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article ence of load intensities, group configuration, pile spacing are discussed in terms of

response of load vs. lateral displacement, load vs. soil resistance and corresponding
p-y curves. The improved plots can be used for laterally loaded pile design and also to
produce the group action design p-multiplier curves and equations. As a result, design
curves were developed and applied in the actual case studies and similar expected
cases for assessment of pile group behavior using improved p-multiplier. A design
equation was derived from predicted design curves to be used in the evaluation of the
lateral pile group action. The equation was used with the previous results to predict
the expected design curve take in the account different source of p-multiplier. It was
found that the group interaction effect led to reduced lateral resistance for the pile in
the group relative to that for the single pile. In addition, the present study was compat-
ible with the results of previous results for the first and second trailing row and was less
compatible with the result from the previous works in the case of piles in leading row.
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Introduction

The lateral pile response of single isolated pile is important to understand and predict as
reported by a number of researchers. However, pile within a group is equally important
to investigate because generally the pile group consisting of a number of piles instills
close proximity to one another [2, 24]. These close piles are usually fixed on the top and
near to the ground surface by pile cap. The influence of a pile on the performance of an
adjacent pile, termed pile-soil-pile interaction, can have significant effects [1, 7, 22, 28,
29, 31, 32]. However, in case of laterally performance closely spaced pile groups, the fail-
ure zones for both front and trailing rows piles are overlap with other leading row piles
that usually decrease lateral resistance, as shown in Fig. 1.

Several methods have been developed over the years for assessing the lateral perfor-
mance of pile within a closely spaced group. These methods are classified under five
categories, as: (a) empirical stiffness distribution method [8], (b) hybrid model [9] (c)
characteristic load method [21] (d) continuum methods [12], and (e) finite element
method [15].
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Fig. 1 lllustrated of reduction in lateral pile resistance due to pile-pile interface (Reproduced with permission
from Rollins et al. [27] and Ashour et al. [1])

The purpose of this paper is to determine the relationship between pile spacing and
p-multipliers (f,,—pile-to-pile modulus multiplier) for a laterally loaded pile-group
in two types of soil (i.e. cohesionless and cohesive soils). In addition, the appropriate
p-multipliers for a 3-pile group configuration at 2D, 4D, 6D and 8D pile spacing is also
determined. Furthermore, this paper aims to access the accuracy of the p-multiplier con-
cept for providing reasonable estimates of load pile displacement and lateral soil distri-
bution in a pile group. Finally, improved both design curves and equation depends on
the results from present study and existing data.

Modeling and computational methods

A plan view of an idealized prototype of pile group with vertical pile diameter, D, length
L and group dimensions (Lg, x W,) is shown in Fig. 2. The pile group configuration of
a single row of pile (2 x 1), square (2 x 2) pile group and rectangular (3 x 2) pile group.
It is assumed that the pile head is within the ground surface elevation. The surrounding
soil is assumed to be homogenous saturated representing both cohesionless and cohe-
sive soils. The pile cap is assumed to be rigid and therefore every pile carries an equal
amount of the load. In addition, it is assumed that no pile cap resistance is present on the
applied load (i.e. only distributing the loads to the pile head).

The analysis consists of modeling of single pile and pile cap using linear-elastic model
with 15-node wedge elements. The cross-section of the pile is circular with a diameter of
1.0 m and length of 15 m. The baseline soil parameters used for the analysis of laterally
loaded pile group are illustrated in Table 1.
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Fig. 2 Pile group configurations used in this study, a single row of pile (2 x 1), b square (2 x 2) pile group
and c rectangular (3 x 2) pile group




Abbas Al-Shamary et al. Geo-Engineering (2018) 9:1 Page 3 of 17

Finite element analyses were performed using the software PLAXIS 3D FOUNDA-
TION [3]. In the finite element method a continuum is divided into a number of (vol-
ume) elements. Each element consists of a number of nodes. Each node has a number of
degrees of freedom that correspond to discrete values of the unknowns in the boundary
value problem to be solved.

