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Abstract

The primary objective of this study is to investigate the effect of surrounding ground media over the
structural responses of tunnel lining under internal blast loading. For this purpose, time history
analysis of tunnel is carried out using Explicit Dynamic Analysis in ABAQUS and blast load is modelled
using CONWEP technique. The structural responses are recorded in terms of stress and strain of tunnel
lining at the apex point of centre of tunnel. Furthermore, parametric studies are carried out to see the
effect of various equivalent TNT weight and location of the point of response record from the point of
detonation (centre of tunnel). The numerical analysis under internal blast of 75 kg equivalent TNT
shows that the Intact Rock Mass (IRM) reduced the shear stress and logarithmic strain in comparison
to Saturated Soft Soil (SSS) by 61.31 % and 86.24 % respectively.
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INTRODUCTION

Sub-surface tunnels have become important components of urban infrastructure specially when
population is growing with fast pace. Therefore, their design and analysis to extreme events such as
internal blasts is a critical concern and must be seriously taken care of as the number of terrorist events
have unfortunately taken place targeting them in past. Among the various tunnel construction
techniques, cast iron linings have been historically and are still frequently used due to their durability,
ease of installation, and ability to withstand significant loads. However, the behaviour of tunnels with
cast iron lining under internal blast loading conditions is a complex problem which requires thorough
investigations. Accurate assessment and hence mitigation strategies are essential for safeguarding
human lives, protecting infrastructure, and maintaining operational continuity.

Due to safety concerns and high cost, experimental studies in the field are extremely challenging and
hence very few studies deal with experimental work like. Analytical solutions are limited by simplifying
assumptions. Numerical simulations provide an adoptable approach. Hence, numerical method offers
significant advantages over experimental and
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researchers have used CONWEP technique like Liu 2009 [9], Liu 2012 [10], Prasanna & Boominathan
2014, 2015, 2020 [13-15] and Rajput et al. 2023 [16] etc while CEL technique is used by Tiwari et al.
2016a, 2016b, 2017, 2020 [18-22], Zaid & Sadique 2020, 2021 [25, 26], Zaid et al. 2022 [27], Sadique
et al. 2022 [17].

In open literature, a number of studies have investigated the impact of explosions on underground
structures / tunnels. Some researches deal with the effects of buried explosions, examining the structural
response of tunnel linings to external blast loads [6], [2], [7], [12]. While other studies have explored
the effect of internal blast over tunnels [23], [8], [24], [11]. Further analysis of internal explosions has
revealed that surrounding ground media properties [9], [10], shape & size of lining [4, 5], [15] play
crucial role in determining the response of tunnel linings.

Additionally, researchers have examined the influence of various parameters including burial depth,
lining thickness, tunnel diameter, charge weight and blast characteristics, on the structural response of
tunnel exposed to internal blast loading [3], [19-21]. Along with parametric studies, researchers have
suggested the mitigation measures like ground improvement by grouting [9, 10], GFRP lining retrofit
(Rajput et al. 2023) [16], protective shock absorbing layers [6], deepening burial depth or overburden
pressure [11], [23].

Time history analysis which is rarely performed in the open literature is particularly vital for assessing
the dynamic response of subsurface tunnels subjected to internal blast loading. Unlike static or quasi-
static analyses, time history analysis captures the short-term nature of blast waves, including the rapid
rise and decay of pressure pulses. This method allows for a detailed examination of the behaviour of
tunnel lining over time, showing critical insights into peak stresses, deformation patterns, and potential
failure mechanisms. Such comprehensive understanding is essential for designing strong and durable
tunnel structures.

This study focuses on to investigate the effect of surrounding ground media over the structural
responses of the tunnel lining under internal blast loading which is performed through the time history
analysis of a particular tunnel with cast iron lining subjected to internal blast loading. The scope of this
paper includes a detailed description of the numerical modelling approach, including detailed
constitutive material modelling for both the cast iron lining and the surrounding ground media.
Additionally, the study will explore the influence of various charge weights and distance of response
recording point from the detonation point (centre of tunnel) on the structural performance.

This research contributes to the existing body of knowledge by providing a comprehensive numerical
framework specifically tailored to analyse the response of sub-surface tunnels with cast iron linings to
internal blast loadings. The findings of this study will be valuable for engineers and policymakers
involved in the design, assessment, and maintenance of underground infrastructure, particularly those
utilizing cast iron lining techniques. Ultimately, this research aims to enhance the safety and security of
these critical infrastructures by informing the development of more resilient and robust designs.

