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Abstract: Pile composite foundations (PCFs) have been commonly applied in reinforcement en-
gineering to adjust the vertical stiffness of foundations, due to the displacement control design
criteria for foundations. PCFs that have dissimilar pile lengths, located over inclined bedrock, have
shown significantly different vertical behaviors from PCFs with equal pile lengths, placed over a
semi-infinite medium. However, the vertical behaviors of dissimilar PCFs over inclined bedrock
cannot be predicted with the current theoretical methods, although they have been widely adopted
in engineering. An analytical method is proposed in this investigation to analyze the vertical bearing
characteristics of dissimilar PCFs over inclined bedrock. A pile-soil system is decomposed into
fictitious piles and extended soil, and then a control equation to determine the axial force along
the fictitious piles is established, stemming from the compatibility conditions between them. The
vertical behaviors of dissimilar PCFs can be obtained by solving the control equation with iterative
procedures, and the equation is verified by two field load tests of single piles from the Honghe bridge
and a numerical case. Then, the settlement and load transfer behaviors of 3 x 1 dissimilar PCFs
and their influence factors are analyzed, and the results are as follows. (1) Obvious differences can
be observed concerning the axial force distribution, settlement w, and load-sharing ratio (LSR) of
each pile element for different pile-soil stiffness ratios (Ep/E;s). (2) The LSR of pile 1 increases from
0.074 to 0.253 for the rigid pile and from 0.062 to 0.161 for the flexible pile condition when the cushion
stiffness K. changes from 1 x 10* kKN/m to 3 x 108 kN /m. The non-dimensional vertical stiffness of
the foundation, Ny /wdE;, increases from 10.21 to 28.95 for the rigid pile condition and increases from
8.69 to 14.44 for the flexible pile condition, when K, increases from 1 x 10* kKN/m to 4 x 10° kN/m.
(3) The neutral layer depth of the pile z,, the average settlement w, and the differential settlement
wq of each element head decrease with K., and no negative friction zone exists (zn = 0 m) for all the
pile elements when K, > 2 x 10° kN/m. (4) The Ny /wdE; decreases with the distance between the
pile bottom and the inclined bedrock A. For the rigid and flexible pile conditions, the No/wdE;s is
22.16 and 13.48 for A =1 m, and 13.13 and 10.10 for A = 8 m. The w; reaches 16.7 mm and 4.0 mm
for A =1m and A = 8 m, respectively. (5) The Ny/wdE; increases almost linearly with an increase
in I/d for the rigid pile condition, and it gradually decreases for the flexible pile condition. The
developed model can improve the design and analysis of PCFs located over inclined bedrock under
vertical loading.

Keywords: pile composite foundation; inclined bedrock; fictitious pile; dissimilar pile length;
neutral layer; extended soil; cushion stiffness; load-sharing ratio

1. Introduction

In the mountainous areas of China, the bedrock is often distributed non-uniform-
ly [1-3]. For instance, a shallow buried anchorage foundation was proposed for the

Buildings 2024, 14, 424. https:/ /doi.org/10.3390/buildings14020424

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14020424
https://doi.org/10.3390/buildings14020424
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0003-0023-9487
https://orcid.org/0000-0002-2482-0455
https://doi.org/10.3390/buildings14020424
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14020424?type=check_update&version=2

Buildings 2024, 14, 424

2 of 26

Honghe bridge in Yunnan province, where the underlying stratum is inclined bedrock [4].
A pile composite foundation (PCF) with dissimilar pile lengths can significantly reduce the
settlement and differential settlement of a foundation and is adopted to adjust the vertical
and horizontal stiffness of a bearing stratum [5-8]. For a PCF with a dissimilar pile length
over inclined bedrock, a more complex analysis is need for the key parameters, such as
the penetration depth of the pile head, the load-sharing ratio (LSR) of the pile, the vertical
stiffness of the PCF, and differential settlement. However, previous research has mostly
focused on PCFs with equal pile lengths or on horizontally distributed bedrock [9,10],
with limited reports on the vertical behavior of PCFs with dissimilar pile lengths over
inclined bedrock.

Load tests [11-13] and FEM [14-16] are frequently adopted to analyze the bearing
characteristics and settlement mechanisms of PCFs or pile groups in practical engineering.
However, the field load test often has difficulty obtaining the ultimate loading for large
pile groups or PCFs. With the design criteria of foundations shifting from bearing capacity
control to displacement control in China, many analytical methods based on elasticity
theory have been proposed to solve the bearing behaviors of PCFs or pile groups, such as
the shear displacement method [17], load transfer method [18], simplified method [19-21],
variational method [22,23], and so on. With the development of elastic methods, semi-
empirical analytical methods combining the theoretical solutions of elastic methods and
engineering experience coefficients have been widely applied in the current code for the
design of building foundations [9] and the technical code for building pile foundations in
China. The shear displacement method is not suitable to analyze the behaviors of PCFs
since this method neglects vertical stress variation changes along the depth. The elastic
theory proposed by Poulos cannot consider the reinforcing and shielding effects between
piles and often overestimates the pile—pile or pile-soil interaction coefficients [24]. In order
to reasonably consider the reinforcing and shielding effects of PCFs and pile groups, Baner-
jee [25], Liang [26,27], and Chen [28] have proposed integral equation methods based on
the superposition principle, and Butterfield and Banerjee [29,30] and Kuwabara [31] have
established rigorous boundary element methods. However, the methods mentioned above
are mainly suitable for simple foundation conditions, such as a semi-infinite medium [32],
or for cases in which the underlying bedrock is horizontally distributed [33]. Jiang and
Hu [4,34,35] have extended the integral equation method and analyzed the behaviors of
dissimilar pile rafts over inclined bedrock, but the influence of cushioning is not consid-
ered in their models. Therefore, limited research has focused on the vertical behavior of
dissimilar PCFs located over inclined bedrock.

