ay 
be ex~cted. 

The burden dimension is the :-'""' 
critical of the important factr 
blasting. Its value · must su.; 

· characteristics of the material bt:mg 
blasted and the properties o! the 
explosives, and it must produce the 
desired degree of fragmentation and 
displacement. All other blasting 
stan·dards are controlled by the bur­
den value. and they should be de· 
signed on that basis. lt should be, 
therefore. of primary concern to all 
bla>ters first to establish the best 
burden for their panicular needs. 

1t has been shown that the powder 
factor as such has linle meaning 
except as a relative basis for cost 
comparisons. For many years it ha$ 
been used all too frequently, and 
unfortunately. as a means of judg· 
in~ blast efficiency. But under no 
ci;cumstances can it be usc!d as a 
reliable index for judging what one 
can expect in rack breakage or con­
trol of throw. Its value in costing 
is even questionable under many 
conditions. 
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------•------------~------~~~-TIIE LAI·iS OF E:N::F.G'! DIVERGI:!ICE 

By Richard L. ~sh, P.E. 

·rn~rqy transr.~ttec through a ho~ogeneous isotropic ~edium fro~ 
an ~xplo:>ion-incilcc(: confinec sourc~ is divcrgec outt·!arc equally b 
al.!. C::irections. T~c efíect is to reduce the unit encr'?'Y at anr en~ 
pos i tior: 11i thin t!Jc l'lctii !m'. as thc C:is tllnccs incrcase a••ay f ro m t ~ . .: 
explosie>r. C<!ntcr. Thi!l phcnoll'cnun as a9pliecl to r.ass, volumetric, 
or 11eight consi.-Jerations ·is described by what is kno1-1n as thc cu~e­
root .!.a\1: ~1hercas, the clecrease of the effective stre!!<s or pre~sur':! 
with tiistancc in any single ¿ircction is expressed by the squarc- . 
root lat•. !Jotl¡ of thP. tt•o laws servo as the principle ba:>es fe::: '"E 
explosiv~-energy Cesi~n critcria. rt is most importent, thcrefc=c, 
that thc lat/S be cl:early clisting.uished from ene állothcr as to thc~r 
specific applications. 

The fir.st assurption maóc in the use of the laws is that t~e 
exple>sion source consista of a single concentric or poj.nt chargc, 
Le., or.e that i3 initiate~ in its center and tlhO!le hmgth-to-.:i­
an:etcr ratio IL<f-0 1 is not r::orl.l than 6. llc11ever, thc la1:s can te 
applied equally as well to the long-len~th cylinCrical ch~rge nor-
1!'-'ll-'ly use<.! for the bulk of industrial blastinq, provi<li nq onc r·~c­
ognizcs tl~at Ollly in the plt.nes of thc chargc .!.Pngt;, "ill th•3 l.!t'f~ct~ 
dif fe'r from those produc~C: by thc concentric charoge. 

Te comprchend the uniquE: characteristics of the long-lcngth 
chargc it is convcnient t? ccnsi~~r that it is cs~entially no n~r~ 
than a continuou:: series or succession of inr.'ividual poi::t c:hart'(;". 
'l:hus, stress E:!\.::rgy frorn oach :;eg:-1e:-:t nort:mlll~· 1d 1!. !:t: rclr..:.~o:.:.:..: t 
a clcfinit::! sequence or progressive or<ler, frc:-. t:.e roir.t cf ini~i­
ution anc! thcn praccding tr. cach ac'jacent portien of the ch<:."'J~ :~· 
maininc; in t:.e colur:-Jl. The resultant cc!'!loosi te stres:;- fe o::-'. t ::~·r.~­
rr..i.tt-:¿ i:1t:o thc surrouncling mcdiu.':' will vary in shape üc: :;¡~t e: 
a ~~h:r.·~ to that of a cylinC:cr l·lith her:-ispherical encis, C:epc:nJiro'l 
on thc r.-e tho ... of initiation u sed an.:' thc prcpP.rties o f k:<?th -;'1.:: -~:: · 
plosives am· containing material. F'or the cy!intlric~l •.:ave t" io.~:c 
í~r a::~r~lo, al!. points alonq the colur:-n rust be initi2~P.ci sirul·· 
t 'l:-~nously. '!his i:! highly irr9rob.:~ble for l:'ost types cf b las ~i:.q 
f!xce::,l: ter vt~r<' short colunms that are ir.itiatec. in the cent:r e:: 
I'!'OdCrD.tC length char9es that Cont.:lin closely-SpáCCC pnr.ers «::i<.:1\ 
are all initiatcu by mcans of instantanecus electrical blastin~ 
ceps. Instca • .'., the eompositc wave-form .c5uelly. if: t;ithP.::: se:,., h~t: 
of conical shane cr soherical. T~e conical ~1.1ve results <-~h.:n t!·.~ . . . 
reaction velo•:ity through the explo!.'i'le colunn cxcce::s th~ cc:'l­
pressive 1:nve velocity of t!Jc surrouné.ing rrec\iur.~. In t!:-tis inst:-.t,:·• 
stresscs fror: thc charge cnC:S in each of t!:-te plñncs intcrsec:tir." ti!:! 
axi:; c-f th<! .:!xplosive column will be :.iverged lil:n· t~.csc fron t!1~ 

· spbcrical char'Je •.•ith chanc¡inq_ angleo; e~ incic!·~nce at frce-far.·:• 
plJ.~Q~, t-~hil!! str~ssc!:. in t~H! ol.:\n~;::¡ ó'r ·~!".e a:<i~ ir":~ the c·:!n~=:-.i 
portian' of tn!! colur.m 1~ill be: (·:irectecl ~~i~h :.'1 ~onstant <1:1~1·::! .-;t i:: · 
cid(.:nce. Strcsses in the olancs cf thc c!\argn -~·iamc,tcr :!.!' . .: ¡;.~:;··:: .. 
cicula:: to .. th<:! c'.:llcrrr. axis-, !"lct!cvcr, •.lill be c!iverga:: ~~.;c!1 i.r. i : .. .: 

::B~a circular tnarincr as thosc produced frcn the spl1~rical pcLr.~ 
charge. 1 
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conC:itions, it is possiblF te ~ake reasonable apprdximations of the 
encrgy C3!;>abilitie3 of various kincls of expl.osives anC: the estinatec 
lcvul of the transmittet: strc!:ses at any uistancc d from thc ex­
plosion center. \Jith res¡:lect te the relative enercrics of ex­
plosivcs Hith C:iffarent t!ensitics but having a constant charqe c1.i­
.ar.~etcr ar.•l velocity of rcaction, tho folloHing expression can be 
uscC:: 

nE2 • FE1 (SGe 2/SCel) 

In tht'! c.asc tlhero explosives' c!ensities, chargo c!iarneters, anc 
reaction vclocities all differ, thc general relationship for making 
the compurison woulC: be 

RE2. • rEl (c!e2ve2
2
fdelve1

2
l 

For all practical consiC:erations, the cor-parisons \.,oulc. be reasor.­
ably valiC; !or all center-initiat!d 1-ft long chargcs Hith C::iarnett:rs 
that \loulc varo¡ frol" 2 te 72 inches. This is because t:·.e range of 
values for L0 /De and its reciprocal, or ~'e/L~, \fOUlC: not. exceed 6, 
which tlas clefined earlier <!S thc lirnitation ter a point charge. 

~he significnnce of thc foregoing relationshi9s becores 
apparcnt ·.óen or.e consiócrs thcir application for craterinr:t in 
matcrials. Tlle problcn, in gist, is ene involving the accomplish­
ment oÍ nechanic.al \40rk, \~hereby thc energy su!JplioC:. :,y the ex­
ploáive (Q0 ) is uscé for fracturing t!':e rnterials by overccring 
their stren~ti1 properties anc! then displacing t~e broken ,arti:l~!. 
In general, th:.! required c!iverqP.•.I valuc of óQe, or cQ¿ at cistar.cc­
ü fror• t:1e explosion • s center, \·lill be unique for any given typc 
of r..ateridl. 

The specific C:.epth of c!Htrge burial, \~hich \Ir u le· -.:crr,...;r-on:l 
\lith the r::axir.n.:m limit for distance el, at which optinu¡n era té:!" 
resul·~::; l'lill be achicvc<! is cr.llc<i the burden, B. The volu.'ne of 
thc .::evclo:>r.ü crater (Vcl, in turn, will al•.1ays he a function of 
B, as Pell ¡¡s thc explosive's Oe~ For exar..ple, v 0 for a sim9lc 
conc-ty~c crat~r with one free surface is nr2B/3, but the value r~­
the crnte:r i:at:ius r is óepent".ent on the material's properties an:! 
is relato;': to B. Thus, as e qenerel rule ene can assurr.e t:1at 
V0 : n3 = Oe for 09proximation pur?Qses, Fro~ the previous dis­
cussions it ·~a3 shO\tn that o:¡e = !'.!:e " SGe = cf'!3,. Thercfore, for 
a.r.y confine(! explosive chargc it can Le concludec. that 

B • v l/3 " ~~ 1/3 = se l/3 " Per e e e 

In sutnation, the cube-root la\~ de!lc:ib2~ the effect cf t!:····· 
dimensional c'iv¿roence in rec!ucin-r th'l stress ~ncrgy procuc"'d by ~ 
confirie:C: expl.oSivé chargc as the en¿r'JY propaga tes in all o:irr~ct:; .. , 

-::; 
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-- f!~~ 'l'yp~ Co;npr~s:;i ve l:lJ.:s t1 cll)· 
Stnr:;¡t.l\ Hoduh!~ 

· pd X 103 
(Co:opr..,~~ion) 

psi X }C6 

Chcrl 29.3 8.15 
: ·.·. 

C?i>.l 6.2 ' '- .. . . 

Granite 28.0 3.17. 

G~cen S tone 29.1 8.82 
.· 

"' Cc~.::,-.. :.:lc~o 7.9 1.&0 

1J1n.0~to:t.:t 21.3 9.50 
: 

l:~vl:.1, .. 30.8 .7 .15 
., .. ••. 

:J~l~ ~:»~.!k 2.2 1.35 

San·.! 3tone H.8 2.00 
•' 

S~il:C' 5.2 1.09 

!Jll L-!::!.o.-.e 5.0 .. .l2,60" 

e - Ce!~<>:.: ion 
~ - A:-;:•1 e 
~ 

of Inl~rr.a1 Fricllon 

Y- ..:::;;-.9 •• :51 1('.;;~ • -'• y. - 1 : •. 1 •• -••• , :;i re~·.::,~ 

'fcnsllc e ~ Strcnqtl\ 

iw\. 
p::i 

~ ... psi deq. 

820 O.O.'fJ02550 71.5 .·. 
-. 1600 38.5 

4lOC.()IJib 1720 76.5 .. ... 
3600.0130 170:> 77.5 

7o.::>o.o66/, 1200 59.5 . 
3SOC.Olb 11 1,;20 75.5 

863 o 0279 2650 71.0 

85~.o~·u, 210 12. s· 

2300 (, ¡55 . soo 76.0 

1S3B ~.29Sl1420 31.0 

.t1o o.oef¡o 750 59.5 

.. 

\· 
' 

Ecr.!.:t1on of l::.~iu·':~· 
Entclo!J~ 

(ref. Fig. 3! 
~·--

y·" 2550 + 3.0 X 

T • 1600 + Ó.8 x 

T • 1720 + 1,.2 X· 

Y • 1700 + 4.5 X 

' 
Y • 1200 + 1.7 X 

Y • 1320 + 3,9 X 

Y • 2650 + 2.9 X 

Y M 210 + 3 • 2 X 

Y • !ICO + 4.0 x 

Y • 1120 + 0.5 X 

Y- ;so·· 1.1 x 

1 

1 
' 
1 
f 

·.;, 

0.{)'58/j 
1 
1 

C.fSISl 
1 

o'o61D 
' 

o:o860 
• 1 

. ! ¡· 

• oi.'o95 1
/ .•. ! 1 

.1 

0.0608 
¡ 1 ' 

· o·IJ-731 
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~~·¡500 
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Simplified Explanation of Crater Method 
CHARLES H. GRANT 
Editor·s Note: Widespread interest in the "explosives alge­
bra" article publisbed in EAMJ, August 1964, prompted 
us to ask Mr. Grant for a more complete explanation of 
the cn.tering metbods employed in introducing Dow's new 
metallized blasting agents. Mr. Grant prepared this anicle 
to a.ssist readers in understanding the crater method. 

AT TH.E RISK OP RIDICULE from sorne of my fellow engi­
neers, 1 am going to try to reduce tbe principies and prac­
tices of rock cratering witb explosives to the simplest pos­
sible terms for two reasons: 
t) Because, too often, crater methods are ignored or mis­
understood at field leve! which is wbere they should be 
best known; ind, as a result, new explosives are usually 
tested in full-scale production blasting where poor per­
formance can result in heavy losses. 
2 ¡ Beca use only if tbose al field leve! ha ve an understand· 
ing of Í:ratering, can we at Dow (or anyone else) bring out 
the true cbaracteristics of any new blasting agent or ex­
plosive as proved in the ooly proper laboratory for a 
roclc-breaking material-that of roclc itself. 

Let's start out by giving full creditto the untiring enthu­
siasm of consultant C. W. Livingston, whose etrons to put 
bis original tbeories into practical apptications were so 
significant in gaining recognition for all crater methods. 
Credit must also be given· to Messn. Duvall, Rinehart, 
Nicbols and Atchison of the U.S. Bureau of Mines, M. A. 
Coolc of the University of Utah, Allen Bauer of C.I.L., 
K. Hino of Japan, and maoy otben wbo have belped to 
increase this lcnowledge. 

AU of us who have gotteo involved in crater,ng. how­
ever, have often forgotten that the wort wbich .seems so 
el ose and clear to us is al most a foreign language to those 
whose daily job is planning and executing the primary blast­
ing which our investigations bave endeavored to improve. 

So this is an effon at communication. in tbe hope that 

Mr. OraM. • Maftnln' at Mllllc.r!tlu A Dtweklctlncftt, IAdiDtri~l I!KPimiwa 
SccOoe. Tk Do• Cbeadeal Co. 

proper testing methods wilt replace production blasting as 
a proving ground for new exp1osives and blasting agents. 
· For many years .. Curly .. Livíngston ·s methods for deter­
mining explosives performance·in rock were simply branded 
as .. theories" and not given the practical application they 
deserved. It took much patient work before he established 
their validity and gained justly deserved recognition. Be­
fore stating the Livingston formula 1efs simply say that 
it measures hoW far down in a blast hale you can detonate 
a given weigbt of explosive and still pull rock at the top of 
the hole. The depth at whicb the explosive_ no longer. breaks 
roclc is called tbe critica! depth. lts algebmc symbol ts N. 

The trick is to take this critical depth, N, and find sorne 
reproducible relationsh~p between it and the.e~plosive being 
uscd, and the size of the crater formed. Ltvmgston deter· 
mined theoretically and experimentally that there was a 
constant factor between critical depth and the cube root of 
the weight of the explosivo. He expressed it this way: 

N • EW"' 
That E is called the strain energy factor. You coul<l also 

call it a weight crater constan t. lt is simply tber~. You · 
have the critica! deptb and the cube root of the wetghl of 
your explosive. and between them therc is this _factor. You 
can transpose the equation ana solve for this factor as 
follows: N 

E- WIU 

A practica! application of this might :-vork ou~ this w~y. 
Say you have ao 8-Ib charge of explostve and m a sen~ 
o! crater tests you establish that the cnllcal depth for th1s 
explosivo in tbis roclc is 6 ft. You solve for the stram 
energy factor (or weight crater constant) as follows_: _ 

N 6 6 
E • wua - gm - Í - 3 

Now what do you have? Nothing yet, but since you 
have measured volumes of various craten you bave blasted 
in searching for the critica! dcpth of thc explos~ve, you 
have found a certain depth at which the explostvc pro­
duced the greatest volume of 'Crater, and this gives you 
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another relationship. Thc depth at which thc explosive pro­
duced thc largest cratcr you can caJI the optimum dcpth 
and therc is a ratio you can form bctween this depth and 
the critica! depth. Thís can be stated as follows: 

Op· imum Oepth Ratio - O~t·i~um Dcpth 
nuca\ Depth 

Say you found that a given explosive in a ccrtain rock 
had a critica! depth of 10 ft and an optimum depth of 5 
ft. Then you have this equatió~~ 

O . De h R · . S ft pt1mum pt atto - lOTt .,. .S 

With this ratio, you can go to the practical application 
of the weight" crater method which is expressed in this 

W _ 1stance formula: ( o· )' 
Optimum Depth Ratio x E 

Here Distanc_e equals the number of feet to the cenrer 
of gravity of the explosive charge. Now you have some­
thing you can take right into the pit to determine the 
charge you want to put into a specific blast bote or series 
of blast hole5. 

According to H. E. Farnam. manager of operations of 
the Iron Ore Co. of Canada, "From this point on, bench 
geometry becomes a problem of mathematically turn­
ing the crank, substituting numbers for burdeos. spac­
ing, and depth." In calculating bench geometry, a num­
ber of burden distances are arbitrarily chosen and sub­
stituted for Distance in the above equation. Then Iron Ore 
~o. engi~eers solve for the number of pounds of explo­
Sive reqlllred for each chosen burden. With the burden 
and the explosive weight known, the depth of hale and 
the spacing are calculated, and thus they solve a number 
of bench configuratioOJ for a specific rock and a specific 
explosive. 

Using a typical example, the above equation can be 
easily applied. In an iron formation with a C.l.L slurry, 
the strain energy factor has been determined as being 
4.26 and the optimum depth ratio as being .52. Substitut­
ing an 18-ft burden for distance, we have: 

w ( 18 )' 
- .5Jx4.26 

( /~s)' or (8)' 

W - 512 lb of slurry per hole (when bur~n equals 
depth of f"enter of Kravity o( the ch:'l.nte) 

In practice, [ron Ore Co. fumishes pit foremen with pre­
catculated cards designating the type of materi3t and ex­
plosive a~d listing information on bench height, burden, 
hole spacing, depth of hole, weight of explosivo per hole, 
height of ·explosivo coturno in the borehole, and the height 
from !he top of the explo.ive column to the collar. With 
lhe can (Table 1) the fORmen are able to lay out blast 
pattem5 for any bench in any of Iron Ore Co.'s rock types 
for any of their avoBable explo.ives. The eards allow a 
margin of safety in the burden ·cátcUiations to guard against 
underloading. 

According to· Famam. this system of calculating bench 
and blast configurations is the ftnt systematic: method [ron 
Ore Co. has tried that has produced satisfactory results, 
increasing broken rock yield 30% per foot of drilled bore­
hole and reducing blasting co•t 40% with numerous other 
benefits. 

'1ñe system is not perfect, however, and considerable 
work must be done to perfect the theoretical aspects nf 
the procedure," Fam.lm has reponed. 

This was the situation we at Dow faced when we first 
tried to gain accurate measurements of thc effectiveness of 
our line of metallized blasting agcnu. Wc found that rhe 
e.1.Ísting crater meth<'ds which compared explosive using 
charges of consr&~nt wcight mo.uJe il neccssary to vary the 

charge 11ze m accordancc with the density of each explo­
sive bein¡ ·rested. lf we kcpt the boreholes at a ulliform 
diameter, this uniform ~eight changed the shape of each 
explosive charge, and we found that this shape affectt!d 
our results. This 'got us into an intensive investigation of 
charge geometry. Results from underwater testing showed 
that with_ sorne explosive compositions there _was a signifi­
caot variatioo in performance with changa in 'the length­
to-diameter (L/D) ratio of the charge, up to an L/D 
radio of 4. 

A serie3 of eratering expcriments comparing perform­
ance of charges at L/D ratios of 2 and 6 with both ANFO 
and semi-gelatin dynamite~ showed that a ditference in 
performance also manifested itself in rock. At an L/D 
ratio of 2, more rock was broken per unit of explosive. 
At an L/D ratio of 6, the depth at which any explosive 
would aflect the surface of the roe k. ( critical depth) was 
greater. But of most significance for the purposes of the 
study, data obtained at an L/D of 6 was more repro­
ducible and acted more like the typical column charge 
used in actual production blasting. Therefore, we deter­
mined that this charge geometry · was essential for val id 
testing, and an L/D ratio of 6 was selected for all com­
parative work. 

