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Abstract
An evaluation of mitigation strategies of underground tunnels against explosions is important to the society. 
Therefore, a small scale tunnel was modeled against blast loading using finite element software ABAQUS. 
The inelastic behavior of concrete and steel bar has been incorporated through concrete damage plasticity 
model and Johnson-cook models respectively, available in ABAQUS. The Drucker-Prager model as well 
as acoustic infinite medium have been used to model the damage behavior of soil and tunnel respectively. 
The simulated results thus obtained from the present study were compared with the experimental results 
available in the literature and found in good agreement. Further, the simulations were carried to predict 
the damage intensity in tunnel in terms of acceleration, impulse velocity, displacement, and Mises stresses. 
There are many parameters which were taken into consideration to assess the mitigation strategies for 
the underground tunnels. The critical parameters include the influence of tunnel shapes, lining materials, 
lining thickness, burial depth of the tunnels, inclusion of a barrier in between the blast source-the tunnel 
and layered configuration of tunnel lining, and were considered to evaluate the mitigation strategy. It was 
concluded that the square shape of tunnel was most vulnerable as compared to circular and U-shaped 
tunnels. It was also concluded that plain concrete monolithic lining as well as layered configuration consisting 
of Dytherm foam layer between Steel Fiber reinforced Concrete layers, was found to be more vulnerable 
among the chosen lining materials. Also, the thickness of lining and burial depth of the tunnel found to be a 
significant role against blast loading.
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Highlights

•• A comprehensive investigation on the influence of tunnel shapes, lining materials, lining 
thickness, burial depth, inclusion of a barrier in between the blast source-the tunnel and 
layered configuration of lining.
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•• The square shape of tunnel was most vulnerable as compared to circular and U-shaped 
tunnels.

•• The plain concrete monolithic lining as well as layered configuration consisting of Dytherm 
foam layer between Steel Fiber reinforced Concrete layers were more vulnerable among the 
various lining materials.

•• The thickness of lining and burial depth of the tunnel influences a significant role against 
blast loading.

Introduction

Underground tunnels used for roadways, railways, utility lines, and water pipelines are indivisible 
part of the modern civil infrastructure. In the recent decades, explosion incidents caused by terrorist 
activities have proved to be a growing threat to the human civilization and the civil infrastructure. 
Explosion inside an underground structure could directly threaten the lives of people inside and it 
might also damage the structure and cause further loss of lives and properties. Preventive measures 
should therefore be implemented not only to reduce the possibility of terrorist attacks, but also to 
protect existing subway structures from collapse under internal blast loading and natural calamities. 
Hence, to safeguard the tunnels, it is necessary to understand the response of these structures under 
blast load. van Den Berg and Weerheijm (2006) studied about the extent upto which the provision 
of an open space in a tunnel, can mitigate the blast effects, by considering the blast generated due to 
explosion of 50 m3 LPG vessel. Liu (2009) concluded that, grouting to improve the stiffness of soil 
around subway tunnel could be an effective mitigation measure to increase blast resistance. Feldgun 
et al. (2013) studied about the state of pressure and displacement of the tunnel lining, when a rigid 
inclusion is introduced between the source of explosion and the tunnel.

Yang et al. (2010) observed that the upper part of the tunnel lining cross-section with directions 
ranging from 0° to 22.5° and horizontal distances 0–7 m away from the explosive center are the 
vulnerable areas, and the metro tunnel might be safe when tunnel depth is more than 7 m. Zhao 
et al. (2015) studied about the mitigation method to protect the tunnel structures against blast load-
ing, by provision of foamed cement base sacrificial cladding. The expandable Polystyrene Particles 
and cement matrix are the two main components that are responsible to maintain the buffer action 
and cushioning effect, generated by the material specimen that behaves as sacrificial cladding. 
Mobaraki and Vaghefi (2015) suggested to enhance the tunnel resistance against surface blast 
loads, by increasing the tunnel burial depth. Increase in tunnel burial depth causes a decrease in the 
energy of compressive waves in the soil, due to which the tunnel damage is reduced. Yu et al. 
(2015) observed that, the maximum effective plastic strain response, developed at the structural 
corner of tunnel and center of top plate, is significantly lower for square tunnels as compared to 
circular tunnels. Colombo et al. (2015) studied that the precast tunnel segments made of different 
fiber reinforced cementitious composites behave better than traditional reinforced concrete lining 
against internal blast loading. Khan et al. (2016) observed that, various factors like tunnel lining 
thickness, peak blast pressure, and elastic modulii of soil and rock, significantly affected the 
response shown by tunnels against blast loading. De et al. (2016) suggested a mitigation method 
for prevention of tunnels against blast loading effects by placing a geofoam material, directly 
above the structure. It was observed that, by increasing the geofoam thickness, the value of meas-
ured stresses, strains, and pressure at the tunnel top decreased significantly. Han et al. (2016) car-
ried out numerical simulations in order to study about the circular tunnel’s failure mechanism when 
subjected to internal blast loading, considering the charge weight of TNT less than 200 kg. It was 
observed that the increase in the charge weight causing blast, would appreciably increase the value 
of lining stress which ultimately leads to the tunnel failure. The failure would firstly occur at a 
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location closest to the blast source and then gets extended further upto a distance of 10 m away 
from the blast source. Soheyli et al (2016) performed large scale experiment as well as simulations 
on the underground tunnels and predicted the response in terms of acceleration at 1.69 and 2.76 kg 
mass of TNT and this study is helpful for engineers and future theoretical and numerical studies. 
Tiwari et al. (2016) studied the damage caused to RC lining as well as the rocks surrounding the 
tunnel subjected to internal blast loading. It was observed that the higher stresses were generated 
in the rocks when a damage to RC lining occurs. The shock waves show higher attenuation for 
highly weathered rocks with low modulus whereas ground shock waves were highly propagated in 
case of less weathered rocks. Bai et al. (2018) observed the breaching area of concrete lining to be 
maximum for horseshoe shaped tunnel, followed by rectangular tunnel and minimum for circular 
tunnel, when subjected to 1000 lbs of TNT blast. Dhamne et al. (2018) observed the behavior 
shown by circular tunnel to be more stable as compared to D-shaped tunnel, in terms of center part 
deformation of the lining, caused due to 1000 kg of TNT blast. Senthil et al. (2018) and Singhal 
et al. (2018) performed numerical analysis on the building frame in order to understand the influ-
ence of mass of TNT, Standoff distance, boundary conditions, etc. and it was demonstrated very 
well about the accuracy and effectiveness of the continuum finite element based numerical models 
in the chosen problems. In addition to that, Di Murro et al. (2019) and Koon Lok and Pelecanos 
(2019) have performed numerical investigations on the behavior of tunnels through experiments as 
well as simulations. Mandal et al. (2020) observed a reduction in the maximum displacement at 
tunnel crown from 43 to 30 mm, by increasing the tunnel lining thickness from 300 to 600 mm

