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ABSTRACT 
Lateral spreading is one of the most important effects of liquefaction because it can cause significant ground deformation 
and damage to existing infrastructure. This paper studies the effects of this phenomenon in Lo Rojas fishermen port in 
Coronel, southern Chile, due to the 2010 Mw 8.8 Maule earthquake using a finite element model. The mechanical 
characterization of the soil layers at the site was performed by laboratory tests of the materials extracted during the 
exploration phase, including monotonic and cyclic triaxial tests, and resonant column experiments. With the obtained 
laboratory curves and literature data, constitutive models for each soil layer were calibrated and used on a finite-element 
model on Plaxis® software. To properly reproduce the experimental behavior of the liquefiable soil layer, the UBC3D-
PLM model was used. Results of the FEM model reasonably reproduce the actual ground displacements. The seismic 
demand on the piles from the FEM model was also compared with those from the simplified methods, comparable 
results were obtained. 
 
 
 
1 INTRODUCTION 
 
The Mw 8.8 earthquake of 2010 affected Chilean 
infrastructure, and it caused important destruction in the 
central zone of the country. Many buildings and ports near 
the epicenter zone were severely damaged due to ground 
failure and lateral spreading as described in Bray et al. 
(2012). 

This paper studies Lo Rojas fishermen port in Coronel, 
Bío-Bío Region, where liquefaction-induced lateral 
spreading significantly damaged the existing pier. In 
particular, this work focuses on quantifying the seismic 
demand on the pier piles at Lo Rojas port. Figure 1 shows 
the location of the pier and the line used to measure the 
post-seismic residual lateral displacements.  
 
 

 
Figure 1. Port location, lateral displacement measurement 

line, and modeling section line.  

 
 

Several methodologies have been developed to 
analyze the seismic demand on piles in liquefiable soils, 
and to evaluate the piles response to lateral spreading. 
For instance, Ashford et al. (2011), provide simplified 
procedures to design pile foundations in soils susceptible 
to lateral spreading. In their work, they conclude that the 
dynamic response of piles with soil liquefaction is highly 
nonlinear and complex, so the use of global nonlinear 
dynamic analyses can better estimate the interaction 
mechanisms of soil-structure interaction and how the 
ground’s deformation pattern affects the structure 
performance. Finn (2005) performed an exhaustive 
analysis of pile response in different situations, 
considering the occurrence or absence of soil liquefaction, 
the pile head fixity condition, and the position of the 
liquefiable soil layer. He concluded that for piles installed 
in sites with shallow liquefiable soils, the maximum 
bending moment occurs at the pile head and also it has a 
large magnitude next to the interface between liquefiable 
and non-liquefiable soil. However, despite the extensive 
investigation related to piles under lateral spreading, 
Lombardi & Bhattacharya (2016) conclude that soil-
structure interaction is still uncertain and not adequately 
addressed, even by modern design codes. Hence, 
investigation on this topic is still needed to improve the 
understanding of this phenomenon. 

To study the lateral spreading phenomena and the 
seismic response of Lo Rojas pier, a FEM model was 
developed using the commercial software Plaxis 2D®. To 
represent the seismic response of the liquefiable layer, an 
implementation of the UBCSAND model (Beaty & Byrne, 
1998) in Plaxis® (UBC3D-PLM, Petalas & Galavi, 2013), 
was used. 
 
 
2 GEOTECHNICAL MODEL 
 



 

 

Close to the pier site, an extensive exploration was 
performed to obtain soil samples and to fully characterize 
the area. The exploration included CPTu soundings, SPT 
boreholes, and geophysical field tests. All the collected 
information was used to define a geotechnical profile of 
the site. Details of this exploration and its results can be 
found in De la Maza et al. (2017). 

