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ABSTRACT

Considering the energy consumption of the crushed zone caused by blasting, the energy dissipa-
tion characteristics were investigated through theoretical calculation and a plug-in for calculation
of energy reduction was made. As a result, an improved CDEM method suitable for studying
blast-induced crack propagation was proposed. The improved CDEM method was then used to
numerically simulate the blast-induced crack propagation under three different in-situ stress condi-
tions: uniaxial in-situ stress, biaxial equal in-situ stresses and biaxial unequal in-situ stresses. It was
found that the in-situ stress conditions had significant effects on the distribution of the blast-
induced cracks, the evolution of blast-induced stresses and the propagation of the blast-induced
cracks. At the uniaxial in-situ stress condition, the vertical in-situ stress reduced the tip stresses of
the horizontal crack and inhibited the propagation of the horizontal crack. At the biaxial equal in-
situ stress condition, the peak radial stresses and circumferential stresses of the gauging points
decreased gradually with the increase of in-situ stresses. In particular, the circumferential stresses
of the gauging points gradually changed from tension to compression with an increasing in-situ
stress. At the biaxial unequal in-situ stress condition, there were different inhibitions on crack
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propagation in the horizontal direction and the vertical one.

1. Introduction

With an increasing population and GDP per capita, the glo-
bal production and consumption of various minerals have
increased for over one century [1]. The stock of mineral
resources in the shallow earth has been difficult to meet the
needs of industrial production, and exploration into the
deep earth is an inevitable development trend. In the deep
environment, resource exploitation faces high in-situ stresses
with the prominent nonlinear characteristics of rock mass
and mining difficulty increases dramatically [2]. The high
in-situ stresses mentioned above are a big challenge for rock
blasting in deep mines or other deep rock projects. The
propagation of cracks under explosion load has been exten-
sively studied [3-5].

In deep mining, the in-situ stresses such as vertical stress
increase significantly with the increase of mining depth [6].
The results of in-situ stress researches show that when the
depth reaches 500m, the in-situ stress exceeds 10 MPa.
When the depth gradually increases, the in-situ stress
increases linearly [7, 8]. Therefore, in the deep rock blasting,
rock fracture is due to a combined action of in-situ stresses
and blast-induced stresses, so the influence of the in-situ

stresses on blast results cannot be ignored [9]. Previous
studies have shown that in-situ stresses have a significant
effect on the stress state around the borehole [10], the
propagation characteristics of blasting stress waves [11] and
blast-induced cracks [12]. Because the blast-induced crack
propagation at high in-situ stress conditions is closely
related to the design of blasting parameters, it has received
more extensive attention.

Kutter and Fairhurst [13] investigated the effect of in-situ
stress field on the distribution of blast-induced cracks
through model experiments. They showed that the in-situ
stress field promoted the propagation of blast-induced
cracks along the direction of the maximum principal stress
and inhibited the propagation of blast-induced cracks per-
pendicular to the direction of the maximum principal stress.
In the following decades, the experimental results of Kutter
and Fairhurst were verified by other researchers by means
of model experiments [14, 15]. Although the model experi-
ments can reflect the influence of in-situ stress on the
propagation of blast-induced cracks more realistically, due
to the complexity of experimental loading and the limita-
tions of testing methods, it is difficult to collect the data of
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in-situ stress effect on the propagation of blast-induced
cracks. Therefore, numerical simulation has become a neces-
sary approach to study the propagation of blast-induced
cracks in high in-situ stress rock mass in recent years.
Zhang et al. [16] simplified rock blasting with a columnar
charge in an infinite rock mass into a plane strain problem.
Based on the bilinear kinematic hardening yield theory, they
studied the effect of the in-situ stress field on the crack
propagation using finite element method (FEM). Their
simulation results showed that the area of circular fracture
zone decreased nonlinearly with the increase of in-situ
stresses at the biaxial equal in-situ stress condition. Using
LS-DYNA software, Xie et al. [17] used the Riedel-
Hiermaier-Thoma (RHT) model to study the crack propaga-
tion and damage distribution of cut blasting at high in-situ
stress conditions with different lateral pressure coefficients.
Their results provided a reference for the parameter design
of deep rock cut blasting. Wei et al. [18] used the Rock
Failure Process Analysis (RFPA) software to conduct a
numerical simulation of crack propagation of slit charge
blasting at high in-situ stress conditions. Their study indi-
cated that when the maximum principal stress direction of
the in-situ stress field was perpendicular to the slit direction,
it was not conducive to the propagation of the directional
crack. While when the direction of the maximum principal
stress was parallel to the slit direction, it was favorable for
the propagation of the directional crack. Their results pro-
vided a guide line for optimization of blasting parameters in
deep rock excavation. Han et al. [19-22] implemented com-
bined finite-discrete element method (FDEM) parallelized
on the basis of GPGPU to model the rock fracture and frag-
mentation process and study the damage evolution during
controlled contour blasting in the bench of a deep-buried
tunnel, and applied the self-developed combined finite-dis-
crete element method software to model the rock fracture
process induced by a single-hole destress blasting based on a
practical blast in a deep gold mine with high in-situ stresses.
Besides, the FDEM numerical modeling vividly simulates the
fracture initiation and propagation, as well as the fragment
expulsion, ejection and flyout resulting in the rockburst pro-
cess that could be difficult to capture on the site or via the
conventional continuum modellings. An et al. [23] imple-
mented hybrid finite-discrete element method (FEM-DEM)
to simulate rock fracture and resultant fragment muck-piling
in various blasting scenarios. Zheng et al. [24] studied the
blasting damage of single free boundary media and eval-
uated the damage based on fractal theory.