Based on the detailed literature survey, investigations on the influence of shape of the tunnel, 
various lining materials, and thickness of tunnel lining against blast loading were found to be lim-
ited. Also, investigation on the influence of burial depth of tunnel against blast loading was found 
to be limited. Therefore, the present work is focused on the behavior of underground tunnels sub-
jected to external blast loading using the three dimensional nonlinear finite element analysis. The 
finite element simulations are performed using ABAQUS/Explicit and the constitutive behavior of 
steel reinforcement, concrete, soil, and foam materials are incorporated using Johnson-Cook 
model, Concrete damaged plasticity model, Drucker-Prager model, and Crushable foam plasticity 
model, respectively, see Sections 2 and 3. The findings obtained from the simulations are com-
pared with the available experimental results, see Section 4. Further, the influence of various 
parameters on the behavior of reinforced concrete tunnel against blast loading is studied in light of 
predicting the mitigation strategies, see Section 5.

Constitutive modeling

The inelastic behavior of concrete has been incorporated through concrete damage plasticity model 
and the model includes compressive and tensile behavior. The elastic and plastic behavior of steel 
reinforcement bar has been incorporated using Johnson-cook model, which includes the effect of 
state of stress, temperature, and strain rate, and is discussed in this section. The plastic behavior of 
soil has been incorporated using Drucker-Prager model. The behavior of foam has been incorpo-
rated using Crushable Foam plasticity model available in ABAQUS CAE, and is discussed in this 
section.

Johnson-Cook model for reinforcement

The flow and fracture behavior of reinforcement material was predicted employing the Johnson 
and Cook (1985) elasto-viscoplastic material model available in ABAQUS finite element code. 
The material model is based on the von Mises yield criterion and associated flow rule. It includes 
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the effect of linear thermo-elasticity, yielding, plastic flow, isotropic strain hardening, strain rate 
hardening, softening due to adiabatic heating, and damage. Johnson and Cook (1985) extended the 
failure criterion such as strain path, strain rate, and temperature in the fracture strain expression, in 
addition to stress triaxiality.

Concrete damaged plasticity model for concrete

In finite element modeling, inelastic behavior of concrete was defined by using concrete damaged 
plasticity model (CDP) providing a general capability for modeling concrete and other quasi-brittle 
materials. The model assumes that the two main failure mechanisms are tensile cracking and com-
pressive crushing of the concrete material. The evolution of the yield surface is controlled by two 
hardening variables which are linked to failure mechanisms under tension and compression load-
ing, namely εc

pl and εt
pl which are compressive and tensile equivalent plastic strains, respectively. 

The damage variables can take values from zero to one, where zero represents the undamaged 
material and one represents total loss of strength. The stress strain relations under uniaxial com-
pression and tension loading are given by the following equations where Eo is the initial (undam-
aged) elastic stiffness of the material: σt = (1 − dt)Eo(εt − εt

pl) and σc = (1 − dc)Eo(εc − εc
pl), where 

dt and dc are tension damage variable and compression damage variable respectively.

Drucker-Prager model for soil

The simplification of Mohr-Coulomb model where the hexagonal shape of the failure cone was 
replaced by a simple cone was known as the Drucker-Prager model. Generally, it shares the same 
advantages and disadvantages with the Mohr-Coulomb model. In Drucker Prager Model the yield 
is circular, and equidistant from the center to the yield surface. The Drucker-Prager model shear 
criterion was considered as linear and Drucker-Prager hardening behavior was defined as compres-
sion which was having yield stress versus absolute plastic strain.

Crushable foam plasticity model for the foam

The Dytherm and Polyurethane foams were modeled and their behavior was modeled through 
Crushable Foam constitutive model available in ABAQUS Explicit (Goel et al., 2013). An ellipti-
cal shape is taken by the yield surface of the model, in the mean stress versus deviatoric stress 
plane. The linear elastic behavior is maintained by the foams inside the yield surface. In order to 
define the volumetric hardening of the model, the experimental data is provided for uniaxial com-
pressive strength with axial strain. Dynamic increase factor is defined with the increase in strain 
rate to include the strain rate dependence of foam materials. Dynamic increase factor is defined as 
increase in dynamic yield strength with respect to static yield strength.

Finite element modeling

The finite element model of the soil, reinforcement, concrete, and acoustic infinite element were 
made using ABAQUS/CAE. The length, width, and height of the model were 12.0, 4.0, and 4.5 m 
respectively, considered in the present study. The thickness of tunnel wall was 100 mm and clear 
cover was 50 mm on both the sides of wall and the size of the tunnel was 0.8 × 0.8 m internal clear 
square, considered exactly as proposed by Soheyli et al. (2016), see Figure 1. The geometry of the 
soil, concrete and steel reinforcement were modeled as solid deformable body, Figure 1(a) to (e). 
The interaction between concrete and steel was modeled using the tie constraint option available in 
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ABAQUS/CAE wherein the concrete was assumed as host region and the steel as embedded 
region. The constitutive and fracture behavior of steel and concrete have been predicted using 
Johnson-Cook and Concrete damaged plasticity model respectively available in ABAQUS (2018). 
The origin of blast was considered at 4 m from the exterior surface of tunnel and 1.69 kg mass of 
TNT was considered. The single layer of main as well as transverse steel reinforcement of 8 mm 
diameter was placed at 100 mm center to center distance, see Figure 1(a). The section of the rein-
forcement was assigned 460 MPa and the strength and failure properties proposed by Borvik et al. 
(2001), have been considered in the present study, however the yield strength of the steel reinforce-
ment was 340 MPa taken by Soheyli et al. (2016).

Figure 1. Tunnel: (a) reinforcement, (b) concrete, (c) left side view, (d) front view, (e) right side view, (f) 
acoustic infinite element, and (g) isometric view of combined finite element model.
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The concrete damaged plasticity model is also used to define the behavior of concrete (Senthil 
et al., 2020), SFRC (An et al., 2012), and FC-POFA-ES (Rahman et al., 2019). The concrete dam-
aged plasticity model parameters of concrete, FC-POFA-ES material, SFRC, and Soil are shown in 
Table 1. The Drucker Prager Model yield is circular, from the center to the yield surface it is equi-
distance and the properties of soil is also shown in the Table 1. The tensile and compressive behav-
ior of concrete and soil by Senthil et al. (2020), SFRC (An et al., 2012), and FC-POFA-ES (Rahman 
et al., 2019) is shown in Figure 2. The cohesive behavior such as normal stiffness, shear stiffness, 

Table 1. Material parameters.

