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Abstract: In soft soil foundations, the utilization of box-type retaining walls as a support
method represents a novel approach. This study focuses on investigating the key factors
influencing lateral wall deflection and ground settlement behind the wall in deep excavation
projects supported by box-type retaining walls. Based on a practical engineering case in
Shanghai, the large deformation Lagrangian numerical simulation software FLAC-3D is
employed to simulate the displacement of box-type retaining walls as well as the surface
settlement surrounding the excavation pit during the excavation process of deep-foundation
pits. This research encompasses aspects such as the box size, the filling material within
the box, and the constituent materials of the retaining wall. Ultimately, it is concluded
that variations in the size of the box-retaining wall have a significant impact on wall
deflection and surrounding ground settlement, while the filling material and constituent
materials have relatively minor effects. This study provides a theoretical basis and scientific
reference for the design and construction of box-type retaining walls in deep-foundation
pit engineering.

Keywords: foundation pit; box-type retaining wall; lateral deflection; surface settlement;
numerical simulation

1. Introduction

In recent years, China’s urbanization has accelerated, leading to larger cities, increased
sewage, and scarce land for planning. Urban sewage treatment plants are shifting toward
integration and underground development, resulting in larger water-treatment structures,
deeper foundation pits, and complex environments. Limited land and construction time
necessitate innovative approaches for deep-foundation pit engineering [1]. For deep-
foundation pit projects with large excavation depths and strict displacement control, the
self-standing retaining system represented by cantilever structures is a commonly used
support method, such as double-row piles and cellular diaphragm walls. It features high
overall rigidity and does not require a support system, allowing it to withstand significant
water and soil pressures [2,3]. Moreover, the retaining walls, as a kind of effective support
structure, are widely used in highway, railway, water conservancy, and hydropower projects
but rarely in municipal foundation pit projects, especially in foundation pit projects with
complex surrounding environments, soft foundation soil, large foundation pit areas, and
deep depths [4-6]. There are various types of retaining walls, and the common structural
types in practical engineering include gravity retaining walls, counterfort retaining walls,
cantilever retaining walls, buttressed retaining walls, etc. [7]. Through these supported
structures of deep excavation systems, the deflection behavior, commonly involving lateral
wall deflection, and ground settlement behind the wall are well controlled [8-10].
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With the development of the retaining wall used in deep-foundation pits, many new
retaining structures have emerged, one of which is the box-type retaining wall structure [11].
Box-type retaining walls and similar structures (such as lattice retaining walls), as a form
of underground retaining structure, have developed rapidly in recent years [12,13]. Filled
with plain soil, stone, and other materials and enclosed by reinforced concrete structures on
the outside, they can save a large amount of concrete materials and reduce manufacturing
costs [14]. It is also a retaining structure used to support and reinforce the fill or hillside
soil to prevent its collapse and maintain stability [15,16]. Its basic structural type is similar
to the empty box we see in our daily life, which is closed on all sides with an empty
interior. Due to its unique geometric structure, the box-type retaining wall structure has
greater overall rigidity and good stability, which can better control the deformation of the
foundation pit. Moreover, it does not need to set up an internal support system, and it
can be used as a permanent retaining structure. Previous usage of such box-type retaining
walls for conventional slope support has proven to be effective under optimized design,
particularly in poor geological conditions, where improved designs can significantly reduce
construction costs and enhance structural stability and safety [17]. As a new retaining
structure in the usage of deep-foundation pit engineering, the box-type retaining wall
structure method has been applied for a relatively short time, and because of its complex
form, the progress of its theoretical and numerical research is far behind the development
of engineering practice.

To analyze the factors influencing the supporting effect of box-type retaining walls in
soft soil foundations in Shanghai, this paper utilizes Hypermesh software (version 2019)
to establish a three-dimensional model of the foundation pit. The FLAC-3D software is
then employed to calculate the actual working conditions, and the obtained results are
compared with actual monitoring data to indirectly verify the reliability of the simulation
results. Based on this, the deflection behavior of deep excavation systems, including lateral
wall deflection and ground settlement behind the wall, are analyzed and discussed. Also,
three different influencing factors, namely, the size of the box-type retaining wall, the filling
material within the box, and the constituent materials, are varied, and corresponding results
are calculated separately. Furthermore, the influence pattern of each factor is analyzed. The
research findings are expected to provide a certain scientific reference for the design and
application of box-type retaining walls in soft soil areas.

