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Effect of shear zone on dynamic behaviour of rock tunnel
constructed in highly weathered granite
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Abstract. Tunnels have become an indispensable part of metro cities. Blast resistance design of tunnel has attracted the
attention of researchers due to numerous implosion event. Present paper deals with the non-linear finite element analysis of rock
tunnel having shear zone subjected to internal blast loading. Abaqus Explicit schemes in finite element has been used for the
simulation of internal blast event. Structural discontinuity i.e., shear zone has been assumed passing the tunnel cross-section in
the vertical direction and consist of Highly Weathered Granite medium surrounding the tunnel. Mohr-Coulomb constitutive
material model has been considered for modelling the Highly Weathered Granite and the shear zone material. Concrete
Damage Plasticity (CDP), Johnson-Cook (J-C), Jones-Wilkins-Lee (JWL) equation of state models are used for concrete, steel
reinforcement and Trinitrotoluene (TNT) simulation respectively. The Coupled-Eulerian-Lagrangian (CEL) method of
modelling for TNT explosive and air inside the tunnel has been adopted in this study. The CEL method incorporates the large
deformations for which the traditional finite element analysis cannot be used. Shear zone orientations of 0°, 15°, 30°, 45°, 60°,
75° and 90°, with respect to the tunnel axis are considered to see their effect. It has been concluded that 60° orientation of shear
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zone presents the most critical situation.
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1. Introduction

Tunnels serve as an important transportation medium
since times immemorial. It has become a necessity in
modern day metros and mega cities, as a mean of mass
transit (Kenneth 2019). Hence, proper planning and
designing of the tunnels plays an important role in the
evolution of smart and sustainable cities. Moreover, now-a-
days tunnels have become an integral part of defense and
strategic storage system of a country (Daphné 2017). Their
stability in general and against the extreme of intentional or
accidental blast, in particular, has been a matter of concern.
The use of explosive in these events is one of the common
connecting part. Several researchers had studied the
stability of different types of structures under blast load
(Ambrosini and Luccioni 2009, Park and Krauthammer
2009, Li et al. 2009, Hadianfard et al. 2012, Sohn et al.
2014, Kim et al. 2018, Liao and Ma 2018, Lotfi and Zahrai
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2018, Ewing et al. 2009, Ma et al. 2009, Guzas and Earls
2010, Mazek 2014, Abdollahzadeh and Faghihmaleki 2017,
Ozacar 2018, Chen et al. 2019, Uyar and Aksoy 2019, Kim
and Park 2019).

The performance of surrounding rockmass containing
tunnel, depends upon its strength, number of joint sets, their
orientation and additional presence of shear zones. The
discontinuities in form of joints are ubiquitous; hence a rock
mass without them cannot be envisaged. The shear zones
are next to them, much less in terms of numbers, but
damaging much larger area in a single go. The Granites
have very commonly contains shear zones. The high
number of shear zones and their varied orientations further
add to the weakness of the system. As rocks may be highly
strained and weak along them and need to be incorporated
during tunnel design (Singh and Goel 1999).

Salang Tunnel in Afghanistan had experienced an event
of internal blast in 1982. It had resulted in 1000 - 3000
deaths (Bangash and Bangash 2005). The London attack in
2005 had resulted in 52 deaths and several of injuries
(Hoffman and Reinares 2014). Similar events had occurred
later in 2010 — Moscow attack, in 2011 — Minsk attack, in
2015 — Bayrampasa and in 2017— Saints Petersburg etc.
(Chaudhary et al. 2019). All these implosion events were
due to use of explosives.

In case of underground tunnels, the properties of
soil/rock surrounding the tunnel, amount of explosives and
thickness of tunnel lining material have significant effect on
the stability of tunnels (Chakraborty et al. 2014). Evaluation
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of stability of underground structures through experimental
methods are not economical and involve critical safety and
social issues. Therefore, advanced numerical tools offer
alternate option to study the stability of underground
tunnels subjected to blast loading.

