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Abstract: This paper presents an analytical method to predict the response of a strip foundation
building to shallow tunneling based on the two-stage method. The existing building is simplified as
a Euler–Bernoulli beam resting on the Pasternak model. The tunneling process and different relative
positions between the tunnel and the existing building can be considered in the proposed method. The
accuracy of the proposed method is verified through comparisons with results from the finite element
and finite difference methods. The results indicate that the differential settlement of the building
reaches a maximum and the rotation angles are symmetric with respect to the building centerline
when the tunnel face arrives at the middle of the building. The maximum bending moments occur at
the middle of the building, while the maximum shear forces occur at about one-fifth and four-fifths
of the building length when the tunnel face is located at the two ends of the building. According to
the parametric analysis, the alignment angle, elastic modulus and Poisson’s ratio of the soil, bending
stiffness, and gap parameter greatly affect the building response.

Keywords: building response; soil–building interaction; ground settlement; tunneling process;
Pasternak model

1. Introduction

In densely built urban areas, there is an increasing demand for further development of
underground transit systems due to the lack of surface space, which promotes the excava-
tion of shallowly buried tunnel crossing beneath existing buildings. Shallow tunneling in
soft ground inevitably entails the generation of stress relief and ground settlement around
the tunnel [1–3]. The critical factors affecting ground settlement around the tunnel are
essentially the physical and mechanical parameters of the soil and tunnel. The excessive
ground settlement eventually transfers to the building foundation, and is responsible for
the potential deformation or even damage of the existing buildings [4–6]. To ensure the
safety and serviceability of the existing buildings, reliable assessment of the influences of
shallow tunneling on the existing buildings is necessary for engineers, and is always a
serious concern.

Considerable efforts have been made to investigate the response of strip foundation
buildings to tunnel excavation. The methods used for analyzing this problem can be
broadly classified as theoretical analysis, numerical simulation, model testing, and field
monitoring. In theoretical analysis, researchers developed a two-stage method to rapidly
predict the building deformation [7–11] or damage [12–15] induced by shallow tunneling.
The existing building is commonly considered as an equivalent elastic thick beam, Euler–
Bernoulli beam, or Timoshenko beam. The ground is usually presented by the Winkler
model or the Pasternak model. Numerical simulation provides insights into the building
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response with different characteristics subjected to the tunneling-induced ground settle-
ment. Refined numerical models were established using the finite element method [16–20],
finite difference method [21], and discrete element method [22], while the tunnel, soil, and
building are computed as a whole. Model testing is capable of creating similar conditions in
a small-scale model to those of the full-scale prototype. The centrifuge model tests [23–25]
and the 1 g model tests [26–28] can both serve as effective tools to study the interaction
between the shallow buried tunnel and the existing building. Field monitoring is the most
straightforward method for analyzing the displacements and cracks of the building strip
foundation that result from tunneling, and has been widely employed by researchers in
practice [29–33].

Current studies using theoretical analysis mainly focus on the case of the building
axis perpendicular to the tunnel axis under plane strain condition without considering the
effects of the tunneling process. To gain a better mechanical understanding of the strip
foundation building response arising from tunnel excavation, a new analytical method
taking into account the tunneling process is proposed in this paper. The proposed method
can be applied to the condition that the angle between the building axis and the tunnel
axis is arbitrary. The building response obtained from the proposed method is verified by
comparing with results from the finite element and finite difference methods. Based on the
verified analytical solutions, a parametric analysis is performed to systematically explore
the effects of different factors on the building deformation and internal forces.

2. Method of Analysis

The two-stage method based on the Pasternak model [34] is adopted in this study to
investigate the tunnel–soil–building interaction. Therefore, the analysis comprises two
stages: (1) estimation of the greenfield ground settlement due to shallow tunneling and
(2) calculation of the building response to these greenfield ground settlements. Note that the
hypothesis of this method is that the tunneling-induced ground settlement is not affected
by the presence of the existing building.

