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Abstract

Lateral earth pressure distribution is crucial in retaining structure design. In most studies, active earth pressure
distribution acting on the retaining structure is supposed as nonlinear. Despite there are many studies about
earth pressure distribution, there are limited number of studies considering effect of wall geometry on lateral
earth pressure distribution. In this study, it is aimed to examine effect of wall geometry on active failure surfaces
and lateral earth pressure distribution. Thus, active failure surface and active lateral earth pressure distribution
of various types of retaining wall were examined numerically. Within scope of the analysis a gravity retaining
wall with various inclinations, inverted T type cantilever retaining wall and gravity wall with various heel
lengths were considered. The effect of wall inclination and heel length on failure mechanism and lateral earth
pressure distribution was studied. As a result of the study it is shown that lateral earth pressure distribution
varies based on wall type. Additionally, short heel and long heel cases are effective on earth pressure
distribution.
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Farkl istinat Duvar Tiplerinde Aktif Toprak Basin¢larinin Sayisal Analizi

Oz

Dayanma yapilarinin tasariminda yatay toprak basinci dagilimi 6nem arz etmektedir. Bir¢ok c¢alismada,
dayanma yapisina etkiyen aktif toprak basing dagilimi nonlineer olarak kabul edilir. Toprak basing dagilist ile
ilgili ¢ok sayida caligma olmasina karsin, Duvar boyutlarinin yatay toprak basinci dagilisi iizerine etkilerini
irdeleyen az sayida ¢aligma bulunmaktadir. Bu ¢alismada, duvar seklinin aktif yanal toprak basing dagilimi ve
aktif kirilma yiizeyleri iizerine etkisi incelenmistir. Bu nedenle ¢esitli tip dayanma duvarlarina gelen yanal
toprak basing dagilislar1 ve olusturduklart kirilma yiizeyleri numerik olarak irdelenmistir. Yapilan ¢alisma
kapsaminda, g¢esitli egimlerdeki agirlik tipi dayanma duvarlari, farkli topuk uzunluklar1 ve egime sahip ters T
bi¢imli dayanma duvarlar1 géz oniine alinmistir. Yapilan ¢aligma sonucunda yanal toprak basing dagilisinin
duvar tipine gore degistigi belirlenmistir. Buna ek olarak duvar egimi ve topuk uzunlugunun kirilma yiizeyleri
ve yanal toprak basing dagilis1 iizerinde etkili oldugu goriilmiistiir.

Anahtar Kelimeler: kirilma yiizeyi yatay toprak basing dagilisi, uzun topuk, kisa topuk
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1. Introduction

Lateral earth pressure distribution plays vital
role in retaining wall design. Beside widely
known theories like Rankine (1857) and
Coulomb (1776) there are various study
considering different methods for lateral earth
pressure distribution. Some of which are limit
equilibrium method (Greco, 2013;
Lesniewska & Mroz, 2000; Morisson &
Ebeling, 1995), limit analysis method (Chen
& Liu, 1990; Shiau, Augarde, Lyamin, &
Sloan, 2009; Yang, 2007), numerical methods
(Chugh & Labuz, 2011; Lee, Chae, Kim, Jo,
& Park, 2015) and experimental methods
(Chevalier, Combe, & Villard, n.d.; Tsagareli,
1965). Contrary to the Coulomb’s and
Rankine’s methods, in many studies it is
stated that active earth pressure distribution is
nonlinear due to the arching effect (Ertugrul,
2013; Handy, 1985; Nadukuru &
Michalowski, 2012). Arching effect is clearly
explained by Terzaghi (1943) with widely
known trapdoor experiment. With reference to
the experiment it is seen that failure surfaces
play decisive role on lateral earth pressure
distribution acting on a retaining structures.

Gravity (Dewaikar, Pandey, & Dixit, 2012; V.
Greco, 2013; Le, Wu, & He, 2010), semi-
gravity (Kamiloglu, Sadoglu, & Yilmaz,
2019), cantilever or inverted T type retaining
walls (Goh, 1993; Kamiloglu & Sadoglu,
2019; Wall., 2012) are taken into account in
the studies about determination of lateral earth
pressure or lateral earth thrust. In the studies
effect of different parameters such as wall
inclination, heel length, foundation thickness,
backfill inclination, density, surcharge on
lateral earth pressure or lateral earth thrust
were examined.

