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Abstract
Tunnels and underground space have been evolved as an integrated part of sustainable transportation infrastructure 
of both the developed and developing countries. Tunnels also have strategic importance in the defence sector of the 
nation. In recent decades, tunnels have been subjected to several events of intentional and unintentional blast incidents. 
The present study investigates the response of shallow unlined rock tunnels subjected to an internal blast. The effect 
of different unconfined compressive strengths (UCS) of rock on the extent of damage produced due to blast loading 
has been investigated. UCS representing dolomite, shale, sandstone, granite, basalt and quartzite medium has been 
investigated through a three-dimensional finite element model having dimensions of 30 m × 30 m in cross section and 
35 m in length generated in Abaqus. The diameter of the unlined tunnel has been taken as 5 m having overburden 
depth of 12.5 m. Coupled-Eulerian–Lagrangian modelling has been adopted to simulate the blast loading. Nonlinear 
Mohr–Coulomb failure criteria have been adopted for different rock media. Trinitrotoluene (TNT) explosive has been used 
to simulate the blast loading, and Jones–Wilkins–Lee material model has been adopted to model the characteristics of 
TNT. Subsequently, a relation has been proposed to understand the damage caused by TNT blast loading in a shallow 
unlined tunnel. The total induced energy due to internal blast loading has been found to be maximum and minimum in 
dolomite and quartzite, respectively.
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1  Introduction

The development of underground tunnels system has 
been considered as a challenging geotechnical project 
among all the sustainable transportation system. Blast 
of explosive within the tunnel causes complex loading 
conditions and understanding the related mechanism is 
essential due to the rise in such cases in recent past. The 
underground explosion in the Salang tunnel of Afghani-
stan (1982) had caused severe casualties where 1000–3000 
people were dead [1]. Later, London underground metro 
tunnels had experienced three explosion events where 

700 people were injured and 52 deaths were reported 
[2]. In past two decades, there has been a rise in blast-
related disasters at Moscow metro tunnel (2010), Minsk 
metro (2011), Bayrampasa metro (2015), Saint Petersburg 
metro (2017) and many more [3]. Due to several uprising 
and insurgency in the world, tunnels have faced extreme 
loading events in the past few decades [3]. Therefore, 
blast resistant design of tunnel is necessary to prevent 
the casualties and strengthen the metro tunnel against 
blast-related disasters. The amount of explosive and the 
properties of the surrounding media are the necessary 
parameters, which govern the stability of tunnel against 
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blast load [4]. Moreover, the assessment of the damage 
caused by an explosion in the underground tunnel is the 
uphill struggle due to multiple reflections of shock waves 
[5]. However, several scientists and researchers had stud-
ied the stability of tunnel under dynamic loading [6–18].

Several studies in the past have helped in understand-
ing the response of tunnel in soil and rock subjected to 
blast loading [9, 17, 19–27]. It had been observed that 
the tunnels with smaller radius of curvature are suffered 
higher deformation and damage [5]. Moreover, it had 
been concluded that the compressibility of geomaterial 
surrounding the tunnel and the ground-tunnel interaction 
are the significant factors influencing the damage inside 
and around the tunnel [28]. Also, it had also been observed 
that the failure of tunnel lining and a small amount of 
transmission of blast energy in the tunnel were observed 
for a large amount of explosive [29]. Formation of large 
cavitation zones in the tunnel subjected to blast loading 
has also been observed [30]. Further, geofoam liner in the 
tunnel had been applied to reduce the blast damage [31]. 
Basalt fibre-reinforced polymer bars had been suggested 
as reinforcement for urban utility tunnels [32]. In case of 
twin tunnel, the displacement increases up a certain dis-
tance and then decreases for the tunnel subjected to blast 
loading [33].

