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Abstract The focus of this paper is to analyze earth pres-

sure against a rigid retaining wall under various wall move-

ment modes with a contact model considering inter-particle

rolling resistance implemented into the distinct element

method (DEM). Firstly, a contact model considering rolling

resistance in particles was generally explained and imple-

mented into the DEM. The parameters of the contact model

are determined from DEM simulation of biaxial tests on a

sandy specimen. Then, the influence of inter-particle rolling

resistance in the backfill is discussed by comparing the active

and passive earth pressure against a rigid wall subjected to

a translational displacement with and without inter-particle

rolling resistance in the material. Third, the DEM model con-

sidering the rolling resistance is used to investigate active and

passive earth pressures while the rigid wall moves in a more

general manner such as rotation or translation. The influence

of rolling resistance on the earth pressures is examined from

the microscopic particle scale (e.g., shear strain field) as well

as the macroscopic scale (e.g., the magnitude and action point

of resultant earth pressures). Finally, the effect of the initial

density and the particle size of the backfill are discussed. The

results show that when rolling resistance in the particles is

taken into account in the DEM simulation, the simulation

results are more appropriate and are in line with practical

M. Jiang (B) · J. He · F. Liu · W. Zhang

Department of Geotechnical Engineering, College of Civil

Engineering, Tongji University, Shanghai 200092, China

e-mail: mingjing.jiang@mail.tongji.edu.cn

M. Jiang · J. He · F. Liu · W. Zhang

State Key Laboratory for Disaster Reduction in Civil Engineering,

Tongji University, Shanghai 200092, China

J. Wang

Department of Civil and Architectural Engineering, City University

of Hong Kong, Hong Kong, China

situation. Hence, particles rolling resistance should be taken

into account to get more realistic results in DEM analyses.
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1 Introduction

Estimating the earth pressure against retaining structures is

an antique and classical problem in soil mechanics, which

has been studied for over 200 years since the pioneering

works by Coulomb [1] and Rankine [2]. Besides theoretical

approach [3–7] and experimental approach [8–18], numer-

ical simulation is an effective alternative for investigating

the earth pressure distribution with higher flexibility in cop-

ing with a variety of boundary conditions and constitutive

behaviors of backfills. Some researchers adopted the finite

element method (FEM) to study the earth pressure prob-

lems [19–24]. The earth pressure problem is accompanied

with strain localization and failure. The deformation within

the granular materials tends to localize along concentrated

bands, named shear bands, resulting from non-uniform stress

state or trivial defects within an element. The modeling of

this localization phenomenon is important, since many engi-

neering structure failure is indeed characterized by the for-

mation and propagation of shear bands [25–30]. And this

brings about one of the bottlenecks in finite element simu-

lation that originated from the continuum mechanics [31].

The FEM based on some advanced constitutive laws can

partially model strain localization. For example, in the the-

ory of micro-polar continuum (or Cosserat continuum), two

linked levels of deformation are considered: micro-rotation

at the particle level and macro-deformation at the structural

level [32–35]. The rotational degrees of freedom of material
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particles are introduced to surpass the limitation of the con-

ventional continuum in modeling shear localization phenom-

enon [32]. However, the shear band configuration in granular

materials was influenced by many factors such as pressure

level, void ratio, mean grain diameter, grain roughness, grain

hardness and the stiffness of the surrounding structure in

contact with a granular body [33], all of which should be

independent of the mesh configuration. In contrast, the con-

ventional finite element results do not depend on the size and

orientation of the mesh in strain localization analyses if they

equipped with a characteristic length of micro-structure as

well as the mesh size is small enough, while the inclinations

of shear band predicted by finite element method (FEM) are

obviously smaller than the real value even if the constitu-

tive model is equipped with a characteristic length of micro-

structure (e.g., micro-polar, second-gradient, non-local mod-

els). Within a micro-polar continuum, a characteristic length

of micro-structure corresponds to a mean grain diameter.

However, there is no universal agreement on the charac-

teristic length of micro-structure in the constitutive models

yet [36]. Although there exist already some realistic two-

scale numerical approaches to study the behavior of granular

materials [37,38] and the two-scale distinct element method

(DEM)–FEM appears a good way to depict the behavior of

granular material, there is a gap between micro and macro

mechanics on granular material. For example, no agreement

has been made on the definition linking microscopic contact

behavior between particles and macroscopic strain tensor for

such granular material. It is known that if the macroscopic

strain tensor is linked with the translational motion of grain

centers, as done in geo-experiment, there needs to introduce

a variable named ‘the average pure rotation rate’ or APR in

short [39], which is proposed to describe particle rotation

of REV and which is found very large within shear band.

In addition, it is known that the rolling resistance at parti-

cle contacts comes microscopically from grain roughness or

shape effect [39,40]. Similar to the interpretation of the inter-

nal length in Chang’s couple-stress continuum for bonded

granulates [41], it appears that a characteristic length of a

Cosserat continuum should be linked to microscopic para-

meters controlling the rolling resistance instead of others.

However, from a theoretical point of view, micro and macro

(defined in a consistent framework) have to strictly converge

when the number of grains is tending to infinity. Besides,

an assembly of granular material may demonstrate complex

mechanical behavior. For example, during a whole process of

landslide, it behaves as a solid before the landslide starts, then

as a liquid named granular flow during landslide, and finally

becomes a solid again after it has moved a run-out distance

and stops moving. This phenomenon is quite difficult to be

simulated using a macroscopic constitutive model. Even in

the quasi-static framework, an assembly of granular mate-

rial will show other complex mechanical behavior, such as

grain crushing, under loading, which demands proper macro-

scopic constitutive models in future [42]. Finally, continuum-

based approaches are frequently phenomenological in nature,

implying that many of their model parameters may lack clear

physical meaning and well-defined calculation procedure.

In contrast, the DEM based on discrete mechanics the-

ory, has obvious advantages to solve large deformation and

failure problems [43–46]. Compared to FEM numerical sim-

ulation method, the DEM advantage in dealing with the earth

pressure problem is that only some basic microscopic para-

meters of the sand particles (such as the contact stiffness

and friction coefficient, etc.) are needed for the simulation,

and the soil constitutive relationship can be born automati-

cally, thus avoiding selecting the constitutive relation and its

parameters. The DEM results also tend to be more accurate.

