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Abstract Optimal design of Quay Walls against seismic forces has become a challenge for engineers. For
countries that are placed on the earthquake belt, it is very important to investigate the strength and behavior of quay
walls against earthquakes. In this study, the behavior of cantilever concrete quay walls placed on the saturated
cohesive soil is studied using finite element method in ANSYS Software. Patterns of the interaction between soil and
structure prove to be very complicated. On the other hand, with the consideration of the interactions between soil
and structure under the seismic forces, the problem will be made much more complicated. In the present study,
height of the quay walls, soil type, strength and duration of the earthquake on the Bending moment against the wall
are considered and pressure distributions behind the wall have been investigated.
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1. Introduction

Quay walls are utilized to protect the coastal line in
particular areas. One of the methods which could be used
to analyze the loads caused by Seismic forces against the
quay walls is the numerical method. In this type of
modeling, interactions between soil and structure are
investigated. In the modeling process, if the soil stretches
long enough and far from the structure in order to reduce
the finite effect of the computational domain, the
considered model would be more accurate and, compared
with other methods, would be much closer to the reality.

Classic methods for seismic analyses of quay walls
have been implemented by Futaki [1], Seed and Whitman
[2] and Rowe [3]. Also, substrate reaction method has
been exerted by Winkler et.al. [4], Terzaghi [5] and
Dewaikar and Halkude [6]. In 1986 and afterwards in
1995, Halliburton [7] and Simon [8] have used this
method for the analysis of the quay walls, respectively.
Experimental methods were first introduced by Terzaghi
[9] despite the fact that their computational cost would be
much higher in comparison to other methods. Later, Peck
[10,11] used the experimental methods for analyzing the
problem at hand. Finally with the introduction of Finite
Element Methods (FEM) and based on the accuracy and
efficiency of this numerical tool, Clough [12] introduced
the use of numerical modeling for this problem. The basis
and criteria for the design of the quay wall was checked
and investigated by Goda [13]. In the recent years,
Munireddy [14] investigated the pressure reduction

methods due to the wave impact on the quay caisson walls.

Based on the investigations made on the current literature,
it is clear that there has been less focus on the modeling of
three different phases (Water, Quay Wall and Soil)

altogether. Also previous works have been majorly
focused on the static interaction of water while in the
present study the aim is to model the three phase
interaction problem using dynamic modeling of fluid
effects. It is worth mentioning that some of the previous
studies have assumed the dynamic behavior of water
[13,14] while in these works the soil is assumed to be
rigid or replaced by a fixed displacement. Therefore, in
the present study the deformable or flexible soil is used
instead of the rigid material to fully model the three-phase
interaction problem.

In the present study, based on the assumption of the
elastic behavior of the quay walls, the effect of the height,
type and rigidity of the walls on this behavior and the
distribution of the pressure and respective anchor are
studied and investigated.

2. Modeling Procedure

In the present work, modeling of the soil and structure
is done using a direct method with the consideration of
boundary and initial conditions, respectively. The steel
walls with respective elastic properties are modeled and
the automatic “beam” elements has been used in order to
generate mesh from the geometrical domain. Three
dimensional Moher Coloumb elements [15] with eight
nodes were also used for the meshing of the soil material.
In the framework of ANSYS Software, meshing of the
fluid domain in three dimensional is done based on
suitable fluid elements, and interface elements were used
for the region of fluid-structure interaction. Moreover, in
order to reduce the reflection of the earthquake waves
from the boundaries, the length of the computational
domain is increased. This reflection is decreased even
more with the addition of absorbing boundary to the
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present model. The computation domain and the generated
mesh are depicted in Figure 1, Figure 2, respectively.
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Figure 1. Computational Domain (Water-Soil-Wall)
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Figure 2. Mesh of Computational Domain
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Figure 3. Time history of El Centro and Kobe Accelerations [13]

A variety of Eigen solvers are available in ANSYS for
the analysis and calculation of various modes and Eigen-
values. Each solver has its own preferences based on the
computational speed and computational cost, number of
the required frequencies and also the accuracy of the
obtained results. In the case of the present problem, based
on the required solution outputs, the Full Method is used.
The accuracy of this method depends on the Multi Degree
of Freedom (MDOF) mode that is selected by the model.
These modes are the most important parameters of the
structure and they describe the dynamic behavior of the
model. For the calculation of the natural periods and the
general figures of the system modes, a range of
frequencies between 1 to 10HZ has been chosen. In this
frequency range, the total effective mass has reached 90%
of that of the entire structure. The modal analysis is used
for the determination of the natural frequency and the
modes at the aforementioned frequency. The default
standard constraint of the software in the plain strain
analysis mode would give the vertical boundaries sited at
the sides of the model a horizontal constraint while
forcing a transitional constraint on the horizontal
boundaries sited at the lowest parts of the model. Also,
both left and right boundaries are set in a way to fully

absorb the energy. The earthquake is modeled with the
implementation of acceleration at lower boundary. In this
study, for dynamic loading, the El Centro and Kobe
earthquake mapping accelerations are used. In Figure 3,
the mapping acceleration with a duration of 10 seconds
are illustrated [13].

