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ABSTRACT: According to the analysis of historical cases, the stability of wharves under strong motions is associated to the 
constitutive materials. When these berthing structures are built on loose soils, an important susceptibility to liquefaction is observed. 
In this case, they are generally based on piles. The soils liquefaction phenomenon induces important deformations in piles which can 
destroy the building. The present study consists in analyzing the behavior of a wharf on piles under seismic excitation which 
corresponds to the main shock of Boumerdes May 21, 2003 earthquake in Algeria and check the structural stability of the wharf 
located in a seismic area. The design problem for this type of structure arises if earthquake-induced liquefaction occurs in the soil 
supporting the piles. The analysis of the wharf is conducted using PLAXIS-3D finite elements software using the dynamic option. 
The final results obtained after successive analyses on the wharf configuration incorporating the nonlinear soil properties are 
presented.  

RÉSUMÉ : D'après l'analyse de cas historiques, la stabilité des quais sous de forts mouvements est associée aux matériaux constitutifs. 
Lorsque ces structures d'accostage sont construites sur des sols meubles, une importante susceptibilité à la liquéfaction est observée. Dans 
ce cas, ils reposent généralement sur des pieux. Le phénomène de liquéfaction des sols induit des déformations importantes des pieux qui 
peuvent détruire la structure. La présente étude consiste à analyser le comportement d'un quai sur pieux sous excitation sismique qui 
correspond au choc principal du séisme de Boumerdès du 21 mai 2003 en Algérie et à vérifier la stabilité structurelle du quai situé en 
zone sismique. Le problème de conception de ce type de structure se pose si la liquéfaction induite par le séisme se produit dans le sol 
supportant les pieux. L'analyse du quai est réalisée à l'aide du logiciel en éléments finis PLAXIS-3D utilisant l'option dynamique. Les 
résultats finaux obtenus après des analyses successives de la configuration du quai intégrant les propriétés non linéaires du sol sont 
présentés. 
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1  INTRODUCTION.  

Importance of seismic related damage to the structures has been 
amply revealed during past earthquakes. In the case where 
liquefaction is involved, the vertical movements can reach 
significant values because they correspond, not to the increase 
in the compactness of the concerned layer, but simply to the 
compensation of the volume of soil having undergone the 
lateral spreading around the border of the liquefied zone. 
Settlement amplitudes of several decimeters are then commonly 
observed in areas that have undergone massive liquefaction. 
The lateral movements observed on embankments or slopes are 
generally manifested in a localized and apparently quite random 
manner. 

Hamada and O’Rourke (1992) investigated liquefaction 

induced permanent ground deformation and lifeline 
performance during past earthquakes in Japan an USA. 
Thereafter many studies have been performed (Ishihara and 
Cubrinovski 1998; Tokimatsu et al., 1998; Tokimatsu 1999; 
Berril et al. 2001; Abdoun and Dobry 2002; Zhang et al. 2004; 
Bhattacharya 2004) leading to better understanding of the 
problem. The soil liquefaction phenomenon appears as a 
possible consequence of the action of vibratory movement on 
saturated soils. For this to occur, on the one hand, the soils must 
have certain characteristics of particle size and effective vertical 
stress and, on the other hand, the amplitude and duration of the 
vibrations must be sufficient. The conditions to be satisfied for 
vibratory movements relate to the maximum acceleration and 
the number of cycles, which is an increasing function of the 
magnitude. 

 Port areas, built for the most part on soils consisting of 
hydraulic backfill, can be devastated during an earthquake. The 
prevention of the caused disorders poses problems for which the 
practical solutions can be difficult if the concerned surfaces are  

 
important. There are various types of wharves. This diversity is 
due to the mechanical and geotechnical characteristics of the 
supporting soil. In certain soils with low bearing capacity or 
exposed to the phenomenon of liquefaction in seismic zones, 
we opt for wharves based on piles which are subjected to 
combined loading and are more prone to the attack of 
liquefaction-induced lateral spreading.  

