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W N

Abstract: Compared to conventional support methods, the close-fitting pile-wall integration tech-
nique features a minimized construction spacing between the retaining pile and the basement
retaining wall. This approach leverages the pile stiffness to minimize the wall thickness and enhance
underground space utilization. However, it currently lacks significant discussions and measured data
about the interaction laws between the pile and the wall. The model test and finite element method
(FEM) are employed to study the deformation and internal force interaction laws of two typical
close-fitting pile-wall integrated structures, and a comparison with conventional design is conducted.
Furthermore, this study separately investigates the impact of sensitivity factors, specifically the
pile-wall stiffness ratio and floor plate stiffness, on both structures during the basement construction
and serviceability stages. The test results can closely match the numerical simulation. The study
results reveal that the wall impacts the bending moment of the pile to some extent. The internal
force in the wall is significantly influenced by the lateral deformation of the pile and the floor plate.
Compared to conventional designs, this structure significantly reduces the bending moment of the
wall, particularly in the composite structure. Additionally, the analysis of sensitivity factors reveals
their considerable influence on the pile-wall interaction.

Keywords: pile-wall integrated structure; model test; numerical simulation; deep excavation;
retaining structure

1. Introduction

Shanghai, China’s largest international economic center, is situated in a typical soft
soil region [1]. With the swift development of the urban economy, large-scale development
of underground spaces has been brought to the forefront, leading to numerous deep
excavation projects [2,3]. In soft soil areas with high underground water levels, excavation
support projects typically employ a large number of bored piles as temporary retaining
structures. In conventional support methods, the retaining piles are regarded merely as
temporary support during the excavation stage. The external unit pressure is considered
to directly act on the wall without considering the supportive role of the retaining piles
during the serviceability stage, resulting in considerable waste [4].

Pile-wall integration technology combines the basement wall and the retaining pile.
By fully utilizing the bending resistance of the pile and reducing the space between the
pile-wall, this approach significantly reduces the basement wall thickness [5], expands the
basement area, and offers economic and energy-saving benefits [6]. However, the current
pile—wall integration technical standards are relatively crude, distributing the load borne
by the pile and wall solely based on their relative bending stiffness without considering
their combined interaction. This technique requires high verticality and quality of the
retaining piles and involves more complex construction processes. Moreover, existing
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monitoring data for excavations primarily focus on the excavation stage, lacking sufficient
monitoring data and research on the pile’s durability [7] during the basement construction
and serviceability stage, as well as adequate practical case support. Consequently, this
technology is generally adopted passively only when space within the retaining structure
is insufficient. Therefore, “pile-wall integration” remains a technology that is not widely
implemented in deep excavation practice, with a scarcity of experimental data and related
research support. Understanding the characteristics and interaction mechanisms of pile—
wall integration is of significant importance.

Many scholars have investigated the behavior and response of support structures in
excavation projects through model tests. Their efforts to enhance the stability and safety of
deep excavations primarily focus on designing retaining structure parameters, optimizing
support methods, analyzing deformation development patterns, and analyzing the stress
distribution [8-13]. However, in complex model tests, current analytical research mainly
focuses on the excavation stage, with little attention given to the serviceability stage. Model
tests can be time-consuming and less repetitive, and numerical simulation offers a quick
and convenient method. Many scholars have conducted comprehensive analyses using
this method on the internal forces and deformation patterns, three-dimensional spatial
effects, and the impact of external soil parameters and excavation depth on retaining
structures such as secant piles, steel sheet piles, pile groups, and retaining walls. They
are dedicated to optimizing the design and construction methods of retaining structures
through simulation, thereby providing a thorough analysis of the geotechnical engineering
construction process [14-22]. Furthermore, the combination of numerical simulation and
model tests can complement each other. Model experiments are better suited to reflect
engineering characteristics, while numerical simulation can analyze influencing parameters
that are difficult to achieve in model experiments [23,24]. Combining both methods allows
for more in-depth research on engineering characteristics [11,25-30]. Unfortunately, in
current research, there is almost no discussion on the interaction mechanism between
retaining piles and the retaining walls of the underground main structure.

The updated Shanghai “Technical Code for Excavation Engineering” (DG_T] 08-61-
2018) [31] recognizes the new design concept of “pile-wall integrated structure”, which
is classified as the close-fitting type and the force-transferring plate type (the separated
type). The close-fitting type is usually divided into superimposed and composite structures.
The close-fitting type, with a small gap between the piles and walls, achieves the stress
transmission and interaction between pile and wall by employing concrete grouting in the
gap after cutting hair on the retaining structure or after pre-burying connections in the
piles. On the other hand, the separated type, with a bigger gap, achieves the interaction by
setting several force-transferring plates between the pile wall, resulting in a lower stress
transfer efficiency than the former. Up to now, there has been little research on the concept
of pile-wall integration. Additionally, the interaction mechanism between the pile and
wall is complex, so applying the previous excavation research achievements directly to the
pile-wall integration engineering practice is hard.

In this paper, a study is conducted on the two typical close-fitting piled-wall integrated
structures using FEM and model tests. Within the study, model tests specially designed
for the pile-wall integrated structure are conducted to be benchmark data for the FEM
simulation, and then models of superimposed and composite structures are established to
analyze the deformation and the development law of internal forces of them. Moreover,
the impact of sensitivity factors, including the pile-wall stiffness ratio and horizontal
plate stiffness, is investigated during basement construction and serviceability stages.
The research results are of significant reference value for the design and construction of
close-fitting pile-wall integrated structures, especially in formulating excavation plans and
optimizing structural schemes of this structure in the deep excavation.
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2. Physical Model Test Results
2.1. Model Test Design

This study focuses on the two types of close-fitting pile-wall integrated structures.
The profile diagram of both structures is depicted in Figure 1. Figure la depicts the
superimposed structure (SS), which typically employs concrete grouting between the pile
and wall after cutting hair on the excavation side of the retaining structure or after pre-
burying connection reinforcement in the piles. It enables horizontal force, shear force, and
bending moment transfer between pile and wall. Figure 1b depicts the composite structure
(CS), where the gap between the piles and walls is filled with lining materials, enabling only
horizontal force transfer. In cases where the lining material possesses a certain thickness or
a soft interlayer, the force-transferring plate must be added to the position of the floor plate
to ensure proper load transfer.