In this paper, the integral method proposed by Muki [36] is further extended to
predict the vertical bearing characteristics of dissimilar PCFs over inclined bedrock. A
pile—soil system is decomposed into fictitious piles and extended soil, and then a control
integral equation to determine the axial force along the fictitious piles is established,
stemming from the compatibility conditions between them. The vertical behaviors
of dissimilar PCFs can be obtained by solving the control equation with an iterative
procedure and boundary conditions. The feasibility of this method is demonstrated
by two single-pile field load tests and a numerical simulation. Finally, a case study on
3 x 1 dissimilar PCFs is presented. Considering the LSR of the piles, the neutral layer
depths of the piles, the non-dimensional vertical stiffness No/wdE;, the differential
settlement of the PCF wgy, and the settlement of each element top w; as the target
parameters, the influence of some factors on the target parameters is analyzed, such as
the pile-soil stiffness ratio E,/Es, the cushion stiffness K, the distance from the pile
bottom to bedrock A, and the pile length—diameter ratio I/d. This approach is efficient
and suitable for the analysis of large dissimilar PCFs.
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2. Methodology
2.1. Analysis Model

A typical diagram of dissimilar PCFs located over inclined bedrock is shown in
Figure 1, and the corresponding coordinate system is established. The piles are not con-
nected to the foundation due to the existence of a cushion. There are dissimilar PCFs,
including n piles with diameter d being arranged below the cushion (n = n; x ny), where
11 and n; are the total rows and columns of piles, respectively. k. is the cushion thickness,
b is the net distance from the side pile to the foundation edge, and s is the center-to-center
distance of neighboring piles. Es, E,, and E. represent the elastic moduli of the soil, piles,
and cushion, respectively. Ny denotes the vertical load acting on the rigid foundation. It is
assumed that the Poisson ratio of the piles, cushion, and soil is the same and it is set as v
for simplicity.

Ny Foundation d s

Cushion e

e

Bedrock: E., v

xy S SHE

Figure 1. The dissimilar PCF system over inclined bedrock.

To investigate the interaction among the pile, soil, cushion, and foundation, the PCF
system, including the cushion, is partitioned into m square units based on the pile diameter
d. The pile elements have n units, and the remaining units are the soil elements. For the
cushion elements, # units are connected to the rigid foundation and pile elements, and the
remaining m-n units are connected to the rigid foundation and soil elements between piles.
h, denotes the bedrock-embedded depth of the r-th unit (r =1, 2, ..., m); [; and A; are the
length of pile i and the distance from the pile bottom to the bedrock of pilei (i=1, 2, ..., n).
Therefore, for the i-th pile unit, itis h; = I; + A;.

The cushion layer can be regarded as a spring system connecting the PCF system with
the rigid foundation. The vertical loads acting at the i-th pile head and k-th soil unit head
are illustrated as Pi(O) and Qk(O) (i=1,2,..,mk=n+1,n+2,..,m),respectively, as shown
in Figure 2.
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Figure 2. Load distribution for the bottom of the cushion.
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Following the method proposed by Muki, the pile-soil system can be further de-
composed into fictitious piles and extended soil (Figure 3). Pi(z) and 4'(z), respectively,
represent the axial force and shaft resistance of the i-th fictitious pile at a depth of z. For
instance, P! (0) and Pi(I;) are the axial forces on the head and bottom of the i-th fictitious
pile. The force analysis diagram of the extended soil can be obtained as shown in Figure 3
based on the principles of action and reaction.

POYHPA0 :
=i Sawwwi Fran el IEwsl i
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I k. & & &
ITTYAY : RIBR BB 'R
oo I I q(Z) ol fece] ; i
- o o 3 E”(f) - + m‘U[(Z)
sl kxp Mo 7' i
Pit) 4% :
Wiy b VL
Pll(i_ m
Bedrock PI(1)

l oo
Figure 3. Decomposition for pile—soil system.

2.2. Cushion

The m cushion units are assumed to be ideal isotropic cylinders, the diameters are
the same as those of the piles, and the self-weight and shaft friction of the cylinders can
be neglected.

For the cushion unit above the i-th fictitious pile, the compression, sé, can be obtained
based on the generalized Hooke’s law as follows:

i he 4 he (i i\(;
sl = /0 edh = E—C(JCZ —21/o'ch>(z =12, ...,n) 1)

For the i-th cushion unit, the vertical stress is the principal factor. Supposing that «; is
the ratio of radial strain to vertical strain under triaxial compression conditions, the lateral
pressure coefficient can be expressed as

v+

éuteml = m(l =12, .. .,n) 2)

Combining Equations (1) and (2), the vertical stiffness of the i-th cushion unit can be
calculated as shown in Equation (3).

Ki— 1-v+2va; EA

T AT VA—2) ke (i=1,2,...,n) 3)

where A represents the cross-sectional area of the cushion unit.

Similarly, for the cushion unit above the k-th soil unit, suppose that By is the ratio of
radial strain to vertical strain under triaxial compression conditions. Then, the vertical
stiffness of the k-th cushion unit can be calculated as follows:

Kk — 1—-v+2vp EA
¢ (14v)(1-2v) ke

(k=n+1,n+2,...,m) 4)
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«; and By can be determined from the same radial stress condition as the neighboring
units. The pile head penetration effect can be calculated by analyzing the compression
of each cushion unit above the pile and soil units, and the pile bottom penetration effect
can also be considered by analyzing the compression of each pile and soil unit at the pile
bottom depth.

2.3. Fictitious Pile

For the i-th fictitious pile, the vertical stress—strain relationship, the equilibrium condi-
tion of the micro-element, and the vertical strain—settlement relationship can be expressed
as follows:

d@%-EA(ngghi:Lzqu (5)
i .

de*iz) =—q'(2)(0 <z<Il;,i=1,2,...,n) (6)
, i

sum:dﬁfhosZSMi:Lz”wm 7)

where ¢, (z), w'(z), and A, respectively, represent the vertical strain, the settlement at
the depth of z, and the cross-sectional area of the fictitious pile. E, denotes the Young's
modulus of fictitious pile elements, and it can be expressed as Ex = Ep — E.

