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ABSTRACT:  Structures resting on pile foundation are generally subjected to lateral loads and moments acting on the pile 

head in addition to vertical loads. Horizontal forces originate due to wind, traffic, earth pressure, water wave and seismic 

forces or their combination. Analysis and design of piles subjected to lateral forces and moments is very important for 

ensuring the stability and serviceability of structure. In designing laterally loaded piles, the pile head deflection is very 

important which depends on soil type, pile installation, pile flexibility (or pile stiffness), loading condition and type of 

fixity of pile with pile cap. The flexural behaviour of a pile is a function of the interaction between the soil and the pile 

and is governed by the properties of both. In the present study, lateral load behavior of single piles in layered soils i.e. 

alternate layer of clay and sand is conducted. The analysis is carried out considering fixed headed pile and floating tip at 

the base. Since soil response is complex hence idealized models are used for the analysis. Analysis based on Generated 

nonlinear p-y curves representing the soil behavior using OASYS ALP v19.2 has been elucidated. Flexural response of the 

pile along with lateral pile capacity, moment and length of fixity is estimated considering all the analysis with different 

pile diameters. 
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1 INTRODUCTION 

For piles supporting bridge structures, it is very 

important to estimate the ultimate lateral load capacity 

of the pile in order to have a-priori idea about its 

failure. Conventionally, such piles are estimated for 

their ultimate load based on specific deflection 

criterion. This article reports the findings of a study to 

estimate the lateral load capacity of a single pile 

embedded in stratified soil deposit in river bed, based 

on the permissible deflection of 10% of the pile 

diameter at the cut-off. Flexural response of the pile (in 

terms of deflection, bending moment and shear force 

and contact stress profiles) has been illustrated using 

OASYS ALP v19.2 incorporating nonlinear P-Y 

analysis. Analysis of Laterally Loaded Piles (ALP) has 

been found to be efficient since it has the ability to 

consider the effect of water table and nonlinear earth 

pressure generation in the soil surrounding the pile. 

Based on the results, the article reports the lateral load 

capacity of the piles embedded in stratified deposit.  

2  WORKING PRINCIPLE OF ALP 

ALP models the pile as a series of elastic beam 

elements and the soil as a series of non-interactive, 

non-linear Winkler springs. The outcome conforms to 

the prediction of contact pressures, horizontal 

displacements, shear forces and bending moments 

induced in a pile when subjected to lateral loads. The 

load-deflection behaviour of soil is modelled either 

assuming an Elastic-Plastic behaviour, or by specifying 

or generating load-deflection (P-Y) data (depending on 

whether the soil is clayey or sandy). The pile is 

discretized into several nodes, and two separate 

stiffness matrices (one for the pile in bending and one 

for the adjacent soil) relating nodal forces to 

displacements are developed. The pile stiffness is 

provide at each node, and remains constant between 

successive nodes. The software allows for incremental 

load application which aids to monitor the progressive 

change in flexural response. ALP is capable of 

considering the presence of water table. Fig. 1 

describes the general schematic of a soil-pile 

interaction model in ALP. 

3 PROBLEM STATEMENT 

Fig. 2 depicts a single pile embedded in a stratified 

soil. ALP has been used to determine the lateral load 

capacity for a specified deflection at its cut-off level 

(maximum allowable deflection criterion considered as 

10% of the pile diameter), the length of fixity of the 

pile and the corresponding flexural response envelopes 

at the lateral load capacity of pile. The pile had been 

analyzed for three different diameters (1000 mm, 1200 

mm and 1500 mm). The pile is considered to be made 

of M25 grade concrete, and is assumed to be fixed-
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headed. Similar exercise have been reported earlier for 

free-headed piles (Yadav, 2013; Yadav and Dey, 

2013a, b) 

 

Fig. 1 General soil-pile interaction model in ALP 

 

Fig. 2 Soil-pile configuration of the present study   

4 OASYS ALP NONLINEAR P-Y 

ANALYSIS 

ALP is capable of considering the effect of water table. 

The software also facilitates to determine the flexural 

response through automatic load increment, and hence 

has the capability to estimate the failure load. ALP also 

considers the passive resistance of the soil and 

indicates whenever the passive resistance of the soil is 

exceeded. The methodology taking into account of the 

generated P-Y curves has been considered in the 

present study. Fig. 3 depicts a typical sample output as 

obtained from ALP.  In order to maintain the pile-head 

as fixed, a very high rotational restraint has been 

implied at the topmost node of the pile. 

 

Fig. 3 Typical flexural response envelopes as obtained 

from ALP 19.2.  

