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Evaluation of blasting-induced rock damage and fragmentation is very important for safety control of construction in the jointed
rock mass. The discontinuous numerical models are commonly applied due to the advantages in modeling fragmentation and
treating discontinuities. In this paper, the rock fracturing algorithm and rate dependent strength law are incorporated into the
discontinuous deformation analysis (DDA) to study the wave propagation and rock fragmentation phenomena in dynamic
problems. By reproducing Hopkinson pressure bar tests under different loading rates, the improved method is validated to be
capable of solving dynamic failure problem. Finally, taking the Xiucun tunnel as an example, its failure process under the action of
the explosive wave is simulated, and some failure features are captured. In addition, the explosion wave propagation and its
induced particle vibration in surrounding rock are studied. The reasonable simulation results indicate that the modified DDA
method can effectively model the stress wave propagation and joint growth process in the jointed rock under blasting load.

1. Introduction

Blasting is frequently encountered in rock engineering, and
blasting-induced rock failure is an extremely complex me-
chanical problem. When an explosion occurs in the natural
rock mass, a blast shock wave is produced and quickly decays
into a blast stress wave, and then the blast stress wave is
transmitted and reflected on the existing joint network. Some
studies have found that the blast stress wave plays an important
role in the fracture and fragmentation of surrounding rock
[1-5]. Therefore, when studying the mechanical response and
failure behavior of jointed rock caused by explosion, it is of
great significance to investigate the propagation and energy
attenuation law of blast stress wave. In terms of numerical
calculations, due to the advantages in simulating a large
number of joints, much work has focused on the discontinuum
methods or them coupled with other methods. Lemos [6] used
UDEC to study the effect of the bonding force of a single rock

joint on the propagation of a one-dimensional shear wave and
determined the transmission and reflection coefficients of the
shear wave at the joint. Zhao et al. [7] and Chen and Zhao [8]
coupled the discrete element program UDEC with the finite
difference program AUTODYN-2D to simulate the generation
and propagation process of explosion wave in the jointed rock
mass. Cai [9] and Zhao [10] used UDEC to study the prop-
agation law of stress waves in single and multiple joints, taking
into account the joint linear deformation, nonlinear defor-
mation, shear slip, and other conditions. Wang et al. [11]
conducted research on the propagation and attenuation law of
longitudinal waves in parallel joints by 3DEC and considered
the influence of joint spacing. Jiao et al. [12] introduced
nonreflective boundary conditions into the DDA program to
simulate the propagation of explosive stress waves in the
jointed rock mass.

Although considerable efforts have been made on the
propagation of explosion stress waves in jointed rock,
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turther research on the rock fracture caused by the stress
waves is lacking. Wang and Konietzky [13] introduced a
coupled method combining LS-DYNA and UDEC to
explore the stress wave induced fracture in jointed rock
masses. An et al. [14] implemented a hybrid finite-discrete
element method (FEM-DEM) to simulate rock fracture
and resultant fragment muck-piling in various blasting
scenarios. Ning et al. [15] developed the subblock method
of DDA for modeling rock fracturing and blast-induced
rock failure and captured the fracturing path and failure
pattern of intact rock. These research results show that the
discontinuum methods are very promising in simulating
explosion-induced rock fracture, but the work done is far
from thorough.

Considering that the DDA method inherently has the
ability to solve the dynamic problems [16-20] and has a
simpler and more straightforward physical meaning than
DEM |[21, 22], it is chosen to study the rock failure caused by
the explosion wave in the present paper. By the fracturing
algorithm of artificial joint and the dynamic failure criterion
related to the strain rate, the ability of the DDA method is
extended to dealing with the dynamic fracture and frag-
mentation of jointed rock. As verification, the extended
method is used to model Hopkinson pressure bar tests under
different loading rates. Finally, an engineering tunnel case is
studied, and the propagation of blast stress waves in jointed
rock and its induced fracture behavior of tunnel sur-
rounding rock are analyzed.

