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ABSTRACT: Pile foundations are often subjected to lateral forces in addition to vertical loads. The lateral forces acting on 

piles may arise due to wind pressure, seismic waves, wave action in offshore structures and lateral earth pressure in earth 

retaining structures. Lateral displacement at the pile head is an important criterion for a successful design of pile that 

supports lateral load. In this paper, results observed from model tests conducted on laterally loaded piles embedded in 

medium dense sand are presented. The effect of variation in pile embedment length to diameter (L/D) ratio and flexural 

stiffness on lateral load carrying capacity of single pile was studied by varying pile embedment length and pile diameter.  

Stainless steel pipes have been used as model piles. The piles were kept free headed with floating tips. Various value of pile 

length to diameter ratio (L/D = 10, 15, 20, 25, 30 and 35) were employed in the model testing. Pile group tests were also 

performed for comparison with single pile. The observed results are presented in the form of lateral load displacement 

curves and design charts are prepared for lateral load displacement response of piles in cohesionless soils. 
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1 INTRODUCTION 

Pile foundations are normaly used to transfer loads at 

greater depths when provision of shallow foundations  

is not feasible. These foundations are often subjected to 

lateral loads in addition to axial loads. Lateral loads on 

the pile foundations may occur due to various reasons in 

different conditions like earth retaining structures, 

harbors and offshore structures, high rise bulidings etc. 

For laterally loaded piles, not only the ultimate loads 

but also the lateral deflection  is required to be known to 

find the working loads for design as well as to check the 

serviceability limits.Several analytical methods have 

been developed for predicting the lateral resistance of 

pile foundations using subgrade reaction approach 

[Matlock and Reese (1960)] or elastic continuum 

approach [Phanikanth and Choudhury (2013)] including 

finite element method. Also lot of experimental testing 

has been performed to study the pile behavior in 

cohesionless soils [Uncuoğlu and Laman, (2011)]. 
However most of the analytical methods require 

enormous computation time and  resources. In the 

present work, a parametric study was carried out 

including model tests on laterally loaded piles in 

cohesionless soil in which the load displacement 

behavior of model piles of hollow steel circular sections 

embedded in medium dense sand was studied.The 

objectives of this study were to analyse the lateral load 

displacement behavior of a free head flexible pile in 

medium dense sand and to study the effect of variation 

in length to diameter (L/D) ratio on the lateral load 

carrying capacity of single piles. Effect of variation in 

flexural stiffness(EI) of the pile on lateral load capacity 

was also studied by changing the diameter of pile 

keeping other parameters constant. Comparison was 

also made between single pile and pile group of same 

L/D ratio to check the effiecieny of a 2 x 2 pile group in 

medium dense sand. Design charts were prepared on 

basis of observed results. 

2 MODEL TEST AND INSTRUMENTATION 

2.1 Model Test 

The schematic diagram of the model test arrangement is 

shown in Figure1. The model tests were conducted in a 

testing tank with internal dimensions of 0.62 m x 0.62m 

and 0.95m in depth. The thickness of the soil below the 

pile tip was kept at least seven times the pile diameter to 

minimize the influence of base of the testing tank. 

Steel pipes of external diameter 19.05mm and 25.4mm 

having wall thickness 0.5mm were used as model piles. 

Bending test of model piles was conducted to find 

modulus of elasticity, E which was found to be 0.87 x 

10
5
 N/mm

2
. Flexural rigidity (EI) of the piles was 109 x 

10
6
 Nmm

2
 and 263.8 x 10

6
 Nmm

2
 for 19.05mm and 

25.4mm diameter piles respectively. The dimensions of 

the model piles were determined by dimensional 

analysis using Buckingham’s Pi theorem including 
variables lateral displacement y, pile diameter D, pile 

length L, moment of inertia I, lateral load P and 
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modulus of elasticity E. To satisfy the similarity 

between model testing and prototype, respective scaling 

factors used are 1/N,1/N,1/N,1/N
4
 and 1/N

2
(Ep/Em). For 

instance, steel pile of modulus of elasticity 0.87 x 10
5
 

N/mm
2
 is subjected to lateral load of 10N,then the 

corresponding lateral load on M25 concrete prototype 

pile will be  4597.7 N when a scale factor of 40 is 

used.The various series of model piles as used in study 

are given in Table 1. 