The settlement of the i-th fictitious pile at depth z can be determined as follows:

ZPZ
+/ O <z<lyi=1,2...n) ®8)

where w' (0) is the pile head settlement for the i-th fictitious pile.

2.4. Extended Soil

For the r-th extended soil (r =1, 2,.. ., m), the vertical stress of 0 (z), the vertical strain
of €. (z), and the settlement of w’(z) at the depth of z can be expressed by the superposition
principle as follows:

[P/ (0) + P (0)] o7 (z,0)

= é ) ) . ' N " 0k (0 Zrk 0 0<z<h ©)
5 ~PL)ol & 0) — [ § @0l & D L Q@0 (0sz<h)
0

-

[p/‘(O) +P (0)] "(z 0)

e(z) = . k ’kZO 0<z<h 10
DR\ A - frodee L Q00 sz
.| [PO+Po)]w ’f(z,o>
= . . _ . + Qk(0)w¥(z,0) (0<z<h) (@11)
j; —PL(1))w? (z,1;) — bqu(é)w?(z,g‘)d@ k %1

For the uniform distribution and unit vertical load at region I1(¢) of the j-th extended
soil, o/ (z,8), e’ (z,¢), and wy (z,¢), respectively, represent the influence coefficients of
the average vertical stress, vertical strain, and settlement of the r-th extended soil at the
depth of z. For the uniform distribution and unit vertical load at region I'I(0) of the k-th
extended soil, (Tzrk (z,0), sgk (z,0),and wgk (z,0), respectively, denote the influence coefficients
of the average vertical stress, vertical strain, and settlement of the r-th extended soil at the
depth of z.

The theoretical solution for the stress and settlement of a layered elastic foundation
is crucial for foundation design and application. The solutions for the vertical stress and
settlement of two horizontally layered foundations were derived by Burmister [37]. Based
on the Steinbrenner approximation method, Kitiyodom [38] proposed a modified Mindlin
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01(z) = Pi(z) |[of (z,27) — ol (z,2*)

solution [37] and applied it to analyze the pile raft foundation. For an elastic medium
with a rough, rigid layer, Poulos [39] derived the numerical solution of the corresponding
stresses and displacements. When comparing Poulos’s solutions to the corresponding
solutions of the semi-infinite medium condition, a negligible discrepancy can be observed
at a large depth when Poisson’s ratio v = 0.5. More importantly, the analytic solutions for
the stress and displacement of layered elastic media often involve the integration of Bessel
functions, which is inconvenient for engineering applications. In the complex interaction
between the bedrock and soil medium, the theoretical analytic solutions of stress and
displacement for the inclined bedrock condition cannot be observed. Therefore, the vertical
stress and settlement influence coefficients are expressed by integrating Mindlin’s solutions
for simplification. Moreover, the vertical strain influence coefficient can be determined by
the settlement influence solution.

When z =g, con51der1ng the finite jump characteristics of ¢i(z,&) and eii(z, &),

oL (z &), €2(z,¢), and w!(z,&) can be further derived by integration, combining
Equations (6) and (12)—(14).

P’(@)Md(ﬂ—iﬂ(o (2,0) + Z Qk(0)ctk(z,0) (12

*
éc j=1 k=n+1

=
—
S —

—.

l]
e (z) = Pi(2) {sizi(z,z*) —el(z,z")| = ) /Pi asz (z,¢) —=5dE + ZP] (z,0) + Z Q*(0)e’(z,0) (13)
0

1

E.

=1 C k=n+1
n l] 7] ) m
Z P awz Z g) dg + Z P] wzf (Z, 0) + Z Qk(O)wzk (Z, 0) (14)
=10 j=1 k=n+1
Based on Hooke’s law and equilibrium conditions, we have €(z,zt) — €ll(z,z7) =
Bk, oli(z,2) — dli(z,27) = —1/ A,

2.5. Governing Integral Equations

Based on the vertical strain compatibility condition, we can establish the governing
integral equation at the same depth between the extended soil and fictitious piles.

_W]P’ +AZ/P1 aszzg)dé A(ZP] £ 3 Q) lkZO)) (19

k n+1

Equation (15) is known as the Fredholm integral equation of the second kind regarding
the axial forces of fictitious piles. Moreover, there are two typical foundation conditions.

(1) Flexible foundation condition

For the flexible foundation, the governing Equation (15) can be directly solved as the
known load of each element top. Therefore, the axial force of each fictitious pile P! (z)
(i=1,2,..., n) can directly be obtained, and the axial forces P’(z) and settlement W'(z)
(r=1,2,..., m) of the actual pile and soil elements also can be determined by superposing
the axial force of the r-th fictitious pile and the vertical force of the r-th extended soil
element 07 (z) A, as shown in Equation (16).

lj

Af/p Md@-i—AZP] oli(z0)+A Y QN0)(z0) (16)

=1y j=1 k=n+1
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where P’(z) is assumed to be positive under the compression condition, and the axial load
of the r-th actual element head P"(0) can be obtained when z = 0 in Equation (16).

The settlement of the i-th fictitious pile w;, (z) at depth z is coincident with the extended
soil in the corresponding position w}(z). For instance, when r = i, we have

L(z) = wi(z)(r =) (17)

As mentioned above, 1, denotes the bedrock-embedded depth of the r-th unit. It is
reasonable to suppose that the bedrock surface of each unit has no settlement. Therefore,
the actual settlement for the r-th element with a finite depth /, can be expressed as

W' (z) = wi(z) — wi(hy) (18)

Under the condition of z = 0, the settlement of each element head can be obtained.
(2) Rigid foundation condition

For the rigid foundation condition, the governing Equation (15) cannot be directly
solved due to the unknown vertical load of each element head. Therefore, additional
deformation compatibility conditions and equilibrium equations must be introduced.

