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Abstract

This study established a numerical model for a foundation pit at the Zhongyilu Station of the
Wuhan Metro Line 12, using Plaxis3D version 2021 finite element software to examine the
horizontal displacement of the diaphragm wall, ground surface settlement, and differential
settlement between the diaphragm wall and the lattice columns across various construction
stages. A comparison with the cut-and-cover method prompted the adoption of a strategy
that integrates segmental pouring of the main structure and the installation of internal
supports to optimize the original scheme. The results indicated that as the foundation pit
was excavated, both the horizontal displacement of diaphragm wall and the ground surface
settlement gradually increased, while the differential settlement between the diaphragm
wall and the lattice columns shows exhibited an initial decrease followed by an increase.
In comparison to the cut-and-cover method, the cover-and-cut method demonstrated
greater efficacy in controlling foundation pit deformation and minimizing disturbances
to surrounding environment. As the number of segmental pouring layers and support
levels increased, the overall deformation of the foundation pit showed a gradual decreasing
trend, and the differential settlement between the diaphragm wall and the lattice columns
continued to fluctuate. When each floor slab was poured in three layers with two supports
placed in the middle, the maximum horizontal displacement of the diaphragm wall could
be reduced by 22.47%, and the maximum ground surface settlement could be decreased
by 19.01%. The findings in this research can provide valuable basis and reference for the
design and construction of similar projects.

Keywords: foundation pit engineering; cover-and-cut method; numerical simulation;
deformation optimization analysis

1. Introduction

The construction of urban subway stations frequently occurs in densely populated
areas. The excavation of foundation pits can lead to significant risks, including damage
to existing subway tunnels, ground subsidence, structural damage to buildings, the uplift
of diaphragm walls, and the failure of support systems [1-8]. The iterative update of sub-
way construction methods has greatly promoted the rapid development of infrastructure.
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Farzi et al. [9] compared conventional and widely used methods; an appropriate and safe
support system was proposed for excavation in urban areas depending on construction,
structural, and economic conditions. Hsiung et al. [10] established a three-dimensional
finite element model by considering a top-down construction method, a supporting system
of concrete slabs, and the influence of the soil modulus. Bozkurt et al. [11] studied the influ-
ence of lime—cement stability on foundation pit support by using the finite element method.
The 2D finite element analyses were performed with advanced constitutive models for both
natural clay and stabilized soil, performing a laboratory test made on both field-mixed
and laboratory-mixed stabilized clay samples. Russo et al. [12] carried out a 3D numerical
simulation study of the Chiaia station of the Naples Metro Line 6 to predict and control
the deformation of a deep foundation pit in order to safeguard the safety of the adjacent
Basilica Santa Maria degli Angeli. Lin et al. [13] analyzed the similarities and differences in
force and deformation between foundation pits excavated by the zonal method and those
excavated by the conventional method.

Nevertheless, the considerable excavation depth associated with foundation pits
continues to pose challenges, particularly concerning excessive deformation. Pre-
vious studies have indicated that the deformation resulting from the cover-and-cut
method is generally smaller than that associated with the cut-and-cover method; how-
ever, the mechanism of the deformation of the surrounding environment caused by
different excavation methods is still not yet fully understood [14,15]. For instance,
Jamsawang et al. [16] examined a foundation pit in Bangkok using the top-down method
and analyzed deformation and stress patterns when employing a deep mixing cement—
soil wall as a retaining structure. Their findings revealed that the construction of the
structural slab effectively mitigates the horizontal displacement of the retaining wall.
Li et al. [17] proposed the channel excavation method. Yang et al. [18] compared a
foundation pit project constructed using the top-down method with relevant interna-
tional case studies to analyze the mechanical behaviors observed during excavation.
Ou et al. [19] explored deformation and stress characteristics throughout the top-down
construction process by measuring the stress of the middle columns, the displacement
and bending moment of the diaphragm wall, and the ground surface settlement. Their
observational results emphasize the necessity of considering creep factors during excava-
tion analysis in soft clay conditions. Whittle et al. [20] proposed a deformation algorithm
for retaining structures in a foundation pit constructed via the nonlinear top-down
method and evaluated its predictive accuracy through comparison with the measured
data. Alkhdour et al. [21] present rational design strategies based on field and numerical
analyses to optimize stability while reducing the length of soil nails for a comprehensive
understanding of deformation control in deep excavations, particularly in the context of
alternative retaining systems such as soil nail walls. They demonstrated that numerical
simulations can effectively predict soil deformation.

The intermediate columns represent a unique structural system in the top-down
method. During the construction process, these columns endure substantial vertical
loads, which prompts extensive research on their displacement characteristics and dif-
ferential settlement patterns. Based on the analyses of field measurements, researchers
such as Cai et al. [22] and Ono et al. [23] have suggested that controlling differential
settlement should be prioritized during the construction of the top-down structure. The
Technical Specification for Foundation Pit Engineering [24], issued by Shanghai Engi-
neering Construction, states that the differential settlement between the intermediate
columns and the diaphragm wall of the foundation pit must not exceed 20 mm and
1/400 of the spacing between the intermediate columns. Sun et al. [25] simulated the
most unfavorable conditions for differential settlement and identified that the maximum
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differential settlement occurs prior to the formation of the bottom slab. Based on mea-
sured data from a project in Tianjin and numerical simulations, Su et al. [26] proposed a
phased control method and a differential settlement control standard for the top-down
construction of a subway station. Guo et al. [27] investigated the differential heaving and
settlement between the vertical support structures in a foundation pit constructed using
the top-down method in soft soil areas and analyzed the mechanisms and influencing
factors. They also provided recommendations for mitigating differential heaving and
settlement in design.

