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Study on mechanical properties 
and energy change of rock 
materials in whole splitting process 
based on peridynamics
Hewan Li , Jian Liu *, Laigui Wang  & Tianjiao Ren 

Aiming to bypass the inability to directly observe the evolution process of rock internal deformation 
and fracture, this paper proposes that rock samples with different inclination angles can be analyzed 
from the standpoint of energy, using the bond-base peridynamic theory and the PMB model of brittle 
materials, combined with laboratory experiments. The whole process of shearing is analyzed, and 
the LAMMPS software is used to simulate the internal energy change of rock-like materials under 
shear conditions, while the damage evolution law of samples with different dip angles is studied 
from macro and micro perspectives. The result shows that prefabricated cracks and the inclination of 
cracks are important factors for specimen damage, a finding that has important theoretical value for 
rock mechanics research. The research results can reduce the occurrence of rock burst accidents, the 
difficulty of mine support, and the cost of mining engineering, as well as improve mine safety levels.

Due to the increase in the depth and breadth of mining, the working face of the roadway gradually moves, 
resulting in various types of defects such as pores, cracks, and joint structures in the rock  mass1. Sandstone is a 
typical rock type around underground energy. Under the influence of the above defects, its mechanical proper-
ties change, which directly affects the difficulty of mine support and other projects and can even lead to disasters 
such as rock  bursts2,3. Therefore, it is urgent to study the mechanical properties of sandstone and the laws of 
crack propagation during loading.

Tensile failure is one of the most basic failure modes of rock materials. It can be used not only to calculate a 
series of important physical parameters, such as rock tensile strength, but also to study the crack propagation 
and macroscopic fracture properties throughout the whole process of rock  shear4. Various crack propagation 
laws can be realized by prefabricating cracks on rocks and changing crack  angles5,6. Based on this, many schol-
ars across the globe have carried out analyses on the process of shearing various rock-like materials using the 
Brazilian splitting experiment. Xiong et al.7 used shale as the experimental material, combined with a self-made 
"herringbone"-shaped mold to measure the fracture toughness at two crack angles, and obtained the law of 
shale fracture toughness. Shang et al.8 studied the effect of pressure on the fracture toughness of disc specimens 
with prefabricated cracks, and the results showed that when the specimen contains large-angle cracks, the load 
pressure needs to be analyzed. When Zhu et al.9 used RFPA software to numerically simulate the whole process 
of rock material shear with prefabricated cracks, the analysis showed that the prefabricated crack will guide the 
damage in the rock material when the specimen is in contact with the loading device and near the crack tip. 
Likewise, H. Haeri et al.10 performed shear experiments on disc specimens with prefabricated single and double 
cracks by combining experiments and numerical simulations. In this way, the number of cracks and the damage 
law of angular rock materials was found. These existing shear experiments mainly focus on the single analysis 
of crack propagation and material macroscopic damage, and most of them are based on fracture toughness and 
crack propagation law. However, few studies examine the crack propagation along with the change of internal 
energy during the whole shearing process of the material; in the above numerical simulations, the finite element 
analysis method is mostly used, but the mesh divided by the finite element in the simulation process will have 
a certain influence on the solution accuracy. In addition, in the finite element solution process, the differential 
equations used are often discontinuous and the position partial derivatives do not exist, which leads to difficulties 
in analysis and errors in the analysis  results11,12.
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Peridynamics (PD theory), as a theory of nonlocal modeling, describes the mechanical properties of brit-
tle materials by integrating equations such as those for motion. It does not need divided grids, and cracks can 
expand  freely13,14. At the same time, PD theory also includes a variety of analysis methods such as bond-based PD 
theory, which effectively avoids the above-mentioned discontinuous solution problem and shows high solution 
accuracy in both macro and micro  situations15,16. Therefore, in this paper, complete and prefabricated sandstone 
materials with different dip angles are used for shear experiments to analyze the crack orientation and damage 
of the samples. The PD damage constitutive force function is deduced using the unique advantages of PD theory 
in calculating energy. According to the constructed constitutive force function model, a numerical simulation is 
carried out in the LAMMPS software to explore the change of the model’s internal energy during shearing and 
compare and analyze it with the experimental results to study the whole process of rock shearing damage. The 
research results aim to provide a reference for reducing the occurrence of rock burst accidents and difficulty of 
mine support, thereby reducing the cost of mining engineering and improving the mine safety level.

