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ABSTRACT 

Silicon (Si)-based materials are sought in different engineering applications including Civil, Mechanical, 

Chemical, Materials, Energy and Minerals engineering.  Silicon and Silicon dioxide are processed extensively in 

the industries in granular form, for example to develop durable concrete, shock and fracture resistant materials, 

biological, optical, mechanical and electronic devices which offer significant advantages over existing 

technologies. Here we focus on the constitutive behaviour of Si-based granular materials under mechanical 

shearing.  In the recent times, it is widely recognised in the literature that the microscopic origin of shear strength 

in granular assemblies are associated with their ability to establish anisotropic networks (fabrics) comprising 

strong-force transmitting inter-particle contacts under shear loading. Strong contacts pertain to the relatively 

small number of contacts carrying greater than the average normal contact force.  However, information on how 

such fabrics evolve in Si-based assemblies under mechanical loading, and their link to bulk shear strength of such 
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assemblies are scarce in the literature.  Using discrete element method (DEM), here we present results on how Si-

based granular assemblies develop shear strength and their internal fabric structures under bi-axial quasi-static 

compression loading. Based on the analysis, a simple constitutive relation is presented for the bulk shear strength 

of the Si-based assemblies relating with their internal fabric anisotropy of the heavily loaded contacts. These 

findings could help to develop structure-processing property relations of Si-based materials in future, which 

originate at the microscale.     

Keywords: Si, SiO2, granular materials, micromechanics, shear strength, DEM. 

1. INTRODUCTION 

Micro fabrics of granular materials and their links to structure-property-processing relations under external 

loading environments are important to understand in different engineering applications [1-3].  Materials 

composed of particles and grains at small scales have many exciting properties that are very different from the 

same material composed of large particles.  In particular, Silicon-based granular materials are used in many 

engineering applications.  They are manufactured through several process treatments, for example, using 

mechanical [4], thermal [5, 6], electrical [5] and chemical treatments [5,7,8]. Their mechanical properties at 

small scales could differ from that of macro scale. For example, material bulk parameter such as Young’s 

modulus differs by several orders of magnitude than those parameters determined theoretically by 

extrapolating from the atomic bond strengths up to the macroscopic scale [9].  Furthermore, different 

manufacturing routes of the particles [10] could result variations in their grain-scale properties, which in turn 

could alter their functional properties [11, 12, 13].  Particle-scale properties such as friction coefficient of 

granular materials could influence on the product quality in the additive manufacturing of structures [14].  

However, detailed information is still scarce in the literature on how internal fabric measures link to the bulk 

strength characteristics, and the effects of particles scale properties on them for key materials such as Silicon 

(Si) and Silicon dioxide (SiO2) in granular form.   In the current research, progresses are reported on the 

influence of single-particle scale properties on the evolution of different measures of the internal fabrics for 

different cases of Si (with variations in inter-particle friction) and SiO2 granular assemblies subjected to bi-

axial compression, and their link to bulk shear strength characteristics using computer simulations.   

2. MATERIALS AND METHODS 

 The simulations were carried out using Discrete Element Method (DEM), which was originally developed by 

Cundall and Strack [15] for studying the mechanical behaviour of assemblies of circular disk (2D) and sphere 
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(3D) shape granular assemblies. OVAL DEM software has been used in this study to simulate the 

micromechanical behaviour of granular assemblies [16]. The advantage of using DEM to simulate the 

mechanical behaviour of granular materials is its ability to give more information about what happens inside 

the assemblies at grain-scale under mechanical loading.  The method models the interaction between 

contiguous particles as a dynamic process and the time evolution of the particles is advanced using an explicit 

finite difference scheme [15]. A linear spring-dashpot contact force mechanism, as outlined by Cundall and 

Strack [15], was employed between contacting particles.  Linear normal and tangential contact springs were 

assigned with equal values of stiffness. Previous studies (though for non-Si based granular assemblies) 

indicate that stiffness ratio seems to have relatively more influence on the force-fabrics in the non-spherical 

(/equivalent non-circular in 2D) particulate assemblies, than on the fabrics of round-shaped particulate 

assemblies [17]. However it would be interesting to examine the potential variations in the stiffness ratio of 

Si-based particles in future. Slipping between particles would occur whenever the contact friction attains the 

specified coefficient of inter-particle friction in the different samples C1-C4 (Table 1) considered in this study 

[18-22]. The Si samples C1-C3 accounted for the variations in the values of the inter-particle friction with the 

sample C3 having its maximum value.  The properties of the sample C4 corresponds to a typical case of SiO2.  

