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In order to reduce the differential settlement of piled raft foundations, an optimization method based on pile-to-pile interaction
theory is proposed in this paper, which translates the problem of pile-to-pile interaction (PPI) in pile groups into that in single
piles using the interaction factor method. +e pile lengths were adjusted via the relationship between load, settlement, and the
length of single piles during the optimization design. ANSYS software, in conjunction with nonlinear elastic soil model, is used to
analyze piled raft foundation models. Two cases with different safety factors that suffer different kinds of surface loads (uniform
load and nonuniform load) are used to verify this method. +e differential settlements of the raft in different cases are all reduced
by nearly or more than 80% after optimization design. +e results show that the optimization method proposed in this paper has
high efficiency and stability. +is study can help practicing engineers optimize the pile lengths in pile groups to satisfy higher
differential settlement requirements.

1. Introduction

Piled raft foundations (PRFs) have been used for many years
as a method of transmitting the loads from the super-
structure to competent strata at depth in the ground. During
the traditional design of pile foundations, a large safety
factor is always used to control the settlements and differ-
ential settlements. +e stiffness distribution of the pile group
is always uniform for the convenience of design and con-
struction. However, with the gradual improvement of
building requirements for the control of settlement and
differential settlement, it is very wasteful to meet the re-
quirements by increasing the safety factor for the reason that
pile-to-pile interaction and pile-soil-pile interaction always
exist in PRFs [1–3]. More recently, the focus has shifted
towards more economical and reasonable design, thereby
prompting considerable research effort to optimize the piles
in the group.

Optimization design of PRFs with dissimilar piles (with
different lengths and diameters) [4, 5] and pile arrangement

[6] has drawn much attention in recent years, which can
minimize the differential settlement on top of the pile group
and rearrange the load distribution of a PRF. +e critical
design criteria are often associated with the differential
settlements especially for large pile groups and important
buildings [7–11]. To address this issue, Padfield and Shar-
rock [12] enhanced pile group performance by changing the
pile arrangements across the group. Nguyen et al. [13, 14]
gave a parametric study for the optimal design of large PRFs
on sand, and the results show that differential settlement
could be effectively reduced by putting more piles in the
center of a raft than in other areas. Leung et al. [15] gave an
analysis and optimization method for PRFs which allows the
coupling of the stiffness of superstructure with the foun-
dation model. Algin [16] carried out a multiobjective op-
timization analysis method using the response surface
method (RSM) to achieve the most economical design so-
lution that satisfies the present design constraints for JGRs.

+ese aforementioned studies, however, have some
limitations in the convenience of the application of
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optimization methods and the accuracy of optimization
results. Pile layout optimizations proposed via outwardly
powerful and inwardly weak or outwardly weak and in-
wardly powerful are easy to achieve, but the accuracy of
optimization results is difficult to control. Optimization
designs based on traditional gradient methods or genetic
algorithm methods can easily result in accurate optimi-
zation results, but they are restricted to design problems
that they must be mathematically formulated and differ-
entiable and need expensive computation (especially for
large-scale pile groups). In the view of construction con-
venience, variable pile length is undoubtedly the least
difficult way compared with the design using variable pile
diameter and variable pile spacing because it avoids the
increase of positioning complexity caused by different pile
spacing and the constructing trouble caused by different
pile diameters. In order to achieve a variable stiffness
optimization design using different pile lengths, it is
necessary to clarify the “load-settlement-pile length”
(L-S-P) relationship of pile groups. It is easy to establish
L-S-P mathematical relationship for a single pile, but
difficult for pile groups. +erefore, the key of this paper is
how to transform the problems in pile group optimization
into the optimization problems among single piles com-
bined with PPI, to achieve the optimization design with
dissimilar pile length (PPI optimization method).

An important result of research into the settlement
behavior of pile foundations under vertical loads is that
predictions only based on elastic theory are excessively
conservative, and since the surrounding soil is always as-
sumed to be single phase, the consolidating pile-head set-
tlement is often neglected when a pile foundation is located
in deep and saturated soil [17]. +erefore, nonlinear soil
behavior is considered to be governed by Duncan–Chang
(DC) model [18] in this paper. Within a nonlinear frame-
work, pile settlement is coupled with the ultimate capacity,
and therefore, an accurate estimation of a pile capacity is a
prerequisite for a rigorous analysis of the serviceability limit
state. While simplified design approaches an integral part of
preliminary foundation design, three-dimensional (3D)
nonlinear continuum analyses are becoming more com-
monplace. +erefore, 3D finite element method (FEM) is
used to estimate the bearing capacity of single piles and the
loads shared by each pile in the groups. +rough the rela-
tionship of the settlement of single piles and that in pile
group, which is established in the PPI optimization method,
each pile length can be adjusted according to the corre-
sponding pile top settlement of the pile group. High cal-
culation cost and too much iteration times are avoided
during this process. +e optimization results show that the
differential settlements of the pile groups in different cases
can be highly reduced after optimization design compared
with the traditional design no matter what the load is
uniform or nonuniform.

