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Abstract: To investigate the effects of steel support cross-section dimensions and preloaded axial
force levels on the stability of foundation pits, numerical simulations were conducted for open-cut
deep foundation pits based on monitoring data from Changchun Metro Line 9. Results show that
increasing the wall thickness and diameter of the steel support significantly reduces the horizontal
displacement and axial force of the enclosure pile. When the wall thickness increases from 14 mm to
25 mm, the horizontal displacement of the enclosure pile can be reduced by up to 7.63 mm, and the
axial force of the steel support can be reduced by 11.4-15%. When the diameter of the steel support
changes from 609 mm to 800 mm, the axial force of the second steel support is reduced by 3.2-5.5%.
The change in preloaded axial force results in a horizontal displacement change of about 3-5 mm and
a surface settlement change of about 0.6-4.2 mm. The preloaded axial force meets pit stability control
requirements when it reaches 60% of the design axial force.

Keywords: deep subway foundation pit; steel support; cross-section dimensions; preloaded axial

force; numerical simulation; stability analysis

1. Introduction

With the rapid development of urban construction in recent years, the construction of
urban subways has increased to facilitate the travel of the public and ease traffic pressure.
The construction of a deep foundation pit is an important link in the process of subway
construction, and the ensuing problem of deep foundation pit safety has attracted much
attention. As an important part of the deep foundation pit support structure, the internal
support should be given full attention in the design and construction process. In existing
projects, steel supports are widely used due to their advantages of high strength, strong
load bearing capacity, short construction period, and reusability [1-3]. However, because of
the unreasonable design of cross-section dimensions and insufficient preloaded axial force,
a risk of instability in deep foundation pits supported by steel remains. Therefore, fully
exploring the effect of steel supports on the stability of deep foundation pits is important
for the safe construction of future subway projects.

The cross-section size and preloaded axial force level of steel supports are important
considerations in the design of deep foundation pits. Different cross-section sizes and
preloaded axial force levels have a great impact on the horizontal displacement and axial
force of the enclosure structure [4-8], which is why their potential risks should not be
ignored. If the horizontal displacement of the enclosure structure is too large, then the
deep foundation pit will be prone to the risk of destabilising and damaging the enclosure
structure and to the risk of the pit bottom bulging [9-14]. If the axial force of the steel
support exceeds the design value, then the risk of destabilising and damaging the internal
support is prone to occur [15-18]. Most scholars analyse the stability of the deep foundation
pit from the change in water level inside and outside the pit, the stability of the enclosing
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structure, and the adverse geological conditions, but the influence of the steel support on
the stability of the deep foundation pit should not be ignored [19-22]. The deformation law
of steel supports has been emphasised by many scholars, but the variation in detail size and
preloaded axial force is still what should be focused on. Therefore, the cross-section size and
preloaded axial force level of the steel support need to be designed scientifically to minimise
the probability of risk occurrence and thus ensure the stability of the deep foundation pit,
thereby reducing the construction cost and rationally utilising the underground space
of cities.

In this paper, based on our previous work, we investigate the effect of parameters
such as fine dimensions (diameter and wall thickness) and preloaded axial force of steel
supports on the stability of deep foundation pits. ABAQUS software (v. 2020HF5) is used
to numerically simulate the foundation pit structure and excavation process of Changchun
Metro Line 9 (Airport Line), and the accuracy of the numerical model is verified by using
on-site monitoring data to analyse the effects of the cross-section size of the steel support
and the pre-added axial force on the horizontal displacement of the pile, the axial force
of the steel support, and the settlement of the ground surface. The research flowchart is
shown in Figure 1.

Effect of steel support cross-section and preloaded axial
force on the stability of deep foundation pits

[
v v

Establishment of Establishment of detailed
preloaded axial force dimensional parameters of
levels for steel supports the steel support

Horizontal displacement
of the enclosure

Selection of pit stability

control indicators Steel support axial force

Land subsidence

Numerical simulation of deep foundation pit excavation
construction process

:

Analysing the effect of steel support cross-section size
and preloaded axial force level on pit stability

Figure 1. Flowchart of the research route.

