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Numerical Simulation Analysis Gzt
of Dynamic Response and Damage Effect

of Tunnel Under Internal Explosion

Xiang Liu, Yuxin Sun, and Rongjun Guo

Abstract An investigation on dynamic response of explosion shock wave in
different tunnel structure was carried out in this paper. Straight tunnel, L-shaped
tunnel and T-shaped tunnel were selected as the research objects. And simulations
were conducted with 2-D fluid—structure coupled model using the AUTODYN 19.0
software. Here, the RHT model was adopted to describe the mechanical behaviour of
concrete and rock, and JWL equation of state was selected for explosive. Combined
with the simulation results, the propagation law of shock wave in different tunnels
was analysed, and the vulnerable points in the tunnel under the action of explo-
sion shock wave were found. The results show that the damage of tunnel caused by
explosion load was mainly concentrated in a very short time after explosion. And the
dynamic response has the characteristics of fast response, large load and short dura-
tion. The explosion shock wave caused great damage to the tunnel structure which
was close to the burst point. At the same time, the concentrated load was generated
in the corner of the tunnel, which became a vulnerable structure.

11.1 Introduction

Tunnel is an engineering building buried in the ground, which is a form of human
using underground space. In wartime, it can play the functions of civil air defense
evacuation, transportation reserve materials, personnel emergency shelter and so
on. With the development of weapons and guidance technology in modern war, the
possibility of explosion in tunnel is increasing. When the explosion occurs in the
tunnel structure, the explosion load has a direct or indirect impact on the tunnel’s
wall and the surrounding rock outside the tunnel. Therefore, it is very important to
analyze the dynamic response and damage effect of the tunnel structure under the
load of explosion in the tunnel, which is the basis of the anti-explosion performance
evaluation and protection design of the tunnel structure.
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There is a significant difference between the propagation of explosion shock wave
in closed space and that in open three-dimensional space. Due to the tunnel structure
is not easy to build and the cost is huge, the methods of model test and numerical
simulation are generally used. Benselama [1] and Uystpruyst [2] pointed out that
there are two modes of propagation of explosion shock wave in the roadway: one
is free propagation in three-dimensional space near the burst point, and the other is
quasi one-dimensional propagation far away from the burst point. The relationship
between the two modes of transfer position, explosive quantity and geometry of the
propagation space was proposed by numerical calculation; Alex and Michael [3]
studied the propagation behavior of explosion shock waves in underground mines
through a series of experiments in experimental mines. A simple proportional rela-
tionship between peak overpressure and explosive quantity and propagation space
was established. Kezhi and Xiumin [4] used the three-dimensional numerical simu-
lation program to calculate the chemical explosion flow field in the long tunnel, and
compared with the experimental results. The propagation law of air shock wave along
tunnel direction was concluded; Pang et al. [5] established a formula to predict the air
shock wave of high explosive explosion in tunnel through experiments; Xinjian et al.
[6] mapped the velocity model of shock wave propagating along a straight tunnel
with equal cross section under the condition of internal explosion at the entrance of
the tunnel through experiments.

For the current research of explosion in tunnel, the focus is mainly on the propaga-
tion law of explosion shock wave, which was quite complete. However, these studies
generally regard the tunnel as a non-deformable structure, ignoring the dynamic
response and damage of tunnel structure under the action of shock wave.

Therefore, this paper intends to carry out numerical simulation for three typical
tunnel structures to analyze the dynamic response and damage effect of tunnel
structure under the load of internal explosion.

11.2 Numerical Simulation Model

11.2.1 AUTODYN Software

In order to solve highly nonlinear dynamic problems, such as solid, liquid, gas and
their interactions, century dynamics Inc. has developed a nonlinear dynamic anal-
ysis software AUTODYN. The company first launched a two-dimensional version
of autodyn-2D in 1986 and a three-dimensional software autodyn-3D in 1991. In
January 2005, AUTODYN software was acquired by ANSYS company and has been
integrated into ANSYS co-simulation platform. In the past few decades, autodyn-
2D/3D software has been continuously developed, with increasingly perfect func-
tions and more convenient application. Since its development, the software has been
committed to the research and development of the military industry, and has become
one of the most famous numerical simulation software in the field of explosive
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mechanics and high-speed collision in the world. It integrates a variety of processing
technologies of finite difference, computational fluid dynamics and fluid coding,
and can be widely used in various complex engineering problems, such as large
strain and large deformation, Nonlinear dynamics, explosion penetration, collision
and fluid solid coupling shorten the development cycle of many products. There are
many material constitutive models and equations of state, which are convenient for
their application in various aspects. AUTODYN version 19.0 was used in this paper.

