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Abstract 
 

Tunnels are important infrastructures, but faults and internal water 

pressure can reduce their seismic performance. These risks are relevant 

in seismic regions including Indonesia. Although finite element 

methods are used to analyze tunnel behavior, models with continuous 

linings overestimate stresses, while the influence of segmental joints 

remains underexplored. This study investigates the seismic response of 

the Bener Dam diversion tunnel, Central Java, Indonesia, which crosses 

an inactive fault and uses segmental lining, using nonlinear time-

history finite element analysis. Three scenarios were analyzed: 

presence versus absence of a fault, empty versus water-filled conditions, 

and continuous versus jointed linings. The results indicated that fault-

crossing tunnels are most vulnerable to horizontal slip, especially under 

pulse-like earthquakes, with strains concentrated near faults. Water 

minimally affects deformation but increases internal stress, while 

segmental joints elevate peak strain yet localize damage. These findings 

highlighted the need to consider fault, water, and joint effects in seismic 

tunnel design. 
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INTRODUCTION 
 

Tunnels play an important role in construction projects and can serve as effective solutions to various engineering 

problems, for example, in road, railway, and dam projects. In road and railway construction, tunnels enable passage 

through complex topographical features, such as mountains, which would be expensive to do using conventional 

methods. In dam construction, tunnels can be utilized to divert river flow during the construction phase or serve as 

outlets during the operational stage. 

 

One common challenge in tunnel construction is the presence of complex and unavoidable geological conditions. It 

is not uncommon for tunnels to cross geological structures such as fault fracture zones. These fracture zones can lead 

to reduced seismic performance of tunnels, even though tunnels generally exhibit better seismic performance than 

surface structures [1]. Wang [2] stated that most of the heavier tunnel damage during earthquakes also occurred when 

the tunnel crossed unstable ground, including a ruptured fault plane. Even if the fault is inactive, it can still increase 

the seismic damage to the tunnel [3]. 

 

In addition to geologic structures, water pressure within the tunnel may also contribute to an increase seismic hazard. 

Previous studies of the seismic response of a pressured water tunnel [4,5], found that the water-filled tunnel suffers 

higher stresses compared to the empty tunnel. The seismic hazard increases, especially in Indonesia, which has high 

seismic activity [6]. 

 

https://creativecommons.org/licenses/by/4.0/
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One way to predict tunnel behavior under seismic events is through the numerical finite element method. The lining 

is often modeled as continuous, though in reality, tunnels are built in segments with joints, which may lead to 

overestimating internal stress [7,8]. Several studies [4,9,10], examined flexible joints, but none addressed dowel 

joints, commonly used in cast-in-place concrete tunnels. 

 

The Bener Dam diversion tunnel in Central Java, Indonesia, is an example of a water tunnel that passes through an 

inactive fault. A numerical analysis by Bagio et al. [11] examined the fault’s impact on the tunnel and concluded that 

it was safe during excavation but unsafe under seismic loading. However, the study modeled the rock mass as linear-

elastic and applied seismic loading using the static-equivalent method, which cannot capture the complex dynamic 

soil–structure interaction that requires nonlinear dynamic analysis [12]. It also overlooked the effects of internal 

water pressure and segmental joints on the tunnel’s behavior. A nonlinear finite element time-history analysis can 

capture this complex ground-tunnel interaction, such as demonstrated by Jiao et al. [13], Li et al. [9], and Ghobakhloo 

et al. [14]. 

 

Based on the explanations above, intersections with faults and the presence of water inside tunnels can increase the 

potential for seismic damage. Modeling a tunnel as continuous also tends to overestimate the internal pressure of the 

lining, whereas in reality, tunnels are constructed in segments. Therefore, it is important to understand the effects of 

faults, internal water load, and segmental joints on a tunnel’s seismic behavior. However, few studies consider these 

three factors within a single case. The Bener Dam diversion tunnel, a water conveyance tunnel that crosses a fault 

and is built with segments, provides a suitable case study. Previous research in the area include flood hazard mapping 

[15], P-wave measurements [16], geological mapping [17], and the finite element tunnel analysis mentioned earlier 

[11]. However, no study has examined the seismic response of the diversion tunnel considering fault presence, 

internal water pressure, and segmental joints using finite element time-history analysis. This research aims to analyze 

its seismic behavior by incorporating these three factors. The results are expected to improve understanding of 

seismic tunnel design. 

