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ABSTRACT

Due to the unigue characteristics of loess and the higher seismic performance requirements
for tunnel engineering, researching the seismic response of loess tunnels with vibration reduction
measures is essential. This study is based on the Xicheng Mountain Tunnel project, employing finite
element software to establish a three-dimensional numerical model. It analyzes the stress and strain
responses of the structure under different spacing of shock absorption joints and varying stiffness of
the lining. A combination of " rigid lining + shock absorption joint " is proposed, and the effectiveness
of this combined vibration reduction strategy is further analyzed. The results indicate that installing
shock absorption joints can significantly reduce the dynamic response of loess tunnels during
seismic activity, with a recommended joint spacing of 10 meters, which can reduce maximum
structural stress by up to 46%. Different lining stiffness leads to varied dynamic responses; as
stiffness increases, structural stress rises, while deformation decreases. A rigid lining can increase
structural stress by 28.7%, but can also reduce strain by 47.5%. The combined approach of " rigid
lining + shock absorption joint " effectively harnesses the advantages of individual vibration reduction
measures, reducing both stress and strain, thereby mitigating seismic risks to loess tunnels.
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INTRODUCTION

Since 2003, urban rail transit construction in China has experienced rapid development [1],
with numerous tunnel projects implemented in loess regions. Several tunnels, such as the Maqu
Tunnel of the Yinkun Expressway and the Xichengshan Tunnel of the Tianzhuang Expressway, have
been completed in these areas. Loess tunnels are structures built under loess geological conditions.
The complex particle composition, large pore spaces, and loose structure of loess pose significant
challenges for tunnel construction, maintenance, and seismic mitigation. Therefore, studying the
seismic response of tunnel structures under anti-vibration measures is crucial for the seismic design
and reinforcement of tunnel engineering in loess regions.

Early research suggested that underground structures possess good seismic resistance due
to the constraints provided by surrounding soil, often leading to the application of above-ground
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seismic design methods for preliminary assessments. However, the widespread damage to
underground structures during the 1995 Hyogo-ken Nanbu (Kobe) earthquake [2] heightened
awareness of the impact of earthquakes on these structures. This event prompted global
seismologists to focus on seismic damage to underground structures, leading to in-depth
investigations into the damage mechanisms of tunnels and subway stations, as well as the
development of relevant analytical theories and design methods. Consequently, a surge in research
on underground tunnel seismic resistance has emerged. Current studies [3-6] predominantly utilize
numerical simulation methods to analyze the stress deformation and failure mechanisms of tunnel
structures under seismic loads, including various types such as mountain tunnels, underwater
tunnels, and shield tunnels. Hassani et al. [7-8] conducted nonlinear seismic analyses using the
pseudo-static method and damage concrete models in ABAQUS. Sun et al. [9] proposed a method
for determining the height of the pressure arch above tunnels based on changes in surrounding rock
stress during seismic events. Basirat et al. [10-11] employed various analytical and numerical
methods to study the interaction between tunnel linings and surrounding media under seismic loads.
As seismic analysis methods for underground structures have evolved, the application of model
testing has become increasingly widespread. Studies by Cui et al. [12-16] indicate that implementing
damping layers and expansion joints can significantly reduce displacements and stresses in tunnel
linings. Additionally, novel anti-seismic measures proposed by Li et al. [17-18], based on large-scale
guasi-static and shaking table tests, have examined the dynamic response characteristics of tunnel
structures. While these studies provide a solid foundation for understanding the seismic response
and stability of tunnel structures, most focus on rock tunnels, and the applicability of existing findings
to loess tunnels, given their unique physical properties, remains to be further explored.