2. The Modified DDA Method

In 1988, a new numerical model, namely, discontinuous
deformation analysis (DDA), is presented by Dr. Shi [23] to
study the statics and dynamics of the rock block system.
Each block moves according to Newton’s second law of
motion, and the contacted blocks can open or slide, but not
penetrate, which is carried out by contact springs. DDA
provides a new powerful tool for simulating the large dis-
placement and failure of rock mass with a large number of
joints. As the DDA theory matures and improves, its ap-
plication in engineering is becoming more and more ex-
tensive, mainly involving slope slip, tunnel collapse, dam
foundation stability, and so forth.

2.1. DDA Governing Equations. In DDA, the rock mass is
considered to be an assembly of blocks separated by joints.
The governing equations are derived by minimizing the total
potential energy of the block system, which is contributed by
the block deformation, block-block contacts, external loads,
displacement constraints, and so forth. The governing
equations can be written as follows:

MB+pb+KD=F, (1)

where M, p, and K are mass, damping, and stiffness ma-
trices, respectively, and D and F denote the generalized
displacement vector and generalized force vector. In the
present DDA program, damping is not considered, so y = 0.
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Using the forward finite difference scheme and the initial

condition, D in equation (1) can be replaced with a function
of D. Thus, equation (1) can be transformed to

KD =F. (2)

Assuming a block system containing n blocks, we have
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where D, F; (i = 1,2,---,n) are 6 x 1 submatrices; D, is the
deformation variables of block #; F; is the generalized force
vector distributed to the deformation variables of block ; K;;
(i,j=1,2,---,n) is a 6 x 6 submatrix; K;; is relevant to the
material properties of block i; and K;; (i # j) is defined by the
contact between blocks i and j.

Equation (2) is solved repeatedly to achieve no-pene-
tration state between adjacent blocks by adjusting the
contact springs.

2.2. Rock Fracturing Algorithm. In order to extend the re-
search object of DDA from discrete block system to inter-
mittent joint rock and intact rock, the concept of the
artificial joint is introduced and developed by Ke [24], Lin
et al. [25], and the authors [26]. The rock mass is cut into a
triangular block system by real and artificial joints. Further,
the fracturing algorithm of artificial joints is put forward by
the authors to model the continuous-discontinuous process
of the rock mass. The artificial joints bond adjacent blocks
together with the cohesive force, which constantly evolves as
the rock mass moves and deforms. The normal cohesive
force can be depicted as

kid, (d<d,),
Jo= (4)
d.-d
kldom, (dO <d<dc),

where f is the normal cohesive force; k; is the stiffness of
normal contact spring; d is the opening of the artificial joint,
decided by the relative position of adjacent blocks; d,, is the
joint opening when the cohesive force reaches the maximum
tensile force of rock, computed by ol/k;; o, is the tensile
strength of rock and [ is the length of artificial joint; d_ is the
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corresponding joint opening while the cohesive force de-
crease to 0, obtained by 2G/0y; Gy is the fracture energy of
mode I crack.

When the normal cohesive force at an artificial joint
decreases to 0, the artificial joint will cause tensile failure and
becomes a real joint. The shear failure of the artificial joint
can be judged by the Mohr-Coulomb criterion:

f.=cl+ f,tan ¢,

_ l-sing (5)

“2cos ¢’

where f. is the tangential contact forces and ¢ and ¢ are
cohesion and inner friction angle of the rock, respectively.

2.3. Dynamic Failure Criteria. As can be seen from equation
(1), the governing equations of DDA are established on
Newton’s second law of motion, so it is inherently capable of
solving dynamic problems. However, the strain rate effect is
not considered, which cannot be ignored in certain prob-
lems, such as blasting and impact. Some researchers con-
ducted a series of laboratory tests and studied the enhanced
effect of loading rate on rock strength. It was generally found
that, under the high strain rate caused by explosion, the rock
strength rapidly increases as a power function of strain rate.
According to the research findings in literature [27], for
most brittle materials such as sandstone and granite, the
relation between the dynamic tensile and compressive
strength of rock and the strain rate is expressed as

Oy = Aém,
td (6)

0.4 = B,

where o andoy are, respectively, dynamic tensile and
compressive strengths of rock; ¢ is the strain rate; and A and
B are the material parameters related to the static strength of
rock.

