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Abstract: The foundations of buildings and 

other structures must support static and 

seismic loads in areas where seismic activity is 

common. To avoid bearing capacity failures, 

increase the dynamic stiffness of the structural 

system, and minimize dynamic oscillations 

during earthquakes, a transition from shallow 

to deep foundations is required. Although 

much information is available regarding pile 

foundations' structural response to static loads, 

much less is known about how they behave 

under dynamic loads. The present paper 

summarizes key findings from numerous 

research projects to give an extensive overview 

of the reaction of piling groups subjected to 

seismic loads. The paper covers a wide range of 

pile group behavior topics, such as how they 

dynamically respond to seismic loadings, what 

influences their performance, and how soil-

structure interaction affects them. This 

research offers significant insight into the 

seismic reaction patterns of pile groups, which 

can be used to improve the dynamic 

performance of foundation systems. This work 

underscores that understanding the behavior of 

pile groups' underground motion is pivotal for 

informing and refining the design of pile 

foundations. By optimizing designs for 

improved seismic resilience and overall 

performance, engineers and researchers can 

further enhance the safety and stability of 

structures in seismically susceptible places. 
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 السلوك الزلزالي لأسس الركائز: مراجعة 
 4صادق نعمة هنيدي  ، 3لويس فيليب الميديا برناردو ، 2حمزة عمران ،1مصعب عايد كصب الجنابي  ، 1دعاء الجنزاوي 

 . العراق – بغداد /النهرينجامعة  /كلية الهندسة /مدنيةقسم الهندسة ال  1
 . العراق -10081بغداد  /جامعة الكرخ للعلوم /كلية الطاقة وعلوم البيئة /قسم علوم البيئة 2
 . البرتغال – كوفيلها 001-6201 /جامعة بيرا الداخلية / قسم الهندسة المدنية والعمارة 3
 . العراق – 64001مدينة الناصرية  / كلية مزايا الجامعية /قسم الهندسة المدنية 4

 الخلاصة 
تجنب فشل  يجب أن تدعم أسس المباني والهياكل الأخرى كل من الأحمال الثابتة والزلزالية في المناطق التي يعتبر النشاط الزلزالي فيها شائعاً. ل 

العميقة. على    قدرة التحمل، وزيادة صلابة النظام الإنشائي، وتقليل التذبذبات الديناميكية أثناء الزلازل، يتطلب التحول من الأساسات الضحلة إلى
لأحمال  الرغم من توفر الكثير من المعلومات بشأن استجابة أساسات الركائز للأحمال الثابتة، إلا أن القليل جدًا معروف عن كيفية سلوكها تحت ا

لركائز للأحمال الزلزالية.  الديناميكية. تلخص هذه الورقة البحثية النتائج الرئيسية للعديد من الابحاث لتقديم نظرة شاملة عن استجابة مجموعات ا
ائها،  تغطي الدراسة مجموعة واسعة من مواضيع سلوك مجموعات الركائز، مثل كيفية استجابتها بشكل ديناميكي للأحمال الزلزالية، وما يؤثر في أد 

هذا البحث رؤية هامة حول أنماط الاستجابة الزلزالية لمجموعات الركائز، والتي يمكن استخدامها    يقدمالهيكل عليها.    -وكيفية تأثير تفاعل التربة  
غناء  لتحسين الأداء الديناميكي لأنظمة الأساسات. تؤكد هذه الدراسة على أن فهم سلوك مجموعات الركائز تحت حركة التربة أمر بالغ الأهمية لإ

يمكن للمهندسين والباحثين تعزيز الأمان والاستقرار حسين التصميم لتعزيز المرونة الزلزالية والأداء العام،  وتحديث تصميم اسس الركائز. من خلال ت
 .للهياكل في الأماكن المعرضة للزلازل

 الركيزة. -السلوك الزلزالي، مجموعة ركائز، اختبار طاولة الهز، نمذجة عددية، تفاعل التربة  كلمات الدالة:ال
 

1.INTRODUCTION
A pile foundation is a structural component 
embedded in the ground and utilized to transfer 
loads from the superstructure to the soil below. 
Pile systems are frequently used to control and 
reduce settlement and fluctuations in 
settlement, besides their function of shifting the 
weight of structures to the supporting strata 
below [1]. The difficulties in attaining exact 
vertical alignment and guaranteeing that the 
foundation is exactly centered over a column or 
wall usually prevent using of a single pile 
beneath them. This issue is vital because any 
deviation can lead to eccentric loading, 
potentially causing the connection between the 
pile and the column to rupture and subjecting 
the pile to structural failure due to bending 
stresses [2]. In practical scenarios, structural 
loads are sustained through multiple piles 
functioning collectively as a group. 
Consequently, the settlement experienced by 
the group tends to exceed that of a single pile, 

often referred to as the "efficiency" or 
"settlement ratio" of pile groups. In 
geotechnical and structural engineering, pile 
group configuration and stress dispersion 
patterns are essential concepts [3]. Figure 1 
presents the typical pile group configurations 
and how the stress is distributed within the 
ground under a single and a group of closely 
spaced piles. They dictate how piles are 
arranged and loads are distributed within the 
group, directly impacting the stability and 
efficiency of the foundation. The group 
settlement tends to be significant in size due to 
the greater depth of the pressure bulb 
associated with the group compared to an 
individual pile (Fig. 1). Engineers employ 
various analytical tools to optimize designs, 
considering factors like pile number, spacing, 
properties, and soil characteristics to ensure 
structural integrity and prevent settlement 
issues [2]. 

 

Fig. 1 Pile Group Configuration and Stress Dispersion Pattern. 
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Pile foundations are classified into different 
types based on their shape (as presented in 
Table 1). Choosing the pile shape depends on 
the specific engineering requirements of the 
project, the soil conditions at the construction 
site, and other logistical considerations. Piles 
are essential for supporting heavy structures by 
transferring their weight to the ground. They 
are used in critical structures like bridges and 
tall buildings. However, in earthquake-prone 
areas, piles in loose, liquefiable soil can fail 
during tremors despite existing building codes 
trying to account for this risk. Piles are seldom 
used in isolation; more commonly, they are 
employed in groups connected to a common 
foundation block referred to as a pile cap. Over 
the years, there has been a significant increase 
in research works on pile group foundations. 
Earlier research primarily concentrated on two 
main aspects: the behavior of pile groups under 
vertical loads, [1] focused on assessing bearing 
capacities and settlement; and the response of 
pile groups to lateral loads. Studies [2-9] are 
dedicated to evaluating bending moments and 
lateral deflections. However, it is worth noting 
that studying the isolated effects of vertical and 
lateral loads may not accurately represent the 
actual response of pile groups in real-world 
field conditions. This limitation has been 
acknowledged by researchers [10]. Very few 
studies have explored how pile groups respond 
when they experience vertical and lateral loads 
at the same time, as demonstrated by [10]. 
Furthermore, scholars studied pile groups 
facing combined eccentric lateral and torsional 
loads [11-14]. The later investigations, as 
conducted by [11, 12, 14], evaluate twist angles, 
shear forces, and bending moments using 
various approaches, such as centrifugal model 

tests, analytical methods, and numerical 
analysis. Geotechnical and structural engineers 
have long considered the seismic response of 
pile groups to be an essential subject. In areas 
where earthquakes are common, pile 
foundations are vital for giving various 
constructions stability and load-bearing 
capacity. Designing strong and secure networks 
requires understanding how pile groups react 
to seismic stresses [15]. Pile foundations are 
prone to severe damage during strong 
earthquakes in areas where seismic activity 
poses a considerable threat, collapsing the 
structures they support catastrophically. These 
issues have been brought up in several studies 
[16–19]. In addition, sites with loose, saturated 
sand layers are more likely to experience 
liquefaction due to the accumulation of pore 
water pressure (PWP). This phenomenon has 
led to a lot of research to understand the 
complex behavior of soil-pile-structure 
interaction (SPSI) in liquefiable soil. Research 
findings [20–23] have emphasized that the 
liquefaction of loose sand deposits is one of the 
major factors responsible for the extensive 
damage that pile foundations in buildings, 
bridges, and waterfront structures sustain 
during different major earthquakes. 
Additionally, when soil layers have a slope, 
lateral ground movement may occur, resulting 
in lateral spreading that applies extra lateral 
forces on piles [24-28]. Recent earthquake 
events, such as the 1989 Loma Prieta, 1995 
Kobe, and 1999 Chi-Chi earthquakes, have 
emphasized the critical need for a deeper 
understanding and assessment of seismic SPSI 
effects, as evidenced by failures of pile 
foundations and superstructures [29-32]. 

Table 1 Pile Classification Based on Shape with their Descriptions. 
No. Pile classification 

based on its shape 
Description 

1 Cylindrical piles Also known as round piles, they feature a circular cross-sectional shape (Fig. 2 (a, b)). These piles 
are commonly constructed using materials such as concrete or steel. Cylindrical piles are favored for 
their ease of manufacturing and installation, making them suitable for a diverse array of 
construction applications. Several researchers have designed and analyzed cylindrical pile 
foundations, including the works by [23,24,26,33-41] and others. 

2 Square or 
rectangular piles 

Featuring a square cross-section, they are commonly used in construction (refer to Fig. 2 (c)). They 
provide stability and are particularly well-suited for transferring heavy loads. Numerous researchers 
designed and analyzed square and rectangular pile foundations. Some notable contributions in this 
field include the works by [42-47], among others. 

3 Octagonal piles Characterized by their eight-sided structure (Fig. 2 (c)), they represent a middle ground between the 
simplicity of circular piles and the load-bearing capacity of square piles. They find application in 
scenarios where stability and ease of installation are vital considerations. Despite their potential 
advantages, there is a noticeable scarcity of research concerning octagonal pile foundations 
(e.g.,[48-51]) compared to more conventional shapes, such as square and cylindrical piles. The lack 
of research can be linked to established shape traditions and the inherent complexity of designing 
octagonal piles. 

