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Abstract
Current scholars have made more efforts to investigate the deformation of landslide caused by tunnel excavation, but there are
few studies on the mechanical properties of existing tunnels subjected to influences of landslides. Furthermore, very little
attention is paid to the simplified analytical solution for landslide-tunnel interaction and current studies still remain on the
monitoring and numerical modeling of engineering. A simplified analytical method is proposed in this paper to evaluate on
the deformation of existing tunnels induced by landslides. Firstly, the landslide thrust sliding forces are calculated based on the
transferring coefficient method and the limit equilibrium method. Secondly, imposing the thrust sliding force on the existing
tunnels, the elastic foundation beam model is established for predicting the landslide-tunnel interaction. Then, the internal force
and displacement for the existing tunnels caused by the landslides are solved by the transfer matrix method. In addition, the three-
dimensional numerical simulation results are compared with the simplified analytical solution and good consistency is obtained.
Furthermore, the parametric analysis for influences of the cohesive force, the internal friction angle, and the unit weight of
landslide body is conducted on the thrust sliding force. The influences of the thrust sliding force, the foundation coefficient of
landslide and sliding bed, the tunnel lining stiffness, and the tunnel length on the existing tunnels are also analyzed with the
parametric analyses by the simplified analytical solution. The paper contributes to the understanding of interaction mechanics for
landslides as a potential risk in preliminary design of tunnels.

Keywords Existing tunnel .Mountainous landslide .Tunnel-landslide interaction .Transfermatrixmethod .Simplifiedanalytical
solution

Introduction

With the sharp demanding of worldwide transportation,
more and more railways and highways have to cross
mountainous areas. Then, it is common to encounter
the special geological cases for the mountain slopes and
landslides. In general, tunnels should be avoided to con-
struct in the landslide zone. However, some tunnels in-
evitably need to cross the landslide zone during construc-
tion. In addition, under the influences of geological evo-
lution and excavation disturbance loads, the existing
slopes with no obvious displacement or relatively stable
condition will have large deformation and even develop
into landslides. Then, it may cause different degrees of
damage for the existing tunnel structures, affecting and
even interrupting the normal operation of the tunnels.
Therefore, it is vital to put forward a method for estimat-
ing the deformation of existing tunnels induced by land-
slides in mountain region.
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The excavation of a tunnel and deep excavation causes the
stress redistribution, inducing deformation in the ground sur-
rounding the opening and additional influences on the adja-
cent structures (Fang et al. 2016; Song et al. 2018; Lu et al.
2019; Wu et al. 2019; Jin et al. 2020). In areas prone to insta-
bility, the induced stress state can trigger or accelerate land-
slide movements, even on a large scale (Bandini et al. 2015).
In the research on the landslide or surface deformation in-
duced by the tunnel excavation, the methods may be classified
into four categories: on-site measurement, numerical simula-
tion, experience formula, and theoretical analysis. Some at-
tempts have been made to develop the researches about the
on-site measurements (Bandini et al. 2015; Bayer et al. 2017;
Barla 2018; Lai et al. 2018; Li et al. 2019). On-site measure-
ment methods are mostly based on field observations and
intuitive deductions and they are lacking in theory and ambig-
uous in range of applicability. In addition, the complexity of
soil behavior has encouraged the widespread use of numerical
modeling analyses, particularly FEM and FLAC. Therefore,
the existing results are more focused on numerical simulation
methods (Gonzalez and Sagaseta 2001; Ng et al. 2004; Yoo
and Kim 2008; Dang and Meguid 2008; Koizumi et al. 2010;
Gui and Chen 2013; Do et al. 2014; Causse et al. 2015; Hajjar
et al. 2015; Shahin et al. 2016; Zhang et al. 2017; Barla 2018).
Although powerful numerical methods undoubtedly provide
the most comprehensive simulation for tunnel excavation pro-
cesses, their predictive accuracy is also closely tied to the
knowledge of in situ conditions and the modeling of soil be-
havior. The theoretical analysis method is an effective practi-
cal approach to analyze the tunneling-induced ground defor-
mation through a clear theoretical derivation. Some scholars
adopted some empirical formulas to predict the influence of
tunnel excavation on surface settlement (Peck 1969;
Yoshikoshi et al. 1978; Mair et al. 1993; Vorster et al. 2005;
Lai et al. 2017). Four main categories exist for the analytical
methods: the virtual image technique (Sagaseta 1987; Verruijt
and Booker 1996; Loganathan and Poulos 1998), the complex
variable method (Verruijt 1997, 1998; Strack and Verruijt
2002; Wang et al. 2009; Wang and Li 2009; Fu et al. 2015;
Zhang et al. 2018), the stress function method using polar
coordinates (Bobet 2001; Chou and Bobet 2002; Park 2004,
2005), and the stochastic medium theory (Yang et al. 2004;
Yang and Wang 2011).

Landslides can cause considerable damage to buildings and
infrastructure. Therefore, many scholars began to study the
impacts of landslides on the surrounding obstacles and
existing tunnels. Puzrin and Schmid (2012) proposed if the
obstacle is rigid and the long-term safety factor of the land-
slide is lower than one, the earth pressure eventually equals
the passive pressure. The problem of the limiting landslide
pressure on an obstacle has also been tackled through theoret-
ical (Friedli et al. 2017) and numerical (Muraro et al. 2015)
analyses in simplified 2D conditions and for a cohesionless

landslide. Galli and Di (2013) analyzed the relationship be-
tween landslide displacements and the reaction force from the
retaining structure by introducing a characteristic function. In
recent years, relevant scholars have begun to pay attention to
the influence of tunnel structure deformation in landslide
areas. The effects of landslides on civil infrastructure, includ-
ing tunnels, have been summarized by many researchers (e.g.,
landslide-pipeline interaction in O’Rourke and Lane 1989 and
Casamichele et al. 2004; case histories of landslide-building
interaction in Antronico et al. 2015; general aspects of the
interaction of landslides and man-made works in Urciuoli
and Picarelli 2008; general aspects of landslide-tunnel inter-
action in Picarelli et al. 2002 and Mouratidis 2008; and case
histories of landslide-tunnel interaction in Wang et al. 2001;
and Poisel et al. 2016). In the field measurement research,
Noferini et al. (2007) used ground SAR (GB-SAR) interfer-
ometer to measure the surface displacements of a landslide
occurring in the Carnian Alps, north-eastern Italy, and the
impact of landslides on tunnels under excavation was
monitored. Wang (2010) enumerated the actual engineering
of four tunnel axes and different spatial positions of the slope
sliding displacement, and studied the characteristics of tunnel
lining cracks under the influence of landslide and the effect of
crack repair and reinforcement. Chiu et al. (2017) used the on-
site monitoring of the No. 20 expressway tunnel in Taiwan as
an example to analyze the crack development and spalling of
the tunnel lining under the influence of landslide, and pro-
posed landslide-tunnel reinforcement measures. In the re-
search of theoretical methods in the above fields, Vassallo
et al. (2016) used finite element numerical simulation
method and simplified theoretical method to study the safety
impact of landslide motion on railway tunnels. Kong et al.
(2018) proposes a displacement function, which is expressed
by Fourier series, to describe the cross-section deformation
mode of circular shallow buried tunnel with slope surface.
Feng et al. (2019) proposed a numerical method to simulate
the runout process of flow slide, and the interactions between
flow slide and buildings on three-dimensional terrain consid-
ering the destruction process. While the effects of landslide on
existing tunnel are frequently described in the literature, the
studies on the mechanical properties of existing tunnel struc-
tures under the action of landslide bodies are rare to conduct in
detail, especially the mechanism research of related theoretical
analysis. In fact, most of the impacts of the landslide on the
existing tunnels remain in the field of actual engineering mon-
itoring. It has been seldom seen to use the theoretical analyt-
ical method to analyze the tunnel-landslide interaction.