The above description indicates that the numerical simu-
lation of blast-induced crack propagation at high-in-situ
stress conditions has been mainly carried out using the finite
element method. For the algorithm principle of numerical
simulation, the finite element method cannot be used to
simulate blast-induced crack propagation. As a result, on the
one hand, important dynamic parameters such as the
stresses of a crack tip at high in-situ stress conditions cannot
be obtained in the numerical simulation; on the other hand,
the reliability of the existing conclusions obtained from the
finite element method requires validation. As above, this

study adopts a method combining finite element and dis-
crete element to carry out the numerical simulation of crack
propagation at high in-situ stress conditions. This study
aims to simulate the propagation of blast-induced cracks
more realistically and to investigate the effect of different in-
situ stress states on the blast-induced crack distribution.

2. Improved CDEM method
2.1. Introduction of CDEM

The Continuum Discontinuum Element Method (CDEM) [25,
26], based on the Lagrangian’s equation, realizes the coupling
of finite element and discrete element and simulates the
internal and boundary fracture of a block. The method can
simulate the progressive failure process of a material (As
shown in Figure 1) using a block to represent a continuous
property and using an interface to represent a discontinuous
property. The GDEM software used in this study is based on
the CDEM method, which simulates the entire dynamic pro-
cess of the block from continuous deformation to crack
propagation. Therefore, GDEM can simulate the physical pro-
cess of crack propagation more realistically.

2.2. Improved CDEM method

Rock fragmentation by blasting is a complex process. The rock
fragmentation depends not only on the energy input to the sys-
tem, but also on the energy distribution or effective energy used
in rock fragmentation [28, 29]. The region of a blast can be div-
ided or partitioned into crushed zone, fracture zone, and elastic
vibration zone that are located consecutively from the vicinity
of the borehole to distant locations [30]. Under the strong
impact of the detonation wave, a small area around the bore-
hole is crushed to form a crushed zone [31]. Although the
scope of the crushed zone is small, relevant studies have shown
that 50% of the energy generated by conventional explosives is
used to form the crushed zone. As a result, only 20-30% of the
blasting energy is effectively used to break the rock [32-34].
The CDEM method mainly controls the crack propagation in a
structure through fracture energy. This method has been suc-
cessfully applied in the study of bench blasting and cut blasting.
The CDEM method can simulate the formation process of the
fracture zone. However, due to the complexity of blasting pro-
cess, there is no numerical software that can simulate the for-
mation process of the crushed zone. In the numerical
simulation of blasting by CDEM method, the fracture zone is
directly formed around the borehole without considering the
formation of the crushed zone. Although the scope of the
crushed zone which is small can be ignored, the blasting energy
consumed by the crushed zone is nonnegligible.

