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Abstract. It is known that retaining walls were severely damaged as well in the most recent earthquakes
having occurred in the countries in the active seismic belts of the world. This damage can be ascribed to
the calculation methods used for the designs of retaining walls in the event of their constructions and
employment having been accurately carried out. Generally simplified pseudo-static methods are used in
the analysis of retaining walls with analytical methods and soil-structure interaction are not considered. In
view of these circumstances, in this article by taking soil interaction into consideration, linear and
nonlinear behaviours of retaining walls are analyzed with the assistance of LUSAS which is one of the
structural analysis programs. This investigations are carried out per LUSAS which employs the finite
element method as to the Erzincan (1992) Earthquake North-South component and the obtained findings
are compared with the ones obtained from the method suggested in Eurocode-8, which is still effective
today, and Mononobe-Okabe method. Not only do the obtained results indicate the distribution and
magnitude of soil pressures are depend on the filling soil but on the foundation soil as well and nonlinear
effects should be considered in designs of these walls.

Keywords: retaining walls; foundation soil properties; analytical and numerical methods; linear and
nonlinear behaviours.

1. Introduction

Despite the advances in geotechnical earthquake engineering, it is common to see retaining walls
experiencing partial or complete failure during strong earthquakes. Effects of earthquakes on
retaining walls often include large transitional and rotational displacements, buckled walls,
settlement of backfill soils, and failure of structures founded on the backfill. Excessive displacement
cannot only induce failure of the wall itself but may also cause damage to the structures nearby
(Fig. 1). There have been numerous examples of this type of failure in recent earthquakes, reported
by Durmus such as the Erzincan earthquake of 1992 (Durmus 1997).
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Fig. 1 A real example of retaining wall damaged in Erzincan Earthquake

In order to design economically and safely of retaining walls as to the earthquake, it is necessary
that in a realistic way after determining the soil pressure distributions to be formed in behind the
wall, resultant forces corresponding to these distributions, and application points of all these stability
and structured analyses should be assessed together. On the other hand, there is also a high
probability being pushed to a geometrical and/or material-dependent nonlinear behaviour of the
structures under the influence of dynamic loads resulting from earthquake. It is clear that nonlinear
behaviours of structure members are different than their linear behaviours. For an optimum design
to be conscious about the difference between these two behaviours is a strict must.

The first study in terms of determining soil pressures on account of earthquake was done by
Mononobe-Okabe (Mononobe 1924, Okabe 1924). To set out the soil pressures acting on retaining
walls under the influence of earthquake, today, a pseudo-static approach based on Mononobe-Okabe
method has been in use. A great many of researchers later did key studies, so as to evaluate
retaining walls and the convenience of this method. Some of the said studies can be summarized as
follows:

e Studies concerned with determining the total (static + dynamic) soil pressure acting on the
retaining walls due to the earthquake and its distribution (Seed and Whitman 1970, Steedman
and Zeng 1989, 1990)

e Studies concerned with determining the shape and extent of displacement of retaining wall
during an earthquake (Richard and Elms 1979, Whitman and Liao 1984)

e Studies concerned with retaining wall-soil interaction (Baker et al. 1990, Steedman 1999, Al
Homoud and Whitman 1999)

e Studies concerned with determining the relation of the behaviour of retaining wall and total soil
pressure with input motion (Zhao and Valliapan 1993, Zhao and Xu 1994)

e Experimental studies (Fujiwara et al. 1999, Dewoolkar et al. 1999, Dewoolkar et al. 2000)

The literature review has also indicated that there is a need for understanding the behaviour of
retaining wall when it is loaded up to failure. In this paper the behaviour of retaining wall subjected
to earthquake load is analyzed by using an incremental-iterative finite element procedure. The
material nonlinearity of the soil medium is represented by Drucker-Prager yield criterion (Drucker
and Prager 1952). With this purpose, by taking filling and foundation soil interaction into
consideration as to the Erzincan (1992) Earthquake North-South component, linear and, in point of
material, nonlinear behaviours of a cantilever retaining wall under the influence of earthquake are
analyzed per LUSAS (LUSAS 2006a) which employs the finite element method and the obtained
results are compared with the ones obtained from Mononobe-Okabe method and the method
suggested in Eurocode-8 (Eurocode-8, 2003).
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2. Some analytical methods used in designing retaining walls according to earth-
quakes

It is known that the dynamic soil pressures acting on the retaining walls in the earthquake zones
due to ground motions are different from the static pressures as distribution and magnitude. It is
clear that it is necessary to set out these pressures properly and exactly in order to decrease the
damages to emerge on retaining walls because of these dynamic pressures due to earthquake.

