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Abstract

Integral abutment bridges (IABs) provide a frame-like structure without construction joints, and
it is advised to support them with flexible piles. Soil liquefaction, which reduces strength and stiffens
the soil, may impact the seismic response of IABs. This study investigates the impact of liquefaction
on IAB piles, concentrating on the parametric study of different pile sections exposed to near-fault and
far-fault ground motions (GMs). The Pyliql material model and zero-length elements in OpenSees
were employed to simulate soil liquefaction around the piles, with numerical results corroborated by
the experimental centrifuge tests. Results indicated that pile response differs with GM type; RCC piles
demonstrated higher response under near-fault GMs, whereas steel piles showed higher response under
far-fault GMs. CFST (Concrete-filled steel-tube) piles exhibited superior seismic resilience due to their
flexibility. In summary, suggested to use CFST for support of IAB in liquefied soil or when using H -
steel piles in liquefied soil, reinforce the piles in high-stress regions using available strengthening
techniques.

Keywords: Integral abutment bridges, Ground Motions, Soil liquefaction, Seismic behavior, Pile
section.
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1. Introduction

The integrity and performance of infrastructure, such as bridges, can be damaged when saturated soils
undergo liquefaction, resulting in a loss of strength and stiffness during seismic activity (Kwon and Yoo 2020),
hence diminishing the axial and lateral bearing capacities of piles (Setyadi, Rifa’i, and Indrawan 2024).
Catastrophic earthquakes, including the Maduo earthquake in China (Jinyuan et al. 2023), the Kahramanmaras
earthquake in Turkey (Ozkaynak and Cetin 2024), and the Bhuj, Niigata, Alaska, and Tangshan earthquakes
(Satyam 2012; Bhattacharya and Kappos 2014a; Mohanty and Bhattacharya 2019), have all demonstrated this
propensity. These instances underscore the necessity for earthquake design to consider dynamic soil-structure
interaction (SSI) and soil liquefaction.

Integral abutment bridges (IABs) offer a frame-type structure without construction joints, where flexible
piles are suggested to support the IAB for lateral movement. The type of foundation and the condition of the soil
have a significant impact on the dynamic response between SSI and substructures (abutments, piles, and piers)
of IAB. Due to soil liquefaction, the soil loses its strength and stiffness, causing seismic energy to disperse and
reducing the acceleration amplitudes of structures (Wang, Luo, and Ye 2023; AASHTO 2011). However, the
response of IAB pile sections in liquefied soil under near-fault and far-fault ground motions remains unclear.

During an earthquake, a bridge experiences longitudinal and transverse forces due to ground shaking, which
can lead to displacement and deformation of its components. To mitigate this, bridge elements are designed to
resist lateral movements, transferring earthquake forces from the superstructure (bridge deck) to the substructure
(abutments and piers) (Greimann et al. 1984). The typical foundation type for IABs is steel H-piles, which
provide flexibility under thermal and seismic excitation, and simplify design and construction (Naji and Firoozi
2020; Alshawabkeh et al. 2023). However, depending on specific project requirements, such as bridge length,
skew angle, and site conditions alternative foundation methods may be used (Dunker and Liu 2007). Salman and
Issa (Salman and Issa 2021) modeled an IAB supported by steel H-piles to examine the limitations of various
design criteria. They recommend using larger H-pile sections for piles embedded in soft soil to minimize stress
and extend the bridge’s service life. When smaller H-pile sections are used, the researchers suggest reinforcing
the piles in high-stress regions using available strengthening techniques. Recent studies have introduced the use
of pre-drilled holes in the soil to improve pile flexibility, enhance resistance to lateral loads, and mitigate
excessive pile stress (Xue et al. 2021; Rui-Huan et al. 2022). Chen et al. (2024) suggested that an economical
option for IABs is the novel HS-RC stepped pile idea (HS is H-shaped steel and RC is reinforced concrete),
where a lower stiffness ratio improves crack resistance and raises plastic deformation capacity. Alshawabkeh et
al. (2023) demonstrated that the lateral buckling capability of IAB piles is inversely related to pile length and
axial compressive magnitude and directly relates to pile size and material yield strength. In order to avoid the
degradation of their axial load-bearing capacity, pile sections must be meticulously selected. Alshawabkeh and
Issa (2024) proposed a design aid approach to help bridge engineers determine the maximum safe length of steel
and concrete IABs, taking into account pile size, soil stiffness, and climate variables.

