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Abstract

:

The characterization and understanding of crack evolution in non-uniform geological structures are crucial for predicting the mechanical response of rock-like materials or structures under varying loading conditions. In this study, an improved Peridynamic model with a degree of heterogeneity characterized by random pre-breaking “bonds” coefficients is introduced to capture the intricacies of crack initiation, propagation, and branching behaviors in heterogeneous rock-like materials. MATLAB discrete programs for heterogeneous material models and PD simulation programs based on the FORTRAN language were developed. The effectiveness of the heterogeneous PD model in simulating crack propagation and branching patterns in heterogeneous materials has been verified through dynamic and static (quasi-static) loading cases with pre-notch. The different levels of heterogeneity not only affect the direction of crack propagation but also determine the crack deflection direction and branching patterns. The crack propagation path appears to possess obvious asymmetry in the crack propagation direction. As the load applied continues to increase, the asymmetric multi-crack branching phenomenon will occur. The higher the level of heterogeneity, the more complex the behaviors of crack propagation and branching become. This research provides valuable insights into the interplay of material heterogeneity and crack evolution, offering a foundation for improved numerical simulations and contributing to the broader field of geomechanics.
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1. Introduction


Crack propagation and branching behaviors of rock-like materials, such as rock mass, cement, concrete, and other brittle materials, significantly affect the stability and safety of explorations of deep resources, building structures, and underground space. In addition, they are involved in various deep geotechnical engineering applications such as hydrogen storage, shale gas extraction, and coal mining [1,2,3,4]. A good understanding of crack propagation and the branching of brittle materials with pre-existing defects, such as rock mass or rock-like material, is significant for preventing the catastrophic failure of deep geotechnical engineering. The numerical simulation of fracture and failure in rock-like materials stands as a cornerstone in geomechanics, offering invaluable insights into the behavior of rock-like material formations under diverse loading conditions [5,6,7]. As the integrity and stability of geological structures profoundly impact engineering endeavors, understanding the mechanisms of fracture in rock-like materials becomes paramount.



Rock-like materials, such as rock mass or concrete, have complex physical and mechanical properties that differ from metal materials, such as heterogeneity, discontinuity, and anisotropy [8,9,10,11]. In engineering, on-site experiments, physical laboratory simulations, and numerical simulations are generally used to analyze the laws of material or structure movement, providing economic and safe suggestions and measures for engineering. However, using on-site and laboratory physical simulation experiments, only a limited amount of strain data can be measured, and the dynamic failure characteristics and microscopic evolution characteristics of the material or structure cannot be accurately observed. Existing mechanics experimental instruments, such as MTS, can load specimens with quasi-static or static loads, but there are certain difficulties in applying dynamic and static loads. Model experiments have varying degrees of conditional limitations in terms of cost, duration, and operating conditions. The state of destruction cannot be reproduced and preserved for a long time. On-site experiments are costly and greatly affected by terrain, construction conditions, geological conditions, and other factors [12,13,14]. Numerical experiments have significant advantages in terms of cost, dynamics, and microscopic failure, making numerical simulation an important means of studying the mechanical properties of rock-like materials.



Crack propagation and branching behavior have important significance in brittle materials. Many computational methods have been helpful in simulating the propagation and branching of cracks in brittle materials. The numerical simulation of crack propagation is a crucial area of research in geomechanics and has profound implications for the understanding of material behavior under various loading conditions. Various numerical methods have been developed to model crack propagation in rock-like materials, each with its own set of assumptions, advantages, and limitations. Finite Element Method (FEM), Discrete Element Method (DEM), Extended Finite Element Method (XFEM), and Messfree Methods (MF) are among the widely employed techniques [15,16,17,18,19]. These methods enable researchers to simulate the initiation, propagation, and interaction of cracks under different loading conditions. FEM has been extensively used in simulating crack propagation by discretizing the rock mass into finite elements and solving for the stress and strain fields. In FEM analyses, the material constitutive model assumption plays an important role for the correct estimation of the response. For continuum mechanics, the most prominent material laws for the analysis of geomaterials are the modified Cam-Clay, Hoek–Brown, and Barton models [20,21,22]. However, FEM may face challenges in accurately capturing crack paths and complexities associated with multiple interacting cracks [23]. On the other hand, DEM focuses on the discrete representation of individual particles, providing a more granular understanding of crack initiation and propagation. Nevertheless, DEM may encounter challenges in representing the continuum behavior of material at smaller scales [24]. The XFEM is designed to address some of the limitations of traditional FEM by allowing cracks to be modeled independently of the underlying mesh. While XFEM enhances crack representation, challenges remain in its application, particularly in handling complex geological structures and material interfaces [25]. As an integral non-local continuum mechanics method, Peridynamics (PD) discretizes the material or structure into a series of points, uses the integral equation to describe the motion, and obtains the position, velocity, and force of the points by solving the non-local integral equation of motion, so as to obtain the motion trajectory and material response of structures subject to external force [26,27]. The PD equation of motion contains the differential of time and the integral of space, does not contain the spatial derivative of any displacement field, and is defined in both continuous and discontinuous regions. It overcomes the difficulty of analyzing discontinuous problems by continuum mechanics and realizes the solution of multi-scale problems according to a unified framework. The PD method does not need to preset the crack initiation position and crack propagation path when dealing with fracture and failure problems. In PD, using spatial integral equations instead of PDEs to describe the force distribution on objects avoids the singularity of differential simulations in traditional continuum mechanics when solving discontinuous problems. It has shown great potential in dealing with discontinuity, fracture and damage, interactions between multi-cracks, spontaneous nucleation, and propagation and branching of cracks [28,29].



