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Abstract
Recent strong seismic events have highlighted the high vulnerability of port facilities resulting in significant physical

damages and important socio-economic losses. The most widespread source of seismic damage to port structures is often

not related to the ground shaking itself but to the induced phenomena principally associated to the liquefaction of loose,

saturated soils that often prevails at coastal areas. In this context, this study aims at the investigation of the influence of soil

liquefaction on the seismic performance and vulnerability of typical port gravity quay walls. Different gravity quay wall

configurations are examined with varying base width/height ratios. Two-dimensional incremental dynamic analysis is

conducted for the soil-quay wall system, under effective stresses using OpenSees software, considering a representative set

of fifteen real ground motion records as input ground motion at the bedrock. Two numerical approaches are applied to

investigate the effect of liquefaction on its seismic performance and vulnerability assessment: the first one without

considering liquefaction, while the second considers the effects of liquefaction. The damage measure is defined in terms of

the normalized seaward displacement. Fragility and vulnerability curves are finally derived in terms of different intensity

measures and compared with available literature curves. Results show the important role of liquefaction in increasing the

seismic vulnerability of the typical port quay wall.

Keywords Effective stress analysis � Fragility curves � Liquefaction � Numerical modelling � OpenSees � Port quay wall

1 Introduction

Ports constitute a key element in the transportation system

globally, as they represent a major factor in the develop-

ment of an area, sometimes located in areas susceptible to

liquefaction. As quay walls accommodate importing and

exporting activities, they are of the most essential assets of

a port that might be strongly influenced by liquefaction

hazard. Quay walls are earth retaining waterfront gravity

structures, parallel to the shoreline, which create suffi-

ciently deep vertical front to allow the approach, mooring,

berthing, operations and maintenance of vessels and ships.

The simplest type of gravity quay wall is block-type quay

wall, that comprises concrete blocks constructed on a layer

of crushed stone or gravel [33]. Experience gained from the

recent devastating seismic events, e.g. 1995 Kobe in Japan,

1999 Kocaeli in Turkey, 2011 Christchurch in New Zeal-

and [13, 15, 33], among several others, highlighted the high

susceptibility of port waterfront gravity structures to

ground shaking and ground failure, including liquefaction

and lateral displacement, that may result in extensive

damages and high economic losses. Thus, the investigation

of the seismic performance and vulnerability of waterfront

gravity quay walls has become a concern to the waterborne

transportation industry as well as the scientific community.

Fragility curves are widely considered an efficient tool for

estimating the seismic vulnerability of a structure, as they

express the conditional probability of exceeding a certain

damage limit state for a given ground motion intensity. It is

also a useful tool in current performance-based earthquake

engineering to link damage to the economic losses of

structures.

Regarding the whole liquefaction process, including the

onset of liquefaction, the process of generation, diffusion,

and release of excess pore water pressure, and even the
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development of liquefaction-induced displacements, it can

be simulated with various numerical codes of fully coupled

dynamic consolidation involving comprehensive constitu-

tive models. The accuracy of numerical simulation depends

on the soil material model and the accuracy of the

parameters used in each model. Soil material constitutive

models range from relatively simple cyclic stress–strain

relationships to advanced ones incorporating yield sur-

faces, flow rules and hardening laws and can be formulated

to describe soil behaviour with respect to total or effective

stresses. Effective stress analysis allows the simulation of

the generation, redistribution, and eventual dissipation of

excess pore pressure during and after seismic shaking.

Over the years, a plethora of numerical simulation plat-

forms, e.g. OpenSees [44], FLAC [25], PLAXIS [8], etc.,

have been developed for advanced geotechnical engineer-

ing simulations involving liquefaction, most of which treat

the saturated soil as two-phase media in which the differ-

ential equations governing the motion of soil and pore

water flow are formulated by using Biot’s theory [6] or

mixture theory [7]. Moreover, some exciting progress has

been achieved in the realm of constitutive modelling of the

cyclic loading of non-cohesive soils, with emphasis on

cyclic mobility and flow liquefaction, that may be divided

into different categories depending on their fundamental

characteristics, such as multi-surface plasticity models

[62, 64], two-surface plasticity models [41, 42, 48],

bounding surface plasticity models [5, 16] and generalized

plasticity models [37, 50]. Each constitutive model has

certain advantages and limitations. Most of the models are

based on critical-state soil mechanics, which is an appro-

priate framework to use for this type of problem, as central

to the current understanding is the existence of a critical-

state line in the stress space and the existence of a flow

liquefaction line [63]. In addition, some of these models

consider the effects of fines, both plastic and non-plastic

[18–20, 56], initial shear stress [63], viscosity [45], sample

size [3], variation of permeability [41], etc.

Since the Great Hanshin Earthquake-damaged Kobe

Port in 1995, significant advances have been made in the

seismic behaviour and vulnerability of waterfront quay

walls considering soil–structure interaction (SSI) and soil

nonlinear behaviour in response to an earthquake, while

performance-based design has been introduced for port

structures [2, 10, 29, 30, 36, 52, 57]. More specifically,

Pitilakis and Moutsakis [52] analyse the seismic behaviour

of a gravity retaining quay wall and compared it with field

observations. Kakderi and Pitilakis [29] propose seismic

fragility curves for typical monolithic gravity quay walls,

neglecting possible damages due to liquefaction effects. In

the framework of UPGRADE research project [57], seis-

mic fragility curves are proposed for typical block-type

gravity quay walls, considering possible friction and

displacements between the interfaces of the construction

blocks, again neglecting liquefaction-induced damages.

Calabrese and Lai [10] present a seismic sensitivity anal-

ysis of a blockwork wharf, wherein the effects of inherent

variations of ground motions and geotechnical quantities

are investigated. Alielahi and Moghadam [2] investigate

the influence of quay wall hunch on the seismic fragility,

also ignoring soil liquefaction. Kamalzadeh and Pender

[30] investigate the static and dynamic response of a

gravity retaining wall for different Ricker wavelet excita-

tions. Lee et al. [36] assess representative simplified

dynamic analysis methods for the performance-based

design of port gravity-type quay walls.