Indoor shear experiment of rock specimen
Fine sandstone was selected as the experimental material, and the rock was prepared into a cylindrical sample 
of Φ50mm × 25 mm according to the standard recommended by ISRM. The actual measurement would prevail, 
and the error was less than 0.2 mm. In addition, referring to the method of prefabricating cracks by  Chen17, the 
sample was drilled in the center first, and then saw wire was used to process cracks with different inclination 
angles, using a crack width of about 0.35 mm. Some of the prepared samples are shown in Fig. 1, and different 
sample numbers are shown in Table 1.

The fine sandstone was subjected to shear tests using a universal tensile test machine and a Brazilian splitting 
mold. The loading method is shown in Fig. 2. The tensile strength of the samples was then measured and the 
propagation law of cracks in the samples was analyzed. The loading displacement was 0.1 mm/min. Each lithol-
ogy sample was tested five times, and the optimal result was selected as the experimental result.

Figure 1.  Partial model diagram and loading diagram.

Table 1.  Sample numbers of different rock types.

Class Sound specimen 0° 30° 60°

Fine sandstone XS XS-0 XS-30 XS-60

Figure 2.  Disc shear loading method.
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Experiment results and analyses
According to the experimental plan, the shearing experiment was carried out on four groups of disk samples, 
and the failure results of different samples are shown in Fig. 3.

In Fig. 3, it can be seen that the crack propagation morphology of different samples is different during the 
shearing process. For the XS specimen, although only the upper and lower tip parts were stressed, the crack 
propagation still deviates from the loaded position. Compare this with the XS-0 sample: when this specimen 
was sheared, the crack propagation was approximately a straight line, and the propagation direction was close 
to the upper and lower loaded tips. With the increase of the prefabricated crack angle, a crack was gradually 
generated at the position of the crack tip, which was approximately perpendicular to the prefabricated crack, and 
then gradually connected to the upper and lower loaded tips. This shows that the prefabricated crack has a great 
influence on crack propagation during the whole shearing process of the specimen. The larger the inclination 
angle of the prefabricated crack, the more obvious the effect.

The axial force–displacement curves of the whole shear process of different samples are shown in Fig. 4.
During the shearing process of the sample, its internal energy continued to accumulate until macroscopic 

crack damage occurred. Therefore, during the entire loading process, the area of load-longitudinal displacement 
can be used to determine the energy accumulated by the  specimen18:

where i is the sampling point; Ai is the energy accumulated by the sample at a certain time, kJ; Pi is the stress of 
the sample at a certain time, MPa; and ai is the displacement of the sample at a certain time, mm. For the integral 
in Eq. (1), the actual calculation can be based on the concept of the definite integral, using the load–displacement 
curve of the tested sample to calculate the area of the small trapezoidal strip area, that is:

(1)Ai =

∫ a

0
pidai
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Figure 3.  Shear results of disc specimens.
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Figure 4.  Axial force–displacement curves of different samples in the whole shear process.
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Due to the difference in the size of sandstone samples, the cumulative energy accumulated per unit of rupture 
area (called energy density W) is used to calculate according to the following equation:

where W is the peak energy density of the sample, kJ/m2. Energy analysis in this paper refers to energy per unit 
area, while R and H are the diameter and height of the sample, respectively, and the values in this paper are 
50 mm and 25 mm.

The whole process of shearing in the sample is accompanied by the accumulation and release of energy. We 
use Eq. (3) to calculate the peak energy density W of different samples. Based on the analysis of elastic mechanics, 
under the action of the concentrated load on the radial disc specimen, tensile stress σx and compressive stress 
σy act on the diameter of the disc:

where P is chosen as the maximum force from the axial force–displacement curve, KN, and y is the distance 
from the center of the loading line, mm.

Based on the understanding that the tensile strength of rock materials is much lower than the compressive 
strength, the sample is split along the loading plane under tensile stress; therefore, the tensile strength of the 
sandstone samples can be calculated using Eq. (4). We then draw the relationship between the peak energy density 
(W) and the tensile strength (σc), as shown in Fig. 5.

From Fig. 5, it can be seen that the peak energy density and tensile strength of different samples were different 
during the shearing process. Among them, the XS sample’s results are the largest, followed by the XS-0 sample, 
the XS-30 sample, and the XS-60 sample. The peak energy density and tensile strength of the XS-0 sample are 
only 21.74% and 6.59% lower than that of the XS sample. Combined with the crack propagation in Fig. 3, it 
can be seen that the prefabricated 0° crack had little effect on the mechanical properties of the sample, and the 
cracks generated by the two samples in the experiment are similar. With the increase of the prefabricated crack 
angle, the decreased degree of peak energy density and tensile strength gradually increased. Compared with 
the XS-30 sample, the reduction rate of the XS-60 sample increased to 72.72% and 12.86%, indicating that the 
crack influences the mechanical properties of the sample. The greater the inclination angle of the prefabricated 
crack, the worse the mechanical properties of the sample, and the stored energy and tensile strength decrease 
exponentially. On a macroscopic level, the derivation rate of the secondary cracks in the specimen gradually 
increase and approach the tip of the prefabricated cracks.

