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ABSTRACT

In the last 50 years there have been many documented failures of gravity
retaining quay walls due to earthquake events. These failures are often associated with
significant deformation of liquefiable soil deposits (e.g. major damage occurred at
Kobe Port during the 1995 Hyogoken-Nanbu earthquake). Saudi Arabia has similar
types of quay walls located in regions that have the potential to experience significant
seismic events. These walls have not been designed for seismic resistance and
therefore have the potential to suffer serious damage from seismic activity. For many
years the design of seismic gravity quay walls has been studied and design codes for
engineering practice established; however, the widespread failures of these structures
during recent earthquakes demonstrates that these design methods may be insufficient.
Such gravity quay wall failures have stimulated progress in the development of a
performance-based seismic design method using non-linear inelastic dynamic analysis

for quay wall structures.

The aim of this study was to develop a methodology for the seismic design of
gravity quay walls using a non-linear elasto-plastic dynamic analysis. The final
method adopted in this work 1s based on the generalised elasto-plasiticity constitutive
model developed by Pastor et al. (1990), with some minor modifications, which has
been incorporated into a finite element procedure. The proposed P-Z sand model was
first validated by simulating published monotonic and cyclic test results. Secondly,
an effective stress analysis was established by developing a finite element model for
Kobe Port Island quay walls using the P-Z sand model. This model was validated by
comparing the predicted deformations with those experienced at Kobe. The computed

residual deformations from the analysis were in good agreement with published field

observations.

To develop mitigation strategies, a parametric study of the seismic
performance of gravity quay walls, using the effective stress analysis, was conducted.
This study assessed the effect of various structural and geotechnical parameters on the
seismic performance of quay walls. Twenty-six cases of etfective stress analysis with
variation in tidal range, soil permeability, soil relative densities, and wall widths were
conducted as well as analyses to test the importance of considering multi-directional

seismic excitations as opposed to uni-directional.
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In order to assess the safety of existing quay walls in Jeddah Port, an
experimental programme was conducted. This programme consisted of a site
Investigation (using a standard penetration test (SPT)) to determine the in situ relative
density of the existing backfill, a series of laboratory based, monotonic and cyclic
triaxial tests (to define the soil properties of Jeddah Port sand) and a two-dimensional

eftective stress finite element analysis of a typical Jeddah quay wall.

The monotonic and cyclic triaxial tests were conducted for three different
relative densities of D, = 35 %, 55% and 75%. These represent loose (equal to in situ
conditions as established by the site investigation), medium dense and dense sand.
The experimental results are discussed and then used to identify the P-Z sand model
parameters. These parameters were used in conjunction with a finite element analysis
of Jeddah Port quay walls to predict the seismic deformations. In this analysis the
finite element model was subjected to a number of different ground motions, which
represented two different levels of earthquake intensity; namely moderate and strong
ground shaking. The effect of improvement strategies such as increasing the relative

density of the backfill and foundation materials was then assessed

The results of the simulations showed that existing Jeddah Port quay walls are
not satisfactory to resist either moderate or strong earthquake excitations. However, if
the relative density 1s increased to 55% then satistactory performance can be achieved
for a moderate intensity earthquake. For the case of strong shaking, the analysis
showed that the quay walls did not demonstrate the required performance levels;

however, they were only under specification by 10%.

Finally, a flowchart illustrating a seismic design procedure for gravity quay
walls has been proposed, which is applicable to both existing and new gravity quay

walls.

Key-words: quay wall, liquetaction, earthquake, port, etfective stress, constitutive model
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CHAPTER ONE

1. INTRODUCTION
1.1 Background

Gravity quay walls are the most common type of construction for docks
because of their durability; ease of construction and the capacity to reach deep seabed
levels. The design of gravity quay walls requires sufficient capacity for three design
criteria; sliding, overturning and allowable bearing stress under the base of the wall.
Although the design of gravity quay walls is reasonably well understood for static
loads, analysis under seismic loads is still being developed. During strong ground
shaking, the pore water pressure of cohesionless saturated soils builds up leading to a
reduction 1n the effective stress of the soil foundation and backfill of the wall; hence
settlement and/or failure can occur in the foundation and in the backfill (which may

make the wall fail). This phenomenon i1s known as “liquefaction”.

The occurrence of liquefaction in both the saturated backfill and the
foundation was the main reason for the damage from earthquakes to gravity quay
walls in 1993 at Kushiro-oki and in 1994 at Hokkaido Toho-oki (Sasajima et al.,
2003) . In addition, liquefaction caused major damage to port facilities in Kobe,
Japan, in the 1995 Hyogo-ken Nanbu earthquake as shown 1n Figure 1.1. The typical
types of damage observed after the Kobe earthquake were: seaward displacement,
approximately 5 m maximum and approximately 3 m average; the walls also settled
approximately 1 to 2 m and tilted approximately 4 degrees (Ichi, 2004). Moreover,
observations of 24 marine structures in the earthquake in 1999 at Kocaeli, Turkey,
showed the backfill of quay walls also liquefied resulting in seaward displacements of
the quay walls (Sumer, et al., 2002) . The same observations were reported in 1999
during the Chi Chi earthquake in Taiwan, (Chen & Hwang, 1999). The seismic
coefficient method consisting of the Mononobe-Okabe’s formula based pseudo-static
limit equilibrium approach is usually adopted in the structural design of gravity type
quay walls to resist earthquake damage. However, this design method does not take

into account the liquefaction of the backfill or the foundation souls.
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Figure 1.1. Effects of liquefaction of backfill behind quay wall following the Kobe

earthquake

For many years the design of seismic gravity quay walls has been studied and
design codes for engineering practice are established. However, the widespread
failures of these structures during recent earthquakes demonstrates that these design
methods can be insufficient for loose cohesionless soils. Such gravity quay wall
failures have stimulated progress in the development of a performance-based seismic
design method for quay wall structures. Performance-based seismic design concepts
using inelastic dynamic analysis for port structures has been proposed by Ia1 & Ichu
(1998) then introduced by PIANC (International Navigation Association) in its
seismic design guidelines (PIANC, 2001). This method permits a significant reduction
in the high cost associated with repair and loss of use of quay wall structures;
however, to adopt this methodology, it is necessary to define both, relevant design

earthquakes and associated performance objectives that need to be met.