In summary, research on the differential settlement in foundation pits constructed us-
ing the top-down method remains relatively limited. However, such differential settlement
directly impacts the feasibility of employing this construction technique. Subway stations,
which are often located in bustling areas with limited construction sites and surrounded
by dense structures and complex traffic patterns, benefit from the top-down construction
method due to its advantages in minimizing noise, dust, and disruptions to traffic, thus
reducing the impact on local residents. Consequently, the top-down construction method is
increasingly favored for subway station projects in urban environments. This study estab-
lished a numerical analysis model using Plaxis3D to examine the horizontal displacement
of the diaphragm wall, ground surface settlement, and differential settlement between the
diaphragm wall and the lattice columns across various construction stages. Furthermore,
a comparison was made with the cut-and-cover method. Finally, optimized analysis of
the original construction scheme was conducted by implementing a construction scheme
involving the multiply segmented pouring of the main structure and the erection of internal
supports. The innovation of this scheme lies in the combination of internal supports and
the cover—cut method, which can effectively control the differential settlement of piles and
walls and the deformation of the surrounding environment.

2. Project Overview

Zhongyilu Station serves as a transfer hub for Lines 8, 12 and 21. It is strategically
located at the intersection of Houhu Avenue and the crossroads of the Zhongyilu-Tazihu
East Road in the Jiang’an District. A plan view of the foundation pit is illustrated in Figure 1.
This foundation pit is constructed using the cut-and-cover method.

a

g :Wuhan expenmentz’i ¥
 school sports stadium || R

L_ﬂhan ? stands -

:Expenmental : |

Sctoal = 3

J["-“D“—““‘" =R
: j Yuli | é
e —— e West, | Hong Kong Serv1ce Park?Concept)

.....

[ L i =l I = —
Figure 1. Overall plan of Zhong Yi Station.

The station features a three-storey underground frame structure, with an overall length
of 519.2 m. The structural width and height of the standard section are 49.5 m and 25.29 m,
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respectively. The roof is covered with approximately 3.2 m of soil. The main structure
dimensions of the station are as follows: the clear floor height of the first floor from top
to bottom is 7.1 m, that of the second floor is 7.4 m, and that of the third floor is 7.7 m.
Among these, the thickness of the top slab of the main structure is 0.9 m, the thickness of
the floor slabs of the first and second basement floors is 0.4 m, the thickness of the floor
is 1.3 m, and the thickness of the side walls is 0.85 m. The primary construction method
employed for the station is the top-down method, which integrates support structures and
the main structures effectively. The diaphragm wall has a thickness of 1.5 m, while the
upper retaining structure is 0.2 m thick. The lattice columns and bored piles had diameters
of 900 mm and 2300 mm, respectively, and both the retaining and main structures were
constructed using C35 concrete. The key advantages/disadvantages of excavation methods
(top-down, cut-and-cover) are shown in Table 1.

Table 1. Summarizing the key advantages/disadvantages of excavation methods (top-down,

cut-and-cover).

Method Advantages Disadvantages
1. Construction is simple: fewer 1. Traffic disruption: roads need
processes and mature technology. .
) . { to be closed, affecting
2. Short construction period: high !
o urban traffic.
degree of mechanization. o .
Top-Down . . 2. Significant environmental
3. Low cost: The total cost is . .
Method . o impact: loud noise and dust.
approximately 60-70% of that of .
3. Weather constraint: heavy
the cut-and-cover method. . ;
. e T rain may cause the foundation
4. High space utilization: suitable .
. . pit to be flooded.
for large-span foundation pits.
1. Long construction period:
1. Minimize traffic impact: complex process (piles — roof
construct the roof first; then restore  slab — reverse construction),
road traffic. 30—40% slower than
2. Good structural stability: open excavation.
utilizing permanent structures as 2. High cost: the construction
Cut-and- supports and reducing the need cost is approximately 1.3 to
Cover for reinforcement. 1.5 times that of the
Method 3. Sediment control excellent: open-cut method.

minimal disturbance, deformation
of surrounding buildings < 10 mm.
4. Applicable to deep foundation
pits: when the depth is greater than
20 m, the safety is high.

3. The construction is very
challenging: the precision of
node connections is extremely
high (for example, the
verticality of the steel pipe
columns should be <1/500).

The strata within the excavation depth of the foundation pit are mainly composed of

silty clay, silt interbedded with silt sand, and gravel mixed with cobblestones. In contrast,
the overall undulation of the top of the bedrock layer is relatively small. The average
groundwater level is 2.5 m, and it fluctuates between 1 m and 4 m. The distribution of the
soil layers is depicted in Figure 2. The average groundwater level is 2.5 m, and it fluctuates
between 1 m and 4 m.
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Figure 2. Standard cross-section of Zhong Yi Station.

3. Numerical Simulation of Deep Foundation Pit
3.1. Model Establishment

Given the complex surrounding environment of the foundation pit, it is essential to
conduct a simplified analysis to facilitate subsequent finite element modeling and calcula-
tions. This analysis encompassed the following assumptions: (1) the soil conditions within
the foundation pit were considered to be horizontally and homogeneously distributed;
(2) vehicle loads on the road were converted into uniformly distributed loads acting on the
cover plate equal to 20 kPa; (3) a linear elastic plate element model was utilized for the
diaphragm wall; (4) a beam element model was employed for the concrete struts; (5) an
embedded pile model was utilized for the lattice columns; (6) the numerical simulation
process excluded the influence of the diaphragm wall construction and the disturbance of
soil caused by construction machinery; (7) time-related effects were not taken into account.



Appl. Sci. 2025, 15, 7520

6 of 23

Contact between different materials is the default setting, taking into account gravity and
earth pressure loads as well as vehicle loads.