4 H-piles They have an "H" shape when viewed in cross-section (Fig. 2 (c)). They are often made of steel and 
commonly used in marine and waterfront construction due to their ability to resist lateral forces. 
Extensive research has been undertaken regarding this pile type, including studies by [52-61] and 
others. 

5 Tapered piles Featuring a varying cross-section (Fig. 2 (d)), with one end more significant than the other, they 
allow optimal load-bearing capacity with reduced material usage. Several researchers have explored 
this pile type, including studies by [62-72] and others. 

6 Spiral piles They have a spiral or helical shape along their length, similar to a corkscrew (Fig. 2 (e)). They are 
often used in softer soils and can be twisted or screwed into the ground. Numerous researchers have 
investigated this type of pile [73-78]. 

https://tj-es.com/
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Fig. 2 Common Pile Foundation Shapes.

Analyzing the interaction between pile 
foundations and soil under seismic excitation is 
considered one of the intricate challenges in 
geotechnical earthquake engineering. In 
specific situations, pile foundations are 
preferred over shallow foundations, 
particularly the case in areas where the near-
surface soil layers exhibit significant weakness, 
to the extent that the soil properties fail to meet 
the necessary strength requirements, or where 
the settling and/or movements of a shallow 
footing on such ground would be considered 
unacceptable. The primary aim of this study is 
to offer a comprehensive understanding of the 
seismic response patterns observed in pile 
groups, thereby providing valuable insights into 
the dynamic behavior of deep foundation 
systems. The present research contributes to 
the knowledge base by shedding light on how 
pile groups react to seismic forces and enhances 
the understanding of their performance during 
earthquakes, which is crucial for designing 
more resilient structures in earthquake-prone 
regions. 
2.SHAKING TABLE TESTS ON PILE 

GROUPS 

Dynamic testing of pile foundations has been 
conducted using various approaches, including 
experiments with real-scale models (as 
illustrated in [79,80]), laboratory-scale models, 
which include shaking table models (as 
demonstrated by [81,82]), and centrifuge 
models (as explored in [83,84]). As highlighted 
by [85], this testing method is considered less 
cost-effective and less time-consuming than 
conducting full-scale foundation tests, making 
it a common choice for studying soil-pile 
interaction, simulating various soil conditions, 
pile types, and replicating real seismic forces. 

The laboratory testing method involves using a 
specialized platform known as a shaking table, 
which is capable of simulating various types 
and intensities of ground motions, including 
earthquakes [85]. Understanding how piles and 
the soil they are embedded in react to 
fluctuations in load, especially motions caused 
by earthquakes, is the main goal of these tests 
[86]. These tests are used by researchers to 
evaluate pile foundation performance, stability, 
and safety in seismically active areas. A big 
mechanical apparatus called a shaking table is 
used to simulate earthquakes brought on by 
earthquakes or other dynamic forces [87]. As 
seen in Fig. 3, it is composed of a horizontal 
platform able to move in several directions (up, 
down, left, right, and back and forth) to 
replicate the intricate motions of the ground 
during an earthquake. On top of the shaking 
table, piles are placed in a test chamber or 
specifically made soil container. To replicate 
actual soil conditions, the sand inside the 
chamber is typically prepared and compacted. 
Depending on the research goals, the pile group 
layout can change, including the number and 
arrangement of heaps. By applying regulated 
accelerations and displacements to the test 
specimen, the shaking table is designed to 
produce seismic excitations [88]. The motion's 
frequency, amplitude, and duration can be 
changed to more closely resemble actual 
earthquakes. To measure essential 
characteristics during the test, various sensors 
and devices are placed on and around the pile 
group. These could incorporate strain gauges 
on the piles to measure deformation, pressure 
cells to track soil pressures surrounding the 
piles, and accelerometers to record ground 
motion. To get information on how the pile 
group reacts to the simulated earthquake, 

https://tj-es.com/
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researchers closely observe the test in real-time. 
After that, this data is examined to evaluate 
elements, including shear forces, axial load 
distribution, bending moments, pile deflection, 
and settlement. Shaking table testing has 
become more critical in analyzing soil-pile 
interactions as dynamic structural evaluation 
technologies, and the idea of model similitude 
has developed, as [89] has shown. Similitude 
principles are crucial when evaluating soil-pile 
systems on a shaking table. Specialized parts, 
including laminar boxes, wing-equipped box 
walls, and stiff inner linings, are intended to be 
used in conjunction with the shaking table to 
regulate wave reflection from the boundaries. 
To investigate the effects of seismic forces on 
piles, Tokimatsu et al. [90] conducted 
comprehensive shaking table experiments on 
dry and saturated soils, paying particular 
attention to the kinematic and inertial forces. 
Their results demonstrated that pile stress was 
significantly impacted by inertial and kinematic 
elements when the superstructure's natural 
period exceeds that of the underlying soil. Full-
scale piles were built for large-scale shaking 
table tests in horizontal and sloping terrains in 
a different study [91]. Their analysis showed 
that, in horizontal ground, the interface 
between the pile and the foundation and, in 
sloped terrain, the movement caused by 
liquefaction affected the behavior of the piles. 
Additionally, Ebeido et al. [26] performed four 
large-scale shaking table tests using a 3% 
inclined layer of sand with a relative density 

ranging from 40% to 50%. These tests aimed to 
investigate the behavior of single steel pipe 
piles, as well as pile groups under conditions of 
liquefaction-induced differential settlement. It 
is well-established that reproducing precise 
dynamic signals, such as earthquake ground 
motions, using shaking tables is a challenging 
task, which has been acknowledged in [92-94]. 
The distortion of signals that occurs during 
reproduction is primarily influenced by the 
inherent dynamic characteristics of the various 
subsystems within the shaking table system, 
including mechanical, hydraulic, and electronic 
components, as well as their interactions. Over 
the last decade, significant efforts have been 
dedicated to two main research areas. Firstly, 
there has been a focus on evaluating the actual 
performance of existing shaking table facilities, 
as demonstrated in [95-98]. Secondly, there has 
been a concerted effort to develop advanced 
control algorithms, including real-time 
adaptive techniques, to enhance the accuracy of 
reproducing time history signals, as discussed 
by [99]. Therefore, shaking table tests on pile 
groups provide valuable insights into pile 
foundations' dynamic behavior and 
performance under seismic conditions. They 
help validate and refine mathematical models 
and numerical simulations used in earthquake 
engineering and geotechnical analysis. The 
results of these tests can inform the design and 
construction of safer and more resilient pile 
foundations in earthquake-prone areas. 

 
 

(a) Shrestha et al. [100]. (b) Dong et al. [101]. 
Fig. 3 Shaking Table Devices. 

3.NUMERICAL APPROACHES AND 
MODELING FOR ANALYZING THE 
SEISMIC RESPONSE OF PILE GROUPS 
Numerical techniques for analyzing pile groups 
can be broadly categorized into two main 
groups: a) approaches based on a continuum 
model and b) approaches that rely on load-
transfer methods, often known as subgrade 
reaction approaches. In the latter category, 
based on the concept of the Winkler spring 

idealization of the soil, load transfer functions 
are used to describe the relationship between 
the load applied at various points along the pile 
and the resulting deformation of the 
surrounding soil at those points [11]. This semi-
empirical method is commonly employed to 
analyze and design individual piles, especially 
in cases where the soil exhibits nonlinear 
behavior, and the soil composition is complex, 
as in the "p-y" curve analysis method. Notable 

https://tj-es.com/
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computer programs falling into this category 
include PILGPI [102], FIPIER [103], and 
GROUP [104]. However, it is essential to note 
that this approach has certain limitations, 
which can be summarized as follows:  

1- The modulus of subgrade reaction is not 
an inherent property of the soil itself but 
rather reflects how the soil is perceived by 
a pile at a specific depth. Consequently, its 
value depends not only on soil 
characteristics but also on pile properties 
and loading conditions. Consequently, no 
direct tests are available to establish force-
displacement relationships for a specific 
pile and soil combination type. To create 
these relationships, engineers typically 
rely on data collected from field tests 
conducted with an instrumented pile. 
However, such tests are rarely justifiable 
for onshore applications due to their high 
costs. As a result, engineers often resort to 
using standard load-transfer curves in 
practical situations. This approach 
requires significant engineering judgment 
when adapting these curves to site 
conditions that differ significantly from 
the recorded field test data. Murchison 
and O’Neill [105] conducted a study in 
which they compared four commonly used 
procedures for selecting p-y curves with 
data from field tests. Their findings 
revealed that errors in predicting pile-
head deflections could be as high as 75%. 
Additionally, Huang et al. [106] attempted 
to analyze laterally loaded piles using 
several sets of p-y curves derived from 
data from the dilatometer test (DMT). 
However, none of these p-y curves 
accurately predicted the measured pile 
deflections. 

2- The load-deformation relationship along a 
pile is represented using discrete, 
independent springs, and the analysis 
does not provide any information about 
how deformation occurs around the pile. 
This lack of consideration for soil 
continuity makes it challenging to 
quantitatively assess the interaction 
effects between piles in a group using a 
rational approach. As a result, when 
evaluating the impact of pile groups, 
engineers typically resort to an entirely 
empirical procedure. This procedure 
involves adjusting the load-transfer curves 
for individual piles based on data from 
small-scale and full-scale experiments 
conducted on pile groups in various soil 
types. While Reese et al. [104] reported 
some successful analyses using this 
method for pile groups subjected to lateral 
loading, there are persisting uncertainties 
regarding the widespread application of 
this approach in routine design, as noted 

by Rollins et al. [107] and Huang et al. 
[106]. 