2. Project Overview

This project focuses on the Changchun City Urban Railway Airport Line Section II
Cut-and-cover Deep Foundation Pit Project in Jilin Province, China. The total length of the
open-cut interval pit is 629.97 m, of which the length of the rectangular frame is 422.98 m,
the length of the U-type groove section is 205.9 m, the width of the foundation pit is
15.5-21.1 m, and the depth of excavation of the foundation pit is 0-13.1 m. The location of
the deep foundation pit is shown in the layout plan in Figure 2.
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Figure 2. Plan view of deep foundation pit.

The support structure of the excavated pit has a multi-pivot pile support system
plus an external precipitation programme. The open excavation foundation pit enclosure
structure adopts two kinds of bored pile structure, one with a pile diameter of 800 mm and
pile spacing of 1300 mm, and the other with a pile diameter of 600 mm and pile spacing of
1000 mm. The crown beam has a reinforced concrete structure, of which the cross-section
size of the @600 bored pile range is 600 mm x 1000 mm, the rest of the cross-section
size is 800 mm x 1000 mm, and the crown beam is C30 concrete. In the foundation pit,
two supports (local two) + one replacement support (local) are used. The steel support
specifications are 609 mm (t = 16 mm) and @800 mm (t = 16 mm). The first steel support
is propped on the crown girder, and the rest of the steel supports are propped on drilled
piles through the double splicing work 40b horizontal steel purlins, as shown in Figure 3.

Figure 3. Arrangement of steel supports.

3. Numerical Simulation of Deep Foundation Pit
3.1. Geometric Modelling

The deep foundation pit of the subway in this project adopts the support structure of
drilled piles + steel support. On the basis of current research experience, when the finite
element numerical model is being constructed, the enclosure in the form of drilled piles
can be simplified to a diaphragm wall according to the principle of equivalent stiffness [23].
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The pile diameter of the bored piles in the project is D = 800 mm, and the pile spacing
t = 1300 mm. The thickness of the diaphragm wall after the equivalent calculation according
to Equations (1) and (2) is & = 0.486 m. After simplification, the model is built with three-
dimensional solid units, and the depths of the enclosing piles are 11.2, 15.5, and 10.5 m.

(D+tp* _ mD* )

12 64
3 3nD4
h= 16(D+1) @

where D is the diameter of bored piles, t is the spacing of bored piles, and  is the thickness
of the diaphragm wall.

The parts include the diaphragm wall enclosure, steel support, and soil model, where
the steel support is modelled in the form of a beam unit, and the rest are modelled as
three-bit solid units.

The dimensions after assembling the components with the excavation construction
schematic are shown in Figure 4.

Figure 4. Geometric model of deep foundation pit; overall schematic diagram of excavation construction.

3.2. Selection of Material Parameters

Based on the provided Changchun City Urban Rail Transit Line Phase I Project Donghuan
Road Station~Phase I Terminal Interval Rockstone Engineering Detailed Lecha and the Chinese
Geological Engineering Handbook [24], the engineering geological profile of the project is
added below. The parameters of the soil layer are shown in Table 1. The Mohr—Coulomb
constitutive model was chosen to describe the stress—strain relationship of the soil in
the numerical model in this paper. The model is widely used to describe the plastic
behaviour of soils and provides a simple and effective damage criterion to predict the
damage conditions of materials under different stress states, which helps in engineering
design and stability analysis.

Table 1. Soil layer parameters of Changchun Metro Line 9 deep foundation pit project.

Internal Friction Cohesive Elastic

. . 3 . P .

