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ABSTRACT 
The response of an individual pile to externally applied lateral load is one of the most complex soil-structure interaction problems 

in the field of foundation engineering.  Usually, laterally loaded single piles are analysed by methods derived directly from the 

classical “beam on elastic foundation” mode in which the soil support is approximated by a series of independent elastic spring.  

Based on this concept, an extensive amount of theoretical and analytical work has been reported on the behaviour of single and 

group piles under lateral loads.  Literature on various approaches to study the lateral response of piles is reviewed in the following 

sections. 
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INTRODUCTION 
 

Foundation of any structure plays an important role in the safety and satisfactory performance of the 
structure as it transmits the loads from the structure to the earth. Without having a sound and safe foundation, 
the structure cannot perform the functions for which it has been designed. The foundations in various types of 
soils have to be designed to suit the soil conditions of particular type. Piles are structural elements in a 
foundation which have the function of transferring load from the superstructure through weak compressible 
strata or through water, on to stiffer or more compact and less compressible soils or on to rock. Pile foundations 
are often necessary to support large structures when the surface soil conditions are not strong enough to support 
the structure with shallow foundations. Pile foundation can be founded in dense sand layers at depth, and also 
provide additional frictional support along their length to resist vertical loads. Lateral loads, however, are just as 
important as vertical loads in designing pile foundations and are often more complicated. More powerful lateral 
loads occur as a result of unpredicted events such as heavy wind, earthquakes, slope failure and lateral spread 
induced by liquefaction. Concrete, steel and timber are the traditional materials for piling that exhibit many 
problems when used in corrosive soils and harsh environments. Performance disadvantages of these materials 
are deterioration of timber, corrosion of steel and degradation of concrete.  

 
Literature Review: 

The response of an individual pile to externally applied lateral load is one of the most complex soil-
structure interaction problems in the field of foundation engineering.  Usually, laterally loaded single piles are 
analysed by methods derived directly from the classical “beam on elastic foundation” mode in which the soil 
support is approximated by a series of independent elastic spring.  Based on this concept, an extensive amount 
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of theoretical and analytical work has been reported on the behaviour of single and group piles under lateral 
loads.  Literature on various approaches to study the lateral response of piles is reviewed in the following 
sections. 

 
Experimental studies: 

There are many experimental investigationson piles embedded in cohesive and cohesionless soils subjected 
to both static and cyclic lateral loads. 

Kubo [15] conducted lateral load tests on model steel piles embedded in sandy soils in a concrete test tank. 
From the results it was found that the effective length of a laterally loaded pile was related to the depth of zero 
point of bending moment. 

Prakash and Saran [29] have reported a series of model on free-head single and group piles in clay.  The 
values of soil modulus and “p-y” curve back figured from the reported single pile tests are in good agreement 
with the theoretical and predicted load-deflection curves. 

Davisson and Sally [9] described a model study, which was a part of a comprehensive pile-testing program. 
The purpose of the model study was to determine the relationship between the behaviour of a single laterally 
loaded pile and the average behaviour of similar piles in large groups for scaled models of pile supported locks 
and dams in sand. For a single pile, they observed the variation of subgrade modulus with respect to depth and 
the effect of cyclic loading on deflection. 

Matlock [19] conducted tests on instrumented open ended steel model piles driven into soft slightly over 
consolidated marine clayey deposit. Three types of lateral loading conditions are considered, viz., (i) short time 
static loading (ii) cyclic loading due to storm wave conditions (ii) subsequent reloading with force less than the 
force exerted in the recent past. From the results, it was observed that under lateral deflection exceeding 20% of 
the pile diameter, there was a progressive deterioration in the soil resistance under continued cyclic loading. 

Reese et al. [36] conducted full scale lateral load tests on pipe pile having 24 inch diameter installed in 
sandy soil and analysed the test results. Based on the test results and theoretical studies, a method is presented 
for predicting the family of “p-y” curves using properties of sand and pile dimensions. The procedure was used 
to develop “p-y” curves for the soil at experimental site and computed results were found to be good agreement 
with experimental results. 

