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Summary

This paper uses the concept of anisotropic damage mechanics to analyze dynamic responses
of a granite site under blasting loads. An anisotropic continuum damage model is suggested
to model rock mass behavior under blasting loads. The effects of existing cracks and joints
in the rock mass are considered by using equivalent rock material properties obtained from
both field and laboratory test data. The anisotropic damage accumulations are simulated by
continuous degradation of equivalent material stiffness and strength during loading process
and are calculated using the exponential function with respect to the principal tensile strain
in three directions. The suggested models are programmed and linked to an available com-
puter program Autodyn3D through its user’s subroutine capability. Stress wave propaga-
tion and damage zone in the rock mass induced by underground explosions are simulated.
Numerical results of damaged area, peak particle velocity and acceleration attenuation as
well as acceleration time histories and Fourier spectra are compared with those from inde-
pendent field tests.

1. Introduction

Current codes and regulations to estimate stress wave intensities and damage to
both nearby underground and above ground structures owing to underground
blasting are usually based on some empirical or semi-empirical formulae due to
the extreme complexities of the phenomena of the process in rock blasting. Dif-
ferent countries and group of countries apply different design manuals (NATO,
1977; Gustafsson, 1973). These empirical formulae were obtained from observa-
tions and measurements in field blast tests. They tended to overlook the physical
laws governing the process in rock blasting. Since rock damage and stress wave
propagation are highly dependent on material properties, data obtained from one
site might not be directly used to another site. And it is very expensive to conduct
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field blast tests in every site; sometimes it is impossible to carry out such tests due
to the safety and environmental constraints. Thus, a reliable numerical model,
validated against field measured data, is a cost-effective means of examining the
highly dynamic and nonlinear process of blast-induced stress wave propagation in
engineering. Developing such a numerical method has always been a challenge
due to the inherently complicated properties of rock mass, blasting process, and
highly nonlinear and strain rate dependent dynamic responses. It needs to properly
model the explosion process, the effects of existing discontinuities in rock mass,
cumulative damage of rock mass caused by blasting loads, degradation of stiffness
and strength and plastic deformations of rock material.

A rock mass usually contains a lot of geological discontinuities which signifi-
cantly affect the physical properties of the rock mass, and hence their dynamic
responses. Because of the numerous numbers of discontinuities in a rock mass in
terms of the cracks and joints, their properties such as positions, orientations,
strength and stiffness, etc., are impossible to be known exactly. In practice, many
researchers used equivalent rock material properties in theoretical and numerical
studies of rock mass responses to either static or dynamic loads (Aimone, 1982;
Zhang and Valliappan, 1990b; Schueller, 1991; Liu and Katsabanis, 1997; Zhang
and Valliappan, 1998a,b). Recently, some researchers have also used discrete ele-
ment method (Chen and Zhao, 1998; Hart, 1993) or block theory (Wang and
Garga, 1993) to model discontinuous rock mass behavior. Because of the inherent
difficulties in determining the dynamic properties of discontinuities and the com-
plication of numerical modelling, equivalent material property approach still re-
mains the most popular and valuable means in practice in rock engineering.

In most of the previous studies using the equivalent material properties, a rock
mass was usually assumed to be isotropic (Toi and Atluri, 1990; Taylor et al.,
1986; Yang et al., 1996; Liu and Katsabanis, 1997). Although isotropic assump-
tion can give a good prediction of rock mass responses to static and dynamic
loads, the calculations involved in isotropic damage state are simplified due to the
scalar nature of the damage variable. And the influences of the shape, size, orien-
tation and distribution of cracks in a rock mass, which usually result in different
material properties in different directions owing to their usual predominant orien-
tation in certain direction, cannot be captured by using approaches of the scalar
damage. Such influences sometimes take an important role in controlling fracture
and damage accumulation in a rock mass. Moreover, even an initially isotropic
rock mass might become anisotropic owing to blasting loads because rock mate-
rial strength is highly pressure sensitive, i.e., weak in tension but strong in com-
pression. Therefore, it is meaningful to use a three-dimensional anisotropic model
for rock mass in order to have more accurate estimations of its behavior under
blasting loads.