More recently, extensive research on the impacts that

earthquake-induced liquefaction disaster events may have

on the resilience of built assets and communities [27] has

been conducted within a European research project titled

LIQUEFACT (‘‘Assessment and mitigation of liquefaction

potential across Europe: a holistic approach to protect

structures / infrastructures for improved resilience to

earthquake-induced liquefaction disasters’’). In the frame-

work of this project, more emphasis was given in

addressing the problem of microzoning a territory for

earthquake-induced liquefaction hazard [35] or the effec-

tiveness of several mitigation measures against liquefaction

[14, 17] rather than estimating the fragility of structures or

critical infrastructure. Thus, challenges remain for the

seismic response and vulnerability assessment of quay

walls considering liquefaction effects. Among the few

vulnerability studies of waterfront gravity structures con-

sidering liquefaction, Ichii [21, 22] and Miraei and Jafarian

[46] proposed analytical seismic fragility curves for grav-

ity-type quay walls, while Calabrese and Lai [9] developed

fragility functions for blockwork wharves using artificial

neural networks, considering different geometries, type of

failure mechanism and the effect of liquefaction occur-

rence. In most of these studies, the issue of different

intensity measures (IMs) has attracted only limited

attention.

In this context, the herein work aims to provide insight

into the seismic performance of such widely spread class of

structures as well as their vulnerability in terms of different

IMs when soil conditions are susceptible to liquefaction.

Different gravity quay wall configurations are examined

with varying base width/height ratios of the coupled soil

and the structure system, applying two-dimensional

dynamic analyses under effective stresses using OpenSees

[44]. Initially, we analyse for a number of strong ground

excitations the response of three typical quay wall config-

urations when foundation soil conditions are prone to liq-

uefaction. The results are presented and discussed in terms

of acceleration time histories and peak values at different

locations on the wall and the soil, as well as in terms of the
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residual seaward displacements of the quay wall. Then, we

compute the fragility and vulnerability curves of these wall

configurations. The aim is to investigate the importance of

taking into account the liquefaction susceptibility as well as

the geometry of the quay wall on its seismic vulnerability

assessment. To this respect, incremental dynamic analysis

(IDA) [58] is conducted, and the fragility and vulnerability

curves are derived for different IMs, namely peak ground

acceleration on outcropping conditions (PGArock) or at

surface (PGAsurf) or in terms of peak ground velocity at

bedrock (PGVrock), considering the normalized seaward

displacement as the damage measure (DM). In general, it is

shown that the vulnerability of the quay wall is generally

decreased for stiffer quay wall configuration.

2 Numerical modelling

To study the important role of liquefaction on the seismic

response and vulnerability of typical port gravity quay

walls, different numerical models have been developed for

different quay wall configurations with varying width W to

height H (W/H) ratios. The potential effect of the lique-

faction in the global seismic response and vulnerability of

the gravity quay wall is studied considering a coupled soil–

structure system under effective stress conditions where

soil liquefaction capability is also considered using Open-

Sees software. The same set of numerical analyses are

repeated ignoring liquefaction. This is achieved by setting

the parameters defining the pore pressure build-up of the

liquefiable layers equal to zero.

2.1 Soil and structure typologies
under investigation

Based on the available geotechnical information, labora-

tory data and NSPT values [4, 51], we consider two realistic

soil profiles representative of the port area of Thessaloniki,

Greece (Fig. 1). They are indicated as SP1 and SP2, with

fundamental periods (To) equal to 0.71 s and 0.66 s, and

shear wave velocity (Vs,30) equal to 234 and 240 m/s,

respectively. The geotechnical characterization following

the Unified Soil Classification System (USCS), the shear

wave velocity (VS) profiles and average NSPT values for the

two soil profiles are depicted in Fig. 1. These soil profiles

refer to ground-type S following EC8 classification

scheme [11], owing to the relatively high liquefaction

potential of the subsoil layers that we quantitatively esti-

mated according to the guidelines of Eurocode 8 (EC8)-

Part 5 [12].

Regarding the structure, a typical gravity wall section of

the Port of Thessaloniki has been selected (Fig. 2). The

height of the quay wall is equal to 14.0 m and its base

width equal to 8.0 m (W/H = 0.57). Based on this initial

section, two other more generic different configurations are

chosen to study their vulnerability, both having the same

height (10.0 m) but different base widths (6.0 and 8.0 m)

corresponding to W/H ratios of 0.6 and 0.8, respectively.

Figure 3 shows the geometry of these two other considered

quay wall configurations and the surrounding backfill and

mound gravel. The soil layers, the quay walls and their

surrounding gravel characteristics are analytically descri-

bed in the following.

2.2 Numerical models

The soil–structure system is modelled using OpenSees

[44]. The soil mesh grid (50.0 m 9 150.0 m) has a total

length three times its depth to avoid wave reflections at the

vertical boundaries. Sufficiently dense discretization is

achieved by using quadrilateral elements of 0.5 m 9 2.0 m

(height x length) considering that the lowest VS equals

115.0 m/s. At the same time, the maximum frequency of

interest is set to 10.0 Hz. Figures 4 and 5 illustrate the

numerical models adopted for the three cases of gravity

walls. The locations noted as A, B, C, D, and FF (point at

the free-field surface), as well as the top of the quay wall

(WT), are used to capture the soil and quay wall seismic

response.

The soil profiles are composed of different layers of

cohesive and cohesionless soil materials (Fig. 1). Soil

model SP1 is divided into eight soil layers while the soil

model SP2 into six soil successive layers (Figs. 4 and 5).

Saturated unit weights are used for the soil below the

ground water level located at a depth of 2.0 m for both soil

profiles, while nine-node quadrilateral elements are used

for the foundation soil, the back-filled and mound gravel.

