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Abstract

Pile groups have been used as a foundation for bridges, transmission towers, offshore
structures, and other complex structures. These foundations experience extensive axial and
lateral loading, and as a result, they undergo vertical and lateral displacements. Moreover, in
the current practice, pile groups have been independently analyzed first for the vertical load
to determine their loading capacity and settlement while the lateral load capacity has been
normally associated with flexural behavior. The behavior of pile groups subjected to
combined loading has been more complex, and its solutions have been largely elusive.
Therefore, a novel numerical scheme has been presented to capture the nonlinear pile—soil
interaction for (2, 2) pile groups under the application of combined axial and lateral loads.
Based upon the numerical scheme, the three-dimensional finite element analysis has been
performed on a (2, 2) pile group subjected to combined axial and lateral loads in a soil
medium using a computational program. The load-displacement relationship of the (2, 2)
pile group has been compared with the numerical results reported in the literature which in

turn depend upon the dilation angle and plastic strain of the soil medium.
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Abbreviations

The following symbols have been used in the thesis:

A/Amax = normalized axial load, the ratio of instantaneous axial load, A to the maximum

axial load considered, Amax = 600kN

H/Hmax = = normalized lateral load, the ratio of instantaneous lateral load, H to the maximum

axial load considered, Hmax = 300kN

Dy = diameter of pile (m)

(Ep) = Young’s modulus of pile (MPa)

(Es) = Modulus of elasticity of dense sand (MPa)
(up) = poisson’s ratio of pile

(us) = poisson’s ratio of soil

@q = dilation angle of soil (degrees)

@s = friction angle of the soil (degrees)

(vs) = unit weight of soil (kN/m?)

(vp) = unit weight of pile (kN/m?)

&/6max = normalized pile head displacement, ratio of the instantaneous resultant

displacement, & to the maximum resultant displacement obtained §max= 68mm
y = deflection of the pile along depth (mm)

S/Smax = normalized vertical settlement, ratio of the instantaneous settlement, S to the

maximum settlement obtained Smax = 31mm

Xi



Chapter 1 Introduction

1.1 General Introduction

Pile foundation is a part of substructure which transmits the load of a superstructure to a deep
layer of strong bearing strata in the soil. Pile group consists of a series of piles, held by a pile
cap at the top which behaves as a single unit contributing to its additional strength as compared
to an individual pile. Pile groups might experience excessive settlements when used as a
foundation for complex structures on unstable soils with a shallow base. Pile foundation on the
whole can carry vertical or lateral loads and sometimes exposed to a combination of vertical
and lateral loads. Vertical piles withstand vertical compression loads imposed by massive
constructions like high-rise skyscrapers but in case of bridges, off shore structures and other
type of complex structures piles are often subjected to lateral loads due to a variety of
phenomena such as earthquakes, wind, and waves. Numerous studies on pile foundations
bearing vertical or lateral loads solely have been done due to the intricacy of the loads imparted
to piles separately or in combination, but solutions for pile groups subjected to combined axial

and lateral stresses remain elusive.

(IS 2911-Part I/sec 1 to 4 2010) has given the methods to solve the pile foundation carrying
vertical loads and lateral loads individually. The load bearing capability of piles is generally
determined by the soil properties in which they are laid. Axial loading on the pile is typically
transmitted to the soil through skin friction along the length of the shaft and an end bearing at
the tip, whereas horizontal loading on the vertical pile is primarily transferred to the subsoil
through horizontal subgrade reaction in the upper part of the pile shaft. As the piles are
subjected to horizontal stresses, the soil mass next to the pile contributes to the pile's lateral

support.

But this method remains valid presuming that the magnitude of lateral load is only up to 5%
of the vertical load. The soil—pile interaction effect owing to combined vertical (axial) and
lateral load can become crucial in case the magnitude of lateral load increases beyond the
specified limit. In a broader sense we can say that there is no rational method available which

can compute the lateral pile response under combined axial and lateral loads.



1.2 Vertical Load Capacity of Pile:

According to (IS 2911-Part I/sec 1 to 4 2010) ultimate load bearing capacity of a pile depends
upon the properties of the soil surrounding the pile. Axial loads from the superstructure are
transported to the soil with help of skin friction along the length of the shaft and end bearing
resistance at the tip of the pile. While the horizontal load coming on a vertical pile is usually
conveyed by the horizontal subgrade reaction on the top of the shaft. The load carrying
capability of a pile is determined by using static analysis. The accuracy of the static analysis
depend upon the soil properties. The ultimate load bearing capacity (Qs) of piles in kN in sandy

soils is given by the following formula:
Qu=Qp +Qs

Qu=Ultimate load at failure

Qp = Point resistance of the pile at the end

Qs = Shaft resistance of the pile along the length

Qp=0p X Ap
And Qs=0f x As
Where,
Qf = Xi= ki Ppi tan &i
qp=Ap (0.5 yDy Ny + Pp Ny)
Therefore:

Qu=Ap(0.5yDy Ny +Pp Ng) + Xi~, ki Ppi tan 8i As
A, = Cross sectional area of the pile tip (m?)
D = Diameter of pile shaft in m
y = Effective unit weight of the soil at pile tip in kN/m?

Ny and Nq = Depending on the internal friction angle @ at the pile tip, bearing capacity factors

are calculated.



Po = Effective overburden pressure at the pile tip in KN/m?
.. = Summation for pile-installed in layers 1-n that contribute to positive skin friction.
Ki = Coefficient of earth pressure applicable for ith layer
Ppi = Effective overburden pressure in kN/m2 for the ith layer
&i = Angle of wall friction between pile and soil for the ith layer
Asi = Surface area of pile shaft in the ith layer in m?.

