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Abstract

In case of piles subjected to lateral loading, the
failure mechanisms of short pile under lateral
loads are different from that of long pile case.
The lateral load capacity of pile is limited in
lateral deformation of the pile that effected
directly on the contact surface area. The results
of the 3D finite element analysis for the
problem of a single pile under lateral loadings
are presented in this paper. The effect of pile
shape for both circular and sguare cross
section on pile response was investigated. Also
the influence of slenderness ratio L/B on the
pile deformation was discussed in this study.
Linear elastic model was used for modeling the
piles.  Mohr-Coulomb model was used to
simulate the surrounded soil. The pile — soil
interaction composed of 16-node interface
elements. A good correlation between the
experiments and the analysis was observed in
validation example. It was found that the pile
response is affected by the amount of loading,
the pile cross — sectional shape and pile
denderness ratio. The lateral resisting of pile
increase in proportioned to the square shape of
the pile. In both pile shape, a short pile (L/B =
8.3) gave a small amount of lateral tip
deflection than the long pile with a slenderness
ratio more than 8.3 for the same amount of
loading. Also, the negative base deflection is
high for short pile and reduces to zero for long
pile.

Keywords: single pile, shape effect, lateral
load, Mohr-Coulomb, 3D FEM

1. Introduction

Pile defined as a structural member almost from
concrete used to carry applied load from the
superstructure to deep strong stratum as well as
reinforced the soil. The piles penetration depth
(length) depends on the magnitude of applied
load and type of soil. In case of piles subject to
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lateral loading, the failure mechanisms of short
piles under lateral loads are different with long
piles case.

The lateral resistance of pile foundations is often
important in the design of structures that may be
subjected to earthquakes, high winds, wave
action, and ship impacts [8]. Vertical piles resist
lateral loads or moments by deflecting laterally
until the necessary reaction in the surrounding
soil is mobilized [11]. In the design of pile
subjected to lateral load, ultimate latera
resistance of a pile is required that satisfy two
criteria [9, 10], (1) a pile should be safe against
ultimate failure, and (2) normal deflection at
working loads should be within the permissible
limit.

Lately both industry and researchers have begun
to explore the advantages of using other cross-
sectional shapes rather than the traditional
circular pile. These shapes have included solid
concrete octagonal and square piles[4].

The finite element method is most widely used to
perform the analysis of piles under lateral loads.
As reported literature [10] the first attempts to
study the lateral behavior of piles included two-
dimensional finite element models in the
horizontal plane. Many investigations occurring
to study the behavior of pile under lateral load
[5, 6, 7, 11, 12]. Thus the anayses of laterally
loaded piles are investigated by this approach in
this study.

In view of this, the present study will focus on
investigating the piles subjected to pure lateral
loads through series of finite element simulation
and analysis. The influence of applied lateral
load magnitude and pile cross-sectional shape on
the lateral response of single pile will assess in
this paper.

2. Numerical Model

Finite element analyses were performed using
the software PLAXIS 3D FOUNDATION
version 1.1.  According to the finite element
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method a continuum was divided into number of
(volume) elements. Each element consists of a
number of nodes. Each node has a number of

degrees of freedom that correspond to discrete
values of the unknowns in the boundary vaue
problem to be solved.

L=pilelength
N B= pilewidth
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Figure (1) 3D finite element mesh for soil mass and location of pile, (8) 3DFE mesh, and (b) 15-node wedge

2.1 Mesh Generation

In order to peform the finite element
calculations, the geometry has to be divided into
elements. A composition of finite elements is
called a finite element mesh. The basic soil
elements of a 3D finite element mesh are
represented by the 15-node wedge elements as
shown in Figure 1. These elements are generated
from the 6-node triangular elements. The 15-
node wedge element is composed of 6-node
triangles in horizontal direction and 8-node
quadrilaterals in vertical direction. According to
last study [5, 6] the soil mass dimension depends
on the pile diameter and length. The width of soil
mass is taken as 40B, in which, B is the pile
diameter or pile width. The soil mass effect on
the pile response is diminishing for the width
more than 40B. The height of soil mass is
L+20B, in which, L isthe length of pile.

2.2 PileMode (linear-elastic model)

This modd represents Hooke's law of isotropic
linear elasticity used for modeling the stress-
strain relationship of the pile material. The
model involves two elastic stiffness parameters,
namely Y oung's modulus, E, and Poisson's ratio,
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v, as shown in Figure 2. It is primarily used for
modeling of stiff structural member for example
pilesin the soil [2].

CA X perfectly plastic

«—nerfectly elastic

E=young’s modulus
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€

Figure (2) stress— strain curve [4].