Several researchers have investigated the safety and
stability of underground structures (Naqvi et al. 2020, Zaid
et al. 2020), in addition when subjected to blast loading
(Joachim and Lundermann 1994, Ma et al. 1998, Wu et al.
1998, Chille et al. 1998, Wu et al. 2004, Lu et al. 2005,
Choi et al. 2006, Dvorak and Suvorov 2006, Gui and Chien
2006, Feldgun et al. 2008, Liu, 2009, Yang et al. 2010, Liu
2011, Zaid and Sadique, 2020a, b). Joachim and
Lundermann (1994) carried out a parametric study to
understand the effect of blast wave propagation inside an
underground storage facility. Different parameters
considered are diameter and length of the tunnel and
loading density of chamber. It has been observed that the
volume of underground storage and distance between the
blast event and structures is the main governing criteria of
stability of a structure. Higgins et al. (2012) investigated
stability of tunnel subjected to blast loading through plane
strain analysis. They incorporated the elastoplastic behavior
of surrounding geomaterials though neglected the plastic
behavior of concrete lining of tunnel. Kumar et al. (2014)
studied the blast loading effect in tunnel surrounding soil
medium from different sites and proposed an empirical
model for assessing blast induced vibrations. The proposed
empirical model is a function of the unit weight, Young’s
modulus and saturation density of the soil medium
surrounding the tunnel. Han ez al. (2016b) used an existing
Federal Highway Administration's (FHWA) soil model to
understand the interaction between the tunnel and
surrounding soil under blast loading. Ability of FHWA
model to incorporate the effect of excess pore-water
pressure is an advantage of this model. It has been observed
that an extra protective layer inside the lining of tunnel may
advantageous to reduce the extent of damage due to blast
loading (Gui and Chien 2006).

Wu et al. (1998) carried out investigation to understand
the propagation behavior of blast waves in jointed
rockmass. They concluded that the characteristics of joint in
rock has significant effect on the pattern of blast wave
propagation. Moreover, the attenuation of shock waves
found to be a function of distance of propagation length,
weight of charge and angle of incidence of blast waves with
joint orientation. Jeon et al. (2015) carried out the
investigation to understand the characteristics of rock
fragmentation due to blasting using AUTODYN. They
concluded that low quality rocks have larger diameter of
crater due to blast load, therefore response of rockmass
under blast loading is highly dependent on the inherent
strength properties of the rockmass. Jain and Chakraborty
(2018) had analyzed the performance of basalt fiber
reinforced concrete lining for the tunnel through
numerically. Abaqus has been used to simulate blast loading
amounting 10 and 50 kg TNT explosive. The basalt fiber
reinforced concrete performance has been compared with
plain concrete and steel fiber reinforced concrete. It has
observed that the 65% basalt fibre and 35% fiber reinforced

concrete were found to be safer than plain concrete. Xu et
al. (2015) studied the damage and crack formation to
understand the susceptibility of failure of rock tunnel
subjected to internal blasting. They identified three different
failure zones that are significant to cracking and contribute
to failure of tunnel. They used material-point method and
stress wave in the form of pressure pulse for the simulation
of blast loading. Lee ef al. (2016) and Verma et al. (2018)
investigated the vibrations induced by blast loading in rock.
The blast induced effect has been studied by the researchers
and scientists through different methods and tools (Lu et al.
2005, Choi et al. 2006, Gui and Chien 2006, Feldgun et al.
2008a, Feldgun et al. 2008b, Karinski ef al. 2009, Liu 2009,
2011, Yang et al. 2010, Han ef al. 2016a, Rizvi et al. 2018).
Song et al. (2018) had proposed a static force equivalence
method for shear wave propagation to understand the effect
of blasting on vibrations in rock tunnel. Han and Liu (2016)
studies the response of a circular tunnel in saturated soil
medium subjected to internal blast loading using LS-
DYNA.

It has been found that the studies on the response of rock
tunnel subjected to internal blast loading is still limited,
especially with reference to shear zone and likewise other
structural discontinuities in surrounding medium of tunnel.
As the numerical tools and finite element based studies are
available for the blast loading, such studies can be taken.
However, the Coupled-Eulerian-Lagrangian method of
modelling the TNT blast loading and air inside the tunnel
has also not been considered in literature surveyed.
Therefore, we have taken up the non-linear finite element
analysis for the internal blast study using Coupled-Eulerian-
Lagrangian modeling technique and simulation. The
Abaqus/Explicit code has been utilized for the finite
element analysis. Moreover, the effect of shear zone
orientation has been considered and discussed in the present

paper.

