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Critical Inclination of Failure Surface and Seismic Active
Earth Thrust for a Broken Slope Backfill

Umit CALIK!

ABSTRACT

This paper presents an analytical approach, based on the limit-equilibrium state, to determine
the critical inclination of failure surface and active earth thrust for a cohesive-frictional
backfill with a broken slope and a surcharge load at a constant distance from a retaining wall
under the seismic condition. A combined analysis using Mononobe-Okabe’s and Culmann’s
methods within a trial and error procedure is performed in this study. The influences of
several parameters such as wall height, surcharge magnitude, cohesion, and internal friction
angle of the backfill, adhesion between the wall-backfill interface, tension cracks, horizontal
and vertical seismic acceleration coefficients have been investigated on the critical
inclination of failure surface and the active earth thrust. Additionally, the performance of the
proposed approach is explored by geotechnical software (Geo5) and two available methods
in the literature. All of the results and the detailed comparisons are given in tabular and
graphical forms.

Keywords: Critical inclination of failure surface, Seismic active earth thrust, Cohesive-
frictional broken backfill, Adhesion, Tension cracks, Trial and error procedure.

1. INTRODUCTION

In seismic regions, the static and seismic forces act on retaining walls and simultaneously
lead to failure. So, they should be taken into account together during the design of retaining
structures. Okabe [1] and Mononobe and Matsuo [2] developed a method, the so-called
Mononobe-Okabe method, to evaluate lateral earth pressure for cohesionless soils under
dynamic conditions. This method was a seismic version of Coulomb’s static earth pressure
analysis. The earthquake-induced forces on the failure mass are applied by the pseudo-static
method using seismic acceleration coefficients in the Mononobe-Okabe method.

The researchers have presented several solutions using the Mononobe-Okabe method, based
on the limit-equilibrium of the different failure planes. Diizgiin and Bozdag [3], Ghosh and
Sharma [4], and Shao-jun et al. [5] extended the Mononobe-Okabe method to consider the
effect of the dynamic behavior of earthquakes with a single critical soil wedge and a planar
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failure surface. In the recent past, the analytical formulations were given in explicit forms to
calculate the seismic active earth pressure and the critical angle of the critical failure surface
behind retaining walls. Das and Puri [6], Saran and Gupta [7] and Ghosh et al. [8] developed
the expressions to cohesive-frictional (c, ¢) backfills to calculate the static or dynamic active
earth pressure. Shukla [9] and Shukla and Bathurst [10] presented the analytical formulations
to estimate the dynamic active force and the critical inclination of the failure plane
considering the effects of tension cracks, adhesion, and surcharge load. Ghosh and Sengupta
[11], Iskander et al. [12], Shukla [13], Lin et al. [14], Zhou et al. [15], Tang and Chen [16],
Gupta and Sawant [17], Gupta et al. [18] and Peng and Zhu [19] developed the mathematical
expressions taking into account wall height, inclination of the back face of the wall, tension
cracks, adhesion, cohesion, internal friction angle of the backfill and surcharge with an
infinite sloping surface.

Caltabiano et al. ([20], [21], and [22]) studied the critical angle of failure surface considering
the presence of a uniform surcharge at different distances from the retaining wall. Aminpour
et al. [23] investigated the effects of intensity, width, height, and location of surcharge related
to the edge of the slope as well as the soil properties. Hou and Shu [24] improved the existing
trial wedge method to calculate the earth pressure regardless of the irregularity of surcharges
at a constant distance from the wall. Arda and Cinicioglu [25] studied the influences of mean
grain size, particle shape, and surcharge on the geometry of the active failure surface.

There is a limited number of studies in the literature regarding the irregular shape of the
backfill surface. Yazdani et al. [26] formulated their solution to estimate the seismic active
earth pressure for the noncontinuous backfill geometries. Greco [27] derived a formula for
the general backfill profile subjected to line and strip surcharges considering soil friction
angle, soil unit weight, and friction angle between soil and wall. Afterward, Greco [28]
extended his solution to take account of seismic forces using the Mononobe-Okabe method.

Kim et al. [29] solved the problem of determining the critical inclination of the failure plane
by considering a trial and error method. However, Greco [30] criticized Kim et al. [29]’s
solution for the limitation of the trial and error method. Lu and Yuan [31] constructed a new
method using the trial and error method and Culmann’s [32] graphical solution with
consideration of the inclination of the back face of the wall, the cohesive and adhesive forces
in the problem under the static condition.

