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Composite lining is often designed for the mountainous tunnels in high-intensity earthquake areas. ,e application of the
buffer layer will bring more advantages, while the shock-absorbing mechanism is still unclear currently. In this paper, based on
the Fourier-Bessel series expansion method, the dynamic stress concentration factor of composite lining tunnel with buffer
layer subjected to plane SV waves in the half-space is obtained. ,en, the influence of geometric and mechanical parameters of
the buffer layer on composite lining was systematically analyzed. Finally, the correctness of the analytical solutions is verified by
series shaking table tests and numerical simulations. Results suggest that the buffer layer can play the role of “redistributing” the
seismic load, and it can effectively reduce the dynamic responses of secondary lining but amplify in primary support. ,ere is
an optimal interval of the stiffness and thickness for the buffer layer. When the stiffness ratio of the buffer layer to surrounding
rock is 1/10 ∼1/50 or the ratio of buffer layer thickness to inner diameters of secondary lining is 1/40∼1/20, the shock-
absorbing performance is remarkable.,e general damage observations in tests show that the crown, arch springing, and invert
of composite lining in case of no buffer layer are prone to cracking under a strong earthquake. ,e invert of the composite
lining is more susceptible to be damaged after adopting the buffer layer. In general, the analytical results were consistent with
experimental and numerical results. ,e above study results may provide theoretical support and experimental data for the
seismic design of composite lining tunnels.

1. Introduction

Generally, the underground structure has been considered to
have better seismic performance compared with surface
structure. However, regarding the Kobe earthquake in Japan
in 1995, a large number of underground structures suffered
severe damage [1], which overturns the traditional concepts.
Underground facilities are often used as lifeline engineering,
the repair of earthquake damage comes at a high cost, and
seismic fortification measures have drawn great attention [2].

Generally, antiseismic and shock absorption measures
are two kinds for seismic design of tunnel [3]. ,e

antiseismic measures are mainly to strengthen the sur-
rounding rock (grouting around the lining, drainage, in-
stallation of anchor rods, etc.) or to improve the stiffness of
the lining structure (using high-performance concrete, in-
creasing the thickness, increasing the reinforcement, etc.)
[4, 5]. ,e shock absorption measures are usually to design
buffer layers with thinner thickness and smaller stiffness
around the outer lining. ,e most common buffer layers are
simple plate-type and injection-type; the former is repre-
sented by rubber, while the latter is represented by foamed
concrete, polymer [6–11]. ,e buffer layer is much softer
than the surrounding rock and lining; thus, the interaction
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between the lining and surrounding rock could be improved
[12, 13]. Compared with antiseismic measures, it is simple
and effective to adopt buffer layers [14]. Surely, antiseismic
measures and shock absorption measures can both be
adopted in the seismic design of tunnels, under some special
adverse geological conditions [15]. In practical engineering,
the buffer layer mainly consists of rubber material and
compressible foamed concrete. Rubber material is a typical
superelastic material, its shear modulus is lower than the
lining, and it can bear large deformation. Foam concrete is
relatively widely used for the following reasons [16]: (1)
foamed concrete has good deformation performance due to
the presence of a large number of pores; (2) the mix ratio and
casting thickness of foamed concrete can be adjusted
quantitatively; (3) foamed concrete is easy to adapt to the
geological environment and site construction requirements.

Different kinds of methods have been employed for
seismic design of tunnels, such as field prototype observation
[17–19], shaking table tests [20–24], numerical simulations
[25–29], and analytical methods. Field prototype observa-
tion data for earthquake damage are scarce. ,erefore, the
mechanism and measures of antiseismic and shock ab-
sorption are mainly explored by analytical methods, shaking
table tests, and numerical simulations. Analytical methods
play an irreplaceable role compared with the numerical
method; besides, it is also an important means to verify the
accuracy of numerical methods [30]. Shaking table test can
reproduce various seismic waves in the lab, directly reappear
the earthquake damage phenomenon, and obtain the dy-
namic response of the structure, so it is an effective method
to solve the complex seismic engineering problems [31].

In terms of analytical methods, wave function expansion
has been widely used in the dynamic stress concentration of
tunnel structures, which can reveal the mechanical response
mechanism of composite lining tunnel with buffer layer in
essence and can be used to verify the numerical calculation
and test results. Separation of variables is adopted to get the
ordinary differential equations in the Fourier-Bessel series
expansion method, then the general solutions can be ex-
panded into the Fourier-Bessel series, and finally, the closed
solution of the potential function can be solved in given
boundary conditions. ,e key to wave function expansion
method is to establish a special coordinate system that can
describe the geometry of the scatterer, so it is only applicable
to some simple and regular geometry, such as circular, el-
liptic, or parabolic cross section. In addition, the wave
function expansion method is suitable for low-frequency
incident wave in the near field. Pao [32] pioneeringly studied
the problem of dynamic stress concentration of hollow
cavities and lining tunnels in infinite space under elastic
wave incidence. Davis [33] and Lee [30, 34–36] deduced the
dynamic stress concentration of circular lining tunnel under
SH and SV waves incidence and analyzed the dynamic re-
sponse law of flexible pipe subjected to real seismic wave. Xu
et al. [37] gave the series solution of a semispace circular
tunnel under subjected to P waves. Kara [38] studied the
diffraction of plane SH waves in a cylindrical tunnel in a
homogeneous and isotropic elastic 1/4 space. Lin [39]
proposed analytical solutions for semispace surfaces on

stress-free boundary conditions and relaxed boundary
conditions. Fan [40] introduced a linear spring model to
describe the imperfect contact surface between rock mass
and lining and then studied the dynamic response of circular
lining tunnel to plane SV waves.