3-D FINITE ELEMENT MODELLING AND VALIDATION

A typical subway tunnel with an internal diameter 5.0 m and length 20.0 m located at a depth of 13.0
m below the ground level is taken for the analysis. The cross section and length of the Finite Element
(FE) model is taken as 26x26 m? and 20 m respectively [16]. The surrounding soil and cast-iron tunnel
both are modelled in 3D and meshed using C3D8R (An 8-node linear brick, reduced integration,
hourglass control) element type and medial axis algorithm is utilized to avoid the problems of irregular
shape due to circular opening in FE [1]. FE model of soil is discretized with total number of 87250
elements and tunnel lining with 2160 elements. Therefore, the whole model has 89410 element & 98546
nodes (Figure 1).
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Figure 1. Geometry and meshing of FE model and cast-iron lining. (a) Surrounding soil media’s
geometry; (b) Tunnel lining’s geometry; (¢) Surrounding soil media’s meshing; (d) Tunnel
lining’s meshing.

The FE model is fixed at base and roller boundary conditions are applied to the 4 sides. The analysis
is carried out in two steps in addition to initial step. The boundary conditions are applied in initial step,
gravity force is applied in the first step while blast loading is applied in the second step. The first step
is characterized with non-linear geometry, time step equal to 1.0 sec, and other default values of time
scaling factor, linear bulk viscosity parameter, & quadratic bulk viscosity parameter equal to 1.0, 0.06
& 1.2 respectively. The second step is similar to the first step in every aspect except the time period of
30 msec.

Constitutive Material Model & Soil Structure Interaction (SSI)

The constitutive material models employed in this study aims to accurately capture the mechanical
behaviour of the surrounding soil and cast-iron lining. The soil is modelled using Drucker Prager elasto-
plastic model. The required model parameters are taken from Liu 2009 [9] and tabulated in Table 1.

The cast iron lining is modelled using Von Mises elasto-plastic model. The cast iron material
properties adopted (Prasanna 2020) [15] in the analysis are: Young’s modulus =140000 MPa, Poisson’s
ration = 0.2, density = 78 kN/m?, and yield stress= 173 MPa. Soil-lining interaction is considered by
surface-to-surface contact interaction type. Penalty frictional formulation is adopted under tangential
behaviour with friction coefficient equals 0.25 [15]. Hard contact pressure overclosure under normal
behaviour with default constraint enforcement method is selected and separation after contact is
allowed.
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Blast Loads and its Modelling

First of all, the blast impulse is simplified to be triangular in shape. Secondly, it is assumed that the
charge weight (TNT equivalent) is spherical and kept at the centre of the tunnel. Thirdly, the CONWEP
technique where peak pressure generated from explosion (reflected pressure) is calculated and directly
applied to the tunnel lining surface, is adopted.

The reflected pressure, pressure wave arrival time and positive phase duration, calculated as per
Unified Facilities Criteria Manual (UFC 2008) are taken from Prasanna 2020 [15] and reproduced in
the Table 2. To apply the blast load, the internal surface of tunnel lining is divided into 4 regions from
the centre of the tunnel toward both ends in the longitudinal direction. The length of these regions are
1.0 m, 1.0 m, 4.0 m, and 4.0 m respectively (Figure 2). The magnitude of peak pressure of reflected
pressure wave at a point mainly depends upon the angle of incidence of that point. The angle of
incidence is very large and hence result into negligible pressure beyond the 4" region.

Table 1. Mechanical properties of surrounding ground media.

Density Modulus of Poisson’s Friction Stress Dilation | Cohesion
p(kg/m?) Elasticity Ratio Angle flow Angle C (MPa)
(MPa) (u) ® (Y ratio Y ©
Saturated Soft
Soil (SSS) 2000 31 0.495 0 1 0 296
Intact Rock
Mass (IRM) 2400 33600 0.128 50 1 12.5 6.6

4m 4m Tm Tm 1m 1m 4m 4m

Figure 2. Schematic view of different zones of the tunnel.

Table 2. Blast pressure wave parameter [9], [15].