3- The influence of pile-head fixity on p-y 
curves remains uncertain. This aspect has 
received relatively little attention in 
research, even though Reese et al. [108] 
demonstrated that pile-head fixity 
impacted p-y relationships. 
Understanding the relevance of this factor 
is critical, especially when using p-y curves 
derived from single pile tests to make 
predictions for pile groups where the pile 
heads are constrained or fixed by a cap. 

These limitations can be overcome by 
employing soil continuum-based solutions, 
typically based on the Finite Element Method 
(FEM), as demonstrated by Ottavianin [109], or 
the Boundary Element Method (BEM), as 
shown by Butterfield and Banerjee [110]. These 
approaches offer a more effective way to 
account for the essential aspects of pile 
interaction within the soil continuum, resulting 
in a more realistic representation of the 
problem. Additionally, the mechanical 
properties introduced into these models have a 
clear physical significance and can be directly 
measured. While finite element analyses are 
valuable for understanding how loads are 
transferred from piles to the surrounding soil, 
especially in the case of pile groups, they are not 
easily applicable to practical engineering 
problems. The substantial effort required for 
data preparation and the high computational 
costs, particularly when dealing with nonlinear 
soil behavior, make these techniques less 
suitable for routine design. As an example of the 
computational resources needed, consider the 
nonlinear FEM analysis of a laterally loaded 9-
pile group by Kimura and Adachi [111], who 
reported a CPU time of 85 hours on a SPARC II 
workstation. Nowadays, numerical simulation 
has become widely used to study pile 
foundation behavior. FEM is one of many 
computational modeling techniques frequently 
used to manage complicated connections in pile 
foundations. An extensive review of numerical 
modeling in geotechnical engineering has been 
provided by Schweiger et al. [112]. It is critical 
to include an appropriate constitutive model 
that considers large-strain responses, such as 
irrecoverable deformations, and small-strain 
effects, such as hysteretic damping, after 
precisely representing the soil components. 
FEMs become instrumental in validating the 
soil profile and the established numerical 
model when the appropriate soil-pile interface 
elements are applied along with suitable 
boundary conditions, as highlighted by [113]. 
Aghayarzadeh et al. [114] emphasized that 
when a simplified constitutive model is used to 
represent ground conditions under dynamic 
loads, it may be necessary to adjust or 
recalibrate the model parameters to ensure that 
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the numerical simulations align closely with 
laboratory measurements of load-displacement 
curves. The precision offered by numerical 
modeling in geotechnical engineering brings 
several advantages. It enables the 
representation of coupled phenomena and the 
accurate simulation of the nonlinear behavior 
of diverse materials. This capability becomes 
especially valuable when dealing with natural 
materials in geotechnical engineering, which 
differ significantly from materials like concrete 
that adhere to predefined specifications. 
Natural materials are inherently 
heterogeneous, posing computational 
challenges when modeling their mechanical 
and hydraulic properties. Moreover, the choice 
of pile installation methods (e.g., mix-in-place 
concrete, bored, and driven) has a pronounced 
impact on stress distribution in the soil, making 
realistic replication through simulation a 
complex task. Consequently, even with 
thorough field investigations, considerable 
uncertainties persist in the soil profile [112]. 
Hence, geotechnical engineering modeling 
poses a significant challenge, involving a 
multitude of geological and geotechnical factors 
with complex interrelationships. Geomaterials 
exhibit highly nonlinear behaviors that 
distinguish them from other engineering 
materials. Such challenges lack available 
closed-form theoretical solutions. Al-Jeznawi et 
al. [33] investigated the response of pile groups 
subjected to vertical, eccentric lateral, and 
seismic loads within dense sand. To accomplish 
this goal, they utilized an extensive 3D 
nonlinear finite element model, which 
underwent thorough validation and 
refinements to support further analysis. The 
research involved a detailed investigation of 

two different configurations of pile groups 
exposed to various loading scenarios, with the 
dynamic analysis based on data recorded 
during the El Centro earthquake. Fansuri et al. 
[115] introduced a proficient method based on 
Bhattacharya's deterministic approach to 
calculate pile buckling instability. This 
technique was verified and validated using 3D 
finite-element simulations conducted with 
OpenSees software. In a recent study by [75], 
the impact of model scale on the seismic 
behavior of real helical pile groups was 
investigated. They employed a finite element 
modeling approach, which was corroborated by 
outcomes from shaking table experiments 
conducted on isolated piles installed in dry and 
saturated sands. To configure the full-scale 
shaking tests, the researchers relied on insights 
from the smaller-scale model shake table tests, 
ensuring consistency with established 
similarity and dimensional principles. Fayez et 
al. [116] conducted a significant study using 
large-scale shake table tests to analyze the 
seismic behavior of single and grouped helical 
piles. They considered earthquake 
characteristics, like intensity and frequency, 
and studied how pile groups interact, including 
their vertical and lateral stiffness contributions. 
The later study also explored the impact of pile 
head connections (fixed or pinned) on group 
response and compared single piles to those 
within groups. Al-Jeznawi et al. [113] 
introduced 2D and 3D finite element analyses 
that utilize the strength reduction technique to 
investigate how slopes, when stabilized with 
piles, respond to seismic excitation. Several 
other studies have focused on the seismic 
response of pile groups (Table 2). 

Table 2 Numerical Studies on Seismic Response of Pile Groups. 

No. Reference Software Parameters 

1 Al-Jeznawi et al. [33]  MIDAS GTS NX  
(2022R1) 

Scaling effect, number of piles, layouts of pile groups, and loading 
scenarios and intensities  

2 Fansuri et al. [115] OpenSees  
platform 

Pile characteristics, loading scenarios and intensities, ground inclination, 
and pile spacing  

3 Hussein and El Naggar [75] OpenSees  
platform 

Soil conditions, scaling effect, and ground motion intensities 

4 Fayez et al. [116] Ensoft Inc.  
LPILE v6.0 

Ground motion intensities and pile head connection to the pile cap (fixed 
or pinned) 

5 Jawad and Albusoda [117] PLAXIS 3D Pile length, slenderness ratio, pile spacing, and ground motion 
intensities 

6 Al-Jeznawi et al. [113] MIDAS GTS NX  
(2022R1) 

Pile spacing, pile length, scaling effect, number of piles, and layouts of 
pile groups 

7 Hussein and El Naggar [15] OpenSees  
platform 

Soil conditions, ground motion intensities, kinematic and inertial effects, 
and pile characteristics  

8 Tang et al. [23] OpenSees  
platform 

Pile spacing, pile stiffness (EI), superstructure mass, sand permeability, 
and ground motion intensities 

9 Chehade et al. [118] FLAC3D Ground motion intensities, ground conditions, and piles inclination 
10 Hokmabadi et al. [119] FLAC3D Ground motion intensities and type of foundations  
11 Eslami et al. [120] ABAQUS (6.10) With/without raft footing and loading conditions  
12 Chu and Truman [121] ABAQUS (6.10) Layouts of pile groups, number of piles, pile spacing, and ground 

conditions 
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4.PILE GROUP BEHAVIOR SUBJECTED 
TO GROUND MOTIONS 
Ground motion intensity can vary significantly 
during an earthquake or due to other dynamic 
events. Researchers investigate how these 
variations affect pile deflection, bending 
moments, and axial loads. The failure 
mechanisms of piles under seismic loads are 
influenced by several factors, including soil 
conditions, pile design, and seismic intensity 
[33]. Table 3 presents significant previous 
studies on the seismic response of pile groups. 
Common failure modes include liquefaction-
induced settlement, which is especially 
pronounced in loose or saturated soils. During 
seismic events, these soils temporarily lose 
strength, behaving like a liquid and potentially 
causing significant settlement and pile tilting 
[75]. Excessive axial loads, primarily in the 
vertical direction, may result from seismic 
forces exceeding pile capacity and material 
strength, leading to pile buckling or crushing. 
Additionally, horizontal ground movements, 
such as lateral spreading and seismic shaking, 
can subject piles to lateral forces, causing 
tilting, bending, or failure, particularly if not 
designed for lateral loads. Soil-structure 
interaction is critical, as seismic forces can 
activate lateral soil resistance, effectiveness 
varying with soil characteristics [15]. 
Inadequate lateral resistance can lead to 
excessive lateral displacement or pile failure. 
Weaknesses also exist at pile-to-structure 
connections, where seismic forces may induce 
bending or shear stresses, potentially resulting 
in failure [23]. Seismic shaking can generate 
dynamic force amplification, causing forces 
experienced by the pile to exceed static levels 
due to ground motion characteristics. 
Additionally, seismic loading can induce 
uneven foundation soil settlement, potentially 
causing differential pile settlement and 
structural damage if not addressed in the 
design [122]. A case of pile group failure caused 
by seismic activity can be illustrated by the 
significant damage sustained by a wharf 
structure, wherein the pile foundations 
supporting the wharf sank into liquefied soil. 
This occurrence is depicted in Fig. 4 (a) [122], 
which displays the development of plastic 
hinges at the pile heads. Madabhushi et al. 
[122] had previously predicted this type of 
failure mechanism through a series of 
centrifuge tests to comprehend how piles settle 
into liquefied sand overlying dense sand layers. 
Upon comparing Figs. 5 (a) and (b), it can be 
inferred that the failure mechanism observed in 
piles groups within liquefied soils during 
dynamic centrifuge tests was corroborated by 
post-earthquake. 

 
(a) Madabhushi et al. [122]. 