Description Concrete 
(Senthil et al., 
2020)

FC-POFA-ES 
material (Rahman 
et al., 2019)

SFRC material 
(An et al., 2012)

Soil (Senthil 
et al., 2020)

Density (kg/m3) 2400 1800 2521.7 1850
Young’s modulus (N/mm2) 19,700 0.027513 37,673 29
Poisson’s ratio 0.2 0.29 0.2 0.36
Dilation angle 35° 40° 24.7° 1°
Eccentricity (m) 0.1 1.0 0.1 1.0
K 0.66 0.667 0.667 31
σb0/σc0 1.16 1.16 1.16 0.778
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Figure 2. Compressive and tensile behavior of: (a) concrete (Senthil et al., 2020), (b) FC-POFA-ES 
(Rahman et al., 2019), (c) SFRC (An et al., 2012), and (d) enlarged view of compressive behavior of SFRC 
(An et al., 2012).
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and tensile strength were 315, 82, and 1 MPa respectively, also defined between tunnel and soil as 
contact property. The material parameters of the polyurethane foam and dytherm foam are given in 
Table 2.

Acoustic infinite medium may be defined as a region which is capable to model small pressure 
changes and is used when the region under consideration is very small as compared to the sur-
rounding region. The boundary of the soil element, surrounding the tunnel has been considered as 
an acoustic medium in the present study because a small region has been taken under considera-
tion, while the surrounding soil area is very large in all the directions. The elements which are used 
to define the behavior of the acoustic medium are known as acoustic elements. ACIN3D4 are the 
acoustic elements, which are used in the present study to define the acoustic medium at the outer 
boundary of the soil elements.

The acoustic infinite element was modeled as acoustic medium having bulk density of 1500 
MPa and density of 110 kg/m3 and defined in order to define the exterior boundary for the soil 
strata, see Figure 1(f). In ABAQUS/Explicit the possibility of using acoustic infinite elements to 
model the effect of the exterior fluid is explored. The use of acoustic infinite elements removes the 
need of impedance-type absorbing boundary conditions on the outer boundary. Acoustic infinite 
elements ACIN3D4 were defined on the outer boundary of this row. The fake contact was defined 
between the soil exterior surface and acoustic infinite elements. The surface-to-surface contact was 
assigned between the tunnel lining and surrounding soil using contact algorithm available in 
ABAQUS. The tunnel was considered as master and the contact surface of soil as slave surface and 
the complete model of the soil-structure is shown in Figure 1(f). The results thus obtained were 
compared with experimental data by Soheyli et al. (2016), after detailed mesh convergence study.

The CONWEP (Conventional Weapon Effects Program) simulates blast loading by empirical 
data to define the blast loading. The Lagrangian method is represented in the CONWEP model 
and this method allow user to estimate the pressure loading generated from the blast without need 
of computation of propagation in the air, by specifying the time, location, and the surface of blast 
in the ABAQUS/CAE. The origin of blast was considered at 4 m from the exterior surface of tun-
nel and 1.69 kg mass of TNT using CONWEP model with AIR BLAST definition. The general as 
well as specific constitutive model parameters of TNT is available in the literature however, the 
default parameters of TNT as available in the CONWEP model used in ABAQUS/Explicit to 
model the blast

A detailed mesh sensitivity analysis has been carried out to understand the influence of mesh 
size. The size of transverse reinforcement was 5 mm and considered as linear line element type 
T3D2. The size of main reinforcement was also 5 mm and linear hexahedral element of C3D8R 

Table 2. Material properties of polyurethane and dytherm foams (Goel et al., 2013).

Material properties Dytherm 
foam

PU 
foam

Density (kg/m3) 100 60
Young’s modulus (MPa) 3.0 7.5
Poisson’s ratio 0 0
Initial yield stress in uniaxial compression (MPa) 0.22 0.20
Yield stress in hydrostatic tension (MPa) 0.02 0.02
Yield stress in hydrostatic compression (MPa) 0.2 0.2
Ratio, k = σc°/pc° 1.1 1.0
Ratio, kt = pt/pc° 0.1 0.1
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type and the size of the reinforcement was kept constant for all the simulations in light of mesh 
convergence study. The size of soil element at the right side was considered as 150 mm whereas 
the size of element at right size was 400 mm however, the mesh size near the explosion zone was 
kept 125 mm. The size of acoustic infinite element was also considered similar to soil strata. The 
mesh sensitivity was studied by varying the mesh size only on the concrete tunnel, in order to save 
the computational time. The size of concrete element was varied as 0.05 × 0.05 × 0.05 m, 0.04 × 
0.04 × 0.04 m, 0.03 × 0.03 × 0.03 m, and 0.02 × 0.02 × 0.02 m. Total number of elements in 
case of 50, 40, 30, and 20 mm mesh size of concrete were 11,520, 26,800, 63,973, and 191,400, 
respectively. The predicted acceleration and von-Mises stresses in the concrete tunnel were com-
pared corresponding to varying mesh size, see Figures 3 and 4. The maximum acceleration at the 
tunnel was found to be almost same, that is, 2.97 g against varying mesh size, see Figure 3, whereas 
the measured acceleration through the experiment was 2.37 g in the front wall of at points posi-
tioned 125 mm away from the central axes of the tunnel and 400 mm lower than the roof, see 
Figure 4. It is observed that the acceleration in the tunnel corresponding to element size of 50 mm 
was found in good agreement with the experimental results considering the fact of computational 
cost. The lowest computational time in case of 50 mm mesh was 15 h. It is also observed that the 
Mises stresses in concrete were found to be 1.31, 1.67, 1.63, and 1.61 MPa against 50, 40, 30, and 
20 mm mesh size respectively, see Figure 5. In light of the von-Mises stresses, the difference in the 
results between 40 and 50 mm seems insignificant. Therefore, it is concluded that the mesh size of 
50 mm for concrete was found to be suitable for further analysis considering the less computational 
time and cost. On the basis of detailed mesh convergence study, 50 × 50 × 50 mm size was con-
sidered for further simulations. Hence, the total number of linear hexahedral element of C3D8R 
having 402,888, linear line element type T3D2 having 28,080, linear quadrilateral elements of type 
ACIN3D4 having 1918, quadratic tetrahedral elements of type C3D10M having 5735, and the total 
number of elements for the standard simulations was 438,621.

Figure 3. Acceleration (m/s2) in concrete tunnel at: (a) 50 mm, (b) 40 mm, (c) 30 mm, and (d) 20 mm 
mesh size.
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Validation of finite element results

The simulations were carried out against 1.69 kg mass of TNT at a distance of 4.0 m from the sur-
face of the front wall. The concrete damaged plasticity model has been employed for predicting the 
material behavior of the concrete, whereas the Johnson-Cook model has been used for predicting 
the material behavior of steel reinforcement. The Drucker-Prager model has been employed for 
predicting the behavior of soil, see Section 2. In addition to that, the acoustic infinite elements were 
used in order to remove the need of impedance-type absorbing boundary conditions on the outer 
boundary. The three-dimensional finite element modeling of the tunnel and soil were discussed in 
Section 3. The simulated results thus obtained have been compared with the experiments carried 
out by Soheyli et al. (2016) and are discussed in this Section.

