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Abstract
To study the dynamic mechanical properties and failure characteristics of intersecting jointed rock masses with different joint 
distributions under confining pressure, considering the cross angle α and joint persistence ratio η, a numerical model of the 
biaxial Hopkinson bar test system was established using the finite element method–discrete-element model coupling method. 
The validity of the model was verified by comparing and analyzing it in conjunction with laboratory test results. Dynamics-
static combined impact tests were conducted on specimens under various conditions to investigate the strength characteristics 
and patterns of crack initiation and expansion. The study revealed the predominant factors influencing intersecting joints with 
different angles and penetrations under impact loading. The results show that the peak stress of the specimens decreases first 
and then increases with the increase of the cross angle. When α < 60°, regardless of the value of η, the dynamic stress of the 
specimens is controlled by the main joint. When α ≥ 60°, the peak stress borne by the specimens decreases with increasing 
η. When α < 60°, the initiation and propagation of cracks in the cross-jointed specimens are mainly controlled by the main 
joint, and the final failure surface of the specimens is composed of the main joint and wing cracks. When α ≥ 60° or η ≥ 0.67, 
the secondary joint guides the expansion of the wing cracks, and multiple failure surfaces composed of main and secondary 
joints, wing cracks, and co-planar cracks are formed. Increasing lateral confinement significantly increases the dynamic peak 
stress able to be borne by the specimens. Under triaxial conditions, the degree of failure of the intersecting jointed specimens 
is much lower than that under uniaxial and biaxial conditions.
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1 Introduction

Deep rock mass often forms staggered complex structural 
planes during tectonic movement. As the most common 
form of joint in a natural rock mass, cross joints exert a 
significant influence on the strength and deformation charac-
teristics of a rock mass. In rock engineering practices, such 
as rock slope protection, tunnel construction, mining engi-
neering, underground powerhouse construction, etc., stabil-
ity assessment and support design of jointed rock masses 

is an important task (Feng et al. 2022; Li et al.2022). At 
the same time, in the construction of underground engineer-
ing works (Meng et al. 2016; Chen et al. 2023), mechani-
cal vibration or blasting will induce dynamic disturbances 
of the rock mass. The prerequisite for ensuring the smooth 
progress of these efforts is the understanding of the mechani-
cal behavior of joints under dynamic loading, especially the 
mechanical behavior of joints with chaotic and disorderly 
scales and distribution patterns in nature. In natural rock 
masses, many joints occur at different scales, and they often 
intersect (Chang et al. 2019; He et al. 2022), At this time, the 
deep rock mass bears the dual effects of high ground stress 
and dynamic disturbance, sometimes leading to engineering 
disasters such as rockburst or rock mass collapse. There-
fore, studying the deformation and strength characteristics of 
intersecting fractures under the condition of considering the 
initial damage can provide the most realistic and effective 
theoretical basis for the stability research of underground 
engineering in deep complex fractured jointed rock mass. In 
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recent years, many scholars have investigated the mechanical 
properties of rock mass with cross fractures from the static 
point of view. Liu et al. (2019) conducted biaxial compres-
sion tests on the gypsum time of T-shaped and X-shaped 
cross joints, and the results showed that with the increase of 
confining pressure, the failure modes of the samples were 
surface spalling and lateral cracking; Liu et al. (2017) used 
a three-dimensional particle flow program to study the influ-
ences of geometric parameters on the uniaxial compressive 
strength of jointed rock mass, and found that the interac-
tion between cross-jointed groups has a significant impact 
on mechanical properties and failure modes. Zhou et al. 
(2018) studied the failure mode of two three-dimensional 
prefabricated cross-cracks in polymethyl methacrylate sam-
ples under uniaxial compression. Kulatilake et al. (2001) 
used the PFC3D program to simulate uniaxial tests on rock 
masses with cross joints, and found that tensile splitting, 
slip and composite fracture were the main failure modes of 
rock masses with cross joints. Xiong et al. (2020) studied the 
influences of joint parameters such as the inclination angle 
of the primary joint and the angle between the primary and 
secondary joint surfaces on the mechanical properties of the 
specimen. Based on experiments and numerical simulations, 
Cao et al. (2015) found that such specimens exhibited four 
failure modes under different inclination angles and included 
angles.

To ascertain the mechanical properties of intact rocks 
and fractured rocks under dynamic and static combined 
loading, scholars have conducted a series of correspond-
ing studies (Hu et al. 2020; Liu et al. 2020, 2019). The 
dynamic response of the rock under the axial stress state 
was studied, and the stress–strain curves in the X, Y, and 
Z-axes were plotted; Li et al.(2008, 2010), based on the 
dynamic and static combined loading SHPB device, inves-
tigated the mechanical properties, energy dissipation, and 
failure mode of rock specimens under different combined 
loading conditions; Wang et al. (2018) studied the mechani-
cal properties of coal samples with different water contents 
under static and dynamic and static combined loads by using 
a split Hopkinson pressure bar (SHPB) test system; Gong 
et al. (2012a; b) researched mechanical properties of sand-
stone under three-dimensional dynamic and static combined 
loading through the modified triaxial SHPB experimental 
device, and found that under the same confining pressure, 
the axial pressure ratio has a greater effect on the compres-
sive strength of sandstone; Xu et al. (2019) studied the 
dynamic compression performance of concrete specimens 
under different static triaxial constraints, and found that the 
specimens exhibited constraint dependence and strain rate 
dependence; Weng et al. (2018) studied the failure behav-
ior of a rock mass under high ground-stress conditions and 

