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ABSTRACT: DEM based numerical studies have shown that the formation of instabilities in granular materials is a continuous 

process and is influenced by both internal inhomogeneity and imposed stress states. Present study explores the influence of two 

types of lateral boundary conditions, stress controlled flexible boundary and velocity controlled rigid boundary, on the mechan-

ical behaviour and instability response of sand under biaxial shearing employing DEM. It is observed that the specimen with 

flexible boundary estimates higher deviator stress as compared to that of rigid boundary, which is attributed to the additional 

confinement induced by the flexible boundaries. Further, for dense specimens with flexible boundaries, bulging type deformation 

is noticed accompanied with shear bands; whereas, for rigid lateral boundaries, the specimen always retains the initial outer 

shape enforcing the particles to adapt the kinematics of the wall boundary. For loose specimens, diffused instability mode is 

observed with surficial bulging only for flexible boundaries. The instability responses are assessed with the help of microlevel 

interaction at particle scale and evolution of meso-structure. 
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1 INTRODUCTION 

Instabilities in geomaterials often act as an indicator to-

wards failure of geo-structures (Widuliński et al., 2011) 
and play a key role on the occurrence of landslides, liq-

uefaction, and debris flows. In a boundary value prob-

lem, the onset of such instabilities is associated with 

transition from an initial homogeneous deformation 

field to a nonhomogeneous one. Similar to the geotech-

nical field scenarios, signatures of instabilities are also 

encountered in the laboratory element level tests while 

assessing the constitutive response of the geomaterials. 

Owing to the resemblance of stress-strain states with the 

plane strain condition, which is conformed by majority 

of the geotechnical structures, biaxial tests are often em-

ployed for laboratory characterisation of the instability 

onset and its subsequent impact on the overall material 

response  (Andrade and Borja, 2007; Han and Drescher, 

1993). These instabilities detected at the macrolevel in-

itiate at the microlevel and, with continued deformation, 

spread across the entire assembly affecting the constitu-

tive response of the particulate assembly. Therefore, 

particle-based analysis, such as discrete element method 

(DEM), can be extremely helpful in comprehending the 

micromechanics of instabilities in geomaterials. 

DEM based numerical studies have shown that the 

formation of instabilities in granular materials is influ-

enced by both internal inhomogeneities and imposed 

boundary conditions (Gu et al., 2014; Lü et al., 2019; 

Tian et al., 2020). Two types of lateral boundaries, i.e. 

displacement controlled rigid and stress controlled flex-

ible boundaries, are commonly adopted for the simula-

tion of any element level test in DEM. Rigid lateral 

boundary is widely employed in DEM simulations due 

to the ease of applying the desired stress state by the 

servomechanism (Mohammad et al., 2018; Tian and 

Liu, 2018). However, in this case, the boundary walls 

have a tendency to inhibit the deformation of the speci-

men and may restrict the development of shear band 

(Cheung and O’Sullivan, 2008). On the contrary, the 

flexible lateral boundary is usually modeled by a sepa-

rate set of bonded particles, which allows the tensile 

force to develop at the particle contacts mimicking the 

membrane flexibility. The required stresses on the flex-

ible lateral boundary are usually achieved by applying 

equivalent forces to these membrane particles directly 

(Wang and Leung, 2008). In specimens with flexible 

lateral boundaries, the shear band can develop naturally 

since the particles near the lateral boundaries are not re-

strained kinematically (Cheung and O’Sullivan, 2008; 
Cil and Alshibli, 2014; Tian et al., 2020). Since both 

these types of lateral boundaries are widely used nowa-

days to assess the constitutive response from the single 

element test simulations, it is crucial to comprehend 

how these lateral boundaries affect the instability onset 

and subsequent shearing behavior of granular assembly. 
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DEM simulations have been carried out in the present 

work incorporating both flexible and rigid lateral 

boundaries and the influence of these boundaries on the 

instability response of dense and loose sand has been 

investigated under biaxial shearing. In this regard, the 

nucleation and manifestation of localized and diffused 

instability modes have been analyzed from the micro-

level attributes like spatial variation of porosity, particle 

relative displacement and particle rotation.    

2 BIAXIAL TEST SIMLATION 

Drained biaxial test simulations have been conducted 

using commercially available DEM software, Particle 

Flow Code-2D, PFC2D (Itasca, 2014). The details of 

specimen geometry and material parameters are given 

in Table 1. A linear elastic type contact model with Cou-

lomb friction law has been implemented for represent-

ing the normal and shear interaction between the parti-

cles. Figure 1 shows the particle size distribution for the 

sand specimen, which is composed of circular particles 

of mean particle diameter 𝑑50 = 0.993 mm. 

