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Abstract: 11 

The fragments from crushed rock are initially very angular. The erosion process 12 

causes the fragment shape to evolve from angular to well rounded and affects the 13 

mechanical behaviour of granular materials. This report explores the effect of particle 14 

shape caused by erosion (Er) on macroscopic and microscopic behaviour under 15 

triaxial compression tests of granular materials via the discrete element method. A 16 

convex rigid block was employed to model particles with different erosion degrees. 17 

After being prepared in the densest condition, all particle assemblies were subjected 18 

to axial compression until a critical state was reached. The macroscopic 19 

characteristics, including the shear strength and dilatancy response, were investigated. 20 

As Er increased, the shear strength generally decreased, and the volumetric strain 21 

monotonically decreased. Then, the microscopic characteristics, including the 22 

coordination number, particle rotation, percentage of sliding contacts and contact 23 

force, were examined. Finally, analysis-related anisotropy coefficients of the entire 24 

contact network were evaluated to probe the microscopic origins of the peak and 25 

residual shear strength related to Er. 26 
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Macro-micro response; Fabric anisotropy 28 

Introduction 29 

Rocks are affected by various natural factors, such as diurnal and seasonal 30 

variations in temperature (Hall et al., 2001), precipitation (Liu et al., 2013), biological 31 

action (Charles and Cockell, 2011), and freezing and thawing of water in cracks 32 

(Huang et al., 2019), which lead to volume expansion and shrinkage, increase the 33 

development of cracks and cause ultimate disintegration into fragments and fine 34 

particles. In addition, human activities, such as excavation (Lisjak et al., 2014) and 35 

blasting engineering (Ning et al., 2011), can have similar effects on rocks. The 36 

fragments and fine particles produced by the aforementioned activities initially exhibit 37 

mostly angular shapes. After being subjected to various effects, e.g., climatic change 38 

(Caldeira, 2006), scouring and tumbling from running water (Poesen and Lavee, 1994) 39 

and the repeated impact and grinding between fragments and particles (Qian et al., 40 

2017; Stachowiak, 1998), the irregular edges and corners gradually disappear due to 41 

the stress concentrations at these locations, as characterized by previous studies 42 

(Durian et al., 2006; Durian et al., 2007). Moreover, the particle volume gradually 43 

decreases as the shape evolves from very angular to well rounded, eventually forming 44 

round pebbles. The aforementioned phenomena also exist in various industrial fields, 45 

e.g., ballast wear in roadbed engineering and ore dressing and ore handling in mining 46 

engineering and rockfill dams. As previous studies (Nouguier-Lehon et al., 2003; 47 

Azema and Radjai, 2012; Zhao and Zhou, 2017; Nie et al., 2019; Gong and Liu, 2017; 48 

Gong et al., 2019a; Yang and Luo, 2015; Suh et al., 2017; Ng et al., 2018; Emeriault 49 

and Claquin, 2004) have reported, the particle shape of granular materials is 50 

considered the crucial factor governing their macro-micro mechanical behaviour and 51 

physical properties. Because the shapes of fragments or particles change during the 52 

erosion process, erosion action inevitably affects the mechanical behaviour of 53 

granular materials. 54 

The research objects of previous laboratory experiments and numerical 55 



 

 

simulations have systematically investigated the effects of particle shape on the 56 

mechanical behaviour of granular materials, e.g., aspect ratio (Gong and Liu, 2017) or 57 

elongation (Nouguier-Lehon et al., 2003), platyness (Boton et al., 2013), asphericity 58 

(Zhao and Zhou, 2017), angularity (Suh et al., 2017; Azema et al., 2013a), sphericity 59 

(Yang and Luo, 2015; Cho et al., 2006), roundness (Nie et al., 2020; Yang and Luo, 60 

2015; Cho et al., 2006) and roughness (Kozicki et al., 2012). However, these studies 61 

have rarely focused on the formation history of particle shapes to explore their effects 62 

on the mechanical behaviour, especially from the particle erosion perspective. The 63 

shapes of the eroded particles seem to be related to the roundness index. However, for 64 

angular particles, their erosion mainly occurs near the angular edges and corners. 65 

Thus, these particles have unique characteristics inconsistent with roundness (Zhao 66 

and Wang, 2016). It is one-sided to consider the effect of particle erosion on 67 

mechanical behaviour of granular materials from the perspective of roundness. The 68 

shortcomings of the aforementioned studies are the driving force of this work. 69 

To date, many methods have been used to investigate the effect of particle shape 70 

on mechanical behaviour, such as laboratory experiments and field tests. Although 71 

these experimental tests have acquired ample macroscopic data and provide insights 72 

into aspects of particle morphology, there are still many deficiencies of these methods, 73 

e.g., large discreteness of results, poor repeatability of processes and insufficient 74 

micro-interpretation (Suh et al., 2017; Yagiz, 2001; Chen and Wan, 2004). Numerical 75 

simulation, especially the discrete element method (DEM) (Cundall and Strack, 1979) 76 

and the contact dynamic method (CDM) , eliminates these limitations and has become 77 

an effective tool, allowing the exploration of various types of microscopic mechanical 78 

behaviour. In addition, numerical simulations can involve customized geometric 79 

models that cannot be easily implemented in physical experiments. Therefore, 80 

numerical simulation methods, especially the DEM, have been widely used in 81 

research and engineering fields related to particle shape. 82 

In this context, we use a 3D DEM particle system to explore the effect of particle 83 



