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Abstract: The laboratory and field test data on the response of piles under the combined action of vertical and lateral loads is rather
limited. The current practice for design of piles is to consider the vertical and lateral loads independent of each other. This paper presents
some results from three-dimensional finite-element analyses that show the significant influence of vertical loads on a pile’s lateral
response. The analyses were performed in both homogeneous clayey soils and homogeneous sandy soils. The results have shown that the
influence of vertical loads on the lateral response of piles is to significantly increase the capacity in sandy soils and marginally decrease
the capacity in clayey soils. In general, it was found that the effect of vertical loads in sandy soils is significant even for long piles, which
are as long as 30 times the pile width, while in the case of clayey soils, the effect is not significant for piles beyond a length of 15 times
the width of the pile. The design bending moments in the laterally loaded piles were also found to be dependent on the level of vertical
load on the piles.

DOI: 10.1061/�ASCE�1090-0241�2007�133:5�512�

CE Database subject headings: Piles; Lateral loads; Finite element method; Combined loads; Numerical models.
Introduction

Pile foundations are extensively used to support various structures
built on loose/soft soils, where shallow foundations would un-
dergo excessive settlements or shear failure. These piles are used
to support vertical loads, lateral loads, or a combination of verti-
cal and lateral loads. However, in view of the complexity in-
volved in analyzing the piles under combined loading, the current
practice is to analyze the piles independently for vertical loads to
determine their bearing capacity and settlement and for the lateral
load to determine their flexural behavior.

The methods of analysis commonly used in predicting the be-
havior of piles and pile groups under pure axial loads could be
categorized into �1� subgrade reaction method �Coyle and Reese
1966; Kraft et al. 1981; Zhu and Chang 2002�; �2� elastic con-
tinuum approaches �Poulos 1968; Xu and Poulos 2000�; and �3�
finite-element methods �Desai 1974; Trochanis et al. 1991; Wang
and Sitar 2004�. Similarly, the methods to study the behavior of
piles and pile groups under pure lateral loads could be categorized
into �1� limit state method �Broms 1964�; �2� subgrade reaction
method �Matlock and Reese 1960�; �3� elastic continuum ap-
proach �Poulos 1971; Banerjee and Davis 1978�; �4� p-y method
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�Reese et al. 1974�; and �5� finite-element methods �Muqtadir and
Desai 1986; Brown and Shie 1991; Trochanis et al. 1991; Kimura
et al. 1995; Yang and Jeremic 2002; Yang and Jeremic 2005�.

Studying the interaction effects on piles under combined loads
would no doubt call for a systematic and sophisticated analysis.
The literature available in this field is sparse. The limited infor-
mation on this topic based on analytical investigations �Davisson
and Robinson 1965; Ramasamy 1974; Goryunov 1975� reveals
that for a given lateral load, the lateral deflection increases with
the combination of vertical loads. However, experimental �Pise
1975; Sarochan and Bykov 1976; Jain et al. 1987� and field
investigations �McNulty 1956; Bartolomey 1977; Zhukov and
Balov 1978� suggest a decrease in lateral deflection with the com-
bination of vertical loads. Anagnostopoulos and Georgiadis
�1993� attempted to explain this phenomenon through an experi-
mental model supported by two-dimensional �2D� finite-element
analysis and reported that the modified status of soil stresses and
local plastic volume changes in the soil continuum under com-
bined vertical and lateral loads cannot in general be accounted for
by the conventional subgrade reaction, elastic half space, and
other 2D approaches. Thus a nonlinear three-dimensional �3D�
finite-element analysis would be the most appropriate approach.
Trochanis et al. �1991� attempted to study the axial response of
piles with the combination of lateral loads through 3D finite-
element analysis. Since the piles are not often adequately de-
signed to resist lateral loads, the response of piles under lateral
load in the presence of vertical loads is more critical and interest-
ing for the design engineers. Besides, the influence of the pile
slenderness ratio �L /B� is also an important parameter to be con-
sidered in pile design. In view of this, the present paper focuses
on the study of piles subjected to pure lateral loads and combined
vertical and lateral loads through 3D finite-element analyses. The
details of the numerical model, the validation of the developed
model against some field cases, and results from parametric stud-

ies are discussed in the paper.
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Numerical Model

