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Abstract

Horizontal slices method is a simple and efficient tool for analysis of retaining walls. In this paper, using some of the principles of equi-
librium and horizontal slices method, an analytical approach is presented to determine the displacement of concrete walls in the rein-
forced and unreinforced soils. The formulation of the so-called method is able to calculate wall displacement and critical wedge angle
displacement for frictional cohesive soils and draw the distribution of displacement in the wall height. Based on the proposed method, a
simple equation is presented to calculate the wedge angle of rupture in the frictional cohesive soils in seismic condition. Comparison of
the results with previous methods and numerical methods shows that horizontal slices are able to analyze the concrete wall displacement,
while the proposed method has the advantage of analyzing walls via considering soil parameters such as adhesion, seismic coefficients,
and the number of reinforcements. In contrast with previous methods that ignored the cohesion concrete wall characteristics, the offered
method considers all wall and soil parameters. In addition, design charts are presented for different soils and walls. Considering wall
displacement, maximum displacement of wall, displacement of wall apex, and maximum place of wall displacement are obtained, reveal-

ing that critical wedge angle displacement is different from rupture wedge angle of pressure imposed on wall.

Keywords: retaining wall, horizontal slices method, reinforced soil slopes, cohesive frictional soil, wedge failure angle.

1. Introduction

Wall displacement calculation is a critical issue in geotechnical
engineering and soil and wall interaction. Assuming the issues
related to retaining wall, two basic issues of wall analysis and its
designing are generally important. The former is related to ge-
otechnical issues and the latter is the number of structural issues.
As the process of analysis and determination of the degree of dis-
placement is more precise, designing holder structures is more
efficient and economical. Therefore, analysis issues are the most
important holder structure issues. Development of reinforcements
and their significant impact in reducing displacement demonstrate
the need to calculate the reinforcements’ force in cohesive fric-
tional soils with seismic effect. To study the deformation of walls
and reinforced roofs, there are three study methods: laboratory,
numerical, and analytical. Vagneron and Adams (1973) provided
the first experimental results for the analysis of displacement on
reinforced soil walls. Sakaguchi (1996) examined the reinforced
wall with a light block surface under shake-table testing and cen-
trifuge. Sabermahani et al. (2008) conducted 20 tests on reinforced
soil walls using shaking table test. They examined the impact of
parameters such as soil density, length of reinforcements, hardness,
and distances of reinforcements on seismic response of reinforced
soil walls. Bourgieos et al. (2011) studied the displacement of
various models using numerical analysis of finite element for
three-dimensional and flat strain modes. Athanasopoulos et al.
(2012) using numerical modeling with two-dimensional finite
element PLAXIS software studied seismic response of two retain-
ing walls under seismic loads. Richards and Elms (1979) present-
ed an analytical method to determine the displacement of rigid

retaining walls based on Newmark method. Using Richards and
Elms (1979) method involves determining the rupture acceleration
for soil and wall system. Mojallaland and Ghanbari (2012) pro-
posed a formulation to calculate permanent displacement of
weight retaining wall at unreinforced soil state based on kinematic
limit analytical method. In recent years, to study the effect of hori-
zontal reinforcements, a method called horizontal slices was pre-
sented by researchers at Tehran University (Fakher et al. 2002).
The idea of this method was raised out firstly by Shahgholi et al.
(2001), and then it was expanded by Nouri et al. (2006), Azad et al.
(2008), and Reddy et al. (2008). In Ahmadabadi and Ghanbari
(2009) method for reinforced walls, a method was presented in
order to calculate reinforcements forces based on 5n unknowns
and 5n equations for frictional cohesive soils. In general, the pre-
sented analytical method is able to calculate the active pressure of
soil, tensile strength of reinforcements, and wedge angle of rup-
ture for reinforced walls in frictional cohesive soils. Ghanbari and
Ahmadabadi (2010a, b) provided a formulation in terms of pseu-
do-static and pseudo-dynamic states for oblique walls for calculat-
ing the pressure exerted on it. The results show that, contrary to
what is seen in vertical walls, the distribution of soil active pres-
sure on oblique walls follows a non-linear curve, and therefore the
effect point of the resultant pressure force on the wall is less than
one-third of the wall height from the wall base.