2. Finite element modelling

In this study, finite element based numerical technique
has been employed to understand behavioral response of a
rock tunnel, with shear zones, passing through, apart from
the joints, under blast load from inside. The finite element
software Abaqus has been adopted for the present analysis
(Hibbitt et al. 2014, Abaqus Documentation 2014). The
blast results are validated with experimental tests results
from literature and found to be in a good match.

Based on the boundary convergence study, the model of
rockmass surrounding the tunnel, having 30 m x 30 m in
span cross-section and 35 m in length has been adopted.
The tunnel opening is of 5.0 m of diameter, after the
concrete liner of 0.35 m of thickness, traversed by shear
zones of 2m width, passing through the tunnel transversely,
having different orientations. Fig. 1 shows the geometry of
different parts of the present numerical model. The different
cases of shear zone orientation, at 0°, 15°, 30°, 45°, 60°, 75°
and 90° with tunnel cross section are investigated in the
present study, to find the most critical ones.



Effect of shear zone on dynamic behaviour of rock tunnel constructed in highly weathered granite 247

Height = 30m

Diameter of
tunnel = Sm

(a)

Diameter = 5m

(b)

45 Location of TNT

(©)

Diameter = Sm

Diameter = 5Sm

R
IRANN

el
N

Longitudinal steel (d) = 10mm
spacing = 850mm

Fig. 1 Geometry of different parts of present finite element model (a) Rockmass, (b) Tunnel lining and (c) Steel reinforcement

The tunnel liner has been assumed as the doubly
reinforced concrete having reinforcement in longitudinal
and hoop direction. The steel bars in the longitudinal
direction have 10 mm diameter, spaced at a 0.85 m from
center to center. The hoop reinforcement is of 12 mm
diameter bars, placed at 0.12 m of spacing from center to
center in the longitudinal direction. The two rings of the
hoop reinforcement have spacing at 0.25 m between them
(Design Specification DMRC 2015).

Present finite element analysis considers the non-linear
behavior of rock and shear zone. Therefore, the non-linear
constitutive material model Mohr-Coulomb has been used.
The Highly Weathered Granite has been considered as the
surrounding rockmass of the tunnel with properties given in
Table 1 (Gupta 1997). The nonlinear material model based
on Mohr-Coulomb model, can represented as

T= c+otang (1

Table 1 Mohr-Coulomb material model properties of highly
weathered Granite and shear zone (Gupta 1997, Jia et al.
2020)

Highly Weathered

Property Granite Shear zone
Mass Density (kg/m®) 1970 1200
Youngs Modulus (GPa) 0.3600 0.03
Poisson’s Ratio 0.25 0.13
Friction Angle (°) 44.30 18.00
Cohesion (MPa) 1.36 0.30

The shear stress has been represented as t, cohesion of
as ¢, the normal stress as ¢ and internal friction angle as ¢.

Moreover, the shear zone has also been modelled as the
Mohr-Coulomb material. The input properties used in the
present analysis for the shear zone and Highly Weathered
Granite have been mentioned in Table 1.

The tunnel concrete liner has been modelled as the M30
grade concrete. Concrete Damage Plasticity (CDP) model
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Table 2 Input properties of M30 grade of concrete
(Hafezolghorani et al. 2015)

Parameter Value
Mass Density (kg/m?) 2500
Young’s Modulus (GPa) 26.6
Poisson’s Ratio 0.2
Dilation Angle (°) 31
Eccentricity 0.1
b0/fc0 1.16
k 0.67
Viscosity Parameter 0
35
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0
0 0.001 0.002 0.003 0.004
Strain

Fig. 2 Stress-Strain behavior of concrete in compression
of M30 grade concrete (Hafezolghorani et al. 2015)
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Fig. 3 Damage behavior of concrete in compression of
M30 grade concrete (Hafezolghorani et al. 2015)
Table 3 Tensile behavior concrete
(Hafezolghorani et al. 2015)

of M30 grade

Tensile Behavior

Stress (MPa) Strain
2.00 0
0.02 0.000943396

Tensile Damage

Damage Strain
0.00 0
0.99 0.000943396

has been adopted for the modelling of non-linear behavior

of the concrete. The properties of the M30 grade of concrete
are shown in Tables 2 and 3 and Figs. 2 and 3
(Hafezolghorani et al. 2015). Moreover, the Concrete
Damage Plasticity model is represented as

o= (1- dt)D (e—¢€f ) ()

= (1-dJDg': (e —&¢h) 3)

where, ¢ represents the tension and c represents the
compression behavior of concrete, o, is the tensile stress
vector and o, is the compressive stress vector, £f! is the
plastic strains in tension and ¢! is the plastic strain in
compression, d; is the damage variable in tension and
d. is the compression damage variable, which are
considered as the function of plastic strain, and the
undamaged initial elastic modulus is represented as DE®.

