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Abstract: Based on an actual excavation of a metro station in Tianjin, China, a fluid—solid coupling
numerical model was developed to study the characteristics of groundwater flow and strata move-
ment induced by dewatering and excavation considering the barrier effect of pre-existing adjacent
underground structures. Two parameters were selected for the model: the distance between the
excavation and the existing underground structure (D), and the buried depth of the adjacent struc-
ture (H). By comparing the distribution of groundwater drawdown and deformation modes of the
retaining structure and the strata under different working conditions, the influence mechanism of
adjacent structures on the movement of groundwater and strata was revealed. The results show that
the pile foundations have different effects on the groundwater flow and excavation deformation.
Generally, the maximum groundwater drawdown could be enlarged by considering the adjacent
underground structure, while the retaining structure deflection would be reduced and the ground
settlement could be either enlarged or reduced. Additionally, as D decreases and H increases, a
much greater groundwater drawdown and a much smaller retaining structure deflection would
appear, which together affect the ground behavior. On the one hand, greater groundwater drawdown
would lead to greater ground settlement by soil consolidation, while on the other hand, a smaller
retaining structure deflection would lead to smaller ground settlement. Thus, a complex development
of ground settlement would appear, and a specific analysis should be performed to assess this in
practice, based on a specific H and D.

Keywords: dewatering; excavation; groundwater drawdown; ground settlement; barrier effect;

numerical simulation

1. Introduction

In recent years, human activities have affected many environmental problems around
the world, such as sinkholes [1], land subsidence [2], and disequilibrium of water balance [3].
Typically, in urban areas, the aboveground space is becoming increasingly crowded because
of the development of the building industry [4-9]. The creation of underground space,
such as the building of subways and tunnels, has emerged as a key strategy for reducing
urban traffic congestion [10-16]. As a result, many large excavations have appeared in
urban areas, and the environmental deformation caused by dewatering and excavation has
been a widespread concern [17-22]. Typically, three main causes account for environment
deformation. First, dewatering before and during excavation causes groundwater seepage
and soil consolidation, which leads to stratum settlement adjacent to the pit [2,23-30].
Second, the unloading effect of excavation leads to soil rebound at the pit’s bottom followed
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by the uplift of the pit bottom [31,32]. Third, excavation changes the so0il’s stress state on
both sides of the excavation, and the original balance of soil pressure and pile—soil friction
resistance of the enclosure structure is broken [33-35]. Only after displacement can the
supporting structure achieve a new balance, and the deflection of the supporting structure
causes the soil around the enclosure structure to move [36].

However, because of the blocking effect of the pre-existing underground building,
the deformation induced by the dewatering and excavation differs from the deformations
induced without an underground structure outside the excavation [37-39]. Liao, Wei and
Shen [40] discovered that when there is an underground structure adjacent to the pit, the
deformation transfer of the strata caused by excavation is interrupted, changing the soil
displacement field. Through numerical simulation, Zeng, Liao, Xue, Long, Luo, Diao and
Li [39] discovered that adjacent underground buildings can block the development of
stratum movement, and that the nearer the underground structure is to the foundation pit,
the more apparent the barrier effect is. In addition to the barrier effect on strata movement,
pre-existing underground buildings can also block the groundwater flow, causing the
groundwater level distribution outside an excavation induced by dewatering to differ
from distributions without an underground structure [41]. Through laboratory testing
and numerical simulation, Xu, Shen, Ma, Sun and Yin [41] discovered that underground
structures could change the seepage condition of groundwater, and aggravated the water
level drop and ground settlement.