2. Method

Based on the verification of the simulation of a single pile
load test via FEM, the single pile load-settlement (L-S) curve

and the ultimate bearing capacity (UBC) in different pile
lengths with the same soil can be estimated. +e L-S-P
surface of single piles is obtained via interpolating the P-S
curves of several single piles with MATLAB. +e required
pile length can be determined by any given pile top load Pi
and the corresponding settlement Sii of single pile via L-S-P.
However, L-S-P is only used for single pile settlement
problems because it neglects the complex influence in pile
groups. +erefore, L-S-P cannot be applied to the optimi-
zation design of pile group directly, and a relationship be-
tween pile group and single piles is necessary to be
established.

2.1. Establishment of Pile-to-Pile Influence Coefficient (βij) in
Pile Groups. PPI effects, which especially exist between pile
shafts, necessitate rigorous treatment, as settlements are
amplified compared with single pile values [19, 20]. +is
necessitates more reliable modelling of the development of
pile-soil interface resistance during loading as well as more
realistic treatment of PPI [21, 22].

2.1.1. Introduction of PPI Factors. +e interaction factor
method (IFM) [23, 24] is used for accounting PPI in the
design of pile groups. Interaction factor αij [25, 26] for pile i
due to pile j, corresponding to the spacing between piles i
and j, is given as follows:

αij �
ΔSij

ΔSii

�
Sij/Pj

Sii/Pi

�
Pi

Pj

×
Sij

Sii

, (1)

where Sii is the settlement of a single pile i under its own load
(Pi); ΔSii � Sii/Pi is the settlement of a single pile i under unit
load; Sij is the additional settlement of pile i due to adjacent
pile j loaded by Pj; and ΔSij � Sij/Pj is the additional settle-
ment of pile i due to adjacent pile j loaded by unit load. +e
total settlement of pile i, which satisfies the principle of
superposition, is the sum of its own settlement (Sii) and
additional settlement (Sij) due to pile j [27]:

Si � Sii + Sij. (2)

2.1.2. Application of PPI Factor in Pile Groups. Some re-
searchers consider that the use of interaction factors based
only on the spacing of any pair of piles in a group may result
in ignoring the potential reinforcing effects of center piles
[28–31]. From this view, the principle of superposition is not
valid in nonlinear engineering problems. Nevertheless, some
other research [32] shows that the soil remains in a linear
elastic state outside this narrow region near the pile-soil
interface. +erefore, PPI is governed by the elastic behavior
in this paper.

Superposition of two-pile interaction factors is used to
predict full pile group behavior. In this method (referring
to Figure 1), the settlement Si of pile i within a group of
N piles can be obtained by the IFM, which is given as
follows [27]:
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�
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(4)

βi is defined as the total influence on pile i affected by the
other piles in the pile group. Similarly, there is βj � Sj/Sjj. +e
influence coefficient of pile j on pile i in the pile group is
defined as follows:

βij �
βi

βj

�
Si/Sii( 

Sj/Sjj

�
Si/Sj 

Sii/Sjj

. (5)

Equation (5) shows that the influence coefficient between
any two piles in the pile group can be expressed by the single
pile settlements of the two piles and the settlements of the
two piles in a pile group under the same load condition.+is
paper assumes that the βij only depends on the spacing
between piles i and j and will not change with the change of
pile length.

2.2. PPI Optimization Method

2.2.1. Optimization Design Based on βij. In order to solve the
differential settlement problem in a PRF caused by pile-soil
interaction and different loads on top of the piles, variable
pile lengths are used in this paper to decrease the differential
settlement. +e parameters with “′” are defined as the op-
timization target parameters. For example, Sii′ and Si′ are the
target settlement of a single pile i and the target settlement of
pile i in a pile group, respectively.

+e reference pile (R-pile) needs to be determined at
first, and the other piles are optimized with the settlement of
R-pile as the reference line.+erefore, if pile j is chosen as the
R-pile, there is Sjj � Sjj′ . Si′� Sj′� Sj for any pile i in the pile
group. +e influence coefficient is unchanged because of the
unchanged pile spacing during the optimization procedure,
and therefore, βij′� βij is given by

βij
′ �

Si
′/Sj
′ 

Sii
′ /Sjj
′
⟹βij
′ �

1
Sii
′ /Sjj
′ 
⇒

1
Sii
′ /Sjj 

� βij⟹Sii
′ �

Sjj

βij

.

(6)

Equation (6) shows that the target single pile settlement
of any pile i (Sii′) can be obtained through the single pile
settlement (Sjj) of R-pile and the influence coefficient (βij) of
pile i due to R-pile. +e influence coefficients of R-pile on
other piles in the pile group are different and can be
expressed as matrix [β]R. +e target settlement (Sii′) of each
single pile is also different and can be expressed as matrix
[S]t. +erefore, equation (6) can be expressed as follows:

[S]t �
Sjj

[β]R

. (7)

+e length of each pile ([L]) in the pile group after
optimization design can be obtained with [S]t, [P], and L-S-P
surface.

