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Abstract - The behavior of underground tunnels in urban regions requires careful consideration of the complex underground conditions
and involves designing the underground tunnel system in vulnerable seismic conditions. Studies have indicated consequences in
underground tunnels during and after ground excitation, which needs engineering assessment to ensure structural safety. In the current
study, the impact of seismic vulnerability is analysed for site condition variability and overburden depth under different ground motion
impacts in x and y directions to understand the tunnel stability and improve seismic resistance. Analysis of seismic vulnerabilities is
carried out using three analytical frameworks, which includes linear static, eigenvalue, and nonlinear time history analysis. Simulation
of the tunnel behavior under such conditions is carried out using finite element software, MIDAS GTS NX for determining the structural
sensitivity to material characteristics variation and overburden pressure for different earthquakes. Acceleration time history analysis of
Tokachi and Tohoku Coast earthquakes is used to determine the behavior. The behavior suggested that the maximum settlement, axial
force, and bending moment have a significant influence on material characteristics compared to the seismic impact. Increase in tunnel
overburden depth also leads to higher axial force and bending moment, which is also influenced by the seismic ground motion observed.
These outputs provide comprehension of the tunnel behavior under different materials and overburden depth subjected to different ground
motion, which can be utilized for designing the seismic isolators provided between tunnel lining and surrounding soil.

Keywords: Soil-Structure Interaction; Seismic Analysis; Numerical Modelling; MIDAS GTS NX; Non-linear Time History
Analysis

1. Introduction

Underground metro tunnels require seismic design consideration in regions subjected to periodic earthquakes of high
magnitude or in areas lying under high seismic risk zones. These underground structures should utilize seismic-resistant
methods to avoid structural damage in such high-risk zones. Provision of flexible connections, seismic isolators and real-
time instrumentation helps in the detection and mitigation of damage by such events [1], [2]. Tunnels with low overburden
are more prone to seismic effects, compared to tunnels with high overburden [3]-[5]. Various experimental and numerical
studies are carried out to analyze seismic effects on different tunnel components. Detailed geological investigation and safety
equipment are essential to decrease earthquake impact on underground structures, leading to reduced damage and more
operational service life. Owen and Scholl [6] determined the tunnel deformation mode, which includes axial deformation,
ovaling, racking and rocking. Cilingir and Madabhushi [7], [8] analysed the dry sand tunnel behavior under seismic
conditions using centrifuge experiments to understand the soil entry effects. Various experimental [9], [10], numerical [11]-
[14], and analytical [8], [15] studies determined the tunnel behavior under ground motion.

The Himalayan belt in the Indian subcontinent witnessed large seismic events, as observed by Kashmir earthquake in
2015 (Mw 7.6) and Gorkha earthquake in 2015 (Mw 7.8) [16], [17]. India’s national capital, Delhi observed tremors due to
earthquakes multiple times. With rapid urbanization, Delhi has large infrastructural projects to be constructed having national
importance. Delhi metro system is one such spider web spread over the whole Delhi region and is increasing its limits day
by day. The occurrence of any earthquake within the metro zone limits serves as a warning to investigate underground metro
tunnel strength and damage resistance. Previously, analysis of material characteristics and tunnel overburden depth is
neglected in understanding the tunnel behavior under such conditions. The main objective of the study is to analyze the
tunnel systems under different seismic conditions to determine the seismic design requirements and thus prevent any
catastrophic design failure.
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In this research, numerical modelling of the dynamic behavior of metro tunnels is analysed when subjected to different
seismic motions. Material characteristics of the Delhi metro system [18] is considered as the reference. This acts as an
inference to the geological conditions under urban transportation system. The behavior obtained, in this study, can be utilized
for seismic design of the other metro tunnels under coherent seismic conditions worldwide. The numerical analysis
comprehends tunnel behavior and concrete lining reaction subjected to multiple seismic ground motions in different material
conditions. Parametric analysis of tunnel subjected to different material conditions and tunnel overburden under different
earthquakes is carried out. It is observed that the material characteristics has high impact level on the mechanical structural
behavior compared to the seismic effect of earthquake. In contrast, the seismic effect provides high influence to the structural
behavioral characteristics in comparison to the material characteristics. So, both parameters affecting the tunnel structure are
critical for the seismic analysis. Out of two, material characteristics have a deterministic impact and overburden depth has
non-deterministic impact due to its significant dependence on seismic effect.