Research on seismic mitigation measures for loess tunnels has included contributions from
Zhou et al. [19], who conducted a 1/40 scale model test to investigate the effects of damping layers
on loess tunnel structures. Sun et al. [20] performed a 1:25 scale model test focused on off-axis
loess tunnels, analyzing the seismic response and failure modes of their slopes and off-axis sections.
Sun et al. [21] centered their research on the amplification effects of seismic waves in the soil
surrounding tunnel portals under strong seismic conditions, employing numerical simulations to
explore the acceleration and displacement responses of lining structures and proposing
recommended lengths for seismic protection. Cheng et al. [22-23] examined the seismic response
characteristics of loess tunnels under the influence of EI-Centro seismic waves and rainfall
infiltration, determining locations for seismic reinforcement measures based on peak stress,
displacement, and pore water pressure. Overall, existing research primarily focuses on enhancing
linings and incorporating damping layers, while studies on shock absorption joints remain limited.
Given that shock absorption joints are commonly used in tunnel seismic design, further investigation
into their application in loess tunnels is essential. Therefore, it is necessary to conduct in-depth
research on shock absorption joints within loess tunnels to develop more reliable, economical, and
implementable seismic measures, thereby providing scientific basis and technical support for the
seismic protection of loess tunnel structures.

This study employs numerical simulation methods to examine the seismic response of loess
tunnels under individual damping measures. Furthermore, it proposes a combined damping measure
of "shock absorption joints + rigid lining" and analyzes the effectiveness of this approach in mitigating
seismic effects on loess tunnels. The research findings aim to enhance the rationality and economy
of seismic design for loess tunnels.
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NUMERICAL MODEL

Analysis model

This paper relies on the Xichengshan tunnel project of the Zhuanglang-Tianshui section of
the highway, which is located in Qingshui County, Tianshui City (see Figurel). The tunnel is located
in the collapsible loess area with a large thickness. According to the field engineering geological
survey data, the total length of the tunnel is 4080 m, the buried depth of the tunnel in the loess area
is 20 m ~ 30 m, and the diameter of the hole is 9 m. According to the International Tunnel Association
(ITA) and the " Specifications for Design of Highway Tunnels " definition of tunnel cross-sectional
area and buried depth (see Table 1 and Table 2), the tunnel is divided into shallow-buried large-
section tunnels. The model analysis diagram is shown in Figure 2, where hl is the distance from the
tunnel to the top of the model at 20 m, h2 is the distance from the tunnel to the bottom of the model
at 51 m, a is the distance from the tunnel to the boundary of the model at 45.5 m, and D is the tunnel
diameter of 9 m. To minimize the boundary effects on the seismic response of underground
structures, the calculation width of the site should be larger than the structure width by 5 times [24].
Considering the boundaries of the tunnel, the overall dimensions of the model are 100m x 80m x
60m (length x width x height). To achieve more accurate numerical simulation results, the element
grid size should be smaller than 1/10 to 1/8 of the wavelength [25]. The finite element analysis model
is shown in Figure 3.

Fig.1- Tunnel scene pictures

Tab. 1 - Tunnel depth division standards

Shallow-buried tunnel Deep-buried tunnel Ultra-deep tunnel
Depth range (m) < (2~3) hq > (2~3) hq~500m >500m

where hyq is the critical depth, which determines whether the top cover layer of the tunnel can form a
pressure arch [26].

Tab. 2 - Tunnel cross-section division standards

- Small cross- Medium- Large cross- Extra-large
Minimal cross- . . . .
. section section section cross-section
section tunnel
tunnel tunnel tunnel tunnel
Cross-
sectional

area 2~3m?2 3~10m?2 10~50m?2 50~100m?2 > 100m?2
(m?)
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Fig. 3 - Finite element analysis model

To study the seismic response of underground structures, this research approximates the
foundation as a semi-infinite space and selects a finite computational domain for dynamic analysis.
To address boundary fluctuations and scattering issues at low frequencies, and to eliminate the
seismic wave effects caused by truncated boundaries, viscoelastic artificial boundaries are applied
around the model and at its base. Based on these boundary conditions, the seismic loads are
converted into equivalent nodal forces, which are then applied to the sides and bottom of the model.
The specific calculation formula for viscoelastic boundary conditions is as follows [27]:

G
Kgr =0y R’ Cer=pC,

G L
Ken =0y R’ CBN:pCp

where K¢, Ky are the stiffness coefficients of tangential springs and normal springs; Cgr, Cg;

are the damping coefficients of tangential dampers and normal dampers; o, oy are the correction

coefficients of viscoelastic boundaries; R is the distance from the wave source to the artificial

boundary point; p, G are the density and shear modulus of the medium respectively; C,, C, are

the shear wave velocity and longitudinal wave velocity of the medium.

Material parameters

This study employs ABAQUS finite element software for modeling the tunnel structure. The
surrounding rock is simulated using solid elements with the Mohr-Coulomb constitutive model,
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effectively capturing the material behavior under shear and normal stress conditions. The
mechanical parameters of the surrounding rock are detailed in Table 3 [22]. The lining is also
modeled using solid structural units, adopting an elastic constitutive model to reflect its response to
seismic loads. The initial support comprises 28 cm thick C30 shotcrete, while the secondary lining
consists of 50 cm thick C50 reinforced concrete. A shock absorption joint, 20 cm wide, is incorporated
into the secondary lining, segmenting it and filling the segments with soft rubber plates. An elastic
constitutive model is used to represent the deformation characteristics of the rubber plates
accurately. The relevant mechanical parameters are presented in Table 4 [26]. The interaction
between the surrounding rock and the initial lining is established using the Coulomb contact model,
which effectively captures the frictional behavior at the interface. The normal contact behavior is
defined as hard contact to prevent penetration, with a tangential contact friction coefficient set at
0.446. The Coulomb contact model is also applied between the initial and secondary linings to
ensure realistic interactions under dynamic loading conditions, with a tangential friction coefficient of
0.3 [16].

Tab. 3 - Rock mass mechanics parameters

Density Elastic modulus Poisson Cohesion c¢/kPa Internal friction
p/kg/m?® E/MPa ratio u angle @/°
Loess 1800 60 0.35 61.2 28.9

Table 4 Material mechanics parameters

Supporting Tvoe Volumetric weight Elastic modulus Poisson  Thickness
type yp y/kg/m3 E/MPa ratio u fem
Conventional Initial lining 23.5 18000 0.25 28
lining Secondary lining 25 28000 0.20 50
Riaid linin Initial lining 25 43000 0.25 28
9 9 Secondary lining 27 54000 0.20 50
Flexible Initial lining 21 8000 0.25 28
lining Secondary lining 23 17000 0.20 50
shock 10 8 0.45 20

absorption joint

Damping measures

In the anti-seismic design of a tunnel, the strength of the surrounding rock is the key to
determining the choice of anti-seismic measures. When the surrounding rock condition is poor,
grouting reinforcement can be used to improve the strength of the surrounding rock. At the same
time, the thickness of the lining can be increased or the stiffness of the lining can be changed within
a certain range to reduce the seismic response of tunnel structure. When the tunnel is subjected to
a strong earthquake, the above measures cannot meet the requirements of tunnel seismic
resistance, it is necessary to improve the seismic resistance of the tunnel by setting the damping
layer or the shock absorption joint in the structure.

The tunnel is located in Tianshui City, Gansu Province, in a loess area with poor surrounding
rock conditions. According to the "Seismic ground motion parameters zonation map of China"
(GB18306) [28], the basic peak ground acceleration for this region is 0.3g. Therefore, this study
adopts a peak ground acceleration of 0.3g, considering it as a strong earthquake effect. To address
this, damping measures such as the installation of expansion joints and adjustments to lining
stiffness have been implemented. The existing research results have proved that the damping effect
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of the initial lining setting shock absorption joint on the tunnel is not obvious [12]. In this paper, the
shock absorption joint is only set on the secondary lining, and the damping effect of the single
damping measure on the loess tunnel is analyzed by changing the spacing of the shock absorption
joint and the stiffness of the lining. At the same time, the combined damping method of " rigid lining
+ shock absorption joint " is proposed, and the damping effect is analyzed, which provides a
reference for the anti-seismic design of the loess tunnel.

