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Abstract

Ports play a crucial role in the world economy, as they represent critical nodes in regional 
and national transportation networks. They are usually located in areas prone to geohazards,
such as earthquakes and soil liquefaction. Although warehouses constitute a port system's key 
components, the published literature in the evaluation of their seismic vulnerability consider-
ing the effect of soil liquefaction and soil-structure interaction (SSI) is generally inadequate. 
To bridge this gap, this study's objective is to implement a numerical investigation of the in-
fluence of both liquefaction and SSI on the seismic vulnerability of typical port steel light-
frame warehouses. The following numerical modelling approaches are applied: i) a 2D fixed-
base structure subjected to outcrop bedrock seismic motion neglecting SSI and liquefaction;
ii) ) a 2D flexible-base model, considering both SSI and liquefaction; iii) a 3D fixed-base
model which is subjected to outcrop bedrock seismic motion and thus neglecting both SSI and 
liquefaction; iv) a 3D fixed-base model subjected to a free-field motion that considers lique-
faction. We conduct nonlinear incremental dynamic analysis for the above numerical ap-
proaches to derive seismic fragility and vulnerability curves considering (or not) SSI and/or 
liquefaction. The earthquake demand is determined based on the selection of actual earth-
quake records covering a wide range of seismic input motions in terms of amplitude, frequen-
cy content, and significant duration. The comparative results show the considerable role of 
liquefaction and SSI in altering the seismic fragility and port warehouses' vulnerability.
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1 INTRODUCTION

Ports represent critical nodes in regional and national transportation networks, having an 
important impact on the world economy. Thus, resilience and continuous operation of port 
structures are interrelated with international, national, and regional growth and development. 
However, ports are usually located in areas prone to geohazards, such as earthquakes and soil 
liquefaction. Although warehouses, which are large space steel light-frame buildings (with or 
without masonry infills), constitute key components of a port system, the published literature 
in the evaluation of their induced physical damages due to the effect of ground shaking and 
soil liquefaction is generally inadequate. Also, soil-structure interaction (SSI) may play a sig-
nificant role in the seismic performance of port structures, modifying their dynamic character-
istics, as well as the seismic response at the foundation level. According to PIANC [1], most 
damage to coastal structures is the result of SSI; thus, design and analysis procedures should 
include both geotechnical conditions and structural conditions of coastal structures.

Usually, the seismic response of buildings is estimated assuming fixed-base conditions, 
which is reasonable solely for structures on stiff or rock-type soils. Nevertheless, the seismic 
response of a structure on soft soil may considerably differ compared to the fixed-base as-
sumption [2]. In general, nonlinear soil behaviour and SSI effects on structures, either benefi-
cial or detrimental, are well-studied [3-5]. Geometrical and material nonlinearities in the soil-
foundation-structure system may detrimentally affect the dynamic behaviour of the structure, 
with respect to the soil characteristics and the intensity of the ground motion [6]. The problem 
is expected to be even more complicated when soil liquefaction phenomena are present.

Although some progress has already been made on the influence of ground shaking and 
soil liquefaction on the structural response and vulnerability of steel frame buildings [7-9],
studies coupling both phenomena are limited. To estimate the seismic response of buildings,
also considering liquefaction, more sophisticated methods can be used [10-11]. Within an ef-
fective stress site response concept, a "fully coupled approach" can be adopted that uses a 
plasticity-based constitutive model to predict both the pore pressure and the stress-strain re-
sponse of the soil [12]. For estimating seismic performance and damages, the "coupled ap-
proach" has already been used for bridge systems [13-15], quay walls [16-17] and other 
simplified soil-structure systems [18-19]. However, its application to steel frame buildings on 
soils considering both liquefaction and SSI effects so as to estimate their physical seismic
damages, needs further investigation. 

To bridge this gap, we implement a numerical investigation of the influence of both SSI 
and liquefaction on the seismic vulnerability of typical port steel light-frame warehouses. The 
numerical modelling approaches used for the investigation are a 2D fixed-base structure ne-
glecting SSI and liquefaction, a 2D flexible-base model considering both SSI and liquefaction,
a 3D fixed-base model neglecting both SSI and liquefaction as well as a 3D fixed-base model 
subjected to a free-field motion that considers liquefaction. We conduct nonlinear incremental 
dynamic analysis for the above numerical approaches to derive seismic fragility and vulnera-
bility curves considering (or not) SSI and/or liquefaction. Comparative results are presented 
showing the significant role of liquefaction and SSI in altering the seismic fragility and vul-
nerability of port warehouses.

