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Abstract

:

Stress-induced anisotropy in calcareous sand can cause an uneven displacement in island reef engineering. In this study, stiffness, as a quantitative indicator, is explored to reveal the stress-induced anisotropy in calcareous sand. Based on the discrete element method, the stiffness anisotropic characteristics of calcareous sand during shearing, as well as the impact of particle breakage, are investigated by numerical simulations. Both the macro and micro responses, i.e., the maximum shear modulus, contact normal, strong and weak contact normal force, and the direction of particle breakage, are explored for calcareous sand with different particle breakage ratios. The results show that calcareous sand exhibits notable anisotropy during shearing, with the maximum shear modulus in the vertical direction (deviatoric stress direction) being significantly greater than that in the horizontal direction. Moreover, the higher the particle breakage rate, the lower the stiffness and its anisotropy. The micro-mechanism results indicate that the primary particle breakage during the shearing process occurs in the vertical direction. That is, the particle breakage weakens the strong contact force in the vertical direction, leading to a redistribution of the strong contact forces from the vertical direction to other directions. This redistribution mainly manifests in a decrease in the anisotropy of contact normal and contact vector within the sample, as well as a decrease in the proportion of strong contact forces in the overall contacts. This, in turn, reduces the shear strength and stiffness of calcareous sand, particularly in the vertical direction, and results in a decrease in the maximum shear modulus and its anisotropy. The maximum reduction can be up to 50% of the original value. These insights can provide a certain theoretical support for the uneven displacement and long-term stability of calcareous sand for islands and reefs.
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1. Introduction


In the South China Sea region, calcareous sand is widely distributed and typically chosen as the primary construction material for island and reef engineering projects [1,2,3,4,5,6]. Different from quartz sand, calcareous sand is an aggregate of insoluble carbonate minerals (mostly calcium carbonate), characterized by its irregular particle shape, high internal porosity, being easy to break, high angularity, and high internal friction angle [7,8,9,10,11]. Under conventional stress, particle breakage directly changes the internal structure of calcareous sand, including particle size distribution [12], packing density [13], friction angle [14], particle strength [15], permeability, and microstructure [16]. Currently, research on particle breakage is mainly based on laboratory experiments and field tests [17,18,19,20]. For example, Xiao et al. [13] found that the relationship between the particle strength and particle size of calcareous sand conforms to the Weibull distribution [21]. Coop et al. [22] discovered that under very large displacement conditions, calcareous sand reached a stable gradation that depends on the applied normal stress and initial gradation; at the same time, particle breakage occurred and caused volume continual compression until reaching a stable gradation. Liu et al. [19] proposed that particle breakage is related to particle hardness and stress state. Yu [18] suggested that a higher confining pressure would lead to more particle breakage. Particle breakage has a significant effect on the properties of calcareous sand. However, there are still shortcomings in the current research, such as its excessive cost, discrete results, and poor process repeatability. More importantly, due to the inherent dispersion and heterogeneity of calcareous sand, microscopic understandings of particle breakage are still insufficient.



Furthermore, extensive research has been conducted on calcareous sand to investigate its strength property, considering the influences of vertical stress, relative density, and particle size distribution. Gao et al. carried out a series of indoor experiments to investigate the shear characteristics [5], creep properties [6], and the relationship between particle breakage and plasticity work [4]. Zhang et al. [23] studied the results of triaxial shear tests on calcareous sand under different confining pressures and shear strains and analyzed the influencing factors and degree of particle breakage by the Hardin model. Yan et al. [24] conducted triaxial shear tests on calcareous sand with different particle sizes, relative densities, and confining pressures and introduced the stress-induced softening coefficient and shear dilatancy coefficient to quantitatively characterize the softening and dilatancy features. However, different stress paths on particle breakage and the anisotropy of shear strength were not considered. The anisotropy of shear strength in soil has long been considered a key issue and has been included in the analysis to improve the accuracy of soil strength prediction. In addition to the inherent anisotropy formed during the deposition process of soil particles, there is also an anisotropy caused by uneven external stresses. Toyota et al. [25] studied the variation of undrained shear strength of cohesive soil in different shear directions and stress conditions through hollow cylinder torsion tests. Hwang et al. [26] used finite element simulation to study the changes in stress state caused by excavation-induced slope sliding, resulting in the anisotropy of soil strength. Coccia and McCarteny [27] evaluated the effect of stress-induced anisotropy on saturated soil thermal volume change using a true triaxial test. Pan et al. [28] studied the undrained triaxial compression and tension behavior of saturated sand under different static pre-shearing conditions through experiments and analyzed the effects of pre-shearing on the anisotropy of sand elasticity, stiffness degradation, shear strength, and instability.



