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‘:1.- iLE AGRADO SU ESTANCIA EN LA DIVISION DE EDUCACION CONTINUA?

W

st NO

S INDICA QUE "NO" DIGA PORQUE.

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

PERIODICO .| FoLeTO GACETA OTRO
EXCELSIOR ANUAL UNAM MEDIO
PERIODICO FOLLETO REVISTAS '
EL UNIVERSAL DEL CURSO TECNICAS |

3. ;QUE CAMBIOS SUGERIRIA AL CURSO PARA MEJORARLO?

4-  JRECOMENDARIA EL CURSO A OTRA(S) PERSONA(S)?

Sl NO

5.  {QUE CURSOS LE SERVIRIA QUE PROGRAMARA LA DIVISION DE EDUCACION CONTINUA,

6.- OTRAS SUGERENCIAS:
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.USO DE EXPLOSIVOS EN ROCA

ANTECEDENTES . ;

El uso de los explosivos es mds una técnica que un arte.
Hasta ahora el método mis econdmico para fragmentar la roca
es mediante el uso de explqsivos. _

i
La teoria esti soportada por la pradctica, de tal manera que
el disefio de .voladuras se realiza mids por la relacidn entre
parémetros que mediante fdrmulas tedricas, por ejemplo: la
relacién entre el didmetro y el bordo. Es necesario compren~
der cémo trabaja el explosivo en la roca, para lo cual se re-
guiere 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 funcidn de su estructura y resistencia [(cawcterizacidn del

nmciu:nbumo)f’Este término de calidad involucra muchas propie-

dades del macizo rocozo, por ejemplo: velocidad de transmisidn

cie ondas de compresién P, resistencia en compresidn simple,

densidadg dureza, anisotropia, homogeneidad, flujo de agua,
tempe;;ﬁ?f@ Y eétado‘de esfuerzos interno, son algunas de las
propied&?és'm&s importantes de las rocas para su utilizacidn
en el diseno de voladuras. '

Mecanismo de fragmentacidn

.

EFn todos los tipos de roca t=znemos que la resistencia en com-

presidn simple es mucho mayor que la resistencia en tensidn,
-]
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De acuerdo con lo anterior, los mecanismos de fragmentacidn
estdn disefiados para aomper fa roca por Xensidn, corte y flexién més
que por compresidn. N

' Cuando existe una cara libre se produce el fendmeno de refle-
xién y refraccifn de las ondas de chogue de compresién o pri- -
marias P, credndose vibraciones de alta frecuencia (150 a
200 c.p.s.) que dan lugar a impactos de tensidn intermitentes
por razbn de la fuerza centrifuga hasta que estas fuerzas de
irercia vencen la resistencia a la tensidn de la roca y enton-
ces se produce el desprendimiehto de fragmentos de roca a par-

tir de la periferie hacia el centro.

Por otro lado, las fracturas de tensién en el cilindro de pareX
gruesa avanzan y Jlos gases penetran en ellas produciendo el
desplazamiente de loz fragmentos de roca. También se produce
un efecto combinado, semejante a una viga con un apoyo empo-
trado y otro libre kajo la carga de ‘presién producida por el

axplosivo.
EM RELACION AL EXPLOSIVO SE TIENE LO SIGUIENTE:

Oue la genaracidn de la esxplosidn o voladura ocurre por oxida-

2idn o reduccidn da combustible a alta presidn. Durante esta

reacci@ﬁ se producen temperaturas de 5000°C y gases a presiones
muy alﬁéé gque varfan entre 15 000 y 150 000 kg/cm?®.

Esta presidn se produce siibitamente en forma de impacto, pro-
pagindose las ondas de chogque a velocidades entre 2000 y
7000 m/seq.
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El trabajo realizado por 1 kg de TOVEX es de 580 ton-m/segq,

qﬁe‘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-
geno, nitrégerio yaoxigeno.
Otros compuestos con elementos tales como sodio, aluminio y

calcio, se incluyen para producir ciertos efectos deséados.

Como régla general estos componentes deben dar'un balance de

Al
oxigeno correcto.

Esto significa que durante la reaccidn todo el oxiIgenoc dispo-
nible en~la mezcla resaccione ‘solamente para formar vapor de
agua (Hz0) y que con el carbén reaccione para formar Gnicamen-
te bidxidd de;carbono (CQZ) en forma de gas y el nitrég?no '

guede libre formando s&lo gas nitrdgeno (N).

Cuando hay otros elementos adem@s de los cuatro b&sicos, por
ejemplo sodio, deberd incluirse suficiente oxigeno adicional

para lograr una combinacién balanceada.

Cuando hay exceso de oxigeno disponible, se producen gases
altamgggg”venenosos, como los gases nitrosos NO o NO,; (6xidos
de nit;égéno). Estos gases son ficilmente detectables por su

olor y color café-rojizo.

Por otro lado, si estames en defecto de oxigeno, se forma el
moertal gas mondéxido de carbonoc (CO), el cual desafortunada-

mente no es detectado por olor ni color.



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

ciéﬁaiﬁ de oxigeno, se produce una disminucidn de temperatura
con una consecuente reduccidn en la presidén 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,
tenembs: '

=Y

1. Oxifigeno balanceado

3NH,NO3 + CH,.. 7H;) + CO, + 3N,
3(80) + 14

240 _ o 14
354 94.5% ; 354 5.5% ='-"().941( ca;/gr

nitrato de amonio + aceite combustible (diesel)

2. Oxigeno en exceso (positivo)

SNH,NG; + Chip  11H,0 + COz + 4N, + 2NO
96.6% = 3.4% > 0.61 K cal/gr

Ademds de que s¢ pruduce menos temperatura y presidn se

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

WS
.

Oxigene deficiente !negativo)

2NHMNOE %+ CH,; —+ 5H,0 + 2N, + CO
92% 8% =+ 0.82 K cal/gr

%MW&F,

e tiene menor temperatura y presidn y se produce mondxido

de carbono (CQ) que es mortal.
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La reacc16n quimlca més eficiente para el ANFO es 94% de -

nltratchdé'amonlo Y 6% de aceite combustible diesel.

Se pueden producir otros agentes explosivos méas potenteé,
por ejemplo utilizando aluminio:

3NH|.NO3 + 2AL + 6H,;0 + AL,03; + 3N2
240 2(27) !

8l.5% 18.5% + 1.5 K cal/gr

La desventaja de este compuesto para uso‘comercial es su

alto costo. Se usa sélo para explosivos militares.
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CLASI_E_IE CION DE LOS EXPLOSIVOS

Los ingredientes usados en’'la fabricacidén de explosivos se
definen como: explosivos bases, oxidantes, antidcidos y ab-

sorbentes.

Un explosivo base es un sf6lido o liguidec que bajo la accidn

de suficiente calor o impacto se transforma en un producto
gaseoso con acomghﬁamiento de energia calorffica. 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 cualgquier material o mezcla compuesto

por un combustible 'y un oxidante, de tal modo que ninguno de
sus ingredientes sea explosivo base. '

r's

En este caso la mezcla AﬁFO 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.

Ei ANTC tiene baja wesistencia al agua y deflagrante.

gn de un ingredisnte explosivo como el INT, cambia

ficacidén de la mezcla de agente explosivo a explosivo.

.. “‘H‘t ¥ 40\

Locg agentes explosiveos pueden ser clasificados como —agentes
explosivos secos— ¢ -agentes explosivos "slurry”"-. E1l ANFO

iz~ente explogiveo sen:) se inicid en 1950,



Los hidrogeles son los explosivos mds recientemente desarro-
llados y actualmente son los mas utilizados. Se fabrican en

formulaciones tanto de agentes explosivos como de explosivos.

Contienen élta_proporcién de nitrato de amonio, parte del
cual estd en solucidn acuosa y dependiendo del resto de los
ingredientes, pude ser clasificado como agente exploéivo o,
explosivo.

Los agentés explosivos contienen ingredientes no sensibiliza-
dores, como aceite cémbustible, carbdn, azufre o aluminio, y
no constituyen cipsulas-sensitivas, mientras que los explosi-
VoS hidrogeleﬁ si contienen ingredientes como TNT gue los
transforma en cébsulas—sénsitivas} el TNT sbélo es una cdpsula-
sensitiva. Las mezclas del nitrato de amonio y los aceites o

los sensibilizadores se espesan o gelatifican con gomas para

proporcionar resistencia al agua.

i

r
Los hidrogeles son mls sequros y nc detonan aln barrenando

sobre ellos, lo cual no sucede con las gelatinas,

Dinamita pura

La dinamita pura estd compuesta por: nitroglicérina (NG) ¥y
silice (Si0;) en proporcidn 50% (NG} y 50% {SiO:) hasta
25% (NG%é}f?S%'(SiOZ) (Kieselgur o tierra de diatomeas o
infuso;i%ﬁ). Normalmente se fabrica en 20 a 60% (NG) y

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



_Z TABLA 1 INGREDIENTES USADOS EN LOS EXPLOSIVOS
INGREDIENTE FORMULA FUNCION
Nitroglicerina (NG) C3H;3; (NO3) s Explosivo base

Trinitrotolueno {(TNT)

Dinitrotuleono

(DNT)

Glicol de etileno

dinitrato

(EGDN)

Nitrocelulosa

Nitrato de
Clorato d=
Ferclorato
Nitrato de

[

. k3
amonio (NA)

potasioc

de potasio

sodio {SN)

Nitrato de

Pulpa de madera

potasio

Aceite combustible
Parafina :
Acaite para lampara

Gis

Oxido de zinc
!'Aluminio (metal)
Magnesio (metal)

I Kiazelgur

Grigeno liquide

sal i

Compuestos organicox
niltresos

CgH2CH,3 (NO3) 3

C7N204Hs

C.H, (NO3) ;
CeH7 (NO;3) 30
NH4NO 4

KCIQ;

KCLQO,

NaNO;

KNO3

CsHio Os

CH»
CH-

fal
o

i CaC03

Zno
Al

3410,

NaCl

Idem
Idem

Idem, anticongelante
Idem,

Idem + oxidante

gelatilizante

Idem + oxidante
Idem + oxidante

Oxidante, reduce
congelacidn

Oxidante

Absorbente, combus-

tible
Combustible
Idem

Idem

Antiidcido-estabili-
zador

Idem
Catalizador
Catalizador

Absorbente anti-cake
diatomeas o
infusorios

Oxidante
Combustible

Anti-inflamante

Explosivo base,
sensibilizadores,
anticake

3
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TABLA 2 ENERGIA CALORIFICA (Q) PARA ALGUNOS EXPLOSIVOS

TEL EXPLOSIVO DENSIDAD Q (cal/gr)
Nitroglicerina (NG) 1.6 1420
PETN ' - |
Pentaeritritetetranitrato 1400
RDX o , .6 1320
Compuesto B 1.6 . 1146
Tetril " 1.6 1010
NG, Gelatina 40% 1. _ 820
Slurry (TNT-AN-H;Q)

20-65-15 - 770
NG, Gelatina 100% 1400
NG, Gelatina 75% 1150
AN, Gelatina 75% 990 ‘
NG, Dinamita.40% 930 «
AN, Gelatina.40% 800
NG, Dinamita 60% . 990
PETN 1200
Semigelatina. . 940
Dinamita extra 60% 880
Amatol, 50/50 890
RDX ' . 1280
DNT 960
TNT-AN (50-50) . 900
TNT 3 870
ANFO (94-6) 890
AN ;. 350

ol -i;:il
9
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Polvo

”

Es el explosivo comercial md3s antiguoc. Originalmente era una
mezcla de nitrato de potasio, carbon vegetal y azufre; ahora

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

Composisidn: Nitrato.,de potasio 75%

Carbdén vegetal 15%

Azidfre 10%
\
Cuando se usa nitrato de sodio se disminuye un poco su por-

centaje aumentando el .carbdn y el azufre.

Tiene propiedades indeseables para su uso, razdn por la que

ha sido sustituida.

~

Es extremadamente sensible al deflégarsé 0 guemarse explotan-
do a baja velocidad (1300 pies/seg). S5e usa en forma limitada

en rocas blaundas en caniaras.
VELOCIDAD DE DETONACICH

La propiedad sola més importante a considerar al evaluar la
notencia de un explOSL"ﬁ egs su velcci:lad sbnica y puede-ser

‘confinada o ne confinada.

L& velocidad de detonzciln zonfinada es una medida de la velo-
cidad co@ique viaja las ondas de compresidén a través de una
columna é% explosivo dentro de un barreno u otro espacio con-
finado, mientras que la vzlocidad no cenfinada se obtiene

cuando se detona el explisvo a cielo abierto.

10
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Como-:z190s- explosivos se usan con cierto grado de confinamiento,

= A

es m&s-dignificativa la velocidad confinada.

La velocidad de detonacidn confinada en los expleosivos comer-
ciales varia entre 5000 y 25 000 pies/seg. '

Las velocidades no confinadas son del orden de 70 a 80% de la
velocidad confinada.
. N ‘ .

PRESION DE DETONACION

La presidn 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 importante en la
seleccidn del‘explosivo. Cuando se tiene una cara libre se
producen esfuerzos por iﬁpuléo que son reflejados en la roca
y son parte importante del mecanismo de rotura o de fragmen-

- tacidn.

La relacidn entre la velocidad de detonacidn, la densidad y
la presifn de detonacién es compleja. La siguiente expresidn

es una de las aproximaciones obtenidas:

4.18 x'1077 pc?
1 + 0.8D

P =

en donde

1850 Ipe¥ ‘.&f?y

o

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

c velocidad de detcnacidn, en pies/seg

11
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Hay quEidlstlngULr entre presién de detonacién y presién de

= 4*7'

1gnlélon o de explosién.

La presidn de ignicidn o explosidn es la que produce el cho-
que © impacto y tiene un valor del doble  de la presidn de
detonacién. Esta presidn de choque o ignicién 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.~ ANFO-94/6 Fino
3.- AN-Dinamita 60% n 4=

4.~ NG-Dinamita 60% (.
5.~ TNT-AN~H 0~20/65/15
6.- AN-GELATINA, 75% §§
‘ o . )
e .
-~ i
zZ .
Q o
w -
9 :
Q{ ‘ -
0. o
0 .. 0.5 [ 4 2%~ I
TemMPQo

CURVAS DE PRESICN CALCULADA BAJO CONFINAMIENTO PERFECTO

CALIDAD DE GASES

“I

5 detonacidn idgal de los explosivos comerciales es que
deben producir wvapor de agua, bidxido de carbono y nitrdgeno.
Sin embargo, gases venencsos como el mondéxido de carbono y

6xidos d% nitrdgeno (gases nitrosos), se forman muchas veces.
@ € .

En excavaciones a cielo abierto los gases venenosos no son
importantes, por el contrario, en excavaciones subterraneas

hay que tener cuidado con ellos,



CRITERIOS PARA SELECCION DE UN EXPLOSIVO

=

Para cada sitio habri un explosivo gque proporcione los mejo-
res resultados. R )
La seleccidn del tipo mds adecuado estd en funcidn de las
propiedades geomecdnicas de la roca,-comb son: estructura,
dureza, densidad, resistencia, humedad, ventilacidn, etc., y
de 1la fragmentaciﬁﬁ obtenida: altura y proyeccidn del banco.
En rocas duras’'y densas, como la Taconita y los Granitos, un
explosivo de alta velocidad tendri buenos resultados; sin
embargo, posiblemente“el ANFQ también diera buen resultado y

es mis econdmico.

En rocas blandéérdeben usarse explosivos de bajas velocidades,
por ejemplo: caliches y basaltos vesiculares. )

‘ L8
“n general, la velocidad de detonacidn debe ser igual a la .
velocidad s&nica del macizo rocoso {velocidad de las ondas P

de compresidén o primarias). y

T
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PROPIEDADES DE DINAMITAS PURAS DE NITROGLICERINA

14

PORCIENTO DENSIDAD VELOCIDAD RESISTENCIA CALIDAD
EN PESO CONFINADA DEL AGUA | DE GASES
pies/seq
60 -"1-.3 19,000 Buena Pobre
50 1.4 17,000 Regular Pobre
40 1.4 14,000 Regular Pobre
30 1.4 11,000 Pobre Pobre
20 1.4 9,000 Pobre Pobre

CCMPOSICINN

T

DE LAS DINAMITAS PURAS DE NITROGLICERINA

!r COMPONENTES PORCENTAJE EN PESO

g 20 30 40 50 60
!&itroglicerina. 20.2 29.0 39.0 459.0 56.8
| Mitvato de sodio | 59.3 | 53.3 | 45.5 | 34.4 | 22.%
| loceite vegatal 15.4 13.7 | 13.8 14.6 18.2
2 Azafre | 2.9 2.0 | - - -
' Anti_és:ji?_o 1.3 1.0 | .

| Humedad 0.9 1.0 0.9 1.2

14



FPROPIEDADES DE DINAMITAS DE AMONIO DE ALTA DENSIDAD

PORCIENTO DENSIDAD VELOCIDAD RESISTENCIA CALIDAD
EN PESO CONFINADA DEL AGUA | DE GASES
pies/seg
= -

60 1 12,500 Regular Buena
50 . 11,500 Regular Buena

490 . 10,500 Regular ‘Buena

30 9,000 Regular Buena

20 . 8,000 Regular Buena

COMPOSICION DE LAS

DINAMITAS DE AMONIO DE ALTA DENSIDAD

COMPONENTES PORCENTAJE EN PESO
20 30 40 50 60

Mitroglicerina 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
Aceiter?egetal 1ﬁ.2 8.8 g.2 10.0 . 8.6
Azufre i 6.7 5.4 3.6 3.4 1.6
Antiscido 1.2 1.1 1.1 0.8 1.1
Humedad 0.3 0.8 0.7 0.9 0.7
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SISTEMA BULK |
- (PRODUCTOS EXPLOSIVOS A GRANEL)

PROPIEDADES FISICAS (APROXIMADAS)

PRODUCTO DENSIDAD | VELOCIDAD DE |RESISTENCIA AL |POTENCIA RELA-| POTENCIA RELA-
G/MS DETONACION AGUA TIVA AL PESO | TIVA AL VOLU-
. M/SEG. RWS MEN RBS.

ANFO 0.8 . 4700 NULA 100 100
EXPLO BULK

00780 1.0f = 5000 POBRE 96 120 ,
EXPLO BULK , - : _,

oG R = 5000 POBRE 94 130
EXPLO BULK ° Ik 0 :

o o 134 > 5000 BUENA 92 141
EXPLO BULK o ' : :

50/50 , 143 > 5000 BUENA 9 146

NOTAS:

i.- Potencia relativa #i peso y potenmz: relativa al volumen, con un valor de 100 para un ANFOQ estandard perfectamente
biea meecizdo.

.. Las propiedades que agui se muestran son para didmetros de 12 1/47

3.+ Barrones desaguados,

e

},..,;lli

PARA MAYOR INFLOMACION DIRIGIRSE & HMULSSTRO DEPARTAMENTO DE ASESORIA TECNICA

wir e pru e del s icin s ses comstmidons, e presigrone e los prasde s
. SOIERITGE S e
fewm Lvomables, nd dsusie responetniidil algimnn PR et L S P esacionn de s soes s, Esiie b icnn i set olaee e sonon

“1C1 EXPLOSIVOS - MEXICO
FUPLOSIVOS MENICASIOS, S.A. DE C.V.

San Lorenze dMo, 1609 <2, del Valle
C.P. 53700 Maxico, DR,
Tel. 688-5344 Telex 1771-309 ICIME Fax 688-—4763

e 120 i 52 o' S . AAD L




GODYNE

H:DROGEL (ALTO EXPLOSIVO)

PROPIEDADES GODYNE GODYNE GODYNE
DIAMETRO DIAMETRO DIAMETRO
PEQUERO INTERMEDIO GRANDE
— Densidad g/cc = 1.2 . 1.2 1.2
— Velocidud de detonacidn en Km./seg. 4500 4500 2000
‘— Presion de detonacidn K bars 61 63 . 75
—RWS 115 96 96
—RBS 164 137 137
— A5V (Kj/100g) 433 363 362
— Sensitividad a la cipsula No 6 51 SI .81
— Sensibilidad -0°C - . -0°C -0°C
— Resistencia al agua Excelente ,  Excelente Excelente
— Vida il (en condiciones normales ‘
de aimacenamiento) 6 meses 6 meses 6 meses
— Clasificacién de gases = _ Clase No. | Clase No. | Clase No. 1
EMPAQUE MEDIDA CARTUCHOS/CAJA PESQO/CARTUCHOQ PESO/CAJA
EMPAQUE I"X8.. 210 x5 118 x2egr
DIAMETRO 1 i/74" X 8" 136 + 3 185 + 4 gr 25 Kg -
PEQUENO 1. /2" X 8" 90 x 2 2716 £ 5 gr
DIAMETRO A 41 251 | 925 - 1000 gr
INTERMEDIO 22X 16" 1811 1380 & 20-gr 25 Kg
3" X 16" 1z 2000 £ 100 gr
DIAMETRO 4" X 26" 4 6.250 Kgs
GRANDE 5" X 37 2 12.5 Kgs 25 Kg

. 8" Z 12.5 Kgs -

L i
’NERTE AL IMPACTO RQE BALA CALIBRE 3005, INERTE A LA PRUEBA DE FUEGO DIRECTO. NO CAUSA
MALESTAR FISICO EN M DETONACION NI EN 5{ MANE]JO.

--"-'_‘if:" . -
POLVOR[NES:VENTILADOS i’ SECOS, TEMPERATURAS OPTIMAS MENORES DE 25°C.
ESTIBAR N MAS DE 10 CAJAS, ROTACION DE PRODUCTOQ.
PARA MAYOR INFORMACION DIRIGIRSE A NUESTRO DEPARTAMENTO DE ASESORIA TECNICA

Eszes Enh‘mzurim:n H sugr-n-m.i:zs ha:'m fmemday o Y engreriencia dae 100 EXPLOSIVON — MEXICD, v we nfrceost conso pugr e del et iciora \n\|lm\nmidufn.r.\r|l|l'\u|:nn|':|ul' 1"5pnlhulch’rxp]lni\'lh

ol s o personas Lo ol andicies conaeimicie doniva Pafis proder aprecian ol ricesgo e wcompafia s s,

I — EXPLONTVOS MEXNIOO  ac swansiza demubiados G oradies ind asgime reprmialiil i alyina gon s uanne @ L Dice et on de s soge et s Eal onfonmnae i nen st ol rece cosie atiam iz icne

P gt o vietar uabquieg peenie. '

IC1 EXPLOSIVOS - MEXICO

ATLAS DE MEXICO, S.A. DE C.V.

San Lorenzo No. 1009 Col. dei Valle
C.P. 03100 México, D.F.
Tel. 688-5344 Telex 1771-309 ICIME Fax 688-4763




— EXPLO |
EMULSIONES SENSITIVAS
(ALTO EXPLOSIVO)

_ .

PROPIEDADES EMULSION EMULSION EMULSION

DIAMETRO DIAMETRO DIAMETRO

PEQUERO INTERMEDIO' GRANDE
— Densidad g/cc 1.10 1.18 1.18
— Velocidad de detonacidn en km/seg J& 5000 3200 2400
— Presidn de dewonacidn K bars 69 80 86
— R WS 81 81 81
—RBS 106 114 114
— A S V(Kj/100g) 305 305 305
— Sensitividad a la cipsula No. 6 Sl SI Sl
— Sensibilidad — 5°C — 5°C. — 5°C
— Resistencia al agua Y Encelente Excelente Excelente
— Vida 1til {(en condiciones normales de 6 meses 6 meses 6 meses
almacenamiento) )
— Clasificacién de gases Clase No. 1 Clase No. 1 Clase No, |
EMPAQUE MEDIDA CARTUCHOS/ CAJA PESQO/ CARTUCHO PESO/ CAJA
DILAMETRO "X 8"
PEQUENO 11727 X 87 AR e 100 £ 2 pr 25 kg
DIAMETRO 27X 167 25 £ 1 925 & 1000 gr
INTERMEDIO 21,27 X 6" | 1380 + 20 ur 25 kg
by 3TXI6T y 2000 + 100 gr
DIAMETRO AT i 4.166 kg
GRANDE 5T X 177 1 6.250 ki 25 kg
5 X 377 2 12.5 ke
i
o sncesoveran v ] —

INERTE AL IMPACTO DE BALA CALIBRE 2006, INER® I'E A LA PRUEBA DE FUEGO DIRECTO. NO CAUSA
MALESTAR FISICO EN LA DETONACION M EN SU MANE]O.

POLVO R:FN%'-VEN'I'ILADOS Y SECOS, TEMPE RATURAS OPTIMAS MENORES DE 25°C.

ESTIBAR NG MAS DE 18 CAJAS. ROTACION DE PRODUCTO.

PARA MAYOR INFORMACION DIRIGIRSE A NUESTRO DEPARTAMENTO DE ASESORIA TECNICA

PLOINIVOS == RN LY s adroors cvinma parde del warsacrer a s comswmidors, e presapeoane e los

Lo 1ECia Pkl pader apaecian el Do e st se e,

o tetaabidlidd algiong ot cusnto a b e peetacion de sos sagerendoin, Evainbimnnncidn oo« ofese
.

o
L i+ 1] umn oaugien: 1
Ataincton vxplasives sl aunboy

OSIVON — MEXIIO

ICl EXPLOSIVOS - MEXICO

EXPLOSIVOS MEXICANGS, 5.A. DEC.V.

San Lorenzo MNo. 16309 Col, del Valle
C.7. 03100 Wiéxico, D.F.
Tel 688 5344 Telex 1771 -309 ICIME Fax 588-4763

raen
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- ANEOMEX “X*
AGENTE EXPLOSIVO)

Entis Bmiones ¥ sagaencias sTin bissdes on b evgeeriencia de 10 EXPLONIUOS —MENTC, yoeerfier o cnmmo par e del s B e cosenickees, Seprei e qoe oy gl eopione o

Densidad g/cc
Velocidad de de-
tonacién
Presion de deto-
nacion

RW

EB

A SV (Kj /100 g)
Sensiuvidad a
cipsulas No. 6
Sensibilidad
Resistencia al
agua .

@ Empaque

0.85
3200 m/seg.

13.7
100
100
377

NO

Nula

25 Kgs/saco

* Velocldad (patafeeg.}

- (AN/FO - Agente saplevive ) mexcla Nitrats de smonie

Hiles Diesel 5.T%

. B

3+

24

2
Didmetro dei barress [plge.)
Inftuencis del dldmetro tn ]n velocidad de detoanacién

POLVORINES VENTILADOS Y SECOS, TEME
i k .

a-

943%

RATURAS OPTIMAS MI'ENORF_S DE 25°C.

"% “ESTIBAR NO MAS DE 10 SACOS. ROTACION DE PRODUCTO.

PARA MAYOR INFBRMACION DIRIGIRSE A NUESTRO DEPARTAMENTO DE ASESORIA TECNICA

wrdn pados fen oot oo el sulivioie cicimionte Snion iara poder aprein b Lewn e e npuifia s s,

O TER— LR PLOSEVGS MEXICE) o garaaniog noudosdos Tas anabiles 18 e resjennsbilicid larirn pra Cugimeen b bpgn e ion de s
iy a0 vinky cuahprio patente,

stieredin dam. Earg dilon e wdin no s alyeg e conmasteonina o

IC! EXPLOSIVOS - MEXICO

ATLAS DE MEXICOQ, S.A. DE C.V.

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

~ Tel 688-5344 Telex 1771309 ICIME Fax 683-4763

S~ A v s prdy=




'AN/FO B D.
(AGENTE EXPLOSIVO BAJA DENSIDAD)__

PROPIEDADES
)
Densidad g/cc 0.65
Velocidgd de deona- -
. asdn . 2800 m/seg.
Presién de detona-
cion : 12.5
RWS 96
RBS 74
ASV (Kj/100g) - 361
Sensitividad a la
capsula No. 6 NO
Sensibilidad
Resistencia al agua NULA
Empaque 25" Kgs./saco
s

PLOLAERINES VENTILADOS Y SECOS, TEMPERATURAS OPTIMAS MENORES DE 25°C.

ESTIRAR NO MAS DE 10 SACOS. ROTACION DE PRODUCTO.

PARA MAYOR I%FORMACION DIRIGIRSE A NUESTRO DEPARTAMEN’ FO DE ASESORIA TECNICA

ety ot funere v osapgeier i oatdn basadies e o expser ivnecia de ICEXPLOSIVOS M ENICOL v vr cfioran cones pan e del sy icine s gonsomidores, 3 prsupuongs que s producum esphosian
el vl iene conoointionio eonion pea odet wpee i el Tiego Qe aeontpaia s use
G s ot aesaliacdos fvermbles niasame deprisabilidad gt 100 eranio a T e ecn i0on de sus et i, Eata o ion noose oficee o andonicacion

sl paor g
. SNPLCHIVON - L
Pava s o viokar ¢ gadoquier’ patciee,

iC1 EXPLOSIVOS - MEXICO

ATLAS DE MEXICO, 5.A, DE C.V.

San Lorerzo Mo. 1009 Col. del Valle
C.P. 03100 México, D.F.
_ Tel. 688-5344 Telex 1771-309 ICIME Fax 688-4763




4 Eﬂquem

Ei altimo componente del sistema es una etiqueta
con un cédigo de colores, la cual indica: El tipo de
retardo “MS"0 “LP", el nimero de periodo de retardo,
asi como el tiempo nominal de disparo.

Ventajas:

Seguridad: No requiere de modificaciones tales como:

cortes, uniones o separaciones, El sistema Nonel
Primadet; debera usarse tal como llega de fabrica,
evitando asi la generacion involuntaria de condiciones de
riesgo. :

El tubo Nonel no puede ser iniciado por transmiscres
de radio de alta frecuencia, electricidad estética o
extrana, flama, friccion o impactos encontrados en
2oudiciones normales de minado. |

De uso’'sencillo y flexible: La conexidn del sisiema
¢s hastante simple ya que los componentes se surten
intalmente ensamblados. Ademds, ningin tipo de
iocimientos sobre conexion de circuitos eléctricos s
nResario.

Sistema No—Elécu-ico’_No €5 necesario entrenar v
re-entrenar personal en:efmanejo de complejos circuitos
eléctricos. Este es el sistbma mas sencillo que se
dispone para aplicaciones’donde una ilimitada secuencia
de retardos es requerida.

Sin ruido. E! sistema de iniciacién no-elécirico Nonel
‘Primadet disminuye los niveles'de ruido. ya que su
transmisién es muda.

Tiempos de retardo disponibles.

Tabla 1

Iniciadores con retardo
no eléctricos

Iniciadores eon retardo
no cléctricoe

“MS"™ Nonel Primadet
Tubo Color Naranja

“LP* Noael Primadet
Tubo Color Amarillo

Periodo Retardo Pcriodo Retardo
1 - 25 Milisegundos “ -01 ch'undoe
3 - 50 " 1 -02
3 - 75 " 1% -0.3 "

4 -100 m 2 -0.4 "
5 -'125 " 2%k -05 "
6 -150 v 3 -0.6 "
7 -175 " 4 -1.0 "
8 - 200 " b -1.4 "N
9 -250 " 6- ' -18 v
10 - 800 " 7 -2.4 "
11 - 350 " 8 -3.0 "
12 - 400 " 9- -38 "
13 - 450 v 10 -46 "
14 - 500 v 11 -5.5 "
15 - 600 " 12 -6.4 "
13 -74 "
14 -B.S5 "

15 -9.6




ACCESQRIOS

~

Cipsulas de detonacidn o estopines

Los estopines eléctricos son los accesorios mds utilizados
para iniciar o detonar los explosivos potentes. La clpsula
puede insertarse directamente en el cartucho o sujetarse
fuertemente al corddn detonante. | -

_—
Una cdpsula eléctrica consiste de dos alambres aislados
insertados en una capsula de metal que estdn conectados por
un delgado filamento de alambre que forma un puente. Este
alambre de puente a Qeces se pinta con una mezcla de f&sforo

que produce flama con los cerillos.

Cuando se le aplica 1la corriente eléctrica a los alambres
el filamento de'puente se calienta e inicia una carga ins-
tantineamente de un axpleosivo altamente sensible al calor. Ia
explosién del alambrs dstona una primera carga, la cual a su
vez detona una carga de un explosivo potente en el fondo de
la cdpsula, tal como PETH o RDX. '

Esta carga de fondo tiene potencia suficiente para detonar
una cépsula-explosiva sansitiva o cebo (primer), o bien, un

cordédn detonante.

En las capsulas el&ciricss de retardos, un elemento retar-
'danteJdegékplosivo en polvo se deposita entre filamento de
puente.y?la carga potente del fondo. Este elemento de re-
tardo estd finamente caiibrado para dar un intervalo de tiem-
po especifico entre la aplicacidén de la corriente eléctrica Yy

ia destonaci’dn de la carga de fondo.

22
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cortos-o.milisegqundos con incrementos de retardo de 25 m en
el intervalo inferior y 50 m en el intervalo superior-. vy,
retardos largos a menudo llamados retardos lentos o simple-

mente retardos, con incremgntos de retrdo de 0.5 seqg ¥y 1 seq.

Con los estopines de milisegundos se produce mejor fragmenta—
cidén y se reduce la presidn de aire y las vibraciones del

L Y
terreno. o |

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

segundos.

o nln‘.g"i ;‘s?ﬁ_-

23
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Cordémn -detonante

El corddn detonante consiste de un tubo de pldstico resisten-
te al agua, que se protege con una cubierta o forro fabricado
con una combinacién de textiles, pldstico y alambre a prueba

de agua. Las cubiertas tienen diferentes grados de resisten-
cia a la tensidn, abrasidén y flexibilidad.

Dentro del tubo &2 plidstico estd el nficleo o corazdn constitui-
do por un alto ekplosivo,-usualmente PETN. La cantidad de

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

en diferentes potencias.

' Todas las potencias de PETN pueden detonarse con una cdpsula

eléctrica y su velocidad de detonacidén es de 21 000 pies/segq.

Su notable insensibilidad contra impacto y friccién es ideal

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

Como los estopines eléctricos se sujetan al corddn detonante
hasta el final justamente antes de la voladura, la mayor par-

iz de una falla aleatoria por detonacidn se elimina.

'zualmente =2 usa 21 corddn de 25 gramos/pie y el de 50 gr/pie

zm usa en trabjos especiales.

A cordén detOha te =2s un explosivn de alta potencia que
explota con una gran produccién de aire. Hay gue tener cui-
dado con: este efecto.

Un cordén detonante de 25 a 50 gramos/pie detona cualquier
capsulz-sensitiva {primer o cebo vy ~dgsulas de alta potencia,

comn sen . los boosters)
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Corddmnm detonante Non-electric (NONEL)

' oy

P

Este es un corddn detonante muy Gtil para voladuras subte-
rraneas, pues se eliminan las 'fallas por electricidad est&-
tica. También se usa en voladuras a cielo aiberto para evi-
tar vibraciones deéonando barreno por barreno al igual que

el corddn detonante y en zongs altas donde se generen tormen-

tas eléctricas.

b Y

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

tener cuidado en su acoplamiento.

Tambi&n existen conectores especiales de retardo constituidos
por el mismo tubo de NONEL en longitudes de 2 pies con termi-

nales de pléastico.

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

estd sellado contra una terminal de plastico.

E1l NONEL no explotn. pudiendo sostenerse perfectamente con las

manos.
El MONZL tiene una valocidad de 9000 pies/seg

Su composicidn quimica es:

1
TR Lo

@D
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MECANISMO D& FraGMENTACION
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MeECANISMO DE TrAGMENTACION .. .., Continla
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MECANISMO DE FRAGMENTACION

[y

Las rocas normalmente son mids resistentes en compresidn y
trituracidn 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 explosivoé utilizados
producen presioneé® muy altas que reaccionan con-velocidades
entre 2500 a 8000 m/seg (5300 a 17 000 mph). .
La presidn desarrcllada sfibitamente dentro del barreno alcan-
za valores desde 18 000 hasta 15 000 kg/cm? dependiendo del

tipo de explosivo y de las condiciones de confinamiento.

El efecto del explosivo que reacciona contra la roca produce
un impacto, o impulsc, desde un golpe aplicado r&pidamente,

de extremadamente alta intensidad.

Cuando el explosivo estd dentro de un barreno c1rcular, se
ejerce, igual presidn en todas dlre ciones a lo largo de todo
el perimetro del agujero. La roca en toda esa r%gién es com-
primida y pulverizada hasta una distancia limitada del orden
de ¢/4;

La aplicacidén sbita <=l impécto ez zaguida por la produccidn
de alta pre51on gque iatroduce ondas dz esfuerzos compresiona-
les que rapldamente penetran en forma de abanico a través del
macizo rocoso como ondas eldsticas. Esta accién se produce
aiin cuando las rocas son mds bien fragiles, pero son algo
eldsticas. La velocidad con que viajan las ondas de chogque

a travésg de la reoca, es funcidn de la densidad del medio.
densas dan lugar a altas vslocidades y las rocas

s
blandas porosas o ligeras, & bajas va 1001dades.
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Parte-de la energia transmitida a través de las ondas compre-

'
PR

-sionalesies reflejada y refractada (flexionada) por cambios

de densidad o discontinuidades de la estructura. Cualguier
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 adngulos de reflexidn son iguales a los que vén 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 relfexidn y refraccidn 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 direccidn de aplicacidn del golpe hacia las par-
ticulas adyacentes, hasta gue la energia es consumida como
resultado del trabajo realizado y por efectos como friccién,

amortiguamiento, fragmentacidn, etc.,

Los suelos granulares no ticnen cohesién, de modo que tienen
noca o ninguna atraccién entre particulas, alGn cuando cada

particula pueda tener un poco de elasticidad por si misma.

La mayor parte de las rocas =23 cohesiva y algo elastica,
tzniendo diferentes =f=ctos gue los producidos en fragmentos

ueltcs.

Y

Lt gmd oo
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DELPLALAMIENTY

34
VIBRACIONES
. 1 s

Las vibraciones del terreno pueden medirsérmediante-los des-
plazamientos que se produzcan_ a una masa sujeta a un resorte
0 a un alambre. Los impulsos puedén_ser proyectados en una
pantalla de un osciloscopio, en el cual puede determinarse
la velocidad de la particula, s% aceleracién y la amplitud
de su desplaiamiento. ’ ;

. |
Generalmente la masa viene a ser el nlicleoc de un pequeno
transformador lineal en el cual al desplazarse el nficleo,
se producen cambios de voltaje y amperaje en el transforma-

dor pequefic que significan los desplazamientos de la masa.

Estos transformadores (LVDT) constituyen los'geéfonos y pueden

instalarse en tres direcciones dentro de un gedfono.

- Nerkieal R
Lsorte &Mmbm |
‘ Mas a MASo Horizontal

S 12 MOGRA EO

- . — EOFONO DE 1285 IRANSDUCTOR G
| Frecuessia ! . | ,

/\\“‘ w«ph ’rud Ne OC\Aacl c\.e.par’rﬁ\a 0 gce .-

racionde Par \
TI\EMPO .

ri ‘.'J X e
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ONDAS SISMICAS

ONDAS DE- CUERPO:

1,

Compresional
Longitudinal
Primaria - P

De empuje

Corte .
Onda transversal

Onda secﬁndaria - 8

ONDAS DE SUPERFICIE:

3.

Love

Rayleigh Igual de peligrosas gque las ? Yy 8

Tn la figura 1 se presenta la transmisidn de ondas de compre-

sidn por reflexidn y refraccidn sismica.

S

34



4 TiempPo
MS |
- 36
Vi £ Ne
- N
;f\.___,Q:- I—V'/Vg :
! 2V 1M
: ! N
~ 5 -
- i : ' »
Punto DE : ; ' DIsTANCIA
ViBRACION 7 L ! t_, QESIFONGS
= £

- ARRIBO FRENTE
DB ONDAS

\' CAVEENA ' \ \ Vs =

F EELEXION ¥ PEFRACCION nE ONDAS v

1
Nt = e 204r)
, E=\yp-2(1+Y)
A= ANGULO DE INCIDENCIA
A R
N« 1 A R= Awguio
T Y DE REFLEXION
V‘ \\ ‘ .
: = ANQULO DE
Nz RE FRACTION
Yl
\WONz = A>

PrRi\ciPlos DE REFLEXION S 35

- B ' . . N

Vi<Va— ALH



1

3

HOUSING

- B

GRANDUATTON OF DAMAGE RESK ON NORMAL RESTDENTIAL
UNLFS IN RELATION TO VIBRATION VELOCIETY v WITIE RESPECT
PO T EOUNDATTONT O T BUTLLD INGS e -
WAVE VELOCLITY | 1000-1500 | 2000-3000 | 4500-6000 |-RESULT IN
c UL Sand, gra-| Moraine, Granite, normal
m/sec vel clay slate gneiss, housing
under soft lime-| hard lime-|units ’
ground- stone stone,
wiuter ‘ quartzitc
level sandstone,
diabas
Vibration 9 18 3S Not- noti-
velocity, v 43 . .jg) 25 " 50 ceable
mm/sec. 18 35 70 cracking
- 30 4P s 100 Fine cracks|
and fall of
plaster
{threshold
value)
T
40 N80 44— 150 Cracking
60 (:y 115 2258 Severce
cracking

The accuracy of the

cmpirical values

med by hundreds of

In connection with electrical
parameter aitso has to he considered
on the se¢nsitive ccuipment.  In the
aned that appraisal has been made

in blasting werk

tions:

Telephone stations: v = 50 mm/sec.
Jevel: 0.015
Television®stations: v = 35 mm/scc.

i“level: 0.008
Computer: a

concaerning
in the ncighbourhood .of following installa-

in

To prevent
Same way,
e

.i

1]

and a

and

d

the table
thousands of readings during thirty ycars.

rmissible

LEVEL AT
4500-

[

16000 m/

seC.

0.008
T
(0.015]
0.03

.06

0.12

0.28
0.50

are confli

disturbances
t ¢an he wen
vial

= '0.25 g (under certain conditions)

r-

installations the accecleration

tio-
e s

The values for computers imply that normal blasting is made

more difjyicult and under certain conditions impossible.
aticns in such

{-‘ab‘\- b]aSt_LT]"

el
oner

To
cases Nitro Consult has

dcveloped a spec131 method for dﬁmplnq of computer installa-

tions.