Equivalent Regions Peak reflected Arrival time, Positive phase
TNT (kg) pressure, Pmax (MPa) ta (msec) duration, tr (msec)
10 1 4.00 1.8 1.1
2 3.20 23
3 0.60 2.6
4 0.07 3.0
30 1 6.00 1.6 1.0
2 4.50 2.0
3 1.00 2.3
4 0.10 2.5
50 1 10.00 1.3 0.9
2 7.50 1.6
3 1.50 1.9
4 0.15 2.1
75 1 15.00 0.8 0.8
2 13.00 1.0
3 1.70 1.3
4 0.25 1.4
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Validation of Model

For verification or testing of the model, another typical subway tunnel of diameter 5.0 m and length
50 m embed at a shallow depth of 9 m in a typical layered soil profile found in New York City and
reported by Liu (2009) [9] and Prasanna (2020) [15], is considered. The homogeneous soil model
extending 50 m in the longitudinal direction of the tunnel while the width and depth of the cross section
of the model are taken as 100 m & 50 m. The surrounding soil model is subjected to internal blast loads
with varying equivalent TNT weights of 10, 30, 50, and 75 kg and analysed for 60msec. The maximum
Mises stress values obtained from validation model demonstrated good agreement with those reported
by Liu (2009) [9] and Prasanna (2020) [15], thus confirming the model's ability to adequately capture
and predict the structural response of tunnel under internal blast loading. Results are compared in the
Figure 3.

DYNAMIC, EXPLICIT ANALYSIS, RESULTS, AND DISCUSSION

The dynamic explicit analysis is carried out in two steps in addition to initial step in which boundary
conditions are applied. The gravity load is created in the first step and propagated in the second step.
The gravity load is applied in total of 1.0 sec time span. The blast impulse is created in the second step
with pressure type, uniform distribution and linearly decreasing amplitude from 1 at toand 0 at (t. + t.
Blast Analysis for investigating the effect of surrounding ground media and parametric studies are done
for 30 msec.

+++++++++++-

BPrasanna & Boominathan(2020) OLiu-2009 & Present Model
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Figure 3. (a) Mises stress contour due to 75 kg TNT equivalent weight (b) Bar chart corresponding to
various charge weight in the cast iron lining in the validation model.
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The time history analysis of tunnel is done for 10, 30, 50, & 75 kg equivalent TNT weight located at
the centre of the tunnel. The two conditions of surrounding ground media that are Saturated Soft Soil
(SSS) and Intact Rock Mass (IRM) are considered for the present study. The structural responses of
tunnel are recorded at three locations indicated as L, L, L3, and L4 located at the centre of each zone
respectively.

Effect of Surrounding Ground Media

Two types of surrounding ground media or homogeneous soil are considered here for the present
study. Firstly, Soft Saturated Soil (SSS) and secondly, Intact Rock Mass (IRM). Result is compared as
follows.

1. It can be seen from the Figure 4 that in case of saturated soft soil, the stress variation is more
fluctuating as compared to the Intact Rock Mass. This is because the soft soil deforms more and
hence absorb less energy as compared to hard rock. IRM proves to be better surrounding ground
medium in terms of blast resistance as it curbs the fluctuations by absorbing more shock waves.

2. Obviously the maximum mises stress and logarithmic strain in case of intact rock mass are quite
lesser than in saturated soft soil which is analysed in the Figure 4. A decrease of 61.31 % in stress
can be seen in rock mass in comparison to soft soil. Similarly, that of 86.16 % in strain can be
seen in Table 3.
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Figure 4. Structural response of the cast iron lining (a) Mises stress contour in SSS, (b) Mises stress
contour in IRM, (C) Logarithmic strain contour in SSS, (d) Logarithmic strain contour in IRM.

Table 3. Comparison of peak mises stress and peak logarithmic
strain in the two surrounding ground media.

Maximum Mises stress (MPa) Maximum logarithmic strain
SSS | IRM | Decrease (%) SSS IRM Decrease (%)
173 | 66.94 61.31 0.00318 | 0.00044 86.16

Effect of Equivalent TNT Weight (Charge Weight)

The total 4 charge weights (10kg TNT, 30kg TNT, 50 kg TNT, & 75 kg TNT) are taken to study the
effect of charge weight over the structural response. It can be seen from the Figure 5 that as the charge
weight increases mises stress and strain both increases in both types of surrounding soil media. These
differences are clearly shown in case of IRM as fluctuations are less here. Peak values of mises stress
and logarithmic strain are tabulated in the Table 4 corresponding to charge weight. The stress reduction
from SSS to IRM is shown in the Table 4 which varies from 61.31% (in case of 75 kg TNT) to 80.20
% (in case of 10 kg TNT). Similarly, the strain reduction from SSS to IRM varies from 81.76 % (in
case of 50 kg TNT) to 86.24 % (in case of 75 kg TNT).
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Figure 5. Comparison of structural responses for two soil cases SSS and IRM (a) Stress (b) Strain.

Table 4. Analysis of peak mises stress & peak strain in two different ground media corresponding to
various charge weight.