2.1. Three-Dimensional Greenfield Ground Settlements

The sign convention utilized for estimating the greenfield ground settlement induced
by tunnel excavation is shown in Figure 1. Considering the nonuniform convergence and
the ovalization, Yu [35] modified the plane strain solutions presented by Loganathan and
Poulos [36] and derived the three-dimensional solutions, which are suitable for clayey and
sandy soils and can be written as follows:
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where εm and δ are the modified equivalent ground-loss parameter and the ovalization
parameter, respectively; g is the gap parameter evaluated by Lee et al. [37]; η represents the
spatial deformation factor; R and H are the tunnel radius and the depth to the tunnel axis,
respectively; m = 1/(1 − 2ν); k1 = ν/(1 − ν); ϕ and ν denote the internal friction angle and
the Poisson’s ratio of the soil, respectively; and d is the distance between the point with
50% of the maximum surface settlement w1,max and the tunnel face (Figure 1). The value of
d can be reasonably considered as −3.0D–D [38], and D is the tunnel diameter.
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where s1 is the distance between the origin O1 and the intersection of the building axis 
and the y1-axis; s2 is the distance between the origin O and the intersection of the building 
axis and the y1-axis. 
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Figure 1. Greenfield surface settlement above a tunnel axis.

2.2. Solutions of Building Response

The relative position between the shallowly buried tunnel and the strip foundation
building in the general case is shown in Figure 2. Two coordinate systems are established
to facilitate analysis (Figure 3). The origin O1 and O are set at the tunnel face and the
left end of the building (the end of the building that is first passed by the tunnel face),
respectively. The coordinates of the ground and the existing building are described as
(x1, y1, z1) and (x, y, z), respectively. A unit width B is taken along the short side of the
existing building [13]. The building axis (parallel to the long side of the existing building)
is aligned with x1-axis at an angle α, and α > 0 indicates the counterclockwise alignment.
The relationship between the two coordinate systems can be obtained as follows:

x1 = (y + s2) cos α
y1 = (y + s2) sin α + s1
z1 = z

(5)

where s1 is the distance between the origin O1 and the intersection of the building axis and
the y1-axis; s2 is the distance between the origin O and the intersection of the building axis
and the y1-axis.
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In the second stage, the existing building is simplified as an Euler–Bernoulli beam
with the equivalent stiffness on the Pasternak model, as shown in Figure 4, which is able to
consider the interaction between adjacent springs. The masonry building and the framed
building with strip foundations are simplified as the pure bending beam and the shear
bending beam in this work, respectively [39]. It is assumed that the building foundation is
always in contact with the underlying soil, and there is no slippage on the soil–foundation
interface. Additionally, the soil is assumed to be isotropic elastic material and the plastic
behavior of the soil is not involved here. Then, the subgrade reaction can be expressed as

p(y) = k[w(y)− w1(x1, y1)]− Gp
d2[w(y)− w1(x1, y1)]

dy2 (6)

where w(y) is the building settlement; w1(x1, y1) is the greenfield surface settlement at the
corresponding building location calculated by Equation (1); k and Gp denote the coefficient
of the subgrade modulus [40] and the shear stiffness of the subgrade [41], respectively,
which are given by

k =
0.65Es

B(1− ν2)

12

√
EsB4

EI
(7)

Gp =
Est

6(1 + ν)
(8)

where Es is the elastic modulus of the soil; EI is the equivalent bending stiffness of the
existing building; and t is the thickness of the elastic layer, with t = 2.5B, as suggested by
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Xu [42]. Note that when Gp is equal to zero, the Pasternak model can be degenerated into
the Winkler model.
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By imposing the greenfield surface settlement on the existing building, the governing
differential equation for the building settlement is provided below [43]:

EI
d4w(y)

dy4 − G
d2w(y)

dy2 + kBw(y) = B f (x1, y1) (9)

where G represents the shear stiffness parameter, with G = GpB for masonry buildings
and G = Gf + Gc1 + GpB for framed buildings; Gf is the equivalent shear stiffness of the
framed building; Gc1 is the linear bending stiffness of the columns on the bottom story. The
values of Gf and Gc1 can be determined with reference to Xia et al. [44]; f (x1, y1) denotes
the additional load on the existing building and can be expressed as

f (x1, y1) = q + kw1(x1, y1)− Gp
d2w1(x1, y1)

dy2 (10)

where q is the equivalent vertical uniform pressure of the building acting on the subgrade.
Since it is difficult to obtain an analytical solution of Equation (10), the finite difference

method is used herein to solve Equation (10) numerically. As shown in Figure 5, the beam
is divided into n elements of length l = L/n, and L is the beam length. For the purpose of
the differential operation, extra two virtual nodes are added at the two ends of the beam.
Regarding the particular node i, the following central difference forms can be deduced:(

dw
dy

)
i
=
−(wi+2 − wi−2) + 8(wi+1 − wi−1)

12l
(11)

(
d2w
dy2

)
i

=
−(wi+2 + wi−2) + 16(wi+1 + wi−1)− 30wi

12l2 (12)

(
d3w
dy3

)
i

=
(wi+2 − wi−2)− 2(wi+1 − wi−1)

2l3 (13)

(
d4w
dy4

)
i

=
(wi+2 + wi−2)− 4(wi+1 + wi−1) + 6wi

l4 (14)

where wi−2, wi−1, wi, wi+1, and wi+2 are the beam settlements at the nodes i − 2, i − 1, i,
i + 1, and i + 2, respectively.
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According to the Euler–Bernoulli beam theory, the rotation angle θi, bending moment
Mi, and shear force Qi of the beam at the node i can be expressed as follows:
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The two ends of the beam are supposed to satisfy the free boundary condition. Con-
sequently, both the bending moments and the shear forces at the nodes 0 and n are not
produced. These boundary conditions can be described as

M0 = Mn = 0 (20)

Q0 = Qn = 0 (21)

Combining Equations (18)–(21), the settlements for the four virtual nodes −2, −1,
n + 1, and n + 2 can be obtained:

w−2 =
30
7

w0 −
32
7

w1 +
9
7

w2 (22)

w−1 =
15
7

w0 −
9
7

w1 +
1
7

w2 (23)

wn+1 =
15
7

wn −
9
7

wn−1 +
1
7

wn−2 (24)

wn+2 =
30
7

wn −
32
7

wn−1 +
9
7

wn−2 (25)

By assembling the finite difference equations for each node, the settlement–load
relationship of the beam Equation (15) can be rewritten in the matrix form as

{W} = [K]−1{F} (26)
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where {W} = {w0, w1, w2, . . . , wn}T and {F} = {f 0, f 1, f 2, . . . , fn}T represent the beam
settlement vector and the additional load vector, respectively; and [K] is defined as the
displacement stiffness matrix of the beam, which can be expressed as

[K] =



30
7 a1 +

15
7 a2 + a3 − 32

7 a1 − 2
7 a2

16
7 a1 +

1
7 a2

15
7 a1 + a2 − 9

7 a1 + a3
1
7 a1 + a2 a1

a1 a2 a3 a2 a1
a1 a2 a3 a2 a1

. . .
. . .

. . .
. . .

. . .
a1 a2 a3 a2 a1

a1 a2 a3 a2 a1
a1

1
7 a1 + a2 − 9

7 a1 + a3
15
7 a1 + a2

16
7 a1 +

1
7 a2 − 32

7 a1 − 2
7 a2

30
7 a1 +

15
7 a2 + a3


(27)

Similar to Equation (15), Equations (17)–(19) can be further written in the matrix form
as the following equations:

{θ} = [Kθ ]{W} (28)

{M} = [KM]{W} (29)

{Q} =
[
KQ
]
{W} (30)

where {θ} = {θ0, θ1, θ2, . . . , θn}T, {M} = {M0, M1, M2, . . . , Mn}T, and {Q} = {Q0, Q1, Q2, . . . ,
Qn}T denote the vectors of the rotation angle, bending moment, and shear force of the
beam, respectively; [Kθ], [KM], and [KQ] represent the stiffness matrices of the rotation
angle, bending moment, and shear force of the beam, respectively, which can be expressed
as follows:

[Kθ ] =
1

12l



− 90
7

96
7 − 6

7
− 41

7 − 9
7

57
7 −1

1 −8 0 8 −1
1 −8 0 8 −1

. . . . . . . . . . . . . . .
1 −8 0 8 −1

1 −8 0 8 −1
1 − 57

7
9
7

41
7

6
7 − 96

7
90
7


(31)

[KM] = − EI
12l2



0 0 0
97
7 − 201

7
111

7 −1
−1 16 −30 16 −1

−1 16 −30 16 −1
. . . . . . . . . . . . . . .

−1 16 −30 16 −1
−1 16 −30 16 −1

−1 111
7 − 201

7
97
7

0 0 0


(32)
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[
KQ
]
= − EI

2l3



0 0 0
− 1

7
9
7 − 15

7 1
−1 2 0 −2 1

−1 2 0 −2 1
. . . . . . . . . . . . . . .

−1 2 0 −2 1
−1 2 0 −2 1

−1 15
7 − 9

7
1
7

0 0 0


(33)

Finally, the beam settlements can be calculated by solving Equation (26). In addition,
the corresponding rotation angles, bending moments, and shear forces of the beam can be
subsequently determined according to Equations (28)–(30).

3. Verifications

Two typical relative positions between the tunnel and the existing building are utilized
to verify the accuracy of the proposed method. As for the building axis perpendicular to
the tunnel axis, the building settlement derived from the proposed method are compared
with those from the finite element analysis performed by Maleki et al. [17] and the Winkler-
based method. Furthermore, the finite difference method is employed to compute the
building settlement when the building axis is parallel to the tunnel axis. The results of the
finite difference method are also compared with those from the proposed and Winkler-
based methods.

3.1. Building Axis Perpendicular to Tunnel Axis

Maleki et al. [17] studied the effects of building characteristics on the tunnel–building
interaction using the finite element code PLAXIS 3D. The soil is considered to be elasto-
plastic material with isotropic hardening mechanism. The elastic modulus, Poisson’s ratio,
cohesion, and internal friction angle of the soil are 56.7 MPa, 0.2, 0.25 kPa, and 40◦, respec-
tively. An 8.85 m diameter tunnel with a depth to tunnel axis of 17.7 m is excavated. A
gap parameter of 11.8 mm is used in calculation. The tunnel runs perpendicular to the
building axis, while the eccentricity between the tunnel and the existing building is zero
(α = 0, y→−∞, s2 = −50.0 m). The existing building with a varying number of stories is
modeled by the equivalent elastic beam, and the parameters of the equivalent beam are
shown in Table 1.

Table 1. Parameters of equivalent beam [17].

Building
Stories

Equivalent Beam

Length
L (m)

Weight
W (kN/m/m)

Axial Stiffness
EA (kN/m)

Bending Stiffness
EI (kN·m2/m)

Poisson’s Ratio
νb

4
100

40 1.725 × 107 3.989 × 108
0.258 80 3.105 × 107 2.393 × 109

The building settlement obtained from the proposed method, finite element method,
and Winkler-based method is shown in Figure 6. It can be observed that the shapes of the
two predicted building settlement troughs are in accordance with those from the finite
element method, and the maximum building settlement acquired from these three methods
all occur above the tunnel axis. Compared with the results given by Maleki et al. [17],
the proposed method and the Winkler-based method slightly underestimate the building
settlement for the 4-story building, whereas the comparison results are opposite in respect
of the 8-story building. With the increase in the transverse distance from the tunnel axis,
the differences between the two predicted building settlements and the results of the finite
element method gradually decrease to 0 for the 4-story building. In general, the proposed
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method offers satisfactory building settlement subjected to tunnel excavation. It is worth
noting that the proposed method yields building settlements close to those provided by the
Winkler-based method, which is consistent with the analysis of Liang et al. [45].
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Figure 6. Comparison with building settlement from finite element method: (a) 4 stories;
(b) 8 stories [17].