A crucial field of study in earthquake engineering is SSI, especially in light of the consequences of soil
liquefaction. Liquefaction is a phenomenon whereby cyclic loading, such as shaking from earthquakes, reduces
the strength and stiffness of soil. Many infrastructure components, such as bridges, buildings, dams, highways,
and pipelines, are seriously threatened by soil liquefaction (Deierlein and Zsarndczay 2021; Zhao et al. 2025;
Gingery 2014) There is strong evidence from all across the world that earthquake loads can cause soil
liquefaction (Maugeri and Soccodato 2014)(Cubrinovski et al. 2017). For instance, the Kanto region, which is
more than 200 kilometers from the earthquake fault, saw widespread liquefaction in the wake of the 2011 Tohoku
Pacific Ocean earthquake (M9.0). In the Kanto region, which includes Ibaraki, Chiba, and Tokyo, there was a
notable degree of liquefaction in reclaimed deposits along rivers and bay areas. These regions are located up to
300-400 km southwest of the main shock's epicenter, and an estimated 70 km? of land was covered by the
liquefaction signs that were seen. Even though they were as far as 450—-500 km from the epicenter of the
earthquake, large swaths of Tokyo Bay and the Tone River downstream suffered liquefaction-related damage
(Maugeri and Soccodato 2014). In several New Zealand cities, the Kaikoura Earthquake (M7.8) in November
2016 showed evidence of soil liquefaction (Cubrinovski et al. 2017). Soil liquefaction in a bridge’s foundation
extends the unsupported length of piles, which can result in the failure of both the superstructure and substructure.
Additionally, in liquefied soil, the bridge's natural period increases, leading to greater component displacement,
higher bending moments, buckling, and cracking—ultimately causing structural failure (Inqualabi, Garg, and
Rao 2017; Bhattacharya and Kappos 2014b; Mohanty, Dutta, and Bhattacharya 2017; Song et al. 2023; AASHTO
2011; Turner, Brandenberg, and Stewart 2016; Zhang et al. 2020; Meyersohn 1994).



In earthquake engineering, distinguishing between near-fault and far-fault ground motions is essential for
infrastructure safety. Near-fault motions, occurring close to the fault (less than 10 km), are characterized by high
peak velocities, permanent displacements, and strong directivity pulses, posing significant challenges for
structural design, especially in critical infrastructure (Xiang et al. 2023; Bilgin 2024; Kazaz, Bilge, and Giirbiiz
2024). In contrast, far-fault motions, occurring at greater distances, have lower peak velocities and more gradual
shaking but can still impact structures due to their broad frequency content (Hotak, Zhao, and Gui 2025). A
thorough understanding of both motion types is crucial for resilient seismic design, as near-fault motions often
include highly dynamic, long-period velocity pulses. Therefore, it is necessary to evaluate the effect of soil
liquefaction on integral abutment bridges under near-fault and far-fault ground motions.

In summary, the seismic response of IAB pile sections in liquefied soil may differ significantly from that in
non-liquefied soil. However, to our knowledge, no published research has specifically addressed this issue,
particularly regarding the effects of near-fault and far-fault GMs on IAB pile sections. This study investigates
these effects through finite element analyses using the OpenSees computational framework, validated against a
centrifuge experimental model provided by Wilson (1998). Nonlinear time-history analyses were performed on
refined models of single-span IABs subjected to 10 recorded near-fault and far-fault GMs, incorporating p-y
springs to account for soil liquefaction. The findings highlight the importance of enhancing IAB resilience
against natural hazards, particularly earthquakes and soil liquefaction.

