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Important buildings such as nuclear power plants always require stricter control of differential settlement than ordinary buildings.
*erefore, it is necessary to provide an optimized design for the piled raft foundations of important buildings. In this paper, a new
optimization method (using different pile diameters and different pile spacing) was proposed for the design of piled raft
foundations.*ismethod adjusts the pile diameters and pile spacing according to the stress distribution at the pile top of the initial
design to achieve a more uniform settlement of the raft and stress distribution on top of piles, which can solve the differential
settlement problems caused by uneven loads of the superstructure. After optimized design, the differential settlement and integral
bending moment of the raft decreasedmore than 64% and 52%, respectively, and the differential stress on top of piles decreased by
at least 63%. *e new method proposed in this paper could be applied to large-scale piled raft foundations with complex
superstructure loads.

1. Introduction

Rigid foundations are a good choice for important buildings
to resist static loads and seismic loads, but the rigid foun-
dations are always limited. Piled raft foundations (PRFs)
have been widely adopted in the design of high-rise
buildings and important buildings in recent years due to
their efficiency in controlling the total settlement and dif-
ferential settlement and their high bearing capacity [1].
However, the differential settlement of the PRF designed by
the conventional method for ordinary buildings may not
satisfy the requirements of important buildings.*e piles are
usually uniformly arranged in conventional PRF designs,
that is, a consistent pile diameter, length, and spacing.
Several studies have shown that even if the load is uniform,
the peripheral piles either carry a greater proportion of the
load than the central piles under a rigid cap or suffer from a
flexible cap which exhibits differential settlement due to pile-
soil-raft interactions [2–10], and nonuniform loading can
exacerbate these problems. Padfield and Sharrock [11]

briefly introduced a method of enhancing pile group per-
formance by varying the pile geometries across the group.
Truman and Hoback [12] proposed a combined finite ele-
ment (FE) and optimization technique to minimize the
system-wide distortion of PRFs. Using a centrifuge model
test and an extensive parametric study, Randolph [13] and
Nguyen et al. [14] verified that differential settlement could
be effectively reduced by adding several piles in the center of
a raft. *ese researchers stated that the differential settle-
ment could be minimized by placing “stronger” piles in the
center than in the periphery of the raft. Kim et al. [15]
studied the optimal location of piles in a PRF using genetic
algorithms (GAs) under the assumption of linear elastic pile-
soil interactions.

An optimized design method based on the stress dis-
tribution at the pile top (or BSDPToptimization method for
short) is presented in this paper; this method adjusts the pile
diameters and pile spacing according to the stress distri-
bution at the pile top to achieve a more uniform settlement
and stress distribution at the pile top. During the
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optimization process, the top loads of the piles will not
exceed their ultimate bearing capacities, and the change in
the total pile material after optimized design will remain
within 1% of the initial design [16], allowing for easy
comparison.*e piles in this PRF are friction piles, for which
the bearing capacity is mainly provided by the friction
between the piles and the soil. During calculation, the
nonlinear elasticity of the soil and soil-raft-pile interaction
are considered. A 3D finite element model (FEM) of the PRF
from a nuclear power plant was established. After optimizing
the design, the differential settlement and the differential
stress on top of the pile group and the maximum integral
bending moment of the raft all decrease more than 50%,
which allows an optimal and economical raft-pile system to
be obtained without the need for complex iterative
computations.

2. Optimization Method

Recently, the characteristics of piled rafts were in-
vestigated by performing tests of model rafts resting on
pile-reinforced sand [17] and centrifuge experiments [18]
with small-scale models. *ere has been substantial
agreement between such experimental measurements and
the outcomes of simplified numerical analyses [9, 19].
Nguyen et al. [1] performed a parametric study using
PLAXIS 3D, and its validity was confirmed via centrifuge
model tests. *is study demonstrated that a concentrated
pile arrangement can considerably reduce the total set-
tlement, differential settlement, and bending moments of
the raft; moreover, the effects of various parameters, such
as the pile length, pile number, and raft thickness, on the
behavior of the piled raft were also investigated. Sinha and
Hanna [20] investigated the effects of pile diameter and
pile spacing on PRF. *e conclusions of these studies are
presented in Table 1.

With these rules, engineers can achieve an optimal
design with “dissimilar piles.” However, the rules in Table 1
are empirical conclusions without a clear mathematical
relationship, which will affect the efficiency of the optimized
design. *us, other researchers [16, 21–25] have sought to
combine an optimization function with numerical calcula-
tions to solve this problem and obtain good results.

*e aforementioned optimization methods can be
divided into two main categories: empirical optimization
methods and mathematical optimization methods. Em-
pirical optimization methods are mainly based on expe-
rience or the analysis of a large number of numerical
models, summarization of the empirical coefficient, and
application to practical engineering. However, using
these empirical coefficients is not convenient enough,
good optimization results require multiple trial calcu-
lations, and this will hinder the application of the
method. Mathematical optimization methods can solve
the problems through a combination of mathematical
tools and numerical methods; therefore, accurate optimal
results can be obtained, but it is difficult for ordinary
engineers to learn. *e main idea of the BSDPT optimi-
zation method proposed in this paper is to reduce the

differential settlement through adjusting the pile di-
ameters and spacing according to the stress distribution
on top of the pile group.