But this was not the only reason we began comparing 
explosives and blasting agents on the basis of a constant 
explosive volume and shape rather than a constant weight 
basis. Many other factors indicated that a volume method 
would give us more meaningful companitive data on ex­
plosive performance. 

Using a constant volume. we avOid the probttm of hav­
ing to scale charges by weight and we can correlate the 
data with a single function. More important, the use of 
a constant volume of explosive means that each sample 
faces an identical rack .resistance, and this a1so belps re­
producibility. 

To ensure that all experiiÍlents would be conducted with 
a charge diameter gr~ater than critical diameter for the 
least sensitive composition expected to be evaluated, a ~on­
stant diameter of 6 in. was selected. 

These considerations cOmmiÚed us tu a ch3.rge ge\.lffi­
erty for all experiments of 6x36 in.-a massive charge for 
cratering but possessing many advantages. The charge is of 
sufficient size so that the effect of the priming system does 
not distort our results. The effect of minar variations in 
rock structure ·~ overcome. And, from the point of view 
of cost, havi::~ illl boles of the same diameter simplifies 
our drilliog problem. Fig. 1 shows a typical Dow volume­
crater charge as loaded. 

In making a crater test with the volume method. the 
weight of the explosive varies with its deosity, and this is 
recorded. The chargc is primed with a \>-lb high density 
pcntolite primer placed at the center of the 6x36 in. car­
tridge. The primer is initiated with 100-grain detonating 
fuse. The fuse extends only to the top of the charge where 
the electric blasting cap is attached. The charge is cemcnted 
into !he borehole with plaster of parís to ensure good con-

TAIIU POI PIT POIEMIN 

MATIIIAL-IION POIMATION IXPLOSIYI-HYDI O Mili. 

•-•.26 ('.J,. -o.SJ 
IH BUIDIN SPACIHG OIPTH WIIGHT COLUMtr. COll Al 

21 17 ,. " l06 •• " ,. " 
, ,. 603 '' " ,. ,. ,. lO 710 •• •• ,. 10 ,. " 

,, 17 •• 
" 21 " lS .,. •• ,. 
JJ " " 37 1102 " 16 ,. " ll •• 1251 , 

" ,. ,. ,. ., 1476 ,. ! • 

T.~Bl.P. r. Thi5 is !he can..l which !he Iron Ore Co. or 
Can3dol. ¡ivcs co pit fun:men to \lovc blastinc problcms. 
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tact bctween the exploslvc and the i'ock. The hole is In conventional wcighr cr:ncr cakulation ... the-delta sign 
!.tcmmcJ with finely crushcd rock or tailings. Aher the represento; optimum depth only. \Ve a' Dow, and a grow-
chargr- hOl.S bcen shot, the cratcr, if onc is obtaincd, is ing numbcr of other crater testers. find thcre is a greater 
carcfully ·excavated and cleaned, and its volume is cal~ __ jicxibility __ in_our calculations.wheil.we.use-delta-to eX:press-

-- - -----culatcd-from-measure·mentS-tJ.kcn -inaffieticulous scc- the ratio of d,'N wherever the charge may be placed in 
tivning prricedure. thc holc-at depths cither more or less than critica\. lf 

As in the weight crater mcthod, tht: critical dcpth is thc ccnter of gravity of the chargc depth is ha!tway to the 
úetermincd as the charge depth whcre thc rock just stans collar from critica! depth, We have a deit.l of .5. lf it is 
lo fail at the surface by cracking or spalling. At all Jepths hdow crüical depth we ha ve a delta óf ovcr l. 
lc!l.s than critic.il, of course. cr3ters will rcsult. Thus, it is convenient to call delta the reduced crater 

With the volume crater method we use a somewhat dif- Jcpth and think of it simply as the ratio of center of 
ferent set of symbols than those in the weight crater meth- c;ravity charge depth, d, to the critical depth, N. lt rep-
od. The symbol N for critica! depth stays the same, but resents poin\.i of constant interrelationship of rock and ex-
instead of E (the strain energy factor or weight crater con- plusive, or points of equal relative confinement. 
stant) we use the symbol ! or sigma; to stand for the Another ratio which comes in handy in finer crater cal­
volume era ter constant. And instead of taking the cube root culations is the relationship of the actual crater volume, V, 
of the weight of the explosive, we work in terms of the to the cube of the critica! depth. We call this the K (.i), 
cube root of the volume. for which we use the symbol v- and the formula for finding it is expressed as follows: 
the explosives volume in cubic inches. Thus the Dow V 
crater formula appears as follows: K {.6)-= ~ 

_ N = :Ev"~ Being nothing but ratios, both .i and K (.6.) are dimen-
or in solving for X it can be written sionless. K {A) has the same value for any explosive at 

N points of equal relative confinement and so may be con-
::E = viU sidered a function of thé reduced charge depth, 6.. 

Since the volume of the explosive in cubic inch.es is ex- Our object in work.ing out the~ ratios was to reduce 
pressed as v, ·the volume of the crater in cubic feet is ex- the large number of experiments required to define a com-
pressed as V .. This can be plotted against the center of plete cratering curve. 
r,ravity depth of the explosive charge, d, which is expressed In Fig. 2, you can see that the general shape of the two 
in (eet. This is shown ¡0 Fig. 2, which compares 3 semi- cratering curves is the same. You might say that only the 
gelatin dynamite with ANFO. dimensions are different. Therefore, it, is mathematically 

Three features of the curves may be noted: possible to drop the dimensions and keep only the relation-
l) Crater values at relatively shallow depths are not ships. Since these relationships are constants, the curves 

meaningful, because of the lack of confinement in this can become the same. Fig. 3 shows what happens when we 
region. which is referred to as the airblast range. plot the .l. and K ( .l) ratios of the tests in Fig. 2. 

2) The pcak.s of. the curves represent the optimum In Fig. J, within experimental error. a commor. curve is 
depth. as described under the weight crater method but obtained over 1.he majar ponion of the range. Values for 
here determined volumetrically. ANFO drop off .in the range of poor confinemeot, ap-

3) The point at which no crater is produced and the parently beca use ANFO does not detona te well in this 
conñnement of explosives energy ¡5 complete in the critica! range. Normally crater experimeots are performed in the 
dcpth and will ordinarily be different for different ex· range between optimum and critica} depth to avoid the 
plosives. · uncertainries of the airblast region. 

The objective of all this is to compare explosive per­
AII this. as you can see. is relatively clase to the weight formance by comparing the crater volumes produced at 

crater method, but at this point the symbols and reasoning d' 
of the volume mefhOd begin to differ somewhat from points of cqual relative confinement. In Fig. 3, thi_s con 1-

tion is satisfied for craten obtained at equal values of tl. 
~.:onventional methods. ( 1 

or, because of the dependency of K (.lo) on .lo, at equa 
Ooe difference is in the use of the symbol..l (delta) to values of K{~). To compare two craters formed by equal 

express the ratio of the center of gravity of the charge volumes of explosive 1 and explosive 2, 
úepth to the critica} depth, or 

d 
A - ·¡\( 

T abl e JI Symbol s 

d = Center of gravity char¡e depth, ft 

V 

,W 

p 

V 

Explosive volume, cu i~. 

Explosive wei¡ht, lb 

Explosive density, lb per cu in. 

Crater volume, cu (t 

N = Crit.ical depth, (t (to center of gravity of charge) 

E 

l: 
Weight era ter constant 

Volume crater constant 

I. = Ep 113 when W .. pv 

/1 

K(l\) 

Reduced charge depth = di N 

Reduced crater volume = VIN 3 

V 
K(~)' = A variation of K(/\) ,;. 

d' 

. _ v, V,· V1 N,~ 

(, {.l) 1 mu~t equal ~ (.lh or N,~ - !':~' or y-, • N;'i" 

The ratio of the cubes of the critica} depths has the same 
value as the ratio of crater volumes and is an equivalent 
measure of relative explosive performance. 

Although in practice it is usually more coovenient to 
determine the critical depth and make the, comparison on 
this basis, ir is now theoreticall)' possible to shoot one 
crater with a new explosive and from the values of crater 
volume. V, and depth of charge, d. to determine the critica} 
Uepth, N, for the explosive. The data point must be moved 
by tria! and error on Fig. 3 until its lix:at~on on the reduced 
crater curve gives a value of N that satzsfies the value5 of 
both .lo and K (-') at that point .. 

For instance, if you hadan explosive (say ANFO) which 
gave you a crater volume (V) of 200 cu ft ata depth (d) 
of 9 ft, vou could assume various critical depths to find 
the one ~hich would satisfy the values in Fig. 3. The only 
critica! depth which would do this would. be 12 ft: 

' rl 9 
~-N- i2- .75 

and 
V 200 

¡;: (~) • N' • t72R • .IIIM 
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- or with a semi-gelatin you would tind that only an 
assumed critica! depth of 15 ft, based on a charge depth of 
10 ft and a crater volume of 400 cu ft would give you a 
correlation of o. and K (A) as follows: 

6 = 
10 

- 61 15 . 

400 
K (6) -

3415 
- .108 

To avoid trial arid error soiu_tions, another parameter or 
ratio, K (d)', can be defined in-terms of the experimentally 
determined crater volumes and charge depth 

K (~)' = ~ = K (~) 
dl .:).1 

K (d)' is a mathematical variation of K (O.); it has the 
advantagc that it can be determined directly from field data. 

Fig. 4 is a plot of K (6)' against K (6) usilig data for 
the calibrating explosives ANFO and semi·gelatin dyna· 
mite. Having calculated K(~)' from the experimental data 
for a single shot, a value of K (.l.) can be found that will 
enablc us to determine d from the reduced crater curve 
(Fig. 3) hence the critica! depth. 

As an example, if a given explosive produces lQOO cu ft 
of crater at a depth of 1 O ft, 

, V 1000 1000 
K (6) = di' - "'jQi' - 1000 = 1 

K(~) 
But K (U)' also equals ~·so we can :;ctermine that 

1 - K (.>) _,., 
and by employing thc rock. function curve to determine 

that K (6) is .185 [dropping down from K (6)' = 1 on a 
finer calibration than shown here) we find 

.l,l• .185 
or .l • . 57 

hencf':"i-li-5 
This can be checked against the reduced crater curve, 

Fig. 3, if you don't trust your algebra. 
Those unfamiliar with ··explosivcs alcgebra .. may find the 

latter part of this analysis somewhat confusing. Actually 
K (6)' can be plotted against .> to obtain the critica! depth 
from a single curve, but this presentation attempted ta trace 
the manner in which the method developed. 

In practice, because of the experimental error inhereot 
in crater work, data from more than one shot with a test 
explosive are· used in comparing explosive performance. 

To make comparison more meaningfut. results of experi· 
ments comparing various explosives are reported in terms 
of the volumcs of standard explosive equivalent ÍD crater 
performance to one volume of the test explosive. This is 
equal to the inverse ratio of the cubed critical depths. 

V1 NJ, 
V.- NJI 

Examples of such comparisons are given in Table 111. 
That about wraps up the b~ic algebra involved in vol· 

ume crater testing. Now all you, haVe to do is translate all 
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FIG. 3. Rcduced cratcr curve. Data are plottcd for both 

ANFO and scmi-gelatin dynamite. 
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FIG. 4. Rock function curve dcrived from ANFO and semi-
gelatin dynamitc data. 

this into action in your rock. wltb the explosives or blasting 
agents· available at your operation. With thesc techniques. 
you should be able to determine the best explosive for your 
job·without gambling a single production blast. 

Along with certain other companies, Dow offers the 
services of experienced crater technicians on a per diem­
excess cost basis to conduct crater tests in the user's rock 
formation or to assist in the loading and firing of trial pro· 
duction blasts. 
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Hi-Explosi.ve slurriea metalliud wirh al~minum 

Sturti.ed explosíve metallized with aluminum 
(cnntai.ninc no Hi-Explosi.ves) 

TABLE 111. Comparison of various bla)ling 3@:enl~ on the 
k:t<;,Í~ of weia:bt and volume, usina: the in\'Cr~ ralto of thcir 

·•l')riaht ''". ~ ..... ·,·. · •f ' 

Density, v AH-FO per Wt A.H-FO per 

g per e e V Explosive Wt Explosive 

.80 1.00 1.00 

1.5 1.0 • 1.65 . 53 . .88 

1.7 . 1 • 2. 2 . 52 • o" 
l. S 1.ó l. ..t8 

l. 20 5.0 ~ .2 J. ]J 

cuj,ed crilical depths as dcrived by 1hc Dow volume<r::atcr 
mc:thod described in thi~ aniclc. 
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LAS TROJES, CO[. 

PROCEDIMIENTO DE EXCAVACION DEL VERTEDOR 

l. TIPO DE ROCA 

Origen: 

Estructura:· 

860831 

Raúl Cuellar Borja 

Jgnea, piroclástica 

Pseudo e~tratificada, formada por estratos cuyo espesor 
varia entre 2 m y lO m en actitud sensiblemente horizon­
tal. 

Clasificación: Brecha volcánica con fragmentos angulosos de andesitas de 
color gris y rosa cuyos tamaños varfan desde 3 cm hasta 

Resistencia: 

1 m, empacados en matriz vftrea andesftica de color gris, 
de bajo grado de cementación. 

De esta. manera se tiene una se.cuencia r!tmica de estratos 
compuestos por brechas con matriz tobácea y tobas bre­
choides dependiendo del porcentaje relativo de matriz, 
apreciándose variaciones desde 50% ~atriz 50% fragmentos 
hasta 80 a 90% matriz y 10·a 20% fragmentos. 

Los fragmentos o c.lastos andesiticos deben tener más o 
menos los siguientes valores: 

Compresión simple: 300 a 700 kg/cm 2 

Dureza Mohs: 6.5 

Jndice de abrasión: 0.30 

Indice de perforabilidad: 1.0 

La matriz tobácea es blanda con ·grado de cementación va­
riables desde deleznable a compacta. 

Debe tener más o menos los siguientes valores de resis­
tencia: 

Compresión simple: 15 a 300 kg/cm 2 

Dureza Mohs: 6 

Indice de abrasión: 0.6 

lndice de perforabilidad: 2.0 

' i 
! 

! / 
\ 
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2. USO DE EXPLOSIVOS EN EL CANAL VERTEDOR 

DATOS: 

Constante de roca: 0.280 kg/m 3 

Explosivo: Tovex 700; Densidad 1.2 g/cm 3 (teórica) 

Densidad 1.1 g/cm 3 (practica) 

Anfomex: Densidad: 0.75 g/cm 3
, en saco; = 0.65 g/cm 3

, práct. 

Altura de·banco: 10m 

S 

lOm 

S ~o. 3 B~ 1.1.5 

f 

El bordo máximo enfunci6n de la potencia del Tovex 700 es 40<1> 

Bordomáx = 40 <P ; Ut i 1 izando <P = 4" 

Bordo prác~ico = B, = Bmáx - Falla de barrenaci6n 

·Falla de barrenaci6n = F = (error en emboquillado + % desviac.) 

... Bmáx = 40 x 10.16 = 406.4 cm 

~-F = (0.10 + 0.05 X 10) = 0.6 m 

•• B 1 = · 406.4- 60 = 346.4 cm 

2. 

1 
1 
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Consideraciones sobre el bordo máximo 
' 

1).El bordo máximo.teórico para el Tovex 700 es: 

en donde: 

B=dx30~ 
'1 ;: x t (tl 

Fórmula actual 

d = diámetro del barreno 

q = densidad d~l explosivo, práctica 

S = Potencia del explosivo en relación a la de un explosivo 
con NG. = 40% y densidad p = 1.4 g/cm 3

: Para Tovex 700 
S = 0.9 

f = Factor de confinamiento = 1.02 

E/B = 1.25 

e = Constan te de roca + O. 05 kg/m 3 

(Factor de seguridad} 

Bmáx Tovex 700 = 10.16 x 3o/0.3j·! ~.~/x 1.25 

:. Bmáx = 10.16 x 30 x l. 5339 = 46 7. 5 cm 

e) Considerando .el bordo máximo Bmáx = 45 <1> 

B = 8 j Pot. Tovex 700 x Densidad 
máx Tovex 700 máx Pot. NG 40% x Densidad 

, = 8, /Factor de roca 0.4 
Bmáx Tovex 700 máx Factor de roca 0.28 

\ 

Bmáx Tovex 700 = 45 X 10.16~~:~6 ~ t:! = 457.2 X 0.77 

= 350.96 

. ID.4 . 
.. Bmáx = 350 .. 96¡ Q.2s = 419.47 cm 

3. 



Utilizando el valor menor del bordo máximo se tiene: 

Bmáx = 406.4 cm 

Fallas en la barrenaci6n F = (0.10 + 0.05 x lO) = 0.6 m 

en donde 0.10 = falla de emboquillado y 0.05 es el %de desviación de la 
barrenación. 

·· Bpráctico =·a~= Bmáx- Fallas 

81 = 406.4 - 60 = 346.4 cm 

Para un espaciamiento E1 = 1.25 8 1 

resulta: E1 = 1.25 x 346.4 = 433 cm 

:. E¡B¡= 3.464 x 4.33 = 15m 2 

Utilizando 81 = 3.5 m 

Resulta E1 = 4.5 m 

Altura de carga de fondo = 1.3 B 

Sub-barrenaci6n = t B = 3 ~0 ~ 115 cm 

Altura de carga de fondo = 1.3 B 

.. Altura ·de carga de fondo= 1.3 x 3.5 = 4.55 m 

Carga de fondo= 4.55 x·8.107 ~ x l.l .![- =· 40.58 kg 

4. 
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Altura carga de columna = Altura banco - 28 

Altura carga columna = 10 - 2 x 3.5 = 3 m· 

·Carga de columna= 3m x 8.107 i/m x 0.65 kg/i = 16 kg 

Carga total = 40.6 kg + 16 kg = 56.6 kg 

•• Factor de· carga F. e. = 
56 · 6 = 0.360 kg/m 3 

10 X 3 X 3.5 X 4.5 

Realizando voladuras con sistema de ignición en V, se tiene: 

B = 3.5 X 1.414 = 4.95 m ->4.5 

F d b 'ó ' 11. 15 0.0451 m/m 3 actor e arrenac1 n = 10 x 4.5 x 5. 5 = 

@300M S @250MS @/tSMS 

~- 5.50 

PLANTA 

Faétor de ·carga F.C. = 10 x ~~S6x 5.5 = 0.229 kg/m 3 

5. 
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Factor· de perforabilidad: 

Velocidad de perforación: 

De los datos Ingersoll-Rand 

Para una roca: Granito Barre 

con Trackdrill CM 350 y perforadora VL-140 

con Compressor DXL-750; v = 44 pies/hora 

con Trackdrill ECM 350 y perforadora VL-140 

con Compresor DXL-750; v =·48 pies/hora 

Factor de perforabilidad de la brecha 

Para matriz 50% y fragmentos 50% 

Para matriz 80% y fragmentos 20% 

(2 X 0.5) = 1 

(2 X 0.8) = 1.6 

Factor de perforabilidad promedio = 1.3 

.. Velocidad de perforación= 44 x 1.3 = 57.2 pies/h 

•• v = 17 m/h 

Duración de brocas 

lndice de abrasión = 0.6 

6. 

Para el granito Barre la duración de brocas 4>3" varfa entre 400 a 900ft; 
promedio = 650 

.. ·~:~ = 1083. pies = 330 m • 350 m 

Duración de brocas = 350 m 



--. ----------

7. 

3. PROPIEDADES DE LA ROCA 

. Resistencia en compresión simple; Re = 40 a 80 kg/cm 2 

Módulo elastico: E = 20 000 kg/cm 2
; Toba 

E = 112,000 kg/cm 2
; Andesita 

Relación de Poisson: v = 0.3 supuesta; p = 2.2 ton/m 3 

Velocidad de transmisión de ondas de compresión VL 

v2 = E {1 - v) x 9 L (1 + v)(1 - 2v) 

-Para 1 a Toba: 

200 000 to~ (1 - 0.3) 200.000 ton 
2 m2 m m 2 m VL = -----'"------x9.81 seg 2 = ----"'--xl.3462x9.81 seg 2 

2.2 t~~ {1 +0.3){1-0.6) 2.2 t~~ 

v[ = 1 200 565 s:g 2 • • VL = 1100 m/seg = 3600 pies'/seg 

Para E·= 112 000 kg/cm2 = 1 120 000 ton m2 

resulta: _v( ·= 1 120 000 x 1.3642 x 9.81 = 6 723 167 m2/seg 2 
2.2 

• . 

