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Abstract
Background  Tunnels extend the use of underground space for special applications such as transportation, mine development 
and civil defense. These structures could become susceptible to severe dynamic loads such as traffic loads, pile driving, 
impact and blast loads.
Methodology  In this context, the experiment and simulations were conducted on semi-cylindrical tunnels of dimensions 
1.2 m length × ∅ 0.5 m center-to-center and 0.05 m lining thickness under impact loading. The drop height was kept at 
3.0 m and the burial depths of the soil cushion were varied as 0, 0.05, 0.10 and 0.15 m to study the effect of the cushion layer 
under repeated impact load. The experimental results were obtained in terms of damage to the tunnel and displacements in 
the tunnel under repeated impacts.
Results  It was observed that the impact resistance of tunnels increased significantly when the natural burial depth increased 
from 0.05 to 0.10 m. It was concluded that the tunnel with 0.15 m burial depth was able to resist up to nine impacts as 
compared to the tunnel without cushion which offered resistance against two impact only. The numerical investigations 
were performed for each tunnel under repeated impacts using ABAQUS/Explicit. The numerical results were found to be in 
good agreement with the experimental results in terms of strain in rebar and mid displacement. The parametric study was 
performed for the influence of mass and velocity of the impactor in terms of crack pattern, impact force, displacement and 
energy absorption capacity in the tunnel. On increasing the mass of the impactor from 150 (4.41 kJ) to 400 kg (11.77 kJ), 
the energy absorption capacity was found to increase from 7.8% to 48.7%; however, on increasing the height of drop from 5 
(5.1 kJ) to 20 m (20.40 kJ), the energy absorption capacity of the tunnel was increased from 8.1 to 48.6%.
Conclusions  It was concluded that under the low-velocity impact, energy absorption in the tunnel is more sensitive to the 
mass of the impactor as compared to drop height. It was observed that Yang Qixin's algorithm was the best predicting algo-
rithm among others when comparing peak impact force with the numerical result.
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Introduction

The urban population is increasing at a steady pace and 
often leads to restricted and congested spaces. The resolu-
tion of constant conflict between the demand for infrastruc-
tures and the supply of residential spaces has often led to 

the idea of considering an ostensibly hidden means i.e., the 
underground space [1]. A tunnel is a superficial underground 
space that offers special applications such as transportation, 
mine development and civil defense. The construction and 
operation of the tunnel impose certain risks on all indirectly 
and directly involved parties in the project [2]. The under-
ground structures are less vulnerable to seismic activities 
[3]. However, these structures become susceptible to severe 
dynamic loads such as traffic loads, pile driving, impact and 
blast loads. Regardless of the variations experienced by the 
structure under these dynamic loads, the elastic waves are 
the main transmitter of energies that cause vibrations in the 
system. Thus, it can be inferred that ground vibration mitiga-
tions are similar for each vibration source.
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Tunnels are characterized as shallow tunnels which are on 
ground level and deep tunnels which are buried deep in the 
ground. Under static conditions, the shallow tunnels are sub-
jected to overburden pressure from soil, in situ stresses and 
seepage of water. Soil pressure acts as an external factor that 
controls the final failure and deformation behaviour of con-
crete tunnels [4]. The dominant failure modes of reinforcing 
tunnels under static loading are structural failure due to plastic 
rotation of softening hinges, tensile failure caused by localized 
cracking and material failure due to concrete deterioration [5]. 
The tensile and compressive failure can occur in tunnel crown 
segments, and it was observed that maximum crown settle-
ment can reach a rate of increase about 28%. It was suggested 
to provide local thickening of the support structure near tunnel 
interactions in order to improve the stability of tunnels [6, 7]. 
The circular shape of the tunnels is preferred in case of weak/
soft ground due to their own ability to readjust during the 
subsequent load changes [8]. The underground structures not 
only endure static loads but also dynamic loads due to man-
made or natural disasters. The impact or blast loading causes 
damage to the underground tunnel running beneath and affects 
the transportation system and human lives [9].

Under dynamic conditions, the tunnel is influenced by the 
seismic, impact, or blast loading. The underground tunnels 
suffer less damage than surface structures under dynamic con-
ditions. It was reported that the damage in the tunnel decreases 
with increasing over- burden depth. Deep tunnels seem to be 
safer and less vulnerable to earthquake shaking than shallow 
tunnels [10]. Another factor is that tunnels constructed in soil 
are expected to suffer more damage compared to openings con-
structed in competent rocks. Under dynamic conditions, sev-
eral types of damage were observed, including lining cracks, 
portal failures, spalling of the concrete lining, groundwater 
inrush, exposed and buckled reinforcement, displaced lining, 
rockfalls in unlined sections, lining collapses caused by slope 
failures, pavement cracks and lining shear-off [11].

Rockfall is the primary cause of impact loading on rein-
forced concrete (RC) tunnels. These impacts have been 
extensively studied using large-scale field test [12] as well as 
laboratory tests [13, 14]. The different mechanisms such as 
shear as well as the flexural failure of the structural elements 
were observed under impact load and provided a valuable 
database for the numerical analysis. It was observed that the 
deformation of the structure, the weight of the rock and the 
height of the rockfall were found to have a clear linear rela-
tionship. The inclination of slopes at the tunneling threshold 
often leads to the destabilization of rock faults which can 
induce serious damage to the tunnel structure.

The impact on reinforced concrete structures is often char-
acterized as compression waves at the front side and strong 
tensile waves at the distal side. The impact on reinforced con-
crete tunnels is often studied on prototype models. Dhamne 
et al. [15] carried out physical modelling of D-shaped shallow 

tunnels to understand tunnel behaviour subjected to a high rate 
of impact loading (projectile). The deformations obtained in 
the prototype at the tunnel's crown are 100 times greater than 
those obtained in the scaled model. The impact energy, which 
is 105 times larger than the scaled model, is the reason for 
the increased magnitude of displacement. Gahoi et al. [16] 
investigated the deformation behaviuor of tunnels in rock sub-
jected to impact loading. Important factors governing fracture 
and deformations in structural integrity were studied under 
the effect of cover depth and impact energy on shallow tun-
nel settlement. The reaction of the rock tunnel portal under 
impact loading, according to Zaid et al. [17] investigated the 
reaction of the rock tunnel portal under impact loading by 
varying overburden depth, impact energy and rock weathering 
grade. It was observed that the deformation behaviourr was 
found to be the same for overburden depth and rock weather-
ing grade. Rao et al. [18] studied the effect of impact loading 
developed on shallow tunnels, due to projectile penetration. 
The probability of projectile penetration within the tunnel 
lining was observed to decrease as the tunnel's burial depth 
increased. Meng et al. [19] investigated the composite effect 
of steel fibre and rebar on full-scale steel fibre-reinforced con-
crete (SFRC) precast tunnel segments. The combined effect 
of steel fibre and steel rebar found increased load-carrying 
capacity by increasing the limit of proportionality and delay-
ing the initial crack. Yan et al. [20] studied transient analysis 
of train-to-tunnel impact force using several parameters. The 
parametric investigation demonstrates that when the impact 
velocity rises, the dynamic response increases. Major tensile 
damage was also found in the impact zone, whereas com-
pression damage was observed on the front, distal face of the 
damaged region. Sharma et al. [21] found that the tunnels 
having the lowest cover depth experience excessive deforma-
tion subjected to impact loading. Wang et al. [22] performed 
an experiment on intact and hollow sandstone against various 
confined pressure under dynamic compressive tests. In com-
parison to intact sandstone, the hollow cylindrical sandstone 
experienced lower dynamic strength and a significant critical 
strain. Wang et al. [23] developed a peridynamic model for 
reinforced concrete shed structures under rockfall impact. It 
was suggested that simplifying the impact force as the static 
load is not sufficient to understand the resistance of rock sheds 
under rock fall.

