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1. Introduction 
 

In China’s urban construction, more and more new deep 

foundation pit projects will be constructed above or on the 

side of existing underground structures such as subway 

tunnels. The environmental impact of a deep foundation pit 

during its construction has become one of the most 

important factors that designers must consider. For 

example, the excavation of a foundation pit will lead to 

unconfined displacement of the surrounding soil, which 

interacts with the subway tunnel, resulting in displacement 

and stress changes around the tunnel. 

This problem has attracted tremendous attention 
internationally and lots of researches have been carried out. 

Many physical model tests have been performed to 
understand the mechanisms of excavation-tunnel 
interactions (Ng et al. 2013, Marshall et al. 2010, Zheng et 

al. 2017, Nam et al. 2020). Numerical simulation is another 

often-used effective research method in the investigation of 

this problem (Shi et al. 2015, Huang et al. 2013, Bousbia 

and Messast 2015, Do et al. 2018, Liu et al. 2011, 
Nooraddin and Mohammad 2016, Zhang et al. 2016, Zhang 

and Huang 2014). The physical tests are usually very 

demanding on the time and resources, and their accuracy is 

influenced by many factors such as instrument precision, 

personnel operation, etc. The accuracy of simulation results  
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is dependent on the reliability and accuracy of input 

parameters. 

Analytical solution approach is also widely adopted in 

the deep excavation-soil-tunnel interaction analysis (Zhang 

et al. 2013, Wang et al. 2019). This method has much lower 

computational cost and can make rapid predictions on the 

behaviors of existing tunnels. Zhang et al. (2013) assumed 

the existing shield tunnel as an elastic beam and evaluated 

the tunnel deformation induced by an adjacent excavation 

based on Boussinesq’s and Mindlin’s solutions, 
respectively. In the analysis of the interaction between the 

excavation and the tunnel, the existing tunnel was often 

simplified as Euler-Bernoulli beam in some existing works 

(Basile 2014, Liang et al. 2018, Vorster et al. 2005, 

Tanahashi 2004, Zhang et al. 2015, Talmon and Bezuijen 

2012, Liu et al. 2019). Liang et al. (2018) adopted the 

Euler-Bernoulli beam model to study the responses of the 

existing tunnel induced by unloading of deep excavation, 

and verified their analytical solutions by the finite element 

method analysis and two published filed measurements. 

One major drawback of these analytical solutions is that, the 

existing tunnel was represented by an elastic beam or Euler-

Bernoulli beam, which can consider the bending 

deformation but have to ignore the shear deformation. 

Considering that Timoshenko beam model (Wu et al. 2015, 

Li et al. 2016, Liang et al. 2017, Zhang et al. 2019) can 

capture the shear deformation of the shield tunnel, Liang et 

al. (2017) treated the existing tunnel as Timoshenko beam 

resting on Pasternak foundation and derived a theoretical 

solution of the shield tunnel subjected to the excavation of 

deep foundation pit through a two-stage method. Besides  
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Timoshenko beam, an elastic short beam connected by 

shear springs can also capture the shearing effect of the 

joints between the segmental rings, so it was also used to 

represent the existing tunnel (Wei et al. 2018, 2019). 

As reviewed above, in most previous work the existing 

tunnel was modeled as an infinite beam and modeled by 

Euler-Bernoulli beam, Timoshenko beam, or short beams 

connected by shear springs. These works can consider the 

overall bending of the beam or shearing effect of the bolts, 

but they cannot explain the opening between the tunnel 

lining rings. In reality, the lining of a shield tunnel is 

composed of precast reinforced concrete segments 

connected by steel bolts (Cheng et al. 2017). However, the 

bolt joints were overlooked in most existing models. 

To fill this gap, in this work the existing shield tunnel is 

extended as short beams connected by shear springs, tensile 

springs and compressive springs. This model is capable of 

capturing both shearing and the rotational effects of the 

joints between the lining rings, thus allowing a complete 

investigation of the deformation of an existing shield tunnel 

during the adjacent deep excavation. 

 

 

2. Modelling a deep surface excavation over a shield 
tunnel 
 

Wu et al. (2015), Liang et al. (2017) and Liu et al. 