2 CONCEPTUAL MODELLING APPROACHES

We developed four modelling approaches to produce fragility curves considering (or not) 
SSI and soil liquefaction:

i. a 2D fixed-base structure subjected to outcrop bedrock seismic motion neglecting SSI
and soil liquefaction;
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ii. a 2D flexible-base model, considering both SSI and soil liquefaction. SSI is modelled
by applying the direct approach. The soil and the structure are analysed as a single
system, while liquefaction is considered by employing a fully coupled (u-P) formula-
tion. Such a formulation is capable of simulating permanent shear-strain accumulation
in clean medium-dense cohesionless soils during liquefaction and appropriate consti-
tutive model for the examined soil profiles;

iii. a 3D fixed-base model which is subjected to outcrop bedrock seismic motion and thus
neglecting both SSI and liquefaction and

iv. a 3D fixed-base model subjected to a free-field motion that considers liquefaction.
This two-step uncoupled approach considers the liquefaction effects on the free-field
response using the above described u-P formulation and appropriate constitutive mod-
el for the examined soil profiles. The free-field response is then applied to the fixed-
base structure neglecting, thus, the SSI effects.

3 NUMERICAL MODELLING

3.1 Selection of the structural building typology and soil profiles

We study a typical steel light-frame warehouse, representative of Thessaloniki port critical 
buildings. Figure 1 and Figure 2 illustrate a representative cross-section and the floor plan re-
spectively of the typical warehouse, as provided by Thessaloniki Port authorities and repro-
duced by the authors. The main characteristics of the building are set equal to total mass 
m=5.1tn, fundamental period To=0.30s, and yield strength fym= 235.0 MPa. Regarding the soil, 
we consider three representative soil profiles of the port area of Thessaloniki (Greece), simpli-
fied with respect to their total depth, denoted as SP1, SP2, and SP3 (Figure 3), based on the 
available geotechnical information of the port area and the available SPT and laboratory data 
[20-21]. The fundamental periods To of the three soil profiles are equal to 0.88 s, 0.73 s, and 
0.64 s, respectively. Figure 3 presents for all three soil profiles the variation of the shear wave 
velocities VS with depth together with a general geotechnical characterization according to the 
USCS soil classification scheme. The liquefaction potential of the subsoil layers of the select-
ed soil profiles was quantitatively evaluated following the Eurocode 8 guidelines (EC8)- Part 
5 (CEN 2004). For SP1, potentially liquefiable soil formations are found at depths z=-9÷-11m, 
z=-14÷-20m, and z=-26.5÷-36m, for SP2 at depths z=-3÷-14m, while for SP3 at depths z=-
4÷-20m, which are basically silty/clayey sands and non-plastic silts with low values of NSPT. 
Thus, knowing that the liquefaction susceptibility in the port area is rather high, these soil 
profiles refer to ground type S according to the EC8 soil classification scheme [22].

Figure 1: Cross-section of the typical warehouse.
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Figure 2: Plan view of the typical warehouse.

Figure 3: VS profiles for sites SP1 (left), SP2 (middle) and SP3 (right) and the geotechnical characterization ac-
cording to the USCS classification.

3.2 Structural modelling

In the former two conceptual modelling approaches (i.e., i. and ii.), two-dimensional (2D) 
numerical simulation of the reference building, as shown in Figure 4 left, is conducted using 
the open-source computational platform OpenSees [23]. Inelastic force-based formulations 
are implemented for the 2D, three- degree of freedom nonlinear beam-column frame elements 
modelling, while the roof (trusses) of the building is modelled using "truss" elements (with 
two degrees of freedom). The uniaxial "Steel01" material is used to construct a uniaxial bilin-
ear steel material object with kinematic hardening. The main parameters required, i.e., the 
yield strength (Fy), the initial elastic tangent (E0), and the strain-hardening ratio (b), which is 
the ratio between post-yield tangent and initial elastic tangent, are taken equal to Fy = 235.0 
MPa, E0 = 2.1·105 MPa and b=0.01, respectively. The nonlinear beam-column frame elements 
are subjected to both axial compression and bending, considering five Gauss-Lobatto [24] in-
tegration points along each member's length. The applied formulations allow both geometric 
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nonlinearities (P-delta and large displacements/rotation effects) and material inelasticity to be 
captured. Distributed material inelasticity along the element is applied based on the fibre ap-
proach to represent the cross-sectional behaviour [25]. Each fibre is associated with a uniaxial 
stress-strain relationship; the sectional stress-strain state of the beam-column elements is ob-
tained through the integration of the nonlinear uniaxial stress-strain response of the individual 
fibres in which the section is subdivided. The truss elements are subjected only to axial com-
pression. As they are constructed with a uniaxial material object, they consider strain-rate ef-
fects. The masses are applied as distributed along columns and beams (by assigning the 
specific weight of steel material) plus concentrated vertical loads on joints due to the exist-
ence of trusses in the normal direction.