2. Project Information
2.1. General Description of Foundation Pit

A project of sludge treatment and disposal of Bailonggang Wastewater Treatment
Plant is located in the open space on both sides of the existing anaerobic digestion tanks of
Bailonggang Wastewater Treatment Plant, with Plot 01 located on the northeast side of the
anaerobic digestion tanks (Figure 1a). The project is located in a soft soil area of a coastal city,
where weak intercalated layers exist within the soil strata. Given the land constraint during
construction, the adoption of box-type retaining walls enables unsupported excavation,
thereby reducing the occupation of construction land. The project mainly includes a mud
storage pond, a sludge dewatering workshop, a sludge drying and incineration workshop,
a rainwater and sewage pump house, and several deodorization equipment foundations,
all of which are arranged in the sunken plant area.

The sunken plant area of Plot 01 has a plan size of 179.2 m x 169.8 m, with burial
depths of 13.6 m (9875.7 m?), 10.6 m (5296.3 m?), and 6.8 m (11,048.7 m?), respectively,
covering a total area of 26,220.7 m? (Figure 1b). Due to the requirements of equipment
and the surrounding environment, it is impossible to set up upper supports or floor slabs
under permanent working conditions, resulting in a sunken plant structure. Therefore,
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an ultra-deep box-type retaining wall structure can be designed in combination with the
deep-foundation pit enclosure system of the sunken plant area to meet the operational
management requirements under the permanent working conditions of this project.

Sunken factory *
foundation pit

Zone C box-type retaining wall

58000mm \
1T & 1 1 i i I E
=
VB e (2
i Foundation} ®
gone C pit area C - g
B Fone b Simulation L |3
' area
= 4
= Zone
i '%:‘.
] ] 1
i
5 E Zone A 30mm pefmanent seam
i
i
LY y
1

(b)

Figure 1. Location of the considered project: (a) picture of foundation pit zoning; (b) graphic layout
of foundation pit zoning.

Figure 2 shows some typical pictures of the construction process of the foundation
pit. During the construction of the foundation pit, the soil body at the box-type retaining
wall was first excavated, and the supporting was properly performed, and then, the box-
type retaining wall was poured layer by layer, as shown in Figure 2a. After the box-type
cantilever retaining wall structure met the design strength of 30 MPa (C30), the remaining
earthwork inside the retaining wall was excavated to the bottom of the pit, as shown in
Figure 2b. Finally, the construction of the box-type retaining wall structure and foundation
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pit excavation was completed, as shown in Figures 2c and 2d, respectively. Figure 2e shows
the schematic diagram for lateral deformation (inclinometry) monitoring of retaining walls.
The wall deformation is assessed using the Newgeometrics Inclinometer from the USA,
comprising the Digitilt Data Mate II readout device, Digitilt Inclinometer series probe, and
cable transmission line. The system features a total measurement range of £53°, precision
of £0.01 mm /500 mm, and sensitivity of +10 arc-seconds (0.05 mm/m). The recorded
data are employed to generate lateral deformation curves of the retaining wall.

(0)

Surface

Foundation pit
Inclinometer tube — |

Bottom of foundation pit

=N
Enclosure wall — |

(e)

Figure 2. Construction site images: (a) Excavation of pit inside box-type retaining wall; (b) Excavation
construction of the foundation pit to the bottom; (c) Completed box-type retaining wall; (d) Completed
foundation pit site; (e) Schematic diagram for lateral deformation (inclinometry) monitoring of
retaining walls.
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2.2. Overview of Foundation Pit Support and Geological Conditions

Figure 3a shows the typical location profile before the excavation of the foundation
pit, a cross-section of the foundation pit with the novel box-type retaining wall. The site is
leveled to —1.4 m. A slope ratio of 1:1.5 is adopted, and then, the enclosure structures are
constructed, mainly including bored piles, triaxial mixed piles, and diaphragm walls. In
addition, rotary jet grouting reinforcement is performed at the weak soil layer, which plays