dynamic loads through the SHPB testing of granite rock 
samples containing circular and cubic holes; based on the 
improved SHPB device, with the help of three-dimensional 
digital image correlation technology, Li et al. (2021, 2022) 
studied the mechanical properties and failure behavior of 
rocks with fractures under different loading methods; Li 
et al. (2016) conducted a one-dimensional dynamic and 
static combined load tests on sandstone specimens with 
prefabricated holes, and the results showed that the com-
bined effect of stress concentration around the holes and 
strain generated by static loads promoted rock impact dam-
age; Wang et al. (2022) found that with the increases of the 
medium thickness and water content, the blocking effect of 
joints on stress waves was significantly enhanced; Li and Ma 
(2009) conducted impact tests on rocks containing joints, 
and found that higher water content and larger joint width 
would weaken the sample; Li et al. (2018) used the improved 
SHPB device to perform impact tests on samples containing 
single joints, and determined six typical crack types therein; 
Zhang et al. (2006) studied the penetration mechanism of 
cracks at different spatial positions, and found that cracks 
easily penetrate directly at the inner ends of the two cracks 
under dynamic load; Bahaaddini et al. (2016) used the dis-
crete element particle flow program PFC3D to study the 
influences of the geometric parameters of non-penetrating 
joints on the uniaxial compressive strength and deformation 
modulus, it is found that the joint dip angle and joint persis-
tence degree exert a significant influence on the mechanical 
properties of rock specimens (the joint dip angle exerting the 
greatest influence); Pan et al. (2021) conducted impact tests 
on cement mortar specimens with different joint angles, and 
found that when the joint angle increased from 0° to 90°, the 
peak strength of the specimens decreased, then increased.

As mentioned above, it is necessary to conduct fur-
ther Three-dimensional numerical simulation of dynamic 
strength and failure mode of cross-jointed rock mass. Most 
of the existing studies on the dynamic response and failure 
behavior of jointed rock mass focus on single joints or paral-
lel multi-joints, and rarely consider the influence of in-situ 
stress. Although common in many engineering rock masses, 
cross joints, in terms of structure, are rarely studied. There-
fore, based on laboratory tests, this research established a 
three-dimensional coupling numerical model of the biaxial 
Hopkinson bar (BHPB) system, considering factors such as 
different intersection angles, joint persistence ratios, and 
initial stress states, explored the dynamic strength charac-
teristics of the samples, and analyzed the dynamic strength 
characteristics of the samples from the microscopic point of 
view. In this case, the crack initiation-growth mode of the 
specimen was used to assess the interaction between primary 
and secondary joints.
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2  Numerical model set‑up

2.1  Introduction to laboratory testing

The laboratory testing relied on the use of the BHPB test 
system (Li et al.2022), as shown in Fig. 1. The loading 
system consists of a dynamic impact loading unit and 
a servo-motor controlled hydraulic loading unit. The 
dynamic impact loading unit includes an air gun, a cylin-
drical punch and four elastic rods perpendicular to each 
other on the same horizontal plane. Both the punch and 
the elastic rod are made of 60Si2Mn alloy steel, and the 
elastic mold, with a capacity of about 200 GPa, an elastic 
wave velocity therein of about 5000 m/s, the length of the 
punch is 500 mm, the diameter is 40 mm, the lengths of 
the incident rod and the transmission rod are 2.5 m and 
2 m respectively, the length of the two rods in the Y-direc-
tion is 2 m, and the cross-section of the four rods measures 
50 mm × 50 mm. During the test, the punch in the air gun 
is driven by high-pressure gas to strike the elastic rod at 
a certain speed, and the maximum impact speed of the 
punch can reach 30 m/s.

During the test, the pre-loaded initial static load can 
be applied evenly through the servo-motor controlled 
hydraulic cylinders in two directions respectively. After it 
reaches the target value, the impact air pressure is set, and 
the punch is launched to hit the incident rod to generate 
the incident stress wave signal εin. When the wave propa-
gates to the end of the incident rod, the reflected wave 
signal εre and the transmitted wave signal εtr are gener-
ated. Meanwhile, the expansion deformation caused by the 
Poisson effect in the specimen will cause the output rod 
to more outwards in the Y-direction, so the rod generates 
dynamic stress wave signals εy1 and εy2 both of which are 
monitored and recorded (Fig. 2). According to the one-
dimensional stress wave theory and the assumption of 
uniformity, the mechanical parameters such as dynamic 

stress, dynamic strain, and strain rate in each direction of 
the specimen were calculated by the three-wave method 
(Xiao et al.2020):

where C0, E0, and A0 are the longitudinal wave velocity, elas-
tic modulus, and cross-sectional area of the rod, respectively; 
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Fig. 1  The BHPB test system 
(Li et al. 2022)

Fig. 2  Plane schematic diagram of the DPHB system (Li et al. 2022; 
Liu et al. 2023)
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As and L represent the initial cross-sectional area and length 
of the sample, respectively; εin(t), εre(t), and εtr(t) denote the 
incident strain, reflected strain, and transmitted strain in the 
X-direction, respectively; εy1(t) and εy2(t) are the strains in 
the two output rods in the Y-direction.