 
(b) 

Fig. 4 Hinging Failure Mechanism, with (a) 
Hinging of Piles Supporting a Wharf Structure 
and (b) the Failure Mechanism Caused by Pile 

Settlements. 
The buckling failure of slender piles could be 
attributed to the impact of excessive axial 
loading when there is a reduction in effective 
stress and shear strength in the surrounding 
soil due to liquefaction, as discussed by [123, 41, 
115], which stated that when a pile is inserted 
into the soil, it results in the compression of the 
adjacent soil, leading to the application of 
lateral stress on the pile shaft. The force and 
deformation characteristics of structural piles 
during seismic vibrations are illustrated in Fig. 
6 [115]. A simplified approach involving one-
dimensional (1D) or two-dimensional (2D) 
numerical simulations has demonstrated the 
possibility of predicting the pile's maximum 
lateral displacement and maximum bending 
moment. However, it is important to note that 
this approach relies on several assumptions, as 
highlighted by [36, 124, 125]. In contrast, more 
recent research has explored the capacity of 
computer-based analysis methods through 
three-dimensional (3D) numerical simulations, 
providing valuable insights into the interaction 
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between piles and liquefiable ground. 
Nonetheless, this analysis method has certain 
limitations, such as its inability to directly 
simulate pore pressure generation and 
considering the reduction in shear strength 
resulting from soil shear deformation. These 
limitations have been discussed by [126, 127]. 
To address the challenges posed by liquefaction 
conditions, various models involving beams on 
soil springs have been proposed for design 
purposes. These models come with a range of 
recommendations concerning parameter 
selection and loading details, as outlined in [25, 
128-131]. Recent advancements in designing 
piles for seismic conditions have focused on 
assessing the bending moment experienced by 
piles due to lateral forces, like inertial forces 
resulting from ground movement, such as 
lateral spreading [113]. Consequently, seismic 
pile and drilled shaft design also consider 
factors like elastic settlement, consolidation 
settlement (for pile groups), shear forces, pile 
deflection, top lateral deflection, soil reaction, 
and more. Lateral spreading refers to the flow 
and dragging of liquefied soil layers with any 
non-liquefied layers above due to a loss of shear 
strength. It is important to note that beam 
bending and column buckling are treated 
differently. Pile buckling occurs when the 
strength and stiffness of liquefied layers are 
significantly reduced [132]. In such cases, the 
soil may not provide adequate stabilizing 
support for slender piles through thick liquefied 
layers, as discussed by [133]. Bending failure is 
widely recognized as a possible mode of failure 
following a strong earthquake. Despite its 
significance, there is still limited understanding 
of pile buckling instability in liquefiable soil and 
how it affects the behavior of the soil around the 
pile. Various mechanisms for buckling 

instability in liquefiable soil have been 
proposed [134-136]. During liquefaction, piles 
can experience a significant loss of lateral 
support in the liquefied zone. Therefore, if the 
axial load on the pile approaches its critical 
buckling load, buckling instability may occur, 
especially when subjected to lateral loading or 
material limitations. 

 
Fig. 5 Seismic Response of Pile Groups under 

Different Shaking Intensities: (a) Before 
Shaking; (b) During Low Seismic Intensity; (c) 

During High Seismic Intensity and Soil 
Liquefaction; and (d) During High Seismic 

Intensity, Soil Liquefaction, and Lateral 
Deformation. 

Table 3 Previous Works on Seismic Response of Pile Group. 
No. Reference Type of 

piles 
Type of 
investigation 

Investigating factors 

1 Yoo et al. [137] Cylindrical 
pipe piles 

Experimental work Ground inclination and ground motion intensities 

2 Jia et al. [138] Cylindrical Experimental work Ground motion intensities and with/without bridges  
3 Al-Jeznawi et al. 

[33] 
Cylindrical 
pipe piles 

Numerical modeling Scaling effect, number of piles, layouts of pile groups, 
and loading scenarios and intensities 

4 Al-Jeznawi et al. 
[133] 

Cylindrical 
pipe piles 

Numerical modeling Scaling effect, number of piles, layouts of pile groups, 
and loading scenarios and intensities 

5 Fansuri et al. [115] Cylindrical Numerical modeling Pile characteristics, loading scenarios and intensities, 
ground inclination, and pile spacing 

6 Hussein and El 
Naggar [75] 

Helical Numerical modeling Soil conditions, scaling effect, and ground motion 
intensities 

7 Fayez et al. [116] Helical Numerical modeling Ground motion intensities and pile head connection to 
the pile cap (fixed or pinned) 

8 Zhang et al. [41] Rectangular  Experimental work Pile characteristics 
9 Hussein and El 

Naggar [15] 
Cylindrical 
and H 

Experimental work, 
numerical modeling 

Soil conditions, ground motion intensities, 
kinematic/inertial effects, and pile characteristics  

10 Huang et al. [139] Square  Theoretical study Soil-structure interaction, natural frequency, and 
loading time 

11 Ebeido et al. [26] Cylindrical 
pipe piles 

Experimental work Number of piles, ground profiles and conditions, 
layouts of pile groups, and loading scenarios and 
intensities 

12 Tang et al. [23] Cylindrical  Experimental work, 
numerical modeling 

Pile spacing, pile stiffness (EI), superstructure mass, 
sand permeability, and ground motion intensities 
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13 Chehade et al. 
[118] 

Cylindrical  Numerical modeling Ground motion intensities, ground conditions, and 
piles inclination 

14 Haeri et al. [86] Cylindrical Experimental work Case study of a specific pile group 
16 Hokmabadi et al. 

[119] 
Cylindrical 
pipe piles 

Experimental work, 
numerical modeling 

Ground motion intensities and type of foundations 

17 Eslami et al. [120] Square piles Numerical modeling With/without raft footing and loading conditions 
18 Dash et al. [20] Cylindrical 

pipe piles 
Theoretical study Different analytical methods 

19 Knappett and 
Madabhushi [135] 

Cylindrical Experimental work Layouts of pile groups, ground motion intensities, and 
pile head connection to pile cap 

20 Ghazavi [140] Tapered Theoretical study Taper angle 
21 Liyanapathirana 

and Poulos [36] 
Cylindrical  Theoretical study Pile length and diameter and loading scenarios and 

intensities 
22 Chu and Truman 

[121] 
Square  Numerical modeling Layouts of pile groups, number of piles, pile spacing, 

and ground conditions 
23 Abdoun and Dobry 

[24] 
Cylindrical  Experimental work Number of piles, ground profiles and conditions, 

layouts of pile groups, and loading scenarios and 
intensities 

24 Meymand [141] Cylindrical Field investigation, 
experimental work 

Scaling effect, flexible base frequencies, damping 
factors, and ground motion intensities 

 
5.DESIGN CONSIDERATIONS FOR 
SEISMIC-RESISTANT PILE GROUPS 

• Designing seismic-resistant pile groups 
involves assessing seismic hazards, 
understanding soil-structure interaction, 
analyzing vertical and lateral loads, 
optimizing pile configuration and design, 
considering energy dissipation devices, 
accounting for foundation stiffness, 
ensuring quality construction, and 
adhering to local building codes. Ongoing 
monitoring and maintenance are also 
essential for long-term performance and 
safety. 

• While reviewing the code of practice, it was 
found that Sarkar et al. [142] pointed out 
that the Japanese Highway Code of Practice 
(JRA) delineates two specific loading 
conditions for assessment. These 
conditions involve: a) the inertial force 
generated by the oscillation of the 
superstructure, as depicted in Fig. 5 (a), 
and (b) the kinematic load arising from the 
lateral pressure exerted by the liquefied 
layer and any non-liquefied crust on top of 
the liquefied deposit, as illustrated in Fig. 5 
(d). Moreover, the code indicated that the 
evaluation of the susceptibility to bending 
failure resulting from kinematic and 
inertial forces should be conducted 
separately. 

• Eurocode 8 [143] recommends that pile 
design should account for bending 
resulting from inertial and kinematic forces 
generated by soil deformation. In situations 
involving liquefaction, Eurocode 8 [143] 
further proposes that the resistance from 
soil layers prone to liquefaction or 
significant strength reduction should be 
disregarded.  

• NEHRP code [144] and Indian Code [145] 
also focus on how piles can bend. These 
codes basically treat piles as beams that can 
bend when subjected to lateral loads caused 
by inertia and soil movement. Therefore, 

histories of pile failures during seismic 
events have been documented, even though 
current codes of practice address the 
seismic design of piles.  

• Indian Code [145] provides a formula for 
the load-carrying capacity of an individual 
pile under various soil conditions, offering 
valuable insights for designing bored piles, 
driven piles, and pile caps within a pile 
group. Pile spacing, the response of the pile 
within the group, and reinforcement 
specifications conform to the code 
recommendations. The code's methodology 
is also utilized to determine the lateral 
resistance of a single pile, and the bearing 
capacity is derived from the same code.  

• Since negative skin friction arises when soil 
settlement exceeds pile movement, Bowles 
[146] introduced a concept that examines 
the relationship between pile movement 
rates and soil settlement to study negative 
skin friction.  

• According to Francis [147], it is essential to 
acknowledge that pile failures actually 
result from complex combinations of 
mechanisms, such as bending, shear, or 
buckling. Failures of piles and structures 
supported by piles can arise from various 
complex combinations, encompassing 
structural pile failures, like shear, bending, 
and buckling, as well as soil-related 
failures, such as settlement.  

