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Dynamic stability analysis of rock tunnels subjected to
impact loading with varying UCS
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Abstract. The present paper has been carried out to understand the effects of impact loading on the rock tunnels, constructed
in different region corresponding to varying unconfined compressive strength (UCS), through finite element method. The UCS
of rockmass has substantial role in the stability of rock tunnels under impact loading condition due to falling rocks or other
objects. In the present study, Dolomite, Shale, Sandstone, Granite, Basalt, and Quartzite rocks have been taken into
consideration for understanding of the effect of UCS that vary from 2.85 MPa to 207.03 MPa. The Mohr-Coulomb constitutive
model has been considered in the present study for the nonlinear elastoplastic analysis for all the rocks surrounding the tunnel
opening. The geometry and boundary conditions of the model remains constant throughout the analysis and missile has 100 kg
of weight. The general hard contact has been assigned to incorporate the interaction between different parts of the model. The
present study focuses on studying the deformations in the rock tunnel caused by impacting load due to missile for tunnels having
different concrete grade, and steel grade. The broader range of rock strength depicts the strong relationship between the UCS of
rock and the extent of damage produced under different impact loading conditions. The energy released during an impact
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loading simulation shows the variation of safety and serviceability of the rock tunnel.
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1. Introduction

The land insufficiency has raised the need for
construction of underground structures for the
transportation of goods & services and for storage of
different materials (Pojani and Stead 2015). The tunnel has
played an essential role as a part of underground structure
as a metro, subway, water-tunnel, and sewage tunnel (Lane,
2019). Moreover, the use of tunnels for varying purposes in
metro cities has aroused not only because of land scarcity;
however, it has proved to be the medium of faster
movement of people and other essential services in the
region of dense population. The tunnels have been
constructed in different medium that include low strength
soil to high strength rocks. Therefore, the excavation, and
construction of tunnels are being carried out by using bored
tunnelling, cut-cover, shaft, box jacking, pipe jacking and
other methods of construction. The study of tunnel stability
has been an area of active research and different researchers
had carried out studies related to the tunnels and its stability
(Azizi et al. 2019, Naqvi et al. 2021, Wang and Cai 2020,
Yang et al. 2019, Zhang et al. 2019, Zhao et al. 2019, Zaid
and Sadique, 2021a,b).

Zhang et al. (2019) had studied the behaviour of rock
tunnels by using visco-plastic deformation analysis to
propose an analytical solution. They considered an auxiliary
tunnel of hydropower plant for the validation of analytical
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results through an innovative fractional visco-plastic model
(FVP-model), which has a spring, a visco-plastic body, and
two-Abel dashpots. At first, the equation of creep was
derived using von Mises plasticity for the FVP model. After
that, the FVP model was modified through the combination
of Hoek-Brown criterion and non-associated flow rule to
derive a closed-form solution of the deformation of the
rock. Kargar (2019) had also carried out the analytical study
for the circular tunnels constructed in the rock mass. The
solution proposed was for unlined tunnels, but both lined
and unlined tunnels had proximity to the results when
compared with the finite difference method. The coupled
analytical solution had been proposed for deep circular
tunnels by considering soft rock rheology and the
advancement of tunnel face by Chu et al. (2019). The Lyon-
Turin Base Tunnel had been considered to check the
validity of the proposed solution. Several studies were also
carried out for the study of tunnel stability in the rock mass
(Do and Wu 2020, Huang et al. 2020, Liu et al. 2020, Park
and Michalowski 2020, Rahaman and Kumar 2020,
Rasmussen et al. 2019, Zareifard, 2020, Zaid and Mishra
2021, Zaid et al. 2019a, Zaid et al. 2020a).

The physical and mechanical strength of the rock mass
has a significant role when the stability of the tunnel was
studied. An exact solution for critical pressure had been
investigated by Sofianos et al. (2006) through the Hoek-
Brown criterion for rock tunnel. Moreover, they proposed a
formula for the elastoplastic/elastic-brittle-plastic rock
parameters in which tunnel has been constructed. Shrestha
and Broch (2008) had studied the convergence of the
underground rock tunnel considering the influence of
morphology of the valley and rock mass strength. They
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used Phase2 numerical modelling software to explain the
effect of morphology and rock strength. It was found that
valley morphology, total height, and slope of valley induces
the stress in the tunnel. They had concluded that the
convergence in the weaker rock tunnel is more significant
than the stronger rocks corresponding to the similar Q-
values. The intermediate principal stress was found to be
one of the influencing factors in rock mass strength
resulting in a significant effect on the stress magnitude, and
pressure in the rock tunnel (Huang et al. 2016). Moreover,
the behaviour of tunnels in rocks concerning their inherent
properties had been studied by several researchers
(Abramson et al. 1993, Arias et al. 2016, Gurocak and
Yalcin 2016, Lee 2012, McQueen et al. 2019, Qin et al
2015, Shirlaw 2016, Song et al. 2011, Xia et al. 2020).

