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Abstract: The dewatering of foundation pits leads to changes in the water level and effective stress
within the surrounding strata. When existing tunnels are present within the dewatering influence
zone, the impact of dewatering on these tunnels cannot be ignored. The Vlasov foundation beam
model was used to simulate the interaction between the tunnel and the soil, and the key parameters
of the model were precisely investigated. In addition, the constraining effect of the lateral soil on the
tunnel was also considered. By integrating the principles of effective stress and Dupuit’s assumption,
in this work we calculated the additional load on the tunnel caused by foundation pit dewatering,
which was then applied to determine the tunnel stress and deformation induced by dewatering.
The accuracy of this approach is validated through comparative analysis with finite element results.
Furthermore, the relationships between the permeability coefficient (k), the spacing (d) between
the tunnel and the dewatering well, the water level drop (sw), and tunnel stress and deformation
were further studied. The key findings are summarized as follows. Firstly, accounting for lateral soil
effects enhances computational accuracy. Secondly, an increase in soil k; leads to a greater tunnel
settlement with relatively minor changes in bending moments. Thirdly, as d increases, both tunnel
settlements and bending moments decrease. Additionally, as the water level dropped from 10 m to
30 m, the maximum additional stress on the tunnel increased by 94.50%, and the settlement increased
by 127.43%. Consequently, it is essential to pay close attention to the tunnel segment nearest to the

water level.

Keywords: foundation pit dewatering; existing tunnel; effective stress principle; effects of lateral soil;
Vlasov foundation model

1. Introduction

In geotechnical engineering, dewatering methods are frequently employed to enhance
construction conditions for various engineering applications, including excavating foun-
dation pits and reinforcing soft soil foundations. Nonetheless, dewatering may result in a
reduction in the water level in the adjacent strata and an associated increase in the effective
stress within the soil [1-4]. When an active shield tunnel is situated within the influence
zone of dewatering activities, the reduction in water levels induces an increment in the
effective stress within the surrounding soil. This leads to an additional load on the tunnel
and imparts adverse consequences, as documented in previous studies [5-9]. As pivotal
components of urban transportation infrastructure, subway shield tunnels carry substantial
economic and property implications in the event of inadequate maintenance or protective
measures, or even minor negligence. Therefore, it is imperative to conduct an in-depth
analysis of tunnel deformation resulting from foundation pit dewatering to bolster our
ability to monitor and safeguard against tunnel distortion.

Currently, a significant body of research has been dedicated to the investigation of
tunnel deformation resulting from subterranean dewatering. Zheng et al. [10] conducted a
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finite element simulation to investigate the influence of pressure reduction and confined
layer dewatering on the structural integrity of existing shield tunnels. Wang et al. [11]
developed a numerical model to examine the effects of underground dewatering on nearby
subway tunnels. In accordance with practical engineering applications, Wang et al. [12]
employed the finite element method to assess the structural impact of foundation pit
dewatering on tunnels. Additionally, Nie [13] and Li [14] conducted numerical calculations
to comprehensively analyze and investigate deformation and stress patterns in existing
tunnels under various underground dewatering scenarios. Yang et al. [15] deduced the
analytical solution of the vertical displacement of adjacent tunnels under pre-dewatering
disturbance by using a two-stage analysis method. Xu et al. [16] utilized a two-stage
analytical method to derive solutions for assessing the deformation of adjacent pipelines
resulting from single-well dewatering. Furthermore, ZHANG et al. [17] evaluated tunnel
deformation directly beneath foundation pits during excavations and dewatering, applying
the Pasternak foundation beam model. Their findings underscore the significance of
recognizing the impact of dewatering on underlying tunnels.