Soil Layer Density/(kg/m>) Angle/° Force/kPa Poisson’s Ratio Modulus/MPa
Silty Clay 2000 20 33 0.25 39
Mudstone 2500 25 50 0.25 6000

Conglomerate 2140 28 40 0.25 11,000

The soil body is divided into three layers. The first layer of the soil body is powdery
clay with a depth of 3.709 m, the second layer is mudstone with a depth of 1.6 m, and the
third layer is conglomerate with a depth up to the bottom of the soil body model, as shown
in Figure 5. The material of the bored piles of the enclosure structure is C30 concrete, and
the material of the steel support is Q235B steel; the specific parameters are shown in Table 2.
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Figure 5. Schematic distribution of soil layers.

Table 2. Material parameters of deep foundation pit support structure of Changchun Metro Line 9.

Materials Density/(kg/m?) Elastic Modulus/MPa Poisson’s Ratio
C30 Concrete 2450 30,000 0.3
Q2358 Steel 7850 210,000 0.3

3.3. Analysis Step Establishment

In this process, the deep foundation pit is divided into five vertical segments and
vertically divided into five layers of step excavation, with excavation being performed on
the position of the steel support erection of the following 0.5 m, at which point digging is
stopped. The maximum depth of each layer of excavation does not exceed 2 m. The step
design was analysed according to the deep foundation pit construction sequence, as shown
in Table 3.

Table 3. Numerical simulation analysis step design for deep foundation pit.

Step Analysis Step Content Step Analysis Step Content
e Erection of The Second Steel Support for Section II
! Ground Stress Equilibrium 10 and The First Steel Support for Section IV.
. I Section V, II Section IV, III Section III, IV Section II,
2 Enclosure Construction 11 . . ;
V Section I Soil Excavation
. . o . Erection of The Second Steel Support for Section III
3 Excavation of The First Layer of Soil in Section I 12 and The First Steel Support for Section V.
4 Erection of The First Steel Support for Section I 13 1 Sectlon Vv, ,IH Section IV, IV Section III, V' Section II
Soil Excavation
5 E.xcavatlon of The .Second Layer of Section I and The 14 Erection of The Second Steel Support for Section IV
First Layer of Section II
. . . Excavation of The Soil in Layer 5 of Section III, Layer
6 Erection of The First Steel Support for Section II 15 4 of Section IV, Layer 3 of Section V
- Excavation of Soil in Layer 3 of Section I, Layer 2 of 16 Excavation of Soil in Layer 5 of Section IV and Layer
Section II, Layer 1 of Section III 4 of Section V
8 Erection of The First Steel Support for Section III 17 Excavation of Soil Layer 5 of Section V
9 Excavation of Soil in Layer 4 of Section I, Layer 3 of

Section II, Layer 2 of Section III, Layer 1 of Section IV

3.4. Contact and Boundary Condition Settings

The contact between the diaphragm wall and the soil body is surface-to-surface
contact, with normal behaviour of the hard contact, tangential behaviour of the penalty,
and a friction coefficient of 0.2; the contact between the steel support and the diaphragm
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wall has a bound constraint; and the contact between the steel purlin and the diaphragm
wall has a built-in constraint.

The boundary conditions of the numerical model are set as follows: the boundary sur-
faces on both sides in the X direction constrain the X-direction displacement; the boundary
surfaces on both sides in the Y direction constrain the Y-direction displacement; and the
bottom surface in the Z direction constrains the X-direction, Y-direction, and Z-direction
displacements. The setting of the model boundary is shown in Figure 6.

Figure 6. Schematic diagram of model boundary conditions.

3.5. Meshing

In this study, the 3D solid cell C3D8R is used for the enclosure structure and soil body
model, and the B31 beam cell form is used for the steel support and steel purlin. The grid
size of the soil cell varies from 1 m to 3 m, the grid size of the enclosure structure cell is
1 m, and the grid size of the steel support and steel purlin cell is 0.5 m, which ensures
the computational accuracy of the critical areas. The complex geometric regions were
automatically refined by the adaptive mesh technology of ABAQUS. The quality of the
delineated grid was checked, and the distortion, aspect ratio, and other indexes of all
cells were within reasonable range, ensuring the quality of the grid and the stability of
the calculation.

