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Abstract: The joints and fissures in a natural rock mass can affect the mechanical properties of the
rock mass, the propagation of a blasting stress wave, and the blasting effect of the smooth surface
of roadways. In the process of roadway drilling and blasting, there will inevitably be some joints
between the two blast holes. Taking the joint angle as the starting point, this paper studies the rule
of rock explosion crack propagation and stress variation when there are joints with different angles
between two blast holes and analyzes the influence of joints on rock mechanical properties and
blasting effects. The numerical simulation method and the software ANSYS/LS-DYNA are used to
establish 7 rock mass models with various joint angles. When there is no joint between two holes and
joints of 15°, 30°, 45°, 60°, 75°, and 90°, the propagation of explosive cracks and stress variations in
the rock mass are discussed. The results show that the joints at different angles have obvious guiding
and blocking effects on the propagation of explosive cracks, and as joint angles increase, the guiding
effect becomes more apparent and the blocking effect becomes weaker. The effective stress of the rock
mass will vary depending on the angles of the joints between the hole and the joint. As the joint angle
increases, the joint’s influence on the reflection and superposition of stress waves gradually weakens,
and the peak value of the effective stress of the rock mass gradually decreases. The peak effective
stress of the rock mass on the blasting side of the joint is similarly impacted by the superposition
of stress waves, and the extreme value may be seen at the critical node of each change curve. The
explosive crack will break through at the critical location because the maximal effective stress of the
rock mass is distributed in a “W” form on the blasting side of the joint.

Keywords: joint angle; crack propagation; effective stress; stress wave; numerical simulation

1. Introduction

Due to the influence of geological structure and surface external force, various discon-
tinuous structural planes are formed in natural rock masses, such as joint cracks, bedding,
weathered interlayers, and pelletized interlayers. Among them, joint cracks are the most
widely distributed structural plane in rock masses [1]. The existence of joints in a rock mass
seriously affects the mechanical properties of the rock mass, the smooth blasting forming
effect, and the stability of the surrounding rock after blasting, among which the joint
angle has the greatest influence on the smooth blasting forming effect of roadways [2,3].
Therefore, this paper takes the joint angle as the starting point to study the expansion of
explosive cracks in rock masses under different joint angles and the stress variation of rock
mass elements, and it summarizes the specific influence of different joint angles on the
smooth blasting of roadways to provide guidance for practical engineering.
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The procedure and results of a rock’s cracking may be seen directly based on the ex-
plosive crack’s propagation. As a result, several studies on the explosive crack propagation
mechanism of jointed rock masses have been conducted both nationally and internationally.
Ding et al. [4] used the dynamic caustic test system to study the interaction between the
directional crack of the slit charge and the open joint and found that the open joint blocked
the expansion of the directional crack and that two wing cracks would occur at the end
of the open joint. In order to study the crack propagation rules of unfilled joints under
blasting, Xu, Li, and Yang et al. [5-7] used the dynamic caustic test system and the numeri-
cal simulation software ABAQUS. They discovered that the inclined joint end produced
an obvious stress concentration under the action of shock wave diffraction, making the
joint end more susceptible to the initiation of wing cracks. Zhang et al. [8] used LS-DYNA
software to numerically simulate the blasting process of jointed rocks with different joint
lengths, positions, and filling media under static stress and described the propagation rules
of explosive cracks under various joint conditions. Through model tests, Liang et al. [9]
studied the crack propagation process of cross-fractured rock masses with different inclina-
tion angles under impact loads and found that the inclination angle of the main fracture
would affect crack initiation and polymerization. Wei et al. [10] used numerical simulation
to study the propagation rules of explosive cracks with various ground stresses and joint
angles and found that explosive cracks were more likely to expand along the inclined
direction of joints.