Heel has effective role on active failure
mechanism (V. Greco, 2013). Retaining walls

can be termed as short heel or long heel based
on heel length and active failure surfaces
occurring behind the wall. Kamiloglu and
Sadoglu (2019) stated that active failure
mechanisms occurring behind the wall with
long heel and short heel are totally different.

Despite there are many studies considering
earth pressure distribution, there are limited
number of studies considering effect of heel
length and wall inclination on lateral earth
pressure distribution. Also, gravity retaining
walls have mostly been considered in
experimental or numerical studies about
lateral earth pressure distribution. On the
other hand, there are very few studies
considering effects of wall inclination and
heel lengths on active failure mechanism and
lateral earth pressure distribution.

In this study, it is aimed to examine effect of
wall geometry on active failure surfaces and
lateral earth pressure distribution. Within this
scope active case is considered. Failure
mechanism and lateral earth pressure
distribution of a semi-gravity wall, gravity
walls with different inclinations and heel
lengths, inverted T type cantilever retaining
walls with various heel lengths were
examined numerically. The analyses were
performed using 2D Plaxsis 8.6. In the
numerical analyses, the backfill was supposed
to be a granular material and plane-strain
condition was valid.

2. Material and Methods

2.1. Numerical model

Numerical analyses were performed using
Plaxis 2D 8.6 commercially available finite
element software. Features used in the FE
analyses are shown in Table 1. In numerical
model gravity retaining wall (Figure 1a),
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inclined gravity wall (Figure 1b), inverted T
type retaining walls (Figure 1c) and inclined-
inverted T type retaining wall (Figure 1d) with
3 m height were considered. The heel lengths
(b) used in the analyses are Om, 0.3m, 0.9m,
1.5m and wall inclination angles are 0°, 5°,
15°, 20°.

In order to prevent intersection between the
active failure surface and the vertical
boundaries,  horizontal and  vertical
dimensions of the model were chosen as 6m
(horizontal length is used as 8m for some
cantilever  retaining walls) and 6m
respectively. Displacements of the vertical
boundaries of the model were constrained in
horizontal directions and the bottom boundary
of the model was constrained horizontally and
vertically. The retaining wall was translated
horizontally away from the backfill to create
active state. For each case it is supposed that
the wall is translated enough to create active
state (0.001*H).

Backfill
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Backfill

8 Backfill
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Figure 1. Typical geometry of retaining walls
(a) Gravity wall (b) Inverted T type cantilever
wall (c) Inclined gravity wall (d) Inclined
inverted T type cantilever wall

Linear elastic material model (for retaining
wall), Mohr-Coulomb material model (for the
backfill) and six noded triangular element
with three Gauss point were used in numerical
analyses. In contact surfaces (wall-backfill,

Table 1. Parameters considered in the FE analyses

PARAMETERS BACKFILL ROCK WALL
Material Model Mohr-Coulomb Linear Elastic ~ Linear Elastic
Unit Weight, y 15.4 KN/m® 24 KN/m? 24 kKN/m?®
Friction Angle, ¢ 37° - -
Modulus of Elasticity, E 50 MPa 20000 MPa 20000 MPa
Poisson’s Ratio, v 0.3 0.2 0.2
Dilatancy Angle, vy 7° - -
Interface Friction Angle (wall-backfill), & 17° - -

Rinter (wall-backfill) 0.46 - -
Interface Friction Angle (rock-backfill), § 0° - -

Rinter (rock-backfill) 0.01 - -
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wall base-rock), interface elements were used
to simulate the contact behavior. Strength
reduction factors of the interface elements are
determined as 6/¢ value.