Further, a numerical study of the blast had been carried 
out by Deng et al. [34] using UDEC for tunnel in jointed 
rock mass. It had been concluded that joint spacing signifi-
cantly affects the disturbed zone when subjected to blast 
loading. Also, the bolt-supported tunnels are safer than 
the unsupported tunnels in jointed rock mass [34]. How-
ever, in the present study, an already treated tunnel has 
been considered. The effect of rock weathering in the tun-
nel also plays a pivotal role on the stability when subjected 
to internal blast loading. By using CEL method for blast 
simulation, it had been observed that weathering of rock 
has a significant consequence on the stability of the tunnel 
subjected to blast load [35]. Moreover, the attenuation of 
shock waves was observed for the rock having low modu-
lus and a high degree of weathering. Furthermore, propa-
gation of shock wave had been observed in rock having 
a lower degree of weathering. Position of the blast has a 
substantial effect on the behaviour of twin tunnel [20]. The 
deformation and damage of geomaterial and tunnel lin-
ing are dependent on the location of explosive position 
inside the tunnel and the radius of curvature of the tunnel 
[5]. Researchers also investigated the dynamic response 
of tunnel in weathered rock, propagation of shear wave 
and behaviour of rock subjected to blast loading [36–38]. 
Moreover, blast analysis of tunnel had been studied mostly 
using Ansys, LS-DYNA and Abaqus [3–5, 21, 28].

However, information related to the response of rock 
tunnels subjected to blast loading is still limited. Moreover, 

the relation between the inherent properties of rock and 
deformations observed inside the tunnel for internal 
blast loading has rarely been discussed. In the present 
study, response of rock tunnel subjected to internal 
blast loading has been investigated. Moreover, Coupled-
Eulerian–Lagrangian (CEL) method has been used for 
the modelling of TNT explosive and air inside the tun-
nel. Hence, response of rock tunnels under blast loading 
with CEL method of modelling has rarely been studied. 
The material behaviour of the TNT has been incorporated 
through Jones–Wilkins–Lee (JWL) method of equation of 
state (EOS) which had been neglected in previous studies. 
Furthermore, a comparative study has been carried out to 
correlate the damage caused by internal blast loading and 
the unconfined compressive strength (UCS) of the rock.

2 � Modelling and analysis

The present study investigates the effect of UCS of rock 
on the induced damage of unlined shallow tunnel sub-
jected to blast loading through three-dimensional finite 
element analyses. Subsequently, a relationship has been 
developed and proposed to understand intensity of 
induced damage of rock tunnel subjected to blast loading. 
For the analysis, a finite element software Abaqus/Explicit 
has been used [39, 40]. The range of UCS of surrounding 
rock medium considered in the present study varies in 
the range of 2.85–207.03 MPa. UCS values considered in 
the present study represent the strength characteristics 
mainly of dolomite, shale, sandstone, granite, basalt and 
quartzite as surrounding medium of tunnel. The properties 
of these rock mediums are given in Table 1. This section 
briefly describes the different details of numerical model-
ling procedure, i.e. geometric domain of numerical model, 
constitutive model material and solution algorithm.

2.1 � The geometry of the tunnel

The finite element model of the rock tunnel has dimen-
sions of 30 m × 30 m in cross section and 35 m in longitu-
dinal direction which represents the length. Moreover, the 
diameter of the tunnel is taken as 5 m. The geometry of 
the tunnel model is shown in Fig. 1. The tunnel has 12.5 m 
of overburden depth and therefore, the boundary of the 
model lies more than 2.5 d (where d is the diameter of 
the tunnel, 2.5 d = 2.5 × 5 m = 12.5 m). The geometry of the 
model has been adopted based on geometry convergence 
study. C3D8R type of element available in Abaqus library 
has been used for meshing of the rock surrounding the 
tunnel. The elements can be defined as an 8-noded brick 
element with reduced integration and hourglass control. 
Based on the mesh convergence study, the elements size 
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of the rock has 0.8 mesh size, which divides the model in 
finite elements. Further, the interaction has been assigned 
by using general contact interaction property as general 
hard contact and tangential direction contact as friction-
less. Fixed boundary conditions have been applied at the 
bottom of the model and roller support which allows only 
in-plane movement has been applied at all sides of the 
model, while top surface is free to move in any directions. 
Tunnel surface allows to move in all three translational 
directions.