The yield function in the concrete damaged plasticity
model has been represented as (Lubliner et al. 1989, Lee
and Fenves 1998)

= (\/%\/ﬁ> - 3C¥ﬁ + ﬁ(émax) - y(émax) - (4)

1-a)g.=0
wherein,
()1
Oco
a= ——— (5)
2 (g—ig) -1
O¢
p= -0 -1+a) ©
t
3(1 - c)
Y=ok -1 (7
— O-C
T a-d ®
_ 0 9
o, =
T a-dy ©

where, the maximum principal effective stress has been
denoted as 0,,,,, deviatoric stress tensor as S,

opo __ initial equibiaxial compressive yield stress

Oco initial uniaxial compressive yield stress

d; has been used to represent damage variable, and

second deviatoric stress invariant on the tensile meridian

K, =

compressive meridian at initial crushing ’
_ 01t+03+03
- 3
The steel bars have been used as the reinforcement for
tunnel lining and the Johnson-Cook material model has
been considered as its constitutive material model. The
properties of steel have been mentioned in the Table 4 and
Fig. 4 (IS 456 2000). The Johnson-Cook model of the

materials has been defined as:

°=((A+B(EP)MHA+ Cln(i,—p))(l -Tm (10)
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0° = the yield strength of steel,

&P = the effective plastic strain,

& and C are material parameters measured at or below
transition temperature and A, B, C are the material
constants.

Table 5 shows the properties of the Trinitrotoluene
(TNT) explosive. In the present study, the TNT has been
modelled as Jones-Wilkins-Lee material model based on
Equation-of-State (EOS). The pressure, p is calculated for
the TNT explosive by Jones-Wilkins-Lee (JWL) model for
the equation of state (EOS) as given by Larcher and Casadei
(2010) is

w — w _
p=A4A(1-—— e RP+B(1-—— e‘R2"+wpeint (1)
Rlp R2p

Table 4 Input properties of steel reinforcement (IS 456,
2000)

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
500
400
—_
[0}
E 300
Pl
2 200
7]
100
0
0 0.02 0.04 0.06 0.08 0.1
Strain

Fig. 4 Stress stain behavior of Fe415 grade of steel (IS
456 2000)
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Table 5 Input properties of TNT explosive for JWL-EOS
model (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

R, 4.15

R, 0.9

Detonation Energy Density (kJ/kg) 3680
&
"
TNT explosive =
location E
Orientation of Shearzone o

Width = 30m
(a)
_ |Height =30m

Diameter of
tunnel =5m

Position ~ of
TNT explosive

(b)

Fig. 6 Location of TNT explosive charge and shear zone
(a) Front view and (b) Sectional view of the model

where, A, B, R;, R, and x are material constants for TNT
explosive, A and B are the pressure magnitudes, p is the

ratio of the density (=%) of the explosive, specific
internal energy is represented as e;,; at atmospheric

pressure.
The first term in the above equation represent high-
pressure term and second term represents low-pressure term



250 Mohammad Zaid, Md. Rehan Sadique, M. Masroor Alam and Manojit Samanta

for the pressure observed during the explosion of charge.

In order to simulate the field conditions for the rock
tunnel, the base of the model has been fixed in all directions
assuming the rockmass has infinite depth. Further, the sides
of the tunnel have roller support, which allows deformation
in the vertical direction and restrained in other directions.
The hardness and friction between the different parts of the
model were simulated in the analysis by applying hard
contact option in the interaction property module.
Moreover, the friction has been applied by default which
applies to the model by self-interaction.