The Si-based granular assemblies studied here had identical initial packing fraction, and the individual shape 

of the particles (/grains) was circular.  The assemblies each contained 4096 particles with dense packing 

(initial solid fraction and coordination number which refers to the average number of contacts per particle 

were 0.848 and 3.8 respectively).  All the granular assemblies studied here were poly-dispersed with the 

particle sizes ranged between 0.4 and 1.3 times the mean size 100 m.  The particle assemblies were initially 

random, isotropic and homogeneous and the initial indentations were less than 0.02% of D 50.   

Table1 Properties of the grains used in the four granular assemblies. 

Samples  

(C1-C4) 

Density  

(kg/m3) 

Spring constant K  

(N/m) 

Coefficient of inter-particle friction 

C1: Si 2330 0.3 0.16 

C2: Si 2330 0.3 0.30 

C3: Si 2330 0.3 0.38 
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C4: SiO2 2200 0.3 0.30 

 

The assemblies were compacted from an initial sparse state by artificially removing friction between parti cles 

and then isotropically reducing the area until the desired packing fraction was attained.  The friction was then 

gradually introduced in small increments of time-step to the required value in the simulations. At the end of 

isotropic compression, the microstructure of the samples was confirmed as isotropic i.e. the orientation of the 

contacts did not present any bias along the principal directions [23]. The fabrics of the contacts are defined 

later. The assemblies were tested in a periodic cell.  During the bi-axial compression simulations (two 

dimensional tests), the height of the assembly was reduced at a constant rate (along x2 direction), while 

maintaining constant horizontal stress ı11 (Figure 1).   The vertical strain was advanced in small increments of 

 ɸ22 = 1.0x10-6, and several relaxation steps were performed within each increment.  These measures 

minimized the transient inertial effects that would have otherwise biased the results of a presumed quasi-static 

loading.   

     

 

 

 

 

 

 

 

 

                      Fig. 1: Schematic diagram of the granular sample subjected to shearing 

 

The fabrics of the contact orientation can be characterised using the definition suggested by Satake [24] as 

follows in Eq. (1): 

         (1) 

x1 

x2 

Constant ʍ11 

Constant vertical strain increment  ɸ22 
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 where, M is the number of contacts in the representative volume element and ni is the components of the unit 

normal vector at a contact between two contiguous particles.  The deviator component of fabric tensor  ij is 

represented as follows in Eq. (2): 

F =  22 -  11           (2) 

in which,  22 and  11 correspond to the value of  along the major and minor principal directions 

respectively. 

3. RESULTS AND DISCUSSION 

We present the results for the micro-macroscopic shear deformation characteristics of the Si-based granular 

assemblies considered here with the focus on analysing the early stage (under small strains) mechanical 

response.  The variation of macroscopic shear strength of the assemblies is presented in Figure 2 in a non-

dimensional form.  The macroscopic shear strength is presented in terms of the stress ratio q/p (q= , 

p=)/2, and are the major and minor principal stresses respectively) during the bi-axial 

compression of the assemblies.  We observe that the variation of shear stress ratio q/p for the Si and SiO2 

particles are significantly different during early stages of compression, increasing with the inter-particle 

friction.  This variation among the C3 case of Si and SiO2 samples (Table 1) are fairly identical at small 

strains.  Hence the relatively low value of the density of SiO2 grains (but with the identical value of inter-

particle friction as in the C3 case of the Si particles) has not affected their macroscopic shear strength. 

Detailed examinations are conducted below on how internal geometry measures and the fabric alignment of 

the grains in the assemblies evolve under the mechanical loading, and their potential links to the macroscopic 

shear strength. 
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     Fig. 2 Variation of the macroscopic shear stress ratio q/p of the assemblies.  

The evolution of the number of contacts in the assemblies during bi-axial compression is presented in Figure 

3.  Interestingly, the Si-based assemblies experience an initial increase in the number of contacts, followed by 

a gradual reduction under further mechanical loading. The C1 case sample presents the highest value in the 

number of contacts at all stages of shearing, which could be associated with its particles having the lowest 

value of inter-particle friction [22].  The comparison of Figure 3 with Figure 2 suggests that no direct 

correlations exist between the shear strength and total number of contacts in the Si -based assemblies under 

mechanical loading.  Indeed, the Si assembly (Case C3) with the highest magnitude of the shear stress ratio 

had the lowest number of contacts almost under all stages of loading, thus indicating a possible non-

homogeneous and complex load sharing fabrics prevailing during shearing [25].  

Recent studies show that, granular assemblies subjected to even uniform boundary loading could result non-

homogeneous distribution of contact forces.  The nature of the force distribution in the contacts of the 

particles depends on the individual properties of the particles and the packing arrangements [25-29]. Inspired 

by these results, we analysed for the directional orientations (fabrics) of the force transmission contacts in the 

Si-based assemblies under mechanical loading.    
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  Fig. 3 Dynamic variation of the number of contacts in the assemblies.   