2.2 � Constitutive material model

Three-dimensional finite element analysis has been car-
ried out in the present study to investigate the response 
of underground shallow unlined tunnels in rock medium 
subjected to blast load. Elastoplastic behaviour of the rock 
has been considered adopting Mohr–Coulomb constitu-
tive material model, which is based on the assumption 
that failure occurs when maximum shear stress value is 

reached [15, 39, 40]. This shear stress depends linearly 
on the normal stress and both lie in the same plane. The 
failure envelope of the material results in Mohr circle 
extracted from the triaxial test. The failure envelope gives 
the value of cohesion and angle of internal friction. The 
Mohr–Coulomb criterion (as shown in Fig. 2) is given by:

Table 1   Input properties of different rocks

Density (kg/m3) Young’s modu-
lus (GPa)

Poisson’s ratio Cohesion (MPa) Angle of friction UCS(MPa) Reference

Dolomite 2160 8.12 0.230 0.336 25.22 2.85 [33]
Shale 2550 12.50 0.250 1.600 27.00 50.90 [42]
Sandstone 2300 17.20 0.200 3.300 64.00 86.00 [35]
Granite 2750 36.80 0.187 25.230 58.32 132.80 [36–41]
Basalt 2960 46.50 0.187 26.250 63.38 172.55 [44, 45]
Quartzite 2680 93.80 0.185 27.130 65.30 207.03 –

Fig. 1   a Geometry—cross section and b meshing of the tunnel model

Fig. 2   Mohr–Coulomb yield criterion
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The Mohr–Coulomb model is represented as three 
stress invariants for general stress state

where

where S = deviatoric stress. r = third invariant of deviatoric 
stress. q = Mises equivalent stress. p = equivalent pressure 
stress. Θ = Deviatoric polar angle.

Moreover, the Mohr–Coulomb yield surface has another 
term called the flow potential G is defined as

where

and

where c|0 = c|�pI = 0 , � is meridional eccentricity, which 
explains the rate at which the hyperbolic function 
approaches the asymptote (this is taken as 0.1 in the pre-
sent analysis).

c|0 = initial cohesion yield stress.
� = dilation angle measured in the p − Rmc plane at a 

high confining pressure.
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e = deviatoric eccentricity, which is given as

The non-associated flow rule has been considered in 
the present study.

2.3 � Blast loading

For simulation of the internal blast-loading event within 
the tunnel in the present study, the TNT explosive has 
been modelled using Coupled-Eulerian–Lagrangian (CEL) 
method. The main advantage of CEL method is that it takes 
into account the advantages of both, Eulerian and Lagran-
gian models. Therefore, the general problem of element dis-
tortion in finite element analysis in case of dynamic analyses 
has been eliminated by using CEL method. The CEL method 
of modelling has been carried out using Eulerian volume 
fraction (EVF) tool, which is available in Abaqus/Explicit 
module. EVF option allows the user to specify the amount 
of material to be filled in the Eulerian part of the model. 
The range of EVF is 0.0–1.0. EVF = 0.0 means that there is no 
material and the Eulerian part is empty. However, EVF = 1.0 
means that Eulerian part of the model is filled with mate-
rial and there are no available voids. In the present case of 
blast loading, the trinitrotoluene (TNT) and the air inside 
the tunnel have been modelled through CEL method using 
EVF option. The TNT has EVF = 1.0, which means filled (com-
pletely) and no voids, whereas EVF = 0.8 has been used for 
filling the air inside the tunnel having 20% of voids. The 
reason for adopting the EVF = 0.8 is that it allows interac-
tion between air and rock material within the tunnel which 

(12)e =
3 − sin�

3 + sin�
.

realistically simulates the condition of blast loading, while 
EVF = 1.0 represents no interaction of inside air with tun-
nel during blasting. The TNT explosive has been modelled 
using JWL-EOS model. This analysis has used CEL modelling 
technique along with JWL-EOS. The TNT has been assumed 
to be placed at the centre of the tunnel and by assigning 
the properties of the TNT. Initially, properties of TNT were 
assigned to a sphere and placed at the centre of tunnel. 
Finally, after completing the modelling and meshing, the 
CEL technique has been used to incorporate large defor-
mations caused by blast loading. The different amounts of 
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explosive mass considered in this study are, 50 kg, 100 kg, 
150 kg, 200 kg, 250 kg and 300 kg. Moreover, the analyses 
have been carried out for 30 ms, subsequently the response 
has been discussed. Jones–Wilkins–Lee (JWL) material 
model has been used for TNT and the input parameters are 
shown in Table 2. Jones–Wilkins–Lee (JWL) equation of state 
(EOS) [47] is defined as:

where p = pressure of TNT explosive. A, B, R1, R2 and ω are 
material constants for TNT explosive. Parameters A and B 
represent  the magnitudes of  pressure.  

