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SU EVALUACION SINCERA NOS
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éQué le parecid el ambiente en la Divisidn de Educacidn Continua?
. ,

‘MUY AGRADABLE . - - °~ AGRADABLE .. DESAGRADABLE

‘
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) )
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.:)/ \
2.- Medio de comunicacidn por el que se enterd del curso:
PERIODICO EXCELSIOR ' PERIODICO NOVEDADES
ANUNCIO TITULADO DI ANUNCIO TITULADO DI _
. = ; : = L DEL C
VISION DE EDUCACION VISION DE EDUCACION . ' OnieTO DEL CURSO
CONTINUA A CONTINUA . A
CARTEL MENSUAL - © RADIO UNIVERSIDAD COMUNICACION CARTA, -
ST , S . . TELEFONO, VERBAL,
' ' - ) _ETC. ~ o
! @ | - y‘. ‘ z ] | |
REVISTAS TECNICAS  FOLLETO ANUAL CARTELERA UNEM "LOS  GACETA

AN
-

3.~ Medio de transporte utilizado para venir al Palacio de Mineria:

AUTOMOVIL, _ METRO = . . . OTRO MEDIO

PARTICULAR

iQué cambios haria en el programa para tratar de perfeccionar el curso?

™

N

B . . . i i
éRecomendaria el curso a otras personas?, ST - ' INO

B

ﬁ\r?f
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5.a.

&gue‘ periddico lee con mayor frecuencia?’:.




6.- iéQué cursos le gustaria gque ofreciera la Divisién de Educacifn Continua?

N

7.- La coordinacibn académica fud: )
EXCELENTE . BUENA . REGULAR ' MaLA
\ ' _/
' ™
8.- Sl esti 1nteresado en tomar algun curso IN ENSIVQ éCuil es el horario més
conveniente para usted° : '
‘LUNES A VIERNES ) LUNES ﬁ t LUNES A MIERCOLES ) MARTES Y JUEVES
DE 9 a 13 H. ¥ . VIERNES DE Y VIERNES DE DE 18 A 21 H.
DE 14 A. 18 H. 17 a 21 H. 18 A 21 H. .

(CON COMIDAD)

%U

_VIERNES DE 17 A 21 H.. °  OIRO

,""*”SABADOS DE.Q A 13/H.

. DE 14218 H.

-

\.

N (ﬁ"

9,.- <iQué servicios adicionales desearia que tuviese la Divisién de qucac1on

)

Continua, para los a51stentes°

10.~ Otras :sugerencias:
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USO DE EXPLOSIVOS EN ROCA

ANTECEDENTES : '

El uso de los explosivos es mis una técnica que un arte.
Hasta ahora el mé&todo mds econdmico para fragmentar la roca
es mediante el uso de explosivos.

La teoria estd soportada por la practica, de tal manera que
el disefio de voladuras se realiza mds por la relacidn entre
parametros que mediante fdrmulas tedricas, por ejemplo: la
relacién entre el didmetro y el bordo. Es necesario coﬁpren-
der cbmo trabaja el explosivo en la’roca, para-lo cual se re-

quiere del conocimiento de las propiedades de los dos elemen-

tos, £a noca y Los explosivos .

EN RELACION A LA ROCA SE PUEDE DECIR LO SIGUIENTE:

"Calidad

Tenemos una gran variedad en la calidad de los macizos rocosos
en funcidén de su estructura y resistencia (caracterizacidn del
macizo hocoso). Este término de calidad involucra muchas propie-
dades del macizo rocozo, por ejemplo: veélocidad de transmisién
de ondas de compresidén P, resistencia en compresidn simple,
densidad, dureza, anisotropia, homogeneidad, flujo de agua,
temperatura y estado de esfuerzos interno, son algunas de las
propiedades mds importantes de las rocas para su utilizacidn

en el disefioc de voladuras.

Mecanismo de fragmentacidn

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

presidn simple es mucho mayor gue la resistencia en tensién,



cortante o flexidn (del orden de 10 veces para tensidn y cor-

- tante y 4.5 veces para flexidn).

De acuerdo con lo anterior, los mecanismos de fragmentacidn
estdn disefiados para #omper £a noca pon fensibn, conte y flexién mis

que por compresidn.

Cuando existe una cara libre se produce el fendmeno de refle-
xién y refraccidén de las ondas de choque de compresidn o pri-
marias P, creandose vibraciones de alta frecuencia (150 a-

200 c¢.p.s.) que din lugar a. impactos de tensidn intermitentes
por razdn de la fuerza centrifuga hasta que estas fuerzas de
inercia vencen la .résistencia a la tensidn de la roca y enton-
ces se preoduce el desprendimiento de fragmentos de‘rbca a par-
tir de la periferie hacia el centro. '

Por otro lado, las fracturas de tensidn en el cilindro de pared
gruesa avanzan y los gaées penetran en ellas produciéndo el
desplazamiento de los fragmentos de roca. También se produce
un efecto -combinado,. semejante aruna viga con un apoyo empo-
trado.y otro libre bajo la carga de presidn producida por el

explosivo.
EN RELACION AL EXPLOSIVQ SE TIENE LO SIGUIENTE:

Que la generacidn de la explosidn o voladura ocurre por oxida-
cidn o reduccidn de combustible a alta presidn. Durante esta
reaccibén se producen temperaturas de 5000°C y gases a presiones

muy altas que varian entre 15 000 y 150 000 kg/cm?.:

Esta presidn se produce silbitamente en forma de impacto, pro-

- pagdndose las ondas de chogue a velocidades entre 2000 y

7000 m/seg.



S

" El trabajo realizado por 1 kg de TOVEX es de 580 ton-m/segq,
o sea, gue puede levantar 1 ton a una altura de 580 m en un
segundo, equivalente a 5800 KW y 100 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 bdsicos: carbdn, hidré-
genco, nitrdgeno y oxigeno.

L.
Otros compuestos con elementos tales como sodio, aluminio y

calcio, se incluyen para producir ciertos efectos deseados.

Como reqgla genéral estos componentes deben dar un balance de

oxigeno correcto.

Esto significa que durante la reaccidén todo el oxigeno aispo-
nible en la mezcla reaccione solamente para formar vapor de
agua (H20) y que con el carbdn reaccione para formar dnicamen-
‘te bidxido de carbono (CO:2) en forma de gas y el nitrdgeno .
quede libre formando sblo 'gas nitrdgeno (N).

Cuando hay otros elementos ademds de los cuatro basicos, por
ejemplo sodio, deberd incluirse suficiente oxigeno adicional

para lograr una combinacidn balanceada.

Cuando hay exceso de oxigeno disponible, se producen gases
altamente venenosos, como los gases nitrosos NO o NO, (6xidos
de nitrbgeno). Estos gases son facilmente detectables por su

1

olor y color café-rojizo.

Por otro lado, si estamos en defecto de oxigeno, se forma el
mortal gés mondxido de carbono (CO), el cual desafortunada-

mente no es detectado por olor ni color.



Ademds de la formacidn de gases venenosos por exceso o defi-

ciencia de oxigeno, se produce una disminucidén de temperatura

con una consecuente reduccidn en la presidn de los gases pro-

ducidos.

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

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

tenemos:

1. Oxigeno balanceado

3NH,NO; + CH, 7H,) + CO2 + 3N
3(80) + 14 ‘ ‘

240 14
254 254

nitrato de amonio + aceite combustible (diesel)

= 94,5% ; = 5.5% = 0.94 K cal/gr

Oxigeno en exceso {positivo)

SNH4NO3 + CH; 11H,0 + C0O,; + 4N, + 2NO
96.6% = 3.4% + 0.61 K cal/gr

Ademds de gue se produce menos temperatura y presidén se

produce gas nitroso (NO), gue es un gas venenoso.

Oxigeno deficiente (negativo)

2NH,NO; + CH; » 5H,0 + 2N, + CO
92% 8% - 0.82 K cal/gr

Se tiene menor temperatura y presidn y se produce mondxido

de carbono (CO) que es mortal.



La reaccidén quimica mis eficiente para el -ANFO es 94% de

nitrato de amonio y 6% de aceite combustible diesel.

Se pueden producir otros agentes explosivos mas potentes,
por ejemplo utilizando aluminio:

3NH,NO3; + 2A% - 6H20 + AL:20; + 3N,
240 2(27)
81.5% 18.5% +~ 1.5 K cal/gr

La desventaja de este compuesto para uso comercial es su

alto costo. Se usa sblo para explosivos militares.
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CLASIFICACION DE LOS EXPLOSIVOS
Los ingredientes usados en la fabricacidn de explosivos se
definen como: explosivos bases, oxidantes, antidcidos y ab-

sorbentes.

Un explosivo base es un sdlido o liquido que bajo la accidn

de suficiente calor o impacto se transforma en un producto
gaseoso con acompanamiento de energia calorifica. Los combus-
tibles y oxidantes se agregan para lograr el balance del oxi-

geno.

Un antifcido se agrega para incrementar la estabilidad en

almacenaje y un absorbente se agrega para absorber o proteger

los explisvos bases.

Un agente explosivo es cualquier material o mezcla compuesto

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

sus ingredientes sea explosivo base,

En este caso la mezcla ANFO no puede ser detonada por un
estopin No. 8, que contiene 2 gr. de una mezcla de 80% de

fulminato de mercurio y 20% de clorato de potasio.

El ANFO tiene baja resistencia al agua y deflagrante.

La adicidn de un ingrediente explosivo como el TNT, cambia

la clasificacidn de la mezcla de agente explosivo a explosivo.

Los agentes explosivos pueden ser clasificados como -~agentes
explosivos secos- o -agentes explosivos "slurry"-. EL ANFO

(agente explosivo seco) se inicid en 1950, ‘ i



Hidrogeles

Los hidrogeles son los explosivos mé&s .recientemente desarro-
llados y actualmente son los mids utilizados. Se fabrican en

formulaciones tanto de agentes explosivos como de explosivos.

Contienen alta proporcidn de nitrato de amonio, parte del
cual estd en solucidn acuosa y dependiendo del resto de los
ingredientes, puede ser clasificado como agente explosivo o

~

" explosivo. -
Los agentes explosivos contienen ingredientes no sensibiliza-
dores, como aceite combustible, carbdn, azufre o aluminio, Yy
no constituyen cdpsulas-sensitivas, mientras que los explosi-
vos hidrogeles siI contienen ingredientes como TNT que los
transforma en capsulas-sensitivas, el TNT sb6lo es una cépsula-
sensitiva. Las mezclas del nitrato de amonio y los aceites o
los sensibilizadores se espesan o gelﬁtifican_con gomas para

proporcionar resistencia al agua.

Los hidrogeles son méas seguros y no detonan afin barrenando
sobre ellos, lo cual no sucede con las gelatinas.

Dinamita pura

La dinamita pura estd compuesta por: nitroglicerina (NG) ¥y
silice (Si0;) en proporcidn 50% (NG} y 50% (SiO;) hasta
25% (NG) y 75% (Si0O:) (Kieselgur o tierra de diatomeas o
infusorios). Normalmente se fabrica en 20 a 60% (NG) y

40 a 80% (NS + C, donde NS = Nitrostarch.



TABLA 1 INGREDIENTES USADOS EN LOS EXPLOSIVOS
INGREDIENTE FORMULA FUNCICN
Nitroglicerina (NG) C3H; (NO3) s Explosivo base
Trinitrotolueno (TNT) | CgH,CH3{(NO;);s | Idem
Dinitrotuleono (DNT) CoN,0O4Hg Idem
Glicol de etileno : '
dinitratoc (EGDN) C:H,y (NO3) » Idem, anticongelante

Nitrocelulosa
Nitrato de
Clorato de
Perclorato
Nitrato de

amonio (NA)
potasio’

de potasio
sodio (SN)

Nitrato de potasio

Pulpa de madera

Aceite combustible
Parafina
Aceite para lampara

Gis

Oxido de zinc
Aluminio (metal)
Magnesio (metal)
Kieselgur

Oxigeno ligquido
Azufre
Sal

Compuestos organicos
nitrosos

CgH7 (NO3) 302
NH4NO 3
KCIO;
KCR0,
NaNO;

KNO;
CgHip Os

CH,
CH,

C
CaCos;

Zin0
AL
Mg
510,

02

NaC®

Idem; gelatilizante
Idem + oxidante
Idem + oxidante
Idem + oxidante

Oxidante, reduce
congelacidn

Oxidante

Absorbente, combus-

tible
Combustible
Idem

Idem

Antidcido-estabili-
zador

Idem -
Cataiizador
Catalizador

Absorbente anti-cake
diatomeas o
infusorios

Oxidante
Combustible.

Anti-inflamante

Explosivo base,
sensibilizadores,
anticake




TABLA 2 ENERGIA CALORIFICA (Q) PARA ALGUNOS EXPLOSIVOS

EXPLOSIVO DENSIDAD Q. (cal/qgr)
Nitroglicerina (NG) 1.6 1420
PETN . IR ' |
Pentaeritritetetranitrato 1.6 1400
RDX o 1.6 ~ 1320
Compuesto B | 1.6 ' : 11490
Tetril _ 1.6 . - - 1010
NG, Gelatina 40% 1.5 B20
Slurry (TNT-AN-H,O0) '

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 | \ . 1.2 1200
Semigelatina : 1.2 - ‘ 940
Dinamita extra 60% 1.2 ' 880
Amatol, 50/50 . 1.1 890
RDX _ 1.0 1280
DNT | ' 1.0 960
TNT-AN (50-50) 1.0 - 900
™wr | 1.0 870
ANFO (94-6) . ' 0.9 890
AN | | 0.8 350
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"Pblvora negra

Es el exp1051vo comercial mads antiguo. Originalmente era una
mezcla de nitrato de potasio, carbon vegetal y azufre; ahora

se usa nitrato de sodio en lugar del nitrato de pota51o;

+

Composisidn: Nitrato de potasio 75%
Carbdn vegetal - 15%
Azufre 7 A '10% ' : r’

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

centaje aumentando el carbon y el azufre.

Tiene propiedades indeseables para su-uso, razdn 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 canteras.
VELOCIDAD DE DETONACION

La propiedad sola mids importante a considerar al evaluar la
potencia de un explosivo es su velocidad sdnica y puede ser

confinada o nc confinada.

La velocidad de detonacidn confinada es una medida de la velo-
cidad con que viaja las ondas de compresidn a través de una

. columna de explosivo dentro de un barreno u otro espacio con-
finado, mientras gque la veloc1dad no confinada se obtiene

cuando se detona el explisvo a cielo abierto.

10
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Como los explosivos se usan con cierto grado de confinamiento,
es mds significativa la velocidad confinada.

La velocidad de detonacidén confinada en los explosivos comer-
ciales varia entre 5000 y 25 000 pies/segq.

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

velocidad confinada.

PRESION DE DETONACIOﬁ

La presién de detonacidn es una funcidn de. la velocidad de
detonacidn y de la densidad del explosivo. Usualmente‘no se
"menciona como una propiedad, pero es muy'impoftante en la
seleccidn del explosivo. Cuando se tiene una cara libre se
producen esfuerzos por impuléo que son reflejados en lé roca
y son parte importante ‘del mecanismo de rotura o de fragmen-

tacidn.

La relacidn entre la velocidad de detonacidn, la densidad y
la presién de detonacién es compleja. La siguiente expresidn
es una de las aproximaciones obtenidas:

_ 4.18 x°1077 p¢?
1 + 0.8D

en donde:

P presidn de detonacidn, en Kbar
1 Kbar = 14 504 1lb/pulg?
D densidad

c velocidad de detonacidn, en pies/seg

11
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Hay que distinguir entre presién de detonacidn y presidn de

ignicidn o de explosidbn.

La presidn de ignicidn o explosidn es la que produce el cho-
que o impacto y tiene un valor del doble de la presidn de

detonacidn. . Esta presidn de choqﬁe o ignicidn se caracteri-
za por una onda muy puntiaguda frente a la cual toda la mate-

ria es ionizada y pulverizada.

1.- ANFO-94/6 Granulado
2.- ANF0O-94/6 Fino
3.- AN-Dinamita 60% "'f,' 14 -
4.- NG-Dinamita 60% Lo I
* 5.~ TNT-AN-H 0-20/65/15
6.- AN-GELATINA, 75% §§
' o . .
o i
-~ .
- ]
=z .
. 9 .
o
e )
wl l
« : o
o L
O .. 0.5 i mS-
TiemMPo

CURVAS DE PRESION CALCULADA BAJO CONFINAMIENTO PERFECTO
CALIDAD DE GASES

La detonacién ideal de los explosivos comerciales es que
deben producir vapor de agua, bidéxido de carbono y nitrdgeno.
Sin embargo, gases venenosos como el mondxido de carbono y

&xidos de nitrdgeno (gases nitrosos), se forman muchas veces.
En excavaciones a cielo abierto los gases venenosos no son

importantes, por el contrario, en excavaciones subterrineas

hay que tener cuidado con ellos. E

12



13
' CRITERIOS PARA SELECCION DE UN EXPLOSIVO

Para cada sitio habrd un explosivo que proporcione los mejo-
res resultados. ' p
La seleccidn del tipo mds adecuado estd en funcidn de las

. ' . \ '
propiedades geomecanicas de la roca, como son: estructura,
dureza, densidad, resistencia, humedad, ventilacidn, etc., y

de la fragmentaciéﬂ obtenida: altura y proyeccidn del banco.

En rocas duras y densas, como la Taconita y los Granitos, un
bl : .

explosivo de alta velocidad tendra buenos resultados; sin

embargo, posiblemente el ANFO también diera buen resultado y

es mis econdmico.

En rocas blandas: deben usarse explosivos de bajas velocidades,

por ejemplo: caliches y basaltos vesiculares.
En general, la velocidad de detonacidn debe ser igual a la

‘velocidad sdénica del macizo rocoso (velocidad de las ondas P

de compresidn o primarias).

13



PROPIEDADES DE DINAMITAS PURAS' DE NITROGLICERINA

PORCIENTOC DENSIDAD VELOCIDAD RESISTENCIA | CALIDAD
EN PESO CONFINADA DEL AGUA DE GASES
pies/seg .
60 1. 19,000 Buena Pobre
50 . 17,000 Regular Pobre
.40 . 14,000 Regular - Pobre
' 30 . 11,000 Pobre Pobre
20 9,000 Pobre Pobre

COMPOSICION DE LAS DINAMITAS PURAS DE NITROGLICERINA

COMPONENTES. | PORCENTAJE EN PESO
: | 20 |30 40 50 60
Nitroglicerina 20.2 29.0 39.0 49.0 56.8
Nitrato de sodio 59.3 ' 53.3 45.5 34.4 22.6
Aceite vegetal. 15.4 13.7 13.8 14.6 18.2
Azufre 2.9 2.0 - - -
Antidcido 1.3 1:0 . .2
Humedad 0.9 1.0 . . .2

14



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

' COMPONENTES, PORCENTAJE EN PESO

20 30 40 50 60
Nitroglicerina . 12,0 12.6 16.5 16.7 22.5
Nitrato de sodio 57.3 46.2 37.5 | 25.1 15.2
Nitrato de amonio| '11.8 25.1 31.4 43.1 50.3
Aceite vegetal 10.2 8.8 9.2 | 10.0 | .8.6
Azufre ‘ 6.7 5.4 3.6 3.4 .1.6
Anti&cido 1.2 1.1 1.1 0.8 1.1
Humedad 0.8 0.8 0.7 | - 0.9 0.7
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Yovexr 100 . es un hidrogel (explosivo
licuado) de didmetro pequeiio, sensible
_ alfulminante, disefiado para usos tanto
subterrdneo (excepto minas de carbén)
como a cielo abierto en barrenos desde
25 mm (1) hasta, 5O mm (2") de
diametro. Excelente para plasteos y
moneos.
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Cabando un cartucho de TOVEX

propiedades v
especificaciones

COMPORTAMIENTO: Adecuada
densidad, velocidad y alta energia.
CUENTA DE CARTUCHQOS:

Los cartuchos son de 203 mm (8")
de longitud. Optativamente ‘
pueden ordenarse también en 305 y -
406 mm (12" y 16”). Se empacan en

* cajas de cartdn de alta resistencia con

25 kgs. netos.



NUMERC DE CARTUCHOS POR CAJA DE 25 KGS.

LONGITUD DE CARTUCHO
DIAMETRO
203 mm (8") 305 mm (12")* 406 mm (16"}
25 mm. (1) - 209 139 ~ - 105
29 mm. (1 1/8") 165 1o 83
32 mm. (1 1/4") 137 90 68
L) .LD 'm q
Gases tdxicos: Minimos, clase | ve nTOIOSZ ot epiatee

Requisitos de cebado:

Un fulminonte ordinario No. 6. Por las
caracteristicas de ruptura del material
de la envoltura, pora introducir el
detonador dentro del cartucho, se
recomienda hacer la perforacién enun
extremo frontal junto al cierre
metdlico. No se recomienda perforar
lateralmente el cartucho. Es
indispensable asegurar que en el
manejo del cortucho cebado, e
detonador no se salga del cartucho.

" Densidad: 1.10 gms/ec.

Energio

4 Tovex™ 100

Onamita Extra 40%

L0 Ornemia Gelating 40%

Dinamita Semigelatina

i 1 -
0 02 04 06 08 10
ENERGIA [CALG x 109)

Velocidad
DIAMETRO M/SEG | PIES/SEG
32mm (1 /49| 4050 | 13300

Resistencia al agua: Excelente. Sin envoltura,
sumergido en agua, mantiene sus dplimas
velocidad y energio.

‘Cargado: TOVEX 100 es sensiblea
la capsula. Se ceba y se carga de
manera similar a las dinamitas. Su
habilidad de compactacién
proporciona el maximo
acoplamiento al barreno y la
maxima densidad de carga. Basta
un leve empuje del atacador para
Henar el barreno.

2. Plasteo y Moneo: Superiormente
efectivo para ambas operaciones.
Excelentes plasticidad y .-
adherencia.

3. Gases Toxicos y Humos:
Minimos, clase 1.

4. Propagacion Entre Barrenos:

Los hidrogeles TOVEX estan

*“disefiados para minimizar la-
propagacion entre barrenos. Todo

| -sistema de retardo para aumentar

. -la fragmentacién y para reducir la
vibracién funcionaré
apropiadamente.

Esras mlormaciones y sugeransns as1in bosodos en iy svrerencia ne Do
e perducias aanlaswns seign
suhCiente conocimientd 16cnda parn (der aprecanr o f23gn aua ocampafn w et Le
garonhza resuliodes favarables moosuma reyponsabilidod algung por cuanta a e ntece sty s e « s

del serico @ sus consenudaens Sa crotunnne o -

Prt S.A 700
T I

sereeanie) Do Prnt no

T 3tracanénms oarte
3 porgsnns 2<n el

UL T

Esto informacion no 3= oliera cama qetvrgacion ©rn sar 0 volor cuthjuier patente gagtema

OU PONT, 5.A. DE C.V. CEPARTAMINTO DE EXPLOSIVOS

HOMERQ No 206 MEXICO S, D.F. TEL: 250.90-33



Tovess-700 es un hidrogel (explosivo
licuado) sensible al fulminante. Su
disefo estd particularmente dirigido
para los didmetros de barrenacién
intermedios desde 50 mm (2} hosta
150 mm (6"). De gran versatilidad,
tiene las caracteristicas y propiedades

requeridas paratodo tipo de voladuras
de roca y mineral de dura @ mediana’
dureza en minas subterrdneas, tajos
abiertos, canteras y construccidén en
general. Muy eficaz en plasteos, con
superior plasticidad, consistencia y
adherencia.

propiedades y
especificaciones

Densidad: 1.18 gms./cc.

Energia:

P T Sy T T AL TR e Tovaa® 700

B R LT B

i 1

Dinainita Extra 60% ¢
[T IR T Gelamax

PR TR ERAY Gelating 0%

eid el FRNEES G TR S S | il i L J

0 02 04 08 08 1.0 2 14

ENERGIA ICALACC X 109

Velocidad: 4800 m/seg (15750 p/seg)
Gases Toxicos: Minimos (Close 1}

. Resistencia al Agua: Excelente
Cuenta de Cartuchos:

Nim de Cartuchos
por caia de 25 Kgs.

Diém. del Cartucho

mm. plgs.
44 13/4 32
S0 2 24
- 64 21/2 17

76 3 11

La'longitud de los cartuchos es de
406 mm (16 plgs.)

requisitos de cebado:

Un fulminante ordinario No. 6 (Una vuelta y un

nudo de Primacord*® Reforzado de 50 granos,

equivalen para el caso con este producto o un .
fulminante No. 6) ”

almacenamiento

y transporte: -

TOVEX* 700 es compatibla con los altos explosi-
vos (dinamitas y agentes explosivos). Es incompa-
tible con fos accesorios detonadores (fulminantes,
estopines, etc.) En condiciones adecuadas de ‘dl-

- macenamiento, polvorines secos, frescos v bien

ventilados, puede conservarse durante 1 afio.

USO:

TOVEX* 700 es sensible al fulminante, Para ini-
ciarse no necesita ser cebado. Es un extraordina-
rio producto como carga de fondo, carga de
columna, como cebo iniciador de otros explosivos
o agentes explosivos y como explosivo para plas-
teos.

18
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ventajas:

. Sensuble al fulmmanie. No requnere cebo

suplementario.

. Versatilidad. Adecuado para uso en barre-

naciones de didmetro intermedio {desde S0
mm hosta 150 mm) en cperaciones subterrd-
neas y de superficie. Excelente para plasteo.

. Carga. La variedad de didmetro en que es

obtenible permite gran.flexibilidad al disefio
de voladuras y ol cargado de barrenos.

Gases téxicos.- Minima produccién de gases
toxicos y humo.

Seguridad incrementada. Menos sensibili-
dod al impacto, af golpe y al fuego.

Resistencia al Agua. Excelente. Superior o
la de los explosivos tradicionales.

Propagaciéon entre Barrenos. Esté disefiado
para minimizar la propagacién entre barre-
nos en plantillas normales; por lo 1anto, todo
disefic de retardos con el fin de mejorar lo

" fragmentacién y de reducir la vibrocién, fun-

cionard mds apropiadamente,

Estas informaciones y sugerencias estan basadas en la experiencia de Du Pent, 5.A, de C.V. y se ofrecen como parte del
servicio a sus consumidores. Se presupone que los productos explosivos serén ysados por personas can el sulicients
coneximiento Iécnico pora poder aprecior el riesgo que acompaia su uso. La compofia Du Pant no garontiza resvliodos’
fovorables ni asume responsabilidod alguna por cvanio o la interpretocidn de sus suge-enc-os Evg mfcrmot:lén no s&
ofrece como autorizocidn pare usar o violar cualquier palene exstente, :

DU PONT, S.A. DE C.V. DEPARTAMENTO DE EXPLOSIVOS
HOMERO 206 MEXICO 5, D.F. TEL: 250-90-33 -
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Super Mexamon* D reune las
caracteristicas principales de los
Agentes Explosivos: seguridad,
economia y la eliminacién de los
malestares fisicos producidos por las
Dinamitas. Conjunta las

. propiedades principales de trabajo
de los altos explosivos potencia y
velocidad, pero con dos ventajas:
baja densidad, que permite ahorros
substanciales y resultados
superiores, al hacer posible la meior
distribucién de la carga explosivaen
el barreno. Ademds, un minimo de
gases tdxicos que lo hace indicado
para uso subterrdneo.

PROPIEDADES

Potencia: eguivalente a Dinamita Extra 65%
Densidcd vaciado en el barreno: 0.65 gms.fe.c.
Densidad soplade neumdticemente: 0.75
gms.fc.c. (@ 4.20 Kg./em? & 60 tbs./pulg.?)
Velocidad: 3,800 mts.fseg. {12,500 pies/seg.)

© Qprox. ’
Usos

Super Mexamon* D proporciona buena
fragmentacion en roca de mediona dureza.

Super Mexamon* D estd disefiado pora uso en minas
bajo tierre. Fluye perfectamente con cargadores
neumdticos y se compacta perfectamente ain en
barrenaciones de contro-pozo.

Super Mexamon* D es del todo recomendable pora
ser empleado a cielo obierto. Fluye con toda
facilidad en barrenos inclinados.

VENTAJAS

1. Versatilidad: Super Mexamon* D puede usarse
“tanto en mincs baio tierra como en operociones @
cielo abierto.

~

2. “otencia: Lo velocidod de Super Mexamon* Dy
la energia que desarrolla por su gran volimen de
gases de expansidn lo equiparan en potencia o lo
Dinamita Extra 65% . .

3. Dislribucidn de lo carga: Super Mexomon* D

por su baja densidad permite la mejor distribucidn

de! explosivo en el barreno y en consecuencia, una
mejor fragmentacion.

‘la requiore mezcias adicionales: Super
Mexamon™ D es un Agente Explosivo
cvidadosamente formylado e integrolmente
elaborado, listo para cargarse directamente de la
bolsa, tal como se empaca. Resultodo: economig, no .
hay desperdicio.

& Zansivitided Super Mexamon* D ha
demostrado ser mas sensible a lo ondo de detonacién
que cualquier mezclo de Nitrato de Amonio y Aceite
Diesel o combustible.

3. 12 es aceitoso: Super Mexamon* D por su
elcborocion integral, ofrece las maximas
comodidades al usuario. Estg libre de migrociones y
evoporociones.
7. lasuitados rapreducibles: Con Super
Mexamon® D los resultados obtenibles, voladurc tros
voladura, son constontes y reproducibles siempre y
cuondo se cebe opropiodamente. Los resultados
constantes no son posibles en las mezclas de Nitrato
de Amonio o fertilizantes con combuslibles, debido o
los tantas varianies que intervienen en su
preparacion.
‘. ~20uricad: Super Mexamon* D no contiene
nitroglicerina.
< zanomias: Super Mexamon* D puede en
muchos ccsos suslituir ventojosamente a los otros
explosivos, mas cltos en precio.

20



O INICIACION

- El iniciodor o cebo recomendado para detonar el
+ Super Mexamon™ D debe ser un explosivo potente y
_ violento, tal como: 1) Tovex 100 y

2) Tovex 700. El cebo de iniciacidn

debe constituir un 15%.

aproximodamente, en pesc, del total de la carga
expiosiva en el barreno. En barrenos largos es
recomendable usor mds de 1 cebo de iniciacidn y
cordon detonante “Primacord” o “E-Cord” o lo
largo del barrenc, distribuyendo los cebos a
intervalos maximos de 5 metros; es decir, debe
distribuirse el cebo total o intervalos a lo largo del
barreno dejando siempre en el fondo la mayor
canlidad del cebo iniciador.

ALMACENAMIENTO

- Super Mexamon* D debe almacenarse
considerandolo para el caso, como cualquier otro
-explosivo._Es aconsejable dar rotacién a las
existencias almacenadas, usando siempre
primero el material mds antiguo.

CARGA

En operaciones a cielo abierto, Super Mexamon* D
puede cargarse por gravedad, vociado. La tablo o
continuacion muestra oproximadamente los kilos por
metro l ineal de bcrrenos de varios diémetros.

Didametro Barreno

‘ems. {pulgs.) de Barreno
2.54 (1) 0329 .
5.08 (2) . 1.318°
7.62 (3) 2.964
10.16 (4) 5.270
12.70 (5) 8.234
15,24 (6) - 11.857
EMPAQUE

Super Mexomon* D se envasc-en bolsas de popel
multicapos con forro interior de polietitenc. Coda
saco contiene 25 Kgs. netos.

Exas informacianes v sugerencias estn basodas en la experiencia de Dupont, $.A, de C.V. y se ofrecen como parte del
sorvicio @ sus consumidores. Se presupone que los productos explosivos serdn ysados por persenas con el suliciente
conocimiento 1écnico para poder apreciar el riesgo que ocompofia su uso. Lo compodia Dy Pont no garoniiza resultados
favorobles ni csums responsabilided alguna par cuonto o lo interpretacién de us sugerencias. Estg inflormacion no se
olrece como autorizocidn pare usor o violar cuciquier patente exisrente,

\

DU PONT, S.A. DE C.V. DEPARTAMENTO DE EXPLOSIVOS
HOMERO 206 MEXICO 5, D.F. TEL: 250-90-33
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Hay dos series bisicas de retardos disponibles: de retardos
cortos o milisegundos con incrementos de retardo de 25 m en
el intefvalo inferior y 50 m en el intervalo superior: Y,

retardos-lérgos a menudo llamados retardos lentos o simple-

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

Con los estopines de milisegundos se produce mejor fragmenta-
¢idn y se reduce la presién de aire y las vibraciones del
terreno. : B o

Los estopines de retardo se usan en lumbreras o tiineles para
dar tiempo suficiente al movimiento de la roca. Probablemente
se produce fragmentacidn mds gruesa que la obtenida con mili-

segqundos.
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Corddn detonante

El corddn detonante consiste de un tubo de plastico resisten-
te al agua, que se protege con una cubierta o forro fabricado
con una combinacifn de textiles, pléstico y alambre a prueba
de agua. Las cubiertas tienen diferentes-grados de resisten-

cia a la tensidn, abrasidn y flexibilidad.

Dentro del tubo de plastico estd el niicleo o corazdn constitui-
do por un alto e#plosivo,.usualmente PETN. La cantidad de
PETN varia entre 1 gramo/pie a 400 gramos/pie, y se produce

en diferentes potencias.

Todas las potencias de PETN pueden detonarse con una cipsula

eléctrica y su velocidad de detonacidn es de 21 000 pies/seq.

Su notable insensibilidad contra impacto y friccidn es ideal

para su uso en la linea de encendido y lineas troncales.

Como los estopines elé&ctricos se sujetan al cordén detonante
hasta el final justamente antes de la voladura, la mayor par-

te de una falla aleatoria por detonacidn se elimina.

Usualmente se usa el corddn de 25 gramos/pie y el de 50 gr/pie

se usa en trabjos especiales.’

El corddn detonante es un explosivo de alta potencia que
explota con una gran produccién de aire. Hay que tener cui-

dado con este efecto.

Un corddn detonante de 25 a 50 gramos/pie detona cualquier
cipsula-sensitiva (primer o cebo y cdpsulas de alta'potencia,

como son los boosters).
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Corddn detonante Non-electric (NONEL)

Este es un corddn detonante muy Gtil para voladuras subte-
rréneas, pues se eliminan las fallas pdr electricidad esta-
tica. También se usa en voladuras a cielo aiberto para evi-
tar vibraciones detonando barreno por barreno al igual que

el corddén detonante y en zonas altas donde se generen tormen-

tas eléctricas.

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

tener cuidado en su agoplamiento.

También existen conectores especiales de retardo constituidos
por el mismo tubo de NONEL en longitudes de 2 pies con termi-
nales de pléstico.

El NONEL tiene una gran resistencia al‘agua, ya que un extre-
mo estd sellado contra la cipsula de detonacidn y el otro

estd sellado contra una terminal de pléastico..

El NONEL no explota, pudiendo sostenerse perfectamente con las

manos.
El NONEL tiene una velocidad de 9000 pies/seg

Su composicidn quimica es:
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MECANISMO DE FRAGMENTACION

Las rocas normalmente son mis resistentes en compresidn y
trituracidén que por tensidn, por ejemplo: algunas calizas
tienen resistencias a compresién entre 250 y 1500 kg/cm? y

resistencias en tensidén tan bajas como 35 a 150 kg/cm?.

Por otro lado, los explosivos y agentes exp1051vos utilizados
producen pre51ones muy altas que reaccionan con veloc1dades
entre 2500 a 8000 m/seg (5300 a 17 000 mph).

La presidn desarrollada sfibitamente dentro del barreno alcan-
za valores desde 18 000 hasta 15 000 kg/cm? dependiendo del
tipo de explosivo y de las condlclones de confinamiento.

El efecto del explosivo que reacciona contra la roca produce

un impacto, o impulso, desde un golpe aplicado r&pidamente,

. de extremadamente alta intensidad.

Cuando el explosivo estd dentro de un barreno circular, se

ejerce igual presidn en todas direcciones a lo largo de todo
el perimetro.del agujero. La roca en toda esa regidn es com-
primida y pulverizada hasta una distancia limitada del orden
de #/4. |

La aplicacién slbita del impacto es seguida por la produccidn
de alta presidn que introduce ondas de esfuerzos compresiona-
les que rapidamente penetran en forma de abanico a través del
macizo rocoseo como ondas eldsticas. Esta accidn se produce
aGn cuando las rocas son mds bien frdgiles, pero son algo
elasticas. La velocidad con que viajan las ondas de choquer
a través de la roca, es funcibén de la densidad del medio.

Las rocas densas dan lugar a altas Velocidadesly las rocas

blandas porosas o ligeras, a bajas velocidades.
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Parte de la energia transmitida a través de las ondas compre-
sionales es reflejada y refractada (flexionada) por cambios

de densidad o discontinuidades de la estructura. Cualquier
frente libre o cambio en el tipo de roca produce este efecto.
El resto de la energia tiende a mantener su direccidn original

de viaje.

Los dngulos de reflexidn son iguales a los que van hacia las
fronteras. Los &ngulos de refraccién dependen de las carac-
teristicas de los dos materiales. Esto es, que en cada cam-
bio de densidad se produce relfexidén y refraccidén de los im-
pulsos de la energia, al equilibrarse la energia sigue via-

jando en su direccidn original.

Si un golpe es ejercido a una particula, la energia es trans-
mitida en la direccién de aplicacidn del‘golpe hacia las par-
ticulas adyacentes, hasta que la energla es consumida como
resultado del trabajo realizado y por efectos como friccidn,

amortiguamiento, fragmentacidn, etc.,

Los suelos granulares no tienen cohesidn, de modo gque tienen
poca © ninguna atraccién entre particulas, afin cuando cada

particula pueda tener un poco de elasticidad por si misma.
La mayor parte de las rocas es cohesiva y algo eldstica,

teniendo diferentes efectos que los producidos en fragmentos

sueltos.

32



DECPLAZAMIENTO

S’

34

VIBRACIONES

Las vibraciones del terreno pueden medirse mediante los des-
plazamientos gque se produzcan a una masa sujeta a un resorte
o a un alambre. Los impulsos puedeh ser proyectados en una
pantalla de un osciloscopio, en el cual puede determinarse
la veldcidad de la particula, su aceleracién y la amplitud
de su desplazamiento. '

Generalmente la masa viene a ser el niicleo de un pequerlo
transformador lineal en el cual al desplazarse el nficleo,
se producen cambios de voltaje y amperaje en el transforma-
dor pequeno que significan los desplazamientos de la masa.

Estos transformadores (LVDT) constituyen los ge&fonos y pueden

instalarse en tres direcciones dentro de un ge&fono.

_ Nertical”
Resorte Alaulore |
| Mas a Maso Hotizoutal
S1SMOGRA FO i
- . G ROEOND DE Tees 1RANSDUCTORES
l Frecuemncio [ : i

‘/\mr-&w‘- f)\\’rud \ie\OC\c\aA d&par{‘(c‘.u\a o acele-

racion de parkiond
\/ TiEMPO . Pa
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ONDAS SISMICAS

ONDAS DE CUERPO:

1. Compresional
Longitudinal
Primaria - P

De empulje

2. Corte.
Onda transversal

Onda secﬁndaria - 8

ONDAS DE SUPERFICIE:

3. Love
Rayleigh Igual de peligrosas que las P y S

En la figura 1 se presenta la transmisidén de ondas de compre-
sidén por reflexidn y refraccidn sismica.
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Apéndice 1
Distancia Carga, kg (detonacidn instanténea)
(m) Grupo A B C D E F G
.5 0.02 0.04 0.08 0.16.
1 0.008 0.0015 .03 0.06 0.12 0.25 €.50

2 0.025 .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 0.18 0.36 0.73 1.4 2.8 5.6

6 0.12 0.23 0.47 0.95 1.9 3.8 1 7.2

7 0.14 0.27 0.57 1.15 2.3 4.6 9.2

8 0.18 0.36 0.72 1.45 2.9 5.8 11.6

9 0.2 0.42 0.85 1.70 3.4 6.8 13.6

10 0.25 0.5 1.0 2.0 4.0 8.0 i6.0
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
18 0.6 1.2 2.4 4.7 9.4 19 38
20 0.7 1.4 2.8 5.6 11 22 44
1.0 2.0 4.0 8.0 16 32 64
30 1.3 2.6 5.2 10.4 21 42 84
35 l1.6. 3.2 6.5 i3 26 52 104
40 2.0 4.0 8.0 16 32 64 128
45 2.4 4.8 9.5 19 38 76 152
50 2.8 5.5 11 22 44 g8 176
55 3.3 6.5 13 26 52 104 208
€0 3.8 7.5 15 30 60 120 240
65 4.3 8.5 17 34 68 136 272
70 4.8 9.5 19 38 76 152 304
75 5.3 10.5 21 42 84 168 336
80 5.8 11.5 23 46 92 184 368
85 6.4. 12.8 25.5 51 102 204 408
90 7.0 14.0 28 56 112 224 448
- 95 7.6 15.2 30 61 122 244 488
100 8.5 16.5 33 66 132 264 528
110 9.3 18.5 37 74 148 296 592
120 10.5 21.0 42 84 168 336 672
130 11.7 23.5 47 94 1las8 376 752
140 13.2 26.3 52.5 105 210 420 840
150 14.5 29.0 58 116 232 464 928
160 16.0 32.0 64 128 256 512 1024
170 17.5 35.0 70 140 280 560 1120
180 19.0 38.3 76.5 153 306 612 1224
190 20.7 41.5 83 166 332 664 1328
200 22.5 45.0 90 180 360 720 1440

Los grupos A-G dependen de la vibracién de suelo permisible para cons-

trucecidn,

instalacidn, etc.

El C es el grupo normal

Lo
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PROPAGACION DE ENERGIA

38

La energia se propaga disminuyendo con la distancia es direc-

tamente proporcional con la presidén de detonacidn e inversa-

mente proporcional al cuadrado de la distancia el Bordo:

en donde:

Q U X" w

Energia

B =K (22
t

bordo
constante
presién de detonacidén

resistencia a tensidn

Dist

Q‘t — 4E (xtyre- 32) .: r={8% rz)%
(XT-vrZ4Bt)

El valor mas significativo de la energia es la velocidad de

la particula.

El Bureau of Mines usa la siguiente expresidn:

V=H (=)

W

B

Esta expresidn puede graficarse en escala logaritmica como

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

- D
Sh = W o sea W

(5!

SD
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en donde
W maxima carga por rétardo
La velocidad de particula permisible es de 2"/seq.

En la tabla I se presentan las cargas de explosivo miximas

permisibles por retardo en Suecia.

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

la particula con la respuesta humana.
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REDUCCION DE EFECTOS DE VIBRACIONES

Para reducir los efectos de las vibraciones deberin tomarse

las sigqientes acciones:

1. Seccionar la voladura (dividir el banco)
2, Reduc;r la carga por retardo

3. Cerrar el patrdn de barrenacién, y

4. Utilizar dos cargas por barreno.

41
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ABBREVIATIONS AND SYMBOLS FOR EXPLOSIVE

ENGINEERING DESIGN

Consfant

Blast area, sf

Amplitude of incident compressive wave, ft.

Time used in adding steels for one drill cycle{ min.
Constant |
Optimum burden for charge, ft.

Minimum burden for charge, ft.

Maximum burden for charge, ft.

Unit cohesion of matérial, psi

Total weight of primary explosive charge, 1lb.
Bucket capacity of power shovel, cy (broken material)
Any distance, ft.

Loading density of explosive, ppf

Distancé between primers, ft.

Minimum distance from collar to initial p;iméf, ft.
Maximum distance between any two primers fired
simultaneously, ft.

Density of rock, pcf (solid)

Time consumed in penetrating for one drill cycle, min.
Critical diameter of an explosive, in.

Diameter of explosive charge, in.

Diameter of blasthole, in.

Diameter of primer charge, in.

Dxrill footage rate, fpm

Drill penetration rate, fpm 42
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Voids ratio

Total weight of blasthole explosive charge, lb..
Modulus of elasticity for rock, psi
Frequency, cps

Total footage drilled fo; blast round, ft.
Acceleration due to gravity, fps?

Modulus of rigidity, psi

Length of blasthole, ft.

Depth of water in blasthole, ft.

Minimum length of blasthole with single primer, ft,
Maximum length of blasthole with single primer, ft.
bepth of subdrilling; ft.

Kinetic energy, ft-1lb

Burden ratio or constant

Refractive index of a material

Bulk modulus of a material, psi

Blastabi;ity coefficient for a rock

Spacing ratio

Velocity ratio

Length of open face parallel with blasthole axis, ft.
Length of explosive cartridge, ft.

Maximum dumping height for power shovel, ft.
Maximum cutting height for power éhovel, ft.

Time used for moving and setting-up for one drili
cycle, min,

Numer of blastholes per row

43
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PF
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Total number of blastholes

Number of full passes {loading on both sides) for
power shovel

Weight of primer charge, 1b.

Total length of explosive column in blasthole, ft.
Powder factor for single éharge, tons/lb or 1lb/cy
Detonétion‘pressqre, psi

Explosion pressure, psi

Number of explosive cartridges required to build out
of water in blasthole.

Production rate, tph or cy/hr (Solid material)

Heat of explosion from an explosive reaction, Kcal/kg

Heat of formation for explosive products, Kcal/kg

Heat of formation for explosive reactants, Kcal/kg
Number of blasthole rows |
Maximum radius of clean-up of floor level for power
shovel, ft.

Max imum dumping radius for power shovel, ft.

Maximum cutting radius for power shovel, ft.

Modulus of rupture of a material (tension or flexure)
Relative energy of explosive, ft-1b

Time for removing steels for one drill cycle, min,.
Spacing distance between blastholes within a row, ft.
Stick count of an explosive

Swell factor of a material

Specific gravity of an explosive

Specific gravity of a rock

44

» Psi



< H a ot

<

51

Time, min.
Total strain energy, ftf;b

Length of stemming in a blasthole, ft.

~Volume, cf

Linear velocity, fps

Bar velocity of a material, fps

Explosive's reéction velocity, fps

Particle velocity, fps

P-wave propagation velocity of a material, fps
S—wave propagation velocity of a material, fps
Width of cut of blast round, ft (measuréd horizontally
and pérpendicular to y)

Minimum cut width for loading by power shovel on one
side only, ft. |

Total weight of rock, tons

Constant factor

Depth of éut or blast'round, ft. {(measured horizontally
and perpendicular to w)

Minimum horizontal spread of brokern material from
vertical bench, ft.

Accoustical impedance, lb-sec/cf

Total or suﬁ of

Angle of incident'and reflected P-wave, deg

Angle of generated reflected S-wave, deg

Natural angle of repose;.deg

Porosity_

45

Angle of internal friction, deg
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Angle bet@een normal stress and principal stress direﬁ-
tion of no shear (x.axis), deg .
Mass density, lb-sec?/ft"
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
Shear stress, or strength, psi
Poisson's ratio
Failure angle, deg
Crack or fracture propagation velocity, fps
Rock movement velbcity, fps
Time for rock to move out from solid, sec.

Time for fracture to propagate, sec.
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EXPLOSIVES ENGINEERING DESIGN RELATIONSHIPS

Explosives' Properties
1. SGe = 141/scC
— 2
2. .de = 48De /5C, 1lb/ft
= 2
3. de = 0.34De (SGe), lb/ft _
= -3 2 .
4.7(a) Pd = [(6.06_x 10 )ve (SGe)]/[l+0.80(SGe)], pPsi
{b) Pe = = Pd(max.)/z, psi
5. Pe = 62.4 (5G.)/g, lb-sec?/ft"
6. Zg = PVar lb-sec/ct

Material's Properties

{b)

10. (a)
(b)
11.

12.

13.

14. (a)
(b)
15. (a}
(b)
16. (a)
(b)

62.4 (SGr), pct

da_./g, lb-sec?/ft"

1.941 (SG,), lb-sec?/ft"
oclec, pPsi

E_/{2(1 + w)], psi
Tslas, psi

E_/[3(1 - 2u)], psi
prvp' lb-sec/cf

9./%

5
[2Gr(1 - u)/prtl - 2u)*, fps

[E.(1 -w/p,. (1 + u) (1 - 2u}%, fps

5
(Gr/or) + fps

(E_/20,(1 + )%, ps
k
(E./p.) %, fps

[Ocllecpr)]%, fps

47
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17.

18.

19,

20.

21,

22.

23.

24.

25.

26.

27.

28.

(a)
(b}

(a)

(b)

(a)
(b)

{a)
(b)
{a)

. (b)

s

v
vp/

s

[2(1 =u) /(1 - 21"

3, £
vp/ ES

(o /2) (1 - sin ¢), psi

54

v. [(2 - 2w /(1 - 2w}, fps

vy [(1 = w)/(1+w (1-2m17%, fps

o (1 - sin ¢)/(1 + sin ¢)], psi

c + (Oc/2) (1 - sin ¢) tan ¢, psi

(oc/2) cos ¢, psi

(UC/Z{ {cos ¢ ~ (1 ~ sin ¢) tan ¢], psi

2nfAa_,
P

fps

vpec, fps (for plane wave)

2 V., psi

r 1

p.v_Ze

rp
(1/2

5

c
X
£}

n/(1 - n)
(¢ + 90°)/2,

29.
30.
31.

- 32.

33.

34.

35.

36.

E.

H

PC

Il

Il

lIe

I

i

Blasting Design

; Psi (for plane wave)

[Lcot o + 2y (1 - sfx)], ft

de(PC), 1b

L + J, ft

H - T; ft

B/3,
2B/3

r

ft.

ft.

deg

{massive rock)

(massive rock)

KBDe12, ft

L/
2'5(160/dr)

ve/v

P

3 1
(SGe/l.B)

48
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3s.

39.
40.
41.
42.

43.

44.
45.
46.

47.

(a)

(b)
(a)
(b)
{c)

(a)
(b)

(a)

(b) -

(c)
(d)

Bl
BI

B"

PF
PF
DFR

DPR

|

55
1.61B, ft

GKVB, ft

3L/(6KV + 1), ft. (single collar primer)
3L/(18KV + 1), ft. (single center-of-column prin
3L/(9Kv + 2), ft. (single floor-iével crimer)
0.62L, ft. (single floor-level primer) : i
(Hthz)/(th - Dez) Lg

wy, sf

wyLdr/ZOOO, tons

W/EN, tons/1lb

27EN/WyL, lb/cy

H/(D + AS + RS + M}, fpm

H/D, fpm

HN, £ft.

(BH) ¥

, ft. (Simultaneous and short delay, B<H<4B)
2B, ft. (Simultaneous and short &elay,}iz4B)
1.41 B, ft. (Long delay, %0 deg crater)

1.15 B, ft. (Long delay, 60-120 deg, crater)

Loading Shovel Specifications

48.

49.
50.
51.
52.
53.

54,

(a)

(b)

(a)
(b)

Lm
I

X
f I
l.2Cd + 30, £t.

L/S ft.

O.GCd + 20 ft.

2c, + 19, ft.

d

3Cd + 29, ft.

R -5, ft.
m

2.5Cd + 24, ft.
R, (2p - 1) + R ft. (Rectangular box wt.)

X
Sf{Rc[l-kZ(p-l)]-+Rm-0.5Lm}, ft. {(corner cut

49
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‘Note: Use w for frontal loading, y for parallel
loading.

55. (a) PR = 1.35 Cde ! tph (50-min. hour, 30-sec cycle)

{b) PR 100 C f; cy/hr (50-min hour, 30-sec cycle)

il

d

Note: For Y = 45:.deg and Sfx = 0.85,

+ 26, ft, and 2

L = Cq 0.59(L + 0.3y), ft.

b

50
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LAS TROJES, COL.

PROCEDIMIENTO DE EXCAVACION DEL VERTEDOR

TIPO [z ROCA
Origer.:

Estructura:

Clasificacion;

. Resistencia:

860831

Ratil Cuellar Borja

Ignea, pirocldstica

Pseudo estratificada, formada por estratos cuyo espesor
varia entre 2 m y 10 m en actitud sensiblemente horizon-
tal. - ‘

Brecha volcédnica con fragmentos angulosos de andesitas de
color gris y rosa cuyos tamafos varian desde 3 cm hasta

1 m, empacados en matriz vitrea andesitica de color gris,
de bajo grado de cementacidn.

De esta manera se tiene una secuencia ritmica de estratos
compuestos por brechas con matriz tobdcea y tobas bre-
choides dependiendo del porcentaje relativo de matriz,

apreciandose variaciones desde 50% matriz 50% fragmentos

hasta 80 a 90% matriz y 10 a 20% fragmentos.

Los fragmentos o clastos andesiticos deben tener mds o
menos los siguientes valores:

Compresién simple: 300 a 700 kg/cm*
Dureza Mohs: 6.5

Indice de abrasidn: 0.30C

Indice de perforabilidad: 1.C

La matriz tobacea es blanca con arado de cementacidn ve-
riables desde deleznable a compactea.

Debe tener mds o menos los siguientes vaiores de resj:-
tencia:

Compresién simpie: 15 a 300 kg/cm -
Dureza Mohs: ¢
Indica de abrasion: 0.6

Indice de perforabilidad: 2.0



USO BE EXPLOSIVOS EN EL CANAL VERTEDOR

DATOS:
Constante de roca: 0.280 kg/m?
Explosivo: Tovex 700; Densidad 1.2 g/cm® (teérica)
Densidad 1.1 g/cm?® (précticé)
Anfomex: Densidad: 0.75 g/cm®, en saco; = 0.65 g/cma, pract.

Altura de banco: 10 m

El bordo mdximo en funcidon de la potencia del Tovex 700 es 40¢
Bordogzy = 405 ; Utilizandoe = 4"
Bordo practico = By, = Bpsx - Falia de barrenacion

F = {error en emboquillado + % desviac.)

Falla dz barrenacién

40 » 10.16 406.4 cm

". Bpay

=

(0.10 + 0.05 x 10) = 0.6 m

. B. = 406.4 .- 60 = 346.4 cn



Consideraciones sobre e] bordo maximo

1) E1 bordo miximo tedrico para el Tovex 700 es:

B=4dx 30 9 xS Formula actual
— E ’
c X f_(?)
" en donde: .
d = diametro del barreno
q = densidad del explosivo, ﬁ%éctica
S = Potencia del explosivo en relacién a la de un explosivo
con NG = 40% y densidad ¢ = 1.4 g/cm®: Para Tovex 700
S$=0.9
f = Factor de confinamiento = 1;02
E/B = 1.25
c = Constante de roca + 0.05 kg/m°

(Factor de seguridad)

] 1.1 i
Enax Tovex 700 = 10.16 x 30,//;_33 X 1.02 X 1.25

. Buay = 10.16 x 30 x 1.5339 = 467.5 cm

e) Considerando el bordo miximo Bpsy = 45¢

. - B " Pot. Tovex 700 x Densidad
-max Tovex 700 max Pot. NG 40% x Densidad

= =g . //Factor de roca 0.4
“méx Tovex 700 = ® max/ Factor de roca 0.2¢

- ) /s 0.75 x 1.1 -
8x Tovex 700 = 45 x 10.16 1.00 x 1.2 = 457.2 x 0.77
/0.4
Zy = 350.96 G.2¢ = 419 47 cm




Utilizando el valor menor del bordo maximo. se tiene:
Bpax = 406.4 cm
Fallas en la barrenacién F = (0.10 + 0.05 x 10) = 0.6 m

en donde 0.10 = falla de emboguillado y 0.05 es el % de desviacion de la
barrenacion.

B, = 406.4 - 60 = 346.4 cm

Para un espaciamiento E,

H
[
N
o

e

resulta: £, = 1.25 x 346.4 = 433 cm

. EyB;= 3.464 x 4.33 = 15 m*®

L}
[#3]
o
3

Uti]jzando B, =

n
I
o
=

Resulta £y

Alturz de carga de fondo = 1.3 B

. . i ., -
Sub-barrenacidn = 3 B===2115cm

Alture de carga de fondo = 1.3 B

. Altura de carga de fondo = 1.3 x 3.5 = 4.55 m

S =t < = . - EC
Cargz de fondo = 4.55 x £.107 o1l o= 40,
1

(]

L& ]
o)
Im]

1
-~



Altura carga de columna = Altura banco - 2B

Altura carga columna = 10 - 2 x 3.5=3m

Carga de columna = 3 m x 8.107 2/m x 0.65 kg/% = 16 kg

Carga total =.40.6 kg + 16 kg = 56.6 kg

56.6

F.C. " 0 x3x3.5x4.5

. Factor de carga

= 0.360 kg/m’

Realizando voladuras con sistema de ignicidn en V, se tiene:

B=23.5x1.414 = 4.95 m =>4.5

_ Factor de barrenacién = 10 ~ ilsli £ - 0.0451 m/m?
‘ , J00Ms -
@300ms  (5)250Ms @ﬁsMs @)r2sms @/?54;5 ®e2soms (@)
” //’ AN
. N
% / / 7/ \\ X
) 250 |
‘?_J 2.5 KQ/ NG
? OA%S /75M5 75/‘/" /25MS _ "’f75!v‘ )
D // / . \ \\
~ e N \K(\ h g M
2) < 7 2 \(3 "N
/f 75475 ‘*’”?5 M$ \Q/ 75A15 \?25/:15 ;/75 S 1255 N f
3 ” J X J b=
< %
14 T N B N
i 5.50

F.Co= b .

Factor de ceraa 0.229 kg/mv-:

160 x 4.5 » 5.5




Factor de perforebilidad:

Velocidad de perforacibn:

Oe los datos Ingerso]l-Rand

Para una roca: Granito Barre

con Trackdrill CM 350 y perforadora V0L-140
. con Compressor DXL-750; v = 44 pies/hora
con Trackdriil 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% {2 x 0.5) = 1
Para matriz 80% y fragmentos 20% (2 x 0.8) = 1.6

1.3

Factor de perforabilidad promedio
. Velocidad de perforacidon = 44 x 1.3 = 57.2 pies/h

. v = 17 m/h

Duracidén de brocas

indice de abrasidn = 0.€

oo

Para el granitc Earre la duracidn de brocas ¢ 2" varia entre 400 2 900 ft;
promedio = 650

- gég = 1083 pies = 330 m = 350 m

Duracidn de brocas = 350 m



i

7.
PROPIEDADES DE LA ROCA
Resistencia en compresidn simple; R. = 40 a 80 kg/cm?
Modulo eldstico: E = 20 000 kg/cmz; Toba
E = 112,000 kg/cm?; Andesita
Relacidn de Poisson: v = 0.3 supuesta; p'= 2.2 ton/m?
Velocidad de transmisidn de ondas de compresién Vi
2. E(1-%
L SR T me Ty B
Para la Toba:
, 200 000 25 (1 - 0.3) . 200 000 £ .
Vi = . x9.81 . = x1.3462x9.8]1 ——
ton S€9° ton 3€9
2.2 =3 {(1+0.3)(1-0.6) 2.2 —
m : E
V{ = 1 200 565 — V) = 1100 m/seg = 3600 pies/seg

seg“

Para E = 112 €30 kg/cm® = 1 120 000 L2

resulta: V¢ = 2420000, ) 3642 5 9.81 = 6 723 167 m?/seg

n

. Vp = 2600 m/seg = 8500 pies/sec



DISERO DE UN SOLO BARRENO

DATOS: -

‘Roca masiva

Altura de banco = 10 m = 32.8 pies

Densidad de roca SGp - 2.2

Yelocidad ondas é: Vp = 3600 pies/seg; Rel, Poisson v =°0.3

Compresion simple = 80 kg/cm? = 1140 1b/pulg?

i

De = Diametro del explosivo

Dy = Diametro del barreno

" Densidad encartuchada del explosivo SC = 117
- Didmetro critico D = 1"

Velocidad confinada del explosivo:

n

]
(98]

Va 12 500 pies/seg para De

5 I'r

Ve

15 000 pies/seg para Dg
SOLUCION -

La relacidn entre Vo y Dg en el intervalo 1" a 5" puede determinarse por
la expresion: ) '

Cx <
Y = 75 py 6€n dongey = Ves X = Dp - B¢
De donde:
L C{De - D¢i
Ve = 377 b{De - D¢

Sabemos que Do = 1" y que:Vg

Ve

15000 pies/sag pare Dy = 5"

12500 oles; ¢22 sara D =37



c(3-1) _ =2
a+b(3-1) a+2b

Para De = 3"; 12 500 =

Suponiendo C = 5000 como valor de constante

- 2 x.5000 _ 4

Se tiene: a + 2b_— 2500 "5 -0-8 (1)
. T CS']. 4
y para D = 5" 15 000 = ;3L - _AC
_ 4 x 5000 _ 4 _ '

2+ 4b = LESNS =2 =133 (2)
Agrupando: a+2b=0.8 (1)

a + 4b = 1.33 (2)
Restando {1) de (2) 2b = 0.53 . b =0,27
Sustituyendo en I a +2(0.27) = 0.8

.oa=0.26

Por lo tanto: & = 0.26, b =0.27 y C = 5000

Empleando la expresidn:. V, = 5 265908(35(6 lz iy
- . . C

con s variando desde 1" a &"
e

Comprobacidn:

5000(3 - 1) _ - 10 00¢
0.26 + 0.27(3 - 1)  0.26 + 0.5¢

Para Dg = 3": ¥y =

n

Ve

12 500 pies/sea - 0O.k.

o 5000(5 - 1) _ __ 20 000
y pera De = 5% Yo = g 0B - 1) " 026 T 100

]

ve = 14 900 pies/seg - 0.i.




10.

5000({2 - 1) _ 5000

Para De = 2" Ve = g+ 0.27(2 - 1) ~ 0.26 + 0.27 = 1°0 Pies/seg
= g - 5000(4 -~ 1) . 15000  _ -
Para De = 4" Ve = 525+ 0.27(4 - 1) = 0.26 + 0.81 ~ 14 000 pies/seg

Presion de detonacidn:

6.06 x 1077 Vi(S6e)

Pd T+ 0.8(56)
Densidad del explosivo: SGg = %%% = %%% = 1.2 g/cm®

La densidad prictica del Tovex 700 es SGe = 1.1 g/cm’

_6.06 x 1077 x 15 000° x 1.1 _ 6.06 x 2.25 x 10° x 1.1,
T+0.8x 1.1 1.88

De donde: Py

. P4 max = 796 790 1b/pulg = 56 182 kg/ch’

Para Dg = 2% Py = Py nax(Tgag)’ = 797 790 (0.397)

Pg = 316 723 1b/pulg® = 22 304 kg/cm®
Para Dg = 4"; Pg = P max(igggg)~ = 797 790 (0.87)

Pg = 694 077 1b/pulg® = 48 878 kg/cm"®
Para Dg = 3"y Pgq = Pqg max(%%%%%): = 797 790 (0.69)

Pg = 554 021 1b/pulg® = 39 016 kg/cm’



Determinacidn del bordo éptimo

- ca 1601143 1/3 2/3
Utilizando la expresidn: Kg = 30( 3 )V (1 €) /(12000) /
en donde: ‘ .
dp = 62.4 (SGp) = 62.4 (2.2) = 137 1b/pie?
siendo:
dy = peso volumétrico de 1a roca
SGe = Densidad practica del Tovex 700 = 1.1 g/cm?®
Ve = Velocidad del explosivo Tovex 700 * 15 000 pies/seg
12 000 = Velocidad de un explosivo base
30 = Relacién de bordo promedio = 30
1.3 = Densidad del explosivo base
_ 160 s (1.1y1/5, 15000, 2
Kg = 30(y573) 7 (753) (35500
= 30(1.05)(0.95) (af—) % = 29 gie _yu:
_ : ’ 12000 ——=*12000
Para tener el bordo en pies:
_KgBe 29.8, Ve ...
=7 = 77 (zga) T e
= - ’e zfz
B = 2.48 De (1355




Cdliculo del bordo:

)
En forma general tenemos B = 2.48 De(lngg)y@’ pies

2.48 (2) (+22399y2/5 - 4.96 (0.85) = 4.23 pies

Para 0g = 2" B 12060

o B =25.4¢

0.92 (1.11) = 11 pies

jve)
H

_Para D = 4" 2.48 (4) (120002

12000

L B-a

Para De = 5" B = 2.48 (5) (13500)¥* = 12.4 (1.16) = 14.39 pies

B = 34.5 ¢

Para Dg = 6" B = 2.48 (6) (13508)%° = 14.88 (1.16) = 17.27 pies
. B = 34.5¢

Para Dg = 3" B = 2.48 (3) (32500) 2/ = 7.44 (1.03) = 7.65 pies
B = 30.6¢

Velocidad de propagacidén de fracturas:

i

Ve = 7?; Vg = §§Q§,_ 1200 D]ES/SEQ

Tiempo de arribo de fracturas al frente libre:

£
™~
[

3 = B . = = "n. s = = - -
51 t = Vf ;  Para DE‘ 2"; t: 1200 3.5 ﬂ'l:?
Para Dp = 4"y f: S S 9.2 ms
€ : ! 1200 Ny

e . 7.65 |
Para Dg =-3"; ty = 555 = 6.4 ms
_ o o _ 14.39 17 ms
Fara Dg = 5"; tf = 1700 - Z ms

12.



_Tiempo de arranque de la roca:

La velocidad de desprendimiento de la roca es =

pagacidn de las fracturas.

B

.t=vd

‘Para: De = 2";

o

v
¥q = ?; = l%?g = 200 pies/seg

t = 5553LIES = 0212 seg x 1000 = 21.2 ms

seg

De = 4";  t = +LDBI®S = ¢ 055 seq x 1000 = 55 ms.
_ _ 7.65 _ i

De = 3";  t =522 =0.383 seg x 1000 = 38.3 ms

De = 5"t =13 0.072 seg x 1000 = 72 ms

De = 6% t =212 - ( 0864 seg x 1000 = 86 ms

[ ]
faw]
L]

13.

de la velocidad de pro-



14.

Bordo Minimo

Utilizando la relacién de bordo en funcidén de las velocidades de la roca
y del explosivo se tiene:

Ky = %ﬁ _ donde: Ve = Velocidad explosivo
Vp = Velocidad rbca
Vp = 3600 pies/seg
Tabulando valores:

De" B, pies Ve, pies/seg Ky
1 0 | 0 0

2 4,23 - § 450 2.63

3 . 7.65 12 500 3.47

4 11 14 000 | 3.89

S 14.39 ' 14.900 : :- . 4.14

6 : 17.27 15 GO0 4.17

Bordo minimo para el primer o cebo a nivel del piso

3L

Bi = og, v 2

L = 32.8 pies (altura banco)

- i, o 3 x 32.8 = 98.4
Para De = 5% B' = g5 7 14 v 7 T 39.25

= 2.51 pies

De la tabla B = 14.39 > 2.51 Se puede reducir el didmetro

3x32.8 . 98.4
9 x .17 + 2 39.53

= 2.45 pies. Se puede reducir

Para Dg = 6"; B' =
. el didmetro
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Graficando 1a relaci6n entre los bordos y los didmetros se tiene:

O —-NWP G o

/57 '(primer alceniroge C.C.)

¢
D
c? ¢ B'(primera
}? \de 150)

el

o 12 14 16 18 %20 .

Bordo, B, pies

Graficando el didmetro contra la velocidad del explosivo:

25000

20000

15000

, Ve, pies/seg

nlosivo

10 000

Velocidad delex

//7 PENTOLITZ HE 50/50

S — e S — S— — W e — S i — ———

GELATINA PURA 60 2%

//)SfM/ﬁf.{Af/A/A 259
X X K :

5060 |

© {2 O
O SLURRY GEL BA

[ !

e T [ ANFO PREMEZCLADO

i ! ' 1 I | 1

4 5 &

T8 9 o
fro delexplosivo, De, pulg.
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RESULTADQS:

METODQ SUECO

Diémetro de barren6 ¢ = 4" (10.16 cm)
Bordo mdximo = 346 cm = 34 [

Bordo préctico = 350 cm

Espaciamiento = 350 x 1.25 = 437.5 = 450

Patron de Barrenacién

3.5 m

Lw=)
n

£ =4.5m

METODO AMERICANO

Diémetrd barreno ¢ 4" {10.16 cm)

Bordo &ptimo = 335 cm = 334

Bordo prdctico = 350
Espaciamiento = 335 x 1.25 = 418.75
Arez = E x B = 3.35 x 4.1875 = 14.028 m:

Especiamiento = 14.028/3.5 = 4.0 m

Patrdn de Barrenacién

3.5 m

-,

B

E=4.0m

|

18.
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RECOMENDACION

Utilizar el patrdn resultante del Método Sueco realizando la voladura'con
secuencia de ignicidén en V, de manera que el bordo mdximo se presente en
forma diagonal resultando entonces un patron rectanguiar de 4.5 x 5.5 que
tiene un bordo diagonal de 3.48 m.

. Resultando:

B=4.5m Diametro barreno ¢ = 4"

Explosivo: Tovsx 700, 3" + Supermexamdn
Carga ce Fohdo = 41.5 kg = 72% —
Carga c2 columne = 16 kg = 28%

Total  57.5 kg




\
‘ol Inclinacron
Q
10m
1.I5m
Factor de carga
o 57.5 kg _ .
FCo = gxg5x 55ms - 0232 ka/m

ractor de barrenaciodn

F.B. =

11.15

10 x

4.5 x 5.5

= 0.045 m/m® = 4.5 cm/m*

velocidad de barrenacidn en¢4" - 17 m/h

Duracidn de brocas: 350 m

NOTA:

De la péc.

13 se ogbserva

que el tiempo ce arranque de la& roce

20.

para ¢ = 4" es de 55 ms por lo que se recomienda que la separacion
entre lineas sea de 50 ms.
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COMENTARIOS
Las voladuras de Pefiitas, Chié.-tuvierqn las siguientes caracteristicas:

Didmetro de barreno: ¢ 2 1/2"‘
Patrén de barrenacidn:
2.5 x 3.0 m
2.75 x 2.75 m
3.0 x3.0 m

Factor de carga: 0.180 a 0.36 kg/m?

Factor de barrenacidn: 0.12 a 0.14 m/m?

10.8

Suponiendo un banco de 10 m = T0x 25 x3 - 0.14 m/mf,_
_ 10.8 - 3
10 x3 x3 0.12 m/m” .

+ Ejemplo: Patrén 3 x 3.m __

F.C.=0.256 Ky /ol Q&:fma $g2K

Relacidn de cargas:

C.F. = 29%

C.C. = 71%

Relacion didametro a bordo;

1]
(]
i

Para B m;, ¢ 6.35 cm; KQ = 39 ¢

(AN ]

B=2.75m; ¢6.35 cm; Ky = 43 ¢ §Ter

. : o/ 7@ ;!"
B'= 3.00 m; ¢6.35 cm; K, = 47 ¢ =
' P 2*"?.3, .

Ag

[¥3]

NOTA: Se tiens la experiencia que did buen ‘resultado en roca blanda.
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UTILIZANDQ EL SISTEMA DE CARGA

EMPLEADO EN -PERITAS

ALTERNATIVA 1 ' : ALTERNATIVA 2

Factor de carga = 15—~ 4?? — 5 - 0.242 kg/m’
= 242 g/m’
Factor de-barrenacién 15 xliiésx  ° 0.045 m/m*
= 4.5 cm/m’

NOTA: Estz carga es mads econdmica que ia indicadd en la pag. 20 y debe
dar buen resuitado ya gque no se regquiere 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 velocidad de roca. Es mejor la Alternativa 2. . .




PROPUESTA:

Diémetro de barreno

VERTEDOR TROJES

o 2 1/2" (6.35 cm)

Plantilia de barrenacién 3 mx 3 m

Factor az carca

Coeficierze dz barrenacién =

Sept. 2, 1986

A= 31.67 cm?

.

I

_ 23k ) :
TS 353 = 0-256 kg/m
11.15

10 x 3 x 3

Rendimierzo dz barrenacitén = 17 m/h

Utilizar 2 tismpos: 25 ms, 50, 75, 100, 125 y 150 ms.

