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Abstract: 

Shear zones in initially medium dense cohesionless sand for quasi-static earth pressure problem of a 

small-scale retaining wall were analysed with a discrete element method (DEM) using spheres with 

contact moments. The passive sand failure for a very rough retaining wall undergoing horizontal 

translation was discussed. The DEM calculations were carried out with the different mean grain 

diameter. Micro-structural events appearing within granular shear zones such as: vortices, force 

chains, vortex structures and local void ratio fluctuations were investigated. Special attention was 

laid on a vortex - force chain correlation and the frequency of the vortex appearance. The calculated 

geometry of shear zones was compared with experimental results of laboratory model tests analyzed 

using the DIC. DEM demonstrated its ability to describe the geometry of shear localization in sand 

behind the retaining wall and to follow the evolution of micro-structure in granular shear zones.  

Keywords: DEM, granular material, micro-polar hypoplasticity, micro-structure evolution, retaining 

wall, shear zone  

1. Introduction

Earth pressure on retaining walls is one of the soil mechanics classical problems. It is also the 

example of an experimental arrangement which can be employed to study the basic features of 

granular materials, as it produces a relatively simple pattern of localized deformation at boundary 

conditions naturally allowing for principal stress rotations. Strain localization in the case of model 

tests on a retaining wall moving in a passive mode is easy to observe at relatively large wall 

displacements but becomes quite a challenge within a small displacements rang, when the passive 
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earth pressure starts to develop from the at rest condition. The experimental observations coming 

from historical small-scale model tests on walls (i.e. Roscoe [1]) provide a basis to simple limit 

analysis models, still used in the geotechnical practice to estimate earth pressures. The models are 

usually based on an a priori accepted failure mechanisms, concluded from experimental 

observations at a large deformation stage,and the results of their predictions depend on this 

mechanisms’ closeness to the reality. Some recent experimental papers [2], [3] revealed that the 

progress of shear localization behind retaining walls can be much more complex than it could be 

imagined, before methods such as e.g. the digital image correlation (DIC) technique were 

introduced into the experimental soil mechanics. Some other recently developed numerical methods 

(like DEM) can grossly support experimental methods, especially at a grain scale which is out of 

the reach for experimental testing methods, even in the case of small geotechnical models. The 

necessary condition to substitute physical models with DEM is that the latter must be calibrated and 

verified using real data. For these data types which are not easily available from experiments (like 

the evolution of the earth pressure with the wall displacement), the calibrated FE simulations may 

provide the missing information. Taking into account the above remarks, the purpose of this paper 

is twofold: 1) to calibrate the DEM model of a small-scale passive earth pressure problem to obtain 

a realistic pattern of shear zones and 2) to use DEM to investigate the collective micro-behaviour of 

grains inside shear zones. 

 

One especially interesting feature characterizing shear zones within granular materials, namely so-

called vortex structures, reported by several researchers (e.g. [4]-[6]) can be studied using the same 

DEM model. It is difficult to say at this stage of research whether vortex structures have any 

significant impact on earth pressure values and how they could be taken into account in earth 

pressure calculations. The reason is that the mechanisms ruling the creation and diminishing of 

vortices are not fully recognized yet. As there are quite contradictory opinions on the topic in the 

literature, based on physical experiments, this paper tries to find out using the passive earth pressure 

DEM model which physical phenomenon may govern the existence of vortex structures in granular 

materials. Several other characteristic micro-structural events occurring within shear zones at the 

grain-level were also studied, such as: changes in force chains, local void ratio fluctuations and 

local strain non-uniformities. 

 

This paper is a continuation of the previous research presented by Widulinski et al. [2], where the 

capability of DEM to describe patterns of shear zones in sand placed behind rigid and very rough 

retaining wall undergoing passive and active movements (horizontal translation, rotation about the 

top and rotation about the toe) was proved. That paper was focused on a direct comparison between 
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discrete, finite element and experimental results at the global level, i.e. with respect to the geometry 

of shear zone patterns and load-displacement diagrams. In the present paper, more attention was 

paid to micro-structural changes within granular shear zones appearing in sand during horizontal 

wall translation. The major contribution of the manuscript is the numerical evidence of the 

correlation between a location of vortex structures and force chain breakage and estimation of the 

frequency of vortices appearance within a shear zone.  

 

The paper is organized as follows: Section 2 summarizes the experimental results concerning 

geometry of shear zones during passive wall translation. Section 3 contains the DEM model 

description. Section 4 includes the detailed analysis of the evolution of micro-structure within shear 

zones and Conclusions are given in Section 5. 

 

2. Experimental shear zone patterns  

 

Figure 1 shows shear zones observed at final stages of small-scale passive mode experiments on 

initially dense sand during horizontal rigid wall translation (from left to right), revealed by means of 

x-rays (Figs.1a and 1b) and DIC (Fig.1c) [7]-[9]. The experiments performed are the typical 2D 

boundary value problems, i.e. the effect of the specimen depth on the shear zone pattern is 

negligible [8], [9]. 