In theoretical studies concerning the deformation of shield tunnels, the elastic founda-
tion beam model is a widely employed framework for simulating the interaction between
tunnels and the surrounding soil. For the methods, the shear layer’s shear modulus and
the coefficient of the subgrade modulus strongly influence simulation results, which can
explain their crucial roles in determining the ability of the elastic foundation to withstand
shear deformation and compression deformation. However, these two parameters are often
determined by various empirical equations [18-21], which may fail to accurately portray
the interaction between the soil and the tunnel and result in subjective or biased results.
Hence, achieving a more accurate estimation of these two parameters is crucial for the pre-
cise prediction of existing tunnel settlements when simulating the soil-tunnel interaction.
Despite that, the Vlasov foundation beam model [22] offers a comprehensive approach
that not only considers the continuity of soil deformation within the foundation but also
provides a theoretically sound method for determining model parameters, demonstrating
notable calculation accuracy [23]. Furthermore, the interaction between underground struc-
tures and the surrounding soil is inherently a three-dimensional problem. In addressing
this issue, it is imperative to consider not only the influence of the foundation beneath the
structure but also the constraints imposed on its deformation by lateral soil [24]. However,
the existing analytical formulas are derived from the plane strain problem, ignoring the
effect of lateral soil on the tunnel, which will inevitably affect the accuracy of the calculation
results [25]. Building upon this premise, this study utilizes the Vlasov foundation beam
model while incorporating the effects of lateral soil, as previously researched. Consequently,
it derives an analytical solution for predicting the deformation of adjacent shield tunnels
subject to foundation pit dewatering. The validation of the proposed method’s accuracy is
achieved through a comparison with finite element simulation results. Additionally, this
research explores the interrelationship among the permeability coefficient (k;), the distance
between the tunnel and the dewatering well (d) and the drawdown of water level (sw) in
relation to tunnel stress and deformation.

2. The Formulation and Resolution of Equations for Tunnel Load and Deformation
2.1. The Formulation of Equations Neglecting the Influence of Lateral Soil Action

Figure 1 presents a simplified schematic representation of the computational model
used in this paper, wherein the tunnel is modelled as a Euler-Bernoulli beam supported
by a Vlasov foundation, replicating the interaction between the tunnel structure and the
surrounding soil.
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Figure 1. Vlasov foundation beam model diagram: (a) front view; (b) side view.

In the Vlasov foundation model, the relationship between the foundation reaction p(x)
and the tunnel settlement u(x) is given follows:

(1)

where k is the foundation reaction coefficient, and ¢ is the soil layer shear coefficient,
representing the degree of soil deformation continuity. These two can be calculated using
the following formulas:

—0)E; 2)\?
k= (1 —E—lv)(l)i5 20) /()T (d}(fl(z )> dy (2a)

_ Kk T
%= irn /O 12 (z)dy (2b)

where E; represents the elastic modulus of the soil, T stands for the thickness of the elastic
foundation layer, and is set to T = 2.5D in this work [19], D denotes the tunnel diameter, and
h(z) corresponds to the attenuation function within the Vlasov foundation model, which
accounts for the diminishing effect of the foundation soil along the deformation direction
to determine the values of k and ¢. Typically, this function can manifest as either a linear or
exponential relationship. For the purposes of this paper, h(z) is defined as h(z) = (T — z)/z.

On such basis, the force balance relationship of the tunnel under the influence of
dewatering determines the settlement equation of the tunnel as follows:

d*u(x)

EI
daxt

+p(x)D =q(x)D 3)
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where EI represents the bending stiffness of the tunnel, with E being the elastic modulus
of the whole tunnel, and I denoting the moment of inertia of the tunnel cross-section.
Furthermore, g(x) represents the additional load induced by dewatering. Substituting
Equation (1) into Equation (3) gives:

4 2
Id u(x) —2th u(x)

E
dxt dx?

+kDu(x) = q(x)D 4)

2.2. The Formulation of Equations Accounting for the Influence of Lateral Soil Action

When the tunnel experiences settlement-induced deformation due to additional loads,
the soil foundation beneath the tunnel and its adjacent lateral soil exert restraining forces on
the tunnel, as illustrated in Figure 1b. The deformation of the lateral soil mass in response
to tunnel deformation is depicted in Figure 2, and the resultant reaction force exerted by
the lateral soil mass on the tunnel is presented in Figure 3.

Lateral soil
deformation
caused by tunnel
deformation

Figure 2. Schematic diagram of lateral soil deformation.

Foundation reaction
caused by lateral soil

Figure 3. Diagram of restraining force exerted by the lateral soil on tunnel.

When analyzing the influence of lateral soil on tunnel deformation, the following
assumptions are made:
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(1) The properties of the lateral soil surrounding the tunnel are consistent with those of
the soil beneath the tunnel.