The different forces acting in the vertical and horizontal directions in island reef engineering, such as overlying soil pressure and building load pressure in the vertical direction and hydrostatic pressure in the horizontal direction, often lead to anisotropy of the foundation. However, for calcareous sand, research on macro- and micro-scale anisotropy with consideration of particle breakage is still in its initial stages. For example, He et al. [29] experimentally observed the pseudo-critical state, critical state, peak state, and phase transition state of calcareous sand under undrained and drained triaxial shear conditions. They studied the influence of different initial anisotropic stress states on the monotonic strength, deformation, and particle breakage characteristics of calcareous sand and found that the initial average effective stress and anisotropic stress ratio have a significant impact on the mechanical behavior of carbonate sand. However, the sieving method they used can only qualitatively evaluate the influence of particle breakage on the macroscopic properties and cannot reflect the micro-mechanism of particle breakage or reveal the influence of particle breakage on the macro/microstructure and deformation.



In recent years, the discrete element method [30] (DEM) has been proven to be a powerful tool for exploring the behavior of granular materials, such as shear strength, volume expansion, fracture evolution, contacts transmission, and energy distribution. Various DEM algorithms have been used to numerically simulate particle breakage and provide microscopic interpretations of experimental phenomena. These studies considered stress paths (e.g., confining pressure [31] and cyclic loading [32]), particle shape (e.g., particle roundness [33], sphericity [34], aspect ratio [35], particle size [36], boundary conditions [37], and intermediate principal stress [38]), etc. In this study, a series of triaxial shear numerical simulations is conducted based on the open-source 3D discrete element platform Yade [39], studying the shear strength, deformation characteristics, stiffness, microscopic behavior, and anisotropy of calcareous sand with different particle breakage rates.




2. Methods


2.1. Details of Numerical Simulations


2.1.1. Model Parameters


A cubic shape with dimensions of 10 × 10 × 10 mm3 was adopted into the DEM numerical model for the sample of calcareous sand. All generated particles with particle radii ranging from 0.24 to 0.48 mm are spherical in shape to avoid the anisotropy induced by internal structure. The particle gradation satisfies a uniform distribution with the average radius of 0.36 mm. The particle–particle contacts are modeled using the Hertz–Mindlin nonlinear contact model. The values of radius distribution, Young’s modulus, Poisson’s ratio, and density were determined based on the results of laboratory experiments [40], which are listed in Table 1.



To examine the influence of the degree of particle breakage, four levels of particle breakage, termed as high, medium, low, and none, were used, corresponding to approximately 10%, 5%, 1%, and 0% of the particle breakage rate, which is a ratio of the number of broken particles to the total number of particles. These four terms, “high, medium, low and none”, were also consistently used in the following figures and discussion.



During the shearing process, an initial confining pressure of 400 kPa was applied, followed by maintaining a vertical strain rate of 2%/s until the vertical strain (axial strain) reached 18%, at which point the specimen was considered to be failed, and the shearing process was thereby terminated. Throughout the simulation, it was ensured that the unbalanced force rate does not exceed 0.01 to avoid unstable configurations.




2.1.2. Particle Breaking Mode


In the numerical simulations, the post-positioning method was used to simulate the particle breakage of calcareous sand. When the inter-particle contact force meets certain conditions, the particle breaks, and new particles are generated and replace the original particle. The strength criterion for determining whether the particle breaks is the modified Mohr–Coulomb–Weibull strength criterion proposed by Gladkyy [41], which uses the Mohr–Coulomb law with tensile and compressive cut-off and also considers the influence of particle size on the strength of a single particle. The relationship between particle strength and particle size follows the Weibull distribution. The particle replacement criterion is modified from the algorithm proposed by Brzeziński [42], and the specific replacement method is illustrated in Figure 1. When a particle is broken according to the Mohr–Coulomb–Weibull strength criterion, it is replaced by several small particles with equal radii. In this study, guided by previous studies [43,44,45], each particle is replaced with 9 small particles with equal radii when it breaks, and the basic parameters of the new particles (e.g., density, Young’s modulus, etc.) are consistent with the original crushed particles. To ensure mass conservation before and after the breakage, the filling area was extended to the surrounding area. When the surrounding space is insufficient for successful replacement, the replacement is abandoned directly. This study optimizes the behavior when replacement fails and introduces a “delayed failure” mechanism guided by the experimental results of calcareous sand [40]. That is, when the space is limited, it is assumed to have been fractured, but the fractured particles are densely packed without affecting the surrounding particles, maintaining their original shape without replacement; when there is sufficient space later, the fractured particles are released and affect the surrounding particles, and regardless of whether they still meet the failure criteria, they are replaced.




