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Abstract The present study deals with three-dimensional

(3-D) nonlinear finite element analyses of a twin tunnel in

soil with reinforced concrete (RC) lining subjected to

internal blast loading. Blast load has been simulated using

the coupled Eulerian Lagrangian (CEL) analysis tool

available in finite element software Abaqus/Explicit. Soil

mass and RC lining have been modeled using 3-D eight

node reduced integration Lagrangian elements (C3D8R).

Beam elements (B31) have been used to model reinforce-

ment of RC lining. A 50 kg trinitrotoluene (TNT) charge

weight has been used in the analysis. Eight node reduced

integration Eulerian elements (EC3D8R) have been used

for modeling TNT explosive and surrounding air. Drucker–

Prager plasticity model have been used to simulate strain

rate dependent behavior of soil mass. For simulating strain

rate dependent behavior of concrete and steel, concrete

damaged plasticity and Johnson–Cook (J–C) plasticity

models have been used, respectively. The explosive TNT

has been modeled using Jones–Wilkins–Lee (JWL) equa-

tion of state. Investigations have been performed for

studying the deformation, damage of RC lining and sur-

rounding soil mass. Pressure in the RC lining and sur-

rounding soil mass, caused by explosive induced shock

wave has been studied for both tunnels. It is observed that

damage and deformation of RC lining and soil mass are

dependent on charge weight and clearance between the

tunnels.

Keywords Blast loading � Coupled Eulerian Lagrangian �
Finite element method � Strain rate � Twin tunnels

Introduction

Tunnels are important infrastructure in any modern

metropolis. In order to safeguard traffic tunnels from fanatic

activities, e.g. terrorist attack and accidental events, it is

necessary to design the tunnels in such a way that the

structure undergoes minimum damage and can be brought

back to functionality with minimal repair and in minimum

time when subjected to an extreme unforeseen load such as

blast. Blast resistant design of tunnel requires that the

response of the tunnels subjected to blast loading are

understood in-depth through advanced numerical modeling.

Numerical analysis of tunnel subjected to blast loading

has been reported in the literature by several researchers.

Chille et al. [8] investigated dynamic response of an

underground electric power plant subjected to internal

explosive loading using three-dimensional (3-D) numerical

analysis procedures. Coupled fluid–solid interaction was

considered in their study, however, the nonlinearity and

failure behavior of rock and concrete as well as the inter-

action between different solid media were not simulated.

Choi et al. [9] used 3-D finite element (FE) method and

coupled fluid–solid interaction to study the blast pressure

and resulting deformation in concrete lining for traffic

tunnels in rock. They reported that the blast pressure on

tunnel lining was not the same as the normally reflected

pressure obtained using conventional weapons (CONWEP)
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[29]. Lu [26], Gui and Chien [16] and Liu [25] used FE

procedure to perform blast analysis of tunnels in soil sub-

jected to external blast loading and reported stresses and

deformation in tunnel. However, they did not consider high

strain rate behavior of soil. Also, blast load was simulated

using CONWEP. Feldgun et al. [13, 14] and Karinski et al.

[19] used the variational difference method to analyze

tunnel and cavities subjected to blast loads. Yang et al. [32]

studied response of metro tunnel subjected to above ground

explosion through finite element analysis procedure and

von-Mises material model for soil. Liu [24] performed

finite element analysis of tunnel with cast-iron lining sub-

jected to blast loading simulated using CONWEP. Higgins

et al. [17] carried out plain strain analysis of tunnel in sand

subjected to internal blast loading considering high strain

rate stress–strain response of soil using a bounding surface

plasticity constitutive model. However, their study

assumed elastic stress–strain response for concrete lining in

the tunnel. Chakraborty et al. [6] compared the perfor-

mance of steel and concrete conventional tunnel linings

with sandwich panel linings made up of shock absorbing

foam material as the core of the sandwich panels in tunnel

subjected to blast loading. The blast load was calculated

through a coupled fluid dynamics simulation and applied as

a pressure pulse on the tunnel lining. Kumar et al. [20]

studied the response of semi-buried structures under blast

loading. In their analyses, the blast load was simulated

using pressure pulse and soil stress–strain response was

simulated using springs. However, advanced three-dimen-

sional (3-D) nonlinear dynamic analyses of two tunnels

adjacent to each other in soil with reinforced concrete (RC)

tunnel lining, rigorous modeling of the reinforcement cage

inside the lining, properly simulated explosive load using

Jones–Wilkins–Lee (JWL) equation of state (EOS), inter-

action between explosive cloud and the surrounding lining

and soil are rather unavailable in the literature due to

extremely challenging nature of the problem.