Using horizontal slices method, Ghanbari et al. (2013) presented a
new formulation to estimate the acceleration the seismic dis-
placement of reinforced soil slopes. The conducted analysis has
been provided for agricultural soil (conditions of ¢ = 0) without
the effect of vertical acceleration of earthquake. Gao et al. (2014),
using the horizontal slices method, studied the rupture and rein-
forcement forces in the soil behind the wall. The analyses have
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been carried out for non-cohesive soils and quasi-static state. Lin
et al. (2015) examined live loads impact on cohesive frictional
walls. The presented method is in quasi-static mode and unrein-
forced soil. Considering the ongoing seismic displacement of con-
crete reinforced walls, no complete formulation has been provided
for reinforced cohesive frictional soil.

The applied method in this study took advantage of analytical
solution based on horizontal slices method and limit equilibrium
principles.

Specific innovation of this study is to present a solution to express
reinforcement forces and displacement distribution of walls with
pseudo-static frictional soils. Other objectives of this study are to
study maximum displacement and draw displacement modes and
determine critical rupture wedge angle with displacement priority.
An advantage of this method is taking into account parameters
such as cohesion and friction angle between soil and wall and
internal friction angle of soil. It also considers different parameters
of wall such as concrete hardness and elasticity modulus of con-
crete, the effect of concrete cracking, wall thickness, and steel
reinforcement characteristics. Behavioral model of wall can be
elastic and elasto-plastic depending on dimensions of the wall.

Nomenclature
coefficients
A area of ith slice Ui ﬂ%%ini‘i?it
and hi
coefficients
. . . dependent
© cohesion of soil (kPa) Ui+l upon XVib1
and hi
Displacement top of the Wi weight of ith
y wall(mm) slice (kN)
horizontal
. . I . distance of
hi height of ith slice (m) XVipl Vi1 from
wall (m)
horizontal
. . distance of
H height of wall (m) XGi Wi from wall
(m)
horizontal
H horizontal force at bottom XVi distance of
o of ith slice (kN) Vi from wall
(m)
H horizontal force at top of Instantaneous
' ith slice (kN) i Deflection
kh Horizontal seismic coeffi- y Long-term
cient(dimensionles) 2 Deflection
. normal force
E, Modulus of e|EtlStICIty of Vitl at bottom of
concrete ith slice (kN)
E. Modulus otf ellasticity of Vi r;c:rg;loffoirt%e
stee slice (kN)
inclination
Iy Moment of inertia Elastic oo bainkalifl OSI)“
@)
| Moment of inertia elasto
@ plastic
Ni normal force on failure
surface for ith slice (kN)
shear
force
on
Si trlin Greek letters
surface
for ith
slice
(kN)
[T tensile force of the rein- 00 angle of
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forcements (kN) failure sur-
face to hori-
zontal plane
0
total unit
A The cross section of steel weight
(kN/m3)
friction angle
kv Vertical seismic coeffi- between wall
cient(dimensionless) and backfill
soil ()
angle of
Sv vertical spacing of rein- - internal
forcements (m) S friction of
soil (")
d Wall thickness(mm)

2. The Proposed Method to Determine Dis-
placement of Retaining Wall in the Unrein-
forced Soil:

The proposed method to determine displacement of retaining wall
in the unreinforced soil:

As walls, based on the hypothesis, are long, and the deformation
can be ignored in longitudinal direction, we can look at the prob-
lem as plane strain. We consider the wall as a bending beam.
Bending beam assumption has been previously used on littoral
shields and piles (Matlock and Reese, 1960); the assumption is
acceptable considering retaining walls behavior. Figure 1 shows a
retaining wall behind which the soil is divided into horizontal
components, and rupture wedge makes angle [ with vertical axis.

Forces acting on slice i of the wall displace each piece in the wall.
|Hypotheses

1. Rupture surface has been considered as plane.

The analysis is based on limit equilibrium method.

The rupture level passes over the wall base.

The N force effect is from the bottom of slice.

