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Abstract 
 

The formation of settlement troughs for the case when there are buildings above a tunnel is different from the case 
without buildings present on the ground surface during construction of shield tunnels below the ground. By considering 
the influence of building stiffness, previous studies have calculated the surface of building subsidence during shield 
construction, but it was assumed that the soil around the tunnel would shrink evenly toward the center and that the focus 
should be fixed and the foundation stiffness of the building was not considered. The method used in this paper modifies 
the forward method, by considering a uniform ground movement model for shield tunnels and the foundation stiffness 
and depth. The calculated values are compared to the measured values, the values of the other method and also values 
obtained using finite-element simulation. The effects of the equivalent elastic modulus of buildings E1, the depth of the 
tunnel axis from the ground h and the distance between the tunnel axis L to the settlement of foundations are also 
analyzed. The results show that the values obtained by the present calculation method are more similar to the measured 
and finite-element simulation values than the values obtained using the other method. The settlement of foundations is 
found to decrease with increasing E1, h and L. 
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1. Introduction 
 
Urban ground traffic congestion is becoming increasingly 
serious in China. Tunnels are therefore widely used in order 
to ease congestion[1], [2], [3]. The construction of shield 
tunnels will inevitably remold the soil mass and cause 
settlement of building foundations. This may lead to a series 
of problems such as building tilting, cracking or even 
collapsing, etc., which will affect the normal functioning and 
the safety of buildings [4], [5]. The ground settlement 
occurring during shield tunnel construction is mainly due to 
soil loss. The formation of the settlement for the case when 
there are buildings above the tunnel is different from the 
case without buildings present.  

Currently, the main research methods that have 
investigated the effects of underground tunnel construction 
on adjacent buildings include the analytical method [6], [7], 
[8], the finite-element method [9], [10], [11], [12] and the 
practical measurement method [13], [14], [15]. Among 
these, the finite-element method and the practical 
measurement method have been most frequently applied, 
and the analytical method less frequently applied. Wenbiao 
Ouyang et al. [6] derived a calculation formula for building 
ground surface settlement caused by shield construction by 
applying the solution of Verruijt and Booker [16]. The 
effects of the building stiffness were considered, and the 

equivalent stiffness principle was applied to make the 
building equivalent to the soil stratum that had the same 
properties as the underlying soil layer. However, the solution 
of Wenbiao Ouyang assumed that the ground around the 
tunnel had uniform radial shrinkage, so that the solved 
maximum settlement value was relatively small and the 
scope of the settlement trough was relatively large. 
Moreover, the stiffness of the building foundation was not 
considered. Therefore, some disadvantages exist in this 
method and hence it is subject to further study here. 

This paper, by applying solutions of the uniform 
ground movement model for shield tunnels [17], and by 
considering the stiffness of the building foundation and the 
non-radial contraction of the tunnel soil, through amendment 
to the Wenbiao Ouyang solution, derives the value of the 
settlement at the bottom of the building foundation caused 
by shield construction of single-track and double-track 
tunnels. In addition, two cases are analyzed for comparison 
with the measured values, the calculated values using the 
Wenbiao Ouyang solution and the finite-element simulation 
values. This paper also studies the influences of the 
building's equivalent elastic modulus, the tunnel axis depth 
and the axis distance of the double-track tunnel on 
foundation settlement. 
 
 
2. Calculation of Building Foundation Settlement Caused 
by Shield Tunnel Construction 
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2.1 Disadvantages of Existing Methods 
Wenbiao Ouyang et al. [6] proposed that when the length of 
a building covers the whole influence scope of the settlement 
trough and the tunnel passes directly under the building, the 
building can be converted into a homogeneous stratum (see 
Fig. 1 for the conversion sketch). Fig. 1(a) shows the 
original coordinate system, with the coordinates expressed 
as x and z, and Fig. 1(b) shows the converted coordinate 
system, with the coordinates expressed as x′ and z′. In the 
figure, x is the transverse horizontal distance from the tunnel 
axis, x=x′, z is the vertical distance from the calculated point 
to the original ground surface, z′ is the vertical distance from 
the calculated point to the converted ground surface, H is the 
tunnel axis depth after equivalence, h is the tunnel axis 
depth, h′ is the building height and R is the tunnel excavation 
radius. 
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Fig.1. Diagram of a single tunnel under a building, and conversion of 
the soil 
 

The coordinate conversion formula is: 
 

3
21 /' EEhhH +=                                      (1) 

 
zEEhz += 3

21 /''                                                  (2) 
  
where E1 is the equivalent elastic modulus of the building 
and E2 is the soil elastic modulus. Refer to Wenbiao Ouyang 
et al. [6] for the specific conversion process. 