2.1.3. The Maximum Shear Modulus,     G   m a x    


The anisotropy of soil properties is primarily attributed to two main factors: internal and external causes. The former arises from the irregular shape of the particles, while the latter results from uneven external loads. In this study, spherical particles were used; thus, the anisotropy generated by the particles themselves can be neglected, and the anisotropy generated during the shearing process is mainly caused by external loads. To characterize the anisotropy of calcareous sand during shearing, the shear modulus was used as an indicator. It is well known that the shear modulus itself decreases with increasing shearing strain, while it is almost constant when the shearing strain is very small (<10−6 for sand), which corresponds to the maximum shear modulus     G   m a x    . Hence, the maximum shear modulus     G   m a x     is used to describe the anisotropic behavior of calcareous sand. In order to obtain     G   m a x     values at different shearing levels, the sample is first sheared to the target state by the triaxial test simulation (corresponding to different axial strains); then, another simple shearing mode is conducted, as shown in Figure 2. Since the shearing strain during the simple shearing process is very small (<10−6) and the internal structure cannot be changed, the obtained     G   m a x     can represent the level of stiffness at different axial strains. As shown in Figure 2, the     G   m a x     of three orthogonal directions is denoted as     G   x z    ,     G   y z    , and     G   x y    , respectively. Herein, x, y, and z represent three mutually perpendicular directions. By using     G   x z     as an example, the maximum shear modulus on the z–x plane can be determined by Equation (1):


      G   z x   =     τ   z x     (   δ   z x   /   d   z x   )    



(1)




where     τ   z x     represents the shear stress on the z–x plane;     δ   z x     represents the lateral displacement between two walls’ z-axes; and     d   z x     represents the sample dimension. This calculation method has been verified in previous studies [46].



According to previous studies [47,48,49,50,51], in the elastic condition, the maximum shear modulus     G   m a x     is only related to the stress in the corresponding plane, i.e.,     G   x y     is only controlled by the stress in the xy plane and is independent of the stress in the z direction.





2.2. Methodology for Micro-Scale Parameters


Guided by Radjai et al. [52], the contacts between particles are classified into two parts: strong contact normal force chain, where the contact normal force is greater than the average force, and weak contact normal force chain. These two types of contacts form two complementary networks with different geometric and mechanical properties. The strong contact normal force chain bears the entire additional stress generated by triaxial shearing, while the weak contact normal force chain only contributes to maintaining the average stress. To explore the intrinsic mechanisms of the anisotropic characteristics during the shearing of calcareous sand, the evolutions of microscopic parameters, such as the contact normal, contact vectors and their directions, the magnitude of contact normal forces, and the direction of particle breakage, were analyzed.



2.2.1. Anisotropy of Contact Normal


The contact normal force direction between two adjacent particles, known as the contact normal, refers to the direction perpendicular to the contact surface. To quantitatively characterize the anisotropy degree of contact normal, the fabric tensor of microstructures [53] was introduced as follows:


        N =   1     N   c       ∑  c = 1     N   c          n   c   ⨂   n   c        



(2)




where     n   c     is the unit vector of contact normal and     N   c     is the number of contacts between particles. The eigenvalues and eigenvectors of the fabric tensor can reflect the concentration of anisotropy of the contact normal and principal directions. The coefficient of anisotropy is given as follows:


    Δ Φ =          e   1   N   −   e   2   N       2   +       e   2   N   −   e   3   N       2   +       e   1   N   −   e   3   N       2     2     



(3)




where     e   i   N     (i = 1, 2, or 3) represents the three eigenvalues of the fabric tensor   N  . At the same time, selecting the eigenvector corresponding to the maximum eigenvalue represents the dominant direction of anisotropy.