a role in restricting the horizontal and vertical displacements of the passive zone within
the pit.
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Figure 3. (a) The cross-section of the foundation pit with box-type retaining wall. (b) Soil profiles and
material properties at the site.
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Prior to the commencement of construction, a rigorous exploration of the subsurface
conditions and soil properties at the site was undertaken through a comprehensive suite of
in situ and laboratory tests, such as specific gravity testing, consolidation testing, compres-
sion testing, etc. [18]. Figure 3b provides a condensed representation of the soil profiles,
encompassing the depth-wise variation in soil layers, along with a selection of measured
soil properties. The soil characteristics depicted in this figure are predominantly derived
from the meticulous analysis of test results, ensuring their accuracy and reliability. The
stratigraphy presented is a representative average derived from extensive data collection
across the site, thereby providing a holistic understanding of the subsurface geology. Ac-
cording to the on-site exploration data, within the exploration depth range, the foundation
soil distribution is relatively stable, and the soil layers can be divided into six major layers
and several sub-layers from top to bottom. Among them, layer (1) is mainly composed of
hydraulic fill (silty soil mixed with cohesive soil), and the upper part of some sections is
miscellaneous fill; layers @) to (8) are Holocene Q4 sedimentary layers.

3. Three-Dimensional Numerical Simulation

Based on the aforementioned project status, this chapter utilizes FLAC 3D software
and adopts the large deformation Lagrangian numerical simulation method [19] to con-
duct three-dimensional numerical simulation calculations of the excavation process of the
foundation pit at the Wastewater Treatment Plant project. This is performed to simulate
the stress release of the excavation soil and the resulting deformation of the surrounding
environment of the foundation pit [20,21]. This analysis mainly focuses on the deformation
of the foundation pit support structures, as well as the impact of the excavation construction
on the surrounding environment.

3.1. Three-Dimensional Model Establishment

Given the boundary effect of this model and the range of spatial effects, the modeled
area covers about one-fourth of the region. Also, practical engineering advice sets the soil
scope around the pit at three times its depth, yielding realistic calculations. Therefore, the
dimensions of this model are chosen to be 58 m long, 48 m wide, and 40.5 m deep. The
length of the foundation pit in the eastern area is determined to be 80 m, while the length
of the foundation pit in the western area is determined to be 72 m, with a width of 32 m
and an excavation depth of 15.4 m. Horizontal constraints are imposed on the lateral sides
of the model, vertical constraints on the bottom, and a free boundary on the top surface.

The box-type retaining wall primarily consists of a foundation, reinforced concrete
structures, and filling materials. The concrete structures are comprised of a front wall, a
rear wall, intermediate partitions, vertical partitions, a base plate, a top plate, and other
components. During construction, the front wall of the box-type retaining wall serves
as part of the underground diaphragm wall, with its material parameters set identical to
those of the underground diaphragm wall. The other parts are made with C30 concrete,
and the filling inside the box is taken from the surface filling of the foundation pit. The
three-dimensional models of the foundation pit are depicted in Figure 4a.

The model was automatically grouped into six distinct faces using the grouping
function of FLAC 3D. To accurately simulate the lateral deformation characteristics of the
box-type retaining wall under the excavation of foundation pits, horizontal constraints
were applied around the model, and vertical constraints were applied at the bottom to
restrict horizontal and vertical displacements. The top was set as a free boundary, as shown
in Figure 4b.

The retaining structures and supports are considered elastic materials, with their
material parameters outlined in Table 1. The foundation pit is retained using an under-
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ground diaphragm wall (wall thickness: 800 mm, depth: 32.0 m, concrete grade: C30)
and bored piles (pile diameter: 1000 mm, spacing: 1200 mm, pile length: 32.0 m, concrete
grade: C30). The water-stopping for the bored piles employs triaxial soil mixing piles
(diameter: @850@600, pile length: 18.2 m). During simulation calculations, due to the
continuity of bored piles and triaxial soil mixing piles, the row piles can be regarded as an
underground diaphragm wall with different material parameters. The box-type retaining
wall’s bottom bearing piles adopt ¢1000 bored piles with a length of 25 m and concrete
grade C30. The pit bottom is reinforced with a grid pattern of high-pressure jet grouting
piles. During calculations, the bearing piles are simulated using structural elements, while
the reinforcement area at the pit bottom enhances the physical and mechanical properties of
the corresponding soil mass. The detailed numerical simulation model of various retaining
structures is shown in Figure 5.