As shown in Fig. 1(b), the vertical coordinate at the 
original ground surface z′=H-h, i.e. 3

21 /' EEh , and there is 
no change to the horizontal coordinate (i.e. x=x′) The 
converted coordinate is applied to the Verruijt and Booker 
solution, with the calculation formula for the settlement 
caused by the single-track tunnel construction obtained as: 

Where ε is the axial diameter shrinkage parameter of the 
tunnel, δ is the vertical displacement parameter of the tunnel, 
z1=z′-H, z2=z′+H, r1=x′2+z1

2, r2=x′2+z2
2, m=1/(1-2µ), k=µ(1-

2µ)and µ is the Poisson’s ratio of the substratum material. 
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The vertical coordinate at the original ground surface 

z′=H-h is substituted into formula (3), so that the settlement 
at the building’s ground surface caused by the single-track 
tunnel construction can be solved. 

 

 
Fig.2. Models of soil movement 
 
 

The Verruijt and Booker solution [16] assumes that the 
ground around the tunnel shrinks uniformly toward the 
tunnel center. However, according to the research of Gang 
Wei [18], a ground loss model with tangential double circles 
should be applied. The movement focus of the ground 
around the tunnel alters between the center point and the 
bottom of the tunnel. Fig. 2(a) shows the Verruijt and 
Booker solution model (uniform radial movement of the 
ground around the tunnel), and Fig. 2(b) shows the uniform 
ground movement model of a shield tunnel [18]. In the 
figure, d is the distance from the ground movement focus to 
the tunnel center point. Therefore, the maximum ground 
surface settlement value solved by the Wenbiao Ouyang 
solution is relatively small and the scope of the settlement 
trough is relatively large, which can be seen from the 
comparison chart of the calculated value and the measured 
value in Wenbiao Ouyang et al. [6]. 

During the computation process, the Wenbiao Ouyang 
solution only converts the building structures above the 
ground into the soil stratum, with building foundations not 
being considered, and the settlement of the original ground 
surface location is set to be equal to the settlement of the 
building. In reality, the building foundations in a project 
have a certain stiffness, so it is more reasonable that the 
settlement at the original base plane is calculated and set to 
be equal to the settlement of the building. 
 
2.2 Method Proposed in this Study 
This paper, in view of the disadvantages of the Wenbiao 
Ouyang solution, applies solutions from the more reasonable 
uniform ground movement model for the shield tunnels. In 
addition, the building foundation stiffness is considered. The 
building settlement is defined through calculation of the 
settlement at the original base plane, which is more 
consistent with the actual working conditions. 

Through the application of the solutions from the 
uniform ground movement model for shield tunnels, the 
paper obtains a two-dimensional solution for the ground 
settlement caused by the ground loss during construction of 
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a single-track shield tunnel (see Wei [17] for details). With 
reference to the Wenbiao Ouyang solution, a coordinate 
conversion system can be obtained (see Fig. 3). Fig. 3(a) 
shows the original coordinate system with the foundation 
being considered, and Fig. 3(b) shows the converted 
coordinate system with the foundation being considered. In 
the figure, e is the buried depth of the building foundation 
and H′ is the tunnel axis depth after equivalence with the 
foundation being considered, 3

21 /)'()(' EEehehH ++−= . 
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Fig.3. Diagram of single tunnel under a building, and conversion of the 
soil considering the foundation 

 
 

As shown in Fig. 3(b), there is no change to the 
horizontal coordinate (i.e. x=x′). The converted coordinate is 
applied to the solutions from the uniform ground movement 
model for shield tunnels. The ground settlement formula 
when the single-track shield tunnel passes directly below the 
building can be established as follows: 
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where g is the equivalent ground loss parameter. The 
calculation formulae for the three parameters λ, ω and B are 
the following: 
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where η is the ground loss ratio. Refer to references [19], for 
selection of specific parameter values in the formulae. 