The vertical stiffness of the dissimilar PCF system over inclined bedrock obviously
shows a non-uniform distribution. Therefore, the average settlement w and inclination
slope 6 of a rigid foundation should be compatible with the settlement of the corresponding
cushion element head. For instance, the compression of the r-th cushion element s/, the
settlement of the r-th sub-element head W' (0), and the settlement of the rigid foundation at
the corresponding position should be compatible, as shown in below.

W)+s.=w+6Q((r=1,2,...,m) (19)

Based on the equilibrium conditions of a rigid foundation, we have

n . m
No=Y P0)+ Y Q0)(i=12...,mk=n+1n+2,...,m) (20)
i=1 k=n+1

where () is the position coordinate matrix about each sub-element, which can be obtained
from the coordinate system in Figure 1.

Combining Equations (15), (19) and (20), the axial forces of all the fictitious piles can be
achieved; furthermore, the axial forces and settlement of each actual pile element and soil
element along the depth can be obtained. Then, the compression of each cushion element,
the pile—soil stress sharing ratio, and the pile shaft friction can be analyzed.

In particular, once the vertical load P (0) and settlement W (0) of the r-th sub-element
head are determined, the vertical stiffness K"(0) of the r-th sub-element head can be calcu-
lated as follows:

P'(0)

KO = wie) e

(21)

2.6. Numerical Solution

Calculating the governing Equation (15) is the key step for a reasonable result.

Equation (15) can be solved by the numerical integration method due to its simplicity
and ease, which transforms the integral equation into an algebraic equation. The basic
process is illustrated in Figure 4.
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; and settlement w/(z), and settlement w/(z) ,
K of fictitious pile of extended soil
(i=1,...n) (r=1,..,m)

Cushion vertical stiffness
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Governing integral equations
Axial force of pile element head P'(0) needs to be known,
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into algebraic equations

Y
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K" (0)

__ P
T (0)+s]

Dissatisfy

Settlement compatibility condition
between rigid cap and PCF head

satisfy

Figure 4. Basic solution process combining iteration algorithm.

3. Validation of Proposed Method

To validate the accuracy of the proposed method, we carry out two single pile field
load tests and an FEM case.

3.1. Two Single Pile Field Load Tests

A shallow buried anchorage foundation is located in Honghe bridge in Yunnan
province, where the underlying stratum is inclined bedrock. The bottom size of the founda-
tion is 48 x 62 m. The back and front areas of the foundation are located over moderately
weathered slate and strongly weathered slate, respectively. As shown in Figure 5, a dissimi-
lar rigid PCF is adopted to adjust the vertical and horizontal stiffness of the bearing stratum.
The rigid piles are arranged in a rectangular layout to enhance the strongly weathered slate.
The load tests for two single piles are investigated and indicated by the 7th row in Figure 5.
The diameter, pile spacing, and length of the loaded two piles are, respectively, 1.2 m, 4.5 m,
and 9.4 m. The elastic modulus of the pile and strongly weathered slate are supposed to be
300 MPa and 30 GPa. The Poisson ratio is 0.25 for the pile and strongly weathered slate.
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Anchorage
foundation

E=300MPa
#=0.25

Strongly weathered slate

Moderately weathered slate Rigid pile

‘I 27mI , 35m |

Figure 5. Schematic diagram of the shallow buried anchorage foundation.

Figure 6 depicts the Q—s curves of the two load tests and theoretical solutions, and
the initial stages are similar. The Q—s curves present a line distribution because the soil is
in an elastic state at the initial loading process, and the theoretical method is suitable for
elasticity analysis. When the loading increases, a significant difference in the Q-s curves
between the two methods can be observed when the plastic settlement emerges [40]. In
practical engineering, the ground is often in an elastic state, and the design criteria of the
foundation have shifted from bearing capacity control to displacement control in China,
which means that the theoretical method is suitable for analyzing PCFs. Comparing the
theoretical solutions, the enforcement and shielding effects of neighborhood piles offer
limited improvements in the pile stiffness on the condition of the large pile spacing.

O/MN

- —o—DZJZ2-1# 1
| —o— DZJZ2-2#

| —— This paper (group)
12[" —— This paper (single)
15 )l
18] ]
21 ]
24 ' ' ' ' ' ' '

O N W O

s/mm
[\ )

Figure 6. Qs curves of field tests and theoretical method.

3.2. Vertically Loaded 3 x 1 Dissimilar PCF

For further verify the feasibility of this theoretical method, the vertical behaviors of a
3 x 1 dissimilar PCF are also analyzed with FEM. The configuration and parameters of the
3 x 1 dissimilar PCF over the soil-rock composite ground is illustrated in Figure 7.

The axial force and settlement distribution along the pile shafts of piles 2 and 3 are
presented in Figure 8. It can be observed that the results of the proposed method match the
FEM solutions reasonably. The accuracy of the theoretical method is related to the length of
the sub-element, and the solution accuracy of FEM can also be affected by the mesh size.
Therefore, the results of the two methods are not completely consistent. Following the two
cases’ validation above, the proposed method is reliable.
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Pilel |Pile2 |Pile3
ll=5m 12:8m l;=5m

Soil: E~=10MPa v=0.3

Soil | 6m 6m Pile: E,=30GPa v=0.3
4m Load: Ny=300kN
Bedrock b=d=1m

Figure 7. The 3 x 1 dissimilar PCF and corresponding parameters.

P(z) /kN w(z) /mm
010 20 30 40 50 60 70 80 90 0 1.860 1.865 1.870 1.875 1.880 1.885 1.890
, : : : >
Ir 1t ]
27 2+ ]
i 3 i
g E
nAr w4t A
’T° Pile2, FEM > © o Pile2, FEM ]
6r o Pile2, This paper] or e P%132, This paper |
A Pile3, FEM J 71 P%le3, FEM ]
8 © Pile3, This paper g o Pile3, This paper
(a) (b)

Figure 8. Axial force and settlement distribution. (a) Axial force distribution of piles. (b) Settlement
distribution of piles.