Hooke's law can be given by the equation 1..
Two parameters are used in this model, the
effective Young's modulus, E', and the effective
Poisson'sratio, v'.
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The relationship between Young's modulus E
and other stiffness moduli, such as the shear
modulus G, the bulk modulus K, and constrained
modulus M, is given by:

E
- 2(1+v) 2
E
=32 2
. (1-v)E
“-20)(1+0) “

2.3 Soil Model (Mohr-Coulomb Model)

This elasto-plastic model is based on soail
parameters that are known in most practical
situations. The Mohr-Coulomb model is used to
compute realistic bearing capacities and collapse
loads of footings, as well as other applicationsin
which the failure behavior of the soil plays a
dominant role. The model involves two main
parameters, namely the cohesion intercept, ¢ and
the friction angle, ¢. In addition to three
parameters namely Young's modulus, E,
Poisson'sratio, v, and the dilatancy angle, v need
to calculate the complete ¢ — ¢ behavior. Mohr
Coulomb’s failure surface criteria were shown in
Figure 3.

envelope, which is turn governs how soil will
behave. The material behaves elatically if the
stress point lies within the failure envelope.
However, if the stress reaches the yield surface
the material will undergo a degree of the plastic
deformation. In the Mohr — Coulomb model used
herein, it is assumed that the soil has a linear
elastic relation until failure.

The usual definition of the equation of Mohr-
Coulomb surfaceis:

’ ’ ’ ’
o,+0, . O, — 0O
F=——2gng'-———=3-c'cos¢’ | 5

2

Which, when rewrite in terms of invariants and
Lode angle 6 becomes:
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Figure (3) Mohr Coulomb’s failure surface [4].

According to Johnson et a. [4] the falure
envelope only depend on the principal stresses
(01, 63), and is independent of the intermediate
principle stress (¢2). When mapped in three-
dimensional stress space, Mohr — Coulomb
criteria resolved into an irregular hexagonal
pyramid. This pyramid forms the failurelyield
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2.4 Interface Element

Interfaces are modeled as 16-node interface
elements. Interface elements consist of eight
pairs of nodes, compatible with the 8-noded
quadrilateral side of a soil element. Along
degenerated soil elements, interface elements are
composed of six node pairs, compatible with the
triangular side of the degenerated soil element.
Each interface has a 'virtual thickness assigned
to it which is an imaginary dimension used to
obtain the stiffness properties of the interface.
The virtual thickness is defined as the virtua
thickness factor times the average element size.
The average element size is determined by the
global coarseness setting for the 2D mesh
generation. The default value of the virtua
thickness factor that is used in this study is 0.1.
The stiffness matrix for quadrilateral interface
elements is obtained by means of Gaussian
integration using 3x3 integration points. The
position of these integration points (or stress
points) is chosen such that the numerical
integration is exact for linear stress distributions.
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The 8-node quadrilateral elements provide a
second-order interpolation of displacements.
Quadrilateral  elements have two local
coordinates (¢ and n

® . ) =

Figure (4) Local numbering and positioning
of nodes () and integration points (x) of an 8-
node quadrilateral element

3. Validation of Numerical M odels

The lateral load — deflection response of bored
piles in cemented sand was examined by field
test on single pile under lateral load was reported
by [3]. All pileswere 0.3m in diameter and had a
length of 3m or 5m. A site was selected in
Kuwait. The surface soil to depth of 3.5m was
characterized as having both component of shear
strength, ¢ and ¢. The soil profile consists of a

medium dense cemented silty sand layer to a
depth 3m. Thisis underlain by medium dense to
very dense silty sand with cemented lumps to the
bottom of the borehole. The all properties of soil
were in the both cases listed in Table (1).
Ground water was not encountered within the
depth of the borehole. The same load sequence
was apply on the pile after complete the whole
geotechnical model for vertical and latera pile
tests.

In conclusion, the comparison between the finite
element simulation and the reported in latera
data is shown in Figure 5. 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 reasonably accurate
for the problem of laterally loaded piles and pile
— soil interaction over a wide range of
deformation for 3m and 5m piles long. The pile
with length 5m is highly resistance the laterd

load from the second pile length value.

Table (1) Geotechnical properties of the soil layers for case

Name medium dense medium dense to very densesilty  Pile Unit
Parameter cemented silty sand sand with cemented lumps
layer
Unsaturated  yunsat 18 19 25  kN/m®
soil weight
Saturated  ysat 18 19 - kN/m?
soil weight
Young’s E 1.300E+04 1.300E+04 2E+09  kPa
modulus
Poisson’s v 0.3 0.3 0.15 -
constant
Cohesion c 20 1 - kPa
Friction 0] 35 45 - -
angle
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Figure (5) Comparison of finite element
results with field test data [8].

4. Results and Discussion

Pile behavior mainly depends on the interaction
between pile material and the soil media when
piles are subjected to lateral load. This study
includes: (1) the magnitude of load. Started from
the small loading (50 kN) and increased
gradually in equal magnitude during the load
stages until maximum intensity of (400 kN), (2)
pile shape. This factor include the pile cross-
sectional shape, first is a ordinary circular shape
and the second is a square (rectangular) shape,
and (3) the slenderness ratio (L/B). The influence

of these factors are summarized in the following
sections

4.1 Material
Dimensions

In this study, circular cast in place test pile was
used to simulate the behavior of piles under
lateral and vertical load. These piles were
embedded into sandy soil in one layer. The test
pile properties and dimensions together with soil
properties are summarized in Table 2.