Consequently, it is imperative for codes of 
practice to incorporate these interconnected 
failure mechanisms, ensuring a conservative 
approach when addressing liquefaction 
scenarios. 
6.FUTURE RESEARCH NEEDS 
investigating how pile groups respond to 
seismic forces is a critical research domain in 
geotechnical and structural engineering, with 
profound implications for the stability and 
integrity of various structures, including 
buildings, bridges, and offshore platforms. 
While substantial progress has been made in 
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understanding the behavior of pile groups 
under seismic loads, several key areas for future 
research must be addressed, including 
modifying seismic design guidelines, further 
exploration of soil-structure interaction, the 
development of innovative pile group 
configurations, research into retrofitting 
techniques for existing structures, deploying of 
instrumentation for on-site testing during 
seismic, and considering environmental 
factors, including the potential impact of 
climate change on seismic activity. Advancing 
knowledge in these areas is crucial for 
enhancing the resilience and safety of 
infrastructure in earthquake-prone regions. 
Future research on the seismic response of pile 
groups should prioritize the development of 
advanced soil-structure interaction models that 
can accurately represent nonlinear soil 
behavior. Additionally, investigating the 
impacts of pile spacing and arrangement to 
optimize design, understanding dynamic soil 
properties during seismic events, and refining 
region-specific seismic hazard assessments are 
essential. Innovations in pile design and 
materials, comprehensive field testing and 
monitoring during seismic events, and 
exploring effective seismic mitigation strategies 
are critical areas of study. Real-world case 
examples should be examined to draw practical 
insights, and design guidelines must be 
updated to incorporate the latest findings. 
7.CONCLUSIONS 
The present research offers a comprehensive 
analysis of the response of pile groups to 
seismic loadings. It has condensed the key 
conclusions from numerous research 
investigations into a brief synopsis. Several 
components of pile group behavior have been 
reviewed in the paper, such as their dynamic 
behaviors to seismic occurrences, the variables 
influencing their performance, and the 
interactions between the soil and the structure 
that affect how they behave. The design of pile 
foundations is greatly influenced by the results 
of research on pile group behavior in 
underground motion. To study this connection, 
scientists employ lab tests, field testing, and 
numerical modeling. With this knowledge, 
engineers may choose the proper pile depth, 
spacing, and reinforcement to ensure that 
structures can resist the anticipated ground 
motions. Developing an efficient pile cap for 
load transmission to soil strata, characterizing 
soil properties for the necessary soil-structure 
interaction analysis, assessing column-induced 
forces on the foundation, and choosing the 
appropriate pile type for transferring applied 
loads to the soil layers are all crucial steps in the 
design of a pile foundation system. In 
conclusion, designing seismic-resistant pile 
groups requires a thorough evaluation of 
multiple factors, ongoing maintenance for long-

term safety, and incorporating interconnected 
failure modes from various codes to address 
liquefaction risks conservatively. 
REFERENCES 
[1] Zhang C, Chen X. Calculation of 

Ultimate Extraction Resistance of 
Anchoring Plates in Calcareous 
Sands. Rock and Soil Mechanics 2003; 
24:153-158. 

[2] Abdrabbo F, Gaaver K. Simplified 
Analysis of Laterally Loaded Pile 
Groups. Alexandria Engineering 
Journal 2012; 51:121-127. 

[3] Ai ZY, Zhao YZ, Cheng YC. Time-
Dependent Response of Laterally 
Loaded Piles and Pile Groups 
Embedded in Transversely Isotropic 
Saturated Viscoelastic Soils. 
Computers and Geotechnics 2020; 128: 
103815. 

[4] Ali AM, Karkush MO, Al-Jorany AN. 
Numerical Modeling of Connected 
Piled Raft Foundation under 
Seismic Loading in Layered Soils. 
Journal of the Mechanical Behavior of 
Materials 2023; 32(1): 20220250. 

[5] Karkush MO, Mohsin AH, Saleh HM, 
Noman BJ. Numerical Analysis of 
Piles Group Surrounded by 
Grouting under Seismic Load. 
Geotechnical Engineering and 
Sustainable Construction: Sustainable 
Geotechnical Engineering 2022:379-389. 

[6] Munaga T, Gonavaram KK. Influence of 
Stratified Soil System on Behavior 
of Laterally Loaded Pile Groups: An 
Experimental Study. International 
Journal of Geosynthetics and Ground 
Engineering 2021; 7:1-14. 

[7] Ng CW, Zhang L, Nip DC. Response of 
Laterally Loaded Large-Diameter 
Bored Pile Groups. Journal of 
Geotechnical and Geoenvironmental 
Engineering 2001; 127:658-669. 

[8] Rathod D, Muthukkumaran K, Thallak 
SG. Experimental Investigation on 
Behavior of a Laterally Loaded 
Single Pile Located on Sloping 
Ground. International Journal of 
Geomechanics 2019; 19:04019021. 

[9] Soomro MA, Ng CWW, Memon NA, 
Bhanbhro R. Lateral Behaviour of a 
Pile Group due to Side-by-Side Twin 
Tunneling in Dry Sand: 3D 
Centrifuge Tests and Numerical 
Modeling. Computers and Geotechnics 
2018; 101:48-64. 

[10] Hazzar L, Hussien MN, Karray M. 
Influence of Vertical Loads on 
Lateral Response of Pile 
Foundations in Sands and Clays. 
Journal of Rock Mechanics and 

https://tj-es.com/


 

 

Duaa Al-Jeznawi, Musab Aied Qissab Al-Janabi, Hamza Imran, et al. / Tikrit Journal of Engineering Sciences 2025; 32(2): 1953. 

Tikrit Journal of Engineering Sciences │Volume 32│No. 2│2025  12 Page 

Geotechnical Engineering 2017; 9:291-
304. 

[11] Chen S, Kong L, Zhang LM. Analysis of 
Pile Groups Subjected to Torsional 
Loading. Computers and Geotechnics 
2016; 71:115-123. 

[12] Kong L, Zhang L. Centrifuge Modeling 
of Torsionally Loaded Pile Groups. 
Journal of Geotechnical and 
Geoenvironmental Engineering 2007; 
133:1374-1384. 

[13] Kong L, Zhang L. Experimental Study 
of Interaction and Coupling Effects 
in Pile Groups Subjected to Torsion. 
Canadian Geotechnical Journal 2008; 
45:1006-1017. 

[14] Kong LG, Zhang ZC, Chen YM. 
Nonlinear Analysis of Pile Groups 
Subjected to Combined Lateral and 
Torsional Loading. Journal of 
Zhejiang University-SCIENCE A 2020; 
21:179-192. 

[15] Hussein AF, El Naggar MH. Seismic 
Axial Behavior of Pile Groups in 
Non-Liquefiable and Liquefiable 
Soils. Soil Dynamics and Earthquake 
Engineering 2021; 149:106853. 

[16] Cubrinovski M, Bray JD, De La Torre C, 
Olsen MJ, Bradley BA, Chiaro G, Stocks E, 
Wotherspoon L. Liquefaction Effects 
and Associated Damages Observed 
at the Wellington Centreport from 
the 2016 Kaikoura Earthquake. 
Bulletin of the New Zealand Society for 
Earthquake Engineering 2017; 50:152-
173. 

[17] Cubrinovski M, Winkley A, Haskell J, 
Palermo A, Wotherspoon L, Robinson K, 
Bradley B, Brabhaharan P, Hughes M. 
Spreading-Induced Damage to 
Short-Span Bridges in 
Christchurch, New Zealand. 
Earthquake Spectra 2014; 30:57-83. 

[18] Al-Jeznawi D, Khatti J, Al-Janabi MAQ, 
Grover KS, Jais IM, Albusoda BS, Khalid 
N. Seismic Performance Assessment 
of Single Pipe Piles Using Three-
Dimensional Finite Element 
Modeling Considering Different 
Parameters. Earthquakes and 
Structures 2023; 24(6):455-475. 

[19] Wotherspoon LM, Pender MJ, Orense RP. 
Relationship Between Observed 
Liquefaction at Kaiapoi Following 
the 2010 Darfield Earthquake and 
Former Channels of the 
Waimakariri River. Engineering 
Geology 2012; 125:45-55. 

[20] Dash SR, Govindaraju L, Bhattacharya S. 
A Case Study of Damages of the 
Kandla Port and Customs Office 
Tower Supported on a Mat–Pile 
Foundation in Liquefied Soils under 

the 2001 Bhuj Earthquake. Soil 
Dynamics and Earthquake Engineering 
2009; 29:333-346. 

[21] Olzer T, Hanks T, Youd T. Dynamics of 
Liquefaction During the 1987 
Superstition Hills, California, 
Earthquake. Science 1989; 244:56-59. 

[22] Kramer SL. Geotechnical Earthquake 
Engineering. Pearson Education India 
1996. 

[23] Tang L, Zhang X, Ling X, Li H, Ju N. 
Experimental and Numerical 
Investigation on the Dynamic 
Response of Pile Group in 
Liquefying Ground. Earthquake 
Engineering and Engineering Vibration 
2016; 15:103-114. 

[24] Abdoun T, Dobry R. Evaluation of Pile 
Foundation Response to Lateral 
Spreading. Soil Dynamics and 
Earthquake Engineering 2002; 22:1051-
1058. 

[25] Cubrinovski M, Ishihara K. Assessment 
of Pile Group Response to Lateral 
Spreading by Single Pile Analysis. 
Seismic Performance and Simulation of 
Pile Foundations in Liquefied and 
Laterally Spreading Ground 2006:242-
254. 

[26] Ebeido A, Elgamal A, Tokimatsu K, Abe A. 
Pile and Pile-Group Response to 
Liquefaction-Induced Lateral 
Spreading in Four Large-Scale 
Shake-Table Experiments. Journal of 
Geotechnical and Geoenvironmental 
Engineering 2019; 145:04019080. 

[27] Ishihara K, Cubrinovski M. Soil-Pile 
Interaction in Liquefied Deposits 
Undergoing Lateral Spreading. 
Geotechnical Hazards 2020:51-64. 