2.2.2. Anisotropy of Contact Vector


The contact vector is the vector connecting the centroids of two contacting particles. The branch tensor can reflect the average length of the line connecting the centroids in different directions in space, equivalent to the average radius of the contacting particles. The higher the contact vector, the larger the related particles. In order to distinguish the anisotropy of the contact vector from the anisotropy of the contact direction, the formula proposed by Sitharam et al. [54] was used to calculate the contact vector tensor     B   n    :


                    B   i j   n   =   1     N   c        ∑  c = 1     N   c           l   c   n     n   i   c     n   j   c     E       n   c       i j        



(4)




where     n   c     represents the contact normal;     l   c   n     is the length of the contact vector, defined as the distance between the centroids of two contacted particles; and   E ( n )   is the probability density function of the contact normal. For any direction vector   n  :


      E   n   =   1   4 π     1 + D ⨀ (  n ⨂ n  )    



(5)




in which   D   is the skew tensor of the fabric tensor   N   shown in Equation (2). On this basis, to conveniently compare the anisotropy degree under different axial strains, the normalized contact vector tensor       B   n     ′   =   B   n   ⨀   1   t r     B   n         was used to calculate the level of anisotropy. The calculation method for the coefficient of anisotropy for the contact vector     Δ Φ   c v     is consistent with the form of   Δ Φ   for the contact normal (Equation (3)), where     e   i     (i = 1, 2, or 3) represents the three eigenvalues of the contact vector tensor. The dominant direction is also represented by the related eigenvector corresponding to the maximum eigenvalue.




2.2.3. Anisotropy of Contact Normal Force


The external load is mainly borne by the contact normal force between particles, which is the component of the contact force between two particles along the normal direction. The formula defined by Sitharam [54] was also used for this calculation. The normalized degree of anisotropy     Δ Φ   c f     was also used to facilitate the comparison of the anisotropy of contact normal force magnitudes under different axial strains, and the related eigenvector corresponding to the maximum eigenvalue also represents the dominant direction. For all contact normal force vectors, the contact normal force is demoted as     f   c   n    . The specific formula for calculating the contact normal force tensor is as follows:


          F   i j   n   =   1     N   c        ∑  c = 1     N   c           f   c   n     n   i   c     n   j   c     E       n   c       i j                 F   n     ′   =   F   n   ⨀   1   t r     F   n              



(6)




where   E ( n )   is the probability density function of the contact normal.




2.2.4. Quantification of Particle Breakage Direction Anisotropy


To further explore the influence of particle breakage on the anisotropy of inter-particle contacts, the degree of anisotropy and the principal direction of particle breakage were studied. The direction of maximum contact normal force during particle breakage was taken as the direction of particle breakage. Given the particle breakage direction vector       n   b     and the related contact number Nb, the particle breakage tensor     N   b     was determined as follows:


      N   b   =   1     N   b        ∑  b = 1     N   b           n   b   ⨂   n   b        



(7)







The calculation of the degree of anisotropy and the principal direction were similar to that for the contact normal detailed in Section 2.2.1. The degree of anisotropy     Δ Φ   p b     was calculated using the eigenvalues of     N   b     substituted into Equation (3). The principal direction of anisotropy was determined using the eigenvector corresponding to the maximum eigenvalue.






3. Results


3.1. Shear Characteristics and Stiffness Variation of Calcareous Sand with Different Particle Breakage Rates


3.1.1. Stress–Strain Relationship


As shown in Figure 3, the shear stress–strain response of calcareous sand increases rapidly in the initial stage (axial strain less than 3%), and the curves are basically overlapped for different particle breakage ratios. This is because the shear deformation in this stage is mainly controlled by the adjustment of particle positions caused by particle rotation and sliding and the filling of internal large voids, accompanied by insignificant particle crushing (Figure 4). As the deviatoric stress continues to increase, the stress–strain relationships of calcareous sand with different particle breakage ratios show differences: the deviatoric stress of calcareous sand with a higher particle breakage ratio is obviously lower than that with a lower particle breakage ratio at the same axial strain. More stress drops occur for calcareous sand with a higher particle breakage ratio during shearing, which is caused by the stress release induced by particle crushing.



The volume change during the shearing is the first contraction, followed by dilation. When the axial strain is less than 6%, the volumetric strain–axial strain curves of the calcareous sand with different particle breakage ratios are basically overlapped because, before this point, the overall particle breakage is at a relatively low level and changes little (Figure 4). With the increase in axial strain, the level of particle breakage increases. As shown in Figure 4, for the calcareous sand with a higher degree of particle breakage, particle breakage occurs earlier, and the rate of particle breakage growth is also faster. The continual increase in particle breakage makes the dilation tendency of the calcareous sand decrease even further.