In this study, we used the PLAXIS 3D version 2021 program to conduct finite ele-
ment modeling analysis on a subway foundation pit at the Zhongyilu Station in Wuhan
City. According to Saint-Venant’s principle and relevant specifications, the influence
range of deep foundation pit excavation was approximately three times that of the ex-
cavation depth. The maximum excavation depth for this foundation pit was 28.2 m.
Based on actual working conditions, the dimensions of the model were established as
35m x 160 m x 80 m (x X y x z). The boundary conditions are set as follows: the hori-
zontal displacements at the four sides of the model are constrained to simulate the lateral
restraint of the soil in actual engineering; full constraints are applied at the bottom to
prevent the model from undergoing unreasonable overall movement; the top is kept free
to more realistically reflect the deformation of the soil at the top. In terms of the mesh
refinement strategy, we focus on the key areas, with the element size controlled at around
0.1 m to ensure the calculation accuracy of these areas, thereby accurately capturing the
detailed changes in stress and deformation. For other non-key areas, larger-sized meshes
are used for transition, which not only ensures the simulation accuracy of the key areas but
also effectively balances the calculation efficiency of the entire model, avoiding the prob-
lems of wasted computing resources and excessive calculation time caused by excessive
meshing. In this configuration, the x-axis, y-axis, and z-axis represent the longitudinal,
transverse, and vertical directions of the foundation pit, respectively. The numerical model
of the foundation pit is illustrated in Figure 3. The support system of the foundation pit
comprises a diaphragm wall and an internal support system. The diaphragm wall and steel
pipe columns are retained as permanent structures, while the internal supports include
reinforced concrete supports, steel supports, and bored piles. The diaphragm wall and
the main structure of the foundation pit were modeled using solid elements, whereas the
lattice columns and bored piles were simulated using the embedded pile model. The main
structural parameters are shown in Table 2.

Wil
1
11

(a) Overall foundation pit model

LU

L
{

(b) Local foundaﬁon pit model

Figure 3. Numerical model of foundation pit.
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Table 2. Model structure parameters.
Name Size (mm) E (x103 kPa) Poisonby
Diaphragm wall 1500 31,500 0.22
Steel supports @900t =16 210,000 -
Lattice column 900/ 2300 31,500 0.22

3.2. Selection of Model Parameters

Existing practices and studies have indicated that the strain within the soil during
the excavation process typically remains in a small strain state. As depicted in Figure 4,
the hardening soil small strain (HSS) model exhibits the characteristic whereby the shear
modulus of the soil increases with strain. It can effectively capture the hydrostatic pressure
and expansibility of soft clay. This model allows for the differentiation of unloading stiffness
during loading and reloading, thereby enabling a relatively accurate representation of the
behavior induced by soil excavation. Therefore, the HSS model was adopted in this study.
The model parameters are all derived from laboratory data, especially the small strain
parameter Gy. Through a series of dynamic triaxial tests, small-amplitude cyclic shear
stresses were applied to the soft soil samples, and the relationship between the shear
modulus of the soil samples and the shear strain was measured to determine the value of
Gop. The main soil parameters obtained are shown in Table 3.
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Figure 4. Characteristic stiffness—strain behavior on logarithmic scale.

Table 3. Soil constitutive model parameters.

. Y d ! Esg E Eur Go
Soil Layer Name (kN/m%)  (kPa) () (kPa) (cPa) (ikPa) (kPa)
1-1 Miscellaneous fill 18.2 16 12 7300 7300 21,900 44,000
2-1 Silty clay 18.8 23 23 4500 4500 18,000 36,000
3-1 Silt sand 17.8 10 25 8500 8500 30,000 60,000
4-1 Boulder 19 11 24 9000 9000 27,000 54,000
5-1 Heavily weathered rock 19 20 30 10,000 10,000 30,000 60,000
6-1 Moderately weathered rock 20 50 30 200,000 200,000 600,000 12,000,000

3.3. Validation of the Numerical Model

This study established a three-dimensional finite element model based on a foundation
pit project at the Zhongyilu Station of the Wuhan Metro Line 12 to analyze the excavation
process. In accordance with the actual project specifications, the model was divided into a
total of 11 construction scenarios. The real excavation scenarios were simulated through the
activation and passivation of elements within the model. The detailed excavation scenarios
are presented in Table 4. Comparative analysis was conducted between the measured and
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simulated horizontal displacements of the diaphragm wall at the ZQT82 monitoring point
of the K foundation pit. The results are illustrated in Figure 5. The simulated and measured
horizontal displacements exhibited good agreement, demonstrating the applicability of the
numerical model presented in this study.

Table 4. Finite element analysis conditions.

Analysis _— . o
Conditions Description of Working Condition
Stage 1 Geostatic equilibrium
Stage 2 Construction of upper enclosure structure
Stage 3 Ground wall and lattice column construction (displacement reset)
Stage 4 Excavation 1 (—3.0 m)
Stage 5 The first-floor main structure construction
Stage 6 Backfill traffic
Stage 7 Excavation 2 (—11.7 m)
Stage 8 The second-floor main structure construction
Stage 9 Excavation 3 (—19.5 m)
Stage 10 The third-floor main structure construction
Stage 11 Excavation 4 (—28.2 m)
Stage 12 The fourth floor main structure construction
Horizontal displacement/mm
0 10 20 30 40 50
O i T T T T T 1
¢ Measured value
—s— Simulated value
-10 i..o.! ve o
-"‘-..~' o,
Ny g ®e o .
20k -may.
g B ._.."~ll: [N
: N3
- - L]
g 30 . ..-::_/
e ® o
40 b o '.:—-
50 F ;} M
-60 -

Figure 5. Measured and simulated horizontal displacement at ZQT82 monitoring points.