23.

= = 0.0124 m/m* = 12.4 cm/m*?
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CANTERA TROJES

(CORTINA) _
Sep. 2, 1986

Didmetro barreno : = 3" (7.6 cm) A.= 45.6 cm?
Cambia a

Plantilla de barrenacidn 2.5mx 2.5m =>2.75mx 3.0m
Tovex 4.56 &/m x 1.1 kg/% = 5.02 kg/m

ANFO 4.56 2/m % 0.65 kg/% = 2.96 kg/m

S 33.5 . : %
Factor de carga "0 X2 t%7%E " 0.536 kg(m

\_ﬁ"’”"‘_’
2.75 x 3

] e 11.15 3 .
Factor de barrenzzién T2t X 7E 0.18 m/m

18 cm/m*® —:> '

13.5 cm/m?

2.75 x 3

n

Rendimiento de barrenacidn: 12 m/h

Utilizar 6 tiempes: 25, 50, 75, 100, 125, 150 ms.-



‘TUNEL DE DESVIO.

Longitud de Barrenacibn

Seccidn Superior.

Precorte:
Piso:
Abierta:

Contracuha:

Cuna:

24
8

24

24
12

A S . T

>

Area

1
7
2
2.
3
2
2

.35
.85
4

.40 k
.70 k

H

.2 kg

¢ 11.60 m

= 11.
= _12.

25,

P. TROJES, COLIMA

@rcmxv SYPERIOR

“ENTUNEL "
SAO0TH BLASTING

Kg
kg
kg
kg
Kg

kg

8
] 8__|. .
]
2 'R g
Q!
: N
- sEccion ,
S| INFERIOR
S #BANQUEO”
—
Lw
N
—
N
{

Avance real = 3.90 m
¢ Barreno 1 7/8"
TOVEX 100 ¢ 1 7/8" x 8"

TOVEX 700 ¢ 1 3/4" x 16"

ANFO (SUPERMEXAMON )

TOVEX 700 ¢ 1 3/4" x 16"



CU%A DE EXPANSION DE BARRENOS PARALELOS

CON 2 BARRENOS HUECOS DE ¢ 3"

300 M1 5

26.

300M5

- 200cm -

%

/ _190cm / }zaoms

2505

200cm

© Barrsr0 ,Cﬂff}g{”
O Barrzz0 & 3"

(22)
(2



CANTIDAD DE_EXPLOSIVO EN LA SECCION SUPERIOR

TOVEX 100 28.8 kg - 10.4%

TOVEX 700 = 190.9 kg - 68.6°%
SUPERMEXAMON = 58.5 kg - 21.0%
I =278.2 kg
- No. DE BARRENOS
Barrenosﬂcon explosivo = 78 ¢ 17/8"
Barrenos huecos =2 ¢ 3v

" TOTAL = 80 Barrenos

COEFICIENTE DE BARRENACION

= 1.55 m/m?3

CC - 278.2

27.



CALCULO DE CARGAS DE EXPLOSIVO

¢ barreno 1 7/8" = 4.8 cm

¢ explosivo, TOVEX 700;

¢ 1 3/4"; Long. = 16" = 40.6 cm; Area =

Peso de 1 cartucho =

~ TOVEX 100

Area.= 18.1 cm?;

630.02 x 1.18 g/cm? =

28.

Volumen = 1.81 &/m

Densidad = 1.18 g/cm?®

15.5 ¢m?

743:4 g

Densidad = 1.10 g/cm?

Peso de 1 cartucho = 120 g ¢1" x 8"

Peso de explosivo por metro de barreno

TOVEX 700 = 1.81 &/m x 1.18 kg/2 = 2.14 kg/m

SUPER™EXAMON = 1.81 2/m x 0.65 kg/% = 1.18 kg/m

Peso de explosivo por metro de barreno en contra cuda (TOVEX 700)

S/

T

Zn -
4o. 35 206 | 35 406 | 0.6 5 40 | 5 3
400 cim
Peso = 5 cartucnos x 0.743 kg = 3.72 kg; 3.72/4 = 0.93 kg/m

Peso de explosivo por metro de barreno en precorte (TOVEX 100)

EE] E) E5  Eis) EBEE)

1

Bzl EE) ES _ E= ==
V201 potop lootoc oo+t v+ Y v v 1 lzoloo] 20l 2020 | 201
-t ==t . , . T - ! —t 1 f -+t ~ =4
r ) LO0 i __j
Peso = 10 cartuznos x 120°= 1200 g -~ 1.2 kg/é m = 0.30 kg/m



CARGA DE EXPLOSIVO A COLOCAR

- BARRENOS DE PISO tong. = 4 m
TACO DE 57 cm, BARRENGS LLENOS DE TOVEX 700

CARGA DE. COLUMNA' (TOVEX 700)
C.C. = 2.14 kg/m (2/3 4.00 - 0.57) = 4.5 kg

TOTAL- = 2.85 + 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 = 2.85 kg
CARGA DE COLUMNE (ANFO)

C.C. = 1.18 kg/m x (4

_0.6 - 1/46 x 4) = 2.44 kg

- CONTRACURA
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) =

11.0 ko

29.



0

30.
- CURA
CONCENTRACION = 0.65 kg/m (TABLA 1-21 CFE)
NO. BARRENOS = 6 de ¢ 1 7/8"

6 x 0.55 kg/m (4 - 0.35) = 12 kg

- BARRENOS DE.PRECORTE .

TOVEX 100 ¢ 1" x 8" con 120 g c/u, de L = 20 cm
Densidad 1.10 g/cm® |

10 c;rtuchas x.120'g = 1.2 kg

12 kg/4 m = 0.30-kg/m (TABLA 1-24 CFE)

No:'dé barrenos = é4

24 x 0.3 kg/m x 4 m = 28.8 kg
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FACULTAD DE INGENIERIA U.N_A_M.

DIVISION DE EDUCACION CONTINUA

CURSOS ABIERTOS
IV. CURSO INTERNACIONAL DE INGENIERIA GEOLOGICA APLICADA A
OBRAS SUPERFICIALES Y SUBTERRANEAS
CUARTO MODULO:

TECNOLOGIA SOBRE EL USO DE EXPLOSIVOS
Del 22 al 26 de junio de 1992

PROPIEDADES GEOMETEICAS Y MECANICAS DE LAS ROCAS

ING. RAUL CUELL'AR BORJA

JUNIO - 1992

~

Palacio de Minerfa  Collede Tacuba b Primer piso  Deleg. Cuavhiémac 06600 México, D.F.  Tel: 52140-20 Apdo. Postal M-2285



PropiELADES QEOMETFACAS ¥ MECANICAS DE Lac ROCAS

.'Rad\ Cuc’l(ér B or s

{._ ProPiEvAdES GrEomEeETRICAS TE Loo Macizoo Rocozon

£.1.. InTrODUCCION

En ecle capitule se dezcriben slaumos de los cittemar voua-
lee que-te utilizaw para deseribir ya “ea en forwms ara fice,
o cicrita lac cuacterichicas aeotctitcas de la echruckur

de lbe wacizos rocoses

t.2.. Maq PCIE G\eo‘offf 1COS,
fa¢

Yorvanciones de roca exiclemtes eu el luoar Y SEaPTIVICha,

E cine NAAPAL COW\L\'CMEM la c:lell'n*ai't;_f%o'i’/l'z(’ogn’--"{"—.'c.—.-_ -

Fﬁ'\ﬂ zenalar wediade vna cimbolks caj.-té\ lar cavactes -
IS car de la ectructura de los wacizo: vweoids comwn
Sow 1 plezamicutos , cabalgaduras, hondimictos, e,
cicomo los vazgos wmads “ignificativor de tar diccen-
Yinoidades cowo won: fracturas o funtos, fallac, pla-
wo: de ectmitificacion, p\a\/\oe de go\\.CiCiO?n ,oqgeciq__
dec , ete. .
E< '1""‘-"1?31 av.me anctar la oriemtmcisn ('r’umL-a ‘_J_\E:C’-..-‘..'a-
AO} Y ESFQQ&WCV\J:'O de las diccon-hnuidaces, 53t carg
U 1A o cke_E‘,C{‘}.'r‘Cfoffa c\(_ la < (f.’fl.l";lc*'Ck'.'S%'CaS de las CCH’S.'S
G P\CU)LOS c:&e_ d
et dac .0 skicrtas ce a.i-;-'n‘c.n.m Faie deacnbiv c\gm:is |
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de '6:%5«4@1&\&:& de \as diccontinvidades, ets wnformocion dete

acowpanarse de una descripcion del wiakerial de rellews. Taw -
biem deken awstarce las caracteristicas de loc plavos ew fos gue

estom conteridas lac. carac de los ipntas | poreqeviplo: €4 ef plao

- es recho o, alabeads y <i fas cams son lizac; rygecas o ezca-

loviadas . A esta: caracterieticas de loz [ lanos de laﬁ-:'(U-H,EQE- -
. <e | l.es e de aai%‘m,i‘&_“un NorEro euw funcich de =u réf.is‘:ajf_{ﬂ\
al corte, | N
-Exi:"*.em‘_ doc forwvnac basicas paro. re pre seutar lac ectructoras
y los razqos cs*ruc’ruraic's. S
{) Mapas_con la. localizacion qecqrafica de estructursy
ca240< es%ruc%ura\qe,~amo%:wclo cue caracteriemicac ficicac d=
oriewiotaon v F-o:»\'cio/m Y 2)-Grdticas ew las due £ Vites-
tra la {recueucia relativa de. las diccovtinvidades , 1moe-
'M’aw\:l@ el iufervale de variacion Ae las orieutacionec r_p.f(_
scuricu eu el sitio, | | |
Avkos cictewar Yinwa sws Uﬂxﬁnﬂ% 3 Luidaciows
B\ [Drimer' ‘siﬁewa‘ cs Pre{cr'\dg para 0sas Jeuerdks. Pe omite
Lo coritroccicy, de secciones drausveraaies e Gal g icv
a'vm Cl’l"!r{CO\ parl-:f\(‘,u_lm‘ c‘ic—:\ Prmjeclro) Y4 sea Una _\a:—ler,x
o ka 0AS Qe UAA EXCAUALIN sulderraea . De ecta v
se pxw_&c. okt acar 'Lc\ Precauia de Cl\é’)_x.uf\ s coatiucd~
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Representacion de planos estructuroles —

S48/38 K2 325780

K.230/70
Q) R0SOQ de'vientos b) Diagromo de puntos (polos)
¢) Dlogromo de frecuencios d) Circulos i;rondes y polos

T T

e)Cuadrados unitgrios segun MULLER

'\_'m;_::.la:-.:nxm - -~ e am T SRy



-t Aaat

-

Conteo

O~ a
o
o
»N
-
w
o
™
-

3
o
™
-
-~
-
o
~
[

o ! 2.1 o zx.4 s ¢ 12 e p s 8 3 1 0
Pyt e 2y 4 g 1} 49y M4 10 2 3 ) 0 O
e & 2 2 © 3 r it 10 27 33 20 12 @4 3 ) O @
0 o I ] I % 8 19 23 30 2% 23 4y Tt 3y 3 G
] ] ] ] H s s 1@ 1% 23 23 30 2T 1} 3 3 2 o
0 20 40 20 1% Is 30 43 .4 1 3 O
b ¢ ] 3 g 3 11 83 38 21 1% 18 9 4 2 3 % o
o D 071 o 40 €2 3p 20 (3 |3 4 z T O O
[ ] 9 0 1 s & 25 AT 48 17T 0 & 4 iy | o 0
. 6 0 1 2 '3 14 32 4325 18 7 ¥ & 4 1 1+ g
g1 9 0 G 2 p y 23 M 20 14 .8 8 T 4

PRl Tl Tl T
o © 00 © 4
L]

-

-

-
o

° .
<

Diogromag de
.frecuencio

T I



-
-
.
/
.
.\ i
R
_ /
.
,
.
.
)
)
A
+ P %
..!
_
] —'
RN
L]
. f/.
- LS
L
.

e ]
N -~
o =
. R
PR
- to#
. +
‘2 .
. -
P
ILI...
-~
e
e
’
-
[ Ty
-
~
W\ At
Al A A
. "
'
. .,
- -
.
’

. Pl
. - I
- - L]
- t.l
N h - .
)
— .
. P
..— -
. g C
~ — ] N
LI B -
- \
' A —
- v
5
~
Y - -
- -
- -
v -
~
1 ‘e
" |
. ~ e
. v
[ -
A
)
b




Lo bonderolo de MOLLER

Lo representacion de un plono qeoloqlco por med:o del escorro
de un cuodrodo unitorio

Simbolo convencional _ "Banderolg de MOLLER"

Determinacion grdfica
del escorzo x

X='0,.cosp

vertical

“ norizonta)l
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131 Ivdice de Ca\\'c\ac—l‘ de la Roca, R.Q.D.
( Rock guality desigration )

El vndice de Cal'c\ad de la roco (KQD) esta ba;qclo wocre un
proce dmuezvﬁro de recu Peracmw de "nue\go_, wod hcq:wo el
o eﬂ\q apo}jado mdwec’fa wme vite cobre el nimero de frac-
Y Uvag u la camtidad de alteracion o cvavidad de laroca
como s€ observa eum los Mucleos recuperados e un barrewo.
Ewn {usar de contar las fractoras , se obbienn vua wrzldz{iu‘u—
directa wediomte la suma de fodos loc %zm_almwjros duros y

SOMOS  Cow \ow?w‘u/d_ > 10 e,

£ ie W\p\o:
| Recu eroqon R ci y keo eracCion — 59 - 826
G g Aleesdnefens
o D o ROD. 2¢ - 57X
2 : ﬂ _ . -
3 55 Ewn este caso la re Lu peraciol; total
: [j 4. es de 85% wmient s WJ,P,JAAA‘CQ_
5 .
3 % de calidad do lavoes 2 S1%.
4 4 \
¢ E . Se ha vic™ Quz el RAD es un
‘;3_ Zé ssrdicaaer Wd's seusikle de lqcadi-
. 5 . dad quural de ka roca gua <l por-
.50"‘ 24 w*aé,ﬂ, Ac t’w&?eraciq% ‘l’oJrai.

r
"
)\
O—
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i el nucleo se rowm pe \oor'm@mq'o 5 por electoe de la.!-:et’%?m-
cion P"’}' sr la wper%'c{e de la fractura <e obzerva frecen
de beran unirse los dos ‘Fmﬁmwlw y CWAdamrse, Qs swon
sola pieza . | |
Este cnkno puﬂic_ cambkiarse tuando Se fwate de rocar <o di-
'W*Aqrt'as con @h’ﬂkfic‘ac{o{: ci&e,‘%adc\ Y tocas 'tMc.Jmm’rF/icm o -
.MMS : ‘f‘—"f\m W\'ao ete ntiucs ha nido a/(:J/{quo exitoso-
Yabate adan para, Luditas | sionde weearis regk zat dvwmediata-
e ok t’M(U\‘ro ciupua de sacar los nicloss del wvect reador
' ‘g onifes ded efects de Ifmdumtuwfo por secado ol alre .
Este mitodo peualiza la roca con pobre retuperacion. Ecto
cs a«gmpim&o Por qui Uva reemperacich pokre duutmluede
coimede con s caladadl pokre . Esto vio sicwpreer
erTc P»UJA el eg Pe de Peri}omclm/ g,l; ’rec,._,,r_,,._mu-
zon se remmwda eltne del dokle barrilg (\ra}mmo cou
diametro minimo NX (2/8") o
Tam _/\uuleL coud Panxu; 2t ntods | <e ha wcmiwia
q)u,e_ %u»ﬂk busa Cotrglacion wutre Tos ’WQVW wumma
ded RQD y io\ aalidood m%wuu;wi Re lax rocan.
Bl KQD UUW}AM%&L e, N v b(ﬁé’n por f)Jr IO G,uw.flﬁ
whar Lessrcraon y Cowandbyran a %}zﬁ%mz @meMar N
L 'atju& s de low i d A 4&_, ﬂh FOCO '



12

&
Indice de Ca lidad de roca Deccra pcio’m de \a Caliddas
RQD; 70
0 .- 25 Muy pobre
25 - 50 Polore
50 - 15 Regular
75 - 90 Boe va
do - 100 E xcelente
RELncioN Entee L RQAD ¥ L4 Cauipar pe La Roca
( A coptinuccicn se precenta la corvelacdov emtre \a fresuz -
A0 de ffmclfum% Y Le QﬂJAdai RAD, obzerysiscloce unea corege
. . / f!- . 7 1 H
Yocwh Bwonk avi Muites ace pratcles,
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50 N \ N
AN ) AN
N . N
" \ \\
\ -
75 | N \ N\
~ AN
\ .
( SN
0 \ Lo ! Ce |
Q z 2 4 =) &

Fracturas por pie




{3

- g

1.2.2.. Relaciovn de velocidade= <{emicac

-~

£l efecto de las clif:.c:on’rlﬁuiciqées e g Wasa de roca paede ce-
estimado por CUW\PCIFOICA'O‘;\ de la velocidad de la owda cow presi-
nal " ot ccmiﬂa velocidad s._o'mcq de laboratorio obtewidea o
“ddeos imtackos de da midma, roca couwo <o olserva ey la m‘c(w'fwig

‘?i\aGum. | . o Regish&éor

RELACION Ot VELOCIDADES COMO INDICE DE CALIDAD DE Roca
Rela.cio'vw de ve locidad - _l/_F_ X Velocidad de Cau({ﬁo
Yo \elecidad de lax.

La diferencia entre estas dos velocidades dilatantes

cs ocasionaca gor las dircmtivimidades ectrycturg o
exictentes eu el campo..

! ! e : . o

Y I’Ql&\ Calw {M\‘YQ JU-.&“M ¢ Ao @)YW‘,I'.;U{J. oy_;[a,-*_ VF/ Vt_,.af:f-.':’f_
Ve 4 Ve =mn hon vidoudader de sudas @wprwwaﬁu de b
YiaA G A \’oca”MSﬂw" tg de)wu\ M.J(:'ﬂ/w//lw lMlcho -P%L ‘Sv'blt.»u&-ﬁ?)
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por Owo&m,t%a.
Pa YA JMAA YOCA LA aAA UT de aﬁo\. GOJJ&G[A& G Po(e?/. g'u.ujrnfg
o rlacion de vidoudades ne aprxive o da muidod..

i~
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CorEELACIoN ENTRE EL RQD Y La Reua’cion oE \/ELOClDALES( 3

L o velocidod sswica debe deterceiuarst s dichiss .,J-LAJE; .
MMM-)[\LQ'PCO axaad /{?uoi ol G F@J‘JACD_ lo cobertuis da
rolo oo Lo udtbunen F\’Jgtwj.«cf:% o Ho Qf‘i “L«U{ EESYP S S
i A ke Y m auen eovitewido 4o pglo- epivelude ol de o
rocos "un it o La veloddad sicuuica 21 w_aa‘or ok tauale
Lutre barviuwed v L ﬂif.-Jme"Uf—‘ELo&" o "t~ kb aug

Sl

?tA,u)_ /\JLLQ_A..'\@JJIL_- t’k{\'ﬂcdc:w@/() ‘\"&(a)l :

PO.WGL' Qq{u.ﬁt .Q.L w.«d/rf{&cm .ﬁﬁ,ﬁz\. l’,Q,QAuL/ ag, J'.Q,Doué? ’&Qﬂ £4 AMﬁveﬂul-'

Vv ble ¢ mn el BT netd ‘ndavia o poce. L«Lo*w( f'qom
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2.. PROPIEDACES MeEcCanicAs DE La FOCA

2.4, Introduccion
Ewv muchoe problaucu. de la migcauica de rocas las prop4edades w.-
aww'\b/; de da vocq m+ac'ra sovi de impor faut cia primordial L E

otior cases Tw_tm mds amportomte el comportamiuts de o

' | o -
coca n s con an aadirandic dcontinoidades QCO[S'?L?AS.

L)

2 .- ProF-(ec\ch\ei inaeirrile de la voca imtacta,

(RS

2.2.1.- Rc_%(s\‘\'ﬁuda e teusion

La .Ae*er"rr\iv\acio’-fa de la resicteucia a la teuziohi por exteu-
‘glow directa de un e.spe’c\w:w.- cilindrico ha cide il b
de realizar | Pt loe diroosibive: de Mcu'o:v. LAk (5 —
JJACU/\‘Q XA UL |

A couss 28 de da d)\{ﬂ cwta Ll arri ba wenuteuada on sl

o \"MOQO O(c.{’fuﬁ v 1‘.& t’ﬁ/‘.)\/-,i'wu:& % I TEs .rz: LA %cr-?m Lu\;@.(__
(o e e fiTe fa PY'UJ‘JJ‘A "Rraciledor . En wile prache
)N P\’o\oﬁm tindica ea Q4o acostzde aj(fpp,»ifa--_Pfevl) IV
(b\(”* L‘ﬂ\( fJL O‘AMJM_H#,LJMLUJL oer{'Cf\

Lo\ 373 u*wuo\ ala teeon @ ne takeoda] wadians

,Q.-x Expvw;&c"b\'. _ 2p Y P
Y Tppo
et dpnde s VL
L

P Card o o to. Lalle + Dzdiometw i
L= Yow gt d. del especimen
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Otra prueka imdirecta paia determinar ba veibencia e
Yewson de da roca &4 Lo "Carg-. pantual” qees re roedize
a,PUCau do Lo QQJ‘O(&\ kwjmbwl e Omua Pm}\o’% o bro Lo
WMA‘C}'Q Wmdﬁ Aan R teﬁ CAAMLIA @/'\,QA/MG';{’,{'CQ: QoA (Luezéll_
%omoo,—mLai_. T etm Carsen mefuu, oz fw,r};o: de ¥ paepson [
hodartr aloge de eame . La viafsucia a da fausirs T
stra clacla\ pO‘r AL G QKPYU.AIG'; MP\’\’A'CQ
: . D<
e donde ' | ., )
P: Catrao. de ‘Q‘Ql\ﬂ e ke u INE d'\ﬁ}w*‘m wEJJia,
—— Sony ) . 9 C

Matler radasirvs eife rosutencia ewtomins £ P,LUALT G
Jo YIMAY i s ok de Qcﬂ%r.vm'm'/, o daante. foo

A Wt MPrws:m:
@&(uﬁi) = 2{f¢ + 400 lb/l’:,uigz

Can fﬁW &‘Q (ra(ﬂ} - Y“‘").A/.‘\ A ‘C/(f\ G rA ed—u_{,t; rﬁ,"/{r.:.l 1
Q‘-t = V.ﬂ/‘.z(/.:{‘b.i, (AC~ Lin Jr,eM/A‘ o—-ll,\ b%'/o Car—a& P""";*‘{'Uﬁi '

Fare £Y potitos /L;'V'\%UJJ.U’A. fo. ne Reoe peds o'.o,gh: U
Y4 Qo*{(-, wm v s '\rMA‘J_"T,ﬁJ.' tio. a la “‘.‘ﬂJJ.f.u(m: CrUA Lo~

did~ e © Y A0 % de la varstoucia o @mpruim'm .

. . * R ) {y B o, )
No @ reaudere pAgtoy O3 YORMALG LT, o o daBiimnaan s oo

G ‘ A
vielee £f aupio inteple & vonacin g fa vorislBicie~, s3ixe

dodo 4 ror2A M%wm’rf‘»{w Y ML{WQ{Q;{% (‘,m MM[—;F\UQLQ c@i%oi'\




2.2..2,_ Rci\'f_-%euda VN QM(Dre:{c,’m EI\AMP".&

E—l_ a_w.u(gorimu/t’fo de la roca mndacto baéo EEVAPT.LAA 091 ALt -
axial esta ambfveuciada Por les wmactetrshicas intrinsicas
de la- Prueba covto son la relaciow de eckeltez , Lo
Velocidad de carga Y las condiciowr: de friccionde boe
apoyes - -
En 2rpecinibnss e redaci ot de eshelter pesueiia o juedic.
daranollerse Los plower do @izt por 2L efects de friccioh de
| Loc OPOLdOS Craalddzude e vedyr uxﬁi&or e dn vora4f oicna 2in
Gtwpi’%\'rﬁu . Obert y Buvall hau emcontrado was. raks -
Cirn puapArien eafre da varistanda a Lo eovaprasiss y Lo
oo de mbelter cowo NAGUR

Co(ory = G (0718 —O-tz/*z—é—\)

N dende : Ca o1) = raiateucan wﬂ'@;mﬂarﬂzi i para Lfp#d
y G e da rasditoucia 2 compraniss pars o=l |

e recownendo aun rdacion da 'uhuﬁﬁg eubre 2y 28
Po\ Vo~ wzﬁﬁ(tu tay e Biatribucion de MM«’E:‘S JAI0% & pabinn
s FoT . o Y asteom af:f_éan,A bere mukor s dok cfachs £e
?vicclkrfq' de Dot W?oﬁim En la Fxg' ¢ prowda
© Tonctes G f«'c..a, la redacion evdre Lo voaritoncioy o tru ‘.WHJ‘J’«.
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TUFLUENCIA DE LL VELOCIDAD DE CLeat BN LL RESITTENGL Y Maliod
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concitions, it is possible to make reasonable approximations of the
encrgy carabilities of various kinds of explosives and the estimated
level of the transmittec strasses at any ¢istance 4 from the ex- -
plosion center. . 1lith respect to the relative energies of ex-
plosives with cifferent uen51ties but having a constant charge di-
ameter arrl velocity of reaction,-the followlng expression can be
usec:

RE, = EEl(SGeZ/SGel)

In the case where explosives' cdensities, charge diameters, anc .
reaction velocities all differ, the general relationship for making
the comparison would be
. 2/
-]
REy = PE; {CeaVe2 7de)Ver’)
For .all practical considerations, the comparisons woulc be reason-
ably valid for all center-initiatad l-£ft long charges with diameter
that would vary from 2 to 72 incha2s. This is because ti e range of

values for Lo/Le and -its reciprocal, or T,/L,, would not exceed 6,
which was defined earlier a2s the linitat;on %or a point charge.

The significance of thc,foregoing relationships becores
apparcnt when onre considers their aoplication for craterina in
materials. Tie problem, in gist, is one involving the ‘accomplish-
ment of mechanical work, whereby thce eneragy suppliec Ly the ex-
plosive (Qa) is5 used for fracturing the materials by overccring
their strencth properties and then displacing tne broken narticles,
In general, the reduired diverged value of ¢Qs, Or ¢Qg at éistance
a fror: the explosion's center, will ke unigue for any given type
of raterial. :

The specific c¢epth of charae burial, which weculdé ccrresronid
with tiie maximum limit for distance d, at which cptinmum crater
results will be achieved is called the burden, B, The volume of
the Zevelonpew crater (Ve), in turn, will alvrays he a function cf
B, as vell us the explosive's G,. For exarple,_v for a simole
cone~tynn cratar with one free surface is 7r<8/3, but the value [o-
the crater racius r is depencent on the material's properties an:i
is relatec to B, Thus, as 2 generzl rule one can assurme that
Ve = 33 = Qo for approximation purposes. From. the previous dis-
cussions it was shown that Q PE, = 8Gg = © 3, Therefore, for
any confined explosive charge 1t can be concludcc ‘that
1/3 1/3 1/3

= REe = S8G = D

B aVy '
c e e

. = ; 1/3 o, . .
and . B2 s B (FLZ/F '92-82 = Bl(DeZ/Eel)'

In swmation, . the cube-root law describies the effect of b=

dimensional divergence in recuciny the stress enerqy procuced by =
conflncc explosive charge as the energy propagates in all direcnion-

>
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through a material. 72s a result, the ideal ontimum depths of buriaj
(or burcen) and the resuitant crater volumes produced by corfined
explosive charges in a given klasting environment will be propor-
tional to the charge cdiameters anc tne cuke root of their rcspbctlv
relative energles.

The Square-Root Law

Cecause the energy of an explosive is released as a pressure
or stress, i.e., Pg Or deg, it will exert itself cver the entirc
- surface of tha charge. For the concentric or p2int charcae (ne
total outer_surface at which the pressure acts is equal tu
éﬂrez = 7lg 2, '”herefore, the total energy from the explosion {Qgp)
will be equal to oe(nDe }. By similar analysis, f£rorm the explos;on
center th2 stress transmitted through a waterlal a distance ¢ will
be cistributed over a surface area egualing 4nd2, in which the total
energy at that locatlon 03 times the area would be related in the
form of Q; = 0g(4nc2). Assuming there are no losses becausc of -
absorptlon etc., or Qe = Qd, it follows then that

0,(nD, %) = 54(4ma’),

2
or 05 = oe(De/zd)
If d = B for the optimun crater producec, then

. i
B = (D,/2) (0, /o)

Hecause the stresses transmitted into a material are nropor-
tional to the pressure released by the explosion, or Og = Pg, the
transmitted stresses for the producticn of a crater rust equal or
exceec the material's strength preperties, ox oy or 15 derenaing
on wvhich woulu ke the most critical. Thus, one can conclude that

B = Pek = ot'k or Ts-%.

In brief, then, the square-root law of energy divergence, vhen usad
to preclct requirements for the production of craters, states that
the optimum depths of burial {or burden) and the resultant crates
volumes for confinec exnlosive cliarges in any given bklcsting ein-
vironment will vary directly with the square root of their re-

" spective exnlosion pressures anc inversely with the square root

¢f the pertirent materials' strengths.
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Strenytn Pata For Some Ceumpetent Rocks (13).

fock Iype Ccempressive " Elasticity Tenaile c Q Equation of MHuhr’u
Strength Modulva Strength . - Envelons_
{Compression) T ou .. =
3 [T
) . psi x 10 psi x 1C6 pzi T"‘f psi deg. (ref. Fig. 3)
L P . .- el .
Chert 29.3 8.15 | 820000502550  71.5 Y = 2550 + 3.0 x
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alt Rovck . 2.2 135 - 8s(03E6 210 72,5 Y= 210 +3.2 %
San2 Stone  14.8 2.00 23006155 $00  76.0 : T = $CO + 4.0 x .
Shele 5.2 1,09 1538(,29571420  $1.0 ¥ = 1420 + 0.5 x
911t-Stone 5.0 12,60 44000880750  59.5 YT = 750+ 1.7 x
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SINGLB BLASTHOLZ DESIGN PROBLEN

A deposit is quarried in 30-ft high berchss. ror erushed
fitone, The Tock 18 quite miesive and has the followWing proper=

" tiee:

86, = 2.9, v, = 17,000 fpa, = 0.25, Sj= 0,7,

Y = 45 dog, O = 25,000 pui, and G;: 1750 pot.

Blasted rock 18 loanded dy a 5 ¢y front-end loader. The
blastholes are drilled vertically and bulx louded (D D) ,
with an explosive having an SO0 = 117, D, = 1 in., ang conzinud
velocities of 12,500 fpo at 3 ine.. and 15,000 £ps at 5 in.. and
larger oharge diametere. Tha ralatlonshlp batiraen Vo and 2
ir the 1 to 5 in,. rauge can te astumed to bo in ths form of

cx

_ '? ".a'e bx’
Drainage at tha operation ie such thut blaa.holes generaliy

are always dry, and thare i1s no free parting in the rock zvaile
able that can serve as a flooi's For estimating purposes tae.

average blast area A of_ meterial cratored by.a single bl_atr Y

wWould be equal to 1.43 . -

A,. Comsidering the foregolns -nformstien,,flhd the followling
properties rfor the intact rock: ,

'(1)1; - end (2) E : g : ' -,

B,. For charge dlameters D, of (a) 2 in., and /b) 4 la., deter-
mine each of the follow;ng estimates: .

(1) Vg (2) Pas. - (3) oy U") B, {5) 1, (6) J
(7} 5, (&) W, (9) ty, and (10) %4,
O, At the glven bench beight L determine %ha rasnectiva D,

-

values that define sach of the following cunu1f1;us: -

(1) The B' that ingures all of. thu oxplosive colunn will
react befors nuy cracks wi;l have propagzated to auny orea
faca when using a single primer located at (2) Floor level,
azd at (b) The Oentar of the charge coluumn,

(2) The B" at whioh ovarbrnak quite likaly may bdegin %o
cccur When the pricer 1s plece at Ploor levael,: ,

(23

- 6
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what happens during blasting.
Probably the most important
thing to the average person is to

T is not enough just to understand

s now how blast etfects can be con-
—drolled to suit the requirements of his

operation. In this respect there are
available five basic standards upon
which to evaluate blasts, al{ of which
are unitless . (dimensionless) ratios.
They can be applied to both under-
grcund and surface blasting with
equal success. For simplicity, how-
ever, their use will be discussed as
applied to surface (open-pit) blasting
conditicns. The stand ards are de-
ﬁned as follows: ™

Burden Rario (Kg)—the ratio
of t'le burden distance in feet to the
diameter of the e\:pIosne in mches.
e""al to 12 B/D,

2. Hole-Depth' Ratio (Ki;)—the
ratio of the hole depth to the burden,
bath measured in feet. or H'B

3. Sukdrilling' Ratio (K;)—the
raiio of the subdrilling used to that
of the burden, both expressed in
feet, or J'B - - '

4. Stemming ~ Rctio * (K-)—the
ratio of the stemminz.; or collar dis-

(&-‘-1?““ to that of th, burden, both

uel'"IU in fe2:, or T/B

5. Spacmg Ratio (K;)—the ratio
of :he spacing dimension to that of
the burden. both measured in feet.
or S'B. ‘

The Mechanics of
ROCK BREAKAGE

STANDARDS FOR BLASTING DESIGN

Part Il of a Series

Burden Ratie The most criticul
and important di-
mension in blasting is that of the
. burden.. Tk iere are two requirements
necessary to define it properly. To
cover all conditions;” thé burden

should be considered as-

pendicular to the nearast, fres facs
“and in the direction in which &'s-
placement wiil most like! \. occur. Its
actual value will depeno on a combi-
nation Of. variables, including the
rock characeristics. the explosive
used. etc. But when rock is com-
pletely frazmented but “displaced

litte or not at all, one’ c"n ‘assume,

the critical value has been- ap-
proached, Usually, an amount
siightly les:. than the critizol value
is preferred by most blastzrs,

There arz many’ formui.r

waat

+

Tahle }-—Stapdard Blastinz Ratios for Yertical Blastholes ¢
(All Types of Surface Biastinz, 20 Different Rock Tvpes. Hole Dépths From 5 to 260
ft.. 2id Hole Dizmeters From 1% to 10‘u in. for All Grades of E\plosncsi

Al Operuations

All Opcranons but Coal Smppmzs .

Rq o Ry K - R.* :
Group Frequency Group  Frequency  Group  Frequency Group Frequency

: - ’ 0.10.0.19 0

0.0-00.9 0 0.20-0.29 6

10-13 n 1 0-1.9 43 0.30.0.39 12

1317 £ 2029 —% 70 (.00-0.09 15 N.30.0.49 18

182t — Iz 3.0.3.9 b 017019 18 050059 18

- 2228 | 20,29 — 45 0.20-0.29 27 0.60-0.59 25

—3 2619 T4 SR 0 22 3439 et 0.70-0.79 I3

T 30-33 -84 - 6 0-4.9 22 A2.0.49 o5 0.80-0.89 I3

3437 e T.0T9 1 0L0.59 : 0.90.0.59 3

3R-4 20 §.0-5.9 4 £EN.3.69 6- 1.00-1.09 14

4245 =7 7 G949 2 To-0.7 2 1.10-1.19 7

46-409 4 10.0-10.9 g £0-0.88% 0 1.26-1.29 7

1-53 0 1t f-11.9 0 1.20-1.39 3

12.0-12.9 l 114 2

1.50-1.59 2

“‘_“\Tola[ 284 To:nal 284 Towal 125 Total .

' Atean 30 Mean 10 Mean 033 Mean  0.74

" Mode 33 Mode 26 Mode g Meode 0.65

Maodian 29 Median 34 Median Q.17 Median 0.67
*Note—RI: Ash. R. L.. and Pearse. T. E.—"Velozity. He!z Depth Relaied to Blas‘ ng

Results.” Mining Engineerine—Septzmbper, 19320 p. 75,

the dis-~
tance from a charge measpred per-
" sary information is not ;

provide approximate bunizn values.
but most require calcul.iions that
are bothersomé or compiex to the

_ a\erace man in the field. Many also

requ'ﬂ i.nov.ledf'e of various th-
ties of the rock und explostves, such
as tensile ‘strengths and’ détenatien
pressures. etc.” As'a rule. the neces-
r2adily avail-
able. nor is it understood.

A convenient guide that can be
used for estimating the burden, how-
ever. is the Ky ratio. Experience
shows that when Ky=30. the biast-
er can usually expect satisfactory re-

sults for average field conditions: - . -

(Table 1). Thus, for a 3-in. diam-
eter explosive, 'a 7V2-fi. burden

. (30 x 3/12) would be a reasonabie

approximation. To provide greatar:
throw. the Ky value could be re-
“duced below 30, and subsequent
finer eizing is- also expected to wre-
sult.

Licht density explesives, such as
fizid-mixed AN, FO mixtures, nec-
essariiv recuire the use of lower Kz
raiios (20 to 25), while dense ex-
_plosives. such as the slurrizs ‘ard
* gelatins, permit the use of a Ky near
0. The final value setected should
be the resuit of adjustments made
to suit not only the rock and ex-
plosive tyvpes and densities but also
the dzgree of froosmentation and dis-
plecement desired. - :

To estimats the desired K. value.
one should know that densities for
expicsives are rarely greater than
1.6 or less than 0.8 gm-cc. Also,
for most rocks requiring blasting.
the density in gm.’cc rarely exceads
3.2, ror is it less than 2.2_ with 2.7
(16\ i5. per cu. ft. in the solid) by
far the ‘most common value. Thus.
by first approximating the burdzn

- make simple estimations toward 20

= at a Ks of 30, the blaster can then
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ROCK BREAKAGE

By RICHARD L. ASH, P.E,

Schoel of Mines and Mataliurgy
U'uvamfy of Missouri

ual characteristics of each ingredient
determine whether it may be desir-
able for use in a mixture. Table 3
gives a partial listing of the manv
inzredients that might be includad
in an cxplosive. Jt can be recog-
nizad that certain compounds may
be highly explosive bv themselves
or may be normally inert; but when
combined. the entire mix mav form
an explosive. For :his reason the
compounding of explosives should
not be attempted by the average
person. ' .

Explosive To be an explosive, the
Reactions change in form from
liquid or solid. or a com-
cination of both. to that of a gas, or
=3 and solid. must be 2n exothermic
iction, or one from which heat is
.cleased. For most exglosives, the
quantity of heat released is quite
large (Table 4). The gases formed.
in turn, quickly produce very high
pressures. with ths reaction being
called 2ither deflagration or detona-
tion.
The distinction bérween the two

rate as that of the burning.

types of reaction is that deflagration
consists of 2 burning action at a
high rate of speed. the chemical reac-
tion of which causes gaseous forma-
ticn and pressure expansion along
with the burning. Thus, a heavinz
action from the pressures produced
is experienced at nearly the same
This
tvpe of reaction is characteristic of
low explosives, of which black
powder is one particular type.
Detenation, on the other hand,
censists of the propagation of a
shock wave through the explosive,
accompanied bv a chemical reaction
that furnishes energy to sustain the
sheck-wave propagaticn in a stable
manner. with gaseous formation fol-
lowing shortly thereafizr, The shock
wave is characterized by a very sharp
rise in -pressure (Figure 11},.1in
front of which there iz a zone in
which all immediate mat:°r i< ion-
ized. The pressures developed by
dztonation {shock) are nearly
deubie those produced by the gase-
ous expansion that foilows. All high
expiosives are designed to detonate,

Table 4—Available Heat Energies (Q) for Certain Selected Explosives

Explosive 5G 5C Q (Cal gm)
Witroglyeerin (ING) 1.6 g8 1420
PETN 1.6 £3 R 1400
RDX 1.6 88 - 1320
Cemposition B 1.6 83 1140
Tetryd 1.6 £8 ‘ 1010
NG gelatin 40 1.5 94 820
Slurry (TNT-AN-H.OQ. 20/65/15) 1.5 94 770
NG gelatin 100%% 1.4 101 1400
NG gelaun 75% 1.4 104 1150
AN pelatin 75% 1.4 101 990
NG dynamite 40¢% 1.4 101 930
AN gelaiin 0% 14 101 810
NG dynumite 60 1.3 109 - 9%0
PETN 1.2 118 1200
Semigelatin 1.2 1S 910
Extra dyvnamite 6055 1.2 118 880
* matol, 50/ 50 1.1 123 891

IX 1.0 141 F280
~T 1.9 11 960
I'SNT-AN, 50730 1.0 1+1 8GO
TNT 1.0 141 870
AN-FO, 94/6 0.9 157 $90
AN low-density dynamite 0.8 176 850
0.8 176 330

AN

11

*

20

Lawirtipod-£3, sa/8
48
0%
0%
2 TnT-an-n0, 20483713
T5i%

[T I
ERLICEYIEY -
3 aw oTwamity,

- A NG ITeamTE,

& am GELATN,
*

PAESSURE (100, 000's PSI)

TIME (MILLISECONDS)

Figure |1—Curves of calculated pressuce
develoced by some selected explosives yn-
der perdect confinement.

all lew explosives will deflagrate; and
blastinz agents may exhibit one ¢r
the cther type of reaction, according
to their specifications and conditions
of use. The important thing to re-
member about the reactions is that'
the efects of ons tvpe are very much
differeat from those of the other.
detonation producing higher energy
and much hicher velocities.

To accomplish a desired reaction..
ceriain temperature and pressure
conditions must be met, most exple-
sives being desicned for use under
confinement, e.g., in blastholes. If
the emperature required for a pro-
per reaciion is not present. no
detonation may occur. with only
bu-ning or pessible deflagration re-
sulting. In practical terms. this
means that even though the desicned
chemical composition calls for det-
onation. inadequate initial heat from
an initiator or primer or a loss in
confinement conditions can result in
lower blast energy being developed
from the explosive charge. ot even
in complete failure, causing a mis-
fire.

For this reason, control over the
confinement and the selection of
primers with adequate heat energy
and initiating pewer are particularly
important. One should rscognize
thea. which of ‘the explosives need
streng priming and which need very
littte keat for initiating their reac-
ticns. not only for reasons of blast-

“ing eficiency but for safety con-

siderations as well. (Turn puage)



.-

To buticr understand the require.’

ments just described, Table 5 illus-
trates the approximate temperature
characteristics of two basic ingre-
dicnts used in manv commercial
~xplasives. 1t should be noted that
a~ery tow temperature NG begins
o (‘E-.:ompme. boiling occurring
thereafier. Flame from a
zat released by blasting caps,
ztively warm blasthole (such
as ene just recently drilled), friction

1.
a reiil

frem metal objects. and  similar
cﬁc::s_ can all provide quite easily
the r2iztively low temperature need-

ed to provide dangzrous conditions.
If the NG is confined, e.g.. in a
biasinole, the initial decompasition
wiil k2 ac
_onu

iien.
O'z 'E” o'..Lr h:md AN requnres

ng alarve amousnt of lﬂl[l"l
However, ence decomposition

detonation or deflagration
wi[h a very smail tem-
j By combining the two
-Een's as is done in the am-
dvnamites, a compromise

=l 1o

NG being the casier to

Imporiant Most manufacturers

Propertics supply catalegs and
Of Explosives other information

concerning the
s;‘::'::‘.::.t‘om of their preducis. How-
gver. cerinin properties are par-
ticuizrly important to quarry blast-
inz. A review and explanation of
theis rractical aspects should there-
fore

t2 of special interest to the

5 For all explosives, the
flesistance presence of water in

blastheles- tends  to
'm..al unbaiance as \\ell

ch

e
v oaddi :on*l h}drogn and
:rd reguires additional heat
orized into steam. If water
viny through the ground, a
action ¢an occur, whereby
v sulis that may be easily dis-
could be removed from the
-l omiaere.
o prenaied m::rmliy from water
: celatinizing the mix or
CXI2TNEH armd"mo The in-
srediznis added for gelatinizing are
usuaily included in the chemical bal-

ceizrated to result in det-

~are observed,

wchizved, the ﬂrﬁdﬂa having’

- circulation.
Explosives may -

Table S—Comparison of Approximats
Reaction Temperatures (*F) of
NG and AN

NG AN:
Detonate 420 460
Boil 29n —_
Decompose 149 410
Freeze .11 340

ance, as with the use of nitrocellu-
lose in the gelatin grades.

Similarly, the parer, woed fiber,
paraffin, or polvethvlene used for
external cartridging are generally
mcluded in the chemical balance.
For this reason explosives that are
made for use in cartridges should
not be removed if prescrvation of
the oxygen balance is to be main-
tained.

If an explosive is properly com-
pounded initiallv, but detrimental
effects occur from water. the acticn
will be noticeable by the formation
of brown niwrous-oxide fumes and
a low blasting action. If these effects
the explosive grade
should be changed or cther appro-
priate action taken. Primers must of
necessity possess unlimited water re-
sistance.

Fumes Most explesives are ‘given

a fume rating, the classi-
fication of which is based on the
amounts of poisonous gases pro-
duced by the explosive reaction.
Limits arz set by many of the statzs,
the U. S, Bureaun of Mines, and
certain other agencies. Where in-
adequate ventilation and exposure
of personnel to toxic gases may exist,
care must be taken to ensure that

the explosives used give amounts

below the established limits.

This property is particularly im-
portant for underground blasting;
but for open-cut operations the prob-
lem could also be quite serious.
Fumes may lie inside piles of broken
rock. Such material, when stirred
up by leading equipment, wiil re-
lease the fumes, to contaminate the
air in which men are working. The
problem may be zaggravated by at-
mospheric conditions. deep cuts,
and similar factors that hinder air
Men will become ill
and nauseated if this situation is
present. '

A person should understand the
distinction between fumes and
smoke, the latter of which is com-
posed of liquid er solid particles

suspended in the air. Usually when
whita smoke is observed from blasts,
it is quite likely composed primarily ’
of the steam from the reaction.

Sensitivity This property actuallv

refers to two related
characteristics. It defines the rela-
tive ease with which an explosive
reaction can be initiated and the
relative ease with which the reacticn
is propagated through an entire
charge. Several tests are used to
fate sensitivity, the most common
of which is the minimum booster -

-required for initiation. Usuaily the

total numter of No. 6 strength blast-

_ing caps required for initiation is

used to classify sensitivity.
However, an exploswc may in-
itiate easily but in small diam
the reaction may not propagate and
dies out. For this reason explosives

"may not be manufactured below

specific diameters, A eritical diame-
ter. or that below which propaga-
tion of a reaction will not continus.
exists for practically all commercial
products. Some blasting agents have -
a large critical diameter; most hich
explosives have  a small one. By
definitien, blasting agents cannot b -
senmsitive to initiation by a singiz
No. 6 biasting cap, while h:gh expio-
sives all are one-cap sensitive.

On the other hand, an explosive -
may be quite insensitive to initiaticn
but propagate easily when above the
critical diameter. For safety reasons
this situation is the more desiratie;
it is a definite advantage offered by
many of the blasting acents. How-
ever, adequate priming is mandatary
for their use.” If propagation is
difficult or impossible through a

‘column of explosives, boosters may

be used to sustain the reaction. But
it should be recognized that both
boosters and primers must be san-
sitive to initiation.

The sensitivity of an explosive is
a function of the ingredients, their
particle sizing, the charge diametar,
the degree of confinement, and cer-
tain other factors. For example,
ammonium-nitrate explosives may
become quite sensitive in time by
particle degradation due to the proc-
ess of cycling. AN has the charac-
teristic whereby it will change iis
crystalline form  with changes in
temperature; two of the changes ofi2a
encountered in normal field blasting
are at 0 and 90 deg. F. Constant



. changes through those temperatures
causes the particles to break into
smaller sizes. The smaller particles
offer more contact surfaces between
ingredients, making it easier for
narticles to be c¢onsumed by the

xplosive reaction. The result is to
permit easier initiation and sub-
sequent more rapid propagation
through a charge. Blasting agents
that would normally be insensitive
become quite sensitive to initiation
by a single No. 6 blasting cap, simi-
lar to that expected of high explo-
sives.

Larger charze diameters also prop-
agate reactions more easily because
of the greater surface area available.
Confinement tends to concentrate
the reaction’s force along the charge
length rather than permir the action
to spread.

Certain hydrocarbons have an ad-
verse etfect on some tvpes of explo-
sives, principally those with free NG,
as do the straight and extra grades
of dvnamites (Table 6). Since some

of the blasting agents have liquid

hydrocarbens as one of their ingre-
dients, e.2., FO, one shouid be
particularly cautiouvs in his choice
f primzr explosive. Under certain

nditions there could be an accu-
mulation of the hydrocarbon in the
blastholes, particularly at the bot-
toms, which in tum may lead to
misfires when cherges are bottom-
primed. This situation can be avoid-
ed by usirg gelatins or simigeiating
cr hich explosives containinz no NG
for priming. Furthermore. it is
simply goed practice to avoid the
use of excessive FO in any blasting
agent, 10 avoid upseiing the oxveen
balance. '

Density Explosives are manufac-
tured and =oid on a weight
basis, the densest explosives usually
being the strongest. The density,
cr weight per unit velume, of an ex-
plosive is therefore one of its most
important properties. In industrv
this property may be specified i
three wayvs: (a) b} specific gran:}'
(SG) expressed as a unitless number
or in gm ‘cc; (b} by stick count
(SC) or the number of 114 x §-in.
cartridyes per 50-1b. box; and {c¢) by
loading density (d.) or the pounds
of -explosive per foot of -charge
leneth. The value for the loading
- densiiv, however, is a function of
the explosive’s charge diameter

Table 6—Percent by VWeight of
Diesel FO Additive Where
Detonation Fails

Pct.  QtFO/b.

Explosive Add. of Expl.

Exira dynamite 40 1.5 0.003

Extra dynamite 60 2.5 0.013

Low-density dvnamite 4.0 0.G22
(SC 120

AN pelatin 60 8.0~ 0.05¢

NG gelatin 607 35.0 0.21*

*Amounts appiied, but detonation sue-
cessful; no failures.

(D,), which should then also be
specified easily for clarity.

The various measures for density
can’ be calcuiated easily for rapid
use in the - field, provided that the
charge diameter (D.), expressed in
inches, and one of the density values

are known. The relationships are
as follows:
d. =48D.2, 5C (N
d,=0.34D,2(SG) " (2)
SG = 141,8C (3)

These formulas provide a very
convenient means for estimating ex-
plosive  quantities. in that most ex-
ptosive manufacturers supply the SC
or SG for their products, For ex-
ample, if a frez-flow AN-FO mixture
with an SC cof 176 wers to be usad
in a 10-in. diameter blasthcle, one
would expect slightly in excess of
27 1b. per feot of hole (or d, = 48 x
107 divided by 176 = 27 1b./fr.).
(The relationships are ilustrated
graphically by Figure 12.)

It will be coted that an SC of 176
corresponds to an SG of 0.8, which

could also be determined from
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Figure 12—Relaticnships tetween densities
¢t explosives.
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Expression (3), above. Since the
SG of water is 1 and its equivalent
SC value is 141, aay explosive with
an SG greater thaa 1 or aa SC less
than 141 could be expected to sink
in wet blastholes. It should be point-
ed out, however, that D, is the
diameter of the explosive, not that .
of the blasthole. These diameters -
are .equal only in the case of free-
flowing explosives or charges com-
posed of cartridges that are thor-
oughly tamped.

Because certain ingredients may
be included in explosives that co
not contribute to the energy pro-
duced. there is no distinct relation-
ship between density and pressures
developed. In fact, some manufac-
turers make a 40, percent Extra typz
dvnamite. for example, that is dea-
ser than the 60 percent of the same
type of explosne Similarly, a 9¢ per-
cent gelatin is lighter than a 30 per-
cent zelaun But as a general rule-
it is rezsonably approximate to re-
late the energy developed by explo-
sives to their relative densities. This
is because explosives are character-
ized bv general density groups that

orrespond to their various types.
e. 9.. gelatins, dynamites, etc. The
denser types as a group produce
more energy than the lighter ones.
even though there may be exceptions
to the rule between grades witnin
the same type.

Yelocity The rate. usualh express-

ed in feet per second
(fps). at which a reaction propa-
gates through an explosive is con-
sidered by many as the most im-
portant quqhtv of an etph‘hl\-e It is
often called the detonation veloeiny.
but t9's is not always technicaliy
correct.  Its importance can b2
better appreciated when it is urder-
stood that the energy preduced by
anv explosive is a function of the
product of its density and velocny
characteristics.  Since "the initizl
reaction for most explosives used
in ccmmercial blasting is detoration
with subsequent gaseous expansicn,
the action would be considered dy-
namic.

Thus. impulsive and momentive
forces are produced as a result of
the kiretic energy of the reaction.
which can be e\presscd by the rela-
tionstin KE = 12 Mv.2, where M is
the mass and v, is the velocity of
the explosive’s reaction. The rela-



vonship is given to iHustrate that
the value of the velocity is squared.
Thus, energy releases are affected
much more by changes in velocity
than by changes in density. For
~xamplz, if one of two different

ricsives has double the dernsiry of
.12 othar but both have the same
velocizy, the denser one c¢ould be
expected normally to produce twice
the work. However, if both explo-
sives have the same density, but one
has double the velocity of the other,
the faster explosive would ~duce
four times the v.ork possibiz from
the other.

Contrzry to common belief, all
hich exz'sives do not react with
kizh velc  “»e, which may vary from
about 2- ; 1o as low as 5,000
fps. The vaoaty of an explosive is
retated to the sensitivity in some re-
spects, being dependent on the par-
ticular ingredién:s used, their par-
ticls sizing, the density, the charge
diameter, and the degree of confine-
ment under which it is used. As ex-
rieined earlier, the smaller the par-
ticias the greater the density, which

in tern usually increases the amount |

of energv-preducing material per
=it of volume and the numeper of
tact surfacss between particles.
v increasinZ the over-zll rate
of reaction. The combined effect is
to increase the energy potential of
th.e explosive
£xplosives ars given two velesity
razings. ene for use in the opzn or

. ;_.-AE\.

unceained, the cther if it is con-
fir>d. For manv grides and tvpes,

the nncenfined velocites are 20 1o 30
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rigure 13—Chart for corrolating esplosive
sirangths,

“confinement.

- percent lower than those achieved

under confinement. In a practical
sense one could then assume that
an explosive would produce only
60 to 70 percent of the total work
possible if used unconfined. It is,
therefore. particularly important to
know which velocity value is speci-
fied for a product.

The techrique known as cushion
blasting utilizes the principle of re-
duced velocities resuiting from less
It can be used to pre-
vent shattering. In this metkod an
annular air space is left arcund the
explosive, if used in cartridges. or
air pockets are left at prescribed
intervals
placed along the length of a blast-
hole.

Strength The least understood and

of:en the most improp-
erly specified property for describ-
ing an expiosive is its strength. It
is usuaily expressed as a percentage,
and it was originated when all com-
mercial high explosives contzined
NG as the primary energy-producing
ingredient. In the beginning. the
percentaze meant the actual amount
of NG in the toial weight of explo-
sive. which would bte appiicable for
most of the straight dynamites. How-
ever, for all other types of expiosives
other ingredients may be used to
supply a part or all of the energy.
In addition. there are two strength
ratings given to explosives; and un-
less this is clearly understood by
users. it can lead to very serious
difficulties.

The first methed for rating—
weight strrength—means that 2
pound of a particular explosive can
do the same work as a pound of
straight NG dynamite of equivalent
strength when used under certain
specified conditions. Since densities
of explosives varv considerably
“Ithough the explosive or blasthole
diameter may not be chonged. a
method for rating streacth on an
equal volume basis would be neces-
sary.

The bulk. cartridee. or volume
strength rating provides the neces-
sary comparisen, but its value is
determined by caletlation, The two
strength ratings, by weight and by
volume. are considered equal when
tha stick count (SC) is near 100,
as it would be for most straight
dvnamites. To assist in the correla-
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between deck charges’

tion between the two ratings, the -
nomograph in Figure 13 ¢an be
used. -
If the weight strength of an ex-
plosive having an SC of 150 is 60
percent, a pound of it will provide
energy equivalent to that of a pound
of 60 percent straight dynamite.
However, from Figure 13, the cart-
ridge strength is indicated as only
30 percent, which means that if the
explosive was used on an equal
velume basis, it would have the
energy of only a 30 percent straight
dynamite. Unfortunately, some ex-
plosives are sold and designated by
weight strength. and others by bulk:
or volume strength; and still others
are specified by letter or number,
with a weight strength given for
the general class or type of explosive
in which it is but one of the grades.
The operator can understand that
he could be btadiv mistaken if he
wereg not careful to distinguish be-
tween che two strengths in uging
th:is property as a primary basis for
selecting an explosive. To avoid con-
fusion and possible sertous difficul-
ties. it is generally much simpler to
judee an explosive’s relative strength
according to its density and velodity
characterisitics. The quantities of
both are vsuallv availablz from the
manufacturer’s information.

Correlating Since the
Explosive's burden is
Properties to the most
Blasting Standards impor:ant

single di-

raension for successful blasting, and
that upon which the design stand-
ards are based, its determinatien
must take into account the indivicaal
characteristics of the particular ex-
plosive selected for use on a joo.
A convenient method for estimating
its value is to employ the relative-
energy comparison technique. Be-
cause all properties may be con-
sidered relative for comparison
purposes, an explosive with an SG of
1.3 and a v, of 12.000 fps could be
considered the standard, or one with
characteristics near that, for 40 per-
cent to 60 percent Extra dynamites.
whichh long have been considered
appropriate explosives for quarry
blasting. However, it should be un-
derstood that any standard might be
used for making a comparison.

To estimate the relative energy
potential of an explosive. the diame-
ter (D.), dénsity (SG), and velocity



(v.}) must be known, or apprexi-
mated.  Furthermore, to  simplify
calculations. one can assume blast-
holes would be filled across their en-
tire diameter, or D.=D;. This con-

ion easures lile or no onergy
.-3s2s, or dampening, for a complete
energy transfer from the expiosive’s
reaction into the surrounding rock to
be blasted.

The relative energy (RE) and that
exerted to the rock could then be
expressed by a simplified Kiretic-
energy reiationship, or RE=
a{SGiv.2. The *a” is a conversion

_factor to permit the use of specific
gravity instead of mass. and 1t as-
sumes that the explosives will be
used in the same diameter. For anv

set of similar field conditions the “a”

will be a particalar constant number,
- making it then possible to omir it
from the rzlationship when explo-
sives arz compared under identical
field conditiens. Thus. the following
expression can be usad for compar-
ing two or more explosives, based on
their enzrgies: :
RE.. ' RE;=(5G:)(v.2)=/ {(~}
(SGy v, )"
If Explesive No. I represenied the
rage explosive (SG,=1.12%and
1 =12.020 fps) and Explosive No.
2 had S8G:=1.3 and v..=18.00)
ips. the r2lative energy of the second
comgpared to the first according to
Expression (4) wouid be as follows:
RE.-1=(1.5)(18.000)2/(1.2).2
(12,0000°=2.8 .
The RE value shows then that the
szcond explosive has 2.8.times the
energy potential of the standard
explosive. Since the comparison is
made berween explosives used for
biasting the same material, the com-
parative blast results in the rock
would varv as the cube root of their
relative eaercy value, The cute root
is used rather than the direct ratio
because cf the spherical fan effect
for enerzv propagation throuzh ho-
mogenous materials. This relation-
ship then tells us that the Ky ratios
and therefore the burdens wiil vary
in proporiion to the cube root of
the explosives’ relative energies. To
provide a simple formula for illus-
ating the relationship, the follow-
.ag may be used: o
Ka==RNsi (RE:-RE) V3 (%}
If one assumes that average rock
will be blasted, a2 K3 value of 30
would represent the average explo-
sive (Figure 7). The burdea used
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Figure 14—Relationships between burden

dimensions for explosives aczording to their
reiaiive energy and when used under fieid
csnditions, -

- would be 72 ft. for a 3-in. diameter

explosive, since Ky =3C=12B,-D,,
which gives B;=30D, 12=30x3{,
or 7va {1, ’
For Explosive No. 2, then, using
Exgression (5), one can approximate

as compared to that available from .
the averzge explosive. Converted to
Kg values and using a Ky=30 for

. the average explosive in average

rock, the lower and upper limits for
Kp values would be 19 and 46. re-
spectively, From Table 1 it can bte
seen that these values satisfy resules
from actual field expericnces.

that Kas==3$2-l0r K3:=30(_2.S)=,'3.‘-} S

The burden for the second explosive
would then be 10%2 ft., since By=—

<142D,,/12==3%3 x 3. For direct cal-

cuiaticn of the burdens {or expio-
sives used in the sume diameters and
under identical field conditions the
following may be used:

B,=By(RE. RE,)/? L
Ths relationships given by Expres-
sions (5) and (6) are shown on Fiz-
ure 14, which perniis ene to detar-
mine the approximate new burdan
for zny explosive as compared to the
average expiosive when used uncer
identical fizid conditions,

Although the example given illus-
trates ideal conditions and one
should recognize that many variables
enter into making the final selectica
of a Ky ratio and its reiated sub:e-
guent burden dimension, the rzla-
tive-cnergy comparison technique
gives a realistic appreximation. As

~ a matter of interest, for most expio-

sives used in blasting the maximum
dznsity variation is from 0.7 to 1.6.
with a velocity variation from 8.000
to 20,000 ips, the heavier densities
having the higher reaction rates.

Therefore, the weakest explosives

possess only 26 percent of the enerzy
available. while the strongest have
370 percent of the energy available,

Tr— oy -
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The Mechamcé of
ROCK BREAKAGE

MATERIAL PROPERTIES, POWD ER Fa”
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‘FLUENCE
ous nor arc their properties
l five that predominantiy inru-
ollowmo characiarisiics: (1) struc-

Tr "5 PROPERTIES AND
materiels requirin;
blusaiqa zr2 not homogene-
same throughout. Of ail the
:ysicz! properiies. there are essen-

v
ce blasdnz results. These include
orcer of thair ynportance the
e, (2) reslience. (3) s:rength.
(4) density, a2nd (5) velocity of

fodli

caergy oropagation. Blastability,
; ', hzrdness, toughness. and

s z]zo be usad to de-

v miaterist, Dut often such ex-
[1isioas 2re oo 'm_e Inite and difii-

N #nary qQuarry man
to undarstan d Dx ilability, or ease
cf drillinz, should in no way be con-
fused with the inznner in which a
material can be niased.

The strucivral features
o8 a materis usually
have the greastest influence con blast
offaste, To better Lnu‘er;::rd their
importance one shouid gn.z;.
that rock, ns we think of it Is es-
cexiialiy-an accumulation of small
paiticles bonded together. The con-
sthuants are oriented in definite
strucwvral patterns, estebiished dur-

Siruciure

ine he
pr_o:css-:s. Qf primmary irporiance
to biasiizy is compressica janting,
existing wiiin all rocks {igneous,
sedimentary, and metamorriic) and

n d o-f pianes along which

(e}
Q
L]
2 f
i
(4]

there is no resistance to semmtion.
Tancous rock may also have tension
inting, fermed during tse cooling

pres

S:f':“*ntan recks are vxigu2 in
tha: :4ev have stratificaden planes
(in addition (0 joints), Which were
originziiv horizontal and formed by

blocks of a shapz char

fon]:z ion ond iteration,

Part 1Y of a Series

'

interruptions in the initial deposition
of sediments. Straufication and
ivnticg are not the same thing, For
metan:orphic rocks, the relationship
of their jointing to schistosity is
similar to that between jointing in
sedimenary rocks and their stratifi-
cation, t:ih in angular position and
mechanical developmeznt.

Jointing is usuvally easily detectad,
the plones being g2reraliv smooth
and often short disiances apart. One
set of pirnzs is parailel with the dip
and strizz of the rock formation,
with two ¢r morza s2ts being neariv
perpendicular to the frst set. Rocks
when broken will separate into
acteristic of
their particular joia:inv pattern, and
the new fzces produced from blast-
ing tend to follow the jointing direc-
tions. (See
and 15.)

For the sadimentary rocks there
is one particular direction along
which jeinting is the most pre-
nour.ced, the « ther piapes L2ing less
dominant. The horizoatal angles be-
tween the vertical jointing planas are
usually npear 73 and 105 degrees.
which form rhombohedrons when
the rock is broken. Izmeous rocks,
however, s of

-

have jointing plan
uniform strength, the angles betwesn
planes being most often near 60
degrees. The fragments produced
from blastng are generally hexa-
gons or piramids in shape.

Jointinz directicas can be found
quite easily if it is recognized that
most faults, cliffs. mud seams. caves,
etc., produced by weathering and
the other geologic actions tend to

By RICHARD L. ASH, P.E.

School of Mines aad Metailurgy
University of Missouri
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Figures 3, 4, §, 10,'

Fizure 15—~A represenfefive pian skefch of
a quarry in a sadimentary reck formaticn,
showing tight (75-degree} and open [105-
degree} corners.

follow the jeinting planes. It is par-
ticularly impertant that the blaster
endeavor to locate the planes before
lzving out a drill pattern. Blast-
heles located in tight corners will
generally overbreak, opening large
cracks in the ledge. Subsequernt
blasis will usualiy do no more in
those areas than give large boulders,
and possibly be quite violent. It
can be seen from Figure 15, which
illustrates a representative quarry in
a sedimentary rock formation, that
there are tight (75-degree) and
cpen (1053-degree) corners. This
rreans that normal blasts under
those conditions should be directed
out of the open angles in so far as
pessible, or toward the east or west.
If blasting is done in the other direc- .
tions, or to the north or south,
cracking of the solid ledge will occur
along the planes forming the tight
angles.

Another structural feature that is



very important, particularly to rock
fracturing, is the type and strenasth
of the bending betwesn individuzl
grains. For example, rock may have
pronounced jointing at widely sep-
irated distances, but the material
between joint plunes may be strongly
bonded, or massive in character.
Large boulders invariably resuit
when blasting is carelessly done un-
der this condition. On the other
hand, rocis may be highly laminated
or stratified, or the bond between
grains may be vervy weak, so that
fragmentation is always easily ac-
complished by merely moving the
material from its original place.
Resilience  This property, some-
times called spongi-
-Tiess or toughness, refers to the elas-
ticity of a material. It is used to
express the capabilicy of a rock to
resist shock and recover Its original
positien and shaps without being
ruptured. If a reck on being
dropped. for exampiz. makes a dull
thud and does not rezound, it wouid
be very diTicult to break by impact.
Briule rocks; however, shatter easily,
narticulariy those types having a
izh silica (quartzt content. A
blaster czn generally determine
quite easiiv whether or not a ma-
terial will break into small sizes or
large coarze fragmants by conduct-
ing a simpie drop test. Furthermore,
the test provides a clue as to the
energy absorption power of the ma-
erial, which is imrortane for est-
maiing the amoun: of additional
charge, or energy,
recessary 10 overceme
ergy losses,

expectad en-

Of ths characteristic
strengtas of materials,
blasting is normally concerned caly
with that of tensicn. Most rocks are
very weax in tension. more resistant
to shear, and strongzst in compres-
sion, having approxizately only cne-
tenth the resistance to tepsile rup-
ture that they have to failure by
compression (Table 7). However,
shear is not actually a force by itseif
but rathsr the resuiy of two forces,
either two tensile or two compres-
sive forces, or a combination of one
of each. which act along different
lines and directions.

To know the aciuzl strencths of
a material, samples must be tested
in a laboratory. (Regular teasile-

Strength

t2at would be

quite imprac

! LW T T e

Table 7—Properties of Various Selected Materials

Compressive  Modulus  Specific  Density Longitudinal

Strength of Rupture  Gravity 4 Velocity {r:)

Name and Location {psi) (psi) "(5G)  (tow/eu. ft)  {fps) N
Amphitolite (fice gruin,

16GIE) v eineeesn e 61.400 7,400 3.12 0.097 19,000
Basait (New York) ...... 46600 §.000 2.54 0.092 18,700
Basalt (Michigany ....... 33,300 3,800 2.85 0.049 15,200
Bisail giass .....cvviunn — — 2.61 0.033 21,000
Diabase (fine grain, )

Michigan)y ... ...l 44.200 5,200 2.94 . 0092 16,700
Dolomite \Missouri) ..... 8.300 1,000 2.E0 - 0.087 —
Delomite (Teanessee) .... 46,700 3,800 2.84 0.029 17,900
Gatbro (altered, New

YOrK) o viininnninnes 40,200 5,400 2.93 0.091 17,600
Granite (Georgiad ....... 23,000 2,000 2.64 0.082 8.500
Grannz (Vermont) ... ... 33200 2,500 2.66 0.083 11.100
Granize iNevada) ....... 39.500 3.900 263 0.082 14,5G0
Granite (North Carolina) . 30,400 1.600 2,60 0.081t 8,602
Greenstene (Mishigan) ... 43,500 3.300 3.39 0.103 16,600
Gypsum {Indisuay ... ..., 3,200 1.200 252 0.072 —_
Limestone (Ohio) ... ..... 28500 2.900 2.69 0.084 15400 -
Limestone (LUtah) ....... 23,000 2,200 2,73 0027 15,500

- Limestene (fossiliferous, . o

Indiana) ...ccoveaann 10.900 1.680 221 0.072 12.4G0.
Limastens (West Virginia). 23.000 1,900 2.63 0.054 16,440
Marbie (Maervizod) ... ... 30.800 2,800 237 0.074 12700
Marble (New-York) ..... 18,480 1,7C0 252 - 0.085 14,500
Obsidian .............. . — —_ 235 0.073 16,100
Quartzite (taconite,

Minnesotay ... .uans $1.200 3,400 275 0.086 18,2C0
Rock sait {Leuiziana) 5.000 Neclizible 2.50 0.07 —
Sandstons {Onioy .. ...... 10,400 500 - 2.06 0.064 5,600
Sandstone {Wzst \erma). 19,400 3,400 250 0.073 12,900
Sandsiere {Uwhy LoLL ... 11.500 620 217 0.058 8.400
Sandstore (Alebama) . 26,800 2.200 -2.76 0.026 12.500
Shale (Utah} ........ . 31300 2,500 2.81 0.03% 14.900
Shale {West Virginia) . ... 1i.600 4.200 2.40 0.07s 13.600
Svenite ¢New Yorxh...... 34,500 2,800 2.72 0.085 14,500
Alluvium. brokezn reck,

foess .. e, — — 1.3-1.5 0.024 2.300
Clay L i iiiieinnnns _ _— 2.53 0.081 5,900
A i e — —_— 0.0012 _ 1.080
Water oo — — 1.00 0.0:1 4.750

strength tests are usually difficult to
¢cacduci.) Howaver, tests for what
is known as the medulus of rupture
are much easier to perform; yet thev
provide information that is just as
useful in providing tensile-strength
dzta of egual practical value. In
act. the leboratory test for the
medulus breaks samples in tension
by cending test slabs uniil they frac-
ture. much io the same manner that
rock is strerched and broken at an
cpen face during blasting  (Fig-
ure 3).

Quite oftea it is impossible or
erators t0 have tests conducted,
Also, test results on samples rmay
rot necessariiv provide informatica
on the over-all strenzth of a rock
deposit. except when the material is
ho'-mgcneou and very massive,
Nevertheless. if tests could be mads,
the data weuld aid graaty in dete:-
mining the stress lcveis {psi) re-
quired for fracture. It is the resist-
ance to tensile rupture that must te
exceeded by the energy pulses ap

S L

ticable for quarry op-

the free faces, and thus, if known,
could also give an approximation of
the reguired burden dimension and
the explosive pressures needed for
proper breakage. In the event spe-
cific test data cannot be obtained,
the cperator may find the informa-
tion in Table 7 quite useful. From
the various moduli listed for many
of tiie representative rock-types, a
practical estimate can be made that
will appreximate the characteristics
of his particular deposit.