C3D8R type of element available in Abaqus library has
been used for rockmass meshing. C3D8R is defined as an
eight-noded brick element having reduced integration
allowed with hourglass control and with finite membrane
strains. C3D8R element type has also been used for the
concrete liner for meshing. Moreover, the steel
reinforcement bars ware meshed by B31 type of element, a
two-node beam element. The embedment constraint has
been used to ensure the proper bonding between the steel
bars and the concrete lining. Fig. 5, shows the plot for the
variation of deformation for different sizes of mesh. The
deformations were noted at the middle length of the tunnel
on the crown just above the location of the TNT explosion
event. Based on mesh convergence study is has been
concluded that 0.8 m size of mesh is the most optimal size
for the rockmass.

The TNT explosive has been modelled using Eulerian-
modelling technique. Fig. 6, shows the illustrative location
of TNT explosive used in the present simulation. One of the
added advantage of the Eulerian material is that it can flow
through the Lagrangian mesh. Therefore, large amount of
stress and deformations can be simulated by using this
technique. The air inside the tunnel and the TNT explosive
material has been modelled using eight node three-
dimensional Continuum Eulerian with reduced integration
element (EC3D8R) type. For Rockmass three dimensional
8-noded brick elements were necessary to observe the
stresses and damage induced in the model. Further, as the
reinforcement has been modelled as one dimensional truss
element, B31 was most suited for it. EC3D8R is a Eulerian
element can be used only in explicit dynamic analyses and
it can contain multiple materials simultaneously. Eulerian
Volume Friction (EVF) tool is available in Abaqus, which
has been used for the Coupled-Eulerian-Lagrangian (CEL)
modelling. EVF tool has been used for filling the Eulerian
elements, as completely filled and/or partially filled by the
chosen material. The material filled in Eulerian element can
be tracked by EVF option. In EVF, 0 stands for completely
empty elements and 1 represents Eulerian element
completely filled material. In the present case, the TNT part
of the model has been given EVF = 1, which shows that
Eulerian part is completely filled by the TNT explosive
charge material and it has zero percent voids. The air inside
the tunnel around the TNT explosive has been modelled
with EVF = 0.8, i.e., 20% voids. The 100 kg TNT explosive
has been assumed to in the present study of internal blast
loading, which is placed at the center of the tunnel, having
2.5 m distance (radius) from the internal surface of the
tunnel.
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Fig. 7 Deformation profile of Quartzite tunnel under 100
kg of blast loading for comparison of strain rate effect

30 35

3. Effect of strain rate in the present case of FEM

For the validation of Mohr-Coulomb model adopted in
the present paper, two analysis have compared for Quartzite
rock with Mohr-Coulomb model (Gupta 1997) and Ducker
Prager model (Yadav 2005). The results in both the cases
show a quite similarity, therefore, the presently considered
Granite rock has been validated to be used in blast loading
analysis as shown in Fig. 7.

4. Validation of blast analysis

The present numerical modelling of the blast loading
has been validated by comparing the experimental and
numerical results from Zhao and Chen (2013). They have
used LS-DYNA for the validation of experimental results
and we have used Abaqus. The results are compared in Fig.
8. The two-way singly reinforced concrete slab has 1 m by
1 m of plan and 0.4 m of thickness. It has been reinforced
with 6 mm bars with 75 mm spacing center to center. The
properties of the steel, concrete and TNT explosive remains
the same in both the studies. For concrete, Young’s modulus
= 28.3 GPa, Tensile strength = 4.2 MPa and Compressive
strength = 39.5 MPa has been taken. While for steel,
Young’s modulus = 200 GPa and Yield strength = 600 MPa
are taken.

40
2
= 35
3 30
% 25
= =2
g5 0
RS 15
g 10
= 5
g J
& 0
2 0.2 0.31 0.46
Weight of Explosive Charge (kg)

® Zhao and Chen (2013) Experimental Study
Zhao and Chen (2013) Numerical Study

Present Paper Numerical Study

Fig. 8 Validation of deformation at the center of the slab
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Fig. 9 Displacement contours for validation of
numerical model for (a) 0.2 kg, (b) 0.31 kg and (c) 0.46
kg explosive (compared as shown by Zhao and Chen
(2013))