2.2.2. Calculate [β]R. +e load distribution on top of piles in
a pile group is affected by raft stiffness. Even if the load is
uniform, the load can be unevenly distributed on top of the
piles due to the pile-soil interaction. Moreover, the load
distribution mechanism of pile top under uneven load is
more complex. +erefore, it is difficult to calculate [S]t di-
rectly. In order to solve this problem, a PRF system is
established using 3D FEM, which considers the influence of
pile group effect and raft stiffness on load distribution. After
analysis of the PRF system, the loads ([P]) and settlements
([S]group � [S1,. . ., Si,. . ., SN]) on top of the piles can be
extracted directly, and then, the settlements of single piles
([S]single � [S11,. . ., Sii,. . ., SNN]) under corresponding loads
([P]) can be extracted by L-S-P surface. Finally, each in-
fluence coefficient (βij) can be obtained by equation (5).

2.3. Optimal Iteration. Optimization efficiency can be im-
proved by recycling the PPI optimization method. After the
mth iteration, the load distribution ([P]m), settlements of the
piles ([S]group,m), and pile lengths ([L]m) of the optimized
model are extracted, and the corresponding [S]single,m can be
obtained. +en, renew [β]R and [S]t by equations (5) and (7).
Finally, the new pile lengths ([L]m+1) are obtained by L-S-P
surface, where m represents the number of iterations and
m� 0 in the initial design.

+e different optimized pile lengths need to be merged
and combined after optimization design, and the error will
always exist. +erefore, this paper agrees that if the incre-
ment (ΔFFm+1 � FFm+1 − FFm) of optimum rate (FF) of
differential settlement is less than 5%, the optimization effect
tends to be stable and the optimization cycle can be stopped.
FF represents the optimization rate and is defined as follows:

FF �
R − R′

R
, (8)

Pile i

Pile j

Plan of pile group

Figure 1: Superposition via the IFM.
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where R is the variable of the initial design and R′ is that of
the optimized design.

2.4. Suggestions and Constraint Condition. +e corre-
sponding SF in a different initial design will produce a
different differential settlement. In order to reduce the
differential settlement more effectively, this paper assumed
that there is a linear correlation between the maximum
settlement of the pile group and the corresponding safety
factor (SF) as shown in Figure 2, and three suggestions about
the selection of R-pile are given as follows:

(a) When SF≥ 2, it belongs to conservative design and
means that the optimization space of the PRF is
sufficient. It is suggested that the pile with the largest
settlement should be taken as R-pile, and the whole
optimization design is mainly to reduce the length of
piles.

(b) When SF≤ 1, it belongs to the low safety factor
design. +e pile with the smallest settlement should
be taken as R-pile, and the optimization design is
mainly to increase the length of piles.

(c) When 1< SF< 2, the pile corresponding to the
moderate settlement is taken as R-pile, and the
length of the piles can be increased or reduced at the
same time in the whole optimization design.+e pile
corresponding to this settlement (S in Figure 2) is
taken as the R-pile.

In this paper, the SF is defined as the UBC of the pile
groups divided by an applied load as shown in equation (9),
and it depended on the initial design of the PRF (e.g., the pile
length, pile diameter, and pile configuration). In order to
facilitate the calculation, the load component of raft [33] is
not taken into account within the UBC:

S.F �


i�N
i�1 Quk,i 

Fload
, (9)

S.F≥ 2, if Li ≥L0,i, set Li � L0,i,

S.F � 1, if Li ≤L0,i, set Li � L0,i,
 (10)

where Quk,i is the UBC of single pile i in the initial design,
Fload is the total load on top of the raft, Li is the length of pile
i, and L0i is the length of pile i in the initial design. Due to the
influence of PPI of long-short piles, light microwave vi-
bration of the length of R-pile is unavoidable. +e length of
R-pile can be adjusted according to equation (10) to ensure
that the R-pile is always in a stable and unchanged reference
state.

Different pile lengths need to be merged and combined
after optimization design in consideration of the feasibility
and convenience of construction.+eminimum value of any
Li−Lj needs to be no less than 0.5m for the reason of too
small a difference of pile lengths (e.g., Li−Lj <0.5m) will
affect the feasibility of construction and then affect the
optimization result.

+is paper only studies the optimization design of pile
groups in the elastic stage, and then, it is necessary to ensure

that the load on top of each pile does not exceed its UBC
during the optimization process.+e load on top of each pile
after optimization design should satisfy the following
condition:

Pi ≤Quk,i, i � 1, 2, 3, . . . , N. (11)

If Pi does not satisfy equation (11), the safety and af-
fluence of the pile group are insufficient and the selected
R-pile in this cycle is unreasonable and needs to be rese-
lected. +e largest Pi,max of the piles which does not satisfy
equation (11) is selected as a new R-pile, and then, the
previous cycle should be reoptimized according to SF� 1.