Figure 1 shows the section that was modelled, while 
Figure 2 shows the developed geotechnical profile 
incorporated into the FEM software. We used the same 
modeling section selected by De la Maza et al. (2017), as 
the bathymetry, and the field test information, allowed a 
complete geotechnical characterization. As Figure 2 
shows, the geotechnical profile is mainly composed by 
four soil units: (H1) poorly graded sand, (H2-H3) clayey 
sand and high plasticity clay, (H4) low plasticity clay, and, 
at the left bottom part of the model, a highly cemented 
soil. 

The information gathered from the geotechnical 
exploration was also used to set up parameters for 
laboratory testing. The confining pressure and the in-situ 
soil densities were estimated from CPTu data, while the 
moisture content, the specific gravity of the solids (𝐺𝑠), the 

plasticity index (𝑃𝐼), and the grading curves of each soil 

were determined using the boreholes’ soil samples. Table 
1 shows some of the main index parameters of the soils in 
the geotechnical model. Despite soil units H2 and H3 are 
not the same, they were modeled as one unit because the 
amount of extracted H3 material was not enough to 
completely characterize this layer in laboratory. 
 
 
Table 1. Properties of the soils at Lo Rojas. 
 

Soil 
unit 

USCS 
Classification 

𝑤𝑛𝑎𝑡𝑢𝑟𝑎𝑙 
(%) 

Fines 
content 
(%) 

𝑃𝐼 𝐺𝑠 
H1 SP 16.3 2.8 NP 2.81 

H2 SC 32.3 24.2 11.4 2.75 

H3 CH 57.8 60.4 31.6 2.58 

H4 CL 22.7 68.5 17.3 2.58 

 
 
3 LABORATORY TESTS 
 
Several laboratory tests were conducted to obtain 
mechanical parameters for the soil layers at Lo Rojas 
fishermen area. All tests were performed on remolded 
samples with relative densities close to their field 
condition. In the case of layers H4 and cemented soil, 

mechanical properties were estimated from SPT, 
geophysical field tests, and the literature.  

H1 and H2-H3 soil layers were subjected to a set of 
drained (CID) and undrained (CIU) monotonic triaxial 
tests to obtain their friction angle (𝜙′) and cohesion (𝑐′). 
To characterize the cyclic behavior of these materials, i.e. 
to obtain the shear modulus degradation and damping 
curves, cyclic triaxial tests, and combined resonant 
column/torsional shear tests, were performed. 
Additionally, to define the liquefaction resistance of the 
liquefiable sand layer (H1), several undrained cyclic 
triaxial tests at different confinements were also 
performed. 
 
 
4 FINITE ELEMENT MODEL ON PLAXIS® 
 
4.1 Model parameters 
 
4.1.1 Soil 
 
For materials H1 and H2-H3, parameters were obtained in 
two phases: (i) initial estimation of main parameters 
based on laboratory results, and (ii) triaxial tests were 
simulated using the Soil Test complement of Plaxis® and 
secondary parameters were calibrated in accordance to 
the best fit against laboratory strain-stress paths. 

In the case of H4 soil, the mechanical parameters 
were obtained from correlations (Kulhawy & Mayne, 
1990), shear velocity profiles calculated by De la Maza et 
al. (2017), and from damping and degradation curves 
from Vucetic & Dobry (1991). Because the cemented soil 
layer information is scarce, it was assumed as a soft rock 
or gravel and it was modelled using the Mohr-Coulomb 
constitutive model. 

For the liquefiable soil (H1) two sets of parameters 
were calibrated: Hardening Soil model with Small Strain-
Stiffness (HS-small), and UBC3D-PLM model. The latter 
needs the determination of two factors related to the 
densification rule (𝑓𝑎𝑐ℎ𝑎𝑟𝑑) and to the post-liquefaction 

stiffness degradation of the soil (𝑓𝑎𝑐𝑝𝑜𝑠𝑡). These 

parameters were obtained by the adjustment of 
liquefaction resistance curves of the model with the 
laboratory results. For the deeper H1 soil layer the same 
parameters as the shallow layer were used, but the (𝑁1)60 

parameter was selected according to the SPTs 
soundings. The calibration results for layers H1 and H2-
H3 can be seen, respectively, in Figures 3 and 4. 