The data acquisition system is equipped with a resistance 
strain gauge (BX120-2AA), an oscilloscope (YOKOGAWA 
DL-850E), a super-dynamic strain gauge (LK-2019A), a 
computer and a high-speed data acquisition system. Dur-
ing the experiment, the dynamic voltage signal is amplified 
by the super-dynamic strain gauge, displayed and cached in 
real time through the oscilloscope, and then stored for data 
processing, as shown in Fig. 3a. A high-speed digital image 
correlation (DIC) measurement system was used to measure 
the real-time deformation of the sample, and the high-speed 
camera was vertically placed and aligned with the observa-
tion surface of the sample, as shown in Fig. 3b. During the 
test, when the dynamic voltage signal triggers the oscillo-
scope, the high-speed camera connected to the oscilloscope 

will trigger synchronously, and then start to shoot real-time 
images. The output results are shown in Fig. 3c.

2.2  Simulation scheme

The test simulates the dynamic response characteristics of 
samples with different cross-joint distribution forms under 
two-way confining pressure. The pre-loaded initial static 
load (σsx, σsy) is (30, 10) MPa, and the main joint inclination 
angle (between the impact loading direction and the joint 
angle) is 45°, the penetration ωL1 is fixed at 0.424, and five 
different crossing-angle specimens are designed (namely: 
30°, 45°, 60°, 90° and 135°); delimiting the range of the 
joint persistence ratio η as 0.33 to 1.00, the joint width is 
0.05 mm. The specimen with a cross angle of 90° and pen-
etration ratio of 0.67 is shown in Fig. 4. The joint persistence 
ratio η is defined by the ratio of the secondary through joint 
to the main through joint, as shown in Eq. (2) (Table 1).

Fig. 3  Laboratory test and result output
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2.3  Construction of numerical model 
and determination of mesoscopic parameters

Combined with the laboratory test, the same size model of 
the BHPB system was established by the FEM-DEM cou-
pling method, as shown in Fig. 5a. In this test system, the 
steel rod is a continuous medium with high yield strength 
and elastic modulus, in which elastic stress waves can be 
generated and propagated without attenuation. There-
fore, the steel rod is represented by a continuous unit in 
 FLAC3D, while as a rock-soil material, the specimen is 
represented by the bonded granular material in  PFC3D, 
which is made by deleting particles to form cross joints, 
and endowed with a “linear parallel bonded contact model 
(BPM)” (Potyondy 2016) as shown in Fig. 5c. Particles 
are connected via a linear element and a parallel bond ele-
ment. Linear elements represented by k

n
 and k

s
 can only 

transmit elastic interactions between particles and cannot 
resist tension and rotation, and the function of the paral-
lel bond element represented by k

n
 and k

s
 is to bond the 

particles together (Shi et al. 2019). When the force exceeds 
the bond strength of the sample, the bond breaks, activat-
ing cracking. Force displacement laws for contact force 
and momentum in the BPM are respectively computed as 
follows (Cundall and Strack 1979)

(2)� =
L
2

L
1

where F
l
 refers to the linear force, and F

d
 denotes the hys-

teretic damping force (Whittaker 1988), which is applied 
to dissipate energy of the system for each particle in each 
calculation step; F represents the parallel bond force, and 
M

b
 stands for the parallel bond moment (Shi et al. 2019).
The coupling wall generated by the “wall-zone” com-

mand coincides with the surface of the FLAC solid unit as 
an interface between the two programs. The coupling wall 
will be divided into multiple triangular surfaces connected 
by endpoints. In each cycle, within  FLAC3D, the velocity 
of the boundary node in the model is calculated by the 
center of gravity interpolation method shown in Fig. 5b 
through the contact surface node to transfer to the particles 
in the  PFC3D model. The  PFC3D model updates the wall 
coordinates, and then sends the generated wall force back 
to the  FLAC3D model. Therefore, on the boundary of the 
two models, the coordinates, velocity, and force of will 
be updated continuously. It is worth noting that during 
the calculation process, after the coupling option is acti-
vated, the mechanical calculation needs to be in the large 
deformation mode. The Time involved in this numerical 
calculation is the real time. In the ITASCA business cal-
culation software, the calculation time of FLAC and PDC 
depends on "Cycle" and "time-step", and the software uses 
"Mech-time" to represent the real time. In value, Mech-
time = Cycle × time-step, which is different from the run-
ning Time in the computer.

