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Abstract Soil–structure interaction plays an important

role in the behavior of structure under static or dynamic

loading. It influences the behavior of soil, as well as the

response of pile under loading. The analysis is highly

essential for predicting a more accurate structural

behavior so as to improve the safety of structures under

extreme loading conditions. The soil–pile system behavior

is predominantly nonlinear and this makes the problem

complicated. In a laterally loaded pile the load is resisted

by the soil–pile interaction effect, which in turn depends

on soil properties, pile material, pile diameter, loading

type and bed slope of ground. The difficulty in the

accountability of the influencing factors necessitates a

careful study on soil–structure interaction problem. The

analysis became easier with the debut of powerful com-

puters and simulation tools such as finite element analysis

software. A detailed literature review on soil–structure

interaction analysis of laterally loaded piles is presented

in this paper.

Keywords Soil–structure interaction � Laterally loaded

pile � Finite element analysis

Introduction

The pile foundations are adopted to transfer the load from

the structure to soil when the structure is embedded in a

weak soil stratum. In an axially loaded pile, the load is

transferred to the soil through the side friction at the soil–

pile interface and base resistance offered by the soil bed.

Pile foundations are subjected to significant amount of

lateral forces in addition to the vertical forces. The lateral

forces are due to the wind, wave, earthquake, dredging, and

impact loads [20, 35, 60, 63, 66]. When the pile is sub-

jected to lateral loads, the load carrying mechanism chan-

ges. The lateral load is resisted by the soil–pile interaction

effect [87], which in turn depends on pile material, pile

diameter, soil properties, and bed slope of ground. Studies

showed that the influence of vertical load on the lateral

response is not so significant when the vertical load is

applied simultaneously with the lateral load [53]. The

current design practices consider the influence of these two

loadings independently and hence pile designs are carried

out separately for vertical and lateral loads. The effects of

vertical loads on the piles are well established through

these years, whereas studies on vertical piles under lateral

loads are limited and are continuing to establish a well-

defined method of analysis considering the effect of all the

influencing parameters [27]. The present study focuses on

the significant factors affecting the soil–structure interac-

tion of laterally loaded pile foundation (LLP). For better

understanding, the literatures have been grouped into dif-

ferent categories based on: type of investigations, charac-

teristics of soil, characteristics of pile, and type of loading.
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Types of investigations

Reviewing the available literature it was observed that the

studies on LLP are generally carried out by conducting the

theoretical, numerical, and experimental investigation of

soil–pile system. For better understanding of the literature,

they are grouped based on the type of investigation carried

out to study the behavior of LLPs.

Theoretical investigation

Theoretical investigations are the basis of numerical for-

mulations. The theoretical formulations are to be studied

for the advanced modifications in the numerical formula-

tions. Earlier developments in the theoretical formulations

are also discussed here. Lateral loads on piles cause

deflection and rotation of pile caps. To calculate the pile

cap deflection and rotation the pile has been idealized as a

beamas shown in Fig. 1 [18, 20]. LLP analysis had been

conducted by considering a cantilever action with tip load.

Further the soil–structure interaction can be incorporated

by considering the effect of soil parameters. Such an

attempt was done by Mazurenko et al. to analyze the

behavior of a LLP [57].

In a LLP the point of zero deflection or the point of

maximum bending moment is considered to be the point at

which failure of the soil–pile system occurs. An analytical

method to calculate the point of zero deflection and the

point of maximum bending moment was suggested by

Mironov [58]. To develop this general method the factors

considered are, flexural rigidity of the pile, nature of

variation of stiffness of soil mass with depth and the ratio

between the deflections and soil reactions. Better under-

standing on the behavior of LLPs can be obtained from the

soil reaction–pile deflection (p–y) curves of the soil. Reese

et al. [81] have developed non-dimensional curves from the

numerical solution of the differential equation describing

the pile behavior as shown in Fig. 2 and it can be used to

estimate the p–y curves. He had further suggested p–

y method of analysis for LLPs by taking into account, the

nonlinear and inelastic characteristics of soil [82].

Later, p–y analysis method was modified by Duncan

et al. and is referred as the characteristic load method [25].

It is simpler than p–y analyses initially developed by Reese

et al. The method used dimensional analysis to characterize

the nonlinear behavior of LLPs and drilled shafts by means

of relationships among dimensionless variables. The

characteristic load method has been found to be in good

agreement with values measured in field load test also.

More advancement in this was suggested by Brown et al.

and his analytical method proves a rigorous and reliable

method of interpreting lateral load tests on piles or drilled

shafts using inclinometer data [15]. The method utilizes a

least square regression technique that will converge to a

solution for analytical p–y curves which produce minimum

error between the predicted and measured deflection versus

depth profile over a range of loading.

Further, the strain wedge (SW) model as shown in Fig. 3

was suggested and was found to have advantages over

p–y curve method [3, 45]. SW model analysis predicts the

response of LLPs and had shown very good agreement with

actual field tests in sand, clay and layered soils. The

advantage of the SW model is that it is capable of taking

into account the effect of changes in soil and pile properties

on the resulting p–y curves.

The studies on laterally loaded single pile were extended

to pile groups also. Reese et al. who have already

Fig. 1 General beam column

element [18, 20]

Fig. 2 Behavior of laterally loaded pile [81]
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developed p–y method for laterally loaded single pile have

presented the analysis of a cluster of piles [83]. The

importance of various parameters involved in the solution

is studied using different analytical approaches. A modi-

fication of this has been suggested by Poulos–Focht–Koch

in which the pile group has been considered as a large

diameter pile. Later, Chore et al. have extended the work of

Reese and derived finite element formulation for the non-

linear analysis of pile groups subjected to lateral loads

using p–y curves [20, 21, 91]. In the study, pile was ide-

alized as one-dimensional beam element, pile cap as two-

dimensional plate element and soil as nonlinear elastic

springs using modified p–y curves [31]. It was observed in

the study that the nonlinearity of the soil is found to

increase the top displacement of the pile group and

decrease the fixed moments and positive moments. Kim

et al. have conducted studies on pile–soil system subjected

to lateral loads in clay soil by improved wedge failure

model and hyperbolic p–y criteria [45]. The proposed p–y

curves with an improved wedge model are more appro-

priate and realistic for representing a pile–soil interaction

for LLP in clay than the existing p–y method.

The behavior of soil becomes complex when the change

in its property along the vertical profile is considered. In a

simplified analysis the vertical soil profile was considered

uniform, suggested by Reissner as shown in Fig. 4. It was

modified by Horwath [37] with additional case of Young’s

modulus varying with depth for layer of finite thickness.

The response of single pile subjected to lateral load in

layered soil was further studied by Rongqing et al. and

developed an analytical method which uses fundamental basis

of structural mechanics to obtain the governing equation of the

soil–pile system [54]. Both free head and fixed head methods

are considered here. The pile deflection, bending moment and

soil reaction can be calculated using this method.

The modulus of soil resistance was further modified as

an exponential function with depth and derived a new c

parameter to predict the pile response [43]. The direct shear

test was used to determine modulus of soil resistance and

ultimate soil resistance. The existing methods were later

modified considering the nonlinear elastic properties and

modulus degradation characteristics of soil [106]. The

stress strain behavior of most geo-materials is highly

nonlinear at all phases of loading and s-shaped degradation

curve as shown in Fig. 5 is commonly found. Furthermore,

certain studies suggest two-dimensional mapped infinite

elements and nonlinear stress–strain behavior of the soil

using hyperbolic fit [34].