Although this method has great merit in mitigating seismic disaster, relatively
little research has been conducted on performance-based seismic design for gravity
quay walls. This may be explained by the fact that this approach 1s still being

developed and therefore has been applied only to a limited number of case histories.



1.2 Aims and scope of project

1.2.1 Aim

The aim of this study is to develop a methodology for the seismic design of

gravity quay walls and to use this to assess the safety of existing gravity quay walls in
Jeddah Port.

1.2.2 Objectives

1) Review previous studies on seismic behaviour of gravity quay walls and
examine the validity of simplified analysis methods.

2) Review liquefaction phenomena and the procedure for determining soil
properties relevant to liquefaction potential.

3) Review the available constitutive soil models that describe soil behaviour
under earthquake loading and identify the most suitable.

4) Validate the selected constitutive model by comparing results to existing
triaxial tests.

5) Incorporate the constitutive model into a fully coupled finite element
procedure and demonstrate the validity of this method by analysing the
performance of existing quay walls that have experienced significant seismic
events.

6) Perform a parametric study on gravity quay walls constructed on liquefiable
soils and hence quantify the influence of various soil and quay wall parameters
on liquefaction behaviour and hence develop mitigation strategies.

7) Determine the soil parameters of Jeddah Port sand (JPS) necessary to perform

an appropriate seismic assessment.

8) Apply the finite element procedure to Jeddah Port quay walls and assess the

success of mitigation strategies.

9) Make recommendations for the performance-based seismic design of gravity

quay walls in seismic regions.

1.2.3 Thesis outline

Chapter 2 presents a review of the important aspects of the seismic design of

port structures. Initially, previous studies on the seismic behaviour of gravity quay
3



walls are reviewed and the validity of simplified methods is examined. Liquefaction
phenomena have also been reviewed, as have how to determine the soil properties
relevant to liquefaction potential. Finally existing constitutive soil models are

reviewed and the most suitable for simulating cyclic behaviour of sand identified.

Chapter 3 assesses the validity of using an effective stress method of analysis.
In this chapter the elasto-plastic constitutive model of Pastor ef al. (1990) with slight
modifications has been used to analyse Port Island quay walls. The proposed P-Z sand
model was first validated by simulating published monotonic and cyclic test results.
Then the validity of the finite element procedure was demonstrated, by analysing a

model of Port Island quay walls. The computed residual deformation results were then

compared to field observations.

In Chapter 4, mitigation strategies for the seismic performance of gravity quay
walls are investigated. This was achieved by conducting effective stress analysis and
varying structural and geotechnical parameters. Twenty-six cases of effective stress
analysis with variation of tidal range, soil permeability, soil relative densities, wall

width size and level of seismic excitation were performed and conclusions made on

possible mitigation strategies.

In chapter 5, the soil properties of Jeddah Port were measured. This was
achieved by conducting Standard Penetration Test (SPT) at Jeddah Port, Saudi Arabia,
and then the measured N-value 1s correlated with empirical relationships to give the

relative density. The index and classification tests for samples were obtained from the

North Container Terminal at Jeddah Port.

In order to characterize the liquefaction characteristics of Jeddah Port sand, a
previously untested material, and to provide a framework for calibration and
validating numerical models, a series of monotonic and cyclic triaxial tests were
conducted under undrained conditions for Jeddah Port sand for three different relative
densities; D, = 35%, 55% and 75%. These represent loose (equal to in situ conditions),

medium dense and dense Jeddah Port sand.

The consolidated undrained monotonic and cyclic tnaxial test results of

Jeddah Port sand presented in Chapter 5 for three different relative densities were
4



used to identify the P-Z sand model parameters. A two-dimensional effective stress

method of analysis has been carried out for the Jeddah quay wall Berth 4.

To predict the expected deformation due to an earthquake, two levels of
earthquake motion were implemented using different earthquake acceleration records
and then the effect of improving the backfill on the final deformation was investigated
using the soil model parameters for sands of relative densities of D, = 35%, 55% and
75%. Finally, a flowchart illustrating a proposed seismic design procedure for gravity

quay walls 1s suggested. These proposed seismic design stages can be applied for both

existing and new gravity quay walls.

Chapter 7 contains a summary, conclusions and recommendations for future

research.



CHAPTER TWO

2. LITERATURE REVIEW ON SEISMIC BEHAVIOUR OF
GRAVITY QUAY WALLS

2.1 Introduction

This chapter presents a review of the important aspects of the seismic design
of port structures. The information collected in this chapter will inform the

experimental programme contained in Chapters 3, 4, 5 and 6.

Imitially, previous studies on the seismic behaviour of gravity quay walls are
reviewed and the validity of simplified methods 1s examined. Secondly, to determine
what soil behaviour any model appropriate for seismic design must be able to
incorporate, liquefaction phenomena has been reviewed, as has how to determine the
soil properties relevant to liquefaction potential. Finally, existing constitutive soil
models are reviewed and the most suitable for simulating cyclic behaviour of sand

identified. This model will then be used in subsequent chapters to simulate the seismic

behaviour of sand.

2.1.1 Performance based design of seismic resistant structures

Moderm seismic design is starting to adopt a performance based approach.
This design philosophy is an extension of the limit states design method and 1t is
particularly useful for seismic design as it enables the wide range of seismic

intensities that may be experienced at a site to be accommodated.