\ ) Lining material

Basement main structure b Basement main structure
5 Z
AN N
£ Retaining structure ] Retaining structure
(a) (b)

Figure 1. Two types of close-fitting pile-wall integrated structures (SS). (a) Superimposed structure,
and (b) composite structure (CS).

The model test simulated the basic cross-section of the prototype, and it will be the
reference for the FEM numeric simulation. The schedule of grouting between pile and
wall was adopted, and it makes the model pile and wall bind together, inevitably allowing
bending moments and shear forces to be transmitted between them. This aligns with the
force-transmission characteristics of the superimposed structure (SS) making it suitable for
the schedule of the model test. The study of the composite structure (CS) is carried out after
the finite element simulation result is compared with the test to verify the reasonableness.

The excavation depth is about 10 m. During the excavation stage, two inner supports
are installed at elevations of —0.5 m and —6 m. The structural profile of the model test is
depicted in Figure 2. The tests were designed to comprehensively investigate the entire
process of excavation, including the deformation and development of internal forces in the
pile and the wall of the basement construction and serviceability stage.

The test stages and corresponding practical engineering references are depicted in
Figure 3. The design of Test Stage 8 (serviceability stage) is somehow different from the
actual construction. During the serviceability stage, it is difficult to simulate the transition
from active soil pressure during the excavation stage to static soil pressure. We used an
extra load to the outer ground surface to simulate the variation of the earth’s pressure.

The experiments consist of the following test stages: Test Stage 1: Initial excavation
to the first support bottom. Test Stage 2: Installation of the first support and the second
excavation to the second support bottom. Test Stage 3: Installation of the second support
and the third excavation to the foundation plate bottom. Test Stage 4: Installation of the
foundation plate and removal of the second support. Test Stage 5: Installation of the
basement retaining wall, grouting the gap between the pile wall to the elevation of the
By plate, and subsequent installation of the By plate after the grout solidifies. Test Stage
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6: Removal of the first support. Test Stage 7: Grouting the gap between the pile wall to
the elevation of the By floor plate and subsequent installation of the By floor plate after the
grout solidifies. Test Stage 8: Gradual loading of the ground outside the excavation with
intensity from 0.2 to 0.6 kPa (equivalent to 10~30 kPa in the prototype).
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Figure 3. Test stages.

2.2. Design of Test Chamber and Selection of Similitude Ratio

The model test chamber is 1.0 m in length, 1.0 m in height, and 0.5 m in width. The test
chamber is encased in 15 mm thick tempered glass panels with no top cover. The bottom
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plate of the model frame is a steel plate of 10 mm in thickness. On the upper section of a
short side wall, six detachable stainless steel plates, measuring 500 x 50 x 10 mm, are used
as a substitute for tempered glass. Furthermore, the exterior of the tempered glass panels
is fortified with 5 mm thick angle steel to provide the model box with adequate rigidity,
controlling chamber deformation and maintaining a planar strain state during testing. The
schematic diagram of the model box can be seen in Figure 4. The similar model tests in this
study were conducted under the gravity acceleration of 1 g. The geometric similitude ratio
(n) of 50 is determined based on the modulus similarity relationship and the clearance size
of the test chamber.

Tempered glass

-

Figure 4. Test chamber.

2.3. Preparation of Similar Model Soil Materials

Orthogonal experiments are a common and effective method for configuring proper
geotechnical materials [32-34]. In the model test, to embody the characteristics of the water-
rich sand soil layer, four materials are selected as components. The fine sand and barite
powder (1250 mesh) were employed as aggregates, while bentonite served as the binder,
and laundry detergent (composed mainly of non-ionic surfactants) acted as an auxiliary
material within the mixture. Based on these materials, a four-factor and four-level orthogo-
nal table L16 (4°) was designed to perform 16 sets of experiments. Subsequently, following
the mixing and test soil sample preparation, direct shear and consolidation tests were con-
ducted to measure the parameters of the model soil under each mixture ratio. Ultimately,
the mass ratio of fine sand to barite powder to bentonite to water to laundry detergent
was determined as 1:0.11:0.24:0.27:0.002. With this ratio, the physical and mechanical
parameters of the similar model soil were y = 18.2 kKN-m~3, Es = 0.33 MPa, ¢ = 0.1 kPa, and
@ = 26.2°, which matches the target parameters range presented in Table 1. The prototype
parameters are based on the soil layers from an excavation project in Shanghai.

Table 1. Physical and mechanical parameters of prototype and model soil.

Unit Weight  Water Content w Compressive ¢ (kPa) ©)
v (kN-m—3) (%) Modulus Es (MPa) ¢
Prototype 17.4~19.6 20~30 4~15 0~15 15~33
Expected 17.4~19.6 20~30 0.08~0.3 0~0.3 15~33
Model soil 18.2 20 0.33 0.1 26.2

2.4. Selection of Materials for Underground Structures

As the deep excavation retaining structure, the retaining pile mainly bears horizontal
load and flexural deformation, so its bending deformation should be the main design
objective in the 1 g model test. According to the similitude principle, the geometric
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similitude ratio n, and the stress similitude ratio N [8], the 1 g model test similitude
relationship was obtained, as shown in Table 2.

Table 2. The 1 g model test similitude relationship.

Prototype to the Model Ratio

Physical Quantity Similitude Relationship (for N = 1 = 50)
Acceleration 1 1
Linear dimension n 50
Stress N=n 50
Deformation n 50
Bending stiffness Nn# 50°
Moment Nnd 50%

To choose appropriate materials, the specimen was placed on the multifunctional
mechanical testing machine and a three-point bending test was conducted, as presented
in Figure 5a. The load-displacement curve was obtained from the electronic test data
generated during the three-point bending test, as depicted in Figure 5b.

