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ABSTRACT

Typically, the earth pressure against rigid retaining walls is calculated using the classical Coulomb and Rankine theories
resulting in a linear distribution. However, many experimental results have shown that the earth pressure distribution on a wall
is nonlinear due to the arching phenomenon. The concept of arching phenomenon in soil was realized experimentally by
Terzaghi using some trap door tests. He observed that when a part of the support yields, the soil on that part moves towards the
yielding support. The relative movement of the soil leads to the mobilization of the frictional resistance in the soil, and as a
result, a part of the weight of the yielded area is transferred to the adjacent stable areas. Considering this phenomenon and the
limit equilibrium condition, a theoretical solution is proposed to predict the vertical and horizontal passive earth pressures of
cohesive soils behind inclined retaining structures under translational movement. Parametric analyses investigate the influence
of some parameters, including surcharge load, cohesion, internal friction angle, the interaction between the soil-wall, and wall
inclination on the distribution of passive earth pressure. Finally, the resultant passive lateral thrust on the wall and its

application height are compared with the well-known classical theories of Coulomb and Rankine.
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SYMBOL LIST
z vertical distance from the surface
01,03 major, and minor principal stresses
Oph passive horizontal earth pressure
Pn resultant horizontal force
M moment of the horizontal stress
hp application point of resultant thrust force
Onw normal stress along the wall
Tw shear stress along the wall
a angle of the failure plane
y unit weight
c cohesion
0] internal friction angle
6 interface friction angle
H wall height
Q uniform surcharge
R radius of o1 trajectory
0 inclined angle of 03 along the wall
v/ inclined angle of 03 at any point
B angle of wall batter

I. INTRODUCTION

The studies on the interaction between backfill soil
and retaining walls can be divided into two main
groups, active and passive. This study is limited to the

translational passive mode of wall movement. A
schematic view of the passive failure wedge behind the
wall and its corresponding failure surface is shown in
Fig. 1. In general, the earth pressure against the
retaining wall is determined by the weight of the failure
wedge and the shearing resistance of soil along the
failure surface.

Several classic theories investigated passive earth
pressure, including those by Coulomb (1776) and
Rankine (1857). In these methods, the pressure
distribution is linear. Conversely, some physical (Fang
et al.,, 1994, 2002; Xu et al, 2002, 2022; O'Neal and
Hagerty 2011; Khosravi et al., 2013; Ying et al,, 2016;
Jun-wu et al,, 2019) and numerical simulations (Liu et
al, 2018; Chen et al, 2020, 2021, 2022; Kejia et al,
2021; Lu et al,, 2021; Jiang et al,, 2022) indicated that
distribution of earth pressure of backfill against an
unsmooth wall is non-linear that this issue is related to
soil arching effect. Firstly, this phenomenon is
presented by Terzaghi (1943). Then, it was used in
approaches for calculating passive earth pressure
(Dalvi and Pise 2012; Cao et al. 2019). Using the
pseudo-static approach, Pain et al. (2017) proposed an
euation to compute the seismic earth pressure of
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granular backfills. Their method is so sensitive
respected to the height of the wall. So that at a wall
height higher than one meter, the pressure is negative
in the upper zone of the wall. Though, the pressure
should be positive at any height of the wall, which can
be considered one of the defects of this method.
Algarawi et al. (2021) established a formula for
predicting passive earth pressure of inclined granular
soil by the development of Terzaghi's (1943) log-spiral
approach. Besides, these reseachers performed some
experimental tests to examine failure surface.

Researches for predicting the pressure of cohesive-
frictional soil are not numerous. Cai et al. (2017)
derived a method to estimate the passive earth
pressure of cohesive backfill behind vertical retaining
walls. They assumed the symmetric curve for the
trajectory of major principal stress was assumed in
their study. However, researchers such as (Dalvi and
Pise, 2012; Cao et al,, 2019; Ghaffari and Shahir, 2019)
considered an  asymmetric curve for the
aforementioned stress trajectory. In a completely rough
face, the method of Cai et al. (2017) does not achieve
appropriate results and the failure line positions along
the wall are considered a shortcoming of their
approach. Additionally, the pressure is overestimated in
the lower zone of the wall, which is a further deficiency
of their method. Ghaffari and Shahir (2019) offered an
analytical method to compute the passive earth
pressure of cohesive backfill against the retaining wall.
However, their study was limited to vertical walls.