These simulation results are consistent with previous studies (e.g., reference [55]) and laboratory experiments. There are discrepancies between the current simulation results and the experimental results at large strains, specifically manifested as a significant overestimation of volume dilation and an underestimation of peak stress, as shown in Figure 3. The possible reason is the lack of consideration of the actual particle shape, surface roughness, intra-particle voids, and so on. However, it is believed that the tendency of the current results is accurate for studying the causes of stress-induced anisotropy.




3.1.2. Macroscopic Stiffness Anisotropy


During shearing, as the axial strain increases, the changes in     G   x z    ,     G   y z    , and     G   x y     are shown in Figure 5. For different particle breakage rates, with the increase in axial strain, both     G   x z     and     G   y z     first increase to a peak until the axial strain reaches 4–5% and then decrease. Meanwhile,     G   x y     remains basically unchanged until reaching the 2% axial strain and then decreases. This is because with the increase in axial strain, the stress in the z direction increases, while the stresses in the x and y directions remain unchanged. The maximum shear modulus in the elastic condition is only related to the stress in the shear plane. However, after reaching a certain level of strain, the specimen begins to exhibit plastic deformation, and the original structure of the calcareous sand is destroyed. Therefore, the maximum shear moduli in all directions decrease. Based on Figure 5, it can also be observed that at low axial strains (<2%), the maximum shear modulus     G   m a x     for different particle breakage rates basically overlaps as before this point, the degree of particle breakage is low and the influence of particle breakage on the macroscopic stiffness of the specimen is not significant. As the axial strain increases, with the particle breakage increasing, the level of increase in     G   m a x     decreases more for samples with higher particle breakage. At large axial strains (>6%), the higher the particle breakage rate, the smaller the     G   m a x     value. In other words, particle breakage weakens the stiffness of calcareous sand, and the reduction can be up to 50% compared with that without particle breakage, which is crucial for the stability and safety assessments of the foundations of calcareous sand.



The maximum shear moduli in different directions have different magnitudes and trends, showing significant anisotropy. The changes in     G   x z   /   G   y z     and     G   x z   /   G   x y     with the axial strain are shown in Figure 6 and Table 2. Throughout the entire shearing process,     G   x z   /   G   y z     is close to one, and     G   x z   /   G   x y     continually increases. There is a significant difference in the maximum shear moduli between the horizontal and vertical planes; that is, the stiffness in the vertical direction is greater than that in the horizontal direction during shearing. With the increase in axial strain, the degree of anisotropy increases. As the particle breakage rate increases, the ratio of     G   x z   /   G   y z     under the same axial stress does not change significantly at small strains, but at higher strains, it is much lower under higher particle breakage rates. That is, particle breakage can induce the macroscopic stiffness and related degree of anisotropy of the calcareous sand decrease, and the degree of decrease is related to the particle breakage rate; the larger the rate, the greater the decrease.





3.2. Anisotropy of Internal Contact Forces


During shearing, the external stress causes different responses in the contact normal forces between the calcareous sand particles. As shown in Figure 7, taking the situation under the 18% axial strain as an example, the magnitudes of the contact forces between the particles in the horizontal direction (XOY plane) and the vertical direction (XOZ plane) are significantly different. In the XOY plane, the magnitude of the contact forces does not have a clear dominant direction. It is consistent in all directions, forming a circular distribution of force magnitudes. In the XOZ plane, the magnitude of the contact forces forms an elliptical distribution, with the contact forces in the Z direction being significantly greater than those in the X direction, consistent with the larger external stress in the vertical direction. The internal microstructural features can reflect macroscopic phenomena.





4. Discussion


Macroscopic behavior can be reflected and related to the internal structure’s evolution. Based on the relationship between the stress and strain for calcareous sand during shearing (Figure 3), two representative cases of particle breakage rate, including no particle breakage and high particle breakage, and three axial strains at 2% (before the peak deviatoric stress), 6% (around the peak deviatoric stress), and 18% (after the peak deviatoric stress) are selected for comparison. The indicators of internal structure for calcareous sand, i.e., contact normal, contact vector, distribution of contact normal forces, and the direction of particle breakage, are discussed.



