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Abstract: Large earthquakes can result in permanent ground deformations caused by fault displacement and 

propagation fault rupture propagation to the ground surface. The recommendation of seismic design codes is 

simply to avoid construction near active faults and to impose a setback zone from fault lines for the construction 

of structures, which is practically impossible for long structures such as tunnels and pipelines. Therefore, 

appropriate measures should be taken to mitigate the fault rupture hazard. In this paper, hazard mitigation 

strategies in the interaction between the fault and the subsurface structures, which are categorized into 

structural and geotechnical approaches, are investigated. Structural strategies include reinforcing the part of 

the structure that is under faulting and using flexible joints, and geotechnical strategies include isolation 

techniques using different materials between the tunnel lining and the soil, using sliding rigid elements or soft 

elements for deviation of the rupture path. It was found that the fault type, the relative position of the 

underground structure to the fault plane, and its buried depth are among the factors affecting the performance 

of the proposed methods. The investigated solutions and their conditions can be a guide for practical 

engineering.  
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1. Introduction and Background 

It has long been believed that underground structures experience less damage in earthquakes 

than above-ground structures (Dowding and Rozan, 1978). However, in severe earthquakes such as 

Izu-Oshima-Kinkai (1978), Kobe (1995), and Kumamoto (2016) in Japan, Düzce (1999) in Turkey, Chi-

Chi (1999) in Taiwan, and Wenchuan (2008) in China, the failures and collapses of underground 

structures have been observed (Kawakami, 1984; Nakamura et al., 1996; Sugimura et al., 2001; Dalgic, 

2002; Kontogianni and Stiros, 2003; Yu et al., 2016; Kiyota et al., 2017). Field observations in these 

earthquakes showed that these structures are more vulnerable to permanent ground deformation  

(PGD) caused by faults than to shaking  caused by seismic wave propagation. During the 1906 San 

Francisco and 2008 Wenchuan earthquakes, offsets of 1.8 m and 0.8 m were observed in the 

surrounding rock in the tunnels crossing the fault zone, respectively, which led to cave-in, 

deformation, and cracks in the tunnels (Prentice and Ponti, 1997; Cui et al., 2018). After the Chi-Chi 

earthquake (1999), 57 tunnels were investigated, and it was found that 49 tunnels suffered various 

damages (Wang et al., 2001). Damage to some underground structures due to fault rupture in large 

earthquakes is shown in Fig 1. In general, the three factors of ground failure (such as liquefaction or 

landslides), fault displacement, and ground shaking, which can also be found combined, cause 

cracking or failure in a tunnel (Lanzano et al., 2008).  
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Figure 1. Damage to underground structures; a) Pipeline offset near San Andreas Lake in the 1906 San Francisco 

earthquake (Bray and Kelson, 2006), b) Chi-Shue tunnel after the 1999 Chi-Chi earthquake (Wang et al., 2001), c) 

Axial compression failure in Tawarayama tunnel Caused by the 2016 Kumamoto Earthquake (Kiyota et al., 2017), 

d) Collapse of tunnel liner and exposed impermeable lining during the 2008 Wenchuan earthquake (Yu et al., 

2016). 

The use of subsurface structures to accommodate critical lines such as roads, subways, and water 

and gas transportation systems is increasing. Many cities are located in active fault zones, which 

creates challenges for the construction of these subsurface structures. The recommendation of seismic 

design codes is simply to avoid construction near active faults and to impose a setback zone from 

fault lines for the construction of structures (Hart et al. 1999; Boncio et al. 2018). The uncertainty 

related to the mapping of active faults and the rupture propagation pattern through soil sediments 

has made the implementation of these guidelines difficult. 

Moreover, long structures such as tunnels, pipelines, and bridges often intersect active faults or 

are located in their vicinity. Therefore, it is necessary to increase the safety of the structures in fault 

zones by providing solutions to reduce the hazards associated with fault rupture. Over-excavated 

sections of tunnels to provide sufficient space for fault displacement conditions have been suggested 

by some researchers (Wang et al., 2012; Romero and Caulfield, 2012). Hazard mitigation strategies in 

the interaction between the fault and the subsurface structures are categorized into structural and 

geotechnical approaches, which are investigated in this paper. Structural strategies include 

reinforcing the part of the structure that is under faulting and using flexible joints, and geotechnical 

strategies include isolation techniques using different materials between the tunnel lining and the 

soil, using sliding rigid elements or soft elements for deviation of the rupture path. The type and level 

of damage to subsurface structures are influenced by the fault type, their position in relation to the 

fault plane, their depth placement, the relative rigidity of the structure and the surrounding materials, 

and the fault width (Baziar et al., 2016; Kiani et al., 2016; Ghavami et al., 2019; Cai et al., 2019; Zhang 
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et al., 2020. Ghavami et al., 2021; Zhang et al., 2023b), which should be considered in selecting the 

appropriate mitigation method. 