+e flowchart of the PPI optimization method is shown
in Figure 3.

3. Illustrative Example

3.1. Piled Raft Model (PRF) and Material. Two design cases
are given in this paper to investigate the foregoing method.
Both of the PRFs in the two cases consist of 121 concrete
piles (N � 121) arranged in a 11 × 11 pattern and connected
with a raft (49m × 49m). +e only difference is that the
piles are 37m long in Case 1 and 33m long in Case 2. Pile
diameters are all 1.5 m located with the same center-to-
center spacing of 4.5 m.+e calculation range of the soil in
the horizontal direction is approximately 4 times the
length of the raft. Generally, in order to reduce the in-
fluence of the boundary effect, the distance from the pile
tip to the bottom of the model is 2 times the pile length
[34, 35]. In this study, the distance between the pile tip and
the top of the bedrock is less than 2 times the pile length
while the bedrock can be considered as a fixed end, so the
bottom boundary of the model is located 5m below the top
of the bedrock. Table 1 and Figure 4 summarize the pile
group parameters used in the analyses. For the calculation
of load-settlement responses in piles, Moayedi and Rezaei
[36] and Moayedi and Hayati [37] used neural network,
and the software of ANSYS was used in this paper. In the
ANSYS analyses, the nodes are shared along the pile-soil,
pile-raft, and soil-raft interfaces, and zero slippage at these
interfaces is assumed. +e maximum element sizes in the
horizontal direction and the vertical direction are 6m and
3m, respectively. +is results in about 530000 nodes and
840000 elements.

SF = 1 SF = 2

Smin

Smax

S

SF
Safety factor

Pi
le

 to
p 

se
ttl

em
en

t

Figure 2: Linear correspondence between pile top settlement and
safety factor.
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+e soil model is assumed as an incremental nonlinear
(hyperbolic) stress-dependent model (DC model), which is
based on Hooke’s law, and the main feature of which is a
nonlinear relationship between stress and strain. Before the
calculation, the initial Young modulus of each soil layer is
calculated using the initial principal stresses (σ1 and σ3),
where the principal initial stresses of each element are ob-
tained from equation (12). K0 is the static lateral pressure
coefficient, z is the depth of the soil element center to the
ground, and c is the gravity per unit volume of the soil:

σ1 � cz,

σ3 � K0cz,


K0 � 0.95 − sinφ.

(12)

A detailed description about the DC model can be found
in Duncan and Chang [18] and Chen et al. [38]. +e cor-
responding 8 DC model parameters (K, n, φ, c, Rf, G, F, and
D) of the soil adopted in this paper are listed in Table 2 [39].
+is paper assumes that the soil with the same property but
different thickness has the same DC model parameters.

3.2. Boundary Conditions. All soil nodes at the bottom of the
model (with a Z coordinate of −26m) are considered to be
constrained in three directions, i.e., the displacements of the
nodes inX,Y, and Z directions are equal to zero.+e outboard
lateral boundary nodes only have displacement in Z direction,
and the motions in X and Y directions are constrained.

3.3. Loading and Analysis Procedure. In order to investigate
the universality of the PPI method, two kinds of loads are
used in this paper: uniform load and nonuniform load. +e
distribution of the two loads is shown in Figure 5. +e total
load (Fload) on top of the raft is 900MN in Case 1 and is
1100MN in Case 2. +ere are 21 load steps during the
analysis procedure. +e first step (i� 1) is the gravity of the
PRF system, and the external load on top of the raft is di-
vided into 20 steps (step i from 2 to 21) in order to consider
the nonlinear characteristics of soil.

4. Optimization Design via PPI
Optimization Method

As mentioned above, the L-S-P surface of single piles is an
important point during the whole optimization procedure.
+erefore, the simulation of a single pile load test via FEM is
needed to verify the validity of the analysis method.

4.1. Verification. A single pile load test (test pile) from Jiang
[39] is simulated in this paper. +e pile in the single pile
model has a circular cross section with a diameter of 2.8m
and a depth of 125m (the pile length between +4m and
−46m is not in the soil). +e soil model, which is composed
of 9 soil layers, has a diameter of 100m and a depth of 174m.
+e minimum and the maximum sizes of the model are 1m
and 5m, respectively. +is results in about 19000 elements
and 22000 nodes. +e nodes along the pile-soil interfaces are
shared, assuming that there is no slippage at these interfaces.
Only a quarter of the actual model was modeled due to its
symmetry. +e other boundary conditions are the same as
the PRF model. +e load applied on top of the pile, which is
5MPa, is divided into 20 steps, increasing from 0MPa to
5MPa with an increment load equal to 0.25MPa.