According to the findings of the previous research, adjacent underground structures
have a blocking effect on the movement of the stratum and groundwater. However,
there are currently still few studies on the effects of groundwater and stratum under the
combined action of the dewatering and excavation under the blocking effect of adjacent
underground structures. The purpose of this paper is to show how the barrier effect
of adjacent underground structures affects groundwater flow and ground deformation
caused by dewatering and excavation. This study, in particular, set a pre-existing pile
foundation outside an excavation and created a series of two-dimensional numerical
models to simulate dewatering and excavation with and without a pile foundation outside.
The distance between the pile foundation and the excavation and the buried depth of the
pile foundation were chosen as the main variables in the model. The results could provide
a reference for engineers to evaluate groundwater drawdown and stratum deformation
induced by dewatering and excavation in similar engineering environments.

2. Numerical Simulation
2.1. Engineering Background

An excavation for a Tianjin subway station, which was roughly 155 m long, 40 m
wide and 16.9 m deep, was selected as the engineering background [6]. The depth of
the diaphragm was 32.5 m and the thickness of the wall was 0.8 m. The foundation soil
mainly consisted of silty clays and silts. Generally, the site included five aquifers and four
alternating aquitards. There were two layers of silty clay (phreatic layer and aquitard) more
than 15 m below the ground, followed by a layer of silt (the first aquifer), at a depth of
15 m-19 m below the ground. The next layer was silty clay (aquitard), at a depth of
19 m-22 m below the ground. Under this layer, the second aquifer existed which consisted
of silt, silty clay and silty sand at a depth of 22 m-35.5 m below the ground, followed by a
layer of silty clay at a depth of 35 m-37 m below the ground (aquitard). The next layer was
silt at a depth of 37 m—41 m below the ground (the third aquifer), followed by a layer of silty
clay (aquitard) at a depth of 41 m—47 m below the ground. The last layer was silty sand (the
fourth aquifer) at a depth of 47 m-50 m. Table 1 displays the introduction of the soil layer
and typical parameters, which were obtained from laboratory tests. The introduction of the
excavation can be seen in the work of Zeng, Liao, Xue, Long, Luo, Diao and Li [39], who
studied the blocking effect of pre-existing underground buildings on the ground response
due to dewatering before soil excavation. In this paper, a fluid-solid coupling numerical
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model was used to further investigate the barrier effect of existing pile foundations during
the combined actions of dewatering and soil excavation.

Table 1. Soil layer distribution and parameters.

Horizontal Vertical
Classimmion PP m U e Chr Ay E e

(cm/s) (cm/s)
Silty clay 10.0 19.1 190 x 107 1.40 x 107° 17 25 5.90
Silty clay 15.0 19.3 240x 107 111 x 107 18 23 5.20
Silt 19.0 20.2 269 x107°  3.00 x 107° 10 34 13.60
Silty clay 22.0 19.9 340 x 1077 1.56 x 107° 19 26 6.10
Silt 245 20.4 269 x107°  3.00 x 107° 8 34 11.87
Silt 29.5 20.6 463 x107° 270 x 1072 8 36 13.09
Silty clay 325 20.3 1.00 x 1077 1.00 x 1077 17 26 7.36
Silty sand 35.5 20.6 463 x107° 270 x 107° 7 37 16.34
Silty clay 37.0 20.5 411 x107%  4.65 x 107° 19 26 8.88
Silt 41.0 20.7 1.66 x 1075 324 x 107° 10 34 17.03
Silty clay 47.0 203 316 x 107 127 x 107° 18 27 9.18
Silty sand 50.0 20.6 7 38 23.03