All finite-element analyses in this investigation were performed
using the 3D finite-element program, GEOFEM3D, developed by
the writers. The program is supported by a preprocessor to
develop 3D meshes consisting of bar and beam type prismatic
elements, 8-node or 20-node isoparametric brick elements, 8- or
16-node zero thickness type interface elements as well as a post-
processing tool that is capable of plotting the original mesh,
deformed mesh, displacement vectors, extracting nodal displace-
ments, and element stresses along a line/selected plane, etc.

Mesh Details

Fig. 1 shows a schematic 3D finite-element mesh for analysis of
pile-soil interaction. Based on the symmetry, only half the pile
section in the direction of lateral load is analyzed �in Fig. 1,
lateral load is applied along the x-axis�. 20-node brick elements
are used to mesh the pile and the soil continuum. The interface
between the pile and the soil has been modeled using 16-node
joint elements of zero thickness. All numerical computations of
isoparametric elements were performed using reduced numerical
integration. The mesh dimensions, number of nodes, and elements
in the mesh were decided after performing a number of initial trial
analyses with several meshes of increasing refinement until the
results �displacements and stresses around the pile� did not

Table 1. Properties of Pile and Soil

Pile details

Size: 1200�1200 mm square Und

Length: 10 m

Type of pile: Concrete

Grade of concrete: M25 Yo

Young’s modulus Ep: 25,000 MPa

Unit weight ��p�: 24 kN/m3 U

Poisson’s ratio �p: 0.15

Fig. 1. Typical mesh used for 3D finite-element analyses
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change significantly with further refinement. The aspect ratios of
elements used in the mesh ranged from 0.5 near the pile surface to
nearly 5 at the boundaries. The distances to lateral rigid bound-
aries in the finite-element analyses are shown in Fig. 1. All the
nodes on the lateral boundaries were restrained from moving in
the normal direction to the respective surfaces representing rigid,
smooth lateral boundaries. All the nodes on the bottom surface
were restrained in all three directions representing the rough, rigid
bottom surface. Typically, the meshes consisted of approximately
8,300 nodes, 1,440 20-node brick elements, and 52 16-node in-
terface elements.

Pile-Soil Details

The pile was treated as a linear elastic material. The Von Mises
constitutive model with associated flow rule for clayey soils
�Yang and Jeremic 2002; Wang and Sitar 2004� and the Drucker-
Prager constitutive model with nonassociated flow rule for sandy
soils �Trochanis et al. 1991; Yang and Jeremic 2005� were used to
predict the stress-strain behavior. These models have been used
because they are able to define the failure criterion by using
simple physical properties such as cohesion �c� and friction angle
���. The failure criterion for the Drucker-Prager model used for
sandy soils has the form F=�J1+�J2d−k, in which J1�first in-
variant of the stress tensor, J2d�second invariant of the deviatoric
stress tensor, and �, k are material constants expressed in terms of
the well-known shear strength parameters of soil with respect to c
and �. For clayey soils, � is zero and this equation reduces to
F=�J2d−k representing the Von Mises criterion.

During the plastic flow, the elastic constitutive matrix was first
formed based on the current tangent modulus and Poisson’s ratio
of the material. Then a correction was applied to obtain the
elastic-plastic constitutive matrix. The stresses were corrected
back to the yield surface along the flow direction �normal to the
potential surface defined by the dilation angle �� as described by
Nayak and Zienkiewicz �1972�.