However, most of the literature focuses on monolayer
lining and lacking theoretical analysis on the dynamic re-
sponse of the composite lining. What is more, there is a
general lack of experimental demonstration, which makes
analytical solutions difficult to apply widely. Hence, in this
paper, the wave function expansion method is adopted to
study the dynamic stress concentration of composite lining
tunnel with buffer layer subjected to plane SV waves at
different incident angles in elastic half-space. ,e influence
of Young’s modulus and thickness of the buffer layer on the
dynamic stress of the composite lining is systematically
analyzed. First, the series solutions of stress and displace-
ment of composite lining are obtained by the Fourier-Bessel
series expansion.,en, the linear equations of wave function
coefficients are solved by MATLAB software, and the dy-
namic stress concentration factors (DSCF) of composite
lining are obtained. ,e influences of angle of incidence,
Young’s modulus, and thickness of the buffer layer on DSCF
are discussed. Finally, the correctness and reliability of the
analytical solution are verified by shaking table tests and
numerical simulation. Such studies could provide a refer-
ence for the seismic design of shallow-buried composite
lining tunnel in high-intensity area.

2. Model of Composite Lining Tunnel with
Buffer Layer

,e model of “Primary Support-Buffer Layer-Secondary
Lining” for composite lining tunnel in half-space is depicted
in Figure 1.

,e distance between the tunnel center and the half-
space surface is h. ,e outer radius of primary support,
buffer layer, and the secondary lining is R1,R2, and R3 re-
spectively.,e inner radius of the secondary lining is R4.,e
half-space and the composite lining are assumed to be
isotropic, homogeneous, and elastic. ,e mechanical pa-
rameters are determined by Ramey’s constants λi, Gi and
density ρi, and the compression and shear wave velocities are
denoted by cα,i and cβ,i, where i � s, p, b, l, respectively,
representing the surrounding rock, primary support, buffer
layer, and secondary lining.

,e equations of the scattering waves in the rectangular
coordinate system are complicated. To simplify, a large arc is
adopted to simulate the surface of half-space; then the scat-
tering waves in half-space can be transformed from rectangular
coordinate o to polar coordinate o2. ,e large arc radius
b � 10000R1, where the center is located at o2 and D is the
distance between o1 and o2. Studies indicate that the solution
converges to the exact solution when the arc is large enough
[30]. In this section, the influence of initial stress is not
considered in theoretical analysis, and the contact between
surrounding rock and tunnel is ignored. It is assumed that the
stress and displacement are continuous at the interfaces be-
tween the composite lining tunnel and the half-space.
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2.1. Wave Function of Free Field in Half-Space. Planar har-
monic SV waves are incident at θβ, regardless of the dis-
sipation during propagation; then the displacement
potential function of steady-state incident waves can be
expressed in rectangular coordinate o(x, y) as [30]

ψ(i)
(x, y) � B0 exp iksβ x sin θ0 + y cos θ0(  e

− iωt
. (1)

Waveform transition of the incident SV waves will occur
on the half-space surface, generating reflected SV and P
waves. ,e displacement potential function of reflected SV
waves is

ψ(r)
(x, y) � B1 exp iksβ x sin θβ − y cos θβ  e

− iωt
. (2)

When the angle of incidence is larger than the critical
angle, the reflected P waves will no longer be planar, but
surface waves [41]. ,e critical angle is θcr � sin− 1(cβ,s/cα,s).
,us, two ways are analyzed through whether the angle of
incidence is larger than the critical angle.

2.1.1. :e Angle of Incidence Is Less :an the Critical Angle:
θβ < θcr. As a result, the reflected P waves are planar; the
displacement potential function is as follows:

ϕ(r)
(x, y) � B2 exp iksα x sin θα − y cos θα(  e

− iωt
, (3)

where B0，B1，and B2 are the amplitude of incident plane SV
waves and reflected plane SV and P waves, respectively. ksα �

(ω/cα,s) is the number of P waves; ksβ � (ω/cβ,s) is the
number of SV waves. θβ is the incidence and reflected angle
of SV waves, and θα is the reflected angle of P waves. Ig-
noring the time item e− iωt and using Fourier-Bessel series,
the displacement potential functions of the incident and

reflected SV waves and reflected P waves in o1, the coor-
dinate system, are expanded as follows [30]:

ψ(i+r)
r1, θ1(  � 

∞

n�0
Jn ksβr1  C0,n sin nθ1 + D0,n cos nθ1 ,

ϕ(r)
r1, θ1(  � 

∞

n�0
Jn ksαr1(  A0,n cos nθ1 + B0,n sin nθ1 ,

(4)

where Jn() is the Bessel function of the first kind and
represent converging standing waves.

,e coefficients A0,n，B0,n，C0,n，and D0,n in the potential
function are expressed as

A0,n

B0,n

  � εni
n

cos nθα
sin nθα

 k1 exp iksαh cos θα( ,

C0,n

D0,n

  � εni
n

sin nθβ
cos nθβ

⎧⎨

⎩

⎫⎬

⎭ ∓(−1)
n exp −iksβh cos θβ 

+ k2 exp iksβh cos θβ ,

(5)

where ksa sin θα � ksβ sin θβ; εn � 1, for n � 0; εn � 2, for
n≥ 1. ,e values of εn are derived from the Bessel function
equation, which is transformed from n � −∞⟶∞ to
n � 0⟶∞; k1 and k2 are the reflection coefficients of the
incident wave on the half-space surface:

k1 �
2 cp,s/cs,s 

2
sin 2θβ cos 2θβ

sin 2θα cos 2θβ + cp,s/cs,s 
2
cos2 2θβ 

k2 �
sin 2θα cos 2θβ − cp,s/cs,s 

2
cos2 2θβ 

sin 2θα cos 2θβ + cp,s/cs,s 
2
cos2 2θβ 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (6)

where cp,s and cs,s are the wave velocities of P and SV in half-
space, respectively.