(2) The restraining forces on the tunnel are T1 and T2, which are transmitted through the
soil shear layer on both sides of the tunnel.

(3) The soil used in the calculations is treated as isotropic and elastic.

(4) The deformation of the tunnel is well-coordinated with the surrounding soil, and
there is no detachment or separation between the tunnel and the soil.

For a plane defined as x = x, the deformation equilibrium equation for the lateral soil
mass surrounding the tunnel is as follows:

(5)

where U(y) represents the deformation of the lateral soil shear layer along the y-axis
direction of the tunnel. By solving Equation (5), the general solution can be obtained as:

U(y) = e~ V/A=P2) 6)

As shown in Figure 2, when y = D/2, the lateral soil and the tunnel share the same
settlement; that is, U(x, D/2) = u(x). For a position that is infinitely far from the tunnel,
denoted as y = Y, the corresponding settlement of the lateral soil becomes U(Y) = 0.
The above two equations give two boundary conditions for the model and determine the
unknown coefficient C; = u(x) in Equation (6), which thereby determines the settlement of

the lateral soil as:
U(x,y) = u(x)e” VW07 7)

Furthermore, the force exerted on the tunnel by the later soil is obtained as:

H@ﬁﬂﬂ@:%dﬁyﬁ = u(x)V2tk (8)
-

S[S]

From above, the deformation formulation of the tunnel under the restraining effect of
lateral soil is given below:

d*u(x)

EI
dxt

+2V2tku(x) = q(x)D )

2.3. The Solution of the Tunnel Settlement Equation

In summary, considering the combined influence of the soil beneath the tunnel and
the lateral soil, the settlement equation for the tunnel is as follows:

d* d? D
) T | ) = 1D (10)

where v = 2tD/Eland A = ‘\l/(kD + 2v/2tk)/EI. The general solution of Equation (10)
can be solved by setting g(x) = 0, and the result is given below:

u(x) = e**[Aq cos(Bx) + Ay sin(Bx)] + e~ **[Az cos(Bx) + Ay sin(Bx)] (11)

where A1, Ay, Az and Ay are coefficients, « = \/A2/2+y/4and B = \/A2/2 — v /4.

Next, we assume an infinitely long tunnel is subjected to a point load Q at x = 0. Since
the length of the tunnel is assumed to be infinite, the settlement at x = f-oc0 is 0, the tunnel
corner at x = 0 is 0, and the shear force there is Pb/2. To determine the tunnel settlement
under the concentrated load [26], the following boundary conditions are needed.

u(+o0) =0 (12)
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du() | _, (13)
dx x=0
E,l M = Pb/2 (14)
PP qx3 o -

Taking Equations (12)—(14) back to Equation (11) gives the solution of the tunnel
settlement induced by the point load as follows:

_ QD
 4E,L,aB(a® + B?)

u(x) e “*(B cos Bx + asin Bx) (15)

Assuming that the additional load caused by dewatering at a given point # on the
tunnel axis is Q = gq(1)dy, the tunnel settlement du(x) induced by this load can be
determined according to Equation (15) as follows:

du(r) = g LT e [Beos(Blx — ) +asin(Blx — gy (16

By integrating Equation (16), the tunnel settlement caused by dewatering can be
obtained as:

—+o00
u(x) = / du(x) (17)
which then helps to determine the momentum as follows:
M(x) = _p &) (18)
- dx?

3. Loads Caused by Dewatering
3.1. Drawdown Curve

The dewatering of a foundation pit inevitably causes changes in the surrounding
groundwater level. After prolonged dewatering in an infinite confined aquifer, a stable
drawdown curve of the groundwater level forms around the dewatering well [27], as
shown in Figure 4. In this figure, r is the horizontal distance from a specific point to the
dewatering well, & is the water level at that location, Hy is the initial water level of the
confined aquifer, Ht is the water level within the well after dewatering, and R is the radius
of the dewatering well.

