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Abstract. This paper investigates the deformation characteristics and control
methods of support structures during deep foundation pit excavation, using the
foundation pit at the Diejiao Station of Foshan Metro Line 3 as a case study. A 3D
nonlinear finite element software is employed for excavation simulation, adopting
coupled pore fluid diffusion and stress analysis. The numerical model is verified by
comparing the field monitoring data with the finite element results. The study
systematically analyzes the influence of reinforcement position, reinforcement
parameters, and reinforcement depth on the maximum lateral displacement of the
diaphragm wall of the foundation pit. The research results reveal that reinforcing the
soil on both sides of the diaphragm wall can effectively reduce the lateral
deformation of the foundation pit. Furthermore, the study shows that external
reinforcement of the diaphragm wall can reduce the maximum lateral displacement
of the wall to a certain extent, but the reinforcement effect is limited. The
reinforcement effect of the inner side of the diaphragm wall improves with the
increase of the excavation depth. Properly increasing the Young's modulus of the
reinforcement can reduce the adverse effect of excavation on the foundation pit.
Finally, the optimal depth of reinforcement is found to be the excavation depth of
the foundation pit of 28.2m. The research results can provide a reference for the
foundation pit reinforcement scheme in watery sandy soil areas.

Keywords. foundation pit excavation, finite element analysis, support deformation
characteristics, reinforcement parameters

1. Introduction

With the rapid development of urbanization, the construction of metro stations has
brought about a large number of deep foundation pit engineering problems. Especially
in urban construction of metro pits, the deformation of its enclosure structure and its
impact on the surrounding environment are often the main issues to be considered in the
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design of deep pit support [1]. Jin et al. [2] used numerical analysis and immovable point
adjustment coefficient calculation methods to calculate the forces on the foundation
support structure under different types of asymmetric loads. They proposed that
reinforcement of the weak side foundation can effectively reduce the deformation of the
support structure caused by the imbalance of soil pressure on both sides, and concluded
in [3] that the depth and width of the slot wall reinforcement are the key factors affecting
the stability of the reinforcement. Under the premise that the depth and width of the
reinforcement meet the safety of stability, the wider the reinforcement, the smaller its
depth, and conversely, the longer the reinforcement, the narrower its width. Yang et al.
[4] showed that MJS piles can effectively reduce the impact of foundation excavation on
the surrounding environment by increasing the Young's modulus, pile length, and
diameter of MJS piles. Designing MJS piles as end-bearing piles can significantly reduce
the surface settlement and deformation of diaphragm walls. Wang et al. [5] showed that
soil reinforcement in the active compression zone of a foundation pit can be controlled
by applying reinforcement at the location of maximum lateral deformation of the wall.
They also suggested that the maximum lateral deformation of the wall can be limited by
increasing the thickness of the diaphragm wall on the stressed side.

Based on the above study, it can be seen that the excavation greatly influences the
surrounding environment of the pit, and the support structure plays an important role in
suppressing the deformation of the pit. The excavation depth of 25.64m represents a
typical case of a deep foundation pit with a water-rich sandy soil stratum in South China,
and can provide a reference for studying deformation characteristics and support
structures of similar deep foundation pit projects with thick sandy soil layers. The 3D
finite element analysis model considers the effect of pore water on the excavation process
and compares the monitoring data with the numerical results in the west area to verify
the correctness of the numerical model, followed by a parametric study. The obtained
conclusions provide reasonable optimization suggestions for the excavation of the
eastern part of the Diejiao station.

2. Project Overview
2.1. Diejiao Metro Station

Diejiao station is one of the stations on Line 3 of the Foshan Metro, situated at the
intersection of Wenhua North Road, Hai San Road, and Wenchang Road. It is an
underground three-story stacked line side station with a total length of 149.8m, a standard
section width of 35.9m, and an expanded end width of 38.7m. The main structure was
constructed using the open cut smooth method, as shown in Figure 1.

The foundation pit support design uses a 1000mm thick diaphragm wall and four
concrete internal supports. The wall depth is 30m, and both sides of the diaphragm wall
are reinforced with @850 mixing piles. The diameter of the precipitation well pipe is
1.2m, and the well depth is 30m.
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Figure 1. Layout of foundation pit
2.2. Geological Conditions

The distribution of soil layers at this station is shown in Figure 2, where the <2-2> silty
fine sand layer and <3-2> medium coarse sand layer are the main soil layers encountered
during excavation. The base slab is primarily located in the <7-2> strongly weathered
rock layer, and the end of the diaphragm wall is primarily located in the <8-2> medium
weathered rock layer. Furthermore, the static groundwater level is shallow, with an
average burial depth of 1.0m.