Later, a detailed investigation by Banerjee et al. incor-

porated layering effect of soil in finite element method

(FEM) and boundary element method (BEM). Studies

present inelastic pile–soil–structure interaction under static

loading with piles modeled using linear beam column finite

elements and soil was modeled using nonlinear springs

[10]. Researchers have developed finite element formula-

tions and its MATLAB coding by considering modulus of

subgrade reaction approach to analyze fixed head and free

Fig. 3 Basic strain wedge

model [45]

Fig. 4 Reissner type simplified elastic continuum applied to laterally

loaded pile [37]

Fig. 5 Degradation curve of shear modulus of soil [32]
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head single piles in cohesionless soil [62, 73, 74, 91, 102].

Solutions are obtained for pile response with various

cohesionless soils taking into account the short pile and

long pile behavior.

Through these years, theoretical investigations have

developed solutions for LLPs and pile groups embedded in

homogeneous as well as layered soil. Even though the

incorporation of soil layering in the theoretical formulation

of LLP makes the solution more complicated, adopting

finite element analysis techniques as well as computational

power of latest computers can produce accurate results.

Numerical investigation

A set of numerical formulations for advanced analysis of

soil–structure interaction is developed by many researchers

[46, 47, 50, 99, 100]. A new frequency domain method for

evaluating the earthquake input energy to a structure–pile

system or a superstructure alone subjected to horizontal

ground motion was developed by Takewaki et al. [100].

The soil–pile–structure system is idealized as shown in

Fig. 6 and derived the energy transfer function, which

plays a key role in the input energy calculation. Input

energy was expressed in time domain as,

EA
I ¼

Z1

�1

FAðxÞjAðxÞj2dx and

ES
I ¼

Z1

�1

FSðxÞjAðxÞj2dx;

ð1Þ

where FA xð Þ and FS xð Þ are called the energy transfer

function for the soil–pile system and the energy transfer

function for the structure, respectively. The method was

developed in frequency domain approach and hence has the

advantage of being able to include directly the frequency

dependent characteristics such as stiffness and damping of

the soil considered. Takewaki et al. [99] have also incor-

porated the effect of pile group on the seismic stiffness and

strength design of buildings. Pile group effect is taken into

account through the influence coefficients among piles,

which are defined for inter-story drifts and pile head

bending moments. It has been shown that pile group effect

reduces the inter-story drift of buildings and increases the

bending moment of pile at the top.

Takewaki et al. [46] have further extended the method to

analyze the earthquake energy input in soil–pile structure

system with uncertain soil parameters. Taking the advan-

tage of frequency domain approach the earthquake input

energy to the structure can be obtained in a compact form.

The method was further modified as a unified response

spectrum method incorporating the kinematic and inertial

effects as shown in Fig. 7 [47, 50]. The equilibrium

equation is derived for the structure–pile–soil system and is

represented in Eq. 2

X1

i¼0

mi €uG þ €uið Þþ kiðu Ið Þ
0 þ u

kð Þ
0 � uGÞþ kpðu Ið Þ

0 þ u
kð Þ

0 Þ ¼ 0:

ð2Þ

To verify the numerical model with winkler type soil

model, Takewaki et al. have considered an onsite building

pile system in Yokohama, Japan. The building consists of

12 storied steel frame structure supported by 20 cast in situ

concrete piles of 35 m long and 1.7 m in diameter. The

numerical model adopted for the analysis is as shown in

Fig. 8. The bending strains at the top of the pile were

compared and it was found that the strain values obtained

using continuum model with winkler type soil element was

in good agreement with the measured values of stains.

A newly developed updated reference point (URP)

method was used by Okada et al. [69], to study the seismic

UpUg

Q

Ug

Qb

(a) Force at the side of Soil (b) Force at the Pile Tip (c) Force at the bottom 
of the Building

Up

U1

U2
Fig. 6 Free-body diagram

showing the forces in a soil–

pile–structure system [100]
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pile response of a structure–pile–soil system with uncertain

soil and concrete properties. A ten storied building was

modeled and the pile head bending moments were com-

pared in URP and NURP methods. It was confirmed in the

studies that the NURP method can be applied to the seismic

pile response in terms of the structure–pile–soil system

with an acceptable accuracy and the worst variation for

weak soil parameter are to be clarified. It was also found

that the variability of equivalent shear wave velocities of

soil, even at a deep underground influences the bending

moment at the pile head.

Seismic soil–structure interaction of a pile group was

studied using equivalent pier method (EPM) by Badry et al.

[9]. The study was conducted on an axisymmetric multi-

storied building and the peak response of the building

under fixed base condition and flexible base condition were

studied. It was observed that the response of flexible base

structure was more, about 15–20 % compared to fixed base

structures. Also it was concluded that EPM approach

reduces the analysis time by 68 %, since in this method,

equivalent piers give rise to larger elements during mesh-

ing, which facilitates to take larger time steps and hence

less duration of analysis.

Increased computational power of computers has made

the numerical investigations the most cost-effective and

accurate method of investigation. Most of the numerical

investigations reported include the analysis based on the

finite element method using software, such as ABAQUS

[22], ANSYS [96], FLAC [56], FLIPER [105], GROUP

[88], LPILE [59], PLAXIS Foundation 1.1 [8, 19, 65, 102],

PLAXIS 3D [94] etc.

Studies on the coupled bridge foundation-superstructure

finite element was conducted by Zhang et al. [105] using

the finite element code FLPIER to predict the lateral

response of the single piles and pile groups (3 9 3–3 9 7

pile groups) founded in both loose and medium dense

sands. FLIPER incorporates Reese et al.’s p–y curves,

Brown et al.’s p-multiplier approach and Mc Way et al.’s

p-multiplier factor for large pile groups. The studies

involved the predictions of lateral load versus lateral

deflection of the group, the shears and bending moments

developed in the individual piles, and the distributions of

the lateral loads in each pile row, which were all in good

agreement with the measured results. The suggested vari-

ation of bending moment in a fixed head pile group is

shown in Fig. 9.

The effect of pile–soil interaction was effectively rep-

resented using CONTACT 49 element (5 node, 3 DOF)

element in ANSYS in a set of analyses conducted by

Soltani et al. [96] and the results were compared with linear

method of Hetenyi, nonlinear method of Matlock and finite

element program of Bowles. The 3D pile–soil interaction

effect was incorporated in ANSYS model and it leads to

Free-field 
ground

mG

uG

m0

m1

u1

u0

Interaction 
spring

Super 
structure

kI

kI

k1

kp
Pile

Fig. 7 Simple structure–pile–soil system connected to free-field

ground [50]

S1 = kx1 + iωcx1

Free-field ground

Analysis by 1-D wave propaga�on 
theory

E F

Vs1

Vs2

Z1

U gi (z1,t) upi(z1,t)

Ep, Ip, mp

Engineering bedrock

Fig. 8 Building pile system supported by the free-field ground

through winkler type soil model [50]

Fig. 9 Sketch of bending moment distribution in fixed head pile

group [105]
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the difference in maximum bending moment and pile top

deflection in comparison to the other’s methods. Many

researchers have performed the finite element analysis

using the software PLAXIS 3D Foundation using embed-

ded pile element and the analysis results are in good

agreement with the pile load test conducted by various

researchers.