The anisotropic damage model of cracked rock mass was first suggested by
Kawamoto et al. (1988). They used the concept of damage mechanics to describe
the cracks and joints in a rock mass as its initial damage. Zhang and Valliappan
(1990a) also modeled the cracks and joints in a rock mass as its anisotropic initial
damage, and they further used the statistical theory to derive a statistical initial
damage in the rock mass. They included the statistical initial damage in estimating
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the slope stability of the rock mass under static loads (Zhang and Valliappan,
1990b). In these studies, the rock responses to static loads and the initial damage
were all modeled as anisotropic. A continuum anisotropic damage model for brittle
material under low strain rate dynamic loading is developed by Yazdchi et al.
(1996). However, few papers can be found to use the anisotropic damage theory to
analyze the behavior of a rock mass under high strain rate dynamic loads, such as
blasting loads.

In this paper, an anistropic damage model based on the hypothesis of stress
working equivalence is presented to model rock damage resulting from blasting-
induced stress waves. The effects of existing cracks and joints are considered by us-
ing equivalent material properties. The anisotropic damage accumulation is simu-
lated by the continuous degradation of equivalent material stiffness and strength
during the loading process and is calculated using an exponential function with re-
spect to the principal tensile strain. A modified Drucker-Prager model and a modi-
fied linear equation of state as proposed in a previous paper (Hao et al., 1998) are
used to model the strength and stiffness degradation of the pressure sensitive rock
material. The anisotropic cumulative damage in the model is determined by mate-
rial properties, namely the threshold strain ¢.; and constants o; and f; that will be
discussed later.

The present anisotropic damage model has been implemented in a transient,
dynamic finite difference and finite element code Autodyn3D (1997) as its user
defined subroutines. Numerical results obtained will be compared with the data
measured in independent field blasting tests (Zhao et al., 1997). It shows that the
model can well predict the blasting-induced stress wave in the rock mass. Numer-
ically simulated peak particle velocity and acceleration attenuation as well as
acceleration time histories and Fourier spectra all agree favorably with the field
measured data. It demonstrates that the anisotropic damage model results in more
accurate prediction on accelerations of the stress wave than the results obtained
earlier by the authors with isotropic assumption (Wu et al., 1999).

2. Dynamic Response Equations

The equation of motion for an anisotropic damaged body can be written using the
variational principles as (Valliappan, 1991)

[M{a} + [CH{v} + [K(D1(2), Da(2), D3 (1)) {u} = {P(1)}, (1)

where

)= | oy v @

is the mass matrix for damaged rock mass; p and [N] represent the mass
density and shape-function matrix; {a} is the system nodal acceleration vector;
[C] is the viscous damping matrix; {v} is the system nodal velocity vector;
[K(D(t), Da(t), D3(2))] is the time-dependent stiffness matrix defined as

[K(D1(1), Da(1), D3(1))] = JV[B}T[T]T[EHT][B] v, 3)
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{u} is the system nodal displacement vector and {P(¢)} is the system nodal force
vector due to surface and body forces

Pl = |

N

NI+ | VT Fw]av, @
in which [77] is the coordinate transformation matrix, [B] is the strain displacement
matrix, and [E] is the damaged constitutive matrix in the orthotropic damage space,
and D;(¢), i = 1,2, 3 are time-dependent damage scalar in the three directions.

By assuming the complementary elastic energy of the damage state equal to
that of the undamaged state, the elastic constitutive relation pertinent to the an-
isotropic damage model in 3-D space is (Yazdchi et al., 1996)

{6} = [E){e}, (5)
where
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and E, v; and Gj are undamaged elastic modulus, Poisson’s ratio, and shear mod-
ulus, respectively; E;', v; and Gj; are corresponding damaged material parameters.
With a suitable damage evolution equation, constitutive law and damage
model, Eq. (1) can be solved by the dynamic Lagrangian finite element and finite

difference program, such as Autodyn3D.