4.1. Contact Normal


4.1.1. Distribution of Contact Normal


The projections of contact normal in the XOY and XOZ planes are shown by the density proportional rose diagrams in Figure 8 and Figure 9, respectively. In the XOY plane, there is no significant preferential direction for both strong and weak contacts, and the distribution of contact normal is circular, with a significantly larger number of weak contacts than strong contacts. In the XOZ plane, there is a clear preferential direction for strong and weak contacts, mainly distributed in the vertical direction (Z direction) for strong contacts and in the horizontal direction (X direction) for weak contacts. Furthermore, with the increase in axial strain, the number of weak contacts in the horizontal direction significantly decreases.



The direction of maximum contact normal force for particle breakage is served as the direction of particle breakage [44,56], which is also shown in Figure 9. There is no significantly preferred direction for particle breakage in the XOY plane, but in the XOZ plane, particle breakage mainly occurs in the vertical direction (Z direction), indicating the existence of anisotropy in particle breakage. Under the same axial strain, the comparison of the samples with high particle breakage and without particle breakage is shown in Figure 10 (i.e., Figure 8 and Figure 9). It is clearly seen that the particle breakage level reduces the strong contact, especially in the Z direction, while the weak contact increases in the Z direction. In other words, particle breakage effectively reduces the concentration of strong contact forces in the Z direction, thereby reducing the degree of anisotropy.




4.1.2. Contact Normal Anisotropy


Figure 11 shows the anisotropy degree of the orientation of strong and weak contacts (represented by the fabric tensor) during the shearing process as a function of axial strain, where N, L, M, and H represent no, low, medium, and high particle breakage, and S and W denote strong and weak contacts, respectively. These symbols have the same meanings as in the following figures. Throughout the entire shearing process, the dominant direction of the strong contacts is consistently in the vertical direction (~90°; Z direction in Figure 11a), while the dominant direction of the weak contacts is in the horizontal direction (0°; X or Y direction in Figure 11a), with occasional fluctuations affected by particle breakage.



For weak contacts, with the increase in axial strain, the degree of anisotropy first increases, reaching its maximum value at around a 3% axial strain, and then significantly decreases to negligible levels. This variation reflects the transition of deformation in the calcareous sand from elastic to plastic deformation during shearing. The degree of anisotropy coefficients at different particle breakage rates are similar and much smaller than the anisotropy of strong contacts. This indicates that particle breakage has almost no effect on the anisotropy of weakly bonded particles.



For strong contacts, the maximum level of anisotropy appears at around 6–12% axial strain and then decreases slightly. For different particle breakage rates, there is no significant difference in the initial shear stage. The degree of anisotropy for the higher particle breakage rate of calcareous sand is significantly smaller when the axial strain exceeds 3%. It proves that particle breakage can affect the anisotropy of the strong contacts. The higher the particle breakage rate, the lower the degree of anisotropy. Due to the strong contacts controlling the overall strength and stability of calcareous sand [57,58], one of the intrinsic reasons for the reduction in the macroscopic anisotropy degree (e.g., the maximum shear modulus, as shown in Figure 4) is the reduction in the anisotropy of the strong contacts between particles.





4.2. Contact Vector Anisotropy


During shearing, the anisotropy degree of the strong contact vector with respect to the axial strain development is shown in Figure 12. Similar to the results of the contact normal, the dominant direction of the strong contact vector is always in the vertical direction (~90°), and the dominant direction of the weak contact vector is mainly in the horizontal direction (0°), but it fluctuates occasionally due to particle breakage. Particle breakage has almost no effect on the anisotropy magnitude of the weak contact vector. For strong contacts, after the 6% axial strain, with the increase in axial strain and particle breakage rate, the degree of anisotropy decreases, but the difference is not significant. That is, the higher the particle breakage rate, the lower the anisotropy degree of the contact vector, but the impact is weak. It is also indicated that the strong contacts in the Z direction is mainly borne by large particles. This is because the preferred direction of the contact vector for strong contacts is along the Z direction, and the corresponding anisotropy of the contact vector tensor       B   n     ′     is higher. This suggests that the average radius of the particles bearing strong contacts in the Z direction is larger. As the particle breakage rate increases, there is a slight decrease in the     Δ Φ   c v     for strong contacts, whereas the     Δ Φ   c v     for weak contacts remains relatively unchanged, which indicates that particle breakage is likely to occur more frequently in the larger particles that bear strong contacts. The reduced anisotropy of the contact vector of the strong contacts means that the size of the particles bearing the strong contacts along the Z direction decreases.




4.3. Contact Normal Force


4.3.1. The Anisotropy of Contact Normal Forces


The normalized anisotropy degree and principal direction of the contact normal forces are shown in Figure 13. It is readily seen that no significant changes are obtained under different particle breakage rates. That is, particle breakage does not have a considerable influence on the contact normal forces in terms of the anisotropy degree and principal direction.




