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SUMMARY 

Granular materials are an essential component of many fields, such as the medicine and 
agriculture industries, where their behavior is affected by the properties of constituent particles. 
The Discrete Element Method (DEM) is a potential technique used to describe the mechanical 
behavior of granular materials by making a mechanical model which describes the affected 
parameters, and one of these parameters is the shape of particles. It is an important 
characteristic that is represented by a sphericity index. In this study, the macro and micro-
mechanical shear behaviors of granular materials are investigated using the Discrete Element 
Method (DEM). For this purpose, a three-dimensional (3D) program (EDEM) was developed on 
the basis of (DEM) and was used to model various particle shapes for a direct shear test. An 
assembly with a different particle center distance was prepared. The results showed a changing 
relationship between shear strength and the sphericity index, and micro-mechanical responses 
showed that particle shape affected the shape and the thickness of the shear zone. 
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1. INTRODUCTION Granular materials are a major element of the pharmaceutical and agricultural industries. In general, the mechanical behavior of the granular material layer is influenced by the loading properties [1]; [2]; [3]; [4], distribution of particle size [5]; [6]; [7], fouling level [8]; [9]; [10]; [11], void ratio [4], confining pressure and normal stress [3] as well as the characteristics of individual particles, such as particle size [12]; [13]; [6] particle shape [14]; [9]; [15]; [16], and strength [17]. 
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The angularity of the particles and their surface texture are the primary factors affecting the response of granular materials [18]. Ref. [19] showed that degradation of particles depends on particle form. Flaky or elongated particles are more likely to break than cubic ones. However, in experimental work, it is not easy to provide a clear way to visualize the evolution of particle angularity or its surface texture. Moreover, computer simulations are widely used in granular materials investigations due to the high cost of experiments and the heavy equipment limitations in performing large-scale studies. Numerical models based on the discrete element method (DEM) have been developed in recent decades to investigate granular material behavior. Due to discrete complexity, DEM makes it possible to compare the results obtained by modifying the properties of the simulated materials especially [20], shape indexes. Ref. [21] performed a 2D simulation and concluded that the shear strength, dilation, and residual shear strength increased significantly as the particle angularity increased. Nevertheless, to represent the true nature of such particles remains a challenge in DEM simulations. In the DEM scheme [22] particle shape, such as disk or spherical, could only be modelled in 2D and 3D simulations. Although a simple algorithm is used to detect contacts and measure forces, the actual shape of the particle should be modelled since the rotation resistance of the disk or sphere is much lower than that of the actual particle shape. In disks or sphere particles, rotation is only caused by tangential contact forces and the moment does not contribute because normal forces are directed towards the core of the particles. Moreover, the point of interaction with actual particles varies from that of spherical. For this reason, several researchers have developed new methods that take into account the actual shape of the particles [23]; [24]; [25]; [26]; [27]. In railway studies, some of these techniques were used to model the shapes of ballast particles. In order to approximate the actual shape of ballast particles, a ballast settlement was predicted under cyclic loading using DEM on polygon particles [28]. The critical size of the ballast was tested by simulating full-scale ballast layers, and it was observed that particles less than half the size of theoretical maximum are not suitable [29]. A similar approach was considered when modelling ballasts in other experiments [30]; [31]; [32]; [33].Ref. [34] used circular bonded particle clusters to model a 2D angular ballast particle projection. A similar approach was applied with 3D simulations for ballast modelling [35]. However, particles shaped like ellipsoids [23], particles shaped like polygons [24], an elliptical particle with oval-shaped boundary [25], particles with an axis symmetry [26], and particles with dense clusters overlapping [27] do not reflect effectively the actual types of such particles. Also, some of those methods required significant computational time. Therefore, [36] suggested a simple algorithm (now commonly used in DEM) for simulating the shape of particles. In this method, the overlapping elements of the sphere are connected rigidly, in which the advantage is that a particle structure of different angles can be modelled using the same interaction laws as a single sphere. This approach has been used to model the exact form of ballast in different studies. Ref. [37] simulated geogrid-reinforced ballasts to assess the ideal position of the geogrid. Furthermore, [38] simulated a direct shear box test and the shear strength decreased as the degree of fouling increased as a consequence of reduced particulate friction. They found that a high degree of fouling increases the dilation of the ballast samples, in particular when they are under low normal stress. Furthermore, [39] stated that good agreement exists between laboratory data and DEM simulations of geogrid-stabilized coal-fouled ballast. Finally, fouling on a ballast bed decreased the sleeper's lateral resistance, particularly when the fouling material was on the ballast layer shoulder, as in [40]. Although most numerical studies concentrated on modelling the actual type of particles in different 