3.4. Analysis of Numerical Results

Figure 6 presents the horizontal displacement nephogram of the diaphragm wall in
the y-direction and the ground surface settlement nephogram following the excavation
of the foundation pit. During the final excavation stage, the horizontal displacement of
the diaphragm wall presented a “bow-shaped” pattern, characterized by a significant
displacement in the middle and lesser displacements at both sides. This behavior aligns
with the deformation characteristics of the diaphragm wall in open-cut foundation pits.
Further analysis revealed that the ground surface settlement shows a typical “concave
groove” shape. Moreover, the use of the top-down construction method, where the roof of
the main structure was poured before backfilling, prevented post-construction settlement
of the backfilled soil. Instead, it exhibited a heaving phenomenon. This upward heaving
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was attributed to the fact that as the excavation progressed and unloading took place
at the foundation pit’s bottom, the soil heaved upward in response to the excavation.
Consequently, the lattice columns also experienced upward heaving, which was greater
than the settlement transmitted downward due to the construction of the upper structure.
This disparity primarily accounted for the differential settlement between the diaphragm
wall and the lattice columns. Future research should focus on strategies to control such
differential settlement during the design and construction stages.

U,
g Max 0.04714m

Min -0.04695m
(a) Horizontal displacement cloud picture of ground wall

[*103m)
90.00

(<103 m]
50.00

|
\
LU

v,

Max 0.08140m
Min -0.04286m

(b) Pit surface subsidence cloud map
Figure 6. Deformation nephogram of foundation pit at final excavation stage.

To investigate the stress and deformation characteristics of the foundation pit under
different top-down construction conditions, deformation data were extracted at different
construction stages, as shown in Figure 7. It was observed that with the excavation of the
foundation pit, the horizontal displacement of the diaphragm wall gradually increased,
and the depth at which the maximum value occurred gradually moved downward. Fur-
ther analysis revealed that the majority of the diaphragm wall’s deformation increment,
resulting from excavation, primarily occurred below the cast-in-place floor slab, while no
significant displacement was observed above this slab. This phenomenon arose because,
in the top-down construction method, the floor slab was poured first, and subsequent
excavation was conducted only after the slab reached its designed strength. The reinforced
concrete utilized for the floor slab possessed high strength and good integrity, which effec-
tively restricted the deformation of the diaphragm wall situated above the floor slab. The
maximum horizontal displacements of the diaphragm wall at different excavation stages
were 2.01 mm, 11.81 mm, 26.48 mm, and 46.89 mm, respectively.
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(b) Vertical surface settlement

Figure 7. Deformation nephogram of foundation pit under different excavation scenarios.

Figure 7b revealed that the ground surface settlement gradually increased as the
foundation pit was excavated, which was consistent with the change trend of the diaphragm
wall displacements. The main influence range of the ground surface settlement caused
by excavation extended approximately 0 to 56 m away from the foundation pit boundary,
corresponding to about twice the excavation depth. The secondary influence area spans
approximately 56 to 75 m away from the boundary, which is about 2.7 times the excavation
depth. The maximum ground surface settlements at different excavation stages were
—18.11 mm, —26.29 mm, —37.14 mm, and —51.30 mm, respectively.

To investigate the differential settlement between the diaphragm wall and the lattice
columns during the top-down construction process, the vertical displacements of both the
diaphragm wall and the lattice columns at various excavation stages were extracted to
calculate their differential settlement, as presented in Table 5.

As previously noted, the primary challenges during the top-down construction process
include the differential settlement and the resulting stress redistribution within the main
structure. During the construction process, the pouring and solidification of concrete
generally require significant time. Therefore, when the first layer of the main structure
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was poured, the diaphragm wall and the lattice column can be viewed as independent
components. The vertical displacements of the diaphragm wall and the lattice column
were designated as the baseline for subsequent analysis. This assumption implies that
any displacement at this point is considered negligible. Table 5 depicts that during the
initial excavation stage, the vertical displacements of the lattice column and the diaphragm
wall were —1.23 mm and —0.98 mm, respectively, resulting in a differential settlement
of only 0.25 mm. This finding indicated that during the initial excavation stage, the soil
unloading rebound induced by the foundation pit excavation was relatively small. This
allowed for effective integration between the diaphragm wall and the lattice column, which
contributed to the control of differential settlement. As excavation progressed, both the
vertical displacements of the diaphragm wall and the lattice column showed a gradual
increase, while the differential settlement initially decreased and then increased. This
behavior was primarily attributed to the excavation of the foundation pit, which reduced
the friction between the diaphragm wall and the surrounding soil. Concurrently, the
excavation unloading effects at the pit bottom resulted in an increase in heaving, which
is illustrated in Figure 6b. However, the pouring of the main structure led to further
compression of the lattice columns, thereby restricting their heaving. This results in a
deformation pattern for the lattice column characterized by compression in the upper
section and heaving in the lower section, as depicted in Figure 8. Analysis of Figure 8
confirmed that the maximum settlement of the lattice column occurred at its top, resulting in
the largest differential settlement between the upper main structure and the diaphragm wall.
The differential settlement initially decreased and then increased during the excavation
process. This behavior showed that during the initial excavation stage, the diaphragm wall
and the lattice column remained relatively independent. Subsequently, both the diaphragm
wall and the lattice column reached a phase of relative stability in terms of their settlements.
However, as excavation continued, they exhibited signs of separation once again.

Table 5. Maximum differential settlement between adjacent piles and ground wall (mm).

Maximum Vertical Maximum Vertical
Working Condition Displacement of Ground  Displacement of Lattice Difference Value
Wall Column
The first-floor main structure construction -—- -—- -
The second-floor main structure construction —1.23 —0.98 0.25
The third-floor main structure construction —1.51 —1.64 0.13
The fourth-floor main structure construction —3.76 —3.02 0.74

Min -0.002414m

1l

— |
—

Max
0.00224m

R —

Figure 8. Vertical deformation nephogram of lattice column at final excavation stage.
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4. Comparative Analysis of Top-Down Method and
Cut-and-Cover Method

The top-down method, the cut-and-cover method (where excavation precedes the con-
struction of the superstructure), the shallow tunneling method, and various combinations
of these construction approaches are currently the predominant construction techniques
employed worldwide for the construction of subway stations and similar infrastructure.