It is important to obtain experience from measur1ng methods
and units to reduce risk of damage.

When planning blasting opecrations where ground vibration pro-
is important to he awarc of the rclationship

blems ccceur, it

between distance/charging
used the Langefors!

ands ground vibrations.
relatjonship for varvious charging levels:

e have
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Level: ~—9—7-
3 .
R 2
Q = instantaneously dctonating charge in kg

R

]

distance Inm o g

The vibration velocity can be calculated from the relation-
ship: ' '

3/2

where v = vibration velocity in mm/sec. . '
k = constant depending on the homogenecous of the
rock and the occurence of faults and cracks,
(approx. 400 £gr hard homogencous Swedish
granite}

In Sweden therc are two kinds of vibration measurcement in- .
strumcents:

Mechanical and Electrical .

The mechanical instruments are:

Ampligraphs
Combigraphs.

The AMPLIGRAPH® (see {ig. 1) is a vibrograph designed forv
long periods of recording which has been developed for con-
tinuous registration and mapping of ground vihrations caused
hy blasting, pile-driving or other vibrations of u similar
type. Becausc of the long periods of continuocus recording;
the 'speed of registration is low and this mcans that only the
amplitude of the vibrations and the times at which they occur
are noted. The AMPLTGRAPH may be used for either vertical or
norizontal measurcments and runs for up to cight days without
attention. '

When more detailed investigations arc heing made in critical
cases, supplementary measurcitents must be made with e.g. a
COMBIGRAPH® (sce fig. 2) on which both the freoquency and the
velocity of vibration can be calculated.

The COMBIGRAPH i's a vibrograph of the combination type. It
consists of a lowspeed registration scction [or long periods
of recording of :the same type as that in the AMPLIGRAPH and
also has a high~specd registration scction. The low-speoed
registration scection is lor continuous registration and map-
ping of ground vibrations causcd by blasting and pile-driving.
The high-speed registration section is for the measuremcnt of
vihrations during critical 5Hlasting operstions and registers
the appearance of the compictc vibratiens from which amplitude
an} frequency can be caiculate=d a3 wcil as the rate and acce- .
lzrvation of oscillation.

The high-speod registration scection ol the COMBIGRAPM has the
drive motor located in the covor of the instrument.  The re-
cording puaper - known as a combigram - is located on the in-

side sf the cover. /
)
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. - Cm e e e — e — - —- - ~ansndice 1l T

Distancia | . Carga, kg (detonacién instantédnea)
T m) ‘Grupo A B c D E F G
0.5 0.02 ~0.04 0.08 0.16
1 0.008 0.0015 0.03 0.06 0.12 0.25 0.50
2 0.025 0.05 0.09 0.2 0.4 0.7 1.4
3 0.040 0.08 0.16 0.33 0.65 1.3 2.6
4 0.06 0.12 0.25 0.5 1.0 2.0 4.0
5 0.09 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 S 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 16,0
12 0.3 " 0.6 1.3 2.5 5.2 10.5 21
14 0.4 0.8 1.6 3.2 6.4 13.0 26
16 0.5 1.0 2.0 3.9 7.8 15.5 31
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 1.6 3.2 6.5 13 26 52 104
40 2.0 4.0 8.0 16 32 64 128
45 2.4 4.8 a.s 19 38 76 152
50 2.8 5.5 11 22 44 88 176
55 |- 3.3 . 6.5 13 26 52 104 208
60 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
99 7.0 14.0 28 56 112 224 448
55 7.6 15.2 30 61 122 244 | 488
100 8.5 16.5 . 33 66 132 264 .528
110 9.3 8.8 37 74 148 296 592
120 10.5 21.0 42 84 168 336 672
130 | 11.7 23.5 47 94 188 376 752
140 $3.2 . 26.3 52.5 105 210 420 840
150 14,5 29.0 58 116 232 464 928
169 16.0 32.0 54 128 256 512 1024
170 17.5 35.0 70 140 280 560 1120
123G i9.0 8.3 .| 75.5 153 306 612 1224
390 20.7 41.5 a3 166 332 664 1328
200 22.5 45,0 b 180 350 720 1440
. 3 »

Los grupos A-G dependen de la vibracién de suelo permisible para cons-
truccidn, instalacién, etec.

El C es el grupo normal
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PROPAGAQION DE ENERGIA

L

La energia se prdpaga disminuyendo con la distancia es direc-
tamente proporcional con la presidn de detonacidn e inversa-

mente proporcional al, cuadrado de la distancia el Bordo:

5
B = K (%%)
) t
-
en donde: . !
B bordo
K constante -
P presién de detonacién
ot resistencia a tensién
. . 3 l -
Energia

' R
———n Qﬂt_—dvE(T-h‘rz'Bz) X (Bhr)”
Dist ,
El valor més sighificativo de la energia es la velocidad de

la particula. El Bureau of Mines usa la siguiente expresidn:

oo

Esta expfe516n puede graficarse en escala logaritmica como

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

Spb = %% o sea W = (=)

37
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en_dond@

W mdxima carga por retardo
La velocidad de particula permisible es de 2"/seq.

En la tabla I se presentan las cargas de explosivo miaximas

permisibles por retardo en Suecia.
a

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

la particula con la respuesta humana.

e

38
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HUMAN AND STRUCTURAL RESPONSE
TO SOUND PRESSURE LEVEL

Y

08 PSl
180 T 3
=
160 403
=0l
140 + 003
+00I
120 + 0003
-1-0.001
100 4- 0.0003
80 1 3xI107?
|
601+ 3xJO”
40 +4-3x1077
204310
od3x0”

«— Structures domocjed -
+ Most windows break

+ Some windows break
« "No damage" leve!

™

« Threshold of pain.

*= Threshold of complaints

1
(dishes and windows rattie) :

— Riveter

« Ordinary conversation

+~ Hospital room
< Whisper

+— Threshold of h'eoring

Air Blast
From
Explosions
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Radius of Crushed Huole
. ) Damage Lams Diameter
Expiosive ~ ok Type " thole radij) thole r=dily - {mm)
L0 © Gamnite - 1§-20 - — : 50-115
607 dyaarmite Siale 42-55 : —_ .
AN.FO Shale 15-22 —
60% Jynaniite Tullsgegus and 20-30 ) .3
. pyroclastic. ) .
. " Safl rock 26-29. .
. v odant rock o1 ' — _
Ruclerr (THT} Granie 19 1.9 R
: © ., Geaaile” Py 3.0.45 :
c4 v Gianite . —_— . 3 2
AN-FO ' Grarhar” LI —_ 165
Svurce: Alter Siskind and Fomanii {1974). ) S . :

postblast rores. Crackiag was assumed to extend 19 the point at which the DPV
diverged. ln addition, struing were'measured within the rock mass by grouting
solid-state taansducers on cores’in 2 manner simiiar 1o that ensployed in the Tart
study, See Chapter 18 for a conservative design guitds {or ruck eracking.

CU‘TI}-. ZI‘C.‘.‘JCF{ETEZ :

One of the concerns on any canstruclion project is che strength of the cast-ia-
pluce concrete, and most .engincers assume that its resistance to vibration is
aroportional 10 its strength, which is very smuli before it cures, Thercfore,
‘Blasting is usually greatly restricted near sctting of curing concrete. Recemly,
severd caperiments have been performed to inv:stigatc the validity of the
assumpticn of vibralory seasitivity and reveal suprising results.

The simplest, yet most direcl experiment was conducted by Esteves
{1978). He formed 0.85 X 0.2 X 0.2 m (2.8 X 0.65 x 0.65 [l) prisms of
concrete and imposed longitudinal waye tensile stresses on the concrete as it
Cured with hammer blows as shown in Figure 13.4a. A plotof tie resulling peak

.uuc!e velacilies required to fracture different prisms at various limes after
tunan is shown in anurc 13-4b. 1f the Jongitudinal wave propagation velocity
ol ful') cured concrete is assumed 1o be 3000 nv's (10,000 {1/sec), the planc wave
struin J‘\\\}LIchd with the minimum velecily for erucking is .

.

# 150 mm/s

= 8 rerre—

. . ° C J[}Uﬂ ml\

Othas u[‘_di ¢ hzve showse ihat durlng cur lng, the modulus and thus the com-
elocity, are much lower than the linal value. Thus the struin
Yy ikteteper ——gatr— lacin—n lov o tound

= 50u

pIL‘l\IVL, W

uiniy

-

AR ]

»

Panicle velaeity, v (mmfs]

[ I F T
300 37—
. Visible crieks
L 19.04 10 0.03 mm}
208+
i

Minmrum vahsgrtor " 77
otnerved cracse

S
T

Age |hri)
‘.ow . .
ﬂgnn: 134 V;br:tory cracking of cering concrete. (a) Scheme of the 1ol §,
hammar, & hpt 20 iron plaeg Iy geaghonay 4, risorden 5, condrens block with
0.20 % 0.20 % 0.83 m. (b} Crhleal veloohy Javal. [From Bitgyst, 1978.)




REDUCCION DE EFECTOS DE VIBRACIONES

AN

ParaAreducir los efectos de las vibraciones deberdn tomarse -

las siguientes acciones:
1. Seccionar la veoladura (dividir el banco)
2. Reducir 1la carga por retardo

3. Cerrar el patrdn de barrenacidn, y

i4. Utilizar dos cargaé por barreno.

i
[RE AT

41
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ABBREVIATIONS AND SYMBOLS FOR EXPLOSIVE

-; ENGINEERING DESIGN

Consﬁant

Blaét area, st

Amplitude of incident compressive wave, ft.

Time useg.in adding steels for one drill cycle, min,
Constént A

Optimum burden for charge, ft.

Minimum burden for charge, ft.

Maximum burden for charge, ft.

Unit cohgsion of material, psi

iotal weight of primary explosive charge, 1b.

Bucket capacity of power shovel, cy (broken material)
Any distaﬁce, ft.

Loading density of explosive, ppf

Distance betweén primers,; ft.

Minimum distance from collar to initial primer, ft.
Mzxinum distance between ény two primers fired
simultaneously, ft. |

Density cf rock, pcf (solid)

ETime 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 charée, in.

Drill footage rate, fpm

Driil penetraticn rate, fpm - 42



Hl

Hﬂ

..¥oids ratio

~

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

Frequéncy, cps

Total footage drilled‘for blast round, ftt
Accelerag&Pn due to gravity, fps?

Modulus of rigidity,'psi

Length of blasthole, ft.

Depth of water in blasthole, ft.

Minimum length of blasthéle with single primer, f£t.
Maximum length of blasthole with single primer, ft.
Depth of subdrilling, ft.

Kinetic energy, ft-lb ‘ -
Burden ratio or constant

Refractive index of a material

Bulk modulus of a material, psi
Blastability éoefficient for a rock
Spacing :atio

Velocity ratio

H?nqth of open fane parallel with blasthole axis, ft.
ﬁéngth pf explosive cartridge, ft.

ﬁaximum dumping height for power shovel, ft.

Maximum cutting height for power shével, ft.

Time used for moving and setting-up for one drill
cyecle, min,

Numer of blastholes per row

43



PC

PF

il
1

_;Total number of blastholes

Number of full passes (loading on both sides) for

power shovel

Welight of primer charge, 1lb.

Total length of explosive column in blasthole,

ft.

Powder factor for single charge, tons/1b or lb/cy

a
Detonation pressure, psi

Explosion pressure, psi

50

Number of explosive cartridges required to build out .

0of 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 reaciants, Kcal/kg

Number of blasthole rows

Maximum radius of clean-up of floor level for power

shovel, ft.

Maximum dumping radius for power shovel,

ft.

Maximum cutting radius for power shovel, ft.

Ed

éRelative energy of explosive, ft-1b

Pime for removing steels for one drill cycle, min.

‘Modulus of rupture of a material (tension or flexure), psi

Spacing distance between blastholes within a row, ft.

Stick count of an explosive
gwell factor of a material
Specific gravity of an explosive

gpecific gravity of a rock

44
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—

-

Time, min.

Total strain energy, ft-1lb

Length of stemming in a blasthole, ft;

Volume, cf

Linear vglocity, fps

Bar veloéity of a material, fps

Explosiv;ts reaction velocity, fps

Particle velocity, fps

P—Qave propagation velocity of a material, fps
S—-wave propagation velocity of a material, fps
Width of cut of blast round, ft (measured horizontally
and perpendiculaf to y) '

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

Total weight of roék, tons

Constant factor

Depth of cut or blast.round, ft. (measured horizontally
and perpendicular to w) |
Minimum horizontal spread cf brokern material from
Yertical bench, ft.

é&coﬁstical impedance, lb-sec/cf

fotal or suﬁ of

Angle of incident and reflected P-wave, deg

Angle of genzrated reflected S-wave, deg

Natural angle of repose,zdeg

Porosity_

45

Angle of interral friction, deg
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g WT; Angle between normal stress and p#iﬁ;ipél'gtress direc-
:1tion of no shear (x axis), deg . |

p. - Mass density, lb-sec?/ft" _ -

€ - Strain, in./in. |

- Compressive stress, or strenéth, psi

d - Stress if any distance, d, psi

- ©Stress introduced into material from explosive, psi

~ Normal stress, psi

- Compressive stress from P-wave, psi

P

£ Tensile stress, or strengﬁh, psi

s Shear stfess, or strength, psi

U - Poisson's rétio- - -
Y - Failure angle, deg

- Crack or fracturs propagation velocity, fps
- Rock movement velocity, fps
- Time for rock to move out from solid, sec.

- Time for fracture to propagate, sec.

crr e d e
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— EXPLOSIVES ENGINEERING DESIGN RELATIONSHIPS .

-

PRYS

Explosives' Propertieg

1. SG, = 141/scC

_ 2
2. de = 48De /SC, 1lb/ft

— 2
3. .= 0:34D. 7 (SG,), 1b/ft

. s ‘ ‘
4. (a) Pd =_[(6.0§ x 10 )vez(SGe)]/[1+0.80(SGe)], psi
{b) Pe = = Pd(max.)/Z, psi

5. Po = 62.4 (SG,)/g, lb-sec?/ft"
6. z, = peve, lb-sec/ct

II. Material's Properties

7. '3 = 62.4 (SG.), pcf

8. (a) Py = dr/g, lb-sec?/ft*

(k) o, = 1.941 (SG_), lh-sac?/ft*
Q. Er = oC/ec, psi
10. (a) _Gr = Er/[2(1 + p)l, psi
(b) G, = TS/ES, psi
11. Ky = E/[3(1 = 2w, pai
12, 5. Z_ = PLVps lp—sec/cf
13. ¢ K. = 0_/0,
4. (a) vy = 126,01 - /e (1 - 2u) %, fps
(5) vy = [E_(1=w/p, {1+ (1- 27 fps
15. (a) v = (6,/p)%, fpe
(B) v, = [E_/20_(1 + w)}?, ips
le. (al vy, = (Er/pr)%' fes

M

fps | 47

(b) Vy, = [cé((ecor)]

\
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17, (a) - v, = v {(2 - 2w /(1 - 2107, fps

- p s
) vy = v UL - W/ 4w (1= 2017, fps
18. (a)  K; = v /v,
(b) K, = [2(1 -w/(1 - 21)]%
19. Ve = VP/B, fps
20. o_ = (0,/2) (1 - sin ¢), psi
21, O = 0_[(1 ~ sin ¢)/ (1 + sin §}], psi
22. (a) T, =¢C + (OC/Z) (1l -~ sin ¢) tan ¢, psi

(b) T_ = (o_/2) cos ¢, psi

23. c = (OC/Z) {cos ¢ - (1 - sin ¢) tan ¢], psi

24, (a) v, = 2ﬂpr, fps
- (b) v, = Qpec, fps (for plane yave)
257 {a) op = eri, psi
(b) dp = prvpzec, psi (for'glane wave)
26. 7 = (1/2sfx) [Leot @ + 2y (1 - §.7)1, .ft
27. e =n/(1l - n) y |
28. ¥ = (¢ + 90°}/2, deg

irT. Blastinq.Design

2% g =4a_(pc), 1b

30 H=1L+J, ft

nt PC = H - T, ft

32, J = B/3, ft. {mas;ive rock)

22 T = 2B/3, ft. (massive rock)

34. B = KpD12, ft

35, Ky = 2.5(160/dr)1“(s<3e/1.3)1/’[\%82/'(12,000)211/S £
36. Ky = /v

48
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.7 (b}

39.

40.

41.

42,

43, (a)
(b}

44.

45.

46,

47, (a)

T (d)

d n
P

e

. B!

Bl

B"

te

=

PF
PF
DFR

DPR

W

n

55

6K,B, ft

3L/(6KV + 1), ff. {single collar primer)
3L/(18Kv + 1), ft. (single centef—of—coluﬁn pri
3L/(9KV + 2), ft. (single floor-level grimer)
0.62L, ft. (single floor~level primer)

(B Pp*)/(Dy? = Dg*) Ly

wy, sf

wyLdr/2000, tons

W/EN, tons/lg_

27EN/WyL, 1lb/cy

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

H/D,; fpm

HN, ft.

(BH) ¥, £t. (Simultaneous and short delay, B<H<4B)
2B, ft. (simultaneous and short delay, H2 4B)
1.41 B, ft. (Long delay, 90 deg crater)

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

Ioading Showvel Specifications

48. {a)

(D)

49.%.

50.

X
L/Sf . ft.

1.2Cd + 30, ft.

0.6C. + 20 ft.

d

2C, + 19, ft.

d

3C, + 29, ft.

d
R_ - 5, ft.

2.50. + 24, ft. : |

d
R_(2p - 1) + R, ft. (Rectangular box wt.)

~

{RCE1'+2(p-l)]-+Rm-075Lm}, ft. (corner cul

49
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thég Use w for frontal loading, v for parallel
loading.

55. (a) ~ PR = 1.35 CqSgd,r tph (Sdfmin. hour, 30-sec cycle)

100 C.S

{b) PR aSer

cy/Hr (50-min hour, 30-sec cycle)

X
£

+ 26, ft, and Z

Note: For Y = 45-geg and S

0.85,

L =2C

a 0.59(L + 0.3y), £t.

|
v d e

50
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— CHAPTER 1

THE DETONATION PROCESS

1.1 Introduction

\

(1)

According to Persson steady state detonation along a
cylindrical charge can be regarded as a self propagating process
in which the axial . compressive effect of the . shock front
discontinuity changes the state of the explosive 50 ‘that
exothermic reaction sets in.with the_requisite.velocity.

This reéctiqn in homegeneous liquid explosives such as
nitroglycerin is completed iq a time interval of the .order of

10712 (1),

seconds In high explosives, such as RDX and PETN it 1is
completed in about lusec' . In composite explcesives containing
Al 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
goses at the velocity of the sound. Let us suppeosée that a c¢olumn
of gas is séf in motion by a piston which is accelerated into it.
Let us also‘ consider that ﬁhe velocity _éf the piston 1is a
staiicase function of time. Each step transmits a small
compressional wave which advances through the gas already set in
forvird motion ar:. heated by the previous wavas. Since the
veloci;y of the wave is larger at elevated tempeiatures, the ncw

(2)

17ave overtakes the previous Therefore the velocity, pressuvie

nnd temoeraturs gradients in the front of the wave grow steep:.

v



with time. If there ‘is no dissipative mechanism {e.g. heat
diffusion) tpe gradients become infinite(z).l

This tyﬁe of wave, in which a discontinuity has developed is
known as a shock wave. The area of pressure rise is called the
shock front. The front advances with a speed higher than the
sound speed. The shock velocity depends on the‘conditions behind.
If the pistons continues accelerating so deces the front. If the
piston mainfains a constant velocity, ¢the front maintains a
constant velocity as well. If the piston deceleraﬁes a wave of
rarefacfion is formed ahead of it. Finally ¢this wave overtakes
and weakens the shock front.

1t follows that the éelocity of the front 1is determined by

the conditions behind 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. In this case the role of the piston is played by the
reaﬁtion taking place in the detonation wave.

Let us consider a plane detonation wave which has been
gstablished in an explosive (Figure 1). The wave front advances
into the unébhsumed explosive with a constant velocity D and it is
followed by the reaction zone. If an observer is moving with the
velocity D of such a'front, the wave will appeér to him/her as 1in
Tigure 1. Undetonated explosive flows into the shock front AA’
with constant veleclitv U, = -D. Its preSsure; temperature and
density and ihternal.energy per unit mass are Pl' Tl’ Hq E1 at’

all pcints to the right of Aaa'. The wave front is considered to
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be a discontinuity in comparison to the changes occurring behind

it. Therefofe at AA' these values change to values- PZ,'VTZ, Py

Ez. These values change at some later stage.

The appafent velocity of the mass leaving the £ront 1is -
(D—Up) where Up is the particle velocity (mass velocity) in -the
zone between AAR', BB', reiative to the fixed coordinates.

If we consider a region of flow surrounded by é tube of unit
sectional area and two planes, one Jjust before the detonation
front and one right after it, the mass flowing in must equal the
mass flowing out ( conservation of mass ). The mass flowing 1in

per unit time is ©.D dt. Tue mass flowing out is 'oz(D-Up}dt.

1
Therefore : .
PP = az(D-Up) : : ' {1)

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

PlDdt D - ﬁlDdt(D-Up) = (P2

or PZ-Pl = PlDUP (2)

¥y is wvery small compared to the detonation pressure.

-Pl)dt

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

P, =;:v11:aup . ‘ (3)

From equation (1), one can obtain:

Up = (};pllpz)n (4)
According to c°ok(3) Up/D and pl/bz are slowly variable
_ o
functions of the original density. Thus:
= 5
Up f(pl)D . (5)
R |
where E(Pl)- 1 z,

Therefore equation (3) can be wyitten as:
- 2 ' 6
P, -plf(pl)D _ (6)

Foi* most cases (nxplosives having a density betwees: 0.9 -



1.4g/cc) it is sufficiently accurate to assume £(&. ) = 4.0.

1
Under this spproximation, the detonation pressure in atmospheres

when the veloéity of ‘detonation is given in meters per second, is

given by the following equation{e):

P, = 0.00987 o D°/4 | (7)

This is a relationship of great practical value. It allows
the estimation of the detonation pressure when only the detonation
velocity and the initial density are known. It is worth
mentioniqg that the detonation velocity can be measured accurately
in the laboratory.

Abart from equations (1) and (2) cother equations are used 1in
the theory of detonaticon. Many of these fall outside the area of
interest of thése notes. They are mentioited in the following .to

assist the reader in further studies.

}

The conservation of energy 'is expressed by the following

-

equation:

=1 - -
Eogm Ep = 3 (Por2 ) (Vo-Vy)

This is known ac the Rankine-Hugoniot equation.

(8)

A fourth equation is the egquation of state of the reaction
producits of the explosive. .

Tha above four basic saquations are nst enough to calculate
the five unknown quantities behind the detonatiop front (energy,
density, detGhation velocity, pressure and particle velocity). 'A
fifth condition is necessary. This is the Chapman- Jouguet
hypothesis stating that the detonation velocity‘equals the local
cound speed plus the particle velccity at the detonation state.
Therefore:

D=C+ U . (9)

P
Equations (1),(Z),(8),{%) and the equation of state of the



detonation products are essential for the calculation of the

detonation pParameters in the thermohydrodynamic codes.

1.4 The Detonation Head Hodel(3'4)

Practical explosives are wused normally‘ in the form of
cylindrical charges. Cook's detonation head model illustrates the
seguence of events taking placé. Figure 2 shows the detonation
head formation in a cylindrical unconfined charge. Hiph strong
priming a detonation wave travels out from the primer and along
the charge. This 1is responsible for the promotion of the
necessary exothermic detonation reactions withiin the explosive
charge. At the back of the primer the high pressure gases expand
into the surreounding 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 1lags the
detonation front for reasons which were explained earlier. In a
gimilar manner at-the sides of the charge immediately after thé
detonation wave the gases expand into the atmosphqre. Again two
release waves are traveiling into the charge. The detonation
front, rear release wu:ve and side release waves define a region
cﬁlled the detonation head. The detonation head 1is a region
associated with high pressure and high density. The shape of the
detoiction head depend:s on the geometry of the charge and changes
as it travels out from the iﬁitiation source. This is due to the
approvimately constant relationship between the release wave
veloc. ty and the detonaticn velocity. 1Initially the shape is inat
éf a section of a truncated cone with curved front and vrear

surfacas. Further away from the initiation the 1length of b
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detonation head grows so that it ‘is cohtrolled‘ from the side
release waves which meet on the axis of the éharge'forming a cone,
It has been fbund (X ray radiography) that the length of the cone
when the detonation is fully developed is approximately equal ;o
the diameter of the charge. The density inside the detoﬁation

head is constapt and approximately equal to 4/3 o, where ¢, is the

1 1
initial density of the explosive. The distance from the initiator
to the point where the full head is formed is approximately equal
to 3 1/2 charge diameters for unconfined charges. As the
explosive enters the det?nation 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. 1If 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 1is
nermally known as non-ideal detonation. It is worth mentioning
that non ideal detonations can be stable; iﬁdeed a great number §f
commercial explosives_used by the mining industry today detonate
at non ideal velocities at the diameters at which they are used.
Tha detonation velocity is the most important parameter of
the detonating explesive. It is well known that the velocity of
datonation is a constant characteristic of a particular explosive
when the other parameters are Kept constant. It was explained
that the knowledge of the detonétion velocity can lead to fairly
accurate estimates of the detonaticn pressure which is of
particular importance and cannot be measurgd directly. In the

next chapter the parameters influencing the detonation velocity

will be discussed.
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* CHAPTER 2 10.

EQUATIONS OF STATE

. An equation of state is normally a pressure - volume -

temperature” relationship. Ideal gases have an equation of state

expressed as: '
PV = nRT

where P is the pressure

T is the temperature

n is the number of .moles o9f gas

R is the universal gas constant and
V is the volume. '

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

The origin of the deviations from 1ideality 1is the
interaction between particles. Molecules excercise attractive
forces when they are separated by some distance and repulsiv
forces when they are very close together. '

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

a plot of the compression facter 2 = PV/RT against pressure
applied on the gas. One can obtain an indication of the
imperfection at different pressures. For a perfect gas Z =1
under all <conditions. For a real gas the case 15 somewhat
different. At very low pressures all gases behave almost ideally
{ 2 =1 ). At high pressures the repulsive forces dominate and 2
> 1, while at moderate pressures 2 < 1 due to the attractive
forces. -Obviously an equation of state for the detonation

products has to reproduce this behaviour of real gases.

EQUATIONS OF STATE FOR DETONATiON PRODUCTS.

The equalions of state used for detonation calculations
are of two types: those which do not treat chemistry explicitly
and those which do. The latter contain individual equations of
state for the component molecules and a mixture rule for combining
~“hem’ to give an =eguation of state for any composition. The
zomposition of the detonation products is calculated by assuming
cnemical egjuilibrium,

At this point it is worth mentioning that much of the
work involving the development of an equation of state has been
2mployed in  an inverted form. Experimental values are used to
calibrate an assumed form of an equation of state. Attempts to
develop a gensral, completely theoretical equation of state have
failed to produce a good result. '

The most common equations of state for detonation
preducts are:

1. The Abel Equation of State.
The Abel eguation of state 1is a form of the Van der

Wzal's sguaticn of state. It can be expressed as:
P(V-x) = nRT
where o iz & constant.
It was found that this form did not produce acceptable
: . (1) .
rszsults for many cases of condensed sxplosives. Cook providead

a modification expressing « as a function of the volume of the
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_Wu.udetonation products without -.considering their chemical °
composition. He showed that the emp:rical values of the covolume
fall in a common s (V) curve., .

2. The Becker“— Kistiakowsky - Wilson Equation of State.

!

The most popular equatlion of state is the BKW equation.

- The equation has the following form:

PV _ Ex
RT - 1 + xe

K
V(T+a)"™
and K = nikix

where x=

i

with «,&,u, % and ki empirical constants. The constants ki of each
molecular species are the covolumes. For the mixture each ki is
multiplied by X5 the mole fraction of species i, and summed to

tind the effective covolume. ‘ /
According to a parameter study performed by the Los
Alamos Laboratory, one may adjust the BKW parameters o,=,» and H

and the cévolumes:of the detonation products. Cowan and FicketE2
have shown that for a given = and £ one may adjust « to obtain the

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

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

By " using one explosivé as a standard it was possible to
obi:zin a set of parameters which can be used for a variety of
e.itlosives. BKW has been calibrated for RDX and TNT. The most

commen 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 develcped based on TNT as the
standard produce reliable results for very oxygen deficient
systems which produce large amounts of carbon in thz detonation
products. :
The best €fit for RDX parameters should i::0 be used in
vredictions of the detonation state parameters. ‘“his set was
developed 1in order to have (dP/d‘I‘)V > 0 at pressures f the order

of 0.5 Mbar. It has been found that this set = paramet%rs
results in poorer predictions than the RDX set.

3. Other Equations of State

Other eqguations of state have been developed by Fickett

and by Jacobs, Cowperthwaite and 2wisler(4).

These equations are similar and they are based on
statistical mechanics. Th2y use the Lennard-Jones potentials to
describe i:he interactions between the molecules. The general form
of the intermolecular potential energy is shown in Figure 2. Uhen
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
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particles come within some separation distance = ( collision
diameter ). ' ' oo B
Normally the intermolecular potential is written as:
v = Casgn - S6/6

This 1s the Lennard-Jones (n,6) potential. ©Often the
(12,6) potential is written in the form:

V= as{(a/R)Y? - (a/m)®)

where = is the depth of the potential well and
T is the separation distance at which V=0,
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TABLE 1

t

COMMONLY USED BEW PARAMETERS FOR HIGH DENSITY
EXPILOSIVES

PARAMETER SET 8 x a 8
Fitting RDX 0.181 14.15 0.54 400
Fitting. TNT 0.09585  12.685 0.50 400
Best £it for RDX 0.16 10.91 0.50 400
with (3P/8T) >0 :
Default .10 11.85 0.50 400

parametaers
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CHAPTER 3

EXPLOSIVE PROPERTIES

3.1 Introduction

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

the parameters which influence them.

3.2 Velocity of Detonation

' The velocity of detonation is the wvelocity: at which xghe
detonation wave travels through an explosive <charge. The
detonation wave travels at speeds above the normal sound speed of
the unreacted material. Typical detonation velocities for
commercial explosivés range from 2500 to 7000 m/sec. The
detonation velccity is the mest important property of the
explosive. It can be measured easily and accurately and it can hbe
used for the calculaticn of phe detonation and borehcle pressures
which are of importance in explosive applications. The wvelocity
of detonation_of a particular explosive depends on factors such as

charge diesmeter, confinement, density and particle size.

3.1.1 The effect of charse Diamseter

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 diaﬁeter stable
detonaticn occurs. This minimum diameter is called the critical
diameter.of the.explosive.

As the charge diameter is increased the detonation velocity
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"is” increased as well. However when a certain diameter is reached:
further incf@ase in diameter does noct result.in an_increaée of the
detonation Qéiocity. At this point a maximum detonation velocity,
of the explosive is reached. This velocity is called the ideal
detonation velocity of the explosive and is the value predicted
by thermohydrodynamic codes. Vs _

The detonation head model as developed by Cook(l) .can be
useful in explaining fhe shape of the observed detonation velocity
- diameter curves. = Figure 1 illustrates the 1length of the
established detonation heads in charges pf various diameters and
indicates what happens when a solid particle of explosive enters
the detonation head. For the small diameters, the degree ©of

1]

reaction is small

#

and the energy liberated is = not enougﬁ to
support a detonation. As the diameter is increased the detongtion
head length ;s incroased and for the same size of particle thF
degree of reaction increases. At the critical diameter the dégree
of reaction'is sufficieﬁt to support stable detonation. .If the
diameter is increased further a larger amount of explcsive reacts

in the detonation head. Whén the 1ideal detonation occurs, the

full amount of explosive reacts in the detonation head.

3.2.2 Effect of Confinsment

The efféct of coniinement is to lower the rate of expansion

(2). This in  turn slows

of the gases off the side of the charge
down the rate at which the lateral rarefaction travels into the
reaction region. as a result it takes longer for the side release
waves to meet on the charge axis. The length of ihe detonation
head is thus increased. This is shown in Figure 2(1), where the

devilopment of the detonation hecd is cutlined for both the
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confined ana the unconfined cases. Therefore, if the explosive
‘was not reacting fully at a particular charge diameter, the effect
of confinement would be to increase the degree of reaction and
consegquently the detonation velocity at this diameter. Similarly,
confinement will reduce the critical charge diameter (Figure
3)(2)_

However confinement cannot be quantified. Steel, glass,
various kinds of rock and soil will‘produce a different effect.
For this reascon most of the tests are done with the explosive

charge unconfined.

3.2.3 Effect of Farti1cle Size

If the size of the explo;ive particles is reduced at a given
charge diameter in the non ideal velocity region, the dégree of
reaction is enhanced becauée 0of the increase of the surface area.
Furthermore since tha grains are smaller, they are consumed faster
in the detonation head. As a result the critical diameter is
decreased and the explosive rszaches idéal detonation at a smaller

diameter (Figure 4)(2).

3.2.4 Effect of Density

1f the” density is increased, the specific energy is
increased; as a result the ideal detonation velocity is increased.
It has been found that the detonation velocity and the density are
related linearly. Figure 5{3) shows the detonation velocity
density relationship for varicus explosives.

However if the density is increased beyvond a critical point,

steady state detonation is not possible. The phenomenon is called

dead packing and a qualitative explanation can be given by the
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“fact that the volume of the entrapped air is 1insufficient to
provide ehough hot spots for the reaction to'proceed(zl.*
The relationship between critical diameter and ‘density is

shown in Figure 6(5).

It is obvious that apart from the density
in which the material is dead packed there is-a critical density

below which the explosive-will not shoot.

2.2.5 Effect of Temperature

The 1nitial temperature o¢f 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 temperature
on the critical diameter powdered TNT(4).

In the case of commercial liéuid explosives the effect |is
more pronounced. Figure 8 shows the'effectﬁof low temperatures on -

the critical diameter of typical slurry explosives(S)” - The

effect on solid explosives is almest negligible.

3.2.6 Effect of Water _ -

Generally dynamites are not atfected by the presen;e of watef
inside boreholes. Ammonium nitrate mixéd with fuel o0il has no
water resispance. The product absorbs water and soon bcecomes
desensitized:  Generally performance drops drastically as the

weight of water in the composition is increased.

3.3 Detonation Pressure
The detonation pressure is a very important parameter. It is

an indicator of the ability of the explosive to produce the



desired fragmentation in the rock. However, due to its high
magnitude the detonation pressure c¢anncet be measured. directly;
For this reason the experiﬁental determination is difficult.

The detcnation pressure is related to thé square of the
detonation velocity. Parameters which influence the detonation

velocity have a very significant effect on the detonation

pressure.

3.4 Detonation Temperature

The detonation temperature is the parameter about which the

least amount of information is available(s).

The detonation
temperature is measured from the brightness of the detonation
front as it is observed by a sensor. However it is not known how
much radiation is absorbed from the partially decomposed material
between the sensor and the front. Furthermofe, any gas bubbles in

the material will flash brightly when they are impacted by the

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

3.5 Fumes

It must_pe assumed that in all cases explosive fumes are to
some degree toxic. Excess oxygen causes the formation of nitfogen
oxides while oxygen deficiency causes the formation of carbon
monoxide.

In the United States the fumes of any explosive are
classified after detonating the explosive in a Bichel bomb and

analyzing its fumes. The following classes exist(7):
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--—-A. . Permitted explosives (USBM)

f

Fume class Toxic Gas Toxic Gés
£t3/1b 1/kg
A < 1.25 < 78
B 1.25 - 2.50 78 - 156
c +2.50 - 3.75 156 - 23%

B. Rock blasting explosives

Fume ¢lass Toxic Gas

££3/1b

Toxic Gas

1/kg
1 ' < 0.16 10
2 . 0.16 - 0.33 10 - 21
3 ‘ ' 0.33 - 0.67 21 - 42

1

Canada uses the same standards. However explosives of <class

2 or 3 cannot be

uced in underground mines unless special

application has been made to and permission is received from the

authorities {(EMR}).

It is worth mentioning here that the relative toxicity of the

fumes is 1mportant and this is not shown in the above tables. NO

2

is much more toxic than C0O (about 6 times as much)(e).,

1. has been found ihat the fumes depend on

1. The oxygen balance
2. Marginal_priming
3., Water atféck

4. Criitical diameter
5. Ga»s in loading

™~

6. Deilagrations,

(2},
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3.6 Energy of_gxplosives

Explosive§ 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 waves in the surrounding medium
and upon expansion impart kinetic energy .to the surrounding
medium. The energy released in the detonation process is given by
the following formula: | |

Q = AHg(products) - AHg(reactants)
where &ﬁf is the heat of formation.

The energy per unit weight is called the weight strength of
the explosive.

The energy per unit volume‘is called the bulk strength of the
explosive.

SOmetimes it is useful to express the weight and the bulk
strengths as relative values obtained by dividing the strength
(weight or bulk} to the corresponding strength of a standard
eXplosive. The commercial indpstry normally uses AN/FO as the

standard explosive.

3.7 Shelf Life .
The shelf life of an explosive determines the maximum time
paricd the explosive can ke in storage. vVarious explosives age

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

3.8 ?Pressure Desensitization

Commercial explosives can be susceptible to hydrostatic



-— 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 ©f measuring detonation velocities,

These are outlined in the following:

t The contirwwcus probe method,

The system c¢onsists of the exploéivé charge, along fhe
central axis.of which a uniform resistance probe . is inserted, a;
constant current scurce, a triggering source and an oscilloscope.

The resistance probe consists of a resistance wire inserted
into a small d;aheter brass tube. The resistance wire 1s a
nichrome wire having an accurately kiown linear resisiance.

The oscilloscope 1s connected in parallel'to both the current
source and the pfobe (figure 9)(5). At detonation the_ wire
irecsistance probe is consumed. .However the circuit rémains closed
Gue to the fact that the detonation wave is sufficiently ionized.
The circuit ‘follows oOhm's law. Therefore, since current 1is
sonstant, tﬁé‘voltage change with tiae shown on the oscilloscope,
1z proportional to the resistance. Xnowing the full voltage drop
ncross the probe and the length. of the probe, the voltage drop can
e converted to distance along the charge. Therefore the velocity

of detonatinn can be calculated v interpreting the voltage drop -

time record provided by the oscilloscope.

L
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vi. Start-stogs methed

TWO prébes are placed at a known distance apart in the

exXplosive. . Each probe consists of two wires placed in
close proximity. When the detonation wave contacts each probe: it
shortens the circuit by bringing the two wires in contact. By

measufing the signals obtained by either a counter or an

oscilloscope one can measure the detonation velocity.

1i1.. Streak camera method

The method is shown in Figure 10(9). ‘The streak camera uses
a mirror_which rotates at the centre of the drum. The film 1is
placed on the drum. The field of view of the‘ camera lens is
masked except for a narrow slit. The'charge is aligned so that
its axis is parallel to the slit o¢f the camera. The 1light
geﬁerated by the detonation front enters through the slit and
after being reflected on the rotating mirror{ leaves a mark on the
£ilm. 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 reco;d is

Y
shown in Figure 110197

{u. D'Autriche Method

This ié-the least sophisticatea method. It 1is outlined in
Figure 12(9). The method uses a detonating cord both ends "of
which are inserted in the explosive at a known distance apart. A
metal witness pilate is placed close to the middle of the
detonating cord. The detonaﬁion wave in the charge initiates the
detonating cord at both ends. when the detonation waves

travelling in opposite directicns in the detonating cord collide,
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they 1éave a dent in the witness plats. This helps to. find the
position in ;he detonating cord at which the collision took place.
Tnus, the diﬁtance, and therefore the time, each wave travelled in
the detonating cord can be found. The differencé in the times the

two waves 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

The measurement of the detonation pressure is normally based
on photographic technigues. These technigques require a streak
cameré and accurate experiments {agquarium technigue). - In the
aquarium technique, a transparent liguid serves as a pressure
gauge for measuring transient pressures. The transparent liquid
has to be selected in such a way tha; the reflected wave at the
gavge-liquid interface is either a weak shqpk oI a Vvery weak
rarefaction. The technique, as described by Cook(s consists of
the following two stages: |
i. ZIuitially the Hugoniot of the liquid 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
velooity at the free surface and the free surface velocit?'as the
ghock emerges from the transparent medium. Observations of the
shock velocity and the free surface velécity are made by using a
sitre:i camera. By chenging the height (h) of the 1liquid inside
the céntainer, one changes the shock velocity and the free surface
velocity. By assuming that the particle velocity of the liquid at
the interface 1is half of the free surface velocity the
relationship between shock velocity and the particle velocity in

the liguid (Hugcniot) is obtained.
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ii. The experimental set up for the secoﬁd part of the technigque
is shown in-Figure 14. In this experimeht,' tHe velocity of
detonation in the explosive charge and the initial transmitted
shock velocity in the liquid are measured. From the transmitted
shock velocity in the ligquid and the known Hugoniot of the liquid,
the initial pressure in the 1liguid can be calculated. The
corresponding pressure in the detonation head 1is calculated by
using the following relationship:

ce1/1202U ) 1)

Pa= Py (AU} 1 + Pl
where

Pd is the detonation velocity

pie is the initial density of the explosive

U_, 1is the detonation velocity

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

Piq is the initial pressure in the liquid.

The initial pressure in the liquid is calculated by the well
known relationship

P =P, U U

il 1°sl1l7pl

where Pil is the pressure in the liquid
USl is the shock velocity

is the particle velocity and

o is. the initial density of the liquid.

Because of the difficulty in measuring detonation pressures
it iz often necessary to calculate the detonation pressure from
the Adetonaticn velocity by using the approximate formula:

) .
e D
4
wheres P is the detonation pressure

P =

fl isrthe initiai density of the explosive and

D is the measured detonation velocity.



3.10 References

1.

10.

11.