3.6. Numerical Model Validation

The arrangement of monitoring points relying on the physical works of the project is
shown in Figure 7. ZDS stands for horizontal displacement of the pile top, ZDC stands for
vertical displacement of the pile top, DB stands for surface settlement, ZT stands for pile
displacement, and ZL stands for shaft force. The results of surface settlement calculated by
ABAQUS software are shown in Figure 8. According to the numerical simulation results,
there is a maximum value of 6.2 mm of surface settlement at the location of pile DB-72-01,
which is a reduction of 1.6 mm compared with the monitoring value. The horizontal
displacement and surface settlement in the measured values are selected and compared
with the numerical simulation results, as shown in Figure 9. The overall trend in the
measured and simulated values of horizontal displacement and surface settlement at the
top of the pile is basically the same, and the difference is about 0.2-2.6 mm, which shows
that the accuracy of the numerical model can meet the needs of engineering calculation
and analysis.



Buildings 2024, 14, 2532

7 of 15

ZDSi-28

D526 7DSt-27 70D5-29 70830 70§-31
7D(¢-26 D¢-27 %?71_28 70C-29 7004-30 70t- 31
77415 71-17
DB-28-01 21418
DB~27-(1~03 0B-29-01~03
15 10 0, 14 15
SW-1e
\/
O DD
)B-26-01 XoXOXONATOXO DB-30-01 DB-31-01
o SW-12 @
0 O DD LB HOD® ©O ESIor:)
IONOXGECHORGK(*NORONORGEGRORON i) FONONORONONORONO] [ONONO] HONGEONOROXON CHONO
[ 0202 o
L | u-z%Xuz / Zl-n»- 1-02 s | A=50-
/ 2.-28101-02
JORORONO] (ONON( MIONONOROROROKORO} ONORONORCEONO [ONOXOXOXOXO] IONONONORORORORONORO HORONONORONONORORO] ONOXR}
o0/l L0/, @008/ @0/ O OB/, o/
08-71-(1~03  &_tg  DB-73-DI~03 SW-29 @
B-70 A1 03 1 0B-72 A 05 1 4 08~ 75-Q1~03
-70-0le ~72-Q1~ DB-74-01~05 -75-01n
A A A g A
15 10 10 14 15
A A
77437 77138
70CL72 200175
Z0cH70 Z0CR71 A 70CH73 700k 74
705k 70 709-71 o0sk7y  Z0SE73 705-74 205}-75

Figure 7. Layout of monitoring sites.

Figure 8. Deep foundation pit surface settlement cloud map.
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Buildings 2024, 14, 2532

8 of 15

4. Mechanical Response Analysis of Steel Support in Deep Foundation Pit
4.1. Establishment of Evaluation Indicators

On the basis of the calculation results of numerical simulation, the change in the steel
support cross-section size and preloaded axial force does not have a significant effect on the
effect of pit bottom bulge rebound and pile vertical displacement. Therefore, the horizontal
displacement of the enclosure structure, the axial force of the steel support, and the surface
settlement were selected as the evaluation indexes of the stability of the deep foundation
pit. The deep foundation pit monitoring level of the Changchun Metro Line 9 subway
second working area is on the second level, and the monitoring index control value interval
was determined according to the specifications of the Technical standard for monitoring
measurement of urban rail transit engineering [25], as shown in Table 4.

Table 4. Monitoring control values for open-cut support structures and surrounding geotechnical bodies.

Monitoring Projects

Engineering Monitoring Level II

Cumulative Value/mm

- - Rate of Change/(mm/d)
Absolute Value Relative Pit Depth (H) Value
Vertical Displacement of Pile Top 20-30 0.15-0.3% 34
Horizontal Displacement of Pile Top 20-30 0.15-0.3% 34
Horizontal Displacement of Pile Body 3040 0.2-0.4% 34
Surface Settlement 25-35 0.2-0.3% 2-4
Rebounding of Pit Bottom Elevation 25-35 2-3

Supporting Axial Force

Maximum Value: (70-80%) f
Minimum Value: (80-100%) fy

Note: The support axial force is controlled within the range of 80-100% of the design value of prestressing
for supports and anchors as a minimum value and 80-100% of the design value of the load-bearing capacity
of members.