Reese and Welch [34] conducted full-scale lateral load tests on a drilled shaft driven into stiff clay. The 
shafts were instrumented to measure the bending moments and deflections. The effects of increasing loads and 
repetitive loading on the bending moments and deflections were studied. The results revealed that the depth to 
the point of maximum moment increased with load and the maximum moment was found to be a non-linear 
function of load. 

Lu [17] performed a full scale lateral load tests on six piles including two vertical, two inward and two 
outward battered in sandy clay soil, in order to discuss the behaviour of bored piles and the relationships 
between lateral load, bending stress, displacement and soil resistance. He also studied the various states of 
flexural stresses in a pile section by plotting several load-stress curves, as well as the critical point which causes 
the pile rapidly to fail and appears to be satisfactory criterion for the determination of pile’s design load. 

Brown et al. [5] studied the behaviour of a closely spaced large-scale group of nine steel piles and an 
isolated single pile for comparison, conducted in a submerged firm to dense sand underlain by very stiff clay 
and subjected to two-way, static and cyclic lateral loading. They noticed that a significant densification occurred 
in the sand due to tow-way cyclic loading resulting in relatively small loss of soil resistance due to cyclic and 
two-way loading, because sand had been compact.  

Steward et al. [41] have proposed design methodology for piles supporting bridge abutments on soft clay 
loading from lateral soil movements. Based on centrifuge model test and field data a new empirical design chart 
was presented. These charts enable simple estimates of maximum bending moment and pile head deflection 

Prakash and Kumar [29] developed a method to predict the load deflection relationship for single piles 
embedded in sand and subjected to lateral load, considering soil nonlinearity based on the results of 14 full-scale 
lateral pile load tests. 

Gandhi and Selvam [10] studied group effect of driven piles under lateral load through laboratory 
experiments on aluminium pipe. They found that, the efficiency of a pile group for a given spacing decreases 
with the increase in number of piles in the group due to the increased number of overlapping zones of passive 
and active wedge. 

Narasimha Rao et al. [25] conducted experiments on model pile groups arranged in different configurations 
and embedded at different depths in a soft marine clayey bed.  The results obtained from lateral load tests 
indicated that the lateral load capacity of the pile group depends mainly on the rigidity of pile-soil system for 
different arrangements of piles within a group. 

Ashour and Norris [2] studied the effect due to additional influences such as pile bending stiffness, pile 
cross-sectional shape, pile head fixity and pile embedment on resulting “p-y” curves. It was argued that strain 
wedge (SW) model formulation can be used to characterize such effects. SW model analysis predicts the 
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response of laterally loaded piles and has shown very good agreement with actual field tests in sand, clay and 
layered soils. The advantage of the SW model was found that it was capable of taking into account the effect of 
changes in soil and pile properties on the resulting “p-y” curves.  

Rollins and Sparks [38] conducted tests on group of steel pipe piles, attached to concrete pile cap (fixed 
head condition), driven in saturated low-plasticity silts and clay. Gravel backfill was placed at the backside of 
the cap. Average lateral deflection Vs Depth curves, average bending moment Vs depth curves for each row in 
pile group were obtained. Load deflection curves for base friction, passive pressure resistance and pile-soil-pile 
interaction resistance with and without gap formation were obtained. In addition, computed load-deflection 
curves for all forces were compared with measured curves. Various methods for the computation of passive 
pressure, pile-soil-pile interaction and base interaction friction resistance were compared. 

Pando et al. [26] compared the axial and lateral load behavior of two different types of composite test piles 
and a conventional prestressed concrete test pile at a bridge construction site in Hampton, Virginia. One of the 
composite piles is a fiber reinforced polymer (FRP) shell filled with concrete and reinforced with steel bars. The 
other composite pile consists of a polyethylene plastic matrix surrounding a steel reinforcing cage. The axial 
structural stiffness of the prestressed concrete pile and the FRP pile are similar, and they are both much more 
stiff than the plastic pile. The flexural stiffness of the prestressed concrete pile is greater than the flexural 
stiffness of the FRP pile, which is greater than the flexural stiffness of the plastic pile. The prestressed concrete 
pile and the FRP pile exhibited similar lateral load versus deflection response, and the plastic pile was much less 
stiff in lateral loading. 

