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Abstract.

In this study, a rock tunnel subjected to blast load is modeled mathematically. For this purpose, a cylindrical shell

element is used and the motion equations are derived by energy method and Hamilton’s principle. In the inner surface of tunnel,
different blast holes are considered and its force in radial direction is coupled by motion equations. The structural damping of the
structure is assumed by Kelvin-Voigt model. Hoek-Brown failure criterion is utilized for explosion damage analysis of the
tunnel. The motion equations are solved numerically by differential quadrature method (DQM). The effect of different
parameters such as depth of tunnel, number and diameter of blast holes, type of stone, geological strength index (GSI) and
density of stone, type and mass of explosive material are studied on the damage factor of Hoek-Brown criterion. Numerical
results show that with increasing the density of explosive material, number and diameter of blast holes, the thickness of damage
is increased in the tunnel. In addition, the depth of damage is decreased with increasing strength, GSI, density of rock and depth

of tunnel.
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1. Introduction

The failure criterion of Hoek-Brown and the related GSI
are achieved good admission for calculating the
deformation and strength characteristics of rock masses.
Due to the lack of appropriate alternatives, this criterion is
accepted by the community of rock mechanics and its
application rapidly deployed beyond the original
consideration based on admixing joint-defined blocks in the
hard rocks.

In the field of mathematical modelling of structures,
Kumar et al. (2013) investigated vibration of cylindrical
sandwich shells utilizing Zigzag theory. Duc and Then
(2015) presented vibrations and dynamic analysis of
functionally graded cylindrical shells. Seo ef al. (2015)
studied vibration response of cylindrical shells with internal
fluid utilizing finite element solution prosidure. A combined
numerical methods based on finite element was applied by
Nguyen-Hoang et al. (2016) for dynamic analysis of
Reissner—Mindlin shells. Katariya and Panda (2019) studied
frequency, deflection and transient responses of the
sandwich layered shell structure subjected to different
mechanical loading. The flexural free vibration of
honeycomb thin-walled cylindrical sandwich shell was
studied by Li et al. (2020) based on Fliigge’s shell theory
and experiments. Zhang et al. (2020a) presented dynamic
and static responses of cylindrical shell utilizing finite
elements method. Keshtegar et al. (2020) studied dynamic

*Corresponding author, Professor
E-mail: kaveh.ahangari@gmail.com

Copyright © 2021 Techno-Press, Ltd.
http://www.techno-press.org/?journal=gae&subpage=7

stability response of a sandwich nanocomposite truncated
conical shells utilizing differential cubature method.
Vibration response of a circular thin cylindrical shell based
on finite element method was presented byRawat et al.
(2020). Tran et al. (2020) studied the numerical free-
vibration response of a functionally graded stiffened
cylindrical ~shell embedded in  Winkler—Pasternak
foundation.

Tunnels dynamic analysis was studied by some
reserchers. Recently, Rashiddel er al. (2020) investigated a
tunnel lining and its segmentation with curved and planar
joints subjected to dynamic loads. Zhang et al. (2020b)
applied a numerical method for dynamic analysis of
methane-hydrogen explosion in utility tunnels. Numerical
analysis for damage probability in the mine tunnel subjected
to explosion of a hydrogen-air mixture was presented by
Skob et al. (2020). Hajihassani et al. (2020) studied 3D
prediction of tunnel subjected to ground movements. Tiwari
et al. (2020) presented 3D nonlinear finite element response
in curved under the internal blast loading. Effects of liner
geofoam on circular tunnels resting on soil medium under
the blast loading were studied by Han et al. (2020). Zhao et
al. (2020) applied a 3D modelling for investigating the
dynamic of tunnels under the blast load. Zaid and Rehan
Sadique (2020) investigated dynamic analysis of rock
tunnel subjected to blast load utilizing finite element
method. Iwano et al. (2020) focused on the reduction of
tunnel blasting utilizing advanced electronic detonators.
Molkov and Dery (2020) studied blast wave decay
correlation obtained for hydrogen tank in a tunnel fire. Wu
et al. (2020) studied mechanical response of circular
Tunnels with double primary linings in squeezing grounds.
A three-dimensional (3D) finite element program was used
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~*  Blast hole

Fig. 1 Scheme of tunnel with different blast holes

by Chen and Li (2020) for the analysis of various
horseshoe-shaped opening expressway tunnels under
different geologies. The interactive effects between existing
structures and surrounding ground due to the excavation of
the divergence tunnel was studied by Hong et al. (2020).
Experimental study on the mechanical response and failure
behavior of double-arch Tunnels with cavities behind the
liner was investigated by Zhang et al. (2020).

