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Abstract. The construction of the western tunnel inevitably encounters the prob-
lem of seismic isolation design in high-intensity seismic zones. However, the
current anti-seismic calculation methods applicable to tunnel structures mostly
adopt the static method and simply increase the stiffness, resulting in overly con-
servative calculation results and failure to consider the coordinated deformation
between tunnel structures. The seismic isolation effect is generally poor. Consid-
ering the coordinated deformation between tunnel structures, that is, the coupling
effect of stiffness and damping, and taking the generalized composite structure
of the tunnel as the object, based on the dynamic equation, integrating the equa-
tion relationships of stiffness-damping and other constant parameters, a tunnel
seismic isolation layer design method that can achieve precise calculation of stiff-
ness-damping is proposed. Through the calculation of actual engineering cases,
this method can solve the optimal values of stiffness-damping of the seismic iso-
lation layer, ensuring that the amplitude of the seismic response of the tunnel
structure is minimized under the action of earthquakes. This is of great signifi-
cance for guiding the selection and design of tunnel seismic isolation layer ma-
terials.

Keywords: Tunnel engineering, Seismic isolation design, Stiffness, Damping,
Calculation method.

1 Introduction

With the implementation of the Western Development Strategy, tunnel construction in
high-intensity seismic zones of Western China has increased significantly, bringing the
issue of seismic damage in these tunnels to the forefront[1-2]. Currently, tunnel engi-
neering often employs the method of installing vibration isolation layers to reduce the
seismic response of tunnel structures. However, the prevailing design methods for these
layers are qualitative and singular, primarily considering only the stiffness factor of the
isolation layer while neglecting the mismatch between the stiffness-damping coupling
parameters of the isolation layer and those of the primary and secondary linings[3-4].
This oversight leads to suboptimal seismic isolation performance, making it difficult to
effectively address the diverse seismic challenges in Western regions. Therefore, there
is an urgent need for a design method for vibration isolation layers under seismic action
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that considers the stiffness-damping coupling of tunnel structures. Such a method
would enable the precise determination of the design range for isolation layer stiffness
and damping, achieving optimal matching of stiffness-damping parameters among all
structural layers. This ensures the deformation compatibility relationship between tun-
nel layers and achieves effective seismic isolation.

2 Generalized Composite Structure Stiffness-Damping
Matching Control Equation

2.1  Basic Assumptions

Based on the interaction characteristics between the tunnel and surrounding rock, and
considering the structural features of the tunnel, a generalized composite structure of
"surrounding rock—primary lining—isolation layer—secondary lining" is proposed. The
following basic assumptions are made for this generalized composite structure:

(1) Taking the tunnel vibration isolation layer as the research object, an isolation
body comprising partial surrounding rock, primary lining, isolation layer, and second-
ary lining is considered, and all are treated as homogeneous, elastoplastic media.

(2) The longitudinal length of the tunnel is much greater than its cross-sectional di-
mensions; therefore, the generalized composite structure is modeled considering a
plane strain stress state.

(3) Considering the instantaneous-reciprocal characteristics of seismic action, the
interfaces between layers in the generalized composite structure are in close contact,
connected in a viscoelastic manner[5-6], exhibiting instantaneous deformation, elastic
aftereffect, and stress relaxation characteristics. The surrounding rock, primary lining,
isolation layer, secondary lining, and their interlayer interfaces collectively constitute
the generalized composite structure mechanical model.

2.2 Mechanical Model

Following the plane strain stress state, an isolation body comprising partial surrounding
rock, primary lining, isolation layer, and secondary lining is extracted to construct a
physical model of the generalized composite structure. Seismic loading, characterized
by tension-compression cycles, exhibits instantaneous-reciprocal properties. Each iso-
lation body is considered a homogeneous, elastoplastic medium, with failure occurring
when plastic deformation exceeds a certain limit. Consequently, the interlayer interface
model is selected as the Poynting-Thomson mechanical model[7] (see Fig. 1), based on
its characteristics of instantancous deformation, elastic aftereffect, and stress relaxation.
According to the basic assumptions, the isolation bodies and their interlayer interfaces
together form the generalized composite structure mechanical model (see Fig. 2).

a'+ﬁa:(k, +k2)s'+%s

C C (1)



208 Y. Shan
Simplifying the constitutive equation under constant load conditions yields:
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Combining the constitutive equations of the Maxwell body and the elastic element,
the constitutive equation of the Poynting-Thomson body can be further transformed as
follows:
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Based on Equation (3), the mechanical parameters of the generalized composite
structure mechanical model are defined as follows: Let the stiffness of the surrounding
rock be K; and K> , damping be C;, and mass be M;; the stiffness of the primary lining
be K3 and Ky, damping be C», and mass be M>; the stiffness of the isolation layer be K5
and K5, damping be C3, and mass be Ms3; the stiffness of the secondary lining be K7 and
Ky, damping be Cy, and mass be M.

