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Abstract. Previous earthquake disasters have proven that tunnel structures span-
ning faults have a greater risk of damage during earthquakes. However, under-
ground tunnel engineering is a lifeline project related to the national economy,
and ensuring its safe and reliable operation during earthquakes is of great practi-
cal significance. This article first brings together relevant research results at home
and abroad, introduces the seismic damage characteristics of cross-fault tunnel
structures, and then conducts a review of the anti-seismic and reduction measures
taken in cross-fault tunnel structures at home and abroad from the aspects of rigid
design and flexible design. Discuss, compare and summarize the range of ad-
vantages of different anti-shock-absorbing measures. Finally, a brief outlook is
given on key issues that still require in-depth study of cross-fault tunnel struc-
tures.
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1 Introduction

The "14th Five-Year Plan for the Development of Modern Comprehensive Transporta-
tion System" clearly requires that the construction of railway trunk lines and urban rail
transit be accelerated, and China's tunnel construction has entered the fast lane [1]. By
the end of 2022, China has put into use 17,873 railway and highway tunnels, with a
total length of 21,978 km [2, 3]. China has become a real tunnel construction country
and is accelerating to become a tunnel construction power.

Many earthquake surveys at home and abroad have pointed out that the tunnel pass-
ing through the fault was severely damaged by the earthquake. In 1906, the California
earthquake in the United States had a magnitude of 8.3. Two tunnels on the Southern
Pacific Railway were severely damaged, and both tunnels crossed the San Andreas
Fault [4]. In 1978, after the Izuoshima earthquake in Japan, the secondary lining of the
Inatori tunnel across the fault had obvious cracks, steel bars were broken, and the struc-
ture failed [5]. Wang [6] et al. investigated the damage status of tunnels after the Jiji
earthquake. The results showed that 49 of 57 tunnels were damaged to varying degrees,
and the fault zone was almost destroyed. The investigation and research on tunnel earth-
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quake damage carried out by Cui Guangyao [7] and others along the Wenchuan earth-
quake zone also showed that the serious damage to the tunnel body was mainly caused
by the tunnel passing through faults. Longxi Tunnel, Zipingpu Tunnel and other tunnels
were damaged in the earthquake. The larger tunnels pass through seismic fault zones.
It is obvious that the structural vulnerability of tunnels crossing faults is higher under
earthquake action.

Generally, in order to avoid or alleviate the negative impact of cross-fault tunnels
under the action of earthquakes, the tunnel alignment will be optimized at the beginning
of the design to avoid geologically poor sections and fault fracture zones. However, our
country has a vast territory and faults are widely distributed. Moreover, restricted by
geology, cost and other objective conditions, it is often difficult to avoid crossing active
faults. Major projects such as the Sichuan-Tibet Railway, Central Asia Line D along
the “Belt and Road Initiative” and the Jakarta-Bandung High-Speed Railway all cross
several active fault zones, and the construction of a large number of cross-fault tunnels
has become a realistic development need [8-10].

In view of the actual impact of seismic activity on cross-fault tunnels, this study
integrates relevant research results at home and abroad, introduces in detail the damage
characteristics of cross-fault tunnel structures in earthquakes, and summarizes the anti-
seismic reduction measures adopted at home and abroad for cross-fault tunnel struc-
tures. measures, further comparing their advantages and disadvantages, and also briefly
prospecting the future research directions of cross-fault tunnel structures.

2 Seismic damage characteristics of cross-fault tunnel
structures

Previous research generally believed that tunnels, as typical underground buildings,
will move with the movement of soil layers under earthquakes, and are constrained by
surrounding rocks to maintain a constant shape of the tunnel, so they should have good
seismic resistance [11]. It was not until the two major earthquakes at the end of the 20th
century (the 1995 Hanshin Earthquake [12] and the 1999 Taiwan Chi-Chi Earthquake
[13]) that people gradually realized that tunnels would also suffer severe damage from
earthquakes. Therefore, when constructing tunnels, it is necessary to have a compre-
hensive understanding of the earthquake damage characteristics of cross-fault tunnel
structures, so as to formulate corresponding countermeasures to ensure the safety of the
tunnel. Through research on the response of cross-fault tunnels under the action of
earthquakes at home and abroad, it is found that the seismic damage of cross-fault tun-
nels is manifested in two parts: vibration damage of the tunnel under the action of earth-
quakes and shear damage of the tunnel under the action of fault dislocation.