In this research, a comprehensive analytical solution
is proposed in which the limitations of previous studies
such as soil cohesion and wall batter are covered.

II. PROPOSED METHOD

The detailed analytical solution for computing the
lateral passive earth pressure against an inclined rigid
retaining wall is described in this section. As shown in
Fig. 2, the failure surface behind the wall is assumed
linear with an inclination angle of a=45-¢/2. In
addition, following the theory of soil arching, o1 and o3,
respectively, are assumed tangential and perpendicular
to a concave arch. The trajectory of major principal
stress continues under passive conditions.

The passive lateral earth pressure on an arbitrary
differential element inside the backfill soil can be
obtained using the following equation:

daVA

where opn is the passive lateral earth pressure, o1 and
o3 are principal stresses, and ¥ is the inclined angle of
o03. Considering cohesive soil under passive condition,
the following equation can be written.

= kyos + (k, — 1) — p— (2)
In which kp is developed by Rankine (1857).
_ l4sing
kp " 1-sing 3)

With the substitution of Eq. (2) in Eq. (1), the lateral
passive earth pressure is achieved as follows.

opn = 03(cos? P + k, sin? P) + ﬁsin2 Y(k,—1)(4)

Furthermore, the pressure normal to the wall is
computed as:

Opnw = 03(cos?(6 — B) + k, sin?(6 — B)) +
ﬁsinz(e -B)(k,—1) (5)

Considering the first stress invariant,
Iy =01+ 03 = 0y + O (6)

Substituting Eq.s (2) and (4) in Eq. (6) resulted in the
following equation for opv:

Oy = 03(sin? Y + k, cos? ) + ﬁcos2 Y(k,—1) (7)

According to Eq.s (4) and (7), lateral and vertical
stresses along the differential element are functions of
¥, indicated in Fig. 2. The value of ¥ changes from 6
(along the wall) to 90 (at the slip surface). The 8 value is
a function of soil friction angle (¢), wall-soil interface
friction angle (6), and the wall batter (), as defined by

9—[———arcszn( )——]+,B (8)

As indicated in Fig. 2, by writing the vertical
differential, the following equation can be obtained.

dv = 0,dA = [03 (sin® Y + k, cos*¥) +

(9)

The average vertical stress is achieved by dividing the
total vertical force by the width of the differential
element (L).

Opn = 01 SiN* P + g3 cos* P (1) _ v 1 m)2
Iy =Z=Rc059f9 dv (10)
g, = n 03(sm Y + ky cos 1/)) smw dy + fn/ : COS llJ(k )Z::g dy (11)

cos? 0) + Mcos Zp (12)

— 1-k
0, = 03 (1 -—=
3tan¢g
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Reordering Eq. (12) for the minor principal stress, the
following equation can be obtained.
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SU_v—C(tI;fl_;)coszf? Substituting Eq. (13) in Eq. (5), the normal passive
3 = 3 (1oky) cos?6 (13) earth pressure against the wall can be achieved.
2 0— fnn 2 09— . _ _
3(cos?(8—B)+kp sin?( B) (O'v _ c(kp 1) cos? 9) n CEI:; (pl) sin? (9 _ ﬂ) (14)

Opnw = 3—(1-kp) cos? 6 3tang
Considering the cohesion, by separating Eq. (14) into where,
two portions, it can be simplified as: )
k _ opnw __ 3(cos?(6-B)+kp sin®(6-P)) (16)
(15) pnw T o T 3—(1-kp) cos? 6
(17)

Opnw = kpnwo__u +m
—c(k —1) ( c(1-kp)
kpnw — m’;(p R st(G B) = tan;,

3

(kpnw cos? 6 _ sin? o — ﬁ))

m

The differential element of the soil behind the wall
and the stresses acting on it are indicated in Fig. 3.