In order to determine ideal mesh size various
FE analyses were performed considering
different mesh dimensions. As a result of the
FE analyses active failure surface mechanism
and lateral earth pressure distributions were
compared with other studies. The active
failure mechanism occurring behind a gravity
retaining wall obtained from the FE analysis
(Figure 2a) was compared with experimental
study performed by Cinicioglu et al.(2015)
(Figure 2b) . The finest mesh size that gives
the compatible failure surface mechanism
with the numerical model was determined.
The finite element mesh consists of 6857
elements and average element size of the
model is 59.16 x10° m. The mesh size of the
element is refined locally around backfill and
the wall, particularly near the contact surfaces
between the wall and backfill.

The lateral earth pressure distribution was
obtained considering the determined mesh
size (Figure 2c). As it is seen from the figure,
lateral earth pressure distribution is not
smooth. Normalized depth-normalized lateral
earth pressure graph is drawn and ideal curve
is fitted. In this way, the smooth curve is
obtained (Figure 2d)
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Figure 2. Failure mechanism and earth
pressure distribution (a) Experimental results
of active failure surface behind a gravity
retaining wall Cinicioglu et al. (2015) (b)
Failure surface mechanism obtained with the
FE analysis. (c) Lateral earth pressure
distribution for gravity retaining wall (d)
Normalized lateral earth pressure-depth
relation of gravity retaining wall. (Kamiloglu
et al. 2019)

2.2. Validation

Lateral earth pressure distribution determined
with FE analyses compared with experimental
(Fang & Ishibashi, 1986; Tsagareli, 1965) and
analytical studies (Handy, 1985; Paik &
Salgado, 2003; Wang, 2000). The normalized
pressure (Ghorizontal/YH) and normalized depth
(z/H) are considered for verification in order
to compare various wall dimensions and wall
inclinations. Calculated lateral earth pressure
distribution is compared with field test result
of (Tsagareli, 1965) and physical test data
suggested by (Fang & Ishibashi, 1986) in
Figure 3a. In Figure 3b, the results are
compared with results of numerical studies
(Handy, 1985; Paik & Salgado, 2003; Wang,
2000). It is seen from the Figures that there is
good agreement between results of the finite
element analyses and the experimental and
numerical studies.
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Normalized Lateral Earth Pressure (o,/yH)
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Figure 3. Comparison FEM results (a) with
experimental data (b) with other numerical
studies (Kamiloglu et al. 2019)

2.3. Determination of Strain Fields Based
on Retaining Wall Geometry

In this part of the study active failure
mechanism behind laterally translated walls
are examined. As a result of the FE analyses
determined active failure mechanism behind a
gravity retaining wall with different
inclinations (0°, 5°, 10°, 15°, 20°) is shown in
Figure 4. From the figures it is seen that the
contact surfaces increase with increasing wall
inclination.
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Figure 4. Active failure mechanism behind
gravity wall with different inclinations (a)
06=0° (Kamiloglu et al. 2019) (b) 6=5° (c)
6=10° (d) 6=15° (e) 6=20°

Within scope of this study relation between
heel length and active failure surface
occurring behind inverted T type cantilever
retaining wall is examined. Presented in
Figure 5 are active failure mechanisms of the
wall with various heel lengths (b=0m, 0.3m,
0.9m, 1.5m). From the figures (Figure 5b-5d)

1670



Numerical Analysis of Active Earth Pressures on Various Types of Retaining Walls

it is seen that active failure mechanism
obtained with FE analyses are compatible
with Kamiloglu and Sadoglu (2019)
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Figure 5. Active failure mechanism occurring
behind inverted T type retaining wall with
different heel lengths (a) b=0m (Kamiloglu et
al. 2019) (b) b=0.3m (Kamiloglu et al. 2019)
(c) b=0.9m (Kamiloglu et al. 2019) (d) b=1.5
m (Kamiloglu et al. 2019)

In this part of the study inclination of inverted
T type cantilever wall is examined. Within
this scope the wall with 0.3 m heel and 1.5 m
heel is taken into account. In the analysis wall
inclination angles are supposed as 10° and
20°. Active failure mechanisms of inclined
inverted T type cantilever walls are presented
in Figure 6. By viewing the figures it is seen
that wall inclination has effects on length of
the contact surface for the walls with short
heel.