The first reinforced concrete strut
The second reinforced concrete strut
The third reinforced concrete strut
The fourth reinforced concrete strut
Base slab

<]-2> Miscellancous fill - Silty fine sand - Medium Coarse Sand

- Strongly weathered rock - Medium weathered rock - Slightly weathered rock

Figure 2. Soil profile diagram
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3. FEA Model
3.1. Geometry and Material

In this paper, a three-dimensional numerical model of the project is established using
ABAQUS. The zone of influence of foundation excavation proposed by Hsieh. P.G and
Ou C.Y [6] suggests that a distance of 4 times the depth of excavation behind the
diaphragm wall will be influenced by excavation. Therefore, the model size in this paper
is 455 m (length) x 220 m (width) x 99.7 m (height), (as shown in Figure 3), which

satisfies the requirement that the boundary conditions have no effect on the pit
deformation. The boundary conditions for the model include displacement constraints in
all directions at the bottom and zero normal phase displacements on all four sides. A 20
kPa overload was applied to the ground and to the working surface at each step to
simulate the ground yard and additional working loads, and the gravity was applied
uniformly throughout the model. Additional vehicle loads of 27 kPa were applied to the
temporary bridge according to the design requirements [7]. The method proposed by Xu
J.B [8] and Dong Dang [9] was used to calculate the additional vehicle loads.

Base slab
| Pumﬁ
| well

feinforcement ¢ reinforcement,
Figure 3. Finite element model

Considering the influence of pore water pressure on the simulation, the pore water
pressure boundary at the ground surface is set to zero before the foundation pit is
excavated. According to the principle of area equivalence of permeable surfaces, the
circular section precipitation well was converted into a square section with a side length
of 0.9 m [10]. The well was set up with permeable surfaces around the perimeter and
impermeable surfaces at the bottom. The groundwater level is kept below the excavation
surface at all times during excavation, and a constant head boundary is defined on the
soil grid in contact with the precipitation well. Zero head is defined in the depth range
above the working surface, and a linear distribution of hydrostatic pressure head is
defined in the range below the working surface.

Ou C.Y etal. [11] proposed three options for soil reinforcement, namely block type,
column type and wall type, Li D.Y et al. [12] compared the three options and proposed
that the block type has a better reinforcement effect. Therefore, this paper uses the block
reinforcement scheme.

The Modified Cam-Clay (MCC) model is used for the silty fine sand layer (Layer
2-2), while the Mohr-Coulomb (MC) model is used for the other soil layers. According
to the literature [ 13]-[15], soil reinforcement is modeled using linear elastic material with
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a modulus of elasticity of 300 MPa and Poisson's ratio of 0.2. The model assumes elastic
materials for the drop shaft, base slab, support system, and central column. As the
interaction between the soil and the diaphragm wall is face-to-face contact based on
Coulomb friction, the friction coefficients of the soil layers from top to bottom are 0.25,
0.3, 0.4, 0.45, and 0.5, respectively. The detailed material parameters are listed in Table
1.

Table 1. Material properties in FEA
il Y k ¢ o' E

Soi , M A K ) e, K

layer (kKN/m”) (m/s) (kPa) (") (MPa)
<1> 16.2 0.35 1.16x10° 10 15 12
<2-2> 19.2 1.2 0.047 0.007 033 0927 .16x107 0.78
<3-2> 18.5 0.25 1.39x10* 5 32 20
<7-2> 20.0 0.25 5.79x10° 50 29 80
<8-2> 21.0 0.2 1.74%x10°¢ 180 32 1000
<9-2> 22.0 0.2 5.79%107 350 39 2500

y: unit weight; M: stress ratio; A: logarithmic plastic bulk modulus; x: logarithmic bulk modulus; v: Poisson’s ratio;
e,: intercept of virgin consolidation line ine — Inp '; k: permeability coefficient; K: flow stress ratio; c”: effective
cohesion; ¢": effective friction angle; and E: Young’s modulus.

3.2. Simulation Procedure

The excavation simulation uses 'element death' techniques to simulate the parts of the
model that need to be removed or imposed by deactivating or reactivating elements. The
construction time is set according to the daily construction schedule, and the groundwater
level is kept below the excavation surface at all times during the excavation. The
excavation simulation process is presented in Table 2.