Charge Weight (kg) Peak stress Peak strain
SSS IRM | Decrease (%) SSS IRM Decrease (%)
10 105.55 | 20.90 80.20 0.000765 | 0.000136 82.22
30 155 31.21 79.86 0.001164 | 0.000204 82.47
50 173 57.68 66.66 0.002105 | 0.000384 81.76
75 173 66.94 61.31 0.003177 | 0.000437 86.24

The peak values of mises stress and logarithmic strain are also analysed in both the cases of SSS and
IRM and the trend of the peak values are analysed as in the Figure 6. The trend analysis revealed that a
linear regression best fits the data with the highest R-squared value, indicating a strong correlation
between structural response and charge weight (kg) except peak stress in SSS where polynomial-law
emerged as best fit.

Effect of Location of Point from Charge Weight

The four locations (L1, L2, L3, & L4), one at the centre of each zone are considered to record the
response for both cases of SSS & IRM one by one, under 75 kg TNT blast. The nature of the plots is
similar for all the locations in both cases of surrounding ground media but peaks are continuously
reduced from L1 to L4 (see Figure 7).
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Figure 6. Comparison of structural responses corresponding to various TNT equivalent charges
(a) Stress in SSS, (b) Stress in IRM, (c) Strain in SSS, and (d) strain in IRM.

Table 3. Analysis of peak mises stress & peak logarithmic strain in two different ground media
corresponding to various locations of response recording.

L (m) Peak stress (MPa) Peak strain
SSS IRM Decrease (%) SSS IRM Decrease (%)
L1 (L=0.0) 173 66.64 61.48 0.003177 0.0004365 86.08
L2 (L=1.5) 173 48.55 71.94 0.002155 0.0003366 84.38
L3 (L=4.0) 68.07 13.17 80.65 0.000445 0.0000705 84.16
L4 (L=8.0) 36.32 13.37 63.19 0.000209 0.0000574 72.54

When we compare the plots of responses for 4 locations, we get that peak occurrence time is increased
as the longitudinal distance increases that is delayed peak occurrence take place. The peak values of
stresses and strains are tabulated in Table 5 and analysed. Moreover, the peak values are plotted along
with the distance away from the centre and trend line is also calculated in the Figures 8 and 9. There is
a decline in the peak values of Mises stress from SSS to IRM, from 61.48% (in case of L1) to 80.65 %
(in case of L3). Similarly, the decline of peak value of logarithmic strain varies from 72.54 % (in case
of L1) to 86.08 % (in case of L.1).
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Figure 7. Trend analysis and formulation of peak structural response vs equivalent weight (a) Peak
stress in SSS, (b) Peak stress in IRM, (c¢) Peak strain in SSS, (d) Peak strain in IRM.
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Figure 8. Comparison of structural responses corresponding to various response recording locations
(a) Stress in SSS, (b) Stress in IRM, (c) Strain in SSS, and (d) strain in IRM.
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Figure 9. Trend analysis and formulation of peak structural response vs distance from centre
(a) Peak stress in SSS, (b) Peak stress in IRM, (c) Peak strain in SSS, (d) Peak strain in IRM.

CONCLUSION

Using the dynamic, explicit Finite Element Analysis method, the non-linear response of underground
tunnel with cast iron lining under internal blast loading is carried out. The tunnels with cast iron lining
are common in New York City. The following points can be observed from the present study.

1. Itis also found out from the present study that given rock mass can reduce the peak mises stress
in the lining at least by 61.31 % and logarithmic strain at least by 86.16 % when compared with
soft soil in case the cast iron tunnel is subjected to 75 kg equivalent TNT blast.

2. Similarly, it can reduce the peak mises stress at least by 61.31 % and logarithmic strain at least
by 81.76 % when compared with soft soil when tunnel is subjected to various TNT equivalent
weights of 10 kg, 30 kg, 50 kg, and 75 kg.

3. Finally, sensitivity analysis of distance of response recording point from the centre of the tunnel,
reveals that rock mass can reduce the peak mises stress at least by 61.48 % and logarithmic strain
at least by 72.54 % when compared with soft soil when tunnel is subjected to 75 kg equivalent
TNT blast.
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It is proved from the present study that the tunnel/ subway in rocky region would be more blast

resistant in comparison to soft soils. At the same time, it should be clear that it will be more costly to
bore the tunnel in rocky area hence there should be consideration of all the aspects like tunnel boring
cost, cost of making blast resistant by application of mitigation measures. The decision must be taken
only after considering and comparing all these points. This study can help engineers; policy makers for
site selection for underground tunnel construction.
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