2.1 Earthquake induced damage

The vibration damage of tunnels under earthquakes is the product of motion interaction
and belongs to the category of dynamic effects. Tunnel lining cracking is a major dam-
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age feature induced by earthquakes in tunnel fault zones. In Figure 1, it appears as lon-
gitudinal ruptures, transverse ruptures, oblique ruptures, and circumferential ruptures
penetrating through transverse or oblique ruptures. Rupture etc. Examples with obvious
earthquake damage characteristics include the Longchi Tunnel and Longxi Tunnel in
the Wenchuan Earthquake, the Longdongzi Tunnel and the Jijiaya Tunnel, and the Sa-
nyi Tunnel in the Jiji Earthquake [14].

longitudinal

Ring to
crack

Slant crack

Fig. 1. Lining cracking of cross- fault tunnell.

Tunnel lining detachment or even surrounding rock collapse is another major dam-
age characteristic of tunnels in fault zones induced by earthquakes. As shown in Figure
2, the high stress concentration caused by fault zone compression during earthquakes
will cause the tunnel lining to fall off and the surrounding rock to collapse. Severe
surrounding rock collapse will often lead to tunnel sealing and become the main cause
of tunnel earthquake damage. The weak surrounding rock at the entrance of Longxi
Tunnel collapsed, causing serious blockage of the tunnel. The secondary lining col-
lapsed on the side wall of the Longdongzi left tunnel tunnel, causing serious damage to
the tunnel[15].

Lining
fall off
Locally
lining the
block

Fig. 2. The lining of a cross - fault tunnel falls off.
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2.2 Fault shear failure

Fault shear failure also often occurs during earthquake damage to cross-fault tunnels.
The tunnel seismic damage induced by fault dislocation is the relative displacement
caused by the stiffness mismatch between the tunnel and the surrounding rock during
vibration, which is a static effect. As shown in Figure 3, there is a significant relative
displacement difference in the surrounding rock of the tunnel crossing the fault zone
under the action of the earthquake. This is caused by the significant mutation in stiffness
between the better surrounding rock and the tunnel surrounding rock in the fault zone.
As a result, the tunnel structure shifted significantly at the location of the fault fracture
zone, and the lining failed due to fault shear.

Staggered failure
of lining

Fig. 3. Shear dislocation of tunnel lining across faults.

Among domestic and foreign earthquake events, the more common types of dislo-
cation damage include [16]: the 1906 earthquake in San Francisco, USA, caused the
Wright No. 1 Tunnel to suffer severe dislocation damage, with a horizontal dislocation
degree of up to 1.37m; In the 1995 Hanshin Earthquake in Japan, the Rokko Tunnel on
the Zhongshan Yang Shinkansen Line passed through the Rokko Fault System. There-
fore, the tunnel structure suffered significant seismic shear dislocation damage after the
earthquake; in the 1999 Jiji earthquake in Taiwan During the earthquake, the Shigangba
water diversion tunnel passed through the Chelungpu fault, which caused the tunnel
lining to suffer significant dislocation damage in the fault area. The deformation of the
tunnel in the vertical direction reached 4.0m, and the deformation in the horizontal di-
rection was as high as 3.0m, which caused damage to the entire tunnel system; in the
F8 fault area near the Longxizi Tunnel of the Duwen Expressway [19], both construc-
tion joints and non-construction joints have significant misalignment damage, and the
deepest misalignment depth can reach 0.6m. It can be clearly seen that under the influ-
ence of earthquakes, the risk of dislocation damage in tunnel fault zones is relatively
high.
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3 Anti-seismic and damping measures for cross-fault tunnel
structures

Conducting seismic research on cross-fault tunnels is a guarantee for safe tunnel oper-
ation. However, in the seismic design of cross-fault tunnels, it is impossible to design
a structure to resist earthquake damage. An effective method is to identify hazards dur-
ing geological survey and take appropriate anti-seismic measures for the tunnel fault
zone to localize the scope of earthquake damage. According to the vibration character-
istics of underground structures, there are two main ideas for anti-seismic reduction
measures for cross-fault tunnels. One is the rigid design method based on improving its
own seismic performance, and the other is aimed at reducing the transmission of seis-
mic energy from the ground to the structure. flexible design method. Currently, there
are four mainstream methods in the industry for building tunnels across faults to reduce
earthquake damage to tunnel structures, namely : (O Surrounding rock reinforcement;
2 Setting up shock-absorbing layers; (3) Over-excavation design; @) Articulated de-
sign.

