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INVESTIGATION OF SOIL-PILE-SOIL INTERACTION FOR
ORTHOGONAL BARRETTE PILES

ABSTRACT

In recent years, tall building design and construction accelerated in Turkey. Barrette
piles have been preferred over circular bored piles due to their higher load-bearing
capacity and bending stiffness to carry induced loads by the superstructure.

In this thesis, four different cohesionless soils with different relative densities and
different pile spacings were modeled in order to investigate the pile groups under
lateral loads. Barrette piles were modeled as volumetric elements in order to examine
shape effects more accurately. In this context, the effects of the cross-section and
orientation of the piles in the group, spacing between the piles, the soil stiffness and
the magnitude of loading on the behavior of the group barrette piles were investigated
under linear and nonlinear soil conditions. Considering these effects, the horizontally
loaded barrette pile groups were analyzed in the finite element program and the
interaction factors between the piles were calculated. Since the cross-sections of the
barette piles are rectangular, the most important factor in their interaction with each
other was the bending stiffness of the pile in the direction of the load acting on the pile.
Analysis results revealed that the interaction between barrette piles is quite different
from that of circular piles, mostly depending on the type of pile cross section. In
addition, it was concluded that the shading effect is quite effective for both free and

fixed head pile groups.

Keywords: Lateral loaded piles, interaction factor, barrette pile, pile orientation, pile-

soil-pile interaction.



ORTOGONAL BARET KAZIKLAR ICIN ZEMIN-KAZIK-ZEMIN
ETKILESIMININ INCELENMESI

0z

Son yillarda Tiirkiye'de yiiksek bina tasarimi ve yapimi hiz kazandi. Baret kaziklar,
iist yapinin zemine aktardigi yiikleri tasimak i¢in daha yiiksek yiik tagima kapasiteleri
ve egilme rijitliklerine sahip olduklarindan dairesel fore kaziklara gore daha ¢ok tercih

edilmektedir.

Bu tezde yatay yiikler altindaki baret kazik gruplarini arastirabilmek igin, relative
sikiliklari farkli olan dort farkli kohezyonsuz zemin ve farkli kazik araliklar ile model
kurulmustur. Baret kaziklar, sekil etkilerini daha dogru bir sekilde inceleyebilmek igin
hacimsel eleman olarak modellenmistir. Bu baglamda kaziklarin kesit ve grup igindeki
baret kaziklarin davranisi tizerindeki etkileri linear ve nonlinear zemin kosullari altinda
arastirtlmistir. Bu etkiler gz 6niinde bulundurularak yatay yiiklii baret kazik gruplari
sonlu elemanlar programinda analiz edilerek kaziklar arasinda etkilesim faktorleri
hesaplanmistir. Baret kaziklarin enine kesitleri dikdortgen oldugundan, birbirleriyle
etkilesimlerinde en 6nemli faktdr, yiikiin kazik iizerine etkidigi yondeki kazigin egilme
cok kazik kesitinin tipine bagli olarak dairesel kaziklardan oldukca farkli oldugunu
ortaya koymustur. Ayrica golgeleme etkisi hem serbest hem de sabit basli kazik

gruplart i¢in oldukga etkili oldugu sonucuna varilmistir.

Anahtar kelimeler: Yanal yiikli kaziklar, etkilesim faktorii, baret kazik, kazik

yerlesimi, kazik-zemin-kazik etkilesimi.
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

The performance-based design of pile foundations needs a rational understanding
of interaction mechanisms between pile-soil and pile-soil-pile inside foundations of
structures (Bradley et al., 2008; Kramer et al., 2014; Rotta Loria, 2018). Foundations
that transfer structural loads to deeper soil layers are rarely designed with single piles.
The interaction between a single pile and surrounding soil is relatively simpler than
pile groups since complex interaction patterns exist among the piles and the soil inside

a group.

Pile-soil-pile interaction has long been studied since sixties. The pioneering work
is attributed to Harry Poulos, who studied interaction among group piles under vertical
and lateral loads (Poulos, 1968, 1979; Poulos & Davis, 1980). Following Poulos,
contributions to the field were also made (Banerjee & Davies, 1980; Brown et al., 1988).
Kaynia and Kausel (Kaynia & Kausel, 1980) extended Poulos’ approach to dynamic
loading conditions.

The scarcity of building parcels in urban areas triggered the construction of high-
rise buildings, especially in coastal regions. Such buildings are designed with piles that
are much deeper with larger sections. In this respect, barrette piles are usually preferred
over circular piles since they provide larger bearing capacity, stiffness, and structural

capacity.

Previous research did not cover pile-soil-pile interaction among piles with
rectangular sections. Currently, design work with such piles is usually made assuming
an equivalent circular pile diameter. In this study, findings of finite element-based
research are presented regarding the influence of loading direction, pile spacing, the
position of a pile in the group, and soil nonlinearity on interaction factors produced for



barrette piles. The three-dimensional nature of the problem necessitated the
establishment of 3D numerical analysis models. Piles are modeled as volume elements

to study shape and shadowing effects properly.



CHAPTER TWO
THE STATEMENT OF THE PROBLEM

2.1 Problem and Hypothesis

In recent times, extensive theoretical approaches have been developed for
predicting the soil-pile-soil interaction on laterally loaded circular piles. Many
researchers (Poulos & Davis, 1980; Mylonakis & Gazetas, 1998; Randolph & Wroth,
1979) have presented several methods, curves, and tables for reference. However,
previous research did not cover pile-soil-pile interaction among piles with rectangular

sections under horizontal loads.

Despite their widespread usage, the interaction of barrette piles with surrounding
soil during earthquake loading is still analyzed using conventional load-deformation

curves that were developed for circular piles.