 

 

shape caused by particle erosion on the mechanical behaviour of granular materials. 84 

This work is organized as follows. First, the definition of particle erosion degree and 85 

the process of assembly formation are briefly introduced. Then, the macroscopic 86 

responses, including the shear strength and dilatancy, are presented. Subsequently, 87 

microscopic responses, such as the coordination number, particulate rotation, sliding 88 

contact and contact force, are investigated. In addition, the fabric anisotropy of the 89 

entire contact network is analysed. Finally, the main conclusions of the work are 90 

provided. 91 

Definition of erosion degree and DEM modelling 92 

Definition of erosion degree 93 

It is well known that the rounded shapes of pebbles arise because of faster 94 

erosion of parts furthest from the centre, which neatly explains why sharp corners are 95 

worn away. By laboratory tests, Durian et al. (2006) found that the erosion is fastest at 96 

the corners, and once the corners have been removed, the pebble reaches a nearly 97 

round shape that progressively shrinks. In this study, it is assumed that the erosion of 98 

particles occurs at the edges and corners of particles. Fillets with different radii are 99 

constantly used to replace the original edges and corners to simulate the different 100 

degrees of particle erosion. In this study, the dimensionless index Er describing 101 

erosion degree is defined as follows: 102 

   
 

          
                                                   (1)  103 

where r is the radius of the rounded corner, as shown in Fig. 1; Vue is the volume of 104 

the uneroded particle. In other words, Er indicates the ratio between the radius of the 105 

fillet and the radius of the volume-equivalent sphere of the uneroded particle. A 106 

schematic diagram for the definition of the degree of particle erosion is illustrated in 107 

Fig. 1.  108 

Particle preparation and assembly generation 109 

Numerical simulations were carried out using the DEM program PFC
3D

 (Itasca, 110 

2019). The original uneroded particles used in this study are regular octahedrons. 111 



 

 

Generally, greater Er values correspond to more severe particle erosion, i.e., the edges 112 

and corners of eroded particles become much more rounded. The eroded particle 113 

geometries are obtained in the modelling package of Rhinoceros and can be converted 114 

into a STL-file, which can be directly imported into PFC
3D

 (Itasca, 2019). Here, the 115 

STL-file stores a triangular surface mesh used by the rapid prototyping industry as a 116 

standard file format. All particles are rigid blocks and without requiring sub-spheres, 117 

as shown in Fig. 2. To balance the computational effort and the accuracy of the 118 

particle shape, the particles consist of 2100-2600 triangular facets. To generate an 119 

eroded particle, the edges of the regular octahedrons are replaced by fillets with a 120 

certain radius. This method is generally consistent with the literature (Durian et al., 121 

2006) on the evolution of pebble erosion from square to round. According to Eq. (1), 122 

Er = 0 and 0.8456 represent the particles that were not eroded and entirely eroded into 123 

a sphere from a regular octahedron, respectively. Nine types of particles with different 124 

Er are considered, with Er values of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8, as 125 

shown in Fig. 2. The particle volume decreases with increasing Er. The volume of a 126 

regular octahedron corresponds to the volume of a sphere with a diameter of 2 cm, 127 

while Er=0.8 indicates a sphere with a diameter of 1.73 cm. 128 

Note that the contact type is simplified in PFC6.0 and there is only one contact 129 

point for two particles in contact. Namely, different contact types consisting of vertex, 130 

edge and face could not be recognized in this study. The simple linear 131 

displacement-force contact law (Itasca, 2019), which was used in several previous 132 

DEM studies (Gu et al., 2013; Yan, 2009; Yang et al., 2016; Wang et al., 2019), is 133 

adopted to model particle-particle and particle-wall interactions. As reported by Zhao 134 

et al. (2018), the linear contact model resembles the Hertz-Mindlin model on aspects 135 

of both microscopic and macroscopic mechanical behaviour of granular material with 136 

spherical and non-spherical particles. The normal contact stiffness kn of the particles 137 

varies according to        
         , where Ec is the contact effective modulus, 138 

ra and rb represent the radii of contact, and r is the smaller value of ra and rb. After the 139 



 

 

kn value is determined, the shear contact stiffness ks can be obtained based on ks = 140 

kn/k
*
, where k

* 
is the normal to shear stiffness ratio. The k

* 
value suggested by 141 

Goldenberg and Goldhirsch (2005) for realistic granular materials is in the range of 142 