*e flow chart of the BSDPT optimization method is
shown in Figure 1, and the detailed description is shown as
follows:

(1) Step 1: the initial design of the PRF is completed.*e
PRF is designed by the traditional design method,
with a consistent pile length, pile diameter, and pile
spacing.

(2) Step 2 (FEM calculation): a 3D FE model is estab-
lished using ANSYS software. *e load is the self-
weight of PRF and superstructure. *e load is di-
vided into several load steps to consider the non-
linearity of the soil and the construction process of
the superstructure.

(3) Step 3: pile diameters through the extreme pile top
stresses are adjusted. *e aim of the BSDPT opti-
mization method is to reduce the pile top stresses
that are greater than σa and increase the pile top
stresses that are less than σa to make the pile top
stresses and settlements more uniform. It is assumed
that the diameter and top stress of pile i of the initial
design and optimized design satisfy the following
relationship:

di
′

di

�
σi

σi
′
, (1)

where

σi
′ � σi −

σi − σj 

2
,

if , σi � σi,max, then, σj � σj,−,

if , σi � σi,min, then, σj � σj,+,

⎧⎪⎪⎨
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(2)

d and di
′ are the diameters of pile i before and after

optimization, respectively; σi is the stress on top of
pile i; σi,max, σi,min, and σa are the maximum,
minimum, and average pile top stresses of initial
design, respectively. σj,− � σa − 25% × (σa − σi,min)

and σj,+ � σa + 25% × (σi,max − σa) are the charac-
teristic stress points. All the characteristic stress
points and stress partitions are shown in Figure 2.

(4) Step 4: the piles according to the pile top stresses are
grouped. *e piles are divided into 5 subgroups
according to the left side of equation (3); each pile
subgroup has the same diameter, and their corre-
sponding adjusted pile diameters are shown in
equation (3), which are calculated through charac-
teristic stresses using equations (1) and (2). During
this process, it ensured that the total material change
in the piles does not exceed 1%. Fine-tuning can be
performed on the pile diameters at the junction of
adjacent groups. Finally, a new pile group scheme
(scheme 1) with different pile diameters can be
obtained:
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Figure 1: �e �ow chart of the BSDPT optimization method.
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Figure 2: Characteristic stress points and stress partitions.

Table 1: �e relationships between the parameters of the PRF.

Result Raft thickness Pile length Pile diameter Pile distance
Total settlement Inverse ratioa Inverse ratio Inverse ratio Little eect
Dierential settlement Inverse ratio Inverse ratio Inverse ratio Direct ratio
Bending moments of the raft Direct ratiob Little eectc Inverse ratio Direct ratio
a�e calculation result decreases as the variable increases. b�e calculation result increases with an increase in the variable. c�e variables have only a slight
eect on the calculations.
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where θ is a parameter to control the range of each
subgroup, and 0 < θ < 0.5.

(5) Step 5: the optimized model is recalculated.
(6) Step 6: the optimization results are analyzed, and the

optimization effect is verified. *e settlements of the
raft and the stresses on top of the piles can be ob-
tained. F represents the optimization rate and is
defined as

F �
R−R′

R
, (4)

where R and R′ are the variables of the initial design
and the optimized design, respectively; these variables
include the differential settlement and integral bending
moment of the raft and the differential stress on top of
the piles. *e main aim of this optimization method is
to reduce the differential settlement: the corresponding
optimization function and the constraints are shown in
equations (5) and (6):

50%≤F SΔ, SΔ′( ≤ 100%. (5)

Such that

V−V′
V




≤ 1%, (6)

pi ≤pi,u, i � 1, 2, . . . , n, (7)

where SΔ and SΔ′ are the differential settlements
before and after optimized design; pi is the load on
top pile i, pi,u is the ultimate bearing capacity of pile
i, n is the total number of piles in the PRF, and V and
V′ are the total volumes of the piles before and after
optimized design. If equation (5) is not satisfied, then
θ is adjusted, and steps 4–6 are repeated; if any pile
does not satisfy equation (7), its diameter will be
changed to a neighboring diameter which is bigger
than it.

(7) Step 7: the optimized design with different pile di-
ameters is converted into that with different pile
spacing using equation (8):

NiAi � Ni
′Ai
′, i � 1, 2, 3, 4, 5, (8)

where Ni is the number of piles in subgroup i, Ai is
the section area of a pile in this subgroup, and Ni

′ and
Ai
′ are the corresponding variables after optimiza-

tion. During this process, if the total number of piles
is not equal to that of the initial design, the pile
numbers in each subgroup are fine tuned for con-
sistency. *e piles in each subgroup are evenly
arranged. Finally, a pile foundation scheme (scheme
2) with different pile spacing can be obtained.