Table 2. Excavation simulation process
Interval Date . N
Step (Day) (yyyy/mm/dd) Construction activities
0 Initialization is conducted
1 60 2020/9/20~2020/11/21 Diaphragm walls, soil reinforcement, drop shafts
and 30 columns are constructed

2 18 2020/12/13~2021/1/23  The first strut and temporary bridge are installed

3 14 2021/2/23~2021/3/9 Excavation to the depth 6.3 m

4 5 2021/3/11~2021/3/16 The second strut in the excavation surface is
installed

5 14 2021/3/17~2021/3/30 Excavation to the depth 12.8 m

6 3 2021/3/31~2021/4/7 The third strut 1n'the excavation surface is
installed

7 10 2021/4/8~2021/4/17 Excavation to the depth 17.8 m

3 7 2021/4/18~2021/4/24 The fourth strut in the excavation surface is
installed

9 27 2021/4/25~2021/5/29 Excavation to the depth 25.64 m.

The base slab is installed
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3.3. Validation of the Model

Figure 4 shows the monitored and simulated deflection values of the diaphragm wall at
ZQT-09-02 and ZQT-11-02 during the excavation. It can be observed from the figure
that the location, maximum value, and deformation trend of the diaphragm wall are in
good agreement between the simulated and monitored values. The deformation curve is
bow-shaped, with smaller values at both ends and larger values in the middle, and the
lateral displacement of the wall increases as the excavation depth increases. Moreover,
the position of the maximum horizontal wall displacement moves progressively
downwards, which is consistent with the typical lateral deformation pattern of embedded
rock walls [16].

The difference between the monitored and simulated values is insignificant and can
be attributed to minor seepage in the pit. Moreover, the north side of the pit serves as a
yard where heavy construction equipment such as excavators and cranes operate, leading
to additional active earth pressure on the diaphragm wall and thereby amplifying its
lateral movement.
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Figure 4. Comparison of FEM results and field data for wall deflection: (a) ZQT-09-02; (b) ZQT-11-02

To further investigate the performance of deep foundation excavation in sandy soil
areas, the maximum lateral displacement of the diaphragm wall was plotted against the
depth of excavation based on the monitored and simulated values and compared with the
results from other sandy soil areas, as shown in Figure 5. As can be seen from the figure,
the ratio of maximum lateral deflection to excavation depth §),,,,/H measured in this case
ranged from 0.051% to 0.205%, with an average value of approximately 0.995%. Li et
al. (2014) [17] and Dellari (2016) [18] monitored the lateral deformation of diaphragm
walls in deep excavations with sand-rich and clay-rich soils in Shenzhen and Chicago,
respectively. Hsiung et al. (2016) [19] used numerical simulation to obtain the effect of
wall deformation in a pit containing loose sand layers in Taiwan; and Elbaz et al. (2018)
[20] analyzed the case of a typical sandy soil pit in Guangzhou. The comparative analysis
found that the §,,,,/H of all these cases ranged from 0.051% to 0.205%.

In summary, the numerical simulation results agree well with the monitoring data,
verifying the feasibility of the simulation approach for this case. Further investigations
can be conducted based on this study.
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Figure 5. Relationship between maximum lateral displacement of diaphragm wall and excavation depth

4. Discussions

To investigate the impact of reinforcement on excavation, we employed the
aforementioned model as the baseline model, denoted as RM (Reinforced Model). Based
on model RM, we established two additional models: one without any reinforcement for
the foundation pit, denoted as M (Unreinforced Model), and two others with
reinforcement applied solely to the outer and inner sides of the wall, respectively,
designated as RMO (Reinforced Model with Outer reinforcement) and RMI (Reinforced
Model with Inner reinforcement).

This paper examines several parameters of the reinforcement, including its position,
Young's modulus, and depth. The impact of Young's modulus is assessed by adjusting
the multiplication factor k., such as k. E,, where E, represents the initial Young's
modulus of the reinforcement. Table 3 outlines the specifics of the parameter study. The
parameter R, which characterizes the effect of reinforcement, is defined as follows:

R = (wy — wgy)/wy (1)

Where w, is the maximum value of the M model (settlement or deflection) and wg,, is
the maximum value of the reinforcement model.

Table 3. Summary of parametric study

. . Multiplication factor of Reinforcement depth L
No. Reinforcement position .
reinforcement modulus k, (m)
1 outer side, inner side, both side 1 29.14
both side 04,0.6,0.8,1,1.5,2 29.14
3 both side 1 6.3,12.8,17.8,25.6,29.14

4.1. Influence of Different Reinforcement Position

Figure 6 illustrates that the presence of inner reinforcement has a significant impact on
the deflection of the diaphragm wall, and the reinforcement effect increases as the depth
of excavation deepens. This is because the inner reinforcement effectively mitigates the
impact of seepage on the wall and improves the water stopping curtain effect of the
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diaphragm wall. At a depth of 16 m, the impact of the inner reinforcement is comparable
to, or even surpasses, that of the reinforcement on both sides. This is because the area at
this depth is predominantly rocky, and the strength of the rock is higher than that of the
reinforcement, causing the outer reinforcement to have a negative effect. Moreover, the
inner reinforcement prevents the ground outside the wall from settling, especially in
favorable geological conditions, and the reinforcement effect becomes increasingly
pronounced.