These elements can simulate the dynamic behaviour of

fully coupled (solid–fluid) material, following Biot’s the-

ory of porous medium [6], as they have corner nodes with

both displacement (u) and pore pressure (p) degrees of

freedom (DOF) and interior nodes with only two dis-

placement DOF.

The two-phase (solid–fluid) fully coupled (displace-

ment—pore pressure, u-p) approach is applied, where the

displacement of the soil and the pore pressure are com-

puted simultaneously and interactively at each time step,

which can simulate permanent accumulation of shear strain

in cohesionless soils during soil liquefaction. The consti-

tutive model employed to describe the soil behaviour in

OpenSees depends on the multi-yield-surface plasticity

concept [53], with some modifications by Yang [60],

namely two distinct phases of soil response were added:

(i) a perfectly-plastic slip strain phase (without contraction

or dilation) represented by a robust strain-space formula-

tion, followed by (ii) a strongly dilative/contractive phase
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beneath the failure envelope. The major components of the

plasticity model are the yield surface, the flow rule, and the

hardening law. During the gravity load application, a linear

elastic material behaviour is used, while during the sub-

sequent dynamic loading the soil elements constitutive

behaviour is switched to elastoplastic. A purely deviatoric

kinematic hardening rule [53] is employed to simulate the

hysteretic behaviour of soil under cyclic loading, thus all

yield surfaces correspond to stress space within the failure

envelope [49, 60] and comply with Masing loading–un-

loading–reloading criteria [43]. Under drained monotonic

shear loading, the nonlinear stress–strain backbone curve in

this model (after Prevost [53] and Parra [49]) is represented

by piecewise linear segments with a certain number of

similar yield surfaces or user-defined pairs of normalized

secant shear modulus versus shear strain points. The

cohesionless soil layers are modelled using the ‘‘Pres-

sureDependMultiYield02’’ (PDMY02) elastic–plastic

material of OpenSees [44]. The yield surface is a function

of friction angle and cohesion, the yield function follows

the shape of the Drucker–Prager criterion (conical

Drucker–Prager yield surfaces, after Prevost [53], Yang

[60] and Parra [49]), while plasticity is expressed through a
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Fig. 1 Geotechnical profiles SP1 (left) and SP2 (right) following the USCS classification scheme, VS profile and average NSPT values

Fig. 2 Geometry of the Thessaloniki port quay wall with W/H = 0.57

and its surrounding backfill and mound gravel

Fig. 3 Geometry of the two generic gravity quay wall configurations with W/H ratios equal to 0.6 (left) and 0.8 (right) and the surrounding

backfill and mound gravel
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Fig. 4 Geometry of the finite element soil–structure model for the Thessaloniki port typical gravity quay wall with the soil profile SP1 along with

the locations of the nodes used to capture the soil and quay wall seismic response

Fig. 5 Geometry of the finite element soil–structure models for the two generic quay wall configurations with W/H ratios equal to 0.6 (top) and

0.8 (bottom) with the soil profile SP2 along with the locations of the nodes used to capture the soil and quay wall seismic response
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non-associative plastic flow rule [49]. This flow rule can

handle the contractive/dilative soil behaviour stimulated by

shear loading to efficiently depict the interaction between

shear and volumetric responses. The cohesive soil layers

are modelled with the ‘‘PressureIndependMultiYield’’

(PIMY) material. This describes an elastic–plastic material

in which the volumetric stress–strain response is linear

elastic and independent of the deviatoric response, which

simulates the monotonic or cyclic response of materials

whose shear behaviour is insensitive to changes of the

confinement pressure. The yield surface is solely a function

of the undrained shear strength, the yield function is

assumed to follow the Von Mises criterion (cylindrical Von

Mises yield surfaces, after Prevost [53], Yang [60] and

Parra [49]), while plasticity, which exhibits only in the

deviatoric stress–strain response, is defined via the multi-

yield surface plasticity model with an associative plastic

flow rule. This flow rule considers that the incremental

plastic strain vector is normal to the yield surface. Further

information on this advanced constitutive model and basic

concepts of plasticity can be found in Stewart et al. [55]. It

should be noted that although the soil profiles described

above are liquefiable, in the second modelling approach

liquefaction potential is not considered. This is achieved by

setting the parameters defining the pore pressure build-up

of the potentially liquefiable layers equal to zero [9, 31].

The PDMY02 plasticity-based soil constitutive model

[64] used herein directly considers excess pore pressure

redistribution and SSI in evaluating the liquefaction hazard

and impacts on structures and has been calibrated by sev-

eral researchers and is widely used for geotechnical

earthquake engineering applications [34, 61]. Despite some

inevitable limitations, which is also found in other existing

literature models, namely the possible underestimation of

the post-liquefaction volumetric strains [61], the difficulty

of capturing the full dilation amplitude after liquefaction

launch and the potential overestimation of the soil damping

at large strains [54], it is considered as appropriate and

accurate enough for the analyses performed in this work.

For each soil layer, the soil properties, namely the shear

wave velocity (Vs), the mass density (q), the cohesion (c),

the friction angle (u) at the peak shear strength and Pois-

son’s ratio m (considered equal to 0.35), are defined, while

the reference low-strain shear (Gr) and bulk (Br) moduli are

also estimated. The mass density of the materials corre-

sponds to the total mass densities, thus for the soil layers

that overlay or underlay the groundwater table dry or sat-

urated conditions should be reflected, respectively.