Figure 6. Active failure mechanism occurring
behind inverted T type retaining wall with
different heel lengths and inclinations (a)
b=0.3m, 6=10° (b) b=0.3m, 6=20° (c) b=1.5
m, 6=10° (d) b=1.5m, 6=20°

From the figures it is seen that strain fields
change based on wall type and wall
dimensions. The gravity retaining wall has the
largest contact surface (Figure 4) and the
contact surfaces between the inverted T type
retaining wall and backfill (line AB) decrease
with increased heel length. Differently from
the gravity retaining wall, the contact surfaces
occur on the stem (line AB) and the
foundation of the T type cantilever retaining
walls.

2.4. Determination of Lateral Earth

Pressure Distribution

The active lateral earth pressure distribution
acting on stem and foundation of the gravity
retaining walls are shown in Figure 7. The
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stem of the gravity retaining wall was
considered in the FE analyses. Effect of
inclination of the gravity walls on lateral earth
pressure distribution is shown in Figure 7.
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Figure 7. Active earth pressure distribution
acting on the gravity retaining wall with
different inclinations (a) 6=0° (Kamiloglu et
al. 2019) (b) 6=5° (c) 6=10° (d) 6=15° (e)
0=20° (f) Lateral earth pressure distribution
acting on the gravity walls with various
inclination

8=20"

The stem and the foundation were considered
separately for the inverted T type cantilever
retaining walls (Figure 8-9). In order to ensure
comparableness, the stem height of the T type
retaining wall was taken into account. Thus,
lateral earth pressure acting on 0 - 2.5 m of the
gravity retaining wall was considered.

In the FE analyses foundation thickness and
the stem height of the T type retaining wall is
supposed as 0.5 m and 2.5 m respectively. The
normalized height of the stem varies between
0-0.833 and the normalized height of the
foundation changes between 0.833-1. As the
stem height of the gravity retaining wall is
considered as 3m, normalized depth varies
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between 0 and 1. Lateral earth pressure
distribution curve of inverted T type retaining
wall shown in Figure 8 and 9 consists of two
parts. The first part of the curve shows lateral
earth pressure distribution between z/H=0 and
z/H=0.833. The second part of the curve
represents the pressure distribution between
z/H=0.833 and z/H=1. In the figures the
pressure distributions acting on the stem
(z/H=0-0.833) and foundation (z/H=0.833-1)
are shown separately. The normalized lateral
earth pressure (on/yH) distribution acting on
the stem of inverted T type retaining walls and
heel length are compared in Figure 8. After
examining Figure 7 and Figure 8 it is seen that
scatter pressure distribution obtained from the
contact surfaces. On the other hand, smooth
lateral earth pressure curves are observed
from the wall where strain fields do not occur.
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Figure 8. Active earth pressure distribution
acting on the inverted T type retaining wall
with different heel lengths (a) b=0.3 m (b)
b=0.9 m (c) b=1.5 m (d) Lateral earth pressure
distribution acting on the inverted T type
walls with various heel lengths (Kamiloglu et
al. 2019)

In Figure 9 inverted T type -cantilever
retaining walls with different heel lengths (b=
0.3m and b=1.5m) and inclination angles
(6=10° and 6=20°) are considered. Effect of
the wall inclination on the lateral earth
pressure distribution is shown in Figure 9.
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Figure 9. Active earth pressure distribution
acting on the inverted T type retaining wall
with different heel lengths and inclinations (a)
b=0.3m, 6=10° (b) b=0.3m, 6=20° (c) b=1.5

Mormalized Lateral Earth Pressure

m, 6=10° (d) b=1.5 m, 6=20° (e) Lateral earth
pressure distribution acting on the inverted T
type walls with various heel lengths and
inclinations.

3. Results

By viewing strain fields shown in Figure 4,
Figure 5 and Figure 6 it is seen that wall type
has considerable effects on failure surface
mechanism.  Heel of the retaining walls
shown in Figure 4b, 4c, 6a and 6b can be
classified as short heel and the walls shown in
Figure 4d, 6¢ and 6d can be classified as long
heel considering the suggestions of various
studies (R. V. Greco, 2014; V. R. Greco,
2001). Due to heel length, a triangular soil
wedge occurs between the stem and the heel
of T type cantilever retaining walls with short
heel (Figure 4b, 4e, 6a and 6b). Dimension of
the triangular mass increases with increasing
heel length. On the other hand, polygonal soil
mass occurs on the stem of the wall with long
heel (Figure 6¢ and 6d). Due to the soil mass
occurring above the heel, contact surface does
not occur between the stem and the backfill.