 

 

a) 
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b) 

  

c)   

 
  εp 

Fig. 1 Shear zones observed in experiments on initially dense sand during passive mode horizontal wall translation:  

a X-ray image for ‘Leighton Buzzard’ sand (mean grain diameter d50 = 0.9mm and wall height h = 0.33 m) [7],  

b X-ray image for ‘Karlsruhe’ sand (d50 = 0.50mm and h = 0.175 m) [8] and  

c DIC image for Borowiec’ sand (d50 = 0.8mm and h = 0.23 m) [9] (εp—shear strain) 

 

In all three experiments (Fig.1a-c), a distinct single main shear zone started from the toe of the wall 

to the free boundary and was accompanied by some fainter, secondary radial shear zones, 

propagating from the top of the wall. The main shear zone in each case included an almost 

horizontal part at the beginning of its course, forming a characteristic ‘fork’ with the curved part at 

some distance from the wall. The radial shear zones seem to ‘fill in’ the area between two limiting 

straight lines (that is best visible in Fig.1b, but also discernible in Figs.1a and 1c). In the last case, 

the right limiting line is obviously much more developed than the left one. In addition, traces of 

some not fully developed shear zones can be observed in Fig.1 - one emerging slightly below the 

top of the wall in the right up corner of the specimen and propagating to the free boundary (Figs.1b 

and 1c) and the other in the middle of the specimen, parallel to the main shear zone and propagating 

also to the free boundary (Fig.1c). These zones appear slightly later than the main and the radial 

ones.  

 

Shear zones can be recognized on radiographs due to density decrease (dilatancy), accompanying 

shear deformation of granular materials (brighter zones in Figs.1a and 1b). It means that 

radiographs show only localized volume changes but not shear strains. The digital photography and 
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DIC method can provide both volumetric and shear strains – the latter, calculated for the test on 

‘Borowiec’ sand, are shown in Fig.1c. 

 

3. Discrete Element Method 

 

In numerical analyses using DEM, the mechanical response of geomaterials is governed by 

interactions at contacts between constituent particles and between particles and boundaries, which 

are responsible for the emergent complexity of phenomena occurring in these materials [10]. To 

simulate the behaviour of sand, the three-dimensional spherical discrete model YADE was used 

which takes into account the so-called soft-particle approach (i.e. the model allows for particle 

deformation which is represented as an overlap of particles) [11]. In the paper, only spherical 

elements were used. To simulate the sand grain’s roughness, additional moments were introduced 

into the 3D model, which were transferred through contacts and resisted particle rotations [12]. In 

this way, grains were in contact with their neighbours through a certain contact surface [13]-[15]. 

We used exclusively spherical particles and simulated the influence of the contact flatness, and thus 

the influence of the grain shape by assuming bending moments and bending stiffnesses at particle 

contacts. This approach has one big advantage [16]: the computation time is significantly shortened 

(calculations on spheres with contact moments are 3-5 times faster than those using complex 

clumps). A simple linear elastic normal contact model was assumed to simulate average various 

contact features possible in real sand (Fig.2). No forces were transmitted when grains were 

separated (tension was not allowed). The unloading was purely elastic (Fig.2C). The elastic contact 

constants Ec nad c were specified from the experimental triaxial compression test and could be 

related to the global modulus of elasticity of the grain material and its Poisson's ratio [17]. 

Therefore the elastic constants of the grain contact in our model do not correspond to the elastic 

constants of the spheres’ material in the Hertz-Mindlin-Deresiewicz interaction law [18], [19] 

which is the exact elastic solution (e.g. the normal stiffness is several times larger than the mean 

normal stiffness of the spherical grain material). Although the non-linear contact law is more 

realistic, a linear contact law provides similar results with the significantly reduced computation 

time [20] and therefore was used in the present simulations. To dissipate excessive kinetic energy in 

the discrete system, a simple local non-viscous damping scheme was adopted by assuming a slight 

change of forces and moment due to damping (the forces and moment were multiplied by the 

damping parameter ) to obtain this change [10]). 
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Fig. 2 Mechanical response of linear contact model without (A) and with contact moments (A+B): a tangential contact 

model, b normal contact model and c rolling contact model and (C) loading and unloading path (tangential and rolling 

contact) wherein: Fs - tangential force vector between elements,  Fn - normal force vector between element, M - contact 

moment vector, Ks - tangential stiffness, Kn - normal stiffness, Kr - rolling stiffness, U - penetration depth,_Xs - 

tangential displacement vector, _ω—angular rotationvector, μ—inter-particle frictionangle, η—limit rolling coefficient 

[19,20] 

 

The five main local material parameters are necessary in our discrete simulations [16], [20]: Ec 

(modulus of elasticity of the grain contact), c (Poisson’s ratio of the grain contact), μ (inter-particle 

friction angle), β (rolling stiffness coefficient) and η (limit rolling coefficient). In addition, a particle 

radius R, particle mass density  and numerical damping parameter α are required. The material 

parameters of DEM (Ec,c, μ, β, η and α) were calibrated using the corresponding axisymmetric 

triaxial laboratory test results on Karlsruhe sand by Wu [21]. The index properties of Karlsruhe 

sand are: mean grain diameter d50=0.50 mm, grain size between 0.08 mm and 1.8 mm, uniformity 

coefficient Uc=2, maximum specific weight d
max=17.4 kN/m3, minimum void ratio emin=0.53, 

minimum specific weight d
min=14.6 kN/m3 and maximum void ratio emax=0.84. The sand grains are 

classified as sub-rounded/sub-angular.  
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4. DEM modelling results of passive earth pressure model tests  