The numerical modeling of heterogeneous geomaterials is a critical domain within geomechanics, essential for comprehending the intricate behavior of geological formations characterized by non-uniform material properties [30]. The inherent complexity arising from heterogeneity in materials or structures necessitates sophisticated numerical approaches to accurately capture their mechanical response under diverse loading conditions. The key to conducting mechanical analysis of heterogeneous geomaterial is to establish a computational mechanical model that reflects the heterogeneity characteristics. Currently, numerical modeling methods for describing the heterogeneity of geomaterials include probability statistics [31,32], spatial variation [33], digital image technology [34,35], and machine learning [36,37]. To some extent, the modeling method of probability statistics can characterize the heterogeneity of geomaterials but the dual characteristics of the overall structural and local randomness of geomaterial parameters are not reflected in this method. In the spatial variation-based modeling method, the purpose of reducing estimation variance is achieved by smoothing the discreteness of measured data, although sometimes there may be some outliers that are smoothed out. Therefore, this method can only ensure the local optimal estimate rather than the overall optimal estimate. The modeling method based on digital image technology relies on the processing of digital images of geomaterials, which can accurately and objectively reflect the micro-structure of geomaterials when analyzing relatively small specimens or structures. For engineering projects, digital image technology needs to be processed and analyzed, which also limits the application of digital image technology in large-scale geotechnical engineering projects [38], along with the enormous amount of image information.



This study aims to explore a spectrum of numerical modeling methods employed for simulating the behavior of heterogeneous rock-like materials, providing an encompassing view of both their strengths and limitations. To overcome the cumbersome modeling, computational complexity, and limitations of traditional numerical simulation methods in dealing with discontinuous problems, the sub-heterogeneous PD model is employed in this paper, which is based on the random pre-breaking “bonds” [39]. In this model, only the degree of heterogeneity represented by the pre-breaking “bonds” coefficient needs to be set to establish a heterogeneous model of materials or structures, without the need for an additional model pre-process, and the model is able to reflect the characteristics of the random distribution of material heterogeneity. The size of the simulation model has no effect on the efficiency of heterogeneous modeling. The sub-homogeneous PD model is particularly suitable for applications in large-scale discontinuous and heterogeneous geotechnical engineering. The accurate simulation of fractures is pivotal for assessing the safety and performance of infrastructures such as tunnels, dams, and slopes.




2. Theory of Bone-Based Peridynamics


2.1. Basic Theory


As shown in Figure 1, at a certain time  t , the PD equation of motion at a point  x  is [26]:


  ρ  u ¨    x , t   =    ∫   H x     f   u    x ′  , t   − u   x , t   ,  x ′  − x   d  V  x ′      + b   x , t    



(1)




where  u  is the displacement vector field,  b  is the body face vector, and  f  is a pairwise force vector function in a PD bond that connects material point   x ′   with point  x .



The radius  δ  is called the horizon range,    H x    is the collection of all the material points within the range  δ , specifically:


   H x  = H   x , δ   =      x ′  ∈ R :    x ′  − x   ≤ δ      



(2)







By introducing the relative distance  ξ  in reference to the configuration and relative displacement  η , it can help to discretize Equation (1).   ξ =  x ′  − x   is the relative position vector and   η =  u ′  − u   is the relative displacement vector.



The mechanical properties of the material are related to the micro-modulus  c  and critical elongation    s 0   . The deformation energy density of the material point  x  in its horizon  δ  is:


  W =  1 2     ∫   H x     w   η , ξ      d  V ξ  =  1 2     ∫ 0 δ       c  s 2  ξ  2       4 π  ξ 2  d ξ  



(3)




where  W  is deformation energy density,   w   η , ξ     is the scalar micro-potential function, and    1 / 2    indicates that each point occupies half of that of the related two material points’ deformation energy density.



The pairwise force magnitude for micro-elastic materials with damage is derivable from the scalar micro-potential   w   η , ξ    :


  f   η , ξ   =   𝜕 w   η , ξ     𝜕 η   =       ξ + η     ξ + η     g  s  μ   t , ξ      ξ  ≤ δ     0    ξ  > δ      



(4)






  g  s  = c s ,   ∀ s  



(5)






  μ   t , ξ   =     1     i f   s  ξ  <  s 0      0     o t h e r w i s e      



(6)






  s =     ξ + η   −  ξ     ξ     



(7)




where   μ   t , ξ     is a time-related scalar function,  s  is the value of “bond” elongation between two material points, and    s 0    is the critical value of “bond elongation” for breakage.



In PD, the local damage value ranges from 0 to 1 and is represented by the ratio of the number of bonds broken to the total number of bonds in the horizon of point  x .


