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Abstract: Construction of subway line intersection stations will become more and more popular in
the future. Research on the deformation characteristics in the construction process is the best way to
ensure the safety of the foundation pit itself, the surrounding buildings, and adjacent subway stations.
In this paper, the deformation characteristics of a T-shaped subway foundation pit during construction
are studied by an integrated dewatering-excavation three-dimensional numerical simulation method.
The results show that the main causation of the surface settlement around the foundation pit is
the stratum compression caused by dewatering, and the main causation of the deformation of
the diaphragm wall and the existing subway station is the soil deformation caused by excavation
unloading. It is suggested that constructing a high-quality diaphragm wall, controlling the water
level within the excavation foundation pit, strengthening the monitoring, and timely cement pouring
of the bottom plate are key countermeasures to reduce the deformation. The research results of this
paper have reference significance for similar projects.

Keywords: foundation pit excavation; numerical simulation; deformation; dewatering; countermea-
sure of deformation

1. Introduction

The construction of urban rail transit in China has been developed rapidly in recent
years, and there will be more and more transfer stations to be built at subway intersections.

The transfer station mainly includes ”+”, “T”,“L”, and up-down overlapping transfer
modes, among which “T” transfer mode is the first choice of most subway transfer stations
due to its advantages of low construction difficulty, low cost, and easier management
of passenger flow. The construction method of the T-shaped subway station involves
excavating the foundation pit of a new station when another station has been built and
put into operation. Ensuring the safe operation of the existing station is a key task in the
excavation of the new foundation pit.

Previous studies have shown that the excavation of foundation pits always induced
settlement of the surrounding buildings and influenced adjacent subway tunnels [1-3].
There are many factors, such as excavation unloading [4-6], groundwater drawdown [7-9],
unloading modulus, excavation method [10,11], space-time effect [12,13], and other factors
that are related to the surrounding deformation of the foundation pit. These factors pose
great challenges to the safety of the surrounding environment and the foundation pit itself.
Therefore, in order to develop targeted prevention and control countermeasures, it is very
important to identify the deformation component characteristics caused by various factors.
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Numerical simulation is an important method to study the deformation characteristics
of the deep foundation pit construction process. The excavation process had been studied
by simulation method extensively. However, most of the case studies only focused on one
aspect, accounting for either the rock and soil mechanical deformation of the foundation
pit excavation [14-16] or ground surface settlement caused by the drawdown of ground-
water level [17-20]. Few cases consider both types of deformation. In fact, soil and rock
mechanical simulation mainly studies the deformation caused by unloading redistribute
the stress state of the surrounding [21,22], and groundwater simulation mainly studies the
compression deformation of soil layer caused by the increase of effective stress caused by
the dewatering of groundwater [23,24]. The causation and distribution characteristics of
the two types of deformations are different. In the process of foundation pit construction,
it is of great significance to find out the spatial and temporal distribution characteristics
of deformation caused by the various factors to put forward the key points of prevention
and control in different construction stages and formulate safe and reliable construction
schemes and protective measures.

In this paper, based on the “T” shaped foundation pit of Tianjin’s metro transfer
station, the numerical simulation of seepage and the mechanical processes of the excavation
were performed, and the deformation effect of diaphragm wall, surrounding areas and the
adjacent existing subway station were analyzed. The analysis method and results could
prove to be a valuable reference for similar projects.

2. Materials and Methods
2.1. Overview and Study Area

The study area was located at a transfer station of the Tianjin city subway lines 11
(under construction) and 6. The E-W and N-S directions of the station intersect in a T shape,
as shown in Figure 1. The excavation foundation pit runs in the E-W directions with a
length of 219.1 m and a width of 23.3 m, and the excavation depth is approximately 26 m.
The existing station runs in the N-S directions with a length of 230.6 m and a width of
37.1 m, and the excavation depth is approximately 18 m. The supporting structures of the
two foundation pits are all underground diaphragm walls (1.2 m in width), the diaphragm
wall of the proposed E-W foundation pit and the existing N-S foundation pit extend 50 m
and 36 m from the land surface, respectively. According to the design, the foundation pit
has 5 rows of horizontal supports, the first (0 m in depth), third (13.4 m in depth), and
fourth (23.2 m) are concrete supports, the second (7.2 m in depth) and fifth (26 m in depth)
are steel supports, and every horizontal row includes 26 pillars. The main body of the
station uses the opened top-down excavation method and the central part used the covered
top-down excavation method. The covered excavation part is in the range of the municipal
underground line pipeline.