2.1.2. When the Angle of Incidence of Plane SV Waves Is
Larger :an the Critical Angle: θβ > θcr. ,e reflected angle
of reflected P waves satisfies Snell’s law: sin θα �

(cα,s/cβ,s)sin θβ > 1; however, the reflected angle θα has no
real solution, thus introducing a real numberΦα to make the
following equation hold [42]:

1<
cα,s

cβ,s

 sinθβ � coshΦα � cos iΦα � sin
π
2

− iΦα  � sinθα,

(7)

where θα � (π/2) − iΦα is a complex angle. Defining two real
numbers to simplify the equations: k � ksα sin θα �

ksβ sin θsβ; c � −iksα cos θα.
By transformation, the reflected P waves in the coor-

dinate (x, y) can be expressed as

ϕ(r)
(x, y) � B2 exp(−cy + ikx), (8)

which can be expressed in cylindrical coordinates, o1(r1, θ1):
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Figure 1: Model of composite lining with buffer layer in half-space.
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ϕ(r)
r1,θ1(  � k1 exp(−ch)exp −cr1 cosθ1 + ikr1 sinθ1( . (9)

Further, expanding it in Fourier-Bessel series and for
θβ > θcr, it can also be solved according to the case of θβ < θcr:

ϕ(r)
r1, θ1(  � 

∞

n�0
Jn ksαr1(  A0,n cos nθ1 + B0,n sin nθ1 ,

A0,n �
1
N



2N−1

l�0

ϕ∗ r1, (πl/N)( cos((πl/N)n)

Jn ksar1( 

B0,n �
1
N



2N−1

l�0

ϕ∗ r1, (πl/N)( sin((πl/N)n)

Jn ksar1( 

⎫⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

,

(10)

When the incident SV waves and reflected SV and P
waves in free field encounter the tunnel, radial dispersed
scattering P waves ϕs1(r1, θ1) and SV waves ψs1(r1, θ1) will
be generated. ,e Fourier-Bessel series expansion of the
displacement potential function is as follows:

ϕs1 r1,θ1(  � 
∞

n�0
H

(1)
n ksαr1(  As1,n cosnθ1 + Bs1,n sinnθ1 ,

ψs1 r1,θ1(  � 
∞

n�0
H

(1)
n ksβr1  Cs1,n sinnθ1 + Ds1,n cosnθ1 ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(11)

where H(1)
n represents the Hankel functions of the first kind,

which satisfies the Sommerfeld radiation condition and can
represent a diverging standing wave. As1,n, Bs1,n, . . . ,

As1,m, Bs1,m, . . .are the undetermined coefficients in the wave
potential function.

In addition, the scattering P and SV waves on the tunnel
surface will generate radial cohesive scattering P waves
ϕs2(r2, θ2) and scattering SV waves ψs2(r2, θ2) on the arc
surface of half-space. ,e Fourier-Bessel series expansion of
the displacement potential function is as follows:

ϕs2 r2,θ2(  � 
∞

m�0
Jm ksar2(  As2,m cosmθ2 + Bs2,m sinmθ2 ,

ψs2 r2,θ2(  � 
∞

m�0
Jm ksβr2  Cs2,m sinmθ2 + Ds2,m cosmθ2 ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(12)

where Jm() is the Bessel function of the first kind and
As2,n, Bs2,n, . . . , As2,m, Bs2,m, . . .are the coefficients to be de-
termined in the wave potential function.

In summary, the total wave potential functions of SV and
P waves in the free field are

ϕs � ϕr
+ ϕs1 + ϕs2,

ψs � ψ(i+r)
+ ψs1 + ψs2.

⎧⎨

⎩ (13)

2.2. Wave Function of Scattering Field in Primary Support.
When the P and SV waves in the free field encounter the
primary support, it will lead to radial cohesive scattering P

waves ϕp1(r1, θ1) and SV waves ψp1(r1, θ1) and radial dis-
persed scattering P waves ϕp2(r1, θ1) and SV waves
ψp2(r1, θ1) in primary support:

ϕp1 r1,θ1(  � 
∞

n�0
Jn kpαr1  Ap1,n cosnθ1 +Bp1,n sinnθ1 

ψp1 r1,θ1(  � 
∞

n�0
Jn kpβr1  Cp1,n sinnθ1 +Dp1,n cosnθ1 ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ϕp2 r1,θ1(  � 
∞

n�0
H

(1)
n ka1

r1  Ap2,n cosnθ1 +Bp2,n sinnθ1 ,

ψp2 r1,θ1(  � 
∞

n�0
H

(1)
n kβ1r1  Cp2,n sinnθ1 +Dp2,n cosnθ1 ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(14)

where Ap1,n, Bp1,n, . . . , Ap2,n, Bp2,n, . . . are the unknown co-
efficients. kpα and kpβ are the P and SV waves number,
respectively, in the primary support. ,e total potential
functions in the primary support are

ϕp � ϕp1 + ϕp2,

ψp � ψp1 + ψp2.

⎧⎨

⎩ (15)

2.3. Wave Function of Scattering Field in Buffer Layer.
When P and SV waves in the primary support encounter the
buffer layer, a transmission wave will occur at the interface.
,en radial cohesive scattering P waves ϕm1(r1, θ1) and SV
waves ψm1(r1, θ1) and radial dispersed scattering P waves
ϕm2(r1, θ1) and SV waves ψm2(r1, θ1) will be led inside the
buffer layer. ,e displacement of potential functions is

ϕb1 r1, θ1(  � 
∞

n�0
Jn kbαr1(  Ab1,n cos nθ1 + Bb1,n sin nθ1 ,

ψb2 r1, θ1(  � 
∞

n�0
Jn kbβr1  Cb2,n sin nθ1 + Db2,n cos nθ1 ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ϕb2 r1, θ1(  � 
∞

n�0
H

(1)
n kbαr1(  Ab2,n cos nθ1 + Bb2,n sin nθ1 ,

ψb2 r1, θ1(  � 
∞

n�0
H

(1)
n kbβr1  Cb2,n sin nθ1 + Db2,n cos nθ1 ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(16)

where Ab1,n, Bb1,n, . . . , Ab2,n, Bb2,n, . . . are the undetermined
coefficients. kbα and kbβ are the P and SV waves number,
respectively, in the buffer layer. ,us, the total potential
functions in the buffer layer are

