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Abstract: This paper focuses on the optimization of uplift piles for a base plate considering local
anti-floating stability. According to the force characteristics of the base plate subjected to buoyancy, a
bi-directional evolutionary structural optimization (BESO) process is proposed. The optimization
process takes the pile length as the design variable and the pile end displacement as the sensitive
coefficient. The proposed process is conducted with FLAC3D to optimize the length of each uplift
pile, including two cases with different pile diameters and spacing. The optimization process shows
that the deformation degree of the base plate is significantly reduced when the piles are adopted with
large diameters and sparse spacing, and oscillates at a low level when the piles are adopted with
small diameters and dense spacing. Consequently, the design method of uplift piles considering the
local anti-floating stability is proposed by referring to the optimization results of two cases. Finally,
the proposed design method is applied to a practical project, and the original design of the uplift
piles is optimized. The comparison results show that the deformation degree of the base plate of
optimization designs is significantly lower than the original design.

Keywords: uplift piles; BESO; numerical simulation; local anti-floating stability

1. Introduction

With the development of underground space due to human activity, many under-
ground structures have been buried increasingly deeper. Moreover, increasing groundwater
levels have been observed in major cities all around the world due to water resources con-
servation policies. Many underground structures are subjected to high buoyancy nowadays,
and the issue of anti-floating should be considered seriously in structure design and project
construction [1-9]. Usually, anti-floating measures are divided into active anti-floating
measures and passive anti-floating measures. Active anti-floating measures reduce the
hydraulic head at the base plate by means of drainage. Passive anti-floating measures
resist buoyancy by increasing the weight of structures or setting uplift piles (anchors) [1,10].
Among those anti-floating measures, uplift piles are widely used in various structures due
to their advantages of convenient construction, long service life, and good economic bene-
fits [11-13]. Figure 1 shows uplift piles used as anti-floating measures for an underground
structure. Uplift piles provide pulling forces to offset buoyancy. In order to improve the me-
chanical performance of the uplift piles, most researchers focus on enhancing the ultimate
pulling force of the pile by changing the pile structure. These piles include root piles, screw
piles, belled piles, etc. [13-21]. Higher buoyancy can be resisted by setting these special
piles. Most of the abovementioned research focuses on the overall anti-floating stability
of underground structures. However, under the influence of multiple forces (buoyancy,
pulling force, and column loads), the base plate will generate a large deformation and
increase the risk of failure, which is the issue of local anti-floating stability. The design
parameters of uplift piles include pile length, pile diameter, and pile spacing. Most of
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the current designs use the overall anti-floating stability as the verification condition, and
arranged the pile according to equal length, equal diameter, and uniform distribution. It is
clear that, this design method ignores the local anti-floating stability.

Figure 1. Uplift piles for an underground structure.

For the anti-floating design of the structure, in addition to satisfying the overall stabil-
ity, the local anti-floating stability of the base plate should also be considered. Therefore,
it is necessary to study the reasonable design parameters of uplift piles, so that the defor-
mation degree of the base plate can be reduced under the premise of satisfying the overall
anti-floating stability. In recent years, with the development of a soft computing technique,
topology optimization theory has been widely used in geotechnical engineering, which
provides new ways to solve traditional problems and provides the reference for structural
design [22-25]. Topological optimization theory refers to finding the optimal distribution
form of materials in the design domain under specific constraints. The bi-direction evo-
lutionary structural optimization (BESO) method is one of the topological optimization
methods. The basic principle of the BESO method is to discretize the structures into finite el-
ements, add materials to the elements with high sensitivity, and remove materials from the
elements with low sensitivity. Due to its concise theory and high efficiency combined with
numerical calculation, the BESO method has been widely used in searching for the optimal
layouts of structures. Liu et al. [17] combined the method with the limit equilibrium method
to predict the critical failure surface of the anti-dip bedding rock slope. Nguyen et al. [19]
used this method for reinforcement design around the tunnel. Tang [26] used finite element
software ANSYS and wrote a BESO topology optimization program using APDL language
to propose a bridge shape that satisfies functionality, economy, environmental protection,
and aesthetics. Jing [27] used the topology optimization function that came with the ANSYS
software to design the layout of the internal support of the foundation pit row piles by
writing a program, which successfully realized the application of topology optimization
to the optimal design of the foundation pit. Wang et al. [28] proposed a design method
combining topology optimization and conceptual design of steel frame structures, which
was verified to be highly efficient through the case studies examined. Zhang et al. [29]
conducted a study on topology optimization algorithms applied to the design of concrete
structural engineering to address the difficulties of design methods for reinforced concrete
components. Liu et al. [30] optimized the design of H-beam web sections based on the
continuum structure topology optimization variable density method with structural strain
energy minimization as the optimization objective. Fang [31] established a mathematical
model with material cost as the objective function, based on the topology optimization
method of BESO algorithm, and proposed a set of economical design methods for the
internal support of foundation pit row piles. Similar to the optimal layouts of structures,
the purpose of optimizing the uplift piles is to minimize the deformation degree of the base
plate by changing the distribution form of piles, including the pile length, pile diameter,
and pile spacing.
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In summary; it is feasible to use the BESO method to study the optimization of uplift
piles for the base plate considering local anti-floating stability. In the present work, a
BESO process with the pile length as the design variable and the pile end displacement
as the sensitive coefficient is proposed. It is used for optimizing the distribution of pile
lengths and reducing the deformation degree of the base plate. Two cases with different
pile diameters and spacing are optimized, respectively. By comparing the optimization
results of two cases, a design method of uplift piles considering the local anti-floating
stability for the base plate is proposed. Finally, the proposed design is applied to an actual
project, and the original design is optimized.