2.2. The Engineering Geology Conditions

According to the existing geotechnical investigation [25], the foundation soils are all
Quaternary unconsolidated sediments within 70 m depth. The transgression and regression
in the Quaternary of this area controlled the sequence characteristics, and the foundation
pit strata showed the sediment characteristics of alternative marine river lacustrine facies.
The whole formation consists of three marine strata (®), {0, {3) and six continental strata
(@, D, ®, 9, D), ©3) which are refined into 11 layers according to mechanical properties,
as shown in Table 1 below.
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Figure 1. Study area location and layout.
Table 1. Strata and their physical and mechanical properties.
Strata Name of Layer Depth of Bu11.< Modul.u.s of Cohesion Friction
Serial Soil Layer Thickness (m) Layer Density Elasticity C (kPa) Angle
Bottom (m) vy (KN/m?) E (MPa) @ (°)
D1 mixed fill layer 22 22 19.5 3.85 18 13
@1 silt clay 3.2 54 194 5.73 124 16.4
®3 clay silt 3.9 9.3 19.4 9.89 8.1 24.5
©4 silty clay 44 13.7 18.5 5.34 12 15.2
@1 silty clay 1.8 155 19.7 5.26 11.3 16.1
@2 Sandy silt 5.7 21.3 19.9 10.76 9.9 241
91 clay silt 7.9 29.2 19.7 5.61 13.1 17.3
M1 Sandy silt 3.9 33.1 20.7 6.26 12.2 17.7
(@)1 silty fine sand 17.6 50.7 20.3 6.61 16.5 17.6
@1 silty clay 6.3 57 20.3 6.92 20.7 18.8
01 Sandy silt 12.1 69.1 20.2 7.34 20.1 18.9

2.3. The Hydrogeological Condition

Based on the stratified characteristics of the soil layer and the permeability of each layer,
the groundwater system of the foundation pit site can be conceptualized as a combination
of one phreatic aquifer, three confined aquifers, and three aquitards, as listed in Table 2. The
buried depth of water level of the phreatic aquifer is as follows: the first, second, and third
confined aquifer are 0.5 m, 3.5 m, 4 m and 4.5 m below the ground surface, respectively.
The groundwater level is found to be influenced by season and climate, and the annual
fluctuation of water level is about 1 m. The diaphragm wall extends 50 in depth, cutting off
the second confined aquifer. The permeability parameters of the layers are also listed in
Table 2.
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Table 2. Permeability parameters of soil layers.
Horizontal Vertical .
. Sub Soil Thickness Depth of Hydraulic Hydraulic Specific Depth of
Aquifer . Layer . . . . Storage Ss Water Level
Serial (m) Bottom (m) Conductivity Conductivity 1/m) (m)
Kh (cm/s) Kv (cm/s)
Phreatic o1, @1 5.4 5.4 45 x 1075 2.1 x 1075 0.05 0.5
aquife , . . . . . .
Aquitard ®3, ®4 8.3 13.7 44 %1078 1.4 x 1078 5.0 x 1077
F“s:qcl‘l’irf‘i’f‘ed @1, ®2 75 213 45 % 1074 25 x 104 42 %1075 3.3
Aquitard o1 7.9 29.2 57 x 1078 1.4 x 1078 5.0 x 1077
Second
confined 1, o1 21.5 50.7 6.7 x 107 3.7 x 1074 6.3 x 107> 4
aquifer
Aquitard o1 6.3 57 57 x 1078 14 x 1078 5.0 x 1077
Third
confined 01 12.1 69.1 84 x 104 42 %107 6.3 x 1073 45
aquifer