Ground motion

The EI-Centro wave is selected as the seismic wave, and the baseline correction of the
seismic acceleration time history is carried out by Seismosignal software. The 20 s including the
peak acceleration of the seismic wave is intercepted, and the time interval is 0.02 s. The adjusted
seismic wave acceleration time history curve is shown in Figure 4. For the viscoelastic artificial
boundary, the existing research shows that the difference between the numerical calculation results
and the analytical solution is large by using the acceleration input method or the displacement input
method, and both of them will cause the boundary condition to fail. However, the equivalent nodal
force input method is used, and the calculation results are consistent with the theoretical solution,
and the calculation accuracy is high [29]. Using viscoelastic boundary conditions, the seismic load
needs to be converted into equivalent nodal force applied to the boundary nodes. The dynamic
equilibrium equation is :

Muy+Cu; +Ku =F, (2)
where M, C, and K are the mass matrix, damping matrix, and stiffness matrix of the system
respectively; U, is the displacement of the incident wave at the boundary; F, is the applied
equivalent nodal force, which can be calculated by the following equation:

— f £y f
F,=(KoUb+Couy +ofn) A, (3)
Where U; and U are the free field displacement and velocity vector caused by the input seismic
wave on the viscoelastic boundary node respectively; o} is the free field stress tensor; N is the

outer normal direction residual vector of viscoelastic boundary; A, is the control area of the nodes
on the viscoelastic boundary [30].

0.3F

0.2F

o

Acceleration /g
(=]
o

0 5 10 15 20
Time /s

Fig. 4 - Acceleration time history curve

In this paper, based on the calculation formula of equivalent nodal force, the ground motion
input program of infinite element boundary is compiled, and the input of ground motion is realized by
applying equivalent nodal force at the bottom of the model.
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RESULTS ANALYSIS AND DISCUSSION

Calculation conditions

Eight calculation models of condition | ~ condition IX are established. The distance from the
tunnel boundary to 5 m, 10 m, 15 m, 20 m, 25 m, 30 m, 35 m, 40 m, 45 m, 50 m, 55 m and 60 m is
selected as the monitoring section. The data of the vault, arch shoulder, arch waist, and inverted
arch of each monitoring section under different working conditions are extracted, and the maximum
principal stress peak and maximum principal strain peak of the lining structure are analyzed. To
facilitate the comparison, the eight working conditions are divided into three groups for comparison.
Working conditions I, Il, Ill, and IV are the first group, working conditions I, V, and VI are the second
group, and working conditions I, VII, and IX are the third group.

Tab. 5 - Calculation conditions

Condition Condition details Condition Condition details
number number
1 No damping measures A" Flexible lining

Shock absorption joint
spacing is 10 m
Shock absorption joint

1I VI Rigid lining

Flexible lining + Shock

11 S VII L2
spacing is 15m absorption joint
Shock absorption joint Rigid lining + Shock
v S IX v
spacing is 20m absorption joint

Although the damping measures have an impact on the relative displacement value of the
tunnel structure, the degree of influence is small and can be ignored in practical engineering
applications. Therefore, the displacement analysis plays an auxiliary role, and the damping effect
should be analyzed mainly by referring to the variation law of stress and strain.