Tables 1 and 2 summarize the soil properties adopted in

OpenSees for each soil layer for soil profiles SP1 and SP2,

respectively. For soils susceptible to liquefaction, a set of

parameters that describe and control the mechanism of the

Table 1 SP1 soil properties used in OpenSees

Layer Thickness 
(m) Soil layer Model

ρ
(Mg/m3)

Vs
(MPa)

Gr
(MPa)

Br
(MPa)

φ
(ο)

c
(kPa)

8 (surface) PDMY02 1.835 225 92.9 279.0 39 -
7 PDMY02 1.886 180 61.1 183.0 32 -

6 PDMY02 2.039 200 81.6 245.0 33.5 -

5 PIMY 2.039 250 127.0 382.0 25 23

4 PIMY 2.039 350 250.0 749.0 25 23

3 PIMY 2.141 400 343.0 1030.0 25 25

2 PIMY 2.141 400 343.0 1030.0 25 40

1 PIMY 2.141 500 535.0 1610.0 20 50

* Cohesionless (PDMY02) and cohesive (PIMY) soil models
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accumulation of completely plastic shear deformation

caused by liquefaction are also defined according to the

proposed values of Yang et al. [64]. Regarding the gravel

backfill, it is simulated employing the ‘‘Pres-

sureDependMultiYield02’’ material, where the mass den-

sity is set equal to 1.8 Mg/m3 above the water table and

2.1 Mg/m3 below the water table, while the friction angle

u, Gr and Br are defined equal to 40�, 189 and 567 MPa,

respectively.

All three quay wall configurations are modelled using

standard four-node plane strain quad elements

0.5 m 9 1.0 m, with nodes that have only two translational

DOF. Sliding between blocks is not allowed. The quay wall

is modelled as an ‘‘ElasticIsotropic’’ material, considering

Young’s Modulus (E) equal to E = 27000 MPa, mass

density equal to q = 2.4 Mg/m3 and a Poisson’s ratio equal

to m = 0.2. There is no interface between the quay wall and

the surrounding soil material resulting in equal displace-

ments between the quay wall and the backfill.

The hydraulic boundaries of the model are also

assigned. As the ground water table is located at -2.0 m

for both soil profiles, all the pore pressure nodes that lie

above this level have their pore pressure degrees of free-

dom fixed. This creates a water drainage path which allows

the water to escape to the adjacent elements and ensures

that pore pressure is maintained to zero, as no pore pressure

is built up in the area above the groundwater table. The

same constrain is assigned to the nodes of the seabed which

lie at the foot of the quay wall, as they are submerged

beneath the water and to the backfill nodes which are in

contact with the quay wall as well. The body of water and

the dynamic effects it causes are incorporated into the

model in a way that does not affect the effective stresses of

the soil elements. The water forces are applied to the nodes

of the seabed as vertical nodal masses. The water mass

value for each of these nodes is derived by multiplying the

depth of the water, the water’s mass density, the half of the

distance to adjacent nodes and the thickness of the ele-

ments this mass refers to. A similar procedure is followed

to assign the water forces applied at the vertical front face

of the quay wall. In this case, horizontal masses are

defined, calculated by applying a triangular distribution of

the hydrostatic forces considering that the maximum depth

is 12.0 and 8.0 m for SP1 and SP2, respectively.

Special boundary conditions are also defined to avoid

the presence of wave reflections and ensure that free-field

conditions exist at the lateral boundaries of the soil model.

More specifically, the elements in the edge lateral columns

of the mesh are given a significantly increased-practically

infinite-thickness, so they appear to be adequately more

massive than the rest of the elements in the interior of the

mesh. In addition, we achieve periodic boundary

Table 2 SP2 soil properties used in OpenSees

Layer Thickness 
(m) Soil layer Model

ρ 
(Mg/m3)

Vs
(MPa)

Gr
(MPa)

Br
(MPa)

φ
(ο)

c
(kPa)

6 (surface) PDMY02 1.835 225 92.9 279.0 39 -
5 PDMY02 2.039 225 103.0 310.0 35 -

4 PDMY02 1.886 200 75.4 226.0 32 -

3 PDMY02 2.141 250 134.0 401.0 33.5 -

2 PIMY 2.141 300 193.0 578.0 25 25

1 PIMY 2.141 500 535.0 1610.0 25 40

*Cohesionless (PDMY02) and cohesive (PIMY) soil models
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conditions by bounding together the translational DOF for

the nodes on either side of these lateral columns, so they

perform equal displacements both in the horizontal and in

the vertical direction.

Finally, the finite rigidity of the underlying bedrock is

idealized, considering an elastic half-space. For this reason,

a Lysmer and Kuhlemeyer [40] viscous damper is applied

in the horizontal direction to the soil model base to account

for the finite rigidity of the underlying half-space, setting a

bedrock shear wave velocity equal to 750.0 m/s and mass

density equal to 2.2 Mg/m3. To set the Lysmer–Kuhle-

meyer dashpot constitutive behaviour in the horizontal

direction, we use the viscous uniaxial material. This

material model requires a single input defined according to

Joyner and Chen [28] by multiplying the mass density and

the shear wave velocity of the underlying bedrock,

including the soil profile base area, namely the dashpot

coefficient (c). This is scaled by the area of the soil model

base to ensure that equivalent loading is imposed. More-

over, for the elastic half-space modelling, the nodes at the

soil model base are all assigned equal horizontal dis-

placements and are fixed in the vertical direction. To

consider energy dissipation during seismic excitation, mass

and stiffness proportional Rayleigh damping is assigned,

the level controlled by the damping ratio (for the soil

material equal to 2.0%).

3 Seismic ground motions

The seismic excitation applied along the base of the models

comprises a suite of fifteen real acceleration time histories

from different earthquakes (Table 3) chosen from the

European Strong-Motion Database (www.isesd.hi.is).