Various mitigation strategies were proposed to evaluate 
the structural resistance of tunnels. The active and passive 
open trench was used to control the vibrations [24]. It was 
also concluded that a larger trench was required at greater 
distances from the source to accomplish a given amplitude 
reduction. Bhatti et al. [25] constructed a three-layer Absor-
bent System (TLAS) and established a logical impact-resist-
ant modelling methodology for arch-type shelters using the 
3-D elastoplastic Finite Element Model (FEM) to compute 
the maximum input energy for obtaining the end state. When 



2177Journal of Vibration Engineering & Technologies (2024) 12:2175–2203	

1 3

TLAS was used as an absorption system, the transmitted 
impact force was reduced by half and the displacement at the 
pithead section was reduced by 75% at the crown, indicating 
that the RC arch tunnel's impact-resistant ability could be 
improved. Volkwein et al. [26] studied the use of a cush-
ion layer to protect tunnels from impact loading since it is 
capable of dispersing impact energy and contact pressure to 
a large extent. Rezagholilou and Nikraz [27] observed that 
when the cushion layer thickness increases, the amount of 
the impact load reduces. Baziar et al. [28] conducted centri-
fuge experiments to investigate the impact-generated blast 
loading protection provided by geofoam barriers placed 
between the impact source and underground structures. The 
efficiency of such barriers against impact loading was found 
to be significant. Zaid et al. [29] used the finite element 
method to study the effects of impact loads on rock tun-
nels constructed in different regions in terms of unconfined 
compressive strength (UCS). The UCS of rock mass plays 
an important role in the stability of rock tunnels subjected to 
impact loading from falling rocks or other objects. The abso-
lute value of the touch pressure was significantly reduced 
when the overlaying sand layer was used, according to Xu 
et al. [30] showing that the sand surface plays a significant 
role in minimizing the impact force. Layers of gravel can be 
used as a cushion for structures subjected to rockfalls. Based 
on probabilistic engineering, the gravel layer shall be used 
as an energy-absorbent element for rockfall protection [31].

Based on the detailed literature review, it was observed 
that rock fall is the major cause of dynamic damage to the 
tunnel structures, which needs in-depth evaluation. It was 
assessed that several mitigation strategies have been pro-
posed in the earlier studies to resist the damage inflicted 
on the structures under dynamic loads. Nevertheless, the 
transient dynamic response of loose soil as a cushion layer 
for tunnel structures is an area of interest. Therefore, the 
current investigation was focussed on the reinforced con-
crete tunnels under low-velocity impact with and without 
the use of loose soil as a cushion. The numerical methods 
are then applied to validate and further study the effect of 
mass and impact energy on the resistance capability of the 
tunnel. “Experimental Investigation and Analytical Calcu-
lation Methods” highlights the experimental investigation 
along with sample preparation and free-falling drop weight 
test setup. “Constitutive Material Behavior and Numerical 
Modelling” discussed the constitutive and numerical mod-
elling for different constituting materials using ABAQUS/
CAE. “Comparison of Experimental and Numerical Results” 
highlights the validation and comparison of experimental 
and numerical investigations under repeated impact load. 
“Energy Absorption and Deformation on Tunnel using FE 
Simulations” highlights the energy absorption capacity and 
deformation of soil under various burial depths of the tunnel. 
The parametric investigations involving the mass and impact 

energy of the impactor are highlighted in “Influence of Mass 
and Velocity of Impactor”.

Experimental Investigation and Analytical 
Calculation Methods

The experimental tests were conducted under low-velocity 
drop impact of hemispherical shape for burial depths vary-
ing from 0 to 0.15 m. The details of the test instrument and 
test procedure are explained in this section.

Experimental Program

The experiments were conducted on a semi-cylindrical tun-
nel with 1.2 m length × ∅ 0.5 m center-to-center and 0.05 m 
lining thickness to investigate the behaviourr of the tunnel 
to low-velocity impact under laboratory-led conditions. A 
semi-circular shape is the most commonly used modern 
underground structure [32], due to the conservative shape 
and lesser deformations in the RC tunnel. Also, the law of 
similitude has been applied to the impact force generated in 
the model in order to achieve the comparable force in the 
model to the actual field condition. The scaling up through 
the law of similitude for the mass of soil cushion which acts 
over the tunnel was not considered in the present study due 
to the insignificant mass of soil. The scale factor for differ-
ent physical–mechanical parameters such as length, veloc-
ity, time, energy, acceleration, mass, strain, stress, elastic 
modulus and force available in the open source is shown in 
Table 1, which was drawn by [29]. Since the exact similar-
ity of dynamic force is not feasible in the model, the most 
effective method for matching the model to the prototype is 
to feature certain similarities and subside others [33]. The 
similarity criterion used in this study follows the dynamic 
scale factor in linear elasticity such that, CE = C� = C� = 1 , 
where CE is the scale factor of elastic modulus, C� is the 
scale factor of strain and C� is the scale factor of stress [34]. 
Using the above criteria, the energy was related to �4 for 
scaling the model to prototype as per [35]. All the tests were 
performed under the normal ambient condition with 1 g 
without applying any scaling to the soil cushion layer and/
or without considering the scaling of geostatic stresses of the 

Table 1   The law of similitude [34]

Parameter Scale factor Parameter Scale factor

Length � Mass �3

Velocity
√

� Stress 1

Time � Strain 1
Energy �4 Elastic modulus 1
Acceleration � Force �2
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soil. In general, the kinetic energies generated in the typical 
rockfall range up to 5000 kJ with a peak run-on distance of 
18 m [36]. Also, the rockfall block velocities range from 30 
to 40 m/s with a block mass of about 10 to 20 tons [37]. To 
develop 5000 kJ impact energy, the mass 104 kg impacted 
at a velocity of 9.81 m/s along with the scale factor � = 6 is 
relevant to cover 90% of rockfall impact events in practical 
projects. In the present study, the velocity considered in the 
model covers the practical rockfall event which is equiva-
lent to 4000 kJ ((mv2/2) δ4 = 104 × 7.672 × 0.5 × 64) with an 
impact velocity of 7.67 m/s due to 3 m free-fall drop height 
(√2gh = √2 × 9.81 × 3 = 7.67 m/s). Therefore, the scale 
factor � = 6 was selected as the controlled variable for the 
experimental program.

Specimen Preparation

The RC tunnel was constructed using M25 (fck = 25 MPa) 
concrete grade and ∅ 6 mm for longitudinal as well as 
lateral reinforcement. The concrete mix design was as per 
the recommendations of IS: 10262(2019) [38]. The tun-
nel was designed as per IS: 456(2000) [39] and the rebars 
were placed at 60 mm center-to-center for a reinforcement 
percentage of 0.4% as shown in Fig. 1a. The strain gauge, 
as illustrated in Fig. 1b was used to determine the strain 
in rebar for case T-1-BD0. Typical 120-Ω resistance strain 
gauge with a 10-mm gauge length and located at 0.6 m from 
the tunnel face, see Fig. 1c. Strain gauges were glued using 
cyanoacrylate (CN-Y) adhesives (post-yield). The data were 
recorded using a high-speed data acquisition system at a 
rated frequency of 50 kHz.

Test Setup

A typical image of the tunnel with and without a loose 
soil cushion layer was shown in Fig. 2a and b. The test 
setup consists of the free-falling impact test machine with 
a steel wire and a pulley mechanism was developed in 

the Department of Civil Engineering, NIT Jalandhar, see 
Fig. 2. The drop weight mechanism was supported by an 
inverted U-frame steel structure that had three numbers of 
concrete foundation pedestal of RC buried 1.2 m below the 
ground level and raised approximately 1 m above it. The 
drop height of weight was kept at 3 m for all the cases. The 
equipment was attached to the concrete using 0.01 m-thick 
base plates (0.203 × 0.203 m) and eight foundation bolts 
with a diameter of 0.012 m that were inserted 0.35 m deep. 
Using welded connections, four linked steel pipe chan-
nels of 3.4 m height and a diameter of 0.06 m were built 
on the base plates. Further reinforcement in the form of 
eight connections spaced by 0.06 m was given between 
the erected circular rods. To bear the moment created in 
the construction, steel cross sections were added to the 
steel beam in the form of lacing and battens, resulting in a 
monolithic structure. The structure holds two pulleys and 
a winch that allow the impactor to be raised to a height of 
3 m from ground level using a mechanical hoisting mecha-
nism and then free fall to impart impact loading to the 
specimen.

The impactor was made up of three plates measuring 
0.25 × 0.2 × 0.025 m that encase a spherical solid steel ball 
with a diameter of 0.230 m and a hemispherical impactor 
head assembly, see Fig. 2c. The hemisphere nose shape 
impactor had a diameter of ∅ 8 mm, and the height of the 
cylindrical portion was 0.075 m. The weight of the impactor 
was 104 kg which was dropped from an effective height of 
3 m. Through vast past experimental testing, the efficiency 
of the system was assumed to be approximately 98%, due to 
friction in the pulley. The tunnel rested on the soil bed with 
a specific weight of 1850 kg/m3 and had no directional or 
rotational constraints. The experimental campaign for the 
testing of various tunnels under repeated impact loading is 
shown in Table 2. The designation “T” refers to the tested 
specimen number and “BD” refers to the Burial Depth of 
cushioned soil layer used in the experimental testing of tun-
nels in meters.