Analysis Scheme

The finite-element analyses were performed in two stages. In the
first stage, the in situ stresses were initialized in the soil by
performing a dummy analysis using a modified Poisson’s ratio
���� expressed in terms of the at rest earth pressure coefficient Ko

as ��=Ko / �1+Ko�. The value of Ko itself was obtained as
Ko=1−sin �. During this stage of analysis, both the pile and the
soil elements were assigned the same material properties corre-
sponding to the soil �Young’s modulus, Poisson’s ratio, and unit
weight� so as not to generate any extraneous shear stresses. At the

Soil details

Clayey soils Sandy soils

cohesion cu=100 kPa �=36°

ion angle ���=0° �=12°

ion angle ���=0° cu=0.0

odulus �Es�=40 MPa Es=50 MPa

n’s ratio ��s�=0.40 �s=0.30

ight ��s�=18 kN/m3 �s=20 kN/m3

pressure �Ko�=0.60 Ko=0.41
rained

Frict

Dilat

ung’s m

Poisso

nit we

Earth
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end of this stage of analysis, all the deformations and strains are
set to zero to define the datum level for further analysis.

During the second stage of analysis, the actual properties of
the soil and the pile elements were assigned to them. The set of
pile-soil properties considered in the analyses are summarized in
Table 1.

The shear strength of the interfaces was defined with zero
cohesive strength and 2/3 of the friction angle for sandy soils. In
the case of clayey soils, the interfaces were assumed to have zero
frictional strength and 2/3 of the cohesive strength of the sur-
rounding soil. The interface strength values depend very much on
the type of pile material �wood, steel, or concrete� and method of
installation �driven or bored�. The interface strength properties
selected for the analyses fall within the range of properties rec-
ommended for estimating the skin friction capacity of piles
�Bowles 1988�. The normal stiffness and shear stiffness of the
interface elements were initially set to 106 kN/m2/m. These val-
ues were decided after performing several analyses with different
interface stiffness values. After the shear failure of the interface,
the shear stiffness is set to 0.1% of the initial value to permit the
relative slip between different materials. The normal stiffness of
the interface is set to 0.1% of the initial value when tensile normal
stresses develop to permit the separation between the pile and the
soil.

The external loads were applied in small increments in several
load steps with several iterations to satisfy the system’s equilib-
rium. The iterations were continued at each load step until the
norms of out-of-balance force and the incremental displacements
were less than 0.5% or until 50 iterations were completed. The
analyses were performed using a partial Newton-Raphson scheme
by updating the stiffness matrix only at the first iteration of each
load step.

Validation of the Numerical Model

The validity of the numerical model employed in the program
was verified by predicting the pile load test data from two differ-
ent published cases, one with respect to a short rigid pile under
combined vertical and lateral loads and another for a long flexible
pile under pure lateral load. The details of these two cases are
presented in the following sub-sections.

Case Study 1 „Kimura et al. 1995…

Kimura et al. �1995� reported the response of 30.4 m long, 1.2 m
diameter cast-in-place reinforced concrete piles under lateral
loads installed at Kishiwada Great Bridge on the Hanshin Ex-
pressway in Osaka. The subsoil at the site consists of an upper
10 m of backfilled sandy gravel and a lower layer made up of
mixed alternate layers of clay and sand. The soil and interface
properties used in the current analysis are the same as those re-
ported by Kimura et al. �1995�. Using symmetry, only half of the
pile was considered in the analysis. The same sequence of load
application followed in the field test was used in the present
finite-element analysis. The comparison between the present pre-
dictions and the measured results reported by Kimura et al. �1995�
is shown in Fig. 2. There is an excellent comparison between the
present numerical results and the field test data up to a lateral
displacement equal to about 10% of the pile diameter. Even at
larger displacements, the difference between the predicted and the
measured results is less than 7%, which is within reasonable limit

in view of the variability of soil properties.
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Case Study 2 „Anagnostopoulos and Georgiadis 1993…