These seismic ground motions correspond to stiff or rock-

type soils (soil types A and B as stated in EC8). We

selected them in so their moment magnitude (Mw) and

epicentral distance (R) range between 5.5\Mw\ 6.5 and

0.0\R\ 45.0 km, respectively. They are covering a

wide range of peak ground acceleration (PGA) from 0.13 g

Table 3 Catalogue of seismic records (http://www.isesd.hi.is/) applied for the IDA

Waveform

ID

Earthquake name Date Mw R

(km)

PGAinitial (m/

s2)

PGAcorrected (m/

s2)

Fault

mechanism

EC8 site

class

000134 Friuli (aftershock) 15/9/

1976

6.0 14 2.586 2.649 Thrust B

000149 Friuli (aftershock) 15/9/

1976

6.0 12 1.339 1.373 Thrust A

000229 Montenegro (aftershock) 24/5/

1979

6.2 17 1.708 1.766 Thrust B

000242 Valnerina 19/9/

1979

5.8 5 2.012 2.060 Normal A

000242 Valnerina 19/9/

1979

5.8 5 1.510 1.472 Normal A

000414 Kalamata 13/9/

1986

5.9 11 2.670 2.747 Normal B

000594 Umbria Marche 2 26/9/

1997

6.0 11 5.138 5.592 Normal B

000651 Umbria Marche

(aftershock)

6/10/

1997

5.5 5 1.838 2.060 Normal A

000763 Umbria Marche 26/9/

1997

5.7 23 1.645 1.668 Normal A

000990 Lazio Abruzzo (aftershock) 11/5/

1984

5.5 15 1.411 1.373 Normal A

001714 Ano Liosia 7/9/1999 6.0 14 2.159 2.256 Normal B

001932 Patras 14/7/

1993

5.6 9 3.337 3.434 Strike-slip B

003802 SE of Tirana 9/1/1988 5.9 7 4.037 3.826 Thrust A

006040 Kefallinia island 23/1/

1992

5.6 14 2.223 2.060 Thrust B

006115 Kozani 13/5/

1995

6.5 17 2.039 2.158 Normal A
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to 0.51 g. We applied the following main criterion for their

selection; the mean acceleration spectrum of the selected

records to match the corresponding 5% damped median

plus 0.5 standard deviations Akkar and Bommer [1] spec-

trum. We performed the optimization process with REXEL

[23], a software that enables receiving combinations of

accelerograms, that on average are accordant with the

reference spectrum. The selected records cover various

earthquake excitations in terms of amplitude, significant

duration, and frequency content. The catalogue of the

selected real seismic records is presented in Table 3. Fig-

ure 6 shows the 5% elastic response spectra of the selected

earthquake records and their mean elastic response spec-

trum compared to the corresponding median plus 0.5

standard deviations of Akkar and Bommer [1] elastic

response spectrum. The matching is satisfactory. These

records are then filtered between 0.25 and 15 Hz, using a

fourth-order bandpass Butterworth type filter. Baseline

correction linear type is also applied. Table 3 also presents

the values of PGAcorrected obtained from the corrected

accelerograms used for the analyses. Among the selected

time histories it is worth to notice that the frequency con-

tent of the Kalamata and Umbria Marche 2 earthquake

records (ID 414 and 594, respectively) is quite distinct

compared to the other records (Fig. 6), as they are char-

acterized by long-period pulses unlike the other high-fre-

quency records.

4 Seismic response of the gravity quay wall

The effect of soil liquefaction on the seismic response of

the typical gravity quay wall of the Port of Thessaloniki

with W/H equal to 0.57 is illustrated below, conducting

two sets of seismic analyses for the two conceptual mod-

elling approaches using as input the earthquake records of

Table 3. Layers of potential liquefaction are identified by

the loss of effective confining stress (equal to zero) which

is also verified by the corresponding stress–strain loops

(e.g. at -15.0 m depth at free-field conditions as shown in

Fig. 7). Indicatively, Fig. 7 presents the computed effective

confinement profile and stress–strain hysteresis loops at

specific depth for Kalamata earthquake motion (ID 414

record) for the two approaches, considering or neglecting

soil liquefaction.

For the case that we consider liquefaction, the hysteresis

loops corresponding to the time before the onset of lique-

faction are smooth and are dominated by steeper slope,

Fig. 6 Elastic response spectra of the selected earthquake records and

their mean elastic response spectrum in comparison with the

corresponding median plus 0.5 standard deviations Akkar and

Bommer [1] response spectrum

Fig. 7 Confinement stresses at free filed conditions (left) and corresponding stress–strain hysteresis loops at -15.0 m depth (right) for the

Kalamata (ID 414) record and for the quay wall with W/H = 0.57 and SP1 soil conditions
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indicating greater values of the dynamic shear modulus

which represents the shear stiffness of the soil, while after a

specific point, a change in the pattern of the stress–strain

loops is observed. Specifically, the circles are characterized

by large shear strain amplitudes and adequately small shear

stresses, leading to a radical decrease in the shear stiffness

and accumulation of large shear strains (Fig. 7).

The effect of liquefaction on the acceleration time his-

tories and the frequency content of the motion at free-field

soil surface and on the quay wall is also examined.

Indicatively, the acceleration time histories for the two

considered approaches at the free-field (FF) and on the wall

(WT) for the Kalamata record (ID 414) are presented in

Fig. 8. Regarding the computed acceleration time history at

the FF, as shown in Fig. 8 (top) for Kalamata (ID 414)

record, liquefaction occurrence causes seismic energy

dissipation and leads, as expected, to significant reduction

in the strong ground motion duration. The amplitudes of

the ground motion in the case where liquefaction occurs are

decreased, compared to the corresponding values ignoring

liquefaction.

Contrary to the free-field conditions, it is observed

(Fig. 8, bottom) that the liquefaction didn’t alter the

computed acceleration time histories on the top of the wall

compared to the no-liquefaction case. The reason of this

phenomenon may be attributed to the oscillation of the

rigid wall in a coupled system when receiving a rather

similar seismic excitation at its base. Indicatively, com-

puted acceleration time histories at different locations with

the Kalamata (ID 414) record used as rock input motion,

are presented for the two approaches in Fig. 9.

In Fig. 10, we summarize the computed PGA values for

all input motions at the top of quay wall (WT) and at the

different other locations (i.e. FF, C and D) for the two

cases, i.e. considering or not liquefaction for the quay wall

configuration with W/H ratio equal to 0.57. The main

observation from the analyses of the spatial evolution of

the PGA values is that the peak acceleration values on the

wall are amplified independently of the presence or not of

liquefaction while they are progressively decreased moving

away from the wall to the free-field values (Fig. 10 loca-

tions FF and D) due to the increase of the importance of

liquefaction and nonlinear site effects. The closer we are to
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the wall the more the ground response is controlled by the

oscillation of the wall itself. It should be also notified that

the red points depict the results of the analysis for Umbria

Marche 2 (ID 594) input motion where the analysis failed,

and the results are presented only for completeness reasons.