2. Optimization Method
2.1. Problem Description

Figure 2 shows the force analysis of the base plate. Water buoyancy and earth pressures
are Pw and Ps, respectively. The pulling force provided by each uplift pile is F;. The column
loads of the superstructure is Fy. The base plate will generate differential deformation
under multiple forces. The deformation degree of the base plate can be measured by
its total strain energy C. Strain energy is the energy stored due to deformation, and it is
potential energy that reflects the degree of deformation. From the aspect of improving
the local anti-floating stability of the base plate, the optimization goal is as follows: under
the constraint conditions, strain energy C is as small as possible by changing the design
parameters of the uplift piles. Therefore, strain energy C can be used as the optimization
objective function in the BESO method and expressed as follows:

C— / fintdy (1)

where fit is the internal force vector acting on the base plate element, and u is the displace-
ment vector of the base plate element.

Column loads Fn

Water Buoyancy

Pw
Base plate

A A 4 A

Earth pressure
Ps

A I A B A A

Pulling forces Fpi

Figure 2. Force analysis of a base plate.

The BESO process in this study is based on the following assumptions. The soil is
homogeneous and isotropic. Liquid-solid coupling is not considered. The pile is assumed
to be a rigid body. The frictional resistance on the pile side varies linearly with the length
of the pile.
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2.2. Design Variable and Sensitivity Coefficient

In the BESO method, the design variable affects the change of the objective function.
Therefore, it is necessary to use an appropriate design variable to minimize the objective
function.

The pulling force F); is mainly provided by the lateral friction resistance of the pile
side and the pile weight. Under the assumption that friction resistance varies linearly with
the pile length, F; can be expressed as follows:

Fyi= 2mr’Lipg + Aqg DL, 2)

where 7 is the radius of the pile, p is the material density, D is the pile diameter, L; is the
pile length, A is the reduction coefficient, and g is the standard value of the limited lateral
resistance of the pile. According to Equation (2), under the conditions of the same soil layer
and the pile diameter, F; can be expressed as a single-valued function of L;, namely

Fpi = f1(L:) (©)

According to Figure 2, under the specific site condition, the pulling force F); and earth
pressure ps change with the different design parameters of uplift piles among the multiple
forces. Furthermore, ps varies with Y | F;. Therefore, Fp; is the only variable that affects
the external force of the base plate element, namely

n

f=3 f2(Ep) (4)

i=1

where f is the external force vector acting on the base plate element. The numerical
calculation is a process that the internal force and external force of the base plate elements
are gradually balanced, and the residual force tends to zero, namely

R=f—f"=0 5)

where R is the residual force vector. Combining with Equations (1) and (3)-(5), we obtain

C= [ Y flLydu ®)
i=1

It is inferred from Equation (6) that L; affects the strain energy C. Therefore, when
other parameters are kept unchanged, L; can be used as the design variable of the BESO
method to reduce the deformation degree of the base plate.

