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ABSTRACT: The aim of this study is to investigate the response of metro tunnel systems subjected to internal
blast loading using Explicit Finite Element analysis. Usually, these metro systems consist of two tunnels running
parallel to each other. The recent terror strikes exposed the vulnerability of tunnels to explosion. In this study, a
typical metro system with two tunnels of 5 m diameter running parallel to each other is considered. The tunnels
are embedded in clayey stratum with a burial depth of 9 m below the ground surface. The tunnel-soil interaction
was also considered in this numerical model. The effect of parameters like explosive quantity and tunnel spacing
on the response of tunnels was investigated. The explosion tunnel yields for the explosive quantity greater than
50 kg of TNT. The influence of blast wave on the adjacent tunnel is less for the spacing greater than 2.2 times
the internal diameter of the tunnel.

1

INTRODUCTION

In a rapid developing economies like India, various
underground metro tunnels are constructed in a fast
pace to meet the commuting needs of huge Indian population. The recent terrorist strikes in the subways of
various countries like Moscow (2010 & 2004); London (2005) and Madrid (2004) questioned the safety
of the tunnels under internal blast loading. An explosion in these tunnels will result in a huge loss of lives
and properties, and also cause huge traffic disruptions.
Considering these intense threats, there is a need to
address this problem, and overcome the complications
involved in the analysis of the tunnels subjected to
internal blast loading.
In past, very less attention was given to the problem
of internal explosion on tunnels and its effect on surrounding soil. Experimental studies related to this type
of problem are scarce as the full-scale experiments
and model tests are expensive. The analytical closedform solution is almost unavailable and most of the
methods are over-simplified and its results are unreliable. Therefore a detailed three dimensional numerical
study of these subway structures under blast loading is
essential in the engineering analysis and design. Only
few researchers addressed the issue of response of tunnels to internal blast loading. Liu (2009) performed
a 3D finite element study on New York’s tunnels to
investigate the influence of various factors that causes
possible damage for subway tunnels which includes
the weight of explosive, ground media, burial depth
and characteristics of blast pressure. Ning and Tang
(2011) and Buonsanti and leonardi (2013) performed
FE analyses to calculate the dynamic response of
tunnels to internal blast. These studies emphasize the

importance of the finite element programs in analyzing
the effects of explosion in the underground structures.
In this study, the influence of parameters like explosive weight and spacing between the tunnels on its
response to internal explosion was analyzed using
advanced finite element program Abaqus (Abaqus
Inc 2010). Four quantities of explosives (i.e.) 10, 30,
50, and 75 kg TNT and spacing variation between
1.6 to 2.6 times the internal diameter of tunnel was
considered for analysis.

2 THEORY OF EXPLICIT ANALYSES FOR
BLAST LOADS
The blast loads are usually idealized by a triangular
pulse of short duration. A typical representation of
blast pulse is shown in Figure 1.

Figure 1. Typical blast impulse.
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Table 1.

Drucker prager parameters.
Layer No.

Properties

1

2

3

4

5

E∗ (MPa)
d∗ (kPa)

5.6
65.5

10
155.2

16
258.6

23
293.1

31
510.3

∗

E =Young’s Modulus; d = Cohesion

Table 2.

Lining material properties.

Figure 2. Finite element model.
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The equation of motion for pulse loading is given
by:
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∗
µ = poisson’s ratio; σy = yield stress; γ = unit weight and
T = Lining thickness

The explicit solver procedure used in Abaqus is
based upon an explicit integration rule together with
the use of a diagonal (“lumped”) element mass matrix.
The equation of motion for the body is integrated using
the explicit central difference integration rule. The
explicit procedure integrates through time by using
many small time increments. The central difference
operator is conditionally stable, and the stability limit
for the operator is given by:

where ωmax = highest frequency of the system; and
ξmax = fraction of critical damping in the mode of
highest frequency. Hence for getting stable numerical
solution, one need to limit the size of the time steps
with the penalty of increased computational cost.
3

FINITE ELEMENT MODEL

A typical metro system with two tunnels of 5.0 m
internal diameter running parallel to each other was
considered for this analysis. The tunnels are embedded at a depth of 9.0 m below the ground level. The
spacing between the tunnels is varied between 1.6 to
2.6 times the internal diameter to study the response
of adjacent tunnel to the in-tunnel explosion.
The length of the FE model is taken as 20 times the
internal diameter of the tunnel whereas the breadth and
width of the model is taken as 10 times the diameter.
The model dimension is chosen in such a way that the
reflection of pressure waves will not affect the main
response of the tunnel. The FE model adopted in this
study is shown in Figure 2.
Structured mesh technique with fine mesh around
the tunnels is employed here. Free meshing technique is adopted to mesh the tunnel lining. The soil
mass is discretized using a three dimensional eight

noded linear brick element with reduced integration
(C3D8R) element and four noded doubly curved thin
shell element with reduced integration (S4R) is used
to discretize tunnel lining. Horizontally and vertically
fixed boundary conditions (BC) are applied at the
bottom boundary. Horizontally fixed and vertically
free boundary condition is applied at the sides of the
model.
3.1 Material models
The soil is modelled as fully cohesive without internal friction using Drucker Prager elasto plastic model.
The model parameters are obtained from Liu (2009).
These parameters are converted into linear Drucker
Prager material parameters assuming plane strain
response. The soil model is divided into five layers
and each layer has a unit weight of 20 kN/m3 and poisson’s ratio of 0.495. The Drucker Prager parameters of
each layer are tabulated in Table 1.
The cast iron lining is modelled using Von Mises
elasto-plastic model. The Von Mises parameters of
tunnel lining are tabulated in Table 2.
The damping of the soil and lining is modelled
using Rayleigh Damping Co-efficient α. Viscous
Damping of 5% and 2% is assumed for soil and tunnel
respectively.
3.2