[28] Su L, Tang L, Ling X, Liu C, Zhang X. Pile 
Response to Liquefaction-Induced 
Lateral Spreading: A Shake-Table 
Investigation. Soil Dynamics and 
Earthquake Engineering 2016; 82:196-
204. 

[29] AlSaadi KA, Almurshedi AD, Karkush M. 
Effect of Geosynthetics-Reinforced 
Cushion on the Behavior of Partial 
Connected Piled Raft Foundation in 
Dry and Saturated Sandy Soil Using 
Shaking Table. Indian Geotechnical 
Journal 2024; 55(1): 19-32. 

[30] Chu DB, Stewart JP, Youd TL, Chu B. 
Liquefaction-Induced Lateral 
Spreading in Near-Fault Regions 
During the 1999 Chi-Chi, Taiwan 
Earthquake. Journal of Geotechnical 
and Geoenvironmental Engineering 
2006; 132:1549-1565. 

[31] Su L, Wan HP, Abtahi S, Li Y, Ling XZ. 
Dynamic Response of Soil–Pile–
Structure System Subjected to 

https://tj-es.com/


 

 

Duaa Al-Jeznawi, Musab Aied Qissab Al-Janabi, Hamza Imran, et al. / Tikrit Journal of Engineering Sciences 2025; 32(2): 1953. 

Tikrit Journal of Engineering Sciences │Volume 32│No. 2│2025  13 Page 

Lateral Spreading: Shaking Table 
Test and Parallel Finite Element 
Simulation. Canadian Geotechnical 
Journal 2020; 57:497-517. 

[32] Sugimura Y, Karkee MB, Mitsuji K. An 
Investigation on Aspects of Damage 
to Precast Concrete Piles Due to the 
1995 Hyogoken-Nambu Earthquake. 
Third UJNR Workshop on Soil-Structure 
Interaction 2004:1-16. 

[33] Al-Jeznawi D, Jais IM, Albusoda BS, 
Alzabeebee S, Al-Janabi MAQ, 
Keawsawasvong S. Response of Pipe 
Piles Embedded in Sandy Soils 
Under Seismic Loads. Transportation 
Infrastructure Geotechnology 2023:1-27. 

[34] Dobry R, Abdoun T, O'Rourke TD, Goh S. 
Single Piles in Lateral Spreads: Field 
Bending Moment Evaluation. 
Journal of Geotechnical and 
Geoenvironmental Engineering 2003; 
129:879-889. 

[35] Khan HA, Gaddam K. An Experimental 
Study on Heave and Uplift 
Behaviour of Granular Pile Anchor 
Foundation System. IOP Conference 
Series: Earth and Environmental Science 
2021:012038. 

[36] Liyanapathirana DS, Poulos H. Seismic 
Lateral Response of Piles in 
Liquefying Soil. Journal of 
Geotechnical and Geoenvironmental 
Engineering 2005; 131:1466-1479. 

[37] Maheshwari BK, Truman K, El Naggar M, 
Gould P. Three-Dimensional 
Nonlinear Analysis for Seismic 
Soil–Pile-Structure Interaction. Soil 
Dynamics and Earthquake Engineering 
2004; 24:343-356. 

[38] Shafiqu QSM, Sa'ur RHM. Numerical 
Analysis of a Pile-Soil System under 
Earthquake Loading. Al-Nahrain 
Journal for Engineering Sciences 2017; 
20:446-451. 

[39] Tabesh A, Poulos HG. The Effects of 
Soil Yielding on Seismic Response of 
Single Piles. Soils and Foundations 
2001; 41:1-16. 

[40] Tolun M, Emirler B, Yildiz A, Güllü H. 
Dynamic Response of a Single Pile 
Embedded in Sand Including the 
Effect of Resonance. Periodica 
Polytechnica Civil Engineering 2020; 
64:1038-1050. 

[41] Zhang S, Wei J, Chen X, Zhao Y. China in 
Global Wind Power Development: 
Role, Status and Impact. Renewable 
and Sustainable Energy Reviews 2020; 
127:109881. 

[42] Ashour M, Pilling P, Norris G. Lateral 
Behavior of Pile Groups in Layered 
Soils. Journal of Geotechnical and 

Geoenvironmental Engineering 2004; 
130:580-592. 

[43] Boiko IL, Alhassan M. Effect of Vertical 
Cross-Sectional Shape of 
Foundation on Settlement and 
Bearing Capacity of Soils. Procedia 
Engineering 2013; 57:207-212. 

[44] Choi YS, Basu D, Prezzi M, Salgado R. 
Study on Laterally Loaded Piles with 
Rectangular and Circular Cross 
Sections. Geomechanics and 
Geoengineering 2015; 10:139-152. 

[45] Hosseini A. Effect of Confinement 
Pressure on Bearing Capacity of 
Two Samples of Square and Strip 
Footing (Numerical Study). 
SpringerPlus 2014; 3:1-5. 

[46] Qu L, Yang C, Ding X, Kouroussis G, Yuan 
C. Vertical Vibration of Piles with 
Square Cross-Section. International 
Journal for Numerical and Analytical 
Methods in Geomechanics 2021; 
45:2629-2653. 

[47] Reese LC. Behavior of Piles and Pile 
Groups under Lateral Load. United 
States Department of Transportation 
1986. 

[48] Ganiyu A, Rashid A, Osman M, Ajagbe W. 
Model Tests on Soil Displacement 
Effects for Differently Shaped Piles. 
Physical Modelling in Geotechnics 
2018:1353-1358. 

[49] Lim S, Tao L. Wave Diffraction Forces 
on Offshore Wind Turbine Piles 
with an Octagonal Cross Section. 
International Conference on Offshore 
Mechanics and Arctic Engineering 2013: 
V001T001A019. 

[50] Lim S, Tao L. Analysis of Octagonal 
Pile Supporting Offshore Wind 
Turbines under Wave Loads. 
International Conference on Offshore 
Mechanics and Arctic Engineering 
2014:V01AT01A033. 

[51] Smith TD. Fact or Friction: A Review 
of Soil Response to A Laterally 
Moving Pile. Foundation Engineering: 
Current Principles and Practices 
1989:588-598. 

[52] Bharathi M, Dubey RN, Shukla SK. 
Experimental Investigation of 
Vertical and Batter Pile Groups 
Subjected to Dynamic Loads. Soil 
Dynamics and Earthquake Engineering 
2019; 116:107-119. 

[53] Chen L, Poulos H. Piles Subjected to 
Lateral Soil Movements. Journal of 
Geotechnical and Geoenvironmental 
Engineering 1997; 123:802-811. 

[54] Gavin K, Igoe D, Sorensen KK. Research 
and Development Activities on Pile 
Foundations in Europe. *ISSMGE-

https://tj-es.com/


 

 

Duaa Al-Jeznawi, Musab Aied Qissab Al-Janabi, Hamza Imran, et al. / Tikrit Journal of Engineering Sciences 2025; 32(2): 1953. 

Tikrit Journal of Engineering Sciences │Volume 32│No. 2│2025  14 Page 

ETC 3 International Symposium on 
Design of Piles in Europe* 2016. 

[55] Harries KA, Petrou MF. Behavior of 
Precast, Prestressed Concrete Pile 
to Cast-in-Place Pile Cap 
Connections. PCI Journal 2001; 46:82-
93. 

[56] Li Q, Zhang H, Hong X. Knowledge 
Structure of Technology Licensing 
Based on Co-Keywords Network: A 
Review and Future Directions. 
International Review of Economics & 
Finance 2020; 66:154-165. 

[57] Ng K, Sullivan T. Demonstrating 
Challenges of Driven Piles in Rock 
Using Two Case Studies in 
Wyoming, USA. 19th Southeast Asian 
Geotechnical Conference 2016. 

[58] Qiu H, Zhou Y, Ayasrah MM. Impact 
Study of Deep Foundations 
Construction of Inclined and 
Straight Combined Support Piles on 
Adjacent Pile Foundations. Applied 
Sciences 2023; 13:1810. 

[59] Wang F, Shao J, Li W, Wang Y, Wang L, 
Liu H. Study on the Effect of Pile 
Foundation Reinforcement of 
Embankment on Slope of Soft Soil. 
Sustainability 2022; 14:14359. 

[60] Xiao Y, Zhang Z, Hu J, Kunnath SK, Guo 
P. Seismic Behavior of CFT Column 
and Steel Pile Footings. Journal of 
Bridge Engineering 2011; 16:575-586. 

[61] Yu H, Chin M, West JJ, Atherton CS, 
Bellouin N, Bergmann D, Bey I, Bian H, 
Diehl T, Forberth G. A Multimodel 
Assessment of the Influence of 
Regional Anthropogenic Emission 
Reductions on Aerosol Direct 
Radiative Forcing and the Role of 
Intercontinental Transport. Journal 
of Geophysical Research: Atmospheres 
2013; 118:700-720. 

[62] Hu J, Tu W, Gu X. A Simple Approach 
for the Dynamic Analysis of a 
Circular Tapered Pile under Axial 
Harmonic Vibration. Buildings 2023; 
13:999. 

[63] Khan MK, El Naggar MH, Elkasabgy M. 
Compression Testing and Analysis 
of Drilled Concrete Tapered Piles in 
Cohesive-Frictional Soil. Canadian 
Geotechnical Journal 2008; 45:377-392. 

[64] Kodikara JK, Moore ID. Axial Response 
of Tapered Piles in Cohesive 
Frictional Ground. Journal of 
Geotechnical Engineering 1993; 119:675-
693. 

[65] Manandhar S, Yasufuku N. Vertical 
Bearing Capacity of Tapered Piles in 
Sands Using Cavity Expansion 
Theory. Soils and Foundations 2013; 
53:853-867. 