This case study pertains to laboratory model tests on aluminium
closed-ended piles of 19 mm outside diameter and 1.5 mm wall
thickness, jacked 500 mm into a prepared soft clay bed
�wL=42%, wp=24%, and cu=28 kN/m2� �Anagnostopoulos and
Georgiadis 1993�. The laboratory tests were performed on single
pile under both vertical and lateral loads applied to the pile head
at ground elevation through dead weights. The combined loads
were applied in two stages: in the first stage a vertical load of
160 N was applied and in the second stage the lateral load
of 130 N was applied incrementally. The Young’s modulus
�Es� of the soil was taken as 7,500 kPa using the relation
Es�250−400�cu �Poulos and Davis 1980�. The Poisson’s ratio
of the clayey soil was taken as 0.49, assuming an undrained re-
sponse during the load test. The soil was idealized as a Von Mises
material. The pile was modeled as a solid pile with an equivalent
modulus to match the flexural rigidity of the hollow test pile. The
sequence of the load application used in the current finite-element
analysis is the same as that followed during the laboratory tests.
The comparison between the test data and the predicted results of
piles under pure vertical load and combined vertical and lateral
loads are shown in Figs. 3�a and b�. It could be observed that the
comparison is very good both at small and larger load levels. The
percentage difference is less than 10% at all load levels for both
the vertical and lateral responses of the piles.

The finite-element prediction in both the cases matched rea-
sonably well with the test data. Hence, it could be concluded that
the numerical scheme adopted in the present investigation is ca-
pable of modeling the pile-soil interaction under pure vertical
load, lateral load, and a combination of vertical and lateral loads.

Parametric Studies

A series of 3D finite-element analyses were performed on a single
free-headed pile in both homogeneous clayey and sandy soils
separately. The dimensions of the pile and the soil properties con-
sidered in these analyses are reported in Table 1. The response of
the piles under pure lateral load was analyzed initially. For study-
ing the response of piles under combined loads, the influence of
vertical loads equal to 0.2 Vult, 0.4 Vult, 0.6 Vult, and 0.8 Vult were
considered �where Vult�ultimate vertical load capacity, evaluated

Fig. 2. Comparison of FEM predicted results with test data of
Kimura et al. �1995�
a priori by a separate numerical analysis�. The ultimate vertical
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load capacities were estimated as 4,000 kN and 1,920 kN �corre-
sponding to the point with maximum curvature on the vertical
load-settlement response� for clayey soil and sandy soil, respec-
tively, through analysis of a single pile subjected to a pure vertical
load.

The combined loads are applied in two stages. In the first
stage, vertical loads were applied and then in the second stage,
lateral loads were applied while the vertical load was kept con-
stant. This type of loading is similar to that in field situations such
as pile jetties, transmission line towers, and overhead water tanks,
etc. Here, the piles are first subjected to vertical loading from the
weight of the deck or superstructure. The lateral loading may be
caused by wind, wave loading, ship impact, etc. while the piles
are subjected to vertical loads. The analysis in the lateral direction
was performed using displacement control �rather than load con-
trol� so that the lateral loads developed at various lateral displace-
ment levels could be evaluated as a percentage of the pile size.
The reaction forces developed at the nodes were used to calculate
the lateral load corresponding to the applied lateral displacements.
The numerical results under pure lateral loads and combined lat-
eral and vertical loads on piles are presented and discussed sepa-

Fig. 3. Comparison of FEM predicted vertical and lateral response of
pile with experimental test data of Anagnostopoulos and Georgiadis
�1993�: �a� vertical response of pile; �b� lateral response of pile
rately for sandy soils and clayey soils in the following sections.
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A few analyses were also performed with different slenderness
ratios �L /B� of piles to study the ratio’s influence on piles with
combined loading.

Results and Discussions

Influence in Homogeneous Sandy Soils

Fig. 4 shows the influence of vertical load on the lateral response
of piles in sandy soils. From the data presented, it is noted that the
lateral load capacity increases considerably under increased ver-
tical load levels. The loads shown in the figure correspond to the
symmetric half of the pile section. It can be noted that the lateral
load capacities increase significantly, in the order of 7 to 40% at
deflection levels of 0.05B and of the order of 6 to 33% at deflec-
tion levels of 0.1B.

