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Accurate assessment of horizontal earth pressure acting upon retaining walls is crucial for the effective and secure design of these
constructions. Not only active earth pressure but also the arching phenomenon plays a significant role in passive earth pressure distribution.
In this study, using the finite difference method (FDM), some numerical models are simulated to examine the influence of soil strength
properties and wall inclination on the earth pressure and ground deformation. The development of shear bands as well as the trajectories of
principal stress inside the backfill are investigated. The results of this study show that the failure surface behind the retaining wall under
passive mode is generally nonlinear and will become linear only if the wall surface is frictionless. Among the existing theories, the stress
distribution provided by the classical theory of Coulomb (1776) shows a better agreement with the numerical data compared to arching-based
theories and the classical theory of Rankine (1857). Considering the root mean square error (RMSE) falling within the approximate range of
0.2 to 0.5, it can be inferred that the numerical modelling results demonstrate acceptable agreement with the Coulomb theory. These findings

are consistent with the experimental results of Fang et al. (2002).

Keywords: Cohesive-frictional soil: Inclined retaining wall: Passive earth pressure; Numerical modeling.

1. Introduction

The successful design and construction of retaining walls heavily rely
on accurately estimating horizontal earth pressure. This pivotal factor
not only influences structural stability but also affects the choice of
construction materials and techniques. The precise estimation of
horizontal earth pressure is essential for ensuring the structural integrity
of the retaining wall, thereby playing a crucial role in preventing
undesirable movements and potential failures. Methodical evaluation
and estimation of horizontal earth pressure empower engineers to make
informed decisions, enhancing the overall performance and longevity of
retaining wall systems.

Theoretical investigations of the earth pressure exerted on a rigid
retaining wall were carried out by Coulomb [1] and Rankine [2]. The
estimation of lateral earth pressure applied to the structure plays a
crucial role in the design of retaining structures. These classical theories
assumed a triangular distribution of the passive pressures with
maximum pressure acting on the wall toe. However, various
experimental studies [3-9] and numerical models [10-16] showed that
the pressure distribution behind retaining structures with rough faces is
characterized by a curvilinear pattern. The concept of soil arching, first
introduced by Terzaghi [17], has been employed by various scholars to
predict the passive earth pressure acting behind the retaining wall [18,
19]1.

Pain et al. [20] presented a formulation for seismic passive earth
pressure in non-cohesive soil for translation wall movement, employing
the pseudo-static method. When considering static conditions and a
vertical wall, their equation exhibits high sensitivity to the wall height.

* Corresponding author. £-mail address: mhkhosravi@birjand.ac.ir (M. H. Khosravi).

It was observed that the normal earth pressure at the upper portion of
the wall becomes negative for wall heights exceeding 1 meter. However,
it is expected that the passive earth pressure should be positive along
the entire length of the wall. This limitation in the developed
formulation is apparent. Alqarawi et al. [21] proposed a formulation to
compute the passive earth pressure of granular sloping backfill on a rigid
retaining structure by extension of Terzaghi’s [17] log-spiral method. Lu
et al. [14] conducted numerical investigations to study the three-
dimensional distribution of passive earth pressure under three
displacement modes. Zhang et al. [22] developed an approach based on
the elastic theory to compute the earth pressure acting on rigid retaining
structures for three displacement movements.

Limited research has been conducted on estimating the earth
pressure distribution in cohesive backfill. Cai et al. [23] proposed a
method to calculate the passive earth pressure in cohesive soil,
specifically focusing on vertical retaining walls. The researchers
assumed a symmetric curve for the major principal stress trajectory
within the failure wedge, which was similar to Handy’s [24] assumption.
However, other researchers [18, 19, and 25] have pointed out that the
major principal stress path in the failure zone exhibits an asymmetric
geometry.

It is worth noting that in a fully rough wall, their approach does not
yield reasonable results, and the failure surface orients along the wall,
indicating a drawback in their theory. Furthermore, their approach
predicts an unusually high-pressure value at the wall base, which is
another limitation of their solution. Ghaffari and Shahir [25] developed
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a theoretical method to estimate the passive earth pressure of cohesive
soil; however, they did not consider the wall batter in their research.