At present, the CDEM method does not consider the
consumption of blasting energy in the crushed zone, result-
ing in too much energy being used to form the fracture
zone, and the algorithm design is not reasonable enough.
Therefore, it is necessary to obtain the energy consumption
of the crushed zone and realize the reduction of the energy
input to the fracture zone, so as to simulate the propagation



Numerical model
Figure 1. Basic components of CDEM numerical models [27].

behavior of blast-induced cracks more realistically. In the
calculation, it is considered that the rock in the crushed
zone is completely destroyed by the strong compression and
shear load, and a pulverized cavity area is formed. The rock
in this region can be regarded as an isotropic, incompress-
ible and non-cohesive bulk medium, but still has cohesion
between the broken particles. The model is simplified as an
infinitely long cylindrical cavity in the rock medium. The
cavity is subjected to a blasting stress uniformly distributed
along the axial direction. The blasting gas is assumed to
propagate adiabatically. The volume of the gas in the frac-
ture is negligible.

According to the Mohr-Coulomb criterion of rock failure
and the Jones-Miller adiabatic equation, the radius r. of the
crushed zone is given by [34]:

1
Py o \71
re="1p <_ T+sin0 K05 (1)

Os

where 7, is the radius of the borehole; P, is the original
pressure of the borehole after the detonation (Chapman-
Jouguet pressure in the case of coupling charge); 0 is the
internal friction angle; y, is the adiabatic index in the initial
stage (y; =3.0); K is a coefficient.

The dynamic compressive strength o, of rock is [35]:

2\ 1/4
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where o, is compressive strength; p,, is the density of the
rock; ¢, is the velocity of longitudinal wave.

On this basis, according to the energy conservation law,
the energy consumption in the crushed zone includes frac-
ture surface energy Ep deformation energy Ep, kinetic
energy of rock movement and other forms of energy [27].
Due to the clamping effect of the rock around the borehole,
the fine particles in the crushed zone will not splash, and its
kinetic energy will eventually be converted into the surface
energy and deformation energy of rock crushing. Moreover,
other forms of energy account for a small proportion which
can be ignored in the calculation. The energy consumption
of the crushed zone is given by:

E=Er+Ep (3)
where E is the energy consumption of crushed zone; Er is

the energy required for per additional surface; Ep is the
energy required for plastic deformation [36].
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Assuming that the fine particles in the crushed zone are
infinitely small equal diameter circles, then the total surface
area S; of the fine particles in the crushed zone of every
cross section after blasting is given by:

_ 27‘E(T'C2 - rbz)

X

S, (4)

where x is the radius of the fine particles in crushed zone.
The surface area of the original structural S, of the
crushed zone before blasting:

Sy = 2n(r. + 1p) (5)

The energy Ep required for per additional surface and the
energy Ep required for plastic deformation are respectively
calculated by:

Er=Ep — E (6)
that is
2n(r? — ry?
Er = Gr M —2n(r. + 1p) (7)
3(1 —2v)
Ep = nol(r2 — 1, 3
p = TO (r 1 )7215 (8)

Where EI is the fracture energy per unit surface area in
the crushed zone after blasting; Ej is the surface energy of
the crushed zone before blasting; Gr is the rock surface
energy per unit area; v is Poisson’s ratio; E is elastic
modulus.

The CDEM method mainly uses the Landau-
Stanyukovich equation (y equation) to calculate the pressure
of the blasting gas. Firstly, the transient pressure is calcu-
lated from the current volume of the explosive unit. This
pressure acts on the rock unit at the corresponding position.
Then the rock unit will produce corresponding displacement
due to the pressure, which will affect the volume of the
explosive unit. Such cyclic calculation realizes the real-time
simulation of crack propagation. The calculation process of
the crack propagation model in the CDEM method can be
summarized as Figure 2.

Since the whole simulation calculation without full con-
sideration of the huge energy consumption of the crushed
zone at the moment of detonation. After the theoretical
radius and energy consumption of the crushed zone are
obtained through the calculations above, the CDEM crushed
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/ Inputting explosive parameters /

b

| Calculating initial data

.