When the rock mass contains joints, the propagation of the explosion stress wave in
the rock mass is influenced, as is the change in the effective stress and crack propagation
of the rock mass. As a result, scientists both at home and abroad have done extensive
studies on the propagation of explosion stress waves in jointed rock masses. Fan and
Song et al. [11,12] studied the attenuation rules of explosive stress waves in single-jointed
rock masses by combining numerical simulation and field tests and found that with an
increase in the joint inclination angle, the attenuation of explosive stress waves increased
and the amplitude of stress waves decreased. Li et al. [13] studied the effect of different joint
numbers on the attenuation of explosive stress waves through model tests and deduced the
propagation equation of stress waves at multiple nonlinear joints. Sun [14] used ANSYS/LS-
DYNA software to study the influence of different sandwich properties on the propagation
rules of explosive stress waves and concluded that the smaller the angle between the
weak sandwich and the horizontal measurement line, the stronger the barrier effect on
stress waves. Qu et al. [15] combined theoretical analysis, numerical simulation, and an
indoor model test to study the attenuation of explosion stress waves in rock masses under
different joint angles, and the results showed that the attenuation of explosion stress waves
accelerated with the increase of joint angles. Liu et al. [16] used DIC technology, studied the
influence of different crack inclination angles on the distribution of the stress-strain field in
shale specimens, analyzed the law of crack initiation, propagation, and destruction in shale
specimens from the perspective of stress, and found that the evolution of the stress-strain
field would have an impact on crack initiation and propagation.

To summarize, there have been many studies on the effects of explosive crack prop-
agation and explosion stress wave propagation in jointed rock masses, but there are still
the following deficiencies that need to be further studied: in terms of the number of holes,
current studies mainly focus on single-hole blasting and do not consider the effects of the
joint between the blast holes on stress wave propagation and crack propagation in the
simultaneous initiation of dual holes. In terms of joint types, the current research mainly
focuses on unfilled joints, and there are few studies on joints with rock, soil, and gravel
filling. In the study of stress waves, the effect of stress wave propagation on the effective
stress of rock masses is not considered. Therefore, this paper innovates in terms of the
number of holes and joints and studies the influence of filling joints at different angles
between two holes on crack propagation and mechanical properties of rock masses, hoping
that the research results can play a certain guiding role in engineering practice.
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2. Joint Angle’s Influence on Rock Element Stress

In the following content, the influence of parameters like joint thickness is not taken
into account in order to simplify the problem and focus just on one variable of joint
angle. This paper’s numerical model is simplified in Figure 1a.« is the angle between the
connection of the blast hole and the direction of the normal line of the joint, j is the angle
between the connection between any point on the joint and the center of the blast hole and
the direction of the normal line of the joint, and 0 is the angle between any point on the
joint and the line between the center of the blast hole. A finite element is taken at point D,
and its stress variation rule is studied. Point C is the midpoint of the connection between
the two holes, and point E is the vertical foot of the hole and the joint. Figure 1b illustrates
its stressed state.

Or
Blast hole B

|

|

|

|

|

®

= w e i -, = |
C  Center line 4

I
|
I
I
I
I

(a) (b)

Figure 1. Stress analysis diagram. (a) Schematic diagram of theoretical analysis model; (b) Stressed
state of element D.

The Moore—Coulomb strength hypothesis [1] states that the element’s normal stress
and shear stress at point D are as follows:
— Ortog | 0r—0p
{G . 0'1'—09 2 cos2B 1)
T= “5-sin2f

where o is the normal stress of the element at point D; T is the shear stress of the element at
point D; oy is the annular tensile stress; oy is radial compressive stress; and S is the angle
between the radial compressive stress and the normal stress of the element.

According to the study on the strength theory of single structural plane rock mass [15,17],
the relationship between the toroidal tensile stress and radial compressive stress of the
element at point D is as follows:

op = —boy ()

where b = v/(1 — v), v is Poisson’s ratio.
As a result, the element’s shear stress and normal stress at point D are stated as follows:

{cz‘?[(_l

b) + (1 + b)cos2p]
=%

S2(14 b)sin2p ©)

In accordance with the conventions of rock mechanics concerning symbols, the tensile
force is specified as positive and the pressure as negative. Then, the radial compressive
stress is oy < 0 and the circumferential tensile stress is 0g > 0. Assuming that the normal
stress of the element at point D in Figure 1b is compressive stress, that is, o, < 0, it can be
deduced from Formula (3) that:

(1—b)+ (1+4b)cos2p>0 4)
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In other words, the element D is stressed in the following range:

1 _4/b-1 1 _4/(/b-1

_ - T l<pg <= -
2 €08 (b+1)ﬁ =% (b+1) ®)
When B no longer satisfies the range of Equation (5), the above assumption is not valid.
That is, the stress at 0 > 0, D becomes tensile stress, and when the tensile stress of the rock

mass is greater than the dynamic tensile strength of the rock, the rock will be damaged.
According to the geometric relationship shown in Figure 1a:

B=a—0 6)

As a result, the current value range of « is:

0 5 Cos (b 1> x 6+2cos (b 1) )

—1(b=1
b+1 )

the stress is maximized in the direction of the vertical connection between the blast hole
and the joint. With the movement of the measuring point element, the angle gradually

By simplifying Equation (7), it can be concluded that, when 0 < & < % cos

increases, and the stress on both sides decreases. When % cos~! (Z%) < < 90° 0>0,the

normal stress of the element is tensile stress, the existence of the joint blocks the propagation
of stress waves, and it affects the rock breaking effect of the rock mass behind the joint
structural plane.