It is thought that modeling barrette piles subjected to horizontal loads as equivalent
circular piles are not an appropriate approach, especially under horizontal loads due to

pile orientation, soil nonlinearity, pile head fixity, and pile spacing.

In this study, it is aimed to reveal the different behavior of barrette piles under
horizontal loads with finite element-based analyses related to the loading direction,
pile spacing, position of the piles within the group, and the effect of soil nonlinearity

on the interaction factors produced for barrette piles.



2.2 Methodology

2.2.1 Calculation of Interaction Factors

In Poulos’ theory, two identical, equally loaded circular piles are considered, each
pile being divided into a number of elements, as for the single pile shown in Figure 2.1
and he calculated the interaction factors by assuming that the horizontal displacements
of the soil and the displacements of each element on the pile will be equal while the

elastic conditions prevail within the soil.

Poulos’ theory is based on some assumptions. First of all, the pile is assumed to be
a thin rectangular vertical strip of width d, length L with a constant flexibility Eplp. It
is also assumed that the pile and soil are fully compatible, ignoring the relative motion
of the pile and soil. The soil is assumed to be elastic. Mindlins’ equation regarding the
horizontal displacements as a result of point load action inside the soil is integrated
along pile depth to obtain pile displacements and interaction factors. The side shear,
which is expected to be quite influential on lateral pile response for rectangular cross-
sections, is not accounted for in Poulos’ solution. Interaction factor is defined

according to Poulos as in Eq. 2.1:

__ Additional displacement caused by adjacent pile (2 1)
- Displacement of pile under its own load ’
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Figure 2.1 Laterally loaded piles (H. G. Poulos, 1968)

The orthogonal distance, s, between any two consecutive piles changes in direct
proportion to the plan width of the pile. Soil layers are modeled as linear and
nonlinearly behaving materials obeying the rules of the linear and hardening small
strain model (PLAXIS3D Material Models, 2021).

2.2.2 Finite Element Method

Even though the lateral soil-pile-soil interaction is three-dimensional (3D), the
empirical techniques described above reduce the problem to a two-dimensional (2D)
plane strain problem. There are considerable changes between 2D and 3D failure
planes, necessitating a thorough examination of the interaction and behavior of soil-
pile-soil in barrette piles (Ashour et al., 2001). Because this study aims to investigate
laterally loaded piles and pile groups for horizontal loads while taking into account the
3D effect, a 3D FEM (PLAXIS3D) software, is utilized to estimate the soil-pile-soil

interaction of orthogonal barrette piles.



The response of the piling groups under horizontal loading is calculated in this
thesis using the FEM code PLAXIS 3D and a series of comprehensive numerical
calculations. It is a well-known algorithm in geotechnical engineering for stress-strain,
stability, and groundwater ow analysis. It was first developed in 1987 at Delft
University of Technology, and it has since been expanded to include a wide range of
geotechnical engineering topics. In 2001, capability for 3D analysis was added.

PLAXIS 3D includes an entirely 3D graphical processor that enables simple
graphical input of complicated geometry models as well as an illustrated display of the
results. Most FE meshes are created automatically, utilizing algorithms for mesh
regularity checking. Beams, anchors, plates, and geogrids are just a few of the
structural components that may be modeled. Staged (phase) analysis is also available,
allowing for accurate modeling of the geotechnical design of pile foundations, shoring

systems, etc., beginning with the initial stress levels.

The finite element method's basic concept is to find a complicated problem by
substituting this with simpler. We will only find an approximate solution rather than
an exact one because the genuine problem is replaced by a simpler one in solving the
problem. Most real problems will require more existing mathematical methods to

provide an accurate answer.

The finite element method can be chosen without any other efficient method to find
even an approximate solution to a given problem. Moreover, the finite element
approach is generally the way to improve or refine the approximate answer by putting

in more computational effort (Rao, 2004).

PLAXIS 3D implements full 3D (solid) pile modeling techniques. Piles are
discretized utilizing 3D (solid) finite elements in the full 3D analysis. The fact that the
pile geometry and soil-structure interaction are accurately described is an advantage
of this kind of modeling. However, due to its computational complexity, this typically
results in extensive models, which can be time-consuming in common engineering

practice.



PLAXIS 3D software employs 10 noded tetrahedral mesh components to represent
soil (Figure 2.2). For structural items and interface components, several mesh elements
are employed. A finite element computation relies heavily on mesh formation. Meshes
should be fine enough to get accurate results while coarse enough to minimize
excessive computation times. This software provides five different ways to generate
finite element meshes. Extremely coarse, coarse, medium, fine, and very fine meshes
are available. Aside from these basic choices, the fineness factor that is established for
all geometric entries may be changed to provide the necessary level of mesh fineness

and local refinement for a specific volume or structural item.

Figure 2.2 10 noded tetrahedral mesh component

2.2.1.1 Linear Elastic Model

The linear elastic model in PLAXIS 3D is based on the generalized Hooke's law of
isotropic elasticity. It includes two basic elastic parameters, Young's modulus E and
Poisson's ratio. Stress states in the linear elastic model in this FEM software are not
limited, meaning the simulated material can have infinite strength. However, to
simulate the piles using the linear elastic model, one should ensure that the pile
material, such as concrete strength, is not exceeded in the considered problem.