3. Quay Wall and Soil Modeling

The Elasto-Plastic Moher Coloumb module [15] which
is used for the cohesive soil is described based on the
Young’s module (E), Poisson coefficient (v), cohesion
factor (C), friction angle (¢) and the dilatation angle. The
characteristics of both soils used are described in Table 1.

Table 1. Soil Data

f\loc:' E(kPa) ) w | k, | ocr
1 5000 0.495 0 | o054 1
2 87500 0.495 0 | 137 | >7
Cu(kPa) Y (k%z) ¢u Vsat (k%B)
1 10 185 0 20
2 70 185 0 20

4. Analysis Assumptions

The height of the quay wall in different analyses is set
between 15 to 35 meters with the length of 100 meters.
The soil has the characteristics which are mentioned in
Table 1. The quay wall is placed 150 meters away from
the right side boundary and different heights of the walls
and water drafts are listed in Table 2. The reinforced
concrete that is used has properties such that

p. =2500 kg /m?, v.=0.24 and E,= 2600MPa. Mesh

resolution is set to be fine at the wall boundaries with
minimum mesh size of Imm. In plain strain models, the
reasonable consideration of the damping seems to be vital
in order to achieve an accurate result. Equation.1 is known
for the Rayleigh damping:

[C]=a[M]+A[K] &

in which [C], [M] and [K] are the damping, mass and
stiffness matrices, respectively. In the present study, the
values of 0=0 and B=0.003 are considered based on a
multitude of tests and studies.

Wall displacement begins to occur when the wall thrust
force (Fyh) exceeds the resisting force (Fg). The inertia
force of the wall (F)) at this point can be measured by
multiplying the mass of the wall (M) and the yield
acceleration of the wall (a,). Finally, the yield acceleration
(ay) is calculated using Equation (3). However, this
acceleration is also required for the calculation of forward
(Frwp) and dynamic (Fpy) forces on the right-side of
equation  (4), respectively. Therefore, the vyield
acceleration can only be determined using an iterative
method as follows:

Fr (: Fi +Feup + For + Foy ) > Fq (2)
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F=Fe(Fp + For +Foy)=M*a,  ®

ay:FR_(FFWD+II\:/|ST+FDYj (4)

where M is the mass of the wall.

Table 2. Length of Quay Walls and Respective Water Heights

Analysis Mode 1 2 3 4 5
Length of Quay wall 15 20 25 30 35
Water Height 9 12 15 18 21

In order to validate the present model, pressure
distribution values on the soil standing behind the quay
wall are compared against the theoretical formulas of
Ostadan [16]. The results of this comparison are shown on
Figure 4 which show favorable agreement between the
obtained results and that of [16].
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Figure 4. Pressure distribution over the soil behind the quay wall

5. Results & Discussion

Results of the present simulations include the normal
stress, quay stress, soil deformation and the Von Mises
stresses which are illustrated in Figures 5 through 12 for
the quay wall with the height of 15 meters. In these
simulations, the Kobe and EIl Centro earthquakes are used
with two different types of soil.

Figure 7. Von Mises stress and wall deformation for soil 1 under El
Centro Earthquake

Figure 5. Von Mises stress and wall deformation for the soil type 1 Figure 8. Normal and shear stress of quay wall for soil 1 under EI Centro
under Kobe Earthquake Earthquake.
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Figure 9. Von Mises stress and wall deformation for soil 2 under Kobe
Earthquake

Figure 10. Normal and shear stress of wall for soil 2 under Kobe
Earthquake.

Figure 11. Von Mises stress and wall deformation for soil 2 under El
Centro Earthquake

Figure 12. Normal and shear stress of wall for soil 2 under El Centro
Earthquake

Figures 5 to 12 illustrate the von misses, normal and
shear stresses over the quay walls with different types of
soils and under two different earthquake loadings of El
Centro and Kobe along with the deformation of the wall.
The present simulations can be used as the criterion in the
design of these quay walls based on a comparison between
the values of the wall shifting and stress and the maximum
allowable values.