The depth of the foundation pit in this project is H = 8.245 m. Thus, the control value
of horizontal displacement and vertical displacement of the pile top is 12.37-24.74 mm, that
of the horizontal displacement of the pile body is 16.49-32.98 mm, and that of surface settle-
ment is 16.49-24.74 mm. The preloaded axial force of the first steel support is 212-950 kN,
and the control value of the first steel support is 169-950 kN. The preloaded axial force of
the second steel support is 975.2-4370 kN, and the control value is 780.16—-4370 kN.

4.2. Effect of Steel Support Cross-Section Size on Pit Stability

For the study of the effect of steel support cross-section size on the axial force and
horizontal displacement of the enclosure structure, the diameter of the steel support was
selected as 609 and 800 mm, and the wall thickness of the pipe was selected as 12, 14, 16,
18, 20, and 25 mm, totalling 12 cross-section sizes of the steel support.

4.2.1. Effect of Cross-Section Dimensions on Horizontal Displacements of Enclosures

The change rule of horizontal displacement with the depth of the enclosure structure
under different cross-section sizes was obtained through finite element simulation, which
is shown in Tables 5 and 6. Table 5 presents the calculation results of the steel support with
a diameter of 609 mm, and Table 6 presents the calculation results of the steel support with
a diameter of 800 mm.

The horizontal displacement versus depth curves of the pit enclosure structure for
different steel support cross-section characteristic conditions are shown in Figure 10.
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Table 5. Horizontal displacement change rule of enclosure structure with depths under different wall
thickness conditions.

Diameter 609 mm Steel Support Wall Thickness/mm

Depths/m
12 mm 14 mm 16 mm 18 mm 20 mm 25 mm
0 9.27 8.03 7.09 6.55 5.73 4.64
0.50 7.93 6.94 6.17 5.76 5.08 4.20
1.00 6.60 5.84 5.26 4.96 4.42 3.75
1.13 6.23 5.51 4.96 4.68 4.18 3.55
2.00 3.88 3.43 3.09 2.92 2.60 2.22
3.00 6.18 5.26 4.56 413 3.55 2.75
3.85 9.43 8.03 6.94 6.29 5.39 4.16
4.70 1.49 1.20 0.98 0.84 0.68 0.44
5.70 —7.04 —6.14 —5.44 —4.54 —-3.97 —2.87
6.70 —11.67 —10.21 —9.06 —7.58 —6.65 —4.83
7.47 —13.46 —11.83 —10.55 —8.85 —7.80 —5.72
8.24 —14.57 —12.86 —11.51 —-9.70 —8.58 —6.34
9.20 —15.46 —13.71 —12.33 —10.43 —9.26 —6.90
10.15 —15.91 —14.17 —12.78 —10.85 —9.66 —7.24
11.11 —16.08 —14.36 —12.99 —11.06 —9.87 —7.44
12.07 —15.90 —14.24 —12.92 —11.02 —9.85 —7.46
12.95 —15.25 —13.69 —12.44 —10.63 —9.52 —-7.23
13.84 —13.69 —12.31 —11.21 —9.59 —8.60 —6.54
14.73 —10.67 —9.60 —8.75 —7.49 —6.72 —5.12
15.62 —6.65 —-5.99 —5.46 —4.67 —4.19 —-3.20
16.50 —5.42 —4.88 —4.44 —3.80 —3.41 —2.59

Table 6. Horizontal displacement change rule of enclosure structure with depths under different wall
thickness conditions.