Researchers have also conducted studies on the
behaviour of tunnels under the blast and impact loads
(Buonsanti and Leonardi, 2013, Feldgun ef al. 2008, Han et
al. 2016, Koneshwaran et al. 2015, Kristoffersen et al.
2019, Li and Li 2018, Li et al. 2018, Shi et al. 2019, Xiang
and Yang 2017, Yang et al. 2019, Zaid and Sadique, 2020a,
b, Zhou et al. 2019, 2018, Han and Liu 2016, Jeon et al.
2015, Ozacar, 2018, Song et al. 2018, Uyar and Aksoy
2019, Zaid et al. 2019b, 2020b, 2021); and other failure
modes in tunnels had also been studied (Chen et al. 2019,
Kim and Park 2019). A submerged tunnel had been studied
under an impact loading and it was concluded that the angle
of the cable should be inclined between 45-degree to 60-
degree (Xiang and Yang, 2017). Mishra et al. (2018) had
carried the finite element analysis for different weathering
stages of rock when subjected to the impact loading
condition by using Abaqus. They concluded that the
physical properties of the rock have a noteworthy role in the
tunnel stability under impact loading and the deformations
in the tunnel depends on the friction angle. Zhou et al.
(2018) considered the propagation of cracks in the tunnel
due to impact loading by using finite element and finite
difference codes through Abaqus, and AUTODYN. They
concluded that the propagation speed of cracks is not a
constant quantity, but propagation may freeze for a period,
which is defined as an arrest period. Further, this study was
extended by defining two different modes of crack
propagation (Zhou et al. 2019).

From the available literature, it has been found that
tunnels constructed in the rocks have rarely been studied for
impact loading conditions. Moreover, the finite element
technique has also been rarely used for the impact loading
on tunnels constructed in rocks. Furthermore, the relation
between the strength specifically Unconfined Compressive
Strength (UCS) of the rock and an impact load needs to be
studied and discussed. Also, the effect of the grade of
concrete and steel used in the tunnel lining had not been
considered in the previous studies. Therefore, in this paper,
the numerical modelling based study has been carried out
using Abaqus for an impact loading on the tunnel that has
been constructed in five different types of rocks. Different
rocks have been considered to understand the correlation
among the impacting load and the UCS of the rock
surrounding the tunnel. Besides, four different types of
concrete grades and three different grades of steel have been

adopted for the concrete liner and its reinforcement,
respectively. The present study highlights the behaviour of
steel reinforcement, concrete lining and UCS of rock when
the underground rock tunnel has been subjected to an
impact loading condition.

2. Impact loading analysis

For carrying out the impact loading analysis in the
present study, the Abaqus/Explicit code has been developed
(Abaqus Systemes 2014). The geometry of the tunnel has
dimensions of 30m x 30m in cross-section, and 35m of
length of the tunnel. A 5 m diameter of the tunnel opening
has been considered, and the concrete liner has 0.35m of
thickness. The model has been considered based on
boundary convergence study. From the DRMC
specification, the steel reinforcement has been considered
(Limited 2015). The reinforcement has two components;
one is longitudinal, which has 10mm diameter steel bars at
the spacing of 0.85m, and the second one is hoop
reinforcement, which has been provided as two concentric
reinforcements having 0.25m of spacing between them and
0.25m spacing along the longitudinal direction. The
geometry of the whole model is shown in Fig. 1.
Furthermore, the missile summed for the impact loading has
been shown in Fig. 1(c), which has been taken from
Vidanovi¢ et al. (2017).

The base of the rock surrounding the tunnel has been
provided fixed support in all Cartesian directions.
Moreover, right-left and front-rear sides (vertical) have
been assigned roller support by allowing vertical movement
of the rock. The missile has been assigned a velocity of
5000m/s and 100 kg weight. The embedment constraint has
been assigned for the proper connection among the steel
bars and the concrete liner. Also, the interaction between the
liner, rock mass, missile, and reinforcement has been
provided by applying general hard contact in the Abaqus.
Further, the mesh convergence study has been carried out to
maintain the accuracy of the results. The B31- element type
meshes steel bars, which is defined as a two-node beam
element and concrete liner, rock mass, and the missile has
been meshed by the C3D8R-element type, which is the
eight-node brick element having reduced integration and
hourglass control.