The landslide-tunneling interaction is a rather complex is-
sue, since it may be influenced by not only the geological
condition and the construction environment, but also the tun-
nel structure design and the tunnel excavation process.
Current investigation has paid more attention to the deforma-
tion of landslide bodies induced by tunnel excavation, but
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there are few studies on the mechanical properties of existing
tunnels due to the landslides. Furthermore, little investigation
are given to detailed theoretical analysis of landslide-tunnel
interactions from geotechnical and structural perspectives and
most studies focus on the monitoring and numerical solution
for practical engineering. Zhang et al. (2017) carried out the
landslide-tunnel interaction analyses by the analytical and
numerical methods to assess the safe distance of a tunnel
from the landslide slip surface. The study of Zhang et al.
(2017) aims to analyze the geo-environmental of landslides
caused by tunneling; however, the deformation of existing
tunnels due to sliding forces of landslides is still not consid-
ered. In this paper, the interaction between landslide and tun-
nel is observed in detail by analytical and numerical methods,
and a simplified theoretical method is proposed for obtaining
the deformation of existing tunnel structures induced by land-
slides. The tunnel model is simplified into an elastic founda-
tion beam, and the tunnel-slide interaction is simulated by soil
spring. Firstly, the transfer coefficient method and the limit
equilibrium method are used to calculate the magnitude of the
landslide thrust sliding force, and the influence of landslide
cohesive force, internal friction angle, and unit weight on
landslide thrust sliding force are conducted. Secondly, the
landslide thrust sliding force calculated in the previous stage
is applied to the tunnel structure, and the tunnel model that has
been simplified to the elastic foundation beam is calculated by
the transfer matrix method. Furthermore, the numerical simu-
lation analysis is enforced to verify the effectiveness of the
simplified analytical method and the influencing factors of
some key parameters are analyzed by the simplified solution.

Thrust sliding force due to landslide

In this study for the deformation behavior of existing tunnels
induced by landslides, the landslide thrust sliding force is
firstly analyzed. At present, the calculation method of the
landslide thrust sliding force mainly includes the transfer co-
efficient method (Song and Xu 2012; Wang et al. 2016), the
limit equilibrium method, and the finite element method. The
transfer coefficient method is widely used because of its clear
concept and convenient calculation, especially for the folded-
line landslide. Since the modeling in this study is assumed as
folded-line landslide, the transfer coefficient method is used
for analysis of the landslide thrust sliding force. The limit
equilibrium method is used for analysis of the single slide
mass element.

The main hypothesis is listed as below: (1) The landslide is
divided into several vertical slices along the sliding direction
of the landslide. The force of each slice is analyzed and the
equilibrium equation is obtained. The residual resultant force
along the sliding direction on the interface is calculated as the
landslide thrust sliding force of the slide mass. (2) Since it can

be approximately simplified to a plane strain problem, the
transverse length of the vertical slide mass is taken for per unit
width. The forces acting on the lateral adjacent landslides are
not considered in this study. (3) It is assumed that the landslide
thrust sliding force on the interface of all vertical slide mass is
rectangular distribution, and the direction of the residual land-
slide thrust sliding force of the bars is parallel to the inclined
direction of the sliding surface.

Calculation theory of landslide thrust sliding force

According to the above assumptions, a vertical slide mass is
taken for the force analysis, as shown in Fig. 1. The parameter
q’i (kN/m) is the reaction force between the i-th slide mass and
the i-1th slide mass, the direction points to sliding upward and
parallels to the i-th slide mass sliding surface. The parameter qi
(kN/m) is defined as the landslide thrust sliding force per
meter of the i-th slide mass, which is equal to q’i in the oppo-
site direction. For qi ≤ 0, no sliding occurs under a given safety
coefficient; for qi > 0, sliding will occur under given safety
coefficient. The parameter qi-1 (kN/m) is the residual sliding
force per meter of the i-1th slide mass, the direction points to

(a)

(b)
Fig. 1 Force analysis of a slide mass. a Analysis of the whole force for i
unit. b Composition of landslide thrust sliding force per meter for i unit
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sliding downward and parallels to the i-1th slide mass sliding
surface. The parameter θi is the inclination angle of the sliding
surface of the i-th slidemass, and θi-1 is the inclination angle of
the sliding surface of the i-1th slide mass. The landslide thrust
sliding force (Fig. 1b) can be expressed as:

qi ¼ qa þ qb þ qc þ qd ð1Þ
qa ¼ KWisin θið Þ ð2Þ
qb ¼ qi−1 cos θi−1−θið Þ−sin θi−1−θið Þtanφi½ � ð3Þ
qc ¼ −Wicosθitanφi ð4Þ
qd ¼ −cili ð5Þ
ψi ¼ cos θi−1−θið Þ−sin θi−1−θið Þtanφi ð6Þ

where qa (kN/m) is the sliding force per meter produced
by the i-th slide mass; qb (kN/m) is the sliding force or the
upward sliding force per meter produced by the i-1th slide
mass; qc (kN/m) is the anti-sliding force per meter of the i-
th slide mass; qd (kN/m) is the anti-sliding force per meter
produced by the sliding surface of the i-th slide mass. The
qc and qd are derived from the Mohr-Coulomb criterion.
The angle of qa, qb, qc, qd with the horizontal plane is θi. K
is the safety coefficient needed in calculation of anti-
sliding force; Wi (kN/m) is the per-meter weight of the i-
th slide mass; φi is the friction angle on the sliding surface
of the i-th slide mass; ci (kPa) is the cohesive force on the
sliding surface of the i-th slide mass; li (m) is the length of
the sliding surface where the i-th slide mass is located; ψi is
the transfer coefficient for residual sliding force.

Case analyses

Based on the above method, the following landslide model
analyses are established, as shown in Fig. 2. According to
the geometric shape and failure form of landslide, it is divided

into 20 elements for calculation. The slope line is divided into
three sections, and their lengths are defined as s1, s2, and s3.
The sliding surface is divided into three sections, and their
lengths are defined as s4, s5, and s6. The basic calculation
parameters are as follows: the landslide weight is 20 kN/m3;
s1 = 14.94 m, s2 = 9.35 m, s3 = 12.17 m; s4 = 9.06 m, s5 =
10.37 m, s6 = 13.62 m; the internal friction angle of the sliding
surface φ = 20°; the cohesive force at the sliding surface c =
100 kPa. The specific parameters are shown in Table 1.