1.0<k
*
<1.5. Hence, k

* 
= 4/3 was used in this study. All microscale parameters used in 143 

the DEM simulation are listed in Table 1. 144 

Particles with random orientations were initially generated within a cube without 145 

contact. The cube was modelled using six rigid walls. Taking into account the 146 

computational cost, each assembly was limited to 2000 particles. This number is 147 

consistent with the similar numbers (1170–3000) used in previous studies (Wang and 148 

Gutierrez, 2010; Huang et al., 2014) to explore the mechanical behaviour of granular 149 

materials. Temporarily, the acceleration of gravity and the frictional coefficients 150 

between particle-particle and particle-wall contacts were set to zero to avoid force 151 

gradients and obtain isotropically dense assemblies. The particles were subjected to 152 

isotropic compression under a low strain ratio. During isotropic compression, a 153 

servo-control mechanism (a built-in function of PFC
3D

) was introduced to maintain 154 

the desired confining pressure (          ). When the stress tolerance was less 155 

than 0.5% and the ratio of the average static unbalance force to the average contact 156 

force was less than 1×10
-5

, the assemblies were considered to be equilibrated. Fig. 3 157 

displays several snapshots of the assemblies for several values of Er at the end of 158 

isotropic compaction. 159 

To eliminate the effect of assembly size and minimize stress non-uniformities, 160 

Jamiolkowski et al. (2004) suggested that the ratio of the assembly size to the 161 

maximum particle size should be greater than 5, with an ideal ratio of 8. In this 162 

simulation, this ratio is approximately 12, as shown in Fig. 3. Note that the densest 163 

assemblies were produced by setting the friction coefficient to zero during the 164 

assembly generation (Abbireddy and Clayton, 2010; Deluzarche and Cambou, 2006). 165 

Therefore, all assemblies with different Er had the same relative density after isotropic 166 

compression, as outlined in previous reports (Azema and Radjai, 2012; Rothenburg 167 



 

 

and Bathurst, 1992). 168 

After isotropic compression, conventional drained triaxial compression tests 169 

were simulated in this study. The isotropic assemblies were subjected to vertical 170 

compression by a downward displacement at a constant velocity of the top wall, while 171 

the confining pressure    acting on the lateral walls remained constant by the 172 

servo-control mechanism. The friction coefficient of particle-particle contacts  was 173 

set to 0.5, while that of wall-particles contact was set to 0.0. To ensure quasi-static 174 

shearing, the shear ratio must be sufficiently slow such that kinetic energy generated 175 

during shearing is negligible. This can be quantified by an inertia parameter Im, which 176 

is defined as: 177 

       
 

                                                  (2) 178 

where    = v/h0 is the shear strain rate, v = 0.15m/s indicates the loading velocity, h0 179 

denotes the initial assembly height before shear; d is the maximum particle diameter; 180 

  is the particle density; and    is the average stress. Perez et al. (2016) 181 

recommended that Im ≤ 2.5×10
−3

. The Im value is less than 1.5×10
−3

 throughout the 182 

simulations. 183 

Macroscopic behaviour 184 

Macroscopic parameters 185 

The macroscale stress tensor for microscale quantities of the contact forces and 186 

contact vectors is as follows: 187 

    
 

 
   

   
 

    
                                             (3)   188 

where V is the volume of the assembly;   
  is the ith component of the contact force 189 

at contact c within the assembly;   
  is the jth component of the contact vector at 190 

contact c; and Nc is the total number of contacts. For conventional triaxial stress, the 191 

effective mean (  ) and deviator (q) can be defined as follows:  192 

                                                          (4) 193 

                                                          (5)  194 

where    is the axial stress and    and    represent the lateral stresses. The axial 195 



 

 

strain    and the volumetric strain    can be defined as follows: 196 

                                                            (6) 197 

                                                           (7) 198 

where h and v are the height and volume of the assembly at a given deformation state, 199 

respectively, and h0 and v0 are the initial height and volume of the assembly before 200 

shear, respectively. Note that a negative value of    represents volume compression 201 

in this simulation. The internal friction angle ( ), which represents the shear strength 202 

of a granular material, is defined from the stress ratio as follows: 203 

     
     

     
 

     

      
                                        (8) 204 

Shear strength and dilatancy 205 

The purpose of this study is to quantify the effect of particle shape caused by 206 

erosion on the mechanical behaviour of granular materials. All assemblies were 207 

sheared to an axial strain of   =50%. With such large deformation, typical critical 208 

conditions, i.e., a constant stress and a constant volume, are approximately fulfilled. 209 

Fig. 4 illustrates the relationship between the initial porosity n0 and various Er. The 210 

value of n0 shows an inverse unimodal characteristic, i.e., n0 first decreases with 211 

increasing Er until it reaches the minimum value at Er=0.4, and then the trend reverses 212 

with a further increase in Er. Clearly, n0 can be fitted by the parabolic function of Er, 213 

expressed as n0= 0.42Er
2
-0.31Er+0.36. 214 

The particle size was slightly decrease with increasing Er in this study. To 215 

investigate the potential effect of the particle size on the stress-strain relationship, four 216 

tests were conducted with Er=0.0 and 0.8 and different particle sizes D. Fig. 5 217 

illustrates the stress-strain relationships of these assemblies. It is clear that for a given 218 