Moreover, the geometry and boundary conditions are
also similar. Three different TNT explosive charges i.e.,
0.20 kg, 0.31 kg and 0.46 kg with scaled distance of 0.684
m/kg'3, 0.591 m/kg'?, and 0.518 m/kg'?, respectively are
considered for validation. The CEL method of modelling
has been considered for simulation of TNT and air
materials. The properties of the TNT are similar as
mentioned in previous section. For validation of numerical
model for percentage, error calculated with respect to
numerical results reported by Zhao and Chen (2013) is
7.4%, 3.5% and 3.8% when subjected to 0.2 kg, 0.31 kg and
0.46 kg explosive, respectively, with scaled distance of
0.684 m/kg'?, 0.591 m/kg'"?, and 0.518 m/kg'?,
respectively. In addition, experimental results are compared

with the present numerical results for validation, and
18.5%, 18.3% and 14.5% of error has been observed when
subjected to 0.2 kg, 0.31 kg and 0.46 kg explosive,
respectively, with scaled distance of 0.684 m/kg!?, 0.591
m/kg'3, and 0.518 m/kg'?, respectively. The deformation
contours of RCC slab are presented in Fig. 9. Therefore, the
close matching of results of present analysis proves the
effective modelling techniques adopted in the present study.

5. Results and discussion

The shear zone of 2 m width passing through the section
of the tunnel and along its length in the Highly Weathered
Granite. The present finite element analysis has been
carried out by following a flowchart, presented in Fig. 10.

Fig. 11 shows the contours of deformation obtained in
different cases of shear zone orientations. The maximum
deformation obtained for 0°, 15°, 30°, 45", 60°, 75" and 90°
orientation of Shear zone is 107.24 mm, 107.33 mm, 124.96
mm, 130.50 mm, 134.28 mm, 112.07 mm and 105.98 mm
respectively. Hence, in a tunnel the orientation of shear
zone in perfectly horizontal and vertical condition have
been found to be relative safer than oblique. Especially,
when it is oriented 60° to the horizontal axis. It is the most
critical orientation of Shear zone in Highly Weathered
Granite rock. Since, the tunnel considered is a lined one,
thus, for 90° orientations the complete weight of Shear zone
has been taken up by RC lining of tunnel and minimum
deformation are observed for it. Moreover, overburden load
has been distributed through arch action of RC lining to
strata underneath.

When a geo-material deforms, the energy is stored in
form of strain energy. Therefore, strain energy is an

Step 1. Devloping geometry of Tunnel, Liner,
Reinforcement and TNT

NS

Step 2. Assigning the properties and meshing to each
part of the model.

NS

Step 3. Run mesh convergence and adopt the most
appropriate meshing element and its' size.

NS

Step 4. Applying CEL modeling technique and

interaction.
NS

Step 5. Submitting the job.

NS

Step 6. Extracting the results.

Fig. 10 Flowchart of FEM technique for blast loading
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Fig. 11 Deformation contours of highly weathered Granite having different orientation (a) 0°, (b) 15°, (c) 30°, (d) 45°, (e)
60°, (f) 75° and (g) 90° of Shear zone
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Fig. 12 Contours of strain energy for different orientation of Shear zone in highly weathered Granite rock, (a) 0°, (b) 15°,
(c) 30°, (d) 45°, (e) 60°, (f) 75° and (g) 90° orientation
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Fig. 13 Contours of compression damage in tunnel lining for different orientation of shear zone, (a) 0°, (b) 15°, (c) 30°, (d)
45°, (e) 60°, (f) 75° and (g) 90° orientation

important parameter to observe the deformation or energy are shown in Fig. 12 for different orientations of
displacement in a rock tunnel. Color contours of stain shear zone for the studied rock. By comparing the different
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Fig. 14 Contours of tension damage in tunnel lining for different orientation of shear zone, (a) 0°, (b) 15°, (c) 30°, (d) 45°,
(e) 60°, (f) 75° and (g) 90° orientation

contours, it can be discerned that maximum strain energy Additionally, the strain energy stored for 0°, 15°, 30°, 45°,
has been stored in case of 60° orientation of Shear zone. 60°, 75° and 90° orientation of Shear zone is 43.37 kJ, 43.98
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kJ, 44.28 kJ, 48.90 kJ, 49.15 kJ, 39.74 kJ and 44.29 kJ
respectively. Therefore, 60° orientation of Shear zone is the
most critical orientation and if such a Shear zone is present
then, extra precaution must be adopted while designing the
tunnel for it.