The fundamental philosophy commonly approved in the design of retaining walls as to the
earthquake is estimating the load likely to act on the wall due to the earthquake and ensuring the
safety considering these loads. Below is emphasized on the main principles of some analytical
methods used in determining dynamic pressure distribution acting on retaining walls.

2.1 Mononobe-Okabe method

The first analytical study aimed at specifying the seismic soil pressures acting on the retaining
walls was carried out by Mononobe-Okabe (Okabe 1924, Mononobe and Matsuo 1929). In case the
filling soil is dry and cohesionless, according to this method developed by using the Coulomb soil
wedge theory, the acting seismic forces on the retaining walls are shown in Fig. 2. In addition to the
forces that exist under static conditions, the wedge is also acted on by horizontal and vertical
pseudostatic forces whose magnitudes are related to the mass of the wedge by the pseudostatic
accelerations a,= C), - g and a,= C, - g. In this method

K, = cosz(go— a—2A) (1)
in(o+ @) -sin(p—i—1) |
cosA-cos a-cos(S+ a+ A .[1+A/sm( @ J
( ) cos(0+ a+ A) -cos(i— )
to show the total active soil pressure coefficient, total active soil thrust is calculated as follows
1
Py= 5 Ky H-(1-C,) 2)
This active thrust is stated as (P, = P+ P,y static (P,) and dynamic (P,;) component. It is
assumed that the application point of the total active soil thrust has a height of 4 =0.33H from the
base of the wall. In this method wall inertia and foundation soil effect on soil pressure were not
considered.
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Fig. 2 Forces acting on active wedge according to Mononobe-Okabe Method
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Fig. 3 The flow-chart diagram of designing of retaining walls according to Eurocode-8
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Table 1 Values of factor  for the calculation of the horizontal seismic coefficient

Type of Retaining Structure r

Free gravity walls that can accepted a displacement up to dr = 300.¢.S (mm) 2
Free gravity walls that can accepted a displacement up to dr = 200.¢ .S (mm) 1.50

Flexural reinforced concrete walls, anchored or braced walls, reinforced concrete walls 1

founded on vertical piles, restrained basement walls and bridge abutments

2.2 Eurocode-8 requirements

The principles regarding retaining walls to construct in EU countries are given in Eurocode-8.
However, requirements for the reinforced concrete retaining walls (cantilever, counterfort) within
this standard limited according to the gravity retaining walls. In this regulation, a pseudo-static
method is proposed related to the design of retaining walls considering earthquake as well.
Calculation steps for the design of earthquake-resistant retaining wall according to this method are
presented in Fig. 3. The values of factor r in this figure are given in Table 1. The list of the
program considering all provisions and suggestions in Eurocode-8 is provided in the reference
(Guirsoy 2006).

3. Basic equations for the soil elements

Basic formulation for soil-structure interaction using finite element method with Langrangian

approach is summarized below:

1. Soil is compressible. The used finite element is based on a formulation in which the soil strains
are calculated from the linear strain-displacement equations. The only strain energy considered
is associated with the compressibility of the soil.