+e concrete pile has Young’s modulus of
E� 3.3×1010 Pa, an effective unit weight of c � 1.4MN/m3,
and Poisson’s ratio of ]� 0.12. +e elastic constitutive model
is used to model the concrete pile in this paper. +e behavior
of soil layers is modeled using the DC model. +e corre-
sponding soil parameters of the single pile test are shown in
Table 3.

In Figure 6, the settlement results of the single pile load
test are compared with those of the analytical prediction.+e
results indicate that the simulation results are in good
agreement with experimental results, and the settlement
error is only 3% under the same ultimate load, as shown in
Table 4. +at means the FEM adopted in this paper can
simulate the stress state of the pile before its UBC. Before the
load reaches the ultimate load, a sharp subsidence of the pile
will not appear; i.e., the slippage of the interface between pile
and soil is not severe.+erefore, unless the load on top of the

Pi ≤ Quk,iΔFF < 5%

Calculate SF, determine R-
pile following figure 2

YesYesOutput

Modeling and calculating

Extract [P]m, [S]group,m, and [L]m

Substitute [P]m and [L]m into L-
S-P surface to obtain [S]single,m

Calculate [β]R and [S]t
using Eqs. (5) and (7)

Substitute [P]m and [S]t into L-S-P surface, and
determine [L]m+1 referring Eq. (10)

Initial design

No

Reselect R-pile 
according to constraint
condition, and go back

to [P]m–1, [L]m–1,
[S]single,m–1.

No

No

Yesm > 0

Figure 3: Flowchart of the PPI optimization method.

Table 1: +e parameters of the pile, raft, and bedrock.

Property Elastic modulus (Pa) Poisson’s ratio Density (kg/m3)
Raft 2×1010 0.2 2.4×103

Pile 3×1010 0.2 2.4×103

Bedrock 1.5×1010 0.3 2.45×103

Advances in Civil Engineering 5



pile exceeds its UBC, the assumption of rigid contact be-
tween pile and soil is valid.

4.2. Getting L-S-P Surface. +e single pile load-settlement
with different pile lengths in the soil layers of PRF can be
simulated via the same simulation method in Section 4.1,
and the corresponding load-settlement curves can be ob-
tained (see Figure 7(a)). +ese different load-settlement
curves of different piles length can be translated into L-S-P
surface via MATLAB software, as is shown in Figure 7(b).

+e UBCs of the piles in different lengths need to be
calculated by other methods because the simulation method
can only simulate the state of pile top load before reaching
the ultimate load. +is paper uses empirical formulas
(equation (13)) from the Chinese code [40] to estimate the
UBC:

Quk � u ψsiqsikli + ψpqpkAp, (13)

where Quk is the UBC of a single pile; u is the pile perimeter;
Ap is the section area at the tip of the pile; li is the ith soil
layer’s thickness; qsik and qpk are the ultimate shaft and tip
resistance of ith soil layer, respectively; and ψsi and ψp are the
effect coefficients of the shaft and tip resistance for piles in

large diameter (diameter greater than 0.8m), respectively.
+e corresponding empirical parameters used in equation
(13) of different soil are shown in Table 5.

+e empirical value of UBC of the test pile is 43.6MN,
with only 3% error compared with the field test value
(45MN). +is indicates that the empirical parameters of the
soil layers can be used to estimate the UBC of the other piles
which have different pile lengths but in the same soil types
(the thickness of the soil layer can be different). +e em-
pirical values of UBCs of the piles in different lengths in
Figure 7(a) are shown in Figure 8. +e turning point of the
straight line in Figure 8 is caused by soil stratification.

4.3. Optimization Design of the Cases. +e UBC of a single
pile in 37m long is 17.2MN, which can be determined by
equation (13) or Figure 8. +e safety factor SF of the PRF in
Case 1 is more than that in Case 2 (SF is 2.3 under uniform
load and 2.2 under nonuniform load). +erefore, the pile
with the maximum settlement in the initial design is selected
as R-pile (the pile in the circle), as is shown in Figure 9.
Finally, the optimization process of Case 1 converges after 4
iterations under uniform load and 3 iterations under
nonuniform load. +e final pile lengths and the corre-
sponding arrangements are shown in Table 6 and Figure 9.

Pile length

5m

200m

Soil
Raft

Pile

Bedrock200m

49m

49m

39
m

Y X
Z

(a)

Pile length

1.8m

18m
Y

X

(b)

Figure 4: 3D view of the PRF: (a) the peripheral dimensions and components of the model; (b) cross-sectional view of (a).

Table 2: Soil parameters of the PRF used in the DC model.

