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SEISMIC ANALYSIS OF QUAY WALLS BY CONSIDERING SOIL-WATER-STRUCTURE INTERACTION
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A quay wall is a gravity wall structure having the dual functions of providing shore protection against light to moderate wave attack and a berthing face for ships. In the present study, nonlinear dynamic behavior of the quay walls is studied under the action of earthquake excitations by taking into account the soil-water-structure interaction. For this purpose, plane strain analysis of the wall is performed for both horizontal and vertical components of earthquake records; and the maximum displacements and stresses at critical points of the quay wall are obtained for different values of the wall slenderness ratio. From the numerical results, it is found that considering the vertical component of the ground motion besides the horizontal one in a linear analysis has a reduction effect on the quay wall seismic responses in comparison with that of the horizontal component alone. Moreover, it is found that nonlinear characteristics of soil, when the soil-water-structure interaction is taken into account, has more catastrophic effect on the performance of these walls in comparison with that of the linear one. 
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INTRODUCTION 

A quay wall is a gravity wall structure having the dual functions of providing shore protection against light to moderate wave attack and a berthing face for ships. Although the design of gravity quay walls has been reasonably well understood for static loads, analysis under seismic loads is still in development process (Ebrahimian 2013). Over 250 caisson type quay walls were damaged in Kobe port during 1995 Hyogoken-Nanbu Earthquake. The typical damage was observed, include seaward horizontal displacements of the caisson walls (Inagaki et al. 1996, Nozu et al. 2004). After this event, the performance-based design method of the structures based on different earthquake levels, comes out (PIANC 2001). Seismic behavior of gravity quay walls during ground excitation was already addressed by a number of researchers among which some are reviewed in the following.
In a test by Nakagava et al. in 2000, the effects of the vertical seismic ground motion beside the horizontal seismic motion on the movement of the caisson walls were investigated through shaking table tests. The results suggested that not only the horizontal ground motion but also the vertical one significantly increased the movement of the caisson walls. It was also concluded that the larger the magnitude of the input horizontal acceleration results the greater horizontal displacement of the caisson walls. According to this paper, the difference in the horizontal displacement of the caisson walls was related to the flow of liquefied backfill soil and magnitude of the input vertical acceleration. The input acceleration was sinusoidal wave and its frequency was fixed to 3 Hz.
The dynamic response of a caisson-type quay wall during seven real earthquake records along with one harmonic excitation, including soil-sea-structure interaction was calculated using ADINA finite element program by Arablouei et al. in 2011. The concrete caisson in one case of cross section was modeled using a linear isotropic material and Mohr-Coulomb model was used for modeling the nonlinear behavior and failure of soil. The seawater was also modeled in this research. Both horizontal and vertical components of the earthquake excitations were used and lateral and vertical displacements of the wall with fluid-structure interaction effect (FSI) were compared with those without FSI. The results demonstrated that the influence of soil-sea-structure interaction on the permanent displacement of a caisson-type quay wall, constructed on relatively non-liquefiable site, was not significant. It was also concluded that a certain statement could not be given in regards with influence of vertical component of earthquake on lateral displacement of wall based on this research and further studies are required in terms of the frequency content, duration and intensity of different ground motions and their effects on this topic.

Seismic assessment of gravity quay wall structures, subjected to near fault ground excitations was investigated by Zeinoddini et al. in 2011. A coupled acoustic-structural-soil finite element modeling was used for the seismic assessment of gravity quay-wall structures by using ANSYS software. The PC-1 gravity quay wall in Kobe port/Japan in real scale was used as the modeling case. Horizontal components of six seismograph records of two different earthquakes (Kobe, 1995 and Kocaeli, 1999), both at a near distance and far from the rupture area were selected for each earthquake. It was found from the analyses that gravity quay walls were more vulnerable to near-field, in comparison to the corresponding far-field earthquakes. Two cases of cross sections and densities of the caisson wall were analyzed under harmonic excitation with a period of 0.5 seconds, and maximum drift of the quay walls were investigated. It was concluded that a decrease in the caisson width had a little effect on the wall behavior and increasing in the relative density of the quay wall improved the seismic performance of the wall. The records were scaled and frictional contact/separation algorithm was used at the structure interfaces.
Abu Taiyab et al. in 2014, evaluated a technique for mitigation of damage to quay walls. This paper evaluates the efficiency of a technique for mitigation of damage to quay walls in liquefiable sites, which involves densification of loose sand around the toe using FE code GEFDYN and shaking table tests. According to this paper, the displacement of the gravity quay wall was related to the shear strain in the foundation and five improvement options for mitigated models of gravity type quay walls were analyzed. To avoid complexity, this study did not consider the hydrodynamic effects. Ground motion records of Kobe earthquake with three different amounts of PGAs and three different frequencies for each one were applied in the quay wall parametric study and one input motion was used for the shake table test model.
The main objective of the present study is investigating the effect of wall slenderness on the seismic behavior of quay walls by considering soil-water-structure interactions and characterizing the failure criteria of the quay walls based on the seismic design guideline of port structures (PIANC 2001). Both linear and nonlinear behaviors of the quay wall surrounding soil are depicted by considering the soil-structure interaction in the dynamic equation of motions of the quay walls. In addition, the effect of vertical earthquake excitations is considered in the present study during linear analyses.