- Dewatering influence radius R

________________________ —
ihl

B1

A

Initial
groundwater
level Ho

Dewatering
curve

Figure 4. The dewatering curve diagram.
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Based on the Dupuit assumption, the distribution of h(r), i.e., the groundwater level
around a dewatering well (the foundation pit can be considered to be a large well), is as
follows [27]:

In § (19)
R
In Ro

h(r) = || H§ — (H§ — H?)

where R represents the radius of the dewatering influence zone, commonly referred to
as the dewatering radius. According to the Sakukin formula [27], R can be obtained as

follows:
R = ZSw vV ktHo (20)

in which k represents the soil mass permeability coefficient, while s, signifies the height of
the water level drop in the dewatering well, and it is defined as sy = Hy — H;. As illustrated
in Figure 5, when there is an existing tunnel within the influence zone of dewatering, the
reduction in water level results in an increase in effective stress in the soil above the tunnel,
thereby generating additional loads on the tunnel structure. In Figure 5, the horizontal
distance between the dewatering well and the existing tunnel is denoted as d. From the
nearest point on the tunnel axis towards the dewatering well, which is denoted as Point O,
we established the x-axis along the tunnel’s direction. Points A and A’ are the intersections
of the influence zone and the axis.

Dewatering T T T TS -
influence e N
range Yy, .
N
il AN
4 \
/ \
/ \
/ \
/ \
/ \
/ . \
/ Dewatering \
! well \
! |
| I
] I
\ i
\ 1
\ !
\ R /
\ d /
\ /
\ /
\A r A ’/
e —— V¥ ——— —— —— = = -
N 0 Ly
\\ //
N e Tunnel

Figure 5. The scope of influence of dewatering.

3.2. Tunnel Load Caused by Groundwater Level Drop

In an analysis of tunnel and soil-structure interaction, the weight of the soil mass
above the tunnel has a significant impact [28]. The underground dewatering increases
the effective stress of the soil above the tunnel, resulting in additional load on the tunnel.
Depending on the relative position of the groundwater level and the calculation point,
the effective stress induced by dewatering can be categorized into two distinct calculation
scenarios. The increments in effective stress at points B; and B, in Figure 4, denoted as Aoy
and Aoy, respectively, are as follows:

Aoy = Iy ('Y — Y+ ')’w) (21a)

Ay = (Ho — h(rg,)) (v — ¥s + Tw) (21b)

In the formula, h; represents the height difference between point By and the initial
water level, while h(rp,) is the groundwater level at point B;. 7, s, and 7, correspond to
the unit weight of soil, the saturated unit weight of soil, and the unit weight of water, respec-
tively. Therefore, based on the relative position of the groundwater level after dewatering in
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relation to the existing tunnel, the additional stress on the tunnel can be categorized into the
following two distinct calculation scenarios. First, following dewatering, the groundwater
level is situated above the tunnel, as depicted in Figure 6a. Second, following dewatering,
part of the water level drops below the tunnel, as shown in Figure 6b.

Initial groundwater (a) Initial groundwater ®)
level : level \ !
rmmmmmmmm e e e e eI TTT T B e
_____________ | I | L
| _,.—""‘\Groundwater level | e Groundwater level
T | L after precipitation A o % __ after precipitation
A4 T - A’ ~.‘ ‘ - 4
10 P — Jorroee ’ Additional
| Additional I loads caused by
loads caused by dewatering
dewatering
»
4 A 4
*’ *’ i
10 o

Figure 6. The distribution of water levels and additional loads along the tunnel after dewatering:
(a) the water level remains higher than the tunnel after dewatering; (b) part of the water level drops
below the tunnel after dewatering.

Scenario 1: The horizontal distance between point x on the tunnel and the dewatering
well is given as: r = V/x2 4 d?. Taking the distance back to Equation (19) determines
the groundwater level at the tunnel location after dewatering, which then can be used in
Equation (21b) to obtain the additional tunnel stress as follows:

In =
Wk | (Y =7 +7w) (22)
"R

q(x) = | Ho— | (Hf — H7)

Scenario 2: In this scenario, the tunnel section above the water level experiences a
uniform and constant additional stress, as detailed below:

o= hi (7= +Y0) (23)

The calculation of additional stress on the tunnel section below the water level can be
determined using Equation (22). When h(r)= Hy — hy, it precisely corresponds to the point
of intersection between the water level and the tunnel. Therefore, the coordinates of this
specific point can be derived as follows:

(Hg—hy)?-H? (2H0£11 *hz12)
2_y2 H4—H:
x = R HO Ht t

‘R, ! — 2 (24)