3.2. Building Axis Parallel to Tunnel Axis

As shown in Figure 2, with regard to the building axis parallel to and directly above
the tunnel axis (α = 90◦, s2 = 0), the three-dimensional finite difference analysis using FLAC
3D is conducted to reproduce the building settlements caused by tunneling process. The
diameter of the circular tunnel is 6.0 m based on the area equivalent method, and the depth
to tunnel axis is 15.0 m (Figure 7). The dimensions of the numerical model are 60.0 m in
width, 36.0 m in height, and 80.0 m in length, which are sufficiently large to eliminate
the boundary effect. The normal displacements of the four vertical boundaries are fixed
while the nodes at the bottom boundary are fixed in both vertical and horizontal directions,
and the top boundary of the numerical model is left free. The soil is modeled as a linear
elastic–perfectly plastic material with the Mohr–Coulomb failure criterion. The isotropic
elastic model is employed for simulations of the 0.3 m thick tunnel lining and the existing
building. The existing building is ideally represented by an equivalent beam with length
20.0 m, width 2.0 m, and height 1.0 m. The physical and mechanical parameters of the
numerical model are shown in Table 2.

The numerical simulation consists of the following stages [19]: (1) initialization of
the geostatic stress in the ground under greenfield condition; (2) resetting the ground
movements to zero, followed by the activation of the equivalent beam; and (3) tunnel
excavation and lining installation. The tunneling process is simulated one step advance at
a time as a repeated sequence of: (1) removing the unit soil at the excavation step (1.0 m);
(2) releasing the soil stress; (3) generating the lining elements at the excavation step.
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Table 2. Physical and mechanical parameters of numerical model.

Material Unit Weight
γ (kN/m3)

Elastic Modulus
E (MPa)

Poisson’s Ratio
ν

Cohesion
c (kPa)

Internal Friction
Angle ϕ (◦)

Soil 20 30 0.3 10 30
Lining 25 3.0 × 104 0.2 – –

Building 25 3.0 × 104 0.2 – –

Figure 8 shows the building settlements above the tunnel axis calculated by FLAC 3D
compared with those from the proposed method and Winkler-based method (g = 30.0 mm,
d = 0). The trends of the building settlement curves estimated by the two analytical methods
are similar to the finite difference results in three cases. The maximum and minimum
building settlements calculated through these three methods are all located at the left
and right ends of the building, respectively. The magnitudes of the building settlements
gained from the proposed method agree better with the finite difference results than those
from the Winkler-based method, especially in the case of s1 = −20.0 m. The results of the
Winkler-based method are slightly smaller than those from the proposed method, which
implies that the building settlements are not substantially subjected to the shear stiffness
of the subgrade. Overall, the proposed method can be adopted to effectively and rapidly
predict the building response resulting from shallow tunneling.



Appl. Sci. 2022, 12, 4656 11 of 21Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 21 
 

  
(a) (b) 

(c) 

Figure 8. Comparison with building settlement from finite difference method: (a) s1 = 0; (b) s1 = 
−10.0 m; (c) s1 = −20.0 m. 

4. Parametric Analysis 
To further understand the building response associated with tunnel excavation, the 

effects of different factors on the settlements, rotation angles, bending moments, and 
shear forces of a masonry building are investigated, including the alignment angle, dis-
tance from tunnel face, elastic modulus and Poisson’s ratio of the soil, bending stiffness, 
and gap parameter. The values of these six factors are listed in Table 3. For direct com-
parisons with the corresponding different factors, a basic case is selected and the absolute 
values of the results are used in this section. The parameters of the soil and tunnel are the 
same as those in Section 3.2. The building axis is parallel to and directly above the tunnel 
axis and s1 = −20.0 m (Figure 2). The length, equivalent bending stiffness, and equivalent 
vertical uniform pressure of the existing building are set to 20.0 m, 1500 MN·m2, and 100 
kPa, respectively [39]. 