[66] Naggar MHE, Sakr M. Evaluation of 
Axial Performance of Tapered Piles 
from Centrifuge Tests. Canadian 
Geotechnical Journal 2000; 37:1295-
1308. 

[67] Qissab MA. Flexural Behavior of 
Laterally Loaded Tapered Piles in 
Cohesive Soils. Open Journal of Civil 
Engineering 2015; 5:29. 

[68] Rybnikov A. Experimental 
Investigations of Bearing Capacity 
of Bored-Cast-in-Place Tapered 
Piles. Soil Mechanics and Foundation 
Engineering 1990; 27:48-52. 

[69] Singh S, Patra NR. Behaviour of 
Tapered Piles Subjected to Lateral 
Harmonic Loading. Innovative 
Infrastructure Solutions 2019; 4:1-15. 

[70] Tavenas FA. Load Tests Results on 
Friction Piles in Sand. Canadian 
Geotechnical Journal 1971; 8:7-22. 

[71] Wei J, El Naggar MH. Experimental 
Study of Axial Behaviour of Tapered 
Piles. Canadian Geotechnical Journal 
1998; 35:641-654. 

[72] Zil'berberg S, Sherstnev A. Construction 
of Compaction Tapered Pile 
Foundations. Osnovaniya, 
Fundamenty I Mekhanika Gruntov 1990. 

[73] Alnmr A, Ray RP, Alsirawan R. 
Comparative Analysis of Helical 
Piles and Granular Anchor Piles for 
Foundation Stabilization in 
Expansive Soil: A 3D Numerical 
Study. Sustainability 2023; 15:11975. 

[74] Fatnanta F, Satibi S. Bearing Capacity 
of Helical Pile Foundation in Peat 
Soil from Different, Diameter and 
Spacing of Helical Plates. IOP 
Conference Series: Materials Science and 
Engineering 2018; 316(1):012035. 

[75] Hussein AF, El Naggar MH. Effect of 
Model Scale on Helical Piles 
Response Established from Shake 
Table Tests. Soil Dynamics and 
Earthquake Engineering 2022; 
152:107013. 

[76] Lin Y, Xiao J, Le C, Zhang P, Chen Q, Ding 
H. Bearing Characteristics of Helical 
Pile Foundations for Offshore Wind 
Turbines in Sandy Soil. Journal of 
Marine Science and Engineering 2022; 
10:889. 

[77] Mahmoudi-Mehrizi ME, Ghanbari A, 
Sabermahani M. The Study of 
Configuration Effect of Helical 
Anchor Group on Retaining Wall 
Displacement. Geomechanics and 
Geoengineering 2022; 17:598-612. 

[78] Tamboura HH, Yamauchi R, Isobe K. 
Bearing Capacity Evaluation of 
Small-Diameter Spiral Piles in Soft 
Ground Subjected to Combined 

https://tj-es.com/


 

 

Duaa Al-Jeznawi, Musab Aied Qissab Al-Janabi, Hamza Imran, et al. / Tikrit Journal of Engineering Sciences 2025; 32(2): 1953. 

Tikrit Journal of Engineering Sciences │Volume 32│No. 2│2025  15 Page 

Loads. Soils and Foundations 2022; 
62:101204. 

[79] Maxwell A, Fry Z, Poplin J. Vibratory 
Loading of Pile Foundations. 
Performance of Deep Foundations 1969. 

[80] Prevost JH. A Simple Plasticity 
Theory for Frictional Cohesionless 
Soils. International Journal of Soil 
Dynamics and Earthquake Engineering 
1985; 4:9-17. 

[81] Gaul RD. Model Study of a 
Dynamically Laterally Loaded Pile. 
Journal of the Soil Mechanics and 
Foundations Division 1958; 84:1531-
1535. 

[82] Hayashi S, Habe T. Descriptions of 
Four New Gastropodous Species 
from Enshunanda, Honshu. Venus 
1965; 24:10-15. 

[83] Scott R, Tsai C, Steussy D, Ting J. Full-
Scale Dynamic Lateral Pile Tests. 
Fourteenth Offshore Technology 
Conference 1982:435-439. 

[84] Prevost JH, Scanlan RH. Dynamic Soil-
Structure Interaction: Centrifugal 
Modeling. International Journal of Soil 
Dynamics and Earthquake Engineering 
1983; 2:212-221. 

[85] Altaee A, Fellenius BH. Physical 
Modeling in Sand. Canadian 
Geotechnical Journal 1994; 31:420-431. 

[86] Haeri SM, Kavand A, Rahmani I, Torabi 
H. Response of a Group of Piles to 
Liquefaction-Induced Lateral 
Spreading by Large Scale Shake 
Table Testing. Soil Dynamics and 
Earthquake Engineering 2012; 38:25-45. 

[87] Mostafa YE, Naggar MHE. Dynamic 
Analysis of Laterally Loaded Pile 
Groups in Sand and Clay. Canadian 
Geotechnical Journal 2002; 39:1358-
1383. 

[88] Suzuki H, Tokimatsu K, Tabata K. 
Factors Affecting Stress 
Distribution of a 3×3 Pile Group in 
Dry Sand Based on Three-
Dimensional Large Shaking Table 
Tests. Soils and Foundations 2014; 
54:699-712. 

[89] Lu X, Chen Y, Chen B, Li P. Shaking 
Table Model Test on the Dynamic 
Soil-Structure Interaction System. 
Journal of Asian Architecture and 
Building Engineering 2002; 1:55-64. 

[90] Tokimatsu K, Suzuki H, Sato M. Effects 
of Inertial and Kinematic Forces on 
Pile Stresses in Large Shaking Table 
Tests. 13th World Conference on 
Earthquake Engineering 2004. 

[91] Yasuda S, Ishihara K, Morimoto I, Orense 
R, Ikeda M, Tamura S. Large-Scale 
Shaking Table Tests on Pile 
Foundations in Liquefied Ground. 

12th World Conference on Earthquake 
Engineering 2000. 

[92] Hwang J, Chang KC, Lee GC. The System 
Characteristics and Performance of 
a Shaking Table. National Center for 
Earthquake Engineering Research 1987. 

[93] Rea D, Abedi-Hayati S, Takahashi Y. 
Dynamic Analysis of 
Electrohydraulic Shaking Tables. 
Earthquake Engineering Center, 
University of California 1977. 

[94] Rinawi A, Clough R. Shaking Table-
Structure Interaction. Report to the 
National Science Foundation 1991; 
Report No. UCB/EERC-91/13. 

[95] Carydis P, Mouzakis H, Vougioukas E, 
Taylor C, Crewe A. Comparative 
Shaking Table Studies at the 
National Technical University of 
Athens and at Bristol University. 
10th European Conference on 
Earthquake Engineering 1995:2993-
2997. 

[96] Clark A. Dynamic Characteristics of 
Large Multiple Degrees of Freedom 
Shaking Tables. 10th World Conference 
on Earthquake Engineering 1992:2823-
2828. 

[97] Crewe A, Severn R. The European 
Collaborative Programme on 
Evaluating the Performance of 
Shaking Tables. Philosophical 
Transactions of the Royal Society of 
London. Series A: Mathematical, Physical 
and Engineering Sciences 2001; 
359(1786):1671-1696. 

[98] Kusner D, Rood J, Burton G. Signal 
Reproduction Fidelity of 
Servohydraulic Testing Equipment. 
10th World Conference on Earthquake 
Engineering 1992:2683-2688. 

[99] Stoten DP, Gómez EG. Adaptive 
Control of Shaking Tables Using the 
Minimal Control Synthesis 
Algorithm. Philosophical Transactions 
of the Royal Society of London. Series A: 
Mathematical, Physical and Engineering 
Sciences 2001; 359:1697-1723. 

[100] Shrestha NR, Saitoh M, Saha AK, Goit 
CS. Frequency-and Intensity-
Dependent Impedance Functions 
of Laterally Loaded Single Piles in 
Cohesionless Soil. Soils and 
Foundations 2021; 61:129-143. 

[101] Dong Y, Feng Z, He J, Chen H, Jiang G, 
Yin H. Seismic Response of a 
Bridge Pile Foundation During a 
Shaking Table Test. Shock and 
Vibration 2019; 2019:1-16. 

[102] O'Neill M, Ghazzaly OI, Ha HB. 
Analysis of Three-Dimensional 
Pile Groups with Non-Linear Soil 
Response and Pile-Soil-Pile 

https://tj-es.com/


 

 

Duaa Al-Jeznawi, Musab Aied Qissab Al-Janabi, Hamza Imran, et al. / Tikrit Journal of Engineering Sciences 2025; 32(2): 1953. 

Tikrit Journal of Engineering Sciences │Volume 32│No. 2│2025  16 Page 

Interaction. 9th Annual Offshore 
Technology Conference 1977:245-256. 

[103] Hoit MI, McVay M, Hays C, Andrade 
PW. Non-Linear Pile Foundation 
Analysis Using Florida-Pier. 
Journal of Bridge Engineering 1996; 
1:135-142. 

[104] Reese IC, Wang ST, Arrellaga JA, 
Hendrix J. Computer Program 
Group for Windows User's 
Manual, Version 5.0. Ensoft 2000. 

[105] Murchison JM, O'Neill MW. 
Evaluation of P-Y Relationships in 
Cohesionless Soils. Analysis and 
Design of Pile Foundations 1984:174-
191. 

[106] Huang AB, Hsueh CK, O'Neill MW, 
Chern S, Chen C. Effects of 
Construction on Laterally Loaded 
Pile Groups. Journal of Geotechnical 
and Geoenvironmental Engineering 
2000; 127:385-397. 

[107] Rollins JM, Peterson KT, Weaver TJ. 
Lateral Load Behavior of Full-
Scale Pile Group in Clay. Journal of 
Geotechnical and Geoenvironmental 
Engineering 1998; 124:468-478. 