The compression damage of the RC lining for different
cases has been compared in Fig. 13. From the comparison
of all the contours of compression damage, it has been
observed that in all the cases only internal surface of the RC
lining has failed in compression except 90° orientation of
shear zone. The main reason for maximum compression
damage in 90° orientation of Shear zone is that the overall
load of shear zone has been taken up by RC lining and due
to arch action of curvature the load has been transferred by
circumferential stresses.

Similarly, in Fig. 14, the tension damage of the RC
lining has been compared by showing the different contour
diagrams. Middle length of RC lining in all the cases has
failed in tension but maximum failure has been observed for
60° orientation of Shear zone and the failure is located along
springer position. Thus, 60° orientation of shear zone is also
critical for tension failure in RC lining.

The variation of acceleration with time for different
orientations of shear zone has been compared in Fig. 15(a)
and was found that the response of acceleration is similar
for all the different orientations of Shear zone. But here
also, maximum acceleration has been observed for 60°
orientation confirming its criticality. The variation of
velocity with time has been plotted in Fig. 15(b). It can be
seen that 60° orientation of shear zone is the most critical
case where peak velocity has also been observed to be of
late time period as compared to other cases.

The variation of pressure at the Shear zone has been
shown in Fig. 15(c) for the comparison of different
orientations. The pressure versus time response in all the
shear zone orientation are unique for each case. The
maximum crest height has been observed in 60° orientation
case. The deformation versus time response for different
orientations of shear zone has been compared in Fig. 15(d).
As seen in previous graphs, similar response has been
observed for all the different shear zone orientations.
Therefore, when a tunnel design engineering came across
Shear zone, which is passing the tunnel, its orientation has
significant effect of the failure of overall geotechnical
structure, especially the one having 60° orientation.

The acceleration is one of the most accepted output
result to understand the response of a geomaterial (soil or
rock) subjected to blast loading. The particle acceleration in
the case of blast loading occurs when a nonlinear incident
of shock waves occurs. Fig. 16(a) has been plotted for the
variation of acceleration along the length of tunnel for
different orientations of shear zone. In all the cases of shear
zone, maximum acceleration has been concentrated only at
5 m length in the middle longitudinal direction of tunnel.
The response pattern is similar in all the cases and 60°
orientation of shear zone having maximum acceleration
resulting it a most critical orientation. The vulnerability at
this very orientation can be related to the alignment of shear
zone with that of “Springer” which is an area already
compromised due to high level of stress concentrations. The
response of velocity along the longitudinal direction of

tunnel has been compared for different orientation of shear
zone in Fig. 16(b). The 7 m length of the tunnel has the
maximum disturbance and value of velocity diminishes
towards the boundary of the model. The pressure response
along the longitudinal direction of the tunnel has been
compared for different orientations of Shear zone in Fig.
16(c). The maximum variation of pressure has been
observed in the middle 11 m length of tunnel and 60°
orientation of shear zone has experienced maximum
pressure and maximum damage. Therefore, the location of
blast event has major role in the failure patterns of different
parameters. It has been observed that more than 20 m length
of Highly Weathered Granite rock has been subjected to
deformations, which diminishes with the distance along the
length of tunnel as shown in Fig. 16(d). Although, response
of all cases remains similar and 60° orientation of shear
zone having maximum deformations.

6. Conclusions

Rockmass are inherently discontinuous due to presence
of several geological structure. Shear zone had been found
to be one of the most prominent structural discontinuity in
tectonically active areas. A three dimensional finite element
study has been carried out using CEL method to understand
the effect of shear zone on rock tunnel subjected to internal
blast. Displacement, strain energy, displacement velocity
and pressure in the rockmass are evaluated. Damage in the
concrete lining has been evaluated for both compressive and
tensile forces generated during blast. Tunnels crossing the
shear zone at 60° with the horizontal has been found to be
least resistant against the blast load, in the present study.
This excessive damage can be ascribed to the alignment of
shear zone with that of “Springer” which is an area already
compromised, due to high concentration of stresses.
Overall, compression damage was dominant on the face;
however, tension damage appeared dominating along the
lining thickness. Therefore, tunnel has experienced
significant loss of serviceability. Moreover, it has been
observed that orientation of shear zone plays a significant
role in the overall serviceability of tunnel when subjected to
an internal blast loading. Effect of shear zone size and
response in tunnel without lining is not included here and
constitute future scope of work.
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