Figure 4. Numerical simulation model. (a) FLAC 3D calculation model of the whole foundation pit.
(b) Model boundary conditions.
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Table 1. Material parameters of the enclosure structure.
. Elastic . . Unit Weight .
Structure Name Unit Type Modulus/GPa Poisson Ratio J/(N/m?) Size
Underground Solid Elements 30 0.3 245 Thickness
continuous wall 800 mm
Back wall of box-type g 1.4 Floments 30 0.2 17.8 Thickness
retaining wall 800 mm
Three-axis Solid Elements 30 0.2 245 Pile diameter
mixing pile 850 mm
Bored piles Solid Elements 30 0.2 24.5 Pile diameter
1000 mm
LEACD 700, LEACD 700,
T s

——

(a) Underground diaphragm wall (b) Back wall of box-type retaining wall

“Group
B Bored pile

(c) Three-axis mixing pile (d) Bored pile

Figure 5. Detailed numerical simulation model. (a) Underground diaphragm wall. (b) Back wall of
box-type retaining wall. (¢) Three-axis mixing pile. (d) Bored pile.

The soil constitutive model utilized in this model is calculated using the Mohr—
Coulomb model. The criterion excels in foundation pit excavation calculations, capturing
soil’s tensile—compressive asymmetry with simple, measurable parameters, yielding reliable
results widely used in geotechnical engineering [22,23]. It partially simulates hydrostatic
pressure’s impact, which is vital for soil stability analysis. However, its sharp yield surface
causes plastic flow inconsistencies, complicating calculations and slowing convergence.
Moreover, it fails to fully capture stress—yield relationships and stress path effects, poten-
tially leading to prediction deviations, especially significant surface rebound during initial
excavation, differing from actual experience [24,25].

3.2. Construction Process

In the actual project, the foundation pit excavation is a layered excavation, not a
one-time excavation to the bottom of the foundation pit. In order to simulate the dynamic
process of the foundation pit excavation in the actual project, five processes are set up
according to the actual construction sequence, as shown in Table 2.
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Table 2. Foundation pit excavation procedure.

Step Construction Process Construction Diagram

Step 1 Stress balance
Step 2 Apply envelope structure and box-type

retaining wall

Excavation of 1st layer of soil (4.7 m);
Step 3 Pump to 5.7 m
Step 4 Excavation of 2nd layer of soil (8.0 m);
p Precipitation to 14.6 m

Step 5 Excavation of 3rd layer of soil (13.6 m);

Precipitation to 14.6 m

3.3. Model Rationality Verification

To validate the reliability of software simulation results, displacement diagrams of
the front and back walls of the box-type retaining wall, derived from actual engineering
monitoring data, were compared with those simulated by FLAC-3D, as illustrated in
Figure 6. The figure reveals a high degree of agreement between the simulated values
and monitored data within the depth range of the box-type retaining wall, approximately
0-15 m, which indirectly demonstrates the credibility of the numerical simulation. It can
be observed that there are errors between field monitoring and simulations, particularly in
soft soil layers, due to complex soil conditions, which can lead to deviations in simplified
simulation methods [26,27]. However, this paper ensures a high degree of agreement
between the measured lateral displacements within the height range of the box-type
retaining wall and the simulated values. Specifically, the monitoring and simulation results
at a depth of 10 m from the pit bottom remain approximately equal, and the trends of the
two curves are generally the same. Therefore, the simulation results within the range of
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the box-type retaining wall can be considered reliable, allowing for subsequent numerical
simulation calculations based on them. Yet, the high precision of these results is limited to
the height range of the box-type retaining wall.

Displacement (mm)

Monitoring data

-10
Simulated data -15 :‘5,\
-20 g
-25 8

30

-35

-40

-45

Figure 6. Comparison of measured and simulated deformations at measurement location of the front
wall of the box-type retaining wall displacement.

4. Results and Discussion
4.1. Settlement of Foundation Pit Bottom and Surrounding Site Surface

During the excavation process of a foundation pit, each excavation phase results in a
loss of self-weight stress within the soil mass. As excavations progress, significant rebound
occurs in the center of the pit, while lesser rebound is observed on the pit’s sides. With
the continuous deepening of the excavation, the soil mass surrounding the foundation pit
experiences varying degrees of settlement due to the excavation of internal soil and the
presence of weak soil layers.