ϕb � ϕb1 + ϕb2,

ψb � ψb1 + ψb2.
 (17)

2.4. Wave Function of Scattering Field in Secondary Lining.
When P and SV waves in the buffer layer encounter the
secondary lining, transmission wave will occur at the in-
terface. ,en radial cohesive scattering P waves ϕl1(r1, θ1)
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and SV waves ψl1(r1, θ1) and radial dispersed scattering P
waves ϕl2(r1, θ1) and SV waves ψl2(r1, θ1) will be led inside
the secondary lining. ,e displacement of potential func-
tions is

ϕl1 r1,θ1(  � 
∞

n�0
Jn klαr1(  Al1,n cosnθ1 + Bl1,n sinnθ1 ,

ψl2 r1,θ1(  � 
∞

n�0
Jn klβr1  Cl2,n sinnθ1 + Dl2,n cosnθ1 ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ϕl2 r1,θ1(  � 
∞

n�0
H

(1)
n klαr1(  Al2,n cosnθ1 + Bl2,n sinnθ1 ,

ψl2 r1,θ1(  � 
∞

n�0
H

(1)
n klβr1  Cl2,n sinnθ1 + Dl2,n cosnθ1 .

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(18)

where Al1,n, Bl1,n, . . . , Al2,n, Bl2,n, . . . are the undetermined
coefficients. klα and klβ are the P and SV waves number,
respectively, in the secondary lining.,us, the total potential
functions in the secondary lining are

ϕl � ϕl1 + ϕl2,

ψl � ψl1 + ψl2.
 (19)

2.5. BoundaryConditions. Based on the assumption of plane
strain, there are two kinds of similar boundary conditions:
(1) the radial and shear stress at the surface of half-space and
the inner surface of secondary lining are zero; (2) the stress
and displacement are continuous at the interface of a dif-
ferent medium. ,us, we can obtain the following:

(1) Zero stress at the surface of half-space:

σs
rr � 0,

τs
rθ � 0,

r2 � b( .

(20)

(2) Continuous stress and displacement at the interface
between primary support and half-space:

σp
rr � σs

rr, τ
p

rθ � τs
rθ, r1 � R1( ,

u
p
r � u

s
r, u

p

θ � u
s
θ, r1 � R1( .

⎧⎨

⎩ (21)

(3) Continuous stress and displacement at the interface
between primary support and buffer layer:

σb
rr � σp

rr, τ
b
rθ � τp

rθ, r1 � R2( ,

u
b
r � u

p
r , u

b
θ � u

p

θ , r1 � R2( .

⎧⎪⎨

⎪⎩
(22)

(4) Continuous stress and displacement at the interface
between buffer layer and secondary lining:

σl
rr � σb

rr, τ
l
rθ � τb

rθ, r1 � R3( ,

u
l
r � u

b
r, u

l
θ � u

b
θ, r1 � R3( .

⎧⎨

⎩ (23)

(5) Zero stress at the inner surface of the secondary
lining:

σl
rr � 0,

τl
rθ � 0,

r1 � R4( ,

(24)

where the superscripts s, p, b, and l correspond to the me-
dium of half-space, primary support, buffer layer, and
secondary lining, respectively, in equations (20)∼(24).

,e dynamic stress concentration of composite lining
tunnel in half-space subjected to plane SV waves is a plane
strain problem. According to the potential functions of
displacement and stress in elastic medium, they can be
expressed as follows:

ur �
zϕ
zr

+
1
r

zψ
zθ

,

uθ �
1
r

zϕ
zθ

−
zψ
zr

,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(25)

σrr � λ∇2ϕ + 2μ
z
2ϕ

zr
2 +

z

zr

1
r

zψ
zθ

  ,

σθθ � λ∇2ϕ + 2μ
1
r

z
2ϕ

zr
2 +

1
r

z
2ψ

zθ2
  +

1
r

1
r

zψ
zθ

−
z
2ψ

zrzθ
  ,

τrθ � 2μ
z

zr

1
r

zϕ
zθ

  + μ
1
r
2

z
2φ

zθ2
− r

z

zr

1
r

zφ
zθ

  ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(26)

where ∇2ϕ � ((z2ϕ)/(zr2)) + (1/r)((zϕ)/zr2)+

(1/r)((z2ϕ)/zθ2).
,e above equations can be solved in three steps. (1) ,e

total wave potential functions of each medium (equations
(13), (15), (17), and (19)) can be substituted into equations
(25) and (26); then the potential functions of stress and
displacement with undetermined coefficients can be obtained.
(2) ,e potential functions of stress and displacement ob-
tained in the first step are substituted into the boundary
conditions of the model (equations (20)∼(24)), a set of linear
infinite series equations can be obtained, and the undeter-
mined coefficients can be solved in MATLAB. (3) ,e solved
coefficients are substituted back into the potential functions of
stress and displacement obtained in the first step, and finally,
the analytical solutions of dynamic stress in composite lining
can be solved. Here, different terms are truncated for nu-
merical calculation, and the error between adjacent calcula-
tion terms is verified. When the error is less than the preset
accuracy, this term number is used as the actual convergent
calculation terms. In this paper, the satisfactory results can be
obtained when the number of finite terms n or m is 12.

3. Numerical Examples and Analysis Results

,e stress distribution of lining subjected to harmonic wave
incidence is usually described by the dynamic stress con-
centration factor (DSCF), which is defined as the ratio of the
maximum dynamic stress in the medium to the standard
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local stress based on the simple principle [32]. ,e cir-
cumferential dynamic stress concentration factor (DSCF) of
composite lining can be expressed as

σ∗θθ �
σθθ
σ0θθ




, (27)

where σ0θθ � k2
sβGs is the standard local stress in the sur-

rounding rock. representing.
,e geometric and mechanical parameters simulta-

neously determine the seismic absorption performances of
buffer layer [14]. In addition, the low-frequency seismic waves
have the significant influence on the underground structure
[37]. ,erefore, the influence of stiffness and thickness of
buffer layer on composite lining subjected to low-frequency
SV waves at different angles of incidence is analyzed.