2.1 Constitutive material modelling

The material model has been assumed isotropic, and the
Mohr-Coulomb plasticity model is optimally suited to it.
The Mohr-Coulomb model is given as follow:

T= c+otan¢ (1)

where, shear stress, cohesion, normal stress and friction
angle are represented by 7, ¢, s,and ¢ respectively.

The model can also be represented in terms of three
stress invariants to handle the general state of stress
conveniently,

F=Rp.q—ptangp —c=0 2)
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Rockmass surrounding the tunnel

Model has been meshed with
C3D8R element type.

- 30m

Tunnel opening

Base of the tunnel model has been
fixed in all directions-x, y, and z.

Right and Left sides of the model
have roller support.

Front and rear of the tunnel model
have roller support.
P 30. \ - £

(a)

Steel reinforcement of the tunnel liner having-
longitudinal bars as 10mm diameter bars @ 850mm c/c,
hoop bars as 12mm diameter bars @ 250mm c/c having
250mm spacing between internal and external hoop bars.

Mesh has element
type of B31 for all
the steel bars.

Diameter of tunnel

(b)

0.94—'

All dimensions are in mm
= .31» "
[
[ N L
16.40 = F s“

L/

R5.50

763.70

(c)
Fig. 1 Geometry, Meshing and Boundary condition adopted in the present study (a) Rock model, (b) Tunnel lining and (c)
Impact Missile

where,

— 3.
Rpc(0,0) = \/gclos(bsin(@ +§)+§cos(®+§)tan¢ 3) a= \IZ(S.S) ©)
3 = . SY)3 7
cos(30) = (2) 4) r= (9(5*5:5)) (7)
S= ag+pl ®)

1

p = —;trace(o) (5) where, deviatoric polar angle, equivalent pressure stress,

Mises equivalent stress, third invariant of deviatoric stress,
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Table 1 Properties of different rocks considered in the present study

Mohammad Zaid

3 UucCs
Type of Rock p (kg/m’) E (GPa) v ¢ (MPa) ] (MPa) Ref.
Dolomite 2160 08.12 0.230 03.36 25.22 02.85 (Gschwandtner and Galler 2013)
Shale 2550 12.50 0.250 16.00 27.00 50.90 (Kumar 2019)
Sandstone 2300 17.20 0.200 03.30 64.00 86.00 (Mitelman and Elmo 2014)
Granite 2750 36.84 0.187 25.23 58.32 132.80
Basalt 2960 46.51 0.187 26.25 63.38 172.55 (Gupta 1997)
Quartzite 2680 93.75 0.185 27.13 65.30 207.03
Table 2 Elasto-plastic properties of steel reinforcement (Goel et al. 2011)
Density (kg/m®) E (GPa) Poisson Ratio A (MPa) B (MPa) n C Strain Rate(s™)
7800 210 0.3 360 635 0.114 0.075 100
600
rate, and reference strain state have been denoted by &P!,
500 ol ) .

&P and €, respectively. Moreover, A, B, C, m, and n are
§400 the material parameters and 6 denotes the temperature
E’%OO defined as (homologous temperature),

e
EQOO Fe250 O,fOT 6 < gtransition
«n Fedl5 B = (9 - etransition) fOT 9
= ’ transition
100 Fe500 (emelt - gtransition) (13)
. \1,  for 6 = 6o
< <
0 0.02 0.04 0.06 0.08 0.1 S 0 < Ome
Strain
Fig. 2 Stress-strain behaviour of different steel grades where, 6, Bmee - a nd Beransition  denotes current
temperature, melting temperature, and transition

(IS456, 2000)

and deviatoric stress are 0, p, q, r,and S respectively.

Rate dependency hardening is not accounted for in this
model. The flow rule G, for the Mohr-Coulomb model, is
defined,

G =+/(eclptan))?2 + (Rpwq)? — ptany ©)
Ry (0, e) =
4(1—e?) cos? ©+(2e—1)? (E d)) (10)
2(1-e2) cos 0+(2e—1)/4(1-e2) cos? O+5e2—4e T \3’
T _ 3-sin¢g
Rmc(g'd))_ 6cos ¢ )
Dilation angle, cohesion yield stress, meridional

eccentricity, and deviatoric eccentricity are represented by
3-sin¢
3+sin¢
a varying range of UCS values considered in this study are
Dolomite, Shale, Sandstone, Granite, Basalt, and Quartzite.
The different parameters of the model are shown in Table 1.