FINITE ELEMENT MODELING PROCEDURE
The finite element analysis was initially developed on a physical basis for the analysis of problems in structural mechanics, but it was realized later that this method could be applied to solutions for many other kind of problems (Srilakshmi and Rekha 2011).
In this paper, 2D finite element modeling is used for analysis of quay walls during earthquake motions, and its scope is limited to modal and transient analyses (Potts and Zdravkovic 1999). In the present study, the deformable or flexible soil assumption is used instead that of the rigid material to fully model the three-phase interaction problem (Li et al. 2004). The cross section of the gravity-type quay wall and the surrounding soil are modeled using four nodes solid elements with plane strain formulation, as the wall longitudinal dimension is very large in comparison with the two others (Arablouei et al. 2011, Zeinoddini et al. 2011). For the numerical study, a concrete quay wall located in Port Island, Kobe, Japan, is chosen and the effect of various wall slenderness on its seismic behavior is investigated by using a linear isotropic material for the wall body and considering soil-water-structure interaction through linear and nonlinear transient analysis. The plan of the quay wall including the seawater and the surrounding soil is shown in Figure 1, and the cross section of the system is also shown in Figure 2.
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Figure 1. The plan of the quay wall including the seawater and the surrounding soil
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Figure 2. The cross section of the system

Critical points of the gravity quay walls are the crest, toe and heel, for which the failure criteria are evaluated and presented through both horizontal and vertical components of earthquake accelerograms (Massah Fard et al. 2013).
Infinite Nonreflecting Boundaries
Infinite boundaries at the outer edges of the foundation are included whenever inertia effects (mass) are considered in the foundation (Lysmer and Kuhlamayer 1969). An infinite soil can be approximately modeled with a finite length about three times the height of the quay wall and foundation gravel in horizontal direction from both sides, and one half of it in vertical direction (Mills-Bria et al. 2006). 

Based on foundation material properties, some of the seismic energy is dissipated at the boundaries and some is reflected back toward the quay wall (Kramer 1996). Therefore, mass less elements are used for alluvial clay and replaced soils in the modeling procedure according to the assumptions (Mills-Bria et al. 2006). In the mass less foundation model, the absence of mass makes the foundation rock as a spring; i.e., only the flexibility of the foundation rock is taken into account (Berrabah et al. 2012). The finite element mesh pattern and boundaries of the soil is presented in Figure 3.
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Figure 3. The finite element mesh pattern and boundaries of the soil in the present study
Fluid-Structure Interaction (FSI) Modeling
The presence of a fluid can significantly change the vibration characteristics of a containing structure. In the fluid-structure interaction analysis, in order to model the fluid motion, three different finite element approaches may be used including: Eulerian, Lagrangian, and mixed of both methods (Heydari and Mansoori 2011). The velocity potential (or pressure) is used to describe the behavior of the fluid in Eulerian approach, whereas the displacement field is used in the Lagrangian approach. In the mixed approaches both the displacement and pressure fields are included in the element formulation. The Eulerian finite element approach is used in the present study. Both the water and structural systems are coupled and solved as a single system. In ANSYS software, which is used in present study for numerical analysis, Fluid 29 acoustic element is used for modeling the seawater, because it accomplishes the required fluid-structural coupling since it has four degrees of freedom (DOF): one for the hydrodynamic pressure and three optional displacement DOFs (Moosrainer 2009). Acoustic elements are designed based on Helmholtz equation. The Helmholtz equation is defined as follows (Heydari and Mansoori 2011):


[image: image4.wmf]2

2

22

1

P

P

ct

¶

Ñ=

¶

                                                   (1)

[image: image5.wmf]2

0

P

Ñ=

                                                               (2)


[image: image6.wmf]w

b

E

c

r

=

                                                             (3)

in which 
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 is the pressure in the fluid domain; 
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 is the velocity of the pressure wave of seawater; and 
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 and 
[image: image10.wmf]w

r

 are the bulk modulus and density of water, respectively. 

