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ABSTRACT 

Soil-structure interaction is the key to study the behavior of structures under static or dynamic loading. 

The pile foundation is adopted to transfer loads from the structure to the soil when the structure is embedded 

in a weak soil stratum. Soil-pile system has a nonlinear behavior; thus, it is more complicated to understand. 

This study focuses on the numerical investigation of interaction of soil–pile–structure system (ISPS) and 

interaction of soil–pile system (ISP) under lateral loads. Nonlinear static analysis is carried out considering 

the lateral capacity of ISPS and ISP systems under lateral loading using pushover analysis. A parametric 

study concerning different types of axial loading, pile length and pile radius, as well as longitudinal steel ratio 

in different types of sand is conducted to observe the response of (ISPS) and (ISP) systems. Besides that, 

lateral capacity deflection and moment curves, as well as the formation of plastic hinge are evaluated for 

ISPS and ISP systems for a typical pile and various soil types and their results are presented. The results show 

that the lateral capacity is influenced by the parametric study. 

KEYWORDS: Interaction of soil-pile-structure system ISPS, Interaction of soil-pile system ISP, 
Nonlinear analysis, Lateral loading, Lateral capacity, Plastic hinge. 

 
INTRODUCTION 

One of the most important studies attracting the 

interest of structural and geotechnical engineers as well 

as that of researchers is the study of the interaction 

between structures and soil under lateral loading. What 

makes this study difficult is the non-linearity of soils of 

the basis and the interaction between soil and piles 

(ISP), whether in the case of static loading or under the 

event of an earthquake. Numerous researches have 

used the FEM method as a numerical method to 

simulate the non-linearity of soil-pile interaction. 

Various studies found that the interaction between soil 

and piles (ISP) under horizontal loading relates to pile 

dimensions, soil characteristics and vertical loading 

(Mukherjee and Dey, 2019; Khodair and Abdel Mohti, 

2014; Hussein Tahghighi and Kazoo Konagai, 2006). 

Sahar Ismail et al. (2020) found that engineers 

should optimize column and raft dimensions if they 

aim at providing overall structural stability, while they 

should use bigger raft sizes if they want to reduce the 

foundation rocking component. Badry et al. (2016) 

studied the seismic soil-structure interaction of a pile 

group, comparing the peak responses of a building 

under fixed base condition and flexible base condition. 

Others have directed their research to study the 

response of structures through experiments and 

numerical studies, such as Patel and Amin (2019), 

Chang and Kim (2019), Haiyang et al. (2019), Goktepe 

et al. (2019) and Kildashti et al. (2016). 

Visuvasam and Chandrasekaran (2019) worked on 

the elastic response of a super-structure considering 

soil–pile–structure interaction using PLAXIS program. 

The group effect of piles and pile-soil interaction on 

the seismic response of structures was also 
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investigated. Equivalent static analysis of reinforced 

concrete moment-resisting framed structures resting on 

sandy soil with various relative densities and pile 

spacings has been conducted. Results were presented in 

terms of the most significant design parameters, such 

as pile lateral displacement, rocking of raft foundation, 

structural inter-story drifts and story lateral 

displacements. Hajimollaali et al. (2015) worked on the 

seismic behavior of pile groups located in soil slopes, 

also known as pile-slope systems. The main objective 

of the present study is to explore a reasonable and 

practical correlation between the safety factor of soil 

slope and seismic lateral displacements of pile groups 

in the slope, in order to achieve a better understanding 

and a framework for seismic analysis and design of pile 

groups in soil slopes. A decrease in strength and 

stiffness of soil decreases safety factor of the system 

and as a result of this decrease, pile group 

displacements increase. Mohanad Talal Alfach (2019) 

conducted a detailed analysis of micropiles’ parameters 

and showed a slight effect of pile-micropile spacing. 

The use of inclined micropiles leads to the attenuation 

of internal forces induced in the piles and the 

micropiles themselves. 

The present study is limited to an equivalent static 

analysis of a reinforced concrete moment-resisting 

bridge resting on sandy soil with various relative 

densities, pile lengths, pile diameters, longitudinal steel 

ratios and axial force levels. Results were presented in 

terms of the most significant design parameters, such 

as lateral capacity of (ISP) and (ISPS) systems, 

performance point, formation of a plastic hinge, over-

strength factor, ductility and response modification 

factors. 

 

NUMERICAL SIMULATION 

 

Validation of the Model Used in the Numerical 

Study 

Many researchers used SAP2000 software for 

modeling the behavior of soil-pile interaction. Chau et 

al. (2009) set up a 2-D finite element model with 

nonlinear gap elements between pile and soil, using 

SAP2000 to simulate the shaking table test on a 2×2 

pile group embedded in liquefiable soils. Fabrizio et al. 