Cook, M.A.{ "The Science of High Explosives", Reinhold
Book Corporation, New York, 1958,

Bauer, A.: "Explosives Technology Notes", Queen'é'University,
Kingston, 1881. )

Mader, C.: "LASL 'Explosives Property Data", Los Alamés
Scientific Laboratory, University of California Press, 1981.
Johansson, C.H. and Persscn, P.A.: "Detonics of High
Explosives“, Academic Press, London, Ngw York,‘3970.
Katsabanis, P.D.: "A Comparative Study of Emulsion ana Slurry
Exlosives", M.Sc. Thesis, Queen's University, 1983.

Mader, C.: "Numerical Modelling on Detonation”, University of

California Press, 1981.

Meyer, R.: "Explosives", Verlag Chemie, Weinheim, New York,
1877.
Cook, M.A.: "The Science of Industrial Explosives",

TRECO Chemicals, Salt Lake City, Utah, 1974.
ingineering Design Handbook, Principles of Explosives

Behaviour, Headquarters, US Army Materiel Command, AMCP 706~

180, 1972
Katsabanis, P.D.: "Studies on the  Numerical Modelling
of Explosives Performance and Sensitivity", Ph,D. Thesis,

Dept.of Mining Engineering, Queen's University, 1987.
~stlas Powder Company : "Explosives and Rock Blasting”,

.1987.



DETONATION HEAD IN UNCONFINED CHARGES OF
" INCREASING DIAMETER AND THE REACTION OF A
SOLID PARTICLE OF EXPLOSIVE

VELOCITY OF DETONATION

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

4
STABLE VELOCITY, D
[— CRITICAL CIAMETER

¥ BENEATH THIS WwiLL
i NOT SHOOT
i

“#l |¢2 ;¢3 l¢4

_ A -

CHARGE DIAMETER

FIGURE 1: TYPICAL VELOCITY OF CETONATION CHARGE

DIAMETER CURVE FOR A GRANULAR EXPLOSIVE
(AFTER BAUER)



L/d=0

L/d=|

L>Llm

STEADY STATE DETORATION

HEAD
(UNCONFINED)

FIGURE 20 DEYS

RAREFACTION REGION

L/d=z1/2

LATERAL
; RAREFACTION

\-—DETONATION

REAR RAREFACTION WAVE
L/d =.2
/

STEADY STATE DETONATION
HEAD
{CONFINED}

OPMENT OF THE DETONATION HEAD

i TER COOK, 1958)

26.




' FIGURE 3 VOD - CHARGE DIAMETER CURVES

FOR CONFINED AND UNCONFINED ANFO

Detonation welocity (m/s)

o000 —

. ‘f:-"" )
3000 ' /

/
. | Sy
2000 F +
1000
D 1 1 [ I 1 H
10 1S 20 25 30 35

0 o

density = 0.B5g/cc

Chc:lrge diameter (cm)

— Unconfined

—— Confined

ot
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CHAPTER 4
GAP AND FRICTION SENSITIVITY OF EXPLOSIVES

4.1 Introduction

The gap sensitivity of explosive represents its ability to
propagate through barriers. The gap sensitivity of an explosive
is an impertant property to be considered in blastihg operations.
If the sensitivity is low, the detonation in the borehole can be
interrupted because of obstacles (rocks) or air gaps. On the
contrary; an explosive which is very sensitive can be dangerous -to
handle and can detcnate sympathetically in the boreholes. Cross
propagation of‘adjacent holes 1is very undesirable since this
eliminates the effects of delays and results in excessive
vibrations and poor ‘fragmentation.

However one has to differentiate between solid gap and air
gap sensitivity becauss the phenomena involved in each case =zTe
considerably different.

The Ffriction sensitivity determines the safe handling of
eXplosgive charges. Charges can bé subjected to fricticn forces
when loaded . in Dblastholes. These can be of a significant

magnitude eéﬁecially where pneumatic loaders are used.

4.2 Underdriven and Overdriven Detonations

The dAstonation state (<-J state) represents a dynamic stable
condition. If the detonation wave encounters a small gap 1in the

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

the original stable condition once the perturbation 1is _passed.

-
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The_same-wil-l-happen—if-the—detonation wave encounters a part of

the explosivg which has greater energy. 'Temporaril§:.it. will
strengthen but later_it will reach the stable condition.
Consider the situation shown in Figure 1 a. A detonation is
_trahsmitted from a donor 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 in the'acceptor, the shock wave can be of equal magnitude to
the detonatioﬁ wave in the acceptor or the shock wave can be of ;
smaller magnitude than ;he detonation wave in the acceptor. The
first case is called overdriven and the lasf case underdriven
detonation. It ha; been found that in the case of an overdriven
wave the strength always decays until the C-J condition is
reached. In. the case of the underdriven wave the detbnation
builds up to the €-J value. However, there is a limiting strengtﬁ
below.which the wave decays and detonation does not propagate.
This limiting‘strength is of importance since‘ it determines the
conditions required for safe handling and reliable 1initiation of

explosive materials.

4.3 The Gap Test

Expériméﬁfaily a simple way to determine the sensitivity of
an explosive to initiation is represented in the gap test. The
gap test is shown in Figure 1 b. The experiment consists of a
donox charge, an attenuator and an acceptor charge. By varying
the attenuator ihicknass, different underdriven waves are
transmitted to the acceptor. The thiékness of the attenuator at

which 50% of the times the acceptor detonates is called critical



44.

gap thickness. At that thickness the shock wave in the acceptor
has a limiting value above which the acceptor has a high
probability of @etonétion. The gap material 1is normally a
§tandard solid matefial. Alr gaps ére not desirable because hot
decomposition products of the donor explosive will impinge
directly on the acceptor.

The result cf the gap test depends on the geometry of the
‘donor and acéeptor charges as well as the attenuator material and
the donor explosive. For this purpose various laboratcries
standardize gap tests by using the same donor and the same
‘attenuator material. Thus the results of the tests are
indicative of the explosives shock sensitivity.

Typical gap tests are shown in Fiéures 2 and 3.

The following factors affect the result of a standard gap
test: '

4(2) where

1. Density. The éffect of density is shown 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 is a general trend obtained in a variety of
explosive compositions(23.

2. Temperatufe. The effect of temperature is shown. in Figure 5.

This is a geheral 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

composition dependant. It hasz been found that 1f wax is added to
RDX or TNT, the shock sensitivity is decreased. However if wax is
added to - ammonium nitrate, the sensitivity is drastically

increased. This happens because of the combination of an oxidizer
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witha—fuel and the dominant facteor is the oxidation-reduction
reaction. Figure 6 is typical of this phenomenon(z)t

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

magnitude of fhe impacting shock wave but from its duration as
well. The reduction of the diameter of the acceptor has changed
the duration of the shock wave. It 1is recommended that ‘the
charges are tested at a diameter above the minimum diameter for
ideal detonation, where this is possible. According to Price the
critical initiéting pressure - diameter relationship should follow
a curve as in Figure 7(5). Experimental results by Moulard

indicate the same trenu for Composition B(G?

5. Confinement. Price has found that confinement of the acceptor
in the test prevents the lateral rarefaction from preoducing 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 approach that which
would be obtained in the one dimensional flow(Z}. In Figure 8 the
critical gap pressures for confined chazrges are compared to the
critical cap pressures of unconfined charges. It is obvious that

confinement increases the sensitivity o explosives.

4.4 ALr Gap Sensitivity

This term denotes the initiation of an explosive charge
without a priming device by thé detonation of another charge- in
the neighbourhood. The transmissics: wmechanism ié complex.  The
important paramaters ave the shock - .ve, the hot reaction prodgcts
of the dénor and the‘fiying parts fiom the casing of the donor

charge. Variocus tests are conductes to determine the air gap
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sensitivity of explosives. 1In Europe the smallest diameter of
manufacture” is used in the test charges which are tested

unconfinedtBy.

This will provide the 1largest gap below which
detonation will always be observed. Confinemenf howaver affecté
the result. For this purpose cocal mining explosives are tested
in pipes which simulate boreholes. It 1is recommended that gap

tests simulating the conditions of application are performed to

determine the gap sensitivity of a particular product. i

4.5 Initiation by Friction

The mechanism of heatihg by fricticn has been investigated by
Bowden and co-workers. When solid bodies are pressed against each
other contact wiil occur only at the summits of the surface
irregularities. The total area of contact is a small fraction of
the total surface area(4). When the bodies are sliding against
each other heat is developed at the regions of contact. Hot spots
are created at the points of contact and their temperature depends
on the pressure, sliding velocity and heat conductivity of the
giiding material. The contzct material with the lowest melting
point detarmines the hot z2uot temperature. When melting occurs its
supporting capacity is taken over by slther points(é}. According
to Bowden ifffhe melting roint of the slider is below the critical
hot spot temperature for the explosive, detonation does not occur.

Several friction tests have been developed. The Swedish(4)
devélopéd a friction tes% in which the explosive is subjected to
stresses similar to thoses when tha explosive is charged in
boréholes.' The test consists of a biock 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 Lputv on
“the slider.  The slider moves at a constant speed and the result
is recorded as a function of.the lo;d.

In Germany a sample is placed bn a roughened porcelain

(3) ’

Plate The sample is put on tob 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.

Similar tests have been developed in other countries.
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CHAPTER 11

BLASTING THEORY -

S by R.:Frank Chiappetta
INTRODUCTION o

Blasting theory is perhaps one of the most interesting. thought provok- '

ing. chaltenging 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 explosive 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 carefuily selected tc emphasize the concepts associated with
each btasting theory rather than a rigorous mathematical. physical. or
chemicaltreatmentthrough formulae. Whereformulae areintroduced. they
are merely to enhance the concepts presented.

Inspite of thettremendous amountofresearch conductedinthelastfew
decades. no single blasting theory has been developed and acceptecfthat
adequately expiainsthe mechanisms of rock breakage in all blasting condi-
tions and materiat types. Given specific test environments. conditions and
assumptions. individual researchers have contributed valuabie information
andinsightasinputsinto blasting theories, aithoughasimple 'plug-in’ type
formula for predicting “optimum fragmentation’ is still largely unresolved.
There is as yet no consistent and widely applicable theory of tiasting, but
only a number of limted and disconnected theories. many of which are
empiricalinnature and basedonideal blasting conditions. Blasting theories
Rave been formulated and based ¢on pure speculation, years of blasting
experienceonatrialand error approach. laboratory testing. field investiga-
tions, and mathematical and physical models adapted from other disct-
plines of science.

Primary breakage mechanisms have been based upon:
® Compressional and tensile strain wave energy
¢ Shock wave reflections at a free face
- @ (Gas pressurization on the surrounding rock mass
® Flexural rupture
® Shear waves
¢ Release-of-load .
o Nuctleation of cracks at flaws and discontinuties
¢ In-flight collisions

Since so many schools ofthought surround blastingtheory. one must be
prepared to investigate not only the theories. t_:)ut the overall field input



~variables that areinherentin any blast designto have any practical mean-
ing. Giventhe diverse nature of field conditions encountered and'the over-
whelming number of blastdesign variablesto selectfrom. blast results may
not always Be easily predicted as 1s outlined in Figure 11-1. Where one
theoryissuccessfulinone specificenvironmentor application. it may not be
as predictive in another. ' '

(A) CONTROLLABLE VARIABLES
¢ HOLE DIAMETER @ INITIATING SYSTEM
* MOLE DEPTH * INITIATING SEQUENCE
s SUBRILL DEPTH * NQ. OF FAEE FACES
¢ HOLE INCLINATION * BUFFERS
e COLLAR MEIGHT * EXPLOSIVE TYPE
e STEMMING HEIGHT * EXPLOSIVE ENERGY
¢ STEMMING MATERIAL * CHARGE GEOMETRY
* BENCH HWEIGHT * LOADING METHOQD
s PATTERN o WATER (SCMETIMES
* BURDEN TO SPACING RATIO UNCONTROLLABLE)
® BLAST SIZE AND CONFIGURATION * ETC.
¢ BLASTING DIRECTION

(8) UNCOMTROLLABLE VARIABLAS

* GEOLOGY

& MATERIAL STRENGTHS & PROPERTIES
¢ STRUCTURAL DISCONTINUITIES

" WEATHER COMDITIONS

& WATEA (SOMETIMES CONTROLLABLE)
s ETC. .

= § seconds

LOADED BLABT
NMOTE: TYiMCAL
PRODUCTION BLAST IS
LESS THAN TWO
SECONMDS DURATION

| € 1 seconds

() OUTPUTE

* FRAGMENTATION

s MUCK PILE DISPLACEMENT
s MUCK PILE PROFILE

& GROUND VIBRATIONS

® AIRBLAST

¢ BACK AMD 3IDE SPILLS

o FLYROCK

o HIFRES

e ITC.

FIELD MODEL ILLUSTRATING BLAST DESIGN
INPUTS AND OQUTPUTS '

FIGURE 11.1



Often more than one theory is needed to clarify or explam certain
results. Parallel this approachtothe physmtsttrymgtoexplamllghtwnh only
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 aione and hence. another theory. the
particte or "packets of energy’ theory was developed to explain the phen-
omena of lightin which the first theory failed. With both theories. the physi-
cistcould now explain many ofthe mysteries surrounding light which even-
tually led to new 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
attempttoexplain andpredictthe breaking process. but moreimportantiy. 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 T1to T4 in whigh
breakage and displacement of material occur during and after complete

"detonation of a confined charge.

The time frames 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 thecries 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 blast. one
event phase can occur simultaneously with anofher atspecifictimeintervals.

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, hightemperature gases. Pressuresjustbehindthe detona-
tion frontareinthe order of 9 Kbars to 275 Kbars. while temperatures
range from approximately 3000° to 7000°F.(2)
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. Detonation pressure is generaily expressed as a functnon of the
veiocnty of detonation and density of the explosives as, '

Py = (2.325 X 10°7) X p X VOD?

Where P4 = detonation pressure in Kbars‘
P = density in g/cc
voD= v?locity of detonation in ft/sec.

To change detonation pressure from Kbars to Ib/in2, 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 pr"essure for selected explo-
sives are presented in Table 11-1,

TABLE 11.1

DETONATION PRESSURES FOR SELECTED EXPLOSIVES

Detonation

o Density ‘'VOD Pressure Pressure
Explosive (g/cc) (ft/sec) (Kbars*) (psi)
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
“GQT 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
expiosive. Typical velocities of detonationfor commercial explosives
range from 8,000 to 26,000 ft/sec. This velocity. sometimes referred
to as the steady-state veiocity. remains fairly constant for a given
explosive, but varies from one explosive to another, depending pri-
matrily on the composition, particie size and density ofthe explosive. To
alesser extent, the steady state velocity is also affected by the degree
of confinement and explosive diameter.

Since the vetocity of detonation is greater than the velocity of
sound in the explosive, the expiosive material directly in front of the
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detonation headistotally unaffected untilthe detonation head passes
through it. In atypicail 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 chemical reaction
rates. '

Figure 11-2 and 11-3 illustrate two typical hole 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
ANFOQ. the velocity of detonation was measuredto be 12,200 ft/sec as
indicated by the siope of the straight line segment between point {(a)
and (b) in 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 oniy is a

Hote Dia. = 6.5"
18 + Ceee - - 1

Suriace

.18

Stemming (Crushed Rock) (e}

14 i

5 HJ4-50 Slope 2 - Shock Velocity
,3_, Sliter Through Stemming
12 [ Cable T 2.900 M./sec.

10 — .
= Explosive
(Anto) o L ]
Yelocity Of Detonation
12,200

Primer

Backfill

& - 5 & 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
borehole wall. butis also imparted into the stemming as indicated by
the slope of the straight line segment between points (b) and (c). In
this case. the shock wave velocity through the stemming was mea-
sured to be 2.900 ft/sec. or approximately Y. that of the velocity of
detonation. ' -

Hole Dia. : 6.5"

T Surface -
a0
Stemming (Crushed Rock) (9)
s JH4-50 : (e) \
___S_lii_e: _C:b_le____-___ Shock Wave: Velocity 15

30 Through Stemming

= 1,1000 it./sec,
/ (d}

1 12,500 M./sec. 10

4
{e)
VOD : 20.000 {l/sec. 4

5 x 30 ib. Cartridge
Of Emulsion
Explosive

25

20

18

10 -

1b.
Cast™

,;J___.,,.-—-—-'“'D D : 2,045 H./sec.

vOD = 15000 ft/sec.

(a) VoD = 20300 ft./sec.

XN : - - e e
0 2 4 § 8 10 12 1 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 emulsionspaced 11-12feetalongthe column.
Without direct measurements of the continuous velocity of detonation,
much of,,'the information wouid not have been discernable in the
fieid b37 direct observation. Many important points are noteworthy
in the results. Between points {(a) and (b). the velocity of deto-
nation for the 3 foot length of emuision 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 vetocity 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 betwéen points {b) and
(c) s attributed to water trickling into the bottom part of the hole from
the é“urroonding rock mass. Although ANFO cantolerateupto a 10%
water saturation level. it does so atthe costof blasting efficiency. Ifthe
center emulsion cartridge was not present, one of two things would
have occured. It may have sustained a low order ANFO detonation
with a velocity of 2,045 ft/sec throughout the remaining explosive
column. oritwould have soon failed. Ithas been demonstratedinfieid
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 generally achieved.
The greater the difference in detonation velocities and the harder the,
material to be blasted. the more pronounced are the results.

b. T2 — SHOCK AND STRAIN WAVE PROPAGATION

The second phase. immediately following detonation or in con-
junction with the detonation phase of T1, isthe shock and strain wave
propagations throughoutthe rock mass. This disturbance or emitted

-
——
— —

rd - ~

- \ \

Explosive Column

/ Blasthole . s
- .

1.2.3 Successive Positions Of Stress Wave
THEOQRETICAL POSITIONS OF THE OUTBOUND DISTURBANCE

FROM A COLUMN CHARGE
FIGURE 11.4
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pressure 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.Ifthechargeisshot. withalengthtodiameterratio of lessthan
or equal to 6:1. then the disturbance is propagated in the form of an
expanding sphere. Ifthe chargeislong. with a tength of diameter ratio
of greater than 6:1. then the disturbance is propagated inthe form of
an expanding cylinder. {Figure 11-4). However. in a typical. bottom
primed. cylindrical shot hole normally encountered in bench blasting.
the strain waves originally formed near the point of initiation are
already in progress and propagating into the surrounding medium,
while the detonation is still progressing within the 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

High Pressure
Stress Wave
Transmitted
Through The Rock

SECTION THROUGH THE FACE DURING
DETONATION SHOWING EXPANDING
STRESS WAVE FRONT
FIGURE 11.5
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The pressme nexttothe borehole wall will rise instantaneously to

its peak andthenrapidly decay exponent:ally The guick decayis due.

to cavuty expansionofthe boreholeandincreased gascooling. Cavity
expansion around the borehole canoccurthrough 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 occuras aregion 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
compressthe material atthe wave frontthrough a volume change. At
right angles to this compressive front. there exists another compo-
nent referred to as the tangential or "hoop' stress. The tangential
stress.iflarge enough. can causetensile failures atrightangiestothe
direction of propagation. The largest tensile failures are expected to
occur close to the borehole where the tangential stress is nigh
enoughforfailure o occur. Boththecompressive andtensilecompo-
nents of the wave front decay with distance from the borehale.

When the compressive wave front encounters a discontinuity or
interface. some of the energy is transferred across the discontinutty

and some reflected back toits point of origin.“'For the most part. the .

partitioning of energy depends ontheratioofthe acousticimpedance
of the materiais on either side of the interface, as illustrated in Figure
11.6. Acoustic impedance, Z. for any material is defined as:

Z=p XVp
where: 2 = acoustic impedance
P = density of material
Vp = sonic velocity of material

Inreferenceto 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 |s 1. aii 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 willbereflected back as atensile wave. Ifthe burden distance
netween the free face and explosive column is relatively small in
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Q

contrast to normal burdens for a chosen explosive, then most of the
energy is consumed in spalling atthe free face. =~ =~ = '

The interaction of stress waves in the outgoing com'pressive. and
reflected tensile modes around discontinuities and flaws within the
rock massisanareaofintenseresearchandisconsideredto be quite
important in some of the newer blasting theories.

BEFORE AFTER
intertace . ' Intertace
Material 1 Malerial 2
21 ¥y P2 V2
A— CASE ¥
21 B . Q—N
z, < 1
CASE 2
Zy - 1
Z,

A— ‘ CASE 3
1 59

- CM . .M Wave 21 = p‘ L v1
- Tension Wavwe
7=V,

INTERACTION OF STRESS WAVES
AT AN INTERFACE
FIGURE 11.6

11-10



" T3 — GAS PRESSURE

During and/or after strain wave propagation. the high pressure.
hightémperature gasesimpartastressfield aroundthe blasthoie that
Can expand the original borenhole. extend radial cracks and jet into
any discontinuity. It is during this phase where some controversy
exists as tothe main mechanism of fragmentation. Some believe that
the fracture network throughout the rock mass is-completed
while others believe that the major fracturing process is just beginn-
ing.tnany case.itisthe gasesthathavejettedinto discontinuities and
thefracture network thatis either fully developed or being developed.
which are responsible for the displacement of broken material.

ltisnotclearastothe exacttravel pathsthat gasestake withinthe
rock mass. althoughitis agreedthatthey will aiways 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-
rial which exhibittow cohesion or bonding atinterfaces. If a disconti-
nuity orseam betweenthe borehole andfreefaceis suffiCIentiyiarge
the high pressure gases will immediately vent to the atmosphere
rapidly reducmg the total confinement pressures. and results in
reduced displacement of broken and fragmented material.

The confinement time of gas pressures within a rock mass vary
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 blasts. have shown that gas confinement times
before the onset of movement can vary from a few milliseconds tc
tens of milliseconds.”™ To date. confinement times have been mea-
sured to range from 5 to 110 milliseconds for a variety of materiais.
explosives and burdens. Generally., but not always, confinement
times can be decreased by employing higher energy explosives.
decreasingthe burden. or acombination of both. This applies equally
to material at the bench face or at the bench top, as in the case of
stemming blowouts or cratering. Refer to Figures 12.35 and 12.36
Vibration/Airblast for specific examples of gas confinementtimes for
stemmmg blowouts. Itis evident 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 material is the last stage in the breaking pro-
cess The majority of fragmentation has already been completed
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through compressional andtensile stress waves: gas breséurization
or a combination of both. However, some degree of fragmentation.
although slignt. occurs through in-flight collisions and also when the
material impacts the ground. Generally, the higher the bench height.
the greateristhistype of breakage owing‘to'increased impactveloci-
ties of individual fragments when fallling onto the bench floor, Sim-
Harly, material ejected from opposite rows of a "V-shot” design upon
head-on collisions can result in increased fragrﬁentation. 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-

ure11-7foranumberoftypicalface conditions encounteredinbernch
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 utitized. (a2 and b). two
types of face movement may be encountered. In 11-7a the entire
length offace burden. directly infrontofthe explosive column. moves
out similar to a plane wave and the face velocity at any pointis con<
stant. This behavior is usually encountered where material is very
competent. quite orittle. 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 sedimentary
deposits. face profiles resembling that of flexural rupture is more
likely. In this case, the greatest displacement and veiocity occur
adjacenttothe center ofthe explosive column withthe least amount of
movementoccuring atthetoe and crest. Whenidentical conditionsin
11-7b are assumed and when subdrilling is employed. face move-
‘ment results 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 blasting 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 in the upper
half of the bench.

Three options are available to increase toe movement:

® Employ angte drilling in an attempt to maintain constant burdens
from the crest to the toe

e Use a higher energy bottom charge inthe 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 SC as not to
decrease the burden to the pointof 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. bliowouts. and increased airblast complaints. Because con-
finement pressures arereleased nearthe crest {inthis case. a path of
least resistance refative to the toe burden). restricted toe movement
willresult. Itis betterto usethe 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 ionger
periods without adverse effects. and adequate toe movement gener-
ally resulits.

Where large leftover muckpiles are left against the face. Figure
11-7g.toce movementwill berestricted and increased 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 biast, Figure 11-7h. tremen--
dous gas ejections with velocities up to 600 ft/sec can occur. When
such gas venting occurs, it will adversely affect other parts of the
burden to dispiace adequately and inevitably leads to poor overall
blasting results. A stemming deck immediately adjacentto the seam

“will give better results.

TIME EVENTS T1-T4 COMBINED

Uptothis point.timeevents T1to T4 have beendiscussed moreor
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 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
expiosive column with a veiocity characteristic of the steady-state
velocity, (inthis case 13.000 ft/sec). Ittakes approximately 3.0 ms for
the 40 foot column of ANFO to be compietely 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 produces compressive stress waves with tangential compo-
nents emanating fromthe borehole walis and progressing outwardin
every direction with a velocity characteristic of the sonic wave veloc-
ity of imestone. It takes approximately 1.0 msec for the compressive
strain wavetotransverse 15feetofburdentothefreeface Behindthe
strain wave propagation some radial cracks start to develop in the
crushed zone region of the borehole with a velocity ranging from 25to
50% of the P-wave velocity for limestone. If the intensity of the com-
pressive strain pulseis high enough. new cracks and/or extensions of
preexisting cracks and flaws can be initiated anywhere between the
crushed zone next to the borehole and the free face. The greatest
numbheor of cracks are generally found closest to the horehole
Whenthe compressive wave sirikes 4 free face. itis immedialely
converted to a tensile strain wave which starts at the free face and
travels tyack through the rock mass towards the borehole. Owing to
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the mew fractures created from the outgoing compressive strain
wave -the tensile strain wave will take somewhat ioriger to travel the
same burden distance of 15feet iftheburdenissmallencughand the
|nten5|ty ofthereflected strainwaveislarge enough. then some spali-
ing atthe free face or bench top is expected. although no significant
mass movement will occur.

At 3 ms after detonation and complete reaction of ANFQO. the
original high temperature. high pressure gases have reached a new
equilibrium due to borehecie expansion. Both temperature and pres-
sure have dropped significantly resulting in an energy reduction
ranging from 25 to 60% of the theoretical energy originatly 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 contradictory. Some believe that
the major fracture network is completed within about 3 ms due to the
interaction of stress waves on the surrounding material, while cthers
believe that the major fracture network is just beginning.

Regardless 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 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
swelling eccurs between 110 80 ms, stemming ejections between 2to

80 ms and bench burdens between 5 to 110 ms. Surface upilifting

velocities around the collar region of a hole occur between S and 120
ft/sec. stemming ejections between 10 to 1500 ft/sec and burden
.velocities between S to 200 ft/sec. Gas ejection velocities at discon-
tinuities have been recorded as high as 700 ft/sec and often occurin
tess than 5 msa.

RUPTURE RADIUS

The degfee 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 borehoie. 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. {12

Next to-the crushed zone is a region defined by a severely fréctured
zone referred to as the non-linear zone. Here fracturing can range from
severe crushing through partial fraCturing. to plastic deformation. Extension
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ZONES OF RUPTURE RADIUS
FIGURE 11.9

s

of cracks can occur from previously formed cracks by the tangential com-
ponent (ho_c;p 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 of the compressive stressis now muchsmallerthanth2
compressive strength of the rock so no new fractures are likely in this wa e
type. However, the tangential stress component of the wave is still subsrar
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tially largerthan the tensile strength of the rock. Since the tensite st're‘ngth of
rockis abodtj /15to /10 ofthe 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
strengtin of the rock. no further breakage occurs beyond this point as illus-
tratedin zone S {Figure 11-9). Oncethe wave or disturbance passesinto and
through this zone, the inchividual particles of the medium will gsciliate aind
vibrite sibouttherr rest positions withnn the elasticlimds of the rock iind so no
permanent damage results. It 1S 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. Results 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 rock.
Giventhe samerock. the ruptureradiusis greater for 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
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BLASTING THEORIES (Past & Present) -

inthis section. blasting theories ofthe pastand presentare discussed in
concept form. Tabie 11-21s o List of some of the more common thoughts
regarding breakage mechan ans andthereseurchers responsible fortheir
introduction. This list is Dy 1 neuns connpleie. but it does illustrate how
certain thoughts on Llastited vicwry lanied wits, the simple reflection theory
after World War It and proyiewced to the inu e complex nuclei or stress-
wave flaw theory of the prescii.

Since each theory has minhwrent strengtins and weaknesses. the main
conceptsofeachtheoryaic biestesplainea with a brief description. Blasting
theories discussed are.

a) Reflection Theory (Reflected Suess wWaves)

b) Gas Expansion Theory '

c) Flexural Rugture ’

d} Stress Waves & Gas Erpunsion Theury .

e) Stress Waves. Gas Expansion & Giress-Wave/Flaw Theory -
f) Nuclei or Stress-Wave/Flaw Theory ‘
a) Torque Theory

hy °  Cratering Theory

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
simple. 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
decayingamplitude, andisreflected only atafree surface. Atthefree
surface.the compressive strain puiseis converted into atensile strain
pulsethat progresses back to its point of 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 expiosive
charge in rock generates a large quantity of high temperature. high
pressure gas in a very short time. Typically. this occurs in a few
microsecondsfor smallcylindrical.charges andinafew milliseconds
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TABLE 11.3
BLASTING THEORIES AND

THEIR BREAKAGE MECHANISM

” BREAKAGE MECHANISMS

DATE RESEARCMER(S) rensite |Coronn | cas | eLexuma| MucLEr

REFLECTED| orpun |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 | Langfors, Kihistrom (22) 2 1

1966 Starfield (23) 1

1970 | Porter. Fairhurst {24) 2 1

1970 | Persson, Lunborg, Johansson (25) A

1971 .| Kufter, Fairhurst (8) 1 1

1971 | Field, Ladegarrd - Pederson (26) 1 1

1972 | Johansson, Persson (27) 2 1

1972 | Lang, Faureau (28) 4 2 1 3

1873 | 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 (38) (37) 1

1983 | McHugh (38) 1

for long cylindrical charges found in normal bench blasting. This gas
pfessure 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 borehole. This stress pulse traveis radially out-
wardin all directions from the shot point at speeds equal to or greater
than the velocity of sound in the medium. Due to wave divergence and
energy absorption by the rock, the puise 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 tensile and shear puise. The
amount of energy imparted to each depends on the angle of inci-
dence ofthe compressional stress puise. Of the tworeflected pulses.
the tensiie one predominates in breaking rock as it moves back into
the rock.
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The effective transfer of detonation pressure to stress in the rock
depends cnthe impedance match of the exp.losive‘t'cij'rock. A smaller
expio‘sj‘_ve to rock impedance ratio was shown to provide a more
effectivetransfer of this pressure to stress The concept of reflection
breakage is illustrated in Figure 11-10. The time order of key events

are:

Free Face

Spall-Type
Failure ol
Material In
Tension

tg .. R T
Material Displaced

Qutward From
~ Face

Free Face

RELECTION THEORY

detonation. generation of hign
pressure, hugh temperature gases

borehole walls are crushed and
slightty fractured due to high qas
pressure, and bhorehole expanas

compressionat stramn pulse propa-
gales outward 1n all directions

part of compressional strain pulse
impinges on free suirtace

part of pulse continues 10 travel
outward and partofitisrefiectec at
the free surtace as a tensile strain
pulse

stab of rock begins to detach from
free face and moves forward

other compressive sitress pulses
arrive at the newly formed face anc
repeats breaking process

TENSILE FRACTURE BY RELECTION

OF A COMPRESSIVE STRAIN
PULSE AT A FREE SURFACE

FIGURE 11.10

Slabs broken off closer to the hote 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-halif of the detonation pressure
due to expansion of the borehole. This pressure will propagate out
frormm the borehole into the rock as a shock wave. The material
between the borehcle and the shock frontis compressed and flows
elastically or ptastically. depencding cn the pressure and strength of
the rock. Some radial 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 wavereachesthefreesurface. radialcrack
lengths formed arelessthanone quarter ofthis distance. Atthis stage
the longest of cracks have extended inwards and reached the bore-
hole wall. Gas pressufe isnow capable ofenteringthese cracksandif.
the pressure is high enough can reach out towards the crack tips.:
thus further elongating thecracks. This hasthe etfectofaidingcracks’
that interact with the returning tensile wave and cause themtoreach
the free surface. Up to this point. accelerat-n of the rock mass
between the hole and free face has been neglgible. Only after the
cracks have reached the free surface is the rock accelerated by the
remaining gas pressure.

The key point of the gas expansion theory are:
® Radialcracks areinitiated notimmediately nexttothe borehole but
abouttwo hole radii outand extend inwards toward the hole as well

as outwards towards a free face.

o 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 pércent of the total energy to break rock is in the
latter. Detonation pressure acts only momentartly agalnst any one

- part of the borehole’s internal surface area, whilé gas pressure is

sustained considerably longer untit some form of cavity volume
change occurs. Gas pressure, then. is the major component respon-
sibie for fragmentation and flexural rupture.

Radial cracks form only in planes parallel with the borehole axis.
No cracks develop wherethe explosive is not in immediate contact,
thus mostcracksform adjacenttothe borehole wall where tangential
stresses are produced within the borehole's wall as the cavity is
pressurized. Providing strain energies at crack fips are adequate,
extension of fractures continue. Breakage by reflection of strain
energy at a free face is considered neg¥gible. Gas pressure drives
the radially produced cracks through the burden tothe free face and
displaces rock through bending and in the direction of ieast resist-
ance generally following naturally occuring planes of weakness. ltis
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 11-11and 11-12 A recta:n—
gular beam is used to represent the field configuration of bench
height. H..and burden, B, in the form of a modified cantiiever beam
model. The fixed end of the beam represents toe conditions while a
rolier, p!aced directly opposite the center of the stemming column,
represents the stemming function. The rotler allows the collar region
torotate and move iongitudinally but does not allow deflection normal
to the borehole axis. Aithough not shown for clarity of concept. the
beam thickness in Figures 11-11 and 11-12 is actually egual to the
burden. Borehole pressureisrepresented as aload distributed along
the length of biasthole containing the explosive. Rock weight of the
bench segmentis considered negligible relative to the load resuliting
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
compared toc gas pressure.

The degree offragmentationis controtied 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 tength. In terms of blast configuration. burden. spacing. and
bench height are the controlling factors for any given rock.
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cantamountofrock breakage. butitdoes provide the basi¢ condition-
ing forthe |ast stage of the breakage process. '

Stage 3—Inthis last stage the actual breakage of rock is a slower
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 borehoile
yields and moves forward. the high compressive stresses within the
rockunlcadinmuchthesamewayasacompressedcoilspringbeing
suddenly released. The effect of uniocading 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 11-13c)

NUCLEIORSTRESS WAVE—FLAW THEORY (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 geclogic structures and discontinuities
(joints, fractures. bedding planes) typically found in large scale
bench blasting. Results showed that stress waves were quite impor-
tantintne fragmentation process and caused a substantial amount of
crack initiation at regions rather remote from the borehole. These
regions consisted of small or large flaws, joints. bedding planes. and
other discontinuities thatacted as anucieifor 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 invoive
many phases such as: (40)

® detonation and crack nucleation around borehole
crushed zone extension

dynamic crack stability

activation of flaws :

coalescence of wave velocities and strains
branching of cracks

interaction of cracks and reflected wave systems
instability of crack direction

random progresasive failure
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Stage 2—The pressure associated with the outgoing shock wave
ofthefirst stageis positive. iftheshock wavereaches afree face it will
reflect. but in so doing the pressure fails rapidly 10 negative values
andatensionwave is 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 thisreflected wave. Ifthese 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
importance. it has been calculated that the explosive ioad must be in
the order of 8 times the normal load to cause failure of the rock by
reflected shock wave alone.

in the first and second stages. the function of the shock wave
energy isto conditionthe rock by inducing numerous smallfractures.
In most explosives the shock wave energy theoretically amounts to
only 5to 15% of the total energy of the expiosive. This strongly sug-
gests that the shock wave is not directly responsible for any signifi-
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In more simple terms, the important points of the theory are
explained with the iHustration in Figure 11-14_ A bofehole is located
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 homogeneous and flaw free.

In unflawed material. anly 8to 12 dominantcracks emergefroma
dense radial network around the borehgle. These dominant cracks
can travel significant distances and consequently form large pie
shaped segments, that alone are not conducive for good fragmenta-
tion. Stress waves continuing away from the fractured zone around
the borehole resultin no further damage.

Joint

Piane-
Borehole Flaw

@ O °

(b}

s B
NUCLEI THEORY

) FIGURE 11.14
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l{-iflawed material or sections of the material which contain flaws.
fragmentation is quite different. Consider the P and S waves propa-
gating awa;} fromthe fracture network around the borehole in Figure
11-14b and 11-14c. Refer to Chapter 12—-Vibration/AirBlast section
for adiscussionon Seismic Waves. Nofracturing takes place until the
flaw (joint plane} isinitiated by the P wave tail and the leading front of
the S wave. (Figure 11-14¢). 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 smali flaw between the
joint ptane andthe free face, (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. Filaws
initiated inthe immediate borehole vicinity of these waves have only a
small effect. Note also. that the outward directed P and S waves can
initiate flaws anywhereindependentofthe 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 coutcoming Swave. Atthis stage. constructive interference
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 8) 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
11-14g 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:

o 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 materiai, fragmentation results fromthe nucleation
of new cracks at flaws and reinitiation of old cracks from the
reflected stress wave systems

® gaé pressurization does not contribute significantly tothefragmen-
tation process

Computaticnal modeis incorporating stress wave/flaw interac-
tion as a mechanism of nucleating and extending cracksis growingin
popularity. (32-38, 40) Although the models differin approachand/or
details, the main idea is that shock and/or stress waves fragment
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material and gas pressure acts to displace the broken material.
Stress wave functions not only toinitiate fractures atornéarthe 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 borehoie
radial tensile failure documented by earlier works. Gas pressurized
radial fracturing, intypical bench blasting operation, was found to be
only a minor contributor tothe overall 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

i) old fractures are the loci of new fractures or are re-initiated
themselves early in the event, they continue to be active far
several tens of milliseconds after detonation of the explosive

iiiy fragmentation continues in blocks of rock, following detach-
ment from the main rock mass, by_grapped stress waves

ivi] thefracture pattern onthe free face is well developed priorto
the expectedtime of arrival of radial cracks fromthe borenhole

v) in blasted faces from production-scale shots, frgctures are
observed to have initiated at. and propagated from_ joint and
bedding planes, suggesting the same operating mechanism(s)
asthose observedin homolite 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

' vﬁ) 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 willform early in the event. and as they move
and fractures open. targe 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 initiation sites

x} the stress wave takes longer to penetrate the mass. and
movement of the rock can be expected to be slower as more
energy is absorbed by the rock mass

xi) cracks open more slowly, and smaller masses of rock are
isolated early in the event. so that later arriving stress waves
can continue to increase crack initiation and propagation

TORQUE THEORY

The success of this theory is totally dependent on the absolute,
accurate timing of initiators. When two adjacent explosive columns
_are initiated simultanebusly from opposite ends. a compressional
shockwavefromeachcolumntraveling parallel but nopposite direc-
tions is formed. (Figure 11-15) The greatest stress is always directed
perpendiculartothe primary shock front. This stress is alsoassumed
to be greatest near the detonation head in the explosive and dimin-
ishes with distance away from the detonation head. Anuneven 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 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
by otherssuchas Lang and Bauer. (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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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 andfreesurface. Thisimpliesthatgiven
a specific explosive and material, there exists a burden distance
between-the charge and free surface which yields the largest crater
(Figure 11-16d). This burden is referred to as the optimum burden or
depth. Similarly, there exists another burden distance referred to as
the criticai distance, which is too far below the surface to resultin any
crater or expuision 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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Livingston 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

ExW?3

Z
"

Z
i

= critical distance in feet

= weight of explosive in pounds

= proportionality constant or the strain energy factor
which has no units and is constant for one given expio-
sive - rock combination

2
i

if a sufficient number of tests are performed as illustrated in Fig-
ure 11-16, then the strain energy factor could be calculated. For
example if the critical burden was found to be 12 feet when using 40
pounds of ANFO, then ' ’
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.
E =1—21
(40) 2
£ = 12
342
E = 3.51

Strain Energy Factor = 3.51

This strainenergyfactor, E, will differ ifthe same explosive is used

in a different material or the same material is blasted with a different

‘explosive. Whenrock gets more brittle, E increases ard the optimum

crater volume occurs at lower values of depth ratio. In softer material.

E decreases and the optimum crater voiume 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:
de = distance from surface to the center of gravity of the
charge in feet
ial
A = depth ratio = depth of buria
critical depth
W = weight of explosive in pounds

If d¢ is the optimum burdenthatyieids the greatestvolume of
fragmented material, thenitis referredto as d,andthe opti-
mum depth ratio is referredtoas A .
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Crater data can be plotted in a number of different w'ayé. Figure
t1-17illustratesthe effect of two explosives. A and B onthe amount of
fragmented material that each is capable of achieving at different
depths of burials. Note that the higher energy explosive aiways frag-
ments a greater volume of material at the same depth of burial as
expiosive A, but that the optiﬁnum depth of burial differs for each
explosive.

Explosive B
-TT ™

I
!
|
1
I
!
|
1
dl

|
I dg For

d
JI[ Explosive B

o 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 data onacommon baseis
by ptotting V/W on the y-axis and the depth ratio on the x-axis as
shoWn in Figure 11-18. (44) Visthe volume of broken material in cubic
teet, 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. { & o ). varies
with each explosive-rock combination. The advantage of performing
such fieid experiments is that one would obtain crater data specifi-
cally suited to the user environment for a number of different expio-

11-38



N

(1.31m)

sives. Although the curves in Figure 11-18 are fitted as srhooth
curves. one should remember that some scatter of data'.'rs always
presentand itisimportanttotake thisinto account for crucial applica-
tions of cratering.