For the coupling of the fluid and the structure, FSI (fluid structure interaction) elements are applied in the interface of the seawater and quay wall. The coupled fluid-structure equation is presented as follows (ANSYS 2012):
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where 
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 are mapping matrices for mass and stiffness that cause the nodal acceleration transformation to pressure flux and along with. 
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 are the hydrodynamic pressure, nodal displacement and applied force vectors, respectively.

The fluid mesh is terminated by using absorbing boundary admittance method. However, an infinite seawater can be approximately modeled with a finite length about three times the width of the foundation gravel. To ensure correct transmission of the ground motion through the water, soil and quay wall, one must model 10 elements per wavelength (Mills-Bria et al. 2006, Kuhlemeyer and Lysmer 1973). The sizes of the elements in the FEM are evaluated by the following equations (Mills-Bria et al. 2006, Kuhlemeyerand Lysmer 1973):
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where 
[image: image23.wmf]s

v

 is the shear wave velocity through soil; 
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 is the Young's modulus; 
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 is the Poisson's ratio; 
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 is the soil density; 
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 is the wavelength through soil; 
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 is the maximum frequency obtained from modal analysis; and 
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 is the maximum element dimension.

To ensure that energy is not trapped in the seawater domain, but allowed to be transmitted out of the model, non-reflective boundary conditions are applied at the infinite boundary of the seawater. For the implementation of absorbing boundaries, there are two alternative methods in ANSYS software. One that can assign appropriate impedance to the boundary to absorb the coming waves is used in the present study (ANSYS 2012).

Eatok in 1981 has shown that for most gravity type concrete dams, free surface waves are negligible. Therefore, it is assumed that the similar situation will happen for quay walls inside the harbour, and zero pressure is applied on the nodes of the free surface of the seawater. Sommerfeld boundary conditions, which are demonstrated as follows, are used at the surface of the seawater. 
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where 
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 is the normal vector on the surface of the quay wall; 
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 is the velocity scope; 
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 is the perpendicular direction of the Cartesian system; and 
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 is the vector of volume forces on the fluid elements.
Soil-Structure Interaction (SSI) Modeling

The effect of the soil-structure interaction is noticeable especially for stiff and massive structures resting on the relatively soft ground. It may cause the dynamic characteristics of the structural response altered significantly. The soil-structure interaction equation in time domain and according to direct method is presented as follows (Wolf 1985):
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in which, 
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 indicate the nodes of the soil in the interior region and on the exterior boundary, respectively. The nodes along the structure-soil interface are denoted by 
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 and the remaining nodes of the structure by 
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. The superscript 
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indicates that the motion is total and 
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 denotes the free field motion (Wolf 1985).

In this study, first, soil is modeled with linear characteristic and prescribed zero displacements in all vertical and horizontal directions at the soil boundaries; and in the second step, the Drucker-Prager constitutive model is used for soil and nonlinear transient analysis. The failure stress according to Drucker-Prager constitutive model is defined as follows:
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where 
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 is the failure stress; and 
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 are cohesion and friction angle of the soil (ANSYS 2012). In both of these models, foundation mesh is merged to that of the seawater and quay wall. 
NUMERICAL STUDY
For numerical analysis, a concrete quay wall located in Port Island, Kobe, Japan, is selected (Figures 1 and 2). The wall is modeled using FEM by considering the fluid-structure interaction (FSI) and soil-structure interaction (SSI), and a comprehensive numerical analysis is performed to highlight the impact of the effective parameters, i.e. the slenderness of the cross section and backfill soil on seismic behavior of the quay walls. Cross section of the wall along with seawater and the surrounding soil is shown in Figure 4. Moreover, the properties of the soil layers, and characteristics of the earthquake ground motions used in the present study are shown in Tables 1 and 2, respectively (Sugano et al. 1996, Seismosignal user manual 2012). It is noted that in finite element analysis, the first 10 seconds of the excitations is considered in order to limit the runtime of the software in a reasonable range.
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Figure 4. Cross section of gravity quay wall including seawater and surrounding soil

Table 1. Properties of the concrete and soil applied in modeling procedure 

	Parameter
	Density (kg/m³)
	Young's modulus (Pa)
	Poisson ratio
	Friction Coefficient
	Internal friction angle
(°)

	Rubble foundation
	2000
	2.574E7
	0.3
	0.839
	40

	Rubble backfill
	2000
	2.574E7
	0.3
	0.839
	40

	Alluvial clay
	1700
	1.9492E8
	0.3
	0.577
	30

	Reclaimed soil
	1800
	2.0638E8
	0.3
	0.726
	36

	Replaced soil
	1800
	1.5163E8
	0.3
	0.753
	37

	Concrete 
	2500
	3E10
	0.2
	-
	-


Table 2.Characteristics of the earthquake ground motions considered in this study