(8) Step 8: if the optimization objective is not satisfied,
fine tune the positions of the piles in each subgroup,
and go back to step 5. It is difficult to assign the piles
to the exact location in an irregular range, especially
near the junction of different subgroups. If the force
at the top of the pile exceeds its own ultimate bearing
capacity, then reduce the spacing of the surrounding
piles until the force at the top of the pile is less than
its ultimate bearing capacity.

3. Model Validation

Before the simulation of the PRF, a single pile test from Jiang
[26] is simulated to verify the feasibility of the material
constitutive model, boundary conditions, parameter selec-
tion, and FE method used in this paper. All the numerical
analyses were performed using the commercial code ANSYS.

3.1. Numerical Model. *e model consists of a pile (with a
circular cross section, a diameter of 2.8m and a depth of
125m, for which the pile length between +4m and −46m is
not in the soil) and a soil model with a diameter of 100m and
a depth of 174m. *e soil model is composed of nine layers
(Figure 3). *e soil and the concrete (pile) are modeled with
SOLID45 elements from the ANSYS database, which are 8-
node 3D elements. Although these elements may not be
appropriate for bending, they can adequately model the
shear deformation of the soil [27]. *e maximum size of the
pile element and the minimum size of the soil element are
1m, and the maximum size of the soil element is 5m. *e
final numbers of elements and nodes are 18676 and 21775,
respectively. Nodes are shared along the pile-soil interfaces,
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zero slippage at these interfaces is assumed. To simplify the
computational model, only a quarter of the actual model was
modeled due to its symmetry.

3.2. Material Model Parameters. *e material of the pile
model is considered to be reinforced concrete with Young’s
modulus of E� 33GPa, an effective unit weight of
c � 1400 kN/m3, and Poisson’s ratio of ]� 0.167. *e con-
crete pile is modeled using an elastic constitutive model. *e
soil layers are modeled using a Duncan-Chang (DC) model,
which is an incremental nonlinear (hyperbolic) stress-
dependent model based on Hooke’s Law, the main feature
of which is described by the nonlinear relationship between
stress and strain; the tangent modulus and Poisson’s ratio are
expressed in incremental relationships. Initial Young’s
modulus for each soil layer is obtained via the DC model
using the initial principal stresses (σ1 and σ3), where the
principal initial stresses of each element are obtained from
equation (9), z is the depth of the element center to the
ground, K0 is the static lateral pressure coefficient, and c is
the gravity per unit volume of the soil:

σ1 � cz,

σ3 � K0cz, K0 � 0.95− sinφ.
 (9)

A detailed description of the DC model can be found in
Chen et al. [28] and Duncan and Chang [29]. *e DCmodel
adopted in this paper specifies 8 parameters (K, n, φ, c, Rf, G,
F, and D), as listed in Table 2.

3.3. Boundary Conditions and Loading. *e following
boundary conditions were applied in the computational
model:

(1) All of the nodes at the bottom (with a Z coordinate of
−174m) were constrained; i.e., the translational
displacements in the nodal X, Y, and Z directions are
equal to zero.

(2) Symmetry is considered in the lateral areas of the
model (X� 0m and Y� 0m). *e displacement
along the side of the curved surface is fixed in the X
or Y directions; i.e., the displacement in the Y di-
rection on the Y� 0 section is zero and the dis-
placement in the X direction on the X� 0 section is
zero.

*e load on top of the pile is 5MPa, which is divided into
20 stages of loading, increasing from 0MPa to 5MPa with an
increment of 0.25MPa.

3.4. Results andValidation. *e load-settlement curve of the
single pile is presented in Figure 4, where the pile load test
results from the study by Jiang [26]and the simulation result
from this paper (ANSYS-3D model) are compared. *e
detailed data regarding the ultimate load and corresponding
pile top settlement in Figure 4 are listed in Table 3. *e
results indicate that the simulation result is in good
agreement with the experimental results. *erefore, the FE
method adopted in this paper can simulate the stress state of
the pile before its ultimate bearing capacity. Before the load
reaches the ultimate load, the pile does not undergo a sharp
subsidence; i.e., the interface slippage between the pile and
soil is not severe. *erefore, unless the pile top load exceeds
the ultimate bearing capacity, the rigid contact assumption
between the pile and soil is valid.

4. Determination and Verification of the
Ultimate Bearing Capacity of Different Piles

*e proposed BSDPT optimization method presented that
during the optimization process, the pile top load cannot
exceed its ultimate bearing capacity. For the piles which did
not have the single pile load test, the corresponding ultimate
bearing capacity can be estimated by empirical formulas,
such as the empirical formulas (equation (10)) from the
Chinese code [30]:

Quk � u ψsiqsikli + ψpqpkAp, (10)

where Quk is the ultimate bearing capacity of a single pile; u
is the circumference of the pile; Ap is the cross-sectional area
of the pile tip; li is the thickness of the ith soil layer around the
pile; qsik and qpk are the ultimate shaft resistance and the
ultimate tip resistance of the ith soil layer around the pile,
respectively; and ψsi and ψp are the size effect coefficients of
shaft resistance and tip resistance of large diameter (di-
ameter greater than 0.8m) piles, respectively.