 

Site Condition 
 

The study site was located in Guntur Village, Purworejo, Central Java. The dam is located at 7°35'54.5" S and 

110°1'12.84" E. The geological condition of the site was characterized by monomic breccia, comprising several 

geological units, including monomic breccia matrix, andesite fragments, tuff fragments, and polymic breccia matrix 

[18]. Geological structures, especially faults that partially intersect the tunnel path, controlled the quality of the rock 

mass [17]. An inactive fault was also identified near the tunnel inlet with an orientation of N305°E/87° [11]. The site 

condition is shown in Figure 1. 

 

 
Figure 1. Site Condition [19] 
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Primadika et al. [19] characterized the rock mass around the tunnel into several layers using the Geological Strength 

Index (GSI) system [20]. The estimation was based on field investigations conducted by Dharmawan [21] and Bagio 

[22] on BH 01 and BH 02 of the 2019 borelogs, as well as rock quality measurements by Triristanto [18] on the 

tunnel faces. The GSI was estimated using empirical correlations introduced by Hoek et al. [23] and Hoek et al. [24]. 

The GSI values of each layer are shown in Table 1. 

 

Table 1. Layer Simplification and the GSI Values of Each Layer [19] 

Depth (m) GSI value Rock class Layer Name for Numerical Model 

0 – 2 - Residual Soil - 

2 – 10 36.64 Poor Rock Poor Rock 

10 – 39 68.10 Good Rock Good Rock 1 

39 – 60 74.00 Good Rock Good Rock 2 

> 60 71.28 Good Rock Good Rock 3 

 

METHODS 
 

Estimation of Rock Mass and Fault Properties 
 

The required properties for modeling the rock mass are the index properties, stiffness properties, and strength 

properties. The index properties were obtained from a laboratory test conducted by Dharmawan [21]. The stiffness 

properties were obtained from analysis by Primadika et al. [19], which estimated the properties based on data from 

the GSI values and the intact rock properties [21] using formulas from Narimani et al. [25] and Hoek & Diederichs 

[26]. 

 

The strength properties were defined using the generalized Hoek-Brown failure criterion [27], defined by Equations 

(1) to (4), where 𝜎1′ is the major principal stress, 𝜎3′ is the minor principal stress, 𝜎𝑐𝑖 is the intact rock uniaxial 

compressive strength, 𝑚𝑏 is the reduced value of the material constant 𝑚𝑖, 𝑠 and 𝑎 are the constants for the rock 

mass, 𝑚𝑖 is a value of material constant for intact rock given by the ratio of the 𝜎𝑐𝑖 and the tensile strength, and 𝐷 is 

the disturbance factor. The value of 𝑚𝑖 = 19 for breccia rocks [28] and 𝐷 = 0 for excellent quality controlled 

blasting [27] were used. The σci was obtained from a laboratory test by Dharmawan [21]. 

 

Other than those parameters, the horizontal to vertical stress ratio (𝑘) was also required. It was estimated using 

Equation 5 [29], where 𝐸 is the rock mass elastic modulus and 𝐻 is the depth below the surface. The estimated rock 

mass properties are summarized in Table 2. 
 

𝜎1
′ = 𝜎3

′ + 𝜎𝑐𝑖 (𝑚𝑏

𝜎3
′

𝜎𝑐𝑖
+ 𝑠)

𝑎

 (1) 

𝑚𝑏 = 𝑚𝑖exp (
GSI − 100

28 − 14𝐷
) (2) 

𝑠 = exp (
GSI − 100

9 − 3𝐷
) (3) 

𝑎 =
1

2
+

1

6
(𝑒

−GSI
15 − 𝑒

−20
3 ) (4) 

𝑘 = 0.25 + 7𝐸 (0.001 +
1

𝐻
) (5) 

 

In Table 2, it can be seen that the value of 𝜎𝑐𝑖 of the Poor Rock layer is higher than that of the Good Rock layers. 