  

-5 0 5 10 15 20 25

15

10

5

0

Longitudinal distance from tunnel face (m)

Bu
ild

in
g 

se
ttl

em
en

t (
m

m
)

 This study
 Winkler–based method
 FLAC 3D

-15 -10 -5 0 5 10 15

25

20

15

10

5

0

Longitudinal distance from tunnel face (m)

Bu
ild

in
g 

se
ttl

em
en

t (
m

m
)

 This study
 Winkler–based method
 FLAC 3D

-25 -20 -15 -10 -5 0 5

30

25

20

15

10

5

0

Longitudinal distance from tunnel face (m)

Bu
ild

in
g 

se
ttl

em
en

t (
m

m
)

 This study
 Winkler–based method
 FLAC 3D

Figure 8. Comparison with building settlement from finite difference method: (a) s1 = 0;
(b) s1 = −10.0 m; (c) s1 = −20.0 m.

4. Parametric Analysis

To further understand the building response associated with tunnel excavation, the
effects of different factors on the settlements, rotation angles, bending moments, and shear
forces of a masonry building are investigated, including the alignment angle, distance
from tunnel face, elastic modulus and Poisson’s ratio of the soil, bending stiffness, and
gap parameter. The values of these six factors are listed in Table 3. For direct comparisons
with the corresponding different factors, a basic case is selected and the absolute values of
the results are used in this section. The parameters of the soil and tunnel are the same as
those in Section 3.2. The building axis is parallel to and directly above the tunnel axis and
s1 = −20.0 m (Figure 2). The length, equivalent bending stiffness, and equivalent vertical
uniform pressure of the existing building are set to 20.0 m, 1500 MN·m2, and 100 kPa,
respectively [39].
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Table 3. Parameters used for analysis.

Number Alignment
Angle α (◦)

Distance from
Tunnel Face s1

(m)

Soil Elastic
Modulus Es

(MPa)

Poisson’s
Ratio ν

Bending
Stiffness EI

(MN·m2)

Gap Parameter
g (mm)

1 0, 30, 45, 60, 90 0 30 0.3 1500 30

2 90 20, 0, −5, −10,
−15 −20, −40 30 0.3 1500 30

3 90 −20 20, 30, 40, 50, 60 0.3 1500 30

4 90 −20 30 0.1, 0.2, 0.3, 0.4,
0.5 1500 30

5 90 −20 30 0.3 500, 1000, 1500,
2000, 2500 30

6 90 −20 30 0.3 1500 10, 20, 30, 40, 50

4.1. Alignment Angle

The effects of the alignment angle on the building response in the case of s1 = s2 = 0
are shown in Figure 9. As the alignment angle increases from 0◦ to 90◦, the maximum
building settlement at the left end of the building decreases from 16.1 to 15.2 mm, while
the minimum building settlement at the right end of the building increases from 5.9 to
8.0 mm (Figure 9a). For each alignment angle, the building settlements gradually decrease
along the building axis. The rotation angles generally decrease with an increase in the
alignment angle. The position where the maximum rotation angle occurs moves from
y = 5.0 m to y = 0, and the rotation angle at y = 20.0 m is the minimum (Figure 9b). Along
the building axis, the rotation angles first increase and then decrease when α = 0, and
gradually decrease in the other four cases. The increase in the alignment angle leads to
the decreases in the maximum bending moments (including the maximum positive and
negative bending moments), and causes the position of the maximum negative moment
to move toward the tunnel face, as shown in Figure 9c. Similar characteristics can also
be observed in Figure 9d, and the position of the maximum positive shear force is fixed
at y = 16.0 m. On the condition α = 90◦, the bending moments are all nonpositive and
approximately symmetric with respect to the building centerline (y = 10.0 m). Meanwhile,
the shear forces are approximately antisymmetric with respect to the building centerline.
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Figure 9. Building response with different alignment angles: (a) settlement; (b) rotation angle;
(c) bending moment; (d) shear force.