1 E; = constrained modulus over stress range 100-200 kPa.

2.2. Model Establishment

Two types of numerical model were established. The model had a thickness of 50 m,
which was divided into 12 layers based on the engineering background. It can be seen from
Figure 1 that the first model included a 40 m wide foundation pit and a pile foundation.
The pit’s excavation depth was set to 16.9 m. The construction process included four stages,
each with an excavation depth of 1.8 m, 6 m, 5.8 m and 3.3 m. According to the Sichardt
formula [39], the model boundary was 800 m after the retaining structure when taking
the influence radius of dewatering into account (assuming the water level drawdown
was 35.5 m under an extreme pumping condition). D represents the distance between
the foundation pit and the pile foundation building, and H represents its buried depth.
The enclosure structure of the pile foundation was also modeled with a depth of 29.5 m
and a width of 0.8 m. The pile radius was set to 0.85 m, and its spacing was set to 3.05 m
according to a typical excavation layout. The height and width of the basement above the
pile were set to 15 m and 20 m, respectively. The bottom slab and roof were both 0.8 m
thick, and the other plates were set to 0.4 m. The mass density of the pile foundation was
2.5 g/cm3, and the Poisson’s ratio was 0.2. The pile’s equivalent permeability coefficient
was set to 0.412 m/d according to the results of Yuan, Xu, Shen and Wang [42]. The second
model had no pile foundation outside the pit (i.e., the case with D = co and H = 0), and the
other parameters were consistent with the first model.

Because the soil layer in the actual project contained groundwater, the water level
inside the pit must be lowered below the excavation surface. As a result, a dewatering
simulation must be performed before the excavation to ensure that the simulation process
was consistent with the actual project; the dewatering depth was set to 19 m. An elastic
model was set for the dewatering well, foundation pit and pile foundation. The dewatering
well’s elastic modulus was set to 2.1 x 108 kPa, while the elastic modulus of the excavation
and the underground structure was set to 3 x 107 kPa [39]. The soil mass was represented
in the model by the C3D8P element, the diaphragm wall by the C3D8I element and the
dewatering well by the S4 shell element. The soil behavior was simulated by the Mohr—
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Coulomb model according to Zeng, Liao, Xue, Long, Luo, Diao and Li [39]. The key
parameters of the model can be seen in Table 2. According to the literature [39], the friction
coefficient was set to 0.3, which obeyed the Coulomb friction law.
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Figure 1. Model of the Project: (a) Geometric model; (b) Finite element model.

Table 2. Model parameters.

Horizontal Permeability

Vertical Permeability

Soil Classification Depth (m) Coefficient (cm/s) Coefficient (cm/s) E (Mpa)
Silty clay 10.0 35x107° 35x10°° 435
Silty clay 15.0 29 x 107> 1.2 x 107° 56.3

Silt 19.0 23 x 1074 1.2 x 1074 137.6
Silty clay 22.0 6.9 x 107° 1.2 x 107° 118.6
Silt 245 2.9 x 1073 5.8 x 1074 151.8
Silt 29.5 1.2 x 1073 23 x 1074 153.3
Silty clay 325 1.2 x 1073 1.9 x 1074 128.0
Silty sand 35.5 35x 1073 6.9 x 1074 1785
Silty clay 37.0 23 x107° 4.6 x107° 152.2
Silt 41.0 3.5 x 1073 1.0 x 1073 2145
Silty clay 47.0 5.8 x 1077 1.2 x 1077 198.4
Silty sand 50.0 41 x 1073 1.7 x 1073 257.0
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A total of 16 models were developed in this study (one model without a pile foun-
dation, and 15 models with a pile foundation outside the pit). Table 3 displays the model
calculation conditions in this study. D = co and H = 0 represent that there are no under-
ground structures outside the pit.

Table 3. Values for D and H in the model.

Parameter Value (m)
D 10, 20, 40, 60, 100, co
H 0,35.5,37,47

An invariable head boundary was used for the lateral surfaces of the model with the
fixed head at the model surface. The model’s bottom was set to be impermeable. Both
the lateral and bottom boundaries were not allowed to move. The pumping process was
simulated by setting a zero-head hydraulic boundary on the soil-well interface within a
specified depth (19 m in this study).