(2020) all indicated that the longitudinal deformation of the 

tunnel can be decomposed into two different modes: the 

shear dislocation mode between the lining rings and 

bending mode, as shown in Fig. 1. However, due to the 

existence of circumferential joints between segmental rings, 

the deformation characteristics of shield tunnel is obviously 

different from that of continuous beam structure. The 

previous beam models cannot fully describe the structural 

deformation characteristics of shield tunnels. 

In order to analyze the response of the existing tunnel 

under adjacent excavation, a deformation model of tunnel 

structure is proposed in this work, as shown in Fig. 2. The 

shield tunnel is represented by a series of short beams 

connected by shearing springs, tensile springs and 

compressive springs. The model considers not only the 

bending of the beam, but also the shear and rotation effects 

between the lining rings. The assumptions made in the 

development of our new model are as follows: 

(1) Assuming that the soil is an isotropic, homogeneous 

and continuous semi-infinite elastic material and the tunnel 

is always connected with the stratum without detachment. 

The time-dependent behaviors of the existing deformation 

of the tunnel and the soil-tunnel interaction, such as 

consolidation and creep, are not considered; 

(2) The deformation at the joints is mainly caused by the  

 

 

Fig. 2 Local deformation mode of tunnel 

 

 

deformation of the bolts and the concrete compression 

deformation of the joint surface. When the lining rings is 

opened, the compressional contact area and the separational 

area of the surface between the tunnel lining rings are flat 

planes, such that the assumption of flat sections is satisfied. 

As the opening between the lining rings is small, it is 

assumed that the force of bolt joint varies linearly; 

(3) The influence of the embossed groove and the water-

swellable rubber filler is negligible. 

The deformation of tunnel structure includes not only the 

dislocation between adjacent lining rings but also the 

rotation of lining rings. As shown in Fig. 2, taking three 

lining rings, numbered as ‘m-1’, ‘m’, ‘m+1’ respectively, as 

an example, the relative displacement between the ring ‘m’ 

and the ring ‘m+1’ is △Sm and the angle between ring ‘m’ 

and the ring ‘m+1’ is θ(m).  

Liu et al. (2020) regarded the tunnel as a series of short 

beams connected by springs and calculated its deformation. 

While the bending deformation was approximately regarded 

as the relative displacement between the lining rings in the 

caculation. Wei et al. (2018) and Wei et al. (2019) proposed 

a rotation coefficient α to describe the relationship between 

the bending deformation (△S2) and relative displacement 

between the lining rings, namely △S2 =α△S. It should be 

pointed out that α is a fixed value (α= 0.1), which means 

that the displacement caused by shearing dislocation is 

always 9 times the displacement of bending deformation. 

Obviously, this linear relationship is not consistent with 

reality. It can be seen that the above two methods both use 
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(a) Tunnel deformation mode (b) Shearing dislocation mode (c) Bending mode 

Fig. 1 Diagram of tunnel deformation mode 
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approximation, and cannot consistently describe the 

deformation of the tunnel. In fact, the bending deformation 

between two adjacent points of a curve has a great 

relationship with the bending degree. To fill this gap, this 

work solves the bending deformation between lining rings 

according to the curve bending degree and geometric 

relationship. The expression is:  

 
(1) 

where  is the bending deformation between two 

adjacent lining rings; δ is the width of the lining ring; S(x) is 

the longitudinal displacement of the tunnel. 

 

 

3. Analysis method 
 

3.1 Unloading stress caused by excavation 
 

This study considers the general situation of tunnels 

parallel to the rectangular foundation pit boundary. Fig. 3 

shows the relative position of the existing tunnel and the 

excavation. The length of the foundation pit is L, the width 

is B, and the excavation depth is h. The existing tunnel is 

parallel to the x-axis, the distance between the tunnel axis 

and the excavation x-axis is d and the outer diameter of the 

tunnel is D. In this study, the soil is assumed to be 

homogeneous (layered soil can be converted into 

homogeneous soil according to Poulos and Davis (1980) 

method), the soil weight is γ, the soil Poisson’s ratio is μ. 

The rectangle uniform load calculated by γh is applied on 

the excavation bottom. The unloading stress of the existing 

tunnel caused by the uniformly distributed load is a typical 

semi-infinite space problem. Therefore, the Mindlin’s 

solution (Mindlin 1936) can be used to calculate the 

unloading stress caused by excavation of a foundation pit. 