4. Case Study

A vertically loaded 3 x 1 dissimilar PCF with a rigid cap over inclined bedrock is
studied, and the parameters of the PCFs [41] and soil are illustrated in Figure 9. The
influence of the cushion, inclined bedrock, pile rigidity, and length to diameter ratio
of the pile on the bearing characteristics and deformation mechanism of the PCF is the
main target.

s d b
1 1-9
. 10 1018
Cush
ushion © 19227
pilel |pile2 |pile3
L b L

Soil: E=10MPa 1=0.3

Pile: E,=200MPa/30GPa
v=03 b=d=1m s=3d

Cushion: E, h.

Load: N;=10,000kN

Bedrock

Figure 9. The 3 x 1 dissimilar PCF with cushion.

4.1. Vertical Bearing Behaviors

The underlying bedrock is modeled as an inclined plane and is perpendicular to the
oyz plane. The inclined angle of bedrock & = 30°, and E; = 50 MPa and /i = 0.5 m; the length
of pile2, =8 m. A; (i =1, 2, 3) are assumed to be the same, and A =1 m is set for simplicity.
The PCF system, including the cushion, is divided into 27 square elements based on the
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pile diameter d. The length of pile 1 and pile 3 can be obtained using the pile spacing s and
inclination angle &, whereas the embedded depth of the bedrock for each element can be
determined from pile length [ and A.

The axial force distribution of typical units is shown in Figures 10 and 11. It can be
seen that (1) negative friction near the pile head always exists for all the pile elements with
the presence of the cushion. The axial force of the pile element increases initially and then
decreases along the pile shaft, and the neutral point of the pile shaft is at about z = 1.2 m.
(2) The axial force of soil element 12 is significantly smaller than that of the pile elements
and decreases with depth. (3) Regarding the axial force at the same depth for the rigid
pile condition, we have the following: pile 3 (long pile) > pile 2 > pile 1 (short pile). For
the flexible pile condition, we have pile 3 (long pile) > pile 2> pile 1 (short pile) when
z = 0~2.4m, and pile 3 (long pile) > pile 2 > pile 1 (short pile) when z > 2.4 m. The axial
force distribution law has shown that the pile length plays a controlling role in LSR as piles
have strong load transfer abilities for the rigid pile condition. Therefore, the axial force of
the pile increases with the pile length. However, for the flexible pile condition, the LSR
of the piles is not only affected by the pile length but also by the parameter A due to its
relatively weak load transfer ability. Although the length of pile 1 is shorter than that of
pile 2, the LSR of pile 1 is still larger than that of pile 2 when synthetically considering the
influence of parameter A. (4) The LSR in the flexible pile condition is significantly smaller
than in the rigid pile condition.

N(z) /MN
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Figure 10. Axial force distribution for rigid pile.
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Figure 11. Axial force distribution for flexible pile.

Soil element 12 is the neighboring unit between pile 1 and pile 2. The settlement
distribution of the pile elements and soil element 12 for different pile rigidity conditions is
depicted in Figures 12 and 13. It can be observed that (1) for the rigid pile condition, the
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compression of the pile elements is relatively small at about 1 mm, which indicates a rigid
body deformation mode. For the settlement of the piles, we have pile 1 > pile 2 > pile 3,
and counterclockwise rotation has been generated. The settlement of soil element 12 is
larger than that of the pile elements near the surface and decreases rapidly with depth. The
neutral point is located at z = 3 m. (2) For the flexible pile condition, the settlement of all
the elements is significantly larger than in the rigid pile condition, and the compression of
the pile shaft cannot be ignored. For instance, the compression of pile 1, pile 2, and pile 3 is
37 mm, 46 mm, and 55 mm, respectively. The settlement of soil element 12 is approximately
equal to that of the piles, and the depths of the neutral points of the piles present notable
differences. For instance, the depth of the neutral point of pile 1, pile 2, and pile 3 is 4 m,
1.6 m, and 0.4 m, respectively.

w(z) /mm
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T T T T T T T 7
1+ Phe ]
_ -~
rd
3t | 1
s
g 5 i 7 7 T
N - - |1
7 /J pile1 |
- pile 2
9 | pile 3
// — — soil 12
11 : : : : : : : : :

Figure 12. Settlement distribution for the rigid pile.

w(z) /mm
0 10 20 30 40 50 60 70 80 90

1 i

3 4
£5 ]
[\N]

7 pile 1 |

' pile 2
9 pile 3
— — soil 12
11 . . . . . . . .

Figure 13. Settlement distribution for the flexible pile.

The LSRs of each element for the two pile rigidity conditions are illustrated in Figure 14.
The LSR of the pile to soil elements for the rigid pile condition is much larger than that in
the flexible pile condition, and the LSRs of the pile to soil elements are 0.58 and 0.37 for
the two pile rigidity conditions, respectively. The LSRs of pile 1 to the neighboring soil
element 12 are 14.2 and 7.1 for the two pile rigidity conditions, respectively, which shows
that the pile rigidity has a significant effect on the LSR of the PCF.
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Figure 14. The LSRs of each element.

4.2. Cushion Stiffness Effect

The effect of cushion stiffness K. on the PCF proposed in Figure 9 is investigated. In
this part, the range of K. is set from 1 x 10* kKN/m~3 x 108 kN/m, which covers the range
of cushion stiffness for major practical applications [42—-44]. The remaining parameters are
still identified before each case.

The variations in the neutral layer depth of the pile elements with K, are illustrated in
Figures 15 and 16. It can be obtained that (1) the neutral layer depths for all the pile elements
gradually decrease with the increase in cushion stiffness until 0 m, which indicates that the
regions of negative friction near the pile head decrease and disappear with the increasing
cushion stiffness. (2) For the rigid pile condition, the neutral layer depths of pile 1, pile 2,
and pile 3 are 2.2 m, 2.8 m, and 3.0 m, respectively, when K. =1 X 10* kN/m, and 0 m,
1.0 m, and 1.2 m when K, =2 x 10° kN/m. Zhang [40] has proposed that negative friction
often occurs within one quarter of the pile length for the PCF by FEM, which is consistent
with the theoretical solution. No negative friction zone exists for all the pile elements when
K. >2 x 10° kN/m. (3) For the flexible pile condition, the neutral layer depths of pile 1,
pile 2, and pile 3 are 2.0 m, 2.4 m, and 2.2 m, respectively, when K. =1 x 10* kN/m, and
0m, 0 m, and 1.0 m when K. =2 x 10° kN/m. No negative friction zone exists for all the
pile elements when K, >2 x 10° kN/m. (4) The neutral layer depth of the piles for the rigid
pile condition is larger than that in the flexible pile condition. Therefore, K. has a notable
effect on the depth of the neutral layer and the vertical behaviors of the PCF.