 

The discrete 2D calculations were performed for a sand body of 0.40 m length and 0.20 m height in 

order to compare them with the experiments (Fig.1b). The vertical retaining wall and the bottom of 

the granular specimen were assumed to be stiff and very rough, i.e. there was no relative 

displacement along vertical and bottom surface. Since the effect of the specimen depth in out of 

plane direction turned out to be almost negligible during direct shearing of spheres with contact 

moments [20], in order to significantly accelerate simulations, the DEM calculations were 

performed mainly with the specimen depth equal to the grain size d (i.e. one layer of spheres a 

perpendicular plane was simulated only) and the calculations were carried out as for cylinders 

(instead of spheres). 

 

The spheres of three different mean grain diameters were employed for simulations, characterized 

by a linear grain size distribution (GSD): d50=5.0 mm (grain size varying between 2.5-7.5 mm, 

2’600 spheres sample), d50=2.0 mm (grain size range 1-3 mm, 15’600 spheres sample) and 

d50=1.0 mm (grain size range 0.5-1.5 mm, 62’600 spheres sample). The choice of the grain sizes 

was again limited by the computational time cost. The initial void ratio of sand, obtained by 

generating random spheres above a box and then allowing them to fall down by gravity, was 

eo=0.62 (similar as in the FEM calculations). The loading speed was slow enough to ensure that the 

numerical tests were conducted under quasi-static conditions; the calculated nominal inertial 

number (which quantifies the significance of dynamic effects) in the analyses was 𝐼 =
𝛾̇𝑑50

√
𝑃



=

 10−4 -10−5 (𝛾̇ is the shear rate, P is the pressure and  is the density). The value 𝐼 <  10−3  

corresponds to a quasi-static regime [22], [23]). The calculations were carried out using the 

following parameters [16]: Ec=0.3 GPa, νc=0.3, μ=18o, =0.7, =0.4, =2.55 g/cm3 and a=0.08 for 

d50=1 mm, 2 mm or 5 mm. The CPU computation time was about 14 days for d50=2 mm and 30 

days for d50=1 mm, using PC 3 GHz. Other quasi-static calculations [16] have shown that the effect 

of the numerical damping parameter  is insignificant if 0.08 (=0.08 was assumed in this 

paper). The granular assembly was prepared by putting spheres of a random radius according to the 

grain distribution curve into a container 0.2 m×0.4 m×d50 [24]. Due to gravity,  the spheres moved 

to the bottom wall and their arrangement became random. In order to obtain a desired low initial 

void ratio of eo=0.62 with the grain overlapping, the inter-particle friction angle  was stablished as 

0o to exactly reproduce the target initial void ratio. The assembly was then allowed to settle to a 

state where the kinetic energy was negligible (below 10−8 ) and the friction angle was set to μ=18o. 
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Figure 3 shows the evolution of the resultant normalized horizontal earth pressure force (earth 

pressure coefficient) Kp=2Eh/(γh2d50) versus the normalized horizontal wall displacement u/h 

(h=0.2 m - wall height, Eh – the horizontal force acting on the wall, γ=16.75 kN/m3 - initial 

volumetric unit of sand) for 3 different sphere sizes from plane DEM simulation. The normalized 

horizontal earth pressure force evolves typically for initially dense granulates in biaxial 

compression, triaxial compression and shearing. The specimen exhibits on average the initial strain 

hardening up to the peak (u/h=0.03), followed by some softening before the common asymptote is 

reached. The force strongly fluctuates after the peak that can be attributed to the build-up and 

collapse of ‘force chains’ - the main carrier of stresses transferred within the granular assembly (see 

Section 4.3). For the larger spheres, the earth pressure coefficient Kp
max is higher than for the 

smaller ones: Kp
max=37 for d50=5 mm, Kp

max=34 for d50=2 mm and Kp
max=30 for d50=1 mm. It can be 

thus anticipated that for d50=0.5 mm (real sand), Kp
max should be about 25-27. The curve K=f(u/h) is 

of a similar character as the corresponding curve obtained by FEM [24]-[26], except for the lack of 

strong oscillations in FEM results. The calculated earth pressure coefficients are higher than the 

earth pressure coefficients obtained by a simple limit analysis calculations based on the assumption 

of one circular slip line (Kpr=11.3-25.8) or three straight slip lines (Kpt=13.4-23.7) constituting the 

failure mechanism of a retaining structure at =p=40o-45o ( - wall friction angle between soil and 

structure, p - internal friction angle of dense sand at peak, ‘r’ rotation’ and ‘t’ – translation) [27]. It 

can be explained by the high initial density of sand and wall roughness, the scale effect resulting 

from the relatively high ratio between the mean grain diameter and wall height [24] and also the 

low stress level.  