3. Establishment of Numerical Model
3.1. Three-Dimensional Geotechnical Model

The geotechnical finite element MIDAS/GTS software [26] is adapted for simulating
and analyzing the foundation-pit excavation process. In the study process, according to
the simulation results, the displacements of the diaphragm wall, adjacent subway station,
and the surrounding land surface are analyzed of foundation pit excavation. According
to Saint-Venant’s principle and engineering experience, the impact of excavation width
on excavation depth is about 3-5 times, and the impact depth of excavation is about
2—4 times [1]. According to the actual situation and the scope of the pit’s excavation, the
model size is designed and dimensioned as 350 m x 380 m x 69 m. The model setup with
the distribution of each soil layer in the model is illustrated in Figure 2, with the parameters
used for the soil in the calculation and analysis shown in Table 1. For the soil, we chose to
adopt the Modified Mohr-Coulomb criterion; and the concrete structure uses the elastic
criterion; the beam element is used to simulate the column pile, and the slab element is
used to simulate the diaphragm wall and the slab. The stiffness parameters of soft soil
are determined by the local empirical relationship between them and elastic modulus E,
the reference secant modulus EXf = 1.2E, the reference tangent modulus E™; = 1.3E,
and the unloading-reloading modulus E¢f = 8.5E. In the calculation, the structural stress
is ignored, the initial stress field is assumed to be the gravity stress field, and the soil is
regarded as an elastic-plastic continuum, so the deformation generated during construction
is continuous.

3.2. Three-Dimensional Dewatering Model

The MODFLOW (a modular three-dimensional finite difference groundwater flow
model) software was chosen to simulate dewatering process [27]. The dimension of this
dewatering model was designed the same as the geotechnical model, with the layers of
the groundwater model set as seven layers, as presented in Figure 3. The hydrogeological
parameters used in model are listed earlier in Table 2. The initial head of each layer is
obtained from the field observation results. The boundary conditions of the model are
defined as constant head boundaries since the surface head variation is neglectable. The
bottom plate of the model is defined as an impervious boundary.
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Figure 2. MIDAS/GTS numerical simulation model build-up.

Figure 3. 3-D dewatering model based on MODFLOW numerical model.

The subsidence caused by dewatering was calculated using the following equa-
tion [28]:
n
Ab =Y " boimy;S;y,, F @
i=1
where Ab is the subsidence (mm); by; is the initial thickness of layer i (m); my; is the
coefficient of volumetric compressibility of layer i (MPa~1); my; = 1/E;, S; is the drawdown
of layer i (m); yw is the unit weight of groundwater (kN/ m?); F is the subsidence empirical
coefficient, equal to 1 in this study; and n is the number of layers influenced by dewatering,
equal to 7.

3.3. Calculation Process and Simulation Scheme

In this study, the mechanical deformation and dewatering deformation of the foun-
dation pit excavation were calculated respectively in two steps, and then the deformation
characteristics and causation were comprehensively analyzed.

The excavation started with the construction of a 1.2 m thick diaphragm wall. The
diaphragm wall was toed through the {21 layers, which effectively cut off the third confined
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groundwater aquifer. The simulation calculation was done after the diaphragm wall was
completed. In the beginning, the initial stress field is generated by applying gravity on
every layer, and then, the displacement is reset to zero. The rest of the calculation is divided
into five stages following the pre-defined construction scheme, as shown in Table 3.

The dewatering process calculation adopted the three-dimensional transition flow,
numerical simulation model. It started at the beginning of the first excavation stage. The
constant head boundaries were set around the model according to water level depth in
Table 2. The water level in each stage of the foundation pit excavation is controlled to
stay within 1-2 m below the foundation bottom, and the control method was mainly by
adjusting the pumping volume of each stage of excavation.

Table 3. Pre-defined construction scheme and the calculation stages of the foundation pit excavation.