(2019) made a comparison between the experimental 

results obtained from ambient noise measurements on 

the free-field and the bridge deck and the results 

obtained from the different numerical models 

(SAP2000, Abaqus) with the measured dynamic 

response of the viaduct for evidence of coupled soil-

structure interaction and site response in continuous 

viaducts from ambient vibration tests. Avik et al. 

(2019) performed a nonlinear time history analysis and 

the analysis results were compared with the 

experimental results. They used SAP 2000 software for 

modeling a single-story steel structure placed on a 

concrete pile cap with SSI, which is supported by four 

end bearing concrete piles. They found that the 

acceleration responses of the structure for both the 

experimental setup and the FEM model match 

reasonably well. 

Nonlinear analysis of soil-pile interaction, based on 

the experimental test performed by Kampitsis et al. 

(2015), was used for validation of the model that was 

built with SAP 2000. In these tests, a vertical pile is 

placed in a sand mass of uniform density. Dry unit 

weight and relative density of the specimen were 

measured to be γs = 16.2 kN/m3 and Dr = 0.94, 

respectively. Laboratory results indicated mean values 

of peak and critical-state angles of φp= 56º at very 

small stress levels (10kPa) and φcv = 32º, respectively. 

The material and strength characteristics of the sand 

have been documented in Anastasopoulos et al. (2010). 

The single pile was a hollow aluminum 6063-F25 

cylinder of 3 cm external diameter, 2.8 cm internal 

diameter and 

60 cm length. The elasticity modulus of the pile is 

E0 =70 GPa and the yield stress of the aluminum is 215 

MPa. The pile was fixed at the base of the sandbox to 

ensure verticality during the sand running process. 

However, its length was sufficiently long for the 

bending failure (plastic hinge) not to be affected by the 

tip boundary conditions. The load is applied to the pile 

at a distance e= 32 cm from the ground surface. The 

experimental setup is portrayed in Fig.1. For more 

details on the laboratory testing process, the reader is 

referred to the studies of Gerolymos (2012) and 

Giannakos (2013). In Fig. 2, the calculation of lateral 

force acting at 32 cm above the ground level with the 

corresponding displacement at the ground surface is 

obtained from the numerical model and compared with 

the results obtained from the experiment. It is observed 

that the tangent stiffness at a low load level is 
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overestimated compared to the experimental result and 

the ultimate capacities are predicted precisely. One can 

deduce that the proposed numerical model can be 

employed providing a minimum calculation effort 

while retaining good precision for the obtained results 

for the soil–pile inelastic system (Gasmi Houda, 2018). 

  

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                            (b) 

Figure (1): Pushover model setup; (a) geometry and (b) instrumentation 

 

Figure (2): Experimental and numerical force-displacement curves at pile head 

 

NUMERICAL ANALYSIS 

 

Figure 3 shows a single column that extend to 3 m 

above and 5 m below ground. The column has a 

uniform section and steel reinforcement. It carries a 

total weight of 500 kN that is assumed to act at a 

superstructure of mid-adequate capabilities for the 

present study. The SAP 2000 software allows for 

strength and stiffness degradation in the components by 

providing the force deformation criteria for hinges used 

in the numerical analyses. The material properties of 

the structure, piles and soils are given in Tables 1 and 

2. 

 
  

Table 1. Initial stiffness, Kpy according to Reese, Cox and Koop (1974) 

 Loose (<30°) Medium (30°<<36°) Dense (>36°) 

Kpy (below water table) (MN/m3) 5.4 16.3 34 

Kpy (below water table) (MN/m3) 6.8 24.4 61 
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Table 2. Pile parameters 

Pile diameter, D (m) Length of pile L (m) Longitudinal steel ratio 

0.5 5 3% 

 

 
 

  

 

 

 

 

 

 

 

 

 

Figure (3): Interaction of soil-pile-structure configuration 
 

PARAMETRIC STUDY 

 

To evaluate the impact of key parameters on the 

behavior of ISP and ISPS, different practical values 

were assumed for these parameters and are listed in 

Table 3.
 

Table 3. Parametric cases 

Parameter Axial force, P/(fc Ag) 
Pile diameter, 

D (m) 

Longitudinal 

steel ratio 

Length of 

pile L (m) 
Type of soil 

Value 0, 0.1, 0.2, 0.3 
0.5 m, 0.7 m, 

1 m, 1.2 m 
3%, 4%, 5%, 6% 5, 7, 10 

Loose, Medium, 

Dense 
 

RESULTS AND DISCUSSION 

  

A B 

Figure (4): Lateral load-displacement behavior of A) ISPS and B) ISP in loose sand 
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A B 

 

Figure (5): Lateral load-displacement behavior of A) ISPS and B) ISP in medium density sand 

 

 

  

A B 

 