In addition, when dealing with the soil-wall interface, the

friction coefficient between the wall and sand particles can

be given. This is very simple and the meaning is clear [47].

More importantly, DEM can provide insights into the micro-

mechanics of the soil under the influence of some specific

particle-scale mechanical properties, such as the rolling resis-

tance being studied in this paper to represent the effect of

particle shape.

DEM can capture the main characteristics of clean or

cemented granular materials, which has been attracting

increasing research interests in geo-mechanics community

since firstly proposed [43]. The DEM characterizes soil prop-

erties at the particle level with simple inter-particle contact

laws, which have been widely used to investigate soil behav-

iors [30,47–49]. Although as a result of the limitation of the

calculation capability of current computers, it is still difficult

to simulate large geotechnical problems by DEM, especially

in the case that a true-scale system is to be reproduced with

an extremely large number of particles. Although, it is not

possible to completely eliminate the size/scale effect of a

DEM model which contains insufficient number of particles

or ratio of specimen to mean grain size as compared to the

actual laboratory or field-scale model. However, the model

behavior allows the understanding of the physical princi-

ples governing the macroscopic soil behavior as long as a

characteristic mode of strain localization (e.g., a uniform

global failure mode or a progressive failure mode) can be

captured [50]. The shear strength of a granular specimen dis-

playing a uniform global failure mode represents its true full

strength, while that corresponding to a progressive failure

mode represents a nominal, less-than-full strength. Which

case should be used in the interpretation of a full-scale field

behavior depends on the exact strain localization mode occur-

ring in the field, which is a complex function of the soil

condition, boundary condition and loading condition. The

size/scale effect, provided that there is an enough ratio of

specimen to mean grain size in the DEM model, will then

not be a big concern. The pressure level affects also the DEM
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results for small granular specimens. It is a basic knowledge

in Soil Mechanics that initially dense soils may demonstrate

‘strain-hardening’ relationship between deviator stress and

strain together with shear-contraction under high confining

pressures, although they show ‘strain-softening’ relationship

together with shear-dilatancy under low confining pressures.

Such a pressure-dependent behavior can be naturally cap-

tured by DEM material in element tests. It can also be well

reflected in DEM analyses of boundary-value problems. In

order to reproduce the stress state in the actual field engineer-

ing problems or laboratory-scale physical model tests (e.g.,

centrifuge test), a large size of the specimen with the origi-

nal gravity can be used if one has supercomputers or a small

size of the specimen with an amplified gravity (ng) can be

employed if one has PCs. Therefore, some researchers have

used this method to analyze boundary-value problems [51–

54] including earth pressure-related problems [55–58].

Particle rotation has been found to be significant in

affecting the behavior of granular materials. Inter-particle

rolling, as a micro-scale deformation mechanism, affects the

peak strength of granular materials, and leads to extensive

dilatancy of granular media [59–63]. Particle rotation has

also been regarded as an important factor in elastic micro-

mechanical models [64–66]. Thus to study the earth pressure

against the rigid wall, considering inter-particle rolling resis-

tance is very necessary.

Several contact models considering particle rolling resis-

tance have been proposed [61,64,67,68], among which the

model proposed by Iwashita and Oda [61] is well known.

However this model needs several parameters to define

rolling resistance, which needs to be determined through trial

and error. In view of this limitation, Jiang et al. [69] proposed

another rolling resistance contact model (Jiang’s model for

short) for granular materials, which consists of a geometri-

cally derived kinematical model, physically based mechan-

ical contact models and locally equilibrated equations gov-

erning the motion of the rigid particles. Only one parameter

is needed to quantify the rolling resistance in Jiang’s model.

So, in this study, this new rolling resistance contact model

will be used to analyze the earth pressure problem.

The paper aims to analyze the earth pressure against a

rigid wall subjected to various displacement modes with the

contact model considering inter-particle rolling resistance.

For this aim, Jiang’s model is implemented in a DEM soft-

ware [46] and the parameters of the contact model are first

determined from a DEM simulation of biaxial tests on a sandy

specimen. The influence of inter-particle rolling resistance

in the backfill is then discussed by comparing the active and

passive earth pressure against a rigid wall subjected to a trans-

lational displacement with and without inter-particle rolling

resistance in the material. Next, the DEM considering the

rolling resistance is used to investigate active and passive

earth pressures while the rigid wall moves in a more gen-

eral manner such as rotation or translation. The influence of

rolling resistance on the earth pressures is examined from the

microscopic particle scale (e.g., shear strain field) as well as

the macroscopic scale (e.g., the magnitude and action point of

resultant earth pressures). Finally, several other factors such

as the initial density and the mean grain size are discussed in

detail.

2 A contact model for granular materials considering

inter-particle rolling resistance

Jiang et al. [69] proposed a contact model for considering the

inter-particle rolling resistance in granular materials such as

soils. The standard DEM assumption that grains are in con-

tact at discrete points was replaced here by the assumption

that grains are in contact over a width. Assuming that nor-

mal/tangential basic elements continuously distributed along

the grain contact width, Jiang et al. [69] established a rolling

contact model in addition to normal/tangential contact mod-

els, and also related the governing equations to local equilib-

rium. The model only introduces one parameter, i.e. rolling

resistance coefficient δ, to reflect the actual situation between

particles. Because only one parameter δ is needed in compar-

ison to the standard DEM, the model has solved the drawback

of having a lot of parameters which are difficult to determine

in a typical discrete element in [61].

Figure 1 demonstrates schematic illustration of the contact

model proposed for grains and its mechanical response. The

complete mechanical contact model is composed of normal,

tangential and rolling contact components, in which a normal

contact model is to resist normal force, a tangential contact

model to resist shear force and a rolling contact model to

resist rolling. In Fig. 1b, a normal contact model does not bear

the tension, and the model only resists normal pressure which

is proportional to the amount of particle overlap, namely,

Fn = kn × un (1)

where kn is the normal contact stiffness (in N/m in a two-

dimensional system), and un is the overlap amount of inter-

particles.