Overall, the formula for calculating the additional stress induced by foundation pit
dewatering on an adjacent existing tunnel is as follows:

In R (HO*’ll)Z*H? (ZHoglfitle)

22 g H2-H
Ho—\|H} — (H3 — H}) =2 | - (y = ye+70),22 > R WRy 0 — 2
In Ry
(25)
(Hy—y)?—H? (2Hghy —h1?)
2 T H2-HZ HZ—H? 0
hl(’)/_')’s‘l")’w)rx <|R 0t 'RO —d

So far, we obtain the additional load on the tunnel caused by the change in ground-
water level. Then, the settlement and bending moment of the tunnel can be calculated by
substituting Equation (22) into Equations (16)—(18).
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4. Validation of the Proposed Analytical Model

Sun [29] employed the ABAQUS finite element software to construct a numerical
model for assessing the impact of foundation pit dewatering on pre-existing tunnels. The
dimensions of the numerical model were 240 m in length, 200 m in width, and 60 m in height.
The foundation pit was situated at the model center, measuring 40 m by 45 m. Dewatering
wells were positioned 2 m from the outer edge of the foundation pit. The model assumed
that the water level remained constant at 100 m away from the foundation pit, unaffected
by dewatering. A nearby existing tunnel was characterized by a burial depth of /i, =21 m,
an outer diameter of D = 6 m, a tunnel wall thickness of 0.5 m, and an elastic modulus
of E = 19 GPa. Field geological exploration and laboratory soil test results [29] indicate
that the tunnel passed through a loess layer, featuring an elastic modulus of Es = 33.1 MPa,
Poisson’s ratio of vs = 0.32, a soil density above the water level of 1650 kg/ m3, a soil bulk
density below the water level of 650 kg/m?, a soil permeability coefficient of k¢ = 0.8 m/d,
and an initial water level burial depth of iy = 3 m. Given that the target water level was set
to be 2 m below the bottom of the foundation pit, which was 22 m in depth, the water level
drop was determined as sy, =21 m.

Figure 7 illustrates a comparison of tunnel settlements, with one set calculated using
the method introduced in this paper and the other neglecting lateral soil effects. The figure
presents settlement curves for tunnels spaced at 13 m and 25 m from the dewatering well.
It is evident that the results obtained using the method proposed in this paper closely
align with those derived from the numerical model analysis. In contrast, disregarding the
influence of lateral soil actions results in notable discrepancies in the calculations. This dis-
crepancy arises because both the method outlined in this paper and the three-dimensional
numerical model take into account the constraining effect of lateral soil on tunnel settle-
ment. Neglecting this lateral soil effect is inconsistent with real-world conditions, leading
to significant disparities in the calculation outcomes. By comparing our proposed method
with the three-dimensional numerical model, we have substantiated the accuracy and
validity of our approach.

0

i i
|
1 1
\Layout range of ,
rdewatering well
1 1

& o =
(=] (=] (=]
T T T

Tunnel displacement (mm)
=
T

[ —A— Calculation result of this paper, @=2 ,
—/—Sun's calculation results, @=25 ! !
[—@— Calculation result of this paper, d=13

—O=Sun's calculation results, d=13

[ —#— The calculated results ignore the lateral soil influence, @=25
- ]I"he calc}llated relsults ignlore the llateral solil inﬂuepce, d:|13

O
S

-60
-120 -80 -40 0 40 80 120

x (m)

Figure 7. Tunnel settlement comparison between results from the proposed model, the method
ignoring the lateral influence and 3D simulations.
5. Sensitivity Analysis of Parameters

To investigate the sensitivity of various parameters, we present the following engi-
neering case study for analysis. The calculation parameters used in the case study are
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shown in Table 1. During the analysis of each specific parameter, all other parameters
remain constant.

Table 1. Calculation parameters of this paper.