According to the Mindlin’s solution, the unloading stress 

σ(x) caused by excavation at the level of the tunnel is 

obtained: 

According to Mindlin’s solution, the additional stress 

induced by a concentrated force at depth of z0 can be 

obtained: 

 

(2) 

where Q is the concentrated force in the soil. 

From Eq. (2), it can be seen that at a certain point (x, y, 

z0) on the tunnel axis level, the vertical additional stress σz  

caused by the concentrated force pdξdη at a point (ξ, η) in 

the uniform load is: 

 

(3) 

The bottom area of the excavation is L×B, and the 

uniform load is γh. Combining Eqs. (2) and (3), we have: 

 

Fig. 3 Diagram of the tunnel and the excavation 

 

 

Fig. 4 Calculation model 

 

 

 

(4) 

where 

     
2 2 2

1 0T x d z h      
,

     
2 2 2

2 0T x d z h      
; 

z0 is the buried depth of the tunnel (m). 

 

3.2 Tunnel deformation due to excavation 
 

The calculation model the existing tunnel caused by the 

excavation is shown in Fig. 4. The tunnel is modeled as a 

series of short beams connected by shear springs, tensile 

springs and compressive springs on Winkler foundation 

(Winkler 1867). As shown in Fig. 4, the unloading stress 

due to the excavation causes the existing tunnel to deform. 

The final deformation of the existing tunnel is determined 

by the unloading stress, foundation reaction and the force 

between the lining rings. In this work, the energy method is 

used to solve the deformation of the existing tunnel. First, 

an appropriate deformation function is assumed, and the 

energy variation equation is established by summing up the 

work done by each force and solving the deformation 

function. Wei et al. (2018) used the energy method to solve 

the deformation of pipes and tunnels. 

Fig. 5 shows the force analysis for an individual lining  
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Fig. 5 Force analysis diagram of an individual lining ring 

 

 

ring. In the vertical direction this lining ring is subjected to 

an upward stress P(x), a downward subgrade reaction stress 

(q(x)D) and an inter-ring shear stress Fs. In the horizontal 

direction, it is subjected to an inter-ring tensile stress FT and 

compressive stress Fc. σ(x) and q(x) are the vertical 

unloading stress caused by excavation and reaction 

pressure, respectively; D is the outer diameter of the tunnel. 

Based on the free body diagram analysis for an individual 

ring of the tunnel in Fig. 5, the total potential energy of the 

existing shield tunnel caused by excavation consists of the 

following five parts: 

(1) Work done by unloading stress σ(x) caused by 

excavation: 

 
(5) 

(2) Work done to overcome the resistance of the 

formation q(x): 

 
(6) 

(3) Work done to overcome the shear force between the 

rings Fs: 

 
(7) 

(4) Work done by tensile stress between rings FT (note, 

it is assumed that the force of joint varies linearly): 

 
(8) 

(5) Work done by compressional stress between rings 

Fc: 

 
(9) 

where k is coefficient of subgrade modulus; ks is the inter-

ring shear stiffness (N/m); kT is the inter-ring tensile 

stiffness (N/m); kc is the inter-ring compressive stiffness 

(N/m); λ is the proportion coefficient of the tension area of 

the lining ring; 2N is the number of existing tunnel lining 

rings affected by excavation. 

According to the geometric relationship in Fig. 2, the 

equation on the angle θm can be obtained: 

 
(10) 

Since the bending moments of the upper and lower sides 

of the lining ring are the same, the bending moment 

equilibrium gives: 

 

(11) 

According to Eq. (1) and Eq. (10), Eqs. (8)-(9) can be 

converted into: 

 
(12) 

 
(13) 

Therefore, the total potential energy of the shield tunnel 

caused by excavation is: 

 
(14) 

The principle of energy variation method assumes a 

suitable displacement function representing the basic 

deformation shape of the shield tunnel. Han et al. (2012) 

respectively collected dozens of sets of existing tunnel 

deformation data caused by adjacent excavation in London 

and Beijing, and concluded that the tunnel deformation 

conforms to normal distribution. In addition, the energy 

variation method was used to solve the deformation 

equation of the tunnel and verifies the accuracy of this 

method through practical engineering in the literature (Wei 

et al. 2018, Liu et al. 2014, Wei et al. 2019). In this work, 

the tunnel displacement function is assumed to follow 

normal distribution with Fourier series expansion (Liu et al. 