Figure 1c shows that the tangential force is proportional to

the tangential displacement and is calculated by incremental

method, which can be seen in Eq. (2). The tangential force

increases linearly within a certain range of particles relative

sliding displacements, and then maintains a constant value

when tangential force reaches to maximum value which is

determined by friction coefficient multiplied by the normal

contact force.

Fs = ks × us (2)
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Fig. 1 Schematic illustration of the contact model proposed for grains and its mechanical response: a a contact model with rolling resistance;

b normal direction; c tangential direction; d rolling direction

where ks is the tangential contact stiffness, and us is the

tangential relative displacements between the particles.

The rolling contact model is characterized by the stiffness

km ; when the plastic rolling occurs, the rolling resistance

at the contact is maintained at a value defined by Mohr–

Coulomb type criterion in Model 1 or abruptly reduces to

zero in Model 2 in Fig. 1d. This paper chooses Model 1 in cal-

culation. Note that non-classical medium, such as Cosserat

mechanics, is assumed here, and therefore the presence of the

couple stresses gives rise to non-symmetry of the stress ten-

sor. However, there is a gap between micro-mechanics and

macro-mechanics on granular material. The couple between

the particles is calculated by incremental method and relates

to these factors, rolling resistance coefficient, particle con-

tact normal force, average particle radius and relative rotation

velocity. It is calculated as follows:

M =

{

km × θ θ ≤ θr

M p θ ≥ θr (3)

where M is the couple at contact; M p is peak couple at con-

tact, which is numerically equal to km multiply by θr; θr is

the critical relative rotation angle according to Eq. (4); km is

the rolling contact stiffness, which is determined by Eq. (5).

θr =
2 × Fn

kn × r × δ
(4)

where δ is the rolling resistance coefficient.

km =
kn × r2 × δ2

12
(5)

where r is the average radius of the contact particles, namely:

r =
2r1r2

r1 + r2
(6)

where r1 and r2 are the radius of two contact particles respec-

tively.

Couple damping coefficient doesn’t need to additionally

specify and can be calculated as follows through the normal

damping coefficient:
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µm = µn ×
r2 × δ2

12
(7)

where µm is couple damping coefficient; µn is normal damp-

ing coefficient. Note that Eqs. (4), (5) and (7) are based

on solid mechanics, and their validity has been numeri-

cally checked by Jiang et al. [69]. The detailed formulation

can be read from [61]. The salient features of the formula-

tion are: (1) it consists of a geometrically derived kinemati-

cal model, physically based mechanical contact models and

locally equilibrated equations governing the motion of the

rigid particles; (2) Only one additional parameter δ needs to

be introduced in the model when compared with the standard

DEM.

It is known that rolling resistance (couple) does not affect

the translational motions of grains but does affect the angular

motion of grains. Hence, the couple at each direct contact

must be summed up in affecting the angular motion of a

grain. For disc j with radius r j , the contact forces F
(q)
n , F

(q)
s

and couple M (q) are summed over p neighbors, which then

govern the motion of the disc in both X and Y directions and

the rotation about the center of mass shown in Eq. (8).

ẍ
j

i =
1

m j

p
∑

q=1

F
(q)

i , θ̈ j =
1

I j

⎛

⎝

p
∑

q=1

r j F
(q)
s +

p
∑

q=1

M (q)

⎞

⎠

(8)

where F
(q)

i is xi component of the resultant force at contact q

and i = 1, 2, representing X and Y directions, respectively.

3 DEM model of retaining wall

The DEM model of a retaining wall was made to facilitate

a direct comparison with the experimental results of Fang

et al. [16], Fang and Ishibashi [17] and Fang et al. [18]. A

series of model tests was conducted under plane-strain con-

ditions to investigate the active and passive earth pressure

in response to different wall displacement modes using two

rigid model walls: one was 0.5 m high [16,18] and the other

was 1.0 m high [17]. The air-dried Ottawa silica sand was

used in the model tests with the relative densities ranging

from 19.2 to 80 %, indicating a variety of density conditions.

Table 1 lists a few key model parameters used in their tests.

To compare DEM results directly with the experimental

test of Fang and Ishibashi [17], the plane strain discrete cal-

culations were performed with a gravitational field of 5g.

Figure 2 presents the DEM model of the retaining wall with

the sandy backfill. The model size of the ground is 625 mm

wide and 250 mm high. Under the action of 5g gravity field,

the model is 3.125 m wide and 1.25 m high, filled with a

poly-dispersed, well-compacted granular assembly which is

composed of rigid 103,132 discs with the diameters uni-

formly ranging between 0.78 and 1.94 mm giving a mean

diameter d50 of 1.36 mm. The multi-layer under-compaction

technique proposed in [70] was used to generate the homo-

geneous samples with different target values of the void

ratio, i.e., e = 0.20, 0.22, 0.25, 0.33, representing a vari-

ety of packing conditions ranging from very dense to very

Retaining wall

Measurement circle

Fig. 2 DEM model of the retaining wall with the layout of measure-

ment circles

Table 1 Summary of model parameters used in the model tests [16–18]

Test no. Displacement mode Dr (%) Wall height (m) Peak internal

friction angle

Residual internal

friction angle

References

1 Passive T 38 0.5 33.0◦ 31.5◦ Fang et al. [16]

2 Passive T 63 0.5 38.3◦ 31.5◦ Fang et al. [16]

3 Passive T 80 0.5 42.1◦ 31.5◦ Fang et al. [16]

4 Active T 24.8 1.0 34.0◦ – Fang and Ishibashi [17]

5 Active RT 30.1 1.0 34.9◦ – Fang and Ishibashi [17]

6 Active RB 21.4 1.0 33.4◦ – Fang and Ishibashi [17]

7 Passive T 19.2 0.5 30.9◦ – Fang et al. [18]

8 Passive RT 19.2 0.5 30.9◦ – Fang et al. [18]

9 Passive RB 19.2 0.5 30.9◦ – Fang et al. [18]
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Table 2 Model parameters used in the DEM simulations

Parameters Value

Total number in sample 103,132

Particle density (kg/m3) 2,600

Initial void ratio 0.20, 0.22, 0.25, 0.33

Inter-particle normal contact

stiffness (N/m)

7.5 × 107

Inter-particle tangential contact

stiffness (N/m)