Piles in cohesive soil were analyzed by a series of

numerical analyses conducted by Moayed et al. [59] using

the LPILE software. Broms (1964) proposed graphs to

obtain ultimate lateral bearing capacity of such piles.

Broms solution does not consider the effect of vertical

loading on lateral bearing capacity of piles. This study

incorporates the effect of vertical load also in predicting

the lateral capacity of pile. Avaei et al. [5] have investi-

gated the effects of different parameters, such as pile

properties, soil– stress–strain behavior, pile–soil interac-

tion, etc., on the behavior of pile subjected to lateral load.

A comparison has been made between the results derived

from finite difference and equivalent spring methods.

Finite difference program has been developed in Turbo

Pascal and the equivalent spring method is solved using

SAP 2000 package. The results obtained using both the

methods are found to be in good agreement. Parametric

study on a LLP with the length of 15 m and diameter of

1 m subjected to a lateral load of 300 kN showed that the

properties of soil near the pile head greatly influence the

pile head displacement. It was also noticed that the pile

end displacement was influenced by the pile length and

after a particular length (9 m in this case) the influence of

pile length decreases and this length is called the depth of

fixity.

The lateral behavior of single pile in cohesionless soil

subjected to both vertical and horizontal loads was studied

by Chik et al. [103] by conducting numerical analysis using

the software PLAXIS 3D Foundation 1.1. The verification

of the model is done by comparing the results with the field

pile load test results. Babaei [8] performed numerical

investigation on axial bearing capacity of piles embedded

in sloping sandy ground, using PLAXIS 3D Foundation.

The results have shown that the pile axial capacity

increases with increase in upward slope and decreases with

increase in downward slope. Nonlinear finite element

modeling using PLAXIS 3D Foundation was done by Kim

et al. (2011) to investigate numerically the pile deflection,

bending moment and p–y curves along the length of the

pile. Based on the findings of this study, it was found that

pile elastic modulus (Ep), interface property (Rinter), and

pile toe condition exert no significant influence on the

p–y characteristics.

Conte et al. [20] have used the finite element code

ABAQUS to predict the response of reinforced concrete

pile to horizontal loading. Finite element codes are

supplied with several constitutive models. However, the

choice of a constitutive model is generally influenced by

the material parameters that are available for the case

study. Sophisticated soil models could not be justified if all

the material properties related to the model are not avail-

able. Hence, the present study uses a linear elastic perfect

plastic soil model with Mohr–Coulomb failure criteria

which uses five soil parameters, such as shear modulus (G),

Poisson’s ratio (m0), shearing resistance angle (u0), effective

cohesion (c0), and angle of dilatancy (w).

Numerical example in PLAXIS-3D

Pile load test on laterally loaded pile A pile load test

conducted by Ismael et al. has been modeled and studied.

The pile was 0.3 m in diameter and had a length of 5 m

situated in Kuwait. The surface soil was found to a depth of

3.5 m and was characterized as having both component of

shear strength, c and u. The soil profile consisted of a

medium dense cemented silty sand layer to a depth 3 m.

This was underlain by medium dense to very dense silty

sand with cemented lumps to the bottom of the borehole.

All properties of soil are listed in Table 1. Ground water

was not encountered within the depth of the borehole. In

conclusion, the comparison between the PLAXIS 3D

simulation and the reported lateral data is shown in

Figs. 10, 11 and 12 [39]. The piles were deflecting not in

the same magnitude at the field test due to the variability of

soil properties. Also, the numerical simulation is reason-

ably accurate for the problem of LLPs and piles oil inter-

action over a wide range of deformation for 5-m piles.

PLAXIS 3D curve manager is used to plot the load

deflection curve of the present analysis and is shown in

Fig. 10. The load deflection curve available from the lit-

erature [39] and the curve obtained from the present study

are plotted together using plot digitizer as shown in

Fig. 11. It was observed that both the experimental and

numerical results are comparable. Hence it can be con-

cluded that the software is capable of incorporating the

nonlinear soil–structure interaction effect.

Experimental investigation

Experimental investigations were conducted either on full-

scale field piles or on model piles. Though the full-scale test

results are considered to be more reliable, the costs of full-

scale tests being very high, properly engineered model tests

were usually adopted for the studies. Even though the

experimental investigations are costly and difficult, the most

commonly adopted numerical investigation results are val-

idated with properly conducted experimental results. Some

of the widely used experimental results are also discussed

here. Rollins et al. [84–87] and Gandhi et al. [29] have
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conducted a number of full-scale tests on LLP and the same

has been adopted for many researchers for the verification of

other studies. Experimental model tests are also conducted to

study the behavior of LLPs by researchers like Gandhi,

Mostafa, Rao, Cox, etc. [23, 27, 28, 72, 79, 89, 93, 95].

Full-scale field tests conducted by a number of

researchers had studied the behavior of group piles in

comparison to single pile with the intension of predicting

the group effect from the behavior of a single pile. The pile

group deflection and the maximum bending moment under

the same average load per pile are reported to be almost

twice as that of a single pile. Similar investigations were

conducted using model piles also by applying laws of

similitude, and experiments were carried out similar to that

of field tests. Laws of similitude are adopted to model the

piles from the available field piles. Field piles are generally

concrete or steel. A suitable material capable of predicting

the deflection and bending moment is adopted for a model

pile. Model piles can be made using aluminum [27, 61, 95],

mild steel [23, 79, 93] or PVC [49].

It was observed from the studies that for a particular

load, aluminum pipe piles showed more deformation at the

top of the pile and strains along the length of the pile,

compared to steel pipe piles [89]. Considering the above

fact, aluminum pipes piles are more suited for model

studies since it can give strain readings even for a small

variation of load. Model tests were conducted to plot the

load deflection curve as well as the bending moment

variation along the depth of pile. Based on the studies it

was observed that individual pile efficiency can be

increased by increasing the spacing between the piles.

Researchers have suggested that at a spacing of eight to

nine times the pile diameter the individual piles attain

100 % efficiency [23]. A similar study revealed that the

optimum spacing between piles for maximum resistance to

be about two times relative stiffness factor T [27]

Table 1 Geotechnical properties of the soil layers and the pile

Parameter Name Medium dense cemented

silty sand layer

Medium dense to very dense silty

sand with cemented lumps

Pile Unit

Unsaturated sol weight cunsat 18 19 25 kN/m3

Saturated sol weight csat 18 19 – kN/m3

Young’s modulus E 1.30E?04 1.30E?04 2E?09 kPa

Poisson’s constant m 0.3 0.3 0.15 –

Cohesion c 20 1 – kPa

Friction angle u 35 45 – –

Fig. 10 PLAXIS 3D output
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T ¼ EI

nh

� �1=5

; ð3Þ

where EI is the flexural rigidity of the pile material and nh

is the coefficient of modulus variation (possible range

values of nh from 2.5 to 20 MN/m3) [11, 24]. Studies have

also inferred that the pile group efficiency decreases with

increase in the number of piles in the group even for same

spacing between the piles. Piles embedded in slopes

showed a decreased load carrying capacity in comparison

to piles in level ground. Model studies on sloping ground

have found that the effect of slope on the strength reduction

of the pile soil system could be neglected for piles located

beyond five pile diameters from the crest of the slope [95].