Analyses were performed with several trial meshes with increasing mesh refinement
until the displacement changes very minimal with more refinement. The aspect ratio of
elements used in the mesh is small close to the pile body, near to the pile cap and piles
bases. All the nodes of the lateral boundaries (right and bottom of Fig. 3) are restrained
from moving in the normal direction to the respective surface. The predicted results
from the three-dimensional finite element simulation are compared with that from anal-
yses involving a single isolated pile in the same typical condition.

The outer boundaries of soil body of cubic shape are extended 10D on the sides and
5D to the bottom of pile group. The 3D view of the finite element mesh of the pile
groups and the surrounding soil mass is shown in Fig. 1. The outer dimensions of pile
cap depend on the pile group arrangement. The pile cap extends about 0.5 m beyond the
outside face of exterior piles. The finite element simulation includes the following consti-
tutive relationships for pile, surrounding soil and interface element.

Structural members model

The use of the linear elastic model is quite common to model massive structures in
the soil or bedrock layers which include piles, etc. [3]. This model represents Hooke’s
law of isotropic linear elasticity used for modeling the stress—strain relationship of the
pile material. The model involves two elastic stiffness parameters, namely the effective
Young'’s modulus, E/, and the effective Poisson’s ratio, v'.

Soil model

The surrounding soil is represented by the Mohr—Coulomb’s model. This elasto-plastic
model is based on soil parameters that are known in most practical situations. The model
involves two main parameters, namely the cohesion intercept, ¢’ and the friction angle,
¢'. In addition, three parameters namely Young’s modulus, E’, Poisson’s ratio, v/, and the
dilatancy angle, ¢/ are needed to calculate the complete stress—strain (g; €) behavior. The
failure envelope as referred by Potts and Zdravkocic [23] and Johnson et al. [14] only
depends on the principal stresses (¢7', 03'), and is independent of the intermediate prin-
ciple stress (g;).

Table 1 Soil parameters for analysis of pile group

Parameter Unit Cohesionless soil Cohesive soil
Unit weight, y/ kN/m? 200 180

Young's modulus, £/ MPa 13 x 10* 10 x 10*
Poisson’s ratio, v/ - 03 0.35
Cohesion intercept, ¢/ - 0.0 50

Angle of internal friction, o’ - 30 25
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Fig. 3 Three-dimensional view of the finite element mesh of the single pile and 2, 4 and 6-pile groups and
surrounding soil mass

Interface elements model

In this study, interfaces are modelled as 16-node interface elements. Interface elements con-
sist of eight pairs of nodes, compatible with the 8-noded quadrilateral side of a soil element.
Along degenerated soil elements, interface elements are composed of six node pairs, com-
patible with the triangular side of the degenerated soil element. Each interface has a virtual
thickness assigned to it which is an imaginary dimension used to obtain the stiffness prop-
erties of the interface. The virtual thickness is defined as the virtual thickness factor times
the average element size. The average element size is determined by the global coarseness
setting for the 2D mesh generation. The default value of the virtual thickness factor that is
used in this study is 0.1. The stiffness matrix for quadrilateral interface elements is obtained
by means of Gaussian integration using 3 x 3 integration points. The position of these inte-
gration points (or stress points) is chosen such that the numerical integration is exactly for
linear stress distributions. The 8-node quadrilateral elements provide a second-order inter-
polation of displacements. Quadrilateral elements have two local coordinates (€ and n).