PD theoretical model of brittle materials
Brittle materials refer to materials that have a macroscopic failure with only small deformations under loads 
such as in-situ stress or confining pressure, with little or no plastic deformation. At this stage, brittle materials 
are mainly studied in an idealized way: that is, the deformation that occurs is linear and  irrecoverable19. This 
paper takes sandstone as the research object, so the bond-based PD theory and PMB model, which have unique 
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Figure 5.  Relationship between peak energy density and tensile strength.
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advantages in the study of brittle materials, are introduced to study the change of internal energy in the whole 
process of rock material shearing.

Bond-basis PD theory. Bond-based PD theory, as a special case of PD theory, considers that atoms are 
connected by "bonds" on the microscopic level of  materials20. During the loading process of the material, the 
bonds begin to gradually deform. When the deformation of the bonds between two point pairs exceeds the criti-
cal elongation of the bonds, the bonds break, release energy, and there is no longer any interaction between the 
point pairs. When the cleavage of bonds accumulates to a certain extent, the material will undergo macroscopic 
 damage21.

Therefore, the bond-based PD theory is the overall combination of microscopic bond fracture and macro-
scopic damage, and its schematic diagram is shown in Fig. 6.

As seen in Fig. 6, the constitutive force expression of bond-basis PD theory can be obtained through the 
following equation:

where f is the constitutive force function; c(ξ) is a PD micro-modulus function, a second-order tensor; ξ is the 
initial relative position vector of the material point; η is the relative position vector of the material point after 
loading; and s is the elongation of the bond, %.

In order to make the constitutive force function suitable for describing brittle materials, the elongation s of 
the bond is corrected, and the corrected value is:

Using Eq. (7), the constitutive force function f can be modified, and the modified value is:

where c is the elastic stiffness of the key and is a constant, called the ’micro-modulus’, similar to spring stiffness. 
The micro-modulus c has different values in different situations, as shown in Table 2: where δ is the peri size of the 
material point x; E is the elastic modulus; v is the Poisson ’s ratio; and k is the bulk modulus of three-dimensional 
space. k’ is the bulk modulus of two-dimensional space, and its expression is:

(6)f(η, ξ) =
(η, ξ)

|ξ+ η|
f(η, ξ) =

(η, ξ)

|ξ+ η|
c(ξ)s

(7)s =
|ξ + η| − |ξ |

|ξ |

(8)f(η, ξ) =
(ξ+ η)

|ξ+ η|
cs

Material point Broken bond Crack

Figure 6.  Bond-based PD theory.

Table 2.  Bond constant of c for bond-based PD.

Dimension Poisson ’s ratio(v) Micromodulus(c)

3D 1/4 18k
′

πδ4

2D

Plane strain 1/4 48k
′

πδ3

Plane stress 1/3 12k
′

πδ3

1D 0 2E

δ2
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In the bond peridynamic constitutive model used in this paper, the material points interact only through pair 
potential energy. For isotropic and linear microelastic materials, this assumption leads to an effective Poisson’s 
ratio of 1/3 for plane stress in 2D and 1/4 for plane stress in 3D.

To describe the damage to the material, the damage variable defined by former Soviet scholar  Kachanov22 
is introduced:

where A* is the damage area of the specimen,  m2, and A is the initial cross-sectional area of the specimen,  m2.
By mathematically fitting the constitutive force function f with the damage variable D, we can obtain:

Perifield force and elongation and stress and strain are the relationships between force and deformation. 
Both of them describe the mechanical behavior of material failure, and their linear and nonlinear relationships 
should be basically consistent.

Next, the constitutive force function of brittle materials was fitted with the full stress–strain curve of brittle 
materials, and the typical constitutive force function of brittle materials was  obtained23,24, as shown in Fig. 7.

The linear segment describes the elastic deformation phase of the bond, without damage; the nonlinear seg-
ment describes the damage deformation phase of the bond, with nonlinear damage. set and sec are the linear elastic 
elongation when the bond is stretched and compressed, corresponding to the elastic deformation; s0t and s0c are 
the critical elongation when the bond is stretched and compressed, respectively, corresponding to the maximum 
value of the Perifield force; st and sc are the elongation at cleavage when the bond is stretched and compressed, 
respectively, corresponding to the bond cleavage. The relationship between linear and nonlinear perifield force 
and elongation describes the bond cleavage process, which is consistent with the linear and nonlinear mechanical 
behavior of typical brittle material failure.