In the BESO method, the sensitivity coefficient o needs to be introduced, which
controls the variation in the design variable (i.e., L; in this paper). In order to minimize
the deformation of the base plate, which is subjected to buoyancy, each uplift pile under
the base plate is required to generate approximately the same vertical displacements. If
the vertical displacement of some piles is large, it is implied that the anti-floating force
provided by these piles is relatively insufficient (i.e., F); is relatively insufficient). On the
contrary, if the vertical displacement of some piles is much smaller than other piles, the F;
of these piles should be reduced. Therefore, the vertical displacement of the single pile can
be used as the indicator to determine whether the F); provided by this pile is reasonable.
At the same time, Equation (2) shows that F; is only related to L;, and L; is the design
variable in this paper. Therefore, the vertical displacement of the single pile can be used as
the indicator to determine whether the pile length L; is reasonable, that is, as the sensitivity
coefficient to control the variation in L;. Furthermore, according to the assumption that the
pile is a rigid body, the displacement of the pile end can be regarded as the displacement of
the pile and can be used as the sensitivity coefficient .
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2.3. BESO Process

Initially, the BESO process takes all uplift piles as the design domain and discretizes the
piles into pile elements, which is the step of establishing the numerical model and meshing
the model. Pile length L; is taken as the design variable, and the displacement of the pile
end is the sensitivity coefficient. The constraints are considered in two aspects, as follows. i.
Stability constraints: The structure meets the overall anti-floating stability requirements.
ii. Volume constraints: The target total volume of piles after the final optimization is V*.
The BESO process gradually reduces the total volume of pile elements until the volume
constraints are met. The total volume of pile elements changed in a single iteration step is
controlled by the volume evolution rate e and is calculated as follows:

VL = vk —e) 7)

where V¥ and V¥*! are the target volume in a single iteration step that needs to be reached
for the kth iteration and the k + 1th iteration, respectively. The replacement and addition
process of pile elements in each iteration step is as follows: Suppose the current iteration
step is kth. Firstly, traverse the vertical displacement u,; of each pile end element in the
numerical calculation result, and preliminarily determine the a threshold as follows:

ary = (Uemax + Uemin) /2 (8)

where Uy and Uy, are the maximum and minimum values of the pile end displacement,
respectively. Secondly, comparing u,; with ay,, the pile end elements with u,; < ay, are
regarded as inefficient elements and replaced with soil elements; that is, the pile elements
are replaced. The pile end elements with u,; > ay, are regarded as effective elements, and
the soil elements below them are replaced with pile elements; that is, pile element are
added. Thirdly, calculate the current pile elements volume V¥, and judge whether it meets
the target volume requirement of the single iteration step, namely, comparing VX" with VX,
Before entering the next iteration step, the current pile elements volume V¥ must be equal
to the target volume of this iteration step (i.e., VK = V), otherwise, ay, will be updated
based on the dichotomy method. For example, if VK > VK then by substituting u,i, = ag,
into Equation (8), a new &y, can be obtained. This increases the threshold; thus, more pile
elements are replaced by soil elements, and the total volume of pile elements is reduced.
On the contrary, temay = &y, can be substituted into Equation (8) to reduce the threshold and
increase the amounts of pile elements. The above three steps are the process of increasing
the length of the piles with insufficient pulling force and reducing the length of the piles
with excessive pulling force. It should be noted that before each iteration, it is necessary
to verify whether the current design meets the requirements of the overall anti-floating
stability of the structure. If the requirements are not met, the initial pile length should be
redesigned. However, the verification can be directly implemented in numerical calculation.
If the buoyancy is greater than the total anti-floating force, the numerical calculation will
not converge, and the vertical displacement of the base plate will become increasingly
larger. Figure 3 shows the flow chart of the BESO process.
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Figure 3. The flow chart of the BESO process.

3. Verification Analysis

In this section, the proposed process is conducted with numeral calculations to op-
timize the pile lengths, including two cases with different pile diameters and spacing.
The BESO program is compiled with Python. FLAC3D is used for numerical calculation,
because it has a connection with Python, which can realize secondary development. The
total strain energy is directly obtained by the FISH function.