−
�  = 

the density of the explosive in the solid−state

the current density
 eint = specific internal 

energy at atmospheric pressure.

3 � Validation

Validation has been carried out based on available experi-
mental and numerical study of the reinforced cement con-
crete (RCC) slab having size 1 m × 1 m in plan and 0.4 m 
of thickness [48]. The RCC slab was reinforced with 6 mm 
diameter steel bars in both the direction with a spacing 
of 75  mm centre to centre having 20  mm clear cover. 
The amount of TNT explosive used is 0.2 kg, 0.31 kg and 
0.46 kg at a scaled distance of 0.684 m/kg1/3, 0.591 m/
kg1/3 and 0.518 m/kg1/3, respectively. In the present study 
CEL, method of modelling has been used for the TNT and 
air. The properties of the steel and RCC adopted in the 
present case are the same as reported in the literature 
[48]. The results obtained in the simulation are shown in 
Table 3 and Fig. 3. The experimental study was carried out 
for three different TNT explosive charges and the results 
were validated using finite element software using CEL 
method by [48]. The sides of the slab were restrained by 
fixed a boundary and the same was applied in the numeri-
cal analysis carried out by [48]. The present validation has 
also been carried out by considering all the similar loading 
and boundary conditions.

(13)
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4 � Effect of strain rate

Blast analysis of rock tunnel is a dynamic problem, need to 
be conducted through strain-dependent material model. 
However, the open literature doesn’t have dynamic mate-
rial parameters for each rock due to less availability of Split-
Hopkinson Pressure Bar test facilities at research institutes. 
Furthermore, the finite element package Abaqus doesn’t 
have Hoek–Brown Criterion and Dynamic Mohr–Coulomb 
in its material library. Hence, under these limitations, authors 
have used strain rate-dependent Drucker–Prager model to 
conduct a comparative analysis of quartzite rock tunnel. For 
having an insight into the strain rate effect, a strain rate-
dependent simulation has been carried out. All remaining 
conditions of the rock tunnel under blast loading has been 
kept constant, in this section. Both Mohr–Coulomb and 
Ducker Prager model properties have been employed from 
the literature [46, 49]. The comparative results of the simu-
lation for the Mohr–Coulomb and Ducker–Prager model 
have been plotted. Figure 4 (a, b and c) shows deforma-
tion, stress and acceleration along the length of the tunnel, 
respectively, for both models. It has been observed that the 
results obtained through Mohr–Coulomb material model are 
in acceptable limits, in the present study. Therefore, in the 
remaining part of the manuscript, Mohr–Coulomb param-
eters of different rocks have been adopted in the analysis.

5 � Results and analysis

The numerical analyses are carried out using Abaqus/
Explicit software for the present finite element study 
of internal blast loading. In this paper, the effect of 

Table 2   JWL parameters for TNT explosive

Density (kg/m3) Detonation wave speed (m/s) A (MPa) B (MPa) � R1 R2 Detonation energy density (kJ/kg)

1630 6930 373,800 3747 0.35 4.15 0.9 3680

Table 3   Validation of blast loading

Weight of 
explosive 
charge (kg)

Scaled 
distance (m/
kg1/3)

Deformation at the centre of the 
panel (mm)

[45] Present paper

Experi-
mental 
study

Numeri-
cal 
study

Numerical 
study

0.20 0.684 10 8.8 8.32
0.31 0.591 15 12.7 12.37
0.46 0.518 35 31.1 30.57
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unconfined compressive strength (UCS) of the rock sur-
rounding the tunnel has been studied. The trinitrotoluene 
(TNT) has been modelled using Jones–Wilkins–Lee model 
in equation of state (EOS) terms. The assumed amount 
of charge (TNT) for dynamic numerical analysis is 50 kg, 
100 kg, 150 kg, 200 kg, 250 kg and 300 kg.