In the latter two conceptual modelling approaches (i.e., iii. and iv.), three-dimensional (3D) 
numerical simulation of the reference building, as shown in Figure 4 right, is conducted using 
the SAP2000 finite element program [26]. For all sections, the S235 built-in steel material 
with isotropic symmetry type is used with the yield stress defined equal to 235 MPa and the 
maximum tensile stress equal to 360 MPa. A parametric stress-strain curve is utilized to cap-
ture the nonlinear behaviour of the steel material comprising an initial linear region, a plastic 
plateau, a strain hardening region, and finally, a necking region leading to rupture. The main
parameters required to construct the backbone stress-strain curve, i.e. the strain at yielding, 
the strain at the onset of strain hardening, the strain at maximum stress and the strain at rup-
ture, are taken equal to 0.011 for yielding, 0.02 (end of the plateau), 0.14 and 0.20, respective-
ly. The kinematic hysteresis model is also considered, which is based upon kinematic 
hardening behaviour that is commonly observed in metals. This model dissipated a significant 
amount of energy and is appropriate for ductile materials. Under the rules of kinematic hard-
ening, plastic deformation in one direction "pulls" the curve for the other direction along with 
it. Matching pairs of points are linked. Upon unloading and reverse loading, the curve follows
a path made of segments parallel to and of the same length as the previously loaded segments 
and their opposite-direction counterparts until it re-joins the backbone curve when loading in 
the opposite direction. We use the fibre approach to represent the cross-sectional behaviour of 
the beams and columns, while the built-in steel frame sections are utilized to model trusses 
and braces sections. To consider nonlinear element behaviour, SAP2000 offers various hinges, 
such as uncoupled moment (M2 or M3), axial force (P), or hinges with axial force and mo-
ment interaction. Herein, we consider nonlinear behaviour for beams and columns elements 
using fibre hinges P-M2-M3, where the hinge force-deformation relationship is input manual-
ly, determined from the cross-section fibre model, while for trusses and braces elements, con-
centrated plastic hinges calculated according to FEMA are used. Once hinges are assigned, 
material nonlinearity may then characterize the inelastic response of frame elements. For col-
umns and beams, in that way, each point represents a tributary area, having its unique stress-
strain law. The axial stresses are integrated over the section to estimate the values of P, M2, 
M3. Fibre hinges are adapted more effectively to reality, even though they demand a lot of 
computational workloads. When it comes to strength loss, this is orientated by stress-strain 
law. In a cross-section, all fibres do not fail at the same time, and, thus, the overall hinges lose 
their capacity at a steady pace. For trusses and braces, axial hinge type is used. Generally, 
these sections are not stressed by bending or shear force but only from axial compression load. 
In addition, the plasticity is distributed at the edges of each element. The hinges behave ac-
cording to elastoplastic perfectly plastic law, with maximum stress defined by yield point
stress. Strength loss is considered to be extrapolated, since sudden loss is often unrealistic and 
may cause difficulties to analysis, leading to time consuming.
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Figure 4: 2D (left) and 3D (right) numerical model of the warehouse.