Stress

The maximum principal stress peak of each part of the lining structure during the earthquake
action time is extracted, and the data of different damping measures are drawn according to the
grouping, as shown in Fig.5, Fig.6, and Fig.7. The upper left corner of the figure displays the cross-
section of the tunnel, where the black dots represent the locations of the monitoring points,
corresponding to the vault, arch shoulder, arch waist, and inverted arch.
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Fig. 5 - The peak principal stress of the lining structure is distributed along the longitudinal
direction after the shock absorption joint is set

It can be seen from Figure 5 that the shock absorption joint can significantly change the
seismic response of each part of the lining structure. Along the longitudinal length of the tunnel, the
change amplitude of the vault and the inverted arch is larger, while the change law of the arch
shoulder and the arch waist is similar. Considering that the tunnel can be simplified to analyze the
simply supported beam, the deformation in the middle of the tunnel is large. The monitoring section
data at the length of 30 m are extracted for analysis. After the shock absorption joint is set, the
maximum principal stress peak of each part of the lining structure is significantly reduced. Compared
with the three working conditions of 10 m, 15 m, and 20 m respectively, the smaller the spacing of
the shock absorption joint is, the more obvious the damping effect is. When the spacing of the shock
absorption joint is 10 m, the vault is reduced by 0.31 MPa, and the reduction rate is 46 %. The arch
shoulder is reduced by 0.1 MPa, and the reduction rate is 24 %. The arch waist is reduced by 0.02
MPa, and the reduction rate is 6.7 %. The inverted arch is reduced by 0.1 MPa, and the reduction
rate is 23.9 %.
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Fig. 6 - The peak principal stress of lining structure with different stiffness are distributed along
the longitudinal direction

It can be seen from Figure 6 that the seismic response of the lining structure with different
stiffness is different. Along the longitudinal length of the tunnel, the variation rules of the three
working conditions are the same, that is, the vault and arch shoulder reach the maximum in the
middle of the tunnel, while the arch waist and inverted arch reach the maximum at both ends of the
tunnel. The tunnel is also regarded as a simply supported beam to extract the monitoring section
data at 30 m for analysis. Compared with the conventional lining, the flexible lining significantly
reduces structural stress. The vault is reduced by 0.15 MPa, the reduction rate is 22.2 %, the arch
shoulder is reduced by 0.1 MPa, the reduction rate is 23.4 %, the inverted arch is reduced by 0.05
MPa, the reduction rate is 11.3 %, and the stress at the arch waist is increased by 0.02 MPa, and
the increase is small. The rigid lining increases the structural stress, in which the vault increases by
0.19 MPa, the increase rate is 28.7 %, the arch shoulder increases by 0.1 MPa, the increase rate is
21.7 %, the inverted arch increases by 0.05 MPa, the increase rate is 11 %, and the stress at the
arch waist decreases by 0.02 MPa, and the decrease amplitude is small. It can be concluded that
the change in lining stiffness can make the peak stress of the structure change. The changing
amplitude of the vault and arch shoulder is larger, while the changing amplitude of the arch waist
and inverted arch is smaller. Considering that the left and right ends of the tunnel section are
squeezed, the upper and lower ends are stretched.
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Fig. 7 - The peak principal stress of the lining structure with combined damping measures is
distributed along the longitudinal direction

It can be seen from Figure 7 that the two combined damping measures can reduce the stress
of the tunnel to a certain extent. Along the longitudinal length of the tunnel, the variation rules of the
two damping measures are the same, and the change range is the largest at the 30 m position of
the tunnel. The monitoring section data at this position are analyzed. The combined damping
measures of flexible lining + shock absorption joint can reduce the stress of the vault of the structure
by 0.29 MPa, the reduction rate is 43.4 %, the arch shoulder is reduced by 0.06 MPa, the reduction
rate is 15.5 %, and the inverted arch is reduced by 0.07 MPa, the reduction rate is 17.1 %, while the
change amplitude at the arch waist is small. The combined damping measures of rigid lining + shock
absorption joint can reduce the stress of the vault of the structure by 0.41 MPa, with a reduction rate
of 61.2 %, the arch shoulder by 0.14 MPa, with a reduction rate of 32.6 %, and the inverted arch by
0.13 MPa, with a reduction rate of 31.1 %.

