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Abstract: The foundation pit excavation and dewatering break the equilibrium stress field of the surrounding soil layer and 
negatively affect the underlying shield tunnel. The analytical solution of the longitudinal deformation of the underlying tunnel caused 
by foundation pit excavation and dewatering is proposed using a two-stage analysis method. In the first stage, Mindlin elastic solution 
and effective stress principle are used to calculate the additional stress caused by excavation and dewatering. In the second stage, the 
shield tunnel is treated as a Timoshenko beam resting on the Pasternak foundation to simulate the interaction between the tunnel and 
soil. The analytical solution of the longitudinal tunnel deformation is derived from the superposition method. By comparing with the 
monitoring data of engineering examples, the correctness of the proposed method is verified, and the influence of the excavation 
length, width, depth, tunnel burial depth, dropdown, and relative position of the foundation pit on the longitudinal displacement of the 
tunnel is further analyzed. The results show that with the increase of excavation length, width, and depth, the maximum uplift of the 
tunnel increases. The tunnel deformation decreases with the increase in tunnel burial depth. With the increase of the dropdown, the 
uplift decreases, and the settlement value increases. With the increased distance between the tunnel axis and the foundation pit center, 
there are a decreasing area of the uplift, an increasing area of the settlement, and a decreasing area of settlement. 
Keywords: foundation pit excavation; foundation pit dewatering; underlying shield tunnel; shear deformation; Timoshenko beam; 
Pasternak foundation 

1  Introduction 

Foundation pit engineering and subway construction 
are effective means of underground space development. 
However, with the development of underground space 
construction, foundation pit projects adjacent to existing 
subway tunnels have become commonplace[1–3]. Founda- 
tion pit excavation and dewatering break the equilibrium 
stress field of the soil layer, which induces deformation 
of the surrounding soil and underground structures[4–6]. 
In particular, underground subway tunnels are significantly 
affected by foundation pit excavation and dewatering, 
such as a foundation pit engineering in Nanning[7] 
caused a significant mutation uplift. A foundation pit 
project in Shanghai still caused 14.7 mm uplift deformation 
in multiple prevention and control measures[8]. Failure 
to prevent and control the effects of foundation pit 
construction may cause serious accidents such as tunnel 
segment cracking and water seepage and affect its 
service performance[9]. Therefore, predicting and 
assessing the stress and deformation of the underlaying 
shield tunnel caused by excavation and dewatering of 
the foundation pit is an urgent issue.  

Currently, numerous scholars have conducted 
research on the impact of foundation pit excavation 
and dewatering on adjacent tunnels through various 
methods. For example, He et al.[10] utilized FLAC3D to 
study the deformation patterns of surrounding tunnels 

during foundation pit excavation and dewatering. 
Zhang et al.[11] established finite element models based 
on actual engineering and studied the impact patterns 
of different dewatering schemes on the deformation of 
surrounding tunnels during foundation pit excavation. 
However, there is currently limited theoretical research 
on the longitudinal deformation of nearby tunnels 
caused by the combined effects of foundation pit 
excavation and dewatering. Ou et al.[12] used Euler- 
Bernoulli beam theory to simulate the stress and 
deformation of the tunnel, considering the influence of 
unloading at the pit bottom and dewatering on the 
underlying shield tunnel. The research results indicate 
that the impact of foundation pit dewatering on the 
underlying shield tunnel should not be ignored. Xu et 
al.[13], based on a two-stage approach and incorporating 
the principle of effective stress in soil and the 
Pasternak foundation model, used Euler- Bernoulli 
beams to simulate pipelines and derived analytical 
solutions for the deformation of nearby pipelines 
caused by single-well dewatering. Additionally, Liang 
et al.[14] simplified shield tunnels as Euler- Bernoulli 
beams to study the impact of foundation pit excavation 
on tunnels. 