3.1 Rigid design method

Rigid design mainly focuses on enhancing the structural stiffness to resist earthquake
effects, which is called "hard resistance" . Its purpose is to enhance the stiffness of the
tunnel lining structure itself or increase the overall stiffness of the surrounding rock
within the fault fracture zone to reduce the harm caused by earthquakes. To a certain
extent, it can reduce the displacement of the lining structure caused by the earthquake,
but the structural stiffness The increase will inevitably strengthen the earthquake impact
and increase the structural stress. Its desirability needs to be discussed.

3.1.1 Surrounding rock reinforcement. Surrounding rock reinforcement includes
grouting reinforcement and the setting of anchor rods. Grouting reinforcement can
change the quality of the surrounding rock, thereby promoting the integrity of the sur-
rounding rock and improving the seismic resistance of the tunnel. For example, the
Nanyangshan Tunnel uses micro-steel pipe pile grouting to reinforce the fault surround-
ing rock; the Majiazhai Tunnel uses advance small conduit grouting to reinforce the
loose surrounding rock, and its seismic effect is significantly enhanced. Tang Yinfei
[17] and others relied on detailed statistics and research on the historical earthquake
damage of tunnel crossing fault sections, and carried out indoor experiments and nu-
merical model analysis based on the Moganling Tunnel to analyze the impact of grout-
ing reinforcement on the resistance of cross-fault tunnels. Based on the effect of the
seismic reduction method, calculation models were constructed respectively, and the
following conclusions were drawn: when the thickness of the grouting layer increases,
the peak acceleration response and stress response of the tunnel lining are significantly
reduced. As shown in Figure 4, Zheng Qing [18] and his team conducted a comparative
study on three different grouting reinforcement methods—full-ring interval type, full-
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ring contact type, and local type—to evaluate the seismic resistance of these three meth-
ods on tunnel support structures. performance. The research results reveal the stress
patterns of these three grouting methods in various strata, and suggest that the use of
the full-ring interval grouting method can significantly improve the seismic perfor-
mance of the tunnel support structure.

The setting of anchor rods is limited by its high anchoring cost, complicated techno-
logical process and relatively low seismic resistance cost-effectiveness. It is mainly
considered for use in certain rock formation areas with poor geological conditions. With
the development of our country's economy and the improvement of people's living
standards, more and more attention has been paid to highway construction. Therefore,
many areas have begun to use anchor technology to build highways or high-speed rail-
ways and other projects. This can not only reduce project costs but also effectively
Ensure construction quality. For example, in the tunnel project of Lixiang Railway,
anchor technology has been used to strengthen the soft rock structure.

Fig. 4. Grouting reinforcement scheme for surrounding rock in a cross-fault tunnel.

3.1.2 Lining structure optimization. When an earthquake occurs, the higher the stiff-
ness of the lining, the greater the internal force value. Using a lining structure with
higher stiffness cannot achieve the expected seismic resistance effect, and "hard re-
sistance" cannot effectively reduce the damage caused by earthquakes. The mechanical
properties of the lining structure of a tunnel in a fault zone should match the character-
istics of the surrounding rock and transitional surrounding rock in the fault zone. The
tunnel structure cannot suffer more damage simply by increasing the stiffness or thick-
ening of the supporting structure and other "hard resistance" measures. Serious damage.

The performance optimization of lining structures mainly includes the application of
lightweight and high-strength materials, the application of appropriate stiffness linings,
the most reasonable lining thickness design, and the enhancement of the load-bearing
capacity of weak points. Taking the Suai Tunnel as an example, for the weak parts, that
is, the node parts of the segments, the strength of the bolts is strengthened to enhance
the seismic resistance of the tunnel.

3.2  Flexible design method

The core idea of flexible design is to reduce the inherent stiffness of the structure so
that underground buildings can deform more effectively with changes in the stratum,
thereby reducing the response speed of underground buildings under the influence of
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earthquakes. Underground buildings not only have the ability to withstand static loads,
but can also effectively absorb seismic energy and forced displacements. In this indus-
try, the main application methods include setting up shock-absorbing belts, using over-
excavation designs, and articulated designs.