.. VL = 2600 m/seg = 8500 pies/seg 



DISERO DE UN SOLO BARRENO 

DATOS: 

Roca masiva 

Altura de banco = 10 m = 32.8 pies 

Densidad. de roca SGr = 2.2 

Velocidad ondas P: Vp = 3600 piesjseg; Rel. Poisson v = 0.3 

Compresión simple =.80 kg/cm 2 = 1140 lb/pulg2 

De = Di~metro del explosivo 

Dn = Di~metro del barreno 

Densidad encartuchada del explosivo SC = 117 

Di~metro crftico De = 1" 

Velocidad confinada del explosivo: 

Ve = 12 SOO pies/seg para De = 3" 

Ve = 15 000 pies/seg para De = 5" 

SOLUC!ON 

8. 

La relación entré Ve y De en el intervalo 1" a S" puede determinarse por 
la expresión:· 

De donde: 

y = Cx 
a + bx en donde y = 

C(De - De) 
Ve = a + b(De - Del 

= De - De . 

Sabemos que De 1" y que:Ve = 1S000pies/seg para Oe = S" 

Ye = 12SOOpie~/ ~eg para De= 3" 

.. 



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

Para De = 3"; _ C(3 - 1) = 2C 12 500 - a + b(3 - 1) a + 2b 

Suponiendo C = 5000 como valor de constante· 

Se tiene: 2 X 5000 4 
a + 2b = 12 500 = 5 = 0·8 

_ C(5 - 1) __ 4C 
y para De = 5" 15 000 - a +"b( 5 _- 1¡ a + 4b 

Agrupando: a + 2b = 0.8 

a + 4b = 1.33 

(1) 

(2) 

(1) 

Restando {1) de (2) 2b = 0.53 .-. b = 0.27 

Sustituyendo en 1 a + 2(0.27) = 0.8 

• • .a = o. 26 

Por lo tanto: a = 0.26, b = 0.27 y C = 5000 

· . . _ 5DDD(Dc - 1) 
Empleando la expres10n. Ve - 0•26 + 0.27(Dc _ 1) 

con De variando desde 1" a 5" 

Comprobación: 

Para De= 3": - 5000(3 - 1) 10 000 
Ve - 0.26 + 0.27(3 - 1) = 0.26 + 0.54 

' 

Ve = 12 500 pies/seg - O.K.-

. ·y· ·para·· De = 5" ·, V - 5000( 5 ~ 1) 
e - 0.26 + 0.27(5 - 1) 

-. 
= ~,.;2"'-0 ..:;D:.;D"'-0 = 

0.26 + 1.08 

Ve = 14 900· pies/seg - O.K. 

9. 
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10. 

Para De = 2"; - 5000(2 - 1) = 5000 = 9450 pies/seg .Ve - 0.26 + 0.27(2 - 1) 0.26 + 0.27 

Para De = 4"; Ve = 5000( 4 - l) = 15 000 = 14 000 pies/seg 0.26 + 0.27(4 - 1) 0.26 + 0.81 

Presión de detonación: 

_, 2( ) p = 6.06 x. 10 Ve SGe 
d 1 + 0.8(SGe) 

Densidad del explosivo: SGe = 
15~1 = ~1~ = 1.2 g/cm' 

La densidad práctica del Tovex 700 es SGe = 1.1 g/cm' 

De donde: 
. ~ 3 2 S 

pd = 6.06 X 10 X 15 000 X 1.1 = 6.06 X 2.25 X 10 X 1.1 
. 1+0.8xl.1 1.88 

•· Pd máx = 796 790 lb/pulg =56 182 kg/cm 2 

9450 2 Para De = 2"; Pd = Pd máx( 15000 ) = 797 790 (0.397) 

•·• Pd = 316 723 lb/pulg 2 = 22 304 kg/cm 2 

Para De':' 4"; 14000 2 Pd = Pd máx( 15000 l = 797 790 (0.87) 

:. Pd = 694 077 lb/pulg 2 = 48 878 kg/cm 2 

Para De = 3"; 

.. Pd = 554 D21 lb/pulg 2 = 39 016 kg/cm 2 



~ ---- ____ __:___ __ _ 

Determinación del bordo óptimo 

Utilizando la expresión: 

en donde: 
dr = 62.4 (SGrl = 62.4 (2.2) = 137 lb/pi~' 

siendo: 

dr = peso volumétrico de la roca 

SGe = Dens_i dad pr~cti ca de 1 Tovex 700 = 1.1 g/cm' 

Ve = Velocidad del explosivo Tovex 700 ~ 15 000 pies/seg 

12 000 = Velocidad de un explosiyo base 

30 = Re 1 ación de bordo promedio =. 30 

·1.3 = Densidad del explosivo base 

Ve ,¡,- Ve ¡2/• = 30(1.05)(0.95)(12000) - 29.8(12000 

Para tener el bordo en pies: 

( Ve ) ,¡, 
B = 2.48 De 12000 

11. 



12. 

C~lculo del bordo: 

. _ ( Ve ) ''3 En forma general tenemos B - 2.48 De 12000 ~ , pies 

Para De= 2" B = 2.48 (2) ( 1~6~~) '/3 = 4.96 (0.85) = 4.23 pies 

• • B = 25.4 cp 

Para De= 4" ll = 2.48 (4) <i¿~~~) 213 = 0.92 (l.ll) = 11 pies 

:. B = ~ 

Para De= 5" B = 2.48 (5) <i~~~~)2/3 = 12.4 (1.16) = 14.39 pies 

.. B = 34.5 <1> 

Para De= 6" B = 2.48 (6) <i~~~~)2/3 = 14.88 (1.16) = 17.27 pies 

:. B = 34.5 <P 

Para De= 3" B = 2.48 (3) <i~~~~)2/3 = 7.44 (1.03) = 7.65 pies 

• • B = 30.6 <1> 

Velocidad de propagación de fracturas: 

Vf = ~; Vf = 36~0 = 1200 pies/seg 

Tiempo de arribo de fracturas al frente libre: 

Si t = _!. 
Vf 

P D 2" t 4.23 3 5 ara e = ; f = 1200 = ._ ms 

Para De= 4"; 11 
tf = 1200 = 9.2 ms 

Para De·= 3"; t 7.65 6 4 
f = 1200 = • ms 

Para De= 5"; tf = i¿ó~9 = 12 ms 



.--~-

13. 

Tiempo de arranque de la roca: 

La velocidad de desprendimiento de la roca es ~ i de la velocidad de pro--pagación de las fracturas. 

Para: De 2"; 

De = 4"; 

De = 3"; 

De = 5"¡ 

De = 6"¡ 

8 t =-
. Vd 

Vd = ~f = 12~0 = 200 pies/seg 

t = 4· 23 pies =O 212 seg x 1000 = 21.2 ms 
200 pies · . 

seg 

t = 11 pies = 0.055 seg x 1000 = 55 ms 
200 

t = 72~~ = 0.383 seg x 1000 = 38.3 n•s 

t = 14 · 39 = 0.072 seg x 1000 = 72 ms 200 

t = 1 ~06 7 = 0.0864 seg X 1000 = 86 ms 

\ 

\ 
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Bordo Mlnimo 

Utilizando la relaciOn de bordo en funciOn de las· ·velocidades de la roca 
y del explosivo se tiene: 

donde: 

Tabulando valores: 

Den B, pies 

1 o 

2 4.23 

3 7.65 

4 11 

5 14.39 

6 17.27 

Ve, 

Ve = Velocidad explosivo 

Vp = Velocidad roca 

Vp = 3600 pies/seg 

pies/seg Kv 

o o 

9 450 2.63 

12 500 3.47 

14 000 3.89 

14 )100 4.14 

15 000 4.17 

Bordo mlnimo para el primer o cebo a nivel del piso 

3L · B , = 'ñ"ii'~-, 9Kv + 2 L = 32.8 pies. (altura banco) 

Para De - 5"; B, 3 X 32.8 98 4 
= 9 X 4.14 + 2 = 39 .'26 = 2.51 pies 

De la tabla B = 14.39 > 2 .. 51 Se puede reducir el diametro 

--

14. . 

· Para Dé = 6" ; · B 0 3 X 32.8 98 4 
= 9 X 4.17 + 2 = 39.'53 = 2.49 pies. Se puede reducir 

el dHmetro 



' 

15. 

. Para De = 411; B 0 3 X 32.8 98 4 
= 9 x 3. 89 + 2 = 37 ."o1 = 2.66 pies 

De la tabla 8 = 11 pies > 2.96 Se puede reducir el ·diAmetro 

B 0 3 X 32.8 98 4 
= 9 X 3.47 + 2 = 32."23 = 2.96 pies 

De la tabla B = .7.65 pies> 2.96 Se puede reducir el diámetro 

Para De = 2"; Bo. 3 X 32.8 98.4 
= 9 X 2. 63 + 2 = 25.6 7 = 3.83 pies 

De la tabla B = 4.23 > 3.83 pies 

El valor de Bordo 6ptimo B de la tabla y el bordo mínimo son aproximadamen­
te iguales para De = 2"·. Por tanto, deberfamos utilizar De = 2". 



Bordo mfnimo para el primer o cebo al centro de la carga de columna. 

/ 

Para De = 5"; 

3L B ' = .,..,..,;:-:-7"""""7 
18Kv + 1 

B, = 3 X 32.8 98 4 = 
18 X 4.14 + 1 = 75.'52 1.30 pies 

De la tabla B = 14.39 » 1.30 El di6metro puede ser mucho mas 
pequeño 

Para De = 311· B' = 
3 X 32.8 98.4 

= 1.55 pies .. 18 X 3.47 + 1 = 63.46 

De la tabla B = 7.65 >> 1.55 El diAmetro puede ser mucho menor 

Para De = 2"; B, 3 X 32.8 9 84 = 
= 18 X 2.63 + 1 = 4B.34 2.04 pies 

De la tabla B = 4.23 > 2.04 pies 

Se observa que el diAmetro que mas se aproxima es De = 2; Deberfamos 
usar De = 2" 

16. 
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17. 

Graficando la relación entre los bordos y los di~metros se tiene: 

De 8 
1 

puta " 
¡; 
4 
3 
'2. 
1 

/?'(primNa/anfroo'e C.C.)-.. ~ -

~- lit• B'(primeraniYe/ 
· ~ ~ele pts<J) 

B (bordo óp\ i m o) 

o ~-L--L-~--~~--~~--~~--~ 
2 4 " 8 10 1 ~ 14- 110 18 'lO 

!:) ordo , B, pie~ 

Graficando el di~metro contra la velocidad del explosivo 
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Diámetro del ex..plosivo, De, puls. 



RESULTADOS: 

METODO SUECO 

Di ametro de barreno q, = 4" ( 10.16 cm} 

Bordo max i mo = 346 cm = 34 q, 

Bordo practico = 350 cm 

Espaciamiento = 350 x 1.25 = 437.5 • 450 

Patrón de Barrenación 

B = 3.5 m 

E = 4.5 m 

METODO AMERICANO 

Diametro barreno $4" (10.16 cm} 

Bordo óptimo = 335 cm = 33 q, 

Bordo practico = 350 . 

Espaciamiento= 335'x 1.25 = 418.75 

Area =Ex B = 3.35 x 4.1875 = 14.028 m2 

Espaciamiento = 14.028/3.5 = 4.0 m 

Patrón de 8arrenación 

B = 3.5 m 

E = 4.0 m 

18. 
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19. 

RECOMENDACION 

Utilizar el patrón resultante del Método Sueco realizando la voladura con 
secuencia de ignición en V, de manera que el bordo máximo se presente en 
forma diagonal resultando entonces un patrón rectangular de 4.5 x 5.5 que 
tiene un bordo diagonal de 3.48 m. 

Resultando: 

r· /. 
/ 

4.50m / 
/ +-/ / • / 

/ 
/ 4.SOm 

/ +-·// ./ 

4.SOm 

L 

B = 4.5 m 

E=·5.5m 

;.-•, 
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/ 
/ 

/ 

,-, 
/ 

/ 
/ 
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• <D 

" '-. 
" " 

'-. 
'-. 

'-. 

~.., 

~ 

~- S.SOm ~ 5.50m s.sOm 

Explosivo: Tovex 700, 3" + Supermexamón 

Carga de Fondo = 41.5 kg = 72% 

Carga de columna = 16 kg = 28% 

Total 57.5 kg 

Diámetro barreno 4> = 4" 

•, " • " ® " ';:¡~ '-. ". ':) " '-. 
-~;" " '-. 

" <,~ " "• • •, 
® .¡._'> '-. 

" '-. <,1) " " " '-. 

" " "• • • 
0 ® ® 

s.som s.som 



lOm 

/./Sm 

Factor de carga 

Fe = 57.5 kg = 3 
• • 10 x 4.5 x 5.5 m3 0·232 kg/m 

Factor de barrenaci6n 

11.15 F.B.·= 10 X 4,5 X S.S = 0.045 m/m 3 = 4.5 Cm/m 3 

Velocidad de barrenaci6n en cp4" -+ 17 m/h 

Duración de brocas: 350m 

NOTA: De la p~g. 13 se observa que el tiempo de arranque de la roca 
para <P = 4" es de 55 ms por lo que se recomienda que la separación 
entre lfneas sea· de 50 ms. 

20. 
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COMENTARIOS 

Las voladuras de Peñitas, Chis. tuvieron las siguientes caracterlsticas: 

Diámetro de barreno: <P 2 1/2" 

PatrOn de barrenación: 

2.5 x 3.0 m 

2.75 x 2.75 m 

3.0 x 3.0 m 

Factor de carga: 0.180 a 0.36 kg/m 3 

Factor de barrenación: 0.12 a 0.14 m/m 3 

Suponiendo un banco de 10m= 10 x 1 ~:~ x 3 = 0.14 m/m' 

= .,...!.1 0"-;.~8---
10 X 3 X 3 = 0.12 m/m 3 

21. 

EjemplQ: _ _P~Y~Il 3 x_ 3__1!1 _ _ ___ _ 

F.C.=0.256f(gjuf Barreno f2j¿" 

Relación de cargas: 

C.F. = 29% 

c.c. = 71% 
!O m 

Relación diámetro a bordo: 

Para B = 2.5 m; <P 6. 35 cm; Kv = 39 <P 

B = 2.75 m; <P 6.35 cm; 
o.Bm 

Kv = 43 <P 

B = 3.00 m; <P 6.35 cm; Kv = 47 <P 1 
NOTA: Se tiene la experiencia que diO buen resultado en roca 



/O m 

. /.15m 

r-
AL TERNA TI VA 1 

UTILIZANDO EL SISTEMA DE CARGA 

EMPLEADO EN PERITAS 

ALTERNATIVA 2 

Factor de carga = 60 = 0.242 kg/m 3 

10 X 4.5 X 5.5 

= 242 g/m 3 

Factor de barrenación = 11 · 15 = 0.045 m/m 3 

10 X 4.5 X 5.5 

= 4.5 cm/m 3 

NOTA: Esta carga es m~s económica que la indicada en la p~g. 20 y debe 

22. 

dar buen resultado ya que no se requiere explosivo muy potente, pues 
la roca es blanda y por tanto se debe usar la mayor cantidad posible 
de ANFO, recordando que conviene utilizar velocidad de explosivo igual 
a veleci~ad de roca. Es mejor la Alternativa 2. 



23. 

PROPUESTA: 

VERTEDOR TROJES 

Sept. 2, 1986 

Diámetro de barreno • 2 1/2" (6.35 cm) A=31.67cm 2 

Plantilla de barrenación 3 m x 

Factor de carga = 23 kg 
10 X 3 X 3 = 0.256 kg/m3 

Coeficiente de barrenación = ·ll.15 3 3 

10 x 3 x 3 .- 0.0124 m/m = 12.4 cm/m 

·-·Rendimiento de barrenación = 17 m/h 

Utilizar 6 tiempos: 25 ms, 50, 75, 100, 125 y 150 ms. 



CANTERA TROJES 

(CORTINA) 

24. 

~ep. 2, 1986 

DiAmetro barreno <1> = 3" ( 7.6 cm) A = 45.6 cm 2 

Cambia a· 
Plantilla de barrenación 2.5 m x 2.5 m -> 2.75 m x 3.0 m 

Tove'x 4.56 R.Jm x 1.1 kg/i = 5.02 kg/m 

ANFO 4.56 R./m x 0.65 kg/t = 2.~6 kg/m r1 
4v---Barrer¡o ;5.3" 

400 
f· . 33.5 . . - o 536 • 1 3 

10 X 2.5 X 2.5 - • ~g m Factor de carga = 

~ 
2. 75 X 3 

Factor de bárrenación = 11.15 - o 8 1 3 
10 x 2.5 x 2.5 - ,l m m 
~· 

2.75 X 3 

Rendimiento de barrenación: 12 m/h 

= 18 cm/m 3 -j 
• 13.5 cm/m 3 

· 

Utilizar 6 tiempos: 25, 50, 75, lOO, 125, 150 ms. 
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TUNEL DE DESVIO. P. TROJES, COLIMA 

<P 11.60 m 

7 7 7 

· /.ZS /.30 /.30 

o-- -o---- o-- -o--- o--- o 
1 J.kO L_ /. MO 1__ (. MO ~ ¡.¡;,o 1 {. ,_0 1 
1 .., , • 1 1 

b--- ), ___ ¿,.:._ __ b--- ~--- b 
1 1 1 1 

1 1 1 1 
1 1 1 1 
o---o---o-_--0 / 

25. 