The above-mentioned literature considers the 
tunnel as a Euler-Bernoulli beam. However, since the 
Euler-Bernoulli beam only accounts for the flexural 
stiffness of the tunnel, treating the shear stiffness as 
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infinite, it cannot take into account the shear 
deformation generated when the tunnel is subjected to 
forces. However, the structure of shield tunnels 
consists of multiple segmented ring-shaped sections, 
which have relatively low shear stiffness. Using 
Euler-Bernoulli beams to simulate shield tunnels can 
lead to a certain degree of error[15]. Therefore, in 
recent years, some scholars have used Timoshenko 
beams, which consider shear deformation, to simulate 
tunnels in other research areas [16–17]. Zhang et al.[17] 
used Timoshenko beams to simulate tunnels and 
studied the longitudinal displacement of existing tunnels 
caused by shield tunneling underneath. Liang et al.[18] 
proposed analytical solutions for tunnel deformation 
caused by foundation pit excavation based on 
Timoshenko beams. Research indicates that using 
Timoshenko beams to simulate shield tunnels has 
certain advantages[16–18]. Furthermore, current theoretical 
research seldom comprehensively considers the combined 
effects of foundation pit excavation and dewatering on 
the underlying shield tunnel. However, dewatering, as 
an essential step in foundation pit engineering, leads to 
an increase in the effective stress of the soil below the 
original water level, resulting in adverse effects on 
existing tunnels below[19–20]. It is also one of the 
primary reasons for long-term tunnel settlement[1]. As 
a result, the impact of foundation pit dewatering 
should not be overlooked in relevant theoretical 
research.  

In conclusion, to address the shortcomings in 
existing theoretical research, this study builds upon 
previous work and conducts a study on the deforma- 
tion of the underlying shield tunnel caused by the 
combined effects of foundation pit excavation and 
dewatering using a two-stage approach. In the first 
stage, the Mindlin elastic solution[21] is used to calculate 
the additional stresses caused by excavation at the pit 
bottom and the surrounding walls. Based on the 
principle of effective stress and the Dupuit assumption, 
additional stresses induced by dewatering on the 
nearby tunnel are calculated. In the second stage, the 
total stresses caused by excavation and dewatering are 
applied to the underlying shield tunnel. The shield 
tunnel is treated as a Timoshenko beam capable of 
considering shear deformation, lying on a Pasternak 
foundation. Displacement control equations for the 
tunnel are established, and analytical solutions for the 
longitudinal deformation of the tunnel are derived 
using the superposition method. Subsequently, the 
proposed method in this study is compared with actual 
engineering monitoring data, confirming the accuracy 
of this approach. Furthermore, the study conducts an 
in-depth investigation into the effects of excavation 
length, depth, and tunnel burial depth on the 
longitudinal deformation of the tunnel.  

2  Additional stress caused by foundation pit   
excavation and dewatering 

The construction of foundation pit engineering 
inevitably involves two construction phases: earthwork 

excavation and groundwater dewatering. When there 
is an existing subway tunnel beneath the foundation pit, 
the unloading effect caused by earthwork excavation and 
the increase in effective stress in the soil due to 
dewatering result in additional stresses on the 
underlying shield tunnel. To simplify the calculation of 
the additional stresses on the tunnel, an approach in 
present study assumes that the soil involved in the 
calculations is considered as isotropic elastic material.  
2.1 Additional stress caused by foundation pit 

excavation 
As shown in Fig.1, when the existing subway 

tunnel is located beneath the foundation pit, the 
additional stress at the tunnel axial position, induced 
by the unloading from foundation pit excavation, is 
caused by the unloading at the pit bottom and the four 
sidewalls. 

 

 
Fig. 1  Simplified calculation model diagram 

 
The additional stress caused by unloading at the pit 

bottom, denoted as '①,' can be obtained using the 
Mindlin elastic solution [21]: 
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where 1q  is the additional stress caused by unloading 
① at the pit bottom; B, L, and h represent the 
foundation pit excavation width, length, and depth; p 
is the total unloading due to the earthwork excavation,  

1
1

n

i i
i

p H


  , i  and iH  represent the actual density  

and layer thickness of i-th soil layer; v is Poisson’s 
ratio;   and  represent the two axes of the 
coordinate system established with the foundation pit 
center as the origin, as shown in Fig.2; 0z  is the burial 
depth of tunnel axis; and 1R  and 2R  represent the 
position relationship functions between points on the 
tunnel axis and the center of the foundation pit. These 
functions are determined by the relative positioning of 
the tunnel and the foundation pit. 
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where X and Y represent the abscissa and ordinate of a 
specific point on the tunnel in the coordinate system 