During the estimation process, it is difficult to determine
the values of qsik and qpk in different layer soils because the
values provided in the code [30] are given as ranges.
*erefore, the ultimate bearing capacity from the pile load
test [26] is used to verify its estimated value and the soil
parameters. Table 4 reports the soil types and relevant pa-
rameters for each soil layer, which will be used in equation
(10). Table 5 lists the field test value and empirical value of
the ultimate bearing capacity of the pile with a diameter
equal to 2.8m. 2% error between the results indicates that

Pile

Soil

Z
Y

Y
Z
X

X

Figure 3: A single pile model.
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Table 4: Relevant parameters of the soil layers surrounding piles.

Soil layer i Soil types qsik (kPa) qpk (kPa) ψsi ψp
li (m)

d� 2.8m d� 1.3m–1.7m

1 Fine sand 60 — (0.8/d)1/3 (0.8/d)1/3 19 —
2 Fine sand 70 — (0.8/d)1/3 (0.8/d)1/3 9 3
3 Medium-coarse gravel 110 — (0.8/d)1/3 (0.8/d)1/3 12 2
4 Medium-coarse sand 100 — (0.8/d)1/3 (0.8/d)1/3 9 11
5 Medium-coarse gravel 120 — (0.8/d)1/3 (0.8/d)1/3 10 6
6 Fine sand 80 1500 (0.8/d)1/3 (0.8/d)1/3 16 13
7 Medium-coarse gravel 120 2600 (0.8/d)1/3 (0.8/d)1/3 — 2
Note. �e tip resistance of dierent soil types is the lower limit of the corresponding range in China code [30].

Table 3: Comparison of the results at the ultimate load.

Name Field test value Analysis value by ANSYS-3D (this paper)
Ultimate bearing capacity (MN) 44.66 44.66
Displacement (mm) 64.67 64.84

Table 2: Parameters of the DC model used in this paper.

Soil
High level (m)

Type Rf k n G F D kur φ (°) c (kPa) ρs (g/cm3)
Single pile model PRF model

1 −65∼−46 18.44∼27 Fine sand 0.84 640 0.59 0.40 0 0 970 37.1 14.7 1.09
2 −74∼−65 15∼18.44 Fine sand 0.84 670 0.59 0.40 0 0 1010 38.2 15.5 1.11
3 −86∼−74 13∼15 Medium-coarse gravel 0.80 520 0.56 0.40 0 0 780 34.9 11.7 1.15
4 −95∼−86 2∼13 Medium-coarse sand 0.70 460 0.52 0.40 0 0 700 34.6 10.8 1.09
5 −105∼−95 −4∼2 Medium-coarse gravel 0.80 500 0.58 0.40 0 0 760 38.1 16.5 1.15
6 −123∼−105 −17∼−4 Fine sand 0.91 430 0.62 0.40 0 0 660 34.6 15.7 1.10
7 −138∼−123 −21∼−17 Medium-coarse gravel 0.80 570 0.59 0.40 0 0 900 34.2 19.9 1.10
8 −166∼−138 — Clay 0.78 370 0.52 0.38 0 0 500 28.5 72.7 1.03
9 −220∼−166 — Silty �ne sand 0.78 450 0.57 0.40 0 0 700 32.0 42 1.06
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m
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Figure 4: Comparison of load-settlement curves between the FEM and pile load test.
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the empirical parameters of the soils in Table 4 are well
suited. With these empirical parameters, the ultimate
bearing capacity of the piles which have different diameters
and lengths but have the same surrounding soil properties
can be estimated in the samemanner, as indicated in Table 5.

5. PRF FEM and Simulation Analysis

*e PRF model adopted in this study originates from a
nuclear power plant. *ere are two reasons for this choice.
Firstly, considering the importance of the nuclear power
plant, it is necessary to design a high-demand pile foun-
dation. Secondly, the complex superstructure of the nuclear
power plant often result in uneven loads on the raft and the
irregular pile group shape, which makes the selection of this
model more representative.

5.1. Soil and Piled Raft Simulation. *e PRF FE model is
shown in Figure 5. *e model contains 7 layers of soil and
one layer of bedrock and the thicknesses of the soil layers are
reported in Table 2. *e calculation range of the soil in
horizontal direction is approximately 3 times the length of
the raft and the bottom boundary of the model is located 5m
below the top of the bedrock. According to the initial design,
211 friction piles with a diameter of 1.5m and a length of
37m are used, and the spacing between the piles is ap-
proximately 4m.*e thickness, length, and width of the raft
are 1.8m, 78m, and 53m, respectively. *e material pa-
rameters of the raft, pile, and bedrock are presented in
Table 6.

5.2. Superstructure Loads. Because the soil DC model is an
incremental nonlinear stress-dependent model, the in-
crement value of each load step affects the accuracy of the
results. *e load history and the distribution of the load
acting on the raft are two key factors. *e weight of the
superstructure is the main load, which has been divided into
19 load steps to consider the influence of the load history.
Each load step is considered to be a surface load acting on the
raft, the location and the distribution shape of the load are
based on the superstructure. A sketch of the superstructure
and the load steps are shown in Figure 6(a), and the dis-
tribution shape and the location of each load step are shown
in Figure 6(b). *e order of these load steps is determined
according to the construction sequence.