3. Anisotropic Damage Model

Under intense dynamic loading, damage will be initiated and grow in a rock mass.
It is reasonable to assume that cumulative damage is accumulated over time and
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is irreversible. There are a few definitions of evolutionary damage law in literature.
For the damage evolution of low strain rate, two major damage evolution criteria
(Yazdchi et al., 1996) have been proposed for different kinds of materials, the first
one is a power function of tensile stress and the other one is based on damage
strain energy release rate. For damage evolution of high strain rate, cumulative
damage scalar evolution of rock masses under blasting loads was considered as
function of the damaged Poisson’s ratio (Taylor, 1986), or extensional volumetric
strain (Yang et al., 1996), or volumetric tensile strain (Liu and Katsabanis, 1997).
In a previous study with isotropic assumption, it was proven that the definition
based on the volumetric tensile strain yielded fairly good results (Hao et al., 1998).
In the present study, the damage scalar evolution of rock mass under explosion
loads based on the volumetric tensile strain is extended to the case of anisotropic
damage. The corresponding damage evolution equation in the anisotropic princi-
pal axis is defined as

Di(t)=1—¢ " =123, (10)

where V) is a unit volume; C; is crack density in the i-th direction, which can be
calculated by

NPRY. . .
Ci = (& — eeri) 't & > Eari i=1,2,3, (11)
0 & < &

where o; and f; are material constants in the i-th anisotropic principal axis; ¢ is the
principal strain in the i-th direction; and &, is the corresponding principal critical
tensile strain.

The material parameters, namely «;, f;, and ¢, need be determined from the
dynamic fracture properties of the rock mass. Ideally, they should be determined
by triaxial tensile test data. In reality, however, it is very difficult to carry out tri-
axial tensile tests. Since a rock mass under stress wave propagation always expe-
riences both tensile and compressive strains simultaneously in its three principal
directions, and rock damage is usually controlled by tensile strain, in the present
study, uniaxial tensile test results are used to approximately model rock failure.
Thus, the critical tensile strain ¢.,; can easily be determined from the uniaxial static
tensile test results,

gci'i:Jsti/Ei i= 172737 (12)
where ay; is the static tensile strength and E; = E(1 — D? )2 is the equivalent elastic
modulus in the i-th direction, in which D] is the equivalent initial damage D} in
three directions.

If the tensile strain and crack density in the i-th direction corresponding to the
fracture stress are denoted by &5 and Cgy, respectively, from Eq. (11), it has

Cdﬁ - (Z,‘(Sﬁ - 8(7ri)ﬂ[(ti - tci) = 1727 3, (13)
where ¢; is the total time to reach the fracture stress,

h=2L =123, (14)

&
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and 1 is the time duration needed for the tensile strain ¢; to reach the critical
value &, and

tci:@ i:172737 (15)
&

where ¢; is the strain rate of uniaxial tension. Submit Egs. (14) and Eq. (15) to Eq.
(13), to obtain

Cdﬁ = OC,'(ljéj — l‘(,iél‘)ﬂi(l‘i — Zci) 1= 1, 2, 3 (16)
The time beyond critical time 7.; required for stress to reach the fracture stress is
then
C\VIH5)
li— 1y = (l) g PIUH) = 1,2,3. (17)
o

The relationship between the fracture stress o5 and strain ¢; is
& =op/E(1 - Dp)® i=1,2,3, (18)

where Dj; is the cumulative damage corresponding to the fracture stress in the i-th
direction, which can be estimated from Eq. (10) by replacing C; by Cyp.
Submit Eqgs. (12) and (18) to Eq. (13), to obtain

Ofi Osti

Cop=o| =T () i=1,2,3. (19)
g <Ei(1_Dﬁ)2 Ei)

Then, the fracture stress oy at a certain strain rate in uniaxial tensile state can be
obtained as,

/U123 (20)

1
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on = (1 — Dp) 0w+ Ei(1 Dﬁ>2(

From Eq. (20), we have

— 1+p;
1 — Dy)’E; .
o = ( ( f) > Cdﬁa,-. (21)

an —(1— Dﬁ)zam

As for f;, since fracture stress for many brittle material such as rock depends on
the cube root of the strain rate, it can be taken as equal to 2 (Liu and Katsabanis,
1997; Hao et al., 1998).