(a)

(b)

(c)

Fig. 1   Typical illustrations of a RC tunnel b location of strain gauge and c strain gauge
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The crack initiated as the impactor hits the tunnel and the 
compressive wave propagated at the front face of the tunnel. 
The cracks are then propagated due to reflective tensile stress 
waves. As per GB/T 16752–2017 [40], the allowable crack 
width under static conditions for sewer pipes was 0.2 mm 
and a length of 300 mm [41]. However, under impact sce-
narios, the crack widths are generally higher and depend 
on the strength of the concrete and concrete lining thick-
ness. The limit for crack width for impact scenarios may 
be taken as (size of aggregate/2.5 = 12.5/2.5 = 5 mm) [42]. 
Further, in impact loading, the local damage predominates, 
and the cracks often originate from the location of impact 
and propagate towards the nearby supports. The width of a 
crack depends on the damage induced and the intensity of 
impact; however, the length of the crack is generally formed 
till the supports or longitudinal to the direction of bending. 
The direction of bending in a semi-circular-shaped tunnel 

under point-load impact takes place along the longitudinal 
direction towards the free end of the support. The failure 
is characterized as local shear failure due to complete loss 
of concrete material at the impact zone or the tensile crack 
width greater than 5 mm.

Analytical Methods for Rockfall Impact Force

The common calculation methods for peak rockfall impact 
force are the Swiss method [43], Japanese method [44], 
Australian method [31], B. S. Guan method [45] and the 
Method of Tunnel Manual [46]. The Swiss method is devel-
oped by Labiouse for rockfall impact force based on rockfall 
experiments.

(1)F = 1.765.M
2∕5
E

R1∕5(QH)
3∕5,

(a) (b)

(c)

Tunnel

Soil 

cushion 

layer

Impactor

Fig. 2   Experimental setup of a bare tunnel b tunnel with soil cushion layer and c drop weight impactor

Table 2   Details of experimental 
program

Nomenclature Burial depth, m Impact velocity, 
m/s

Impact momentum, 
kg.m/s

Impact energy, J

T-1-BD0 0 7.67 797.68 3060.72
T-2-BD5 0.05 7.67 797.68 3060.72
T-3-BD10 0.10 7.67 797.68 3060.72
T-4-BD15 0.15 7.67 797.68 3060.72
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where ME is the deformation modulus of the soil cushion 
layer, Q is the quality of the rockfall, and H is the falling 
height of the rockfall.

Japanese method is based on the Hertz elastic theory, the 
Japanese road association presented the relevant semiempiri-
cal and semi-theoretical calculation method of rockfall impact 
forces as follows:

where g is the gravitational acceleration, λ is the lame con-
stants, and υ is the Poisson’s ratio of soil cushion layer.

Pichler et al. [31] has proposed a semiempirical and semi-
theoretical method to measure the rockfall impact force, as 
follows, (Generally known as Australian method); 

where tw is the impact time of the rockfall, D is the diameter 
of the rockfall, M is the mass of the rockfall and v0 is the 
velocity of rockfall.

In 1996, B S Guan established the empirical method of 
impact force based on laboratory tests. This method considers 
the influence of the thickness of the soil cushion layer on the 
impact force.

where � is the correction coefficient of the rockfall impact 
force, a is the acceleration of the rockfall impact, and h is 
the thickness of the soil cushion layer.

The method of tunnel manual refers to an approach recom-
mended in Technical Manual for Railway Engineering Design 
Tunnel, and in essence, it is also an approximation method of 
the theorem of momentum.

(2)F = 2.108.(Mg)2∕3�2∕5(H)
3∕5,

F =
2Mv0

tw
;

(3)Impact time, t
w
= 2L∕v0,

F = �Ma;

Acceleration, a =

√

2gH

tw
and

(4)

Impact time, t
w
=

1

100

[

0.097Mg + 2.21h +
0.045

H
+ 1.2

]

,

F =
Qv0

gtw
;

Impact time, t
w
=

2h

c
;

where c is the reciprocating velocity of compression waves 
in the soil cushion layer, E is the modulus of elasticity of the 
soil cushion layer, � is Poisson’s ratio and �0 is the density 
before the deformation of the spherical cavity microbody.

Constitutive Material Behavior 
and Numerical Modelling

The material model for the concrete, steel rebar and soil were 
defined using concrete damage plasticity, Johnson–Cook and 
Drucker Prager model, respectively, using ABAQUS finite ele-
ment software is discussed in this section. Detailed numerical 
modelling was also discussed in this section.

Concrete Damage Plasticity (CDP) Model 
for Concrete

The CDP model uses the concept of isotropic damaged 
elasticity combined with isotropic tensile and compressive 
plasticity to represent the inelastic behavior of concrete. 
This model allows the definition of strain hardening in com-
pression and can be defined as sensitive to strain rate, thus 
resembling the impact phenomenon more realistically. The 
model was developed by Lubliner et al. [47] and, later modi-
fied by Lee and Fenves [48] for dynamic and cyclic loading 
and adopted in ABAQUS/EXPLICIT.

The CDP model can be defined in terms of stress–strain 
response as follows:

where t is tension, c is compression, σ is stress vectors, �el is 
plastic strains, d is the damage function of plastic strain and 
Del

0
 is the initial undamaged elastic modulus.
The model is idealized as homogeneous and isotropic due 

to the simplicity of modelling technique and similar elastic 
moduli observed in compression and tension stress–strain 
diagrams. The CDP model considers non-associated plastic 
flow rules. The non-associative plastic flow rule has been 
characterized as

where � represent the dilation angle and �t0 as uniaxial ten-
sile stress at failure and � as eccentricity. The eccentricity 

(5)

Compression wave velocity, c =

√

(1 − v)

(1 + v)(1 − 2�)
⋅

E

�0
,

(6)�t =
(

1 − dt
)

Del
0
∶
(

� − �el
t

)

(7)�c =
(

1 − dc
)

Del
0
∶
(

� − �el
c

)

,

(8)Gp =

√

(

��t0tan�
)2

+
(

3

2
s ∶ s

)

− ptan� ,
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parameter, m of the flow potential, � with a value of 0.1 has 
been found by comparing the experimental data from bi- and 
triaxial strength results [48]. The compressive and tensile 
damage parameters, Dc

(

�̃
pl
c

)

 and Dt

(

�̃
pl

t

)

 can be character-
ized using the degraded elastic compressive and tensile stiff-
ness as 

(

1 − Dc

)

Ec and 
(

1 − Dt

)

Ec respectively, where Ec is 
modulus of elasticity. The material damage is characterized 
from zero to one with zero being undamaged and one as 
completely damaged. The material model parameters used 
in this study are based on the studies of [49–51] and are 
shown in Tables 3 and 4.

Johnson–Cook Model for Reinforcement Bar

The Johnson–Cook model [52] was used to define the behav-
ior of the ductile materials and is used in the present study 
to define the strength and fracture behavior possessed by 
the steel reinforcement bars. The Johnson–Cook model is 
based on the strain hardening principle and von-mises yield 
criteria. The equivalent von Mises yield stress is therefore 
expressed as follows:

where εpl is equivalent plastic strain, A, B, n and m, are 
material parameters measured at or below the transition 
temperature, To. There are various constants used to define 
the Johnson–Cook model for steel, which comprises yield 
strength, strain hardening coefficient, strain hardening expo-
nent, strain rate sensitivity and thermal softening parameter. 
The Johnson–Cook material parameters based on the study 
by Iqbal et al. [53] and Kumar et al. [54] were considered for 
the present study and are tabulated in Table 5.