3.3 Soil modelling

Each soil profile comprises several layers of cohesive and cohesionless soil material. The 
groundwater table is located at a depth of 1.5m, 2.0m and 1.5m for the soil profiles SP1, SP2, 
and SP3, respectively (Figure 3). Saturated unit weights are used for the soil below this level 
and effective stress analysis is conducted using nine-node quadrilateral elements with both 
displacement and pore pressure degrees of freedom. Such elements are able to simulate fluid-
solid coupling during the earthquake excitation, based on Biot's theory of porous medium [27].
To account for the finite rigidity of the underlying bedrock, a Lysmer-Kuhlemeyer [28] dash-
pot is incorporated at the base of the soil profile using a bedrock shear wave velocity of 
627.0m/s, 750.0m/s and 750.0m/s for the soil profiles SP1, SP2 and SP3, respectively and a 
mass density of 2.2Mg/m3. The Lysmer-Kuhlemeyer dashpot is assigned based on the viscous 
uniaxial material model and the 'zeroLength' element formulation at the same location, to 
connect the two previously defined dashpot nodes. This material model requires a dashpot 
coefficient that is defined according to Joyner and Chen [29] as the product of the mass densi-
ty and the shear wave velocity of the underlying bedrock also including the base area of the 
soil profile. To model the underlying elastic half-space necessitates that the nodes at the base 
of the soil model are free to displace in the horizontal direction, are all given the same hori-
zontal displacements and finally are fixed against vertical translation only. Mass and stiffness 
proportional Rayleigh damping is assigned to account for energy dissipation during seismic
loading with a damping ratio equal to 2.0%. Periodic boundary conditions are used to ensure 
that free-field conditions exist at the horizontal boundaries of the model. The displacement 
degrees of freedom for the nodes on either side of the soil model are tied together, imposing 
the same translational displacements in x and z directions, and rotation about the y-axis. Each 
soil profile is excited at the base by a horizontal force time history proportional to the known 
velocity of the ground motion [29]. Due to the consideration of an elastic half-space it was 
possible to directly apply the outcropping rock motion at the base of the soil model [30].

We employ a fully coupled (u-P) formulation, capable of simulating permanent shear-
strain accumulation in clean medium-dense cohesionless soils during liquefaction and dilation 
due to increased cyclic shear stiffness and strength. The soil constitutive behaviour is based 
on the framework of multi-surface plasticity [31], with modifications by Yang [32]. The hard-
ening law, the yield surface and the flow rule constitute the major components of the plastici-
ty model. During the application of the gravity load, at first the material behaviour is linear 
elastic, while in the second part of the gravity analysis the constitutive behaviour of the soil 
elements is changed to elastoplastic. In the subsequent dynamic loading phase, the stress-
strain response is elastic-plastic. To generate soil hysteretic response under cyclic loading, we 
adopt a purely deviatoric kinematic hardening rule [31]. This kinematic rule dictates that all
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yield surfaces may translate in stress space within the failure envelope [32-33] and be con-
sistent with the Masing unloading/reloading criteria [34]. For the cohesionless soil layers, an 
elastic-plastic material, namely "PressureDependMultiYield02", is used in Opensees, where 
the yield function is assumed to follow the Drucker-Prager shape and the yield surface is a 
function of friction angle and cohesion. Plasticity is formulated based on the multi-surface 
concept, with a non-associative flow rule [32] that handles the soil contractive/dilative behav-
iour during shear loading to achieve appropriate interaction between shear and volumetric re-
sponses. For the cohesive soil layers, an elastic-plastic material in which plasticity exhibits 
only in the deviatoric stress-strain response, namely "PressureIndependMultiYield", is used. 
The volumetric stress-strain response is linear-elastic and is independent of the deviatoric re-
sponse. This material is implemented to simulate monotonic or cyclic response of materials 
whose shear behaviour is insensitive to the confinement change. The yield function is as-
sumed to follow the Von Mises shape and the yield surface is a function solely of undrained 
shear strength. Plasticity is formulated based on the multi-surface concept, with an associative 
flow rule in which the incremental plastic strain vector is normal to the yield surface.

3.4 Soil-structure interaction modelling

For the 2D flexible-base model (modelling approach ii) the direct approach is applied, 
which accounts simultaneously inertial and kinematic interaction effects. Figure 5 represents 
the 2D coupled finite element (FE) soil-structure model for the warehouse resting on the liq-
uefiable soil, which is subjected to combined ground shaking and liquefaction. The grids 
adapted for the different soils SP1, SP2, and SP3 have a total length three times their depth to 
avoid spurious wave reflections at the vertical boundaries. Their dimensions are defined equal 
to 60.0m x 180.0m, 50.0m x 150.0m and 46.0m x 138.0m, respectively. Dense discretization 
is achieved using quadrilateral elements of 0.5m x 2.0m, considering that the maximum fre-
quency of interest is set to 10Hz. This mesh allows an adequate number of elements to fit 
within the shortest wavelength of the propagating shear wave.

Figure 5: Finite element 2D model for the typical steel light-frame warehouse on liquefiable soil.