Soil mass is considered homogeneous.

o wDn

Figure 1: Overall displacement of reinforced concrete wall under lateral
force P

ol | ' 1

Figure 2: Wall displacement under lateral force P;

Force P; is calculated for each slice (based on Table 1 or 2) given
the reinforced and unreinforced soil condition and we give effect
to center of slice i.
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Table 1: Number of equations and unknowns in the horizontal slices
method in unreinforced soil

Unknowns Number Equations Number
H; _
Inter-slice shear force n z F,=0 n
For each slice
N; _
Normal forces at base of n Z Fy =0 n
each slice For each slice
$ —
Shear forces at base of n Z M o 0 n
each slice For each slice
P n Si=Ni(tan00+C n
Net force on wall For each slice
------------------------ 4n e —— 4n

Table 2: Number of equations and unknowns in the horizontal slices
method when in reinforced soil

Unknowns Number Equations Number
Hi n E =0 n
Inter-slice shear force Z o
For each slice
M n F,=0 d
Normal force at base Z vy
of each slice For each slice
S n M =0 n
Shear force at base of Z °
each slice For each slice
T; n Si=Ni(tan + n
G
For each slice
P " YD) i

Net pressure on wall .
For each slice

-------------------- 5n s=msmesmemeees 5n

Depending on the number of slices (n), P, force is exerted on

wall. Due to the force exerted by each slice, a displacement is
created on the top of the wall which is calculated based on equa-
tion 1:

Ve — YV, +— D& 1)
To determine the slope and displacement of wall, second order
linear differential equations of 2 to 4 are used.

d?y M(h) (2

dh? El

g1 Y _ g (tan(9)) = E10(h) = [ M (h)dh +C,

dh > (3)

h h
Ely = [dh[ M (h)dh+C,h+C, 4)
(o] o

By solving the integral equation (4) in the length of wall and the
establishment of boundary conditions, the maximum displacement

in the slice force point and ‘9b in height b from the top of wall are

calculated using equations of (5) and (6). Border conditions in
equation (4) is inserting displacement and zero slope in wall base.

Pa’ ®)
Yo = 3
Pa’ ®
=Tl

By substituting equations (5) and (6) in equation (1), we can cal-
culate displacement at the top of the wall under pressure P| , using
equation (7).

Pa®

=——(2a+3b
Ye 6EI( )

()

Considering the principle of superposition, we can calculate dis-
placement obtained of each P, and finally calculate total wall
displacement based on equation (8).

P2 a3
= a+
Yy le s ¢ )
Displacement obtained by equation (8) relates to immediate dis-
placement. In the shields during the loading and to reach the yield
point, modulus of elasticity is fixed and the steel section acts com-
pletely both in tension and pressure. Therefore, inertia moment is
fixed and section hardness will remain fixed (El)
(4.85*10"5kN.m2/m). However, in reinforced concrete sections,
modulus of elasticity and inertia moment will change during the
loading due to fraction. Inertia moment of the concrete section is
of great importance proportionate to load change and in the wall
length. In this case, moment of inertia will change within the
elastic moment of inertia (ly) and elasto plastic moment of inertia
(Iep). To calculate critical displacement, we can use elasto plastic
moment of inertia. In case of using reinforced concrete walls,
walls must be designed for longitudinal bars (A;). The amount of
consumed bars in concrete wall is influential in calculating inertia
moment, and finally it is influential in the wall displacement.
However, due to determination of critical displacement, we can
use minimum bar based on equation (9). In addition, elasticity
modulus of bar (Eg) is influential in the wall displacement, and its
effect on inertia moment was considered.

=2 = 0015
A

®

®

To calculate modulus of elasticity in concrete walls based on regu-
lations of ACI 318-05, we can use equation (10).

E. = 4700,/ f/

In concrete sections, in addition to immediate displacement, long-
term displacement is also important in a way that long-term dis-
placement increases two times of immediate displacement. In
order to calculate long-term displacement, we can use equation
(11). Calculation of coefficient [ ,depends on time that in the
most critical state is considered 2.

Yo =AY (1)

Total displacement of wall in the most critical state is the sum of
immediate and long-term displacements, calculated based on
equation (12).

Yam=Y11t Y,

(10

(12)

3. Investigation of the Proposed Method Re-
sults Considering Pseudo-Static Effect
Owhen Soil Is Unreinforced

The analyses conducted on unreinforced soils are divided into two
main groups. In the first group, we investigated the displacement
distribution in the wall height, and we investigated the maximum
displacement variations and top of wall displacement versus hori-
zontal acceleration coefficient in the second group of analyses. In
each group, seven analyses were conducted based on specifica-
tions of Table (3).