2.2.1.2 Nonlinear Soil Model

The Hardening Soil model is a new adaptation of the non-linear elastic structure
model developed for different soft and hard soil by (Duncan&Chang, 1970),
describing the stress-strain relationship of the soil as approximately hyperbolic
(Schanz et al., 1999). In particular, considering the increase in stiffness due to stress,
three different stiffness parameters, loading-unloading, and elastic-plastic separation,

enable this body model to model the soil stress-strain behavior closer to reality.
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Figure 2.3 Representative stiffness parameters in a triaxial shear test

Stiffness parameters of HSsmall model, power for the stress-level dependency of
stiffness (m), reference stress (prer ), and final stress ratio (R¢) parameters from the
hyperbolic equation are used. The main features of the model include the change in
stiffness due to stress (input parameter m), plastic deformations in primary deviatoric
loading (input parameter Eso), plastic deformations due to primary compression (input
parameter Eqeq), and elastic unloading/loading (Eur). These parameters are shown in

Figure 2.3 and are obtained from triaxial tests (Benz, 2006).



0.0004 0.0006 0.0008

Vay [KN/m?]

Figure 2.4 Representative stiffness parameters in a cyclic shear test
Two additional stiffness parameters are required as input to the Hardening Soil
model with small-strain stiffness: Go and yo.7. For a reference minor primary stress of
pref, Go defines the shear modulus at very low strains as shown in Figure 2.4. The
Poisson's ratio vyr IS assumed to be constant, therefore, the shear modulus Go can be

derived using the very low strain Young's modulus as follows:

_ __Eo
T 2(14vyr)

Go (2.1)



CHAPTER THREE
NUMERICAL MODELLING

3.1 Numerical Models

In this thesis, pile groups consisting of 3x3 and 4x4 piles with rectangular cross-
sections were subjected to finite element modelling free-head models and fixed head
model, respectively. The finite element model comprises three-dimensional 10-noded
wedge elements to discretize the volume piles and the soil profile. The aspect ratio of
the pile cross-section is set as L/B=3.5, where L and B stand for length and width of
the pile section, respectively. This assumption is based on the fact that barrette piles
are usually constructed with L=280 cm and B=80 cm sectional dimensions. Only very
deep super piles attain plan width that is B>100 cm. The auto-meshing algorithm of
the FE analysis software (PLAXIS 3D) was utilized while establishing the 3D-FEM
model. The pile length to diameter ratio was kept equal to Lpie/B=25 throughout the
analyses. A 3D view of the model with solid piles for free-head and fixed-head pile
groups are shown in Figure 3.1 and Figure 3.2. It can be seen in this figure that the
piles are positioned orthogonal to each other in the model.

3.1.1 3x3 Free-Head Elastic Model

In numerical analysis, two-layer profile was considered for barrette piles where
stiff-ness of the upper layer was one half of that of the bottom layer. The thickness of
the upper layer (hy) is 10 m and the total thickness of the soil profile (h) is 40 m. Both
soils are assumed to exhibit linear behavior under pile head lateral loading. The elastic

soil parameters assigned to the soil layers of the model is shown in Table 3.1.

10



Table 3.1 Elastic model parameters

E' Yunsat Vsat A%
(MPa) (kN/m®)  (kN/md)

30 17.0 19.8 0.3/0.5

60 19.0 20.6 0.3/0.5

The edge-to-edge orthogonal distance, s, between any two consecutive piles
changes in direct proportion to the plan width of the pile (i.e. s=2B~8B). Each pile is
horizontally loaded at the head in both x and y directions. Only very deep super piles

attain plan width that is B>100 cm.

50m

h,=10m | \
‘ h=40m
\

Figure 3.1 FEM mesh for 3x3 barrette pile group (10-noded 31028 elements)
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Ocny %‘.80cm
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Figure 3.2 Meshing of the volumetric barrette piles

3.1.2 3x3 Free-Head Nonlinear Model

Influence of soil density on barrette pile response was studied considering a two-
layer profile for which the stiffness of the upper layer varies with respect to that of the
lower one with a ratio of 0.25 (RD= 25%), 0.50 (RD=50%), 0.75 (RD=%80) and 1.0
(RD=100%) as can been in Table 3.1. The thickness of the upper layer (h1) is arranged
such that it is equal to either 0.125h (5m), h (40m) being the total thickness of the soil
profile as shown in Figure 3.1. Both soils are assumed to exhibit nonlinear behavior
under lateral pile head loading. The HSsmall parameters assigned to the soil layers of
the model are based on a study where carefully reviewed cases are provided for a wide
range of relative densities. The HSsmall soil parameters assigned to the soil layers of
the model is shown in Table 3.2. (Brinkgreve & Engin, 2010)

12



Table 3.2 Nonlinear soil properties (after Brinkgreve & Engin, 2010)

RD Yunsat Ysat Eso"f Eoed™ Eur"ef
% kN/m?3 KN/m3 MPa MPa MPa
25 16.0 194 15 15 45
50 17.0 19.8 30 30 90
80 18.2 20.3 48 48 144

100 19.0 20.6 60 60 180

Go'f Yo ¢’ ) m R
MPa - ° ° - -
77 1.8-10* 31.1 11 0.622 0.969
94 1.5-10* 34.3 4.3 0.544 0.938
114 1.2-10* 38.0 8.0 0.450 0.900
128 1.0-10* 40.5 10.5 0.388 0.875

The auto-meshing algorithm of the FE analysis software (Plaxis BV., 2016) is
utilized while establishing the 3D-FEM model. The quality sphere parameter usually
characterizes the quality of tetrahedron elements (PLAXIS3D Material Models, 2021).
A check on this parameter reveals that its variation range is between 0.3 and 1.0, where
99% of 31028 elements in the model attain quality sphere values not less than 0.5.
Barrette piles are modeled as elastic solid volumetric elements. In this manner, it is
considered that three-dimensional effects of the pile cross-section on soil-pile
interaction are better taken into consideration. Besides, the solid volumetric elements
can still provide pile sectional forces. The pile length to diameter ratio was kept equal

to Lpile/B=25 throughout the entire analyses campaign.