Density  Denser materials require

greater amounts of work
enerzy to be satisfactorily brok-a
and dispiaced, and heavier explo-
sives or large charges will therefore
be needed. However, from Table 7
it can ke concluded that for most
rocks there is a very narrow range
of density dificrences, with SG values
varving from 2.3 to 3.3 in most in-
stances. The materials generally re-
quiring blasting have densities con-
finzd 1o the 2.5-2.9 SG range. Tkis
can ke mu.rprclud to miean that the



iauence of rock density alone has
a iimited effect on blasting, the ex-
ireme  conditions being within 15

percent of the average 2.7 5G. One
may then reasonably assume that-

rocic density by itseif is of Fttle im-
=ance to blosting and would pot
sreciably affect a Ky value or

Lurden dimension.

- Its importance, however. lies in

" the fact that it does influeace costs
and the other physical properties.

Althcurh densities are most often

given by specific gravity, for calcu-

lat:ons in costing and powder facter
- determinations it is more convenient
to use the densitv ratio. d., ex-
pressed in units of tons./cu. ft. of
solid marerial. If the d. velee s
not known, ene can tilize the fol-
lowing expression for cenverting
any 85 that mav ba given:
d.=5G(62.4/2000) =
0.0312(SG),

Velocity Thre velocity of energy
transmission in reck. vp

is Bke the reaction velecity for ex-
clesives, v.. in that it increases as
rocx Cdansitv becomes egreaterAThe
Jdenzer rocks ore coften the l2cst por-
ous gad are eenerelly comrosed of
Y\ oegrains, wiith pemmit easier
_aagatisn of enzrov through the
w:zterizl, For this reason mest dense
vacks have smaller eneroy losses dus
‘o dempening, ord thev often have
1 {endency to shetter rather than
“veak into slabs. Most brittle rocks
=150 tronsmit en2rey at very high
s. excent in the unique casz of
cartpin sandsionss. The character-
Stin low velochias of manv of the

raLes

cindston2s ora du2 o a caovliarity
v their compesition: the matrix
vonding the sapd grains mayv be
ciav, lime. or cther enercy-absorb-
g subsiznces. However, if the
matrix is silica. the velocitv is quite
Bigh

vVielocities for materials are usual-
i lon sfiudinal velocities,

.. L | -
I an20Indu A8

s, g5 are alvo those given in Table

7. But these waolues are normally
slizhily lower than the velecity of
epergy propacaiien, v, The two

volacities are relatzd by the follow-
expression:
v (l—u)/ (1—#)(1— ik
($)
Becausz o, or Poisson’s Ratio, is
usun Ilv considcred as 0.25 for osti-
it is more convenient to

t o —

BN e
- -

tons/cu. ft. (7).

rconvert velocities by using
1.095v, -for approximations. How-

V==

r) ever, it is more practical and will

i.nat introduce any great error if the
i two velocit'es are considered equal.

The importance of wvelocity in
rocks on blasting is that it has a
strong influence on the amount and
manner in which a material will be
stressed. In order that the momen-
tive forces be conserved, there
should be nearly perfect coupling
of the energy from an explosive’s
reaction with the surrounding ma-
terial. The matching of the mome:-
tive energies is considered necessarv
theoretically for the most efficient
blasting results. This condition is
known as acoustical coupling. Since
the energy required for stressing
strong and dense rozks would b=
relatively large compared to that
nesded for lighter materials. the use
of denser, fast-reacting exnlosives
is generallv advisable.

The velocity of a rock will deter-

mine the tme it takes the stress

energy to reach free faces and return.
The velocity of an exglosive, on the
other hand, will determine the total
time it takas for an entire charge to
complete its reaction. The relation-
ship of the two veiocites, called the
velocity ratio or K.=v./v, has a
vervy important induence on the
manner in which an entire blast will
function. This is beczuse the K, ratio
defines the shape of the composite
wave produced by all the individual
stresses introduced into the rock
from each point 2long a charge
column (see Figure 6, PiT AND
QUARRY, Septemx._.. 1963, page
119) the primer positions thus con-
trelling which faces are fractured
first and the direction in which the
composite wave will travel in the
rock.

The K. ratio, primer location, and
general design features of a blast
must follow certain definite relation-
ships, if results are to be satisfac-
terv. In particular. the influence of
rock velocity is such that there will
be a certain optimum of critical
hole depth for each blasting situa-
tion. For example. when a charge is
bottom-primed, there will be a spe-
cific minimum hole depth. If the
depth is less than the minimum
value. blast effects will begin near
the collar region, which auite likely
rmay promoete violence and air blast.
In some instances, tce will be left
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Figura 16—A graphic presentaticn of the
reiationship between minimum hole depth
and %urden dimeasien.

at the floor. However, when holes
are deeper than the minimum valus,
stressing and rock movement will
always bezin at the ledze bottom be-
fore action cccurs in the collar re-
gion. The particular minimum re-
quired depth of hole can be deter-
mirad from the following expres-
sicns: Getlae Primiaz,
“The relationship is illustrated graph-

ically in Figure 16, in which

K:=0.7 and K;=0.3 are considzred

average conditions. The values for

the H.,, represept balanced stress-

ing at both the tos and collar re-

gions.

If charges are collar-primed,
stressing wiii alwavs begin in ths
coilar region. unless the amount of
stemming used oxceeds the burden
dimension. Even under that condi-
ticn. collar overbreak and air blast
may occur, with possible 10es re-
sviting, if a particular maximum
hole depth is exceeded. This limit-
ing condition can be determined
from the folicwing relationships:
LI N H,,‘,;—KV(T—-—B)-J-T 10
From a practical viewpoint, the ex-
pression shows that under nro cir-
cumstances should the stemming di-
mension be less than that for the
burden in blasting massive rock.
Otherwise, collar cratering and air
blast can be expected. The condi-
tion becomes particularly critical
whzn detonating fuse is used and
initiation is done on the surface,
since the fuse on detonating has the

O cui"a.-P.:m;.\-.; ' T(akyrl) (0
H"— 2R (BT 2T (-

"Lh\ F\ P

K=T+7J \\-J.\ c-r:_;.-.--"r.w,'-

h'r\H.._.., K(B*-LF)5T]=T (9}Yi{%e)



tendency to loosen the stemming.
For du.p holes, collar priming would
cdefinitely be-undesirable under con-
ditions where massive cap rock oc-
curs in the collar recion and where

oiumn loading is practiced; i.e., the
-harges are continuous from just
‘below the stemming to the hole bot-
toms. i

An unusual situation cxists when
the K, is less than 1, or when the
rate of travel of the compressive
stress-wave in the rock exceads the
speed of the detonzticn wave in the
chargs column (Figure 6). Stress
waves wiil reach fres faces before
the explosive has completed its re-
action, with rock at the faces being
repectediy stressed by the pressures
produced by the sull reacting ex-
plosive column. The action rein-
forces the stresses ond reduces the
resistance of the rock to fracture,
giving the impression that the explo-
sive is stronger than it actually is.
Urder certain conditions, blasts are
extiremeiv  efficient, but they are
usually difficult to control, produz-
ing greater heave or throwing action.

Since there are critical hole
"spths for each blastinz conditon,

2 best results cza often b2 in-
sured by first estimazing the particu-
lar K. value for the conditions pres-
ent, and ihen placing primers ac-
cordingiv. Control for -very deep
holes, for example, is achieved by
using primers both rear the collars
znd in the hole bortoms: or primers
may be placed at strategic intervals
tarcuchout the cclumns, with or
without the use of deck charges.
Either detonating fuse or closa-in-
terval delay blasting caps can be

used for initiating the primers, those
near the collar being preferably of
a longer delay. The composite effect
of using primers at both the colfar
and hole bouw is that it extends
the optimum ‘Y .¢ depth and better
distributes the stresses in the ledge,
notably in the toe and collar regions.

®

POWDER FACTOR AND ITS

SIGHIFICANCE

A guideline used by many for

estimating and evaluating blasting is
the Powder Factor. Pf. an expres-
sion which relates the vield of mate-
rizl blasted to the quantity of ex-
plosives used. For quarry work
and mining, the Pf is most often
stated in tonsslb. or vice versa,
while for most construction excava-
tion it is customarily expresssd
Ib.cu. yd.. or cu. vd./ib: The latter
ratio is also commonily used for
much of the work in overburden re-
moval for coal and metal-ore opera-
ticns. Of all the different lratios in
common use. only those utilizing
weichts, e.g. tons/lb.. take into ac-
count anyv of the procertes of the
materials being blasted.

Because of s extremely variable
character Pf is not normaily a sound
index upon which to judze blasting
efliciency or Cesign blosts. as many
believe, Different values will be ob-

ained by merely changing the blast-
hele pattera or configuration, and
values will also chante for other
rezsons. such as variable hoie depths

Figire 17—Thesa skofches show four possitle
ways of blasting with a singie charge aad
iz catterns uiiiizing 8 V.qut arrangement for
muitipis charges.

and deck loading. Also, th¢ many
different standards employed tend to
confuse rather than assist persons
in evajuating resuits. The most prac-
tical value of Pf is in cost analysis,
because  explosives are soid by
weight. and payment for materials
mined or removed is generally made
on a weight or volume basis.

One cf the ways in which the
powder factor can vary is shown by
the examples given in Figure 17.
These sketches iliustrate four pos-
sible wavs of blastinz with a single
charge and six different pattzras
utilizing a V-cut arrangement for

‘multiple charges. All the blasts are

conducted uynder identical conditions

except for the relative positions of

open facas. Pertinent data for Fig-

ure .17 are given in Table 8. The in-

formartién there given is merely rep-

resentative and used for comparative

purposas. It mav or may not fit
actual blasting situations.

In datermining the possible vields
given in Table 8 for the various
blasts shown in Figure 17, the sur-
face blast areas. A, were approxi-
mated based on the locations of
oren faces, assumed rock structural
featvzes, and the particular me-
chanics ‘of how each speciic blast
would bz expected to function. The
excavation volumaz would then be
the preduct of the blast area and the
ledge heicht, L. not the hole depth,
H. 25 some might assume. Simple
conversion to tonnage vield. W, was
accomplished by muitiplving the
volumz by the material density, d.,
using the following relationship:

W=AL(d.), tons (11}
The quantity of explosives used. E,
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of the other design dimensions. If~
column loading is practiced, the Pf
will chanze with the hole-depth vari-
ations. The trend is illustrated by
data given in Table 9, in which the

Table 8—Change in Powder Factor (Pf) With Variation
’ In Drill-Pattern Configurationfs)

(For blasting limestone with d. = 0.084 ton/cu. f1. fb) .b): Extra §0%¢ dynamite,
».=2 inclies =, and blastholes located zccording to average Kp ratio of 30 t4)))

Total No '{_?:11; ;nmll l;_owder' values represent conditions for the
NGO, xpl. actor o . -
Blastholes  {tons) Used (Ib) (tons/1h.) 9-hole blast shown in Figure 17F.
Sinete ch The cause for the Pf variations is
ingle charges: the result of changes in the. rati
{B) Center cut-hole (2 free faces)... 1 66 27 391 of the am t f“ h ; the - ratio
(Cy Coraer hole (3 free facest ...... i 66 227 291 -~ amount ol hole used for.
(D) Center shear-hole (4 free faces).. 1 132 227 5.82 stemming relative to the total hole
(E) Block hole (5 free faces)....... 264 a7 11.64 . dapth. To counteract the lowerine
.\{u!u’p{? charges: V-type through-cut: - of yields, deck loading could bE
fé)} Sﬁf}?g, A SR 3é§ Egg 218 used, a practice commonly followed
iple oW L hl 2 273 o !
(H) Triple rOW ..vvvecneneneensns 396 203 ;.93 for deep holes particularly. This -
Multipie charzes: Vype side-cut practice preduces no _df:!rimental ef-
(0 Single row ..o 594 20¢ 2.90 fects on fragmentation when the
i) Doubie raw oo 627 208 3.06 decking is done properiy. y
Trie) i | ~ - i .
(R} Vrigie 1EW oooerr e ? =03 2.50 Blasters should be cautioned re-

Weotew: (a1 —Ss Ficure 17 for design specificaticns.

10 e BT, Table 7.
ve1—RFf. Ficure 12,
rh—Ri Table 2.

~would ke the preduct of the explo-
sive’s loudinys density, d., the total

averagz lengzth of one charge, PC, .

and the totaf rumber of blastholes,
N, caleulated s follows:
E—={J)(PC)N,ip. (12)

The powder.izcior, Pi, would then
ke the ratie of the above two ex-

28sions, ©F

Pi=\vE, tons/1b.  (13)

Ia stuéving Figure 17 and Table
&, it wiil be noiiced that the number
cf fres faces has a very pronounced
iniluence on the value of the PL
For multiple-Eoie blasts, when there
is a free face alded on oneside, the
cver-zll Pf's fer eif blasts will usu-
allv 'be the same ¢s that for a single
carner or cut hole. However, the Pf
piay be affecrzd by the initiation-
timing pattera employved. which may

;anc2 the bizst area outline, as
own in Fizure 17] and line J of
sble §. For the particular blast in
roint. the addidonal tonnage results
[rom overbeaak in the tight corner
ol the secornd row of holes. If a
Laor-imerval inidation delay were
veed in the corner hole. the blast
would then ©2 expected to cut
sguarely witheut any overbreak, to
cive the seme vizhd as for the other
tw> examples (Fizures 170 and
175,

-Ksimating or evaluatinZz an en-
ure blast on 2 osingle-hole PI basis
con ke very misieading, but unfor-

tunatelv it is 2 practice often fol-.

1owed. For the dasign and evalua-
tion of underzround face-blasting,

the errors produced would be even
more serious and costly when based
on a single-hole Pf. This is be-
cause there is an auiomatic elimina-
tion of potential tonnage for one
complete row of holes. The row

“may be censidered as serving merely

to shear the cut out of the solid
without achieving aay cfiective pro-
Guction. It is also very important to
recognize that in all blasting, when
rows are added into the solid. with
a subsequent reduction in the num-
ber of open faces. the Pf value will
continue to change toward lower
vields even though all other funda-
mental blasting relationships and
the resulting rock fragmentation
may remain substantialiy the same.
In surface or cpen-pit blasting
the heole depths niay vary within a
narticular cut or excavation. with
no oiker changes being made in any

“smaller

garding difticulties that may result

- from reducing the explosive loading

density as a means for improving -
their Pf, or use of lightar grades or’
diameter explosives, At-
tempts to extend drill-pattern di-
mensions by increasing burdens,
e:c., will produce similar difficulties

" for the same reason. Rather than
“sacrifice good fragmesotation and

displacement effects by decreasing
the explosive energy, adjusting the
blasthole arrangement is generaily .
preferred. This can be done by re-

‘design, so that more fres faces are

made available and charges are lo-

~ cated more advantageously.

COST OF BLASTING

The primary ~coacern of the
cuarry operator is to make a profit.
To do this, costs must be kept to
the minimunl. Some costs, however,
are interdependent. so that no sin-
¢le cost reduction may necessariiy
guarantze an over-all decrease in
producticn expenses. It is the com-

_posite effect with which one must be

Table 3—Change in Powder Factor (PF) With Variation ~
of Hole Depth (H)

(9-hale sinzle-row V-type through-cut, using Extra 60 dynamite with 2-in. D. column
loaded and drill pattern dimensions* constant for blasting limestone with SG of 2.6%)

Total Yield

Avg, Ave. ' Ave. Expl. (tons) Pt

B (f1.y PC(it) L {it) Used (1b.) Total {tons/1b)
10 5 & 9 264 3.34
12 7 10 110 330 3.00
14 9 12 142 3196 2.79
16 il 14 173 462 2.67
18 13 16 03 523 2.58
2 15 18 225 594 2.52
22 17 20 263 660 2.47
24 19 ol R 726 2.42

Note: *See Figure 17 for drill pauern specifications.
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- concerned. In this respect many dif-
ferent costs and their effects on one
another must be considered, some
of which include the following:
drilling. primary blasting, secondarv

-eakage, loadmu, haulage, crish-
.lg, screening, stm:kp:hng and re-

_ claiming, loading and weighing for
delivery to customers, supervision

-and engineering, maintenance,
equipment and materials purchases
and replacements, insurance, deple-
tion and depreciation allowances,
sales and other administrative serv-
ices, royalties, stripping expenses
(mcludmo ground breaking and re-
moval), and taxes. Of all costs or
expenses, the first seven (and in
some instances those for stripping)
generally constitute the major por-
tion of costs for quarry production.

The percentage of total produc-
tion costs attributed to drilling and
blasting may be as low as 10 per-
cent or as high as 40 percent. The
relative importance of primary and
secondary breakage costs to load-
ing, hauiage, crushing, etc., will de-

‘perd largely on the properties of
the deoosit, equipment and plant
nperating characteristics, and resulis

hieved from the primary blasting.
~wdies on quarry efficiency show
that in most cases hourly proeduction
rates for well-blasted matarial are
nearlv double that achieved for
pooriy blasted rock. Similar results
are obtained in the other types of
mining and in heavy censtruction
work. Crushing and screening costs
are likewise appreciably reduced if

the matarial is well blasted at the -

~ very beginning. Because of these ef-
fects the trend todav i§ to spend
more for primary blasting, bzcause
the savings realized from all the
other preduction phases morz than
compensaie for the initial added cost
for blasting. This fact is evidenced
by the lower powder factor yields
obtained in a great many operations.

Primary blasting expense is nor-
mally considered to be composed of
costs for both drillinz and explo-
sives, including all charges for labor
and material used. Before the ad-
vent of the new high-speed highly
1obiie drills, the respective costs
.or drilling and blasting were about
cqual. But with the new twvpes of
drilling equipment. driiling costs of
many cpgrations are only half as
much zs the explosive with conven-
tional high explosives. .

Table 10—Blasting Cost Analysis, Showing Effiects from Chaoging the Type of Explosive
(V-type side-cutts} for vertical holes in a limestone ledge with constant P'D)

A Assumed Conditions:

(1) Kept constant are kr = 0.7,

K; =03, Ks= 1.0 D. =
Du = 3 in.. L = 20 fr.. and
= 0.084 ton/cu. {1, (b} .

(2) E, = Extra 60% dynamitz with
SG = 1.28 and v. = 12,200
fpsie)

(3) E; = field-mixed AN- FO, 94/6,
with SG == 0.85 and v. = 11,100
fpsid}

(4) All holes drilled with 442-in.
hammer track-mounted air-drill
with 500 ¢fm compressor at av-
erage driliing rate of 400 ft. per
8-hour shiftée

C Blasting Data Calculations:
E. {Extra 60%% dvnamiie)

RE, = (1.28)¢12.2¢012 = 191 x 106
it Kn, = 30, then B. = 74z ft. {or
equivalent drill paue n of 10 x 10
fe. it
T, = KtB, = (0.71(7.5) = 5 fi.
Jo = K31B. = (0.3} 7.5) = 214 1L
H.=L & ]Ji=20 = 215 =215 f,
P(%:H. —T. =224 —5=< 1712
t.
Since the blast consists of 3 rows of 3
holes each. or Ny == 9 heles, then
W, = A.L(d,) = 10010)(9)(20)
(0.0849) 0
or W, = 1510 tors
If d.i = 3.9 Ib./fr.(®) and
E: = d .(PCON, M then
E, = (A9 (I7 ’1)(9) = 615 1o,
Thus. |E Pl == W.'E.'=) then
Pf, = 1510/615 = 2.6 tons/ib.
The total raquired drill footzge. or
HoNG = (2212)(%) = 203 fu

D Blasting

B Uait Costs (ol

(1) Drilling at $0.363/ft.(e)

(2) Extra 60% at $0.22/1b.

(3) AN-FO. 94/6 at $0.05/1b.

(4) 30-fr. MS delay EBC at $0.62

(5) 6-ft. instant EBC at $0.17

(6) Regular Primacord at $0.32/1{t.

(7) MS delay Primacord connector at
$0.50

(8) Cast booster (%-Ib. primer) at
$0.50

E, (Field-mixed AN-FO. 94/6)

RE, = (0.85)(11,100)2 == 105 x 10
RE.'RE, = 105/191 = 0.55,¢} or
K, = 2415 {m
Thus. B; = 6 ft.() for equivalent
square drill pattern of 8 x §'2-
fun
T: = KtB; = (0.7)(6) = 4 ft.
J; = KiB: == (0.3)(6) = 2 f1.
H=L <+ J,=20 -+ 2=22f
PCi=H.— Ty =22 — 4 = 18 {1
To drill a complete pattern there
should te 4 rows of 4 holes each, or
N3 = 16 holes, .
Tous, W, = A:L(d,) = 8(8L%2)(16)
(201 (0.034) 2 .
or W, == 1830 tons
If d.s = 2.6 Ib./f.'8} and
= d.:(PC:IN:), then
F, = {2.6)(1831(16)» = 750 lb.
Thous. if P = \V.‘._.-'E:l:ﬂ_ thean
© Pfy = 1830/750 = 1.44 tons/lb.
The total required drll footage, or

Cost Cemrarison: {Calzulated from B and C. abovey;

E. (Extra 60 dvnamite)

E. (Field-mixed AN-FO. 9476

Method of

Initiazion: Electriz Nonelectric Electric Nonel=ctric
Drilling: ..... (2037 § 73,69 (2030 § 73.69 (3527 $127.78 (3527 S127.78
Explosives: ) .

Dyvnamite ... {(615=) 13530(6152) 135.30 — —

AN-FO ... —_ _— - (7502 750 (7502 3750

Primers .... —_ —_ {16) 8.00 (16) 8.00
Initiators: ’ .

30° MS EBC. 4] 5.58 — (&) g.12 —_

6" Inst. EBC. —_— (Y 034 _ 2y 034

Primacerd .. — (300°  9.60 — (5057 16.16

Primacord MS ) )

conaectors. —_ (%) 4.50 — (16) 8.00
Mise.:
Conrecting
wire .,... 1.25 —_ 1.2 —
Labor for
leading and
firing biast 2.00 1.80 3.50 3.P0
Taotal blasting

COStl ..unann $217.82 £225.22 . S186.15 $200.78
Cost per tea:.. 0.144 T 0,149 0.102 0.109
E Percentage Distribution of Blasting Costs:

Drilling ...... 33.8 328 63.6 63.7
Explosives o

(Excl. primers) 62.2 60.1 20.1 18.7
Primers ...... — — 4.3 -4.0
Initiators ..... 2.6 6.3 4.4 12.1
Mise, ........ 1.4 0.8 2.6 1.5

Total ...... 100.0 100.0 100.0 160.0
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Special Notes—Table 10
(2} —See Figurs 17K for general drill pattern and initation-timing system.

tby —Rf. Table 7.

we)——Rf. Table 1, p. 63, Blasters’ Handbook, 13th edition. E. 1. duPont de Nemours

& Co.

Rf. Fu:urc 6. p. 8, Technical Bulletin AG" Nov..

(er —RFE.
Industries, Inc.

Table 2

Formula (43

Formula (5 :

Formuia (6) and Figure 14

Formuia (11) .

¢l —Rf. Formuia (21 and Figure 12
' RE Formula (12)
o) —Rf. Formula (13
i —Explosive anit coils

(N —PF.
{s) —RE.
thi—Rf,
W _—RI,
Ul —Rf{.

-l Field Muan's Guide to Drilling Co:u A. W. Foster, Atlas Chemical

cased on schaduls 1960 prices

With the introduction of :expen-
sive AN blusting agents. however,
the drilling-explosive cost ratio has
besn reversed., Evea though thz less
plasting agents appreciabiv in-
crexse the cost of drilling hecause
of the increased numbar of blast-
koles requirad, the ovir-ail deiiling
and blasting cost in most insiances
has becn materially reduced. This
is beczuse of the remendous savings
in ¢osts of explosivas, Such blasting
agzns eften cost only 20 to 30 per-
cent as much as fhe couventionsl
hiv vlosives,
Alustrare the e
virisus compoasnis i
primary dreilling and uiains
Tatie 10 preseats representative
dara for a typical quarry blast. Oniy

l"r‘-‘l"-

- that
AN-FO biosting agents. However, it -

ratios being adjusted to suit the
various characteristics of the expio-
SIVES

From the oo
10, one waaid
everyone

fogically conclude
shouid change to

must be kzpt in mind that individual
circumstances mayv greatly change
the over-all cost relationships. The
factors that have the greatest in-
fluence on the final values would
be the unit costs for drilling and ex-
plosives mazterials used and the par-

1960, Monsanto Chemical

indicated in Table

. one ¢an se

ticular properties of the explecives
themselves, since the latter decide
the final required deiil pattern di-
mensions, i.e., the Ks. Furthermore,
some explosives simply would not
be suitable for use under certain
quarry operating conditions. One
should, therefore, recognize that for
making a cost analysis, the actual
values for expenses and propertics
of materials pecuiiar to the local
circumstances should be uséd, not
general estimates, as was done for
Table 10 data.

The influence of the properties of
explosives on final costs cannot be
overemphasized; this is true particu-
larty of the velocity cf the explosive.
since it has a very promioent effect
on thz most desirabie drill pattern.
As described eariier, the manufac-
ture’s specifications may noi clear-
ty define whether the velocity is for
unconfined or confined blasting. ner
which charge diameter applies. As
from Taoble 1i. speoifi-
cations vary censiderabiv. a fact
which in turn greaty eoffects esti-
mates for designing biasts basad ¢n
energy potential (RE} of the prod-

Table 11—A Comparison of Published Explosives Specifications

{For competitive grades equivalent to 60%% ammeonia diymimite
when used with D.=3 in. and based co pebiished darm

Ameri-

the tvpe of explosive has been . e lande | Adzst) Ponii®)  les Spe ToRR"
changed, with the powder factor, ' oMl . b Red  fma o
drili-cattern geperail- arrangesien. mits mite mite Extra mite mire Nive
and fnitiation-timing system kept the Velociiy (fos) ....... 10,800 12.800 10,630 [2.200 12,450 13600 12.600
same. It should be ncied from the Opea (MY or Not Not Not
. data, however, that for convesticnal confined 1C): ... given (D) (0)  given  (0) given (M
. AT Charge diameter Not Not
C%}'na:llleo lg'f 1%“;‘“ 60 peres n da (inchesy: ......... given 144 it 113 113 given 131
trpreal 10- by 105t panterm is used.  gyicp count: .......... 110 10 110 110 §10 08 116
In order to use a regular AN-FO  gpecifiz gravity ... 128 138 128 128 128 130 122
9476 blasting agent (fieM-mixed),  RE factor (X105) .... 149 210 138 190 198 241 . 193
the pattern dimecsicns are changed Relative energy
Ratio (RE-KE):®l.. 078 110 067 109 104 126 1.0

to an 8- by S§l2-ft. arrangement.

Adjusted burden

This iy dene according to e prin- (g, iy feeny:wr ... 65 - 80 62 75 77 82 7S

ciples outlined en}'ixer in the d‘ZS- Equivalent drill ‘

cussion on correleting the properties Pattern (square): ..... 8x9  10x11  8x8 10x10 10xil Iix1l 10x10

of explosives 10 the blasting stand- Ret

ards. is instance, the net result elerences: . ' _
¢s. In this instance, th ()—p. 2. Ammenia Dvnamites specification sheet A-"Hl-“OO--&.’Gi, American

is that 16 blastheles are required Cyanamid Co.
for the AN-T'Q biast, compared to {bY__p. 16. Apache Explosives canlog thizd revision. Apache Powder Co.
only ning heies for when Extra 60 ) —p. 21, Adas Explosives Preducts, Catalog No. 13, 1957, Atlas Chemical Indusmes.
r ot is used. Because of the dif-
. ¢ in the required true-burden
{imensicn, oiher design dimensions Hereules Powder Co.
ere:.ur'l\ must be ad;usted to give (' —p. 9. Olin Explosives Products catalog, fcurth edition, 1955, Olin Mathieson Chem-
2 ) p.o_'.:-:‘rly .bal:i'ncc(i b‘?“' HO\::' fsl—‘:;?i-iCTrolan Expiosives and Blasting Supriies. Cnmlog No. 101, Trojan Powdar Co.
ever, the basic K, Ky, _}\s- and Ky (b? —Rezlative erergy rativs calculated on tasis of Du Pont Red Cross Extra 609 as
raiios are kept closely 1o the same

‘U!'ll“
viizes for both blasts, only the Kg

Inc
HL——g 63 Table 1, Blasters’ Handbook, 14th edition, 1958, E. I. du Peat d¢ Nemours

(e} —p. -1 "Hercules Explosives. Blasting Agents and Blasting Supplies, catalog, 1959,

() —Figures 7 and 14, with KB==30 for Du Pont Red Cross Extra 60%.
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— L:t The suggested drill-pattern ar- -

—angements will not give the same

P “powder factor yields but should pro-

duce comparable blast results, if the
published specifications are not in
L BTTOT. s
he expenses for primers and ini-
.....0rs may have a greater influence
on final costs than one might ex-
pect, from the dota indicated in
Table- 10. 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 savings resulting from
higher powder factor vields usually
_compensate for the added costs. As
experience has clearly shown. it is
simply good practice always to use
the best primers available. As a rule,
the total required quantity of power-
ful high-energy primers is much
smaller than that needed when
cheaper low-enerzy explosives are
used for priming. Initiator costs are
also normally relatively low: so if

improved blasting results can be in-

sured by using additional initi2tors.

the ddded expense could be con-
sidered insignificant, as compared
to the benefits received.

As powder factor yields are re-
duced, costs will be increased pro-
portionately. But irrespective of the
actual powder factor value. blasts
should always be designed to give
the yield most suitable for maxi-
mum production at the least ex-
pense. In this respect, the percent-
age of usable material from a blast
must also be given consideratien.
Well-blasted rock does not mean it
must necessarily be pulverized. On

_the contrarv. the required particle

sizing and its uniformity must be
such that maximum recovery 1s
achieved. If. for example, 10 per-
cent of the production is lost due to
spoiling or waste, which in quarry-

ing is quite common, the loss must

be included in the final cost analysis.
If recovery is reduced in order to

increzse rates of production. the.

vzlue of the wasted material shouid
logically be less than the savings ac-
complished from the lower operat-

ing costs for the material salvaged.

23

_standing of operating

.- 'CONCLUSIONS

Effective blasting depends largely -
on a knowledge of how materials

- fracture. the particular characteris-

tics of those materials, qualities of
the various explosives that may be
used, and recognition that the se-
cret of efficient, economical, and
safe results lies essentially in the
suitable placement of charges where
they will do the most good. Since
explosives are merely very powerful
tools for performing work. they
should alwavs be used accordingly.

As has been shown by these dis-
cussions. there are no easy, simple
methods for solving blasting prob-

- lems. The mechanisms and factors

involved are too complex and nu-
merous to permit clear-cut solutions.
Each sitwzticn must be handied ac-
cording to s own requirements,
with the prudant use of one’s best
judzment. However, with a reason-
able amount of studv and under-
conditions,
blasters czn evaluate results and
make adjustments toward improve-
ments by using certain basic stand-
ards. {t has teen the purpose of this
article, therefore, to outline those
standards and 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 ascertain what may
be expected.

The burden dimensicn is the most
critical of the important factors in
blasting. Its value must suit the
charac:eristics of the material being
blasted and the properties of the
explosives, and it must produce the
desired degrze of fragmentation and
displacement. All other blasting |
standards are controlled by the bur-
den value, and they should be de-
siened on that basis. It should be.
therefore. of primary concern to all
blasters first to establish the best
burden for their particular needs.

* Tt has been shown that the powder
factor as such has liule meaning
except as a relative basis for cost
comparisens. For many vears it has
been usad 2l too frequently, and
unfortunately, as a means of judg-.
ing blast efficiency. But under no
circumstances can it bz used as a
reliable index for judeing what one
can expect in rock breakage or con-
trel of throw, Its value in costing
is even questionable under many

““conditions.
Ny
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- CHAPTER 1

THE DETONATION PROCESS

1.1 Introduction

According to Persson‘l)

steady state detonation hlbng. a‘f'
cylindrical charge can be.regarded as a self propagating -process'
in which the axial compxessiver effecﬁ of the shock front
discontinuity changes the state of the explosive so  that
exothermic reaction sets in with the fequisite velocity.

This feaction in homogeneous. liquid explﬁsives such as -
nitroglycerin is completed in a time interval of the order of

10712 (1),

seconds In high explosives, such as RDX and PETN it is
completed in about lusec . In composite explosives containing
AN 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
gases at the velocity of the sound. Let us suppose that a column
of gas is set in mofion by a piston which is accelerated into it.
Let us also consider that the velocity of the piston 1s a
stairqase function of time.  Each step transmits a small
compressional wave ﬁhich advances through the gas-alreédy set in
forward motion and heated by the previous waves.’ Since the
velocity of the wave is larger at elevated temperatures, the new
wave overtakes the previous(z). Thérefore the velocity, preésure

and temperatur2 gradients in the front of the wave grow steeper



with time. If 'there is no dissipative mechanism  (e.g. heat

diffusion) the gradients become 1nfinite(2).
This type of wave, in which a discontinuity has developed 1is

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

piston maintains a constant velocity, the front maintains a

constant velocity as well. If the piston decelerates a wave of-

rarefactibn is formed ahead of it. Finally this wave overtakes
and weakens the shoqk front.

It folléws that the velocify of the front is determined by
the conditions Sehind the front. The wave does not maintain

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

1.3 Detonation waves

However from our experience we know that steady detonation

- waves exist. 1In this case the role of the piston is played by the

reaction taking place in the detonation wave.

Let us consider .a plane detonafion wave whichr 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‘b of such a front, the wave will appear to him/her as in
Figure 1. Undetonated explosive flows into the shock front AA’
with constant veloéity b = =D. | Its pressure, temperature and

0

density and internal energy per unit mass are Pl' Tl' nl, E1 at

all points to the right of AA'. The wave front is considered to

g
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be a discohtinuity in comparison to the changes " occurring behind

T, P

it. Therefore at AA' these values change to values P 2 9

2 1]
EZ' These values change at some later stage. ’

The apparent velocity of the mass leaving the- front is -

(D-Up) where U_' 18 the particle velocity (mass velocity) in the

Yp
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 before the detonation

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

mass flowing out ( conservation of mass'). The mass £lowing in

per unit time is ~,D dt. The mass flowing out is ~@,(D-U )at.

Therefore

P = pz(D-Up) (1)

Furthermore the difference in momentum should be equal to
the impulse of the net force. Thus:

e, Ddt D - PlDdt(D;Up) = (Pz-Pl)dt

1

or pz—p1 = PlDUp (2)

Pl is very small compared to the detonation pressure.
Therefore it can be ignored and equation (2) can be written as

2 1P
From equation (1), one can obtain:

P, = ©£.DU ' ’ (3)

Up = (1-91/92)D - (4)

According to Cook(3) Up/D' and plﬁoz are slowly variable
functions of the original dénsity. Thus:

Up: If(ﬁl)D-p1 (5)
where f(p1)= 1 - e

2
Therefore equation (3) can be written as:

P, = pyE(o,ID . (6)

For most cases (explosives ha?ing a density between 0.9 -



1:4g/éc) it is sufficiently accurate to assume f(---'1 y .= 4.0.
Undér ;his approximation, the detonation pressure in atmospheres
when thé vélocity of detonation 1s given 1n meters per second, 1is
-given byrthe following equation(a):

P, = 0.00987 e D%/4 (7)

This is a relationship of éreat.practical value. It allows
the estimation of the detonation pressure when only the detonation
velocity; and the initial density are known. It 1is worth
mentioning that the detonation velocity can be measured accurately
in-the léboratory.

Apart from eguations (1) and (2) other eguations are used in

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

a

- interest of these notes. They are mentioned ih the folloﬁing to
assist the reader in further studies.
The conservation of enefgy is expressed by the following
eguation:
ﬁz- B, = 1 (p (v ovy) ' (e)
‘This is known as ;he Rankine-Hugoniot egquation.
A fourth equation is the equation of state of fhe reaction
‘products of the explosive. |
The above four basic equations are not enough to calculate
- the £ive unknown guantities behind the detonation £ront (energy,
density, detonation 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 speéed plus the particle velocity af the detonation state.
Therefore:
D=C+U o : (9)

P .
Equations (1;,{(<z),(8),(9) and the equation of state of the

-..--ﬁ...--. x




detonation products are essential® for the calculation of the

" detonation pafameters in the thefmoh}drodynamic codes.

1.4 The Detonation Head Model(3:4)

Practical explosives are used normally in the form of
cylindrical charges. Cook's detonation head model illustrates the
sequence of eventshtaking place. Figure 2 'shows the detonation
head formation in a cylindrical unéonfined charge. Wwith strong
priming a defonatioﬁ-wave travels out frsm the :primer and along
the charge.  This  is responsible for the prémotioﬁ_ of the
necessary exothermic detonation reactions within the explosivé
chargé. 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 wave and side release waves define a " region
called the detonation head. The detonation head is a région
associated with high pressure and high density. The shape of the
detonation head depends 6n the geometry of the charge and changes
as it travels out from the initiation source. This is due to the
~approximately constant relationship Dbetween. fhe ';eiease wave
velocity and the detonation velocity. Initially ;hé shape is that
of a section of a truncated - cone with .curved front and rear

surfaces. Further away from the initiation the 1length of the



detonation head grows so that it 1is controlled from the side
release waves which meet on the axis of the charge forming a cone.
It has been found (X ray radiographyi that the length of the cone
when the detonation is fully developed is approximately equal to
fhe diameter of the charge. The density inside the detonation

head is constant and approximately egual to 4/3 &, where ©, 15 the

1 1
initial density of the explosive. The distance from the initiator

tovthe point where the full head is formed is approximately equal

to 3 1/2 charge diameters for gnconfined charges.: ' As the
explosive enters the detonation head it reacts. If it is ‘in a
granular form'(e.g ANFO prills) the reaction starts at the surface
and proceeds radially towards the centre of the'prill; As it was
mentioned in 'the,.previous‘ the energy 1liberated 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 detonétion. It 1is worth mentioning
that non ideal detonations can bz stable; indeed a great number of
commercial explosives used by the mining industry today detonate
at non ideal velocities at the diameters at which they are used.
The detonation velocity is the most important parameter ~of
the detonating explosive. It is well known that the velocity of
detonation is a constant characteristic of a particular explosive
when the qther parameters are kept constant. It was explained
that the knowledge of the detonation velocity can lead to fairly
~accurate estimates of the 'detoﬁation pressuré which is of
particular importance and cannot be measured directly. In the
next chapter the parémeters influencing the 'détonation velocity

.will be discussegd.

~

T,
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CHAPTER 2 ’ : : . 10.

EQUATIONS OF STATE

An equation of state is normally a pressure - volume -

temperature relationship. 1deal gases have an equation of state '

expressed as:

PV = nRT
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 eguation. It is obvious that a real das 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
forces when they are separated by some distance and repulsive
" forces when they are very close together. .

Repulsive forces are short term interactions while
attractive forces have a relatively long range. Figure 1 provides

where

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 2 = 1
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 dominate and Z

> 1, while at moderate pressures 2 < 1 due to the attractive
forces.’ Obviously an eguation 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 eguations of
state for the component molecules and a mixture rule for combining
them to give an eqguation of state for any composition. The
composition of the detonation products is calculated by assuming
chemical equilibrium.

_ At this point it is worth mentioning that much of the
work involving the development of an equation of state has been
employed in an inverted form. Experimental values are used to
calibrate an assumed form of an equation of state. Attempts to
develop a general, completely theoretical eguation of state have
failed to produce a good result. -

The most common eqguations of state for detonation
products are: . )

l. The Abel Equation of State. : : :
‘ The Abel eguation of state is a form.of -the Van der
Waal's equation of state. It can be expressed as:
~ P(V-w) = nRT

where o« is a constant. | : : ,
1t was found that this form did not produce acceptable
results for many cases of condensed explosives. Cook(l) provided

a modification expressing « as a function of the volume of the

5 G erin
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detonation products = without considering their chemical
composition. He showed that the empirical values of the covolume
fall in a common (V) curve.

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

. The most popular equation of state is the BKW equation.
The equation has the following form:

%% =1+ xe ¥
. where x= K i
V(T+8)™
and K = KEkixi ‘
with «,E,1, 6 and ki empirical constants. The constants ki of each

molecular species are the covolumes. For the mixture each ki is

~multiplied by Xir fhe mole fraction of species 1, and summed to

find the effective covolume. ) .
According to a parameter study performed by the Los
Alamos Laboratory, one may adjust the BKW parameters o,E,x and d

and the covolumes of the detonation products. Cowan and Fickett2
have shown that for a given = and £ one may adjust & to obtain the

experimental velocity of detonation. The slope of the curve rela
ting detonation velocity and density can be changed by changing £,

By 'using one explosive as a standard it was possible to
obtain a set of parameters which can be used for a variety of

explosives. BKW has been calibrated for RDX and TNT. The most

common parameters used today are shown in Table 1(3'4)). It has
been found that the RDX parameters result in realistic values of
the detonation parameters ( pressure and velocity of detonation ).
The parameters which . have been developed based on TNT as the
standard produce reliable results for very oxygen deficient
systems which produce 1large amounts of carbon in the detonation
products,

predictions of the detonation state parameters. This set was
developed in order te have (dP/dT)v > D at pressures of the order
of 0.5 Mbar. i1t has been found that this set of parameters
results in poorer predictions than the RDX set.

3. Other Eguations of State

Other eqguations 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.  They use the Lennard-Jdones potentials to
describe the interactions between the molecules. The general form
of the intermolecular potential energy is shown in Figure 2. When
the molecules are .squeezed together, the nuclear and electronic
repulsions dominate - the attractive forces,. The repulsions
increase steeply with decreasing separations. One approximation
is the the hard sphere potential where it is assumed that the
potential energy rises abruptly to infinity as soon as the

The best £fit for RDX parameters should not be used in
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particles come within some separation distance & ( coliision~
diameter ),

Normally the intermolecular potential is written as:

v = Cnsgn - C6/g6

Th1s is the Lennard Jones (n,6) potential. oOften the
{12 6) potential is wrltten in the form:

vV = 42[(0/R)" - -J/R) ]
where £ is the depth of the potential well and
7 is the separation distance at which Vv=0.
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TABLE ]
o s OR_HIGH
' EXPLOSIVES

PARAMETER SET . B x | a g
Fitting RDX 0.181 14.15 0.54 400
Fitting TNT 0.09585 12.685 . 0.50 400
Best fit for RDX 0.16 10,91 0.50 400
with (3P/3T) >0

Default . 0.10 11.85 0.50 400

parameters
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CHAPTER 3
EXPLOSIVE PROPERTIES

3.1 Introduétion

A variety of factors influence the explosives selection
process. This chapter discusses thé ﬁost important of them and

the parameters which influence-théml

3.2 Velocity of Detonation

The -velocity of detonation 1is the velociéy at which .thé
detonation wave travels through an . explosive charge. ' The
ﬁetphation wave travels at speeds,abové the normal sound Speed of
the unreacted material. Typical detonation velocities for
commercial explosives rangé from 2500 to 7000 m/sec. The
detonation velccity isl the ﬁost important property of the
expl&sive. It ¢can be measured easily and'accuratelyland it can be’
used for the calculation of the detonation and borehole pressures
which are of importance in explosive applications. The veloccity '’
of detonation of a particulaf exXxplosive depends on factors such as

charge diameter, confinement, density and particle size.

3.1.1 The ejfect of charge Diameter

Let us consider a typical velocity of detonation - diameter
curve-as shown in Figure 1(2). If the diameter .is too small the
explosive fails to detonate. At some 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 increaged‘as well. However when a certain diameter is reached,

further increase in diameter does not'resultlin an increace 6f £he
detonation velocity. At this point a maximum detonation velocity

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

detonation velocity of the explosive and is the value predicted
by thermohydrodynamic codes.

The detohatién head model as developed by Cook(l) can be
useful in explaining the shape of the observed ﬁetonation velocity'
- diameter curves. Figure 1 illustrates the_ length of the
established detonation ﬁeads in charges of varioﬁs diameters and
indicatgs what happens when a solid particle of .e#plosiqe enters
the éetonation head. For the small diameters, the degree ok
reaction is small and the energy liberated is not enough to
support a detonation. As the diameter is increased the detonation
head length is increased and for the same size of particle the
degreé of‘reactioﬁ increases. At the critical diameter the degree
ofrreaction is sufficient to support stable detonation. If the
diameter is incrgased_further a larger amount of explcsive reacts

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

full amount of explosive reacts in the detonation head.

3.2.2 Effect of Confinement

The effect of confinement is to lower the rate of expansion
of the gases off the side of the charge(z). This in turn slows
down the rate at which the lateral rarefaction_ travelsr into the
.reaction region. As a result it takes“loﬁgef for the side release
waves to meet:on the charge axis. The length of the detonétion
head is thus increased. This is shown in Figure 2{11, where ther

development of the _dethation head 1is outlined for. both the
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confined and the unconfined cases; Therefore, 1if the explosive
was not reacting fully at a particular charge diameter, the effect
of confinement would be to increase the degree of reaction and
consequently thg detonation yelocity at this diameter. Similarly,
“confinemeﬁf will feduce the critical charge diameter (Figure
3)(2)

However confinement cannot be quantified. Steel, glass,
various kinds of-rock and s0il will produce a different ‘effect.
For this reason most of the tests are doné with the gxplosive

charge unconfined. -

2.2.3 Effect of Farticle Size

If the size of the explosive particles is ;educed at a given
charge diameter in the non ideal velocity region, the degree of
réaction is enhanced because of the increase of the surface area.
Furthermore since the grains are smaller, they are consumed faster
in the detonation head. Aé a result the critical diameter 1is
decreased and the explosive reaches ideal detonation at a smaller

diameter (Figure 4)(2).

3.2.4 Effect of Density

If the dénsity 15 increased, the spec%fic energy is .
increased; as a result the ideal detonation yeloéity ié increased.
It has been found that the detonation velocity and the density are
related linearly. Figure 5(3) shows the detonationl velocity
density relationship for various.exp;osives; '

However if the density_is‘increased beyohd é critiqéi .point,
steady gtate,detonation is not possible. The phenomenon is called

dead packing and a gualitative explahation can be given by the
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fact that the volume of the entrappéd air is insufficient to

provide enough hot éﬁots for the reaction to proceeal?) .

The relationship betﬁéen critical diameter }hhd density 1is
shown in Figure 6(5); It 1% ébvioué that;apart'éiom the density
in which the material is deaﬁ packed there is a tcritical density

below which the explbsive_will not shoot.

2.2.%5 Effect of Temperature

The 1initial temperature of the explosive has a small
influence‘on the velocity of detonation at diameters well above

the critical. However the critical diameter is dependant on the

initial temperature. Figure 7 shows the effect of the tempefature‘

on the critical diameter.upéwdered TNT(4’. | -

| In the case of commercial liquid explosives the effect is
more pronbunced. Fiédre e‘éhows ;hé effect-of low temperafures on
the critical diameter of typical siurry 'explosives(S).‘  The

effect on solid explosives is almost negligible.

3.2.6 £Effezt of Water

Generally dynamites are not affected by tﬁe presence of water
inside boreholes. Ammonium nitrate mixed with fuel o0il has - no
water resistance. The prodﬁct absbrbé watef and ‘soon becomes
/desensitized. Generally performance dropé drastidally as the

weight of water in tﬁe'éomposition is increased.

' 3.3 Detonation Pressure

The_detonation,préssure is-a‘ver? impoftant parameter. It is

an indicator of the ability of the explosive to produce the

fo o
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éf A. Permitted explosives (USBM)
) Fume class Toxic Gas - Toxic Gas
“££3/1p 1/kg
A ¢ 1,25 < 78
B 1.25 - 2.50 78 - 156
156 - 234

C 2.50 - 3.75

B. Rock blasting explosives
Fume class Toxic Gas

££3/1p

Toxic Gas

1/kg

1 < 0.16 10
0.16 - 0.33 10 - 21
- 0.33 - 0.67 21 - 42

- 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 énd permission is received f{rom the

éuthorities (EMR) .

It is worth mentioning here that the relative toxicity of the

fumes is important and this is not shown in the above tables. NO

2

is much more toxic than CO (about €6 times as much)(a).'

It has beeh-found that the fumes depend on(z}:

1. The oxygen balance
2. Marginal priming
" 3. Water attack
. 4. Critical diameter
5. Gaés‘in lqading

6. Deflagrations.
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3.6 Energy of Explesives

Explosives "are substances that rapidly liberate 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 waveg .in the surrcunding medium
and upon ' expansion impart kinetic energy to the surroﬁnding‘

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

the following formula:

Q = AHf(préducts) - AHf(reactants}-
where AHf is the heat of formation.

The energy per unit we;ght is calledrthe weight strendth of
the exploéive. '

The energy per unit volume is called the bulk strength of the
explosive.

Sometimeslit is useful to express the weight and the Cbulk
strengths as relative values obtained by dividing the étrength
_(weight or bulk) to the corresponding strength of a standard
explosive. The commercial industry normally uses AN/FO as the

standard explosive.

3.7 shelf Life

The shelf life of an explosive determines the maximum time

period the explosive can be in storage. Various exploéives age

and their use is unsafe or thef cannot be detonated reliably.

3.5' Pressure'Desensitization

Commercial explosives can be susceptible to - hydrostatic
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heads. Hydrostatic heads can compress the explosive to high

densities and "dead packing" can result.

3.9 Measurement of the Detonation Properties

3.9.1 Detonation Velocity

There are various methods of measuring detonatlon velocities.

These are outllned in the following:

it The continucus prote method,

The system -consists of the explosive charge, along the
central axis of which a uniform resistance probe ie inserted, a
constant current'sodrce, a triggering source and an oscilloscope.

The resistance probe consists of a resistaﬁce wire inserted
into a small diameter.brass tube. -The resistance wire is a
nichrome wire-having an accurately known linear resistance.

The oscilloscope is connected in parallel to both the current
source and the probe (Figure 9)(5).' At detonaticon the wire
resiStance probe is consumed. However the circuit remains closed
due to the fact that the detonation wave is sufficientl? ionized.
The circuit follows Ohm's law. Therefore, since current is
constant, the voltage change with time shown on the oscilloscope,
is proportional to the resistance.  Knowing the full voltage drop
across the'probe and the length.of thelprcbe, the voltage drop can
be converted to distance albng the charge. Therefore the velocity
of detonation can be calculated by 1nterpret1ng the voltage drop -

time record prov1ded hy the oscilloscope.
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LY. Start-stop method

Two-probes 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 kringing the two wires in contact. By

measuring the signals obtained by either a counter or an

oscilloscope one can measure the detonation velocity.

111. Streak ca.rﬁ.era me t hod .

The method is shbwniin Figure 10(9). The streak camera uses
a mirror which rotates at the centre of the drum. The film is
placed on the_dqum._ The field of view of the 'cgmera lens is
masked except fdr a narrow slit. The charge is aligned so \that
its axis is parallel to the slit of "the camera. - The 1light
éenerated by the detonation front enters through the slit and
after being reflected on the rotating 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(10

tv., D'Autriche Method

This is the least sophisticated method. It is outlined in
Figufe 12(9)._ The method uses a detonating cord both ends of
which are inserted in the explosive af a:known distance apart. A
metal witness plate is placed éldsé' to the middle of the
detonating cord. The detonation wave in the charge initiates the
detenating cord ét both ends. when the detohation' ,wa?es

travélling in opposite directicns in the detcnating cord gollide,
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they leave a dent in the witness plate. This helps to find the
position in the detonating cord at which the collision took place,
. Thus, thé distance, and therefore the tihe, each wave traveiled in
the detonating cord can be found. The difference in the times .tﬁeu
two waveé travelled in the cord provides the time it took the

detonation wave in the test charge to travel the distance 1.

3.9.2 Detonation Pressure

,Tﬁe measurement of the detonation pressure is normally baséd
on photograﬁhic techniques. These -techniques regquire a streak
cameré and accurate expefiments {aquarium technique). In the
aquarium technique, a transparent liduid serves as - ai éressure
gauge for measuring transient pressures.' The transpareﬁt lliquid
has td be sélected in such a way that the reflected wave at the
gauge-liquid interface is either a weak shock or a very weak
rarefactidn, The technigue, as described by Cook(8 consists of
the following two stages:-
i. Initially the Hugoniot of the liguid which serves as a gauge
is determined. The experimental set up is .shown in Figure 13. The
method consists of the simultaneous measurement of the shock
velocity at the free surface and the free surface velocity as the
shoék emerges from the transparent medium. Cbservations of' the
shock velocity and the free surface velocity are made-by wusing a
streak camera. By changing the height (h) of the liquid- inside
;he container, one ‘changes the shqck velocity and the free surface
Velocity; By assuming that the particle veloéity of the liquid at
' the intérface is half éf the free . surface _ velécity " the
_relationship betweenlshock velocity and thé pafticle 'ﬁelocity in

the liquid (Hugoniot) is obtainecd.
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1i. The experimental set up for the second part of the technique
is shown in Figure 14. In this experiment, the velocity of
détonation in the explosive charge and the initial transmitted
_shock velocity in the liquid are meésured. From the transmitted
shock velécity in the liquid and the known Hugoniot of the liquid,
the initial pressure in ' the 1liquid can be calculated. The
corresponding pressure in the detonation head 1s calculated by
ﬁsing the following relationship:

Pa= Py [(PUL) 1 + P1eUge 1/ (2(PUL) 550

} le " se
where
| Pd is the detonation velocity
Pie isdthe initial density cof the explosive
U, 1is the detonation velocity

(busiil is the initial impedance of the 'liquid and
'Pil is-tﬁe initial‘pressure in the liquid. ‘
The initial pressure in the liquid is calculated by the well
knowﬁ relétionship
Pi1 *71%1%
where P, is the pressure in the liquid

Ugy is the shock velocity

Upl is the particle velocity and

o 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:
. - o
p.eD
4

where P is the detonation pressure
2 is the initial density.of the explosive and

D is the measured detonation velocity.

—
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CHAPTER 4 .- : o
GAP AND FRICTION SENSITIVITY OF EXPLOSIVES

4.1 Introduction

. The gap sensitivity of exploéive represents its ability t6
prppagate thropgh barriers. The gap sensitivity of an explésive
“is anAimpor;ant prope;ty-to be considered in blasting -operations.:
If the sensitivity is 1ow, the detonation in the borehole ‘can be";
interrupted because of obsiacles (rocks) or air gaps. on the
contfary, an explosive which is‘vgry sehsitive_can_be dénggrous to__
| handle and‘can detonate sympathetically in'the boreholes. ' Crossi
propagation of adjacent holes 1is very undesirable since this
eliminétes the effécts of delays and results in. éxcessive
vibrations and poor fragmentation. |

However one has to differentiate between sclid gap. and air
gap sensitivity bécause the phenomena involved in each <case are
considerably different.

Thelfriction 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

magnitude especially where pneumatic loaders are used.

4.2 Underdriven and Overdriven Detconations

The detonation state (C-J state) represents a dynamic stable ;/
condition. If the detonation wave encounters a small gap in the
exﬁlosivé charge, it will weaken temporarily and will come back to |

/
'the original stable condition once the perturbation is .passed.
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The same will happen if the detonation wave encounters a part of‘
the explosive which has greater energy. Temporarily it will
strengfhenrbut later it will reach the stable conditioﬂ.

Consider the situation éhown in Figure 1 a. A detonation is
transmitted from a donoé explosive to an acceptor explosive; ' In
this case there are three ©possibilities; the shock wave
transmitted in the acceptor can be stronger than the detonation
wave 1in the acceptor, the shock wave can be of equal magnitude to
the detonation wave in the acceptor of,the shock wave can be of a
smaller magnitude than the detonation wave in the acceptor. _ The
first case is célled overdrivén “and thé lést case -underdri@en
detonation. - It-has been found that iﬂ the qaée of an oQérdriQen
wave ihé _étrength always decays until the C-J condition is
reached. In the casa of the underdriven -wave the detonation
builds up tp the C~J value. However, there is a limiting strength
below which the wave decays and detonation does _hot propagate.
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 a '

Experimentally a simple way to determine the ‘sensitivity of
an explosive to initiation is represented in the gap test. The
- gap testnis shown in Figure 1 b. The experiment consists of a
donor charge, an attenuator and an acceptor .-charge. By wvarying
the attenuator thickness, different uhderdriven" waves are
thanshit;ed to the acceptor. The thickness of the 'attenuatog at

which 50% of the times -the acceptor detonates is called critical



44.

"§a§ thickness., At that thickness‘the shock wave in the acceptor
has a liﬁiting value aboﬁe‘ which the accebtor has a high
probability of detonation. The gap material is normally a
standard solid material. Air gaps are not desirable because hot
decomposition products of fhe donor explosive will ,1mpinge
directly on the acceptor. |

The result qf the gap test depends on the :geomgtry of the
donor and acceptor charqes as well as the attenuator material and
the donor explosive. -For this purpose' vari;us .laboratories
standardize gap tests” by wusing the same donor- and the same
attenuatof material. Thus the results of the tests  are
indicative of the explﬁsives shock sensitﬁvity. .

Typical gap tests are shown in Figufés é and 3,

The following factors affect the result of a standard gap
test:

4(2) where

1. Density. The effectlof density is sﬁown in-Figure
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 iIs a general trend obtained in a variety of
(2)

explosive compositions

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(z).

3. Composition. It is obvious that the result of the gap test is
- compositien dependant. it has been found 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. This7happens because of the combination of an oxidizer
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with a fuel and the dominant factor is the oxidation-reduction

reaction. Figure 6 is typical of this phenomenontz).

4. Acceptor diameter. Initiation ié controlled not oniy froﬁ'the
magnitude of the impacting shock wave but from its _duratidn 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 abové the minimum ' diameter for
ideal detonatipn, where this is possible. According to érice the
critical 1nitiatin§_pressure -~ diameter réiationship should_fﬁllow
a curve ;s in Figure- 7(5)._ Experimental results by Hédiard

indicate the same trend for Composition B(G!

5. Confinement. Price has found that confinement-of the acceptor

in the test prevents the lateral rarefaction from'Apfoducing‘ a
large disturbance. The confinement gives a result which 1is
comparable to that which would be obtained for a very much larger

diameter unconfined charge. The result may apprecach that which

‘would be obtained in the one dimensional £low!?). 1In Figure 8 the -

critical gap pressures for confined charges are compared. to the
critical cap pressures of unconfined charges. It is obvious that'_

confinement increases the sensitivity of explosives.

4.4 Air Gap Sensitivity

This term denotes the_ initiation of an explosive charge
wi;hout a priming device by the_detonation of another charge in
the'neigﬁbourhood. .The‘transmiésioh;mechanism is gomplex.i The -
importént paraméters are the shock wave, the hot reéétion.products
of the donor and the flying parts from the casing -of =thé"donor

charge. Varicus tests are conducted to determine the air gap’
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sensitivity of explosives. In Europe the smallest diameter ofl
ﬁanufacture 'is .used in the test chafges which . are tested
ﬁhéonfined(3). This will provide the largest- gﬁp below whicﬁ
'-dgtonation will always be observed. Confinement however affects
tﬁe result. For this purpése coal mining explosives are tested
in pipes which simulate boreholes.’ It is recommended .that gap
fests simulating-the conditibns of application are performed to

determine the gap sensitivity of a particular product.

4.5 Initiation by Friction

The mechanism of heating by friction has been investigatéd by
Bowden and éo-workers._ when solid bodies are pressed against each _
other contact will occur only at the summits of the surface
irregularities. The total area of contact is a small fraction of
the total surface area(gl. when the bodies are sliding against
each other heat is developed at the regions of contact. Hot spots
are created at the peoints of contact and théir temperature depends -
on the pressure, sliding velocity and heat conductivity of the

'sliding materialg The contact material with the lowest melting
point detérmines the hot spot temperature. When melting occurs its
SQpporting capacity is taken over by other points(4). According
to Bowden if the mélting point of the slider is below the critical
hot spot temperature for the explosive, detonation doeé ﬁot occur.

several friction tests have beenldgveldped; The .Sggdish(4)

‘ develbped_a‘frittion test in which the explosive is subjgcfed to
stfessés similar to th;se “when the explosive is charged in

boreholes.' The te;t'consists of a block of granite which has a

semi-cylindrical groove. A thin layer of explosive is placed in
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the groove and a slider moves on top. Various loads are put on

the slider. The slider moves at a.constant speed and the result

plate

" is recorded as a function 65 the load;37

In Germany a sample 1s placed,‘on a roughened porcelain

(3).‘ The sample is put on top of ‘it and‘a.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.

similgr tests have been develdped,in other countries.
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THE VELOCITY OF DETONATION RECORDER
_ A NEW BLAST AND SHOCK WAVE DIAGNOSTIC TOOL FOR COMMERCIAL USE

By

Gary Kahn

EG&G Special Projects
2450 Alamo Ave. SE
Albuquerque, NM B7106
(505) 243-2233

The knowledge of how and when your explosives go off can help you make
lntelligent decisions regarding future appllication of explosives'thus removing
some of the black magic associated with_blasting. The net result will be.
,intelligeqtly set-up shots with timing, explosive charges, and placement more
accurately done. Lower operational costs can be achieved when the correct

combinatlons are applled - ) . -

This article describes_a technique for accurately measuring explosive
'detonation time, burn rates. and shock wave propagation in a straightforward
" and simply implemented fashion. Further, application of this technique can be'
used to collect information from large scale blasting operations where there

are multiple holes and'sequenced firings of explosive,

The technique Has been used for pany years fn underground nuclear
tests. The,technology {Time Domaln Reflectometry, TDR) is well understood and
is a standard diagnostic techniqué in many fields. In the nuclear field the
technology fielded is called CORRTEX for Continuous Reflectometry for Radius
versus Time Experiménts. Developed at and fielded from Los Alamos National
Laboratory, New Mexico, its hajor use has been to estimate the yleld from
underground nuclear explosive detonatidns both in the U.S. and in the Soviet
Union. This technology also has a;useful and important role in the explpsive
industry, however, and will be partlcularly useful when high tlming accuracy

detonators are readily available.-

The concepts involved are similar to that of RADAR where a pulse of
radio waves are sent out and a echo or reflected pulse 1s returned to give
ranging information. The technique uses a coaxial cable to carry a fast rise-

time electrical‘pulge back and forth, 'The time between the sending of the



~crushed or severed by the explosive shock wave. The return pulse then ¢contains i

pulse and its return is acéurately measured. Knowing how the time changes from
pulse to pulse gives an accurate picture of the length of the cable in time.

This is the underlying concept for the CORRTEX and of the Veloclty of Detona- -
tion Recorder (VODR}, the commerclal ‘version of the CORRTEX.

In the measurement of explosive pérformance the coaxial cable is laid
out along the length of the explosive with the far end of the cable near the

detonator (see Figure 1), _ .

As the explosive is detonated {and burns), the cable becomes pro-
gressively shorter. The VODR accurately measures the time interval and

therefore the length of the cable from moment to moment.

_ The collected iﬁformation can then be processed into a useful form —,_;2 
which may be tabular or graphical in nature (see Figure 2). From the displayed
data both burn rates and timing information can-be obtained and compared to -

expected information.

To further understahd the technology involved you need to know some-
thing about pulses traveling along electrical cables. First they travel a

little bit slower than the speed of light which travels at 299 million meters

'per second. This i{s many times faster than the fastest explosive burn rate.

Secondly, the electrical pulses are reflected back by discontinuities in the

transmission line. Thus, a pulse is reflected at the point where the cable is

useful information about exactly where the shock wave is passing. i

To measure distances very accurately using time you must have a high
resolution timer. For the ﬁnit designed, the resclution is down to 125 pico-
seconds for a two-way transit distance on .an electrical cable of about 0.6
inches. The fine resclution is useful for examining events occurring close to
the detonator. A

The unit sends pulses down the electrical cable up to 100,000 times a
second at its maximum pglse rate. Consider an explosive with a burn rate of
6000 meters a second, In the'10 microseconds between pulses:the expidéive cén
burn about 2.4 inches. Thus, the time resolution of 125 picoseconds is about
the correct resolution considering that mdst explosives have a significantly

slower burn rate.



COMMERCIAL CORRTEX

The Commercial version of CORHTEX the VODR 1s smaller and more highly
integrsted than some of the earlier units-built for underground nuclear yield
monitoring., The commercial unit is a self contaised unit about the afze of a
large ssltcase. An external 24 volt, f% amp—hous battery is used for power
allowing it to operate for about 5 hours. The extsrnal battery chafger will

allow the battery to be completely charged in about three hours from a 120 volt
60 Hz source. '

An operator communicates with the VODR Hlth a standard IBM personal

computer keybcard. A graphics liquid crystal display permits both the display

of.SIphanumerié characters as well as graphics. The combination of ‘the IBM

‘style keyboard and the display makes for an easy bberator interface. A 5-inch

wide thermal graphics ‘printer allow easy hard coples of the data.

APPLICATION OF THE REPETITIVE TIME DOMAIN REFLECTOMETER

For explosions involfing multiple detonations, the c¢abling is laid out
so the end of tﬁe cable is located where the first deﬁonation begins and is
then laid out so thé next detonation and shock wave sequences make the cable
progressively shorter to where the VODR instrumentation is lécatsd‘(see
Figure 3).

Often several different channels of data may be required to fully
instrument a shot. Repetitive Time Domain Recorder has ;he capability to
collect data from two different coaxial cablea. The frequehcy at which each

cable is sampled is reduced, however.

‘In addition to the time domain rsflectometer capabiiities the VODR has
remote analog recording capabilities that may be used for various environmental
measurements having an influence on shot performance parameters. Examples of
sucﬁ data are temperatures and pressures, It 13 not intended at this time that
analog recordings be made at the same time as the operation of the time domain
unit reflectometry unit. '



FIBER OPTIC TIME DOMAIN REFLECTOMETRY

B Fiber optic cables use -light waves for the transmission of data down
a thin thread of glass. As with electrical cables, part of the light i3 re-
flected off the end of a broken fiber. The time between the transmission of
the light and the return of the reflected pulse is a strong indication of how
long the fiber Is. '

Except for the fiber optic cables and the special interface board the

fiber optic system operates In the same fashion as the coaxial cable unit.

At the present time the fiber optic version of the CORRTEX unit is

under development.

In the system EG&G*Has developed, we have considered the needs of the
blasting engineer. Data 1s available in the raw form, and in a graphical mode
both processed and unprocessed. Hard‘copies of theidata_are;available frém a
5-inch wide thérmal printér. Additionélly; the data can easily be loaded. into

a lap top personal computer for permanent storage.

For more exacting technical information, see the technical description

note.

Y COAXIAL CABLE

% EXPLOS|VE } VODR
DETONATOR ' .

Figuré 1. Principle of Operation
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d exp10|tatlons miniéres ou de construction

glast design considerations for underground 31
mining and construction operations

étude d abbatage—consudérat:ons pour les opérations souterrames

Sprengarbe|t5entwurfe——Erwagungen fir den Untertagebau und fir

. Bauarbeiten

T. N. HAGAN, Principal, Blasting Engmeer Golder Assocuates

. pty. Ltd, Melbourne, Australia

:Because the great ma30r1ty of completely new fractures are created by tension, the dynamic tenSIIe l

preaking strain (€¢) is an important property of massive rocks. As the degree of natural fissuring
increases, the influence of €. decreases whilst that of the pre-existing cracks becomes greater.
tmportant and ‘highly controllable blast parameters include the diameter and length of blastholes;

~ the type and configuration of charges; the shape, condition and development of effective faces; the

availtable expansion volume for broken rock; the type and dimensions of the blasthole pattern; and
jnitiation sequence and delay timing. The effects of these several parameters on blast design, the

“results of blasting (and especially fragmentation and overbreak) and excavation costs are presented.

rreatest consideration isgiven to tunnelling, sub-level open stoping and the excavation of caverns.

.isqu'en grande majorité les fractures entiérement nouvelles sont créées en tension, la déformation
dynamique de rupture en tension (&g ) est une propriété importante des roches massives. Quand le
degré de fissuration naturelle croit, 1'influence de E&¢ diminue alors que celle des fissures
pré-existantes grandit. Parmi les paramétres de sautage d la fois importants et faciles a controller
on trouve le diametre et la longueur des trous de tir; la configuration des charges et leur espéce;

la forme, la condition et le développement des fronts de taille effectifs; le volume d'expansion

disponible pour la .roche brisée; les dimensions et le genre du plan detir; et la séquence
d'initiation et la duration des retards. Les effets de ces paramétres sur 1'étude, les résultats de
1'abbatage (et surtout sur la fragmentation et Te surabbatage} et les colts d'excavation sont
présentés. Les considérations Tes plus grandes ont &té données & 1'excavation de tunnels, de
cavernes et 3 1'abbatage souterram

Da vollig neue Rupturen meistens durch Spannkrdfte hervorgerufen werden, ist die Bruchgrenze der

- dynamischen Zugspannung (€.} eine wichtige Eigenschaft massiver Felsen. Mit der Vergrisserung der

natirlichen Spaltungstendenz verringert sich der Einfluss von £, wihrend sich der Einfluss vorher-

. bestehender Risse vergrissert. Unter den wichtigen und hdchstregulierbaren Spannungsparametern

" Sprengladungen, die Form und die Beschaffenheit, sowie die Entwicklung zweckmissiger Stdsse, das zur’

pefinden sich der Durchmesser und die Ldnge der Sprengldcher, die Art und Anordnung der

Yerfugung stehende Ausdehnungsvolumen fiir Bruchgestein, die Art und Mase der Sprenglochanordnung,
¢ie Zindfolge und Zindverzdgerung. Die Auswirkungen dieser verschiedenen Parameter auf den
Sprengarbeitsentwurf, die Folgen der Sprengung (insbesondere die Zerkleinerung und der Mehrausbruch}
und die Ausschachtungskosten werden hier vorgelegt. Die Hauptbetrachtungen 'beziehen sich auf die
Tunnelarbeiten, den offenen Teilsohlenbau und die Ausschachtung von unterirdischen Hohlriumen.

hOTATION S _ § ‘ INTRODUCTION
8.8 - actual and optimum burden distance ’ In underground construction and metal mining,
9.8, - blasthole diameter and charge diameter blasting is the dominant method -of excavating
- explosion-generated strain rock and ore {hereinafter referred to collec-
= - rock’'s dynamic tensile breaking strain tively as rock). Therefore, in order to maximise
e - explosion energy per m' of rock the cost-effectiveness of most of these opera-
" - face height - 7 tions, it is first necessary to optimise
e - charge length btasting. Any blast optimisation programme can
Te - Jength of stemming or collar show appreciable progress only after a clear
7;50 - actual and optimum blasthole spac1ng ' understanding of the effects of -the principal
W(R - vertical crater retreat. - _ blast parameters has been developed and care-

_fully applied. _ T
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overbreak control,

‘(b)the blasthole length and/or face height (H)

and, very importantly, .
{c)the general reduction 1in  drilling
associated with increases in d.
where d is small, the costs

costs

of drilling,

charging, priming and stemming operations are
high. If d is too small, thesé disadvantages
ovtweigh the benefit of the slightly lower

energy factor which results from the superior
enerqy distribution within the
broken. Where d is too large, the correspond-
ingly targer blasthole pattern may we11_lead to
inadequate fragmentation, especially in rocks
which are strong and massive or contain widely
spaced open discontinuities.

If the degree of fragmeatation is to _remain
unchanged, an increase in-d must be accompanied
by an increase in EF. The required increase in
EF is greatest for blocky rocks and least for
highly fissured rocks. In entirely massive
rocks, an fintermediate increment in EF is
needed.