In the model by Grady and Kipp (1980) the minimum cumulative damage
value is set to be equal to 0.2, because it provided a “reasonable match” between
calculation and experiment. While in the model by Thorne et al. (1990), another
damage parameter, F, is used with a minimum value equal to 0.693. The physical
meaning for minimum damage values used in the mentioned models is fuzzy.
According to the numerical investigations of rock blasting by Liu and Katsabanis
(1997), the isotropic damage value is about 0.632 when the dynamic tensile stress
reaches the dynamic failure stress. In this study, D; = 0.632 is assumed when the
rock mass is considered failed, implying Cq4s; = 1 in Eq. (10), then the parameter o;
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can be determined from Eq. (21) at any given tensile strain rate. &.; is calculated
by Eq. (12). Based on the laboratory test data of granite at the site under consid-
eration (Soil and Foundation Ltd., 1996), the elastic modulus of the undamaged
rock material is estimated to be 93.87 GPa (Wu et al., 1999). On the other hand,
the geological investigation on site shows that many discontinuities exist in
the rock mass. Based on the orientations, spacing, normalized size of cracks and
number of cracks in the rock mass, a three-dimensional geometric model has been
derived to estimate the anisotropic initial damage in a previous study (Wu et al.
2001). Using the geometric model, it is found that the equivalent initial damage D;
in three directions, namely X, Y, and Z as indicated in Fig. 1, or directions 1, 2
and 3, are 0.162, 0.124, and 0.222 (Wu et al., 2001). Thus the equivalent elastic
moduli for the granite in the three directions can be determined by Eq. (7). They
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Fig. 1. Field layout and vertical section of small scale tests (not to scale)
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are E| = 65.92 GPa, E; = 69.10 GPa, and E; = 56.82 GPa. Based on Eq. (12),
the equivalent critical tensile strain &.;, &,2 and é&,3; are then calculated as
0.265 x 1073, 0.253 x 1073 and 0.307 x 1073, respectively. Using the above data,
the constant o, o, and o3 are calculated by Eq. (21) as o = 5.85 x 1010, o, =
6.74 x 10'° and a3 = 3.75 x 1010,

4. Numerical Implementation

The constitutive law and anisotropic damage model described in the previous
sections together with the modified Drucker-Prager strength criterion and modi-
fied linear equation of state (Hao et al., 1998) are implemented into Autodyn3D
program as user defined subroutines. In numerical calculation, the cumulative
damage in each element can be determined based on Eq. (10), thus, making it
possible to model both damage propagation and damage growth. During loading,
the damage of each element is accumulated for every time increment. The element
stiffness matrix at the end of the previous time step is used to calculate the system
stiffness matrix for the current time step. The state of strain and stress in each el-
ement is obtained and used in damage evolution law to update the damage tensor
components, and hence the element stiffness matrix and element strength at every
time step. Consistent with the damage-based continuum mechanics approach used
here, the element failure is defined by a minimum criterion

Di(1) = 1 — exp(—oi(e; — &) tV) = Dy i =1,2,3, (22)

where D;(1) is anisotropic cumulative damage in the i-th direction under explosion
loading and Dy; is the respective critical damage value, and ¥ is the volume of the
element under consideration. The damage calculated at each time step are com-
pared to its critical value D;. When Eq. (22) is satisfied for a specific element, the
element is considered to have failed and it is assumed to be capable of supporting
only the hydrostatic compressive stresses.

5. Field Test Layout and Numerical Model

The above model with modified Autodyn3D program is used to simulate a series
of field blasting tests carried out at the granite site under consideration. The field
layout, as shown in Fig. 1, consists of a step charge hole with a total depth of 11 m.
The upper 6 m of the charge hole has a diameter of 1.5 m and the bottom 5 m has
a diameter of 0.8 m. More than 100 gages, including accelerometers, pressure
sensors and strains gages were used for different measurements. The measuring
points were placed along two lines on rock surface. In the X direction, they are
placed at 25 m and 50 m; and in the Y direction they are placed at 2.5 m, Sm, 10 m,
25 m, and 50 m distance from the charge hole center. The measurement holes
were also drilled to place accelerometers at the same level of the explosive (8.5 m
below rock surface) in the Y direction with a distance of 2.5 m, 5 m, 10 m, 25 m,
and 50 m from the charge hole center. After accelerometers were placed in the
positions, the measurement holes were filled with grouting materials with similar
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properties as the granite mass. At each point, two pieces of piezoelectric accel-
erometers were placed to record the radial (horizontal) and vertical accelerations.
More detailed descriptions of the test set up and implementation can be found in a
report by Zhao et al. (1997).

