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Abstract The internal blast loading condition in a tunnel constructed in three-layered shale rock has been
incorporated using a coupled-eulerian-lagrangian (CEL) approach in this paper. In this research, the three weathered
stages of shale were studied, namely minimally, medium, and highly weathered shale in three layers. As we got
closer to the earth's surface from the deep beneath, the weathering of the shale rock accelerates. The overburden
depth has been changed to integrate several parametric scenarios in an elastoplastic finite element model with
dimensions of 60m x 60m x 60m. The presence of 100kg of trinitrotoluene (TNT) as an explosive is expected A
100kg of trinitrotoluene (TNT) explosive is assumed to be suspended in the air at the middle of the tunnel entrance
at an equal distance from all sides. To recreate genuine in-situ conditions, the TNT sphere and air inside the rock
tunnel were modeled using the CEL approach. Mohr-Coulomb, Concrete Damage Plasticity, and Johnson-Cook
constitutive material models were used to mimic the elastoplastic behavior of various materials, including rock,
concrete, and steel bars. To make a reinforced concrete liner, a cage of steel bars has been inserted in the concrete
liner by interaction constraints. The tunnel was first buried in the upper layer of shale, with a 5m overburden depth.
The tunnel's position has also been altered for overburden depths of 15m, 25m, and 35m. Overburden depth and
crown displacement are inversely proportional, according to the results obtained in the form of acceleration, velocity,
and displacement for rock. Furthermore, the reinforced concrete liner used in this simulation study exhibits no
damage in terms of compression, although a small tensile failure is visible in all scenarios.
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explosives, on the other hand. Terrorist events such as
the 1993 World Trade Center bombings, as well as the
1994 bombings of London and Buenos Aires financial
hubs, have prompted researchers to investigate the
blast-resistance of tunnels using various simulation tools.

1. Introduction

Tunnel construction has become an inseparable

component of modern metro cities as transportation
and the design of speedier modes for products and
services inside and between cities have given rise to
tunnel development on a bigger scale [1]. As a result,
experienced personnel are required to develop and plan
these smart, long-term structures. Tunnels, in addition to
being a source of transportation, have become an integral
aspect of a country's strategic defense system [2]. As a
result, the stability of tunnels under massive loads, both
accidental and purposeful, has been a great concern.
Several research on the stability of various types of
structures subjected to extreme loading conditions, such as
blast load, have been done [3-10].

The first collection of studies to understand the damage
in rock tunnels due to seismic shaking was presented
by [11]. Later on, the influence switched away from
earthquakes and toward rock blasting. Accidental events,
such as terror strikes may involve the use of heavy

As a result of the blast loading induced by missile attacks,
structures should be designed with blast resistance in
consideration to reduce the damage caused by an impact
missile [12].

The freshness of the rock or how much it has weathered
determines its strength. Rock weathering can be both
mechanical and chemical. Mechanical weathering is the
fracture and abrasion of rock into smaller pieces; it aids
chemical weathering by causing the breakdown of rock
into smaller pieces, which increases the total surface area
vulnerable to chemical weathering. Weathering weakens
rock’s resistance to blasting and makes it more susceptible
to it. Bowen's reaction series best explains its progression.
The ascending order of stability means resistance
to weathering: Olivine, Orthopyroxene, Clinopyroxene,
Amphibole, Biotite, K- Feldspar, Muscovite, and Quartz.

Since brick masonry is a basic structural component of
every conventional building, its blast resistance has been
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examined using the finite element approach for blast-
resistant structural design. Reference [13] used the
commercial program Abaqus / Explicit to conduct a finite
element study of a reinforced wall. It has been discovered
that the diameter of steel reinforcement bars and concrete
grade indicate that concrete grade and wall thickness have
a substantial relationship with deformation and damage
produced by blast loading. Reference [14] investigated the
effects of blast load on fracture propagation and concrete.
A constitutive material model was proposed to anticipate
the progression of crack damage and propagation. Later,
[15] investigated the effect of strain rate, both high and
low, to provide more in-depth data for predicting concrete
response under dynamic loading. Reference [16] conducted
rigorous parametric research for an underground tube
surrounded by rock and soil. They used the Monte Carlo
method and the Abaqus finite element software. When the
tunnel is subjected to blasting load, failure is observed to
be a function of Young's modulus, tunnel lining thickness,
and blast loading. They stated that in the case of blast loading
studies of tunnels, both probabilistic and deterministic
approaches to analysis should be explored. Furthermore,
the explosive weight and charge chamber density have a
considerable impact on the density of explosive charge
loading and the strength of the stress wave [17].