According to Fig. 2, the residual landslide thrust of each
vertical slide mass can be calculated by dividing the landslide
and combining Eqs. (1)–(6). The calculation results under
different safety coefficients are shown in Tables 2, 3, and 4.
The parameter qa (kN/m) is the sliding force per meter pro-
duced by the i-th slide mass; qb (kN/m) is the sliding force or
the upward sliding force per meter of the i-1th slide mass; qc
(kN/m) is the anti-sliding force per meter of the i-th slide mass;
qd (kN/m) is the anti-sliding force per meter produced by the
sliding surface of the i-th slide mass.

The relationship curves between the landslide thrust and the
safety coefficient are drawn based on Tables 1, 2, 3, and 4, as
shown in Fig. 3. The figure shows that the greater the safety
coefficient is, the greater the landslide thrust will be, and the
greater the landslide unstable area will be. When K is set as 1.0,
the unstable region of the landslide is basically falling between
the number i = 10~17; when K is set as 1.1, the unstable region
expands to the region numbered i = 8~18; when K is set as 1.2,
the range of unstable region is numbered i = 6~20. The position
where the landslide thrust change is obvious at the 16th slide
mass, where the slope of the sliding surface turns, and it has a
great impact on the landslide thrust sliding force. We can find
that the larger the safety coefficient is, the smaller the deforma-
tion allowed for the landslide is, and the larger the unstable area
of the landslide is. It is shown in Eq. (2) that the safety reserve is
actually directly attached to the sliding force generated by grav-
ity in the calculation process.

Influencing factor analyses of landslide thrust sliding
force

The basic parameters are setting: the internal friction angle φ
is 20°, the cohesive force c is 100 kPa, and the unit weight γ is
20 kN/m3. One of the three parameters is changed separately,
and the other parameters are unchanged to observe the influ-
ences of different parameters on the landslide thrust sliding
force.

(1) Influence of cohesive force on landslide thrust sliding
force

It can be seen from Fig. 4 that the cohesive force has a great
influence on the value and distribution of the landslide thrust
sliding force. The landslide thrust sliding force graduallyFig. 2 Landslide geometry and segmentation
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decreases with the increase of the cohesive force. This is main-
ly because the change of the cohesive force can affect the anti-
sliding force. The greater the cohesive force, the greater the
anti-sliding force, then the larger the blocking effects on the
landslide. From the distribution of landslide thrust sliding
force, it can be seen that when c is 100 kPa, the distribution
range of landslide thrust sliding force is numbered i = 10~17;
when c is 70 kPa, the distribution range of landslide thrust
sliding force is numbered i = 3~18; when c is 50kPa, the
distribution range of landslide thrust sliding force is numbered
i = 2~20.

(2) Influence of internal friction angle on landslide thrust
sliding force

It is shown in Fig. 5 that the internal friction angle has
a great influence on the landslide thrust sliding force. The
internal friction angle of the sliding surface mainly affects
the anti-sliding force. When the internal friction angle is
larger, the anti-sliding resistance is larger, and the land-
slide is relatively stable. As shown in Fig. 5, as the inter-
nal friction angle increases, the landslide thrust gradually
decreases, and the distribution range of the landslide
thrust also changes. When φ is 20° and φ is 15°, the
distribution range of landslide thrust sliding force is main-
ly between i = 4 and i = 20; when φ is 10°, the distribu-
tion range of landslide thrust sliding force is mainly be-
tween i = 10 and i = 17.

Table 1 Slide mass geometry
parameters Number Inclination (°) Area (mm2) Sliding surface length (m) Weight per meter (kN/m)

1 62.88 15.95 13.62 318.992

2 62.88 47.85 13.62 956.974

3 62.88 79.75 13.62 1594.958

4 62.88 111.65 13.62 2232.94

5 31.4 162.55 10.37 3250.964

6 31.4 164.86 10.37 3297.266

7 31.4 191.06 10.37 3821.21

8 31.4 217.26 10.37 4345.154

9 31.4 243.45 10.37 4869.098

10 31.4 269.65 10.37 5393.042

11 31.4 295.85 10.37 5916.986

12 31.4 322.05 10.37 6440.93

13 31.4 348.24 10.37 6964.874

14 31.4 374.44 10.37 7488.818

15 31.4 400.64 10.37 8012.762

16 31.4 426.84 10.37 8536.706

17 10.62 438.83 9.06 8776.55

18 10.62 369.94 9.06 7398.758

19 10.62 222.13 9.06 4442.656

20 10.62 74.04 9.06 1480.886

Table 2 Calculation of landslide thrust sliding force at K = 1.0

Number Residual sliding force
qi(kN/m)

qa
(kN/m)

qb
(kN/m)

qc
(kN/m)

qd
(kN/m)

Transfer coefficient
ψi

10 97.39 2809.83 0.00 -1675.44 -1037 1.00

11 304.98 3082.81 97.39 -1838.21 -1037 1.00

12 622.78 3355.79 304.98 -2000.98 -1037 1.00

13 1050.79 3628.77 622.78 -2163.76 -1037 1.00

14 1589.01 3901.75 1050.79 -2326.53 -1037 1.00

15 2237.43 4174.73 1589.01 -2489.30 -1037 1.00

16 2996.07 4447.71 2237.43 -2652.07 -1037 1.00
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(3) Influence of landslide unit weight on landslide thrust
sliding force

Figure 6 shows that the greater the landslide unit
weight, the greater the landslide thrust sliding force.
When γ is 25 kN/m3, the distribution range of landslide
thrust sliding force is mainly between i = 3 and i = 18;
the maximum landslide thrust sliding force is about 6 ×
103 kN/m. When γ is 20 kN/m3, the distribution range
of landslide thrust sliding force is mainly between i =
10 and i = 17; the maximum landslide thrust sliding
force is about 3 × 103 kN/m. The unit weight of the
landslide mainly affects the value of the sliding force by
landslide gravity.