a) 
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b) 

Fig. 3 DEM results (passive case, translating wall): a evolution of resultant normalized horizontal earth pressure force 

2Eh/(γ h2d50) versus normalized horizontal wall displacement u/h, b evolution of global void ratio e versus u/h (γ = 

16.75 kN/m3, h = 0.2m, eo = 0.63, d50 = 1, 2 and 5 mm) 

 

It comes from the evolution of the resultant (global) void ratio of the entire sand specimen that after 

some initial contractancy, the granular specimen is subjected to strong global dilatancy (u/h>0.1), 

also showing some fluctuations, but not as strong as in the case of the earth pressure coefficient 

(Fig.3b). The dilatancy for smaller spheres (d50=1.0 mm) is lower than for the larger ones. 

 

4.1 Distribution and evolution of sphere rotations 

 

A typical particle configuration in the residual state (at u/h=0.15), showing in colour the distribution of 

single sphere rotations  is presented in Fig.4 (red denotes the sphere rotation >+30o and blue <-30o, 

dark grey is related to the sphere rotation in the range 5o30o and light grey to the range -30o-5o, 

positive sign means clockwise rotation). All grains rotating within the range -5o5o are medium 

grey. Accepting such colour convention makes shear zones clearly observable (only particles within 

shear zones significantly rotate). As Fig.4 shows, there exists a clear grain separation regarding 

clockwise (red) and anticlockwise (blue) rotation – the vast majority of ‘red grains’ is located within 

the dominant shear zone, while the vast majority of ‘blue grains’ is placed within the secondary radial 

shear zone (however there exists also a small amount of blue grains within the ‘red shear zone’ and 

vice versa). Such a separation mechanism can be easily explained if one realizes that the wedge of 

granular material limited by the two shear zones moves upwards as a quasi-rigid body (not only in 

DEM simulation but also in reality – see Fig.1). If the wedge is replaced for simplicity by two planes 

sliding upwards on the medium of circulating grains (Fig.4d), it is obvious that the movement of two 

planes has to make grains lying along them to rotate in opposite directions. Such situation is possible 

only at final stages of deformation, when the contacts between grains within shear zones stop to exist. 
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Another general observation which can be made looking at Fig.4 (and especially at Fig.4c) is that there 

is a striking qualitative agreement between DEM simulations and real experiments of Fig.1 with 

respect to the geometry of main localized zones. It can be explained by the common base on which the 

numerical methods are founded - the general minimum energy principle, which may also well govern a 

choice that the real granular material makes. All experimental mechanisms of shear localization in 

Fig.1 are very similar - it may mean that for a given geometry of the problem this is an optimum way 

(requiring the smallest amount of energy) to deform granular materials. The main difference between 

Figs.4a-4c is related to the straight radial shear zone which appears at the top of the wall at certain 

stage of deformation and propagates to the specimen bottom - it is faintly visible in Fig.4a (the greatest 

grain diameter) and very clear in Figs.4b and 4c (d50=1-2 mm). It seems its inclination to the vertical 

also depends on the mean grain diameter for u/h=0.15 - it is 30o for d50=2 mm and 50o for d50=1 mm. 

Except of the main shear zones, discussed above, there exist also in all three cases other faintly visible 

localized zones. The course of a dominant shear band marked by a large number of red grains in 

Figs.4a-4c does not seem to be affected by the grain diameter. The grain diameter obviously affects the 

width of strain localization but one must keep in mind that this value cannot be determined accurately, 

no matter which measure is used to visualize it. The assumption was met in this paper that the edges of 

a shear zone were defined by an arbitrarily chosen amount of the resultant grain rotation c, namely by 

the condition |c|>5o (Figs.5a and 5b). The value of c comes from the averaging of single sphere 

rotations over the small specimen area of As=5d505d50, by moving the area As by the 1d50 distance. 

Under this assumption, the thickness ts of the main curved shear zone increases with increasing mean 

grain diameter d50 (Figs.4 and 5). Based on the distribution of the resultant grain rotation ωc, the shear 

zone thickness measured along the cross section ‘A-A’ (Fig.5) at the residual state is: ts50 mm 

(10d50) for d50=5 mm, ts33 mm (16d50) for d50=2 mm and ts20 mm (20d50) for d50=1.0 mm. The 

width of the main shear zone grows in the certain range of deformation (u/h=0.02-0.11 for d50=1.0 mm, 

Fig.6) and then reaches its maximum. The calculated mean inclination of the main curved shear zone 

to the horizontal is about 40o (d50=1-5 mm) is close to the experimental values of 35o-40o (Fig.1). The 

resultant grain rotation c has its maximum in the mid-width of the shear zone (Fig.5). It is about 70o 

(d50=1.0 and 2.0 mm) and 45o (d50=5.0 mm) at u/h=0.15. Figure 5 suggests a parabolic distribution of 

c across shear zone, the same as FEM calculations [24]. The maximum calculated single sphere 

rotation  is about 75o at u/h=0.15 (Fig.4). The displacement profile in the shear zone (Fig.6A) is 

similar to the profile obtained by FEM calculations [24]. 
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a) 