  φ    x ,   t    = 1 −      ∫   H x     μ    x ′  − x  ,   t    d  V ′          ∫   H x     d  V ′        



(8)







Considering the variation in the spatial decline of long-range force, in the improved model, the constitutive force function   f   η , ξ     is given as:


  f   ξ , η   =       ξ + η     ξ + η      c 0  κ   ξ , δ   s      ξ  ≤ δ     0      ξ  > δ      



(9)




where   κ   ξ , δ     is the kernel function that can reflect the characteristics of the long-range force spatial decline between points. In the present study, kernel function   κ   ξ , δ     is as follows:


  κ   ξ , δ   =     1 −    ξ   δ     2   



(10)







With the classical elastic energy density theory   c   ξ , δ     equal to:


  c   ξ , δ   =       10 E   π  δ 4    1 − 2 ν        1 −    ξ   δ    2    3 D       60 E   π  δ 3    1 − ν        1 −    ξ   δ    2    p l a n e   s t r e s s       60 E   π  δ 3    1 + ν     1 − 2 ν        1 −    ξ   δ    2    p l a n e   s t r a i n       12 E   A  δ 2       1 −    ξ   δ    2    1 D      



(11)




where  E  is Young’s modulus and  ν  is Poisson’s ratio.



For 2D problems as shown in Figure 2, the fracture energy    G 0    in PD is given by:


   G 0  = 2    ∫ 0 δ      ∫ z δ      ∫ 0   cos  − 1      z / ξ            c 0  κ   ξ , δ    s 0 2  ξ  2    ξ d φ d ξ d z           



(12)




where  z  is the distance from material point  x  to the fracture surface and  θ  is the rotation angle.



Substituting Equation (12) into Equation (13), the approximate expression of energy release rate    G 0    in PD can be obtained as:


   G 0  =     π − 1    δ 4   c 0   s 0 2    120    



(13)







Approximate expression of energy release rate    G 0    and critical elongation    s 0    can be obtained. For 2D problems, the critical elongation    s 0    can be obtained as:


   s 0  =         4 π  G 0    3   π − 1   E δ         p l a n e   s t r e s s         5 π  G 0    4   π − 1   E δ         p l a n e   s t r a i n      



(14)








2.2. Numerical Simulation Method


Solving the motion equation of the PD computing model involves time integration, spatial discretization, and integration. The unit volume force generated by the point  x  in the reference configuration can be obtained by summing, and the spatial integral equation can be discretized as follows:


   ρ i    u ¨  i n  +   C  u ˙   i n  =   ∑  j = 1  N   f    u j n  −  u i n  ,  x j  −  x i         V   j  + b    x i n       



(15)




where    ρ i    is the material density,     u ¨  i n    is the acceleration,     ∑  j = 1  N      is the combined internal force of all other points in the horizon  δ  of point  x ,  C  is the artificial damping coefficient,   C = 0   in dynamic analysis,    u j n  = u    x j  , t    ,  n  is the time-step number, and subscripts denote the point number.



During simulations, material point    x j    located in the horizon range of point    x i    may not be fully contained, as shown in Figure 3. The green points represent that they have complete integrated volume, but the red points are not within the horizon size of point    x i   . The blue points mean they are out of the horizon of point    x i   . In order to ensure the accuracy of the integration, the integral volume needs to be corrected; for example, the red points.



By introducing a volume correction factor    v j c   , the integral volume of each point can be expressed as [40]:


   V j  =        Δ x   2      ξ <   δ −  r j         v j c     Δ x   2        δ −  r j    < ξ < δ      



(16)




where    r j    is half the length of the discretized subdomain,    r j  =     Δ x    2   , and volume correction factor    v j c    can be determined as:


   v j c  =     1      ξ  i j   <   δ −  r j          δ   +    r j    −    ξ  i j     2  r j          δ −  r j    <  ξ  i j   < δ      



(17)







When     δ −  r j    <  ξ  i j   < δ  , the volume correction factor    v j c    varies linearly between      1 2  , 1    . After introducing the volume correction factor    v j c   , Equation (15) can be rewritten as:


  ρ   u ¨  i n  + C   u ˙  i n  =   ∑  j = 1  N   f    u j n  −  u i n  ,  x j  −  x i         v j c   V j    + b    x i n     



(18)







The numerical integration of time can be obtained by the velocity Verlet difference scheme. The displacement   u   x , t     and velocity    u ˙    x , t     of the material point are:


         u ˙    m i d   =   ρ   −   0.5 C Δ t  ρ     u ˙   i n  +   Δ t   2 ρ     (  L u  + b )  n         u ˙   i  n + 1   =  ρ  ρ   +   0.5 C Δ t      u ˙    m i d   +   Δ t   2 ( ρ   +   0.5 C Δ t )     (  L u  + b )   n + 1        u i  n + 1   =  u i n  +   ρ   −   0.5 C Δ t  ρ     u ˙   i n  Δ t +     ( Δ t )  2    2 ρ     (  L u  + b )  n       



(19)




where   Δ t   is the time step, which is far less than the critical time step   Δ  t c    and needs to meet   Δ t ≪ Δ  t c  =   Δ χ    C L     ,   Δ χ   is the minimum length of the “bond”, and    C L    is the longitudinal wave velocity in the material.