2014): 

 
(15) 

 
(16) 

 
(17) 

where A is the undetermined coefficient matrix of the 

displacement function; n is the expansion order of the 

Fourier series. 

Based on the energy variation method, the total potential 

energy E is taken as the extreme value of each 

undetermined coefficient, i.e., 

 
(18) 

where ξi is an individual element in matrix A, which is the 

coefficient of the tunnel vertical displacement’s polynomial 

function. 
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Solving the Eq. (18) gives the governing equation: 

 

(19) 

Eq. (19) can also be expressed in the form of a matrix: 

 
(20) 

 

(21) 

 
(22) 

 
(23) 

 
(24) 

where Kk is the soil stiffness matrix; Ks is the tunnel inter-

ring shear stiffness matrix; Kr is the tunnel inter-ring  

 

 

 

rotational stiffness matrix; and PT is the interaction effect 

between the free soil displacement and the tunnel lining 

ring. 

The above formula is numerically solved by Matlab 

programming. From Eq. (20), the matrix A of the 

undetermined coefficients can be obtained. Taking the 10th 

order stiffness matrix Kk, Ks and Kr can satisfy the 

calculation accuracy.  

According to the tunnel deformation and the shear 

stiffness between rings, the relative displacement ΔS and 

shear force Q between rings can be obtained. The 

expression is as follows: 

 (25a) 

 
(25b) 

The flow chart of calculation procedure of the proposed 

method is shown in Fig. 19. 
 
 

4. Validation 
 

4.1 Comparison with 3D numerical analysis 
 

A three-dimensional finite difference model (FDM) was 

established to study the tunnel deformation caused by 
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Fig. 6 3D finite difference model 

 

Fig. 7 Tunnel heave with different methods 
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excavation as shown in Fig. 6. The length, width, and depth 

of the excavation are 24 m, 12 m and 10 m respectively; 

four underground continuous walls are set outside the 

foundation pit to support lateral earth pressure. The outer 

diameter of the tunnel is 6.2 m, the lining ring width is 1.2 

m, and the buried depth is 15 m. Since the focus is to 

analyze the longitudinal deformation of the existing tunnel 

rather than the deformation of the lining ring, the lining ring 

is simplified as a whole ring instead of a segmented-ring. 

Cable structure element is used to simulate the bolt between 

lining rings. According to the actual project, the bolt length 

is 0.4 m, and there are 17 bolts between each two rings. The 

cable structure element has an elastic modulus of 2.06 GPa. 

According to the Appendix, the shear stiffness 

ks=2.47×106kN/m, the tensile stiffness kT=1.73×105 kN/m 

and the compressive stiffness kc=1.79×108 kN/m. The 

elastic modulus of the soil is 10 MPa, the Poisson’s ratio is 

0.3, and the soil unit weight is 18 kN/m3. 

Fig. 7 shows the comparison between the tunnel heave 

calculated by FDM and our new method. The calculation 

results our new method are in good agreement with the 

FDM calculation results, although the maximum value is 

slightly smaller. This may be because the excavation of the 

foundation pit during the FDM calculation may cause the 

local stiffness of the tunnel ground to be locally reduced, 

which cannot be further considered in our new method. 
 

4.2 Comparison with beam methods from literature 
 

Liang et al. (2017) and Huang et al. (2013) reported an 

underground passage in Shanghai. The underground 

passage was constructed by cut-and-cover method, and 

perpendicular to an existing tunnel. The length, width and 

depth of the excavation are 50 m, 10 m and 11 m, the depth 

of the center of the tunnel is 22 m, and the clearance 

between excavation bottom and tunnel crown is about 5.5 

m. The outer diameter of the tunnel is 11 m, and the length 

of each segmental lining is 1 m, as shown in Fig.8. In order 

to protect the shield tunnel, the excavation of the foundation 

pit is divided into 3 parts. Detailed information can be 

found in Huang et al. (2013), where they conducted a series 

of three-dimensional finite element simulations to analyze 

the heave of the existing tunnel. Liang et al. (2017) 

calculated the heave of the existing tunnel based on the 

Timoshenko beam method and Euler-Bernoulli beam 

method, respectively. In their study the bending stiffness of 

the tunnel is 3.99×105 MN•m2, and the shear stiffness is 

3.38×103 MN/m. The soil elastic modulus is taken as 15 

MPa, and the average Poisson’s ratio is taken as 0.3. 