5.3. Boundary Conditions and Model Details. *e following
boundary conditions are applied in the PRF model:

(1) All soil nodes at the lowest elevation (with a Z co-
ordinate of −26m) are considered to be constrained
in three directions, i.e., the translations in the nodal
X, Y, and Z directions are equal to zero

(2) *e outermost lateral boundary nodes have only
vertical displacement, and the motion in the two
horizontal directions is constrained

*e elements used in this model are solid elements, and
full integration is used. *e maximum element size in
horizontal and vertical directions is 6m and 3m. *e
horizontal length of a pile element is half of the pile di-
ameter. *e total numbers of soil elements and associated
nodes are 261,000 and 275,000, respectively.

5.4. Analysis Procedure. *ere are 20 load steps during the
analysis procedure. *e gravity of the soil (i� 1) is the first
step, and the gravity loading from the superstructure is
divided into 19 steps (step i from 2 to 20) to simulate the load
during the construction process (Figure 6).*e stress state is
the output at the end of each calculation step for each load
step and is used to calculate the elastic modulus and
Poisson’s ratio for the next step via the DC model.

5.5. Results of the Initial Design. Figure 7 shows the contour
lines of the raft settlement and the vertical stress distribution
on top of the piles in the initial design. *e maximum pile
top stress in the pile group is 7.1MPa (12.5MN), which did
not exceed its ultimate bearing capacity of 17.2MN, as
indicated in Table 5. All the raft subsidence contours present
an irregular ring-like shape, and as the distance from the
center increases, the raft subsidence gradually decreases.*e
maximum settlement of the raft is 0.048m, which occurred
in the center of the raft. *e nonuniform distribution of the
load on the raft and the pile-soil interactions are the main
reasons. A comparison of these results with those of similar
analyses [1, 18], especially those based on similarly sized
models [31–33], indicates that the trend of the settlement
contour line is in accordance with normal trends, reflecting
the characteristics of the soil-pile interaction and the
complex loading forms of the superstructure.

6. Optimized Design of the Large PRF

6.1. Optimized Design under Various Pile Diameters

6.1.1. Procedure of the Optimized Design. Following the
BSDPToptimizationmethod (steps 3 to 6), the pile top stress
of initial design was obtained in Figure 7(b). *e average
stress (σa) on top of the piles is 6MPa, σi,max � 7.1MPa, and

Table 5: Ultimate bearing capacity of single piles with different pile diameters and lengths.

Ultimate bearing capacity of a single pile d� 2.8m
(l� 75m)

d� 1.3m
(l� 37m)

d� 1.4m
(l� 37m)

d� 1.5m
(l� 37m)

d� 1.6m
(l� 37m)

d� 1.7m
(l� 37m)

Field test valuea (MN) 44.7c — — — — —
Empirical valueb (MN) 43.6 15.2 16.2 17.2 18.2 19.2
a*e field test value is obtained through a single pile bearing capacity test. b*e empirical value is calculated by equation (10). cField test value is from Jiang
[26].
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Figure 5: 3D view of the nuclear power plant system: (a) the components and peripheral dimensions of the model; (b) cross-sectional view
of the model.

Table 6: Calculated parameters of the pile, raft, and bedrock.

Property Elastic modulus (Pa) Poisson’s ratio Density (kg/m3)
Pile 3.0 × 1010 0.17 2400
Raft 2.0 × 1010 0.17 2400
Bedrock 1.5 × 1010 0.28 2450

Shape of the superstructure Simplified superstructure
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9
8
7
6
5
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3
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(a)

Steps 2 to 11 Step 12

Steps 14 to 18

Step 13

Steps 19 to 20

(b)

Figure 6: Superstructure of this system and corresponding simpli�ed load: (a) the shape of the superstructure and the value of each load
step; (b) the shape of each surface load that acts on the raft.
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σi,min � 4.7MPa. Substituting σa, σi,max, and σi,min into
equations (1)–(3), di,max and di,min can be obtained, and
these details are provided in Table 7. Equation (11) gives the

range of the �ve subgroups with θ � 0.25, and the cor-
responding diameters are reported in Table 7:

σi,max − 0.25 × σi,max − σa( )≤ σ ≤ σi,max,

σj,+ ≤ σ ≤ σi,max − 0.25 × σi,max − σa( ),

σj,− ≤ σ ≤ σj,+,

σi,min + 0.25 × σa − σi,min( )≤ σ ≤ σj,−,

σi,min ≤ σ ≤ σi,min + 0.25 × σa − σi,min( ),




⟶

7.1− 0.25 ×(7.1− 6)≤ σ ≤ 7.1,

6.3≤ σ ≤ 7.1− 0.25 ×(7.1− 6),

5.7≤ σ ≤ 6.3,

4.7 + 0.25 ×(6− 4.7)≤ σ ≤ 5.7,

4.7≤ σ ≤ 4.7 + 0.25 ×(6− 4.7),




⟶ d′ �

di,max′ � 1.7m,

di,max′ + dj′( )
2

� 1.6m,

dj′ � dj � 1.5m,

di,min′ + dj′( )
2

� 1.4m,

di,min′ � 1.3m.