Drucker Prager Model for Soil

Drucker Prager model [55] was used to define the behavior 
of the soil part. The yield area in this model consists of 
two main areas, i.e., the fracture area providing the flow cut 

(9)σ =
[

A + B(ε
pl
)
n
]

[

1 + Cln

(

ε̇
pl

ε̇0

)]

[

1 − �Tm
]

,

and the cover, crossing the equivalent pressure. This model 
simplified the Mohr–Coulomb model by substituting the 
hexagonal-shaped failure cone with a simple failure cone. 
The Drucker-Prager hardening behavior is defined by yield 
stress versus absolute plastic strain values. The Drucker-
Prager can be illustrated as follows:

where q is the deviatoric stress tensor, p′ is mean stress, K 
determines the yield surface shape and maintains its convex-
ity in the deviatoric (π) plane, r is the third deviatoric stress 

(10)F =
q

2

[

1 +
1

K
−
(

1 −
1

K

)

(

r

q

)3
]

− p
�

tan� − d = 0,

Table 3   Multi-axial behaviour of CDP model [49]

Parameter Value

Density, ρ (kg/m3) 2400
Young’s modulus, E (N/m2) 24 × 109

Poisson’s ratio,� 0.15
Dilation angle 30°

Eccentricity, m 0.1
K 0.66
fb0/fc0 1.16

Table 4   Uni-axial compressive and tensile behavior of CDP model 
[49]

Yield stress (N/m2) × 106 Inelastic strain 
(m/m)

Damage 
param-
eter

Compressive behavior
 21 0 0
 20 0.0011 0.20
 19 0.0040 0.50

Tensile behavior
 3.3 0 0
 3.2 0.003 0.50
 3.1 0.005 0.55
 3 0.007 0.61
 2.9 0.010 0.67

Table 5   Johnson–cook model parameters for steel Fe 415 [53, 54]

Description Parameters

Density, ρ (kg/m3) 7850
Young’s modulus, E (N/m2) 200 × 109

Poisson’s ratio,� 0.33
Yield stress constant, A (N/m2) 493 × 106

Strain hardening constant, B (N/m2) 383 × 106

n 0.45
Viscous effect, C 0.0114
Thermal softening constant, m 0.94
Reference strain rate,𝜀̇ 0.0005
Melting temperature (K) 1800
Transition temperature (K) 293
Fracture strain constant
D1 0.0705
D2 1.732
D3 − 0.54
D4 − 0.015
D5 0
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tensor invariant, � is related to internal friction (φ) angle for 
no dilatancy stage given by

And d is the hardening parameter related to cohesion (c) 
given by

The dilation angle calculation is based on the studies of 
[56, 57] and it is preferable to keep it at 0 degrees. However, 

(11)
tan� =

√

3sin�
�

1 +
�

1

3

�

sin2�

(12)
d

c
=

√

3cos�
�

1 +
�

1

3

�

sin2�

the value of the dilation angle is considered as 1° because 
the strength and dilatancy rate reduction that takes place 
in dense soils must be considered when dealing with prob-
lems involving geotechnical stability [58]. The correspond-
ing Drucker Prager model parameters used in this study are 
given in Table 6.

Finite Element Modelling

Numerical investigations and modelling of the assembly 
were carried out using ABAQUS/CAE. A typical assembly 
for 0.15 m burial depth is shown in Fig. 3. The model was 
based upon the Lagrangian formulation, and the tunnel and 
buried soil were modelled as three-dimensional deform-
able bodies as shown in Fig. 3b, c. The main and trans-
verse reinforcement was provided with 6 mm-diameter bars, 
placed at a spacing of 0.06 m centre to centre, in proximity 
to the experimental condition. The impactor was modelled 
as an analytical rigid body with a mass inertia of 104 kg 
was assigned to it as shown in Fig. 3d. The shape of the 
impactor was semi-spherical and the contact between vari-
ous bodies was given using general contact for all exterior 
surfaces. The tangential contact was given using the Cou-
lomb friction model with a coefficient of friction of 0.30 and 
normal HARD contact was used. The embedded constraint 

Table 6   Material constant for soil [49, 56, 57]

Density 
(kg/m3)

Elastic 
modulus 
(N/m2)

Poisson 
ratio

Dilata-
tion 
angle (°)

Angle of 
internal 
friction 
(°)

Flow 
stress ratio

1850 20.9 × 106 0.36 1 31 0.778

0.10 m plate

80 mm

(b)

(c)

(d)

(a)

0.425 m

m

Fig. 3   a Assembly of the model b embedded rebar c burial soil and d rigid impactor
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was used to model the interaction between the concrete 
and steel rebar. The bottom soil was fixed, and all degrees 
of freedom were restrained. The burial soil was restrained 
from motion in the x-direction. The tunnel was restricted 
in the z-direction and corresponding rotational degrees of 
freedom were also restricted. The impactor was given an 
initial velocity of 7.67 m/s. The mesh for 3-D deformable 
bodies was C3D8R, an 8-noded linear brick element with 
reduced integration. For reinforcement, a 2-node linear beam 
in space (B31) element was used. A mesh size of 20 mm was 
provided for both longitudinal and transverse reinforcement.

The sensitivity of the mesh size was studied on tunnel 
T-1-BD0 against a 3-m drop height. A detailed mesh conver-
gence has been performed to study the effect of mesh size in 
the concrete corresponding to mesh sizes of 20, 15, 12, 10, 
7.5 and 6 mm. The results in terms of the peak tunnel dis-
placement in the downward direction at the point of impact 
were used for mesh convergence. The peak displacement 
on the tunnel with 20, 15, 12, 10, 7.5 and 6 mm mesh size 
was found to be 21, 28, 29, 34 and 33 mm, respectively. The 
optimum mesh is taken as 7.5 mm based on the mesh con-
vergence study as the computational cost increased by 1.74 
times for 6 mm mesh as compared to 7.5 mm mesh whereas 
the variation in displacement is 2.9%. Therefore, keeping 
the computational cost, a mesh size of 7.5 mm is chosen for 
the numerical simulations. Figure 4a. For numerical valida-
tion, the predicted micro strain on the tunnel longitudinal 
reinforcement bar with varying mesh size was compared 
with the experimental results, see Fig. 4b. The peak strain 

was found to be 66, 133, 207, 174 and 196 and 231 µℇ on 
the tunnel with 20, 15, 12, 10, 7.5 and 6 mm mesh size, 
respectively, whereas the measured peak strain was found to 
be 169.36 µℇ which is close to the simulation results of mesh 
size of 10 mm. However, the peak midpoint displacement 
was found closer to 7.5 mm, i.e., 34 mm rather than 10 mm 
mesh size i.e., 29 mm as compared to experimental results, 
i.e., 32 mm. The difference in results could be attributed to 
the absence of strain rate consideration in the model. Fur-
ther, the compressive fracture energy of concrete is not taken 
into account concerning the change in mesh size.

Comparison of Experimental and Numerical 
Results

The damage pattern on all four tunnels observed from the 
experiment was compared with the numerical simulations. 
The resistance offered by the tunnels with different burial 
depth cases against impact loading of 3 m drop height was 
compared. The compression, as well as tension damage 
in the tunnel, was quantified and the damage mechanism 
involved in the dynamic event was discussed.

Comparison of tunnel T‑1‑BD0

The tunnel T-1-BD0 was studied under a 3 m drop height 
and the sample resisted up to two impacts until complete 
concrete failure at the impacted location. For the first impact, 
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the tunnel experiences a frontal crater with a longitudinal 
crack, see Fig. 5a. The rear face experiences longitudinal 
flexural cracks with an average width of 2.5 mm, see Fig. 5b. 
Lateral cracks were experienced for the side face where the 
maximum crack width was 2 mm, see Fig. 5c. The average 
diameter of the crater was 40 mm, see Fig. 5d. The scabbing 
and spalling phenomenon was observed for both the rear and 
front faces respectively. The major failure of the tunnel was 
a flexural failure due to tensile waves at the rear face. The 
same can be observed for tensile and compression damage 
in the numerical study, see Fig. 6(a–i)-(b–ii). For the second 
impact, major damage occurred to both front as well as rear 
faces. For the front face, the crater diameter expanded to 
80 mm and major longitudinal damage was observed, see 
Fig. 5e. For the rear face, the major failure was punching 
shear at the location of impact along with a flexural crack, 
see Fig. 5f. The scabbing observed at the rear face has an 
average diameter of 260 mm. The tunnel completely failed 
at the point of impact and one major crack propagated 
longitudinally along both faces and further enlarged the 
cracks at the side faces. The punching shear failure occurs 
at a shear angle of 32° indicating severe damage to the rear 
face of the tunnel. The same was observed for numerical 
simulation where severe compression damage to the front 

face along with longitudinal tensile damage at the rear face 
was observed, see Fig. 6a–ii, b–iv. The radial damage was 
equivalent for both the faces in numerical simulation, see 
Fig. 6a–v, b–v. The peak deformation in rebar was 30 mm 
and 51.2 mm corresponding to the first and second impacts. 
It was observed that the deformation in concrete was well 
above the complete damage state which was obvious from 
the deformation in rebar.