60—~ ' Thin Bedded Magnetite
/ 60% Giant Gelatin
S0b- I \ Granite - 60% Giant Gelalin
' \ r‘.Hard Qre ANFO :
‘0 { / \ | g Soft Ore ANFO
1ol I Iron Formation ) /
I Siurry
, Frozen Yeltow Ore
e 30% Forcile
20 /7
7 Frozen QOverburden
/ ANFO T
10— -~ , . Frozen Decomposes
Magnetite - 60% Iron Formailion
Giant Gelatin =™ - Slurry
| | 1 1 A 1
.3 .4 .5 .6 T 8 9 10
A

ROCK REMOVED IN CU. FT. PER LB.
OF EXPLOSIVE VS DEPTH RATIO
FIGURE 11.18 (44) _ '

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 11-19a) For commercial explosives the initial shock pres-
sures are on the order of 100 to 200 thousand atmospheres {one
atmésphere = 14.7 pounds per square inch). As the shock front
moves outward in a spherically diverging shell, the medium behind
the shock frontis putinto 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. formingacavity. Inregionsoutside 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.

P—————RR————t

I

LIP -1 Apparent
Ra B Crater
_ _Surtace __ . : { Boundary ;___.- .
. R C: Ay \ﬁf (_
PR Ll . RUPTURE
e, Y ZONE - Do8 :
True Crater . . : N _.“______ . _l_ )
Boundary - -t o8 ‘ : -l ’
Ra = Radius of Apparent Crater . - ° - !
Ry = Radius of Lip Crest o .- ELASTIC
R R ZONE

Rg = Radius of Rupture Zone SRR PR

DOB = Depth ot Burial |
PLASTIC
ZONE
|
|

Hp = Depth of Apparent Crater

EMPLOYMENT OF ATOMIC DEMOLITION MUNITIONS

DEPARTMENT OF THE ARMY, WASHINGTON, D.C. AUG. 1871
FIGURE 11.20

WHeﬁ the compressive shock frontencounters afreeface, it must
matc}:’w the boundary condition that the normal stress or pressure be
zero at all ttmes. This results in the generation of negative stress. or
rarefaction wave which propogates backinto the medium(Figure11-19b).
Thus the medium which was originally under high compression is

( putintotension by the rarefaction wave. Thisphenomenon causesthe
medium to break up and fly upward with a velocity characteristic of
the total momentumimpartedtoit. In aloose soil material. this spalling
makes almostevery particie fly intothe airindividually, whileina rock
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mediumthethickness ofthe spalled materiaiis 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 veiocity of spalled material also decreases in pro-
portion to the peak pressure. This breakage mechanism is predomi-
nant only for charges placed at very shallow depths of bunal.

Thetwo mechanisms described sofar are shortterm, lasting only
a few milliseconds. The gas acceleration mechanism. however. is a
much longer Iasti'ng process which imparts motion to.the medium
around the detonation by the expansion of gases trapped in the
explosion-formed cavity. (Figure 11-18c and 11-18d) 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 no longer cohesive encughto
contain the explosion gases. As the gases are released. fragments
assume free ballistic trajectories. At de 2ths ¢’ burial at which crater
dimensions are maximum, the gases produced . 1 give appreciable
acceleration to overlying material during its escape or ventiné
through cracks extending from the cavity to the surface. At shallow
depth of burials the spall velocities are so high that the gases are
unable to exert any pressure before venting occurs. For very deep
explosions the weight of the overburden precludes any 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 mechanism of overburden collapse
{subsidence) becomes dominant, This effect is closely linked to the
crushing, compaction and plastic deformation mechanism which
produces an underground 'cavity. At these depths of burial. spall and
gas acceleration will not impart sufficient velocity to the overiying
material to physically ejectitfrom the crater. Mostthrowoutreturnsto -
the crater as fallback material. In a rock medium the bulking action of
the rock, whenitis disoriented fromits originaifracture pattern. could
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 inthe
cavity decreases below overburden pressure, the roof of the cavity
begins to collapse. in most mediathis coltapse 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 afterithas fallen. 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 G feetin an unconsagli-
dated. sedimentary type material. (46} High-speed photography was
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FIGURE 11.21
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used to document the effects of shock and. gas pressure. The first
obse’r._vation was that of brisance or the reflection‘of tHe cdrhpressive
shock-at the surface a few milliseconds after detonation. Thisisindi-
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. Inthis case, sufficient viewing angles were
not available and so only part of the total reflected shock couid 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 1s compacted and heaved upwards. Between O to
45 milliseconds after detonation, the uplifted material is resiliant and
compacted enough to maintain sufficient cohesion to contain ail
gasesresulting fromexpansion. At60 ms gas venting beginstooccur
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
eachtime profile are connected with straight tines. the lines will most
always point toward the top or the center of the charge. In this case,
the gas venting angle was measuredto be approximately 45 degrees.
The gas venting angle is useful in determining how much of the top
part of a cylindrical charge. as found in production holes. actually
contributes to gas venting, cratering and/or lost energy through iack
of stemming confinement. At either side of the gas venting angte. no
gas venting occurs, but materiai fragments are displaced and/or
ejected outwardily. Material fragments are also ejected from within
the bounds ofthe gas venting angie. Owingtoacharge depth beyond
optimum, the finalresultis a mound ratherthanacrater. 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 difninishes to zero when the material has reached
its highest displacement. in reference to Figure 11-21, the average
initial velocity along the vertical displacement 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 dependenton material
type and structure, expiosive 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 siopes in open pit mines, shafts,
drifts, ditches, road cuts and mine benches.

Since the borehole pressure is quite intense for a fully coupled bore-

. hote, exceeding many times that of the dynamic compressive strength of

the rock. it mustbereducedto avoid extensive damage. The three principal
modes of rock failure occur by exceeding the dynamic compressive, shear
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or tensile strengths. |deally, the borehole pressure shoutd be somewhere
petween the compressive and tensile strength of the rock. so'as'to avoid
extensiyve c'nhushing at the borehole wall. yet provide enough pressure to
extend a single predominant crack between any two perimeter holesin the
control line of holes.

A gooc 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
i) ‘a 2" diameter explosive in a 8" hole (air decoupled)
vl a 2" diameter explosive in a 6” hole (water decoupled)
| | 1.0
—— 36" -4 0.75
] -
——— Distance To Point i -4 0.50 z
Borehole Ot Observation doas
wall .
AR D T EEE GEr A Tk D TEE AR T e S -l 0
Explosive i —~ .
I | < 0.50 .
o~ 2" - Borehole Wall ) | - 0.25
A TS TG TN TG OEE T aED I Gl G TE TSl T - 0
I Explosive | -
1
| Borehole . | - 0.50
wail ' 0.25
Explosive ]
D ehic W mEe G wmP dehe s WO G D I W o o™ ’ i
Air |
- 0.50
Water . | 0.25
Explosive . 1
-— ey U ER aWE eER GEn oEr WD GED W oW -A 40
Borehoie i
|

EFFECT OF AIR AND WATER DECOUPLING
© V8 FULLY COUPLED HOLES
FIGURE 11.23 (47)

All measured stress leveis ara compared relative to the 6" 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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explosive in a 8" diameter hole. The next highest stress level was achieved,
again, with a fully coupled explosive. even though the holé diameter was
reducedthree-foldtoa 2" diameter. Water decoupling followed next and air
decoupling produced the smallest stress level. Thus. an air decbupled
charge is the most effective means of reducing borehole pressure ang
consequently the peak stress level within the rock mass,.

A reasonably reliable method of calculating the borehole pressure is
with the following formula which takes into account two decoupling ratios.
(48) (49) (50)

2.6
Pp = 1.69x103xp xVOD2x|VC xde
' dh
where:
P = Borehole pressurein PSi.
p = Density of explosivein g/cc A -
VOD = Velocity of detonation in ft/sec w,
c = Percentage of explosive column loaded expresséd as a
decimal
de = Expiosive diameter {in.)

dh = Hole diameter (in.)

This formula is best suited for explosives which contain no metallic
elements or relatively small armounts. since the addition of energizing
metals lowers the detonation velocity of the explosive and hence, the
borehole pressure as calcutlated by this equation. Computer codes such as
TIGER and EXPLQODE are used to calculate borehcole pressures from
explosives containing metallic elements. '
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IN quarrying, the
. profitability of an
operation is directly
controlied by the
blasting, because it
is at the face. that
the production
cycle begins. Poor blast-resulis in-
variably will lead to economic diffi-
culties. In addition, the frequent
changes and compleaity of operating
conditions force operators to struggle
conunually with their  problems,
often without reaching satisfactory
solutions. The usual tnsl-and-error
approach as such is expensive and
often hazardous, and it rarely leads
to complete success because of a
lack in flexibility of applicauon.
Also  information that is generally
availuble on blasting is not usually
applicable from the practical view-
point.

For these reasons certain basic
standards huve been developed to

EXCLUSIVE

" assist producers in the design and

evaluation of their blasting. It is the
purpose of this discussion, therefore,
to describe those guidelines and
show how they can be applied, in
order that normal blasting difficulties
might be reasonably avoided.

There are two fundamenta! effects
from blasting that must be con-
trolied: fragmentation and displace-
ment. For the first effect, uniformity
of particle-size distribution and the
limits of actual sizing are the two
important qualities. Usually reason-
ably uniform sizing is preferred, too
many fines or too many slabs being
undesirable. Similarly, for the sec-
ond effect, rock movement, too little
or too much displacement is not
wanted for economic and safety con-
siderations, The two cflects aiways
become problems if overbreak oc-
curs. Air blast and objectionable
ground vibration are also problems
that can lead to serious-difficulties if
uncontrolled. Thus, 10 direct these
effects properly and apply the basic
standards successfully, one should
first -have a working knowiedge of
the biasting process itself.

THE MECHANICS OF ROCK
' BREAKAGE

Rocks are normally more resistant
to failure by compression, or crush-
ing, than they are to-being separated
by tension. For example, limestones
as a group may have compressive
strengths of 3,500 to 25,000 psi,
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but they may have tensile strengths
as tow as 500 to 2,500 psi. In ad-

dition. the ordinary high explosives
and blusting agents normally used in -

blasting produce very high pressurcs
at extremely rapid reaction veloci-
ties, which muy be from 8,000 to

OPEN FACE

STRATIFICATICN OR
JOINTING  PLANME

ENERGY SOURCE

r————a  COMPRESSION
—_— -~ REFLECTION
= ==~ = REFRACTION

Figure | —Enargy reflection and refraction
force componaents at density interfaces.

26,000 fps (5.300 to 17,000 mph).

- The rapidly developed pressures in

blastholes may be as low as 250,000
psi or in excess of 2,000,000 psi,
depending on the particular 1ype of
explosive und the conditions under
which it is used, The effect of ex-
plosives reacting on rocks, then, is
one of impact, or impulse, from a
quickly applied blow of extremely
high intensity.

When explosive charges are ‘used
in circular blastholes, the sudden ap-
plicution of high pressures into the
surrounding rock is exerted equally
in all directions along the blasthole
perimeter. The rock in that region is
quickly compressed, usually crush-
ing the rock for a limited distance.

2
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The sudden application and follow-

ang quick release of high pressure
introduces 2 compressive stress-wine
“that quickly spreads throughout the

rock mass as an clastic wave. This
action results because most rocks
are characterized by some brittle-
ness and are therefore somewhat
elustic. The particulur speed at which
the cnergy travels through the rock
is a function of the rock’s densuy,
denser materials transmitting com-
pressive-wave energy at high rates
and the porous or lighter rovks
relatively low speeds.

For simplicity. one might visual-
ize the wave effect us being similuv
to that achieved by dropping a peb-
ble into 2 pond of water. As with
the waves in water when they en-
counter a shoreline, some of the
compressive-wave energy from the
explosive transmitted through
the rock is reflected and refracted
{bent) at all changes of densiy or
structural discontinuities (Figure 1),
Any open face, change of rock type,
etc., will produce this effect, The re-
mainder of the energy, however,
tries to continue along its original
travel direction. The angle of travel
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Figure 2—Energy iransmission in materiais
from impulsive loads.
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direction of the reflected energy is
the samc in vailue but opposite to
the direction of the energy imparted
at the boundary, the direction of
energy refracted into the next ma-
terial being a function of .the char-
acteristics of both materials. Thus,
at every change of density some of
the impulsive energy is reflected and
refracted, the balance continuing to
travel in its initial direction through
the second material.

The action of energy transmission
is more easily understood if one first
considers the material being blasted
as being made of many small parti-
cles (Figure 2). If 2 blow is exerted
on one particle, we could expect the
energy to be transmitted in the di-
rection of the applied blow to ad-
Jucent particles, until the energy is
cventually consumed as a resull of
work-performing  effects

e

-

such as-

friction, dampening, fragmentation, .

etc. Particles in a pile of sand are

noncohesive: so there is little or no -

attraction between

the particles, .

even though each may have a certain -

amount of elasticity within itself.
Most rocks, however, are cohesive
as well as somewhat elastic, thus
promoting a different eftect from that
occurring in loose materials.

For the noncohesive particles, the
one on the outside of the pile, on
receiving a blow from an adjacent
one inside, would endeavor to keep
traveling outward, since there are
no particles remaining to impede
its movement. The cohesive material,
on the other hand, would have the
. outer particles held to adjacent ones,
as if by springs. If the blow is suffi-
ciently strong, the inertia of the
outer particles will tend to keep them
moving outward, once the energy
has been applied to them, the springs
then being placed in tension. If the

teasile strength of the springs is ex- -

ceeded, they will break. The sudden
releuse of tension will in turn cause
the adjacent particles toward the
inside’ of the mass t6 rebound. As
each particle is acted upon in this
fashion, beginning at the open face,

BREAKAGE

the springs will be broken in subse-
quent order back to the source of
the initial blow. provided that there
is enough cnergy remaining 1o ex-
ceed the tensile strength of all of
the springs.

Thus, the stressing action of
breaking rock begins at a free sur-
face, ot change in density, and
moves back in toward the explosive
charge. . The problem for proper
fragmentation. then, is to be certain
there is sufficient applied energy to
permit travel outward from the ex-
plosive charge and return, with suf-
ficient strength to exceed the tensile
streagths of the rocks along the en-
tire path of travel,

Since blastholes are circular. the
energy propagation will spread out
in distance from the source, or as a
fan. This action causes the energy
travel in particles to move. in differ-

ent directions. [n addition, stresses -

developed in the walls of blastholes
will decrease rapidly as the energy
pulses travel away from the charges.
There will be only one direction,
that perpendicular to a [ree face and
usually called the burden, where en-
ergy will be the stronges: and first

- By RICHARD L. ASH, P.E.
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to reach the boundary surface. En-
ergy from the explosive charge will
continuzlly weaken and will reach
outer particles along the {ace at later
intervals in progressive order.

Fly rock velocity will be greatest
at the center point, where the energy
truvel distance is least; on either

- side, particles will have less energy

imparted to them and will have a

. progressively greater lateral action

as distance is increased from the
center. The appearance of the face
assumes the shape of a large bubble
opposite the charge, with the outer-
most edge stretched in lateral ten-
sion (Figure 3). As a result of this
action a crater forms, caused by the
combination of tensile effects along
the energy travel paths from. the
charge outward and those between
particles laterally because of the di-

".verging action imposed by the dif-

ferences in energy travel directions.

The outline of the excavation and
fracture pattern within the cratered
portion are influenced strongly by
the structural planes of weakness in
the rock mass, such as slips and
joints. Whether .or not there is
enough energy to travel outward and
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return must be determined for each
blasting situation. If the amount of
initial explosive energy is inadequate
for the total travel distance, so that
the tensile strengths are not exceeded
both outward and on return, one can
cxpect to find the unbroken rock,
or very coarse breakage, imside the
broken rock pile, nearest the loca-
tion of the blasthole.

Where excess energy is used, the
broken rock will be thrown farther
out from the face, and there may be
some overbreak in back of holes
and on the edges. On the other hand,
if slabs or boulders are found on the
outside of the ple after blasting, it
is most likely because the ledge was
cracked before the blast was made,
from cariier overbreak, or because
mud seams or similar density
changes existed in the rock mass,
Cracks, or density changes, serve to
reflect and refract energy before it
reaches the outer free face, with a
subsequent reduction in energy
levels passing through, the outside
portions therefore . being merely
pushed out from the face.

For most field blasting, more than

- one free face will exist, i.e.. a bench

or ledge is present. The addition of
a third free face, such as a corner,
will alter the crater effect (Figure
4). Since the relative distances to
open faces from a charge determines
which face ts stressed first, 100 large
a diflerence in distances often gives
humps, toes, or very coarse fragmen-
tation in the area with the longest
distance. Full cratering with over-
break will occur on the other side,
where energy travel is the least, even
though a corner may be present.
In that blastholes are much great-
er in length than they are in width,
the effects from the explosive reac-
tion along the blasthoie must also
be considered, cylindrical rather than
spherical effects being the-usual con-
dition. Figure 5 illustrates blastholes

in a ledge with pertinent terminoiogy .

described. while Figure 6 gives wave
forms in rock resulting from the cyi-
indrical effect.

It is apparent from the sketches
that the time when the compressive-
energy wave in rock first arrives at
an open face will be different for
cuch blusting situation, The shape of
the wave will vaty from that of a
sphere to a cone, the actual shape of
which is a function of the explosive's
reaction velocity (v,) 1o that of en-

orgn Fact

/\/n‘:sm\
STRESSING -

CRATERING

Figure 3—Sequence of sctions in crater for-
mation.

ergy travel in the rock (v, ), usually
expressed as the K. or velocity ratio.

The primer location will deter-
mine that portion of the ledge which
will be stressed and displaced first.
As hole depths increase, the differ-
ence in blast effects will become
greater. Collar priming usually pro-

—— . ——f
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Figure 4—Influenca of frea-face locations
on crater positien,
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motes a waterfall effect, with the
broken rock left in high piles direct-
ly against the vertical face. Bottom
priming tends to scatter, or spread
out, the broken rock over a larger
fioor area. Center priming, on the
other hand, produces a compromise
effect. Collar and bottom priming,
when used together in the same
biasthole, will tend to increase the
stressing in the iedge center, thereby
intensifying the fragmentation and
displacement actions,

The influence of gravity, or static
loading, has little or no practical

4

effect on fragmentation under most
blasting conditions. However, for
vertically drilled blastholes the high-
er the ledge, the proportionately
greater the resistance 10 displace-
ment of.rock at ledge bottoms. Since
the pressure waves produced in the
rock from every point along an ex.
-.plosive column cannot rcuch the

. vertical and horizontal frec faces at

the same time, it is most often pre-
ferred that stressing begin at the
base of the vertical free face. This
is usually because of the need for
adequate displacement to insure
casy and safe digging.

" " Blastholes that are inclined (Fig-
‘ure 5) help to compensate for weight

effects as well as to extend the ef-
fective area for stressing in the vi-
cinities of hole collars and bottoms.
Boulders most often come from
those areas. i1 has been shown that
‘the greater the angle of inclination
the better geometrically propor-
tioned becomes the stemming zone
for cratering, thus reducing back-
break cffects. But air blast and pos-
sible violence are more likely to
occur since the volume of rock is
appreciably reduced in the stemming
region. Thus, less dense explosives
would be preferred in collar areas.
It shouid be noted, however, that
stressing in portions of the ledge
other than at the collar and floor
level will be no different, regardiess
of the hole inclination, provide:
that the bench face parailels e
charge column.

Figure 5—Blasthola terminology.
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T is_not_enough just to.understand —- —-—  —

I what happens during blasting.

Probably the most important
thing to the average person is to
know how blast effects can be con-
trolled to suit the requirements of his
operation, In this respect there are
available five basic standards upon
which to evatuate blasts, all of which
are unitless (dimensionless) ratios.
They can be applied to both under-
ground and surface blasting with
equal success. For simplicity, how-
cver, their use will be discussed as
appited to surface (open-pit} blasting

condittons. The standards are de- -

fincd as follows:

1. Burden Ratio {Kg)—the ratio
of the burden distance in feet 10 the
diameter of the explosive in inches,
equal 1o 12 B/D,

2. Hole-Depth Ratio (K, )=—the
ratio of the hole depth to the burden,
both measured in feet, or H/B

3. Subdritling Ratio (K,)~—the
ratio of the subdrilling used to that
of the burden, both expressed in
fect, or /B :

4. Stemming Ratio (Ky)—the
ratio of the stemming, or collar dis-
tunce to that of the burden, both
being in feet, or T/B )

57 Spacing Ratio (Ks¢)—the ratio
of the spacing dimension to that of
the burden, both measured in feet,
or S/B.
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ROCK BREAKAGE

STANDARDS FOR BLASTING DESIGN

Part Il of a Series

Burden Ratio The most critrcal

and impurtant di--
mension in blasting is that of the -

burden. There are two requirements
necessary to define it properly. To
cover all conditions. the burden
should be considercd as the dis-
tance from a charge measured per-
pendicular to che nearest [ree face
and in the direction in which dis-
placement will most likely occur. Its
actual value will depend on a combi-
nation of variables, including the

rock characteristics. the explosive .

used, etc. But when rock is com-
pletely fragmented but displaced
little or not at all, one can. assume
the critical value has been ap-
proached. Usually, an amount
slightly less than the critical vaiue

. is preferred by most blasters.

There are many formulas that

Tahle 1—Standard Blasting Ratios for “'ertical Blastholes
(All Types of Surface Blasting, 20 Different Rock Types. Hole Depths From 5 to 240
ft.. and Hole Diameters From 1% (o 105 in. for All' Grades of Explosives)

All Operations
Ku Kl'l

Group Frequency Group Frequency

0.0-0.9 0
10-13 (] 10-1.9 43
14-17 ] 20-29 70
18-21 13 1039 L1
22-25 b 4.0-4 9 43
26-29 74 5.0-5.9 b
30-33 66 & 0-4.9 n
34-37 44 7.0-1.% 1
38-41 20 8.0-8.9 3
42-45% 7 9 0-9.9 ?
46-49 4 10.0-10.9 8
50-53 4] 10119 0

12.0-12.9 |
Total 284 Total 284
Mean k] Mean 4.0
Mode I8 - Mode 26
Medisn 29 - - Mcedian i

All QOperations but Coal Strippings

K,* K.*
Group Frequency Group Frequency
0.10:0.19 0
0.20-0.29 [
0.343-00.29 12
0.00-0.09 15 0.40.0.49 18
0.10-0.19 IR {1.50-0.59 1R
0.20.0.29 27 (L60-0.69 25
(1.30-0.39 26 (1.7000.76 19
0.4J3-0.49 28 0.80-0.89 13
1.50-0. 59 2 (1.90-0.99 3
0.6G-0.69 ) 1.00-1.09 14
0.70-0.79 2 1.10-1.19 7
0.80-0.89 0 1.20-1.29 7

1.30-1.19 a

1.40.1.49 2

1.50-1.59 2
Total 125 Total 152

Meun .28 Mean 0.74

Mode 0.24 Mode 0.68

Median 0.27 Median 0.67

*Note—Rf: Ash, R.-L., and Pearse, T. E.—"Velocily. Hole Depth Related to Blasting
’ * Results,” Mining Engineering—September, 1962, p, 75.

provide approximate burden values,
‘but most require caleulations that
-are bothersome or complex to the
average mao in the field. Many also
require knowledge of various quali-
ties of the rock und explosives, such

_as lensile strengths and detonation

pressures, etc. As a rule, the neces-
sary information is not readily 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 Kp=30, the blast-
er can usually expect satisfactory re-
sults for average field conditions
.(Table 1). Thus, for a 3-in. diam-
eter explosive, a 7%-[t. burden
(30 x 3/12) would be a reasonable
approximation. To provide greater
throw, the Ky value could be re-
duced beiow 30, and subsequent

" finer sizing is also expected to re-

sult.

Light density explosives, such as
field-mixed AN/FO mixtures, nec-
essarily require the use of lower K,
ratios (20 to 25), while dense ex-
plosives, such as the slurries and
gelatins, permit the use of a Kp nea:
40. The final value selected shouls
be the result of adjustments madc
to suit not only the rock and ex-

~ plosive types and densities but aiso

the degree of fragmentation and dis-
ptacement desired.

To estimate the desired Kg value,
one should know that densities for
explosives are rarely greater than
1.6 or less than 0.8 gm/cc. Also,
for most rocks requiring blasting
the density in gm/cc rarely exceeds
3.2. nor is it less than 2.2, with 2.7
(165 Ib. per cu. [t, in the solid) by
far the most common vulue. Thus,
by first approximating the burden
make simple estimations toward 20
at a Kg of 30, the blaster can then
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(or 40) 1o suit the rock and explo-
sive characteristics, densities for the
latter exerting the greater influence.
- Thus, for light explosives in dense
rock, use Ky==20; for heavy ex-
plosives in light rock, use Kqy=40;
for light explosives in average rock,
Kp=25; for heavy explosives in
average rock, Ky==35, etc. Figure 7
illustrates the relationships between
burdens and explosive diameters and
can be used 10 approximate values
for quick estimations. It should be
noted, however, that the burden
must be more carcfully selected for
smali-diameter blastholes than for
the larger charges, a fact well coo-
firmed by field experience.

Hole-Depth  As 2 rule, a blasthole
Ratio should never be

' drilled tc a depth
less than the burden dimension, if
overbreak and cratering are to be
avoided. The primer location and
the K, ratio (Figure 6) have an im-
portant influence on the minimum
required depth, in that the shape
and direction of the wave form de-

caused by humps and toes generally
create problems for later blasting,
as well as in loading and haulage
operations. For most conditions, the
required subdrilling (J) should never
be less than 0.2 the burden dimen-
sion, a K; of at least 0.3 being pre-
ferred for quite massive ledges
(Table 1).

The amount of necessary over-
drilling logically depends upon the
structural and density characteristics
of the ledge, but also on the direc-
tion of the blastholes, in that in-
chined holes require less subdrilling

" ‘and horizonta! holes no subdrilling

termines where and which face is
stressed first, In practice, blastholes
are generally drilled from 1% 1o 4
times the burden dimension; and
blasting is done most frequently with
a Ky value of 2.6 (Tabie 1).

One could then presume that
when using a 3-in. explosive of
average density in normal rock with
a 7%4-ft. B, a hole depth from 10 to
30 ft. would normally give satisfac-
tory resuits, As the depth increased
beyond 30 ft., displacement prob-
lems could result, leaving toes or
bootlegs (part of the hole left in-
tact) because of the failure to pull
the full ledge height. Inclined drill-
ing will help to eliminate some of the
difficulty. But a hole depth less than
the burden, 8 ft., for example, could
always be expected to be violent and
to produce overbreak in back of
holes.

Subdrilling The primary reason
Ratio for drilling blastholes

below floor level (or
grade) is to insure that a full face
will be removed. Ureven floors

Ker 172

mastive uniform rock.

" 'whalsoever.

Under certain condi-
tions no subdrilling is required also
for vertical holes, as would be the
case for many coal strippings or rock
quarries having a pronounced part-
ing at floor level. However, for rela-
tively massive rock drilling, at least
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Figure 7—Relationships between burden di-
mention and explosive diamater,
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‘(0.3 the hurden below the floor will

insurc—that—full—iedge ~heights—are™

ubtained, provided, of course, that
a proper Ky value s also used. Thu
fur the 3-in. explosive and 7%2-{t.

burden, the biusthole  should be
dridfed ot least 2%2 . below Noor
level.

Stemming Ratie Collar
stemming ure
soictimes used o express the siune
thing. However, steminung refers o
the llling of blustholes in the collar
region with materials such as dJrill
cutbings to contine the  explosive
siseso But stemming and amount il
voblar, the lutter beng the unloaded
pontion ol a blinthule. pertorm other
lunctivns in° addition o confining
vases. Since un encrgy wave  will
vavel much faster in solid rock than
in the fess dense  undonsolidated
sterntinge material, stressing will
vucaur much carlier in the solid ma-
wetal than compaction of the stem-
ming  material could be  accom-
plished. Thus. the umount of collar
Cthatis left (1. whether or not stem-
nung iy used. deternines the degree
ol stress bulunce in that region. The
use of stemming material then as-
sisls A conlining the gases by a de-
Laived action that should be long
chough in thine duration to permit
their performing the necessary work
belore rock movement and stemuming
cjection can oceur. For stress bal-
ance in bench-blasting of muassive
miaterial, the value of T should equal
the B3 dimwension (Fizures 5 and 6).
Usually a K value of less than |§

m solied rock will cause some crater-
g, with back break und possible

and

. Spacing Ratio

violence, particularly for collar prim-
“ing of chirgesT HoWever, if thare ard

structural discontinuities in the cal-

lur region, rellection and refruction

of the energy waves reduce the
elfects in the direction ol the charge
fength, Thus, the K value can he
reduced under such circumstainges.
the amount depending upen s the
degree of cnergy reducton ur the
densny or stectural interfaces. Field
cxperience shows that a K, value ot
0.7 ix 1 reasonable approximanon
tor the control of air blast and siress
balince in the collar vezion o able
Ty, Thus, Tor the 3an. caplosive

using o Tl burden. 3w 6 1 of

colbur with suituble stemning 1< gen-
erally sutistuctory.

Commuercial
blusting u~suafly
requires the use of mutuple blast-
holes, waking it pecessary for hlast-
ers ta kaow whether or not 1there aie
any mutual clicats between chiurges.
o oadjocent charges are initiated
separately  (in seguence), with o
time=delay anterval of sufficient
lenzeh to permit cach churge to com-
plete its entire blusting uction, there
will'be noanteraction between their
cnergy waves TFigure 8.

However. of the tme interval for

initiating _ sdjadent  charges is re-
duced. complex effects will resul.
There might be reinforcement or can-
cellution of forces. depending upon
the Toree magnitndes and directions
at thair point of interference. Fui
charges initinted simultancously, or

cused.

at extremely shori-delay intervals,
the reinforcement action increases
with {arger angles of force collision.
This action promotes greater ground

vibration force-effects. However, as

- described earlier, the energy levels

of stresses in the rock are reduced
by the fan effect as distunce from
the sourve ol energy increases. The
mutaal reinforcemént action then
tends puartially to munimize the en-
crey reduction because of fuu effect
reductions, thus permitting greater
spucings 1o be used between blast-
holes initiated simultancously than
when ' defuyed.

© "The manner in which the zone of
‘rivk between holes is broken de-
pends then not only on the particu-
lur initiation-tinung system used but

alo on the spacing dimension, Ideal |

cnergy balancing between churges is
usuully accomplished when the spac-
ing dimension is nearly cqual to
double that of the buiden (Ki=-2)
when charges are initiated simultan-
cousty. For long-interval delays, the
spacing should approximate the bur-
den. or K.==1. For short-period de-
lays. the Ks vulue will vary from |
to 2, depending upon the interval
However, since structural
plunes of weakness such us joining,
ctc., are not actually perpendicular
to one another, the exact value for
K. normally will vary from 1.2 to
1.8, the preferred value of which
must be tuilored to local conditions.

Most difliculties resulting from
blasting cun be attributed to the

" use of an unsuitable K; relationship.
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For example, from Figure 9, illus-
trating compressive-pulse wave posi-
tions, one can sec¢ that when
fracturing begins for simultaneous
initiation, extended spacing: (Kq
greater than 2) always lead 1o hori-
zontal cratering. The action always
leaves humps at floor level between
the blastholes. Too close a spacing,
on the other hand, causes premature
shearing between holes. This condi-

" tion produces finely broken rock be-

tween holes, providing all the explo-
sive reacts, but with boulders or
slabs formed in the burden zone,

Premature shear and related loss
of coniinement further promotes
volume changes, with subscquent
pressure drops in the blasthole re-
gion, which for the relatively insen-
sitive blasting agents may kill the
reaction completely and result in a
misfire. The action also usually
loosens stemming too early and per-
mits the release of gases out through
the collar regions. Unless deliberate
shearing is desired, as for pre-split-
ling when charge ioads should be
reduced and fairly sensitive explo-
sives are used, normal blasts exhibit
vertical cratering, overbreak, violent
Nly rock, nonuniform breakage, and
toes at floor level.

It can be generally assumed that
uniformity of sizing is a direct re-
sult of the K ratio. If on firing a
single hole the rock is satisfactorily
broken and cleanly removed without
excessive displacement, it may be
assumed the burden is satisfactory.
Too often blasters reduce the burden
rather than extend the spacing in
their desire to eliminate boulders

or to make rock sizing more ‘uni-
form.

The basic principtes for spacing
selection apply to all muitiple-charge
blasts, as long as all holes are drilled
parallel and in the samc direction
relative to one another. Figure 10
itlustrates the basic drill patterns for
most lield conditions and may be
summarized as follows: (1) for se-
quence delays in the sume row, the
K. should be near t: (2) for simul-
tancous inniution of holes in the
siune row, the prefesred Kg is near
2; (3) for scquence timing in the

same row and simultancous initia-
tion laterally between holes 1n adja-

cent rows, the entite blust should be
dritled in a squure arrungement in
order to avoid stress unbalunce; and
(4) staggered drill putterns are pre-
ferred between rows within which all
charges are initiated simultaneocusly.

[t should be noted that the actual-

(or true) burden may be different
from that normally considered for
each separate blasting condition, if
we take into account the fact it
should be mcasured in the direction
in which displacement occurs. For
example, in Figure 5 the true burden
for an inclined hole is not actually
the horizontal distance, since stress-
ing from wave travel will occur
earliest at a point on a line perpen-
dicular to the free fuce (B’). Thus,
the normally considered horizontul
burden can be cxtended by inclin-
ing the blusthole even though the
true burden would be the same as
that discussed previously (Ks=20
to 403.

Table 2—Normal Drill.-Pattern Dimensions for Average Blasting Conditions
(All Values in Feet Except for Eaplusive Diameter)

Fyuivalent Patterns

Stapgered Square
D,. L {Simultancous  (Sequence
Inches . - B J T (Man)? Timing) Timing)
| 2% 1 z 18] b3 x4 ixl

2 5 2 4 20. . 5 x9 Tx7
k] 74 1% 5 30 T x 1} j0x 10
4 10 3 6 40 10 x 18§ 13 x 14
5 12v4 4 ] 50 12va x 12 16x 16
6 15 5 ¢ 60 15 x27 W x 20
7 17 14 12 0 17 x N %23
8 20 6 14 ] 0 x 36 26x 27
9 22 7 15 83 22 x40 29x 130
.10 24 : v 16 96 24 x4} 31x32
1n 6N 8 18 106 2614 x 48 3I5x36
12 29 9 20 116 9 x$2 Bx39

*Note—Minimum L=B
8
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Figu.e 10—Basic drill.pattern relationships.
{ideal blesting conditions.}

From Figure |0 one cun sec that
the preferred K; never chunpes. re-
gardless of conditions, with u K.
near 1 for sequence and near 2 for
simultaneous initiation patterns. Be-
cuuse movement is about 45 degrees
with the open face for sequence tim-
ing, when holes in adjacent rows
measured laterally are tnitiated at
the same time, their true actual bur-
den must be considered as measured
laterally since movement is perpen-
dicular to that direction, Thus, for
different drill patterns but using the
sume Ky value, the actual area (or
volume) of rock blasted should not
change,

This can be explained by the ex-
ample of the 7¥4-ft. burden for a
3-in. explosive, where 2 10 x 10-ft.
squiare pattern is desirable for se-
quence timing in the sume row; but
a 7% x 13-ft. staggered pattern
would work equally well when all
holes in the same row are fired tu-
gether. A typical 8 x {2-ft. pauern
often followed in the field is merely
a compromise between the two more
desiruble arrangements. However,
the puttern invariably gives non-

- winform  breakage, particularly in

nussive rock, no maiter what tim-
ing system is used because of stress
unbalance, and resulting overbreak
in COTners.

Under certain conditions the K,

ratio controls displacement to an

advantage. If the timing system is
properly selected to give a desired
blast effect, slight adjustments can




be made to the K, ratio so as to place the broken:
-—em—— - ——rock-in-an-other-than-normal- position;-but-with-some

sucrifice in uniformity of rock sizing. For example, for
a Ky of 0.7 to 0.9 {whereby the spacing actually be-
comes the burden) the use of sequence liming ciuses
broken rock 1o move parallel or along the ledge fuce
and not out onto the floor, as is the elfect often desired
in coul stripping. On the other hand. a Ks of 1.2 10
1.4 fur deluyed charges moves the broken rock further
awuy from the ledge.

SUMMARY

Most blusting difficulties occur because of 2 luck in
understanding of how rock is broken und the use of
impraper charge-placement and initiation-timing prac-
tices. The clues us 1o what could be wrong arc often
ievealed by observing how a blast performs: whether
ar not nonuniform breakage results, 10es are left, over-
break und violence occur, and similar undesirable etTects
exist. Provided that the proper explosives are employed
fur the operating conditions, certain standards can be
applicd. 10 help in the evaluation of blasts. These
standards cun also assist in providing guidelines us to
which direction adjustments should be mude for cor-
recting any ditficulties. The standards are practicul and
simple to apply, being based on two fundamental,
usually known qualities: explosive diumeters und ledge
height. The standards are as follows:

" Ku=20to 40 (30 avg.)

Ky=1%2 t0 4 (2.6 avy.)

K, =0.3 migimum

Kr=0.51t0 1t (0.7 avg.)

! Ks_l (o] 2
- As a rule, the K, relationship is the first standard

to upply, since it provides ‘the burden dimension. An
exception to this is for blasting extremely low or very
high ledges. In such cases the ratio must be adjusted
w suit the ledge height. For normal conditions :1nd
using a 2-in. explosive, for caumple, the burden will
average near 5 ft. for hole depths not less than 714
nor more than 20 ft., with subdrilling of at leust 14
1. and stemming near 3% ft. The ledge height (L)
could then be from 5 to 6 ft. up to about 18Y2 fi.
Tabie 2 lists data for normul operating conditions.
Houwever, the spacing value for adjacent charges will
depend entirely on the timing system used and on the
rock structural features; but it will vary from 5 to 10
1t. for the example given.

For ledge -heights less thun the minimum, smaller-
diameter explosives should be used; otherwise, over-
lvading and possible violence will occur. For very high
fuces, the burdens must be reduced or the explosive
diameters increased. The latter can be accomplished
by drilling larger vertical holes, springing or enlarging
holes al their bottoms, using additional snake, or hori-
zontally drilled, holes in the toe region, inclining the
drill holes, etc. .

An additional problem often present in blasting is
that of cap rock, or hard massive layers at the top of
a ledge. Using less than normal stemming does nothing
but promote violence, since this solution only aggra-
vites vertical cratering, with subsequent overbreak,
Instead, an additional short hole should be drilled in the

block center, with part of the normal explosive charge

ior the deeper holes divided equally between a small
deck—charge;-louded-near-the-collar~of “the "deep™Hole
but separuted from the main churge by stemming, and
a small charge pluced in the extra short hoie. In thi
manner the ledge height limitations are satisfied, with
the cap rock and remainder of the ledge then being
considered as two separute benches, even though they
are blasted at the same uime.

The standards will be found 10 be quite convenient
and useful. after very little practice, not only for the
initia! design of blasts but also in providing puidelines
upon which to correct norma! blasting difficulties which
invariably occur from time to time. However, one must
realize that the standards in themselves are not cure-alls,
since biasting us such depends heavily on cost and
safety considerations as well as on the explosive prades
used, the material’s’ characteristics, and blasting tech-
nigues emptoyed.




which to base a particular set of

blasting standards, the choice
will depend largely on the cost and
properties of the explosive and its
adaptability to the materials to be
blasted. Since blasting efféctiveness
from any explosive is controlled by
its chemical composition - and the

'N selecting an explosive upon

eflects produced by (he field condi-

tions under which it is used, the user
should have a working knowledge
ol the various explosives products
available and their particular prop-
erties. In this manner he is then
beuwer able to make a pracucal
choice 10 suit his own operating con-
ditions.

An explosive cun be considered
simply as a tool for performing
work, designed 1o accomplish a
specific job. The work performed
'is made possible by the gas pres-
sures produced when the explosive
reacts. The ideal explosive would
be one in which only gases are
formed from the original ingredients.
However, if some solids are also
produced by the reaction, the gas
pressures would be correspondingly
- reduced, with the expiosive then be-
ing capable of producing less work.
Since there arc many diflerent field

conditions with which to contend,.

manufacturers offer many different
types and grades, many of which are
nonideal and designed to have their
own qualities that make them differ
from one another. Part of the dif-
ferences are chemical, part are phy-
sical. However, since explosives are
chemical compounds, it is from their
original composition that all basic
qualities are first determined.

Ingredients
and Composition

Most commer-
cial explosives
are mixtures of
compounds comiaining four basic
elements: carbon, hydrogen, nitro-
gen, and oxygen., Other compounds
with additional elements such -as
sodium, aluminum, calcium, etc.,
may also be included to produce
certain desired effects. As a rule,
manufacturers design their products
to be nearly oxygen-balanced. This
means that there is the correct
amount of oxygen available in the
mixture so_that during the reaction
all of the hydrogen reacts to form
only steam (HO), the carbon re-
acts to form only cerbon dioxide gas
(CO,), and the mitrogen released

The Mechanics of

CHARACTERISTICS OF EXPLOSIVES .

Part 1ll of a Series

forms only free nitrogen gas (N. ).

If there are other thun the- basic
four clements, e.g., sodium, solids
would be expected to be produced.
and for these there must be included
sufficient additional oxygen to com-
bine with them. When there is an
excess of availuble oxygen, how-
ever, certain other compounds are
produced, among which are the
highly poisonous nitrous-oxide fumes
(NO/NQO..). These particular fumes
arc easily detectable by their ob-
noxious odor and red-brown color.
On the other hand, if there is an
oxypen shortage, the deadly car-
bon-monoxide fume {(CO) will be
formed, as well as certain other
compounds, depending on the in-
gredients. Unfortunately, carbon
monoxide cannot be detected by
odor or sight. In addition to the
formation of poisonous fumes, an
excess or deficiency of oxygen will
yield a lower heat of explosion, with
a subsequent reduction in pressures
produced.