A full bond is assumed between the structure's foundation and the soil nodes. The soil and 
the structure nodes at the level of foundation have appropriate constraints in order to ensure 
equal displacements. Shallow, relatively flexible foundations are considered, modelled as 
elastic beam-column elements of infinite rigidity, which allow columns to move differentially. 
In this case, it is furthermore assumed that no interface has been considered between the 
structure and the foundation and that failure will take place on the structural elements of the 
building, while the structural integrity of the foundation itself will not be affected by the liq-
uefaction induced deformation.
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4 NUMERICAL ANALYSIS

4.1 Seismic input motion

A representative set of fifteen real ground motion records (Table 1) is selected from the 
European Strong-Motion Database to perform nonlinear incremental dynamic analyses. They 
are all referring to rock type or stiff soils (ground types A and B according to EC8) with mo-
ment magnitude (Mw) and epicentral distance R that range between 5.5<Mw<6.5 and 
0<R<45km respectively. The primary selection criterion is the average acceleration spectra of 
the set to match the corresponding 5% damped median plus 0.5 standard deviations spectrum 
defined based on the ground motion prediction equation (GMPE) proposed by Akkar and 
Bommer [35]. The optimization procedure is performed using REXEL software [36] that al-
lows obtaining combinations of accelerograms, which on average are compatible to the refer-
ence spectrum. Figure 6 shows the mean elastic response spectrum of the records in 
comparison with the corresponding median plus 0.5 standard deviations Akkar and Bommer 
[35] spectrum. As shown in the figure, a good match between the two spectra is achieved.

Earthquake 
Name Date Mw

Fault
Mechanism

Epicentral 
Distance 
[km]

PGAinitial
[m/s2]

PGAcorrected
[m/s2]

EC8
Site 
class

Waveform 
ID

Umbria 
Marche 
(aftershock)

6/10/1997 5.5 normal 5 1.838 2.060 A 651

Valnerina 19/9/1979 5.8 normal 5 1.510 1.472 A 242
SE of Tira-
na 9/1/1988 5.9 thrust 7 4.037 3.826 A 3802

Lazio 
Abruzzo 
(aftershock)

11/5/1984 5.5 normal 15 1.411 1.373 A 990

Valnerina 19/9/1979 5.8 normal 5 2.012 2.060 A 242
Kozani 13/5/1995 6.5 normal 17 2.039 2.158 A 6115
Friuli 
(aftershock) 15/9/1976 6 thrust 12 1.339 1.373 A 149

Umbria
Marche 1 26/9/1997 5.7 normal 23 1.645 1.668 A 763

Friuli
(aftershock) 15/9/1976 6 thrust 14 2.586 2.649 B 134

Patras 14/7/1993 5.6 strike slip 9 3.337 3.434 B 1932
Kalamata 13/9/1986 5.9 normal 11 2.670 2.747 B 414
Umbria
Marche 2 26/9/1997 6 normal 11 5.138 5.592 B 594

Montenegro
(aftershock) 24/5/1979 6.2 thrust 17 1.708 1.766 B 229

Kefallinia 
island 23/1/1992 5.6 thrust 14 2.223 2.060 B 6040

Ano Liosia 7/9/1999 6 normal 14 2.159 2.256 B 1714

Table 1: List of records used for the dynamic analyses.
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These records are then filtered between 0.25 and 15.0 Hz, using a fourth-order bandpass
Butterworth type filter. Baseline correction linear type is also applied. Table 1 also presents
the values of PGAcorrected obtained from the corrected accelerograms used for the analyses.

Figure 6: Average elastic response spectrum of the input motions in comparison with the corresponding median 
plus 0.5 standard deviations Akkar and Bommer [35] spectrum.

4.2 Numerical analyses

To examine the effect of liquefaction on the seismic ground response, we initially perform
a comparative dynamic analysis of the considered nonlinear soil profiles. In this respect, the 
utilized earthquake records are scaled at PGA values equal to 0.05g and 0.3g. For PGA equal 
to 0.05g, it seems that the soil responses are within the linear elastic range, since the effective 
confinement values with depth do not approach zero. On the contrary, for the dynamic anal-
yses with input motions scaled at 0.30g, liquefaction is taking place. Layers of potential lique-
faction may be identified by loss of effective confining stress at certain depths, which is 
verified by the relative stress-strain loops. Figure 7 shows representative results in terms of 
effective confinement with depth and stress-strain hysteretic loops at specific depth (i.e., 7 m 
below surface) indicatively for Soil profile SP2 and Montenegro (aftershock) input motion 
scaled at 0.05g and 0.3g.

