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ABSTRACT The transient dynamics finite element computer program, PRONTO-3D, has been used in con- 
junction with a damage constitutive model to study the influence of detonation timing on rock fragmentation 
during blasting. The primary motivation of this study is to investigate the effectiveness of precise detonators 
in improving fragmentation. PRONTO-3D simulations show that a delay time of 0.0 sec between adjacent 
blastholes results in significantly more fragmentation that a 0.5 ms delay. 

1 INTRODUCTION 

One of the advantages of precise detonators (micro- 
second accuracy) appears to be enhanced fragmen- 
tation. The reasons for this are not clearly under- 
stood but it has been surmised that complimentary 
wave interaction in the region between two deto- 
nating blastholes results in better fragmentation. To 
address this question a study has been undertaken 
using the 3-D transient dynamic computer code 
PRONTO in conjunction with a damage material 
constitutive model. 

PRONTO-3D (Taylor and Flanagan, 1989) has 
been continuously evolving at Sandia National 
Laboratories for many years. As an explicit tran- 
sient dynamics finite element code, PRONTO is 
capable of addressing a large variety of dynamic 
simulations including: impact, metal forming and 
explosive/structure interaction. A wide range of 
material responses and large deformations and 
strains can be treated during any simulation. The 
damage constitutive model used in this study was 
specifically developed for predicting blast induced 
fragmentation in rock and has been exercised on 
several closely controlled crater field experiments 
with reasonable results (Thorne, 1990a&b, 1991). 

The configuration examined in this study consists 

* This work performed at Sandia National Laboratories 
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of two blastholes (crater style) located relatively 
close to on another. The geometry is similar to a sin- 
gle blasthole crater experiment that was used to 
qualify the damage constitutive model but with two 
blastholes instead of one. Two different delay times, 
0.0 s and 0.5 ms, between the blastholes are simu- 
lated and the rock is assumed to be granite. 

2 DAMAGE CONSTITUTIVE MODEL 

The damage model is intended to simulate the 
dynamic fracture of brittle rock. It is based on work 
started by Kipp and Grady, 1980 and continued by 
Taylor, Chen and Kuszmaul, 1986 and Kuszmaul 
1987a. It was modified (Thorne, 1991) to extend it 
to large crack densities as suggested by Englman 
and Jaeger, 1987. Its essential feature is the treat- 
ment of the dynamic fracture process as a continu- 
ous accrual of damage in tension due to microcrack- 
ing in the rock. The fundamental assumption of the 
model is that the rock is isotropic and permeated by 
an array of randomly distributed and oriented micro- 
cracks. These microcracks grow and interact with 
one another under tensile loading. A complete deri- 
vation of the damage model is given in Preece et al, 
1994. A brief summary is presented in this paper as 
an aid to understanding the computational results. 

Englrnan and Jaeger, 1987, introduce a regularized 
damage parameter, F ,  which is related to Budiansky 
and O'Connell's, 1976, crack density, Cd but takes 
into account the overlap between the damage vol- 
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* umeg of different cracks. To this end they define F 
by 

F = 1 - exp ( -aCd) 

where a = 16/9. 

2.1 

In order to relate stress to strain we will generate a 
system of equations which can be solved for the 
effective elastic moduli of the cracked medium. It is 
convenient to introduce a damage parameter, D , 
defined by 

2.2 

where v, is the effective Poisson’s ratio. K ,  is the 
effective bulk modulus of a cracked medium and is 
given in terms of the undamaged bulk modulus K by 

K,  = ( 1 - D ) K  2.3 

The crack density, C,, can be related to an average 
flaw size, a, by 

cd = Y ~ a 3  2.4 

where N is the number of active cracks and T is a 
proportionality ratio. 

At this point, it should be noted that there is variety 
of assumptions which can be made as to the form of 
N, and there is almost no agreement as to the proper 
form for a. Kipp and Grady, 1980, and Kuszmaul, 
1987a, assume that the number of cracks activated at 
a volumetric strain E is described by a Weibull dis- 
tribution of the form. 