In the published literature, the common concept for determining critical failure surface and
seismic active earth pressure is to accept the soil backfill surface as horizontal or continuously
sloping at an angle with the horizontal plane. However, in-situ conditions may generally
prevent the construction of backfill like this form. That’s why an attempt is made to solve the
problem for a retaining wall supporting a broken backfill (in the case of broken terrain).
Besides, the chosen specific geometry and the input parameters of the problem in this paper
are more realistic and practical to use in the geotechnical analysis of retaining structures.
Here, a combined framework which has consisted of Culmann [32]’s graphical solution and
Mononobe-Okabe’s method is also designed to estimate the critical inclination of failure
surface and the active earth thrust by resorting to a trial and error procedure. A script with
MATLAB programming language is written to overcome the complex and time-consuming
repetitive steps in the calculations. The algorithm of the script is constructed to include all
effects of wall height, surcharge magnitude and location, cohesion and internal friction angle
of the backfill, horizontal and vertical seismic acceleration coefficients, adhesion between
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the wall-soil interface, and tension cracks for a cohesive-frictional backfill with the irregular
surface profile. Briefly, this study strives to develop an analytical approach, to derive
mathematical formulations, and to write its MATLAB code considering all of the mentioned
geotechnical methods within the influences of soil, loads, and the surface geometry for the
determination of the critical inclination of failure surface and the active earth thrust.
Moreover, the proposed approach herein is verified by powerful geotechnical software
(Geo5) and two available methods by Shukla [13] and Motta [33]. All of the results and the
comparisons are presented in tabular and graphical forms.

2. METHOD OF ANALYSIS
In the development of the analytical approach, the following assumptions have been made:

(a) The backfill is homogeneous, dry, frictional, and cohesive. As known, there is always no
access to a cohesionless backfill due to economic aspects. The cohesive-frictional backfills
are commonly encountered in the real field applications. The deriving expressions for such a
backfill are usable and practicable to estimate the critical inclination of failure surface and
the active earth thrust.

(b) The failure surface in the backfill is assumed to be planar to simplify the calculations.
The failure surface that develops in the backfill is a plane if =0. But the failure surface is
curved for a rough wall (6#0). However, the planar failure surface is still used in the practice
of Coulomb’s theory. It is known to provide acceptable results in the active state (Paik and
Salgado [34]).

(c) The retaining wall yields away from the backfill. The displacement of the wall is sufficient
enough to cause an active earth pressure condition.

(d) The uniform surcharge load that acts on the backfill at a distance from the wall is long
enough to intersect the failure plane.

L1 L2

[ [

Wall movement away
from soil

(W+Q)(1£ky)

P, (W+Q)ky,
(a) (b)
Figure 1 — Geometry of the trial failure wedge and its force polygon
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Figure 1(a) shows a general schematic diagram of the cross-section geometry and the forces
acting on a trial failure wedge behind the retaining wall for the cohesive-frictional backfill
with the broken slope and the uniformly distributed surcharge load at the constant distance
in the active state. Also, the force polygon of this trial failure wedge can be seen in Figure
1(b).

Shukla et al. [35] reported that the active earth pressure with tension cracks in the cohesive
backfill could increase up to 20%-40% over the case without cracks. Therefore, the effect of
tension cracks is taken into consideration. Nian and Han [36] calculated the depth (z.) of
tension cracks zone in seismic condition by using Equation (1). This equation takes the
seismic inertial forces and the inclination of backfill into consideration while calculating z.
Besides, it is assumed that the (unit) cohesion and the (unit) adhesion decrease linearly from
their initial values to zero at the surface of the backfill in the tension cracks zone.

2u(3;)
atan2ys
cos2¢@

.=
[(1+tan Ytani)?+

[sing(1 + tanYtani) + /(1 + tan Ytani)2 + 4tan2y | (1)
](1¢k,,)cos<p

All of the calculated forces on the trial failure wedge in Figure 1(a) are R, C, C,, W and Q.
Equations (1) and (2) can be written considering the equilibrium of these forces in Figure
1(b) which is drawn in the horizontal [— + and « —] and the vertical [T + and | -] directions
of the force polygon, respectively:

P,cos (90-B+6)-Cacosp+Cceosa-Recos(90+¢-a))-(W+Q)kn, = 0 2)
Pasin (90-B+0)+C,sinf+Csino+Rsin(90+¢-a)-(W+Q)(1+k,) = 0 3)
From Equation (2), R is obtained as,