	Earthquake
	Component
of the earthquake excitation
	
	
	
	

	
	
	PGA (g)
	PGV (m/s)
	PGD

(m)
	Significant Duration (s)

	Kobe
P1057
	Horizontal
	0.611
	1.271
	0.358
	11.34

	
	Vertical
	0.272
	0.160
	0.045
	13.55

	Kocaeli
P1114
	Horizontal
	0.268
	0.657
	0.57
	15.335

	
	Vertical
	0.242
	0.308
	0.296
	14.780

	Northridge P1023
	Horizontal
	0.612
	1.174
	0.543
	15.09

	
	Vertical
	0.586
	0.346
	0.257
	7.87

	Tabas
NGA143
	Horizontal
	0.836
	0.978
	0.387
	16.48

	
	Vertical
	0.688
	0.444
	0.164
	13.980

	Kobe
P1046
	Horizontal
	0.503
	0.366
	0.113
	11.23

	
	Vertical
	0.371
	0.173
	0.056
	10.52

	El Centro
P0176
	Horizontal
	0.360
	0.765
	0.591
	10.27

	
	Vertical
	0.248
	0.159
	0.107
	20.32


PGA: Peak ground acceleration, PGV: peak ground velocity and PGD: peak ground displacement

Seismic Input Loads
During an earthquake, the quay wall, foundation and seawater move and interact with each other. The concept of massless foundation, assumed in this study, although not realistic, eliminates the reflection problems of the seismic energy by removing the inertia from the foundation (Mills-Bria et al. 2006). Ground motions applied at the foundation boundaries do not vary through the massless foundation mesh (Bommer and Acevedo 2004).
Six worldwide appropriate ground motions, with significant duration more than 10 seconds, are chosen for the numerical analyses as shown in Table2. The Ground motions are selected such that they include frequency content broad enough, to excite different modes of the structure and produce different levels of stress and displacement patterns. Moreover, they have been corrected for baseline errors, and filtered to remove the unwanted noises (Bommer and Acevedo 2004).
In the present study, in order to perform the dynamic time history analysis, ground motions in terms of displacement are applied at the bottom of the foundation. In point of the application of Ground motions view, two cases have been analyzed in the present study: in the first case the displacement time history records of the ground motions are applied to the finite element models only in horizontal degrees of freedom at the bottom level of the foundation; and in the second case they are applied in both horizontal and vertical degrees of freedom of the same level. 
PERFORMANCE-BASED METHODOLOGY

Performance-based design is an emerging methodology born from the lessons learned from earthquakes in the 1990s (SEAOC 1995; Iai and Ichii 1998; Steedman 1998). The goal is to overcome the limitations present in conventional seismic design.

In performance-based design, appropriate levels of design earthquake motions must be defined and corresponding acceptable levels of structural damage also must be clearly identified. The levels of earthquake motions are defined as the following (PIANC 2001):

Level 1 (L1): The level of earthquake motions that are likely to occur (50% in the life span of the structure) during the life-span of the structure. Level 2 (L2): The level of earthquake motions associated with rare events that typically involve very strong ground shaking (10% probability of occurrence in the life span of the structure) (PIANC 2001). 

The levels of damage are specified according to the specific needs of the users/owners of the facilities. The required performance of a structure is defined in Table 3 (PIANC 2001). In the case of quay walls, Grade A is preferred as the performance level.
Table 3. Performance grades

	Design earthquake
	Performance grade

	Level 2 (L2)
	Level 1 (L1)
	

	Degree ǀ: Serviceable
	Degree ǀ: Serviceable
	Grade S

	Degree ǁ: Repairable
	Degree ǀ: Serviceable
	Grade A

	Degree ǀǀǀ:

Near collapse
	Degree ǀ: Serviceable
	Grade B

	Degree ǀV:
Collapse
	Degree ǁ: Repairable
	Grade C


Seismic performance of a gravity quay wall, as is displayed in Table 4, is specified based on the serviceability considerations in the form of displacements and tilting (PIANC 2001). In evaluating seismic performance by referring to the acceptable level of damage, i.e. the damage criteria, the highest damage degree should be the final result of the evaluation.