In performance based design a number of earthquake intensities with different
probabilities of occurrence are specified, the performance of the structure to these
different intensities is then assessed and compared to a number of damage criteria. As
the high intensity earthquakes have a very low probability of occurrence the designer
can accept greater levels of damage for these, while still requiring higher performance

levels for earthquakes that are less likely to occur during the service lite of the
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structure. One of the reasons why this philosophy has not yet been universally

adopted is that it requires models that can accurately simulate the behaviour of the

structure.

Performance-based seismic design was first introduced, for buildings, by
SEAOC (Structural Engineering Association of California (SEAOC, 1995) and later
for port structures by lai & Ichii (1998). It has now been introduced by PIANC
(International Navigation Association) in its seismic design guidelines (PIANC,
2001). Although performance based design is starting to be adopted, in the case of
geotechnical problems, it is still not widely used because of the lack of accurate soil

models.

To determine how best to develop a performance based design approach for
quay wall, some of the traditional design approaches as well as modermn soil models

are now reviewed and their applicability for incorporation into performance based

design assessed.

2.2 Review of previous studies

Gravity quay walls, including caisson and block types, are simple structures
made of concrete that are placed on a foundation and retain earth pressure from the
backfill soil behind the wall. The practical current standard seismic design for quay
walls 1s based on a seismic pressure based pseudo-static limit equilibrium approach;
see Ebeling & Morrison (1993) ; Waemer (1998) and PIANC (2001) . The design of
quay walls requires sufficient capacity for the three design criteria. These are sliding,
overturning and allowable bearing stress under the base of the wall. The seismic
loading is simulated with seismic coefficients. The seismic coefficients are
accelerations and are specified in two directions; they are horizontal seismic
coefficient (k;) and vertical seismic coefficient (k,). These coetficients are normalized
by dividing by the acceleration due to gravity; both seismic inertia and seismic earth
pressure acting on the wall are calculated by seismic coefficients, €.g. Okabe (1924);
Mononobe & Matsuo (1929); Seed & Whitman (1970); Ebeling & Morrison (1993);
Zeng & Steedman (2000); Nadim & Whitman (1983), among others.



Simple straightforward methods have been developed for evaluating the
residual deformation of gravity walls based on a similar assumption to the pseudo-
static approach; e.g. Newmark (1965); Franklin & Chang (1977); Richards & Elms
(1979); Zhang et al. (1998); Mohajeri et al. (2002), among others. These procedures
are based on the sliding block model and developed as a more useful tool for a
performance-based design of gravity quay walls to predict residual deformation
during earthquake loading. Furthermore, Zeng & Steedman (2000) proposed a method
called a rotating block method, which is similar to the pseudo-static sliding block

method of Newmark, to calculate the rotational displacement of gravity retaining

walls based on rigid foundation under seismic loading.

2.2.1 Validity of simplified methods

Okabe (1924) and Mononobe & Matsuo (1929) developed the basis of a
pseudo-static analysis of seismic earth pressures on retaining structures. Presently,
this method has become one of the most widely used procedures in the design of quay
walls by practical engineers and is popularly known as the Mononobe-Okabe (M-O)
method. The M-O method is a direct extension of the static Coulomb theory to
pseudo-static conditions. In an M-O analysis, pseudo-static accelerations are applied

to a Coulomb active wedge. The pseudo-static soil thrust is then obtained from the

force equilibrium of the wedge.

The forces acting on an active wedge in a dry, cohesionless backfill are shown

in Figure 2.2. In addition to the forces that exist under static conditions shown in
Figure 2.1, the wedge 1s also acted upon by horizontal and vertical pseudo-static
forces whose magnitudes are related to the mass of the wedge by the pseudo-static

accelerations a,=k;, g and a,=k, g, where k; and k, are seismic coetficients and g is

gravity acceleration.

The total active pressure can be expressed in a form similar to that developed

for static conditions, that 1s,

1
Pie = KuprH (1=, ) 2.1)



where P, is the active earth pressure acting in a wall for pseudo-static loadingm, H is

the wall height and the dynamic active earth pressure coefficient, K4z is given by:

K. = cos’ (¢ -0 -y)
AE )
n{o + ¢@)sinlg - S -y
o o +6 | esn. 2l 4. AR A S
cosy cos” @ cos(d + +y/{ + ,cos(:5+9]+ V/)[co _9])}

Where ¢-f >y , y =y, andy =tan” [k,, / (1 -k, )] where ¢ 1s the internal friction

(2.2)

angle for soil, y is the seismic inertia angle, f is the inclination of the backfill from
horizontal, & is the effective angle of interface friction between the soil and the

structure and @ 1s the inclination of the back of wall to soil interface from vertical.
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Figure 2.1. Computation of Rankine active and passive earth pressures for level

backfills, after NAVFAC DM-7.2 reported by Ebeling & Morrison (1993)

Although the M-O analysis implies that the total active thrust should act at a
point //3 above the base of a wall of height H, experimental results suggest that 1t
actually acts at a higher point under dynamic loading conditions (Ebeling & Morrison,

1993). The total active force, Pag in Equation 2.1, can be divided into a static

component, P, = y2 K ,.y.H? and a dynamic component, AP, :

P, =P, +AP, (2.3)
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Figure 2.2. Mononobe-Okabe (active) wedge, after EM 1110-2-2502 reported by
Ebeling & Morrison (1993)

The static component 1s known to act at H/3 above the base of the wall. Seed
& Whitman (1970) recommended that the dynamic component be taken to act at
approximately 0.6H. On this basis, the total active thrust will act at a height (%) above

the base of the wall.

_P,H/3+AP,(0.6H)
PAE

h (2.4)

The value of 4 depends on the relative magnitudes of P4 and P4z It often ends
up near the mid height of the wall. M-O analyses show that k&, when taken as one-half
to two-thirds the value of k;, affects P,z by less than 10%. Seed & Whitman (1970)

concluded that vertical accelerations can be ignored when the M-O method 1s used to

estimate P4 for typical wall designs.