5.1. Investigation of the Effect of the Wall
Depth

In this section, the effect of the quay wall height on the
moment and the pressure distribution is studied. The effect
of the increasing depth on the pressure distribution inside
the soil is depicted on Figure 13. It is clear that with the
increase of the water depth, the value of the average and
maximum pressure forcings on the soil will also be
increased. Figure 14 illustrates the effect of increasing the
quay wall height on the maximum force acting on the wall.
An increase in wall height has the same effect as the
increase in water depth that will heighten the maximum
pressure forcing on the soil. Figure 15 shows the changes
in quay wall stress with respect to the wall height.
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Figure 13. Effect of water depth on pressure distribution over the soil
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Figure 15. Effect of water depth on shear stress 1 )
5.2. Investigation of the Effect of Soil Type (Kobe=1 , El Centro=2)
In this section, the effect of soil type is investigated. As
shown in Figure 16, the simulations prove that the average
and maximum pressure distribution on the soil type (2) are T
much higher than that of type (1). This distinction is much 2 s 155011
greater for the case of the 30-meter height wall under the E vernees 20500l
Kobe earthquake. In Figure 16, results of the simulation 2 - e 550l
for the case of El Centro and Kobe earthquake loadings E - - 00l
are depicted in the upper and lower diagrams, respectively. — = 3550011
Also, as can be seen in Figure 16, the maximum moment
for the soil type (2) on all surrounding walls is much 1 2
higher than that of the type (1). As stated above, this _ _
9 ype (1) (Kobe=1 ,El Centro=2)

difference is much more noticeable for the case of 30-
meter height wall and under Kobe earthquake Ioading than Figure 17. Effect of earthquake on soil pressure distribution over the
any other condition. wall

5.3. Investigation of the Effect of the
Earthquake

The effect of the maximum changes in the earthquake
acceleration on the submission and the pressure
distribution on soil is studied in this section. Figure 18
illustrates the changes in pressure distribution in relation
to the changes of the maximum earthquake acceleration
while Figure 19 shows the changes in the value of

Moment (ton.m)
O a0

submission over the quay wall and the effect of mapping E o

acceleration on this value. It is important to note that in § 2§ e 150t
the present study, the Kobe and El Centro earthquake P :::'_j;:
loadings are used as the default mapping acceleration [13]. £ o -
It is clear that an increase in earthquake acceleration will S — =m

result in an increase of the submission rate. Furthermore,
Figure 19 depicts an increase in the maximum earthquake
acceleration as a result of an increase in the quay wall
loading forces. Figure 18. Effect of earthquake on moments acting on the quay wall

(Kobe=1 , El Centro=2)
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In Figure 19, numbers below the diagram stand for
different combinations of wall height from 15 to 35 meters
(5 different heights) and two different soil types with
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number 1 for 15-meter wall height and soil type 1 and
number 10 for 35-meter wall height and soil type 2.
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Figure 19. Effect of earthquake type on shear stress over the quay wall

5.4. Investigation of Pressure Distribution
Behind the Wall in Comparison with the
Results of the Mononobe Okabe Method

A comparison between the obtained results and the
estimated results of the Mononobe Okabe method [13]
which are illustrated in Figure 20 and Figure 21, shows
that the obtained results have less values comparing to the
real values on the wall and this deviation increases as the
wall extends higher.
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Figure 20. Pressure distribution on wall Height (15m) for soil types 1
and 2 under Kobe and El Centro Earthquakes
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Figure 21. Pressure distribution using Mononobe Okabe method for wall
height of 15m

6. Conclusions

In the present paper, based on the assumption of elastic
behavior for the quay walls, the effect of the height, type
and rigidity of the walls on the elastic behavior and the
distribution of the pressure and corresponding moments

were investigated. Results of the present study show the
efficiency and robustness of the proposed method that
seems to be able to cover all the limitations of the
Mononobe Okabe method. The present method effectively
models and simulates parameters such as nonlinear
geometry, cohesive strength of the materials among others,
which cannot be overseen by the Mononobe Okabe
method. The present numerical method gives a good
estimation of the soil sidelong loading forces over the
quay walls in both static and dynamic modes. Another
valuable result obtained is that as the quay wall height
extends more into the bed, the pressure distribution over
the wall and the submission over the wall would
consequently increase. The results of the Mononobe
Okabe method for quay walls are proved to be excessively
conservative in a way that, as the height of the wall
increases, the method becomes more erroneous. Thus, it
becomes essential to use alternative methods for the
investigation of the stated phenomena.
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