	Table 4. Proposed damage criteria for gravity quay walls

Degree ǀV
	Degree ǀǀǀ
	Degree

ǁ
	Degree

ǀ
	Level of damage

	Larger than 10%
	5-10%
	1.5-5%
	Less than 1.5%
	Normalized residual horizontal displacement (d/H%)


DYNAMIC ANALYSIS
In the present study, dynamic time history analysis of the quay walls is performed by considering the soil-water-structure interaction using FEM. Since the caisson type walls were greatly damaged during Kobe earthquake, the effects of the vertical seismic ground motion on the movement of the concrete quay walls are also investigated through linear finite element method (Nakagawa et al. 2000). Due to the nature of the soil in the site of the Kobe port, the potential of liquefaction during the earthquake is high and during the nonlinear analysis, semi liquefaction procedure by reducing the density of the backfill soil is considered (Sasaki et al. 2000, Sadrekarimi 2011).

In this research, the concrete material of the quay wall is idealized as linear, and the soil is modeled through both linear and nonlinear Drucker-Prager behaviors. Comprehensive numerical dynamic analyses are performed to investigate the effects of slenderness of the quay wall body, and nonlinearity of the surrounding soil. As illustrated earlier, in order to evaluate the seismic behavior of the quay walls, two cases are studied. In the first case, the wall is analyzed only under application of the horizontal component of the ground excitation; and in the second case, both the horizontal and vertical components are considered. Finally, the results of FEM analyses are compared with those of the empirical equations. The results of the analyses are calculated for the critical points of the quay wall, and the failure criteria of the quay wall during earthquakes in each case is categorized according to the performance-based design method (Table 4).

Dynamic Equation of Motion

What is normally attempted in a dynamic analysis is the reproduction of the frequency-independent damping of materials at the correct level. For geological materials, damping commonly falls in the range of 2-10% of critical; and for structural systems, 2-5% is representative (Arablouei et al. 2011).
After solving the eigen-value problem of the system, the natural frequencies are achieved for evaluating the coefficients of Rayleigh damping which in the present study is utilized to calculate the damping matrix 
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where 
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 and 
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 are the proportional coefficients. The Rayleigh damping coefficients are calculated through the first two frequencies of the system by assuming damping ratio of five percent of the critical one as given by the equations (15) and (16) (Arablouei et al. 2011).
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In seismic design of hydraulic structures like dams, the frequencies of the dam-foundation-reservoir system should be evaluated for a linear elastic monolithic model (Berrabah et al. 2012, Massah Fard and Lashteh Neshaei 2012). Because cracking or nonlinear behavior will make the dam less stiff and reduce the natural frequencies of the dam, so in the present study, this assumption is used for the quay wall-soil-seawater system too.

In this study, first of all, damping coefficients for the quay wall and soil are calculated separately and then the equations are assembled to achieve the damping coefficients of the system by considering soil-structure interaction. The natural frequencies of the wall are evaluated from which the first three are shown in Table5, for three cases of slenderness ratios (H/W) of the quay wall.

Table 5. Three first natural frequencies of the concrete quay wall

	natural frequencies (Hz)
	Slenderness

ratio (H/W)

	3rd mode
	2nd mode
	1st mode
	

	1.7465
	1.5033
	0.74193E-4
	1.25

	1.7811
	1.5447
	0.46939E-3
	1.67

	1.8206
	1.5897
	0.30163E-3
	2.5


H = height of the quay wall; W = width of the quay wall

It is observed from Table 5 that by increasing the slenderness of the quay wall, the natural frequencies of the system intensify

After the modal analysis, the concrete quay wall is analyzed for different slenderness (the ratio of wall height to width; H/W) under the application of earthquake motions given in Table 2, for two cases explained earlier, through linear FEM. Then, the effect of nonlinearity of the surrounding soil on the behavior of the quay wall with different slenderness is investigated under application of horizontal components of the earthquake excitations.

RESULTS OF TRANSIENT ANALYSIS

Transient analysis of the quay wall is performed for earthquake ground motions of Table 2 through FEM by considering Linear and nonlinear behaviors of the surrounding soil and the results are presented in the next sections. 

Linear Transient Analysis

In this step, the seismic performance results of the quay wall by considering both horizontal and vertical components of the earthquakeexcitations are compared with thosefrom applying just horizontal components,and the results are presented in Tables 6 and 7. In the tables, d/H shows the ratio of wall crest harozontal displacement under the earthquake excitations to its hight. Earthquake levels are defined according to PGA; records with more than 0.5g are categorized in level 2 and less than this amount are specified in level 1.
Table 6. Damage degree according to failure criteria (d/H%) for quay walls during horizontal components of ground motions (case 1) through linear FEM

	Earth

quake level in the first 10 second
	Damage degree
	Ratio of height to width (H/W)
	Earthquake

	
	