The failure surfaces, friction between
retaining wall and backfill are essential factors
to constitute arching effect. By virtue of
arching effect, lateral earth pressure
distribution is different than suggestions of
conventional theories (Coulomb, 1776;
Rankine, 1857) (Figure 7). Additionally, from
the Figure 7 f it is seen that lateral earth
pressure increased with increasing wall
inclinations.

After examining Figure 4, Figure 5 and Figure
6 it is seen that gravity retaining wall has the
largest friction area and the friction area
reduces with increasing heel lengths.
Correspondingly, due to the friction, less
lateral earth pressure acts on gravity retaining
wall compared to T type retaining walls
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(Figure 8a, 8b, 8c and 8d). On the other hand,
lateral earth pressure acting on the stem of the
inverted T type cantilever wall increases up to
a certain heel length. In inverted T type
retaining walls increasing wall inclination
leads to increase lateral earth pressure
distribution due to the arching effect (Figure
8d). Because, friction surfaces between wall
and backfill decreases with increasing wall
inclination (Figure 6a and 6b).

The factors leading to increase lateral earth
pressure are failure surface and reduced
friction area. The soil block forms above the
foundation due to the heel (Figure 5 and
Figure 6). Thus, friction between wall and
backfill does not occur. Increasing heel length
leads to reduce friction area between the stem
and backfill.

Active failure surface occurs above the heel
of the inverted T type retaining walls. In active
case, soil particles move along the failure
surfaces. On the other hand, non-moving soil
blocks with respect to moving adjacent soil
blocks occur due to the heel. Shear stress
occurs between the particles through the
surface. Therefore, as it is shown in Figure 7,
vertical earth pressure increases as it
approaches to the failure surface. After
examining Figure 8a, 8b, 9a and 9b it is seen
that heel length is effective parameter for the
walls with short heel. Lateral earth pressure
acting on the stem increases with increasing
heel length. Nonetheless, heel length has no
effect on lateral earth pressure for the walls
with long heel. As it is shown in Figure 8d,
lateral earth pressure distribution becomes
constant for the walls with long heel.

From the Figure 9e it is seen that wall
inclination has considerable effect on lateral
earth pressure distribution of the inverted T
type retaining walls. In inverted T type of

retaining walls increasing wall inclination
leads to increase lateral earth pressure. Effect
of inclination can be seen explicitly in the
walls with short heel.

After examining Figure 8a, 8b, 8c, 9a, 9b and
9c, it is seen that normalized lateral earth
pressure acting on the foundation varies
between 0.02 and 0.1. The reason is that,
active failure surface occurs very close to
foundation. Due to the arching effect, far less
lateral earth pressure acts on the foundation
with respect to the stem. Furthermore, earth
pressure acting on the foundation is not
affected from heel length.

4. Conclusions

In the present study, effects of different wall
dimensions on lateral earth pressure
distribution are evaluated numerically using
finite element method. Within this scope,
gravity retaining walls and inverted T type
cantilever retaining walls with 3m height were
considered. Heel length and wall inclination
parameters were taken into account. Active
failure mechanism and lateral earth pressure
distribution acting on stem and foundation is
investigated. Substantial findings of the study
are summarized below;

» Contact surface and failure surfaces have
prime importance on lateral earth pressure
distribution.

» Lateral earth pressure distribution varies
based on retaining wall type.

» Contact surfaces and failure surfaces are
effective on lateral earth pressure distribution.

« Wall inclination has effect on failure
mechanism and lateral earth pressure
distribution.
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« As the case with heel length, wall inclination
plays effective role in long heel or short heel
cases.

* Short heel and long heel cases play decisive
role in lateral earth pressure distribution. Heel
length is effective parameter for the walls with
short heel. On the other hand, heel length has
no effect on lateral earth pressure for the walls
with long heel.
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