Moreover, for the liquefiable case at FF (Fig. 10, top-right)

it is observed that for a PGArock value lower than

approximately 0.2 g there is still an amplification of the

PGA relative to PGArock, while for PGArock values higher

than 0.2 g the PGA value of the seismic motion attenuates

due to liquefaction. These observations are in accordance

with the results of the study of Lopez-Caballero and

Modaressi Farahmand-Razavi [38].

Fig. 9 Acceleration time history response at the various sites of the model for the quay wall with W/H = 0.57 and SP1 for Kalamata—ID 414

input motion a considering or b neglecting liquefaction
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The computed residual seaward displacements and the

permanent vertical displacements at the top of the rigid

wall variation with PGArock and PGVrock for both approa-

ches when considering or neglecting liquefaction for the

quay wall configuration with W/H ratios equal to 0.57 are

presented in Fig. 11. The red points again depict the results

of the analyses failed, and the results are presented only for

completeness reasons. It is clear that in the case of lique-

faction the seaward permanent displacements of the wall

are much higher, compared to the non-liquefaction case,

which nevertheless are not negligible. For example, for the

quay wall configuration with W/H ratio equal to 0.57 on

SP1, for rock-basement excitations of 0.2–0.3 g the aver-

age value of the horizontal permanent displacement with-

out liquefaction are on the order of 5.0 cm, and they are

doubled in case liquefaction is considered. This is notice-

able either considering PGArock or PGVrock. A similar trend

is observed for the vertical displacements, where, however,

the values are as expected lower compared to the horizontal

displacements. More specifically, for the quay wall con-

figuration with W/H ratio equal to 0.57 on SP1, the per-

manent horizontal displacements vary from 2.3 to 60.3 cm

when we consider soil liquefaction and from 1.9 to 31.9 cm

when liquefaction is neglected, while the permanent ver-

tical displacement values range between 2.1 and 17.8 cm

for the liquefiable case compared to those of the non-liq-

uefiable case that vary between 1.9 and 11.6 cm.

To better understand the differences between the two

approaches at the quay wall response in terms of dis-

placements, we present in Fig. 12 the ratios of the residual
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horizontal and vertical displacement values at the WT

variation with PGArock and PGVrock for the liquefiable case

to the corresponding ones for the non-liquefiable case for

the two comparable quay wall configurations. Again the

red points show the results of the analyses failed, and the

results are presented only for completeness reasons. It is

obvious that the seaward residual displacements as well as

the vertical displacements of the wall are much higher (2 to

5 times) when considering liquefaction. This trend is more

intense for the stiffer quay wall configurations when W/H

ratio increases.

In addition to PGArock, we observe the trend that

PGVrock may better capture the effects of liquefaction on

the residual displacements [31]. The selection of the IM

that adequately correlates with the structural damage is a

key issue in the fragility assessment, and the investigation

of alternative IMs is facilitated via regression analysis with

engineering demand parameters (EDP) results from the

nonlinear dynamic analysis of a structure [39]. In addition,

there are several studies that deal with the efficiency and

sufficiency of an IM for deriving vulnerability curves

[26, 59]. In this case, PGVrock, provides an improved cor-

relation between the wall permanent displacements and

PGVrock and seems to be better correlated with structural

damage compared to PGArock, as was also found in Kar-

afagka et al. [32] statistically. For this reason, it has been

decided to develop fragility and vulnerability curves also in

terms of PGVrock.

5 Vulnerability assessment

The vulnerability analysis is conducted applying the IDA

approach [58]. We used OpenSees [44] to develop seismic

fragility curves in the presence of liquefaction effects for

different damage limit states through statistical correlation
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of the calculated DM with appropriate IMs. The same

analysis is conducted without liquefaction occurrence by

setting the parameters defining the pore pressure build-up

of the liquefiable layers equal to zero. The IMs are initially

expressed in terms of the peak ground acceleration

(PGArock) at outcropping conditions. This IM is considered

more appropriate due to its simplicity and practically.

Hence, we run IDA for the considered finite element soil–

structure models by applying the fifteen incrementally

scaled records at bedrock, considering a first (elastic) run at

0.05 g, then an initial step of 0.1 g, increased by a constant

step of 0.1 g, up to 0.6 g. We perform a sequence of seven

runs on each record. Different engineering demand

parameters (EDPs) have been considered to assess the

seismic performance of the considered generic quay wall

configurations, namely (a) the normalized seaward hori-

zontal displacement (horizontal displacements divided by

the wall height), (b) the absolute horizontal displacement

and (c) the absolute vertical displacement. The DM is

finally expressed in terms of the normalized seaward dis-

placement (horizontal displacements divided by the wall

height), which is shown to result as the most appropriate

Damage Metric from the viewpoint of quay wall perfor-

mance [24].

5.1 Definition of limit states

The definition of realistic damage states is of paramount

importance for the development of fragility curves. Four

damage limit states are defined in terms of normalized
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Fig. 12 Ratios of the permanent horizontal (left) and vertical displacement (right) values computed at the WT variation with PGArock (top) and

PGVrock (bottom) for the liquefiable case to the corresponding ones for the non-liquefiable case for the two quay wall configurations with W/H

ratios equal to 0.6 (top) and 0.8 (bottom) and SP2 soil conditions
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residual seaward displacement (ux/Hwall), describing the

exceedance of minor, moderate, extensive and complete

damage of the quay wall. The qualitative description of

each damage state for quay walls is provided in Table 4. In

this study, the damage limit states are defined based on the

existing literature (i.e. PIANC [24], Table 5), while the

adopted (mean) limit state values are shown in Table 6.