5.0 × 107

Interparticle coefficient of friction 0.7

Wall-particle normal stiffness (N/m) 7.5 × 107

Wall-particle tangential stiffness (N/m) 5.0 × 107

Coefficient of wall friction 0.5

Rolling resistance 0, 1.0

loose. Each initial void ratio of the samples was achieved by

generating and compacting five equal sub-layers of granular

materials, with the planar void ratio of each new sub-layer

being slightly smaller than that of the previous accumulated

sub-layers. The initial void ratio e = 0.25, representing a

medium-dense material with slight strain softening and vol-

umetric dilatancy, is used as the basic case to be analyzed in

Sects. 4–6, while the results obtained from other void ratios

will be discussed in detail in Sect. 7. The DEM parameters

of the granular material used in this study are provided in

Table 2. These parameters were obtained from the model cal-

ibration on a series of DEM simulations of the biaxial com-

pression tests, which ultimately produced realistic macro-

scopic mechanical properties (e.g., the internal friction angle

in this study) comparable to the experimental data.

As shown in Fig. 2, the mobile retaining wall is made of

the upper 1 m-high section of the left boundary, with the

lower 0.25 m-high section being fixed. In this study, three dis-

placement modes of the retaining wall, namely, translation (T

mode), rotation about the bottom of the wall (RB mode) and

rotation about the top of the wall (RT mode) are simulated and

the lateral earth pressure induced by these three displacement

modes under the active and passive states are investigated.

In order to measure the stress state of filled soil behind the

retaining wall under different displacement modes, ten mea-

surement circles with the equal radius of 0.05 m were placed

behind the retaining wall (Fig. 2). These measurement cir-

cles, each containing about 200 particles, can move simulta-

neously with the retaining wall subjected to various displace-

ment modes. The average stress tensor σ̄i j was calculated in

each pre-defined measurement circle that covers a volume of

V by the following equation:

σ̄i j =
1

V

∑

Np

σ̄
(P)
i j V (P) (9)

where Np is the number of particles within the volume V ;

and σ̄
(P)
i j is the average stress tensor in particle (P) with a

volume of V (P), and it can be computed by:

σ̄
(p)

i j = −
1

V (p)

∑

Nc

∣

∣

∣
x

(c)
i − x

(p)

i

∣

∣

∣
n

(c,p)

i F
(c)
j (10)

where Nc is the number of contact; x
(c)
i , F

(c)
j are the location

and force, respectively, acting at contact (c); x
(p)

i is the loca-

tion of the particle centroid; n
(c,p)

i is the unit-normal vector

directed from the particle centroid to the contact location,

and is a function of both the contact and the particle.

The schematic diagrams illustrating the three displace-

ment modes under the active and passive states are shown

in Figs. 3 and 4, respectively. The velocities of the translat-

ing retaining wall are 1.3 × 10−4 and 6.5 × 10−4 m/s in

active T mode and passive T mode, respectively; and the

rotation velocity of the retaining wall is 6.5 × 10−4 rad/s.

These values were chosen by justifying the velocities until

the quasi-static conditions were satisfied. Note that although

real granular materials demonstrate rate-dependent behav-

ior in laboratory [42], the retaining wall velocities can be

neither too large nor too small in the DEM simulations. If

the wall moves too fast, the particles behind the wall cannot

synchronously move together with the wall especially in the

active modes. If the wall moves too slowly, the simulation

will become unaffordable due to high computational cost.

Fig. 3 Three types of active wall movement: a T mode; b RB mode; c RT mode
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Fig. 4 Three types of passive

wall movements: a T mode; b

RB mode; c RT mode

4 Influence of inter-particle rolling resistance

Figure 5 presents the effect of the rolling resistance coeffi-

cient on the peak and residual internal friction angle obtained

from biaxial compression simulations on a sample with

e = 0.25. It is obvious that the peak and residual friction

angles increase with the increasing of rolling resistance coef-

ficient. A realistic value of the internal friction angle of soils

can be produced by using the rolling resistance contact model

with a properly selected value of δ. In the current study, the

rolling resistance coefficient should take such a value that

the residual internal friction angle is equal to 30◦, if the

DEM results will be completely compared to experimental

data obtained from tests on real sands. However, we did not

aim to simulate a realistic granular material completely (e.g.,

Ottawa silica sand) with a 2D DEM. The detailed explana-

tion will be illustrated in Sect. 7. Instead, we ensure that the

rolling resistance coefficient chosen should fall itself into a

reasonable range and renders a peak internal friction angle

equal to 30◦. Hence, the rolling resistance coefficient takes

a value of 1.0, which yields the peak friction angle of 29.3◦

and the residual angle of 22.6◦.

In the following, the influence of inter-particle rolling

resistance in the granular backfill is demonstrated by com-

paring the active and passive earth pressures under the T

mode computed with (δ = 1.0) and without (δ = 0.0) the

inter-particle rolling resistance.
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Fig. 6 Influence of inter-particle rolling resistance on active earth pres-

sure in T mode: a total earth pressure and its point of the resultant in

the two case of δ = 0.0 and δ = 1.0; b distribution of earth pressures

along the depth of the wall

Figure 6a compares the active total earth pressure and its

point of the resultant in the two cases of δ = 0.0 and δ =

1.0. Figure 6a shows that when the wall moves away from

the soil mass, the total earth pressures of both cases firstly

decrease then reach a relatively stable value. The total active

earth pressure profile of δ = 1.0 is apparently lower than

that of δ = 0.0. The point of the resultant in the case of

δ = 0.0 is located at the 0.3H, which is slightly lower than

that of δ = 1.0. Figure 6b provides the distributions of earth
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pressure along the height of the wall with different amounts

of wall movement (Smax/H), in which Smax represents the

maximum displacement of the rigid retaining wall and H

is the height of the wall. It is found that the earth pressure

distribution maintains a roughly linear profile and decreases

with the increasing wall movement; but at any instance of

wall movement, the profile of δ = 1.0 is apparently lower

than that of δ = 0.0. This result indicates that given the same

amount of lateral strain (i.e., in the sense of biaxial extension

with the constant vertical major principal stress), the granular

material with inter-particle rolling resistance will mobilize a

higher deviator stress.