This can occur because the classification of Poor Rock and Good Rock is based on the GSI values, while 𝜎𝑐𝑖 can be 

independent of GSI. The 𝜎𝑐𝑖 defines the strength of an intact rock sample, which represents a very small volume 

compared to the whole rock mass. In contrast, GSI characterizes a whole rock mass based on its geological features. 

The GSI is then used to reduce the intact rock strength [27], as shown by the relationships in Equations (1) to (4). 

 

The fault was modeled using the discrete discontinuity approach [30] to capture its discontinuity behavior. This 

method required normal stiffness (𝐾𝑛) and shear stiffness (𝐾𝑠) as the stiffness properties, along with cohesion (𝑐) and 
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friction angle (𝜙) as the strength properties, following the Mohr–Coulomb criterion. The values of 𝐾𝑛 and 𝐾𝑠 were 

adopted from Primadika et al. [19], derived based on borehole data and the estimation formulas proposed by 

Rocscience Inc. [31]. 

 
Table 2. Estimated Rock Mass Properties 

   Poor Rock Good Rock 1 Good Rock 2 Good Rock 3 

Index 

Properties 

Bulk unit weight, 𝛾𝑏 (kN/m3) 16.000 16.000 17.000 16.000 

Dry unit weight, 𝛾𝑑 (kN/m3) 15.000 14.000 16.000 15.000 

Saturated unit weight, 𝛾𝑠𝑎𝑡 (kN/m3) 18.000 17.000 17.000 18.000 

Void ratio, 𝑒 0.850 0.315 0.315 0.489 

Stiffness 

Properties 

Elastic modulus, 𝐸𝑟𝑚  (kPa) 1.95×105 2.97×106 1.09×106 1.33×106 

Poisson’s ratio, 𝜈𝑟𝑚 0.490 0.490 0.490 0.490 

Strength 

Properties 

𝑚𝑏 1.841 6.081 7.507 6.813 

𝑠 0.001 0.029 0.056 0.041 

𝑎 0.516 0.502 0.501 0.501 

𝜎𝑐𝑖  (MPa) 29.814 19.702 13.636 24.452 

Horizontal to vertical stress ratio, 𝑘 0.330 0.330 0.330 0.330 

 

The strength properties were estimated by first defining the strength using the Hoek-Brown criterion by treating the 

fault as rock mass, and then converting the parameters into the Mohr-Coulomb criterion. The conversion was done 

using Equations (6) to (9) [27]. 

 

The notation 𝜎′𝑐𝑚 is the rock mass uniaxial compressive strength, 𝛾 is the rock mass unit weight, and 𝐻 is the rock 

mass depth. The tensile strength (𝜎𝑡) of the fault was capped at 0 kPa, which is reasonable for high fractured rock 

mass [32]. After failure, the 𝐾𝑛 and 𝐾𝑠 were reduced to a value approaching zero to obtain the after-failure behavior. 

The GSI used to calculate the properties of the fault was estimated as 20, following the recommendation by Marinos 

et al. [20]. The estimated properties of the fault are summarized in Table 3. 
 

𝜙′ = 𝑠𝑖𝑛−1 [
6𝑎𝑚𝑏(𝑠 + 𝑚𝑏𝜎3𝑛)𝑎−1

2(1 + 𝑎)(2 + 𝑎) + 6𝑎𝑚𝑏(𝑠 + 𝑚𝑏𝜎′3𝑛)𝑎−1
] 

(6) 

𝑐′ =
𝜎𝑐𝑖[(1 + 2𝑎)𝑠 + (1 − 𝑎)𝑚𝑏𝜎′

3𝑛](𝑠 + 𝑚𝑏𝜎′
3𝑛)𝑎−1

(1 + 𝑎)(2 + 𝑎)√1 +
6𝑎𝑚𝑏(𝑠 + 𝑚𝑏𝜎′

3𝑛)𝑎−1

(1 + 𝑎)(2 + 𝑎)