According to Fig. 7, the basic form of the constitutive force model with linear and nonlinear mechanical 
behavior can be obtained using:

In Eq. (13), s can be obtained from η and ξ.

PMB model of brittle materials. When using numerical simulation to solve problems using brittle mate-
rials, it is necessary to discretize the spatial region where the established model is located into multiple material 
points. The discretization process conforms to the formula PD discretization model. The solution method of the 
equation of motion is changed, and the integral is transformed into a summation. While formulating the solu-
tion, it is necessary to meet the stability requirements of brittle materials in order to ensure the convergence of 
the iterative process of the explicit difference method.
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Figure 7.  Damage constitutive force function curve of brittle materials.
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In the simulation calculation process of PD theory, the distance between the discrete material points and the 
size of the near-field range to be solved will affect the final solution accuracy. Therefore, when performing macro-
scale simulation, the distance between the peri region radius δ and the material point �x is when δ = 3.015�x 
is satisfied, the calculation accuracy is  better25.

Using the derived constitutive force model, other parameters are also transformed into a form that can be 
numerically calculated. The numerical calculation form of the deformation energy density  WPMB in the PMB 
material can be obtained as:

where  WPMB is the deformation energy density (hereinafter referred to as micropotential), and �Vj is the total 
volume of the point unit in the peri region,  m3.

According to this calculation method, the relevant parameters and motion equations in the model can be 
integrated into four simple operations. The energy of the bonds between the material points can be calculated 
using these four operations, and there is no need to make continuity assumptions for the model.

Numerical simulation of rock material shear
We next used the Python language to write a shear loading program for rock materials from the perspective of 
peridynamics. The program utilizes the LAMMPS atomic and molecular parallel simulator and establishes a 
meshless PD discrete model. After calculation, ParaView visualization software was used for post-processing to 
observe the specific deformation damage and energy distribution of the model.

The numerical model is a cylindrical specimen with a size of ϕ50mm× 25mm . Material parameters such 
as density, Poisson’s ratio, and elastic modulus are all defined by numerical software. For the convenience of 
calculation, the total time step is set to 20,000 steps. In the simulation, it is assumed that the material points are 
uniformly distributed. As shown in Ref.26, the material point spacing of the discrete peridynamic is � = 1mm , 
δ = 3.015� , so the simulated sample and the upper and lower press-heads are discretized into about 70,000 
material points. According to the loading rate of rock mass in Refs.27 and 28, the lower boundary of the model is 
fixed, and the upper boundary is subjected to uniform load at the same speed of 0.1 mm/min as in the experi-
ment. Due to the deformation and failure of the model under compression and shear, the main calculation data 
in this paper are as follows:

(1) “compute all_stress all stress/atom NULL” is used to calculate the stress of atoms.
(2) “variable strainx equal "(lx-v_L0)/v_L0" ”is used to calculate the strain of atoms.

Since the LAMMPS software directly removes the volume term in order to simplify the calculation, the “stress” 
calculated by the model itself has the unit of energy. Therefore, this paper directly utilizes the “stress” data to 
reflect the changes of energy within the model. Equation (13) is used as the constitutive force model of numerical 
simulation, and Eq. (14) is used as the energy calculation method to calculate the energy between bonds. The 
total energy is characterized by the average amount of energy released by the total bond fracture of the model.

In order to make the simulation results more accurate, the relaxation time was increased to relieve the initial 
stress and return the model to a balanced arrangement. In order to facilitate the comparison with the experi-
mental results, the overall energy change and damage (c_C1) of the model are selected as the output results, and 
the simulation results are shown in Figs. 8, 9, 10 and 11.

(14)WPMB =
cs2ξ

2
�Vj

Figure 8.  Shear energy change and damage of intact rock materials.

Figure 9.  Shear energy change and damage of prefabricated 0° cracked rock materials.
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As seen in Fig. 8, the model can be roughly divided into four stages for the whole process of shearing: the 
energy generation stage, the energy aggregation stage, the energy conduction stage, and the energy intersection 
stage. When the complete model is initially sheared, the energy starts to accumulate at the edge of the model, 
and then concentrates conduction at its longitudinal position. The deformation or fracture of the bond continues 
during the conduction process. When the model reaches a state of instability and failure, the energy gradually 
begins to accumulate in the middle of the model and then to disperse and conduct. The energy at both ends 
gradually gathers and spreads out in a grid pattern. This is why the XS sample shows a more deviated crack 
propagation state when it is destroyed in the experiment.