According to the Appendix, the tensile stiffness and the 

compressive stiffness are taken as 6.46×104 kN/m and 

6.05×108 kN/m. 

The displacement of the existing tunnel during 
excavation is predicted by our new method, and the results 

are compared with the results of finite element simulation 

and the beam methods as shown in Fig. 9. The maximum 

heave of the tunnel using our new method, Timoshenko 

beam method and Euler-Bernoulli beam method is 20.4 

mm, 22.5 mm and 21.0 mm respectively. Compared with 

Euler Bernoulli beam method, Timoshenko beam method 

takes into account the shear effect, subsequently the  

 

Fig. 8 Sectional view of excavation and tunnel 

 

 

Fig. 8 Sectional view of excavation and tunnel 

 

 

calculation result of tunnel heave is slightly larger. In 

comparison, in our new method the shield tunnel is 

regarded as a series of short beams connected by springs, 

which considers the shear dislocation between the lining 

rings and the rotation effect of the lining rings. As a result, 

the calculated value is smaller than two beam methods. 

When encountering the same unloading energy, the short 

beam structures have not only the overall bending and joint 

dislocation, but also the rotation of lining ring; while the 

beam only has the first two deformation components. It 

should be noted that the difference between the maximum 

heaves given by the three calculation methods and the finite 

element model (i.e., 21.1 mm) is relatively very small. 

General speaking, all three methods can be used to predict 

the deformation of the existing tunnel under the excavation 

of the foundation pit. 

Fig. 10 shows the shear force and tunnel deformation 

calculated by Timoshenko beam method, Euler-Bernoulli 

beam method and the new method in this paper. Fig. 10a 

shows the longitudinal shear force distribution of the tunnel. 

It can be seen that the shear force is symmetric about the 

origin. Comparing the three methods, the calculation value 

of our new method is larger than those of two beam 

methods, and the influence range of the shear force 

calculated by our new method is also larger. This is because 

two beam methods do not take into account the bolt 

connection between the lining rings. Even though the 

Timoshenko beam method considers the shear effect 

between the plane sections, it seems to be insufficient. In 

our new method, a series of short beams connected by  
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springs can directly consider the shear dislocation and stress 

between the lining rings. As described by Liang et al. 

(2017), the maximum shear force is located on both sides of 

the foundation pit, so it is necessary to pay a close attention 

to the integrity of the tunnel lining structure at these 

locations. Fig. 10(b) shows the dislocations between 

adjacent segment linings along the longitudinal direction of 

the tunnel. Similarly, the calculation result of our new 

method is the largest. Because the Euler-Bernoulli beam 

method cannot take into account the dislocation between the 

lining rings, the shear dislocation between the rings is 0. 

Although the Timoshenko beam method takes into account 

the shear effect between the plane sections, the shear  

 

 

 
dislocation between the lining rings is still underestimated. 
Fig. 10(c) shows the distribution of rotation induced 
displacement of the lining rings. The maximum value of the 
deformation appears on both sides of the foundation pit 
instead of the middle of the foundation pit. This is 
consistent with the conclusion in literature (Wei et al. 2018, 
Wei et al. 2019), in which the shield tunnel is also assumed 
to be a series of short beams connected by springs. While 
the beam calculation results show that it is the largest in the 
middle of the foundation pit. 
 

4.3 Comparison with an existing case from literature 
 

The Dongfang Road Interchange project is located in  

  
(a) Shear force (b) Shear dislocation 

 
(c) Rotation induced displacement 

Fig. 10 Shear force and relative displacement distribution 

  
(a) Plan view (b) Sectional view 

Fig.11 Relationship between the excavation and the tunnel 
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Shanghai. The shape of the foundation pit is approximately 

a parallelogram with an average length of 26 m, a width of 

18 m, and an angle of 66°(θ). The excavation depth is 6.5 

m. The up-line tunnel of subway line 2 passes directly 

below the foundation pit, with an angle of 45°. The vault of 

the tunnel is 2.76 m away from the foundation pit floor. The 

outer diameter of the tunnel is 6.2 m and the buried depth is 

12.36 m. The spatial relationship between the excavation 

and the tunnel is shown in Fig. 11, and the geological 

conditions can be found in Liang et al. (2018). According to 

Liang et al. (2018), the soil elastic modulus is taken as 20 

MPa, the bending stiffness is 7.8 × 107 kN•m2. According to  

 

 

 

the Appendix, the shear stiffness, the tensile stiffness and 

the compressive stiffness are taken as 2.47×106 kN/m, 

1.73×105 kN/m and 1.79×108 kN/m. 