 

(7) 

𝜎′3𝑚𝑎𝑥

𝜎′𝑐𝑚
= 0.72 (

𝜎′𝑐𝑚

𝛾𝐻
)

−0.91

 (8) 

𝜎′𝑐𝑚 = 𝜎′𝑐𝑖

(𝑚𝑏 + 4𝑠 − 𝑎(𝑚𝑏 − 8𝑠)) (
𝑚𝑏
4 + 𝑠)

𝑎−1

𝑠(1 + 𝑎)(2 + 𝑎)
 

(9) 

 
Table 3. Estimated Properties of the Fault Discontinuity. 

Properties Values 

Cohesion, 𝑐 (kPa) 208.762 

Internal friction angle, 𝜙 (°) 37.053 

Tensile strength, 𝜎𝑡 (kPa) 0.000 

Normal stiffness, 𝐾𝑛 (kPa/m) 2.086×104 

Shear stiffness, 𝐾𝑠 (kPa/m) 7.001×103 

 

Fluid-Structure Interaction 
 

Water load inside a structure is often modeled using the added mass approach, but this method can lead to significant 

error under high-frequency loading [33]. This method also cannot simulate the sloshing behavior of the water during 

dynamic loading. The most advanced method is by using the Arbitrary Lagrangian-Eulerian method, as conducted 

by Wang et al. [4]; however, this method requires a large amount of time and computational cost.  
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A simpler method was introduced by Wilson [33] by modeling the water as a linear-elastic solid material with an 

extremely low ratio of shear modulus (𝐺) to bulk modulus of water (𝜆 = 300 ksi) and a Poisson’s ratio approaching 

that of water (𝜈 ≈ 0.5). It was recommended to use a ratio of 0.1% or less. 

 

According to the hydraulic analysis by Lestari et al. [34], during the diversion stage, the water flow inside the tunnel 

is limited to free discharge flow, with a maximum height of around half of the tunnel height. Since the water flow is 

free discharge only, the approach by Wilson [33] can be considered reasonable and thus used in this study. The 

approximate properties of water are summarized in Table 4. A value of 𝐺/𝜆 = 1 × 10−8 was used. 

 
Table 4. Approximate Mechanical Properties of the Water. 

Properties Values 

Shear modulus, 𝐺 (kPa) 2.07×10-2 

Poisson’s ratio, 𝜈 0.49 

Unit weight, 𝛾 (kN/m3) 9.81 

  

Estimation of Segmental Joint Stiffness 
 

The actual tunnel was not designed as a continuous structure. Rather, some joints connect every segment. Modeling 

the tunnel lining as continuous might overestimate the internal stress that occurs [7]. In this study, the segmental 

joints were modeled as interface elements with 𝐾𝑛 and 𝐾𝑠 as stiffness parameters, as conducted by Xiao et al. [35]. 

The tunnel segments are connected using dowel bars, where one side is set to move in the normal direction freely 

and the other is embedded inside the concrete. To simulate this, the 𝐾𝑛 was set to be very small (0.01 kPa/m). The 

𝐾𝑠 was estimated by first calculating the dowel deflection using Equations (10) to (13) [36] using a 1 kN load. This 

deflection can represent a deflection of a dowel in a 1 m2 area. 
 

Δ = 2𝑦0 + 𝛿 (10) 

𝑦0 =
𝑃𝑡(2 + 𝛽𝑧)

4𝛽3𝐸𝑑𝐼𝑑
 (11) 

𝛽 = √
𝐾0𝑑

4𝐸𝑑𝐼𝑑

4

 (12) 

𝛿 =
𝜆𝑃𝑡𝑧

𝐴𝐺
 (13) 

 