_In rocks which exhibit widely-spaced open
discontinuities, fewer
“holes intersect a smaller percentage of effec-
tive- blocks. Where such discontinuities. are
parallel to blastholes, they partially reflect
explosion-generated strain waves. This provides
hetter fragmentation between a charge and its
‘jacent discontinuity, but tends to produce
versize material beyond these discontinuities.
Blocks which do not contain a charge experience
strain waves which have been dissipated appreci-
ably by the discontinuities through which the
waves have been transmitted. Therefore, isolated
blocks tend to be poorly fragmented, Such
oversize material retards mucking rates and
increases the wear, downtime and maintenance
costs for materials handling equipment. Where
the blocks between consecutive discontinuities
are ltarger than those that can be handled by the
available equipment, S should be restricted to a
small multiple of the mean discontinuity
spacing. If this is not done, any cost saving in
drilling (achieved by increasing d) is usually

outweighed by the higher combined cost of
secondary  blasting, digging, hauling and
crushing.

In metal mines, it is unlikely that d will

increase beyond the currently common range of

150-200mm. As d increases

(a)there tends to be more wastage of drilling
capacity (in already planned stopes at least)
as a result of .the stope width not being an
exact multiple of the desired
spacing; .

{b)it is more difficult to control damage to
{adjacent) pillars, fill, draw points and
haulage drives; and

{c)it becomes necessary to increase the number
of charge decks per blasthole which, in turn,
complicates and increases the costs of
charging, priming and stemming operations.

Although it is an important factor in the study

of_ overbreak control, blasthole diameter, per

rock to be -

larger-diameter blast-

blasthole
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se, does not have an-influence of the magnitude
generally ascribed to it. For strong massive
rocks, at least, overbreak can be well con-
trolled even with blastholes having the follow-
ing diameters, provided that other influential
parameters (e.g., initiation sequence, delay
timing, charge concentration in perimeter blast-
holes, etc.) are given sufficient attention:
(a)55-65mm blastholes in large-diameter tunnel-
ling, and )
(b)60-90mm blastholes in benching (in cavern
excavation). )
If, in somewhat weaker rock benches, the use of
larger-diameter blastholes 1is found to give
considerable cost savings in excavation but
also significant increases in overbreak, a
highty compatible system may well be developed
(a)by presplitting the walls of - the bench,
and/or
(blby using two individually
charges in . blastholes
distance of the walls,

deck
certain

delayed
within a

Effects of Blasthole Alignment

Where deep 150-200mm downholes are drilled, the
accuracy of blasthole alignment is most import-
ant in slot development, and especially for
those earliest firing blastholes which are
required to shoot to a raise (and particularly.
when the raise is bored rather than blasted}.

When excavating caverns with downhole benches,
the opti%um blasthole idnclination can_vary
between 0 (i.e., vertical) and about 25 . For
benches with heights of about 4m and less and
blasts which are always fired to a free face
(i.e., a ciean rock-air interface), satisfactory
muckpiles can often be obtained by drilling
vertical blastholes. As H increases, vertical
front-row blastholes become progressively over-
burdened at bench floor level. Therefore, the
replacemént of vertical by inclined blastholes
maintains toe burdens at their design values. In
benches higher than qgout 4m, blastholes are

~usually angled at 10-25.

In the common situation in which downhole bench
blasts are fired into a buffer of broken rock,
and especially in 4-10m high benches in strong
massive rock, angled blastholes are much more
effective. Because the buffer virtually prevents
lateral movement of the blasted rock, blastholes
mist be aligned so that their charges provide
sufficient upward displacement to leave well
fragmented and Jloose muck. The upward heaving
action with angled blastholes is appreciably

greater than that with vertical blastholes. The

optimum blasthole inclination increases with

.both bench height and rock strength.

Effects of Blasthole Length

The face height or desired depth of pull should
be such that the driller has a high degree of
control over blasthole deviation and, hence,
over both B and S for the toes of charges, If
blastholes are tooc long, both B and § will
exhibit considerable variability. Where B and/or

S is too small, fragmentation of an inadequate’
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TFFECTS -OF ROCK PROPERTIES

The design and results of blasts are affected by -
most -of which are controll-

"numerous - factors,
able. Unfortunately, the most influential single
blast parameter, rock properties, can be effec-
tively controlled only to the Ilimited extent
that the direction of firing relative to that of
the dominant physical discontinuities within the
rock mass can be varied somewhat by changing the
initiation sequence.

" Effect.of Dynamic Tensile Breaking Strain (£

If the fragmentation  of blasted rock is to

remain unchanged, any increase in £, (this being

the effective resistance to breakage of a tru]y

massive rock) necessitates

{a)increases in energy factor {EF = exp]os:on
energy yield per m' of rock}, and

(b)}decreases in burden distance (B), b]asthoie
spacing (S}, stemming length {L_)} and, in
some tunnelling and shaft sinking %perat1ons.
depth of pull.

Increases in £,also have the 1mportant effect -of .

reducing overbreak.

Where the strength of rock varies along the
length of an excavation, efforts should be made

to progressively modify the blast design, so °

that any particular design is highly compatible
with the rock strength at that location.

Effects.of Structural Properties

Any - increase ' in the mean spacing between
physical discontinuities demands that a greater
degree of {new) breakage is created in the

‘blast. In massive rocks, therefore, EF values
should be higher and B, S and L_ values lower
than those in highly fissured® rocks. When

tunnelling in the Yatter rocks, it is usually.

easier and less costly to achieve the desired -

depth of pu11 Where a tunnel is driven through
rock that is very highly fissured, however, the
depth of pull may need to be reduced so as to
limit the area of unsupported back (i.e., roof).

In tunnelling, 1onger rounds can general]y be
pulled where the dominant discentinuities are
normal to (cf. parallel to) the tunnel’s axis.
Where V cuts are used in sinking. rectanguiar

shafts, best results are usually obtained where
the dominant discontinuities are parallel to the
line joining the bottoms of the Vs (see Fig. I)

Effects of structural propert1es on overbreak
control I o
Highly-fissured | [ rocks often cause problems
associated with overbreak and the stabilities of
the back and/or walls of the excavation. The
associated costs of support and/or linings tend
to increase with the number of discontinuities
unless this potential problem is given extra
consideration during both the design and execu-
tion phases of blasting.

Perimeter blasting techniques arg most success-
ful in massive rocks and in formations in which
tight discontinuities are normal to the axes of
blastholes., In rocks which exhibit closely -
spaced discontinuities, some overbreak will
occur (principally along the discontinuities),

- irrespective of the steps taken to prevent it.

The very blasting technique that produces the
desired effect in a massive rock may be quite
unsuitable in a highly fissured rock. Because

. they need to change with rock properties, the

spacings and charge concentrations for perimeter
blasthoies are site specific.

The heedvfor overbreak control increases with a
decrease in the effective strength of the rock.
The absence or a small percentage of half

. blastholes on the back of a tunnel in weak rock

does not necessarily indicate that the perform-
ance of smoothwall blasts is poor; if smoothwall
blasting were to be discontinued, overbreak
would probably be much greater.

Smoothwa]l blasting is almost invariably better
than presplitting. in tunnelling and shaft
sinking. Provided that the rock is either strong
and massive or has tight/well cemented discon-
tinuities normal to the blastholes, presplitting
can be used to advantage to create sound smooth
surfaces
(a)in tunnel portals and, more 1mportantly.
(b)alongside benches in the excavation of
caverns, crusher chambers, etc.

EFFECTS OF DRILLING

Effects of Blasthole Diameter

The blasthole diameter .{d) is gavefned by
(a)the required _degrees of fragmentation

and-
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Blasthole

. ﬁ\r'
Air ga ' 25x200 trid
| » j_,wgp /x mm cartridge

Oelay detonator

g

I \Slotted ‘cartridge holder AL

\
Sg.m' detonating cord upline

Fig. 2. An assembled slotted cartridge holder in a perimeter blasthole.

volume of rock will be excessive,
appreciable proportion of the explosion energy
will be manifested as air vibrations and
flyrock. Where B and/or S 1is excessive, frag-
mentation will be sub-optimum. 1In those situa-
tions . in which blastholes are tight and,
therefore, drilled on ‘close centres (e.g., in
burn cuts in tunnelling), blasthole deviation is
a strong restricting influence upon blasthole
Tength. o

Where fans of downholes
orebody bounded by a
hangingwall, the base of any charge should not
be within the weak wall. If blastholes are
knowingly drilled too 1long, they should be
backfilled with drill cuttings so as to provide
a stand-off distance of about 4d between the
charge and the ore/waste contact. Should the
base of the charge detonate within the waste or
with an inadequate stand-off distance, some of
waste will be broken and intermixed with the
causing appreciable dilution. If the waste
..+tains persistent . physical discontinuities
which run parallel to the contact, explosion
gases could well stream into, wedge cpen and
extend these causing
(a)very considerable dilution by slabb1ng and
qu1te possibly,
(b)a major stability problem.

are drilled in an
weak footwall and/or

EFFECTS OF CHARGE PROPERTIES

~Effects of Explosive Type

Explosives are and should be selected on the
basis of cost-effectiveness rather than tech-
nical efficiency. Currently, the energy yield
per unit cost is usually greater for ANFO than
for any other explosive. Largely for _this
reason, ANFO is used in nearly all operations
with dry blastholes, even though the technical
efficiency of ANFQ may be somewhat lower than
that of a more costly explosive.

In mines that drill deep 100-200mm blastholes,

there is an incentive to maximise the percentage -

of blastholes that break
bottoms}. These self drain, thereby increasing
the wuse of ANFO, with the option of using
‘uminised ANFO (for increased energy yield) and
FO/polystyrene (ANFOPS) mixtures (for reduced
energy yields in perimeter blastholes).

through [(at their

Because they can be bulk loaded and
density varied between about 0.12 and 0.90g.cm-’
ANFOPS mixtures represent a useful tool for
controlling overbreak and, thus, for reducing
support requirements and- increasing the load-

and an

‘their’

bearing capacity of pillars. In large { 3 150mm])
diameter blastholes, polystyrene contents as
high as 85% (volume basis) can be used without
endangering the propagation stability of the
detonation wave. In 45mm blastholes, 75% poly-
styrene would appear to be the upper pract1cable
Timit.

In vertical crater retreat (VCR) mining, there
is a need, for all but the weakest rocks, to
maximise the- effective explosion energy yield

“per unit length of charge. This requirement is

best met by using an explosive which exhibits
high buik strength and the ability to fill the
entire cross-sectional area of the blasthole.
Because stemming columns in VCR blasts are
short, a high percentage of the resultant
breakage is brought about the explosive's strain .
wave energy. For this reason, the.explosive
should also exhibit a high velocity and acceler-
ation to its steady-state velocity within a
short distance from the primer. Currently, these

several requirements are best met by TNT-
sensitised watergel blasting agents., As the
effective strength of the rock decreases,

‘however, the performance of watergels with lower

butk strengths and velocities becomes more
acceptable. Except in the weakest rocks, ANFO is
unsuited to VYCR blasting.

In order to achieve the required smoocthwall
effect in tunnels, it is wusually necessary to
charge those perimeter blastholes along the back
and walls with an explosive which ‘exhibits a
relatively low enerqy yield per metre of charge
length. Where blastholes are dry and the rack's
effective strength is sufficiently high, ANFOPS
mixtures can be used. In damp or wet conditions,
special small-diameter smoothwall cartridges
{which provide a low but, unfortunately, con-
stant energy concentration} can be employed.

Where smoothwall blasting is necessary in
tunnels which pass through rocks having highly
variable strength and wetness, it is preferable
to use perimeter charges which exh1b1t
(a)an energy yield per unit length which can be
varied between wide iimits, and
(bla high degree of water resistance (so as to
cope with the wettest possible conditions).
These two requirements are best met by using
29x200mm cartridges of a watergel (or gelatine
dynamite} explosive which are spaced out within
a slotted cartridge holder (see Fig. 2). The
énergy yield per unit length is reduced simply
by increasing the length of the air gap between
cartridges. -Because one cannot rely upon the

~ detonation wave to consistently propagate from

one cartridge to the next across wide gaps, it
is necessary to trace each charge with a strand -







of detonating cord. The operator's degree of

control over energy concentration is better with

the slotted cartridge holder than with either
£'.‘\ ANFOPS or special smoothwall cartridges.

gffects of Charge Configuration

where blastholes are short, continuous charges
should be used, as these are more practicable
and cost-effective than deck charges. In long
blastholes, highest  cost-effectiveness is
usually achieved with deck charges. The lengths
of stemming decks should increase with decreases
in the effective strength of the rock.

The explosion-generated strain (£) in the rock
atongside a charge increases as the length:

diameter (1_:d_) ratio of the charge increases ;

remains !
decreases .
below about 20, therefore, thecopfimwn burden °

in the approXimate range 0-20; &
constant for 1 _/d_2>20. As 1 /d

distance (B_) for the charge decreases. When a
charge becorfes very short, B needs to be reduced
appreciably. A centre-initiated charge with

1 /d_ = 20 alsc causes considerable breakage
withifi an almost hemispherical zone off each of
i - its ends. The extent of end breakage is such
that overall fragmentation by a continuous
; charge with lc/d = 52 is little if any better
| than that forCtwd deck charges with 1 _/d_ = 20
separated by a-stemming deck with acléﬁgth:
diameter ratio of 12. '

‘ gperations in which H/d is less than about
o0, blastholes are not long enough to hold two
such deck charges. Because any move tg smaller-
diameter blastholes is to be avoided {on account

operations would need to increase H in order to
employ deck charges. Where H/d > 60, the use of
individually delayed deck charges reduces both
overbreak and ground vibrations.

-~

EFFECTS OF INITIATIGN AND PRIMING

Where detonation of a downline does not desen-

! sitise the explosive, toe-initiated charges have

! the following advantages over collar-initiated
‘ charges. '

) {a)The detonation wave and conical strain wave

front propagate towards the uncharged collar

\ section of the blasthole, where two or more

planar faces promote fragmentation. If this

wave front were to propagate towards the toe

of the blasthole, its energy would be

. ‘gradually dissipated in the rock mass beyond

; : the base of the blasthole, where the absence

of faces would ‘suppress the translation of .-

strain energy into fragmentation. o
(biwhere a charge is collar primed, the pressure
. in that part of the blasthole near. the primer
has - started to fall by the time the base of
- the charge detonates. When the gases are
| ' created in the base of the blasthole, they
tend to stream along the blasthole towards
the zone of low pressure, With toe priming,
- therefore, gases in the base of the blasthole
fall from their initial pressure at a rate
which is less than that for cellar priming.

of the associated higher drilling costs), such-

-away  from the blasthole.
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This assists in achieving the fragmentation
and displacement required along a plane
normal (or nearly so) to the base of the
charge (the plane along which a strong blast
_ effect is most needed).
The difference between collar and toe priming is
greatest for long charges which .are poorly
stemmed or unstemmed. However, the advantage of
toe priming is finite even for short unstemmed
charges.

Where deck charges are used in deep large-

diameter blastholes, the primer should be

positioned at the mid-point of the charge. This

priming geometry ensures '

{althat the superposition of strain waves from
simultaneously “detonating charge elements is
maximised, and

(b}that the entire charge has been transformed
into gases before the stemming at each end of
the charge realises that a detonation has-
taken place.

EFFECTS OF BLAST GEOMETRY

Effects of Shape and Condition of Face(s)

Good fragmentation and displacement are more

.difficult to achieve where the face

(a)is at an unfdvourably
blasthole's axis,
(b)subtends a small angle at the blasthole,
{c)has not been cracked by one or more previous
blasts, and/or ' .
{d)is choked with previously broken rock.
& decrease in the angle between a blasthole and
its face causes increases in fragmentation and
muckpile looseness, best results being obtained
where blastholes are parallel to the face.
Therefore, although the VCR system may have
cost-effective application at some mines, the
btasting component of this system tends to
exhibit a poor technical efficiency.

large angle to the

The angle subtended at a btlasthole by that part
of the face which is reasonably near should be
as large as possible. Where maximum fragmer-
tation for a given energy factor is sought, the
best practicable configuration is that provided
by the blasthole/initiation pattern shown 1in
Fig. 3. The biplanar effective faces created
during such blasts explain why the fragmentation
produced 1is significantly better than that
achieved by say square V firings (in which
effective faces are planar - Hagan, 1983}.

In benching-type operations, blasting is facil-
itated by both irregularities in the face and
cracks in the burden rock created by the
previgus blast., Where smooth unfractured faces '
exist, fragmentation is achieved with greater
difficulty, especially where the face curves
When .blasting to a
relief hole commences in a burn cut, good
initial fragmentation is discouraged for reasons
which include the following,
(a)JEven where the .relief hole has a diameter as
large as 200mm, it provides a face which has
a very restricted area and an unfavourable
shape, - ' ' o
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(b)The rock immediately arcund the relief hole
contains. few if any ~cracks created by
previous blasts, especially near the base of
each blasthole.

This explains why the earliest firing charge has

. to be located very close to the relief hole(s).
-~ Excessive burden distances tend to cause rifling
~and/or-dislocation of (and possible ejection of
"charges from} adjacent later-firing blastholes.

" For the above reasons, the burden distances in
hurn cuts {and for the earliest-firing charges
ound bored raises) must be appreciably less

an those which are employed when- identical
charges shoot to an extensive parallel planar

{or biplanar) face. Because a relief hole

represents a relatively poor face, burn cuts

should be designed so that each of the early
firing blastholes can shoot to at least two
equidistant relief holes. The combined cross-
sectional area of relief holes should be
increased when attempting to pull longer rounds.

Where good fragmentation and muckpile looseness
are to be achieved at the lowest possible cost
of drilling and blasting, blasts should be fired
tao a free face rather than to a buffer of rock
broken by a previous blast. Buffer blasting
{alrequires silightly smaller blasthole patterns
and higher energy factors for the same degree
of fragmentation and muckpile looseness, and
(b)produces more overbreak, higher ground vibra-
tions and, hence, an increased probability of
instability.

Effects of Available Expansion Volume

“When broken, all rocks expand. If the available
expansion volume is less than about 15% of the
volume of the solid" rock in a blast, all

. fragmentation mechanisms will proceed to complie-
tion, but the particles of broken rock will

till be highly interlocked and, therefore, will
wot- flow/ rill readily to the drawpoints. If the
expansion volume is <€ 15%, one or more of the
later-acting breakage mechanisms may not even
proceed to completion, Where mass pillar blasts
are fired into slots, & minimum expansion volume

e oA \

“'of 25% is usually required if consistently rapid

mucking without hang-ups is to be achieved.

If the void volume provided by the relief
hole{s) in a burn cut is too small, recementa-
tion of the finely fragmented rock tends to take
place. Wherever possible, the void volume should
be {15% of the volume of the cut. In rocks which
have a tendency to freeze, the void volume
should be as great as is practicable if the
probability of leaving Jong butts is to be
minimised. Burn cuts with very small void
volumes can still be pulled to full depth

provided that the energy factor {in the cut) is =
increased sufficently; but rounds are pulled

more consistently and to greater depths through
the application of finesse rather than brute
force. :

Effects of Type of Blasthole Pattern

'Ideal]y, blastholes should be drilled on equi-

lateral triangular grids, since these provide
the optimum distribution of energy within the
rock mass to be broken and, hence, the best
fragmentation. Where blasthotes are vSrtical,
S={1.15)B, but when they are angled at 8~ to the
vertical, 5=(1.15)B cos 8.

"Effects of Burden Distance (B) -and Blasthole

spacing (5]

For a given set of blast conditions, there is an
optimum burden (B )} for which the volume of
suitably fragmenteé)and loosened rock is maximum
and toe conditions are acceptable. Normally, B
lies in the 20d-35d range; the coefficient of
d tends to “increase with a decrease in 4 and
depends upon the properties of the explosive
and, more particularly, the rock.

When B falls below B_, strain-wave fracturing
increases and  breaRage by heave energy
decreases. For a very small burden, strain-wave
fracturing occurs so rapidly directly in front
of the charge that much of the heave energy is
lost as airblast and excessive kinetic energy of
rock displacement before it is able to contri-
bute fully to fragmentation.

When B increases beyond B_, the crack pattern
around each charge fails th be extended to the
face; beyond the lYimit of radial cracking, a
bridge of unbroken rock extends across the face.
Equally important is the fact that heave energy
is unable to provide adequate displacement and
its associated breakage. Gases are bottled up
within blastholes for periods of time that are
longer than optimum. In effect, the energy saved
through the reduction in displacement is man-
ifested as an increase in ground vibrations. In
their struggle to escape to the atmosphere,
these gases are abliged, to stream into, wedge
open and extend both natural discontinuities and
strain wave- induced cracks all the way around
the blasthole; - forward-facing fissures and
cracks are not  preferentially extended.
(Forward-looking cracks are extended preferen-
tially when B = Bo).




In benching and sub-level open stoping with
parallel.blastholes, S is necessarily a function
of the width of the blast block. As this width
decreases and/or d increases, the - number of
blastholes in each row decreases. In narrow
blasts - with large-diameter blastholes, _there-
fore, S may need to be cons1derab1y less than
the (desired) optimum spacing{S_ ) for. those
particular conditions. If § <S , ®hen B should

- also be < B The prevention- of such ineffi-
ciencies sﬁ%uld be a s1gn1f1cant consideration
when selecting d for a. given situation. It
should also be recognised that less overbreak
can be achieved by selecting a spacing for
perimeter blastholes which is 15-25% less than
that for other blastholes in the,row or ring
{see Fig. 3). .

O

Should the walls of " bench blasts be presplit, it-

js important to ensure

(a)that the distance between the end product1on
blastholes and the presplit plane lies in the
(0.35)5-(0.5)S range (the optimum value being
determined by closely superv1sed trials on

site), and
(b)that the presplit plane extends at least two
burden distances beyond the longitudinal

extremity of the.blast.

Effects of S1ze and Shape:of Blast

‘n sub-level open stoping and downhole benching,

lasts should be as large as is practicable.
Where small .numbers of large blasts are fired,
there are fewer boundaries between blasts.
Fragmentation at such boundaries tends ta be
- poorer than that within the heart.of a blast
block; this is largely due ta
{a}large rock fragments (their size
controlled largely by pre-existing discontin-
uities) falling off the newly created backs,
walls and faces after the blast, and
(blgases 1liberated in front-row blastholes
escaping rapidly through cracks (resulting
from overbreak caused by the previogus blast)
* and thus contributing less to fragmentat1on
and muckp1le looseness.

[n the interests of product1v1ty, there is
usually an incentive to fire as many rows of
blastholes as possible .in a single shot.

Fragmentation generally improves with an
increase in the number of rows. In massive or
blocky rocks, single-row blasts. often give
inadequate fragmentation. Unfortunately, how-
ever, overbreak and ground vibrations increase
with. the nymber of rows.- This is because
progressive relief of burden is achieved with
greater difficulty towards the back of a deep
blast. Where there are too many rows, back-row
charges will not see an effective free face. The
Jverbreak and ground vibrations created by such
.overconfined) back-row charges are considerably
than those

- greater for charges” which can
displace their burden rock forwards wath reason-
able ease,

Ideally, blast blocks should have a length:
width ratio >3, With such elongated blasts,
lateral movement of- rock is not

the burden

© blast

-preferably concave) and reasonably near.

being .

_tendency to
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suppressed appreciably by the drag - forces
imposed by the {stationary) rock alaongside the
block. Where the number of rows of
blastholes exceeds the number of blastholes
within a given row, the blast becomes a
trench-type shot in which forward movement 13-
restricted, particularly towards the back of the
btast. Wherever forward movement is less than a
certain critical value, fragmentation and espe-

cially muckpile looseness are reduced, In.
extensive trench-type shots, therefore, EF
should be increased so as to counteract the

adverse effect of the low length: width ratio of’
the blast block, thereby encouraging forward
displacement which, in turn, promotes looseness -
and low-cost mucking. .

EFFECTS OF INITIATION SEQUENCE AND DELAY TIMING

(including tunnelling
important that charges
sequence and timing which

In any multi-row blast
rounds), it 1is most
detonate with the
maximise the
faces which are-as extensive as possible {and ~
When
allocating delay numbers in initial designs,
operators should construct thegretical lines of
breakage for each.charge. By deing this, any
instances of poor sequencing-are exposed, and
alternative superior delay allocations can then
be made. '

The rock fragmented by~ the first one or few-
charges in a burn cut is ejected laterally into
the void provided by the relief hole(s) before
being swept outwards along the tunnel's axis.
The time taken for these rock fragments to be
completely swept from the cut is considerable
{typically > 100ms). It follows, then, that the
delay between consecutive detonations should
exceed 100ms if the probability of choking is to
be minimised. Where charges are fired on consec-
utive numbers of a millisecond series of delay
detonators, good progressive relief of burden is
not achieved and, as a consequence, there i5 a
higher risk of choking and a frozen cut.

Events in the cut are often so remote from the
perimeter of a tunnel blast that there 1is a
believe that their effects on
overbreak are insignificant. But such is not the
case. If progressive relief is not achieved in
the cut, all later-firing charges will be
effectively overconfined as a result of the
choked conditions ip front . of them. Each charge
will then create more overbreak. Minimal blast
damage requires that every charge fragments and
displaces its burden rock forwards w:th reason-
able ease.

In benching. jnitiation should commence at or
close to the centre of the first row. Delays
should be allocated so 'as to maximise’ progre-
ssive relief and to minimise overbreak and
ground vibrations. If possible, the delay
allocation should ensure the successive develop-
ment of  biplanar free faces for the- highest
possible percentage of charges in the blast (see
Fig. 3}. Charges should not be fired-in ‘a square

successive development of free .
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V or rectangular V formation, especially when
downhole bench blasts with a length:width ratio<
1 shoot into a buffer of broken rock. Muckpile
characteristics will be promoted by selecting a
blasthole/initiation pattern like that shown in

Fig. 3.

CONCLUSIONS

Man's control over the results of bliasts (and

especially fragmentation, muckpite looseness and

overbreak-~induced 1nstab1l1ty) and, hence, over

the costs of underground mining and construction

operations is strongly geared to

{a)his understanding of the effects of
properties and each of the more contro11ab1e
blast parameters, and

{b)his ability to synthesize the elements of
this knowledge into a totally compatible
blast design for the particular operating
conditions/restraints,

Such expertise is not gained lightly, If its

momentum is to be maintained or, preferably,

increased, progress in blasting will continue to

require  the wunified application of relevant

engineering principles and experience -to both

¢

rock -

_Blasting, Lulea, Sweden, Vol.1,

the design and execution phases of blasting.
There is 2 need for blasting engineers.to work

in closer technical cooperation with engineering

geclogists and stability specialists. ]f blast
designs are based upon a paucity of obtainable
data . and/or are applied without -sufficient care
and precision, the potential value of accu-

_mulated knowledge will not be. realised and the

costs of underground excavations will be unne-
cessarily and 1rrespons1b1y high.
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SURFACE
BLAST
DESIGN

This article is an excerpt from Bureau of Miles circular IC 8925, )

“Surface Blast Design.”

. BLASTHOLE DIAMETER

The size of blasthole is the first consideration of any blast
sign. The blasthole diameter, along with the type of explosive
being used and the type of rock being blasted, will determine
the burden. All other biast dimensions are a function of the
burden. This discussion assumes that the blaster has the free-
* dom to select the borehole size. In many operations one is
limited to a specific size borehole based on avallable dnlhng
equipment.

Practical blasthole diameters for surface mining range frorn
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2to 17 in. As a generaf rule, large blasthole diameters yield
low dritling and blasting costs because large holes are cheaper
to drill per unit volume and less sensitive, cheaper blasting
agents can be used in larger diameters. However, larger diame-
ter blastholes also result in large burdens and spacings and
collar distances and hence, they tend to give coarser fragmen-
tation. Figure 65 illustrates this comparison using 2- and 20-in-
diameter blastholes  as an example. Pattern A contains four
20-in blastholes and pattern B contains 400 2-in blastholes.
In all bench blasting operations some compromise between
these two extremes is chosen. Each pattern represents the
same area of excavation, 15,000 sq ft, each involves approxi-
mately the same volume of blastholes, and each can be loaded
with about the same weight of explosive.

In a given rock formation, the four-hole pattern will give rela-
tively low drilling and blasting costs. Drilling costs for the large
blastholes will be low, a low-cost blasting agent will be used,
and the cost of detonators will be minimal. However, in a gifficult
btasting situation, the broken material will be blocky and nonun-
itorm in size, resulting in higher loading, hauling, and crushing

_ costs as well as requiring more secondary breakage. Insuffi-

cient breakage at the toe may also result.

On the other hand, the 400-hole pattern will yield high drilling
and blasting costs. Small holes cost more to drill per unit vol-
ume. powder for small-diameter blastholes is usually more
expensive, and the cost of detonators wilt be higher. However,

" the tragmentation will be finer and more uniform, resulting in

lower loading, hauling. and crushing costs. Secondary blasting
and toe problems will be rhinimized. Size of equipment, sub-
sequent process.'ing required for the blasted material, and
economics will dictate the type of fragmentation needed, and
hence the size of blasthole to be used.

Geologic structure is a major factor in determnining blasthole
diameter. Planes of weakness such as joints and beds, or -

- zones of soH, incompetent rock tend to isclate large blocks

of rock -in the burden. The larger the blast pattern, the more -
likely these blocks are to be thrown unbroken into the muckpile. * ‘
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Note that in the top pattern in figure 66 some of the blocks
are not penetrated by a blasthole, whereas in the smaller bot-

_ tom pattern all of the blocks contain at !east one blasthole.

Owing to the better explosives distribution, the bouorn pattern
will give better fragmentation.

As more blasting operations are carried out near populated
areas, environmental problems such as airblast and flyrock
often occur because of an insufficient collar distance above
the explosive charge. As the blasthole diameter increases,
the collar distance required to prevent violence increases. The
ratio of collar distance to blasthole diameter required to prevent
violence varies from 14:1 to 28:1, depending on the relative
densities and vetocities of the explosive and rock, the physical
condition of the rock, the type of stemming used, and the
point ol initiation. A larger collar distance is required where
the sonic velocity of the rock exceeds the detonation velocity
of the explosive or where the rock is heavily fractured or low
in density. A top-initiated charge requires a larger collar dis-
tance than a bottom-initiated charge. As the collar distance
increases, the powder distribution becomes poorer resulting
in poorer fragmentation of the rock in the upper part of the
bench.

Ground vibrations are'cdm'ro_lie'd by reducing the weight of

explosive fired per delay interval. This'is more easily done -
‘with small blastholes than with targe blastholes. in many situa-

:ns where an operator uses large-diameter blastholes near
'pulated areas, several delayed decks must be used within
‘ich hole to control vibrations. :

Large holes with large bfast patterns are ideally suited to an
operation with the following characteristics: A large volume of
malerial to be moved; large loading, hauling, and crushing
equipment; no requirement for fine, uniform fragmentation; an

easily broken toe; few ground vibration or airblast problems
{few nearby neighbors}; and a relatively homogeneous, easily
fragmented rock without excessive, widely spaced planes of
weakness or voids. Many blasting jobs, however, present con-
straints thal require smaller biasthcles.

In the final analysis, the selection of blasthoie size is based.
on economics. It is important to consider tha economics of the
overall excavation or mining system. Savings realized through
indiscriminate cost cutting in the drilling and blasting program
may well be lost through increased loading, hauling, and crush-
ing costs and increased imganon costs owing to disgruntied
neighbors.

TYPES OF
BLAST PATTERNS

There are three commonly used drill patterns; square, rectan-
gular, and staggered. The square drill pattern (fig. 67) has equal
burdens and spacings, while -the rectangular pattem has a
larger spacing than burden. In both the square and rectangular
pattemns, the holes of each row are lined up directly behind the
holes in the preceding row. In the staggered pattem (fig. 67),
the holes in each row are positioned in the middle of the spac-
ings of the holes in the preceding row. In the staggered pattern,
the spacing should be larger than the burden.

The staggered drilling pattem is used for row-on-row flnng
that is, where the holes of one row are fired before the holes

in the row immediately behind them as shown in figure 68. The -

square or rectanguiar drilling pattems are used for firing V-cut
{fig. 69) or echelon rounds. Either side of the blast round in fig-
ure 69 by itself would be called an echelon blast round. In V-cut
or echelon blast rounds the burdens and subsequent rock dis-
placement are at an angle to the original free face. Locking at-
figure 69, with the burdens developed at a 45° angle with the
original free face, you can see that the originally square drilling
pattern has been transformed to a staggered blasting pattern

with a spacing twice the burden. The simple patterns discussed -

here account for the vast majority of the surtace blasts fired.

s @ anguiar . et

Figure 67.—Three basic types of drlli pattern.
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ts twice the burden,B).
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thole (stiff burden) with a 6-in-diameter (B) blasthale (flexi-
ble burden)in a 40-f bench.

Priming the explosive column at the toe level gives maximum
confinement and normally gives the best breakage. Other fac-
tors being equal, toe priming usually requires less subdrilling
than collar priming.

Too much subdrilling is a waste of drilling and blasting ex- .
pense and may also cause excessive ground vibrations owing :

to the high degree of confinement of the explosive in the bottom
of blasthole, particularly when the primer is placed in the bottom
of the hole. In multiple-bench operations, excessive subdrilting.
may cause undue fracturing in the upper portion of the bench
below, creating difficulties in collaring hotes in the lower bench,
Insufficient supdrilling will cause high bottom, resulting in in-

ting. Table 5 summarizes the recommended subdrilling ap-
ximations.

"‘;ﬁed wear and tear on equipment and expensive secondary

Table 5.-Approxlmate J/B ratios for bench blasting

Ratio

Open bedd:ng p!ane at bOB e
Easy toe . e

Normal toe
DIFICUI 08 oo e e e

B Burden J Subdriliing

COLLAR DIiSTANCE
(STEMMING)

Collar distance is the distance from the top of the explosive
charge to the collar of the blasthole. This zone is usually filled
with an inert material called stemming to give some confine-
ment to the explosive gases and 1o reduce airblast. Research
has shown that crushed, sized rock works best as stemming but
it is common practice to use drill cuttings because of
economics. Too small a collar distance results in excessive vio-
lence in the form of airblast and flyrock and may cause back-
break. Too large a collar distance creates boulders in the upper
part of the'bench. The selection of a collar distance is often a

" tradeoff between’ fragmentation and the amount of airblast and

fiyrock that can be tolerated. This is especually true where the

upper part of the bench contains rock that is difficult to break.

this situation the difference between a violent shot and one

t fails to fragment the upper zane properly may be a matter

oniy a few feet of stemming. Collar priming of blastholes nor-

nally causes more violence than center or toe priming, and re-
quires the use of a longer collar distance.

Field experience has shown that a collar distance equal to 70
pctof the burden is a good first approximation except whare col-

lar priming is used. Careful-observation of airblast, flyrock, and
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fragmentation will enable the blaster to lurther refine this dimen-
sion. Where adequate fragmentation in the collar zone cannot
be attained while still controlling airblast and flyrock deck
charges or satellite holes may be required.

A deck charge is an explosive charge near the top ol the blas-
-thole, separated Irom the main charge by inert stemming. If
boulders are being created in the collar zone but the operator
fears that less stemming would cause viclence, the main
charge should be reduced slightly and a deck charge added.
The deck charge is usually shot on the same delay as the main
charge or one delay later. Care muslt be exercised not to place
the deck charge too near the top of the blasthole, or excessive
flyrock may result. As an alternative, short satellite holes be-
tween the main blastholes can be used. These satellite holes
are usually smallerin diameter than the main blastholes and are
loaded with a light charge of explosives.

From the standpoint of public relations, collar drstance is a
very important blast design variable. One violent blast can per-
manently alienate neighbors. In a delicate siuation, it may be
best to start with a collar distance egual to the burden and
gradually reduce this if conditions permil. Collar distances
greater than the burden are seldom necessary.

SPACING

Spacing is defined as the distance between adjacent blas-
tholes, measured perpendicular to the burden. Where the rows
are blasted one after the other as in figure 68, the spacing is
measured between holes ina row, However, in figure 69, where

the blast progresses on an angle to the original free fate, the

spacing is measured at an angle from the original free face.

Spacing is caiculated as a function of the burden and also de-
pends on the timing between holes. Too close a spacing causes
crushing and cratering between hales, bouiders in the burden,
and toe problems. Too wide a spacing causes inadequate frac-
turing between holes, accompanied by humps on the face and
toe problems between holes (fig. 72).

When the holes in a row are initiated on the same delay

period, a spacing equal to twice the burden will usually pull the -

round satisfactorily. Actually, the V-cut round in figure 69 also
ilustrates simultaneous initiation within a row, with the rows
being the angled lines of holes fired on the same delay. The true
spacing is twice the true burden even though the holes were
originally drilled on a square pattern.

INSUFFICIENT SPACING
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Field experience has shown that the use of millisecond de-
lays between holes in a row results in better fragmentation and
also reduces the ground vibrations produced by the blast. When

16

Figure 72.—Effects of Insufficient and excesslve spac- .

millisecond delays are used between holes in a row, the spac- -
ing-to-burden ration must be reduced to somewhere between
1.2 and 1.8, with 1.5 being a good first approximation. Various -
delay patterns may be used within the rows, including alternate

-delays {fig. 73) and progressive delays (fig. 74). Generally,

large-diameter’ blastholes require ‘lower spacing-to-burden
ratios {usually 1.2 to 1.5 with millisecond delays) than small-di--
ameter blastholes (usually 1.5 to 1.8). Because of the com-
plexities of geology, the interaction of delays, differences in ex-

" plosive and rock strengths, and other variables, the proper -
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Figure 73.—Staggered blast pattern with alternate de-
lays (spacl_ng, $, Is 1.4 times the burden, B).
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Figure 74.—Staggered blast pattern with progressive
delays {spacing, S, is 1.4 times the burden, B).

spacing-to-burden ratio must be deterrnined through onsite ex-
perimentation, using the preceding values as first approxima-
tions. _

Except when using controlled blasting techniques such as
smooth blasting and cushion blasting, the spacing should never
be less than the burden.

HOLE DEPTH

In any blast design it is important that the burden and the
blasthole depth (or bench height) be reasonably compatible. As
a rule of thumb for bench blasting, the hole depth-to-burden
ratic should be between 1.5 and 4.0. Hole depths less than 1.5
times the burden cause excessive airblast and flyrock and, be-
cause of the short, thick shape of the burden, give coarse, un-
even fragmentation. Where operational conditions require a
ratio of less than 1.5, the primer should be placed at the toe of .
the bench to assure maximurn confinement. Keep in mind that
placing the primer in the subdrill can cause increased ground
vibrations. If an operator continually finds use of a hote depth-
to-burden ratio of less than 1.5 necessary, consideration should
be given toincreasing the bench height or using a smaller drill.

Hole depths greater than four times the burden are also unde-
sirable. The longer a hole is in respect to its diameter the more

_error there will be in its location at toe jevel, which is the most

critica! portion of the blast. A poorly controlled blast will result.
Extremely long, slender holes have even been known to mter—
sect.
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High beriches with short burdens also create hazards, such-

as a small drill having to put in the front row of holes near the
edge of a high ledge or a small shovel having to dig at the toe
of a precariously high face. The obvious sofution to this problem
i5 to use a lower bench height. There is no real advantage to
a high bench height. Lower benches give more efficient blasting
results, lower drilling cost and chances for cutoffs, and are safer
*from an equipment operation standpoint. i it is impractical to re-
duce the bench height, larger drilling and rock handling equip-

ment should be used, which will effectively reduce the blasthole

depth-to-burden ratio.

A major problem with long slender charges is the greater po-

tential for cutoffs in the explosive column. Where itis necessary
to use blast designs with large hole depth-to-burden ratios, mul-
tiple priming should be used as insurance against cutoffs.

DELAYS

Miliisecond delays are used between charges in a blast round
forthree reasons:

1. To assure that a proper free face is developed to enable
the explosive charge to efficiently fragment and displace its bur-
den. -

2. Toenhance fragmentation between adjacent holes.
3. Toreduce the ground vibrations created by the blast.

There are numerous poSsible delay patterns, several of
which were coveredin figures 68, 69, 73, and 74.

Andrews, of du Pont, conducted numerous field investiga-
tions to determine optimum delay intervals for bench blasting
and reached the following conclusions.

IHADETUATE JELArS AZETUATE DELAYS
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Figure 75.—The effect of inadequate delays between
rows,

1. The delay time between holes in a row should be between
1 and 5 ms per foot of burden. Delay times less than 1 ms per

foot of burden cause premature shearing between holes, resuit-

ing in coarse fragmentation. If an excessive delay time is used
betwean holes, rock movement from the first hole prevents the
adjacent hole from creating additional fractures between the
two hotes. A delay of 3 ms per foot of burden gives good results
in many kinds of rock.

2. The delay time between rows shoutd be two to three times

the delay time between holes in a row. This is longer than most
‘Previous recommendations. However, in order to obtain good

fragmentation and control flyrack, a sufficient delay is needed -
. S0 that the burden from previously fired holes has enough time

to move forward 1o accommodate broken rock from subsequent
rows. If the delay between rows is too short, movement in the
back rows will be upwardrather than outward (fig. 75).

3. Where airblast is a problem, the delay between holesin

@ row should be at least 2 ms per foot of spacing. This will pre-

vent airblast from one charge from adding to that of subsequent

charges as the blast proceeds down the row..

. - ’ ) .

Latest edition. A practical guide on the latest
and salesttechniques for using modern explo-
sives, including: initiating systems and firing
techniques. water gels* ANFO and dynamite.
Special sections on applications, equip-
ment. accessories and practices.
Conveniently organized in textbook style;
handy thumb index,

Sums up 175 years of DuPont explosives
experience: the how-to guide for explosives
users. :

Available by mail only. Send your check for
$24 to:

BLASTERS' HANDBOOK
DuPont Company
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- Wilmington, DE 15898
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Here's Hercudet

nonelectric delay
blastlrg,g system

Mitchell Dam Redevelopment Projeci. Coosa River, Alabama . where Hercuget

provided sale cosi-ellective blasting.

For construction blastlng you
can’t beat Hercudet.

e

Plastic tubing replaces wires. There’s no worry about

stray currents, static electricity or radio frequency

energy. And Hercudet is the only noneleclric system

with circuit test capability.
A combustible gas enters the tubing only after

shot preparatlons are complete. Hookup is inert until
then. At firing time, the gas is ignited and the ignition
travels noiselessly at 8,000 ft./sec. to initiate the high-

strength Hercudet® caps. Theres no airblast from
the tubmg ‘

Hercudet eliminates the
% shot-size restrictions
{ many users encounter
B with sequential timers.
2 More holes can be fired
in a single shot while
st vibrations are still held
Hercudet ™ Blastlng Machme down.
‘Hercudet provides vibration contro! with tubing
_ and fuse elemént delays and is lotally sequennal
- ftis more economical than detonatlng cord and
-other noneleétric systems :
For details ¢ontact your Hercules represen-
'- tative or Hercules Incorporated, Hercules Plaza.

Wilmington. DE 19899, Attn: H. Citino.
(302) 575-6500 and ask for Extensaon 3941

xC 82-4

_ The use of Hercudet
permils once-a-day firing.

4. Forthe purpose of controlling groundlvibrations", most reg-
vlatory authorities consider two charges 10 be separate events
ifthey are separated by a delay ol 9 ms of more.

‘Following these recommendations should yield good blasting
results. However, when using surface delay systems such as
detonating cord connectors and sequential timing blasting
machines, the chances for cutofis will be increased. To solve
this problem, in-hole delays should be used in addition to the
surface delays. For instance, when using surface detonating
cord connectors, one might use a 100-ms delay in each hole.

- This causes ignition of the in-hole delays wellin advance of rock

~ movement, thus minimizing cutoffs. With a sequential timer, the

same eflect can be accomplished by avoiding the use of electric
caps with delays shorterthan 75t0 100 ms. ~

From the standpoint of simplicity in blast design it is best if
all the explosive in a blasthole is fired as a single column
charge. However, it is sometimes necessary, where firing large
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
designed under the guidance of a cormnpetent person.

All currently used delay detonators employ pyrotechnic delay
elements. That is, they depend on a burning powder train for
their delay.. Although these delays are reasonably accurate,
overlaps have been known to occur, Therefore, when il is es-

as in a tight corner of a blast, it is a good idea to skip a delay

agood future possubmty

POWDER FACTOR "

Powder factor, in the opinion of the authors is not the best
tool tor designing blasts.

Biast designs should be based on the dimensions discussed
earlier in this chapter. However, powder factor is a necessary
calculation for cost accounting purposes. In blasting operations
such as coal stripping or construction work where the exca-

. vated material has littte or no inherent value, powder factor is
usually expressed in terms of pounds of explosive per cubic
yard of material broken. Powder factors for surface blasting can
vary from 0.25to 2.5 Ib/cu yd, with 0.5 {o 1.0 Ib’cu yd being most
typical.

Powder factor for a smgle blasthole is calcutated by the fol-
lowing formula:

"L{0.34050)(D?)

(BMS)(H)(27)

powder factor, pounds of explosive per cubic
yard of rock,

length of the explosive charge, feet,

density of the explosive, grams per cubic cen-
timeter,

charge diameter, inches,

burden dimension, feet,

spacing dimension, feet,

bench helght feet.

where P.F.

It

IT»w@mOo ar
LI L}

* - and

Many explosrves companies publish tables that give loading "

. ‘densities in pounds per foot of blasthole tor different combina-
“tions of d and D. Powder factor is a function of type of explosive,
rock density, and geology. Tab!e 6 gives typical powder factors
_ for surface biastmg
R Hrgher energy explosives, such as those containing large
amounts ‘of alurninumm, can break more rock per pound than
lower energy explosives. However, most of the commonly used
explosive products have fairly similar energy values and thus

hawve similar rock breakrng capabilities. Soft, light rock requires - -

iess explosive per yard than_hard, dense rock. Large-hole

sential thal one charge fires before an adjacent charge, such .

- period. Development of blasting caps with electromc delaysis _

R
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patterns require less explosnve per yard ofrock blasted because
a Iegger proportion of stemming is used. Of course, larger blas-
tholes frequemly result in coarser fragmentation because of
pooré_r-)powder distribution. Massive rock with few existing
cracks of pignes ol weakness requires a higher powder faclor
5 than a formahon that has numerous, closely spaced geologic
o flaws. Fmally, the more free faces a blast has to break to, the
lower will be the powder factor. For instance a corner cut, with
two vertlcai free faces, will require less powder than a box cut
o with- only‘one vertical free face; and a box cut will require less
[:)Jowder than a sinking cut, which has only the ground surface
as a free face. In a sinking cut it is desirable, where possible,
to open a second free face by using a V-cut somewhere near
the canter ofthe round.
O

Table 6.-Typical powder factors for surface blasting

Degree of difficulty
inrock breakage

Powder factor,
b/cuyd

0.25-0.40
40- .75
.75-1.25
1.25-2.50

When blasting materials that have an inherent value per ton,
such as limestone or metallic ores, powder factors are some-

times expressed as pounds of explosive per ton of rock or tons .

- of rock per pound of exploswe

SECONDARY
BLASTING

Some primary blasts, no matter how well designed, will leave
oulders that are too large to be handled efficiently by the load-
ing equipment or large enough to cause plugups in crushers or
preparation plants. Secondary fragmentation techniques must
be usedtobreak these boulders.

In the case of boulders too large to be handled, the loader
operator will set the boulders aside for treatment. !dentifying
material large enough to cause plugups is not always quite so
apparent. The operator must be instructed to watch for material

that is small enough for convenient loading but which is large

enough to cause a bottleneck later in the processing cycle.
Secondary fragmentation can be accomplished in four ways:

1. A heavy ball suspended from a crane may be dropped re-
peatediy on the boulder until the boulder breaks. This is a rela-
tively inefficient method, and breaking a large or tough (nonbrit-
tte) rock may take a considerable period of time. This method
is adequate where the number of boulders produced is not ex-
cessive. .

2. A hole may be drilled into the boulder and a wedging de-
vice inserted to split the boulder. This is also a slow method but
may be satisfactory where gnly a limited amount of secondary
fragmentation is necessary. An advantage of this method is that

it does not create the flyrock associated with exploswe tech- .

niques or, to some degree with drop balls.

3. Loose exploswe may be packed into a créck or depres-

sign in the boulder, covered with damp earthen material, and

fired. This type of charge is called a mudcap, plaster, or adobe
harge. This method is meffucuen! because of a lack of explosive
onfinement, and relatively large amounts of explosives are re-
uired. The resultis considerable noise and fiyrock, and often,

' an inadequately braken boulder. The system is hazardous be-
cause the primed charge, lying on the surface, is prone to acci-

dental initiation by external impacts from falling rocks or equip-" ~

ment. External charges should be used to break boulders only
where d_riil_ing a hole is impractical, and when used, extreme

caution concerning noise, ftyrock, and accidental initiation -
through impact must be exercised. Hf it is found necessary to
shoot a multiple mudcap blast, long delays or cap and luse are
notrecommended.

4. The most efficient method of secondary fragmentation is -
through the use of small {1- to 3-in) boreholes loaded with ex-
plosives. The borehole is normally collared at the most conve-
nient location such as a crack or a depression in the rock, and
is directed toward the center of mass of the rock. The hole is
drilled two-thirds to three-fourths of the way through the rock.
Because the powder charge is surrounded by free faces, less
explosive is required to break a given amount of rock than in
primary blasting. One-quarter pound per cubic yard will usually
do the job. Careful location of the charge is more important than
its precise size. When in doubt it is best to estimate on the low
side and underload the boulder. With larger boulders it is best
to drili several holes to distribute the explosive charge, rather
than placing the entire charge in a single hole. All secondary
blastholes should be stemmed. As a cautionary note, secon-
dary blasts are usually more violent than primary blasts.

Any type of initiation system méy be used to initiate a secon-
dary blast. For connecting large numbers of boulders, where

" noise is not a problem, detonating cord is often used. Electric

blastingis also frequently used.

Although secondary blasting employs relatively small

charges, its potential hazards must not be underestimated. -~

Flyrock is often more severe and more difficult to predict than

" with primary blasting. Secondary blasts require atleast as much

care in guarding as do primary blasts. Secondary blasting can-
truly be called an art, with experience being an important key
tosuccess. SE

NEW COST SAVING]
BLASTING
TECHNIQUES

LEARN TO SELECT EXPLOSIVES
AND PATTERNS AND TO BLAST
THE SIZE ROCK YOU WANT.

INVESTIGATE OUR

SEMINARS
TRAINING PROGRAMS &
CONSULTING SERVICES

CONTACT CALVIN KONYA

PHECIS[ON BLASTING SEHVICES
P.0. BOX 189 ~ MONTVILLE. OHIO 44064
- PHONE (216) 474-6700
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Foowing V', liole drplh Hoomd the comcentiation of Ihc
bottom charge by, the toble below provides burden V,
spacing E, height of ln1lrm chirye h L(]Lf“tldl]fn of 0\

‘ columm charyge ]p and wncharged part h

O T - I T N I N U P e T
- (m) | | xgfmy | (B
xV? xV xH xlb xV
Floor 1 1.1 1/3 1.0 0.2
Wall 0.9 1.2 - 1/6 0.4 0.5
Roof . 0.9 1.2 1/6 0.3 0.5
Stoping 4. —» 1 1.1 1/3 0.5 0.5
Stoping 1 1.2° 1/3 0.5 0.5
(¢ :

d The design of the drilling pattern can now be carried out
and the cut is fitted into the cross section in the most
suitable way.

5 . EXAMPLES OF IGNITION PATTERNS
Parallel hole_cut
N
2
o
g 17
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circumstances it was proved that the delay time must be ut
least 50 ms. As for the other. holes this time could be
reduced- to 25 ms according to fig. 9. 1t must be pointed
out that these declay times 1s an absolute minimum and ought
to be somcwhat--higher to be sure on a good rcsult.
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RECOMMENDATION . - . .

At drifting and pﬂmeLﬁng one. try. to obtain the best total -
economical result. This is-achieved as a ruleat an advance
per round of 95% or more of drilled depth.. ;

Drilling and Lhurgjng-culculutions.shall he made so,; that the
conditions for a.big advance per. round increase,-fig. 10,

‘This is achieved by the follow1ng steps.

el (hooso‘ ]erC hote. d1amcter in relation to ‘the hole -
...depth, which gives at. lcast 95% advance per round and -
gladly more. I'f the drilling equipment is not suitable
for drilling [Jdarge hotes, make more holes with less™
Jiameter dLLOFdlng td the toxmuld Lo K '

f1ct1t10us 1arge hole dlameter T

used 1arge hole dlameter

s oS T
1]

number of large ‘holes

- Calculation of the condltlons in relatlon ‘to large hole
diameter, alterndtlvely opening width; according to the
following ' :

1

First quadrant V = 1,5 @

V is the largest burden = c¢/c-distance large-hole/ !

small hole (m)

oot .Y

1) is the diameter (m} of. the large hote *°

Other quadrants V = B -
V is the largest hurden'(m]i : S
- B is openlng w1dth (m) -2 3 e P

- Always calaulate with faulty dr1ll1ng A uqeful farmula
is i L . . .t e bt s

o TS L LR . - '
o (0,1 + 0, P03 H) S¥e. 257 e R Te= 900 e
R T LA
5 Q;= faulty dr1111n5 e ,r., YV UR A i
V.= the largestBurden = V= 255 >0 2= lnfs Ui
H = hole depth (m)

- Aleys drill ‘the hole to a Lontempﬁatcd len A too .y
deep hole damages the rock.and if the hole is .too i
shallow rolk partics. rcmnln undeqtroyed The result is
poorer Londltlonh ‘for next round and a reduced advance
per round. : ) :

a¢
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0
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Always calculate the charges after the largest burden
and always calculate with a certain safety margin.

Choose interval number in a way that enough time is
obtained for the rock to move. The two first holes

are the most important.

NS ]



Difference

in costs
per cu.m of rock
‘ + 5 o (%)
- o-.—-— T T T/
3 —5‘
! T ae T e T T T T ee  Hole depth
39 (M)

Change in costs per cu.m of rock at different

Fig 1.
hole depths and at the sume percentage ol
advance per round. -
ﬁStopiﬁg '
A_“‘&‘%'f" g o o
. ‘.t-‘:?
Fig 2. When blasting a tunnel round the result

is verK much depending on how you manage
with the cut. 5
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Fig 3. The relation bectween percentage of advance
per round and hole depth at 102 mm large
hole diameter.

Difference
in costs
per cu.m of rock
(3) @
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]
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TR m 34 o = Advance per round
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Fig 4. The change in costs for drilling/blasting
. per cu.m ot rock at a changed pcreentage of
advance per round but with the same hole depth.
. 23 : '



[lour scction cut

¢ - o

Fig 5. Parallel hole cut with a large hole surrounded
by small hole with small burdens placed in a
number of squarcs.

Advance
per roundI

(%) 100 grorees i
) ot |

> néte depth

AW

Fig 6. The relution hctween percentage of advance.
' per round and the hole depth at differcnt
large hole diameters. 2
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harge
concentration 1,

xGw) ' Large hole 0102 0152 - 5
20- diam. ™) 0.076 0127 D203 '

?

10—~ -
i
3.2 4 - : .
., i :
: ; !
] i i !
; |
. | {
T B T 1 *
01 . 02 0.3 0.4 . :
o Maximum bhurden V
M)
Fig 7. The relation betwecen charge concentration

(L ) and largest burden (V) at different
hole diameters (Q)
As basic value 1s normally V=1.5 used.

RN R

th

Charge
concentrationlb
(KGM)
25 L ET Y P B-06 B=08  8-12 B=16
2.0 4
B=24
a54 .
1.0
0.5
v 7 ™ T - T -
07 08 09 10 11 12 13
Maximm burden
M)

Fig 8. The relation between charge concentration (lb)
and largest burden (V) at different width
of opening.
As basic value is normally V = B used.
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25 MS
75 MS
100 MS
125 MS
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Fig 9. Shortest delay time for a large hole cut
with 2 large holes of 76 mm.
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Fig 10. Recommendations to achieve a maximum

advance per round. 26
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TUNNEL BLASTING

Calculation example

Conditions: Cross section 53 m?
' width 8.55 m
Abutment height 4.65 m
Height of arch 2.00 m
Hole diameter 45/102 mm
Hole depth 3.9 m

Smooth blasting to be carried out
of the roof, using 17 mm GURIT.

ir
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Ampliacion
superior

Ampliacion
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lateral - - . )
N\ | , " lateral
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piloto

FIG I.27 Tinel piloto‘y ampliaciones laterales y superior

7.2.1.3 Cunas iniciales

En los socavones y tiineles el frente de avance es la Qnica cara de libera-
¢idn de la voladura. Eé‘por este confinamientdé de los barrenos cafgadoé,
que la carga especifica es mayor en los tiineles de pequefia seccién y tiine
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 asi un espacio vacIio que permite la ex
pansidn y fragmentacidn de la roca removida por las sucesivas etapas de
la voladura. Es obvio que este espacio inicial no es suficiente para aco
modar la expansifdn y movimiento de toda la roca de la voladura :ompleta.’
Por tanto, la mayor parte de la roca se proyécta hacia la zona previamente

excavada. El espacio producido inicialmente se ha denominado "cuna".

Los principales tipos de cufia son dos: la cufia de barrenos paralelos y la
cufia en "V". Cada tipo de cufia tiene una variedad de disefos para ajustar
se a cada formacidn particular. ‘

La cuia inicial es la parte mas critica en el disefio de voladuras en tinel

Es muy dificil determinar un tipo de cufia inivial que resulte el adecuado

3.7.57

te LT

es.



para el terreno por excavar sin haber efectuado algunas voladuras previas.

a) Cuna de barrenos paralelos o cufia quemada -

La cuna de barrenos paralelos consiste de uno o mis barrenos vacfos y uno
o mas barrenos cargados, paralelos unos a otros, que son perforados en el
centro del frente, y con la profundidad del tramo de avance fijado. Las
perforaciones que rodean la cuna estan dispuestas en tal forma que se dis-
paran después de abierta la cufia. Es muy.importante para lograr una frag-
. mentacidn eficiente, que se mantenga el paralelismo de 1los barrenos de lar
cufla. Una barrenacidn inapropiada puede dar lugar a la propagacidn entre
los barrenos. cercanos, destruyendo asi la secuencia de detonacidn prevista

y provocando zonas de fragmentacidn deficiente por exceso de confinamientoét

-

La cuna quemada es empleada casi exclusivamente en tiineles de seccidn trqi-
versal menor de 10 m? y permite voladuras mas profundas. En tineles redu-
cidos el espacio resulta pequefio para acomodar las m3quinas para perforar
con cualquier 3ngulo, lo cual limita la longitud del tramo excavado empleag.

do cufias en "V",

La cuna quemada queda emplazada en la zona central del frente, pero no
exactamente al centro sino que se va cambiando su posicidn en voladuras su
cesivas para evitar que la perforacidn de la cufia se ejecute en la parte
mis fracturada del frente. Ademds, la rotacidn del sitio de la cufia resul
ta una medida de seguridad, va que, la zona de la cuha es el sitio dondé
con mids alta probabilidad pueden quedar explosivos sin disparar. El dise
fio de la cufia quemada depende de las caracteristicas de la roca, del tipo
de los explosivos empleados y del didmetro de los barrenos. Toda roca tie
ne un deterﬁinado porcentaje de expansidn que varia con el tamano de los
fragmentoé producides por la voladura. Por tanto, el diseho de la cufia que
mada debe tomar en cuenta un espacio vacio para permitir esta expansidn.

Un 15 por ciento del drea de influencié de los barrengs que disparan en
primer término es el espacio minimo que ha resultado adecuado para una frag

mentacidn y desalojo apropiados. Este porcentaje varia de acuerdo con la
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formacidn rocosa. Sin embargo, a medida que el espacio vacio proporcionado
es mayor, mayor es tambi@n la probabilidad de que la voladura actiie eficien

temente en la longitud total de las perforaciones.

En una cufa con barrenos de 41.3 mm (1%, pulg) de diémetr6 con un area de
‘influencia de 225 cm® (fig I.28) si el espacioc vacio estd constituido por
un barrenc central (fig I.28a) proporcionard Gnicamente el 5.9 por ciento
para la expansidn. Si con la misma drea de influencia se dejan vacios tres
barrenos (fig I.28b).e1 porcentaje para expanskﬁﬁ'éefé,'éntonces, de-li.S
por ciento. La mayor longitud de los tramos de avancé que se logran cuando
se deja un espacio de expansidn suficiente compensa con amplitud el tiempo

invertido en-la perforacidn de los barrenos adicionales.

-

Para lograr la remocidn de la cufia en toda la longitud de la pertoracidn se
-
recomienda cargar el tercio interior del barreno con la mitad de la carga ;?

total del barreno. Ademds para una adecuada expulsidén del material fragmen
tado, la columna de explosivos debe alcanzar casi hasta la boca del barreno

con menor densidad en la carga.

: Ancho de cudbo -
(a) gl {(b)
o2 . e2
1 ] 1
15 15
82 ®2

Acotaciones, en cm
1,2 Secuencia de disparo

FIG 1.28 Cufia quemada cuadrada: a} con un barreno vacio central; b) con
- ‘tres barrenos vacios

Si no se reduce la densidad de la carga en la mitad exterior del barreno se

corre el riesgo de impedir la accidn eficiente de la carga del interior para

expulsar-el material fragmentado. Cuando este error se comete el avance sd

lo se logra hasta donde la cufia es fragmentada y desalojada.
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El tipo de cufia quemada se determina a partir de la experiencia y de acuer
do al tipo de terreno. Las cufias quemadas de 15 a 25 cm de ancho son, por
lo general, las usadas en rocas sanas y rigidas y las de 25 a 35 cm en ro- -

cas blandas y laminadas.

A fin de reducir la densidad de explosives en la zona de la cuiia es frecuen
te emplear espaciadores de madera de 20 cm de longitud. Es tambi&n conve-

niente utilizar un explosivo de densidad baja y un sistema de retardos.

Para establecer cull es el mejor tipo de cufia quemada para las condiciones

de un sitio particular deben probarse varias de las distribuciones usuales.

En la fig 1.29 se muestran ‘algunos de los tipos de CUﬁés usadas actualmente
en minas subterrdneas. Cuando estos tipos de cufias quemadas se acompafan
con barrenos de aliv16 (que son los que disparan irmediatamente Cespués de la
cufia) emplazados en sitios apropiados, actlan eficientemente en cualquier
tipo de roca. Si alguno de estos arreglos no expulsara convenientemente la
cufia son recomendables los barrenos de alivio inclinados o barrenos diagona
les (fig I.30). Los barrenos diagonales se perforan con uﬁ cierto dngulo y
con una ubicacidn tal que el extremo interior quede de 20 a 30 cm de distan
cia de los barrenos de la cuna.

La perforacidn de uno o m3s barrenos vacios de mayor diametro (fig I1.31) es
cada vez wis frecuente. Este pfocedimiento permite tramos de avance mids lar

gos y menor riesgo de expulsidn deficiente de la cufia.

En el método de la cufla quemada se incluye la iniciacidn con periodos de re
tardo. Les primerés periodos corresponden a los barrenos de la cuna. Es
importante dejar el tiempo suficiente entre el disparo de los barrenos de
la cufia y los barrenos de alivio. En la fig 1.32 se muestra un arreglo ti
pico para un tdnel de 3 por 3 m, utilizando la serie de retardos denominada
"Acudet". Cada distribucidén de barrenos para una voladura debe disenarse
de manera que cada secuencia de barrenos dispare hacia el espacio previamen

te vaciado en las secuehcias anteriores.

’
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FIG 1.29 Algunos diagramas tipicos de cufias quemadas
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20630 em .. .
] 1 o 1
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® 1,2 Secuencia de disparo
2 ® Borreno cargodo

O Borreno vocio

FIG 1.30 Barrenos de alivio inclinados o diagonales
Los barrenos de la cufia y los de alivio se cargan dejando, en general, 30 ¢m

para el retacado. Los barrenos restantes se retacan en un tramo de longi-

tud igual al espaciamiento entre los mismos.
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FIG 1 32 Distribucién tipica de retardos en un frente de 3 por 3 m

b) Cufa en V

Este tipo de cuDa es el mas utilizado en tilneles mayores de 20 m?, aunque re

cientemente ha podido notarse una tendencia hacia la cufia paralela.

La cuna en V es simétrica. Esto permite una mejor organizacidn del trabajo

en el frente respecto a los tipos de cufias no simétricas. La cufa en V,
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por otra parte, no exige una barrenacidn tan perfecta como la cufia paralela
para lograr un avance razonable. El angulo minimo recomendable para la cufia

es de 60°., Este requisito limita el avance pof tronada a la mitad del ancho
del tiinel (fig I.33). :

SI

FIG I.33 Barrenos inclinados de la cufia en V
La cufia puede estar formada por uno o mids pares de barrenos en V perforados

en planos paralelos. El nimero de estos pares.de barrenos depende de la es

. tructura o estratificacidn de la roca. Cuando el avance por tronada es muy

grande o en roca muy resistente cada V de barrenos se integra con uno o dos

pares de barrenos de menor longitud.

Todos los barrenos de la cufia en V deben dispararse simultineamente para ob

. tener mejores resultados, particularmente en roca muy resistente.

En frentes mu& grandes deben emplearse retardos mayores para lograr el des-

plazamiento y la fragmentacidn adecuados..

7.2.1.4 Cdlculo de la carga

El calculo de cargas en tlineles es menos sistemdtico que el de las voladuras

de bancos a cielo abierto. Se emplea la informacidn tedrica y experimental
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de las voladuras de banco a cielo abierto, aplicando factores de aumento de
carga para ajustarla a la voladura en tiineles. Este aumento se debe al ma-
yor confinamiento de las voladurap en tiineles, de tal manera que, a medida
que el frente de ataque es menor, mayor es el confinamiento. Por tanto, a

menores dimensiones del tinel corresponde una mayor carga especifica.
A continuacidn se dardn reglas para la estimacidn de los espaciamientos y de

las cargas en las cuifas de barrenos paralelos, en las cuflas en V y en los ba

Trencs que no pertenecen a la cufa.

a) Barremos que no pertenecen a la cufia

En esta seccidn se supone que ya esti abierta y expulsada la zona de la cuﬁg
y se tiene una cavidad de 1.40 por 1.40m. Este es el espacio generalmente i&
querido en barrenos para el fracturamiento y expulsidn de la roca hacia esa

abertura. S5i los barrenos son de difmetro mayor de 3 c¢m puede ser necesario
aumentar las dimensiones de la cavidad a 2 por 2 m.

En la fig I.34 se presentan grificas que permiten calcular la distancia maxi

ma que debe fijarse entre la cavidad y los barrenos segiin su diimetro.

Todos los barrenos de la periferia, ya sean del piso, del techo y de los has
tiales, deben orientarse de manera que lleguen mis alld del contorno (fig I.35)

y proporcionen espacioc para la perforacidn de la voladura siguiente.

Los principios de ca@lculo descritos en esta seccidn estdn basados en expe-

riencia obtenida de casos particulares.

La fig I.36 muestra el valor de las cargas especificas que se utilizan nor-
malmente en tineles en f{uncidn del drea de la seccidn trasversal de los mis
mos. Los valores indicados en las figs1.36 y I.37 son valores promedio;

existen ejemplos de valores que se desvian debido a la forma del tiinel, con

"diciones de la roca, etc.

A continuacidn se dan recomendaciones para el disefio de las cargas y espa-
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FIG 1.34 Relacidn entre abertura, B, concentracidon de carga y bordo maxi
mo, V

ciamientos de los barrenos de cada una de las zonas del tiinel que se sedna-
lan en la fig I1.38.

-Barrenos ayudantes con proyeccidn 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 barrenc menos veinte centimetros. No

debera tomarse esta condicidn como base para el calculo.

i
-

El espaciamiento de los barrenos debe ser igual a 1.1 veces el bordo.
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FIG 1.36 Cargas especificas utilizadas normalmente en tineles
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FIG 1.37 Nimero de barrenos en funci6n del &rea del frente

fica de la tabla I.12.

La concentracidn de la carga de columna en kg/m puede tomarse igual a la mi

/ .
Alturo de :
la bovedo ,
/\ ‘Borrsnos de ka bovedo
_ Barrenos oyudanies
2"'."1 —1— Barrenos de los hastiales
Allur_n del }
hostiat B Cuto
‘ c:?nirucuﬁa -A; Fer
] ~=——14— Barrenos dcl‘plso
FIG 1.38 1Zonas de distribucién de los barrenos
s La é;rga de fondo ocupa el tercio inferior del barreno con la carga especi
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tad de la concentracidn de la carga de fondo. La zona de retaque debe ser

igual a la mitad del bordo.

TABLA 1.12 Carga especifica de fondo

Didmetro de 1os barrenos, ' Carga especifica,
en mm en kg/m?
30 1.1
40 ' 1.3
50 . 1.5

En la tabla I.13 se muestran los espaciamientos calculados de acuerdo con

las cargas especificas de fondo necesarias, considerando explosivos de pégso
’ P P__
3 -

volumétrico de 1.3 g/cm

[ ——

y el didmetro de barrenos de la tabla I.12.

TABLA 1.15 Espaciamientos y bordos en funcion de los didmetros de los barr

nos :
Didmetro de barreno, Area por barreno, . Bordo, Espaciamiento,
enmm " enm? . enm en m
32 0.91 0.90 1.00
35 1.00 ’ 0.95 1.05
38 : 1.5 1.00 1.15
45 /&L 1.44 1.15 1.25
48 /- . 1,587 1.20 1.30*
51 -~ 1.71 : 1.25 1.35%

* Estos espaciamientos son sélo para tidneles de gran didmetro; en el caso de
Sreas menores su magnitud es menor como se muestra en-las grdficas de la
fig 1.34. _ -

Las concentracicnes y cargas de fondo y de columna de la tabla I.14 han sido

calculadas a partir de las recomendaciones anteriores, en funcidn del didme

tro de los barrenos. Estos datos han sido obtenidos de la prdctica e inclu

yen los errores normales de perforacidn.
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TABLA 1.14 Cargas, espaciamientos y bordos en bagrgbqugyudantesncon pro-

yeccibn horizontal o hacia arriba Taco
[Diémetro Profund i Bordo Espacia {Carga de fondo E;;ga de columna Zona de
barreno. {dad ba- m miento retaque
mm 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 10.80 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 1.100 §1.15 | 1.44 7| 0.80 0.70 | . 9.55?
37 3.2 1.00 1.10 1.50 1.36 1.15 0.70 0.50
45 3.2 1.15 1.25 2.25 2.03 1.50 1.00 | 0.55
48 3.2 1.20 1.30 2.50 2.30 | 1.70 1.15 | 0:60
. 48 40 |20 | 130 3.00 | 2.30 [@45 | 1.15 | ‘0.60 |
51 3.2 1.25 1.35 - (2,50 2.60 1.95 1.30 0.60 f
51 4.0 1.25 1.35 3.40 2.60 2.70 1.30 0.60 [:

~Barrenos de piso

El bordo y el espaciamiento de estos barrenos debe calcularse del mismo modo
que los barrenos ayudantes. Sin embargo, debe considerarse en el bordo una
correccidn debido al emboquille de preparacion 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 zoﬁa de retaque debe ser de 0.20 ve
ces el bordo, es decir, mucho menor que en los barrenos ayudantes y la con-
centracidon de la carga de columna se fija hasta de un 70 por ciento de la

concentracion de la carga de fondo.

En la tabla I.15 se\preég&fgn las concentraciones-de cafga de fondo y de co
lumna, el espaciamiento, el bordo y la zona de fetaque para distintos didme

tros de_barrenos.

-Barrenos ayudantes con proyeccidn hacia abajo

Debido a la ayuda de la gravedad, estos barrenos requieren una menor carga
:specifica que los anteriores. La carga especifica de fondo puede ser la

“de la tabla I.16.
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TABLA 1.15 Cargas, espaciamientos y bordos en_barrenos de piso.