"' ~~ 
S.:CCION 

~ INFERIOR 
-.: "84N~UEO" 

0......... . ./ 
~~~~·------~ 

Longitud de Barrenación = 4 m Avance real = 3.90 m 
Sección Superior. Area = 52.84 m2 ¡p Barreno 1 7/8" 
Precorte: 24 X 1.2 kg = 28.80 kg TOVEX lOO <P 1 7/8" X 8" 
Piso: 8 X 7.35 kg = 58.80 kg TOVEX 700 1 3/4" X 16" <P 
Abierta: 24 X 2.85 kg = 68.40 kg 

24 X 2.4 kg = 58.5 kg ANFO (SUPERMEXAMON) 
Contracuña: 12 X 3. 40 kg . = 40.70 kg 

4 X 2. 70 kg = 11.00 kg TOVEX 700 ¡p·- 1 3/4" X 16" 
Cuña: . 6 X 2 kg = 12.00 kg 



CURA DE EXPANSION DE BARRENOS PARALELOS 

CON 2 BARRENOS HUECOS DE 4> 3" 

3()QMS 

e 13orreno ;51 M" 
O f}arreno f; 3~ 

2QQcm 

(22) 
(2) 

26. 
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CANTIDAD DE EXPLOSIVO EN LA SECCION SUPERIOR 

TOVEX 100 = 28.8 kg 

TOVEX 700 = 190.9 kg 

SUPERMEXAMON = 58.5 kg 

í: = 278.2 kg 

No. DE BARRENOS 

Barrenos con explosivo 

Barrenos huecos 

~ 10.4% 

~ 68.6.% 

~ 21.0% 

= 78 4> 1 7/8" 

= 2 4> 3" 

TOTAL = 80 Barrenos 

COEFICIENTE DE BARRENACION 

80 x 4 m C • B • = _..::.:::__::,-_,__,,__ = . l. 55 m/ m 3 

lT -2 2 X 5.8 X 3.9 

COEFICIENTE DE.CARGA 

278.2 e. e. = = 1. 35 kg/m' 
lT -2 

-2x5.8 x3.9 

' 

27. 



CALCULO DE CARGAS DE EXPLOSIVO 

<1> barreno 1 7 /8" = 4.8 cm 

<1> explosivo, TOVEX 700; 

Area = 18·.1 cm 2
;. ·Volumen = 1.81 t/m 

Densidad =· 1.18 g/cm 3 

<1> 1 3/4"; Long. = 16" = 40.6 cm; Area = 15.5 cm 2 

Peso de 1 cartucho = 630.02 x 1.18 g/cm 3 = 743.4 g 

TOVEX 100 Densidad = 1.10 g/cm 3 

Peso de 1 cartucho = 120 g <1> 1" x 8" 

Pesa de explosivo por metro de barreno 

TOVEX 700 = 1.81 i/m x 1.18 kg/t = 2.14 kg/m 

SUPERMEXAMON = 1.81 i/m x 0.65 kg/i = 1.18 kg/m 

Peso de explosivo por metro de barreno en contra cuña (TOVEX 700} 

Peso = 5 cartuchos x 0.743 kg = 3.72 kg; 3.72/4 = 0.93 kg/m 

Peso de explosivo por metro de barreno en precorte (TOVEX 1.00} 

Peso = 10 cartuchos x 120 = 1200 g .. 1.2 kg/4 m = 0.30 kg/m 

28. 
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CARGA DE EXPLOSIVO A COLOCAR 

- BARRENOS DE PISO Long. = 4 m 

TACO DE 57 cm, BARRENOS LLENOS DE TOVEX. 700 

CARGA DE FONDO (TOVEX 700) 

C.F. = 2.14 ~ x t 4 m= 2.BS kg 

CARGA DE COLUMNA (TOVEX-700) 

C.C. = 2.14 kg/m (2/3 4.00 - 0.57) = 4.5 kg 

TOTAL = 2.B5 + 4.5 = 7.35 kg 

- BARRENACION ABIERTA Long. = 4 m · 

CARGA DE FONDO (TOVEX 700) 

C.F. = 2.14 kg/m x 1/3 x 4 = 2.B5 kg 

CARGA DE COLUMNA (ANFO) 

C.C. = 1.18 kg/m X (4 - 0.6 - 1/4 X 4) = 2.44 kg 

- CONTRACU~A 

CONCENTRACION PARA B = 0.70, 1.15 kg/m 

(TABLA I-22 CFE) B = 0.25, 0.75 kg/m 

12 barrenos con 0.93 kg/m y 4 barrenos con 0.75 kg/m 

12 X 0.93 X (4 - 0.7/2) = 40.7 kg 
B/2 

4 X 0.75 X (4- 0.35) = 11.9 ·kg 

29. 



- CURA 

CONCENTRACION = 0.65 kg/m (TABLA 1-21 ÜE) 

NO. BARRENOS = 6 de 4> 1 7 /8" 

6 x 0.55 kg/m (4 - 0.35) = 12 kg 

- BARRENOS DE PRECORTE 

.TOVEX lOÓ 4> 1" x 8" con 120 ·g c/u, de L = 20 cm 

Densidad 1.10 g/ cm 3 

10 cartuchos x 120 g = 1.2 kg 

12 kg/4 m = 0.30 kg/m (TABLA i-24 "efE) 

No. de barrenos = 24 

.24 x 0.3 kg/m x 4 m = 28.8 kg 

30. 
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BANQUEO SECCION INFERIOR 

PRECORíE: 

0.30 kg/m x 4 m= 1.2 kg/barreno 

22 Barrenos x 1.2 = 26.4 kg TOVEX lOO 

BANQUEO (IGUAL QUE LA ABIERTA) 

Concentraci6n 21.4 kg/m CARGA DE FONDO 

C.F. = 214 kg/m x 1/3 x 4 = 2.83 kg/barreno 

16 barrenos x 2.85 = 45.60 kg TOVEX 700 

CARGA DE COLUMNA. Concentraci6n = 1.18 kg/m 

C.C. = 1.18 kg/m x (2/3 x 4 - 0.6) = 2.4 kg/barreno 

16 barrenos x 2.4 = 38.4 ANFO 

SUMA 

TOVEX 100 .• 1" x 8" = 26.4 kg 23.9% 

TOVEX 700 • 1 3/4" x 16" = 45.6 kg 41.3% 

SUPERMEXAMON = 38.4 kg 34.8% 

110.4 kg 

FACTOR DE BARRENACION = 38 barr x 4 m = 0.74 m/m 3 
52 . 84 X 3. 90 , .::...:.,:..;:..,~:;.. 

FACTOR DE.CARGA 110.4 kg - 3 
= 52.84 x 3.90 .- 0 · 54 kq/m 

31. 
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SECCION COMPLETA 

VOLUMEN DE ROCA POR ·DE TUNEL 

1l --2 
= 4 x 1'1.6 x 1 = 105.7 m'/m 

No. TOTAL DE BARRENOS = BO + 38 = 118 barrenos 

TOTAL DE EXPLOSIVO = 278.2 + 110.4 = 388.6 kg 

ACTOR RE = . 118 X 4 = 3 F DE BAR NAC!ON 105 _7 x 3_9 m' 1.15 m/m 

FACTOR DE CARGA = 

TOVEX 100, q, 1" X 8" . 

TOVEX · 700, q, 1 3/4" X 16" 

SUPERMEXAMON 

388.6 kg 
105.7 X 3.9 !11 3 = 0.943 kg/m 3 

CONSUMO DE EXPLOSIVO 

(kg) 

28,8 + 26.4 = 55.2 

190.9 + 45.6 = 236.5 

58.5 + 38.4 = 96.9 

388.6 

* kg/mi de TUNEL = EXPLOSIVO/AVANCE (3.90 m) 

BARRENACION POR mi DE TUNEL 

1.15 m/m 3 x 105.7 m3/m = 121.6 

32. 

% (kg/miTun.)* 

14.2. 14.15 

60.9 60.64 

24.9 24.85 

99.64 
~ 

-> 121.6 m de barrenaci6n/mi de túnel 
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CUARTO MODULO: 
TECNOLOGIA SOBRE EL USO DE EXPLOSIVOS. 

PROPIEDADES GEOMETRICAS Y MECANICAS 
DE LAS ROCAS . 

• 

ING. RAUL CUELLAR BORJA. 
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SURFACE 
BLAST 

DESIGN 

This article is an _excerpt trom Bureau of Miles circular IC 8925, 
"Surface Blast Design." 

BLASTHOLE DIAMETER 

The size ·al blasthale is the lirst consideratian af any blast 
design. The bÍasthale dirunstcr. a!ong with the type of axplosive 
bsing usad and the typa of roc~-b~ing b!asted, w!l! determina 
tr:3 burden. AU other blo::t dim~r.s!o:1-s are a fcnction oi -~hn 
b•Jrden. This discussion assumes that i!'i€1 blaster h21s lile irea­
dam•ta'select the borehale··size. In many aperatians ane. is 
limitea'ta a.specific size barehole basad on available drilling 
equipment. 

Practica! blasthole diamaters tor surlace mining ranga from 

n---
1 t 

300' •
1 

1 t 
1 t L.ooding ,hculiolfJ ,cnd cru$hinQ co!l$ 

. . 
..L-1..-----

I-so·~ 

Blost oreo • 15,~00 5q f! SIJt.l ur'ilc • !5,00t) ~~~ !: 

e:-reh:::ta diomeuu: 2:0 in B.Jnltlcle d!·Jme15: '2 !:1. 

r~'.:!i1Cilr ol holu = 4 Numt>:::r of hclr~ ' -<OC• 

Total borehole croo •1,256 s~ in Total borahole oreo: 1,256 sq in 

Bwden • 50 11 Bu((ien =51: 

Spacinq ~ 75 fl S¡::aci<l~ • ?.5 '• 

Figura 65.-Effac1 of larga and smllll blasiho!es en 
unltcoata. · 
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2 to 17 in. As a general rule. larga blasthole diameters yield 
law drilling and blasting costs oecause larga hales are cheaper 
to drill par unit volume and less sensitiva, cheaper blasting 
agen~s can be u sed in largei diameters. Howelier, larger dlame· 
ter .blastholes also result 1n large burdens and spacings and 
collar distances and hence, th~y tend to give coarser fragmen·· 
tation. Figure 65 illustrates this·comparison using 2- and 20-in­
d;i!.!iletar blasth018s as an example. Pattem A contains tour 
20-ir. blastholes and pattern B contains 400 2-in blastholes. 
In· all bench blasting operations sorne coffipromise between 
th-llild twv extremes is chosen. Each panern represents the · 
sama area· of excavation, 15,000 sq ft, each involves approxi- . 
m~te!y the same volume af blasthales, and each c;¡n be loaded 
\.~·:th abcui the sama weight of eXplosiva. 

In a ~¡·¡on rack formation, the four·hole pattern will give rela· 
tivaly ic·n drilling and blasting costs. Drilling costs for the large 
b!astholes wi\1 be low, a low-cost blasting agent will be used, 
and thSJ cost of detónators wilt be mini mal. However, in a difficult 
t!ss!ing situation, the broken material will be blocky and nonun· 
iiorm in size, resulting in higher loading, hauling, and crushing 
costs as Well as requiring more secóndary breakage. lnsuffi· 
cien! breakage at the toe may also result. · 

Or. the other hand, the 400-hole pattern will yield high drilling 
and b!asting costs. Small hales cost more to drill por unit vol-. 
:~ma, pawder fqr small·diameter blastholes is usually more 
expansiva, and the cost of detonators will be higher. However, 
th-3 fragmentation will be finar and more uniform, resulting in 
!t:w.sr Joading, hauling, and crushing costs. Secondary blasting 
ar.C tce problems will be minimized. Size ot. equipment, sub­
s:~quent prccessing requir~d for the blasted material, and 
~:oncmics will dictate the type of fragmentation neede~. and 
tiGr.ca t,l-¡e size of blasthole !o b~ used. 

Geologic structure is a majar factor in determining blasthole 
dia:nater. Planes of weakness such as joints and beds. or 
zcr:es of sott, incompetont rack tend to isolate large blocks 
oi mck in the burden. Tha largar the blast pattern, the more 
'nkely thase blocks afe to be thrown unbroken into the muckpile. 
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Figure 68.-Eifect of Jolntlng on eele.ctlon of blssthole 
slze. 

Note that In the top paHem in figure 66 soma of the blocks 
are not penetrated by a blasthole, whereas In the smaller bot­
tom pattem all of the biocks contaln at least one btasthole. 
Owing to the better explosivas distrlbution. th& bottom pattem 
wlll glve better fragmentation. 

· As more blastlng operatlon! are. cerned oul naur \XJpulutad 
areas. envtronmental problems such as alrblast and flyrock 
ol!en occur because of an lnsufficlent collar dlstance aoove 
tiof: explosivo charge. As the blasthole dlamill&r incroasoa, 
H1o collar distance required to prevent violsnc6 in·~masDs. Tt1e 
rutio of collar distance to biasthole diameter 'equ!rod to prevan! 
vloience vanes from 14:1 to 28:1, dopending "" lh9 roletivo 
densitles and veioclties oi the explosiva and roc11, ti1e physic"l 
condition of the rock, the typo of stemrning tlsad, and tl;e 
point of inltiation. A larger collar dlstance is ruquired where 
the sonlc velacity of !he rack exceeds !he delonalion velacity 
of !he explosiva or where lho rack ls heavlly fmcturad or low 
in density. A lop-initlated charga requires a largar collar dis· 
lance than a boltom-lnitiated charge. As the collar dislancé 
increases, the powder dislribution becomes poorer rasultlng 
in poorer fragmentatlon of !he rack in lhe upper part of the 
bench. 

Ground vlbratlons are coniroiÍad by reduclng the v:alght of 
explosiva fired par delay interval. Thi.s ls more eilsliy ·done 
wilh smali blaslholes !han v11lh largo blaslholes. In "'"'"Y sltua­
ttons where an operator uses large;diametr:,r t:J1,7!sl.ilolt)S n-aar 
populaled areas, sovoml dslayad de'cks must bo usod wilhl.1 
each hola lo control vlbratlons. · · 

largo holas will1 larga biast paltorns are ldeally su!tud lo e.n 
o~~;ratlcn with tho fo!l.:;wlng charactarist:cs: !\ iar~:J·~ \..:riu:~•e of 
ma!e1ia.l to be movGd; largo loading, haul!n~¡. un.:i c1;shir:y 
equlpment; no requiroment tor fine, uniform fragrnentalion; an 

...... ~. 
easily broken toe; few ground vlbrallon or alrbiast protilems 
(lew nearby neighbors); and a relatlvely homogeneous, easily 
fragmentad rack without excesslve, wldely spaced planes of 
weakness or voids. Many blastlng Jobs, however, present con­
strainls that requlre smaller blasthoies. 

In lhe final anatysls, the selectlon of blasthole slze ls basb. 
on economics. it is importan! lo conslder !he economlcs of the 
overall excavation or minlng system. Savlngs realizad through 
lndiscrlminate cost cÍJtting in !he drllllng and blasling program 
may well be los! through lncreased loading, haullng, and crush-. 
lng cosls and increased litlgatlon costs owlng to dlsgruntled 
nelghbors. -

TYPE$ OF 
BLASt PATTERNS 

There are lhree commonlyused drlll pattems; square, rectan­
gular, and slaggered. The square drill pattem (lig. 67) hesequal 
burdens and spaclngs, whlle the rectangular pattem has a 
largar spaclng than burden. In both the square and rectangular 
patterns, the holas of each ri:Jw are llned up dlrectly behind the 
holes in the preceding row. In the slaggered pattem (fig. 67), 
the holas in each row are posllionad In !he middle of lhe spac­
lngs ol the holas In lhe precedlng row. In lhe. staggered pattern, 
the spacing should be largar than the burden. 

The staggered drllllng pattem ls usad for row-on-row flrlng; 
lhat ls, where the holas of one row are flred befare _the holes 
In the row lmmedlately behlnd them as shown In flgu~ 68. The 
square or rectangular drllling patterns are used for firing V-cut 
(fig. 69) or echeion rounds. Either slde of the blast round In fig­
ure 69by llself would be callad an eche Ion blast round: In V-cut 
or echelon blasl rounds the burdens and subsequenl rock dis· 
placement are al an angla to the original free lace. Looklng •' 
figure 69, wllh !he burdens developed al a 45• anglo with ~ 
original frna lace, you can see that the orlglnally square drllh. 
pattem has been transformad lo a staggered btastlng pattem 
with a spac!ng lwice !he· burden. The simple pattems discussed 
here account forthe vas! majorlty of the surface blasts flred: 

-· ~ .... _ 
1•on .. u, 

• • • • • • • • • • • 
• • ·• • • • • • 

• • • • • • • • • • • -------· • 1 
• • 

Flgurlll67.-Three baslc types ol drlll pattern. 

•• •• •• • • •• 

Flgur~ 69.--Comer cut ataggered blast pattem­
Simul!¡¡n&ous !nitla\lon wlthln rowa (blaathole epeclng, S, 
la twlce the burdon,B). · 
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.. 
row of the second round befare the first round is tirad. This will 
assure a proper burden on the first row of blastholes in the sec-

.. ond blast round. . -- .. 

Figure 69.-V-echelon blast round (trua spaclng, S, la 
twlca tha trua burdan, ~). 

BU ROEN 

Figure 70 is an fsometric vie.w showing the relationship of the 
various dimensions al a bench blast. The burden is defined as 
!he distance trom a blasthole to the nearest free tace atthe in­
stan! of detonation. In multiple row blasts. !he burden for a blas­
thol8 is f]Ot ne<?essarily measured iri the direction of the original 
free tace. One must take into accountthe free faces developed · 
by .blastholes fired on lower ,detay P.,riods. As an example, in 
figure 68, where one entire row is blasted befare !he next row 
begins, !he burden is measured in'a perpendicular direction be-

. tween rows. Howeiter, in figure 691he bias! progresses in a V­
shape. In this situation, !he true burde·n on most of !he holas is 
measured al an angla of 45• from the original free tace, as 
shown in !he figure. · · 

The burden dimension is a function of the charge diameter. 
For bulk-loaded charges, the charge 'diameter is equal to the 
blasthole diameter. For tamped cartridges, the charge diameter 
will be between the cartridge diameter and the blasthole di ame­
ter, depending on the degree of tamping. For untamped car­
tridges the éharge diameter is equal lo the cartridge diameter. 
When blasting with AN-FO or other low density blasting agents 
with densities near 0.65 glcu cm, in typical rock wilh a density 
near 2. 7 g/cu cm, the normal burden is approximately 25 times 
the charge piameter. When using denser products such as slur­
ries or dynamites, with densities near 1.2 glcu cm, !he normal 
burden is approximately 30 times the charge diameter. lt shou Id 
be stressed again thatthese are first approximations, and field 
testing otten results in ·minar adjustments to these values. The 
burden·to·charge-diameter ratio is seldom less than 20 or sel-
dom more than 40, even in extreme cases. For instance, when 
blasting with a low density blasting agent, such as AN-FO, in 
a dense formation such as iron ore, the desired burden may be 

. about20 times !he charge diarneter. When blasting with denser 
slurries or dynamites in tow density fOrmations such as sorne 
sandstones or marbles •. the burden may approach 40 times the 
charge diameter. Tabla 4 summarizes these approximations. 

Tabla 4.,Approxlmate BiD rallos for banch blaatlng 

Ratio 
AN·FO (density-{).65 g/cu cm): 

Light rod< (density-2.2 glcu cm) .... , ......................... .-.......... :. ::!8 
Average rack (density-2.7 glcu cm) .: ................... : ............ .' -25 

s~~:.S:v~~it~~"a5~~-~-r~~~~i: .... :·······:··············--·-·····: P 
Light rod< (density-!.2" g/cu cm) .............. .- ........................ .- 33 
Average rock (densit)-2.7 g/C!J cm) ................................... 30 
Oense·rod< (density-3.2 g/CU ,cm) ...................................... 27. 

BEurden O Charga diameter 

. !lis very importan! that !he proper burden be calculated, tak- High-speed photographs of blasts have shown that fleXing of 
ing into accountlhe blasthole diameter, !he relativa density of !he burden plays an importan! role in rock fragme_!l_tation: A rela­
the rock and !he explosiva, and lo sorne degree;.the length of tively long, slender burden flexes, and ihus breaks more easily 
!he blasthole. An insulficient burden will cause excessive !han a short, stilfer burden. Figure 71 shows the difference be­
airblast and flyrock. Too larga a burden will give inadequate · twaen using a 6-in blasthole and a 12'/•·in blasthole in a 4Q-h 
fragmentation, toe problems, and excessive ground vibrations. bsnch, wilh a burden-to-charge-diarneter ration of 30 and ap-

. \1'/hsre R will be necessary 10 drill a round before the previou~ prvpriate subdrilling and stemming dimensions. Note the jnher-
round has been excavated, it is importan! to stake out !he first ent stilfness of the burden with the 12'1.-in blaslhole as com­

parad with !he 6-in blasthole. Basad on this co'nsideration,lower 
burden-10-Charge-diarneter ratios should be used as a first ap­
proximation when the blasthcile diarneter is larga in comparison 
to :he bench heighl Care must be taken that !he burden ratio 
is not so small as 10 create violence. Once !he burden has been 
deiermined, it becomes the basis for calculating subdrillit:"~g. col-

. ( \ ~ .... ' .... 

lar distance (stemming), and spacing. 

SUBDRiLLING 

Subdrilling is the distance drilled below the floor leve! lo as­
sure thatlhe full tace of rack is removed. Where lhere is a pro­
nounced parting al tloor level; to which !he explosiva charge can 
conveniently break, subdrilling may not be required. In coal 
stripping, it is common practica to drill down to the coal and then 
backfill a foot or two befare loading explosivas, resulting in a 

K[Y negativa subdrill. In most surtace bl~ting jobs, however, it is 
• ,,_ necessary lo do soma subdrilling to make sure !he shot pulls 
~ ra::··:.~Gn(;e to grada. A good 1irst approximation for subdrilling under aver-
~ :=·~:,11, , age conditions is 30 pct Of the burden. Where the toe breaks 

. -

very easily, !he subdrill can sometimes be reduced to 10 to 20 
pct of !he burden. Even under the most difficult conditions. !he_ 
subdrill should not exceed 50 pe! of !he burden.lflhe toe cannot 
be pulledwith a oubdrill-to-burden ratio of O.S,thefault probably 

· · ·-·· · ··:••! Agure70.;,-tsomeirtcvlewofabenchbtast. 
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Figure 71.-Comparlson of a 12Vo•ln-dlameter (A) bias· 
thole (stlff burden) wlth a 6·1n-dlameter (B) blasthole (flexl· 