So far, no studies have been done about mathematical
modelling and numerical damage analysis of tunnels under
the blast load. Hence, a viscoelastic rock tunnel subjected to
blast load is modeled mathematically based on cylindrical
shell theory. In the inner surface of tunnel, different blast
holes are considered and its force in radial direction is
coupled by motion equations. Hoek-Brown failure criterion
and DQM are utilized for explosion damage analysis of the
tunnel. The effect of different parameters such as depth of
tunnel, number and diameter of blast holes, type of stone,
geological strength index (GSI) and density of stone, type
and mass of explosive material are studied on the failure
factor of Hoek-Brown criterion.

2. Mathematical modeling

Fig. 1 shows a tunnel modeled by a circular cylindrical
shell with the inner radius of R;, outer radius of R, and
length of L and the cylindrical coordinate system of (x, &, z).
At the inner surface of tunnel, different blast holes are
assumed.

In this paper, classical theory is used. Displacement field
can be expressed as below based on the classic theory
(Reddy 2004):

ul(x,e,z,t)zu(x,e,t)—z%, (1
uz(x,a,z,t)zv(x,e,t)—%%, 2)
u;(x,6,2,t)=w(x,6,t), (3)

in which (u,v,w) are the displacement of the middle plane
(z=0) in the (x,0,z) directions, respectively. The
relationships of strain-displacement are
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The strain-stress relationships are simplified as (Reddy
2004):
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The potential energy of the structure is as the following:

U= J.(O-xxgxx + g + Oral o) AV, (®)
v

By replacing the strain equations in the above
relationships, we have
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By defining the energy and intra —plane moments as
below,
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Eq. (9) will be as
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where p is the tunnel density. By replacing the movement
fields in the above equation, we will have
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By integration in the thickness direction and considering
this fact that the range of integer is symmetric, the odd
integers will be zero. So the kinetic energy would be
simplified as below:
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External work caused by the blast force is: (Hause and
Librescu 2007)
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where Hause and Librescu (2007)
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where Psp is the maximum static pressure and £y is positive
phase time. That they are:
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In the above relation, R is distance from blast centre to
surface of structure and W is the explosive mass in terms of
Kg. Now, applying Hamilton principle, will lead to the three
main equations:
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By integrating Eqgs. (10) and (11) in the direction of
thickness and using Eq. (7), the relationships of the forces
and interior moments of the tube can be calculated as
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3. DQM method

DQM is one of the numerical methods in which the
governing differential equations are converted to the first
order algebraic equations by the weight ratios so that
derivative is expressed as a linear sum of weight ratios in a
point and the functional amounts there and the other range
points in the direction of the coordinate axes. The main
relationships of these methods are expressed as the
following for a single case (Motezaker et al. 2021, Al-
Furjan et al. 2020, 2021a, b, Kolahchi et al. 2015, 2016a, b,
2017):
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So, it is observed that Selection of the sample points and
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weight ratios are two very important and determining
factors in the accuracy of DQM method which will be
mentioned later. Chebyshev polynomial is widely used for
solving the engineering problems and produces good results
which is expressed as

sl s
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The weight ratios are generalized as below for the two
dimension case:
a) for the first order derivative:
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So, the final matric form of the motion equations are

([K]{d}+[c]{d}+[M1{d}) =(F}, (41)

In the above relation, there are the stiffness matrix [K],
mass matrix [M], damp matrix [C], dynamic amplitude
vector of d. Newmark numerical method is used to obtain
the time response of the structure under blast load in
domain time. According to this method, Eq. (41) is written
in the following general form (Kolahchi ef al. 2021a, b):

K*(diﬂ) :Qi+1’ (42)

where subtitle i + 1 represents time (r=fiis K'(d,,;)) «
effective stiffness matrix and Q1 is effective load vector

written as follows:
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where y=0.5 and y=0.25. Based on repeating method, Eq.
(42) is solved at each time amplitude and calculates
acceleration and speed modified from the following
relations:

d‘i+1 :ao(di+l_di)_a2di _a3di’ (46)
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Then, for the next time, we apply acceleration and speed
modified into relations (46) and (47) and the steps
mentioned are repeated.