Figure 5 shows the displacement behaviour of different 
rock tunnels with time when subjected to blast loading. 

Dolomite rock tunnel has maximum disturbances with 
time and least disturbed rock is the quartzite. Moreover, 
the disturbances in the rock tunnel increase with the 
decrease in the UCS of rock; therefore, disturbance in the 
rock tunnel is inversely proportional to the UCS of the sur-
rounding rock. It has been observed that the maximum 
deformation occurred at 5 ms and due to elastic recovery 
in strain, it has been minimized later on.

The displacement contours in the different rock tun-
nels are shown in Fig. 6, for the dynamic load due to blast 
event. The maximum displacement observed for dolomite, 

Fig. 3   Numerical results of blast loading on RCC slab for a 0.2 kg, b 
0.31 kg and c 0.46 kg TNT explosive
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Fig. 4   a Deformation profile of quartzite tunnel under 100  kg 
of blast loading for comparison of strain rate effect. b Variation 
of stresses along the tunnel length under 100 kg of blast load for 
quartzite tunnel. c Variation of acceleration with time under 100 kg 
of blast load for quartzite tunnel
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shale, sandstone, granite, basalt and quartzite rock tunnels 
is 0.883 mm, 0.443 mm, 0.251 mm, 0.045 mm, 0.043 mm 
and 0.028 mm, respectively. Therefore, among all cases, 
the maximum and minimum displacement at the tunnel 
surface has been observed for dolomite and quartzite 
rock tunnel, respectively. Hence, quartzite rock tunnels 
are more resistant to blast than the dolomite rock tunnels.

The behaviour of different rocks is compared by plot-
ting the displacement profile along the length of the 
tunnel, as shown in Fig. 7. As observed earlier, the maxi-
mum deformed length has been observed in the case of 
dolomite rock tunnel, the tunnel constructed in quartzite 
rock is the most stable case, and maximum deformation 
concentration has been observed near the blasting event. 
Therefore, the location of the blast event in the rock tunnel 
has a significant role in the deformation pattern.

Figure 8 is plotted for concluding the effect of UCS of 
the stability of the rock tunnel. Hence, it has been con-
cluded that UCS of the rock surrounding the tunnel is 
exponentially related to the maximum deformation 
observed in the tunnel when subjected to internal blast 
loading. Therefore, the deformation in the tunnel and the 
UCS of the rock are related as given by Eq. (14).

where x is the value of UCS of rock surrounding the tun-
nel in MPa and y is the displacement in the tunnel in mm.

Homogeneity, strength and resistance of the rock are 
the governing parameters for the energy dissipation in 
the rock [50]. The induced energy is dissipated in the form 
of heat energy, surface energy and plastic energy when 
the blast waves propagate through the surrounding rocks 
[51]. In the present study, the input/incident is constant 
due to the fixed amount of charge. Hence, the rock with 

(14)y ∝ e−x ,

kinetic energy value has lower potential energy, which 
in turn may be interpreted as instability of the structure. 
Figure 9 shows the total energy plot with time for differ-
ent rocks. The maximum total energy noted for dolomite, 
shale, sandstone, granite, basalt and quartzite rock tunnel 
is 218 MJ, 47.1 MJ, 87.9 MJ, 85.9 MJ, 84.9 MJ and 81.4 MJ, 
respectively. It had been reported that for a confined rock 
blasting [52]. The values measured for each of the kinetic 
energy would be 3–21% of the total energy available. 
Figure 10 shows the kinetic energy with time of different 
rocks. The maximum kinetic energy has been observed in 
the case of dolomite rock. Figure 11 is plotted to depict 
the acceleration variation in different rocks under 100 kg 
of blast loading. It has been observed that the maximum 
vibrations are transferred in case of quartzite rock due to 
its maximum brittle behaviour. In addition, a drastic reduc-
tion in acceleration has been observed for basalt rock.