Through the above analysis, the general rules of stress variation of a rock mass on the
blasting side of the joint were obtained. With the change of joint angle and joint properties,
the rules will change correspondingly. Subsequently, the stress variation rules of different
models in this paper will be analyzed according to the theoretical analysis in this section.
For detailed analysis, see Section 5.2.

3. Calculation Model and Material Parameters
3.1. Calculation Model

In order to study the effect of different joint angles on blasting effects, seven different
calculation models are established using ANSYS/LS-DYNA software. The calculation
model in this research is established as a planar strain model [18] to simplify calculation
and save calculation time, and the calculation model is presented in Figure 2.

The time-domain half-plane boundary element method (BEM) [19,20] is the main
method to solve the boundary elastic dynamics problem in the semi-infinite region, which
can effectively improve calculation accuracy and save calculation time compared with the
full-plane BEM. However, the model in this paper is limited in size and does not want
to consider the reflection effect of boundary conditions on stress waves, so the boundary
conditions in this paper are all non-reflecting boundaries, and the time-domain half-plane
boundary element method (BEM) is not applicable.

The propagation speed of stress waves in a rock mass and the size of the numeri-
cal model are comprehensively considered to ensure that there is no interference from
boundary-reflected stress waves in the process of rock breaking by blasting and that the
explosion stress waves have a full effect on the rock mass [21-26]. In this paper, the size of
the calculation model is designed to be 5 m x 5 m x 0.01 m, and non-reflecting boundaries
are set around the model [21]. According to the provisions of “Blasting Safety Regulations”
and combined with the actual situation of the model, the following is set: the spacing of
two holes is 0.6 m, the radius of the hole is 0.016 m, the depth of the hole is 0.01 m, the
charge structure is coupled, and the radius of the cartridge is 0.016 m. The joint length is
1.0 m, the width is 0.002 m, and the distance between the joint center and the hole center is
0.3 m. The angle between the center line of the blast hole and the center line of the joint is
the joint inclination angle, which can be no joint, 15°, 30°, 45°, 60°, 75°, or 90°.
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Figure 2. Schematic diagram of calculation model.

The angle of the joint is inconsistent among the models in this paper, and the differ-
ence of the grid division between the different models will cause a little calculation error.
Therefore, this paper adopts the method of reducing the irregular grid area and refining
the whole finite element mesh to reduce the calculation error. The whole grid is divided by
using the “VMESH” method, the irregular area is divided by using the “VSWEEP” method,
and the mesh size is controlled to 5 mm (except for irregular mesh).

All elements in the model are Solid164 solid elements; the ALE algorithm is used to
calculate explosives and air elements; and the Lagrange algorithm is used to calculate rock
and joint elements. The explosives are all centrally initiated, and the calculated termination
time is 0.0006 s.

3.2. Material Parameters

In this paper, granite is selected as the rock material, and the RHT material model is
used to describe the failure process and damage characteristics of rock. The rock material
parameters are defined by the keyword *MAT_RHT, and related material parameters are
shown in Table 1 [22,23]. The joint filling material is made of loose soil, and the keyword
*MAT_PLASTIC_KINEMATIC is used to define the joint filling material. The specific
material parameters are shown in Table 1 [24].

The 2# rock emulsion explosive was selected for the explosive. The JWL equation of
state was used to reflect the relationship between the volume and pressure of detonation
products after explosion. The explosive material parameters are defined with the keyword
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*MAT_HIGH_EXPLOSIVE_BURN, and the equation of state parameters are defined with
the keyword *EOS_JWL. The equation of state for the explosives is as follows:

w w wE
P=A(1-—— e RV yB(1- -2 )RV 220
( R1V>e * ( RzV)e Y ®)

where P is the detonation pressure, MPa; V is the volume of detonation product, m3; and
Ey is the initial specific internal energy of the detonation products. A, B, Ry, Ry, and w are
all material parameters, and the values of the related material parameters are shown in
Table 2 [25].