Groundwater Properties Soil Properties Tunnel Properties

Properties

Value Properties Value Properties Value

Initial groundwater level

Distance between the tunnel

(Ho) 40 m Permeability coefficient (k) 1m/day and the dewatering well (d) 12m
Initial water level burial . .
depth () 3m Elastic modulus (Es) 30 MPa Burial depth (z) 10 m
Water level in the well . , . Burial depth of the tunnel
after dewatering (Hy) 25 m Poisson’s ratio (v) 0.3 roof (/1) 9m
Water level drop (sw) 15m Soil mass density () 18 kN/m3 Tunnel diameter (D) 6m
Saturated unit weight (*ys) 19 kN/m3 Wall thickness 0.3m
. . 7.548 x 105
Bending stiffness (EI) MN-m2

5.1. Permeability Coefficient (k)

Five distinct permeability coefficients (k) were examined, which were 0.5 m/d, 1 m/d,
1.5m/d, 2 m/d, and 2.5 m/d, respectively. By utilizing the method presented in this
paper, the tunnel settlement and bending moment curves resulting from foundation pit
dewatering for each of these five cases were calculated, as depicted in Figures 8 and 9.
Figure 8 illustrates a notable trend where the vertical settlement of the tunnel and the extent
of settlement increase with higher permeability coefficients. Specifically, as k; increases from
0.5m/d to 2.5 m/d, the maximum vertical settlement of the tunnel escalates from 5.79 mm
to 7.07 mm. This behavior can be attributed to the augmented permeability coefficient
intensifying the scope and impact of foundation pit dewatering on the surrounding water
level, consequently affecting the tunnel to a greater extent. In Figure 9, it is shown that
the tunnel’s bending moment experiences a slight reduction with increasing permeability
coefficients. This suggests that the permeability coefficient exerts a limited influence on the
bending moment. Additionally, the region of the tunnel generating the bending moment
is primarily confined within the range of x = 100 m, which is smaller than the area
responsible for the settlement.

k=0.5m/d

Tunnel displacement (mm)

k=Im/d
or k=1.5m/d
k=2m/d
k=2.5m/d
8 . 1 . 1 . 1 . 1 . 1 .
-300 -200 -100 0 100 200 300

Figure 8. Curves of tunnel displacement under different permeability coefficients of soil k.
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Figure 9. Curves of the tunnel’s bending moments under different permeability coefficients of soil k.

5.2. Tunnel-to-Dewatering Well Distance (d)

Five tunnel-to-dewatering well distances were used for the sensitivity analysis, which
were 10 m, 15 m, 20 m, 25 m and 30 m. The resulting tunnel settlement and bending
moment curves, obtained through the methodology presented in this work, are depicted in
Figures 10 and 11. From the observations, it is evident that an increase in the spacing leads
to a reduction in both the vertical settlement and the bending moment experienced by the
tunnel. Specifically, as d increases from 10 m to 30 m, the maximum vertical settlement of
the tunnel decreases from 6.37 mm to 4.28 mm, and the maximum bending moment value
decreases from 4.63 MN-m to 1.44 MN-m. This reduction indicates a substantial influence.
The reason behind this behavior is that the water level experiences fewer fluctuations as
one moves further from the dewatering well. Consequently, there is reduced stress in the
proximity of the tunnel, resulting in a diminished impact on the tunnel as it is positioned
farther from the dewatering well.

4

-5

Tunnel displacement (mm)

6

7 PR R TP (U R R R S
-200 -150 -100 -50 0 50 100 150 200

x (m)

Figure 10. Curves of tunnel displacement under different spacing d.



Appl. Sci. 2024, 14,102

12 of 16

E

=

=

5

IS

S

=

op -2

<

= —— d=10m

S3r —— d=15m

= —— d=20m
4k —— d=25m

d=30m

_5 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
-100 -75 -50 -25 0 25 50 75 100

x (m)
Figure 11. Curves of the tunnel’s bending moments under different spacing d.

5.3. Water Level Drop (sy,)

Five water level drops were studied, which were 10 m, 15 m, 20 m, 25 m and 30 m, for
which the corresponding water levels in the well after dewatering were 30 m, 25 m, 20 m,
15 m and 10 m, respectively.