Generally, A and B in formula (6) can be obtained by the
regression analysis of test data. For example, according to
the tests conducted in literature [27], for sandstone with
good integrity and homogeneity, A=3.75 and B=30.
However, the dynamic strength tests are very consuming. In
the absence of test data, the empirical formulas for concrete
suggested in the design code [28] can be used to estimate the
values of brittle rock from the static strengths.

In this study, the above formula is adopted to replace the
strength parameters involved in formulas (4) and (5). Thus,
they are developed to the dynamic criteria of fracture under
blasting load.

3. Modeling Hopkinson Compression Bar Tests

Herein, to verify the efficiency of the extended DDA method
in considering the strain rate, the Hopkinson compression
bar tests of rock-like materials performed in literature [29]
are simulated and compared with the test results.
Half-disc specimens with a diameter of 50 mm are used
in the Hopkinson compression bar tests. The specimen

contains a 4 mm long prejoint at the bottom center and a
penetrating joint with an inclination of 45°. The distance
extending the prejoint tip to the penetrating joint is 8.7 mm.
The DDA numerical model is shown in Figure 1, in which
the block boundaries displayed in gray are artificial joints.
The displacement loading with a certain rate is applied at the
incident rod, while the projection rod is fixed.

The physical and mechanical parameters of material are
as follows: density p=2600kg/m’, elastic modulus
E=5GPa, Poison’s ratio p=0.25, internal friction angle
¢=30", A=7, and B=40 in formula (6). The real joints have
no strength.

Figure 2 exhibits the final failure patterns of specimens
under different loading rates obtained by the improved DDA
simulation. It can be discovered that the specimen failure is
controlled by the existing joints, while the loading rate
significantly affects the dynamic growth of prejoint. When
the loading rate is not high enough, the prejoint can only
grow along but not through the penetrating joint. As the
loading rate increases, the prejoint grows along the pene-
trating joint for a certain distance and then grows through it.
The distance of prejoint growing along the penetrating joint
decreases as the loading rate increases. As the loading rate
continues to increase, the deformation energy stored in the
specimen is too high to be completely consumed by the
prejoint growth, resulting in a joint branch. It indicates that
the ability of the prejoint growing through the penetrating
joint is enhanced by the loading rate. A similar observation
was also gained in the experiments of literature [29], as
shown in Figure 3.

The simulation results of the improved DDA method
agree well with the experiment observations, indicating that
it can correctly reflect the rate effect in the dynamic problem
and model the failure process of jointed rock under dynamic
loading. In addition, the influence of joint orientation on the
specimen failure pattern is studied. The loading rate is
0.03 m/s, and the simulated results are displayed in Figure 4.
We can find that, under the same loading rate, with the
increase of the angle between the penetrating joint and the
loading direction, the ability of the prejoint to propagate
through the penetrating joint increases, and the offset dis-
tance of the growth path along the penetrating joint
decreases.

4. Modeling the Dynamic Response of
Surrounding Rock

As an engineering case, the Xiucun tunnel in Fujian
Province of China is chosen to investigate the mechanical
response of jointed rock subjected to multiple blasting loads.

4.1. Xiucun Tunnel. Xiucun tunnel is located in Shaxian
County, Fujian Province, China. The maximum buried
depth of the tunnel is about 700 m, and the surrounding rock
is mainly the early and late Yanshan granite. The rock mass
contains several sets of joints nearly parallel to the tunnel
axis. The joints are unfilled, smooth, and closed with a dip
angle of 60°~90°. A computational model of 70m x50 m is
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FIGURe 1: Numerical model of the half-disc specimen.
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FIGURE 2: Specimen failure patterns under different loading rates obtained by the improved DDA simulation: (a) 0.02 m/s; (b) 0.03 m/s;

