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Abstract: The performance of a retaining wall is dependent on multiple factors including lateral earth
pressure, which results from backfill soils and adjacent footings located behind a retaining wall. The
prediction of a retaining wall’s performance in a footing-soil-wall system (FSPS) must incorporate
the influences caused by the movement of a retaining wall. This study examines the performance of a
retaining wall formed by driven, precast, concrete piles located adjacent to a concrete footing using
two- and three-dimensional finite element analysis (2D and 3D FEA) by ANSYS 13.0 software. Both
soil and concrete are assumed to behave as non-linear, elastic-perfectly plastic and rate-independent
materials in compliance with the upper-bound model of Drucker—Prager yield criterion. Three
backfill and foundation soils are considered: kaolin, silty clay, and kaolin-sand. Various conditions
of soil type, footing shape ratio, pile width, and footing—pile distance through 180 FEA runs are
investigated. The effects of 2D and 3D FEA on the behavior of the pile-wall system are compared.
The lateral deflection and pressure distribution profiles along the pile-wall are studied and presented.
Two empirical equations predicting lateral deflections at the pile toe and pile head and useful for pile
structural design are developed under the ultimate pressure of the adjacent footing.

Keywords: 3D non-linear finite element analysis; soil-structure interaction; retaining structures;
footings; wall lateral displacement

1. Introduction

Several theories of lateral earth pressure acting on retaining walls and based on the
classical theories of Coulomb [1] and Rankine [2] are currently used. Coulomb’s theory [1],
taking into account the friction at the wall-soil interface, is considered a more realistic model
than Rankine’s theory [2]. However, Coulomb did not cover the passive earth pressure,
but later, Coulomb’s theory was used by others to develop a formula for the passive earth
pressure [3]. Bell [4] incorporated the cohesion factor of cohesive soils in the computations
of lateral earth pressure. Terzaghi and Peck [5] developed a presumptive and conservative
earth pressure model using the soil classification and the observed performance of real
walls. However, for the stability of walls, Goh et al. [6] indicated that the exact distribution
of earth pressure at the lower portion of a retaining wall is not easily determined due to
the presence of passive earth pressure in front of the wall and, if any wall rotation, at the
wall back.

According to the classification of earth-retaining structures by O’'Rourke and Jones [7],
a pile-wall is considered to act as an in situ, cantilevered wall of an externally stabilized
system, and based on Coduto [3], the pile-wall depends on its flexural stiffness and
embedment length to resist the lateral earth pressure without any additional supports.
Goh et al. [6] indicated that the embedment length of a cantilevered wall is considered
critical for wall design and concluded that the soil type, retained soil height, and loading
configuration have significant impact on wall behavior. Teng [8] and Das [9] described
an alternative conventional method to calculate the embedment length of a cantilevered
wall. This conventional method simplifies the active and passive earth pressures acting on
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a wall to net pressures with the equilibrium of moments and forces. For practical use, a
conservative factor of safety is applied with this approach to either reduce the coefficient of
passive earth pressure or increase the embedment length of the wall. Coduto [3] suggested
that a pile is deemed to be long when its embedment length is greater than 35 times its
diameter or width. For the inter-dependent effects between a pile-wall and a sloped backfill,
Li [10] pointed out that the lateral pressure acting on the piles depends on factors, such
as pile lateral capacity, pile flexural deformation, and the relative displacement between
pile and soil. Duncan et al. [11] observed that the lateral earth pressure behind a retaining
structure is non-linearly or curved distributed due to the soil arching phenomena caused
by the large displacement of the retaining structure. By the classical theories and for a
cohesionless backfill soil, the resultant force of lateral earth pressure acts at the lower
one-third point of the embedded part of a retaining structure due to the assumption of
linearly distributed earth pressure. In contrast to the results predicted by the classical
theories, Handy [12] reported that the resultant force acts at 40% to 45% of the embedded
part of a retaining structure from the bottom due to the soil-arching phenomena. As a result
of this soil-arching phenomena, the classical solutions are not always conservative. Jiang
et al. [13] later related the cause of the soil-arching phenomena to the non-homogeneous
displacement in soil that causes stress release and particle rearrangement.

Coduto [3] stated that a retaining structure is significantly influenced by an adjacent
surcharge load applied at a distance less than the exposed height of a retaining structure.
Jarquio [14] proposed a solution using the elastic theory of Boussinesq to estimate the lateral
pressure induced by an adjacent strip surface load on both flexible and rigid retaining walls.
However, Jarquio’s solution results in greater lateral pressure due to a lack of consideration
of soil properties and wall stiffness and movement [14]. In addition, Smith and Smith [15]
stated that a reduction in the lateral pressures takes place due to changing the state of soil
from an at-rest to an active condition caused by retaining wall movement. Wang et al. [16]
and Dang et al. [17] pointed out that the current methods computing earth pressure have
some limitations due to a lack of consideration of the impact of retaining wall displacement.