Comparison of Tunnel T‑2‑BD5

The tunnel T-2-BD5 was tested under similar loading condi-
tions for a soil cushion layer thickness of 0.05 m. The tun-
nel was able to take three impacts before complete failure. 
During the first impact, the impactor completely perforated 
the soil cushion layer and impacted the tunnel. The damage 
to the tunnel was visible in the form of the side face radial 
cracks of width 1–2 mm, see Fig. 7a. The damage to the 
rear face of the tunnel experiences a longitudinal flexural 
crack that propagated along the whole length of the tun-
nel, see Fig. 7b. The width of the cracks was approximately 
3 mm. The front face of the tunnel experiences compres-
sion damage with crater formation whose diameter is ∅ 
30 mm. The numerical model was able to correctly capture 

(a) (b)

(c) (d)

Average Dia. 260 mm

Average Dia. 80 mm

(e) (f)

Tensile crack

Fig. 5   Damage to specimen T-1-BD0 at 1st impact for a front, b rear, c side face, d front crater and for 2nd impact at e front face and f rear face
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the damage on the tunnel front and rear surface, see Fig. 8. 
It was observed that the compression damage in the tunnel 
occurred radially at the front face, whereas the tensile wave 

propagated longitudinally at the rear face of the tunnel, see 
Fig. 8. As the number of impacts increases, the width of 
crack increases; however, no change in the length of crack 
was observed.

Under the second impact, the radial cracks get enlarged, 
see Fig. 7c and scabbing was observed at the rear face of the 
tunnel. The longitudinal cracks got wider at the rear face, 
see Fig. 7d. The size of the frontal crater was approximately 
equal to the diameter of the impactor, i.e., 75 mm. A similar 
pattern was observed for numerical results where longitu-
dinal compressive waves induce damage to the front face 
whereas punching shear failure was formed at the rear face 
of the tunnel. It was observed that compressive and tensile 
waves cause similitude of damage at the front and rear face 
respectively, see Fig. 8. From the numerical study, it was evi-
dent that the damage to the tunnel occurred as longitudinal 
flexural cracks as well as punching shear failure. The 0.05 m 
burial depth was proven to be ineffective for low-velocity 
impact loading based on the current investigations. In the 
case of the third impact, severe damage was observed on 
both sides of the tunnel. The front face has severe spalling 
and crater formation occurred whose diameter was 80 mm 
and further concrete was completely eroded from the impact 
zone, see Fig. 7e. The rear face of the tunnel experiences 
severe scabbing of concrete with many flexural crack forma-
tions, see Fig. 7f. The scabbing diameter was approximately 
equal to 300 mm. The punching shear failure occurs at a 
shear angle of 27° indicating severe damage to the rear face 
of the tunnel. The side face experiencing tensile damage in 
numerical simulations was like an experimental pattern as 
shown in Fig. 8. The downward displacement on the rebar 
for the first, second and third impact was 26, 39 and 56 mm, 
respectively. It was observed that the deformation in con-
crete was well above the complete damage state which was 
obvious from the deformation in rebar.

Comparison of Tunnel T‑3‑BD10

The tunnel T-3-BD10 was tested under similar loading 
conditions for a soil cushion layer thickness of 0.1 m. The 
tunnel sustained eight impacts before complete failure. 
From the first to fifth impact, minor side face cracks were 
formed in the tunnel and the width of the cracks formed was 
increased from 1 to 3 mm. It was observed that the 10-mm 
soil cushion layer had a significant effect on the impact 
resistance under impact loading. The soil layer was able to 
resist the impact and prevent damage to the tunnel till the 
fourth impact. There were no side face cracks observed in 
the T-2-BD10 tunnel till the fifth impact, see Fig. 9a–d. For 
the fifth impact, the radial cracks with a width of 3 mm were 
formed, see Fig. 9e. For the sixth impact, the target was 
completely perforated the cushion layer of soil at the impact 
zone and flexural cracks were developed on the rear face and 

Fig. 6   Compression and tension damage to the tunnel T-1-BD0 at 
front and rear face under repeated impacts a side face and b displace-
ment in rebar
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extended to the side face of the tunnel, see Fig. 9f–I, f–ii. A 
similar damage pattern with enlarged cracks was observed 
during the seventh impact, see Fig. 9h–I, h–ii. The soil was 
completely deformed and moved away from the impact zone 
during the fifth and sixth impacts, see Fig. 9g, j.

During eight impacts, severe damage was observed for 
the tunnel at the front as well as the rear face, see Fig. 9k, 
l. The impactor was able to fully penetrate the front face 
where crater formation was observed with a diameter equal 
to the impactor diameter. Also, the spalling of concrete 
was observed at the tunnel ends. At the rear face, damage 
to the tunnel had large scabbing with an average diameter 
of 280 mm. The punching shear failure occurs at a shear 
angle of 29° indicating severe damage to the rear face of 
the tunnel. The numerical simulation was performed till the 
fourth impact in comparison with the experimental results. 
The numerical simulation was able to correctly capture the 
experimental results. However, the damage to the tunnel was 
overpredicted and it had only four impacts for the tunnel to 
fail. The radial cracks were correctly captured in the numeri-
cal simulation, see Fig. 10. The deformation in the tunnel 
rebar for four impacts increased from 5.3 mm to 53 mm.

Comparison of Tunnel T‑4‑BD15

The tunnel T-3-BD15 was tested under similar loading con-
ditions for a soil cushion layer thickness of 0.15 m. The tun-
nel sustained nine impacts before complete failure. From the 
first to sixth impact, minor cracks were formed in the tun-
nel side face and the width of cracks was found to increase 
from 1 to 3 mm. It was observed that the 0.15-m soil cush-
ion layer had a significant effect on the impact resistance 
under impact loading. The soil layer was able to resist the 
impact and prevent damage to the tunnel till the fifth impact. 
There were no side face cracks observed in the T-2-BD15 
tunnel till the fifth impact. For the fifth impact, the radial 
cracks with a width of 2 mm formed on the side face, see 
Fig. 11a–i. Similarly, rear face cracks were formed whose 
width is 5 mm, see Fig. 11a–ii. During the sixth impact, 
the side face cracks were found enlarged, see Fig. 11b–i, 
and further rear face scabbing of concrete was observed, 
see Fig. 11b–ii. After the sixth impact, the tunnel damage 
was quite severe where no cushion layer was available at the 
impact location to dissipate the energy. The cracks at the 
side face were found enlarged during the seventh and eighth 

(a) (b)

(c) (d)

(e) (f)

Radial 

cracks

Fig. 7   Damage to the tunnel T-2-BD5 under (a), b 1st impact (c), d 2nd impact and (e), f 3rd impact
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impact, see Fig. 11c–I and d–i and a large mass of concrete 
was found scabbed at the rear face, see Fig. 11c–ii and d–ii.

During the ninth impact, severe damage was observed to 
the tunnel at the front as well as the rear face, see Fig. 11e, 
f. The impactor was able to fully penetrate the front face 

where crater formation was observed with a diameter equal 
to the impactor diameter. However, no spalling of concrete 
was observed at the tunnel ends. The longitudinal compres-
sive wave was the primary cause of flexural failure at the 
front surface of the tunnel. The crater diameter at the front 

Fig. 8   Compression and tension 
damage to the tunnel T-2-BD5 
at front and rear face under 
repeated impacts (a) side face 
and (b) displacement in rebar
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face had a diameter of 75 mm. At the rear face, damage 
to the tunnel had large scabbing with an average diameter 
of 360 mm. The punching shear failure occurs at a shear 
angle of 21° indicating severe damage to the rear face of 
the tunnel. The numerical simulation was performed till 
the 4th impact in comparison with the experimental results. 
The numerical simulation was able to correctly capture the 
experimental results, see Fig. 12. The radial cracks were 
correctly captured in the numerical simulation, see Fig. 12. 
The deformation in the tunnel rebar was found to increase 
from 5.3 to 53 mm from first to fourth impacts.

Energy Absorption and Deformation 
on Tunnel using FE Simulations

The predicted energy absorption capacity was compared for 
each cushion layer thickness and further extended numeri-
cally to 0.30 m burial depths. The stress in tunnel and defor-
mation that occur in rebar was also studied for varying burial 
depths and discussed in this Section. Further, the deforma-
tion in bed soil was also compared against each burial depth 
and discussed.