According to general principles of soil mechanics and geotechnical engineering, during
the excavation of soil within the foundation pit, the surrounding soil tends to displace
toward the interior of the pit. However, the presence of the box-type retaining wall as a
supporting structure restricts the horizontal displacement of the soil. Nevertheless, the
weak soil beneath the box-type retaining wall possesses a certain degree of creep, which
causes it to deform and creep from the pit’s periphery toward its interior, ultimately leading
to soil expansion in the pit’s center and settlement of the soil surrounding the pit. Due to
the presence of the box-type retaining wall and bearing piles, they impose a certain degree
of restraint on the weak soil layers, resulting in relatively minor settlement of the soil mass
surrounding the foundation pit.

As depicted in Figure 7a, the interior and exterior of the excavation pit exhibit different
patterns: the interior undergoes expansive deformation, while the surrounding ground
surface outside the pit experiences settlement deformation. It is observed that significant
soil expansion occurs in the center of the foundation pit, reaching 19.3 cm. Furthermore,
particular attention should be given to the settlement deformation of the ground surface
surrounding the exterior of the excavation pit. Calculation results indicate that the max-
imum surface settlement that occurred at a distance of 31.85 m from the pit is 4.25 mm,
which is less than the alert threshold value of 20 mm set for monitoring surrounding surface
settlements. This suggests that the settlement values of the surrounding surface are within
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a controllable range. The model calculation results are consistent with the general soil
settlement patterns observed during foundation pit excavation [28,29]. Figure 7b presents
the envelope diagram of ground surface settlement, denoted as Jy, with all coordinates in
the diagram being dimensionless. In this figure, D represents the vertical distance from
outside the excavation to the rear wall of the box-type retaining wall; H denotes the depth
from the ground surface, and He indicates the excavation depth of the foundation pit. As
observed in the figure, the ground surface settlement outside the excavation exhibits a
“spoon-shaped” profile.

The contour plots of settlement and rebound displacement after each excavation
stage, as depicted in Figure 8, reveal that each excavation results in soil rebound at the
pit bottom and settlement of the soil surrounding the foundation pit. Given the presence
of buildings surrounding the foundation pit, to investigate the impact of unsupported
excavation on the settlement of adjacent soil, a simulation was conducted using software
to calculate the settlement values of the surrounding surface soil after each excavation
stage. The results were plotted as a curve, as shown in Figure 9, exhibiting an overall
“spoon-shaped” pattern, which aligns with the typical settlement patterns observed in
foundation pit excavation. Following the completion of the third excavation stage, the
maximum settlement of 4.25 mm was recorded in the surrounding soil at a distance of
31.85 m from the pit edge, which falls below the warning threshold of 20 mm set for this
project. Moreover, the initial settlement values under different layer excavations will have
different values. The reason for the varying starting points is that, after each excavation is
completed, there is a need to wait for the release of soil stress and soil expansion. The soil
at the edge of the box-type retaining wall is affected by the excavation of the foundation pit
and will undergo expansion. However, as the distance from the edge of the foundation
pit increases, soil settlement gradually enlarges, reaching a maximum value before slowly
decreasing thereafter.

FLAC3D 7.00

©2020 Itasca Consulting Group, Inc.
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Buildings 2025, 15, 109 12 of 21

DI/H
3.0 2.5 2.0 1.5 1.0 0.5 0.0
0.0 PN POt
___________ g 0.0
- 1 (D Embankment.
e ~~aL,
S o5 Ju
=~ @) Fill Soil 0.5
(=]
1.0 Sandy Silt
Sy L0 =
&
(@) Mucky Silty Clay o
1.5
(5) Mucky Clay
2.0
(@ Silty Clay
2.5

® Grey Silty Clay With Silty Sand

(b)

Figure 7. (a) Settlement curve of the foundation pit. (b) The influence zone behind the wall.
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Figure 8. Settlement cloud map after excavation at different steps: (a) first layer excavation; (b)
second layer excavation; (c) third layer excavation.
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Figure 9. (a) Numerical simulation of soil settlement curve around foundation pit; (b) schematic
diagram of the distance from the edge of the pit.
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4.2. Horizontal Displacement of Support Structure

Assuming the simulation results are reasonable, the analysis is conducted after the
completion of excavation under this working condition. Using FLAC-3D software, horizon-
tal displacement contour maps of the underground diaphragm wall, the rear wall of the
box-type retaining wall, tri-axial soil mixing piles, and bored piles are obtained through
computational simulations.