Eight tests were carried out with the equivalent TNT charge weights ranging
from 5 kg to 50 kg and loading densities from 2 kg/m?® to 20 kg/m? (explosive
weight divided by charge hole volume). In order to simulate a contained explo-
sion, the charge chamber (bottom 5 m of the charge hole) was covered by a 50 mm
thick steel plate and 8 concrete blocks with a total weight of 15 t to prevent
any uplifting. Explosive used is PETN, which has an equivalent charge weight
ratio of 1.41 to TNT. In each test, explosive was placed at the center of the charge
chamber on a wooden stand. The recorded data were used to derive empirical at-
tenuation relations for peak particle velocity and peak particle acceleration. The
best fitted empirical attenuation relations are given in the following (Zhao et al.,
1997):

PPA = 1928.2(R/ Q') 143! (g) (23)
PPV = 0.396(R/Q"?)~1% (m/s), (24)

where R is distance in meter measured from the charge center; Q is equivalent
TNT charge weight in kilogram. It should be noted that the above empirical at-
tenuation equations were derived by using the data obtained from the tests with
loading densities varying from 2 kg/m3 to 20 kg/m3. This is because the peak
values of stress waves do not vary significantly in this range of loading densities.
This observation is consistent with other field test data and the loading density
effect is usually neglected when it is less than 50 kg/m?3 (Odello, 1998).

In numerical modelling, air and equivalent explosive TNT are simulated by
Euler processor and are assumed to satisfy the equation of state (EOS) of ideal gas
and EOS of JWL (Jones-Wilkens-Lee), respectively. Rock material is modeled by
the modified orthotropic linear EOS and simulated by Lagrange processor (Hao et
al., 1998; Wu et al., 1999). The whole domain, including rock, air and TNT, is
assumed to be symmetric in the X and Y directions. Thus only one quarter of the
rock mass is modeled in the numerical model. Transmitting boundary is used to
reduce reflection of stress wave from the numerical boundaries. The material con-
stants of the rock mass obtained from site investigation are used in numerical
simulation, while standard constants of air and TNT are from the Autodyn3D
material library. These include Poisson’s ratio of the granite v = 0.16; averaged
mass density of granite 2650 kg/m?, air mass density p = 1.225 kg/m?; air initial
internal energy En = 2.068 x 103 kJ/kg; and ideal air constant y = 1.4. The shear
modulus of the rock mass depends on the elastic modulus E; and Poisson’s ratio v,
and also degrades with the damage variable D;. In the present study, initial Pois-
son’s ratio is still assumed to be isotropic. It should be noted that viscous damping
effect is neglected in the numerical simulation as its influence on high velocity
explosion-type responses is insignificant. It should also be noted that the continuum
damage mechanics theory is employed in the current study to define the rock mass
damage. The rock mass is modeled as a continuum solid subjected to impulsive
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load induced by explosion. Damage to the rock mass is caused by stress wave
propagation through the rock mass that generates strains larger than the threshold
strain as defined in Eqgs. (10) and (11). Damage due to the penetration/explosion of
the explosive gas into the existing fractures is not considered. Such damage was
not considered by other researchers in their study of rock damage to explosive
load (Taylor et al., 1986; Yang et al., 1996; Liu and Katsabanis, 1997). However,
numerical results obtained by those researchers as well as in the present study in-
dicate that modeling only the damage induced by stress wave propagation can give
reasonable prediction of rock mass response to blasting load.

6. Numerical Results and Analysis

The proposed numerical model is used to simulate the above field blasting test in
the granite mass. Figure 2 shows comparison of the calculated peak particle veloc-
ities (PPV) and the calculated peak particle accelerations (PPA) with isotropic and
anisotropic damage model in the rock mass (free field) at different scaled distances
in the Y direction. The corresponding best fitted curves of the field measured data
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Fig. 2. Comparison of attenuation of PPV and PPA in the Y direction



Numerical Analysis of Blast-Induced Stress Waves: Part 1 89

+++++Anisotropic numerical results
fffffffff Isotropic numerical results

Test results

100+

-50

acceleration g

-100+

-150-

Fig. 3. Comparison of horizontal acceleration time histories (radial direction) in the rock mass at 25 m
from the charge hole in the Y direction (charge weight 50 kg)

in the Y direction are also plotted in the figure. As can be seen, numerical results
agree well with the field measured data for PPV. Compared to the PPV calculated
in the Y direction with isotropic assumption (Wu et al., 1999), the present results are
similar, if not better, implying the PPV stress wave can be well predicted by using
either isotropic or anisotropic damage model. It is noteworthy that improvement on
the accuracy of PPA in the Y direction is achieved if anisotropic damage model is
used as compared with those calculated by using the isotropic model (Wu et al.,
1999). The largest error between the simulated PPA and field measured data differ
by about 2 times in the present study, while the largest difference between the mea-
sured PPA and PPA simulated without considering anisotropic damage is 3.5 times
(Wuet al., 1999).