_ Pgcos (90—B+8)—CycosB+Ccosa—(W+Q)ky,
cos(90+¢—a)

R “4)

Substituting the R from Equation (4) into Equation (3), the following equation can be derived
for the active earth thrust (P,):

_ (W+Q)(1Fky +mkp)+Cy (mcosB-sinB)—C(mcosa+sina)
mcos(90—B+8)+sin(90—B+8)

P, Q)

where m = tan(90+¢-a.). (6)

The trial failure wedge is taken as an example in Figure 1(a). It is assumed that a downward
failure movement of this trial wedge in the backfill occurs along a surface P,P3. The failure
surface passes through the heel of the wall. It is inclined at an angle (0) to the back face of
the retaining wall.

The magnitude of P, is calculated from Equations (5) and (6) for the trial wedge. The
calculation is repeated many times for the other potential failure surfaces to obtain the
maximum magnitude of P, with resorting to a trial and error procedure. The failure surface
that gives the maximum value of P, is the critical failure plane; the corresponding P, and 6
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are the active earth thrust and the critical inclination of the failure surface (6r) of the problem.
An algorithm in MATLAB programming language is built and a script is coded to estimate
P.and 0., because of the several input parameters in the problem, the complex and repetitive
steps in the calculations. The flowchart of the algorithm in the script is given in Figure 2.

No Solution

Y

Input P2=0, 8c=0 0<8<90
i . <
Pasmax(Pa1; Pa;

Pa=max(Pa,1; Pa2)
8.,=6

|

Output End
Paand 8

Figure 2 - Flowchart of the algorithm in the script

3. PARAMETRIC STUDY

The parametric study aims to explore the effects of the input parameters on the critical
inclination of failure surface with the vertical plane and the active earth thrust in the static
and seismic conditions. The details of the input parameters are shown in Table 1.

Table 1 - Details of the input parameters

Input parameter Values
H (m) 6,8 and 10
q (kN/m?) 15,30 and 45
¢ (kN/m?) 0, 10 and 20
¢ (°) 25,30 and 35
kn 0,0.1 and 0.2

The three parameters in the study are correlated with the parameters in Table 1 (e.g., § =
(2/3)9, ca= (2/3)c and ky = (2/3)ks). The four parameters are kept constant (e.g., v = 18 kN/m?,
i=15° pf=90° and L, =5 m) during the problem-solving process for simplicity.
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3.1. Effects of the Parameters on the Critical Inclination of Failure Surface

The first step of the parametric study is to determine the critical inclinations of the failure
surface with the vertical plane. The coded MATLAB script is run through all of the analyses
for 0. The calculated values of 6. are shown in Figures 3, 4, and 5. Mononobe-Okabe’s
method has no result when ¢—i—y < 0. Therefore, the approach in this study does not apply
to the problem at ¢ = 25° and k, = 0.2 in Figure 5.

In the static condition, the critical inclination decreases with the increase in the values of wall
height, cohesion, and internal friction angle. On the other hand, the surcharge load increases
the critical inclination. In the seismic condition, the critical inclination has a decreasing
tendency with increasing the wall height, the cohesion, and the internal friction angle. The
critical inclination shows an increment due to the horizontal seismic acceleration coefficient
and the surcharge load. There are the same trends with the parameters, such as the internal
friction angle and the seismic acceleration coefficient, in the papers which are studied by
Shukla et al. [35], Ghosh and Sengupta [11], and Ghosh and Sharma [37].

The shear strength parameters (c and ¢) of the backfill soil lead to an increase in the resisting
forces along the potential failure surface. Also, increasing the height of the wall geometrically
occurs the longer surface P,P; in Figure 1(a) where ¢ and ¢ make the soil-wall system safer
against the shear failure. As a result of this, the lower inclinations of failure surface with the
vertical plane are more critical. In other words, the wall-soil system is vulnerable to failure
at the smaller 8 under both static and seismic loads.