The dynamic behaviour of steel bars used as
reinforcement for tunnel lining have been modelled by
Johnson-Cook (J-C) model, which is a type of isotropic
hardening (Johnson and Cook 1983). The relation of the J-C
model is given as follows,

Y, cly, €, and e = . The six different rocks having

0% = (A+BEYH[1+Cn(S)A-0™  (12)

pl
0

where, equivalent plastic strain, equivalent plastic strain

temperature. However, in the current study, the temperature-
dependent stress-strain response is not considered. There
are three different grades of steel reinforcement bars
considered in the study, i.e., Fe250, Fe415, and Fe500
(IS456, 2000). Table 2 and Fig. 2 shows the input properties
of the reinforcement.

The tunnel has been provided with a concrete lining that
has been modelled by considering concrete damage
plasticity (CDP) model (Hafezolghorani et al. 2015,
Lubliner et al. 1989). The stress-strain relation of CDP
model is given-

or = (1—-d)Dg': (e —gfh) (14)
o= (1-d)D5": (e — ") (15)
where, t and c refer to tension and compression

respectively. o, €P', and d denotes the stress vector,
plastic strain, and the damage variable respectively, D¢
represents the undamaged elastic-stiffness (initial) of the
material. The material damages in terms of elastic stiffness
while unloading of concrete from any point, and this
behaviour is described by damage variables. The damage
variable value varies from 0 to 1 for the undamaged
material to fully damaged material respectively. For this
model, the yield function is given —

F= <\/§\/_§) —3ap + B(gmax) - V(gmax) - (16)
1-a)a.=0
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Table 3 Input parameters of different grades of concrete
(Hafezolghorani et al. 2015)

Concrete

M20 M30 M40 M50
Grades
Density
(kg/m’) 2500 2500 2500 2500
Young's
Modulus 21.2 26.6 30.0 334
(GPa)
Poisson Ratio 0.2 0.2 0.2 0.2
Dilation Angle 31 31 31 31
Eccentricity 0.1 0.1 0.1 0.1
Jbo/fco 1.16 1.16 1.16 1.16
K 0.67 0.67 0.67 0.67
Viscosity
Parameter 0 0 0 0

Table 4 Tension damage behaviour of different grades of
concrete (Hafezolghorani et al. 2015)

Concrete Tensile Behaviour
Grades of ~vielq

Concrete Tensile Damage

Concrete  Qyress  Cracking Strain Damage Cracking Strain
Parameter
(MPa)
2.00 0 0.00 0
M20
0.02 0.000943396 0.99 0.000943396
3.00 0 0.00 0
M30
0.03 0.001167315 0.99 0.001167315
4.00 0 0.00 0
M40
0.04 0.001333333 0.99 0.001333333
5.00 0 0.00 0
M50
0.05 0.001494322 0.99 0.001494322
60 —M20
50 M30
_ M40
S 40
¥ M50
2
= 30
2
/~ :
10 T~
T~
0
0 0.001 0.002 0.003 0.004
Strain

Fig. 3 Stress-strain graph of different concrete grades
(Hafezolghorani et al. 2015)

where,
a= @ (17)
2 (g—lc’(‘;) ~1
p=ZU-a)-(1+a) (18)
_3a-kK) (19)
2K, — 1

0.9
0.8 /
0.7 Yy
0.6 Vs
§ 0.5
@ 04 ——— M20
0.3 M30
0.2 M40
0.1 7z M50
0 =
0 0.001 0.002 0.003 0.004

Damage Parameter

Fig. 4 Compressive Damage Parameter-strain graph of
different grades of concrete (Hafezolghorani ez al. 2015)

Oc
Oc = a-d) (20)

O¢
A—d) @

where, maximum effective principal stress, deviatoric stress

tensor, and ratio of initial equi-biaxial to uniaxial
. . a2 - a

compressive yield stress are denoted by 0,4y, S, and %

co

respectively. The plastic potential function G is

Gp = [(e0potanih)? + (;s:s) — ptany (22)

where, 1, g,pand ¢ represents the dilation angle, uniaxial
tensile stress and eccentricity respectively. This flow
potential, which is continuous and smooth, ensures that the
flow direction is defined uniquely. Four different grades of
concrete are considered in the study, i.e., M20, M30, M40,
and M50 (Hafezolghorani et al. 2015). The properties of
these different grades of concrete are shown in Table 3,
Table 4, Figs. 3 and 4 (Hafezolghorani et al. 2015).