3.1. Numerical Models

The frame structure with a base plate of 46 m x 30 m x 0.5 m is selected as an example.
The drawback of the BESO process is that the optimization result will be affected by the
injtial design, and the local optimal solution may be obtained. The proposed process takes
the pile length as the design variable. However, for the design parameters of the piles,
in addition to the pile lengths, the pile diameters and the pile spacings should also be
considered. Therefore, based on the same initial pile lengths and pile elements volume,
two designs with different pile diameters and pile spacings are selected for optimization.
The positions of piles and column loads in the two cases are shown in Figure 4.

For Case 1, the uplift piles are designed with large diameter and sparse distribution
(LS). The pile spacing is 4.2 m, which is 1/2 column load net spacing. The pile diameter is
0.7 m. For Case 2, the uplift piles are designed with small diameter and dense distribution
(SD). The pile spacing is 2.8 m, which is 1/3 column load net spacing. The pile diameter is
0.486 m. The initial pile length for both cases is 16 m. Two three-dimensional numerical
models are established as shown in Figure 5. The concentrated force of 8400 kN is applied
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to the base plate instead of the single column load. The radial mesh system is used for both
cases. Due to mesh size having a significant impact on the variation in the pile length in
the proposed process, meshes are equally divided in the vertical direction, and the vertical

size of each mesh is 0.5 m.

Column loads Uplift piles
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Figure 4. Initial designs of uplift piles: (a) Case 1: large, sparse (LS); (b) Case 2: small, dense (SD).
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()
Figure 5. Numerical model: (a) Case 1 (LS); (b) Case 2 (SD); (c) A’-A sectional view.

The Mohr—Coulomb constitutive model is used for the soil, and the linear elastic
constitutive model is used for the base plate and piles. The interface element is used to
simulate the slip between the pile and soil. The constitutive parameters of the soil, base
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plate, and uplift piles are presented in detail in Table 1. Parameters of the interface element
are derived from the user manual in the FLAC3D help document. A uniform load of 120 kPa
upwards is applied to the base plate instead of water pressure (i.e., hydraulic head = 12 m).

Table 1. Parameters of numerical model.

Material Properties Pile Base Plate Soil Interface Element
Elastic modulus (GPa) 25 25 0.1 /
Poisson’s ratio 0.2 0.2 0.3 /
Friction angle (°) / / 20 20
Cohesion (kPa) / / 30 30
Tangential stiffness (kN /m) / / / 1 x 10°
Normal stiffness (kN/m) / / / 1 x 10°

3.2. Variation of Total Strain Energy and Maximum Differential Deformation

By conducting the BESO program and the numerical calculation, the pile lengths of
Case 1 and Case 2 are optimized, respectively. Figure 6a,b are the varied history of the
maximum differential deformation and the total strain energy of the base plate, respectively.
When n is the number of iterations, Au is the maximum differential deformation, and
C is the total strain energy. Initially, the total volume of pile elements in both cases is
Vy. For Case 1, the residual volume of pile elements is 0.9 V after 12 iterations (i.e., 10%
total volume of the pile elements is reduced). After 21 iterations, the residual volume is
0.8 Vg (i.e., 20% total volume of the pile elements is reduced). The total strain energy C
of Case 1 gradually decreases and becomes stable as the iterations increase. Eventually,
the iterative process converges. The maximum differential deformation Au oscillates in
the initial iterations, then decreases rapidly and eventually stable as the iterations increase.
For Case 2, the residual volume of pile elements is 0.9 V) after 7 iterations and 0.8 V) after
16 iterations. However, for Case 2, the variation characteristics of C and Au are different
from those in Case 1. The value of C and Au are small and oscillate as the iterations increase.
It is indicated that although the BESO process reduces the total volume of the pile elements
in Case 2, C and Au do not decrease significantly with the iteration process and remain
oscillating at a low level.

16

8

Casel (LS) 14+ —=— Casel (LS)
—e— Case2 (SD) 1k —e— Case2 (SD)
=10
<
O 8f
6_
° ° 4r M
[]
1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1
10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
n n
(a) (b)

Figure 6. The varied history: (a) maximum differential deformation; (b) total strain energy.