2. Displacement field is constrained to be irrotational by introduction of a rotational stiffness.

Y/

>
X

Fig. 4 Soil finite element considered
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Two dimensional isoperimetric soil elements with four nodes are considered in Langragian
approach. Global (x, y) and local axes (r, s) are given in Fig. 4 for this element.
Expressions for mass and rigidity matrices are given below

K=[B"E-B-dV—>K=YY"n-n-Bj E-B; det, 3)
v i
M=p-[N-N-dV—>M=pY'S 5 ;- Njj- Ny - detJ, (4)
v i
where J is the Jacobean matrix, ; is the interpolation function, 77; and 7; are weighting functions, p
is the mass density of soil, B is the strain-displacement matrix which is obtained from ¢ = B-u

expression. After the mass and rigidity matrices are obtained by Egs. (3) and (4), total potential and
kinetic energy expressions in the finite element can be written as

U=+ Ku )
2
1 7

TZE‘V'M‘V (6)

If the expressions for kinetic and potential energies are substituted into Lagrange equation, which
is

i[a__T)_a_TJra_lf:F. (7)
diou/  ou; ou;

where u; is the j” displacement component and F; is the applied external load, the governing
equation can be written as

M-ii+K-u=R (8)
where i is the acceleration and R is a general time varying load vector.
3.1 Material model used for the soil elements

It is required that stress-strains relationship of a material passing from linear zone to nonlinear
zone under various loads should have failure criteria. Choosing acceptable failure criteria related to
the class of material and type of loading, thence, is important in reaching to the correct result in
structured analysis. For this purpose, miscellaneous criteria such as Mohr-Coulomb failure criterion,
Tresca failure criterion, Von Misses failure criterion and Drucker-Prager failure criterion have been
used (Fig. 5).

It is substantial that nonlinear behaviours of soils having a different characteristic in comparison
to structure systems should be regarded with grave concern from the viewpoint of soil-structure
interaction. The reason why the behaviour of soils is different than other materials is the increase in
their sliding resistance in connection with the stress level and the difference on the behaviour under
tensile stress from the one under pressure stress. Therefore, considering a failure criterion to supply
the conditions of the soil is unavoidable. Hence, for soil element is generally used Drucker-Prager
elasto-plastic failure criterion (Chen and Mizuno 1990). In this study nonlinear behaviour of the
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Drucker-Prager

Fig. 5 Schematic failure surfaces at the principal stress space for different failure criteria
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Fig. 6 Drucker-Prager schematic failure surfaces at two dimensional principal stress planes and at three
dimensional principal stress spaces

filling and foundation soils are expressed with Drucker-Prager failure criterion (Fig. 6).
In this method, failure surface (f) concerning Drucker-Prager failure criterion is calculated as
follows

f,Jy) = p-Ii+ [~k =0 9)

where /; shows the first invariant of stress tensor, J, the second variant concerning the deviation of
this tensor and and & are obtained from as follows

y=—2sing 4 6-crcosp (10)
J3-(3-sing) J3-(3-sing)

Here, it should be noted that the failure criterion appropriate for any material does not result in
the same sensitivity for all materials.
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4. Nonlinear incremental-iterative procedure

In the present analysis an incremental loading procedure combined with Newton-Raphson method
has been used for solving the nonlinear equations involved in a plasticity analysis. In this method
the load is applied in increments, but in each increment successive iterations are performed and in
each iteration the stiffness matrix is updated. After each iteration, the step potion of the total loading
that is not balanced is calculated and used in the next step to compute an additional increment of
displacent. The solution is said to be converged in the equilibrium after a number of iterations when
the restoring force equals to the applied loads (or at least to within some tolerance). The details of
full Newton-Rahpson method are discussed by LUSAS (LUSAS 2006a).

5. Numerical example

In this article, the dimensions and properties of retaining wall and soil parameters considering for
numerical application are shown in Fig. 7. Besides, passive thrust is neglected in the analyses and
stability controls. In the example, the Young’s modulus and unit weight of retaining wall are taken
to be E,=2.85 x 10" kN/m” and y,= 25 kN/m®, respectively.