2. Numerical Modelling

Designing of underground tunnels is extremely challenging in areas prone to high seismic activities [18]. Earlier
studies have employed a variety of methodologies to understand the tunnel behavior in seismic conditions. Numerical
analysis of such conditions provide in-depth analysis to the structural behavior. Research in lower Himalayan region [19]
subjected to Uttarkashi earthquake, 1991 and seismic behavior in liquefiable deposits [20] provides better understanding to
the dynamics and response of tunnels under seismic behavior.

In this study, 3D soil-structure model is utilized for simulating the behavior of tunnel structure. The numerical
simulation is carried out using finite element software, MIDAS GTS NX to analyze the dynamic behavior of the tunnel under
different seismic conditions. The numerical methodology procedure involving geometric modelling, selection of elements
type, loading and boundary condition application, and constitutive material model selection is described in the next section.
Further, the study aims to determine the impact of the parameters involved and understand the tunnel response under seismic
conditions.

2.1. Geometry Modelling

The geometry modelling of a circular tunnel section with diameter of 6.35m and 275mm lining thickness (T1) is
generated. The material property for concrete tunnel lining is considered elastic-isotropic. The soil surrounding the concrete
tunnel section is modelled under two different overburden depths, 10m and 20m. Therefore, two geometric models of size
(60%1%36.35) m, and (60x1x46.35) m in X, y, and z directions respectively are established. Two different types of
surrounding soil, highly weathered quartzite (R1) and loose sand (R3) utilizing Mohr-Coulomb failure criterion is used for
the constitutive modelling of the surrounding soil. The material properties utilized in the study are obtained from the technical
investigation report of the Delhi metro. For the analysis purpose, surrounding soil is assumed to be homogenous and isotropic.

Table 1 depicts the material characteristics of the surrounding soil and tunnel lining utilized for numerical modelling.
Figure 1 illustrates the 3D finite element model (FEM) involving 3D hybrid mesh elements for modelling the surrounding
soil elements. For tunnel concrete lining, 2D shell mesh elements of uniform thickness are extracted. MIDAS GTS NX, a
finite element software is utilized to develop the numerical tunnel model evaluating the soil-structure interaction under
seismic conditions. To remove the interacting mesh faces and fuse the different geometry parts, the Boolean auto-connect
algorithm is utilized.

2.2. Seismic Loading

Three different time-history datasets, as selected from MIDAS database, are used as ground acceleration motion for
different tunnel models. The details of these time-history datasets is provided in Table 2. These selected datasets acts as input
for the Non-linear time history analysis of soil-tunnel system to examine their dynamic response subjected under different
seismic conditions. Acceleration time history response for the three different seismic conditions are illustrated in Figure 2.
These datasets are applied in both transverse and longitudinal direction in reference to the tunnel longitudinal axis. In specific,
the time-history data is provided in x-direction and y-direction respectively to determine the variation in dynamic response
of the soil-tunnel system under different seismic conditions.

Further, application of geostatic condition causes ovaling in the tunnel concrete lining during insitu stage. This requires
detailed analysis of tunnel lining under seismic effects. Later on, to analyse the maximum seismic effect on the tunnel lining,
full ground acceleration is provided under extreme seismic conditions.

Table 1: Properties of Materials Utilized
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Highly
Description weathered Loose Sand (R3) Lining (T1)
quartzgite (R1)
Unit Weight (y) (kN/m?) 25 19 24
Poisson’s Ratio (v) 0.3 0.25 0.2
Elastic Modulus (E) (MPa) 200 60 31600
Cohesion (c¢) (kPa) 15 10 -
Friction Angle (o) (degree) 31 30 -
Damping Ratio (%) 5 5 5
Table 2: Selected Earthquakes
Description Maé‘rfz‘?;:;Mw ) Year PGA (g)
Tokachi-Coast, EW 8.3 2003 0.5484
Tohoku-Coast, EW 9.1 2011 0.8105
Tohoku-Coast, NS 9.0 2011 0.7065

2.3. Boundary Constraints

Analysis of tunnel lining under seismic conditions requires free field boundary conditions at the vertical edges of the
tunnel section. This provides a semi-infinite medium for the seismic wave to travel within the soil medium. At the bottom,
fixed boundary constraint is provided representing a rigid base system. However, the utilization of normal constraints on all
the vertical sides will cause reflection of the seismic wave from the tunnel boundary. This leads to additional force and stress
on the tunnel lining which is not observed in actual site conditions.