Figure (6): Lateral load-displacement behavior of A) ISPS and B) ISP in dense sand 
 

Figs. 4A, 5A and 6A show lateral load-

displacement response for the soil-pile-structure system 

(ISPS) and Figs. 4B, 5B and 6B show lateral load-

displacement behavior for the soil-pile system (ISP) in 

loose, medium desnity and dense sand, respectively, 

under the influence of axial load. For piles in loose 

sand and subjected to a load level of 0.1 and less, the 

initial stiffness showed similar values for all cases yet 

the lateral capacity is increased by 83% in ISP system 

and by 3.3% in ISPS system. Figs. 5 and 6 show that 

the axial load has only a marginal influence on the 

lateral capacity response of pile in the case of medium 

desnity and dense sand in ISP and ISPS system.  
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0 0.1 0.2 0.3 

A) Bending moment B) Lateral displacement C) Plastic hinge locations 

 

Figure (7): Behavior of present piles, embedded in loose sand and 

subjected to varying axial load ratios (F) 

 

 
 

  

    

0 0.1 0.2 0.3 

A) Bending moment B) Lateral displacement C) Plastic hinge 

locations 

 

Figure (8): Behavior of present piles, embedded in medium sand and 

subjected to varying axial load ratios (F) 
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0 0.1 0.2 0.3 

A) Bending Moment B) Lateral displacement C) Plastic hinge locations 

Figure (9): Behavior of present piles, embedded in dense sand and 

subjected to varying axial load ratios (F) 

 
Figs. 7, 8 and 9 show the distribution of the 

ultimate bending moment and lateral displacement of 

the pile for ISPS system for different levels of axial 

load with different soil types. It can be seen from these 

figures that the ultimate bending moment is affected by 

the level of axial load as well as the soil type. Note that 

the highest loading ratios considered for dense and 

medium density soils were 0.1 and 0.2, respectively. 

Moreover, the ultimate displacement increased with the 

axial force level. The length segments, subjected to the 

maximum positive bending moment and the negative 

moment at the end of the pile are not affected by the 

axial load level. However, the equivalent depth-to-

fixity is dependent upon the type of soil without being 

affect by the magnitude of the axial load. The value of 

the equivalent depth -to-fixity is 2.5 m, 2 m and 1.75 m 

for loose sand, medium density and dense sand, 

respectively. The point of formations of the plastic 

hinge is affected by the type of sand as well as the axial 

load. For the case of loose sand, the plastic hinge is 

formed in the base of the column without being 

affected by axial load. In the case of medium density 

and dense sand, the plastic hinge appeared in the base 

of the column for axial loads equal to 0 and 0.1 yet 

formed at 1 m from the top of the head of the pile for 

axial load levels of 0.2 and 0.3. 
 

  

A B 

Figure (10): Lateral load-displacement behavior of A) ISPS and B) ISP, in loose sand 
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A   B 

 

Figure (11): Lateral load-displacement behavior of A) ISPS and B) ISP in medium sand 

 

 

   

A  B 

 

Figure (12): Lateral load-displacement behavior of A) ISPS and B) ISP in dense sand 
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1 and 1.2 m. It can be concluded that a larger pile 

diameter gives a stiffer curve with larger yield and 

ultimate displacement. The lateral capacity is increased 

with pile diameter for ISP system, yet is stagnant for 

ISPS at a pile diameter equal to 1 m. For dense and 

medium sand, the lateral capacity in ISP and ISPS is 

increased with pile diameter. 
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0.5 0.7 1 1.2 

A) Bending moment B) Lateral displacement C) Plastic hinge locations 

Figure (13): Behavior of present piles, embedded in loose sand at varying diamters (D) 
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Figure (14): Behavior of present piles, embedded in medium density sand at varying diamters (D) 
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Figure (15): Behavior of present piles, embedded in dense sand at varying diamters (D) 
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Figs. 13, 14 and 15 show the distribution of 

bending moment and lateral displacement of the piles 

within ISPS for different pile diameters with soil types. 

According to these figures, when the pile diameter is 

increased, the bending moment and the ultimate 

displacement are decreased. The length of segments for 

ultimate positive bending moment and the negative 

moment are affected by the pile diameter. The 

positions of the plastic hinge are affected by the 

increase in the pile diameter in loose sand but not so in 

dense and medium density sands. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (16): Lateral load-displacement behavior of A) ISPS and B) ISP in loose sand 

 

 

 

  

A B 
 

Figure (17): Lateral load-displacement behavior of A) ISPS and B) ISP in medium density sand 
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A B 

Figure (18): Lateral load-displacement behavior of A) ISPS and B) ISP in dense sand 
 
 