Deformation behavior of existing tunnels
induced by landslides

Transfer matrix method for solving elastic foundation
beam

The elastic foundation beam model is an important approach
to solve the interaction between tunnels and landslides. In this
study, the tunnel structure is simplified into a foundation
beam, and the tunnel-landslide interaction is simulated by
the spring. Considering the sliding direction of landslide is
perpendicular to the tunnel axis, the tunnel is in the most
unfavorable state of stress and the longitudinal deformation
is obvious. Therefore, the axial direction of the tunnel perpen-
dicular to the sliding direction of the landslide is selected in

Table 3 Calculation of landslide thrust sliding force at K = 1.1

Number Residual sliding force
qi(kN/m)

qa
(kN/m)

qb
(kN/m)

qc
(kN/m)

qd
(kN/m)

Transfer coefficient
ψi

8 103.36 2490.25 0.00 − 1349.90 − 1037 1.00

9 344.22 2790.53 103.36 − 1512.67 − 1037 1.00

10 722.59 3090.81 344.22 − 1675.44 − 1037 1.00

11 1238.46 3391.09 722.59 − 1838.21 − 1037 1.00

12 1891.84 3691.37 1238.46 − 2000.98 − 1037 1.00

13 2682.73 3991.64 1891.84 − 2163.76 − 1037 1.00

14 3611.12 4291.92 2682.73 − 2326.53 − 1037 1.00

15 4677.02 4592.20 3611.12 − 2489.30 − 1037 1.00

16 5880.42 4892.48 4677.02 − 2652.07 − 1037 1.00

17 2472.09 1779.22 4738.56 − 3139.69 − 906 0.81

18 419.20 1499.91 2472.09 − 2646.80 − 906 1.00

Table 4 Calculation of landslide thrust sliding force at K = 1.2

Number Residual sliding force
qi(kN/m)

qa
(kN/m)

qb
(kN/m)

qc
(kN/m)

qd
(kN/m)

Transfer coefficient
ψi

3 76.89 1703.52 0.00 − 264.63 − 1362 1.00
4 729.33 2384.92 76.89 − 370.48 − 1362 1.00
5 468.94 2032.54 483.37 − 1009.97 − 1037 0.66
6 469.07 2061.49 468.94 − 1024.35 − 1037 1.00
7 634.02 2389.06 469.07 − 1187.12 − 1037 1.00
8 963.76 2716.64 634.02 − 1349.90 − 1037 1.00
9 1458.31 3044.22 963.76 − 1512.67 − 1037 1.00
10 2117.66 3371.79 1458.31 − 1675.44 − 1037 1.00
11 2941.81 3699.37 2117.66 − 1838.21 − 1037 1.00
12 3930.77 4026.94 2941.81 − 2000.98 − 1037 1.00
13 5084.54 4354.52 3930.77 − 2163.76 − 1037 1.00
14 6403.10 4682.10 5084.54 − 2326.53 − 1037 1.00
15 7886.47 5009.67 6403.10 − 2489.30 − 1037 1.00
16 9534.65 5337.25 7886.47 − 2652.07 − 1037 1.00
17 5578.49 1940.96 7683.21 − 3139.69 − 906 0.81
18 3661.94 1636.26 5578.49 − 2646.80 − 906 1.00
19 2149.16 982.51 3661.94 − 1589.30 − 906 1.00
20 1040.89 327.50 2149.16 − 529.77 − 906 1.00
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this study. The position relationship between tunnel and land-
slide is shown in Fig. 7. The section OA of tunnel is within the
body of the landslide, and the section AB is within the sliding
bed. The underlying immovable rock and soil to which a land-
slide is attached during sliding is referred to as sliding bed.

The simplified force model is shown in Fig. 8. The param-
eter qi is the landslide thrust sliding force, which is calculated
by the Eq. (1). The point O is the midpoint of the tunnel
model, the part OA is the length of the tunnel within the
landslide, and the part AB is the length of the tunnel within
the sliding bed. The model is in accordance with the mechan-
ical condition of Winkler’s assumption. Since the normal
foundation coefficient of the soil around AB tunnel is greater
than that around OA tunnel, the stable soil around the tunnel
within the sliding bed has “anchoring” effect on the tunnel

within the landslide. If the length of tunnel AB is long enough,
its displacement will approach zero at a certain position.

Taking the i-th unit in the axial direction of the tunnel for
force analysis, as shown in Fig. 9, the parameter ωR

i−1 is the

deflection on the right side of unit i-1, MR
i−1 is the bending

moment on the right side of unit i-1, ϕR
i−1 is the rotation angle

on the right side of unit i-1, and QR
i−1 is the shear force on the

right side of unit i-1, ωL
i is the deflection on the left side of unit

i,ML
i is the bending moment on the left side of unit i, ϕL

i is the

rotation angle on the left side of unit i, and QL
i is the shear

force on the left side of unit i. The superscripts L and R of the
parameters in all formulas mean the left and right sides of the
unit respectively.
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According to the stress balance condition, the equilibrium
equation can be obtained as follows:

QL
i −Q

R
i−1 ¼ 0 ð7Þ

ML
i −M

R
i−1−Q

R
i−1Li ¼ 0 ð8Þ

ωL
i ¼ ωR

i−1−ϕ
R
i−1Li−M

L
i ⋅

L2i
2EIi

þ QL
i ⋅

L3i
3EIi

ð9Þ

ϕL
i ¼ ϕR

i−1 þML
i
Li
EI i

−QL
i

L2i
2EIi

ð10Þ

Combining the expressions in above equations leads to:

SLi
� � ¼

1
QL

i
ML

i
ωL
i

ϕL
i

2

66664

3

77775
¼

1 0 0 0 0
0 1 0 0 0
0 Li 1 0 0

0 −
L3i
6EIi

−
L2i
2EIi

1 −Li

0
L2i
2EI i

Li
EI i

0 1

2

666666664

3

777777775

1
QR

i−1
MR

i−1
ωR
i−1

ϕR
i−1

2

66664

3

77775
¼ Di;i−1

� �
SRi−1
� �

ð11Þ

where SLi
� �

is the internal force matrix on the left side of
unit i,, [Di, i − 1] is the transfer matrix from the right side of the

unit i-1 to the left side of the unit i, SRi−1
� �

is the internal force
matrix from the right side of the unit i-1, EIi is the flexural
rigidity, and Li is the tunnel length.

The internal force of the i-th node is analyzed by Fig. 10. In
the figure, QR

i , M
R
i , ω

R
i , and ϕR

i are the shear force, bending

moment, deflection, and rotation angle of the right side of the

unit i, respectively.QL
i ,M

L
i , ω

L
i , and ϕ

L
i are the shearing force,

bending moment, deflection, and rotation angle of the left side
of the unit i, respectively.

The matrix equation can be derived from the equilibrium
condition:

SRi
� � ¼

1
QR

i
MR

i
ωR
i

ϕR
i

2

66664

3

77775
¼

1 0 0 0 0
−qi 1 0 ki 0
Mi 0 1 0 0
0 0 0 1 0
0 0 0 0 1

2

66664

3

77775

1
QL

i
ML

i
ωL
i

ϕL
i

2

66664

3

77775
¼ Gi½ � SLi

� � ð12Þ

where SRi
� �

is the internal force matrix on the right
side of unit i; [Gi] is the transfer matrix of the internal

forces on the left and right sides of unit i; SLi
� �

is the
internal force matrix on the left side of unit i, ki is the
foundation coefficient (Vesic 1961); qi is the landslide
thrust force calculated by Eq. (1).

ki ¼ 0:65ES

B 1−ν2ð Þ

ffiffiffiffiffiffiffiffiffiffiffi
ESB4

EI

12

s

ð13Þ

where Es is the elastic modulus of the soil; ν is Poisson’s
ratio of the soil; EI is the bending stiffness of the beam; B is
the width of the beam (in this paper, it is the outer diameter of
the tunnel).