As seen in Fig. 9, the model with a prefabricated 0° crack will show the aggregation and conduction of two dif-
ferent energy bands of the complete model. In the beginning, the two groups’ rate of energy conduction is roughly 
the same. With the continuous conduction of energy, the two groups gradually have a trend of convergence, but 
generally, they still show longitudinal conduction. When the model reaches the instability failure state, the two 
groups of energy begin to converge, and the internal energy begins to accumulate in the middle of the model, 
gradually affecting the tip of the prefabricated crack. In general, except for the appearance of two sets of energy 
bands, other states are similar to the complete sample; that is, when the prefabricated crack is 0°, the influence on 
the model is small, which is consistent with the macroscopic failure effect of the XS-0 sample in the experiment.

As seen in Fig. 10, the energy aggregation of the prefabricated 30° crack model begins to shift, not in the 
longitudinal direction, but at a certain angle to the tip of the prefabricated crack. When it finally intersects with 
the prefabricated crack, it is not at the crack tip position, but relatively close to it, which is consistent with the 
macroscopic damage effect of the XS-30 specimen in the experiment. The position of the prefabricated crack’s 
tip will also generate energy aggregation and gradually disperse to the whole model, but that accumulated energy 
is not enough to cause macroscopic damage to the sample, This is why the XS-30 sample shows only a partial 
secondary crack at the lower end of the model.

As seen in Fig. 11, the model energy of the prefabricated 60° crack is very small or almost not concentrated 
in the normal direction of the model. Only a small part of the energy is concentrated below the model, while a 
large area of energy aggregation begins to appear around the prefabricated crack. As the loading continues to 
increase, the energy accumulated at the tip of the prefabricated crack begins to follow the same direction and 
a perpendicular direction to the prefabricated crack. Meanwhile, the more obvious stress conduction on the 
lower surface perpendicular to the prefabricated crack, and the more obvious energy accumulated on the lower 
surface, gradually converge. The aggregation and conduction of energy in this way also leads to the secondary 
crack propagation pattern of the XS-60° specimen, connected to the crack tip and perpendicular to the prefab-
ricated crack during failure.

For different models, output the number of bond cleavage every 1000 steps, as shown in Fig. 12.
As shown by Fig. 12, throughout the whole shear process, the number of bond cleavages showed a trend 

of slowing down first and then steepening before they finally stabilized. Therefore, it can be assumed that the 
energy aggregation of the model in the process of shearing shows the law of slow aggregation first and then large 
aggregation. Different models have different time steps required for shear load failure and different numbers of 
bond cleavages during failure. Among them, the smallest difference in time step and number of bond cleavages 
is between the complete model and the prefabricated 0° crack model, and as the prefabricated crack inclination 
angle increases, the time step required for failure and the number of bond cleavages decrease significantly. The 
failure time step of the complete model is 20,000 steps, while the prefabricated 60° crack model starts to fail at 
14,000 steps, and the number of bond cleavages during failure is only about half of the complete sample. It is 
thus shown that the prefabricated cracks have different degrees of influence on the shear damage of the model: 
the prefabricated 0° crack has a small influence, and the prefabricated 60° crack has a greater influence, which 
is consistent with the experimental conclusion.

Figure 10.  Shear energy change and damage of prefabricated 30° cracked rock materials.

Figure 11.  Shear energy change and damage of prefabricated 60° cracked rock materials.
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In addition, when the model is initially sheared, the energy accumulated by different models is different. The 
prefabricated 60° crack model has the largest initial energy accumulation, and as the prefabricated crack inclina-
tion angle decreases, the initial energy accumulation is also smaller. This indicates that the larger the angle of the 
crack, the greater the damage of the model at the initial stage of loading. After calculation, the energy released 
by bond cleavage after shear failure in different models is shown in Table 3.

The energy curves released by the different models are plotted in Fig. 13, according to the data from Table 3.
As seen in Fig. 13, as the prefabricated crack inclination angle increases, the energy released by the bond 

fracture gradually decreases exponentially in different models. This is consistent with the decreasing trend of 
the peak energy density in the experiment, indicating that the experimental results are true and effective. The 
inclination angle of the prefabricated crack has a great influence on the tensile strength and energy release of the 
sample, which has great reference significance for rock mechanics.
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Figure 12.  Number of bond cleavages per 1,000 steps for different models.