4. Results

The numerical results of the blast response in the tunnels
considering structural damping is presented in this section
based on Hoek-Brown failure criterion and numerical
method. The tunnel is made from sandstone with GSI=50,
my=2.5, s=3.9e-3, a=0.506, density of p = 2.5 ge/cm® and
UCS=80 MPa. The explosive material is ANFO with
density of 782 Kg/m?.

The effect of special weight and GSI of sandstone on the
damage factor of tunnel is shown in Figs. 2 and 3. It is
found that with increasing the special weight of sandstone,
the damage area of the tunnel is reduced. In other words, for
sandstone with special weight of 2.3, the damage factor is
equal to one in 4.8 m of the thickness while for special
weight of 2.7, it is one in 1.45 m of the thickness.

=—O— Sandstone with  7=2.3
= Sandstone with =25
Sandstone with ~ 7=2.7
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I MR e
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Fig. 2 The effect of special weight of sandstone on the
damage factor of tunnel
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Fig. 3 The effect of special weight of sandstone on the
damage factor of tunnel
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Fig. 4 The effect of tunnel material on the damage factor
of tunnel
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Fig. 5 The effect of blast hole number on the damage

factor of tunnel

From Fig. 3, it is concluded that with enhancing the GSI
of the sandstone, the damage factor of tunnel is decreased
significantly. It is due to this fact that with increasing GSI
of the sandstone, the stiffness with be enhanced.

The damage factor of the tunnel for sandstone, granite
and marlstone is presented in Fig. 4. As can be seen, the
damage area for the granite tunnel is lower than sandstone
while it is higher for marlstone tunnel. It is since the
stiffness of granite is higher than sand stone and marlstone.
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Fig. 6 The effect of blast hole diameter on the damage
factor of tunnel
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Fig. 7 The effect of special weight of explosive material

on the damage factor of tunnel
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Fig. 8 The effect of mass of explosive material on the
damage factor of tunnel
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For example, D is equal to one in 4.2 m of the thickness for
sandstone while it is one in only inner surface of tunnel.

The influences of blast hole number, blast hole diameter,
special weight and mass of explosive material on the
damage factor are illustrated in Figs. 5-8, respectively.
From Fig. 5, it is found that with increasing the blast hole
number, the damage factor is raised since the dynamic wave
induced by blast load is increased.

Fig. 6 shows with enhancing the blast hole diameter, the
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Fig. 9 The effect of tunnel’s depth on the damage factor

of tunnel

damage factor is increased. It is because with increasing the
blast hole diameter, the volume of blast hole is increased
and consequently, the explosive materials are enhanced and
the induced dynamic wave by clast load will be raised.

From Figs, 7 and 8, it is concluded that with increasing
the special weight and mass of explosive material, the
damage factor is enhanced. It is physically reasonable, since
the dynamic forced of blast load is increased by enhancing
the special weight and mass of explosive material.

Fig. 9, demonstrates the effect of tunnel’s depth on the
damage factor of tunnel. It is observed that with increasing
the depth of tunnel, the damage factor is reduced. It is
because with increasing the depth of tunnel, the
compressive dynamic force applied on the tunnel will be
increased.

5. Conclusions

This research analyzed the explosion damage analysis in
a tunnel considering structural damping. Different blast
holes were assumed in the inner surface of tunnel and the
damage factor was calculated by Hoek-Brown failure
criterion. The motion equations were derived by cylindrical
shell model and Hamilton’s principle and solved by
numerical mthods of DQ and Newmark. The effect of
different parameters such as depth of tunnel, number and
diameter of blast holes, type of stone, geological strength
index (GSI) and density of stone, type and mass of
explosive material were studied on the damage factor of
Hoek-Brown criterion. The final results of this research
were:

« It was found that with increasing the special weight of
sandstone, the damage area of the tunnel was reduced.

* It was concluded that with enhancing the GSI of the
sandstone, the damage factor of tunnel was decreased
significantly.

» The damage area for the granite tunnel was lower than
sandstone while it was higher for marlstone tunnel.

* It was found that with increasing the blast hole
number, the damage factor was raised since the dynamic
wave induced by blast load was increased.

» With enhancing the blast hole diameter, the damage

factor was increased.

e It was concluded that with increasing the special
weight and mass of explosive material, the damage factor
was enhanced.

« It was observed that with increasing the depth of
tunnel, the damage factor was reduced.
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