W c=0kN/m2; g=15kN/m2 M c=10kN/m2; q=15 kN/m2 M c=20 kN/m2; q=15 kN/m2 M c=0kN/m2; q=30 kN/m2 M c=10kN/m2; q=30 kN/m2

m c=20 kN/m2; q=30 kN/m2 mc=0kN/m2; q=45kN/m2  mc=10kN/m2; q=45 kN/m2 ® c=20 kN/m2; q=45 kN/m2
50

The critical failure inclinations (°) in static condition

6.00 8.00 10.00 6.00 8.00 10.00 6.00 8.00 10.00
The wall height, m
1

Phi = 25° Phi = 30° Phi = 35°

Figure 3 - The critical inclinations in the static condition

The parameters q and ky contribute P, to exceed the shear strength of the backfill soil after a
certain cross-sectional area of the trial failure wedge. Thus, increasing the critical inclination
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provides a large enough area to increase the effects of q and ks on the soil-wall system. As
expected, the critical inclinations under the earthquake-induced loads are higher than those
under the static loads. According to Figures 3, 4, and 5, the seismic loads increase the critical
inclination up to 4-5 degrees each 0.1g increment of ky.

M c=0kN/m2; g=15kN/m2 M c=10kN/m2; q=15 kN/m2 M c=20 kN/m2; =15 kN/m2 M c=0kN/m2;q=30kN/m2 M c=10kN/m2; q=30 kN/m2

=20 kN/m2; q=30 kN/m2 mc=0kN/m2; q=45kN/m2  mc=10 kN/m2; q=45 kN/m2 mc=20 kN/m2; q=45 kN/m2
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The critical failure inclinations (°) for k;;
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6.00 8.00 10.00 6.00 8.00 10.00 6.00 8.00 10.00

Phi = 25° Phi = 30° Thexwalllheightizm Phi = 35°

Figure 4 - The critical inclinations in the seismic condition, for ky = 0.1

M c=0kN/m2; q=15kN/m2 M c=10kN/m2; q=15 kN/m2 M c=20 kN/m2; =15 kN/m2 M c=0kN/m2;q=30kN/m2 M c=10kN/m2; q=30 kN/m2
W c=20 kN/m2; q=30 kN/m2 mc=0kN/m2; q=45kN/m2  mc=10 kN/m2; q=45 kN/m2 ® c=30 kN/m2; =45 kN/m2
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The critical failure inclinations (°) for k,=0.2
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./
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Phi = 25° Phi =30° The wall hlelght, m Phi = 35°

Figure 5 - The critical inclinations in the seismic condition, for k, = 0.2
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3.2. Effects of the Parameters on the Active Earth Thrusts

The second step of the parametric study is to estimate the active earth thrusts obtained from
Equations (5) and (6) in the state of failure. The computed results of active earth thrust are
listed in Figures 6, 7, and 8. At ¢ = 25° and k, = 0.2, the proposed approach has still no
solution in Figure 8 since ¢—i—y < 0.

W c=0kN/m2; q=15kN/m2 M c=10kN/m2; q=15 kN/m2 ™ c=20kN/m2; q=15 kN/m2 M c=0kN/m2;q=30kN/m2 M c=10kN/m2; q=30 kN/m2
W c=20kN/m2; g=30 kN/m2 mc=0kN/m2; q=45kN/m2  mc=10 kN/m2; q=45 kN/m2 mc=20 kN/m2; q=45 kN/m2
500
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- I I I
350 I
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" 1
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150
- I I i
50 I I I

6.00 8.00 10.00 6.00 8.00 10.00 6.00 8.00 10.00

The active earth thrusts (kN/m) in static condition

Phi=25° Phi =30° The wall height, m Phi = 35°
Figure 6 - The active earth thrusts in the static condition
M c=0kN/m2; q=15kN/m2 M c=10kN/m2; g=15 kN/m2 M c=20 kN/m2;q=15kN/m2 M c=0kN/m2;q=30kN/m2 M c=10 kN/m2; =30 kN/m2

M c=20 kN/m2; g=30 kN/m2 mc=0kN/m2; q=45kN/m2 M c=10 kN/m2; q=45 kN/m2 ® c=20 kN/m2; g=45 kN/m2
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Figure 7 - The active earth thrusts in the seismic condition, for ky = 0.1
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M c=0kN/m2; q=15kN/m2 M c=10 kN/m2; q=15 kN/m2 ®c=20kN/m2; q=15 kN/m2 M c=0kN/m2; q=30kN/m2 M c=10 kN/m2; q=30 kN/m2
c=20kN/m2; q=30 kN/m2 m c=0kN/m2; q=45kN/m2  mc=10kN/m2; q=45 kN/m2 m c=20 kN/m2; q=45 kN/m2
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\6.60 8.00 10.00 6.00 8.00 10.00 6.00 8.00 10.00