—>| Calculating pressure of blasting gas |

Converting the pressure into nodal
forces on the element nodes

|

Calculating the resultant force of rock elements

v

Calculating the acceleration, velocity

and displacement of rock elements

4| Calculating the volume of explosive

Figure 2. The calculation process of the crack propagation in CDEM.

zone energy consumption reduction plug-in is made. For tak-
ing full advantage of the built model for subsequent analyzing
and calculating, the parameters required for the calculation of
energy consumption are first summarized. Then the interface
function “blkdyn.GetElemValue” to call the parameter values
in the model and the JavaScript language to call the mathem-
atical functions are used to finish the algorithm plug-in of
energy consumption, thereby the energy consumption calcula-
tion and energy reduction of the crushed zone can be com-
pleted. The plug-in is set to run after the input of the
explosive parameters, so that the software can automatically
complete the energy reduction of the crushed zone. The
improved CDEM method takes into account the energy loss
in the crushed zone and reduces the energy by plug-in, which
makes the numerical simulation results closer to the physical
process of blast-induced crack propagation and provides a bet-
ter numerical simulation software for the subsequent research.

2.3. Case verification

In order to verify the applicability of the improved CDEM
method considering the energy consumption of the crushed
zone, numerical simulation of single-borehole blasting is
carried out. In the numerical simulation, a rock model for
validation is shown in Figure 3, which is simplified to a
plane strain model. The size of the rock model is
0.315m x 0.285m. The radius of the borehole is 3 mm. The
rock adopts the linear elastic constitutive model, the explo-
sive adopts the Landau model, the interface between the
rock elements adopts the fracture energy model, and the
boundary is set as the non-reflection boundary condition.
The rock material parameters are shown in Table 1, the
explosive parameters shown in Table 2, and the basic
parameters of the interface shown in Table 3.

Figure 4a shows the cracks distribution of single-borehole
blasting calculated by the original CDEM method, while
Figure 4b shows that calculated by the improved CDEM
method. It can be found that there are obvious differences
in the number of main cracks obtained by two calculation
methods. The number of main cracks obtained by the ori-
ginal CDEM method is more than 10, while the number
obtained by the improved CDEM method is about 8. As
shown in Figure 5, the experimental result of rock blasting
model shows that the number of main cracks in single-bore-
hole blasting is generally 5-8. The circumferential crack in
Figure 5 is caused by the reflected wave, a tensile wave, at
the boundary. There is no circumferential crack in Figure 4,
because the boundary is a non-reflection boundary. It is
obvious that the number and distribution of cracks calcu-
lated by the improved CDEM method are more close to
practical results.

3. Effects of in-situ stresses on the distribution of
blast-induced cracks

To study the effect of in-situ stresses on the distribution of
blast-induced cracks, numerical simulations of single-bore-
hole blasting at the uniaxial in-situ stress, biaxial equal in-
situ stress and biaxial unequal in-situ stress conditions are
respectively carried out. According to different in-situ stress
conditions, different horizontal in-situ stresses ¢;, and verti-
cal in-situ stresses g, are applied to the model with the
same model size and other relevant parameters as the above
verification case. There are many numerical simulation cases
in the following paragraphs. For the convenience of descrip-
tion, the in-situ stress condition is represented of ,-0,. For
example, 5-10 means the horizontal in-situ stress is 5 MPa
and the vertical in-situ stress is 10 MPa.

3.1. Uniaxial in-situ stress

In order to study the distribution of blast-induced cracks at
the uniaxial in-situ stress condition, horizontal in-situ stress
0,=0MPa and vertical in-situ stress g,>0MPa are applied to
the model. Figure 6 shows the distribution of blast-induced
cracks under different uniaxial in-situ stress conditions.
Figure 6a shows that the blast-induced cracks are omnidirec-
tional when in-situ stresses are zero. As shown in Table 4,
with the increase of vertical in-situ stress o,, the distribution
of blast-induced cracks has a significantly variation in the
quantity of main cracks and the length of the longest hori-
zontal crack. The quantity of main cracks decreases with the
increase of vertical in-situ stress o,, and the main horizontal
crack gradually shortens. When the vertical in-situ stress
0,>15MPa, the horizontal main crack doesn’t appear any-
more. It can be seen that the vertical in-situ stress signifi-
cantly inhibits the propagation of the horizontal crack. In
addition, with the increase of the vertical in-situ stress o,,
the main crack obviously tends to propagate in the vertical
direction, which verifies the guiding effect of the in-situ
stress.
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Table 1. Basic parameters of rock.
Velocity of
Elastic Compressive longitudinal Tensile Internal friction
Density/kg-m>  modulus/GPa strength/MPa wave/m-s’’ Poisson’s ratio  Cohesion/MPa  strength/MPa angle/® Dilation angle/®
1466 6.1 30 3500 0.31 3 1 40 10

Table 2. Basic parameters of explosive.