Specimen

20

Single force/N

0 1 1 1 1
0 2 4 6 8

Mid-span displacement/mm
(b)

Figure 5. Modulus of elasticity test. (a) Three-point flexural test, and (b) displacement versus
load curve.

The elastic modulus E (MPa) can be determined by utilizing Formula (1), a material
mechanics equation, which relates the concentrated load p (N) and the deflection f (mm) of
a simply supported beam at the mid-span. This calculation requires values of the support
distance / on the test bench, measured in millimeters (mm), and the sectional moment of
inertia I of the tested material specimen, measured in square millimeters (mm?*).

3
f=r M

Table 3 presents the measured physical properties of three test materials, acrylic,
PP, and PE. The elastic modulus of the PE (polyethylene) material closely matches the
target value, and it is designated as a similar material in this experiment. However, PE,
being a white, opaque material, exhibits inadequate incision smoothness during thin sheet
processing. To ensure the accuracy of the grouting height and the better conjunction
between the floor plate and the wall model, clear acrylic material is employed for the
basement retaining wall. Furthermore, translucent PP (polypropylene) material is used for
the floor plate. Tables 4 and 5 list the dimensions and mechanical properties of the various
structural model, as well as their similitude ratios and relevant materials.
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Table 3. Material parameters of the structural similarity model.
Material Acrylic 4 PE
Diameter (mm) 16 16 16
Elastic modulus E (GPa) 3.02 1.39 0.84
Table 4. Similitude ratio of bending structural model.
. Bending Stiffness EsI
Size (mm) Length (mm) (MPa.m?)
Prototypical retaining pile @ 800 30,000 603.18
Model retaining pile @ 16 600 2.70 x 10~° (PE)
Target similitude ratio 50 50 50°
Practical similitude ratio 50 50 46.8°
Prototypical basement wall 6 500 10,000 (height) 312.5
Model basement wall 56 160 1.09 x 106 (Acrylic)
Target similitude ratio 50 50 50°
Practical similitude ratio 83 62.5 49.25
& means diameter; 6 means thickness.
Table 5. Similitude ratio of the compressive structural model.
Compressive
Size (mm) Length (mm) Stiffness EsAs-L~1
(MPa-m2-m—1)
Prototypical inner support a 800 20,000 (section) 960
Model inner support P16 400 0.42 (PE)
Target similitude ratio 502 50 502
Practical similitude ratio 502 50 47.82
Prototypical foundation plate 6 800 20,000 (section) 1200
Model foundation plate 416 400 0.67 (PE)
Target similitude ratio 50 50 502
Practical similitude ratio 50 50 42.32
Prototypical floor plate 6200 20,000 (section) 300
Model floor plate 62 400 0.17 (PP)
Target similitude ratio 50 50 502
Practical similitude ratio 100 50 46.5?

@ means diameter; 6 means thickness; 2 means side length. The length of the prototype member refers to the basic

cross-section of the prototype.

2.5. Instrumentation and Arrangement

The deformation of the retaining pile top is monitored utilizing a dial gauge dis-
placement meter. Strain gauges are affixed to the surface of the pile body for monitoring
purposes. Before installation, epoxy resin is applied to safeguard the surface of the strain
gauges. The arrangement of strain monitoring points on the pile body is illustrated in
Figure 6a, with two monitoring cross-sections. Similarly, the monitoring of internal forces
on the external wall is also conducted by attaching strain gauges. Two monitoring points
are designated, as presented in Figure 6b, with two monitoring cross-sections. The locations
of the strain monitoring cross-section, along with an overview of the model box, are shown
in Figure 6c¢.
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Figure 6. Scheme of strain monitoring points (unit: mm). (a) Arrangement of pile strain monitoring

points, (b) arrangement of wall strain monitoring points, and (c) overview of strain monitoring sites.

2.6. Analysis of Strain Data
2.6.1. Deformation Data Inverse Analysis

In model tests, it is challenging to directly measure the lateral deformation of the pile
body. The indirect derivation is possible by considering the relationship between the strain
and deflection. The changes in deformation at different strain gauge point locations on
the pile body are considered continuous variables. Alternatively, discrete variables can
be employed to approximate these changes. The strain-tilt monitoring method suggested
by Pei [35] can serve as a reference. The pile is considered a continuous beam with
zero deformations and strain as boundary conditions at the bottom. The finite difference
method is employed to calculate the lateral deformation of the retaining pile. Based on
the strain gauge point locations, this method discretizes the retaining pile into multiple
nodal elements. Based on the approximate differential equations for the beam deflection
curves satisfied by the deflection of the retaining wall piles, the difference equations were
developed in the following matrix form:

1 =2 1 0 -+ --- 0 o o
0 . e el el e w1 2

D :

= - . @
0 - ... 0 1 -2 1| "Wn+id L€

where D is the diameter of the model’s retaining pile and d is the distance between two
adjacent strain measurement points (real or virtual). The parameter n is the number of
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strain measurement points, while the parameters w and ¢ are the deflection and strain value
of the strain measurement point, respectively. The virtual strain measurement points are
introduced at the midpoint of sparsely distributed real points, which the average value of
adjacent real points is taken as.

Based on the conditions of wg = wy, w41 =0, and the invertibility of the square matrix,
the matrix can be rewritten as follows:

_ . -2 1 O .-+ .- 0

w1 g — 2w

ws 1 -2 1 0 RN T

. ) i)

d .
=5 ©)

. : .. . .. .. 0 &n

LWn _0 B 0] 1 _2_

where w; is the pile-top deformation, which is measured. The equation above provides a
direct calculation method for the lateral deformation of the strain measurement points on
the pile model.

2.6.2. Bending Moment Data Inverse Analysis

The expression (Formula (4)) for the relationship between the bending moment (M)
and the neutral section strain difference of the pile can be derived using the relationship
between the curvature (x) and the curvature radius (p). The same approach can also be
applied to calculate the internal forces of exterior walls in underground structures.