Didmetro | Profundi. Bordo Espacia | Carga de fondo | Carga decolumna |Zona de
barreno | dadbarre m miento retaque
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 | 0.70 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 S 1.15 11.44 1.40 | 1.00 0.20>
37 3.2 1.00 1.10 1.50 | 1.36 1.80 | 0.95 0.20
45 3.2 1.15 1.25 2.25 | 2.03 2.60 | 1.40 0.25
48 3.2 1.20 {1.30 2,50 |2.30 |3.00 [1.60 0.25
. 48 4.0 1.20 |{1.30 3.00 |2.30 |4.25 |1.60 | 0.25
.- 51 S 3.2 1.25 1.35 2,70 | 2.60 3.20 | 1.80 025,
51 4.0 1.25 | 1.35 3.40 |2.60 |[4.75 |1.80 0.25

TABLA I.16 Carga especifica de fondo

Didmetro de los barrenos, Carga especifica,
en mm en kg/m’

30 , - 1.0

40 1.2

50 ' R 1.4

El espaciamiento de estos barrenos puede ser de 1.2 veces el bordo. Llas de

miAs caracteristicas son las sefialadas para los otros barrenos ayudantes.

En tiineles de seccidn trasversal pequeiia las cargas deberfin aumentarse y el
bordo y el espaciamiento disminuirse de acuerdo con las funciones de las gra

ficas que se presentan en las figs I.34, 1.36 y 1.37.

E=3

En la tabla I.17 se presentan las cargas, bordos y espaciamientos de estos

! barrenos. Los espaciamientos indicados son aplicables siempre que la con-
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centracidn de carga en el fondo alcance, asimisme, el valor sefialado.

.1

Si

la concentracidn de carga resulta menor, el espaciamiento deberd reducirse

para obtener la carga especifica requerida.

~

Los valores de espaciamientos™y bordos indicados en la tabla I.17 pueden au

mentarse, particularmente cuando la roca es ficil de excavar y cuando los

tineles tienen un Area de mis de 70 m?.

También es frecuente en estos casosg

utilizar los espaciamientos sefialados pero con menores concentraciones de

carga,

TABLA 1.17 Cargas, espaciamientos y bordos en barrenos axudaqtgé_pon proyec

cion hacia abajo
Di&metro | Profundi | 5 ..o | Espacia |Carga de fondo | Carga de columna | Zona de
barreno, | dad barre m *{ miento, retaque,
mm 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 (o0.80 1.00 0.55 0.50 0.45
31 3.2 c.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 |0.50)
7 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
48 3.2 1.20 1.45 2.50 2.30 1.70 1.15 | 0.60
48| 40 | 120 ] 145 (3.00 | 230 | @45 | 115 | 0.60
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 de los hastiales

. Las voladuras de los hastiales y de la bdveda corresponden por lo comiin al
tipo de voladuras denominado recorte o poscorte perimetral (inciseo 7.2.1.5)

En esta seccidn se tratan los casos que no son voladuras de recorte.

; £1 bordo, considerando el emboquille de preparacidn para la voladura siguien

te, se toma igual a 0.90 veces el bordo de los barrencs adyudantes.
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El espaciamiento que mejores resultados ha aportado

.veces el bordo; la longitud de la carga de fondo un

del barrenc; la zona de retaque la mitad del bordo;

la carga de columna de 0,40 veces la carga de fondo.

elaborada con las especificaciones antericres.

en la practica es 1.2

sexto de la profundidad

y la concentracidn de

‘La tabla I.18 esta

{Jﬂ
1

{

"’-— .

TABLA 1.18 Cargas, ‘espaciamientos y bordos en barrenos de los hastiales

Diametro | Profundi Bordo Espacia | Caraa de fondo [Carga de columna|Zona de

barreno |dad barre m miento ' retaque
mm no, m m kg kg/m kg kg/m m.
33 1.6 0.55 0.65 0.30 1.10 0.45 0.45 0.302;
32 2.4 0.80 | 0.95 |0.40 | 1.00 | 0.65 |0.40 | 0.40-
31 3.2 0.80 0.95 0.50 0.95 0.90 0.40 0.40
38 2.4 0.30 1.10 0.60 1.44 0.85 0.60 0.45
37 3.2 0.90 1.10 0.75 1.36 1.20 0.55 0.45
45 3.2 1.00 1.20 1.10 2.03 1.80 0.80 0.50
48 3.2 1.10 1.30 1.20 | 2.30 2.00 0.90 0.55

.+ 48 4.0 1,10 | 1.30 |1.50 [ 2.30 |2.50 | 0.90 | 0.55
51 3.2 1.15 | 1.40 - |1.40 | 2.60 | 2.10 | 1.00 | 0.60
51 4.0 1.15 1.40 1.70 | 2.60 2.70 1.00 0.60

-Barrenos de la bdveda (tabla I.19)

En estos barrenos la carga de columna se reduce a 0.30 veces la concentra-

cidn de la carga de fondo. Llas demds caracteristicas son iguales a las de

los barrenos de los hastiales.

b) Resumen de las caracteristicas de los barrenos que no pertenecen a la

cufia

Nomenclatura:

v

vy

borde o separacidn de la cavidad previamente abiérta, en m

" bordo practico, en m
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‘H profundidad del barreno, en m

carga especifica, en kg/m?

d diZmetro del barreno, en mm

Qe concentracidn de la carga de fondo, en kg/m
ka ;oncentracién de la carga de columna, en kg/m
hb altura de la carga de fondo, en m

ho longitud del retaque, en m
_E Distancia entre barrenos, en m

TABLA I.19 Cargas, espacfamientos y bordos en barrenos de 1&\____@_)67\n3d.=.\=

o w

Di&metro | Profundi Bordo Espacia | Carqga de fondo |Carga decolumna‘f Zona de
barreno |dadbarre m miento retaque
mm no, m m kg kg/m - kg kg/m m
33 1.6 0.55 | 0.65 [0.30 | 1.10 | 0.35 | 0.35 0.30 |-
32 2.4 0.80 | 0.95 [0.40 | 1.00 | 0:50 | 0.30 0.40 |-
31. 3.2 0.80 | 0.95 {0.50 [ 0.95 [ 0.70 | 0.30 0.40 |
38 2.4 0.90 { 1.10 |0.60 | 1.44 | 0.70 | 0.45 0.45
37 3.2 0.90 { 1.10 |0.75 | 1.36 | 0.90 | 0.40 0.45
45 3.2 1.00 | 1.20 |1.10 | 2.03 | 1.30 | 0.60 0.50
' 48 3.2 1.10 1.30 1.20 2.30 | 1.45 0.80 0.55
. 48 - 4.0 1.10 | 1.30 [1.50 | 2.30 | 1.95 | 0.90 0.55
51 3.2 1.15 { 1.40 |1.40 | 2.60 | 1.70 | .0.80 | 0.60
51 4.0 1.15 [ 1.40 |1.70 | 2.60 | 2.25 | 0.80 0.60

-Barrenos ayudantes con proyeccifn horizontal o hacia arriba

d (om) q(kg/m’)
30 1.1
40 1.3
50 1.5
hb H/3
v1< _EJL%LQQEL (ésta es una condicidn y no es una base (1.4)

de calculo)
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E= 1.1V ‘ (1.5)

Q= 0.50 Qu | ) (1.6)
hy = 0.5V _ (I.7)

-Barrenos de piso

Las mismas caracterﬁsticas de los anteriores; excepto

hD = 0i2 v (1.8)

ka"- 0.70 Q, ', | (1.9)

LR

P

-Barrenos ayudantes con proyeccidn hacia abajo

I

Las mismas caracteristicas de los ayudantes con proyeccidn horizontal o hacia

arriba, excepto

E=1.2V : (I.10)

-Barrenos de los hastiales

Las mismas caracteristicas de los anteriores, excepto

V = 0.90 x (bordo de los barrenos anteriores) l (I.11)
.
ka = 0,40 Qbk : : (1.12)
h = ' . )
b H/6 | | _ (1.13)

-Barrenos de 1# bdveda

Las mismas caracteristicas de los anteriores, excepte
|

Q=030 Q (1.14)

3.7.74
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¢) Cufias de barrenos paralelos

Debe calcularse la separacidn entre el barreno vacfo central_y los barrenos '

cargados de la cufia de marera que el Area del barreno vacio sea de cuando

menos un 15 por ciento del Area de influencia de los barrenos de la cufia
3 —— T e A e e S S % AL (% A gl et 4

———

28l calculada no debe rebasar la que se muestra en la tabla I.20.

TABLA 1.20 Separaci6n entre los barrenos vacf
rrenos paralelos '

- e e =TT

0s y cargados de la cufia de ba

Didmetro del ba Didmetro de 1los | Bordo o separacidn | Distancia entre
rreno central, barrenos cargados, entre barrenos, centros,
mm m mm mm
ST 32 40 85 - :
76 32 53 107 -
76 45 53 13 -
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
0 51 70 145
125 51 88 176

* Dos barrenos centrales,

Las cargas que se presentan en la tabla I.21 son, en general, adecuadas para

los barrenos méds prdximos al barreno central,

dos al area de la secciﬁq trasversal del tiinel.

- -Los barrencs denominados de contragufia, situados fuera de ésta, son adapta

La carga de los barrenos de la contracufia es muy elevada debido a su gran

C—

confinamientg,

una cufia de dos barrenos centrales.

3.7.75

La fig I.39 muestra la disposicidn de la contracufia para
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TABLA I.21 Cargas asignadas a los barrenos mds préximos al central _

Didmetro de los barrenos Carga asignada Didmetro del barreno
cargados, mm (kg/m} central, 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

48 0.55 de 2 x 76 a 125

51 '0.55 de 2 x 76 a 125

En la tabla I1.22 se presentén valores de cargas que han dado buenos resulta

dos en barrenos de contracufa.

TABLA 1.22 Valores empiricos de carga en barrenos de .conf;rgcg_ﬁ_aﬂ(Agudai

% Longitud sin carga (taco)

d) Cuna en V

En esta seccidn se proporcionan reglas generales para

ccasiderando una cufa de vértice interior de 60°. §i

la carga debe incrementarse.

La dimensidn V de la cufia (fig I.40) es funcidn de 1la

vos que pueden cargarse en los barrenos con arreglo a

3.7.76

Bordo o separacién | Carga de{ Carga de columna en kg/m para diametros de
entre barrenos fondo los barrenos cargados de:
m kg 32 mm 38 mm 45 mm 48 mm
0.20 0.25 0.30 0.45 0.60 0.75
0.30 0.40 0.30 0.45 0.60 “0.75,
0.40 0.50 0.35 0.50 0.70 0.80
_0.50 0.65 0.50 0.70 1.00 1.15
0.60 0.80 0.50 0.70 1.00. | "1.15
0.70 0.50 0.50 0.70 1.00 - 1,15
- 0.5 V. R

el c@lculo de cargas

este dngulo es menor

cantidad de explosi-

su didmetro. En la

sl

EENC

s)
¢
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. Acotociones enmm

O Borreno vacio

@ Barreno corgado’

4
I
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FIG 1.40 Cufia en V

tabla I.23 se proporcionan valores que pueden servir. de orientacidn en la

determinacidn de la dimensidn y carga de la cufa en V.

En cufias en V la longitud de la carga de fondo debe ser de cuando menos un

tercio de la profundidad del barreno. La carga de columna debe ser igual
a la mitad de la carga de fondo. La zona de retaque debe ser un tercio de
la dimensién V de la cufia, pero debe ser adaptada al espaciamiento de los

barrenos de manera que no haya exceso de carga en la parte de la columna,

©3.71.77



TABLA 1.23 Dimensiones y cargas de la cufia en V

Dismetrode Jos | Altura de Bordo V Concentracién de | NGmero de filas
barrenos la cufia (fig1.34) | lacarga de fondo horizontales
mm m ' m kg/m
30 1.5 1.0 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 concentracidn de la carga de columna es igual al 40% de la concentracidn

de la carga de fondo.

LR

——

El bordo o separacidn de barrenos no debe ser superior a(Prof.barreno%LAOmﬁjZ,
lo que implica que en voladuras de poca profundidad la separacidn de barrenos

es menor.

Los barrenos de la contracufia se ﬁerforan‘inclinados (fig I.35) para facili-

tar la remocién total hasta la profundidad de barrenacidn.

Los barrencs de la cufia y de la contracuna deben iniciarse con estopines de

milisegundos a fin de mejorar la dnteraccidn entre los barrenos.

7.2.1.5 Poscorte perimetral

El poscorte perimetral también llamado recorte convencional tiene por ob-
jeto proteger la superficie de roca alrededor de la voladura. A

Es-e método consiste en la aplicacidn de concentraciones de carga reducidas
y una mayor densidad de perforacidn para producir un agrietamiento menor en
11 superficie périmegral del tlinel. Al disparar instant3neamente o' con un

retardo minimo entre barrenos se obtiene una accidn cortante perimetral que
desprende el bordo final con un dafioc reducido de las paredes (fig I.4l1).

Estos barrenos se disparan después de los barrenos de .piso para asegurar

3,7.78
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FIG I.41 Distribucibn tipica de retardos en un tinel 2

que la roca fragmentada ya ha sido desplazada, ofrecidndoles un espacio de

alivio suficiente.

Este alivio permite una voladura del bordo final con un

sacudimiento minimo.

En la tabla 1.24 se proporcionan valores practicos redamendados de espacia

barreno, utilizando explosivos de 1.2 2 1.3 g/cm

3

‘mientos, bordos y concentraciones de carga promedio para dos difmetros de

de peso volumétrico.

TABLA 1.24 Poscorte perimetral
Didmetro barreno Espaciamiento Bordo Concentracion total
m m - : m de carga en el barreno
_kg/m
38 - 45 0.60 0.90 0.18 - 0.38
51 0.75 - 1.05 0.18 - 0.38

3.7.79
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Los cartuchos largos de difmetro pequefio de explosivos de baja densidad,
permiten una distribucidn adecuada de la carga a lo largo del barreno. .lLos
cartuchos de 20 cm de longitud se han empleado con éxito en voladuras de
poscorte perimetral wutilizando espaciadores entre cartuchos para.redu&ir
la carga total en kg/m; sin embargo, este procedimiento da como resultado

concentraciones 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. E1l precorte produce una grieta entre los ba-
rrenos de contorno. Esta grieta evita que las ondas de choque de la vola
dura principal se trasmitan en toda su intensidad hacia la pared terminada

y minimiza la profundidad de la fragmentacidn en la roca. Como leos barre

nos esti@n muy prdximos entre siI, las grietas se forman siguiendo las 1iI-

neas de barrenos, y los mismos barrenos constituyen el inicio del agrieta

miento. Esto significa que la inclusidn de barrenos vacios entre los car

gados, puede mejorar los resultados.

En la tabla I.25 se indican algunas cargas y espa&iamientos en funcidn del

difmetro de los barrenos.

Si no existen limitaciones en las vibraciones del terreno se utiliza el
encendido instanténeo; por lo contrario, si es'necesario limitar la magni
tud de las vibraciones del terreno se utilizan microretardos. La forma
cidn de grietas resulta menés eficiente que con la iniciacian'instantanea.

a menos que se reduzca el espacio entre barrenos. Si el tiempo de retardo

‘'es muy grande no se logra el precorte.

TABLA 1.25 Precorte

h.';-_J-—-

Diametro del barreno Espaciamiento -Loncentracion de carga
mm m kg/m
25 - 32 0.20 - 0.30 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

=
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FIG. 1. Typical Dow volume crater charge showing position
of explosives charge, detonators and stemming.

Simplified Exp|anéti6n

CHARLES H. GRANT

Editor's Note: Widespread interest in the “explosives alge-
bra" article published in B&mMJ, August 1964, prompted
us to ask Mr. Grant for a more complete explanation of
the cratering methods employed in introducing Dow's new
metallized blasting agents. Mr. Grant prepared this article
to assist readers in understanding the crater method.

AT THE RISK OF RIDICULE from some of my fellow engi-
neers, I am going to try to reduce the principles and prac-
tices of rock cratering with explosives to the simplest pos-
sible terms for two reasons: .

1) Because, too often, crater methods are ignored or mis-
understood at field level which is where they should be,
best known; and, as a result, new explosives are usually
tested in full-scale production blasting where poor per-
formance can result in heavy losses.

2) Because only if those at field level have an understand-
ing of cratering, can we at Dow (or anyone else) bring out
the true characteristics of any new blasting agent or ex-
plosive as proved in the only proper laboratory for a
tock-breaking material—that of rock itself.

Let’s start out by giving full credit to the vatiring enthu-
siasm of consultant C. W. Livingston, whose efforts to put
his original theories into practical applications were so
significant in gaining recognition for all crater methods.
Credit must also be given to Messrs. Duvall, Rinehart,
Nichols and Atchison of the U.S. Bureau of Mines, M. A,
Cook of the University of Utah, Allen Bauer of C.IL.,
K. Hino of Japan, and many others who have helped to
increase this knowledge.

All of us who have gotten involved in cratering, how-
ever, have often forgotien that the work which seems so
close and clear to us is aimost a foreign language to those
whose daily job is planning and executing the primary blast-
ing which our investigations have endeavored to improve.

So this is an eflort at communication, in the hope that

Mr. Grant B8 Managcer of Marketing & Devolopment, Industrial Explosives
Scction, Tbe Dow Chemical Co,
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FIG. 2. Crater depth relationships for semi-gelatin dynamite
are compared with those for ANFO charges.

of Créter Méth_od

proper testing methods will replace production blasting as
a.proving ground for new explosives and blasting agents.

For many years “Curly” Livingston’s methods for deter-
mining explosives performance in rock were simply branded
as “theories” and not piven 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 let's simply say that
il measures how far down in a blast hole you can detonate
a given weight of explosive and still pull rock at the top of
the hole. The depth at which the explosive no longer breaks
rock is called the critical depth, Its algebraic symbol is N.

The trick is to take this critical depth, N, and find some
reproducible relationship between it and the explosive being
used, and the size of the crater formed. Livingston deter-
mined theoretically and experimentally that there was a
constant factor between critical depth and the cube root of
the weight of the explosive. He expressed it this way:

. N = EW#

That E is called the strain energy factor. You could also
call it a weight crater constant. It is simply there. You
have the critical depth and the cube root of the weight of
your explosive, and between them there is this factor. You
can transpose the equation and solve for ‘this factor as
follows: TN

- E =§m

cila 1

A practical application of this might work out this way.
Say you have an 8-lb charge of explosive and in a series
of crater tests you establish that the critical depth for this
explosive in this rock is 6 ft. You solve for the strain
energy factor (or weight crater constant) as follows:

S B .
WIII 8].“ 2
Now what do you have? Nothing yet, but since you

have measured volumes of various craters you have blasted

in searching for the critical depth of the explosive, you
have found a certain depth at which the explosive pro-
duced the greatest-volume of crater, and this gives you

E =3

E&MJ—Veolume 165, No. 11



another relationship. The depth at which the explosive pro-
duced the largest crater you can call the optimum depth,
and there is a ratio you can form between this depth and
the critical depth. This can be stated as follows:

. . Optimum Depth
B h PR stbbiivhnbiiindind b

Optimum Depth Ratio Critical Dopth

. Say you found that a given explosive in a certain rock

had a critical depth of 10 ft and an optimum depth of 5

ft. Then you have this equation:

51t

Optimum Depth Ratio = oh = =5

With this ratio, you can go to the practlcal aplecatlon
of the weight crater method which is expressed in this

formuia: Di :
W o= 1stance -
—. Optimum Depth Ratio x E

Here Distance equals the number of feet to the center
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 hole or series
of blast holes.

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 burdens, 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
Co. engineers solve for the number of pounds of explo-
sive required for each chosen burden. With the burden
and the explosive weight known, the depth of hole and
the spacing are calculated, and thus they solve a number
of bench configurations 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.I.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:

LY
W= ( S3x 4. ‘26)
(2 25) or (8):

W = 512 1b of slurry per hole (when burden equals
depth of center of gravity of the charge)

In practice, Iron Ore Co. furnishes pit foremen with pre-
calculated cards designating the type of material and ex-
plosive and listing information on bench height, burden,
hole spacing, depth of hole, weight of explosive per hole,
height of explosive column in the borehole, and the height
from the top of the explosive column to the collar. With
the cars (Table I) the foremen are able to lay out blast
patterns for any bench in any of Iron Ore Co.’s rock types
for any of their available explosives. The cards allow a
margin of safety in the burden calculations to guard against
underloading. -

According to Farnam, this system of calculatmg bench
and blast configurations is the first: systematic method Iron
Ore Co. has tried that has produced satisfactory results,
increasing broken rock yield 30% per foot of drilled bore-
hole and reducing blasting cost 40% with numerous other
benefits.

“The system is not perfect, however, and considerable
work must be done to perfect the theoretical aspects of
the procedure,” Farnam has reported.

This was the situation we at Dow faced when we first
tried to guin accurate measurements of the effectiveness of
our line of metallized blasting agents. We found that the
existing crater methods which compared explosive using
charges of constant weight made it necessary to vary the

E&MI--Novemlar 1964

charge size in accordance with the density of each explo-
sive being tested. If we kept the boreholes at a uniform
diameter, this uniform weight changed the shape of each
explosive charge, and we found that this shape affected
our results. This got us into an intensive investigation of
charge geometry. Results from underwater testing showed
that with some explosive compositions there was a signifi-
cant variation in performance with changes in the length-
to-diameter (L/D) ratio of the charge, up to an L/D
radio of 4.

A series of cratering experiments comparing perform-
ance of charges at L/D ratios of 2 and 6 with both ANFO
and semi-gelatin dynamite, showed that a difference 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 alfect the surface of the rock (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 valid
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 comparative data on ex-
plosive performance. -

Using a constant volume. we avoid the problem 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 rock resistance, and thls also helps re-
producibility.

To ensure that all experiments would be conducted with
a charge diameter greater than critical diameter for the
least sensitive composition expected to be evaluated, a con-
stant diameter of 6 in. was selected.

These considerations committed us to a charge geom-
erty for all experiments of 6x36 in.—a massive charge for
cratering bat possessing many advantages. The charge is of
sufficient-size so that the effect of the priming system does
not distort our resuits. The effect of minor variations in
rock structure is overcome. And, from the point of view
of cost, having all holes of the same diameter simplifies
our drilling 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 density, and this is
recorded. The charge is primed with a %-lb high density
pentolite 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 cemented
into the borehole with plaster of paris to ensure good con-

TABLE FOR PIT FOREMEN

MATERIAL=—IRON FORMATION EXPLOSIVE—HYOROMEX

E=4.26 A.=0.53

BH  AURDEN SPACING DEPTH  WEIGHY COluMi  COLLAR
21 17 24 25 06 0 '5
24 1] 25 28 601 12 i
26 9 28 ke 710 14 14
28 20 28 32 a5 7 14
31 21 29 35 958 19 4

33 22 it 37 102 - 22 14
38 - 23 12 40 1258 25 s

3¢ 24 14 43 14724 29 14

TABLE [. This is the card which the JIron Ore Co. of

Canada gives to pit furemen to slove blasting problems.
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tact between the explosive and the fock. The hole is
stemmed with finely crushed rock or tailings. After the
charge has been shot, the crater, if one is obtained, is
carefully excavated and cleaned, and its volume is cal-
culated from measurements taken in a meticulous sec-
tioning procedure.

As in the weight crater method, the critical depth is
determined as the charge depth where the rock just starts
to fail at the surface by cracking or spalling. At all depths
less than critical, of course, craters will result.

With the volume ¢rater method we use a somewhat dif-
ferent set of symbols than those in the weight crater meth-
od, The symbol N for critical depth stays the same, but
instead of E (the strain energy factor or weight crater con-
stant) we use the symbol £ or sigma; to stand for the
volume crater constant. And instead of taking the cube root
of the weight of the explosive, we work in terms of the
cube root of the volume, for which we use the symbol v—
the explosives volume in cubic inches. Thus the Dow
crater formula appears as follows:

N = Zvi
or in solving for Z it can be written
N-
LY
I=0m

Since the volume of the explosive in cubic mches is ex-
pressed as v, the volume of the crater in cubic feet is ex-
pressed as V. This can be plotted- against the center of
eravity depth of the explosive charge, d, which is expressed
in feet. This is shown in Fig. 2, which compares a semi-
gelatin dynamite with ANFO.

Three features of the curves may be noted:

‘1) Crater values at relatively shallow depths are not
meaningful, because of the lack of confinement in this
region. which is referred to as the airblast range.

2y The peaks of the curves represent the optimum

depth, as described under the weight crater method but

here determined volumetrically.

3) The point at which no crater is produccd and the
confinement of explosives energy is complete in the critical
depth and will ordinarily be different for different ex-
plosives.

All this. as you can see, is relatively close to the weight
crater method, but at this point the symbols and reasoning
of the volume method begin to differ somewhat from
conventional methods.

One difference is in the use of the symbol. A (delta) to
express the ratio of the center of gravity of the charge
depth to the critical depth, or '

Table II Symbols

= Center of gravity charge depth, It

= Explosive volume, cu in.

= Explosive weight, Ib

= Explosive density, Ib per cu in.

= Crater volume, cu ft

= Critical depth, ft (to center of gravity of charge)
Weight crater constant

= Volume crater constant

= Ep'® when W = pv

>MMMB ZT €« w ¥ ¢ oaq
li

= Reduced charge depth = d/N
K(A) = Reduced crater volume = V/N3

K(A)" = A variation of K(A) = Y kN

d 3 A 3

88

In conventional weight crater calculations, the della sign
represents optimum depth only. We at Dow, and a grow-
ing number of other crater testers, find there is a greater
fiexibility in our calculations when we use delia 1o express
the ratio of d/’'N wherever the charge may be placed in
the hole—at depths either more or less than critical. 1f
the center of gravity of the charge depth is halfway to the
collar from critical depth, we have a delta of .5. I it is
kelow critical depth we have a dela of over 1.

Thus, it 15 convenient to call delta the reduced crater
depth and think of it simply as the ratio of center of
gravity charge depth, d, to the critical depth, N. It rep-
resents poinis of constant interrelationship of rock and ex-
plosive, or points of equal relative confinement, -

Another ratio which comes in handy in fier crater cal-
culations is the relationship of the actual crater volume, V,
1o the cube of the critical depth. We call this the K (4),
and the formula for finding it is expressed as follows:

, R(a)= 3

Being nothing but ratios, both 4 and K {4) are dimen-
sionless. K (A) has the same value for any explosive at
points of equal relative confinement and so-may be con-
sidered a function of the reduced charge depth, A.

Qur object in working out these ratios was to reduce
the large number of experiments required to define a com-
plete cratering curve,

In Fig. 2. you can see that the general shape of the two
cratering curves is the same, You might say that only the
dimensions are different. Therefore, it is mathematic&lly
possible 1o drop the dimensions and keep only the relation-
ships. Since these relationships are constants, the.curves
can become the same. Fig. 3 shows what happens when-we
plot the A and K (3) ratios of the tests in Fig. 2. =

In Fig. 4, within experimental error, a common curve is
obtained over the major portion of the range. Values for

ANFQ drop off in the range of poor confinement, ap-:
parently because ANFO ‘does not detonate well in this

range. Normally crater experiments are performed in the
range between optimum and critical depth to avoid the’
uncertainties of the airblast region.

The objective of all this is to compare explosive per-
formance by comparing the crater volumes produced at
points of ‘equal relative confinement. In Fig. 3, this condi-
tion is satisfied for craters obtained at equal values of &
or, because of the dependency of K (A) on 4,.at equal
values of K (A). To compare two craters formed by equal
volumes of explosive 1 and exploswe 2,

\ 2 \7] N|’
N T TN TV T NG

The ratio of the cubes of the critical 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 convenient to
determine the critical depth and make the comparison on
this basis, it is now theoretically 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 critical
depth, N, for the explosive. The data point must be moved
by trial and error on Fig. 3 until its location on the reduced
crater curve gives a value of N that satisfies the values of
both 4 and K (A} at that point..

For instance, if vou had an explosive {say ANFO) which

K (A), must equal K (i) or ——

‘gave you a crater volume (V) of 200 cu ft at a depth (d)

of ¢ ft, you could assume various critical depths to find
the one which would satisfy the values in Fig. 3. The only
critical depth which would do this would' be 12 ft:

a9 .
PR R S
AN Tt
v™™ 200
KG) = 5 = j755 = 1"
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— or with a semi-gelatin you would find that only an
assumed critical depth of 15 ft, based on a charge depth of
10 ft and a crater volume of 400 cu ft would gwe you a

correlation of A and K (&} as follows:
10

-5 =6

400
K (a) = 3475 = .108

To avoid trial and error solutions, another parameter or
ratio, K (A)’, can be defined in terms of the experimentally
determined crater volumes and charge depth
NV _K(@®)

d* ~ Tav

K (a)’ is a mathematical variation of K (A}; it has the
advantage that it can be determined directly from field data.

Fig. 4 is a plot of K (A} against K (A) using data for
the calibrating explosives ANFQ and semi-gelatin dyna-
mite. Having calcutated K (A)’ from the experimental data
for a single shot, a value of X {A) can be found that will
enable us to determine A from the reduced crater curve
(Fig. 3) hence the critical depth.

As an example, if a given explosive produces 1000 cu ft
of crater at a depth of 10 ft,

\ - 1000
I EETE

" K (a) =

1000 U

K (a) = = {000 =

K (a L .
But K {a)" also equals 1_\(3 ). S0 we can .ctermine that

1 = K (a)
AJ

and by employing the rock function curve to determine
that K {a) 15 .185 (droppinig down from K (a)’ =1 ona
finer calibration than shown here] we find

ad= _185
or A = .57
hence N = 17.5

This can be checked against the reduced crater curve,
Fig. 3, if you don’t trust your algebra.

Those unfamiliar with “explosives alegebra” may find the
latter part of this analysis somewhat confusing. Actually
K (A)’ can be plotted against A to obtain the critical depth
from a single curve, but this presentation attempted to trace
the manner in which the method developed.

In practice, because of the experimental error inherent
in crater work, data from more than one shot with a test
explosive are used in comparing explosive performance.

To make comparison more meaningful, resuits of experi-
ments comparing various explosives are reported in terms
of the volumes of standard explosive equivalent in crater
performance to one volume of the test explosive. This is
equal to the inverse ratio of the cubed critical depths.

Vi _ Ny
, v, TN
Examples of such comparisons are given in Table III
That about wraps up the basic algebra involved in vol-

ume crater testing. Now all you have to do is translate all

0.2 77 N
>
A Ne
- £17 IAN
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Z / ;
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< . P}
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<

g 5)
0 ° &
© 0l 02 03 04 05 06 0T 08 0% 10 LI
a=d/N .
FIG. 3. Reduced crater curve. Data are plotted for both
ANFO and semi-gelatin dynamite.

v/d*=r(a)/a’

‘II /
3 /
2 Ar
_./r/ -
0 0.05 Qlo o5 020
K(a)=v/N? !

FIG. 4. Rock function curve derived from ANFO and sémi-
gelatin dynamite data.

this into action in your rock with the explosives or blasting
agents available at your operation. With these 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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Results of Minnesota and Georgia Crater Shooting in Granite

_ Density, v AN-FO per Wt AN-FO per
Explasive Type g per ce v Explosive . Wt Explosive
Ammonium nitrate and fuel oil .80 1.00 1.00
Hi-Explesive slurries nonmetallized 1.5 1.0 - 1.65 .53 - .88
Hi-Explosive slurries iron-metallized 1.7 1.1-22 .52 - 1,43
Hi-Explosive slurries metallized with aluminum 1.5 2.6 1. 4B
Slurried explosive metallized with aluminum .

1.20 5.0 .2 333

{containing no Hi-Explosives)

TABLE HI. Comparison of various blasting agents on the
basis of weight and volume, using the inverse rutio of their

ELMf—November 1964

opyright 1986 by

Moamees #f0

cubed critical depths as derived by the Dow volume-crater
method described in this article.
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Caractenstlcas de la emulsnon sensmva

( CONCEPTO . - y

Densidad (glcc) 3 ©1.15-1.20
Veloc:dad de detonacion kmlseg 4.5-4.7
al aire libre (*) _ A AR
'J Presién de detonacnén kbars - - 115
- (confinado) - f
1 &  RWS [Potencia relativa al peso 81 _
RBS (Potencia relativa al volumen| . 120
ASV kj/100 gr. ' 305
‘Eficiencia % (**] 90
o Energia Gtil kj/100 grs. R - 274.5
B Sensitividad a la capsula No. 6~ s
Sensibilidad ' - -10°C |
Resistencia al agua \ Buena E
Vida o 6 meses en i
| - condiciones
normales de L
’ almacenamiento g
* La velocidad de ios explosivos se incrementa en un 40% cuando esta confinado en
el barrenoc.
** E} concepto de eficiencia se refiere a la efectividad de la reaccion de detonacion de los

Lexploswos ‘/
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uper -“Mexamon™ D - proporciona -buena fragmentac.lén en roca -1l

‘ediana’ dureza; esti disehado para uso en rrunas,ba)o tierra. ,. ,x
! perfe-'~mente con cargadores neumiticos y. se compacla - °‘H
cltame aun en barrenaciones de contra-pozo, - s
iper "Mexamon” D es del todo recomendable para ser emplea ok
cielo abierto. Fluye con 1oda facnhdad en: barrenos. inclipados. g
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-RSATILIDAD Super- “Mexamon” D puede usarse “tanto’ en
inas bajo- tierra como en operaciones a cielo ablerto El mimmo
; Bases téxicos que produce le conceden tal virtud.. : |

)TENCIA La velocidad de Super “Mexamon™ D y la energia
ie desarrolla por su gran volumen de gases de expanmbn lo
-u:paran en potencia a la de la Dinamita Exu'a_l 65%. .

IS’I‘RIBUCION DE LA CARGA-. Super Mexamon D, por sU
ja densidad, permite la mejor distribucién del exploswo enel .
\MTENO y en consecuencia produce mejor fragmentacxbn

O REQUIERE . .MEZCLAS ADICIONALES. . Super “Mexamon”
es un agente’ explosivo cuidadosamente formulado e integral-
ente elaborado, listo para cargarse directamente de la bolsa, tal
mo ecibe. Resultado: ~econemfa, no hay- desperdicio.

“NSIBILIDAD.  Super, *Mexamon” D ha demostrado ser més
nsible a la onda de propagacién que cualquier mezcla de nitrato
amonio o fertilizante y-aceite diesel o combustible.

0 ES POLVOSO NI ACEITOSO. Super “Mexamon” D por su
1boracién integral, ofrece las méximas comodidades al usuario,
14 libre de migraciones Y evaporaciones. '

ESULTADOS REPRODUCIBLES. Con Super "Mexamon'LD los

sultados obtenibles, voladura tras voladura, son constantes y re-

o Iniciacién

j AT F g : &, TR
,w-..u-,..., el - e

nlo o fe.ruuzantes con, combusubles debido. a las. tantas vananw

,Aque intervienen. |
. ‘8 SEGURIDAD Super “Mexamon” D es un ageme exploswo Y ct}

Mo tal, su. empleo 1mphca una mayor. segundad que con. cualquler
Dj.na-“ﬂta. oL T ..'|-‘..‘ Iy

9 -ECONOMIA. * Super "Mexamnn D puede en muchos casos, 5us-
‘titulr venta]osamente a las djnamitas més altas en precio L

i ,-_:.“.- 3 LA l!

sy b

El iniciador o cebo recomendado para detonar el Super "Mexa-
mon” D debe ser un explosivo ‘pdiente y violénto;.tal como: 1.
Gelatina extra 60% ; 2. Gelamex No. 1; 3. Dinamita extra 60%. El
cebo de iniciacién debe constituir un 15%. ‘aproximadamente, en pe-
8o, del total de la carga explosiva en el barreno. En barrenos largos
es recomendable usar mas de un cebo de iniciacién'y cordén deto-
nante "Primacord” o "E-Cord” a lo largo del barreno, distribuyendo
los cebos a intervalos méiximos de 5 metros; es decir, debe distribuir-* -
se el cebo total a intervales a lo largo del barreno, dejando slempre

" en e} fondo la’ mayor cantidad del cebo iniciader. | ..

Carga )

En operaciones a clelo abierto, Super “Mexamon” D puede cargar-
se por gravedad, vaciado, La~ tabla a continuacién. muestra aproxi-,
madamente log ldlos per metro lineal de barrenos de varios d1:§met.ros a

"' Difmetto barreno" kg por metro ll-

cm- (plg) “'fieal de barreno
Coovettsgi(1) | 0329 ° -
5.08(2) "~ - 1.318 5 el
. 7.62 (3) ,2.964
: r----lm.xe £4) 5270 .
+12.70-(5) 8234 . it
1524 (6) 11.857 ‘

'J\

Empaque

J [

Super “Mexamon” D se -envasa en bolsas resistentes. de papel
con cubierta interior de polietileno. Cada saco contiene 25 kg netos.

Almacenamiento

Super "Mexamun -D debe: almacenarse conslderéndulo para el
caso, como una Dinamita, Es aconsejable dar ‘rotacién’ a las existen-
clas alm;cenada_s -usando siempre ‘primero el material més antiguo.
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uper ; “Mexamon® D -proporciona - buena fragmemacaén en  roca .
‘ediana- dureza; est4 disehado para uso en minas, ba]o terra. i~
' perfe-'~mente con cargadores neumaticos y se compacta -

ctame aun en barrenaciones de contra-pozo, g
1per "Mexamon® D es del todo recomendable para ser- emplea-
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RSA"I'ILIDAD Super "Mexamon” D _puede usarse tanto en

inag bajo-tierra como en operaciones a cielo ab:erto El minimo
; gases t6xicos que produce-le conceden tal virtud..

)TENCIA La velocidad de Super “Mexamon™ D y la energia
ie desarrolla por su gran volumen de gases de expan516n lo
nu1paran en potencia a la de la Dinamita Exu'z_l 65% .

iSTRlBUClON DE LA CARGA.. Super

{rreno 'y en consecuencia produce mejor fragmentaclbn

o) REQUIERE .MEZCLAS ADICIONALES. Super “Mexamon®
es un agente explosivo cuidadosamente formulado e integrai-
ente elaborado, listo para cargarse directamente de la bolsa, tal
mo ecibe. Resultado: economfa, no hay-desperdicio.

‘NSIBILIDAD.  Super *Mexamon” D ha demostrado ser més
nsible a la onda de propagac:on que cualquier mezcla de nitrato
amonio o fertilizante y-aceite diesel o combustible.

0O ES POLVOSO NI ACEITOSO. Super “Mexamon” D por su

1boraclén integral, ofrece las miximas comodidades al usuano :

'td libre de migraciones Y evaporaciones.

ESULTADOS REPRODUCIBLES. Con Super "Mexamon D los
sultados obtenibles, voladura tras voladura, son constantes y re-
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ja densidad, permite la mejor distribucién del exploswo en el .
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., mo tal, su. empleo imphca una mayor. seguridad que c Jalquier
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titulr ventajosarnente a las djnamitas mé.s altas en precio

El iniciador o cebo recomendado paxa detonar el Super "Mexa-
mon” D debe ser un explosivo ‘potente y violento; tal como: 1,
Gelatina extra 60% ; 2, Gelamex No. 1; 3. Dinamita extra 60%. El
cebo de iniciacién’ debe constituir un 15%. ‘aproximadamente, en pe-
80, del total de la carga explosiva en el barreno. En barrenos largos
es recomendable usar més de un cebo de iniciacién'y cordén deto-
nante “Primacord” o “E-Cord” a lo largo del barreno, distribuyendo
jos cebos a intervales maiximos de 5 metros; es decir, debe distribuir-*
se el cebo tota] a intervalos a lo largo del barreno, de]ando sxempre _

~ en el fondo la mayor cantidad del cebo iniciador.

Carga

En operaciones a clelo abierto, Super “Mexamon” D puede cargar-
se por gravedad, wvaclado. La tabla a continuacién’ muestra aproxi-
madamente los k!los por metro lineal de barrenos de varios dlé.metros ,

' ' Difmetto barreno" kg por metro ll-

cm- (plg) “‘yieal de barreno
CngEdi(Dy Lt o3ze
5.08-(2) " " R . 1318 S
7.62 (3) 12.964 )
¢ -=-10.16 (4) 5270 ~ .-
1 12.70(5) 8.234 SN
15.24 (6). 11.857 _ '
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Emphque P

Super “Mexamon”™ D se - .envasa en bolsas resistentes. de papel
con cubierta interior de- polieﬂleno Cada saco contiene 25 kg netos.

Almacenamiento

Super “Mexamon”-D debe- almacenarse mnsxderéndolo para el
caso, como-una Dinamita, Es aconsejable dar ‘rotacién-a las existen-
clas a.lmacenada_s. usando siempre ‘primero el material més antiguo.
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CHAPTER 1 1
BLASTING THEORY

by R. Frank Chiappetta
INTRODUCTION

Blasting theory is perhaps one of the most interesting. thought provok-
1ng. challenging and controversial areas of our industry. It encompasses
many areas in the science of chemistry, physics. thermodynamics. shock
wave interactions. and rock mechanics. In broad terms, rock breakage by
explosives involves the action of an expiosive and the response of the sur-
rounding rock mass within the realms of energy. time and mass. Past, cur-
rent and new blasting theories are presented along with the factors affect-
ing fragmentation and general blast design criteria. The chapter content
has been carefully selected to emphasize the concepts associated with
each blasting theory rather than a rigorous mathematical. physical. or
chemicaltreatmentthroughformulae. Whereformulae areintroduced. they
are merely to enhance the concepis presented.

Inspite ofthetremendous amount of research conducted inthe lastiew
decades. no snngle blastmg theory has been developed and accepted hat
adequately explams the mechanismsofrock breakagein all biasting CGhdl-
tions and material types. Given specific test envircnments. conditions and
assumptions, individuairesearchers have contributed valuable information
andinsight asinputsinto blastingtheories, although asimple "plug-in’type
formula for predicting "optimum fragmentation” is still largely unresolvead.
There is as yet no consistent and widely applicable theory of blasting. but
only a number of limited and disconnected theories, many of which are
empiricalin nature and basedonideal blasting conditions. Blastingtheories
have been formulated and based on pure speculation, years of blasting
experience on atrial and error approach. laboratory testing. field investiga-
tions. and mathematical and physical models adapted from other disci-
plines of science. '

Primary breakage mechanisms have been based upon:
¢ Compressional and tensile strain wave energy
¢ Shock wave reflections at a free face .
e Gas pressurization on the surrounding rock mass
¢ Flexural rupture
® Shear waves
® Release-of-ioad
e Nucleation of cracks at flaws and discontinuties
® In-flight collisions

Since so many schools of thought surround blasting theory, one must be
prepared to investigate not only the theories. but the overall field input
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variablies that are inherentin any blast design to have any practical mean-
ing. Given the diverse nature of field conditions encountered and the over-
whelming numberof blastdesign variablestoselectfrom. btastresults may
not always be easily predicted as is outiined in Figure 11-1. Where one
theoryissuccessfulinone specificenvironmentor application. itmay not be
as predictive in another.

(A} COMTROLLABLE VARIABLES

HOLE O1AMETEA ¢ INITIATING SYSTEM
HOLE DEPTH INITIATING SEQUENCE
SUBRILL DEPTH MQO. OF FREE FACES
HOLE INCLINATION BUFFERS

COLLAR HEIGHT EXPLOSIVE TYPE
STEMMING HEIGHT EXPLOSIVE ENERGY
STEMMING MATERIAL CHARGE GECMETRY
BENCH HEIGHT LOADING METHOD
PATTERNM WATER (SOMETIMES
BURDEN TG SPACING RATIO UNCONTROLLABLE)
BLAST SIZE AND CONFIGURATION ® ETC.

BLASTING DIRECTION

4 ¢ & & & 5 5 s 2 8 0

(8} UNCONTROLLABLE VARIABLES

¢ GEOLOGY -
« MATERIAL STRENGTHS & PROPERTIES ’
o STRUCTURAL DISCONTINUITIES

¢ WEATHER CONDITIONS

e WATER (SOMETIMES CONTROLLABLE)
. ETC.

t = 0 saconds

LOADED BLAST .

NQTE: TYPICAL
PRODUCTION BLAST IS
LESS THAN TWO
SECONOS DURATION

t < 2 seconds

(C) OUTPUTS

* FRAGMENTATION

MUCK PILE DISPLACEMENT
MUCK PILE PROFILE
GROUND VIBRATIONS
ATRBLAST

BACK AND SIDE SPILLS
FLYROCK

MISFIRES

» ETC.

* s o & &

FIELD MODEL ILLUSTRATING BLAST DESIGN
INPUTS AND OUTPUTS

FIGURE 11.1
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-Often more than one theory is needed to clarify or explain certain
results. Parallelthis approachtothe physicisttryingto explain light withhonly
one theory, that is. the wave theory. With the passage of time it became
apparent that everything associated with light could not always be ade-
quately explained with this theory alone and hence, another theocry. the
particle or “packets of energy'’ theory was deveiloped to explain the phen-
omena otlightin which the first theory failed. With both theories. the physi-
cistcould now explain many of the mysteries surrounding light which even-
tually ledtonew developments such asthelaser. Similarly. intryingto define
the mechanisms of rock breakage by explosives, more than one theory or
explanation is often needed. In any case. a blasting theory should not only
attemptto explain and predictthe breaking process, but moreimportantly. it
should suggest and allow new methods and techniques to improve on
current blasting practices.

TIME EVENTS FOR THE BREAKING PROCESS

There are basically four time frames designated as T1 to T4 in wrék:h
breakage and displacement of material occur during and after compLete
detonation of a confined charge. '

The time frémes are defined as follows:

T1 — Detonation

T2 — Shock or Stress Wave Propagation
T3 — Gas Pressure Expansion

T4 — Mass Movement

Each time frame is first discussed separately. and then discussed in
conjunction with blasting theories for an overall, more detailed explanation
and meshing of events. Although these are treated as discrete events. it
should be emphasized that in a typical shot hole or production bilast. one
event phase canoccur simultaneously with another at specifictime intervals.

a. T1 —DETONATION
Detonation is the beginning phase of the fragmentation process.
The ingredients of an‘explosive_consisting of a fuel and oxidizer
combination; upon detonation, are immediately converted to high
pressure, high temperature gases. Pressures just behind the detona-
tionfront are in the order of @ Kbarsto 275 Kbars, while temperatures
range from approximately 3000° to 7000°F.@
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'DETONATION PRESSURES FOR SELECTED EXPLOSIVES

. Detonation pressure is generally . expressed as a function of the
velocity of detonation and density of the explosives as,

Pd= (2.325 X 1077} X p X vOD?

‘Where Pq = detonation pressure in Kbars
P = density in g/cc o
VOD = velocity of detonation in ft/sec.

To change detonation pressure from Kbars to 1b/in?, multiply
Kbars by 14,700. Generally, explosives 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 seiected explo-
sives are presented in Table 11-1. ‘

TABLE 11.1

t
"-“ "‘ |

' Detonation
Density vOoD Pressure Pressure

Explosive {g/cc) (ft/sec) (Kbars") (psl)

ANFO . 0.81 12.000 27.00 396.900
POWERMAX 420 1.19 ., 19,000 100.00 1.470.000
HI-PRIME 1.40 20,000 130.00 1.811.000
“G" BOOSTER 1.60 26.000 . 251.00 3.689.700

*1 Kbar =14.700 PSI

The detonation wave starts at the point of primer initiation in the
explosive column and travels at supersonic speeds. Supersonic re-
fers to velocities which are faster than the speed of sound in the
explosive. Typical velocities of detonation for commercial explosives
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
explosive, but varies from one explosive to another, depending pri-
marily onthe composition, particle size and density of the explosive. To
alesser extent, the steady state velocity is also 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 headis totally unaffected until the detonation head passes
throughit. In atypical 30 foot explosive column loaded with an explo-
sive having a characteristic velocity of detonation of 10.000 ft/sec.
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 kind are self-
sustaining due to the inertia of the explosive itself that provides con-
finement necessary to maintain conditions for fast chemicalreaction
rates. A

Figure 11-2 and 11-3 illustrate two typical hote load configura-
tions. Velocity of detonation within the explosive column was mea-
sured with the SLIFER System developed at SANDIA NATIONAL
LABORATORIES. For a continuous 11 foot column of cartridged
ANFO. the velocity of detonation was measuredtobe 12,200 ft/sec as
indicated by the slope of the straight line segment between point (a)
and (& ‘n Figure 11-2. The straight line is indicative of a consistent
explosive composition, constant density and a stable velocity of det-
onation. As detonation progresses along the column. not only‘__t? a

-

Hole Dia. = 6.5

18—+ e - S
Surtace e o
16 ° ; ' ©
Stemming (Crushed Rock)
HJ4-50 Slope 2 = Shock Velocity
Through Stemming
2.900 ti./sec.
10 - -- - -
8 . Velt;t':"iﬁf Of Detonation
12200
[ N, .
4
2 - -
0 e e
Backtill
T s
4 5 6 7 8

Time Milliseconds

VELOCITY OF DETONATION MEASUREMENT USING THE
SLIFER SYSTEM DEVELOPED AT SANDIA NATIONAL
LABORATORIES : :
FIGURE 11.2
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shock wave imparted into the surrounding medium adjacent to the
borehoie wall, butis also imparted into the stemming as indicated by
the slope of the straight ine segment between points (b)) and (c). In
this case. the shock wave velocity through the stemming was mea-
sured to be 2,900 ft/sec. or approximately Y that of the velocity of
detonation.

Hole Dia. = 6.5"

40 (‘;

(g)
e e (e)
Shock Wave: Velocily 15

Through Stemming )

a5

30

5"
Ot Emulsion
Explosive

= 11,1000 ft./sec.
- 8
/ ()

= 12,500 ft./sec. 10

3

20 . .. 4

15, . -

10 .

MD : 2,045 fi/sec.

VYOD = 15.000 ft/sec.

Ib. .
. Cast ™ 7]
- Primer

5

n - sren = —— - ——
(&) vOD = 20,500 it./sec.

3 e i

0 ] 4 6 8 10 12 14 16 18 20
Time Milliseconds
VELOCITY OF DETONATION MEASUREMENT
USING THE SLIFER SYSTEM DEVELOPED
AT SANDIA NATIONAL
LABORATORIES.
FIGURE 11.3

In Figure 11-3, results are shown using ALTERNATE VELOCITY
techniques with a hole loaded with ANFO as the main charge. with
cartridges of APEX 260 emulsion spaced 11-12feetalongthe column,
Without direct measurements of the continuous velocity of detonation.
much of the information would not have been discernable in the
field by direct cbservation, Many important points are noteworthy
in the resuits. Between points (a) and (b), the velocity of deto-
nation for the 3 foot length of emulsion cartridge is 20,500 ft/sec.
Between (b) and (c) the velocity of detonationis reduced from 20.500
ft/sec to 2,045 ft/sec within the ANFO and the detonation is sustained
at the lower velocity 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 veiocity of detonation of 12,500 ft/sec. Thus. even a
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low order ANFO detonation can act as a very effective primer for the
emulsion cartridge. The decrease in velocity between points (b} and
{c)is attributed to water trickling into the bottom part of the hole from
the surrounding rock mass. Although ANFO cantolerate up toa 10%
water saturationlevel. it does so atthe cost of blastmg efficiency. ifthe
center emuision cartridge was not present, one of two things woulid
have occured. It may have sustained a low arder ANFO detonation
with a velocity of 2,045 ft/séc throughout the remaining explosive
" column, oritwould have soon failed. ithas been demonstratedinfield
trials that where an explosive of higher velocity of detonation is
embedded sparingly within the ¢column of a main explosive with a
lower velocity of detonation, that better results are generalty achieved.
The greater the difference in detonation velocities and the harder the
materiail to be blasted. the more pronounced are the results.

T2 - SHOCK AND STRAIN WAVE PROPAGATION

The second phase, immediately following detonation or in cgn- |
junction with the detonation phase of T1, is the shock and strain wave
propagations throughout the rock mass. This disturbance or emm-fd
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FIGURE 11.4
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préssUre wave(s) emitted into the rock mass results, in part. fromthe
rapidly expanding high-pressure gas impacting the borehole wall
The geometry of dispersion depends primarily on the shape of the
charge.lfthe chargeis shot. with alengthto diameterratio of lessthan
"or equal to 6.1, then the disturbance is propagated in the form of an
expanding sphere. Ifthe chargeislong. with alength of diameterratio
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 encounteredin 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 explosive column,
Thus, close to the shot hole. strain wave propagation is neither
perfectly spherical nor cylindrical but more like that shown in Figure -

11-5,
Bench Top ':E
~ETIET? - )
Detonation Front In
Face / - The Explosive Column
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FIGURE 11.5
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The pressure nexttothe borehole wall willirise instantaneously to
its peak andthenrapidly decay exponentially. The quick decay is due
to cavity expansion ofthe borehole andincreased gas cooling. Cavity
expansion around the borehole can occur through crushing. pulveri-
zation, and/or displacement of material 'and can range anywhere
from about one to three hole diameters depending on the medium
and explosive used. Generally._ extensive compressive, shear and
tensile failure occur as aregion of pulverized material sincethe wave
energy is at its maximum near the borehole wall.

As the strain wave front proceeds outward. it has a tendency to
compressthe material atthe wave frontthrough a volume change. At
right angles to this compressive front, there exists ancther compo-
nent referred to as the tangential or "hoop’' stress. The tangential
stress. iflarge enough, can causetensiliefailures atright anglestotne
direction of propagation. The largest tensile failures are expected to
occur close to the borehole where the tangential stress is high
enough forfailureto occur. Boththe compressive and tensile compo-
nents of the wave front decay with distance from the borehote.

When the compressive wave front encounters a discontinuity or
interface, some of the energy is transferred across the discontinuity
and some reflected back to its point of origin.“ For the most part. the
partitioning of energy depends ontheratio ofthe acoustic impedar:rpe
of the materials on either side of the interface, as illustrated in Figure
11.6. Acoustic impedance, Z. for any material is defined as:

Z=pXVp
where: Zz = acoustic impedance
P = density of material
Vp = sonic velocity of material

inreference to Figure 11-6. where the ratio of the acoustic impe-
dance of material 1 to material 2 is less than one. some of the wave
energy is transferred into material 2 and some reflected back, but
both waves remain compressional. When the acoustic impedance
ratio is 1. all of the energy is transferred 'into material 2 and no
reflected wave occurs. When the impedance ratio is greater than 1.
then some of the energy gets transferred into material 2 as a com-
pressive wave and the remaining energy gets reflected at the inter-
face as a tensile wave. When a compressive wave travelling through
rock encounters an interface such as a free face. nearly all of the
energy will be reflected back as atensile wave. Ifthe burden distance
between the free face and explosive column is reiatively small in
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T3 — GAS PRESSURE

During and/or after strain wave propagation, the high pressure.

hightemperature gasesimpart astressfield around the biasthole that
can expand the original borehole. extend radial cracks and jet into
any discontinuity. It is during this phase where some controversy
exists as to the main mechanism of fragmentation. Some believe that
the fracture network throughout the rock mass is completed
white others believe that the major fracturing process is just beginn-
Ing.Inany case.itisthe gasesthat havejettedinto discontinuities and
thefracture network thatis either fully developed or being developed.
which are responsitle for the displacement of broken material.
) Itisnotclear astothe exacttravel pathsthat gasestake withinthe
rock mass, although it is agreed that they will always take the path of
least resistance. This means that gases will first migrate into existing
cracks, joints, faults, and discontinuities. in additionto seams of mate-
rialwhich exhibit low cohesion or bonding.atinterfaces. If a disconti-
nuity or seam betweenthe borehale andfreefaceis sufficiently !ar'gp.
the high pressure gases will immediately vent to the atmospherte.
rapidly reducing the totat confinement pressures. and re8ults:in
reduced displacement of broken and fragmented material.

The confinement time of gas pressures within a rock mass vary
significantly depending onthe amountandtype of explosive material
type and structure, fracture network. amount and type of stemming.
and burden. ATLAS studies. with the use of high-speed photography
in full scale bench btasts. have shown that gas confinement times
before the onset of movement can vary from a few milliseconds to
tens of milliseconds.’”™ To date. confinement times have been mea-
sured to range from 5to 110 milliseconds for a variety of materials.
explosives and burdens. Generally. but not always. confinement
times can be decreased by employing higher energy explosives.
decreasingthe burden. or a combination of both. This applies equally
to material at the bench face or at the bench top. as in the case of
stemming biowouts or cratering. Refer to Figures 12.35 and 12.36
Vibration/Airblast for specific examples of gas confinementtimes for
stermming blowouts. It is evident that oniy suitably burdened and well
stemmed charges can deliver their full potential of additional gas
extension fracturing and mass movement.

T4 — MASS MOVEMENT

Mass movement of material is the last stage in the breaking pro-
cess. The majority of fragmentation has aiready been completed
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through compressional and tensile stress waves. gas pressurization
Or a combination of both. However, some degree of fragmentation.
although slight. occurs through in-flight collisions and also when the
material impacts the ground. Generally. the higher the bench height,
the greateristhistype of breakage owingtoincreasedimpactveloci-
ties of individual fragments when falling onto the bench floor. Sim-
ifarly, material ejected from opposite rows of a 'V-shot” design upon
head-on collisions can result in increased fragmentation. This phe-
nomenon was evidenced and documented with the use of high-

speed photography of bench blasts.
Mass burden movement of fragmented material is shown in Fig-

ure11-7tforanumberoftypicaiface conditions encounteredin bench
blasting operations. Face profiles and velocities are based on the
results of high-speed photographic analysis performed atthe ATLAS
POWDER COMPANY. Where no subdrilling is utilized. (a and b). two
types of face movement may be encountered. In 11-7a the entire
length of face burden, directly infront of the explosive column. mov = A
out similar to a plane wave and the face velocity at any pointis con-
stant. Thi_s behavior is usually encountered where material is veg':__f
competent, quite brittle, and structured with well defined, largely
spacedjoints. much greaterthanthe spacings or burdens employed
in blast designs. When the material is soft. highly fissured. and/or
closely jointed as might be found in coal and some sedime_ntary
deposits, face profiles resembling that of flexural rupture is mere
likety. In this case. the greatest displacement and velocity occur
adjacenttothe center of the explosive column with the least amount of
movementoccuring atthetoe and crest. Whenidentical conditionsin
11-7b are assumed and when subdrilling is employed. face move-
ment resuits in much the same way except that the toe burden is
displaced upwards faster and at a greater angle to the horizontal.

The first three cases assumed a relatively straight face between
the crest and toe, however, in many bench biasting operations. the
condition is more like that illustrated in Figure 11-7d. where toe
burdenis considerably greaterthanthe crestburden. Thetoe burden
is too great for the explosive selected, hence. very little movement
occurs at the toe while the greatest displacement results inthe upper
half-of the bench.

Three options are availlable to increase toe movement:

® Employ angle drilling in an attempt to maintain constant burdens
from the crest to the toe '

® Use ahigher energy bottom chargeinthe current vertical drill holes

® Decrease the burden with the current vertical drill holes
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in selecting the latter. care should be exercised so as.not to
decrease the burden to the point of obtaining the condition shown in
Figure 11-7e The toe burden is now correct for the explosive
selected, but the crest burden is substantially reduced. This may
bring about many adverse conditions near the crest burden such as
flyrock. blowouts. and increased airblast compiaints. Because con-
finement pressures arereleased nearthe crest (inthis case. a path of
least resistance relative to the toe burden), restricted toe movement
willresult. itis better to use the same burden. but with a higher energy
bottom charge near the toe. This load configuration as shown in Fig-
ure 11-7f tends to pressurize more of the burden mass for longer
periods without adverse effects, and adequate toe movement gener-
ally resulits.

Where large leftover muckpiles are left against the face. Figure
11-7g.tce movement will berestricted andincreased ground vibration
levels are likely. Unless the situation requires a buffer. such as when
blasting in the vicinity of mining equipment or to avoid dilution of an
ore blast adjacent to a waste muckpile, it should be avoided. -;

Where seams are encountered in a blast, Figure 11-7h, tremen=r
dous gas ejections with velocities up to 600 ft/sec can occur. Whe’_.r{.
such gas venting occurs, it will adversely affect other parts of the
burden to displace adequately and inevitably leads to poor overaill
blasting results. A stemming deck immediately adjacenttothe seam
wiil give better results.

"TIME EVENTS T1-T4 COMBINED

Uptothis point.timeevents T1to T4 have beendiscussed moreor
less as separate isolated events. However, in areal blasting environ-
ment, more than one event can occur at the same time.

Consider a single vertical hole in a quarry face with the primer
located near the bottom of the hole as is illustrated in Figure 11-8.
Assume the explosive 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/cc.
Upon initiation of the primer, it takes only a few microseconds and a
distance of 2 to 6 hole diameters up the column to form a full detona-
tion head. When a full detonation head is formed, it travels up the
explosive column with a velocity characteristic of the steady-state
velocity, (inthis case 13.000 ft/sec). It takes approximateiy 3.0 ms for
the 40 foot column of ANFO to be completely detonated.

Within this 3.0 ms. many other things have occurred. Starting at
the bottom of the hole and progressing up the column, borehole
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expansion through crushing of the borehole walis 'has_ taken place.
This produée_s compressive stress waves with tangential compo-
nents emanating fromthe borehole walls and progressing outwardin
every-d_irection with a velocity characteristic of the sonic wave veloc-
ity of imestone. It takes approximately 1.0 msec for the compressive
strainwavetotransverse 15 feetof burdentothefreeface Behindthe
strain wave propagation some radial cracks start to develop in the
crushed zoneregicnofthe borehole with a velocity ranging from 25to
50% of the P-wave velocity for limestone. If the intensity of the com-
pressive strain pulseis highenough. new cracks and/or extensions of
‘pre-existingcracks and flaws canbeinitiated anywhere betweenthe
crushed zone next to the borehole and the free tace. The greatest
number of cracks are generally found ciosest to the horehole

When the compressive wave strikes a1 lree face, itis immediately
converted to a tensile strain wave which slarts at the free tace and
travels hack'thmugh the rock mass towards the borehole. Owing to
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the new fractures created from the outgoing compressive strain
wave. the tensile strain wave will take somewhat longer to travel the
same burdendistance of 15feet. Itthe burdenissmallencughandthe
intensity of the refiected strain wave islarge enough.then some spali-
ing at the free face or bench top is expected. although no significant
mass movement will cccur.-

At 3 ms after detonation and complete reaction of ANFO. the
original high temperature, high pressure gases have reached a new
equilibrium due to borehole expansion. Both temperature and pres-
sure have dropped significantly resulting in an energy reduction
ranging from 25 to 60% of the theoretical energy originally available.
This remaining energy acts on the surrounding “"preconditioned”
rock mass to displace it in the direction of least resistance. Further
fragmentatlon can occur at this stage from gases entermg and
extending preexisting cracks or discontinuities. it is at this stage
where some blasting theories are contradictory. Some believe that
the major fracture network is completed withi@ about 3 ms due to the
interaction of stress waves onthe surrounding material, while otherg*:
believe that the major fracture network is just beginning. -

Regardiess of which time frame is responsible for the develop,§
ment of a fracture network, mass movement and displacement of
material at the bench top or face occurs much later in time due to the
confinement of gas pressure withinthe rock 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 encountared in the field: bench top
swelling occurs between 1 to 60 ms, stemming ejections between 2 to
80 ms and bench burdens between 5 to 110 ms. Surface.uplifting
velocities around the collar region of a hole occcur between 5 and 120
ft/sec. stemming ejections between 10 to 1500 ft/sec and burden
velocities between 5 to 200 ft/sec. Gas ejection velocities at discon-
tinuities have been recorded as high as 700 ft/sec and often occurin
less than 5 ms.

RUPTURE RADIUS

The degree of dhmage and fracturing around a borehole can be char-
acterized by four 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 also referred to as the hydrodynamic Zonein
which the elastic rigidity of the rock becomes insignificant. (6)

Next to the crushed zone is a region defined by a severely fractured
zone referred to as the non-linear zone. Here fracturing can range from
severe crushingthrough partial fracturing, to plastic deformation. Extension

T
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\
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"

ZONES OF RUPTURE RADIUS
FIGURE 11.9

of cracks can occur from previously formed cracks by the tangential com-
ponent (hoop stress) of the shock wave, infiltration of gas pressure and at
flaw sites, - '

In zones 3 and 4 (elastic zones) tensile failures and crack extensions
occurinalessintense mode becausethe 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 fracturing in zones 1 and 2.
The peak amplitude of the compressive stress is now much smailerthanthz
compressive strength of the rock so no new fractures are likely inthiswa e
type. However, the tangential stress component of the wave is still substar.
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Jtially largerthanthe tensile strength oftherock Since the tensile strength of

rockisabout1/15to1/100ofthe compressive strength. the tangential stress
" of the wave is large enough to cause radial fractures. These new fractures
. are formed from the extension of cracks in the non-linear zone (zone 2) or
from cracks initiated from microfractures and flaws inherent in a typical
rock mass.

Once the tangential stress has attenuated below the critical tensile
strength of the rock. no further breakage occurs beyond this point as illus-
tratedinzone S{Figure 11 —9')V Oncethe waveordisturbance passesinto and
through this zone. the individuatl particies of the mediurm will ascillate aind
vibrite snbouttheir rest positions within the elastic limits of the rock and so no
permanent damage resulits. it is this region where seismic waves are car-
ried considerable distances and are responsible for ground vibrations.

Table 11-2 gives an idea of the degree of maximum damage found
around the crushed and fractured zones in terms of charge radii for a
number of conditions. Resuits are based onthe works of manyresearchers,
conducted in a number of different materials with varying explosives. For:
given explosive. the rupture radius is greater in soft rock than hard roc-;s
Giventhesamerock. therupture radiusis greater for higher strength expl;q-’
sives than lower strength ones. Thus. the degree of radial rupture is influ-
enced by the explosive, material properties and structure.

TABLE 2 -
DEGREE OF DAMAGE AROUND A

BOREHOLE IN TERMS OF CHARGE RADII

“ CRAUSHED RAQDIUS OF
ENPLOSIVE CHMARGE MATERIAL OK IONE IN DaMAGE
COMMENTS
SCURCE EXPLOSIVE AMOUNT SHAPE AROCK TYPE CHARGE iM CHARGE €
RAQH (MAX]) RADI (MAX)
Qhven {1 ca 0.25 %9 S Gramis - 18
2.00 kg s Granite - ko]
Sisking (§) §0% Dynamiie | — c Shate - 45.35
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Catlermoie (91| $0° - c Tullaceoyy e 20-30
Oyramite Pyrociasthic
Colorage (10} § — SoM Rocu 26-29
School of - Hard Roch - 20-2)
Mines
Dertich (11} Mucieas - Granite ‘9 LR ]
[FNT)--
Atchison (1) | — - 18 hg (max) |, [+ Granile 345 -
O'Anarea (13) | C4 000 18 kg L] Gramis 2.3 -
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Sakind [14) ANFO - Cc Granile - 14
| Kutter ot Undarwsier - ;] Plenigiate - ¢ Theoreticaily
s (9 Spark & Aock Calcuisted
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' Fracturing
20 - Beicw Shot
Point J
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BLASTING THEORIES (Past & Present)

Inthis section, blastingtheories ofthe pastand present are discussedin
concept form. Table 11-2 15 5 list of some of the more commaon thoughts
regarding breakage mechantasnsandtneresearchers responsible fortheir
introduction. This list is by 0 «ieans cemplele. but it does illustrate how
certain thoughts on biastita ticuery 2larted witt, the simple refiection theory
after World War Il and progtewced to Uie inore complex nuclei or stress-
wave flaw theory of the prescnt.

Since each theory has Miherent strengtns and weaknesses. the main
concepts of eachtheoryare fie 5t cxplained with a brief description. Blastmg
theories discussed are:

a) Reflection Theory (Reflected Siress waves)
b) Gas Expansion Theory
c) Flexural Rupture
d) Stress Wavec & Gas Erpun: |0r|Th&ury .
e) Stress Waves, Gas Expansion & Suess-Wave/Flaw Theory =
f} Nuclei or Stress-Wave/Flaw Theory -
g) Torque Theory »
h) Cratering Theory
i) Cratering Mechanisms

a. REFLECTION THEQRY (Refiected Stress Waves) (17.18.19. 20)

One of the first attempts to explain. analytically. how rock breaks
when a eoncentrated explosive charge is detonated in a borehole
near a free surface was with the refiection theory. The concept was
simple, straightforward. and based strictly onthe wellknownfactthat
rock is always less resistant in tension than in compression. A
compressive strain pulse is generated by the detonation of. an
explosive charge, moves through the rock in ail directions with a
decaying amplitude, and isreflected only atafree surface. Atthefree
surface, the compressive strain pulseis convertedinto atensile strain
pulsethat progresses backtoits pointof origin. (See Figure 11-10). Since
rock is weakest in tension. it is easily pulled apart by the reflected
tensile strain pulse and damage at the face appears in the form of
spalling. The High pressure, expanding gases, are not deemed
directly responsible for the major degree of fracturing that occurs.

A more detailed explanation follows: Detonation of an explosive
charge in rock generates 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 andinafew milliseconds
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TABLE 11.3
BLASTING THEOCRIES AND
THEIR BREAKAGE MECHANISM

BREAKAGE MECHANISMS
DATE RESEARCHER(S) TENSILE cg.‘;:;is' cas | rLexvral| NUCLES
REFLECTED] oyp. i |pRessure| RuPTuRg | STRESS-
WAVES WAVES FLAW
1949 | Obert, Duvali (17) (18) 1
1956 | Hind (19) 1
1957 | Duvall, Atchison {20} 1
1958 | Rinehart (21) 1
1963 | Langfors, Kihistrom (22) 2 1
1966 Starfield (23) 1
1970 | Porter, Fairhurst (24) 2 1
1970 | Persson, Lunborg. Johansson (25) 1
1971 | Kutter, Fairhurst (6) ' 1 1
1971 Field, Ladegarrd - Pederson (26) 1 1
1972 | Johansson, Persson (27) 2 1
1972 | Lang, Faureau (28) 4 2 1 3 ;}
1973 | Ash (29) 1 1 -,
1978 | Hagan (30) (31) ‘ 1 3
1978 | Barker, Fourney, Dally (32) (33) (34) ’ 1
1983 | Winzer, Anderson, Ritter (35) 1
1983 | Adams, Margolin (36) (37) 1
1983 | McHugh (38) 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 rock next to the borehoie. This stress pulse travels radially out-
wardin all directions fromthe shot pointat speeds equal to or greater
thanthe velocity of sound inthe medium. Due to 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
borehole is relativety small.

When a tongitudinal compressive stress strikes a free surface.
two reflected pulses are generated. a tensile and shear puise. The
amount of energy imparted to each depends on the angle of inci-
dence of the compressional stress pulse. Ofthetworeflected pulses.
the tensile one predominates in breaking rock as it moves back into
the rock.
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Fractured
Zone

The effective transfer of detonation pressure to stress inthe rock
depends onthe impedance match of the explosive lorock. A smaller
exptosive to rock impedance ratio was shown to provide a more
effective transfer of this pressure to stress. The concept of reflection

breakage is illustrated in Figure 11-10. The time order of key events
are:
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FIGURE 11.10

detonation, generation of high
pressure. high temperature gases

borehole walls are crushed and
slightly fractured due 1o high gas
pressure, and borenole expands

=t

caompressional strawn pulse propa-
gales nutward in all directions .

part of compressional sirain pulse
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the free surface as a tensile strain
pulse

stab of rock begins to detach from
free face and moves forward

other compressive stress pulses
arnve atthe newly formed face and
repeats breaking process

Slabs broken off closer to the hole are displaced with lower

velocities.
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GAS EXPANSION THEORY (25) (39)

The pressure acting on the walls of an explosive filled hole, upon
detonation. will be approximately one-half ofthe detonation pressure
due to expansion of the borehole. This pressure will propagate out
from the borehole into the rock as a shock wave. The material
between the borehole and.the shock front is compressed and flows
elastically or plastically. depending on the pressure and strength of
therock. Someradial cracksformnexttothe borehoie wall starting at
about two hoie radii out and then propagate radially inwards as well
as outward. The greatest frequency of radial cracks are next to the
borehoie, but a few extend farther out. When no free face exists. a
small number of these radial cracks become very much larger than
the others.