3.1. Effect of Buffer Layer Stiffness on the Dynamic Stress
Concentration Factor of Composite Lining. Young’s modulus
of buffer layer is a measure of the stiffness. ,e effect of
changing Young’s modulus of buffer layer on DSCF in the
composite linings, when subjected to different SV waves
angle of incidences, is analyzed.

First, the dimensionless frequency (η) is defined as the
ratio of inner diameter of the secondary lining to the in-
cident wavelength [43]:

η �
2R4

λsβ
, (28)

where λsβ is the wavelength of the incident SV waves in half-
space.

Based on existing literature [17, 41], Poisson’s ratio of
surrounding rocks and composite lining in half-space is 0.25,
and the velocity of compressional wave in each medium is
1.73 times that of the shear wave. ,e thickness of the
primary support and secondary lining is 0.2R4, the thickness
ratio of the two is 2 : 3, and the thickness of the buffer layer is
0.05R4. ,e dimensionless frequency η is 0.25. ,e buried
depth of tunnel center (h) is 2R4. To be as accurate as
possible, the radius of the great arc surface (b) is 10000R1.
,e angle of incidence is 0°, 30°, 60°, and 85°. Young’s
modulus ratio (Eb/Es) of buffer layer to surrounding rock is
designed as 1/1, 1/10, and 1/50, respectively, which repre-
sents that the relative stiffness of buffer layer decreases step
by step. ,e analytical results of DSCF in composite lining
are presented in Figure 2.

Figure 2 shows that the stiffness of buffer layer signifi-
cantly affects the amplitude of DSCF in composite lining but
does not obviously change the distribution at the same
incident angle. When the stiffness of buffer layer is constant,
the DSCF distribution of composite lining became more
complex with the increase of incident angle, but the am-
plitude tends to decrease, indicating that the DSCF of
composite lining is higher when subjected to vertical inci-
dence than to oblique incidence, which is also verified by the
existing studies [30]. ,e DSCF of secondary lining and
primary support subjected to vertical incidence is em-
phatically analyzed.

First, we focus on the maximum stiffness of buffer layer
(Eb/Es � 1), as shown in Figure 2(a). ,e maximum DSCF
of the secondary lining and primary support is 33.1 and 13.4,
both occurring in the direction of conjugate ±45°, which
indicates that the secondary lining is bearing the main
dynamic load.

,en, the stiffness reduction of buffer layer (Eb/Es �

1/10) is analyzed, as shown in Figure 2(b). Compared with
the maximum stiffness of buffer layer (Eb/Es � 1), the
maximum DSCF of secondary lining decreases by −23%,
while the primary support increases by 49%. It suggests that
the buffer layer can reduce the dynamic stress of the sec-
ondary lining, but it will increase the dynamic stress of
primary support greatly. However, across the board, the
DSCF of primary support and the secondary lining is close to
each other. ,e results show that the dynamic responses of
the two are consistent, which is beneficial to the coordinated
deformation for the composite lining.

Continue to reduce the stiffness of buffer layer
(Eb/Es � 1/50), as shown in Figure 2(c). Compared with the
maximum buffer layer stiffness (Eb/Es � 1), the DSCF of
secondary lining is further reduced by −39.6%, while that of
primary support is further increased by 115.6%. It indicates
that, within a certain range, the lower the buffer layer
stiffness is, the higher the primary support dynamic stress is
and the lower the secondary lining dynamic stress is.

For further analyses for two reasons, on the one hand,
the interaction between primary support and secondary
lining will be weakened when the stiffness of buffer layer is
reduced, but the interaction between primary support and
surrounding rock will be strengthened. On the other hand,
the reduction of the buffer layer stiffness will lead to an
increase in the damping ratio, which will further increase the
shock-absorbing performance in the buffer layer.,us, it has
an ideal shock-absorbing effect on the secondary lining.

In summary, changing the stiffness of the buffer layer in
the composite lining plays the role of “redistributing” the
seismic load. Reducing the stiffness of buffer layer is ben-
eficial to protect secondary lining, but it will increase the
dynamic stress of primary support.,erefore, the stiffness of
buffer layer should not be too low. It is suggested that the
stiffness ratio of buffer layer to surrounding rock is
Eb/Es � 1/10 ∼ 1/50.

3.2. Effect of :ickness of Buffer Layer on the Dynamic Stress
Concentration Factor of Composite Lining. To explore the
influence of thickness of buffer layer on the dynamic stress of
composite lining, three cases were considered that the ratio of
thickness of the buffer layers to inner radius of the secondary
lining ((R2 − R3)/2R4) is, respectively, 1/100, 1/40, and 1/20,
which indicates that the relative thickness of buffer layer
increases step by step. ,e parameters are the same as Section
3.1. ,e DSCF of composite lining are shown in Figure 3.

As seen in Figure 3, at the same angle of incidence, the
thickness of buffer layer significantly affects the DSCF
amplitude of composite lining but does not change the
distribution pattern. When the thickness of buffer layer is
constant, the DSCF distribution of composite lining
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becomes more complex with the increase of incident angle,
but the amplitude tends to decrease, indicating that the
DSCF of composite lining subjected to vertical incidence is
higher than that to oblique incidence, which is consistent
with the analysis of the stiffness above.

First, we focus on the minimum thickness of buffer layer
((R2 − R3)/(2R4) � 1/100), as shown in Figure 3(a). ,e
maximum DSCF of the secondary lining and the primary
support is 35.1 and 11.8, both occurring in the direction of
conjugate ±45°. It suggests that the secondary lining is
bearing the most of dynamic load.