O  . As shown in Fig.2, the O   coordinate system 
is established with the center of the foundation pit as 
the origin O, parallel to the length direction and width 
direction of of the foundation pit as   and   axes. 
Furthermore, a xO y  coordinate system is established 
with a point along the tunnel axis as the coordinate 
origin " O ", the tunnel axis as the x-axis, and the 
direction perpendicular to it as the y-axis. Based on the 
positional relationship between the two coordinate 
systems, the coordinate transformation formula can be 
derived as follows: 

sin cos cos

cos sin sin

X y x d

Y y x d

  
  

   
   

               （3） 

where  represents the angle between the   and x 
axis and  represents the angle between   and the 
line segment OO ; and d is the length of line segment 
OO . 
 

 
Fig. 2  Plane position relation between the foundation pit 

and the underlying tunnel 

 
According to the Mindlin elastic solution [21], the 

additional stress caused by the unloading of the 
foundation pit sidewall "②" can be calculated as 
follows:  
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where 0K  is static earth pressure coefficient, which 
can be determined through laboratory or in-situ static 
lateral pressure tests. In the absence of test data, it can 
also be estimated using empirical formulas. Sandy soil: 

0 1 sinK   ; clay soil: 0K  0.95 sin ; over- 
consolidated clay soil: 0 OCR(1 sin )K   ,   is 
effective internal friction angle, OCR denotes over- 
consolidation ratio; and 1T  and 2T  refer to position 
relationship functions between points along the tunnel 
axis and the foundation pit sidewall. These functions 
are determined by the relative positioning of the 
foundation pit and the tunnel: 
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Similarly, the additional stresses 3( )q x 、 4 ( )q x 、

5( )q x  caused by the unloading effect of side walls ③, 
④, and ⑤ on the tunnel can be obtained. The total 
additional stress at the tunnel axis caused by 
foundation pit excavation can be calculated using the 
superposition principle.  
2.2 Additional stress caused by foundation excavation   

dewatering 
The literature [22] has found that using the virtual 

large diameter well to calculate the deformation of 
pipelines caused by foundation pit dewatering is more 
accurate. Therefore, in this study, the foundation pit is 
treated as a large dewatering well, assuming that there 
is a certain hydraulic connection between the inside 
and outside of the foundation pit, and the groundwater 
level on both sides of the retaining structure is the 
same. Based on the Dupuit assumption, the formula 
for calculating the groundwater level curve around the 
foundation pit caused by dewatering is as follows:  

   
0

2 2 2
0 0 t

0

0

ln

ln

R R

rh r H H H
R R

R



  


            （6） 

where 2 2 ,r x d  r is the horizontal distance 
between the point on the tunnel axis and the well 
center; 0H  represents the initial water level height of 
phreatic aquifer; tH  represents the water level height 
inside the pit after dewatering; 0 /R BL   is the 
radius of the dewatering well; w 02R s kH is the 
influence radius of dewatering[23]; w 0 ts H H   is 
the drawdown. As shown in Fig.3, within the 
dewatering radius, a drop in water level leads to a 
decrease in pore water pressure in the soil, subsequently 
causing an increase in effective stress. Based on the 
principle of effective stress, effective stress increment 
can be derived: 

  t 0 0 s wH h                      （7） 

where   is the increment in effective stress; 0  
and t  are the effective stresses within the soil 
before and after dewatering;  , s , and w  are the 
natural unit weight, saturated unit weight of soil, and 
the unit weight of water. It should be noted that, after 
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foundation pit excavation, this study does not consider 
the increment in effective stress caused by the 
dewatering of the excavated soil. The variation in 
effective stress of the pit is related to the soil layers 
beneath the water level, but this study does not delve 
into a detailed discussion of this aspect. Therefore, the 
additional stress caused by foundation pit dewatering 
on the underlying shield tunnel can be expressed as 

 

 
 

0

2 2
2 2

0 0 t
0

0

2 2
s w 0

2 2
1 s w 0

ln

( )
ln

,  

 ,  

R R

x dx H H H
R R

R

x R d

h x R d



  

  

 
 

     
 

  
   

    

≥

    

（8）

 

where h1 is the distance from the water level inside the 
pit to the pit bottom. 