El Sawwaf [18] observed that the lateral capacity of a pile—wall nearby a strip footing
is improved by decreasing the pile spacing and increasing pile embedment length and
diameter. Sudani [19] indicated that the distance between a footing and a pile-wall has
a significant impact on the footing bearing capacity. Sudani et al. [20] formulated an
equation, as shown in Equation (1) below, to describe the effects of footing width, By,
footing length, L¢, and internal friction angle of soil, ¢, on the footing—wall critical distance,
Bcr. Therefore, a footing does not interact with a pile-wall located beyond the footing—wall
critical distance, B,;.

5
Ber _ \5/1875 +1.995 <Lf> +107729(tand)’ (1)
By By

Jao et al. [21] pointed out that the degree of interaction between a strip footing and a
sheet pile-wall is greatly dependent on the footing location and wall thickness, where the
footing and wall displacements and wall lateral earth pressure increase while the ultimate
bearing capacity of adjacent footing decreases. Aparna and Samadhiya [22] indicated,
based on an experimental study, that the performance of a sheet pile-wall adjacent to a
footing is substantially influenced by the footing distance to the sheet pile-wall. Azzam
and Elwakil [23] studied the behavior of an axially loaded—piled retaining wall where the
ultimate axial capacity of the tested pile-wall was significantly increased with the increase
in soil relative density and wall-penetration depth. In addition, the lateral wall deformation
and maximum bending moment with the ultimate axial capacity were considerably reduced
by 50% due to the existence of surcharge stress within the active zone behind the piled
retaining wall in accordance with their results.

Ter-Martirosyan and Vanina [24] analyzed the effect of the load from stockpiled ma-
terials and construction machinery near the edge of a rectangular retaining wall on a soil
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foundation resting on an incompressible base. Their analyses indicated that the displace-
ment of horizontal stresses toward a retaining wall results in extra internal forces in the
retaining wall, which should be considered for reinforcing concrete retaining walls. They
also pointed out that there are still no theoretical solutions considering a large range of fac-
tors forming the stress—strain statement of a soil basis, the distance of the building from the
pit, the load on the foundation, and the width and length of the foundation. Fan et al. [25]
studied embedded cantilever retaining walls (piles) by considering the displacement con-
trol of walls and reported that the wall rotation point is located in proximity to the wall
base. They concluded that, in spite of research being conducted for the deformation control
design of an embedded cantilever retaining pile-wall, a realistic and simple-to-use design
method to determine the required embedment depth based on the deformation control is
still to be investigated. Eilat et al. [26] numerically investigated embedded walls by using
a database of actual wall movements. They observed that the wall bending moments are
greater and increase with wall height based on analytical calculations and, therefore, an
accurate prediction of wall deflections remains a significant engineering challenge.

In light of the literature findings, it is clear that predicting the behavior of a retaining
wall using classical solutions is not sufficient under the effects of adjacent footing pressure
and wall flexibility and movement. In addition, the behavior of a retaining wall formed
of piles that interact with adjacent footings of different shape ratios on various soil types
cannot be explained by the traditional approaches. In this study, the profiles of lateral
pressure and deflection of pre-embedded pile-walls influenced by multiple factors, such
as soil type, footing shape ratio, footing—pile distance, and pile width, are systematically
investigated. This investigation is completed using the finite element analysis (FEA)
software package of ANSYS 13.0 [27] through 180 runs of various conditions and eleven
unique cases to rank the factors influencing the performance of a pile-wall system. The
results are used to develop a safer and more realistic solution and facilitate practically the
geotechnical and structural design of a pile-wall system.

2. Numerical Model

The concrete and soil in a footing—soil-pile system (FSPS) are idealized as non-linear,
elastic-perfectly plastic and rate-independent materials obeying the upper-bound yield
criterion of Drucker—Prager [28]. Two- and three-dimensional finite element (2D and 3D
FE) models for FSPS are generated by the FEA software package of ANSYS 13.0 [27]. The
following assumptions are made for the 2D and 3D FE models: (1) pile-walls interacting
with adjacent embedded footings supporting uniformly distributed pressures; (2) soils
having homogeneous and isotropic mediums; (3) no impacts of consolidation and creep on
the behavior of pile-walls and footings; and (4) no influence of the ground water table on
the stress—strain behavior of soils.