The piles which derive their load capacity primarily from friction must be spaced sufficiently
apart so that the area of soils from which the piles derive their support do not overlap to the
point where the overall bearing capacity is harmed and the piles' strength is reduced. Generally
the spacing in case of friction piles shall not be less than 3 times the diameter of the pile shaft.
However, in the case of piles built on hard stratum and whose capacity is mostly derived from
end-bearing, the minimum spacing must be 2.5 times the diameter of the shaft's cross section.
The pile’s group capacity may be equal to or less than the load-carrying capacity of an
individual pile multiplied by the number of piles in the group. The former applies for both

friction and end-bearing piles, whether cast or driven.

1.3 Lateral Load Capacity of Pile:

Wind, water currents, ground pressure, the action of moving cars or ships, earthquakes, and
other factors can all create lateral force on a pile. The lateral load bearing capability of a single
pile is often determined by the horizontal subgrade modulus of the surrounding soil. The load
carrying capacity of a pile in lateral direction also depends on the structural strength of the pile
shaft against bending. During the lateral analysis of a pile, effect of vertical load is also taken
into consideration in order to determine the structural capacity of the pile shaft. But the
knowledge of soil subgrade is very limited so it requires a much analytical approach. The lateral
piles have two kinds of head condition;

1. Fixed head condition

2. Free head condition
A group of three or more piles having a rigid pile cap is generally kept fixed. Single piles are

mostly free headed piles. According to IS 2911 (Part 1/Sec 4): 2010, for granular soils and



normally consolidated clays, the ultimate lateral resistance which have varying soil modulus is
given by:

=
Where:
p = Soil lateral response per unit length at a depth z below ground level
y = Lateral deflection of the pile
% = Horizontal subgrade modulus reaction in MN/m?
As the load rises up to its final value, the load bearing capability of a vertical pile subjected to
lateral load produces deflection of the pile. This is a complicated phenomenon because it
includes a semi-rigid structural element interacting with soil that partially deforms elastically
and plastically. The failure of the piles depend upon the length and also on the head condition

of the pile. The failure mechanism of infinitely long and short rigid pile is different and this
depends on the stiffness factor.

. i 5 |EI
Stiffness factor T inm = ’E

Where:

E = Young’s modulus of pile material, in MN/m?

| = Moment of inertia of the pile cross-section in m*

1 = Horizontal subgrade modulus reaction in MN/m?

For long (elastic) piles L > 4T

For short (rigid) piles L < 2T

The deflection of the pile head, y shall be computed using the following equations:
Deflection for free headed pile:

__ H(e+zf)3
= x
3EI]

10°

Deflection for fixed headed pile:

__ H(e+zf)3
= —— x
12E1

103

Where:
H = Lateral load, in kN
y = Pile head deflection, in mm

E = Modulus of elasticity of pile material, in KN/m?
4



| = Moment of inertia of the pile cross-section, in m*
z¢= Depth to point of fixity, in m and

e = cantilever length above ground/bed to the point of load application, in m.

1.4 Dilatancy of the Soil

Dilatancy is the characteristic of the soil which is defined as the change in volume of the soil
due to shear deformation. Dense soils tend to dilate when exposed to loading in which the
particles tend to move apart from each other for effective shear deformation which results to
the change in volume of the soil. Dilation angle is the ratio of change in volumetric strain to
the change in shear strain. The shearing behavior of the soil depends on its density. In case
of dense soils, the particles are packed closely together. When pressure is applied to this soil
the particles move apart from each other in order to shear effectively which cause the change
in volume and in case of dense soil volume increases and this increase in volume in soil
mechanics is called dilation. While the soil which is initially loose will not require much
energy for shearing to take place. Instead of moving apart the particles will come closer to
each other causing the volume to decrease and this phenomenon is called compression. Fig
1.shows the shear stress vs shear strain and Fig 2.shows volumetric strain and shear strain

for dense and loose soils.

Dense soils Tpeak

Tecritical

Shear stress (1)

Loose soils

Shear strain (y)
Figure 1. Shear stress vs shear strain for dense and loose soils



Dense soils

Dilation

Volumetric strain (ey)

Compression

Loose soils

Shear strain (y)

Figure 2. Shear strain vs volumetric strain for loose and dense soils.

When we plot the volumetric strain vs shear strain graph for dense sands, the slope of the
graph gives the dilation angle. The peak strength for the dense soil in the upper plot
corresponds to the point at which the rate of dilation is at its maximum in the lower plot.
With further strain in the soil the dilation effect will reduce and the soil reaches to its critical
shear strength. Loose soils do not have peak strengths, they reach the same point of critical
shear strengths. Once the critical shear strength is achieved there is no further volume
change. In Fig. 3 volumetric strain vs shear strain is plotted for dense soils. The slope of the
graph gives the dilation angle. It can be seen in the graph that in the initial stage of
deformation, the volumetric strain has decreased with the increase in shear strain. But as the
stress reaches its maximum value the volumetric stress starts to increase which implies that
after some shear the soil has an increased volume until it reaches to its critical point. The
maximum value of slope of the volumetric strain vs shear strain corresponds to the maximum

dilation angle after which there is no change in volume.



Dense soils

............................................................................................

Volumetric strain (e)

Shear strain ()

Figure 3. Shear strain vs volumetric strain for dense soil showing dilation angle

1.5 Objectives of the Study

The main objective of the study is to present a novel numerical scheme to capture the
nonlinear pile—soil interaction for (2 x 2) pile groups under the application of combined
axial and lateral loads by using computational program.