The actual and predicted acceleration of the tunnel has been compared in Figure 4. The accelera-
tion was predicted from the node which was almost near to the location where the same was meas-
ured from the experiment. Overall, the predicted numerical results accurately predicted the pattern 
of acceleration throughout the time step and found in good agreement with the experiments. In 
general, a maximum deviation of almost 20% has been found between the actual and predicted peak 
acceleration in the tunnel. The reason may be due to the lack of data of soil properties about the soil 
characters at the experimental site which are defined in the numerical model. The acceleration in the 
soil strata was also studied and the acceleration path at 0.0012, 0.016, 0.0228, and 0.0264 s, were 
shown in Figure 6. It is observed that the maximum acceleration at the time of detonation was 1941 
g, whereas the acceleration of 10.6 g moves radially and reaches the tunnel front wall at 0.02 s, see 
Figure 6(c). Based on the observation, it is concluded that the present study successfully demon-
strates the accuracy and effectiveness of the finite element models of the tunnels.

Results and discussions

The simulations were carried out in light of important parameters such as tunnel shape, tunnel lin-
ing materials, tunnel lining thickness, tunnel burial depth, inclusion of a barrier in between the 
tunnel and the blast source, and layering of different materials in tunnel lining. The response of 
tunnels was observed in terms of deflection, impulse velocity, acceleration, and von-Mises stresses 
therein, presented and discussed in this Section.

Figure 5. Mises stresses (N/m2) in concrete tunnel at: (a) 50 mm, (b) 40 mm, (c) 30 mm, and (d) 20 mm 
mesh size.

Figure 6. Predicted acceleration (m/s2) in the soil at: (a) 0.0012, (b) 0.016, (c) 0.0228, and (d) 0.0264 s.
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Figure 7. Modeling of: (a) square, (b) circular, and (c) U-shaped tunnels.
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Figure 8. (a) Acceleration (g) and (b) impulse velocity (m/s) function of time for different tunnel shapes.

Figure 9. Displacement (m) in the: (a) square, (b) circular, and (c) U-shape tunnels at 0.12 s.

Influence of shape of tunnel

The simulations were carried out on a square box shape tunnel, circular tunnel, and U-shape tunnel 
against mass of TNT, that is, 1.69 kg, placed at a distance of 4 m from the surface of tunnel front 
wall, see Figure 7. The default parameters as available in the CONWEP model, used in ABAQUS/
Explicit software to model the blast have been used in the present study. Both square as well as 
circular tunnel was considered having outer dimension of 1 m with lining thickness of 50 mm. In 
case of U-shape tunnel outer dimension was considered 2 m in vertical direction and 1 m in the 
horizontal direction with lining thickness of 50 mm. The behavior of reinforced concrete tunnel in 
terms of acceleration, impulse velocity, deflection, and Mises stresses is shown in Figures 8 to 10. 
The acceleration on the inner face of the tunnel front wall against blast load of 1.69 kg mass TNT 
originated at 4 m from the central axis of the tunnel front wall for different tunnel shapes is shown 
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Figure 10. Mises stress (N/m2) in the tunnel front wall at: (a) 0.024, (b) 0.036, and (c) 0.048 s of (i) 
square (ii) circular, and (iii) U-shape tunnel.

in Figure 7(a). The maximum acceleration was found to be 2.97 g for square tunnel, followed by 
1.66 and 1.19 g for U shape and circular tunnel, respectively. It was also observed that the accelera-
tion reaches its peak within 0.0276 s that is from the time of detonation in case of square tunnel, 
see Figure 8(a). However, the peak acceleration was observed at 0.0216 s in case of U-shape tunnel 
and circular tunnel.

The impulse velocity due to the blast load on different tunnel shapes is shown in Figure 8(b). 
The peak impulse velocity was found to be 0.08, 0.053, and 0.048 m/s for square, circular, and 
U-shape tunnel, respectively. The maximum displacement in the tunnel was predicted at 0.12 s for 
square, U shaped, and circular tunnels, see Figure 9(a) to (c). The maximum displacement was 
observed as 2.6, 0.76 m, and 2.24 mm for square, U shape, and circular tunnel, respectively. The 
maximum displacement and impulse velocity was observed for the case of square tunnel, which 
was considered to be the most vulnerable among the chosen case.

The Mises stresses in concrete of different tunnel shapes are shown in Figure 10(a-i) to (c-iii). 
In case of square tunnel, the stresses in concrete were found to be 1.31, 0.20, and 0.14 MPa at 
0.024, 0.036, and 0.048 s respectively. In circular tunnel, the stresses in concrete were 0.618, 
0.163, and 0.078 MPa at 0.024, 0.036, and 0.048 s respectively. Similarly, the stresses in concrete 
of U-shape tunnel were found to be 0.64, 0.10, and 0.06 MPa at 0.024, 0.036, and 0.048 s respec-
tively. However, it was observed that the stress in the chosen concrete tunnel was found to be in the 
range of 1.31–0.06 MPa. It was observed that the square tunnel found experienced highest stress 
that is 1.31 MPa at 0.024 s. The stress in concrete was found to be maximum in square tunnel, fol-
lowed by U-shape tunnel and minimum was found in case of circular tunnel. It is concluded that 
the square tunnel is the most vulnerable among the chosen cases and the reason may be due to the 
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fact that flat surface on the exterior of the square tunnel absorbing the shocks more than curved 
surface during the blast.

Influence of tunnel lining materials

As a measure of mitigation strategy, influence of lining material in square tunnel is proposed since 
the square tunnel was found to be more vulnerable. The simulations on Reinforced Concrete 
(RCC), Plain Concrete (PC), Steel Fiber Reinforced Concrete (SFRC), and Steel tunnel were car-
ried out against mass of TNT that is 1.69 kg, placed at a distance of 4 m from the surface of tunnel 
front wall. The behavior of square tunnel with different lining materials in terms of acceleration, 
impulse velocity, deflection, and Mises stresses was shown in Figures 11 to 13.