,en, increasing the thickness of buffer layer
((R2 − R3)/(2R4) � 1/40) is analyzed, as shown in
Figure 3(b). Compared with the minimum thickness of

buffer layer ((R2 − R3)/(2R4) � 1/100), the maximumDSCF
of secondary lining decreases by −43%, while the primary
support increases by 60.7%. It suggests that increasing the
thickness of buffer layer can significantly change the DSCF
amplitude of the composite lining in a certain range.

Further, the thickness of buffer layer increases
((R2 − R3)/(2R4) � 1/20), as shown in Figure 3(c). Com-
pared with the thickness of buffer layer
((R2 − R3)/(2R4) � 1/40), the DSCF of secondary lining
increased by 55%, while the DSCF of primary support de-
creased a little. ,is indicates that when the thickness of
buffer layer increases, the dynamic stress of secondary lining
decreases first and then increases, while the dynamic stress
of primary support gradually increases. ,us, it is concluded
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Figure 2: DSCF distribution of composite lining with different buffer layer stiffness. (a) Eb/Es�1. (b) Eb/Es�1/10. (c) Eb/Es�1/50.
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that increasing the thickness of buffer layer does not nec-
essarily increase the effect of shock absorption. ,e dynamic
stress and deformation characteristics of the composite
lining should be comprehensively analyzed to design the
thickness of buffer layer. Based on the results, this paper will
propose that the ratio of thickness of buffer layer to the inner
diameter of secondary lining is 1/40 ∼ 1/20.

4. Shaking Table Test and
Numerical Simulation

Shaking table test is undoubtedly a direct and effective
method to verify the correctness and applicability of analytical

solutions. ,ree cases of tests were conducted to explore the
dynamic response of composite lining with or without buffer
layer: (1) without buffer layer; (2) the thickness of buffer layer
which is 1 cm (about 1/30 of the inner diameter of secondary
lining); (3) the thickness of buffer layer which is 2 cm (about
1/15 of the inner diameter of secondary lining).

4.1. Test Facilities. ,e series shaking table tests were con-
ducted at the National Engineering Laboratory for Tech-
nology of Geological Disaster Prevention in Land
Transportation, Southwest Jiaotong University, as shown in
Figure 4. Technical items and parameters are shown in
Table 1.
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Figure 3: DSCF distribution of composite lining with different thickness of buffer layer. (a) (R2 −R3) / (2R4)�1 / 100. (b) (R2 −R3) / (2R4)�
1 / 40. (c) (R2 −R3) / (2R4)�1 / 20.
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4.2. Law of Similarity and Model Materials. To describe the
dynamic interaction between the composite lining and
surrounding rock accurately, the similarity between the
model and prototype was derived based on the Buckingham-
π theorem. ,e basic physical quantities were geometry,
Young’s modulus, and density, and the other physical
quantities were derived from the basic physical quantities.
,e similarity is shown in Table 2.

4.2.1. :e Similar Materials of Tunnel Lining. ,e me-
chanical parameters of composite lining were obtained from
practical engineering [44]. After a series of material tests,
water, plaster, diatomite, quartz sand, and barite were
adopted to simulate the composite lining with the ratio of 1 :
0.6 : 0.2 : 0.1 : 0.4 [45]. Table 3 lists the parameters of the
lining structure for the prototype and model.

4.2.2. Similar Materials of Surrounding Rock. A mixture of
fly ash, river, sand, and machine oil was selected to simulate
the similar materials of surrounding rocks [44–46].,e ratio
of hard rock was fly ash:river sand:oil� 50 : 40 :10, and the
ratio of soft rock was fly ash:river sand:oil� 45 : 40 :15.
Table 4 lists the physical parameters of the surrounding
rocks for the prototype and model.

4.2.3. Similar Materials of Buffer Layer. According to the
above results, when the stiffness ratio of buffer layer to
surrounding rock Eb/Es was 1/10 ∼ 1/50, the shock-ab-
sorbing performance was ideal. ,erefore, the optimal
Young’s modulus of the buffer layer was about 2MPa, based

on the similarity relationship and themechanical parameters
of similar materials. ,e B1 rubber sponge was selected as
buffer layer, which has stable mechanical properties and was
easy to process and cheap. ,e density was 60 kg/m3,
Young’s modulus was 2.3MPa, and Poisson’s ratio was 0.3,
which can satisfy the similarity relationship. ,e fabrication
process of composite lining with buffer layer is shown in
Figure 5. It was mainly fabricated in four steps: (a) cutting
the buffer layer according to the geometric conditions of the
composite lining; (b) laying the buffer layer around the
secondary lining; (c) installing the shaping formwork and
wire net around buffer layer; (d) casting primary lining. ,e
buffer layer was bonded to the composite lining by glue to
achieve the rigid connection. ,e contact principle of the
two was neither slack nor tight, so as to ensure that the buffer
layer was in complete contact with the composite lining and
no additional stress was generated.

4.3. Model Box Design. ,e model box was the container of
the shaking table test, which requires sufficient strength and

Figure 4: Shaking table (8m× 10m).

Table 1: Parameters of shaking table.

Items Parameters
Table size (unit: m×m) 8.0×10.0
Frequency range (Hz) 0.1–50
Degrees of freedom 6
Maximum weight （t） 160
Maximum displacement （mm） Horizontal direction: ±800; vertical direction: ±400
Maximum velocity (mm/s) Horizontal direction: ±1200; vertical direction: ±1000
Maximum acceleration (g) Horizontal direction: 1.2; vertical direction: 1.0
Maximum overturning moment (t·m) 600

Table 2: Similarity relationship for model tests.