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conditions or mechanical responses to the ballast layer, the effects of shape properties on mechanical results are rarely recorded in-depth and are difficult to consider in laboratory testing. As a continuation of previous experimental research on the effect of particle breakage and the fouling of fine materials under various gradations relating to the shear strength of the granular layer, a 3D simulation of the direct shear cylinder test was conducted by means of DEM to establish the effect of shape properties on the shear strength parameters of the granular layer [41]. The numerical simulation was carried out by modelling the center of the various particles. Different levels of normal stress were used to determine the effects of shape properties on the behavior of the granular layer for particle shapes at different particle center distances (sphericity index). In addition, microscopic measurements were used to test the effects of a particle shape index on shear behavior and shear zone of the granular layer and the macroscopic response. 
2. DEM SIMULATION The Discrete Element Method (DEM) models for the mechanical behavior of granular materials have been developed by applying the equation of motion for every single particle of the material assembly [42]. The forces arising during particle-particle and particle–wall interactions are calculated during the simulation circle, where a cycle involving a repeated application of Newtonian laws of motion to generate the acceleration, velocity, and displacement values of each particle is used. The newly found displacement is then used to determine the contact forces and torques in that place because of the particle interactions in their new position. This cycle repeats multiple times to model the bulk material's mechanical behavior [43]. This approach is ideal for analysing the special behavior and motion of granular materials [44] or to examine the effect of vibration [43]. Ref. [44] has shown that their validated discrete element model is applicable to the determination of the velocity distribution in a mixed flow dryer and that the system optimizes the dryer geometry. Ref. [45] predicted that with the help of discrete models, exact pressure distribution in a silo can be determined and analysed, and, therefore, the design process of these types of equipment simplified. DEM can also be used to analyse flow patterns, segregations, discharge rate, and influence of flow correction inserts in the silos. It can be seen that the applicability of the discrete element method is very wide. When DEM is used, the equations of motion of single particles are solved by a simulation cycle. Newton's second law of motion and the general rotational dynamic equation are repeatedly used to explain the movement of single particles. Contact forces and moments are calculated based on the displacement of particles in every time step. The behavior of particles and interactions depend on the geometry and the micromechanical properties of particles and their contacts. For modelling the mechanical behavior of soil [43], EDEM discrete element software was applied as a discrete element software using the Hertz Mindlin No-Slip optimal contact model. 
2.1 SHEAR BOX SIMULATION The test was conducted in a cylinder, as shown in Figure 1, which has 225 mm high and 35 mm in radius. The lower cylinder height was 75 mm and was free to move under the fixed upper cylinder, with a height of 150 mm. The horizontal displacement of the test device was 
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represented by a distance of about 2.5 cm (i.e. about 15% shear strain), which is suitable for recording peak shear stress of the particle sample. The vertical loading system will apply and sustain a constant normal load on the sample. The horizontal loading system may also apply the shearing force to the sample at a constant rate of displacement in a direction parallel to that of movement in the lower cylinder. Several particles of the same shape and the same sizes were produced for each assembly series. The particles which fill the shear cylinder were compacted by normal gravity forces for all samples. To enable an effective sample comparison, the simulated testing was carried out in three steps. The assemblies created during the first stage were very fast as the program produced particles that had contact with neighboring particles but retained kinetic energy at this moment. Therefore, it took a certain amount of time before the particles could calm down and attain zero kinetic energy. During the second step, the required vertical load was applied to the assembly and the use of an almost equal diameter particle of the shear testing system and the correctly calculated density enabled the application of adequate vertical load. The spherical shape of the vertical load allowed us to prevent load weight tilting, which is a common problem during DEM shear tests [46]. The direct shear test was carried out at the final step by shifting the lower cylinder of the shear apparatus horizontally, while the vertical stress was maintained constant during shear. 