Phi = 25° Phi = 30° The walllheight, m Phi = 35°

The seismic active earth thrusts (kN/m) for k,=0.2

Figure 8 - The seismic active earth thrusts in the seismic condition, for k, = 0.2

In the static condition, the active earth thrust shows a notable decreasing behavior when the
cohesion and the internal friction angle of the backfill increase. On the contrary, the wall
height and the surcharge load increase the active earth thrust. Herein, the wall height is more
dominant to get a higher active earth thrust. In the seismic condition, the active earth thrust
indicates a decreasing trend with the cohesion and the internal friction angle of the backfill,
and an increasing trend with the height of the wall, the horizontal seismic acceleration
coefficient, and the surcharge load. The similar tendency of the seismic active earth thrusts
is reported by Shukla et al. [35], Ghosh and Sengupta [11], and Ghosh and Sharma [37].

As shear strength parameters (¢ and ¢) increase (i.e. the backfill soil becomes stronger),
Coulomb’s active pressure coefficient decreases. Therefore, these two parameters reduce the
magnitude of the active earth thrust.

An increase in the height of the wall geometrically induces the higher values of the horizontal
surcharge load distance (L) and the weight of the failure wedge (W). These new geometrical
cases maximize the influences of static and seismic loads (via q and ky) on the soil-wall
system. Hence, the higher loads apply the additional lateral forces along the back of the
retaining wall. In other words, the retaining wall is subjected to higher values of the active
earth thrust. As seen in Figures 6, 7, and 8, the seismic forces considerably increase P, up to
300% according to the values under the static condition. It is worthy to note here that H shows
a more significant effect on P, in comparison to the effects of q and k.

12035



Critical Inclination of Failure Surface and Seismic Active Earth Thrust for a Broken ...

3.3. Comparison of the Results of Active Earth Thrusts

The performance of the proposed approach is deeply investigated by using geotechnical
software (GeoS) and the two previously published studies for the cohesive-frictional
backfills.

Firstly, the analysis in this study is verified by the geotechnical software Geo5. Geo5 does
not explicitly indicate the critical inclination of the failure surface. That’s why the study only
compares its computed values of P, to the results of GeoS5. Figure 9 shows this comparison
attempt for the case ky= 0.2, ky = (2/3)kn, § = (2/3)¢, ca= (2/3)c, y=18 kN/m?, i=15° B =
90°and L1=5m.

W c=0kN/m2; mc=10kN/m2; mc=20 kN/m2 mc=0kN/m2 by the author W c=10 kN/m2 by the author m c=20 kN/m2 by the author
700

600

g

IS
8

g

g

The seismic active earth thrusts (kN/m)

g

6.00 8.00 10.00 6.00 8.00 10.00

Phi = 30° The walllhelght, m Phi = 35°

Load = 30 kN/m2

W c=0kN/m2; mc=10kN/m2; mc=20 kN/m2 mc=0kN/m2 by the author m c=10 kN/m2 by the author m c=20 kN/m2 by the author
700

The seismic active earth thrusts (kN/m)

6.00 8.00 10.00 6.00 8.00 10.00
Phi = 30° The wall Iheight, m Phi = 35°

Load = 45 kN/m2

Figure 9 - The seismic active earth thrusts calculated by Geo5 and the study
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As seen in Figure 9, the differences in P, range from 1.1% to 28.6%. The results of the study
mostly diverge from the values given by Geo5 at H=6 m and ¢ = 10 kN/m? for q = 30 kN/m?
and 45 kN/m?. Furthermore, the comparison of the values of P, with Geo5 reveals that this
study underestimates P,. At this point, it can be stated the most important reason for the
discrepancy in the values that the different computation approaches and equations are used
by the study and Geo5 to consider the effects of the soil mass, tension cracks zone, and (static
and seismic) loads. On the other hand, the results in Figure 9 depict a convergence with the
increase in the values of input parameters.

mc=0kN/m2 mc=10kN/m2 mc=20kN/m2 mc=0kN/m2 by the author m c=10kN/m2 by the author ® c=20 kN/m2 by the author

50

The critical failure inclinations (°)

6.00 8.00 10.00 6.00 8.00 10.00
The wall height, m
Phi = 25° and kh=0.0 Phi =30° and kh=0.2
Load = 30 kN/m2 Load = 45 kN/m2

Figure 10 - The critical failure inclinations calculated by Shukla [13] and the study

mc=0kN/m2 ®c=10kN/m2 mc=20kN/m2 mc=0kN/m2 by the author ® c=10kN/m2 by the author = c=20 kN/m2 by the author

g

g

IS
8

g

The seismic active earth thrusts (kN/m)

8

6.00 8.00 10.00 6.00 8.00 10.00
Phi = 25° and kh=0.0 The wall height, m Phi =30° and kh=0.2
Load = 30 kN/m2 | Load = 45 kN/m2

Figure 11 - The seismic active earth thrusts calculated by Shukla [13] and the study

12037



Critical Inclination of Failure Surface and Seismic Active Earth Thrust for a Broken ...