Table 3: Characteristics of used wall and soil in analyses for unreinforced
soils

Height of wall (m) 5-10m
Friction angle betvyeenowall and backfill 000000000
s0il(0°)
Soil density (1) 16-22 kN/m3
Sail cohesion (C) 0-20 kKN/m2
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Internal angle of soil friction [1[1") 25°%-45°
Horizontal seismic coefficient,kh (dimensionles) 0-0.3
Vertical seismic coefficient,kv (dimensionless) 0/3kh-4/3kh
Wall thickness(d) 20-40mm

In the first and second set of analyses, the distribution of dis-
placement in the height of wall is done by comparing the coeffi-
cient of horizontal and vertical acceleration. To increase the accu-
racy of the results, 1000 horizontal slices were used in results. As
According to Figure 3, increase in the horizontal acceleration co-
efficient, wall displacement increases, which is in contrast with
the vertical acceleration coefficient. This displacement is bulging
type. If the coefficient of vertical acceleration is zero, overturning
deformation occurs, and if the coefficient of vertical acceleration
is zero bulging occurs. As the horizontal acceleration coefficient
increases, the displacement moves toward top of the wall. An
increase in vertical acceleration coefficient moves the maximum
displacement towards the wall base. If the coefficient of vertical
acceleration equals the coefficient of horizontal acceleration, the
top of the wall displacement moves towards the soil.

C~10 kN/mM2 H-10m 3«30, 5«2/34,7=20 kN/m3,d=.2m
= 10

M N uwb v d
Hesght of wall (meters)
\

1000 aco 600 so0 200 o -200 —a00 -soo

Disglacements [mem)

Figure 3: Displacement distribution in wall height by comparing horizon-
tal and vertical acceleration coefficient in unreinforced soil

According to Figure 4, the third to fifth series of analyses discuss
the impact of internal friction angle, wall thickness, and the angle
of friction between the soil and wall. The results suggest that in-
creasing internal friction angle, wall thickness, and the angle of
friction between soil and wall reduces wall displacement. All de-
formations are of bulging type. Increasing the friction angle be-
tween the wall and soil reduces the maximum displacement differ-
ence and displacement of the top of the wall.

S LD kP He R0,y 20 RS m 3 ke 2 ks L S kb

w
o

IR EEREEREN]
Heght of wall {mefers)

L0 1E00 1100 1000 SO0 B00 P00 600

SOU aOD 00 200 100 =]
Cisplacements [mm)

Figure 4: Displacement distribution in wall height by comparing internal
friction angle, friction angle of soil, wall, and wall thickness in unrein-
forced soil

In the sixth and seventh series of analyses, the impact of soil cohe-
sion and specific weight is studied. Increase of cohesion decreases
wall displacement, and the increase of specific weight increases
wall displacement. In these analyses, all deformations are of bulg-
ing type. Also increase of cohesion moves the maximum dis-
placement towards wall base. The results are shown in Figure 5.

€m0 202, Him 10 chn A0S 2B, 1652 2RI 5 ST, 2, o 103 Koyl Frors

8

R
Hight of wall {meters)

Laco 1300 1200 1100 1006 SO0 B0 IO GO0 SO0 AG S0 200 160
Displacements (mm)

Figure 5: Displacement distribution in wall height by comparing cohesion
and soil specific weight in unreinforced soil

In the first and second series of the second group of analyses, the
impact of wall thickness and angle of internal friction are studied
and (Figures 6 and 7). The results showed that increase in horizon-
tal acceleration coefficient increased of top of the wall displace-
ment and the wall maximum displacement. Also, increase in wall
thickness and angle of internal friction reduced the displacement.