2.2.1.1 Effects of excess pore water pressure

The Mononobe-Okabe equation was derived for dry yielding backfill retained
by a rigid wall. However, it 1s known that the quay walls have a submerged backfill
because they are constructed on the coastline and the ground water table 1s close to

ground level. Matsuzawa et al. (1985) studied this case and assumed that shaking

10



Causes no associated build-up of excess pore pressure, which means no liquefaction

Can occur. This approach can work with submerged back fill with unliquefiable soils.

They recommended replacing the y; which is used in the M-O method, with a new

unit of weight for submerged soil which is %, where %.s-% -%.. Later Ebeling &
Morrison (1993) developed the M-O method to take into account the effect of
submerged backfill with excess pore pressure and showed that the excess pore
pressures generated by cyclic shaking can be represented by »,= (w/0',9) where u is the
excess pore pressure and o'y 1s the initial vertical stress. Since there is no rigorous
approach for adapting the Mononobe-Okabe solution for evaluating the effects of
excess pore water pressures generated in the saturated backfill on the dynamic earth

pressure extract on the wall, the following approaches are suggested by Ebeling &
Morrison (1993).

Assuming that the permeability of soil is low, say A<1*10~ (m/s°) where pore
water moves with the mineral skeleton, this case is called the “restrained water case”.

Ignoring vertical accelerations, the effective unit weight of soil becomes:

}/subl = ysub (1 a ru) (25)

The thrust from the soil skeleton, P4z 1s computed using

k, =2k, (2.6)
y subl
and
'//he = tan B (khe) (27)

Where k. is the horizontal seismic coefficient for restrained water case.

However, Alyami (2003) wrote a computer program using an M-O method
and Ebeling & Morrison’s (1993) suggestion for Submerged Backfill with Excess
Pore Pressure as presented, which used visual basic.net and .net framework
technology to analyse the plain concrete block gravity quay wall under dynamic

effects. These forces are idealized in Figure 2.3. Hundreds of runs were conducted

I



and they showed that increasing pore water pressure had a corresponding effect on the
lateral pressure for a wide range of water pressures, but a large magnitude of excess
pore water pressure caused a dramatic rise in lateral pressure acting on the wall as
shown in Figure 2.4. That clearly means that there is a limitation for the applicability

of these practical methods of design based on the pseudo-static approach.
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Figure 2.3. Forces acting on the wall, after Alyami (2003)
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Figure 2.4. Effect of pore water pressure on lateral pressure, after Alyami (2003)

Furthermore, 1n this study Ebeling & Morrison’s (1993) suggestion has been
examined for various values of wall height (H=8-16 m) using MathCAD. The results

are shown in Figure 2.5. In the figure for values of the exess pore water pressure ratio
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(ru) > 0.5 the active earth pressure starts to reduce, reaching zero at approximate r, =

0.75. This indicates that the method is not applicable for ¢ - 8> y.
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Figure 2.5. Effect of pore water pressure ratio on lateral pressure

2.2.2 Physical and numerical model results

In recent years, much physical (1 g shake table and centrifuge tests) and / or
numerical research has been conducted to examine the behaviour of gravity quay
walls under earthquake loading. Inagaki ef al. (1996) performed a series of shaking
table tests simulating Kobe Port caisson walls. The results of these tests suggested that
the excess pore water pressure increase in the foundation soil beneath the walls and in
the backfill soil significantly increased the deformation of the caisson walls. Miura et
al. (1997) derived the behaviour of caisson type quay walls during earthquakes by
undertaking a series of model shaking table tests and pointed out that the fluctuating
earth pressure on the wall has a tendency to suppress movement of the wall when
liquefaction does not occur 1n the backtill. Ghalandarzadeh et al. (1998) conducted a
series of shaking table tests in order to study the mechanism of deformation of a
gravity quay wall during a strong earthquake. It was found that the significant
distortion of a wall was induced by combined effects of dynamic earth pressure

exerted upon the wall by the softened backfill soil and the decrease of rigidity in the
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foundation sand. Iai & Sugano (2000) also conducted a series of shake table tests and
reported that the effects of the excess pore water pressures in the backfill and
foundation soils increases the deformation about twice as much as that without the
etfect of the excess pore water pressure. Nakahara et al. (2000) investigated the
damage mechanism of the piers of Kobe port and experimental studies have been
carried out using large underwater shaking table tests. These revealed that the main
cause of the deformation of the caisson quay wall was not the sliding between the
foundation rubble mound and the bottom of the wall but a significant deformation of
the foundation rubble mound and the replaced soil region. Miyata & Sugano (2000)
carried out shaking table tests for caisson type quay walls and demonstrated that
bottom friction of the caisson is highly dependent upon the natural oscillation of
backfill soil, the input seismic motion and interaction stiffness between caisson and
backfill soil. Mohajer1 & Towhata (2003) conducted two series of shake table tests,
which were performed to study the sliding displacement of caisson type quay walls
due to earthquake motions. The test results show that considering single yield
acceleration during the displacement analysis may lead to erroneous results.
Moreover, Zeng (1992 & 1998), studied the behaviour of gravity quay walls under
seismic loading using data from three centrifuge tests and pointed out that the current
design practice can achieve satisfactory results for a gravity retaining wall with dry
backfill but may not do so for saturated backfill because the excess pore pressure
generated in the soil increases the horizontal thrust on a wall and degrades the
stiffness and strength of soil. Therefore, limiting the magnitude of excess pore
pressure is very important. Lee (2005) carried out a series of 2-D centrifuge modelling
test with an in-flight shaker in order to model both the detformation characteristics of
backfill and the seismic responses of caisson-type walls embedded 1n soils with
various levels of permeability and found that the rotational mode made changes in
excess pore water pressure and increased the earth pressure in the deep layer but the

translation mode changed these pressures in the shallow layers.