 

Fig. 1  Simulation Shear box and the Stages of assembled generations particles with SPH of 88% under 
normal load of 16 N 

(A initially generated, B compacted and applied normal stress, C finally sheared) 

2.2 MODEL PARAMETERS A large-scale direct shear cylinder test is simulated, using a rigid wall with a freeloading dead weight sphere at the top of the upper cylinder. This would allow particles to move vertically during shearing. A total of 5 particles were selected in the simulations, and their sphericities were determined. The obtained values of the sphericities of the selected particles (SPH= 100%, 
98%, 94%, 88%, 81% of all the particles respectively) were considered during the DEM particle shape study. For each repetition, the size of all particles in the DEM simulation was considered the same, to reduce gradation effects. Radius was 1mm for each particle, and there was a different distance between the double particle centers, at 0mm, 0.5mm, 1mm, 1.5mm, 1.9mm respectively. Simulated direct shear tests were carried out under several vertical stresses. 
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The trial and error method was used to determine the DEM parameters, as shown in Table 1, in order for the simulation results to be acceptable. 
Table 1  Micromechanical parameters of the model 

Parameter Value

Particles Poisson’s ratio 0.25

Wall Poisson’s ratio 0.3

Particles Shear modulus (Pa) 1×10^8

Wall Shear modulus (Pa) 8×10^10

Coefficient of restitution 0.5

Coefficient of rolling friction 0.01

Particle density (kg/m3) 2500

Coefficient of inter particle friction 0.5

Coefficient of plane wall-particle 
friction 

0.5

 

2.3 PARTICLE SHAPE GENERATION For the particle model, a variety of different sphericities were considered. The sphericity index (SPH) defined by [47] described sphericity as the ratio of the volume of the particles to that of the smallest circumscribing sphere. It was used to quantitatively analyse the shapes of the various particles. For all practical shapes, the SPH value is between zero and one, with a value of one corresponding to a full sphere and zero correspondings to a very elongated particle. In Figure 2, the SPH values of all particles used in this study are presented. 

Fig. 2  Various particle sphericity simulations 

(SPH = 100%, 98%, 94%, 88%, 81% for all the particles respectively) 

3. SIMULATION RESULTS AND DISCUSSION This section presents the macroscopic and microscopic findings explained in terms of the sphericity properties, the direct shear behavior of DEM numerical simulation for different particle samples. The results include volumetric strain, shear stress, the network of contact forces, variance in the contact number, and average particle rotation within the cylinders. 
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3.1 SHEAR STRESS Upcoming figures present the variety of shear stress versus the horizontal strain for particle samples with a sphericity index under constant normal stresses. Measuring the arctangent of shearing stress ratio to normal stress (φ = ܽ݃݊ݐܿݎ (τ.σ)), the internal angle of friction was calculated. It was seen that the internal friction angle is inversely correlated with the particle sphericity. The effect of sphericity on internal friction is that the peak friction angle initially tends to reach its limit when the sphericity decreases with much lower values. This reduction in sphericity is considered relevant, and its effect is high. Similar findings were recorded for 2D elliptical particles. Refs. [23] and [48] have similar results for 3D ellipsoid multi-sphere assemblies. 

 

Fig. 3  Shear stress–shear strain curves of samples with various sphericity at a normal stress of 4150 Pa 