2. Structural Strategies 

By conducting centrifuge tests, Kiani et al. (2016) showed that the segmental tunnel lining has a 

greater ability to deform than the continuous one to eliminate the effects of normal faulting, and 

sudden failure does not occur in segmental tunnels subjected  to normal faulting. The structural 

damage to the lining was very low due to the proper geometric performance of the segments and 

their joints. However, the tensile nature of normal fault leads to the separation of the segment rings, 

which causes the soil to collapse into the tunnel, and there is a possibility of a sinkhole forming on 

at-ground surface, which should be considered for its effects on ground structures. In another study, 

Kiani et al. (2017) compared the behavior of segmental tunnels in normal and reverse faults. Due to 

the compressive nature of the reverse fault, the segmental tunnels subjected to reverse faulting have 

better performance compared to normal faulting (Figure 2). On the other hand, the opening of spaces 

between the segmental rings at the joints in the reverse fault was much less than the normal fault. 

Also, the ground differential movements in normal fault are much higher than in reverse fault. The 

soil overburden thickness  and fault dip angle  are important parameters in the design of the tunnel 

lining. The positive effects of the sequential joints method  by applying it to the Karaj water transfer 

tunnel in Iran have also been observed (Jalali, 2018). 

 

Figure 2. a) Longitudinal deformation in the segmental tunnel and the sinkhole formation on the ground surface 

in normal fault, b) Longitudinal deformation of segmental tunnel in reverse fault (Kiani et al., 2017). 

Tohidifar and Moosavi (2020) used flexible joints in the continuous concrete tunnel lining to 

reduce the damages induced by the differential displacement of the reverse fault. In the centrifuge 

test, cast-in-place concrete lining in continuous tunnels was modeled in three segments (Figure 3). 

Flexible joints with low shear and bending stiffness (elastomeric rubber foam tubes) were used 

instead of common transverse expansion joints.  The results indicated that the transverse flexible 

joints make tunnel behavior more consistent with soil deformations and reduce the damage that may 

occur in the tunnel lining. The fault dislocation has caused the closing of the gap of flexible joints 

between the successive segments, which has created a locking mechanism (the tunnel segments go 

partially inside each other) with the rotation and displacement of the middle segment.  

Based on the damage analysis of the tunnel passing through the normal fault after the Wenchuan 

earthquake, the idea of designing different lengths of sectional tunnel linings with flexible joints was 

proposed to apply to the active fault area (Shen et al., 2020).  
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Figure 3. a) Propagation of reverse fault rupture with dip angle of 60°, b) deformations of tunnel segments after 

faulting (Tohidifar and Moosavi, 2020). 

To design a flexible joint in the model test, steel wire mesh was glued together at the joint 

between the cross-sectional models, and the joint gaps were filled with plaster, then a rubber strap 

with high elasticity was glued outside the joint. Flexible joints lead to localized damage instead of 

global damage and effectively adjust the stress distribution of the surrounding rocks. The damaged 

flexible joints were easily repaired after the earthquake and could effectively prevent global damage 

to the tunnel lining. 

The performance of the submarine tunnel with flexible connections against strike-slip fault  was 

investigated by performing model tests and numerical simulations (Zhou et al., 2021). These 

connections were made with steel wire and flexible rubber (Figure 4).  The results showed that there 

are no evident cracks in the structure of the tunnel lining, and tunnel deformation with these 

connections is S-shaped, so that tunnel lining segments have significant rotation. Increasing the 

thickness of the lining, reducing the length of the lining segments and reducing the tunnel diameter, 

and smaller width and less rigidity of flexible connections can be effective in improving the 

performance of these tunnels. In another research, fibre plastic concrete  has been proposed as a 

flexible joint material in the strike-slip fault zone to accommodate bending and shear deformation 

(Zhao et al., 2019). 

The effectiveness of flexible joints as a mitigating measure against the consequences of strike-

slip  and dip-slip fault rupture  on buried pipelines has also been confirmed (Melissianos et al., 2016; 

Melissianos et al., 2017; Valsamis et al., 2020). 

 

Figure 4. Tunnel models in the studies of Zhou et al. )2020 ( .  

Considering that the mechanical properties of rocks around the tunnel in the fault zone are 

generally very weak and the stress and displacement in this area are higher than in other regions, Li 

and Gu (2014) investigated three different construction methods to protect the tunnel located in the 
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fault zone using the finite element method: 1) Reinforced concrete 2) Bolting-shotcreting and 

reinforced concrete 3) Grouting and reinforced concrete (Figure 5). The numerical modeling results 

show that the stresses and displacements in the third method are less than the other methods (Figure 

5). 