Strain

The maximum principal strain peak of each part of the lining structure during the earthquake
action time is extracted, and the data of different damping measures are drawn according to the
grouping, as shown in Figure 8, Figure 9, and Figure 10.
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Fig. 8 - The main strain peaks of the lining structure are distributed along the longitudinal
direction after the shock absorption joint is set.

It can be seen from Figure 8 that with the change of stress, the strain of the lining structure
after setting the shock absorption joint also changes greatly. The change law is similar to the change
law of stress. The vault and arch shoulder change greatly in the middle of the tunnel, and the arch
waist and inverted arch change greatly at both ends of the tunnel. Along the longitudinal length of
the tunnel, the change range of the strain peak curve of each part of the structure after setting the
shock absorption joint is significantly reduced, and the tunnel deformation along the longitudinal
direction is more uniform. The monitoring section data at 30 m is extracted for analysis. When the
spacing of the shock absorption joint is 10 m, the vault is reduced by 47 %, the arch shoulder is
reduced by 19 %, and the inverted arch is reduced by 23 %, while the change amplitude at the arch
waist is small.
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Fig. 9 - The main strain peaks of lining structures with different stiffness are distributed along the
longitudinal direction.

It can be seen from Figure 9 that the lining stiffness is different, and the deformation law of
the structure along the longitudinal distribution is similar, but the strain peaks are different. The
monitoring section data at 30 m were extracted for analysis. Compared with the conventional lining,
although the flexible lining reduced the structural stress, the structural deformation increased
significantly. The maximum principal strain at the vault increased by 35.4 %, the arch shoulder
increased by 36.6 %, the arch waist increased by 71.9 %, and the inverted arch increased by 54.4
%. On the contrary, the rigid lining significantly reduces the structural deformation, in which the
maximum principal strain at the vault is reduced by 33 %, the arch shoulder is reduced by 32 %, the
arch waist is reduced by 47.5 %, and the inverted arch is reduced by 36 %. It can be concluded that
the strength of the rigid lining material is large, although the force is large, the deformation is small,
and it has a good supporting effect on the surrounding rock.
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Fig. 10 - The main strain peaks of the lining structure with combined damping measures are
distributed along the longitudinal direction.

According to the analysis of Figure 10, except for the vault, the combined damping measures
of flexible lining + shock absorption joint increase the peak strain of each part of the structure, while
the strain of the vault at both ends of the tunnel increases and the strain at the middle section
decreases. The combined damping measures of rigid lining + shock absorption joint reduce the peak
strain of each part of the structure. The data of the monitoring section at 30 m were extracted for
analysis. The flexible lining + shock absorption joint measure increased the strain at the arch
shoulder of the structure by 31.7 %, the arch waist by 69.7 %, and the inverted arch by 36.7 %, while
the reduction amplitude at the vault was small. The rigid lining + shock absorption joint measures
reduce the strain at the vault of the structure by 73.7 %, the arch shoulder by 58.5 %, the arch waist
by 55.4 %, and the inverted arch by 64 %. It can be concluded that the combined damping measures
of rigid lining + shock absorption joint can effectively reduce the structural deformation, and the
reduction amplitude is large. Compared with the conclusion of the shaking table model test carried
out by Xin[13], the higher the strength of the lining concrete, the better the damping effect of the
damping joint, which is consistent with the conclusion of the study.