A different settlement trough forms when a double-track 
shield tunnel passes under a building than for a single-track 
shield tunnel. When the tunnel spacing is sufficient, the 
settlement curve presents a W shape. The settlement 
calculation formula for a double-track shield tunnel passing 
under a building can be regarded as the superposition of the 
two single-track shield tunnel calculation formulae, with the 
only difference being the different reference horizontal 
coordinates (see Fig. 4). In the figure, L is the axis horizontal 
spacing of the double-track tunnel. The ground settlement 
formula for the double-track shield tunnel passing directly 
below the building is: 
 
Uzdouble=Uzsingle(x+L/2,z′)+Uzsingle(x-L/2,z′)                (8) 
 

The vertical coordinate at the original foundation z′=H′-
h+e is substituted into formula (4) and formula (8), and the 
settlement at the building base plane during the construction 
of the single-track and double-track shield tunnels can be 
solved. 
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Fig.4. Twin tunnels passing under a building 
 
 
3. Case Analysis 
 
3.1 Chongsi Building of Xuhui Middle School 
Shanghai Rail Transit Line 11 passes directly below the 
Chongsi Building of Xuhui Middle School. The tunnel 
diameter is 6.2 m and the tunnel axis depth is about 22.7 m. 
The axis spacing between the two tunnels is about 16.5 m. 
Chongsi Building has a length of around 66 m and a height 
of 23 m, and consists of four floors. The equivalent elastic 
modulus for the Chongsi Building after conversion is E1=50 
MPa. The ground is considered to be a homogenous linear 
elastic material. As per the empirical formula E2=2.5–3.5Es 
(Es is the compression modulus of the ground) [20], for the 
project, Es is chosen to be 3 MPa and E2 is chosen to be 8 
MPa. The Poisson ratio of the ground is chosen to be 0.3 and 
the excavation stress release factor is chosen to be 0.15. The 
settlement measuring points were provided at the Chongsi 
Building during construction of the tunnel. See Fig. 5 for the 
lateral ground surface settlement values calculated by 
Wenbiao Ouyang [6] and the measured settlement values. 

When the method proposed by this paper is applied to 
the calculation, the 1.5 m buried depth of the building 
foundation is considered. After conversion, the Chongsi 
Building is equivalent to a soil stratum 45.13 m thick, with 
the same properties as the soil stratum below it. The 
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calculation parameters are chosen as follows: g=38.87 mm, 
i.e. η=1.25%, and d=0.45R. See Fig. 5 for the lateral 
settlement curve of the foundation calculated by the method 
proposed here. As shown in the figure, compared with the 
method of Wenbiao Ouyang, the settlement curve derived by 
the current method presents "deep and narrow", with the 
calculation results being more consistent with the measured 
settlement curve of the building. This demonstrates the 
reliability of the proposed method. The reasons for the 
deviation between the values calculated by this method and 
the measured values are the following. During calculation, 
this method assumes that the double-track tunnel has a less 
mutual effect, and the calculation parameters for the double-
track tunnel are chosen to be the same. Therefore, the 
settlement curve shows a symmetrical distribution. 
However, during actual construction, two tunnels cannot be 
constructed simultaneously, and the maximum total 
settlement often favors the first excavated tunnel side. So, 
when the method proposed here is applied to the calculation, 
the selection of parameters needs to be optimized in order to 
minimize differences with actual conditions. 
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Fig.5. Comparison of calculated and measured curves of settlement 

 
 

3.2 Subway Line in Beijing  
In Beijing, there is a bi-directional bored tunnel that has 
been constructed using a mine tunneling method. The tunnel 
diameter is 7 m and the tunnel axis depth is about 20 m. The 
axis spacing between the two tunnels is about 11 m. Above 
the tunnel, there is a hotel building that is a brick and 
concrete structure, with four storeys. There is also a local 
building with three storeys. Both buildings are about 17 m 
high. The plane position relation between the building and 
the tunnel is shown in Fig. 6. The equivalent elastic modulus 
for the hotel building after conversion is E1=50 MPa. The 
ground is considered to be a homogenous linear elastic 
material. As per the empirical formula E2=2.5–3.5Es, for this 
project, Es is chosen to be 10 MPa and E2 is chosen to be 30 
MPa. The transverse surface settlement, which is calculated 
using the modified stiffness method of HAN Xuan, and the 
measured settlement of the three measurement points (001, 
008, 007) are shown in Fig. 6. 