The above discussion demonstrates that the pseudo-static approach 1s a
simplified method used only for design and cannot express the real behaviour of quay
walls under seismic loading. As the pore water pressure can build up 1n the foundation
not only in the backfill of the wall; hence damage can occur in the foundation and in

the backfill. Since the pseudo-static limit equilibrium approach does not include the
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effect of foundations during the earthquake loading, other approaches are required to

evaluate the overall deformation including the foundations.

The finite element method is generally considered to be one of the most
advanced approaches; Zienkiewicz et al. (2005) discussed and summarized the details
of adapting finite element analysis to a dynamic problem. Recently the finite element

method has been used by researchers to simulate the seismic response of gravity

retaining walls.

Pitilakis & Moutsakis (1989) simulated the case of the seismic behaviour of
Kalamata harbour quay wall during the large Kalamata earthquake using a simple
equivalent non-linear model with variable damping proposed by Idriss & Seed (1974)
which was incorporated into the two-dimensional finite element code QUAD-4. Later,
Madabhushi & Zeng (1998) compared the centrifuge test data of gravity retaining
walls carried out by Zeng (1992 & 1998) with the non-linear finite element method by
using the constitutive model described by Pastor et al. (1985). That model 1s P-Z
Mark II, which incorporates the numerical code dubbed SWANDYNE (Chan, 1989)
and shows that the numerical finite element method incorporating the special
numerical techniques is capable of simulating the behaviour of gravity quay walls
under dynamic loads. A similar outcome is reported by Kohama et al. (1998) by
comparing the centrifuge test data of a gravity retaining wall with the non-linear finite
element method (FLIP). To apply this numerical method to a structure with
foundations, it is necessary to model the behaviour of the foundations, which has led
to many constitutive models being developed to express the behaviour of soil, since
most of the damaged quay walls have suffered from liquefaction in their backtill and
foundations. However, lai et al. (1998) and Dakoulas & Gazetas (2005), demonstrated
that the cyclic behaviour of soil, idealized through the finmte element method, can
reasonably explain the variety of seismic responses of the port structures analysed,
including the modes and extent of the deformation. Thus, this finite element method 1s

one of the most useful tools to simulate the seismic response of gravity quay walls and

ideal for performance based design.
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2.2.3 Performance-based seismic design for Port structures

Figure 2.6 shows the Flowchart for Performance Based Seismic Design for

Port structures suggested by Iai & Ichii (1998). The main aspects in the proposed

approach are;

Design Earthquakes

(Level 1 & 2) Importance of structure

Define Performance Criteria Modify/Up -grade

Structural Desig
& Liquefaction

ﬁ — Remediation
| Evaluate Seismic Performance

: . : Measures

| (Displacement/Stress)

i'
l’g No

'Is Performance Criteria Satisfied?

|
E Yes
‘b.

.! End of Seismic Design

T T R e~ | e S L e e e e = .

Figure 2.6. Flowchart for Performance Based Seismic Design for Port structures,

after (Iai & Ichii, 1998)

Design Earthquake (Level 1 and Level 2) Firstly, two levels of design
earthquake intensity, namely Level 1 and Level 2, should be considered in the design
of earthquake motions for Port structures. Level 1, where the earthquake motion 1s
expected to have a return period of 75 years, is used as a motion input to design all
facilities except those classified as Level 2. The latter 1s utilised to construct high
seismic resistant structures, based on an earthquake motion having a return period of
475 years, such as Maya Wharf, which survived after the 1995 Hyogoken-nambu
earthquake (Ichii et al. 2000). These two levels are adopted in the Japanese standard

(OCDI, 2002).
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Define Performance Criteria: the performance criteria should be defined. In
case of gravity quay walls and based on the experience of Kobe disaster in 1995, a
damage level index has been proposed from the viewpoint of temporally service and
listed in Table 2.1 (OCDI, 2002). These level indexes are indicating that the seaward

displacement is main factor to evaluate the quay wall performance.

Table 2.1. Quay wall deformation rough standards from the viewpoint of

temporally service, atter OCDI (2002)

Function of use Quay wall height equal or greater than 7.5 m
Normal use 0~0.3 m
Restricted use 0.3~1.0 m

Evaluate Seismic Performance (Displacement/ stress) seismic performance
1s evaluated by using inelastic dynamic numerical analysis. This 1s necessary as the
dynamic soil behaviour 1s significantly different from the static case and the soil

stress/strain relationship 1s highly nonlinear

2.3 Earthquake motion

Earthquake motion is a ground shaking and 1s caused by sudden slippage 1n
the earth crust. The interface where the slippage occurs i1s referred to as a fault. Faults
are classified into three classes: Dip-slip (normal), Dip-slip (thrust) and Strike-slip.

Each class depends on a different force mechanism causing the slippage as 1llustrated

in Figure 2.7.
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Figure 2.7. A simple explanation of the earthquake mechanism and a fault, after

Ichii (2006)
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2.3.1 Size of earthquake

T'here are two basic parameters to describe the size of an earthquake;

magnitude and intensity.

2.3.1.1 Earthquake Magnitude

Earthquake magnitude is a physical measure of the size of earthquake, which is

evaluated from the recorded data. There are six different magnitude scales used by

seismologists, namely:

1) The Richter local magnitude (M)

2) The Surface wave magnitude (M)

3) The Short-period body wave magnitude (m;,)

4) The Long-period body wave magnitude (mg)

5) The Moment magnitude (My,)

6) The Japan meteorological agency magnitude (M)

The Moment magnitude (My,) 1s the scale preferred by seismologists and by
engineers for engineering applications (Youd & Idriss, 2001). The relationship

between the various magnitude scales 1s shown 1n Figure 2.8.