 

 

b) 

 

c) 

 

d)  

 

 

Fig. 4 Deformed granular body 0.2×0.4m2 with distribution of rotation for initially medium dense sand (eo = 0.62) from 

DEM at residual state of u/h = 0.15: a d50 = 5mm, b d50 = 2 mm, c d50 = 1mm 

(red colour denotes clockwise rotationω > +30◦, blue colour denotes anticlockwise rotation ω < −30◦),  

d explanation for separation of clockwise and anticlockwise rotations within shear zones 

 

 

 

0.4 m 

0.2 m 
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4.2 Distribution and evolution of void ratio 

 

The distribution of void ratio (averaged in the cell size As=5d505d50) across the main shear zone is 

also strongly non-uniform and also has its maximum along the centre-line (Figs.5c and 7). The void 

ratio alternates along the shear zone in a nearly periodic fashion as in biaxial compression tests 

analysed by DIC technique [28]. The specimen globally dilates within shear zones, however a local 

void ratio may also decrease (Fig.5c). Thus, local contractancy within shear zones is observed 

(Fig.5c). The maximum void ratio e in the main shear zone at the residual state is about 0.74 

(Fig.5c) and is similar to the value obtained by FEM (e=0.78) [24]. Outside the shear zone the void 

ratio is within the range of e=0.63-0.65.  

  

a) 

 

b) 
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c) 

 

Fig. 5 DEM results (eo = 0.62): a distribution of resultant grain rotation ωc across curved shear zone width ‘y’ in 

initially medium dense sand at residual state of u/h = 0.15 for different mean grain diameters d50 = 1–5mm,  

b distribution of resultant grain rotation ωc against u/h (d50 = 1mm) and  

c distribution of void ratio e against u/h (d50 = 1mm) (dotted line corresponds to average values) across shear 

zone width ‘y’ in initially medium dense sand (vertical solid line edges 

of shear zone) 

 

 

 

 

 

Fig. 6 DEM results (eo = 0.62, d50 = 1.0mm): A displacement profile across shear zone width of 20 mm in mid-region of 

curved shear zone at: a u/h = 0.10 and b u/h = 0.15 and B the evolution of width of curved shear zone ts at mid-length 

during horizontal normalized wall displacement u/h 

 

 

t
s
 [mm] 

u/h [-] 
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a) 

 

b) 

 

c) 

 

Fig. 7 DEM results: distribution of void ratio e in part of curved shear zone (eo = 0.62, d50 = 1.0mm) for initially 

medium dense sand from DEM for different horizontal wall displacement: a u/h = 0.065, b u/h = 0.10 and c u/h = 0.15 

(vertical left axis vertical co-ordinate, vertical right axis void ratio, horizontal axis horizontal co-ordinate, solid lines 

edges of shear zone) 

 

4.3 Distribution and evolution of contact forces 

 

Figure 8 shows the three stages of the main shear zone evolution seen through the contact force 

network: a) onset of shear localization, b) developing shear zone and c) shear zone fully developed. 

The location of the shear zone is indicated in Fig.8 by the dashed lines. The ‘force chains’ bearing 

loads greater than average are marked red and those loaded below the average are marked green. It 

can be seen from Fig.8 that the ‘force network’ becomes ‘coarser’ in the area of growing localized 

deformation.  
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a) 

b) 

c) 

A) 
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   a) 

 

   b) 

 

   c) 

B) 

Fig. 8 DEM results (eo = 0.62, d50 = 1.0mm): distribution of contact normal forces between grains in entire granular 

specimen for: a u/h = 0.02 (without shear zone), b u/h = 0.06 (shear zone appearance) and c u/h = 0.15 (full evelopment 

of shear zone): A entire granular specimen and B zoom on mid-region of curved shear zone 

(average grain displacement calculated in entire granular specimen) 

 

The distribution of internal contact forces is non-uniform and continuously changes as it was indicated 

by Thornton and Zhang [29], Yan and Ji [30], Tordesillas et al. [31] and Kozicki et al. [20], Fig.8A. 

Force chains of heavily loaded grain contacts bear and transmit the compressive load on the entire 
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granular system and are the predominant structure of internal forces at micro-scale [32]. They 

continuously build up and collapse. 

 

The force chains are created mainly in the region between the wall, main and radial shear zone and 

along the main shear zone. The loads they transmit are the highest at the triangular region adjacent to 

the wall (Fig.8A) - one can expect that due to a great number of strong force chains, this region acts as 

a quasi-rigid body (this is visible in Fig.4). Inside the main curved shear zone at the residual state, the 

strongest force chains are approximately perpendicular to the shear zone line (Fig.8B). The number of 

contacts decreases in the curved shear zone during wall translation connected to sand dilatancy (caused 

by the grain re-arrangement in an initially dense assembly) leading to a reduction of the number and 

stability of force chains (Fig.8B). At the start of deformation, the total contact number in the granular 

specimen was equal to 119’154 (and for the small region of Fig.8B, the contact number was 10’090). 