2. Bridge modeling and soil properties

The integral abutment bridge was modeled as a prestressed concrete girder bridge, with its key features
outlined in Table 1. The bridge details were obtained from a previous study by Erhan and Dicleli (2014). Figure
1 presents the elevation layout, typical cross-section of the bridge, and different pile sections. Additionally, the
number of piles was determined based on the soil’s bearing capacity, following the guidelines of Joseph and
Bowles (1997). The IAB was analyzed using six types of pile cross-sections: RCC8 and RCC5 (reinforced
concrete piles with diameters of 0.8 and 0.5 meters, respectively), HSST (HSS20.000x05 steel-pipe piles), HPW
and HPS (H-steel piles oriented along the strong and weak axes, respectively), and CFST (concrete-filled steel
tubes). The CFST piles consist of HSS20.000x05 steel pipes filled with concrete. All piles extend 20 meters
below the abutment. The steel has a yield strength of 420 MPa and Young's modulus of 210 GPa, while the
concrete in the piles has a compressive strength of 30 MPa.

The pile foundations were embedded in a two-layer soil system. The upper layer is composed of saturated
sand with an effective density of 17.33 kN/m?® and a friction angle of 36°, which extends to a depth of 8.5 meters.
Beneath this, the second layer, ranging from 8.5 to 20 meters, consists of stiff clay with an effective density of
18.14 kN/m? and an undrained shear strength of 200 kPa. The abutment backfill was assumed to be made of
densely compacted sand, characterized by a soil density of 23.2 kN/m? and a friction angle of 45°, as specified
in the reference (Vasheghani-Farahani, Zhao, and Burdette 2010).

Table 1. Bridge details and material

Young’s modulus of

be'}(/lpe Details ¢ I\llumber Material
or bridge of element
Concrete Steel
Single span 41m 41x1
Width of bridge 16m
. . . AASHTO
. Girder information type-VI girders 7 E=
Bridge 33.234 GPa
details Deck thickness 0.225m
Abutment 15 x4 x1
Pile HP14x 117 E= E=210
Tvpe HPW about weak 9 25.742 GPa GPa
P axis (HPW)
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Fig. 1. Integral abutment bridge details and piles cross-sections

2.1. Nonlinear soil spring

In this study, the soil surrounding the piles was assumed to be sand, considering the potential for soil
liquefaction. To account for soil-structure interaction, nonlinear discrete Winkler spring elements were placed
perpendicular to the rear of the abutment and around the piles. The p-y spring element material developed by
Brandenberg et al. (2013), known as PyLiql, was used to model soil liquefaction effects, with the residual soil
resistance set to 0.1 based on previous studies (Rabeti Moghadam, Alielahi, and Sadeghi 2017; Mazzoni et al.
2006). Nonlinear p-y springs were implemented using zero-length elements, linking pile nodes to soil nodes to
simulate the soil foundation (Gergely 2016).

For the clay layer, the PySimplel material in OpenSees was applied. Both PyLiql and PySimplel materials
are defined by ultimate resistance (Pu) and y50, the displacement at 50% of ultimate resistance. A key distinction
lies in the ultimate capacity of the p-y spring material, which depends on the mean effective stress in the free
field. As pore pressure rises in the free field, the ultimate capacity of the p-y spring decreases. When the mean
effective stress reaches zero, the ultimate capacity reduces to a residual value (Aygiin et al. 2011; Brandenberg
et al. 2013; Bowers 2007; Xie, Zhang, and Huo 2018).

The ultimate soil capacity was calculated following API guidelines (API (American Petroleum Institute) 1993),
with p-y springs spaced at 0.5 meters. The ultimate soil resistance for various pile sections was represented
through p-y curves, as illustrated in Fig. 2. Additionally, nonlinear compression p-y spring elements



incorporating HyperbolicGap Material characteristics were used to simulate the soil behind the abutment
(Shamsabadi, Rollins, and Kapuskar 2007).
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3. Validation and numerical modeling
3.1. Validation