It should therefore be recognized

-chemical
-mixing of ingredients to ensure that

that if one is to expect safe and
efficient results from explosives,
there should be a suitable initial
balance, . with thorough

all materials are in intimate con-
tact, maintenance of the desired
mixture while in storage, and then
proper use on the job. The [ollow-
ing chemical equations may help to
illustrate the effects from oxygen
balancing, using an AN-FO blasting
agent for an example:

(t) Balanced for oxygen:
3NH,NO, + CH, >
TH.O + CO. +.3N,

(2) Excess oxygen:
SNH,NO; + CH. >
11H.0 + CO-»
+ 4N. + 2NO

(3) Deficient oxygen:
INH,NO, + CH. >
5H.O + 2N. + CO

It is not necessary for an explo-
sive to contain nitroglycerin (NG)
nitrostarch (NS), TNT, and simtiar
explosive compounds. The individ-

Table 3—Some Ingredients of Explosives

Function

Name Chemical Symbol
Nitroglycerin (NG) CiHANO:)
Trinitrotoluene {(TNT) CHZLHANO
Dinitrotoluene (DNT) C:N,O.H:
Ethylene giycol

dinitrate (EGDN) C:HANOW
Nitrocellulose C.H{NO:): O
Ammonium nitrate (AN) NH.NO,
Potassiom chilorate KCIO,
Potassium perchlorate KCI0,
Sodium nitrate (SN) NuNO,
Potassium nitrate KNO,.
Wood pulp C:H.O:
Fuel oil CH,
Paraffin CH,
Lampblack - C
Chalk . CaCO,
Zinc oxide Zn0)
Aluminum metal Al
Magnesium meial M
Kieselguhr Si0y
Liquid oxygen O
Sulphur S
Salt NaCl

Organic nitro compounds

Explosive base
Explosive base
Explosive base

Explosive base, antifreeze
Explosive base, gelatinizing agent
Explosive base and oxygen carrier
Explosive base, oxygen carrier
Explosive base, oxygen carrier ]
Oxygen carricr, reduce freezing point
Oxygen carrier .

Absorbent, combustible

Fuel

Fuel

Fuel

Antiacid

Antiacid

Catalyzer

.. Catalyzer

_Absorbent, anti-caking material

Oxygen carrier

‘Fuel

Flame depressant

Explosive base, but used primarily 10
sensitize, reduce freczing point, and
as anti-caking material

10



ROCK BREAKAGE

By RICHARD L. ASH, P.E.

School of Mines end Metallurgy
University of Misouri

ual characteristics of each ingredient

- determine whedher it may be desir-

able for use i a mixture. Tabie 3
gives a partial listing of the many
ingredients that might be included
in an c¢xplosive. It can be recog-
nized that certain compounds may
be highly explosive by themselves
or may be normazlly inert; but when
combined, the entire mix may form
un explosive. For this 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-
bination of both, to that of a gas, or
gas and solid, must be an exothermic
reaction, or one from which heat is
released. For most explosives, the
quantity of heat released is quite
large (Table 4). The gases formed,
in turn, quickly produce very high
pressures, with the reaction being
called either deflagration or detona-
uon.
The distinction between the two

types of reaction is that defiagration
consists of a burning action at a
high rate uf speed, the chemical reac-
tion of which causes gaseous forma.
tion and pressure expansion along
with the burning. Thus, a heaving
action {from the pressures produced
is experienced at nearly the same
rate as that of the burning. This
type of reaction is characteristic of
low explosives, of which black
powder is one particular type.
Detonation, on the other hand,
consists of the propagation of a
shock wave through the expiosive,
accompanied by a chemical reaction
that furnishes energy to sustain the
shock-wave propagation in a stable
manner. with gascous formation (ol-
lowing shortly thereafter. The shock -
wave is characterized by a very sharp
rise in pressure (Figure 11), in
front of which there is a zone in
which all immediate matter is ion-
ized. The pressures developed by
detonation (shock) are nearly
double those produced by the gase-
ous expansion that follows. All high
explosives are designed 19 detonate,

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

Explosive SG SC Q (Cal am)
Nitroglycerin (NG) 1.6 g8 1420
PETN 1.6 88 1400
RDX 1.6 1] 1320
Composition B 1.6 L1 1140
Tetryl 1.6 © KK 1010
NG gelatin 40% 1.5 93 820
Slurry (TNT-AN-H.0, 20/65/15) 1.5 94 770
NG gelatin 100% 1.4 R4 1300
NG gelatin 75% 1.4 101 j 150
AN gelatin 75% 1.3 101 990

—= NG dynamite 40% 1.4 ~ 1N - 910 - -
AN gelatin 40% 1.4 101 BOO
NG dynamite 60% 1.3 109 9490
PETN 1.2 118 1200

. Semigelatin 1.2 118 940
Exira dynamite 60% 1.2 118 BK0
Amatol, 50/50 - 1.1 123 k90
®DX . 1.0 141 1280
DNT - - 1.0 141 960
TNT-AN, 50/50 1.0 14} 900
TNT 1.0 14] 870
AN-FQ, 94/6 . 0.9 157 890
AN low-dersity dynamite 0.8 176 880
AN 0.8 176 350
11
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developed by rome salected erplosives un-
der perfect confinament,

all low explosives will deflagrate; and
blasting agents may exhibit one or
the other type of reaction, according
to their specificutions and conditions
of use, The important thing to re-
member about the reactions is that

. the effects of one type are very much

different from those of the other,
detonation producing higher energy
and much higher velocities,

To accomplish a desired reaction,
certain temperature and pressure
conditions must be met, most explo-
sives being designed for use under
confinement, e.g., in blastholes. If
the temperature required for a pro-
per reaction is not presenl,y no
detonation may occur, with only
burning or possible deflagration re-
sulting. In practical terms. this
means that even though the designed
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. or even
in complete failure, causing a mis-
fire.

For this reason, control over the
confinement and the selection of
primers with adequate heat :nergy
and initiating power are particularly
important. One should recognize
then, which of the explosives need
strong priming and which need very
little heat for initiating their reac-
tions, not only for reasons of blast-
ing efficiency but for safety con-
siderations as well, (Turn page)



To better understand the require-
ments just described, Tabie 5 illus-
trates the approximate temperature
characteristics of two basic ingre-
dients used in many commercial
explosives. It should be noted that
at a very low tempetature NG begins
1o decompose, boiling occurring
shortly thereafter. Flame from a
fuse, heat released by blasting caps,
a relatively warm blasthole (such
as one just recently drilled), friction
from metal objects. and similar
effects can all provide quite easily
the relatively low temperature need-
¢d to provide dangerous conditions.
If the NG is confined, eg., in a
blasthole, the initial decomposition
will be accelerated to result in det-
onation.

On the other hand, AN reguires
a fairly high temperature before it
will begin to decompose and fume,
necessitating a large amount of initial
heat. However, once decomposition
begins, detonation or deflagration
will follow with a very small tem-
perature rise. By combining the two
ingredients, as is done in the am-
monia dynamites, a compromis¢
effect is achieved, the grades having
the most NG being the easier to
initiate.

Important Most manufacturers
Properties supply catalogs and
Of Explosives other information

concerning the
specifications of their products. How-
ever, certain properties are par-
ticularly important to quarry blast-
ing. A review and explanation of
their practical aspects should there-
fore be of special interest to the
operator.

Water For all explosives, the
Resistance presence of water in

. blastholes tends to
promote chemical unbalance, as well
as retard the heating reaction. Water
supplies additional hydrogen and
oxygen and requires additional heat
1o be vaporized into steam. If water
is flowing through the ground, a
leaching action can occur, whereby
certain salts that may be easily dis-
solved could be removed from the
explosive mixture. Explosives may
be protected. internally from water
action by gelatlnizing the mix or

exterpally by cartridging.. The in- -

gredients added for gelatinizing are
usually included in the chemical bal-

Table S—Comparison of Approximate
Reaction Temperatures (°F) of

NG and AN
NG AN
Detonute 420 460
Boil 290 _—
Decompose 140 410
Freeze S0 340

ance, as with the use of nitroceliu-
lose in the gelatin grades.
Similarly, the paper. wood fiber,
paraffin. or polyethylene used for
external cartridging are generally
included in the chemical balance.
For this reason explosives that are
made for use in cartridges should

not be removed if preservation of - -

the oxygen balance is to be main-
tained.

If an explosive is properly com-
pounded initially, but detrimental
eflects occur from water, the action
will be noticeable by the formation
of brown nitrous-oxide fumes and
a low blasting action. If these effects
are observed, the explosive grade
should be changed or c.:her appro-
priate action taken. Primers must of

necessity possess untimited water re-
sistance,

Fumes Most explosives are given

a fume rating, the classi-
fication of which is based on the
amounts of poisonous gases pro-

“duced by the expiosive reaction.

Limits are set by mgny of the states,
the U. S. Bureau of Mines, and
certain other agencies. Where in-
adequate ventilation and exposure
of personnel 10 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 uaderground blasting;
but for open-cut operations the prob-
lem couid also be quite serious.
Fumes may lie inside piles of broken
rock. Such material, when stirred
up by loading equipment, will re-
lease the fumes, to contaminate the
air in which men are working. The
problem may be aggravated by at-
mospheric conditions, deep cuts,
and simitar factors that hinder aic

circulation. Men will become ill
and nauseated if this sltuation is
present.

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

12

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

Sensitivity This property actually
' refers to 1wo related
characteristics. It defines the rela-
tive case with which an explosive
reaction can be initiated and the
relative ease with which the reaction
is propugated through an entire
charge. Several tests are used 10
rate sensitivity, the most common

.of which is the minimum boosier

required for initiation. Usually the

- total number of No. £, strength blast-
.ing caps required fur initiation is

used to classify sensitivity.

However, an ‘explosive may in-
itiate easily but in small diameters
the reaction may not propagate and
dies out. For this reason explosives
may not be -manufactured below
specific diameters. A critical diame-
ter, or that below which propaga-
lion of a reaction will not continue,
exists for practically all commerciai
products. Some blasting agents have
a large critical diameter; most high
explosives have a small one. By
definition, blasting agents cannot be
sensitive to initiation by a single
No. 6 blasting cap, while high explo-
sives all are one-cap sensitive.

On the other hand, an explosive
may be quite insensitive to initiation
but propagate easily when above - -
critical diameter. For safety rea:: -
this situation is the more desiraci..
it is a definite advantage offered by
many of the blasting agents. How-
ever, adequate priming is mandatory
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 sen-
sitive to initiation.

The sensitivity of an explosive is
a function of the ingredients, their
particle sizing, the charge diameter,
the degree of confinement, and cer-
tain other factors. For example,
ammoniume-nitrate explosives may
become quite seasitive in time by
particie degradation due to the proc-
ess of cycling. AN has the charac-

_teristic whereby it will change its

crystalline form with changes in
temperature; two of the changes often
encountered in normal field blasting
are at 0 and 90 deg. F. Constant

e e



changes through those temperatures =

causes the particles 10 break into
smaller sizes. The smaller particles
offer more contact surfaces between
ingredients, making it casier for
particles to be consumed by the
explosive reaction. The result is to
permit casier ipitiation and sub-
sequent more rapid propagation
through o charge. Blasting agents
that would normally be insensitive
become quite sénsitive to initiation
by a single No. 6 blasting cap, simi-
lar 10 that expected of high explo-
sives.

Larger charge diameters also prop-
agale reactions more easily because
of the greuter surface area available.
Confinement tends 10 concentrate
the reaction’s force along the charge
length rather than permit the action
to spread.

Certain hydrocarbons have an ad-
verse effect on some types of explo-
sives, principally those with free NG,
as do the straight and extra grades

of dynamites (Table 6). Since some

of the blasting agents have liquid
hydrocarbons as one of their ingre-
dients, e¢.g., FO, one should be
particularly cautious in his choice
of primer explosive. Under certain
conditions there could be an accu-
mulation of the hydrocarbon in the
blastholes, particularly at .the bot-
toms, which in turn may lead 1o
misfires when charges are bottom-
primed. This situation can be avoid-
ed by using gelatins or simigelatins
or high explosives containing no NG
for priming. Furthermore, it is
simply good practice to avoid the
use of excessive FO in any blasting
agent, to avoid upsetting the oxygen
balance.

Density Explosives are manufac-

tured and sold on a weight
basis, the densest explosives usually
being the strongest. The density,
or weight per unit volume, of an ex-
plosive is therefore one of its most
important properties. In industry
this property may be specified in
three ways: (a) by specific gravity
(SG) expressed as a unitless number
or in gm‘ce; (b) by stick count
(SC) or the number of 1% x 8-in.
curtridges per 50-1b. box; and (¢} by
louding density (d,) or the pounds
of explosive per foot of charge
length. The value for the loading
density, however, is a function of
the explosive's charge diameter

“Table 6—Percent by W icirt of
Diesel FO Additive s here
Detonation Fuils

Pct. QL FO/Ib.

Explosive Add. of Expl.

Extra dyminite 40% 1.5 0.008

Extra dynamite 60% 2.5 0.014

Low-density dynumite 4.0 0.022
(SC 120 ’

AN gelatin 60% 8.0 Q.0nse

NG gelatin 604 19.0° [

*Amounts applied. but detonation suc-
cessful;, 'no Tailures.

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

The virious measures for density
can be c.iculated casily for rapid
use in the field, provided that the
charge diameter (D.), expressed in
inches; and one of the density values

are known. The relutionships are
as follows:

d. = 48D.7 SC (n
d. = 0.34D.2(SG) (2)
SG = 141 -5C {3

These formulas provide a very
convenient means for estimating ¢x-
plosive quantities, in that most ex-
plosive manufacwurers supply the SC
or 5G for their products. For ex-
ample, if a free-flow AN-FO mixture
with an SC of 176 were to be used
in a 10-in. diameter blasthole, one ,
would expect slightly in excess of
27 Ib. per foot of hole (or d, = 48 x
102 divided by 176 == 27 1b_/ft.}.
(The relationships are illustrated
graphically by Figure 12.1

It will be noted that an $C of 176
corresponds to an SG of 0.8, which
could also be determined from
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Figure 12—Ralationships betwean densities
of asxplotives,
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SG of water is 1 and its equivalent
SC value is 141, any explosive with
an SG greater than 1 or an SC less
-than 141 could be expecied to sink
in wet blastholes. It should be point-
ed out, however, that D, is the
diameter of the explosive, nor 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 do
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 type
dynamite, for example, that is den-
ser than the 60 percent of the same
type of explosive. Similarly, a 90 per-
cent geiatin is lighter than a 30 per-
cent gelatin. But as a general rule
it is reasonably approximate to re-
late the energy developed by explo-
_sives 10 their relative densities. This
is because explosives ure character-
ized by general density groups that
_correspond to their various types,
c.g., pelatins, dynamites, etc. The
denser types as a group produce
more energy than the lighter ones,
even though there may be exceptions
1o the rule between grades within
the same type. '

Velocity The rate. usually 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 quality of an explosive. It is
often called the detonation velocity,
but this is not always technically
correct. Its importance can be
better appreciated when it is under-
stood that the energy produced by
any explosive is a function of the
product of its density and velocity
characteristics.  Since the initial
reaction for most explosives used
in commercial blasting is detonation
with subsequent gaseous expansion,
the action would be considered dy-
namic. i

Thus, impulsive and momentive

" forces are produced as a result of

the kinetic energy of the reaction,
which can be expressed by the rela-
tionship KE = YA Mv.,?, where M is
the mass and v, is the velocity of
the explosive’s reaction. The rela-



(v.) must be known, Or approxi-
mated,  Furthermore, to simplify
caiculations, one can assume blast-
holes would be Rlled across their en-
tire diameter, or D,==D,,. This con-

-dition ensures litile or no energy

losses, or dumpening, for a complete
energy transfer from the explusive’s

1caction into the surrounding rovi. o,

Le blasted.

The relative ¢nergy (RE) and that
exerted to the rock could then be
expressed by o simplibed  kineuc-
encryy  relationship, of RE=
atSGpv.r. The “a™ s a conversion
fuctor to permit the use of specific
gravity instead of mass, and it as-
sumes that the explosives will be
used in the sume dismeter. For any
set of similar ficld conditions the “a”
will be u purticular constant number,
making it then possible to omit it

from the relationship when expio-

sives are compared under identical
ticld conditions. Thus, the foliowing

cxpression can be used for compar-

ing two or more e¢xplosives, based on
their encrgies: :
RE. RE,=(5G.){v..)*/
’ (SG,)(V,,I):
If Explosive No. | represented the
average explosive (8GO;=1.2 and
v, ==12,000 fps) and Explosive No.
2 had S$G.==1.5 and v..==18000
fps, the relative energy of the second
compured to the first according to
Cxpression (4) would be as follows:
RE./1=(1.5)(18,000)2/(1.2)
{12,000)°=2.8
The RE value shows then that the
sccond explosive has 2.8 times the
cnergy potential of the standard
cxplosive. Since the comparison is
nuade between explosives used for
blasting the same material, the com-
parative blast results in the rock
would vary as the cube root of their
relative cnergy value. The cube root
is used rather than the direct ratio
because of the spherical fan effect
for encrgy propagation through ho-
magenous materials. This relation-
ship then tells us that the K, ratios
und thercfore the burdens will vary
in proportion to the cubec root of
the explosives’ relative energies. To
provide a simple formula for illus-
trating the relationship, the follow-
ing may be used:
KI.I‘..‘-KUI(RE;'./REI) 173

-1f one assumes that average rock
will be blasted, a K, value of -30
would represent the average explo-

sive {Figure 7). The burden used

3
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Figure 14—Ralationthips between burden
dimensions for exploiives sccording to their
relative enargy and when uied under feld
conditians,

-
would be 7% ft. for a 3-in. diameter
explosive, since K, --30==12B, D..
which gives B, =30D, /12=30x 1%,
or 72 fu.

For Explosive No. 2, then. using
Expression (5), one cun approximate
lhal Ku—_-"l?., or Kn;"’30(‘2.8)'n":‘.
The burden for the sccond explosive
would then be 10%2 ft., since B,=
42D,/12=2342 x 3. For direct cal-
culation of the burdens for explo-
sives used in the sume diameters and
under identical field conditions the
foliowing may be used:

B..=B,(RE.. RE,)'/*

The relutionships given by Expres-
sions (5) and (6) are shown on Fig-
ure 14, which permits one 10 deter-
mine the approximate ncw burden
for any explosive as compared to the
average explosive when used under
identical field conditions.

Although the example given illus-
trates ideal conditions and one
should recognize that many variables
enter into making the final selection
of a Ky ratio and its related subse-
quent burden dimension, the rela-
tive-energy comparison technique
gives a realistic approximation. As
a matter of interest, for most explo-
sives used in blasting the maximum
density variation is from 0.7 to0 1.6,
with a velocity variation from 8,000
to 20,000 [ps, the heavier densitics
having the higher reaction rates.
Therefore, the weakest explosives
possess only 26 percent of the energy
available, while the strongest have
370 percent of the energy available,
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as compared to that available from
the average explosive. Converted to
K, values and using a Ky=130 for
the average explosive in average
rock, the lower and upper limits for
K. values .would be .19 and 46, re-
spectively. From Table 1 it can he
seen that these values satisfy results
from acwal fieid experiences.
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ROCK BREAKAGE

MATERIAL PROPERTIES, POWD ER FACTOR, BLASTING COST

MATERIALS PROPERTIES AND
INFLUENCE
requiring

OST materials

M blasting are not homogene-

ous nor are their properties
the same throughout. Of all the
physical properties, there are essen-
tialty five that predominantly influ-
ence blasting results. These include
in ‘order of their importance the
following characteristics: (1) struc-
ture, (2).resilience, {3) strength,
(4) density, and (5) velocity of
energy propagation. Blastability,
elasticity, hardness, toughness, and
other terms may also be used to de-
scribe a material, but often such ex-
pressions are 0o indefinite and diffi-
cult for the ordinary quarry nin
to understand. Drillability, or ease
of drilling, should in no way be con-
fused with the manner in which a
material can be blasted.

The structural features
of a material usually
have the greatest influence on blast
cffects. To better understand their
importance one should recognize
that rock, as we think of it, is es-
sentially an accumulation of small
particles bonded together. The con-
stituents are oriented in definite
structural patterns, established dur-
ing the formation and alteration
processes. Of primary importance
to blasting is compression jointing,
existtng within all rocks .(igneous.
sedimentary, and metamorphic) and
composed of planes along which
there is no resistance to separation.
Igneous rock may also have tension
jointing, formed during the cooling
process. T A

Sedimentary rocks are unique in
that they have stratification planes
(in addition to joints), which were

Structure

originally horizontal and formed by

Part IV of a Series

interruptions in the initial deposition =
and - -

of sediments. Stratification
jointing are not the same thing. For
metamorphic rocks, the refationship
of “their joinung to schistosity is
similar 10 that between jointing in
sedimentary rocks and their stratifi-
cation, both itn angular position and
mevhanical development.

Jointing is usually easily detected,
the planes being generally smooth
and often short distances apart. One
set of planes is parallel with the dip
and strike of the rock formation,
with two or more sets being nearly
perpendicular to the first set. Rocks
when broken will separate into
biocks of a shape characteristic of
their particular jointing pattern, and
the new faces produced from blast-
ing tend to follow the jointing direc-
tions. (See Figures 3, 4, &, 10,
and 15.) _

For the sedimentary rocks there
is one particular direction along
which jointing is the most pro-
nounced, the other planes being less
dominant. The horizontal angles be-
tween the vertical jointing planes are
usually near 75 and 105 degrees,

~ which form rhombohedrons when

the rock 15 broken. Igneous rocks,
however, have jointing planes of
uniform strength, the angles between
planes being most ofien near 60
degrees.
from blasting are generally hexa-
gons or pyramids in shape.

Iointing directions 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 10

By RICHARD L. ASH, P.£.

School of Mines and Metallurgy
Univansity of Missouri
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The fragments produced

-,
FLOOR
(Y8 134

Figure 15—A reprasentative pian sketch of

4 quarry in & sadimentary rock formation,
showing tight [7S.degree| and open [}05-
degres] cornert,

follow the jointing planes. It i5 par-
ticularly imponant that the blaster
endeavor to locate the planes before
laying out a drili pauern. Blast-
holes located in tight cornets will
generally overbreak, opening large
cracks in the ledge. Subsequent
blasts will usually 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
open (105-degree) corners. This
means that normal blasts under
those conditions should be directed
out of the open angles in so far as

possible, 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, pariicularly to rock
fracturing, is the type and strength
of the bonding between individual
grains. For example, rock may have
pranounced jointing at widely sep-
arated distances, but the material
between joint planes 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, rocks may be highly laminated
or strutified, or the bond between
grains muy be very weak, so that
fragmentation is always easily ac-
complished by merely moving the
matenial from its original place.

Resilience  This property, some-
times called spongi-
ness or toughness, refers to the elas-
ticity of a material. It is used to
express the capability of a rock to
resist shock and recover its original
position and shape without being
ruptured. If a rock on being
dropped, for example, makes a dull
thud and does not rebound, it would
be very difficult to break by impact.
Brittle rocks, however, shatter easily,
particularly those types having a
high silica (quartz} content. A
blaster can generally determine
quite easily whether or not a ma-
terial will break into small sizes or
large coarse fragments by conduct-
ing a simple drop test. Furthermore,
the test provides 2 clue as to the

energy absorption power of the ma- -

terial, which is important for esti-
mating the amount of additional
charge, or enerpy, that would be
necessary to overcome expected en-
eryy losses.
Strength  Of the characteristic
strengths of materials,
blasting is normally concerned only
with that of tension. Most rocks are
very weak in tension, more resistant
1o shear, and strongest in compres-
sion, having approximately only one-
tenth the resistance to tensile rup-
ture that they have to failure by
compression (Table 7)., However,
shear is not actually a force by itself

but rather the result of two 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 actual strengths of.

2 material, samples must be tested
in a laboratory. (Regular tensile-

Table 7—Properties of Various Selected Materials

Compressive - Modulus  Specific Density Loogitudinal
‘ . Streagth  of Rupture Gravity (d.) Velocity {v,)
Name and Location (psi) (psi) {5G) {ton/cu. fr) (tps)
Amphiboiite (ine grain, - :

india) ............... 61,400 7.400 3.1z 0.097 19,000
Basalt (New York) ...... 46,600 B0 2.94 0.092 18,700
Basalt {Michigan) ....... 33300 3,800 2.85 0.089 15,200
Basait glass ............ — 281 0.088 21,000
Diabase (fine grain, :

Michigun) . ... ....... 44200 5,300 2.94 0.092 16,700
Dolomite {Musoun) .. ... $.800 1,000 2.80 0.087 —
Dolomite (Tennessee) . ... 46,700 3,800 2.84 0.089 17,900
Gubbro {altered, MNew

York) ... ..o 40.200 5,400 2.93 0.091 17,600
Granite (Georgia) ....... 25,000 2,000 2.64 0.082 8,900
Grapite (Vermont) ... .... 31,200 2,900 2.66 0.083 11,100
Granite (Nevada) ... ..., 39,500 31900 - 263 0.082 14,500
Granite (No.. -t Caroling) . 30,400 1,600 2.60 0.081 £.000
Greensione (Alwtavan) ... 43,500 3o 3.30 0.10} 16,600
Gypsum (Indian.y 3.200 1.200 232 0.072 _
Limestone (Ohio) .. ... . 24,500 900 2.69 0.084 15,400
Limestone (Uwah) ....... 25.000 200 2,78 0.087 15,900
Limestone (fossiliferous,

indiana) ............. 10,900 600 2.31 0.072 12,400
Limestone (Wesl Virginia). 23,000 900 2.68 0.084 16,400
Marble (Muryland) ... ... 30,800 H00 2.37 0074 13,700
Marble (New York) ... .. 18,400 100 2.72 0.085 14,500
Obsidian ... ........... — — 2.35 0.073 16,100
Quurrzite {taconite,

Minnesota) ........... 51.200 3,400 275 0.086 18,200
Rock sult (Loutsiana) .... 5000 Negligible .50 0.078 —

- Sandstone (Qhio) ........ 10,400 500 2.06 0.064 5,600
Sandstone (West Virginia). 19,400 3,400 2.50 0.078 12,900
Sandstone (Utuh) . ... . ... 11,500 620 2.17 0.063 §,400
Sandstone {(Alaubama) . ... 26,8500 2.200 2.76 0.086 12,500
Shale tlitaby . ........... 31,300 2.500 2.81 0.088 14,900
Shale (West Virginia) .... 11.600 4200 2.40 0.075 13,600
Syenite (New York), .. ... 34,300 2800 am 0.085 14,500
Alluvium. broken rock, ,

loess . ... . ou — _ 1.3-1.5 0.044 2.300
Clay .................. —_ — 2.58 0.081 5.900
At e —_ —_ 0.0012 — 1.080
Water ................. — — 1.00 0.031 4,750

strength tests are usually difficult to
conduct.) However, tests for what
is known as the modulus of rupture
are much easier to perform; yet they
provide information that is just as
useful in providing tensile-strength
datz of equal practical value. In
fact, the laboratory test for the
modulus breaks samples in tension
by bending test slabs until they frac-
ture, much in the same manner that
rock is stretched and broken at an
open face during biasting (Fig-
ure 3},

Quite often it is impossible or
quite impracticable for quarry op-
erators to have tests conducted.
Also, test results on samples may
not necessarily provide information
on the over-all streapth of a rock
deposit, except when the material is
homogencous and - very massive.
Nevertheless, if tests could be made,
the data would aid greatly in deter-
mining the stress levels (psi) re-
quired for fracture. It is the resist-
ance 1o tensile rupture that must be
exceeded by the energy pulses at
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the free faces, and thus, if known,
could also give an approximation of
the required burden dimeasion and
the explosive pressures peeded for
proper breakage. In the event spe-
cific 1est data caonot be obtained,
the operator may find the informa-
tion in Table 7 quite useful. From
the various moduli listed for many
of the representative rock-types, a
practical estimate ¢an be made that
will approximate the characteristics
of his particular deposit.

Density Denser materials require
greater amounts of work
energy to be satisfactorily broken
and displaced, and heavier explo-
sives or large charges will therefore
be needed. However, from Table 7
it can be concluded that for most
rocks there is a very narrow range
of density differences, with SG values
varying-from 2.3 to 3.3 in most in-
stances. The materials generally re-
quiring blasting have densities con-
fined to the 2.5-2.9 SG range, This
can be interpreted to mean that the



influence .of rock density alone has

a-limited-eflcct-on-blasting—the-ex—- -

treme conditions being within 15
percent of the average 2.7 SG. One
may then reasonably assume that
rock density by itself is of litde im-
portance to blasting and would not
appreciably affect a K, value or
burden dimension,

Its importance, however, lies in
the fact that it does influence costs

"and the other physical properties.

Although densities are most often
given by specific gravity, for calco-
lations in costing and powder factor
determinations it is more convenient

,to use the density ratio, d,. ex-

pressed in units of tons/cu. ft. of
solid ‘material. If. the d, value is
not known, one can utilize the fol-
towing expression for converting
any SG that may be given:
d,==SG(62.4/2000) =
0.0312(58G), tons/cu. ft. (7)

Velocity The velocity of energy
transmission in rock, v.,
is like the reaction velocity for ex-
plosives, v., in that it increases as
rock density becomes greater. The
denser rocks. are often the least por-
ous and are generally comoosed of
small grains, which permit easier
propagation of energy through the
material. For this reason most dense
rocks have smaller energy losses due
to dampenineg, and they often have
a tendency to shotter rather than
break into slabs. Most brittle rocks
also transmit energy at very high
rates. except in the unique case of
certain sandstones. The character-
istic low velocities of many of the
sandstones are due to a peculiarity
in their composition: the matrix
bonding the sand grains may be
clay, lime, or other energy-absorb-
ing substances. However, if the
matrix is silica, the velocity is quite
high. .
Velocities for materials are usual-
ly specified as longitudinal velocities,
v,, as are also those given in Table
7. But these values are normally
slightly lower than the velocity of
energy propagation, v,. The two
velocities are related by the follow-
ing expression:
Vr—.V:[(l—-#)_/(l+#)(1*--2»)l("'8)

Becauss u, or Poisson's Ratio, is
usually considered as 0.25 for esti-
mations, it is more convenient to

2

convert velocities by using v,=

1.095vi—for -approximations: “Hows—— 3%

ever, it is more practical and will
not introduce any great error if the
two velocit'es are considered equal.

The importance of velocity 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 momen-

tive energies is considered necessary |
theoretically for the most efficient * 7
blasting results. This condition is - -

known as acoustical coupling. Since
the energy required for stressing
strong and dense rocks would bs
relatively large compared to that
needed for lighter materials, the use

of denser, fast-reacting explosives.

is generally advisable.

The velocity of a rock will deter-
mine the time it takes the stress
encrgy to reach free faces and return.
The velocity of an explosive, on the
other hand, will determine the total
time it takes for an entire charge to
complete its reaction. The relation-
ship of the two velocities, called. the
velocity ratio or K.=v,/v,, has a
very important infiuence on the
manner in which an entire blast will
function. This is because the K, ratio
defines the shape of the composite
wave produced by ail the individual
stresses introduced into the rock
from each point along a charge
column (see Figure 6, PIT AND
QUARRY, September, 1963, page
119) the primer positions thus con-
trolling which faces are fractured
first and the direction in which the
composite wave will travel in the
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-
tory. 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 exampte, when a charge is
bottom-primed. there will be & spe-
cific minimn hole depth. 1f the

depth is less than the minimum ™

value, blast effects will begin near
the collar region, which quite likely
may promote violence and air blast.
In some instapces, toe will be left
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Figurs t&—A graphic presentation of the
relationihip betwasn minimum hols depth
and burden dimeniion,

at the floor.. However, when holes
are deeper than the minimum vaiue,
stressing and rock movement will
always begin at the ledge bottom be-
fore action occurs in the collar re-
gion. The particular minimum re-
quired depth of hole can be deter-
mined from the following expres-
sion:

Hpio=K.[(B*+J)"—T]+T (9)
The relationship is illustrated graph-
ically in Figure 16, in which
Kr==0.7 and K,;=0.3 are considered
average conditions. The values for
the H..» represent balanced stress-
ing at both the toe and collar re-

* gions,

[f charges are collar-primed,
stressing will always begin in the
collar region, unless the amount of
stemming used exceeds the burden
dimension. Even under that condi-
tion, collar overbreak and air blast
may occur, with possible toes re-
sulting, if a particular maximum
hole depth is exceeded. This limit-
ing condition can be determined
from the following relationship:
Hoo=KA(T—B)4+T (10)
From a practical viewpoint, the ex-
prassion shows that under no cir-
cumstances should the stemming di-
menston 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
when dewonating fuse is used and
initiation is done oan the surface,
since the fuse on detopating has the



tendency to loosen the stemming.
For deep holes, collar priming would
definitely be undesirable under con-
ditions where massive cap rock oc-
curs in the collar region and where
column loading is practiced; i.e., the
charges are continuous from just
below the stcmming to the hole bot-
toms. :

An unusual situation exists when
the K. is less than |, or when the
rate of travel of the compressive
stress-wave in the rock exceeds the
-speed of the detonation wave in the
churge column (Figure 6). Stress
waves will reach free fuces before
the explosive huas completed its re-
action, with rock at the faces being
repeatedly stressed by the pressures
produced by the still reactng ex-
plosive column. The action rein-
forces the stresses and reduces the
resistance of thc rock to fracture,
giving the impression that the explo-
sive is stronger than it actually is.
Under certain conditions, blasts are
cxtremely efficient, but they are
usually difficult to. control, produc-
ing greater heave or throwing action.

Since there are critical hole
depths for each blastint condition,
the best results can often be in-
sured by first estimating the particu-
lar K, valuc for the conditions pres-
ent, and then placing primess ac-
cordingly. Control for very decp
holes, - for cxumple, is achieved by

using primers both near the collars

and in the hole bottoms; or primers
miay be pluced at strategic intervals
throughout the columns, with or
without the use of deck charges.
Either detonating fuse or close-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 collar
and hote bottom is that it extends
the optimum hole depth and better
distributes the stresses in the ledge,
notably in the toe and coltar regions.

POWDER FACTOR AND ITS
SIGNIFICANCE |

A puideline used by many for
estimating and evaluating blasting is
the Powder Fuctor. Pf. an expres-
sion which relates the yield of mate-
rial blasted 10 the guuantity of ex-
plosives used. For quarry work
and mining. the Pf ix most often
stated in tons/ib., or vice versa,
while for most constiuction excava-
ron it is customurity cxpressed in
Ib./cu. yd . or cu. vd./Ib. The latter
ratio is alse commonly used for
much of the work in overburden re-
moval for coal and meral-ore opera-
tions. Of ali the different ratios in
common use, only those utdizing
weights, e.o.. tons/Ib., tuke into ac-
count any of the propert'es of the
materials being blasted.

Because of its extremely variable
character Pf is not normally a sound
index upon which to judee blasting
efficiency or design blusts, as many
believe. Diffcrent values will be ob-
tained by merely changing the blast-
hole pattern or configuration. and
vialues will also chante for other
reasons, such as variable hole depths

Figurs 17—These sketches show four possible
ways of blasting with a single charge sad
sit patte:ns utilizing a ¥-cul arrengement far
multipls charges.

and deck loading. Also, the many
diffcrent standards employed tend to
confuse rather than assist persons
in evaluating results. The most prac-
tical value of Pf is in cost analysis,
because explosives are sold by
weight, and payment for materials
mined or removed is generaily mudé
on a weight or volume basis.

One of the ways in which the
powder factor can vary is shown by
the cxumples given in Figure 17,
These sketches illustrate four pos-
sible wuys of blasting with a single
charge and six different patierns
utilizing a V-cut arrangement for

“multiple charges. All the blusts are
- conducted under identical conditions

except for the relative positions of
open faces. Pertinent data for Fig-
ure 17 are given in Table 8. The in-
formation there given is merely rep-
resentative and used for comparative
purposes. It may or may not fit
actual blasting situations.

In determining the possible yields
given in Table 8 for the various
blasts shown in Figure 17, the sur-
face biast areas, A, were approxi-
mated based on the locations of
open faces, assumed rock structural
features, and the particular me-
chanics of how each specific biast
would be expected to function. The
excavation volume would then be
the product of the blast area and the
ledge height, L, not the hole depth,
H, as some might assume. Simple
conversion to tonnage yield, W, +
accomplished by multiplying -
volume by the material density, d.,
using the following relationship:

Wa=AL(d,), tons (1)
The quantity of explosives used. E,
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Table 8—Change in Powder Facior (Pf) With Variation

In Drill:Pattern Configuration (3)™ ~ .

(For b[aniné'limesnone with d. = 0.084 tor/cu. ft. &) by Extra 60% dynamite,
D.=1 inches(<), and blastholes located according to average Kg ratio of 30 {4).)

. Total Total Powder
Total No. Yield Expl. bactor
Blastholes (touns) Used (Ib.} {tons/1b.}
Single charges: -
(B) Center cul-hole (2 free faces)-. . ot 25 249
(C) Corneér hole (3 free faces) .. .. .. 66 227 24
(D) Center shear-hole (4 frec faces). . 112 227 5.82
(E) Block hole (5 free faces). .. .. .. 264 3 11.64
Multiple charges: V-lype through-cut: :
(F) Single row ... .. ............ 524 208 258
{G) Double row ............ ... .. 462 205 225
(H)Y Triple row ... ............... 195 05 1.93
Multiple charges: V-type side<ul: '
) Saplerow .. ... ... ... 594 208 2.90
1)y Double row ... .. ... ... .... 627 208 106,
(K) Triple row ... ... ... ..... 594 08 R

Notes: ot —See Fipure 17 for design specifizations

vl —R[. Table 7.
o —Rf. Figure 12,
t41 —Rf. Table 2.

would be the product of the explo-
sive's Jouding density, d., the total
average length of one charge, PC,
and the totul number of blastholes,
N, calculuted as follows:

E=(d.)(PC)N,1b. (12)
The powder factor, Pf, would then
be the ratio of the above two ex-
pressions, or

Pi=W/E, tons/Ib. (13}

In studying Figure 17 and Table
8, it will be noticed that the number
of frec faces has a very pronounced
inflluence on the value of the Pf.
For multipic-hole blasts, when there
is a free face added on one side, the
over-all Pfs for all blasts will usu-
ally be the same as that for a single
corner or cut hole. However, the Pf
may be aflected by the initiation-
timing pattern employed, which may
change the blast area outline, as
shown in Figure 17J and line J of
Tabie 8. For the particular blast in
point, the additional tonnage results
from overbreak in the tight corner
of the second row of holes. If a
liter-interval initiation delay were
used in the corner hole, the blast
would then be expected to cut
squarely without any overbreak, to
give the same yield as for the other
iwo examples (Figures 171 and
17K).

Estimating or evaluating an en-
tire blast on a single-hole Pf basis
can be very misleading, but unfor-
tunately it is a“practice often fol-
lowed. For the design and evalua-

“tion of underground face-blasting,

+he errors produced would be even
more serious and costly when based
on a single-hole Pf. This is be-
cause there is an automatic elimina-
tion of potential tonpage for onc
complete row of holes. The row
may be considered as serving merely
to shear the cut out of the sohid
without achieving any cHective pro-

duction. It is also very important 1o -

recognize that in ali 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
yiclds even though all other funda:-
mental blasting relationships and
the resulting rock fragmentation
muy remain substantially the same.
In surfuce or open-pit blusting
the hole depths may vary within a
particulur cut or excavation. with
no other changes being mude in any

of the other dJesign dimensions. If

—.—— - column_loading. is-practiced, -the -PI- -

will change with the hole-depth vari-
ations. The trend is illustrated by
data given in Table 9, in which the
valucs represent conditions for the
9-hole” biast shown in Figure 17F.
The cause for the Pf vanations is
the result of changes in the ratio
of the. amount of hole used for
stcmming relative 1o the total hole
depth. To counteract the lowering
of yields, deck loading could be
used, a practice commonly followed
for deep hoies parucularly. This
practice produces no detrimental ef-

. fects on fragmentation when the
decking is done properly.

Biasters should be cautioned re-
garding difficulties that may result
from reducing the explosive toading
density as a means for improving
their PE, or use of lighter grades or
smaller diameter explosives.. At-
tempts to extend drill-pattern di-
mensions by increasing burdens,
ctc., will produce sumilar difficulties
for the same reason. Rather than

.sacrifice good fragmentation and

displacement effects by decreasing
the explosive energy, adjusting the
blasthole arrangement is generally
preferred. This can be done by re-
design, so that more free faces are
made available and charges are lo-
cated more advantageously.

COST OF BLASTING

The primary concern of tF
quarry operator is to make a profi.,
To do this. costs must be kept 10
the minimum. Some costs, however,
arc interdependent, so that no sin-
gle cost reduction may necessarily
guarantee an over-all decrease in
production expenses. It is the com-
posite effect with which one must be

Tuble 9—Change in Powder Factor (Pl) With Variatioo
of Hole Depth (H)

(9-hole single-row V-type throvgh-cut, using Extra 605 dynamite with 2-in. D. columa’

loaded and drill pattern dimensivns® constant for blasting jimestone with $G of 2.69)

Total Yield
Avg. AvE, Avg. Expl. (lons) Pf
H (ft.) PC (It L (fty Used {Ib.) Total (toas/Ib.)
10 s ¥ 7% 264 3.34
2 7 10 110 330 3.00
14 9 12 142 198 2.79
16 11 14 173 462 2.67
18 13 16 . 203 528 2.58
W 15 ' 1R (236 594 1.52
22 17 20 268. 660 2.47
k) 19 22 300 76 1.42

Note: *See Figure 17 for drill paltzrn 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, secondary
breakage. loading, hauiage, crush-
ing, screvning, swockpiling und re-
claiming, loading and weighing for
delivery 10 customers, supervision
and engineering. maintenance,
equipment and materials purchases
und replacements, insurance, deple-
tion and depreciation allowances,
sales and other administrative serv-
wes, royalties, stripping expenses
(including ground breaking and re-
moval), and tuxes. Of all costs or
cxpenses, 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-
uan 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 cosis to load-
ing, huulage, crushing, etc., will dé-
pend largely on the properties of
the deposit, cquipment and plant
operating characteristics. and results
achieved from: the primary blasting.
Studies on quarry efficiency show
that in most cases hourly production
rutes for weli-blasted material are
nearly double that achieved for
poorly blasted rock. Similar results
arc obtained in the other types of
mining and in heavy construction
work. Crushing and screening costs
are likewise uppreciably reduced if
the material is well blasted "at the
very bepinning. Because of these ef-
fects the trend today is 10 spend
more for primary blasting, because
the savings realized from all the
other production phuses more than
compensate for the initial added cost
for blasting. This fact is evidenced
by the lower powder factor yields
ohtained in a great many operations.

