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Abstract: The tunnels in present-day cities are experiencing varying degrees of loading conditions
ranging from static to extreme loading. Therefore, the stability of underground tunnels needs to be
analyzed and understood for safer and strengthened design. The present study was conducted to
simulate the impact loading conditions due to a missile traveling at a velocity of 5 Mach for different
rock tunnels. The nonlinear continuum finite element analysis has been carried out through Abaqus
and Explicit. The four different types of sandstones considered in the present study include Kota,
Jamrani, Singrauli, and Jhingurda sandstones. An elastoplastic Mohr–Coulomb constitutive material
model has been considered to model the behavior of rock surrounding the tunnel opening. The tunnel
has an opening of 7 m in diameter (d), and 50 m in height and breadth, with 50 m of longitudinal
length. The deformation and stress in the rock and the damage to the concrete lining have been
compared in different cases. The Concrete–Damage–Plasticity (CDP) model and the Johnson–Cook
model were considered for modelling of the RC lining and steel reinforcement. It was concluded that
Jhingurda sandstone has maximum deformations due to impacts caused by missiles.

Keywords: numerical modeling; rock tunnel; sandstone; missile impact

1. Introduction

Due to the rapid migration of the population from rural to urban cities, the demand for
better, faster, and safer modes of transportation arises. In addition, the horizontal expansion
of residential construction has created a need for subsurface construction. Therefore, the
need for the design and research of tunnels and other underground structures has arisen. A
number of studies have been carried out by researchers to understand the different aspects
of tunnel stability [1–12].

Subsurface structures, especially tunnels and caverns, have been an integral part
of the defense strategy of the country. The stability and equilibrium of these structures
need to be studied for extreme loading events such as seismic loading, blast, and impact
loading. Therefore, a number of researchers have studied the behavior of tunnels under
varying types of loading conditions [13–17]. However, there are few studies that depict the
performance of underground tunnels constructed in rock when subjected to impact load.

The numerical tools for computation and modelling have been used by researchers
to study the stability of tunnels under varying impact loading conditions. Gao et al. [18]
studied the behavior of intact rocks under an impact load using a commercial tool, LS-
DYNA. They proposed a relationship and a model to study the behavior of intact rocks
under impact loads. The model was validated with high accuracy using experimental
results. Experimental and numerical simulations have been carried out by Aziznejad
et al. [19] using a distinct element code to study the response of rock mass under an impact
load. The propagation of cracks in the rock tunnel was studied by Zhou et al. [20] under
the impact loading condition, and it was found that the speed of crack propagation is
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non-uniform; therefore, cracks may stop propagating suddenly. Zhou et al. [21] considered
the change in orientation of the impact with respect to the tunnel model. They categorized
different types of failure modes in tunnels under impact loading conditions. Zhou et al. [22]
had concluded that the tunnel experiences different types of failure modes due to impact
load and found that radial cracks propagate in the tunnel from the edge of the tunnel.

Therefore, it may be summarized that the strength of tunnels in rocks under impact
loads has been rarely studied in the open literature. However, there is still a significant
scope and a need for further study. Sedimentary rocks cover the majority of metropolitan
areas in different countries of the world. However, the impact resistance of these rocks
against soft and hard missiles has received little attention from previous researchers. More-
over, sandstone is found in significant areas near the borders of strong military countries
like India, Pakistan, and China. Hence, it needs to be studied for impact loading condi-
tions. Consequently, the present paper has considered four different types of sandstone:
Jhingurda, Singrauli, Jamrani, and Kota. A missile having 100 kg of weight and a velocity
of 5 Mach has been considered to simulate the impact loading conditions for different
rock tunnels. The nonlinear elastoplastic continuum FE (finite element) method has been
adopted to understand the adverse effects of impact loading on rock tunnels.