	2.5
	1.67
	1.25
	

	2
	ǀ
	1.2
	1.4
	1.27
	Kobe

P1057

	1
	ǀ
	0.34
	0.38
	0.41
	Kocaeli

P1114

	2
	ǁ
	1.64
	1.94
	2.16
	Northridge P1023

	2
	ǀ
	0.23
	0.21
	0.29
	Tabas

NGA143

	1
	ǀ
	0.11
	0.15
	0.16
	Kobe

P1046

	1
	ǁ, ǀǀǀ
	5.10
	3.46
	3.85
	El Centro

P0176


Table 7. Damage degree according to failure criteria (d/H%) for quay walls during horizontal and vertical components of ground motions (case 2) through linear FEM

	Earthquake level in the first 10 second
	Damage degree
	Ratio of height to width (H/W)
	Earthquake

	
	
	2.5
	1.67
	1.25
	

	2
	ǀ
	1.075
	0.9363
	0.8613
	Kobe

P1057

	1
	ǀ
	0.2651
	0.2883
	0.302
	Kocaeli P1114

	2
	ǁ
	1.454
	1.617
	1.77
	Northridge P1023

	2
	ǀ
	0.1553
	0.2094
	0.2426
	Tabas NGA143

	1
	ǀ
	0.0905
	0.1049
	0.1246
	Kobe P1046

	1
	ǁ
	2.66
	2.85
	2.96
	El Centro

P0176


By comparing the results of d/H  in Tables 6 and 7, it is concluded that considering the vertical components of the ground motions besides the horizontal ones, has a reduction effect on the d/H ratioes for all wall slenderness. But this considerationhas no effect on the damage degrees of the quay walls (except one case, for slenderness of 2.5 and El Centro P0176 motion component). Moreover, it is demonstrated in the tables that by increasing the slenderness of the quay wall, the failure criteria (d/H%) during the application of both horizontal and vertical components of the ground excitations is less than that of applying just the horizontal components; and in both cases, by increasing the wall slenderness, d/H ratio decreases. 
Table 8. Comparison of maximum principal compression stresses (Pa) of toe of the quay walls

	Ratio of height to width (H/W)
	Component of the motion
	Earthquake

	2.5
	1.67
	1.25
	
	

	4.02E+05
	3.17E+05
	1.73E+05
	H
	Kobe

P1057

	3.12E+05
	2.43E+05
	1.64E+05
	H & V
	

	148163
	156504
	171121
	H
	Kocaeli P1114

	110393
	126934
	138489
	H & V
	

	4.37E+05
	4.64E+05
	4.90E+05
	H
	Northridge P1023

	2.12E+05
	2.80E+05
	3.02E+05
	H & V
	

	195122
	151281
	252041
	H
	Tabas NGA143

	112535
	193753
	252482
	H & V
	

	66985.6
	84756.5
	121216
	H
	Kobe

P1046

	76833
	78732.3
	100966
	H & V
	

	470886
	499262
	556766
	H
	El Centro P0176

	334647
	386503
	370662
	H & V
	


Table 9. Comparison of maximum principal compression stresses (Pa) of heel of the quay walls

	Ratio of height to width (H/W)
	Component of the motion
	Earthquake

	2.5
	1.67
	1.25
	
	

	7.83E+04
	36191.4
	11649.1
	H
	Kobe P1057

	51489.2
	2.68E+04
	45013.6
	H & V
	

	42630.9
	17607.8
	9784.59
	H
	Kocaeli P1114

	42726.4
	35136
	45782.6
	H & V
	

	1.38E+04
	3.03E+04
	3.28E+04
	H
	Northridge P1023

	5.87E+04
	3.03E+04
	3.94E+04
	H & V
	

	64397.8
	45368.2
	34209.9
	H
	Tabas NGA143

	60945.9
	93824.3
	86517.5
	H & V
	

	34199.3
	44456.7
	50317
	H
	Kobe P1046

	55942.5
	70161.1
	81550.4
	H & V
	

	283.284
	27564.3
	27789.3
	H
	El Centro P0176

	24463.6
	24345.5
	30940
	H & V
	


The maximum principal compression stresses of toe and heel of the quay wall (Pa) are compared in Tables 8 and 9, respectively, for both cases 1 and 2 illustrated earlier. Comparing the results shows that considering the vertical components of earthquake excitations besides the horizontal ones has not a significant effect on the principal compression stresses. But under some earthquake excitations, considering the vertical component has a reduction effect at toe and a rising effect at heel of the quay wall. As well, it is seen from the tables that by increasing the slenderness of the quay wall, the amounts of principal compression stresses at toe of the quay walls decrease in both cases during application of all ground motions except for Kobe P1057.