Validation of the numerical model

This section assesses the accuracy of the finite element approach in analyzing laterally
loaded pile foundation and to verify certain details of the finite element such as pile dis-
placement. According to the literature, there are no published cases of full-scale lateral
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pile response subjected to a different combination of axial and lateral loads. Therefore,
this case deals with a full-scale axial loaded pile [13] to make a comparison with a case
study of axial loaded piles. Results of laboratory and field tests are used to identify the
soil profiles and soil properties, pile load tests are well instrumented. The case study
consists of a large diameter bored piles of 1.2 m diameter which were used for the con-
struction of a new 2.2 km road dual carriageway viaduct on an existing road [13]. The
road project is situated in Port Klang, and links the West Port to Kuala Lumpur, Malay-
sia. The piles were tested vertically to assess the axial bearing capacity of designed piles.
The length of each bored pile is approximately 75 m with steel casing being used for the
top 30 m. The bored piles were designed to carry loads ranging from 300 to 600 kN. The
generalized subsoil properties consist of very soft silty clay with traces of sea shells with
depth 20 m. Below this layer is a 10 m of soft silty clay followed by a layer of medium
dense to dense silty sand and medium stiff silty clay of about 20 and 7 m depth, respec-
tively. Finally the lowest layer consists of very dense fine grained sand. Comparable data
were obtained between the experimental results of the three piles and the presented
simulation model in the case of axial test. The magnitude of deflection of the piles was
not the same as the field test due possibly to the variability of soil properties. The result
obtained from the finite element simulation is closer to the result measured from pile

number one.

Assessment of lateral pile displacement

The influence of group interaction on the three pile groups (i.e. 2 x 1,2 x 2 and 3 x 2)
on the lateral pile displacement at four different pile spacing (i.e. s = 2D, 4D, 6D and 8D)
is shown in Figs. 4 and 5. In general, it can be observed that the lateral pile displacement
of pile group (all pile spacing) are less than the results obtained from the assessment on
single isolated pile as shown in Fig. 4. For the same magnitude of lateral load of 450 kN,
group interaction obtained showed an increase in lateral pile displacement. This conclu-
sion was also supported by Brown et al. [5], and Rollins et al. [20—29]. It can be seen that
the pile spacing less than 6D resulted in a large lateral deflection of a pile group under
applied load due to group high group interaction effect. This is also supported by Zhang
and Small [31]. From these results, and in case of s = 80, the observed lateral pile dis-
placement and lateral soil pressure values are usually close to the values obtained from
the single isolated pile analysis.

The behavior of the pile group 2 x 2 is comparable but not the same as the behavior of
the previous group analyzed (i.e. 2 x 1). Parta and Pisa [22] obtained the same results.
This is due to the same number of piles in the direction parallel with the load direc-
tion. Therefore, similar discussion can be obtained for the general behavior of this type
of pile group. Moreover, the group interaction increased the lateral pile displacement
and reduces on the lateral soil resistance as shown in Fig. 4.

The main difference between 3 x 2 pile group with the other two previous types (i.e.
2 x 1 and 2 x 2) is the increase in the number of rows. This type has additional inter-
mediate row i.e. second row or intermediate row or middle row and/or 2nd trailing
row [1, 22, 25, 28, 29, 32]. It can be observed that the values in both first and second
trailing row of the lateral pile displacement and lateral soil resistance are very close
which were similarly observed by Zhang et al. [32] and Rollins et al. [28, 29]. It can
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Fig. 4 Influence of pile spacing on the lateral pile displacement with depth of group piles (2 x 1) and
(2 x 2), a cohesionless soil and b cohesive soil

be seen that the values of first trailing row are significantly greater than the values
observed from the second trailing row which was also obtained by Brown et al. [5].
This is possibly due to the group interaction with more effect on the intermediate rows

as shown in Fig. 5.