The Water Level Depth of

Calculate Stage Construction Sequence The Time Period the Foundation Pit
0 the diaphragm wall
construction

Generate the initial stress field,

26 January 2021-3 March 2021

Initial stage reset displacement to zero Start head
1 Excavation to 7.2 m in depth 4 March 2021-21 April 2021 82m
2 Excavation to 13.4 m in depth 22 April 2021-9 June 2021 144 m
3 Excavation to 18.8 m in depth 10 June 2021-28 July 2021 19.8 m
4 Excavation to 23.2 m in depth 29 July 2021-16 September 2021 242 m
5 Excavation to 26 m in depth 17 September 2021-13 November 2021 27 m

4. Results
4.1. Deflections of Diaphragm Wall

The 3-D deflection pattern of the entire diaphragm when the foundation pit is ex-
cavated to 26 m depth are illustrated in Figure 4. It is easy to see from Figure 4 that the
maximum deflection on each side of the foundation pit appears in the middle of the side,
and the deflection of the covered excavation part is significantly smaller than that of other
parts. To further investigate the displacement pattern, Figure 5 shows the extracted deflec-
tion simulation curves of the longitudinal axis of the foundation pit marked in Figure 4
of different excavation stages. As can be seen in Figure 5, with the development of the
excavation, the deflection is getting increasingly large, and below the depth of each exca-
vation step, the deflection decreases gradually. The deflection profile’s line developed as
an inward “Parabolic shape” profile as excavation depth increased, and the locations of
maximum wall deflections moved downward as excavation continued deeper. From the
first step to the fifth step, the maximum value of the deflection of the diaphragm wall is
10.88, 36.12, 43.96, 49.56, and 55.80 mm, respectively, with the corresponding location at
depths of 5, 12.5, 17.5, 22.5, and 25 m, respectively. The maximum deformation position is
about at the deepest excavation of each construction stage.
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Figure 4. The accumulation deflections of the diaphragm wall in the five-excavation stage.
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Figure 5. Calculated (black) and measured (red) horizontal displacement curves of middle section of
the diaphragm wall.

Figure 5 presents both the measured and simulated values of deflections during each
given stage. It can be seen from the figure that there are certain differences between the two,
especially at 0 m depth on the land surface. For the deeper profile, the development trend
of the deflection of the diaphragm wall acquired by the calculation results of the three-
dimensional model is roughly the same as the measured situation down to depth 40 m.
As groundwater is not considered in the geomechanical model, Figure 5 reveals that the
deformation of the diaphragm wall is mainly the result of unloading, and the mechanical
effect of inward slippage of the outside soil of the pit. The measured values show that
the surface deflection values are negative, which means that the displacement direction is
moving outside of the pit. We suspect that the diaphragm wall moves outward due to the
large internal stress of the horizontal support of the first layer, which is probably due to the
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construction technique problem of the horizontal beam. The maximum monitoring depth
is 40 m, and it is assumed that the deformation at this point is zero. Therefore, we believe
that the monitoring value at 40 m depth does not reflect the actual deformation.

4.2. Deformation of Surrounding Land Surface Caused by Excavation

With the unloading of foundation pit excavation, the stress of the surrounding soil is
disturbed and redistributed, resulting in vertical and horizontal displacement. Excessive
deformation of the surrounding soil will affect surrounding buildings and underground
pipelines. Figure 6 shows the contour map of accumulated surface displacement deforma-
tion in the final stage of excavation. The content in the figure shows that the deformation
of surrounding soil is significantly smaller than that of foundation pit wall, with a maxi-
mum value of 9 mm, about 1/6 of the maximum deformation of the diaphragm wall. The
deformation is sharply reduced at a distance of 18 m outside the foundation pit, and the
deformation decreases to less than 1 mm at the distance of 50 m. It can be concluded that
the simulation results demonstrated that the influence distance of soil deformation caused
by excavation is about 2H (H is the excavation depth, equal to 26 m in this study).

DISPLACEMERT
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+1.01887e+001
1.0%

+7.35044e+000
1.1%

+5. 91098e+000
1.4%
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w
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+

~
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+

76418e+000
24 %
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64 %
+

~

15109¢-002

.