3.1.3 4x4 Fixed-Head Nonlinear Model

In order to analyze the shadowing effect on the barrette pile group, a 4x4 fixed-head
barrette pile group was created with a rigid plate serving as the pile cap in the model.
The pile group was then laterally loaded by defining a surface traction ranging between
20 and 100 kPa with 20 kPa increments. In order to provide complete pile head fixity
between the cap and the piles 10 pieces of rigid embedded beam portions were placed
for each pile. The optimum number of such embedded beam elements were decided
upon several trials until rotation of the pile heads were avoided. The success of this
modeling stage was also checked by comparing the sum of the lateral loads shared by

each pile with the total applied load at the cap. A two-layer soil profile was considered

13



for which the relative density of the upper layer was set to one half of the below layer
of which density was RD=100%. The assigned parameters to each layer are given in
the Table 3.1. The thickness of the upper layer (h1) was kept constant being equal to
0.25h (i.e. 10 m) where h was 40m total thickness of the soil profile as shown in Figure
3.3. The deflected shape of the 4x4 fixed-head pile group is shown in Figure 3.4
proving that full pile head fixity was achieved.

Figure 3.3 4x4 fixed-head barrette group

14



Figure 3.4 Deflected shape of 4x4 fixed-head pile group under x-direction lateral loading

15



CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 3D Numerical Analyses with Linear Elastic Soil Model

The source pile was loaded by means of a distributed lateral load at the pile head
with a magnitude of 100 kPa for an 80x280 barrette pile. Interaction factors were
determined depending on pile orientation for rectangular cross-sections since loading
the piles along their strong or weak axis would generate different effects on adjacent
piles. In Case-1 and Case-2, the source piles interact with each neighboring pile, and
the amount of interaction varies depending on the position of each receiver pile, as
shown in Figure 4.1. The source and receiver piles in similar positions with respect to

the loading direction are linked to the source pile with the same color.

Figure 4.1. Case-1 (loading along minor pile axis), and Case-2 (loading along major pile axis)

Analyses revealed that the location and orientation of the receiver pile with respect
to the source played an essential role on the lateral interaction factors. It was found
that whether the strong axis of the receiver pile was parallel or perpendicular to the
loading direction made the largest difference in pile response. While investigating the
influence of pile position, it was noticed that the piles behind and in front of the re-

ceiver yielded same interaction factors irrespective of the pile spacing. Similar re-

16



sponse existed for other pile pairs (i.e. B4&B6; B7&B9). This behavior may be at-
tributed to the elastic nature of the soil medium and full bonding assumed between the

soil and the pile.

Poisson’s ratio affected pile response, albeit minor, causing larger lateral defor-
mations resulting in larger interaction factors at the edge piles of the group. Interac-
tion factors are plotted as a function of pile spacing and Poisson’s ratio in Figures 4.2
and 4.3 for Case-1 and Case-2, respectively. Figures 4.2 and 4.3 show that the piles
are clustered as leading-trailing and side piles with respect to the central one (B5) on
which the load is applied. It may be concluded upon elastic analyses that the
orientation of the source pile or the piles positioned around the source is the dominant
factor. For instance, if the source pile is loaded along its strong axis, its displacement
decreases as compared with other direction resulting in higher interaction factors as
shown in Figure 4.3. This is also true for the receiver piles indicating that the bending

stiffness governs pile response.

The interaction factors computed for 3x3 circular and barrette pile groups are
compared in Figures 4.4 and 4.5. It should be mentioned that the edge-to-edge spacing
between two piles in a group is the same for both cases. It has been stated above that
the interaction between the barrette piles varies according to the position of the pile
just in front of the loaded pile. In this analyss, it was found that in the analyses made
with circular piles that have a sectional area equivalent to those of the barrettes, loading
direction did not affect the interaction between the circular piles since they have the
same inertia in all directions. It is clear from Figures 4.4 and 4.5 that Case-1, in which

the receiver pile was loaded along the weak axis, yielded lower interaction factors.
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Figure 4.4 (a) y-direction loading of barrette pile group, (b) y-direction loading of circular pile group,

(c) Comparison of interaction factors for circular and barrette piles in y-direction loading

The receiver pile exhibited larger displacement causing lower computed factors
according to Eq. 2.1. In Case-2, however, the source pile has larger stiffness in the
loading direction experiencing smaller displacement leading to higher interaction
factors. Another aspect of barrette and circular pile group comparison is that the
flexibility matrix is no longer symmetric for barrette piles whereas it is the opposite
for circular piles. It may be concluded that what matters in elastic three-dimensional

pile group analyses is the relative stiffness between the source and receiver piles.
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(c) Comparison of interaction factors for circular and barrette piles in x-direction loading

20



4.2 3D Numerical Analyses with Nonlinear Soil Model

4.2.1 Free Head Group Piles

Interaction factors were determined depending on pile orientation for rectangular
cross-sections since loading the piles varied depending on the position of each receiver
pile, as shown in Figure 4.6. As one may follow on the figure that there were two cases
named as Case-1 and Case-2 each having four sub-cases depending on the position of

the source piles as shown in Figure 4.7a and Figure 4.8a

CASE-2 CASE-1 | \

i i
w @
L ! ' BY 'BI0
‘ i I B8 i
|
| |
|
@ Bs
B4 B6
(c). | .
(a) Bl | B3
BZ‘
(b)

Figure 4.6 Case-1 (loading along minor pile axis); Case-2 (loading along major pile axis)

A double layer soil profile was considered and influence of soil density on barrette
pile response was studied by changing the ratio of the stiffness of upper layer to that
of the lower one (Eupper/Elower). This ratio was adjusted as 0.25, 0.50, 0.75 and 1.0 for
soil relative densities in upper layer being RD=25%, RD=50%, RD=%80 and
RD=100%, respectively. Therefore, the relative density of lower soil layer was kept
constant as RD=100% during the analyses. The thickness of the upper layer (h1) was
arranged such that it was equal to 0.125h (5m), h (40m) being the total thickness of

the soil profile as illustrated on Figure 3.1.
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The source pile was loaded by means of a distributed surface lateral load at the pile
head increasing up to 300 kPa with 100 kPa increments for an 80x280 barrette pile
(P1=100, P2=200, and P3=300 kPa). The dimensionless load factor was defined as
Eupper/P.