In the model building stage, a structural unit with 
the same size was established as the BHPB test sys-
tem. The grid size of the steel rod unit was set to 
10 mm × 5 mm × 5 mm, and the parameters such as the 
elastic modulus and Poisson’s ratio of the steel rod were 

(3)F
c
= F

l
+ F

d
+ F

(4)M
c
= M

b

Fig. 4  Schematic diagram of a specimen with a cross angle of 90° and a penetration ratio of 0.67

Table 1  Simulation scheme design

Series No. Cross angle α (°) Penetration ratio η

1 30, 45, 60, 90, 135 0.67
2 30, 45, 60, 90 0.33, 0.67, 1.00
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set according to the standard procedure in the friction-free 
state. A numerical specimen of the same size was generated 
as the laboratory specimen (50 mm × 50 mm × 50 mm), 
as shown in Fig. 5d, the minimum diameter Dmin of the 
sphere was set to 1.2 mm, the ratio of the maximum diam-
eter Dmax to Dmin was set to 1.67, and parameters such 
as density and damping to the sphere were assigned; 
in the model test stage, at first, static loads σsx and σsy 
were applied to the rod ends in the X and Y-directions 
respectively. After the specimen reached the static stress 

balance, the dynamic configuration was activated and the 
local dynamic damping was set to 0. A dynamic load was 
applied to the left-hand end of the incident rod, and the 
generated stress wave propagated through the incident rod 
and strikes the specimen. Part of the stress wave propa-
gated through the specimen to the transmission rod, and 
part of it propagated to the two rods in the Y-direction due 
to the Poisson effect in the specimen. The output rod, and 
the rest can be reflected along the incident rod, completing 
the propagation of the stress wave.

Fig. 5  Schematic diagram of numerical model of the BHPB system. a Numerical model (schematic representation) b Center of gravity interpo-
lation c Linear parallel bonded contact model d Cross-jointed specimen



Three‑dimensional numerical simulation of dynamic strength and failure mode of a rock mass… Page 7 of 18    17 

Based on the laboratory test results, the mesoscopic 
parameters of the numerical model were checked and cor-
rected by trial and error; more reliable numerical simula-
tion mesoscopic parameters were obtained (Tables 2, 3, 
4). In this process, besides considering the physical and 
mechanical parameters of the material itself, the "Pb-ten-
sion" and "Pb-cohesion" parameters play a significant role, 
and accurate calibration of these two parameters is crucial 
for reproducing the numerical simulation faithfully.

Figure 6 illustrates the comparison between the labo-
ratory BHPB test results and the numerical BHPB test 
results of the samples. The stress-time history curve of 
the incident stress wave in the laboratory test, depicted 
in Fig. 6a, serves as the basis for the numerical simula-
tion input. The impact load applied to the rod end exhibits 
a remarkable consistency with the incident wave of the 
test, validating the successful implementation of the stress 
wave input. Figures 6b–d display the propagation charac-
teristics of the output stress wave, demonstrating a high 
degree of agreement between the curves obtained from 
the laboratory test and numerical simulation. Figure 6e 
showcases the final failure pattern, where the accumulation 
of light-yellow particles indicates the crack area. These 
comparisons collectively affirm the reliability and effec-
tiveness of the numerical test model parameters.

3  Simulation result analysis

3.1  Stress equilibrium

The impact test simulation was conducted on specimens 
with a joint persistence ratio η of 1.0, the initial static load 
(σsx, σsy) is (30, 30) MPa to verify the stress wave propaga-
tion and stress balance, the test input impact stress wave is 
a quasi-half-chord wave, the amplitude of which is about 
180 MPa. Multiple monitoring points among the incident 
rod, transmission rod and Y-direction output rod were set 
to monitor the stress amplitude. The stress history of each 
rod is shown in Fig. 7, and the stress amplitude of the 
monitoring point on the incident rod can be found. The 
values are the same, indicating that the propagation of the 
input stress wave in the member is not attenuated. At the 
same time, to ensure the accuracy of the BHPB simulation 
test, the specimen must reach a dynamic stress equilibrium 
during the test.

Figure 8 shows the results of verifying the stress equi-
librium through the “three-wave method” and “direct 
method”. In the three-wave method, the transmitted wave 
is the superposition of the incident wave and the reflected 
wave; In the direct method, the stress at the interface 
between the rod and the specimen at both ends (incident 
and transmitted ends) is equal to the average stress within 
the specimen after the impact. The stress at the contact 
interface (incident end �surf

in
 and transmission end �surf

tr
 ) is 

equal to the average stress �
ave

 in the specimen. Remark-
ably, the specimen maintains a dynamic stress equilibrium 
in both scenarios, thereby confirming the validity of the 
test model.

3.2  Strength characteristics

3.2.1  Effects of cross angle

Figure 9a shows the dynamic stress–strain curves of sam-
ples with five cross angles. The stress–strain curves of 
samples can be divided into three stages: an elastic defor-
mation stage, non-linear deformation stage, and post-peak 
stage. The difference in the stress–strain curve of the static 
test on a rock specimen is that under the action of the ini-
tial static load, the internal micro-cracks of the specimen 
are compacted, so no compaction section is observed in 
the stress–strain curve of the specimen during the impact 
loading process. In the elastic deformation stage, the com-
pressive deformation of the specimen is uniform, and the 
dynamic elastic modulus of the samples with different 
cross-joint angles is relatively consistent; as the dynamic 
stress continues to increase, the microcracks are activated, 

Table 2  Mesoscopic parameters 
of the numerical model

Parameter Value

Density (kg/m3) 2620
Rmin (mm) 0.6
Dmax/Dmin 1.67
Frictional coefficient μ 0.39
krat 1.8
Effective modulus (GPa) 25.0
Porosity 0.15