 

 

 
 Figure 2. Geotechnical profile and finite element model of Lo Rojas. 



 

 

 
 

 

 

(a) (b) 
Figure 3. H1 soil calibration: (a) CIU triaxial tests with HS small model; (b) Liquefaction resistance curve of calibrated 
UBC3D-PLM model versus laboratory tests results at 200 kPa of effective confinement. 

 
 

 

 

(a) (b) 
Figure 4. H2-H3 soil calibration: (a) CIU triaxial tests with HS small model; (b) Degradation curve. 
 
 

As Figure 3a shows, H1 soil behavior is well 
reproduced only for the contractive behavior of the 
material. The observed differences may be due to the 
inability of the constitutive model to reproduce dilatancy, 
which gives less deviatoric stresses and pore pressures 

as the strain level increases. In the case of liquefaction 
resistance curve (Fig. 3b), it shows a good fit for cyclic 
stress ratios (𝐶𝑆𝑅) less than 0.16, however, noticeable 

differences for higher values are observed. However, 
these differences are not so important since the 



 

 

simulation involves Chilean seismic records with a great 
number of intense loading cycles which will likely induce 
liquefaction. Finally, although the static behavior is not 
exactly reproduced, liquefaction simulation results are 
comparable to laboratory data and similar deformation 
levels for seismic analysis of liquefiable layer are 
expected. Accordingly, this should lead to realistic stress 
levels on the pier structure during the earthquake 
simulation.  

For the H2-H3 soil, the behavior is reasonably 
recreated by the HS small model, as figures 4a and 4b 
show. Calibrated parameters for this material are similar 
to laboratory curves at almost every strain level. 
Laboratory tests were conducted with confinement 
pressures of 50 to 150 kPa, representative of the soil 
pressures where the piles are embedded. 
 
4.1.2 Pier structure 
 
The pier structure consisted of steel pipe piles supporting 
a concrete slab of 20 cm thick. The port was mainly 
composed by two sections with different widths and 
transversal pile spacing. The steel piles have an external 
diameter of 0.32 m with a wall thickness of 8 mm. They 
were filled with sand after their installation, and have a 
pile length below the mudline of 16 m and 17 m, for 
inclined and vertical piles, respectively. The flexural 
stiffness of the piles was estimated as EI = 20,730 kN-m

2
, 

and the rest of the modeling parameters of the structural 
elements were selected based on structural specifications 
of the original project. 

Embedded pile rows and plate elements were used to 
represent the longitudinal section of the port. These 
elements were simulated with linear-elastic models, as a 
first part of this study, and the interaction between the 
piles and the slab was considered rigid, transferring 
bending moments as well as shear and normal forces. As 
embedded pile row elements need a maximum axial shaft 
resistance and a maximum base resistance for each pile, 
those values were calculated using average values of 

SPT blow counts for each soil layer and the Aoki and 
Velloso method (Salgado & Lee, 1999).  

Equivalent 2D flexural parameters must be carefully 
chosen to properly represent the actual 3D behavior of 
the pile supported pier. A 3D model on Plaxis® was used 
to iteratively calibrate the diameter and thickness of the 
equivalent 2D embedded pile row elements to obtain a 
similar behavior between the 2D and the 3D force-
deformation curves of each line of piles.  

Figure 5a displays the three-dimensional FEM model 
used to calibrate the response of the 15

th
 line of piles of 

the pier (see Fig. 2) to lateral displacements, while Figure 
5b shows the bending moment curves of the 3D and 2D 
models. These curves show the effect of three-
dimensional modeling, where the soil deformation does 
not fully transfer to the piles in the 3D model and, as a 
consequence, the bending moments in 3D are smaller 
than those in 2D. Figure 5c shows the calibration results. 
In this case, to properly reproduce the 3D behavior, the 
diameter and thickness of the equivalent embedded 
beams in the 2D model had to be increased, respectively, 
by almost 50% and 30% with respect to the actual values, 
depending on the analyzed transversal section. 
 