0.0r A

0.5r 1

1.0 1
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201 1
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2.5} —o—npile 2 ]
3.0F —ﬁ—plle 3 i

10* 10° 10° 107 108 10°
K, /kN/m

Figure 15. Neutral layer depth for rigid pile.
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Figure 16. Neutral layer depth for flexible pile.

The LSRs of each element for the two pile rigidity conditions are shown in Figures 17
and 18. The horizontal axis represents the element number, following the numbering
convention in Figure 18, and the vertical axis represents the ratio of the axial force of each
element head to the vertical load Nj. It can be concluded that (1) stress concentration exists
as the vertical stiffness of the pile elements is significantly greater than that of the soil
elements, and the stress concentration value increases with the cushion stiffness. When K.
changes from 1 x 10* kN/m to 3 x 10® kN/m, the LSR of pile 1 increases from 0.074 to 0.253
for the rigid pile condition, and from 0.062 to 0.161 for the flexible pile condition. (2) For
the rigid pile condition, the LSR of pile 3 exhibits the fastest growth with K, as the length of
pile 3 is the longest among all piles. Similarly, the LSR of pile 2 is slightly larger than that of
pile 1 due to the relation of the pile length. (3) For flexible pile conditions, the LSRs of the
piles are significantly affected by the pile length and the buried depth of the bedrock. The
vertical stiffness of pile 1 and pile 3 does not show notable differences, due to the shorter
pile length and smaller buried depth of the bedrock for pile 1 and vice versa for pile 3.
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Figure 17. The LSRs for rigid pile condition.

Figure 19 illustrates the relationship between the Ny/wdE; of the PCF and K.. We
have the following results. (1) The Ny/wdE;s increases with the increase in K. for the
two pile rigidity conditions, and a more notable increase can be observed for the rigid
pile condition. For instance, when K, increases from 1 x 10* kKN/m to 4 x 10° kN/m,
the No/wdE; increases from 10.21 to 28.95 for the rigid pile condition, and it increases
from 8.69 to 14.44 for the flexible pile condition. (2) The Ny/wdEs presents a relatively
slow increase when K. > 4 x 10° kN/m. The K, value increases about 750 times when
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K. increases from 4 x 10° kN/m to 3 x 108 kN/m, but the N/ wdEj only increases from
28.95 to 34.09 for the rigid pile condition and 14.44 to 14.88 for the flexible pile condition.
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Figure 18. The LSRs for flexible pile condition.
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Figure 19. The relationship of Ny /wdEs and K.

The variation for the differential settlement of rigid foundation w; is shown in
Figure 20, considering different values of K. and pile rigidity. According to the coor-
dinate system defined in Figure 1, the sign of w, is negative when the rigid foundation
experiences counterclockwise rotation, and vice versa.

18 : . : ;
O—O—O—0—0—0 o
15}
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10* 10° 10° 107 108
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Figure 20. The differential settlement wq of foundation.
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For the rigid pile condition, the sign of w,; gradually decreases from positive to
negative with the increase in K.. This means that the settlement of pile 3 is larger than that
of pile 1 for the smaller K. condition, and, conversely, the settlement of pile 3 is smaller
than that of pile 1 for the larger K. condition. For instance, the differential settlement
of rigid foundation wy; = 5.29 mm when K, =1 x 10* kKN/m, and wy = —4.84 mm when
K. =3 x 108 kN/m. Therefore, K. has a significant influence on the differential settlement
of rigid foundation w;.

For the flexible pile condition, the differential settlement of rigid foundation w,; almost
remains constant for different values of K, and the sign of w; is always positive. The
rigid foundation presents clockwise rotation consistently, and the value of w; falls between
16.56 mm and 16.80 mm. It can be concluded that the buried depth of the bedrock has a
controlling effect as the settlement of the longer pile (pile 3) is larger than that of the shorter
pile (pile 1) considering the existence of inclined bedrock.

The distribution of settlement for each element head w; for different pile rigidity
conditions is illustrated in Figures 21 and 22, respectively. It can be observed that (1) the
settlements of each element head w; gradually decrease with the K, increase; (2) the average
settlement and differential settlement of the rigid foundation gradually decrease with K;
(3) the settlement of the rigid foundation is consistent with the settlement of each element
head, as no compression exists for cushion elements when K, =3 x 108 kKN /m.

gl
36 9 12 15 18 21 24 27

FElement

Figure 21. The settlement of pile and soil element head (rigid pile).

3 6 9 12 15 18 21 24 27
Element

Figure 22. The settlement of pile and soil element head (flexible pile).
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4.3. Effect of Distance from Pile Bottom to Bedrock A

The influence of A on the bearing behaviors of the PCF proposed in Figure 9 is
illustrated. In this part, the range of A/d is set from 1 to 8, and the remaining parameters are
still in line with previous configurations. It is mentioned that the underlying bedrock has
no impact on the PCF when A/d > 8 when combining engineering experience. Therefore,
the foundation can be regarded as a semi-infinite elastic medium when A/d > 8.

Figures 23 and 24 illustrate the relationship between the neutral layer depth of each
pile element and A for the two pile rigidity conditions, respectively, and they show that
A has little effect on the neutral layer depth of the piles. For the rigid pile condition, the
neutral layer depth is between 1.2 and 1.4 m for pile 1, and between 1.6 and 2.0 m for pile 2
and pile 3. For the flexible pile condition, the neutral layer depth remains constant with
different A for all the pile elements, except the condition of A =1 m for pile 2. The neutral
layer depths of pile 1, pile 2, and pile 3 are 1.2 m, 1.4 m, and 1.6 m, respectively. Moreover,
the neutral layer depth of pile 1 is the smallest, and the neutral layer depth for the flexible
pile condition is smaller than that of the rigid pile condition for the same A.