Kumar and Lalvani [16] dealt with the analyses of full scale lateral load test data of six drilled shafts 
installed in medium dense sands. Comparison between the approaches (“p-y” curve approach and Kbmax 
approach) was presented.  The results showed that the response predicted with the Kbmax approach was generally 
closer to the measured response compared to that predicted by the “p-y” curve approach. 

Ghosh Roy et al. [11] conducted centrifuge model tests on pile group in loose sand to investigate their 
response to lateral loads. The lateral load – displacement characteristics and bending moment distributions of a 
single pile and pile groups with different pile spacing were examined. Results for three different pile 
configurations were reported (a single pile, an infinitely wide pile group with two rows). “p-y” curves were 
presented for the two pile group spacing and were compared to the results from the single pile to deduce the 
group interaction effects. 

Sen and Mullins [40] studied the application of FRP composites for underwater piles repair. They suggested 
that the bi-directional material should be preferred over uni-directional material and carbon fibre over glass 
fibre. 

McVay et al. [21] conducted full-scale barge impact tests on piers with pile group foundations. Dynamic 
impact forces, barge deformations, lateral deflections of piles and other important parameters were studied in 
detail. Because the large lateral deflection of involved piles contributes the most to the energy absorbing 
capability of the structures. 

Purushotham Reddy et al. [31] studied the retrofitting of RC Piles using GFRP composites.The authors 
concluded that the axial and lateral load carrying capacity of the GFRP retrofitted pile increases with the 
conventional pile. 

Raongjant and Jing [33] conducted test on 18 aluminum model piles with different cross sections and lateral 
load eccentricity ratios, e/d, (e is the lateral load eccentricity and d is the diameter of pile) of 0, 4 and 8 
embedded in sand with a relative density of 30% and 70%. The lateral capacities and the energy dissipation 
capacity of piles in dense sand were much higher than in loose sand. When embedded in loose sand, the 
maximum lateral load and the maximum lateral displacement of piles increased as e/d increased. On the 
contrary, when embedded in dense sand, the maximum lateral load of piles decreased as e/d increased. Piles 
with a higher load eccentricity ratio experienced higher energy dissipation capacity than piles with e/d of 0 in 
both dense and loose sand. At a given level of displacement, piles with circular cross sections provided the best 
energy dissipation capacity in both loose and dense sand. 

Kim and Yoon [13] performed model pile tests to investigate pile group interaction effects. Six types of 
configurations of pile group with 3 to 8-diameter pile spacing were embedded into loose to medium dense 
sands. Good agreement between the measured and computed pile group responses was obtained from the p-
multiplier approach. 

Bonab et al. [3] studied the three-dimensional deformation pattern of soil around laterally loaded piles was 
studied on small-scale physical models in the laboratory using the particle image velocimetry method. The 
deformation pattern and shear strains of soil around laterally loaded single pile and pile groups were studied. 
The effects of pile length, stiffness and diameter on the soil deformation pattern were investigated. 

Chawhan et al. [7] carried out anexperimental investigation on the lateral load carrying capacity of model 
piles of different flexural stiffness embedded in loose sand between dense sand and dense sand between loose 
sand layered soil strata. Experimental results are used for the load-deflection curves (“p-y” curves) for laterally 
loaded piles. The proposed “p-y” curves were compared to the existing curves with Nh and were evaluated with 
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the experimental data. The ultimate lateral soil resistance and subgrade modulus were investigated and 
discussed. 
 
2.2 Theoretical Approach: 

There are two general approaches that are available for the analysis of single pile subjected to lateral loads. 
In Winkler or subgrade reaction approach the pile is considered as supported by an array of uncoupled 

springs. These springs are considered as linear elastic, and more corrected they are considered as nonlinear.  The 
shapes of the load-deformation relationships are described by “p-y”curves. Finite element or finite difference 
techniques can then be used to determine the response of the pile and spring system for the applied loads. 