Table 1 Model test series detail 

Pile Diameter, D 

(mm) 

L/D ratio No. of 

piles 

19.05 10, 15, 20, 25, 30, 35 1 

19.05 35 4 

25.4 10, 15, 20, 25, 30 1 

 

Fig. 1 Schematic diagram of model test arrangement 

Lateral load to the piles was applied through static 

loading with help of a pulley and string system. Lateral 

displacement at the top of the piles was measured with 

help of three magnetic base dial gauges fixed to a rigid 

plate on one side of the testing tank. 

2.2 Sand Bed Preparation 

Locally available poorly graded sand was used to 

prepare model ground in the test program. The index 

properties and particle size distribution curve of sand 

used are given in Table 2 and Figure 2 respectively. 

Table 2 Index Properties of Sand 

Soil Property Value 

Specific Gravity, G 2.64 

Uniformity Coefficient, Cu 1.68 

Coefficient of Curvature, Cc 0.87 

Mean Particle Size, d50 (mm) 0.3 

Maximum density, γmax (kN/m
3
) 20.9 

Minimum dry density, γmin (kN/m
3
) 15.1 

Relative Density, Dr (%) 40 

 

Fig. 2 Particle size distribution curve of sand 

Model ground i.e. sand bed was prepared by sand 

raining technique. Sand was spread with the help of a 

spreader from a height of 400mm above the current 

surface of the sand. It helped to achieve a uniform 

relative density of 40%. To decide the height of free fall 

of sand, sand was spread from various heights into the 

cubical boxes of 150mm size placed at the base of 

testing tank. After filling the boxes, weight of each box 

was measured and corresponding relative density values 

were calculated. From the obtained data, height of free 

fall was decided to obtaing required relative density. 

Model piles were embedded in the centre of testing 

tank. The verticality of piles was maintained with the 

help of guiding frame. 

3 RESULTS AND DISCUSSION  

A series of model tests was conducted to investigate the 

effects of variation in pile parameters on response of 

laterally loaded piles embedded in medium dense sand. 

To check the effect of a particular parameter, that 

parameter was varied while other parameters were kept 

constant. Following sections consists of detailed 

discussion on the results observed.  

3.1 Effect of variation in length of the pile on 

lateral load displacement response  

To study the effect of length on lateral load 

displacement response of piles, pile length to diameter 

(L/D) ratio was varied keeping the diameter constant 

and varying the length of the pile. Figure 3and Figure 4 

present the comparison of  load displacement response 

of piles with different L/D ratios for piles of diameter 

19.05mm and 25.4mm repectively. 

It was observed that for piles of 19.05mm diameter, 

lateral load carrying capacity increases with increase in 

L/D ratio upto L/D = 25. However, with further increase 

in slenderness ratio, load deformation curves showed a 

decline in load carrying capacity of piles. This may be 

occurred because of medium denseness of sand 
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(Dr=40%) and free head piles bahave like long columns 

subjected to lateral forces which start deflecting under 

lateral forces after certain limit of slenderness ratio. On 

the other hand, for piles of 25.4mm diameter, the lateral 

load carrying capacity was found to be increasing with 

increase in L/D ratio. This diffrence in behavior of piles 

may be due to increased flexural stiffness of the piles as 

diameter of the piles increased. 

 

 Fig. 3 Load displacement response of single piles of 

19.05mm diameter with varying L/D ratio  

 

Fig. 4 Load displacement response of single piles of 

25.4mm diameter with varying L/D ratio 

To study the effect of variation of length on load 

deformation behavior of piles, comparison was made on 

the basis of  fixed values of pile head displacement. 