5.1 Structural analysis to filling soil-retaining wall interaction

The finite element mesh of this retaining wall which used in the linear and nonlinear analysis with
filling soil interaction executed with LUSAS is given in Fig. 8. As can be seen from here on contact
surfaces elasto-plastic joint elements (LUSAS 2006b) are used so as to take filling soil-retaining
wall interaction into consideration. On the other hand, it is recognized that the length of filling soil
affecting the behaviour of retaining wall is five fold of the wall height (5H), the wall is supported

| E.=100000 kKN/m?>
1 E.~2.85x10” kN/m’

. -1 3 "'-l'; " B =iy ﬁ:
Ly o Y e T i =1 O
T 18mlo7g  28m |

Fig. 7 Example for retaining wall and soil parameters




Investigation of linear and nonlinear of behaviours of reinforced concrete cantilever retaining walls 83

—

I

TNUINT

{amaejamae amaeranser
N

T
m_,
s

v
v
D

W

—o—

37.3m (Total filling soil length 40m) | s
.

Model 1
Fig. 8 Finite element mesh used for two dimensional analyses to filling soil-retaining wall interaction

rigidly from the base and vertical boundaries are held in horizontal direction (Gtirsoy 2006).

In this study, element dimensions are reduced not until do they have significant effect on the
results of analyses, small elements are used especially for the soil models close to the retaining
walls on which stress and strains are of very importance. Finite element analysis is carried out with
LUSAS V15.7 (LUSAS 2006a) plane strains condition, both for the wall and the soil elements, by
using four nodes quadratic quadrilateral isoparametric elements.

o Linear analysis

Upon this method, Rayleigh damping coefficients (Bathe 1982) required for step-by-step
integration used in the solution are calculated as o= 0.0565 ;= 0.04103 for this model and time
interval is considered 0.01s.

With finite element method (FEM), using the first 10s’ part (Fig. 9) of the North-South
component (Durmus 1997) of the ground accelaration of the Erzincan earthquake (1992), total

4.50 \ Mononobe-Okabe Method

\ Eurocode-8

] Amax=3.91m/s
N = = = FEM (This Study-Linear Analyses)
3.00 — 2.00
1.50 \ 1 i
i ‘ _v 4.00
0.00 —MWWN r\ \J / W\ﬂ/
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I
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-3.00 | $.00

0.00 5.00 10.00 0.00 25.00 50.00 75.00 100.00
Time (S) Total active soil pressure (kN/m?)
Fig. 9 Ground acceleration of North-South component ~ Fig. 10 Total active soil pressure distributions acting
of March 13, 1992 Erzincan earthquake on the retaining wall due to the earthquake
according to different methods



84 Senol Giirsoy and Ahmet Durmusg

15.00

0.00 —

-15.00 —

-30.00 —

Total active soil pressure (kN/m?)

-45.00 —|

P ax=52.94kN/m?
-60.00 ‘ B \

0.00 2.00 4.00 6.00 8.00 10.00
Time (s)

Fig. 11 Time history of total active soil pressure of the retaining wall at 638 node point in model 1

(static + dynamic) soil pressure distributions obtained by the wall depth from the linear analysis
having been fulfilled in the time domain are given in Fig. 10 together with the ones calculated by
the aid of Mononobe-Okabe method and the method suggested in Eurocode-8.

From this figure, total active soil pressure obtained according to the method suggested in
Eurocode-8 and Mononobe-Okabe method constantly increase from the top surface of the soil to the
base, total active pressure distribution calculated along the wall depth according to the finite
element method is generally larger, however in the part (z/H > 0.75) near to the wall base it has
smaller values according to the method suggested in Eurocode-8 and Mononobe-Okabe method.
Also the pressures calculated with finite element method on the upper surface of the base of the
retaining wall are %59 smaller than the ones calculated according to the method suggested in
Eurocode-8 and %29.5 smaller than the ones of Mononobe-Okabe method.

Total soil pressure variation acting on the retaining wall which considered in this numerical
example occurred throughout the earthquake process on the node point of 638 in model 1 is given
in Fig. 11.

The total pressure variation seen in this Fig. belongs to the node points where stand linking
elements (joint). Here one can easily infer that amplitudes of pressure increase between 2s-5s, total
pressure variation occurring in the said joint is similar to the accelogram given in Fig. 9.