Fig. 4  Shear stress with various sphericity at a normal stress of 4150 Pa and 7800 Pa The effect of sphericity on particle specimens is more apparent. This phenomenon illustrates the growing interlocking connections between particles under normal pressure, where the longer particles are more interlocked. For example, for normal stress of 4150 Pa, the shear stress increased from 1300 Pa to 2800 Pa when the shape of the rounded particles changed to 
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the non-spherical particle (Sph=81%). However, the rate of increase in shear stress decreased for strongly spherical particles and vice versa. There was a need to evaluate better the effects of the sphericity index on the shear behavior of particles at constant normal stress. Figure 3 shows the reflection of the sphericity index on the particles shear stress, where the lower sphericity index values caused an increase in the interlocking value between particles, leading to an increase of the shear stress. Secondly, Figure 4 shows that interlocking particles can be dilated due to a decrease in pressure on the particles, causing a decrease in shear strength. By decreasing the sphericity index, the particle experiences a greater amount of particle interlocking, which, in turn, causes a gradual increase in shear stress. In comparison, these particles are not able to move easily against each other due to high normal stress, which creates anisotropy. Less anisotropy in the sample contributes to a lower friction angle [49]. Thirdly, the shear strength of the particle samples increases with sphericity. For instance, shear stress increases by about 10%. As the shape of particles changes from spherical to elongated, sphericity decreases from 100% to 98% for normal stress of 4150 Pa. 
3.2 VOLUMETRIC STRAIN A comparison of the volumetric strain changes versus horizontal strain under different normal stresses is presented in Figure 5. It is seen that, as normal stress increases, the overall volumetric strain decreases, reflecting a lower dilation level under higher normal stress. Figure 6 shows that dilatancy in larger strains increases dramatically with an increase in sphericity, suggesting that dilatancy depends on the particle shape features and normal stress. The dilation values for an assembly with less spherical particles (SPH=81%) is 44% smaller than that of an assembly with SPH values of 100%, at a normal stress of 4150 Pa. Figure 7 shows that at higher normal stresses a lower level of dilation occurs in comparison to lower normal stresses. 

Fig. 5  Variation of volumetric-shear strain for various normal stresses (1.9mm test) 
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Fig. 6  Variation of volumetric-shear strain for normal stress of 4150 Pa (sphericity index) 

Fig. 7  Volumetric strain for def. sphericity values at normal stress of 4150 and 7800 Pa 

3.3 AVERAGE CONTACT NUMBERS The coordination number (CN) is the average of the number of particles in contact with the assembly number of particles. Because the interaction between particles relates to the points of contact, CN is an appropriate parameter to describe the behavior of granular materials. CN continuously increases as SPH decreases. A decrease in SPH increased the interlocking and CN of the particles. Figure 8 displays that CN rises as SPH, in terms of the sphericity index, 
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decreases which is inconsistent with the study carried out by [50], who concluded that the number of contacts increased as the eccentricity of the elliptical particles increased, but then decreased with higher values of eccentricity.  

 

Fig. 8  Variation of CN versus shear strain for normal stress of 4150 Pa (SPH effect) Figure 9 shows that a larger CN was produced, independently of the spherical index, when the sample was subject to high pressure. However, the initial stress causes an immediate decrease in the CN at lower normal stress due to further dilation.  

 
Fig. 9  Variation of CN versus shear strain for various normal stresses (1.9 mm test) 
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3.4 CONTACT FORCE CHAIN Figures 10 and 11 show the distributions of the inter-particle and particle–wall forces, respectively, for different sphericity values under constant normal stress at various stages of the direct shear test. The particle colors in Figures 10 and 11 are proportional to the intensity of the contact forces. Red, green, and blue particles represent respectively high, moderate, and low forces in the assembly. Before shear loading (at a strain of 0%). Regardless of particle shape, the interaction forces are uniformly separated in the shear container. As shear force is applied, variations in contact force chains are significantly different at a strain of 15 % to a strain of 0 % during shearing. The first stage (Figure 10) shows a thicker contact chain compared to the shearing stage (Figure 11). It is due to the particle dilation behavior during shear that causes the number of contacts to decrease. At the shearing stages, the number of contacts oriented in directions with higher loads increases (i.e. shear direction) and the decrease in shear forces due to contact area reductions. It can also be found, that in the shear stage, the shear force increases in samples with lower sphericity. Assemblies with lower sphericity values displayed a greater increase in strength due to improved interlocking, with both increases in contact numbers and their magnitude in the shear direction. The lower-sphericity samples exhibited a concentration of force near the upper shear cylinder vertical walls. These results are similar to the findings of [51] who reported that strong force chains formed a larger portion of the assembly contacts in the higher granular samples. This rearrangement allows the shear band to shape entirely from the top right to the bottom left of the shear cylinder and provides good transmission of load in the samples. As a consequence, the structure from which force chains are formed is a more stable one. On the other side, the particles positioned apart from the shear band are not involved in the load carrying.  