Soil type High level (m) Rf K n G F D kur φ (°) C (kPa) ρs (g/cm3)
Fine sand 15.5∼18.4 0.8 672 0.6 0.4 0 0 1009 38 16 1.1
Medium-coarse gravel 13.5∼15.5 0.8 519 0.55 0.4 0 0 781 35 12 1.2
Medium-coarse sand 1.9∼13.5 0.7 462 0.5 0.4 0 0 701 35 11 1.1
Medium-coarse gravel −3.9∼1.9 0.8 502 0.6 0.4 0 0 762 38 16 1.2
Fine sand −16.9∼−3.9 0.9 431 0.6 0.4 0 0 663 35 16 1.1
Medium-coarse gravel −21∼−16.9 0.8 568 0.6 0.4 0 0 901 34 20 1.1
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+epile length varies from 33.5m to 37m under the uniform
load and from 31.5m to 37m under nonuniform load. +e
purpose of this paper is to reduce the differential settlement,
and the total volume of material will change according to the
optimization results under different SF, rather than remain
constant.

For Case 2, the UBC of a single pile in 33m long is
14.1MN.+e safety factor SF is 1.55 under uniform load and
1.5 under nonuniform load. 1< SF <2, therefore, the pile with
settlement close to 0.118m is selected as R-pile under
uniform load and the pile with settlement close to 0.121m is
selected as R-pile under nonuniform load, as is shown in
Figure 10 (R-pile is the pile in the circle). +e optimization
process converges after 2 iterations under both uniform load
and nonuniform load.+e pile length and the corresponding
arrangements are shown in Table 7 and Figure 10. +e pile
length changes from 28m to 35m under uniform load and
from 27m to 35m under nonuniform load.

5. Results and Discussion

Differential settlements can result in an additional bending
moment of the raft and then increase the cost of the raft.
+erefore, the settlement of the raft is chosen as the main
analysis objective in this paper to investigate the effective-
ness of the optimization method.

5.1. Result of Case 1

5.1.1. Settlement of the Raft. +e settlements on top of the
raft in Case 1 under different loads before and after opti-
mization design are compared in Figures 11 and 12. +e

result shows that the settlement surface of the raft becomes
more uniform after optimization design compared with the
initial design, and the maximum settlement of the raft is
moved out from the center of the raft.

Differential settlement is defined as the difference be-
tween the maximum and minimum settlement in this paper.

20m

P P

(a) (b)

1.2P

20m

14.5m

14.5m

P = Fload/(49 × 49)

Figure 5: +e load on top of the raft. (a) Uniform load. (b) Nonuniform load.

Table 3: Soil parameters of the single pile load test used in this paper (Jiang [39]).

Type High level (m) Rf K n G F D kur φ (°) C (kPa) ρs (g/cm3)
Fine sand −65∼−46 0.8 642 0.6 0.4 0 0 972 37 15 1.1
Fine sand −74∼−65 0.8 672 0.6 0.4 0 0 1009 38 16 1.1
Medium-coarse gravel −86∼−74 0.8 519 0.55 0.4 0 0 781 35 12 1.2
Medium-coarse sand −95∼−86 0.7 462 0.5 0.4 0 0 701 35 11 1.1
Medium-coarse gravel −105∼−95 0.8 502 0.6 0.4 0 0 762 38 16 1.2
Fine sand −123∼−105 0.9 431 0.6 0.4 0 0 663 35 16 1.1
Medium-coarse gravel −138∼−123 0.8 568 0.6 0.4 0 0 901 34 20 1.1
Clay −166∼−138 0.8 370 0.5 0.4 0 0 500 29 73 1.0
Silty fine sand −220∼−166 0.8 450 0.6 0.4 0 0 700 32 42 1.0
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Figure 6: Load-settlement curves of a single pile.

Table 4: Comparison of the pile top settlements at the ultimate
load.

Name Field test value FEM
Ultimate load (MN) 45 45
Settlement (mm) 64.67 64.84
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Table 8 gives a detailed comparison of the differential set-
tlement of the raft (DS raft) under different conditions. +e
DS raft of Case 1 is reduced by 80% from 0.015m to 0.003m
under uniform load and by 87% from 0.02m to 0.0025m
under nonuniform load.

5.1.2. Verification of UBC of Piles in Different Lengths.
+e comparison of the maximum pile top loads of different
pile lengths in different models and their corresponding
UBCs is shown in Tables 9 and 10. +e result indicates that
no pile exceeds the corresponding UBC during the opti-
mization procedure, which can also be verified in Figure 8.

5.2. Result of Case 2

5.2.1. Settlement of the Raft. Figures 13 and 14 give the
comparison of the settlement on top of the raft in Case 2
under different loads before and after optimization design.
+e result is similar to that in Case 1, where the settlement
surface of the raft is more uniform by using different pile
lengths compared with the initial design, and the maximum

settlement of the raft is moved out from the center of the raft.
A detailed comparison of the DS rafts in Case 2 under
different loads is shown in Table 11. +e DS raft is reduced
from 0.047m to 0.01m under uniform load, by 79%, and
from 0.051m to 0.0076m under nonuniform load, by 85%.
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Figure 7: +e relationship of load, pile length, and the pile top settlement: (a) load-settlement curves of single piles in different lengths; (b)
L-S-P surface.

Table 5: Empirical parameters of the soil used in equation (13).