Er, the stress-strain curves are generally consistent for different D values, indicating 219 

that the particle size has a limited effect on the stress-strain relationships. 220 

Fig. 6 shows the stress ratio      versus axial strian    for all assemblies with 221 

various values of Er. All curves behave in a similar manner as dense cohesion-less 222 

granular material. First,      rapidly increases, which reflects both the rigidity of the 223 



 

 

particles and the dense packing fraction of the assembly (Azema et al., 2013b). After 224 

that,      exceeds the peak value and then gradually decreases to a relatively 225 

constant plateau called the critical (residual) state. Obviously, Er has a great influence 226 

on both the peak and the critical shear strengths. 227 

Fig. 7 displays the peak (  ) and critical (  ) internal friction angles as a 228 

function of Er. Considering the fluctuation in     ,    is obtained by calculating the 229 

mean value of    at the critical state in the interval   ∈[35%, 50%], as shown in 230 

Fig. 6. The error bars indicate the deviation of the internal friction angle at the critical 231 

state. As shown in Fig. 7, the value of    initially exhibits a high plateau of   ≈46° 232 

before Er=0.2. When Er > 0.2, the value of    decreases with increasing Er and 233 

approaches the minimum value   =32.2° when Er = 0.8. The value of    decreases 234 

by 14.7° when Er increases from 0.0 to 0.8. In contrast, the value of    decreases 235 

monotonically from 30.7° to 18.5° when Er increases from 0.0 to 0.8. Correspondingly, 236 

the value of    decreases by 12.2°. Azéma et al. (2013) reported that the octahedron 237 

assembly has a higher internal friction angle than the sphere assembly; specifically, 238 

the values of    for the octahedron and sphere assemblies are 32.1° and 16.6°, 239 

respectively. These findings are consistent with the observations in this study. 240 

Fig. 8 exhibits the volumetric strain    versus the axial strain    for all 241 

assemblies with different Er. The volumetric strain    is initially negative, then 242 

gradually increases, and finally converges to a relatively stable state. Thus, the 243 

assemblies first exhibit slight compression, then dilatancy and eventually a critical 244 

state. This trend is in agreement with the typical response of dense sands observed in 245 

the laboratory. The inset displays    at the critical state versus various Er. Here,    246 

decreases gradually with increasing Er, indicating that the volume change of 247 

assemblies gradually decreases with increasing Er. This finding is consistent with the 248 

previous observations (Zhao et al., 2015) that the angular particles exhibit greater 249 

dilatancy than the rounded particles. 250 



 

 

Microscopic behaviour 251 

To explore the microscale behaviour at the particle scale, various particle-scale 252 

characteristics were investigated, including the coordination number (CN), particle 253 

rotation, sliding contact and contact force. 254 

Coordination number 255 

The traditional definition of CN is the average number of particles contacting a 256 

particle. Numerically, CN can be calculated as 2Nc/Np, where Nc represents the 257 

number of contacts within particle system, Np denotes the number of particles 258 

(Markauskas et al., 2010). The CN is an important parameter to quantify the internal 259 

structural characteristics of granular materials. Fig. 9 shows the CN value versus    260 

for all assemblies with various Er. The value of CN displays a dramatic decline 261 

against    before reaching a low plateau at   ≈10%. A similar trend was described 262 

by a theoretical relationship associated with particulate plastic deformation in 2D 263 

DEM simulation (Rothenburg and Kruyt, 2004) and particle asphericity using 264 

superballs in 3D DEM simulation (Zhao and Zhou, 2017). The CN values at the initial 265 

state, peak state and critical state were plotted in the inset. The trends of the CN at the 266 

initial and peak states are approximately the same, which remain almost constant 267 

when Er ≤ 0.5 and then gradually decrease with a further increase in Er. In addition, 268 

the high value of the CN at the initial state is a consequence of isotropic compaction 269 

with zero friction. It is interesting that all assemblies exhibit nearly the same plateau 270 

of CN ≈ 3.56 at the critical state, nearly independent of Er. Previous studies (Silbert, 271 

2010) stated that the CN approaches the minimum value required for mechanical 272 

stability at the jamming transition, namely, the transition of granular materials from a 273 

flow-like to a solid-like state or vice versa. The CN for frictional spheres at the 274 

jamming transition is 4.0 for large friction (Zhao et al., 2018), which is slightly larger 275 

than that in this study. Indeed, a lower CN of 3.6 at the critical state was observed by 276 

Jiang et al. (2015), which is consistent with the finding in this study. 277 



 

 

Particle rotation 278 

Rolling and sliding are two important relative movement parameters for each 279 

particle in contact. The mean particle rotation within particle system can be obtained 280 

as follows: 281 

        
   

  
 