N = ksm 2.5 

where k and rn are material dependent constants and 
the volumetric strain, E ,  is one third of the time inte- 
gral of the trace of the deformation tensor, d with E 
being positive in tension. Equations 2.5 and 2.4 
imply 

C, = ksma3 2.6 

Based on energy considerations at high strain rates, 
Grady, 1983 derives the following expression for the 
nominal fragment radius, r, for dynamic fragmenta- 
tion of a brittle material 

213 r = - [  1 J20KK 
2 pcR ] 2.7 

Here Y P and c are the fracture toughness, den- 
sity and sound speed of the undamaged material and 
R is the strain rate, which is assumed in the deriva- 
tion to be both constant and large. This is an average 
fragment radius for the global response of a uni- 
formly expanding sphere. We will assume that the 
local average flaw size, a, is proportional to the 
value of r appropriate to the local strain rate. 

In order to apply equation 2.7 to the case where the 
strain rate is not constant, Taylor, Chen and Kusz- 
maul, 1986, replace the constant strain rate, R, in 
equation 2.7 with the maximum strain rate, R,,, , 
which the material has experienced. Making some 
assumptions about the maximum strain rate and 
combining equations 2.6 and 2.7 yields an expres- 
sion for Cd based on measurable material parame- 
ters. 

2.8 

In the constitutive model implementation, equations 
2.1 through 2.8 form the basis for derivation of a 
coupled system of ordinary differential equations 
which can be integrated to define the response of the 
damaged material. 

The material parameters for granite were measured 
by Olsson, 1989, and Chong et al, 1988, are listed in 
Table 2.1. 

Table 2.1: Granite Material Properties 

Density I p = 2680 k g h 3  

Youngs ’ Modulus E = 62.8 GPa 

k = 5.3 x 1026/m3 

m 6 .O 

Fracture Toughness Klc = 1.68 MP& 



3 F ~ I T E  ELEMENT MODEL 

The cross-sectional geometry of the 3-D finite ele- 
ment model is shown in Figure 1. This simulation 
models two explosive columns that have a diameter 
of 120 mm, a height of 2.0 m, a separation of 3.0 m, 
buried 2.0 m deep and filled with 28.27 kg of emul- 
sion explosive. Full coupling is assumed between 
the explosive and the surrounding granite. Detona- 
tion begins at the bottom of each explosive column 
and is modeled with a controlled burn based on a 
specified detonation velocity. 

The finite element model employed here has 41760 
3-D hexahedral elements and 45933 nodes. The spa- 
tial resolution of this model is too fine to be drawn in 
this paper. Detonation delay times of 0;O s and 0.5 
ms were treated in two separate calculations. Each 
calculation required approximately 4 days of cpu 
time on a SUN SPARCstation 10-41 workstation. 
The databases produced by these calculations 
contained time steps saved every 40 ps . The zero- 
delay-time database contained 36 time steps and had 
a size of 144 megabytes while the 0.5 ms delay- 
time-database contained 48 time steps and occupied 
19 1 megabytes. 

Symmetry plane on the front face 

4 COMPUTATIONAL RESULTS 

Figures 2 and 3 show the pressure distribution as a 
function of time for the two different delay times in 
this study. A time history of the pressure halfway 
between the two blastholes and 1/4 of the blasthole 
height from the top (see Figure 1) is given in Figure 
4. This graph indicates a significant increase in the 
bulk pressure ( ox, + o + o,,) /3 in the case of 

YY. the simultaneous detonation that is less obvious 
from Figures 2 and 3. Although the bulk pressure is 
generally compressive, the circumferential (hoop) 
component (in cylindrical coordinates) will be ten- 
sile at least part of the time during the passage of the 
wave. This is illustrated in Figure 5 which shows 
oYy at the point of interest on the front symmetry 
plane. At this location oYy is equal to the cicumfer- 
entia1 stress and is tensile part of the time. It is this 
tensile stress that results in tensile volumetric strain 
and consequently damage in the material. In study- 
ing Figures 4 and 5 one should keep in mind that 
they represents the pressure and stress in the model 
at specific output times. As discussed in section 3, 
the model is so large that the number of output time 
steps had to be limited. 

free surface / 

YY Point where pressure, o 
and E,,, are plotted 2.0 m 

I 

120 mm dia. blastholes 

Figure 1: Two Blasthole Crater Geometry 
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Figure 2: Pressure distribution at times 80 ps ,0.5 ms, 0.6 ms and 1.0 ms for a delay 
time of 0.5 ms. The gray-scale (light-to-dark) pressure range is from 0.0 to 
-400.0 Mpa. Pressures above and below the range are the same shade as the 
upper or lower limits. Tension is positive. 