The specific objectives of the present study are (1) to

perform 3-D nonlinear dynamic finite element (FE) analysis

of twin tunnels where blast happens inside one of the tunnels

and (2) to understand the response of tunnel linings and

surrounding soil when subjected to blast load. The tunnel in

which blast occurs has been named in the present study as

donor tunnel and the other tunnel is named as receiver tunnel.

The FE analyses are performed using the commercially

available FE software Abaqus version 6.11 (Abaqus manual

version 6.11) through the coupled Eulerian Lagrangian

(CEL) modeling technique. The soil and RC lining of the

twin tunnels are modeled using the Lagrangian elements.

The trinitrotoluene (TNT) explosive and surrounding air has

been modeled using the Eulerian elements. Blast loading

may generate up to 104/s strain rate in any material [11, 28].

Hence, strain rate dependent material properties have been

used for all thematerials used in the present simulations. Soil

stress–strain response is simulated using the Drucker–Prager

constitutive model [23, 25]. The stress–strain response of

concrete lining is simulated using the concrete damaged

plasticity model [6]. The stress–strain behavior of steel

reinforcement is simulated using the Johnson–Cook (J–C)

plasticity model [18]. The pressure–volume relationship of

the explosive is simulated using the JWL EOS. The analysis

results have been studied for deformation of the RC lining

and soil and pressure on the lining.

Three-Dimensional Finite Element Modeling

Lagrangian Finite Element Modeling of Soil and RC

Lining

The 3-D FE model of the twin tunnel in soil is developed

using Abaqus (version 6.11) software with the Lagrangian

analysis option. The FE mesh of the soil, tunnel lining and

reinforcement inside the lining are shown in Fig. 1a

through e. A 20 m long tunnel geometry with 350 mm

thick RC lining has been prepared in soil with the central

axis of the tunnel placed at a depth of 7.5 m from the

ground surface. The steel reinforcement has been modeled

with 10 and 12 mm diameter bars in longitudinal and hoop

reinforcement directions, respectively. The hoop rein-

forcement rings are placed at 250 mm centre-to-centre

spacing. The longitudinal reinforcement bars are placed at

a distance of 850 mm centre-to-centre. Two layers of hoop

reinforcement have been placed with 120 mm distance

between the inner and the outer hoop reinforcement rings.

The 20 m long tunnels are placed in a soil domain of 20 m

long and 20 m 9 15 m cross-section [10]. The FE models

of the soil and concrete lining are developed in Abaqus/

CAE using the 3-D part option and eight node brick ele-

ment (C3D8R) with reduced integration, hourglass control

and finite membrane strains. Mesh convergence and

boundary convergence studies have been performed and

higher mesh density has been used in tunnel lining and soil

close to the lining for achieving higher accuracy. The steel

reinforcement has been embedded using the two node

beam elements (B31). Proper bonding between concrete

and reinforcement bars is assured by embedding the rein-

forcement bars in the RC linings. The contact between

tunnel linings and soil is modeled with the general contact

option in Abaqus with hard contact in normal direction and

frictionless contact in tangential direction. Among the

boundary conditions, the bottom plane of the soil domain is

fixed in all Cartesian directions, e.g. x, y and z. The vertical

side planes and the front and back side planes of the soil

domain and the lining have been provided with partially

fixed supports as detailed in Fig. 1a by constraining the
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normal displacements perpendicular to the plane (Ux, Uy

and Uz) and the out of plane rotations (URx, URy and URz).