Assessment of lateral soil pressure

The influence of group interaction on the three pile groups (i.e. 2 x 1,2 x 2 and 3 x 2)
on the lateral soil pressure at four different pile spacing (i.e. s = 2D, 4D, 6D and 8D) are
shown in Figs. 6 and 7. The ultimate soil resistance versus depth for both cohesionless
and cohesive soil with four different pile spacing is shown in Fig. 6. The difference in ulti-
mate soil resistance for the same amount of lateral load (i.e. 450 kN) due to the effect of
pile spacing is significant. The ultimate soil resistance of laterally loaded piles decreases
significantly with increase in pile spacing [5, 20-29]. It can also be observed that, in the
case of 2 x 2 pile group the pile in same row has same lateral capacity. However, in case
of 3 x 2 group, the piles in the second trailing row carry different capacities compared
with both first and Leading row as illustrated in Fig. 7. These values is almost close with
that obtained from the first trailing row which were also observed by Zhang et al. [32],
and Rollins et al. [28, 29].
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Fig. 5 Influence of pile spacing on the lateral pile displacement with depth of group piles (3 x 2), a cohe-
sionless soil and b cohesive soil

Development of p-y design curves

The influence of group interaction on the three pile groups (i.e. 2 x 1,2 x 2 and 3 x 2)
on predicted p—y design curves at four different pile spacing (i.e. s = 2D, 4D, 6D and 8D)
are shown in Fig. 8. The predicted p—y curve was evaluated at a depth of 3 m, because
this is the depth with maximum ultimate lateral soil pressure. It can be observed that
there are significant difference on the p—y curve of close pile group (i.e. s = 2D). This is
due to increase of lateral pile displacement and loss on the lateral soil pressure. The pile
within leading row has significantly close values with that obtained from single isolated
pile. This is due to the reduction on the group action on the leading row unlike the piles
within other rows (i.e. trailing row). This is also reported by Brown et al. [5] and Rollins
et al. [20-29]. Same discussion obtained from predicted p—y curve of group 2 x 1 can be
applied for both pile group 2 x 2 and 3 x 2.

Prediction of the pile-to-pile modulus multiplier and proposed equation

for analyses of pile groups

As reported by Rollins et al. [28, 29], one method of accounting for the shadowing or
group action effects is to reduce the modulus or the soil resistance, p for the pure later-
ally loaded pile group. This module is named p-multiplier (f,) which is usually derived
from a single isolated pile and pile within group p—y curve which was earlier proposed
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Fig. 6 Influence of pile spacing on the lateral soil pressure with depth of group piles (2 x 1) and (2 x 2), a
cohesionless soil and b cohesive soil

by Brown et al. [5]. Although this simple approach has provided relatively good estimates
of measured pile group behavior [5, 27], p-multipliers are extremely restricted in their
application. These previous researches obtained the pile-to-pile modulus multiplier only
for specific soil type and method of prediction. No reports are available for the influence
of soil type and method of prediction on the p-multiplier. Therefore, this section pro-
vides the development of the f,, with respect to pile spacing for pure lateral loaded pile
groups in cohesionless and cohesive soils. The improvement includes:

1. Proposed design curve show p-multiplier values as a function of pile spacing.
2. Proposed design equation to compute the amount of p-multiplier (f,,) as a function

of both pile spacing (c—c) and pile diameter (D).

Proposed design curve

In general, the fundamental procedure for obtained pile-to-pile modulus multiplier (f,,
or p-multipliers) was evaluated by dividing the ultimate soil pressure of the pile within
group by the values obtained from the single isolated pile at the specific depth [5, 28, 30].
Predicted p—y curve for pile within group can be obtained by multiplying the values of
lateral soil pressure p by the value of (f,) while keeping lateral pile displacement con-
stant. The results of the predicted p-multipliers represents both cases of purely lateral

loaded pile groups is illustrated in Fig. 9.
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Fig. 7 Influence of pile spacing on the lateral soil pressure with depth of group piles (3 x 2), a cohesionless
soil and b cohesive soil

It can be observed that the values of the f,, of leading pile is always greater that those
measured for first and second trailing pile which was also observed previously by Brown
et al. [5], Ruesta and Townsend [30], Rollins et al. [28]. Therefore the piles in the leading
row carry load magnitude similar to that carried by single isolated pile. This is due to the
less effect of group action on the leading pile compared with other piles.