3. Validation

The validation has been carried out using finite element
modelling of rock mass models subjected to impact loading.
The finite element software Abaqus has been used.
Extensive numerical modelling was carried out for
assessing deformations at different locations of lining under
varying cover depth and drop energies. Rock and tunnel
geometry has been created using the lagrangian analysis
option in Abaqus explicit code to fully consider the three-
dimensional effects of the 3D finite element model, which
is based on a continuum approach

Three-dimensional finite element models of rock
samples having its size 30 cm (Height) x 30 cm (Width) x
35cm (Length), with tunnel having the cover depth of 25
mm, 35 mm and 50 mm, has been used as a target of a drop
hammer. Rigid hammers of different masses have been
freely dropped from the height of 1.12 m, similar to the
tests carried out in the laboratory by Sharma et al. (2018).
In each case, the hammer acted as an impact for hitting the
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Table 5 Properties of different material used in the
validation of a numerical model (Mishra 2019)

Material Elasticity Poisson's Density Friction Cohesion UCS

Types I\%OG?‘;;‘S Ratio (v) (kg/m’) Angle  (MPa) (MPa)
SM 2.81 0216 109390 3140  0.627 197

POP 4.48 0.220
PVC 3.000 0.400

1170.00  51.00 0.780 6.78
1400.00 - - -

T

s’

o
3
H
!
!

(a) (b)
Fig. 5 (a) Geometry of the Hammer and (b) Geometry of
Tunnel Model

Height of fall = 1.12m

H=30cm
W =30cm
L=35cm

w\/L

Fig. 6 Assembly, loading and Boundary conditions

S 14
1.2
- 10

r 108
’ 0.6

/7 0.4
¢ - 02

0.0
0.10 0.08 0.06 004 002 0.00

Mesh size (mm)

~
Deformation (mm)

T T T T T T T T T T T T T T T T T T T

Fig. 7 Mesh Convergence

targets. Therefore, in this study, the assumption of the
tricking condition has been taken into account, which
reflects the practical study in most cases. Besides, air

(a) (b)
Fig. 8 Meshing of (a) Tunnel model and (b) Hammer model

Table 6 Validation of impact loading on tunnels (Sharma et
al. 2018)

Deformation at Crown of
Tunnel (mm)

Type of  Overburden Drop -
. . Numerical
material depth Hammer  Experimental Study
Study (Present)
7.4 1.244 1.331
25 mm
10.0 1.775 1.908
7.4 0314 0.334
SM 35 mm
10.0 0.863 0.949
10.0 0.175 0.186
50 mm
124 0.353 0.378
10.0 0.934 1.055
25 mm
124 1.265 1.353
124 0.625 0.675
POP 35 mm
15.0 0.703 0.759
12.4 0.226 0.241
50 mm
17.6 0.421 0.456

resistance has been neglected, i.e., at the time of impact
loading, drop hammer has velocity equal to 4.68 m/sec, and
total energy in hammer is in the form of kinetic energy. The
drop hammer takes approximately 0.47 sec time to reach the
target model on free falling from a specific height. The
section sketches of the hammer and the rock model having
overburden as 50 mm is shown in Fig. 5.

Various experimental tests have been done to get basic
properties of the synthetic mix in laboratory and properties
used as an input parameter in Abaqus, which shows the
uniqueness of each material (Mishra 2019). The Mohr-
Coulomb plasticity model is used for modelling the rock
mass. The properties of Synthetic rock material (SM),
Plaster of Paris (POP) and PVC lining have been taken for
numerical simulation, as shown in Table 5.

The dimensions of the rock model has 5 cm diameter
tunnel in the domain of 30 cm x 30 cm cross-section
extruded by 35 cm in length at an overburden depth of 25
mm, 35 mm and 50 mm from the top surface of the model.
The hammer is given a free fall under a gravitational effect
from a height of 1.12 m (Mishra 2019). The model is
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U, Magnitude

10.07E+00
9.44E+00
8.81E+00
8.18E+00
7.55E+00
6.92E+00
6.29E+00
5.66E+00
5.03E+00
4.40E+00
3.78E+00
3.15E+00
2.52E+00
1.89E+00
1.26E+00
629.22E-03

0.00E+00
Max: 10.07E+00
Node: TUNNEL-1.49491

(a)

U, Magmtude

1.62E+00

689 98E-03
646.86E-03
603.74E-03
560.61E-03
517.49E-03
47436E-03
431.24E-03
388.12E-03
344.99E-03
301.87E-03
258.74E-03
215.62E-03
172.50E-03
129.37E-03
86.25E-03

43.12E-03
0.00E+00
Max: 1.62E+00
Node: TUNNEL-1.49702

U, Magnitude

663.27E-03
621.81E-03
580.36E-03
538.91E-03
497 45E-03
456.00E-03
414.54E-03
373.09E-03
331.63E-03
290.18E-03
248.73E-03
82.91E-03
41.45E-03
0.00E+00