Primary blasting expense is nor-
mally considered to be composed of
costs for both drilling and explo-

sives, including all charges for labor -

and materigl used. Before the ad-
vent of the new high-speed highly
mobile drills, the respective costs
for drilling and blasting were about
equal. But with the new types of
drilling equipment, drilling costs of
many operations ar¢ only half as
much as the explosive with conven-
tional high explosives,

Table 10—Blasting Cost Analysi-

showing Effects from Chaoging the Type of Explosive

{V-type side-cutis! for vertical holes in 2 limestone ledge with constant Pf)

A Assumed Conditions:

{1} Kept consiant are ke = (0.7,
ke oo UY, Ks =10 D =
Duo==3din, L =200, and
d, = DO84 ton/cu, {0
{2 E..= Extru 60% dynamite wnh
SG o= 128 and v, = 12,200
ipytc)
(3} E, = ficld-mixed AN-FO, 94/6,
with 8G = W85 and v. = 11,100
fpe1dd
All hoies dnlled wun 4%%2-in.
bammer arack-mounted  wir-drill
with 5(M) cim L ompressor at av-
erage drilling rawe of 300 fu per
B-hour shift's

{4

C  Blasting Duta Cualculutions:

E. (Exira 6U0¢¢ dynamute)

RE, = (L.2EH (1220012 = 191 x H®
If Kb, == 30.1then B == 7'1 ft. for
equivalent drill panern of 10 « 10
fi. 0
T = w:B, == (07 (7.5) = 5 fr.

= KB = (035(1.5) = 24 f
H -—-L - l =20 = IV o 12 fp

Since the blast consists of 3 rows of 3
holes each. or N = 9 holes. then
W, = ALid.) = 100103¢9)(20;

(0.0843 10
or W, == 1510 1ons
Hd, =39 ft.vr and .

E.: = d (PCON, {1V then

E. = (39)017%23(9) = 615 1b.
Thus. if P{. == W,/E,im}_then

Pl, = 1510.615 = 2,46 1ons/Ib.
Th: total required drill footage. or
H:N. = (21'%3(9) = 203 (L

[}]

Unit Costs 'nd;

(1), Dradling at $30.363/1t. (01

(2) Extra 60% at §0.22‘lb,

(3) AN-FO. 94/6 «t 30.05/1b.

{4) 30-fr. MS delay EBC at §0.62

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

(6) Regulur Primacord-at $0.32/ft.

{7) MS dciay Primacord connector at

$0.50

(8) Cast booster (Y%-Ib. primer) al

- $0.50

E: (Ficld-mixcd AN-FO. 9476)

RE: = (U.B5)(11,100)7 = 105 x 10
RE«RE, = 105/191 = 0.55.¢) or
Kp. = 2414, (v
Thus. B. = & fui{} for equivalent
square drill pattern of 8 x 8.3-
fr.
Ty = KBy = (07)(6) = i f1,
J; = KiB: = (0.3)(6) = 2 1.
Hi=L 4+ J. =20 + 2 =22 f1.
PCi = H:e — Ty == 22 — 4 = 18 f1
To drill a complete” pattern there
should be 4 rows of 4 holes each, or
N: = 16 holes.
Thus, W, = AlL(d ) S(B‘A)(lﬂ
(20)(0.084) 0
or W; = 1830 tons
¥ dee = 2.6 1b./f1.i%) and
E: — dd(PCr)Nl“'. then
E, = (2.6)(18)(16) = 750 lb.
Thus. if Pfa = W,/E.(m} then
Pl: = 1830/750 = 2.44 tons/lb.
The total required dnll l'oolagc or
H:N: = (223(16) = 352 fu

. D Blusting Cust Compurison: {Cuiculated from B and C, above):

E. tExtra 607% dvnamite)

E: (Field-mixed AN-FO, 94/6}

Method of . .
Initiation: Ebectric Nonelectric Electric Noneleciric
Drilling: ..... (203°) § 7369 (203) § 73.69 (3527 $127.78 (352 $127.78

Explosives:

Dynamue Lo (615EY 135.30(6153) 13530 _ —_—

AN-FO ... - —_ (750%) 317.50 (750#) 37.50

Primers .... — —_ 116} 8.00 (16) B8.00

. Initiators:
30° MS EBC. (9} s 58 —_ (16) 8.12 —_
6" Inst. EBC. —_ 2y 0.31 — Ty 034
Primacord .. — (300 9.60 — 15059, 16.16
Primacord MS
conneciors. —_ ) 9y 4.50 —_ (16) 8.00
Misc.:
Connecting
wire ... .. : 1.25 — 1.25 —
Labor for
loading and
firing blast ALY , 1.80 3.50 v 100
Total biasting .

cosl: . ...... 3217.8 $125.23 5186 1S $200.78
Cost per ton... U144 0.149 0.102 0.10%
E Percentage Distribution of Blusting Costs:

Drilling ...... iy 328 68.6 63.7
Expiosives R .

(Excl. primers) 62.1 60.1° o200 18.7
Primers ...... — — 4.3 4.0
Initiators . .. .. 2.6 6.3 4.4 12.1
Misc, ........ 1.4 0.3 2.6 i3

Total ...... 100.0 100.0 100.0 100.0
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Special Notes—Table 10

(v —-See Figure 17K for general drill partern and initation-liming svsiem.

] Rf. Table 7

1) —RI. Table I, p. 63. Blasiers” Handbook, i4th edition. E. |. duPont de Nemours

& Co.

4l —R{._ Figure 6 p. 8 Technical Bulletin AG-2, Nov.. 1960 Monsunto €hemical

o. .
tel__Rf. A Field Man's Guide to Drilling Cosis, A. W. Foster. Atlus Chemical

Industries, Inc.
O —Rf. Table 2
w —Rf. Formula {(4)
"W _Rf. Formula (5)
) RIf. Formulu 16) and Figure 14
w—Rf, Formula (11}
wiRf. Formuala (2) and Figure 12
M —Rf. Formula (3i2)
tmb—Rf. Formula (13)

smt —Explosive unit costs bused on whaduke 1vht prices

With the introduction of inexpen-
sive. AN blasung agents, however,
the drilling-explosive cost ratio has
been reversed. Even though the less
dense blasting ugents appreciably in-
crease the cost of drilling because
of the increased number of biast-
holes required, the over-all drilling
and blasting cost in most instances
has been materially reduced. This
is because of the tremendous savings
in costs of explosives. Such blastii.»
agents often cost only 20 10 30 per-
cent as much as the conventional
high explosives. .

To illustrate the effects of the
various components that determine
primary drilling and blasting cost,
Table 10 presents representative
data for a typical quarry blast. Only
the type of explosive has been
changed, with the powder factor.
drill-pattern general arrangement,
and initiation-timing system kept the
same. It should be noted from the
data, however, that for conventional
dynamite, ie, Extra 60 percent, a
typical 10- by 10-ft. pattern is used.

In order to use a regular AN-FO
94/6 blasting agent (field-mixed),
the pattern dimensions are changed
1o an 8- by 8%-ft. arrangement.
This is done according to the prin-
ciples outlined earlier in the dis.
cussion on correlating the properties
of explosives to the blasting stand-
ards. In this instance, the net resuh
is that 16 blastholes are required
for the AN-FO biast, compared to
only nine holes for when Extra 60
percent is used. Because of the dif-
ference in the required true-burden
dimension, other design dimensions
necessarily must be adjusted to rive
a propzrly balanced bidst. How-
ever, the basic K., K;, K, 2nd K;;
ratios are kept closely to the same
values for both blasts, only the K;

themselves, since the la
the final required drill p

mensions, i.c., the Kg. Funt

some explosives simply v

- ticular “properties “of “the “eXii-aives -

‘de
HE

e

be suitabie for use under . .otasin

quarry operating condiii,’

should, therefore, recognis.

making a cost analysis. -

vidlues for expenses and :

of muterials peculiar to ..
circumstances should be o

seneral cstimates, as was
Table 10 data.
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" explosives on final costs cannot be

Hurcules Pawder Co.

ratios being adjusied 1o suit thye - overemphasized: this is tie fous
vanious characteristics of the explo-  larly of the velocity of the - S
sives. ' since it has a very promiv et
From the costs indicated in Tauble on the most desirable dro urn.
10, one would logically conclude =~ As described earlier. the = ufuc-
that everyone should chunge to  turer's specifications may et
AN-FO blasting agents. However, it v define whether the ve! ot
must be kept in mind that individual . unconslined or confined E- "
circumstances may greatly change  which charge diameter uyp A%
the aver-all cost relationships. The  one can see from Table 11 .pevifi-
factors that have the greatest in-  cations vary considerablv fuct
ftuence on the final values would  which in wrn greatly ofh - cai-
be the unit costs for drilling and ex-  mute- Lor desiznine blasi 'an
phosives materials used and the par- enerey potential (RE) of . .od-
Table 11—A Comparison of Published Explosives Specilication
{For competilive frades equivalent to 60% ammonis dynpami«
when used with D.==3 in. and based on published data) !
Amerl-
canial  Apache(w) Du Heren- Olin(n Teajanin)
Am- Stand- Attanle)  Poatd) besin) Spe- tand.
maonia ard Fatra Red Extra clai -4
Dyna- Lyna Dryaa- Crov Dyna- Dyns tn-
mire mite mite Extra mite mite te
Velocity (fps) ....... 10800 12,800 10000 12200 12.450 136 Ay
" Open (Q) or Nt Not Nuw
confined (C): ...... «nen (" (0)  given (0} g (0
Charge diameter Not ) Nox
(inches): ....... _opiven i 1 1 114 giver
Stick count: .......... [y 11 110 10 140 I\ 1ih
Specific gravity ... .. .. 1.2% 1.2% 1.28 |28 .28 1.7 w2
RE factor (X106} ... 14y 210 12% 194 198 2 Al
Relative enerpy
Ratio (RE+«/RE.): 0| 07y [.10 0.67 .00 1.04 1. DA
Adjusted burden .
(B in feetd: v 0 0.3 R.0 A2 1.5 1.7 L3 1.5
Equivalent drill
Pattern {squarc): ... .. By sl Nxd o 10x1 1ia LD
References:
o _p, 2 Ammonia Dyvnamites specification  shoet,  A-21341-300-4/6, . ~nerican
Cyunamid Co. ] - o . :
Mo —p, 16, Apuche Explosives calop, thind revision, Apiache Powder - ‘
toren, 21, Atlus Explosives Praducts, Catalog Noo b1 1987, Addas Chemis s,
[nc. ‘
fieap, 0}, Table 1. Blasiers’ Hlandbhook, T4k cdition, 1958, E, 1. du Pon: .Mours
& Ca. . ) )
tet—-p. & Hercules Eaplosives, Blusting Agents and Blusting Supplies, o 1Y 5y,

‘O __p. 9 Ofin Explosives Produvts catslog, fourth edition, 1955, Olin Mathico.n Chem-

cal Co.

9y —p. 4, Trojun Explosives anid Blasting Suhplium Catalog No. 10t. Traj.n -~

voamRelative energy ratios sulculaied on basis of Du Pont Red Cross ¢

unity.

i) ——Figures 7 and 14, with Ka=3) for Du Pont Red Cross Exira 60%:

~der Co.
W% as
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uct, The suggested drill-pattern ar-
rangements will not give the same
powder factor yields but should pro-
duce comparable blast results, if the
published specifications are not in
crror.

The expenses for primers and ini-
tiators may have a greater influence
on final costs than one might ex-
pect. from the duta 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 yields 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-encrgy explosives are
used for priming. Initiator costs are
also normally refatively low; so if
improved blasting results can be in-
sured by using zdditional initiators.

the added 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-
ape of usable material from a blast
must also be piven consideration.
Well-blusted rock does not mean it
must necessarily be pulverized. On

the contrary. the required particle
sizing and its uniformity must be

such that maximum recovery Iis
achieved. If. for example, 10 per-
cent of the production is lost due to
spoil'ng 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
increase retes of production, the
value of the wasted material should
logically be less than the savings ac-
comptished from the lower operat-
ing costs for the material salvaged.

23

CONCLUSIONS

Effective blasting depends largely
on a knowledge of how material.
fracture, the particular characteris-
tics of those materials, qualities of
the varidus explosives that may be
used, and recognition that the se-
cret of efficient, economical, and
suafe results lies essentially in the
suitable plucement of charges where
they will do the most good. Since
explosives are merely very powerful
tools for performing work, thev
should always be used accordingly.

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

Jdlems. The mechanisms and factors

involved are too complex and nu-
merous to permit clear-cut solutions.
Each situation must be handied ac-
cording to its own requirements,
with the prudent use of one's best
judgment. However, with a reason-
able amount of study and under.
standing of operating conditions,
blasters can evaluate results and
make adjustments tnward improve-
ments by using certain basic stand-
ards. [t has been the purpose uf this

- article, therefore, to outline those

standards und 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 dimension is the -

critical of the important fact:
blasting. Its value "must su.:

- characteristics of the material being

blasted and the properties of the
explosives, and it must produce the
desired degree of fragmentation and
displacement. Al other biasting
standards are controlled by the bur-
den value, and they should be de-
signed on that basis. It should be,
therefore, of primary concern to all
blasters first to establish the best
burden for their particular needs.

It has been shown that the powder
factor as such has little meaning
except as a relative basis for cost
comparisons. For many years it has
been used ail too frequently, and
unfortunately, as 8 means of judg-
ing blast efficiency. But under no

-gcircumstances can it be used as 2

reliable index for judging what one
can expect in rock breakage or con-
trol of throw. Its value in costing
is even questionable under many
conditions.
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THE LAWS OF ENIFRGY DIVTRGEWCE i
By. Richard L. Fsh P.E.

‘Lneroy tranSnztted through a howogeneous isotroplc medlum from
an explosion-inducac¢ confined source is diverged outward equally in
all cdirections. The effect is toc reduce the unit energy at any cna
position vithin ¢he medium as the cdistances increase away from the
explosion center. This phenowenur as anplied to rass, volumetric,
or wveight considerations 'is described by what is known as the cuhe-
root law: whercas, the decrease of the effective stress or pressurn
with distance in any single direction is expressed by the square-
root law. Both cf the two laws sa2rve as the principls bases for clil
explosive-energy cesiqgn criteria. It is nost important, therefcre,
that the laus be clearly distinguished from one another as to thcir
specific applications.

The first assurption nade in the use of the laws is that the
explesion source consists of a single concentric or point charye,
i.e., ore that i3 initiated in its center and whose length-to-ci-
armeter ratio (Ldt ) is not rore than 6. Hovever, the laws can tec
applied equally 'as well to the long~lenath cylincrical charge nor-
rayly used for the bulk of industrial blesting, providing cne rec-

ognizes that only in the plenes of the charge len¢th will tha etffects

differ from those producec by th: concentric charge.

To comprchend the unique characteristics of the long-lengthn
charge it is convenient to considar that it is essentjally no nnre
than a continuous series or succession of individual point charous,
Thus, stress encrgy from cach segnent normaiily will te relr'. Zeln
a definite sequence or procgressive oxder, fror the roite cf initi-
ation and then preceding te each aéjacent porticn of the chazige :¢-
maining in tiie column. The resultant cocmposite stress-fcrn trns-
rdtted into the surrounding meaium will vary in shape frer that ¢l
2 splere to that of a cylincer with herispherical ends, cepending
on the rethou of initiation used and the preoperties of bkoth The -
plosives and containing meterial. TFor the cylindrical wvave to fo:rr
for erarple, all points alonqg the colurmn rust be initizned simul-
taneously. This 13 highly irprobable for most tywes cf blasting
axcezt: tor verv short cclumns that are initiatec in the cent2r or
moderate length charges that contain closely-spaced orirers wiica
are 21l initiatea by means of instantanascus electrical blastina
caps. Instea’, the cemposite wave-form uvsuelly is cither scre ifownv
of conical shane or spherical. The conical wave results when the
reaction velo-;ty through the explo=1VL columnn excceas thz com-
pressive vave velocity of the surrounding rmecium. In this instara:
stresses fror. the charge ends in each of the planes intersectins thn
axis ¢f the explosive column will be civerned like- those from tie

"spherical charge with chaﬁqan angles cf incidance at free-faco

nortion of the colunn will be cirected with a constant anzla <t
cidence. . Stresses in the planes cf the charae Ciameter 2nd peiy e
dicular to.tha colurn axis, however, will be diverages ruch jn ito
sare ‘circular manncr &5 those produced freom the spherical peinu
charge. /

plares, winile stresses in tae olancs of 'tte axis fro: the canisai
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concitions, it is possible to make reasonable approximations of tle
encrgy capabilities of various kinds of explosives anc the estimated
level of the transmittel Btrecses at any cistance d from the ex-~
plosion center. 1tlith respect to the relative energies of ex-
plosives with ciffzrent Censities but having a constant charge ¢i-
ameter arrd velocity of reaction, the following expression can be
usec:

. 2
In the case where explosives' cdensities, charge diameters, and .
reaction velocities all differ, the general relationship for making
the comparison woulc be o

- L] 2/

REy = PEy (CeaVes 7dg3Ver”)

For all practical consicderations, the comparisons woulc Le reason-
ably valic for all center-initiatsd l-ft long charges with diameters
that would vary from 2 to 72 incii2s. This is because tie range of
values for Lo/Le and its reciprocal, or %g./L,, woulc not exceed §,
which was defined earlier as the linitation for a point charge

The significance of thce foregoing relationshivs becores
apparcnt waen ore considers their application for cratering in
materials, The problem, in gist, is one involving the accomplish-
ment of mechanical work, whereby the enerny suopliec Ly the ex-
plosive (Do) is used for fracturing the materials by overccring
their strenath properties and then displacing tne broken nartiilesz.
In general, the reguired diverged value of 6Qg, Or cQg at cdistancz
d fror: the exploszon s center, will ke unigue for any given type
of material,

The specific cepth of charage burial, which wculc "Crrﬁ'roﬂ-
with the maximum limit for distance d, at which optimum crat
results will be achieved is called the burden, B. The volume of
the Zevelopecs crater (Ve), in turn, will alﬂays he a function cf
B, as well as the explosive's G,. For exarple, V. for a simole
cone-tymo crat2r with one free surface is nriB/3, but the value [o-
the crater radius r is depencent on the material's properties an:
is related to B. Thus, as a generzl rule one can assure tiat
Ve = 33 = Qe for approximation purnoses. From_the previous dis-
cussions it va3 shown that Q_, = PE_ = 5Gg = © 3, Therecfore, for
ary confined explosive charge it can Le concludec that

1/3 1/3 1/3

Bcvc =!‘..Ee =SGe =De

. = e (173 '
andc B2 2 Bl(TLZ/FLl) or B2 = Bl(Dez/tel).

In swmation, the cube-root law describes the effect of Lh--r
dimensicnal c¢ivergence in reducint tha stress encrgy procuced by =
confincd explosive charge as the enerqgy propagates in all «directin~u-

Y
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FIG. 1. Typical Dow volume crater charge showing positicn
of explasives charge, detonators and stemming.

Simplified Explanation

CHARLES H. GRANT

Editor’s Note: Widespread interest in the “explosives alge-
bra” article published in E&aMJ, August 1964, prompted
us to ask Mr, Grant for 2 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 levei have an understand-
ing of cratering, can we at Dow (or anyone ¢lse) bring out
the true characteristics of any new blasting agent or ex-
plosive as proved in the only proper laboratory for a
rock-breaking material—that of rock itseif.

Let's start out by giving full credit to the untiring 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 almost & 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 effort at communication, in the hope that

Mr, Grant- s Mansser of Marketing & Devclopment. Industrial Erplosives
Section, The Dow Chemieal Co,
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of Crater Method

proper testing methods will replace production blasting as

a proving ground for new explosives and blasting agents.

For many years “Curly” Livingstons methods for deter-
mining explosives performance in rock were simply branded
as “theories” and not given the practical application they
deserved. 1t 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
it 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 criticat 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 = gwi
" 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: N
= E = G

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:

N 6 6
E-gm=gn—3"°
~ 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&MJ—Volume 165, No. 1l



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 caa form between this depth and
the critical depth. This can be stated as follows:

y . Optimum Depth
Op'imum Depth Ratio Critical Depth
Say you found that a given explosive in a certain rock
had a critical depth of 10 ft and an optimum depth of 5
{1. Then you have this cqualio'n:
5l

Optimum Depth Ratic = o=

With this ratio, you can go to the practical application
of the weight crater method which is expressed in this

formula:
W - (

=3

Distance ?
Optimum Depth Ratiox 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 scive 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.L.L. slurry,
the strain energy factor has been determined as being
4.26 and the optimum depth ratio as being .52. Substitut-
ing an 18-ft burden for distance, we have:

18 :
W= ( 53x4. zo) :
(2 25) or (&)

W = 512 [b of slurry per hole (when burden equals
depth of renter of gravity of the charge)

In practice, Iron Ore Co. fumishes 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 1) 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 calculating bench
and blast configurations is the first systematic method Iron

- Qre 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 pcrfcct 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 gain accurate measurements of the effectiveness of
our tine of metallized blasting agents. We found that the
existing crater methods which compared explosive using
charges of constant weight mude it necessary 10 vacy the
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charge uize 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 chargc, 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
ratic of 2, more rock was broken per unit of explosive.
At an L/D ratio of 6, the depth at which any explosive
would affect 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 correfate the
data with a single function. More important, the use of
a constant volume of explosive means that sach sample
faces an identical rock resistance, and this also belps re-
producibility.

To ensure that all experiments would be conducted with
a charge diameter gréater 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 geum-
erty for all experiments of 6x36 in.—a massive charge for
cratering but possessing many advantages. The charge is of
sufficient size so that the effect of the priming system does
not distort our results, The effect of minor variations in
rock structure : overcome. And, from the point of view
of cost, havinu 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 %-1b high deosity
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 FT FOREMIN

MATERIAL=—IRON FORMATION

EXPLOSIVE—HYDROMEX
E=d286 (. =05 !

[ 1.} AURDEN 3SPACING ODEFTR W(lblﬂ' COLUMNM COLL AR
21 17 24 25 506 10 15

74 1] 25 28 401 Ty i8

16 ) 26 10 710 14 14

18 20 29 12 225 7 14

n 2 29 1s o5t 19 14

33 22 1 17 1102 12 16

SR | 312 40 1258 25 s

b1 24 LY 4] 1424 29 ‘4

TABLP [.. This is the card which the Iron Ore Co. of
Canada gives to pit foremen to slove blasting problems.
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tact between the explosive and the fock. The hole is
sterwmed with finely crushed rock or tailings. Alter the
charge has been shot, the crater, if onc is obtained, is

carefully -excavated and cleaned, and its volume is cal-

culated—from~measurements takeén 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 spailing. At all depihs
less than critical, of course, cra_il.ers will result,

With the volume crater method we use a sumewhat 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 T 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:

A e N = Eyifl
or in selving for Z it can be written

N

= —
virs

Since the volume of the explosive in cubic inches is ex-
pressed as v, the volume of the crater in cubic feet is ex-
pressed as V.. This can be plotied 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.

2) 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 produced 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. ¢

Ouge difference is in the use of the symbol. a (delta) to
cxpress the ratio of the center of gravity of the charge
depth to the critical depth, or

d
A- -N—

Table II Symbols

= Center of gravity charge depth, {t

= Explosive volume, cu in.

= Explosive weight, b

= Explosive density, lb per cu in.

= Crater volume, cu ft

= Cri:lical depth, ft (to center of gravity of charge)
= Weight crater constant

Volume crater constant

= Ep”a when W = pv

= Reduced charge depth = d/¥

X
2>Mmmz<-o=s-:n
"

= Reduced crater volume = W/N°

v K
A variation of K(A) = — = L’\Z

d] _/\!_

KA =

a8

In conventional weight crater calculations, the delta sign
represenis optimum depth only, We ar Dow, and a grow-
ing number of other crater testers. find there is a greater

__fiexibility_in_our calculations when. we-use della-to express -

the ratio of d,’N wherever the charge may be placed in
the hole—at depths cither more or less than critical. If
the center of gravity of the charge depth is halfway 1o the
collar from critical depth, we have a delta of .5, If il is
below critical depth we have a delta of over 1.

Thus, it is convenient 0 call delta the reduced crater
depth and think of it simply as the ratio of center of
sravity charge depth, d, to the critical depth, N. It rep-
resents poinis of constant interrelationship of rock and ex-
plusive, or points of equal relative confinement. -

Another ratio which comes in handy in finer crater cal-
culations is the relationship of the actual crater volume, V,
to the cube of the critical depth. We call this the K (&),
and the formula for finding it is expressed as {ollows: |

v
K{a) = .
- Being nothing but ratios, both 4 and K (A) 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, 4.

Our 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 mathematically
possible to 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 5 and K (1) ratios of the tesis in Fig. 2.

In Fig. 4, within experimental error. a commor curve is
obtained over the major portion of the range. Values for
ANFOQO 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 voiumes produced at
points of equal reiative confinement. In Fig. 3, this condi-
tion is satisfied for craters obtained at equal values of A
or. because of the dependency of K (&) on 4, at equal
values of K (a). To compare two craters formed by equal
volumes of explosive 1 and explosive 2,

L E I 1

X (3)y must equal K {3)s or :T:, - %’; or :f: - PN%

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 lo
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 A and K (a) at that.point.. .

For instance, if vou had an explosive (say ANFO} which
gave you a crater volume (V) of 200 cu ftat 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:

d 9
A m T - 1—2 = 75
and

. v 200
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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 give you a
correlation of &4 and K (A) as follows:

_ 10
a=cg=.067
400
K (a) = 5278 = .108

Tao avoid trial agd error solutions, another parameter or
ratio, K (A)’, can be defined in terms of the experimentally
determined crater volumes and charge depth
VK@)
d? al

K (a)’ is a mathematical variation of K (A); it has the
advantage that it can be determined directly from feld 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 calculated K (&)’ from the experimental data
for a single shot, a value of K (a) can be found that will
enable us to determine & 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,

K (a)

, V1000 1000
K@r=g =T ~ioo ="

But K (a) also equals KA(:\), 50 we can .ctermine that
1 = K
Al

and by employing the rock function curve to determine
that K (A) is .185 {dropping down from K (aA)’ =1 on a
finer calibration than shown here] we find

At= |85
or 3 = 57
hence N = 17.§

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 attempled 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, results 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
VI N‘l

Examples of such ¢omparsons are given in Table [1L.
That about wraps up the basic algebra involved in vol-
ume crater testing. Now all you have to do is translate ali

1
oL ol-
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FIG. 3. Reduced crater curve. Data are plotled for both
ANFO and semi-gelatin dynamite,
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FIG. 4. Rock function curve derived from ANFO and semi-
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 (o assist in the loading and firing of trial pro-
duction blasts.
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Results of Minnesata and Georgic Crater Shooting in Granite

Density, v AN-FO per Wt AN-FO per
Explogive Type ’ ‘ . g per cc v Explosive Wt Explosive
Ammonium nitrate and fuel oil .80 1.00 ' 1.00
Hi-Explosive slurries nonmetallized 1.5 1.0 - 1.65 .83 - .88
Hi-Explosive slurries iron-metallized 1.7 1.1-2.2 .52 -1.04
Hi-Explosive slurries metallized with aluminum 1.5 2.5 1.48
Slurried explosive metallized with aluminum

1.20 3502 3. 33

(containing no Hi-Explosives)

TABLE III. Comparison of various blasting agents on the
hasis of weight and volume, using the inverse tutio of their

ESRf—November 1964 opyright 194, h. ¥ en o il 1

cubed critical depths as derived by the Dow volume-crater
method described in thic article.
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LAS TROJES, col.

. PROCEDIMIENTO DE EXCAVACION DEL VERTEDOR

TIPO DE ROCA
Origen:

Estructura:

Clasificacibn:

Resistencia:

860831

Raiil Cuellar Borja

Ignea, pirocldstica

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

Brecha volcanica con fragmentos angulosos de andesitas de
color gris y rosa cuyos tamanos varfian desde 3 cm hasta

1 m, empacados en matriz vitrea andesitica de co]or 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,
aprecidndose 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:

Compresidén simple: 300 a 700 kg/cm?
Dureza Mohs: 6.5

Indice de abrasién: 0.30

indice de perforabilidad: 1.0

La matriz tob&cea es blanda con grado de cementacidn va-
riables desde deleznable a compacta.

"Debe tener més o menos los siguientes valores de resis-

tencia:
Compresi6n simple: 15 a 300 kg/cm?
Dureza Mohs: 6

Indice de abrasidn: 0.6 ' -

- Indice de perforabilidad: 2.0



USO DE EXPLOSIVOS EN EL CANAL VERTEDOR

DATOS:
Constante ae roca: 0.280 kg/m?
Explosivo: Tovex 700; Densidad 1.2 g/cm® (tebrica)
Densidad 1.1 g/cm® (practica)
Anfomex: Densidad: 0.75 g/cm®, en saco; = 0.65 g/cm®, préct.

Altura de banco: 10 m

|

$0.38< /.15

E1 bordo méximo en funci6n de la potencia del Tovex 700 es 40¢
Bordogpsx = 40¢ ; Utilizando¢ = 4"

Bordo prédctico = By = Bpgx - Falla de barrenacion

‘Falla de barrenacidn = F = {error en emboquillado + % desviac.)

*. Bpsx = 40 x 10.16 = 406.4 cm .

- F = (0.10 + 0.05 x 10) = 0.6 m
s By = 406.4 - 60 = 346.4 cm



Consideraciones sobre el bordo maximo

1) EV1 bordo mékjmo'teérico para el Tovex 700 es:

B=dx 30 ____gX_S_
v cxf (E)

F
en donde:
' . d = didmetro del barreno

q = densidad del explosivo, practica

S = Potencia del explosivo en relacién a la de un explosivo
con NG = 40% y densidad p = 1.4 g/cm®: Para Tovex 700
S=0-9 . :

f = Factor de confinamiento = 1.02

E/B = 1.25
¢ = Constante de roca + 0.05 kg/m?

Fdrmula actual

(factor de seguridad)

1

1

x 0.9

Bmax Tovex 700 = 10.16 x 30///0.33'

". Bpgx = 10.16 x 30 x 1.5339

e) Considerando .el bordo mdximo Bpgy = 45¢

X

1.02 x 1.2%

467.5 cm

8 =B #//fPot. Tovex 700 x Densidad
mdx Tovex 700 = “max Pot. NG 40% x Densidad

B = B’ J//Eactor de roca 0.4
mix Tovex 700 = B'méxy/ Factor de roca 0.28

\ : .
' 0.75
Bmax Tovex 700 = 45 x 10.16/ {55 %12




Utilizando el valor menor del bordo miéximo se tiene:
Bnsx = 406.4 cm
Fallas en la barrenacitén F = {0.10 + 0.05 x 10) = 0.6 m

en donde 0.10 = falla de emboquillado y 0.05 es el % de desviacitn de la
barrenacidn. '

S Bpractico ='BL Bmax - Fallas

B, = 406.4 - 60 = 346.4 cm

Para un espaciamiento E; 1.25 B,

resulta: E; = 1.25 x 346.4 = 433 cm

. E;B,= 3.464 x 4.33 = 15 m?

Utilizando B, = 3.5 m

Resulta E; =4.5m

Altura de carga de fondo = 1.3 B

Sub-barrenacibén = % B = 330 £ 115 ¢cm

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

Carga de fondo = 4.55 x-8.107 £ x 1.1 %? - 40.58 kg



Altura carga de columna = Altura banco - 2B

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

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

Carga total = 40.6 kg + 16 kg = 56.6 kg

_ . - 56.6
. Factor de carga f'c' T 10 x 3 x 3.5 x 4.5

“Realizando_voladuras con sistema de ignicibn en V, se tiene:

B=3.5x1.414 = 4.95m =>4.5

) . _ *11.15 - 3
Factor de barrenaC16n =10 x 4.5 x 5.5 9.0451 m/m

= 0.360 kg/m*

@3st @2s0ms  @15ms  @resms  (@fisms  (5)250Ms

JOOMS

@

o7 Ve < N N N
s s - ~ N N
d yd N ™ h
) 7~ N
/2505 @’775M5 “125M5S ®75 MS ®/25M5 \f75M5
s © 7N \ N
s PN S Ve N \ ~
// Ve // \\ A A
73) 3 : 7 \
ho//?sm O/lzs M5 “75Ms Oe5Ms (?75145 @rzs M5
% ~ ) E

PLANTA
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Factor de perforabi]idad:

Velocidad de perforacibn:

De los datos Ingersoll-Rand

Para una roca: Granito Barre

con Trackdrill CM 350 y perforadora VL-140
con Compressor DXL-750; v = 44 pies/hora

" con Trackdrill ECM 350 y perforadora VL-140

con Compresor DXL-750; v = 48 pies/hora

Factor de perforabilidad de la brecha

It
—

Para matriz 50% y fragmentos 50% (2 x 0.5)

Para matriz 80% y fragmentos 20% (2 x 0.8) 1.6

Factor de perforabilidad promedio = 1.3
~. Yelocidad de perforacién = 44 x 1.3 = 57.2 pies/h

Soovo= 17 m/h

Duracidn de brocas

Indice de abrasi6n = 0.6

Para el granito Barre la duraci6n de brocas ¢ 3" varfa entre 400 a 900 ft;
promedio = 650 .

" 0.6

il

1083 pies = 330 m £ 350 m

Duracitn de brocas = 350 m



PROPIEDADES DE LA ROCA

, Resistencia en compresidn simple; R. = 40 a 80 kg/cm2

Médulo eldstico: E = 20 000 kg/cm®; Toba

m
i

= 112,000 kg/cm®; Andesita
- Relacidn de Poisson: v = 0.3 supuesta; p = 2.2 ton/m?

Velocidad de transmisidn de ondas de compresidén V|

_ E({l -v) -
e s v T s g

-Para la Toba:

200 000 2% (1 - 0.3) 200 000 123
Vi = -x9.81 —g = x1.3462x9.81
ton 9 ton
2.2 =09 (1+0.3)(1-0.6) 2.2 =5
vi = 1 200 565 szgz s Vy = 1100 m/seg = 3600 pies/seg

Para E-= 112 000 kg/cm® = 1 120 000 2]

1 120 000

resulta: V¢ = 5

x 1.3642 x 9.81 = 6 723 167 m?/seg?

-
-
n

2600 m/seg = 8500 pies/seg

m
seg?




DISERQD DE UN SOLOU_BARRENO

DATOS:

Roca mésiva

Altura de banco = 10 m = 32.8 pies

Densidad. de roca SGp = 2.2

Velocidad ondas P: Vp = 3600 pies/seg; Rel. Poisson v'= 0.3
Compresién simple = 80 kg/cm? = 1140 1b/pulg?®

De = Didmetro del explosivo

D = Diametro del barreno

Densidad encartuchada del explosivo SC = 117

Didmetro critico De = 1"

Velocidad confinada del explosivo:

1
L7

Ve = 12 500 pies/seqg para Dg =

5“

Ve = 15 000 pieé/seg para D
SOLUCION

‘La relacidn entré Ve y Dg en el intervalo 1" a 5" puede determinarse por

la expresidn:

L4

Cx
y = a + bx

en donde y = Va3 X = Dg - D¢

De donde:
C{De - D¢)

a+ b(De - DC_)

Ve =

15000 pies/seg para Do = 5"
12500 pies/ seg para De = 3"

Sabemos que D..= 1" y que:Vg
. _ . Ve



. . _Ct@B3-n _ 2
Para De = 3" 12500 = 9297 * 7+

Suponiendo C = 5000 como valor de constante

= cn - _C{(5-1) _ _4C
y para De = §" 15 000 i+ b(5-1)  a+ab
_4.x5000 _ 4 _
a+4b-—~m—-3—1.33 (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
a=10.26

Por 1o tanto: a =0.26, b =10.27 y C = 5000

Empleando la expresién: Ve = 3 zssgogggg(aclz 1)

con Dg variando desde 1" a 5"

Comprobacién;

. _ . 5000(3 - 1) _ _ 10 000

= 12 500 pies/seq - 0.K.

.

-l
D
}

5000(5 - 1) . 20 000

'y para De = §"; Ve = 5o 0.27(5 - 1) 0.26 + 1.08

-
m
t

= 14 900- pies/seq - 0.K.




10.

_ on _ 5000(2 - 1) - 5000 - .

Para Dg = 2"; Ve = 026+ 0.27(2 - 1) - 0.26 + 0.27 9450 pjes/seg
I - 5000(4 - 1) . 15 000 - .

Para Dg = 4"; Vg 0.26 + 0.27{4 - 1) -~ 0.26 + 0.81 14 000 pies/seg

Presibn de detonacidn:

_ 6.06 x. 1077 V2(SGe)

Pd T+ 0.8(SGe)
Densidad del explosivo: SGe = % = 133 = 1.2 g/cm’

La densidad prdctica del Tovex 700 es 5Gg = 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+0.8 x 1.1 1.88

De donde: . Py

" Pd max = 796 790 1b/pulg = 56 182 kg/cm?

Para Dg = 2*;. Pg = Py max(1ogeg)’ = 797 790 (0.397)
. Pg = 316 723 1b/pulg® = 22 304 kg/cm’
Para De = 4”5 Pd = Pd mix({3g0) " = 797 790 (0.87)
Pg = 694 077 1b/pulg® = 48 878 kg/cm®
Para De = 3"; Pq = Py max(ioagg)? = 797 790 (0.69)

Pq = 554 021 1b/puig? = 39 016 kg/cm?



i1.

Determinacidén del bordo 6ptimo

—Uti]izgndo la expresitn: Kg = (160)1/3(__§)1/'3(12000)2/3
en donde: . : . :
dr = 62.4 (SGp.) = 62.4 (2.2) = 137 1b/pie?
siendo:
dyr = peso volumétrico de la roca
SGg = Densidad prdctica del Tovex 700 = 1.1 g/cm?
Ve = Velocidad del explosivo Tovex 700 ¢ 15 OOOlpies/seg
12 000 = Velocidad de un explosivo base
30 = Relacidn de bordo promedio = 30
1.3 = Densidad del explosivo base
s = e (Ll o

v
30(1.05)(0.95) (5a5) ¥ 9_(12000) A

Para tener el bordo en pies:

. Kele _29.8 Ve y23 p
: - 1z~ 12 (12000 e

v
B = 2.48 Del5p5p) ¥




Cdlculo del bordo:

En forma general

= g

Para Da

: Para.De = 4"
Para Dg = 5"
Para Dg = 6"
Para Dg = 3"

8 = 2.48 (2)
B = 2.48 (4)
B = 2.48 (5)
-2 0
B = 2.48 (3)

tenemos B

9450, 273
( 2000) /

15000
126000 7

12500
(12000 ¥

Velocidad de propagacidn de fracturas:

Yp.
3 ?

Vf =

V¢ =

3600 _
3

v
= 2.48 De(Tig%ﬁ)%“, pies

= 4.96 (0.85)

h

"
—
Sd
.
at
-~
-y
m
[2]

1200 pies/seg °

~ B

0.92 {1.11)

. B

12.4 (1.16)
o

14.88 (1.16)

7.44 (1.03)

Tiempo de arribo de fracturas al frente libre:

Sit=

;I
Vg !

Para De

. Para D

Para Dg

Para Dé

n

9

4.23

tf = 1200
n

tf = 1260

_7.65

tf = 1700

fo o 18:3

f = 1200

3.5 ms

9.2 ms

6.4 ms

12 ms

4,23 pies

25.4¢

i
~d
=)
w

N B
m
1]

It
S
o
o

12.



13.

Tiempo de arranque de 1a roca:

La velocidad de desprendimiento de la roca es * % de la velocidad de pro-
pagacidn de las fracturas.

!

=B _ Ve 1200 ¢
; " Vg : Vg = 5 - ¢ ° 200 pies/seg
. - ou. _ 4.23 pies _ )
Para: Dg =.2"; t 200 pies 0.212 seg x 1000 21.2 ms
seg '
De = 4";  t = LLB1ES - 0,055 seq x 1000 = 55 ms
De = 3*; t =28 -0.383 seg x 1000 = 38.3 ns
. _14.39 _ i
De = 5 ; t = S0 0.972 seg X }000 72 ms
P 2 17.27 _ -
De = 6“3 t 500 0.0864 seg x 1000 = 86 ms.



14.
Bordo Minimo

Utilizando la relacitn de bordo en funcidn de las wvelocidades de la roca
y del explosivo se tiene:

v
Ky = Vﬁ donde: Ve = Velocidad explosivo
. Vp = Yelocidad roca
) Vp = 3600 pies/seg
Tabulando valores:
D" B, pies Ve, pies/seg Ky
1 : 0 0 0
2 4.23 9 450 2.63
3 7.65 12 500 3.47
4 ' 11 14 000 3.89
5 14.39 14 900 4.14
6 17.27 _ 15 000 .17
Bordo minimo para e1'primer 0 cebo a nivel del piso
By = ;—QL——— ; L = 32.8 pies {(altura banco)
PUOK, + 2 ) .

: - en. . . 3x328 _ 984 _ .
Para Dg = 5 ; B' = T x 4.14 7 - 39.26 2.51 pies

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

I 3 x 32.8 98.4 - :
“Para Dp = 6"; B! = = = 2.49 pies. Se puede reducir
e _ S x 4,17 + 2~ 39.53 el didmetro
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Pa!"a De = 4“; B' = 2 = 37"01 = 2.66 p'iES

De Ta tabla 8 = 11 pies > 2.96 Se puede reducir el ‘didmetro

| 1 = 2. - x 32.8 - 08.4 - .
Para De = 3% B' g 34y vz 3223 T 296 pies

De la tabla B =.7.65 pies > 2.96 Se puede reducir el diadmetro

Para Dg = 2";  B' = § = 24

x 32. . _ .
T x 2.63 +2 - 25.67 _ 3:83 ples

De 1a tabla B = 4.23 > 3.83 pies

E1 valor de Bordo &ptimo B de la tabla y el bordo minimo son aproximadamen-
te iguales para De = 2". Por tanto, deberiamos utilizar Dg = 2".
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‘Bordo minimo para el primer ¢ cebo al centro de la carga de columna.