  
                                                     (9) 282 

where rm denotes the rotation around a particular axis of the mth particle from the 283 

initial state to a specific state; i indicates the x, y and z axes; j represents p and n, 284 

indicating that the particle rotation is positive or negative around a specific axis, 285 

respectively; and Er is the erosion degree. For example, r_xp_0.2 indicates that for 286 

assembly with Er = 0.2, the mean rotation of particles around the positive x axes. Figs. 287 

10(a)-(c) display the evolution of mean particle rotation in the positive and negative 288 

directions around three global orthogonal axes (x, y, z) versus the axial strain   , 289 

respectively. It is clear that the cumulative rotations are obviously influenced by Er. 290 

Generally, at a given strain state, the particle rotation is gradually increased with 291 

increasing Er. Namely, when Er increases, the anti-rotation ability of the particles 292 

decreases. This finding meets the expectation that the less angular the particle is, the 293 

greater rotation of the particle occurs. Note that a similar phenomenon was also 294 

observed by Gong and Liu (2017) when studying the effect of the aspect ratio on the 295 

shear behaviour of granular materials. Alternatively, because the particle shape of the 296 

regular octahedron adopted in this study is isotropic, the cumulative rotations are 297 

generally symmetric for a specific axis.  298 

Percentage of sliding contacts 299 

Sliding contact is governed by Coulomb's friction law. The sliding ratio Sc can be 300 

represented as                , where ft and fn are shear and normal forces, 301 

respectively, and    is the friction coefficient between particles. Sliding contact is 302 

considered to occur when Sc  1.0. The percentage of sliding contacts SCP can be 303 

expressed as SCP = Nsc/Nc100%, where Nsc denotes the number of sliding contacts. 304 

Fig. 11 shows the evolution of SCP versus the axial strain for all specimens with 305 



 

 

different Er. The SCP initially sharply increases to the peak value at a small axial 306 

strain of approximately 1% and then gradually decreases to a relatively stable value, 307 

as noted in previous studies (Gong and Liu, 2017; Gu et al., 2013) of dense granular 308 

materials. The effect of Er on the SCP at the stable stage is incorporated. When Er ≤ 309 

0.2, the SCP generally maintains a high plateau and then gradually decreases with an 310 

increase in Er. Estrada et al. (2011) reported that when relative motion occurs between 311 

particles in contact, the stronger anti-rotation ability of non-regular particles forces 312 

contacts to slide to adjust the overall deformation of the assembly. Therefore, a 313 

decrease in the SCP results from the decrease in the anti-rotation ability of particles 314 

with increasing Er, as shown in Fig. 10. 315 

Contact force 316 

The force transmitted during shearing for granular materials is through 317 

coexisting strong and weak contacts, which divides the entire contact network into 318 

strong and weak subnetworks. To quantitatively investigate the mechanical roles of 319 

the two subnetworks, the  -network is used to determine the classification indicator 320 

proposed by Zhao and Zhou (2017) and Gong et al. (2019c). The  -network 321 

represents the contact network that the normal contact force is smaller than    , 322 

where    is the mean contact force within the particle system and   is in the range 323 

of       
        (  

    is the maximum normal contact force within particle 324 

system). Note that when     
       , the  -network indicates the entire contact 325 

network. Fig. 12 represents the relationship between the cumulative        and   at 326 

  =50%. Following Radjai et al. (1998), strong and weak subnetworks can be 327 

determined by the transition point    when            approaches zero. Previous 328 

studies (e.g., Radjai et al. (1998) and Thornton (1998)) have shown that   = 1.0 can 329 

be used to separate strong and weak contacts for spherical particle systems. In 330 

addition, the effects of particle shape (Azema and Radjai, 2012; Estrada et al., 2008) 331 

and interparticle friction (Gong et al., 2019c) result in the    value slightly deviating 332 



 

 

from 1.0. In this study, the             remains a relatively low value (< 0.1) for 333 

all assemblies, as shown in Fig. 12. Therefore,   =1.0 is regarded as a general index 334 

to separate strong and weak contacts. 335 

External loads of a particle system transmit through the contacts between 336 

particles, which form the contact force networks that have been regarded as an 337 

important factor affecting the mechanical behaviour of granular systems (Radjai et al., 338 

1998). Fig. 13 shows maps of the normal contact force of the assembly with Er = 0.4 339 

at three states (i.e., the initial, peak and critical states). The line in Fig. 13 links the 340 

centres of particles in contact, and the thickness is proportional to the magnitude of 341 

the normal contact force. At the initial state (see Fig. 13(a)), the normal contact forces 342 

are isotropic within an assembly because the assembly has been subjected to isotropic 343 

compression. At the peak state (see Fig. 13(b)), the normal contact forces close to the 344 

vertical direction are clearly greater, showing obvious anisotropy. Although the strong 345 

contact forces are sparse, they are sufficient to bear the external loading as pillars. In 346 

addition, the weak contact forces play an indispensable role in contributing to the 347 

stability of strong contact forces (Radjai et al., 1998). At the critical state (see Fig. 348 