Figure 6. The contour map of accumulated surface displacement deformation.

Figure 7 shows the total displacement (Figure 7a), horizontal displacement (Figure 7b),
and vertical displacement (Figure 7c) of soil outside the pit at each stage of excavation. From
the first stage to the fifth stage, the total displacement, horizontal displacement and vertical
displacement change from 1.8 mm to 8.5 mm, —2 mm to —7.8 mm (negative represent
inward direction), and —2 mm to 3.75 mm (negative values represent the downward
direction), respectively. The deformation characteristics of soil outside of the pit are
determined by its causation. The excavation of the foundation pit causes the overall sliding
of the soil outside the pit, which results in the horizontal displacement of the soil towards
the pit. Due to the blocking action of the diaphragm wall, the soil at the contact zone
with the diaphragm wall is uplifted. Furthermore, as Figure 7c demonstrated, since the
soil outside the pit is mainly saturated soft soil, it forms concave and convex deformation
characteristics in vertical direction under the action of horizontal moving stress.
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Figure 7. Simulated land surface displacement caused by the excavation at each stage: (a) the total
displacement, (b) horizontal displacement, (c) vertical displacement.

4.3. Deformation Impact on the Adjacent Subway Station Caused by Excavation

The foundation pit under construction and the adjacent existing subway station are
separated by the diaphragm wall, which is in contact with the sidewall panel of the existing
subway station. Figure 8 reflects the deformation characteristics of the existing subway
station in the final excavation stage. It can be seen from the figure that the excavation of the
foundation pit has little influence on the deformation of the existing subway station except
for the side wall of the transfer section. The excavation deformation of the existing station
is limited within a 10 m range of the sidewall, and the deformation decreases to less than
1 mm when the range is greater than 10 m.

Figure 9 reflects the deformation characteristics of the sidewall in each stage. It can be
seen from the figure that the horizontal displacement of the sidewall increases gradually
with the foundation pit excavation and reaches a maximum of 13.5 mm in the final stage.
The maximum position is located at a depth of 26 m, which is within the tolerable range.
Due to the existence of the baseplate of the existing station at a depth of 18 m, which acts
as the horizontal support and offsets the horizontal displacement of the sidewalls, the
displacement shows decreasing trend at this depth displacement. This phenomenon gives
us the idea that setting horizontal bracing on the existing subway side wall can be regarded
as a method to reduce deformation and ensure the safe operation of the station.
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Figure 8. The deformation map of the existing subway station in the final excavation stage.
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Figure 9. The deformation map of the existing station in each stage: (a) Horizontal displacement
contour of the side wall; (b) Horizontal displacement curves of middle section of the side wall.

4.4. Dewatering Induced Settlement on Surrounding Land Surface

Figure 10 shows the contour map of the surface settlement in the final stage of the
dewatering process. As is demonstrated in the map, within the range of 2-3 m from the
edge of the foundation pit, the maximum surface settlement caused by dewatering accounts
to 40 mm, in the range of 3H, with a settlement of about 5 mm. It can be concluded that
simulation results reveal that the maximum influence range of dewatering settlement can
go beyond the range of 3H and may have an impact on the surface buildings within the

range of 3H.
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Figure 10. The contour map of surface settlement in the final stage of dewatering process.

As marked in Figure 6, two measurement points, DC6-1 and DC6-4, are selected as
typical monitoring points to study the change law of the vertical displacement of the outer
soil body during the excavation of the foundation pit. They are 18 m and 30 m away from
the edge of the foundation pit, respectively. The monitoring and simulated results are
plotted in Figure 11. It can be seen from the figure that the vertical displacement of soil
outside the pit is mainly caused by the formation compression caused by dewatering, while
the vertical displacement caused by the unloading of foundation pit excavation accounts
for a small part. Figure 11 shows that the monitored values are larger than the sum of
dewatering settlement and unloading displacement, which may be because the monitored
values include vertical deformation components such as additional stress action caused by
construction operations.
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Figure 11. Vertical displacement at the two special monitoring points: (a) DC6-1 and (b) DC6-4.