[108] Reese IC, Cox WR, Koop FD. Field 
Testing and Analysis of Laterally 
Loaded Piles in Stiff Clay. 7th 
Annual Offshore Technology 
Conference 1975:671-690. 

[109] Ottavinai M. Three-Dimensional 
Finite Element Analysis of 
Vertically Loaded Pile Groups. 
Geotechnique 1975; 25:159-174. 

[110] Butterfield R, Banerjee PK. The Elastic 
Analysis of Compressible Piles and 
Pile Groups. Geotechnique 1971; 
21:43-60. 

[111] Kimura M, Adachi T. Analyses on 
Laterally Loaded Cast-in-Place 
Concrete Piles. 6th International 
Conference on Piling and Deep 
Foundations 1996:3.9.1-3.9.6. 

[112] Schweiger H, Fabris C, Ausweger G, 
Hauser L. Examples of Successful 
Numerical Modelling of Complex 
Geotechnical Problems. Innovative 
Infrastructure Solutions 2019; 4:1-10. 

[113] Al-Jeznawi D, Mohamed Jais I, 
Albusoda BS. A Soil-Pile Response 
Under Coupled Static-Dynamic 
Loadings in Terms of Kinematic 
Interaction. Civil and Environmental 
Engineering Reports 2022; 18:96-103. 

[114] Aghayarzadeh M, Khabbaz H, Fatahi B, 
Terzaghi S. Interpretation of 
Dynamic Pile Load Testing for 
Open-Ended Tubular Piles Using 
Finite-Element Method. 
International Journal of Geomechanics 
2020; 20:04019169. 

[115] Fansuri MH, Chang M, Saputra PD, 
Purwanti N, Laksmi AA, Harahap S, 
Puspitasari SD. Effects of Various 
Factors on Behaviors of Piles and 
Foundation Soils Due to Seismic 
Shaking. Solid Earth Sciences 2022; 
7:252-267. 

[116] Fayez A, El Naggar M, Cerato A, Elgamal 
A. Seismic Response of Helical Pile 
Groups from Shake Table 
Experiments. Soil Dynamics and 
Earthquake Engineering 2022; 
152:107008. 

[117] Jawad AS, Albusoda BS. Numerical 
Modeling of a Pile Group 
Subjected to Seismic Loading 
Using the Hypoplasticity Model. 
Engineering, Technology & Applied 
Science Research 2022; 12:9771-9778. 

[118] Chehade FH, Sadek M, Bachir D. 
Numerical Study of Piles Group 
Under Seismic Loading in 
Frictional Soil—Inclination Effect. 
Open Journal of Earthquake Research 
2014. 

[119] Hokmabadi AS, Fatahi B, Samali B. 
Assessment of Soil–Pile–
Structure Interaction Influencing 
Seismic Response of Mid-Rise 
Buildings Sitting on Floating Pile 
Foundations. Computers and 
Geotechnics 2014; 55:172-186. 

[120] Eslami M, Aminikhah A, Ahmadi M. A 
Comparative Study on Pile Group 
and Piled Raft Foundations (PRF) 
Behavior Under Seismic Loading. 
Computational Methods in Civil 
Engineering 2011; 2:185-199. 

[121] Chu D, Truman KZ. Modeling of 
Unbounded Domain in Seismic 
Soil-Pile Structure Interaction. 
Advancing Mitigation Technologies 
and Disaster Response for Lifeline 
Systems 2003:977-986. 

[122] Madabhushi G, Haigh S, Knappett J. 
Design of Pile Foundations in 
Liquefiable Soils. World Scientific 
2009. 

[123] Bhattacharya S, Goda K. Probabilistic 
Buckling Analysis of Axially 
Loaded Piles in Liquefiable Soils. 
Soil Dynamics and Earthquake 
Engineering 2013; 45:13-24. 

[124] Kojima K, Fujita K, Takewaki I. 
Simplified Analysis of the Effect of 
Soil Liquefaction on the 
Earthquake Pile Response. Journal 
of Civil Engineering and Architecture 
2014; 8:289-301. 

[125] Lombardi D, Bhattacharya S. Modal 
Analysis of Pile-Supported 
Structures During Seismic 
Liquefaction. Earthquake 

https://tj-es.com/


 

 

Duaa Al-Jeznawi, Musab Aied Qissab Al-Janabi, Hamza Imran, et al. / Tikrit Journal of Engineering Sciences 2025; 32(2): 1953. 

Tikrit Journal of Engineering Sciences │Volume 32│No. 2│2025  17 Page 

Engineering & Structural Dynamics 
2014; 43:119-138. 

[126] Finn W, Fujita N. Piles in Liquefiable 
Soils: Seismic Analysis and Design 
Issues. Soil Dynamics and Earthquake 
Engineering 2002; 22:731-742. 

[127] Mokhtar ASA, Abdel-Motaal MA, 
Wahidy MM. Lateral Displacement 
and Pile Instability due to Soil 
Liquefaction Using Numerical 
Model. Ain Shams Engineering 
Journal 2014; 5:1019-1032. 

[128] Boulanger RW, Kutter BL, Brandenberg 
SJ, Singh P, Chang D. Pile 
Foundations in Liquefied and 
Laterally Spreading Ground 
During Earthquakes: Centrifuge 
Experiments & Analyses. Center for 
Geotechnical Modeling 2003. 

[129] Brandenberg SJ, Boulanger RW, Kutter 
BL, Chang D. Static Pushover 
Analyses of Pile Groups in 
Liquefied and Laterally Spreading 
Ground in Centrifuge Tests. 
Journal of Geotechnical and 
Geoenvironmental Engineering 2007; 
133:1055-1066. 

[130] Liyanapathirana DS, Poulos H. 
Pseudostatic Approach for 
Seismic Analysis of Piles in 
Liquefying Soil. Journal of 
Geotechnical and Geoenvironmental 
Engineering 2005; 131:1480-1487. 

[131] Tokimatsu K, Asaka Y. Effects of 
Liquefaction-Induced Ground 
Displacements on Pile 
Performance in the 1995 
Hyogoken-Nambu Earthquake. 
Soils and Foundations 1998; 38:163-
177. 

[132] Zeini HA, Al-Jeznawi D, Imran H, 
Bernardo LFA, Al-Khafaji Z, Ostrowski 
KA. Random Forest Algorithm for 
the Strength Prediction of 
Geopolymer Stabilized Clayey 
Soil. Sustainability 2023; 15:1408. 

[133] Bhattacharya S, Madabhushi S, Bolton 
M. An Alternative Mechanism of 
Pile Failure in Liquefiable 
Deposits During Earthquakes. 
Geotechnique 2004; 54:203-213. 

[134] Knappett JA, Madabhushi SG. 
Modelling of Liquefaction-
Induced Instability in Pile Groups. 
Seismic Performance and Simulation of 
Pile Foundations in Liquefied and 
Laterally Spreading Ground 2006:255-
267. 

[135] Shanker K, Basudhar P, Patra N. 
Buckling of Piles under Liquefied 
Soil Conditions. Geotechnical and 
Geological Engineering 2007; 25:303-
313. 

[136] Yoo BS, Tran NX, Hwang BY, Kim SR. 
Variation in Axial Load 
Distribution of Piles in Liquefiable 
Slope by Centrifuge Test. Soil 
Dynamics and Earthquake 
Engineering 2023; 167:107802. 

[137] Jia K, Xu C, El Naggar MH, Dou P, Pan 
R, Song J. Inertial and Kinematic 
Interactions of Bridge-Pile Group 
Subjected to Liquefaction Induced 
Lateral Spreading: Large-Scale 
Shaking Table Experiments. 
Earthquake Engineering & Structural 
Dynamics 2023; 52:1267-1290. 

[138] Huang Y, Gu M, El Naggar MH. Effect 
of Soil-Structure Interaction on 
Wind-Induced Responses of 
Supertall Buildings with Large 
Pile Groups. Engineering Structures 
2021; 243:112557. 

[139] Ghazavi M. Analysis of Kinematic 
Seismic Response of Tapered 
Piles. Geotechnical and Geological 
Engineering 2007; 25:37-44. 

[140] Dongmei C, Truman KZ. Effects of 
Pile Foundation Configurations in 
Seismic Soil-Pile-Structure 
Interaction. 13th World Conference on 
Earthquake Engineering 2004. 

[141] Meymand PJ. Shaking Table Scale 
Model Tests of Nonlinear Soil-
Pile-Superstructure Interaction in 
Soft Clay. University of California, 
Berkeley 1998. 

[142] Sarkar R, Bhattacharya S, Maheshwari 
BK. Seismic Requalification of Pile 
Foundations in Liquefiable Soils. 
Indian Geotechnical Journal 2014; 
44:183-195. 

[143] CEN. Design of Structures for 
Earthquake Resistance—Part 1: 
General Rules, Seismic Actions 
and Rules for Buildings. Eurocode 8 
2004. 

[144] Program NER, Council BSS. NEHRP 
Recommended Provisions 
(National Earthquake Hazards 
Reduction Program) for Seismic 
Regulations for New Buildings and 
Other Structures. Building Seismic 
Safety Council 2001. 

[145] Bureau of Indian Standards. I.S. 2911, 
Part I, Section I: 1979. New Delhi 
1980. 

[146] Bowles JE. Foundation Analysis and 
Design. McGraw Hill Publishers 1996. 

[147] Francis VO. An Overview of Soil-Pile 
Interaction in Liquefying Soils 
Under Earthquake Condition. 
International Journal for Innovative 
Research in Multidisciplinary Field 
2019; 5(9): 62-69. 

 

https://tj-es.com/