A similar comparison of the earth pressures under the

passive state is presented in Fig. 7. It is clear that the effect

of inter-particle rolling resistance is much more pronounced

now, reflected in the considerably higher total passive earth

pressure profile (Fig. 7a) and the earth pressure distribution

profiles of the case of δ = 1.0 (Fig. 7b). This enhanced

effect of rolling resistance stems from the much higher devi-
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Fig. 7 Influence of inter-particle rolling resistance on passive earth

pressure in T mode: a total earth pressure and its point of the resultant

in the two case of δ = 0.0 and δ = 1.0; b distribution of earth pressure

along the depth of the wall

ator stress mobilized in the biaxial compression deformation

(with the constant vertical minor principal stress).

Based on the above results, the influence of inter-particle

rolling resistance on the lateral earth pressures mobilized

in the T mode is obvious. In the following sections, we

shall present the simulation results with δ = 1.0 for all the

three displacement modes and the associated micromechan-

ical deformation mechanisms.

5 Active earth pressures under different displacement

modes

Figure 8 presents the active total earth pressure against the

retaining wall and its point of the resultant with the chang-
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Fig. 8 Total earth pressure against the retaining wall and its point of

the resultant with changing displacement in the three modes at active

state: a T mode; b RB mode; c RT mode
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ing displacement in the three modes. Figure 8 shows that the

overall profiles of the total earth pressure are similar for all

the cases, with an initial rapid reduction of the earth pressure

with the increasing wall displacement followed by a rela-

tively stable regime extending to large displacements. How-

ever, the minimum earth pressure achieved in the T mode

is obviously less than those in the RB and RT modes. This

is attributed to the development of a more extensive strain

localization zone within the granular backfill and the asso-

ciated higher mobilized shear strength in the T mode. More

supporting evidence of this statement will be shown below. It

is also noted that the minimum earth pressure is achieved at

a much larger displacement in the RB mode than in the other

two modes. This may be caused by the non-linear behavior

of the granular material and different stress states in different

displacement modes. Furthermore, the location of the resul-

tant is found to vary in the three cases, with the values of

h/H being equal, slightly below and slightly above 0.33 in T

mode, RB mode and RT mode, respectively. This observation

fully agrees with the expectation since nonlinear profiles of

earth pressure distribution will be generated in the two rota-

tion modes, as will be shown below.

Figure 9 presents the normalized resultant active earth

pressure coefficient Kh obtained from the DEM simulation,

where Kh is defined as the ratio of the normal component

of the total thrust to γH2/2. The horizontal earth pressure

distributions in the three displacement modes are shown

in Figs. 10, 11, and 12, in which the theoretical asymptote

according to Coulomb’s theory with the related value of the

friction angle was added to facilitate a comparison to the

analytical results. The values of Kh obtained from the sim-

ulations are reasonable in terms of the order of magnitudes

compared with the theoretical value according to Coulomb’s

solution (i.e., Kh = 0.304). The profiles of the earth pressure

distribution are roughly linear, biased towards the top of the
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Fig. 9 The normalized resultant active earth pressure coefficient Kh

with changing displacement in the three modes at active state obtained

from the DEM simulation
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state in the DEM simulation
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wall and biased towards the bottom of the wall in T mode,

RB mode and RT mode, respectively.

To gain more insights into the earth pressure mobilized,

we examine the shear strain fields of the granular backfill

in the three displacement modes as shown in Fig. 13. The
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Active T

Active RB

Active RT

Fig. 13 Shear strain field in the medium-dense backfill at active mode

in the case of Smax/H = 0.0156 obtained from the DEM simulations

shear strain fields are generated using the mesh-free method

proposed by Wang and Gutierrez [50] and Wang et al. [72].

It is found that at a displacement of Smax/H = 0.0156,

a distinct inclined shear band has developed in RT mode,

corresponding to the limit active earth pressure mobilized at

this large deformation stage, while the strain is less localized

in the other two modes. The inclination angle of the shear

bands is in the range of 58◦–64◦, and the thickness of the

shear bands is about 9.52–21.8 mm, i.e., (7–16) d50.

6 Passive earth pressure under different displacement

modes

Figure 14 provides the passive total earth pressure and its

point of the resultant with the changing displacement in the

three modes. In contrast to the active case, the total thrust

now increases rapidly and reaches a relatively stable value

at large displacement in the T mode and RT mode. Such a

trend is less well-defined in the RB mode, lacking of a clear

stable regime within the applied displacement range. Similar

to the active case, a larger deviator stress is mobilized in the

T mode, resulting in a larger total passive thrust than in the

other two modes. The location of the resultant in the T mode

is nearly equal to 0.33, but slightly above and below 0.33 in
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Fig. 14 Total earth pressure against the retaining wall and the point of

the resultant with changing displacement at passive state: a T mode; b

RB mode; c RT mode

the RB mode and RT mode, respectively. The latter result is

opposite to that of the active case, resulting from the different

earth pressure distributions in the passive case.

Figure 15 shows the normalized resultant passive earth

pressure coefficient Kh obtained in the passive case. The

values of Kh in each displacement mode increases and grad-

ually reach a stable value. The value of Kh of T mode obtained

from the simulations is reasonable in terms of the order of

magnitude compared with the theoretical value according to

Coulomb’s solution (i.e., Kh = 7.96). Detailed distributions

of earth pressure along the height of the wall in the three

modes are shown in Figs. 16, 17, and 18, in which the the-
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with changing displacement in T mode, RB mode and RT mode at

passive state obtained from the DEM simulation
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Fig. 16 Distribution of Horizontal Earth Pressure for T Mode at pas-

sive state in the DEM simulation

oretical asymptote according to Coulomb’s theory with the

related value of the friction angle was added to facilitate a

comparison to the analytical results. Increasing earth pres-

sures with the wall displacement are found in each mode,

with the limit passive earth pressure reached at a larger dis-

placement in the T mode than in the other two modes. The

degrees of nonlinearity of the earth pressure profiles are gen-

erally higher than those of the active case, which is resulted

from the higher degrees of the non-uniformity of strain local-

ization.

The shear strain fields shown in Fig. 19 illustrate the shear

bands developed at large displacement in the three modes.