Comparing the results of failure criteria (d/H%) during application of both horizontal and vertical and just horizontal components of earthquake motions presented in Tables 6 and 7 demonstrates that slenderness of the quay wall is more effective on the lateral displacement of the wall during motions with less amounts for frequency content and more amounts for PGD. According to the research by Nakagawa in 2000, by considering vertical acceleration in the same phase as the horizontal one, the vertical components of the earthquake motions, reduce the lateral displacements of the crest of the quay wall; this procedure is happened through this study and for the quay wall with different amounts for slenderness during all of the motions, application of both horizontal and vertical components of earthquakes, has a reduction effect on the dispalcements. Therefore, it can be concluded that ignoring the effect of vertical components of the motions is towards the safety factor in the seismic performance of the quay walls by considering soil-water-structure interaction.

Nonlinear Analysis

In this section, the effect of nonlinearity of the surrounding soil on the seismic performance of the quay walls under the application of only the horizontal components of the earthquake ground motions is studied, and the results are demonstrated in Tables 10 to 14 for comparison with those of the linear analysis.

The results of failure criteria (d/H%) for different slendernss level (H/W) are shown in Table 10. It is obvious from Table 10 that the maximum value of horizontal displacement of the crest is happened during Tabas NGA 143 record and it is much more than that of the linear case given in Table 6. Moreover, it is seen from the table that the wall slenderness dose not have more impact on seismic performance of the wall; as well, the degree of destruction according to the failure criteria through nonlinear FEM, for all of the ground motions is 2, and the quay wall is repairable but is more vulnerable to collapse in comparison with that resulted from linear analysis.
Table 10. Damage degree according to failure criteria (d/H%) for the quay walls under horizontal components of earthquake excitations through nonlinear FEM

	Earthquake level in the first 10 second
	Damage degree
	Ratio of height to width (H/W)
	Earthquake

	
	
	2.5
	1.67
	1.25
	

	2
	ǁ
	3.275
	3.188
	3.19
	Kobe

P1057

	1
	ǁ
	3.838
	3.716
	3.713
	Kocaeli P1114

	2
	ǁ
	3.35
	3.26
	3.2
	Northridge P1023

	2
	ǁ
	4.19
	4.076
	4.07
	Tabas NGA143

	1
	ǁ
	3.317
	3.22
	3.22
	Kobe

P1046

	1
	ǁ
	3.37
	3.31
	3.34
	El Centro

P0176


Results of the present simulations also include the principal compression stresses at toe and heel of the quay wall illustrated in Tables 11 and 12, respectively.

Table 11. Comparison of maximum principal compression stresses (Pa) of toe of the quay walls

	Ratio of height to width (H/W)
	Type of the analysis
	Earthquake

	2.5
	1.67
	1.25
	
	

	4.02E+05
	3.17E+05
	1.73E+05
	Linear
	Kobe P1057

	1.60E+05
	1.71E+05
	1.74E+05
	Nonlinear
	

	148163
	156504
	171121
	Linear
	Kocaeli P1114

	184701
	199032
	202297
	Nonlinear
	

	4.37E+05
	4.64E+05
	4.90E+05
	Linear
	Northridge P1023

	1.72E+05
	1.86E+05
	1.88E+05
	Nonlinear
	

	195122
	151281
	252041
	Linear
	Tabas NGA143

	194731
	211357
	214637
	Nonlinear
	

	66985.6
	84756.5
	121216
	Linear
	Kobe P1046

	152985
	170275
	174187
	Nonlinear
	

	470886
	499262
	556766
	Linear
	El Centro P0176

	163185
	181159
	185366
	Nonlinear
	


Table 12. Comparison of maximum principal compression stresses (Pa) of heel of the quay walls

	Ratio of height to width (H/W)
	Type of the analysis
	Earthquake

	2.5
	1.67
	1.25
	
	

	7.83E+04
	36191.4
	11649.1
	Linear
	Kobe P1057

	1.51E+03
	1155.87
	1530.24
	Nonlinear
	

	42630.9
	17607.8
	9784.59
	Linear
	Kocaeli P1114

	699.218
	494.355
	1107.96
	Nonlinear
	

	1.38E+04
	3.03E+04
	3.28E+04
	Linear
	Northridge P1023

	7.32
	7.64
	1.19E+03
	Nonlinear
	

	64397.8
	45368.2
	34209.9
	Linear
	Tabas NGA143

	764.752
	563.572
	1288.48
	Nonlinear
	

	34199.3
	44456.7
	50317
	Linear
	Kobe P1046

	575.896
	445.108
	930.225
	Nonlinear
	

	283.284
	27564.3
	27789.3
	Linear
	El Centro P0176

	40.1458
	235.878
	1205.12
	Nonlinear
	


The Tables 11 and 12 demonstrate that the maximum principal compression stresses are happened at toe of the quay walls according to different amounts of slenderness and earthquake motions during linear analyses. 
Table 13. Comparison of maximum principal tension stresses (Pa) of toe of the quay walls