Detonation velocity/m-s"  Detonation heat /J-kg”

Adiabatic index in the initial stage

Adiabatic index in the second stage Detonation pressure/MPa

5000 3100 3.0

1.333 7000

Table 3. Basic parameters of interface.

Normal/tangential stiffness/GPa

Friction angle/®

Cohesion/GPa Tensile strength/MPa

5x10° 40°

20 10

(a) Calculated by the original CDEM method

(b) Calculated by the improved CDEM method

Figure 4. The cracks distribution in numerical simulation of single-borehole blasting.

3.2. Biaxial equal in-situ stress

In order to study the distribution of blast-induced cracks at the
biaxial equal in-situ stress condition, biaxial equal in-situ
stresses (o, = 0,) are applied to the model. Figure 7 shows the
distribution of blast-induced cracks at different biaxial equal in-
situ stress conditions. The quantity of main cracks and the
length of the longest crack at different biaxial equal in-situ
stress conditions are shown in Table 5. It is clear that with the
increase of in-situ stresses, the number of main cracks is always
8, while the length of the main cracks decreases. When there is
no in-situ stress, the length of longest horizontal main crack is

104 mm, and the length of longest vertical main crack is
99 mm. When the biaxial equal in-situ stress is 10 MPa, the
lengths of longest horizontal main crack and longest vertical
main crack are both 19mm. It can be seen that the biaxial
equal in-situ stresses inhibit the propagation of blast-induced
cracks in all directions. Moreover, the inhibition effect is signifi-
cantly strengthened with the increase of in-situ stresses. In add-
ition, at the biaxial equal in-situ stress condition, the length of
horizontal crack is basically the same as that of vertical crack.
At the same time, the crack propagation has no obvious direc-
tionality, indicating that biaxial equal in-situ stresses have no
guiding effect on the propagation of blast-induced cracks.
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3.3. Biaxial unequal in-situ stress

In order to study the distribution of blast-induced cracks at
the biaxial unequal in-situ stress condition, different biaxial
in-situ stresses are applied to the model. To facilitate the
comparative analysis, the stress difference between the verti-
cal in-situ stress o, and the horizontal in-situ stress o, is
both 5MPa. Figure 8 shows the distribution of blast-induced
cracks at different biaxial unequal in-situ stress conditions.
The number of main cracks and the lengths of the longest
crack at different biaxial unequal in-situ stress conditions

Figure 5. The cracks distribution in model experiment of single-borehole
blasting.

GDEM

o> GDEM

(a) 0-0

(b) 0-5

are shown in Table 6. It can be found that with the increase
of in-situ stress, the lengths of blast-induced cracks in all
directions gradually decrease. However, due to the different
in-situ stresses in the horizontal direction and vertical direc-
tion, there are also differences in the lengths of the horizon-
tal cracks and the vertical cracks in the same numerical
simulation case. The propagation of horizontal cracks is
mainly inhibited by the vertical in-situ stress. While the
propagation of the vertical cracks is mainly inhibited by the
horizontal in-situ stress. In the same case, the vertical in-situ
stress is larger than horizontal in-situ stress, so the length of
the horizontal crack is smaller than that of the vertical
crack.

4, Effects of in-situ stresses on stress evolution and
crack propagation

4.1. Uniaxial in-situ stress

In order to study the blast-induced stress evolution and
crack propagation at the uniaxial in-situ stress conditions,
numerical simulation cases 0-0, 0-5 and 0-10 are analyzed in

Table 4. The quantity of main cracks and the length of horizontal crack at
the uniaxial in-situ stress condition.

Uniaxial in-situ stress 0-0 0-5 0-10 0-15 0-20
Quantity of main cracks 8 6 6 6 5
Length of the longest 104 33 22 0 0

horizontal crack/mm

<> GDEM "

(¢) 0-10

(d) 0-15

(e) 0-20

Figure 6. The distribution of blast-induced cracks at the uniaxial in-situ stress condition.
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Figure 7. The distribution of blast-induced cracks at the biaxial equal in-situ stress condition.