Compared with the results obtained in the active mode (see

Fig. 13), the passive wall motions give rise to a larger incli-

nation of the shear bands, indicating the involvement of a

larger amount of matrix soil in the strain localization process.

Note that not all contacts in the shear band arrive at a plastic

stage at large displacement in the three modes. For example,

the percentage of contacts within the shear band in Passive T

mode arriving at a plastic state in the tangential direction (i.e.
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Fig. 17 Distribution of Horizontal Earth Pressure for RB Mode at pas-

sive state in the DEM simulation
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Fig. 18 Distribution of Horizontal Earth Pressure for RT Mode at pas-

sive state in the DEM simulation

sliding) and in the rotation direction is 57.9 % and 34.8 %,

respectively, at Smax/H = 0.15 in Fig. 19. Besides, only a

low percentage of contacts in the ground arrive at a plastic

stage at large displacement in the three modes, e.g., 3.83 %

and 2.13 % in the tangential direction and in the rotation

direction, respectively, at Smax/H = 0.15 in Passive T mode,

which indicates that the boundary effect must be quite little.

In the case of passive RB, the pattern of strain localization

is a triangle form behind the retaining wall. The pattern of

strain localization of passive RT is similar to that of passive

T mode, while the strain localization in the case of T mode is

much obvious. The inclination of the shear bands obtained in

the simulations is in the range of 24◦–30◦, and the thickness

is about 11 mm (i.e., 8d50).

7 Discussions

7.1 Effect of the initial density of the backfill

The effect of the initial density of the backfill was investigated

through DEM simulations of the wall subjected to passive
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Passive T (Smax/H =0.15)

Passive RB (Smax/H =0.0611)

Passive RT(Smax/H =0.0611)

Fig. 19 Shear strain field in the medium-dense backfill at passive mode

obtained from the DEM simulations

displacements and embedded in backfills with different initial

void ratios, i.e., e = 0.20 (denoted as dense), 0.22 (denoted as

medium A), 0.25 (denoted as medium B), and 0.33 (denoted

as loose), while the other parameters remained the same.

Figure 20 presents the simulation results obtained from

the biaxial compression tests under a confining pressure of

25 kPa on samples of different void ratios. It is clear that the

typical deviatoric stress-volumetric strain-axial strain rela-

Table 3 Strength indexes of the backfill samples at different initial void

ratios

Sample no. Void ratio e Description Peak

internal

friction

angle

Residual

internal

angle

1 0.20 Dense 35.2◦ 23.5◦

2 0.22 Medium dense A 32.4◦ 23.1◦

3 0.25 Medium dense B 29.3◦ 22.6◦

4 0.33 Loose 22.6◦ 22.6◦

tionships of a dense sand were obtained at e = 0.20. The

features of dilatancy-induced strength and subsequent strain-

softening are much less pronounced in the two medium-dense

samples than the dense one. In contrast, the sample with

e = 0.33 exhibits strain-hardening and volumetric contrac-

tive behavior as a typical loose granular material. Neverthe-

less, the stress-strain relationships of all samples coincide

at large axial strains once the critical state is approached,

indicating that the residual strength remains approximately

the same regardless of the initial density of the samples. The

biaxial compression simulations were also performed under

other confining pressures (i.e., 100 and 200 kPa), and the

corresponding results are tabulated in Table 3, which con-

firms that the samples of different initial density have dif-

ferent values of the peak internal friction angle but have

almost an identical value of the residual friction angle

about 23◦.

Figure 21 provides the normalized resultant earth pres-

sure coefficient Kh of backfills with different initial densities

when the wall is subjected to passive T mode movement. As

shown in Fig. 21a, the simulated Kh—displacement diagram

is strongly affected by the void ratio of the backfill. The coef-

ficient Kh monotonically increases against the displacement

(i.e., ‘hardening’) in the case of a loose backfill at e = 0.33.

With the decrease of the void ratio, Kh gradually exhibits
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Fig. 20 Mechanical behavior obtained from the DEM biaxial compression tests on the sample with four different void ratios: a stress–strain

behavior; b volumetric strain response
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Fig. 21 The normalized resultant passive earth pressure coefficient Kh obtained from backfills with different void ratios: a DEM simulation; b

experiments conducted by Fang et al. [16]
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Fig. 22 The normalized resultant passive earth pressure coefficient Kh for an initially dense material: a DEM simulation in this study; b DEM

simulation conducted by Widulinski et al. [35]

‘softening’. This agrees well with the experimental obser-

vation under different relative densities [16] as illustrated in

Fig. 21b. It is noted that strain-softening response in the ele-

ment tests does not necessarily result in softening response

in Kh—displacement diagram. For instance, Kh is softening

at e = 0.22 and hardening at e = 0.25, although both cases

exhibit softening in the biaxial compression test simulations

as shown in Fig. 20a.

Figure 22a presents the normalized resultant passive earth

pressure coefficient Kh obtained from the dense case (i.e.,

e = 0.20) when the wall is subjected to different passive

displacement modes. In contrast to Fig. 15a in the medium-

dense case, Fig. 22a shows that Kh increases up to the peak

and then decreases to a steady value in the cases of T mode

and RT mode, while it continuously increases up to a steady

value in the case of RB mode. Compared to the DEM results

obtained by Widulinski et al. [35] shown in Fig. 22b, our

DEM results show that the variation of the normalized resul-

tant passive earth pressure coefficient Kh for an initially

dense material agrees qualitatively with the results obtained

by Widulinski et al. [35], although there exists some quantita-

tive differences between them. Such quantitative differences

come from the fact that different internal friction angle and

different coefficient of wall friction are used in the two cases.

Figure 23 presents the shear strain field obtained from DEM

simulations in comparison with the experimental results [64].

Similar to experimental results, DEM simulations show that

the strain localization is more obvious in T mode and RT

mode than RB mode.