4.2 Model 
 
To analyze the dynamic response of the Lo Rojas port for 
the 2010 Maule Mw 8.8 earthquake, two models were 
developed. The first model, without the pier structure, was 
used to obtain a reference estimation of soil response to 
cyclic loading, and to verify the ability of the model to 
reproduce field measurements. The second model has 
the same geotechnical characteristics of the first model 
but with the pier structure included. In both cases, the NS 
component of the ground motion recorded at the Rapel 
station was selected. This record was used because the 
distance from Lo Rojas site to the interplate fault is similar 
to the distance from the Rapel station to that fault plane 
(see De la Maza et al., 2017 for details). 

 
 
 

   
(a) (b) (c)  

Figure 5. Calibration of the 15
th
 line of piles: (a) Transversal 3D model; (b) Bending moment curves of 3D and 2D models 

for different values of top lateral displacement; (c) 3D to 2D adjustment results. 



 

 

 
 
 
4.2.1 Model without port structure 
 
The model involves three major calculation phases: 

 Initial phase: Initialization of stresses. This stage 
was simulated with gravity loading type to ensure 
the stress equilibrium in the model. 

 Second phase: This phase includes the dynamic 
loading, and it has the same duration of the 
seismic signal. 

 Third phase: To ensure the full dissipation of the 
excess of pore pressures, a consolidation 
calculation was simulated after the earthquake. 
This phase has a simulated duration of one day, 
based on materials’ permeabilities. 

Boundary conditions depend on the calculation phase. 
For the first and third phases, boundary conditions 
restrained movements in the normal direction at the 
boundaries. For the second phase (dynamic), free-field 
elements (at the lateral limits of the model) and a 
compliant base (at the bottom of the model) were used. 
Free-field boundaries are applied to incorporate the 
propagation of waves into the far-field. This effect is 
incorporated placing normal and tangential dashpots at 
each node of the lateral boundaries, where the 
parameters are selected from the soil closest to each 
dashpot. Compliant base boundary is designed to obtain 
a minimum reflection of waves at the base, and to input 
the ground motion. 

Because the stiffness of the dynamic boundaries is 
related to the neighboring soil properties at the beginning 
of the earthquake, those borders are not strong enough to 
fully contain the liquefied soil layer during the seismic 
movement. To avoid this effect, the geotechnical profile 
used to create the model had to be modified at the lateral 
boundaries. Two soil columns were added at each side: 
(i) 40 m wide inelastic soil column as a transition to free-
field with the same properties of the original model, and 
(ii) 50 m wide columns composed of soil modeled with 
HS-small to represent the non-liquefiable far-field soil 
(Fig. 2). The selection of these columns’ width was done 
performing a sensitivity analysis, until the results reached 
a stable condition. 

The size of the mesh elements was selected 
according to Laera & Brinkgreve (2015), where it is 
recommended that the average size cannot be greater 
than one-eighth of the wavelength associated to the 
maximum frequency with significant energy content of the 
seismic signal.  
 
4.2.2 Model with port structure 
 
In this model, the boundaries and geotechnical materials 
are those of the previous model. To incorporate the pier, 
embedded pile row and plates elements were used. The 
calculation phases for this simulation are the same as the 
original model, but an installation stage was incorporated 
between the initial and the dynamic phases to include the 
long term stresses generated by the pier structure. The 
other phases remain identical, but in the dynamic and in 

the consolidation analyses, the structure is also activated. 
The generated finite-element mesh is shown in Figure 2. 
It is composed of 11,810 elements with sizes from 0.3 to 3 
m and an average of 1.6 m. 
 