Analyses revealed that the location and orientation of the receiver pile with respect
to the source played an essential role on the lateral interaction factors. This may be
better explained by the help of Case-1d and Case-2d, where source piles are located at
the center of the 3x3 pile group as shown in Fig. 4 and Fig. 5 where the soil profile
consists of a single sand layer with a relative density of 100%. It was found that
whether the major axis of the receiver pile was parallel or perpendicular to the loading
direction made the largest difference in pile response. While investigating the
influence of pile position, it was noticed that the piles diagonal, adjacent, or behind the
source exhibited much lower interaction factors (Figure 4.7b and Figure 4.8b). Sub-

cases a, b and c also yielded similar results.
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Figure 4.8 (a) Soil displacement distribution in Case-2d, (b) Interaction factors between source pile B5

and receiver piles in Case-2d.

The given figures show that what dominates the interaction factor is the orientation
of the piles with respect to each other and the way the interaction factor is defined as
given in Eqg. 2.1. The fact that interaction factors computed for neighboring piles in
Case-2d are larger than those for Case-1d can be attributed to the higher inertia of the
source pile in Case-2d. The source pile loaded along its stronger axis exhibited smaller
displacements in this case. It is interesting to note that the receiver pile yielded larger
displacements than that of Case-1d just because its stronger axis was oriented

orthogonal to the source.

Similar behavior exists for soils with different relative densities. One may notice in
Figure 4.9 that interaction between the source and the leading pile considerably
decreases with soil density. Taking a closer look at Figure 4.10 in which comparisons
among double layer soil cases are given, the presence of looser soil in the upper layer
(h1=5m, Figure 3.1) results in a decrease on the interaction factors. This behavior shall
be attributed to the nonlinear soil response which is reflected even in smallest head
loading same behavior was also mentioned by Kimberly et. al (Kimberly et al. 2022).
The largest interaction factors are computed for the RD=100% case (i.e., the piles are

completely embedded in a single layer) as expected.
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An important aspect of pile geometry on achieved results is that the flexibility
matrix to be formed using the interaction factors would not be symmetric whether this
soil is assumed to behave elastic or nonlinear. Analyses results indicate that the group
effect for barrette piles is considerably different than it is for circular piles.

The interaction factors computed for the 3x3 circular and barrette pile groups are
compared in Figure 4.11 and Figure 4.12. It should be mentioned that the edge-to-edge
spacing between two piles in a group is the same for both cases. It has been stated
above that the interaction between the barrette piles varies according to the position
and orientation of the pile positioned in front of the loaded pile. The interaction factors
obtained for the barrette pile group in Case-1d and Case-2d are compared with those
of circular piles. Interaction factors computed for circular piles with an equivalent area
are not affected by the disposition of the piles as they have the same inertia in all
directions. The applied loads on the circular pile group given in Figure 4.11b and
Figure 4.12b were symmetrical yielding same interaction factors for both cases.
Results of these analyses support the idea that inertia of the receiving pile govern the

pile-soil-pile interaction mechanism.
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of pile P5; (c) Comparison of interaction factors for circular and barrette piles for loadings along the

minor axes
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4.2.2 Fixed Head Group Piles

It is well known that pile-soil-pile interaction in fixed-head pile groups alter single
pile response, and this mechanism is generally known as shadowing effect. By Poulos
proposed a methodology that yields lateral load per pile row based on the assumption
that piles exhibit same head displacement (Poulos & Davis, 1980). The P-multiplier
approach, on the other hand, is the most extensively utilized method to obtain
displacement, soil resistance and sectional force distribution along pile length (Brown
et al., 1989). Currently, most design offices apply this methodology to groups
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consisting of circular or square piles. While working with square piles, a slight
correction is applied to p-y curves originally developed for circular ones. Although
there are studies regarding laterally loaded barrette piles (Zhang, 2003; Choi et al,
2015;), research on p-y curves for barrette piles is scarce (Amar Bouzid, 2018; Poulos
et al., 2019) general practice for rectangular piles is still to assume an equivalent
diameter and then follow the same methodology to consider shadowing effect.

In order to analyze the shadowing effect on the barrette pile group, a 4x4 fixed-head
barrette pile group was created with a rigid plate serving as the pile cap in the model.
The pile group was then laterally loaded by defining a surface traction ranging between
20 and 100 kPa with 20 kPa increments. The aspect ratio of the pile cross-section was
set as L/B=3.5, where L and B stand for length and width of the pile section,
respectively. In order to provide complete pile head fixity between the cap and the
piles 10 pieces of rigid embedded beam portions were placed for each pile. The
optimum number of such embedded beam elements were decided upon several trials
until rotation of the pile heads were avoided. The success of this modelling stage was
also checked by comparing the sum of the lateral loads shared by each pile with the
total applied load at the cap. A two-layer soil profile was considered for which the
relative density of the upper layer was set to one half of the below layer (RD=100%).
The assigned parameters to each layer are given in the Table 3.2. The thickness of the
upper layer (h1) was kept constant being equal to 0.25h (i.e., 10 m) where h was 40m
total thickness of the soil profile as shown in Figure 3.3 and Figure 3.4. The deflected
shape of the 4x4 fixed-head pile group is shown in Figure 3.4 proving that full pile

head fixity was achieved.