Properties and

Table (2) piles and soil properties
Pile details Soil details
Circlecrosss  Square cross- parameters Values
parameters . .
section section

Size 1200mmD  1200x1200 mm  Frictionangle (p) 30
Length, L 10m 10m Dilation angle (y) 0-10

. Concrete Concrete Unit weight (y) 18
Type of pile KN/m3
Grade of concrete M25 M25 Young(sE godul us 20MPa
Y oung’s modulus, 25000 MPa 25000 MPa Earth pressure 0.5
Ep Coefficient (ko)
Poisson’sratio, vs 0.15 0.15 Poisson’sratio (v) 0.3
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Figure (6) Comparison of square and circle pile shapein the lateral
deflection curve

All the analysis was performed in two stages.
The first stage is to analyze piles that have
traditional shape (circular cross section). Then
piles of sguare shape were evaluated in second
stage. The lateral behavior of pile in two cross —
sectional shape assessed depends on the one
layered soil as mentioned before.

This section includes also the load effect on the
laterally loading piles with two shapes. The pile
of circular cross — section was firstly tested by
applied the load in the tip of pile then made a test
for square pile cross - section. The loading
consists of a small amount of increment which is
50 kN [5, 6] in the beginning of loading stages.
The investigation continues to reach a maximum
amount of loading that aways using in the
design of piles when subject to lateral load.

The lateral load — deflection curve of two pile
shapes is shown in Figure 6, that detailed the
lateral  deflection response increased with
increased the amount of loading. Pile deflection
change depends on the pile load increment. In
the first stage of load, the pile response was
uniform that mean, the pile deflection improves
linearly. But the square pile is more resistant
than a circular shape, due to the high contact
surface area between the pile and surrounded
soil. The pile deflection increase around 60%
when the load increase was load by 50 % in the
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case of square and circle pile shape. From this
comparison can show the sguare shape pile has a
small tip deflection than the circular shape pilein
the same load intensity. The square pile shape
has a large surface area that improves the lateral
soil resistance which decreases the lateral
deflection of pile.

The pile deformation due the lateral load is also
influenced by pile senderness ratio (L/B). In
Figures 7 the effect of denderness ratio on the
deformation behavior of pile under lateral load
show circular and square pile shape: (a) the short
pile (L/B = 8.3) give asmall amount of lateral tip
deflection for the same amount of loading than
the piles have the slenderness ratio more than
8.3. (b) the deflection along the pile is aways in
the direction of load (assumed negative). These
values changed to positive and pass through zero
depending on the slenderness ratio. For the short
pile (L/B = 8.3, 12.5), the point of inflection is
1/5 from the base of the pile, while the long pile
(L/B = 16.7, 20.8), the point position is 3/5 from
the base. This is due to the slenderness of the
pile that carry the load aong pile length in the
case of short piles but the upper part of pile carry
applied load in the case of long piles. In
generaly the pile with square cross section is
more resist (low deflection) especially in the case
of long pile.
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Figure (7) Latera deformation of single pile along the depth of square cross section: (a) L/D=8.3, (b)
L/D=12.5, (c) L/D=16.7 and (d) L/D=20.8

In the case of short pile, the pile body tends to
rotate around the inflection point and produce a
small negative deflection close to the pile base as
shown in Figure 7a. The negative deflection
occurred in the opposite direction of applied
load. The maximum negative deflection occurred

NUCEJ vol.11, No.1,2008

exactly in the base of pile. The circular pile
shape has a smaller deflection than the square
pile shape because of high pile stiffness in the
low loading. While it increased for large amount
of loading. These negative deflection reduce to
zero when slenderness ratio increased about 50%
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and the as shown in Figure 7b with small
negative deflection in the case of square pile
shape due to high stiffness. For slenderness ratio
of 16.7, the maximum negative deflection
occurred in the middle part between the base and
the inflection point. In the case of long piles, the
base deflection is zero and same time the base
make a small positive base deflection as shown
in Figure 7c. Findly, the negative deflection
occurred near to the inflection point. That means,
this region is critical closed to inflection point,
while the base deflection is zero as shown in

Figure 7d.
5. Conclusions

The following conclusions are drawn from the
present investigation:

1. The amount of loading is directly affected on
deflection and deformation of pile. When the
load is increased, the deflection becomes non-
uniform. The percentage of pile tip deflection
is much more than the percentage of deflection
in the pile body.

2. The pile shapes also effect the pile response.
The sguare pile is more resistant the lateral
load than a circular shape due to the high
contact surface area between the pile and
surrounded soil and high bending resistance.

3. The pile deformation that occurs due to
lateral load is influenced by pile slenderness
ratio (L/B). The short pile (L/B = 8.3=) givesa
small amount of lateral tip deflection for the
same amount of loading than piles having the
slenderness ratio more than 8.3. For the short
pile (L/B = 8.3, 12.5), the point of inflection is
1/5 from the base of pile. In this case the long
piles (L/B = 16.7, 20.8), the point position is
3/5 from the base of pile. In addition the pile
body tend to rotate around the inflection point
and produce a small negative deflection near to
the pile base depend on the magnitude of 1oads
and slenderness ratio.
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