13(c)), the strong normal contact forces become sparser than in the peak state and 349 

show obvious anisotropy. 350 

Fig. 14 shows the mean normal and mean shear contact forces versus Er at the 351 

critical state. Both the normal and shear contact forces decrease nearly linearly with 352 

increasing Er. In addition, the ratio of the normal contact force to the shear contact 353 

force gradually decreases with increasing Er, as shown in the figure. This 354 

phenomenon leads to decreased sliding contacts, as observed in the inset in Fig. 11. 355 

Fabric anisotropy and origins of shear strength 356 

The macroscopic and microscopic characteristics described above indicate the 357 

effects of Er on mechanical behaviour for granular materials. To investigate the 358 

relationship between macroscopic and microscopic characteristics, fabric anisotropy 359 

is introduced in this section. Emphasis is placed on exploring the effect of Er on fabric 360 



 

 

anisotropy as well as the relationship between fabric anisotropy and shear strength. 361 

The relationship between the stress-force-fabric relationship (SFF for short) and 362 

the stress ratio were derived by Ouadfel and Rothenburg (2001) in 3D domains as 363 

follows: 364 

                                                            (10)                                     365 

In 2D domains, the relationship in Eq. 10 can be written as 366 

                           as derived by Rothenburg and Bathurst 367 

(1989). Here,   ,       ,     and     are the anisotropic coefficients and reflect 368 

the degree of normal contact anisotropy, normal contact force anisotropy, shear 369 

contact force anisotropy, normal branch vector anisotropy and shear branch vector 370 

anisotropy, respectively. To validate the SFF relationship, the stress ratio      371 

derived from the walls is compared with that obtained from sources of anisotropy (Fig. 372 

15). Fig. 15(a) displays the contribution of each anisotropy component to the shear 373 

strength for the assembly with Er = 0.0. Fig. 15(b) illustrates the evolution in      374 

determined using Eq. (10) at the peak and critical states, with varying Er. In Figs. 375 

15(a)-(b), it is clear that      obtained from the walls agrees well with that derived 376 

from Eq. (10), albeit with slight deviations. These deviations are attributed mainly to 377 

omission of the cross product of the anisotropy tensor in Eq. (10). Fig. 15 denotes that 378 

the fabric anisotropies of granular materials are the essential origin of their shear 379 

strengths, which can help us understand the distinctive effects of different anisotropy 380 

sources on the shear strengths. For example, as observed in Fig. 15(a), 0.4an 381 

underpins the shear strength, which is consistent with the results presented by Guo 382 

and Zhao (2013) and Gu et al. (2013). Alternatively, 0.4ac and 0.6at make secondary 383 

and tertiary contributions to the shear strength, respectively, and the contributions of 384 

0.4adn and 0.6adt are very small and can be neglected. 385 

The variations in these anisotropic coefficients at both peak and critical states 386 

with respect to Er are illustrated in Figs. 16(a)-(b). It can be observed that 1.5adt and 387 

adn remain nearly unchanged at both peak and critical states, and their contributions 388 



 

 

are considered negligible. Alternatively, with the evolutions of ac, an and at, the peak 389 

and critical states are generally consistent. Specifically, at the peak state, as shown in 390 

Fig. 16(a), the variations in ac, an and at only slightly decrease with increasing Er 391 

when Er < 0.5. However, the values of ac, an and at show a more rapid decrease when 392 

Er 0.5. At the critical state, as shown in Fig. 16(b), both ac and at exhibit a 393 

decreasing trend with increasing Er. Regarding the evolution of an, this parameter 394 

remains nearly unchanged when Er < 0.2 and then gradually decreases with increasing 395 

Er when Er 0.2. Generally, the observations indicate that the contact anisotropy and 396 

normal and shear contact force anisotropies decrease with increasing particle erosion 397 

degree. This finding can also be reflected by the rose diagrams of the contact number, 398 

normal contact force (CNF) and shear contact force (CSF) at the critical state, as 399 

shown in Fig. 17. The SFF relationship enables us to understand the microscopic 400 

mechanism of the macroscopic shear strengths. That is, the decreased peak and 401 

critical shear strengths are attributed mainly to the decreases in ac, an and at, while the 402 

contributions of adn and adt can be neglected. 403 

As reported by several previous researchers (Gong et al., 2019b; Sufian et al., 404 

2017), the anisotropy within a strong and non-sliding contact   
   exhibits a linear 405 

relationship with the stress ratio      (i.e.,        
   ). Note that k is the fit 406 

coefficient and has no explicit physical meaning; the   
   indicate the normal contact 407 

anisotropy restriction to strong and non-sliding contact. Previous DEM studies (i.e., 408 

Gong et al. 2019b, Gong et al. 2019c) have reported that the k value is influenced by 409 

the particle shape and friction between particles. Fig. 18 illustrates the relationships 410 

between      and   
   for various assemblies. The solid lines represent the linear 411 

fittings for these relationships. It is clear that the fitting lines pass through the origin, 412 

and the high values of R
2   (0.96, 0.98) indicate that the relationships between      413 

and   
   are nearly linear for various Er. The variations in   

   at the critical state 414 

and the fit coefficient (i.e., k) with Er are plotted in the inset. Here,   
   gradually 415 

decreases with increasing Er. Alternatively, k first remains nearly unchanged when Er 416 