Max: 663.27E-03
Node: TUNNEL-1.49662

(e)
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U, Magnitude

L75E+00
1.64E+00
1.53E+00
1.42E+00
1.31E+00
1.20E+00
1.10E+00
985.73E-03
876.21E-03
766.68E-03
657.16E-03
547.63E-03
438.10E-03
328.58E-03
219.05E-03
109.53E-03

0.00E+00
Max: 1.75E+00
Node: TUNNEL-1.49702

(b)

U, Magmitude

709.25E-03
689.98E-03
640.80E-03
603.74E-03
560.61E-03
517.49E-03
474.36E-03
431.24E-03
388.12E-0,
344.99E-0

0
29 .37E-03
86.25E-03
43.12E-03
0.00E+00

Max: 709.25E-03
Node: TUNNEL-1.51470

(d)

U, Magnitude

603.64E-03
565.91E-03
528.18E-03
490.46E-03
452.73E-03
415.00E-03
377.27E-03
330.55E-03
301.82E-03
264.09E-03
226.36E-03
188.64E-03
150.91E-03
113.18E-03
75.45E-03

37.73E-03

Max: 603.64E-03
Node: TUNNEL-1.49702

®

Fig. 9 Deformation Contours of Different Rocks (a) Dolomite, (b) Shale, (c) Sandstone, (d) Granite, (e) Basalt and (f)

Quartzite

considered fixed (No translational and rotational
movement) at the base, and the top surface is free.
Assembly and detailed boundary conditions are shown in
Fig. 6.

The general hard contact has been considered and
applied as a contact property. Mesh convergence and
boundary convergence studies were performed to identify
an appropriate mesh density. The global meshing size for
rock mass taken was 0.008 selected based on mesh
convergence study, and for hammer global meshing size
was 0.004. Mesh convergence study has been performed for
GM material of Scm overburden under 17.4kg drop load. A
similar analysis has been done using different mesh sizes
and deformation under the drop load has been captured. The
deformation of the tunnel with varying mesh sizes is shown
in Fig. 7. Therefore, it was observed that finer mesh size
than 0.008 does not affect too much deformation of the

tunnel. C3D8R element type has been considered for
meshing which is same as considered in the present study
for tunnel. The final meshed parts of the model are shown
in Fig. 8. The boundary conditions are same as reported by
Sharma et al. (2018) for the impact loading model used for
validation.

Table 6 shows the comparison of deformation at the
tunnel crown when GM and POP rock tunnel has been
subjected to impact loading due to different weights of the
hammer. Moreover, it has been observed that results from
the experimental and numerical study are close, therefore,
the present numerical model is validated.

4. Results and discussion

The present paper deals with the study of impact loading
on the rock tunnel having a varying range of unconfined
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Fig. 10 Variation of deformation for UCS of rock mass surrounding the tunnel
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Fig. 11 Compression damage contours for different grades of concrete in case of Dolomite rock (a) M20, (b) M30, (c) M40

and (d) M50 having reinforcement of Fe250 grade

compressive strength (UCS). The finite element analysis
has been carried out using Abaqus/Explicit. Moreover,
different grades of concrete, i.e., M20, M30, M40, and
M50, were adopted, and Fe250, Fe415, and Fe500 grades of
steel were used for steel bars used as reinforcement in the
tunnel lining. The results obtained by the present simulation
are presented as contours and graphs. Further, the results are
presented and discussed in the present section.

Fig. 9 shows the deformation contours of the rock tunnel
having varying UCS of rock surrounding the tunnel. These
results are shown for the maximum value of deformation
when the simulation has been carried out for 0.03 seconds.
It has been noted that the UCS wvalue of rock also
contributed to the impact-resistant designing of an
underground rock tunnel. Moreover, the impact load shows
maximum deformation, i.e., 10.07 m in Dolomite, while this
value keeps on decreasing with an increase in UCS value of
rock. The value of deformation noted for an impact loading
in Shale, Sandstone, Granite, Basalt, and Quartzite tunnel is

1.7 m, 1.62 m, 0.709 m, 0.663 m, and 0.603 m
respectively. Therefore, it has been observed that if the
weakest rock is surrounding the tunnel (lowest UCS value
of rock), then the impact load has a maximum effect while
lesser damage has been transferred to the rock tunnel in
case of the higher value of UCS.