£=10 kN/m2 H=10m =30, C=10kN/m2,H=10m,#=30,
82234, 1=20KN/m3 bv=1/3kh £=2/34,y=20kN/m3, kv=1/3kh
1200 B0
= ——=i=2m E ——gd=2m
E
E_ 1000 d=25m =§’ T d=25m
g g=3m £ d=3m
(]
E 800 d=35m f a0 d=35m
_: 4]
é 500 § 400
C
fw o
i i w0
£ &
E M & 100 M
[] 0
0 0/ 02 03 0 0/ 0z 03

Horizontal seismic coefficient (kh) Horizontal seismic coefficient (kh)

Figure 6: Variations of maximum wall displacement and top of the wall
displacement to horizontal acceleration coefficient comparing concrete
wall thickness

C=10kMN/m2,H=10m,d=.2m, €=10 kN/m2,H=10m,d=.2m,

B=2/36,1=20kN/3 kv=1/3kh 8=2/34,1=20kN/m3 kv=1/3kh

'_\1-!III — 1000
E —— g0 g 800 __‘_39
F 35 T w =55
- 0 g 440
g 045 p o 3
Z 800 5 W0
= g s
E 600 £ o
S amo E 00
£ I
E 200 £

0 [+]

i o1 02 0/3 1] o1 o2 03

Horizontal seismic coefficient (lh) Horizontal seismic coefficiant (kh)

Figure 7: Variations of maximum wall displacement and top of the wall
displacement to horizontal acceleration coefficient comparing internal
friction angle

According to Figure 8 in the third series of analyses, increase in
the horizontal acceleration coefficient increases the maximum
wall displacement, and increase in the horizontal acceleration
coefficient at kv=0, kv=1/3kh increases the linear displacement of
the top of the wall. However, vertical acceleration coefficient of
larger than 2/3kh, the chart would have a descending trend. Also,
increase of the vertical acceleration coefficient reduces displace-
ment in all cases.

C=10k/m3 H=10m g=.2m, C=L0k/ma t=t0m = 2m,
B30 =203 =30 B3 =20k m3 =30
_ _
e E 0
% - b3/ 3 = m
/3 L
E 2w is3/3ih H =
g g Lot 3 0
£ t 1 os 9
E X ¢ m
E m § i
H § oo Pl
E 0 im 2/
' ln=3/3kn
m H
L P
0 1w

0 06 01 o8 2 B W

Horizontzl seismic coefficient (kh) Horizonta seiic coeficent ]
Figure 8: Variations of maximum wall displacement and top of the wall
displacement to horizontal acceleration coefficient comparing vertical
acceleration coefficient
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In the fourth and fifth series of analyses, the effect of the friction
angle between the wall and soil and cohesion is studied. Based on
Figures 9 and 10, increase of pseudo-static (kh) horizontal accel-
eration coefficient increases the top of the wall displacement and
maximum displacement of wall. Also, increase in the friction an-
gle between the wall and soil and cohesion reduces the displace-
ment.

LT T 2 8 P TR AT,
=201 Bkh

LT T o 2 3 P TS,
£=30jn=1Tkh

3o ennimim

The: musdrran el
 EEBEERGEES

iz top of shie wall ey
B upssEEEE

g
&

"
:

& 18] L

oz tal astarms: coettim [kE] verrinaral el coeMickens [k3)

Figure 9: Variations of maximum wall displacement and top of the wall
displacement to horizontal acceleration coefficient comparing unrein-
forced soil cohesion
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Figure 10: Variations of wall maximum displacement and top of wall
displacement to horizontal acceleration coefficient comparing the friction
angle between wall and soil

In the sixth and seventh series of analyses, the effect of soil specif-
ic weight and height of the wall are discussed. According to Fig-
ures (11) and (12), the increase of the horizontal acceleration coef-
ficient increases the top of the wall displacement and wall maxi-
mum displacement. Increase of the specific weight and height of
the wall in both charts increases the chart variations with the same
slope.

CoLEEMm I A0 s Sy ds- T DR R, HE 2 Dm s I
22k v e 30 L T B 3 22k M =m0, bvm Lk 5136
= 12m
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1 % i —
2 o - 2 ne -
a

Figure 11: Variations of wall maximum displacement and top of wall
displacement to horizontal acceleration coefficient comparing soil specific
weight

C=10kN/m, d=. 2m, y=20kN/ T3, §=30,kv=1/3kh, C=10kN/m, d=.2m,y=20kN/m3, =30, kv=1/3kh

=13 B=13¢
W — 950
£ ——H=5m § 850
i Hetor ? =0
imm H=10m H
H S e
2 s
% o 3 =0
g £ 450
£ o g 180
H i
g 400 3 250
= 150
00
= > - -
o 0 g o1 2 L]

o

1 o2 W3

Horizontal seismic coefficient (kh) Harizontal seismic coefficent (kh)