Based on the analysis of Figure 10, the maximum horizontal displacement of the
underground diaphragm wall occurs at a depth of 25 m, with a value of —19.37 mm. The
overall displacement of the wall within the soft soil layer in the mid-to-lower sections is
larger compared to the upper sections. The rear wall of the box-type retaining wall exhibits
a maximum horizontal displacement of —11.72 mm at a depth of 13.6 m from the bottom.
The tri-axial soil mixing piles show a maximum horizontal displacement of —17.76 mm at
the bottom, at a depth of 33 m. The bored piles have a maximum horizontal displacement
of —14.28 mm at a depth of 20 m. According to the “Technical Standard for Monitoring
of Construction Foundation Pit Engineering” [30], the threshold for retaining structures
in this project is set at 20 mm. The simulation results from the software are all below
the monitoring alert value. The maximum displacement locations of various supporting
structures in the three-dimensional contour maps are primarily located near the soft soil
layers, which is consistent with the deformation patterns of foundation pits, indirectly
validating the reliability of the numerical simulation results.
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Figure 10. Displacement cloud diagram of each supporting structure: (a) Underground diaphragm
wall; (b) Back wall of box-type retaining wall; (c) Three-axis mixing pile; (d) Bored pile.



Buildings 2025, 15, 109

14 of 21

4.3. Discussion of Influencing Factors on the Supporting Structure

During the support process of deep-foundation pits, due to the necessity of excavating
the soil inside the pit after the construction of the box-type retaining wall, the “two-wall-in-
one” construction method is adopted, which integrates the underground diaphragm wall
with the inner lining wall. This design represents an optimized application of underground
diaphragm walls in deep-foundation pit engineering. In this project, a novel box-type
retaining wall is constructed in conjunction with the underground diaphragm wall. To
investigate the factors influencing the horizontal displacement of this supporting structure,
numerical simulation methods are utilized to analyze the displacement of the supporting
structure from three aspects, thereby identifying the key influencing factors.

(1) Analysis of the influence of box-type retaining wall dimensions

When analyzing the impact of the box-type retaining wall dimensions on the “two-
wall-in-one” support structure and the surface settlement behind the wall, both the length
and width were varied within the original dimension range of 3 m. Specifically, when
altering the length, the width was kept constant, and vice versa for changes in width.
To investigate the effect of length variation on the deformation of the foundation pit
retaining structure, the length of the box-type retaining wall was varied while maintaining
its width and material properties constant. Seven lengths of 13, 12, 11, 10, 9, 8, and
7 m were considered. The displacement of the front wall under different lengths was
analyzed. Negative values indicate displacement toward the inside of the foundation
pit, and positive values indicate displacement in the opposite direction. Using finite
element software to calculate the displacement of the wall under different lengths, a
graphical analysis was conducted. As shown in Figure 11a, the displacement patterns
of the wall are essentially the same, exhibiting a “spindle-shaped” distribution, which
aligns with the typical displacement variation patterns observed in retaining structures
during foundation pit excavation. As the length increases, the displacement of the front
wall initially increases linearly. Due to the soft soil layer, the displacement amplification
becomes more pronounced at —15 m, and the maximum displacement is reached at —25 m.
As the foundation pit depth continues to increase, the retaining wall displacement gradually
decreases. At a length of 13 m for the box-type retaining wall, the maximum displacement is
20.03 mm. As the length of the box-type retaining wall is gradually reduced, the maximum
horizontal displacement of the wall also decreases, with approximately a 7% reduction
in wall displacement for each 1 m decrease in length from 13 m. At a length of 7 m, the
maximum displacement is 11.02 mm. The monotonic increase in wall displacement within
the range of 7-13 m indicates that shorter intervals between box-type retaining walls result
in greater overall stiffness, which better restricts the displacement of the foundation pit.
As illustrated in Figure 11c, the box-type retaining wall has a width of 10.8 m. Surface
settlement behind the wall is recorded starting from the 10.8 m mark along the length
dimension. As the distance from the edge of the excavation pit increases, the settlement
value reaches a maximum near 30 m and then gradually decreases thereafter. When the
length of the box-type retaining wall is 7 m, the maximum settlement value is —2.4 mm.
Conversely, when the length of the box-type retaining wall is 13 m, the maximum settlement
value increases to —6.3 mm. These results indicate that shorter spacing between box-type
retaining walls can enhance overall stiffness, thereby more effectively limiting surface
settlement around the excavation pit.