Table 5. The number of main cracks and the lengths of cracks at the biaxial
equal in-situ stress condition.

Biaxial equal in-situ stress  0-0 11 22 33 44 55 10-10

Quantity of main cracks 8 8 8 8 8 8 8

Length of the longest 104 98 73 67 51 34 19
horizontal crack/mm

Length of the longest 99 85 67 51 52 40 19

vertical crack/mm

this section. Figure 9 shows the stress evolution and crack
propagation at the uniaxial in-situ stress condition. The det-
onation of the explosive is initiated as t =0us. After the det-
onation, a number of cracks are formed around the
borehole. Some of them become the main cracks in the sub-
sequent propagation process, while the rest stop due to

insufficient propagation energy. The in-situ stress has no
effect on the stress evolution and crack propagation in case
0-0. The stress wave propagates outward with the circular
wavefront centered at the borehole. As a result, the propaga-
tion direction of the crack is random. Nevertheless, the
stress evolution and crack propagation are affected by the
in-situ stresses in case 0-5 and 0-10. The stress wave propa-
gates outward with the elliptical wavefront centered on the
borehole. The propagation of blast-induced cracks is direc-
tional. In particular, the horizontal crack propagation is sup-
pressed. The larger the vertical in-situ stress o,, the more
significant the effect on the stress wave evolution and crack
propagation.

As shown in Figure 10, relevant gauging points are
selected for stress analysis. Specifically, the horizontal



8 (&) C. DINGET AL

Z GDEM 2=

(a) 0-5

(b) 1-6

(c) 3-8

(d) 5-10

Figure 8. The distribution of blast-induced cracks at the biaxial unequal in-situ stress condition.

Table 6. The number of main cracks and the lengths of cracks at the biaxial
unequal in-situ stress condition.

5-10 10-15

Number of main cracks 6 8 8 8 6
Length of the longest horizontal crack/mm 33 30 20 20 9
Length of the longest vertical crack/mm 101 80 52 26 14

Biaxial unequal in-situ stress 05 16 3-8

gauging points H1, H2, H3, H4 and H5 are selected. The
distance of gauging point H1 from the borehole is 20 mm,
and the distance between two adjacent gauging points is
20 mm. Similarly, the vertical gauging points V1, V2, V3, V4
and V5 are selected. The distance of gauging point V1 from
the borehole is 20 mm, and the distance between two adja-
cent gauging points is 20mm. The following description
mainly analyzes the radial stress ¢, and circumferential
stress gy of the relevant gauging points.

Under the blasting load, the radial stress g, of the gauging
point is mainly compressive. At the same time, the circumfer-
ential stress gy gradually changes from compressive stress to
tensile stress, and is mainly tensile stress in the whole process
[30]. Figure 11 shows the stress evolution curves of vertical
gauging points in case 0-0. It is indicated that the stress states
of both horizontal and vertical gauging points with the same
distance to borehole are the same in case 0-0. It can be seen
from the figure that the stress variation trends at different
gauging points are basically the same. The blasting stress grad-
ually attenuates with the increase of the distance from the
borehole, so the stress peak value of the corresponding gaug-
ing point gradually decreases.

(¢) 10-15

Figures 12 and 13 show the stress evolution curves of
horizontal and vertical gauging points in case 0-5 respect-
ively. It is obvious that the stress wave characteristics of the
gauging points are very similar to those in case 0-0. The
preliminary comparison shows that the stress peak value
evolution of the vertical gauging points and that of the hori-
zontal gauging points are apparently different. It is indicated
that such in-situ stress condition has different effects of
stress evolution on the gauging points in different
directions.