5.2 Development of seismic fragility
and vulnerability curves

Fragility curves describe the probability of exceeding a

predefined level of damage under a seismic excitation of a

given intensity. The results of the nonlinear numerical

analysis (PGArock and ux/Hwall, PGVrock and ux/Hwall as

well as PGAsurf and ux/Hwall data pairs) are used to derive

fragility curves expressed as two-parameter lognormal

distribution functions. The following equation gives the

cumulative probability of exceeding a damage limit state

conditioned on a measure of the seismic motion intensity

IM:

P LSj IM½ � ¼ U
ln IMð Þ � ln cIM

� �

b

0

@

1

A ð1Þ

where U is the standard normal cumulative distribution

function, LS is the damage limit state, IM is the intensity

measure of the earthquake expressed in terms of rock

outcropping peak ground acceleration PGArock (in g) or

peak ground velocity PGVrock (in cm/s) or surface peak

ground acceleration PGAsurf (in g), cIM and b are the cor-

responding median values at which the structure reaches

each damage limit state, LS, and log-standard deviation,

respectively. A linear regression fit of the logarithms of the

PGArock and ux/Hwall, PGVrock and ux/Hwall as well as

PGAsurf and ux/Hwall data pairs which minimize the

regression residuals is adopted. Indicatively, Figs. 13 and

14 illustrate plots (in logarithmic scale) of damage evolu-

tion in terms of ux/Hwall (%) as a function of PGArock (in g)

and PGVrock (in m/s), respectively, for the two different

quay wall configurations with W/H ratios equal to 0.6 and

0.8 as well as the corresponding limit ux/Hwall values

defined for each damage limit state.

Three components of uncertainty are accounted for

related to the definition of the limit state value bLS (defined
empirically as bLSi = 0.4), the capacity of each structural-

type bc (defined empirically as bc = 0.25), and the demand

bD [47]. The demand bD is calculated conducting statistical

processing of the numerical results (IM and DM data

pairs). In particular, we estimate the dispersion of the

logarithms of PGArock and ux/Hwall, as well as PGVrock and

ux/Hwall data pairs obtained from the numerical analysis

using the regression fit. The parameter b, which describes

the total dispersion related to each fragility curve, is finally

evaluated as the root of the sum of the squares of the three

variability component dispersions assuming that they are

statistically independent [47], as presented in the equation

below:

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

bLS
2 þ bC

2 þ bD
2

q

ð2Þ

We notice that compared to PGArock, following Luco

and Cornell [39], PGVrock seems to better correlate with

structural deformation and damage (lower bD values),

providing useful and important information for an inte-

grated fragility assessment.

Table 4 Description of damage states for waterfront structures subject

to ground failure according to NIBS [47]

Damage

states

Description

Minor Minor ground settlement resulting in few piles (for

piers/seawalls) getting broken and damaged. Cracks

are formed on the surface of the wharf. Repair may be

needed

Moderate Considerable ground settlement with several piles (for

piers/seawalls) getting broken and damaged

Extensive Failure of many piles, extensive sliding of piers, and

significant ground settlement causing extensive

cracking of pavements

Complete Failure of most piles due to significant ground

settlement. Extensive damage is widespread at the

port facility

Table 5 Damage state values for waterfront structures according to

PIANC [24]

Damage states ux/Hwall (%)

Minor \ 1.5

Moderate 1.5–5.0

Extensive 5.0–10.0

Complete [ 10.0

Table 6 Damage limit state values in terms of normalized residual

seaward displacement (ux/Hwall) adopted for the typical quay wall

Limit states ux/Hwall (%)

Minor 0.75

Moderate 3.25

Extensive 7.50

Complete 12.50
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Figures 15, 16 and 17 show the derived fragility curves

along with their fragility parameters (median IM and log-

standard deviation b) in terms of PGArock, PGVrock and

PGAsurf, respectively, for the two different generic quay

wall configurations with W/H ratios equal to 0.6 and 0.8

subjected to ground shaking for the two modelling

approaches. It is noticed that fragility curves are developed

for three damage states (e.g. corresponding to minor,

moderate, extensive damage) while fragility curves for

complete damage states are not provided. This is due to the

fact that for both quay wall configurations, the corre-

sponding limit values of ux/Hwall (%) defined for complete

damage state are not reached and thus fragility curves for

complete damage are not proposed.

Once the probabilities of exceeding the predefined damage

limit states are calculated, the vulnerability (or damage)

index dm for each level of seismic intensity can be esti-

mated according to the following expression:

dmj ¼
X
4

i¼1

Pij � di ð3Þ

where dmj is the damage index (taking values from 0: no

damage to 1: complete damage) corresponding to each

seismic intensity level j, Pij is the discrete damage proba-

bility for each damage limit state and di is the damage

index at each damage limit state.

Following NIBS [47], we set the central value of the

damage index at each damage limit state for the quay walls

equal to 0.08, 0.275 and 0.70 for the LS1 (minor), LS2

(moderate) and LS3/LS4 (extensive/complete), respec-

tively. A vulnerability curve is then generated which pro-

vides a unique damage index for each level of seismic

intensity. Figure 18 shows the derived vulnerability curves

in terms of PGArock, PGVrock and PGAsurf and for the two

different quay wall configurations with W/H ratios equal to

0.6 and 0.8 subjected to ground shaking considering soil

Fig. 13 PGArock (in g)–ux/Hwall [%] relationship for the two different quay wall configurations with W/H ratios equal to 0.6 (left) and 0.8 (right)

Fig. 14 PGVrock (in m/s)–ux/Hwall [%] relationship for the two different quay wall configurations with W/H ratios equal to 0.6 (left) and 0.8

(right)
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liquefaction. With the vulnerability curves, structural los-

ses of the quay walls are accounted for.