4.1 Estimation of model parameters 

Both elastic and plastic soil properties are required to 

be provided in the ALP input model. Apart from the 

modulus of subgrade reaction, depending on the soil 

type, the other parameters required as input are: (a) 

Unit weight, percentage strain, and cohesion for clayey 

soils and (b) unit weight, angle of internal friction and 

coefficient of earth pressure at-rest for sandy soil. The 

unit weight of soil for all the problems is considered to 

be 18 kN/m
3
, and the strain is considered to be of 

magnitude 5% for all soils. The coefficient of earth 

pressure at rest is computed using Jaky’s expression 

(Alpan, 1967) as follows: 

1 sin0K                                                           (1) 

The pile has been discretized into nodes with a uniform 

spacing of 0.5 m, with required refinements being 

made in the intersection with the water table and soil 

strata interface. The elastic modulus of concrete is 

calculated as per IS: 456 (2000). 

5 RESULTS AND DISCUSSIONS 

The advanced feature of automatic load increment 

available in the software OASYS ALP 19.2 has been 

used to estimate the lateral load capacity of the pile. 

For the present problem, the load acting at the pile head 

has been set to a reasonable value (e.g. 500 kN) and the 

number of increments to reach the load has been 

provided (10 increments). This enables to obtain the 

cumulative flexural response of the pile with the load 

increments. Fig. 4a-4c shows a typical load increment 
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procedure in terms of the flexural response of the pile 

(1500 mm diameter). 

(a) 

(b) 

(c) 

Fig. 4 Deflection, bending moment and shear response 

envelopes for load increments (Pile diameter = 1500 

mm) 

 

Fig. 5 Load-deformation curves and lateral load 

capacity of piles using OASYS ALP 19.2 

From the above observation, considering the deflection 

criterion as 10% of the pile diameter at cut-off level, 

the lateral load capacity of the pile has been estimated. 

Fig 5 depicts the lateral load capacity as estimated from 

the ALP software.  

(a) 

(b) 

(c) 

(d) 

Fig. 6 Flexural response of pile of different diamters 

Using the estimated lateral load capacity, the flexural 

response of the pile has been determined for various 
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diameters (1m, 1.2m and 1.5m) and is represented in 

Figures 6a-6d. It is observed that with the increase in 

the pile diameter, the maximum responses (deflection, 

rotation, bending moment, shear force, and contact 

stresses) also reveal increment in their magnitudes. It is 

worth noticing that the point of fixity, represented by 

the position of maximum bending moment, does not 

reveal significant change with the change in the 

diameter of the pile. This is attributed to the fact that 

ALP considers the passive resistance offered by the 

soil. Moreover, the response of soil is generally 

nonlinear under high load and especially when the 

structures reach the verge of failure. The nonlinear P-Y 

curves provide realistic behavior of the soil under such 

condition. Moreover, the load-deformation behavior of 

the alternatively placed sandy and clayey stratum is 

significantly different. All this factors might actually 

result in maintaining the point of fixity of the pile to be 

same despite change in pile diameter. The results are 

enumerated in Table 1. 

Table 1 Response of the pile at lateral load capacity as 

obtained from ALP 

D  

(mm) 

ycut-off 

(mm) 

Pu 

 (kN) 

Mmax 

(kNm) 

Lfix  

(m) 

1000 10 230 355.46 6.5-7 

1200 12 300 493.92 6.5-7 

1500 15 400 708.39 6.5-7 

 

 (a) 

 (b) 

Fig. 7 Generated P-Y curves for the (a) clayey (b) 

sandy soils 

Figs. 7a-7b depicts the P-Y curves that are generated at 

the top and bottom of each soil layer. It is noticeable 

that the clayey layers (which are more plastic than the 

sandy layers) show more non-linear behavior, and 

reaches the plastic limit condition. The sandy layers 

show mostly bilinear behavior and, as indicated in the 

figure, needs to be subjected to large load values to 

reach their ultimate state. Hence, the linear/nonlinear 

flexural behavior of the pile will be governed by the 

thickness and location of the clayey or sandy stratum. 

6 CONCLUSIONS 

Based on the conducted study, the following important 

conclusions can be stated: 

 Owing to enhanced flexural rigidity, lateral load 

capacity of a pile increases with the increase in the 

diameter of the pile. 

 An increase in the diameter of the embedded piles 

results in the increase in the maximums of the 

flexural responses of the pile. 

 ALP results revealed that the length of fixity is not 

significantly affected by the change in the pile 

diameter. This is attributed to the fact that the 

length of fixity is not governed alone by the 

flexural rigidity of the pile, but by the relative 

flexural rigidity of the pile and the surrounding soil.  

 P-Y curves generated reveal that the clay layers 

show prominence in nonlinear behavior and 

reaches the plastic limit under failure load 

condition, while sandy layers, commonly behaving 

as elastic, show at most bilinear behavior and 

indicates that this kind of soil require high loads to 

reach into their plastic limit. 
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