The proposed method was used to predict the 

displacement of the existing tunnel caused by excavation. In 

the previous analysis method, a shield tunnel is regarded as 

an elastic beam (elastic beam method) or a series of short 

beams connected by shear springs between lining rings 

(shear effect method) which can consider the shear effect of 

the tunnel. Fig.12 shows the vertical displacement of the 

tunnel caused by the excavation of the foundation pit 

calculated by the three methods, in comparison with the  

 
Fig. 12 Tunnel displacements with different methods 

  

(a) Shear dislocation (b) Rotation induced displacement 

 
(c) Shear force 

Fig. 13 Relative displacement and shear force distribution 
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field measured data. It can be seen that the calculation 

results of our new method are basically consistent with the 

distribution of the measured data in the field, although there 

are some differences in the values. The displacement 

predicted by the elastic beam method is also in consistent 

with the measured data, although the maximum heave and 

the width of the curve trough are slightly overestimated. 

Compared the method in this paper, the results predicted by 

the shear effect method underestimate the heave of the 

tunnel, which is mainly because our new method not only 

considers the shear effect between the tunnel lining rings, 

but also considers the rotation effect of the lining ring, 

while the shear effect method only considers the shear 

effect. Compared with the measured data, the results 

obtained by the proposed method and the elastic beam 

method are in good agreement and the proposed method has 

a higher degree of agreement. This shows that our new 

method is suitable for the prediction of deformation of 

existing tunnel caused by excavation of foundation pit. 

Fig. 13 shows the shear dislocation, the rotational 

displacement and the shear force Q calculated by our new 

method and the shear effect method. It can be seen from 

Fig. 13(a) that the shear dislocation is symmetric about the 

origin and reaches the maximum value at a location not far 

from the origin. In Comparison, the shear effect method 

gives larger shear dislocation. This is mainly because the 

shear effect method only considers the shear effect thus 

only the shear force to resist the unloading caused by the  

 

 

 

excavation of the foundation pit, thus causing the 

overestimation of the shear dislocation. This also explains 

why the bolts’ shear force calculated by the shear effect 

method in Fig. 13(c) is larger. Fig. 13(b) shows the 

variation of rotation induced displacement along the tunnel 

longitudinal direction. The trend of the curve is similar to 

the shear dislocation. The shear effect method cannot 

provide rotation induced displacement because the method 

cannot consider the rotation effect. 

It can be seen that the maximum shear force appears 

near the location of the retaining wall. And the maximum 

relative displacement of the tunnel also appears in the same 

location. Therefore, this part of the tunnel is more 

vulnerable to damage, and effective protection measures 

should be taken to protect the segment lining from shear 

effect. 

 

 

5. Parametric analyses 
 

In this section, based on a simple hypothetical example, 

the effects of various parameters (i.e. relative position of the 

tunnel and the excavation, shear stiffness, tensile stiffness, 

and rotation coefficient) on the tunnel are analyzed. The 

relative position of the tunnel and the excavation is shown 

in Fig. 14. The excavation pit length L, width B, and depth h 

are 40 m, 20 m and 10 m, respectively. The tunnel is 

perpendicular to the long side of the foundation pit, and the  

  
(a) Plan view (b) Sectional view 

Fig. 14 Relative position between excavation and tunnel 

  
(a) Tunnel heave along tunnel longitudinal direction (b) Relative displacement and inter force 

Fig. 15 Tunnel deformation and inter force with different excavation-tunnel distance 
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buried depth Z0 is 15 m. The shear stiffness, the tensile 

stiffness and the compressive stiffness are taken as 2.2×106 

kN/m, 1.52×105 kN/m and 1.79×108 kN/m. The Young’s 

modulus of the ground is 15 MPa, and the average soil unit 

weight is 18 kN/m. The Poisson’s ratio is 0.3. 
 