Figure 5 and Figure 6 show the load carried by piles at 

2mm, 4mm and 6mm lateral displacement. It was 

observed that for 25.4mm diameter pile, at 6mm 

displacement, maximum increase in load is about 70% 

with increase in L/D ratio from 10 to 15. However, for 

longer piles, effect of variation in L/D ratio on load 

carried goes on decreasing. For the same diameter pile 

at same displacement, increase is only about 4% with 

increase in L/D ratio from 25 to 30. Similar trend was 

noted for 19.05 mm diameter pile with maximum 

increase of about 75% at 6mm displacement with 

change in L/D ratio from 10 to 15. This remains only 

about 15% when L/D ratio changes from 20 to 25.With 

further increase in length, a decrease was observed in 

load.  

 

Fig. 5 Lateral load at 2mm, 4mm, 6mm displacement for 

various L/D ratios of  19.05mm diameter pile 

 

Fig. 6 Lateral load at 2mm, 4mm, 6mm displacement at 

various L/D ratios of 25.4mm diameter pile 

3.2 Effect of variation in flexural stiffness of the 

pile on lateral load carrying capacity 

The results observed from tests conducted on piles with 

different values of diameter  were compared to study 

the effect of change in flexural stiffness on lateral load 

carrying capacity of single piles. It was observed that an 

increase in diameter results in increase in flexural 

stiffness which causes enhancement of lateral load 

carrying capacity of the piles with same value of L/D 

ratio. Observed values of load carried at 2mm, 4mm and 

6mm displacement for various L/D ratios for both 

19.05mm and 25.4mm diameter piles were compared to 

compute percentage increase in load with increase in 

flexural stiffness. It was noted that for different lengths 

of piles, percentage increase in load varies from 47% to 

100% at 2mm displacement, from 68% to 94% at 4mm 

displacement and from 71% to 98% at 6mm 

displacement with increase in flexural stiffness keeping 

L/D ratio same. Minimum values of percentage increase 
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were found to be occurring in case of L/D 25. The 

increase in load in this case was 47% at 2mm, 68% at 

4mm and 71% at 6mm displacement. Figure 7 shows 

the comparison of load carried by 19.05mm diameter 

and 25.4mm diameter pile for various values of L/D 

ratio. More effect of increase in flexural stiffness was 

observed at 6mm displacement. 

 

Fig. 7 Lateral load at various displacements for pile 

diameter 19.05mm and 25.4mm  

3.3 Comparison of single pile and pile group 

To check the efficiency of pile group, the results 

obtained from pile group test were compared with that 

of single pile test of same length pile. The test was 

performed on free head 2 x 2 pile groups with pile 

spacing of 3times diameter of pile.  Figure 8 illustrates 

the comparison between load displacement response of 

single pile and pile group of L/D 35 having pile 

diameter 19.05mm.   

Fig. 8 Lateral Load displacement response of single pile 

and pile group 

Group efficiency η at given displacement is expressed 

in terms of ratio of lateral resistance of a pile group to 

that of a single pile.  

� =  ����� � ×  

Where, Qg and Qs are lateral resistance of the pile group 

and of single pile respectively and n1 and n2 are number 

of rows and columns in pile group. 

Group efficiency was found to be 56% for 6mm 

displacement and 64% for 2mm displacement for this 

case which is in accordance of results  by Kim and 

Yoon (2011) who reported that for  2 x 2 pile group in  

medium dense sand,  the group efficiency varies from 

0.52- 1.0 with lower values for pile spacing of 3times 

pile diameter.  

4 CONCLUSIONS 

From the experimental test series conducted, following 

conclusions were drawn  

 The lateral load carrying capacity increases with 

increase in length to diameter ratio of the pile up to 

a particular optimum length, beyond which effect 

of increase in length on load carrying capacity 

starts decreasing with further increase in length.   

 The lateral load carrying capacity of piles increases 

with increase in flexural stiffness of pile. Observed 

percentage increase in load with 2.4 times increase 

in flexural stiffness is 47% to 100% at 2mm 

displacement, 68% to 94% at 4mm displacement 

and 71% to 98% at 6mm displacement for various 

values of L/D ratios. 

 Efficiency of 2 x 2 pile group in medium dense 

sand with pile spacing 3times pile diameter varies 

from 56 to 64%. 
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