¢ Nonlinear analysis

For the nonlinear analysis of retaining walls taken into consideration at the numerical application,
the soil components are modelled with Drucker-Prager failure criterion and the wall components are
modelled by using failure parameters tensile and compression strength related to the concrete
required for the current computer program.

At the nonlinear analyses carried out in the time domain according to the North-South component
of the ground acceleration of Erzincan (1992) earthquake with finite element method, firstly only
the nonlinear behaviour of filling soil then the nonlinear behaviour of both the filling soil and
retaining wall is considered. Total soil pressure distributions obtained deeply wall are given in
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Fig. 12 together with linear behaviour assumption and the ones calculated with the method
suggested in Eurocode-8.

As is seen from this figure, total soil pressure distribution values of retaining wall, in case only
the nonlinear behaviour of the filling soil is considered, are greater than the ones obtained from
linear assumption and generally greater than the ones calculated according to the method suggested
in Eurocode-8. On the other hand, it is found that total soil pressure distribution obtained from the
nonlinear analysis of the filling soil and the wall is generally smaller than the distributions in linear
case and only in the case where the filling soil is nonlinear, and it is close to the ones calculated
according to the method suggested in Eurocode-8. This situation reveals the importance of
considering the nonlinear effects in the designs of retaining walls.

In linear and nonlinear cases of filling soil of this retaining wall, at the node point 638 around the
wall-medium point where total active soil pressures is maximum, the time history of normal stress
is given Fig. 13. As seen from this figure, variation of normal stress (o;) obtained throughout
earthquake according to the structural solution related to nonlinear behaviour of filling soil is greater
than the ones obtained according to the linear structural solution and the maximum normal stress at
the said node is around 2.72s where the earthquake acceleration record is maximum, the variation of
the normal stress occurring during the earthquake at this node point (638) is similar to earthquake
acceleration given in Fig. 9, but their signs are opposite.

Total soil thrust and overturning moment values acting on the retaining wall under the earthquake
loads as to Mononobe-Okabe, Eurocode-8 and finite element methods are given in Table 2. As can
be seen from this table, the overturning moment value calculated by the nonlinear analysis carried
out with finite method is greater than the ones calculated according to the others. This situation
refers that this wall designed according to linear assumption with the finite element method or with



86 Senol Giirsoy and Ahmet Durmusg

Table 2 The soil thrust, application point and overturning moments acting on the retaining wall because of
earthquake according to different methods

Methods used Total active éleg\elgal soil thrust Overtur(rlil;%n r)noment
This Study Method ~ In case Linear Analysis - 841.211
(FEM) In case Nonlinear Analysis - 1057.285
Eurocode-8 Method 294.16 920.64
Mononobe-Okabe Method 239.36 638.3

the method suggested in Eurocode-8 may remain unsafe and thus, reveals the importance of
considering nonlinear effects of retaining walls according to earthquake.

5.2 Structural analysis to filling soil-foundation soil-retaining wall interaction

In structural solutions as to earthquake structures are generally supporting fixed so the ground
motion occur from an earthquake doesn’t effected by the structure above of it. In other words the
effect on the structure behavior of soil is neglected. However, the reality is not such. Since the
structure and the soil generally behave differently during the earthquake, the soil and structure affect
the behaviour of each other mutually. Because soft soils expand the amplitude of earthquake waves
in opposition to rock soils (Celebi ef al. 1987). In such soils, especially the more layer thickness
increases, the more the soil dominant period increases.

Finite element mesh of this retaining wall used in the analysis carried out with LUSAS
considering soil interaction as well related to properties of the foundation soil is given in Fig. 14. It
is accepted that the length of the filling soil effecting the behaviour of this retaining wall is five fold
(5H) of the wall height, the depth of the foundation soil is 1.5H fold of the wall height and length
of the foundation soil is five fold (5H) of the wall height from each side of wall. Also vertical
boundaries only make motion in vertical direction and the wall is being supported rigidly from the
foundation base (Giirsoy 2006). A summary of the properties of foundation soil, retaining wall and
joint elements are given in Table 3.