Diameter 800 mm Steel Support Wall Thickness/mm

Depths/m
12 mm 14 mm 16 mm 18 mm 20 mm 25 mm
0 8.57 7.42 6.38 5.42 4.52 3.54
0.50 7.52 6.59 5.73 491 4.14 3.32
1.00 6.47 5.75 5.06 4.40 3.75 3.09
1.13 6.12 5.44 4.79 4.16 3.55 2.92
2.00 3.85 3.42 3.01 2.62 2.23 1.84
3.00 5.60 4.73 3.97 3.29 2.68 1.99
3.85 8.51 7.18 6.01 497 4.04 2.99
4.702 1.22 0.95 0.73 0.56 0.41 0.24
5.70 —6.66 —5.79 —4.98 —3.81 —-3.19 —2.23
6.70 —11.10 —9.68 —8.37 —6.42 —5.38 —3.80
7.47 —12.91 —11.32 —9.84 —7.59 —6.38 —4.55
8.24 —14.09 —12.42 —10.83 —8.39 —7.09 —5.09
9.20 —15.08 —13.36 —11.72 —9.12 —-7.73 —5.60
10.15 —15.63 —13.91 —12.25 —9.56 —8.14 —5.94
11.11 —15.88 —14.18 —12.53 —9.81 —8.37 —6.13
12.07 —15.78 —14.13 —12.51 —9.82 —8.39 —6.18
12.95 —15.18 —13.63 —12.09 —9.50 —8.13 —6.00
13.84 —13.67 —12.29 —10.91 —8.59 —7.36 —5.44
14.73 —10.67 —9.60 —8.54 —6.72 —5.76 —4.27
15.62 —6.65 —-5.99 —5.32 —4.19 —3.59 —2.66

16.50 —5.42 —4.87 —4.32 —3.40 —291 —-2.15
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Figure 10. Horizontal displacement change rule of pit enclosure structure with depths under different
conditions of steel support cross-section characteristics. (a) The diameter of the steel support is
609 mm; (b) the diameter of the steel support is 800 mm.

Figure 10 shows that the change in the cross-section size of the steel support has a large
influence on the horizontal displacement of the enclosure structure. When the diameter
of the steel support is 609 mm, the horizontal displacement of the pile top with a 12 mm
wall thickness is 9.27 mm, which is 99.8% higher than that of the pile top with a 25 mm
wall thickness. When the wall thickness of the steel support is 25 mm, the horizontal
displacement of the pile top with an 800 mm diameter is 3.54 mm, which is 23.7% lower
than that of the steel support with a 609 mm diameter. Increasing the wall thickness
and diameter of the steel support can significantly increase the stiffness of the support
and reduce the deformation of the enclosure. After further data analysis, the horizontal
displacement of the pile top with a 609 mm steel support diameter and a 25 mm wall
thickness is close to the value with an 800 mm diameter and a 20 mm wall thickness. In
addition, the horizontal displacement of the pile top with a 609 mm steel support diameter
and a 20 mm wall thickness is close to the value with an 800 mm diameter and an 18 mm
wall thickness. This suggests that within a certain range of coupled effects of steel support
diameter and wall thickness on pit safety, variations in diameter and wall thickness can
compensate for each other to achieve a similar effect.

4.2.2. Effect of Steel Support Cross-Section Size on Axial Force

Three internal supports were taken from the numerical model of the deep foundation
pit for axial force analysis, which are the first internal support of Section II, the first internal
support of Section III, and the second internal support of Section III. Their steel support
axial force variation curves with the analysis of step time are shown in Figure 11.

As can be seen from Figure 11, when the diameter of the control steel support is
constant, increasing the wall thickness decreases the axial force. When the wall thickness of
the control pipe is constant, increasing the diameter decreases the axial force. When the
control diameter is the same, the change in the axial force of the second steel support is
significantly higher than that of the first steel support, and when the diameter is 609 mm,
the axial force of the second steel support with a wall thickness of 12 mm increases by
68.2% compared with that with a wall thickness of 25 mm. The increase in the thickness
and diameter of the steel support improves the overall stiffness of the support, which
makes the stress distribution under the external force more uniform and reduces the local
deformation and stress concentration. In the structural design, the axial force can be
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reduced by appropriately increasing the wall thickness or diameter of the steel support to
improve the safety and stability of the support system.