 

Figure 5. Maximum displacement in surrounding rock and maximum stress in structure with three different 

construction methods (Li and Gu, 2014). 

Fiber-reinforced concrete has been used as a primary support in underground structures in the 

form of shotcrete due to its high compressive and tensile strength and suitable ductility (Jovičić et al., 

2009; Xin et al., 2019; Zhao et al., 2021). Zeng et al. (2021) introduced basalt fiber reinforced concrete 

as a suitable material for constructing articulated sections and increasing the tunnel structure 

flexibility. The results of their studies showed that basalt fibers can increase the tensile strength of 

concrete, so that by applying the fiber volume contents of 0.5%, the size of cracks in the tunnel caused 

by the PGD are reduced by 33.45% and 38.11%, respectively. Wang et al. (2024) showed that steel-

polypropylene fiber in tunnel lining concrete play an important role in anti-fault performance. The 

effectiveness of using fiber-reinforced concrete in the lining of tunnels crossing the fault has been 

investigated by other researchers (Cui et al., 2020; An et al., 2020; Zhang et al., 2024). 

Zhang et al. (2023a) investigated the mechanical properties of tunnels supported by corrugated 

plate structures under strike-slip faulting. The optimal design of this protection method  can be 

attained by regulating the reinforcement rigidity to achieve the maximum fault movement associated 

with different soil constraints. 

3. Geotechnical Strategies 

To reduce the friction between the soil and the buried pipes (caused by the PGD), which leads 

to the strains in the pipe wall, preventive measures have been suggested. Covering the pipeline trench 

with geotextile (Figure 6a) reduces the pipe-soil friction and increases the effective anchor length of 

the pipeline (Gantes & Bouckovalas, 2013). The results of experiments conducted by Monroy-Concha 

(2013) showed that the use of two layers of geotextile fabric is effective only if the pipe-trench wall 

distance is less than half the diameter of the pipe. By placing the pipe in prefabricated concrete 

culverts (Figure 6b), as a result of displacement of a strike-slip fault, by sacrificing the culverts, the 

pipe strains are significantly reduced and the possibility of pipe failure  (tensile failure or local 

buckling) is decisively reduced (Gantes and Melissianos, 2016). Backfilling the pipe trench with 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 November 2024 doi:10.20944/preprints202411.2412.v1

https://doi.org/10.20944/preprints202411.2412.v1


 6 

 

materials such as loose granular soil, rubber-derived aggregates, and Expanded Polystyrene (EPS) 

geofoam can also be effective in protecting buried pipelines from PGD. 

 

Figure 6. a) Covering the pipeline trench with a friction-reducing geotextile (Gantes & Bouckovalas, 2013), b) 

Placing the pipeline within buried concrete culverts (Gantes and Melissianos, 2016), c) Low-density gravel in a 

pipeline trench (Rojhani et al., 2022), d) Load transfer from Tire derived aggregates to buried pipeline (Sim et al., 

2012). 

The effectiveness of using pumice (as low-density gravel (LDG) with high porosity) as backfill 

in a trench containing a pipeline (Figure 6c) subjected to reverse fault was investigated by conducting 

a series of centrifuge tests (Rojhani et al., 2022). The LDG backfill changes the deformation mechanism 

of the pipeline to beam buckling and does not bear any significant axial strain, which makes its 

performance safer and causes less damage to the pipeline. Preventing pipeline cracking shows that 

this method can be useful for pipes carrying flammable materials. Another material proposed for 

filling the buried pipeline trench is foam concrete, which significantly protects the pipeline under 

displacement caused by the normal fault due to its high homogeneity, lightweight, controllable 

strength, and self-compaction (Yang et al., 2024). 

Analysis of physical modelling data by Sim et al. (2012) has shown that pipe installation in a tire 

derived aggregate backfill (Figure 6d) can reduce the bending moment caused by small vertical fault 

displacements by 74%. Keshvarian et al. (2004) also reported the effectiveness of rubber isolators 

between lining and rock in the Gavoshan tunnel at the intersection point of the Marwarid strike-slip 

fault in western Iran. 

The use of geofoam blocks (Figure 7a) has been proposed to increase the safety of buried steel 

pipelines located in strike-slip fault zones at different pipeline-fault crossing angles (Rasouli and 

Fatahi, 2020). 3D finite element simulations using ABAQUS showed that Expanded Polystyrene (EPS) 

geofoam block surrounding pipelines are effective in reducing compressive and tensile strains caused 

by fault rupture and preventing local bulking in the pipelines. The deformability of geofoam blocks 

causes them to be compressed during fault rupture, and as a result, the pressure from the 

surrounding soil on the pipeline is reduced. It was also observed that with the presence of the 

geofoam blocks, the distribution of deformations and stresses caused by fault rupture over a wider 

length prevents pipeline failure. (Figure 7b). The success of remediation technique utilizing geofoam 
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blocks for underground pipeline systems subject to fault dislocation has also been reported by Choo 

et al. (2007). 