The acceleration on the inner face of the tunnel front wall of different lining materials is shown 
in Figure 11(a). The maximum acceleration was found to be 3.26 g for PC, followed by 2.97, 2.84, 
and 1.19 g for RCC, SFRC, and steel, respectively. It is also observed that the acceleration reaches 
its peak within 0.0276 s that is from the time of detonation in case of PC, RCC, and SFRC tunnels, 
see Figure 11(a). However, the peak acceleration was observed at 0.0264 s in case of steel tunnel. 
The impulse velocity on the tunnel due to the blast load on varying tunnel lining materials is shown 
in Figure 11(b). The peak impulse velocity was found to be 0.083 m/s for PC tunnel, 0.081 m/s for 
RCC tunnel, 0.075 m/s for SFRC tunnel, and 0.057 m/s for Steel tunnel. The maximum displace-
ment in the tunnel is predicted at 0.12 s for RCC, PC, SFRC, and steel tunnels, see Figure 12 (a) to 
(d). It was observed that the maximum displacement was found to be 2.66, 2.60, 2.63, and 2.97 mm 
for PC, RCC, SFRC, and Steel tunnel lining, respectively. The maximum displacement of 2.97 mm 
was observed in case of steel tunnel. However, the displacement in tunnel with RCC, PC, SFRC 
lining was found to be almost same and the reduction in the displacement in tunnel with RCC, PC, 
SFRC lining about 15% as compared to the Steel tunnel lining.

-4

-3

-2

-1

0

1

2

3

4

0 0.03 0.06 0.09 0.12

A
cc

el
er

at
io

n 
(g

)

Time (s)

Plain Concrete
RCC
SFRC
Steel

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.03 0.06 0.09 0.12

Im
pu

ls
e 

V
el

oc
it

y 
(m

/s
)

Time (s)

Plain Concrete
RCC
SFRC
Steel

(a) (b)

Figure 11. (a) Acceleration (g) and (b) impulse velocity (m/s) function of time for tunnel lining materials.

Figure 12. Displacement (m) in the: (a) plain concrete, (b) RCC, (c) SFRC, and (d) steel tunnels at 0.12 s.
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Figure 13. Mises stress (N/m2) in the tunnel front wall at: (a) 0.024, (b) 0.036, and (c) 0.048 s of (i) PC 
(ii) RCC (iii) SFRC, and (iv) steel tunnels.

The Mises stresses in concrete of different tunnel materials is shown in Figure 13(a-i) to (c-iv). 
In case of PC tunnel, the Mises stresses in concrete was 1.26, 0.21, and 0.15 MPa at 0.024, 0.036, 
and 0.048 s respectively. In RCC tunnel, the stresses in concrete were 1.31, 0.20, and 0.14 MPa 
whereas the stresses in concrete were 1.26, 0.13 in SFRC tunnel, and 0.09 MPa at 0.024, 0.036, and 
0.048 s respectively. In Steel tunnel, the stresses in steel were 1.25, 0.17, and 0.15 MPa at 0.024, 
0.036, and 0.048 s respectively. However, it was observed that the maximum stress in concrete was 
found to be 1.31 MPa and the reason may be due to the fact that the blast resistance capacity of 
concrete is significantly higher as compare to other materials. Since, the value of stresses generated 
in the tunnel for different tunnel lining materials is very less, not even reaching upto the minimum 
yield stress value defined to cause tension and compression damage in the tunnel, hence the tension 
and compression damage to be caused to the tunnel has an insignificant value. It was observed that 
the peak acceleration and peak impulse velocity found to be maximum for the tunnel lining made 
of plain concrete, hence it is concluded that plain concrete tunnel lining is vulnerable among the 
chosen lining materials. Since, for plain concrete lining, there is an absence of reinforcement bars, 
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hence there is a lack of proper ductility in the corresponding tunnel. The tunnel lining formed of 
plain concrete, hence show a brittle and sudden failure. Therefore, due to lack of any reinforcing 
material, no tensile strength is imparted to the plain concrete lining, due to which, it experiences 
the maximum damage by the blast waves.

Influence of tunnel lining thickness

As a measure of mitigation strategy, influence of lining thickness of plain concrete square tunnels 
is proposed in this Section as the plain concrete is the most vulnerable against blast loading. In 
order to estimate the mitigation measures, the lining thickness of the plain concrete tunnel was 
varied as 100, 200, and 250 mm and the influence of lining thickness was studied against 1.69 kg 
mass of TNT, placed at a distance of 4 m from the central axis of the tunnel front wall. It was 
observed from Figure 14, that the maximum and minimum acceleration was observed for the case 
of 100 mm thick PC and steel tunnel, respectively. On increasing the tunnel lining thickness from 
100 to 200 mm, the acceleration of PC lining was found to be reduced by 50% whereas the same 
was reduced by 58% when the thickness of lining increased from 100 to 250 mm. Also, the accel-
eration of 100 mm thick steel lined tunnel was found to be minimum as compared to 200 and 250 
mm thick PCC lining. The acceleration in the case of 200 and 250 mm thick PC lined tunnel were 
found to be reduced by 133% and 116% respectively, compared to that of 100 mm thick steel lined 
tunnel.

Influence of tunnel burial depth

As a measure of mitigation strategy, the influence of burial depth on of reinforced concrete square 
tunnels is proposed since reinforced concrete is the most commonly used construction material 
against the blast loading. In order to study the influence of burial depth of tunnel, the simulations 
were carried out on varying tunnel burial depth such as 1, 1.75, and 2.5 m against mass of TNT, that 
is, 1.69 kg, see Figure 15. The behavior of reinforced concrete tunnel in terms of acceleration, impulse 
velocity, deflection, and Mises stresses at varying tunnel burial depth is shown in Figures 16 to 18.

The acceleration on the inner face of the front wall reinforced concrete square tunnels at burial 
depth of 1, 1.75, and 2.5 m against blast load of 1.69 kg mass TNT originated was shown in Figure 
16(a). The maximum acceleration was found to be 2.97, 2, and 1.46 g against 1, 1.75, and 2.5 m 
tunnel burial depth respectively. It was observed that the burial depth of the tunnel is reducing the 
acceleration in the tunnel significantly. It was also clearly seen that the acceleration reaches its 
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Figure 15. Modeling of tunnel at: (a) 1, (b) 1.75, and (c) 2 m burial depth.
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Figure 16. (a) Acceleration (g) and (b) impulse velocity (m/s) function of time for different tunnel burial 
depth.

Figure 17. Displacement (m) in the tunnel at burial depths: (a) 1 m, (b) 1.75 m, (c) 2.5 m at 0.12 s.

peak value within 0.027 s, that is, from the time of detonation in case of burial depth of 1 m, see 
Figure 16(a). However, the peak acceleration was observed at 0.0228 and 0.0216 s in case of burial 
depth of 1.75 and 2.5 m respectively. The impulse velocity on the tunnel due to the blast load of 
varying tunnel burial depth is shown in Figure 16(b). The maximum impulse velocity was found to 
be 0.08, 0.07, and 0.066 m/s against 1, 1.75, and 2.5 m tunnel burial depth, respectively. Maximum 
displacement in the tunnel is predicted at 0.12 s by 1, 1.75, and 2.5 m tunnel burial depth, see 
Figure 17(a) to (c). The maximum deflection was found to be 2.62, 2.51, and 2.42 mm for 1, 1.75, 
and 2.5 m tunnel burial depth respectively. The maximum deflection on tunnel was about 2.62 mm 
against 1 m burial depth and it is found to be most vulnerable among the chosen case.