 
5 RESULTS 
 
5.1 FEM model displacements and structure 

deformation 
 
A post-earthquake survey (Bray et al., 2012) determined 
cumulative ground displacement of about 2.8 m across a 
90 m line next to the pier (see Fig 1).  Computed 
horizontal relative displacements across the 
measurement line were obtained using a common 
reference point for simulation and post-earthquake 
survey. The results are shown in Figure 6. It can be seen 
that the obtained maximum horizontal displacements are 
similar to those measured during the post-earthquake 
survey. The cumulative lateral movement across the 
measurement line is about 2.8 m in both models. As 
expected, due to the pile-pinning effect, when piles are 
included in the model lateral displacement tend to 
diminish. 

 
 

 
Figure 6. Model results of ground surface displacement. 

 
 
Simulation results show a variable lateral deformation 

from the wall face (Fig. 6). The computed deformation 
rate, i.e. the slope of the curve in Fig. 6, in the 40 m 
closest to the wall face is 10 times larger than that of 
more distant points. In addition, close to the wall face, the 
measured deformation is similar to those computed by the 
model. The general tendency is reasonably reproduced 
and we believe that the model can provide realistic values 
of internal forces and displacement demand on the piles. 



 

 

 
Figure 7. Soil horizontal displacements and post-seismic deformation of the pier (augmented 10 times). 

 
 
Due to seismic amplification, peak accelerations 

increase from 0.19 g at the model base to 0.20 to 0.50 g 
at the model surface. Because there is no earthquake 
record close to the study site with similar geotechnical 
conditions, those values cannot be directly compared to 
the accelerations recorded at other sites. The highest 
PGA values occur at 30 m to 40 m from the pier, and they 
occur prior to liquefaction of the shallow layer. 

Model results show that, by the end of the earthquake, 
a major portion of the shallow H1 soil reached 
liquefaction. The obtained values of 𝑟𝑢, defined as the 

ratio between the variation of effective vertical stress and 
the initial effective vertical stress, are close to 1 from the 
landward part of the pier to the far-field column at the left 
side of the model. Furthermore, the results show the 
formation of a wedge of 25 m of long with maximum depth 
of 4 m, next to the first pile of the port, where 𝑟𝑢 does not 

increase, and the post-seismic deformation reaches a 
maximum. In this zone the soil gets uplifted as a 
consequence of the strong lateral constraint imposed by 
the pile and the 2D constraint assumption. 

The sensitivity of the results to the selected input 
motion is under study. Nevertheless, as De la Maza et al. 
(2017) show, the results of lateral spread for the Rapel 
record without pier are approximately the mean value of 
other available rock input motions from the Maule 2010 
event. We believe that a similar tendency will be found 
when the pier is included in the model. 

Figure 7 shows the horizontal displacement contours. 
The accumulated horizontal displacements at the end of 

the earthquake are concentrated at the side of the port 
closer to the shore, with a maximum lateral deformation of 
3.5 m. As it can be seen in the figure, soil tends to form a 
wedge in the shallow buried zone of the piles placed in 
the more inclined area, moving this part of the structure to 
the ocean and to the rest of the pier. Post-earthquake 
horizontal displacements are around 1 m to 1.7 m at the 
ground surface in the pier area, while at the bottom part of 
the structure they are approximately 0.1 m to 0.5 m. 
Additionally, as shallow liquefied material moves more 
than the deeper soils, significant bending moment is 
induced in the pile elements (Fig. 8).  

As mentioned before, the pier was composed by piles 
and a concrete slab (divided into three sections). 
Horizontal displacements of the pier slabs varied between 
0.35 m to 1.4 m, while vertical settlements oscillated 
between 0.01 m to 0.2 m. The maximum deformations 
were obtained in the part of the structure located at 
steepest ground surface. At this place, the first pile of the 
pier has a rotational component of about 3.5° (Fig. 7).  