Table 3.  Energy released by bond cleavage in different models.

Type of model Released energy(eV)

Complete model 1.392 ×  105

Prefabricated 0°crack model 1.290 ×  105

Prefabricated 30°crack model 1.122 ×  105

Prefabricated 60°crack model 0.818 ×  105
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Figure 13.  Energy curves released by bond cleavage in different models.
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Conclusion
In this paper, the fracture characteristics and energy change laws of sandstone materials under the action of 
prefabricated crack angles were studied. The whole shear process of rock samples with different dip angles was 
analyzed using peridynamics combined with laboratory experiments from the perspective of energy. This study 
can provide theoretical support for underground engineering construction, such as judging the tendency of rock 
mass shedding or impact around the roadway in roadway support, or judging whether coal and rock will collapse 
in the process of underground coal mining. Its results can effectively predict the occurrence of underground 
accidents, prevent casualties, and reduce equipment damage and costs. The results show that:

(1) Prefabricated cracks will weaken the tensile strength and peak energy density of the specimen. When 
the prefabricated crack inclination angle is 0°, the weakening effect is small. With the increase of the pre-
fabricated crack inclination angle, the weakening effect increases exponentially, and the strength of the 
specimens will show significant differences.

(2) The angle of the prefabricated crack will affect the initiation and propagation of the experimental crack. 
When the prefabricated crack angle is 0°, the crack propagation is roughly the same as that of the intact 
specimen. With the increase of the prefabricated crack inclination angle, the specimen’s crack initiation 
position gradually shifted to the crack tip.

(3) During the whole shearing process of the sample, the number of bond cleavages increase continuously, 
showing the law of first slowness and then sharpness. With the increase of the prefabricated crack inclina-
tion angle, the number of bond cleavages continuously decrease. When the prefabricated 60° crack sample 
failed, the number of bond cleavages was only about 5,000 pairs.

(4) Based on the splitting damage model established by the simulation software, the fracture of the bond and 
the released energy are mainly concentrated in the position of the upper and lower indenters and the tip 
position of the prefabricated crack. The energy in the whole shearing process of the complete model shows 
nearly linear aggregation in the longitudinal direction. With the increase of the prefabricated crack inclina-
tion angle, the energy will gradually start to accumulate at the crack tip and be transmitted to the loaded 
position, eventually resulting in macroscopic fracture. Calculating the stored energy of different cracked 
rock masses under load can effectively predict the impact tendency of the rock mass, and can provide a 
reference for the prediction of mine support and rock bursts.

Data availability
The data used to support the findings of this study are included within the article.

Received: 18 October 2022; Accepted: 22 February 2023

References
 1. Du, T. T., Li, K., Lan, H. & Liu, X. D. Analysis of the disaster process caused by rock burst in near-upright extra-thick coal seams. 

J. Min. Saf. Eng. 35, 140–145. https:// doi. org/ 10. 13545/j. cnki. jmse. 2018. 01. 020 (2018).
 2. Miao, L. G., Niu, Y. Y. & Shi, B. M. Impact dynamic test study of rock-coal-rock combinations at different strain rates. Vibr. Shock 

38, 137–143. https:// doi. org/ 10. 13465/j. cnki. jvs. 2019. 17. 018 (2019).
 3. Duan, W. C. Occurrence mechanism and prevention technology of rock burst in coal seam mining under deep well with thick 

hard roof. Shanxi Coking Coal Sci. Technol. 45, 16–19 (2021).
 4. Huang. M.L. Study on failure mechanism of multi-crack interaction in rock. Chin. J. Rock Mech. Eng. 423 (2001).
 5. Cao, P., Liu, T., Pu, C. & Lin, H. Crack propagation and coalescence of brittle rock-like specimens with pre-existing cracks in 

compression. Eng. Geol. 187, 113–121. https:// doi. org/ 10. 1016/j. enggeo. 2014. 12. 010 (2015).
 6. Shibata, K., Yamaguchi, T., Urabe, T. & Hokkirigawa, K. Experimental study on microscopic wear mechanism of copper/carbon/

rice bran ceramics composites. Wear 294, 270–276. https:// doi. org/ 10. 1016/j. wear. 2012. 07. 004 (2012).
 7. Xiong, J., Liu, K., Liang, L., Liu, X. & Zhang, C. Investigation of influence factors of the fracture toughness of shale: a case study of 

the Longmaxi formation shale in Sichuan basin, China. Geotech. Geol. Eng. https:// doi. org/ 10. 1007/ s10706- 019- 00809-0 (2019).
 8. Yu, J. & Shang, X. Analysis of the influence of boundary pressure and friction on determining fracture toughness of shale using 

cracked Brazilian disc test. Eng. Fract. Mech. 212, 57–69. https:// doi. org/ 10. 1016/j. engfr acmech. 2019. 03. 009 (2019).
 9. Zhu, L. & Qi, Z. B. Numerical simulation study on the splitting process of prefabricated goose-shaped cracked rock Brazilian disk. 