-
. Boundary Elements
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Depth " 4
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Fig.1: 3D FEM Model of Tunnel components
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3. Seismic Analysis

For the present study, the methodology involved in seismic analysis is categorized into six categories: (1) 3D numerical
model creation, including material, loading and boundary characteristics, (2) Linear Static Analysis, considering only self-
weight, (3) Eigenvalue Analysis, (4) Non-linear time history analysis, for different earthquake dataset considered, (5)
Analysis of results, for maximum displacements, axial forces and bending moments, and (6) Sensitivity of the data obtained.
The tree diagram depicting the steps involved is shown in Figure 3. This sensitivity analysis is carried out for two major
factors, material characteristics and tunnel overburden depth. The analysis provides the determinacy and impact of the
parameters under different seismic conditions.

Linear static analysis determines the deformation behavior of the surrounding soil and tunnel lining subjected to self-
weight. In order to carry out dynamic analysis, eigenvalue analysis is performed to determine the natural frequencies, time
period and mode shape of the tunnel. The analysis has provided the maximum values of the percentage of modal mass in a
particular direction where ground acceleration is provided. These values are then utilized for the non-linear time history
analysis. In this analysis, simulation in response to different seismic effects is carried out to determine the soil and tunnel
lining behavior. This framework comprising six different steps is utilized for the comprehensive assessment of the seismic
behavior and its impact on the tunnel lining.
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Fig.2: Acceleration time histories of Fig.3: Procedural Methodology for seismic analysis of

different earthquakes structure

In eigenvalue analysis, total 50 mode shapes are determined in each analysis. Two mode shapes corresponding
maximum percentage of modal mass is used for non-linear time history analysis. In non-linear time history analysis,
time step of 0.02 s for total time period of 10 s is carried out. This has generated 500 steps analysis under corresponding
seismic response. Maximum settlement, bending moment and axial force under two different material characteristics
and overburden depth subjected to three different ground motions are the considered as output data for determination of
behavior and impact.

4. Results
4.1. Linear Static Analysis

The structural behavior of the model under self-weight load is analysed using linear static analysis for each case to
understand the material and overburden depth effect. The analysis includes determination of axial force and bending
moment using results obtained from the numerical simulations. The results obtained for each effect are summarized in
Table 3 and 4 respectively. Results showed the decline in values of axial forces by 10.29% and increase in bending
moment values by 129.31% when material characteristics changes from R1 to R3. The results indicated the vital impact
of surrounding soil material characteristics on the tunnel lining behavior in the insitu analysis. Further, as the overburden
depth increases from 10m to 20m, both axial force and bending moment illustrated increase in the values obtained. For
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the R1 case, the values obtained for axial force and bending moment are increased by 75.70% and 67.05% respectively. For
the R2 case, these values are increased by 75.71% and 68.73% respectively.

Table 3: Linear Static Tunnel Behavior under material effect
Material Property Effect

. . . Material Type
Maximum Linear Static Response RIT1/10m R3T1/10m
Axial Force (kN/m) -1182.72 -1061.04
Bending Moment (kNm/m) 43.3534 99.4177

Table 4: Linear Static Tunnel Behavior under overburden depth effect
Overburden Effect

Material Type/Tunnel Depth
RIT1/10m  RIT1/20m R3T1/10m R3T1/20m
Axial Force (kN/m) -1182.72 -2078.08 -1061.04 -1864.34
Bending Moment (kKNm/m) 43.3534 72.4237 99.4177 167.747

Maximum Linear Static Response

The results depicted the significant impact of overburden depth on the tunnel lining response, defining a correlation
between the increased axial forces and bending moment with increasing depth. The contour diagrams for all the different
cases under linear static analysis for the axial force and bending moment are provided in Figures 4 and 5 respectively.