4.2. Distance from Tunnel Face

Figure 10 shows the variations in the building response with different distances from
the tunnel face. The remarkable increases in the building settlement with the advancing
tunnel can be seen in Figure 10a, while the differential settlement of the building first
increases and then decreases. The uniform building settlements are produced when the
tunnel face is far away from the building (s1 = 20.0 m and s1 = −40.0 m). The settlement
difference between the two ends of the building reaches the maximum when the tunnel
face is located at the middle of the building (s1 = −10.0 m), coinciding with the results
described in Section 3.2. As shown in Figure 10b, by decreasing the distance from the tunnel
face from 20.0 to −5.0 m, the rotation angles gradually increase along the direction of the
tunnel. The trends are opposite as the distance from the tunnel face decreases from −15.0
to −40.0 m. In particular, the rotation angles are symmetric with respect to the building
centerline where the maximum rotation angle appears, assuming that s1 = −10.0 m.

The maximum bending moments first increase and then decrease with the decrease in
the distance from the tunnel face (Figure 10c). Both the maximum positive and negative
bending moments appear at y = 10.0 m, corresponding to s1 = −20.0 m and s1 = 0, respec-
tively. For s1 = 0 and s1 = −20.0 m, the maximum negative shear forces appear at y = 4.0
and y = 16.0 m, respectively. For s1 = −5.0 m and s1 = −15.0 m, the maximum positive
shear forces appear at y = 17.0 m and y = 3.0 m, respectively (Figure 10d). In the case of
s1 = −10.0 m, the bending moments and the shear forces are antisymmetric and symmetric
with respect to the building centerline, respectively. Moreover, when the tunnel face is
located outside the two ends of the building (s1 = 20.0, 0, −20.0, −40.0 m), the shear forces
at the middle of the building are about zero.
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Figure 10. Building response with different distances from tunnel face: (a) settlement; (b) rotation
angle; (c) bending moment; (d) shear force.

4.3. Soil Elastic Modulus

The effects of the soil elastic modulus on the building response are shown in Figure 11.
The increase in the soil elastic modulus can obviously decrease the building settlement
(Figure 11a), which is because the stiffer soil can provide larger resistance to resist the
building settlement due to the stress relief. The magnitude of the decrease in the building
settlement decreases as the soil elastic modulus increases. With the increase in the soil
elastic modulus, the rotation angles gradually decrease in the range y≤ 10.0 m and increase
in the range y > 10.0 m (Figure 11b). The maximum and minimum rotation angles occur
at y = 20.0 m and y = 0, respectively. The bending moments greatly increase and become
less sensitive to the soil elastic modulus as the soil elastic modulus increases (Figure 11c).
The maximum positive bending moment occurs at the middle of the building, regardless of
the variation in the soil elastic modulus. When the soil elastic modulus increases from 20.0
to 60.0 MPa, the maximum positive shear force occurring at y = 4.0 m and the maximum
negative shear force increase accordingly (Figure 11d). Additionally, the position of the
maximum negative shear force moves from y = 16.0 m to y = 17.0 m.
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Figure 11. Building response with different soil elastic moduli: (a) settlement; (b) rotation angle;
(c) bending moment; (d) shear force.

4.4. Soil Poisson’s Ratio

Figure 12 shows the relationships between the soil Poisson’s ratio and the building
response. Figure 12a shows that the decreases in the settlement and the differential settle-
ment of the building are increasingly significant with a larger soil Poisson’s ratio. A notable
trend of decreasing rotation angle is observed by the increase in the soil Poisson’s ratio
(Figure 12b). The maximum and minimum rotation angles occur at the right and left ends of
the building, respectively. The bending moments depend highly on and share progressively
decreasing trend with the soil Poisson’s ratio, as shown in Figure 12c. The effect of the
soil Poisson’s ratio on the bending moment is mainly reflected around the middle of the
building, and is almost negligible near the two ends of the building. The maximum shear
forces (including the maximum positive and negative shear forces) gradually decrease
as the soil Poisson’s ratio increases (Figure 12d). The positions of the maximum positive
and negative shear forces are fixed at y = 4.0 m and y = 16.0 m, respectively, which are
independent of the soil Poisson’s ratio.
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Figure 12. Building response with different soil Poisson’s ratios: (a) settlement; (b) rotation angle;
(c) bending moment; (d) shear force.