(c) 0.04m/s; (d) 0.05m/s.
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Ficure 3: Different failure patterns of specimens obtained in literature [29].
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FIGURE 4: Failure patterns of specimens with different joint orientations under the same loading rate: (a) 157 (b) 30% (c) 60% (d) 90°.

generated; see Figure 5. Two intersecting joint sets with the
dip angles of 60° and 70” are considered in the model. Each
joint set is parallel with the spacing of 9m, trace length of
22 m, and rock bridge of 2 m. An arched tunnel of 9.4 m high
and 11.7 m wide is excavated in the intermittent rock mass.
The buried depth of the tunnel in this simulation is con-
sidered as 100 m. Five measuring points with a spacing of
4m are arranged at the right side of the tunnel.

The physical and mechanical parameters of granite are
given as density p = 2650 kg/m’, elastic modulus E = 7.4 GPa,

Poison’s ratio p = 0.25, internal friction angle ¢ = 30°, A = 4.6,
and B=38 in formula (6). The real joints have no strength.
The y-direction displacements at the bottom of model and
the x-direction displacements on its both sides are restricted
by a large block fixed around the model, and a uniform load
of 1.86 MPa is applied to the model top to simulate the
overlying rock mass. The horizontal geostress coeflicient is
about 0.98, and the initial geostress field is shown in Figure 6.
The blasting stress acts vertically on the inner wall of the
tunnel. The blasting parameters are as follows: the total
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FIGURE 5: Computatlonal model of the Xiucun tunnel.

explosive charge of 186 kg is detonated in 7 stages, and, in the
first stage, the charge of cut holes with the greatest damage to
surrounding rock is 12 kg; the explosive density is 1250 kg/m’,
and the detonation velocity of the explosive is 3600 m/s; the
diameters of blast hole and charge are 45mm and 32 mm,
respectively, and the spacing of blast hole is 500 mm. In this
simulation, multiple blasting loads are simplified into three
triangle stress waves, and the peak stress can be estimated as
30 MPa from the above blasting parameters [30] (see Figure 7).

4.2. Explosion Stress Wave Propagation in Surrounding Rock.
Figure 8 compares the particle velocity histories at different
monitoring points in the surrounding rock. It can be clearly
seen that the near-field particle moves violently, with a peak
velocity of 0.77 m/s, and as the distance of particle away from
tunnel increases, the particle motion gradually becomes gentle.
Moreover, the moment for the particle velocity reaching the
peak value is delayed with distance. Compared to the 0.004 s at
M1 and M2, the arrival time of peak velocity 0.14 m/s at M5 is
0.021 s. We also can find that after 0.06 s, the particle motion at
the far-field generally stops, indicating that the far-field blasting
response is over. Figure 9 plots the blasting vibration velocity
curve measured at the tunnel wall, showing the particle motion
law close to the numerical results.

Figure 10 shows the attenuation of the peak particle
velocity (PPV). There is reason to believe that energy loss
occurs when the stress waves traveling across the existing
joints. The numerical result agrees well with the empirical
findings [31]. The attenuation curve of PPV can be described
by a negative power function, as follows:

\3/6

where R is the proportional distance; R is the distance from the
explosion source; and Q is the maximum charge in a single stage.

-1.15
. R
PPV = 1.442R" ™" = 1.442(—) , (7)

4.3.  Blast-Induced  Fracture of Surrounding Rock.
Figure 11 shows the fracture process of Xiucun tunnel’s
surrounding rock under multiple blasting loads. We can see

that, in the initial stage, some radial fractures around the
tunnel generate and expand through the existing joints.
When they extend a certain distance from the tunnel, they
can no longer grow through but along the existing joints. The
main reason for this phenomenon is that, as the blasting
stress wave propagates and attenuates in the surrounding
rock, the loading rate applied on the surrounding rock
decreases rapidly, and the energy driving fracture propa-
gation decreases, which in turn causes the ability of the
fracture penetrating the existing joints to be weakened. This
is consistent with what was observed in the above experi-
ment. From this point of view, the existing joints can restrict
the blast crack growth, resulting in a poor blasting effect in
the jointed rock mass. As seen in Figure 11(d), a crushing
zone restricted by the existing joints is finally formed around
the tunnel.