Magnitude M

_ - _ _ ,. — — — P
my - NS, g mm——— — L — = -

Moment Magnitude, M,,

Figure 2.8. The relationship between the various magnitude scales, after Heaton

et al; as reported by Youd & Idriss (2001)
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2.3.1.2 Seismic Intensity

Seismic Intensity is a theoretical measure of the destructiveness of the
earthquake, which evidenced by human reaction and observed damage. Earthquake
Intensity may also vary from one site or location to another. Several local and
International scales are used to express seismic intensity such as gal, g, m/s* and
cm/s”. Since different earthquakes of similar magnitude may cause very different
levels of damage, measuring earthquake intensities at various locations for each
earthquake is a very useful method of estimating seismic risk; however, as this is

subjective, peak horizontal acceleration a,.. or peak ground acceleration (PGA) 1s

generally used to characterize the intensity of ground shaking.

The eftect of earthquakes should be carefully examined in the design of port
facilities. Japanese code (Ministry of Transport, 2002) proposed that a modified
seismic coefficient can be used in the simplified procedures, which was mentioned

earlier. The proposed seismic coefficient can be calculated as follows:

a) k, == ,for a <2(m/sec?) (2.8)
g

b) k, =1/3(g_)1,3 ,for a > 2(m/sec?) (2.9)

&

where, k; the horizontal seismic coefficient, a the peak ground acceleration (m/sec’)

and g the gravitational acceleration (m/sec”).

While this method 1s useful for simplified procedures, modern procedures are

moving towards using digital time history files of ground acceleration measured by a
SMAC-type strong motion seismograph. The advantage of this method is that the
accelerations can be directly incorporated into dynamic finite element method. These

methods have the potential to be the most useful in estimating the seismic response of

gravity quay walls.
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2.4 Case histories

There are nine case histories of damage to port structures made of gravity
retaining walls that were well-documented during the period 1964—-1999. These events

are listed in Table 2.2; more details and a cross section of each case are presented in
Table 2.3 — Table 2.11.

Table 2.2. Selected case histories of damage to port structures (1964-1999)

No. ' Type  EarthquakeYear  Port Country

(magnitude)
o '.

Block = 1985(Ms=7.8) ' San Antonio port  Chile
~ Block ~ 1986(Ms=6.2) = Kalamata port Greece
 Block = 1989(M=6.0)  Portof Algiers : Algeria |

jr
4

1

2

3

4

S Caisson 1993(M;=7.8) Kushiro port E Japan
)

7

8

9

......

1964(Ms-7.5) . Nugataport Japan

:'?.-_'._“'\-.a""_" oA

Kushiro port
1995(Mj=7.2) ; Kobe port Japan

Japan

_ . P e

' Caisson | 1993(Mj=7.8) ?
' Caisson

1999(Mw=7.4) Derince port Turkey

T L I i I SN St BT
B N ¢ RN BT M T

. Block
: '
A 1
E Caisson : 1999(Ms=7.7) Taichung port = Taiwan
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2.4.1 Earthquake failure modes of gravity quay walls

Gravity quay walls are made of concrete placed on a foundation. The stability of the
wall against earth pressure applied by backfill soil is maintained by the wall’s own
weight and the resistance due to friction between the wall and the foundation. If the
foundation beneath the wall is rigid, the failure modes after the shaking are seaward
displacement and tilting of the quay wall. This type of failure has been observed in
cases 8 and 9 as shown in Table 2.10 and Table 2.11, respectively. However, if the
foundation 1s made out of loose material, the failure modes that result after shaking
are seaward displacement and tilting, as well as settlement of the wall. These modes
of failures have been observed for the remaining cases 1, 2, 3, 4, 5, 6 and 7 presented
in Table 2.3 to Table 2.9, respectively. These types of damage depend on the strength
and duration of the shaking and the efficiency of soil treatment behind the quay wall.
Figure 2.9 illustrates the typical failure modes of gravity quay walls.

Faceline after the earthquake
Faceline before the earthquake

Ground surface |
after the earthquake |

. - .
IS IO PRI LA LT | sy

Sand replacement foundation |

‘ *
i ] "

' . vF i , e e e ey i T LT =
PP N § L T S T TR ey T T TE ST e p— L e T LLA L g A T, "  edid R e M P - R e T e A _ = . b

Figure 2.9. A typical failure mode of a caisson-type quay wall due to earthquake,
after Ichii (2004)

The cases that have been presented through case histories suggest that the
damage to gravity quay walls is often associated with significant deformation of
liquefiable soil deposits. Therefore, better seismic performance can be obtained by

using appropriate design methods such as performance-based designs and prevention

measures against liquefaction.
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2.5 The Liquefaction Phenomenon

During a shaking motion, a saturated soil’s deposits are sheared rapidly back
and forth, which results in a rise of pore water pressure. The strength and stiffness of
loose saturated soils is temporarily lost completely due to this rise in pore water
pressure, which causes the particles to float apart. This phenomenon is called soil
liquefaction, and it is shown schematically in Figure 2.10. A more precise definition

of soil liquefaction is given by Castro & Poulos (1977):

“liquefaction is a phenomenon wherein a saturated sand loses a large percentage of
its shear resistance (due to monotonic or to cyclic loading) and flows in a manner

resembling a liquid until the shear stresses acting on the mass is as low as its reduced

shear resistance .

However, liquefaction can be defined in general as the transformation from a
solid state to a liquid state as a result of increased pore water pressure and reduced
effective stress of the soil. Within the geotechnical community, the appropriate brief
definition of soil liquefaction has been the topic of continuing debate. While
researchers have asserted that cyclic mobility and liquefaction should be clearly and
carefully distinguished (Castro & Poulos, 1977), liquefaction 1s usually employed to
1llustrate all failure mechanisms consequent upon the build-up of pore water pressures

during undrained monotonic or cyclic loads of loose, saturated sands.

Sand and Water  Settlement

I‘ il
/ Sand Volcano
I ’
o J 4 Ground
V*‘ rface

o ol S
V. VIV VIS

Before
Lu; uefaction

Pore water pressure Contants between the
maintain contact  increases and the  particles are

with each other. contacts between  recovered Settlement
the sand particles  may occure in relation
are lost to the volume of water
drained from liguefied
deposit.

