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 7 

Abstract 8 

The tunnels extend the use of underground space for special applications such as 9 

transportation, mine development and civil defense. These structures could become susceptible 10 

to severe dynamic loads such as traffic loads, pile driving, impact and blast loads. In this 11 

context, the experiment and simulations were conducted on semi-cylindrical tunnels of 12 

dimensions 1.2 m length × ∅ 0.5 m center-to-center and 0.05 m lining thickness under impact 13 

loading. The drop height was kept at 3.0 m and the burial depths of the soil cushion were varied 14 

as 0, 0.05, 0.10 and 0.15 m to study the effect of the cushion layer under repeated impact load. 15 

The experimental results were obtained in terms of damage to the tunnel and displacements in 16 

the tunnel under repeated impacts. It was observed that the impact resistance of tunnels 17 

increased significantly when the natural burial depth increased from 0.05 to 0.10 m. It was 18 

concluded that the tunnel with 0.15 m burial depth was able to resist up to nine impacts as 19 

compared to the tunnel without cushion which offered resistance against two impact only. The 20 

numerical investigations were performed for each tunnel under repeated impacts using 21 

ABAQUS/Explicit. The numerical results were found to be in good agreement with the 22 

experimental results in terms of strain in rebar and mid displacement. The parametric study 23 

was performed for the influence of mass and velocity of the impactor in terms of crack pattern, 24 

impact force, displacement, and energy absorption capacity in the tunnel. On increasing the 25 

mass of the impactor from 150 (4.41 kJ) to 400 kg (11.77 kJ), the energy absorption capacity 26 

was found to increase from 7.8% to 48.7%, however, on increasing the height of drop from 5 27 

(5.1 kJ) to 20 m (20.40 kJ), the energy absorption capacity of the tunnel was increased from 28 

8.1 to 48.6%. It was concluded that under the low-velocity impact, energy absorption in the 29 

tunnel is more sensitive to the mass of the impactor as compared to drop height. It was observed 30 

that Yang Qixin's algorithm was the best predicting algorithm among others when comparing 31 

peak impact force with the numerical result. 32 
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Keywords: Reinforced concrete tunnels; Soil cushion; Impact load; Experiment; FE 33 

simulations. 34 

1. Introduction 35 

The urban population is increasing at a steady pace and often leads to restricted and 36 

congested spaces. The resolution of constant conflict between the demand for infrastructures 37 

and the supply of residential spaces has often led to the idea of considering an ostensibly hidden 38 

means i.e., the underground space [1]. A tunnel is a superficial underground space that offers 39 

special applications such as transportation, mine development and civil defense. The 40 

construction and operation of the tunnel impose certain risks on all indirectly and directly 41 

involved parties in the project [2]. The underground structures are less vulnerable to seismic 42 

activities [3]. However, these structures become susceptible to severe dynamic loads such as 43 

traffic loads, pile driving, impact and blast loads. Regardless of the variations experienced by 44 

the structure under these dynamic loads, the elastic waves are the main transmitter of energies 45 

that cause vibrations in the system. Thus, it can be inferred that ground vibration mitigations 46 

are similar for each vibration source.  47 

Tunnels are characterized as shallow tunnels which are on ground level and deep tunnels 48 

which are buried deep in the ground. Under static conditions, the shallow tunnels are subjected 49 

to overburden pressure from soil, in situ stresses and seepage of water. Soil pressure act as an 50 

external factor that controls the final failure and deformation behavior of concrete tunnels [4]. 51 

The dominant failure modes of reinforcing tunnels under static loading are structural failure 52 

due to plastic rotation of softening hinges, tensile failure caused by localized cracking and 53 

material failure due to concrete deterioration [5]. The tensile and compressive failure can occur 54 

in tunnel crown segments, and it was observed that maximum crown settlement can reach a 55 

rate of increase about 28%. It was suggested to provide local thickening of the support structure 56 

near tunnel interactions in order to improve the stability of tunnels [6,7]. The circular shape of 57 

the tunnels is preferred in case of weak/soft ground due to their own ability to readjust during 58 

the subsequent load changes [8]. The underground structures not only endure static loads but 59 

also dynamic loads due to man-made or natural disasters. The impact or blast loading causes 60 

damage to the underground tunnel running beneath and affects the transportation system and 61 

human lives [9].  62 

Under dynamic conditions, the tunnel influenced by the seismic, impact, or blast loading. 63 

The underground tunnels suffer less damage than surface structures under dynamic conditions. 64 

It was reported that the damage in the tunnel decreases with increasing over- burden depth. 65 