Experimental investigations and numerical simulations utilizing OpenSees were performed to deepen the
understanding of pile foundation behavior in liquefied soils under seismic loading. This approach aims to refine
the numerical model, ensuring a more precise representation of the physical phenomena observed in experimental
studies. To validate the numerical methodology, a single vertical pile was simulated, and its results were
compared with those from Wilson's 1998 centrifuge experiment (CSP2) (Wilson 1998). Fig. 3a presents the
configuration of the partial model prototype. In this setup, a 6061-T6 aluminum pipe, with an outer diameter of
0.67 m and a thickness of 0.072m, was embedded in stratified Nevada sand. The relative densities of the soil, in
liquefied and non-liquefied conditions, were approximately 40% and 80%, respectively. The effective unit
weight of the liquefied soil was 19.0 kN/m?, with a friction angle of 32°, whereas for the non-liquefied soil, these
values were 20.0 kN/m? and 38°, respectively. A superstructure weighing 49.1 tons was positioned atop the pile
at a height of 3.81 meters above the ground surface. Nonlinear discrete Winkler spring elements (p-y springs)
were placed along the perimeter of the piles. The ultimate soil capacity was determined based on API guidelines,
with the springs spaced at 0.5-meter intervals as shown in Fig. 3b. Additional details regarding the nonlinear
springs have been discussed in previous sections. The acceleration data from the 1995 Kobe earthquake (depicted
in Fig. 3¢) was scaled to a peak magnitude of 0.46g and utilized as the input ground motion for the experiment.
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Fig. 3. Wilson experimental model and numerical model in OpenSees

Validating the numerical model is crucial to ensure its accuracy in predicting the seismic response of pile
foundations. The strong correlation between the numerical simulations and Wilson’s (1997) experimental data
for the CSP2-J model, as shown in Fig. 4, provides substantial evidence of the model’s accuracy. The consistency
in pile acceleration trends (Fig. 4a), displacement responses (Fig. 4b) and bending moments at different points
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of piles (Fig. 4c and 4d) further confirms its ability to accurately capture the superstructure's dynamic behavior.
The lack of comprehensive soil data is probably the cause of the disparities seen, especially in amplitude and
phase. It's possible that the lack of thorough information affected the realistic depiction of vital soil
characteristics, such as stiffness and damping, which are critical when simulating soil-structure interactions
under seismic loading. Despite these difficulties, the numerical model's performance has been greatly enhanced
by the addition of nonlinear soil behavior and sophisticated calibration methods. Overall, the good agreement
between the numerical and experimental results supports the suggested modeling strategy.
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Fig. 4. Experimental and numerical analysis results of pile response.

3.2. Finite element model

Based on previous studies, the selected bridges were transformed into a 3D line element model and
implemented in OpenSees. In this model, nodes had six degrees of freedom (DoFs), while the soil was assigned
three DoFs (Gergely 2016). Following established methodologies, the bridge superstructure was represented
using ElasticBeamColumn elements, the abutment was modeled as a NonlinearBeamColumn element, and the
piles were defined as DisplacementBeamColumn elements to account for plasticity distribution along their length.
To ensure a monolithic connection between the superstructure, abutment, and piles, rigid link elements were
incorporated, as shown in Fig. 5. Additionally, nonlinear p-y spring links (Zero-Length elements) were used to
establish the interaction between the soil and the bridge components (i.e., abutment and piles). Rayleigh damping,
based on the first and second vibration modes, was applied with a 5% damping coefficient. This advanced
modeling approach enhances conventional structural engineering methodologies, offering improved accuracy
and realism.
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3.3. Time history analysis

A total of ten recorded ground motions were selected as input data from the 1989 Loma Prieta, 1999
Kocaeli-Turkey, 1999 Chi-Chi Taiwan, and 2010 Darfield New Zealand earthquakes. The properties of these
ground motions (GMs) are detailed in Table 2. These records were sourced from the PEER NGA West2
database (PEER 2023). A peak ground acceleration (PGA) of 0.5g was assumed, corresponding to Site Class
D, a seismic fortification intensity of VIII, and Design Seismic Category C. Nonlinear time-history analysis
was chosen as the preferred method for identifying detrimental mechanisms in highway bridges subjected to
seismic excitation and lateral spreading due to soil liquefaction. Accordingly, this study utilized nonlinear
time-history analyses. The research focuses on a scenario involving six integral abutment bridge (IAB) models,
all featuring single-span configurations. The seismic loading was analyzed independently in the longitudinal
and transverse directions. Hence, a total of 120 analyses were performed, 60 in the longitudinal and 60 in the
transverse direction of IAB. The data were averaged across the ten GMs to provide a complete picture of the
outcomes.