Rayleigh damping coefficients (Bathe 1982) required for step-by-step integration used in the

~

(597 {63@]
‘
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v
\4

YA A
4 37.3m (Total filling soil length 40m) #5.3@ 37.3m

o

Model 2

Fig. 14 Finite element mesh used for two dimensional analyses to filling soil-foundation soil-retaining wall
interaction
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Table 3 Properties of retaining wall, foundation soil and joint elements

Material E (kN/m?) v 7 (KN/m?)
Retaining Wall (Concrete) 2.85x107 0.2 25
Foundation Foose Sand 20x1 02 0.35 19
Soil Medium Hard Clay 40x10 0.4 21
Rock of Granite Type 77x10° 0.1 28
Toint Horizontal 100x10° - -
Vertical 50x10° - -

solution with finite element method are calculated to be az=0.0174, [r=0.1285, az=0.023
Pr=0.1019, azr=0.0563, Br=0.0411 in case the foundation soil is loose sand, is medium hard clay
and is rock of granite type, respectively. In these finite element analyses are considered with a time
increment (A7 = 0.01).

Here, it is state that the abovementioned Rayleigh damping coefficients are obtained to the
properties of retaining wall, filling soil and foundations soils, and in case of not taking the soil-
structure interaction into consideration retaining wall is rigidly supported to the soil.

e Linear analysis

Total (static + dynamic) soil pressure distributions obtained along the wall depth from analyses
carried out in the time domain according to the North-South component of the ground acceleration
of the Erzincan earthquake (1992) with finite element method (FEM) for both cases of considering
or not considering foundation soil interaction concerning three different types of foundation
mentioned above are given in Fig. 15.
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N —— FEM (foundation soil, medium hard clay)
- = = FEM (foundation soil, loose sand)
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Fig. 15 Total active soil pressure distributions of the  Fig. 16 Horizontal displacements of the retaining
retaining wall calculated according to the wall calculated according to the finite
finite element method for different foundation element method for different foundation
soil type soil type



88 Senol Giirsoy and Ahmet Durmusg

From this figure, it is seen that in case of considering foundation soil interaction, total active soil
pressure distributions calculated for three different types of the foundation soils except for soil of
rock type considerably decrease. Also, particularly coincide with one in case of not being
considered the foundation soil interaction of total soil pressure distribution obtained from the case
where soil of rock type is used. This finding indicates the accuracy of assumptions in the analysis
of selected models and reveals that type of foundation soil effect the behaviour of retaining wall.

For the cases considering or not considering the foundation soil interaction of this retaining wall,
horizontal displacement distributions obtained from the analyses carried out according to model 2
are given Fig. 16.

From this figure, displacements of the wall crest node point in case of taking foundation soil
interaction into consideration are greater than the one in the case the interaction is not considered.
Also displacement value obtained from the case where foundation soil is rock of granite type
practically coincides with displacement value in the case the interaction is not taken into account.
This finding seen that in case of considering foundation soil interaction, the vibration period of the
retaining wall increases and it is important for the design of walls of foundations soil type.

¢ Nonlinear analysis

In nonlinear analysis having been fulfilled as to the North-South component of the ground
acceleration of the Erzincan earthquake (1992) in the time domain with finite element method
(FEM), only the nonlinear behaviours of the elements of filling soil and foundation soil are taken
into consideration. In case of being loose sand of the foundation soil, total soil pressure distributions
obtained by the wall depth from the analyses having been fulfilled for the cases of considering or
not considering foundation interaction are given in Fig. 17.

As seen from this figure, total active soil pressure distribution values obtained from the nonlinear
behaviours assumption of soil are greater than the ones obtained from according to linear
assumption. On the other hand, it is understood that total active soil pressure distribution obtained

0.00 \

— = FEM (nonlinear analyse-foundation soil lacking)

= = = FEM (linear analyse-foundation soil, loose sand)

FEM (nonli analyse-foundation soil, loose sand

2.00

4.00 —

Depth from filling soil surface (m)

6.00 —

8.00 ‘ ‘ ‘ ‘
0.00 40.00 80.00 120.00 160.00

Total active soil pressure (kN/m?)