Figure 4 shows the proportion of the contacts carrying greater than the average normal contact force at a 

given stage of loading in the assemblies, which are referred to as strong contacts  (/heavily loaded contacts).  It 

is evident that, in general, the Si system with the lowest value of inter-particle friction (Case C1) exhibits the 

lowest proportion of strong contacts and vice versa for the sample with the highest value of inter-particle 

friction (Case C3) under external loading.  

Figure 5 shows a typical plot of force networks observed in the Si (Case C3) assembly at the steady stage of 

the compression loading.  The black lines in this plot represent the normal contact force distribution and the 

thickness of the lines (branch vectors [15]) is proportional to the magnitude of the normal contact force.  

While the nature of force distribution network is seen as entirely non-homogeneous, it is observed that the 

strong force networks (represented by thick lines) generally aligned along the major principal stress direction 

(vertical direction in Figure 4).    In Figure 5, the sliding contacts (red and blue lines) are also superimposed.  

This helps us to identify the contacts at which frictional sliding is dominant.  The thickness of the branch 

vector is proportional to the rate of frictional sliding. 
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Fig. 4 Variation of the proportion of strong contacts in the assemblies under external loading.  

   

Fig. 5 Force networks and sliding contacts in the typical Si assembly (Case C3) under the steady stage of 

loading. 

         

The red lines correspond to positive sliding (clockwise) while the blue lines represent the negative 

(anticlockwise) sliding.  Generally, the sliding of the contacts occurs predominantly in the relatively week 

contacts entangled by the strong force transmitting contacts [23].   

22 

11 



Journal of Mechanics 9 

Figure 6 presents the comparison of the number of sliding contacts for the typical cases of Si (Case C3) and 

SiO2 granular assemblies at the steady stage of compression.  The relatively high level of sliding of contacts 

presented by the SiO2 granular assembly could be attributed to the relatively low value of its inter-particle 

friction when compared with the Si (Case C3) assembly.   

 

(a) Si assembly (Case C3) 

 

(b) SiO2 assembly 

Fig.  6 Comparison of sliding contacts between the Si (Case C3) and SiO2 assemblies under steady stage of 

loading.   
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Next, detailed examinations are reported on the characteristics of the fabric alignment of the contacts in the 

assemblies during mechanical loading, with focus on examining their link to the macroscopic shear strength of 

the Si-based assemblies studied here. For this, the evolution of the topological measures faces, edges and 

vertices of the internal domains of the particles [2]. This is illustrated schematically in Figure 7, which shows 

the planar particle-connectivity graph (branch vectors) as suggested by Satake [24].  This could help to study 

the localised deformations within an area of interest.  The connectivity graph can be modified further [2] by 

ignoring those particles having just one contact and no contacts, thus ignoring contacts that do not participate 

in distributing contact forces. 

 

Fig. 7 Schematic representation of the particle connectivity graph of particles i, j…q.  In this, the particle q 

has one contact and p has no contacts, while other particles have more than one contacts under a given stage 

of loading. 

 

In this study, we generated this modified particle-connectivity graph and analysed their features, viz., and the 

evolution of number of faces (void cells), edges (contacts) and vertices (particles) [2] of the samples under the 

external loading and presented in Figs. 8-10.  Previous studies on the mechanics of granular media have 

emphasised the usefulness of studying these measures [2]. For example, slipping and energy dissipation are 

associated to occurring at particle contacts which form the edges, and deformation occurs within the void cells 

that form the faces of the particle-connectivity graph [2]. In Figs. 8-10, these measures generally tend to be 
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high for the Case C1 of the Si assembly and relatively low in the Case C3 of the Si assembly.  As we could 

expect, these results correspond to the frictional effects of the particles, with Case C1 having the relatively 

low value (0.16) and Case C3 with the high value (0.38) of inter-particle friction of the particles in the 

granular assemblies studied here.  However, these variations do not appear to have a strong correlation to the 

shear strength (q/p) of the Si-based granular assemblies.  To examine this, investigations were focused on the 

variation of the fabric alignment of strong contacts in the granular assemblies as described below.   

 

 

Fig. 8 Evolution of the faces in the assemblies under external loading. 
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Fig.  9   Evolution of the edges in the assemblies under external loading. 

 

 

Fig.  10 Evolution of the vertices in the assemblies under external loading. 