 

 

< 0.6, despite some fluctuations. Then, k gradually decreases with increasing Er when 417 

Er 0.6. Based on        
   , the evolution of    can be understood. Specifically, 418 

a decrease in    is related to both decrease in k and   
  . 419 

Conclusion 420 

In this paper, the effect of particle shape caused by erosion on macroscopic and 421 

microscopic mechanical behaviour under quasi-static shearing is quantitatively 422 

analysed using rigid blocks via the 3D DEM. The degree of particle erosion was 423 

defined using the index Er, i.e., the ratio of the rounded corner size to the radius of the 424 

sphere whose volume is equal to the uneroded particle. Assemblies with eight 425 

different Er values (i.e., 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9) were created. 426 

Each assembly was composed of 2000 particles. Conventional triaxial compression 427 

tests were conducted. The macroscopic and microscopic mechanical behaviours were 428 

obtained from our numerical simulation. The main conclusions are summarized as 429 

follows. 430 

Referring to the macroscopic behaviours, the shear strength at the peak and 431 

critical states decreases with increasing Er. In addition, the assemblies show less 432 

dilatancy with increasing Er. Referring to the microscopic behaviour, it is found that 433 

the CN at the critical state remains a constant (≈ 3.56) for different Er. The rotation 434 

increases with Er due to the decrease in the anti-rotation ability, which also results in a 435 

decrease in the percentage of sliding contacts. Fabric anisotropy analyses elucidate the 436 

essential origins of the shear strength. For the entire contact network, the normal 437 

contact force anisotropy an underpins the shear strength, while the normal contact 438 

anisotropy ac and shear contact force anisotropy at generally make secondary and 439 

tertiary contributions to the shear strength, respectively, and the contributions of 440 

normal (adn) and shear (adt) branch vector anisotropy can be neglected. With 441 

increasing Er, the shear strength at the peak and critical states decreases due to the 442 

decreases in ac, an, and at, ignoring changes in adn and adt. The SFF relationship 443 

enables us to understand the microscopic mechanism of the macroscopic shear 444 



 

 

strengths. That is, the decreased peak and critical shear strengths are attributed mainly 445 

to the decreases in ac, an and at. Furthermore, the relationships between      and 446 

  
   are nearly linear (i.e.,        

   ) for different Er. Accordingly, the    447 

evolution can also be understood as follows. The decrease in    is related to the both 448 

decrease in k and   
  . 449 
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One table in this study 

 

 

Table 1. Microscale parameters used in the DEM simulation 

Parameter Value 

Particle density (kg/m
3
) 2600 

Interparticle frictional coefficient 0.5 

Wall-particle frictional coefficient 0.0 

Normal stiffness of wall-particle contacts (N/m) 1×10
9
 

Effective modulus, Ec (Pa) 1×10
8
 

Stiffness ratio (kn/ks) 4/3 

Damping factor 0.7 

 

Table(s)



Eighteen figures in this study 

Fig. 1. Schematic diagram for the definition of particle erosion degree Er. 

Fig. 2. The left side shows particles with different Er. From left to right, from top to 

bottom, particles have Er values of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8. The 

right side displays a particle with Er=0.5 composed of 2100 triangular facets. 

Fig. 3. Snapshot of the assemblies at the end of isotropic compression with (a) Er = 

0.0, (b) Er= 0.4 and (c) Er= 0.8. 

Fig. 4. Initial porosities for all assemblies with various Er. 

Fig. 5. Evolutions of the stress ratio with axial strain for assemblies with different Er 

and volumes. S1 and S2 represent the particles with Er=0.0 and 0.8, respectively. 

Fig. 6. The stress ratio-axial strain responses for assemblies with different Er. 

Fig. 7. Variations in the friction angles at the peak and critical states with respect to Er; 

red error bars represent the standard deviation in the critical state. 

Fig. 8. Volumetric strain    versus axial strain    for all assemblies with various Er. 

The inset exhibits the relationship between the critical εv and Er at the critical state. 

The error bars indicate the standard deviation of the strain fluctuations at the critical 

state. 

Fig. 9. Evolution of the mean coordination number CN versus axial strain    for all 

assemblies with various Er. The inset shows the value of the CN versus various Er at 

the initial, peak and critical states. 

Fig. 10. The particle rotation versus axial strain, (a) x-axis; (b) y-axis; (c) z-axis. Note 

that positive and negative values represent counter clockwise and clockwise rotation 

around a particular axis, respectively. 

Fig. 11. The percentage of sliding contacts SCP versus the axial strain. The inset 

shows the relationship between the SCP at the stable state and Er. Error bars represent 

the standard deviation at the stable state. 

Fig. 12. Cumulative stress ratio q( )/p’ as a function of   at ε1=50% for different Er. 