Fig. 7 Tunnel axial crossing vertical to sliding direction of landslide

Landslide boundary

Symmetrical central axis of the tunnel

Landslide boundaryqi

OAB

Fig. 8 Simplified foundation beam model of tunnel landslide

Fig. 9 Force analysis for i unit
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Substituting Eq. (12) into Eq. (11), the internal force matrix
on the left side of unit n can be obtained:

SLn ¼ Dn;n−1
� �

Gn−1½ �⋯⋯ Gi½ � Di;i−1
� �

⋯⋯ G2½ � D2;1

� �
G1½ � D1;0

� �
SR0
� �

ð14Þ

Equation (14) can be solved by combining the boundary
conditions.

For the foundation model shown in Fig. 8, the boundary
conditions are:

QO ϕO½ �T ¼ 0 0½ �T ; ωB ϕB½ � ¼ 0 0½ �T ð15Þ

There are four equations and eight unknowns in Eq. (14)
and there are four boundary conditions in Eq. (15). Through
combining Eqs. (14) and (15), a total of eight equations and
eight unknowns can be obtained, and all unknowns can be

solved. After calculating the unknown SR0
� �

, the transfer ma-
trix method can be used to solve all the remaining unknowns.
The equations are listed as follows:

SL1
� � ¼ D1;0

� �
SR0
� � ð16Þ

SR1
� � ¼ G1½ � SL1

� � ð17Þ
SLi
� � ¼ Di;i−1

� �
SRi−1
� � ð18Þ

SRi
� � ¼ Di½ � SLi

� � ð19Þ

Finally, the internal forces and deformation of any section
of the tunnel structure can be obtained considering the effects
of the landslides.

Case analyses

The model geometry parameters are as follows: The total
length of the tunnel is 170 m. The length of tunnel in landslide
is 50 m. The length of the tunnel within the landslide is 120 m
in total, of which 60 m on each side of the landslide. The outer
diameter of the tunnel is 6.68 m, the tunnel thickness is 0.48
m, and the tunnel cross-section area is 19.52 m2. The calcu-
lating parameters are as follows: the elastic modulus E is set as
6.5 × 104 MPa, the inertia moment I is set as 11.80 m4, the
bending stiffness EI is 7.67 × 108 kN·m2. The foundation
coefficient of landslide is kibody; the foundation coefficient of
the sliding bed is kibed; the landslide thrust sliding force acting
on the tunnel within the landslide is q. From Eq. (13) and the
above related parameters, kibody, kibed and q can be calculated.
We can get kibody = 9.09 × 104 kN/m3, kibed = 2.91 × 105 kN/
m3, and q = 500 kN/m.

During the calculation process, the tunnel is divided into
170 elements, that is, per meter is divided into one unit. Since
the calculation model is symmetrical, it can only be analyzed
on the left side. The internal force and deformation for the
existing tunnels are shown in Fig. 11.

Figure 11 a shows that the maximum for the bending
moment appears near the landslide boundary x = − 5 m
under the action of landslide thrust sliding force. It is
noteworthy that the distribution of tunnel bending moment
in the sliding bed is from negative to positive value.
Finally, it is reduced to zero and the influence depth is
about 50 m. In the middle of the tunnel length, the bend-
ing moment is the largest at x = 25 m. The bending mo-
ment is 0 when x is approximately 3 m. Figure 11b shows
the deflection distribution under the effects of the land-
slide thrust. As shown in Fig. 11b, the deflection is the
largest when x is equal to 25 m, and there is also displace-
ment along the landslide boundary. In the sliding bed, the
displacement value changes from negative to positive, and
it gradually disappears when x is near to − 50 m.
Figure 11c is a shear diagram under the effects of the
landslide thrust. As shown in Fig. 11c, there is a sudden
change of shear force at the boundary of the landslide, and
the shear values on both sides of the landslide are basical-
ly equal. On the left side of the landslide boundary, the
shear force changes from negative to positive, and on the
right side of the landslide boundary, the shear curve ap-
proaches a parabola. Figure 11d shows the tunnel rotation
angle diagram under the action of landslide thrust sliding
force. The rotation angle is the largest near x equals to 0
m, and it approaches zero at x = 25 m. In the x range from
− 35 to − 20 m, the tunnel has reverse warping. In this
figure and subsequent tunnel internal force deformation
figure, the area with green background color is the area
of the sliding bed, and the area with yellow background
color is the landslide area.

Fig. 10 Internal force transfer of i unit
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Example verification

Numerical simulation analyses

In order to verify the effectiveness and applicability of the
simplified analytical solution in this study, the numerical sim-
ulation method is used and the element discrete model is
shown in Fig. 12. The size of the model is from 0 to 175 m
in the direction z, from 0 to 300 m in the direction x, and from
0 to 187.5 m in the direction y, respectively. The coordinate
xyz and origin are shown in Fig. 12. As shown in Fig. 12, the
model consists of five parts: the sliding bed, the landslide, the
sliding zone, the lining in sliding bed and in landslide, which
are distinguished by different colors. The number of meshes
and nodes is 279900 and 293112, respectively. The excava-
tion of the tunnel is realized by setting the “group” of the
tunnel as “null”.

The physical parameters of this model are selected in
Table 5. The numerical simulation conditions are listed as
follows: (1) The displacement constraint condition are:

Fixed the z-direction displacement of all nodes, fixed the x,
y, z-direction displacement of all nodes in the plane where y
equals 0 m, and fixed the x-direction displacement of all nodes
in the planes where x equals 0 and 300 m. (2) The Mohr-
Coulomb criterion is used for the sliding bed, the landslide,
and the sliding zone, and the elastic criterion is used in the
lining. The initial in situ stress is gravity stress field and the
gravity direction is -y. (3) The initial in situ stress is balanced
first, and then the displacement of all nodes is set to zero to
ensure that the calculation is based on the initial in-situ stress
balance state.

In this study, the numerical simulation results for the
tunnel-landslide interaction are extracted, including the total
displacement, the Y-direction displacement, the X-direction
displacement, and the principal stress. Figure 13 shows the
total displacement nephogram of the existing tunnel caused
by the landslide. From the figure, it can be seen that the dis-
placement of the tunnel within the sliding bed is basically
zero, and the tunnel within the landslide has deformation
along the sliding direction under the thrust of the landslide.
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The maximum displacement is about 10 mm. Figures 14 and
15 show the displacement rules of the tunnel in the Y and X

direction, respectively. It can be seen that there is almost no
displacement of the tunnel within the sliding bed, and the
displacement of middle tunnel within the landslide is the larg-
est, and gradually decreases to both sides. Figure 16 is the
principal stress of the tunnel due to landslide. It shows in the
figure that the principal stress of the tunnel at the junction of
landslide and sliding bed is the largest and gradually decreases
to both sides. Figures 17 and 18 are stress nephograms in Y
and X directions of the tunnel, respectively. The stress of the
tunnel within the landslide is larger value and gradually de-
creases to both sides.