The pile cap imparts fixity to the pile head. Experiments

show that fixed head pile exhibits 40 % reduction in pile head

deflection in comparison to free head pile [29]. The influence

of pile cap on the lateral load carrying capacity of piles was

also studied by Nath et al. [68] and it was found that an

increase in embedment depth of pile cap increases the lateral

resistance offered by the pile cap to the pile group.

Factors influencing SSI analysis of laterally loaded
pile

From the detailed review of the different investigation

methods, it was understood that, proper assessment of the

characteristics of soil and pile, loading details, etc., are

essential in the accurate modeling of the soil–pile system.

Hence, a brief review on the characteristics of soil, char-

acteristics of pile and type of loading are also incorporated

in the present study.

Characteristics of soil

In soil–structure interaction analysis the distribution of

load from the structure to the soil is investigated. In this

load transfer mechanism, the characteristics of soil has very

important role. The behavior of soil is predicted based on

the engineering properties of soil, vertical soil profile and

the alignment of ground surface.

Soil properties

The behavior of soil is anisotropic, nonlinear, and time

dependent [32]. However, the soil parameters such as unit

weight (c), shear modulus (Es), Poisson’s ratio (m), shearing

resistance angle (u), effective cohesion (c), and angle of

dilatancy (w) play a very important role in representing the

soil behavior. Soil properties vary from very soft to very

stiff consistency, based on which there will be changes in

the soil–structure interaction. Most of the studies on LLP

are conducted with pile-embedded sandy soil

[3, 24, 27, 28, 77]. Only a very few studies are available for

LLP embedded in clay [78, 95, 99].

The engineering properties of soil could be found out

using the standard test methods like ASTM and BIS [95].

Proper assessment of the properties of the soil is required

for the prediction of the behavior of the structure under

external loading. It is also required for the accurate mod-

eling of soil during numerical analysis. It was observed in

certain studies that reduction in soil moisture content

causes an increase in the lateral soil resistance [51]. In

clayey soil, studies revealed that drying the soil sample

affects the index properties, the compressibility and the

shear strength behavior especially for clays in which

Kaolinite is the major constituent [71, 80].

The improvement of lateral capacity of pile can be

achieved by compaction of surrounding soil and thereby

reducing the number of piles and hence saving the cost

[24, 73, 74]. This is true only up to a certain depth, and it

was found that when the thickness of densified soil

increases beyond a certain height there is not much

increase in lateral load.

Vertical soil profile

In the actual ground surface, the vertical soil profile is

always layered and the properties vary from layer to layer

though it is considered to remain constant for a particular

Fig. 12 Shadow stress zone and gap formation in LLP group [86]

14 Page 8 of 15 Innov. Infrastruct. Solut. (2016) 1:14

123



layer for the purpose of analysis [7]. For example in the

Winkler approach which considers the soil as a layered

system to study the lateral resistance of piles, the soil

pressure p is related to lateral deflection y through the

modulus of subgrade reaction kh of the particular layer,

p ¼ khy: ð4Þ

Various geotechnical engineers such as Terzaghi,

Broms, Poulos, Matlock, and Reese have suggested an

equation for subgrade reaction in terms of Es, the soil

modulus and D, the diameter of the pile [76]

kh ¼ ð0:48 to 1:8ÞEs=D: ð5Þ

Alignment of ground surface

Generally a level ground surface is assumed in a soil–

structure system. But when the ground surface is sloping or

when the slope of the ground is varying with time, it is

found that the surface profile of the ground affects the

structural behavior of the pile. Hence, a sloping ground

surface should be taken into consideration while analyzing

a soil–pile system.

Prediction of the behavior of a LLP could be obtained

from the theoretical solution derived based on the force-

equilibrium model of rigid piers embedded in cohesionless

and c–u soil profiles in sloping ground surfaces [26]. A

parametric study indicated that the amount of reduction in

load carrying capacity due to the slope is dependent on the

value of the surface slope angle h and soil strength prop-

erties. Later, operating charts were developed using finite

element method for estimating behavior of the slopes under

different submergence conditions, under complex geome-

tries and properties of slope stability problems [52]. The

charts developed using finite element method are claimed

to be superior to the traditional charts of Morgernstern,

used for the same purpose.

The load-carrying capacity of a LLP decreases as the bed

slope increases [95]. The decrease in the load-carrying

capacity is due to the decrease in the resistance offered by

soil at the top portion of the soil mass, as there is a reduction

in soil mass due to the formation of sloping bed. It was found

that as the slope increases, there is an increase in the mag-

nitude of maximum bending moment [11]. The increase in

relative density is found to be significant for piles embedded

in sloping ground [40]. The relative stiffness between the pile

and soil has an important role in determining the failure

mode of the pile [56]. It was also found that in a pile group,

with the increase in the pile spacing, the critical slip surface

becomes deeper [103]. Scour can also cause reduction in

lateral load-carrying capacity [48, 49].

Researchers have developed relationships to predict the

pile top displacement and the maximum bending moment

of a LLP in sloping ground based on the corresponding

values for the piles embedded in horizontal ground [92].

Based on the experimental results it was concluded that

slope reinforcement significantly increases the lateral

capacity of pile groups. Geo-grid layer provided with suf-

ficient length and breadth beyond the potential failure

surface could improve the slope stability [93].

Sleeving can also be provided to minimize the transfer

of lateral loads from the buildings to shallow depths of

slopes [18]. The load transfer mechanism from the laterally

loaded sleeved pile to sloping ground is through a shear

load transfer mechanism in the vertical plane. Under large

lateral loads, the influence of the sleeving on pile perfor-

mance appears to diminish because of the wide spread

plastic zone developed around the pile.

Characteristics of pile

The characteristics of pile also play a very important role in

determining the behavior of pile under external loading.

The characteristics of pile include the length of pile,

stiffness of pile, and the arrangement of pile.

Flexibility of pile

Based on the flexibility condition, piles can be categorized

into short and long piles. The influence of pile length in the

variation of bending moment was studied and it was con-

cluded that short piles behave linearly and long piles

behave nonlinearly [6]. Unlike long piles, in short piles

maximum bending moment is affected by the length of the

pile. It is also observed that in the displacement plots, the

pile length could have a substantial influence on the max-

imum displacement at the pile end. However, this influence

decreases from a particular length. Beyond that length, the

pile is considered to be a long pile. Thus, for a long pile the

changes in the length of the pile will not considerably

affect the displacement as well as bending moment.

Stiffness of pile

Stiffness properties of a pile depend on the Young’s

modulus of the material of the pile and the cross-sectional

area or moment of inertia of the pile. The generally adopted

material properties for pile foundations are concrete, steel,

and timber [77]. Depending upon the availability, cost, and

the strength requirements, a suitable material will be

selected. In India, concrete piles are widely used as onsite

piles. Young’s modulus of concrete is Ec = 500 (fck)1/2.

Circular and square are the generally adopted cross-

sectional shapes of pile. Square shape is adopted for precast

piles. Most of the cast in situ piles are circular in shape.

Certain researchers have made a serendipitous finding that
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there is a significant shape factor affecting the ability of

pile to mobilize soil resistance to lateral loads [33]. Under a

given lateral load applied to free head piles having

approximately equal moment of inertia, those having cir-

cular cross sections were more resistant to lateral move-

ments than square or H-beam cross section. Investigations

were also done to study the effect of pile shape for both

circular and square cross section on pile response. In a

particular study, the 1.2-m circular piles (MI = 0.03 m4)

and 1.2-m sided square piles (MI = 0.05 m4) were con-

sidered and it was concluded that square pile is more

resistant to lateral load than a circular pile due to high

contact surface area between the pile and the surrounding

soil, and due to high bending resistance [40].