In summary, it is assumed that the additional 
stresses due to foundation pit unloading and dewatering 
are independent of each other, the additional stress at 
the tunnel axis induced by foundation pit excavation 
and dewatering is as follows: 

     
5

1
i

i
q x q x x


                       （9） 

 

 
Fig. 3  Additional stress caused by dewatering 

3  Tunnel governing equations based on 
Timoshenko beam theory 

The longitudinal deformation resulting from shield 
tunneling consists of both bending deformation and 
shear deformation[24–25]. When using the traditional 
Euler-Bernoulli beam model to simulate shield tunnels, 
the shear deformation of the tunnel is neglected. 
Because shield tunnels are assembled using ring- 
shaped segments, using the Euler-Bernoulli beam 
model to simulate the deformation under stress will 
result in some degree of error. Therefore, in this study, 
the tunnel is considered as an infinitely long 
Timoshenko beam on a Pasternak foundation, as 
shown in Fig.4. The Pasternak foundation model, 
based on the Winkler foundation model, takes into 
account the continuity of soil deformation. It consists 
of soil springs and shear layers that experience shear 
deformation only, making it superior to the Winkler 
foundation [26]. Timoshenko beam considers the shear 
deformation of the tunnel when longitudinal deforma- 

tion occurs under stress. After deformation, the beam 
section perpendicular to the neutral axis is no longer 
perpendicular to the neutral axis due to shear 
deformation, but forms an angle with the normal 
direction of the neutral axis, as shown in  Fig. 5. The 
model in this paper assumes the coordination of 
deformation between the tunnel and the soil during 
tunnel–soil interaction caused by pit excavation and 
precipitation. 

 

 

Fig. 4  Pasternak-Timoshenko foundation beam model 

 

 
Fig. 5  Timoshenko beam deformation mode 

 
According to Timoshenko beam deformation theory, 

the relationships between tunnel bending moment M, 
shear force Q, and displacement w are as follows: 

   d
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                              （11） 

where   is the equivalent section factor, and since 
the tunnel has a circular cross-section, it is taken as 0.5; 

t t/ 2(1 )G E v   is the shear modulus; tv  is 
Poisson’s ratio; A represents the cross-sectional area of 
the tunnel; tE  is the elastic modulus; tI  is the 
moment of inertia.  

According to the equilibrium differential equation, 
we have 

   d d d 0p x D x q x D x Q                （12） 

   2 2d d d d 0
2 2

p x D q x D
x Q x x M         （13） 

where ( )q x  is the additional loading caused by 
excavation and dewatering; D represents the diameter 
of the tunnel. ( )p x  is the foundation reaction force. 
According to the Pasternak foundation model, ( )p x  
can be expressed as follows:  
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where k and sg  represent the elastic and shear 
coefficient, which can be calculated using the following 
equations [27–28]:  
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where sE  is the elastic modulus; t is the shear layer 
thickness, and it is taken as t=2.5D for calculation 
based on reference [29]. 

By combining Eqs. (10) to (14) and simplifying, 
the governing equation for the displacement w(x) of 
the tunnel can be obtained as follows: 
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4  Solutions to governing equations 

Equation (17) is relatively complex and difficult to 
solve directly. So first seek its general solution. Let 

( ) 0q x  , the general solution of Eq.(17) can be 
obtained: 

     
   

1

1

1 1 2 1

3 1 4 1

e cos sin

            e cos sin

x

x

w x A x A x

A x A x





 

 

    
  

     （19） 

where 1A , 2A , 3A , and 4A  are the coefficients to be 

determined 2
1 / 2 / 4    ; 2

1 / 2 / 4    . 