Bythetimethe shock wavereachesthefreesurface.radialcrack
lengths formed areless than one quarter of this distance. Atthis stage
thelongest of cracks have extended inwards and reached the bore-
hole wall. Gas pressureis nowcapable of enteringthese cracks and :é_}
the pressure is high enough can reach out towards the crack tips, ¢
thusfurtherelongating the cracks. This hasthe effect ofaiding crackst
that interact with the returning tensile wave and cause themtoreach
the free surface. Up to this point, acceleration of the rock mass

' between the hole and free face has been negligible. Only after the

cracks have reached the free surface is the rock accelerated by the
remaining gas pressure.

The key point of the gas expansi‘ﬁm theory are:
® Radialcracks are initiated notimmediately nexttothe borehoie but
abouttwo hole radii out and extend inwards toward the hole as well
as outwards towards a free face.

® Rock displacement does not occur until pressurized radial cracks
extend to the free surface.

FLEXURAL RUPTURE (A Gas Expansion Theory) (29)

During 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 theory. ninety percent of the total energy to break rock is in the
latter. Detonation pressure acts only momentarily against any one
part of the borehole’'s internal surface area. while gas pressure is
sustained considerably longer untii some form of cavity volume
change occurs. Gas pressure, then, is the rhajor componentrespon-
sible for fragmentation and flexural rupture.

Radial cracks form only in planes parallel with the borehole axis.
No cracks develop where the explosive is not in immaediate contact.

thus mostcracks form adjacenttothe borehole wall where tangential

stresses are produced within the borehole'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 at a free face is considered negligible. Gas pressure drives
the radially produced cracks through the burden to the free face and
displaces rock through bending and in the direction of least resist-
ance generally following naturally occuring planes of weakness. Itis
during this final stage where the major breakup of intact material
takes place. ' _
Breaking of rock by flexural rupture is analogous to bending and

_breaking a beam as illustrated in Figures 11-11 and 11-12. Arectan-

gular beam is used to represent the field configuration of bench
height. H. and burden, 8, in the form of a modified cantilever beam
rmodel. The tixed 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 collarregion
to rotate and move longitudinally but does not allow deftection normal
to the borehole axis. Althoughv not shown for clarity of concept. the
beam thickness in Figures 11-1t1 and 11-12 is actually equal to the
burden. Borehole pressureisrepresented as aload distributed along
the length of blasthole containing the explosive. Rock weight of the
bench segmentis considered negligible reiative to the load resulting
from the borehole gas pressure. Maximum contribution of total rock
load acting at floor ievel is only at a ratio of about 1:100.000 or more
compared to gas pressure.

The degree offragmentationis controlied by the stlffness property
ofthe burden-rock mass. This stiffness depends on existing restraints
to movement, rock (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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To achieve adequate flexural rupture, the burden to length {B/L)
ratiobecomescritical because stiffness varies witn the third power of
this ratio. For a given explosive diameter and reflective B value,
decreasing the bench height L has the effect of,

i} stiffening the burden rock

iiy reduces fragmentation -

iii) inhibits the necessary lateral and upward displacerﬁents needed
to break coliar material and remove toes

Reducing burden for a given bench height has the opposite
effect. Doubling the bench height for a given burden, or reducing the
burden by one-haif for a constant bench height has the effect of
reducing the stiffness theoretically some eight times. although in
practice a B/L ratio of 1/3 is often adequate.

STRESS WAVE AND GAS EXPANSION THEORY (6)

In 1971.'Kuttelr and Fairhurst combined the concepts of strain
wave induced fracturing and gas pressure as the main mechanisms
to fragment rock. Their experiments were performed with homogen-
ous plexiglass and rock models.

After detonation. an intense pressure wave is emitted into the
rock fromtheimpactofthe rapidly expanding high pressure gas. This
pressure rises immediately to its peak and can be assumed to be
one-half to one-quarter of the detonation pressure. Due to cavity
expansion around the borehole and the cooling of the gases. the
pressure decays exponentially. In spite of the decay, the pressure is
sufficient to exert a quasi-static pressure on the rock boundary for a
relatively long time. '

The amountof energyinthe shock waveis caiculatedtobeonlya
fraction of the total energy released by the explosive. In granite this
was measured to range between 10 to 18 percent while in salt it was
only 2 to 4% of the total energy released. The remaining energy is
contained in the gas pressure. However, the compressional wave
energy is sufficiently high next to the borehole to cause extensive
breakage.

A radially fractured zone is the first fracture pattern to develop
around the new expanded cavity. Next to develop is a ring of wider
spaced radial cracks.
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This width of radially fractured zone depends on:

® the tensile strength of the rock

® wave velocity of the rock

® input oressure of the explosive

& detonation velocity of explosive ‘

® extent of energy absorption in the rock mass

The diameter of the fractured zone was theoretically caiculated to
be arocund six hole diameters for.a spherical charge and nine hole
diametersforacylindricalcharge. itisinthisexpanded orequivalent
cavity that the gas pressure becomes active and not in the original
borehole. Thus cracks are pressurized and free to extend toward a
free face. The original stress wave functions only to precondition the
rock by initiating (in tension) radial cracks at the borehole wall.

The main points of interest of the stress wave and gas expansion
theory are:

® Both stress waves and high pressure gases play animportantrole

i

‘L .

in fragmenting material. Neither the strain wave or gas pressure.™

alone is responsible for rock fragmentation in blasting.
® Radial cracks originate at the borehole wall.

® Pre-existing cracks would reinitiate under stress, butno new cracks
would form in the area occupied by an oid crack.

® Presence of a free surface favors extension of gas pressurized
radial cracks in that direction. :
® |n-situ stresses affect the direction in which radial cracks travel.

*

® For a given borehole size, anincrease of explosive charge beyond
an optimum amount does not increase the fractured zone, but
results only in additional crushing around the cavity.

GASEXPANSION,STRESS WAVES, STRESS-WAVEFLAW, AND

~ REFLECTION — (Combmed Theory) (28)

Stage 1—0On detoration of the explosive the high pressure shat-
tersthe rock in an area adjacent to the drill hole. The outgoing shock
wave traveling at 9,000 to 17.000 feet per second sets up tangential
streésses that create radial cracks which move out from the region of

" the hole. The first radial cracks develop in one to two milliseconds.

(Figure 11-13a)
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Stage 2—The pressure associated with the outgoing shock wave
ofthefirst stageis positive ifthe shock wavereaches afreefaceitwill
refiect. but in so doing the pressure falls rapidly to negative values
and atension wave is created. Thistension wavetravels backintothe
rock and since this material is less resistant to tension than to com-
pression, primary failure cracks will deveiop due to the tensile
strength of this reflected wave. Ifthesetensile stresses are sufficiently
intense they may cause scabbing or spalling atthe free face. (Figure
11-13b)

In rock breaking this spalling effect appears to be of secondary
importance. It has been calculated that the expiosive 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
energyisto conditiontherock byinducing numerous small fractures.
In most explosives the shock wave energy theoretically amounts to
only 5to 15% of the total energy of the explosive. This strongly sug-
gests that the shock wave is not directly responsible for any signifi-
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cantamountofrock breakage. butitdoes provide the basic condition-
ing for the last stage of the breakage process.

Stage 3—Inthis last stage the actual breakage of rock is a siower
action. Under the influence of the exceedingly high pressure of the
explosion gases. the primary radial cracks are enlarged rapidly by
the combined effect of tensile 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 muchthe same wayasacompressed 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 inthe second stage serve as zones of weak-
ness to initiate the major fragmentation reactions. (Figure 11-13¢)

NUCLEI OH STRESS WAVE—-FLAWTHEORY (32.33. 34, 35.37. 38)

This relatively new theory was formulated at the University ofil
Maryland in the fracture mechanics laboratory. Laboratory tests+
were conducted in homolite-100 models, both unflawed and flawed.
by simutating many of the geologic structures and discontinuities
(joints, fractures. bedding planes) typically found in large scale
bench blasting. Results showed that stress waves were guite impor-
tantinthe fragmentation process and caused a substantial amount of
crack initiation at regions rather remote from the borehole. These
regions consisted of smail or large flaws, joints. bedding planes. and
other discontinuities that acted as a nuclei for crack formation. devel-
opmentor extension. This new stress wave dominated 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 compiex. They involve
many phases such as: (40)

® detonation and crack nucleation around borehole
® crushed zone extension

® dynamic crack stability

e activation of flaws

® coalescence of wave velocmes and strains

® branching of cracks

® interaction of cracks and reflected wave systems
® instability of crack direction

® random progressive failure
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In more simple terms. the important points of the theory ure
explained with the illustration in Figure 11-14. A borehole is located
behind a free face with two discontinuities, a joint ptane and a small
flaw. located between the borehole and free face. Assume all other
areas in the medium to be homogeneous and flaw free.

Inunflawed material. only Bto12dominantcracks emergefroma
dense radial network around the borehdle. These dominant cracks
can travel significant distances and consequently torm large pie
shaped segments, that alone are not conducive for good fragmenta-
tion. Stress waves continuing away from the fractured zone around
the borenhole resultin no further damage.

Joint

Plane
Borehole Flaw

@ O o

(v

NUCLE! THEORY
) FIGURE 11.14
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inflawed material or sections of the material which contain flaws.
fragmentation is quite 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/AirBlast section
foradiscussionon Seismic Waves. Nofracturingtakes place untilthe
flaw (joint plane) is initiated by the P wave tail and the leading front of
the S wave, (Figure 11-14c¢c). 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
jointplane andthefreeface, (Figure 11-14d). ltisimportantto note that
cracks are initiated at flaw sites remote from the borehole region by
the combined action of the P wave tail and the S wave front. Flaws
initiated inthe immediate borehole vicinity of these waves haveonly a
small effect. Note also. that the outward directed P and S waves can
" initiate flaws anywhereindependent ofthe presence of afree surface.

When a P wave encounters a free face (Figure 11-14d and 1 'L-.
14e). itisreflected andtravels backintothe medium as atensile wavs
to meet the outcoming S wave. Atthis stage. constructive interferencef
can occur which allows for further crack initiation or extension of
cracks previously formed. New wave systems (PP, PS. SP. 55, PP. and
S. PS. and S) will atso 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 11-14f and
11-14g illustrate further crack extensions when all wave systems
have been reflected back towards_}fhe hole.

The important points of the nuctei or stress-wave flaw theory are:

® the fracture network spreads with the speed of the P and S waves,
which initiate fracture around flaws remote from the borehole

® in highly flawed material, fragmentationresults from the nucteation
-of new cracks at flaws and reinitiation of old cracks from the
reflected stress wave systems

® gas pressurization does not contribute significantly tothe fragmen-
tation process

Computational models incorporating stress wave/flaw interac-
tion as a mechanism of nucieating and extending cracksis growingin
popularity. (32-38, 40) Although the models differin approach and/or
details, the main idea is that shock and/or stress waves fragment
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materiai and gas pressure acts to dispiace the broken material.
Stress wave functions notonly to initiate fractures ator nearthe bore-
hole wall, but also initiate fractures throughout the rock mass being
blasted.

Recent work in full scale production shots and in large blocks
added furtherinsight into this phenomena. (35) Stress wave induced
fracturing at flaws and discontinuities removed from the borenole
wasfoundtobeconsiderably greaterthan either spalling or borehole
radiat tensile failure documented by earlier works. Gas pressurized
radial fracturing, intypical bench blasting operation, was found to be
only a minor contributor tothe overail fragmentation ofthe rock mass.

Some key points of Winzer's theory and observations are:

i) new fractures are seen to form at the face 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-initiated
themselves early in the event; they continue to be active for
several tens of milliseconds after detonation of the explosive

i) fragmentation continues in blocks of rock, following detach-
ment from the main rock mass, by trapped stress waves

iv) thefracture pattern onthe free face is well developed priorto
the expectedtime of arrival of radial cracksfromthe borehole

v) in blasted faces from production-scale shots. fractures are
observed to have initiated at, and propagated from, joint and
bedding planes. suggestingthe same operating mechanism(s)
asthose observedinhomolite modeis atthe University of Mary-
land :

vi) gas venting occurs through already open cracks relatively
late in the event, indicating. that the maijority of fractures
observed on the free face 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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viii} large fragments will form early in the event. and as they move
and fractures open. large segments;of the rock mass will be
effectively isolated from further stress energy

iX) inmore heavily fracturedrock, the stress wave velocity will be
lower and attenuation higher, but there are more fractures to
serve as jnitiation 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

TORQUE THEORY

The success of this theory is totally dependent on the abso:‘,i‘e.
accurate timing of initiators. When two adjacent explosive colu Ths
are initiated simultaneously from opposite ends. a compressighal
shock wavefromeach columntraveling parallel butin opposite direc-
tionsis formed. (Figure 11-15) The greatest stress is always directe

perpendiculartothe primary shock front. This stressis alsoassume

to be greatest near the detonation head in the explosive and dimin-
ishes with distance away fromthe detonation head. Anuneven stress
distribution is formed between explosive columns whenthe 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 toss the material in a clockwise motion. This action is
precisely what is needed to obtain uniform fragmentation and avoid
tight muck piles such as in the case of in-situ retorting. For this theory
to work. exact initiators are crucial: nothing less will do. especially
when using explosives with very high velocity of detonation. :

CRATERING THEORY (41-45)

The conceptof cratering. its development. and resulting applica-
tions were originally proposed by C.W. Livingston and later modified
byotherssuchasiangandBauer. (41) (43) (44)Itinvolves aspherical
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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tace to optimize the greatest volume of permanently fragmented
material betweenthe charge andfree surface. Thisimpliesthat given
a specific explosive and material, there exists a burden distance
between the charge and freé surface which yields the largest crater
(Figure 11-16d). This burdenis referred to as the optimum burden or
depth. Similarly, there exists another burden distance referred to as
the critical distance, which is too far below the surface to result in any
crater or expulsion of material atthe surface, other than minor radial
cracks. This is the point where material at the surface just begins to

show evidence of failure, (Figure 11-16b).

&
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Crater data can be plotted in a number of different ways. Figure
11-17illustrates the effect of two explosives. A and B onthe amount of
fragmented material that each is capable of achieving at different
depths of buriais. 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.
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Another method of représeniiﬁg crater data onacommon base is
by plotting V/W on the y-axis and the depth ratio on the x-axis as-
shownin Fugure 11-18. (44) Visthe volume of broken materialin cubic
feet, W is the welght of explosuve in pounds and the depth ratio has
been defined as the depth of burial d:vnded by the critical depth. The
|mportant thing to note is that the optlmum depthratio. (N ) varies
with each exploswe rock combmatlon The advantage of performmg

. such field expenments 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 of data is always

presentanditisimportanttotake thisinto accountfor crucial applica-
tions of cratering.
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CRATERING MECHANISMS (4) (45)

Asthe highpressure explosive gases expand against the medium
immediately surrounding the exptosion, 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 atmosphereé {one

atmosphere = 14.7 pounds per square inch). As the shock front ™

moves outward in a spherically diverging shell, the medium behind
the shock front is 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. Inregions outside this limitthe shock wave will
produce permanent deformation by plastic flow. until the peak pres-
sure in the shock front has decreased to a vaiue equal to the plastic
limit of the medium. This is the boundary between the plastic and
elastic zones shown in Figure 11-20.

i
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FIGURE 11.20

Wheh the compressive shock frontencounters afree face, it must
match the boundary condition that the normal stress orpressure be
zero at all times. This results in the generation of negative stress, or
rarefaction wave which propogates back intothe medium(Figure11-19b).
Thus the medium which was originally under high compression is
putintotension by the rarefaction wave. This phenomenon causesthe

‘medium to break up and fly upward with a velocity characteristic of
the total momentum impartedtoit. In aloose socil material. this spalling
makes almostevery particle fiyintothe airindividually, whilein arock
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mediumthe thickness ofthe spalled materialis generally aetermined
by the presence of pre-existing fracture patterns and zones of weak-
ness. As the distance from surface increases. the peak negalive
pressure decreases until it nolonger exceeds the tensile strength of
the medium. The velocity of spalled material also decreases in pro-
portionto the peak pressure. This breakage mechanism is predomi-
nant only for charges placed at very shallow depths of burial.

Thetwo mechanisms described sofarare shortterm.lasting only
a few milliseconds. The gas acceleration mechanism. however. is a°
much longer lasting 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 producedinthe surrounding material by vaporizationand chem-
ical changes induced by the heat and pressure of the explosion.
Venting occurs because the materialis nolonger cohesive enoughto
contain the explosion gases. As the gases are released. fragments
assume free ballistic trajectories. At depths of burial at which crate
dimensions are maximum, the gases produced will give appreciatd$
acceleration to overlying material during its escape or ventindg
tnrough 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 preciudes any significant
gas acceleration of the overlying material. Gas acceleration is the
dominant mechanism at optimum depth of burial. With a constant
weight of explosive. the optimum _éiepth of burial varies with the sur-
_rounding material.

At deep depths of burial. the mechanism of overburden collapse
{(subsidence) becomes dominant. This effect is closely linked to the
crushing, compaction and plastic defaormation mechanism which
produces an underground cavity. Atthese depths of burial. spall and
gas acceleration will not impart sufficient velocity to the overlying
material to physically ejectitfromthe crater. Mostthrowoutreturnsto
the crater as fallback material. in a rock medium the bulking action of
therock, whenitis disoriented from its original fracture pattern, could
produce a volume greater than the underground cavity. This could
resultin no crater or a 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 significant effect on the overlying mate-
rial. Only an underground cavity is formed. When the pressure intha
cavity decreases below overburden pressure, the roof of the cavity
begins to collapse. In most media this collapse will continue upward
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e, ot » forming a'chimney of collapsed material: In'soil, where the density of
the material wilknot significantly change afterithas falien, the volume
of the undergrcund cavity:will be transmitted to the surface.

] Figure 11-21 illustrates:surface time profiles after detonation of a

- 40 pound equivalent charge.of ANFQO. buried 8.0.feetin an unconsoli-
dated, sedimentary type material (46) High-speed photography was
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or tensile strengths. |deally, the borehole pressure should be somewhere
between the compressive and tensile strength of the rock. so as to avoid
extensive crushing at the borehole wall, yet provide enocugh pressure to
extend a single predominant 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 is illustrated in Figure 11-23. (47) The pressure imparted in
the rock mass at 36" away for the same explosive is shown for four
conditions:

i) a 6" diameter explosive in a 8" hole
i) a 2" diameter explosive in a 2" hole
iii) a 2" diameter explosive in a 6” hole (air decoupied)
tv) a 2" diameter explosive in a 6" hole (water decoupled)
| I ] 1.0 )
— 36" — 4078 :
—— " — Distance To Point I ) + 0.50 :.
Borehole O Observation do2s —
wall b
_ D I G I T AN A A T S A i 0
Explosive | -
| | ~Ho0s0
—— 2" — Borehole Wall | ’ " 4025
M aEE el dub At ul OGNy O O T G T T . . - 0
| Exploslve l -
]
! Borehole . I - 0.50
Wall
Explosive I 0.25
Alr : I
) ) ’ - 0.50
Water o : | 0.25
Explosive 14
- e G S G GE Gms o oE S G e A 40
Borehole
|

EFFECT OF AIR AND WATER DECOUPLING

VS FULLY COUPLED HOLES
FIGURE 11.23 (47)

?
« 4
'

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. Thie greatest stress level was achieved with a fully coupled
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expiosive in'a 6" diameter hoie. The next highest stress level was achieved.

.again, with a fully coupled explosive. even though the hole diameter was

reducedthree-foldtoa2” diameter. Water decouplingfollowed nextand air
decoupling produced the smallest stress level. Thus, an air decoupled
charge is the most effective means of reducing borehole pressure and
consequently the peak stress level within the rock mass,.

A reasonably reliable method of 'calculating the borehoie pressure is
with the following formula which takes into account two decoupling ratios.
(48) (49) (50)

, ) 2.6
Pp = 1.69x10°3 x p x VOD2 x |VC xde
i : dh
where. .
Pp = Borehole pressurein PSI.
p = Density of explosive in g/cc T :
VOD = Velocity of detonation in ft/sec .
¢ = Percentage of explosive column loaded expressed as a
decimal - :
de = Explosive diameter (in.} -
dh = Hole diameter (in.)

This formula is best suited for explosives which contain no metallic
elements or relatively small amounts, since.the addition of energizing
metals lowers the detonation velocity of the explosive and hence, the
borehoie pressure as calculated by this equation. Computer codes suchas
TIGER and EXPLODE are used to calculate borehole pressures from
explosives containing metallic elements.
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ALTERNATE VELOCITY

LOADING TECHNIQUES AND DETONATIONS
IN A PRODUCTION ENVIRONMENT

by
R. Frank Chiappetta

ABSTRACT
A simple and cost effective technique to increase fragmenta-
tion and burden velocities without making major modification
to the overall blast design is with ALTERNATE VELOCITY
LOADING OR BOOSTERING OF ANFO. The technique requires the
placement of a cartridge or slug of explosive, having higher
density and detonation velocity than ANFO, every few feet in
an ANFO column; The greater the difference in density and
detonation velocity of the Alternate Velocity Load to ANFO, i
the more pronounced are the results. Emulsions were |
selected as the Alternate Velocity test explosives because
they detonate closer to ideal conditions. than most other

commercial explosives.

The emulsion explosives embedded in the ANFO column did not
reguire additional boostering. Even a low order ANFO
detonation, alone, acted as an effective primer on the
Alternate'Velocity emulsion explosive. It was also
determined that ANFO efficiency suffers greatly, when ANFO

is loaded in a dewatered hole.

Testing consisted of single and multi-hole production shots
in full-scale environments, Analytical methods, testing
procedures and a discussion of the breaking processes are

described in detail.
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INTRODUCTION

The breaking and heaving processes resulting from single or
multi-hole detonations encompass a complex array of pheno-
mena not all of which are completely understood. However,
with the advent of newer, more precise and sophisticated
instrumentation, a better definition and explanation of what
occurs within and around a borehole at close vicinity are now
possible. Clarification of such short lived phenomena in and
around a borehole environment is invaluable to us in our

~basic understanding of the breakage process. EY

The ATLAS POWDER COMP.NY in association with other research}
organizations has invested heavily in researching specific
areas of blasting in an attempt to produce more efficient,
consistent and cost effective blasting techniqués for the end
user. One such technique is described in this paper as
ALTERNATE VELOCITY LOADING OR ALTERNATE VELOCITY BOOSTERING
OF ANFO. The technique consists of placing a cartridge or
slug of explosive, with higher density and velocity of
detonation than ANFO, every few feet in an ANFO column. In
the last few years, the technique has been used in a wide
variety of materials stretching from very soft overburdens to
the hardest of granites and in hole diameters ranging from

- 2=1/2 to 12 inches, With a carefully'designea blast
utilizing the proper amount and distribution of energy,
optimum selection of MS delay timing and ALTERNATE VELOCITY

LOADING, excellent results can easily be realized in terms of



fragmentation and mass movement of burdens. Thus, ALTERNATE
VELOCITY LOADING is equally appliéable to overburden casting
in stripping operations and to bench blasting operations in

quarries,

In order to understand some of the mechanisms responsi-
ble for. the success of Alternate Velocity Loading, a review
of the basic breakage proééss is essential. There are
basically four time frames désignated as T1 to T4 in which

detonation, breakage and heavfng of material occur during and

2

after detonation of a confined‘charge. The time frames are

defined as follows:

Tl - Detonation

T2 - Shock or Stress Wave Propagation
T3 - .Gas Pressure Exﬁansion

T4 - Mass Movement

Although each time frame is treated as a discrete event for
conceptual ¢larity, it should be emphasized that in a typical
shot hole or production blast, one event phase can occur

- simultaneously with another at specific time intervals.

Bach time frame is first discussed separately and then in a
unified explanation and meshing of events in conjuqction with

some of the more commonly accepted blasting theories.



Tl - DETONATION

Detonation is the beginning phase of the fragmentation
process, The ingredients of an explosive consisting of a
fuel and oxidizer combination; upon detonation, are
immediately converted to high pressure, high-temperature
gaﬁes. Pressures just behind the detonation fronf or head
are in the order of 9 Kbars to 275 Kbérs, while temperatures
range from 3000 to 7000 F. The detonation head is referred

=

to here as the primary reaction zone for the fuel and

oxidizer mixture.

Detonation pressure is generally expressed as a function of

the velocity of detonation and density of the explosives as,

P = (2.325X10°7) X p X VOD
Where P = detonation pressure in Kbars
P = density in g/cc

VOD = velocity of detonation in ft/sec.

To change detonation pressure from 'Kbars to 1lb/in , ﬁultiply
Kbars by 14,504. Generally, explosives 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 detona-
tion pressure for selected explosives are presented in

Table 1.



TABLE 1

DETONATION PRESSURES FOR SELECTED EXPLOSIVES

Detonation

‘ Density VoD Pressure Pressure
Explosive ‘(g/ce) (ft/sec) {Kbars*) (psi)
ANFO o 0.81 12,000 27.00 391,600
POWERMAX 420 g 1.19 19,000 100.00 1,450,400
HI-PRIME _ 1.40 20,000 130.00 1,885,500

"G" BOOSTER 1.60 26,000 251.00 3,640,500
: . ' .

s

*]1 Kbar = 14,504 psi

1
"|

The detonation wave starts at the point of primer initiation
in the explosive_column and travels at supersonic speeds.
Supersonic refers to velocities which are fagter than the
spéed of sound in the explosive. Typical velocities of
detonation for commercial explosives range from 8,000 to
26,000 ft/sec. This velocity, sometimes referred to as the
steady-stape velocity, remains fairly constant-fqr a given
explosive, but varies from one explosive to another,
depending primarily on the composition, particle si;e and
density of the explosive. To a lesser extent, the steady
state velocity is also 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 explosivg materiél directly in

front of the detonation head is totally unaffected until the



detonation head passes through it. 1In a ﬁypical 30 foot
eiplosive columﬁ loaded with an explosive having a
characteristic velocity of detonation of 10,000 ft/sec, -
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 kind are se1f¥sustaining due tb the
inertia of the explosive itself that provides confinement’
necessary to maintain conditions for fast chemical reactiong=

rates. (1) : T

Figure 1 illustrates a typical hole load configuration.
Velocity of detonation within the explosive column was
measured with the SLIFER system developed at SANDIA NATIONAL
LABORATORIES. For a continuous 11 foot column of cartridged
ANFO, the velocity of detonation was measured to be 12,200
ft/sec as indicated by the slope of the stréight line segment
between points (a) and (b) in Figure 1, The straight line is.
indicative of a consistent explosive composition, constant
density and a stable velocity of detonation., As detonation
progresses along the tolumn, not only is a shock wave
impartéd into the surrounding medium adjacent'to the'porehole
wéll, but is also imparted into the stemming as indicated by
the slope of the straight line segment between points (b) and
(¢). In this case, the shock wave velocity through the
stemming was measured to be 2,900 ft/sec, or approximately

'1/4 that of the velocity of detonation.
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In a stable detonation the detonation wave travels through
the column of explosive at a constant rate, (Figure 1l). This
rate is strictly dependent on the chemical energy releaseé
and the density and the diameter of the explosivé column,
Although stable, this steady-state velocity of detonation is
not necessarily the "ideal" or theoretical maximum that is
possible for ANFO in a larger diameter hole. If.all the |

energy is liberated before the end of the detonation head,

the detonation velocity 1is ideal. This is diagrammatically .

illustrated in Figure 2 for high explosives (TNT, RDX, etc.)

where the thickness of the reaction zone is relatively small

and thin and the detonation front is relatively flat.

The ideal velocity of detonation for any explosive can be
calculated from the equilibrium thg;modynamics and an
appropriate equation of state for a‘given original density
and chemical composition of the expected detonation products.
When experimental results closely match wigh the predicted.

values, we can also séy that the explosive is ideal.

Based on ideal performance calculation using the BKW code,
(2), the detonation velocity for ANFO should be 17,700 ft/sec
with a 73 Kbar (1,073,000 PSI) detonation pressure. However,
experimental results in 3.9" (p= 0.95 g/cc) and 7.9"

(p= 0.90 g/cc) diameter charges with ANFO gave detonation
velocities of 11,400 ft/sec and 13,500 ft/sec, respectively.-
Finger et al (3) reported detonation velocities for 0.84 g/cc

ANFO in the order of 15,400 ft/sec. Measurements made by
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Helm et al (4) also show that detonation velocities in ANFO
are well below ideal conditions for large diameter holes up
to 11.5" Persson(9) reported detonation velocities very
close to the theoretical value of 17,800 ft/sec for 10.5"
diameter holes when confined in rock. However, Atlas field
studies for measurements in hole diameters up to 12" resulted
in detonation velocities, at best, of 15,000 ft/sec. This is
still well below our computer calculations of 17,000 - 19,000

ft/sec for ANFO when using different codes and equations of

I A

state.

Clearly then, detonation velocities for ANFO in hole
diameters less than 17" are less than ideal. When this
occurs, the reaction in the detonation head is said to be
non-ideal and takes the general (exaggerated) shape as is
illustrated in Figure 3. Compared to an ideal reaction zone,
the non-ideal reaction zone is not flat, but rounded at the
front and somewhat longer. At diameteré less than that at
which ideél'détonation occurs (such as in most production
holes) the non-ideal regime holds. Under these conditions,
the detonation velocities are less than ideal, and it
suggests that an ANFO prill entering the detonation is still
not completely reacted by the time the tail end pf the
detonation has passed (refer to Figure 3). This accounts

for the reduced detonation velocity,

10
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It also suggests that ANFO not consumed in the primary
reaction zone may be reacting outside of the detonation head,
that is, just behind the reaction zone at lower temperatures

and pressures in the expanding gas zone.

In addition to ANFO, most commercially used explosives are

of the non-ideal type. This includes slurries, watergels and
emulsions, Performance of slurries and watergels, as in the
case of ANFO, is dependent upon charge geometry and confine-

ment. Furthermore, a large fraction of the explosive energy

&

=

comes from the reaction of the oxidizer and fuel, which are
in discrete phases whose dimensions vary. The larger the -
dimensions of these phases, the larger become the reaction
times and the reaction zones. 1In ﬁhe case of emulsion
explosives, which comprise a better intimate mixture on a
smaller scale, actual detonation velocities are very close -
to ideal. Thus, emulsion explosives allow a more éfficient
1 E . ] . s 1§
thi | ! lected test 5108 ] s the
alternate velocity load,

T2 - SHOCK AND STRAIN WAVE PROPAGATION -

The second phase, immediately following detonation or in
conjunction with the detonation phase‘of.Tl, is the shock and
st;éin’wave propagations throughout the rock mass. This
disturbance or emitted pressure wave(s) emiﬁtéd into the rock

mass results, in part, from the rapidly expanding high-

12



pressure gas impacting the borehole wall. The geometry of
dispersion depends primarily on the shape of the charge. If
the charge is shot, with a length to diameter ratio of less
than or equal to 6:1, then the distgrbance is propagated in
the form of an éxpanding cylinder, (Pigure 4). However, in

a typical, bottom primed, cylindrical shot hole normally
encountered in bench blasting, the strain waves originally
formed neﬁr the point of initiation are already in progress
and propagating into the surrounding medium, while the
detonation is still progressing within the explosive column.%t
Thus, close to'the shot hole, strain wave propagation is E

neither perfectly spherical nor cylindrical but more like

that shown in Figure 5.

The pressure next to the borehole wail will rise instant-
aneously to its peak and then rapidly decay exponentially.
The quick decay is due to Eavity gxpansion~around the
borehole and increased gas cooling. Cavity expansion around
the borehole can occur through crusping, pulverization,
and/or displacement of material and can range anywhere from
about one to three holes diameters depending on the medium
and explosiie used. Generally, extensive compressive, shear
and tensile failure occur as a region of pulverized material,
since 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 volume
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change. At right angles to this compressive front, there
exists another component referred to as the tangential or
"hoop" stress. The tangential stress, if large enough, can
cause tensile failufes at right angles to the direction of
propagation. The largest tensile failures are expected to
occur close to the borehole where the tangential stress is
high enough for failure to occur. Both the compressive and
tensile components of the wave front decay with distance from

the borehole. ]
-:H',

When the‘compre;sive wave front encounters a discontinuity o
interface, some of the energy is transferred across the
discontinuity and some is reflected back to its point of
origin.(5) For the most part, the partitioning of energy
depends on the-ratio of the acoustic impedance of the
materials on either side of the interface, as illustrated in
Figure 6. Acoustic impedance, Z, for any material is defined
as:

2= pXV

Where: 2

acoustic impedance

density of material

<
1]

sonic velocity of material

In reference to Figure 6, where the ratio of the acoustic
impedance of material 1 to material 2 is less than one, some
of'the wave energy is transférred into material 2 and some
reflected back, but both waves remain compressional. When

the acoustic impedance ratio is 1, all of the energy is

15
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transférred into material 2 and no reflected wave occurs.
When the impedance ratio is gteater th;n 1, then some of the
energy gets ﬁfahsfetred into material 2 as a compressive wave
and the remaining energy gets reflected at the interface as a
‘tensile wave. When a compressive wave tfavelling thfough
rock encounters an interface such as a free face; nearly all
of the energy will be reflected back as a tensile wave. If
the burden dis;ance between the free face aﬁd explosive
column is'relatively-small in contrasé to normal burdens for
a chosen explosive, then most of the energy is consumed in f'

spalling at the free face,

The interaction of stress waves in the outgoing compressive
and reflected tensile modes around discontinuities and flaws
within the rock mass is an area of intense research and-is
considered to be quite important in some of the newer
biasting theories. 1In order to effectively utilize.the
interaction of shock waves in a production environment,
ultra-precise-detonators with precisions in the order of a
few hundred micrbseconds about the mean are suggested for the

next generation of detonators.

T3 - GAS PRESSURE

During and/or after strain wave propagation, the high
pressure, high temperature gases impart a stress field around

the blasthole that can expand the original borehole, extend



radial cracks and jet into any discontinuity. It is during
this phase where some controvehsy exists as tb the main .
mechanism of fragmentation. Some believe thét the fracture
network throughout the rock mass ié completed while others
believe'that the major fracturing process is just beginning.
In any case, it is the gases that have jetted into discon-
tinuities and the fracture network that is either fully
developed or being developed, which are responsible for the
displacement of broken material. Past, current and néwer

blasting theories are listed as follows:(6)

1) Reflection Theory

2) Gas Expansion Theory

3) Flexural Rupture

4) Stress Wave & Gas Expansion Theory

5) Combined Theory _

6) Nuclei or Stress-Wave/Flaw Theory .

7} Torque Theory

8) Cratering Theory
It is not clear as to the exact travel paths that gases take
within the rock mass, although it is agreed that they will
always take the path of least resistance. This means that
gases will first migrate into existing cracks,_joints,
.faults, and discontinuities, in addition to seams of material
which exhibit low cohesion or bonding at interfaces. If a
discontinuity or seam between the borehole and free face is
sufficiently large, the high pressure gases will immediately
vent to the atmosphere, rapidly reducing the total confine-

ment pressures, and results in reduced displacement of broken

and fragmented material.

13



fhe confinement time of gas pressures within a rock mass vary
significantly depending on the amount and type of explosive,
material type and structure, fracture network, amount and’
type of stemming, and burden. Studies by Chiappetta et al -
(7) with the use of high-speed photography in full-scale
bench blasts, have shown that gas confinement times before
the onset of movement can vary from a few milliseconds to
tens of milliseconds. To date, confinemént times have been
measured to range from 5 to 110 milliseconds for a variety of
materials, explosives and burdens. Generally, but not ;3
always, confinement times can be decreased by employing E
higher energy explosives, decreasing the burden, or a
éombination of both. This applies egually to material at the
bench face or at the bench top, as in the case of stemming
blowouts or cratering. It is évideﬁf that only suitably
burdened and well stemmed charges can deliver their full

potential of additional gas extension fracturing and mass

movement,

T4 - MASS MOVEMENT

Mass movement of materials is the last stage in the breaking
process. The majority of fragmen;&tion has already been
completed through compréssional and tensile stress waves, gas
pressurization or a combination of both. However, some
degree of fragmentation, although_slight, occurs through in-

flight collisions and also when the material impacts the



ground. Generally, the higher the bench height, the greater
is this type of breakage owing to the increased impact
velocities of individual fragments when falling onto the
bench floor. Similarly, material ejected from opposite rows
of a "V-shot” design upon head-on collisions can result in
increased fragmentation. This phenomenon was evidenced and
documented with the use of high-speed photography of bench

blasts.

Mass burden movement of fragmented material is shown in =

Figure 7 for a number of typical face conditions encountered:?
in bench blasting operations. Face profiles and velocities
are based on the results.of high-speed photographic analysis
performed at the ATLAS POWDER COMPANY. _Where no subdrilling
is utilized, (a and b), two types of face movement may be
encountered, In Figure 7a the entire length of face burden,
directly in front of the explosive column,‘mbves out similar
to a plane wave and the face velocity at any point is
constant. This behavior is usually encountered where
material is very competent, quite brittle, and structured
with well defined, largely spaced joints much greater than
the spacings or burdens employed in blast designs. When the
material is soft, highly fissured, and/or.closgly jointed as
might be fouhd in coal and some sedimentéry deposits, face
profiles resembling ﬁhat of flexural rupture are 'lﬁore likely. ‘
In this case, the greatest-displacement and velocity occur
adjacent to the center of the explosive column with the least

amount of movement occurring at the toe and crest.
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When identical conditions in Figure 7b are assumed and when
subdrilling is-employed, face movement results in much the
same way except that the toe burden is displaced upwards

faster and at a greater angle to the horizontal. (Figure 7¢)

The first three cases assumed a relatively straight face
between the crest and toe, howévef,‘in many bench blasting
operations, the condition is more like that illustrated in.
Figure 7d, where‘toe burden is considerably greater than the
crest burden. The toe burden is too great for the explosive gf
selected, hence, very little moﬁement occurs at the ﬁoe while%
‘the greatest displacemént results in the‘upper half of the

bench.

Three options are available to increase toe movement:

* Employ angle drilling in an attempt to maintain
constant burdens from the crest to the toe

* Use a higher energy bottom charge in the current
vertical drill holes.

* Decrease the burden with the current drill holes.

In selecting the latter, care should be exercise so as not to
decrease the burden to the point of obtaining the condition
shown in Figure 7e. The toe burden is now correct for the
explosive selected, but the cregt burden is substantially
reduced. This may bring about many adverse conditions near
the crest burden such as flyrock, blowouts and increased
airblast complaints. Bécause confinement pressures are
released néar the crest (in this case, a péth of least

resistance relative to the toe burden), restricted toe
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movement will result. It is better to use the same burden,
but with a high energy-bottom charge near the toe. This locad
configuration as shown in Figure 7 f tends to pressurize more
of the burden mass for longer periods without adverse

effects, and adequate toe movement generally results.

Where large leftover muckbiles are left against the face,
Figure 7g, toe movement will be restricted and increased
ground' vibration levels are likely. Unless the situation

requires a buffer, such as when blasting in-the vicinity of

BV

mining equipment or. to avoid dilution of an ore blast -

-adjacent té a waste muckpile, it should be avoided.

Where seams are encountered in a blast, Figure 7h, tremeﬁdous
gas ejections with velocities up.to 606 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 seam will give better results.

TIME EVENTS T1 - T4 COMBINED
Up to this point, events Tl to T4 have been discussed more
or less as separate isolated events. However, in a real

blasting environment, more than one event can occur at the

same time.



Consider a single vertical holé in a quarry face withvthe
primer located near the bottom of the hole as is illustrated
in Figure 8. Assume the explosive used is 40 feet of ANFO
with 3 veldcity of detonation equal to 13,000 ft/sec, the |
material blasted is limestone with a sonic Qave velocity of
15,000 ft/sec and a density of 2.3 g/cc. Upon initiation of
the primer, it takes only a few microseconds and a distance
of 2 to 6 hole diameters up the column to form a full
detonation head. When a full detonation head is formed, it
travels up the explosive column with a velocity
characteristic of the steady-state velocity, (in this case
13,000 ft/sec). It takes approximately 3.0 msec for the

40 foot column of ANFO to be completely detonated.

Within this 3.0 msec, many other things have occurred. Start-
ing at the bottom ¢of the hole.and progreésing up the column,
borehole expansion through crushing of the borehole walls has
taken place. This produces compressive stress waves with
tangential components emanating from the borehole walls and
progressing outward in every direction with a velocity
characteristic of the sonic wave velocity of limestone, It
takes approximately 1.0 msec for the compressive stféin wave
to traverse 15 feet of burden to the free face, Behind the
strain wave propagation some radial cracks start to develop
in the cruéhed zone region of the borehole with a.velocity
ranging from 25 to 50% of the P-wave velocity for limestone.

If the intensity of the compressive strain pulse is high

enough, new crack and/or extensions of pre-existing cracks
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and flaws can be initiated anyﬁhere between the crushed zone
next to the borehole and the free face. The greatest number

of cracks are generally found closest to the borehole.

When the compressive wave strikes a free face, it 1is
immediately converted to a tensile strain wave which starts

at the free face and travels ba;k through the rock mass
towards the borehole. Owing to the new fractures created

from the outgoing compressive strain wave, the tensile strain
wave will take somewh&t longer to travel the same burden ;f
distance of 15 feet. If the burden is small enough and the =
intensity of the reflected strain wave is large enough, then

some spalling at the free face or bench top is expected,

although no significant mass movement will occur.

At 3 msec after detonation and assamed complete reaétion of
ANFO, the original high temperature, high pressure gases have
reached a new equilibrium due to borehole expansion. Both
temperature and pressure have dropped significantly reculting
in an energy feduction ranging from 25 to 60% of the theorc-
tical energy originally available. This remaining 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. It is at
this stage where some blasting theories are contrédicto:y.

Some believe that the major fracture ngtwork is completed

within about 3 msec due to the interaction of stress waves on



the surrounding material, while others believe that the major

fracture network is just beginning.

Regardless of which time frame is responsible for the
development of a fracture network, mass movement and
displacement of material at the bench top or face occurs
much later in time due to the confiﬁement of gas pressure
"within the rock mass. The onset of mass movement depends on
the material respense in conjunction with the strain and gas
prescure stimulds gencrated from the explosive., For typicaE:
stemming and butdens encountered in the field, bench top B
swelling occurs between 1 to 60 msec, Stemming ejections
between 2 to 80 msec and bench burdens between 5 to 110 msec;
Surface uplifting velocities-around the collar region of a
hole occur between 5 and 120 ft/séﬁ} sﬁemming ejection
between 10 to 1500 ft/sec and'bﬁrden velocities between 5 to
200 ft/sec. Gas ejection velocities at discontinuities have
been recorded as high as 700 ft/sec and often occur in less

than 5 msec.
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CHARACTERIZATION OF ALTERNATE VELOCITY LOADING
M EXP ANF

It is evident from the discussion so'far that the selection
of conventional 51ast design variables can have a pronounced
effect on overall resulté regarding fragmentation and mass
movement of burdens. Without making major modifications in

the blast design, a simple and cost effective technique to

.n!i', '

further improve fragmentation.and/or increase burden -
velocities is with Alternate Velocity Loading. Alternate
Velocity Loading is achieved by sparingly placing a cartridge
or slug of emulsion explosive every few féet in the ANFO
column (refer to Figure 9). Field trials conducted in a wide
variety of materials have generally resulted in improved
fragmentation and increased burden velocities, It appears
that when an explosive of higher density and detonation
velocity (i.e., emulsion) is embedded within the column of
the main charge with a lower density and detonation velocity
(i.e., ANFO), improvements in blasting results are the-norm.
Whether the material exhibitsfﬁhysical and strength
properties cnaracteristic of granites, limestones and
dolomites, or overburden, unconsolidated type materials, the

results are often dramatic and repeatable.

In the course of implementing the Alternate Velocity Techni-
gue, a few groups in theAindustry believed that ANFO did not

possess sufficient detonation pressure to act as an effective



Primer on the emulsion explosive. They also stipulated that
the technique could not be cost effective because each
emulsion cartridge or slug required a primer and detonator

assembly for it to succeed.

As an investigative approach to address these "thoughts, the
ATLAS POWDER COMPANY embarked on a joint research program

with SANDIA NATIONAL LABORATORIES where over 100 holes were

fired under controlled conditions in a field environment.

Instrumentation consisted of continuous velocity probes i;

(Slifer System),:pressure sensors to measure gas pressure, f
accelerometers to measure shock in the éurrounding rock mass,
survey gear to quantify the extent of damage, mounds, craters
and multiple high-speed cameras to quantify gross movement

and gas venting,

An Alternate Velocity test was performed in a full-scale,
6-1/2" diameter, éfoduction hole, with ANFO (p = 0.81 g/cc¢}
as the main charge, ana an Apex grade of cartridged emulsion
explosive (5" x 30lb, p = 1.25 g/cc) as the Alternate
Velocity explosive. Borehole depth was approximately 40 feet
and each emulsion cartridge was 3' -in length. Continuous
velocity of detonation measureménts were performed by Sandia
National Laboratories using the Slifer System for the entire
length of. the hole.(8) Results are illustrated as displace-

ment versus time plots in Figures 9 and 10.

Explosive loading, starting at the bottom of the hole,

consisted of a one pound ATLAS Cast G Booster, followed by a



3 foot cartridge of emulsion,

cartridge of emulsion,

11 feet of ANFO,

10 feet of ANFO,

a 3 foot

a 3 foot cartridge of

emulsion, and approximately 10 feet of 1/2" --1-1/8" of

crushed rock for stemming.

Figure 9 illustrates the actual, untouched and unfiltered

results obtained from the field, while Figure 10 illustrates

a filtered close-up of results in the bottom 20 feet of the

borehole.

allows--for more accurate measurement of detonation velocity.

The filtered close-up gives better resolution and

Detonation velocity results are presented in Table 2.

IABLE 2

DETONATION VELOCITY RESULTS FOR THE ALTERNATE VELOCITY TEST

(Emulsion and ANFO)

AVERAGE VELOCITY
OF DETONATION
(ft/sec)

COLUMN
EXPLOSIVE/MATERIAL

———— . —— R i T —— A T T T T —— T ——— T — i - ——— — T —— A ———

" COLUMN COLUMN
POSITION  LENGTH
(£t}
A-B 3
B -C 5
C --D 5
D - E 3
E - F 11
F -G 3
G - H* 10

* Shock wave velocity

20,500
13,000 - 2,045
2,045
20,000
12,500
9,000 - 16,000

1,000

through stemming.

EMULSION
WET ANFO
WET ANFO
EMULSION
DRY ANFO
EMULSION
ANFO ,
STEMMING

STEMMING

Il!ll:l
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FIGURE 9 DISPLACEMENT vs TIME - Velogjty of detonation measurement using
the Slifer System developed at SANDIA NATIONAL LABORATORY.

(FAIRDALE QUARRY, Macklin Brothers Stone Company, Fairdale, IL)
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Many important and interesting points are noteworthy in the
results. Between points (a) and (b), the velocity of
detonation for the 3 foot length of emulsion cartridge is
20,500 £t/ccc.. Between (D) “ahd (&), the velocity of
detonation in ANFO is quickly reduced from 13,000 ft/sec to
2,045 ft/sec and the ANFO detonation at this velocity is
sustained until just bgfore point (d) .is reached. Just

before point (d) is reached, or 6" below the second emulsion

=

cartridge, ANFO i; increasing in detonation VeIOCiéy from ?‘
2,045 ft/séc‘to 4,900 ft/sec; ANFO with-a detonation ;
velocity of 4,900 ft/sec and a density of 0.81 g/cc is
equivalent to a detonation pressure of approximately

4.5 Kbars. At point (d), the detonation head in ANFO
encoénﬁers thé second emulsion cartridge, which when

detonateq, at 20,000 ft/sec between points (d) and (e),

brings ANFO immediately back up to its normally rated

detonation velocity of 12,500 ft/sec. Thus, even a low order

The decrease in the ANFO detonation velocity between points
(b) and (c) is attributed to water trickling into the bottom

12-1/2 feet of the hole from the surrounding rock mass.

The drill hole was drilled one week in advance of
testing and it had accumulated approximately 3 feet
of water. Prior to testing, the water in the hole
was pumped out and it was determine that in one hour,
the hole could accumulate about 2" of water in the



bottom. The 2" of water was again pumped
out and the hole was backfilled with 6" of crushed
.rock so that the bottom of the hole would be out of
water.
It took approuximately one hour from the time of
backfilling the hole to firing the shot hole. We
feel that there was sufficient wetness and/or tiny
amounts of water trickling into the borehole walls
for the bottom 12-1/2 feet of the test hole to affect
the performance of ANFO. Although the wet ANFO was
not purposely planned as part of the test, it does
illustrate that even a low order ANFO detonation of
4,900 ft/sec can act as an effective primer on an
emulsion. It also illustrates that when water is
pumped out of a hole and the hole is loaded with ANFO,
ANFO performance can still be drastically affected
just by the wetness on the sides of the borehole.
Inadequate priming at the bottom of this hole would
have probably resulted in a failure.
Although ANFO can tolerate up to a 10% water saturation
level, it does so at the cost of blasting efficiency. If the
center emulsion cartridge was not present, one of two things
could have occurred. ANFO may have sustained a low order
detonation throughout the remaining column until dry ANFO was
reached, or it would have soon failed due to its unstable-
ness, Between points (e) and (f), the detonation velocity in
dry ANFO was 12,500 ft/sec, as expected. Between points (f)
and (g), the average velocity of detonation in the top
cgrtridge appeared to fluctuate between 9,000 - 16,000 ft/sec
due to the combined effect of emulsion, ANFO and stemming.
For optimum results, the top emulsion cartridge should have
been placed one to two feet below the stemming column where
it would have been completely embedded in the ANFO column,
Between points (g) and (h), the average shock wave velocity

through stemming was 1,000 - 1,100 ft/sec.
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TERNATE VELOCITY FIELD T FULL- D

A study was conducted in a Southeastern granite quarry to
evaluate;relative explosive performance in terms of burden .
velocities for normal and Alternate Velocity Loading Techni-
ques. Four full-scale production shots were made. Three
shots were loaded convéntionally, using a different type or

grade of bottom charge, amounting to seven 2-3/4" x 16"

cartridges or nine feet of bottom load and ANFQ as a top

NN

" load., The bottom loa@s in ghe'conventipnal shots consistedi
of Powermax 446 (emulsion), Powermax 460 (emulsion) and a :
watergel exploéive. The fourth shot ‘was made with the same
type and amount of bottom chdrge of Powermax 460 with four
édditional cartridgéséof Powermax 460 spaced at 6 foot
intervals as the alternate velocity load in the ANFO column.
All other blast design variables such aé burden, spacing,
hole depth, millisecond delay pattern, blaéting direction,
etc. were kept as constant as was reasonably possible in a
production environment. High-speed motion picture
photography was used to quantify, evaluate and compare

results.

Average face velocities were calculated for three areas of
the face; at the toe, 12 feet above the toe, and 24 feet
above the toe as illustrated in Figures 11 to 1l4. Analysis
was accomplished by designating the first face érofile as

occurring at zero time to produce a plot of displacement

versus time,
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Average burden velocities were calculated using linear
regression analysis. Results afe summ&rized in Table 3.

Figure 15 illustrates the Table 3 values in graphical form.

It is evident .that the greatest average burden velocity is
achieved with PMX 460 as a bottom load and PMX 460 as
alternate velocity boosterfng of ANFO in the upper 1oad..

PMX 460 as a bottom load and straight ANFO as a top load
;esulted in the second highest burden velocities, followed
by.the watergel and ANFO, and PMX 440 and ANFO., An error =*
analysis between the last two, (Watergel and ANFO, and =
PMX 440 and ANFO), revealed that, étatistically, the results

are equivalent or in other words, there is no significant

difference owing to an experimental error of +5 ft/sec.

A more detailed analysis has also been performed to compute
the instantaneous velocity at any point in the time domain
for movement at tpe toe and 12 feet above the toe.
Displacement and time data were fitted to a polynomial
equation of degree five with a goodness of fit of no lesé
than 99%. The first derivative of this eguation forms a
velocity equation, which when plotted, yields the graphs
illustrated in Figures 16 and 17 for the instantaneous
velocity at the toe and 12 feet above the toe, respectively.
Not enough data was available to perform an analysis to the
same degree of fit and accuracy for face movement 24 feet

above the tde.
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TABLE 3
AYERAGE BURDEN YELOCITIES
BOTTOM TOP FACE LOCATION AND VELOCITY (FT/SEC)
SHOT EXPLOSIVE EXPLOSIVE
NO. LOAD LOAD TOE 12 ABOVE TOE 24 ABOVE TOE
! POWERMAX  ANFO 48 46 28
440
2  POWERMAX  ANFO 72 67 48
460
3% POWERMAX POWERMAX 83 90 60
460 460 .
EVERY 6 IN
ANFC COLUMN
4 WATERGEL  ANFO 56 49 29

* POWERMAX 460 was used as the Alternate Velocity Explosive
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In Figure 16, the PMX 460 bottom load with alternate velocity
boostering of ANFO in the upper load generated the most
dramatic velocity increase between 200 to 1000 msec into the
shot. Beyond 550 msec, velocity for this load configuration
‘exceeded all others. Movement at the toe in this case was
attributed to the bottom load and to the bottom third of the
.upper column, Thus, toe velocity in this case was affected

by both bottom -and top loads.

If the bottom load is one of much higher energy, it will =

generate a larger crushed zone and improve fragmentation in ™.

that vicinity. It also creates a larger cavity for explosive
gases to immediately migrate into and fill the new formed
cavity. Gas temperature and pressure drop quickly and it may
be for this reason thét the initial toe velocity is somewhat
less until the alternate vélocity boostering temporarily
reverses the process by releasing more of thé available
energy in ANFO és higher temperature, higher pfessure gases.
This dramatic late increase inlgas pressure is evidenced in
Figure 16 for the PMX 460 alternate velodity boostering from
200 msec on and is sustained until well over 1000 msec. The
_key to movin§ burden‘material at higher velocities is to
sustain these high pressures with appfopriate energy and by

the timed systematic and controlled release of such energy

with precise MS delays.
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Instantaneous velocities 12 feet above the toe (Figure 17)
are attributed primarily to the upper column load. . In this
case, the PMX 460 with PMX 460 as alternate velocity
boostering in the ANFO column achieved the greatest burden

velocity for all times,

It is not definitely clear as to the exact mechanisms and/or
processes which actually contribute to increased burden

velocities without direct and continuous measurements of e

temperature and pressure within the borehole, However, basgﬁ
on direct -easurement of burden velocities and the fact thag
it is gas pressure expansion in the borehole and in the
surrounding rock mass that is responsible for mass

displacement, certain logic can be suggested as follows:

1) Since ANFO at best is only 60 - 70% efficient,
complete reaction of the ANFO is not occurring
as predicted in the detonation head. The
addition of alternate velocity boostering may
contribute to a more complete reaction of ANFO
just behind the detcnation head in the partially
reacted and expanding gas phase of ANFO.

2} The emulsion cartridges used as Alternate Velocity
boostering may generate higher temperatures and
pPressures in their vicinity and thus raise the
overall temperature and pressure of the combined
emulsion cartridge and ANFO detonation in the new
formed cavity. This would tend to pressurize the
cavity at higher pressures and possibly for a.
longer perlod before the burden responds to mass
movement.,

3) More of the agyajlable energy in ANFO is utilized
with the technique in production holes less than

17 inches in diameter.



1)
2}
3)

4)
5)
6)
7)
8)

9)

10)
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SUMMARY AND RECOMMENDATIONS FOR FIELD USE

Alternate Velocity Boostering of ANFO with emulsion
explosives has resulted in the following benefits:

The technique is simple to eméloy.without major

modifications to the overall blast design,

Improves overall fragmentation, especially in the
vicinity of the emulsion cartridge or slug.

Definitely increases burden velocities and mass
movement.

(LY N

Increased burden velocities will result in increased
cast distances, lower and looser muckpiles and -
minimal back break and spills. )

A loose muckpile will reduce maintenance costs on
excavation equipment through less wear and tear on
buckets and tires.

The technique can be used in any application
regardless of material properties or structure where
the above mentioned benefits are desirable.

The Alternate Velocity Emulsion explosive does not
require additional priming. ANFO is more than
sufficient.

When ANFO is used in dewatered holes, the alternate
velocity emulsion can enhance and increase the
detonability of ANFO,.

It appears that the greater the difference in density
and detonation velocity of the alternate velocity
explosive to ANFO, the more pronounced are the
results.

In essence, the technique allows more of the available
energy in ANFO to be converted to useful work. It is
cost effective, and a productivity increase should be
realized over the short and long terms.
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.as predictive in another. _ - : RS

variables that are inherentin any blast design to have any practical mean-
ing. Given the diverse nature of fieid conditions encountered and the over-
wheiming numberof blastdesign variablesto selectfrom. blastresuits may
not always be easﬂy predlcted as is ocutlined in Figure 11-1. Where one
theoryissuccessfulinone specific environmentor application. it may notbe

1 N - ' - A S . R
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: ") . Often 'more than 'one€ theory’is needed to! Clarify or explain certain
results. Parallel this approachtdthe physiéisttryingtoex plain light with only
one theory, that is, the 'wave theory, With the passage. of time it became
apparent that everything associatéd with light could not always be.ade-
quately explained with this theory alone and hence: another theory™ the
particie or" packets of energy theory was developed to explainthe phen-
omena of I|ght in which the first theory failed: With both theorues the physi-
cist COuld now explain many ofthe mysterues surroundlng hghtwhlch even-
tually ledtonew developments such asthelaser, Sirmilarly. mtrymgto define
=1 2 the"mechanisms of rock breakage by explosives. more than one theory or
Tt £ 0. explanationiis often needed. In any casé, a'blasting thedry should not only
¢+ .v.attempttoexplainandpredictthe breakmg process but'riore |mportantly it

v .. Tshould'suggest and allow new methods and- technlques to |mprove on
.« t w o Cclrrentsblasting practlces LR vl b T e T
- . Cap e T L IeUR U Lt

2. TIME EVE‘N‘r_S' FOR THE BREAKING PROCESS

There. are basucally four time frames desngnated\as T1to T4in ‘which
breakage and dlSpIacement ‘of materlal occur during and after complete
detonat:on of a confmed charge e

- - . . -

PR R . ~

) The trme frames are defmed as follows

(0T biedston v R a
el T e Shock or Stress Wave Propagatlon RN :
e e U T3 — Gas Pressure Expansmn A
E Ve — Mass Movement ) AR

B o Lt
L e e

Each time frame is first discussed separately. and then discussed in
conjunction with blasting thecries for an overall, more detailed explanation
and rneshing of events. Although these are treated as discrete events. it

“should be emphasezed that in a typlcal shot'hole or productnon blast. one
- I-‘ eyent phase can occur snmultaneously with' another atspecuflc timeintervais.

‘..)l ) L

T e e

D a. T1 —DETONATION B

1 :’5:-“_ . RUE -

o -l-.

RN : S ’.}"’r."t. ey,

T .. ~-...’ BT [ - - L
R Rt e A B Detonatlon |s the begmnlng phase of the fragmentatnon process.
- T The |ngred1ents of an exploswe consustmg of a fuel and oxidizer
SR PP comblnation upon detonatnon are |mmed|ate|y converted to high

pressure, hnghtemperature gases Pressureslust behlndthe detona-
ol o tionfront are inthe order of 9 Kbars to 275 Kbars, white temperatures
A range.from.approxnmately -3000° to 7000°F. @) T .
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RO T pressure wave(s) ermtted snto the rock mass results inpart. fromthe
35 .'4.'1 o rapldly expandlﬂg h.gh pressure gas |mpact|ng the borehole wall.
AR} R AR The geometry Of d|spers|on depends prlmarﬂy Oﬂ the Shape of the

e 7! charge lfthe chargeis shot. wnthalengthto drameter ratio of lessthan
R Bl e

U R GF equal to 61, then the dnsturbance is propagated in the form of an

TR R expandlng sphere Ifthe charge tsiong. w:th a length of diameter ratio
noL e 20 “ofgreaterthane 1. then the dlsturbancels propagatednntheform of
S '»’ an expandqng*cylunder (Fugure 11-4). However. in a typical. bottom
Lt s T Bimed. cyllndncal shot hole normaHy encountered inbenchblasting,
ot

~" the strain Waves orlgnnally formed near the pount of initiation are
-0t VIO ajready’in progress and' propagating | into the 'surrounding medium,
" while the detonatlon |s shll progressmg ‘within the explosive column.

T Thus. ‘close to the shot hote. strain wave propagation is neither
IR I
Pt perfectly sphencal nor cylindrical but more like that shown in Figure
11-5, .
. ) T ”
r £
5 - " i ' e ™ [ ! 3 * N a
v : : b o Tt - - o .
QTS0 cat ' e Bench Top' -

High Pressure
Stress Wave
Transmitted
Through The Rock

SECTION THROUGH THE FACE DURING
DETONATION SHOWING EXPANDING
' < ' STRESS WAVE FRONT
o FIGURE 1.5
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- Thepressurenexttothe borehole wall will rise instantaneousiy to
its peak and thenrapidly decay exponentiaily. The quick decayis due
to cavity expansion ofthe borehole and mcreased gas cooting. Cavity
expansion around the borehole can occur through crushing. pulveri-
zatlon and/or displacement of material and can range anywhere
from about one to three hoie diameters depending on the medium
and explosive used. Generally. extensive compressive. shear and
tensnle failure occurasaregion of pulverized material sincetne wave
energy is at its maximum near the borehole wall.

As the strain wave front proceeds outward, it has a tendency to
compressthe materialatthe wave front through avolume change. At
right angles to this compressive front. there éxists another compo-
nent referred to as the tangential or "hoop’ stress. The tangentlal
stress if large enough, can causetensilefailures atrnghtanglestothe

‘direction of propagation? The largest tensile failures are expectedto

occur close to the borehole where the tangential ‘stress is ‘high
enoughforfailure to occur. Boththe compressive and tensile compo-
nents of the wave front decay with distance from the borehole.
When the compressive wave front encounters a discontinuity or
interface. some of the energy is transferred across the discontinuity
and some reflected back to its point of origin.*' For the most part. the
partitioning of energy depends on the ratio of the acoustic impedance
of the materials on either side of the interface, as illustrated in Figure
11.6. Acoustic impedance, Z.for any material is defined as: |

Z2=pXVp
Y * where: 4 = acoustic impedance
p = density of material
Vp = sonic velocity of material
+ Inreference to anure 11:86. wherethe ratio ofthe acousticimpe-

dance of material 1 to material 2 is less than one some of the wave
energy is transferred into material 2 and some reflected back. but
both waves remain compressional. When the acoustic impedance
ratio is 1. all of the energy is transferred into material 2 and no
reflected wave occurs. When the impedance ratio is greater than 1.
then some of the energy gets transferred into material 2 as a com-
pressive wave and the remaining energy gets reflected at the inter-
face as atensile wave. When a compressive wave travelling through
rock encounters.an interface such as a free face. nearly all of the
energy will bereflected back as atensile wave. Ifthe burdendistance
between the free face and explosive column is relatively small in
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through compressional and tensile stress waves, gas pressurization
or ‘a combination of both. However. some degree of fragmentation,

’ although slight. occurs through in- -flight collisions and also when the
‘material impacts the_ ground. Generally the higherthe bench height.

' the greateristhistype of breakage owingtoincreasedimpact veloci-

[

R

[
s
[ -

1

ties of 1ndrwdual fragments when faling onto the bench floor. Sim-
ilarly, materual ejected from opposate rows of a"V-shot design upon
head-on ‘collisions can result in increased fragmentation. This phe-

- nofmenon was evudenced and documented with the use of high-
" 'speed photography of bench blasts. - . .

Mass burden movement offragmented materlal is shown in Fig-
ure11-7fora number oftyplcal face conditions encountered inbench
blastlng operations: Face proflles ‘and velocities are based on the
resuits of high- speed photographlc analysus performedatthe ATLAS

- POWDER COMPANY. Where no subdrllllng is utilized. (2 and b)), two

types of face movement may be encountered n 11-7a the entire
length of face burden. dlrectly infront of the exploswe column moves
out similar to a plane wave and the face velocsty at any point is con-

- stant. This behawor is usually encountered where material is very

competent, qu1te brlttle and structured ‘with well .defined. largely

" 'spacedjoints; much greaterthan the spac:ngs cr burdens employed

in-blast desugns When the matersal rs soft hlghly f:ssured and/or
closely ]O!l'lted ‘as mlght be found in coal and some sedimentary
deposuts face proflles resemblung that of flexural rupture is more
likely. In' this case.'the’ greatest d:splacement and velocity occur
ad;acenttothe center ofthe exploswe column withthe least amount of
movementoccurlng atthetoeand crest Whenidenticat conditionsin
11:7b are assumed and when subdrllllng IS ‘employed. face move-
‘ment® results in much the same" way except thatxthe ‘toe burden is

’ dssplaced upwards faster and at a greater angle to the horizontal.

The first three cases assumed a relatuvely stralght face between
the'crest and toe.' however in many bench blastlng operations, the
‘condition is more like that illustrated in Flgure 11-7d, where toe
burdenis conStderably greaterthan the crest burden Thetoe burden
~is too great for: the explosive selected hence very little movement
occurs at the toe while the greatest d:splacement results in the upper
- half of the bench. e

C AU T

Three options are available to increase toe movement:

& Empioy angle drilling in an attempt'to maintain constant burdens
from the crest to the toe o - o

0 ‘Usea hngher energy bottom charge in the current vertical drill holes

'@ Decrease the burden with the current vertical drill holes

11-12
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in selecting the latter. care should, be exercised so as not to
decrease the burden to the point of obtaining the condition shown in
Figufe 11-7e. The toce burden is now correct for the explosive
selected. but the crest burden is substantially reduced. This may
bring about many ad\.fevrse1 conditions near the crest burden such as
ftyrock. blowouts. and increased airblast complaints. Because con-
finement pressures are released nearthe crest (inthis case, a path of
least resistance relative to the toe burden), restricted toe movement
“wiliresult. Itis better to use the same burden, but with a higherenergy
bottorm charge near the toe. This lgad configuration as shown in Fig-
ure 11-7f tends to pressurize more of the burden mass for longer
pericds without adverse effects, and adegquate toe movementgener-
ally resuits. '

Where large leftover muckpiles are left against the face, Figure
11-7g.toe movement willberestricted andincreased ground vibration
levels are likely. Unless the situation reguires a buffer, such as when
blasting in the vicinity of mining equipment or to avoid dilution of an
ore biast adjacent to a waste muckpile, it should be avoided.

Where seams are encountered in a blast. Figure 11-7h. tremen-

‘dous gas ejections with veiocities up to 600 ft/sec can occur. When
such gas venting occurs, it will adversely affect other parts of the
burdenrrto displace adequately and inevitably leads to poor overall
blasting results. A stemming deck immediately adjacent to the seam
will give better results.

TIME EVENTS T1-T4 COMBINED

Uptothis point. timeevents T1to T4 have beendiscussed 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 face with the primer
located near the bottom of the hole as is illustrated in Figure 11-8.
Assume the explosive 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/cc.
Upon initiation of the primer, it takes only a few microseconds and a
distance of 2to 6 hole diameters up the column to form a full detona-
tion head. When a full detonation head is formed, it travels up the

-explosive column with a velocity characteristic of the steady-state
~ velocity, (inthis case 13,000 ft/sec). it takes approximately 3.0 ms for
the 40 foot column of ANFO to be completely detonated.

Within this 3.0 ms. many other things have 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- A
nents emanatingfromthe borehole walls and progressing outwardin

every direction with a velocity characteristic of the sonic wave veloc-

ity of limestone. It takes approximately 1.0 msec for the compressive
strainwavetotransverse 15feetof burdentothe freeface Behindthe

strain wave propagation scme radial cracks start to develop in the
crushed zoneregion ofthe borehole with a velocity ranging from 25to

50% of the P-wave velocity for limestone. If the intensity of the com-
pressive strain pulse is high enough. new cracks and/or extensions of s
pre-existing cracksand flaws canbe initiated anywhere betweenthe
crushed zone next to the borehole and the free face. The greatest
numbear of cracks are generally found closest to the horehole.

When the compresswe wave strikes a free face. itis wnmedmtew

converted to a tensile strain wave which starts at the free face and
trivvels back through the rock mass towards the borehole. Owing to
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the new fractures created from the outgoing compressive strain
wave, the tensile strain wave will take somewhat longer to travel the
same burdendistance of 15feet. ifthe burdenis smallenoughandthe
intensity ofthe reflected strainwaveislarge enough. thensome spall-
tng at the free face or bench top is expected. although no significant
mass movement will occur.’

At 3 ms after detonation and complete reaction of ANFO. the
original high temperature, high pressure gases have reached a new
equilibrium due to borehole expansion. Both temperature and pres-
sure have dropped significantly resulting in an energy reduction
ranging from 25 to 60% of the theoretical energy originally available.
This remaining:energy acts on the surrounding "preconditioned’”
rock mass to displace it in the direction of ieast resistance. Further
fragmentation can occur at this stage from gases entering and
extending preexisting cracks or discontinuities. It is at this stage
where some blasting theories are contradictory. Some believe that
the major fracture network is compieted within about 3 ms due to the
interaction of stress waves on the surrounding material, while others
believe that the major fracture network is just beginning. .

Regardless of which time frame is responsibie for the develop-
ment of a fracture network, mass movement and displacement of
material at the bench top'or face occurs much later intime due to the
confinement of gas pressure withintherock mass. The onsetof 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 encountared in the field, bench top
swellingoccurs between 1t0 60 ms, stemming ejections between 2to
80 ms and bench burdens'between 5 to 110 ms. Surface uplifting
velocities around the collar region of a hole occur between 5and 120
ft/sec, stemming ejections between 10 to 1500 ftYsec and burden
velocities between 5 to 200 ft/sec. Gas ejection velocities at discon-
tinuities have been recorded as high as 700 ft/sec and often occurin
less than 5 ms. '

RUPTURE RADIUS

The degree of damage and fracturing around a borehole can be char-
acterized by four 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 also referred to as the hydrodynamic zone in
which the elastic rigidity of the rock becomes insignificant. {6)

Next to the crushed zone is a region defined by a severely fractured
zone referred to as the non-linear zorie. Here fracturing can range from
severe crushingthrough partial fracturing, to plastic deformation. Extension

———
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ZONES OF RUPTURE RADIUS
FIGURE 11.9

of cracks can occur from previously formed cracks by the tangential com-
‘ponent (hoop stress) of the shock wave, infiltration of gas pressure and at
flaw sites. ' |

In zones 3 and 4 (elastic zones) tensile failures and crack extensions
occurinalessintense mode because the stress wave amplitude has atten-
uated significantly. Much of the original energy from the detonation has
been consumed inthe form of heat, friction. and fracturing in zones 1 and 2.
The peak amplitude ofthe compressive stressis now muchsmallerthanth=
compressive strength of the rock so no new fractures are likely inthis wa-'2
type. However. the tangential stress component of the wave is still substar
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tially largerthanthetensile strehgth of therock. Sincethetensile strength of
rockisabout1/15to 1/10 of the compressive strength. the tangential stress
of the wave is large enough to cause radial fractures. These new fractures
"are formed from the extension of cracks in the non-linear zone {zone 2) or
from cracks initiated from microfractures and flaws inherent in a typical
rock mass. ‘

Once the tangential stress has attenuated below the critical tensile
strength of the rock. no further breakage occurs beyond this point as illus-
tratedinzone 5 (Figure 11-9). Oncethe waveordisturbance passesintoand
‘through this zone. the individual particles of the medium will oscillate and
vibriate abouttherr rest positions within the elastic‘linnts oftherock aincd sono
permanent damage resulls. It is thisregion where seisimic waves are car-
ried considerable distances and are responsible for ground vibrations.