The reason for increase in the lateral capacity under the action
of vertical load has been examined through variations in lateral
deflection and soil stresses along the depth of the piles in Figs.
5–8. Fig. 5 presents the variation in lateral deflection along the
pile depth at a reaction load level of 641 kN �load developed at a
deflection of 0.1B under pure lateral loading�. This figure shows

Fig. 4. Lateral load-deflection curves of piles in sand

Fig. 5. Variation of lateral deflection along depth of piles in sand
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that the lateral deflections along the pile depth reduced consider-
ably with increasing vertical load levels. Typical lateral soil
stresses ��xx� in front of the pile and shear stresses ��xy� on the
frictional face of the pile at a lateral deflection of 0.1B are sub-
stantially higher at larger vertical load levels as illustrated in Figs.
6 and 7. This increase can be directly attributed to the increase in
confining stress with increasing vertical loads at different depths
caused by the action of vertical load on the pile. This increased
confining stress allows for the development of larger lateral and
shear stresses along the pile’s frictional face as a result of the
increased shear strength of the soil. The increase in lateral soil
stresses is further examined through the contours of lateral
stresses ��xx� around the pile under pure lateral load and in the
presence of a vertical load of 0.8Vult in Figs. 8�a and b�. These
contours are plotted for a lateral deflection equal to 0.1B and at a
depth of 2.8 m from the ground surface �the depth where maxi-
mum lateral soil stresses occur, Fig. 6�. Similarly, the increase in
shear stresses ��xy� over the pile’s frictional face is also examined
through the contours of shear stresses around the pile under pure
lateral load and in the presence of a vertical load of 0.8Vult in

Fig. 6. Variation of lateral soil str

Fig. 7. Variation of shear stres
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Figs. 8�c and d�. These contours are plotted at a lateral deflection
of 0.1B and at a depth of 2.8 m from the ground surface �i.e., the
depth at which maximum shear stress occurs, Fig. 7�. It is clear
that the lateral soil stress and the mobilized shear stresses of soil
around the pile are higher in the presence of vertical load as
compared to the pure lateral load case.

Influence in Homogeneous Clayey Soils

Fig. 9 shows the lateral load versus lateral deflection response of
the piles in clayey soils. The loads shown here correspond to the
symmetric half of the pile section. In this case, it is interesting to
note a different trend than that observed in the case of sandy soils.
In the presence of vertical load, the lateral load developed at all
deflections is less than the corresponding load developed under
pure lateral load. The reduction is not significant for vertical loads
up to 0.6Vult. Aubeny et al. �2003� have reported similar findings
for piles in clayey soils through finite-element analysis of suction
caissons under inclined loads. They have also found that the hori-
zontal anchor load capacity is not significantly affected by verti-

��xx� along depth of piles in sand

� along depth of piles in sand
esses
s ��xy
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cal components of load for load orientation up to 15°. However,
in the present study at a higher vertical load level of 0.8Vult, the
reduction is significant: 20% of the pile capacity. It is clear that
the vertical load decreases the lateral load capacity of piles in
clayey soils. This reduction in a pile’s lateral capacity can be
attributed to the early failure of interfaces in the presence of ver-
tical loads. Once the interface between the pile and the surround-
ing clayey soils fails, further lateral deformation of the pile will
not result in increased lateral stresses in the soil around the pile.
This reduction in lateral soil stresses is illustrated in Fig. 10,
which shows the contours of lateral soil stresses ��xx� at a lateral
deflection of 0.1B and at a depth of 2.8 m from the ground sur-
face for pure lateral loading and with a vertical load of 0.8Vult.
This reduction in lateral soil stresses will lead to development of
lower resistance to lateral pile deformation in the presence of
vertical load.