Table 3  Mesoscopic parameters 
of bond in the numerical model

Parameter Value

Pb-tension (MPa) 21.0
Pb-cohesion (MPa) 41.0
Stiffness ratio 1.8
Friction angle (°) 40
Installation gap (mm) 0.03

Table 4  Mesoscopic parameters 
of bar in the numerical model

Parameter Value

Elastic modulus (GPa) 200
ν 0.27
Wave speed (m/s) 5000
Density (kg/m3) 78.50
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and the specimen enters the non-linear deformation stage; 
in the post-peak stage, after the impact load is reduced, the 
elastic strain energy stored in the specimen is released, but 
because the specimen is not completely destroyed during 
the impact process and retains a certain bearing capacity, 
the stress–strain curve of the specimen rebounds during 
the unloading stage, forming a hysteresis loop. Figure 9b 
compares the stress–strain curves of experiment and simu-
lation under a confining pressure of 30 MPa, in which the 

test data are obtained through laboratory tests as shown 
in Fig. 3. The two curves closely coincide, with a peak 
difference of less than 1.5%, validating the effectiveness 
of the numerical simulation in this study.

The peak stresses borne by samples with different cross 
angles are shown in Fig. 10. When the cross angle increases 
from 30° to 135°, the peak stresses on samples are 171.1, 
169.8, 167.8, 163.4, and 164.8 MPa, initially decreasing, 
then increasing. There is a large change initially, but the 

Fig. 6  Comparison of waveforms and final failure forms. a Incident waves b reflected waves c transmission waves d transmitted wave in the 
Y-direction e comparison chart of the final failure form of the sample
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Fig. 7  Laboratory test and monitoring curve. a Diagram of stress wave propagation over SHPB b stress-time curve

Fig. 8  Dynamic stress equilibrium check. a Three-wave method b direct method

Fig. 9  Stress–strain curves. a Stress–strain curves of different cross-jointed specimens b comparison of Indoor Testing and Numerical Simula-
tion under a Confining Pressure of 30 MPa (Liu et al. 2023)
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overall change is small. It is considered that when the length 
and dip angle of the main joint are constant, the change 
of the dip angle of the secondary joint has little effect on 
the strength of the rock sample, and the strength of the 

cross-joint specimen is mainly controlled by the main joint. 
The peak stress of the specimen with an included angle of 
90° is the smallest, indicating that when the secondary joint 
is orthogonal to the main joint, the joint has a significant 
effect on the deterioration of the strength of the rock sample, 
thereby reducing the impact resistance of the rock specimen.

3.2.2  Effects of the joint persistence ratio

To study the effect of the joint persistence ratio on the 
strength characteristics and failure mode of the cross-joint 
specimens, and according to the laboratory test results, it can 
be found that when the intersection angle is 90°, there will 
be through-through cracks formed between the primary and 
secondary joints of the specimens with different penetration 
ratios, so respectively dynamic biaxial compression tests 
were conducted on samples with different penetration ratios 
at intersection angles of 30°, 45°, 60°, and 90° to assess the 
influence of the interaction between primary and secondary 
joints.

Figure 11 shows the stress–strain curves of the sam-
ples obtained by processing the data; as the cross angle α 
increases from 30° to 90°, the peak strain increases, and 

Fig. 10  Peak stress borne by specimens with different cross-joint 
angles

Fig. 11  Stress–strain curves of samples with different penetration ratios at different cross angles. a α = 30° b α = 45° c α = 60° d α = 90°
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the hysteresis loop in the post-peak stage also increases. 
Large, that is, the elastic strain energy released in the speci-
men increases, and the degree of damage to the specimen 
increases, indicating that regardless of the joint persistence 
ratio, the increase of the cross angle will reduce the ability 
of the specimen to resist damage, which is consistent with 
the aforementioned conclusion. When the intersection angle 
α is 30° and 45°, the dynamic peak stress of the specimen 
changes little with the joint persistence ratio η, which indi-
cates that the strength of the specimen is controlled by the 
main joints, and the increase in the length of the second-
ary joints has almost no effect thereon. When the intersec-
tion angle α is 60°, the peak stress decreases slightly with 
increasing η, and when α is 90°, the peak stress decreases 
from 169.7 MPa to 152.4 MPa with the increase of η from 
0.33 to 1.00. The strain also decreased significantly, indi-
cating that when α ≥ 60°, the sub-joint began to affect the 
dynamic strength of the sample, and for the 90°-specimen 
with the lowest strength, the influence of the length of the 
sub-joint is more significant. The initial deterioration effect 
on the specimen is superimposed, so the dynamic strength 
decreases significantly.

From the above analysis, when α < 60°, the peak strength 
of specimens from different angles is essentially the same, 
and the hysteresis curves of specimens with different joint 
persistence ratio at the same angle overlap significantly. the 
dynamic strength of the specimen is controlled by the main 
joints; when α ≥ 60°, the primary and secondary joints exert 
the more significant effect on the strength: the trend of hys-
teresis curve shows that secondary joints can better deter-
mine the peak strength; at α = 90°, the length of secondary 
joints has a significant effect on the strength.