	Ratio of height to width (H/W)
	Type of the analysis
	Earthquake

	2.5
	1.67
	1.25
	
	

	2.10E+06
	1.54E+06
	1.32E+06
	Linear
	Kobe P1057

	1.28E+05
	9.84E+04
	8.67E+04
	Nonlinear
	

	465333
	441532
	398943
	Linear
	Kocaeli P1114

	3853.23
	3183.16
	3003.42
	Nonlinear
	

	2.42E+06
	2.84E+06
	3.89E+06
	Linear
	Northridge P1023

	1.05E+05
	8.45E+04
	7.79E+04
	Nonlinear
	

	438254
	480369
	672968
	Linear
	Tabas NGA143

	5583.59
	4505.35
	3890.87
	Nonlinear
	

	260537
	247783
	283841
	Linear
	Kobe P1046

	1832.88
	1197.03
	847.327
	Nonlinear
	

	4.41E+06
	4.22E+06
	4.36E+06
	Linear
	El Centro P0176

	11416.5
	71.2886
	71.6083
	Nonlinear
	


Investigation the maximum principal tension stresses at toe and heel of the quay walls through linear and nonlinear analyses in Tables 13 and 14 depicts that the mentioned stresses are of higher values at toe of the quay wall during all of the ground motions.

Table 14. Comparison of maximum principal tension stresses (Pa) of heel of the quay walls

	Ratio of height to width (H/W)
	Type of the analysis
	Earthquake

	2.5
	1.67
	1.25
	
	

	1.11E+06
	929959
	977110
	Linear
	Kobe P1057

	9.05E+04
	52846.4
	54842.4
	Nonlinear
	

	332415
	184521
	127148
	Linear
	Kocaeli P1114

	98419.1
	41017
	10269.5
	Nonlinear
	

	2.22E+06
	2.47E+06
	2.71E+06
	Linear
	Northridge P1023

	9.21E+04
	3.97E+04
	4.04E+04
	Nonlinear
	

	206314
	227562
	202160
	Linear
	Tabas NGA143

	100847
	42925
	10793.9
	Nonlinear
	

	213729
	225161
	228404
	Linear
	Kobe P1046

	79567.3
	34166.3
	9137.17
	Nonlinear
	

	3.90E+06
	3.71E+06
	3.43E+06
	Linear
	El Centro P0176

	81155.1
	35054
	11347.7
	Nonlinear
	


As it is demonstrated in these tables, by considering the nonlinear behavior of the surrounding soil, the amounts of stresses reduce during most of the earthquake excitations. This procedure may be because of the large strain in the soil beneath the rubble foundation of the quay wall during elasto plastic condition in nonlinear analyses; especially, reduction in the principal stresses at heel of the quay wall, may be because of the large strain at the backfill soil of the quay wall, like the condition happened during Kobe earthquake because of liquefaction of the backfill soil.

CONCLUSIONS

In the present study, nonlinear dynamic behavior of the quay walls is studied under the action of earthquake excitations using finite element method (FEM) by taking into account the soil-water-structure interaction. For this purpose, plane strain analysis of the wall is performed for both horizontal and vertical components of six different earthquake displacement records; and the maximum displacements and stresses at critical points of the quay walls are obtained for different values of the wall slenderness. From the numerical results of the study, it is found that:

1. Maximum principal compression stress happens at toe of the concrete quay wall during the earthquake ground motions for all slenderness of the quay wall.

2. Failure criteria of the quay walls (d/H%) and stresses at their critical points by considering the vertical component of the earthquake excitations besides the horizontal one decrease. Therfore, ignoring the effect of vertical component of the motions willresult in rising the safety factor in the seismic performance of the quay walls by considering soil-water-structure interaction.
3. The values of the failure criteria (d/H %) through nonlinear transient analysis during the earthquake excitations are in degree 2 of destruction. 
4. Present study demonstrates independency of (d/H%) to the amounts of the slenderness of the cross section during nonlinear transient analyses.
5. The results of the current study show that there is no direct linear relationship between the slenderness and deformation of the quay wall during seismic motions due to the complicated interaction of soil-water-structure system. 

6. The presence of dynamic soil pressure during earthquakes can change the dynamic behavior of the quay wall drastically, resulting in a totally different stress and deformation fields which cannot be seen through simplified linear analyses. 
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