RI1T1
¥ 10m

Fig 5: Maximum bending moment contours under linear static analysis

4.2. Eigenvalue Analysis

After determining the linear static behavior, eigenvalue analysis is carried out to determine the dynamic behavior of the
soil-tunnel system. This analysis is used to determine the natural frequencies and mode shapes of different models under
different seismic earthquakes. Lanczos algorithm is used for the numerical simulation of the eigenvalue analysis. The
algorithm is based upon power iteration method, which provides natural frequencies and mode shapes utilizing assumed
mode shape in the first iteration. As the iterations converges, exact value of natural frequencies and mode shapes are obtained.

In order to determine the impact of seismicity on the tunnel lining characteristics, seismic motion is provided in x and y
direction separately. The eigenvalues obtained under different conditions for seismic effect considered in x and y-direction
are provided in Table 5 and 6 respectively. The mode shapes selected for the analysis, represented in Table 5 and 6, are
considered based upon the maximum percentage of modal mass. This modal mass percentage accumulates to more than 90%
for two modes considered for further analysis. With close to 90% modal mass considered for dynamic response, the accuracy
of the model under different conditions provides better accuracy. The eigenvalue analysis depicted that both material
characteristics and overburden depth influence the dynamic behavior of tunnel structure. The values obtained for natural
frequencies for two modes in each case will be utilized for non-linear time history analysis.
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Table 5: Eigenvalue Analysis for seismic ground motion in x-direction
Along x Direction

Eigenvalue Analysis

Para.meter Material I:mlng Overburden Mode Natural
Considered Thickness (m) Cycles .

No. period (s)
. 26 1.194434  0.8372169
3:3;‘:5‘; Rl T 10 75 3577214 02795472
Effect R3 T1 10 28 0.7653014  1.306675
76 2.292004  0.4362994
T1 10 26 1.194434  0.8372169
R1 75 3.577214  0.2795472

T1 20 29 0.936811 1.067451
Overburden 79 2.807485  0.3561906
Effect T1 10 28 0.7653014  1.306675
R3 76 2.292004  0.4362994

T1 20 29 0.6002366 1.66601

79 1.798821 0.5559196

Table 6: Eigenvalue Analysis for seismic ground motion in y-direction

Along y Direction
- Eigenvalue Analysis
Parameter . Lining Overburden
. Material . Mode Natural
Considered Thickness (m) Cycles .
No. period (s)
3 0.05290665 18.90121
Material RI T 10 9 0.3289339 3.040125
Property Effect 3 0.03251216 30.75773
R3 T 10 9 0.202223 4.945036
T1 10 3 0.05290665 18.90121
R1 9 0.3289339 3.040125
T1 20 3 0.03259049 30.6838
Overburden 9 0.2032394 4.920306
Effect T1 10 3 0.03251216 30.75773
R3 9 0.202223 4.945036
T1 20 3 0.02002835 49.92923
9 0.1249332 8.004279

4.3. Non-Linear Time History Analysis

The non-linear time history analysis is carried out for three different seismic events. The seismic event details are
delineated in Table 2. The analysis is conducted based on two considered factors: (1) Material Property, and (2)
Overburden Depth. In the analysis, maximum values of the surface and crown vertical displacements, axial force, and
bending moment for different cases are reviewed. All these reviewed parameters are compared for seismic ground
motion in both x and y-direction. The observed effect under different material characteristics and overburden depth is
reviewed in next sections.