Figure 12: Variations of wall maximum displacement and top of wall
displacement to horizontal acceleration coefficient comparing wall height

4. Determining Critical Rupture Wedge Angle
of Displacement in Unreinforced Soils

In this method, in addition to the rupture wedge angle that
measures the maximum pressure exerted on the wall, there is also
the rupture wedge angle for which the greatest displacement oc-
curs at the top of the wall, showing that the pressure of rupture
wedge angle on the wall ([7,) is different from the rupture wedge
angle of the wall displacement ([, which is the most important
achievement of this research. The results suggest that increasing
the internal friction angle increases the linear rupture wedge angle
of displacement. Also increase of the horizontal acceleration coef-
ficient reduces the rupture wedge angle of displacement. Figure 13
presents a new formulation to calculate the rupture wedge angle of
displacement.

. o (13)
=—+——(78.4xkh
p =L+ (78.4xkn

5. Proposed Method to Determine Retaining
Wall Displacement in Reinforced Soils

The analyses conducted in reinforced soils are divided into two
main groups. In the first group, we investigated the displacement
distribution in the wall height, and we investigated the maximum
displacement variations versus horizontal acceleration coefficient
in the second group of analyses, in the first group, two analyses
and in the second group, four analyses were conducted (Table 4).

Table 4: Soil and wall characteristics used in analyses of reinforced soils

Height of wall (m) 10m
Friction angle betvyeenowall and backfill 000000000
s0il(0°)
Soil density (I 1) 20 kN/m3
Soil cohesion (C) 0-20 kKN/m2
Internal angle of soil friction | 11 1) 30°-45°
Horizontal seismic c?:sfsf)lment,kh (dimension- -0.2Up 1002
Vertical seismic coefficient,kv (dimensionless) -4/3kh up to 4/3kh
Wall thickness(d) 20mm
Vertical spacing of reinforcements (Sv) 0.5m-2m

The results show that (Figure 14) the increase of vertical accelera-
tion coefficient reduces the wall displacement. In these analyses,
all deformations are in of overturning type. In these analyses, the
opposite direction of vertical seismic force was used. It is shown
that seismic force that is in opposite direction of presumption that
has greater impact than the presumption state. Increase of vertical
seismic acceleration coefficient in the opposite direction increases
the wall displacement.

C=10kN/m2, H=10m, =30, 5=25§,=20kN/m3,d=.2mkh=.2,sv=01m

—+—kv=-43kh —=— kv=-33kh
——ly=-23kh lew=-13kh [ ]
—— kv=13kh

kv=3/3kh

Helght of wall [meters)

—m =0
kv=2/3kh
Ev=4,3kh

=T O ¥ ]

1300 300 100
Displacements [mm)

2300 -1000 -4F00

Figure 20: The impact of vertical acceleration coefficient on displace-
ment of reinforced walls
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According to Figure 15, increase in the number of reinforcements
reduces the wall displacement. In this set of analyses, 5, 10, 15,
and 20 reinforcements were used. It reduced wall displacement
55.78%, 86.6 %, 93.6%, and 96.3% compared to unreinforced
state. Increase in the number of reinforcements had no impact on
the type of deformation and all of them are of overturning type.

C=10kNfm2,H=10m, $=30, 5=204,=20kMN /m3,d=.2m kv=0 kh=2

\ in
B Unreinforced backfil
7 Q
.-"f —
¥ f 7
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‘1\\. ‘\ [
~=sy=2m dl 5 g
sy=1m 1%
su:.ﬁ?m 3 fw
=——5¥=0M
L\i 3 E
: 1
0
300 L] 100 ]

Displacements (mm)

.Figure 20: The impact of the number of reinforcements on wall dis-

placement of reinforced soils

To assess earthquake-reciprocating force, the impact of negative
coefficients of horizontal acceleration is considered in this analy-
sis (Figure 16). Increase in horizontal acceleration coefficient
increases the wall displacement. As it was observed in all of the
previous analyses, increase of internal friction angle decreases the
linear changes.