4.3.2. The Distribution of Contact Normal Forces


Taking the representatives at the axial strains of 2%, 6%, and 18% of calcareous sand with no particle breakage and high particle breakage, the contact normal force distribution histograms are shown in Figure 14. Under a small axial strain, the contact normal force distributions are almost identical due to the insignificant particle breakage for calcareous sand with different particle breakage rates. As the shearing progresses, the number of strong contact normal forces of calcareous sand with high particle breakage is significantly smaller than that with no particle breakage, while the number of weak contact normal forces is significantly larger. The evolution of the percentage of weak contacts during shearing in Figure 15 also indicates a decrease in the proportion of strong contact normal forces and an increase in the proportion of weak contact normal forces. At the same time, the increase in weak contact normal forces in calcareous sand with high particle breakage is significantly greater than in calcareous sand with no particle breakage. In other words, particle breakage can enlarge the destruction of strong contacts and the formation of weak contacts between particles in calcareous sand.





4.4. Anisotropy of Particle Breakage Direction


Figure 16 shows the degree of anisotropy of particle breakage and the principal direction. The principal direction of particle breakage of calcareous sand with different degrees of particle breakage is always the vertical direction, consistent with the external deviatoric stress direction. During shearing, with the increase in axial strain, especially after the peak stress (corresponding to a 6% axial strain), the degree of anisotropy of particle breakage decreases. This is because at lower strains, only strong contacts that are nearly parallel to the Z-axis can satisfy the failure criteria. Therefore, it is considered that the direction of particle breakage is more concentrated in the direction parallel to the Z-axis at lower strains. As the strain progresses, a large number of strong contacts parallel to the Z-axis have already been extensively damaged by particle breakage. Therefore, contacts with a certain angle to the Z-axis can also satisfy the failure criteria. As a result, the level of anisotropy in the direction of particle breakage decreases. Furthermore, the greater the degree of particle breakage, the greater the reduction in the degree of anisotropy. The reduction in the degree of anisotropy of particle breakage will also lead to a decrease in the macroscopic degree of anisotropy of calcareous sand.



The findings of this study emphasize the importance of understanding the influence of particle breakage on the stiffness anisotropy of calcareous sand. It should be noted that the DEM method has certain limitations, such as the demand for computational efficiency and resources, along with the influence of size effects, and the increase in particle quantity due to particle breakage further slows down its computational speed. The results of this study can be used as a reference and guide for future engineering endeavors. In the future, further numerical simulations under conditions more akin to actual engineering environments could be required, considering the dynamic wave loads, the true shapes of calcareous sand particles, and more realistic forms of particle breakage, as well as variations in Young’s modulus, Poisson’s ratio, and so on. These simulations should be combined with field testing or laboratory experiments, which can enhance the reliability and application of research outcomes in practical engineering.





5. Conclusions


This study simulates the particle breakage behavior using the post-positioning method and the “delayed replacement” mechanism. The anisotropic characteristics and micro-mechanisms of calcareous sand with different particle breakage rates subjected to shearing are investigated using the discrete element numerical simulations. The main conclusions are as follows:



(1) During shearing, the macroscopic stiffness     G   m a x     of the calcareous sand is greater in the vertical direction than that in the horizontal direction, and the degree of stiffness anisotropy increases with the increase in axial strain. A distinct anisotropy is found. Particle breakage can reduce the stiffness in different directions, mainly in the direction of deviatoric stress, which, in turn, weakens the anisotropy characteristics of the calcareous sand induced by external stress. As the particle breakage rate increases, the peak and residual shear stress and shear dilatancy of the calcareous sand decrease.