When a concentrated load P acts on the tunnel at 
x=0, as x approaches infinity (x→  ), the tunnel 
displacement is w=0. Additionally, at x=0, the tunnel 
cross-section remains perpendicular to the neutral axis 
after loading, without rotation because it is located 
directly under the concentrated force. Therefore, the 
tunnel still satisfies a zero-angle of rotation and shear 
force equilibrium at this point. Hence, the boundary 
conditions for the tunnel at this moment are:  
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Substituting Eq.(20) into Eq.(19), the displacement 
equation for the tunnel under the concentrated load P 
can be determined as follows: 
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According to Eq.(17),  the right side terms of the 
equation is regarded as ( )Q x , and the concentrated 
load ( )P   on any point   on the tunnel is:  
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（22） 
Substituting this concentrated load into Eq.(21) 

yields the vertical displacement d ( )w x  of the tunnel: 

 
1

1 12 2
t t 1 1 1 1

( ) e
d ( ) cos

4 ( )

xQ D
w x x

E I

    
   

 

  
 

 1 1sin dx                    （23） 

By integrating Eq. (23) within the influence range 
of foundation pit dewatering, we can obtain the 
vertical displacement of the tunnel caused by 
foundation pit excavation and dewatering: 

2 2

2 2( ) d ( )
R d

R d
w x w x


                        （24） 

5  Example verification 

To validate the accuracy of the method presented 
in this paper, it was verified based on the deformation 
monitoring data of an existing shield tunnel caused by 
dewatering and excavation of the foundation pit[30]. 
The foundation pit excavation dimensions are 30 m × 
20 m×8 m (length×width×depth). Due to the combined 
effect of dewatering and excavation, the construction 
of this foundation pit will inevitably lead to 
deformation of the underlying shield tunnel. The 
existing shield tunnel is located directly beneath the 
foundation pit ( d  0) and is longitudinally parallel to 
the foundation pit. The relative positions of the tunnel 
and the foundation pit are shown in Fig.6. The depth 
of tunnel axis 0z  14 m, the radius D  6 m, and the 
wall thickness is 0.3 m. The segments are made of 
C50 concrete, so its elastic modulus is taken as 

tE  34.5 GPa, the Poisson’s ratio tv  0.3. According to 
the method in literature [31–32], the bending stiffness 
and shear modulus of the tunnel can be calculated to be 
7.548×105 MN·m2 and 2.212×103 MPa. The tunnel is 
located in gravelly clay soil layer, and its elastic 
modulus sE  18 MPa, permeability coefficient tk  1 
m/d, Poisson’s ratio v  0.3, natural unit weight and 
saturated unit weight are   19.9 kN/m2 and 

s  20.4 kN/m2. The parameter values involved in 
Eqs. (22) to (24) in this case are shown in Table 1. The 
initial water level in this project is 1 meter below the 

5

GUAN et al.: Analytical solution of deformation of underlying shield tunnel ca

Published by Rock and Soil Mechanics, 2023



  3246                GUAN Ling-xiao et al./ Rock and Soil Mechanics, 2023, 44(11): 32413251                        

 

ground, and as the foundation pit construction begins, 
the water level gradually drops to 1 meter below the 
pit bottom. Therefore, the drawdown is ws  8 m.  

 

 
(a) Section graph 

 

 
(b) Planar graph 

Fig. 6  Schematic diagram of working conditions 

 

Table 1  Parameters used in calculation 

1 
/m–1 

EtIt  

/(MN·m2) 
D  
/m 

k  
/(kN·m–3) 

1 
/m–1 

κGA  
/kN 

R 
/m 

gs  

/(kN·m–1)
0.058 7.548×105 6 3.21×103 0.04 5.94×106 77.82 3.46×104

 
Figure 7 presents a comparison between the results 

by method proposed in this paper, the results without 
considering dewatering effects, the results without 
considering tunnel shear deformation, and the actual 
engineering measurements. As seen from Fig.7, the 
tunnel deformation predicted by considering the 
combined effects of foundation pit excavation and 
dewatering is closer to the actual measured values. 
The maximum measured deformation of the tunnel is 
13.68 mm. The maximum deformation calculated 
using the method proposed in this study, the one when 
ignoring the dewatering effect, and the one when 
ignoring tunnel shear deformation are 13.47 mm, 
22.24 mm, and 16.37 mm. The results obtained using 
the method proposed in this study are closest to the 
measured values, and they are smaller than the results 
obtained when tunnel shear deformation is ignored, 
and approximates the findings in reference [15]. It can 
be seen from the curve obtained using the method 
proposed in this study that the tunnel beyond the 
excavation length of the foundation pit has produced a 
slight settlement. This is due to the drop in the water 
level outside the pit, which leads to an increase in the 
effective stress of the soil outside the pit and thus 
causes settlement of the tunnel. The same phenomenon 
also occurs in the engineering cases in literature[7, 20]. 
In summary, the accuracy and rationality of the 
method proposed in this study are proved.  