Contact

The tunnel-soil interaction is defined by surface to
surface contact interaction type. Sliding formulation
is chosen as finite sliding. Tangential behaviour at this
contact is chosen as frictionless and normal behaviour
is defined as ‘hard’ contact. For the constraint enforcement method the Abaqus default option is used and
separation is allowed at the contact.
3.3

Definition of loading

For modelling the blast load, it is assumed that the
explosive is spherical and it is exploding at the centre
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Table 3. Blast pressure parameters.
TNT (kg)

Region

p∗r (MPa)

t∗r (ms)

t∗a (ms)

75

1
2
3
4

17
14
1.4
0.2

0.8
0.8
0.8
0.8

0.800
1.008
1.154
1.270

tr = Impulse duration; ta = arrival time of blast wave; and
pr = reflected blast pressure

∗

of the tunnel. The blast load is applied on the lining
surface as a triangular impulse. For applying the blast
load, the internal surface of the tunnel is divided into
four regions. The first region is 1 m long in the longitudinal direction and it is close to the explosion. The
length of second, third and fourth regions are 1 m, 6 m
and 8 m respectively. The fourth region beyond which
is more than 14 m away from the explosive, is free
from loading because the blast pressure was already
very small (Liu, 2009).
Three quantities of explosive i.e. 10, 30, 50 & 75 kg
of TNT is used in this study. The blast waves undergo
reflection within the tunnel surface. So, for the first
region, normally reflected pressure was applied at
the lining. For the other regions, the reflected pressure is calculated based upon the angle of incidence
from the source of explosion. The reflected pressure,
positive phase duration and arrival time of blast wave
was calculated according to the procedures in Unified Facilities Criteria manual (UFC 2008).The typical
blast pressure parameters of 75 kg TNT for various
regions are tabulated in Table 3.
3.4 Analysis procedure
The analysis was carried out in two steps. The first
step is to simulate the initial stress state before explosion. For simulating this, gravity load using smooth
step amplitude is applied for a period of 12 seconds.
The time period of gravity loading is decided based on
the duration at which the kinetic energy of the model
is zero. The second step is the application of blast pressure at the lining surface. Blast analysis was conducted
for a time period of 60 ms. since dynamic explicit analysis was characterized by very small time increments;
a time step of 1 × 10−6 ms was adopted in both the
steps.
4
4.1

RESULTS AND DISCUSSION
Response of explosion tunnel

The response of the tunnels is analyzed in terms of
Mises stress variation. The Finite Element model is
validated with the results of Liu (2009) who carried
out similar finite element studies on tunnels.
Figure 3 shows the variation of Mises stress along
the length of the explosion tunnel for the blast of
75 kg TNT.

Figure 3. Mises stress distribution in explosion tunnel.

Figure 4. Mises stress vs explosive weight on explosion
tunnel.

The maximum peak mises stress variation of
tunnel for various quantities of explosives is shown in
Figure 4. The Mises stress on lining due to insitu pressure is around 6.5 MPa which is also shown in Figure
4. The tunnel lining yields for the explosive quantity
of 50 kg and 75 kg TNT, when embedded at a depth
of 9.0 m below ground level. This holds true for the
different spacing of tunnels between 1.6D and 2.6D;
where D is the internal diameter of the tunnel.

4.2 Response of adjacent tunnel
The effect of spacing between tunnels on the blast
response of adjacent tunnel is investigated in this study.
The spacing variation of 1.6D to 2.6D is considered
here. Figure 5 shows the distribution of peak Mises
stress in the adjacent tunnel for 75 kg explosion.
The effect of the explosion of 10 kg TNT is negligible on the adjacent tunnel because of the rapid
attenuation of the blast wave in the soil mass.
For the explosion of 75 kg TNT, blast wave reaches
the adjacent tunnel at 18 ms and 27 ms for 8.0 m and
12.0 m respectively. The Blast wave propagation on the
adjacent tunnel is more in the longitudinal direction of
the tunnel than in the radial direction. The maximum
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stress varies between 16 and 23 MPa for the explosion of 30 and 75 kg TNT respectively. The peak stress
decreases gradually as the spacing between the tunnels
is increased. The influence of blast wave on the adjacent tunnel is less for spacing greater than 2.2 times
the diameter of the tunnel.
5

CONCLUSION

Real time experiments of blast loading are expensive
and model tests are unrealistic, so numerical simulation becomes essential in understanding the complex
response of the tunnels subjected to an internal blast
loading. The response analysis of tunnel under internal blast loading has been performed using dynamic
explicit finite element method.
A parametric study has been carried out to investigate the influence of explosive weights and spacing on
the maximum lining stress of both explosion and adjacent tunnel. It is evident that the lining of the explosion
tunnel yield for an explosion of 50 kg TNT and above.
The influence of blast wave on the adjacent tunnel is
less for spacing greater than 2.2 times the diameter of
the tunnel.

Figure 5. Mises stress distribution in adjacent tunnel.
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