The load-displacement relationship of the (2 x 2) pile group has been computed which
depends upon the dilation angle.

The load-displacement relationship of the (2 x 2) pile group has been computed which

depend on the modulus of elasticity of soil continuum.

The load-displacement relationship of the (2 x 2) pile group has been compared with
the numerical results which in turn depend upon the dilation angle and plastic strain
of the soil medium.

The deflection of the pile along the depth is determined for both front and back piles
and also for lateral load increments.



1.6 Organisation of the Chapters

Chapter 1 consists for the introduction about the pile groups.

Chapter 2 consists of the literature review of the present work and how it evolved.

Chapter 3 discusses the material and methods which involves type of material used, properties
of materials, method to conduct the numerical analysis, procedure to follow to do the numerical
modelling.

Chapter 4 consists of results and discussions. It discusses all the results obtained and the graphs
plotted according to the results.

Chapter 5 consists of the necessary conclusions and recommendations for future scope.



Chapter 2 Literature Review

2.1 Introduction

Several researchers Anagnostopoulus and Georgiadis (1993), Holloway et al., (1983), Chow

(1987) etc., have analysed the piles of different materials in different soils experimentally and

numerically. Most of the studies were restricted to the idea of analysing the pile groups

independently for the vertical load at first to determine their loading capacity and settlement

while the lateral load capacity has been normally associated with flexural behaviour. The study

on piles exposed to combined vertical and lateral loads simultaneously is very limited.

2.2 Review of Literature

A detailed review of literature is as follows;

Karthigeyan et al., (2007) has determined the influence of vertical loads on the lateral
response of piles under the combined action of vertical and lateral loads. Numerical
investigation has been performed by using 3D finite element program, GEOFEM3D. The
analysis has been carried out for both sandy and clayey soil. It was observed that the
presence of vertical loads significantly improved the load carrying capacity of the pile in
sand while in case of clay the vertical loads tend to decrease the lateral capacity of the piles.
Bending moment increases by 30-35% in sandy soils and 15% in case of clayey soil. It was
observed that the piles lateral response under combined loading is much more dependent
on the L/B ratio of the piles. With the increase in L/B ratio the influence of vertical loads

on the lateral capacity decreases.

Mehra and Trivedi (2021) investigated pile groups subjected to combined axial and
torsional loads in flow controlled geo-materials using Abaqus program. A comparison of
load displacement relationships was drawn between the large diameter pile and pile groups
(1, 2 and 2, 2) with the experimental pile load test and it was observed that displacement
increases with the torsional loads and the twist also increases with increase in axial loads.
They suggested that while designing a pile group subjected to combined axial and torsional
loads, the ultimate load carrying capacity of the pile is not the only criterion but
displacement and twist parameters should also be considered. The plastic strain and dilation

angles of the geo-material were used to analyse the displacement and twist parameters.
9



Chow (1987) presented axial and lateral response analysis of pile groups based on elastic
theory taking into consideration the effect of non-homogeneity of the soil and the non-
linearity of the soil. The analysis has been carried out in two sections, the first one dealing
with pile group subjected to external applied loads and the pile soil interaction forces while
in the second part a layered soil medium is considered in which the interaction forces
between pile and soil are studied at imaginary positions located on the piles. The load
deformation relationship is obtained by considering the equilibrium of pile soil interaction
forces and the compatibility of pile soil displacements. The solution obtained are compared
with results obtained from the field tests and they show a good agreement except in case of

closely spaced laterally loaded pile group.

Leung and chow (1987) compared the pile groups subjected to lateral loads on the basis of
linear and non-linear load deformation behaviour. In the study the response of individual
piles was obtained by using p-y curves but on the other hand the response of pile group
interaction was obtained by using Mindlin’s solution. The author has tried to predict an
approach for the lateral load- deflection behaviour of pile groups. A comparison has been
made between method used with the commonly used interaction factor approach for the
pile groups in a homogeneous, isotropic elastic half space and the results were showing a
good agreement. The results obtained were also compared with the field test results
obtained from the field test of laterally loaded piles. Bending moment was also obtained
along the depth of the pile. They found out that the shear, moment, deflection of the pile
head can be easily obtained accurately but in case of closely spaced 10 pile group this
method tends to over predict the pile head shear at high loads.

Georgiadis (1987) in his paper interaction between torsional and axial pile responses
determined the torsional pile response by the effect of axial load and the axial pile response
by the effect of torque. The analysis was performed in a computer based program which
works on the principle of transfer matrix method. The analysis was conducted on steel pipe
pile embedded in clay with a diameter of 1.5m and a thickness of 37mm. The combined
loading was applied on the pile and it was found out that both the ultimate pile capacity and
the pile rotation and axial displacement were greatly affected. When the torque is applied
on the pile head, the axial displacement is increased which eventually decreases the

10



ultimate load carrying capacity of the pile. The results demonstrate that piles loaded
simultaneously with torque and axial force show lesser values of torsional and axial load
capacities and on the other hand they show very high rotations and axial displacements
when compared to the piles subjected to individual loads.

Anagnostopoulus and Georgiadis (1993) conducted experimental investigation to
determine any possible effects of lateral loading on the axial pile displacement and the
influence of axial load on lateral pile response. Six model tests were conducted on an
Aluminium closed end piles and the displacement of the pile head (horizontal, vertical and
rotation) was obtained by three displacement transducers. Strain gauges were added along
the length of the pile so that bending moment and axial forces can be determined. It was
found out that axial pile displacement increased significantly with the addition of lateral
loading while we can also see that the lateral loads have negligible effect on the axial pile
displacement at lower level and low values of vertical loading. The axial pile stresses were

reduced at the ground surface due to the application of lateral loads.