The air material model is defined by the keyword *MAT_NULL, and the density of air
is 1.29 kg/m3. The equation of state of the air is defined by the keyword *EOS_LINERAR _
POLYNOMIAL, and the equation of state is:

P = Co+ Cru+Cop® + Cap® + (C4 + C5;H—C6y2>E 9)
where Cy, Cq, Cp, C3, C4, Cs, and Cy are the coefficients of the equation of state; E is the
element initial internal energy of the relative volume; and u = 1/V — 1; V is the relative
volume of air. Among them, the values of C4 and Cs are both 0.4, E is 0.025 GPa, and the

coefficients of other equations of state are 0 [24,26].

Table 1. Parameters of rock and joint filling materials.

. . Elasticity Yield . . Compressive
3
Materials Density/kg/m Modulus/GPa Strength/MPa Poisson Ratio Strength/MPa
Rock 2760 55 59.5 0.38 119
Loose soil 1600 14 48 0.27 78
Table 2. 2# rock emulsion explosive materials and state equation parameters.
Detonation CJ State Equation Parameter
Density kg/m? Velocitv/m/
elocity/m/s Pressure/GPa A/GPa B/GPa Ry Ry w E¢/GPa
1100 3800 10.5 374 3.23 4.15 0.95 0.3 7

3.3. Model Verification

Three calculation models were re-established in this section to ensure that the size and
material parameters of the model mentioned above were reasonable. The overall size of the
models was 5m x 5m x 0.01 m, and the material parameters, hole diameter, hole spacing,
and hole and joint spacing were all consistent with those discussed in the first two sections.

The single hole blasting model was solved and compared with the granite test block
experiment of Banadaki [23] et al., it was found that the experimental results were highly
consistent with the simulation results, and the rock mass after the explosion all contained
the crushing zone, fracture zone, and elastic vibration zone, indicating that the material
model selected in this paper was reasonable (Figure 3a,d).

The single joint blasting model was solved and compared with the single prefabricated
crack experiment of the PMMA plate conducted by Wang [27] et al., and it was found
that the experimental results were highly consistent with the simulation results. The crack
growth pattern of the rock mass after the explosion was basically the same, and wing cracks
appeared at the joint ends, indicating that the joint parameters selected in this paper were
reasonable (Figure 3b,e).

The two hole blasting model was solved and compared with the two hole blasting
experiment of the PMMA plate by Cho [28] et al., it was found that the experimental results
were highly consistent with the simulation results, the crack growth pattern of the rock
mass after the explosion was basically the same, and the cracks were connected between
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the two blast holes, indicating that the spacing of the gun holes selected in this paper was
reasonable (Figure 3c,f).

To summarize, the model size, material parameters, and joint characteristics selected
in this paper are practical, the subsequent simulation can accurately reflect the blasting
process of rock, and the simulation results are real and reliable.

Crack propagation effect

Wing crack

e~ "=,

'Jﬂ{ Break through
SR~
Wing crack
Major crack break through
=

(a) (b) (c)

t Major crack

Crush zone : break through

Elastic vibration zone

(d) (e)

Figure 3. Comparison between simulation results and test results. (a) Experiment results of single

hole [23]; (b) Experiment results of single joint [28]; (c) Experiment results of double hole [29];
(d) Simulation results of single joint; (e) Simulation results of single joint; (f) Simulation results of
double hole.

4. The Propagation Process of Explosive Cracks

In this paper, the influence of existing joints on the crack propagation time of a rock
mass is studied, the phenomenon of crack propagation is controlled uniformly, and the
variation rule of crack propagation time is observed. After the calculation was completed,
damage cloud images at four typical moments of each model (visible damage can be
regarded as a crack) were selected to study the crack propagation process [29]. The damage
cloud images under different working conditions are shown in Figures 4-6.