Buildings 2025, 15, 109

15 of 21
Displacement §, (mm) Displacement &;, (mm)
_30 20 _10 0 =30 =20 -10 0
e 0 ——————————————— 0
Length 13m s —T s
Iienggql i ——— Width 10.8m
en, m 1 .
Length 10m -10 \\xig:ﬁ ggﬁ -10
pength om Width 7.8m
en, m . . _
Length 7m -15 o Width 6.8m 15
20 = 20 E
= k=
25 & =25 &
A a
=30 -30
=35 -35
—40 —40
—45 45
(a) (b)
Excavation edge distance (m) Excavation edge distance (m)
70 60 50 40 30 20 10 0 70 60 50 40 30 20 10 0
3 3
———— Width 12.8m 2 Length 13m 2
———— Width 11.8m Length 12m |
——— Width 10.8m 1 Length 11m 1
Width 9.8m Eengﬂﬁ ;Om
——— Width 8.8m 0 fé\ nggth 82 0 /g
Width 7.8m Length 7
Width 6.8m -1 2 e m -1 £
3 5
2 g 2 £
2 =
o3 23
-4 4
-5 _5
—6 6
-7 7
(c) (d)

Figure 11. Influence of box-type retaining wall dimensions: (a,b) Horizontal displacements of front
wall of box-type retaining wall; (c,d) Surrounding surface settlements with variations in the box
length and width.

To investigate the effect of width variation on the deformation of the foundation
pit retaining structure as well as the surface settlement behind the wall, the width of
the box-type retaining wall was altered while keeping its length and material properties
constant. Seven different widths of 12.8 m, 11.8 m, 10.8 m, 9.8 m, 8.8 m, 7.8 m, and 6.8 m
were considered for the box-type retaining wall. The displacement of the front wall under
these different widths was analyzed. As depicted in Figure 11b, when the length and
material properties remain unchanged, the displacement patterns of the wall under varying
widths are essentially the same, exhibiting similar trends to those observed with length
variations. At a width of 6.8 m for the box-type retaining wall, the maximum displacement
of the wall at a depth of 25 m reaches 17.51 mm, which is smaller compared to when
varying the length. As the width increases from 6.8 m, the horizontal displacement of
the wall gradually decreases. A reduction of approximately 2.5% to 6% in the maximum
displacement is observed for every 1 m decrease in width. Wider retaining walls provide
better restraint against wall displacement. As shown in Figure 11d, when the length and
material properties of the box-type retaining wall remain constant, and with variations in
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width, the surface settlement behind the wall generally reaches its maximum value near
a distance of 30 m from the wall and then gradually decreases as the distance increases.
When the width of the box-type retaining wall is 12.8 m, the maximum settlement value is
4.0 mm. For comparison, when considering a hypothetical scenario where the box length is
6.8 m, the maximum settlement value is 5.0 mm. Overall, the results indicate that variations
in the width of the box-type retaining wall have a relatively minor impact on the settlement
of the soil behind the wall;

(2) Analysis of the influence of varying filler types within the retaining wall

When studying the influence of the internal fill material of box-type retaining walls
on the “two-wall-in-one” support structure and the surface settlement behind the wall,
the impact of different types of fill materials on foundation pit deformation was analyzed.
Numerical calculations were performed for four scenarios (Table 3): using surface fill soil
(Filler 1); hydraulic fill (Filler 2); mucky silty clay (Filler 3); and the absence of fill material
(No filler). No filler means that the interior space of the box-type retaining wall remains
empty without any filler.

Table 3. Table of physical and mechanical properties of fillers in retaining walls.

. 4% E c @
FillrType  \im3 Ko v /kPa /kPa 1©)
Filler-1 17.8 0.380 0.281 27,180 15 27
Filler-2 18 0.350 0.259 31,140 12 15
Filler-3 17.7 0.510 0.338 19,140 10 16.8
No fillers / / / / / /

As illustrated in Figure 12a,b, under the same degree of compaction, whether high-
quality soil or inferior silty clay is used as the fill material for the box-type retaining wall, the
displacement variations in the wall and the soil behind it remain essentially consistent. This
indicates that, according to the numerical simulation results, soil quality has a minor impact
on the retaining effectiveness of the box-type retaining wall. When there is no fill material
within the box, the retaining wall’s displacement above the foundation pit base becomes
highly irregular, exhibiting abrupt changes in displacement and structural instability. The
soil behind the wall experiences expansion, with settlement values continuously increasing,
and the maximum settlement increases by 3 mm compared to cases with fill materials.
Therefore, the inclusion of fill material within the box-type retaining wall is a necessary
measure to achieve satisfactory retaining performance.