The cut-and-cover method involves excavating soil from top to bottom. After the
excavation is completed, the station building structure is constructed from the bottom to the
top. The overall construction period is relatively long. The construction process is relatively
simple, there are many working surfaces, the progress and quality are relatively easy to
guarantee, and the cost is relatively low. However, during the construction period, a large
area of land needs to be occupied for earthwork excavation and structural construction,
and the interruption time of traffic is relatively long. The construction sequence of the
top-down method is to dig the soil from top to bottom. After one layer is excavated, the
station building structure is immediately constructed. Traffic can be restored after the roof
is completed. The construction process is complex, and sometimes special equipment is re-
quired for soil disposal operations. In the early stage of construction, by quickly completing
the roof construction of the main structure and restoring traffic, the interruption time for
traffic can be greatly reduced. This section explored the advantages and disadvantages of
the top-down and cut-and-cover methods for foundation pit deformation control through
numerical simulations.

4.1. Top-Down Method Model Establishment

The numerical model of the cut-and-cover method mirrors that of the top-down
method, with the primary distinction being the excavation sequences employed. The
specific model parameters are detailed in Section 2. Given the relatively deep excavation
depth associated with the cut-and-cover foundation pit, the support structure consists of
two concrete struts and six steel struts. The first and fourth struts are constructed from
C35 concrete with dimensions of 1000 mm X 1000 mm, with a horizontal spacing of
9 m. The remaining struts utilized ordinary pre-stressed steel with specifications of
@609 mm x 16 mm. The horizontal spacing is 3 m, and the pre-stress is 300 kN [24].
The numerical model of the foundation pit using the cut-and-cover method is depicted in
Figure 9, and the excavation sequences are summarized in Table 6, where “...” indicates
the cyclic installation of struts and the excavation process, which spans from the installation
of the second strut to the completion of the sixth excavation sequence.

Table 6. Simulated excavation sequences.

Analysis - . o
Conditions Description of Working Condition

Stage 1 Geostatic equilibrium

Stage 2 Construction of upper enclosure structure

Stage 3 Ground wall and lattice column construction (displacement reset)
Stage 4 Set up the first brace

Stage 5 Excavation 1

Stage 15 Set up a seventh brace

Stage 16 Excavation 7
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(a) Overall foundation pit model
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Figure 9. Numerical model of Top-Down Method foundation pit.

4.2. Comparative Analysis of Simulation Results
4.2.1. Foundation Pit Deformation

Figure 10 illustrates the horizontal displacement of the diaphragm wall and the ground
surface settlement outside the pit for both the cut-and-cover method and the top-down
method. As depicted in Figure 10a, the deformation patterns of the diaphragm wall result-
ing from both methods exhibited similarities, characterized by a “bow-shaped” pattern
with pronounced deformation in the middle and small deformations at both sides. The
maximum deformation of the diaphragm wall associated with the cut-and-cover method
reached 49.35 mm, which was generally larger than that observed with the top-down
method. This difference can be attributed to the fact that the top-down method uses the
floor slab of the main structure as the support framework for the foundation pit. This
configuration provided enhanced support stiffness compared to the cut-and-cover founda-
tion pit, which relied on concrete and steel struts. Consequently, this increased stiffness
exerted a damping effect on the inward movement of the diaphragm wall towards the
pit. Therefore, in the context of this project, the top-down method demonstrated supe-
rior performance in controlling the deformation of the retaining structure compared to
the cut-and-cover method. Further analysis of Figure 10b shows that the ground surface
settlement associated with both construction methods tends to follow a typical “concave
groove” shape. The maximum ground surface settlement caused by the cut-and-cover
method reaches —48.19 mm, which is slightly smaller than the deformation produced by
the top-down method. Analysis of the settlement curve indicated that, on the left side
of the “concave groove” shape, the settlement resulting from the top-down method was
larger than that of the cut-and-cover method. Conversely, on the right side of the “concave
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groove” shape, the settlement from the top-down method was smaller than that from the
cut-and-cover method. This observation further supports the conclusion that the top-down
method is superior to the cut-and-cover method in controlling the deformation of the
surrounding environment.

Horizontal displacement/mm
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(a) Comparison of horizontal displacement of ground connecting wall in final excavation stage

0r

_e-0-®
,': :_,:A:--
=10 F °
E r\.
£ 1 \
=20 1y
= n
o ]
: \ \
[}
=-30F o X
3 | &
§ | I
< 40t P
> Y - —=— Open cut method
K —e— Cover excavation method
=50 F
_60 L L L L L 1 L 1 J
0 10 20 30 40 50 60 70 80 90

Distance from center of foundation pit/m
(b) Comparison of surface settlement outside the pit in final excavation stage

Figure 10. Deformation of foundation pit for both construction methods.

In conclusion, the comparative analysis indicated that the top-down method is superior
in controlling the deformation of the retaining structure and mitigating the effects of
construction on the surrounding environment. However, the deformation caused by the
top-down method was recorded at 0.23% H (where H is the excavation depth of the
foundation pit), which far exceeded the specified limit of 36.0 mm, as outlined in the
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relevant regulations (where the maximum lateral displacement of the diaphragm wall for a
first-class foundation pit is 0.18% H [24]). It can be known that the cover excavation method
also cannot meet the safety standards. Therefore, in regions with stringent deformation
control requirements, it is recommended to implement servo steel supports or to adopt a
construction scheme that integrates multiple construction methods.