5.1 Influence of the excavation-tunnel relative 
positions 

 

Fig. 15(a) shows the distribution of the tunnel heave 

along the tunnel longitudinal direction. Normalize the 

distance in B/2. It can be seen that the tunnel heave 

decreases with the increase of the unit distance x/(B/2); 

similarly, the tunnel heave decreases as the distance 

between the tunnel axis and the excavation axis d increases. 

When d = 0, the tunnel heave reaches the maximum value. 

When 0 <d <1.5 (B/2), the tunnel heave decreases slowly, 

however when d>1.5 (B/2), the tunnel heave decreases 

rapidly. Liang et al. (2017) gave similar results. Fig. 15(b) 

shows the variation of shear dislocation, rotational 

displacement and shear force with the change of the 

distance between the tunnel and the excavation d. The 

maximum shear dislocation decreases with the increase of 

relative distance d. When 0 <d <1.5 (B/2), the reduction rate 

is slow and after d> 1.5 (B/2), the reduction rate increases 

rapidly. The trend of shear force and rotation displacement  

 

 

 

is the same as shear dislocation. It can be seen that 

increasing the relative distance between the tunnel and the 

excavation can effectively reduce the tunnel deformation 

caused by the excavation. And when excavating the 

foundation pit above the existing tunnel, the safety of the 

tunnel below should be paid attention to. 
 

5.2 Influence of shear stiffness 
 

Fig. 16(a) shows the variation of maximum tunnel heave 

with the change of shear stiffness. With the increase of 

shear stiffness, the maximum heave of the tunnel decreases. 

This is mainly because the increase of shear stiffness makes 

it difficult for the tunnel to shear dislocated. For the same 

additional load, the calculated heave is smaller. Similarly, as 

the shear stiffness increases, the maximum shear dislocation 

and the maximum rotation induced displacement also 

decrease, but the maximum shear force increases, as 

illustrated in Fig. 16(b). It can be seen that the increase in 

shear stiffness makes the connection between the lining 

rings of the tunnel more stable, and the deformation caused 

by the additional load can be resisted by a larger shear 

force. However, this does not mean that increasing shear 

stiffness is the most effective way to reduce tunnel 

deformation. Because when the shear stiffness increases 

from 1106 kN/m to 1107 kN/m, the tunnel heave and the 

  
(a) tunnel heave (b) Relative displacement and inter force 

Fig. 16 Sensitivity of deformation to shear stiffness 

  
(a) Tunnel heave (b) Relative displacement and inter force 

Fig. 17 Sensitivity of deformation to tensile stiffness 
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relative displacement between the rings decrease obviously. 

By further improving the shear stiffness, it is still observed 

that the deformation decreases, but the rate is slow. In 

addition, with the increase of shear stiffness, the shear force 

increases all the time. Therefore, the shear stiffness can be 

increased appropriately to alleviate the tunnel deformation, 

but it should not be relied upon only. 

 

5.3 Influence of tensile stiffness 
 

Fig. 17 shows the variation of tunnel heave and inter-

ring displacement with tensile stiffness. The tensile stiffness 

and compressive stiffness have some effect on the rotation 

of the tunnel lining ring. Since the compression stiffness of 

the lining ring is much larger than the tensile stiffness of the 

bolt, the tensile stiffness of the bolt has more pronounced 

effects on tunnel deformation. Therefore, we only conduct 

parametric analysis on tensile stiffness. 

Fig. 17(a) present sensitivity of tunnel heave to tensile 

stiffness. With the increase of tensile stiffness, the 

maximum heave the tunnel decrease. Fig. 17(b) shows the 

variations of the shear dislocation, rotation induced 

displacement and shear force with tensile stiffness. As the 

tensile stiffness increases, the rotation induced displacement 

decreases, which indicates that the rotation of the lining ring 

is restrained by the larger tensile stiffness. The shear 

dislocation also decreases with increasing tensile stiffness 

and the shear force also shows a weakening trend. Like 

shear stiffness, the increase of tensile stiffness weakens the 

heave of tunnel and the inter-ring displacement in different 

degrees. When the tensile stiffness increases from 1105 

kN/m to 1106 kN/m, the tunnel heave, relative 

displacement and shear force decrease obviously. By further 

improving the tensile stiffness, the rate of reduction is 

small. Therefore, appropriately increasing the tensile 

stiffness can alleviate the tunnel deformation, but it will not 

work when the tensile stiffness is large enough. 
 