Table 2. Ground motion properties

Earthqu ChiChi, Kocaeli Turkey N DZarfilelc(ll Loma Prieta

akes Taiwan 1999 1999 ewAeaian 1989
2010

Station W/i{ HYC 1z Du Iz Yari CC HO G02 GMR
location 032 024 nik zce mit mca C RC _Up 000

Mw 7.62 7.51 7 6.93

0.2 0. 0. 0.2 0. 0.28 0.2 0.3 0.24
PGA 96 284 344 89 362 7 76 56 4 0.277

* Christchurch Cathedral College

4. Result and discussion

Maintaining IAB stability during earthquakes depends on the seismic performance of pile foundations,
especially when taking soil liquefaction into account. This study investigates the impact of liquefaction on IAB
piles' response, concentrating on the parametric study of different pile sections exposed to near-fault and far-
fault ground motions (GMs). The results were assessed according to the maximal pile response under near -fault
and far-fault GMs. The maximal pile response, including displacement, moment stress, and strain, was calculated
using finite element analysis. The middle pile of the left abutment in the IAB was chosen to illustrate the maximal
pile response along the pile depth under both near-fault and far-fault GMs. Similarly, the upper portion of the



left abutment was used to illustrate abutment displacement under near-fault and far-fault GMs. The next sections
discuss the responses of IAB piles and abutments to different pile cross-sections.

4.1. Pile Displacement

Longitudinal and transverse pile response is essential for assessing the seismic resilience of foundation
systems, as excessive displacement and deformation may lead to structural instability and failure. The
longitudinal displacement of the IAB pile foundation supported by different pile types RCC8, RCC5, HSST,
CFST, HSP, and HWP pile under both near-fault and far-fault GMs are shown in Fig. 6. The graphs are
represented by two colors, where the green hatched bars represent near-fault GMs, and the orange bars represent
far-fault GMs. The average displacement trends as a solid orange line depicted far-fault and a dashed green line
depicted near-fault GMs.

Analysis results indicated that the IAB supported by the RCCS8 pile which has a larger diameter exhibited
lower displacement compared to others. When comparing the effects of GMs, no clear tendency was observed
initially between near and far-fault GMs. But, based on the average displacement, the near-fault GMs exhibited
greater displacement compared to far-fault GMs, as shown in Fig. 6a. In the case of IAB supported by the RCC5
pile, the average pile displacement under near-fault and far-fault GMs was approximately the same, as shown in
Fig. 6b. On the other hand, the steel piles were shown higher displacement compared to reinforced concrete piles
(RCC8 and RCC5). Among the steel piles, the CFST exhibited lower displacement compared to HSST, HSP,
and HWP. Where the CFST had 0.042m and HSST, HSP, and HWP had 0.044, 0.046, and 0.047 respectively.
When comparing the effect of near-fault and far-fault GMs on steel piles, based on the average displacement it
appeared that the effect of far-fault GMs was slightly higher compared to near-fault GMs, as shown in Figs. 6¢-
f. This behavior can be explained by the inherent flexibility and ductility of steel-based piles, which facilitate
improved energy dissipation. Furthermore, RCC piles' relatively higher cross-sectional stiffness makes them
more vulnerable to dynamic amplification effects, particularly under the impulsive loading conditions
characteristic of near-fault excitations.

The transverse displacement of the IAB pile foundation supported by different pile types RCC8, RCCS5,
HSST, CFST, HSP, and HWP pile under near-fault and far-fault GMs are shown in Fig 7. Analysis results
indicated that the IAB supported by RCC8 and RCCS5 piles exhibited lower displacement compared to steel piles
and composite piles (HSST, CFST, HSP, and HWP). Among the reinforced concrete piles, the larger-diameter
RCCS8 pile resulted in lower displacement in the transverse direction of the bridge compared to the RCC5 pile,
as shown in Figs. 7a and 7b. Among the IABs supported by steel piles, those with HSST and HWP piles exhibited
lower displacement compared to those with HSP piles. In the transverse direction, the HSP piles had their weaker
axis aligned with the transverse direction of the IAB, resulting in greater displacement. The average
displacements of HSST, HSP, and HWP piles were 0.208 m, 0.324 m, and 0.0208 m, respectively, as shown in
Figs. 7c-f. The IABs supported by CFST piles had an average pile displacement of 0.210 m. When comparing
the effects of near-fault and far-fault GMs in the transverse direction of the IAB, the average displacement values
indicate that most pile sections supporting the IAB exhibited approximately the same displacement under both
near-fault and far-fault GMs.