Deep tunnels seem to be safer and less vulnerable to earthquake shaking than shallow tunnels 66 

[10]. Another factor is that tunnels constructed in soil are expected to have more damage 67 
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compared to openings constructed in competent rocks. Under dynamic conditions, several 68 

types of damage were observed, including lining cracks, portal failures, spalling of the concrete 69 

lining, groundwater inrush, exposed and buckled reinforcement, displaced lining, rockfalls in 70 

unlined sections, lining collapses caused by slope failures, pavement cracks and lining shear-71 

off [11].  72 

Rockfall is the primary cause of impact loading on reinforced concrete (RC) tunnels. 73 

These impacts have been extensively studied using large scale field test [12] as well as 74 

laboratory tests [13,14]. The different mechanisms such as shear as well as the flexural failure 75 

of the structural elements were observed under impact load and provided a valuable database 76 

for the numerical analysis. It was observed that the deformation of the structure, the weight of 77 

the rock and the height of the rockfall were found to have a clear linear relationship. The 78 

inclination of slopes at the tunneling threshold often leads to the destabilization of rock faults 79 

which can induce serious damage to the tunnel structure.  80 

The impact on reinforced concrete structures is often characterized as compression waves 81 

at the front side and strong tensile waves at the distal side. The impact on reinforced concrete 82 

tunnels is often studied on prototype models. Dhamne et al. [15] carried out physical 83 

modelling of D-Shaped shallow tunnels to understand tunnel behaviour subjected to a high rate 84 

of impact loading (projectile). The deformations obtained in the prototype at the tunnel's crown 85 

are 100 times greater than those obtained in the scaled model. The impact energy, which is 105 86 

times larger than the scaled model, is the reason for the increased magnitude of displacement. 87 

Gahoi et al. [16] investigated the deformation behavior of tunnels in rock subjected to impact 88 

loading. Important factors governing fracture and deformations in structural integrity were 89 

studied under the effect of cover depth and impact energy on shallow tunnel settlement. The 90 

reaction of the rock tunnel portal under impact loading, according to Zaid, et al. [17] 91 

investigated the reaction of the rock tunnel portal under impact loading by varying overburden 92 

depth, impact energy and rock weathering grade. It was observed that the deformation behavior 93 

was found to be the same for overburden depth and rock weathering grade. Rao et al. [18] 94 

studied the effect of impact loading developed on shallow tunnels, due to projectile penetration. 95 

The probability of projectile penetration within the tunnel lining was observed to decrease as 96 

the tunnel's burial depth increased. Meng et al. [19] investigated the composite effect of steel 97 

fiber and rebar on full-scale steel fiber-reinforced concrete (SFRC) precast tunnel segments. 98 

The combined effect of steel fiber and steel rebar found increased load-carrying capacity by 99 

increasing the limit of proportionality and delaying the initial crack. Yan et al. [20] studied 100 

transient analysis of train-to-tunnel impact force using several parameters. The parametric 101 

investigation demonstrates that when the impact velocity rise, the dynamic response increases. 102 
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Major tensile damage was also found in the impact zone, whereas compression damage was 103 

observed on the front, distal face of the damaged region. Sharma et al. [21] found that the 104 

tunnels having the lowest cover depth experience excessive deformation subjected to impact 105 

loading. Wang et al. [22] performed an experiment on intact and hollow sandstone against 106 

various confined pressure under dynamic compressive tests. In comparison to intact sandstone, 107 

the hollow cylindrical sandstone experienced lower dynamic strength and a significant critical 108 

strain. Wang et al. [23] developed a peridynamic model for reinforced concrete shed structures 109 

under rockfall impact. It was suggested that simplifying the impact force as the static load is 110 

not sufficient to understand the resistance of rock sheds under rock fall.  111 

Various mitigation strategies were proposed to evaluate the structural resistance of 112 

tunnels. The active and passive open trench was used to control the vibrations [24]. It was also 113 

concluded that a larger trench was required at greater distances from the source to accomplish 114 

a given amplitude reduction. Abdul Quadir Bhatti [25] constructed a three-layer Absorbent 115 