—100

—200

=300

~400 -

=500

Axial Forces/kN

—600

=700

—800

—e— 609-12mm
—— 609-14mm
—e— 609-16mm
—— 609-18mm
—— 609-20mm
—o— 609-25mm

—-100

—200

Axial Forces/kN

=500

—600

=300

~400

—o— 609-12mm
—o— 609-14mm
—o— 609-16mm
—— 609-18mm
—o— 609-20mm
—o— 609-25mm

—1600

—2000 4

—2400

—2800

—3200 4

Axial Forces/kN

—3600

—4000

4400

D —
e
.
e

—&— 609-12mm
—e— 609-14mm
—e— 609-16mm
—&—609-18mm
—&— 609-20mm
+. 609-25mlm

14 15 16 17

—-100

—200

|
[o9)
=3
S
1

|
S
=3
(=}
1

=500

Axial Forces/kN

—600

=700

—e— 800-12mm
—e— 800-14mm
—e— 800-16mm
—o— 800-18mm
—o— 800-20mm
—o— 800-25mm

—-100

—200

Axial Forces/kN

—500

—600

14 16

—300

|
B
=)
S

1

——800-12mm
—e— 800-14mm
—e— 800-16mm
—e— 800-18mm
—o—800-20mm
—+—800-25mm

—1600

—2000

—2400

—2800

—=3200

Axial Forces/kN

—3600

—4000

~4400 -

—o— 800-12mm
—o— 800-14mm
—o— 800-16mm
—o— 800-18mm
—o— 800-20mm
—o— 800-25mm

Step/s

()

16 17

18

Figure 11. The change rule of axial stress of steel supports with time under the condition of different
cross-section sizes. (a) Section II: 609 mm diameter first steel support axial force change rule with time;
(b) Section II: 800 mm diameter first steel support axial force change rule with time; (c) the change
rule of axial force with time for the first steel support with a 609 mm diameter in Section III; (d) the
pattern of change in the axial force with time for the first steel support with an 800 mm diameter in
Section III; (e) the pattern of change in the axial force with time for the second steel support with a
609 mm diameter in Section III; (f) the pattern of change in the axial force with time for the second
steel support with an 800 mm diameter in Section III.
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4.3. Effect of Preloaded Axial Force of Steel Support on the Stability of the Deep Foundation Pit

The horizontal displacement and surface settlement of the enclosure structure were
selected as the control indexes, and 60%, 70%, 80%, 90%, 100%, 110%, and 120% of the
designed axial force were selected as the preloaded axial force levels to study the effect of
preloaded axial force of steel support on the safety of the deep foundation pit.

4.3.1. Effect of Preloaded Axial Force of Steel Support on Horizontal Displacement of
Enclosure Structure

The variation rule of horizontal displacement of the enclosure with depths under
different preloaded axial forces is shown in Figure 12.

2 ' —eo— 60% Preloaded Shaft Force
0- —e— 70% Preloaded Shaft Force
| 80% Preloaded Shaft Force
-2 4 —eo— 90% Preloaded Shaft Force
1 100% Preloaded Shaft Force
—4 7 —e— 110% Preloaded Shaft Force
. 1 —o— 120% Preloaded Shaft Force
e 61
>
S 8
o 0.4
8 |
—10 + 021 548 640 709 g4 910 993 10.40
T 0.0
-12 - s
-14 — ~0.44
1 -0.6
—16 o
BT T —

T L
2 4 6 8 10 12 14 16 6 8 10
Horizontal Displacement/mm

Figure 12. Horizontal displacement change rule of enclosure structure with depths under different
preloaded axial force conditions.