The effect of lateral spreading force on the flexural behavior 
of piles and the analysis of laterally loaded piles under liquefied 
soil conditions have been studied (Basudhar et al. 2002; 
Tokimatsu 1999). Significant effect of loss of support on the 
buckling of slender piles has also drawn the attention of 
researchers and a few works have been reported (Bhattacharya 
2004). But very few studies have been conducted to find the 
response of piles under combined loadings and liquefied soil 
conditions. 

This paper concerns the analysis of the structural stability of 
a pile-supported wharf at port waterfronts located in a seismic 
zone. The design problem for this type of structure arises if the 
liquefaction induced by an earthquake occurs in the soil 
supporting the piles. The wharf will be modeled in three 
dimensions by using the Finite Element Method PLAXIS-3D 
software with the dynamic option allowing modeling the cyclic 
behavior of materials. 

The analysis is carried out to follow the deformations of 
soils and the displacements of the structure induced by seismic 
motions. 
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2  PROBLEM UNDER CONSIDERATION 

The selected example is a simplified representation of typical 
pile-supported wharf geometry. The wharf assumed in the 
present survey is considered for pleasure at port in a seismic 
zone area. In this section, the wharf structure and the 
geotechnical context will be described.  

2.1  Pile-supported wharf 

The studied structure has an area of 4800 m². The length of the 
wharf in the transversal direction is 80 m and in the longitudinal 
direction (parallel to the sea) is 60 m. The waterfront 
embankment is 11 m high and has a slope angle of 27°. The 
wharf is supported by 38 piles, disposed in two rows of 19 piles 
that are 3 m apart and 16 m in length. Each row of piles has a 
spacing of 2 m along the length of the wharf. The piles extend 
through three layered soils, as shown in Fig. 1. The deck of the 
wharf is made of reinforced transversal beams with height of 
0.5 m and 9 m wide, supported by the piles. The seawater level 
is 1.5m below the platform. 
 
 
 
 
 
 
 
 
 
 

Figure 1. Geometry of the pile-supported wharf on layered soils. 

2.2  Geotechnical context 

The waterfront soils consist of three layered soils. The upper 
two layers, made of silty sands which can be characterized as 
liquefiable soils, are of 4.5 m and 6.5 m thickness respectively. 
The third layer of 11 m thickness, and overlies strong bedrock. 
The drained material properties of the different soils are chosen 
more close to reality and shown in the table 1. The properties 
listed in table 2 are assigned to the wharf beams and pile 
elements. 
 
Table 1. Properties of the waterfront soils 

 Units Soil 1 Soil 2 Soil 3 

Dry density (ρ) (kg/m3) 2009 1813 1715 

Young’s Modulus (E)  (Mpa) 610.9 163.7 163.7 

Poisson’s ratio (ν)  0.3 0.3 0.3 

Cohesion (C)  (kPa) 4 1 1 

Friction angle (φ) (Degree) 40 35 30 

     

 
Table 2. Structural properties of the wharf 

 Elastic 

Modulus 
(Mpa) 

Mass 

Density 
(kg/m3) 

Cross  

Section Area 
(m²) 

Pile 

Diameter 
(m) 

Beams 2.0×103 20.0 0.25 -- 

Piles 2.0×103 20.0 0.785 1.0 

3  ANALYSIS OF THE BEHAVIOR OF THE WHARF 
AND THE WATERFRONT SOILS 

3.1  Numerical model and boundary conditions  

Numerical analyses are conducted using the finite element 
program PLAXIS-3D based on a continuum finite element 
discretization. The used 3D finite element model for the 
analysis is shown in Fig. 2, and it consists of a wharf founded 
on embankment. The boundary conditions are specified, such as 
the bottom of the model is fixed from movement in both the –
horizontal- and –vertical directions to represent the presence of 
the bedrock base. 
 