Figure 14 shows the variation of the stress peak in the
three cases (0-0, 0-5, 0-10) at the uniaxial in-situ stress con-
dition. It can be found that the in-situ stress has significant
effect on the variation of the stress peak. The in-situ stress
significantly increases the radial stress peak of the vertical
gauging points, but significantly reduces the radial stress
peak of the horizontal gauging points. This effect can be
strengthened by the increase of in-situ stress. Besides, the
in-situ stress has no obvious effect on the circumferential
stress peak of the vertical gauging points, but significantly
reduces the circumferential stress peak of the horizontal
gauging points. With the increase of the in-situ stress and
the distance from the borehole, the circumferential stress of
the horizontal gauging points gradually changes from tensile
stress to compressive stress. This means the stress states are
changed by the action of the in-situ stress. As it is well
known, the radial cracks under blasting load are mainly
caused by circumferential tensile stress. It can be seen that,
from the stress state of the gauging point, the vertical in-situ



MECHANICS OF ADVANCED MATERIALS AND STRUCTURES . 9

Q GDEM e ot Time: 1.0

5: 8948, Time: 4.C

=10 ps =40 pus

Figure 9. Evolution of the maximum principal stress and blast-induced crack propagation process at the uniaxial in-situ stress condition.



10 (&) C DING ET AL

<> GDEM ==

(b) 0-5

=70 ps =100 ps
(¢) 0-10

Figure 9. Continued.



stress will significantly inhibit the propagation of the hori-
zontal crack. Such inhibitory effect will increase with the
increase of the in-situ stress.
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Figure 10. Diagram of the gauging point and borehole positions.
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Figure 11. Stress evolution curves of gauging points in case 0-0.
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Figure 12. Stress component of horizontal gauging points vs. time in case 0-5.
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On this basis, the dynamic stress evolution of the crack
tip in the horizontal and vertical directions is further ana-
lyzed below. The longest cracks in the horizontal and verti-
cal directions are selected for this analysis. Figure 15 shows
the variation of the maximum principal stress at the crack
tip with time in the three cases at the uniaxial in-situ stress
condition. When there is no in-situ stress (0-0), the vari-
ation trends of the stress at both horizontal and vertical
crack tips are basically the same. Under the action of vertical
in-situ stress, the variations of stress at horizontal crack tip
and vertical crack tip are obviously different, and the
stresses at the horizontal crack tip decrease significantly and
decay rapidly. In addition, with the increase of vertical in-
situ stress, this effect becomes more and more obvious.

4.2. Biaxial equal in-situ stress

In order to study the stress evolution and crack propagation
at the biaxial equal in-situ stress condition, case 5-5 and
case 10-10 are studied in this section. Figure 16 shows the
stress evolution and crack propagation in the two cases. The
figure also indicates that the biaxial equal in-situ stresses
have strengthened the inhibitory action on the propagation
of both horizontal and vertical cracks. The crack propaga-
tion has remarkable variation compared with that at the

(b) Circumferential stress oy

0 10 20 30 40 5 6 70 8 90 100
t/us

(b) Circumferential stress gy
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Figure 13. Stress component of vertical gauging points vs. time in case 0-5.
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Figure 16. Evolution of the maximum principal stress and blast-induced crack propagation process at the biaxial equal in-situ stress condition.
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Figure 17. Stress component of vertical gauging points vs. time in case 5-5.
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Figure 18. Variation law of stress peak value for the three cases at the biaxial equal in-situ stress condition.

uniaxial in-situ stress condition. It is clear that different in-
situ stress states have different effects on the propagation of
blast-induced cracks.

Because the gauging points have the same stress states in
both horizontal direction and vertical direction of the bore-
hole at the biaxial equal in-situ stress condition, it is enough
to select the gauging points in the vertical direction for ana-
lysis. Figure 17 shows the stress evolution curve of the verti-
cal gauging points of case 5-5. Affected by the in-situ stress,
the initial radial stress and the initial circumferential stress
of the measuring point are both 5MPa. The stress evolution
trend is basically the same as that without in-situ stress.

Figure 18 shows the variation of the stress peak the in
three cases (0-0, 5-5, 10-10) at the biaxial equal in-situ stress
condition. It can be found that both the radial stress and
the circumferential stress gradually decrease with the
increase of the in-situ stress. In particular, with the increase
of the in-situ stress, the circumferential stress state of the
gauging point gradually changes from tension to compres-
sion. The results are basically consistent with previous
research [11, 14], and further comparative analysis of the
stress at different positions of rock mass.