Fujian Archit. 2015, 50–53 (2015).
 10. Haeri, H., Shahriar, K., Marji, M. F. & Moarefvand, P. Experimental and numerical study of crack propagation and coalescence in 

pre-cracked rock-like disks. Int. J. Rock Mech. Min. Sci. 67, 20–28. https:// doi. org/ 10. 1016/j. ijrmms. 2014. 01. 008 (2014).
 11. Liu, L.L. Simulation of crack propagation in 3D printed disks based on peridynamics. Master, Dalian University of Technology, 

2020.
 12. Shi H.S. Research on the failure mechanism of brittle materials based on peridynamic theory. Master, Guizhou University, 

2017.https:// kns. cnki. net/ kcms/ detail/ detail. aspx? dbcode= CMFD& dbname= CMFD2 01801 & filen ame= 10178 76922. nh& unipl 
atform= NZKPT &v= TQ8Ec D3gXI Cv00E B2hiG tfcRY J9vS6 m76r8 bHJ1I sERIi b0- gRr_ kGkz3 ECCD- 9W.

 13. Huang, D., Zhang, Q., Qiao, P. Z. & Shen, F. Peridynamics methods and their applications. Adv. Mech. 40, 448–459 (2010).
 14. Seleson, P., Beneddine, S. & Prudhomme, S. A force-based coupling scheme for peridynamics and classical elasticity. Comput. 

Mater. Sci. 66, 34–49. https:// doi. org/ 10. 1016/j. comma tsci. 2012. 05. 016 (2013).
 15. Huang, D., Lu, G. & Qiao, P. An improved peridynamic approach for quasi-static elastic deformation and brittle fracture analysis. 

Int. J. Mech. Sci. 94, 111–122. https:// doi. org/ 10. 1016/j. ijmec sci. 2015. 02. 018 (2015).
 16. Kilic, B. & Madenci, E. An adaptive dynamic relaxation method for quasi-static simulations using the peridynamic theory. Theor. 

Appl. Fract. Mech. 53, 194–204. https:// doi. org/ 10. 1016/j. tafmec. 2010. 08. 001 (2010).
 17. Chen, C. H., Chen, C. S. & Wu, J. H. Fracture toughness analysis on cracked ring disks of anisotropic rock. Rock Mech. Rock Eng. 

41, 539–562. https:// doi. org/ 10. 1007/ s00603- 007- 0152-9 (2008).
 18. Xu, K. L. et al. Size Effect Study on Brazilian Splitting Tensile Strength of Sandstone. Proc Yangtze Acad Sci 37, 126–129 (2020).

https://doi.org/10.13545/j.cnki.jmse.2018.01.020
https://doi.org/10.13465/j.cnki.jvs.2019.17.018
https://doi.org/10.1016/j.enggeo.2014.12.010
https://doi.org/10.1016/j.wear.2012.07.004
https://doi.org/10.1007/s10706-019-00809-0
https://doi.org/10.1016/j.engfracmech.2019.03.009
https://doi.org/10.1016/j.ijrmms.2014.01.008
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CMFD&dbname=CMFD201801&filename=1017876922.nh&uniplatform=NZKPT&v=TQ8EcD3gXICv00EB2hiGtfcRYJ9vS6m76r8bHJ1IsERIib0-gRr_kGkz3ECCD-9W
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CMFD&dbname=CMFD201801&filename=1017876922.nh&uniplatform=NZKPT&v=TQ8EcD3gXICv00EB2hiGtfcRYJ9vS6m76r8bHJ1IsERIib0-gRr_kGkz3ECCD-9W
https://doi.org/10.1016/j.commatsci.2012.05.016
https://doi.org/10.1016/j.ijmecsci.2015.02.018
https://doi.org/10.1016/j.tafmec.2010.08.001
https://doi.org/10.1007/s00603-007-0152-9


11

Vol.:(0123456789)

Scientific Reports |         (2023) 13:3221  | https://doi.org/10.1038/s41598-023-30394-5

www.nature.com/scientificreports/

 19. Wang, L. L., Cao, J. X., Zhao, Y. S., Cheng, X. & Kong, D. W. Application status of peridynamic theory in failure research of brittle 
materials. J. Guizhou Univ. 38, 23–30. https:// doi. org/ 10. 15958/j. cnki. gdxbz rb. 2021. 03. 04 (2021).