Eulerian Finite Element Modeling of Explosive

The explosive material has been modeled using the Eulerian

modeling technique in Abaqus. Figure 1c shows the location

of TNT explosive inside the tunnel. In Abaqus coupled

Eulerian Lagrangian (CEL) modeling option, the Eulerian

material flows through the Lagrangian structure. Thus, the

simulation that generates a large amount of deformation and

stress in the elements and results in an error or inaccuracy in

the Lagrangian analysis may be successfully carried out

using the CEL tool. Herein, Eulerian continuum 3-D eight

node reduced integration elements (EC3D8R) are used [1] to

model Eulerian explosive material and the surrounding air

domain inside the tunnel. These Eulerian elements may be

completely or partially filled by explosivematerial, while the

rest of the Eulerian grid is void. In Eulerian analysis, the

material is tracked by means of Eulerian volume fractions

(EVF) when it flows through the mesh. The EVF represents

the ratio by which each Eulerian element is filled with

20 m 20 m

15 m

Ux = 0, URy = URz = 0
(Both Sides)  

Uz = 0, URx = URy = 0
(Front and Back)  

Ux = Uy = Uz = 0,
URx = URy = URz = 0
(Bottom)

10 m

Donor 
Tunnel

Receiver Tunnel

7.5 m

RC Lining Thickness (tw)

d = 5 m

12 mm Diameter 
Bar @ 250 mm 

c/c

18 Nos. 10 mm 
Diameter Bar

120 mm

(c)

(a) Typical geometry, mesh and boundary conditions for twin tunnels in soil

(b)

(d) (e)

Explosive

Fig. 1 Twin tunnels geometry, explosive location and reinforcement details
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material; i.e. EVF = 1 representing element completely

filled with material and EVF = 0 representing completely

void elements. The boundary of Eulerian material may not

match the element geometry during the analysis and has to be

recomputed at each time instant as thematerial flows through

the mesh. Dimensions of the grid containing Eulerian ele-

ments are taken sufficiently large to prevent the loss of air

from the Eulerian grid after blast as this would have lead to

artificial loss of kinetic energy, consequently reducing the

accuracy of the obtained results. The Eulerian and Lagran-

gian elements can interact with each other through the gen-

eral contact option defined between explosive, air and tunnel

lining surfaces. Free outflow boundary condition has been

defined at the boundary of the air domain. Thus, the blast

pressure when reaches the boundaries of air domain, prop-

agates freely out of the air domain without any kind of

reflection. A fine mesh of Eulerian elements is necessary to

efficiently capture the propagation of blast wave through air

and through the surrounding concrete lining and soil. The

mesh convergence study has been performed in the present

study to decide the smallest element size.

The pressure (p) for the TNT explosive can be calcu-

lated using Jones–Wilkins–Lee (JWL) equation of state

(EOS) [21] given by

p¼ A 1� x
R1 �q

� �
e�R1 �qþB 1� x

R2 �q

� �
e�R2 �qþxqeint ð1Þ

where A, B, R1, R2 and x are material constants for TNT

explosive. Parameters A and B represent the magnitudes of

pressure, �q is the ratio of the density of the explosive in the

solid state (qsol) to the current density (q) and eint is the

specific internal energy at atmospheric pressure. In the

JWL equation of state, the first two exponential terms on

the right hand side represent high pressure generated dur-

ing explosion and the last term on right hand side is a low

pressure term which deals with high volume due to

explosion. The material properties used herein for the JWL

EOS are listed in Table 1.

Constitutive Models of Materials

Constitutive Model of Concrete

Concrete in RC lining has been modeled as M30 grade

(maximum compressive strength 30 MPa) using concrete

damaged plasticity model in Abaqus. The stress–strain

relation of concrete damaged plasticity model is given by

rt ¼ 1� dtð ÞDel
0 : e� eplt

� �
ð2Þ

rc ¼ 1� dcð ÞDel
0 : e� eplc

� �
ð3Þ

where t and c represent tension and compression behavior,

respectively. Here, rt and rc are tensile and compressive

stress vectors, respectively; eplt and eplc are plastic strains; dt
and dc are the damage variables which are considered

functions of plastic strain; Del
0 is the undamaged initial

elastic modulus. The yield function in the considered

damaged plasticity model is given by Lubliner et al. [27]

and later modified by Lee and Fenves [22], given by

F ¼
ffiffiffiffiffiffiffiffi
3=2

p ffiffiffiffiffiffiffiffi
�s : �s

p� �
� 3a�pþ b �̂rmax

	 

� c � �̂rmax

	 