3.2.1 Set up shock absorbers. The placement of a shock-absorbing layer means plac-
ing specific materials between the tunnel's support structure and its adjacent surround-
ing rock, or isolating the rock at a specific distance outside the support structure. At the
same time, the stiffness of the shock-absorbing layer is appropriately adjusted to
achieve the purpose of reducing the strength of the tunnel support structure. The shock-
absorbing layer can effectively reduce or avoid surface displacement caused by seismic
wave propagation and the resulting lining damage and other problems. The location of
the shock-absorbing layer can be between the surrounding rock and the supporting
structure, or between the primary support and the secondary lining. By using a shock-
absorbing layer to isolate the supporting structure and surrounding rock media, the in-
put of seismic energy to the supporting structure can be effectively reduced or changed.

Commonly used shock-absorbing measures include shock-absorbing joints and
shock absorbers, and have been used in actual projects. For example, there are four
shock absorption points in the Suai Tunnel, and the shock absorption points are con-
nected with SMA steel plates and Q-shaped rubber waterstops. The lining of the cross-
fault section of Galongla Tunnel is equipped with one shock-absorbing joint every Sm
with a width of 0.5m.

Implementing seismic attenuation measures in tunnels can result in excellent seismic
performance. Sui Chuanyi [19] and his team conducted in-depth research on the role of
shock-absorbing equipment in the seismic performance of tunnels, and they found that
shock-absorbing equipment can significantly reduce the internal stress of the structure,
thereby enhancing its seismic resistance. Nakamura [20] and Shahroulls [21] conducted
an in-depth study on the role of the damping layer in the seismic resistance of tunnels.
They found that setting the damping layer in the transition area between soft and hard
surrounding rocks can significantly improve the seismic performance of the tunnel. Zhu
Zhengguo [22] and his team studied the strength of the shock-absorbing layer and con-
crete. Their research found that although the increase in concrete strength does not sig-
nificantly help improve the seismic resistance of the structure, adding a shock-absorb-
ing layer can bring significant seismic effects.

The actual performance of the tunnel's shock-absorbing layer is closely related to its
structural strength, thickness, length, spatial layout and other factors. Wang Yonggang
[23] and his team artificially created ground motions and used finite element numerical
simulation to study the vibration response of tunnels under different numbers of earth-
quake-absorbing joint arrangements. Research results show that configuring three
earthquake-absorbing joints can achieve the best earthquake-absorbing effect; Liu
Yang [24] and his team suggested that the tunnel's earthquake-proof measures should
maintain a safe distance of about 100m from the fault; Wang Linhui [25] aimed at cross-
fault An in-depth comparative study of the shock-absorbing effects of tunnels in the
broken zone under different shock-absorbing layer designs was conducted. Research
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shows that setting up a seismic-absorbing layer between the secondary lining and pri-
mary support is the most efficient method, and the longer the longitudinal length of the
seismic-absorbing layer, the more significant the improvement in the seismic resistance
of the tunnel.

3.2.2 Section over-excavation. The over-excavation design is a passive design, which
assumes that the tunnel section will undergo permanent deformation along the fault
displacement plane under the action of strong earthquakes. The core concept is to ex-
pand the tunnel section to adapt to the cumulative creep displacement of the fault zone
over a certain period of time and possible earthquakes. A certain seismic displacement
value is generated, and the tunnel expansion is used to ensure the clearance area re-
quirements of the tunnel. At the same time, it is beneficial to the tunnel's use for a
certain period of time and post-earthquake structural repair. The amount of over-exca-
vation is mainly determined by the seismic intensity, surrounding rock conditions and
tunnel cross-section. During the expansion process, the tunnel structure is usually a
double-layer lining structure, with porous materials (such as foam concrete) or no po-
rous materials filled between the inner and outer linings. Filled with porous materials,
in the case of fault displacement, the gap between the inner and outer linings can ensure
the clear area of the tunnel cross-section and minimize the damage to the tunnel struc-
ture caused by the displacement.