Soil layer i Soil types qsik (kPa) qpk (MPa) ψsi ψp

li (m)
Test pile Simulated piles

1 Fine sand 70 — (0.8/1.5)1/3 (0.8/1.5)1/3 9 3
2 Medium-coarse gravel 110 — (0.8/1.5)1/3 (0.8/1.5)1/3 12 2
3 Medium-coarse sand 100 2.1 (0.8/1.5)1/3 (0.8/1.5)1/3 9 11
4 Medium-coarse gravel 120 2.2 (0.8/1.5)1/3 (0.8/1.5)1/3 10 6
5 Fine sand 80 1.5 (0.8/1.5)1/3 (0.8/1.5)1/3 16 13
6 Medium-coarse gravel 120 2.6 (0.8/1.5)1/3 (0.8/1.5)1/3 — 2
Note. +e tip resistances (qpk) of the soil take the lower limit of the given range in the Chinese code [35].
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Figure 8: +e relationship of the UBC of single piles and corre-
sponding pile length.
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5.2.2. Verification of Ultimate Bearing Capacity of Piles in
Different Lengths. +e maximum pile top loads of different
pile lengths are compared with their UBCs in Tables 12 and
13. +e result indicates that no pile exceeds the corre-
sponding UBC during the optimization procedure.

5.3. Discussion. Pile-soil interaction is the main reason
leading to different pile lengths when the load is uniform,
and the difference between different pile lengths is usually
not too large. +erefore, the effect of the error due to the
merging and combining of pile lengths is more prominent,
and then, more iterations are needed to make up for it.

When the load is nonuniform, the difference of different pile
lengths under nonuniform load is more obvious after op-
timization compared with that under uniform load. Even
though some differences of the pile lengths are eliminated by
merging and combining, the influence on the optimization
result by this error is not as obvious as that under uniform
load, and then fewer iterations are needed, which can be seen
from Tables 8 and 11.

+e safety factor in Case 1 is more than 2, and it is
between 1 and 2 in Case 2. Increasing and reducing pile
lengths can be adopted at the same time in Case 2 during the
optimization process as is suggested before, while Case 1 can
only choose reducing the pile lengths. +erefore, the models
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Figure 9: Pile length arrangement across the raft after optimization design under different surface loads (Case 1). (a) Optimization design
under uniform load (O-U). (b) Optimization design under nonuniform load (O-N).

Table 6: Pile length corresponding to different pile numbers in Figure 9 (Case 1).

Pile-Case 1 1 2 3 4 5 6 Others
Pile length (O-U) 33.5m 34m 35m 35.5m 36m 36.5m 37m
Pile length (O-N) 31.5m 34m 35m 34.5m 36m — 37m
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Figure 10: Pile length arrangement across the raft after optimization design under different surface loads (Case 2). (a) Optimization design
under uniform load (O-U). (b) Optimization design under nonuniform load (O-N).

Table 7: Pile length corresponding to different pile numbers in Figure 10 (Case 2).

Pile-Case 2 1 2 3 4 5 6 7 8 Others
Pile length (O-U) 28m 30m 31m 32m 34m 34.5m 35m — 33m
Pile length (O-N) 27m 29m 31m 32m 32.5m 34m 34.5m 35m 33m
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Figure 11: Comparison of the raft settlements under uniform load before and after optimization design (Case 1). (a) Initial design, 3D view.
(b) Initial design, XZ view. (c) Optimization design, 3D view. (d) Optimization design, XZ view.
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Figure 12: Comparison of the raft settlements under nonuniform load before and after optimization design (Case 1). (a) Initial design, 3D
view. (b) Initial design, XZ view. (c) Optimization design, 3D view. (d) Optimization design, XZ view.
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in Case 1 need more iterations compared with those in Case
2 (see Figure 9 and Table 6). +e DS raft always shows a
higher optimization efficiency under nonuniform load be-
cause of the merging and combing of pile lengths compared
with that under uniform load.

Compared with the optimization method [41] pro-
posed by the authors, the optimization method proposed

in this paper is more effective: (1) the FF of differential
settlement of piled raft foundation is significantly im-
proved; (2) the realization of optimization method is more
automatic, avoiding the error caused by manual partici-
pation; and (3) it is easier to change the pile length for
construction compared with change pile diameter and pile
spacing.

Table 8: Comparison of the DS rafts (Case 1, SF >2).

Case I-U O-U I-N O-N
DS raft 0.015 0.003 0.02 0.0029
FF — 80% — 86%
Note. I-U� initial design under uniform load; I-N� initial design under nonuniform load.

Table 9: +e maximum pile top loads and the corresponding UBCs of different pile lengths under uniform load (MN) (Case 1).

Pmax 1 2 3 4 5 6 37m
Initial design (SF >2) — — — — — — 5.7
O-U 4.5 4.1 4.6 4.8 5.1 5.5 5.6
UBC 14.2 14.4 14.7 15.5 16.7 16.9 17.2
Note. Pmax � the maximum load on top of the piles with the same pile length.