� 1� að Þ �rc ¼ 0 ð4Þ

where

a ¼ rb0=rc0ð Þ � 1

2 rb0=rc0ð Þ � 1
ð5Þ

b ¼ �rc

�rt

1� að Þ � 1þ að Þ ð6Þ

c ¼ 3 1� Kcð Þ
2Kc � 1

ð7Þ

�rc ¼
rc

1� dtð Þ ð8Þ

�rt ¼
rt

1� dtð Þ ð9Þ

where �̂rmax is the maximum principal effective stress; �s is

the deviatoric stress tensor; rb0/rc0 is the ratio of initial

equibiaxial compressive yield stress to initial uniaxial

compressive yield stress; dt is the damage variable and Kc

is the ratio of the second deviatoric stress invariant on the

tensile meridian to that on the compressive meridian at

initial crushing for any given value of effective mean

stress, �p ¼ �r1 þ �r2 þ �r3ð Þ=3.
The concrete damaged plasticity model assumes a non-

associated plastic flow. The plastic potential function Gp

used for this model is given by

Gp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ert0 tanwð Þ2þ 3

2
s : s

� �s
� �p tanw ð10Þ

Table 1 JWL material properties for TNT explosive [21]

Density (qsol) (kg/m
3) Detonation wave speed (vdet) (m/s) A (MPa) B (MPa) x R1 R2 Detonation energy density (eint) (kJ/kg)

1630 6930 373,800 3747 0.35 4.15 0.9 3680
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where w is the dilation angle at mean stress–deviatoric stress

plane; rt0 is the uniaxial tensile stress at failure, value of

which is set by the user and e is the eccentricity parameter. If

the eccentricity is zero plastic potential function becomes

straight line. In the present study, elastic material properties

and compressive strength of concrete are presented in

Table 2. Figure 2a, b show the stress–strain curves for M30

concrete in compression and tension, respectively [4, 5].

Figure 2c, d show the damage density-strain curves for M30

concrete in compression and tension, respectively [2].

Damage density is defined as the ratio of the total damaged

area to the whole cross sectional area; damage density value

is varied from 0 to 1, damage density 0 means the material is

undamaged and damage density 1 means the material is

completely damaged. The strain rate dependent strength

properties of concrete and the dynamic increment factor

(DIF) under compressive and tensile loading are obtained

from Bischoff and Perry [3]. Herein, DIF values of 2.1 and 6

at 100/s strain rate have been used on the static compressive

and tensile strength values of concrete, respectively.

Constitutive Model of Steel

The stress–strain behavior of steel reinforcement has been

modeled using Johnson–Cook (J–C) model [18]. The

dynamic yield stress (r)-strain (e) relationship of the J–C

model is given by

r ¼ Aþ Benð Þ 1þ C loge e
�ð Þ 1� T�mð Þ ð11Þ

where e* is dimensionless plastic strain; e� ¼ _e= _e0 in which
_e is the equivalent plastic strain rate and _e0 = 1/s is ref-

erence strain rate. Here, A, B, C, m and n are the model

parameters; T*is the homologous temperature. In the pre-

sent study, temperature dependence of material stress–

strain response has not been considered. For steel, the

density q, elastic modulus E, Poisson’s ratio t and tensile

yield strength fs are given in Table 3. For strain rate

dependent modeling using the J–C model, the material

constants A, B, C and n were obtained from mechanical

testing neglecting the temperature effects and adopted

herein for strain rate of 100/s as given in Table 3 [15].

Constitutive Model of Soil

The stress–strain response of soil has been simulated using

the Drucker–Prager plasticity model. The yield criterion of

the Drucker–Prager model is given by

F ¼ q

2
1þ 1

K
� 1� 1

K

� �
r

q

� �3
" #

� p0 tan b� d ¼ 0

ð12Þ

where q is the deviatoric stress ¼
ffiffiffiffiffiffiffi
3/2

p ffiffiffiffiffiffiffiffiffiffiffiffi
sij : sij

ph i
, sij is the

deviatoric stress tensor, p0 is the mean

stress = r
0

1 þ r
0

2 þ r
0

3

� ��
3, K is a scalar parameter that

determines the shape of the yield surface and maintains the

convexity of the yield surface in the deviatoric (p) plane, r
is the third invariant of the deviatoric stress tensor. The

parameter b is related to the angle of internal friction / at

the stage of no dilatancy (the critical state of sand) using a

correlation given by

tan b ¼
ffiffiffi
3

p
sin/ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1=3ð Þ sin2 /
q ð13Þ

and d is the hardening parameter related to cohesion, c

through a correlation given by

d

c
¼

ffiffiffi
3

p
cos/ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 1=3ð Þ sin2 /
q : ð14Þ