3. Heterogeneity Characterization in the PD Model


3.1. PD Modeling of Heterogeneous Materials


When defects in materials or structures have obvious geometric shapes, the following two methods can usually be used in PD simulation models to process the points within the defect range. One is to uniformly discretize points within the entire PD simulation model, delete the points within the defect range, and renumber them. Similarly, in the other method, points in the entire PD simulation model are uniformly discretized, without the need to delete points within the defect range. Only the “bonds” that pass through the defect range need to be cut down in advance. To determine whether the “bonds” are broken, the method shown in Figure 4 can be used. AB represents defects and CD represents “bonds” that pass through the defect range.



For pre-breaking criterion Figure 4a, the following equation needs to be met:


     C A  ×  A B    ⋅    D A  ×  A B    < 0  



(20)







For pre-breaking criterion Figure 4b, the following equation needs to be met:


     A C  ×  A B    ⋅    B C  ×  A B    < 0  



(21)







In existing homogeneous PD models, it is generally believed that the physical and mechanical parameters related to the mechanical response of materials, such as elastic modulus, density, and fracture energy, are uniform and constant. Due to the varying number of natural defects in materials or structures, they do not match the actual situation. When the defect size in a heterogeneous material is much smaller than the size of the computational model, it can be considered a locally homogeneous material [41,42]. However, when there are a large number of micro defects in the material that cannot be ignored and have no specific geometric shape, existing PD models cannot accurately describe the mechanical response of the material or structure. As shown in Figure 5, by introducing a random pre-breaking “bond” coefficient into a uniform discrete computational model to characterize the heterogeneity of rock-like materials, the details of our work are present in the literature [39].



Figure 6 shows the degree of material heterogeneity and the corresponding damage index represented by the random pre-breaking of “bonds”. It should be pointed out that the damage index shown in the nephogram is not the damage caused by the external load on the material, but represents the proportion of random pre-breaking “bonds” and the level of material heterogeneity [43,44] as the initial condition of the model in the simulation process.




3.2. Numerical Solution Process


Based on the above theories and simulation methods, this paper uses the FORTRAN language to compile the simulation program of the heterogeneous PD model, and the flow chart of the PD model simulation program is shown in Figure 7. In the pre-processing module, the discrete model program is compiled based on MATLAB 2018a, which can obtain the required information such as the coordinates of material points. In the post-processing module, the simulation file information is read with the help of Ensight, which also outputs the simulation results.





4. Numerical Examples of Specimens with Pre-Notch


4.1. Load Case 1: Quasi-Static Loading


In order to study the influence of material heterogeneity on crack growth under quasi-static loading, numerical simulation of crack growth is carried out for three-point bending beams with pre-notch. Considering the three-point bending beam shown in Figure 8, a pre-notch with length h = 0.04 m and width w = 0.004 m is set in the middle of the beam bottom, and the geometric dimensions of the beam are L = 0.6 m, H = 0.1 m, l = 0.5 m. The three-point bending beam model is orthogonally uniformly dispersed to a 600 × 100 × 1 lattice, and the distance between material points is |Δx| = 0.001 m. The heterogeneity represented by the pre-breaking “bond” coefficient is also considered in order to avoid premature failure at the loading boundary, and the horizon size is selected as δ = 6|Δx|. The 160 material points at the pre-notch are deleted. The total number of material points in the simulation model is 59,840. Table 1 presents the physical and mechanical parameters of the tested cement three-point bending beam with pre-notch.



Figure 9 shows the crack growth process of the homogeneous three-point bending beam model with pre-notch. From the simulation results, it can be seen that the micro cracks start to aggregate at the tip of the pre-notch and form macro cracks, which propagate along a straight line in the direction of the applied concentrated load until the beam is completely fractured. The cracks generated in this model are typical I-open cracks. However, most materials in nature have typical heterogeneous characteristics. For the heterogeneous three-point bending beam model with pre-notch under quasi-static loading, the crack growth path will be significantly different from that of the homogeneous model.



The fracture and failure of naturally heterogeneous materials have strong nonlinear characteristics and are gradual accumulation processes. When the external load reaches a certain critical value, the crack will develop in a chain method, and the damage will evolve from a random distribution to the crack surface. Figure 10 shows the PD simulation results of the crack growth and fracture failure of the three-point bending beam with pre-notch when heterogeneity is M = 2.5%. Similar to the homogeneous model, micro cracks aggregate from the tip of the pre-notch and form macroscopic cracks. It can be seen from the damage nephogram and horizontal displacement nephogram during crack growth that the crack develops along the direction of the applied concentrated load but deflects about 7° to the right.



The degree of heterogeneity of the material has a significant impact on its mechanical response behaviors such as fracture failure. Figure 11 shows the PD simulation results of the crack propagation path and fracture patterns of the three-point bending beam with pre-notch when the degree of heterogeneity M = 5%. Similar to the two previous simulation models, micro cracks start to aggregate at the tip of the pre-notch and form macro cracks. It can be seen from the damage nephogram and horizontal displacement nephogram during crack growth that the crack develops along the direction of the applied concentrated load but deflects approximately 10° to the left.