3.2.3  Effects of the initial stress state

The above simulation results found that the strength of the 
specimen is low when the cross angle is 90° under biaxial 
compression, and the interaction between the primary and 
secondary joints is manifest to a significant extent when the 
penetration ratio is 0.67. To understand the influence of the 
dynamic strength of the sample, impact simulation tests 
under uniaxial, biaxial and triaxial stress states (as shown 
in Table 5) were conducted on specimens with α = 90° and 
η = 0.67, respectively. Figure 12 shows a numerical model 
of a specimen under a triaxial state of stress.In the context 
of this discussion, "uniaxial" means that there is no lateral 

pressure, and only the impact load is applied in the specified 
direction, denoted as UC (0, 0, 0). Similarly, "Biaxial load-
ing" is expressed as BC (30, 10, 0), and the "triaxial loading" 
is expressed as TC (30, 20, 10).

Figure 13 depicts the stress–strain curves of the speci-
men in the multiaxial prestressed state. Since in the numeri-
cal simulation, the cross-joint specimen is in a quasi-com-
pacted state after sampling; under uniaxial compression, 
the stress–strain curve of the specimen does not exhibit a 

Table 5  Confining pressure 
setting

Test type �
sx

 (MPa) �
sy

 (MPa) �
sz

 (MPa) Abbreviation

Uniaxial compression test (UC) 0 0 0 (0, 0, 0)
Biaxial compression test (BC) 30 20 0 (30, 20, 0)
True triaxial compression test (TC) 30 20 10 (30, 20, 10)

Fig. 12  Numerical model of a specimen under a triaxial state of state

Fig. 13  Test results under multiaxial prestressing
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compaction stage, and directly enters the elastic deformation 
stage. Under uniaxial and biaxial compression, the specimen 
exhibited strain softening in the post-peak stage, increased 
plastic deformation, and the stress–strain curve was open in 
form. Under triaxial compression, the specimen still retains 
its strength, and the stress–strain curve rebounds in the post-
peak stage, forming a hysteresis loop.

Figure 13 shows that with the strengthening of lateral 
constraints, the dynamic strength and dynamic elastic mod-
ulus of the specimen increase significantly, and its peak 
stress increases from 76.3 MPa under uniaxial compres-
sion to 244.2 MPa (triaxial compression), this shows that 
the increase of lateral restraint can significantly improve the 
dynamic strength of the specimen. In Fig. 13, UC, BC and 
TC represent uniaxial compression, biaxial compression and 
triaxial compression respectively.

3.3  Failure mode  of specimens at different 
cross angles

According to previous studies on the evolution process of 
rock damage, the damage of rock is essentially the result 
of the continuous initiation, expansion, and accumulation 
of micro-cracks in the rock mass, therefore, the damage 
evolution process of the rock specimen can be analyzed by 
observing the microcrack propagation process in the numeri-
cal simulation. The red stripes in Table 5 represent micro-
crack sheets that originate and propagate from the tip of the 
joint. As the impact load increases, the crack density also 
increases, resulting in the formation of a macroscopic crack 
zone known as the damaged and fractured zone. On the other 
hand, the different colors depicted in Fig. 13 represent vari-
ous rock states.

When the cross angle is 30°, after the stress wave reaches 
the specimen (at 540 μs), due to the influences of preloaded 
static load and impact force, stress concentration will appear 
on the contact edge between the steel rod and the sample, so 
the stress concentration will appear on the edge of the speci-
men and randomly distributed microcracks will be generated 
at the corner; wing cracks and anti-wing cracks will then be 
generated quasi-simultaneously at the tip of the main joints. 
However, due to the bidirectional static load, the wing cracks 
are limited in the extent of their propagation and appear 
as thin microcrack sheets on a microscopic scale. With the 
increase of impact load, between 650 μs and 1000 μs, the 
anti-wing cracks continue to expand from the tip of the main 
joint to the end of the sample, and the coplanar cracks are 
discretely generated in the area between the main joint and 
the end of the sample, and the crack density increases with 
the increase of the impact load. As the width and length 
continue to increase, the local area where the cracks gather 
also increases and is separated from the rest of the area. 
The expansion, intersection, aggregation, and penetration of 

these cracks cause the rupture of the specimen. From a mes-
oscopic point of view, the anti-wing cracks at the upper and 
lower ends of the specimen show an antisymmetric propaga-
tion trend at an angle of approximately 135° to the loading 
direction, and finally penetrate through the end of the speci-
men. During the destruction of the sample, the cracks are 
generated and propagated from the tip of the main joints, 
and the secondary joints have almost no influence on the 
crack-propagation path. In this numerical simulation study, 
the observed form of cracks is depicted in Fig. 14.

The final failure form of the crack propagation path 
of the specimen with an intersection angle of 45° is like 
that of the 30°-specimen, and the wing cracks initiate and 
propagate approximately perpendicular to the main joints. 
Between 650 μs and 1000 μs, the impact load increases, 
and the microcracks appear along the main joints. The tip 
tends to expand downwards and upwards respectively around 
the main joints. During the impact process, the main joints 
dominate the failure process of the sample, and the second-
ary joints still have little influence on the crack propagation 
path. The interaction between the primary and secondary 
joints is not obvious. The specimen eventually exhibited 
shear failure.