11.2.2 Research Objects

This paper discussed three kinds of tunnel structure. Straight tunnel, L-shaped tunnel
and T-shaped tunnel were selected to establish two-dimensional simulation model
for numerical simulation. The concrete wall thickness of three kinds of tunnel is
0.02 m, and the thickness of surrounding rock outside the tunnel is 0.5 m. Among
them, the straight tunnel’s burst points are distributed in the vertical direction; the
L-shaped tunnel’s burst points are distributed along the diagonal of the corner; the
T-shaped tunnel burst points are also distributed in the vertical direction. The tunnel
structure, location of burst points and observation points are shown in Figs. 11.1 and
11.2.

A 0.5 kg spherical COMP B was used in the simulation. The concrete wall and rock
use Lagrange element, the COMP B and air use Euler element. The fluid structure
coupling relationship between them was established.

Concrete mat
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(al) Straight tunnel (bl) L -shape tunnel (c1) T-shape tunnel

Fig. 11.1 Location of burst points in tunnels
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Fig. 11.2 Location of observation point in tunnels

11.2.3 Material Model

11.2.3.1 Concrete and Rock

Rock and concrete are both brittle materials, which have similar grain boundaries,
holes, cracks and other defects of different sizes. Both of them have the character-
istics of strain hardening, damage softening and strain rate effect, which provides
the feasibility for us to use the constitutive relationship of concrete to describe the
mechanical behavior of rock like brittle materials under dynamic and static loads.
RHT concrete constitutive model has been widely used in the numerical simulation
and analysis of explosion, impact, penetration and other problems, and achieved
relatively satisfactory results.

The P-alpha EOS and RHT strength parameters of concrete and rock are mainly
referred to [3, 4], and the main parameters are shown in Table 11.1.

11.2.3.2 COMPB

JWL equation of state was selected for explosive

p= A(l — i_>eR‘V + B<1 - i_>eR2V + gE
RV RV Vv

where, A and B are the linear coefficient; R}, R», w are the non-linear coefficient; V =
Vi/ Vo, V; is volume of detonation product, Vj is volume of unexploded explosive.
A, B, R}, R,, w are constants, which are obtained from experiments. The parameters
are shown in Table 11.2.
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Table 11.1 RHT model

parameters of concrete and Parameter Concrete Rock

rock (a) P-alpha EOS
Initial density po(g/cm?) 2.75 2.7
Pore density p|(g/cm?) 2.314 2.314
Initial pressure P;(KPa) 2.33 x 10* [2.33 x 10*
Compaction pressure P>(KPa) 6 x 10° 6 x 10°
Porosity index N 3 3
Ay (KPa) 3.53 x 107 |4.54 x 107
Ay (KPa) 3.96 x 107 [4.19 x 107
KPa) 9.04 x 106 |4.20 x 10°
By 1.22 0.9
B 1.22 0.9
T1 (KPa) 3.53 x 107 |4.54 x 107
T> (KPa) 0 0
(b) RHT Strength model
Shear modulus G (KPa) 1.67 x 107 | 1.67 x 107
Compressive strength f,. (KPa) 3.5 x 10* 4.8 x 10*
Tension strength f;/f. 0.1 0.1
Shear strength f; /. 0.18 0.18
Intact failure surface constant A 1.6 1.6
Intact failure surface exponent N | 0.61 0.61
Tens./Comp. Meridian ratio Q 0.7 0.6805
Brittle to Ductile Transition BQ 0.0105 0.0105
Hardening slope 2.0 0.5
Elastic strength/ft 0.7 0.7
Elastic strength/fc 0.53 0.53
Fracture strength constant B 7. 1.6 1.6
Fracture strength exponent n 7. | 0.61 0.61
Strain rate exponent o 0.032 0.02439
Tensile strain rate exponent 8 0.036 0.02941

11.2.3.3 Air

The material model of air is assumed to be an ideal gas, and the relationship between
pressure P and energy E can be determined by the following formula:

P =(k—1)pE

where, k is the adiabatic coefficient of gas, p is the density of air, E is the initial
internal energy of air. The specific parameters are shown in Table 11.3.
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Table 11.2 JWL model
. Parameter Value
parameters of explosive
materials Density p(g/cm?) 1.717
Detonation velocity D (m/s) 7980
C-J explosion pressure P (Pa) 2.95 x 1010
Material constant A (Pa) 5.2423 x 10!
Material constant B (Pa) 7.678 x 10°
Material constant R 4.2
Material constant R; 1.1
Material constant w 0.34
Initial internal energy Eo(J/m>) 8.5 x10°
Table 11.3 Idgal gas model Parameter Value
parameters of air
Density p(g/cm)?) 1.225 x 1073
Internal energy (mJ/mm?) 2.068 x 10°
Isentropic adiabatic coefficient 1.4

11.3 Calculation Results and Analysis

11.3.1 Straight Tunnel

Figures 11.3 and 11.4 show the stress distributing graph and crack propagation
process of tunnel structure under the action of explosion in straight tunnel. A strong
shock wave was formed after the explosion, and the tunnel structure near the burst
point was the first to be impacted and deformed. When T = 0.3 ms, stress concentra-
tion occurred, and some materials of tunnel structure enter the plastic stage. When
the stress intensity was higher than the material strength, the material damage forms
cracks, and the cracks were mainly concentrated near the burst point. The crack
propagation at T = 5 ms was almost the same as that at T = 0.5 ms, which indicated
that the material was damaged mainly in the short time at the beginning of explosion.

Figure 11.5 shows the dynamic response observed at observation points 1-4 after
the explosion at burst point 1 in the straight tunnel. Observation points 1-4 are 0.3 m
away from the explosion point in the Y direction, and 0, 0.3, 0.6 and 0.9 m away
from the burst point in the X direction. The maximum stress of Observation points
14 were 80.44, 37.23, 17.51 and 14.24 MPa. The maximum strain of Observation
points 1-4 were 0.029, 0.013, 0.0075 and 0.0067. In the X direction, the closer the
wall structure is to the burst point, the greater the maximum stress and strain was
observed. The displacement and the maximum acceleration had similar law.

Figure 11.6 is the dynamic response curve observed at observation points 1 after
the explosion of different burst points. In Fig. 11.6a, the stress at burst point 5
decreased rapidly to 0 MPa after reached the maximum value of about 350 MPa.
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(@) T=0.1ms (d) T=0.2ms

(b) T=0.3ms (¢) T=0.5ms

Fig. 11.3 Stress distributing graph after the explosion of burst point 3 in the straight tunnel

Which was a clear manifestation of that the structure had failed, and the failed
structure couldn’t bear any tensile stress anymore. In Fig. 11.6b, the maximum strains
under the load of exploration which happened at burst points 1-5 were 0.028, 0.039,
0.047, 0.084 and 0.217. The closer the burst point was to the tunnel wall, the greater
the maximum strain of tunnel wall structure. The stress, displacement and maximum
acceleration have similar law.

In Fig. 11.6d, the response times observed at observation point 1 were 0.05, 0.03,
0.02, 0.01 and 0.003 ms. The speed increased rapidly to tens or hundreds of meters
per second, and decreased to about 0 ms at 0.3 ms. The dynamic response is very
fast, reaching microsecond level, and the response duration is very short, less than
0.3 ms.

The damage of explosion load to tunnel was mainly concentrated in a very short
time after explosion, which has the characteristics of fast response, large load and
short duration.
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(a) T=v0.1ms (d) T=0.2ms

(b) T=0.3ms (¢) T=0.5ms

Fig. 11.4 Rock damage distributing graph after the explosion of burst point 3 in the straight tunnel

11.3.2 L-shaped Tunnel

Figures 11.7 and 11.8 show the stress distributing graph and crack propagation
process of rock structure under the load of explosion of burst point 3 in L-shaped
tunnel. The stress of the structure was mainly concentrated in the corner. The damage
was mainly concentrated in the wall outside the corner, where the tunnel structure was
most vulnerable to damage. When T = 0.5 ms and T = 5 ms, the damage degree of
the structure was almost the same, which also shows that the damage of the structure
was concentrated in 0.5 ms after the explosion, and the time was very short.