When a shear zone was initiated, this number decreased to 109’859 (8’946) at u/h=0.045. At u/h=0.09 

the contact number was 108’276 (8’538), and at u/h=0.15 - 107’777 (8’038).  

 

4.4 Distribution and evolution of displacement fluctuations 

 

Figure 9 presents spontaneous displacement fluctuations of spheres within shear zones, having the 

form of cells circulating as quasi-rigid bodies (so-called vortex structures or swirls), reminiscent of 

turbulence in fluid dynamics [33], however the amount of the cells rotation is several ranges of 

magnitude smaller (~0.01o-0.1o) then fluid vortex rotation. Similar rotational structures were observed 

both in quasi-static experiments [4]-[6] and DEM simulations [33]-[38]. It is usually expected that this 

non-uniform rotational micro-structure is directly related to buckling of force chains. The existence of 

vortices during granular flow is still unexplained. The plots in Fig.9 were obtained by drawing the 

difference avriV V
 

  between the displacement vector for each sphere and the average background 

translation corresponding to the homogeneous (affine) strain in the entire specimen ( iV


represents the 

increment of sphere displacement and avrV


 is the average background displacement of spheres in the 

entire granular specimen during e.g. n=1000 iterations). The individual particle displacements are able 

to form long-range deformation vortex structures which rotate as rigid bodies while the space between 

them is under intense shear deformation. The vortex-like patterns are well recognized in the main 

curved shear zone, in particular, at the residual state for the highest mean grain diameter d50=5 mm 

(Fig.9a). Several clockwise rotating vortices: e.g. 3 for d50=5 mm and 10 for d50=1 mm occur along the 

shear zone, having the diameter of about the shear zone width ts. The distance between the vortices is 
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variable – some of them are close to each other (at about ts distance) or far away from each other (at the 

distance of about 5ts). The vortex structures are well visible in the main curved shear zone if the 

number of iterations n is high enough, i.e. n1000 (u/h0.001) (Fig.10). The evolution of displacement 

fluctuations at the residual state during deformation u/h=0.01 (n=1’000) demonstrates that vortex 

structures have a tendency to appear and disappear intermittently in the course of deformation (Fig.11). 

Note that the vectors in Figs.10 and 11 (which are solely 0.1 mm long on average) are multiplied by 

the factor 50-300. Therefore some wild vectors sometimes appear.  

                                                           A)                                                                         B) 

 

a) 
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c) 

Fig. 9 DEM results (eo = 0.62) for displacement fluctuation vectors in form of vortex structures at residual state of u/h = 

0.15 for different mean grain diameter: a d50 = 5 mm, b d50 = 2mm and c d50 = 1.0 mm,  

A entire granular specimen,  

B zoom of mid-region of curved shear zone  

(n = 1000-iteration number when grain displacement increment vectors are calculated, average grain displacement is 

calculated in entire granular specimen, vectors are magnified by factor 50) 

a) 

b) 
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c) 

Fig. 10 DEM results (eo = 0.62, d50 = 5mm) for evolution of displacement fluctuation vectors in mid-region of curved 

shear zone at residual state of u/h = 0.15 for different iteration number n: a n = 100, b n = 1000 and c n = 10,000 

(average grain displacement is calculated in entire granular specimen, vectors are magnified by factor 500, 50 and 10, 

respectively) 

 

)  a) b) 

  c) d) 
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 e) f) 

 g) h) 

 i) j) 
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k) 

Fig. 11 DEM results (eo = 0.62, d50 = 5mm) for evolution of displacement fluctuation vectors (stages a–k) in mid-region 

of curved shear zone at residual state at u/h = 0.15–0.17 (n = 1000, average grain displacement is calculated in entire 

granular specimen, vectors are magnified by factor 50) 

 

The vortices were not observed along the radial shear zone because of an insufficient magnitude of 

displacements within this zone. If the average background translation is limited to the region of e.g. 

As=2ts × 2ts (i.e. 2×20d50=40 mm), the vortices are also observable in the radial zone (Fig.12). For the 

spheres with d50=5 mm, 7 vortex-structures occur in the curved shear zone and 3 in the radial shear 

zone (Fig.12a), and with d50=1 mm, 16 vortex-structures happen in the curved shear zone and 7 in the 

radial shear zone (Fig.12b) 
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 b) 

Fig. 12 DEM results (eo = 0.62) for displacement fluctuation vectors in form of vortex structures at residual state 

of u/h = 0.15: a d50 = 5.0mm and b d50 = 1.0mm (average grain displacement is calculated for area As = 2ts × 2ts (i.e. 

2 × 20d50 = 40 mm, vectors are magnified by factor 100) 

 

A direct link between force chains, vortex structures and void ratio changes in the region 70100 mm2 

of the main curved shear zone at the residual state, during the wall normalized displacement interval of 

u/h=0.01 (from u/h=0.15 up to u/h=0.16) is demonstrated in Fig.13 for the granular specimen built of 

d50=5 mm spheres (the average background translation is calculated in the entire granular specimen). 