The piles in first and second trailing row also carry similar magnitudes of loads. It
seems that pile spacing between (s = 2D-5D) also give small values of f,,. This means
large effect of group action occurred in the case of small pile spacing compared with
the pile group of wide pile spacing (i.e. s is more than 5D). This indicate that the pile
within the group for the case of wide spacing pile group can be designed according to
the results obtained from single isolated pile.

Proposed design equation

A design equation has also been developed according to the design p-multiplier curves
to compute the amount of p-multiplier (f,,) as a function of both pile spacing (c-c) and
pile diameter (D). The equation applied for both cohesionless and cohesive soils is:

fn=ALn(s/D) +B > 1.0 (1)
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Fig. 8 Influence of pile spacing on the predicted of p—y curve of group piles (2 x 1,2 x 2and 3 x 2),at 3 m,
a cohesionless soil and b cohesive soil

where A and B are constant which can directly obtained from Table 2.

Table 2 is limited for three pile group configuration (i.e. 2 x 1,2 x 2 and 3 x 2) and
four pile spacing (i.e. s = 2D, 4D, 6D and 8D). The values of these constants can extrapo-
late to other pile group configurations.

The predicted p-multipliers from this studies is generally in good agreement with
those obtained from previous studies in both cohesionless and cohesive soils for the case
of pure lateral load which are tabulated in Table 3. The comparison made with respect
to the pile group configuration were represented by three configurations (i.e. 2 x 1 line
pile group, 2 x 2 square pile group and 3 x 2 rectangular pile group). The values of

Page 10 of 17
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Fig. 9 Predicted p-multiplier for purely lateral loaded pile group embedded in both cohesionless and cohe-
sive soil, at 3 m depth, (groups 2 x 1,2 x 2and 3 x 2)

Table 2 Values of A and B constants for both cohesionless and cohesive soil

Group configuration Trailing row 2nd Trailing row Leading row

A B A B A B

Cohesionless soil

2x 1 0.2031 0.2806 - - 0.1154 0.5686

2x2 0.2075 0.2575 - - 0.1867 0.4018

3x2 02272 0.1445 02014 0.2403 0.1612 04052
Cohesive soil

2x1 0.2234 0.187 - - 0.2356 0.2955

2x2 0.1973 0.1852 - - 0.2292 0.289

3x2 0.2304 0.0543 0.1246 0.2578 0.2092 02718

(f,,) which resulted from previous works and proposed equation are compared and pre-
dict average curve. The new curves are obtained from different measurements of various
experimental and analytical tests. These curves represent the possible response of the
pile groups when carrying pure lateral load. The magnitudes of f,, obtained from this
comparison taken as average values for all f,, from both previous and this study.

The average curves presented in Fig. 10 were computed using data from both previous
works (i.e. published cases) and presents a finite element assessment. It can be observed
that the finite element modeling is gave same time closed results with those observed
from the exist cases, other time gave not related results compared with those predicted
from previous studies. This is possibly due to the different methods for assessing the
lateral pile group response (e.g. full-scale test, small physical model test, centrifugal test
and theoretical analysis). Both results (i.e. previous works and present finite element
assessment) compares well when evaluating the piles in trailing and 2nd trailing rows
with little similarities when assessing the pile in leading row. The present assessment
is more conservative (i.e. safer) with the piles in trailing rows and always give factor of
safety more to the piles in the leading row. Therefore the present finite element assess-
ment is compatible with the outcome from previous results (i.e. similar design curve) for
first and second trailing row and was less compatible with the result from the previous
works (i.e. give more safety) in the case of piles in leading row. Based on the average
curve, it can be derived an equation represent average values, the equation is:
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Table 3 Comparison of f,, obtained from the present study with publishing cases