1.1 - - - . . ;
1.3\ .
1.5 1
£
N .
1.7+ —o—npile 1
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2.1 : : . : . :
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Figure 23. Neutral layer depth for rigid pile.
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Figure 24. Neutral layer depth for flexible pile.

The LSR of the pile to soil decreases with A, as the increase in A weakens the relative
stiffness of the pile to soil. Therefore, the LSR of pile elements to the vertical load Ny, /Ny
also decreases with A, as shown in Figure 25. A significant reduction in N}, /Ny can be
observed when A <3 m, and the opposite occurs when A >3 m. Itis suggested that A affects
the behavior of the PCF significantly for the A < 3d condition, with a limited impact for the
A > 3d condition.
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Figure 25. The LSRs of pile elements.

The overall settlement w of the PCF increases with A, although the Ny, /Ny is constant
for the A > 3d condition. Therefore, the Ny/wdE; decreases with A and the decrease rate of
No/wdE; gradually diminishes, as illustrated in Figure 26. For the rigid and flexible pile
conditions, the values of the Ny/wdE; are 22.16 and 13.48 when A = 1 m, and 13.13 and
10.10 when A = 8 m.

24 . . . T . .
—o— Rigid pile
21r —o—Flexible pile

A/m
Figure 26. The No/wdE; for PCE.

The effect of A on the differential settlement of rigid foundation w,; and the settlement
of pile and soil element head w; is depicted in Figures 27-29. It also can be observed that
(1) the settlements of the pile and soil element head w; increase significantly with A. (2) For
the rigid pile condition, the settlement of rigid foundation w and the settlement of pile and
soil element head w; exhibit a uniform settlement distribution when A = 1 m; the differential
settlement of rigid foundation w; increases gradually with A; and the counterclockwise
rotation of the rigid foundation can be observed. For instance, the differential settlement
between the leftmost and rightmost side soil elements reaches 7.6 mm, and the differential
settlement of rigid foundation w,; reaches 9.2 mm when A = 8 m. (3) For the flexible pile
condition, the clockwise rotation of the rigid foundation also can be seen, which means that
the settlement of the long pile side is always larger than that of the short pile side when
A =1~8 m. The differential settlement w,; decreases with A. For instance, the differential
settlement between the leftmost and rightmost side soil elements reaches —14.8 mm and
—3.7 mm, and w; reaches 16.7 mm and and 4.0 mm, respectively, when A = 1 m and
A=8m.
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Figure 27. The differential settlement of foundation w,.
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Figure 28. The settlement of pile and soil element head (rigid pile).
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Figure 29. The settlement of pile and soil element head (flexible pile).

4.4. Effects of the Pile Length to Diameter Ratio l/d

The effects of the pile length to diameter ratio //d on the bearing behaviors of the
PCF proposed in Figure 9 are illustrated. The pile length of pile 2 [, is abbreviated as
I and it is assumed that I/d = 5~21. The remaining parameters are still in line with
previous configurations.

The axial force distribution of pile 1 for different I/d conditions is shown in
Figures 30 and 31. For the rigid pile condition, (1) the axial force distribution of pile
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1is affected by I/d, as the vertical stiffness of pile 1 increases significantly with I/d. There-
fore, the axial forces of the pile shaft increase significantly with [/d, and the increase rate
gradually diminishes. Furthermore, the attenuation trend of the axial force along the pile
shaft is consistent for different //d conditions. (2) The neutral layer depth of pile 1 increases
gradually with [/d. For instance, the neutral layer depth of pile 1 changes from 0 m to 2.4 m
when I/d increases from 5 to 21. For the flexible pile condition, (1) the pile element exhibits
a weaker load transfer ability along the pile shaft compared with the rigid pile condition.
Therefore, the more obvious attenuation trend of the axial force for the pile element can be
observed as a relatively small E;, / Es for different //d conditions. The increasing magnitude
of the axial force of the pile element is significantly smaller than the corresponding value in
the rigid pile condition. (2) The penetration of the pile head into the cushion is limited by
the relatively small Ej, / Es, which results in a smaller neutral layer depth compared to the
corresponding rigid pile condition. Furthermore, the ratio of the maximum axial force of
the pile shaft to the pile head is also smaller. (3) The axial force of pile 1 does not increase
with [/d when I/d > 9, which indicates that the flexible pile has reached its critical pile
length, and a further increase in pile length should not affect the load transfer along the
pile shaft.
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Figure 30. The differential settlement of foundation w;.
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Figure 31. The settlement of pile and soil element head (rigid pile).

As depicted in Figures 32 and 33, a distinct relationship between the LSR for pile
element N;/Ny and [/d can be observed for the different pile rigidity conditions.
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Figure 32. The LSR of each pile element (rigid pile).
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Figure 33. The LSR of each pile element (flexible pile).

For the rigid pile condition, (1) the LSR for all the pile elements increases with [/d,
and the increase rate gradually diminishes. (2) The relative vertical stiffnesses of three
pile elements have shown a significant difference when I/d is relatively small. The ver-
tical stiffness difference among the piles decreases with I/d. For instance, the LSRs
of pile 1, pile 2, and pile 3 are 0.143, 0.166, and 0.199, respectively, when [/d = 5, and
0.217, 0.214, and 0.224 for the I/d = 21 condition. (3) Regarding the order of the verti-
cal stiffness of the pile element head, we have pile 1 < pile 2 < pile 3 when I/d < 11, and
pile 2 < pile 1 < pile 3 when I/d > 11. The reason is that the pile length becomes the con-
trolling factor in the vertical stiffness of the piles when I/d is relatively small, and the
pile—soil interaction becomes the controlling factor in the vertical stiffness of the piles with
the increase in [/d.