The von-Mises stresses in the tunnel against a blast load of 1.69 kg mass of TNT at varying tun-
nel burial depth is shown in Figure 18(a-i) to (c-iii). At 1 m tunnel burial depth, the stresses in 
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concrete were 1.31, 0.20, and 0.14 MPa at 0.024, 0.036, and 0.048 s respectively. At 1.75 m tunnel 
burial depth, the stresses in concrete were 0.85, 0.26, and 0.06 MPa at 0.024, 0.036, and 0.048 s 
respectively. Similarly, at 2.5 m tunnel burial depth, the stresses in concrete were 0.94, 0.21, and 
0.14 MPa at 0.024, 0.036, and 0.048 s respectively. However, it is observed that the stress in con-
crete was found to be in the range of 1.31–0.06 MPa. The tunnel experienced highest stress that is 
1.31 MPa at 0.024 s for 1 m tunnel burial depth. Since, the value of stresses generated in the tunnel 
for different tunnel lining materials is very less, not even reaching upto the minimum yield stress 
value defined to cause tension and compression damage in the tunnel, hence the tension and com-
pression damage to be caused to the tunnel has an insignificant value. It was concluded that increase 
in the burial depth of the tunnel caused decrease in the peak acceleration, peak impulse velocity as 
well as peak displacement. The reason may be due to the fact that as the burial depth increases, the 
blast waves absorbed by the soil elements due to which the damage intensity on the tunnel signifi-
cantly reduced.

Influence of foamed concrete barriers between the blast source and tunnel

As a measure of mitigation strategy, the influence of barriers on reinforced concrete square tunnels 
is proposed since reinforced concrete is the most commonly used construction material against 
blast loading. In order to study the influence of barriers, a barrier was introduced in between the 
blast source and the tunnel front wall, using the material as Foamed Concrete containing 20% Palm 
oil fuel ash and 5–10% Eggshell Powder as partial replacement of cement. The dimensions of the 
barrier were taken as 4 m long, 2 m high, and 0.1 m thick. The location of the barrier was also 
varied as 0.5, 1, and 1.5 m from the tunnel front wall, see Figure 19(a) to (d).

Figure 18. Mises stress (N/m2) in the tunnel front wall at: (a) 0.024, (b) 0.036, and (c) 0.048 s 
corresponding burial depth of (i) 1, (ii) 1.75, and (iii) 2.5 m.
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Figure 19. Modeling of tunnel: (a) without barrier and barrier at (b) 0.5, (c) 1, and (d) 1.5 m away from 
the tunnel.

The acceleration on the inner face of the tunnel front wall against blast load of 1.69 kg mass of 
TNT originated at 4 m from the central axis of the tunnel front wall for the case of no barrier and 
barrier located at different distances from the tunnel front wall are shown in Figure 20(a). For the 
case of no barrier, the peak acceleration was 2.97 g, while for the case of barrier at 0.5, 1, and 1.5 
m from the tunnel front wall, the peak acceleration was found to be 0.21, 0.18, and 0.28 g respec-
tively, see Figure 20(b). It has been observed that the peak acceleration in tunnel was found to be 
decreased to 7, 6, and 9% due to the barrier located at 0.5, 1, and 1.5 m respectively, as compared 
to the case of tunnel without barrier. The impulse velocity on the tunnel, for the case of no barrier 
and with barrier at 0.5, 1, and 1.5 m from the tunnel front wall is shown in Figure 20(c). For the 
case of no barrier inclusion, the peak velocity was 0.08 m/s while the case with barrier at 0.5, 1, 1.5 
m, the same was found to be 0.05, 0.04, 0.03 m/s respectively. It has been observed that the peak 
velocity value for the case of no barrier inclusion is 160, 200, and 267% more than that of the peak 
impulse velocity value for the case of barrier located at 0.5, 1, 1.5 m from the tunnel front wall 
respectively. It is also clearly seen that the impulse velocity reaches its peak within 0.027 s that is, 
from the time of detonation in case of no barrier inclusion, see Figure 20(c), whereas the same was 
observed at 0.12 s in case of barrier at distance of 0.5, 1, and 1.5 m. The maximum displacement 
in the tunnel was predicted at 0.12 s for the case of no barrier inclusion and the case of barrier 
inclusion at 0.5, 1, and 1.5 m from the tunnel front wall, see Figure 21(a) to (d). The maximum 
deflection was found to be 2.6 mm for the case of no barrier and whereas the case with barrier at 
0.5, 1.0, and 1.5 m from the tunnel front wall was 2.8, 2.45, and 2.06 mm respectively.
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Figure 20. (a) Acceleration (g) versus time, (b) enlarged view for barriers at different distance from 
tunnel, and (c) impulse velocity (m/s).

Figure 21. Displacement (m) in tunnel at 0.12 s with the (a) no barrier, (b) barrier at 0.5 m, (c) barrier at 
1 m, and (d) barrier at 1.5 m.

The von-Mises stresses in concrete tunnel against blast load of 1.69 kg mass of TNT for the case 
of no barrier inclusion and barrier inclusion at 0.5, 1, and 1.5 m is shown in Figure 22(a-i) to (c-iv). 
For the case of no barrier inclusion, the stresses in concrete were 1.31, 0.20, and 0.14 MPa at 0.024, 
0.036, and 0.048 s respectively. For the case of barrier inclusion at 0.5 m, the stresses in concrete 
were 0.03, 0.06, and 0.05 MPa at 0.024, 0.036, and 0.048 s respectively. For the case of barrier 
inclusion at 1 m from the tunnel front wall, the stresses in concrete were 0.04, 0.07, 0.06 MPa at 
0.024, 0.036, and 0.048 s respectively. For the case of barrier inclusion at 1.5 m from the tunnel 
front wall, the stresses in concrete are 0.08, 0.07, 0.067 MPa at 0.024, 0.036, and 0.048 s respec-
tively. It was observed that the stress in concrete was found to maximum for the case without bar-
rier. However, in the cases of barrier inclusion, the tunnel experienced very low stress in the range 
of 0.03–0.08 MPa. It was concluded that the barrier inclusion at a distance of 1 m from the tunnel 
front wall proves to be best choice over other cases as the acceleration in the tunnel is minimum.
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Figure 22. Mises stress (N/m2) at: (a) 0.024, (b) 0.036, and (c) 0.048 s in the tunnel front wall (i) without 
barrier and (ii) barrier at 0.5 m, (iii) 1 m, (iv) 1.5 m.