Through the generalized composite structure mechanical model, displacement and
deformation compatibility between the "surrounding rock—primary lining—isolation
layer—secondary lining" is achieved. Simultaneously, it is evident that the displacement
and deformation compatibility of each structure is closely related to its stiffness and
damping.
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Fig. 1. Poynting-Thomson body mechanical model
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Fig. 2. Generalized composite structure mechanical model
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2.3  Dynamic Equations

Under seismic action, each isolation body generates a seismic response displacement.
A smaller seismic response displacement of the tunnel structure can be interpreted as
smaller deformation produced by the structure, indicating greater safety.

Let the base seismic input displacement Zj cause absolute displacements of the sur-
rounding rock M, primary lining M,, isolation layer M3, and secondary lining M, as Z;,
Z>, Z3, and Zy, respectively. Considering the relative coordinate relationship, the dis-
placements of the "surrounding rock—primary lining—isolation layer—secondary lining"
relative to the base are established as:

U =4-2,
U,=2,-2,
Uy=2,-2,
U4 =Z4_Zo

4)

As shown in Fig. 2, force analysis is conducted on each isolation body using the
constitutive equation of the Poynting-Thomson mechanical model and the strength the-
ory of generalized Hooke's law to determine the forces on the "surrounding rock—pri-
mary lining—isolation layer—secondary lining":
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Based on Equation (4), the equilibrium equations for each isolation body of the "sur-
rounding rock—primary lining—isolation layer—secondary lining" are constructed as fol-
lows:

ZE z_fl_fz"'fa"'fzt =M121 "=M1 (UI “+Zon)
ZFz =—fi—fait St i :Mzzz":Mz(Uz"‘*‘Zo")
DE=—fs— fot it =M Z" =M (U "+ Z,")
ZEt =—fi—fKtfoth =M Z,"=M, (U4 "+Z, ")

(6)
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Considering the stiffness compatibility relationship of the "surrounding rock—pri-
mary lining—isolation layer—secondary lining", and observing that the equation system

K21'—1 + KZi

(6) shares a common component with the constitutive equation (3) of the

2i

Poynting-Thomson mechanical model, which is closely related to the stiffness of the
isolation body, this component is defined as the dynamic stiffness matching basis p;
characterizing the stiffness properties of the isolation body. Combining with the con-
stitutive equation (3) of the Poynting-Thomson mechanical model, it can be inferred
that when the stress on the isolation body exceeds the critical state, interface relaxation
occurs. In reality, this corresponds to detachment or failure of the tunnel structure,
where stiffness ceases to function, and p=1 at this point.

To simplify the calculation, assuming consistent interface behavior across all struc-
tures, let p;/=p,=p3=p4. Combining Equations (4), (5), and (6), a four-degree-of-freedom
vibration system dynamic calculation model is constructed:

[M]{Uf+[pllClU '+ [K]{U) = (.} @)

This dynamic calculation model can be expanded as:
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The value of the dynamic stiffness matching basis p; is determined as follows:

K, +K, )
—2L_—21 "When o < o, the working state
P = K, ©)
I, Wheno > o, reaching the limit, destruction

o, - Critical stress state of the interface model.

Analysis shows that Matrix (7) is in the form of an implicit function. The masses of
the isolation bodies are constants. The relative displacement U, seismic response ve-
locity U’ and acceleration U" of the isolation bodies, which reflect the vibration reduc-
tion effect, are all related to their stiffness and damping. If the implicit function matrix
(7) is solved, i.e., expressing the displacement representing the vibration reduction ef-
fect as an explicit function of stiffness K and damping C, a design method for the iso-
lation layer determined by stiffness-damping, based on the standard of isolation layer
displacement response, can be established.
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2.4  Solution of the Dynamic Calculation Model

Therefore, Matrix (7) is solved using the implicit function theorem and differentiation
methods.
In the complex function domain, the base seismic input displacement is:

_ - _ it
Zy =4, (coswt +isinwt) = Aje (10)
The solution of the dynamic calculation model is assumed to be:
Ul=[X(¢)|=[X]e”
[U]=[x()]=[x]e an
From Equations (10) and (11), it can be derived that:

Zy =-A, [cos ot +isin ot

(12)
[X"(t)]z-a)z [X]em:t (14)
Substituting Equations (10)-(14) into the dynamic calculation model yields:
-’ [M][X]e” +io[C][X]e” +[K][X]e” =[F,]e” (15)
Let:
[S(@)]=-e [M]+io[p][C]+[K]
(£ ]=[M] 40’ (16)
Equation (15) can be simplified to:
[s(@)][x]=[5] W)

Assuming the seismic excitation frequency @ is not a solution of |[S (a))]| =0,

solving the dynamic calculation model (17) yields:
-1

Solution (18) is the result of solving the implicit function matrix (7), i.e., the explicit
form of the implicit function (7). Solution (18) is the complex amplitude sought for the
system. According to complex number operation rules, the real amplitude of the system
can be obtained. X; represents the vibration reduction response displacement of the iso-
lation layer.
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Since the mass of each isolation body is not the primary focus, for the seismic re-
sponse displacement of the isolation layer, Let M;= m, M2 = am, M3 = fm, My = ym.
Simplifying Equation (13) yields:

X, = dyme’ {[S(w)]il [m ']}(3,1) 19)

2.5  Vibration Isolation Stiffness-Damping Matching Calculation

The seismic response displacement of each isolation body does not intuitively demon-
strate the vibration reduction effect. Therefore, the ratio of the isolation body's seismic
response displacement to the input displacement is adopted to visually represent the
reduction effect. A smaller ratio indicates better vibration reduction performance of the
isolation layer.

To reflect the forced vibration response of the isolation layer, the complex-plane
seismic response amplitude ratio function D3 of the isolation layer is constructed to
characterize the ratio of the maximum complex amplitude of the forced vibration re-
sponse of the tunnel isolation layer to the base input displacement amplitude 40:

D, =2 =ma ([s(w)] "' [17)

0 1) (20)

Considering the decoupling of stiffness and damping in the generalized composite
structure, the complex-plane seismic response amplitude ratio function of the isolation
layer (15) is organized in the real plane as follows:

(Ole +P1C3 +Q1 )2 +(02K5 +PzC3 +Q2 )2
(RK;+S,C+T) +(RK; +S,C, +T,)

X
2
2 =mo

|D3| =

1)

where the constants O, P, Q, R, S, T contain parameters such as a, S, y, C; (i=1, 2,
4), pi (i=1, 2, 3, 4), K(i=1, 3, 7), o.

Here, a, B, v are the mass ratios of the isolation body units for each tunnel layer,
which are determined constants; o is the frequency of the local earthquake, a constant.
Analysis shows that for different stiffness K and damping C, the tunnel isolation layer
seismic response amplitude ratio function has a uniquely determined corresponding
value on the real plane.

Geometrically, when constants such as o, f3, y, @, pi are determined, a spatial surface
composed of coordinates formed by the seismic response amplitude Dj, stiffness K, and
damping C can be defined. All values on this surface are known. Therefore, this surface
can guide the design of the tunnel isolation layer to achieve optimal vibration reduction.
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3 Case Study Analysis

3.1 Engineering Background

Taking a tunnel in Sichuan Province as the engineering prototype, the site is surrounded
by multiple developed faults with the potential to generate earthquakes of approxi-
mately magnitude 7. The primary lining of the tunnel uses 24.00 cm thick C20 shot-
crete, and the secondary lining uses 50.00 cm thick C30 reinforced concrete. The de-
signed peak ground acceleration is 0.35g for a magnitude 7 earthquake. The unit thick-
ness of surrounding rock participating in the calculation is 60.00 cm, the isolation layer
thickness is set to 20.00 cm, and the unit weight is 15.00 kN/m?*. The tunnel employs a
composite lining with an arched cross-section.

The main material calculation parameters for the tunnel body are shown in Table 1.

The model uses frequency-independent Local damping to approximately character-
ize the damping effect of the rock and soil during seismic wave propagation. Based on
experience, the damping for the lining structure is taken as 0.10, and for the surrounding
rock as 0.20. The specific material parameters are listed in Table 1[8].