Moreover, an initial elastic modal analysis of both the 2D and 3D fixed-base models is
conducted to define the dynamic characteristics of the structure and increase the reliability of 
the proposed modelling approaches. The fundamental period of the studied structure is com-
puted equal to 0.298 s for the 2D fixed-base model and 0.293 s for the corresponding 3D 
fixed-base model providing a first verification of their validity.

4.3 Incremental dynamic analysis

2D and 3D incremental dynamic analysis (IDA) is then conducted to estimate more thor-
oughly the seismic performance of the typical steel light-frame warehouse due to ground 
shaking and liquefaction. To express the scaling level an initial, temporary choice of an inten-
sity measure (IM) is needed. Scaling can be re-expressed in any other scalable IM [37] after 
the runs are performed. In this study, the IM is initially described by the peak ground acceler-
ation on rock outcropping conditions (PGArock). This IM is considered more appropriate due 
to its simplicity. Hence, IDA for the fixed-base and the three SSI models is conducted by ap-
plying the 15 progressively scaled records, considering a first elastic run at 0.05g, an initial 
step of 0.1g and a step increment of 0.1 g. A sequence of at least ten runs is performed on
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each record. The damage measure (DM) is expressed in terms of maximum inter-story drift 
(maxISD), which is known to relate well to dynamic instability and structural damage of 
frame buildings.

Figure 7: Variation of the effective confinement with depth and stress strain hysteretic loops at specific depth for 
SP2 and Montenegro (aftershock) input motion scaled at 0.05g (top) and 0.3g (bottom)

5 FRAGILITY AND VULNERABILITY CURVES

5.1 Definition of limit states

A key factor for the vulnerability assessment is the accurate definition of damage limit 
states as they directly influence the evaluation of the fragility function parameters. Four dam-
age states are defined in terms of maxISD ratio, describing the exceedance of slight, moderate, 
extensive, and complete damage of light-weight steel warehouses. According to NIBS [38],
"Steel Light Frames" structures are mostly single storey structures combining rod-braced 
frames in one direction and moment frames in the other. Due to the repetitive nature of the 
structural systems, the type of damage to structural members is expected to be rather uniform 
throughout the structure. Consequently, warehouses are considered as "Steel Light Frames"
structures. The qualitative description of each damage state for steel light-frame structures 
adopted in this research work can be found in NIBS [38]. Usually, the damage limit states are 
defined on the IDA curves derived for the fixed-base building subjected to ground shaking, 
with the complete/collapse damage limit state placed at a point where the IDA curve is lean-
ing towards the flatline. The damage limit states are selected based on the existing literature 
[7, 38] combined with the IDA analysis results and objective engineering criteria. The adopt-
ed damage limit state values are shown in Table 2.
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Limit states Steel light-frame warehouse 
LS 1 0.50%
LS 2 1.00%
LS 3 2.00%
LS 4 3.30%

Table 2: Limit state values in terms of maxISD adopted for steel warehouse.

5.2 Development of fragility and vulnerability curves

A fragility curve describes the probability of exceeding a specific damage state under a 
seismic excitation of a given intensity. They can be produced taking advantage of the results 
of the nonlinear IDA in terms of PGA and maxISD ratio, as two parameters are required for 
the lognormal distribution functions given from the following equation:

(1)
where Φ is the standard normal cumulative distribution function, LSi is the damage limit state, 
IM is the intensity measure of the earthquake expressed both in terms of rock outcropping 
PGArock measure in g, and β are the corresponding median values at which the building 
reaches each damage limit state, i, and log-standard deviations respectively. A linear regres-
sion fit of the logarithms of the PGArock-maxISD and data pairs which minimize the regres-
sion residuals is adopted. Three components of uncertainty are accounted for related to the 
definition of the limit state value βLS (defined empirically as βLS =0.4), the capacity of each 
structural type βc (defined empirically as βc =0.30), and the demand βD [38]. The demand βD
is calculated conducting statistical processing of the numerical results (IM-DM data pairs). In 
particular, we estimate the dispersion of the logarithms of PGArock-maxISD obtained from the 
numerical analysis using the regression fit. The total parameter β, which represents the total 
dispersion related to each fragility curve, is finally evaluated as the root of the sum of the 
squares of the three variability dispersions assuming that they are statistically independent
[38]. Figure 8 shows the derived fragility curves along with their fragility parameters (median 

and log-standard deviation β) in terms of PGArock for the steel light-frame warehouse sub-
jected to ground shaking considering the different approaches.