C=10kN/m2 H=10m,d=.2m, 5=2/2¢,y=20kN/m3 lkv=0,5v=1m
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Figure 16: Variations of horizontal acceleration coefficient versus wall
displacement of reinforced soil for various values of internal friction angle

Increase of horizontal acceleration coefficient increases the wall
displacement (Figure 17). Increase of soil cohesion reduces the
wall displacement, but cohesion effect increases with increase in
the horizontal acceleration coefficient so as in the coefficient of
kh=0.05 only 2.6% of wall displacement is reduced which is neg-
ligible, while in kh=0.2 it is reduced 13.3%, indicating that the
increase of the impact of cohesion is high in the horizontal accel-
eration coefficients.

0=30,H=10m,d=.2n, &=2/34,y=20kN/m3 kv=0,5v=1m

a0
~4—c=0kN/m2
= ~B-c=5kN/m2
c=10kN/m2
c=15kN/m2
a0 +==20kN|||m2

35

30

Displacement top of the wall{mm)

0 /06 0f1
Horizontal seismic coefficient [kh)

0/15 02

Figure 17: Variations of horizontal acceleration coefficients versus rein-
forced soil wall displacement for various vales of soil cohesion

According to Figure 18, increase in the horizontal acceleration
coefficient increases wall displacement in negative vertical accel-
eration coefficient. However, in the case of positive vertical accel-
eration coefficient, displacement variations and horizontal accel-
eration coefficient are descending. Increase in the horizontal ac-
celeration coefficient and the number of reinforcements increase
the wall displacement (Figure 19).

§=30,H=10m,d=.2m, =2/3p,y=20kN/m3,c=10kN/m2,sv=1m
300

s foy=- 4
== ky=-33kh
ky=-2/3kh
k=-1/3kh
=it =0k
sl p=1 3k
s =3 (kb
s =33k
s = {3k

Displacement top of the wall{mm)

-3000
Horizontal seismic coefficient (kh)
Figure 18: Variations of horizontal acceleration coefficient versus rein-
forced soil wall displacement for various values of pseudo-static vertical

acceleration coefficient
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Figure 19: Variations of horizontal acceleration coefficient versus rein-
forced soil wall displacement for the number of reinforcements
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6. Comparing the Proposed Method Results
with Numerical and Other Researchers’ Re-
sults

Various methods have been introduced so far to examine the wall
displacements of reinforced and unreinforced walls. However,
each of these methods had been designed for particular situations
and had their own shortcomings. Results were presented in this
study using limit equilibrium principles and assumptions of hori-
zontal slices method for the wall in cohesive frictional reinforced
soil. In this section, results obtained from the proposed method
were compared with the results of previous researchers in equal
condition.

To validate the equations, element numerical methods were used
by Abaqus software. This model has been drawn in 3D and the
specifications of the concrete wall and backfill have been homog-
enized. In the soil specifications, plastic behavior of soil was used
with Mohr-Coulomb model, and in meshing, Tri type (triangular
element type) was used.

In Figure 20, four analyses with horizontal acceleration coefficient
variations are drawn and in Figure 21, four other analyses with
internal friction angle variations are drawn.

Abaqus software presents the immediate displacement in the con-
crete wall. The obtained results suggest that there is good conver-
gence between immediate analytical results and numerical results.

€=5 kN/m2,H=10m, =30, 6=2/36,y=20
kNfm3,d=.am,kv=0
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Figure 20: Comparison of results of the proposed method by Abaqus 6.12-
1 software with horizontal acceleration coefficient variations
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Figure 21: Comparison of results of the proposed method by Abaqus 6.12-
1 software with changes of rupture wedge angle

Table 5 compares the results of the proposed method by Euro-code

8; in Table 6 (/) and [I[],[[results are compared with other
studies stating that the maximum displacement in 5 [10is more
than[J(Lp).