Energy Absorption Capacity Under Repeated Impact 
Load

The load versus displacement response of tunnels under 
varying burial depths for repeated impacts was presented in 
Fig. 13. The depth of the cushion layer was extended to 0.3 m 
for numerical study. The peak impact force for various burial 
depth cases under repeated impacts is presented in Table 7. 
The peak impact force for zero burial depth was found to be 
95.55 kN and the corresponding peak mid-node deformation 
was 46.48 mm. The calculated impulse and energy absorp-
tion capacity of the zero burial depth tunnel was 0.85 kN-s 
and 2998.62 kN-mm, respectively, see Table 7. During the 
second impact, the peak impact force increased to 110.38 kN 
and the peak displacement was 79.34 mm, see Table 7. The 
corresponding impulse and energy absorption capacity 
was 0.91 kN-s and 2912.05 kN-mm, respectively. It was 
observed that the peak impact force, as well as impulse, was 
increasing with the second impact whereas energy absorp-
tion was similar. The rise in peak impact force with repeated 
impact was also found because of the contact between the 
impactor and concrete part and increased values of plastic 
strains than strain at failure resulting in over elongation of 
elements [59]. The force–displacement plot for the 0.05-m 

(a) (b) (c) (d) (e)

(g) (j)(f-i) (h-i)

(k) (l)

Soil 

deformation

Fig. 9   Damage to tunnel side face (a–e) 1st impact to 5th impact, f–i 6th impact, g damage to soil cushion layer for 6th impact, h–i damage to 
side face for 7th impact j damage to damage to soil cushion layer for 7th impact and k & l front and rear face damage on 8th impact



2189Journal of Vibration Engineering & Technologies (2024) 12:2175–2203	

1 3

burial depth case is shown in Fig. 13a. For 0.05 m burial 
depth, the peak impact force and displacement for 1st impact 
were found to be 204.32 kN and 35.27 mm, respectively. For 
the 2nd and 3rd impact, the peak impact force was increased 

to 221.41 kN and then reduced to 200.65 kN. The peak dis-
placement for the 2nd and 3rd impact was found to be 56.87 
and 73.88 mm corresponding to the initial position. The 
impulse and energy absorption capacity of 0.05 m burial 

Fig. 10   Compression and tension damage to the tunnel T-3-BD10 at front and rear face under repeated impacts a rear face and b displacement in 
rebar
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depth tunnel was found to be increasing on repeated impacts, 
see Table 7. For 0.1 m burial depth, the peak impact force for 
1st to 4th impact was 184.34, 184.21, 209.6 and 210.54 kN, 
respectively. It was observed that the peak impact force was 
increasing with each subsequent impact, see Table 7. The 
peak displacement for 0.1 m burial depth increased from 
13.67 to 68.65 mm, indicating failure of concrete at the 
impacting surface. The load–displacement curve was plot-
ted for 0.1 m burial for energy absorption calculations, see 
Fig. 13b. The impulse and energy absorption capacity of the 
tunnel was first increased from 1st to 3rd impact and then 
decreased for 4th impact, see Table 7. 

For 0.15 m burial depth, the peak force was reduced to 
155.43 kN for 1st impact. For each subsequent impact, the 
peak impact force was comparable to the 0.05 and 0.1 m bur-
ial depth cases, see Table 7. The load–displacement curve 
for 0.15 m burial depth indicates that much of the energy 
got absorbed into the soil layer, see Fig. 13c. Therefore, 

lower energy absorption values were found for the 0.15-m 
burial depth tunnel, see Table 7. For 0.2 m tunnel depth, 
there was a considerable drop in peak deformation; how-
ever, the peak force was comparable to the other cases, 
see Table 7. The energy absorption capacity of the tunnel 
was significantly lower for 0.2 m burial depth due to the 
lower deformations under repeated impacts, see Fig. 13d. 
It can be concluded that above a threshold of 0.15 m burial 
depth, the deformations in the tunnel can be significantly 
lowered. The soil cushion layer above 0.15 m was proven 
to be quite effective in controlling the damage to the tunnel 
under impact loading. For 0.25 m burial depth, the impact 
force was reduced as compared to earlier cases. The impact 
force for impact 1–4 was found to be 106, 157, 176.06 and 
169.06 kN, respectively. The peak deformations in the tun-
nel were significantly lower than lower burial depth cases as 
shown in Fig. 13e. The 0.3-m burial depth observed a lower 
impact force for 1st impact as compared to the lower burial 

(a-i)

(b-i)

(b-ii)

(c-ii)

(d-ii)

(c-i)

(d-i)

(e) (f)

Scabbing

Perforation

Fig. 11   Damage to the tunnel T-4-BD15 (i) side face and (ii) rear face for impact a 5th b 6th c 7th d 8th and final failure at 9th impact for e front 
and f rear face
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depth; however, the peak force was increased for subsequent 
impacts and comparable to the other cases, see Table 7. The 
force–displacement curve was plotted for the energy absorp-
tion capacity of the tunnel as shown in Fig. 13(f). It was 

concluded that above 0.2 m burial depth the energy absorbed 
by the tunnel was similar in magnitude as well as compa-
rable peak deformations observed. The impulse was found 
to be comparable for each burial depth case. Therefore, it 

Fig. 12   Compression and tension damage to the tunnel T-4-BD15 at front and rear face under repeated impacts a side face and b displacement in 
rebar
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was concluded that the impact duration was similar for each 
burial depth tunnel.

Soil Deformation Under Repeated Impact Load

The deformation of bed soil under repeated impacts was shown 
in Fig. 14. The deformation in the soil was increased with each 
subsequent impact and is presented in Table 7. For 5 mm BD 

the deformation in the bed soil increased to 21 mm for the 3rd 
impact, see Fig. 14. The deformation in bed soil was propa-
gated longitudinally on the inner surface of the tunnel bed soil. 
It was observed that the deformation in the inner side of the 
tunnel bed soil was hogging. The soil was deformed upwards 
along the periphery of the tunnel due to the natural con-
strained boundary conditions. The deformation of the 0.10-m 
BD tunnel was lower for 1st impact as compared to 0.05 m 
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Fig. 13   Impact force–displacement curves under repeated impacts for varying burial depths of a 0.05 b 0.10 c 0.15 d 0.20 e 0.25 and f 0.30 m
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BD; however, equal magnitude of deformation was observed 
below the tunnel lining for subsequent impacts, see Fig. 14. 
Till 0.15 m BD, the deformation in the bed soil was of equal 
proportions on both sides. The deformation kept on reducing 
as the depth of the buried soil increased. For burial depths 
of more than 0.15 m, the deformation primarily occurred on 
the left side, see Fig. 14. The hogging deformation primarily 
occurred on the soil directly below the tunnel. For BD 0.20 m 
and higher, the bed soil experiences a similar magnitude of 
deformation below the tunnel lining, see Fig. 14. It can be 
concluded that the 0.15 m soil cushion layer was most efficient 

and economical for the application of impact resistance for 
RC tunnels.

Influence of Mass and Velocity of Impactor

To study the influence of mass and impactor velocity on 
the behavior of underground tunnels, numerical investiga-
tions were performed on the tunnel with a constant burial 
depth of 0.15 m. The predicted results are presented in 
terms of tunnel damage, bed soil deformation and energy 

Table 7   Summary of Numerical study of tunnel under various burial depths for repeated impacts

Case Peak force (kN) Peak displacement in 
tunnel (mm)

Impulse (kN-s) Energy absorption capacity 
of tunnel (kN-mm)

Peak bed soil deforma-
tion w.r.t. base position 
(mm)

0 m burial depth
 Impact 1 95.55 46.48 0.85 2998.62 − 18.35
 Impact 2 110.38 79.34 0.91 2912.05 − 39.6

0.05 m burial depth
 Impact 1 204.32 35.27 0.93 1430.92 − 7
 Impact 2 221.41 56.87 0.98 3326.07 − 15
 Impact 3 200.65 73.88 0.93 3013.83 − 21

0.10 m burial depth
 Impact 1 184.34 13.67 0.90 1077.49 − 6
 Impact 2 184.21 33.73 0.85 2574.60 − 13
 Impact 3 209.6 52.31 0.94 3178.30 − 17
 Impact 4 210.54 68.65 0.89 2810.96 − 21

0.15 m burial depth
 Impact 1 155.43 5.96 0.96 316.28 − 3.60
 Impact 2 219.08 12.27 0.96 583.86 − 7.40
 Impact 3 202.63 22.67 0.88 1230.62 − 12
 Impact 4 234.76 41.33 0.87 2587.04 − 16

0.20 m burial depth
 Impact 1 248.36 0.04 0.89 2.55 − 0.34
 Impact 2 223.26 0.12 0.81 10.27 − 0.87
 Impact 3 206.48 0.16 0.93 7.53 − 1.20
 Impact 4 249.56 0.86 0.17 0.58 − 1.80

0.25 m burial depth
 Impact 1 106.36 0.03 0.86 1.09 − 0.25
 Impact 2 157.01 0.07 0.88 4.67 − 0.61
 Impact 3 176.06 0.11 0.88 6.41 − 0.90
 Impact 4 169.06 0.14 0.87 5.63 − 1.10

0.30 m burial depth
 Impact 1 91.73 0.02 0.82 0.57 − 0.24
 Impact 2 162.87 0.04 0.91 2.67 − 0.52
 Impact 3 220.53 0.06 1.01 3.50 − 0.66
 Impact 4 159.44 0.09 0.83 4.20 − 0.83
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Fig. 14   Deformation in bed soil with respect to initial position for different burial depths under 1st, 2nd, 3rd, and 4th impact respectively
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absorption capacity under varying the mass and velocity 
of the impactor.