The schematic view and sections of the 2D and 3D FE models of FSPS are shown in
Figure 1. Figure 1a—d show the schematic top view, the transverse section at the pile-wall
location, the longitudinal section at the symmetrical axis, and the transverse section at
the footing location, respectively, with the side, out-of-plane, and bottom boundaries for
the 3D FE model of FSPS. In addition, Figure 1c depicts the schematic view with the side
and bottom boundaries for the 2D FE model of FSPS. The boundary conditions shown in
Figure 1 are (1) side boundaries restricted from displacing in the x-direction; (2) bottom
boundaries restricted from displacing in the x-, y-, and z-directions; and (3) out-of-plane
boundaries restricted from displacing in the z-direction. Sudani et al. [20] demonstrated
that the locations of these boundaries, which are the result of a non-dimensional parametric
study by a trial-and-error procedure, have a negligible impact on the behavior of an FSPS.
In addition, Sudani et al. [20] validated the FSPS boundaries used in this study for kaolin,
silty clay, and kaolin—sand soils using previous experimental tests conducted by Badie [29],
Baus [30], and Azam [31], respectively.
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Figure 1. Schematic view, sections, and boundaries for 2D and 3D FE models of FSPS: (a) top view
of 3D FE model with side and out-of-plane boundaries; (b) transverse section at pile-wall location
of 3D FE model with out-of-plane and bottom boundaries; (c) longitudinal section at symmetrical
axis of 3D FE model and schematic view of 2D FE model with side and bottom boundaries; and
(d) transverse section at footing location of 3D FE model with out-of-plane and bottom boundaries.
Reprinted /adapted with permission from Ref. [20]. 2024, American Society of Civil Engineers.

The schematic view and sections of the 2D and 3D FE models shown in Figure 1 are
meshed with linear finite elements having elastic, plastic, and large strain capabilities,
as demonstrated in Figure 2. The quadrilateral four-node linear element (PLANE42) is
selected for the plane strain analysis of the 2D FE model. The hexahedron eight-node linear
element (SOLID45) is chosen for the analysis of the 3D FE model. The initial conditions of
the geostatic or at-rest condition stresses governed by gravity and density are set for the 2D
and 3D FE models ahead of the analysis.

Three backfill / footing soils are considered in this study: kaolin, silty clay, and kaolin—
sand. The properties of kaolin, silty clay, and kaolin-sand soils were studied by Baus
and Wang [32], Badie and Wang [33], and Azam et al. [34], respectively. The strength
properties of the backfill/footing soils, which are the result of a test of triaxial compression
consolidated drained (CD), are applicable for the long-term condition. The concrete of
the piles and footings is chosen with mechanical properties studied by Azam [35]. For
a smooth concrete face, Bowels [36] recommended a friction angle at the soil-concrete
interface, ¢sc, between 60% and 80% of the soil internal friction angle ¢. Therefore, the
friction angle at the soil-concrete interface is selected as 70% of the soil internal friction
angle. The properties of the backfill/footing soils and concrete for the FSPS are tabulated
in Table 1.

The width, B¢, and depth, Dy, of the footing are selected to be constant at 0.914 m. The
driven concrete pile is chosen to have a square section with three different pile widths, B:
0.254, 0.305, and 0.356 m. The total length, L, and embedment length, EL;, of the pile
are decided to be 18.593 and 12.802 m, respectively. From these geometries of the pile, the
pile is defined as a long pile with a ratio of embedment length to width greater than 35, as
indicated by Coduto [3]. The depth of the 3D FE model in the z- or out-of-plane direction

is set to be 15 times the width of the pile. Sudani et al. [20] confirmed that this depth of
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the 3D FE model enclosed by the out-of-plane boundaries has a negligible impact on the
behavior of the FSPS. The above constant parameters of the FSPS are shown in Figure 1.
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Figure 2. Schematic view and sections of mesh for 2D and 3D FE models of FSPS showing the finite
element sizes: (a) top view of 3D FE model; (b) transverse section at pile-wall location of 3D FE model;
(c) longitudinal section at symmetrical axis of 3D FE model and schematic view of 2D FE model; and
(d) transverse section at footing location of 3D FE model. Reprinted /adapted with permission from
Ref. [20]. 2024, American Society of Civil Engineers.

Table 1. Properties of backfill /footing soils and concrete for the FSPS.

Properties Kaolin Silty Clay Kaolin—-Sand Concrete
Initial modulus in compression E; (kN/ m?) 19,843 4670 42,029 22.7 x 10°
Poisson’s ratio v 0.39 0.28 0.32 0.2
Wet unit weight y (kN /m3) 16.7 18.4 18.5 24.39
Unit cohesion ¢ (kN/m?) 158.5 65.5 9.2 7235
Water content w 23% 17% 11.8% -
Internal friction angle ¢ deg. 8.0 13.5 31.0 20.0
Friction angle at soil-concrete interface ¢, (deg.) 5.6 9.5 21.7 -

The variables of the FSPS are investigated with a wide range into 180 combinations of
different conditions. Three different soil types are used: kaolin, silty clay, and kaolin—sand.
Four footing shape ratios (L¢/Bs) are selected: 1, 2, 3, and 5/infinite. Four footing—pile
distances (Bg, face to face) are chosen: 0.914, 2.743, 4.572, and 6.401 m; three pile widths
(Bp), which are equal to the pile-to-pile spacings (Sp), are studied: 0.254, 0.305, and 0.356 m.
The variables and conditions considered for the FSPS in this study are tabulated in Table 2.
Som and Das [37] referred to the factors affecting the pile-to-pile spacing, such as soil
type, installation method, layout and verticality errors, pile group efficiency, and economy.
Tomlinson and Woodward [38] stated a recommendation that the spacing between adjacent
piles must not be less than the smallest width of the pile. Therefore, the pile spacing (Sp) is
selected to be equal to the pile width (Bp).
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Table 2. Variables and conditions of FSPS.