Passive failure _-
<
wedge Pid &&fz&

Wall
movement

\ 4 2
Fig. 2. Stresses on a differential element
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Fig. 3. The free-body diagram of the differential element

The shear and normal

The contribution of stresses applied on the slip be computed as follows:

surface was considered in the presented formulation.

stresses on the slip plane can

Thus, taking the force equation along the vertical _ (kp—1)cos? @ ( c ) _c 20
direction leads to the following equation: Os = 2sin @ 93 tan @ tan @ (20)
(kp—1)cos ¢ c
d@yD | ZTpw Tstoscotatopny tanf _ (18) T, =c+ostang = > 5 (03 + o (p) (21)
Ldz L
where, Using the Eq.s (5, 15-17), os and s are calculated as:
L= (H—-2z)(cota+tanp) (19
kpnwcos?6
B (kp—1) 0% Pk =4 (kp—1) cos? ¢ C[1+(1—kp)(— W3 _—san(G—B))] e 22
95 = Jsin @(cos?(6-B)+kp sin?(6-p)) Oy 2sing tan ¢ (cos?(0-B)+kp sin?(6-PB)) tan @ (22)
kpnw cos? @ )
— (kp=1) cos pkpnw —  (kp=1)cosg® 1+(1_kp)( 3 _SmZ(G_B))] 23
Ts = 2(cos2(6-P)+kp sin?(6—-P)) v 2tan ¢ (cos2(6—B)+kp sin2(6-P)) ( )
Correspondingly.
In addition, Tpw can be achieved as:
_ ctan 8 1+(1—kp)(w—sinz(9—ﬁ))]
Tpw = kpnw tand o, + o (24)
The following differential equation can be achieved
by substituting Eq.s (14, 21-24) into Eq. (17). In which:
a5, oy ArGy+Br _y 25) A=A +A +Az; + A, (26)
dz H-z (H-z)(cot a+tan B) Al — _kpnw tan s (27)
25
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(1-kp) cos pkpnw

4 = 2(cos?(6-B)+kp sin?(6-B)) (28)
_ (kp—1) cos? @ cot akpnw
A3 = 2sin @(cos?(8—-B)+kp sin?(6-P)) (29)
Ay = kpnw tan (30)
BIZBI +Bz+B3+B4_
(31)
kpnw cos20
B. = (kp—1) cos? g cota ¢ 1+(1_kp)( 3 _sz(e_ﬁ)>] _ ccota
3™ 2sing@ tan @(cos?(0—P)+kyp sin?(6-p)) tan @
_ c(l—kp) tan B (kpnw cos? 6 ein2 _
B, = p— ( 2 sin“(6 ,8)) (35)

Now, Eq. (25) can be simplified as:

dcy Aoy—B

dz =Y + H-z (36)
where,
AI
A=1- cota+tanf (37)
BI
B= cota+tanf (38)

1+2 H 1+2 A

oo = ko [(0 4 151) (1= 2) " -T2+ B 1~

Finally, the lateral pressure can be achieved from the
vector addition of the pressure normal to the wall and
the shearing stress acting tangentially along the wall
face.

Op, = cos(8 — B) | Opnw? + Tpw?

II1. PARAMETRIC STUDY

(41)

A. BACKFILL INTERNAL FRICTION

The distribution of passive earth pressure along the
wall height for various internal friction angles is plotted
in Fig. 4. The backfill specifications are y=15 kN/m3,
Q=0.25yH, c=0.1yH, 6=0.8¢, ,8=10°. As observed in Fig,,
the horizontal earth pressure has a nonlinear
distribution, except for frictionless backfill soils. In
addition, by increasing the internal friction, the earth
pressure against the wall increased, especially at the toe
of the wall.

B. SOIL-WALL INTERFACE FRICTION

The influence of soil-wall interface friction on the
earth pressure is illustrated in Fig. 5, where the
properties of y=15 kN/m3, ¢=0.1yH, Q=0.25yH, <p=30°,
$=10°. According to this Fig., increasing the interface
friction from 0 to 0.75¢ resulted in a significant
increase at the lower zone of the wall. It is noticeable
that the earth pressure against the wall is reduced along
with the wall height for a fully rough wall face.
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kpnw cos2 6

ctan 6[1+(1—kp)< 3 —sinz(B—ﬁ)>]

B, =— tang (32)
c[1+(1 k )(kpnwcosze sin2(6 B))]
- 2\ -
B, = (1-kp) cos @ 3 . (33)
2tan (cosz(B—B)+kp sin2(6-B))
(34)

By applying the boundary condition 0,=Q at z=0 to
Eq. (36), the average vertical stress can be computed as
follows:

7= o+ f) (-5) -2 (- (-5))
(39)

By substituting Eq. (39) into Eq. (15), the passive
normal earth pressure against the wall can be obtained
as follows.