Comparison of numerical and simplified analytical
solution

The deflection comparison between the numerical solution
and the simplified analytical solution is shown in Fig. 19.
The range of x greater than − 60 m and less than 0 m is the
length range of the tunnel in the sliding bed, and the range of x
greater than 0 m and less than 25 m is the length range of the
tunnel in the landslide. The figure shows that the trends of
both simplified analytical and numerical solution are very
similar. When x is within the range of − 30 to − 10 m, the
calculated result of the numerical solution is slightly larger
than that of the simplified analytical solution.When x is within
the range of 10 to 20 m, the calculated result of the numerical
solution is slightly smaller than that of the simplified analyti-
cal solution. For x = 25 m, both the numerical solution and the
simplified analytical solution reach the maximum value, about
10 mm.

Comparison of the bending moments between the numer-
ical and simplified analytical solution is shown in Fig. 20. The
range of x greater than − 60 m and less than 0 m is the length
range of the tunnel in the sliding bed, and the range of x greater
than 0 m and less than 25 m is the length range of the tunnel in
the landslide. When x is within the range of − 20 to − 5 m, the
calculated result of the numerical solution is larger than that of
the simplified analytical solution. When x is within the range
of 0 to 10 m, the calculated result of the numerical solution is
slightly smaller than that of the simplified analytical solution.
When x is within the range of 10 to 25 m, the calculated result
of the numerical solution is slightly larger than that of the
simplified analytical solution. At a position where x is equal
to − 5 m, the bending moment reaches a maximum value of
about 2.0 × 104 kN·m. Generally speaking, the simplified
analytical solution is in good agreement with the numerical
values.

Analyses of influence parameters

In order to further understand the interaction mechanism be-
tween tunnel and landslide, the influence parameters are

Sliding bed

Landslide

Sliding zone

Tunnel in sliding bed

Tunnel in Landslide

(a)

(b)

(c)
Fig. 12 Numerical model. a Tunnel-landslide overall model. b Lining
and sliding zone. c Landslide model
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analyzed in this study. The total length of the tunnel is 170 m.
Among them, the length of the tunnel in the landslide is 50 m;
the length of the tunnel in the sliding bed is 120 m, and the two
sides of the landslide account for 60 m. The elastic modulus E
is set as 6.5 × 104MPa, the inertia moment I is set as 11.80 m4,
so the bending stiffness EI is 7.67 × 108kN·m2. The outer
diameter of the tunnel is 6.68 m, the thickness is 0.48 m,
and the cross-section area is 19.52 m2.

Influence of landslide thrust sliding force on internal
force and deflection of tunnel

Setting parameters are as follows: kibody defined as the foun-
dation coefficient of the landslide is 4.0 × 104 kN/m3; kibed
defined as the foundation coefficient of the sliding bed is 5.0 ×
105 kN/m3; q defined as the landslide thrust sliding force
acting on the tunnel within the landslide is taken as 200 kN/
m, 500 kN/m, and 800 kN/m, respectively. The internal force
and displacement curves for the existing tunnel induced by the
landslide thrust sliding force are shown in Fig. 21.

As shown in Fig. 21a, at the same location of the tunnel,
the bending moment increases gradually with the increase
of the tunnel load. At the junction of landslide and sliding
bed (near the left side of x equal to 0), the bending moment
values are about 1.0 × 104 kN·m, 2.5 × 104 kN·m, and 4.0 ×
104 kN·m, respectively. In the middle of the tunnel (x
equals about 25 m), the bending moment values are about

1.0 × 104 kN·m, 2.0 × 104 kN·m, and 4.0 × 104 kN·m,
respectively. Figure 21b shows the deflection distribution
of tunnels under different landslide thrust sliding forces.
From the figure, it can be seen that the deflection increases
gradually with the increase of loads, and the deflection is
the largest in the middle of the tunnel location. The max-
imum deflections under different loads are about 4 mm, 10
mm, and 17 mm, respectively. Within the sliding bed,
when x is within the range of − 30 to − 10 m, the tunnel
has reverse displacement. Figure 21c shows the shear
curves of tunnels under different landslide thrust sliding
forces. In general, the shear force increases gradually with
the increase of landslide thrust sliding force. At the junc-
tion of landslide and sliding bed (x equals about 0), the
shear force on the left side is less than that on the right
side; the shear force on the right side is about 2 × 103

kN, 4 × 103 kN, and 7 × 103 kN, respectively. Figure 21d
shows the tunnel rotation angle curves under different
landslide thrust sliding forces. The rotation angle of the
tunnel increases with the increase of the landslide thrust
sliding force. When x is in the range of − 30 to − 20 m,
the tunnel has different degrees of reverse bending.
Furthermore, the greater the load is, the more obvious the
reverse bending of the tunnel is. Under different landslide
thrust sliding forces, the rotation angles near x = 5 m are
0.2 × 10-3 rad, 0.45 × 10-3 rad, and 0.75 × 10-3 rad, respec-
tively. The rotation angle at x = 25 m is reduced to zero.

Table 5 Physical parameters of numerical model

Name Cohesion (MPa) Internal friction angle (°) Weight (kN/m3) Elastic Modulus (MPa) Poisson’s ratio

Sliding bed 0.5 39 23 2000 0.28

Landslide 0.1 35 20 800 0.30

sliding zone 0.015 33 20 200 0.32

Lining in sliding bed – – 25 2.5e4 0.223
Lining in tlandslide

Fig. 13 Tunnel displacement nephogram
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Influence of foundation coefficient of landslide on
internal force and deflection of tunnel

Setting parameters are as follows: kibed defined as the founda-
tion coefficient of the sliding bed is 5.0 × 105 kN/m3; q de-
fined as the landslide thrust sliding force acting on the tunnel
within the landslide is 500 kN/m; kibody defined as the foun-
dation coefficients of the landslide are taken as 4.0 × 104 kN/
m3, 7.0 × 104 kN/m3, and 1.0 × 105 kN/m3, respectively.
Figure 22 shows the internal force and deflection curves of
the tunnel with different foundation coefficient of the
landslide.