When the method proposed here is applied to the 
calculation, the 1.5 m buried depth of the building 
foundation is considered. After conversion, the hotel 
building is equivalent to a soil stratum 29.05 m thick, with 
the same properties as the soil stratum below it. The 
calculation parameters are chosen as follows: g=88.05 mm, 
i.e. η=2.3%, and d=0.5R. See Fig. 6 for the lateral settlement 
curve of the foundation calculated by the method proposed 
here. 

As shown in the figure, compared with the method of 
HAN Xuan, the settlement curve derived by the current 
method is more consistent with the measured settlement 
curve of the building, which shows the reliability of the 
proposed method. 
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Fig.6. Predicted and measured settlement curves 
 
 
3.3 Comparison with Finite-Element Simulation Results 
Wei et al. [21] applied a three-dimensional finite-element 
method to simulate the foundation settlement of the building 
when a double-track tunnel passes directly under a building 
with a cross-beam base frame structure. The tunnel has an 
axis buried depth of h=12 m, a diameter of D=6.3 m and a 
tunnel center spacing of L=12 m. The frame structure 
building has a height of 14.4 m and a length of 33m. The 
buried depth of the foundation is 2 m. The equivalent elastic 
modulus of the building is E1=55 MPa. The uniform ground 
elastic modulus is E2=8 MPa. 
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Fig.7. Comparison of the finite-element and uniform ground movement 
models for shield tunnels 

 
 

When the current method is applied to the calculation, 
the buried depth of the building is considered. After 
conversion, the building is equivalent to a soil stratum 31.2 
m thick, and has the same properties as the soil stratum 
below it. The calculation parameters are chosen as follows: 
d=0.35R and g=21.14 mm, i.e. η=0.67% (see Fig. 7). For the 
lateral settlement curve of the foundation calculated using 
the current method, as shown in the figure, the results 
correspond well with the finite-element simulation values, 
which shows that the proposed method here is of better 
applicability. During the finite-element simulation of the 
double-track tunnel, it was assumed that the right-hand track 
was first excavated, which will result in asymmetry of the 
settlement curve. 
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Fig.8. Comparison of settlement with consideration of the foundation 
and without consideration of the foundation 

 
 

Next, the influence of the building foundation on the 
settlement was analyzed. Three sets of curves are calculated, 
as shown in Fig. 8. In the figure, curve 1 is the settlement 
curve at the original base plane with the foundation being 
considered, curve 2 is the settlement curve at the original 
ground surface with the foundation not being considered and 
curve 3 is the settlement curve at the original base plane with 
the foundation not being considered. As shown in the figure, 
the calculation results show that the building foundation has 
an impact on the settlement. The seat of the settlement for 
the case where the foundation is considered is bigger than 
for the case where the foundation is not considered, and the 
maximum settlement value at the center axis is relatively 
smaller. 
 
3.4 Analysis of Influential Factors 
Taking Chongsi Building of Xuhui Middle School in 
Shanghai as an example, the influential factors were 
investigated by changing the calculation parameters E1, h 
and L. The investigation only focused on single-factor 
analysis, with other calculation parameters being kept 
unchanged. 
 
3.4.1 Influence of the Equivalent Elastic Modulus of the 
Building on Foundation Settlement 
The values of the equivalent elastic modulus of building E1 
are changed to 50 MPa, 80 MPa and 110 MPa. The 
settlement curve can be calculated using formula (8) (see 
Fig. 9 for the results). 
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Fig.9. Influence of building stiffness on settlement 
 
 

As shown in the figure, following an increase of the 
equivalent elastic modulus of the building, because the total 
amount of ground loss is the same, the influence scope of the 

settlement trough is nearly unchanged. The maximum 
settlement value at the bottom of the building foundation 
slightly decreases; when E1=50 MPa, 80 MPa and 110 MPa, 
the maximum settlement values at the bottom of the 
foundation are 12.1 mm, 11.58 mm and 11.06 mm, 
respectively. 
 