Figure 24a provides the normalized resultant passive earth

pressure coefficient Kh obtained from the loose case (i.e.,

e = 0.33) when the wall is subjected to different passive

displacement modes. Different from Fig. 22a, Kh in Fig. 24a

presents hardening behavior regardless of the displacement

modes. This agrees well with the experimental observation

made by Fang et al. [18] using an initially loose sand with

relative density Dr =19.2 % as show in Fig. 24b. Figure 25

presents the shear strain field obtained from DEM simula-

tions in the loose case in comparison with the experimental

results obtained by Niedostatkiewicz et al. [71] under similar

conditions. Similar to the dense case (see Fig. 23), simula-

tions and experiments in the loose case both show that the

strain localization is less obvious in the RB mode than that

in the other two modes.
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(a) (b)

Fig. 23 Shear strain field in initially dense backfill obtained from: a DEM simulations; b DIC experiments conducted by Niedostatkiewicz et

al. [71]
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Fig. 24 The normalized resultant passive earth pressure coefficient Kh for an initially loose material: a DEM simulation; b experiments conducted

by Fang et al. [18]

7.2 Effect of the mean grain size

The effect of the mean grain diameter, d50, was investigated

by changing the size of soil particles used in the DEM simula-

tions while the other parameters including the initial density

of backfills remained unchanged. Three configurations of the

particle gradation were used: (1) the small case with a parti-

cle size range of 0.78–1.94 mm with d50 = 1.36 mm; (2) the

medium case with a particle size range of 1.014–2.522 mm

with d50 = 1.768 mm; and (3) the large case with a particle

size range of 1.56–3.88 mm with d50 = 2.72 mm. Note that

the gradation curves of these three cases are parallel.

Figure 26 presents the effect of the mean grain diameter

on the coefficient Kh when the wall is subjected to a pas-

sive translational movement. Despite of the initial density

of backfills, the coefficient Kh increases with the increase

of the mean grain size. However, the difference between the

medium case and the large case is less appreciable.

Note that, in this paper, we used two-dimensional DEM to

study earth pressure against a rigid retaining wall under vari-
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Fig. 25 Shear strain field in initially loose backfill obtained from: a DEM simulations; b DIC experiments conducted by Niedostatkiewicz et al. [71]
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Fig. 26 Effect of the mean grain size on the earth pressure coefficient: a medium dense backfill; b dense backfill

ous wall movement modes with a contact model considering

different inter-particle rolling resistances. The substantive

characteristics of choosing different rolling resistance coef-

ficients under the same void ratio are to change the relative

density of the specimen (Dr). A realistic value of the internal

friction angle of soils can be produced by using the rolling

resistance contact model with a properly selected value of

δ, due to the peak and residual friction angles increase with

the increasing of rolling resistance coefficient given the same

void ratio.

We did not aim to simulate a realistic granular mater-

ial completely (e.g., Ottawa silica sand) with a 2D DEM.

This is because 2D DEM is not good enough to capture the

post-failure volumetric strain behavior of materials since the

particles cannot move spatially into adjacent voids as accu-

rately as in three-dimensional simulations. Although three-
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dimensional (3D) DEM appears to be a promising option for

the analyses, the 2D modeling is the only possible choice

at this stage. This is because the size effect and boundary

effect must be reduced to the minimum in the DEM analy-

sis of the large-scale boundary-value problem in the study,

which requires an extremely large number of particles and

which analysis is possible only by 2D DEM for current PCs.

In addition, in terms of visualizing stress fields and velocity

fields etc., 2D DEM is better than 3D DEM. Besides, from

the geotechnical engineering viewpoint, 2D DEM can cap-

ture the strength features of soils, with reasonable contact

models and carefully determined parameters, as well as the

material failure and instability, which is the most important

for the boundary-value problem in the study.

8 Conclusion

The paper considers the influence of inter-particle rolling

resistance in the sandy backfill for the active and passive

earth pressure of a translating retaining wall. The earth pres-

sure against a rigid retaining wall under various wall move-

ment modes is analyzed with a contact model considering

inter-particle rolling resistance implemented into the DEM.

Earth pressure law is examined from the microscopic parti-

cle scale as well as the macroscopic scale. The DEM simu-

lation outcomes considering inter-particle rolling resistance

are appropriate and are in line with the previous experimental

results.

(1) Considering inter-particle rolling resistance, the amount

and the position of the earth pressure are distinct in differ-

ent displacement modes of the retaining wall. The more

displacement quantities the wall moves toward the soil

mass, the greater the resultant force is; the greater dis-

placement quantities the wall moves away the soil mass,

the smaller the total earth pressure is. The point of the

resultant slightly differs from the position of Coulomb

theory 0.33H , and it varies with displacement modes.

(2) The evolution of the normalized resultant earth pres-

sure coefficient Kh is affected by the wall displacement

modes. In the case of medium dense backfills e = 0.25,

the coefficient Kh drops rapidly at the beginning and then

reaches a constant with increasing wall displacement in

the active state, while it rapidly increases and then grad-

ually approaches a constant in the passive state.

(3) The normalized resultant earth pressure coefficient Kh is

strongly affected by the initial density of backfills. When

the wall is subjected to translational passive movement,

the Kh changes nonlinearly with the increase of wall dis-

placement, switching from the hardening to the softening

as the initial state of the packed backfills changes from

the loose to the dense. In contrast, the Kh – Smax/H rela-

tion demonstrates either hardening or softening feature

for the medium-dense backfills even they exhibit a strain-

softening response in the biaxial compression tests.

(4) The earth pressure coefficient Kh increases with increas-

ing particle size in the small strain, while the distinct

difference begins to become inconspicuous among the

three cases of mean grain size when the critical state is

reached.

Acknowledgments The research was funded by the China National

Funds for Distinguished Youth Scientists with Grant No. 51025932,

the National Natural Science Foundation of China with Grant Nos.

41102173, 51109182. All the supports are greatly appreciated. The

authors would also like to thank the comments from two anonymous

reviewers that certainly improved the quality of the paper.

References

1. Coulomb C.A.: Essai sur une application des regles des maximis et

minimis a quelques problemes de statique relatifs a l’architecture.

Memoires de l’Academie Royale pres Divers Savants, vol. 7, pp.