The biaxial test simulations have been performed in 

three stages, namely, particle generation, isotropic com-

pression and biaxial shearing stage. For the particle gen-

eration phase, a multilayer undercompaction method 

(UCM) has been adopted (Jiang et al., 2003), where the 

specimen has been generated in four layers with an ini-

tial undercompaction of 5 % in the bottom most layer. 

This enables to avoid excessive densification of the 

lower layers owing to the energy transfer between suc-

cessive layers during the compaction process. In the 

subsequent isotropic compression phase, the boundary 

walls are moved inward until the required confining 

pressure of 300 kPa has been achieved. During this 

phase, an interparticle friction magnitude of 0 and 1 has 

been employed in order to generate dense and loose 

specimens, respectively.  

Finally, in the biaxial shearing stage, the interparticle 

friction value has been restored to its representative 

value and the specimens are compressed vertically with 

the strain-controlled top and bottom platen at a constant 

velocity of 0.05 m/s. With this rate, the inertia number 

of the specimen has been found to be much smaller than 

10-3, i.e., the sample remained in the quasi-static regime 

throughout the test (Midi, 2004). During the shearing 

stage, the confining pressure of 300 kPa has been main-

tained on the specimen using either a velocity-con-

trolled rigid boundary or a stress-controlled flexible lat-

eral boundary. Figure 2 depicts the schematic diagram 

of the biaxial test configuration along with the two types 

of modeled lateral boundaries. The flexible membrane 

has been modeled with a string of uniform sized small 

circular particles placed adjacent to the periphery of the 

specimen. After placement, the membrane particles are 

linked together by the built-in linear contact bond model 

of PFC2D (Itasca, 2014). Additionally, equivalent nor-

mal forces are applied directly over the membrane seg-

ments in order to achieve the target confining pressure 

on the specimen boundary (Wang and Leung, 2008). On 

the contrary, the rigid lateral boundaries have been 

modeled by frictionless rigid walls. In such cases, the 

confining pressure on the specimen boundary has been 

achieved through a velocity-controlled servo mecha-

nism by moving the side walls inward or outward based 

on the requirement. 

The pre-shearing porosities of the dense and loose 

specimens with flexible and rigid lateral boundaries 

have been listed in Table 2 along with the corresponding 

abbreviations. All the specimens have been sheared un-

til an axial strain level of 35 %. The macro and micro 

level responses of these specimens during biaxial shear-

ing have been discussed in the subsequent sections.  

 
Table 1. Model geometry and material parameters used for 

the DEM simulation 

Parameter Value Unit 

Soil specimen property   

Initial specimen height 100 mm 

Initial specimen width 50 mm 

Number of particles 6700  

Particle properties   

Density 2650 kg/m3 

Particle friction 0.5 - 

Normal contact stiffness 1.5× 108 N/m 

Tangential contact stiffness 1× 108 N/m 

Flexible membrane properties   

Density 1800 kg/m3 

Particle radius 0.01 mm 

Normal bond strength 1 × 10300 Pa 

Shear bond strength 1.5 × 10300 Pa 

Normal contact stiffness 1× 107 N/m 

Shear contact stiffness 1× 107 N/m 

Rigid  wall properties   

Wall friction 0.0 - 

Normal contact stiffness 1.5× 108 N/m 

Tangential contact stiffness 1× 108 N/m 

 

 
Figure 1. Particle size distribution 
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Figure 2. Schematic diagram of the biaxial test configuration 

along with the two types of modeled boundaries  

 

Table 2. Summary of the biaxial test simulations 

Lateral 

boundary 
Density 

state 

Pre-shearing 

porosity 
Abbreviation 

Flexible Dense 0.1601 FD 

Flexible Loose 0.1929 FL 

Rigid Dense 0.1602 RD 

Rigid Loose 0.1931 RL 

3 EFFECT OF LATERAL BOUNDARIES ON 

THE MACRO LEVEL RESPONSE 

Stress-strain and volumetric characteristics have been 

used to assess the macro level mechanical responses. An 

estimate of these field variables has been made based on 

the average value of three overlapped area elements 

(measurement circles) that are placed within the speci-

mens (Tian et al., 2020). In order to obtain better esti-

mates of stress and strain fields, these measurement cir-

cles have been considered to evolve as the deformation 

process continues, maintaining a constant area coverage 

(95% of total specimen area) governed by the deformed 

specimen configuration (Negi and Mukherjee, 2022). 