Secondly, the study also performs another comparison of the seismic active earth thrusts and
the critical failure inclinations with the results calculated by Shukla [13] for the case k, =
(2/3)kn, & = (2/3)d, ca= (2/3)c, ¥ = 18 kKN/m?, B = 90°. L; and i are equal to 0 to ignore the
geometry differences between the two studies. The bar graphs of .. and P, are shown in
Figures 10 and 11, respectively.

The two studies approximately give the same results of 6, and P, for cohesionless and
cohesive backfill soils in the static condition. The established minor difference between the
values of 0, and P, barely increases up to 1.8% with increasing cohesion. Hence, it could be
concluded that 6., and P, are calculated in quite a proximity in these two studies.

The differences in 0, and P, given by these two studies are noticed in all cases of the soil-
wall system subjected to the earthquake loads in addition to the static surcharge load. Under
the seismic condition, the proposed approach in this study slightly underestimates the angles
of 0. and significantly overestimates the values of P, in comparison to Shukla [13].

The computed values of 0. by the two studies just show a few degrees of variation (max 4
degrees) in the case of cohesionless soils. However, the increasing cohesion decreases the
difference in the values of 0., to 1 degree. Therefore, Shukla [13]’s study confirms the present
0. findings of this study.

A similar convergence does not exist when the values of P,, calculated by this study, are
compared with the results given by Shukla [13]. The proposed approach estimates higher
values of P, (from 13.7% to 23.7%) with increasing cohesion. Herein, the problem is solved
by Geo5 once again to investigate the accuracy of the two studies at k, = 0.2, g = 45 kN/m?,
¢ =30°, and ¢ = 20 kN/m? for H = 6 m, 8 m, and 10 m. The results of P, calculated by Geo5,
this study, and Shukla [13] are summarized in Table 2.

Table 2 - P, (kN/m) calculated by Geo), this study, and Shukla [13]

The software Geo5 This study Shukla [13]
H=6m 195.732 177.407 135.410
Normalized P, by this study 1.10 1.00 0.76
H=8m 319.483 289.085 223.000
Normalized P, by this study 1.11 1.00 0.77
H=10m 488.218 435.871 340.755
Normalized P, by this study 1.12 1.00 0.78

In light of the results of P, in Table 2, this study gives 23% more values than Shukla [13]’s
results but 11% fewer values than the results of Geo5. The proposed approach in this study
shows a better convergence to the values of the substantial commercial software Geo5 which
is currently available to use for geotechnical engineers. It can be said from this viewpoint
that this study is appropriate to estimate the values of P, in geotechnics.

The two approaches, presented by this paper and Shukla [13], have not considered the total
adhesive force between the wall and the backfill, the total cohesive force along the failure
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plane, the depth of tension crack zone, and the loads (especially seismic forces) in a similar
way throughout the process of developing their expressions and the calculations. Moreover,
Shukla [13] presented his generalized expression in terms of dynamic active earth pressure
coefficients without a trial and error procedure. Therefore, more or less variation exists
between the given values by the two studies.

Thirdly, the examples, presented by Motta [33] to determine the values of 0., and P,, are
calculated again for a cohesionless backfill with a uniform surcharge load at a constant
distance from the wall under the static and seismic conditions. The results are shown in Table
3 for H=4m, y =20 kN/m?, ¢ = 0 kN/m? and = 90°.