Figure 3 shows the comparison of the recorded and simulated acceleration
time histories (in radial direction) in the rock mass in the Y direction at 25 m from
the charge hole when charge weight is 50 kg. It shows that the wave form and peak
value of the simulated stress wave with anisotropic damage agree better with those
of the recorded motion than those obtained from isotropic damage model. Figure
4 shows comparison of the corresponding Fourier spectra of the simulated and
recorded acceleration time histories. It shows that, the spectrum of the simulated
acceleration time history obtained by anisotropic damage model is more accurate
than that obtained by isotropic model at frequencies higher than 1500 Hz. It indi-
cates that the isotropic model fails to simulate the attenuation of high frequency
energy in stress wave by rock mass anisotropy.

Figure 5 shows the recorded and simulated acceleration time histories on the
rock surface at 50 m from the charge hole in the X and the Y directions. Reason-
ably good matches are observed again. As shown, the PPA recorded in the Y di-
rection 1is slightly larger than that recorded in the X direction. Figure 6 shows
comparison of their Fourier spectra. It shows that the dominant frequencies of the
recorded and simulated acceleration time histories are similar. It also shows that
the principal frequency of the stress wave in the X direction is smaller than that in
the Y direction because more discontinuities exist in the X direction which cause
high frequency energy to attenuate more rapidly. The amplitudes of the Fourier
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spectra of the simulated stress wave on rock surface are higher than those of
the recorded motion. This is reasonable because equivalent material property ap-
proach does not consider vigorously the effects of existing cracks in the rock mass,
which will cause certain wave reflection, thus smaller Fourier spectra amplitudes.
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The field observation of some falling crashed rock blocks in the charge hole
after explosion indicated that some damage was created around the charge hole
when the charge weight was 50 kg with a loading density of 20 kg/m* (Zhao et al.,
1997).

Figure 7 shows the calculated damage zone around the charge hole in the rock
mass when charge weight is 50 kg. The damage variable at any particular point is
defined as D = max D;(¢), where D;(¢) is determined by Eq. (10). When D is larger
than, say, 0.63 as suggested by Liu and Katsabanis (1997), the rock mass is con-
sidered failed. As shown in the figure, the intensive damage zone (D > 0.63) is
about 1.22 m in the X direction and 1.07 m in the Y direction deep into the rock
mass. This damage level indicates excessive cracks in the rock mass and possible
falling of rock blocks. These results are consistent with the field observations that
shows falling of rock blocks after 50 kg detonation in the charge hole, although
the exact depth of the crack extension in the rock mass of the field test is unknown.
To more accurately calibrate the damage zone simulated by the present numerical
model, further field blast tests are necessary. It should also be noted that the
damage zone in the Y direction is smaller than that in the X direction. This is also
due to the pre-existing damage in the X direction.
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7. Conclusions

Based on the theory of continuum damage mechanics, computational methods
were developed for the analysis of dynamic responses of rock mass under blast-
ing loads. An anisotropic damage model has been presented in the present
study. The model is capable of describing the rate-dependent non-linear behavior
of rock masses. Damage evolution based on exponential function of principal ten-
sile strain has been used here to calculate the cumulative damage. Using Auto-
dyn3D together with the proposed anisotropic damage model, an independently
conducted field test has been numerically simulated. It was found that the peak
particle velocity, peak particle acceleration, acceleration time history and Fourier
spectra of acceleration all agreed favorably well with test results. It was also
demonstrated that numerical results based on anisotropic damage model are more
accurate than those based on isotropic damage model in predicting underground
blasting-induced stress wave accelerations. The validity of the proposed model for
a rock mass under blasting loads has been proved. Using anisotropic model, non-
isotropic damage zone and stress wave propagation in a rock mass can be simu-
lated.
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