Researchers have conducted several studies to better
understand the response of tunnels to various types of
loading events, including blast loading [18-29]. The
impact of weathering, on the other hand, has received little
attention in the literature. Furthermore, the stratified rock
profile has scarcely been taken into account while
simulating the real field condition of a tunnel that has been
built.

2. Nonlinear Elastoplastic Continuum
Modelling

The present study incorporates three different
weathered shale rocks, i.e., slightly weathered, medium
weathered and highly weathered, where slightly weathered
shale is at the bottommost layer having 20m of thickness.
Similarly, a middle layer of 20m thickness of the finite
element model consists of medium weathered shale rock
and the top layer is made up of highly weathered shale
having 20m of thickness. Initially, the tunnel has been
considered in the top layer with 5m of overburden depth
for the first case of analysis. Later, the overburden depth
of the tunnel has been increased by 10m intervals.
Therefore, in two cases the tunnel has a half-top portion in
the upper layer of rock and a half-bottom portion in the
lower layer of rock. The finite element model having 60m
X 60m x 60m of size has been modeled in the
Abaqus/Explicit module to create a continuum model with
finite element definition. The various causes have been
considered in this study by considering overburden depths
as 5m, 15m, 25m and 35m. The TNT has 100kg of mass
in the form of a sphere, which is hanging in the air at
equal distance from all sides. The tunnel has been
supported by a 10m diameter tunnel having 0.35m of
thickness having 12mm diameter steel bars @ 120mm
spacing along the length of the tunnel as twin-circular

rings (spacing = 250mm) to act as hoop reinforcement.
Moreover, longitudinal reinforcement bars having a 10mm
diameter have been provided along the circular direction
with 850mm of circular spacing (Limited 2015). This
reinforcement cage which is made up of Fe415 grade steel
is surrounded by a concrete liner of M30 grade. Figure 1
represents the detailed geometry of the finite element
tunnel model.

The present finite element method of analysis has an
elastoplastic nonlinear behavior of different weathered
shale rocks that have been considered through the Mohr-
Coulomb failure criterion. The properties of slightly,
medium and higher stages of weathered shale are
presented in Table 1. These properties have been taken
from [30] and substituted in Abaqus for each grade of
shale. The three layers of shale stratified as, less
weathered shale at a deeper level and more weathered
occurring at shallow depth from the surface. The thickness
of each layer of weathered shale has been kept constant at
20m each.

Table 1. Mohr-Coulomb Material Model Properties Of Different
Weathered Grades Of Shale [30]

Sydney Shale Womered | Weathered | weathéred
Mass Density (kg/m?) 2400 2400 2400
'Young’s Modulus (MPa) 4500 2000 1000
Poisson’s Ratio 0.25 0.25 0.30
Friction Angle (°) 50 50 40
Cohesion (kPa) 500 300 200

The tunnel in the different layer has been supported by
an M30 grade concrete liner that is reinforced with steel
bars. The nonlinear elastoplastic properties of tunnel liner
made up of concrete have been simulated through
Concrete Damage Plasticity (CDP) criterion. Table 2 &
Table 3 and Figure 2 & Figure 3 represent the input
parameters of CDP model for M30 grade concrete [31].

Table 2. Elastoplastic properties of concrete having M30 grade [30]

Parameter Value
Mass Density (kg/m?) 2500
Young’s Modulus (GPa) 26.6
Poisson’s Ratio 0.2
Dilation Angle (°) 31
Eccentricity 0.1
fb0/fcO 1.16
k 0.67
Viscosity Parameter 0

Table 3. Tension Failure Parameters Used In The Present Study For
M30 Grade Concrete [31]

Tensile Behavior

Stress (MPa) Strain
2.00 0

0.02 0.000943396
Tensile Damage

Damage Strain
0.00 0

0.99 0.000943396
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Figure 1. Detailed geometry of present numerical model used in the present
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The steel reinforcing bars were implanted in the
concrete liner of the tunnel utilizing the Abaqus/Explicit
interaction module's embedment constraint. To simulate
the nonlinear elastoplastic behavior of steel bars, the
Johnson-Cook material model was used. The input
parameters of the Johnson-Cook steel model are shown in
Figure 4 and Table 4 (IS: 456(2000).
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Figure 4. Variation of stress with change in strain for Fe415 steel grade
(1S 456, 2000)

Table 4. Parameters Used For Steel Bars Used As Reinforcement [31]

Parameter Value
Mass Density (kg/m°) 7800
Young’s Modulus (GPa) 210
Poisson’s Ratio 0.3

A (MPa) 375
B (MPa) 600

n 0.07
C 0.09
Strain Rate (s™) 50

The properties of Trinitrotoluene (TNT) used in
the presented simulation are presented in Table 5.
Jones-Wilkins-Lee (JWL) constitutive material model has
been adopted to incorporate the nonlinear elastoplastic
behavior of TNT and the Equation-of-State (EOS)
definition of JWL has been considered.