For sands, the cohesion (c) is considered to be zero. The

plastic potential surface, GP of the model is given by

GP ¼
q

2
1þ 1

K
� 1� 1

K

� �
r

q

� �3
" #

� p0 tanwtp ð15Þ

where wtp is related to the dilatancy angle, w through a

correlation given by

tanwtp ¼
ffiffiffi
3

p
sinwffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ð1=3Þ sin2 w
q : ð16Þ

A non-associated flow rule is considered in the

present analysis by considering the dilatancy angle of

sand to be different from the angle of internal friction.

For sand, the density, elastic material properties, angle

of internal friction and dilation angle are presented in

Table 4. The strain rate dependent stress–strain response

of sand has been obtained from [31]. Figure 3 shows the

stress–strain relationship of Ottawa sand at 1000/s strain

rate as obtained from Veyera and Ross [31].

Types of Analyses

To ensure the validity of the present numerical simulations

the results of CEL analyses of blast loading on a concrete

slab have been compared with (1) the analysis results when

blast loading is simulated using a pressure pulse calculated

using UFC 3-340-02 manual and the modified Friedlan-

der’s Eq. (2) numerical simulation results collected from

Table 2 Material properties for concrete

Density (qc)
(kg/m3)

Poisson’s

ratio (mc)
Elastic modulus

(Ec) (GPa)

Compressive

strength (fck) (MPa)

2400 0.2 27.4 30
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Du and Li [12] and (3) results of experimental investigation

carried out by Zhao and Chen [33]. The analysis has been

performed in the single step using the dynamic explicit

module available in Abaqus. Explosive weight of 50 kg is

used in the numerical simulations. Thickness of RC lining

(tw) is maintained at 350 mm in all cases.

Solution Scheme

The dynamic explicit analyses in the CEL approaches have

been performed using central difference integration

scheme in single step. This scheme uses a time increment

(Dt) that is smaller than the Courant time limit, Dt B l/c,

where l is the smallest element dimension and c is the

speed of sound wave in the medium in which it travels. For

studying the response of complete 20 m tunnel section, the

duration of analysis is maintained at 26 millisecond (ms)

such that the shock wave can travel through the complete

length of the tunnel. In order to properly represent the

propagation of the blast induced compressive stress wave,

artificial bulk viscosity is activated by employing quadratic

and linear functions of volumetric strain rates with default

values of 1.2 and 0.06, respectively [1].
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Fig. 3 Stress–strain curve for Ottawa sand at 1000/s strain rate [31]

Table 3 Material properties for steel

Density (qs) (kg/m
3) Poisson’s ratio (ms) Elastic modulus (Es) (GPa) Tensile yield strength (fs) (MPa) A (MPa) B (MPa) n C

7800 0.3 210 300 360 635 0.114 0.075

Table 4 Material properties for sand

Density

(qsand) (kg/
m3)

Poisson’s

ratio

(msand)

Elastic

modulus

(Esand) (GPa)

Angle of

internal friction

(/) (�)

Dilation

angle (w)
(�)

1560 0.2 0.028 30 5
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Validation of FE Model and CEL Procedure