In summary, based on the analysis results, RCCS8 piles supporting IAB were found to be better suited for
high-seismic zones, while CFST piles supporting IAB demonstrated superior performance and should be
prioritized for IABs, where pile flexibility is a key requirement for [ABs.
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4.2. Pile Bending Moments

The investigation of maximum bending moments of piles in the longitudinal direction (Mz) of IAB
demonstrates that the seismic response of pile foundations is highly dependent on the pile type and the GM
characteristics. The results indicate that reinforced concrete piles with diameters of 0.8m and 0.5m (RCC8 and
RCCS5) are subjected to significantly higher bending moments than steel piles. Moreover, the RCC8 and RCC5
piles moment under near-fault GMs appeared higher than far-fault ground motions, as shown in Figs. 8a and 8b.
This may be due to the rapid velocity pulses and high energy content of near-fault vibrations, causing additional
stresses on pile sections. In contrast, HSST, HSP, and HWP piles (steel piles) display a higher moment, with far-
fault GMs than near-fault GMs as shown in Figs. 8c-f. The IABs supported by CFST pile, CFST piles exhibited
higher moments compared to steel piles, and the moment of piles under near-fault and fat-fault GMs were
approximately equal. It may be due to the intrinsic flexibility and ductility of steel-based piles, which allow for
better energy dissipation. Furthermore, the comparatively increased cross-sectional stiffness of RCC piles
renders them more susceptible to dynamic amplification effects, especially under the impulsive loading
circumstances associated with near-fault excitations. In summary, the analysis results highlight the crucial role
of pile material and sectional parameters in seismic performance, with RCC piles being more sensitive to near -
fault shaking, whereas steel-based piles perform more consistently across GM types. These findings underscore
the importance of specialized seismic design methodologies for various pile types, particularly in near-fault
zones where RCC piles may require additional reinforcement and detailing to mitigate the risk of excessive
bending moments.
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Maximum moment in the longitudinal direction
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Fig. 8. Maximum moment of piles in the longitudinal direction of IAB

In the transverse direction of [ABs, under seismic excitation of various pile sections, there appeared a three
times higher bending moment compared to seismic excitation in the longitudinal direction of [ABs piles moment.
RCCS8 piles similar to longitudinal direction exhibit the highest bending moments compared to others and most
of the pile sections in the transverse direction with near-fault GMs generated significantly larger moments than
far-fault GMs as illustrated in Figs. 9a-b. The phenomenon was most obvious in the RCCS pile, where near-fault
excitations frequently result in greater peak moments, highlighting rigid sections' vulnerability to the powerful
velocity pulses associated with near-fault motions. The HSST, CFST, HSP, and HWP piles (steel and composite
piles) exhibit slightly higher bending moments distributed, which may be assumed as uniform reactions under
near-fault and far-fault GMs, as illustrated in Figs. 9c-f. However, in other cases, in the transverse direction, far-
fault GMs result in significantly lower bending moments.
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Maximum moment in the transverse direction
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Fig. 9. Maximum moment of piles in the transverse direction of IAB

This behavior of steel piles was largely attributed to the superior ductility and energy dissipation capacity of
steel-based piles, which effectively limit excessive moment amplification under severe seismic conditions. The
analytical results highlight the importance of considering the directional impacts of seismic loading into pile
design, especially for RCC piles, which require greater detailing and reinforcing to meet the elevated transverse
bending demands imposed by near-fault conditions.

4.3. TAB Abutment Displacement
The longitudinal displacement of the IAB abutment supported by different pile types RCC8, RCC5, HSST,
CFST, HSP, and HWP pile under near-fault and far-fault GMs are shown in Fig. 10. The top portion of the left
abutment was chosen to represent the abutment displacement under near-fault and far-fault GMs.