Figure 12 plots the underground water levels for the five scenarios. From the figure, as
the sy, increases, there is a corresponding decrease in the water level within the surrounding
strata. When s,, measures 10 m and 15 m, the burial depth of the tunnel axis remains below
the groundwater level. However, as sy, exceeds 20 m, the segment of the tunnel closest to
the dewatering well location emerges above the water level. In Figure 13, the curves depict
the additional stress levels experienced by the tunnel under various s, conditions. As
shown, the additional stress on the tunnel escalates with the increase in s,,. This behavior
is attributed to the rise in the total effective stress within the soil above the tunnel as s,
increases. Nevertheless, when the water level drops below the tunnel, the additional stress
on the tunnel ceases to increase. Figure 13 also highlights that once s,, within the well
surpasses 20 m, the maximum value of additional stress on the tunnel remains constant,
while the range over which this maximum value is generated expands.

45
V. W
Initial groundwater level
P p il groundwaterlevel
s L W
Ess ‘/’;
=
)
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Figure 12. Curves of water level under different water level drop depths sy.
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Figure 13. Curves of additional stress under different water level drop depths s, .

The tunnel settlement and bending moment curves corresponding to various s, are
presented in Figures 14 and 15. Figure 14 reveals that as s, increases, both the vertical
settlement of the tunnel and the range of settlement expand. Specifically, as s,, transitions
from 10 m to 30 m, the maximum vertical settlement of the tunnel rises from 4.01 mm to
9.12 mm. It is noteworthy that the rate of increase in maximum settlement significantly
diminishes once s,, exceeds 20 m. This can be attributed to the enhanced impact of
precipitation on the surrounding water level, resulting in an increased additional load on
the tunnel and, consequently, greater settlement. Figure 15 illustrates that as s,, increases
from 10 m to 20 m, the maximum bending moment experienced by the tunnel increases
from 3.37 MN-m to 5.06 MN-m. However, with s, surpassing 20 m and reaching 30 m, the
maximum bending moment starts to decline, and the position of the maximum bending
moment shifts away from x = 0 to both sides. This shift results in the emergence of
two symmetrical bending moment peaks. Notably, these peaks align with the region of
maximum additional stress depicted in Figure 13, indicating that they coincide with the
intersection between the groundwater level and the tunnel. In engineering applications,
it is advisable to closely monitor the tunnel location closest to the water level during
dewatering events.
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Figure 14. Curves of tunnel displacement under different water level drop depths sy.
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6. Conclusions

This research is grounded in the Vlasov foundation model and employs theoretical
methodologies to investigate the impact of foundation pit dewatering on nearby existing
tunnels under the influence of lateral soil actions. The validity and precision of this
approach have been confirmed through comprehensive three-dimensional finite element
analysis. Furthermore, a thorough examination of the impact of various factors on tunnel
deformation has been conducted through parameter sensitivity analysis. Following an
extensive analysis, the following conclusions have been drawn.

(1) Considering the lateral soil constraint on tunnel deformation is more in line with
actual conditions. Additionally, applying the Vlasov foundation model to simulate the
interaction between the tunnel and soil can achieve more precise foundation parameters.
Therefore, when predicting the settlement of an existing tunnel caused by adjacent founda-
tion pit dewatering, the influence of the lateral soil of the tunnel should not be ignored.

(2) An increase in the permeability coefficient (k;) leads to a corresponding rise in the
settlement of adjacent tunnels due to dewatering, while the bending moment experienced
by the tunnel remains relatively stable. The distance (d) between the tunnel and the
dewatering well exerts a notable influence on the stress deformation of the tunnel. As
this distance increases, both the settlement and bending moment generated by the tunnel
decrease. Therefore, in order to ensure the operational safety of the tunnel, it is preferable
to position the dewatering wells at a considerable distance from the tunnel.

(3) An augmentation in the depth of the water level drop (sw) can increase additional
stress and settlement on the tunnel. Nonetheless, when the water level descends beneath
the tunnel axis, the maximum additional stress on the tunnel ceases to escalate but exhibits
an expansion in its spatial reach. Concurrently, the maximum bending moment experienced
by the tunnel initiates a decline, positioning itself at the intersection of the tunnel and the
water level. Consequently, it is imperative to direct special attention to the segment of the
tunnel nearest to the water level during dewatering events.

(4) This study proposes a method to predict the settlement of an existing tunnel affected
by adjacent foundation pit dewatering. The method assumes elastic soil surrounding the
tunnels. This assumption is reasonable when the plastic deformation of the soil is negligible.
Future studies will focus on the effect of the plasticity of surrounding soils to improve the
accuracy in predicting tunnel settlement.
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