As shown in Fig. 22a, as the foundation coefficient of
the landslide increases, the maximum bending moment
gradually decreases. At the junction of the tunnel and the
landslide (x equals about − 5 m), the bending moment
values are about 1.0 × 104 kN·m, 2.0 × 104 kN·m, and 4.0
× 104 kN·m, respectively. In the middle of the tunnel (x
equals about 25 m), the bending moment values are about
2.0 × 104 kN·m, 1.0 × 104 kN·m, and 0.75 × 104 kN·m,
respectively. The bending moment is zero when x equal to

5 m. It can be seen from Fig. 22b that the deflection is the
largest in the middle of the tunnel, and the deflection grad-
ually decreases as the foundation coefficient of the land-
slide increases. Under different landslide foundation coef-
ficients, the deflections are about 5 mm, 7 mm, and 11 mm
at x equal to 25 m, respectively; the deflection at the junc-
tion of the landslide tunnel (x is equal to 0) is about 2 mm, 3
mm, and 4 mm, respectively. In the range of x from – 30 to
– 10 m, there is substantially no deflection. It shows from
Fig. 22c that as the coefficient of the foundation of land-
slide increases, the shear force gradually decreases. In the
vicinity of the right side where x is equal to zero, the shear
forces for three cases reach to maximum value, which are
about 2.5 × 103 kN, 3.0 × 103 kN, and 4.5 × 103 kN, re-
spectively. At a position where x is equal to − 25 m and x is
equal to 25 m, the shear force is substantially reduced to
zero. Figure 22d shows the rotation angle curves with dif-
ferent foundation coefficients of the landslide. As the foun-
dation coefficient of the landslide increases, the rotation
angle of the tunnel gradually decreases. In the vicinity of
x = 5 m, the rotation angles of the tunnel are 0.45 × 10-3 rad,

Fig. 14 Y-direction tunnel displacement nephogram

Fig. 15 X-direction tunnel displacement nephogram
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0.3 × 10-3 rad, and 0.25 × 10-3 rad, respectively. In the
middle of the tunnel (where x equals 25 m), the rotation
angle is reduced to 0. When x is in the range of − 35 to −
20 m, the tunnel has reverse bending moment.

Influence of foundation coefficient of sliding bed on
internal force and deflection of tunnel

Setting parameters are as follows: kibody defined as the
foundation coefficient of the landslide is 4.0 × 104 kN/
m3; q defined as the landslide thrust sliding force acting
on the tunnel within the landslide is 500 kN/m; kibed de-
fined as the foundation coefficient of the sliding bed is
taken as 5.0 × 105 kN/m3, 1.0 × 106 kN/m3, and 1.5 × 106

kN/m3, respectively.
Figure 23 shows the internal force and deflection

curves of the tunnel with different foundation coefficient
of sliding bed. As shown in Fig. 23a that as the foun-
dation coefficient of sliding bed increases, the bending
moment gradually increases. The bending moments for
three cases reach to the largest at the junction of the

landslide and the sliding bed, which are 2.5 × 104 kN·
m, 3.0 × 104 kN·m, and 3.5 × 104 kN·m, respectively.
In the middle of the tunnel, the bending moments are
basically the same, both around 2.5 × 104 kN·m.
Figure 23b are tunnel deflection curves under different
sliding bed foundation coefficients. Generally speaking,
the variation of sliding bed foundation coefficients has
little effect on tunnel deflection. The deflection of the
middle part of the tunnel (where x equals 25 m) is the
largest, and it is about 10 mm in all three cases. When
x equals zero, the deflection of the tunnel is about
2 mm in all three cases. Figure 23c is a tunnel shear
diagram with different foundation coefficients of sliding
bed. The shear force on both sides of the boundary
between landslide and sliding bed is the largest. Near
the right side where x equals 0, the shear force is about
5.0 × 103 kN. Near the left side where x equals zero,
the shear forces are about 2 × 103 kN, 4 × 103 kN, and
7 × 103 kN, respectively. The shear force on both sides
of x equals 0 decreases gradually. In the middle of the
tunnel (where x equals 25 m), the shear force is

Fig. 16 Tunnel principal stress nephogram

Fig. 17 Y-direction tunnel stress nephogram
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basically zero. Figure 23d shows the tunnel rotation
angle diagram with different foundation coefficients of
the sliding bed respectively. On the right side where x
equals 0, the influence of foundation coefficient of slid-
ing bed on tunnel rotation angle is negligible. When x
is about 5 m, the rotation angle of the tunnel is about
0.45 × 10-3 rad. When x is in the range of − 30 to − 15
m, the tunnel has reverse bending.

Influence of tunnel lining stiffness on internal force
and deflection of tunnel

Setting parameters are as follows: kibody defined as the
foundation coefficient of the landslide is 4.0 × 104 kN/
m3; kibed defined as the foundation coefficient of the slid-
ing bed is 5.0 × 105 kN/m3; q defined as the landslide
thrust sliding force acting on the tunnel within the land-
slide is 500 kN/m. The bending stiffness EI is taken as 4.0

× 108 kN·m2, 7.67 × 108 kN·m2, and 1.2 × 109 kN·m2,
respectively. Figure 24 shows the internal force and dis-
placement curves for the tunnel with different lining
stiffness.

Figure 24a shows the bending moments of tunnels with
different lining stiffness. It can be seen from the figure
that the bending moment increases gradually with the in-
crease of tunnel lining stiffness. When x is placed in the
range of − 20 to 5 m, there are bending moments on the
lower side of the tunnel; when x is placed in the range of
− 5 to 0 m, the tunnel is located in the sliding bed, and
there are large bending moments in this range. The max-
imum values for three cases reach to about 1.5 × 104 kN·
m, 2.5 × 104 kN·m, and 3.0 × 104 kN·m, respectively.
This part is equivalent to the fixed support of the tunnel.
It can be seen from Fig. 24b that as the tunnel lining
stiffness increases, the maximum displacement gradually
decreases. The tunnel has a large deformation in the range

Fig. 18 X-direction tunnel stress nephogram
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Fig. 19 Comparison of deflection between numerical and simplified
analytical solution
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of − 5 m < x < 30 m, especially in the middle of the
tunnel, and the displacements are about 10 mm, 11 mm,
and 13 mm respectively. In the range of − 30 m < x < −
10 m, the tunnel has a reverse displacement, mainly be-
cause the reaction force of this part of the tunnel is rela-
tively large. Figure 24c shows the shear force curves of
the tunnel under different stiffnesses. As the stiffness of
the tunnel lining increases, the maximum shear force in-
creases. Near the right side where x equals zero, the shear
force of the tunnel is the largest, and the values are about
3.0 × 103 kN, 4.0 × 103 kN, and 5.0 × 103 kN, respec-
tively. In the middle of the tunnel (where x equals 25 m or
30 m), the shear force is basically reduced to zero.
Figure 24d is a rotation angle diagram of the tunnel under
different stiffnesses. As the stiffness of the tunnel lining

increases, the maximum rotation angle gradually de-
creases. When − 30 m< x <− 25 m, the tunnel has reverse
bending. Near x equals 5 m, rotation angles of the tunnel
are 0.4 × 10-3 rad, 0.45 ×10-3 rad, and 0.55 × 10-3 rad,
respectively. Near x equals 25 m, the rotation angle of the
tunnel is reduced to zero.