4.3.1. Surface and Tunnel Crown Displacement

The surface displacement and tunnel crown displacement are analysed at the centre of the tunnel section under three
different seismic ground motions. The analysis for different material characteristics (R1, R3) and overburden depths
(10m, 20m) is carried out for seismic ground motions in the x and y directions. In x-direction, H24 T1-I-1 earthquake
leads to maximum ground displacement in range of (215-222) mm. For H24 T1-1-2 and H24 T1-I-3 earthquakes, the
displacement values lie in (25-27) mm, as depicted in Fig. 6(a-c). The displacement values observed over tunnel crown
and ground surface are approximately equal. However, neither material characteristics nor overburden depth have
significantly affected surface displacement. But, variation in seismic effect depicts changes in ground displacement
observed in different cases. In y-direction earthquake, the displacement values observed in ground surface is more
compared to tunnel crown displacements. These values vary with characteristics of different earthquakes. Further, the
displacement values observed over tunnel crown decreases with changing material characteristics for 10m overburden
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depth. The behavior for 20m overburden depth is vice-versa, as illustrated in Fig. 6(d-f). But, ground displacements always
increases with increasing overburden depth. The displacement values increases by 25%, 108%, and 27% for R1T1/10m
tunnel when measured at ground in comparison to tunnel crown. However, these values vary significantly for different tunnel
studied. Additionally, the displacement values for y-direction earthquake are comparatively smaller than x-direction
earthquake. Therefore, significant variation in displacement values are observed for different material characteristics and
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Fig 6: Behavior of Soil-Tunnel System under non-linear time history analysis

overburden depth under various seismic ground motions in both x and y directions.

4.3.2. Axial Force

To determine the effect of different seismic ground motions on tunnel lining, axial force under different material
characteristics and overburden depth is analysed. The impact of H24 T1-I-1 earthquake leads to large values of axial force,
compared to others. For this earthquake, the axial force value for R1T1/10m is 33.59 kN, but the surrounding material change
for R3T1/10m causes axial force 44.97 kN, which is 34% higher than the former case. This indicates the effect of material
strength on the axial force of the tunnel lining, when highly weathered material changes to loose sand. Further, overburden
depth causes a decrease in axial force by (33-35) % for same material characteristics. Same behavior is observed when
earthquake occurs in y-direction. However, values observed in y-direction are more than in the x-direction. The values
observed in different cases are illustrated in Fig. 6(g-h). These values vary for different earthquakes analysed in this paper.

4.3.3. Bending Moment

Bending moment and axial force determine the effect of different behavioral characteristics on tunnel lining. The
observed behavior is vice-versa for bending moment as that of axial force. In this, for H24 T1-I-1 earthquake along x
direction, the bending moment values increase as material characteristics change from R1 to R3. In the same way, bending
moment also increases with increase in overburden depth from 10m to 20m having the same material characteristics. The
percentage increase in bending moment amounting 31% and 41% is observed for changes in material characteristics and
overburden depth respectively. The maximum value of bending moment is observed in this case. As the value of the seismic
ground motion changes, bending moment variation for different cases is observed. However, along the y-direction, the
behavior observed in different scenarios is opposite to x-direction behavior. In this, bending moment values decrease with
changes in both material characteristics and overburden depth. Fig. 6 (i-j) depicts the bending moment values under different
conditions along the x and y directions.

5. Results

This study analyses the dynamic behavior of the tunnel under different seismic ground motions. To determine the
behavior, numerical models are studied under different material characteristics and overburden depth. The observed findings
are provided as under:

5.1. Material Property Effect

Material properties do not have a significant impact on the displacement characteristics of the ground surface and tunnel
crown. This displacement behavior is mostly influenced by the seismic ground motion effect. However, the dynamic behavior
of tunnel lining is affected by changes in material characteristics. The axial force and bending moment of tunnel lining
depicted more influence of material property than seismic ground motion effects. As material R3 affected the deformation
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behavior of tunnel lining more than material R1, therefore, the material stiffness needs to be thoroughly investigated to
reduce deformation and increase resistance against seismic effects.

5.2. Overburden depth effect

The seismic effect demonstrated more influence than the overburden depth on the axial force and bending moment
of the tunnel lining. Also, the axial force and bending moment increases with increase in overburden depth. Therefore,
tunnels constructed in high seismic zones need to consider the optimum depth such that the seismic effect by earthquake
gets reduced, and not much affected by the overburden depth. This helps in maintaining the structural integrity during
the occurrence of seismic events. Therefore, analysis of the soil-tunnel system under different seismic events provided
the impact of different material characteristics and overburden depth. The pivotal influence of material properties of
surrounding soil and tunnel lining is much more significant than the geometrical effects such as overburden depth. As
this overburden depth is largely affected by the seismic effects, tunnel design based on unpredictable seismic effect
cannot be provided. Considering the above, for the seismic effect resistance, tunnel lining material stiffness, thickness
and optimum overburden depth can lead to reduced stress, structural forces and deformational behavior under different
seismic effects.
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