This figure shows that the preloaded axial force affects the horizontal displacement of
the pile top, which is 5.48 mm when the preloaded axial force level is 120% and 10.40 mm
when the preloaded axial force level is 60%. Further analysis shows that even if the
preloaded axial force level is 60%, the value of horizontal displacement of the pile top is
within the permissible range. Thus, reducing the preloading level appropriately is feasible
under the premise of satisfying the safety of the foundation pit.

4.3.2. Effect of Steel Support Preloaded Axial Force on Surface Settlement

For the analysis of the effect of steel support preloaded axial force on the surface
settlement, a horizontal path was set in the middle of the deep foundation pit to analyse
the change in surface settlement with the horizontal route under different preloaded axial
forces, and the curves are plotted in Figure 13.

As can be seen from Figure 13, a large horizontal distance from the pit corresponds to
small surface settlement. When the horizontal distance reaches 20 m, the surface settlement
is close to 0, which reflects the general law of the pit surface settlement. The size of the
preloaded axial force is correlated with the surface settlement; a larger preloaded axial force
will produce smaller surface settlement, and when the preloaded axial force decreases, the
surface settlement will increase. For example, at a preloaded axial force level of 120%, the
surface settlement is 6.3 mm. At a preloaded axial force level of 60%, the surface settlement
is 10.5 mm. Increasing the preloaded axial force improves the stiffness and bearing capacity
of the support system, which is able to resist earth pressure and reduce soil displacement
and settlement around the pit.
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Figure 13. Foundation surface settlement under different preloaded axial force conditions.

5. Discussion

Based on the findings in this paper, the following recommendations are made for
similar foundation pit projects:

(1) The diameter and wall thickness of the steel support have a significant effect on
both the horizontal displacement and axial force of the enclosure structure. Space
constraints and material costs need to be considered comprehensively in the design.

(2) During the excavation and support of the foundation pit, a real-time monitoring
system should be set up to monitor key parameters such as surface settlement and
axial force of steel support.

(3) During the design and construction process, it is also necessary to comprehensively
consider the influence of factors such as the nature of the soil, changes in the water
table, and the construction process on the surface settlement. Through multi-factor
analysis, a more comprehensive and scientific foundation pit support programme can
be developed.

6. Conclusions

The following conclusions were obtained by analysing the effect of changes in steel
support cross-section size and preloaded axial force on the horizontal displacement of deep
foundation pit enclosure structures, steel support axial force, and surface settlement:

(1) Asanimportant part of the deep foundation pit structure, the detailed characteristics
of the steel support will affect the safety of the foundation pit, and quantitative evalua-
tion of the effect of the steel support diameter, wall thickness, and preloaded axial force
level on the safety of the foundation pit has considerable engineering significance.

(2) Under the same diameter, the horizontal displacement of the enclosing pile changes
from 4.64 mm to 13.55 mm as the wall thickness increases from 14 mm to 25 mm, and
the axial force of the second steel support decreases by 11.4% to 15% for every 2 mm
increase in wall thickness.

(3) When the diameter of the steel support changes from 609 mm to 800 mm, the axial force
of the second steel support decreases by 3.2-5.5%. The analysis of the combined effect
of steel support diameter and wall thickness indicate that the two have a coupling
effect on the safety of the pit; the diameter of the steel support can be reduced and
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the wall thickness can be increased to achieve the same stabilising effect in special
working conditions with space limitations.

(4) Compared with a 60% preloaded axial force level, 120% preloaded axial force can
reduce the horizontal displacement of the pile top in the pit by about 10 mm and that
of the surface settlement by about 4.2 mm. This finding indicates that the change in
the preloaded axial force of the steel support affects the horizontal displacement of
the enclosure structure and the surface settlement.

(5) From the perspective of pit safety, the pit can be concluded to be in a safe state when
the preloaded axial force level is 60%. Thus, reducing the preloaded axial force level
scientifically and reasonably is feasible under the premise of guaranteeing the safety
of the pit in the actual construction process.
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