As can be seen from Figure 4, at first a circular crushing zone was formed near the
blast holes, and only the crushing zone caused damage in the non-jointed model, while
damage occurred on the blasting side in the jointed model due to the reflection of stress
waves (Figure 4a,e). With the propagation of stress waves, the stress waves of the left
and right holes meet and superpose at the midpoint, and the damage between the two
holes begins to extend. Due to the reflection and stretching action of stress waves at the
joint, the superposition effect of stress waves between the blast holes is strengthened, so
the penetrating time of damage between the two blast holes in the model with the joint is
shorter (Figure 4b,f). With the gradual attenuation of the explosion stress wave, its final
strength is not enough to make the crack continue to expand, and the explosive gas starts to
push the crack to continue to expand [10]. The explosion hole’s surrounding major cracks
and micro-cracks began growing due to the explosive gas (Figure 4c,g). Finally, the cracks
on the connection of the two blast holes in the non-jointed model were completely gone.
The cracks in the jointed model no longer extended rearward once they reached the joint
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because the joint’s energy release allowed the explosive gas to escape. This indicates that
the joint’s presence will prevent the explosive cracks from spreading further (Figure 4d,h).

Final effect

No damage

Damage
1.0

0.9
Damage through [ Crack break through 0,8:7!
0.7 _
(a) t=108 ps (b) t=165 ps (c) =315 ps (d) t=600 ps 0.6 _
0.5
0.4 _|
0.3 _
0.2
0.1 ]
0.0

Final effect

Damage through

Microcrack growth

(e) t=108 s (f) t=141 ps (g) t=315 ps (h) t=600 us
Figure 4. Damage cloud diagram at different joint angles. (a-d) no joints (6 = 0°); (e-h) 6 = 90°.

Figure 5 indicates that when the joint angle increases between 15° and 30°, the attenu-
ation of stress waves increases, and the duration of reflected tensile damage on the side of
the joint facing the explosion also increases (Figure 5a,e). As the stress wave propagates, it
diffracts at the joint end, producing stress concentration and damage there, and the wing
crack at the joint end begins to break through (Figure 5b,f). As a result of the explosive gas
wedge’s activity, the wing cracks expand along the inclined direction of the joint. When the
stress waves created by the two holes are stacked, a stress concentration zone forms at the
stress wave junction, deflecting the direction of microcrack formation (Figure 5c,g). Finally,
all of the cracks expand in the previously mentioned path, with evident explosive cracks
forming on the joint extension line, perpendicular to the joint direction, and in the stress
concentration zone (Figure 5d,h).

"t Microcrack
i deflection
Damage
] 1.0
Damage occurs . ] / 09 N
Guiding : » Vertical 08 I
effect : crack ]
tee . 0.7 N
(a) t=18 ps (c) t=307 ps 0.6 _
Guiding 0.5 _|
effect “ j,t ) 0.4 _
0.3 _|
_ 0.2
\ N | 0.1
Damage occurs T ] : J{ L) 0.0
= Wing crack initiation | Microcrack f Wing /| Vertical -

deflection crack | crack

(e) t=66 ps (f) t=165 ps (g) t=366 us (h) t=600 us
Figure 5. Damage cloud diagram at different joint angles. (a-d) 6 = 15°; (e-h) 6 = 30°.

Figure 6 indicates that with the increase in joint angle, the damage occurs over a
longer period of time. (Figure 6a,e,i). The explosion stress wave and the reflected tensile
stress wave superimposed on each other in the direction vertical to the joint, inducing the
microcracks through in this direction, and other microcracks propagated between the blast
hole and the joint along the parallel direction. At the same time, with the increase in joint
angle, the attenuation of the stress wave increased. Although there was stress concentration
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at the end of the joint, it could no longer expand into wing cracks (Figure 6b,f,j). Subse-
quently, the explosion crack was also deflected under the superposition of stress waves
(Figure 6¢,g k). Finally, all of the above cracks expanded along the original direction, and
only some microcracks were generated. However, due to the blocking effects of the joint,
only damage occurred in the rock mass on the back of the joint’s explosion side, and no
forming cracks occurred (Figure 6d,h,1).

i Microcrack
i deflection

Damage occurs

(a) t=81 ps (b) t=249 ps (c) t=447 ps (d) t=600 ps 1.0

propagaFefi ‘ 4 Microcrack
to the join é i deflection

Damage occurs

(e) t=96 us (f) t=273ps 0.1 ]

Vertical Microcrack
crack deflection
through

Damage occurs

No damage No damage
No wing crack No wing crack

(i) t=105 ps @j) t=180 ps (k) t=321 ps (1) t=600 ps

Figure 6. Damage cloud images at different joint angles (45°, 60°, 75°). (a—d) 6 = 45°; (e-h) 6 = 60°;
(i-1) 8 = 75°.