For flexible pile conditions, (1) the LSRs for all the pile elements increase first and
then decrease with [/d. It can be interpreted that the underlying inclined bedrock plays
an important role in the vertical stiffness of the pile head. The embedded depth of the
inclined bedrock is shallow when [/d is relatively small; the existence of the inclined
bedrock significantly changes the displacement field distribution and enhances the vertical
stiffness of the pile head. (2) With the increase in //d, the vertical stiffness of the pile head
increases gradually, while the influence of the inclined bedrock on the vertical stiffness of
the pile head is weakened gradually. Combining the two factors mentioned above, the
vertical stiffness of the piles still increases. For instance, when [/d increases from 5 to 11, the
LSR changes from 0.113 to 0.128 for pile 1, 0.116 to 0.117 for pile 2, and 0.127 to 0.1028 for
pile 3. (3) The vertical behaviors of the PCF tend to be the same with a semi-infinite elastic
medium, not only as the pile length difference among piles is relatively smaller compared
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with the value of the pile length, but also because the influence of the inclined bedrock is
smaller for the larger //d condition. For instance, the LSRs of pile 1 and pile 3 are relatively
close, and a relatively smaller LSR for pile 2 can be observed compared with the side piles
when I/d = 21.

The N /wdE;s of the rigid foundation is influenced by the pile length and the embedded
depth of the inclined bedrock. With the increase in [/d, the overall vertical stiffness of the
PCF increases, but, on the other hand, the overall vertical stiffness of the PCF decreases
with the increased embedded depth of the bedrock. As shown in Figure 34, the vertical
stiffness of piles plays a controlling role in Ny /wdE;s, due to the stronger load transfer ability
for piles and the weaker influence of the bedrock under rigid pile conditions. Therefore,
the No/wdE; increases almost linearly with the increase in [/d. Liu [45] obtained the same
conclusion, namely that the pile length is the first factor that should be adjusted to reduce
the settlement of the PCF. In contrast, for the flexible pile condition, the piles have shown
a weaker load transfer ability, which means that the effect of //d on the Ny/wdE;s is not
notable, and the existence of the bedrock represents a controlling factor on the N /wdE;.
Therefore, the No/wdEs gradually decreases with I/d.

29
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Figure 34. The Ny /wdE; for PCE.

As shown in Figure 35, the relationship between the differential settlement w; of the
rigid foundation and //d exhibits distinct trends for different pile rigidity conditions. It can
be seen from Figure 35 that (1) the differential settlement w,; remains relatively small. The
wy changes from —0.94 mm to 2.20 mm as //d increases from 5 to 21. (2) The differential
settlement w; decreases with //d, and the sign of w; is always positive, which indicates that
the rigid foundation invariably experiences clockwise rotation for different values of I/d.
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Figure 35. The differential settlement of foundation w;.
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The relationship between the settlement of the pile and soil element head w; and I/d is
depicted in Figures 36 and 37. It can be seen that (1) w; is significantly affected by //d, and
w; decreases with [/d. However, the penetration of the pile head into the cushion is slightly
affected by I/d. For the rigid pile condition, when considering //d =5 and I/d = 21, the w,
of pile 3 is about 30 mm and 15 mm, respectively, and the differential settlement between
pile 3 and the neighboring soil element 18 is about 17 mm and 20 mm; for the flexible pile
condition, when considering I/d = 5 and I/d = 21, the w; of pile 3 is about 59 mm and
87 mm, respectively, and the differential settlement between pile 3 and the neighboring soil
element 18 is about 13 mm and 12 mm, respectively.
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Figure 36. The settlement of pile and soil element head (rigid pile).
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Figure 37. The settlement of pile and soil element head (flexible pile).

5. Conclusions

An integral method is proposed to study the vertical behaviors of dissimilar PCFs
located over inclined bedrock. A model of dissimilar PCFs with 7 piles is established, and
then the governing equation for the axial force along fictitious piles is established based
on the boundary element method and solved with an iterative algorithm. Field load tests
and FEM are introduced to validate the proposed method, and the settlement and load
transfer behaviors of a 3 x 1 dissimilar PCF and its influence factors are analyzed. The
main conclusions are as follows.

(1) For rigid pile conditions, rigid piles exhibit significant vertical stiffness and a strong
load transfer ability. The factor of the pile length plays a controlling role in the PCF’s
behaviors. Therefore, regarding the axial force of the pile shaft, the No/wdE; of the
PCF increases with I/d, and the displacement mode of the piles is characterized as
rigid body settlement. For the flexible pile condition, the LSR of the piles and the
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No/wdEs of the PCF are affected by the pile length and the distance from the pile
bottom to bedrock A. Due to the relatively weaker load transfer ability of piles, the
compression of the pile shaft cannot be ignored. The vertical rigidity of piles has a
significant influence on the load distribution and settlement behaviors of the PCF.

(2) The depth of the neutral layer of piles decreases with an increase in the cushion
stiffness. The neutral layer depth of the pile for the rigid pile condition is larger
than that for the flexible pile condition when considering the same cushion stiffness.
Additionally, the LSRs of the piles N;/Ny and the Ny /wdE; of the PCF increase with
K., and the average settlement and differential settlement of the rigid foundation
decrease with K..

(38) The neutral layer depth of piles is not significantly affected by the distance from the
pile bottom to bedrock A. The LSRs of piles decrease with A and increase significantly
with the pile rigidity. The No/wdEs of the PCF decreases with A, and the decrease rate
gradually diminishes. The settlement of the pile and soil element head w; increases
significantly with A and decreases with [/d. The differential settlement of rigid
foundation w; is affected by the pile vertical stiffness and the parameter A.

Although the research has described the vertical performance of dissimilar PCFs
over inclined bedrock, no standards or open codes are available to analyze or design
dissimilar PCFs over inclined bedrock. Therefore, more field load tests should be per-
formed, and complete design methods for engineering should be established to promote
the PCF’s applications.
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