Validation for Capability of JWL EOS in Blast

Simulation

Herein, a 1.2 m 9 1.2 m 9 90 mm concrete slab subjected to

a blast load caused by 1.69 kg TNT charge weight (W) at three

different scaled distances of 0.5, 1 and 2 m/kg1/3 has been

analyzed numerically using the CEL method. In the CEL

method, the TNT explosive has been simulated using the JWL

EOS. TheM25 concrete has been modeled with a compressive

strength of 25 MPa, mass density of 2500 kg/m3, Young’s

modulus of 25 GPa and Poisson’s ratio of 0.2. The boundaries

of the concrete slab are restrained in all three Cartesian direc-

tions, e.g. x, y and z. In another set of analysis, the blast load is

calculated using the UFC 03-340-02 manual and the modified

Friedlander’s equation for the same scaled distancesmentioned

above and the same charge weight of 1.69 kg. Figure 4a

through c show the comparison of central node displacement of

the concrete slab calculated from the analysis results using the

JWL model and its comparison with the results obtained from

the simulationusingUFC03-340-02. FromFig. 4 it is observed

that the results obtained from both the analyses compare with

reasonable accuracy. Figure 5a through c show the pressure

time histories calculated using JWL EOS. The peak pressure

values are compared with the pressure magnitudes obtained

from UFC 3-340-02 manual. Both the pressure values are

observed to be in close agreement.

Validation for Blast Analysis using JWL

with the Numerical Analysis Results

The validity of the current modeling approach using the

CEL method and JWL EOS for explosive is also ensured

by comparing the simulation results with the numerical

simulation results collected from Du and Li [12]. They

analyzed dynamic behavior of RC slabs under blast load-

ing. A RC slab of size 2 m 9 1 m 9 100 mm is used in

these analyses. The slab has been reinforced with 10 and

12 mm diameter bars with 100 mm centre-to-centre spac-

ing, in both directions placed at mid-depth. A charge

weight of 1000 kg TNT was placed at a stand-off distance

of 10 m from the centre of the slab. The boundaries of the

concrete slab are restrained in three Cartesian directions,

e.g. x, y and z. The FE software LS-Dyna was used for the

analysis performed by Du and Li [12]. The Johnson–

Holmquist material model was used to simulate concrete

stress–strain response whereas the Cowper and Symond’s

model was used for steel. In the present study, the RC slab

model with the same explosive charge weight and scaled

distances as considered by Du and Li [12] is prepared using

the CEL procedure. The JWL EOS has been used to model

explosive material. The material properties of steel and

concrete have been considered to be the same as that

assumed by Du and Li [12]. Concrete damaged plasticity

model has been used to simulate the stress–strain response

of concrete whereas von-Mises model has been used for
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steel. The concrete in RC slab has been modeled with a

compressive strength of 23.7 MPa, mass density of

2400 kg/m3, shear modulus of 12.7 GPa and Poisson’s

ratio of 0.2 as mentioned in Du and Li [12]. Steel in RC

slab has been modeled with yield strength of 335 MPa,

mass density of 7800 kg/m3, Young’s modulus of 207 GPa

and Poisson’s ratio of 0.3. Figure 6 shows the maximum

displacement of the concrete slab when subjected to blast

load for different slab thicknesses. The current simulation

results compare with that from the literature with

reasonable accuracy duly validating the CEL method based

simulation procedure adopted herein.

Validation for Blast Analysis using JWL

with the Experimental Data

The CEL simulation results have also been compared with

experimental data for different charge weights, e.g. 0.2, 0.31

and 0.46 kg placed at a stand-off distance of 400 mm from

the centre of slab as reported by Zhao and Chen [33]. A RC

slab of size 1 m 9 1 m 9 40 mm has been used for the

analyses. The RC slab has been reinforced with 6 mm

diameter bars, spaced at 75 mm centre-to-centre in both

directions. The boundaries of the RC slab are restrained in

three Cartesian directions, e.g. x, y and z along two sides. In

the present study, a similar model has been prepared using

the CEL procedure and the charge weights as considered by

Zhao and Chen [33] are taken. The material properties of

steel and concrete have been considered to be the same as

assumed by Zhao and Chen [33]. Concrete in RC slab has

been modeled with a compressive strength of 39.5 MPa and

Young’s modulus of 28.3 GPa. Steel in RC slab has been

modeled with yield strength of 600 MPa and Young’s

modulus of 200 GPa. Concrete damaged plasticity model

has been used for concrete whereas von-Mises model has

been used for steel. Table 3 shows the central node dis-

placement of the concrete slab under blast load for different

slab thicknesses. Reasonable agreement of the current sim-

ulation results with experimental and numerical investiga-

tions reported by Zhao and Chen [33] is observed in Table 5.

Results and Discussion on Parametric Studies

Numerical investigations for twin tunnels in soil are carried

out to understand the response of twin tunnels when one

tunnel is subjected to blast load. Figure 7 shows the various

paths considered along the RC lining and the surrounding

soil. Herein, tensile stresses are considered positive and

displacement values in the direction of the positive x, y and

z axes are considered positive.