Fig. 10. Lateral stress contours in xy-plane at 2.8 m from ground
surface in clayey soils: �a� �xx contours under pure lateral loading;
�b� �xx contours with vertical load of 0.8Vult

Fig. 11. PVC at various L /B with respect to pile length �L�
Fig. 8. Lateral and shear stress contours in xy-plane at 2.8 m depth
from ground surface in sands: �a� �xx contours for pure lateral
loading case; �b� �xx contours with vertical load of 0.8Vult; �c� �xy

contours for pure lateral loading; and �d� �xy contours with vertical
load of 0.8Vult
Fig. 9. Lateral load-deflection curves of piles in clayey soils
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Influence of the Pile Slenderness Ratio „L /B…

The influence of the pile slenderness ratio �L /B� under combined
loading was studied by performing 3D finite-element analysis of a
600 by 600�600 mm square pile with different pile lengths of 5,
10, 15, and 20 m. Similarly, 3D finite-element analyses were also
performed by keeping the pile length constant at 10 m and vary-
ing the pile widths to 300, 400, 600, 900, and 1,200 mm. All these
analyses were performed separately for both clayey soils and
sandy soils in the same manner as described earlier.

Based on the numerical results obtained, the PVC with respect
to different levels of vertical loads is calculated for various L /B
ratios with respect to various pile length �L� and widths �B� con-
sidered in the analysis. The PVC is defined as follows in terms of
the lateral load capacity with vertical load �LCWV� and the lat-
eral capacity under pure lateral loading �LCPL�

PVC =
LCWV − LCPL

LCPL
� 100% �1�

The results have shown that the influence of vertical load de-
creases with an increase in slenderness ratio of piles at all vertical
load levels for both types of soils. In general, it was found that the
influence of vertical load with respect to the pile slenderness ratio
�L /B� was found to be more in the case of sandy soils than in

Fig. 12. PVC at various L /B with respect to pile width �B�

Fig. 13. Percentage increase in lateral soil st
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clayey soils. The influence of the pile slenderness ratio �L /B� on
the PVC values observed for both types of soils at a lateral de-
flection of 0.1B with respect to constant width of pile �B� and
varying pile length �L� is shown in Fig. 11. Similar results for a
pile with a constant length of 10 m and a varying width B are
shown in Fig. 12. It could be observed that the trends are more or
less similar in both the cases.

In the case of sandy soils, the presence of a vertical load has
increased the lateral load capacity at all slenderness ratios. How-
ever, in the case of clayey soils, the influence of vertical load is
observed only at the small L /B ratio of 8.3. The PVC values
remained more or less constant beyond an L /B ratio of 16.7 in the
case of clayey soils. On the other hand, in the case of sandy soils,
the PVC values are dependent on both L /B value and the level of
vertical load. The PVC value was found to be dependent even up
to an L /B value of 33 in the case of sandy soils.

As noted above, the influence of vertical loads keeps decreas-
ing as the L /B ratio increases. This can be directly attributed to
the reducing intensity of vertical pressure at larger depths caused
by load dispersion effects. In turn this leads to lesser changes in
confining stresses at larger depths caused by vertical load applied
at the surface. As the soil strength is related to the operating
confining stress, the increase in pile capacity can be expected to

�PIS� in front of pile at different L /B ratios

Fig. 14. Bending moments developed in pile section in sandy soils at
0.1B displacement
resses
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be lower for longer piles. This aspect is examined through the
percentage increase in lateral soil stresses in front of the pile for
various L /B ratios. A quantity termed “PIS” is defined as follows
as the percentage increase in lateral soil stress ��xx� in the pres-
ence of vertical load �LSWV� as compared to the corresponding
lateral soil stress under pure lateral loading �LSPL�

PIS =
LSWV − LSPL

LSPL
� 100% �2�

Fig. 13 shows typical PIS values for various L /B ratios at vertical
load level of 0.8Vult and lateral deflection of 0.1B. The influence
of L /B on PIS values can be clearly seen in the figure. The PIS
values increased considerably and over longer lengths for shorter
piles as compared to longer piles.