Holloway et al., (1983) conducted an experimental investigation on an eight-pile group
embedded in sand and was laterally loaded up to failure point under constant axial loads.
Axial thrust, moment, shear distribution along the length of the pile was measured by strain
gauge. Slope of moment distribution curves along the length was obtained and it was
observed that at failure load a significant major portion of the shear load is transferred to
the front piles. The results depicted that failure mechanism involved continuous punching
of front piles into the soil adjacent to the pile under the action of constant loading but the
piles showed a negligible structural distress.

Chick et al., (2009) conducted a research on a single pile under pure lateral loading and
combined loading (lateral and vertical) in cohesion less soil having water table at different
elevations. Finite element analysis was performed by using PLAXIS 3D FOUNDATION
version 1.1. The pile material is based on linear elastic model and the surrounding soil is
stimulated using Mohr- Coulomb model. Lateral soil pressure is obtained along the depth
and width of the pile. When only pure lateral load was applied a small amount of lateral
pressure response along the width of pile was obtained at different water levels. It was fund
out the water table elevation influenced the lateral pile response by significantly increasing

11



the load carrying capacity of the pile in dry soil while decreasing the capacity of the soil
when it is fully saturated. Initially the lateral displacement was small but when the vertical
load increment reached 12 and 16 the lateral displacement was quite large which signifies
that lateral response is sensitive under large vertical loading.

Mohti and Khodiar (2013) presented a numerical study of piles embedded in sand subjected
to combined axial and lateral loads in order to determine the pile soil interaction. A
comparison has been drawn between the results obtained from three different software
namely L-Pile, Abaqus/Cae, Sap 2000. L-Pile is a 2D finite difference software while the
Abaqus/ Cae and Sap 2000 works on finite element method. In the analysis the soil used is
soft, medium and dense sand. Bending moment and displacement is obtained by the
software and the results obtained from all three software are compared and the results were
found to be in good agreement. The finite element analysis was used to determine pile soil
interaction. A parametric study was conducted for modulus of elasticity and the number of
soil springs on the bending moment and lateral displacement due to the application of
combined axial and lateral loading.

Stalinetal., (2021) investigated the behaviour of piles subjected to lateral and vertical loads
for the varying layers of soil. Experimental setup consisting of a model tank of size 500 x
500mm and height 700mm which is filled with sand, clay and clay-sand medium to conduct
pile load test in order to determine the behaviour of single and group pile under vertical
and lateral loads. Two dial gauges were used to determine lateral deflection and vertical
measurements having a least count of 0.002mm. The load settlement curve was obtained
by the application of load on the single pile and pile group and the load was applied up to
the failure point. It was observed that the vertical load capacity of pile increase with
increase in number of piles and L/D ratio particularly for sands rather than clayey soil while
it was observed that lateral load capacity of soil increased with L/D ratio but irrespective
of the type of soil for a known deflection. Also lateral capacity was decreased with increase

in number of piles.

Zadeh and Kalentari (2011) conducted two case studies , the first case comprised of a single
pile subjected to pure lateral loads embedded in sand, clay, and a layered soil system and
the results obtained were pressure- displacement (p-y) curves, shear force, bending

12



moment, lateral pressure and the displacement of pile head along the depth of pile. The
second case comprised of a single pile subjected to combined effect of vertical and lateral
loads in order to compare the p-y curves and pile deflection. In the analysis the effect of
slenderness ratio (L/B) on the lateral load capacity was also taken into account. It was found
out that the application of combined loading on the lateral response significantly increased
the lateral capacity in sand but in case of clay it decreased marginally. The maximum design
bending moment of the single pile under combined loading was seen rising with increase

in vertical loads for both soils.

Satyam and Kumar (2010) presented a study on the lateral load resistance of pile
foundations. Analysis was carried out on a single pile and a group of piles subjected to
lateral loading using nonlinear finite element method of analysis and the load carrying
capacity and load deformation characteristics of the pies were obtained. Mohr Coulomb
model was used to determine the bearing capacity and failure loads. It was found out that
the lateral loading capacity along the depth of pile is affected with the increase in lateral
loading. Also the water table can considerably affect the pile response such that in case of
dry soil the pile was showing high lateral resistance compared to fully saturated soil where

the lateral resistance of the pile was found to be low.

Kahribt and Abbas (2018) conducted a series of investigation of the combined axial and
lateral cycling loading on dense sandy soil to determine the lateral response of a single pile.
The two way lateral cyclic loading was applied to the model piles with the help of
mechanical loading system in addition to the vertical loads. The slenderness ratio has also
been considered in the study of L/D = 25 and 40. Here the number of cycles foe each test
was taken to be 100 so that it could represent the actual environment as seen in offshore
structures. It was discovered that lateral pile head displacement reduced as vertical loading
increased under the effect of combined vertical and cyclic lateral loads. In addition, as the
cyclic load and number of cycles grew, so did the bending moment.

Karthigeyan and Rajgopal (2009) conducted numerical investigation to determine the
lateral capacity of a 2x2 pile group in sand under the action of combined axial and lateral
loads. The pile was considered to be a linear elastic material. The analysis was done by

using a three dimensional finite element program GEOFEM 3D. The main focus was put
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on the method of loading and centre to centre spacing of piles so that its effects could be
determined. It was found out that lateral capacity of pile group has increased by the
influence of combined loading and it greatly depends on sequence of loading and the c/c
spacing of piles. As the c/c increases the lateral capacity decreases. Efficiency of the pile

group also increased with combined loading.