Figure 2.10. Illustration of liquefaction, after PIANC (2001)
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Subjected to strong ground shaking in large-magnitude earthquakes, liquefaction
1S most commonly observed in shallow, loose and saturated soil deposits. However, it
has been observed that liquefaction can even occur in unsaturated soil for which the
compressibility, suction, degree of saturation and confining pressure play key roles
(Yoshimi et al., 1989; Sawada et al., 2006; Okamura ef al., 2006). This aspect will
not be addressed in the present study.

Liquefaction has been classified into two distinct definitions described by
Castro (1975), Castro & Poulos (1977), Kramer (1996), and PIANC (2001), among
others, as follows:

“Cyclic liquefaction” refers to the undrained flow of a saturated soil when the shear
stress 1s greater than the shear strength of the soil in its liquefied state.

“Cyclic mobility” 1s used for the undrained flow of a saturated soil when the shear
stress 1S less than the shear strength of liquefied soil.

These two definitions of liquefaction will be discussed in detail in the next sections.

2.5.1 Behaviour of saturated, cohesionless soils in undrained shear

Liquefaction susceptibility depends on the initial state of the soil. The
tendency to generate excess pore pressure of a deposit soil 1s greatly influenced by
both initial stress and density; the liquefaction susceptibility ot the soil depends on its
initial state (Kramer, 1996). In the laboratory, undrained monotonic and cyclic shear
tests offer important insights into the behaviour of saturated, cohesionless soil during
seismic shaking. Significant studies have been published on the behaviour of
liquefiable soils and such tests and their descriptions are reported by Seed & Lee
(1966), Castro (1969), Castro (1975), Ishihara et al. (1975), Martin et al. (1975),
Poulos (1981), Poulos et al. (1985), Castro (1987), Alarcon-Guzman et al. (1988),
Kramer & Seed (1988), Yoshimi et al. (1989), Ishihara (1993), Ishihara (1994),
Robertson (1994), Vaid & Sivathayalan (2000), Xenaki & Athanasopoulos (2003),
Huang et al. (2004), Yilmaz et al. (2004), Toyota et al. (2004), Ghionna & Porcino

(2006), among others. In this section, a brief historical review ot some basic concepts

helpful in understanding cohesionless soil behaviour will be presented.
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In the 1960s, Castro (1969) performed undrained, stress-controlled triaxial

tests on anisotropically consolidated specimens. He observed three different types of

stress:strain behaviour depending on the relative density of the specimen that are

shown in Figure 2.11. The very loose specimens (A) collapsed at low shear strain

levels and dropped dramatically to low effective confining pressures and large strain.

Castro called this behaviour “liquefaction”, which is now recognized as “Cyclic

liquetaction”. The undrained triaxial tests on medium dense sand (C) showed initially

similar contractive behaviour as sample (A) then dilated at the “phase transformation

point” (Ishihara et al, 1975) until

behaviour has been referred to by

large strain strength was reached. This type of

Castro as “limited liquefaction”. For the dense

sample (B), a contractive behaviour was initially observed followed directly by a

dilation with an increasing effective confining pressure at large strain being reached.

B
Dilation B Dilation
| ¢ A
C
Limited Phase . oy
Liquefaction ransfogmation Limited
Liquefaction
& ‘ ‘
ke 4 Liquefaction
€a lt: pl

T -~ R R P e e e e e e

F iré 2.11. quuefaction, limited

F.‘u
-
I|"
it

"
5

Au A Liquefaction £, . Axial strain
A & f p' : Effective confining pressure
C .
Limited | 9 : Deviator stress
Liquefaction | A, - Change in pore water pressure
B Dilation |

11
{.

ek . g

liquefaction, and dilation in monotonic loading

tests. Modified after Castro (1969)

In order to investigate the behaviour of loose (contractive) and dense (dilative)

saturated sands under monotonic and cyclic shear loading, Rauch (1996) performed a

series of triaxial undrained tests on anisotropic undrained samples, under a constant
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initial effective confining pressure for loose and dense sands. The results are

presented in Figure 2.12 and Figure 2.13.

Figure 2.12 shows when an undrained shearing starts from point A, the loose
soll generates excess pore pressure to reach at point B. At the same point, the peak
shear stress is reached during which the stress path moves to a higher value of
deviator stress. Later with increasing strain, excess pore pressure increases
dramatically and the shear strength softens rapidly to point C where the specimen is in
the steady state deformation or the residual strength resistance. If the static driving
shear required for equilibrium at point B were greater than the static shear at point C
then a liquefaction flow failure takes place. From the figure it can also be observed
that when specimens are sheared cyclically, the effective stress path moves to the lett

and excess pore pressure accumulates. If the shear strength falls below the static

driving stress after cyclic loading stops, then a Cyclic liquefaction failure also occurs.
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Figure 2.12. Soil response of contractive soil subjected to undrained monotonic

and cyclic loading. Modified after Rauch (1996)
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In Figure 2.13 it can be observed that dense sand also generates some excess
pore pressure at small strains at point B. After applying large strain, the pore pressure
decreases, in some cases it can become less than zero, which leads to increased shear
resistance and effective stress. If the same soil is sheared cyclically, as illustrated in
the figure, excess pore water pressures are generated in each cycle of load resulting in
an accumulation of excess pore water pressures and deformation. The upper right
graph 1n Figure 2.13 shows that the effective stress path moves to the left but does not
reach the failure level. Consequently, a cyclic liquefaction failure will not occur

because the shear strength remains greater than the static driving shear stress in both

cases, monotonic and cyclic shear loading, under undrained conditions.
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Figure 2.13. Soil response of dilative soil subjected to undrained monotonic and

cyclic loading. Modified after Rauch (1996)