Analysis results of the IAB abutment supported by the RCCS8 pile exhibited lower displacement compared to
the abutment supported by RCC5, HSST, HSP, HWP, and CFST. On the other hand, the abutment supported by
the CFST exhibited lower displacement compared to the abutment supported by steel piles (HSST, HSP, and
HWP). Where the average abutment displacement under far-fault GMs, supported by CFST had 0.039m and
HSST, HSP, and HWP had 0.040, 0.040, and 0.041 respectively. When comparing the displacement of abutment
with the effects of GMs, no clear tendency was observed initially between near and far-fault GMs. However,
based on the average displacement of abutment supported by reinforced concrete piles (RCC8 and RCCS), the
near-fault GMs exhibited greater displacement compared to far-fault GMs, as shown in Figs 10a-b. In the case
of IAB supported by the steel and composed piles (HSST, HSP, HWP, and CFST), the average abutment
displacement under far-fault GMs appeared higher compared to near-fault GMs, as shown in Figs 10c-f.
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4.4. Stress and strain distribution in pile sections
The subsequent sections discuss the maximum stress and strain distribution in IAB piles within liquefied
soil, focusing on parametric studies of pile sections subjected to near-fault and far-fault ground motions (GMs).
Figures 11 and 12 illustrate the maximum stress and strain along the pile for all types of pile sections. Based on
the time history analysis results, the pattern of maximum stress and strain distribution along the pile varied
significantly among different pile sections.

4.4.1. Piles stress and strain in the longitudinal

When considering the RCCS piles supporting IAB the maximum stress and strain distributed along the pile
depth were observed across the entire pile depth, as illustrated in Figures 11al and 12al. The higher stress and
strain values appeared at the pile apex, gradually decreasing along the depth and slightly increasing again
between the interface of the liquefied and non-liquefied layers. In the RCCS8 pile the higher stress and strain
appeared under near-fault GMs compared to far-fault ground motion. However, the maximum stress and strain
in the RCCS5 piles supporting IAB appeared approximately at the depth of 3m and 9m, where the effect of far-
fault GMs appeared higher compared to near-fault GMs, as shown in Figs. 11a2 and b2 and 12a2 and b2. The
maximum stress and strain of HSST, HPS, and HPW piles sections, appeared at the pile apex, then gradually
decreased along the depth, and then increased again between the interface of the liquefied and non-liquefied
layers. In the HSST, HPS, and HPW piles the effect of far-fault GMs appeared higher compared to near-fault
GMs, as shown in Figs. 11a3 and b3 and 12a3 and b3. When considering the CFST piles supporting IAB the
maximum stress and strain appeared at the interface of liquefied and non-liquefied soil, as illustrated in Figs.
11a4, b4 and 12a4, b4.
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Fig. 11. Pile Stress in Longitudinal Direction

In summary, under longitudinal seismic excitation, IABs supported by HSST, HPS, and HPW piles, the
piles exhibited higher stress and strain values in the longitudinal direction compared to other pile sections. Lower
stress and strain values were observed in RCC8 piles, followed by RCC5 and CFST piles. Moreover, HSST,
HPS, and HPW piles had higher stress and strain, which may make them more susceptible to buckling. In contrast,
CFST piles may be a better choice for supporting IABs due to their flexibility, which allows them to resist higher
strain and stress. Furthermore, the effects of near-fault and far-fault GMs were approximately the same in CFST
piles.
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Fig. 12. Pile Strain in Longitudinal Direction
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4.4.2. Piles stress and strain in the transverse

When the earthquake effect was considered in the transverse direction of IAB. The stress and strain values
of piles in the transverse direction were over three times higher compared to the longitudinal direction. The stress
and strain distribution along the pile was approximately the same as the longitudinal direction of IAB with a
slight difference. For instance, in the IAB supported by RCC8 piles the maximum stress and strain distributed
along the pile depth were observed across the entire pile depth. The higher stress and strain values appeared at
the pile apex, gradually decreasing to the depth of 4m and then increasing again, and with RCCS piles the higher
stress and strain appeared under near-fault GMs compared to far-fault GMs, as illustrated in Figures 13al-bl
and 14al-bl. However, the maximum stress and strain in the RCC5, HSST, HPS, and HPW piles sections
appeared at the pile apex and between the interface of liquefied and non-liquefied soil. Where the stress and
strain distribution along the pile under far-fault and near-fault GMs were approximately the same, as shown in
Figs. 13a-b and 14a-b. When considering the CFST piles supporting IAB the maximum stress of the pile appeared
at the interface of liquefied and non-liquefied soil under near-fault GM, and at the apex under far-fault GMs, as
illustrated in Figs. 13a4, b4. and the maximum strain appeared at the pile apex as shown in Fig. 14a4 and b4.