Variable Description/Value No. of Conditions
Analysis Type 2D plane strain and 3D FEA 2
Soil Type Kaolin, silty clay, and kaolin-sand 3
L¢/Bs¢ 1,2, 3, and 5/infinite 1 and 4 for 2D and 3D FEA, respectively
pr /Bs¢ 1,3,5,and 7 4
Bp and Sy, (m) 0.254, 0.305, and 0.356 3
Total No. of Conditions 180

Currently, experimental tests for FSPS are not available. However, the present 3D
FE models of the FSPS were validated with previous experimental tests performed for
systems of footing—soil by Badie [29], Baus [30], and Azam [31] for kaolin, silty clay, and
kaolin-sand, respectively. When the footing is located outside the footing—wall critical
distance, where the performance of the adjacent pile-wall is not affected by the footing,
the FSPS behaves as the footing—soil system. For this validation, the 3D FE models and
experimental tests utilized surface strip footings of 0.051 m width resting on the three
different soils of kaolin, silty clay, and kaolin—sand. The present validation, depending
on the footing pressure-settlement (P-5y) curves as shown in Figure 3, exhibits a good
agreement regarding the results of the 3D FE models and previous experimental tests. The
most differences among the results of the present validation are as follows: 21.6% for kaolin
in Figure 3a; 13.8% for silty clay in Figure 3b; and 18.7% for kaolin—sand in Figure 3c.

Footing Pressure P (kPa)

0 250 500 750 1000 1250 1500
0.000 e S - S ‘
0.003 - == (a) Kaolin
0.006 -
0.009 4 — — - Experimental Test (Badie 1983)
0.012 4+ —— 3D FEModel
0.015 -

0 250 500 750 1000 1250
0.000 e
0.020 - b) Silty C1
0.040 - (b) Silty Clay
0.060 | — — - Experimental Test (Baus 1980)
0.080 + —— 3D FEModel o~
0.100 -

0 100 200 300 400 500
0.000 - S S S -
0.003 - —_——
0.006 - ' —_— (¢) KaolSand
0.009 - — — - Experimental Test (Azam 1988) T
0.012 4 —— 3D FEModel
0.015 -

Figure 3. Validation of P-8y curves resulting from 3D FE models with previous experimental tests for
surface strip footings without adjacent pile-walls resting on (a) kaolin [29]; (b) silty clay [30]; and
(c) kaolin-sand [31]. Reprinted /adapted with permission from Ref. [20]. 2024, American Society of
Civil Engineers.

3. Comparison of Two- and Three-Dimensional Finite Element Analyses

Two-dimensional (plane strain) finite element analysis (2D FEA) may not provide an
accurate response of a FSPS, particulary for a footing with a small shape ratio (square foot-
ing) adjacent to a wall of spaced piles (pile-wall), because of the limitations in considering
the square footing and pile-wall as a continuous (infinite shape ratio) footing and wall.
The effects of out-of-plane geometries (footing length and pile spacing) of this FSPS can be
modeled more appropriately using three-dimensional finite element analysis (3D FEA).



Appl. Sci. 2024, 14, 3496

7 of 16

Depth (m)

(9]

10

14

16

18

0.04

The profiles of pile lateral deflection (51) versus depth for a pile-wall adjacent to
a square footing, which is under a pressure (P) of 200 kPa and resting on kaolin-sand
soil, are shown in Figure 4 using 2D and 3D FEA. Pile deflections are measured along
the middle pile of the pile-wall and at its center shown as point 1 in Figure 1c. Figure 4
shows that the pile is shifted and deflected, and the pile deflections in 2D and 3D FEA
have a similar trend below a depth of 8.0 m, but they diverge above a depth of 8.0 m. In
addition, Figure 4 shows that the lateral deflection of the pile head (5ry) using 2D FEA is
0.0315 m, which is 450% greater than the 0.007 m of 6y using 3D FEA. The divergence
between the pile deflections is mainly because the square footing in 2D FEA is treated as a
continuous/infinite footing, which induces greater lateral pressure on the pile-wall. Due
to the soil support in front of the pile-wall, as shown in Figure 1c, the deflection profiles
of 2D and 3D FEA are bent between the depths of 5.0 and 8.0 m. Below a depth of 8 m,
the two profiles of pile deflections are approximately merged together. The change in the
shape ratio for the footing and/or pile spacing for the pile-wall has a negligible impact on
the pile deflection below a depth of 8.0 m. The lateral deflections of the pile toe (dr1) using
both 2D and 3D FEA have an approximately identical deflection at 0.0015 m,d indicating a
small influence from the adjacent footing pressure and an identical point of pile fixity.