Analyses that were conducted on fixed head pile group revealed that soil arching
played an important role on load share among pile rows in addition to the pile
orientation. It can be seen that soil arching is especially acting between first and second
pile rows. This mechanism is shown in Figure 4.13 on which lateral stress distribution
along x-axis (o’xx) is given along with lateral displacement distribution. It may be
noticed on this figure that the leading pile row is capable of generating arching with a
major contribution from B4 and B12 piles. Stress increase towards both sides of the
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piles is observed with a minor variation at the B4 pile located at the lower right hand-
side corner of the group. This may be attributed to the lack of a neighboring pile as
opposed to the inner located B12 pile. It is believed that presence of piles with varying
bending stiffness has an influence on load distribution in a group (Figure 4.14) as well.
Average loads shared by each pile type are presented in Figure 4.14 where piles are
numbered with respect to their head loads. The leading row piles distinguish
themselves from the rest of the group as they attracted larger loads. What is remarkable
on the average sense is that piles attained loads with respect to their acting bending
stiffness along the direction of lateral loading and their position in the group.
Therefore, the piles are tagged in four groups. The piles tagged as ‘Pattern-1’ in the
leading row received highest load with their major axis parallel to the loading
direction. As one may notice in Figure 4.14 that there is a slight decrease in load
sharing ratio (H/Havg) with pile spacing. Load sharing is defined as the ratio of the load
computed at the pile head (H) to the average load that would act at the head of each
pile if the total load, Hotal, is distributed equally among the pile (i.e. Havg=Hiotal/Npiles).
In terms of load sharing ratio Pattern-2 comes next with piles’ major axis being parallel
to the loading. This group of piles, however, does not pose a significant reduction with
pile spacing. Pile groups consisting of lowest bending stiffness with respect to the
loading (i.e., minor axis parallel) shared smallest loads as expected. It appears that load
distribution because of arching and shadowing effect played a considerable role for the
leading row. Bending stiffness that is active along the loading direction is more
effective in terms of load sharing for the trailing rows. The position of the piles in the
4x4 group has also played a role reflecting influence of shadowing mechanism.
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Lateral load-displacement curves (p-y curves) were deduced for edge-to-edge pile
spacing of s=4B by acquiring effective normal and shear stresses acting on the
interface elements assigned to each pile as shown in Figure 4.15. Shear stresses on side
surfaces and the normal stress on the front face of the pile contributes the passive soil
resistance, whereas the stress on the back face constitutes the active soil thrust. The

net passive soil resistance (pnet =01+211-62) per unit length of the pile was used while



establishing p-y curves. Two different depths being 1m and 5m below the surface were
chosen while driving the curves in a double layered soil layer where the upper layer
consists of medium dense sand (RD=50%) leading to a stiffness ratio of
Eupper/Elower=0.5. The pile was half length embedded (h/Lpie=0.5) to the lower very
dense soil. Two groups of piles were taken into consideration during the analyses. The
first group involved piles from each row with major axis parallel to the loading,
whereas the minor axis of the piles was parallel to the loading in the second group as
shown in Figure 4.16. Accordingly developed p-y curves are given in Figure 4.17 and
Figure 4.18 where they are compared with API based curves. On the same figure p-y
curves belonging to single barrette pile are also provided. The p-multipliers for the
leading and trailing rows are presented in Table 4.1. One may notice in Table 4.1 that
the multipliers are not the same with those given in the literature (Brown et al, 1987;
McVay et al, 1998; Ruesta&Townsend, 1997) indicating that shadowing mechanism
is quite different than circular pile groups. The API curves according to equivalent
circular pile yielded much larger soil resistances since the API procedure is based on

smaller diameter steel pipe piles (Achmus, 2017).
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Figure 4.15 Stress distribution scheme on an interface element
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Figure 4.16 Pattern 1 and 2 based on barrette pile position
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Table 4.1 Computed p-multipliers (p/psingle) and their comparison with the literature

Pile d 1t | 2nd | gd | gt Rollins et al. (2005)
group | (m) | row | row | row | row | 1st | 20 | 3d | 4t
- 1.0 | 0.93 | 0.24 | 0.14 | 0.10
o
2 50| 082034019 019 | o N o
°’. @ @ ~
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Figure 4.17 p-y curves 1.0m below the surface (a) Group-1 (b) Group-2
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CHAPTER FIVE
CONCLUSIONS

5.1 Conclusions and Recommendations

In this thesis, the pile-soil-pile interaction aspects for horizontally loaded barrette

pile groups were studied based on numerical analysis models. While establishing the

models, orientation and spacing of the piles in a group were set as basic variables. Soil

layers in a double layer profile were assumed as cohesionless at different relative

densities, and analyses were conducted assuming linear and nonlinear soil response.

Besides, the piles were either fixed or left as free head in a group. Achieved results

and recommendations for further studies are presented in the following:

Since barrette piles have rectangular cross-sections, the most critical factor in
their interaction is the pile’s potential in resisting the induced displacement
along the loading direction. This potential is found to be strongly related with
pile’s bending stiffness. Considering that the interaction factor between any
two piles is defined as the ratio of the displacement of the leading pile (i.e. the
receiver pile as denoted inside the text) to that of the source pile (i.e. the head
loaded pile) the pile that resists the loading with its stronger axis greatly affects
the value of the interaction factor. This influence is prominent for cases where
the receiver pile resists the loading with its stronger axis. Therefore, it can be
said that piles’ orientation in a group is one of the critical factors for pile-soil-

pile interaction.