An approach in which the soil surrounding the pile is modeled as a homogenous elastic continuum. 
Most of the approaches consider either the theory of subgrade reaction or the theory of elasticity. However, 

the load - deflection behaviour of laterally loaded piles is highly nonlinear in nature, and hence requires a 
nonlinear analysis.  The sub-grade reaction approach was also extended to account for the soil nonlinearity by 
introducing “p-y” curves. Poulos and Davis [28] and Budhu and Davies [6] modified the elastic solutions to 
account for soil nonlinearity using the yield factors. Usually, soil characteristics, stiffness of the pile and loading 
conditions control the behaviour of laterally loaded piles. The physical dimensions of the pile, soil properties 
and loading pattern are considered as vital parameters in the analysis of soil structure interaction. Analytical and 
numerical methods were developed by several investigators idealizing the pile-soil system based on widely 
varying assumptions.  

Terzaghi [42] showed that the modulus of subgrade reaction (k) was not an intrinsic physical parameter of 
the soil, but inversely proportional to foundation width. The area of foundation base significantly affects this 
value. However, it was felt that in many instances this effect could be ignored. The fundamental equations for 
the theories of subgrade reaction were obtained by substituting simplified relationships between contact pressure 
and corresponding displacement. 

Reese and Matlock [35] were the first who assumed that the soil modulus increases with depth and 
developed solutions for laterally loaded piles in a non-dimensional form. For stiff clays, they assumed a 
parabolic variation in subgrade reaction modulus with depth. As per this,  
 
E� = η�χ              (1) 
 

(where �� is the co-efficient of subgrade reaction (constant) and 	 is distance along the pile measured from 
the ground level). 

Matlock and Reese [20] developed general solutions for laterally loaded piles supported by an elastic 
medium. According to them, the expressions could be developed for shear force, bending moment, soil reaction 
and deflection and in these the soil modulus as per Winkler’s hypothesis can be represented by 

(p/y)Es −=
             

(2) 

(where,p is the soil resistance expressed as force per unit length and 
 is lateral deflection). 
The relationship between p and y for a laterally loaded pile can be developed along the pile at depths x = x1, 

x = x2 ….etc.. 
Davisson and Gill [8] developed solutions assuming a parabolic variation in subgrade reaction modulus 

with depth. Here, they assumed a constant value for modulus of subgrade reaction and obtained the moments 
and deflections along the length of the piles. 

Madhav et al. [18] studied the behaviour of laterally loaded piles considering the soil as an elasto-plastic 
medium. Here, they used the Winkler’s hypothesis for elastic range and assumed that both the coefficient of 
subgrade reaction and strength of the soil were constants. The response of the pile is obtained in terms of 
dimensionless parameters and presented in the form of design charts. 

Bowles [4] produced a computer program to analyze the problem of laterally loaded piles with ability of 
applying axial loads on the pile. This program processed general cases of a pile, fully or partially embedded and 
for vertical and battered piles. 

Reese [34] presented a computer program using the finite difference approach to solve the deflection and 
bending moment of pile under lateral as well as axial loads as a function of depth. The soil properties define by 
a set of nonlinear “p-y” curves. 

Meyerhof et al. [24] investigated the ultimate lateral resistance and the lateral deflection at working load of 
rigid vertical walls and piles with free head in homogenous soils, layered soils and two layered soils of clay 
overlaying by sand. The search has been divided into two parts, in which part one treats the behaviour of rigid 
walls, while part two treats the behaviour of rigid piles which includes the estimation of the ultimate lateral 
resistance and lateral deflection of piles related to these corresponding walls by using shape factors. 
Dimensionless plots have been made to obtain the lateral resistance factors. The model tests on walls, piles and 
some pile groups have a reasonable support and found to have agreement when compared with some field tests 
data records. 
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Poulos and Davis [28] suggested influence factors by assuming that the soil modulus varies with depth. 
These influence factors were given for a wide range of stiffness factor. 