The notation 𝑃𝑡 is the load transferred through the dowel (taken to be 1 kN), 𝛽 is the relative stiffness of the dowel 

bar encased in concrete, 𝐾0 is the modulus of dowel support (1.5 million pci is recommended), 𝐸𝑑 is the elastic 

modulus of dowel bar, 𝐼𝑑  is the moment of inertia of dowel bar, 𝑧 is the joint width (6 mm was used), 𝐴 is the cross 

sectional area of the dowel bar, 𝐺 is the shear modulus, and 𝜆 is the form factor (10/9 for circular section). Since 𝐾𝑠 

is the ratio of shear stress (applied force per sectional area) to shear displacement, it can be estimated by Equation 

(14), where 𝑛 is the number of dowels in a 1 m2 area. This approach resulted in a value of 𝐾𝑠 = 1.93 × 105 kPa/m. 
 

 
𝐾𝑠 =

1

Δ
× 𝑛 (14) 

 

By modeling the joint using interface elements, the normal and shear relative displacements of each segment can be 

estimated. However, it cannot directly simulate the stress distribution transferred from the embedded dowel to the 

surrounding concrete. Nevertheless, this method can still represent the dowel’s influence on the overall stress 

distribution of the segment [35]. 

 

Input Ground Motions 
 

The input ground motions were based on the criteria in the Indonesian national standard [37], which is a 1000-year 

return period for tunnels. This corresponds with the Maximum Design Earthquake (MDE) performance level 

proposed by Wang [2]. The records used here were selected and scaled by Primadika et al. [19] according to the 

Indonesian national standards [37,38]. The study estimated the shear wave velocity (𝑉𝑠) of the site using empirical 
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correlations [16,39], which classified the site class as SA. The target spectrum was generated using LINI Bina Marga 

(lini.binamarga.pu.go.id). The records were obtained from the PEER Ground Motion Database [40] and the NGA 

Subduction Portal [41]. Due to limited available records, when no record matches the site class, the closest 𝑉𝑠 was 

selected. The response spectra of the selected records are illustrated in Figure 2 and the selected records are 

summarized in Table 5. 

 

 
Figure 2. Original Response Spectra (left) and Scaled Spectra (right) of the Selected Records [19] 

 
Table 5. List of Selected Ground Motion and their Scale Factors [19] 

No. 
Record serial 

number 

Earthquake 

Name 
Year 

Station 

name 

Site 

S-wave velocity,  

𝑽𝒔 (m/s) 

Magnitude, 

𝑴𝒘 

Distance, 

𝑹 (km) 

Earthquake 

mechanism 

Scale 

factor 

Record 

Source 

1. RSN2753 Chi-Chi Taiwan-04 1999 CHY102 804.36 6.20 39.30 Shallow Crustal 5.0 

[40] 

2. RSN3022 Chi-Chi Taiwan-05 1999 HWA035 677.49 6.20 33.57 Shallow Crustal 5.0 

3. RSN2897 Chi-Chi Taiwan-04 1999 TCU138 652.85 6.20 33.53 Shallow Crustal 5.0 

4. RSN3008 Chi-Chi Taiwan-05 1999 HWA020 626.43 6.20 34.00 Shallow Crustal 5.0 

5. RSN2466 Chi-Chi Taiwan-03 1999 CHY035 573.04 6.20 33.86 Shallow Crustal 2.2 

6. 
NGAsub 

RSN4024604 
Kushirooki 2004 SYARI-N 517.50 7.01 123.72 Benioff 5.0 

[41] 

7. 
NGAsub 

RSN4007347 
Miyagi_Pre.Off 2011 KAWAI-N 1269.80 7.15 132.60 Benioff 2.1 

8. 
NGAsub 

RSN4022561 
SouthSanriku 2003 KUJI-S 966.80 7.03 140.07 Benioff 2.8 

9. 
NGAsub 

RSN4032688 
Tokachi-oki 2003 abashiri-g 2229.80 8.29 145.24 Megathrust 5.0 

10. 
NGAsub 

RSN6002233 
Coastal.Chile 2015 ROC1 1951.00 8.31 121.84 Megathrust 5.0 

11. 
NGAsub 

RSN4022900 
Tokachi-oki 2003 BIEI-E 771.20 8.29 146.69 Megathrust 5.0 

 

To reduce the analysis time, only the strong duration of the records was used. The modified bracketed method [42] 

was used to determine the initial point (ti) of the duration. The termination point (tt) was determined when the Arias 

intensity [43] of the record reached 95%. Prism for Earthquake software [44] was used to determine the Arias 

intensity. Since the earthquakes were applied in both directions, the smallest ti and the largest tt of both directions 

were used. The scaled accelerograms, along with their strong durations, are shown in Figure 3. 