Physical quantity Similarity relation Similarity ratio
Length Cl 1/30
Density Cρ 1/1.5
Young’s modulus CE 1/45
Strain Cε 1
Time Ct � Cl(Cp/CE)1/2 1/5.5
Acceleration Ca � (CE/(ClCp)) 1
Friction angle Cφ 1
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stiffness. ,e natural frequency of box should not resonate
with that of the model soil and structure. ,e model box
was made of welded steel plate and angle steel. ,e size of
model box was 2.5m × 2.5m × 2.0m, as shown in Figure 6.
,e sidewall of model box has a restraint effect on the soil,
and the seismic wave will reflect on the sidewall for many
times during shaking table test. ,us, a 10 cm EPS-foam
was fixed on each sidewall around the model box to
simulate the free-field boundary, which can absorb the
reflected and scattering seismic wave to reduce the
boundary effect.

4.4. Data Acquisition and Sensor Layout. Figure 7 illustrates
the sensor locations. ,e monitoring cross sections were
divided into main monitoring sections and auxiliary
monitoring sections. ,e segments of the linings were
denoted as A, B, C, and D, respectively. Four monitoring
sections were designed during the test. Attention has focused
on the difference of dynamic response of composite linings
with or without buffer layer subjected to strong seismic
wave, shown in Figures 7(b) and 7(c).

,e main monitoring sections were 2-2 and 3-3, which
were designed to monitor the dynamic response of the
composite linings in hard rock and soft rock respectively.
,e auxiliary monitoring sections were 1-1 and 4-4, which
were designed to verify the effectiveness of the EPS-foam
boundary. ,e sensors were mainly accelerometers and

strain gauges. Accelerometers A2 and A3 were adopted to
monitor the primary support and secondary lining in hard
rock, and accelerometers A4 and A5 were adopted to
monitor the primary support and secondary lining in soft
rock, respectively. A1 was designed to monitor the surface of
the surrounding rock. A6 was designed to monitor the input
acceleration on the shaking table. ,e strain gauges were
stuck on each monitoring section with both the inner and
outer of the linings, as illustrated in Figure 7(a).

4.5. SeismicWave Input. ,e acceleration time history of the
serials tests was based on the EW-component of seismic
waves monitored by bedrock monitoring stations in Mao
County during the Wenchuan earthquake in 2008. ,e peak
ground acceleration (PGA) was 0.4 g and the duration time
was compressed according to the time similarity ratio 1 : 5.5.
,e acceleration time history and Fourier spectrum are
shown in Figure 8. ,e input seismic waves were horizontal
shear waves perpendicular to the tunnel axis.

4.6. Boundary Effect Validation. To compare with the test
data, numerical simulations of three cases were conducted
with the finite difference software FLAC3D, as shown in
Figure 9. ,e model geometry, material parameters, and
monitoring points layout were the same as the tests. Solid
elements were selected to simulate the surrounding rock,
lining, and buffer layer. Mohr-Coulomb constitutive model
was adopted for surrounding rock, and the elastic constitutive

Table 3: Physical parameters of lining structure in the prototype and model.

Name Density (kg/m3) Young’s modulus (GPa) Compression strength (MPa) Poisson’s ratio
Prototype 2400 30 20.1 0.25
Model 1600 0.67 0.45 0.25

Table 4: Physical parameters of surrounding rock in the prototype and model.

Physical quantity Density (kg/m3) Cohesion (kPa) Friction angle (°) Young’s modulus (GPa)
Hard rock Prototype 2100 135 38 10

Model 1400 3 38 0.22
Soft rock Prototype 1700 50 27 1.5

Model 1133 1.1 27 0.03

Figure 5: Fabrication of composite lining with buffer layer.

Figure 6: Model box.
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model was adopted for lining and buffer layer. Free-field
boundary was designed and a viscous boundary was applied
on the bottom. Seismic waves were perpendicular to the axial

of the tunnel and realized by applying shear stress waves at the
bottom of the model. Rayleigh damping was adopted, and the
critical damping ratio was 5%.
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Since free-field boundary was adopted in numerical
simulation, the effectiveness of EPS-foam boundary can be
verified by comparing the monitored acceleration spectrum
of A2 and A4 in tests with the numerical simulation. As
shown in Figures 10 and 11, the monitored acceleration
spectrum of A2 and A4 were in good agreement with the
numerical simulation, which indicated that the rigid sidewall
boundary effect of the model box was effectively eliminated
by the EPS-foam. It was suggested that the EPS-foam could
be adopted to simulate the free-field boundary in tests.

4.7. Acceleration Response of Composite Linings.
Figure 12 shows the acceleration time history of A3 and A5
in three cases. It can be seen that the acceleration of the
secondary lining without buffer layer was the highest, fol-
lowed by that when the thickness is 2 cm, and the lowest
when the thickness is 1 cm. PGA of A3 (A5) in three cases
were 0.31 (0.25) g> 0.25 (0.22) g> 0.15 (0.17) g. It suggested
that buffer layer can effectively reduce the acceleration of
secondary lining, and with the increase of the thickness of
buffer layer, acceleration of secondary lining first decreased
and then increased. ,is indicated that there was an optimal
interval for the thickness of buffer layer. When the thickness
exceeded the optimal interval, the dynamic response of the
secondary lining will be amplified to different degrees.

Figure 13 shows the peak acceleration at invert of sec-
ondary lining and crown of primary support in soft and hard
surrounding rock under three cases. By comparison, when
there was no buffer layer, the difference of PGA between A3
and A5 was 0.05 g, and that between A2 and A4 was 0.06 g.
When the thickness of buffer layer was 1 cm, the difference
of PGA between A3 and A5 was 0.02 g, and that between A2
and A4 was 0.04 g. When the thickness of buffer layer was
2 cm, the difference of PGA between A3 and A5 PGA was
0.03 g, and that between A2 and A4 was 0.01 g. It is suggested
that increasing the thickness of buffer layer will reduce the
difference of PGA crossing the soft and hard surrounding
rock andmake the dynamic response of the composite lining
tend to be consistent, but it will amplify the PGA.