Figs. 16, 17 and 18 illustrate the lateral capacity in 

the two systems (ISPS and ISP) under the effect of 

longitudinal steel ratio (𝐴௦ ൌ 3%, 4%, 5% and 6%) 

with different sand types (loose, medium density and 

dense). For higher longitudinal steel ratio, the lateral 

capacity was enhanced in ISP regardless of the type of 

soil but not so for ISPS; especially in medium density 

sand. Moreover, the lateral capacity showed close 

values for ISPS in loose sand for reinforcement ratios 

at 3 and 4% as well as for those at 5 and 6%. 
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A) Bending Moment B) Lateral displacement C) Plastic hinge 
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Figure (19): Behavior of present piles, embedded in loose sand and 

subjected to varying longitudinal steel ratio (As) 
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A) Bending moment B) Lateral displacement C) Plastic hinge 

locations 
 

Figure (20): Behavior of present piles, embedded in medium density sand and 

subjected to varying longitudinal steel ratio (As) 
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Figure (21): Behavior of present piles, embedded in dense sand and 

subjected to varying longitudinal steel ratio (As) 
 

Figs. 19, 20 and 21 show the distribution of the 

ultimate bending moment and lateral displacement of 

ISPS of piles prepared at different longitudinal steel 

ratios and immersed in different soil types. The 

percentage of increase in both ultimate bending 
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medium and high density were not affected by 

reinforcement ratios. The lateral displacements are 

increased with higher reinforcement ratio only when 

the piles are immersed in loose sand. The deflected 

shapes for the piles presented in Figs. 19-21 (C) 

indicated that the plastic hinge location and hence the 

equivalent depth-to-fixity was influenced by the type of 

soil rather reinforcement ratio of the piles. 
 

 

 

A B 

Figure (22): Lateral load-displacement behavior of A) ISPS and B) ISP in loose sand 

  

A B 

Figure (23): Lateral load-displacement behavior of A) ISPS and B) ISP in medium sand 

  

A B 

Figure (24): Lateral load-displacement behavior of A) ISPS and B) ISP in dense sand 
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Figs. 22, 23 and 24 show the lateral capacity in the 

two studied systems (ISPS and ISP) for different piles’ 

length ሺ𝐿 ൌ 5 𝑚, 7.5 𝑚 𝑎𝑛𝑑 10 𝑚) with the different 

sand types (loose, medium density and dense). 

Regardless of the type of the soil, the lateral capacity 

was increased with pile length.

 

  

  

 

5 7.5 10 

A) Bending moment B) Lateral displacement C) Plastic hinge locations 

Figure (25): Behavior of present piles, embedded in loose sand and 

subjected to varying length of pile (L) 
 

 

  

   

5 7.5 10 

A) Bending moment B) Lateral displacement C) Plastic hinge 

locations 

 

Figure (26): Behavior of present piles, embedded in medium sand and 

subjected to varying length of pile (L) 
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5  7.5 10 

A) Bending moment B) Lateral displacement C) Plastic hinge 

locations 

Figure (27): Behavior of present piles, embedded in dense sand and 

subjected to varying length of pile (L) 
 

Figs. 25, 26 and 27 show the distribution of 

ultimate bending moment, lateral displacement and 

position of plastic hinge for ISPS for different lengths 
of the pile and soil types. The ultimate bending 
moment and the lateral displacement are not 
affected by the increase in the length of the pile 
regardless of the sand type. However, the location 
of the plastic is influenced by the pile length as 
well as the type of the soil. The equivalent depth -
to-fixity is not affected by the type of sand and the 
increase in the pile length. 

 

CONCLUSIONS 

 

The following conclusions are drawn from the 

analysis of static nonlinear soil-pile-structure 

interaction and soil-pile interaction. These conclusions 

can be made related to the influence of the axial force, 

pile diameter, longitudinal steel ratio, length of pile and 

type of soil: 

 In most cases, the lateral capacity of the fixed 

system is lower compared to the lateral capacity in 

the ISPS system when increasing the axial load, 

pile diameter, longitudinal steel ratio and length of 

the pile in all types of sand. 

 Axial load and type of sand influence the lateral 

capacity in the ISP system more than in the ISPS 

system. The pile diameter in ISPS and ISP systems 

influences the lateral capacity. The longitudinal 

steel ratio influences the lateral capacity in the ISP 

system, but in the ISPS system, its effect appears 

just in loose sand. The lateral capacity is not 

influenced by the length of the pile. 

 The ultimate bending moment and the lateral 

displacement at the top of the column increase with 

the increase in axial load, longitudinal steel ratio, 

but are not affected by the augmentation in the 

length of the pile. 

Also, the equivalent depth-to-fixity is affected by the 

increase in the pile diameter and the type of sandy 

soil. The formation and the position of plastic 

hinges are affected by the type of sand, axial load 

level, pile diameter, longitudinal steel ratio and 

length of the pile. 
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