To summarize, joints at different angles have obvious guiding and blocking effects on
the expansion of explosive cracks. With the increase in the joint angle, the time of damage
on the blasting side of the joint increases, the time of crack penetration between the blast
hole and the joint increases, the stress concentration effect of the joint end is weakened, and
the wing crack no longer occurs in the joint end after 45°.

5. Rock Mass’s Effective Stress

Under the impact of explosive stress waves, rocks are often brittle. Therefore, the
criterion of rock damage fracture under the impact of explosive stress waves can be applied
to the criterion of pure brittle damage fracture. Starting from the concept of equivalent
stress, Lemaitre [30] claims that when the equivalent stress o, reaches the ultimate stress
oy of the material, the damage reaches the critical value and the material breaks; that is, the
one-dimensional damage fracture criterion:

Oe = Oy (10)

Oy = Oyd (11)

where o, is the Mises effective stress, oy, is the ultimate stress of the material, and o4 is
the dynamic tensile strength of the rock, which is 59.5 MPa in this paper. (Note: The Mises
effective stress mentioned above is the same concept as the effective stress described below.)
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Since the model in this paper is a plane strain model, only the one-dimensional damage
fracture criterion is considered [30]. In other words, when the effective stress of the rock
measuring point element is greater than the dynamic tensile strength of the rock, the
element will have tensile fracture failure, and the crack will expand to that place. Therefore,
in this paper, a number of measuring point elements at different positions are selected to
study the change of the effective stress peak, and the crack propagation at key locations is
analyzed from the stress angle.

5.1. Effective Stress of Rock Mass on the Connection of Two Blast Holes

The effective stress of the rock element on the connection of two holes under various
joint angles is investigated in order to better investigate the cause of crack propagation
between two holes. Due to the model’s symmetry, only six measuring point elements with
d = 0.05 m separation between hole A and the joint were chosen (Figure 7). Their effective
stress peaks were read using LS-prepost software, and a graph of them is displayed in
Figure 8.

Measure point
v
B CDEE

Blasthole A @ % 5 §
ast hole ffiii

d dddd

@ Blasthole B

Figure 7. Layout of measuring point elements. ( center line of the two holes).
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Figure 8. Variation diagram of peak effective stress. (a) 8 =0° and 6 = 15°; (b) 6 = 0° and 6 = 30°;
(c)®=0°and 6 =45°; (d) 8 =0° and 6 = 60°; (e) 8 = 0° and 6 =75°; (f) 6 = 0° and 6 = 90°.

Figure 8 demonstrates that, without the existence of a joint between the two blast holes,
the peak value of effective stress at measuring points A to E gradually decreases, indicating
that the explosion stress wave will weaken as it travels through the rock, while the peak
value of the effective stress at measuring point F rises as a result of the superposition
of stress waves. When there is a 90° joint between the two holes, the peak value of the
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effective stress at the measuring point C~F is significantly lower than that without the joint.
This indicates that the joint has a blocking effect on the stress wave propagation, so the
effective stress peak value decreases (Figure 8f). Meanwhile, the peak effective stress of all
measuring points is much greater than the dynamic tensile strength of the rock, so the rock
mass elements in the middle of the two holes have been destroyed, and the main explosive
cracks on the line of the hole have been penetrated.

When there is a joint between the two holes and the joint angle is small, the variation
trend of the peak effective stress of the measuring point element is the same as that without a
joint. However, due to the presence of joints, stress waves are reflected and transmitted, the
stress field between the hole and the joint is strengthened, and the peak value of the effective
stress at all measuring points is greater than that without a joint (Figure 8a—c). Therefore,
the main explosive cracks on the central line of the two holes have been penetrated.

As the joint angle grows, so does the vertical distance between the measurement point
element and the joint, as well as the propagation distance of the reflected stress wave. As a
result, the peak value of the effective stress at measuring locations D~F drops gradually and
is less than the peak value of the effective stress without joints (Figure 8d,e). Meanwhile,
there are portions in both figures whose peak effective stress is less than the dynamic
tensile strength of the rock, indicating that the fractures between the two blast holes are not
completely penetrated when the joint inclination is 60° and 75°.

To summarize, the presence of joints affects the reflection and superposition of stress
waves between the hole and the junction, which in turn affects the effective stress of the
rock mass. When the joint angle is small (15~45°), the reflection and superposition of stress
waves are enhanced, the peak effective stress of the rock element between the blast hole
and the joint is increased (when compared to that without the joint), the cracks on the blast
hole line are connected, and the rock breaking effect is improved. When the joint angle is
large (60~90°), the superposition of stress waves near the joint is weakened, and the peak
value of the effective stress near the joint is gradually reduced.