Arrangement of pile

Single pile arrangement or group pile arrangement can be

adopted to transfer the structural load to the ground

depending on the load to be transferred and the type of soil.

Researches show that the average pile group response was

softer than the single pile response. However, the single

pile test can be a good indicator of the pile group behavior.

It was also found that the p-multipliers work well to

account for the group effect [87, 88].

Studies have already established the influence of pile

group rigidity of LLP in marine clay. The group efficiency

under lateral loading is estimated from the ultimate lateral

capacity of the pile group, Qg and ultimate lateral capacity

of single pile, Qs for a group of ‘n’ number of piles using

the formula,

Lateral group efficiency ¼Qg
�
nQs

: ð6Þ

It was also concluded that short and rigid piles are more

resistant to lateral loads when they are arranged in a par-

allel configuration than in a series, whereas the reverse is

true in cases of long and flexible piles [66].

Researchers have developed p-multiplier concept which

provides a reasonable means of accounting for the reduc-

tion in capacity produced by group effects and the resulting

lateral group effect by considering the shadow stress zone

and soil gapping as shown in Fig. 1 [38, 86, 87]. The

studies show that p-multiplier is unity for pile spacing

greater than 5D–6D spacing.

Certain studies show that the ultimate lateral capacity

of pile group depends on the length to diameter ratio of

pile, pile friction angle, pile group geometry, spacing of

piles in a group and the sand placement density [68, 77].

The pile group deflection and the maximum bending

moment under the same average load per pile were

investigated to be twice as that of a single pile [86].

Experiments showed that in a pile group, trailing rows of

piles carried less loads in comparison to leading rows of

piles [1, 2]. Back calculated p-multipliers were 0.8 for

front rows and 0.4 for trailing rows [85]. It is interesting

to note that group interaction effects vanish after lique-

faction [40]. Pile groups with pile cap showed more lat-

eral resistance in comparison to free head piles and it was

observed that pile cap contributed 40 % of the total

resistance [29, 87].

Type of loading

The structure is designed to resist the external loads acting

on it. The structure may be subjected to static or dynamic

loading. The behavior of the structure will be different

under different loading conditions.

Static loading

The magnitude and direction of the static loading on the

structure are given the prime consideration while designing

the pile foundations and the structure as a whole. Even

though the pile material is considered to be linearly elastic,

the nonlinear behavior of soil is to be incorporated in the

load-deflection analysis of piles.

The governing equation to represent pile under lateral

static loading incorporating the bending stiffness of the pile

(EI), subgrade modulus of soil (k) and deflection of the pile

element considered (y) is expressed as [5, 15, 90]:

EI
o4y

ox4
� ky ¼ 0: ð7Þ

Researchers have conducted full scale and model tests

on LLPs subjected to static loading. The basic arrangement

of a LLP and soil resistance is shown in Fig. 13. Load will

be applied at the pile top at regular intervals of time and the

pile top deflections were noted [94, 95]. Corresponding to

each load, the dial gauge reading at the top of the pile and

the strain gauge readings along the length of the pile were

studied. The bending moment (M) is proportional to strain

gauge reading (e) and hence the constant of proportionality

‘C’ is obtained from simple bending test. The relation thus

obtained can be expressed as [11]:

M ¼ C � e: ð8Þ

The influence of axial loads on the lateral response of

piles was studied and it was found that the lateral deflection

and the bending moment of the pile increased with the

increase in axial load [53]. The influence of combined

loading on lateral capacity decreases as the L/D ratio of the

pile increases. The study was extended in layered soil and

the variation of displacement along the depth of pile is

studied. It was found that when a sand layer is present

within a clay deposit, there is reduction in displacement
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and when a clay layer is present within a sand deposit there

is increase in displacement [104].

Dynamic loading

Dynamic loadings are time dependent in nature. The

behavior of structure under dynamic loading depends on

the natural frequency of the structure. Hence, the possible

changes in the natural frequency of the structure with the

changes in the soil and the structure are to be studied. The

dynamic flexural differential equation of the pile under free

vibration condition can be written as [30]:

mp

o2y

ot2
þ Cp

oy

ot
þ KdsDy þ EpJp

o4y

ox4
þ Np

o2y

ox2
¼ 0; ð9Þ

where mp is the mass of the pile per unit length, Cp

structural damping coefficient of the pile, Kds dynamic

stiffness of the soil, Ep young’s modulus of pile, Jp polar

moment of inertia of the pile, Np axial load on pile, and y is

the lateral deflection of the pile.

The fundamental natural frequency of the pile for the

first mode is:

f1 ¼ ak2
1

2p
; ð10Þ

where a ¼ EpJp

mp

1=2
; k1 ¼ 1:875

le
, le is the effective length of pile.

Dynamic p–y analysis was suggested for analyzing

seismic soil–pile–structure interaction represented as in

Fig.14 [14]. A simplified analytical model for the lateral

harmonic response of single pile and pile group in layered

soil was developed by Mylonakis et al. [67]. The predic-

tions of the model are in agreement with the earlier results,

while its simplicity offers a versatile alternative to rigorous

solutions. The governing equation for the vertical elastic

pile embedded in winkler medium is:

d4y

dx4
þ 4k4y ¼ q

EI
; ð11Þ

where EI is the flexural rigidity of the pile, q the distributed

force along the pile, and k is the complex wave number

associated with the propagation of flexural waves along the

pile.

The soil–pile system behaves predominantly in a non-

linear fashion close to the resonance region under dynamic

loads [6, 7, 13]. The maximum dynamic BM is magnified

by about 1.5 times the maximum static BM for model piles

in clay. The maximum dynamic BM occurs at a depth of

about 1.5 times the depth of maximum static BM for model

piles, which indicates an increase of active length under

dynamic load [13, 17].

Fig. 13 Lateral load and

components of resistance

offered by soil–pile system [87]

Fig. 14 Schematic diagram of dynamic p–y analysis model [14]
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A new approach to model the material nonlinearity of

soil media for the dynamic analysis of pile foundations is

proposed by Maheshwari et al. [55]. They incorporated

the effects of material nonlinearity of soil on the free-field

response which depend very much on the frequency of

excitation [98]. Due to the material nonlinearity of the

soil, at low frequencies (as compared to the natural fre-

quency of the soil–pile system) the seismic response

increases as much as 30 % and at higher frequencies the

reverse is true.

Conclusion

A detailed literature review on the soil–structure interac-

tion analysis of LLPs is presented in this paper. Properties

of soil and pile, type of loading, analysis methods, etc.,

play important roles in predicting the behavior of a soil–

structure system.

• The five significant soil parameters are identified such

as, unit weight (c), shear modulus (Es), Poisson’s ratio

(m), shearing resistance angle (u), effective cohesion

(c), and angle of dilatancy (w) which can contribute to

soil behavior in a soil–structure system. Standard

methods such as ASTM, BIS, etc., should be adopted

to quantify the above properties for the accurate

analysis of the soil behavior.

• The vertical profile of soil is also very important in

predicting the soil–pile behavior. However, for sim-

plicity in conducting various studies, soil profile may be

considered to be either homogeneous or layered.

• The gradient of the ground surface is also significant in

predicting the soil–pile behavior under lateral load.