Table 5. JWL-EOS Parameters Adopted In The Present Study For
TNT Explosive (Larcher And Casadei, 2010)

Parameter Value
Mass Density (kg/m?) 1630
Detonation Wave Speed (m/s) 6930
A (GPa) 373.8
B (GPa) 3.747
® 0.35
Ry 4.15
R, 0.9

Detonation Energy Density (kJ/kg) 3680

The field circumstances in this study were constructed
and recreated by giving boundary conditions such as the
rock's base has fixed supports in all directions, and the

vertical sides have roller supports that allow nodes to
move vertically. Because the depth of rock at the base is
unclear, the base has been limited in all directions. Due to
the known finite width of the rock block, the sides also
have roller support. A commonly used interaction, general
contact, has been included in the Abaqus/Explicit
interaction module to capture the hardness of each section
of the model. The default setting for the interaction is in
the tangential and normal directions. Self-friction has
been postulated between the rock, concrete liner, and
reinforcing cage steel bars.

Based on the mesh convergence analysis shown in
Figure 5, the rock and concrete liner element type has
been chosen as C3D8R, with each element having a size
of 0.8. Because this element type contains eight nodes and
a brick-like shape, it is known as an 8-noded brick
element. The element type's other parameters are left at
their default values. Because the steel bars are wires, they
mesh with the B31 element type, which is a 2-noded beam
type element. The steel bar cage was implanted inside the
concrete liner of the tunnel utilizing embedment constraint
in the interaction module after all of the outer and inner
steel bars were assembled in the assembly module. Other
settings are left at their default to ensure that the steel bars
of the reinforcement cage and the concrete liner are
properly bonded to work as reinforced concrete material.
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Figure 5. Mesh convergence study for element size determination

To model TNT explosives to induce internal blast
loading in the current study, JWL-EOS was used to build
Coupled-Eulerian-Lagrangian (CEL) modeling. The main
benefit of employing this technology is that the mistake
that occurs in these types of simulations may be mitigated.
In general, ambient air has not been considered in earlier
research; nevertheless, it has been considered in the
current case in tunnel opening and around the explosive
sphere of TNT. The EC3D8R element type was used to
mesh the CEL component of the model, where ‘E’ stands
for Eulerian. Eulerian-Volume-Friction (EVF) is a discrete
field that has been assigned to the models in the
predefined field. Based on prior investigations, EVF = 1.0
has been attributed to TNT and EVF = 0.8 has been
assigned to the air inside the tube [32-36]. To mimic the
internal blast loading, a 100 kg TNT explosive has been
assumed and put in the tunnel's middle part, at an equal
distance from the tunnel's interior surface.
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3. CEL Model Validation

The validation of blast loading using the CEL modeling
technique was accomplished by comparing the results of
[37], which were provided through a numerical and
experimental investigation, with the numerical model built
using the current methodology. The geometry, characteristics,
and loading conditions are all preserved the same as they
were in the original design [37]. In Figure 6, the results of
the current modeling technique and [37] are compared.
The findings show that the current modeling technique has
been proven and may be applied to future simulations.
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Figure 6. Validation of CEL modeling [37]
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Figure 7. Contours of displacement in case of (a) 5m, (b) 15m, (c) 25m and (d) 35m of overburden depth

4. Results and Discussion

The influence of stratification and weathering on the
internal blast resistance of a shale rock tunnel was studied
using nonlinear elastoplastic continuum finite element
modeling. The overburden depth has been changed so that
in two cases, the tunnel remains completely in a single
layer, while in two other situations, half of the tunnel is in
one layer and half in the other. The current section of the
paper presents the results obtained using the coupled-
eulerian-lagrangian elastoplastic continuous finite element
technique.