_preo EL_(e1—e2)
M—EIK—p— 5 EI (4)

2.7. Main Steps of the Model Test

(1) The fine-grained sand, barite powder, and bentonite are weighed according to
the proportions determined by the orthogonal experiment (Section 2.3). The materials are
mixed evenly, and then the required amount of water and detergent is gradually added
and stirred uniformly. The previously prepared model clay is placed in a bucket and sealed
with a cover to prevent water evaporation, as depicted in Figure 7.

(b)

Figure 7. Preparation of model soil. (a) Production of model soil, and (b) preservation of model soil.

(2) As it is shown in Figure 8. After preparing the model soil, the sidewalls of the test
chamber are lubricated with white Vaseline, and the model soil is filled to the elevation
slightly above the pile bottom. The model of the retaining pile fitted with strain gauges is
positioned and inserted. Then, the remaining model soil is layered and compacted up to the
pile top. PE film is attached to the surface of the model soil to prevent water evaporation.
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The model soil is allowed to settle for 1 to 2 days until it stabilizes. Then, the dial gauge
deformation meter and connection of the strain gauges to the data-acquisition system
(DH3818Y static stress—strain testing and analysis system) will be installed.

- Temporary
. positioning

Strain data
acquisition system

Dial gauge
displacement meter

(@)

Figure 8. Model structure burial and monitor system installation. (a) Retaining pile model burial,
and (b) monitoring system installation and commissioning.

(3) The data acquisition system is activated and the test process is initiated. We allow
a period of 0.5 to 1.5 h before proceeding to the next test condition to ensure system
stabilization. An overview of the test stages is shown in Figure 9.

The basement P
retaining wall

B, Fine gypsum
grouting

Pressurized

e
A\‘
\ S

Basement
. main structure

Figure 9. Overview of test stages. (a) Test Stage 3, (b) Test Stage 4, (c) Test Stage 7, and (d) Test Stage 8.
2.8. Model Test Results and Analysis
2.8.1. Analysis of Lateral Deformation in Retaining Piles

Figure 10 displays the lateral deformations, which are converted to the prototype
according to the similitude relationship presented in Table 2. The following is evident in
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the diagram: (1) the pattern of lateral deformations of the retaining piles exhibits a charac-
teristic “bulging” shape under various working conditions [4,36-38]; (2) the maximum pile
lateral deformation is approximately 60 mm, which corresponds to 0.6% of the maximum
excavation depth; (3) in Test Stage 1, the excavation deformation changes are minimal
due to the shallow initial excavation depth; (4) in Test Stage 2, the pile’s deformation
significantly increases with the excavation depth, and the maximum lateral deformation
occurs 3 m below the excavation face (—9 m elevation); (5) in Test Stage 3, as the excavation
reaches the bottom, the maximum deformation section continues to move downward,
approximately 3 m below the excavation face (—13 m elevation); (6) in Test Stage 4, after
removing the second support, the lateral deformation of the pile body above the excavation
face increases to some extent, while it decreases below the excavation face because of the
support from the foundation plate; (7) in Test Stage 6, the removal of the first support
causes a relatively bigger increase in the pile lateral deformation within the By floor depth
range, and a smaller increase within the B, floor depth range because of the formation of
the B, floor main structure; (8) in Test Stage 8, the influence of the pile-wall integrated
structure results in the pile lateral deformation remaining essentially unchanged, with a
slight decrease within the B, floor depth range. Overall, it appears that the deformation
of the pile develops very little because of the influence of the integrated structure during
Stages 6 and 8.

Letaral displacement /mm Letaral displacement /mm
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

15 /
20 F /
— Test stage 1 ~¥- Test stage 4

-@- Test stage 2 @~ Test stage 6
—A- Test stage 3 25 " Test stage 8
~¥- Teststage 4 —

Depth /m

\

(a) (b)

Figure 10. Lateral deformation of the pile (SS). (a) Lateral deformation of the pile in Test Stages 1 to 4,
and (b) lateral deformation of the pile in Test Stages 4 to 8.

2.8.2. Analysis of Bending Moment in Retaining Piles

Figure 11 displays the pile’s bending moments, which are converted to the prototype.
The diagram illustrates the following: (1) The maximum pile’s moment is about 770 kIN-m,
which occurs in Test Stage 3. (2) In Test Stage 1, the initial excavation reaches a shallow depth,
and the pile body’s internal force experiences minimal variation. (3) In Test Stage 2, with an
increasing excavation depth, the pile’s moment significantly increases. This reveals the law
with an initial increase and subsequent decrease followed by an increase again, along with the
depth. The contra-flexure point occurs at about 12 m under the excavation face (—18 elevation).
(4) In Test Stage 3, as excavation to the excavation bottom, the position of the cross-section
with the maximum moment continues to move downward, and the maximum value continues
to increase. Compared with Test Stage 2, the pile body’s moment above the depth of 9 m
decreases. However, the pile’s moment increases consistently below the depth of 9 m. (5) In
Test Stage 4, the pile’s moment above the depth of 9 m increases after the second support’s
removal. However, it decreases to some degree within the depth of 9 to 17 m because of the
support of the foundation plate. (6) In Test Stage 6, within the floor B, depth range, because
of the formation of the pile-wall integrated structure, the pile’s moment above the excavation
bottom decreases when the first support is removed. (7) In Test Stage 8, the formation of the
pile-wall integrated structure is completed. With the load exacted outside the excavation, the
pile body’s moment slightly increases within the depth range of the By floor. It slightly decreases
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adjacent to the foundation plate within the B; floor depth range due to the support provided by
the foundation plate. Overall, as depicted in Figure 11, the section with the maximum moment
depth is consistently located below the excavation face. Upon completion of the pile-wall
integrated structure, the pile body’s moment demonstrates a clear decreasing trend.