 20. Xu, Z. P., Zhang, G. F., Chen, Z. G. & Bobaru, F. Elastic vortices and thermally-driven cracks in brittle materials with peridynamics. 
Int. J. Fract. 209, 203–222. https:// doi. org/ 10. 1007/ s10704- 017- 0256-5 (2018).

 21. Liu, N., Hu, M. F. & Zhou, F. Impact failure of single-crack circular orifice plate based on bond-base peridynamic theory. Eng. 
Mech. 37, 9–17 (2020).

 22. Wu, Z. L., Wang, W., Zhu, P. H. & Chen, X. Research on rock creep model based on kachanov damage theory. J. Three Gorges Univ. 
38, 32–35. https:// doi. org/ 10. 13393/j. cnki. issn. 1672- 948X. 2016. 03. 008 (2016).

 23. Silling, S. A., Epton, M., Weckner, O., Xu, J. & Askari, E. Peridynamic states and constitutive modeling. J. Elast. https:// doi. org/ 10. 
1007/ s10659- 007- 9125-1 (2007).

 24. Song, Y. Peridynamic simulation and experimental study of ice fragmentation. Harbin Eng. Univ. https:// doi. org/ 10. 27060/d. cnki. 
ghbcu. 2020. 001715 (2020).

 25. Gu, X., Zhang, Q. & Huang, D. Research on concrete slab penetration based on peri-dynamics method. Vibr. Shock 35, 52–58. 
https:// doi. org/ 10. 13465/j. cnki. jvs. 2016. 06. 009 (2016).

 26. Chuang, W. G. et al. Peri-dynamic simulation of crack propagation in rock mass with spatial variability of defects. J. Eng. Geol. 29, 
702–710. https:// doi. org/ 10. 13544/j. cnki. jeg. 2021- 0025 (2021).

 27. Pu, C., Chen, Y. S., Zhou, C. & Li, G. M. Study on the displacement loading rate of rock indoor uniaxial compression test. Chine. 
J. Hydraul. Archit. Eng. 2018(16), 161–164 (2018).

 28. Wang, Y. P. et al. Research on damage characteristics of gas-bearing outburst coal under different loading rates under loading. 
Coal Mine Saf. 51, 25–30. https:// doi. org/ 10. 13347/j. cnki. mkaq. 2020. 06. 006 (2020).

Acknowledgements
All individuals have consented. We thank Ziheng Zhang for their support with part of the implementation of 
experiments. We thank Siyang Sun for their support with part of the language correction. All authors have given 
their consent to the publication of the manuscript.

Author contributions
Conceptualization, H.L. and L.W.; methodology, L.W.; software, J.L.; validation, H.L., L.W. and J.L.; formal 
analysis, T.R.; investigation, T.R.; resources, T.R.; data curation, T.R.; writing—original draft preparation, J.L.; 
writing—review and editing, J.L.; visualization, J.L.; supervision, H.L.; project administration, L.W.; funding 
acquisition, L.W. All authors have read and agreed to the published version of the manuscript.

Funding
This research was funded by the National Key R&D Projects (Grant No. 2017YFC1503101), the General Programs 
of National Natural Science Foundation of China (Grant No.51704142), and the Liaoning Province Doctoral 
Fund Project (Grant No. 2019-BS-115).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.15958/j.cnki.gdxbzrb.2021.03.04
https://doi.org/10.1007/s10704-017-0256-5
https://doi.org/10.13393/j.cnki.issn.1672-948X.2016.03.008
https://doi.org/10.1007/s10659-007-9125-1
https://doi.org/10.1007/s10659-007-9125-1
https://doi.org/10.27060/d.cnki.ghbcu.2020.001715
https://doi.org/10.27060/d.cnki.ghbcu.2020.001715
https://doi.org/10.13465/j.cnki.jvs.2016.06.009
https://doi.org/10.13544/j.cnki.jeg.2021-0025
https://doi.org/10.13347/j.cnki.mkaq.2020.06.006
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Study on mechanical properties and energy change of rock materials in whole splitting process based on peridynamics
	Indoor shear experiment of rock specimen
	Institutional review board statement. 

	Experiment results and analyses
	PD theoretical model of brittle materials
	Bond-basis PD theory. 
	PMB model of brittle materials. 

	Numerical simulation of rock material shear
	Conclusion
	References
	Acknowledgements