6 � Discussion

Coupled-Eulerian–Lagrangian modelling technique proves 
to be a useful tool for analysis of blast-induced loading. It 
overcomes the problem of excessive element distortion. 
Peak deformation is significantly higher for the rocks hav-
ing lower UCS values. UCS, angle of friction and cohesion 
contributes to the stability of the tunnel. Moreover, gran-
ite, basalt and quartzite possess higher value of UCS and 
show negligible amount of deformations under similar 
conditions as compared to rock tunnels in dolomite, shale 
and sandstone. The propagation of the shear wave/blast 
wave causes a minimum effect in the dolomite and quartz-
ite tunnel hence proved to be the most resistant to blast 
loading due to explosion. Deformation magnitude reaches 
the maximum value at a fixed time depending on UCS of 

Fig. 5   Variation of displace-
ment with time for the 
comparison of different rock 
tunnels for 100 kg TNT explo-
sive blast load
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Fig. 6   The displacement (m) contours of a dolomite, b shale, c sandstone, d granite, e basalt and f quartzite rock tunnel for 100  kg TNT 
explosive blast load
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the rock and then it diminishes. It has also been concluded 
that the relation between the deformation and the UCS of 
rock is exponential. The total energy and kinetic energy 
value of the rock significantly depends on the inherent 
properties of the rock and UCS of the rock governs mag-
nitude of total and kinetic energy. The result of this study 
suggests that the designing of the tunnel should consider 
the UCS of the rock and the support of the tunnel must 
be categorized based on UCS of the rock. The rocks can 
be divided into two groups; a value of UCS greater than 
100 MPa and less than 100 MPa. Further, each category has 
been subdivided as “Higher”, “Intermediate” and “Lower”. 
Therefore, this paper proposed a new method of tunnel 
support categorization and classification.

7 � Conclusion

Dynamic analysis of the tunnel in rock with different UCS 
of rock has been analysed here and different observations 
are presented. Three-dimensional finite element analyses 
of the rock tunnel subjected to blast loading have been 
performed using Coupled-Eulerian–Lagrangian (CEL) mod-
elling technique. The model has been validated against 
published data in the literature and dynamic response 
of tunnel die to blast-induced loading for different UCS 

values of rock has been investigated. The explosive and 
air surrounding the explosive inside the tunnel have been 
modelled using Eulerian elements. Maximum deformation, 
propagation of waves, acceleration response, location of 
blasting have been investigated and presented. The paper 
may be useful for the researchers and practicing engineers 
working in the area of tunnel engineering. Following con-
clusions are drawn based on the results and observations 
made in this paper.

1.	 The magnitude of the deformation in the dolomite 
tunnel is 99% higher than shale. Similarly, shale has 
76% higher than sandstone, sandstone has 4.65-times 
higher than granite, granite has 2% higher than basalt 
and basalt has 58% higher than quartzite.

2.	 Rock having a higher value of UCS shows lower mag-
nitude of deformation and is the safest from stability 
consideration cases of the tunnel. The peak displace-
ment and the extent of damage are inversely propor-
tional to the UCS in the rock tunnel when subjected to 
internal blast loading.

3.	 The kinetic energy generated and total energy 
absorbed in the rock due to blast loading are inversely 
proportional to the UCS of the rock; therefore, higher 
energy has been absorbed by dolomite and a lesser 

Fig. 7   Displacement profile 
along the length of the tunnel 
for different rocks for 100 kg 
TNT explosive blast load
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amount of energy has been generated and absorbed 
in quartzite tunnel.

4.	 The overall safety of the tunnel is higher in quartzite, 
basalt and granite in comparison with dolomite, shale 
and sandstone tunnel.

5.	 For the present study, dolomite and quartzite hav-
ing the lowest and highest UCS suffer maximum and 
minimum deformation, respectively, as observed for 
the input parameters considered in the present study. 

However, a large number of rocks should be consid-
ered for development of a more rational relation 
between UCS of rock and other relatable parameters 
for blast resistant design approach of rock tunnel.

Fig. 8   Effect of UCS of rock 
for the deformation in the 
tunnel in case of a the different 
amounts of explosives and b 
3D plot for combined effect
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Fig. 9   Variation of total energy 
with time for different rocks for 
100 kg TNT explosive blast load
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Fig. 10   Variation of kinetic 
energy in case of different 
rocks with time for 100 kg TNT 
explosive blast load
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Fig. 11   Comparison of accel-
eration obtained at the crown 
of tunnel when subjected to 
100 kg of blast load
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