 
Figure 2. The 3-D used mesh model.  

3.2  Static analysis 

Prior to seismic loading of the model, the analysis considers 
static equilibrium with calculations for the state of stress, the 
mechanical behavior of the embankment and the structure. A 
bilinear, elastic-perfectly plastic stress-strain relationship with a 
Mohr-Coulomb failure criterion has been used for the 
embankment in the static stress analyses and, a linear, elastic 
stress-strain relationship is used for the structural elements. The 
material properties used in the analysis are given in table 1 and 
table 2. According to the fact that the studied wharf is intended 
for pleasure, so the mooring and berthing efforts of ships as 
well as the operating overloads are not considered. 

In the first time, the analysis is performed by considering dry 
material condition for the waterfront soils. Next, the water level 
is raised and the hydrostatic force acts on the upstream surface. 
The equilibrium state of submerged embankment is calculated 
before construction of the wharf structure. The seawater density 
of 10.3 kN/m³ is considered.  

The displacements resulting from the determining of the 
initial equilibrium state of the waterfront soils, assuming dry 
material conditions are shown in Fig. 3a. This figure indicates 
that the largest horizontal displacement of approximately 0.58 
mm occurs at the slope near the crest. 

In Fig. 3b are shown the obtained horizontal displacements 
from the mechanical equilibrium state of the submerged 
embankment. A maximum of 1.14 mm is reached also at the 
slope near the crest.  

By considering the model with the wharf structure in place, 
the maximum obtained horizontal displacement near the crest is 
about 1.17 mm like shown in Fig. 3c.  
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Figure 3a. Horizontal displacement with dry material conditions. 

 

 
Figure 3b. A Horizontal displacement with submerged embankment. 

 
Figure 3c. Horizontal displacement with the wharf structure added. 

3.3  Dynamic analysis  

3.3.1 Hysteretic Hardening Soil Small Model and Dynamic 

Properties 
The Hardening Soil Small (HSS) model is an advanced soil 
behavior model. It is elasto-plastic hyperbolic type, formulated 
under the shear hardening of plasticity. 

This model is a modification of the Hardening Soil model 
(HS) that account for the increased stiffness of soils at small 
strains and based on the Hardin-Drnevich relationship (1972)  

The HSS model uses entirely the same parameters of the HS 
model with two additional parameters to describe the variation 
of stiffness with strain; the initial or very small-strain shear 
modulus (G0) and the shear strain level (γ0.7 ) at which the 
secant shear modulus Gs is reduced to about 70% of  G0. 
Within the HSS model, the stress-strain relationship is 
formulated as:  𝜏𝜏 = 𝐺𝐺𝑠𝑠𝛾𝛾 =  𝐺𝐺0𝛾𝛾(1+0.385 𝛾𝛾𝛾𝛾0.7)                           (1) 

The Hardening Soil Small (HSS) model has been used for the 
embankment in the dynamic analyses. The input stiffness 
parameters (𝐸𝐸50𝑟𝑟𝑟𝑟𝑟𝑟)    (𝐸𝐸𝑜𝑜𝑟𝑟𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟)   and (𝐸𝐸𝑢𝑢𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)    are summarized in 
table 3. 

Table 3. Used input stiffness parameters of the HSS model 

 
E50ref  

Mpa 
Eoedref

 

Mpa 
Eurref 
Mpa 

γ0.7 
×10-4 

G0ref 
Mpa 

Soil 1 610.9 822.4 1833 1.5 2431 

Soil 2 163.7 220.4 491.1 1 453.3 

Soil 3 163.7 220.4 491.1 1 428.8 

 
3.3.2  Input motion 

The seismic performance of the wharf and the surrounding soils 
is analyzed through time-history analysis using an earthquake 
motion which corresponds to the recorded motion during 2001 
Boumerdes earthquake (Algeria, Mw=6.8, Keddara station at 
the bedrock) with a maximum acceleration of -0.228g and 
duration of 28 sec. Fig. 4a and Fig. 4b show the acceleration 
time histories of the motions at the bed rock in the N-S and E-
W directions. 