5.2. Effective Stress of Rock Mass on Blasting Side

In this section, the effective stress of the rock element on the blasting side at various
angles is examined in order to further investigate the crack propagation between the
hole and the blasting side of the joint. Because of the central symmetry of the model,
only 11 measuring points were selected at equal spacing on the blasting side of the joint
corresponding to hole A, with spacing d = 0.05 m (as shown in Figure 9). Their effective
stress peaks were read using LS-prepost software, and a graph of them is depicted in
Figure 10.

Joint

Blasthole A@ - o ~ @Blast hole B

Measure point-

Figure 9. Layout of measuring point elements.
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Figure 10. Variation diagram of peak effective stress. (a) 6 = 15°; (b) 8 = 30°; (c) 8 = 45°; (d) 6 = 60°;
(e) 0 =75% (f) 0 = 0° and 0 = 90°.

As shown in Figure 10, there are three extreme value points (except 90°) on each
curve, which makes the graph appear as a “W” shape. The measuring point elements
corresponding to the three extreme value points are rock mass elements at the joint end,
rock mass elements perpendicular to the blast hole, and rock mass elements at the midpoint
of the blast hole connection, respectively. The diagram depicts a “V” form when the joint
inclination is 90° because there are only two extreme value points, and the rock mass
element perpendicular to the blast hole is at the center of the blast hole connection.

It is found that when there is a joint between hole A and hole B, the superposition
position of the stress wave changes, the stress concentration occurs at the joint end, and the
peak value of the effective stress of the rock element at the joint end increases. When the
distance between the measuring point element and the joint is the shortest, the amplitude
attenuation of the stress wave is the smallest, the peak effective stress of the rock mass
element increases significantly, and the effective stress of the elements on the left and right
sides of the element decreases gradually [15]. The rock element at the middle point of the
blast hole line increases slightly due to the superposition of the left and right stress waves.

When the joint angle is small, the peak effective stress of all measuring points is greater
than the dynamic tensile strength of the rock, indicating that at this time, the rock mass
on the blasting side of the joint has been destroyed, the cracks between the blast hole and
the joints have penetrated all the way through (Figure 10a,b), and the rock crushing effect
is good. When the joint angle is large, only the joint end, the shortest distance, and the
crack on the blast hole line are connected (Figure 10c—f), and the rock crushing effect is
poor, which may increase the bulk rate.

In conclusion, the blasting effect worsens as the joint angle increases, changing the
superposition position of stress waves and the stress concentration effect at the joint end
and gradually weakening the effective stress peaks at the three extreme locations.

6. Conclusions

There are many joints and fissures in natural rock, and there are some problems such
as poor blasting forming effect and poor stability of surrounding rock in the process of
blasting excavation, which seriously affect the blasting excavation efficiency and safety
of construction personnel. In this paper, the problem is simplified and analyzed simply
by using a numerical simulation method. The influence of different joint angles between
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blast holes on the blasting effect of rock mass is studied. Seven different blasting models
from different angles are established and solved by using ANSYS/LS-DYNA software. The
conclusions are as follows:

1.  Joints at different angles have obvious guiding and blocking effects on the growth of
explosive cracks. The explosive crack near the joint will expand along the direction
parallel to the joint. The wing crack at the end of the joint expands along the inclined
direction of the joint. With the increase of the joint angle, the time of the crack
penetrating between the hole and the joint increases, and the stress concentration at
the joint end is weakened.

2. The existence of the joint will affect the reflection and superposition of stress waves
and then affect the effective stress of the rock mass. When the joint angle is between
15° and 45°, the reflection and superposition of stress wave are strengthened, and the
peak effective stress of the rock along the central line decreases first and then increases
slightly. When the joint angle is between 60° and 90°, the effective stress between the
holes is weakened, and the peak effective stress gradually decreases (except for 90°).

3. Under the influence of the superposition of stress waves, the distribution of the peak
effective stress of the rock mass element on the blasting side of the joint presents a “W”
shape. With the increase of the joint angle, the stress concentration of the joint end
is weakened, and the effective stress of the rock mass decreases. The peak effective
stress at the three key points decreases gradually, and the blasting effect becomes
worse gradually.
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