In order to comprehensively address these limitations, several
numerical models, based on the FDM method, are conducted. These
models aim to offer predictive insights into the behavior of passive earth
pressure within cohesive soil structures, particularly focusing on walls
featuring a diverse range of batter inclinations. The outcomes obtained
from these numerical investigations are meticulously presented, and
thoroughly discussed, and are aimed at offering critical insights into the
behavior of passive earth pressure in practical retaining wall design.

2. Numerical modelling

2.1 Model configuration

In this section, using Flac2D software as a finite difference method
[26], some numerical models are carried out. The objective is to
investigate the failure surface at various angles of interface friction angle
and wall batter. The lateral boundaries were fixed in the horizontal
direction; the bottom boundary remains fixed both horizontally and
vertically. The geometry is displayed in Figure 1. The sensitivity analysis
of mesh size shows that a smaller size of 10 cm does not significantly
affect the outcomes. Consequently, this mesh dimension was selected,
resulting in a grid configuration of 150x44 for this study. The wall height
is 4 m, and the model length is 15 m. To mitigate the influence of the
lower boundary on the findings, the base of the wall was positioned 0.4
meters higher than the soil bottom.

The modelling of the retaining wall involved employing structural
beam elements connected to the soil grid. To simulate the interaction
between the soil and wall, a contact surface was established. The backfill
material was assumed to exhibit elastic-plastic behavior, and the Mohr-
Coulomb failure criterion was applied, using the following material
parameters: E=24 MPa, v=0.3, y=20 kN/m’?, ¢=32°, K,=10 GPa/m, and
K=0.5 GPa/m.

Retaining wall

Wall movement

15m

Figure 1. The Geometry of Numerical model.

Prior to any wall movement, the backfill was in a state of static
equilibrium, commonly referred to as the at-rest condition. To model
the passive mode, a horizontal displacement of 0.2 times the wall height
was applied, and subsequent monitoring was conducted to observe the
deformation of the backfill.

2.2, The formation of shear bands

The distributions of shear strain increments of granular soil behind
the inclined wall are indicated in Figure 2. According to this figure,
failure surface and shear bonds appear in the backfill. For §=0°, the shear
line is linear and is initiated in the wall toe. For 6>, the second shear
line emerges. Furthermore, the wedge-shaped failure zone expands with
an increase in the soil-wall interface friction angle.

Figure 3 illustrates the variations in shear strain increments within
the non-cohesive soil situated behind the vertical wall as the wall
experiences displacement, where Ax represents the accumulated wall
displacement from its initial position. As depicted in this figure, two
shear bands are discernible within the backfill. The initial shear band
originates at the wall base and extends upwards into the backfill. The
second shear band originates at the upper portion of the wall and
extends obliquely downward, intersecting with the first shear band.
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Figure 2. The contours of shear strain increment (y=20kN/m3, ¢=32°, c=0, =10°).
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Figure 3. The contours of shear strain increment, where Ax denotes the
accumulated wall displacement (y=20 kN/m3, ¢=32°, §=0.5¢, $=0°).

The geometry of the first shear band is nonlinear, marking a clear
departure from Coulomb [1]. The secondary shear band is not
adequately addressed by classical theories, although it is taken into
account in conventional approaches to the partitioning of the earth
wedge.
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Figure 4 illustrates the contours that depict the shear strain increment
and the plasticity indicator within the backfill under the final steady-
state condition. These contours provide insight into the variations
observed under different scenarios involving soil properties and wall
batters. This graph shows the failed points of soil caused by shearing and
tension. In the passive mode, soil failure primarily occurs due to
shearing, with these points indicating the locations of slip lines. As
illustrated in this figure, an increase in the wall batter angle leads to a
reduction in the angle formed between the second shear line and the
alignment of the wall.
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Figure 4. The contours of shear strain increment and plastic indicator (y=20
kN/m3, ¢=32°, §=0.5¢).

2.3. Earth pressure redistribution

The alterations in the lateral earth pressure occurring as non-cohesive
soil moves against the vertical wall are shown in Figure 5. To capture
these variations, five specific reference points (labeled as P1 to P5 in
Figure 1) are utilized for recording the earth pressure data.

2.4 Principal stress trajectory

The examination of principal stress trajectories has been conducted,
as indicated in Figure 6. As observed in this figure, the soil elements
adjacent to the wall have a high-stress level, whereas those located at a
greater distance from the wall experience comparatively lower stress
levels. The major principal stress path of the upper right of the backfill
area is approximately horizontal, while the lower-left area of the backfill
close to the wall exhibits an inclined major principal stress path,
demonstrating a significant influence from the soil arching
phenomenon. This trajectory of ol aligns with the assumptions made by
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Cao et al. [19] and Patel and Deb [27]. However, Dalvi and Pise [18] and
Pain et al. [20] considered a convex trajectory for major principal stress.