Influence of combination of different layers of lining materials

The influence of three layered lining materials on square tunnels is proposed since the square tun-
nel was found to be most vulnerable. The simulations were carried out on the square tunnel of 
three-layer different lining materials against the blast load of 1.69 kg TNT, placed at a standoff 
distance that is, 4 m. The configuration (1) SFRC-D-SFRC, (2) S-D-S, (3) S-PC-S, (4) RCC-D-
RCC, (5) SFRC-PU-SFRC, (6) S-P-S, and (7) RCC-PU-RCC of lining materials were considered 
in the present study and these configurations were abbreviated in Table 3. These configurations 
were considered arbitrarily in order to evaluated the mitigation strategy of the tunnel. The S-P-S, 
S-D-S, SFRC-PU-SFRC, S-PC-S, and SFRC-D-SFRC configurations were modeled as the inner 
and outer layers with thickness of 15 mm each and the embedded layer was modeled with thickness 
of 70 mm, thus resulting the total tunnel lining thickness to be 100 mm. For the configuration of 
RCC-D-RCC and RCC-PU-RCC, the RCC layers were modeled with 40 mm thickness and pro-
vided with main reinforcements of 10 mm diameter placed at 168 and 160 mm center to center 
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spacing for inner and outer layers respectively, and transverse reinforcements of 8 mm diameter at 
20 mm spacing. The embedded layer was modeled with thickness of 20 mm, thus making the total 
tunnel lining thickness to be 100 mm.

The acceleration function of time for different tunnel lining material configurations against the 
blast produced by 1.69 kg TNT placed at a standoff distance that is 4 m is shown in Figure 23(a)(i–
ii). It is observed that the maximum peak acceleration was observed to be 9.13 g for SFRC-D-
SFRC, hence making it most vulnerable among the chosen cases. The impulse velocity of different 

Table 3. Configuration of lining materials.

FC-POFA-ES Foamed concrete with 20% palm oil fuel ash and 5% and 10% eggshell powder as 
partial cement replacement

PC Plain concrete
RCC Reinforced cement concrete
RCC-D-RCC Reinforced cement concrete-dytherm foam-reinforced cement concrete
RCC-PU-RCC Reinforced cement concrete-polyurethane foam-reinforced cement concrete
SFRC Steel fiber reinforced concrete
SFRC-D-SFRC Steel fiber reinforced concrete-dytherm foam-steel fiber reinforced concrete
SFRC-PU-SFRC Steel fiber reinforced concrete-polyurethane foam-steel fiber reinforced concrete
S-D-S Steel-dytherm foam-steel
S-P-S Steel-polyurethane foam-steel
S-PC-S Steel-plain concrete-steel
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tunnel lining material configurations was shown in Figure 23(b)(i and ii). The maximum peak 
impulse velocity was found to be 0.33 m/s for SFRC-D-SFRC, hence making it most vulnerable 
among the chosen cases. It was also observed that the SFRC-D-SFRC and S-D-S configuration 
was performing in similar line. Similarly, the configuration of RCC-D-RCC and S-PC-S was per-
forming in similar line. The displacement in the tunnel having different tunnel lining configura-
tions against the blast was shown in Figure 24(a) to (g). The maximum displacement was observed 
to be 4.79 mm for SFRC-D-SFRC, hence making it most vulnerable among the chosen cases. The 
maximum von-Mises stress values at 0.024, 0.036, and 0.048 s for the different tunnel lining mate-
rial combinations is shown in Table 4. The maximum value of von-Mises stress was observed to be 
1.92 MPa at 0.024 s for S-PC-S.

Figure 24. Displacement (m) in tunnel at 0.12 s for different layering of materials as (a) SFRC-D-SFRC, 
(b) S-D-S, (c) RCC-D -RCC, (d) S-PC-S, (e) SFRC-PU-SFRC, (f) S-P-S, and (g) RCC-PU-RCC.

Table 4. Von-Mises stresses in tunnel with different layering material combinations.

Configuration of lining 
material

Von-Mises stresses 
at 0.024 s (MPa)

Von-Mises stresses 
at 0.036 s (MPa)

Von-Mises stresses 
at 0.048 s (MPa)

SFRC-D-SFRC 0.51 0.62 0.69
S-D-S 0.52 1.44 1.37
S-PC-S 1.92 0.37 0.36
RCC-D-RCC 0.77 0.19 0.10
SFRC-PU-SFRC 0.51 0.55 0.45
S-P-S 0.55 1.64 0.59
RCC-PU-RCC 0.78 0.14 0.05
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Conclusions

The present study focuses on the finite element investigation on the behavior of underground tun-
nels against external blast load. The simulations were carried out on square tunnels and the find-
ings were compared with the available experimental results. Further, the simulations were carried 
out in order to predict the mitigation strategies in light of influence of varying tunnel shapes, vary-
ing tunnel lining materials, varying tunnel lining thickness, varying tunnel burial depth, inclusion 
of a barrier between the tunnel and blast source, and the use of combination of lining material and 
the following conclusions were drawn.

•• It was observed that the maximum acceleration in the tunnel was 2.97 g obtained from simu-
lation which is quite close to the experimental results of 2.37 g. Also, it was observed that 
the actual and predicted pattern of the acceleration-time history as a result of blast load has 
been compared and almost exact pattern of acceleration-time history has been predicted 
from the simulations.

•• It was observed that the peak acceleration, peak impulse velocity, and peak displacement 
was found to be maximum in case of square box framed tunnel. Therefore, it was concluded 
that the square shape of tunnel most vulnerable compared to circular and U-shaped 
tunnels.

•• It was observed that the peak acceleration, peak impulse velocity, and peak displacement 
found to be maximum for the tunnel lining made of plain concrete, hence it was concluded 
that plain concrete tunnel lining is vulnerable among the chosen lining materials. This may 
occur due to lack of any reinforcing materials in the concrete, which causes a sudden and 
brittle failure to the tunnel.

•• It was also observed that the peak acceleration of PC lining was found to be reduced by 51% 
in the increasing the tunnel lining thickness from 100 to 200 mm, whereas the same was 
reduced by 58% when the thickness of lining increased from 200 to 250 mm.

•• It was concluded that increase in the burial depth of the tunnel cause decrease in the peak 
acceleration, peak impulse velocity, and peak displacement.

•• It was concluded that the inclusion of a barrier in between the tunnel and the blast source, 
the damage intensity found to be decreased to a great extent because the material used to 
create the barrier is capable of absorbing the blast waves.

•• It was concluded that RCC-Dytherm foam-RCC configuration found to be the best lining 
material combination among the chosen cases as the peak acceleration, impulse velocity, 
and displacement of the tunnel was minimum.