4.2. Load Case 2: Dynamic Loading


In order to study the influence of material heterogeneity on crack growth under dynamic loading, numerical simulation of crack growth is carried out for a rectangular plate with pre-existing notch, as shown in Figure 12. The rectangular plate has a side length of L = 0.1 m and width of 2H = 0.05 m, as well as pre-notch with a length of L/2. The physical and mechanical parameters of the tested concrete rectangular plate with pre-existing notch are shown in Table 2. The model adopts an orthogonal uniform dispersion of a 400 × 200 × 1 lattice, the distance between material points is |Δx| = 0.00025 m, and the total number of discrete material points is 80,000. Because the heterogeneity represented by the pre-breaking “bond” coefficient is considered, in order to avoid premature failure at the loading boundary, a large horizon size is selected, with δ = 6|Δx|. For the model, the boundary condition of force loading is adopted. The instantaneous force load is, respectively, applied to the three-layer material points at the upper and lower ends of the rectangular plate. The left and right sides of the rectangular plate are free boundaries without any constraint.



Figure 13, Figure 14 and Figure 15 show the crack growth process of the homogeneous rectangular plate model with pre-notch under different transient loads. From the numerical simulation results, it can be seen that under the action of an external load, micro cracks all initiate, expand, and form macro cracks from the tip of the pre-notch, and different external load sizes have an important impact on the crack growth path: when the load is small, the crack grows along a straight line in the direction of the pre-notch. With the increase in the external load, the crack propagates along a straight line as a pre-notch, and at the same time, the crack branches. When the external load continues to increase, the crack branching behaviors will occur earlier. Because the simulation model is uniformly discrete and completely homogeneous, the crack growth path is completely symmetrical in the direction of crack growth under different instantaneous loads.



The heterogeneity of the material has an important influence on their mechanical response mechanism under an external load. Figure 16 and Figure 17 show the crack growth process of rectangular plates with pre-notch under different levels of heterogeneity when the instantaneous load is 1.0 MPa and 2.0 MPa, respectively. At this time, the micro crack will still initiate from the tip of the pre-notch and propagate along the pre-notch direction. Different from the homogeneous model, the crack no longer propagates along a straight line, and different levels of heterogeneity will have a greater impact on the crack growth path. The crack propagation path appears to have obvious asymmetry in the crack propagation direction. As the load applied continues to increase, the asymmetric multi-crack branching phenomenon will occur.





5. Discussion


Rock-like materials are naturally generated porous media, composed of mineral particles of different scales and discontinuous structures such as pores and micro-cracks of various scales, exhibiting the typical characteristics of heterogeneous materials. Due to the presence of micro defects such as pores and voids, the complexity of rock-like materials is greatly increased. The material properties of porous media are one of the important sources of heterogeneity in rock-like materials and have a significant impact on physical and mechanical properties such as density and strength, as well as mechanical response mechanisms such as damage accumulation and progressive failure under external loads. By constructing an improved PD model that reflects heterogeneity, the mechanical mechanisms of damage accumulation and progressive failure in rock-like materials can be better explained.



Case studies are conducted to analyze the crack propagation and fracture processes of three-point bending beams with pre-notch under quasi-static loading. The different levels of heterogeneity not only affect the crack propagation direction but also determine the crack deflection direction and deflection angle. It can be seen from the simulation results of the above example based on the heterogeneous PD model that the degree of material heterogeneity has an important influence on fracture and failure characteristics. The different degrees of heterogeneity not only affect the crack propagation direction but also determine the crack deflection direction and deflection angle. The higher the degree of material heterogeneity, the larger the deflection angle.



The heterogeneity of materials has an important influence on their mechanical response mechanisms under external loads. The crack propagation and branching behaviors in heterogeneous rock-like materials have been investigated by improved PD simulation, through the PD simulation analysis of rectangular plates with pre-notch under dynamic loading. The greater the applied instantaneous load, the earlier the crack branching behaviors will appear. The higher the level of material heterogeneity, the more complex the crack branching phenomenon will appear in the process of crack growth. Sufficient loading magnitude is an essential factor for crack propagation, specifically for crack branching.




6. Conclusions


The study presented in this paper focuses on the influence of material heterogeneity on its mechanical response. The improved PD model with degrees of heterogeneity characterized by random pre-breaking “bonds” coefficients is introduced to capture the intricacies of crack initiation, propagation, and branching in heterogeneous rock-like materials, which are helpful to directly investigate the internal microscopic failure process of rock-like materials in various geotechnical engineering applications.



	(1)

	
In the improved PD model, uniform discretization is also performed, and the physical and mechanical parameters of the material are uniformly valued based on the heterogeneity coefficient. During simulation, only the heterogeneity coefficient represented by pre-breaking “bonds” is needed to establish the heterogeneous PD model, without additional pre-processing of the model, and can reflect the random distribution characteristics of the heterogeneity of rock-like materials. The size of the computational model and the number of material points have no effect on the efficiency of heterogeneous modeling, making it particularly suitable for applications in large-scale discontinuous and heterogeneous geotechnical engineering.




	(2)

	
For heterogeneous materials, the crack propagation path appears to have obvious asymmetry in the crack propagation direction. As the load applied continues to increase, the asymmetric multi-crack branching phenomenon will occur. The higher the level of heterogeneity, the more complex the behaviors of crack propagation and branching become. The simulation results verify the effectiveness of the heterogeneous PD model in simulating the fracture and failure of heterogeneous materials, in which the heterogeneity of microscopic materials can be well matched, providing a high-precision model with realistic heterogeneity for numerical investigations.