Figure 11.9 shows the dynamic response observed at observation points 1-8 after
the explosion of burst point 3 in the L-shape tunnel. Observation point 3 was located
at the corner of the inner wall, and the maximum stress observed at observation
point 3 was 32.31 MPa. During the subsequent structural deformation, there was a
residual stress of about 15 MPa. The maximum stress observed at observation points
1 and 2 were 12.77 MPa and 18.47 MPa, and there were multiple peaks gradually
decreasing. When the explosive exploded at the corner of the L-shaped tunnel, the
inner corner was impacted by the incident wave and the wave reflected from the outer
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Fig. 11.5 Dynamic response observed at observation points 1—4 after the explosion of burst point
1 in the straight tunnel

corner to the inner side, and then the shock wave continued to reflect and oscillate
in the tunnel.

On the outside of L-shaped tunnel, the maximum stress observed at observation
points 4-8 were 17.00, 16.47, 38.57, 72.17 and 91.95 MPa. The closer to the corner,
the greater the maximum stress. The maximum strain, displacement and maximum
velocity have similar rules. The maximum strain observed at observation point 8 was
0.68, and that at observation point 4—7 were between 0.006 and 0.025, which was
far less than that observed at observation point 8. The position of observation point
8 was the most concentrated stress and the most serious damage position.
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Fig. 11.6 Dynamic response observed at observation point 1 after the explosion of all burst points
in the straight tunnel
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(b) T=0.3ms (¢) T=0.5ms

Fig. 11.7 Stress distributing graph after the explosion of burst point 3 in the L-shape tunnel
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Fig. 11.8 Rock damage distributing graph after the explosion of burst point 3 in the L-shape tunnel
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Fig. 11.9 Dynamic response observed at observation points 1-8 after the explosion of burst point
3 in the L-shape tunnel
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Fig. 11.9 (continued)
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Figure 11.10 shows the dynamic response observed at observation points 3 and
8 after the explosion of all burst points in the L-shape tunnel. With the change of
burst point 1 to 5, the distance of explosion center to observation point also changed.
The maximum stress, strain, displacement and acceleration were negative correlated
with the distance from the explosion center. In Fig. 11.10a, the stress observed at
observation point 3 decreased rapidly after reaching the highest value (between 20 and
120 MPa), then fluctuated about 1 ms between 0 and 30 MPa, and finally the residual
stress stabilized between 10 and 30 MPa. After the stress observed at observation
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Fig. 11.10 Dynamic response observed at observation points 3 and 8 after the explosion of all burst
points in the L-shape tunnel
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(f) The displacement curves observed at observation point 8
(g) The velocity-time curves observed at observation point 3
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Fig. 11.10 (continued)

point 8 reached the highest value (70-330 MPa), it rapidly decreased to 0 MPa in
about 0.4 ms, then fluctuated slightly in the stage of 0.4—1.2 ms, and finally returned
to 0 MPa. This was because the material had failed and could not longer bear tensile
stress. The duration of dynamic response was about 1.2 ms, mainly concentrated in
the first 0.4 ms.

Figure 11.11 shows the variation curve of maximum stress and strain observed
at observation points 3 and 8. In Fig. 11.11a, the stress change trend observed at
observation points 3 was similar with observation points 8. With the increasing of
the distance between the burst centers, the maximum stress decreased and the change
was gradually gentle, but the maximum value observed at observation point 3 was
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Fig. 11.11 Variation curve of maximum stress and strain of observation points 3 and 8 with distance
between burst points

lower than that at observation point 8. The strain value observed at observation point
8 was large (between 0.256 and 1.81), while the strain observed at observation point
3 was small (between 0.01 and 0.05), and the change was not obvious. Under the
load of internal explosion in L-shaped tunnel, the corner position of the outer tunnel
was the most stress concentrated position, which was more vulnerable to damage
than the inner corner position.

11.3.3 T-shaped Tunnel

Figures 11.12 and 11.13 are the stress distributing graph and crack propagation
process of rock structure under the explosion in T-shaped tunnel. After the explo-
sion, the shock wave propagated to the upper wall and corners of the tunnel. The
stress was concentrated on the upper wall of T-shaped tunnel. There was also stress
concentration on the left and right corners, but it was relatively small. The damage
of the structure was mainly in the upper wall. Compared with the straight tunnel, the
damage of upper wall in T-shaped tunnel was smaller because the T-shaped tunnel
has more bifurcation, which made the explosive energy spread out from the tunnel
rapidly.