From Figure 8 some interesting conclusions could be derived. First of all, it is noticed, that 
2D and 3D configurations for the fixed-base structure, ignoring liquefaction and SSI effects, 
are generally correlated quite well with the 3D fixed-base model showing lower vulnerability 
values for all damage states. Secondly, it seems that the vulnerability of a steel light-frame 
warehouse, when considering liquefaction effects, is very low. More specifically, for PGArock
values up to 2.0g, the 2D flexible-base and the 3D fixed-base models that consider liquefac-
tion are almost no damaged. For PGArock higher than 2.0g, only the "Slight" damage state ex-
ists while fragility curves for the other damages are not proposed. A third important 
conclusion is that the effect of SSI is not significant for the 2D and 3D models which consider 
liquefaction. Thus, the proposed fragility curve for slight damage state is almost identical for 
the 2D flexible-base and the 3D fixed-base models implying that the influence of SSI is not of 
paramount importance for this specific structure.
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Figure 8: Fragility curves in terms of PGArock for the steel light-frame warehouse subjected to ground shaking 
considering the different approaches.

Next, for the 3D fixed-base approach neglecting liquefaction, we perform a comparison be-
tween the herein resulted fragility curves with the ones proposed by Nazri et al. [7] for similar 
structures (Figure 9). For the "slight" and "moderate" damage states fragility curves are in 
quite good agreement. For the rest two damage states the correlation between the two ap-
proaches is not that good. This is due among other factors to the differences on the structural 
characteristics and the definition of the complete damage limit state.

Figure 9: Comparison of the proposed fragility curves for the warehouse using the 3D fixed-base approach ne-
glecting liquefaction with the corresponding analytical ones of Mohamed Nazri et al. [7].
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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 estimated accord-
ing to the following expression:

(2)

where dmj is the damage index (taking values from 0: no damage to 1: complete damage) cor-
responding to each seismic intensity level j, Pij is the discrete damage probability for each 
damage limit state and di is the damage index at each damage limit state.

Following NIBS [38], we set the central value of the damage index at each damage limit 
state for the RC buildings equal to 0.10, 0.15, 0.40 and 0.80 for the LS1 (minor), LS2 (moder-
ate), LS3 (extensive) and LS4 (complete), respectively. A vulnerability curve is then generat-
ed which provides a unique damage index for each level of seismic intensity. 

Figure 10 shows the derived vulnerability curves in terms of PGArock for the warehouse 
subjected to ground shaking considering the different approaches. We observe that the vulner-
ability of the 2D and 3D fixed-base configurations is in good agreement. When liquefaction is 
considered, the vulnerability decreases. This is due to the increased nonlinear behaviour of the 
soil profile introduced by the liquefaction. The 3D fixed-base, and the 2D flexible models that
consider soil liquefaction, give almost the same vulnerability curve, which shows that the 
consideration of SSI has no considerable effect on the vulnerability of the structure.

Figure 10: Vulnerability curves in terms of PGArock for the steel light-frame warehouse subjected to ground 
shaking considering the different approaches.

6 CONCLUSIONS

Within this study's framework, incremental dynamic analysis was performed for a typical 
port steel light-frame warehouse using a selected set of earthquake records considering four 
different modelling approaches. This study aimed to identify soil liquefaction and SSI's role in 
altering the seismic fragility and vulnerability of port warehouses.

1. We concluded that 2D and 3D configurations for the fixed-base structure, ignoring
liquefaction and SSI effects, are generally correlated reasonably well with the 3D
fixed-base model showing lower vulnerability values for all damage states.

2. Secondly, it seems that the vulnerability of a steel light-frame warehouse, when
considering soil liquefaction effects, is very low, possibly due to the increased non-
linear behaviour of the soil profile introduced by the liquefaction.

3. A third important conclusion is that the impact of SSI is not significant for the 2D
and 3D models which consider soil liquefaction. Thus, the proposed fragility curve
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for slight damage state is almost identical for the 2D flexible-base and the 3D 
fixed-base models implying that the influence of SSI is not of paramount im-
portance for this specific structure.
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