Reference Group Pile Soil p-Multipliers by row
Config. spacing type
Trailing row 2nd trailingrow  Leading row
Refer-  This Refer-  This Refer- This
ence study ence study ence study
Lieng [18] 2x 1 2D Sand 033 042 - - Not 0.65
4D 08 056 - - meas- 73
ured
6D 1.0 0.65 - - 0.78
Brown and 2x1 2D Clay - 034 - - 0.8 046
Shie [6] 3D 05 043 - - 09 055
5D 08 0.55 - - 1.0 0.68
Kotthaus 3x1 3D Sand 045 0.5 - - 0.75 0.7
etal. [17] 4D 065 0.56 - - 095 073
Remaudetal. 2x 1 2D Sand 0.52 042 - - 1.0 0.65
[26] 4D 082 056 - - 10 073
6D 093 0.71 - - 1.0 0.78
llyas [11] 2x1 3D Clay 0.63 043 - - 0.8 0.55
Chan- 2x1 3D Clay 0.7 042 - - 0.81 0.55
drasekaran
etal. [7]
Meimonetal. 2 x 2 3D Clay 0.5 04 - - 0.9 0.54
[20]
Brownetal. 3x3 3D Clay 04 04 - - 0.7 0.54
(4]
Brownetal. 3 x3 3D Sand 03 049 - - 0.8 0.61
(5]
Rollinsetal. 3 x3 2.82D Clay 04 0.39 - - 06 0.53
[27]
llyas [11] 2x2 3D Clay 0.78 04 - - 0.96 0.54
Rollins et al. 3x3 5.65D Clayand 0.77 0.53, - - 0.95 0.69,0.72
[29] sand 0.62
Chan- 2x?2 3D Clay 048 04 - - 0.74 0.54
drasekaran 5D Clay 0.58 05 - - 085 066
etal.[7]
McVayetal. 4 x 3 3D Sand 03 0.39 04 0.46 0.8 0.58
(19]
Huangetal. 4x3 3D Sand 0.66 0.39 06 046 0.89 0.58
(10]
Rollins et al. 4x3 44D Clayand 0.73 04,048 08 0.44, 0.9 0.58,0.64
[29] sand 0.54
fn(average) = A'(s/D) + B > 1.0 2)

Aaverage) A0 By 0r440) are constant can directly obtained from Table 4.

Example calculation of the pile group

The total lateral load resistance of a 2 x 2 pile group configuration is to be determining
according to the assumed single pile response reported by Karthigeyan et al. [16] for
both cohesionless and cohesive soils. This group has spacing of 3.53D center to center
in the direction of lateral load. This value of pile spacing was also used by Rollins et al.
[29]. For this example, the piles are 1.2 and 10.0 m diameter and length, respectively. The
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Fig. 10 Possible p-multiplier design curves as a function of pile spacing according to both previous works
and present FEM

Table 4 Values of C and D constants for both cohesionless and cohesive soil

Group configuration Trailing row 2nd Trailing row Leading row

A B’ A B’ A B’
2x 1 0.1042 0.2032 - - 0.0519 0.5879
2% 2 0.0779 0.2107 - - 0.0581 0.492
3x2 0.1071 0.1136 0.1179 0.1264 0.0304 0.6214

predicted f,, magnitudes for this specific example are calculated using Egs. 1 and 2 and

the results are shown below.

Calculation based on Eq. 1:

Page 13 0of 17
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Fig. 11 Load-deflection curves obtained from the example of pile group with predicted computed from
improved p-multiplier equations

Cohesionless soil:

Trailing rowspacing, f,, = 0.2075 Ln(3.53) 4+ 0.2575 = 0.52
Leading rowspacing, f,, = 0.1867 Ln(3.53) + 0.4018 = 0.64

Cohesive soil:

Trailing rowspacing, f,, = 0.1973 Ln(3.53) 4 0.1852 = 0.42
Leading rowspacing, f,, = 0.2292 Ln(3.53) + 0.2890 = 0.58

Calculation based on Eq. 2:

Trailing rowspacing, f,, = 0.0779 (3.53) + 0.2107 = 0.49
Leading rowspacing, f,, = 0.0581 (3.53) + 0.4920 = 0.70

The computed load vs. deflection for single isolated pile with f,, values in case of cohe-
sionless and cohesive soil are shown in Fig. 11. It can be observed that the results of two
equations are very closed in case of trailing row and more significantly for the leading
row. In addition, the results obtained from the two equations are greater in case of cohe-

sionless soil compared with the case of cohesive soil.