Figure 7 shows the vertical deformation contour of the base plate with different
residual pile elements volumes in the two cases. Figure 7 has been standardized; the
average deformation value of the base plate is used as the origin of the ordinate in each
residual volume condition. For Case 1, when it is not optimized (i.e., residual volume
is Vp), the vertical deformation of the base plate is large in the middle and small in the
periphery. As the iterations increase and the residual volume decreases, the maximum
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deformation in the middle gradually decreases, and minimum deformation in the periphery
gradually increases, and the base plate gradually becomes flat. However, the positions of
the maximum and minimum vertical deformation are basically fixed and do not change
with the iterative process. Under the three residual volume conditions, the maximum
differential deformation Au is 16.09 mm, 8.56 mm, and 3.90 mm, respectively. The total
strain energy C is 1.26 x 10%J,9.12 x 10%J, and 8.08 x 10° J, respectively. It indicates that
the BESO process can significantly reduce the deformation degree of the base plate in that
case by optimizing the distribution of pile lengths. However, for Case 2, the base plates are
relatively flat under the three residual volume conditions; the positions of the maximum
and minimum vertical deformation will change with the iteration process. It confirms that
the deformation of the base plate maintains a relatively flat level and oscillates during the
iteration process in that case.

m g
0 o0

0.870

m 10 10

0.97 0.87
(b)

Figure 7. The vertical deformation contour of the base plate: (a) Case 1 (LS); (b) Case 2 (SD).

In general, under the same residual volume conditions, the total strain energy C and
maximum differential deformation Au of the base plate in Case 2 are smaller than that in
Case 1. From the comparison of the two cases in Figure 7, it can be seen intuitively that the
base plate of Case 2 is much flatter than Case 1.

3.3. The Pile Length Distribution

Figure 8a,b show the pile length distributions of Case 1 when the residual volume is
0.9 Vg and 0.8 Vy, respectively. The distribution characteristics of the pile lengths under the
two residual volume conditions are basically the same. The piles are longer in the center
and gradually shorten from the center to the periphery. The column loads are beneficial
to the anti-floating stability; thus, piles under the column loads are significantly smaller
than the others. Figure 9a,b are the pile length distributions of Case 2 when the residual
volume is 0.9 Vj and 0.8 V), respectively. The lengths of each pile are basically the same.
By comparing the distribution characteristics of pile lengths (Figures 8 and 9) with the
deformation characteristics of the base plate (Figure 7), it can be found that the distribution
law of pile lengths is consistent with the deformation law of the base plate under the same
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residual volume conditions. It indicates that by optimizing the pile length, the distribution
of the pile lengths and the deformation of the base plate can achieve the best consistency,
so that the deformation degree of the base plate can be reduced.

b g

Front view Side view
(a)
Front view Side view

(b)

Figure 8. The pile length distribution of Casel (LS): (a) residual volume is 0.9 Vy; (b) residual volume

is 0.8 V.

Front view Side view

(@)

Front view Side view

(b)

Figure 9. The pile length distribution of Case2 (SD): (a) residual volume is 0.9 V; (b) residual volume
is 0.8 Vo.

3.4. Analysis

Figure 10 shows the history of the variance in and standard deviation of the pile lengths
for the two cases. For Case 1, after 11 iterations, the variance in pile lengths no longer
changes significantly and is close to the interval [6,16]. It indicates that with the increase in
iterations and the decrease in C and Au, the dispersion degree of the pile lengths remains
constant. The ratio of the shortest pile length to the longest pile length in each iteration step
of Case 1 is defined as 1. Figure 11 shows the comparison of n) and the variance. When the



Appl. Sci. 2024, 14, 5000

11 of 17

variance in pile lengths remains constant, 11 is in the range of 0.4~0.6; that is, the shortest
pile length at the edge of the base plate is about 0.4 to 0.6 times the longest pile length in
the center. However, for Case 2, the variance in and standard deviation of the pile lengths
have no significant change with the increase in iterations, and they are much smaller than
those in Case 1. The dispersion degree of the pile lengths is small, and each pile is close to
the same length. Due to the oscillation variation characteristics of C and Au in this case
(shown in Figure 6), it implies that when the design of the uplift piles adopts small pile
diameters and dense spacing, the optimization of the pile length has no significant effect
on reducing the deformation degree of the base plate.

iy
w

[
[N

—&— Casel (LS) Variance
—#— Casel (LS) Standard deviation
—4A— Case2 (SD) Variance

—A— Case2 (SD) Standard deviation

Variance or Standard deviation
~

2 4 6 8 10 12 14 16 18 20 22
n

Figure 10. Variation in variance and standard deviation.