The conducted analysis of the recorded motions on Keddara 
site (Louadj et al. 2008), indicates that the seismic energy is 
mainly concentrated in a range of frequencies lower than 20 Hz 
like shown by the Fourier spectra presented in Fig. 5. It should 
be noted that two wavelets are present in the spectral 
representation of the motions at the bed rock in the N-S and E-
W directions. The first one corresponds to content lower than 5 
Hz and the second one, greater than 5 Hz. 
 

 

 
(a) 

 
(b) 

Figure 4. Left abutment records during 21/05/2003 main shock: a) N-S 
component; b) E-W component. 
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(a) 

 
(b) 

Figure 5. Fourier Spectrum of left abutment record motions during 
21/05/2003 main shock: a) N-S component; b) E-W component. 

To compute the seismic response of the wharf and 
embankment, dynamic loading is applied at the base of the 
model as an acceleration excitation. Kuhlemeyer and Lysmer 
(1973) showed that for an accurate representation of the wave 
transmission through the soil model, the spatial element size 
must be smaller than approximately one-tenth to one-eighth of 
the wavelength associated with the highest frequency 
component of the input wave. In such cases, it may be possible 
to adjust the input by recognizing that most of the power for the 
input history is contained in lower frequency components. 
 The input motion is assumed to act only in the horizontal 
directions of the model. This is a common assumption in wharf 
design since it constitutes the most severe condition of shaking. 
Generally, vertical motions do not affect the stability of the 
structure to the same degree as the horizontal motions.  

The procedure of free-field boundaries incorporated in 
PLAXIS-3D aims absorbing outward waves originating from 
the structure. The hysteretic damping used in HSS model is 
considered with amount of 0.5% of Rayleigh damping to 
compensate for the energy dissipation through the medium 
(Paolucci 2002 and Lokmer et al. 2002).  

3.3.3  Numerical Results under Seismic Motion 

The deformation of the wharf model presented in Fig. 6 shows 
the embankment slope fail as a result of the earthquake motions. 
The progressive development of lateral spreading and the 
failure of the slope are also indicated by a large displacement of 
2.127 m displayed by the plot in Fig. 7 which is reached during 
the strong phase of the movements between 4.3 seconds and 10 
seconds of shaking. 
 

 
Figure 6. Model deformation at the maximum of excitation (Lateral 
spreading at the slope ; Umax=2.155 m). 

 
Figure 7. Horizontal displacement at the end of the seismic excitation. 

The evidence of occurrence of soils liquefaction is 
highlighted by the pronounced increase in pore pressure which 
is measured within the slope in soil 2, while we observe a 
marked decrease of the effective stress in the same zone as 
shown in Fig. 8. As a result the obtained displacements along 
the length of the represented pile, shown in Fig. 10, indicate 
that the maximum deflection of 1.585 m occurs at the pile head.   
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Figure 8. Pore pressure and effective stress histories within slope in 
soil2.  

 
Figure 9. Pile deflection at the end of the seismic excitation. 
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4  CONCLUSIONS 

This paper concerned numerical analysis of seismic behavior of 
a pile supported wharf under seismic motions. It corresponds to 
the response of the pile supported wharf built on saturated loose 
soils. Analyses were conducted for real earthquake records. Non 
linear elastoplastic analyses show that the seismic loading 
induces liquefaction in the layers of loose soils which leads the 
embankment slope fail. The progressive development of lateral 
spreading and the failure of the slope are also indicated by a 
large displacement. As a result, the displacement along the 
length of the piles shows a sharp increase and a large deflection 
occurs at the pile head. To prevent these problems important 
treatments must be undertaken before wharf construction, for 
example: soil changing, ballasted column, and mix of the 
cement and grouting.   
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