Page 14 of 17
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Summary and evaluation of the results

It is obvious, from the related literature of pile groups; there are little comparison avail-
able for the lateral pile group response in types of soil (i.e. cohesionless and cohesive
soil). Thus, this study is includes two types of soil and different group configurations.
This research has made it possible to quantify many important aspects of pile and pile
group behavior subjected to pure lateral load.

To satisfy the objective of this study, a three-dimensional finite element approach is
used to analyse this problem. The geotechnical system included linear elastic, Mohr—
Coulomb and 16-node interface elements constitutive models. Three pile groups (i.e.
2 x 1,2 x 2 and 3 x 2) with four varying pile spacings (i.e. 2D, 4D, 6D and 8D). Cohe-
sionless and cohesive soils were used in this study. Lateral applied loads are 50, 250 and
450 kN.

The analysis of the pile group conducted in this study includes lateral pile displace-
ment and lateral soil resistance with pile depth as well as the corresponding p—y curves.
The evaluation of these factors was assessed on the first and second trailing rows as well
as the leading row. The resultant p—y design curves can be used to produce the design
parameters for laterally loaded pile design. In addition these curves can be used to cre-
ate p-multiplier design curves. These curves can be used to predict the lateral behavior
of pile within group when only the results of single isolated piles are available. The pre-
dicted p-multiplier design curves is used to developed design equation to compute the
amount of p-multiplier (f,,) as a function of both pile spacing (c—c) and pile diameter (D)
under pure lateral loads.

In order to make comparison between present and predicted cases, the design equa-
tion was applied on the expected example assumed based on available repots that has 13
cases studies. This comparison shows that the results obtained from the equation is very
closed with those obtained from the first and second trailing row, while, same time was
not been fit with the results which was obtained for the case of leading row. The results
obtained from both present and previous studies are used to generate a average curves
for three pile group shapes (i.e. line, square and rectangular pile group shapes). The
design equations were tested on an example based on Rollins et al. [29] and Karthigeyan
et al. [16]. The calculation example gives the step by step application of these equations.

Conclusions
In general, the lateral pile displacement of pile group (all pile spacing) is less than the
results obtained from assessment of single isolated pile. For the same magnitude of lat-
eral load of 450 kN, group interaction made increase in lateral pile displacement and
redistributed the lateral soil pressure. Pile spacing of less than 6D produced a large lat-
eral deflection of a pile group under applied load. The values of the lateral pile displace-
ment and lateral soil pressure observed are close to those obtained from the analysis of
single isolated pile when the pile spacing is high (i.e. s = 8D).

Significantly large difference on the p—y curve of closed spacing pile group (i.e.
s = 2D). The behavior of the pile group 2 x 2 is close but not the same as with the behav-
ior of pile group 2 x 1. In the case of group 3 x 2, the lateral pile displacement and
lateral soil resistance gave similar values for first and second trailing row. The values of
the p-multiplier (f,,) of leading pile are always greater that those obtained for first and



Abbas Al-Shamary et al. Geo-Engineering (2018) 9:1 Page 16 of 17

second trailing pile. Pile spacing of (s = 2D-5D) provides low f,, which means that the
large effect of group action occurred in this case and the pile within group have no simi-
lar behavior compared with behavior of single isolated pile. The values of f,, obtained
from the pile groups in cohesionless soil are almost larger than the f,, magnitudes
obtained from pile groups in cohesive soil. The calculated results which were obtained
from Egs. 1 and 2 are more similar in case of trailing row and significantly similar in case
of leading row.
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