Figure 3: Pressure distribution at times 80 ps ,0.2 ms, 0.32 ms and 0.48 ms for a 
delay time of 0.0 ms. The gray-scale (light-to-dark) pressure range is from 
0.0 to -400.0 Mpa. Pressures above and below the range are the same shade 
as the upper or lower limits. Tension is positive. 
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Figure 4: Pressure versus time at the point indicated in Figure 1 for 
delay times of 0.0 ms and 0.5 ms. Tension is positive. 
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Figure 5: oyy versus time at the point indicated in Figure 1 for 
delay times of 0.0 rns and 0.5 ms. oYy at the point indi- 
cated is also the circumferential stress. Tension is positive. 
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Figure 6: E,,, versus time at the point indicated in Fig- 
ure 1 for delay times of 0.0 ms and 0.5 ms. Tension is 
positive 

Figure 6 shows the maximum bulk tensile strain, 
'ma, 9 .  as a function of time and at the location indi- 
cated in Figure 1. E,,, is the maximum tensile vol- 
umetric strain at that point up to the time of interest 
and can only increase with time. Significantly higher 
values of E,,, are indicated in the simultaneous det- 
onation case. The crack density, Cd,  in equation 2.6 
is an exponential function of the volumetric strain E 
where the exponent, my in this case (and for most 
rocks) is 6. Exponentiation to a power of 6 results in 
a large difference in the crack density and the dam- 
age produced by the two different delay times. 
These results are typical of the pressures and volu- 
metric strains along a line of symmetry between the 
two blastholes and also for some distance on either 
side of that line. 

The calculated spatial distribution of the damage at 
four different times is shown in Figure 7 for a 0.5 ms 
delay between detonations. A damage or crack den- 
sity threshold value for fragmentation has been ana- 
lyzed by Kuszmaul, 1987b and Thorne, 1990a&b. 
For the purposes of this study fragmentation is 
assumed to occur in the dark regions where the dam- 
age is close to one. The same plot is given for the 
simultaneous detonation in Figure 8. Comparison of 
these two Figures indicates a significant improve- 
ment in the damage and fragmentation with the 
simultaneous detonation case being superior. A 

weakness of this damage constitutive model is its 
inability to predict damage in compression. Thus the 
undamaged regions adjacent to the blastholes would, 
in reality, be damaged and fragmented. 

, 

5 CONCLUSIONS 

The 3-D transient dynamics finite element computer 
program PRONTO has been employed along with a 
damage constitutive model to study the influence of 
delay timing on the fragmentation of rock during 
blasting. This constitutive model accumulates dam- 
age based on episodes of tensile volumetric strain. 
These simulations show that simultaneous detona- 
tion significantly improves the fragmentation 
between blastholes. The reason for this improve- 
ment is the positive reinforcement of waves from the 
two blastholes arriving at the same location at the 
same time. This positive reinforcement manifests 
itself in significant increases in pressure and volu- 
metric strain which results in improvements in dam- 
age and fragmentation when the blastholes are 
detonated simultaneously. 

This study has implications for the value of preci- 
sion detonators which can deliver ps accuracy in 
the delay time between blastholes. This study indi- 
cates that improvements to fragmentation due to 



Figure 7: Damage distribution at times 0.5 ms, 0.8 ms, 1.2 ms and 1.88 ms for a delay 
time of 0.5 ms. The gray-scale (light-to-dark) damage range is from 0.0 to 1.0. 
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Figure 8: Damage distribution at times 0.5 rns, 0.8 ms, 1.2 rns and 1.4 ms for a delay time 
of 0.0 ms. The gray-scale (light-to-dark) damage range is from 0.0 to 1 .O. 
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that improvements to fragmefitation due to precision 
timing may well be worth the additional cost of the 
de tonator. 