Influence of tunnel length on internal force and
deflection of tunnel

Assume that the length of the tunnel within the land-
slide is 50 m, 80 m, and 110 m, respectively; the length
of the tunnel within the sliding bed is 120 m, of which
60 m on both sides of the landslide. kibody defined as
the foundation coefficient of the landslide is 4.0 × 104
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kN/m3; kibed defined as the foundation coefficient of the
sliding bed is 5.0 × 105 kN/m3; q defined as the land-
slide thrust sliding force acting on the tunnel within the
landslide is 500 kN/m.

Figure 25 shows the internal force and deflection
curves of the tunnel when the length of the tunnel within
the landslide is 25 m, 40 m, and 55 m respectively. It can
be seen from Fig. 25a that when x is in the vicinity of − 5
m, the bending moments are basically the same in three
cases; In the middle of the tunnel, the bending moment
diagrams of tunnels of different lengths are very different.
Especially when the length L of the tunnel in the landslide
is equal to 55 m, the bending moment in the middle of the
tunnel is basically reduced to zero. When the lengths of
the tunnel within the landslide are 25 m and 40 m, the

bending moments in the middle of the tunnel are 2.5 ×
104 kN·m and 1.0 × 104 kN·m, respectively. It can be seen
from Fig. 25b that the displacement values of tunnels with
different lengths in the range of − 60 m < x < 20 m are
basically the same, and the maximum displacements ap-
pear near the middle of the tunnel, which are about 10
mm, 13 mm, and 12.5 mm respectively. In the range
where x is from − 30 to − 10 m, the tunnel has a reverse
displacement. It can be seen from Fig. 25c that the tunnel
shear force is basically the same in the range of x from −
60 to 0 m; when the tunnel length in the landslide is 25 m,
the internal shear force is gradually reduced to 0 when x is
greater than zero. The tunnels with lengths L = 40 m and
L = 55 m have reverse shear forces in the range of x > 20
m. Figure 25d is a tunnel rotation angle diagram with
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different tunnel lengths. It can be seen from the figure that
the rotation angle of the tunnel is basically the same in the
range of x less than 5 m. The rotation angle of the tunnel
is about 0.45 × 10-3 rad in the vicinity of x equals 5 m. In
the middle of the tunnel, the rotation angle of the tunnel is
basically reduced to zero, but the form of the curve
changes is different.

Conclusions

This paper deals with the problem of the influence of moun-
tainous landslides on the deformation of existing tunnels. This
study aims to provide theoretical basis for the maintenance
and reinforcement of existing tunnels in landslide area. The

tunnel model is simplified as an elastic foundation beam, and
the interaction between tunnel and landslide is simulated by
soil spring. Firstly, based on the transfer coefficient method
and the limit equilibrium method, the force balance equation
of the landslide is established and the landslide thrust sliding
force is obtained. Then, the landslide thrust sliding force is
applied to the tunnel structure and the transfer matrix method
is used to calculate the tunnel model which has been simpli-
fied to elastic foundation beam.

According to the slice method, the tunnel is divided into
several parts and the stress of each element is analyzed.
Considering the effect of adjacent strip elements, the expres-
sion of landslide thrust sliding force is obtained. The influence
of the safety coefficient, the cohesive force, and the internal
friction angle on the landslide thrust sliding force is analyzed.

-60 -50 -40 -30 -20 -10 0 10 20 30

-60

-50

-40

-30

-20

-10

0

10

20

30

Tunnel length x/m

B
en

d
in

g
  

m
o

m
en

t 
 M

/(
×

1
0

3
 k

N
·m

)

kibed=5.0×105kN/m3

kibed=1.0×106kN/m3

kibed=1.5×106kN/m3

Area of sliding bed Landslide area

-60 -50 -40 -30 -20 -10 0 10 20 30

12

10

8

6

4

2

0

-2

Tunnel length x/m

D
ef

le
ct

io
n
ω

/m
m kibed=5.0×105kN/m3

kibed=1.0×106kN/m3

kibed=1.5×106kN/m3

Area of sliding bed Landslide area

-60 -50 -40 -30 -20 -10 0 10 20 30

-6

-4

-2

0

2

4

Tunnel length x/m

S
h

ea
r 

fo
rc

e
Q

/ 
(×

1
0

3
k

N
)

kibed=5.0×105kN/m3

kibed=1.0×106kN/m3

kibed=1.5×106kN/m3

Area of sliding bed Landslide area

-60 -50 -40 -30 -20 -10 0 10 20 30

0.6

0.5

0.4

0.3

0.2

0.1

0.0

-0.1

Tunnel length x/m

R
o

ta
ti

o
n

 a
n

g
le

 φ
/(×

1
0

-3
ra

d
)

kibed=5.0×105kN/m3

kibed=1.0×106kN/m3

kibed=1.5×106kN/m3

Area of sliding bed Landslide area

(a)

(b)

(c)

(d)
Fig. 23 Internal force and deflection curves for tunnel with different foundation coefficients of sliding bed. a Bending moment curves for tunnel. b
Deflection curves for tunnel. c Shear force curves for tunnel. d Rotation angle curves for tunnel

4668 Z. Zhang et al.



The results show that with the increase of safety coefficient,
the landslide thrust sliding force increases, but the cohesive
force and internal friction angle decrease. The internal force
and deformation solution of the tunnel are derived by the
transfer matrix method. The results show that at the junction
between the landslide and the sliding bed and the inside of the
landslide, the bendingmoment of the tunnel is relatively large,
and the deformation is the largest in the middle of the tunnel,
and the shearing force is abrupt at the junction of the landslide.
The internal force and deformation diagram obtained by the
simplified analytical solution is compared with the numerical
solution. The results show that the numerical solution is basi-
cally in agreement with the analytical solution.

The influence of different influence parameters on the in-
ternal force and deflection of tunnel is analyzed considering
the loads form the landslides. The results show that with the

increase of landslide thrust sliding force, the internal force and
deflection of tunnel increase gradually. The larger the coeffi-
cient of sliding foundation, the smaller the internal force and
deflection of tunnel. The coefficient of sliding bed foundation
has little influence on the internal force and deflection of tun-
nel. The greater the stiffness of the tunnel lining, the greater
the internal force and the smaller the deflection of the tunnel.
Tunnel length has obvious influence on the maximum internal
force and deflection of tunnel in landslide, but it has little
effect on the internal force and position of tunnel in sliding
bed.

It is noteworthy that the major limitation of the proposed
method stems from the simplified assumptions of linearity and
elasticity. Physically, the landslide soil is perfectly elastic but
generally non-linear and tunnel liners are not homogeneous
but rather mostly non-homogeneous, but this cannot be
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considered by this analytical method. Although the range of
analytical solutions proposed is limited, it can provide theo-
retical basis for the maintenance and reinforcement of existing
tunnels in landslide area. The complicated response consider-
ing advanced mechanisms, such as soil extensive yielding,
nonlinear soil behavior, and the elastic-plastic properties of
tunnels still require further exploration to approach a solution
which conforms with nature. Finally, with the help of numer-
ical software and measure technology, further research re-
mains to be done to assess the influence of landslides on the
internal force and the deformation of existing tunnels.
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