Varying Mass of Impactor

The parametric study was performed to evaluate the damage 
to the tunnel for varying masses of impactor as 150, 200, 
300 and 400 kg for 0.15 m soil cushion layer. The impact 
resistance and energy absorption capacity of the tunnel were 
evaluated and deformation in bed soil was also studied.

The compression and tension damage to the 0.15 m BD 
tunnel was evaluated of different impactor masses of 150, 
200, 300 and 400 kg as shown in Fig. 15. On increasing the 
mass of the impactor, the compression damage to the tunnel 
increased longitudinally on the front face, see Fig. 15a-I, d-i. 
On the rear face, the compression damage was propagating 
radially outward from the point of impact, see Fig. 15a–ii, 
d–ii. As the mass of the impactor increased, the damage zone 
was getting enlarged for compression damage at the rear face 
of the tunnel. It was observed that 0.15 m BD soil was able 
to resist the impact till 200 kg impactor mass above which 
large longitudinal damage was observed. The tension dam-
age was propagating laterally towards the free edges from 
the point of impact at the front face, see Fig. 15a–iii, d–iii. 
The damage intensity increased drastically as the mass of the 
impactor increases from 300 kg above, see Fig. 15c–iii, d–iii. 
The tension damage to the rear face of the tunnel propagated 
longitudinally towards the free edge, see Fig. 15a–iv, d–iv. 
For an impactor mass of 400 kg, the tunnel expanded radi-
ally outwards indicating complete failure along the longi-
tudinal plane.

The impact force versus time plot of 0.15 m BD tunnel 
under a varying mass of impactor was shown in Fig. 16a. 
It was observed that the peak impact force did not show 
a clear trend with the change in impactor mass; however, 
the time history of the impact force plot for different cases 
was similar. The peak impact force for different cases is 
presented in Table 8. It was observed that the peak impact 
force was 308.90 kN for 400 kg mass of impactor among 
all other cases. It was concluded that the impact resistance 
of the 0.15 m BD tunnel was dependent to a lesser extent 
on the mass of the impactor where only slight variations in 
peak impact force were observed. The displacement in the 
tunnel for varying mass of impactor is shown in Fig. 16b. 
It was observed that the peak displacement was increas-
ing with the impactor mass. It was observed that there is 
an abrupt change in the displacement of the tunnel after 
300 kg impactor mass because the concrete elements below 
the impact locations were distorted and extended to larger 
plastic strains. The use of element erosion algorithms can 
ensure that the distorted elements are removed from the 
simulation. The peak displacement showed a linear trend 
with the impact mass as shown in Table 8. The peak bed 

soil deformation is presented in Table 8. It was observed that 
the peak bed soil deformation increased with the increase of 
impactor mass and there was an abrupt change in the defor-
mation against 300 kg impactor mass. In addition to that, 
the pattern of deformation from the present study has been 
compared with the literature. Similar results were observed 
by Gahoi et al. [16] and Zaid [50] as the higher deformations 
due to the increase of mass of the impactor.

The impulse was calculated by integrating the impact 
force time history and presented in Table 8. It was observed 
that the impulse was increased with an increasing mass of 
the impactor. The impulse for the varying impactor mass 
was increased. The higher impulses observed were directly 
dependent on the higher initial impact energy to the system. 
The energy absorption capacity of the plate was obtained 
by extracting the area of the load–displacement response 
and the energy absorption capacity of the tunnel for var-
ying masses of the impactor is presented in Table 8. The 
energy absorption capacity was increased as the mass of the 
impactor increased due to higher deformations observed. 
The increased deformations are directly related to the energy 
absorbed and therefore because of the absence of element 
removal algorithms, the plastic strains increased rapidly in 
the concrete.

The contours of the base soil bed deformation are pre-
sented in Fig. 17. It was observed that the negative deforma-
tions on the bed soil were mostly constricted to the base of 
the tunnel lining. The positive deformations occurred at the 
base of the tunnel where hogging moments were observed. 
The deformation contours were similar in nature for each 
case as shown in Fig. 17. The peak positive deformations 
for 150, 200, 300 and 400 kg were 1.9, 2.4, 4.1 and 5.8 mm 
as shown in Fig. 17a–d. The peak deformation showed a 
linear increase with increasing the mass of the impactor. The 
hogging deformations were mostly restricted to a smaller 
area around the edges of the tunnel. The area of hogging 
deformations increased with the increase in the mass of the 
impactor. The hogging deformations in bed soil below the 
tunnel were constricted to a smaller area as the mass of the 
impactor was increased, see Fig. 17a–d. The peak positive 
deformations were observed at the mid location below the 
tunnel because of the reflected compressive wave from the 
tunnel boundaries.

Varying Velocity of Impactor

The parametric study for varying impactor velocities of 9.9, 
14, 17.15 and 19.81 ms−1 corresponding to the height of the 
impact as 5, 10, 15 and 20 m was studied for compression 
and tension damage. Also, the impact resistance and energy 
absorption capacity were studied for varying impactor veloc-
ity. Further, the deformation in the soil bed was investigated 
under varying impactor velocities.
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Fig. 15   (i) Front face, (ii) rear face compression damage (iii) front face and (iv) rear face tension damage for impactor mass of a 150 b 200 c 300 
and d 400 kg
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The compression and tension damage to the 0.15-m BD 
tunnel was evaluated at different impactor velocities of 9.9, 
14, 17.15 and 19.81 ms−1 as shown in Fig. 18. On increas-
ing the velocity of the impactor, the compression damage 
to the tunnel increased longitudinally on the front face, see 
Fig. 18a–I, d–i. On the rear face, the compression dam-
age was propagating radially outward from the point of 
impact, see Fig. Figure 18a–ii, d–ii. As the impactor veloc-
ity increased, the damage zone was getting enlarged for 
compression damage at the rear face of the tunnel. It was 
observed that 0.15 m BD soil was able to resist the impact 
till 14 m/s impactor mass above which large longitudinal 

damage was observed. The tension damage was propa-
gating laterally towards the free edges from the point of 
impact at the front face, see Fig. 18a–iii, d–iii. The damage 
intensity was increased drastically as the impactor velocity 
was above 14 m/s, see Fig. 18b–iii, d–iii. As the impactor 
velocity increased, the tension damage at the front face 
started propagating in the longitudinal direction also, see 
Fig. 18d–iii. The tension damage to the rear face of the 
tunnel propagated longitudinally towards the free edge, see 
Fig. 18a–iv, d–iv. As the impactor velocity increased, the 
tension damage area along the longitudinal plane increased 
significantly.
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Fig. 16   a impact force and b displacement with varying mass of impactor

Table 8   Parametric analysis for varying mass of impactor

Case kg Peak force (kN) Peak displacement in 
tunnel (mm)

Impulse (kN-s) Energy absorption capacity 
of tunnel (kN-mm)

Peak bed soil deforma-
tion w.r.t. base position 
(mm)

150 218.32 7.63 1.35 346.71 − 4.7
200 152.50 12.77 1.66 780.82 − 6.1
300 229.88 33.04 2.60 3027.69 − 11
400 308.90 52.88 3.77 5742.01 − 17