3L

B’ T IBK, + 1

3 x 32.8 _ 98.4

Para De = 8% B' = g xz.14 +1 - 75.52 - 1-30 pies

1]

14.39 >> 1.30 El dismetro puede ser mucho mds
pequerio

De la tabla B

Can. pi o _3x32.8  _98.4 _ :
Para Dg = 3 i B' =g x 347 v 1 - €3.45 - 1-95 pies

De la tabla B = 7.65 >> 1.55 El didmetro puede ser mucho menor

3 x32.8 _ 9.84
18 x 2.63 + 1 48.34

Para Dg = 2"; B' = = 2.04 pies

De 1a tabla B

4.23 > 2.04 pies

Se observa que el didmetro que mas se éproxima es Dg = 2; Deberiamos
usar Dg = 2" :
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Graficando la relacién entre los bordos y los didmetros se tiene:

De'BA—. f
1+ /[ B'(primeralceniroge C.c.) -

pulg o | /: o ) |
5 |- . .
4 L 6\ ¢ 5'60!;/476’/‘:? ave/ E)(bOde 6tho)
% '}? hCévDISO) |
L
(o] 1 1 1 1 1 1 1 Y 1 1

2 4 6 B 1 {2 4 le 18 20

Pordo, B, pies

Graficando el didmetro contra la velocidad del explosivo .

258000} / PENTOUITE KHE 50/%0
T e
I ”1"" . B (
20000} //

" /)SEM/(EEL ATINA 452
X——X—

o 7 SLURRY GEL BA

T L ANFO PREMEZCLADO

i | | i i i 1 1 1| i d {

1 2 3 4 5 6 1 & 9 {0
Didmetro del explosivo, De, pulg.

2.

15000

{0 000

§060

Yelocidad delexplosivo, Ve, pies/seg




RESULTADQS:

METODO SUECO
Didmetro de ba?reno ¢ = 4" (10.16 cm}
Bordo madximo = 346 cm = 34 ¢
Bordo practico = 350 cm
Espéciamiento = 350 x 1.25 = 437.5 £ 450

Patrén de Barrenacibn

B=3.5m

E

n

4.5 m

METODO AMERICANO

Didmetro barreno ¢4" (10.16 c¢m)
Bordo 6ptimo = 335 cm = 33 ¢
,Bord; practico = 350 .
Espaciamiento = 335 'x 1.25 = 418.75

Area = E x B = 3.35 x 4.1875 = 14.028 m?

Espaciamiento = 14.028/3.5 = 4.0 m

Patrén de Barrenacidn
B =3.5m

E=40m

18,
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RECOMENDACION

Utilizar el patrbn resultante del Método Sueco realizando 1a voladura con
secuencia de ignicién en V, de manera que el bordo miximo se presente en
forma diagonal resultando entonces un patrdn rectangular de 4.5 x 5.5 que
tiene un bordo diagonal de 3.48 m.

Resultando:

4.5 m Didmetro barrenc ¢ = 4"

w
1]

Explosivo: Tovex 700, 3" +'Supermexam6n
Carga de Fondo = 41.5 kg = 72%
Carga de columna = 16 kg = 28%

0 "Total - 57.5 kg
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\
('\? Inclinacron
Q .

Barreno 4"

1I5m

Factor de carga

57.5 kg

Fl "0 xa5x55m

= 0.232 kg/m?

Factor de barrenacién

11.15
10 x 4.5 x 5.5

F.B. = = 0.045 m/m?* = 4.5 cm/m?

Velocidad de barrenacién en 4" -+ 17 w/h
Duracibn de brocas: 350 m

NOTA: De la padg. 13 se observa que el tiempo de arranque de la roca
para ¢= 4" es de 55 ms por lo que se recom1enda que la separacidn
entre Yineas sea de 50 ms. N



COMENTARIOS

21.

Las voladuras de Pefiitas, Chis. tuvieron las siguientes caracterfsticas:

Didmetro de barreno: ¢ 2 1/2"

Patrbn de barrenacifn:

Factor de carga:

2.5 x3.0m
2.75 x 2.75 m
3.0 x 3.0 m

0.180 a 0.36 kg/m?

Factor de barrenacién: 0.12 a d.14 m/m3

Suponiendo un bance de 10 m

"T0x3x3

Relacidn de cargas:

[+

C.F. = 29%

C.C.

1

71%

Relacidn didmetro a bordo:

Para B = 2.5 m; ¢6.35 cm; Ky
B=2.75m ¢6.35 cm; Ky
-

3.00 m; ¢6.35 cm; Ky

NOTA: Se tiene la experiencia que

10 x 2.5 x 3

F.=0.256 Kg/m’ Q&Zrmop?yz:,

10.8

10.8

!

399¢
43 ¢
47 ¢

0.14 m/m?

0.12 m/m?

Ejemplo: Patrdén 3 x 3 m _

'1

did buen ;;§h1£aaa—gﬁ_roca blanda.
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UTILIZANDO EL SISTEMA DE CARGA

EMPLEADG EN PERITAS ' ~

0m
J
. LIsm
ALTERNATIVA 1 ALTERNATIVA 2
- 60 _ 3
Factor de carga = = 0.242 kg/m

10 x 4.5 x 5.5

= 242 g/m’

. = 11.15 _ 3
Factor de barrenacitn = 10X 45 %55 - 0.045 m/m

= 4.5 cm/m’?

NOTA: Esta carga es mds econfmica que la indicada en la pag. 20 y debe
dar buen resultado ya que no se reguiere 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 veltepcidad de roca. Es mejor la Alternativa 2.
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PROPUESTA:
VERTEDOR TROJES
Sept. 2, 1986

Diametro de barreno ¢ 2 172" (6.35 cm) - A =31.67 cm? '

Plantilla de barrenacién _3 mx3dm
' !

=—ML: 3
Factor de ;arga 0 x 3 X3 0.256 kg/m
Coeficiente de barrenacifn = L3S g 0124 m/m3 = 12.4 cm/m?

10 x 3 x 3

’

‘Rendimiento de barrenacidn 17 m/h

Utilizar 6 tiempos: 25 ms, 50, 75, 100, 125 y 150 ms.



CANTERA TROJES -
(CORTINA)

Didmetro barreno ¢ = 3" (7.6 cm}

Cambia a-
Plantilla de barrenacidn 2.5mx2.5m = 2.75mx 3.0m

Tovex 4.56 L/m x 1.1 kg/% = 5.02 kg/m

ANFO 4,56 2/m x 0.65 kg/L = 2.96 kg/m

@Zi”“ﬁ“éiarracuagﬁhi"

Factor de carga = 16 x3g g = é 5 0.536 kg/m?
S ——
2.75 x 3
Factor de barrenacibn = 0 %%éli 5 = 0.18 m/m*
' | 2.75 x 3 .
= 18 cm/m
»)

= 13.5 cm/m
Rendimiento de barrenacibn: 12 m/h

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

A =

Sep. 2,

45.6 cm?

24,

-1986
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TUNEL DE DESVIO. P. TROJES, COLIMA

¢ 11.60 m

/Qf(cxozv SYPERIOR

“EN TUNEL "
SMOOTH BLASTING

¥
- SECCION
INFERIOR
“BANQUED”

-

4 m Avance real = 3.90 m

Longitud de Barrenacifn =
Seccibn Superior. Area = 52.84 m? ¢ Barreno 1 7/8"
Precorte: 24 x 1.2 kg = 28.80 kg TOVEX 100 ¢ 1 7/8" x 8"
Piso: 8 x 7.35 kg = 58.80lkg .TOVEX 700 ¢ 1 3/4" x 16"
Abierta: 24 x 2.85 kg = 68.40 kg
24 x 2.4 kg = 5B8.5 kg ANFO (SUPERMEXAMON)

Contracuna: 12 x 3.40 kg = 40.70 kg

x 2.70 kg = 11.00 kg  TOVEX 700 ¢ 1 3/4" x 16"
Cuna: X 2 kg = 12.00 kg
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CURA DE EXPANSION DE BARRENOS PARALELOS

CON 2 BARRENOS HUECOS DE ¢3"

$fvﬂh4s 300ms
E
J
S
a 250m5
250M$ :
Wm 300Mms
200cm '
-

® Borreno F1%" (22)
O Barreno @ 3“ (2)
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CANTIDAD DE EXPLOSIVO EN LA SECCION SU?ERIOR

TOVEX 100 = 28.8 kg -

TOVEX 700 = 190.9 kg -~

SUPERMEXAMON = 58.5 kg -
I =278.2 kg

No. DE BARRENOS

Barrenos con explosivo =
Barrenos huecos =

TOTAL s

COEFICIENTE DE BARRENACION

10.4%
68.6%
21.0%

78 ¢ 17/8"
zl s 3

80 Barrenos

C.B. = —B0X8&Mm _y g5 p/p?
I x5.8%2x 3.9
2
COEFICIENTE DE CARGA
c.c. = —278.2 = 1.35 kg/m?

x 5.82x 3.9

r|=
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CALCULO DE CARGAS DE EXPLOSIVO

¢ barreno 1 7/8Y = 4.8 cm Area = 18.1 cm?; .*Volumen = 1.81 &/m
I explosivo, TOVEX 700; Densidad = 1.18 é/cm3
¢ 1 3/4"; Long. = 16" = 40.6 cm; Area = 15.5 cm?
Peso de 1 cartucho = 630.02 x 1.18 g/cm® = 743.4 g
TOVEX 100 - Dens{dad = 1.10 g/cm?

Peso de 1 cartucho = 120 g ¢ 1" x 8"

Peso de explosivo por metro de barrenc
TOVEX 700 = 1.81 &/m x 1.18 kg/& = 2.14 kg/m
SUPERMEXAMON = 1.81 &/m x 0.65 kg/& = 1.18 kg/m

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

THIISTHIIH ULITHELIs UrIIIIR, WITIITIETD, ULLILIVTHD,

Peso = 5 cartuchos x 0.743 kg = 3.72 kg; 3.72/4 = 0.93 kg/m

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

’ ¢ | 20
20f20 {20 {zoflzoq204 L ( | 4 | Jelzef2olr0]
400¢m A

&
@
i

—
o]
&)
—
S

w—y

Peso = 10 cartuchos x 120 = 1200 ¢ -+ 1.2 kg/4 m = 0.30 kg/m
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CARGA DE EXPLOSIVO A COLOCAR

- BARRENQS DE PISO Long. = 4 m
TACO DE 57 cm, BARRENOS LLENOS DE TOVEX. 700
CARGA DE FONDO (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)

4

C.F. = 2.14 kg/m x 1/3 x 4 = 2.85 kg
CARGA DE COLUMNA (ANFO)

C.C. = 1.18 kg/m x (4 - 0.6 - 1/4 x 4) = 2.44 kg

- CONTRACURA

CONCENTRACION PARA B = 0.70, 1.15 kg/m

(TABLA 1-22 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
4x 0.75 x (4 -0.35) = 11.0 kg
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- 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 cartﬁchos x 120 g = 1.2 kg
12 kg/4 m = 0.30 kg/m (TABLA [-24 CFE)
No. de barrenos = 24

24 x 0.3 kg/m x 4 m = 28.8 kg



BANQUEQ SECCION INFERIOR

PRECORTE:

0.30 kg/m x 4 m = 1.2 kg/barreno

22 Barrenos x 1.2 = 26.4 kg TOVEX 100

BANQUEO (IGUAL QUE LA ABIERTA)
Concentraci6n 21.4 kg/m CARGA DE FONDO -
C.F. = 214 kg/m x 1/3 x 4 = 2.83 kg/barreno

16 barrenos x 2.85 = 45.60 kg  TOVEX 700

CARGA DE COLUMNA. Concentracién = 1.18 kg/m

C.C. = 1.18 kg/m x {2/3 x 4 - 0.6) = 2.4 kg/barreno

16 barrenos x 2.4 = 38.4 : ANFO

SUMA
TOVEX 100 ¢ 1" x 8" = 26.4 kg
TOVEX 700 ¢ 1 3/4" x 16" = 45.6 kg
SUPERME XAMON = 38.4 kg
110.4 kg

38 barr x 4 m _ . - 3
FACTOR DE BARRENACION = Z5-giti—3—o5" = 0.74 m/m

o ewens o 110.4 kg _ )
FACTOR DE CARGA ~ = grgr*i—iogy = .54 ka/m

23.9%

41.3%

34.8%

31.
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SECCION COMPLETA

VOLUMEN DE ROCA POR - DE TUNEL

x 1 =105.7 m¥m

No. TOTAL DE BARRENOS

80 + 38 = 118 barrenos

TOTAL DE EXPLOSIVO 278.2 + 110.4 = 388.6 kg

S 118 x4 n

i

e e | _ 388.6 kg _ .
FACTOR DE CARGA BT i © Q943 ka/m

CONSUMO DE EXPLOSIVO

(kg) ;3 (kg/m& Tun.}*
TOVEX 100, ¢ 1" x 8". | 28,8 + 26.4 = 55,2 14.2 14.15
TOVEX'700,¢ 1 3/4" x IF“ 190.9 + 45.é = 236.5 60.9 60.64
SUFERMEXAMON ' 58.5 + 38.4 = _ggéé ‘24.9 24.85
388.6 99.64

* kg/mL de TUNEL = EXPLOSIVO/AVANCE (3.90 m)
BARRENACION POR m% DE TUNEL

1.15 m/m* x 105.7 m%/m = 121.6 B

=> 121.6 m de barrenacifn/m& de tianel
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Figure 21 : Presentation of structural geology information and preliminary
evaluation of slope stability of 2 proposed open pit mine.
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Th:s article is an excarpt from Burgau of Miles circular IC 8925,

“Surface Blast Design.”

BLASTHOLE DIAMETER

The size of blasthote is the first consideration of any blast
design. The biasthole diamater, along with the type of axplasiva

- bsing used and the typa ¢f rock-Deing blasted, will determing

tha burden. All other blazt dimarsions are a funciion of tha
hurdan. This discussion assumas ihat e blaster has the fres-
dom*to’select the borehole size. in many operations ona. is
limitéd’to a.specilic size borehale based on available drilling
gquipment.

Practical blasthole diamsters ior surlace mining range from

g
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2 ta 17 in. As a general rule, large blasthole diameters yield
low drilling and blasting costs becausae large holes are cheaper
to drill per unit volume and less sensitive, cheaper blasting
agents can be used in larger diameters. However, larger diame-
tar blastholes also resuit in large burdens and spacings and

collar distances and hence, thay tend to give coarser. fragmen-
tation. Figure 65 illustrates this-comparison using 2- and 20-in-

diameter blastholes as an examplé. Pattern A contains four
20-in blastholes and pattern B contains 400 2-in blastholes.

I all bench blasting operations some compromise between '
thaga two extremes is chosen. Each pattern represents the
samae area of excavation, 15,000 sq ft, each involves approxi-

rnately the same volume of blastholes, and each cgn be loaded
wiin abeut 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 -

tzathcles will be low, a low-cost blasting agent will be used,
and ths cost of detonators will be minimal. However, in a difficult
Giasting situation, the broken material will be blocky and nonun-
iform in size, resulting in higher loading, hauling, and crushing
costs as well as requiring more secondary breakage. Insuffi-
cignt breakage at the toe may also resuit.

Cn the other hand, the 400-hole pattern will yield high drilling

and btasting costs. Small holes cost more to drilt per unit vol-.

u:ima, powder for small-diameter blastholes is usually more
expensive, and the cost of detonators will be higher, However,
tho fragmentation will be finer and more uniform, resulting in
iowar loading, hauling, and crushing costs. Secondary blasting
and tee problems will be minimized. Size of equipment, sub-

ssguent precassing required for the blasted material, and
sconemics will dictate the type of fragmentation needed, and
hanea the size of blasthole lo be used.

Geologic structure is a major factor in determining blasthole
diamater. Flanes of weakness such as joints and beds, or
zores of soft, incompetent rock tend to isolate large blocks

- of rock in the burden. Tha larger the blast patiem, the more

Tkely thase blocks are 1o be thrown unbroken into the muckpile.

R 1 o g v )



Larger holes

Smoller holes

Figure 66.-—Effect of ]olntlng on gelaction of blasthole
slze.

Note that in the top paltem in figure 66 some ot the blocks
are not penetrated by a blasthole, whereas in tha smaller bot-
tom pattern all of the blocks contain at least ong inasthola.
Owing to the better explosives distribution, the botlerm pattern
will give better fragmentation.

" As more blasting operations are_carried out nagr popuiated
areas, environmental problams such as alrblast and flyrock
often occur because of an insufficient collar distance above
the: explosive charge. As iha blasthola diarmeler incroasss,
the collar distance required to praven viclencs inrgases. Tna
rulio of collar distance to blasinole diameter required to pravent
viclence vares from 14:1 to 28:1, depending on the rolative
densities and velocities of the explosive and roch, the physaicy)
cordition of tha rock, the lyps of stemming usad, and the
point of initiation. A larger collar distance is required where
tha sonic velocity of the rock exceeds the detonation velocity
of tihe explosive or where tho rock Is heavlly fractured or low
in density. A top-initisted charga requires a larger coflar dis-
tance than a bottomi-Initiatad charge. As the coltar distance
increases, the powder distribution becomes poarar resulting
in poorer fragmantation of the rock in the upper part of the
bench, ) _ .

Ground vibrations are controlted by reducing the swaight of
explosive fired per delay interval. This Is moie sasiy done
with small blastholes than with large blastholes. r niany situa-
tions where an operator uses large-diametei blastioles near
© pepulated areas, several dsiayad decks must u-’a vsed withla

_ each hole to control vibrations.

Larga holes with large blast patterns are Ideally suitad to &n
opsration with the follvwing characteristics: A luiiy waiumie of
maigiial 0 be moved; large loading, hauling, und crishing
equipment; no requnumenl tor fina, umform fra gmenmhon an

P

easily broken toa; few ground vibration or alrblast protilems
(few nearby neighbors}; and a relatively homogeneous, easily
fragmented rock without excessive, widely spaced planes of
weakness or volds. Many blasting Jobs, howaver, present con-
strainls that require smaller blastholes.

tn the final analysis, the selection of blasthole size is bass.
on economics. It is important-to consider the economics of the
overall excavation or minlng 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. I|tlgallon costs owing to disgruntled
neighbors. :

TYPES OF
BLAST PATTERNS

There are three commonly used drili patterns; square, rectan-
gular, and staggered. The square drill pattarn {fig. 67) hasequal
burdens and spacings, whlla the rectangular pattern has a
larger spacing than burden. In both the square and rectangutar
pattarns, the holes of each row are lined up directly behind the
holes in the preceding row. In the staggered pattern (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 stagqgered drilling pattern Is used for row-on-row firing;
that is, where the holes of one row are lired before the holes
in the row immediately behind them as shown in tigues 68. The
square or rectangular drilling pattems are used for fiing V-cut
(fig. 69) or echelon rounds. Either side of the blast round in fig-
ure 63 by itself would be called an echelon blast round. In V-cut
or echelon biast rounds the burdens and subsequent rock dis-
placement are at an angle to the original free face. Looking »t
figure 69, with the burdens developed at a 45° angle with !
original frea face, you can see that the originally square drilh.
patiem has been transformed to a staggered blasting pattern
with & spacing twice the burden. The simple patterns discussed
here account for the vast majority of the surface blasts fired.

o LE L LR L LD
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Figura 67.—Three baslc types of drlil pattern.
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Figure 68.—Corner cut staggered blast pat!om—-—
Simultaneous Initlatlon within rows (blnsthole apaclng,

Iatwlicathe burdon B).
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-7 5 Flgure T0.~—sometric view of a bench blast.
14 ' | |

8

5 5 —

o

' Flgu'ro 69.—V-echelon blast round (true spacing, S, Is
twice the tfue burden, B).

BURDEN
Figure 70 is an isometric view showing the relationship of the

various dimensions of a bench blast. The burden is defined as
the distance from a blasthole to the nearest free face at the in-

stant of detonation. Inmuitiple row blasts, the burden for a blas- -

thole is nNot necessarily measured in the direction of the original

free face. One must take into account the free faces developed -

by blastholes fired on lower delay periods. As an exampie, in
figure 68, where one entire row is blasted before the next row
bagins, the burden is measured in'a perpendicular direction be-

" tween rows. However, in ligure 69 the blast progresses in a V-

shape. In this situation, the true burden on most of the holes is
measured at an angle of 45° from the ongmal frae face, as
shownin the figure.

ltis very important that the propar burden be calculaled tak- -

ing into account the bilasthole diameter, the relative density of
the rock and the explosive, and to some degree, the length of
the blasthola. An insuificient burden will cause excessive
airblast and Hyrock. Too large a burden will give inadequate
fragmentation, toe problems, and excessive ground vibrations.

" Whare it will be necessary to dril! a round betora the previous

round has baen excavated, it is important to stake out the first
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row of the second round before the first round is fired. This will

assure a proper burden on the first row of blastholes in the sec-

.ondblastround. __

* The burden dimension is a funcuon of lhe charge diameter.
For bulk-loaded charges, the charge diameter is equal to the
blasthoie diameter. For tamped cartridges, the charge diameter
will be between the cartridge diameter and the blasthole diame-
ter, depending on the degree of tamping. For untamped car-
indges the charge diameter is equal 1o the cartridge diameter.
When blasting with AN-FO or other tow density blasting agents
with densities near 0.85 g/cu ¢m, in typical rock with a dansity
near 2.7 g/cu ¢m, the normal burden is approximately 25 times
the charge giameter. When using denser products such as slur-
ries or dynamitas, with densities near 1.2 g/cu cm, the normal
burden is approximately 30 times the charge diameter. It should
be stressed again that these are first approximations, and field

. testing often resuits in minor adjustments to these values. The

burden-to-charge-diameter ratio is seldom less than 20 or sel-
dom more than 40, sven in extrarmne cases, For instance, when
blasting with a low density blasting agent, such as AN-FQ, in
a dense formation such as iron ore, the desired burden may be

. about 20 times the charge diameter, When blasting with denser
slurries or dynamites in low density formations such as some -

sandstones or marbles, the burden may approach 40 times the
charge diameter. Table 4 summarizes these approximations.

Table 4.-Approximate B/D ratios tor bench blasting

Aatio
AN-FO (density—0.85 g/cu cm): : -
Light rock {density-2.2 g/cu cm) .. SN SR - - |
Average rock (density—2.7 g/cu cm) ............. + .25
Dense rock {density—3.2 g/cu cm) . 23
Slurry, dynamite {densi 1.2g/cuem): T
Light rock (density—2.2 Q/CU CM) ....cecervrvinnereerresemcrcicinensl 33
Average rock (density—2.7 g/cu cm) 30
Dense rock (density—3.2 g/eu €M) .oceccircncerere s 27

BBurden - DChargadiameter

High-speed photographs of blasts have shov)n that tleiihg of
the burden plays an important role in rock fragmentation: A rela-

tively long, stender burden flexes, and thus breaks more easily .

than a short, stiffer burden. Figure 71 shows the diflerence be-

" twaen using a 6-in blasthole and a 12%4-in blasthole in a 40-f
bench, with a burden-to-charge-diameter ration of 30 and ap- -

propriate subdrilling and stemming dimensions. Note the inher-
ent stiffnass of the burden with the 12V-in blasthole as com-
pared with the 6~in biasthole. Based on this consideration, lower
burden-to-charge-diameter ratios should be used as a first ap-
proximation when the blasthole diameter is large in comparison
to the bench height. Care must be taken that the burden ratio
is not s0 small as to create violence. Once the burden has been
deiarmined, it becomes the basis for calculating subdnllmg coi-
lar distance {stemmmg) and spacnng

] . .
L |

SUBDRILLING

Subdrilling is the distance drilled below the floor level to as-
sura that the full face of rock is removed. Where thare is a pro-
nounced parting atfloor level, to which the explosive charge can
conveniently break, subdrilling may not be required. In coal
siripping, it is common practice to drili down to the coal and then
backfil a loot or two before loading explosives, resulting in a
regative subdrill. In most surface blasting jobs, however, it is

necassary o do soma subdrilling to make sure the shot pulls
1o grado. A good first approximation for subdrilling under aver-
- age conditions is 30 pct of the burden. Where the toe breaks
very easily, the subdrill can somelimes be reduced to 10 1o 20
pet of the burden. Even under the most ditficult conditions, the

subdrill should not exceed 50 pet of the burden. It the toe cannot’

. be pulled with a subdrill-to-burden rauo of 0.5, the fault probably

e w——
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67 duameter tigatholy

125 diametsr blaxthola

Flgure 71.—Comparison of & 12Ve-In-diameter (A) blas-

thole (st!ff burden) with a 6-in-diameter (B) blasthote (flex]-

. ble burden)in a 20-1 bench. :

Priming the explosive column at the loe level gives maximum

~ confinement and normally gives the best breakage. Other fac-

tors being equal, loe 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 subdrilling
may cause undue fracluring.in the upper portion of the bench

" below, creating difficulties in collaring holes in the lower bench.

Insufficient subdrilling will cause high bottom, resulting in in-
creased wear and tear on equipment and expensive secondary
blasting. Table 5 summarizes the recommended subdrilling ap-
proximations. ) )

Table 5.-Approximate J/8 ratios for bench blasting

Open bedding plane at toe
Easy 108 ...ccecrrecininniinirrsnniennnes
Normal toe

DIFIUN 108 -rrr.cerecossrresreooersses s s s 45

B Burden J Subdriliing

COLLAR DISTANCE
(STEMMING)

Collar distance Is the distance from the top of the explosive
charge to the collar of the blasthole. This zone Is usuafiy filled

- with an inert material called stemming to give some confine-

ment to the explosive gases and to reduce airblast. Research
has shown that crushed, sized rock works best as sternming but
it s common praclice to use drll cuttings because of
aconomics. Too srhall a collar distance results in excessive vio-
lance 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
flyrock that'can be tolerated. This is especlaily true where the
upper part of the bench contains rock that is difficult o break.
in this situation the difference bstween.a violent shot and one
that fails to fragment the upper zone properly may be a matter
of only a few feet of stemming. Collar priming of blastholes nor-
mally causes mora violence than center or toe priming, and re-
quires the use of a longer coliar distance. iy

Fisld experience has shown that a collar distance equalto 70
pet of the burden is a good first approximation except whera col-
lar priming is used. Careful observation of alrblast, fiyrock, and

| Packaged Blasting Agents...
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fragmentation will enable the blaster to further refine this dimen-

" sion. Where adequale’ fragmentation in the coliar zone cannot

_be_attained while still controliing_airblast_and_flyrock, deck

charges or sateliite holes may be required,

Adeckchargeis an explosive charge near the top of the blas-
thole, separated from the main charge by inert stemming. If

" boulders are being created in tha collar zone but the operator

fears thal less stemming would cause violenca, the main
charge should be reduced slightly and a deck charge added.
The deck ¢harga is usually shot on the same delay as the main

- charge or one delay later. Care must be exercised not {o place

the deck-charge too near the top of the biasthole, or éxcessive

- . flyrock may result. As an alternative, short satellite holes be-

tween the main blastholes can be used. These satellite holas
are usually smallerin diameter than the main blastholes and are
loaded with alight charge ot explosives.

From the standpoint of public relations, collar distance is a
very important blast design variable. One viclent blast can per-
manently alisnate neighbors. In a delicate situation, it may be
best to stant with a collar distance equal to the burden and

gradually reduce this if conditions permit. Coltar dlstances.

~ greater than the burden are seldom necessary.

. crushing and cratering between holes, boulders in the burden, -

SPACING

Spacing is defined as the distance betwsgen 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 holas in a row. However, in figure 69; where
the blast progressas on an anglas to the original free face, the
spacing is measured at an angle from the original free face.

Spacing is calculated as a function of the burden and aiso de-
pends on the timing between holes. Too close a spacing causss

- and 10e problems. Too wide a spacing causes inadequate frac-

turing between holes, accompanied by humps on the face and
tce problams between holes (fig. 72). -

When the holes in a row are initiated on the same delay

period, a spacing equal to twice tha burden will usually pull the

round satisfactorily. Actually, the V-cut round in figure 69 also

K lustrates simultaneous initiation within a row, with the rows
" being tha angled lines of holes fired on the same delay. The true

ing.

! Toy praklam
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spacing is twice the true burden even though the holas were
originaily drilled on a square pattarn. .

INSUFFICIENT SPACING

Pign Yuare Sactn Viem

—~—Tan dredlesy . T
e v YT - )
AT T T T Gl : -
Souioer tong - '
Crusaag~" H
S S ! H
~. N N
'
o o ¢ 8 . : -
: ' : -
/.. JEEEN [ (RN [ - L /
Orerragn Hagmnily num o crofared - £Tow
SACIon Viubw
EXCESBIVE SPACING (Buinssn huush
Burmp inlaca
. Pus Vaa

Tos proiam
TR O

Boulder ione Boulaer fone

L ~ - AT
- . . ~
- @ . —~e_ = / "~o- "
Humey i tace

Tus
Flgure 72.—Effacta of insufficlent and oxcassive spac-

. -

Fiald experience has shown that the use of millisecond de-

- +'lays between'holes in a row resuits in better fragmentatios and
- : 8150 raducas the ground vibrations produced by the blast. When

16

-1.2 and 1.8, with. 1.5 being.a good first approximation. Various __..

be lass than tha burden.

" to-burden ratio of less than 1.5 necessary, consideration should
be given toircreasing the bench height or using a smaller drill. l .

millisecond delays are used between holes in a.row, the spac-
ing-to-burden ration must be reduced to somewhere between

delay patterns may be used within the rows, including alternate.
delays (lig. 73) and progressive delays (fig. 74). Generally,
large-diameter blastholes require lower spacing-lo-burden
ralios (usually 1.2 to 1.5 with millisecond delays) than smali-di-
ameter blastholes {usually 1.5 to 1.8). Because of the com-
plexities of geclogy, the interaction of delays, differances in ax-
plosive and rock slrengths, and other variables, the proper
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" Figure 73.—Staggered blast pattern with alternate de-
lays (spacing, S, Is 1.4 times the hurden, B).
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F oura 74, -—Staggerad blast pattern with progresslva
delays (spacing, §, Is 1.4 times the burden,:B).

spacing-ic-Hurden ratio must be determined through onsite ex-
parimentation, using the preceding values as first approxima-
tions.

Except whan usmg controlled blasting technlques such as
smooth blasting and cushion biasting, the spacing should never

HOLE DEPTH

In any biasi design it is important that the burden anag the
blasthole dapth {or bench height) be reasonably compatible. As
a rule of thumb for bench blasting, the hole depth-to-burden
ratio should be between 1.5 and 4.0. Hole depths less than 1.5
times the burdan cause excessive airblast and flyrock and, be-
cause of tha short, thick shape of the burden, give coarse, un-
even fragmeniation. Where operational conditions require a
ratio of less than 1.5, the primer should be placed at the toe of
the bench to assure maximum confinement. Keap in mind thal
placing the primer in the subdrill can causs increased ground
vibrations. if an operator continually finds use of a hole depth-

Hote depths greater than four times the burden are also unde-
sirable. The ionger a hole is in respect to its diameter the more
error there will be in its location at toe level, which is the most
critical portion of the blast. A poorly controlled biast will resuit.
Extramely long, slender holas have even been known to inter-
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High benches 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 highface. The obvious solution to this problem
is 10 use a fower bench height. There is no real advantage 1o
& 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 impractica! to re-
duce the bench height, iarger drilting and rock handling equip-

rent should be used, which will effectively reducs 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

Millisecond delays are used between charges in a blast round
forthree reasons: ' '

1. To assure that a proper Iree face is developed to enable

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 covered in figures 68, 69,73, and 74.

Andrews, of du Pont, conducted numerous field investiga-

tions to delermine oplimum delay intervals for bénch blasting

and reached the following conclusions,

IKADEQUATE DELAYS N ADEQUATE DELAYS
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Flgure 75.—The effect of Inadequsts delays betwean
rows. : .

1. The delay tima between holes in a rew sihwould be botween
1 and 5 ms per foot of burden. Delay times laas than 1 ms per
foot of burden cause premature shearing betwean holes, resull-
ing in coarse fragmentation. If an excessive delay time is used
between holas, rock movemeant from the first hole pravents the
adjacent hola from crealing additiona! fractures between the
two holes. A delay of 3 ms par foot of burden gives good resulls
tn many kinds of rock, . .

. 2. Thedelay time between rows should be two ta three times

tha delay time betwoen holas in a row. This is longer than most
previous recommendations, However, in order to obtain good
fragmentation and cantrol flyrock, a sufficient delay is needed
so that the burden from previously fired holes has enough time
to move forward to accommodate broken rock from subseguent
rows. if the detay between rows is too short, movement In the
back rows will be upward rathar than outward (fig. 75).

3. Whera airblast is a problem, the delay between holes in
_ arow should be at laast 2 ms per loot of spacing. This will pre-
vent airblast from ona charge from adding 1o that of subsequent
charges as the blast proceads down the row.

the explosive charge to efficiently fragment and displace its bur-

Latest edition, A practical guide on the latest
‘and safest techniques 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 Du Pont explosives-
experience: the how-to guide for explosives
users.

Available by mail only. Send your check for
$24 to: :

BLASTERS' HANDBOOK
Du Pont Company

Room G40052

Wilmington, DE 19898

*Only DuPont and its licensees manufacture and sell

., TOVEX' lhe original water gel explosive.

Crder your copy now!
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‘-"__Heres Hercudei_n--d

‘nonelectric delay
. blastlr}g system

Michedl Dam Rr_:davulopmum Project. Cwusa Hiver, Alubiaena, whwre Hercudel
prowded sale. cost-allecing Dlasing. 4

For construction blasting,you

.can't beat Hercudet. @ .

Plaslic tubing replaces wires. There'’s ng worn/ at:ou'
stray currents, static electricity of radio frequency .
energy. And Hercudet isithe cnly nonelectric system
* with circuit test capabrlﬂy
' A combustible gas enters the tubing only after
shot preparations are complete. Hookup is inert until
then. At tiring time, the gas is ignited and the igniticn
travels noiselessly at 3,000 ft./sec. to initiate the high-
strength Hercudet® caps. There’s no airblast from
the tubmg .
The use of Hercudet
permils gnce-a-day firing.
Hercudet eliminates the
shot-gize restrictions
many users encountaer
with sequential timers.
More holes can be fired
in a single shot white
R R B e 1) vibrations are still held
H.ercudel" Blasxlng Machma down.
Hercudet provides vibration control with tublng
and fuse element delays and is totally sequentiai.
{tis more econamical than detonating cord and
cther nonelectric systems.
or details contact your Hercules represen-
tative or Hercules Inccroorated, Hercules Plaza,
Wiimingten, DE 19855, Attn: H. Citino.
{302) 5?5-6500 and ask.for Cxtension 3941,

{ HERC&B&ES
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. 4. Forthe purpose of controlling ground vibrations, most reg-
ulatory authorities consider two charges to be separale avents
if they are separated by a delay of Imsor mora

Followmg these recommendatlons should yleld good blastlng
results. However, when using surface delay systems such as

detonating cord connectors and sequential timing blasting -

machines, the chancas for cutoffs will be increased. To solve
this problem, in-hole delays should be used in addition to the
surtace delays. For instance, when using surface detonating -

_ cord connectors, one might use a 100-ms delay in sach hole.

This causes ignition of the in-hole delays wellin advance of rock
mavemnent, thus minimizing cutoffs. With a sequential timer, the
same effectcan be accomplished by aveiding the use of electric
caps with delays shorterthan 75to 100 ms.

From the standpoint of simplicity in blast design it is best if
ali the explosive in a blasthole is fired as a single column
charge. However, it is sometimes necessary, whare firing large
blastholes in populated areas, to use two or more delayed
decks within a biasthole to reduce ground vibrations. Blast
rounds of this type can becoma quite complex, and should be
designed under the guidance ot a competent person.

Alt currently used delay detonators employ pyrotechnic delay
elements. That is, they depend on a bumning powder train for
their delay. Although these delays are reasonably accurate,
overlaps have been known to occur. Thersfore, when it is es-
sential that one charge fires before an adjacent charge, such
as in a tight comer of a blast, it is a good idea to skip a delay
period. Development of blasting caps with electronic delays is
agood future possibility,

e

POWDER FACTOR S

-

Powder factor in the opinion of the authors, is not the best
tool for designing blasts.

Blast designs should be based on the dimensions discussed’

easlier 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 little or no inherent value, powder itactor is
usually expressed in terms ol pounds of explosive per cubic
yard of material broken. Powder factors for surface blasting can
vary from 0.25t0 2.5 Ib/cu yd, with 0.5to 1 0 ib/cu yd being most
typical. ‘

Powder factor for a single blasthole is calculated by the fol-
lowing formula:

L(0.3405d)(D?)

@SR

powder factor, pounds of explosive per cubic
yard of rock,

length of the explosive charge, feet,

density of tha explosive, grams per cubic cen-
timeter,

charge diameter, inches,

burden dimension, feet,

- spacing dimension, feet,

bench height, fest.

whersP.F.

and

IvwO aor
. un

Many explosives companies publish tables that give foading
densities in pounds per foot of blasthole for different combina-
tions of d and D. Powder factor is a function of type of explosive,

" rock density, and geology. Table 6 gives typical powder factors

for surface blasting.

Higher energy expldswes such as those contamlng large

amounts of aluminum, 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
have similar rock breaking capabilities: Soft,.light.rock requires
less explosive per yard than hard, dense rock. Large-hole

f— e— e
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patterns require lass explosive per yard of rock blasted bacause
a larger proportion ol slemming is used. Of course, larger blas-
tholes frequently resuit in coarser ragmentation because of
poorer powdar distribution. Massive rock with few existing
cracks or planes ol weakness requires a higher powder factor

than a formation that has numerous, closely spaced geologic
. llaws. Finally, the more free taces a blast has lo break 1o, the

lower will ba the powder tactor. Fot inslance a corner cut, wilh
two vertical free faces, will require less powder than a box cut
with only one varticat Iree lace; and a box cut will require less
powder than a sinking cul, which has only the ground surface
as a free face. In a sinking cut it Is desirable, where possible,
to open a second fres face by using a V-cut 50mewhere near
the centar of the round.

Table 6.-Typlcal powder factors for surface blasting

. l:-’owder factor,
lb/cuyd

0.25-0.40
40- .75
75-1.26
1.25-2.50

Degree of dilficuity
.Inrock breakage

When blasting materials that have an inherent value per ton,

such as limestone or metalllc ores, powder factors are some~ -

limes expressed as pounds of explosive per ton of rock or tons
of rock per pound of explosive. .
Yy

SECONDARY ‘ .
BLASTING _ .

Some primary blasts, no matter how well designed, wili leave
boulders that'are oo larga to be handied efficiently by the load-
ing equipmant or large enaugh lo cause plugups in crushers or
preparaticn plants. Secondary !ragmemauon lechntques must
be used to break these bouiders.

In the case of boulders too large to be handled, the.loader.

operatar will set the boulders asida for reatmenl. ldentitying
malerial large enough to cause plugups is not always quite so
apparent. The operator must be instructed to watch (or material
that is smalt enough for canvenient loading but which is, large
enough to cause a bottienack later in the processing cycle.
Secondary fragmantalion can be accomplished in four ways:

,1. Aheavy bail suspended irom a crane may be dropped re-
peatedly on the boulder until the boulder breaks. This is a rela-
tively ineitickant method, and breaking a large or tough (nonbrit-
tie} rock may take a considerable pariod of tima. This method

s adequale where the number of boulders produced is not ex- “

cessive.

2. A ho!a may ba 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 only a limited amount of secondary

- fragmentation |s nbcessary. An advantage of this method is that

it does nat create the flyrock associated with explosive tech-
niques or, to some degree with drop balils.

3. Loose exploslve may be packed Into a crack or depres-
sion In the boulder, covared with damp earthen malerial, and
fired. This type of charge is called a rudcap, plaster, or adobe

K chargs. This method is inefficient because of a fack of explosive

continement, and relativaly larga amounts of expilosives are re-
quired. The result is considerable noise and flyrock, and often,
an Inadequately broken boulder, The system is hazardous be-
cause the primed charge, lying on the surlace, is prone lo acci-
dental initiation by extarnal impacts from tating rocks or equip-

menl. Extarnal charges should be used to break boulders only .

where driling a hole Is impractical, and when udod oxtrame

caution concerhlng notse, fiyrock, and accidental Initiation
through impact must be exsrcised. If it is lound necessary to

shool a multiple mudcap blast, long delays or cap and fuse are '

nol recommended.

4. The most efficient method of secondary fragmentation is
through tha use of smait-(1- to 3-in) boreholes loaded with ex-
plosives. The borehole is narmally 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 |s
drilled two-thirds to three-fourths of tha way through the rock.

Because the powder chargse is surrounded by frae faces, less:

axplosive Is required 1o 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 doubl It is best 1o estimate on the low
side end underload the-boulder. With larger boulders It is bast
to drill several holas to distribute the explosive charge, rather
than placing the entire charge in a single hole. All secondary
blastholes should be stemmed. As a caulionary nots, secon-
dary blasls are usually more violant than primary blasts.

Any type of initiatlon system may be used to Initiate a secon-
dary blast..For connecling large numbers of bouldars, where
noise Is not a problem, detonating cord Is often used. Electric
blastingis also lrequenuy used.

Although secondary blasting employs relatively small
charges, Its potential hazards. must not be underestimated.
Flyrock Is often mora severe and more difficult to predict than
with primary blasting. Secondary blasts require al laast as much
cara in guarding as do primary blas!s. Secondary blasting can
truly be called an art, with experience being an imporiant key
to succass. ' _ ’ SEL
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1 INTRODUCTION

Calculation of drilling patterns and’ charges is often
carricd out in a less systematic way in tunnc]l1ng than
“in bench blasting. As .the demands, howcever, are about
‘the same, i.c. to try to aim at an optimal rcsu]t ol the
blasting opcration, there oare methods available also for
this type of calculations. In tunnel blasting there is
only one free surface, the face. This means that further
free surfaces have to be obtained in some way, an opening
is blasted by a cut. When stoping towards this opening,

a higher specific charge is recquired than in bench hlaqt-
ing, depending on deviations in drilling, lack of hole
inclination, need for swelling, lack of co-operation bet-
ween adjacent holes, etc. The smaller the cross section
of the tunnel is the higher specific charge is required,

-
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TYPES OF CUTS R
To obtain an opening in the tunnel {face, therve ave vari--
ous types ol cuts available. -Some cxumples arc:

- Puarallel hole cuts
- V-cut

- Fan cut

- Norwegian cut ‘ ‘ : o .