Fig. 17 Total active soil pressure distributions of the retaining wall calculated according to the finite element
method for the cases considering or not considering foundation interaction
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from nonlinear analysis in case where foundation soil interaction is considered is greater than the
ones obtained from nonlinear analysis in case where foundation soil interaction is not considered at
top and bottom of the retaining wall.

6. Conclusions

The main conclusions drawn from this study are given below:

1. Overturning moment value obtained from the nonlinear analysis with finite element method of
retaining wall is greater than the ones obtained from linear analysis by this method and other
analytical methods. This situation is requires to taking nonlinear behaviour consideration in designs
of retaining walls.

2. The variation of during earthquake of the normal stress obtained from linear and nonlinear
analyses in the time domain according to the earthquake of the retaining wall as the subject matter
of our numerical application is similar to the opposite sign of variation of ground motion
acceleration occurred from the earthquake. Also normal stress obtained from nonlinear analysis is
greater than the ones linear analysis. In this situation, cross-section dimensions determined and the
stability controls done with the findings obtained from linear analysis are not able to supply the
findings obtained from the nonlinear analysis.

3. Structural solutions carried out to taken consideration to retaining wall-foundation soil
interaction which except for the soil of rock type, the more the foundation soil flexibility increases
the more wall crest point displacement increases but stresses is decreases and thus importance of
interaction is exposes.

4. Overturning moment value obtained from linear analysis carried out in case not considered
foundation soil interaction with finite element method is approximate overturning moment value
obtained from the suggested method in Eurocode-8. At this, in event of suitable choosing of the
element mesh, safety of the retaining wall designed with the finite element method are seen being
supply of safety of designs according to suggested method in Eurocode-8.

5. Analytical and numerical researches indicate that designs based on the Mononobe-Okabe
method may underestimate the magnitude of dynamic earth pressure. In addition, the non-
hydrostatic pressure distribution will cause the application of the soil thrust to increase which in
turn will increase the magnitude of overturning moment.

6. It is recommended that the subject on effect of retaining wall flexibility on total (static +
dynamic) soil pressure should be investigated and design rules should be presented in the
earthquake code.

7. Authors are suggested that, when the findings of this study is taken into account, on account of
being safer of design of retaining walls to be built in the earthquake regions at the countries situated
in active earthquake zone are making according to nonlinear analyses together by the filling soil-the
foundation soil-the retaining wall interaction.
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Notation
ay : Horizontal acceleration
a, : Vertical acceleration

C, : Horizontal acceleration coefticient
. : Vertical acceleration coefficient
c : Soil cohesion
d, : Displacement of retaining wall
E. : Young’s modulus of the concrete
Ef : Young’s modulus of the foundation soil
E; : Young’s modulus of the filling soil
H : Height of the retaining wall
h : Application point of total active soil thrust from the wall base
i : Angle of filling soil slope
K,
K,

s : Static active soil pressure coefficient
y : Total active soil pressure coefficient
Ky : Total passive soil pressure coefficient
P : Static active lateral soil thrust per unit length
P : Dynamic active lateral soil thrust per unit length
P, : Total active lateral soil thrust per unit length
P, : Static water force
P4 : Hydrodynamic water force
r : Coefficient for design ground acceleration
S : Soil factor defined in EN 1998-1:2004
Wy : Soil wedge weight
A : Angle of earthquake acceleration
O, : Poisson ratio of the retaining wall
Ur : Poisson ratio of the foundation soil
U : Poisson ratio of the filling soil

: Angle of soil friction

: Angle of shearing resistance in terms of effective stress

v : Inclination angles of the back of the wall

a : Angle of the wall back surface to vertical

a : Ratio of the design ground acceleration on type A ground, a,, to the acceleration of gravity g
o : Friction angle between the wall and filling soil
V4 : Unit weight of filling soil
A : Unit weight of retaining wall

Vi : Dry unit weight of soil

% : Saturated unit weight of soil

Yo : Unit weight of water

Yo : The partial factors for material properties

6, : Angle of the soil wedge to horizontal