Table 5: Comparing the proposed method displacement with other re-
searchers for unreinforced soil wall

€=0 kN/m2,H=bm, 8=17°,y=17.3 klN/m3,d=.7m,kv=0.3,kh=3, ¢=34"

Method Proposed Ghanbari& Mononobe- | Steedman- | Richards& | Euro Code
~etho! method | Abmadabadi(2010) | Okabe(1929) | Zeng(1990) | Elms(1979) 8
Seismic active earth
- 143.598 14335 145.16 141.24 100.92 100.92
pressure P(KN/m)
poaofPlme | ¢ 58 M 2 233 233
base(m)
Displacement(mm) | 93.71 100 100

Table 6: Comparing the rupture wedge angle in the proposed method with
other researchers methods for unreinforced soil wall

H=10m,5=2/34,7.=20 kN/m?,7.=24 kN/m*
A(Bs)= Propesed method
B(B.)= Proposed method
C(B;)= Moialla and Ghanbari(2012)
D(B,)=Zarrahi-Kashani(1979)
kh=0.1,0=30° kh=0.2,0=32° kh=0.25,0=34° kh=0.3,0=36°
A8 Jc]o A]e Jc]o AJsJc]o alsJc]o
516 | 5035 |505 | 5053 | 405 | 4545 |458 | 4610 |36.2 |456 |442 | 4478 | 326 |417 |425 | 4351

To validate the presented equations at reinforced soil wall, the
proposed method was compared with numerical method using
Abaqus software. In this software, we can insert reinforcement
parameters and their length. Change in the length of reinforce-
ments and their characteristics change the results. The proposed
method is an analytical method based on limit analysis that records
the reinforcements’ forces and wall displacement in the rupture,
and it does not depend on the type and length of reinforcements.
This has resulted in difference between results of numeric method
and analytical method (Table 5).

Table 7: Comparing the proposed method results with Abaqus 6.12-1 for
reinforced soil wall
(=10 kN/m2,H=10m, §=20°,=20 kN/m3,d=4m.kv=0,Sv=1m, ¢=30°

Amm|= Proposed method (Instantaneous Deflection)

B(mm)= Proposed method(Long-term Deflection)

((mm}= Abaqus 6.12-1
kh=0 kh=0.05 kh=0.1 kh=0.15

A|/B|]C|/A/B|C/A|/B|]C]A/B|JC]A|B]|C

139 1419 | 141 ] 151 [ 454 1237 [ 163 1490 | 338176528 | 441 | 196 | 588 | 5.54

7. Conclusion

Based on the studies presented in this paper, the following results
are obtained:

In this method, it is possible to calculate the maximum displace-
ment, draw displacement modes, and determine the critical rupture
wedge angle with displacement priority. A benefit of this proce-
dure is to consider all soil parameters such as cohesion, friction
angle between soil and wall, and internal friction angle of the soil.
Different specifications of wall such as concrete stiffness, modu-
lus of elasticity of concrete, concrete cracking, wall thickness, and
reinforcement steel specifications are considered that none of the
previous methods enjoys this general state in seismic conditions.
Parameters of quasi-static vertical and horizontal acceleration
coefficient in both directions are considered in the formulation.
In unreinforced soil, 14 series of analyses were conducted, show-
ing that, in kv = 0, deformation is of overturning type, and in other
states, deformation is of bulging type. Change of the angle of in-
ternal friction and cohesion and other soil characteristics and wall
thickness have no affect on the type of deformation, but change in
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earthquake acceleration coefficients changes the maximum dis-
placement at wall height.

In unreinforced soils, increase of wall thickness, angle of internal
friction, cohesion, angle of wall friction between the soil and wall,
and soil specific weight reduce wall displacement. However, the
increase in quasi-static coefficient of horizontal acceleration and
vertical acceleration coefficient kv = 0 and kv = 1/ 3kh increases
the wall displacement.

A new formulation was provided to calculate the rupture wedge
angle of displacement. The results show that the rupture wedge
angle of the pressure on wall (L) is different from the rupture
wedge angle of wall displacement (1! The results suggest
that increasing internal friction angle increases linearly the rupture
wedge angle of displacement. Also increase of the quasi-static
horizontal acceleration coefficient reduces the rupture wedge an-
gle of displacement.

In reinforced soils, eight series of analyses were conducted, show-
ing that all deformations are of overturning type. Increase in the
angle of internal friction, cohesion, the friction angle between soil
and wall, and the number of reinforcements reduce wall displace-
ment. However, the increase in quasi-static coefficient of horizon-
tal acceleration and vertical seismic acceleration coefficient in the
opposite direction of the presumption increases the wall displace-
ment.

Comparison of the results of the present method with numerical
methods and Euro Code 8 indicates that there is an appropriate
convergence between immediate analytical results and numerical

analyses.
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