2 4 6 8 10 12 14 16 18 20 22

n

Figure 11. Variance and n in Case 1.

Based on the optimization results of the two cases, the following conclusion can be
drawn: In order to reduce the risk of local anti-floating instability of the base plate, the
design of dense pile spacing (i.e., pile spacing less than 1/2 column net spacing) and a
small pile diameter should be preferred; that is, two or more small diameter uplift piles
should be arranged between the column loads. However, if there are special situations
that must be considered. For example, when the pile is also used as a pressure-bearing
pile, a large-diameter pile body should be used to meet the bearing capacity requirements.
Moreover, there are dense pipelines below the base plate, and sufficient spacing between
the uplift piles is required. In these situations, only the sparse pile spacing (i.e., pile spacing
is greater than or equal to 1/2 column net spacing) and large pile diameters can be used;
that is, a single large diameter uplift pile is arranged between the column loads. Thus, it is
necessary to lengthen the piles at the center of the base plate and shorten the piles at the
edge and under the column loads. In addition, the dispersion degree of the pile lengths
should be controlled; the pile length ratio of the short pile to the long pile is about 0.4~0.6.
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4. Case Study

In this section, the design methods of uplift piles proposed in Section 3.4 are applied
to practical projects. A foundation pit of the Beijing sub-center transportation hub was
selected to investigate. Most of the structures in this project are underground stations
and underground commercial areas near the North Canal, so the structures have high
requirements for anti-floating stability. The bottom of this pit has no structures such as
crossing tunnels or shield wells, and the base elevation is the same. The layout and design
parameters of the uplift piles of the original design and the two optimized designs are
shown in Figure 12 and Table 2:

Short piles area

38m
o # Uolift ol Medium piles area
m NoNoNoNoD o plitt piles Long piles area
............. L=32m (D=1400mm) 9P
RSS-S0 S-SR —r—F ® e O Upliftpiles
................. O Column loads OO+ @ N\ L=25m 38m 50m (D=1400mm)
No lfohodohio JoI
................... @@ Q Column loads

76m| |2

©
®
@

102m

(a) (b)
®  Uplift piles
L=30m (D=1000mm)

Figure 12. The layout of the uplift piles: (a) original design; (b) optimization design 1; (c) optimization
design 2.

Table 2. Parameters of uplift piles.

Pile Spacing Plie Diameter  Pile Length Column Spacing

Design (m) (mm) (m) (m)
Original design 45 1400 32 9
Optimization design 1 4.5 1400 50, 38, 25 9
Optimization design 2 3 1000 30 9

In the original design, the piles are designed with the large diameter and sparse
spacing. Based on the same total volume of piles, the same pile diameters and the same pile
spacings, the pile lengths is dispersion in optimization design 1. Although the BESO process
can significantly reduce the deformation of the base plate by optimizing the distribution of
pile lengths, the pile lengths after optimization are extremely uneven, which is inconvenient
for engineering construction. Therefore, only three different pile lengths are selected for
optimization design 1. The piles in the center area of the base plate are the longest, the piles
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at the edge area and under the column loads are the shortest. The shortest pile length is
half of the longest pile length. There is a transition area between the long pile area and the
short pile area, and the pile lengths in that area are selected at 1.5 times the shortest pile
length. For optimization design 2, the total volume of the piles remains unchanged; the
piles are designed with a small diameter and dense spacing. The numerical models shown
in Figure 13 are established based on the three designs, and the parameters of the models

are shown in Table 3.

Initial design

Optimized design 1

Optimized design 2

AR
(LA

Figure 13. Numerical models.

Table 3. Parameters of numerical model.

Model Properties Value
Length x Width x Height (m) 500 x 500 x 80

Young’s modulus of soil (GPa) 0.13
Poisson’s ratio of soil 0.3
Friction angle of the soil (°) 20
Cohesion of soil (kPa) 30
Hydraulic head (m) 20
Thickness of the base plate (m) 1.5

Bulk modulus of the base plate (GPa) 13.9

Shear modulus of the base plate (GPa) 10.4

Due to a large number of piles in this model, the pile elements are used to replace
solid elements of piles to improve calculation efficiency, and column loads are replaced by
concentrated forces (8000 kN). The measured data of the single-pile pulling experiment are
used to determine the parameters of the pile element. The diameter of the pile is 1000 mm,
and the length of the pile is 30 m in the experiment. The corresponding numerical model is
established; by adjusting the parameters of the pile element, the load-displacement curve
of the pile crown is fitted with the measured data (Figure 14). The parameters of the pile
element are shown in Table 4.