4.2.2. Main Structure Internal Force

The maximum longitudinal compressive stress and maximum longitudinal tensile
stress of the main structure for the cut-and-cover method and the top-down method
during the final construction stage are shown in Table 7. As can be seen from Table 7, the
maximum longitudinal compressive stress and maximum longitudinal tensile stress of the
cut-and-cover method are both larger than those of the top-down method. Specifically, the
maximum longitudinal compressive stress of the cut-and-cover method is 1649 kN/ m?
greater than that of the top-down method, an increase of 54.9%; the maximum longitudinal
tensile stress of the cut-and-cover method is 120 kN/m? greater than that of the top-down
method, an increase of 6.32%. It can be concluded that the variation range of longitudinal
compressive stress is greater than that of longitudinal tensile stress. This is mainly because
the top-down method uses steel supports as the support system, making the main structure
more uniformly stressed, while the cut-and-cover method uses the stiffness of the main
structure itself to resist deformation, resulting in an uneven stress distribution of the main
structure, and thus the maximum longitudinal stress of the cut-and-cover method is larger
than that of the top-down method.

Table 7. The longitudinal stress of the main structure of the top-down and cut-and-cover method
during the final construction stage.

Maximum Longitudinal Maximum Longitudinal

Method Compressive . 2
Stress/(kN/m?) Tensile Stress/(kN/m*)
Top-Down —4650 2017
Cut-and-Cover —3001 1897

The bending moments of the main structure’s first floor and fourth floor for the cut-
and-cover method and the top-down method during the final construction stage are shown
in Figure 11. As can be seen from Figure 11, the maximum positive and negative bending
moments of the first floor in the cut-and-cover method are much greater than those of the
fourth floor of the cut-and-cover method and the first floor and fourth floor of the top-down
method. They reach —1091.7 kN-m/m and 950.0 kN-m/m, respectively. This is mainly
because, during the construction of the Cut-and-Cover method, the first floor of the main
structure is the first to be constructed. The first floor serves as the first supporting structure
of the cover excavation pit and bears most of the soil pressure during the subsequent
excavation. As a result, the bending moment at the top plate of the main structure in the
cut-and-cover method is the largest. Compared with the difference in bending moments
between the first floor and fourth floor in the cut-and-cover method, the bending moments
at the first floor and fourth floor in the top-down method are almost the same. This is
because, when the main structure is poured in the top-down method, due to the effect
of the internal support, the main structure and the internal support jointly bear the soil
pressure, making the main structure more evenly stressed.



Appl. Sci. 2025, 15, 7520

16 of 23

1200
800
£ 00}
g
Z
3}
g
s}
g
- -400
=]
U
m
-800 —=— First floor of the Cut-and-Cover Method
—o— First floor of the Top-Down Method
—a— Fourth floor of the Cut-and-Cover Method
-1200 | +— Fourth floor of the Top-Down Method
-9 -6 -3 0 3 6 9

Main structure width/m

Figure 11. Final comparison diagram of bending moments of first floor and fourth floor of main
structure for cut-and-cover and top-down methods of construction process.

5. Deformation Control Measures
5.1. Determination of Deformation Control Scheme

Due to its unique construction process, the top-down method significantly reduces
the duration of road closure associated with construction activities and offers the advan-
tage of rapidly restoring traffic flow. As discussed in Section 3, the top-down method
demonstrates superior capabilities compared to the cut-and-cover method in terms of
controlling foundation pit deformation and minimizing the impact of construction on the
surrounding environment. In practical applications of the top-down method, the roof or
floor slab of the main structure functions as a structure element that resists deformation.
Analysis in Section 3.4 reveals that the roof or floor slab of the main structure experiences
minimal deformation during construction, which effectively restricts the deformation of
the diaphragm wall located above the floor slab. Given that this project features a maxi-
mum storey height of 9 m, there would inevitably be extended periods without support
during the excavation of subsequent foundation pit layers. This condition could lead
to the excessive deformation of the retaining structure beneath the foundation pit floor
slab, as shown beneath in Figure 7a. Consequently, the deformation associated with the
top-down method may not satisfy the requirements imposed in regions that necessitate
strict deformation control. In this study, during the top-down construction process, each
excavation height was reduced, and a construction method involving segmental pouring
of the main structure, along with the addition of internal supports, was implemented,
as shown in Figure 12. Plan 2, depicted on the left side of Figure 12, incorporates one
steel support between each floor slab. Plan 3, presented on the right side of Figure 12,
includes two steel supports between each floor slab. This method meets the functional
requirements of structural deformation control while also taking economy into account.
All internal supports utilize ordinary pre-stressed steel supports with specifications of
@609 mm Xx 16 mm. They have a horizontal spacing of 3 m and a pre-stress of 300 kIN.
Comparing the new schemes with the original construction method facilitates a discussion
of their advantages in controlling the deformation of the retaining structure, the vertical
displacement of the ground surface, and the differential settlement between the diaphragm
wall and the lattice columns.
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Figure 12. Schematic diagram of deformation control scheme.

5.2. Comparative Analysis of Deformation Results
5.2.1. Comparative Analysis of Support Structure Deformation

Figure 13 presents a line chart illustrating the maximum deformation points of the
diaphragm wall under the three different excavation schemes as a function of excavation
depth. As indicated in Figure 13, the maximum horizontal displacements of the diaphragm
walls for all three excavation schemes gradually increased with the excavation depth. Plan
3 exhibited the lowest growth rate of the maximum horizontal displacement, with a final
maximum displacement of only 31.71 mm, which equated to 0.15% H. Plan 2 provided the
second-best deformation control, with a maximum displacement of 36.35 mm at the final
excavation sequence, which equated to 0.17% H. The original scheme demonstrated the
least effective deformation control. Compared to the excavation method of the original
scheme, Plan 3 reduced the maximum horizontal displacement of the diaphragm wall by
15.18 mm, representing a decrease of approximately 32.37%. Meanwhile, Plan 2 achieved a
reduction of 10.54 mm, corresponding to a decrease of approximately 22.47%.