The deformations observed at the ground surface and
the internal surface of the tunnel are compared in Fig. 10 for
a varying range of UCS of rock. It has been noted that UCS
of rock and the deformation in the tunnel and at the ground
surface are inversely proportional. Therefore, rock mass
having the lowest wvalue of UCS has maximum
deformations, i.e., in the case of Dolomite. In contrast,
minimum deformations were observed for the rock tunnel
having the highest value of UCS.

There are two major types of failures in concrete, i.e.,
compression failure and tension failure. These failures are
shown in Figs. 11 and 12 for compression and tension
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Fig. 12 Tension damage contours for different grades of concrete in case of Dolomite rock (a) M20, (b) M30, (c) M40 and

(d) M50 having reinforcement of Fe250 grade
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Fig. 13 Deformation contours in case of M20 grade concrete liner having Dolomite rock for different steel grades (a)

Fe250, (b) Fe415 and (c) Fe500

failures, respectively. These damage contours are shown for
M20, M30, M40 and M50 grades of concrete having steel
reinforcement of Fe250 grade in case of Dolomite. It has
been observed that M40 and M50 grades of concrete liners
are the impact-resistant grades of liners, while 20% and

10% of failure has been observed in the case of M20 and
M30 grade of the liner. Moreover, tension failure of the
concrete liner has been observed in all the grades of
concrete at the crown. However, the tension damage
decreases in a higher grade of concrete liners. The primary
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reason for such a behaviour is the increase of concrete
strength of high grades. Furthermore, the length of tension
failure having 99% failure is maximum in the M20 grade of
concrete while it decreases for M50 grade of the concrete
liner. Thus, the M40 grade of concrete can be used for the
impact-resistant design of the underground rock tunnels.

Fig. 13 shows the deformation contours for different
steel grades, i.e., Fe250, Fe415, and Fe500, which has been
used as reinforcement in the concrete liner. The maximum
deformation has been observed in Fe250 grade steel, i.e.,
1.85mm, while 1.64mm and 1.39mm of deformation have

been observed for Fe4l5 and Fe500 grade of steel.
Therefore, the grade of steel reinforcement, which has been
used as a reinforcing bar in concrete liner, has a significant
effect. However, the difference in the deformation is
negligible. Therefore, the grade of steel reinforcement used
in the impact-resistant design has no significant effect.
Nevertheless, the effect of the diameter of the reinforcing
bar may be studied and can be taken up as a separate study.

The deformation profile of the tunnel along the length
has been plotted for different rocks in Fig. 14. The
deformation shows inverse relation with the UCS of the
rock. Moreover, it has been observed that rock tunnel
having Dolomite, is the most critical case having maximum
penetration of missile. However, Quartzite, Basalt, and
Granite tunnels proved much safer than others, and the
Quartzite tunnel posses the safest case among the adopted
rocks.

The total energy released during the dynamic loading
for different rock tunnels is also an essential criterion for
the comparison response of rock tunnel with varying UCS,
as shown in Fig. 15. The range of total energy for all the
rocks adopted in the present study is very narrow. By
comparing the different cases of rock tunnel when subjected
to impact loading, it has been observed that weaker rocks
absorb a higher amount of energy. While, as the strength of
the rock increases, i.e., UCS of rock increases, it has been
found that the amount of total energy released during an
impact loading reduces. Moreover, a slight peak has been
observed in all the cases as the missile impacts the ground
surface of the rock tunnel. After which the total energy
becomes constant.

Fig. 16 shows the variation of total kinetic energy with
time for comparing the different rocks having an M20 grade
of the concrete liner with Fe250 grade of steel. Maximum
kinetic energy has been observed as the missile starts from
its initial position, and it keeps on decreasing after hitting
the ground surface. From the graph, it has been concluded
that the kinetic energy is directly proportional to the
unconfined compressive strength (UCS). Therefore, the
Dolomite tunnel has the highest value of kinetic energy, and
the Quartzite rock tunnel shows the lowest value of kinetic
energy. Thus, making the Quartzite rock tunnel to be the
most suitable choice for the impact-resistant design of the
tunnel.