The numerical results of the maximum uplift, maximum differential deformation, and
total strain energy for the base plate are shown in Table 5, and the vertical deformation
contours are shown in Figure 15. Compared with the original design, the three indicators in
optimization design 1 are reduced by 34.4%, 55.8%, and 19.24%, respectively, and those in
optimization design 2 are reduced by 25.2%, 35.5%, and 26.0%, respectively. Optimization
design 2 (small pile diameter and dense spacing) has the smallest total strain energy, which
proves that the deformation degree of the base plate in this design is the smallest among
the three designs. Compared with the original design, the maximum uplift is significantly
reduced, the deformation is more uniform, and the differential deformation is smaller in
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the two optimization designs. It proves that the design method of uplift piles proposed in
Section 3.4 has good engineering applicability.

8oxiotF Measured value
—e— Simulated value
,2-\60X103 B Surrounding Soil
Pull-out pile
B 40x10° A
4
2.0x10° |
0 2 4 6 8 10 12

Displacement (mm)

Figure 14. The pile crown load-displacement curve.

Table 4. The parameters of the pile element.

Pile Element Properties Value
Young’s modulus (GPa) 60
Poisson’s ratio 0.3
Tangential stiffness (KN/m) 2 x 108
Normal stiffness (KN /m) 2 x 108
Tangential friction angle (°) 28
Tangential cohesion (KPa) 30
Normal friction angle (°) 0
Normal cohesion (KPa) 0

Table 5. Numerical calculation results.

Maximum Uplift =~ Maximum Differential Total Strain Energy

Design (mm) Deformation (mm) ()]
Original design 25.34 17.71 45,864
Optimization design 1 16.63 7.83 37,039
Optimization design 2 18.95 11.42 33,955

Zone Z Displacement
2.34x107
230x102 Unit: m
2.20x10°
2.10x10”
2.00x107
1.90x10?
1.80x10°

1.70x10°
1.60x10°
1.50x10?
1.40x10?

1.30x10?
1.20x10°

1.10x10?
1.00x10”
0.90x107

0.80x10?
0.70x10? Original design Optimization design 1 Optimization design 2

Figure 15. The vertical deformation contour.

5. Conclusions

In this paper, the optimization of uplift piles for the base plate is investigated consid-
ering local anti-floating stability. An optimization process is proposed based on the BESO
method, with the pile length as the design variable and the pile end displacement as the
sensitive coefficient. Consequently, a series of numerical simulations are conducted by
using FLAC3D. The key findings are as follows.
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e  When the uplift piles for the base plate adopts large pile diameter and sparse spacing,
the initial deformation degree of the base plate is large. The BESO process can greatly
reduce the maximum differential deformation and total strain energy of the base plate.
After optimization, the dispersion degree of pile lengths distribution is large.

e  When the uplift piles for the base plate adopts small pile diameter and dense spacing,
the initial deformation degree of the base plate is small. During the optimization
process, the maximum differential deformation and total strain energy are small and
oscillated. After optimization, the pile lengths are close.

e  To consider the local anti-floating stability of the base plate, the uplift piles should be
preferably designed with small pile diameters, dense spacing, and equal pile lengths.
If only the design of large pile diameter and sparse spacing can be adopted, long piles
should be arranged at the center area of the base plate; short piles should be arranged
at the edge area and under the column loads. The length ratio of the short piles to the
long piles should be about 0.4~0.6.

e  The deformation degree of the base plate of optimization design 1 (large pile diameter
and sparse spacing, unequal pile lengths) and optimization design 2 (small pile diam-
eter and dense spacing, equal pile lengths) are significantly lower than the original
design. It proves that the two optimization designs can effectively increase the local
anti-floating stability for the base plate.

e In the numerical calculation related to the pile resistance, if the model has a large area
of the base plate and a large number of piles, in order to improve the computational
efficiency, the solid unit of the pile has to be replaced by the built-in pile unit in
the numerical software, and it is still necessary to study and develop the topology
optimization methods and procedures applicable to the pile unit, so as to promote the
application in the actual engineering.
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