(2) The micro-anisotropy of the calcareous sand during shearing is mainly manifested in the distribution of contact normal directions, contact vectors, and contact normal force values between particles. During the shearing process, the strong contacts and related contact normal forces in the vertical direction are significantly greater than those in the horizontal direction, while the weak contacts and related contact normal forces in the horizontal direction are significantly greater than those in the vertical direction. Thus, particle breakages mainly occur in the vertical direction. The degree of anisotropy of particle breakage decreases with an increase in the particle breakage rate. Although particle breakage has no significant impact on the anisotropy of the contact normal force mean value and the principal direction, it mainly affects the distribution characteristics of contact normal forces. The strong contact forces decrease while the weak contact forces increase, which leads to a tendency of contact force redistribution and uniformity. The reducing strong contact normal forces results in a significant reduction in     G   m a x    . Additionally, the degree of anisotropy of the strong contact direction also decreases with the increase in particle breakage, thus reducing the degree of stiffness anisotropy.
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Figure 1. Spherical particle breakage mode process: (a) identify the particles to be crushed; (b) search for the potential locations of daughter particles; (c) fill when the daughter particles can be packed to a predetermined amount (modified from Gladkyy [41]). 
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Figure 2. Shear modulus in different directions: (a) shear mode 1     G   x z    ; (b) shear mode 2     G   y z    ; and (c) shear mode 3     G   x y    . 
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Figure 3. Deviatoric stress–axial strain and volume strain–axial strain curves for calcareous sand with different particle breakage rates. 
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Figure 4. The variation in the particle breakage rate with axial strain for different calcareous sands. 
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Figure 5. The evolution of small-strain shear moduli in different directions as the axial strain increases during the shearing process: (a)     G   x z    ; (b)     G   y z    ; and (c)     G   x y    . 
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Figure 6. The difference in small-strain shear moduli in different directions during shearing with increasing axial strain: (a)     G   x z   /   G   y z     and (b)     G   x z   /   G   x y    . 
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Figure 7. Projection of inter-particle contact forces in calcareous sand at different planes under an 18% axial strain: (a) XOY plane and (b) XOZ plane. In this figure, the blue points represent strong contact forces, and the red points represent weak contact forces. 
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Figure 8. Distribution of inter-particle contact normal under different axial strains without particle breakage: (a) XOY plane and (b) XOZ plane. 
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Figure 9. Distribution of inter-particle contact normal under different axial strains at high particle breakage rates: (a) XOY plane and (b) XOZ plane. 






Figure 9. Distribution of inter-particle contact normal under different axial strains at high particle breakage rates: (a) XOY plane and (b) XOZ plane.



[image: Jmse 12 00702 g009]







[image: Jmse 12 00702 g010] 





Figure 10. Influence of particle breakage on the distribution of inter-particle contact normal at different axial strains: (a) XOY plane and (b) XOZ plan. 
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Figure 11. Anisotropy of particle contact orientation (fabric tensor) for different particle breakage ratios: (a) dominant direction and (b) anisotropy degree. 
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Figure 12. Anisotropy of contact branch vectors at different particle breakage rates: (a) dominant direction and (b) anisotropy degree. 
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Figure 13. Anisotropy of normal contact forces in the strong and weak contacts at different particle breakage ratios: (a) dominant orientation and (b) anisotropy degree. 
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Figure 14. Influence of particle breakage on contact normal force distributions at different axial strains for calcareous sand with different particle breakage rates: (a) no particle breakage; (b) high particle breakage; and (c) variation (high breakage–no breakage). 
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Figure 15. The variation in the proportion of weak contact normal forces with axial strain. 
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Figure 16. Anisotropy of particle breakage: (a) dominant direction and (b) anisotropy degree. 
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Table 1. The values of the main parameters in simulations.






Table 1. The values of the main parameters in simulations.





	

	
Parameter

	
Value






	
Particles

	
Particle number

	
3000




	
Radius

	
0.24–0.48 mm




	
Density

	
2810 kg/m3




	
Young’s modulus

	
800 Mpa




	
Poisson’s ratio

	
0.3




	
Internal friction angle

	
Sample preparation/compression: 0°

Shearing: 30°




	
Degree of particle breakage

	
None

	
Low

	
Mid

	
High




	
Uniaxial tensile strength (Mpa)

	
∞

	
4

	
2

	
1




	
Uniaxial compressive strength (Mpa)

	
∞

	
6

	
6

	
3




	
Walls

	
Young’s modulus

	
800 Mpa




	
Poisson’s ratio

	
0.05




	
Internal friction angle

	
Sample preparation/compression: 0°




	
Shearing: 30°











 





Table 2. Variation in     G   x z   /   G   x y     for calcareous sand with different particle breakages.
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	Strain (%)
	None
	Low
	Mid
	High





	0
	1.004
	1.003
	1.001
	1.004



	2
	1.286
	1.281
	1.285
	1.282



	4
	1.562
	1.550
	1.539
	1.529



	6
	1.805
	1.821
	1.775
	1.761



	12
	2.025
	2.009
	1.974
	1.860



	18
	2.163
	2.103
	1.979
	1.944
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