2. Impact Loading Simulation

The impact resistance of four different sandstone rock tunnels has been studied in the
present paper. A missile has been modelled based on the description given by Vidanović
et al. [23]. The missile has a 0.7637 m length and a mass of 100 kg, modelled as a discrete
part. The commercial software Abaqus has been used, and explicit mode has been selected
for the simulation. The missile had a 5 Mach velocity before it hit the ground surface above
the rock through which a tunnel has been constructed. The geometry of the tunnel has been
considered based on the DMRC design specifications and published articles [24–26]. A
dynamic explicit analysis has been carried out in the finite element tool Abaqus. In Abaqus,
a step is time allotted for a particular analysis. However, according to the demand of output
frame, it breaks the overall time allotted in small increments. In the present analysis, the
step time is 0.035.

2.1. Geometry

The rock surrounding the tunnels has been modelled as a bigger size element having
a three-dimensional size of 50 m × 50 m × 50 m and 12.5 m of overburden depth. The
tunnel has an opening of 7 m in diameter and has been supported by a reinforced concrete
liner of 0.35 m in thickness. The liner has an M30 grade of concrete. The concrete liner has
reinforcement of steel bars of Weldox 460E grade in the longitudinal and circular directions.
The details of the reinforcement and tunnel geometry are presented in Figure 1.

2.2. Input Properties of Materials

The rock mass surrounding the tunnel has been considered as a nonlinear elastoplastic
material. The Mohr–Coulomb failure model has been used to incorporate the nonlinearity
of four different types of sandstones. The four sandstone rocks considered in the present
paper are Jhingurda, Singrauli, Jamrani, and Kota. The input parameters are taken from
Rao et al. [27]. Table 1 represents the different physical and mechanical properties of rocks
used in the present simulation.
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Figure 1. Geometry of finite element model for impact loading simulation. (a) Abaqus model of
Missile, 0.7637 m in length and a mass of 100 kg with 5 Mach velocity (b) Tunnel with an opening of
7 m in diameter and supported by a reinforced concrete(M30) liner of 0.35 m in thickness. (c) The
rock surrounding the tunnels of 50 m × 50 m × 50 m and 12.5 m of overburden depth.
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Table 1. Four different sandstone rock surrounding the tunnel opening.

Rock
Mass

Density
(kg/m3)

Young’s
Modulus

(GPa)

Poisson’s
Ratio

Friction
Angle

(Degree)

Cohesion
(MPa)

Jhingurda 1670 2.84 0.25 21.34 3.68
Singrauli 2310 4.31 0.29 27.11 10.47
Jamrani 2480 5.29 0.22 37.79 11.17

Kota 2310 14.02 0.21 43.42 20.93

Similarly, the nonlinear behavior has been considered for steel bars by providing
the elastoplastic properties of steel. Table 2 and Figure 2 show the properties of steel
reinforcement used in this study. The interaction between the steel bars and concrete
of the liner is achieved by embedding the circular and longitudinal reinforcement. The
embedment constraint in the interaction module applied the proper bond between the steel
and concrete, creating a reinforced concrete liner for the rock tunnel. The Johnson–Cook
model [28] has been used for modelling the steel bars and properties are taken from Borvik
et al. [29]. Borvik et al. [29] had performed a series of experiments on the steel under
different strain rate and at varying temperature range.

Table 2. Elastoplastic properties of reinforced steel with Weldox 460 E grade.

($) (kg/m3) (E) (GPa) (ν) A (MPa) B (MPa) n C Rate (s−1)

7850 200 0.33 490 807 0.73 0.0114 100
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Figure 2. Plastic behavior of steel reinforcement material.

Moreover, the concrete liner has been considered as M30 grade and its nonlinear
elastoplastic behavior has been simulated through the Concrete Damage Plasticity model.
It also incorporated the damage characteristic of the concrete and, therefore, proved to be
useful in studying the overall failure of the internal lining.