Pile Lateral Deflection &; (m)

0.03 0.02 0.01 0.00
B; =0914m
D =0.914m
L,=18593m
EL, =12.802m
B,=0.305m
Bg/B:=1.0
P =200 kPa
— — =2D (Plane Strain) FEA
——3DFEA

Figure 4. o1, versus depth profiles of pile-wall adjacent to square footing resting on kaolin-sand soil.

From the comparisons in Figure 4 for a pile-wall adjacent to a square footing, it is clear
that 2D FEA in comparison with 3D FEA may underestimate the pile lateral deflection by
more than 400% because 2D FEA cannot consider the footing shape ratio and pile spacing.

4. Parametric Study

A sample of eleven cases of different conditions, as tabulated in Table 3, is chosen to
show the influence of the variables considered in this study on the behavior of a pile-wall.
Cases (a), (b), (c), and (d) are utilized to show the influences of pile width (Bp) and footing-
pile distance (By,) on the lateral deflections and pressures of a pile-wall. Cases (e), (), (g),
and (h) are used to show the effects of the footing shape ratio (L¢/Bf) and footing—pile
distance (Bg,) on the lateral deflections and pressures of a pile-wall. Cases (f), (k), (m), and
(n) are employed to show the impacts of soil type on the lateral deflections and pressures
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of a pile-wall. The behavior of a pile-wall is investigated through observing the profiles of
pile lateral deflection and pressure versus pile depth.

Table 3. Sample of different cases for footing—soil-pile system.

Case SOll P (kPa) Bp (m) pr/Bf Lf/Bf
(@) Kaolin 1027 0.254 1 Strip footing (infinite shape ratio)
(b) Kaolin 1027 0.254 3 Strip footing (infinite shape ratio)
(o) Kaolin 1027 0.356 1 Strip footing (infinite shape ratio)
(d) Kaolin 1027 0.356 3 Strip footing (infinite shape ratio)
(e) Kaolin 1027 0.254 1 Rectangle footing (shape ratio 3.0)
) Kaolin 1027 0.254 1 Square footing (shape ratio 1.0)
(8) Kaolin 1027 0.254 3 Rectangle footing (shape ratio 3.0)
(h) Kaolin 1027 0.254 3 Square footing (shape ratio 1.0)
(k) Silty clay 1027 0.254 1 Square footing (shape ratio 1.0)
(m) Silty clay 400 0.254 5 Square footing (shape ratio 1.0)
(n) Kaolin-sand 400 0.254 5 Square footing (shape ratio 1.0)
The profiles of pile lateral deflection (81) versus depth for pile-walls adjacent to strip
footings, which are resting on kaolin soil and loaded by a pressure (P) of 1,027 kPa, are
shown in Figure 5. This figure presents the first four cases shown in Table 3, (a), (b), (c),
and (d), to observe the influence of pile width (Bp) and footing-pile distance (Bg,) on pile
lateral deflections.
Pile Lateral Deflection &; (m)
0.20 0.16 0.12 0.08 0.04 0.00
0
2
4
6 {
g s
Z
A 10 B; =0.914m
12 D; =0.914m
- L,=18.593m
14 EL,=12.802m
‘ P =1027 kPa
16 - (a): Bp=0.254 m, Bfp/Bf =1
0 (b):Bp=0.254m,Bfp/Bf=3
18 — —=(c):Bp=0.356m, Bfp/Bf = 1
20 (d): Bp=0.356 m, Bfp/Bf =3

Figure 5. 1, versus depth profiles of pile-wall adjacent to strip footings resting on kaolin soil.

It is clear that the piles move approximately an equal lateral displacement (drr) of
0.008 m at their toes, which shows a very small influence of pile width (B,) and footing—pile
distance (Bg,) on the pile toe deflection. The amount of pile head lateral deflection (5.1)
depends on the pile width (Bp) and footing—pile distance (Bg,). Similar to Figure 4, the
deflection profiles are bent between depths of 5.0 and 8.0 m. The divergence of deflection
profiles above a 7.0 m depth shows the great influence of the adjacent footing on pile
deflection, while below a 7.0 m depth, the approximately merged profiles show little
influence of the adjacent footing on pile deflection. For a constant footing—pile distance
(Bgp) of 0.914 m in cases (a) and (c) and between depths of 0.0 and 7.0 m of Figure 5, the pile
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Depth (m)

0.08

deflections show a significant effect of increasing pile width (Bp) from 0.254 to 0.356 m on
decreasing the pile head deflection from 0.2 to 0.12 m. For a constant pile width (Bp) of 0.254
m in cases (a) and (b) of Figure 5, the increase in footing—pile distance (Bg,) from 0.914 to
2.742 m shows a greater impact than pile width (Bp) on decreasing the pile head deflection
from 0.2 to 0.06 m. For a constant footing—pile distance (By,) of 2.742 m in cases (b) and
(d) of Figure 5, the increase in pile width (Bp) from 0.254 to 0.356 m shows a very small
impact on the pile deflection, which reveals that, when footing—pile distance increases, the
influence of pile width on the pile deflection decreases. For a constant pile width (Bp) of
0.356 m in cases (c) and (d) of Figure 5, the increase in footing-pile distance (Bg,) from 0.914
to 2.742 m shows a significant impact on decreasing the pile head deflection from 0.12 to
0.06 m.