Fig. 7  Comparison with existing literature 

6  Parameters analysis 

To examine the influencing factors of tunnel 
deformation caused by foundation pit excavation and 
dewatering, a basic model was established based on 
the engineering parameters in the numerical example 
verification for parameter analysis. The effects of 
foundation pit excavation length, width, depth, tunnel 
burial depth, dropdown, and tunnel–pit relative 
position on the deformation of the existing tunnel were 
mainly studied. The control variable method was used 
in the analysis process. 
6.1 Excavation length of foundation pit 

To study the influence of the excavation length of 
the foundation pit on the deformation of the existing 
tunnel, the excavation lengths were taken as 20, 25, 30, 
35, 40, 45, and 50 m. 

Figures 8 and 9 show the tunnel displacement 
curve and maximum displacement curve caused by 
foundation pit excavation and dewatering under 
different excavation lengths. It can be observed from 
Fig. 8 that the maximum uplift displacement of the 
tunnel occurs at the position x=0 (located in the center 
of the foundation pit), and the uplift value gradually 
decreases toward both sides until settlement occurs 
near the edge of the foundation pit. This is attributed 
to the fact that dewatering causes the water level 
outside the pit to drop and the effective stress in the 
soil to increase. The force direction is opposite to the 
unloading direction of foundation pit excavation. As a 
result, the tunnel rises on the inside of the foundation 
pit and settles on the outside. In addition, as the 
excavation length increases, the maximum uplift of the 
tunnel gradually increases, and the settlement location 
gradually moves away from the center of the 
foundation pit. This can be explained that the increase 
in the excavation length of the foundation pit leads to 
an increase in the unloading amount of the soil and in 
scope of influence along the tunnel length direction. 
Figure 9 shows that when the excavation length 
increases from 20 m to 50 m, the maximum vertical 
displacement of the tunnel increases from 6.45 mm to 
23.93 mm, and the increasing trend decreases slightly.  

6.2 Excavation width of foundation pit 
To examine the influence of the excavation with of 

the foundation pit on the deformation of the existing 
tunnel, the excavation withs were taken as 15, 20, 25, 
30, 35, 40, 45, and 50 m. Figures 10 and 11 show the 
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tunnel displacement and maximum displacement 
caused by foundation pit excavation and dewatering 
under different excavation widths. Figure 10 shows 
that as the excavation width increases, the maximum 
values of tunnel uplift and settlement increase. The 
tunnel uplift value increases because the excavation 
unloading load increases with the excavation width. 
The reason for the increased settlement of the tunnel 
outside the pit is that the increase in excavation width 
raises the degree and scope of the impact of 
dewatering on the surrounding water level. Figure 11 
illustrates that when the excavation width increases 
from 15 m to 50 m, the maximum vertical displace- 
ment of the tunnel gradually increases from 10.62 mm 
to 20.47 mm, and the increasing trend decreases 
significantly, and compared with the foundation pit 
excavation length changes, and the width changes 
have less impact on tunnel deformation. 

 

 
Fig. 8  Curves of tunnel displacement under different 

lengths of excavation 

 

 
Fig. 9  Maximum displacement curve under different 

lengths of excavation 

 

 
Fig. 10  Curves of tunnel displacement under different 

widths of excavation 

 
Fig. 11  Maximum displacement curve under different 

widths of excavation 

 
6.3 Tunnel burial depth 

The tunnel burial depths of 2, 14, 16, 18, 20, 22, 
and 24 m were taken to investigate the influence of the 
tunnel burial depth on the deformation of the existing 
tunnel. Figures 12 and 13 show the tunnel displace- 
ment and maximum displacement caused by foundation 
pit excavation and dewatering under different tunnel 
burial depths. Figure 12 shows that the uplift of the 
tunnel gradually decreases as the tunnel depth 
increases. This is due to the fact that the deeper the 
tunnel is buried, the greater the net distance is between 
it and the excavation of the foundation pit, and the less 
affected by the unloading of the foundation pit 
excavation. It is evident from Figure 13 that when the 
tunnel burial depth increases from 12 m to 24 m, the 
maximum vertical displacement of the tunnel 
gradually decreases from 15.49 mm to 4.85 mm, and 
the change trend within this range is almost unchanged.  