Table 11-2 gives an idea of the degree of maximum damage found
around the crushed and fractured zones in terms of charge radii for a
nurmber of conditions. Resuits are based onthe works of many researchers.
conducted in a number of different materials with varying expiosives. For a
given explosive. the rupture radius is greater in soft rock than hard rock.
Giventhesamerock. theruptureradiusis gréaterfor higher strength explo-
sives than lower strength ones. Thus. the degree of radial rupture is influ-
enced by the explosive. material properties and structure.

TABLE 2
DEGREE OF DAMAGE AROUND A

BOREHOLE IN TERMS OF CHARGE RADII

r'— CRUSHED AADIUS OF
EXPLOSIVE CHARGE MATERIAL OK ZONE IN DAMAGE
MMENT
SOURCE EXPLOSIVE AMOUNT SHAPE ROCK TYPE CHARGE IN CHARGE co E 8
RADII {MAX) AACE (MAX)
Oisen (7) ca 025 ag ] Granile - 18
2.00 kg 1] Granie - 20
Sisiind {8) 40% Dynamile ] — [ Shale - 45-55%
ANFO - c Shale - 1%-22
Catlermole (9)] 5O - < Tulisceous 3.0 20-10
Oynamite Pytoctastic
Colorado (Y0} | —~ Soft Rock 26.29
School of Hard Rock 20-21
Mines
Destich (1Y) Nucleas g Giamnle 19 4.9
{THT)--
Alchison 12} | = 1.8 kg (man) < Granile 345 -
D'Andees (13) | C4 0.00 218 kg ] Geanite 23 -
0 0.467 hy
Sisking (14) ANFO - [=4 Granie - 14
Kutler ot Underwaler - -] Pisxigiass - § Theoretically
al {8 Spark & Rock Calculated
Discharge c Plexiglass - 9 Theoretically
& Rock Calculaieg
Vavk ef - - Granile, Lime- 8-12 30-50
Al [(15) sione &
Concrete
Raig {18} Niriear Competent 2718 - Horizontal
. Fracturing
20 - Below Shotl
Point
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BLASTING THEORIES (Past & Present)

Inthis section, blasting theornesofthe pastand presentare discussed in
concept form. Table 11-2is a list of some of the more common thoughts
regarding breakage mechantnsandtneressurchers responsible fortheir
introduction. This list is by (0 euns Ceinpleie. but it does illustrate how
certain thoughts on Llastiteg doeoiy taried wits, the simple reflection theory
after World War il and proyteuoced to the e x.umplex nuclei or stress-
wave flaw theory of the presciii. ‘

Since each theory has nmhierent strengtns and weaknesses. the main
conceptsofeachtheory are Diestcsplained with a bnefdescrlption Blasting
theorues discussed are:

a) Reflection Theory (Refiected Suress wWaves)

b) Gas Expansion Theory '

c) Flexural Rupture

d) Stress Waves & Gas Erpuncion Theory

e) Stress Waves, Gas Expansion & Gtress- -Wave/Flaw Theory
f) ~  Nuclei or Stress-Wave/Flaw Theory

g) . Torque Theory
h) Cratering Theory

i) Cratering Mechanisms -

a. REFLECTION THEORY (Refiected Stress Waves) (17. 18, 19. 20)

One of the first attempts to explain. analytically, how rock breaks
when a concentrated explosive charge is detonated in a borehole
near a free surface was with the reflection theory. The concept was
simpfe. straightforward. and based strictly onthe wellknown factthat
rock is always less resistant in tension than in compression. A
compressive strain pulse is generated by the detonation of. an
explosive charge. moves through the rock'in all directions with a

‘decaying amplitude. andisreflected only ata free surface. Atthe free

surface.the compressive strain puiseis converted into a tensile strain
pulsethat progresses backtoits pointof origin. (See Figure 11-10). Since
rock is weakest in tension. it is easily pulled apart by the refiected
tensile strain pulse and damage at the face appears in the form of
spalling. The high pressure. expanding gases. are not deemed
directly responsible for the major degree of fracturing that occurs.

A more detailed explanation follows: Detonation of an explosive
charge in rock generates a large quantity of high temperature. high
pressure gas in a very short time. Typically. this occurs in a few
microseconds for smallcylindrical chargesandinafew milliseconds
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TABLE 11.3
BLASTING THEORIES AND

THEIR BREAKAGE MECHANISM

BREAKAGE MECHANISMS
DATE RESEARCHER(S) tensie [SSRRRES Lo | fLexunal| MUckE!
- REFLECTED| grpan |PRESSURE|] RUPTURE | STRESS:
WAVES WAVES FLAW
1949 { Obert, Duvall (17) (18) 1
1956 | Hind (19) 1
1957 Duvall, Atchison (20) 1
1958 | Rinehart (21) 1
1963 | Langtors, Kihistrom (22) . 2 1
1966 | Starfield (23) 1 :
1970 | Porter, Fairhurst {24) ’ 2 1
1970 | Persson, Lunborg, Johansson (25) 1
1971 | Kutiter, Fairhurst (6) 1 1
1971 | Field, Ladegarrd - Pederson (26) 1 1
1872 | Johansson, Persson (27) 2 1
1972 | Lang, Faureau (28) 4 2 1 _ 3
1973 | Ash (29) 1 1
1974 | Hagan (30) (31) 1
1978 | Barker, Fourney, Dally (32) (33) (34) 1
1983 | Winzer, Anderson, Ritter (35) 1
1983 | Adams, Margolin (36) (37) 1
1983 | McHugh (38) 1

for long cylindrical charges found in normal bench blasting. This gas
pressure acting against the borehole wail generates a compressive
strain or stress pulse of high amplitude which will crush and/or frac-
ture rock next to the borehole. This stress pulse travels radially out-
ward inail directions fromthe shot point at speeds equalto or greater
thanthe velocity of soundinthe medium. Due to wave divergence and
energy absorption by the rock, the pulse amplitude decreases very
rapidly. Thus, the extent of the crushed zone immediately nextto the
borehole is relatively small.

When a longitudinal compressive stress strikes a free surface.
two reflected pulses are generated. a tensne. and shear pulse. The
amount of energy imparted to each depends on the angle of inci-
dence of the compressional stress puise. Of thetworeflected pulses.
the tensile one predommates inbreaking rock as it moves back mto
the rock.
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The effective transfer of detonation pressure to stress inthe rock
depends ontheimpedance match of the exptosive torock. A smailer
explosive to rock impedance ratio was shown to provide a more
effective transfer of t_his pressure to stress. The concept of reflection

breakage is illustrated in Figure 11-10. The time order of key evenls
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RELECTION THEORY

detonation. generaticn of Migh
pressure. high temperature gases

borehole walls are crushed and
slightly tractured due t¢ high gas
pressure, and borengcle expands

compressional strain pulse propa-
gates outward in all directions

part of compressional strain putse
impinges on lree surtace

part of pulse continues tgo travel
outward and part ofitisreflected at
the free surface as a tensile strain
pulse

slab of rock bégins to detach from
tree face and moves forward

other compressive  stress pulses
arrive atthe newly formed face and
repeats breaking process

- TENSILE FRACTURE BY RELECTION

OF A COMPRESSIVE STRAIN
PULSE AT A FREE SURFACE

. FIGURE 11.10

3

Slabs broken off closer to the hole are displaced with lower

velocities.
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GAS EXPANSION THEORY (25) (39)

The pressure acting onthe walls of an explosive filled hole. upon
detonation. will be approximately one-half ofthe detonation pressure
due to expansion of the borehole. This pressure wiil propagate ocut
from the borehole into the rock as a shock wave. The material
between the borehole and the shock front is compressed and flows
elasticalily or plastically. depending on the pressure and strength of
therock Someradial cracks form nexttothe borehole wall starting at
about two hole 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 face exists, a
small number of these radial cracks become very much larger than
the others. ‘ _

Bythetimethe shock wavereachesthefree surface. radial crack
lengthsformed are lessthanone quarter of this distance. Atthis stage

‘the longest of cracks have extended inwards and reached the bore-

hole wall. Gas pressure is now capable of entering these cracks andif
the pressure is high encugh can reach out towards the crack tips.
thus further elongating 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, acceleration of the rock mass
between the hole and free face has been negligible. Only after the
cracks have reached the free surface is the rock acceierated by the
remaining gas pressure.

The key point of the gas expansion theory are: ‘
® Radialcracks are initiated notimmediately nexttothe borehole but
abouttwo hole radiiout and extend inwards towardthe hole as well
as outwards towards a free face.

® Rock displacement does not occur until pressurized radial cracks
extend to the free surface.

FLEXURAL RUPTURE (A Gas Expansion Theory) (29)

During detonation of an explosive confined in a borehole. two
distinct pressures are formed; one from the detonation itse{lf and the
other from the highly heated gases acting on the borehole walls. In
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this theory, ninety percent of the total energy to break rock is in the
latter. Detonation pressure acts only momentarily against any one
part of the borehole’s internal surface area. while gas pressure is
sustained considerably longer until some form of cavity volume
change occurs. Gas pressure, then, is the major component respon-
sible for fragmentation and flexural rupture.

Radial cracks form only in planes parallel with the borehole axis.
No cracks develop where the explosive is notin immediate contact,
thus most cracks form adjacenttothe borehole wall where tangential
stresses are produced within the borehole’'s wall as the cavity is
- pressurized. Providing strain‘energies at crack tips are adeqguate,
extension of fractures continue. Breakage by reflection of strain
energy at a free face is considered negligible. Gas pressure drives’
the radially produced cracks through the burdento the free face and
displaces rock through bending and in the direction of least resist-
ance generally following naturally occuring’planes of weakness. tis
during this final stage where the major breakup of intact material
takes place.

Breaking of rock by flexural rupture is analogous to bending and
breaking a beam asillustratedin Figures 11-11 and 11-12. Arectan-
gular beam is used to represent 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 rotler allows the collar region
to rotate and move longitudinalty but does not allow deflection normal
to the borehote axis. Although not shown for clarity of concept, the
beam thickness in Figures 11-11.and 11-12 is actually equal to the
burden. Borehole pressureis represented as aload distributed along
the length of blasthole containing the expilosive. Rock weight of the
bench segmentis considered negligible relative to the load resulting
from the borehole gas pressure. Maximum contribution of total rock
load acting at floor level is only at a ratio of about 1:100,000 or more
comparéd to gas pressure.

The degreé of fragmentation is controlled bythe stiffness property
of the burden-rock mass. This stiffness depends on existing restraints
to movement. rock (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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To achieve adequate flexurai rupture. the burden to length (B/L)
ratio becomes criticalbecause stiffness varies with the third power of
this ratio. For a given explosive diameter and reflective B value,
decreasing the bench height L has the effect of,

i) stiffening the burden rock

iy reduces fragmentation

i), inhibitsthe necessarylateraland upward displacements needed

to'break collar material and remove toes

Reducing burden for a given bench height has the opposite
effect. Doubling the bench height for a given burden, or reducing the
burden by one-half for a constant bench height has the effect of
reducing the stiffness theoretically some eight times, although in
practice a B/L ratio of 1/3 is often adequate.

STRESS WAVE AND GAS EXPANSION THEORY (6)

- In 1971, Kutter and Fairhurst combined the concepts of strain
wave induced fracturing and gas pressure as the main mechanisms
to fragment rock. Their experiments were performed with homogen-
ous plexigiass and rock models.

After detonation, an intense pressure wave is emitted into the
rock fromtheimpactofthe rapidly expanding high pressure gas. This
pressure rises immediately to its peak and can be assumed to be
one-haif to one-quarter of the detonation pressure. Due to cavity
expansion around the borehole and the cooling of the gases, the
pressure decays exponentially. In spite of the decay. the pressure is
sufficient to exert a quasi-static pressure on the rock boundary for a
relatuvely long time.

The amountof energy inthe shock waveis calculatedtobeonlya
fraction of the total energy released by the explosive. In granite this

‘was measured torange between 10to 18 percent while in salt it was

only 2 to 4% of the total energy released. The remaining energy is
contained in the gas pressure. However, the compressional wave
energy is suffucnently high next to the borehole to cause extensive
breakage.

A radially fractured zone is the first fracture pattern to develop
around the new expanded cavity. Next to develop is a ring of wider
spaced radial cracks.
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This width of radially fractured zone depends on:

the tensile strenéth of the rock

wave velocity of the rock

input oressure of the explosive

detonation velocity of 'explosive

extent of energy absorption in the rock mass

The diameter ofthe fractured zone wastheoretically calculateato

_be around six hote diameters for a spherical charge and nine hole

diametersforacylindrical charge. ltisinthis expanded or equivalent
cavity that the gas pressure becomes active and not in the original

‘borehole. Thus cracks are pressurized and free to extend toward a

free face. The original stress wave functions only to precondition the
rock by initiating (in tension) radial cracks at the borehole wall,

The main points of interest of the stress wave and gas expansion
theory are:

¢ Both stress waves and high pressure gaseé play animportant role
in fragmenting material. Neither the strain wave or gas pressure
alone is responsible for rock fragmentation in biasting.

® Radial cracks originate at the borehole wall.

® Pre-existing cracks wouldreinitiate under stress, butnonew cracks
would form in the area occupied by an old crack.

® Presence of a free surface favors extensson ‘of gas pressurized
radial cracks m that direction.

® In-situ stresses affect the direction in which rad|al cracks travel,

e Fora given borehole size. an increase of explosive charge beyond
an optimum amount does not increase the fractured zone, but
results only in additional crushing around the cavity.

GAS EXPANSION, STRESS WAVES, STRESS-WAVE FLAW, AND
REFLECTION — (Combined Theory} (28)

Stage 1 —On detonation of the explosive the high pressure shat-
ters the rock in an area adjacent to the drill hole. The outgoing shock
wave traveling at 9.000 to 17.000 feet per second sets up tangential
stresses.that create radial cracks which move out from the region of
the hole. The first radial cracks develop in one to two milliseconds.
(Figure 11-13a) '
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PRODUCING AN ISOLATED FRAGMENTED ROCK MASS OR CRATER

. FIGURE 11.13 .

Stage 2—The pressure associated with the outgoing shock wave
ofthefirststageis positive. Ifthe shock wavereaches afreeface it wiil
reflect. but in.s0 doing the pressure falls rapidly to negative values
and atensionwaveis created. Thistension wavetravels backintothe
rock and since this material is tess resistant to tension than to com-
pression. primary failure cracks will develop due to the tensile
strength of this reflected wave. If these tensile stresses are sufficiently
intense they may cause scabbing or spalling atthe free face. (Figure
11-13b)

In rock breaking this spalling effect appears to be of secondary
impartance. It has been calculated thatthe expiosive lcad must be in
the order of B 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
energyistoconditiontherock by inducing numerous small fractures.
In most explosives the shock wave energy theoretically amounts to
only 5to 15% of the total energy of the explosive. This strongiy sug-
gests that the shock wave is not directly responsible for any signifi-
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cantamountofrock breakage, butitdoes provide the basic condition-
ing for the last stage of the breakage process.

Stage 3—inthis last stage the actual breakage of rock 1S a slower
action. Under the influence of the exceedingly high pressure of the
expiosion gases, the primary radial cracks are enlarged rapidly by
the combined effect of tensile 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
rockunioadinmuchthe same wayasacompressed 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 inthe second stage serve as zones of weak-
ness to initiate the major fragmentation reactions. (Figure 11-13¢)

NUCLEIORSTRESS WAVE—FLAWTHEORY (32.33.34.35.37.38)

This relatively new theory was formulated at the University of
Maryland in-the fracture mechanics laboratory. Laboratory tests
were conducted in homolite-100 models, both unflawed and flawed.
by simulating many of the geglogic structures and discontinuities
(joints, fractures, bedding planes) typically found in large scale
bench blasting. Resuits showed that stress waves were quite impor-
tantinthe 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 discontinuitiesthatacted as a nucieifor crack formation. devel-
opmentor extension. This new stress wave dominated 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
rmany phases such as: (40)

@ detonation and crack nucieation around borehole
® crushed zone axtension

¢ dynamic crack stability

e activation of flaws

‘@ coalescence of wave velocutles and strains
branching of cracks

interaction of cracks and reflected wave systems
instability of crack direction

random progressive failure
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In more simple terms. the important points of the theory are
explained with the illustration in Figure 11-14. A borehole is iocated
behind a free face with two discontinuities. a joint plane and a small
flaw. located between the borehole and free face. Assume all other
areas in the medium to be homogenecus and flaw free,

Inunflawed material, only 8to 12dominantcracksemergefroma
dense radial network around the borehole. These dominant cracks
can travel significant distances and consequently form tlarge 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.

~ Joint

Plane
Borehole Flaw

@ © 1 o

(b)

NUCLE! THEORY
FIGURE 11.14
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inflawed materiai or sections of the material which contain flaws.
fragmentation is quite different. Consider the P and S waves propa-
gating away from the fracture network around the borehole in Figure
11-14b and t1-14c. Refer to Chapter 12—Vibration/AirBlast section
foradiscussionon Seismic Waves. Nofracturing takes place untilthe
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
jointplane andthefreeface, (Figure 11-14d). ltisimportant to note that
cracks are initiated at flaw sites remote from the borehole region by
the combined action of the P wave tail and the S wave front. Flaws
initiated inthe immediate borehole vicinity of these waves have only a
smali effect. Note also. that the outward directed P and S waves can
initiate flaws anywhere independentofthe presence of afree surface.

When a P wave encounters a free face (Figure 11-14d and 11-
14e), itisreflected andtravels backintothe medium as atensile wave
to meetthe outcoming S wave. Atthis stage, constructive interference
can occur which allows for further crack initiation or extension of
cracks previcusly 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 11-14f and
11-14q illustrate further crack extensions when all wave systems
have been reflected back towards the hole.

The important points of the,'nuclei or stress-wave flaw theory are:

® the fracture network spreads with the speed of the P and S waves,
which initiate fracture around flaws remote from the borehole

® in highly flawed rhaterial, fragmentation results from the nucleation
of new cracks at flaws and reinitiation of old cracks from the
‘reflected stress wave systems -

® gas pressurization does not contribute significantly to the fragmen-
tation process :

Computational models incorporating stress wave/flaw interac-
tion as a mechanism of nucleating and extending cracksis growingin
popularity. (32-38. 40) Althoughthe models differinapproach and/or
details, the main idea is that shock and/or stress waves fragment
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“material and gas pressure acts to disptace the broken material.
Stress wave functions notonly toinitiate fractures at or nearthe bore-
hole wall. but also initiate fractures throughout the rock mass being
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 foundto be considerably greaterthan either spalling or borehole
radial tensile failure documented by earlier works. Gas pressurized
radial fracturing, in typical bench blasting operation, was found to be
onlyaminor contributor to the overall fragmentation oftherock mass.

Some key points of Winzer's theory and observations are:
i) new fractures are seen to form at the face at about twice the
time it takes for the P wave to traverse the burden distance
iy old 'fractures are the loci of new fractures or are re-initiated
themselves early in the event; they continue to be active for
several tens of milliseconds after detonation of the explosive
. .

- iii)  fragmentation continues in blocks of rock, following detach-
ment from the main rock mass, by trapped stress waves

iv) the fracture pattern on'the free face is well developed priorto

the expectedtime of arrival of radial cracks fromthe borehcle

v) in biasted faces from production-scale shots. fractures are

.observed to have initiated at. and propagated from, joint and

bedding planes, suggesti'ng the same operating mechanism(s)

asthose observedin homoiite models atthe 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 face 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

A
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viii) largefragments wili form early inthe event, and as they move
and fractures open. large segments 6f the rock mass will be
effectively isolated from further stress energy

ix) inmoreheavily fractured rock, the stress wave velocity wiil 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 therock can be expected to be slower as more
energy is absorbed by the rock mass

xiy 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

TORQUE THEORY

The success of this theory is totally dependent on the absolute,
accurate timing of initiators. When two adjacént explosive columns
are initiated simultaneously from opposite ends, a compressional
shock wavefromeach columntraveling parallel butin oppaosite direc-
tionsis formed. (Figure 11-15) The greatest stress is aIWays directec
perpéndicular tothe primary shock front. This stressis also assumed -
to be greatest near the detonation head in the explosive and dimin-
ishes with distance away from the détonation head. An uneven 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 toss the material in a clockwise motion. This action is

precisely what is needed to obtain uniform fragmentation and avoid

tight muck piles such as inthe case of in-situ retorting. For this theory

to work, exact initiators are crucial; nothing less will do, especially
when using explosives with very high velocity of detonation.

CRATERING THEORY (41-45)

. Theconceptof cratering. its development. and resulting applica-
tions were originally proposed by C.W. Livingston and later moditied
by others suchaslLang and Bauer. (41)(43) (44) itinvolves aspherical
charge of length to diameter ratio of less than or equal tc 6.to 1,
detonated at an empiracally determined distance beneath the sur-
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APPLICATION OF NEW .BLASTING
THEORY TO IN-SITU RETORTS
BLASTING
FIGURE 11.15

face to optimize the greatest volume of permanently fragmented
material betweenthe charge andfree surface. Thisimpliesthat given
a specific explosive and material, there exists a burden distance
between the chafge and free surface which yields the largest crater
(Figure 11-16d). This burden is referred to as the optimum burden or
depth. Similarly, there exists another burden distance referred to as
the critical distance, which is too far below the surface toresuitin any
crater or expulsion of material at the surface, other than minor radial
cracks. This is the point where material at the surface just begins to
show evidence of failure, (Figure 11-16b).
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LiQingston determined, experimentally and theoretically, that
there was a constantfactor betweenthis critical burden distance and
the cube root of the weight of explosive and expressed it as:

Strain Energy Equation
1

N =Exw?3
where:
N = critical distance in feet
. W = weight of explosive in pounds _
E = proportionality constant or the straln energy factor

which has no units and is constant for one given explo-
sive - rock combination

If a sufficient number of tests are perfo'rmed as iflustratedin Fig-
ure 11-16, then the strain energy factor could be calculated. For
example if the critical burden was found to be 12 feet when using 40
pounds of ANFQ, then
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E = -
W3
E ="—12—1
(40) 3
E = 12
3.42
E = 3.51
Strain Energy Factor = 3.51 -

This strain energy factor, E, will differ if the same explosive is used
in a different material or the same material is blasted with a different
explosive. When rock gets more brittle, E increases and the optimum
crater volume occurs at lower values of depth ratio. in softer material.
E decreases and the optimum crater volume occurs at higher values
of depth ratio.

The strain energy equation can be written in ancther form that
relatesthe charge depth from surfacetothe depthratio, strain energy
and explosive weight as: '

Upper Limit of Shock Range
1

de= AXExW?3

where:
d = distance from surface to the center of gravity of the .
chargein feet
A\ = depth ratio = depth of burial
- critical depth
W = weight of explosive in pounds

If de isthe optimum burdenthat yields the greatest volume of
fragmented material, thenitis referred to as dg and the opti-
mum depth ratic is referredtoas A 4.
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Increasing
Volume Of Fragmented Material

Crater data can be plotted in a number of different ways. Figure
11-17illustrates the effectoftwo explosives, Aand Bonthe 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
- TT ™~

!

do For Explosive A

increasing Depth Of Burial

VOLUME OF FRAGMENTED MATERIAL VERSUS
DEPTH OF BURIED FOR TWO EXPLOSIVES IN
THE SAME MATERIAL
- FIGURE 11.17 -

Another method of representing crater dataonacommonbaseis
by plotting V/W on the y-axis and the depth ratio on the x-axis as
shownin 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 critical depth. The
important thing to note is that the optimum depth ratio, (H o ). 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, cne should remember that some scatter of data is always

presentanditisimportanttotakethisinto accountforcrucial applica-
tions of cratering.
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CRATERING MECHANISMS (4) (45)

Asthe high pressure explosive gases expand againstthe medium
immediately surrounding the explosion, a spherical shock wave is
generated causing crushing, compaction and plastic deformation.
{(Figure 11-18a) For commercial explosives the initial shock pres-
sures are on the order of 100 to 200 thousand atmospheres (one
atmosphere = 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. Inregions outside this limitthe shock wave will
produce permanent deformation by plastic flow. until the peak pres-
sure in the shock front has decreased to a value equal to the plastic
limit of the medium. This is the boundary between the plastic and
elastic zones shown in Figure 11-20. .

| Apparent
Ap —ey  Crater
_- _Surtace | Boundary
. ' ooe
True Crater . ~':._ o T ,
Boundary s " R -
< . -’ ;
Rp = Radius of Apparent Crater . . r. a1t
Ry = Radius of Lip Crest | R . ' - ELASTIC
Rp = Radius of Rupture Zone IR o ZONE
. ] '
DOB = Depth of Burial
Hp = Depth of Apparent Crater PLASTIC !

ZONE
|
[

+
,

EMPLOYMENT OF ATOMIC DEMOLITION MUNITIONS

DEPARTMENT OF THE ARMY, WASHINGTON, D.C. AUG. 1971
' " FIGURE 11.20

Whenthe compressive shock frontencounters afree face. 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 backintothe medium(Figure11-19b).
Thus the medium which was originally under high compression is
putintotension by therarefaction wave. This phenomenon causesthe
medium to break up and fly upward with a velocity characteristic of

" thetotal momentum impartedtoit. in aloose soil material. this spalling
makes almaostevery particle flyintothe air individually, whileinarock
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mediumthethickness ofthe spalled materialis generally determined
by the presence of pre-existing fracture patterns and zones of weak-
ness. As the distance from surface increases. the peak negative
pressure decreases until it no longer exceeds the tensile strength of
the medium The velocity of spalted material aiso decreases in pro-
poartion to the peak pressure. This breakage mechanism is predomi-
nant only for charges placed at very shallow depths of burial.

Thetwo mechanisms described sofar are shortterm. lasting only
a few milliseconds. The gas acceleration mechanism, however. is a
much longer lasting process which imparts motion to the medium
around the detonation by the expansion of gases trapped in the
explosion-formed cavity. (Figure 11-18¢ and 11-19d) These gases
are producedinthe surrounding material by vaporization and chem-
ical changes induced by the heat and pressure of the explosion.
Venting occurs because the materialis nolonger cohesive enoughto
contain the explosion gases. As the gases are released. fragments ’
assume free ballistic trajectories. At depths of burial at which crater
dimensions are maximum, the gases produced will give appreciable
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 v_elocitiés are so high that the gases are
unable to exert any pressure before venting occurs. For very deep
expiosions the weight of the overburden precludes any significant
gas acceleration of the overlying material. Gas acceleration is the
dominant mechanism at optimum depth of burial. With a constant
weight of explosive, the optimum depth of burial varies with the sur-
rounding material. :

At deep depths of burial. the mechamsm of overburden collapse
(subsidence) becomes dominant. This effect is ciosely linked to the
crushing, compaction and plastic deformation mechanism which
produces an underground cavity. Atthese depths of burial. spali and
gas acceleration will not impart sufficient velocity to the overlying
material to physically ejectitfromthe crater. Mostthrowoutreturnsto
the crater as fallback material. in a rock medium the bulking action of
therock, whenitis disoriented fromits original fracture pattern. couid
produce a volume greater than the underground cavity. This could
result in no crater or a 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 significant effect on the overlying mate-
rial. Only an underground cavity is formed. When the pressure in the
. cavity decreases below overburden pressure, the roof of the cavity
begins to collapse. In most media this collapse will continue upward
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forming a chimney of collapsed material. In soil, where the density of
the material will not significantly change afterit has fallen, the volume
of the undergrcund cavity will be transmitted to the surface.

Figure 11-21 illustrates surface time profiles after detonationof a
40 pound equivalent charge of ANFQO. buried 8.0 feetin an unconsoli-
dated. sedimentary type material. (46) High-speed photography was
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/

used to document the effects of shock and gas pressufe. The first
observation was that of brisance or the reflection of the compressive
. shock atthe surface a few milliseconds after detonation. This is indi-
cated by the dotted eclipse immediately above the charge hole or
surface. With sufficient camera coverage and appropriate viewing
angles. this shock ring can often be used to estimate, in 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 responsible
for uplifting and ejecting material radially-outward.

As gas expansion occurs around the charge cavity, the material
above the charge is compacted and heaved upwards. Between 0 to
45 milliseconds after detonation. the uplifted material is resiliant and
compacted enough to maintain sufficient cohesion to contain all
gasesresulting from expansion. At60 ms gas venting beginsto occur
directly above the charge and continues to expand in a well defined
arc with respect to time. If the gas venting contacts at each end of
each 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 gasventing angle was measuredto be approximateiy 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 to gas 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 ofthe gas venting angie. Owingtoacharge depth beyond
optimum, the final resultis a mound ratherthan a crater. The moundis
indicated by the shaded section underneath the 60 ms time profile.

The initial instantaneous uplifting velocity above the charge is
generally high but ditlminishes to zero when the material has reached
its highest displacement. In reference to Figure 11-21, the average
initial velocity along the vertical disptacement vectorupto 45 msis 68
ft/sec. The average velocity from 60 ms to 239 ms is 54 ft/sec. The
difference 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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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 extensive damage. Thethree principal
modes of rock failure occur by exceedingthe dynamic compressive, shear
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or tensile strengths. |deally, the borehole pressure should be somewhere
between the compressive and tensile strength of the rock, so'as to avoid
extensive crushing at the borehoie wall, yet provide enough pressure to
extend a single predominant crack between any two perimeter holesinthe
control line of holes. : |
A good exa-mple of decoupling in air and water in relation to fully -

coupled holes isillustrated in Figure 11-23. (47) The pressure imparted in
the rock mass at 36" away for the same explosive is shown for four

conditions:

i) a 6" diameter explosive in a §" hole
i a 2" diameter expiosive in a 2" hole :
iit) a 2" diameter explosive in a 6" hole (air decoupled)
iv) a 2" diameter explosive in a 8" hole (water decoupled)
| LT . . ; t.o
g 36" | 0.75
1
——f —— Distance To Point 4 0.50
Borehote 0' ob’el’va"on d03s
Wall
AEEL D GEF NS Eh TED 4R T daED T T - - o
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I ‘ - | Hos0
—_— 2 . Borehole Wall | ‘ | ) Ho.2s5
ey e T eoas b iy N Il I G G S . -0
1 Explosive .. | -
|
| Borehole I + 0.50
Wall 4025
Explosive |
- D SED SED GED I SOD GNP GED NN S LR G D e e -0
Air |
- 0.50
Water - I
Explosive 4025
-l I GED D GES GES TED R WE o de En o -0
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}

EFFECT OF AIR AND WATER DECOUPLING

VS FULLY COUPLED HOLES
FIGURE 11.23 (47)

All measured stress levels are compared relative to the 8" diameter
explosive in a 6" diameter hole. A number of important points are imme-
diately evident. The greatest stress level was achieved with a fully coupled
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explogive in a 6" diameter hote. The next highest stress level was achieved,
again. with a fully ¢coupled exptosive, even though the hole diameter was
reducedthree-foldtoa 2” diameter. Water decoupling followed nextand air
decoupling produced the smaliest stress level. Thus. an air decoupled
charge is the most effective means of reducing borehole pressure and
consequently the peak stress level within the rock mass.

A reasonably reliable method of caiculating the borehole pressure is
with the following formula which takes into accounttwo decoupling ratios. .
(48) (49) (50}~ ’

*
: 2.6
Pp = 1.69x 1073 x p x VOD2 x | V€ xde
: ~ 'dh
where:
Pp = Borehole pressure in PSL.
p = Densi@y of explosive in g/cc
VOD = Velocity of detonation in ft/sec
c = Perc'entage of explosive column loaded expressed as a
decimal
de = Explosive diameter (in.)
dh = Hote diameter (in.)

This formula is best suited for explosives which contain no metallic
elements or reilatively small amounts, since the addition of energizing
metals lowers the detonation velocity of the explosive and hence, the
borehole bress‘ure as calculated by this equation. Computer codes such as
TIGER and EXPLODE are used to calculate borehole pressures from
explosives containing metallic elements. ‘ :
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7. UNDERGROUND BLASTING

Fig. 7.1 Tunneling.

7.1 Tunneling. ‘
There are two reasons to go underground and cxcavate:

— to use the excavated space, e.p. for storage, transport etc,
— to use the excavated material, e.g. mining. operations.

In both cases tunneling forms an important part of the entire operation. In
underground construction it is necessary to gain access to the construction site by
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tunncling, but the tunnel cun be a purpose initseif e. g roud, water, LdblCiUﬂllle
elc. e
In mining operations tunnels are used as adits to the mmmg site und for pl‘epdl‘a-
tory work as well as for internul communicasion.

Tunnels ure driven mainly in horizontal or close to horizontal directions but ulso
inclined, from vertically upwards to vertically downwards. [n the following,
tunneling, raise shafts and sink shafts will be dealt with in detail while hlumge in
rock caverns and mining will be dealt with more brietly.

Tunneling is the most frequently ocurring underground operation which also
“forms purt of the-construction of rock chambers etc. and is normally dn‘integral
part of mining operations. '

The development of tunnel driving n,chmquu has been tremendous during the
tust few years. The drilling techniques have dcvelupa.d from pneumatic drilling
‘machines 1o electro-hydraulic drilling’ jumbos with a'very high' capacity. The
charging of the blastholes can be carried out quickly either manually with plastic
pipe churges or mechanically with pneumatic charging equipment.

The development of explosives has moved in the direction of safer products with
betler fumes chhfaclcrist_ics. Moaodern explosives like Emulite and Dynamex M
are well oxygen-balunced with ¢ mininmum ol noxious fumes.,

Initiating systems like NONEL have shortened the charging time and added
further sufety to the blasting operation due to their insusceptibility to electrical
hazurds. o

The modern drilling equipment has shortened the drilling time, the NONEL
system has made connecting of the detonators saler and faster und Emulite, with
its excellent fumes characieristcs, has shortened the ventilation time.

All the above contribute to a taster work cycle;

— drilling

- charging
— blusting
— ventilation
— scaling
~ grouting (if necessary)

- loading and transport

'~ setting out for the new blast

The shorter work cycle calls for better work planning as well us better precision
and accuracy in the different operations of the work cycle.
'In the following, the drilling, chirging and blusting operations will be dealt with.

itis obvious that it is of the utmost importancé that the holes should be drilted at |

the right locations and with the right inclination. The marking of the holes on the
rock face as well as collaring and drilling must be carried out accurately.

Langefors in “The modern technique of Rock Blasting”, says about drilling
precision: ""The scattering of the drill holes as a quantitative factor is often
disregarded. 1t is included quite indefinitely in the techrical margin together with

the rock factor. In discussing blasting as a whole it would be a great advantage if
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attention could be paid to the drilling precision in calculating the charges and in
constructing the drilling pattern; for the blasting of the cut it is essential.”

The main difference between tunne! blasting und bench blasting is that tunnel
blasting is done towards one free surface while bench blasting is done towards
two or morc free surfaces. The rock is thus more constricted in the case of
tunneling and a second free fuce has to be created towards which the rock can
‘break and be thrown away from the surface. This second face is produced by.a
cut in the tunnel face and can be either a parallel hole cut, a-V-cut, a fan-cut or
other ways of opening up the tunnel face.

After the cut opening is made, the stoping towards the cut will begin - The stoping
can be compatred with bench blasting, but it requires a hugher specific charge due
to higher drilling deviation, desire for good fragmentation. and absence of hole
inclination. In addition. ovuuharge of a wnnelblast does nol have the same
disastrous cffect as'in an open air blast, where high precision in calculation is a
must.

&"_—.ib—ﬁ : '. : Flo'of‘holes

1

Floor holes

Fig. 7.2 Nomenclature.

In the case of V-cuts and fan cuts, the cut holes wnll occupy the major part of the
width of the tunnel.

The contour holes — roof holes, wall holcs and ﬂoor holes — have to be ang]cd

out of the contour, "look-out”, so the tunne! will retain its designed area. The

""logk-out” shouid only be big enough to allow space for the drilling equipment

for the coming round. As a guide value, the “look-out™ should not exceed:
10 cm + 3 cm/m holedepth ‘

which keeps the “look-out™ to around 20 cm.
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The consumption of explosives in tunnel blasting is higher than in bench blusting.

The specific charge is 3 1o M umes hnghcr than-that for bench Glasting, depending
“mainly on reasons mentioned above like large dnllmb scatter, higher lixation of

the hales; heave ol lower rock upwurd: to ensure swell and lack of coovperation

between adjuccat blastholes.
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The consumption of explosives will be greatest in the cut area of the blast. A x|

m area around the empty hole/sin a p.lmllcl cut will consume approx. 7 kg/cu.m.
and the spucmc charge will decrease with the distance from the cut unul it
reaches a minimum vadue of about (LY kg/cu.m.

7.1.1 The cut.

The most commonly used cut in tunneling today is the circular cut or large hole
cut as most of the modern drilling equipment is designed for horizontal drilling
perpendicular to the rock face. (Other cuts will be dealt with in the end of this
chapter.)

"All cut holes in the large hole cut are drilied pam]lcl to cach other and the
blasting is carried out towards an empty large drifl hole which acts®as an opening.
The parallel hole cut is a development of the burn cut, where all the holes are
parallel and normally of the same diameter. One hole in the middie is given a
heavy charge and the four holes around it are left uncharged, in other cascs the
middle hote is left uncharged and the four holes are charged.

However, the burn cuts generally result in less advance thun the large hole cuts.

The burn cut will therefore be-disregarded-and only the large hole cuts wil! be
* dcalt with.

The cut may be placed at any location on the tunnel face, but the location of the

cut influences the throw, the explosives' comumpuon and gencmlly the numbcr

of holes in the round.
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fig. 7.7 Lacq:fon of the cut.

1 the cut is pluced close to a wall, there is a probability of better expivitation of
the drilling patiern with less holes in the round. Furthermore, the cut may be
placed alternatively on the right or left side thus placing the cut in relatively
undisturbed rock. To obtain good forward movement and centering of the
muckpile, the cut may be pluced approximately in the middle of the cross section
and quite law down. This position will give less throw and less explosivey’
consumplion because of more stoping downwards. A high position of the cut
gives an extended and easily loaded muckpile, but higher explosives’ consuinp-
tion and normally more drilling due to more upwards stoping.

The normal location of the cut is on the first helper row above the floor.

As mentioned before, the large hole cut is the most common cut today. The cut is
composed of one or more uncharged large diameter holes which are surrounded
by small diumeter blustholes with smali burdens to the large hole/s. The blust-
holes are placed in squares around the opening. . '
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Fig. 7.8 Typical designs of large hole cuts.

The number of squares in the cut is limited by the fact that the burden in the last
square must not exceed the burden of the stoping holes for a given charge
concentration in the hole.
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Fig. 7.9 The complete cut.

The cut holes occupy an area of approx. 2sq.m. (Small tunnel areas, as a matier
of fact, consist only of cut holes and contour holes.) - :
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When designing the cut, the tollowing purameters are of importance for a good
result:

* the diameter of the large hole

* the burden ' £ 300~ I'Lﬁ a>21¢
* the churge concentration. ] -@‘I} - .

In addition, the drilling preci- & 260+ . °

sion is of the utmost import- ¢

ance, especially for the blast-  £200¢

holes closest to the lurge &

hole/s. The slightest deviwion 2 160 1

cun cause the blasthole ‘o @

meet the lurge hole or the bur- 2 100

den 10 become  excessively i 50 F

big. Too big a burden Wll-lUIﬂy 3 . The holes meet
cause breakage or plastic de- 4 0 o, ) )
formation in the cut, resulting 0 50 100 160
in a smaller or greater loss in Diameter ot empty hole, mm

udvanee. Fig. 7.10 Result when blasiing from varying

distances towards an empty hole of varying diu-
meler.
(The Mudern Technique of Rockblasting)

One of the parameters for good advance of the blasted round is the diameter of
the lurge empty hole. The larger the diameter, the deeper thie round may be
drilled and a greater advance can be expected. ’

One of the most commen causes of short advance is 0o small an empty hole in
relation 1o the hole depth,

. Advancg per round,

T

6.5
. . - Hole depth, m
Fig. 7.11 The relation between udvance in per cent of the drill depih and different
empiy hole. diameters.
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As can be seen from the graph, an advance of approx. 90 % can be expected for a
hole depth of 4 m and one empty hole with 102 mm diameter.-+ =~

If several empty holes are used, a fictitious diameter has to be calculated. The
fictitious diamcter of the opening may be calculated in accordance with the
following formuta: :

. = dvh
where D = fictitious empty large hole diameter
d = diameter of empty large holes

n = number of holes

In order to calculate the burden in the first square, the diameter of the large hole
is used in the case of vne largc hole and the fictitious diameter in the case of
several large holes.

-

Calculation of the 1st square.

If we look at the graph 7.10 we find that the distance between the blasthole and
the large empty hole shouid not be greater than 1.5 @ for the opening to be clean
blasted. If the distance is longer, there is merely breakage and when the distance
_is shorter, there is a great risk that the blasthole and empty hole will meet.

So the position of the blastholes in the st square is expressed as:

=150
Where a = C—C distance between the large hole and the blasthole
@ = diameter of the large hole

In the case of several large holes, the rclauon is expressed as:

a =15D
Where a = C-Cdistance beiween th center point of the large holes and the
blasthole

D = fictitious diameter

Charging of the holes in the 1st square.

The holes closest to ‘the empty hole/s must be charged carefully. Too low a
chafge concentration in the hole may not break the rock, while too high a charge
‘concentration may throw the rock against the opposite wail of the large hole with
such high a velocity that the broken rock will be recompacted there and not
blown out through the large hole. Full advance is then not obtained.
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Fig. 7.12 The minimum required charge concentration (kgim) and maximum
C—C distunce (m) for different lurge hole diameters.

The requisite charge concentration for different C—C distances between the
large hole und the nearest blasthole/s may be tound in graph 7.10 for differem
lurge hole diameters. The normal relation for the distance is a=1.5 ©. An
increase in the C—C distance betweenthe holes willcause subsequent increment
of the charge concentration. ' ‘

The cut is often somewhat overcharged to compensate tor error in drilling which
‘may cause too small an angle of breakage. However, too high a churge con-
centration may cause recompaction in the cut.

Calculation of the remaining squares of the cut.

The calculation method for the remaining squares of the cut is essentially the
same us for the 1st square, with the difference that the brcakagc is towards a
rectangular opening instead of a circular.

As is the case of the Ist square, the angle of breakage must not be too acute us
small angles of breakage cun only be compensated 1o a certain extent with higher
charge concentration.

Normally the burden (B) for the remaining squares of the cut is equal to the
width (W) of the opening. B=W.
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Fig. 7.13 The required minimum charge concentration (kgim) und maximim
burden (m) for d:fferem widths of the opening.

Thé charge concentration obtained in graph 7.12 is that of the column of the
hole. In order to break the constricted bottom part, a bottom charge with twice
the charge concentration and a height of 1.5x B should be used. The stemming

part of the hole has a length of 0.5xB.
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Design of cut.

The following formulue are used for the geometric design of the cut area:

The cut: a
Ist square: a=1.35 @_ :—I
W, = aV?2 3O
Omm = 76 89 102 127 154 . %®
amm = 10 130 1530 190 230
W, mm = 150 180 210 270 320 o
2nd square: B =W, D 0;9'\
C-C=1.5W, XL
‘Wa = LSW, V2T 2=
Dmm = 76 89 102 127 154
W,mm = 150 180 210, 270 320
C-C = 225 270 310 400 480
W,mm = 320 380 440 560 670
. . .
- drd Square: i Ba=W,; . c-c
.5 - C-C = 1.5W, — 1
| W3 = LSW,VZ Lt jes Bae
= »l 2 ‘- - '
© mm 76 89 102 127 154 G W
Womm = 320 380 440 560 670 9.
C-C = 480 570 660 840 1000
Wimm = 670 800 930 1180 1400
Jth square: B; = W,
C-C = 1.5W,
W, = L3W,V2
@mm = 76 89 102 127
W;mm = 670 800 930 1180 °
C-C = 1000 1200 1400 1750
W,mm = 1400 1700 - 1980 2400

The above distances apply to 38-mm blastholes. If larger blusthoiles are used
which can accommodate more explosives, the values cun be adjusted.

However, an increased amount of explosives in the cut holes: may not increase
the burden 10 uny greater extent.
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7.1.2 Stopmg
" Whien the cut holes have been calculated, the rest of the tunnel round may be

calculated.
The round is divided into:

* floor holes

* wall heles

* roof holes o

* stoping holes with breakage upwards and horizontally
* stoping holes with breakage downwards

To calculate -burdens (B) and charges for the different parts of the round the
following graph (7.14) may be used as a basis.

E1.2 ’T»
3
Q
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5
@149
e
1
0.9
o8
0le 0.8 1.0 t2 14 - 16 1.8 20 22 2.4 26
Charge concentration, 1y, kg/m
Blasthole 30 35 as 41 45 48 51
diameter, mm | | ] ] ) | l 1
Emulite 150 in paper cartridges.‘Papking degree 120 kg/liter
Blasihole 30 a6 a8 41 45 48 51
diameler, mm { | | i -} 1 i
Dynan_\ex M in-paper cartridges. Packing degree 1.25 kg/!lter
2|9 SIZ' . 319 Pipe charge diameter, “'"';.'
Emulite 150 in plastic tubes
38 a1 ) 45 4iB 5i1 Blaslhole dismeter, mm

ANFO, pneumatically charged

Fig. 7.14 The burden B in relation to the concentration of the bottom charge for

different hole diameters and different explosives.
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For Cmulite 150 in paper cartridges, the uppermost blasthote diamieter table is
used as input data.

For Emulite 150 and Dynamex M in plastic pipe cirtridges, the pipe diumeter i
used us input duta and for ANFO the lowest blasthole diumeter tuble is used as
input data. : :

When the burden (B), the hole depth (H) and the concentration of the bottom
charge (lp) are known, the following table will give the drilling and charging
geometry of the round.

.

_ | I R Height Charge
Part of . : : bottom concentration
the . Burden | Spucing | charge | Bottom '] Column [Stemming|
round: 1 (m) (m) (m) (kg/m) (kg/m) (m)
Floor IxB I.1xB 1/3xH I, | LUXI, 0.2xB-
Wwall 0.9xB | LIxB | WéxH b 0.4xt, | 0.5x8
Root 0.9xB l.IxB l6xH Iy, 0.3x1, U.5xH-
Stoping: '
Upwards IxB I.1x@ 1/3xH b U.5x), | 0.5xB
Horizontal | ' 1xB LiIxB | I13xH b | 0.35xl, | 0.5xB
Downwards { IxB | 1.2xB | 1/3xH ly | 0.5xl, | 0.5xB

The design of the drilling pattern can now be curried oul and the cut located in
the cross seetion in g suitable way.

7.1.3 The contour,

The contour of the tuancl is divided into floor holes, wall holes and roof holes.
The burden and spacing for the floor holes are the same as for the stoping holes.
Howcver, the floor holes are more heavily churged than the stoping holes 1o
c.umpun.-.alu for gruvity and for the weight of the rock masses from the restof the
round whu.h lay over them at the instant of Jetonation.

. For the wall and roof holes two variants of contour blasting are used, normal
profile blasting and smeoth blasting.

With normal profile blasting no parmular consideration s given to the appear-
ance and condition of the blasted contour. The same explosives as in the rest of
the round are utilized (but with a lesser charge concentration) and the contour
hules are widely spaced. The contour of the turinel becomes rough, irregular und
cracked. The smooth blasting technigue hus been dcv‘.lopud 1o obtain a
smouther and slrunb;.r tunnel profile.

Smooth blasting is carried out by drilling the contour holes rather close to euch
other and using weaker explosives. (Gurit 17x500 mm and Gurit 11 X460 mm
have been specially developed for the requirements of smooth blasting.)
Smooth blasting is today a common wechnique in underground fuck excuvation
as it produces tunnels with a regular profile, requiring substantially less rein-
forcement than if normal profile blasting is used.

Smooth blasting is dealt with in detail in Chapter 8.4 Smooth blasting, where

charging tables fur smooth blasting can be found.
144
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7.1.4 The firing pattern.

- The {iring pattern must be designed so that cach hole has frec breskage. The
angle of breakage is smailest in the cut area where it is around 50°. In the stoping
arca the firing pattern should be designed so that the angle of breakage does not
fall- below 90° . .
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Fig. 7.15 Firing sequence for tunnel in numerical order.

It is important in tunncl'blasting to have long enough time delay between the
holes. In the cut arca. the delay between the holes must be long enough to allow
time for breakage and throw of rock through the narrow empty hole. Itis proved:
that the rock moves with a velocity of 46 to 66 meters per second. A cut drilled to
4 m depth would thus require a delay time of 60 to 100 ms to be clean blasted.
Normally delay times of 75 1o 100 ms are used in the cut.

In the first two squ'ures of the cut only one detonator of each delay should be
used. In the lollowing 2 squares two detonators of each delay may be used. Inthe
stoping arca, the delay time must be long enough for the movement of the rock.
Normally the delay time is 100 to 500 milliscconds, -

For the contour holes the scatter in delay between the holes should be'as small as
possibie to obtain a good smooth blasting effect. Therefore, the roof should be
blasted with the same interval number, normally the second highest of the series.
The walls are also blasted with the same period number but with one delay lower
than that of the roof.

Detonators for tunncling can be electric or non-clectric. ' 7
The electric detonators arc manuf'lclun.d as MS {millisccond) and HS (half-
second) delay detonators.
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The non-electric dc:un.uora are m.mulacturcd 48 deci-second and half-second
dul.xy detonators.

Recommended detonators for tunneling:

Electric detonators:

, Interval No. - Delay time
VA/MS 1 25 ms
VA/MS 4 100 ms
VA/MS A 175 ms R
VA/MS ) 14 250 ms '
VA/MS 13 325 ms
YA/MS 16 4U0 ms
VA/MS . 18 450 ms
VA/MS 20 500 ms
VA/HS | 2 1.0 sec |
VA/HS - 3 1.5 see
VA/HS 4 2.0 sec
VA/HS 5 2.5 sec
VA/HS 6 3.0 see
YA/HS -7 3.5 sec-
VA/HS 8 4.0 sec
VA/HS 9 4.5 sec
VA/HS ‘ 10 ~5.Usec
VA/HS 11 5.5 sec o
VA/HS 12 - 6.0sec

The MS and HS series give 19.periods which is sufficient in most cases. The
VA/MS and VA/HS detonators may be used in the sume round, as the electric
ChdrdL[LﬂbllCS of the YA detonators are the same, independent of the delay
times.

Recommended legwire lengths for a 4 m hqlc dcpth are 5.0 and 6.0 m.

Non-clectric detonators:

This tunnel series gives 25 dmerem penods and is thus even more versatile than

the electric tunnel series.
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Interval Delay time Delay ume
numbers between
intervals
Nonel GT/T 0 25 ms
" Nonel GT/T 1-12 100=1200 ms 100 ms
Nonel GT/T- 14, 16
' : 18, 20 1400 - 2000 ms 200 ms
Nonel GT/T 25, 30,35
: 40, 45, 50 °
. 55, 60 2500 -6000 ms 500 ms



Recommended wube Ienglh§ for bunch blasting with Nonel are 6.0 to 7.8 m,
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Fig. 7.16 Typical firing pattern for NONEL GTIT,
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- Fig. 7.17 Typical firing partern for VAIMS and VAIHS detonators.

In the 4th square of the cut, four units of VA/HS interval No. 4 are used. This is
made possible by wide range of scatter (2200 ms) within the interval for HS.
detonators,
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7.1.5 Cuts with angled holes,

The V-cut.
The most common cut wilth angled holes is the V-cut,

*A certain tunnel width is required in order to accommodate the drilling equip-

ment. Furthermore, the udvance per round increases with the width and an
advance of 45 10 50 % of the tunnel width i is achievable.

The angle of the cut must not be too acute and should not be less than 60°. More
acute angles require higher charge concentration in the holes.

The cut normatly.consists of two V:s but in deeper rounds the cut may consist of
tripic or qu.xdruph. Vs,

Each -V -in-the cut should befired with the same interval numbu using MS
detonators 10 ensure coordinution between the blustholes with regard to break-
age. As each Vs blasted as an entity one after the other, the delay between the
dilferent Vs should be in the order of 50 ms to allow time for displacement and
swelling. .

o

A

o
TR

Fig. 7.18 V-cut.
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Calculation of the V.cut.

The following graph (7.19) gives the height of the cut (C) and the hurdens B, and
B, for the cut.

_E19
51 7 - -
- Height of the cut C
2 1
alb ed——
1.‘3 Burden tor the cut holgz
1.1 - — .
‘0.9 - Burden for the cut _| e
] 1
07 —— easer holes By
0.5 '

(4] 2} 0.8 1.0 1.2 1.4 1.6 28 20 2.2 2.4 2.6
' - Charge concentration, b, kg/m

Blasthole 30 as a8 41 45 48 51
diameter, mm | | - | | | | ;

Emulite 150 in paper cartridges. Packing degree 1.20 kg/liter

Blaathole 30 as 38 41 45 48 51
diameter, mm | . | | H ! P

Dynamex M in paper cartridges. Packing degree 1.25 kg/liter

29 3l2 : 319 Pipe charge diameter, mm
' .

Emutite 150 in n‘lastic tubes

28 4 45 4|8 5{1' Blasihole dismeter, mm
| | ] -
ANFO, pneumatically charged

Fig. 7.19 The burdens B,, B, and the cut height C in relation to the bottom charge
for different blasthole diameters and different explosives.

~

Charging the cut holes.

The charge concentration in the bottom of the cut holes (l,) can be found in
graph 7.19. :

The height of the bottom charge (hy) for all cut holes is:
1

hy =T x H where H = hole depth (m)

The concentration of the column charge (1) is

e = 30t050 % of I,
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The uncharged part (stemming) of the holes in the cut (h,) is:
h, = 0.3 x 4, '
The uncharged part for the rest of the cut is:

h, = 0.5 x B,

Fur the rest of the round, the method of calculation is the same as thatin Ch.uplcr
7.1.2 Stoping. ’

The fun cul.

The fan cut is an other example of
angied cuts. Like the V-cut, u certain
width of tunnel 1s required to accom-
modate the drilling equipment {0 at-
tain accepluble advance per round.

The principle of the fun cut is to make
a4 trench like opening ucross the tun-
nel aund the charge calculations are
similur to those in Chapter 5.6 Open-
ing the bench. Due to the geomet-
rical design of the cut the constriction
of the holes is not lurge, making the
cut easy 1o blast.

The drilling und charging of the holes
are similar 1o that of the cut holes in
the V-cul.

Fig. 7.20 Fun cut.

150

A



7.1.6 Example of calculation.

The project is a 1,500 m long road
tunnel with a cross section area of 88
sq.

A blasthole diameter of 38 mm is
chosen as the tunnel contour is to be
smooth blasted. A larger blasthole
diameter might cause overbreak
from the stoping part of the round.
The drilling cquipment is an electro
hydraulic jumbo with 4.3 m steel
fength and feed travel of 3.9 m.
The expected advance is 95 % of the
blasthole depth.

The explosive is Emulite 150 in 29
and 25 mm cartridges for the cut,
stoping and floor. Gurit {7x 500 mm
in plastic cartridges is used for the
contour. Nonel GT/T is used for ini-
tiation. :

To attain an advance of more than
90 % of the blasthole depth, 3.9Ym. a
large hole diameter of 127 mm should
bc chosen.

2x 89 mm large holes can be an alter-
native.

Ist square.

The distance from the center of the
large hole Lo the center of the closest
blasthole is:

a=150@

a=1.5x127 = 190 mm

The width of the ist square is:

W| = a\/i—

W, = 190V2 = 270 mm

The requisite charge concentration
for the holes in the Ist square is 0.4
kg/m of Emulite 150. For practical
reasons Emulite in 25x200 mm cart-
ridges are used giving a charge con-
centration of 0.55 kg/m.
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An overcharge of this mugnitude
does not cause any.inconvenicngce,
The uncharged part of the hoie is
equal o the C—C distance: h,=a
‘The charge of the hole is the length of
the charge H-h, times the actual
charge concentration.

Q= I(H=-h,)
Q = 0.55(3.9-0.2)
Q=20kg

© Key data for the Ist square:
a=01%Ym

W, =0.27 i

Q = 2.0 kg.

2nd square.

The blasting of the Ist square created
anopening of U.27x1.27 m. The bur-
dea in‘the 2nd square is equal to the
widih of the opening created.

B|.= Wl

BI. =027 m
C-C= 1.5W,
C-C=040m

Wi = 1.5W,Vv2
W. =056 m

The requisite charge concentration
for the holes in the 2nd square is
approx. 0.37 kg/m. '

Emulite 150 in 25200 mm paper

cartridges is used making the pracu- .

cal charge concentration 0.55 kg/m.
The uncharged part of the hole is
A.5xB.

Q = L(H~h,)
Q = 0.55(3.9-0.15)
Q= 2.0 kg.

Key data for the 2nd square:
B=02Tm

W;=05m

Q=2.0kg
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3Ird square.

The opening has now a width
W=0.56 m. The burden 83 is cqual o
W,.

B, = W,

B, =0.56m

C_C = l.5W3

C-C=08m

W_1 = 15W2V2
W, =1{.18m

The requisite charge conicentration is
approx. 0.65 kg/m. Now the 25200
mm cartridges do not provide suffi-
cient charge concentration (v ensure
breakage. A larger dimension of
Emulite 150 must be used unless the
cartridges are tamped. '
Emulite 29x2() mm in paper
cartridges give a charge concentra-
tion of 0.90 kg/m. The hole will thus
be overcharged. '

The uncharged part of the hole is
0.5x8. '

Q= 1(H~h)

O = 0.90(3.9-0.3)
Q=32kg ~

Key data for the 3rd square:
B=0.5m

Wy=118m

Q= 3.2 kg

4th square.

The width of the opening is now 1.18 -

m. If B is chosen equal to W, the

burden will be greater than that of

the stoping part of the round. There-
fore, the burden must be adjusted to
that of the stoping part and the
charge calculations are made as for
stoping holes.

The burden is chosen [rom the graph
7.14t0 1.0 m,
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The charge concentration of the
bottom charge is found in the same
graph to be 1.35 kg/m.

From the adjoining 1able the charge
of the hole can be calculated,

“ly = 135 kg/m -

hy = 0.33x3.9
hb =13m
Qb = lbxhb
Q, = 1.35%1.3
Q= 175kg

la the bottom charge Emulite in
paper cartridges with 29 mm dia-
meter is used and tamped well,

The column charge is:
I, =0.5xl, i

I, =0.5%x1.35

. = 0.67 kg/m

The product with dimensions closest
" to this is Emulite 150, 29%200 mm
with an L.=0.90 kg/m '

Practical'l, = 0.90 kg/m

h, = 0.58

hy =0.5x1.0=0.5m
h‘_- = H—hh—hu

h, = 39-1.3-0.5
h. = 2.1 m. '
Qo = LXh,

Q. =0.90x2.1
Q.= 19kg

Key data for the 4th square:
B=J].U0m .
W,=22m

Q = .65 kg.
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After the cut has been designed, the
rest of the round is calculated.

This is most simply done in
lowing order:

1. Floor holes.

2. Wall holes.

3. Roof holes.

4. Stoping, upwards and horizontal.
5. Stoping downwards.

the fol-

The reason for starting with the pe-
rimeter holes is 1o decide the burdens
and spacings for the outer bounda-
ries of the round.

When these calculations are com-

pleted the cut and the sioping holes

may be located in accordance with
the parameters which apply to them.

1. The Noor holes.

In the calculation of all perimeter
holes, the ""look-out’® has to be taken
into account. As mentioned earlier,
the "look-out™ should not exceed 10
cm + 3 cm/m of hole- depth. In this
case the "look-out” should be limited
to 20 cm. )
The burden is 1.0 m according to the
graph and the spacing is 1.1xB.
Due to "lock-out™, the holes above
the floor hoies are set out (.8 m abo-
ve the floor. The spacing is 1.1 m,

Bottom charge:

Iy = 1.35 kg/m

hy = 1/3%x3.90=1.30 m
Qy = 1.35%1.3=1.75 kg

Column charge:

I = 1,=1.35 kg/m

h, = 0.2xB=0.2 m

h. = H=hy—h,=2.4'm"
Q. = 1.35%2.4=3.25 kg

Total charge:
Q= 175+3.25=5.0kg
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Key dutu for {loor holes:
B=1lUm

S=1.1m

Q = 5.0 kg.

2. The wall holes.
In this particular case the walls ure
very low and do not mauke a good
example for the design of the dnHm;,
and charging p.m;rn :
The drilling pattern is taken from the
smooth blasting tuble and the burden
is ¢chosen w U.8 m and the spucing 1o
0.6 m. ' ‘
The unchiarged part of the hole s
0.2 m.
The charge concentratior for Gurit
S 17x500 mm is 0.23 kg/m. The holes
will be charged with 7 tube charges
_und 1 stick of Emulite iSU, ZSX"UU
“mm in the bottom.

)} Pentnotut Chaye L

Clhuge (g

.
< 11 iin Guri

PT o Gunk

w 22 Gk

Bouwom charge: . . | oGt
Qh=U“kg a oup ¢ "y
. [T Ul
N . i HE e
Column charge: N R

Q. =.7x0.115=0.81 kg

Toual ch.ar;,..
Q = 0.11+0.81= 0.92 kg

_ The "Iook-uut" hius o be considered,
s0 the burden 1o be set out on the fuce

is 0.8-02=0.6 m.

Key data for the wall holes:

B=08m

S=06m

Q= 0.92 kg
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3. The roof holes.

The conditions fer the roof holes are
cqual to those of the wall holes. The
burden is chosen to 0.8 m and the
spacing to 0.6 m.

The charge concentration is the same

as for the wail holes.
The "loock-out™ must be considered
in this case as well.

Key data for the roof holes;
B=08m

S=06m

Q' = 0.92 kg.

4. Stoping upwards and horizontaily,

The stoping holes are calculated in a
similar way to the floor holes, but less
explosives are nceded. While the
floor holes must be charged to com-
pensate for gravity and heavage of
broken rock, the stoping holes can
normally contain less cxplosives as
the direction of breakage is horizon-
tal or closc to horizomtal.

Charge: Bottom, tamped Emulite 29
mm, |,=1.35 kg/m.

Charge: Columin, Emulite 29 mm in
paper cartridges with 1.=0.90 kg/m.
The burden B is 1.0 m, according to
the graph 7.14.

The spacing S will be 1.1 m according
to adjoining table.

Bottom charge:

I = 1.35 kg/m

hy, = 1/3%3.90=1.30 m
Qp =1.35x1.3=1.75 kg

Pan ol
Column charge: o
le = 0.90 kg/m war
o= 05xB=05m i
he = H~hy,—h,=2.1 m’ I ol
Qownwants

Q. = 0.90x2.1=1.9 kg

Total charge:
Q = 1.75+1.9=3.65 kg

i
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Key data for stoping holes upwards
and horizontal:

B=10m
S=]1.lm : .o :.15':1 T Cnu T
CONCant ai
Q = 3'65 kg e Surden | Spakusy | chawge | Bonain Cﬁm prrumung|
touna__ f i Lo || g | s |y
Fioaw A=B 11«8 | vian W 104 | 02+8
Wl Q9«8 [ 1148 | 1gart % Qaaly | 05«8
Aoal Q=8 | 1148 | uban k 0daly | D548
Stopng:
Upwaids 1.8 1148 { 1R Iy Q6 | 0528
. FOfLI DNk 1.8 1.1a8 | %3sH [ Ubaly | D5S2B
W Ouwiiwards | 128 1248 1 ulan ¥ |05y ) 05nB
5. Stoping downwards.
The design of the drilling pattern for ] X
stoping downwards is similar to stop.  ° i e @ @ .
. . . . . - A ® *. -
ing in other dxrectlon§ with the diffe- s o ® o o o
-rence that larger spacing may be per- e o o o e ®
mitted. The charge of the holes is the G : I :
3 : all stoi % 3 o' 9 o o o *:
same ia all stoping. : : 11.00 :
K . : A ) L B
ey data for stoping holes down- : 1120
. ,wuds; . 7 ; H - * ;--'i - - :
B=10m ' SRR T
S=12m . SRR LTt
Q = 3.65 kg
SUMMARY

The round consists of 127 blastholes with 38 mm diameter and I large hole with
127 mm diameter.

The round is charged as follows: ;.
Partof the No.of - Kind of explosive Weight per Total
round holes ' : hole
ke (ke)
Cut
1st square 4 Emulite 150, 25 mm 2.0 8.0
2nd square 4 Emulite 150, 25 mm = 2.0 8.0
3rd square 4 Emulite 150, 29 mm 3.2 . 128
4th square 4 Emulite 150, 29 mm 3.6 14.6
- Floor holes 12 Emulite 150, 29 mm 5.0 - 60.0
Wall holes 8 Emuiite 150, 25 mm 0.11 0.9
- C Gurit 17 mm G.81 6.5
Roof holes K1) Emulite 150, 25 mm 6.11 3.3
Gurit 17 mm - 0.81 - 243
Stoping: . . .
Upwards 8 Emulite 150, 29 mm 3.65 29.2
Horizontal | 16 Emulite 150, 29 mm 3.65 58.4
Downwards 37 Emulite 150, 29 mm 3.65 © 1351
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Consumption per round: Emulite 150, 25x200 mm 20.1 kg

Emulite 150, 29%200 mm 310.1 kg
Gurit : -30.8 kg

Nonel GT/T 127 units
The expected advance per round is over 90 %. It is assumed to be 3.55 m.

‘ 361.1 .
Specific charge: ———— = 1.16 kg/cu.m.
P & 3.55x88.0 4

Explosives consumption for the whole project:

Number of rounds: 1500/3.55=425"

Consumption of

Emulite 150, 25X200 mm 20.2X425 = approx. 9 tons
Emutite 150, 29200 mm 310.1x425 = approx. 132 lons

Gurit 30.8xX425 = approx. 13 tons
Nonel GT/T _ 127X425 = approx. 54008 units.
e B % 5 10 s 12
[ 50 S0 ‘&b L1] .
q ) * . 4 2
. L] :
: & 40 40, 45 g2 s .
5 %0 " . LT eg 0o()@ e
$% & ¥ 2 2 ¥ 4 03 3
50 . [ [ ) % * 55 N
“ W % ¥ 0 2 % yﬁ Q a °
50 “ % of o a7 d A
lm 030 h 0‘ WO 3 1°o 20‘ ﬁ 40.

35 #25 €18 o4 Jpso
s5040 0 20 6 Jiz—"%) ".ﬂ“’-ss

60 55 5 B8 55 65 B85 66 55 55 &S

3 Z GRS AN 7

Fig. 7.21 Drilling and firing pattern.
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7.2 Shafts.

in mining, shafts form a system of vertically or inclined passageways which are
used for trunsportation of ore, refill, personnel, equipment, air, electricity,
ventilation etc. . ~

In underground construction, shafts are driven for the building of penstocks,
cable shuits, venulation and elevator shalts, surge chambers etc. ln addition,
shafts are driven as “glory holes” for transportation of material which is not
accessible by other means than vertical or close to vertical tunnels.

Shafls are cither driven downwards, sink shafts, or upwards, raise shafts.

Fig. 7.22 Typical tunnel system inah ydroelectric power plant. -
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7.2.1 Sink shafts, .

Sink shafts are passageways sunk from the surface downwards or underground
from one level to a lower one. The majority of the sink shafts are driven
vertically. _

Shaftsinking is one of the most difficult and risky blasting jobs as the work area is
normally wet, narrow and noisy. Furthermore, the drilling and blasting crews are
exposed to falling objects.

The advance is slow ‘as the rock has to be removed between each blast with
special equipment which has limited digging capacity. The blasted rock must be
well fragmented to suit the excavation equipment.

The design of the cross section of the shaft principally depends on the quality of
the rock. Nowadays most of the shafts are made with a circular cross section
which gives better distribution of the rock pressure, thus decreasing the need for
reinforcement, especially in deep shafts.

The most common dnllmg and blasting methods are benching and blasung with
pyramid cut,

The benching method. is a fast and efficient method as the time-consuming
cleaning of the floor between the blasts can be minimized. It is also easy to keep
the shaft free from water as a pump can always be placed in the lower blasted part
of the shaft. The drilling and charging pattern is similar to that of smaller surface

blastings.
The burden and spacing vary with the hole diameter but the drilling pattern is

more closely spaced than for surface blasting due to higher constriction.

A4 t ¥
n 1
y /

/': ”
7 ,

7 7
g /

| S

7

Fig. 7.23 Shafisinking by benching.
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Fig. 7.24 Shaft sinking with pyramid cut.

Shaft sinking with pyramid cuts is similar to tunnel blasting with V-cuts. The

. drilling is done with a "drill-ring” which is composed ‘of a circular 1-beam to -
which the drilling machines are fixed. The "drill-ring"” may be fixed to the shaft
walls with bolts. Due to the construction of the "drill-ring”, the cut wx!l be
comcal '

The cxploawes uacd in shaft sinking must always be water resistant. Even if the
ground is dry, the flushing water from the dnllma, will giways. stay in the
blastholes. .

For this reason explosives with excellent water resistance propemes are pre-
ferred. Emulite 150 and Dynamex M are easily tamped to utilize the hole volume
well, thus decreasing the number of holes and the drilling and charging time.
The specific charge in shaft sinking is rather high, ranging from 2.0 kg/cu.m. to
4.0 kg/cu.m. .

The initiation of the blast may be done with.electric detonators or non-electric
detonators. As a sink shaft is a small confined area, thunderstorms are a
particular hazard as stray currents tend 1o be transmitted down the shaft on pipes
and cables. To avoid problems with evacuation of the blasting crew dunng a
thunderstorm, NONEL detonators shouid be used:

'7.2.2 Raise shafts.

The drifting of raise shafts — shafts which are driven from blasted underground
chambers or tunnels, vertically or inclined upwards — is one of the most difficult,
most costly and most dangerous undertakings in mining and construction.
As the drifting of raise shafts has increased in the world, new methods have been
developed to make the work more mechanized, chezper and safer,

‘Raise shafts were drifted in more or less the same way for dccadcs until the
1950’s when new types of raise shaft elevators were taken into use.
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. equipment, drill steel, explosives and

Various raise shaft drifting methods where blasting is part of the method

Older methods:
* Timbered shafts
* Open shafts

*

. Modern methods

* Boliden elevator type Jora
* Alimak Raise Climber
* Longhole drilling

To start with the older methods, the timbered shaft method was the most
common method in Sweden until some 40 years ago and is still occasionaily used
for shorter shafts. The raise shaft is driven vertically and divided into two
sections by a timber wall which is
extended before each blast. When
the round is fired, one section is filled
with rock. The blasted rock will then
act as a working platform for the next
round. In order to maintain the
working height at the face some rock -
has to be excavated after each blast.
The second section is used as a lad-
derway and for transportation of

timber. The ventilation is also placed
in_this section which is covered dut-
ing blasting.

Timbered raise shafts have been
driven up close to 100 m, but normal-
ly the maximum height should not
exceed 60 m. The cross section area is
usually 4 sq.m. and the advance per
round approx. 2.2 m. '

: Fig. 7.25 Timbered raise shaft.