(3) Analysis of the influence of cement materials in the box-type retaining wall

In investigating the impact of concrete materials used for pouring box-type retaining
walls on the deformation of foundation pit retaining structures as well as the surface
settlement behind the wall, the variations in the displacement of the box-type retaining
walls cast with C20, C30, C40, and C50 concrete were compared. The parameters of the
concrete materials are presented in Table 3. As shown in Figure 13, it can be observed that
the displacements of the front and back walls of the retaining wall, as well as the surface
settlement behind the wall, are essentially the same. By using concrete of varying materials
to pour the box-type retaining walls, it is evident that stronger concrete exhibits better
performance in restricting wall displacement compared to weaker concrete. However, the
influence on the horizontal displacement of the retaining wall and the surface settlement
behind the wall is not significant. The results presented in Figure 13 indicate that the
displacement of the front wall of the retaining wall remains essentially consistent. When
constructing box-type retaining walls using concrete of different materials, increasing the
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concrete strength is more effective in limiting wall displacement than using lower-strength
concrete. However, the impact on the horizontal displacement of the retaining wall and the
settlement of the soil behind the wall remains relatively minor.

Displacement 5, (mm)

=30 =20 -10 0 10 20
f T — T T 0
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= A= Filler-2
Filler-3 ¥ -10
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=
)
S E
B
n
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(b)

Figure 12. Influence of the internal fill material of box-type retaining walls: (a) Horizontal displace-

ment of the front wall of box-type retaining wall; (b) settlement of the surrounding surface from the
edge of foundation pit.
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Figure 13. Influence of concrete materials used for pouring box-type retaining walls: (a) Horizontal

displacement of the front wall of box-type retaining wall; (b) settlement of the surrounding surface

from the edge of foundation pit.
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5. Conclusions

Based on the foundation pit construction of a wastewater treatment plant in Shanghai,
a three-dimensional numerical model of the pit and retaining wall structure was established
using the FLAC 3D simulation method. The lateral deformation of the support structure at
different construction stages of the deep-foundation pit, as well as the surrounding surface
settlement responses, were studied. The main conclusions are as follows:

(1) In soft soil foundation deep excavation projects, the novel box-type retaining wall
demonstrates remarkable support performance. Compared to other types of re-
taining walls, it boasts advantages such as simple structure, unsupported exca-
vation construction, and convenient sourcing of filling materials. Key factors in-
fluencing the support effectiveness of the box-type retaining wall were analyzed,
focusing on three aspects: wall dimensions; filling materials within the box; and
constituent materials;

(2) During foundation pit excavation, rebound appears at the center, while settlement
occurs at the edges. Simulations analyzed the impact of box-type retaining wall
dimensions, fill materials, and constituent materials on settlement. Results showed
that dimension changes caused settlement variations of 1-3 mm. Except for the no-fill
condition causing soil expansion and continuous settlement, settlement trends were
consistent under the other three fill conditions. Changes in constituent materials had
insignificant effects on settlement;

(3) By altering the dimensions of the box-type retaining wall, it was observed that when
the wall width was held constant, a reduction of 1 m in wall length led to approxi-
mately a 7% decrease in wall displacement at the base of the excavation pit. Conversely,
when the wall length was held constant, a reduction of 1 m in wall width resulted in
approximately a 6.8% increase in wall displacement at the base;

(4) The advantages of adopting box-type retaining walls are as follows: (a) enabling
unsupported excavation construction; (b) featuring a simple structure, primarily filled
with plain soil and stone materials; (c) demonstrating excellent stability, high shear
strength, and adaptability to various foundation types; (d) resulting in significant
savings in concrete materials; (e) serving as a permanent exterior wall structure when
integrated with retaining piles, thereby enhancing the overall rigidity, stability, safety,
and reliability of the retaining system.

This paper mainly adopts the method of numerical simulation to study the perfor-
mance of box-type retaining walls in controlling deformation. Further research can combine
long-term observations and data analysis to investigate and discuss the long-term usability
of this novel structure. Additionally, since this research involves water-treatment facilities,
potential environmental threats (such as permeability, corrosion of concrete structures, and
strength loss after corrosion) can be further discussed in the future.
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