• ~ ble burdan) In a 40·1! bench. 

Priming the explosiva column at the toe level gives maximum 
confinement and normally gives the bes! breakage. Other fac­
tors being equal, toe priming usually requires less subdrilling 
!han collar priming. 

Too much subdrilllng ls a waste' of drilling and blasting ex- , 
pense and may also cause excessive ground vlbrations owing 
to the high degree of confinement of the exploslve.ln the bottom 
of blasthole; particularty when the primer is placed in the bottom 
of the hale. In multiple-bench operations, excesslve subdrilling 
may cause undue fracturing. in the upper portian of the bench 
below, creatlng difficulties in collaring hales in the lower be'nch. 
lnsufficient subdrilling will cause high bottom, resulting in in­
creased wear and tear on equipment and expenslve secondary 
blasting. Table 5 summarizes the recommended subdrilling ap-
proximations. · · 

Tabla S.·Approxlmote J/8 rallos for bench blastlng 

Ratio 
Opon baddlng piano at toe ...................................................... -0-
Easy toe ................................................................................... 0.1.0.2 
Normal toe ................................................................................ .3 
OifficuH toe ................................................................................ .4-; .5 

B Burden J Subdrllllng 

COLLAR DISTANCE 
(STEMMING) 

Collar dlstance ls the distance lrom the top al the explosiva 
charge lo the collar of the blasthole. This zone ls usually lilled 

· with an inert material called stemming lo glve some confine­
ment to the explosiva gases and to reduce airblast. Research 
hns shown that crushed, sized rack works best as stemmlng but 
it ls common practica to use drlll cuttlngs because al 
economlcs. Too small a collar dlstance results in excessive vio­
lence in the lorm ol alrblast and flyrock and may cause back· 
break. Too large a collar distance creates boulders in the upper 
part of the bench. 'rhe ·selectlon al a collar dlstance ls oHen a · 
tradeoff between lragmentation and the amount of'airblast and 
fiyrock that'can be tolerated. This is especlally true where the 
upper pa•1 of the bench contains rack that is diHicult to broak. 
in this situation the difference between a violen! shot and one 
that lalls to lragment the uppar zono properly may be a matter 
ol only a lew leet al stemming. Collar priming ol blastholes nor­
mally causes more vlolence than center or toe pri~¡ng, and re-
qulres the use al a longer collar dlstance. , .:, 

Fleld experience has shown that a collar distance equal lo 70 
pct ol the burden is a good lirst approximatlon except where col­
lar primlng ls used. Carelui observation al airblast, flyrock, and 

. ' 
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fragmentation wil! enable the blaster to further refine thi~ dimen­
sion. Where adequate fragmentation in the collar zona cannot 

- _be_attained while still controlling_airtllast_and)lyrock, deck 
· charges orsatellite hales may be required. 

A deck charge is an explosiva charge near the top of the blas­
lhole. separated from !he main charge by iner1 stemming. 11 
boulders are being created in lhe collar zona but !he operator 
fears that less stemming would cause violence, lhe main 
charge should be reduced slightly and a deck charge added. 
The deck charge is usually shot on the sama delay as the main 
charge or one de1ay later. Cara must be exercised notto place 
the deck-charge too near the top of the blasthole, or excessive 

. flyrock m ay result. As an alternativa, shor1 satellite holas be­
tween !he main blastholes can be used. These satellite holas 
are usually smaller in diameterthan the main blastholes and are 
loaded with a light charge of explosivas. · 

From the standpoint of public relations, collar distance is a 
very impor1ant_blast design variable. One violen! blast can per­
manently alienate neighbors. In a delicate situation, it may be 
best to star1 wilh a collar distance equal to the burden and 
gradually reduce this if conditions parmit. Collar distances .. 
greater !han !he burden are seldom necessary. 

SPACING 

Spacing is delined as the distance between adjacent blas­
tholes, measured perpendicular to the burden. Where the rows 
are blasted one alter _!he other as in figure 68, !he· spacing is 
measured between holas in a row~ However. in figure 69;_-where 
the blast progresses on an angla lo the original free lace, the 
spacing is measured atan angla from the ortginal free lace. 

Spacing is calculated as a function of !he burden and also df:l" 
pends on !he timing between holas. Too close a spacing causes 
crushing and cratertng between holas, boulders in !he burden, 
and toe problems. Too wide a spacing causes inadequate frac­
turing betwaen holas, accompanied by humps on the lace and 
toe problsms between holas (fig. 72). . .. 

When !he holas in a row are initiated on !he sama delay 
· period, a spacin9 éq~aJ lo twica tha burden.will usually pull !he 
round satisfactorlly. ACtually, the V-cut round in figure 69 also 
illustrates simultaneous initiation wilhin a row, wilh !he rows 
being !ha angled ünes of holas fired on !he sama del ay. The trua 
spacing is twice !ha trua burden even though !he holas were 
ortginally drtlled on a square panem. 

IHSUFF+C+(NT SP&CIJIG 

------------ ... 
' ' • o • • • 1 
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', : .. -,--
'-JJ.·-·L{ ... 

s.c•- ....... 
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Figure 72.-Eftüds of :"nsutflc!ent ar.d ~xcesslve spac· 
lng. 

F!eld experience has shown thatthe use of millise\:ond de· 
... , ·1ays between holos ina row results inJ:>ettarfragmentatioRoand 

· • also ·reduces !he ground vibrations produced b'f !ha blast. When 
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millisecond delays are usad between holas in a.row, the spac­
ing-to-burden ration mus! be reducad to somewhere between 

. 1.2 and 1.8, with 1.5 being a good first approximation .. Vartous -·­
delay patiems may be usad wilhin the rows, including alternate · 
delays (fig, 73) and progressive delays (fig. 74). Generally, 
large-diarneter blaslholes require lower spacing-to-burden 
ratios (usually 1.2 to 1.5 with millisecond delays) !han small-di· 
arneter blastholes (usually 1.5 to 1.8). Because of lhe com­
plexities ol geology, the interaction of delays, differences in ex· 
plosive and rock strengths, and other variables, !he proper 

• • • • 8 7 8 7 

; • • • • 6 ' 6 ' 
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4 4 > 

·.· 
·Figure 73.-5taggered bias! pattern wlth atternate de-

laya (spaclng, S, la 1.4 times the burden, 8). 
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Figure 7•1.-5taggered bias! pattern w~h progresslve 
dalays (spaclng, S,ls 1.4 times the burden,~B). 

spacing-to-burden ratio must be determinad through onsite ex­
psrimentation, using the preceding values as first approxima­
tions. 

Except when using controlled blasting techniques such as 
smoolh blasting and cushion blasting, the spacing should nevar 
be less !han !he burden. 

HOLE DEPTH 

In any blast design it is impor1ant lhat !he burden and lhe 
blaslhole depth (or bench height) be reasonably compatible. As 
a rule of thumb for bench blasting, the hola depth-to-burden 
ratio should be between 1.5 and 4.0. Hola deplhsless !han 1.5 
times !he burden cause excessive airblast and flyrock and, be­
cause of the shor1, ·lhick shape of !he burden, give coarse, un­
even fragmentation. Where operational conditions require a 
ratio of less !han 1.5, !he primer should be placad atlhe toe ol 
the bench to assure maximum confinement. Keep in mind that 
placing !he prtmer in lhe subdrill can cause increased ground. 
vibrations. JI an operator continually finds use of a hola depth­
to-burden ratio of less !han 1.5 necessary. consideration should 
be given to ir.creasing !he bench height or using a smaller drtll. 

Hola deplhs greater than tour times !he burden are al so unde­
sirable. The tonger a hola is in resptlcl to its diameter the more 
error there will be in its location at toe level, which is the most 
crttical portien of !he blast. A poorly controlled blast will result. 
Extremely long, slender holes have even been known lo inler-
sect. .~ !-·-:-··•··- -·~n·-. ,,,.-
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High benches.with short burdens also create hazards, such 
as a small drill having to puf in the front row of hales near the 
edge of a hlgh ledge or a small shovel having to dig at the toe 
of a precariously high lace. The obvious soluticin to this problem 
is to use a lower bench height. There is no real advantage to 
a high bench height. Lower benches givemore efficient blasting 
results. lowerdrilling cost and chances forcutoffs, and are safer 
from an equipment operation standpoint. lf it is impractii:al to re­
duce the bench height, larger drilling and rock handling equip­
ment should be u sed, which will effectively reduce the blasthole 
depth-to-burden ratio. 

A major problem wlth long slender charges ls the grealer po­
tentiallor cutoffs in the explosiva column. Where it is necessary 
to use blast designs with larga hola depth-to-burden rallos, mul­
tiple priming should be u sed as insurance against cutoffs. 

DELAVS 

Millisecond delays are u sed between charges in a blnst round 
for lhree reasons: · 

1. To assure that a proper free lace is developed to enable 
the explosiva charge to efficiently fragment and displace its bur-
den. · 

2. To enhance fragmentation between adjacent holas. 

3. To reduce the ground vibrations created by the blast. 

There are numerous possible delay patterns, severa! of 
which were covered in figures 68, 69, 73, and 74. 

Andrews, of du Pon!, conducted numerous fiefd inv~stiga­
tions to determine optimum delay intervals for bénch blasting 
and reached the followingconclusions. 

IN.l0EOU4T( DELUS 

Figure 75.-The effect of lnadaquata deleys betweon 
rows. 

1. The delay time between holas In a row should be betNeen 
1 and 5 ms per fool of burden. Delay times lass than 1 ms per 
foot of burden cause prematura shearing b~lwasn holas, result­
lng In coarse fragmenta !ion. lf an excessive delay time ls u sed 
between holes, rock movement from the first hola prevents the 
adjacent hola from crealing addilional fractures between the 
two holes. A del ay of 3 ms per foot of burden glves good results 
in many kinds of rock. 

2. The delay time between rows should be two to three times 
the delay time between hales In a row. This is longar than most 
previous recommendations. However, in order to obtaln good 
fragmentatlon and control flyrock, a sufflcient delay ls needed 
so thnt the burden from previously flred holas has enough lime 
to move forward to accommodate broken rack from subsequent 
rows. lf tt1e delay between rows ls too short, movement In the 
backrows wlll be up_ward rather than outward (flg. 75). 

3. Where alrb!ast ls a problern, the defay betWeen hales in 
a row should be at feast 2 ms per foot of spacing. This will pre­
ven! alrblast from one charge from adding to that of subsequsnt 
charges as the blast proceeds down the row. 
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Avallable by mail only. Send your check for 
$24 lo: 
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Room G40052 
Wilmington. DE 19898 
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.. 4. For the purpose of controlling ground vibrations, mOst reg-

H !J. H d 
1

.. ulatory authorities consider two charges to be separata events ---.·-- eres_ -ercu e ------ ~_theyareseparatedbyadelayof9msormore. . -~-· -.. ·~ 
Following these recommendations should yield gocd b ast1ng 

1 · 1 • d 1 results. However, .when using surface delay systems such as none ec rlc e ay detonating cord connectors and sequential timing blasting . 
bias ti SyStem machines. the chances lar cutoHs will be increased. To salve 

, this problem, in-hale delays should be usad in addition to the 

Mlc.nt:ll Oam Ao..:0evolopmonl Pfo¡~."t:l. Cvo~<• H1WI. Alalldiilit,W'tl"re Ht.orcuo.Jcl 
pro .... aea salt.o. cost·ellt.ochvu blast.ng. ~ 

For construction blasting, you 
. can't beatHercudet. 

Plastic tubing replaces wires. Theres no worry aliout 
stray currents, static electricity or radio frequency _ 
energy. And Hercudet i~.'J.he only nonelectric system 

· with circuit test capability. _ . ,. 
· A combustible gas enters tha tubing only alter 
shot preparations are complete. Hookup is inert until 
then. At firing time, tha gas is ignited and the ignition 
travels noiselessly a.t 3,000 ft./sec. to initiate the high­
strength Hercudet"' caps. There's no airblast from 
!he tubing. 

The use of Hercudet 
permits once-a-day firing. 
Hercudet eliminates the 
shot-size restrictions 
rriany users en.counter 
with sequential timers. 
More hales can be fired 
in a single shot while 
vibrations are still held 

Hercudel'"' Btasting Machina down. 

Hercudet provides vibration control with tubing 
and fuse element delays and is totally sequen tia!. 
lt is more economical !han detonating cord and 
other none!ectric systerns. 

For details contact your Hercules represen- . 
tative or Hercules lncc.roorated, Hercules Plaza. 
Wi!rningtcn, DE 19899,-Ann: H. Citino. 

· (302) 575·6500 and ask ter Ext<insion 3941. 
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surtace delays. For instance, When using surface detonating · 
cord connectors, one mÍght use a 100-ms delay in each hale. 
This causes ignition of the in-hale delays well in advance of rack 
movement, thus minimizing cutoHs. With a sequential timar, the 
same etfectcan be accomplished by avoiding the use ot electric 
caps with delays shorterthan 75 to 1 00 ms. 

From the standpoint of simplicity in blast design it is best if 
all the explosiva in a blasthole is ·tired as a single column 
charge. However, it is sometimes necessary, where firing larga 
blastholes in populated areas. to use two or more delayed 
decks within a blasthole to reduce ground vibrations. Blast 
rounds of this type can become quite complex, and should be 
designad undár the guidance ot a competent person. 

All currently used de la y detonators employ pyrotechnic delay 
elements. That is, they depend on a buming powder train lar 
their delay. Although these delays are reasonably accurate, 
overlaps have been known to occur. Therefore, when it is es­
sential that one charge tires befare an adjacent charge, such 
as in a tight comer of a blast.- it is a good idea to skip a delay 
period. Development of blasting caps with electronic delays is 
a gOod futura possibility, 

-

POWDER FACTOR 

Powder factor, in the opinion of the authors, is not the best 
tocl fordesigning blasts. 

Blast designs should be basad on the dimensions discussed · 
eailier in this chapter. However, powder factor is a necessary 
calculation for cost accounting pui"poses. In blasting operatioi')S 
s•JCh ·as coal stripping or ciónstruction work where ·me exc~­
vated material has little or no inherent value, powder.'lactor 1s 
usually expressed in terms of pounds of _explosiva' per cubic 
yard of material broken. Powder factors for surlace blasting can 
vary from 0.25 to 2.51b/cu yd, with 0.5 to 1.0 lb/cu yd being most 
~¡pical. 

Powder factor for a single blasthole is calculated by the fol-
lowing formula: · 

wt:ersP.F. 

L 
d 

o· 
B 
S 

and H 

P.F. 
L(0.3405d)(D2) 

(B)(S)(H)/(27) 

powder factor, pounds of e•plosive per cubic 
yard of rack, 
length of the explosiva charge; feet, 
density of the explosiva, grams per cubic cen­
timeter, · 
charge diameter, inches, 
burden dimension, feet, 
spacing dimension, feet, 
~nch height, feet. 

Many explosivas companies publish tablas that give loading 
densities in pounds per foot of blasthole lor different combina· 
tions of d and D. Powder factor is a function of type of explosiva, 

· rcck donsity, and geology. Táble 6 gives typical powder factors 
for surlace blasting. . · 

Higher energy explo-sivas, such as those containing larga 
amounts of al_uminum, can break more rack par pound than 
lower energy explosivas. However, most of the commonly u sed 
explosiva products have lairly similar energy values and thus 
have similar rack breaking capabilities, Soft,.light rack reqUires 
less explosiva per yard than hard, dense .rack. Larga-hale 

----------------------~~--------------~-----
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paHems requlre less explosiva per yard of rock blasted because 
a largar proportion of stemming is usad. 01 course, largar blas­
tholes frequenliy result In coarser fragmentation because of 
poorer powder distribulion. Massive rock with few existing 
cracks or planes of weakness requii"es a higher pOwder,'faCtor 
!han a formation lhat has numerous, closely spaced geologic 

. flaws. Final/y, the more free faces a blast has to break to, lhe 
lower will be the powder factor. Foc inslance a cerner cut, wi_th 
two vertical free faces, wl!l require less powder than a box cut 
with only one vertical free faca; and a box cut will require less 
powder than a slnklng cut, whlch has only the ground'surface 
as a free faca. In a sinklng cut it ls desirable, where possible, 
lo open a second free lace by uslng a V-cut somewhere near 
the center of the round. 

Tabla 6.· Typlcal powder lectora lar aur1ace blastlng 

Oegree of dilficully 
_In rock breakage 

Low ........................................................... : ............. . 
Medlum ...... : ......•....................................... , ............. . 
High ...................................................................... .. 
Very high : ............................................................... . 

Powder factor, 
lblcu yd 

0.25.0.40 
.40- . 75 
.75·1.25 

1.25-2.50 

When blasling materials thal havo an inherent val u e per ton, 
suéh as limestone or metalllc ores, powder facto.rs are soma ... 
limes expressed as pounds of explosiva per ton of rock or tons 
ol rock per pound al explosiva. 

SECONDARY 
BLASTJNG 

Soma prlmary blasts, no maHer how well designad, willleave 
boulders tharare too larga tobo handled efficlently by the load­
lng equlpment or larga enough to cause plugups in crushers or 
proparation plants. Secondary lragmentation techniques mus! 
be usad to break these boulders. · ' · · 

In the case al boulders too larga lo be handled, the.IQader. 
aparatar wili se! the boulders asida lor treatment. identifying 
material larga enough tocause plugups is not always quite so 