4.8. Dynamic Stress Concentration of Composite Linings.
,e dynamic stress of composite lining was monitored by
the strain gauge in the tests. ,e circumferential dynamic
stress of each monitoring point can be calculated through
Young’s modulus and strains. Figure 14 shows the dynamic
stress amplitude of each monitoring point of Section 3 in
tests and numerical simulation.

It can be seen that the dynamic stress of secondary lining at
eachmonitoring point was higher than that of primary support
in case of no buffer layer, and the amplitude of dynamic stress
at arch springing of secondary lining and spandrel of primary
support was relatively high, as shown in Figure 14(a).

When the thickness of buffer layer was 1 cm, the dy-
namic stress of secondary lining decreased remarkably,
while the dynamic stress of primary supporting increased,
especially at the arch springing.When the thickness of buffer
layer was 2 cm, the dynamic stress of the secondary lining
increased on the whole, especially at the arch springing and

invert. ,e dynamic stress of the primary support was
unchanged except that the crown increased dramatically.
Figure 14(b) shows the results of numerical calculation, and
it presented a similar rule with the test data, but it was
30∼ 50% higher in amplitude.

According to the numerical and experimental results, the
dynamic stress value of the secondary lining was 2∼3 times
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that of the primary support in case of no buffer layer. Analysis
of possible reasons was that “superposition effect” of incident
wave and reflected wave existed on the inner surface of the
secondary lining. After laying the buffer layer, on the one hand,
due to the low Young’s modulus and high damping ratio of the
buffer layer, certain shear deformation was allowed between
the primary support and the secondary lining; thus, partial
energy of the seismic wave could be absorbed by the buffer
layer during the strong earthquake. On the other hand, stiffness
changes occurred between the primary support and the buffer
layer, resulting in the “superposition effect” of the incident and

reflected waves within the primary support. ,erefore, the
dynamic stress of the secondary lining decreased while that of
the primary lining increased.

4.9. General Damage Observations. Figures 15–17 show the
final cracks of composite lining after tests. In case of no
buffer layer, longitudinal penetration cracks appeared in the
crown, arch springing, and invert of secondary lining. Large
area of falling blocks appeared in the arch springing of
primary support (seen in Figure 15).
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When the thickness of buffer layer was 1 cm, the right
arch springing of the secondary lining was partially cracked,
the invert of the secondary lining was partially uplifted, and
there was no through crack (shown in Figure 16).

When the thickness of buffer layer was 2 cm, partial
longitudinal cracks appeared at the invert and the right arch
springing of secondary lining, while penetrating cracks
appeared at the right arch springing of primary support (see
Figure 17).

By comparing the cracks in the three cases, the crack
numbers of the composite lining can be remarkably reduced
with the buffer layer. When the thickness of buffer layer was

1 cm, the integrity of the composite lining was obviously
better than that of 2 cm. ,is illustrated the fact that shock-
absorbing performance was weakened when the thickness of
buffer layer exceeded a certain range, and it was further
verified that the optimal thickness of buffer layer in the
analytical solution was correct and reliable. In addition, it
can be deduced from the test that the crown, arch springing,
and invert of composite lining were vulnerable to be
damaged during the strong ground motion. ,e invert was
more susceptible to be damaged after laying buffer layer;
therefore, the seismic design of tunnel should be paid more
attention to.
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Figure 14: Dynamic stress amplitude. (a) Shaking table test. (b) Numerical simulation. 1: crown. 2: left spandrel. 3: left arch springing. 4:
invert. 5: right arch springing. 6: right spandrel.

(a) (b)

Figure 15: Damage of composite lining without buffer layer. (a) Transversal surface. (b) Longitudinal surface.
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5. Conclusions

Based on the Fourier-Bessel series expansion, the dynamic stress
concentration factor (DSCF) of composite lining tunnel with
buffer layer subjected to plane SV waves at different angle of
incidences was obtained. ,en, the influence of geometric and
mechanical parameters of the buffer layer on composite lining
was systematically analyzed, which reveals the shock-absorbing
mechanism of buffer layer. Afterward, a series shaking table tests
and numerical simulations were conducted to validate the re-
liability and correctness of analytical solutions. Finally, damage
patterns of composite lining with and without buffer layer were
presented. ,e location and size of cracks were marked on the
linings, and suggestions for seismic fortification were given.
,ese comparisons attempted to demonstrate the advantages
and disadvantages of buffer layer in composite lining tunnel.,e
following conclusions could be drawn from this study:

(1) Increasing the incident angle of plane SV waves at
low frequency, the DSCF distribution of composite
lining becomes more complex than the vertical in-
cidence, while the amplitude of DSCF decreases
gradually when the stiffness and thickness of buffer
layer are constant.

(2) Changing the stiffness of buffer layer will play the role
of “redistributing” the seismic load. Reducing the

stiffness of buffer layer is beneficial to the secondary
lining, but it will increase the dynamic stress of
primary support. It is suggested that the stiffness ratio
of buffer layer to surrounding rock is 1/10 ∼ 1/50.

(3) Increasing the thickness of buffer layer, the dynamic
stress of secondary lining decreases first and then
increases, while the primary support gradually in-
creases. Increasing the thickness of buffer layer does
not necessarily achieve better shock-absorbing per-
formance. We suggest that the ratio of buffer layer
thickness to inner diameter of secondary lining is
1/40 ∼ 1/20.

(4) General damage observations show that the crown,
arch springing, and invert of composite lining
without buffer layer are prone to cracking during the
earthquake. ,e invert is more susceptible to be
damaged after adopting the buffer layer, which
should be paid more attention to in the seismic
design of composite lining tunnels.

Data Availability

,e data used to support the findings of this study are in-
cluded within the article.

(a) (b)

Figure 16: Damage of composite lining with 1 cm buffer layer. (a) Transversal surface. (b) Longitudinal surface.

(a) (b)

Figure 17: Damage of composite lining with 2 cm buffer layer. (a) Transversal surface. (b) Longitudinal surface.
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