	(3)

	
The results indicate that the non-uniform characteristics of the material have a significant impact on its mechanical response mechanism under external loading. These findings further validate the effectiveness of the sub-homogeneous PD model in addressing fracture and failure issues in heterogeneous brittle rock-like materials. This research provides valuable insights into the interplay of material heterogeneity and crack evolution, offering a foundation for improved numerical simulations and contributing to the broader field of geomechanics.











Author Contributions


Writing—original draft preparation, W.X. and S.Z.; writing—review and editing, S.Z. and W.X.; visualization, X.Z. and W.Z.; supervision, S.Z.; project administration, S.Z., W.X. and X.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China, grant number 12302264, 52104004, 12202225, and 12072170, the Natural Science Foundation of Shandong Province, grant number ZR2021QA042, and the Special Fund for Taishan Scholar Project, grant number Tsqn202211180.




Data Availability Statement


The datasets used or analyzed during the current study are available from the corresponding author upon reasonable request. The data are not publicly available due to privacy.




Acknowledgments


The authors would like to acknowledge the Key Laboratory of Geotechnical Mechanics and Offshore Underground Engineering of Qingdao for promoting this research and providing the laboratory facility and support, as well as the National Natural Science Foundation of China and the Natural Science Foundation of Shandong Province for the financial support.




Conflicts of Interest


Author Weizhao Zhang was employed by the company Xibei Mining Co., Ltd. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Xie, H.P.; Lu, J.; Li, C.B.; Li, M.H.; Gao, M.Z. Experimental study on the mechanical and failure behaviors of deep rock subjected to true triaxial stress: A review. Int. J. Min. Sci. Technol. 2022, 32, 915–950. [Google Scholar] [CrossRef]

	



Du, K.; Li, X.F.; Tao, M.; Wang, S.F. Experimental study on acoustic emission (AE) characteristics and crack classification during rock fracture in several basic lab tests. Int. J. Rock Mech. Min. Sci. 2020, 133, 104411. [Google Scholar] [CrossRef]

	



Kermanidis, A.T.; Tzamtzis, A. Analytical modeling of fatigue crack propagation based on cyclic hardening and a characteristic damage length. Int. J. Fatigue 2020, 141, 105864. [Google Scholar] [CrossRef]

	



Yan, W.C.; Sun, J.M.; Dong, H.M.; Cui, L.K. Investigating NMR-based absolute and relative permeability models of sandstone using digital rock techniques. J. Pet. Sci. Eng. 2021, 207, 109105. [Google Scholar] [CrossRef]

	



Li, C.; Wong, L.N. A review of numerical methods for modeling rock fragmentation. Int. J. Rock Mech. Min. Sci. 2020, 136, 104429. [Google Scholar]

	



Zhang, K.Y.; Liu, F.; Xia, K.W.; Xu, Y.; Dong, P.; Yu, C.Y. On the calibration and verification of Voronoi-based discontinuous deformation analysis for modeling rock fracture. J. Rock Mech. Geotech. Eng. 2023, 15, 2025–2038. [Google Scholar] [CrossRef]

	



Zhang, Y.H.; Zhang, Z.K.; Arif, M.; Lebedev, M.; Busch, A.; Sarmadivaleh, M.; Iglauer, S. Carbonate rock mechanical response to CO₂ flooding evaluated by a combined X-ray computed tomography: DEM method. J. Nat. Gas Sci. Eng. 2020, 84, 103675. [Google Scholar] [CrossRef]

	



Wu, M.Y.; Gao, K.; Liu, J.; Song, Z.L.; Huang, X.L. Influence of rock heterogeneity on hydraulic fracturing: A parametric study using the combined finite-discrete element method. Int. J. Solids Struct. 2022, 234–235, 111293. [Google Scholar] [CrossRef]

	



Breithaupt, T.; Hansen, L.N.; Toppaladoddi, S.; Katz, R.F. The role of grain-environment heterogeneity in normal grain growth: A stochastic approach. Acta Mater. 2021, 209, 116699. [Google Scholar] [CrossRef]

	



Liu, G.; Cai, M.; Huang, M. Mechanical properties of brittle rock governed by micro-geometric heterogeneity. Comput. Geotech. 2018, 104, 358–372. [Google Scholar] [CrossRef]

	



Nagaso, M.; Mikada, H.; Takekawa, J. The role of rock strength heterogeneities in complex hydraulic fracture formation: Numerical simulation approach for the comparison to the effects of brittleness. J. Pet. Sci. Eng. 2019, 172, 572–587. [Google Scholar] [CrossRef]

	



Feng, W.Z.; Gao, L.F.; Qu, M.; Zhou, L.; Dai, Y.W.; Yang, K. An improved singular curved boundary integral evaluation method and its application in dual BEM analysis of two-and three-dimensional crack problems. Eur. J. Mech. A/Solids 2020, 84, 104071. [Google Scholar] [CrossRef]

	



Wang, L.; Xu, F.; Yang, Y. An improved total lagrangian SPH method for modeling solid deformation and damage. Eng. Anal. Bound. Elem. 2021, 133, 286–302. [Google Scholar] [CrossRef]