The M30 grade of concrete has a mass density of 2500 kg/m3 and a Young’s modulus
of 26.6 GPa, with a 0.20 Poisson’s ratio. Moreover, the dilation angle and eccentricity
of 31 degrees and 0.1, respectively, have been considered. The variation in stress and
damage corresponding to strain for the M30 grade of concrete are shown in Figures 3 and 4,
respectively.
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Figure 3. Input of stress–strain variation for M30 grade of concrete liner used in tunnel.
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2.3. Meshing, Loading, Boundary and Interaction Conditions

The rock mass surrounding the tunnel has been meshed as C3D8R (Continuum Three-
dimensional eight-nodded reduced integration solid Brick element), as suggested and used
by Zaid and Sadique [30,31], Zaid and Shah [32] and Zaid et al. [33–37]. The element
size of 0.7 has been used based on mesh convergence, and this type of mesh is defined
as brick-type element, which has eight nodes. The steel bars are modelled as beam-type
element, i.e., B31, as suggested and used by Zaid and Sadique [38–40]. The steel bars
elements have an element size of 0.05. The missile has been meshed by the R3D4 element
type to make it rigid and discrete. The general hard contact and frictionless tangential
contact has been assigned to the whole model. The embedment interaction has been used
to model the reinforced concrete liner by embedding the steel bars in concrete liner. The
base of the rock has a fixed support as the rock mass extends to infinite depth, and the
sides of the model have roller supports, which allow vertical movement but restrain other
directional movement of rock mass. One set of simulation takes around six and a half CPU
hours on a 64GB RAM system with a Dell Precision Tower 7810. General hard contact and
frictionless tangential contact have been assigned to the whole model. The embedment
interaction has been used to model the reinforced concrete liner by embedding the steel
bars in the concrete liner.

3. Validation of Dynamic Loading

In order to validate the present finite element simulation, an experimental study has
been simulated using the present methodology and numerical results are compared with
the experimental study by Andersson [41], as shown in Table 3. A steel mass weighing
600 kg was considered for impact loading on 0.2 m × 0.2 m area in the middle of a slab.
The height of fall was varied from 1 m to 2 m on the concrete slab having a 1.75 m × 1.75 m
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cross section and a 0.12 m thickness. The size of the slab, loading conditions, and the
properties of the model have been adopted as per the report by Andersson [41].

Table 3. Comparison of results of properties of reinforced steel.

Slab No. Height (m)
Deformation (mm)

% Cent Error
Experimental Study FE Study

S4 1.0 46 44.39 3.5
S5 1.5 63 61.74 2.0
S6 1.5 50 47.00 6.0
S8 1.0 60 57.00 5.0
S9 1.2 61 59.17 3.0
S10 2.0 77 73.15 5.0

4. Results and Discussion

Commercial software based on the finite element method, i.e., Abaqus/Explicit, has
been used for modelling and analysis. Four different sandstone rocks, Jhingurda, Singrauli,
Jamrani, and Kota, were considered. A generally used design specification for metro
tunnels has been used based on Delhi Metro Rail Corporation designs. A missile having a
5 Mach velocity and weighing 100 kg has been considered. The simulation has been run
for 30 milliseconds, which is the time required by a missile to hit the rock ground from
100 m away.

Figure 5 has been plotted to compare the deformation variation with time when a
missile hits the ground surface for all the sandstone rocks considered in the present study.
It has been observed that the amplitude of deformation for Jhingurda sandstone is the
maximum, having a magnitude of 2.45 m. Maximum deformations of 1.35 m, 1.03 m,
and 0.76 m have been observed for Singrauli, Jamrani, and Kota rocks prospectively at
the ground surface. Therefore, Kota sandstone has shown maximum resistance to missile
penetration, while Jhingurda sandstone has the least resistance to missile penetration.
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Figure 5. Variation in deformation with time to compare the ground surface behavior under impact
loading of 100 kg missile.