Fig. 13. Maps of normal contact force at initial (a), peak (b) and critical (c) states for 

the assembly with Er=0.4. The line thickness is proportional to the magnitude of the 

normal contact force. 

Figure(s)



Fig. 14. Mean normal and shear contact forces at the critical state; error bars display 

the deviation of contact forces at the critical state. The inset shows the ratio of fs to 

   . 

Fig. 15. Validating the SFF relationship: (a) evolution of the effective stress ratio 

     and anisotropies with axial strain for Er=0.0 and (b) evolution of      at the 

peak and critical states with different roundness along with the analytical expression 

given in Eq. (21); error bars denote the standard deviation at the critical state. 

Fig. 16. Variation in anisotropic coefficients (i.e., ac, an, 1.5at, adn and 1.5adt) with 

varying Er at the (a) peak state and (b) critical state. 

Fig. 17. Rose diagrams of (a) the contact number, (b) contact normal force (CNF) and 

(c) contact shear force (CSF) for all assemblies at the critical state. From left to right, 

rose diagrams represent the evolution of Er from 0.0 to 0.8. 

Fig. 18. Linear relationship between the macroscopic stress ratio and the anisotropy 

within a strong and non-sliding contact   
  . The inset illustrates the evolutions of k 

and   
   at the critical state with Er. 

  



 

Fig. 1. Schematic diagram for the definition of particle erosion degree Er. 

 

  



  

Fig. 2. The left side shows particles with different Er. From left to right, from top to 

bottom, particles have Er values of 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8. The 

right side displays a particle with Er=0.5 composed of 2100 triangular facets. 
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(c) 

Fig. 3. Snapshots of the assemblies at the end of isotropic compression with (a) 

Er = 0.0, (b) Er= 0.4 and (c) Er= 0.8. 
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Fig. 4. Initial porosities for all assemblies with various Er. 
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Fig. 5. Evolutions of the stress ratio with axial strain for assemblies with different Er 

and volumes. D is the diameter of a reference spherical particle having the same 

volume as the particles. 
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Fig. 6. The stress ratio-axial strain responses for assemblies with different Er. 
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Fig. 7. Variations in the friction angles at the peak and critical states with respect 

to Er; red error bars represent the standard deviation in the critical state. 

  



0% 10% 20% 30% 40% 50%
-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.12

0.16

0.20

0.24

0.28

V
o

lu
m

e
tr

ic
 s

tr
a
in

, 
 v

Axial strain, 


E
r

 0.0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

Critical state

 
v
 a

t 
th

e 
cr

it
ic

al
 s

ta
te

E
r

 

Fig. 8. Volumetric strain    versus axial strain    for all assemblies with various Er. 

The inset exhibits the relationship between the critical    and Er at the critical state. 

The error bars indicate the standard deviation of the strain fluctuations at the critical 

state. 
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Fig. 9. Evolution of the mean coordination number CN versus axial strain    for all 

assemblies with various Er. The inset shows the value of the CN versus various Er at 

the initial, peak and critical states. 
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(c) 

Fig. 10. The particle rotation versus axial strain, (a) x-axis; (b) y-axis; (c) z-axis. Note 

that positive and negative values represent counter clockwise and clockwise rotation 

around a particular axis, respectively.  
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Fig. 11. The percentage of sliding contacts SCP versus the axial strain. The inset 

shows the relationship between the SCP at the stable state and Er. Error bars represent 

the standard deviation at the stable state. 
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Fig. 12. Cumulative stress ratio q( )/p' as a function of   at ε1=50% for 

different Er. 

  



 

(a)                    

 

(b)                       

 

(c) 

Fig. 13. Maps of normal contact force at initial (a), peak (b) and critical (c) states for 

the assembly with Er=0.4. The line thickness is proportional to the magnitude of the 

normal contact force. 
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Fig. 14. Mean normal and shear contact forces at the critical state; error bars display 

the deviation of contact forces at the critical state. The inset shows the ratio of ft to 

    versus Er. 
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(b) 

Fig. 15. Validating the SFF relationship: (a) evolution of the effective stress ratio 

     and anisotropies with axial strain for Er=0.0 and (b) evolution of      at the 

peak and critical states with different roundness along with the analytical expression 

given in Eq. (10); error bars denote the standard deviation at the critical state. 
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Fig. 16. Variation in anisotropic coefficients (i.e., ac, an, 1.5at, adn and 1.5adt) with 

varying Er at the (a) peak state and (b) critical state. 

  



 

(a) 

 

(b) 

 

(c) 

Fig. 17. Rose diagrams of (a) the contact number, (b) contact normal force (CNF) and 

(c) contact shear force (CSF) for all assemblies at the critical state. From left to right, 

rose diagrams represent the evolution of Er from 0.0 to 0.8. 
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Fig. 18. Linear relationship between the macroscopic stress ratio and the anisotropy 

within a strong and non-sliding contact   
  . The inset illustrates the evolutions of k 

and   
   at the critical state with Er. 

 