3.5

=¥=P1 =x=P2 =O0—P3 ——P4 ——P5

4.5
] %7\ A-)\\/fW o o

R ~
/ X A X sty X‘><\><,><—><\><—><"><~><~><~x/x“x‘><’><’x“x'><\><*x'
X

Normalized lateral stress (c,/vH)

1 B TV RN A ARV
0.5 J
0+
0 0.02 0.04 0.06 0.08 01 0.12 0.14 0.16 0.18 0.2

Normalized wall movement (Ax/H)

Figure 5. Changes in horizontal earth pressure by wall movement (y=20 kN/m3,
©=32°, §=0.5¢, c=0, =0°).

Figure 6. Principal stress vectors (y=20 kN/m3, ¢=32°, §=0.5¢, p=0°).
3. Stress distribution within the failure wedge

The stress distribution achieved in numerical modelling behind the
wall is shown in Figure 5 to Figure 9. The backfill parameters are ¢p=32°,
H=4m, y=20kN/m3, c=16kPa, B=10°, and three values for § (§=0, §=0.5¢,
and 6=0.75¢). Based on Figure 7 to Figure 9, it becomes evident that
vertical and shear stresses increased to their maximum amount at the
wall toe. Furthermore, the failure wedge zone expands with an increase
in the wall-soil interface friction angle.

4. The comparison of the numerical data with the analytical
methods

In this section, the numerical modelling results are compared with
pre-existing related theories. It is worth mentioning that the Coulomb
[11 method is used for granular soil in scenarios involving both vertical
and inclined retaining walls.

4.1 Granular backfill behind vertical walls

Figure 10 illustrates the lateral earth pressure distribution acting upon
a vertical wall in the context of cohesionless soil. The data presented in
this graph were derived based on specific backfill characteristics,
including y=20 kN/m?, ¢=32° and 8=16¢°, and p=0°. The Coulomb [1]
theory includes interface friction angle in the coefficient of later earth
pressure, while Rankine [2] does not consider this parameter. This
figure shows that the arching phenomenon occurred in the lower zone
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of the wall. Additionally, numerical data have an acceptable agreement
with the Coulomb [1] theory. However, the method of Cai et al. [23] I :;gggg
tends to overestimate the horizontal passive earth pressures exerted »
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4.3 Granular backfill behind inclined walls

Figure 12 illustrates how the inclination of the wall, also known as the
wall batter, impacts the distribution of horizontal earth pressure behind
the wall. The specific parameters employed for this analysis are y=20
kN/m?, c=0, ¢=32°, and 8=16". Notably, the wall batter changed from 5°
to 10°. According to this figure, the numerical results are in good
agreement with the results of Coulomb [1]. Moreover, the utilization of
the Rankine [2] theory is put into practice within a virtual context,
specifically referring to a vertical surface in alignment with the wall base.
The notion of this virtual plane was first introduced by Taylor [28] as
an extension of Rankine [2] original theory, particularly applicable to
inclined retaining walls. This virtual plane represents a hypothetical
surface where shear stresses are negligible.
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Figure 12. Horizontal earth pressure distributions against battered walls for
cohesionless soil.

4.4. Cohesive backfill behind inclined walls

The distributions of horizontal earth pressure of cohesive soil against
a wall with various batters are indicated in Figure 13. The calculations
for these graphs are based on the following backfill properties: y=20
kN/m’, ¢=32°, and §=16°. The horizontal earth pressure increases and
decreases with an increase in cohesion and wall batter.
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Figure 13. Horizontal earth pressure distributions against battered walls for
cohesive soil.
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5. Results and discussions

The determination of the thrust lateral force acting on the wall can
be accomplished by performing an integration of the horizontal earth
pressure concerning the vertical distance.

P, = fOH 0,dz 1)

The moment of the horizontal pressure around the wall base can be
achieved utilizing the following equation.