The deformation profile is one of the important output results for understanding the
internal behavior of a tunnel. Figure 6 shows the comparison of the deformation profiles of
four sandstone rocks. The deformation profile for Jhingurda sandstone follows a smooth
curvature, while the curvature becomes distorted and non-uniform for other types of
sandstone. It has also been observed that as the strength of sandstone increases, the peak
deformation gets decreased, while the length of tunnel under disturbance increases with
the increase in the strength of sandstone. Moreover, a slight bulging has been observed
in all the sandstones except for Jhingurda sandstone. Therefore, it may be concluded that
weaker sandstone requires strengthening for a smaller area after an impact loading event,
while high-strength sandstone will require repair for a longer portion of the tunnel.
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Particle velocity is one of the significant output results in the dynamic loading analysis
of rock tunnels. Therefore, the peak velocity at the ground surface of different sandstone
rocks is shown in Figure 7 for comparison. The peak of the particle velocity graph has been
observed at 20.41 milliseconds in each case of sandstone rock. However, the variation of
particle velocity follows a separate path for different rocks, but the pattern of the particle
velocity plot remains similar in all the cases. Figure 8 represents the peak acceleration
at the ground surface when a missile hits the different sandstone rocks. In the case of
Jhingurda sandstone, the magnitude of peak velocity and acceleration is greatest. Moreover,
the pattern of variation in acceleration and velocity remains similar, and therefore, it is
independent of the type of sandstone.
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Figure 9 shows the deformation contours of Jhingurda, Singrauli, Jamrani, and Kota
sandstone when a 100 kg missile moving at the velocity of 5 Mach hits the ground surface
of the rock-containing tunnel. It has been observed that the brittleness and strength of
rock have a significant influence on the deformation zone. In the cases of Jhingurda,
Singrauli, Jamrani, and Kota, the maximum deformation at the crown is 4.94 mm, 2.75 mm,
2.61 mm, and 1.04 mm, respectively. It can be concluded that Kota sandstone has minimum
deformation, and therefore, it is the safest sandstone rock under impact loading conditions.
However, the area of disturbance is maximum in the case of Kota sandstone, and vibrations
may reach the tunnel crown in a shorter time as compared to other sandstones.

Figure 10 has been plotted to compare the serviceability of reinforced concrete liners
under impact loading conditions in the case of different types of sandstone. Tension damage
has been observed in each type of sandstone. However, the area of the damaged zone
increases with the strength and brittleness of sandstone. Therefore, reinforced concrete liner
has maximum tensile damage in Kota sandstone (0.99) and less tension damage in the case
of Jhingurda sandstone (0.017). It has been concluded that the consequences of an impacting
projectile reach the tunnel lining when constructed in strong and brittle sandstone, or vice-
versa. In addition, the tensile damage in all the different types of sandstones considered in
the present study remains concentrated at the outer periphery of the liner.
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The in-depth view of lining performance has been studied by comparing the defor-
mation at the reinforcement cage of steel bars in the case of different rocks, as shown in
Figure 11. The maximum value of deformation has been noted for Jhingurda sandstone,
while the maximum value of deformation remains concentrated at the crown of the tunnel.
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5. Conclusions

The present study of finite element simulation for rock tunnel resistance against impact
loading has four different sandstone rocks surrounding a 5 m diameter reinforced concrete
tunnel lining. The major conclusions drawn from the present study are as follows:
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1. The Kota sandstone has 2.22-times, 0.77-times, 0.35-times more impact resistance
than Jhingurda, Singrauli and Jamrani sandstone, respectively. Therefore, the impact
resistance of a rock tunnel is a function of cohesion and friction angle.

2. The deformation profile for Jhingurda sandstone follows a smooth curvature while
the curvature becomes distorted and non-uniform for other types of sandstone. It has
also been observed that as the strength of sandstone increases, the peak deformation
decreases, while the length of tunnel under disturbance increases with the increase in
the strength of sandstone. In addition, it has been concluded that weaker sandstone
requires strengthening for a smaller area after an impact loading event while high-
strength sandstone will require repair for a longer portion of the tunnel.

3. The magnitude of peak velocity and acceleration is maximum in case of Jhingurda
sandstone at 20.41 milliseconds. Moreover, the pattern of variation in acceleration
and velocity remains similar, and therefore, it is independent of the type of sandstone.

4. It can be concluded that Kota sandstone has minimum deformation and is therefore
the safest sandstone rock under impact loading conditions. However, the area of
disturbance is greatest in the case of Kota sandstone, and vibrations may reach the
tunnel crown in a shorter time in comparison to other rocks.

5. The effect of impact loading has reached the tunnel lining when constructed in strong
and brittle sandstone, or vice versa. In addition, the tensile damage in all the different
types of sandstones considered in the present study remains concentrated at the
outer periphery of the liner. The steel reinforcement cage experiences maximum
deformation at the crown position in all the cases, while the maximum magnitude of
deformation occurred in the case of Jhingurda sandstone.
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