 

6. Conclusions 
 

Due to the presence of joints of shield tunnel, the overall 

tunnel stiffness is significantly reduced. The excavation of 

adjacent deep foundation pit has adverse impacts on the 

existing tunnels. In order to ensure the safety and integrity 

of tunnel structures, it is necessary to study the interaction 

between deep excavation and tunnel. In this work a 

simplified analytical method is proposed to calculate the 

deformational response of an existing tunnel to a deep 

excavation. In the calculation, the existing tunnel is 

assumed to be buried in elastic and homogeneous soil and 

always connected with the soil. This method first estimates 

the additional force at the existing tunnel level induced by 

the excavation of deep foundation pit, and then uses the 

energy method to solve the deformation of the tunnel. The 

following conclusions can be drawn: 

• In this work, a simplified semi-analytical method for 

evaluating the heave of underlying tunnel induced by new 

excavation is presented. The new model assumes the tunnel 

can be modeled by a series of short beams connected by the 

shear springs, tensile springs and compressive springs. The 

model can capture the shear effect between the linings and 

the rotation effect of the lining ring, making it possible to 

more reliably describe and predict the actual mechanical 

behaviors and the deformation of shield tunnels. 

• Compared with the existing beam methods, the method 

proposed in this work can consider the bolt connection 

between the lining rings and evaluate the tunnel 

deformation that consists of contributions of shear 

dislocation and lining ring rotation. The effectiveness of the 

proposed method is validated through two case studies and 

numerical analysis. The calculation results of the proposed 

model are consistent with the field measured data. This 

method can quickly predict the displacement of tunnel so 

may be adopted in the pre-assessment and optimization of 

construction plans. 

• Through parametric study, the effects of the 

excavation-tunnel relative positions, the shear stiffness 

between the lining rings, the tensile stiffness of the bolts, 

and the rotation effect coefficient on the deformation 

behavior of the existing tunnel are experimented. As the 

shear or tensile stiffness increases, the tunnel heave and 

inter-ring displacement decreases. This shows that an 

appropriate increase in stiffness helps retain the integrity 

and stability of the tunnel. 

• It should be noted that the embossed groove between 

the lining rings is not considered in the calculation of the 

shear stiffness. The shear stiffness of the bolts is 

approximately represented by the shear stiffness between 

the lining rings. This simplification will be further 

investigated in our future work. 
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Appendix  
 

A.1 Equivalent shear stiffness 
 

Wu et al. (2015) proposed a formula for calculating the 

equivalent shear stiffness of shield tunnels. In their work the 

unit shear displacement u is composed of the segment shear 

deformation uj and the bolt shear deformation us: 

 
(26) 

u, uj, us are expressed as: 

 
(27) 

 
(28) 

 

 

 

 
(29) 

where κb and κc are the shear coefficients of the bolt and 
segment ring, respectively. For circular section bolts, κb = 
0.9; for annular tunnel segment rings, κc = 0.5. Gb and Gc 
are the bolt shear modulus and the segmental ring shear 
modulus, respectively.  

Gb and Gc are expressed as: 

 
(30) 

Among them, νb and νc are Poisson’s ratios of bolts and 

segments respectively. 

From Eqs. (24)-(27), we can obtain: 
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Fig. 18 Calculation of the tensile and compression stiffness 

 

Fig. 19 Flow chart of implementing the method developed in this work 
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A.2 Tensile and compressive stiffness 
 
We take ls in Fig. 18 between the center lines of the two 

segment rings as a calculation unit. When the lining ring is 

under pressure, only the segment ring is compressed and the 

bolt does not deform; while the lining ring is under tension, 

the segment and the bolts are simultaneously stretched. 

The tensile and compressive stiffness are as follows: 

 
(32) 

 

(33) 

Ib is the moment of inertia; kb is the elastic rigidity of the 

bolt; λ is the influence coefficient of the bolt between lining 

rings, according to Zhou and Yuan (2009), it may be set to 

0.6225. Ec, Ac, are as defined above. 

 

A.3 Flow chart 
 

 
 

c c
c

s

E A
k

l


1

1
/

c c
T c c

s b b b

E A
k E A

l k l I



 
  

 

418