4.3. Biaxial unequal in-situ stress

Figure 19 shows the stress evolution and crack propagation
of the two cases. The figure also indicates that the biaxial

unequal in-situ stress has varying degrees of inhibitory
action on both the horizontal and vertical cracks, compared
with the case 0-0. The crack propagation in the horizontal
direction is mainly affected by the vertical in-situ stress,
while the crack propagation in the vertical direction is
mainly affected by the horizontal in-situ stress. In case 5-10
and case 10-15, the vertical in-situ stress is greater than the
horizontal in-situ stress, resulting in relatively short horizon-
tal cracks.

Figures 20 and 21 show the stress evolution curves of the
gauging points in the horizontal and vertical directions of
the case 5-10. Under the action of biaxial unequal in-situ
stress, the stress evolution trend and the stress value of the
gauging points in the horizontal and vertical directions are
different. From this, the stress peaks of different gauging
points in case 5-10 and case 10-10 are extracted for analysis,
compared with the case 0-0. As Figure 22 shows, at the
biaxial unequal in-situ stress condition, both the radial stress
and the circumferential stress peak of the gauging points are
significantly reduced. Such effect can be strengthened with
the increase of in-situ stress. Moreover, the circumferential
stress characteristic of the gauging points transitions from
tension to compression with the increase of the in-situ
stress.

The results of this study are basically consistent with the
previous studies [10, 15], and the stress situation is further
explored on the basis of the crack distribution study. In
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Figure 19. Evolution of the maximum principal stress and blast-induced crack propagation process at the biaxial unequal in-situ stress condition.
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practical engineering, vertical stress and horizontal stress are
often inconsistent. The study in this section on the influence
of biaxial unequal in-situ stress on crack propagation is very
meaningful to a more comprehensive understanding of the
influence of in-situ stress on blasting cracks.

5. Conclusion and discussion

In this study, an improved CDEM method with the calcula-
tion plug-in of the energy consumption considering the

>

40
Distance to to the borehole center s /mm
(b) Circumferential stress peak oo,y

in-situ stress condition.

energy consumption of the crushed zone under blasting load
is used to carry out the numerical simulation study of the
blast-induced crack propagation at different in-situ stress
conditions. It is found that the in-situ stress has a significant
effect on the distribution of cracks, the evolution law of
blasting stress and the propagation process of blast-induced
cracks. The relevant conclusions are as follows:

Uniaxial in-situ stress: Under the action of vertical in-
situ stress, the tip stress of horizontal crack decreases

1.



significantly and decays rapidly. With the increase of
vertical in-situ stress, such effect becomes more and
more obvious. The propagation of the horizontal blast-
induced crack is significantly inhibited. In addition,
with the increase of the in-situ stress, the main blast-
induced cracks obviously tend to expand in the vertical
direction, which verifies the guiding effect of the in-situ
stress. Under the action of vertical in-situ stress, the
propagation process of blasting stress changes. The
blasting stress propagates outward through an elliptical
wavefront centered on the borehole. The in-situ stress
significantly increases the radial stress peak value of the
vertical gauging points, but significantly reduces the
radial stress peak value of the horizontal gauging points.
While the in-situ stress has no obvious effect on the cir-
cumferential stress peak value of the vertical gauging
points, but significantly reduces the circumferential
stress peak value of the horizontal gauging points.

2. Biaxial equal in-situ stress: Under the action of biaxial
equal in-situ stress, the propagation of cracks in both
the horizontal and vertical directions is significantly
inhibited. The crack propagation process is significantly
different from that under the action of uniaxial in-situ
stress. Both of the peak values of radial stress and cir-
cumferential stress of the gauging points decrease grad-
ually with the increase of in-situ stress. In particular,
the circumferential stress states of the gauging points
gradually change from tension to compression with the
increase of the in-situ stress.

3. Biaxial unequal in-situ stress: Under the action of
biaxial unequal in-situ stress, there are different inhibi-
tions on crack propagation in the horizontal direction
and the vertical direction. Both the radial stress peak
and the circumferential stress peak of the gauging
points decrease significantly. Such effect becomes more
significant with the increase of the in-situ stress.

It is generally accepted that the blast-induced crack
propagation is resultant from the two distinct loading phases
of rock blast, that is, the stress wave propagation and the
gas pressurization. However, the gas pressurization phase is
too complex to be considered in this in this study provision-
ally. It is urgent to study the numerical calculation method
which strictly considers the actual interaction process of gas
pressurization and stress wave propagation.
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