Table 3 - P, and 6. calculated by Motta [32] and this study, respectively

q 40 kN/m? 20 kN/m?
¢ 30° 35°
) 0° 17.5°
i 0° 15°
L I m 2m
P, (kN/m) for ky =0 and ky =0 P, (kN/m) for ky = 0.1 and ky, =0
¢ =0 kN/m? 85.83 and 85.83 79.36 and 70.46
A, % 0.0 -12.6
Ocr (°) for ky =0 and ky, =0 Ocr (°)for kn=0.1 and ky, =0
¢ =0 kN/m? 34.85 and 34.85 43.31 and 39.69
A, % 0.0 9.1

The values of 8. and P, computed by Motta [33] and this study are the same in the first
example for the case of static analysis. About 10% variation is observed in the second
example for the case of dynamic analysis. Motta [33] considered that the backfill was
continuously sloping at an angle (i) with the horizontal plane. However, this study solves the
second example for the case of the broken slope of the backfill. The difference between the
slope geometries in the studies causes the different results of P, and 0.

4. CONCLUSIONS

This paper firstly presents an analytical approach, based on Culmann’s and Mononobe-
Okabe’s methods within a trial and error procedure, to calculate the critical inclination of
failure surface and the active earth thrust for a cohesive-frictional backfill with a broken slope
and a surcharge load at a constant distance under seismic conditions. Then, a parametric
attempt, using its derived equations and coded MATLAB script, is made to explore the effects
of the major field parameters in the design of a retaining structure, such as wall height,
surcharge magnitude, cohesion, and internal friction angle of the backfill, horizontal and
vertical seismic acceleration coefficients, adhesion between wall-soil interface and tension
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cracks. Finally, the results of the proposed approach are verified by the comparison with
Geo5 and previously published two studies.

By the parametric attempt in this study, it is found that the critical inclination of the failure
surface increases with an increase in the surcharge load and the horizontal seismic
acceleration coefficient, while it decreases with the wall height, the cohesion, and the internal
friction angle. The critical inclination of the failure surface is highly sensitive to the
horizontal seismic acceleration coefficient according to the effects of the other parameters.

The present work shows that the active earth thrust increases with increasing the wall height,
the surcharge magnitude, and the horizontal seismic acceleration coefficient. Herein, it is
worth noting that wall height has a greater influence on the active earth thrust. The cohesion
and the internal friction angle of the backfill soil decrease the values of active earth thrust.

Under the static condition, the results of the critical inclination and the active earth thrust
given by this work are the same for the cohesionless backfill when compared to the values of
Shukla [13]’s and Motta [32]’s studies. However, the study shows significant differences in
the results of the active earth thrust with increasing the cohesion and the horizontal seismic
acceleration coefficient. It overestimates the seismic active earth thrust compared to Shukla
[13]’s study but underestimates compared to Motta [32]’s study and Geo5. Besides, the study
still results in fairly close to the critical inclinations of the failure surface estimated by Shukla
[13] and Motta [32] under the seismic condition.

The approach presented by this paper about deriving the equations and the algorithm of the
coded MATLAB script herein can be employed by engineers in any geotechnical problems
associated with a critical inclination of failure surface and an active earth thrust for a
cohesive-frictional backfill with a broken slope and a surcharge load at a constant distance
under seismic conditions.

Symbols

c : the (unit) cohesion of the backfill

Ca .the (unit) adhesion between the retaining wall and the backfill
C : the total cohesion along the failure plane

Ca : the total adhesion along the back face of the wall

H : the height of the retaining wall

i : the inclination of the backfill surface

kn : the horizontal seismic acceleration coefficient

ky .the vertical seismic acceleration coefficient

m : a dimensionless factor in Equation (5)

L, : the horizontal distance from the wall to the surcharge load
Ly : the horizontal surcharge load distance on the failure wedge
P. : the active earth thrust
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: the calculated active earth thrusts from Equation (5) considering positive
(downward) vertical seismic acceleration coefficient

: the calculated active earth thrusts from Equation (6), considering negative
(upward) vertical seismic acceleration coefficient

: the magnitude of the surcharge load

: the resultant force of the surcharge load on the trial failure wedge (= qL>)

: the soil reaction on the failure plane

: the weight of the trial failure wedge (= YAreawedge)

: the depth of tension cracks zone

: the obliquity of the back face of the retaining wall

: the angle between the back face of the retaining wall and the failure surface
: the critical inclination of failure surface

2 (Pa, by the study = Pa, by Motta) / Pa, by the study 3 (Bcr, by the study = Oer, by Motta) / Ocr, by the study
: the inclination of the failure plane with the horizontal

: the friction angle between the retaining wall and the backfill

: the unit weight of the backfill

: the internal friction angle of the backfill

: the seismic inertia angle which is defined as arctan(kn/(1+ks))
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