The profiles of pile lateral deflection (51) versus depth for a constant pile width (Bp)
of 0.254 m adjacent to rectangle and square footings, which are resting on kaolin soil and
loaded by a pressure (P) of 1027 kPa, are shown in Figure 6. This figure presents the second
four cases shown in Table 3, (e), (f), (g), and (h), to investigate the effects of footing shape
ratio (L¢/Bs) and footing—pile distance (Bg,) on the deflection profile.

Pile Lateral Deflection §; (m)
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Figure 6. 01, versus depth profiles of pile-wall adjacent to rectangle and square footings resting on
kaolin soil.

For a rectangle footing with a shape ratio (L¢/By) of 3 in cases (e) and (g) of Figure 6,
the pile deflections show a significant impact of increasing footing—pile distance (Bg,) from
0.914 to 2.742 m on decreasing the pile head deflection from 0.063 to 0.038 m, but it shows a
small impact on the pile toe deflection. For a constant footing-pile distance (Bg,) of 0.914 m
in cases (e) and (f) of Figure 6, the decrease in footing shape ratio (L¢/B¢) from 3 (rectangle)
to 1 (square) shows a greater effect than footing-pile distance (Bg,) on decreasing the pile
deflection from 0.063 to 0.023 m at its head and from 0.006 to 0.003 m at its toe. For a square
footing with a shape ratio (L¢/Bs) of 1.0 in cases (f) and (h) of Figure 6, the increase in
footing—pile distance (Bg,) from 0.914 to 2.742 m shows a significant influence on decreasing
the pile deflection from 0.023 to 0.014 m at its head, but it shows no influence on the pile
toe deflection. For a constant footing—pile distance (Bg) of 2.742 m in cases (g) and (h) of
Figure 6, the decrease in footing shape ratio (L¢/Bs) from 3 (rectangle) to 1 (square) shows a
great impact on decreasing the pile deflection from 0.038 to 0.014 m at its head and from
0.006 to 0.003 m at its toe.
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Based upon the pile toe deflections from the different cases in Figures 5 and 6, the
pile toe deflection is independent of the footing—pile distance (Bg,) and pile width (Bp)
but particularly sensitive to the footing shape ratio (L¢/Bs), as shown in Figure 6. This
conclusion can be explained by the influence of induced pressure, which is proportional to
the footing shape ratio, i.e., the bigger the footing shape ratio is, the greater the pressure is
induced at a deeper depth. In addition, the independency of pile toe deflection from the
footing—pile distance and pile width is an advantage of using the long piles in this study.

The profiles of pile lateral deflection (81) versus depth for a constant pile width (Bp) of
0.254 m adjacent to square footings, which are resting on silty clay and kaolin-sand soils,
are shown in Figure 7. This figure presents the last three cases shown in Table 3, (k), (m),
and (n), to study the impact of soil type on the deflection profile.

Pile Lateral Deflection §; (m)
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Figure 7. o1, versus depth profiles of pile-wall adjacent to square footings resting on silty clay and
kaolin-sand soils.

The pile deflection profiles vary with respect to the change in soil type, footing—pile
distance, and footing pressure. For a square footing (shape ratio of 1) at a constant footing—
pile distance (Bgp) of 4.57 m and under footing pressure (P) of 400 kPa in cases (m) and (n)
of Figure 7, the change in soil from silty clay to kaolin—sand shows a significant impact on
reducing the pile deflections from 0.016 to 0.006 m at its head and from 0.006 to 0.002 m
at its toe. In addition, greater impact is observed from changing the soil type from silty
clay in Figure 7 (k) to kaolin in Figure 6 (f), where pile deflections are reduced from 0.172
to 0.023 m at its head and from 0.018 to 0.003 m at its toe. The significant reduction in
pile deflection due to the change in soil type from silty clay to kaolin and silty clay to
kaolin—sand is related to the initial modulus in compression (E;), shown in Table 1, where
kaolin—sand and kaolin have higher moduli in compression than silty clay.

Based on the profiles of pile deflection in Figures 5-7, the behavior of bent piles
confirms that the piles are long, which are chosen based upon the pile embedment length
to pile width ratio of greater than 35, which is stated by Coduto [3]. Also, the pile bending
between depths of approximately 5.0 and 8.0 m is mainly related to the pile embedment
length, where the other variables of soil type, footing shape ratio, pile width, and footing—

pile distance show a small impact on the depth of pile bending.