apparenl. The operator must be lnstructed lo watch tor material 
lhatls smali enough lor convenlentloading but which is. larga 
enough lo causa a bottleneck la ter in the processlng cycle. 

Secondary tragmentation can be accomplished In tour ways: 

1. A heavy bali suspended from a crano may be dropped re­
péate!lly on the boulder untilthe boulder braaks. This is a rela­
tlvely lnefllclent method, and breaktng a larga or tough (nonbril· 
Ue) rack may take a considerable pariod ol tima. This method 

. ls adequate where !he number of bouldor~ produced ls not ex­
cessive. 

2. A hola may be drllled lnlo the boulder and a wedgi.ng de­
vice Insertad to splillhe bouldor. This ls also a slow method but 
may be sallslactory where only e limitad amount ol secondary 
lragmentalion ls necessary. An advantage ol thls method is that 
11 daos not create the tlyrock associated wlth explosiva tech­
nlques or, lo soma dagree wlth drop balls. 

3. Loose explosiva may be. pacl<ed lnto a crack or depres­
sion In the boulder, covered wilh damp earthen material, and 
flred. Thls type al charga ls callad a rnudcap, plaster, or adobe 
charge. This method is ineHicient bacause of a lack ot explos1ve 
continernent, and relativaly larga umounts of explosivas are re· 
qulred. The result ls considerable noise and flyrock, and often, 
an lnadequately broken boulder. The system ls hazardous be· 
cause !he primad charge, lylng on Jite surface, ls proneto acci­
dental initialion by external irnpat:ls lrom latli,,g rocks or equip­
ment. Externa! charges should be usad lo break boulders only . 
where drilllng a hola ls lmpractical, and when usod, o"treme 

,. , .. 

caution concernlng nolse, flyrock, and accidental lnitiation 
through impacl must be exercised. 11 il ls tound necessary to 
shool a mulllple mudcap bias!, long delays or cap andluse are · 
no! recommended. 

4. The most efficient method of secondary lragmentation is 
through the use ol smalj.(l- to 3-in) boreholes loaded with ex­
plosivas. The borehole ls normal/y collared atthe most conve­
nient locatlon such as a crack or" a depresslon In 'the rock, and 
ls directed toward the center of mass of the rock. The hole.ls 
drilled two-thlrds to three-tourths of the way through the rack. 
Beca~se the powder charge is surrounded by free faces, less· 
explosiva ls required to break a glven amount of rock !han In 
primary blasting. One-quarter pound per cubic yard will usual/y 
do the Job. Carefullocallon of the charge ls mora lmportantthan 
its precise size. When in doubtlt ls bes! lo estima te on the low 
side and underload the ·boulder. Wilh largar boulders lt is bes! 
lo drill several holas tó distribute !he explosiva charge, rather 
!han placing the entire charge in a single hola. All sacondary 
blastholes should be stemmed. As a cautionary note, secon­
dary blasts are usual/y more violent than primary blasts. 

Any type ot lnitiatlon system may be usad lo lnltiate a secon­
dary blast.For connecting larga numbers ol boulders, where 
nolse ls not a problem, detonallng cord ls afien uSed. Electrlc 
blasting is al so trequanlly used. 

Although secondary blasllng emptoys relatlvely smsll 
chargas, its potential hazards. mus! not be underestimated. 
Flyrock ls afien more severa and more difficult to p<!>dict !han 
with prtmary blastlng. Secondary blasts requlre al leas! as much 
caro in guarding as do primary blasts. Secondary blasling can 
truly be callad an art, with experience being an importan! key 
lo success. · •SEt· 

.•· 
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í NT ROlllJ CTI Ol\ 

Calculation of urilling pattcrns anu chnrgcs is often 
cnrricd out in n les~ systC'mntic l.'Jy· in tunncll i11g than 
in hcnch hl;¡~ting~ (1~ .thl' dPm;,Jlll~. h0'-'l'Vl'r, :1n• ;~hout 

·thc s:nnc, i .c. to try to :1i111 at ;111 opt im:1l rc~ult ,,r tl1<· 
hla~t'ing opcration, thPrC' :1rC' mcthods avail:Jhlc';il~o f0r 
this typc of calculntion~. In tunnC"l hlasting thC'H' is 
only one free surface, thc facc. This means that furthcr 
free surfaces have to he ohtaincd in s0mc way, an opcning 

1 is blasted by a cut. Whcn stoping towards this opening, 
a higher specific chnrgc is rC'quircd tl\an in bencl1 hlast­
ing, dcpending on deviations in drilling, lack of hole 
inclination, need for swelling, lack of co-operation hC't­
ween adjacent holes, etc. The smaller thc cross section 
of the tunnel is the higher spccific ch<~rgC' is rcquired: 

2 . N0~1LNCLATlJRE 

Height 
of 
arch 

..•. -.. 

:; .: 

.· ..... 

---+---+-Stoping hol C'S ··.:" 

Abut­
ment 
hcight EJ 

ll'idth 

--+--Wall 'holes ; ... ., 

----f--Floor hales 

.. ·,-,. 
'·' ."t 
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<· To maintain thc thcorctical eros!< sc.:tion from o11,· roúnd 
.to anothcr, thc contour hol~s have to he anglcd ouisiJc 

_'.the theoretical cross scction. l'J¡is is to makc su1~ · 
that, whcn tlrilling thl-.ncxt round, thc_r.c' is l'l'<¡liÍ!·.d 

spacc for thc rock Jri 11. Thc Iook out is drpcndin,: on 
thc CCJuipmcnt uscJ, but norm:!l ly amuunts to nnt ¡¿., s tlian 
0.1-0.2 metrcs. 

Look out. 
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To ohtnin :111 opcnillf! in, llll' tunne,l r:~c·l', lhCl"l' :ll"l'· V:lri­

ous typcs of cuts avuiL1hlc. Some cx:1111ples are: 
l'arallcl hole cuts 
V-cut 
Fan cut 
Norwegian cut 

The types of cuts most used in Scandinavia today ate a 
type of parallel hole cut, with an empty large hole, and 
the V-cut. Khich type·to select depends on cross section, 
hole deptl1, drilling equipment, etc. 1'he skill of the 
drillers may also be a factor to takc into consideration. 
Drilling and charging of u cut have to l•c carried out ex­
tremely carcfully, as the aJv;¡nce per rounJ to a great 
extent is depending on.the success in the blasting of the 
cut. 

• •O• • 

,. --.' 

.,....----..., - - - - - - ., 

-~----'----

1 

1 
1 

1 

1 
'--.J 

The.parallel hole cutis mainly used in smaller cross sec­
tions, but can also be used in lurger ones. The cuts con­
sist of one or several empty largc holcs (normally 57-127 
mm) surrounded by weukly ch:1rged parnllel l1oles witl1 n 
small hunlcn. The principie is that the empty large hole 
is acting as an opening to these cut holes. Wl1en tl1e cut 
holes huve detonated, a larger opcning is ohtaincd, why 
next grou¡1 of holes _can be drilled with a largcr hurden. 
In this way the hlasting proceeds until thc size of the 
opening ·permi ts a free brcakagc of the stoping holcs. The 
area of the opcning normnlly thcn is 2-4 sq.mctrcs, depcn-
ding on bit diametcr uscd. • 
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Some-advantages-wi th -para] J-<.>1- hore ·cuts ·of-this- type 

Relatively simple uesi~n 
As all holes are parallel the urill steel length 
is utilized for all holeg 
Can h~ useu also in the srnalle~t cross section~. 

flrnong the uisoJv~ntuges 1\'C hove: 

a re : 

Special drill stecl equipment rcquircd when drilling 
the empty largc ltole 
One rock drill is occupied during a relatively lottg 
time when drilling the empty largc hole 
Requires great precision when drilling and charging 
the cut holes. · 

Other types of parallel hole cuts ~re the Corornant cttt, 
the Fagersta cut, burn cuts, etc. 

' 
. ' 

.. . -. .. 

1 
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The V-cut is rnode up by nnglcd boles and to attoin n good 
blasting result the angle of the inncr plough rnust not he 
too acute. Due to space requirernents of the drilling 
equiprnent this implies that a minirnum width of thc tunncl 
is necessary when drilling a V-cut. 

Sorne advantages witl1 the V-cut are: 

The sarne type of drill steel equiprncnt can he used 
for all the hales 
Syrnrnetric, which rnakes the drilling easier, particulary 
when using rncchanized equiprnent. 

Disadvantages: 

Due to angled !toles, the drill stecl len~th 1s not comp-
letely utilized for.all th~ hales ·•·· 
A rninirnum width of thc tunncl is required. 

6 
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• Tbe frin cu~ is, like tbe V-cut, made up by angled boles, ·1 

implying that a certain wi~tb of tbe tunnel is neces~ary 

4 

to carry out tbe drilling. 

As tbe cut is not symmetric and witb an uncqual distrihu­
tion of the boles, it is not particulary well suited for 
mechunized drilling. Thc fon cut is toduy not used to 
tbe same extent as earlier. 

CALCULATION ~IETHODS 

Wben calculating drilling pattern and cbarges Óf a tunnel 
cross section, it is suitable to calculate in two steps, 
tbe cut and tbe remaining part of the round. 

Tbe calculations provide tbat DYNAMEX~B explosive is used 
(~eight strengtb s = 1.0 or 78 \ of Blasting Gelatine). 

4 .. ]. Calculation of tbe cut 
. . 

Parallel bole cut -----------------
For tbe boles closest to the 

. relationsbip can n6rmally be 
burden. · 

empty larg"é b'ole following 
applied· wlierFcalculating tbe· 

7 
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•• o . f • V ~ 0.7 .d 
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~hcre d is the diameter of the empty large hole. 

In case of twa c1npty Jarge hales, the farmt1la is changed 
ta 

• • o· 
60 V: 0.7·2 d 

® 

After breakage of these hales a square opening is abtained 
and the breakage continues by stoping towards this opening. 
lf the width of the square is designated B, the burden will 
be 

V= 0.7 B 
-. 

• • 
This procedure is repeated until the burden obtained by the 
formula equals the burden obtained by the diagramme (item 4.2: 
far staping hales. r. 
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\·,"l"·n ch;,r¡;ing 1l1c hc•ll':-:.in 1bc <111 it is ÍL·j'<'IL•nt 10 
~clv<t 3 rh:olfC CPII<l'I01J':dir•ll \·;],ilh ÍS h'C']] J,;¡]:,ncl'd; 
lhis .is p:or1Í•.IIl:n])' Íl'j·•-•.11;,¡¡( rt•r tlol' 1.t>ll'S in 1hl' 
first 5<¡ti<•rc, i.c. thc boles c]CJSl'St to tloc l:oq;c holc. 
ln ca~c of a too l<l·ak chargc thcrc is a ri,.:k of a 
complete failure of th.e round sincc tl1c cut 1dll rl'n:ain 
unhl<•--tc:d .. lf on thc othcr h:•nd thc chargc is too strong, 
a 5ÍIIIÍ];¡r rc.~ult is oht:IÍnC'd ,¡,,e to hllrllÍII¡: of thc.,·llt 
holcs.-As a guidc linc for c),;,¡ging of tJ,c,holcs in a 
parallcl hole cut follo"·ing tahle may be ÍI!•cd, ¡.,·h.:re 
the concc:ntration of thc bottom char~e is lb (kg/m). 

Square hb 1 p 
no (x H) (x lb) 

1 0.05 0.5 

2 0.05 0.5 0.5 

3 0.20 0.5 0.5 

4 - 0.33 0.5 0.5 

where 

hb = Height of bottom charge 

H = Hale depth 

lp = Concentration of•column charge 

V = Burden - . 

ho = Uncharged part 

.. 

y -

1 . 

... 
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~hcre li is the !Jale d~pth. 

The column cl1arge concentrations 15 cqttal to 

1 p. ~ ~ O - S O ~ o f 1 b 

U;, eh ;n g e d p a r t f o r t he e u t h o 1 es 

h
0 

= 0.3 v1 

and for subsequent h6les 

4.2 Calculation of remaining hales in.the round 

The remaining hales of the round are divided into 

floor hales 
"·all boles 
roof hales 
stoping hales upwards and horizontally 
stoping h.oles dow·nwards .• 

To calculate burdens, spacings and charges for these diff~ 
rent types of hales following diagramine and table may be 
u sed. 

As indata in the diagramme the concentration of the bottom 
charge, lb' is used. lf the bott~m charge consists of 
DYNAJ.IEX® B packed to 1. 25 kg/dm , corresponding hole día­
meter ·can be used. In case of DYNAMEX® B in plastic tubes 
corresponding tube diameter can be used as indata. From 
the diagramme V' is obt'ained which then is used in the 
table. 

V' (m) 

' . 
1.2·~----- ~------·--1 

·. 

__j ___ L_ ..__._ 

·' 

0.8 
l. S 2.0 2. S Charge conc. lb(kg/m) 

·--4-~ 1 ~ 
30 35 45 48 51 Drill hale di a ( nuit) .. 

29 32 39 1( Plastic tu be día (mm) 
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When calculati~g a V-cut, the height of tite cut and 
burdeos vl, and v2 are found in the diagramme below. 
height of the cut provides three ploughs vertically 
ing to figure above. 

(m) 

2.0 

. l. B 

1.6 

. l. 4 

1.2 

l. O 

-
v 

--V 
....... 

/ 
V 

V 

¡......---

/ 

~ 

!lcigltt oC Cllt 

-¡,........ 

V 
V 

--1--

J 

V2 

¡;;;;;-

V l 

-V, 

the 
The 

accord-

•0.8 
l. O 1.4 l. B. 

35 

2. 2 

411· 

2. 

·~ 

6 charge conc . . .lb(kg/m) ~ 

drill holc diameter (mm) 
30 41 45 " 1 
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r:tl\·:ing V', 1H 1 1(• l:t·pth ll ;J:¡d 1Lc lt•f!t"(.II\J;,1il-fl c•f t1.c 
J,utl•'m ch:oJt:e 1 , 1!.c> t;,J·.Jc l>r1<•h' J'l<.'\·id,·s l·lll'<:vn \', 
~¡.·;¡c·ing F, hci1J~t llf 1•{•1_ir·Ji: '.·)¡;¡rr~ hh, l·c·lll-(:lltratjr•n of 
• .,¡ ""'n eh:• l'LC' 1 ,,,,,¡ lll" ¡,,, r• • ,¡ 1'" rt ll . · 

Jl '·' o 

JlllLE 'IYI'E V E hb 1 
Crri) (m) (m) (k¡}m) 
xV' xV xll xlh 

Floo r 1 l . 1 113 1 . o 
\i a 11 0.9 1.2 1/6 0.4 
Roof 0.9 1.2 1/6 o. 3 
Stopingf - 1 1.1 1/3. 0.5 
Stopi ng ,¡.. 1 ] . 2 1/3 0.5 

---- --------- ------ ·-·-- .. -

The design of the drilling pattcrn can now be 
and the cut is fitted into the cross sc>ction 
suitable "'ay. 

S EXAJ.1PLES OF IGNITION .PATTERNS 
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.-\ r.1 e t h o J u~ e d m o re, " 11 d m o re ''he n h 1 a ,; t i 11 g t unn e l ~ 1 s t he 
"lllOL'th hlastin'g tcchniquc. This Jnc·thod is referring to 
a te,·hnique hherc the chargcs a 1 ong thc L·ontour a re I:IOrc 
distrihutcd, i.e. more contour hales :ne Jrillcd, each 
of them having a heaker conceJitration. Tl1is mcans that 
the damage of the rcmainirig contour is lcss than whcn 
using normal chargcs. The :1dvantages of this is obvious 

.as it implic:; 

- lcss overbrcak 

smoother surfaces 

- higher rock strengt~ 
, 

- less reinforcement and scaling, etc. 

Tl1e succcss of the mctl\od is to a great extent depending 
on the accuracy in drilling, which means that the look 
out has to be kept as small as possihle and cqual for al! 
hales albng the contour. The charging has to be adapted 
to the local conditions, but to start with follohing 
values may he used: 

-·------------- ------
DRILL HOLE Ul\RGE CO\- UL\RCE lJ:\IT RliRDE\ llül.E 
D IA~IETER CE\TRATIO\ 

V SP.-\Cl\G 

(mm) (kg DxB/m) (m) E 
(m) 

25-32 0.07 ll mm GURJT® 0.30-0.45 0~25-0.35 

25-48 o. 16 17 mm GUR!Te 0.70-0.90 0.50-0. 

51-64 0.37 22 mm GUR!Te l. 00-1.10 o. 80- ,_. 

As bottom charge in the roof normally one cartridge is 
sufficient ~l1ile two cartridges are recomJnenJed tn the wall 
holes. 

·ro obtain an optimum result of the smooth hl:Isting it is 
also impor.tant to reduce the cracks from thc hales closcst 
to the contour. This mcans that thcse hales have to be 
charged weaker tl1an other stoping hales. 

~larch 19Rl 

li 

- ,, 
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USE OF PARALLEL HOLE CUTS IN DRJFTING ANO TUNNELLJNG 

JNTRODUCTJON 

During the end of the 50's and the beginning of the 60's 
the attention was drawn to·the cuts in tunnel blasting. 
Many valuable arid empirical results were published and 
presented, a.o. in "llergsprangningskommittén". During the 
last 20 years the drilling equipment uscd in tu1tnelling 
has changed fundamentally. Many of the people, who worked 
with these matters in the beginning of thc 6il's, have now· 
retired and the knowledge has not bcen followed up and 
utilized toa desired extent. 

Because of the progress of the drilling equipmcnt the hole 
depths in tunnelling have increased considerahle. In l9bR 
the main part of the number of rounds was shortcr th~n 
3.0 m, whcrcas the round dcpth 197M is quite a hit ovcr 
4.0 m. 

The hale Jcpth in..:rca~es partly bC<.::IUSC or thl' r:~c·t the~t 
longer feeds have been designed and partly because bigger 
drilling rigs make the drilling time shorter compared to 
the set up times. This also affects the costs in a favour­
able way at the same pcrccntagc of aJv;tncc pcr routtu (fig. 1). 

As the hole dcpth has increased the types of cuts used havc 
also changed. Earlier V-cut, fan cut and Norwegian cut were 
used but today almost all tunnclling is carried out hy using 
parallel hole cuts. 

Whcn bl~sting a tunttel round the result is very much Jc­
pending on how you managc with the ..:ut. lf thc n•t does not 
work satisfactorily, m~ximum aJvance per rounJ catt 110t he 
achieveJ. Thcrefore, it is worth paying much attention to 
how the cuts are made, both when it comes to calculation anJ 
execution. 

By studying empírica! resultats from practica! c~ses it has 
been possible to descrihe the relation hctwccn auvancc per 
round anJ hole Jepth at a ..:ertain largc hole di~meter (in 
this example 102 mm, figure 3). When the holc Jepth in­
creases, for example from 3.0 to 4.0 m, the aJvance per round 
is reJu..:ed from 95 to R7~, i.C'.· RL 

Figure 4 shows thC' ch;mgc in costs l"or Jrill ing/hlasting at a 
changeJ percentagc advance per ('(1111\d. [ r prev ious cxamplc is 
u ti l izeJ, that is a reJuct ion in adv:1nce per rounJ from 95 to 
87\, the costs increasc hy S.SI. Normally this is not ;tcccpt­
able,which ntc~ns that somctiting has to he done to improvc the 



) 

) 

tlie ailvance per round-:- ···- ---- --------· 
·' 

CALCULAT I ONS roR·· OPT nL\L AOVAN CE PER ROUND 

Today the most common type of cut, in s~eden, is a parallel 
hale cut consisting.of one or more uncharged large hales, 
figure S, surrounJeJ by small hales ~<ith ,;m~ll hurJens placcJ 
in a number of squares. The number of quadrants, in the cut, 
is limited by the f3ct that the burden of the·last quadrant 
may not exceed the burilen for stoping hales for a certain 
charge concentration. 

When a cut is designed it is, bcsides tl1e choice of explo­
sives and detonators, principally thc following parametcrs 
that must be scttled in such a way that an optimal rcsttlt is 
obtained. 

Large hale diamcter 
Burdcn 
Charge concentr3tion 

!les iJes i t is import.>nt tlwt the exccut ion is .maJé ><i th most 
possible precision, that means.a.o. tl1at the precision in 
drilling is of great importance. This is espccially the case 
for tl1e inner cut hales, for which a faulty drilling beyond 
the calculated, of just a couple of cm/m may result in a 
crossing of the small l1ole anJ the large hale, ora doublcJ 
burden. The consequ~nce will normally he a loss in advance 
per round to 3 grcatcr or smaller extcnt. .l'or. n3tural rcasons 
it can he assumeJ th:tt thc carefulness is grcater fo.r Jrilling 
of boles ~;ith sm:lll llurJcns than it is with largcr hurJcns. 
Thi,; me~11s that tite o":tulty drilli11,t: is" l·ullction oí holc 
Jcpth as wcll :.ts uf l•urJcn :111J c:.tn he· ''-'"criiH:J thruugh a 
rel:.ttion of thc typc 

F =V (0.1 + 0.311) 

F is faulty drilling 
./ V is grcatcst burden 

ll is the hale dcpth 

Largc hales 

As mentioncd befare there is a clase connection betwecn hale 