Comparing the response of the circular and barette piles, it can be said that
groups with rectangular pile sections behave quite different than circular piles.
First of all, the stiffness matrix becomes unsymmetric due to pile orientation.
This statement holds for both elastic and nonlinear soil conditions. Circular
piles in a group, on the other hand, yield always symmetric stiffness matrix for
elastic soil conditions. Shadowing effect is much more pronounced for barette

piles.
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Vi.

It is interesting to note that influence of soil’s relative density on pile response
is also related to the pile’s embedment depth inside the underlying dense sand.
In other words, the thickness of the upper layer is quite critical on pile
deformation pattern. For loose soil conditions, the sand in front of the pile is
easily brought into passive soil conditions and applied load is transferred to
deeper dense sand. If the thickness of the upper layer increases, the displaced
passive wedge in the front widens yielding larger interaction factors between
the leading and source piles since a larger amount of soil mass acts on the
receiver pile. In this case, the pile tends to bend around a deflection point and
consumes a larger amount of the applied load along its depth as the loose soil
gets thicker. This effect is reduced as soil density increases and disappears
when the relative density of upper and lower layers become equal (i.e.,
RD=100%). The source pile becomes more capable of transferring the applied
load to the receiver pile for homogeneous and denser soil conditions.

It is considered that the relative stiffness of the pile with respect to the
surrounding soil governs the soil-pile interaction and shadowing effect
between the piles. This may be expressed by the active length concept which
is not the same along weaker and stronger axes of the barette.

The active length of piles with smaller inertia in the loading direction is shorter,
and the load transferred to the surrounding soil is limited below the critical
depth. On the other hand, piles with larger inertia in the loading direction have
longer active lengths and transfer loads to deeper depths. As the critical depth
increases, the head load required for the same lateral displacement increases

resulting in larger soil resistance.

According to the analyses results, the barrette piles' geometry is significant in
determining the lateral load-displacement relationships (i.e. p-y curves). It is
incorrect to adopt p-y curves that were in use for circular piles to barrette piles.
It is found that developing p-y curves for an equivalent diameter circular
section in lieu of a rectangular pile does not have much basis. The p-y

multipliers for barette piles are also different than those of the circular ones. In
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Vii.

viii.

the design of barrette piles under lateral loads, more detailed analyses should
be made, and, if necessary, p-y curves should be obtained for each barrette pile

separately.

Three-dimensional numerical analyses for pile foundations with rectangular
sections are needed since soil nonlinearity and pile orientation effects cannot

be handled safely by assuming an equivalent circular section.

Numerical analyses may be extended to cover larger pile groups and soil
combinations. Dynamic pile-soil-pile interaction may be studied for barette
piles. It is expected that dynamic interactions factors would be different like

the static loading case.

Experimental model studies would be beneficial in understanding soil-pile

interaction and shadowing effect for barette pile groups.
Sectional dimensions of the barrette piles were fixed at L/B=3.5 in the research.

L/B ratios other than 3.5 may also be studied in future research to gain more

insight on the influence of pile flexibility on pile-soil-pile interaction.
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APPENDICES

Appendix-1 The analyses result of Case-1d shows the interaction factor between

source pile and receiver piles
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Figure A1.1 The interaction factors in between source pile B5 and receiver pile B1 in Case-1d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B1
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Figure A1.2 The interaction factors in between source pile B5 and receiver pile B1 in Case-1d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.3 The interaction factors in between source pile B5 and receiver pile B1 in Case-1d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction factors, a
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Figure Al.4 The interaction factors in between source pile B5 and receiver pile B2 in Case-1d, Head

load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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0.25

Interaction between B5-B2

1 Head Load, Hy= 448 kN

| Thin Ines: RD= 25, 50, 80% for 5m on RD=100% soil layer — —-RD= 80%
Bold lines: RD= 25, 50, 80% for 10m on RD=100% soillayer - —_-_pp= 50%
—.-—RD=25%

——RD= 100% (Single)

Pile Spacing, s/B

Figure A1.5 The interaction factors in between source pile B5 and receiver pile B2 in Case-1d, Head

load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,

%80. For single-layer model RD=100%.
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Interaction between B5-B2
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Figure A1.6 The interaction factors in between source pile B5 and receiver pile B2 in Case-1d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.7 The interaction factors in between source pile B5 and receiver pile B3 in Case-1d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B3
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Figure A1.8 The interaction factors in between source pile B5 and receiver pile B3 in Case-1d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.9 The interaction factors in between source pile B5 and receiver pile B3 in Case-1d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B4
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Figure A1.10 The interaction factors in between source pile B5 and receiver pile B4 in Case-1d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.11 The interaction factors in between source pile B5 and receiver pile B4 in Case-1d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B4
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Figure A1.12 The interaction factors in between source pile B5 and receiver pile B4 in Case-1d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.13 The interaction factors in between source pile B5 and receiver pile B6 in Case-1d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B6
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Figure A1.14 The interaction factors in between source pile B5 and receiver pile B6 in Case-1d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.15 The interaction factors in between source pile B5 and receiver pile B6 in Case-1d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.