 

 
Fig. 12  Curves of tunnel displacement under different 

burial depths of tunnel 

 

 
Fig. 13  Maximum displacement curve under different 

burial depths of tunnel 
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6.4 Excavation depth of foundation pit 
To study the influence of foundation pit excavation 

depth on tunnel deformation, five excavation depths (6, 
7, 8, 9, and 10 m) were selected for analysis. And the 
groundwater level is 1 m beneath the pit bottom for 
each excavation depth. Figures 14 and 15 show the 
tunnel displacement and maximum displacement 
caused by foundation pit excavation and dewatering 
under different excavation depths.  

It can be observed from Fig.14 that as the 
excavation depth increases, the uplift and settlement of 
the tunnel increase. This is attributed to the fact that as 
the excavation depth of the foundation pit increases, 
the unloading effect of the soil on the tunnel increases, 
and the groundwater level in the pit also decreases 
with the increase of the excavation depth. Therefore, 
the additional stress caused by dewatering on the 
tunnel also increases. Figure 15 displays that when the 
excavation depth increases from 6 m to 10 m, the 
maximum vertical displacement of the tunnel 
gradually increases from 9.22 mm to 18.58 mm, and 
the change trend within this range almost remains 
unchanged. 

 

 
Fig. 14  Curves of tunnel displacement under different 

depths of excavation 

 

 
Fig. 15  Maximum displacement curve under different 

depths of excavation 
 

6.5 Drawdown 
The influence of the drawdown on the tunnel 

deformation was analyzed selecting five drawdowns 8, 
10, 12, 14, and 16 m. Figures 16 and 17 show the 
tunnel displacement and maximum displacement 
caused by foundation pit excavation and dewatering 
under different dropdowns. As shown in Fig.16, as the 
drawdown increases, the uplift of the tunnel gradually 
decreases, and the settlement gradually increases and 

is gradually greater than the uplift. It should be noted 
that when the water level drops to 14 or 16 m, the 
water level has dropped below the tunnel axis. In Eq. (8), 

1h  is the distance from the tunnel axis to the bottom 
of the pit, that is, the additional stress caused by the 
drop in the water level in the pit remains unchanged. It 
can be observed from Fig.17 that when the drawdown 
increases from 8 m to 16 m, the maximum uplift of  
the tunnel decreases from 13.47 mm to 0.72 mm, and 
the maximum settlement increases from 4.17 mm to 
11.58 mm, and the changing trends are somewhat 
weakened.  

 

 
Fig. 16  Curves of tunnel displacement 

 under different drawdowns 

 

 
Fig. 17  Maximum displacement curves 

 under different drawdowns 

 
6.6 Relative position of the foundation pit 

To study the influence of the relative position of 
the foundation pit on tunnel deformation, eight tunnels 
at different positions were selected for analysis. The 
tunnel axis at each position is parallel to the length 
direction of the foundation pit, and only the distance d 
between the center of the foundation pit and the tunnel 
axis changes, and d is selected to be 0, 7, 14, 21, 28, 
35, 42, and 49 m. 