~

The timbered shaft method was replaced by open shaft methods when the cost of
timber became too high. In one of these methods a working platform of planks is
laid on timber which is supported by bolts in the shaft walls. New bolt holes are
drilled in the shaft walls' when the round is drilled so the platforrn can be moved
upwards as the work proceeds. -
Another open shaft method is to use steel tubes instead of tlmber The steel
tubes are bolted to the shaft walls and the tubes support the platform. '
The open shaft methods are rarely used and when used, only for short raises, up
to 25 m. From a safety point of view none of the open shaft methods is to be
recommended.
The cross section is normally 4 sq.m. and the advance approx. 2.2 m,
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The JORA lift method.

Raise shafting using a lift cage hanging on a wire which runs through a large
drillhole has been used in Sweden and other countries since the L94)'s, but it was
not unti'the 1950's when Boliden AB developed the JORA lift, that the method
came into wider use.

A large hole, diameter 110 to 150 mm, is drilled from an upper level in the center
of the intended shaft, Through the hole a wire is sunk down 1o the lower level and
a working platform with a lift cage is fastened 1o it. By a lifting gear the platform
is clevated up to the shaft face by e S -
‘remote control from the lift cage. ' '
The drilling and charging are carried
aut from the platform-on the top of
the lift cage and some scaling can be
'done from the cage with the protec-
tion of the platform. During the scal-
ing, drilling and charging operations
the platform is fixed with bolts ta the
shaft walls. Before blasting the plal.
form is lowered down and placed on a
sledge like vehicle and towed aside.
The wire is lifted up through the large
hole before blusting. The large hole is
used as cut hole in the blasting of the
round. Due to the large size of the cut
hole, advances of up 10 4 m are ob- -
tained. The ared is approx. 4 sq.m.
and the maximum height is 100 m. [n-
this method it is necessary 10 have
free space above the shaft for the

drilling of the large hole and for the DR 7w7P7 R, %P P I

placing of t-he lifting gear. ' B n F;'g.'7. 26 The JORA lift.

The ALIMAK Raise Climber. .

The Alimak raise shaft driving method was introduced in 1957 and became the

most ulilized system in the world because of its flexibility, safety, economy and
ed, :

: ﬁc ¢qhipmcnt consists of a raise climber with a working platform, which covers
practically the entire area of the shaft, Under the platform there is a cage for the
transport of personnel, material and equipment. The raise climber is propelled
by a ruck and pinion system along a special guide rail. The rail system incorpo-
rales a tube system for the air and water supply to the drilling equipment. The
system also provides air for the blusting with NONEL and 10 ventilate the raise
after the blasting. o '
lo4



o

The platform is equipped
with a protective roof under
which the blaster stands dur-
ing scaling and drilling op-
erations. If the inclination of
the raise shaft is 60° or less
the scaling may be done
gradually during the ascent
under the protection of the
previously scaled hanging
wall.

The Alimak method can be
used for vertical as well as
inclined shafts. The lower
limit of the inclination de-
pends on the angle of repose
of the rock: :
Unlike other modern meth-
ods for raise shafting, the . i y )
Alimak needs only one point Fig. 7.27 The ALIMAK Raise Climber.

of attack, the lower one. The

upper break-through point may be prepared while the raise is driven.

The lengths which may be driven are only limited by the time which.is at the
blasting crews’ dlsposal for ascent, scaling, drilling, charging, descent and blast-
ing. For an 8 hour shift, the upper limit shouid be around 2,000 m. The lengths
are also limited by the type of drive. The air-driven raise climber may be used for
up to 150 m shaft lenzth, electric drive up to 900 m. For longer shafts djesel-
hydraulic-driven climbers are used. »

The area is normally 4 sq.m., but inclined shafts have been driven full face upp to
36 sq.m. : -

Drilling and charging patterns are the same for all above mentloned raise
shafting methods. Normally a raise shaft of 4 sq.m. is driven upwards and then
the shaft is stoped to its final area. However, sometimes the shaft is driven
"fullface” and as.mentioned earlier areas up to 36 sq.m. have been successfuily
blasted.

The drilling and firing pattern for a raise shaft does not differ from that of a
horizontal tunnel of the same saze
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The Alimak work cycle:
Drilling:

The drilling and charging is carried
oul trom the raise climber's platform

under a specially designed protective -

roof. Both air and water to the drill-
ing machines are supplied through
tubes in the guide rail sections,

5

Blasting:

After drilling and charging the
round, the raise climber is driven to
the bottom and under the roof of the
drift. During the blast, the climber is
thereiore well protected from fulling
rock.

Fig. 7.28 The ALIMAK work cycle.

Veatilation:
After blasting the raise is ventilated

and sprayed with water. The top of
the guide ruil is protected by a header

plate which also acts as a water diffus- -

er during the ventilation phase.
166

Scaling: )
Scaling of the roof and walls of the
raise is done from under the protec-
tive roof which gives the workmen
good protection.



Generally large Hole cuts are used and the design of the cut varies with the
diameter of the large hole. (See 7.1.1 The cut, in Chapter. Tunneling.)

The normal hole depthis 2.4
in and the expected advance
211022 m.

The drilling is done with
stopers; which are designed
for raise driving, overhead
‘rilling and roof bolting or
Jrilling machines with jack
legs.

For the blustholes drill series
11 (34 to 32 mm) is used and
the large hole diameter is
normally 75 mm.

For the stability of the walls
and to avoid overbreak, the
walls of the raise are normal-
ly smoothblasted. . The
smooth blasting method is
also used if the shaft is to be
widened at a later stage in
order to avoid excessive sca-
ling and to decrease thie risk
of rockfall.

Fig. 7.29 Dritling an d fmng pattern for 4sq.m.
“raise shaft.

A normal pilot shaft has an area of 4 sq.m. Normally one round is dnlled and
blasted per shift with an advance of 2.2 m. Working 2 shifts per day, the advance
should be 4.4 m but taking disturbances in the work cycle into account, the long
term advance is approx. 3.5 m/day or 70 to 90 m per month. -

Shaft raising by long hole drilling. .
In this method, all drilling is done downwards with parallel holes and the whole
area is drilled at the same time: -
Great precision in drilling and charging is a-must and the lack of precision has
earlier limited the practical height to 25 to 30'm. Now, with new drillrigs e.g.
Atlas Copco Simba, the drilling can be carried out with great precision in any
direction from vertical to 50°. With the Simba the deviation can be kept under
0.5 % for holes up to a length of 50 m.

The long hole drilling method is also advantageous from a saft_aty point of view as
all drilling and charging work is carried out from a safe location.

Two different cuts are used:

— large hole cut (blasting towards a
large hole).
— crater cut (blasting towards the
lower free face of the raise).
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. o ??’:‘C'i SATYRY
Fig. 7.30 Simba.
The large hole cut came first and is still the most common one.

The drill holes in the round have a diameter of 50 10 75 mm and the central large
hole is reamed to a diameter of 102 10203 mm.’ '

|14

12 % al 1012

21~
17
~ A
Large hole 163 mm ' > .
Blastiwies 64 mm
Fig. 7.31 Firing sequence for 4 sq.m. Fig. 7.32 Round sequence for raises
raise. ' " with lurger cross section.
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The design”and charging of the cut follow-the same principles as described in
Chapter 7.11 Tunneling, The cut. The firing sequence depends on Lhe faulty
dritling so the hole with the smallest real burden is fired with the lowest period
namber. It is therefore necessary to map every hole with regard to lhe faulty
drilling.

The charging is done from the upper level. A piece of wood is lowered down
on a rope and when the wood passes the lower mouth of the hole the rope is
tightened and the piece of wood forms a plug for the lower part of the hole. The
charges are lowered to the bottom of the hole. The hole sliould not be stemmed
as the stemming may sinter and block the hole for the subsequent blast. The
" holes may be relatively overcharged compared with a tunnel cut as the charges
are not confined at.either end. Furthermore, the blastholes are normalty of
targer diameter than those used in tunnels. The risk of recompaction of the rock
in the cut section can be considered as low even if the holcs are considerably
ovcrchargcd

Crater blasting.

The blasting of a long hole drilled raise can also be carricd out towards the free
lower surface of the raise with a crater cut. No large diameter center hole is
needed but the blastholes normally have a larger diameter than in the previous
. method. The crater blasting method is used only for the cut section 10 open a hole
of approx. 1 sq.m., then normal stoplng will foltow.

The crater cut consists of five holes, one center hole and four cdge holes. The
center hole is blasted first whereupon the edge holes are blasted onc by one with
different delays.

Before charging, the holes are o
plugged with a piece of wood which is Water stemming
lowered down from the uppersurface _ o
on a rope and secured to the lower . r
rock surface. The hole is then filled
with sand to the calculated level of by
the explosives charge. The charge o

should have a diameter close to that Filling ; N

3

Sand- |

-b-dn

‘of the hole. .

. The charge is then stemmed with

water. (Any other stemming may :I L |ll
Wooden Plgl

sinter and block the hole, making 1% .
.
/s \

subsequent blasting operations im- o

possible.) ' - N
The requisite charge weight and _ " . e
depth of the charge are calculated © - S
from Livingstone's theories as fol- \; L
lows: ’

Fig. 7.33 Drilling, charging and firing
pattern for crater cut.
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1. The length of the charge shall be 6 times the blasthole diameter.
. | = 6xd {(mm)

2. The optimum depth of the charge is 50 % of the critical depth.
Lopl = 0.5xLeric (mm)

3. The critical depth depends on the charge weight,
_ Lo = SxQ™ ‘ . (mm)
where § = the strain energy factor approx. 1.5 (depending on the
explosive used and the type of rock)
- Q = charge weight in kg.

4. The charge weight is then
Ixdxngxp : .
Q = 2 : (kg)
where p = charging density (1.2 kg/liter for Emulite 150 and
1.35 kg/liter for Dynumex M)

5. The optimum charge depth is then reluted to charge weight, explosives
density, blasthole diameter and strain energy factor as follows:

' . A3/3Ixuxd '
Lo =0.5x8§ x — xdx10 {(mm)

The crater theory is valid only for the center hole. The cﬁu{ge of lhc'edge holes is
placed so that-the burden is less than the charge depth of the crater hole. The
charge depth increases with 10 10 20 cm between each hole,
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Fig. 7.34 Comparison of crater cut and standard I&rge hole cus.
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The advantages with crater cut compared to large hole cut are:

1. Lower cost for drilling and explosives as less holes are drilled in the cut. The
same hole diameter is used in all holes.

2. Drilling precision is not as essential as for large hole cuts.

3. Simpier blasting practice with less need for well trained personnel.

The disadvantage with the crater cut method is the relatively short rounds that
may be shot each time. B

7.3 Underground chambers,

The military defense forces started early to utilize solid rock for construction of
fortifications which gave many advantages over surface construction. Solid rock
is difficult to penetrate and underground chambers are difficult to discover and
easy to guard. '

The ficld of application is huge: Protection for guns, ammunition and soldiers,
protection for submarines and smaller warships, storage for material, fuels and
foodstuffs and not least as air-raid shelters for civilians.

Oil was initially stored in surface tanks, but after WWII storage in unlined
storage chambers has become the most common method. The increased exploi-
tation of sub-surface storage has to a great extent been due to the rapid develop-
ment of rock biasting techniques. The increased mechanization of the operations
has resulted in relatively unchanged construction costs over a number of years,
while at the same time the price of land has increased considerably,
Common to all types of underground chambers is that they ure well protected
from a military point of view. They are well camouflaged and more difficuit to
damage than surface storage facilities if attacked from the air or overland. They
require little land: surface space is only needed for access roads, ventilation etc.
From an environmental point of view sub-surface storage is safer, as leakage
does not often occur from underground chambers. It is safer than'surface storage
in case of fire, as the supply of oxygen is often insufficient to allow a bigger fire to
develop. L .

Underground chambers have many fields of application:

— storage for different products
" coid storagé for food, wines, water, oil etc.
' - garages, telephone exchanges, swimming pools
— military and civil stores and workshops
- air-raid shelters for people
aircrafts
warships
archives
— storage for lightly contamunated nuclear waste
- .storage of nuclear residue
— hydro-electric powerstations

-

9

Some of the applications may be combined. In wartime, the space which is
normally used for garages, workshops or swimming pools can be utilized as
air-raid shelters.
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The basis for underground chambers is a qualitative sound rock to build in. Some
. economic aspects have to be considered. If the chamber is located at toa shullow
a level, the cost of reinforcing the rock may be high as the quality of the surface
rock is normally poorer than rock at deeper levels. However, deep locution
results in long access roads, which may cause problem both during construction
and when the chumbers come into use. ,
From the point of view of rock blasting techniques, the construction of under-
ground chambers does not differ from that of tunnels of the same magnitude.

The width of underground chumbers cannot be too great due 1o the inubility of
the rock 1o support the roof by its own strength. For oil storuge chambers and

machine halls for hydro-electric power-plants, widihs of 20 to 24 m have been |

consiructed without need for heavy reinforcement. The hcabht of the chumbers
may be up to 40 m.
. Small underground chambers, with a height of less than 8 m are blusted as
‘tunnels. In larger chambers, the operation has o be divided i into several :ldgcs of
drilling and blusting in which different methods are used:

* pilot tunnel with side stoping - o

* horizontal benching

- * vertical benching.

F

Y \»w.,ﬂom\ Bty r G

Fig. 7.35 Drifting stages in underground chainber.
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The pilot tunne! is dnfted at the roof of the chamber to facilitate scaling and
reinforcemient. The side stoping to full wndth is then carried cut. Scaling and, if
necessary, boiting and shotcreting of the roof are done snmultaneously to avoid
future expensive reinforcement work,

. Then blasting is carried out in one or several benches. [t is common for the first

bench to be a horizontal bench utilizing the drilling equipment for the wnnel,
Some rock chambers are also designed in such way that no space is available

. close to the wall for the boom of the vertical drilling equipment. The disadvan-

tage with horizontal benching is that the height and depth of the round depends
on the drilling equipinent, The height is normally limited to 8 m and the depth of
the round to 4 m. Other limitation on the blast design is that the blasthole
diameter can rarely exceed 51 mm.

Excavation of the blasted material must be carried out between each blast.
Vertical benching is the dominant methad for benching in rock chambers. The
advantages with vertical benching is that drilling and excavation may be carried
out simultaneously. The bench height may be varied within a.wide range and
farger blastholes may be used, often with better economy as a consequence. Tt
is also easier to obtain a smoother contour with vertical benches than with
horizontal.

The charge calculations for the pilot tunnel, side stoping and honzontal benching
arc the same as presented in Chapter 7 Tunneling, where the side stoping is
calculated-as stoping holes with horizontal breakage and the vertical bench as
stoping holes with upwards breakage.

The vertical benchmg is calculated in accordance with Chaptcr 5 Bench blasting,
If excavation is not carried out between the blasts, the specific charge has to be
increased in order to comipensate for mavement of rock from previous rounds.
See 5.8 Swelling.

Access lunnels are required for each bench for the transport of rock and
equipment.

In certain cases, restrictions due to
geological reasons, ground vibra-
tions etc., may affect the executionof | ™Y
the work. e

In Fig. 7.36 the roof must be bolted
with 8 m lorig bolts and sprayed with
concrete before any side stoping can
be done. .
The vertical bench is- limited to a
height of 4 m which makes it feasible
to make a raise shaft, "glory hole”,
for the transport of the blasted rock.
The raisc shaft is a long hole drilled
one, from the upper level and the
blasting starts at the lower level. See

Chapter 7.2.2. Fig. 7.36 Drifting stages for machine
' hall in hydro-electric power plant. ’
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FIG 1.34 Relacin entre abertura, B, concentracidn de ccarga y bordo mixi
mo, V

ciamientos de los barrenos de cada una de las zomas del tiinel que se sefia-
lan en la fig 1.38.

-Barrenos ayudantes con proyeccidn 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 centimetros. No

deber3 tomarse esta condicisn como base para el cilculo.

El espaciamiento de los barrenos debe ser igual a 1.1 veces el bordo.
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tad de la concentracion de la carga de fondo.

igual a la mitad del bordo.

TABLA 1.12 Carga especifica de fondo

La zona de retaque debe ser :
o2

g
o —7

Dismetro de los barrenos, Carga especifica, | ', , &
en mm en kg/m? /e
30 1.1
40 1.3
S0 1.5

En la tabla I.13 se_mués;ran los espaciamientos calculados de acuerdo con

las cargas especificas de fondo necesarias, considerando explosivos de peso

volumétrico de 1.3 g/cm’

TABLA 1.15 Espaciamientos y bordos en funcidn de los didmetros de los barre gh’

y el didmetro de barrenos de la tabla I.12.

nos :
Didmetro de barreno, Area por barreno, Bordo, Espaciamiento,

enom en m? en m en m
2 L 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 1.36*

* Estos espaciamientos son sélo para tidneles de gran didmetro; en el caso de

Sreas menores su magnitud es menor como se muestra en las grificas de la

fig 1.34.

Las concentraciones y cargas de fondo y de columna de la tabla I.14 han sido

_ecalculadas & partir de las recomendaciones anteriores, en funcidn del didme

tro de los barrenmos. Estos datos han sido obtenidos de la prictica e incly

yen los errores normales de pcrfo:écian.
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FIG 1.36 Cargas especificas utilizadas normalmente en tineles
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No incluye borreanos de perfilomianio

120 - $32 mm

‘ 40mm .
100 — ¢

$ S50mm .
80 |- -

Ndmero do barrenos

olliii[llili!
o 20 40 0 BO 100 120

Area,en m?

-F1G 1.37 Ndmero de barrenos en funcién del Srea del frente

Alhn!o de

ia bovedo ' ’
]’__ /—\ Borranos de lo bovedo

Borrenos oyudantes
Zﬂl'-! ' ~~4— Borrenos de los hastiales
!

Altura del

hastial .
, = Cuha
' Contracufia - £ - fs.

=———1—Borrenos del pi”.

" FIG 1.38 Zonas de distribucién de los barrenos

La c-arga de fondo acupa el tercio inferior del barreno con la carga especi

fica de 1la tabla 1.12.

La concentracidn de la carga de columna en kg/m puede tomarse igual a 1a mi

@
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The relationship can aiso be used for the “cut spreader* holes above the holes

in the cut. the width of the free surface corresponding to the diameter of the large
hole as follows:

V=07XB

. The loosening section should be so wide that the stoping ‘holes have the pos-
sibility to break out at the right angie which implies 2 X Vyqping hotes.

The burden for the holes in the cut must not be confused with the centre-to-
centre distance normally used. The table below can serve as a guide:

CUNA

Centre-to-centre

Large hole diameter Small hole diameter Burden distance

mm mun mm _mm
37 ‘ 32 40 85

78 32 ; 33 107

76 45 53 113
2K51 2 80 125
"2 57 ‘ © 45 30 131
2% 18 32 108 160
2XT8 ) B L 106 167
100 45 10 , 143
100 - 51 T0 146
125 51 -] 176

In the case of euily blasted rock, the centre-to-centre dlstanu may need to be

Experience shows that the nearest holes in the cut can be charged as foilows: |

Drill hole diameter Charge concentration Suitable large hole diameter

mm kg'm ' mm

32 0.25' 5T-2X 76
3 0.30° 7% —-2X 18
38 0.38* , 76 -2 X176
45 0.45 2X 16 — 125
48 0.55 2X 18 -125
51 ) 0.55 2X 78 - 125

' 23 mm Donarit I can normally be used in spite of the fact that it corresponds 0 a-
Gelatine Donarit [ charge of 0.468 kg/m.



A similar form of cut with double large holes, diameter 76 mm. has been used

a great deal:
r 7

Fig. 323

The figure also shows the make-up of the -cut spreader- holes outside the cut.
The charge in the ~cut spreader- holes is iarge because of the great constriction.

AYTFES CUNA

Columnn charge. kg m with diam.. mm

Burden Bottom charge n k-] 45 Lt
m kg
0.20 ) 0.25 0.30 0.45 0.60 0.75
0.30 0.40 0.30 045 0.80 0.75
0.40 " 0.50 035 - 0.50 0.70 0.80
0.50 . 0.85 0.50 0.70 1.00 1.15
0.80 0.30 ‘ 0.50 0.70 1.00 1.15

0.70 0.90 0.50 0.70 1.00 1.15

Uncharged section'=03 X V.

Loosening holes with burden greater than 0.70 m are charged in the same way
as stoping holes with horizontal breakage (see section 9.1 entitled Charge calcu-
lations).

Fig. 9.2.4 shows s cut made up of large gauge holes and the cut spreader section
for various drill hole diameters. The outermost holes in the cut spreader section
can be described as stoping holes but they have been adapted to some extent
geometricaily so that they fit into the picture more easily.
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Drill hole Depthof Hole ) Uncharged
diam. hole Burden spacing Bottomcharge Column charge section

mm m m m kg kgm l kg kgm m

a3 1.6 0.60 0.7¢ 060 1.10 0.20 040 0.30
32 - 2.4 0.90 1.10 0.80 " 1.00 055 050 0.45
kD I 3.2 0.85' 1.10 1.00 095 0.85 0.50 0.45
33 24 0.90' 1.20 ‘115 134 0.80  0.70 0.5V
3T 2 - Lo 1.20 130 1.36 .15 0.7¢ 0.50
45 32 1.15¢ 1.40 225 .03 150 1.00 0.33
48 3.2 1.20° 1.45 230 23u 1.70 113 0.60
48 4.0 1.2¢0¢ 1.45 Joee 230 245 115 0.60
31 32 1.25%° 1.50 270 280 195 1.30 0.60
31 4.0 1.23' - 150 340 260 270 1.30 0.60

' [n tunnels with a cross-sectional area of more than 70 m?, the burden and hole spacing
can often be increased considerably since the dri}l holes break much more easily.
Blasting then becomes similar to bench blasting

In most cases the burden can be increased by 10Y, so that the holé spacing is
also considerably greater.

The spacing ol the stoping holes can be increased to larger areas with respect
to the cross-sectional area of the tunnel. It can aiso be said that in many cases
where rock is easy to blast, the hole spacing shown in the table may be too ciose.
In practice a lower charge conceniration in the bottom section is often attained
than that shown in the table. This implies that in the case of easily blasted rock,

the hole spacing shown in the table can be used even if the charge concentration
is Jower.

Caliculating the chorpe ix wall holes

Normally the walls and roof of the tunnel are smooth-blasted (see section 9.5
entitled Smooth blasting). This Talculation concerns cases where no smooth blast-
ing is carried oant.

The burden including “look-in* or "look-cut” is selected as being 0.9 X the
burden for the stoping holes.

Hole spacing = 1.2 X V.

The height of the bottom charge is reduced to 1;6 X depth of hole.

Uncharged section = 0.5 X burden. The concentration of the column charge is
reduced to 0.40 X the concentiration of the bottom charge.
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Example:
Drill hole  Deptn of . Hale i Uncharged
diam. hole Burden spacing Bottom charge Column charge section

mm m m m kg Kkgm kg kgm m
33 1.6 0.35 0.65 030 1.10 0.45 0.45 0.30
32 T4 .80 0.95 0.40 100 0.6 0.40 0.40
31 32 .80 0.95 030 095 090 040 0.40
38 24 0.90 1.10 060 1.4 0.85 " U.60 0.45
3T 32 0.90 1.10 0.75 1.36 1.20 0.35 0.45
45 3.2 1.y 1.20 1100 2.03 1.80 0.80 0.50
48 32 1.10 1.30 1.20 230 200 090 0.55
48 40 T 10 1.30 130 230 250 090 0.35
51 3.2 1.15 1.40 Li0 2.60 210 1.0 0.60
s1 4.0 1.13 1.40 1.50 260 270 1.00 0.60

TECHO

Calculating the charge in roof holes

The hole spacing is carried out as for the wall holes. The column charge is
reduced to 0.30 X the concentration of the bottom charge.

Drill hole  Depth of Hoie Uncharged

diam. hole Burden spacing Bottom charge Column charge section
mm m m m kg kg/‘m kg kg/m m
3 1.6 055  0.65 030 1.10 0.35 0.35 0.30
32 2.4 030 095 0.40 1.00 0.50 0.30 0.40
31 32 08 095 0.50 0.95 0.70 0.30 0.40
38 24 090 110 060 1.44 070 045 - 045
37 3.2 090 110 075 1.36 090 040 045
45 3.2 100 120 110 203 1.30 060 0.50
48 3.2 110 130 120 230 145 070 0.55
48 4.0 1.10 130 150 2.30 1.95 090 0.55
51 3.2 115 140 140 - 2.60 170 080 060

51 40 1.15 1.40 1.70 260 225 oM 0.80
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Example:

Drill Drilling Hole Uncharged

diam. depth  Burden spacing Bottom charge Coiumn charge section
mm m m m kg kgm kg kgm .m
33 16 060  0.70 0.60 1.10 070 0.75 0.10
a2 24 0.90 1.00 0.80 1.00 1.00 070 0.20
31 32 0.90 0.95 1.00  0.95 1.30 0.85 0.20
38 2.4 1.00 1.10 .15 1.4 1406 100 0.20
k) 3.2 1.00 1.10 1.30 1.3 1.80 095 0.20
45 3.2 113 1.25 223 203 260 140 0.25
48 32 .20 . L30 250 23 .00 1.80 0.25
48 4.0 1.20 1.30 J.o 23 135 180 0.25
51 3.2 1.25 135 270 ' 2.60 320 1.80 0.25
51 4.0 1.25 1.35 34 260 475 180 .25

Calculating the charge in stoping holes with dbreskage doumwards

.

Since these drill holes require less force for swelling and furthermore are
helped by the force of gravity, the specific charge in the bottom section can be

reduced to:

Specific charge

sssgg
i

kg/'m?

1.0
1.2
14

l'iole spacing can be increased to 1.2 X burden. Othm the calculation is
made up in the same way as for the stoping holes described earlier. In the case of
tunnels with small cross-section areas. burden and hole spacing are decreased

according to the geometrical condmons

The hole spacing indicated in the table applies on condition that the charge
concentration in the bottom section attains the value in the table. If the charging
method used results in a lower concentration, then the holes must be more closely

spaced 30 that the required specific charge is attained.
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The concentration and st ength of the bottom charge and the column charge
can be calculated from the relationship mentioned earlier:

brill hole Depthof Hole Uncharged

diam. hole Burden spacing Bottom charge Column charge section
mm m m m ¥g kgm kg kgm m
3 18 0.60 0.70 050 1.10 ©0.30 0.40 0.20
32z 24 0.90 1.00 0.80 + 1.00 0.55 0.50 0.45
31 3.2 090  0.95 100 095 085 050 0.45
a8 2.4 1.00 1.10 LI5 - 1.44 0.80 070 0.50
37 3.2 1.00 1.10 1.50 136 1.15 0.70 0.50
45 32 1.15 1.25 335 203 150 1.00 0.55
48 3.2 1.20 1.30 250 - 230 - L70 115 .60
48 4.0 1.20 1.30 3. 230 245 115 0.60
51" . 32 1.25 1.35 270 260 195 1.30 0.60
51 4.0 1.25 1.35 340 280 270 1.30 .60

33—38 mm covers the range for both drill series 11 and 12 and alsv full-length
drill rods with 33 and 38 mm bits respectively.

Burden and hole spacing are thoae used in practice - faulty dnlhng is included
in the basic calculation for tunnel blastmg

The table shows that faulty drilling and swelling -requirements are compen-
sated for by larger bottom charges as hole depth is increased. Full utilization of
the largest diameter holes implies large charges per hole which, from the view-
point of rock technology, is unfavourable,

. Calculating the charge in the floor holes

The burden and spacing for the floor holes ¢an be calculated in the same way
as for the stoping holes mentioned above. However, it is important for the ~look-
in* or “look-out to be included in the burden dimensions. Since “look-out~ is
included in the burden, the drill holes ¢lose to the floor must be collared for bur-
den and “look-out”. For example with a burden of 1.00 m and “look-out* of 0.20 m,
the holes in the round must be collared 1.00 — 0.26 m = 0.80 m above the floor hole
collaring point. The uncharged section is taken to be 0.2 X burden. The column
charge concentration is.imreued to 70" 4 of the bottom charge.

- 432



B

.t am. PR b

T e e R i

B.1

-

. -r-) ';/)Ji”

_ "
TABLA 1.14 Cargas, espaciamientos y bordos en barrenos ayudantes con pro-
yeccidn horizontal o hacla arriba

. Taco
gi&meiro Profundi Bordo Espacia |Carga de fondo Cgrga de columna { Zona de
arreno. | dad ba- m miento retaque
mm 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 (0.80° { 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 0.50

37 3.2 1.00 1.10  {1.50 1.36 | 1.15 0.70 0.50

1 45. 3.2y [1.15 1.25 {2.25. 2.03 | 1.50 1.00. 0.55
. 48 3.2 1.20 1.30  {2.50 2.30 | 1.70 1.15 0.60
<48 [ 4.0 [1.20 | 1.30 -(3.00" [ 2.30 |.2.45. | 1.35 | o.60
51 3.2 1.250 | 1.35 {2.50 | 2.60 | 1.95 | 1.30 | o0.60

51 4.0 1.25 | 1.35 |[3.40 2.60 | 2.70 1.30 | 0.60

-Barrenos de piso

El bordo y el espacidmiento de estos barrenos debe calcularse del mismo modo
que los barrenos ayudantes. Sin embargo, debe considerarse en el bordo una
correccidn debido al emboquille de preparacidn para la voladura siguiente.
Por ejemplo, con un borde 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
cesg el bordo, es decir, mucho menor que en los bafrenos ayudantes y la con-
centraéian de la carga de columna se fija hasta de un 70 por ciento de la

concentracidn de la carga de fondo.

En la tabla I.15 se presentan las concentraciomes de carga de fondo y de co
lumna, el espaciamiento, el bordo y la zonma de retaque para distintos diime

tros de barrenos.

-Barrenos ayudantes con proyeccidn hacia abajo

Debido a la ayuda de la gravedad, estos barrencs.requieren una menor carga
especifica que los anteriores. La carga especifica de fondo puede .ser la
de la tabla 1.16.
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TABLA 1.15 Cargas, espaciamientos y bordos en barrenos de piso ' g
idmetro | Profundi Bordo Espacia | Carga de fondo | Carga decolumna |Zona de
arreno | dad barre m miento retaque
mm no, m m kg ' | kg/m kg kg/m om
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 [ 0.70 0.20
31 3.2 0.90 0.95 1.00 1 0.95 1.30 | 0.65 Q.20
38 2.4 1.00 1.10 1.15 | 1.44 1.40 | 1.00 :0.20n
37 3.2 1.00 §1.10 1.50 {1.36 1.80 | 0,95 0.20
> 45 3.2 1.15 1.2% 2.25 | 2.03, 2.60 §1.40 0.25
48 3.2 1.20 1.30 2.50 ] 2.30 3.00 | 1.860 0.25
. 48 4.0 1.20 | 1.30 3.00 [2.30 |4.25 |1.80 | 0.25
51 3.2 1.25 1.35 2.70 | 2.60 3.20 | 1.80 0.25 ,
51 4.0 1.25 1.35 3.40 | 2.60 4.75 | 1.80 0.25
TABLA 1.16 Carga especifica de fondo _ ﬁ
A
Dismetro de los barrenos, Carga especffica, ~ Tl
enm en kg/m? '
: + 41
30 1.0 ﬁfl
40 1.2
50 1.4

El‘espaciamiento de estos barrenos puede ser de 1.2 veces el bordo. Las de

m3s caracteristicas son las sefialadas para los otros barrenos ayudantes.
En tneles de seccidn trasversal pequefia las cargas deberin aumentarse y el
berdo y el espaciamiento disminuirse de acuverdo con las funciones de -las gra’

ficas que se presentan en las figs 1.34, 1.36 y I1.37.

En la tabla I.17 se presentan las cargss, bordos y espaciamientos de estos

w2

barrenos. Los espaciamientos indicados son aplicables siempre que la con—
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S I - ! R L T
. = . o : s -' . .- . : v
TABLA I. 17 Cargas, eSpac1am1entos % bordos ien barrenos ayudantes con pwe_
' Do cwn hacwa ‘abajo 1 -

: t i ' [ ’
L. - . Sar Lt LI PR 1

! ---I .
Dametro Profundi Bordo. "| Espacia |Carga de fondo | Carga de columna | Zona de
barreno, | dadbarre m P miento,” —— L : retaque,
mo | o, my | - m, o kg | kg/m kge | Kg/m m
33 | 165 7| 0.60 |- 0.70%. |0l60 | 1:10- | 0.30 | 0.40 | 0.30
32 | 24 | 0.90%|:1.10 -|0:80 | 1.00 | 0.55.| 0.50 | 0.45
31 ¢ 3.2 - ;‘oiésﬂ “1710° {1.00- |' 095 | 0.85.%) '0.50 |- 0.45
38 | 247 | 17007| 1.20"}|1.1s.f 1,48 | 0.80. | 0.70 | 0.50)
37 |-3.2 7| 100 17207150 | 1736 | 1.15 | 0.70 | o0.50
45 3.2 | 115 | 1.40 |2.25°| 2.03 | 1.50 | 1.25 | -0.55
48 3.2 1.20 | 1.45 -[2:50+| 2030 | 1:70 | 1.15 | 0.60
. 4.0 © | 1,20 1.45 [3.00 | 2:30 }|-2.45.|:1.15 .| 0.60
s 3.2 7| 1.25 |-1zs0+:|2.70 | 2.60 |_1.95 -} 1.30 | o.60
51 4.0 1.25 | 1.50 .|3.40 | 2.60. |-2.70 | 1.30 | 0.60
_-Barrenos de los hastiales ' -~ . .Y o

13

Las voladuras de los hastiales y de la bdveda corresponden por lo comfin al
tipo de voladuras denominado recorte o poscorte perimetral (inciso 7.2.1.5)

En esta seccidn se tratan los casos que no son voladuras de recorte.

El bordo, considerando el emboquille ae preparacidén para la voladura siguien

te, se toma igual a 0.90 veces el bordo de los barrenos ayudantes,

3.7.71 .
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profundidad del barreno, en m
cargs especifica, en kg/m® .

dismetro del barreno,.en mm

concentracidn-de la carga.de.fondo, en kg/m . .-

concentracidn de la carga de:.columna, en kg/m:

'hltura-de.la-carga'de,fondo; en m

longitud del retaque, en m

Distancia entre barrenos, en o

.

TABLA .19 Cargas, espaciamientus y bordos en barrenos de la béveda

de c3lcule)

3.7.73

-‘Diﬁhetro_ Profundi Bardo Espacia | Carqa de fondo |Carga decolumna { Zona de
barreno |[dadbarre |- mo miento . - . retaque
mm - no, m ' m | kg | kg/m kg kg/m m
33 1.6 |0.55 | 0.65 - |0.30 | 1.10 [ 0.35 |0.35 | 0.30
32 2.4 0.80 0.95 [(0.40 1.000 | 0.5 0.30- 0.40
31 - 3.2 0.80 0.95 0.50 0.95 0.70 0.30 0.40
38 2.4 0.90 ! 1.10 |0.60 | 1.44 | 0.70 | 0.45 0.45
37 3.2 0.90 | 1.10 [0.75 | 1.36 | 0.90 | 0.40 | 0.45
45 - 3.2 1.00 1,20 , |1.10 2.03 1.30 0.60 0.50
' 48 3.2 1.10 1.30 1.20 2.30 1.45 0.80 0.55
48 4.0 1.10 1 1.30 1.50 2.30 1.95 0.90 0.55
51 3.2 1.15 1.40 " |1.40 2.60 1.70 0.80 0.60
51 4:0 1.15 1.40 1.70 2.60 2.25 0.80 0.60

-Barrenos ayudantes con proyeccidn horizontal o hacia arriba
d(mm)  a(kg/m®) .
30 1.1
. 40 1.3
50 1.5
By H/3 i : T
Vli-——H:—g;ﬂ-i— ie‘sta es >u|_1a cond1c16n y no es una base (1.4)
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Acoleciones 0 mm
© Borreso vec io

* ® Barreno corgedo

FIG 1.40 Cuna en V

tabla 1.23 se proporcionan‘ valores que pueden servir de orientacifin en la

determinacidn de la dimensidn y carga de la cufia en V.

En cufias en V la longitud de la carga de fondo debe ser de cuando menos un
tercio de la profundidad del barreno. La carga de columna debe ser igual
a la mitad de la carga de fondo.. La zona de retaque debe ser un tercio de
la dimensidn V de la cuna, pefo debe ser adaptada al espacianiep:o de los

barrenos de mmera que no haya exceso de carga en la parte de la columna.

3.7.77
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TABLA 1.21 Cargas asignadas a los barrenos mds préximos al cenfral

biinetro de los barrenos

Carga asignada

Didmetro del barreno

aza)

ca‘rgad.os. mm (kg/m) " central, 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 —v Q.45 de 2 x 76 a 125
48 0.55 de 2 x 76 a 125
51 0.35 de 2 x 76 a 125

En la tabla 1.22 se.prescntan valores de cargas que han dado buenos resulta

dos en barrenos de contracuna.

TABLA 1.22 Valores empiricos de carga en barrenos de contracufia @gw:lan’tzs)

Bordo o separacidn | Carga de Cafga'de columna en kg/m para didmetros de

eatre barrenos fondo Jos barrenos cargados de:

: m kg 32 mm 38 mm 45 mm 48 mm
0.20 0.25 0.30 0.45 0.60 Q.75
0.30 0.40 0.30 0:45 0.60 0.75

. 0.40 (9.50 0.3§‘ QSO 0"{0 0.80
" 0.50. 0.65 0.50 0.70 1.00 1.15 v

0.60 0.80 0.50 0.70 1.00. 115

o700 0.90 0.50 0.70 1.00 1.15

* Lonq'\'\'l.k\ zin carca (faro) 0.5 V.

a) Cufia en V

En esta seccidn se proporcionan reglas generales para el cdlculo de cargas

cc 1siderando una cufa de vértice interior de 60°. Si este dngulo es menor

14 carga debe incrementarse.

La dimensidn V de la cufia (fig I1.40) es funcidn de la cantidad de explosi- '

vos que pueden cargarse en los barrenos con arreglo a su didmetro.

/

3.7.76

En la

@
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Los cartuchos largos de didwmetro pequefio de explosivos de baja densidad,
permiten una distribucidn adecuada de la carga a lo largo del barreno. Los
cartuchos de 20 cm de longitud se han empleado con &xito en voladuras de
poscorte perimetral utilizando espaciadores entre cartuchos para reducir
la carga total en kg/m; sin embargo, este procedimiento da como resultado

concentraciones 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 propiaméﬁte dicha. El precorte produce una grieta entre los ba-
rrencs de contorno. Esta grieta evita que las ondas de choque de la vola
dura principal se trasmitan en toda su intensidad nacia la pared terminada
y minimiza 1a profundidad de la fragmentacidn en la roca. Como los barre
nos estdn muy préximos entre si, las grietas se forman siguiendo las 13-

neas de barrenos, y los mismos barrenos constituyen el inicio del agrieta

miento. Esto significa que la inclusiSn de barrenos vacios entre los car

gados, puede mejorar los resultados.

En la tabla I.25 se indican algunas cargas y espaciamientos en funcidn del
diimetro de los barrenos.

S$i no exiaten limitaciones en ias vibraciones del terreno se vtiliza el
encendido instant@neo; por lo contrario, si es necesario limitar la magni
tud de las vibraciones del terreno se utilizan microretardos. La forma
cidn de grietas resulta menos eficiente que con la iniciacidn instantinea,
a menos que se reduzca el espacio entre barrenos. Si el tiempo de retardo

es muy gréide‘ho se logra el precorte,

TABLA 1.25 Precorte

[ Diametro del barreno Espaciamiento ~Concentracion de carga
rm ‘ , m kg/m
25 - 32 ‘ '0.20 - 0.30 0.08
25 - 32 0.35 - 0.60 0.18
.{H} o 0.35 - ' 0.18
0.40 - 0.50 .
64 : 0.60 - 0.80 0.38




B.1

?’q/
\J
3.3m
[ L ]
. } . ’ :
2 a e
8 28
6
L ]
. ' .
7 7
94 [ B-)
n 10 10 10 10 n
| S . A — —

N

3m

FIG I.41 Distribucién tipica de retardos en un tinel

que la roca fragmentada ya ha sido desplazada, ofreciéngbles un espacio de
alivio suficiente. Este alivio permite una voladura del bordo final con un

sacudimiento minimo.

En la tabla 1.24 ge proporcionan valores practicos recomendados de espacia

mientos, bordos y concentraciones de carga promedio para dos didmetros de

barreno, utilizando explosivos de 1.2 a 1.3 g/cm” de peso volum€trica.

TABLA 1.24 Poscorte perimetral

Concentracidn total

Didmetro barreno Espaciamiento Bordo de carga en -el barreno
mm m _ m. k
q/m
38 - 45 0.60 0.90 0.18 - 0.38
51 0.75 1.05 0.18 - 0.38

3.7.79
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Tanra 8.1 :
Concenrracion de la carga (1) en kg/m para cueles cilindricos v mdximg distancia ceando
se dispara hacia barrenos vacios com didmetros comprendidos emire é - 1 - 57y
200 mm d representa el didmetro del barreno cargado.. La potemcia relativa del ex-
- plestvo ess = 1,0,

émm’ " 50 2457 75 83 100 275 nb 128 150 200

32 0,2 0.3 0,3 0,35 0.4 045 045 05 066 o8°
37 0,25 0,38 0,35 O« 045 0,53 0,53 06 0,7 ,95
45 0,30 0,42 0,42 0,50 0,55 0,65 0,65 0,7 0,85 1,10

i mm 90 150 130 145 17% 00 190 220 290 330

Hay que sefalar, especialmente con barrenos vacios de pequefios
diametros, lo mucho que hay que sumentar la carga cuando se incre-
menta la distancia entre centros. Para ¢ = 30 mm se necesita una carga
de 1,0 kg'm para yna distanca entre centros de 11 an y menos de la
mitad de la concentracion de carga para una distancia de 8 cm. Este es

e Ui

4.0
10+20 —\ A
YA
r20 A
&
1.0 ’-1\@
3 jon®,
1.0F
Jos
T04
0.5 X /
0.4 /
R R 2 .
p &
a2
0.7
12 s in
01 4 +
0 00 &0 mm SO0
Dastarecre
. TY oEnTTeN
Fic.8a . . .
Relacian entre ba cantided de carga v b distancis cotye Jos barrenos cusndo s dispurs hacia
mmwmmm&plpm----m-hhﬂtm

de la Ggurs §.4. Diisvetro de Jos barrenos cargados = 32 .
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200 TRONIZA MODERNA DE VOLADURA DE ROCAS

TaBLA 7.2

Concentraciom de la carga, en kgim, para diversas piedras (V) y extension (B de la
: cara libre ¢ tablg preiiminar). :

Carga
Piedra Concentraciin de a carga, kg m lirmice
max. ’ : i l.rgm
14 " =]
B -o,10 0,15 o020 025 0.0 2,35 040 0,50 0,60 0,80 t4m pedra
m 0,7 0.§ 0.7 o I 2 1,3 Ly 2 2,7 47/t lbre
kigm
0,10 0,12 0,08 0,06 .
0,18 0,30 0,18 . 9,13 ot o009 ) .
Q.20 0,60 0,35 .24 020 0.6 0,14 0,12
0.2% 1,0 .60 0,35 0,30 026 22 oa8
o.30 1.3 0,9 0,80 0,50 0,35 )1 026 0,2 0,18
- %1 1.2 2,9 065 045 040 0,35 0,30 0,25
om0 L6, 12 09 9,7 &8 050 040 0,30 024
0,50 20 16 L3 1,0 07 060 0,5 0,3 0,13
9,60 22 1.9 6 1,3 1.0 0,7 0582 o7
Q.70 1, 12 1,3 LY 09 o7 0,28
a.80 . 32 24 1B ta4 10 06 9,32
1,00 : : H2 3P 24 14 09 | O5%
1,20 44 38 28 12 0,7
1,30 so 346 1.8 0.9
1,60 “h o 2.4 1.1
1.00 3,9 19

Las afras en Dypis som 37 de i cifras parg kg m.

en la que los subindices a y b se refieren a las figuras 7.5 a y b respec-
dvamente. La relacion (7.4) s¢ estudiard en ¢l proximo capitulo; la rela-
cion (7.5) s¢ ds en I bl 7.2 '

Estas ecusciones difieren solamente en el valor de la constante, que
en las voladuras con una salida circular ¢s un 60 °, mayor que con una
rectangular, debido a la mayor constriccién en el primer caso.

Las anteriores relaciones abarcan los datos experimentales actuales,
pero las voladuras con una salids rectangular deben estar sujetas a ul-
teriores consideraciones 1edricas. Sin embargo, la parte experimental de la
investigacion ha alcanzado una etpa que suministra bases para la dis-
cusion de algunos de los principales puntos involucrados: ls determina-
cién del didmetro dptimo de los barrenos no cargados em s voladuras
de cucle paralelo, la construccion de los esquemas de perforacion y el
cilculo de la carga con miras a la colocacion de los taladros y a la dis-
persion real de la perforacion.

Las cargas dadas en la tabla son suficentes para Ia rotura pero no
comprenden necesariamente los valores Lmites; muchos de Jos valores
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VOLADURAS IN TUNELES CON CUELES DE BARRENOS PARALELOS 261

TABLA 8.6
Cueles on doble expiral com diversos didmetres del barremo vacic (4). Daros acordes
con la figura 8.10. Las concentraciones de carga |, y 1. s refieven a los barremos mar-
cados com - y @ respectivamente.

% mm 15 s 100 110 1258 150 200
¢ mm rie 120 130 140 160 190 250
b mm I30 140 160 170 igo 230 310
¢ mm 160 178 195 230 240 290 380
d mm 170 290 3as ise 400 )

L kgm 0,30 0,35 040 045 0,5 0,6 0,8
L kgm 0,65 0,758 o8¢ 0,9 1,1 1,3 1,7

bajar apreciablemente el avance medio. El encendido de los diferentes
barrenos del cuele debe efectuarse segun la secuencia dada en las fi-
guras 8.10 y 8.11. Respecto a los cueles de doble espiral, Tiby y Coro-
mant, el encendido de Jos barrenos num. 1 y 2 con detonadores instan-
uineos puede mejorar los resultados. Estos detonadores msmantineos deben
. gituarse en ls boca del barreno. Para evitar el riesgo de decapitacion de
lss otras cargas, los demis detonadores deben colocarse en el fondo de
los barrenos. No deberian Nevar carga de fondo los 6-8 barrenos mis
proximos al barrenc vacio. ‘

;) Cueles clindricos
Cueles en deble espiral (fig. 8.10 a)

El esquesma de barrenos en espiral proporcions b abertura més amplia.
Sin embargo, cuando se pretendan obtener grardes avances deberi usarse
¢ doble espiral de la figura 8.10 g, adoprando la separacion entre barrenos
¥ b concentracién de carga de Ia wmbla 8.6. Con ¢ asquems en doble
espiral s¢ tiene la ventaja de que pueden iniciarse sucesivamente los
barrenos opuestos, con io que se obtiene una mejor impieza de la aber-
ara. Ademis, Ia seguridad en el avance aument, yr que cada seccién
de ls doble espiral puede romper con independencia. Segin los datos
de svances medios dados en la tabia 8.3, ¢l cuele en doble espiral es de-
finitivamente superior a los demis tipos de cueles, con un avance por lo
menos un 20 Y, mayor que los demis de barrenos paralelos. Una des-
ventija en la prictica es el hecho de que los dos barrenos mis préximos
al vacio de 100-110 mm solo distan 130-140 mm de su centro y en la
perforacidn con' estructuras estacionarias y con el equipo actual se pre-
cisa una distancia de 160 mm. Esto lieva consigo la necesidad de aumentar
el didmetro del barreno vacio hasta 125 mm, con lo que la distancis al
ceotro puede incrementarse hasta 160 mm y, si 3¢ desea, sumentar el
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- Galerias de exg:\o’mcnon drenafe .

3 - Tuneles de acceso

SeccioNes CoMBINADAS

- C'\fi‘a;nﬁo \E'\ag ﬁﬂéc?‘*::\clqo -Con ?ergoraelora de Piei’-'wn‘a



Me*oéo cle_ tunel p\\o\‘o sobre el piso c\el '\'une\ !

Se utiliza en roca blanda con filtraciones.La 3a\er\a

} Pllo‘{’o de avance sirve paradrevar el agua de infiltracioh
: y. Heue avéa ewtre 9 Y 1I5m® Ewn las anuras se \nA\CaM
las tres variantes de estewetds . La ‘qaleria pi \o-}o |

-."P_"ueél‘e ‘5 né {r aclema;\a con marcos H'Cdu'c'{-'&o' lanzado.

S ST
- ;
3
.
]
! _ 1
T
R —_ .1
. - S
|
! . - —_—— _.:.
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R f37
Me-b&o de_ las dos salerms p-.\oJro la*era\es sobrc'
el piso dg[ Linel. Se u\-‘\lz.a eu roca b\aw:\a. '

Ew una primera etapa se excavam los dos tineles pilote
Yos. Cw:\\es se Pro+eje44 Cown marcos wetalicos . Se cuelden
las 3uarmcm\«\es de P\So tj arraw Gue de los muros late-
T bales.
Ewv la sequnda etapa. puede realizarse cl reshode la
excavacioh con avoamces Pequedos de 1 & Z metros
Sopor{'m&o la roca con warcos que se apogm eu los
al’l’auq-ues c:le.\‘wwr'o Prcvmww*c colados,
Cua.uc_l.c; a rOCa wo so_porf\'a .c}. avau L de .o Zmeh-os 7
Fouces se exéava Una.ranufa o cotona de ©.15u a
“lwm de \'ongi’rué que perwita la colocacion del warcs
me.\-ahc'.o de soporte, coutinvands con revaswieatos
de ccm creto \wz-mic Y Pivalwiente com dnuclu Curtml.

N o A R AT B
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- .'6 - Excavacion . de la mitad. Aiuberior

138

BN o /__35

- Me}oc\o de sopor\'es la<\-era\es pil o‘\'o (3qpovx)

T Este mb"‘f’é-o se ha uwhlizade Mk‘u\/\d.u por Jebaqo del war .

~ ea roca deleznable con fuertes Hikmciones (1oco a 1500

A Perforacion de los dos. Nnc\e_s_?\\ob de 3w de. didwmetro

2.0 Co\ocac.\ov\ del od e wetalico del bonel principal, Am’m

de s dost %a\enas Pilotos Ademe de tubo. de acun

3,. Lellews de coucreto de las dos galer@s piloo _l

4d.. Excavacion de \a 'anmcl s.utpenor :

5.. Colocacion de los marcos wekdlicos” bubulares, L;
 Gualen. se rallwan cou wortero pam amm\nrmrc fuac
.- Co\oca.O\OV\ c\e. \os %tnapun*as by 5ulares meeuoms
8.- Colado del vevestimieuts de coucreto.
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i3¢

_MeTo00 de Sofories Laterales Pitets
’ ( Tunel Se1kan, JAPon )

1 Perroracion Tunetes Puoto

o 0

. .- — —

L . b i
2 Cotocacion Apeme MeTaLico N ./ ExcavacioN |
AP ' ~ —="Seccion InFERIOR.

. 3 Concreto Tuneles ProTo

Aoewme
SeccioM INFERIOR

d

R S S SOOI A #J COSTILLAS.:
4 ExcAVACIONSECCIONSUPERIOR : _. ... / BoveoA
G . . T, . N . - -}

c—— .= e —- ————
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Metods de seccion superior y bangueo
Se vtiliza en roca samna . .

" Seccidn.portal

[ {2 wi2m __:

—— A 2K

"Revestimien- |-~ 27 T o
Yo de concre- | SA s
to _ — — e

_ . o o
B A L
) L /- L o Seccion portai
[ | " R oo x2m :
- - —_ . 3 . - ——a - _-_f

=

- A |3uhés veces la secion superior es neCeSario'"ei'&.a-

varla ‘en dos o tres secmoncs Como eu B

',-L_a mejor geome{'r\a Se obhene mechanﬁ_—fﬁlaclu-

ros de Pos*-cor{-e perimetral (swwo*h bl‘as’cméh

con barrenamon horizental tante en \a secclon U -
perior como-en la- inferior. e
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Me+0clo de seccion ‘SUPG\'lOF Y. banq.ue.o S
" Se’ fuhh;.»a en roca sa3na | _ . .. e

_. SEceioi Ciecucar
B 16.5m 1}
.. .... . _i._. L_-I

o S |

—_— ---_—.—-t'—-—'--—d

. T LT
et AT T

L ’ _ ) R
Se.c'.'é[ou Cfr.cut;xz_

R N\ ¢5' lc,' 5 nL__,

i [ ; -':'— ‘_.'“_7:
’I -—— = mmw  e———— __—..JI
: I
]

o S

L (o T

B N .;.._;.;,_._;_;_;.

T T T A —— - — e C e e

.__,53 delben: usar No \aduras de. Pos{' cor’re chmc- -
. )
“THral” (SvcoYho Blasting) |

"
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__ExcavacioN CON EsTAcCAs bE Avance AL FRENTE.

-

Ewvi. suelos wmediauamente compacios como tepetate (toba.

"_.__Se:d{'me,u’mria de origeu volecanico, areuas-lime -arciliosas covi

(:oc.a ccmcﬁacnon) o rocas deleznables se requiere de sopor're

__.QJela.n{'e. del frente del tinel. Bn estos casos se thaM'

T eufias. de wadera o de wetal apoydiasdose e los warcos aq%c.
piores. ., . .,., .., . Grava-3arena :
? i . ! ! f. - LI T . v

__ ESTACA% pe AVANCE

| Tablo'n 2"x &" © Marco H-¢" "~ |
- !‘ 86 cm _L- 80 em ..‘ i

Esauema pE SororTE

MP«S AUREOLAs e \uxe.cclou o
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Tuneles en Suelos E:LANDos

Los_'proce'dimien’(cs mads ysuales son:

- Excavacion con escudo

- 'Ca »io nes hundidos

‘ Los escuclos puecleu ser ablertos o cerrados. segun \a causis -

“leucia del suele. ' ‘ '
Cuandoe. el suelo es 'mug blando se uscw« os escudos Cerrados
.cov taumara de Prcsxow al freute Yya cen cow aire presutiza-
do o lodo presuritade para evitar la extrusiohn del suelo

" hacia.el escudo. Ev alqunes cases se ha recurrida 3 la

| “congelacion c!el suelo para meforar su cwsm&waa Y poder-

lo excatar. . S

TrA m'l’e,ttal excavads se mezcla y se bombea cowms \ae[c

(s\urrg) hacie a?uero. donde se se para el agua Ae, \os

schc\os paro. volver a uvhilizarse. = _

| Rellewo de morkero . - - Cortadores Flujo de( suele
o arwda ,inyectada ‘ :

(extrusion)

. S 5omba . .. -
. Dovelas de concrete Aceitehidr Bowmba Merclador 18 .
' 1 [Cedefiod gﬂ_._ -~ ..
' - FrinciPlos DEL Esecuoo \Aluoloaoc;vi}n?n.ao

La excavacion del treute phe&a.haccrsc 3 mane o esn coriadores

o
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o HunOtMieNTo De (aSonNES

S L/

, |ll||(]

Plantilla de

4 7/2 Rellewo _~

— HunDiMIENTE DE Los CaJones
—~ Empagque de neoprevo - -
e S
Sellodeconcreto. . .. ___ |

-~aire . . T SR
: ' o

r— % w .- - . .' . - PR . . : -ty agu a- - m—— e mrem st
. e e D e -
S o o - : - ‘_J

T Salle e JUNTAS

. —b,-—. . ) .' . -
e -.;.._—’___ C . L-

r-.r'-"

IT

4l
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Excavacion DUe LumBrzRAS

La excavacidn de lumbreras depende en buen 3mclo cle(

eqmpo A\spomb\e

Alqunos de los procedimientos wmas usuales son los slgutcn’fes
Motor eleckrico ~
€on caqa reductora

y bale?':: axial [fl l D‘i"Gufas

&.G:ﬂ’o. |
. huriuifo

'I 7T

1 Fer foracion

1 piloto & 12"

0

l--—? . __7 - g
24| Perforadora I | Perforadora s -
de * ierna cl.:JJicrna Rima
. (stopper opper)
Jhome| (sfopper) PP md a
/£ r-k L4m ¢
e
TR=77 TR
- Jaula TrerPa0oRrA JauLa Sustennida C ONTRAPOCERA
3.6 a 5.4 m/dfa 3.6a54m/dis K 16 a. 36 m/dia

\/erﬁajas de la contrapocera:

= Menor Hempo
= Lumbreras mas largas
- Mayer prodvccian

L as {avias estau quedaudo fuera de uso.
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o _AMPLIACION

g , TEIRET
-k
1 !
| Lumbrera
_ : pilo‘\'o
! ’2 . .
oy vy Ampliacien
- - — .y b
— NIRRT &
IR 2
- L. L‘Lz ﬁ:r?oradora
N .’ . de pierna

Perforadera .

te.

con brazro
IcscoPiable.

oe LUMBRERAS

1.1

i1 11 Ak 1115 Y

1

: !
N %":3
-EZ5

143

121 umbrera
| pilots

Am Pli ac ion

1

Ampliacio’n

Lumbrera Fi\o#o :

Pla{'agor ma ¥rogue lada

ho\-xton alment

SISTEMA bE

Bavaueo . .
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Pozos . VERTICALES E INCLINADOS

Anclas

. Perferadora '
manua! . T
'-PerFora‘:\ora : ‘
manua
noy o ~ A
[y | Do ! ‘\
RezAGADORA MECANICA Rezacanoe Manual -

LY

Pa2A tuirt InARA Ay Evravaciow Mecanti2A0,
b} LI



L UMBRERAS con DETONACION

.-1--'--—

-
+

E
4 _

tam ro 3ra
& S"a "

|
]
e e

_i_,r_,_
f===F

|
-
-
!_
|
e L
3
|-
|
-
|
|
|

o ——

tlwance

a
. _._._____'_______

LY, =
] .
b ﬂLumbrcra

) y T
/’17' Barrinog A¢ N __-_ +

¢5':_—"\°

Snes.gg 5" .

T AVANCE VERTICAL HACIA ARRIBA _ . 1]
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_HA_C\A ARRIBA

!

R, -
[ — — , _’

- .

. _!

e..
» Ba rrenog 95 3"

g

o, } 4dm, .
,._,z_L
BA&RENACION

Cufa .con 3 barre-

-

J..o.

-t

- O
o ——— e . b b - e i e e aem  — m maen t——h bat ———————— . jp—
e e o4 —

r,

—— . A, — ——— .
VS - UM

. ._ _i

e e 1 mmaeas ¢ e e ——wm b e -—— .— -:—-:
R T , S

o A ) . -|
a . .- —_— #_[ - e —— . e e e e s o e ———— - -
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ExcavAacton 0e Casas e MAQUINAS

23.3om

Secclon

)i

1
|
|
{

LATERAL !
= o A Banaueo 2 4m T T T
F’re.cor*e | | .
_______________ L] TuNel DE
ACCESO
BA"{Q.UEO 2 4dm : ) - :
_______ ) GALERIA OF
' ——— BusEe _
Bauqueo 4 5m ————— .
BANQUEO & Sm < !
| , | . —_—
TuBERIA DE .
D - Fosos voe
Fresion | o
= IURBINAS
- N I
| A
SO DesfoGUE, !
Cavcamo o
DE Yl
BOMBEO - ‘8_6 |
e - . =< L — e —TTT 1

EsOUEMA DEEXCAVACION
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_Bowvaeo eN TunNelES -

L'as condiciones y caracteristicas del bombeo de
agua em tuneles es muy Narlable .

Dada la importancia que reviste el bombeo pam
evitar suspensiones de trabajo a causa de inun-
daciones a continvacion presentamos alqunos
pun’ros da' viis*a sobre el mane fo delaqua.

- Tener respaldo de bombas entre 3004400 7% |

- Fersonal cspemahzaéo en ms’fa \a cion y wmanteni-
miento.

- Summls\'ro ld pro’recmon electrica adecuado. 3/0 °

“suministro confiable de aire comprimido. |
.. = La bomba debera tener un Fi8,= 1, Sfam con*rqrm-
L far efectos de Femperatura ] humedad, desaaste y
,  bpgos de vo\ aje. La; perdidas de carga por{ricmom S0
aproximadas al 20 Bowmaas lesales

 Goasks de 2 |0 M /seg. Bombas de turbina Yo dedia-

cown. carqa de \sm. fragma accionadas Por aire
comprimido. Sumergibles

Gasto de 2 a 101t [seq Bombas de piston, acciona-

con cargas de Soa 15m das por buﬂas dcopladas o

yrotor el€ctrico. Con pichancha

Gas\'o de 25 a \OOJt/seg Bombas sumergibles de tur-
on cargas de S0 a5 m bina acopladas a ‘motor elec- .
brico estamco contra cla%ua

Gasto de oo o \dooﬁtx‘seg. Bombas sumergibles g/o de
. wncargas de 50 aloo pozo profunde’ :

Pstencia de una bomba P=8QH, Q- 'm/geg,H m P=KW .

Si Q= 80“’/553 H= 80w} P-8x.08 x80x1.2= Cl. 4KW'BZHP
NMiilissadd o =l (.= ¢« Paiog WUe
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VENTILACION en Tuneles

i o Duranie La ConstRUCCION

o

Requerimientos de diseis:
a).. Calidad del aire f{resf_o Calidad re%uencla e lay

oreas de trab

b ). Cicle cLe. fraba {o - Nunaero de tumos y \wms de

o eac wicion de voladuras.
ce).. Caubidad de aive Proamm de cl.ew.wcla actual
L&?wb.m wm\-mam ?arh ewdar Ae mw

P\'bndjtorM ch.. 4aa 4 polve,

"CALIDAD DEL A\P_E

_f_'_';j

cm—e ey

Ma'xi mas. cmm’mqm de impurezas del aire P(.rWn-
sibles FOP el Cu.n,rf"-" Naciounal de 'Tmbag de. Sa.luaj
SE%M.Y\GLO.A cle Suecia -

S.LIBSTANCIA'

|OURANTE UNA ExPOSICION DE_

. - i
C oucenTrACion Promedio (PPM)

30 min 8 horas

Mohoxide de. carbone
B lo'xido'cle caf;boﬁo-

B iéxido de nitrogeno
Oxidos de nitro gevo
Nox = NO . NG,

co
€Oz |

NOQ,

NOx |

50 - 25
15000 5 000
3 -2 T
30 20

“La-contaminacion principal del aire provieue de los vehiewlos

diesel y de los explosivos que producen oxidos de “*r.
bone 4 "aases witrodos u ceumizas volamtes.



‘W-?
Para el caro de la Ming kiruna euSuecia , od factor gober-
‘nowl‘l'ew 24 c\xswo‘BtA sdo ¢l bioxide de V!H'rogu:_o NO2.

Los vewiados diesel deberian 2star normalmente equi -
Pados cov catalizadores y purn{-\cac&ores
- Con el daarrolle Qu‘ruro de los sistewas de PU”FCM—\CM
' de gases de los Va\mou.Qos da-wJL el - Q—ac’tor .-_-le A\swo
seva” el COz

CicLo pE TraBAJO

A coukiwacion se preseuta wma %m’%‘ca' sobre eltipo y cou-
ceutracion de gases wedidos eu \a Mina Kirvng e Sueca
i duraunte la operaclon de dos’ Jrurvxc:vs por. dia, o
CONCENTRACION DE GASES )
P—Vo\adura '

Gases de exP\oswos (¢ o\

(‘\G\ases de diese] Cuoz)

|

23:00 '6;00' 14:00 15:00 ‘23:00' Tiempo

2--4 hny ' . ‘
l Noche ' 1uTurno |L2° Tur‘no_] e

Couc_au'rnc,\ou DE GASES Duume_ EL DlA
Como se sabe los qases de las voladuras eaen Wasta qn ni-
Vel aceptable eutre 2y 4dhoras después de la voladura,

L -—

-
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."Si.é'w] p\’e',' gi_camdo la cantidad de aire de veuk lacism
es A%ua.l. ala. Gapacidad de aire gue sevkiliza duram
te el dia. Esho signifca que durante La-uocke
Ao Q'u.a. solo so &iauwen Los qasn de Los M(D\osWos se

— \/Lq(wz. una ca\{vauéac\ de veuklacion mewuor.
 Se observa claramute. (2 concautracion de gases
- per combustion del diesel al inicio del primer hurvo.

CANTIDAD TE AlRE

- Para.detetminar. la combidod de aire Sresco vegfuet-'.
" para estar doutin de los limites permisibles de. -
Ccantimeion de gases confaminantes. Mmecuano
de,\'e\' minar Prevmmmﬁ. ) |

0 la cankidad de gases broducidos pam sulumpmza
b)) la ehideudia do sistuna de veukilacion quase

Cu L cancemtm cion de impurezas eu elaire Usado
- ' Cd“ cov\c.wi‘raao-n deimprezas s elaire Ae lag ateas
- . . de braka 10

"0) La calidad ded oire abastecido’ )



Al

by

IS

\_a c_mhclacl Ae aire pu.acla_ cle‘\‘e.rmmarse WuHau-

WJ”' sxprasioh’, basada 2w los mq,unh-
minbos de asre por lea [ogrmo de asmbuskible

- %{.{M.Aio LA, M-«V\ MALM eubACo de ar.ﬂkdejtrabajo

: \._ PJ‘O'Z?AQSx‘!Q 3
— _ Qe_ . 5600 ; /S.Ua,

ke . T ,1

Qe- caujn&ml cle.curz. "M/Si.%
P fvo{'euua de Waquiuas KW
0. 2% = covsumo espec&‘co l<g/uwh
Qs. nesdad 2ypecifica de aire ‘m’/kg;
 reeowmtndaciow Qs = a:ow/u.l cle_em-

bushible qu.tm&o sz?-m AA‘\'M JLEI\'UHA |
‘k J?ac:\-or de vhilizacion "

’ . e

= 0,15 para opera ciones de l'muspor‘rc
LT _—0 30 para carqa 'l-rauspr{'&
o = 0,45 Fam carga

)
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DS TEMA DE CONTROL
. Para.utar ou Jfor posicion ou 2k eouhol de fa opua -

‘ _c,\'o‘(d'c\el sistama de vauk lacion fundam eufalmumte
_:A"Pcbm chorrar dinero n .uu,rq(uu delrer instalarse
un sistauma de control rawoto,

‘Este sistaua uta ‘bc_va:o Sobri uma _.Qoope,mcio‘v: muy
.C'ie,\:'rada Wrre um sistaua de s etiales y A oPu_ador Y
A 24uipo de ot ento | |
24 ) sistama de vankla ciow !\f.%a a presautarse undefecto
por 2fuplo . Lo abertura de una puarta ocasioviaude
@u%as y o paro de veutiladores | o Tau priaturas muy altas,
el control vnitario Manda uuma sotiad mwediata aloperador

del Ccn«\'ﬁ\,q(uﬂiz\ avisa vapido al personal de want auimiedp
' ' § /T ‘. \a/ S'auSot' /%

SISTE MA \
(///////Z//77////////////////1///////—"-3

OE
VENTILACION

) R
-
_ v J .:_, SEeviCies DE LA
. . ‘ REY MINA
—Z 4 A/
, MDAD dE '
. o g ContRoL Eali‘gj
©o Centeil :
— / I==y

0T .CuseTto ve Cowteol T v A
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SELRECCION DEL-SISTEMA 0 VENTILACION

Los arrnglos de vwhhc«w pw&m &mrsa L Variaa

IFOYW\M El &s’(ﬂm M&M adecuno Pam Qﬂ\c{.r:\eaAo
depudevs’ de lan crudich owy parHewlares

TR CCION DE AIRE . tonsiste eu so plar el aire a troove's de \os

" sadido audis de cuverky el sictema aru so

: mS'\‘Ma\ ,uu\aL\C.A A s &.n. veut Ladorss u.vamblu.

.' 4 ductos metallicos .

ductos hasta los sitios de trabajo y hasta los Fraubes de excava.
cion , Seob\-\uu_ buﬁu& vauntidacion au o Proute | feisuds Lo
dasyamtafa que tas ?uam de aire pundon. arrastay zl'auuuo‘a |
Aos quan & ’md_o Lo largo del fabuel .

Los. duclos de Pim-wc.o son mwj.wl'\ﬂao o ke care Laa quﬂ.
sev f—naho c.l.o, mw.b&ar Y Oouipan poco upauo

EX‘T?.ACCION ForzADA . c_ov\s\s’tﬂ. LA Qaw\éar Lo %MM,'
Fo\uo Mw a Lo a{mS-Y-EM a bavds de wu ducto weta-

. Mee qpm_ i 294 M*‘G JJ Lramte . Para obtauwer wma vaukla-

U Mas J«Pamt. amwm eslscar cua abawico auxd liar
for‘ta'nl 2 ] puso ded tuduial am% ad froute

EXTRACCION £ InveEcclon ALTEZ NADAS .- da buseos

rasultados ‘i“ qfu.z. d hwpo do txtraccich o4 pudiciu-

romude Lm-%o pam awarw%olos los ganss ban
éﬂﬁo EL

Los duc‘\‘os deberat. m+ar o 25w de Fraute par thgu—los

de laa voladoms, Bl vaukilador auxiliar s de 30470 9 de
V» Aaoacidad delvewkiladar brincipal:
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- SISTEMAS. DE VENTILACION

L INYeCCiON De AiRE
. 1 N & . . -
PRSI [ | , 25m
Gl ) I '
e - —— o

'__, Seuo\\\o y SE Jnuu. bu.mom#rok sobre el !-rujzd'oc\a
!Lj_-__:w—:.-__i_vi— ouire . Puade d\spe.rsar los gases a lo 1ar30 del {ivel
'l.__A___._.'_E_;__'__. N . . ' ) : :

| }__;f___fﬁ___—:;*_—_f_;-_’;m i .'EﬁwaAcctc’m o AIRE -
b = il
T T “MNoaamuy odecuada . Se bizug | pobre kuaarm

[

A0 ___.-._-__QM el Frante ‘i 2 La .ﬂM\‘mAa se producefrio

T '_____ __c\uraw\‘\‘ﬂ- 2l ,u»wm.mo. |
T R EXTMCC\ON DE AIRE

l-—l—--—»——-— — e — -
e 4+ VENTILADOR AUXILIAR

" e - .2531

U i — e

IITIT T Seobhousn buuos reanlindos TTET

:.Z'_"Z____::”_exc.e,p*-o dul ,dm ?r\mtw% 2 Yo autrada
S PP.I' nnamnaLcL

- .__:Dbs-mr_éoms resultados se ohti st iny sctamdo aire do- :

—rantela barretacioh v oA rﬂba%m&o con Lxtraceion

!__ nm&dalﬂcfawm’re df.sp.w.s de lo- vola Au Fou..

-+ - g

P T —
P
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ULO. bEL ABASTECIMIENTO DE AIRE..

Cuar po t\\aamaﬂ Vaitce de Protecuioua los

Traba/amdoms Publlco LA \ﬂéq AN AML‘*’ocﬂ.o paro. .
o;alwlar dabasjreuwnmjro c\.e mrz cle vw\-\ lacion,

Para contrarractar ol electo de los Mca(us de gar’

Wm

débew’ abastecerse - 1500 /e\r por Mﬁ .

de combushible q‘,uuua&o c ouridevando Lan Lo

Sumo de dhrdel de 2,00 gr/HP/hr
" Potencia  HP

de ™a e,umas

100
A
500

T A60— -~

400
300
200
400

& | Trackor b-.B,ﬂ':’:SoHFA
, consume Proumdio
- 15kt de cowxbushble_
o o diesel por hera.
Cwsumo 460 % 100 %. b+ 55?.00&'7«"'_

- Q= 55, zu%,‘iboo#_

| Q 82500 uhe
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