The post-earthquake survey at Lo Rojas (Bray et al., 
2012) describes the deformed structure shape as the 
landward part moved to the ocean compressing the pier 
against the seaward end. This structural response caused 
the seaward end to “raise” with respect to the rest of the 
pier. As Figure 7 shows, model results have the same 
qualitative deformed shape at the end of the seismic 
motion. However, the model is unable to capture piles’ 
interaction when they get in contact as the deformation 
increases. 

 
 

 
Figure 8. Dynamic internal force envelops for the third pile from the seashore to the ocean. 
 
 



 

 

5.2 Pile stress analysis 
 
Figure 8 shows envelops of seismically induced internal 
shear (𝑄𝑠𝑒𝑖𝑠𝑚𝑖𝑐) and bending moment (𝑀𝑠𝑒𝑖𝑠𝑚𝑖𝑐) of the 

third pile from the seashore to the ocean. In the case of 
shear forces, the diagrams show the effect of the shallow 
liquefiable soil thrust pushing to the ocean, while close to 
the end of the pile, a reaction equilibrates this lateral 
force. Regarding the bending moment diagram, there are 
three critical sections with similar high values: (i) the slab-
pile connection, (ii) below the ground level in the liquefied 
layer, and (iii) close to the interface between the shallow 
material and the non-liquefiable layer. Those zones are 
critical in terms of structural design, as the first one (slab-
pile connection) was the location of several structural 
failures observed after the earthquake. The nominal 
yielding bending moment of the piles is about 142 kN-m. 
This value is less than the maximum applied moment, 
indicating that the piles had already reached the yield 
strength in the FEM model. 

Shear and bending moment diagrams obtained from 
the FEM model were compared against two simplified 
methods to calculate the lateral spreading effects on the 
piles (Fig. 8). The methodologies and results of these 
approximated models are described below. 
 
5.2.1 Method A: LPile® simulation with ground 

displacement 
 
This approximation consisted in the simulation of a single 
pile using the LPile® software, under an imposed 
displacement profile. The software solves the resulting 
differential equation for a beam-column element using p-y 
curves. The lateral displacement profile used in this 
analysis was extracted from the results of the FEM model 
without the pier structure at the location of the analyzed 
pile (i.e. third pile from the seashore to the ocean). 

The geometry and properties of the pile in LPile® 
were defined by the project specifications and it was 
modeled as linear-elastic element. To include the inertial 
effect of the concrete slab, a shear force, equal to the 
product of the tributary mass, estimated as superstructure 
mass over one pile without service loads, and the slab 
acceleration, was added at the top of the pile. Because 
there is no information about ground acceleration in the 
analyzed site, a value of 0.4 g was chosen to calculate 
the imposed shear force, using as reference the PGA of 
the 2010 Maule Earthquake record at Concepción city 
(http://terremotos.ing.uchile.cl/). 

Soil was characterized using p-y curves by in-situ and 
laboratory information, specifically: soil type, friction angle 
(𝜙′), cohesion (𝑐′), undrained shear strength (𝑆𝑢) and 

effective specific weight (𝛾′), were required. For the 

liquefiable soil (H1) and for the H2-H3 unit, the p-y models 
from Rollins (2005) and Reese et al. (1974) were used, 
respectively. In the case of the H4 material, the curves 
from Reese et al. (1975) were employed. 
 
5.2.2 Method B: Slide® software analysis and LPile® 

model 
 

This simplified methodology, based in Ashford et al. 
(2011) and MCEER/ATC-49-1 document (ATC/MCEER 
Joint Venture 2003), was implemented using LPile® and 
Slide® softwares. The main steps of this method are: 

 Assign properties to soil. For liquefiable layers use 𝑆𝑢𝑟 employing Ledezma & Bray (2010). 

 Perform a pseudo-static stability analysis with 
different horizontal acceleration values (𝑘ℎ) to 

calculate the restitutive force that ensures a safety 
factor (𝐹𝑆) of one over the potential sliding mass.  