3.4.2 Influence of Tunnel Axis Depth on Foundation 
Settlement 
The tunnel axis depth h is changed to 2D, 3D and 4D. The 
settlement curve is calculated as per formula (8) (see Fig. 10 
for the results). As shown in the figure, following the 
increase of the tunnel axis depth, the scope of the settlement 
trough increases, and the settlement curve shifts from a 
normal distribution to a V shape. The maximum settlement 
at the bottom of the building foundation decreases. When 
h=2D, 3D and 4D, the maximum settlement values at the 
bottom of the foundation are 14.37 m, 13.16 mm and 11.98 
mm, respectively. Therefore, when the tunnel depth is too 
small, reinforcing control measures need to be taken to 
ensure that the settlement is within a reasonable range, so 
that the safety of the building can be guaranteed. 
 

- 16

- 14

- 12

- 10

- 8

- 6

- 4

- 2

0

- 40 - 30 - 20 - 10 0 10 20 30 40

The horizonral distance to axis of tunnel/m

Se
tt

le
m

en
t/m

m

h=2D
h=3D
h=4D

 
Fig.10. Influence of buried depth on settlement 

 
 

3.4.3 Influence of Axis Spacing of the Double-track 
Tunnel on Foundation Settlement 
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Fig.11. Influence of twin tunnel interval on settlement 

 
 

The axis horizontal spacing of the double-track tunnel is 
changed to 10 m, 16.5 m and 24 m. The settlement curve is 
calculated as per formula (8) (see Fig. 11 for the results). As 
shown in the figure, following an increase of the axis 
horizontal spacing of the double-track tunnel, the scope of 
the settlement trough becomes wider, while there is less 
change to the shape of the settlement curve. The maximum 
settlement value at the bottom of the building foundation 
obviously becomes small. When L=10 m, 16.5 m and 24 m, 
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the maximum settlement values at the bottom of the 
foundation bottom are 13.44 mm, 12.10 mm and 10.85 mm, 
respectively. Therefore, when the spacing of the double-
track tunnel increases, the settlement superposition effect of 
the two tunnels decreases, which will result in a decrease of 
the maximum settlement value at the bottom of the building 
foundation. 
 
 
4. Conclusions 
 
A practical uniform ground movement model for shield 
tunnels was applied in the method proposed in this paper. At 
the same time, building foundation stiffness was considered, 
and instead of building settlement, the foundation base 
settlement was calculated. Case analysis demonstrated that, 
compared with the Wenbiao Ouyang method, the results 
calculated using the current method were more consistent 
with the measured values and the finite-element simulation 
results. 

Following an increase of the equivalent elastic modulus 
of the building, the scope of the settlement trough was nearly 
unchanged, while the maximum settlement value at the 
foundation bottom slightly decreased. Following an increase 
of the tunnel axis depth, the scope of the settlement trough 
became wider and the settlement curve shifted from a 
normal distribution to a V shape. The maximum settlement 
value at the foundation bottom decreased. Following an 

increase of the axis horizontal spacing of the double-track 
tunnel, the scope of the settlement trough became wider, 
while there was less change to the shape of the settlement 
curve. The maximum settlement value at the bottom of the 
foundation obviously became small. 

The building foundation had an impact on the settlement. 
The seat of the settlement for the case when the foundation 
was considered was bigger than the case when the 
foundation was not considered, while the maximum 
settlement value at the central axis became relatively 
smaller. 

The method proposed in this paper applies to the case 
when the shield tunnel passes directly under a building and 
the building length covers the whole scope of the settlement 
trough. However, the current method still has some 
limitations. The same values as the parameters of two 
tunnels were chosen when the calculation was for double-
track shield tunnels, which led to some differences between 
the calculated values and the measured values (especially 
when L was small). Therefore, further study is required.  
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