The crack propagation process of the specimen with a 
cross angle of 60° is shown in Table 6. The red particles 
in the output result indicate the microcrack, and the arrows 
drawn show the direction of the crack propagation. At 
580 μs, the anti-wing crack tends to propagate from the tip 
of the main joint along the direction of the maximum prin-
cipal stress. At 650 μs, the crack density at the corner end 
of the specimen gradually increases, the anti-wing cracks 
penetrate at the tip of the primary and secondary joints, and 
coplanar cracks are generated at the lower end of the main 
joints. As the impact load increases, the coplanar cracks 
and anti-wing cracks continue to expand and coalesce, and 
finally the cracks at penetrate the end of the specimen, and 
the multiple fracture surfaces consisting of anti-wing cracks, 

anti-coplanar 
cracks

coplanar 
cracks

pre-existing 
fissures 

wing cracks

anti-wing 
crack coplanar 

cracks

wing cracks

anti-wing 
crack

anti-coplanar 
cracks

Fig. 14  Schematic diagram of crack initiation types (Liu et al. 2015)
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primary joints, secondary joints, and coplanar cracks are 
formed within the specimen.

At the initial loading stage of the specimen with a cross 
angle of 90°, tensile wing cracks were initiated at the tips of 
the primary and secondary joints. At 580 μs, the anti-wing 
cracks tended to penetrate at (or around) the primary and 
secondary tips, and the wing cracks continued to expand, 
the anti-wing crack completely penetrates at the tip of the 

primary and secondary joints, and continues to expand to 
both ends of the specimen through the end of the primary 
joint, resulting in macroscopic fracture of the specimen.

The crack propagation process of the specimen with a 
cross angle of 135° is similar to that of the 90°-sample, 
but the wing crack length is significantly longer than other 
samples, and the ends of the primary and secondary joints 
penetrate within a short period of time, and after penetration, 

Table 6  Crack growth in specimens with different cross angles

Cross 

angle 

(°) 

Time (μs) 

540 580 650 1000

30

45

60

90

135
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the crack passes through (causing expansion of the end of 
the secondary joint) to the two ends of the sample, the joint 
action of the two joints leads to the destruction of the speci-
men. Figure 15 presents the final failure morphology of 
the specimens at each cross angle. The interface between 
balls of different colors signifies the occurrence of crack 
penetration.

From the above analysis, there are differences in the fail-
ure characteristics of samples with different cross angles. 
When the cross angle α is less than 60°, the cracks in the 
specimen mainly propagate from the main joints, and the 
secondary joints have little influence on the crack propaga-
tion path. When α ≥ 60°, the secondary joints have a guiding 
effect on the propagation of the anti-wing cracks, and there 
will be significant penetration failure between the primary 
and secondary joints. Joint control, and the formation of 
multiple fracture surfaces composed of anti-wing cracks, 
primary and secondary joints, and coplanar cracks (the 
specimen is more damaged).

3.4  Failure modes of samples with different 
penetration ratios

Table 7 summarizes the final failure modes of samples with 
different penetration ratios at different intersection angles: 
when the intersection angle α is 30° and 45°, the crack ini-
tiation and propagation are dominated by the main joints, 
regardless of the joint persistence ratio η; the size (the length 
of the sub-joint) has no significant effect on the crack initia-
tion-propagation process, which corresponds to the influence 
of the joint persistence ratio on the strength characteristics 
at this angle above. When the intersection angle α is 60°, 
and when η is 0.33, the secondary joints of the specimen 
have little effect on its failure mode; when η ≥ 0.33, second-
ary joints exert a guiding effect on crack propagation, and 
penetration failure occurs between the ends of the primary 
and secondary joints.

In summary, when the intersection angle α < 60°, the pri-
mary joints dominate the crack initiation and propagation, 
and the secondary joints have little effect on the strength 
and failure mode of the rock specimen. When α ≥ 60°, the 

crack initiation and expansion remain dominated by the main 
joints, but the influence of the secondary joints on the crack 
growth gradually increases. Combining the failure charac-
teristics of samples with different intersection angles and 
penetration ratios, it is considered that, under this loading 
condition (when α = 60°, η = 0.67 and the length of the sec-
ondary joint is 20 mm) the critical condition for the interac-
tion between the primary and secondary joints arises. The 
distribution of stress fields near the ends of primary and 
secondary joints overlaps. When α ≥ 60° and η ≥ 0.67, the 
size of η will affect the time required for the formation of 
cracks at the ends of primary and secondary joints. When 
α < 60°, regardless of the size of η, there will be no penetrat-
ing failure between primary and secondary joints.