The profiles of pile lateral pressure (Pp) versus depth for the same conditions discussed
for the profiles of pile lateral deflection in Figure 4 are shown in Figure 8. Similar to the pile
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deflection profiles, the pressure profiles have different trends between depths of 0.0 and
7.0 m depending on the pile width and footing—pile distance, while the pressure profiles
are very close to each other below a depth of 7.0 m. All profiles show an increase from
approximately zero lateral pressures at the top to peak values at approximately 2.0 m depth
due to the footing pressure, and then, the pressures decrease to a minimum value before
they gradually increase with depth, followed by the influence of the geostatic stress. For a
constant footing-pile distance (Bg,) of 0.914 m in cases (a) and (c) and between depths of
0.0 and 7.0 m (Figure 8), the pile pressures show a drastic increase at 2.0 m depth, followed
by a sharp decrease to negative values at a depth of 2.5 m. The negative portions of the
pressure profiles might be the result of the combination of the large pile deflection due
to the nearby footing pressure and the unit cohesion, ¢, of kaolin soil. In these two cases,
the increase in pile width (Bp) from 0.254 to 0.356 m increases the peak pressure at 2.0 m
depth from 90 to 130 kPa due to a better support from a larger pile. As the footing moves
away from the pile-wall from 0.914 to 2.742 m with a constant pile width (Bp) of 0.356 m,
as shown in cases (c) and (d) in Figure 8, the peak lateral pressure drops from 130 to 10 kPa
at 2.0 m depth due to the lesser influence of the footing. In cases (b) and (d) in Figure 8, the
pressure profiles look almost identical regardless of the pile width which reveals that, as
the footing moves away from the wall, the influence of the pile width on the interaction
behavior also reduces.

Pile Lateral Pressure P; (kPa)
-50 0 50 100 150 200

[ ]
A
(=}

0
2 ————
4
6
g 3
Z
& 10 B; =0.914m
12 D =0.914m
L,=18.593m
14 EL,=12.802 m
P = 1027 kPa
16 (a): Bp=0.254 m, Bfp/Bf =1
0 (b):Bp=0.254m, Bfp/Bf =3
18 { ——=(c):Bp=0.356m, Bfp/Bf =1 o
(d): Bp=0.356 m, Bfp/Bf =3

Figure 8. Py versus depth profiles of pile-wall adjacent to strip footings resting on kaolin soil.

The profiles of pile lateral pressure (P,) versus depth for the same conditions discussed
for the profiles of pile lateral deflection in Figure 6 are shown in Figure 9. Some similarities
in the general shapes of the pressure profiles between Figures 8 and 9 are shown. The
peak lateral pressures at a depth of 2.0 m due to footing pressure appear to be smaller for
conditions with a smaller footing shape ratio and/or longer footing—pile distance, which is
expected, where the footing shape ratio (L¢/By) has a greater influence than the footing—pile
distance (Bg,). The rapid increase in pressure between depths of 5.0 and 6.5 m is attributed
to the less influence of footing pressure, an increase in geostatic stress, and pile bending as
shown in Figure 6.
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Figure 9. P}, versus depth profiles of pile-wall adjacent to rectangle and square footings resting on
kaolin soil.

The profiles of pile lateral pressure (P,) versus depth for the same conditions discussed
for the profiles of pile lateral deflection in Figure 7 are shown in Figure 10. Figure 10 also
exhibits a similarity in the general shapes of the pressure profiles shown in Figures 8 and 9
with minor differences at depths of 2.5 and 6.5 m due to the influence of adjacent footing
pressure and pile bending, respectively. In addition, the change in soil type from silty clay
to kaolin has a greater impact than the change to kaolin—sand, where lateral pressures in
cases (k) and (f) drop from 35 to 10 kPa at 2.5 m depth and 120 to 80 kPa at 6.5 m depth.

Pile Lateral Pressure P; (kPa)
0 50 100 150 200 250

—— (k): Silty Clay, Bfp/Bf = 1, P = 1027 kPa
— — - (m): Silty Clay, Bfp/Bf =5, P =400 kPa
+  (n): Kaolin-Sand, Bfp/Bf = 5, P = 400 kPa

B; =0914m
D =0.914m
L,=18.593m
ELp =12.802 m
Bp =0.254m

Figure 10. Py, versus depth profiles of pile-wall adjacent to square footings resting on silty clay and
kaolin-sand soils.
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5. Development of Pile-Wall Deflection Model

For the practical design of a pile-wall in the footing—soil-pile system (FSPS), two
empirical equations are developed to predict the pile lateral deflections at the toe (6r7) and
head (811). The predicted deflections consider the induced lateral pressure caused by the
ultimate load subjected on an adjacent footing. Also, as a condition to the use of developed
equations, the footing—pile distance (Bg,) should be equal or less than the critical distance
(Ber) calculated using Equation (1). These two equations are derived using multiple linear
regression by Minitab 16.0 software [39]. Based upon the geometric and soil strength
properties of the FSPS, eight non-dimensional terms are used as the predictors in the model:
B¢/Lg, Be/Byp, Bt/ By, Bp/Bgp, YBi/¢, YBp /¢, YBg, /¢, and 1/tan ¢. Four terms are found to
be significant for predicting pile toe deflection shown in Equation (2), while six terms are
found to be significant for predicting pile head deflection shown in Equation (3). Terms
with a p-value less than 0.05 are omitted from the regression results, as recommended by
Montgomery et al. [40]. The values of adjusted R-squared, R-5q (adj), are 94.3% and 86%
for Equations (2) and (3), respectively.