Figure 11.14 shows the dynamic response observed at all observation points after
the explosion of burst point 3 in the L-shape tunnel. On the upper wall of the tunnel,
the maximum stress observed at observation points 1-4 were 82.24, 38.88, 16.67
and 14.50 MPa, and the residual stresses were about 23, 17, 6.5 and 4.5 MPa. The
maximum stress and residual stress were negatively correlated with the distance
from the observation point to the burst point. The maximum strain, displacement
and velocity were also the same rule. The response time was about 2 ms.
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Fig. 11.12 Stress distributing graph after the explosion of burst point 3 in the T-shape tunnel

At the lower side of the right corner, the stress observed at observation point 5
rised rapidly to the maximum value of 28.51 MPa after the explosion, then decreased
rapidly to 0 MPa, then rised to 28.5 MPa, and then decreased slowly to the residual
stress of 16.9 MPa.

The stress curves observed at observation point 6 and 8 were almost the same.
After the stress reaches the maximum value of 17.81 and 19.86 MPa, it fluctuated
continuously and the peak value decreased gradually. The reason was that the shock
wave reflected repeatedly between the inner walls of the tunnel.

The peak value observed at observation points 7 and 9 were about 10 MPa, which
decreased slowly and fluctuated continuously. In the lower right side of the tunnel
wall, the farther away from the burst point, the smaller the maximum stress, strain,
displacement and velocity. And the residual stress was mainly concentrated in the
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(a) T=0.1ms (d) T=0.2ms

(@) T=0.1ms (d) T=0.2ms

Fig. 11.13 Rock damage distributing graph after the explosion of burst point 3 in the T-shape tunnel

corner of the tunnel. Compared with the straight tunnel and L-shape tunnel, the
dynamic response time was longer which reached 2-3 ms.

Figure 11.15 shows the dynamic response observed at observation points 1 and 5 at
different burst points. At explosion point 1, the maximum stress reached 354.5 MPa,
and then gradually decreased to 0 MPa, which indicated that the element had failed
and could no longer bear tensile stress or shear stress. For other explosion points,
there was residual stress observed at observation points 1, which was 20—40 MPa. The
maximum stress observed at observation point 5 increased from 23.6 to 80.6 MPa,
and the maximum strain, displacement and acceleration also increased gradually. The
center of the upper wall and the left and right corners were vulnerable points, and
the load was positively correlated with the distance between the explosion centers.
Compared with the straight tunnel and L-shaped tunnel, the response time is longer,
reaching 2-3 ms.
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Fig. 11.14 Dynamic response observed at observation points 1-8 after the explosion of burst point
3 in the T-shape tunnel
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Fig. 11.14 (continued)
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Fig. 11.15 Dynamic response observed at observation points 1 and 5 after the explosion of all burst
points in the T-shape tunnel
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11.4 Conclusion

In this paper, the physical model of the explosion structure in the tunnel was estab-
lished, the suitable material constitutive model and parameters were selected. The
dynamic response of the tunnel structure with different shapes under the explosion
load was numerically simulated, and the failure forms of tunnel and rock structure
were analyzed.

The stress of concrete tunnel and rock increases rapidly under explosion load.
Concrete and rock materials will have elastic strain and plastic strain. When the
stress exceeds the maximum tensile stress that the material can bear, the material
will fail. After failure, the material can no longer bear tensile stress or shear stress,
forming cracks. With the propagation of stress, the cracks gradually expand, and the
main generation and propagation time of cracks is 0-0.5 ms.

The damage of explosion load to tunnel is mainly concentrated in a very short
time after explosion, which has the characteristics of fast response (0.003—0.05 ms,
reaching microsecond level), large load (from tens to hundreds MPa), short duration
(0.3-3 ms).

Based on the 5 kg spherical COMP B used in this paper, when the distance
between the burst point and the wall is less than 0.1 m, the wall structure will fail
completely; In the L-shaped tunnel, stress concentration occurs at the outer corner of
the structure, and the structure with a distance of 0.3 m also fails completely; On the
contrary, in the inner corner, there is no complete failure of the material. The center
of the upper wall and the left and right corners of the T-shaped tunnel are the most
concentrated parts to bear the explosion load, and the center of the upper wall is the
most vulnerable part.
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