(11)

Most of the dierential settlements and dierential
stresses disappeared when θ � 0.25, and the optimization
objectives and the constraints in step 6 are simultaneously
satis�ed. Figure 8 shows the �nal pile arrangement after
optimization, with the total pile material increasing by 0.1%
compared with that of the initial design.

6.1.2. FEM Calculated Results after Diameter Optimization.
Figure 9 presents the settlement contours on top of the raft
in scheme 1. A comparison of Figures 7(a) and 9 dem-
onstrates that the settlement contour of the raft becomes
more uniform than the initial design after the optimized
design.�emaximum load on top of the piles with dierent
diameters is reported in Table 8. Compared with the ul-
timate bearing capacity determined by empirical formula
(10), no pile exceeds its ultimate bearing capacity, which
indicates that no slippage in the pile-soil interface occurs

and the results of this analysis are valid. A comparison of
the dierential settlements and dierential stresses on top
of the pile group between initial design and scheme 1 is
presented in Table 9. After the optimized design, the dif-
ferential settlement decreased from 0.014m to 0.005m, a
64% reduction, and the optimization objective was satis-
�ed. Simultaneously, the dierential stress on top of the pile
group was reduced by 67%. �e average stress decreased
from 6MPa to 5.8MPa, a decrease of 3%, with a 2% re-
duction in the average settlement; the result indicates that
the vertical bearing capacity of the PRF did not decrease
after optimization.

�e results for the piles along sections A-A and B-B are
selected for detailed comparison. Figure 10 presents the
settlements and stresses on top of these piles; a detailed
comparison of the corresponding data is shown in Table 10.
�e dierential settlement is reduced by up to 82% along
section A-A and by 79% along section B-B after optimized

X

Y

260 280 300 320 340

280

300

320

340

A

B

B

A

–0.034–0.034

–0.036

–0
.03

8–0.0
36–0.034

–0.047

–0.043
–0.041–0.038

–0.036
–0.038

–0.036
–0.034

–0.045

(a)

SZ

–3E + 06
–3.3E + 06
–3.6E + 06
–3.9E + 06
–4.2E + 06
–4.5E + 06
–4.8E + 06
–5.1E + 06
–5.4E + 06
–5.7E + 06
–6E + 06

(b)

Figure 7: �e result of the initial design: (a) initial settlement on top of the piled raft (m); (b) vertical stress on top of the pile groups (Pa).

Advances in Civil Engineering 9



design; the dierential stress is reduced by 56% along section
A-A and by 71% along section B-B. �erefore, a more
uniform stress distribution on top of the piles is also ob-
tained. �e reason of this phenomenon is that piles with
bigger diameters has more pile-soil contact areas and then
will have higher bearing capacity. Under the same load, the
greater the pile-soil contact area, the less settlement must be
sacri�ced and vice versa.

�e reduction in dierential settlement on top of the
piles will aect the bending moment of the raft inevitably.
Solid element cannot extract the bending moment directly,

which is described by the integral bending moment of the
raft in this paper; the method [34] for calculating the integral
bending moment of the raft is described below. �e basic
formula for the relative bending θr is

θr �
Δωr

LR
, (12)

where Δωr is the dierential settlement between the maxi-
mum and minimum settlements along a line on the raft and
LR is the length of the raft according to the location of the
integral bending moment; dierent locations on the raft
correspond to dierent values of LR (see Figure 11).

According to the theory of elasticity, integral bending
moments can be calculated by the raft thickness t and the
relative bending θr as follows [34]:

ML � 8θrDr
1
L
+
]r
B

[ ], (13)

where ]r is Poisson’s ratio of the raft, L and B are the length
and width of the raft, respectively, and Dr is the bending
stiness and can be calculated as [34]

Dr �
Ert

3

12
1− ]2r( ), (14)

where Er is the elastic modulus of the raft.
�e raft in this model has a thickness of 1.8m, an elastic

modulus of Er� 2.0×1010 Pa, and Poisson’s ratio of
]r � 0.17. �e values of L and B are equivalent to a length of
75m and width of 45m, respectively. �e results of the
integral bending moment of the raft along the X axis and Y
axis are shown in Figure 12, and Table 11 presents the details
of this comparison. �e results demonstrate that the integral
bending moment of the raft decreases considerably after
optimized design. �e reason can be found in Figures 9 and
7(a): the settlement of the raft is more uniform than in the
initial design after optimization, which results in the re-
duction of the dierential settlement of the raft, and thus the
corresponding integral bending moment will be reduced
according to equations (12) and (13). �e maximumMx and
My decrease by 52% and 78%.�e integral bendingmoments
decrease not only along both axes but also more uniformly
than initial design, with the average integral bending mo-
ments decreasing by 68% for the X axis and 75% for the Y
axis. �erefore, the additional stress of the upper structure
caused by the bending moment from the raft is reduced
considerably, and the safety performance of the upper
structure is improved.