Jepth; largc holc Ji:llllc'tcr and the :tJv:ltlcc pcr round L'.\pcctcd. 
1\ common reason for too low adv:~nce pcr rounJ ¡, ¡ll·oh:.tb ly that 
a too sm:.tll si:c oC th•c lctrge holc in relation to thc hale 
depth in qucstion has lwen chosen. lt appears from thc Jiagr:Jm 
(figure 01 thJt ii" there is for insr:tn.:e a holc·.Jl'pth of 3.~ 
m :1nd a l:.trgc hale JiJmetcr of 102 mm an aJv3nce per rounJ of 
bareljc 90~ can' be .cxpcctcd. lf this common combination was 
<.:h:.tngcJ to a large holc of 1.27 mm, or two large hale~ of 89 mm, 
an incre\'sc of the a,!v:1n.:e pcr rounJ up to about 95·; could 
theoretically he ex¡,~.:tcJ. 

-~ .. , 



The first qttatÚant 

The next important step is tl1e connection bctwcen large 
hole diameter anJ the burJen together with tl1e charge 
concentra·t ion for the cut holcs in the f irst quadrant -... · 
clase to the large hole. A bigger large hole make~ it · 
possible to have larger burJcns, which JcmanJ largcr 
charge concentrat'ions, diagram (figure 7). The burden 
must here be chosen in a way which does not make the angle 
of brcakage too small, but it mu~t· not hecontc s~ largc that 
risk occurs that Jrilling wi ll lw Jonc into thc l:1rgc holc. 
As b"slc vc.tluc i~ normally uscd " l:ngest hurJcn 'lc/c-Jis­
tancc) corresponJing to ;.~pproúm:ttely l. 5 0 whcre 0 stanJs 
for the large hole diameter. 

~ A general opinion has been that thc lnner cut holei shall 
be lightly chargeJ and also that thc risk of failure is 
bigger at a too heavy c!Jargir•g th:tn at too light charging. 
However, the opinion today is that thc cut hales can he 
chargcJ strongcr than hlastcrs carl icr bl'l icvcd. Thc 
stronger charging is often an advantage. (Please notice 
the .headl ine "Selcct ion of cxplosives and f.ir ing 
U.eviccs"_J. 

Other quaJrants 

In general the same rules are applicahle to thc cut hales 
of the following quaJrants as those for the first quadrant, 
including, however, the differcnce that the breakage is 
done towarJs aplane surface, Jiagram (figltrc 8). Also 
here the angle of hreakage must not he too acute, as smnll 
angles only to a certain extcnt can be compensated with 
increased charge concentrations. In .the Jiagram we have 
markcJ out thc linc V= 1.5 B, "hich is thc largl'st 
burden for a JeciJed wiJth of opcning. 

lf, on the other hand, thc ¡;[Jth of thc OflL'ning i~ large 
in rclat ion to the hurJcn the same ..:on_d i t ion is e>hta ined 
as for stoping hales. This limit valuc in the di:tgram is 
V= 0.5 B, i e an angle of bre:tkage, equivalent to 90°. 
This involvcs that a wiJtll of thc npcning, which h3~ 111ore 
than the Jouble si:l' of thc hurdcn, Jocs not lc3J to a 
JccreasC' of the charge conccntratiun. 1\,~rmallv, a Jrilling .. 
pattern for cut hales is Jone for width of orenings 
approximately of the same si:c as tite hurJen, i e V = n. 

SELECTION OF I:XPLllSIVES AN!l l'IRI~G UEVICES 

Explos ives 

To obtain a r:ttional ..:harging <Jt 3 tunncl round t._oJay, 
·pipe·chargcs :tre III<)Sti)' USt'ci. Fxccpt lor 3 fast char¡,:ing a 
controlle.d cl¡arge ..:on,·cntrat ion ¡,. ohta¡ned, which means 
that the risk .for ·too mu.:h or too lt'SS L'!t:trg ing ht'comes 
smal ler in comparison with thc u:;c of cartriJ~es. Lxa.:t 
knowlcU.gc ahout tiH' l·hargc .. .- .. ,ncl·ntratinn i:-o nht;•in(.'..l, :111d 

,; 
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the l>urdcns can be adnpted h~rcta. ·rhis is very import;1nt 
rcgarding thc cut hal~s. One of the camplications that might 

---~ocl:ur'----in-a~para-l-le-1-ho-le ·cut is ·flash-ovcr-b·e·twe·en-a·r·-rrr-- ·- -------
hales. As ihe distance is very small betw~en the hales in a 
parallel hale ~ut, there is risk that the detonation.~r6m. 
ane drill hole will be transmitted by fractures and jaints 
to the nearest hale, which will detonate at a time nat 
suitable. This may result in a lass af advance pcr raund. 
The risk .of flash-aver, except for the candition af the 
rack and the hole distance, is dependent en what kind af 
cxplasivc that is used. 

At the time whcn thc b'sic invcstigations rcgarding parallcl 
hale cuts were done,_ much more sensitive explosives existeJ 
campared to aur present explosives. This is ene rcason why 
the risk of aver charging and flash-over was extremely 
pointed out at that time. The explosives of today are, however, 
much more inseniitive and invalve consequcntly lcss risks for 
flash-over. When comparison is maJe between DYN:\u\IEX B and 
NABIT , which today are thc mast cammon cxplasivcs, NABIT is 
considered the most advantagcous rcgarding the flash-over 
point af view. This is ane reason why NABIT is used when 
charging cuts. In many cases evcn DYNAMEX ·wauld be success­
fully used, which would he an advantage con~idering the limit 
of assartment. One cxample is a big tunnclling prajcct 1n 
SweJcn, whcrc in hales af 4.> mm DYNM·II:X B af 32 mm w"s 11~cJ 
in the cut hales with a vcry good rcsult. 

EXPLOSIVJ:::S 

DYNAMEX B 

NABIT A 

PRILLIT A 

Tahlc l 

WEIGHT STRENGTH DJ:::NSITY lllJ LK S'rRENG"fH 
rel DxB \ kg/m3 rel DxB \ 

100 4 so lOO 

93 l 000 64 

(AN{'O) 91 RSO S~ 

Wcight qrcn~th, dcnsity ;~nd hulk strcngth for 
explosivcs suitahle for thc c11t. 

Firing Deviccs 

When 'choosing detanators the f irst thing is ta make use of 
the interv;1l numhcrs i11 such a way that '' functional fi,·ing 
pattern is obtaineJ. On one hand cine want to have a 
sufficient Jelay between the cut hales and on the other 
hand the numher of intervals must be enaugh for thc ·raund. 
At hig tunnel arcas this muy mean that thc &lcl3y hctwccn thc 
cut hales must be reduccd to a minimt1m. A too nnrrow Jivision 
of intervals in the cut rcsu\ts, hawever, unJouhtcJiy in· a 
&:ut thut Jocs nat function sutisfa-:torily anJ this mc:~ns an 
impaireJ aJvun~:e pcr rounJ. 

To f inJ the sho"rtest de by time thut c·an he uscJ_ without a 
negative effe-:t on the [unction of thc cut, we have tcsted 
a cut .consis~ing of two large hales·~ 76 mm, a~cordirig te 
fig. 9. We faund, ·as expcctcJ, that thc Jclay t imcs betwcen 
the two first hales wcre tite most critica!. llnder the actual 

''-



circumstanccs it _was preved that thc del ay time must he at 
least SO ms. As for the other hol~~ this time could be 
reduced to 25 ms according to fig. 9. lt must be pointed 
out that these dclay times is an absolute minimum and ought 
to he somcwhat highcr tb he sttrc on a good rcsult. 

•-,· 

RECOMMENDAT ION -. 

At drifting and n.tnr\elling one tr:y to obtain the -best tot~l 
economical result. This is achieved as a rule at an advance 
per round of 95\ or more· of drilled depth. 

.· ... 

Drilling and charging calc:ulations shall be malle so, that the 
conc.litions for a big ac.lvance per .rounc.l inc:rease, fig. 10. 
This is achieved by the following steps. 

- Choosc '' large hnlc diamctcr in relation to tl1e holc 
dcpth, which givcs at lcnst 95\ adv;•nce p~r round and 
gladly more. lf the dri ll ing equipment .is not suitahle 
for dri 11 ing largt· hol<•s, m:1kc mon• holcs with less 
diameter according to thc formula 

D=d·IJñ 
D = fictitibus large hole diameter 

d = used large hole diameter 

n = number of large holes 

Calculation of the conditions in relation to large hole 
diamctcr, alternatively opcning width, accnrdi1lg to thc 
following 

First quadrant V = 1,5 0 
V is the largest burden = c/c-distance large hole/ 
smnll hole (m) 

0 is the diameter (m) of the large hole 

Othcr quadrants V = B 

V is the largest hurden (m) 
R is opening width (m) 

- Always calc:ulate with faulty drilling. A useful formula 
lS 

1' • V (0,1 + 0,03 H) 

f = faulty drilling 

V = the largest hurden 

H = hole depth (m) 

' ' 1 

- Always dril! the hule toa c0ntemplated plan. A too 
c.l~ep hole damagcs the rock and if thc hole is too 
.s-hallow-róck .partics.rcmain undcstroyed. Th~ result is 
poorer conditions for next round and a reduced advancc 
pcr round. 
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- Alwayj catculat~ thc chargcs aftcr thc largest hurdcn 
and always calculate with a certain safety mar~ in. 

- Choose in.tcrval numhcr in a way that 'enough time·. is 
obtaineJ for thc rack to movc. Thc t~o first holcs · 
are the most importilnt. · 

-. 

'.:.! 
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Fi& 2. 

U.11.J.t:1CJH .. C 

in costs 
per cu.m of rack 

• 5 (\) 

-· 
-- -... ---- . --··-

30 ••• 
3.t 

---... --
50 llolc <lepth 

l ~1) 

Change in ..:osts pcr cu.m uf ro..:k ;~t Jifft'rcnt 
hale Jepths anJ at the same percentáge of 
advance per round. 
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Fig S. 
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Fi¡ 6. 

1·our scct ton cut 

Parallel hole cut with a largc hale surraunded 
by small hale with small burdens placed in a 
numbcr af squarcs. 

1\dvance 
pcr raund 
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Thc rclation bctwccn pen:entagc of advan.:c 
per roun~ and thc holc Jcpth at diffcrcnt 
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Maximum hurJcn V 

Fig 7. 

(MI 

The relation betwccn chargc concentration 
(~) and largest burden (V) at Jifferent 
ho1e diameters (0). 
As basic value is normally V=l.S useu.· 

Charge 
concentration lb 

(KG!Mj 

2.5 

2.0 

,u 

1.0 

0.1 

A] N!- .. 
V . 

B =0.1 8•1.2 8•1.& 

Fil 8. Thc relation between chargc conccntration (lb) 
and lar¡est hurden (V) at diífercnt width 
of opening. 
As basic value is normally V • B used. 
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M 1 L L 1 S E C O N D D E T O N A T O R S 

DELAY NUMBERS 

1 
3 
4 
5 
6 

DELAV TIMES 

25 MS 
7SMS 

100 MS 
125 MS 
150MS 

Shortcst delay time for a largc hole cut 
with 2 large holes of 76 mm. 

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

· aec~endations to achieve a aaximu• 
advaRce per round. 
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TUNNEL BLAST 1 NG · 

Calculation example 

Conditions: 

·-
Cross section 

Width 

Abutment height 

Height of arch 

Hole diameter 

Hole depth 

53 m2 

8.55 m 

4.65 m 

2.00 m 

45/102 mm 

3.9 m 

Smooth blasting to be carried out 
of the roof, using 17 mm GURIT. 

• • • 
•• • 

• • • 
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• • • 
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Ampliación 
lateral 

B. 1 

Túnel 
pilota 

Ampliación 
superior 

Ampliación 
lateral 

FIG 1.27 Túnel piloto y ampliaciones laterales y superior 

7.2.1.3 Cuñas iniciales 

En los socavones y túneles el frente de avance es la única cara de libera­

ción de la voladura. Es por este confinamiento de los barrenos cargados, 

que la carga específica es mayor en los túneles de pequeña sección y tún~ 

les pilotos que en los banqueos o en las excavaciones a cielo abierto. A· 

fin de dar mayor eficiencia a la voladura se produce una abertura a todo lo 

largo del avance previsto, creando así un espacio vacío que permite la ex 

pansiOn y fragmentación de la roca removida por las sucesivas etapas de 

la voladura. Es obvio que este espacio inicial no es suficiente para rae~ 

modar la expansión y movimiento de toda la roca de la voladura ;ompleta. 

~or tanto, la mayor parte de la roca se proyecta hacia la zona previamente 

excavada. El espacio producido inicialmente se ha denominaqo "cuña 11
• 

Los principales tipos de cuña son dos: la cuña de barrenos paralelos y la 

cuña en "V". Cada tipo de cuña tiene una variedad de diseños para ajusta!_ 

se á cada formación particular. 

La cuaa inicial es la parte m~s critica en el diseao de voladuras en tGneles. 

Es muy difícil determinar un tipo de cuña ini~ial que resulte el adecuado 

3.7.57 
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B.I 

para el terreno, por excav_ar sin haber efectuado aleunas voladuras previas. 

a) Cuña de barrenos paralelos o cuña quemada 

La cuña de barrenos paralelos consiste de uno o más barrenos vacíos y uno 

o más barrenos cargados, paralelos unos a otros, que son perforados en el 

centro del frente. y con la profu~didad del tramo de avance fijado. Las 

perforaciones que rodean la cuña están dispuestas en tal forma que se dis­

paran después de abierta la cuña. Es muy importante para lograr una frag­

mentación eficiente, que se mantenga el paralelismo de los barreno~ de la 

cuna. Una barrenación inapropiada puede dar lugar a la propagación entre 

los barrenos~ cercanos, destruyendo así la secuencia de detonación prevista 

y provocando zonas de fragmentación deficiente por exceso de confinamiento. 

La cuña quemada es empleada casi exclusivamerite en túneles de sección tras 

versal menor de 10 m2 y permite voladuras más profundas. En túneles redu­

cidos el espacio resulta pequeño para acomodar las má~uinas para perforar 

con cualquier ángulo, lo cual limita la longitud del tramo excavado emplea~ 

do cuñas en "V". 

La cuña quemada queda emplazada en la zona central del frente, pero no 

exactamente al centro sino que se va cambiando su posición en voladuras su 

cesivas para evitar que la perforación de la cuña se ejecute en la parte 

más fracturadA del frente. Ade.ás, la rotaeión del sitio de la cuña resul 

ta una medida de squrid.od, ya que, la ZONI da la cuña es el sitio don'de 

con más alta probabilidad pueden quedar explosivos sin disparar. El dise 

ño de la eaia •,==.d• depende de las caracter{sticas de la roca, del tipo 

de loa explosiva. napleados y del diámetro da loa barrenos. Toda roca tie 

ne un determiuado porcentaje de expansión que varta eon el tamaño de loa 

fragmentos producidos por la voladura. Por tanto, el diseño de la cuña qu~ 

,~ada debe t-r en cuenta un espaeio vacío para penaitir esta expansión. 
1 -
'-_"---. -vun 15 ~iento del área de influencia de los barrenc¡s que disparan en 

primer tér.iao ea el espacio mÍDiDD que ha resultado adecuado para una fraA 

mentacióa 1 desalojo apropiadoa. Este porcentaje varía de acuerdo con la 

'l 7 ~A 
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formación rocosa. 
.. -,. 

Sin e¡nbargo, a medida que el espacio' vacío proporcionado 

es mayor, mayor ··es también la probabilidad de que la voladura actúe eficien 

temente en la longitud total de las perforaciones. 

\ 

En una cuña con barrenos de 41.3 mm (lo/
1 

pulg) de diámetro con un área de 

·influencia de 225 cm2 (fig 1.28) si el espacio vacío está constituido por 

un barreno central (fig 1.28a) proporcion~rá úni~amente el 5.9 por cie~to 

para la expansión. Si con la misma área de influencia se dejan vacíos tres 

barrenos· (fig I.28b) el porcentaje para expansión será, entonces, de 17.8 

por ciento. La mayor longitud de los tramos de avance que se logran cuando 

se deja un espacio de expansión suficiente compensa con amplitud el tiempo 

invertido en·la perforación de los barrenos adicionales. 

Para lograr la remoción de la cuña en toda la longitud de la pertoración se 

recomienda cargar el tercio interior del barreno con la mitad de la carga 

total del barreno. Además para una adecuada expulsión_del material fragme~ 

tado, la columna de explosivos debe alcanzar casi hasta la·boca del barreno. 

) con menor densidad en la carga; 

(o) 
Ancho de cul\a 

e2 
( b) 

Acotaciones, en cm 
1,2 Secuencia de dispara 

FIG 1.28 Cuña quemada cuadrada: a) con un barreno vacfo central; ti) con 

tres barrenos vacíos 

d 'd d d 1 la m1' tad exterior del barreno se Si no se reduce la ens1 a e a carga en 

corre el riesgo de impedir la acción eficiente de la carga del interior para 

· 1 f d Cuando este error se comete.el avances! expulsar el mater1a ragmenta o. 

) lo se logra hasta donde la cuña es fragmentada y desalojada. 

, 7 ~Q 
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20 a 30 ~ 

1 

• 
o 

• 2 

o 

o 

o 
20 

• Barreno cargado 
O Barreno YOCIO 

Acotoc iones, en cm 

1,2,3 Secuencio de disparo 

FIG !.29 Algunos diagramas tfplcos de cuRas quemadas 

20 o 30 cm 

H 
• 

2 

• 
o 
o 
o 

• z 

o 

1,2 Secuencia de disparo 

e· Barrena cargado 

O Borre no vac lo 

FIG !.30 Barrenos de alivio inclinados o diagonales 

]..os barrenos de ·la cuña y los de al:i'.•,io se ca1·gar-. dejando, en genera"!, 30 cm 

p:n:-a el retacado. Los barren:~s rest-<~.ntes se retacan en un tramo de longi­

·¡.ucl igual al espaciamiento eP.~re los mismos. 
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e Barreno corqado 

O Barreno vacío 

F!G 1.31 Cuñas quemadas con barrenos vacfos de mayor diámetro 
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FIG I 32 D1stribuci6n tfpica de retardos en un frente de 3 por 3 m 

b) Cuña en V 

Este tipo de cuña es el ús utilizado en túneles ~~&yoru de 20 m2
, aunque re 

cientemente ha podido notarse una tendencia hacia la cuña paralela. 

La cuña en V es simétrica. Esto permite una mejor organización del trabajo 

en el frente respecto a los tipos de cuñas no simétricas. La cuña en V, 
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por otra. parte, no exige una barrenación tan perfecta como la e:uña paralela 

para lograr un avance razonable. El ángulo ai!nLno· reéOmendablil• ·par~ la cuña 

es de 60". Este· requisito limita el avance p'or tronada a·. la mitad del ancho 
~ del tGnel (fig 1.33). 

f--
1 
1 IV 1 
1 

------1 
1 
1 

1 

FIG I .33 Barrenos fncl fnados de la cuña en V 

La cuña puede estar formada por uno o más pares de barrenos en V perforados 

en planos paralelos. El número de estos pares de barrenos depende de la e~ 

truCtura o estratificación de la roca. Cuando el avance por tronada ea muy 

grande o en roca muy resistente cada V de barrenos se integra con uno o doa 

pares de barrenos de menor longitud. 

Todos los barrenos de la cuña en V deben dispararse simultane8111ente para o~ 

tener mejores resultados, particularment~ en roca muy resistente. 

E~ frentes muy grandes deben emplearse retardos mayores para lograr el des­

plazBIIIiento y la fragmentaci6n adecuadoa. 

7.2.1.4 Cálculo de la car1a 

El cálculo de cargas en túneles es menos sistemático que el de las voladuras 

de bancos a cielo abierto. Se emplea la infot'lllación teórica Y: experi-ntal 
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• de las voladuras de banco a cielo abierto, aplicando factores de aumento.de 

carga para ajustarla a la voladura en túneles. Este aumento ae debe el ma- -~ 

yo~~ confinamiento ·de las voladurae en túneles, de tal ma'nera que. a -medida 

que el fr_ente de ataque es menor, mayor es el confinamiento. Por tanto, a 

menores dimensio~es del túnel corresponde una mayor carga específica. 

A continuación se darán reglas para la estimación de los espaciamien_tos y de 

las cargas en las cuñas de barrenos paralelos. en las cuñas en V y en los ba 