 Estimate the lateral displacement due to the 
seismic demand using the Bray & Travasarou 
(2007) formula for each 𝑘ℎ value used in the 

previous phase. 

 Perform a pseudo-static pushover analysis over a 
pile for incremental soil displacements to obtain 
the restraining forces from the structure. 

 Obtain the curves of restitutive forces versus 
displacements and the restraining structure force 
versus displacement (Fig. 9). 

 Obtain the intersection of curves. 

 Impose the resultant displacement over the single 
pile model to obtain the internal forces acting on it. 

 
Figure 9 shows the curves obtained for Method B. As 

this is a 2D plain-strain analysis, the results need to be 
modified to compare them against a single pile model. To 
use the curves together, the results from the single pile 
model need to be multiplied by the number of piles 
contained in the expected failure surface and divided by 
the transversal pile spacing. This procedure introduces 
several assumptions as the structure may have different 
transversal pile spacing, piles may not cross the failure 
surface at the same level, and/or they may have 3D 
orientation, so results are only an approximation of the 
actual soil-structure interaction and it gives a first 
approximation of the piles performance due to lateral 
spreading. 
 
 

 
Figure 9. Force-displacement curves used in method B. 
 
 
5.2.3 Simplified methods results 
 

http://terremotos.ing.uchile.cl/


 

 

As Figure 8 shows, the curves obtained from methods A 
and B are, in general, contained by the FEM model 
envelopes. The shapes of the curves are relatively similar 
and agree with the soil behavior in liquefied state. 
However, they have different maximum values and 
locations. In the case of the shear force, method A 
predicts a maximum value of more than two times that of 
the FEM model, and it takes place at a different location. 
These values are probably produced because this 
strategy overestimates the deformations of the non-
liquefiable soil next to the analyzed pile, as it does not 
account the displacement restriction imposed by the pier. 

As Figure 8 shows, bending moments obtained by the 
simplified methodologies are approximately a half of the 
FEM results close to the pile head. These dissimilarities 
occur because the simplified methods do not properly 
capture the inertial interaction between the piles and the 
superstructure. In the case of simplified methods, inertial 
effects are taken as a boundary condition with a low shear 
force at pile head, which leads to low bending moments. 
Whereas in the FEM model, the bending moment is 
caused by the fixed connection between the pier slab and 
the piles. 

Finally, although method B gives smaller values than 
method A, which may not be conservative for this case, it 
has the main advantage that it does not need any 
sophisticated model to estimate piles’ internal forces. 

 
 

6 CONCLUSIONS 
 
The main conclusions of this study are: 

 UBC3D-PLM constitutive model is able to properly 
represent the seismic soil response of liquefiable 
materials. The horizontal relative displacements 
predicted by the FEM model are greater than the 
field observations at points close to the reference 
wall. This could be related to the soil layer 
simulated using UBC3D-PLM. This layer liquefies 
earlier in the model than it does in the 
experiments, hence the post-liquefied behavior 
predicted by the model is less rigid than the 
laboratory behavior of soil. 

 Simplified methods to assess lateral spreading 
effects over piles are a good way to obtain a first 
approximation of the structural response of piles. 
Although they do not reach the same maximum 
values of internal forces, they have similar shapes. 
Therefore, these methods can give a first idea 
about the deformation and stresses on the 
structure. 

 Due to the 3D nature of the modeled pier, results 
of a 2D model are only an approximation. Two 
dimensional model enforces a plane-strain 
condition modifying the loading transfer between 
the piles and the surrounding soil, which does not 
include three dimensional topography/bathymetry 
and soil variability, and it cannot simulate the 
complete three-component seismic loading. More 
realistic results could be, in principle, achieved 
with a 3D model incorporating all the features 
mentioned above. Nevertheless, simulated 

residual 2D deformations of the pier are very 
similar to the values measured during the post-
earthquake survey. 
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