 

Numerical Modeling 
 

The numerical models were constructed using Midas GTS NX. Several models were employed in this study, 

including one from Primadika et al. [19] that used shell elements to model the tunnel lining. This specific model was 

used to analyze the 11 ground motions, allowing for the determination of the most significant earthquake. This was 

done to simplify and speed up the analysis, as shell elements are simpler than solid elements. To understand the 

tunnels' behavior, more detailed models were then used, which employed solid elements to model the lining. 

 

For all models, the rock mass was modeled as 3D solid elements, the fault was modeled as interface elements [45], 

the topsoil was modeled as mass elements, and elastic and viscous springs were employed as the boundary conditions 

[46]. The groundwater level was defined as 9.5 m below the surface, based on the borehole data. The model is 

illustrated in Figure 4, and the properties of the tunnel lining are summarized in Table 6. 

https://lini.binamarga.pu.go.id/
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Figure 3. The Scaled Accelerograms and their Strong Durations (Sources Described in Table 5) 

 

 
Figure 4. (a) Model Geometry, (b) Lining Geometry, and (c) Model Boundary Conditions 

 
Table 6. Properties of the Tunnel Lining 

Parameters  

Strength Linear elastic 

Elastic modulus, 𝐸 (kPa) 2.03×107 

Poisson’s ratio, 𝜈 0.15 

Unit weight, 𝛾 (kN/m3) 24.00 

 

Non-Linear Time History Analysis 
 

Non-linear time history analysis was used to study the seismic response of the tunnel. The gravity loading method 

was employed to estimate the initial stress of the model. To focus on the earthquake's effect on tunnel deformation, 

the strains and displacements after the gravity loading in the initial stage were reset to zero. The Rayleigh damping 

method was implemented to simulate damping in the frequency domain. The damping coefficients were determined 
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based on the first modal period and the period at which 90% of the mass participated. A damping ratio of 0.05 was 

used. 

 

RESULTS AND DISCUSSION 
 

Seismic Response of the Fault Discontinuity 
 

Fault-crossing tunnels must be designed to withstand the loads caused by fault displacement [1,2]. This highlights 

the importance of understanding the fault's behavior during earthquakes. Figure 5 shows the response time history of 

the fault shear displacement. During all earthquakes, the shear displacement increased over time, reached a 

maximum, then decreased until it eventually stabilized into a permanent deformation. The figure also shows that the 

maximum shear displacement constantly occurred at the left wall, indicating that in an earthquake scenario, the tunnel 

was more prone to the fault slip in the horizontal direction. 

 

As shown in Figure 5, the CHY035 earthquake resulted in significantly larger fault shear displacements at all 

monitoring points. The figure also shows a sudden increase in displacement that occurred only during the CHY035 

earthquake. This abrupt rise can be explained by examining the pulse-like characteristics of each quake. The pulse 

characteristic can be identified by calculating the pulse indicator (𝑃𝐼) [47]. A value of 𝑃𝐼 > 0.65 means the record 

is pulse-like. The 𝑃𝐼 values were calculated using SeismoSignal software [48]. 

 

 

Figure 5. Fault Shear Displacement at Four Monitoring Points of the Fault–Tunnel Intersection 

 

Table 7 shows that only CHY035 exhibits pulse-like features. From this, it can be inferred that earthquakes with 

pulse-like behavior may pose a greater risk to the tunnel. This aligns with the results from Chen et al. [49], which 

states that pulse-like loads influence fault movement. It is also consistent with the fact that pulse-like ground motion 

may increase the risk of earthquake-induced collapse of buildings [50]. Because the CHY035 earthquake produced 

the largest displacement, it was used as an input load to assess the tunnel response in different scenarios. 