•• The underground tunnel with circular cross section, reinforced concrete tunnel lining with 
50 mm thickness and desirable length, buried at a depth of 2.5 m may prove to be an opti-
mal tunnel model against blast loading in terms of cost and structural strength and integ-
rity. More of the damage may be reduced by placing a barrier made of foamed concrete 
with replacement of cement with 20% palm oil fuel ash and 5–10% eggshell powder 
placed at a distance of 1.5 m from the tunnel front wall, in between the tunnel and the blast 
source. The layered configuration of materials in the tunnel lining, formed by placing a 
layer of Dytherm foam between two reinforced concrete layers may prove more advanta-
geous against the effects of blast waves, since the foam material can absorb additional 
blast waves, while the reinforced concrete layers can provide the suitable strength to the 
corresponding tunnel.



Kasilingam et al. 23

Acknowledgement

Authors are highly thankful to the Royal Society, UK for the conduct of research under the project titled 
“Safeguarding civil underground tunnels against terrorist blast and explosion shocks”, Grant Ref: IES\
R2\181054, University of Bath Ref:  CM00002512/RC-AR1178RC and NITJ Ref: NITJ/CED/2019/3926.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or publi-
cation of this article.

Funding 

The author(s) received no financial support for the research, authorship, and/or publication of this article.

ORCID iD 

Senthil Kasilingam  https://orcid.org/0000-0001-5051-0920

References

ABAQUS/CAE User’s Manual, SIMULIA (2018) Version 6.14. 
An C, Castello X, Duan, et al. (2012) Ultimate strength behaviour of sandwich pipes filled with steel fiber 

reinforced concrete. Ocean Engineering 55: 125–135.
Bai F, Guo Q, Root K, et al. (2018) Blast vulnerability assessment of road tunnels with reinforced concrete 

liners. Transportation Research Record 2672(41): 156–164.
Borvik T, Hopperstad OS, Berstad T, et al. (2001) A computational model of viscoplasticity and ductile dam-

age for impact and penetration. European Journal of Mechanics A Solids 20: 685–712.
Colombo M, Martinelli P and Di Prisco M (2015) A design approach for tunnels exposed to blast and fire. 

Structural Concrete 16(2): 262–272.
De A, Morgante AN and Zimmie TF (2016). Numerical and physical modeling of geofoam barriers as pro-

tection against effects of surface blast on underground tunnels. Geotextiles and Geomembranes 44(1): 
1–12.

Dhamne R, Mishra S, Kumar A, et al. (2018) Numerical study of the cross-sectional shape of shallow tunnels 
subjected to impact and blast loading. In: National conference on prospects and retrospect in engineer-
ing geology, geophysics and instrumentation, Hyderabad, 2018, pp.23–37. Hyderabad: Indian Society 
of Engineering Geology. 

Di Murro V, Pelecanos L, Soga K, et al. (2019) Long-term deformation monitoring of CERN concrete-
lined tunnels using distributed fibre-optic sensing, Geotechnical Engineering Journal of the SEAGS & 
AGSSEA 50: 1–7.

Feldgun V, Karinski Y and Yankelevsky D (2013) The effect of an intermediate inclusion in soil on a buried 
lined tunnel due to a nearby explosion. International Journal of Protective Structures 4: 1–19.

Goel M, Matsagar V, Marburg S, et al. (2013) Comparative performance of stiffened sandwich foam panels 
under impulsive loading. Journal of Performance of Constructed Facilities 27: 540–549.

Han Y, Zhang L and Yang X (2016) Soil–tunnel interaction under medium internal blast loading. Procedia 
Engineering 143: 403–410.

Johnson GR and Cook WH (1985) Fracture characteristics of three metals subjected to various strains, strain 
rates, temperatures, and pressures. Engineering Fracture Mechanics 21: 31–48.

Khan S, Chakraborty T and Matsagar V (2016) Parametric sensitivity analysis and uncertainty quantifi-
cation for cast iron-lined tunnels embedded in soil and rock under internal blast loading. Journal of 
Performance of Constructed Facilities 30(6): 04016062.

Koon Lok N and Pelecanos L (2019) Simplified numerical load-transfer finite element modelling of tunnel-
ling effects on piles. Nature, Tunnels and Underground Space 21(2): 117–129.

https://orcid.org/0000-0001-5051-0920


24 International Journal of Protective Structures 00(0)

Liu H (2009) Dynamic analysis of subway structures under blast loading. Geotechnical and Geological 
Engineering 27(6): 699–711.

Mandal J, Agarwal AK and Goel MD (2020) Numerical modeling of shallow buried tunnel subject to surface 
blast loading. Journal of Performance and Constructed Facilities 34(6): 04020106.

Mobaraki B and Vaghefi M (2015) Numerical study of the depth and cross-sectional shape of tunnel under 
surface explosion. Tunnelling and Underground Space Technology 47: 114–122.

Rahman A, Goh WI, Mohamad N, et al. (2019) Numerical analysis and experimental validation of reinforced 
foamed concrete beam containing partial cement replacement. Case Studies in Construction Materials 
11: e00297.

Senthil K, Pelecanos L and Rupali S. (2020) Prediction of damage intensity of reinforced concrete tunnels and 
soil against blast loading. In: 10th International symposium on geotechnical aspects of underground con-
struction in soft ground, 29th June–1st July 2020. University of Cambridge, pp. 1-9. United Kingdom: 
CRC Press.

Senthil K, Rupali S and Kaur N (2018) The performance of monolithic reinforced concrete structure includes 
slab, beam and column against blast load. Journal of Materials Engineering 5(2): 137–151.

Singhal A, Senthil K and Shailja B (2018) Influence of boundary condition and mass of TNT on the behav-
iour of concrete slab under blast loading. In: Proceedings of national conference in advanced structures, 
materials and methodology in civil engineering, 3–4, November 2018, NIT Jalandhar, Punjab, India, 
pp.179–186. Jalandhar, Punjab: NIT Jalandhar. 

Soheyli MR, Akhaveissy AH and Mirhosseini SM (2016) Large-scale experimental and numerical study 
of blast acceleration created by close-in buried explosion on underground tunnel lining. Shock and 
Vibration 2016(3): 1–10. 

Tiwari R, Chakraborty T and Matsagar V (2016) Dynamic analysis of tunnel in weathered rock subjected to 
internal blast loading. Rock Mechanics and Rock Engineering 49(11): 4441–4458.

van den Berg B and Weerheijm J (2006) Blast phenomena in urban tunnel systems. Journal of Loss Prevention 
in the Process Industries 19: 598–603.

Yang Y, Xie X and Wang R (2010) Numerical simulation of dynamic response of operating metro tunnel 
induced by ground explosion. Journal of Rock Mechanics and Geotechnical Engineering 2(4): 373–384.

Yu H, Wang Z, Yuan Y, et al. (2015) Numerical analysis of internal blast effects on underground tunnel in 
soils. Structure and Infrastructure Engineering 12(9): 1090–1105.

Zhao H, Yu H, Yuan Y, et al. (2015) Blast mitigation effect of the foamed cement-base sacrificial cladding 
for tunnel structures. Construction and Building Materials 94: 710–718.