Rahman and Achmus (2006) presented a numerical modelling of vertical steel pipe piles in
sand subjected to combined axial and lateral loads. The three dimensional numerical model
was developed by using a finite element program Abaqus. Piles used were steel pipe pile
with a length of 20m and a wall thickness of 2cm. Two different sections were taken with
varying outer diameters of 2m and other of 3m. Results obtained were used to plat graph
between vertical load and settlement, horizontal load ad horizontal displacement, vertical
load and heave. It was found out that the horizontal pile stiffness remains unaffected by
vertical compression loads but vertical pile stiffness and capacity is increased due to the
application of horizontal loads. It was summarised that horizontal and vertical loads should
only be employed to determine axial displacements.

Rajagopal and Karthigeyan (2008) presented a finite element based numerical analysis
showing the influence of combined loading on the lateral response of the pile. The analysis
was carried out for two different soils — homogeneous clay and homogeneous sand. The
analysis was conducted in a three dimensional finite element program GEOFEM3D.
During the analysis the lateral load was kept constant and vertical load was increased (0.2-
1) and it was observed that the lateral capacity of the pile increased significantly with
increase in vertical loads particularly in case of sandy soils where the lateral capacity
increased marginally to about 40% while in case of clayey soil it was restricted to 20%. It
also states that lateral response depends on L/B ratio of the pile. With increase in L/B ratio
lateral capacity of the piles subjected to combined loading reduced but it remained constant
for L/B ratio of 25 in case of sands and 16 for clays.

Patra and Pise (2001) investigated model pile groups of configuration 1 x 1,2 x 1, 3 x 1,
2 x 2, and 3 x 2 experimentally for an embedded length to diameter ratio L/d = 12 and 38
with a varying spacing of 3 to 6 times diameter of pile and friction angle of 20° and 31° on
dry Ennore sand of Chennai. The pile groups were exposed to lateral loads and the load-

14



displacement response, ultimate resistance, and the group efficiency was recorded taking
into consideration the variables such as shape, size, spacing between piles and friction
angle. It was observed that the load carrying capacity of the pile group depends on length
to diameter ratio, friction angle, geometry of the pile group, spacing between the piles and
the density of the soil. Group efficiency of the pile increases with the pile spacing. Load-

displacement curves are non-linear. Load carrying capacity increases with the pile spacing.

= Basack (2009) analysed the response of vertical pile group subjected to horizontal cyclic
load in soft clayey soil. Laboratory model tests were carried out on a 2 x 2 pile group having
a pile of hollow circular stainless steel bar of 20mm diameter and 600mm length. As there
is no standard equipment for lateral cyclic loads therefore a loading device was designed
and fabricated which consists of two devices, one for imparting static load and other for
imparting cyclic lateral loads which were connected with a motor and gear system. The
load deflection curve for the pile group in sands was observed to be hyperbolic in nature.

It was observed that pile capacity deteriorated when subjected to lateral cyclic loading.

= Trivedi (2010) conducted a study on jointed rocks having granular fill. The experimental
investigation of the prepared cylindrical cores of kota sand stone having diameter 38mm
was conducted with varying gouge thickness. It was observed that increase in thickness
results in considerable reduction of the strength of the jointed rock. The material
characteristics and mean confining pressure was related to dilatancy in order to study the
strength of the jointed rock. It was observed that dilatancy characteristic is involved in

progressive failure of the rock.

2.3 Research Gaps

As per the literature review, it is clear that piles have been studied for bending moment,
deflection, c/c spacing, soil pressure. But the characteristic property of the soil i.e dilatancy
and modulus of elasticity has not gained much importance therefore, an attempt has been made
to study the variation of displacement of pile group when subjected to different dilation angles

and modulus of elasticity under the action of combined axial and lateral loads.
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Chapter 3 Material and Methods

3.1 Material Properties

The soil used in the analysis is dense sand. The soil is assumed to be homogeneous, isotropic
and elastic. Mohr-Coulomb criteria is used to model the soil. In the elastic analysis, it is
assumed that the soil around the pile adheres to it. But the soil has a restricted capability to
take tension and a notable deformation is likely to occur near the top of pile. This deformation
and local yield of the soil is the main reason behind the non-linear behavior of the soil even
when subjected to lower load levels. Each pile node has been assumed to be morphed and
placed around the lumped mass of soil, which may change its position in space when
combined loads are applied. The pile group along with pile cap is made of steel. All the piles
of pile group are assumed as an elastic beam and the pile material is considered to be linear,
homogeneous and isotropic. The piles are considered to be friction piles having the

coefficient of friction = 0.3.

According to (IS 2911-Part I/sec 1 to 4 2010)

The spacing between the friction piles is 3d (3 x 0.4 = 1.2m) where d is the diameter of the
pile.

The size of the piles cap according to (IS 2911-Part I/sec 1 to 4 2010):

Length = (< +1) @ + 0.3

Where  is the spacing factor of piles and here for friction piles according to IS CODE = 3
Therefore, length of the pile cap = (3+1) 0.4 + 0.3 = 1.9m

Therefore size of pile cap = 1.9 x 1.9 x 0.9m

The pile group is connected to the rigid pile cap to have a fixed head connection. A 200mm

length is inserted in the pile cap and 11.5m is embedded in the soil.