ST —=— Qriginal plan
—e—Plan 2
—&—Plan 3
10}
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o
a
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Horizontal displacement/mm

Figure 13. Maximum horizontal displacement of diaphragm wall at different excavation depths.
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5.2.2. Comparative Analysis of Ground Surface Settlement

Figure 14 presents a line chart illustrating the maximum ground surface settlement
points of the foundation pit at different excavation depths. A comparison with Figure 13
indicated the existence of consistent variation trends in the horizontal displacement of the
diaphragm wall and the ground surface settlement. Plan 3 exhibited the best deformation
control, with a maximum ground surface settlement of —37.81 mm after excavation. Plan
2 provided the second-best performance, with a maximum ground surface settlement
of —41.55 mm, while the original scheme demonstrated the least effective deformation
control. Compared to the excavation method of the original scheme, Plan 3 reduced the
maximum ground surface settlement by 13.49 mm (approximately 26.29%), and Plan 2
achieved a reduction of 9.75 mm (about 19.01%). Furthermore, the analysis of diaphragm
wall deformation revealed that the range horizontal displacement was consistently greater
than the ground surface settlement under the same construction scheme. This observation
indicated that the diaphragm wall deformation is more sensitive to the construction scheme
than the ground surface settlement. Compared with Plan 2, the maximum horizontal
displacement of Plan 3 is reduced by 4.64 mm, or 12.76%. The deformation control effect
does not increase significantly.

5h
—&— QOriginal plan
—e—Plan 2
0k —+—Plan 3
g 15}
+—
a,
[
A
20l
o5k
230 1 L L 1 L L 1 1
-15 =20 -25 -30 -35 -40 -45 -50 -55

Surface settlement/mm

Figure 14. Maximum ground surface settlement at different excavation depths.

Figures 13 and 14 revealed that increasing the number of segments did not result
in the horizontal displacement of the diaphragm wall or the ground surface settlement
reaching zero; instead, they converged toward a certain fixed value. During construction,
factors such as the operation of construction machinery must be considered, and the
segmented storey height should be comprehensively evaluated to determine the optimal
construction scheme.

5.2.3. Comparative Analysis of Differential Settlement Between Ground Wall and
Lattice Column

The stress release caused by excavation and unloading led to the upward heaving
of the soil at the bottom of the foundation pit. Concurrently, the finished main structure
caused the lattice columns and the diaphragm wall to bear the load transmitted from
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the structure. This scenario inevitably resulted in differential settlement between the
diaphragm wall and the lattice columns. Controlling this uneven settlement is critical to the
success of the top-down construction method and involves implementing various measures
during construction. Otherwise, uneven settlement could lead to cracks in the poured floor
slabs and beam systems, resulting in leakage and potentially jeopardizing the safety of the
permanent structure. Currently, the control standards for differential settlement are largely
based on empirical construction experiences. For example, Wang et al. [28] stated that the
differential settlement between the diaphragm wall and the lattice columns should not
exceed 20 mm or 1/400 of the column spacing length through numerical simulation. They
concluded that the floor slab should be poured as promptly as possible to minimize the
differential settlement.

Table 8 summarizes the maximum vertical displacements of the diaphragm wall, the
maximum vertical displacements of the lattice columns, and the differential settlement
between the two under the three different construction schemes. The maximum vertical
displacement of the diaphragm wall gradually decreased as the number of segmented
excavations increased. Among the three schemes, the original scheme exhibited the largest
settlement, while Plan 3 showed the smallest settlement at only —2.97 mm. Conversely,
the maximum vertical displacement of the lattice columns showed a gradually increasing
trend. The original scheme displayed the smallest settlement, while Plan 3 exhibited the
largest settlement at —4.04 mm. This trend can be attributed to the fact that an increase
in the number of segments constrained the horizontal displacement of the diaphragm
wall, which in turn limited the maximum vertical displacement of the diaphragm wall.
However, a smaller horizontal displacement of the diaphragm wall weakened its ability to
compress the soil within the foundation pit. Consequently, the heaving of the pit bottom
and lattice columns was reduced in comparison to the original excavation scheme. As
previously described, the maximum settlement of the lattice column occurred at the top, as
illustrated in Figure 8. The pressure transmitted from the main structure and the backfilled
soil in the lattice column remained unchanged. Consequently, decreasing the heaving of
the lattice column diminished its ability to counteract the vertical displacement of the main
structure, resulting in an increase in the settlement at the top of the lattice column. This
caused the maximum vertical displacement of the lattice column to increase as the number
of segments increased. Further examination of the differential settlement between the
diaphragm wall and the lattice column revealed that the differential settlement fluctuated
with the increasing number of segments (As shown Table 6). Plan 2 achieved the smallest
differential settlement at only 0.55 mm, while Plan 3 recorded the largest differential settle-
ment at 1.07 mm. Wang et al. [28] stated that the differential settlement should not exceed
20 mm. Notably, all three construction schemes met the deformation control requirements.
Additionally, as detailed in Section 4.2.1, the horizontal displacements of the diaphragm
wall in Plan 3 and Plan 2 were recorded at 0.15% H and 0.17% H, respectively, both of
which comply with the regulatory requirement that the maximum horizontal displacement
of the diaphragm wall for a first-class foundation pit should not exceed 0.18% H.

Table 8. Differential deformation under different construction schemes (mm).