• Pile stiffness contributes toward the lateral load carry-

ing capacity of pile. Stiffness of pile is mainly governed

by the material property (E) and the moment of inertia

(I) of the pile. Hence, pile characteristics such as cross

sectional shape, cross sectional area, and material

properties are also significant in the structural behavior

of LLPs.

• Seismic loads are considered to be the most complex

dynamic loading condition. It could be studied in a

simplified manner using sinusoidal loading condition.

During the dynamic analysis of soil–pile system, the

variations in the natural frequency of the system with

the variation in soil properties are to be studied and

accounted.

• A softer soil consistency causes an increase in the depth

of fixity of the pile which in turn decreases the natural

frequency of the soil–pile system.

• The method of analysis to study LLP can be analytical,

experimental or numerical investigation of soil–pile

system. Each of the methods has its own advantages

and disadvantages. Analytical solutions are much

developed now-a-days but are found to be lengthy

and complicated. Developing computer programs of the

formulation can solve the difficulty to a large extentd.

• Experimental investigations on field pile are found to

be superior to all the other analysis methods. But it is

found to be costly and time consuming. Experimental

investigations using model test set up is a good

alternative to study the present problem, if all the

parameters involved in the study could be modeled

using the laws of similitude.

• Numerical simulation and analysis of the problem

solved using finite element or finite difference methods

are becoming popular with the increasing computa-

tional power of computers and the availability of

reliable software particularly designed by considering

the influence of soil–structure interaction. Proper

validation of model created in the numerical software

could ensure better results.

References

1. Abbas JM, Chik Z, Taha MR (2010) Influence of group con-

figuration on the lateral pile group response subjected to lateral

load. Electron J Geotech Eng 15:761–772

2. Abbas JM, Chik ZH, Taha MR (2008) Single pile simulation and

analysis subjected to lateral load. Electron J Geotech Eng

13(E):1–15

3. Ashour M, Noris G, Pilling P (2002) Strain Wedge Model

capability of analyzing behaviour of laterally loaded isolated

piles, drilled shafts and pile groups. J Bridge Eng 7(4):245–254

4. Ashour M, Norris G (2000) Modelling lateral soil–pile response

based on soil–pile interaction. J Geotech Geoenviron Eng

126(5):420–428

5. Avaei A, Ghotbi AR, Aryafar M (2008) Investigation of pile–

soil interaction subjected to lateral loads in layered soils. Am J

Eng App Sci 1(1):76–81

6. Ayothiraman R, Boominathan A (2004) Flexural behaviour of

single piles in clay under lateral excitation. In: 13th world

conference on earthquake engineering

7. Ayothiraman R, Boominathan A (2013) Depth of fixity of piles

in clay under dynamic lateral load. Geotech Geol Eng

31:447–461

8. Babaei A (2011) Numerical investigation of axial bearing

capacity of piles embedded in sloping ground. Int J Phys Sci

6(33):7589–7603

9. Badry P, Satyam N (2016) An efficient approach for assessing

the seismic soil–structure interaction effect for the asymmetrical

pile group. Innov Infrastruct Solut J Springer. doi:10.1007/

s41062-016-0003-1

10. Banerjjee (2002) Inelastic soil–pile–structure interaction under

static loading. In: International symposium on structural and

earthquake engineering, pp 394–401

11. Begum A, Muthukkumaran K (2008) Numerical modeling for

laterally loaded piles on a sloping ground. In: The 12th

14 Page 12 of 15 Innov. Infrastruct. Solut. (2016) 1:14

123

http://dx.doi.org/10.1007/s41062-016-0003-1
http://dx.doi.org/10.1007/s41062-016-0003-1


international conference of international association for com-

puter methods and advances in geomechanics, pp 3368–3375

12. Blaney GW, O’Neill MW (1986) Analysis of dynamic laterally

loaded pile in clay. J Geotech Eng 112(9):827–840

13. Boominathan A, Ayothiraman R (2007) An experimental study

on static and dynamic bending behaviour of piles in soft clay.

Geotech Geol Eng 25:177–189

14. Boulanger RW, Curras CJ, Kutter BL, Wilson DW, Abghari A

(1999) Seismic soil–pile–structure interaction experiments and

analysis. J Geotech Geoenviron Eng ASCE 125(9):750–759

15. Brown DA, Hidden SA, Zhang S (1994) Determination of p–

y curves using inclinometer data. Geotech Test J 17(2):150–158

16. Chandrasekaran SS, Boominathan A, Dodagoudar GR (2010)

Group interaction effects on laterally loaded piles in clay.

J Geotech Geoenviron Eng 136(4):573–582

17. Chandrasekaran SS, Boominathan A, Dodagouder GR (2008)

Cyclic lateral response of model pile groups in clay. In: The

12th international conference of international association for

computer methods and advances in geomechanics

18. Charles WW, Zhang LM (2001) Three-dimensional analysis of

performance of laterally loaded sleeved piles in sloping ground.

J Geotech Geoenviron Eng ASCE 127(6):499–509

19. Chik ZH, Abbas JM, Taha MR, Shafique QSM (2009) Lateral

behavior of single pile in cohesionless soil subjected to both

vertical and horizontal loads. Eur J Sci Res 29(2):194–205

20. Chore AS, Ingle RK, Sawant VA (2012) Parametric study of

laterally loaded pile groups using simplified FE models. Cou-

pled Syst Mech 1(1):1–7

21. Chore HS, Ingle RK, Sawant VA (2012) Non-linear analysis of

pile groups subjected to lateral loads using p–y curves. Interact

Multiscale Mech 5(1):57–73

22. Conte E, Troncone A, Vena M (2013) Nonlinear three dimen-

sional analysis of reinforced concrete piles subjected to hori-

zontal loading. Comput Geotechnic 49:123–133

23. Cox WR, Dixon DA, Murphy BS (1984) Lateral load tests on

25.4-mm (1-in.) diameter piles in very soft clay in side-by-side

and in-line groups. In: Langer JA, Mosley ET, Thompson CD

(eds) Laterally loaded deep foundations: analysis and perfor-

mance, ASTM STP 835. American society for testing and

materials, pp 122–139

24. Deepak R, Gandhi S R (2004) Improvement of lateral capacity

of pile due to compaction of surrounding soil. In: Indian

geotechnical conference (IGC), pp 382–385

25. Duncan MJ, Evans LT Jr, Ooi PSK (1994) Lateral load analysis

of single piles and drilled shafts. J Geotech Eng

120(5):1018–1033

26. Gabr MA, Orden RH (1990) Lateral analysis of piers con-

structed on slopes. J Geotech Eng 116(12):1831–1850

27. Gandhi SR, Selvam S (1994) Model tests on pile group under

lateral loads. In: Proceedings of 4th international conference on

problems of pile foundation engineering. Organised by Russian

national committee, soil mechanics and foundation engineering,

vol I. Moscow, pp 228–233

28. Gandhi SR, Selvam S (1997) Group effect on driven piles under

lateral load. J Geotech Geoenviron Eng 123(8):702–709

29. Gandhi SR, Suresh PK, Raju VS (1988) Lateral load tests on

large diameter bored pile and analysis. Indian Geotech Conf

1:373–377

30. Gao M, Chin DB, Ma MY, Sun RG (1986) A field investigation

and analysis of a large pipe pile under static and dynamic lateral

loading. In: Chaney RC, Fang HY (eds) Marine geotechnology

and nearshore/offshore structures, ASTM STP 923. American

society for testing and materials, Philadelphia, pp 306–328

31. Georgiadis K, Georgiadis M (2010) Undrained lateral pile

response in sloping ground. J Geotech Geoenviron Eng

136(11):1489–1500

32. Georgiadis K, Georgiadis M (2012) Development of p–y curve

for undrained response of piles near slopes. Comput Geotech

40:53–61

33. Gleser SM (1984) Generalized behaviour of laterally loaded

vertical piles. In: Laterally loaded deep foundations: analysis

and performance, ASTM STP 835. American society for testing

and materials, pp 72–96

34. Godbole PN, Viladkar MN, Noorzaei J (1990) Nonlinear soil–

structure interaction analysis using coupled finite elements.