3.5  Failure modes of specimens under different 
initial stress states

Figure 16 demonstrates the crack growth process of the 
specimen under uniaxial compression. The cracks in the 
specimen are mainly wing cracks and coplanar cracks, 
which is different from the situation in the presence of static 
stresses alone. At the initial stage of loading, wing cracks 
are generated at the tips of the primary and secondary joints. 
At about 680 μs, the right-hand wing cracks are connected 
near the right-hand tips of the primary and secondary joints, 
and coplanar cracks are initiated at the lower tips of the main 
joints and propagate toward the lower end of the specimen. 
At 740 μs, coplanar cracks are generated at the tip of the 
main joints and propagate through the upper end of the sam-
ple, but between 740 μs and 1000 μs, generation of micro-
cracks diminishes, and the final failure mode of the specimen 
is “tensile-shear composite”. Combining the failure pattern 
of the specimen as shown in Fig. 17, it is found that the 
specimen is separated by the crack zone and the fracture 
surface composed of the main joints, and completely loses 
its bearing capacity. This shows that, under the lower impact 
load, the specimen will be destroyed macroscopically, so 
as the impact load continues to increase, the micro-cracks 
inside the specimen will not continue to increase.

Broken blocks

Broken blocks

Through-through 
cracks

Broken blocks

Broken blocks

Broken blocks

Broken blocks

Through-through 
cracks

Shedding 
blocks

Broken blocks

Shedding 
blocks

Broken blocks

Fig. 15  Final failure patterns of specimens with different cross-joints
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Figure 18 shows the failure morphology of the specimens 
under biaxial and triaxial compression. It can be found that 
under biaxial compression, the crack density in the area 
between the tip of the primary and secondary joints and 
the end of the specimen increases in the later stage of load-
ing, while the degree of damage in the specimen under tri-
axial compression is significantly lower than that of biaxial 

compression, which also shows that the lateral The increase 
of constraints can suppress the generation of microcracks 
to a certain extent and improve the impact resistance of the 
specimen.

In summary, under uniaxial compression, wing cracks and 
coplanar cracks are the dominant cracks; under load, a pen-
etrating fracture zone composed of main joints and crack zones 

Table 7  Final failure patterns of samples with different penetration ratios at different intersection angles

α
η

0.33 0.67 1.00

30°

45°

Shedding blocks

Broken blocks

Shedding blocks

Broken blocks

Shedding blocks

Broken blocks

Shedding blocks

Broken blocks

Shedding blocks

Broken blocks
Shedding blocks

Broken blocks

60°

90°

Shedding blocks

Broken blocks
Shedding blocks

Broken blocks
Broken blocks

Shedding blocks
Broken blocks

Shedding blocks
Broken blocks Shedding blocks

Broken blocks
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is formed in the sample, which leads to macroscopic damage 
of the specimen. Under biaxial and triaxial compression, the 
anti-wing cracks are the main cracks in the crack growth, and 
both of them penetrate at the tip of primary and secondary 
joints, but the overall degree of damage to the specimen under 
triaxial compression is significantly smaller than that under 
uniaxial and biaxial compression, suggesting that prestressing 
helps to inhibit the generation of micro-cracks in the specimen, 
thereby reducing the deformation and damage of the specimen 
and improving the dynamic strength thereof.

4  Conclusions

The BHPB model was established by the FEM-DEM cou-
pling method, and the results were compared with the 
laboratory test results, considering the influences of the 
cross angle, joint persistence ratio, initial stress state, and 
different modes of crack initiation-propagation in a cross-
jointed rock mass under working conditions. The follow-
ing conclusions can be drawn:

Fig. 16  Crack growth in a specimen under uniaxial compression

Fig. 17  The final failure state of a specimen under uniaxial compression. a Front damage pattern b side damage pattern

Fig. 18  Final failure patterns of specimens under biaxial and triaxial compression. a Biaxial compression b triaxial compression
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(1) With the increase in the cross angle α, the peak stress 
borne by the specimen shows a trend of first decreas-
ing, then increasing, and it is the smallest when α = 90°. 
When α < 60°, regardless of the joint persistence ratio 
η, the dynamic peak stress of the specimen is con-
trolled by the main joints. When α ≥ 60°, the peak stress 
decreases with the increase of η, and when α = 90°, the 
peak stress decreases from 169.7 to 152.4 MPa with the 
increase of η from 0.33 to 1.00, the peak strain signifi-
cantly reduces to 0.0062.

(2) Under the initial static load, the initiation and propa-
gation of wing cracks are limited. When α < 60°, the 
crack initiation-propagation of the cross-jointed speci-
men is mainly controlled by the main joints, and the 
final fracture surface of the specimen is composed of 
the main joints and anti-wing cracks; when α ≥ 60° or 
η ≥ 0.67, the interaction is obvious, and the secondary 
joints have a guiding effect on the propagation of the 
anti-wing cracks. The primary and secondary joints 
will be penetrated, and damaged, and multiple fracture 
surfaces composed of primary and secondary joints, 
anti-wing cracks and coplanar cracks will be formed.

(3) The increase in lateral restraint can significantly 
increase the dynamic peak stress borne by the speci-
men. its peak stress increases from 76.3 MPa under 
uniaxial compression to 244.2 MPa (triaxial compres-
sion), Under uniaxial compression, the specimen forms 
a fracture surface composed of primary and secondary 
joints, wing cracks and coplanar cracks. The degree of 
damage is greatly reduced.

Limitations It should be mentioned here that the work 
presented in this study does has a potential limitation. One 
major issue is that all tests are not repeated based on suf-
ficient samples, and this limiting factor may have some 
impact on the statistical reliability of the study results.
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