Figures 18 and 19 show the tunnel displacement 
and maximum displacement caused by foundation pit 
excavation and dewatering when the tunnel is in 
different positions. It can be seen from Figure 18 that 
as the distance between the tunnel axis and the center 
of the foundation pit increases, the main deformation 
of the tunnel changes from uplift to settlement. This is 
mainly caused by two reasons: (i) As the distance 
increases, the influence of foundation pit unloading on 
the tunnel gradually weakens, and the caused tunnel 
uplift decreases (ii) When the distance between the 
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tunnel axis and the center of the foundation pit is less 
than 10 m, the tunnel axis is located within the scope 
of foundation pit excavation, the soil removed from 
the foundation pit is not included in the additional 
stress caused by dewatering. When the distance is 
greater than 10 m, the soil layer above the tunnel axis 
has not been excavated, and the calculation of 
additional stress considers the effect of this part of the 
soil. Therefore, the additional stress caused by 
dewatering on the tunnel suddenly increases, and the 
main deformation of the tunnel becomes settlement. 
Hence, the effects of foundation pit excavation and 
dewatering on the tunnel directly below it and on its 
side may be completely different. From Fig.19, it is 
found that the displacement is the largest when the 
tunnel is located directly under the foundation pit. As 
the distance between the tunnel and the foundation pit 
increases, the maximum displacement of the tunnel 
first decreases in the uplift, then increases in the 
settlement value, and then the settlement value 
decreases again. According to the relative position of 
the foundation pit, the area where the tunnel is located 
is divided into an area with reduced uplift, an area 
with increased settlement, and an area with reduced 
settlement.  

 

 
Fig. 18  Curves of tunnel displacement under different 

positions 

 

 
Fig. 19  Maximum displacement curve under different 

positions 

7  Conclusions 

This study presents a theoretical calculation 
method for the deformation of the underlying shield 
tunnel caused by the combined effects of excavation 
and dewatering. After a thorough analysis, the following 
main conclusions have been drawn: 

(1) The additional stress in the tunnel caused by 
the unloading of the pit bottom and pit walls during 
foundation pit excavation and the increase in effective 
stress in the soil during dewatering is considered. The 
Pasternak-Timoshenko foundation beam model, which 
can consider the shear deformation of the tunnel and 
foundation soil, is used to simulate the interaction 
between the tunnel and the soil, and the analytical 
solution for the longitudinal deformation of the 
underlying shield tunnel is derived.  

(2) The deformation monitoring data of the 
existing shield tunnel caused by foundation pit 
excavation and dewatering in actual projects were 
compared with the results calculated using the method 
in this study. It is found that the calculation results in 
this study, which consider the influence of dewatering 
and shear deformation of the tunnel, closely match the 
measured data, especially when compared to the 
results obtained by ignoring the influence of dewatering 
and neglecting the shear deformation of the tunnel. 

(3) As the excavation length, width and depth of 
the foundation pit increase, the maximum uplift of the 
tunnel increases significantly. As the tunnel burial 
depth increases, the impact of foundation pit excavation 
on the tunnel weakens and the tunnel deformation 
decreases. As the drawdown increases, the tunnel uplift 
decreases and the settlement increases. 

(4) Based on the relative positions of the tunnel 
and the foundation pit, the tunnel deformation can be 
categorized into three distinct areas: decreased uplift 
values, increased settlement values, and decreased 
settlement values, in that order, as the distance 
between the tunnel axis and the center of the pit 
increases. The largest tunnel displacement occurs 
when the tunnel is located directly under the foundation 
pit. Hence, it is advisable to avoid construction 
directly above the tunnel. Alternatively, it is 
recommended that excavation be carried out in zones 
from a farther distance to a nearer distance according 
to the tunnel’s proximity. 

It is important to note that in urban areas, 
foundation pit excavation projects often encounter 
numerous existing underground structures in their 
vicinity. Recent research[33] has indicated that these 
existing underground structures can lead to a greater 
drawdown, resulting in increased settlement. This 
research demonstrates that underground structures can 
impede the movement of soil surrounding the 
foundation pit, thereby reducing the displacement of 
retaining structures and soil deformation[33–34]. If a 
tunnel is located near an existing underground 
structure, its deformation is also likely to be reduced. 
However, since the impact of underground structures 
on groundwater levels and soil movements cannot be 
accurately determined, the method in this study does 
not consider the influence of underground structures 
surrounding the foundation pit. From a practical 
engineering perspective, further discussion is needed 
in this area. It should be clarified that the proposed 
method in this study can relatively quickly and 
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accurately predict the deformation of the tunnel below 
the excavation surface of the foundation pit. 
Nonetheless, the prediction of the deformation of the 
tunnel located on the side of the foundation pit and 
buried deeper than the excavation surface requires 
further study. 
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