6.2. Optimized Design under Various Pile Spacing. For the
convenience of construction, a PRF that adopts one kinds of
pile diameter is suitable, and the dierential settlement of the
raft can also be minimized by adjusting the spacing of the
piles.

6.2.1. Procedure of the Optimized Design. �e optimized
design with dierent pile spacing is performed according to
equation (8). In Figure 8, 19 piles with d� 1.7m can be
replaced by 24 piles (24�19× (0.85× 0.85)/(0.75× 0.75))

Table 7: Details of the calculation progress.

Site σi
(MPa)

σj
(MPa)

σi′
(MPa) di (m) di′ (m)

σi� σi,max 7.1 6− 0.25 × (6− 4.7) 6.4 1.5 1.7
σi� σi,min 4.7 6 + 0.25 × (7.1− 6) 7.4 1.5 1.3

1.4 m
1.5 m

1.7 m

1.6 m

n = 19

n = 58

n = 58
n = 64

n = 12
1.3 m

Figure 8: Final optimized con�guration with dierent pile di-
ameters (scheme 1).
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Table 8: Maximum load on top of piles with dierent diameters (results of scheme 1) and the corresponding ultimate bearing capacity.

Pile diameter d� 1.3m
(L� 37m)

d� 1.4m
(L� 37m)

d� 1.5m
(L� 37m)

d� 1.6m
(L� 37m)

d� 1.7m
(L� 37m)

Maximum pile top load (MN) 8.2 9.5 11 12 13
Ultimate bearing capacitya (MN) 15.2 16.2 17.2 18.2 19.2
a�e empirical value calculated by equation (10).

Table 9: Comparison of settlements and stresses on top of piles between dierent schemes.

Model Di. settlement (m) Di. stress (MPa) Average settlement (m) Average stress (MPa)
Initial design 0.014 2.4 0.043 −6
Dierent diameters (F) 0.005 (64%) 0.8 (67%) 0.042 (2%) −5.8 (3%)
Dierent spacing (F) 0.005 (64%) 0.9 (63%) 0.042 (2%) −5.7 (4%)
Note. “Di.” is short for dierential.
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Figure 10: Comparison of the results of the initial design and optimized design: settlement distributions on top of the piles along (a) section
A-A and (c) section B-B; stress distributions on top of the piles along (b) section A-A and (d) section B-B.
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with d� 1.5m, and the 24 new piles are evenly arranged.
Similarly, 58 piles with d� 1.6m are replaced by 66 piles with
d� 1.5m, 64 piles with d� 1.3m are replaced by 56 piles with
d� 1.5m, and 12 piles with d� 1.4m are replaced by 9 piles
with d� 1.5m. �e total number of piles with d� 1.5m is
213. For only pile spacing can be changed, two piles were
removed to ensure a total pile number of 211. As a result, the

number of piles and the pile diameter are same as in the
initial design. In other words, the total material of the piles
remains unchanged before and after optimized design.

After repeating step 8 twice, the optimization objective
in step 7 is satis�ed. Figure 13 shows the �nal pile ar-
rangement with dierent pile spacing after optimization,
i.e., scheme 2.

Table 10: Details of the comparison between the initial design and optimal design.

Model
Dierential settlement (m) Dierential stress (MPa)

Section A-A Section B-B Section A-A Section B-B
Initial design 0.0104 0.0097 1.86 1.74
Dierent diameters (F) 0.0019 (82%) 0.002 (79%) 0.82 (56%) 0.51 (71%)
Dierent spacing (F) 0.0016 (85%) 0.0016 (84%) 0.44 (76%) 0.47 (73%)
Note. �e dierential values are the dierence between the maximum and minimum values of the piles along section A-A or B-B.
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Figure 11: Sketch of integral bending moment calculation.
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Figure 12: Integral bending moments of the raft along the (a) X axis and (b) Y axis.

Table 11: Comparison of integral bending moments.

Model Average Mx (kN·m/m) Max Mx (kN·m/m) Average My (kN·m/m) Max My (kN·m/m)
Initial design 355 478 186 276
Dierent diameters (F) 113 (68%) 228 (52%) 47 (75%) 78 (72%)
Dierent spacing (F) 97 (73%) 202 (58%) 48 (74%) 78 (72%)
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6.2.2. FEM Calculated Results after Spacing Optimization.
Figure 14 presents the settlement contours of the raft in
scheme 2; the settlement contours of the raft are more
uniform than initial design. �e maximum pile top stress in
scheme 2 is 6.4MPa (11.3MN), which did not exceed its
ultimate bearing capacity (17.2MN) (Table 5). Table 9
presents a comparison of the dierential settlement and
dierential stress on top of piles between the initial design
and scheme 2. In scheme 2, the dierential settlement de-
creases by 64% and the optimization objective is achieved.
�e average stress decreased from 6MPa to 5.7MPa, a
decrease of 4%, but the dierential stress decreased by 63%.
Simultaneously, the average settlement of the raft decreased
by only 2%, and the vertical bearing capacity of the pile
group increased slightly.