The types of cuts most used in Scandinavia today are a
type of parallel hole cut, with an empty large hole, and -
the V-cut. Which type to select depends on cross section,
hole depth, drilling equipment, etc. The skill of the
drillers may also be a factor to take into consideration.
Drilling and charging of a cut have to he carried out cx-
tremely carcfully, as the advance per round to a great

- extent is depending on.the success in the blasting of the

cut' ) : . -

&
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The.parallel hole cut is mainly used in smaller cross sec-
tions, but can also be used in larger ones. The cuts con-
sist of one or several empty largc holes {(normally 57-127
mm) surrounded by weakly charged parallecl holes with a
small burden. The principle is that the cmupty large hole.
is acting as an opening to these cut holes. When the cut
holes have detonated, a larger opening is ohtained, why
next group of holes can be drilled with a larger burden.
In this way the blasting proceeds until the size of the
‘opening permits a free brecaukage of the stoping holes. The
area of the opening normally then is 2-4 sq.metrcs, depen-
ding on bit diameter used. y



the Fagersta cut, burn cuts, etc.

- Relatlvoly simple design

- As all holes are parallel the drill steel length
is utilized {for all holes

- Can be used also in the smallest Ccross bcct10nh.

Among the dlsadvantupes we have:

Special drill steecl equipment roqulrcd when drilling
the empty large hole

- One rock drill is- occupied during a relatively long
time when drilling the empty large hole

- Requires great precision when drilling and cha151ng
the cut holes.

Other types of palallel hole cuts are the Coromant cut

-



The V-cut is made up by angled holes and to attain a good
"blasting result the angle of the inner plough must not be
too acute. Due to space requirements of the drilling
equipment this implies that a minimum width of tho tunncl
is necessary when drilling a V- cut

Some advanta&es with the V-cut are:

- The same type of drill stcel equipment can be used
for all the holes

. - ‘Symmetric, which makes the drilling easier,.particulary
when using mechanized equipment.

ﬁisadvantageS'
- Due to angled holes, the drill steel length 1is not comp-

letely utilized for - -all the holes
- A minimum width of the tunnel is required.
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"The fan -cut is, like the V-cut, made up by angled holes,
~ implying that a certain wiith of the tunnel is necessary

to carry out the drilling.

As the cut is not symmetric and with an uncqﬁal distribu-

~tion of the holes, it is not particulary well suited for
. mechanized drilling. The fan cut is today not uqod to

the same extent as earlier.

CALCULATION METHODS

When calculating drilling pattern and charges of a tunnel
cross section, it is suitable to calculate in two steps,
the cut and the remalnlng part of the round.

The calculations prOV1de that DYNAMEX®B exp1051ve 1s used
(weight strength s = 1.0 or 78 % of Blasting Gelatine).

Calculation of the cut

" Parallel hole cut-

_________________ }
For the holes closest to the empty: large hole following

.relationship can normally te applled when™ calculat1ng the
‘burden.



o |

'o" Qf. Vo= 0.7.d

where d is the diameter of the empty large hole.

In case of two cmpty large holes, the formula is changed
to ' _ .

 J : ®
L) ::: :
= 0.7-2 d
v A 0.7
& &

After breakage of these holes a square opening is obtained
and the breakage continues by stoping towards this opening.
1f the width of the square is designated B, the burden will
be . : :

V= 0.7 B

This procedure is repeated until the burden obtained by the

formula equals the burden obtained by the diagramme (item 4.2
for stoping holes. 7.
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Khen charging the holes in the «ut it is ivpoitant to
celedet a charge conventration which is well halanced,
This is particularly brpertant for the holes in the
first square, 1.e. the holes closcest to the laige hole.
In case of a too weak charge there is a risk of a
complete failure of the round since the cut will remain

unblasted. If on the other hand the charge is too strong, .

a similar result js obtuinced dune to burning of the.cut
holes.- As a guide line for charging of the holes in a
parallel hole cut following table may be used, where
the concentration of the bottom charge is 1b (kg/m).

}Squgre hb : 1p ho
no {(x H) (x lb) (x V)
1 0.05 0.5 -
2 0.05 0.5 0.5
3 0.20 0.5 0.5
4 - 0.33 0.5 0.5
where
hy = Height of bottom charge
H = Hole depth
1p = . Cbncentration of column charge
\'s = Burden
o =  Uncharged part
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where H is the hole depth.

‘The column charge concentrations is equal to

!

.1ﬁ = 40-50 % of 1
Uncharged part for the cut holes
hy, = 0.3V,

and for subscquent hdles

h0 = 0.5 Vz

Calculation of remaining holes in.the round

The remaining holes of the round are divided into

floor holes
wall holes
roof holes

“stoping holes upwards and horlzontally

stoping holes downwards.

To calculate burdens, spacings and charges for these diffe
rent types of holes following diagramme and table may be

used., N . _ o

As indata in the diagramme the concentration of the bottom
charge, 1,, 1s used. If the bottgm charge consists of
DYNAMEX® "B packed to 1.25 kg/dm”, corresponding hole dia-
meter ‘can be used. In case of DYNAMEX® B in plastic tubes

corresponding tube diameter can be used as indata. From ' ,
the diagramme V' is obtained which then i5 used in the -

table.
V' (m)
T N B

1.0}~ /////,I
0.8 1 / I 'l » ' & ] A ‘s P | 'l 3

1.0 l.g 2.0 2.5 Charge conc. Ib(kg/m)

' ' 4
30 35 41 45 48 . 51 Drill hole dia (mm)..

29 32 . 39 B Plastic tube dia (mm)
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 .When calculating a V-cut, the height of the cut and the
burdens V ,and V% are found in the diagramme below. The

helght of the cut provides three ploughs vertically accord-
ing to figure above.

{m) - | . - Height of cut
2.0 / ,_
. B ‘ ' _,ﬂ“:;zr—vl
1.8 . '
' L~ (//,
1.6 — //f/
1.4
1.2 -V,
1 OF( T L
»-/
0..8 S —T 2 T3 5 > 6 charge con;.nlb(kg/m) o
“} ey — . ¢ drill hole diameter (mm)
30 35 4l PYIRY P S |
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HOLE IYPE v E h

S h

m | y Jogfm | B

xV' - |- xV xH I 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 ? —» -1 1.1 1/3 0.5 0.5
Stoping 1 1.2 1/3 c.S 0.5

The design of the drilling pattern can now be carrlcd out
and the cut is fitted 1nto the cross section in -the most

suitable way.

5 EXAMPLES OF 'IGNITION PATTERNS .

Parallel hole cut.
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A nmethod used more. and more when blasting tunnels is the
smeoth blasting technique. This method is referring to
4 technique where the chiarges along the contour are nore
distributed, i.c. more contour holes are drilled, each

-of them having a weaker concentration. This mecans that

the damage of the remaining contour is less than when
using normal charges. The advantages of this is obvious

;45 1t implies ‘ e

- less oyerbreak

- smoother surfaces

- higher rock strength

- less reinforcement and scaling, etc.

The success of the method is to a great extent depending
on the accuracy in drilling, which means that the look

out has to be kept as small as possihle and cqual for all

holes along the contour. The charging has to be adapted

-to the local conditions, but to start with following

values may be used:

DRILL HOLE CHARGE CON- CHARGE UNIT BURDEN HOLE
DIAMETER CENTRATION : y SPACING

. | | A
(mm) (kg DxB/m) - (m) (m)
25-32 "0.07 11 mm GURIT® 0.30-0.45 0.25-0.35
25-48 0.16 17 mm GURITe  0.70-0.90 0.50-0.7"
51-64 0.37 22 mm GURIT® 1.00-1.10 0.80-.

As bottom charge in the roof normally one cartridge is

sufficient while two cartridges are recommended in the wall .

holes. :

To obtain an optimum result of the smooth blasting it is

also important to reduce the cracks from the holes closest

to the contour. This wecans that these holes have to be
charged weaker than other stoping holes. :

March 1981
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USE OF PARALLEL HOLE CUTS IN DRIFTING AND TUNNELLING

INTRODUCTION

During the end of the 50's and the beginning of the 60's
the attention was drawn to-the cuts in tunnel blasting.
Many valuable and empirical results were published and
presented, a.o. in "Rergspriangningskommittén'”. During the
last 20 years the driliing eguipment used in tunnelling
has changed fundamentally. Many of the people, who worked
with these matters in the beginning of the 60's, have now’
retired and the knowledge has not becen tollowed up and
utilized to a desired extent.

Because of the progress of the drilling equipment the hole
depths in tunnelling have increased considerable. In 1908
the main part of the number of rounds was shorter than

3.0 m, whercas the round depth 18478 is quitec a hit over
4.0 m,

The hole depth increcascs partly because ol the fact that
longer feeds have been designed and partly because bigger
drilling rigs make the drilling time shorter compared to
the set up times. This also affects the costs in a favour-

able way at the same percentage ol advance per round (fig. 1).

As the hole dJepth has increased the types of cuts used have
also changed. Earlier V-cut, tan cut and Norwegian cut were

used but today almost all tunnclllng is carried out hy using
parallel hole cuts.

When blasting a tunnel round the result is very much de-
pending on how you manage with the cut. I{ the cvut does not
work satisfactorily, maximum advince per round can not he
achiceved. Therefore, it is worth paying much attention to

how the cuts dre made, both when it comes to calculation and
egxecution.

By studying empirical resultats from practical cvases it has
been possible to describe the relation hetween advance per
round and hole depth at a certain large hole diameter (in
this example 102 mm, figure 3). When the hole depth in-

creases, for example from 3.0 to 4.0 m, the advance per round
1s reduced from 95 to R7%, i.c. B%.

Figure 4 shows the change in costs tor drilling/blasting at -
changed percentuge advance per round. I previous example is
utilized, that is a reduction in advance per round from 95 to
87%, the costs increasc by 8.5%. Normally this 1s not accept-
able,which means that something has to he done to improve the



the advance per round.

-

CALCULATIONS FOR"OPTIMAL ADVANCE PER ROUND

Today the most common type of cut, in Sweden, is a parallel
hole cut consisting.of one or more uncharged large holes,
figure 5, surroundecd by small holes with small burdens placed
in a number of squares. The number of quadrants, .in the cut,
is limited by the fact that the burden of the 'last quadrant

may not exceed the burden for stoping holes for a certain
charge concentration.

When a cut is designed it 1s, besides the choice of cxplo-
sives and detonators, principally the following parameters
that must be settled in such a way that an optimal result is
obtained.

- Large hole diameter -
- Burden :
- (Chargc concentration

1
Besides 1t 1s importunt that the cxctution is madé with most
possible precision, that means a.o. that thc precision in
drilling is of great importance. This is especially the case
for the inner cut holes, for which a f{dulty drilling beyond
the calculated, of just a couple ot cm/m may result in a
crossing of the small hole and the large hole, or a doubled
burden. The consequence will normally be a loss in advance
per round to a greater or smaller extent..lor natural recasons
1t can be assumed that the carelulness is greater for Jdrilling
of holes with small burdens thap it is with larger burdens.
This wmeuns that tihe Jaulty driliing is o Vonction ol hole
depth as well uas ol burden and cun be described throagh u
rclation of the typc

F =V (0.1 + 0.3t)

is faulty drilling
is greatest burden
{ 1s the hole depth

ol ool o

Large holes

As mentioned before there is a close connection between hole
depth,; large hole diumeter and the advance per round capected.
A common reudson {or too low advance per round ts probably that
a too small size ol rhe large hole i1n relation to the hole
depth in question has been chosen. it appears from the diagram
(figure ¢) that 11 therve is for instunce a holexdepth ol 3.9

m and a ldrge hole diameter of 102 mm an udvance per round of
barely 90% Cun be .cexpected. [f this common vombination was
chunged to a targe hole of 127 mm, or two large holes of 89 mm,
an increasc of the advunce per round up to about 95% could
theoretlually he expected.



The {irst quadrant

The next important step 1S the connection between large
hole diameter and the burden topether with the charge
concentration for the cut holes in the first quadra_nt
close to the large hole. A bigger large hole makes it .
possible to have larger burdens, which dcmand larger

charge concentrations, diagram {figure 7). The burden

must here be chosen in a way which does not make the angle
of brecakage too small, but it must not become so large that
risk occurs that drilling will be done into the Llarge hole.
As busic value is normalbly uscd a lavgest burden (c/c=dis-
tance) corresponding to approximately 1.5 ¥ where ¢ stands
for the large hole diameter,

A general opinion has been that the inner cut holes shall
be lightly charged and also that the risk of failure is
bigger at a too heavy charging than at too light charging.
However, the opinion today is that the cut holes can he
charged stronger than blasters carlier bhelicved. The
stronger charging is often an advantage. (Please notice
the -headline "Selection of explosives and firing

devices' ). :

Other quadrants

In general the same rules are applicable to the cvut holes
of the following quadrants as those for the first quadrant,
including, however, the difference that the breakage is
done towards a plane surface, diagram (figure 8). Also

here the angle of breakage must not he too acute, as small
angles only to a certain extcent can be compensated with
increased charge concentrations. fn the diagram we have
murkcd out the line V = 1.5 B, which 15 the largest

burden for a decided width of opcning.

[£, on the other hand, the width of the opening is large

in reclation to the burden the same condition is ohtained

as for stopinyg holes. This limit value in the diagram_is
V.= 0.5 B, 1 ¢ an angle of breakuge equivalent to 907,
This involves that a width of the opening, which has more
than the double sizc¢ ot the hurden, does not lcad to u
decreuse of the charge conceontration. Nermallv, a drilling.
pattern for cut holes is done for width of openings
approximately of the same siz¢ as the burden, i ¢ V = B,

SELECTION OF EXPLOSIVES AND FIRING DEVICES

Explosives

To obtain a rational charging ot 2 tunnel round today,
pipe charges are mostly used. Ixcept for a tast charging a
controlled charge concentration is obtained, which means
that the risk for too much or too less charging becomes
smaller in comparison with the use ob cartridges. Exact
knowlcdge about the charge concentration is obtained, and

/5



the bhurdens can be adapted hercto. This is very important
rcgarding the cut holes. One of the complications: that might

== ---. ————pccur-in—aparallel—hole cut is flash-over between drill ~~ =~ ~— 7
holes. As the distance is very small between the holes in a
parallel hole cut, there is risk that the detonation from.

- one drill hole will be transmitted by fractures -and joints
to the nearest hole, which will detonate at a time not
suitable. This may result 1n a loss of advance per round.
The risk of flash-over, except for the condition of the
rock and the hole distance, 1s dependent on what kind of
explosive that is used.

At the timc when the basic investigations rcgarding paralliel
hole cuts were done, much more sensitive explosives existed
compared to our present explosives. This is onec reason why
the risk of over charging and flash-over was extremely
pointed out at that time. The explosives of today are, however,
much more insensitive and involve consequcently less risks tor
flash-over. When comparison is made between DYNAMEX B and
NABIT , which today are thc most common cxplosives, NABIT is
‘ considered the most advantageous regarding the f{lash-over
J point of view. This is one reason why NABIT is used when
charging cuts. In many cases even DYNAMEX ‘would be success-
fully used, which would he an advantage considering the limit
of assortment. One example 1s a big tunnelling project in
Swedcn, where in holes ol 43 mm DYNAMEX B of 32 mm wus uscd
in the cut holes with a4 very good result,

i EXPLOSIVES - WEIGHT STRENGTH DENSITY BULK STRENGTH
- rel DxB % kg/m3 Tel DxB %
DYNAMEX B 100 , b 450 100
NABIT A 93 1 000 64
. PRILLIT A (ANFO) g1 - 850 53

Table 1 Weight strength, dcnsity and hulk strcngtﬁ for
explosives suitable for the cut.

Firing Deviccs

When 'choosing detonators the first thing is to make usc of
the interval numbers in such & way that a functional firing
pattern is obtained. On vne hand one want to have a
sufficient delay between the cut holes and on the other

hand the number of intervals must be enocugh for the ‘round.

At big tunnel arcas this may mean that the delay betwecen the
cut holes must be reduced to a minimum. A too narrow division
of intervals in the cut results, however, undouhtedly in a
cut that does not function sutisfactorily and this means an
impaired advance per round.

To find the shortest delay time that can he used without u
negative eftfect on the function of the cut, we have tested

a cut.consisting ol two targe holes ¥ 76 mm, according to
fig. 9. We found, as expected, that the delay times between
the two tirst holes were the most critical. Under the actual



circumstances it was proved that the delay time must be at
least 50 ms. As for the other holes this time could be
reduced to 25 ms according to fig. 9. It must be pointed

out that these declay times 1s an absolute minimum and ought -

to he somewhat higher to be sure on 4 good result.

RECOMMENDATION =

At drifting and tunnelling one try to obtain the -best total
economical result. This 1s achieved as a rule at an advance
per round of 95% or more of driiled depth.

Drilling and charging calculations shall be made so, that the
conditions for a big advance per round increcase, tig. 10.
This is achieved by the following steps.

- Choosc a large hole diamcter in relation to the hole
depth, which gives at least 95% advance per round and
gludly morc. [(f the drilling equipment is not suitable
for drilling large holes, make more holes with less
diameter according to the formula

4 -\

fictitious large hole diameter ‘ :

used large hole diameter

= B < PR e R
"

= number of large holes

- Calculation of the conditions in relation to large hole
diameter, alternatively opening width, according to the
following

First quadrant V = 1,5 ¢

V is the largest burden = c/c-distance large hole/
small hole (m)

@ is the diameter (m) of the large hole

Other quadrants V = B
V is the largest burden (m}
B is opening width (m)

- Always calculate with faulty drilling. A useful formula

is
=V (n’l + n'()'-', H) - (.:.-;7' B e s ‘_’A/: [o 2Nk SRRV
F = faulty drilling . .
= the largest burden V= 337 "7 - TR
H = hole depth (m}

~ Always drill the hole to a contemplated plan. A too
Jeep hole damages the rock and if the hole is too
shallow-rock parties. remain undestroyed. The result is
poorer conditions for next round and a reduced advance
per round.

ac



- Always calculafg—iﬁﬁ_}hargcs after the largest burden
and always calculate with a certain safety margin.

- Choose interval numbher in g way that'enohgh tihelis_
obtained for thc rock to move. The two first holes
are the most importaunt.
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Fig §S. Parallel hole cut with a large hole surrounded
by small hole with small burdens placed in a
number of squarcs. -
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Fig 6. The rclation betwcen percentage of advance
per round and the holc depth at differcnt

large hole diameters. dy
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of opening. )
As basic value is normally V = B used.
a5 -



)

r vo --
:51%3_‘~ ,_ ;}03 o
| g

596@ - 65‘25
MILLISECOND DETONATORS
DELAY NUMBERS  DELAY TIMES
25 MS
75 MS
100 MS

125 MS
150 MS

OnbL=

Fig 9. Shortest delay time for a large hote cut
with 2 large holes of 76 mm.

T IR T AR

e me e

Fig 10.  Recommendations to achieve a maximum
advaace per round. 6



P

TUNNEL BLASTING -

Calculation example

Conditions: Cross section - §3 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.

iz
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FIG 1.27 Tinel pilote y ampliaciones laterales y superior

7.2.1.3 Cunas iniciales

En los socavones y tiineles el frente de avance es la Ginica cara de libera=-
cidn de la voladura. Es por este confinamiento de los barrenos cargados,
que la carga especifica es mayor en los tfineles de pequefia seccidn y tdne
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 vacio 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 expansidn y movimiento de tdda la roca de la voladura :ompleta.
Por tanto, la méyor parte de la roca se preyecta hacia la Zona previamente

excavada. El espacio producido inicialmente se ha denocminado "cuda'.

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 disefios para ajustar
- - . 1 ! N
se a cada formacidn particular.

La cufia inicial es la parte mds critica en el disefio de voladuras en tiineles.

Es muy dificil determinar un tipo de cufia inicial que resulte el adecuado

3.7.57
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para el terreno, por excavar sin haber efectuado algunas voladuras previas.

a) Cufia de barrenos paralelos o cufia quemada ' -

La cufia de barrenos paralelos consiste de uno o mis barrenos vacfos y uno
o mas barrenos cargados, paralelos unos a otros, que son perforades en el
centro del frente, y con la profundidad del tramo de avance fijado. Las
perforaciones que rodean la cufia estdn 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 los barrenos de la.
cuna, 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 confinamiento.

La cuia quemada es empleada casi exclusivamente en tineles de seccidn tras
versal menor de 10 m® y perwmite voladuras mids profundas. En tiineles redu-

cidos el espacio resulta pequefio para acomodar las miquinas para perforar

con cualquier angulo, lo cual limita la longitud del tramo excavado emplean

\

do cunas en "V",

La cufia quemada queda emplazada en la zona central del ffente, 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. Adewmis, la rotacidn del sitio de la cuiia res@l
ta una medida de seguridad, ya que, la zona de la cufia es el sitio donde
con mias alta probabilidad pueden quedar explosivos sin disparar. El dise
o de la cuiia quemada depende de las caracterilsticas de la roca, del tipo
de los explosivos empleados y del diametro de los barrenos. Toda roca tie -
ne un deterﬁiuado porcentaje de‘expansiﬁn que varia con el tamafio de los
fragmentos producidos por la voladura. Por tanto, el diskfio de la cufa que

~~"—gada debe tomar en cuenta un espacio vacio para permitir esta expansién.

B Un 15 por riento del Area de influencia de los barren?s que disparan en
primer término es el espacio minimo que ha resultado adecuado para una frag

mentacida .y desaloje apropiados. ‘Este porcentaje varia de acuerdo con la o

N
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formacidn rocosa. Sin ePbargo, a medida que el espacio:vaéib ﬁféﬁércionado
es mayor, mayor ‘es también la probabilidad de que la voladura actlie eficien

temente en la longitud total de 1las perforacionés.

1

\

Eq una cuna con barrencs de 41.3 mm (17, pulg) de diémetru con un Area de

‘influencia de 225 cm? (fig 1.28) si el espacio vacio estd constituido por

un barreno central (fig I.28a) proporcionéré Gniéamente el 5.9 por ciento
para la expansidn. Si con la misma &rea de influencia se dejan vacios tres
barrenos: (fig I.28b) el porcentaje para expansifn ;eré, entonces, de 17.8
por ciento. La mayor longitud de los tramos de avance 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 cuiia 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 expulsidn del material fragmen

tado, la columna de explosivos debe alcanzar casi hasta la 'boca del barreno. -

con menor densidad en la carga.

: Ancho de cufio
(0) l °2 —I | °2 (b)
1 L | 1 1
15 }-)
o2 o2 -

Acotaciones, en cm
1,2 Secuencio de disparo

FIG 1.28 CuRa quemada cuadrada: a) con un barreno vacfo central; b) con

tres barrenaos vacios ' _

51 no se reduce la dens1dad 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 8B

lo se logra hasta donde la cuna es fragmentada y desalojada.

.-
[
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FIG 1.29 Algunos diagramas tipicos de cufas quemadas
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FIG 1.30 Barrenos de alivio inclinados o diagonales
l.os barrenos de la cufa y los de alivio se cargar dejando, en general, 30 cm

psra el retacado. Los barrenos restantes se retacan en un tramo de longi-

vud igual al espaciamiento ernire los wismos.
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Este tipo de cufia es el mas utilizado en tﬁne.lt_as aayores de 20 mz, aunque re

PSR L R, Y JUNIVRE T -
B.1
A
0 63.aap¢ ®3B8emg
100 13emg O
® O ® ) ®

O
T.5emg

® ®

30 cm

7.5 ¢

o o

. . .

3.6 cmg . .
O1.5emg

@ Borreno torgade
O Borreno vacio

FIG I1.31 Cufias quemadas con barrenos Qacios de mayor didmetro
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Cunia en V

FIG I 32 Distribucidn tipica de retardos en un frente de 3 por 3 m

cientemente ha podido notarse una tendencia hacia la cufia paralela.

La cufia en V es simétrica. Esto permite una mejor orgamizacidn del trabajo

en el frente respecto a los tipos de cufias no simétricas.

3.7.62
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por otra parte, no exige una barrenacidn tan perfecta come i;:quﬁi ﬁ;raleln

para lograr un avance razonable. El dngulo ﬁ[niﬁo;reéomendabli'pir; 1a cufia

es de 60°. Este requisito limita el avance pbr‘fronada:a'la mitad del‘ancho
= del tinel {(fig 1.33). '

N
" N\
b ‘ _N \ -‘-
\

by NOK

N\

h Y
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FIG I.33 Barrenos inclinados de la cufa en V

La cufia puede estar formada ﬁor uno o mis pares de barrenos en V perforados
en planos paralelos. El niimero 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 reésistente caan V de barrenos se integra con uno o dos

pares de barrenos de menor lomgitud.

Todos los barrenos de la cufia en V deben dispararse simultineamente para ob

tener mejores resultados, particularmente en roca muy resistente.

En.freﬁtes muy grandes deben emplearse retardos mayores para lograr el des-

plazamiento y la fragmentacién adecuados. “

7.2.1.4 Calculo de la carga
El cilculo de cargas en tiineles es menos sistemidtico ﬁue el de las voladuras

de bancos a cielo abierto. Se emplea la informacidn tedrica y. experimental |
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de las voladuraa de banco a cielo abierto, aplicando iactorea de aﬁmento de
carga para sJustarla a la voladura en tiineles, Este aumento se debe al ma-
yor confinamiento de lasg voladurug en tineles, de tal manera que, a medida
que el frente de ataque es menor, mayor es el confinamiento. Por tanto, a

mencores dimensiones del tiinel corresponde una mayor carga especifica. -

A continuacidn se dard@n reglas para la estimacién de los espaciamientos y de

las cargas en las cunas de barrencs paralelos, en las cufias en V y en los ba

rrenos que no pertenecen a la cufia.

a) Barrenos que no pertenecen a la cufia

En esta seccidn se supone que ya est3 abierta y expulsada la zona de la cufia

y se tiene una cavidad de 1.40 por 1.40m. Este es el espacio geéneralmente re

querido en barrenos para el fracturamiento y expulsidn de la roca hacia esa
abertura. Si los barrenos son de diimetro mayer de 3 cm 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 mixi

ma que debe fijarse entre la cavidad y los barrenos segiin su diidmetro.

Todos los barrenos de la periferia, ya sean del piso, del techo y de los has

tiales, deben orientarse de maners que lleguen mis alld del contorno (fig I.35)

y proporcionen &s5pacio para la perforacidn de la voladura siguiente.

Los principios de cdlculo 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 tiineles en {unci®n del &rea de la seccidn trasversal de los mis
mos. Los valores indicados en las figs1.36 y 1.37 son valores promedio;

existen ejemplos de valores que se desvian debido a la forma del tinel, con

"diciones de la roca, etc.

A continuaci8n se dan recomendaciones para el disefio de las cargas y espa-
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FIG 1.34 Relacién entre abertura, B8, concentracion de carga y bordo mixi

mo, V

ciamientos de los barrenos de cada una de las zonas del tiinel que se sefia-

lan en la fig 1.38.

-Barrenos ayudantes con proyeccidn horizontal o hacia arriba

El borde o distancia entre los bartenos y la cavidad central no debe ser ma
yor que la mitad de la profundidad del barrenb menos veinte centimetre=. No

deber3 tomarse esta condicidn como base para el cidlculo.

El espaciamiento de los barrenos debe ser igual a 1.1 veces el bordo.
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FIG 1.35 Distribucibn en planta de los barrenos de la cufia y los de

fuera de la cufia
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FIG 1.36 Cargas espicificas utilizadas normalmente en tineles
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- FIG [.37 Nimero de barrenos en funcidn de]l drea del frente

LIIUfe de

ia bowedo ‘
1 /-\ Borrenos de to boveda

Borrenos ayudontes

2 m‘1 —}— Borrenos de los hastiales
Alture dell ]
hasztial
- = Cwha
Conirocuba - t.‘-_- /.

w——3— Barrenos del piso

FIG 1.38 Zonas de distribucifn de los barrenos

La carga de fondo ocupa el tercio inferior del barremo con la carga especi

fica de la tabla I1.12.

La concentracidn de la carga de columna en kg/m puede tomarse igual a la mi
& |
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tad de la concentracidn de la carga de fondo. La zona de retaque debe aer

igual a la mitad del bordo.

!
’

o “f,, iz

TABLA [.12 Carga especifica de fondo

En la tabla I.13 se muestran los eépaciamientos calculados de acuerdo con

las cargas especificas de fondo unecesarias, considerando explosivos de peso

volumétrico de 1.3 g/cm’ y el diZmetro de barrenos de la tabla I.12.

LTy

TABLA 1.1> Espaciamientos y bordos en funcidn de los didmetros de los barre oﬁb

Y

Dismetro de los barrenos, Carga especifica, LT
en mn en kg/m? /b=
30 I.1
40 1.3
50 1.5

f

+

nos
Didmetro de barreno. Area por barreno, Bordo, Espaciamiento,

enom en m? en m . en m .

2 .| 0.91° 0.90 ' 1.00

5. - 1.00 0.95 : . 1.05

38 1.15 1.00 1.15
45 - 1.44 '1.15 1.25

48 1.57 1.20 ‘1.30*

51 - 1.71 1.25 ‘ 1.35*

* Estos eSpaciamientoslson s610 para tidneles de gran didmetro; en el caso de

Sreas menores su magnitud es menor como se muestra en las gréficas de la

fig 1.34.

Las concentraciones y cargas de fondo y de columna de la tabla I.14 han sido

calculadas a partir de las recomendaciones anteriores, en funcifn del diime

tro de los barrencs. Estos datos han sido obtenidos de la prdctica e inclu

ven los errores normales de perforacidn.

'
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TABLA I.14 Cargas, espaciamientos y bordos en ) barrenos ayudantes con pro-

yeccifn horizontal o hacia 2 arriba . Taco
IDiémetro Profund i éordo ‘Espacia [Carga de fondo éarga 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 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
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
c48) | 20 F120 [11.30) (3.00 [12.30) (248} |:1.15) [ \0.60)
51 3.2 1.25 1.35 |2.50 2.60 | 1.95 1.30 0.60
51 4.0 1.25 1.3 [3.40 2.60 2.70 1.30 0.60

-Barrenos de piso
£l 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 preparacidn 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 laz 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 j la con-
centracidn de la carga de columna se fija hasta de un 70 por ciento de la

.concentracidn de la carga de fondo.

Zn la tabla I.15 se presentan las concentraciones-de carﬁa de fondo y de co

iumna, el espaciamiento, el bordo y la zona de retaque 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

pecifica que los anteriores. La carga especifica de fondo puede ser la

de la tabla I.l16.
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TABLA 1.15° Cargas, espaciamientos y bordos en_barrenos de piso.

_ lDiametro Profundi |5 .4, | Espacta | Carga de fondo | Carga decolumna |Zona dg]
barreno | dadbarre . miento , retaqu
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 1.15 {1.44 }1.40 | 1.00 ©.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
+ S~ -l 7 £ e T, -
(48 | g 11200 1130 |G (230 [@.28) 1) |2
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
Didmetro de los barrenos, Carga especifica,
en mm en kg/m?
30 1.0
40 1.2
50 1.4
Lag de

El espaciamiento de estos barrenos puede ser de 1.2 veces el bordo.

mis caracteristicas son las sefialadas para los otros barrenos ayudantes.

En tineles de seccidn trasversal pequefia las cargas deberfin aumentarse y el

bordo y el espaciamiento disminuirse de acuerdo con las funcicnes de las gTd

ficas que se presentan en las figs I1.34, I1.36 y I.37.

En la tabla I.17 se presentan las cargas, bordos y espacismientos de estos

barrenos.

R )

Los espaciamientos indicados son aplicables siempre que la con-
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centracidn de carga en el fondo alcance, asimiemo, el valor aeﬁaladﬁ; Si
la concentracidn de carga resulta menor, el espaciamiento deberf reducirse

para obtener la carga especifica requerida.

Los valores de espaciamieﬁtos‘y bordos indicados en la tabla I.17 pueden au
mentarse, particularmente cuando la roca es fdcil de excavar y cuando los
tineles tienen un &rea de mds de 70 m®, También es frecuente en estos casos
utilizar los espaciamientos eefialados pero con menores concentraciones de

carga.

TABLA 1.17 Cargas, espaciamientos y bordes en barrenos ayudantes con proyec
cidn facﬂ'l__a_aba_._jo

Didmetro | Profundi | g, ... | Espacia [Carga de fondo | Carga de columna | Zona de
barreno, | dadbarre m ' | miento, retaque,
mm no, m m kg kg/m kg kg/m m
) P 33 1.6 0.60 0.70 0.60 1.10 0.30 0.40 0.30
32 2.4 0.90 1.10 0.80 1.00 0.55 0.50 0.45
31 3.2 0.85 1.10° [1.00 0.95 0.85 0.50 0.45
18 2.4 1.00 | 1.20 |i.15 | 1.44 | 0.80 | 0.70 | “0.50
37 3.2 | 1.00 | 1.20 (1.50 { 1.36 | 1.15 | 0.70 | 0.50
45 3.2 1.15 1.40 2.25 | 2.03 1.50 1.25 0.55
48 3.2 1,20 | 1.45 |2.50 | 2.30 | 1.70 | 1.15 | 0.60
e | @D A | A (e | 250 | @8y (A5 |
51 3.2 | 125 ] 1.0 |[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 voladursa de los hastialas y de la béveda corresponden por lo comfn al
tipo de voladuras dencminado recorte o poscorte perimetral (inciso 7.2.1.5)

En esta seccifn se tratan los casos que nc son voladuras de recerts.

i: El bordo, considerando el emboquille de preparacin para la volsdura siguien

i te, se toma igual a 0.90 veces el bordo de los barrénog ayudantes.
!
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. TABLA 1.19 Cargas, espactamientos y bordos en barrenos de la béveda

profundidad del barreno, en m

carga especifica, en kg/m’

didmetro del barreno, en mm

concentracién de la carga de fondo, en kg/m

concentracidn de la carga de columna, en kg/m

altura de la carga de fondo, en m

longitud del retaque, en m

Distancia entre barrenos, en m

de cilculo)

3.71.73

Digmetro j Profund! | o . 1Espacia |Carga de fondo |Carga decolumna | Zona de
barreno | dadbarre n 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
f8)  {(4.0) [1.1® |-1.30) [1.50 2:30) [(133 |9.90 | 0.53)

o SRR [ O IS I b g it = N
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 ayudanﬁes con proyecci6n horizontal o hacia arriba
d (mm) q(kg/m*)
30 1.1
40 1.3
. 50 1.5
hy . H/3
v c.li:J%LEQEL (ésta es una condicidn y no es una base (1.4)
| -
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E=1.1V S ¢ 23
ka - 0'50 Qbk (116).
h = 0.5V (1.7)

-Barrencs de piso

Las mismas caracteristicas de los anteriorea,'excepto

ho - 012 v (1.8)

Uy = 0.70 qbk' ‘ ' (1.9)

-Barrenos ayudantes con proyecciSn hacia abajo

Las mismas caracteristicas de los ayudantes con proyeccidn horizontal o hacis

arriba, excepto

E=1.2V (1.10)

-Barrenos de los hastiales

Las mismas caracteristicas de los anteriores, excepto

Vv = 0.90 x (borde de los barrenos antericres) (I.il)

o .
ka = (0,40 Qbk (1.12)
h = /6 ©(1.13)

-Barrenos de la bdveda

Las mismas carpacteristicas de los anteriores, excepto
! .

ka = 0.30 Q. (I.14)
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¢} Cufias de barrencs paralelos

Debe calcularse la separacifn entre el barreno vacfo centrai_xuloa barrenos

cargados de la cufia de manera que el drea del barreno vacfo sea de cuando

mengs un 15 por.EifE;o del frea_de influencia de los barrenos_de la cufa '

que disparan en primer término (inciso 7.2.1,3a, fig I.31). La separacibn

281 calculada no debe rebasar la que se muestra en la tabla I.20.

TABLA I 20 Separacidén entre los barrenosvacfosy cargados de la cufia de ba

rrenos paralelos

Didmetro del ba Uidmetro de 1los | Bordo o separacidn | Distancia entre
rreno central, barrenos.cargados, entre barrenos, centros,
_mm : mm mm mm
57 32 40 85
76 32 . .53 107
6 45 53 113
2 x 57* : 3 80 . 125
2 x 57* 45 80 131
2 x 76* 32 106 160
2 x 76* ' 45 106 167
100 - - 45 70 143
. 10( 51 70 146
. '/
"125) o Bl 88 176

* Dos barrenos centrales.

Las cargas que se presentan en la tabla I.21 son, en general, adecuadas para

1os barrenos mas prdoximos al barreno central.

A —

dos al drea de la seccidn trasversal dgl.tﬁnel.

La _carga de los barrencs de la contracuia es muy elevada debide a su gran

confinamientg., La fig I.39 wmuestra la disposicidn de la contracufia para

una cufia de dos barrenos centrales.
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TABLA 1.21 Cargas asignadas a los barrenos

B.I

mas prﬁximb

s 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 1.22 se presentan valores de cargas que han dado buenos resulta

dos en barrenos de contracufa.

-
A3

TABLA 1.22 Valores empiricos de carga en barrenos de contracufia (Aﬁ“da""‘es)

Bordo o separacidn | Carga de| Carga de columna en kg/m para didmetros 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 10.75"
0.40 0.50 0.35 0.50 D0.70 0.80
_0.50 - 0.65 0.50 0.70 1.00 1.15
0.60 0.80. |.0.50 0.70 1.00. Q.19
0.70 0.90 0.50 0.70 1.00 1.15
» Longitud =in carga (taco) < 0.5V,
d) _Cuﬁa en V
En esta seccidn se proporcionan reglas generaleﬁ para el cflculo de cargas

ccasiderando una cufia de vértice interior de 60°.

la carga debe incrementarse,

La dimensidn V de la cuiia (fig I.40) es funcidn de la

vos que pueden cargarse en los barrenos con arreglo a

3.7.76
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este fingulo es menor

cantidad de explosi-
su difmetro. En la
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Acotociones ,enmm
O Borreno vacio

@ Barreno caorgado

- .

FIG 1.40 Cufia en ¥

+

tabla I1.23 se proporcionan valores que pueden servir de orientacidn en la

determinacidn de la dimensifn y carga de la cuia en V.

En cunas en V la longitud de la carga de fonho debe ser de cuando menos un
tercio de la profundidad del barreno. La carga de columna dobe 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, pero debe ser adaptada al espaciamiento de los

barrenos de manera que no haya exceso de carga en la parte de la columna.
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TABLA 1,23 Dimensiones y cargas de la cufia en V.

Dismetrode los |{ Altura de Bordo V' | Concentracién de | Nimero de filas |
barrenos la cufia (figl.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 concentraci®n de la carga de columna es igual al 402 de la concentracidn

de la carga de fondo.

El bordo o separacidn de barrencs no debe Qer superior a (Prof.barreno-0.40m)/2,

le que implica que en voladuras de poca profundidad la separacidn de barrenos

es menor.

Los barrenos de la contracufia se perforan 'inclinados (fig 1.35) para facili-

tar 1ls remocidn total hasta la profundidad de barrenacidn.

Los barrenos de la cufia y de la contracufia deben iniciarse con estopines de

milisegundos a fin de mejorar la interaccidn entre los barrenos.

7.2.1.5 Foscorte perimetral

El poscorte perimetral tambi&n llamado recorte convencioqal tiene por ob-
jeto proteger la superficie de roca alrededor de la voladura.

Es:e método consiste en la aplicacibn de concentracicnes de carga reducidas
y una mayor densidad de perfﬁraci&n para producir un agrietamiento menor en
11 superficie perimetral del tlinel. Al disparar instanginelnante © con un
retardo minimo entre barrenos se obtiene una accidn cortante perimetral que

desprende el.bordo final con un dafio reducido de las paredes (fig I.41).

Estos barrencs se disparan después de los barrencs de .piso para ssegurar
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FIG 1.41 Distribucién tipica de retardos en un tdnel

que la roca fragmentada ya ha sido desplazada, ofreciéndoles un espacio de

alivio suficiente., Este alivio permite una voladura del bordo final con un

sacudimiento minimo,

" En la tabla I.24 se 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 volumétrico.

TABLA 1.24 Poscorte perimetral
Dismetro barrenc Espaciamiento Bordo decggﬁggt:;fig? ;:::lno
mn m m ka/m
38 - 45 0.60 0.90 0.18 - 0.38
(51) 0.7 (105y | Co/ie 0.3
" 7 4 /-0 '

3.7.79



B.1

\

Los cartuchos largos de dildmetro pequefio de explosivos de bBJB densldad
permlten una distribucidn adecuada de la carga a lo largo del barreno..Loa
cartuchos de 20%cm de longitud se han empleado con €xito en voladuras de
poscorte perimetral wutilizando espaciadores entre cartuchos para reducir
~ia 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. El precorte produce una grieta ehtre 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_roéa. Como los barre
nos estin mﬁy préximos entre si, las grietas se forman siguiendo las 1li-

neas de barrenos, y los mismos barrenos constltuyen el inicio del agriets

miento. Esto slgn1f1ca que la inclusgifn de barrenos vacios entre los car

gados, puede mejorar los resultades.

En la tabla 1.25 se indjican algunas cargas y espaciamientos en funcidn del

. difmetro de los barrenos.

Si no existen limitaciones en las vibraciones del terre;o’se utiliza el
encendido instant@neo; por lo contrarip, 5i es necesario limitar la magni
tud de las vibraciones del terreno se utilizan microretardos. La forma
cibn de grietas resulta menos eficiente que con la iniciacidn instantﬁneé,
a menos que se reduzca el espacio entre barrenos. Si el tiempo de retardo

es muy grands no se logra el precorte.

“ TABLA.1.25 " Precorte

Didmetro del barreno - Ltspaciamiento. ~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 A - 0.36
64 0.60 - 0.80 0.38
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