 
Table 7. Pulse-like Characteristic and Maximum Fault Shear Displacement of each Record 

No. Station Name Pulse Indicator, PI Pulse-Like Characteristics Fault Shear Displacement (mm) 

1. CHY102 0.48 No 0.44 

2. HWA035 0.41 No 0.77 

3. TCU138 0.46 No 0.88 

4. HWA020 0.35 No 0.54 

5. CHY035 0.72 Yes 1.49 

6. SYARI-N 0.46 No 0.23 

7. KAWAI-N 0.49 No 0.39 

8. KUJI-S 0.39 No 0.48 

9. abashiri-g 0.47 No 0.50 

10. ROC1 0.34 No 0.85 

11. BIEI-E 0.32 No 0.44 
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Effect of the Fault on the Tunnel’s Seismic Responses 
 

To evaluate the impact of the fault on the tunnel, two models were developed: one incorporating the fault and the 

other without it. The minimum and maximum principal strain response time histories were analyzed to assess the 

earthquake-induced deformation of the tunnel. The comparison is presented in Figure 6. 

 

 

Figure 6. Comparison of the Response Time History of the No-Fault and Fault Models 

 

Figure 6.a shows that the model with the fault produced a much higher maximum principal strain (tension) over time, 

with values of +0.02% for the model without the fault and +0.11% for the model with the fault. Figure 6.b shows that 

both models have minimum principal strain values close to zero (around ±0.001%), with the model without the fault 

retaining more tensile strain. The model with the fault also exhibits greater variability. 

 

To better understand the location that is more vulnerable to fault movement, the principal strain at several monitoring 

points during the maximum fault movement was evaluated and illustrated in Figure 7. It showed that among all 

monitoring points of the model with the fault, there are localized increases in principal strains at the fault intersection. 

This differed significantly from the model's results without the fault. It can also be observed that the strain on the 

outer side is generally larger, with the largest strain occurring on the left wall, at a value of 0.03%. This indicates that 

more attention is needed around the fault intersection, for example, by strengthening the segments in this area. 

 

 
Figure 7. Comparison of Additional Principal Strain along the Tunnel between No-Fault and with Fault Models during Peak 

Fault Shear Displacement of the CHY035 Earthquake 
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These results correspond well with Chen et al. [49], which found localized principal stress around the fault 

intersection of a tunnel crossing an active fault. This is also in agreement with results from Wang et al. [3], Li et al. 

[9], and Jiao et al. [13], which found that tunnel crossing an inactive fault, when experiencing an earthquake, will 

produce localized failure around the fault intersection. 

 

Based on the stress value, the no-fault model produced a maximum principal stress of 3.17 MPa compared to the 

4.19 MPa of the faulted model. The no-fault model also produced a minimum principal stress of -1.06 MPa compared 

to the -1.70 MPa of the faulted model. This means that the fault increases both the tension and compression loads 

experienced by the tunnel due to the combination of self-weight and the earthquake by 32% for tension and 61% for 

compression loads. Both maximum and minimum principal stress of both models occurred mostly due to the gravity 

loading stage, but the model with fault remained at a higher stress.  

 

Based on the results above, it can be inferred that the fault significantly affects the tunnel’s seismic responses, 

indicated by the deformation and internal stress. This means the fault needs to be included in the analysis. Not 

including the fault might cause misinterpretation of the tunnel deformation, which represents the loads received by 

the tunnel, and lead to errors in identifying critical locations. 

 

Effect of the Water Load on the Tunnel’s Seismic Responses 
 

 
Figure 8. Comparison of the Response Time History of the Empty and Water-filled Models 

 

 
Figure 9. Comparison of Additional Principal Strain along the Tunnel between Empty and Water-filled Models during Peak 

Fault Shear Displacement of the CHY035 Earthquake 



 Primadika, R.A., Fathani, T.F., and Faris, F. 