	



Wang, S.Y.; Sloan, S.W.; Sheng, D.C.; Yang, S.Q.; Tang, C.A. Numerical study of failure behaviour of pre-cracked rock specimens under conventional triaxial compression. Int. J. Solids Struct. 2014, 51, 1132–1148. [Google Scholar] [CrossRef]

	



Munjiza, A.; Andrews, K.R. Discrete element modeling of rock failure. Rock Mech. Rock Eng. 2017, 50, 553–575. [Google Scholar]

	



Jing, L.; Hudson, J.A. Numerical methods in rock mechanics. Int. J. Rock Mech. Min. Sci. 2002, 39, 409–427. [Google Scholar] [CrossRef]

	



Potyondy, D.O.; Cundall, P.A. A bonded-particle model for rock. Int. J. Rock Mech. Min. Sci. 2004, 41, 1329–1364. [Google Scholar] [CrossRef]

	



Peng, Y.; Kondo, D. A numerical simulation of rock fracture using lattice Boltzmann method. Eng. Fract. Mech. 2011, 78, 2843–2852. [Google Scholar]

	



Li, S.F.; Liu, W.K. Meshfree particle methods and their applications. ASME Appl. Mech. Rev. 2002, 55, 1–34. [Google Scholar] [CrossRef]

	



Kavvadas, M.; Amorosi, A. A constitutive model for structured soils. Géotechnique 2000, 50, 263–273. [Google Scholar] [CrossRef]

	



Savvides, A.A.; Papadrakakis, M. A computational study on the uncertainty quantification of failure of clays with a modified Cam-Clay yield criterion. SN Appl. Sci. 2021, 3, 659. [Google Scholar] [CrossRef]

	



Hoek, E.; Carranza-Torres, C.; Corkum, B. Hoek-Brown failure criterion–2002 Edition. Proc. NARMS-TAC Conf. 2002, 1, 267–273. [Google Scholar]

	



O’Connor, K.M.; Gracie, R. Advancements in finite element modeling of rock fracture: A review. J. Geotech. Geoenviron. Eng. 2019, 145, 04019068. [Google Scholar]

	



Zhu, Y.; Liu, C.; Liu, H.; Kou, Y.D.; Shi, B. A multi-field and fluid-solid coupling method for porous media based on DEM-PNM. Comput. Geotech. 2023, 154, 105118. [Google Scholar] [CrossRef]

	



Belytschko, T.; Black, T. Elastic crack growth in finite elements with minimal remeshing. Int. J. Numer. Meth. Eng. 1999, 45, 601–620. [Google Scholar] [CrossRef]

	



Silling, S.A. Reformulation of elasticity theory for discontinuities and long-range forces. J. Mech. Phys. Solids 2000, 48, 175–209. [Google Scholar] [CrossRef]

	



Silling, S.A.; Askari, E. A meshfree method based on the peridynamic model of solid mechanics. Comput. Struct. 2005, 83, 1526–1535. [Google Scholar] [CrossRef]

	



Bobaru, F.; Zhang, G.F. Why do cracks branch? A peridynamic investigation of dynamic brittle fracture. Int. J. Fract. 2015, 196, 59–98. [Google Scholar] [CrossRef]

	



Fan, H.F.; Bergel, G.L.; Li, S.F. A hybrid Peridynamics-SPH simulation of soil fragmentation by blast loads of buried explosive. Int. J. Impact Eng. 2015, 87, 14–27. [Google Scholar] [CrossRef]

	



Wu, Z.; Liang, X.; Liu, Q.S. Numerical investigation of rock heterogeneity effect on rock dynamic strength and failure process using cohesive fracture model. Eng. Geol. 2015, 197, 198–210. [Google Scholar] [CrossRef]

	



Weibull, W. A statistical distribution function of wide applicability. J. Appl. Mech. 1951, 18, 293–297. [Google Scholar] [CrossRef]

	



Liu, H.Y.; Roquete, M.; Kou, S.Q.; Lindqvist, P.A. Characterization of rock heterogeneity and numerical verification. Eng. Geol. 2004, 72, 89–119. [Google Scholar] [CrossRef]

	



Momber, A.W. A transition function for the solid particle erosion of rocks. Wear 2015, 328, 348–355. [Google Scholar] [CrossRef]

	



Chen, S.; Yue, Z.Q.; Tham, L.G. Digital image-based numerical modeling method for prediction of in homogeneous rock failure. Int. J. Rock Mech. Min. Sci. 2004, 41, 939–957. [Google Scholar] [CrossRef]

	



Xu, H.; Wang, G.; Fan, C.; Liu, X.L.; Wu, M.M. Grain-scale reconstruction and simulation of coal mechanical deformation and failure behaviors using combined SEM digital rock data and DEM simulator. Powder Technol. 2020, 360, 1305–1320. [Google Scholar] [CrossRef]

	



Chen, J.F.; Zhao, Z.H.; Zhang, J.T. Predicting peak shear strength of rock fractures using tree-based models and convolutional neural network. Comput. Geotech. 2024, 166, 105965. [Google Scholar] [CrossRef]

	