M, = fOH 0, zdz (2)

The elevation at which the horizontal thrust force is applied can be
determined by dividing Equation (2) by Equation (1).

p =t (3)

The lateral thrust force as well as the point of application of this force
for granular soil situated behind inclined walls are shown in Figure 14.
Additionally, the theory of Coulomb [1] is also plotted in this figure. The
horizontal thrust force values, as indicated in Figure 14(a), are expressed
in the form of a normalized ratio denoted as Kph.

Py

= (4)

K =
Py 0.5yH?

According to Figure 14(a), the numerical data closely aligns with the
Coulomb [1] theory. Also, Figure 14(b) shows a good agreement
between the numerical data and two classical theories, both of which
overlap with each other.

© [
- s
& . ] ~—_ -
g, u] -
= | =] T-—
4 -
Ea ] o [=
= g ; ]
= ]
&8 2
=
a 1 O Numerical data
E 14 —— Coulomb (1776}
5 1 seeees Rankine (1857)
Z 0 - T T
9 5 10 15 20
wall batter ()
a)
0.4
0.35
i = o o ]
o ]
= 03 §
0.25 ] 0O Numerical data
] —— Coulomb (1776)
1 - Rankine (1857)
02 T T T
0 5 10 15 20
wall batter (p)
b)

Figure 14-- a) lateral thrust force, b) the application point of lateral thrust.

The variation of Kpn with wall movement is shown in Figure 15. In
numerical modelling, Kpn initially increases as wall movement increases.
After reaching a peak value, with further increases in wall movement,
this value decreases and eventually stabilizes at a constant level. In
addition, the classic theories of Coloumb [1] and Rankine [2] are
plotted in this figure. It is noteworthy that the results of these theories
remain unchanged regardless of wall movement. As the wall movement
approached a condition referred to as “passive wall movement”, earth
pressures stabilized at consistent magnitudes. In this model, a passive
wall movement range of approximately Ax=0.08H was recorded. Fang et
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al. [4] concluded that Ax>0.12H, the passive earth thrust reaches a
constant value, irrespective of the backfill density.

6. Conclusions

The arching effect plays a significant role in the retaining wall design
in the passive earth pressure distribution. In this work, several numerical
simulations, based on the finite difference method, were carried out to
predict passive earth pressure for cohesive soil behind inclined walls.
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Figure 15. Variation of Kph with wall movement.

Furthermore, shear bands, earth pressure distributions, and principal
stress trajectory were analyzed. The results of numerical data were
compared with pre-existing analytical approaches. Additionally, the
lateral thrust force and application height of thrust were investigated. In
summary, the following conclusions can be drawn from this research:

e Contrary to the assumption of creating a linear failure surface
behind the retaining wall under the passive mode adopted by many
researchers, this failure surface is generally nonlinear and will
become linear only if the wall surface is frictionless.

e Asthe wall moves towards the soil, two shear bands form inside the
backfill. The first shear band initiates at the base of the wall and
extends nonlinearly upward into the backfill, while the second shear
band initiates at the top of the wall and extends obliquely downward
to reach the first shear band.

e In theories based on the arching phenomenon, the lateral pressure
against the wall tends to infinity at the heel of the wall, which is
incorrect.

e Among the classical theories, the stress distribution proposed by the
Coulomb [1] theory shows an acceptable agreement with numerical
data, while the Rankine [2] theory underestimates the passive earth
pressure on the wall. As also mentioned by Fang et al. [4], this is
most likely due to the fact that wall friction is neglected in the
Rankine's theory. Consequently, the root mean square error
(RMSE) between numerical modelling and the Coulomb theory for
vertical and battered walls with angles of 5 and 10 degrees is
determined to be 0.53, 0.38, and 0.19, respectively.

e For a nearly vertical wall, the resultant lateral passive force is
overestimated by the Coulomb [1] theory while underestimated by
the Rankine [2] theory. However, as the wall batter increases, the
difference decreases and both classical theories provide a good
approximation for the lateral passive force on the wall. The thrust
application point, predicted by both classical theories, is in good
agreement with the numerical data.

Symbol list

z vertical distance from the surface

on  passive horizontal earth pressure

Pn  resultant horizontal force

Myr moment of the horizontal stress

h,  application point of resultant thrust force

JMGE |}

% unit weight

c cohesion

¢  internal friction angle

8 interface friction angle

H  wall height

B angle of wall batter

E  young modulus

v Poisson's ratio

ks  normal stiffness

ks shear stiffness
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