Table 10: +e maximum pile top loads and the corresponding UBCs of different pile lengths under nonuniform load (MN) (Case 1).

Pmax 1 2 3 4 5 6 37m
Initial design (SF >2) — — — — — — 6.4
O-N 4.3 4.3 4.8 5 5.3 5.8 6.5
UBC 13.6 14.4 14.7 15.5 16.7 16.9 17.2
Note. Pmax � the maximum load on top of the piles with the same pile length.
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Figure 13: Comparison of the raft settlements under uniform load before and after optimization design (Case 2). (a) Initial design, 3D view.
(b) Initial design, XZ view. (c) Optimization design, 3D view. (d) Optimization design, XZ view.
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6. Conclusions

+is paper proposes an optimization method based on PPI
theory aiming to remove the differential settlement of the
PRFs. ANSYS package software is used in conjunction

with DC nonlinear elastic soil model to simulate PRFs
under different surface loads to investigate the optimi-
zation efficiency of the PPI optimization method. After
the verification of a single pile load test simulation, the
settlement load curves of single piles with different lengths
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Figure 14: Comparison of the raft settlement under nonuniform load before and after optimization design (Case 2). (a) Initial design, 3D
view. (b) Initial design, XZ view. (c) Optimization design, 3D view. (d) Optimization design, XZ view.

Table 11: Comparison of the DS rafts (Case 2, 1 <SF <2).

Case I-U O-U I-N O-N
DS raft 0.047 0.01 0.051 0.0076
FF — 79% — 85%
Note. I-U� initial design under uniform load; I-N� initial design under nonuniform load.

Table 12: +e maximum pile top loads and the corresponding UBCs of different pile lengths under uniform load (MN) (Case 2).

Pmax 1 2 3 4 5 6 7 33m
Initial design (1 <SF <2) — — — — — — — 7.1
O-U 6.1 5.5 5.8 6.2 7.1 7.6 7.7 6.7
UBC 12.6 13.2 13.5 13.8 14.4 14.6 14.7 14.1
Note. Pmax � the maximum load on top of the piles with the same pile length.

Table 13: +e maximum pile top loads and the corresponding UBCs of different pile lengths under nonuniform load (MN) (Case 2).

Pmax 1 2 3 4 5 6 7 8 33m
Initial design (1 <SF <2) — — — — — — — — 6.4
O-N 5.9 5.2 5.8 6.2 6.3 7 7.6 8.2 6.2
UBC 12.3 12.9 13.5 13.8 14 14.4 14.6 14.7 14.1
Note. Pmax � the maximum load on top of the piles with the same pile length.
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via the same simulation method are obtained to establish
L-S-P surface of single piles. +e results emphasize the
superior advantages (the optimization rate FF is nearly
more than 80% without too many iterations) of the PPI
optimization method over the initial design by the tra-
ditional method in reducing the differential settlements of
PRFs. Based on the results, other conclusions are
proposed:

(1) +e problem of unknown pile top loads of pile
groups in the application of conventional IFM is
solved via FEM. +e simplified method, which de-
fined raft as rigid and flexible, is avoided.

(2) According to Poulos’s formula [27] for calculating
the settlement of a pile in pile group, which is based
on the superposition method, the influence coeffi-
cient (βi) of other piles in pile group on pile i is
obtained. +e relationship between the settlement of
a pile in a single pile system and the settlement of the
pile in a pile group system under the same pile top
loads is established.

(3) +e results before and after optimization show that
the PPI optimization method has high optimization
efficiency. +e DS raft is reduced by nearly 80%
under uniform load and more than 85% under
nonuniform load, which results in higher optimi-
zation rate compared with published works [5, 41]. It
can be seen that the uneven distribution of the load
does not affect the efficiency of the optimization
method proposed in this paper.

(4) +e traditional uniform pile layout design is selected
as the initial design to facilitate comparison in this
paper. However, the optimization method does not
limit the load type and the initial design of the pile
arrangement, as is shown in Figure 3. +e reason is
the optimization of each pile is independent in the
optimization process. +erefore, this method has
strong applicability, especially in the optimization
design with the differential settlement of the pile
foundation as the control objective.

+e selection of the R-pile is a key point of this research
method, which depends on the SF of the initial design of the
pile group and determines the bearing capacity level of PRF
after the optimized design. +e SF is directly proportional to
the economic investment of pile foundation; therefore, the
proposed method does not directly incorporate economic
optimization into the optimization objective, but gives
different optimization suggestions for PRFs under different
safety factors. In order to further study the optimization
method in the near future, the centrifuge test or small-scale
test will be studied to more accurately assess the perfor-
mance of the model for pile groups and piled raft, and the
parametric analysis will be studied to research the impor-
tance of parameters. Furthermore, with the continuous
development of artificial intelligence or artificial neural
network, future research efforts also can be focused on the
combination of artificial intelligence and optimization
design.
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