For structural design of piles, the bending moments developed
in the pile section are important. The influence of combined load-
ing on the bending moments developed in the pile section has
been examined from the results obtained. The bending moments
developed in the pile section have been estimated using the well
known flexural equation from the vertical stresses ��zz� developed
in the pile section. Figs. 14 and 15 show the influence of vertical

Table 2. Bending Moments in Pile Section in Sandy Soils at Lateral Dis

L /B

Vertical load
in terms of

Vult

Lateral load
H �kN�

Max
Mm

8.3 0 110

0.2 118

0.4 128

0.6 137

16.7 0 178

0.2 185

0.4 191

0.6 198

25.0 0 184

0.2 192

0.4 200

0.6 214

33.3 0 185

0.2 193

0.4 201

0.6 215

Fig. 15. Bending moments developed in pile section in clayey soils
at 0.1B displacement
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load on the bending moments developed in the pile section for
different L /B ratios and typical vertical load level of 0.6Vult.
Tables 2 and 3 summarize the bending moments developed along
the normalized length �Z /L; Z is the depth from ground surface
and L is the length of the pile� for different L /B ratios and dif-
ferent vertical load levels for both types of soils. Here, Zmax is the
depth from the surface at which maximum bending moment oc-
curred and Zo is the depth at which the bending moment is zero.

From the data presented, the maximum bending moment de-
veloped in the pile section is observed to increase with both ver-
tical load levels and L /B ratio. The depth at which the maximum
bending moment occurred was influenced very little by the pres-
ence of vertical loads in both clayey and sandy soils. In the case
of sandy soils, the point of zero bending moment moved down
with increasing vertical load levels for long piles �L /B	16�. On
the other hand, the point of zero bending moment is not much
affected by the presence of vertical loads in the case of clayey
soils for all lengths of piles. This result shows that even relatively
long piles may behave like short piles in the case of sandy soils
and when subjected to combined loading. The results have made
it clear that the design bending moment in piles is higher under
combined loading as compared to the piles under pure lateral
loading. The exact increase in the bending moment depends very
much on the dimensions and properties of the pile, stiffness and
strength properties of the soil, and the level of vertical and lateral
loads.

Conclusions

The behavior of single piles subjected to combined vertical and
lateral loads has been investigated in the paper through a series of
3D finite-element analyses. Based on the results from these analy-
ses, the following conclusions can be drawn:
1. The response of the piles in both clayey and sandy soils

under lateral loads is influenced by the presence of vertical
loads.

2. The presence of vertical loads increases the lateral load ca-

ent of 0.1B

BM
m�

Normalized BM
Mmax/ �HL� Zmax/L Zo/L

0.57 0.44 1.0

0.58 0.44 1.0

0.59 0.44 1.0

0.60 0.44 1.0

0.40 0.36 1.0

0.42 0.36 1.0

0.44 0.36 1.0

0.48 0.36 1.0

0.26 0.25 0.70

0.27 0.22 0.92

0.28 0.22 0.98

0.30 0.22 1.0

0.20 0.18 0.56

0.22 0.17 0.67

0.24 0.17 0.76

0.24 0.17 0.90
placem

imum

ax �kN

313

343

378

412

720

787

846

962

723

790

850

980

725

848

981

1030
D GEOENVIRONMENTAL ENGINEERING © ASCE / MAY 2007 / 519



pacity of piles in sandy soils by as much as 40% depending
on the level of vertical load.

3. The presence of a vertical load marginally reduces the lateral
capacity of piles in clayey soils for vertical load levels up
to 0.6Vult and by as much as 20% for higher vertical load
levels.

4. The lateral response of piles under combined loading is also
dependent on the L /B ratio of the pile. As the L /B ratio
increases, the influence of vertical load on the lateral capac-
ity reduces. The influence of vertical loads remains constant
beyond an L /B ratio of 25 in sandy soils and 16 in clayey
soils.

5. The design bending moment in the pile section is influenced
by the presence of vertical loads. The maximum bending
moment increases by as much as 30 to 35% in sandy soils for
the range of pile dimensions and soil properties examined in
this paper. In the case of clayey soils, the maximum bending
moment increases by about 10 to 15% for L /B values less
than 15 and about 30% for longer piles.
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