Two deformation stages are considered: 1) when the vortex exists at u/h=0.15 (Fig.13Aa) and 2) when 

the vortex does not exist at u/h=0.16 (Fig.13Ba). The force chain vanishes at u/h=0.15 (Fig.13Ba) and 

the new force chain is created at u/h=0.16 (Fig.13Bb). Small local dilatancy occurs close to a broken 

force chain (Figs.13Bc, e) and small local contractancy takes place near a new force chain (Figs.13Bd,  

e). Thus, the occurrence and vanishing of vortex structures is related to the force chain creation and 

disappearance and to the void ratio decrease and increase [21], respectively.  
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 A) B) 

a) 

  

b) 

  

c) 

  

d) 

  

e) 

    

Fig. 13 DEM results (eo = 0.62, d50 = 5mm) for evolution of microstructure in main curved shear zone for normalized 

wall displacement at u/h = 0.15 (A) and u/h = 0.16 (B) (solid lines shear zone edges): 

a map of displacement fluctuations of Fig. 8Ba (red dashed line broken force chain, black dashed line new force chain), 

b geometry of force chains between grains (red dashed line broken force chain), c, d zoom on geometry of force chains 

and grains (red grains build force chain, yellow colour between grains denotes higher void ratio, blue colour between 
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grains denotes lower void ratio) and d map of void ratio with intensity scale (red colour corresponds to higher void 

ratio, red dashed line bro ken force chain, black dashed line new force chain), n = 1000-iteration number when 

calculating grain displacement fluctuation vectors (with average grain displacement calculated in entire granular 

specimen) 

 

Figure 14 shows the evolution of displacement fluctuations and rotations of five single spheres 

(d50=5 mm) selected for observations within the granular curved shear zone and numbered from ‘1’ to 

‘5’. The period between the wall normalized translation u/h=0.2 and u/h=0.5 was inspected. The 

spheres ‘1-5’ were placed inside the vortex which was created at u/h=0.2 (Fig.14C). The displacement 

fluctuation vectors for spheres ‘1-5’ are small in the vortex and become larger when the vortex 

vanishes due to shearing (Figs.14A and 14C). The vortex appearance is related to a high (sphere ‘1’) or 

a small fold (spheres ‘2-5’) of sphere displacement fluctuation vectors (Fig.14A). The vortex is not 

always created by the same spheres (Fig.14C). The sphere rotations inside a vortex are insignificant 

(spheres ‘1-5’ in Fig.14B). They may increase when a vortex vanishes due to intense shearing (spheres 

‘1’, ‘4’ and ‘5’ in Fig.14B).  
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B) 

  

a)                                                             b) 

  

c)                                                                    d) 

Fig. 14 DEM results (eo = 0.62, d50 = 5mm) for evolution of dis placement fluctuation vectors (solid red arrows vortex 

exists, dotted black arrows vortex does not exist) (A) and rotations ω (B) of single grains ‘1–5’ between normalized 

wall translation u/h = 0.02 and u/h = 0.05 during appearance and disappearance of vortex structures in main curved 

shear zone (C): a u/h = 0.025, b u/h = 0.035, c u/h = 0.042 and d) u/h = 0.049 (n = 1000-iteration number, average grain 

displacement is calculated in entire granular specimen) 
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Finally, the frequency of the vortex appearance based on displacement fluctuations of spheres in a 

curved shear zone is presented in Fig.15 (for d50=5 mm). The sphere displacements are averaged over 

the cell area As=5d50×5d50 and the average background translation is again calculated from the entire 

specimen. In order to mathematically describe vortices, the displacement fluctuation vector of each 

sphere (green spheres) in the neighbourhood of each central sphere (blue sphere) is decomposed into 2 

vectors: the normal and tangential to the movement direction of each central sphere (Fig.15a). Only the 

tangential displacement fluctuations are assumed to be responsible for a vortex, i.e. if the neighbouring 

spheres had solely the tangential displacement fluctuation component, the central blue sphere (the blue 

one in Fig.15b) is assumed to be located in a vortex mid-point. In order to avoid the prescribing pure 

shearing along a shear zone as a vortex, a certain limitation is imposed, i.e. the condition that the sum 

of the tangential displacement fluctuations has be at least twice as big as the sum of the normal 

displacement fluctuations (to be classified as a part of the vortex). The location of vortices based on the 

displacement fluctuation field in the granular specimen is presented in Fig.15c, wherein the blue circles 

correspond to the vortices (more circles at the same place indicate a larger vortex, and a larger circles 

denote a more regular vortex). The displacement fluctuation vector field shown in Fig.15c is similar to 

the one from Fig.8Aa. Figure 15d shows the frequency (expressed in the relative displacement u/h 

value) of one arbitrary selected vortex from the curved shear zone (marked with the green rectangle in 

Fig.15c). The high value of S (S - the sum of the tangential displacement fluctuation vectors) 

characterizes a more pronounced vortex and S=0 corresponds to its disappearance. The sum of the 

tangential displacement fluctuation S strongly varies during deformation (Fig.15d). The strong vortex 