Savvides, A.A.; Antoniou, A.A.; Papadopoulos, L.; Monia, A.; Kofina, K. An estimation of clayey-oriented rock mass material properties, sited in Koropi, Athens, Greece, through feed-forward neural networks. Geotechnics 2023, 3, 975–988. [Google Scholar] [CrossRef]

	



Li, T.Y.; Zhang, Q.; Xia, X.Z.; Gu, X. A peridynamic model for heterogeneous concrete materials. Appl. Math. Mech. 2018, 39, 913–924. [Google Scholar]

	



Zhao, S.J.; Zhang, Q.; Zhang, W.Z.; Miao, Y.S.; Zhao, X.B. Optimization study on the width of narrow coal pillar along the goaf tunnel with peridynamics. Chin. J. Solids Mech. 2023, 054. [Google Scholar] [CrossRef]

	



Hu, W.K.; Ha, Y.D.; Bobaru, F. Numerical Integration in Peridynamics; Technical Report; University of Nebraska-Lincoln: Lincoln, NH, USA, 2010. [Google Scholar]

	



Kaczmarek, M.; Goueygou, M. Dependence of elastic properties of materials on their porosity: Review of models. J. Porous Media 2006, 9, 335–355. [Google Scholar] [CrossRef]

	



Manoylov, A.; Borodich, F.M.; Evans, H.P. Modelling of elastic properties of sintered porous materials. Proc. Math. Phys. Eng. Sci. 2013, 469, 20120689. [Google Scholar] [CrossRef]

	



Feng, Z.C.; Zhao, Y.S.; Wen, Z.M. Percolation mechanism of fractured coal rocks as dual-continua. Chin. J. Rock Mech. Eng. 2005, 24, 236–240. [Google Scholar]

	



Chen, Z.G.; Sina, N.; Bobaru, F. A peridynamic model for brittle damage and fracture in porous materials. Int. J. Rock Mech. Min. Sci. 2019, 122, 104059. [Google Scholar] [CrossRef]








[image: Buildings 14 00158 g001] 





Figure 1. Schematic diagram of the interaction between material points in PD theory. 
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Figure 2. Schematic diagram of a fracture energy density simulation for fracture surface. 






Figure 2. Schematic diagram of a fracture energy density simulation for fracture surface.



[image: Buildings 14 00158 g002]







[image: Buildings 14 00158 g003] 





Figure 3. Schematic diagram of volume correction of uniform discrete in a 2D structure. 
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Figure 4. Schematic diagram of bond pre-breaking criteria in the PD simulation model. 
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Figure 5. Schematic diagram of the random pre-breaking of bonds in the heterogeneity PD model: (a) randomly pre-breaking “bonds”; (b) all “bonds” remain intact. 
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Figure 6. Degree of material heterogeneity and corresponding damage index characterized by bond random pre-breaking: material heterogeneity degree M = 5%. 
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Figure 7. Flow chart of the PD model simulation program. 
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Figure 8. Simulation model of the three-point bending beam with pre-notch. 
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Figure 9. Crack propagation process of the homogeneous three-point bending beam with pre-notch (time unit:   Δ t  ). (a) Damage nephogram during crack propagation; (b) Horizontal displacement nephogram during crack propagation. 
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Figure 10. Crack propagation process with a heterogeneity degree of M = 2.5% (time unit:   Δ t  ). (a) Damage nephogram during crack propagation; (b) Horizontal displacement nephogram during crack propagation. 
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Figure 11. Crack propagation process with a heterogeneity degree of M = 5% (time unit:   Δ t  ). (a) Damage nephogram during crack propagation; (b) Horizontal displacement nephogram during crack propagation. 
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Figure 12. Simulation model of the rectangular plate with pre-notch. 
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Figure 13. Crack propagation process of the homogeneous rectangular plate under a 0.5 MPa instantaneous load (time unit:   Δ t  ). 
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Figure 14. Crack propagation process of the homogeneous rectangular plate under a 1.0 MPa instantaneous load (time unit:   Δ t  ). 
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Figure 15. Crack propagation process of the homogeneous rectangular plate under a 2.0 MPa instantaneous load (time unit:   Δ t  ). 






Figure 15. Crack propagation process of the homogeneous rectangular plate under a 2.0 MPa instantaneous load (time unit:   Δ t  ).



[image: Buildings 14 00158 g015]







[image: Buildings 14 00158 g016] 





Figure 16. Crack growth process of the rectangular plate model under a 1.0 MPa instantaneous load with different degrees of heterogeneity (time unit:   Δ t  ). (a) M = 2.5% (b) M = 5%. 
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Figure 17. Crack growth process of the rectangular plate model under a 2.0 MPa instantaneous load with different degrees of heterogeneity (time unit:   Δ t  ). (a) M = 2.5% (b) M = 5%. 
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Table 1. Physical and mechanical parameters of the three-point bending beam.
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	Density
	Young’s Modulus
	Fracture Energy Density
	Poisson’s Ratio





	2483 kg/m3
	7.2 GPa
	23 N/m
	1/3










 





Table 2. Physical and mechanical parameters of the rectangular plate simulation model.
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	Density
	Young’s Modulus
	Fracture Energy Density
	Poisson’s Ratio





	2460 kg/m3
	13.3 GPa
	85 N/m
	1/3
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