47



Interaction between B5-B7
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Figure A1.16 The interaction factors in between source pile B5 and receiver pile B7 in Case-1d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.17 The interaction factors in between source pile B5 and receiver pile B7 in Case-1d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B7
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Figure A1.18 The interaction factors in between source pile B5 and receiver pile B7 in Case-1d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.19 The interaction factors in between source pile B5 and receiver pile B8 in Case-1d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B8
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Figure A1.20 The interaction factors in between source pile B5 and receiver pile B8 in Case-1d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.21 The interaction factors in between source pile B5 and receiver pile B8 in Case-1d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B9
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Figure A1.22 The interaction factors in between source pile B5 and receiver pile B9 in Case-1d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure A1.23 The interaction factors in between source pile B5 and receiver pile B9 in Case-1d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B9
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Figure A1.24 The interaction factors in between source pile B5 and receiver pile B9 in Case-1d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Appendix-2 The analyses result of Case-2d shows the interaction factor between

source pile and receiver piles.
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Figure B1.1 The interaction factors in between source pile B5 and receiver pile B1 in Case-2d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B1
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Figure B1.2 The interaction factors in between source pile B5 and receiver pile B1 in Case-2d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure B1.3 The interaction factors in between source pile B5 and receiver pile B1 in Case-2d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B2
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Figure B1.4 The interaction factors in between source pile B5 and receiver pile B2 in Case-2d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,

%80. For single-layer model RD=100%.
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Figure B1.5 The interaction factors in between source pile B5 and receiver pile B2 in Case-2d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,

%80. For single-layer model RD=100%.
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Interaction between B5-B2
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Figure B1.6 The interaction factors in between source pile B5 and receiver pile B2 in Case-2d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure B1.7 The interaction factors in between source pile B5 and receiver pile B3 in Case-2d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B3
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Figure B1.8 The interaction factors in between source pile B5 and receiver pile B3 in Case-2d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure B1.9 The interaction factors in between source pile B5 and receiver pile B3 in Case-2d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B4
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] Thin lines: RD= 25, 50, 80% for Sm on RD=100% soil layer — —-RD= 80%
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Figure B1.10 The interaction factors in between source pile B5 and receiver pile B4 in Case-2d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure B1.11 The interaction factors in between source pile B5 and receiver pile B4 in Case-2d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B4
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] Head Load, H=672 kN ——RD= 100% (Single)
] Thin lines: RD= 25, 50, 80% for Sm on RD=100% soil layer — —-RD= 80%
] Bold lines: RD= 25,50, 80% for 10m on RD=100% soil layer - - - -pp= 50%
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Figure B1.12 The interaction factors in between source pile B5 and receiver pile B4 in Case-2d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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0.25
—RD= 100% (Single)
— = -RD=80%
E -—-=--RD=50%
0.20 o = —--—RD=25%
I N R
'\71 * .
T
E" 4
g 0.15
Q <
&
=]
2
b5 g
2 0.10 A
2 p
S
] iRy |
0.05 A
] Head Load, Hi= 224 kN
| Thin lines: RD= 25, 50, 80% for Sm on RD=100% soil layer
] Bold lines: RD= 25,50, 80% for 10m on RD=100% soil layer
0.00 T T

2 4

[=x]
o0

Pile Spacing, s/B

Figure B1.13 The interaction factors in between source pile B5 and receiver pile B6 in Case-2d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B6
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Figure B1.14 The interaction factors in between source pile B5 and receiver pile B6 in Case-2d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure B1.15 The interaction factors in between source pile B5 and receiver pile B6 in Case-2d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B7
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] Head Load, H=224 kN ——RD= 100% (Single)
] Thin lines: RD= 25, 50, 80% for Sm on RD=100% soil layer — —-RD= 80%
] Bold lines: RD= 25, 50, 80% for 10m on RD=100% soil layer - — -RD= 50%
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Figure B1.16 The interaction factors in between source pile B5 and receiver pile B7 in Case-2d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure B1.17 The interaction factors in between source pile B5 and receiver pile B7 in Case-2d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,

%80. For single-layer model RD=100%.
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Interaction between B5-B7
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] Head Load, H=672 kN ——RD= 100% (Single)
] Thin lines: RD= 25, 50, 80% for Sm on RD=100% soil layer — —-RD= 80%
] Bold lines: RD= 25, 50, 80% for 10m on RD=100% soil layer - — -RD= 50%
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Figure B1.18 The interaction factors in between source pile B5 and receiver pile B7 in Case-2d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure B1.19 The interaction factors in between source pile B5 and receiver pile B8 in Case-2d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B8§

0.25
] Head Load, H= 448 kN ——RD= 100% (Single)
] Thin lines: RD= 25, 50, 80% for Sm on RD=100% soil layer — —-RD= 80%
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Figure B1.20 The interaction factors in between source pile B5 and receiver pile B8 in Case-2d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Figure B1.21 The interaction factors in between source pile B5 and receiver pile B8 in Case-2d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B9
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] Thin lines: RD= 25, 50, 80% for Sm on RD=100% soil layer — —-RD= 80%
] Bold lines: RD= 25, 50, 80% for 10m on RD=100% soil layer - — -RD= 50%
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Figure B1.22 The interaction factors in between source pile B5 and receiver pile B9 in Case-2d, Head
load on source pile: 224 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.

Interaction between B5-B9

0.25
] Head Load, H;= 448 kN ——RD= 100% (Single)
| Thin lines: RD= 25, 50, 80% for Sm on RD=100% soil layer — —-RD= 80%
| Bold lines: RD= 25,50, 80% for 10m on RD=100% soil layer - - - -RD= 502,
0.20 1 —--—RD=25%
=]
@ 4
S 0.15 A
|51 4
&
f=]
2
s 0.10
g
k=]
0.05
0.00 T T

Pile Spacing, s/B

Figure B1.23 The interaction factors in between source pile B5 and receiver pile B9 in Case-2d, Head
load on source pile: 448 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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Interaction between B5-B9
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Figure B1.24 The interaction factors in between source pile B5 and receiver pile B9 in Case-2d, Head
load on source pile: 672 kN, For two-layer model relative densities of the upper layer, varies 25%, 50%,
%80. For single-layer model RD=100%.
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