. Maximum Vertical Maximum Vertical
Working

Condition Displacement of Displacement of Difference Value
Ground Wall Lattice Column
Original plan —3.76 -3.02 0.74
Plan 2 —3.16 —3.71 0.55

Plan 3 —2.97 —4.04 1.07
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5.2.4. Engineering Cost Comparison Analysis

In subway foundation pit projects, the cut-and-cover method is widely adopted due
to its ability to reduce the long-term occupation of ground traffic. This paper demonstrates
that in engineering practice, by adding steel supports, the deformation of the retaining
structure can be effectively controlled. However, the increase in the number of supports
will significantly increase the project cost. Therefore, a quantitative correlation between “de-
formation control requirements” and “economic costs” needs to be established to provide a
scientific basis for engineering decision-making.

Based on the actual project overview, the width of the calculation model is 8.2 m,
and the longitudinal length is set at 50 m; all the steel supports are made of ©609 x 16
ordinary pre-stressed steel supports, with a horizontal spacing of 3 m. The density of the
steel is 7850 kg/m?3. Thus, the weight of a single steel support is approximately 1.915 tons.
According to the current market price, the comprehensive unit price of the steel supports
is 5000 CNY /ton (including material procurement and on-site installation costs), where
the material cost accounts for 70% (3500 CNY /ton), and the installation cost accounts for
30% (1500 CNY /ton). The steel supports are reusable materials. After removal, the steel
can be recycled, and the recycling price is calculated based on 40% of the material cost
(installation costs cannot be recycled). It can be calculated that the net cost (total cycle cost)
of a single steel support, the total purchase cost minus the recycling value, is approximately
CNY 6894.

The longitudinal length of the foundation pit is 50 m, and the longitudinal support
spacing is 3 m per row (that is, one horizontal steel support is set every 3 m). Since the two
ends of the foundation pit need to be equipped with sealing supports, the actual number of
support rows needs to be calculated by rounding up, which gives approximately 17 steel
supports. For Plan 2, 1 steel support is set on each floor, and a total of 3 horizontal supports
are needed for the 3-storey main structure; the total number of supports is 51; the total cost
is approximately 351,594 yuan (about 352,000 yuan). For Scheme Three, 22 steel supports
are set on each floor, and a total of 6 horizontal supports are needed for the 3-storey main
structure; the total number of supports is 102; the total cost is approximately CNY 703,188
yuan (about CNY 703,000). Regarding the construction period of the foundation pit, in
the original scheme, each floor is poured at once, and the curing time for each floor is
approximately 5 days, with a total curing time of 15 days; for Plan 2, each floor is poured
in two stages, with a total curing time of 30 days; for Plan 3, each floor is poured in two
stages, with a total curing time of 45 days. Regarding the cost of the curing period, since it
is relatively small, it is temporarily not included, but Plan 3 has the longest working hours,
followed by Plan 2, and Scheme 1 has the shortest.

The economic performance of the scheme is evaluated by the “unit deformation control
cost” indicator, that is, “total cost increment/deformation reduction amount”, as shown in

Equation (1): c
_ =fc
=0 1)

In the formula, Cy,c represents the unit cost for deformation control; Cy. represents the

Cuc

total cost increment; and Ad represents the reduction in deformation.

According to Equation (1), it can be calculated that the unit deformation control cost
of Plan 2 is approximately 33,400 CNY/mm; the unit deformation control cost of Plan 3 is
approximately 46,300 CNY/mm.

Plan 3 increases the number of steel supports by a factor of 2 (102 vs. 51), but only
reduces the deformation by 4.64 mm (15.18 mm vs. 10.54 mm). However, the cost increases
by a factor of 2 (703,000 yuan vs. 352,000 yuan), and the unit deformation control cost is
38.6% higher than that of Plan 2 (46,300 CNY/mm vs. 33,400 CNY/mm).
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From the perspective of engineering practice, the deformation control of the foundation
pit needs to meet the requirements of the specifications (0.17%H), and the deformation
reduction amount of Plan 2 (10.54 mm) is sufficient to make the horizontal displacement
of the ground wall lower than the control value (assuming the depth of the foundation
pit H = 10 m, the control value is 17 mm, the actual displacement of Plan 2 is the original
displacement—10.54 mm, if the original displacement is 25 mm, then the displacement of
Plan 2 is 14.46 mm, which meets the specifications). Under this premise, the cost advantage
of Plan 2 is significant, and the additional working hours are relatively small, which is in
line with the “safety—economy” dual-target requirement.

6. Conclusions

This study relied on a foundation pit project at the Zhongyilu Station of the Wuhan
Metro Line 12. Numerical simulations were conducted to analyze the influence of different
construction stages on the deformation of the foundation pit. The original scheme was
optimized through the use of segmental pouring of the main structure and the installation
of internal supports. The main conclusions are as follows:

(1) Both the horizontal displacement of the diaphragm wall and the ground surface
settlement gradually increased with the excavation of the foundation pit, while the
differential settlement between the diaphragm wall and the lattice columns showed a
differential settlement that initially decreased then increased.

(2) Comparative analysis with the cut-and-cover method indicated that the top-down
method is more effective in terms of controlling the deformation of the foundation pit
and reducing the impact of construction activities on the surrounding environment.

(3) A construction scheme was proposed, involving multiple segmented pouring of the
main structure and erection of internal supports. This scheme can effectively reduce
the deformation of the foundation pit. However, in this project, with the increase in
the number of segments, the growth of the deformation control effect is not obvious.
Therefore, in this project, considering deformation and economy comprehensively,
Plan 2 is selected as the best.

(4) In future research, real-time monitoring data will be incorporated. By installing
sensors in actual engineering projects, real-time data on soil deformation, stress, and
other key parameters will be collected. This will be used to verify the accuracy of the
numerical simulation results and further optimize the model parameters. At the same
time, the adaptability and stability of each scheme in diverse geological environments
will be evaluated.
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