The impact of outer reinforcement on the deflection of the diaphragm wall is minor,
whereas its effect on the settlement of the ground outside the wall is significant and
gradually diminishes as the excavation depth increases. This is because the outer
reinforcement primarily controls the deformation caused by the deformation of the
supporting structure by obstructing the pathways that affect the deformation of the outer
soil, thereby mitigating the impact on the surrounding environment, but it has limited
control over the deformation of the supporting structure itself. Reinforcement on both
sides can notably reduce the lateral deformation of the wall and suppress the surface
settlement behind the wall, but the effect of suppressing wall deformation decreases
when the excavation reaches 14.1 m, while the degree of surface settlement suppression
gradually decreases with the increase of excavation depth. This is due to the fact that the
upper soil layer predominantly consists of soft soils such as silty silt, with high
compressibility, and the excavation unloading has a greater impact on the diaphragm
wall and the soil outside the wall, making the reinforcement effect relatively favorable.
This underscores the necessity of reinforcing diaphragm walls in clayey sandy soil areas.

In summary, in soft soil excavations with limited project budgets, priority should be
given to reinforcing both sides of the wall. However, for excavations with better soil
conditions, only the inner side needs to be reinforced.
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Figure 6. Influence of reinforcement position: (a) Max deflection; (b) Max settlement
4.2. Influence of Young’s Modulus of Reinforcement

As shown in Figure 7, the reinforcement effect decreases with increasing excavation
depth, especially concerning the settlement of the ground outside the wall. Secondly, as
the reinforcement modulus increases, both the maximum lateral displacement of the wall
and the ground settlement decrease. When k, increases from 0.8 to 1.0, the difference in
R-value of maximum wall deflection is between 0 to 0.03, and the R-value of maximum
ground settlement remains within 0.02 of the difference. This suggests that both wall
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deflection and ground settlement are relatively stable when k, is greater than 0.8.
Therefore, in actual construction, the excavation's impact on the support structure and
the surrounding area can be controlled by selecting a reinforcement with adequate
strength while considering the project's cost.
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Figure 7. Influence of Young’s modulus of reinforcement
4.3. Influence of Depth of Reinforcement

As shown in Figure 8, the depth of reinforcement has a significant effect on both the
maximum lateral deflection of the diaphragm wall and the maximum post-wall ground
settlement. The wall deflection and ground settlement decrease gradually with increasing
depth, but as the depth increases from 25.6 m to 29.14 m, the R-value of the diaphragm
wall deflection becomes smaller and fluctuates more depending on the depth. For
excavations in the central soil layer, which is soft sandy soil, a reinforcement depth of
29.14 m is more effective than 25.6 m in controlling the ground settlement outside the
wall. This is because a longer reinforcement depth can more effectively control the water
linkage between the internal and external groundwater, reduce the impact of pit
precipitation on the soil outside the wall, and thus reduce surface settlement.
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Zhang W.C et al. [21] combined Coulomb's earth pressure theory to calculate a
reasonable width for the reinforcement zone. When there is sufficient space on the outer
side of the foundation pit, the width of the reinforcement zone W can be determined
using Equation (2):

W = htan(¢'/2) 2)

Where 4 is the reinforcement depth and ¢’ is the effective internal friction angle. When
space on the outside of the pit is limited, a smaller reinforcement width is used, and the
reinforcement depth is appropriately increased to 1.0H to 1.2H. Therefore, in this case,
a reinforcement depth of 1.1H (i.e., 28.2 m) can be used to economically and effectively
reduce deformation of the support structure and surrounding soil, taking into account the
limited space on the outside of the pit and selecting a suitable smaller reinforcement
width.

5. Conclusions

e Reinforcement of both sides of the wall during excavation in soft soil layers can
efficiently reduce the deformation of the diaphragm wall and thus improve the
overall stability of the pit. In excavations with good geological conditions or where
the surrounding environment does not allow for reinforcement, the option of
reinforcing only the inner side can be used to obtain the most economical and
effective reinforcement solution.

e The increase in the Young's modulus of the reinforcement is effective in controlling
the deformation of the pit. However, there is a limit to the effect of the deformation
inhibition, which ceases to increase beyond a certain level of reinforcement strength.

e  An appropriate depth of reinforcement can effectively control the linkage between
internal and external groundwater, thereby reducing surface settlement. Based on
the study findings, a reinforcement depth of 1.1 H (i.e., 28.2 m) is recommended as
the optimal depth.
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