Fig. 17   Deformation (m) in soil against a 150 b 200 c 300 and d 400 kg mass impactor
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Fig. 18   (i) Front face and (ii) rear face compression damage (iii) front face and (iv) rear face tension damage under velocity of a 9.9 b 14 c 17.15 
and d 19.81 ms.−1
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The impact force versus time plot of the 0.15 m BD 
tunnel under the varying velocity of the impactor was 
shown in Fig. 19). It was observed that a similar trend 
for impact force versus time plot was observed as the 
impactor velocity increased; however, the plateau peaks 
were lesser in number for 19.81 ms−1 impact velocity, see 
Fig. 19a. The peak impact force for different cases was 
presented in Table 9. It was observed that the peak impact 
force first decreased as the impactor velocity increased 
from 9.9–14  ms−1 from 235.31 to 189.33 kN and then 
increased significantly for 17.15 and 19.81 ms−1 at 416 
and 630.14 kN, respectively. It was concluded that the 
impact resistance of the 0.15 m BD tunnel was signifi-
cantly dependent on the impactor velocity. The displace-
ment in the tunnel for varying mass of impactor is shown 
in Fig. 19b. The tunnel displacement versus time plot has 
a similar trend for change in impactor velocity, where the 
displacement in the tunnel first increased and then residual 
deformation was observed. It was observed that the peak 
displacement was increasing with the impactor mass, see 
Table 9. The peak displacements for 9.9, 14, 17.15 and 
19.81 ms−1 were 8.17, 25.45, 53.88 and 81.59 mm, respec-
tively. The peak bed soil deformations for different cases 
were presented in Table 9. It was observed that the peak 
bed soil deformation increased linearly with the impactor 
velocity.

The impulse was calculated by integrating the impact 
force time history and presented in Table 9. It was observed 
that the impulse was increased with the increasing velocity 
of the impactor. The impulse was increased linearly with 
the impactor velocity. The higher impulses observed were 
directly dependent on the higher initial impact energy to the 
system. The peak forces were much higher as the velocity of 
the impactor was increased; however, the impulses did not 
observe such behavior. Therefore, it can be concluded that 
the plateau of forces was similar in increasing the velocity 
of the impactor. The energy absorption capacity of the plate 
was obtained by extracting the area of the load–displace-
ment response and the energy absorption capacity of the 
tunnel for the varying velocity of the impactor was presented 
in Table 9. The energy absorption capacity increased sig-
nificantly as the velocity of the impactor increased due to 
higher impact forces and deformations observed. The energy 
absorption capacity was related to both peak force and dis-
placement with impactor velocity and the corresponding 
values of energy absorption capacity for 9.9, 14, 17.15 and 
19.81 ms−1 were 414.10, 2172.16, 5372.27 and 9922.37 
kN-mm, respectively.

The contours of the base soil bed deformation were pre-
sented in Fig. 20. It was observed that the negative deforma-
tions on the bed soil were mostly constricted to the base of 
the tunnel lining. The positive deformations occurred at the 
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Fig. 19   Variation of a impact force and b displacement of tunnel with varying velocity of impactor

Table 9   Parametric analysis for varying velocity of impactor

Case ms−1 Peak force (kN) Peak displacement in 
tunnel (mm)

Impulse (kN-s) Energy absorption capacity 
of tunnel (kN-mm)

Peak bed soil deforma-
tion w.r.t. base position 
(mm)

9.9 235.21 8.17 1.18 414.10 − 5.1
14 189.33 25.45 1.50 2172.16 − 12
17.15 416.32 53.88 1.70 5372.27 − 17
19.81 630.14 81.59 2.30 9922.37 − 20
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base of the tunnel where hogging moments were observed. 
The deformation contours were similar in nature for each 
case as shown in Fig. 20. The peak positive deformation for 
9.9, 14, 17.15 and 19.81 ms−1 were 2, 4.8, 6.6 and 7.4 mm 
as shown in Fig. 20a––d. The peak deformation showed a 
linear increase with increasing the impactor velocity from 
2.0 to 7.4 mm. The hogging deformations were mostly 
restricted to a smaller area around the edges of the tun-
nel. The area of hogging deformations increased with the 
increase in the velocity of the impactor, see Fig. 20d. The 
hogging deformations in bed soil below the tunnel were con-
stricted to a smaller area as the velocity of the impactor was 
increased, see Fig. 20a–d. The peak positive deformations 
were observed at the mid location below the tunnel because 
of the reflected compressive wave from the tunnel bounda-
ries and as the impactor velocity increased the waves got 
constricted at the middle.

Analytical Evaluation

The numerical results were compared with the analytical 
methods available in the literature for the prediction in peak 
impact force with varying soil cushion depth, see Fig. 21a. 
The Swiss, Japanese and Australian algorithms did not 
have considerations for soil cushion layer depth, whereas 
the Chinese tunnel manual algorithm consider the effect of 
soil cushion. It was observed that the Chinese tunnel manual 
algorithm predicts the peak impact force much less as com-
pared to numerical results. However, all other algorithms 
have good predictions for peak impact force for 0 m burial 
depth and 0.25 and 0.3 m burial depths. The use of numeri-
cal simulations is further compared with analytical methods 
for varying impactor mass and velocity, see Fig. 21b and c. 
It was observed that the analytical methods underpredict 
the peak impact force as compared to numerical methods. 
However, on increasing the mass of the impactor, the predic-
tion accuracy improved, and optimum prediction accuracy 
was observed for Yang Qixin’s algorithm. The Australian 
algorithm overpredicts the peak impact force with higher 
impactor velocity. For better prediction, Rc parameter which 

Fig. 20   Deformation in soil bed for impactor velocity a 9.9 b 14 c 17.15 and d 19.81 ms.−1
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Fig. 21   Comparison of analytical methods with numerical simula-
tion for varying a soil cushion depth b impactor mass and c impactor 
velocity
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is described as the indentation resistance needs to be cali-
brated. In the present study, numerical results on varying 
velocities of the impactor, match well with the analytical 
algorithms. Similar to impactor velocity, the Australian 
algorithm overestimates the peak impact force as compared 
to other methods for higher mass. However, the numerical 
methods showed similar results compared with the other 
methods and can be used as a benchmark for the design and 
evaluation of concrete tunnels under impact loading.

Conclusions

The experimental and numerical investigation on reinforced 
concrete tunnels was performed for varying burial depths 
of soil cushion layer under low-velocity impact. The tun-
nels were investigated experimentally considering 0.05, 0.1 
and 0.15 m of soil cushion layer. The numerical study was 
performed for tunnels under repeated impacts for evalua-
tion of the peak force, displacement, and energy absorption 
capacity of the tunnel. The parametric study was performed 
for the impact resistance and energy absorption of the tunnel 
for varying mass and velocity of the impactor. Based on the 
study, the following conclusions were drawn:

•	 The resistance of the tunnel was found to be increasing 
significantly as the burial depth of soil was increased 
from 0.05 to 0.1 m. The mode of failure was changing 
with each subsequent impact for the 0 and 0.05 m BD 
tunnel; however; for 0.1 and 0.15 m the mode of failure 
was the same till the 5th and 6th impact and after that, the 
mode of failure was changed to punching shear failure.

•	 It was concluded that the numerical results were in good 
agreement with the experimental results for peak dis-
placement and strain in rebar. The peak displacement 
was reduced by increasing the burial depth of the soil and 
negligible displacement was observed for a burial depth 
of 0.20 m or higher.

•	 The impulses were found to be independent of soil bur-
ial depth. Further, the energy absorption capacity of the 
tunnel was found to be increasing with each subsequent 
impact for 0, 0.05, 0.1 and 0.15 m tunnel burial depth. 
For 0.2  m and higher BD, very less energy absorp-
tion was observed in the tunnel because the burial soil 
absorbed most of the impact energy.

•	 It was observed that the impact force did not have a clear 
trend for change in the mass of the impactor. The impulse 
was increasing with the mass of the impactor indicating 
higher plateau forces for a larger mass of the impactor. 
Further, the energy absorption capacity was increasing 
as the mass of impactors increased.

•	 The peak force first decreased and then increased sig-
nificantly as the velocity of the impactor increased, 

however, the impulses were increasing with increasing 
velocity highlighting that the plateau of impact force was 
increasing. The energy absorption capacity of the tunnel 
also increased significantly as the velocity of the impac-
tor increases due to the higher force and displacement 
observed for higher velocities.

•	 The bed soil deformations were increasing with both 
impactor mass as well as impactor velocity. The hog-
ging deformations were observed below the tunnel and 
were restricted to the mid location on increasing mass 
and velocity of the impactor.

•	 The numerical simulations agreed with the analytical 
methods for peak impact under varying mass and veloc-
ity of the impactor. It was observed that Yang Qixin’s 
algorithm was best among other predicting algorithms 
when comparing peak impact force with the numerical 
result.
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