Bending moment /kN-m Bending moment /kN-m
=400 -200 0 200 400 600 800 -400 -200 0 200 400 600 800
r T T T T 1 r T T T T 1
0s 04

10 10
£ £
£ 2
& 15| & 15
[a] A
20 |- 20
i - Test stage 1 i —l- Test stage 4
—@- Test stage 2 ~@- Test stage 6
—A— Test stage 3 -@- Test stage 8
—M Test stage 4
30 30@
(a) (b)

Figure 11. Bending moment of the pile (SS). (a) Excavation stage with Stage 4 and (b) basement
construction stage.

2.8.3. Analysis of Internal Forces in Basement Retaining Wall

Figure 12 displays the basement retaining wall’s bending moments converted to the
prototype. The figure illustrates the following: (1) In Test Stage 6, the formation of the
pile-wall integrated structure is only achieved within the B; floor depth range. Upon the
removal of the first support, the retaining piles undergo rotation toward the excavation
side around this location, prompted by the elastic support offered by the By plate, resulting
in the deformation of the basement retaining wall. At this stage, within the floor B, depth
range, the exterior wall endures compression on the side of the excavation and tension on
the outer side, leading to a significant negative moment. (2) In Test Stage 8, the pile-wall
integrated structure is formed. When the load outside the excavation is conducted, the
consequent active earth pressure rises. This leads to the gradual decrease in the B; floor
wall negative moment and the increase in the B; floor wall positive moment.

Bending moment /kN-m
-150 -100 -50 0 50

Depth /m

—@- Test stage 6

Test stage 8-1 (10 kPa)
—#- Test stage 8-2 (20 kPa)
—@— Test stage 8-3 (30 kPa)

Figure 12. Bending moment of the basement wall (SS).
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3. Numerical Simulation Results
3.1. Model Description and Details

Figure 13 presents the overview and calculation profile diagrams of the finite element
model, respectively. The geotechnical finite element software Midas GTS NX (2022fea) was
utilized for conducting numerical simulations in this study. The model has dimensions of
130 m in length, 130 m in width, and a height of 50 m. The excavation has an excavation
area of 70 x 70 m and a depth of 10 m. The model is subjected to the following boundary
conditions: the top surface is free, the four side surfaces have normal constraints, and
the bottom surface is constrained in all directions. In total, the model is composed of
68,617 elements and 49,255 nodes.

The soil layer parameters refer to the same excavation project in Shanghai as the model
test. The hardening soil model (HSS model) is taken as the soil constitutive model and is
divided using a hexahedral mixed-mesh method. Tables 6 and 7 provide detailed soil layer
information and calculation parameters.

Table 6. Soil layer parameters.

. . Compressive
Soil Layer Ur:;(tl\\IN ;:%?)t Modulus Es ¢ (kPa) @ (°) u
i (MPa)
@ Mucky silty clay 17.4 3.15 10 16.5 0.32
@ Mucky clay 16.8 2.30 12 8.5 0.36
@ Silty clay 17.8 4.10 15 18.5 0.33
(@7 Sandy silt 18.2 11.82 4 33.5 0.32

Table 7. Soil layer parameters of the HSS constitutive model.

Soil Layer Erf (MPa) ESf(MPa) EXf(MPa) m  GFf (MPa) Y07
@ Mucky silty clay 2.84 3.40 22.72 0.8 72.70 2.7 x 107*
@ Mucky clay 2.41 2.89 19.30 0.8 54.03 2.7 x 10~
@ Silty clay 5.74 6.89 34.45 0.8 59.58 2.7 x 10
@ Sandy silt 5.63 6.75 33.75 08 11813  27x107*

The FEM model of the underground main structure is established as follows: the
superimposed structure (abbreviated as SS) typically employs the pre-embedded rein-
forcement in the piles or the concrete grouting between the pile-wall after chiseling the
excavation side of the retaining structure to make the pile-wall integrated structure. In this
configuration, the piles and walls can transfer the horizontal force, shear force, and bending
moment between them. Considering the load-transfer characteristic, the concrete grouting
is modeled as a 3D elastic unit (with a thickness of 50 mm), as depicted in Figure 14a. The
composite structure (CS) is filled with liner material between the pile and wall. Due to the
liner material’s inability to withstand tensile stress, a compression-only elastic link unit is
used instead of a concrete grouting 3D unit, as depicted in Figure 14b.

The underground structures are constructed using C30 concrete material, with a unit
weight of 25 kN-m~3, an elastic modulus of 30 GPa, and a Poisson ratio of 0.2. The crown
beams and internal supports employ 1D beam elements, whereas the basement retaining
wall employs 2D elastic plate elements. Based on the principle of equivalent stiffness of the
cross-section, the retaining piles (800@1050) are converted into 2D elastic plate elements
with a calculated equivalent thickness of 613 mm. The equation representing the equivalent
transformation is as follows:

1 3_ 1 4
E(D—i—t)h = 6—47ID )
where D is the diameter of the pile (mm), ¢ is the pile clearance (mm), and  is the equivalent
plate thickness.



14 of 25

Buildings 2024, 14, 2347

m. Maﬁ/
5 3 AN
o H - ARy £ 2
g g Al g
I & f mo a W
N =
= 3 Ay
B £ AN 2
1 M
Fuor | w o "] 80

(b)
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Figure 15 presents the excavation process based on the model test in the FEM analysis.

The analysis stages are as follows: Stage 0 involves blunting the retaining structures and

(b) composite structure (CS).

Figure
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balancing the earth’s ground stresses, setting the groundwater level below the ground
surface by —0.5 m. Stage 1 involves installing the first support, followed by excavation
to the position of the second support. Stage 2 involves installing the second support and
continuing the excavation to the bottom of the excavation. Stage 3 involves casting the
foundation plate and removing the second support. Stage 4 involves installing the B, floor
basement retaining walls and the floor plate of the B; floor. Stage 5 involves removing
the first support. Stage 6 involves constructing the By floor basement retaining walls and
the floor plate of the By floor. Stage 7 involves progressively overloading the excavation
exterior from 10 to 30 kPa.