 

Fig. 10  Contact force chain distribution for different particle sphericity at shear strain of 0% 
(Particles SPH = 100%, 98%, 94%, 88%, 81% respectively) 
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Fig. 11  Contact force chain distribution for different particle sphericity at shear strain of 15% 
(Particles SPH = 100%, 98%, 94%, 88%, 81% respectively) 

3.5 SHEAR ZONE AND PARTICLE ROTATION Particle rotation is a simple method used to evaluate the creation of shear bands in the granular assembly while loading, [52] and [53]. Although the shear band can be evaluated in a direct shear test, there is a need to further analyse the impacts of the non-rounded particles compared to the rounded particles when it comes to the positions and thickness of the shear band. This has been considered in this paper, therefore, (Figure 12) is plotted. This figure shows the accumulated rotation of the particle in the sample at a strain of 15% under normal stress of 4150 Pa for sphericity index in which the colors are proportional to their rotations. The particles with higher average rotation values are shown in red color, moderate in green, and low in blue. As shown in Figure 12, the localization of particles with higher rotations for both rounded and non-rounded particles is observed. Particularly for non-rounded particles, the average accumulation rotation is lower than for rounded particles. This occurred more frequently in particles with an SPH of 
81%, as shown in Figures 12 and 13. It is noted that as the interlocking of these particles increases, the average rotation of the particle decreases. For example, by changing the particle shape from spherical SPH 100% to elongated SPH 81%, the overall average particle rotation decreases by 40%. Additionally, Figure 13 shows that the rotation of rounded particles is distributed more uniformly. Particles with an 81 % SPH display higher rotation near the assembly's core (shear band). It can be noted that the increase in shear strength is followed by a decrease in the rotation zone width and average rotation of the particle [54]. 
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Fig. 12  Particle rotation at shear strain of 15% for SPH= 100%, 98%, 94%, 88%, 81% respectively  

Fig. 13  Particle rotation at shear strain of 15% for test of 1.9mm at different normal stress 
= 25 kPa, 50 kPa, 75 kPa, 100 kPa respectively 
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As shown in Figure 13, the movement behavior of the particles can be explained as a layer's movement on top of each other. It can be concluded that rotation interaction depends on two features. Firstly, there is the interlocking between the particles, as shown in Figures 11 and 12. Secondly, since the normal force increases the friction between the particles, there will be an increase in rotation interaction because of better contact. It can be noticed that the pattern of rotation follows the distribution of forces in the particle, as rearrangement causes the shear band to form entirely from the upper right to the lower left of the shear cylinder that ensures superior load transfer in the samples. 
4. CONCLUSION The effect of the particle shape properties on particle layer behavior was numerically investigated in this study. The direct shear cylinder test was simulated using a 3D DEM program to produce the actual shape of the particles. Five assemblies were prepared and subjected to different normal stresses with various spherical indexes. The considered particle shape indexes are within the appropriate range. Both macro-and micro-mechanical responses have been examined, with the main results as follows: 1. In all samples, the dilation decreases as normal stress increases, regardless of the particle shape. 2. Dilation increases by increasing the SPH (sphericity index), but as normal stress increases, the impact of this increase diminishes. 3. Initially, shear strength decreases and dilation increases with an increase in spherical values. The highest increase in strength occurs at 81% SPH. 4. The effects of shape index on the variance of the coordination number (CN) are consistent with the dilation behavior of the assemblies. Increased dilation is accompanied by a decrease in CN. 5. The movement behavior of the particles can be explained as a movement of layers on top of each other. 6. In the initial stage of shearing, the inter-particle force are distributed equally in all assemblies, and then the number of contacts oriented in directions with higher stress and their magnitude increases. 7. For rounded shape particles, the average particle rotation is greater than for non-rounded shape particles. Despite the decrease in the sample's average particle rotation with an SPH of 81%, the number of particles with higher rotation increases near the shear surface due to better interlocking of particles. In addition, the width of the shear zone in these samples is smaller than for the rounded particles. In general, sphericity variation has a significant individual effect on ballast sample shear strength. 
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