Strain energy released during an impact loading on the
rock tunnel having concrete liner of M20 grade and steel
reinforcement of Fe250 grade in all the different cases of
rocks is plotted in Fig. 17. It has been observed that strain
energy is inversely related to the UCS of the rock. As the
Dolomite rock, having the lowest value of UCS has
maximum strain energy released in comparison to all the
rock. The lowest strain energy has been released in the case
of a Quartzite rock tunnel. Since the Dolomite rock tunnel
has maximum penetration of the missile and thus, it has
maximum strain energy released. The strain energy
increases as the missile penetrates, while after reaching the
maximum penetration, the strain energy value keeps on
decreasing. Also, it has been concluded that impact
resistance is higher when the UCS of rock is higher from
the strain energy plot.
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Fig. 18 has been plotted for the comparison of different
rocks for the plastic dissipation energy. The plot is shown
for different rocks having an M20 grade of the concrete
liner of the tunnel that has been reinforced with Fe250
grade of steel bars. From the graphs, it has been concluded
that plastic dissipation energy is directly proportional to the
UCS of the rock surrounding the tunnel. At the last time,
that is 0.03 seconds; it has been noted that Dolomite tunnels
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Fig. 20 Variation of strain energy released for increasing
value of UCS having Fe250 grade of steel for different
concrete liner grade
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Fig. 21 Variation of plastic dissipation energy released for
increasing value of UCS having Fe250 grade of steel for
different concrete liner grade

are the most unsuitable choice for the impact-resistant
design of the tunnel. However, Quartzite rock tunnels are
the most suitable choice for the impact-resistant design. In
other words, higher the value of UCS of rock, better impact
resistant behaviour is observed. Therefore, the UCS of the
rock should be taken into account while designing the rock
tunnels for impact-resistant design.

Fig. 19 has been plotted for the comparison of the total
energy released during an impact loading event. It has been
analyzed for different rocks in case of varying grades of
concrete for steel reinforcement having Fe250 grade. It has
been noted that the total energy released decreases with an
increase in the UCS of the rock in which the tunnel has
been constructed. Moreover, the response of all the rocks
remains similar for all the different grades of the concrete
liner having a steel reinforcement grade of Fe250. The
linearly decreasing graph has been observed for total energy
released for increasing UCS of rock. The reason for this
behaviour is that as the strength of the rock increases, the
energy released in the different cases changes depending
upon the UCS of the rock surrounding the tunnel.

The strain energy released during an impact loading is
an essential parameter for comparing the different rocks.
From the relation between the strain energy and the UCS of
the different rock mass surrounding the tunnel, it has been
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observed that the UCS of the rock has a significant effect on
the strain energy released. Moreover, it has been observed
that as the UCS of the rock mass surrounding the tunnel
increases, the strain energy released keeps on decreasing,
thus making the highest UCS rock the most resistant to
impact loading. Fig. 20 has been plotted for the comparison
of strain energy released in different grades of concrete,
having steel reinforcement of Fe250 grade to understand the
UCS relation with strain energy released.

The variation of plastic dissipation energy has been
plotted in Fig. 21 for varying UCS value of surrounding
rock mass for different grades of concrete liners having
Fe250 grade of steel reinforcement. From the graph, it has
been observed that with the increase in UCS value of rock
mass surrounding the tunnel, the value of plastic dissipation
energy increases. The primary reason for this increase in the
energy found to be due to increasing strength. Since, in the
case of the weakest rock, the missile has maximum
penetration. Therefore, lesser energy has been consumed in
resisting missile penetration. Hence, it has been concluded
that with the increase in the value of UCS, the impact-
resisting strength increases.

5. Conclusions

This study has been carried out to understand the
response of rock tunnels when subjected to impact loading
conditions. The finite element technique has been adopted
for the validation of this numerical technique and different
analyses. The parameters varied in this study include UCS
of rock, the grade of the concrete liner, and the grade of
steel. It has been observed that these parameters have a
significant effect on the stability of rock tunnels against
impact load. Some significant points concluded from the
present study are:

1. The tunnel constructed in Dolomite has 5.75-times
lesser safety and serviceability against impact load in
comparison to Shale since the Shale has 17.86-times higher
value of UCS than Dolomite. Moreover, the Quartzite rock
tunnel has 16.68-times more impact-resisting strength than
Dolomite because the Quartzite has a higher value of UCS
among the different rocks considered in the present study.
Therefore, deformations caused by an impact load are
inversely proportional to the UCS of rock in which the
tunnel has been constructed.

2. The missile has penetrated to a higher depth in the
case of Dolomite, while its depth reduces with an increase
in the UCS value. The damage in the concrete is directly
proportional to the depth of penetration of the missile.
Therefore, the M40 grade of concrete has been found as the
most suitable choice for the impact-resisting design of
tunnel lining.

3. The energy released by the whole finite element
model during an impact loading event also has a significant
influence on the impact resistance design and analysis of
rock tunnel. The grade of steel and concrete has a lesser
significant effect on the energy released due to the impact
load by a missile. The energy released is inversely
proportional to the UCS of rock; however, its variation with

time has been influenced by the value of UCS.
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