B By B
P — 70421 176. 65YBf 117725720 o4 24y oy 13511 )
ot C tandg
Bp B Bp B YBp B 1
P 2773+ 2877 — 4473 P 4 46. 453 4774870 _ 735700 | 539 3)
5LH L¢ By c tand

where o7 = lateral deflection of pile toe; 5 = lateral deflection of pile head; B, = pile
width; vy = wet unit weight of soil; ¢ = unit cohesion of soil; B¢ = footing width; L¢ = footing
length; By = footing—pile distance, which is equal or less than the critical distance (Br); and
¢ = internal friction angle of soil. All terms in Equations (2) and (3) are non-dimensional;
therefore, the units used must be consistent in each term. The ultimate load (q,) subjected
on the adjacent footing is calculated using the empirical equation developed by Sudani
et al. [20], as shown in Equation (4).

vB¢

qy By Bt Bp YBgp 1
U — 10409 + 0.0949 % — 028211 + 0.5529—F — 0. 5961— + 0. 0761 -0. 01267 4)

Ls By Bgp an¢

where Q, = ultimate bearing capacity of footing without adjacent pile-wall, which is
calculated by any approved (classical) equation for an individual footing.

The relationships between the observed values, which are generated by three-dimens-
ional finite element analysis, and the predicted values, which are generated by
Equations (2) and (3), for the lateral deflections of the pile toe and head are shown in
Figures 11 and 12, respectively. Figures 11 and 12 show a considerable agreement between
each one of Equations (3) and (4) and the finite element analysis results.

The maximum deflection at the pile head and net pile deflection, calculated from
subtracting the lateral deflections at the pile head and toe using Equations (2) and (3),
respectively, are useful for the geotechnical and structural design of a pile-wall. The
use of Equations (2) and (3) are recommended only within the range of variables and
parameters covered in this study, which are shown in Tables 1 and 2 and Figure 1. There-
fore, any extrapolation of applying data out of the range analyzed in this study into
Equations (2) and (3) might not give safe results. In addition, the limitations of the present
study should be considered for the applicability of these two empirical equations.
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Figure 11. Relationship between observed and predicted B, /dyr.
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Figure 12. Relationship between observed and predicted B, /0ry.

6. Conclusions
Based on the model results presented in this study, the following conclusions are drawn:

(1) Lateral deflection of a pile-wall is over-estimated by more than 400% using two-
dimensional (plane strain) finite element analysis in comparison with three-dimensio-
nal finite element analysis due to a lack of consideration of pile spacing and small
shape ratios of adjacent footings. This issue is addressed by considering the out-of-
plane geometries of a pile-wall and adjacent footing using three-dimensional finite
element analysis. However, both two- and three-dimensional finite element analyses
show a close prediction for the lateral deflection of the pile-wall portion below 8.0 m
depth due to the small influence of adjacent footing.
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(2) Lateral deflection of the pile head decreases with increasing soil initial modulus
in compression, footing—pile distance, and pile width, as well as with decreasing
footing shape ratio. However, based on the results of three-dimensional finite element
analysis, footing—pile distance and pile width have a small influence on the lateral
deflection at the pile toe, while soil type and footing shape ratio have a greater
influence on the pile toe deflection.

(3) Due to the influence of the adjacent footing, the peak lateral pressure of the pile at
the depth of approximate 2 m decreases with decreasing footing shape ratio and pile
width and increasing footing—pile distance.

(4) Based on the observed profiles of lateral pressure and deflection of pile-walls, the
factors influencing the performance of a pile-wall are ranked as follows: soil type,
footing shape ratio, footing—pile distance, and pile width.

(5) Long piles tend to deflect and bend laterally rather than rotate. They also minimize
the influence of footing—pile distance and pile width on the pile toe deflection. Depths
of pile bending along long piles are related to the pile embedment lengths and not
influenced by soil type, footing shape ratio, footing—pile distance, and pile width.

(6) Two empirical equations are developed to predict the lateral deflections at the pile
toe and head for a pile-wall located within the critical distance from an adjacent
footing. These two equations are useful for the structural design of a pile-wall by
providing the net deflection along a pile-wall. Values predicted using the present
developed equations are in agreement with those values generated using the present
three-dimensional finite element analysis. It should be noted that the present empirical
equations are applicable only within the range of conditions covered in this study.
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