The behavior of rock under internal blast loading due to
TNT explosives with various tunnel positions has been
compared in Figure 7. In each example, the displacement
contours of varied overburden depths illustrated in Figure 7
indicate that the explosion effect has reached the ground
surface. However, as the overburden depth increases,
the amount of displacement reduces, hence displacement
is inversely proportional to the overburden depth.
Displacement has also been seen to reduce up to 25m of
overburden depth before increasing due to the overburden
load of two worn shale rocks. Maximum displacement
is 17.58mm, 6.34mm, 0.786mm, and 1.55mm for
overburden depths of 5m, 15m, 25m, and 35m,
respectively. It has been determined that a 25-meter-deep
tunnel is 7 times more resistant to internal blast loading
than a 15-meter-deep overburden tunnel. Similarly, a
tunnel with 15 meters of overburden depth has 1.77 times
the blasting resistance.
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For varied overburden depths, the displacement profile
has been presented along the ground surface in Figure 8.
The displacement concentration is found to be close to the
location of the blast loading event in each case. However,
the amplitude of displacement at the center is greater than
at other nodal sites, and it decreases as we move away
from the source. The largest displacement magnitude is
for a 5m overburden depth scenario, which is 10-times
bigger. However, in other overburden depth situations, the
difference between the amounts of displacement at the
ground is much smaller. Furthermore, because the tunnel
was built in weathered shale rock, blast loading caused the
most damage. As a result, it has been discovered that
weathering has a significant impact on the blast resistance
of underground tubes.
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Figure 8. Displacement profile at the ground of tunnel for an event of
internal blast loading for different overburden depths

The variation of displacement with time has been
plotted to understand the behavior of rock tunnels
during an event of blast loading and it has been plotted in
Figure 9. It has been observed from the graphs of different
overburden depths that shallow rock tunnels in highly
weathered shale rock have suffered extreme damage from
the initial time when blast wave intersects with the tunnel
lining. An exponential increase in displacement has been
observed throughout the analysis; however, as the
overburden depth of the tunnel increases the displacement
variation with time becomes more linear. It has also been
concluded that shallow rock tunnels are highly susceptible
to blast loading in comparison to deeper tunnels as
observed in previous cases.
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Figure 9. Variation of displacement at the ground of the tunnel with time
during an event of internal blast loading for different overburden depths

Figure 10 has been plotted to compare the variation of
velocity in different cases of overburden with time. The
behavior of rock tunnels under blast loading follows a
similar trend in all the cases, however, the magnitude of
velocity is inversely proportional to the overburden depth
of the tunnel, and it is directly proportional to the degree
of weathering. It has been noted that the magnitude of
velocity at the ground surface decreased sharply when
overburden depth has been increased by 10m and resulted
in 15m of overburden depth. However, there has been a
lesser difference in the magnitude of velocity for 25m and
35m of overburden depth. Similarly, Figure 11 has been
plotted to compare the acceleration produced by an
internal blast loading due to 100kg of TNT explosive. The
trend of acceleration variation with time has similarities
for the different cases of overburden depth, however, the
magnitude in the case of 5m overburden depth and highly
weathered shale has the highest magnitude which reduces
with an increase in the magnitude of overburden depth. In
addition, it has been observed that if the rock has been
subjected to lesser weathering, then, it has higher blast
resistance.
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Figure 10. Variation of velocity at the ground of the tunnel with time
during an event of internal blast loading for different overburden depths
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Figure 12. Displacement profile at the crown of the tunnel for an event

of internal blast loading for different overburden depths
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Figure 13. Variation of displacement at the crown of the tunnel with
time during an event of internal blast loading for different overburden
depths

The results obtained at the crown of the tunnel suggest
an in-depth observation of tunnel stability in rock,
therefore, Figure 12 has been plotted to compare the
displacement profile obtained for different overburden
depths along the crown of the tunnel when subjected to
internal blast loading due to 100kg of TNT explosive. In
the case of 5m of overburden depth, the displacement
profile does not follow an ideal trend but shows a peak at
the center of the tunnel. The most vulnerable case in the
present study has been noted as 5m overburden depth as it
has the highest and most extreme displacement magnitude
in all the cases. However, the other cases of overburden
depth such as 15m, 25m and 35m have slight uniform
behavior and displacement reduces uniformly in these
three cases, while a sudden decrease in the magnitude has
been observed when overburden depth increases from 5m
to 15m. A similar trend has been observed in Figure 13,
where the variation of displacement has been plotted with
time for different overburden depths. The magnitude of
displacement noted for 15m, 25m and 35m are in close

vicinity while 5m overburden depth has a magnitude of
displacement that is several times the other cases.
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Figure 14. Displacement profile at the invert of the tunnel for an event of
internal blast loading for different overburden depths
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Figure 15. Variation of displacement at the invert of the tunnel with time
during an event of internal blast loading for different overburden depths