Comput Struct 36(6):1089–1096

35. Gokul KM, Sathyanarayanan D, Subha IP, Muthukkumaran K

(2009) Behaviour of an open type berthing structure under

earthquake condition—a numerical approach. In: Indian

geotechnical conference (IGC). Guntur, India, pp 553–557

36. Haldar S, Babu SGL (2008) Effect of soil–spatial variability on

the response of laterally loaded pile in undrained clay. Comput

Geotech 35:537–547

37. Horwath JS (1984) Simplified elastic continuum applied to the

laterally loaded pile problem – part 1: theory. In: Langer JA,

Mosley ET, Thompson CD (eds) Laterally loaded deep foun-

dations: analysis and performance, ASTM STP 835. American

society for testing and materials, pp 112–121

38. Ilyas T, Leung CF, Chow YK, Budi SS (2004) Centrifuge model

study of laterally loaded pile groups in clay. J Geotech Geoen-

viron Eng 130(1):274–283

39. Ismael NF (1998) Lateral loading tests on bored piles in

cemented sand. In: Proceedings of the third international

geotechnical seminar on deep foundation on bored and auger

piles, Ghent, Belgium, pp 137–144

40. Karthigeyan SV, Ramakrishna VGST, Rajagopal K (2006)

Influence of vertical load on the lateral response of piles in sand.

Comput Geotech 33:121–131

41. Kausel E (2010) Early history of soil–structure interaction. Soil

Dyn Earthq Eng 30(9):822–832

42. Kim BT, Kim NK, Lee WJ, Kim YS (2004) Experimental load-

transfer curves of laterally loaded piles in Nak-Dong River sand.

J Geotech Geoenviron Eng 130(4):416–425

43. Kim BT, Kim YS (1999) Back analysis for prediction and

behaviour of laterally loaded single piles in sand. KSCE J Civ

Eng 3(3):273–288

44. Kim Y, Jeong S (2011) Analysis of soil resistance on laterally

loaded piles based on 3D soil–pile interaction. Comput Geotech

38:248–257

45. Kim Y, Jeong S, Lee S (2011) Wedge failure analysis of soil

resistance on laterally loaded piles in clay. J Geotech Geoen-

viron Eng 137(7):678–694

46. Kishida A, Takewaki I (2007) Analysis of earthquake energy

input in soil–pile–structure system with uncertain soil parame-

ter. Int J Adv Struct Eng 10(3):229–244

47. Kishida A, Takewaki I (2010) Response spectrum method for

kinematic soil–pile interaction analysis. Adv Struct Eng

13(1):181–197

48. Kishore NY, Rao NS, Mani JS (2009) The behaviour of laterally

loaded piles subjected to scour in marine environment. KSCE J

Civ Eng 13(6):403–406

49. Kishore NY, Rao NS, Mani JS (2008) Influence of the scour on

laterally loaded piles. In: The 12th international conference of

international association for computer methods and advances in

geomechanics

50. Kojima K, Fujita K, Takewaki I (2014) Unified analysis of

kinematic and inertial earthquake pile responses via single-input

response spectrum method. Soil Dyn Earthq Eng 63:36–55

51. Landriani L (2007) Laterally loaded model pile analysis

regarding the influence of soil saturation and matric suction in a

clay soil. McNair Res J 3:25–32

Innov. Infrastruct. Solut. (2016) 1:14 Page 13 of 15 14

123



52. Lane PA, Griffiths DV (2000) Assessment of stability of slopes

under drawdown conditions. J Geotech Geoenviron Eng

126(5):443–450

53. Lee J, Prezzi M, Salgado R (2011) Experimental investigation of

the combined load response of model piles driven in sand.

Geotech Test J 34(6):1–15

54. Li R, Gong J (2008) Analysis of laterally loaded pile in layered

soils. Electron J Geotech Eng 13(J):1–16

55. Maheshwari BK, Watanabe H (2005) Dynamic analysis of pile

foundations: effects of material nonlinearity of soil. Electron J

Geotech Eng 10(E). Paper No. 0585

56. Martin GR, Chen CY (2005) Response of piles due to lateral

slope movement. Comput Struct 83:588–598

57. Mazurenko LV, Shvartsman DA (1967) Calculation of single

piles for lateral loads. Fundam I Mekhaniks Gruntov 2:35–38

58. Mironov VV (1971) Method of analysis for laterally loaded pile.

Found Eng 3:15–17

59. Moayed Z, Judi A, Rabe BK (2008) Lateral bearing capacity of

piles in cohesive soils based on soil’s failure strength control.

Electron J Geotech Eng 13(D):1–11

60. Mostofi A, Bargi K (2011) Analytical and numerical evaluation

of flexible response of floating piers to ship berthing impact. Int

J Civ Struct Eng 2(1):249–259

61. Mostofi A, Bargi K (2012) New concept in analysis of floating

piers for ship nerthing impact. Mar Struct 25:58–70

62. Murugan M, Natarajan C, Muthukkumaran K (2011) Behaviour

of laterally loaded piles in cohesionless soils. Int J Earthsci Eng

4(6):104–106

63. Muthukkumaran K, Sundaravadivelu R (2007) Numerical

modeling of dredging effect on berthing structure. Acta Geotech

2:249–259

64. Muthukkumaran K, Sundaravadivelu R, Gandhi SR (2004)

Effect of sloping ground on single pile load deflection behaviour

under lateral soil movement. In: 13th world conference on

earthquake engineering

65. Muthukkumaran K, Sundaravadivelu R, Gandhi SR (2004)

Monitoring lateral deflections of a berthing structure during

dredging—a case study. In: Fifth international conference on

case histories in geotechnical engineering, New York

66. Muthukkumaran K, Sundaravadivelu R, Gandhi SR (2007)

Effect of dredging and axial load on berthing structure. Int J

Geoeng Case Hist 1(2):73–88

67. Mylonakis G, Gazetas G (1999) Lateral vibration and internal

forces of grouped piles in layered soil. J Geotech Geoenviron

Eng 125(1):16–25

68. Nath UK, Hazarika PJ (2012) Lateral resistance of pile cap—an

experimental investigation. Int J Geotech Eng 7(3):266–272

69. Okada T, Fujita K, Takewaki I (2016) Robustness evaluation of

seismic pile response considering uncertainty mechanism of soil

properties. Innov Infrastruct Solut J Springer. doi:10.1007/

s41062-016-0009-8

70. Oortmerssen GV, Pinkster JA, Boom VDHJJ (1986) Computer

simulation of moored ship behaviour. J Waterw Port Coast

Ocean Eng 112(2):296–308

71. Pandian NS, Nagraj TS, Babu SGL (1991) Effects of drying on

the engineering behaviour of cochin marine clays. Geotechnique

41(1):143–147

72. Patra NR, Pise PJ (2001) Ultimate lateral resistance of pile

groups in sand. J Geotech Geoenviron Eng 127(6):481–487

73. Phanikanth VS, Choudhury D, Reddy RG (2010) Behaviour of

fixed head single pile in cohesionless soil under lateral loads.