Figure 3 depicts the stress-strain and volumetric 

response of the dense and loose specimens with flexible 

and rigid lateral boundaries. In both the dense 

specimens (FD and RD), the stress deviator (𝜎𝑑 =  𝜎1 − 𝜎2) attains a peak at 2 % axial strain, followed by a 

softening response reaching to residual stress level at 

large strain. Similarly, the volumetric response first 

exhibits a compressive response up to 0.6 % axial strain, 

followed by a dilative response with increasing axial 

strain (Figure 3(b)). On the contrary, loose specimens 

with both flexible and rigid boundaries (FL and RL) ex-

hibit a hardening type stress-strain response that reaches 

an asymptotic value around the axial strain level of 12 

% (Figure 3(a)). With continued shearing, an overall 

compressive type volumetric response can be observed 

for these loose specimens. It is interesting to note that 

both the dense and loose specimens with flexible lateral 

boundaries (FD and FL) exhibit higher shear stresses up 

to 5 % axial strain level as compared to the correspond-

ing specimens with rigid lateral boundaries (RD and 

RL). This stress enhancement is also accompanied by 

an enhanced volumetric compression in the specimens 

with flexible lateral boundaries (Figure 3(b)). This en-

hancement of stresses and volumetric compression is at-

tributed to the additional confining pressure, which is 

exerted by the lateral membrane in order to support the 

radially expanding specimen under shearing. Further, 

this additional confining pressure is governed by the 

membrane stiffness (Li et al., 2022). The inset of Figure 

3(a) depicts the additional confinement, i.e., confining 

pressure in addition to the applied confinement of 300 

kPa, which is exerted upon the specimens. It can be no-

ticed that both the dense and loose specimens with flex-

ible lateral boundary experience additional confinement 

of around 10 kPa. For the case of specimens with servo-

controlled rigid lateral boundaries, the magnitude of 

such additional confining pressure is less than 5 kPa.  

It is to be noted that localized instability in the form 

of cross type shear bands appears in dense specimens 

subjected to both types of boundaries. On the contrary, 

diffused instability mode with surficial bulging is ob-

served only for the loose specimens with flexible 

boundaries. The localised and diffused instability within 

the dense and loose specimens have been discussed in 

detail in the subsequent section. 

4 INFLUENCE OF LATERAL BOUNDARIES 

ON THE INSTABILITY RESPONSE 

The effect of lateral boundaries on the instability re-

sponse of dense and loose specimens has been analyzed 

in this section based on the micro and meso level 

changes at the particle scale. In this regard, the micro-

structure of the specimen has been investigated by local 

variation of porosity, relative particle displacement, and 

rotation fields within the specimen.  

4.1 Dense specimens 

In the present study, irrespective of the boundary types, 

dense specimen exhibits localised instability in the form 

of two conjugate persistent shear bands. In such local-

ized shear bands, porosity is usually greater than the av-

erage porosity of the specimen (Alshibli et al., 2003; Gu 

et al., 2014; Lü et al., 2019). Hence, a local density var-

iation within the specimen has been analyzed here 

through the spatial variation of porosity. The relative 

displacements between the particles have also been 

found to be an effective way to identify the initiation 
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and subsequent evolution of localised instability 

(Druckrey and Alshibli, 2017; Lü et al., 2019). In this 

regard, the relative displacement (𝑅𝐷) for any particles 

in the specimen has been calculated as 𝑅𝐷 =  1𝑛  ∑  𝑟𝑑𝑖𝑛𝑖=1                (1) 𝑟𝑑𝑖 = 𝑛𝑜𝑟𝑚 (𝛿 − 𝛿𝑖)                     (2) 

where 𝑛 is the total number of particles in contact with 

the target particle, 𝑟𝑑𝑖 is the magnitude of relative dis-

placement for a single contacting particle, 𝛿 and 𝛿𝑖   are 

the displacement vectors of the target particle and the 𝑖𝑡ℎ neighboring particle in contact, respectively.  

In addition to porosity and particle relative displace-

ment, the accumulated particle rotations, i.e., the cumu-

lative rotation of the particles noted from the beginning 

of the shearing, has also been considered for analysing 

the localized instability within the specimen. The shear 

band locations within the specimen are usually associ-

ated with very high particle rotations (Jiang et al., 2010). 

Figure 4 depicts the spatial variation of the porosity, 

particle relative displacement and particle rotation at 35 

% strain level for both the dense and loose specimens 

subjected to flexible and rigid lateral boundaries. It can 

be observed that both the dense specimens form cross 

type shear bands with large volumetric dilation, relative 

particle displacement and particle rotation within the 

bands. Further, it is also evident from Figures 4(b, d, f, 

h, j, and l) that the specimen with rigid lateral boundary 

always retains its original rectangular shape as the par-

ticles within such specimen are forced to adapt to the 

kinematics of the boundary walls. For such boundaries, 

a uniform lateral deformation is imposed externally 

through the inward/outward movement of the lateral 

wall. This causes an equal magnitude of inward/out-

ward displacement for all the boundary particles along 

the wall height and thus the specimen maintains its orig-

inal rectangular shape throughout the deformation pro-

cess. However, this is not the case with flexible lateral 

boundaries, which provide less restraint to the particles 

for their movement in the lateral direction. This further 

leads to the irregular deformed shape of the specimen 

when subjected to the flexible lateral boundaries.  