Because the positions of the piles in scheme 2 are dierent
from those in scheme 1 and the initial design, the settlement
and stress distribution on top of the piles near sections A-A
and B-B are selected to give a detailed comparison (Figure 10
and Table 10). Reducing the pile spacing is equivalent to
increasing the number of piles in a certain area, and con-
centrated piles can increase the bearing capacity of this area;
increasing the spacing of the piles near the boundary of the raft
can decrease the bearing capacity in that area. �erefore,
scheme 2 with dierent pile spacing can reduce the dierential
settlement by 85% along sectionA-A and by 84% along section
B-B. �e stress distribution on top of the piles are plotted in
Figures 10(b) and 10(d). Note that the dierential stress is
reduced by 76% along section A-A and by 73% along section
B-B, which indicates that the stress distribution is more
uniform than in the initial design. �e results show that the
optimized design with dierent pile spacing can redistribute
the stresses on top of the piles into a more uniform state.

Comparisons of the integral bending moments along
dierent directions of the rafts for dierent schemes are
presented in Figure 12 and Table 11. �e reason is similar to
scheme 1; the settlement of the raft from scheme 2 in
Figure 14 is more uniform than the initial design in

Figure 7(a); the dierential settlement of the raft is also
reduced, which then results in the decrease of the integral
bending moment of the raft along both directions of scheme
2. �e integral bending moments of the raft from scheme 2
decrease considerably in two directions, with the maximum
Mx and My being reduced to 58% and 72%. �e average
integral bending moment is reduced 73% for the X axis and
74% for the Y axis.

6.3. Comparison of Optimization E�ects between Two Opti-
mization Schemes. Table 9 shows the dierential settlements
of the pile group from two optimization schemes are the same;
with optimization ratio F equal to 64%, the F of the dierential
stress of the pile group is close, with 67% from scheme 1 and
63% from scheme 2. �e similar conclusion can be found in
Figure 10 and Table 10, which plotted the dierential set-
tlement and dierential stress in two directions. For the in-
tegral bending moment of the raft as is shown in Table 11, the
result in scheme 2 is slightly better than in scheme 1. �e
comparison of the optimization eects between two opti-
mization schemes indicates that both optimization schemes
can achieve the optimization objective, and the optimization
eects are similar. Considering from the construction point of
view, the optimization design via dierent pile diameters will
indeed bring some di©culties during construction, such as
need for more kinds of equipment for dierent pile diameters.
�erefore, optimization via dierent pile spacing is a better
choice in order to facilitate construction.

7. Conclusions

�e purpose of this work is to determine an optimized
con�guration of a large PRF via the BSDPT optimization
method given in this paper. �is method adjusts the pile
diameter and pile spacing according to the pile top stress to
minimize dierential settlement of the raft. In the process of

G1 G2 G3 G4 G5

Figure 13: Final optimized con�guration with dierent pile
spacing (scheme 2).
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Figure 14: Settlement contour plots of rafts with dierent pile
diameters (scheme 2) (m).
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implementation, piles are divided into several subgroups
firstly according to the pile top stresses after the initial
design. *en, the pile diameter is adjusted. Finally, the pile
spacing of the pile foundation is adjusted based on opti-
mized design with different pile diameters. *e FE simu-
lations of the loading process during superstructure
construction are performed for the PRF with an initial
layout, adjusted pile diameter layout, and adjusted pile
spacing layout. A detailed comparison between the results of
the optimized design and the initial design is provided. *e
following conclusions are drawn:

(1) Both optimized schemes reduced the differential
settlement from 0.014m to 0.005m, with a decrease of
64%. *e maximum integral bending moments were
reduced from 478 kNm/m to 228 kNm/m for scheme
1 with a decreasing of 52% to 202 kNm/m for scheme
2 with a decreasing of 58%. *erefore, the additional
stress of the upper structure caused by the de-
formation of the raft is reduced considerably, and the
safety performance of the superstructure is improved.

(2) Two optimized design schemes indicate that for a
given consumption of total pile material, the piled
raft foundation behavior can be enhanced via dif-
ferent pile diameters or different pile spacing. *ese
benefits can be used for economic savings and en-
vironmental impact reduction, as this strategy leads
to a higher performance of the piled raft foundation
for the same cost. In other words, for the same design
standard, the optimized design uses less material.

(3) Both optimization schemes can achieve the opti-
mization objective, and the optimization effects are
close. However, scheme 2 with different pile spacing
is more convenient during the construction. To-
gether, compared with other optimization methods,
the optimization method proposed in this paper is
easier to use for the cases of complex loads or piles in
irregular arrangements or large numbers.

*e work in this article improves the overall performance
of the foundation without increasing the project cost. Variable
rigidity design has become an effective approach to the op-
timization of foundations; during such design, the distribu-
tion of the stiffness of the foundation is varied to
accommodate the uneven load from the superstructure, and
the pile-soil interaction and other complex factors are con-
sidered. However, after the optimization of the foundation,
whether there is any effect on the response of the super-
structure under a seismic load requires further research.
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