The first support
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Figure 15. Scheme of FE simulation.

3.2. Analysis of the Lateral Deformation of the Pile
3.2.1. Excavation Stage

Figure 16a displays the lateral deformation of the piles at various excavation stages in
the finite element simulation. Each incremental excavation depth is 2 m. It is discernible
in the diagram that the presence of the first support restricts the pile top displacement
during the excavation stages. The pile top displacement’s development essentially halts
at a depth of —6 m (at which point the second support is completed), followed by a
rebound phenomenon occurring at an excavation depth of —10 m. This rebound exhibits a
magnitude of approximately 30% relative to the maximum pile top displacement during
the excavation stage. The pile’s deformation forms a characteristic “bulging” shape, with
the magnitude of deformation increasing as the excavation depth increases. The depth of
the maximum deformation section descends in tandem with the excavation progress. It
reaches approximately 3 m below the excavation face, matching the engineering laws of the
soft soil region. In Stage 1, with the first excavation reaching down to —6 m, the maximum
deformation is approximately 25 mm. In Stage 2, which includes further excavation to the
bottom at the elevation of —10 m, the maximum deformation is around 62 mm, equivalent
to 0.62% of the total excavation depth. The pile bottom displacement escalates in tandem
with an increase in the excavation depth, while the development rate demonstrates relative
constancy governed by the properties of the bearing stratum soil.
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Figure 16. Lateral deformation of the pile (SS). (a) Excavation stage and (b) basement construction stage.

3.2.2. Basement Construction Stage

Figure 16b displays the pile’s lateral deformation during the basement construction in
the finite element simulation. In Stage 3, removing the second support has a minimal impact
on the pile’s deformation. Due to the support from the foundation plate, the deformation
above the excavation face increases, while it decreases beneath the excavation face. The
resulting secondary deformation is approximately 15% of the maximum deformation
throughout the excavation stage.

In Stage 5, removing the first support results in a significant top displacement of the
pile. It is worth noting that, in conventional excavation support structures, the removal
of the first support will lead to large deformation of the retaining structure above the
excavation face [1,37-39]. However, within the pile-wall integrated structure, the maximum
pile lateral deformation within the B; floor depth range changes very little. Because the
B, floor main structure is completed at this time, additionally, the deformation of the pile
body even exhibits a certain amount of rebound within this depth range. This is because
of the elastic support imparted by the B; floor plate; the pile body (within the basement
depth range) rotates toward the excavation side. However, since the B, floor has formed a
pile-wall integrated structure, the amplitude of this rebound is relatively small.

In Stage 7, an external overload of 30 kPa is applied. By this stage, the basement
construction has been completed, forming a fully integrated structure with the pile and
wall. Therefore, the external overload has a negligible effect on the pile’s lateral deforma-
tion. Due to the support provided by the floor plate and the foundation plate, the pile
body deformation remains roughly unchanged. In general, there is a very slight overall
deformation of the pile body towards the excavated area, accounting for approximately
0.5% of the previous stage deformation, which is attributed to the influence of the pile-wall
integrated structure.

3.3. Comparative Analysis of Model Test and FEM Simulation Results

The preparation of the model test and the configuration of soil layers for the FEM
simulation was conducted in adherence to an excavation project with distinctive soft soil
conditions prevalent in Shanghai. Meanwhile, due to the relatively high water content of the
model soil, observations and pore pressure measurements during the model tests indicate
that the groundwater level consistently remains high. This aligns well with engineering
conditions in high-water-level soft soil areas. The FEM simulation incorporates a higher
groundwater level to match these conditions. This approach ensured a close resemblance
between the model and the prototype’s soil and underground water conditions, thereby
enhancing the relevance and applicability of the ensuing analyses. Based on the similitude
principle (refer to Table 2), measured results were converted to the prototype to verify the
computed results as follows.
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3.3.1. Comparison of Lateral Deformations of Retaining Pile

Figure 17a,b show the comparison of the pile lateral deformations in the excavation
stage to the bottom (—10 m of elevation) and the basement serviceability stage, respectively.
The diagram demonstrates that the pile lateral deformation distribution patterns from the
model test (measured results) align closely with the FEM (computed results). In both cases,
the maximum lateral deformation occurs around 3 m below the excavation face (—13 m
of elevation). Moreover, the lateral deformation of the lower pile body retracts slower in
the test results compared to the FEM results. This is because of the better properties of the
bearing stratum from actual projects, while the sole stratum is taken in the test.
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0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
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Figure 17. Lateral deformation of the pile comparison of the model test and FEM. (a) Excavation to
—10 m and (b) basement serving stage (SS).

3.3.2. Comparison of Internal Forces in the Retaining Piles

Figure 18a,b show the comparison of the pile’s bending moments in the excavation
stage to the bottom and the basement serviceability stage, respectively. The diagram
demonstrates that the pile’s moment in the measured results exhibits a similar distribution
pattern to the computed results. However, a notable difference exists in the moment
distribution pattern of the bottom part of the pile. This can be attributed to the disparity in
properties of the bearing stratum between the FEM and the model test.

Bending moment /kN-m Bending moment /kN-m
100 200 0 200 100 600 800 100 200 0 200 400 600 800

Computed Computed
30% —@— Measured 30¢ —@— Measured

(a) (b)

Figure 18. Bending moment of the retaining pile comparison of model test and FEM. (a) Excavation
to —10 m and (b) basement serving stage (SS).
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3.3.3. Comparison of Internal Forces in the Exterior Walls of the Basement

Figure 19 presents the comparison of the wall’s bending moments in the basement
serviceability stage. The diagram reveals a similar wall moment distribution pattern
between the model test and FEM results. The load outside the excavation could lead to
active earth pressure. So, in the upper part, there is a positive moment. The lower part
experiences a significant negative moment due to the effect of the rotation and rebound
tendency of piles. In both cases, the maximum moments occur around —6.5 m of elevation.
However, there is still a slight discrepancy in the wall’s moment upper and lower part
distribution ratio. This discrepancy can be attributed to the size effects and errors in the
test. Additionally, assembly errors prevent the grouting thickness between the pile and the
wall from reaching the ideal thickness of around 1 mm. Despite controlling the gypsum
grouting to a smaller thickness as much as possible, it still has an impact.
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Figure 19. Bending moment of the wall comparison of model test and FEM (SS).