2.3. Model Validation

For model verification, the second type of model (i.e., no pile foundation outside the
pit) was chosen, and the relations between the excavation depth H, and the maximum lateral
wall deflection dy,,, were obtained. These are shown in Figure 2. The computed ratio oy, /He
varied from 0.10% to 0.20%, with an average of 0.15%, which lay between the monitored
results from the authors of [43] who investigated the maximum wall deflection of the
enclosure structure during the excavation construction of 32 metro stations in Tianjin, China.
It is clear that the simulation results are reasonably consistent with the field measurement
results in Tianjin.
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Figure 2. Relationship between maximum wall deflections and final excavation depths.
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The relations between the excavation depth H, and the maximum ground settlement
bym are shown in Figure 3. The computed ratio dym /H, varied from 0.16% to 0.90%, which
also lay between the monitored results from Ge [43], showing that the model in this study

is reasonable.
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Figure 3. Relationship between maximum ground settlement and final excavation depths.

3. Analysis of Barrier Effect

3.1. Effect of D
3.1.1. Water Level Decline
Using the condition with H = 37 m as an example, Figure 4 shows the distribution of
water level decline outside the foundation pit. As to the cases without a pile foundation
adjacent to the pit, the drawdown along the horizontal direction is a continuous curve that
gradually declines as the distance from the enclosure increases. For the condition with a
pile foundation near the pit, the continuous distribution of drawdown is interrupted into
several sections because of the blocking effect of the pile foundation. The groundwater
drawdown between the excavation and the pile foundation is more apparent compared to
the case without a pile foundation, while the drawdown is relatively small for the section
behind the pile foundation. This is because the pile foundation acts as a barrier to the
movement of groundwater, thus the groundwater has to round the obstacle to flow to the
pit, and the flow path is rotated and lengthened. In addition, the drawdown between the
foundation pit and pile foundation declines as D increases, showing that the blocking effect

gradually weakens as D increases.



Water 2023, 15, 814

7 of 15

D -

Drawdowt {(m)

oundation gt E

—o— 100m
—— No underground structure Underground 7
structure b

0 100 200 300 400 500 600 700 800
Distance from enclosure {m)

Figure 4. Distribution of groundwater drawdown under different D.

3.1.2. Lateral Displacement of Enclosure Structure

Using the condition with H = 37 m as an example, Figure 5 displays the deformation
of the retaining structure with and without a pile foundation adjacent to the pit. Whether
or not there is a pile foundation, the retaining structure shows a deep inward deflection.
However, the maximum enclosure structure deflection is always smaller than the condition
with a pile foundation. The reason is that the pile foundation as a barrier can block the
soil movement behind it, thus possibly reducing the stress on the enclosure structure.
Additionally, with the increase in D, the maximum wall deflection becomes greater and
gradually reaches the state without a pile foundation, showing that the barrier effect is
gradually weakened.

Lateral displacement of enclosure
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Figure 5. Distribution of lateral displacement of enclosure under different D.
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3.1.3. Land Subsidence

Using the condition with H = 37 m for cases, Figure 6 shows the distribution of ground
settlement outside the pit with different D. The following points can be summarized:

0 r T T I r T T I
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Distance from enclosure {m )

Figure 6. Distribution of ground settlement under different D.

(1) For the case without a pile foundation, the distribution of land subsidence is
continuous, and a single settlement trough appears behind the retaining structure. When
there is a pile foundation adjacent to the pit, the land subsidence curve is discontinuous
with two troughs on both sides of the pile foundation. This is because the pile foundation
as a barrier mainly prevents the movement of soil and the flow of groundwater behind it;

(2) As to the land subsidence between the pit and the pile foundation, the maximum
ground settlement is less than that without a pile foundation when the distance is short
(e.g., D =20 m). As D increases, the subsidence between the pit and the pile foundation
increases continuously, and is larger than the maximum settlement of the condition without
a pile foundation. When D continues to increase (e.g., D > 60 m), the maximum subsidence
increases slightly and tends to be the same. The reasons for the above settlement devel-
opment can be summarized as follows. When D is small, the pile foundation as a barrier
mainly prevents the movement of soil behind it towards the pit (i.e., the soil-blocking
effect), reducing the ground settlement (compared to the no pile foundation outside the pit);
when D increases, the pile foundation mainly prevents the flow of groundwater behind it
(i.e., the water-blocking effect), increasing the ground settlement outside the pit (compared
to no pile foundation outside the pit);