Scott [39] used strength and strain criteria in the construction of “p-y” curves for laterally loaded piles.  The 
analysis of laterally loaded piles was done with a computer package, COM624.  The calculated deflections were 
less than those measured, the force analysis repeated with a correction factor of 0.67 applied to the shear 
strength. 

Budhu and Davies [6] analyzed a single laterally loaded piles embedded in cohesionless soils, taking soil 
yielding into account.  The analysis was intended to serve as an independent alternative to the well-known “p-y” 
method.  The parametric study shows that soil yielding significantly increases the maximum pile bending 
moments and lateral displacements.  

Meyerhofet al. [23] performed a series of lateral loading test on flexible model piles and small groups in 
loose sand and soft clay. It was suggested that in the absence of structure pile failure, the ultimate lateral load, 
deflection and rotation of flexible piles can be estimated by using a corresponding effective embedded depth 
instead of total depth of equivalent rigid piles. By using the results of the previous elastic analysis, they obtained 
a simple expression between effective depth of laterally loaded free and fixed head flexible piles and relative 
stiffness to estimate their ground line deflection, rotation and maximum moment under working loads. 

Rajashree and Sundaravadivelu [32] reported analysis of laterally loaded pile in soft clay, idealizing the pile 
as beam element and the soil by non-linear inelastic spring element, modeled with elasto plastic sub elements.  
An iterative procedure was adopted to perform a non-linear finite element analysis and the effect of static lateral 
load on load deflection behaviour was studied. Based on the lateral deflection at static load, the degradation 
factor was assumed and “p-y” curve was modified. 

Kim and Barker [14] )studied the effect of live load surcharge on retaining walls and abutments. This paper 
discusses theoretical background and analytical approach for estimation of actual earth pressure. 

Karthigeyan et al. [12] Investigated the effect of vertical load on the lateral response of pileusing3D finite 
element program GEOFEM3D. The pile and the soil were modeled using 20 node brick elements. The validity 
of this model was verified by back predicting the pile load test data for two different cases (short rigid and long 
flexible pile). The influence of related parameters like method of loading, soil parameters (angle of internal 
friction, dilation angle and soil modulus), pile head fixity and pile slenderness ratio (L/B) have also been 
studied. 

Meera et al. [22] developed generalized procedure to analyze and predict the flexural behaviour of axially 
and laterally loaded pile foundations under liquefied soil conditions. The response of the piles as found by using 
the proposed model are found to be in excellent agreement with theoretical and experimental values reported in 
literature. 

Phanikanth et al. [27] studied the behaviour of single pile in cohesion less soils subjected to lateral loads. 
The modulus of subgrade reaction approach using finite difference technique is used and the same was coded in 
MATLAB for the analysis. The analysis was carried out considering free headed pile and floating tip at the base. 
The influence of soil type, effect of pile length and pile radius on the pile response was observed. 

Abdrabbo and Gaaver [1] haveproposed a simplified method for the analysis of laterally loaded pile groups. 
The suggested method implements p-multiplier factors in combination with the horizontal modulus of subgrade 
reaction. Interaction effects in closely spaced piles in a group were taken into consideration. The proposed 
method estimates the distribution of lateral loads among piles in a pile group and predicts the safe design lateral 
load of a pile group. 
 
Conclusion: 

Foundation of any structure plays an important role in the safety and satisfactory performance of the 
structure as it transmits the loads from the structure to the earth. Without having a sound and safe foundation, 
the structure cannot perform the functions for which it has been designed. The foundations in various types of 
soils have to be designed to suit the soil conditions of particular type. Piles subjected to horizontal load due to 
wind pressure, water pressure, earth pressure, earth quakes, wave and current forces on offshore structures are 
termed as laterally loaded piles. The performance of pile foundations subjected to lateral load is of considerable 
importance in geotechnical practice. Lateral loads are in the order of 10-15% of the vertical loads in the case of 
onshore structures and in the case of coastal and offshore structures, these lateral loads can exceed 30% of the 
vertical loads. Therefore, proper attention has to be paid in designing such pile structures under lateral loads. 
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