The deformation and internal force development of the close-fitting pile—wall inte-
grated structure (SS) simulated by the model test exhibits strong consistency with the results
of finite element simulation. Therefore, the model test and FEM numerical simulation
conducted in this study are considered scientifically effective and reliable. The subsequent
FEM simulation of the composite structure, which is based on the superimposed structure
with slight modifications, introducing compressive-only elastic links between the pile and
wall, should obtain the same evaluation.

3.4. Internal Force Analysis of Pile-Wall Integrated Structures

Figure 20 displays the bending moment in Stages 5 and 7 of the superimposed and
composite structures. During basement construction and serviceability stages, the two
structures’ internal force is analyzed.

3.4.1. Commonality Analysis of the Two Structures

In engineering practice, the load pressure within the range of 2~12 m outside the
excavation should not exceed 20 kPa. However, in this FEM simulation, a loading pressure
of 30 kPa is selected to observe clearer patterns.

Regarding the effects of the overload on the pile-wall structure, there is general
consistency between the two structures. The effect on the pile body below the excavation
face is minimal, while that above the excavation face increases. The increase in the pile
body’s bending moment within the B; floor depth range is significantly greater than that
within the B, floor. Because of the integrated structure, the wall and pile work together. The
B; wall bears part of the active soil pressure generated by the overload, causing a tensile
moment on the excavation side of the wall. On the other hand, the moment of the B, wall
generally develops in the positive bending moment direction. However, the foundation
plate’s support causes an increase in the negative moment near its position.
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Figure 20. Bending moment of integration structures. (a) Bending moment of the pile (SS), (b) bending
moment of the pile (CS), (c) bending moment of the basement wall (SS), and (d) bending moment of
the basement wall (CS).

3.4.2. Main Difference Comparison of the Two Structures

For the retaining piles, the development of the pile body’s bending moment is gen-
erally consistent within the B; floor depth range for both structures. Within the B, floor
depth range, the pile body’s moment is significantly smaller under the composite struc-
ture because the pile rotating tendency is unresisted by the wall due to the tensile stress
inactivation between the pile, lining, and wall.

Regarding the basement retaining wall, the wall’s maximum bending moment is
slightly larger at the upper position within the floor B; depth range under the composite
structure. This is because the superimposed structure has a more direct and complete
connection with the pile wall, resulting in a more uniform transmission and distribution of
the active earth pressure outside the excavation. The composite structure, within the By
floor depth range, has a weaker redistribution effect of the active earth pressure transmitted
by the pile body due to the presence of the lining. And there is slightly more pressure for the
upper part of the wall to bear, which illustrates a more concentrated moment distribution.
Within the B, floor depth range, the appearance of the negative moment in the wall is
mainly due to the restraining effect caused by the rotation and rebound tendency of the
retaining piles toward the excavation site and the deformation of the wall itself. In the case
of composite structures, the tensile stress between the pile and wall is inactive. The negative
moment exists by self-deformation within the B, floor depth range, and it is approximately
1/4 of that of the superimposed structure.
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3.5. Comparison with the Conventional Design Method

In conventional design theory, during the basement-serviceability stage, the design of
the walls is calculated using the continuous-beam method, typically without considering
the presence of retaining piles. The basement walls bear the full earth pressure. The
excavated area’s soil layer is mucky silty clay, with a unit weight y = 17.4 kN/m? and a
lateral earth pressure coefficient ky = 0.72. The thickness of the basement wall is 500 mm.

Figure 21 presents the wall’s calculated values using the continuous-beam method
in the serviceability stage. Due to the irregular load transfer from the external load to
the wall, conventional design usually adopts a conservative approach by assuming a
rectangular, uniformly distributed load. Based on the magnitude of the bending moment
at the most unfavorable section, the superimposed structure is approximately 50% of the
conventional method, and the composite structure is about 20%. Therefore, it is evident
that adopting a close-fitting pile-wall integrated structure, especially a composite structure,
can significantly minimize the design values of basement walls, thereby minimizing the
wall thickness.
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Figure 21. The conventional design methods of the basement retaining wall. (a) Load diagram of the
continuous-beam method (unit: kN), (b) bending moment envelope diagram (unit: kN-m).

3.6. Analysis of Sensitivity Factors in the Pile—Wall Interaction Structures
3.6.1. Influence Analysis of the Pile-Wall Stiffness Ratio

Figure 22 displays the bending moment distribution of the pile and wall under different
stiffness ratios. Based on conventional design principles, the wall thickness of double-floor
basements in Shanghai typically ranks between 400 and 600 mm. Consequently, the wall
thicknesses of 400, 500, and 600 mm are, respectively, used for different stiffness ratios.

Figure 22a,b reveal a similar pattern in the moment variations of the exterior walls
under different pile-wall stiffness ratios for both structures. Increasing the wall thickness
significantly impacts both the positive and negative moments. Despite the increase in earth
pressure outside the excavation from the basement-construction stage to the serviceability
stage, the integrated structure lateral deformation remains minimal. This results in only a
slight impact on the pile’s moment. However, the thickness and stiffness increase in the
wall leads to a significant increase in their moment.