rrenos que no pertenecen a la cuña. 

a) Barrenos que no pertenecen a la cuña 

En esta sección se supone que ya está abierta y expulsada la zona de la cuña 

y se tiene una cavidad de 1.40 por 1.40 m. Este es el espacio generalmente r!. 

querido en barrenos para el fracturamiento y expulsión de la roca hacia esa 

abertura. Si los barrenos son de diámetro mayor de J cm puede ser necesario 

aumentar las dimensi~nes de la cavidad a 2 por 2 m. 

En la fig 1.34 se presentAn gráficas que permiten calcular la distancia máxi 

ma que debe fijarse entre la cavidad y los barrenos según su diámetro. 

Todos los barrenos de la periferia, ya sean del piso, del techo y de los ha~ 

tíalea, deben orientaras de 1Unere que lleguen más allá del contorno (fig 1.35) 

y proporcionen ~pacio para la perforación de la voladura siguiente. 

Los principios de cálculo descritos en esta sección están basados en expe-
' 

riencia obtenida de casos·particulares. 

La fig 1.36 muestra el .alor de las cargas específicas que se utilizan .nor­

malmente en túneles en :uncida del áree de la sección trasversal de loa mi~ 

mos. Los valorea indicados en las fígs 1.36 y !.37 son valorea promedio; 

existen ejemplos de valorea qiM se desvian debido a la forma del túnel, co~ 

diciones de la roca 1 etc. 

A continuaci6n se dan recomendaciones para el diseño de las cargas y espa-
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FIG !.34 Relación entre abertura, 8, concentración de carga y bordo máxi 

mo, V 

ciamientos de los barrenos de cada una de las zonas del túnel que se seña­

lan en la fig 1.38. 

-Barrenos ayudantes con proyección horizontal o hacia arriba 

El bordo o distancia· entre los barrenos y la,cavidad central no debe ser ma 

yor que la mitad de la profundidad del barreno menos veinte centimetrc"- No 

deberá tomarse esta condición como base para el cálculo. 

El espaciamiento de los barrenos debe ser igual a 1.1 veces el bordo. 
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· FlG !.37 Número de barrenos en función del .1rea del frente 

Atturo • 
la bó.odo 

Alluro de 
~astiol 

lartenoa de So bÓVeda 

-+--4- aorreftOI ayudantes 

Borre~~os 6e Jo1 hostlolu 

~4--1---t-cftl 

L _ _IL_=f::==t-i-ContraQII\a -l;: !. _ 

L---------====f-8orranoa del pito 

FIG 1.38 Zonas de dlstribuci6n de los barrenos 

La carga de fondo ocupa el tercio inferior del barreno con la carga eapéc! 

fica de la tabla 1.12. · 

La concentración de la carga de columna en kg/m puede tomarse igual a la ~ 
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tmd de la ~oncentrsción de la earza de fondo. 

igual a la mitad del bordo. 

- ----~-'~--:~ 
~a zona de retaque debe ser 

j~~~ 
~~ 

.' 

TABLA !.12 Carga específica de fondo 

Diámetro de 1 as barrenos, 
en rrm 

Carga específica, 
en kg/m' 

: f! .. •. 
1 !:::-· 

30 1.1 
40 1.3 
50 1.5 

En la tabla I.l3 se.muestran los espaciamientos calculados de acuerdo con 

las cargas específicas de_ tondo nece5arias, considerando explosivos de 

volumétrico de l.J g/cm 1 y el diámetro de barrenos de la tabla 1.12. 
····-· 

TABLA 1.1;, Espaciamientos y bordos en función de los diámetros de los 
nos 

Diámetro de barreno, Are a por barre no, Bordo, Espaciamiento, 
ennn en m1 en m en 111 

32 /• 0.91' 0.90 1.00 -
35 - 1.00 0.95 1.05 

38 1.15 1.00 1.15 

45 .1.44 '1.15 1.25 

48 1.57 1.20 1.30* 

51 .... 1.71 1.25 1.35* 

* Estos espaciamientos son s6lo para tuneles de gran diámetro; en el caso de 
4reas menores su magnitud es menor como se muestra en las gráficas de la 
fig 1.34. 

Las concentraciones y cargas de fondo y de columna de la tabla 1.14 han sido 

calculadas a partir de las recomendaciones anteriores, en función del diám~ 

tro de loa barrenos. Estos datos han sido obtenidos de la practica e incl~ 

yen los errore• no'I'Wlales de perforación. 
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TABLA !.14 Cargas, 

yecci6n 

~/ 
,/1~ 

espaciamientos y bordos en_b~r~~nos ayudant~s con pro-
horizontal o hacia arriba - -----·--·-·J T~ 

Dic1metro Profund 1 Bordo Espacia Carga de fondo Carga de columna Zona de 
barreno. dad ba.:- m miento- retaque 

rrrn rreno, m m kg kg/m kg kg/m m 

33 1.6 0.60 0.70 0.60 1.10 0.30 0.40 0.30 
32 2 .. 4 0.90 1.00 O.BO 1.00 0.55 0.50 0.45 
31 3.2 0.90 0.95 1.00 0.95 0.85 0.50 0.45 
38 2.4 1.00 1.10 1.15 1.44 0.80 0.70 o.s(í) 
37 3.2 1.00 1.10 1.50 1.36 1.15 o. 70 0.50 
45 3.2 1.15 l. 25 2.25 2.03 1.50 1.00 0.55 
48 3.2 1.20 1.30 2.50 2.30 l. 70 1.15 o. 60 
48l 

. -, . . -~."""\ ( 3 ~OQ) '1)~4§:1 q_í0 -·- • 1... 

' 4.0 ·~ ; ~:3~ 1 2 .30) ''--º..:.~0 ~· -- ~-· 

51 3.2 l. 25 1.35 2.50 2.60 1.95 1.30 0 .. 60 
51 4.0 1.25 1.35 3 .40· 2.60 2.70 1.30 0.60 

-Barrenos de piso 

/ ¿1 bordo y el espaciamiento de estos barrenos debe calcularse del mismo modo 

que los barrenos ayudantes. Sin embargo, debe considerarse en el bordo una 

corrección ~ebido al emboquille de preparación para la voladura siguiente. 

Por ejemplo, con un bordo de 1.00 m y un margen para emboquille de 0.20 m, 

la segunda fila de barrenos del piso debe estar 0.80 m arriba de la entrada 

de los barrenos de la primera fila. La zona de retaque debe ser de 0.20 ve 

ces ·el bordo, es decir, mucho menor que en los barrenos ayudantes y la con­

centración de la carga de culumna se fijs hasta de un 70 por ciento de la 

·concentración de la carga de fondo. 

~n la tabla 1.15 se presentan las concentraciones-de carga de fondo y de co 
. -. 

:Lumna, el espaciamiento, el.bordo y la zona de retaque para distintos diáme 

tres de_barrenos. 

--ilarrenos ayudantes con proyección hacia abajo 

Deb.ido a. la ay ... ida de la gravedad, estos barrenos requieren una menor carga 

pecifica que los anteriores. La carga específica de 'fondo puede ser la 

de la tabla 1.16. 
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TABLA 1:15 · Cargas, espac i ami en tos y bordÓs en.J¡_ª-rrenos de piso. 

Diámetro Profund1 Bordo Espac1! Carga de fondo Carga decolumna Zona de 
barreno dad barre miento reta que m mm no, m m kg kg/m kg kg/m m 

33 1.6 0.60 0.70 0.60 1.10 0.70 0.75 0.10 
32 2.4 0.90 1.00 0.80 1.00 1.00 o. 70 0.20 
31 3.2 0.90 0.95 1.00 0.95 1.30 0.65 0.20 
38 2.4 1.00 1.10 1.15 1.44 1.40 1.00 ~ 
37 3.2 1.00 1.10 l. 50 1.36 1.80 0.95 0.20 
45 3.2 l. 15 l. 25 2.25 2.03 2.60 1.40 0.25 
48 3.2 1.20 1.30 2.50 2.30 3.00 l. 60 0.25 
·~ 

'1.2Ól íijg) r--, 
:2:3o} @ J.6o¿ ~ '\ 48\ \..~3 (3~.9 

/ - .:--

51 3.2 l. 25 l. 35 2.70 2.60 3.20 1.80 0.25 

51 4.0 l. 25 1.35 3.40 2.60 4.75 1.80 0.-25 

TABLA 1.16 Carga espec1fica de fondo 

Diimetro de los barrenos, Carga especTf1ca, 
en mm en kg/m' 

30 1.0 

40 1.2 
.. 50 1.4 

El espac~eato de estos barrenos puede aar da 1.2 veces el bordo. Las d~ 

más caractertaticas son las señalad .. para los otros barrenos ayudantes. 

En túneles de sección trasversal pequeña las cargas deberln aumentarse Y el 

bordo y el espaciamiento disminuirse de acuerdo con las funciones de las gr!' 

ficas que se presentan eo las figs 1.34, 1.36 y 1.37. 

( 

En la tabla 1.17 se presentan las cargas, bordos y espaciamientos de estos 

barrenos. Loa espaciamientos indicados son aplicables siempre que la con- f 1 . 
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centración de carga en el fondo alcance, asimino, el valor señalado. Si 

la concentración de cárga resulta menor, el espaciamiento deber& reducirse 

para obtener la carga especifica requerida. 

Los valores de espaciamientos-y bordos indicados en la tabla 1.17 pueden a~ 

mentarse, particularmente cuando la roca es fácil de excavar y cuando los 

túneles tienen un área de más de 70m2
• También es frecuente en estos casos 

utilizar los espaciamiento• eeñaladoa pero con menores concentraciones de 

carga. 

TABLA 1.17 Cargas, espaciamientos 
ci6n hacia abajo 

y bordos en barrenos ayudantes con proye~ ·--
• 

Oi~metro Profundi Bordo, Espacf! Carga de fondo Carga de columna Zona de 
barreno, dad barre m miento, reta que, 

rrm no, m m kg kg/m kg kg/m m 

33 1.6 0.60 0.70 0.60 1.10 0.30 0 .. 40 0.30 
32 2.4 0.90 1.10 0.80 1.00 0.55 0.50 0.45 
31 3.2 0.85 1.10 1.00 0.95 0.85 0.50 0.45 
38 2.4 1.00 1.20 1.15 1.44 0.80 0.70 '··O~ 
37 3.2 1.00 1.20 1.50 1.36 1.15 0.70 0.50 
45 3.2 1.15 1.40 2.25 2.03 1.50 1.25 0.55 

3.2 1..._20 1.45 2.50 2.30 1.70 1.15 0.60 1 48 

--~ C!:]) ~ (u~ 3~00) (z:Jo¡ ~ 
/.--... 

(~0~ ~5) 
"=' 

51 3.2 1.25 1.50 2.70 2.60 1.95 1.30 0.60 

51 4.0 1.25 1.50 3.40 2.60 2.70 1.30 0.60 
, 

-Barrenos da loa haatial .. 

_ Laa voladuru ele loa ba.tialu y ele la bóvecla cornapODCI- pol' lo e11111Gn al 

tipo oe volacluras denamiDado recOl'te o poscol'te peri.metral (iaciao 7.2.1.5~ 

En esta secci&n se tratan la. casoa que no aon volaelur .. de reCOl'te. 

El bordo, conaielerando el -.boquilla de preparaci&n para la voladul'a aiauie~ 

te, se toma igual a 0.90 vecea el bordo de los barrenos ayudantu. 
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d 

profundidad del barreno, en m 

carga específi-ca, en kg/m' 

diámetro del barreno, en llliii 

Qbk concentración de la carga de fondo, en kgim 

Qpk concentración de la carga de columna, en kg/m 

~ altura de la carga de fondo, en m 

h longitud del retaque, en m 
o 

E Distancia entre barrenos, en m 

- .. _·-

TABLA 1.19 Cargas, espaciamientos y bordos en barrenos de la bóveda 

Di~metro Profund 1 Bordo Espacia Carqa de fondo Carga de e o 1 u m na 
barreno dad barre m miento-

mm no, m m kg kg/m k9 kg/m 

33 1.6 0.55 0.65 0.30 1.10 0.35 0.35 

32 2.4 0.80 0.95 0.40 1.00 0.50 0.30 

31 3.2 0.80 0.95 0.50 0.95 o. 70 0.30 

38 2.4 0.90 1.10 0.60 1.44 0.70 0.45 

37 3.2 0.90 1.10 0.75 1.36 0.90 0.40 -
45 3.2 1.00 l. 20 1.10 2.03 1.30 0.60 

48 3.2 1.10 1.30 1.20 2.30 1.45 0.80 

@ 
-, 

1.i9l 
-·-··-

1~ ·iJ.~ ·ojo ( 4. o \ 1.30\ . 2Io_) 
'-----·· ·; -- ----~ --

51 3.2 1.15 1.40 1.40 2.60 1.70 0.80 

51 4.0 1.15 1.40 l. 70 2.60 2.25 0.80 

' 
-Barrenos ayudantes con proyección horizontal o hacia arriba 

d(mm) 

30 

40 

so 
~ 

q(kg/m1
) 

1.1 

. 1.3 

1.5 

. H/3 

H- 0.40m 
V < 2 1-

(ésta es una ~ondición y no es una base 
de cálculo) 
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Zona de 
re taque 

m 

0.30 
0.40 

0.40 

0.45 
0.45 

0.50 

0.55 

o~SS) 
0.60 

0.60 

( I. 4) 

1 
1 



-Barrenos de piso 

B.l 

h • 0.5 V 
o 

Las mismas caracteristicas de los anteriores, excepto 

h • O. 2 V 
o 

-Barrenos ayudantes con proyecci6n hacia abajo 

. ~ .. - ·-
(l. 5) 

(1.6) 

(1.7) 

(1.8) 

(I. 9) 

Las mismas caracteristicaa de los ayudantes con proyecci6n horizontal o hacia 

arriba, excepto 

E • 1.2 V 

-Barrenos de los hastiales 

Las mismas característicae de los anteriores, excepto 

V • 0.90 x (iordo de loa barrenos &Dteriores) 
• 

-Barrenos de 1~ b6veda 

Qpk- 0.40 Qblt 

hb • H/6 

Las mismas car-cteríaticas de loa anteriores, excepto 
i 

3.7.74 
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e) Cuñas de barrenos paralelos 
. - - '· 

' 

Debe calcularse. l,_a separaci6n entre el barreno vac!o central_y_ loa barrenos 

carg~.!,_ de la _cuña __ de mar:>era que el área del barreno vac;,í:,o sea de cuando 

menos un 15 por _de~t__o del __ ~;:_es_ de influellc.!!l de loa barren9L4• J!..~ñ_!l, 

su~ disparan_en primer t~rmin~ (inciso 7.2.1.3a, fig 1.31). La aeparaci6n 

asi calculada no debe rebasar la que se muestra en la tabla 1.20. 

TABLA l. 20 
-----. 

Separación entre los ~rrenos vacfos y cargados de la cuña de ba 
rrenos paralelos 

Di~metro del ba iJi~metro de los Bordo o separación Distancia entre 
rreno centra 1-;- barrenos.cargados, entre barrenos, centros, 

nm nm IT1TI nm 

57 32 40 85 

76 32 53 107 

76 45 53 113 

2 X 57* 32 80 125 

2 X 57* 45 80 131 

2 X 76* 32 106 160 

2 X 76* 45 106 167 

100 45 70 143 

)00 51 70 146 

! 125J " 51 88 176 

• Dos barrenos centrales. 

Las cargas que-se presentan en la tabla 1.21 son, en general, adecuadas para 

los barrenos más próximos al barreno central. 

-Los barrenos denominados de cont0~~uñ~L situados fuera de ~sta, son adapt~ 

dos al área de la secci6n trasversal del. tanel. 

La carga de los barrenos de la contracuña es muy elevada debido a su gran ·---- .. 
confinamiento. La fig 1.39 muestra la disposición de la contracuña para 
-···· .. 
una cuña de dos barrenos centrales. 
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TABLA I .21 Cargas asignadas a los barrenos má~_r~_ximo~ al central. 
., 

Diámetro de los barrenos Carga asignada DUmetro del barreno 
cargados, mm (kg/m) centra 1, mm -

32 0.25 de 57 a 2 X 76 
35 0.30 de 76 a 2 X 76 
38 0.36 de 76 a 2 X 76 
45 0.45 de 2 x 76 a 125 
j8 -º-~5§.. de 2 x 76 a 125 
51 0.55 de 2 x 76 a 125 

En la tabla 1.22 se presentan valores de cargas que han dado buenos result~ 

dos en barrenos de contracuña. 

' 

TABLA I .22 Valores empíricos de carga en barrenos de contracuña (A~udan\e~) ·-· ' ----. --~ 

Bordo o separación Carga de Carga 
entre barrenos fondo 

m kg 32 mm 

0.20 0.25 0.30 
-0.30 0.40 0.30 

0.40 0.50 0.35 

0,50 0.65 0.50 
0.60 0.80' o. 50 

0.70 0.90 0.50 

.,. loVI~\tuJ ~,., C.Ar~o.(tA<4)-::o.S'i. 

d) Cuña en V 

. 
de columna en kg/m para diámetros de 

los barrenos caQlados de : 
38 mm 45 mm 4!! mm 

0.45 0.60 0.75 
. 

0.45 0.60 'o. 75 . --
0.50 o. 70 0.80 

0.70 1.00 1.15 

o. 70 1.00' o:TS\ 
o. 70 1.00 1.15 

En esta seccion se proporcionan reglas generales para el c'lculo de cargas 

.ce -tsiderando una cuña de vértice interior de 60". Si este lingulo es menor 

1:. carga debe incrementarse, 

La dimensión V de la cuña (fig I.40) es funden de la cantídad de explosi­

vos que pueden cargarse eD_ loe barrenas con arreglo a su di'-etro. En la 
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Acotaciones ,en mm 

O Borre no voc {o 

e Barreno coroodo 

FIG 1.39 Cuna de dos barrenos centrales y c~ntracuna 

1--
1 

! 
1 •• 

1 V 

-----j 
1 

1 

1 
1 

FIG 1.40 ·cuna en V 

tabla 1.23 se proporcionan valores que pueden servir de orientación en la 

determinación de la dimensión y carga de la cuña en V. 

En cuñas en V la longitud de la carga de fondo debe ser de cuando menos un 

tercio de la profundidad del b~rreno. Le. carga de columna d2be ser igual 

a la mitad de la carga de fondo. La zona de retaque ~ebe ser un tercio de 

la dimensión V de la cuña, pero debe ser adaptada al espaciamiento de los 

barrenos de manera que no haya exceso de carga en la parte de la columna. 

3.7.77 
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TABLA r·.2J Dimensiones y cargas de la cuna en V· 

Di!metro de 1 os Altura de Bordo V Concentrac16n·de Número de filas 
barrenos la cu~a ( f1 g 1.34) la carga de fondo horizontales 

mm m m kg/m 

JO 1.5 l. O 0.9 3 
38 1.6 1.2 1.4 3 

45 1.8 1.5 2.0 3 
51 2.8 2.0 2.6 3 

La concentración de la carga de columna es igual al 40% de la concentración 

de la carga de fondo. 

El bordo o separación de barrenos no 9ebe ser superior e (Prof. berreno·0.40m).;2, 

lo que implica que en voladuras de poca profundidad la separación de barrenos 

es menor. 

Los barrenos de la contracuña se perforan inclinados (fig l. 35) para facili­

tar la remoción total hasta la profundidad de barrenación. 

Los barrenos de la cuña y de la contracuña deben iniciarse con estopines de 

milisegundos a fin de mejorar la ·interacción entre los barrenos. 

7.2.1.5 Poseerte perimetral 

El poseerte perimetral también llamado recorte convencional tiene por ob­

jeto proteger la superficie de roca alrededor de la voladura. 

Es·:e método consiste en la aplicacil5n de· concentraciones de carga reducidas 

y una mayor densidad de perforación para producir un agrietamiento menor en 
' 1• superficie perime~ral del túnel. Al disparar instantáneamente o con un 

retardo m!nimo entre barrenos se obtiene una acción cortante perimetral que 

desprende el. bordo final con un daño reducido de las paredes (fi& 1.41). 

Estos barrenos ae cHaparen deapuú de loa barrenos de . pieo para asegurar 

3.7.78 
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FIG 1.41 Disttibuci6n tlpica de retardos en un tdnel 

que la roca fragmentada ya ha sido desplazada, ofreciéndoles un espacio de 

alivio suficiente; Este alivio permite una voladura del bordo final con un 

sacudimiento m!nimo. 

En la tabla (.24 se proporcionan valores prácticos recomendados da espaci.!!. 

mientes, bordos y concentraciones de carga promedio para dos diámetros 'de 

barreno, utilizando,explosivos de 1.2 a 1.3 g/cm 1 de peso volumétrico. 

TABLA 1.24 Poscorte perimetral 

Diámetro barreno Espaciamiento Bordo Concentración total 
de carga ~~ el barreno 

11111 m m ka. m 

3tl - 45 0.60 0.90 0.18- 0.38 

!.s1) f7s1 (ú5) nt:i8-:-o. 38) 
....... ; .. 

1 ó /-o 
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Los cartuchos largos .de diámetro pequeño de explosivos de b.aja densidad, 

permiten una distribución adecuada de la catga a lo largo d~l barréno •. Los 

cartuchos de 20'·cm de longitud se han emplP.ado con ~xito en voladuras de 

poseerte perimetral utilizando espaciadores entre cartuchos para redu~ir 

· la carga total en kg/m¡ sin embargo, este procedimiento da como resultado 

concen~raciones de carga relativamente altas en distintos puntos. 

7.2.1.6 Precorte 

En el precorte los barrenos de contorno se disparan antes de efectuar la 

voladura propiamente dicha. El precorte produce una grieta entre los ba­

rrenos de contorno. Esta grieta evita que las ondas de choque de la vol~ 

dura principal se trasmitan en toda su intensidad hacia lapared terminada 

y minimiza la profundid;¡d de la fragmentación en la. roca. Como los barr.!_ 

nos est~n muy próximos entre sí, las_ grietas se forman siguie~do las lí­

neas de barrenos, y los mismos barrenos constituyen el inicio del agriet.!. 
, 

miento. Esto significa que la inclusión de barrenos vac~os entre los caE 

gados, puede mejorar los resultados. 

En la tabla 1.25 se indican algunas cargas y espaciamientos en función del 

di,metro de los barrenos. 

Si no existen limitaciones en las vibraciones del terreno'se utiliza el 

encendido instantáneo¡ por lo contrario, si es necesario limitar la magni 

tud de las vibracioaes del terreno se utilizan mícroretardos. La form~ 

ción de grietas resulta menos eficiente que con la iniciación instantánea, 

a menos que se reduzca el espacio entre barrenos. Si el tiempo de retardo 

es muy graada. DO se loara el precorte. 

TABLA. 1. 25 ·. Precorte 
uumetro del barreno Espac1am1ento · Concentrac1on de carga 

11111 m k~/m 

25 - 32 o. 20 - o:3o 0.08 
25 - 32 0.35 - 0.60 0.18 

40 - 0.35 0.50 0.18 -
51 0.40 - 0.50 0.36 
64 0.60 - 0.80 0.38 
~ 

3.7.80 
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