4.5. Bending Stiffness

The effects of the bending stiffness on the building response are shown in Figure 13. The
building settlement slightly increases with the increase in the bending stiffness (Figure 13a),
indicating that the bending stiffness has little effect on the building settlement. Given by
the larger bending stiffness, the rotation angles of the left half of the building gradually
increase while those of the right half of the building gradually decrease (Figure 13b). The
increase in the bending stiffness results in sharply increased bending moments (Figure 13c),
which demonstrates that a stiffer building suffers much larger bending moments than those
of a relatively flexible building. The magnitude of the increase in the bending moments
decreases when the bending stiffness increases. The maximum shear forces also increase
as the bending stiffness increases from 500 to 2500 MN·m2 (Figure 13d). Additionally, the
y-coordinates of the maximum positive and negative shear forces are fixed at 4.0 m and
decrease from 17.0 to 16.0 m, respectively.
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Figure 13. Building response with different bending stiffness: (a) settlement; (b) rotation angle;
(c) bending moment; (d) shear force.

4.6. Gap Parameter

Figure 14 shows the settlements, rotation angles, bending moments and shear forces
of the existing building under different gap parameters. Contrary to the effect of the soil
Poisson’s ratio on the building response, the increase in the gap parameter greatly increases
the settlement and the differential settlement of the building (Figure 14a). Figure 14b
indicates that the larger the gap parameter is, the larger the rotation angles are. As the gap
parameter increases from 10.0 to 50.0 mm, the absolute value of the maximum rotation
angle increases from 1.7 × 10−4 to 8.7 × 10−4 rad, while that of the minimum rotation angle
increases from 0.7 × 10−4 to 3.5 × 10−4 rad. It can be found that the bending moments
achieve rapid increase when the gap parameter becomes larger, and the magnitude of the
increase in the bending moments increases as the gap parameter increases (Figure 14c).
With an increase in the gap parameter, the maximum positive and negative shear forces
gradually increase according to Figure 14d, and always appear at y = 4.0 m and y = 16.0 m,
respectively.
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Figure 14. Building response with different gap parameters: (a) settlement; (b) rotation angle;
(c) bending moment; (d) shear force.

5. Conclusions

An analytical method for predicting the strip foundation building response induced
by three-dimensional ground settlement due to shallow tunneling is presented in this
paper. The tunneling process and different alignment angles are taken into account in the
proposed method. The effects of six typical factors on the building response are illustrated.
The main conclusions follow:

(1) The reliability of the proposed method is determined in comparison with finite ele-
ment and finite difference analysis. The results obtained from the proposed method
show good agreement with the two numerical results and close to those from the
Winkler-based method.

(2) The building settlement increases with the increase in the bending stiffness and gap
parameter, and decrease as the distance from the tunnel face increases, and the elastic
modulus and Poisson’s ratio of the soil increase. The differential settlement of the
building increases as the alignment angle decreases and the gap parameter increases,
and reaches a maximum when the tunnel face is located at the middle of the building.

(3) Increases in the alignment angle and soil Poisson’s ratio, and the decrease in the gap
parameter can decrease the rotation angles. By increasing the soil elastic modulus, the
rotation angles of the left half of the building decrease while those of the right half of
the building increase. The opposite trend can be observed for the bending stiffness.
When the tunnel face arrives at the middle of the building, the rotation angles are
symmetric with respect to the building centerline.
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(4) The maximum bending moments and the maximum shear forces gradually decrease
with a larger alignment angle. The bending moments and the maximum shear forces
increase as the soil elastic modulus, bending stiffness, and gap parameter increase,
and decrease with the increase in the soil Poisson’s ratio. The maximum bending
moments occur at the middle of the building, and the maximum shear forces appear
at about one-fifth and four-fifths of the building length when the tunnel face is located
at the two ends of the building.

(5) The influence of the plastic behavior of the soil and the contact state between the
building foundation and the underlying soil on the building response need to be
considered in a further study.
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