The most important observation through these figures is

that when considering liquefaction the computed fragilities

and the vulnerability are considerably increased indepen-

dently of the IM used. The detrimental effect of soil liq-

uefaction in terms of higher failure probabilities at all

damage states is clearly obvious. This trend is noticeable

for both examined quay wall configurations. The above

findings are consistent with the observations of Calabrese

and Lai [9]. A secondary remark is that the vulnerability of

the quay wall is generally decreased when the W/H ratio

increases. This is noticeable when considering all IMs,

namely PGArock, PGVrock and PGAsurf. This fact should be

expected considering that the stiffer qual wall with the

higher W/H ratio will sustain less horizontal displacement

and therefore (for the same Hwall) less damage defined in

terms of normalized residual seaward displacement (ux/

Hwall).

Finally, after comparing the fragility/vulnerability

curves in terms of PGArock and PGVrock we observe that

the curves in terms of PGVrock are characterized by lower

uncertainty, which is obvious from their lower slope

compared to these in terms of PGArock. This fact is also

proved by the lower standard deviation b value, which

leads to a less flatter curve and thus to lower uncertainty.

5.3 Comparison with literature

In the following, we perform some comparisons between

the herein resulted fragility curves with other relevant

analytical ones from the literature to further enhance their

validity. More specifically, in Fig. 19 we compare the

proposed fragility curves for the quay wall with W/H ratio

equal to 0.6 not considering liquefaction with the corre-

sponding analytical ones derived in UPGRADE [57] where

the same damage states are considered. We see that the

comparison of the fragility curves for all damage states is

rather good. A little lower failure probabilities for all

damage states mainly at low ground intensities are pro-

posed by UPGRADE [57], probably due to the fact that in

that study the interfaces between the blocks of the quay

Fig. 15 Fragility curves in terms of PGArock for the two different quay wall configurations with W/H ratios equal to 0.6 (left) and 0.8 (right)

considering (top) or not (bottom) liquefaction
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wall configuration are considered and thus significant

energy dissipation may occur during shaking.

Another comparison is conducted with the fragility

curves derived by the study of Miraei and Jafarian [46]

who conducted numerical analyses to study the seismic

response of a quay wall which was previously modelled in

centrifuge. They studied a quay wall configuration with

W/H ratio equal to 0.5, while liquefaction occurred during

the shaking produced horizontal displacement, settlement

and tilting in the structure. For the derivation of fragility

curves, they also considered the same damage states. They

concluded that according to the fragility curves of system

for lognormal distributions, the probability of failure for

PGArock equal to 0.5 g in damage states I, II, and III is

98.5%, 53.1%, and 12.7%, respectively. In this study, we

conclude that the probability of failure for the quay wall

configuration with W/H ratio equal to 0.6 considering

liquefaction and for PGArock equal to 0.5 g in damage

states LS1, LS2, and LS3 is 93.4%, 55.3%, and 25.7%,

respectively. Hence, considering the various uncertainties

involved, the comparison between the herein proposed

fragility curves and the above literature fragility curves is

generally satisfactory.

6 Summary and conclusions

In this study, we developed two modelling approaches to

investigate the effect of liquefaction on the seismic per-

formance and vulnerability of typical port gravity quay

walls. The first is a soil–structure system subjected to

seismic ground excitations avoiding liquefaction, while in

the second the same soil–structure system is excited under

effective stresses considering soil liquefaction. We exam-

ined different gravity quay wall configurations corre-

sponding to different base width to height ratios. To get

better insight on the seismic response of the coupled soil-

wall system we conducted full dynamic analyses of a

typical quay wall of Thessaloniki port where soil condi-

tions are prone to liquefaction, as well as of two other

Fig. 16 Fragility curves in terms of PGVrock for the two different quay wall configurations with W/H ratios equal to 0.6 (left) and 0.8 (right)

considering (top) or not (bottom) liquefaction

2750 Acta Geotechnica (2023) 18:2733–2754

123



generic quay wall configurations, for a number of strong

ground excitations for the two modelling approaches, with

and without liquefaction. Selected results were presented

and discussed in terms of acceleration time histories at

different locations on the wall and the soil, as well as in

terms of the residual seaward displacement and the per-

manent vertical displacement of the quay wall. Then, we

studied the effect of liquefaction and the geometry of a

quay wall on its seismic vulnerability. We considered two

generic configurations of the quay wall corresponding to

base width-to-height (W/H) ratios of 0.6 and 0.8 and

conducted incremental dynamic analysis. The damage

measure was defined in terms of the normalized seaward

displacements, which has been shown to result as an

appropriate Damage Metric from the viewpoint of quay

wall performance. Finally, we proposed fragility curves for

different damage limit states and vulnerability curves as a

function of PGArock, PGVrock and PGAsurf.

The main conclusion of the comparative study is that

while the impact of the liquefaction on the amplitude of the

acceleration of the wall may be negligible compared to the

non-liquefaction case, the effect on the permanent seaward

horizontal and vertical displacements of the wall is found

to be very important, increasing in that way considerably

the vulnerability of the wall. Regarding the expected

seismic damages of the quay wall, it has been shown that

the vulnerability of the quay wall is generally decreased for

the stiffer quay wall configuration (i.e. the one with the

higher W/H ratio). The most important result of this study

is the proof and in certain degree the quantification of the

detrimental effect of liquefaction on the seismic vulnera-

bility gravity quay walls. This fact is evident as an increase

in the probability of failure for all damage states, and this

holds for both quay wall configurations. Finally, the vul-

nerability in terms of PGVrock is characterized by a lower

level of uncertainty, as noted by the lower slope of the

Fig. 17 Fragility curves in terms of PGAsurf for the two different quay wall configurations with W/H ratios equal to 0.6 (left) and 0.8 (right)

considering (top) or not (bottom) liquefaction
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curves compared to that in terms of PGArock, an observa-

tion which leads to the remark that PGVrock seems to have

a better correlation with normalized residual seaward dis-

placement demand and hence it might provide more

appropriate information for an integrated fragility assess-

ment of gravity port quay walls.
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