343–387 (in French)

2. Rankine, W.J.M.: On the stability of loose earth. Scotl. Philos.

Trans. R. Soc. Lond. 147, 9–27 (1857)

3. Bang, S.: Active earth pressure behind retaining walls. J. Geotech.

Eng. (ASCE) 111(3), 407–412 (1985)

4. Handy, R.L.: The arch in soil arching. J. Geotech. Eng. (ASCE)

111(3), 302–318 (1985)

5. Harrop-Williams, K.: Arching in soil arch. J. Geotech. Eng.

(ASCE) 115(3), 415–419 (1989)

6. Paik, K.H., Salgado, R.: Estimation of active earth pressure against

rigid retaining walls considering arching effect. Geotechnique

53(7), 643–645 (2003)

7. Chang, M.F.: Lateral earth pressure behind rotating walls. Can.

Geotech. J. 34(2), 498–509 (1997)

8. Terzaghi, K.: Record earth pressure testing machine. ENR 109(29),

365–369 (1932)

9. Terzaghi, K.: Large retaining wall test I-pressure of dry sand. ENR

112(1), 136–140 (1934)

10. Terzaghi, K.: Large retaining wall test II-pressure of saturated sand.

ENR 112(22), 259–262, 316–318, 403–406, 503–508 (1934)

11. Schofield, A.N.: The development of lateral force of sand against

the vertical face of a rotating model foundation. In: Proceedings of

the 5th International Conference on Soil Mechanics and Foundation

Engineering, Paris, vol. 2, pp. 479–494 (1961)

12. Matteotti, G.: Some results of quay-wall model tests on earth pres-

sure. Proc. Inst. Civ. Eng. Lond. 47, 184–204 (1970)

13. Bros, B.: The influence of model retaining wall displacements on

active and passive earth pressure in sand. In: Proceedings of the

5th European Conference on Soil Mechanics, vol. 1, pp. 241–249

(1972)

14. Sherif, M.M., Mackey, R.D.: Pressure on retaining wall with

repeated loading. J. Geotech. Eng. (ASCE) 103(11), 1341–1345

(1977)

15. Matsuo, M., Kenmochi, S., Yagi, H.: Experimental study on earth

pressure of retaining wall by field test. Soils Found. 18(3), 27–41

(1978)

16. Fang, Y.S., Ho, Y.C., Chen, T.J.: Passive earth pressure with

critical state concept. J. Geotech. Eng. (ASCE) 128(8), 651–

659 (2002). http://ascelibrary.org/doi/abs/10.1061/%28ASCE%

291090-0241%282002%29128%3A8%28651%29

123

http://ascelibrary.org/doi/abs/10.1061/%28ASCE%291090-0241%282002%29128%3A8%28651%29
http://ascelibrary.org/doi/abs/10.1061/%28ASCE%291090-0241%282002%29128%3A8%28651%29


Distinct simulation of earth pressure against a rigid retaining

17. Fang, Y.S., Ishibashi, I.: Static earth pressure with various wall

movements. J. Geotech. Eng (ASCE) 112(3), 317–333 (1986)

18. Fang, Y.S., Chen, T.J., Wu, B.F.: Passive earth pressure with vari-

ous wall movements. J. Geotech. Eng. (ASCE) 120(8), 1307–1323

(1994)

19. Clough, G.W., Duncan, J.M.: Finite element analysis of retain-

ing wall behavior. J. Geotech. Eng. (ASCE) 97(12), 1657–1673

(1971)

20. Ozawa, Y., Duncan, J.M.: Elasto-plastic finite element analyses of

sand deformations. In: Proceedings of 2nd International Confer-

ence on Numerical Methods in Geomechanics, Blacksburg, USA,

pp. 243–263 (1976)

21. Nakai, T.: Analysis of earth pressure problems considering the

influence of wall friction and the wall deflection. In: Proceed-

ings of the 5th International Conference on Numerical and Ana-

lytical Methods in Geomechanics. Nagoya, Japan, pp. 765–772

(1985)

22. Potts, D.M., Fourie, A.B.: A numerical study of the effects of

wall deformation on earth pressure. Int. J. Numer. Anal. Methods

Geomech. 10, 383–405 (1986)

23. Bhatia, S.K., Bakeer, R.M.: Use of the finite element method in

modeling a static earth pressure problem. Int. J. Numer. Anal. Meth-

ods Geomech. 13, 207–213 (1989)

24. Matsuzawa, H., Hazarika, H.: Analyses of active earth pressure

against rigid retaining walls subjected to different modes of move-

ment. Soils Found. 36(3), 51–65 (1996)

25. Rudnicki, J.W., Rice, J.R.: Conditions for the localization of defor-

mation in pressure-sensitive dilatant materials. J. Mech. Phys.

Solids 23, 371–394 (1975)

26. Vardoulakis, I.: Shear band inclination and shear modulus of sand

in biaxial tests. Int. J. Numer. Anal. Methods Geomech. 4, 103–119

(1980)

27. Papamichos, E., Vardoulakis, I.: Shear band formation in sand

according to non-coaxial plasticity model. Géotechnique 45, 649–

661 (1995)

28. Yatomi, C., Yashima, A., Iizuka, A., Sano, I.: General theory of

shear bands formation by a noncoaxial Cam-clay model. Soils

Found. 29(3), 41–53 (1989)

29. Hazarika, H., Matsuzawa, H.: Wall displacement modes dependent

active earth pressure analyses using smeared shear band method

with two bands. Comput. Geotech. 19, 193–219 (1996)

30. Jiang, M.J., Yan, H.B., Zhu, H.H., Utili, S.: Modeling Shear behav-

ior and strain localization in cemented sands by two-dimensional

distinct element method analyses. Comput. Geotech. 38, 14–29

(2011)

31. Zienkiewicz, O.C., Taylor, R.L.: The Finite Element Method for

Solid and Structural Mechanics. Butterworth-Heinemann, London

(2005)

32. Nübel, K., Huang, W.X.: A study of localized deformation pattern

in granular media. Comput. Methods Appl. Mech. Eng. 193(27),

2719–2743 (2004)

33. Tejchman, J., Bauer, E., Tantono, S.F.: Influence of initial density

of cohesionless soil on evolution of passive earth pressure. Acta

Geotechnica. 2(1), 53–63 (2007)

34. Tejchman, J., Wei, W.: Boundary effects on behaviour of granular

material during plane strain compression. Eur. J. Mech. A Solids

29(1), 18–27 (2010)
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