Electron J Geotech Eng 15(M):1243–1262

74. Phanikanth VS, Choudhury D, Reddy RG (2010) Response of

single pile under lateral loads in cohesionless soil–s. Electron J

Geotech Eng 15(H):813–830

75. Premalatha PV, Muthukkumaran K, Jayabalan P (2011) Beha-

viour of piles supported berthing structure under lateral loads.

In: 2011 Pan-AmCGS geotechnical conference

76. Pyke R, Beikae M (1984) A new solution for the resistance of

single piles to lateral loading. In: Laterally loaded deep foun-

dations: analysis and performance, ASTM STP 835, pp 3–20

77. Rahman MM, Alim MA, Chowdhury MAS (2003) Investigation

of lateral load resistance of laterally loaded pile in sandy soil. In:

4th international conference on bored and auger piles, BAPIV.

Ghent, Belgium, pp 209–215

78. Rao NS, Ramakrishna VGST, Rao MB (1998) Influence of

rigidity on laterally loaded pile groups in marine clay. J Geotech

Geoenviron Eng 124(6):542–549

79. Rao NS, Ramakrishna VGST, Raju GB (1996) Behaviour of pile

supported dolphins in marine clay under lateral loading.

J Geotech Eng 122(8):607–612

80. Reddy NPC, Rao DP, Dora YL (1992) Clay minerology of

innershelf sediments off Cochin. West Coast India Indian J Mar

Sci 21:152–154

81. Reese LC, Cox WR (1969) Soil behaviour from analysis of tests

of un-instrumented piles under lateral loading. In: Performance

of deep foundations, ASTM STP 444, pp 160–176

82. Reese LC, Wang ST (1986) Method of analysis of piles under

lateral loading. In: Chaney RC, Fang HY (eds) Marine

geotechnology and nearshore/offshore structures, ASTM STP

923, Philadelphia, pp 199–211

83. Reese LC, Wright SG, Aurora RP (1984) Analysis of a pile

group under lateral loading. In: Langer JA, Mosley ET,

Thompson CD (eds) Proc. laterally loaded deep foundations:

analysis and performance, ASTM STP 835, Philadelphia,

pp 56–71

84. Rollins KM, Gerber TM, Lane JD, Ashford SA (2005) Lateral

resistance of a full scale pile group in liquefied sand. J Geotech

Geoenviron Eng 131(1):115–125

85. Rollins KM, Lane JD, Gerber TM (2005) Measured and com-

puted lateral response of a pile group in sand. J Geotech

Geoenviron Eng 131(1):103–114

86. Rollins KM, Peterson KT, Weaver TJ (1998) Lateral load

behaviour of full scale pile group in clay. J Geotech Geoenviron

Eng 124(6):468–478

87. Rollins KM, Sparks A (2002) Lateral resistance of full scale pile

cap with gravel backfill. J Geotech Geoenviron Eng

128(9):711–723

88. Ruesta PF, Townsend FC (1997) Evaluation of laterally loaded

pile group at roosevelt bridge. J Geotech Geoenviron Eng

123(12):1153–1161

89. Salini U, Girish MS (2009) Lateral capacity of model piles on

cohesionless soil. Electron J Geotech Eng 14(P):1–9

90. Sanchez M, Roesset JM (2013) Evaluation of models for later-

ally loaded piles. Comput Geotech 48:316–320

91. Sawant VA, Shukla SK (2012) Finite element analysis for lat-

erally loaded piles in sloping ground. Coupled Syst Mech

1(1):59–78

92. Sawant VA, Shukla SK (2012) Three dimensional finite element

analysis of laterally loaded piles in sloping ground. Indian

Geotech J 42(4):278–286

93. Sawwaf MEI (2008) Lateral behaviour of vertical pile group

embedded in stabilized earth slope. J Geotech Geoenviron Eng

134(7):1015–1020

94. Sivapriya AV, Gandhi SR (2013) Experimental and numerical

study on pile behaviour under lateral load in clayey slope. Indian

Geotech J 43(1):105–114

95. Sivapriya SV, Gandhi SR (2011) Behaviour of single pile in

sloping ground under static lateral load. In: Proceedings of

Indian geotechnical conference, pp 199–202

14 Page 14 of 15 Innov. Infrastruct. Solut. (2016) 1:14

123

http://dx.doi.org/10.1007/s41062-016-0009-8
http://dx.doi.org/10.1007/s41062-016-0009-8


96. Soltani A (2008) A FEM model to investigate the lateral

behaviour of cylindrical piles in saturated clay. Electron J

Geotech Eng 15(D):373–384

97. Sundaravadivelu R, Gandhi SR, Natarajan R, Thilakavathy G

(2000) Design of slipway facility for repair and maintenance of

port crafts. In: 4th international conference on coasts, ports and

marine structures

98. Tafreshi MSN (2008) Uncouple nonlinear modeling of seismic

soil–pile–superstructure interaction in soft clay. Int J Civ Eng

6(4):275–283

99. Takewaki I (2005) Frequency domain analysis of earthquake

input energy to structure-pile systems. Eng Struct 27(4):549–563

100. Takewaki I, Kishida A (2005) Efficient analysis of pile-group

effect on seismic stiffness and strength design of buildings. Soil

Dyn Earthq Eng 25(5):355–367

101. Ti KS, Bujang BK, Saw GS (2009) A review of basic consti-

tutive models for geotechnical application. Electron J Geotech

Eng 14(J):1–18

102. Van der Molen W, Lighteringen H (2003) Behaviour of a

Moored LNG Ship in SwellWaves. J Waterw Port Coast Ocean

Eng 129(1):15–21

103. Wei WB, Cheng YM (2009) Strength reduction analysis for

slope reinforced with one row of piles. Comput Geotech

36:1176–1185

104. Zadeh NG, Kalantari B (2011) Performance of single pile under

vertical and lateral load in sand, clay and layered soil. Electron J

Geotech Eng 16(K):1131–1146

105. Zhang L, McVay MC, Lai P (1999) Numerical analysis of lat-

erally loaded 3 9 3 to 7 9 3 pile groups in sands. J Geotech

Geoenviron Eng 125(11):936–946

106. Zhu H, Chang MFPE (2002) Load transfer curves along bored

piles considering modulus degradation. J Geotech Geoenviron

Eng 128(9):764–774

Innov. Infrastruct. Solut. (2016) 1:14 Page 15 of 15 14

123


	A review on soil--structure interaction analysis of laterally loaded piles
	Abstract
	Introduction
	Types of investigations
	Theoretical investigation
	Numerical investigation
	Numerical example in PLAXIS-3D
	Pile load test on laterally loaded pile


	Experimental investigation

	Factors influencing SSI analysis of laterally loaded pile
	Characteristics of soil
	Soil properties
	Vertical soil profile
	Alignment of ground surface

	Characteristics of pile
	Flexibility of pile
	Stiffness of pile
	Arrangement of pile

	Type of loading
	Static loading
	Dynamic loading


	Conclusion
	References