 

 

155 

To understand the water load effect, an empty model and a model filled with water were analyzed. The comparison 

of the principal stress and strain response time history of both models is illustrated in Figure 8. The figure shows that 

both models exhibited similar behavior with slight differences. Figure 9 illustrates the comparison of the principal 

strain distribution along the tunnel length of both models. The results show no significant differences between the 

two models across all monitoring points, with both models exhibiting high localized principal strain at the fault 

intersection. 

 

Even though both model only shows slight differences in deformation, the model with water produced higher tension 

and compression, with the maximum value of +4.29 MPa and -2.41 MPa. This means an increase of 2% in tension 

and 42% in compression, both of which also happened mostly due to the gravity loading stage, but the water-filled 

model remained at a higher stress. This correlates well with results from Wang et al. [4], which, using the Arbitrary 

Lagrangian-Eulerian method, find that water load causes an increase in seismic severity of the tunnel. This means 

the water load should not be ignored in the analysis. 

 

Effect of the Segmental Joint 
 

The effect of segmental joint modeling was also evaluated by comparing the response time history and principal 

strain distribution between a continuous model and a jointed model. Figure 10 illustrates the comparison of response 

time histories. Figure 10.a shows that the jointed model produced a higher maximum principal strain, reaching 

+0.63% compared to +0.11% for the continuous model. Figure 10.b shows that the jointed model exhibited less 

variability than the continuous model. 

 

 
Figure 10. Comparison of the Response Time History of the Continuous and Jointed Models 

 

 
Figure 11. Comparison of Additional Principal Strain along the Tunnel between Continuous and Jointed Models during Peak 

Fault Shear Displacement of the CHY035 Earthquake 
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Figure 11 shows the principal strain distribution of both models along the tunnel length. The figure indicates that 

both models exhibit localized high principal strain at the fault intersection across all monitoring points. On the inner 

side, the continuous model produced higher principal strains than the jointed model. On the outer side, the crown and 

invert monitoring points showed almost similar results, with the continuous model slightly higher. A clear difference 

appears at the wall monitoring points near the fault intersection, where the jointed model produced significantly 

higher principal strain (around 0.06%) compared to the continuous model (0.03%). Further from the fault intersection, 

the continuous model tended to produce higher strain. 

 

Based on the stress value, the jointed model produced a maximum principal stress of 4.48 MPa and a minimum 

principal stress of -2.00 MPa, or an increase of 6.87% in tension and 17.54% in compression. These maximum 

stresses also mostly due to the gravity loading stage, and the jointed model remained had the higher stress. But, by 

evaluating the distribution of principal strain in Figure 11, it is apparent that the stress increase is also more localized. 

 

By comparing the results in Figure 10 and Figure 11, it is apparent that although the jointed model produced a higher 

maximum strain, it is more localized than the continuous model. The higher strain also only happens on the outer 

side of the walls, while on the other sides, the strain remains consistently lower. This means that the application of a 

joint may help the tunnel by localizing the damage caused by an earthquake. This behavior is in agreement with the 

results in Li et al. [9], which found that flexible joints make the failure from an earthquake more localized. 

 

CONCLUSIONS 
 

Based on the results, several key conclusions can be drawn. According to the fault displacements, fault-crossing 

tunnels are most vulnerable to horizontal fault slip during earthquakes, especially when the earthquake exhibits a 

pulse-like characteristic. It is also evident that the fault influences the tunnel by increasing the principal strain and 

internal stress, and also causing a localized increase in strain around the fault intersection. Comparison of empty 

tunnel and water-filled tunnel showed that the water load caused no significant differences in deformation, but still 

increased the internal stress of the tunnel, indicating that water load is required in the analysis. The effect of joints 

generated a higher maximum principal strain and stress, but the increase of strain occurred on the outer side of the 

walls, while on the other sides, the strain is consistently lower, indicating joint can help minimize the damage by 

localizing the affected regions. These findings also correlate well with results in previous studies. Overall, these 

findings highlight the critical role of fault conditions, water load, and segmental joints in accurately assessing and 

improving the seismic performance of fault-crossing tunnels. 
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