Based on the analysis results, HSST, HPS, and HPW piles exhibited higher stress and strain values under
transverse seismic excitation of the IAB compared to other pile sections. The lowest stress values were found in
CFST piles, followed by RCC8 and RCC5 piles. Additionally, HSST, HPS, and HPW piles exhibited higher
stress and strain, which may making them more susceptible to buckling. In contrast, CFST piles may be a better
choice for supporting IAB bridges due to their flexibility, which results in higher strain but lower stress.
Furthermore, the effects of near-fault and far-fault GMs under transverse seismic excitation were approximately
the same, considering soil liquefaction around the piles.
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Fig. 13. Pile Stress in Transverse Direction
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5. Conclusion

This work investigated the performance of IABs by performing parametric analyses on pile sections
subjected to near-fault and far-fault GMs considering soil liquefaction around the pile foundation. Six types of
pile sections were selected to evaluate their responses, including RCC8 and RCC5 (reinforced concrete piles
with diameters of 0.8m and 0.5m), HSST (steel pipe), HPS and HPW (H-steel piles oriented along the strong
and weak axes of the bridge), and CFST (concrete-filled steel tube) piles. The primary objective was to assess
pile flexibility in IABs while considering the influence of soil liquefaction around the piles.

In general, when comparing the piles responses of IABs under near-fault and far-fault GMs in liquefiable
soil, no clear trend was observed initially between them. But, based on the average response values of near-fault
and far-fault GMs, the following conclusions were drawn from the analysis:

Under seismic excitation in the longitudinal direction of the IAB, reinforced concrete piles with greater
diameters (RCC8) displayed lower displacement and higher moments, although near-fault GMs induced larger
displacements and moments compared to steel piles and CFST pile. In contrast, steel piles (HSST, HSP, and
HWP) experienced higher displacement, and moment under far-fault GMs. The CFST piles supporting the IAB
exhibited approximately the same displacement and moment under both near-fault and far-fault GMs.

In the transverse direction under seismic excitation, most pile sections supporting the IAB showed
approximately similar displacement under near-fault and far-fault GMs, except for HSP, which exhibited
significantly larger displacement under near-fault GMs.

The displacement of the IAB abutment in the longitudinal direction was lower when supported by RCCS8
and RCCS5 piles compared to steel and CFST piles, and near-fault GMs caused larger abutment displacement.
Conversely, IAB abutments supported by the steel piles (HSST, HSP, and HWP) and CFST pile showed greater
displacement under far-fault GMs compared to near-fault GMs.

Based on the stress and strain evaluation, the IABs supported by HSST, HPS, and HPW piles, piles exhibited
higher stress and strain values in the longitudinal and transverse direction compared to other pile sections, which
may make them more susceptible to buckling. In contrast, CFST piles may be a better choice for supporting IAB
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bridges due to their flexibility, which results in higher strain but lower stress. Furthermore, the effects of near-
fault and far-fault GMs under longitudinal and transverse seismic excitation were approximately the same,
considering soil liquefaction.

The comparative evaluation of the IAB pile's performance under seismic loading reveals that CFST piles
represent the most optimal option for bridge foundations, especially in high-seismic zones. CFST piles
demonstrate exceptional seismic resilience, attributed to their combination of high compressive strength,
ductility, and energy dissipation capacity. These properties enable them to effectively mitigate excessive bending
moments in both the longitudinal and transverse directions, ensuring robust performance under dynamic loading
conditions. Additionally, suggested when using H-steel piles in liquefied soil, reinforce the piles in high-stress
regions using available strengthening techniques.
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