The dimensions and properties of the materials used in analysis are specified in the following

tables.
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Table 1. Input parameters for the numerical analysis of dense sandy soil

S. No. Soil Parameter Dimensions Units

1. Length 20 m

2. Width 20 m

3. Depth 30 m

4, Unit weight of soil (ys) 20 (KN/m3)
5. Modulus of elasticity (Es) 50-80 (MPa)
6. Poisson’s ratio (us) 0.3 -

7. Dilation angle (dq) 6-14° -

8. Angle of internal friction (Js) 36° -

Table 2. Input parameters for the numerical analysis of steel pile

S. No. Pile Parameters Dimensions Units
1. Diameter (Dp) 0.4 m

2. Length 12 m

3. Unit weight of steel (yp) 78 (KN/m?3)
4. Modulus of elasticity (Ep) 210000 (MPa)
5. Poisson’s ratio (up) 0.3 -
Table 3. Input Parameters for the numerical analysis of pile cap

S. No. Pile Cap Parameters Dimensions Units
1. Length 1.9 m

2. Width 1.9 m

3. Depth 0.9 m

4. Spacing between pile 1.2 m

5. Unit weight of steel (yp) 78 (KN/md)
6. Modulus of elasticity (Ep) 210000 (MPa)
7. Poisson’s ratio (up) 0.3 -
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3.2 Numerical Model

3.2.1 Finite Element Analysis

Finite element method is an efficient numerical technique that uses computational program
to provide approximate solution for complex engineering problems. It is utilized extensively
in all major engineering sectors. Finite element analysis software may be used to solve a
variety of solid mechanics issues including static, dynamic analysis. Finite element analysis
is a computational technique used to determine approximate solutions for the boundary value
problems. The process involves the representation of a physical domain with finite elements
and this can be achieved by meshing and the resulting set is called finite element mesh. Finite

element analysis consists of two processes:
1. Pre processing
2. Post processing

Pre-processing step involves creation of the model and input of data in the model such as
geometric and material properties, loading etc. while the post processing step involves the
analysis and evaluation of the model created in the former step so as to develop the required
results in order to determine the stability and performance of the model. It helps in the

generation of graphs, plot the deformed structural shape etc.

3.2.2 Methodology

The three dimensional numerical modelling has been carried out using Abaqus software.
This software works on the principle of finite element analysis. It is used for both modelling
and analysis of the elements and assemblies and then visualization of the result by the use of
finite element method. It is widely known to provide linear and non-linear behavior of the
models. A continuum is divided into a number of component sections using the finite element
method. Each component consists of a number of nodes. All the nodes bears a certain degree
of freedom that corresponds to a discrete values of unknowns in the problem that the program
must solve. Finite element mesh is a composite made up of finite elements. In this study, an
8-noded brick element is employed to discretize the pile group and soil continuum. The

analysis was carried out in the following steps:
1. Create the model: The model consists of three parts (a) soil continuum, (b) piles cap and
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(c) piles shown in the Fig. 1, 2, and 3. The dimensions of the parts are kept as specified
in material section. The soil model is created and the pile length 11.5m is extruded in it
for a (2 x 2) pile group. Similarly in case of pile cap 0.2m is extruded so that the piles
are fixed in the pile cap. All the three parts are kept as deformable sections. Further the
offsets are created in all the three parts as required so that assembly and meshing can be

carried out easily.

Figure 4. Model represents the soil continuum having dimensions 20 x 20 x 30m and offsets for pile

extrusions at 11.5m

Figure 5. Model represents the pile cap having dimensions 1.9 x 1.9 x 0.9m
19



Figure 6. Model represents the pile having diameter 0.4m and length 12m

2. Assign the material properties to each part as specified in the material section. The soil
is elastic and Mohr Coulomb criteria is followed.

3. Assemble the three parts into one model. Fig. 4 shows how to put the three sections

together to make a model.

Figure 7. Model assembly consisting of soil, (2 x 2) pile group and a pile cap

4. Define the interaction properties, assign the reference points of loads one on the top of
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the pile cap Rpl and other Rp2 on the lateral side and tie the piles with the pile cap with

the help of interaction property. Also provide the coefficient of friction = 0.3.

5. Define the step. Here one step loading is done simultaneously for two load combinations

vertical and lateral load. In the step analysis define the time increment as well.

6. In the load module, define the load combinations. The loading is carried out in single
step with two different loads simultaneously. Assign the load quantity and the amplitude
of loading. Vertical loading was applied as pressure force while the lateral load was
applied as concentrated force. Define the boundary conditions for the soil continuum in

the load module. Here the base of the model is encastered in each direction and rotation.

The x and z planes are restrained from moving in their respective directions.

Figure 8. Model assembly with loads and boundary conditions

7. Assign the local and global meshing. Meshing is carried out to discretize a large mass
into small parts. Coarse meshing gives inaccurate results while finer meshing takes a
longer time to analyze the model but the results are reliable. 8-noded brick element is
used in the analysis to discretize the soil continuum. Both local and global seeding is
done to soil continuum and pile group in order to achieve the most accurate and fine
mesh so that results are well founded.
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Figure 9. Model assembly representing the finite element mesh

8. Create a job. Check the data and let the analysis run.

9. Once the job is completed. Check the results and visualization.

Figure 10. Visualization of the model results showing displacement

10. Plot the load vs settlement, load vs deflection, load vs displacement graphs, and plastic
strain with the variation of dilation angle and modulus of elasticity. Derive the necessary

conclusions.
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3.3 Finite Element Analysis of a Laboratory Tested Model