Figure 8 shows the x directional (horizontally across the

cross-section) displacement of the RC lining and the sur-

rounding soil along the path defined at their side walls at

26 ms. It is observed from Fig. 8a that the RC lining and

surrounding soil of the donor tunnel with explosive placed

near to its RC lining shows higher displacement. The RC

lining of donor tunnel shows a maximum displacement of

135 mm at the middle of tunnel right side wall. Soil sur-

rounding the RC lining of the donor tunnel shows a maxi-

mum displacement of 284 mm near the middle of tunnel

right side wall. Figure 8b shows the x directional displace-

ment of RC lining and the surrounding soil of the receiver
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tunnel. The RC lining and surrounding soil of the receiver

tunnel shows less displacement at its left side wall (towards

the tunnel experiencing explosion). It is observed that due to

attenuation of shock wave and particle rearrangement, left

side wall of the receiver tunnel shows small displacement.

Figure 9 shows the y directional (vertically across the

cross-section) displacement of soil from crown of the donor

tunnel to ground level and x directional displacement of

soil column between receiver and donor tunnel at 26 ms. It

is observed that displacement of soil surrounding the RC
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Table 5 Comparison of numerical simulation results with experimental data [33]

Charge weight (kg) Central node displacement (mm)

Experiment by Zhao and Chen Numerical simulation by Zhao and Chen Numerical simulation in Present Study
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lining increases from tunnel crown to ground level up to a

distance of 900 mm. Beyond 900 mm, the displacement of

soil decreases towards the ground level. Almost similar

displacement pattern is observed in the soil column

between the donor and receiver tunnel. Figure 10 shows

the displacement contours in the soil at 26 ms. Higher

deformation of the soil is observed near to the donor tun-

nel. Deformation in the soil decreases towards the receiver

tunnel due to attenuation of shock wave and particle

rearrangement.

Figure 11 shows the pressure in the RC lining and sur-

rounding soil at different time instances. Figure 11a, b

show the pressure in the donor tunnel, along the defined

path in the RC lining and surrounding soil. Higher pressure

is observed in the RC lining and surrounding soil of the

donor tunnel. In case of RC lining of the donor tunnel, peak

blast pressure (2.1 MPa) is generated at time instance 1 ms

and gradually decreases with time. In soil surrounding the

donor tunnel, however, higher pressure is observed which

increases with increasing time due to propagation of shock

wave in donor tunnel and damage of RC lining. Figure 11c,

d show the pressure in the receiver tunnel at different time

instances. Similar pattern of pressure is observed in the RC

lining and surrounding soil of receiver tunnel. The shock

wave propagates through the soil between the twin tunnels

and generates peak blast pressure (0.18 MPa) in the RC

lining of the receiver tunnel at the time instance 20 ms.

Design Recommendations

Blast resistant design of tunnels include increased tunnel

lining thickness, use of steel fiber reinforced concrete

panel, and shock absorbing material in tunnel lining [7].

Moreover, the soil domain surrounding the tunnel should
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be treated with suitable grout material in order to increase

the yield strength of the material. For twin tunnels, the

center to center distance of tunnels should be chosen

through numerical analysis so that the effect of blast load in

one tunnel does not propagate in the other tunnel. Also,

proper ventilation should be provided in the tunnels to stop

channeling of shock wave inside the tunnel.

Conclusions

Blast response of twin tunnels is investigated using 3-D

nonlinear FE analyses when blast happens in one tunnel

only. Explosion inside the donor tunnel is simulated using

the coupled Eulerian Lagrangian analysis tool in finite

element software Abaqus/Explicit. The soil and RC lining

have been modeled using Lagrangian elements. The fol-

lowing conclusions are drawn:

1. Donor tunnel shows maximum displacement and

damage in the RC lining and surrounding soil.

Displacement in the RC lining and soil increase with

time.

2. Receiver tunnel shows less pressure in the RC lining

and surrounding soil, which may increase with

increasing charge weight.

3. Displacement of soil surrounding the donor tunnel

increases up to a certain distance from the RC lining

and then gradually decreases.
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