 

Though not presented here, a detailed analysis was conducted to identify correlation between the fabric 

anisotropy and shear stress ratio q/p, which turned out to be not strong.  However, when the calculation of F 
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(Eq. (2)) accounted for the strong contacts only, referred to as Fs, the evolution of Fs agrees with q/p (both 

qualitatively and quantitatively) as presented in Figure 11 for all cases of Si-based granular assemblies studied 

here. 

   

   

Fig. 11 Variation of the macroscopic shear stress ratio (q/p) and fabric anisotropy of strong contacts 

(Fs) the Si assemblies during compression.   

 

From these results, the following simple constitutive relation between the macroscopic shear strength q/p and 

the fabric anisotropy of the strong contacts Fs of the Si-based granular assemblies is obtained as Eq. (3):   

                       (3) 

In this, is the scaling parameter of the strong fabrics, which varies between 4.673-5.163. The values of 

for the individual samples are provided in Table-2. The increase in the inter-particle friction has 
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contributed to an increase in the value of . This trend supports further that, in the Si-based granular 

assemblies considered here, particle-scale friction contributes to establish strongly anisotropic network of 

heavily loaded contacts (strong contacts) under shearing.  These results confirm that, the microscopic origin 

of the shear strength of Si-based granular assemblies is associated with their ability to develop fabric 

anisotropy of strong contacts (Fs) under shearing.  The simple constitutive relation characterised above is 

quite interesting, considering the heterogeneous and complex nature of granular assemblies under mechanical 

loading.  

Table 2 Value of for the granular assemblies 

Samples  

(C1-C4) 

Į 

C1: Si 4.673  

C2: Si 5.000  

C3: Si  5.163 

C4: SiO2 5.000  

 

4. CONCLUSIONS 

The micromechanical deformation characteristics of some of the commercially important Si-based granular 

media are presented in this study.  The numerical methodology employed here allows us to visualise the 

deformation and strength characteristics at both micro and macro scales. It is evident that inter-particle 

friction contributes significantly to enhance the fabric anisotropy of the strong contacts, and thereby mobilises 

shear strength in the Si-based granular systems. The simple relation presented in Eq. (3) characterises the link 

between the complex internal load-transfer characteristics of Si-based granular assemblies and their bulk 

shear strength. 

 

In general, the complex micromechanical behaviour of granular assemblies, including their force transmission 

features could be influenced by a range of particle-scale properties, geometric conditions and loading 
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conditions. Hence the research reported here for Si-based particles is to be expanded further in a number of 

ways.  Further studies are required to elucidate the dimensionality effects on the micro-macroscopic 

deformation characteristics of the Si-based granular systems considered here.  Furthermore, the current study 

has not considered the effects of possible cohesion and non-linearity in contact force-incremental 

displacement relations [30] between the individual Si-based particles on the formation of contact fabrics in 

the granular assemblies under external loading.  More realistic contact force identification strategies are also 

desired in the DEM simulations [31].  It is also required to elucidate the effects of particle shape and their 

packing structures on the nature of force fabrics in Si-based granular assemblies under shearing.  There is 

another level of packing effect to consider as well, i.e., variations in molecular level packing structures in 

different sizes of the Si-based particles, which could result different interface energy between them. Another 

aspect to consider is, plastic deformation in granular assemblies are mostly associated with either the inherent 

irreversible dislocation of the grains under external loading even if the grains are elastic, or when indivi dual 

particles possesses plastic deformation characteristics.  In the current study, the simulations considered the 

former case and the relation between internal force fabrics to bulk strength characteristics are likely to be 

preserved at higher shear strain levels than considered in the present study. However, future investigations are 

required to understand the above aspects in detail.   
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Figure captions 

Fig. 1: Schematic diagram of the granular sample subjected to shearing 

Fig. 2 Variation of the macroscopic shear stress ratio q/p of the assemblies. 

Fig. 3 Dynamic variation of the number of contacts in the assemblies. 

Fig. 4 Variation of the proportion of strong contacts in the assemblies under external loading. 

Fig. 5 Force networks and sliding contacts in the typical Si assembly (Case C3) under the steady stage of 

loading. 

Fig.  6 Comparison of sliding contacts between the Si (Case C3) and SiO2 assemblies under steady stage of 

loading.   

Fig. 7 Schematic representation of the particle connectivity graph of particles i, j…q.  In this, the particle q 

has one contact and p has no contacts, while other particles have more than one contacts under a g iven stage 

of loading.  

Fig. 8 Evolution of the faces in the assemblies under external loading. 

Fig.  9 Evolution of the edges in the assemblies under external loading. 

Fig.  10 Evolution of the vertices in the assemblies under external loading. 

Fig. 11 Variation of the macroscopic shear stress ratio (q/p) and fabric anisotropy of strong contacts (Fs) the 

Si assemblies during compression.   