In order to validate the results, a case study has been carried out. Anagnostopoulos and
Georgiadis in 1993 conducted laboratory model tests on aluminium closed-ended piles of 19
mm outside diameter and 1.5 mm wall thickness, embedded 500 mm into a prepared soft clay
bed of length 1000mm, width 700mm and depth 800mm with w; = 42%, wp = 24% and cu =
28kN/m?. The loading pattern has been followed as per the model test data. Load has been
applied in two stages. The stage one consists of application of pure vertical load and in the
second stage a combined load has been applied. Vertical load of 350N and a lateral load of
130N. Both the loads were applied at ground level individually in the laboratory model. The
modulus of elasticity of the soil was taken as 7.5MPa using the relation Es = 250 to 400 cu
(Poulos and Davis 1980) and poisson’s ratio of the clayey soil was taken as 0.4. The modulus
of elasticity of the pile is 70000 MPa and poisson’s ratio is 0.31. In the present analysis a free
standing pile was modelled having length of 550mm (500mm in the soil and 50mm above the
ground level). Mohr Coulomb criteria is used to model the soil. Fig. 12 and Fig. 13 demonstrate
the comparison of test data and anticipated results for piles under pure vertical and combined
vertical and lateral loads. From the figures it can be visualized that the comparison is effective
both at lower and greater load levels. For both the vertical and lateral response of the piles, the
percentage difference is 16.67 percent for vertical load only and 13.74 percent for combined
axial and lateral loading at all load levels. The finite-element prediction in both the cases
matched reasonably well with the test data. As a result, it is possible to infer that the numerical

approach used in this study is capable of modelling the pile-soil interaction under pure vertical,

lateral, and combined vertical and lateral loads.

Figure 11. Isometric view of soil-pile model representing finite element mesh.
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Chapter 4 Results and Discussions

4.1 Results

A 2 x 2 pile group was analyzed in Abaqus software using three dimensional finite element
analysis. A number of constitutive simulations were carried out to model the soil-pile

interaction for three different combination of loading.
4.2 Load — Displacement for Dilation Angle:

In the first case the soil- pile model was only subjected to vertical load and the variation of
settlement of pile with the maximum axial load was recorded with respect to range of dilation
angle as displayed in Fig. 14. In the second case the soil- pile model was only subjected to
lateral load and the change of lateral deflection of the pile with the maximum axial load was

recorded with regard to the range of dilation angle as displayed in Fig. 15.

In the third case the pile group (2 % 2) was subjected to combined effect of lateral and vertical
loads and the variation of pile head displacement was obtained by keeping the vertical load
constant and applying the lateral load in increments of 0.2, 0.4, 0.6, 0.8, and 1 of the maximum
lateral load as shown in Fig. 16. It was observed that the lateral pile head displacement
increased with increase in lateral loads but when the results were obtained for vertical pile
settlement, it showed a considerable decrease in the vertical settlement with increase in lateral

loads as displayed in Fig.17.

A/Amax is the normalized axial load and the maximum vertical load applied is 600kN. H/Hmax
is the normalized lateral load and the maximum lateral load applied is 300kN. The maximum
pile head displacement observed in case of combined axial and lateral loads is 68mm. The
maximum pile head displacement observed in vertical load only is 31mm and in case of lateral
load only is 26mm. In each case the variation of pile head displacement with combined loading
(vertical and lateral) with respect to dilation angle in the range of 6 to 14° is observed. The
results corresponding to these variations are shown in the Fig. 18 to 22. All these results are
then compiled in Fig. 23 showing the comparison of pile head displacement at A/Amax =1,
H/Hmax = (0.2 to 1) and dilation angle @4 = (6 -14°). It was observed that with increase in lateral
loading the pile displacement increases but with increase in dilation angle pile displacement

decreases due to the confinement of the soil surrounding the soil.
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Figure 16. Variation of pile head displacement and axial load with lateral load increments (0.2 to 1)
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Figure 17. Variation of vertical settlement of the soil with axial load and lateral load increments (0.2 to 1)
27



=) o o
[e)] SN N

Pile Head Displacement, §/8,..,
S ; .
(o]

-1.2

Lateral
load

Axial Load, AJA .
0.2 0.4 0.6 0.8 1 1.2

Vertical load 14°

H/H =1

Figure 18. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 1 and

Pile Head Displacement, 8/8 .,
S o © o o o
~ [e)] (%] E) w N

o
o0

o
©

Lateral
load

variation of dilation angle @q = (6-14°)

Axial Load, AJA

0.2 0.4 0.6 0.8 1 1.2

Vertical load

H/H,,, =0.8
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Figure 20. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 0.6 and
variation of dilation angle @4 = (6 -14°)
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Figure 21. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 0.4 and
variation of dilation angle @4 = (6-14°)
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Figure 22. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 0.2 and
variation of dilation angle @y = (6-14°)
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Figure 23: Variation of pile head displacement with axial load A/Amax and H/Hmax captured for dilation angle
(6-14°)
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4.3 Load- Displacement for Modulus of Elasticity

Variation of pile head displacement with A/Amax (ratio of normalized axial load) = 1 and H/Hmax
(ratio of normalized lateral load) = (0.2 to 1) with respect to modulus of elasticity in the range
of 50 to 80 MPa with an increment of 5 MPa at each simulations is recorded. It was observed
that with increase in lateral load pile head displacement increases and with increase in modulus
of elasticity the pile head displacement decreases because of the increases in stiffness of the
soil. As the modulus of elasticity increases the soil surrounding the pile gets packed making it
more stiff and dense and allowing lesser displacement of the pile. Fig. 24 to 28 shows the
variation of pile head displacement with the modulus of elasticity of the soil. Also Fig. 29

shows a comparison of the results obtained in all five cases.
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Figure 24. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 0.2 and
variation of modulus of elasticity (50 to 80 MPa)
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Figure 25. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 0.4 with
the variation of modulus of elasticity (50 to 80 MPa).
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Figure 26. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 0.6 with
the variation of modulus of elasticity (50 to 80 MPa)
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Figure 27. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 0.8 with
the variation of modulus of elasticity (50 to 80 MPa)