In addition to the onset strain, the other attributes of 

the shear band, such as thickness and inclination, can be 

obtained from the spatial variation of different field 

quantities like porosity (Gu et al., 2014; Jiang et al., 

2010; Lü et al., 2019), relative displacement (Druckrey 

and Alshibli, 2017; Lü et al., 2019) and particle rota-

tions (Jiang et al., 2010). In the present study, the incli-

nation of the shear band has been calculated at 35 % ax-

ial strain level, i.e., the strain level where fully 

developed persistent shear bands have been noticed. 

Considering the cross-type nature of the shear band, 

both left and right bands have been used to calculate the 

shear band inclination, and the average of these two val-

ues has been reported as the final inclination. For this 

purpose, the band inclination angles are measured from 

the minor principal stress direction. The onset of local-

ised instability and the thickness of the shear band have 

been noticed to be almost similar for both the types of 

lateral boundaries, and hence, not presented here. 

The shear band inclination angles, estimated from 

particle rotation, relative displacement, and porosity 

field, have been depicted in Figure 5 at 35 % axial strain 

level for dense specimens with flexible and rigid lateral 

boundaries. It is evident that the specimen with rigid lat-

eral boundaries exhibits higher shear band inclination as 

compared to the specimen with flexible lateral bounda-

ries. This is attributed to the constrained motion of the 

particles inside the specimen for the latter case, which 

leads to a cross-type shear band forming from one cor-

ner of the boundary to another diagonally opposite cor-

ner of the specimen. However, in case of the specimen 

with flexible lateral boundaries, particles are able to 

move and rotate freely in the lateral direction resulting 

in an irregular deformed shape and hence, the band in-

clination is lesser as compared to the rigid lateral bound-

ary case. 

  
Figure 3. (a) Stress-strain and (b) volumetric response of the dense and loose specimens under biaxial shearing. Inset in Figure 

3(a) shows the evolution of additional radial stress exerted by lateral boundaries 
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Figure 4. (a, b and g, h) Porosity, (c, d and i, j) relative particle displacement, and (e, f and k, l) particle rotation contours for 

the dense and loose specimens during biaxial shearing at 35 % axial strain level with flexible and rigid lateral boundaries, 

respectively

 

 
Figure 5. Shear band inclination angle estimated from parti-

cle rotation, relative displacement, and porosity field at 35 % 

axial strain level for dense specimens with flexible and rigid 

lateral boundaries 

4.2 Loose specimens 

It can be observed from Figures 4(g-l) that the loose 

specimens with both types of boundaries exhibit dif-

fused type instability which is accompanied with large 

relative particle displacement and particle rotation 

spread across the whole specimen. For both these cases, 

an indistinct and disorganized cross-type region of large 

relative displacement and rotation is evident within the 

specimen. Unlike the case of localized shear bands with 

high porosity as noticed in the dense specimen, the po-

rosity field in loose specimen depicts multiple pockets 

of high and low porosity regions spread across the com-

plete specimen. Since the particles can move and rotate 

freely in the lateral direction for the specimen with flex-

ible lateral boundaries, significant surficial bulge for-

mation can be noticed along the specimen surface (Fig-

ures 4(g, i and k)). Interestingly, such surficial bulging 

is absent from the specimen with rigid lateral boundary 

due to the imposed kinematic constrained at the lateral 

boundaries. Hence, it can be inferred that not only the 

localized instability, consideration of flexible lateral 

boundary also enables unconstrained formation of dif-

fused instability while simulating biaxial shearing of 

granular soil. 

5 CONCLUSIONS 

In the present work, two different types of lateral bound-

aries, i.e., rigid and flexible boundaries, commonly 

adopted in DEM simulations have been analysed focus-

ing on their effects towards the instability response of 

sand under biaxial shearing. It has been found that the 

specimen with flexible boundaries exhibits higher devi-

ator stress and more volumetric compression due to the 



Finite element, finite difference, discrete element, material point and other methods 

 

       6 NUMGE 2023 - Proceedings 

additional confinement imposed by the flexible bound-

aries. Dense specimen with rigid lateral boundaries 

forms shear bands that originate from one corner of the 

boundary to another diagonally opposite corner with 

high band inclination in comparison to the specimen 

with flexible lateral boundaries. Loose specimens with 

both types of boundaries exhibit diffused instability ac-

companied by large particle relative displacements and 

rotations spread across the whole specimen. However, 

only in case of the flexible lateral boundaries such dif-

fused instability modes are associated with distinct surf-

icial bulge formation. This surficial bulging is absent 

from the specimen with rigid lateral boundary due to the 

imposed kinematic constraint at such boundaries.  
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