This paper has demonstrated a numerical capability 
that can be used to study the influence of precision 
timing on fragmentation. The effects on timing and 
fragmentation of many other parameters such as 
blasthole spacing and depth as well as rock and 
explosive types can also be studied using the tech- 
niques presented in this paper. 

ACKNOWLEDGMENTS 

The authors wish to acknowledge the contributions 
of personnel from IC1 Explosives USA who have 
supported this work both financially and through 
field experimentation. 

REFERENCES 

Budiansky, B. and O’Connell, R. J., 1976, “Elastic 
Moduli of a Cracked Solid,” Computer Methods 
in Applied Mechanics and Engineering, vol. 12, 
pp. 81-97. 

Chong, K. l?, Basham, K. D., Wang, D. Q. and 
Estes, R. J., 1988, “Fracture Toughness Charac- 
terization of Eastern Basalt and Gneiss,” KPC & 
Associates report to Sandia National Laborato- 
ries on contract No. 55-5698, Laramie WY. 

Englman, R. and Jaeger, Z., 1987, “Theoretical Aids 
for Improvement of Blasting Efficiencies in Oil 
Shale and Rocks,” AP-TR-12/87, Soreq Nuclear 
Research Center, Yavne, Israel. 

Grady, D., 1983, “The Mechanics of Fracture Under 
High-Rate Stress Loading,” in William Prager 
Symposium on Mechanics of Geomaterials: 
Rocks, Concretes and Soils, (Bazant, Z. P., ed). 

Kipp, M. E. and Grady, D. E., 1980, “Numerical 
Studies of Rock Fragmentation,” SAND79- 
1582, Sandia National Laboratories, Albuquer- 
que, NM. 

Kuszmaul, J. S., 1987a,“A New Constitutive Model 
for Fragmentation of Rock Under Dynamic 
Loading,” Proceedings of the Second Interna- 

tional Symposium on Fragmentation by Blast- 
ing, Keystone CO, pp 412-423. 

Kuszmaul, J. S., 1987b,“A Technique for Predicting 
Fragmentation and Fragment Sizes Resulting 
From Rock Blasting,.” Proceeding of the 28th U. 
S. Symposium on Rock Mechanics, Tucson, Ari- 
zona. 

Olsson, W. A., 1989, “Quasi-Static and Dynamic 
Mechanical Properties of a Granite and a Sand- 
stone,” SAND89- 1197, Sandia National Labora- 
tories, Albuquerque, NM. 

Preece, D. S . ,  Thorne, B. J., Baer, M. R. and Swegle, 
J. W., 1994, “Computer Simulation of Rock 
Blasting: A Summary of Work From 1987 
Through 1993,” SAND92-1027, Sandia 
National Laboratories, Albuquerque, NM. 

Taylor, L. M., Chen, E. P. andKuszmau1, J. S. ,  1986, 
“Microcrack-Induced Damage Accumulation in 
Brittle Rock Under Dynamic Loading,” Com- 
puter Methods in Applied Mechanics and Engi- 
neering, vol. 55, no.3, pp. 301-320. 

Taylor, L. M. and Flanagan, D. P,, 1987, “PRONTO 
3D A Three-Dimensional Transient Solid 
Dynamics Program,” SAND87-1912, Sandia 
National Laboratories, Albuquerque, NM. 

Thorne, B. J., Hommert, P. J. andBrown, B., 1990a, 
“Experimental and Computational Investigation 
of the Fundamental Mechanisms of Cratering,” 
Proceedings of the Third International Sympo- 
sium on Fragmentation by Blasting, Brisbane, 
Queensland, Australia. 

Thorne, B. J., 1990b, “A Damage Model for Rock 
Fragmentation and Comparison of Calculations 
With Blasting Experiments in Granite,” SAND 
90-1389, Sandia National Laboratories, Albu- 
querque, NM. 

Thorne, B. J., 1991, “Application of a Damage 
Model for Rock Fragmentation to the Straight 
Creek Mine Blast Experiments,” SAND 91- 
0867, Sandia National Laboratories, Albuquer- 
que, NM. 