Figure 14 has been plotted to compare the displacement
profile in different cases of overburden depth in the
stratified shale rock mass. In the case of inverting the
difference between the magnitude of displacement for 5m
and 15m overburden depths has been reduced in
comparison to ground and crown locations. Moreover, it
has been observed that the entire length of the tunnel has
been under the effect of blast loading along the invert and
maximum magnitude has been concentrated at the center
of the tunnel where the internal blast has occurred. Also,
the displacement in the case of 35m of overburden depth
has been constant throughout the length of the tunnel
along the invert. Figure 15 has been plotted to compare
the displacement variation with time at the center node of
the tunnel at the inverted location. The displacement
behavior has been similar in all the cases of overburden
depth as observed in previous Figures. However, in
previous cases, only 5m of overburden depth has
significant displacement magnitude, but at an invert
location, the displacement has considerable magnitude.
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Figure 16. Tension damage contours in case of (a) 5m, (b) 15m, (c) 25m and (d) 35m of overburden depth
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Figure 16 has been plotted to compare the failure of
concrete liner in cases of 5m, 15m, 25m and 35m of
overburden depth in terms of tension damage caused by
100kg of TNT explosive. The tension damage has
negligible i.e., less than one percent tensile failure and the
concrete has a null failure in terms of compression,
therefore, the contours of compression failure have not
been shown here. It has been observed that as the
overburden depth increases, there is a decrease in the
magnitude of tension damage. Therefore, it may be
concluded that as the overburden depth increases, and the
tunnel has uniform in-situ stresses at the higher depth that
makes the tunnel more stable against blast loading.
Moreover, Figure 17 has been plotted to compare the
displacement that occurred at the reinforcement cage
embedded in the concrete liner of the tunnel. It has been
observed that the only middle-central portion of the finite
element model has experienced significant displacement
in all the cases, except 5m overburden depth, which has
more than half of tunnel length under blast effect. The
magnitude of displacement in cases of 5m, 15m, 25m and
35m of overburden depth is 4.85mm, 3.55mm, 2.85mm
and 1.40mm respectively. It has been concluded that
displacement in the steel reinforcement is inversely
proportional to the magnitude of overburden depth.

5. Conclusions

The present elastoplastic nonlinear continuum finite
element simulation has incorporated the effect of
weathering in terms of stratification, where highly
weathered shale rock occurs at shallow depth. The
Coupled-eulerian-lagrangian (CEL) method has been
developed to simulate the internal blast-loading event due
to 100 kg of TNT explosive. The finite element analysis
has been carried out using Abaqus/Explicit and air has
also been simulated in the present study. The results are
extracted and compared to the different locations in the
tunnel, i.e., ground, crown and invert in terms of
displacement  profile, displacement, velocity and
acceleration variation with time. In addition, the tension
damage contours have been compared for the different
positions of the tunnel, i.e., 5m, 15m, 25m and 35m of
overburden depth.

It has been concluded that the displacement magnitude
at the ground, crown and invert locations are inversely
proportional to the overburden depth because the
lithostatic  stresses increase with the increase in
overburden depth making the tunnel more stable and
resistant to different loading conditions. Also, it has been
concluded that the displacement remains concentrated at
the center of the tunnel in case of ground and crown
positions, while a significantly larger portion of the tunnel
has been subjected to blast loading damage. The
deformation profile does not follow a traditional uniform
profile; however, a V-shaped graph has been obtained in
all the cases, except invert. The tension damage failure has
been observed in all the cases, which was reduced with an
increase in the overburden depth, however, the magnitude
of tension damage is negligible. Also, the displacement in
the steel reinforcement cage is concentrated at the center

in a small portion of tunnel length, but more than half
portion of the tunnel has been subjected to damage in case
of 5m overburden depth due to blast loading.

Therefore, the tunnels should be simulated for extreme
loading events especially blast loading if they are in a
densely populated region of the world to strengthen them
against any form of accidental or intentional attacks.
Generally, researchers had considered a single rock block
to simulate blast loading events, which does not comply
with the actual field conditions. Therefore, layered
stratified rocks must be taken into account for better
results and understanding.
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