—sin?(0 — ﬁ)) (40)

H tan ¢ 3
0
........ (p:()o

o1 ¢=10°
E - - -¢=20°

0.2 1;‘ - = ¢=30°
Kol
a — 940"

z/IH

ou/yH
Fig. 4. The influence of ¢ on on
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........ 6:0
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- = 5=0.75¢
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20 25 30
onlyH

Fig. 5. The influence of § on o
C. SURCHARGE PRESSURE

The influence of surcharge on the distribution of
passive horizontal earth pressure is shown in Fig. 6. The
input parameters for plotting these graphs are y=15
kN/m3, ¢=0.1yH, ¢=30° 6=0.8¢, $=10°. As expected,
increasing the surcharge has no influence on the shape
of pressure distribution but results in an increase in the
pressure values.

D. BACKFILL COHESION

The effect of backfill cohesion on the earth pressure is
presented in Fig. 7, where used specifications are y=15
kN/m3, Q=0.25yH, ¢=30°, 6=0.8¢, f=10°, and cohesion
of soil varied from 0 to 0.4yH. As shown in Fig. 7,
increasing the backfill soil cohesion leads to increasing
the lateral earth pressure, everywhere along with the
height of the wall.

E. WALL BATTER

The effect of the wall batter on the earth pressure
distribution is indicated in Fig. 8. The used parameters
are y=15 kN/m3, c¢=0.1yH, Q=0.25yH, ¢=30° and
6=0.5¢, with a wall inclination varying from 0° to 20°.
According to this Fig. 8, increasing the wall batter has a
reverse influence on the lateral earth pressure at the
lower portion of the wall. However, it does not affect
the upper portion of the wall.
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zIH

Fig. 8. The influence of f on o

V. DISCUSSION

By integrating oph along the vertical direction, the
resultant lateral force can be calculated.
H
P, = [, opndz (42)
Besides, the moment of horizontal stress around the
toe of the wall can be computed as:
H
My = [ opn (H — 2)dz (43)
The application point of Pn can be achieved by
dividing Eq. (43) by Eq. (42).

M
h, ==t
Pp

(44)

The values of Pn and hp for granular soil behind
inclined walls are shown in Fig. 9. The classic theories
are also plotted in Fig. 9. Taylor (1948) extended the
theory of Rankine (1857) to the battered retaining wall,
where Rankine method is applied to the virtual plane.
The values of Py, in Fig. 9 (a), are shown as a normalized
ratio of Kpn.
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K, =—*"
h  0.5yH?

(45)

According to Fig. 9 (a), the results of the suggested
theoretical approach are lower than Coulomb (1776)
theory. According to Fig. 19 (b), hp=H/3 in the theories
of Coulomb (1776) and Rankine (1857), while in the
proposed method, the application point of thrust force
changes with the wall batter, and it increases with
rising the wall batter.

V. CONCLUSIONS

The arching effect plays a significant role in the
retaining wall design in the passive earth pressure
distribution. Considering this phenomenon, an equation
is proposed to predict the horizontal earth pressure
behind rigid retaining walls. As pre-existing methods
are limited to granular soil or non-batter walls, backfill
cohesion and wall inclination are taking account in the
proposed formulations. The conclusions that can be
drawn from this work are as follows:

1. The earth pressure distribution is curvilinear, and
the arching effect is completely removed for the smooth
wall. In this case, the shape of the pressure distribution
is linear.

2. Increasing the strength properties of the backfill
soil, including cohesion and internal friction, increases
in the earth pressure against the wall.

3. Increasing the surcharge on the backfill increases
the earth pressure against the wall.

4. Increasing the wall batter resulted in a decrease in
the earth pressure at the lower zone of the wall, while
no significant pressure changes were observed at the
upper portion.

5. Rising the wall batter resulted in a decline in the
arching effect at the lower area of the wall.

6. The application height of the lateral thrust on the
wall is significantly lower than the values predicted by
the classical theories of Coulomb and Rankine. This is
due to the soil arching effect behind the wall.

7. The resultant lateral thrust predicted by this study
is higher than Rankine but lower than Coulomb
predictions. The reason for the Rankine’s
underestimation is the neglect of wall friction in his
theory.
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