2.5.1.1 Steady state of deformation concept

Castro (1969) plotted an exclusive relationship between effective contining

pressure and void ratio at high strain as shown in Figure 2.14. This curve was referred
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to as “the steady state line (SSL)”, which can be used for identifying the susceptibility
of soil to liquefy. This relationship has also been studied by Castro (1969), Poulos
(1971), Castro & Poulos (1977) and Poulos (1981). The steady state of deformation
can be defined as that state in which the mass is continuously deforming at constant

volume, effective shear stress and velocity. This state occurs during tests carried out

on fully saturated, loose sands after liquefaction has been achieved

The steady state of deformation is a useful concept since it marks the
boundary between those soils that are susceptible to cyclic liquefaction from those
that are resistant to cyclic liquefaction. Points that plot above the steady state line will
be susceptible to liquefaction, but only if the static shear stress exceeds its steady
state. The steady state concept 1dentifies only soils susceptible to cyclic liquefaction,
not cyclic mobility (Kramer, 1996). The steady state line is a 3-D curve in e-p’-g
space but 1s more often represented on an e-g or p'-g plot. A Steady State parameter is
a relative measurement (y) of a soil’s state from the steady state line and can be
correlated with in situ or laboratory measurements to 1dentify soil’s susceptibility to

liquefaction. Further discussions relating to this concept are presented in Castro

(1969), Poulos (1971), Castro & Poulos (1977), Poulos (1981) and Kramer (1996).

— Steady State parameter
el ¥ susceptible to
liquefaction

Resistant to
liquefaction

log P orlogg

Figure 2.14. State criteria for Cyclic liquefaction susceptibility, after Kramer

(1996)
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2.5.2 Factors with Significant Effects on Liquefaction Potential

The liquefaction potential of a soil deposit during an earthquake depends on
different significant factors that can be classified into three main groups: the
characteristics of the soil, the characteristics of the earthquake and the initial stresses

acting on the soil (Seed & Idriss, 1971).

2.5.2.1 Characteristics of the soil

The characteristics of soil grains include, among others, shape, distribution of
size, and composition; these characteristics influence the susceptibly of the soil to
liquety (Seed & Idriss, 1971) . While liquefaction is commonly associated with silts
or sands, gravely soils can also be susceptible to liquefaction (Kramer, 1996) . Poulos
et al. (1985) reported that rounded soil particles of uniform size are generally the most
susceptible to liquefaction because, in soil with many different particle sizes, the
smaller particles are liable to fill the voids between the larger particles. This reduces
the tendency to increase the pore water pressure during shaking. On the other hand,
the particle shape 1s a significant factor in liquefaction susceptibility. For instance,
soil deposits with angular grain shapes generally have a lower susceptibility to
liquefaction than poorly graded sand (Kramer, 1996) . However, the crushable soils,
when sheared in a dense state, have stress paths that are similar to those for loose

sands of a less crushable nature, but because of their angular nature, they do not easily

liquefy under cyclic loading (Hyodo et al., 1998).

During cyclic shear loading the soil types with measurable plasticity such as
clays are resistant to the relative movement as this type of soil creates sufticient
cohesion to restrict their ability to move. Furthermore, studies by Ishihara (1985) and
Ishihara (1993) have shown that liquefaction resistance is dependent on the nature of
fines. If the mineral composition of the fines has a dry surface texture, they will not
exhibit adhesion and are more susceptible to liquefaction. Theretore the most
important index property to influence the cyclic strength of a soil has been found to be
the Plasticity Index. This parameter is a more useful property to quantity liquefaction

in a soil containing fines than relative density when the fines content 1s greater than
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50% (Ishihara, 1993). Wang (1979) lists four indices properties that, if satisfied by a

fine grained soil, make it susceptible to the effects of liquefaction:

Fraction finer than Sum < 15%
Liquid limit, w; < 35%
Natural water content > 0.9w;

Liquidity Index, I; < 0.75%

Permeability 1s considered to be an important factor, which can affect the
liquetaction characteristics of a soil deposit. Low permeability restricts the pore water
movement, which leads to accumulation of pore water pressure. For quay wall

structures constructed on liquefying permeable soil, the dissipation of water pressure
happens faster than the generation of the dynamically induced pore pressure. This can
prevent the soil from hquefying (PIANC, 2001). In addition, Yang et al. (2001)
conducted computational parametric studies by varying soil permeability for
centrifuge models of a quay wall to investigate the spatial extent of liquefaction in the
backfill material. It concluded that permeability has a major effect on seismic
performance of the quay wall system and for non cohesive materials increasing the
permeability can significantly improve the overall system behaviour. The reason for

this 1s that the pore pressure can dissipate in more permeable non cohesive soils.

2.5.2.2 Characteristics of the Earthquake

The characteristics of the earthquake include intensity and duration of ground
shaking and have an important effect on liquefaction potential. For example, for a soil

under a given confining pressure, the susceptibility to liquefaction during strong

ground motion depends on the stress and/or strain induced by the earthquake. The
duration of ground shaking is another significant factor in determining liquefaction

potential due to the number of stress and/or strain cycles to which a soil 1s subjected

(Seed & Idriss, 1971).
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2.5.2.3 Initial stresses acting on the soil

The initial stresses acting on the soil also play an important role in
determining the liquefaction resistance of a soil. For example, deposits with an initial
static shear stress are usually more resistant to pore pressure generation (Seed, 1979) .
Equally, the liquefaction potential of a soil is reduced by an increase in confining
pressure. For this reason, soil deposits deeper than 9 ft (2.74 m) during the Niigata

earthquake remained stable but similar soils surrounding the fill liquefied extensively

(Seed & Idriss, 1967).

2.6 Cyclic Behaviour of soils

PIANC (2001) demonstrates that the complex time history of shear stress, T ),
1s a key 1n understanding the effects of earthquake loads on a soil. The shear strain
level induced in the soil can vary depending on the level of earthquake motion
considered for design. The soil behaviour may be broadly categorised into pre-failure
and failure conditions, depending on the strain level. Also the soil behaviour may be
characterised with incre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>