(3) The settlement behind the excavation is smaller than with no pile foundation,
which is mainly due to the pulling action of the pile foundation when the structure moves
to the pit induced by the dewatering and excavation. As D increases, the ground settlement
behind the pile foundation decreases gradually and tends to approach the condition of no
pile foundation outside, which is consistent with the groundwater drawdown behind the
pile foundation in Figure 4.
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3.2. Effect of H

The effect of D on the groundwater flow and strata movement induced by dewatering
and excavation is revealed in Section 3.1. However, in actual projects, the surroundings of
the excavation are varied, and the buried depth of each building is different. Therefore, the
influence of the buried depth (H) of the pile foundation on groundwater flow and strata
movement is studied.

3.2.1. Water Level Decline

Using the condition with D = 60 m for cases, Figure 7 shows the distribution of water
level decline under different H. As to the condition with a pile foundation outside the
pit, the groundwater drawdown before the pile foundation (i.e., the part between the
excavation and pile foundation) is greater than that without the pile foundation, while the
drawdown is smaller behind the pile foundation. The working mechanism is the same as
D in Section 3.1.1. In addition, as H increases, the groundwater drawdown between the
pit and the pile foundation becomes larger. This is because the flow path of groundwater
flowing to the pit extends as H increases.

Drawdown {m)

Founat-ion ?'t

—-— No underground structure Underground
structure

1 M 1 M | M 1 2 1 N | " |

0 100 200 300 400 500 600 700 800
Distance from enclosure(m)

Figure 7. Distribution of groundwater drawdown under different H.

3.2.2. Lateral Displacement of Enclosure Structure

Using the condition with D = 60 m for cases, Figure 8 displays the distribution of the
enclosure structure deflection. As to the condition with a pile foundation, the enclosure
structure deflection is less obvious than that without a pile foundation. This is because the
pile foundation as a barrier can block the movement of the soil behind it, thus possibly
reducing the lateral pressure on the retaining structure. In addition, as H increases, the
maximum lateral displacement of the retaining wall becomes smaller. This is because the
pile foundation as a barrier can block the movement of the soil behind it, and the soil-
blocking effect would increase as H increases, possibly reducing the stress on the retaining
structure to a large extent.
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Figure 8. Distribution of lateral displacement of enclosure under different H.

3.2.3. Land Subsidence

Using the condition D = 60 m for cases, Figure 9 shows the distribution of land subsidence
with different H. As to the section between the pit and the pile foundation condition, the
ground settlement is greater than that without a pile foundation. As H increases, the settlement
in this section increases; however, after H exceeds 35.5 m, the settlement outside the pit
increases less and tends to be the same. This is because the blocking effect would be enhanced
with the increase in H, while the water-blocking effect enlarged more obviously. When H
increases to a certain extent, the growth rate of both effects becomes small. As a result, the
maximum land subsidence outside the pit tends to be the same.
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Figure 9. Distribution of ground settlement under different H.
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In addition, for the section behind the pile foundation, the ground settlement is also
caused by the pulling effect and the barrier effect of groundwater flow. When H is small
(e.g., H = 35.5 m), the settlement is larger than that without a pile foundation. This is because
the pulling effect is strong when H is small, causing the increase in ground settlement behind
the station compared to the case without a pile foundation adjacent to the pit. As H increases,
the settlement increases continuously, and is greater than that without a pile foundation.

3.3. Combined Effects of D and H on Maximum Drawdown and Deformation

Figure 10 shows the relationships among D, H and maximum land subsidence on the
sides of the pile foundation. The maximum land subsidence between the foundation pit
and the pile foundation is greater than that without a pile foundation (except D =20 m),
while for the section behind the pile foundation, the maximum land subsidence is smaller
than that without a pile foundation. When D changes from 100 m to 20 m, the maximum
land subsidence between the excavation and the pile foundation decreases by 28%, and the
settlement behind the pile foundation decreases by 11%. When H changes from 35.5 m to
47 m, only 3% of the maximum settlement between the excavation and the pile foundation
is reduced, while 31% of the maximum settlement behind the pile foundation is reduced.
As a result, D has a great influence on the land subsidence between the pit and the pile
foundation, while H has a great influence on the subsidence behind the excavation.