(e.g. S>0.8 mm in Fig.15d) appeared in the curved shear zone 2 times for u/h=0.06-0.08, the medium-

strong (e.g. 0.4S0.8 mm) 7 times every u/h=0.01-0.02 and the weak one (e.g. S<0.4 mm) 18 times 

every u/h=0.002-0.03. The vortex appears when a shear zone has been already created. Its intensity is 

lower in the residual state (u/h>0.10). The predominant period of the vortex is equal to 3% and 5% of 

u/h using the Fourier transformation (Fig.15e). In the case of the average background translation 

calculated from the cell area of As=2ts × 2ts, the sum S is higher (Fig.16a). The strong vortex (S > 

0.8mm) occurs again 2 times for u/h=0.06-0.08, the medium-strong vortex (0.4  S  0.8 mm) 5 times 

every u/h=0.002-0.03 and the weak one ( S< 0.4 mm) 20 times every u/h=0.001-0.02. The predominant 

period of the vortices with respect to u/h is similar and equal to 5% (Fig.16c). 
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                                                       a)                                                    b) 

 

  

c) 
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S [mm]  

                                                                                         u/h[-]                            d) 

S [mm]  

fft  period (u/h) [-] 

                e) 

Fig. 15 DEM results (eo = 0.62, d50 = 5mm) for one vortex within curved shear zone: a tangential and normal 

displacement fluctuation vectors of single grains with respect to central grain movement, b displacement fluctuation 

vectors creating vortex, c field of single grain displacement fluctuation with marked vortices and d frequency of 

selected single vortex during deformation expressed in u/h (S - the sum of tangential displacement fluctuation vectors 

over the area As = 5d50 × 5d50) and e S-value against vortex period with respect to normalized wall translation u/h 

(average background translation is calculated for entire specimen)  
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Summarizing, the DEM simulation results of the small-scale earth pressure problem show good 

qualitative agreement to the experimental findings. More realistic calibration of the DEM is possible 

based on experiments using DIC (to compare strains and volume changes within shear zones) and 

photo-elastic technique (to compare the structure of contact forces) [3].  

 

The DEM results show that the conventional earth pressure mechanisms with slip surfaces [24] are 

roughly reproduced. The actual internal friction angle within shear zones at peak (p) cannot be 

known in advance since it depends strongly on the initial and boundary conditions of the entire 

system. Therefore, it is difficult to obtain realistic earth pressures with a conventional earth pressure 

theory. In addition, the different friction angles are mobilized in various shear zones at the same 

time and the varying friction angle values occur also along the same shear zone. The micro-

structural events cause that the distribution of global quantities such void ratio is strongly non-

uniform and the resultant earth pressure strongly force oscillates. 

 

The results of discrete simulations will contribute to calibrate better a micro-polar hypoplastic 

constitutive model [39], [40] with respect to micro-polar terms that requires an accurate description of 

the micro-scale kinematics within shear zones. In turn, the knowledge on vortex-force chain 

correlations allows for introducing stress fluctuations (connected to a build-up and collapse of force 

chains) more realistically into a hypoplastic constitutive model. 

 

  a) 

                                                                                                    

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


31 

 

   b) 

Fig. 16 DEM results (eo = 0.62, d50 = 5mm) for one vortex within curved shear zone: a frequency of selected single 

vortex during deformation expressed in u/h (S - the sum of tangential displacement fluctuation vectors over the area As 

= 5d50 × 5d50) and b S-value against vortex period with respect to normalized wall translation u/h (average background 

translation is calculated for area As = 2ts ×2ts) 

 

5. Conclusions 

 

The following conclusions can be drawn from our discrete DEM simulations of passive earth pressures 

problem: 

 

 DEM realistically simulates a complex experimental pattern of shear zones and can be used in the 

future research to study the build-up of the passive earth pressure from the at rest condition. Grain 

rotations are noticeable only within shear zones. The global wall pressure, thickness of the main shear 

zones and the earth pressure oscillations increase with growing mean grain size. The thickness 

increases from 20d50 (d50=1 mm) up to 10d50 (d50=5 mm). The number of the secondary radial shear 

zones increased with d50 for the same normalized wall translation at the residual state. 

 

 The distribution of internal contact forces is non-uniform due to a build-up and collapse of force 

chains. The number of contact forces continuously decreases in a granular specimen with material 

dilatancy.  

 

 Vortex structures and local void ratio fluctuations spontaneously appear within displacement field of 

shear zones and seem to have periodically organized structure. The diameter of vortex corresponds to 

the shear zone thickness. The number of vortices increases with decreasing mean grain diameter and 

the distance between them increases with increasing mean grain diameter. They appear with different 

intensity and frequency. The vortices move as rigid bodies with small displacement fluctuations and 
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insignificant rotations of single spheres. They seem to be a manifestation of grain rearrangement as the 

amount of their rotation is very small. If the average background translation is calculated from the 

smaller area, the number of vortices increases (the predominant period is similar). 

 

 The deformation of force chains plays a key role in the formation of vortex structures. The vanishing 

and appearing of vortices may be connected not only to the collapse and build-up of force chains but 

also to their deformation. The collapse of force chains leads also to the formation of larger voids and 

their build-up to the formation of smaller voids.  
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