Table 6 summarizes the effects of various damping measures. In the table, “+” indicates an
increase, while “-” indicates a decrease.
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Tab.6 - Summary of damping measures effects
Damping measures Type Location Stress Strain
Vault -46% -47%
Shock absorption joint Spacing is 10 m Arch 24%  -19%
shoulder
Inverted arch -23.9%  -23%
Vault -22.2% +35.4%
. - Arch
Flexible lining -23.4% +36.6%
shoulder
Inverted arch  -11.3% +54.4%
Lining stiffness
Vault +28.7%  -33%
N Arch o o
Rigid lining shoulder +21.7%  -32%
Inverted arch  +11% -36%
Vault -43.4% +10.1%
Flexible lining + Shock absorption Arch A155% +31.7%
joint shoulder
Combined damping Inverted arch  -17.1% +36.7%
measures Vault -61.2% -73.7%
Rigid lining + Shock absorption joint ACh — 326% -58.5%
J shoulder ' '

Inverted arch  -31.1% -64%

According to the analysis in Table 6, the installation of shock absorption joints significantly
affects the seismic response of tunnel lining structures. Along the tunnel's longitudinal direction, the
stress variation is more pronounced at the crown and the arch, while the shoulder and waist exhibit
similar trends. When comparing different joint spacing (10m, 15m, and 20m), a smaller spacing
results in a more noticeable damping effect; at a joint spacing of 10m, the stresses at the crown,
shoulder, and arch decrease by 46%, 24%, and 23.9%, respectively. The stiffness of the lining
structure has a significant impact on dynamic response, with flexible linings reducing the stresses at
the crown and shoulder by 22.2% and 23.4%, respectively, while slightly increasing the stress at the
waist. Conversely, rigid linings generally lead to an increase in structural stress. Both combinations
of damping measures (“shock absorption joint + flexible lining” and “shock absorption joint + rigid
lining”) effectively reduce structural stress, with the former reducing crown stress by 43.4% and the
latter achieving a reduction of 61.2%. As stress decreases, the strain behavior also shows consistent
trends, particularly with the “shock absorption joint+ rigid lining” combination, which significantly
reduces deformation. In summary, the choice of combination between shock absorption joints and
lining materials is crucial for the performance of tunnel structures under seismic loads and is
consistent with related research findings, indicating that the combination of high-strength concrete
and seismic joints yields a more significant damping effect.
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CONCLUSIONS

1) Under the action of seismic load, the maximum deformation of the lining structure of the loess
tunnel mostly occurs at the vault position, that is, the stress peak and strain peak are large at this
position, and the structural stress is large. This position is a weak point of the loess tunnel structure
and should be strengthened during seismic design.

2) The shock absorption joint can effectively release the internal force of the structure and
achieve energy dissipation. The smaller the spacing of the shock absorption joint is, the better the
damping effect is. However, too small spacing will divide the tunnel into too many segments, thus
destroying the integrity of the structure. This paper recommends that the spacing of shock absorption
joints in loess tunnels should be 10 m.

3) The flexible lining can reduce the stress of the structure, but the strain increases, and the
strain at some parts of the structure increases by more than 30 %. Although the rigid lining increases
the structural stress, the strain decreases, and the strain at some positions of the structure can be
reduced by more than 20 %. For the damping design of the loess tunnel, although the rigid lining
increases the internal force of the structure, the bearing capacity of the loess surrounding rock is
stronger, the displacement deformation of the structure is reduced, and the structure is safer.

4) Compared with flexible lining + shock absorption joint, the combined damping measures of
rigid lining + shock absorption joint can give full play to the advantages of a single damping measure,
so that the relative displacement of the structure in the dynamic response is reduced, and the
maximum principal stress is reduced, so that the deformation of the structure is reduced, which is
more suitable for the anti-seismic design of the loess tunnel.

5) This study provides an in-depth exploration of seismic mitigation techniques for loess tunnels;
however, it has some limitations. First, the analysis primarily focuses on specific seismic load
conditions and does not consider the effects of broader seismic scenarios and soil characteristics
on structural performance. Second, the filling materials used in seismic joints significantly impact
their effectiveness, but this study does not compare various damping materials. Additionally, the
long-term effects and maintenance requirements of the seismic measures have not been adequately
discussed. Future research should address the structural response characteristics under different
types of earthquakes, explore more flexible design solutions, and consider environmental impacts
and material durability to further enhance the seismic resilience of loess tunnels.
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