 

Figure 7. a) Schematic image  of a pipeline protected with geofoam block, b) Pipeline buried in soil with and 

without geofoam block subjected to strike-slip fault displacement (Rasouli and Fatahi, 2020). 

Yao et al. (2020b) suggested a new structure for a subway station to mitigate damages induced 

by normal faulting, which includes a rectangular cross-section and two rigid diaphragm walls (Figure 

8). The walls are made of reinforced concrete connected to the two sides of the structure.  Numerical 

studies showed that  these rigid walls can effectively reduce the structure rotation due to friction with 

the surrounding soil and restrain the relative dislocation of the soil underneath the bottom slab. The 

diaphragm wall  length, the position of the structure relative to the fault rupture, the structure buried 

depth, and the fault angle are key design factors.  

The performance of the rigid diaphragm wall to protect surface structures located on the dip-

slip fault zone has also been investigated by researchers (Oettle and Bray, 2013; Yao et al., 2020a). 

 

Figure 8. Displacement contours of models with and without.diaphragm walls (Yao et al., 2020b). 

Yao et al. (2023) proposed the use of inclined rigid sliding walls (IRSW) as an effective method 

to protect shallow buried shield tunnels  subjected to reverse fault rupture (Figure 9). Two groups of 

walls are placed on both sides of the tunnel, one in the footwall and the other in the hanging wall. 

Numerical modeling results showed that the protective effectiveness of the walls depends on the 

position of the tunnel relative to the fault rupture, the tunnel burial depth, the tunnel-wall distance, 

the wall deviation angle, the wall depth, and the fault dip angle.  

Based on the effective parameters, there are three possible tunnel-walls-soil interaction 

mechanisms: hanging wall, footwall and shear mechanisms (Figure 9). In the hanging wall 

mechanism, the rupture propagates through the wall on the footwall side. This wall releases part of 

the deformation due to faulting. In addition to reducing the magnitude of stress and bending moment 

on the tunnel structure, the tunnel rotation is also reduced. In the shear mechanism, since the IRSW 

cannot divert the rupture from the tunnel due to the direction mismatch between the fault rupture 

and the wall, the tunnel condition is very dangerous. Despite not changing the distribution of stress 
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and bending moment on the tunnel, their magnitudes are slightly decreased. The rotation and 

displacement of the tunnel are also mitigated. In the footwall mechanism, the rupture either stops at 

the bottom of the wall (located on the side of hanging wall) or propagates on the hanging wall side. 

This wall experiences a large sliding, which mitigates most of the horizontal and vertical 

deformations, leading to uniform distribution  of stress and bending moment with smaller values, 

and as a result, the structural damage to the tunnel is prevented. 

The deviation of the rupture path along the inclined rigid wall with high shear strength and 

preventing the rupture from reaching the structures has also been discussed in the studies conducted 

by Saeedi Azizkandi et al. (2021) and Baziar and Rashedi (2022). 

 

Figure 9. Possible mechanisms of tunnel-walls-soil interaction: a) hanging wall, (b) shear, and (c) footwall 

mechanisms (Yao et al., 2023). 

The effectiveness of expanded polystyrene (EPS) sheet walls near the shallow foundation on 

fault rupture-foundation-tunnel interaction has been investigated by Saeedi Azizkandi et al. (2019). 

The soft vertical walls (made of materials such as bentonite and EPS) divert the rupture path and 

prevent the rupture from reaching the structures (Fadaee et al., 2016; Sadra et al., 2020; Shidloon et 

al., 2024). It seems that this technique can be effective for tunnels and pipes with a shallow buried 

depth, parallel to the revers fault plane. 
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4. Conclusions and Recommendations 

This research investigated structural and geotechnical strategies to mitigate the fault rupture 

hazard for underground structures. Structural strategies include reinforcing the part of the structure 

under faulting and using flexible joints when the tunnel or pipeline axis intersects the fault plane. 

Geotechnical strategies include isolation techniques using different materials between the tunnel 

lining and the soil, using sliding rigid elements or soft elements for deviation of the rupture path. 

The fault type, the relative location of the underground structure to the fault plane, and its placement 

depth are among the factors influencing the efficiency of the proposed methods. Rigid and soft 

elements are used when the tunnel or pipeline axis is parallel to the dip-slip fault plane. Flexible joints 

in the tunnel lining are used in the condition of crossing the tunnel axis with the fault plane. The 

selection of a mitigation strategy should be done in a technical-economic framework. In addition to 

the feasibility of the measures for existing or new structures, the cost of construction, production, and 

transportation of materials and excavation should be considered. 
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