Figure 22¢,d reveal that the variation in wall thickness has minimal influence on the
pile’s moments beneath the excavation face. And its effect within the basement depth
range is negligible. Within the depth range of the B; floor, the pile’s moment decreases
with the increased wall thickness because the pile-wall structure in this region collectively
withstands the active earth pressure. Within the depth range of the B; floor, the moment
of the pile increases with the wall thickness due to the resistance to the pile rotation and
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rebound tendency under the superimposed structure. However, the tension stress between
the pile and the wall is inactive under the composite structure, resulting in the pile’s
moment remaining relatively constant within the B; floor depth range.
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Figure 22. Bending moment of the integrated structure with different pile-wall stiffness
ratios. (a) Bending moment of the basement wall (SS), (b) bending moment of the basement wall (CS),
(c) bending moment of the pile (SS), and (d) bending moment of the pile (CS).

3.6.2. Analysis of the Impact of Horizontal Floor Plate Stiffness

Figure 23 presents different stiffness ratios (0.25, 0.33, and 0.42) chosen to examine the
bending moment distribution of the pile and wall under varying floor plate stiffness condi-
tions. The usual foundation plate thickness of double-floor basements in Shanghai ranks
between 600 and 800 mm, while the intermediate floor plate thickness ranks between 120
and 250 mm. Consequently, the stiffness ratio ranks between 0.15 and 0.42. To emphasize
the impact of floor plate stiffness variation on the integrated structure, a fixed thickness of
600 mm is selected for the foundation plate.

Figure 23a,b reveal similar patterns in the wall’s bending moment variations with
different horizontal floor plate stiffnesses for both structures. The impact of floor plate
stiffness on the moment is significant. As the horizontal floor plate stiffness increases,
the moment adjacent to the By plate gradually increases within the By floor depth range.
However, the moment near the B; plate transitions to a negative moment. This occurs
because the gradual increase in horizontal floor plate stiffness reduces the displacement at
the plate position. It increases the moment borne by the wall near the plate, resulting in an
upward shift of the positive moment distribution. In the B, floor depth range, the moment
exhibits a decreasing trend. This effect occurs because the increase in floor plate stiffness
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reduces the pile lateral deformation, leading to a decrease in interaction with the basement
retaining wall and subsequently reducing the moment.
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Figure 23. Bending moment of the integrated structure with different horizontal plate stiffnesses.
(a) Bending moment of the basement wall (SS), (b) bending moment of the basement wall (CS),
(c) bending moment of the retaining pile (SS), and (d) bending moment of the retaining pile (CS).

Figure 23c,d reveal similar patterns in the pile’s moment variations with different
horizontal floor plate stiffness for both structures. The effect of varying horizontal floor
plate stiffnesses on the moment beneath the excavation face is negligible, as is its impact
within the basement depth range. For the superimposed structure, as the horizontal floor
plate stiffness increases, the moment adjacent to the By plate gradually increases within
the By floor depth range. However, it exhibits a negative moment trend near the By plate,
presenting a similar moment variation of the basement retaining wall because of the high
pile-wall integration under the superimposed structure. For the composite structure, the
moment of this range solely decreases with the increase in the plate stiffness. This is because
the interaction between the pile and wall is only influenced by horizontal compressive
stress in this structure. As the horizontal floor plate stiffness increases, the pile lateral
deformation within the B; floor depth range decreases, resulting in a reduction in the
moment. Within the B, floor depth range, the moment slightly rises with the increase in
the plate stiffness under the superimposed structure. This is due to the restriction of the B4
plate on the deformation rebound caused by the pile rotation tendency. The presence of
tensile stress is inactive between the pile and wall under the composite structure. Hence,
the moment within the B, floor depth range remains essentially unchanged.
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4. Conclusions

This paper presents a systematic study of the force and deformation mechanisms,
along with the development of internal force laws, for two typical types of close-fitting
pile-wall integrated structures. This study employs a combination of model tests and
finite element numerical simulations. The following observations and conclusions are
presented herein:

(1) The computed results align well with the measured results, validating the reliability of
FEM and mode test employed in this study, which means a certain significant reference
value for simulating and analyzing close-fitting pile-wall integrated structures.

(2) A comparative analysis reveals the following: in the superimposed structure, the
direct connection between the pile and wall (through rebar and cement) causes the
wall to be significantly influenced by the pile’s deformation, experiencing varying
degrees of tension and compression at different stages. This leads to a better stress
distribution and structural integrity, enhancing overall engineering stability. In the
composite structure, the developed wall internal forces are relatively small, allowing
for a reduced wall thickness in design. Additionally, the presence of the lining layer
facilitates basement waterproofing construction.

(38) A sensitivity factor analysis reveals the following: different pile-wall stiffness ratios
have a slight effect on the pile body’s bending moment above the excavation face
but a significant impact on the wall’s bending moment. Different horizontal floor
plate stiffness has a slight impact on the pile body’s bending moment above the
excavation face but causes notable changes in the wall’s internal forces adjacent to the
plate location. Both factors should be carefully considered to achieve a better stress
distribution and structural performance.

(4) The analysis of the integrated structure indicates the following: for the pile, its
bending moment is significantly reduced after the construction of the basement
retaining wall compared to the excavation stage, but it still bears substantial forces
during the serviceability stage. For the wall, the bending moment distribution is
significantly influenced by the floor plate stiffness in both structures. However, due to
the utilization of the pile’s stiffness, the computed and measured bending moments
are much lower than those in conventional design methods under the same conditions,
especially for the composite structure.

(5) Ina close-fitting pile-wall integrated structure, the pile’s maximum bending moment
occurs during the excavation stage, with its section consistently located below the
excavation face, similar to conventional structures. However, the moment distribution
on the wall differs significantly from conventional design methods, especially under
a superimposed structure (a significant negative bending moment occurs on the B,
wall). Therefore, the design of the retaining structure should primarily focus on the
internal forces developed beneath the excavation face during this stage. Additionally,
the design of the basement retaining wall should account for the combined action of
the horizontal floor plate support and the retaining pile.

(6) For deep excavation, applying a close-fitting integrated structure can significantly
save space between the pile and wall and reduce the cost of the basement retaining
wall by fully utilizing retaining piles that are otherwise wasted. Additionally, this
approach improves structural performance with minimal additional cost.
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