Table 1. Main Physical and Mechanical Parameters of Materials

Thick- . . Elastic . C9he- Friction Dz.;lmp-
. Unit Weight Poisson's  sion ing
Material ness 3 Modulus . Angle
b(cm) P(KN/m?) E(GPa) Ratio v c © C
(MPa) (N-s/m)
Surround- ) 9 20.00 6.0 0.30 ; 40 0.20
ing Rock
Primary 4 00 24.50 25.2 020 15 55 0.10
Lining
. To be
Isolation 19 1500 rebede g0 0 6 deter-
Layer termined .
mined
Secondary ¢ 27.50 30.0 0.20 2 50 0.10
Lining

3.2 Vibration Isolation Stiffness-Damping Matching Calculation

The coefficients in the isolation layer seismic response amplitude ratio function (16)
are determined using the following equations:

M = pxblt 22)
_Ebt
47 (23)

M, =1g 4, +R(s) 24)
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Z() " _ _AOwZeiwt (25)

In the equations, M~L~ is the local magnitude (near earthquake magnitude), 4 is
the arithmetic mean of the maximum ground displacements recorded in two horizontal
components (um), and R(A) is the calibration function for short-period seismometers
commonly used in China to determine M}, assigned values based on relevant experi-
ence[9].

Using Equations (22)-(25) and the explicit function form solution (21), the isolation
layer seismic response amplitude ratio function can be solved as:

|D,| =1200x0.59°

(40.3567K , - 20480.05461C, -3390.613079)° + (104134.5K, +7.9369C, - 5368100.001)’
5 :
(-16361.3466K, +8567729.715C, +1416287.693)" + (-43567698.57K, -3217.695597C, + 2242350774 )’ (26)

Based on experience, the value ranges for £5 and D3 in Equation (22) are determined
as[10-11]:
0.5MPa < E; <5000MPa
0.0IN-s/m<C;<035N-s/m

The numerical distribution in the |D3|—K5-C3 three-dimensional space is solved.

Substituting dimensionless stiffness and using MATLAB, the numerical distribution of
|D3 | -K5-Cs  within the specified region is determined (see Fig. 3). Figure 3 represents

the aforementioned spatial surface composed of coordinates formed by the seismic re-
sponse amplitude Dj3, stiffness K, and damping C.

%103
2.30435
x103
2.3944 2S28S
23943 D
23942
2.3942
23941
2304  2.30415
2.3939 23001
0.25 :
2.30405
2.394
. N L o
Fig. 3. Numerical distribution in ———— -K-Cj3 three-dimensional space

1200 x 0.59°
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D
L. A smaller
1200 x 0.59°

value indicates a smaller real amplitude of forced vibration in the isolation layer and
better vibration isolation effect.

(2) Using MATLAB, the optimal solution for the forced vibration response function
in this case study is calculated as:

The vertical coordinate in the figure represents the value of

K5=0.5017GPa, C3=0.1918N"s/m

At these values, the displacement transfer coefficient of the isolation layer's forced
vibration is minimized, meaning the real amplitude of forced vibration is smallest, re-
sulting in the best vibration isolation effect.

In practical engineering design, constrained by material science, it is difficult to
find isolation layer materials that exactly meet both the optimal stiffness K and damping
C. Since this vibration reduction design method uses the seismic response displacement
amplitude ratio as the design criterion, the stiffness-damping coupling design method
can, based on existing isolation layer materials, compare the vibration reduction effects
of different materials by determining their stiffness K and damping C, thereby identi-
fying a more suitable vibration reduction material for the current engineering condi-
tions.

4 Conclusion

Considering the coordinated deformation among tunnel structural components and
based on dynamic equations, this study investigated the stiffness-damping coupling re-
lationship among surrounding rock, primary lining, isolation layer, and secondary lin-
ing. Using the ratio of the tunnel vibration isolation structure's response displacement
to the seismic input displacement as the design criterion, a precise design method for
vibration isolation structure stiffness-damping coupling was proposed. This method
considers the influence of stiffness-damping on vibration reduction, improving upon
the current design approach that considers only stiffness. Based on the design parame-
ters of a tunnel in Sichuan Province and applying this method, the optimal design pa-
rameters for the isolation layer stiffness and damping suitable for this tunnel were
solved. The parameters indicate that when the isolation layer stiffness K is around
0.5017 GPa and damping C is around 0.1918N-s/m, the tunnel's vibration reduction
effect is optimal, demonstrating the feasibility of this design method. Furthermore, for
existing vibration reduction materials, comparing their effects using this method ena-
bles visualization and efficiency in vibration reduction design, holding significant im-
portance for guiding seismic isolation design of tunnels in Western China.
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