5. Discussion
5.1. Analysis of Deformation Causation

From the above comparisons of the results from the numerical simulations and moni-
toring measurements, we can conclude that the causations of deformation in each part of
the foundation pit are different. The maximum deformation occurs on the ground wall at
the maximum excavation depth. The main reason for the deformation of the diaphragm
wall is the stress action of soil sliding from outside to inside caused by excavation unload-
ing of the foundation pit. The soil deformation outside the pit has many causations and
movement directions, such as compressional settlement and swelling in vertical directions
and displacement in horizontal directions. However, the main component of deformation
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is compressive deformation caused by dewatering, accounting for more than 90% of the
whole deformation. The impact of foundation pit excavation on the adjacent existing station
is mainly located at the side wall, and it has little influence on other parts of the station.
The main mode of influence is the deformation of the pit wall in contact with the sidewall
of the existing subway station.

5.2. The Control Countermeasure of Deformation
We can summarize the control countermeasures into below five categories:
(1) High quality diaphragm wall construction

The diaphragm wall has dual functions, which work as the vertical retaining structure
of the foundation pit and as the waterproof structure. Many foundation pit accidents are
caused by water leakage of the diaphragm wall, subsidence outside the pit, and damage
of the facilities inside the pit [29,30]. Suitable thickness and insertion depth in the layers,
especially high-quality waterproof joints, are the key aspect to prevent the deformation of
the diaphragm wall itself and soil outside the pit.

(2) Control of water level in the foundation pit

The simulation results show that the change of water level in the foundation pit
dramatically influences the water level drawdown and compression settlement outside
the foundation pit. In order to reduce the soil compression outside the foundation pit, the
water level in each stage should be controlled 1-2 m below the excavation depth. This
water level depth not only ensures normal construction operation but also minimizes the
water level drawdown in the pit.

(3) Horizontal support construction

The simulation results show that the deformation of the diaphragm wall always occurs
in the deepest part of each excavation stage. Therefore, before the next stage of excavation,
timely construction of the horizontal support at the current stage is the key to prevent
excessive deformation of the diaphragm wall.

(4) Optimal construction of foundation pit bottom floor

The numerical simulation results show that the last stage of foundation pit excavation
is the stage of the largest deformation of the pit bottom and the stage of the largest drop of
groundwater level. At this stage, the construction method of small area excavation should
be adopted. Every time a piece of soil layer is excavated, the place should be cast with
cement in time to minimize the uplift of the foundation bottom floor and the influx of
groundwater into the foundation pit.

(5) Side wall protection of existing subway station

The calculation results from the model show that the designed construction method
cannot completely eliminate the influence of foundation pit excavation on the existing
subway. It is, therefore, suggested that the deformation monitoring of the existing subway
side wall should be strengthened during construction, and the horizontal support should
be set on the side wall if the deformation is too large.

6. Conclusions

Based on the above results and discussion, a number of important quantifications with
following concluding points can be summarized:

1. By comparing the simulation results with the actual monitoring data, it was found
that the integrated dewatering-excavation process numerical simulation method can
accurately reflect the deformation characteristics of the foundation pit excavation
process. The research method in this paper can be used for the deformation research
of similar projects in the future.
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2. The deformation of the foundation pit diaphragm wall occurs in the deepest part of
each stage of excavation, and the deformation increases with the increase of excava-
tion depth.

3. The surface deformation caused by foundation pit excavation is small, and the influ-
ence range is within 2H distance.

4. The impact of foundation pit excavation on the existing subway station is limited to
the T-shaped transfer station, with little impact on other areas of the station.

5. The main cause of surface settlement and building settlement around the foundation
pit is the dewatering process, and its influence range may be beyond 3H distance.

6.  Constructing a high-quality diaphragm wall, controlling the water level within the
excavation foundation pit, strengthening the monitoring, and timely cement pouring
of the bottom plate are key countermeasures to reduce the deformation.
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