Axial Load, A/A

0 0.2 0.4 0.6 0.8 1 1.2

o
N

©
D

]
£
«©
P
£
=
3 Vertical load
S 0.6
o
2
a
g
2 08 T Laferal
@ load
o
A H/H,,,,=1
-1.2

Figure 28. Variation of pile head displacement and axial load with lateral load increments H/Hmax = 1 with the
variation of modulus of elasticity (50 to 80 MPa)
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Figure 29. Comparison of pile head displacement with axial load A/Amax and H/Hmax captured for modulus of
elasticity (50-80 MPa)

4.4 Plastic Strain — Dilation Angle

Plastic strain is the deformation of the element due to application of loads. It is irreversible and
stays even after the removal of load. Plastic strain of simulations where the axial load A/Amax
=1 was constant and lateral load H/Hmax increases from 0.2 to 1 with a range of dilation angle
6 to 14° was observed. At first it was observed that with increase in lateral load displacement
increases and plastic strain also increases. Then it was observed that for the same loading
conditions if we increase the dilation angle plastic strain decreases. Fig. 30 shows the variation
of Plastic strain with dilation angle for axial load A/Amax= 1 and lateral load H/Hmax = (0.2 to
1)
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Figure 30. Variation of plastic strain with dilation angle for axial load A/Amax = 1 and lateral load H/Hmax (0.2
to 1)

4.5 Deflection of Pile along the Depth

Linear Elastic model is used to model the pile structural material. The upper part of a pile in
case of lateral loads is supposed to be most critical as it is subjected to more deflection and has
higher load carrying capacity in comparison to the lower part of the pile. Fig. 31 shows the
failure modes of vertical piles under lateral loads. The lateral resistance of the soil distributes
uniformly between the two sides of piles. In case of short piles it is assumed that rotation occurs
near the base of pile which corresponds to the failure of the pile without any fracture while

long piles do not have point of rotation, they have a point of fracture just below the soil [15].
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Figure 31. Failure modes of vertical piles under lateral loads (Poulos & Davis, 1980)

The deflection of the pile along the depth was measured at every 0.5m up to 12m. The failure
mechanism involved continuous punching of the front piles in the surrounding soil under the
influence of lateral load increments which in turn causes the back piles to displace more. It was
observed that with increase in depth deflection decreased. Fig. 32 demonstrates the mechanism
of deflection of piles along the depth for a 12m pile. In this the point of rotation is just near the
base which is validating the theory for short piles given by (Poulos & Davis, 1980). The piles
at the back had more displacement than the piles at the front. Fig. 33 shows the deflection of
pile along the depth for front and back piles. The deflection along the depth was observed for
combined loading where in the vertical load was kept constant A/Amax = 1 and the lateral load
was applied in increment of 0.2, 0.4, 0.6, 0.8 and1. The results indicated that with increase in
lateral load the deflection increased but only for the upper part of the shaft which is more
critical to lateral loads. The lower parts had less deflection for higher load values as displayed
in Fig. 34.
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Vi.

Vii.

viil.

Chapter 5 Conclusions and Recommendations

5.1 Conclusions

The following conclusions may be formed based on the findings:

In comparison to the traditional subgrade reaction technique of pile analysis, a three-
dimensional finite element analysis can be used to investigate the combined influence of
axial load and lateral loads on the lateral response of the pile and vice versa.

Pile head displacement was obtained under the influence of combined axial and lateral
loads. Lateral pile head displacement increased with increase in lateral loading but the
vertical settlement of the pile reduced.

At dilation angles ranging from 6 to 14°, the pile head displacement was obtained under
the influence of combined axial and lateral loads. The lateral pile head displacement
reduces as the dilation angle rises. The reduction in pile head displacement is due to the
confining of the soil.

The resultant pile head displacement increases upon the application of combined loads. The
resultant displacement increases in the range of 83 to 125%, 50 to 79%, and 10 to 28% for
H/Hmax= 1, 0.8, and 0.6 respectively while in case of lower values of H/Hmax =0.2 and 0.4
pile head displacement decreases showing a resistance to settlement and increase in the
lateral capacity of the pile group.

The variation of axial load with pile head displacement was recorded at a range of modulus
of elasticity of 50 - 80 MPa. It was observed that with increase in modulus of elasticity the
pile head displacement decreases. Such a decrease in pile head displacement is caused due
to the denseness of the soil.

Plastic strain increases with increase in lateral load but decreases with increase in dilation
angle. It should be considered in design of piles.

Deflection increased with increase in lateral load increments but with increase in depth of
the pile, deflection decreases. The two piles at the back deflect more compared to the two
piles at the front.

Lateral deflection along the length of the pile was obtained. It was found that deflection
increased with increase in lateral loading while keeping the vertical loading constant but
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only for the upper part of the soil which is more critical. For the lower part of the soil

deflection decreased with increase in lateral load.

5.2 Recommendations

The results presented are for 2 x 2 pile group with circular piles. This needs to be further

verified with different shapes and pile configuration for broader spectrum of results.
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