The numerical results show that the depth of the
crushing zone is about 4 m, which is consistent with the field
test data. Figure 12 plots the sonic velocity-depth curves of
the surrounding rock after blasting. The sonic velocity in the
surrounding rock around the tunnel drops significantly,
showing that the rock mass is destroyed. In the first test, the
sonic velocity of surrounding rock within 1.5m drops by
two-thirds, which is caused by the severe damage to the
surrounding rock. In the second test, the sonic velocity
further decreases, and the sonic signal of the surrounding
rock within 1.7m cannot be collected, indicating that the
rock mass has been completely broken. According to the
technical code [32], if the sonic velocity decreases by more
than 10% after blasting, it can be considered that the sur-
rounding rock is damaged or fractured. Based on this, it can
be determined that the depth of blast-induced fracture in the
surrounding rock is 3.8 m.

Under the blasting loads, the evolution of fracture
number in the surrounding rock is displayed in Figure 13.
The total number of fractures is about 450. Fractures mainly
occur in the 0.008 s of blasting, and the number is about 270,
reaching 60% of the total. After that, the fracture number
increases slowly. It shows that during blasting, the sur-
rounding rock is seriously fractured and its quality drops
sharply. Later, some fractures continue to develop and the
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FIGURe 6: The initial geostress field. (a) The vertical geostress. (b) The horizontal geostress.
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FIGUure 7: Multiple blasting loads acting on the tunnel.
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FIGURe 8: Particle velocity histories at different monitoring points.

quality of surrounding rock declines accordingly. It confirms the energy is low, the fracture propagates along the joint.

the two sonic test results (Figure 12). Eventually, a failure zone restricted by the joints is

In conclusion, due to the existence of joints, the ex-  formed. Therefore, in blasting design and construction, it
plosive stress waves undergo complex transmission and  is of great significance to accurately grasp the distribution
reflection, and the stress wave energy is unevenly dis-  and characteristics of joints in the surrounding rock, for

tributed in the surrounding rock. Where the energy is  utilizing blasting energy and achieving a good blasting
high, the fracture propagates through the joint, and where  effect.
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FiGure 11: The failure process of Xiucun tunnel under multiple blasting loads. (a) Displacement distribution at 0.005s. (b) Displacement
distribution at 0.04s. (c) Displacement distribution at 0.12s. (d) Displacement distribution at 0.2s.
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5. Conclusions

In this paper, for the simulation of the dynamic behavior of
jointed rock, a fracture algorithm of artificial joint and a
dynamic failure criterion related to strain rate are proposed
in the DDA framework.

The proposed method is used to simulate the Hopkinson
compression bar tests of the rock-like structure under dif-
ferent loading rates. The simulated results reveal that the
loading rate significantly affects the dynamic growth of the
prejoint, which agrees well with the experimental observa-
tions. It shows that the proposed method can correctly
simulate the failure behavior of jointed rock under a high
strain rate.

For engineering application, the dynamic response of
Xiucun tunnel under multiple blasting loads is studied. The
simulated stress wave attenuation law shows a good
agreement with the empirical findings. The blasting stress
causes radial fractures around the tunnel. The fracture
growth mode is closely related to the propagation and
distribution of stress wave energy. At the near field of tunnel,
the stress wave energy and the loading rate is high, so the
fractures grow through the existing joints. While at the far
field, the stress wave energy attenuates and the loading rate
decreases; thus, the fractures grow along the existing joints.
Finally, a fracturing zone restricted by the existing joints is
formed. The fracture depth of the surrounding rock is
consistent with the sonic test results.

It can be concluded that the improved DDA method can
consider the effect of the strain rate in the dynamic problems
and study the failure process of rock from continuous to
discontinuous at a high strain rate. It provides a tool for
solving some complex dynamic failure problems in rock
engineering.
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