48

Buried depth of underground structure(m
36 P -N)g . ?14

{ | —@— Effect of D (in front of underground structure)

—@— Effect of D (behind underground structure) i
; — = No underground structure
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! - [0 — Effect of H (behind underground structure)

'

=
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-
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t‘-.:
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o
]
T

20 40 60 80 100
Distance between enclosure and underground structure (m)

Figure 10. Influence of D and H on maximum ground settlement.

Figure 11 shows the relationships among the D, H and the maximum groundwater
drawdown. As to the condition with a pile foundation, the maximum water level decline in
front of the metro station is larger than the case without a pile foundation. Meanwhile, for
the section behind the pile foundation, the maximum groundwater drawdown is smaller
than is the case without a pile foundation. When D changes from 20 m to 100 m, the
maximum groundwater drawdown between the foundation pit and the pile foundation
changed by 3%, while a 10% change was found behind the pile foundation. When H
changes from 35.5 m to 47 m, the maximum water level decline between the excavation
and the pile foundation changed by 3%, while a 16% change was found behind the pile
foundation. As a result, the effect of D and H on water level decline is basically close.
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Figure 11. Influence of D and H on maximum groundwater drawdown.

Figure 12 shows the relationships among the D, H and the maximum wall deflection.
As to the condition with a pile foundation adjacent to the pit, the maximum enclosure
structure deflection is smaller (compared to no pile foundation). The maximum enclosure
structure deflection is reduced by 15% when D varies from 100 m to 20 m; however, when
H varies from 35.5 m to 47 m, the maximum enclosure structure deflection is only reduced
by 5%, indicating that D may have a great effect on the enclosure structure deflection.
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Figure 12. Influence of D and H on maximum enclosure wall-deflection.
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4. Discussion

This study used a two-dimensional model to investigate the barrier effect of pre-
existing adjacent pile foundations. Compared with the three-dimensional model, the
two-dimensional model has certain limitations which would enhance the barrier effect by
completely blocking the flow of groundwater to the pit within the buried depth of the pile
foundation. As a result, the equivalent permeability coefficient is used in both directions
in this study. In the actual project, however, the pile foundation was a three-dimensional
structure, and the groundwater seepage around the pile foundation would show a three-
dimensional effect. As the permeability coefficient could be different in all directions, this
assumption has some limitations. A complex three-dimensional numerical simulation of
this issue should be conducted in the future.

5. Conclusions

In this paper, a finite element model numerical model was established to study the
characteristics of groundwater flow and land movement induced by dewatering and
excavation considering the blocking effect of pre-existing adjacent pile foundations. The
main conclusions that we obtained are outlined below:

(1) Pre-existing underground structures have different effects on the groundwater flow
and excavation deformation. Generally, the maximum groundwater drawdown could be
enlarged by considering adjacent underground structures, while the retaining structure
deflection would be reduced and the ground settlement could be either enlarged or reduced;

(2) As D decreases and H increases, a much greater groundwater drawdown and a
much smaller retaining structure deflection appear, which together affect the ground behav-
ior. On the one hand, greater groundwater drawdown leads to greater ground settlement
by soil consolidation; on the other hand, smaller retaining structure deflection would lead
to less ground settlement, and thus a complex development of ground settlement would
appear. A specific analysis should be performed to assess that this is based in practice on a
specific H and D;

(3) Generally, the influence of D and H on water level decline is basically close. D
has a great effect on the ground settlement between the excavation and the underground
structure as well as the wall deflection, while H has a great effect on the ground settlement
behind the building basement.
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