There have been many successful cases at home and abroad using expanded excava-
tion to cross tunnel fault zones. The Malaysian Railway Tunnel Network 1 adopted
measures to expand the fault-affected zone and excavated the inner contour of the tun-
nel to 45cm, and there have been no problems in operation so far; the Berkeley Hills
Tunnel of the San Francisco Bay Area Rapid Transit System in the United States is in
the process of crossing the Hayward fault zone The "expansion excavation" method
was adopted, and through stratigraphic creep analysis and seismic displacement analy-
sis, it was believed that the allowable fault displacement movement during the tunnel
crossing the fault fracture zone was 1 foot. The operation practice of multiple tunnels
has shown that it is feasible to expand and dig through fault zones. The bidding section
for tunnel expansion should be clear. Li Yu et al. [26] selected Wushaoling Tunnel as
the research target. After expanding and analyzing different parts of the tunnel and an-
alyzing its mechanics, they found that for tunnels in fault zones, expansion can create
fault offsets. It has the advantage of bringing redundant space and reducing the overall
stress of the structure. However, for ordinary sections of tunnels, excavation will sig-
nificantly increase the bending moment and shear force, and excavation will be more
harmful to it.

3.2.3 Articulated design. Aihara [27] first suggested the use of flexible connection
methods to cross fault fracture zones in the design of natural gas pipelines, and empha-
sized that this flexible connection method needs to be able to adapt to changes in all
aspects of the tunnel structure. As an iconic structural means in flexible design, "artic-
ulated design" has demonstrated significant advantages.
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The core idea of applying "articulation design" to the tunnel structure is: when the
tunnel structure crosses the fault zone, the tunnel support structure is mainly connected
segmentally, and each segment is connected with weakened materials or structural
measures, so that each structural measure It not only maintains its independence as
much as possible but also shortens the tunnel segments as much as possible, so that
damage to the connecting support structure during the dislocation of the fault zone
mainly occurs at the connecting part or part of the structure without causing overall
damage to the structure. The more successful examples of hinged design are mainly the
BOLU highway tunnel in Turkey passing through the Bakacak fault zone and the Ze-
kidagi fault zone, and the Koohrang water conveyance tunnel in Iran passing through
the 300-meter-wide Zarab fault zone [28].

3.3 Discussion and analysis

The two main damage forms of cross-fault tunnels under earthquake action are earth-
quake-induced damage and fault dislocation shear failure. Fault displacement damage
is often accompanied by earthquake-induced damage, but it does not always exist when
there is earthquake-induced damage. Fault dislocation damage. The external manifes-
tations of earthquake-induced damage are cracking and detachment of the lining, and
collapse in severe cases, while fault shear damage is manifested as longitudinal dislo-
cation of the tunnel.

There are two design concepts for seismic reduction of cross-fault tunnel structures:
rigid design and flexible design. Compared with the two, flexible design takes into ac-
count both safety and economy and should be the priority method of seismic reduction.

There are two methods of rigid design: surrounding rock reinforcement and lining
optimization. Surrounding rock reinforcement is more common. There are three meth-
ods of flexible design: shock-absorbing layer, over-excavation design and hinged de-
sign. The shock-absorbing layer is often used.

Over-excavation design and hinge design are mainly proposed to deal with the in-
fluence of fault dislocation, which is beneficial to tunnel fault zones, but harmful to
ordinary sections of tunnels.

4 Conclusion and Outlook

This article reviews relevant domestic and foreign literature on cross-fault tunnel struc-
tures, introduces in detail the two main damage characteristics of cross-fault tunnels
under earthquake action, summarizes the main anti-seismic reduction strategies for
cross-fault tunnel structures at home and abroad, and conducts comparative analysis.
The advantages and scope of application of each measure are analyzed.

In order to accelerate the realization of global interconnection, more cross- fault tun-
nels will be constructed, which will put forward higher demands on the seismic re-
sistance of cross-fault tunnel structures. The seismic research on cross-fault tunnel
structures still needs to be improved. The author believes that further research can be
conducted in the following aspects:
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Deeply study existing tunnel earthquake damage cases, build a database of earth-
quake levels, tunnel earthquake damage characteristics, quantity and specific infor-
mation, and explore the commonality and individuality of earthquake damage in tun-
nels that cross faults, providing a reference for analyzing the earthquake mechanism of
cross-fault tunnels and making decisions on earthquake reduction measures.

Strengthen the systematic research on the practicality and adaptability of seismic
resistance measures for cross-fault tunnel structures, with special emphasis on the re-
search and application of major projects. At present, tunnel anti-seismic reduction
measures are still in the research stage and are not very practical. We should vigorously
promote anti-seismic reduction measures, enhance the seismic resistance of cross-fault
tunnel structures, and carry out verification and verification of tunnel anti-seismic re-
duction measures.
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