System (TLAS) and established a logical impact-resistant modelling methodology for arch-116 

type shelters using the 3-D elastoplastic Finite Element Model (FEM) to compute the maximum 117 

input energy for obtaining the end state. When TLAS was used as an absorption system, the 118 

transmitted impact force was reduced by half and the displacement at the pithead section was 119 

reduced by 75% at the crown, indicating that the RC arch tunnel's impact-resistant ability could 120 

be improved. Volkwein et al. [26] studied the use of a cushion layer to protect tunnels from 121 

impact loading since it is capable of dispersing impact energy and contact pressure to a large 122 

extent. Rezagholilou and Nikraz [27] observed that when the cushion layer thickness 123 

increases, the amount of the impact load reduces. Baziar et al. [28] conducted centrifuge 124 

experiments to investigate the impact-generated blast loading protection provided by geofoam 125 

barriers placed between the impact source and underground structures. The efficiency of such 126 

barriers against impact loading was found to be significant. Zaid et al. [29] used the finite 127 

element method to study the effects of impact loads on rock tunnels constructed in different 128 

regions in terms of unconfined compressive strength (UCS). The UCS of rock mass plays an 129 

important role in the stability of rock tunnels subjected to impact loading from falling rocks or 130 

other objects. The absolute value of the touch pressure was significantly reduced when the 131 

overlaying sand layer was used, according to Xu et al. [30] showing that the sand surface plays 132 

a significant role in minimizing the impact force. Layers of gravel can be used as a cushion for 133 

structures subjected to rockfalls. Based on probabilistic engineering, the gravel layer shall be 134 

used as an energy-absorbent element for rockfall protection [31].  135 

Based on the detailed literature review, it was observed that rock fall is the major cause 136 

of dynamic damage to the tunnel structures which needs in-depth evaluation. It was assessed 137 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



5 

 

that several mitigation strategies have been proposed in the earlier studies to resist the damage 138 

inflicted on the structures under dynamic loads. Nevertheless, the transient dynamic response 139 

of loose soil as a cushion layer for tunnel structures is an area of interest. Therefore, the current 140 

investigation is focussed on the reinforced concrete tunnels under low-velocity impact with 141 

and without the use of loose soil as a cushion. The numerical methods are then applied to 142 

validate and further study the effect of mass and impact energy on the resistance capability of 143 

the tunnel. Section 2 highlights the experimental investigation along with sample preparation 144 

and free-falling drop weight test setup. Section 3 discussed the constitutive and numerical 145 

modelling for different constituting materials using ABAQUS/CAE. Section 4 highlights the 146 

validation and comparison of experimental and numerical investigations under repeated impact 147 

load. Section 5 highlights the energy absorption capacity and deformation of soil under various 148 

burial depths of the tunnel. The parametric investigations involving the mass and impact energy 149 

of the impactor are highlighted in Section 6. 150 

2. Experimental Investigation and Analytical Calculation Methods 151 

The experimental tests were conducted under low velocity drop impact of hemispherical 152 

shape for burial depths varying from 0 to 0.15 m. The details of the test instrument and test 153 

procedure are explained in detail in this section.  154 

2.1 Experimental Program  155 

The experiments were conducted on a semi-cylindrical tunnel with 1.2 m length × ∅ 0.5 156 

m center-to-center and 0.05 m lining thickness to investigate the behavior of the tunnel to low-157 

velocity impact under laboratory-scaled conditions. A semi-circular shape is the most 158 

commonly used modern underground structure [32], due to the conservative shape and lesser 159 

deformations in the RC tunnel. Also, the law of similitude has been applied to the impact force 160 

generated in the model in order to achieve the comparable force in the model to the actual field 161 

condition. The scaling up through the law of similitude for the mass of soil cushion which acts 162 

over the tunnel was not considered in the present study due to the insignificant mass of soil. 163 

The scale factor for different physical-mechanical parameters such as length, velocity, time, 164 

energy, acceleration, mass, strain, stress, elastic modulus, and force available in the open source 165 

is shown in Table 1, which was drawn by [29]. Since the exact similarity of dynamic force is 166 

not feasible in the model, the most effective method for matching the model to the prototype is 167 

to feature certain similarities and subside others [33]. The similarity criterion used in this study 168 

follows the dynamic scale factor in linear elasticity such that, 𝐶𝐸 = 𝐶𝜀 = 𝐶𝜎 = 1, where 𝐶𝐸 is 169 

the scale factor of elastic modulus, 𝐶𝜀 is the scale factor of strain, and 𝐶𝜎 is the scale factor of 170 

stress [34]. Using the above criteria, the energy was related to 𝛿4 for scaling the model to 171 

prototype as per [35]. All the tests were performed under the normal ambient condition with 172 
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1g without applying any scaling to the soil cushion layer and/or without considering the scaling 173 

of geostatic stresses of the soil. In general, the kinetic energies generated in the typical rockfall 174 

range up to 5000 kJ with a peak run-on distance of 18 m [36]. Also, the rockfall block velocities 175 

range from 30 to 40 m/s with a block mass of about 10 to 20 tons [37]. To develop 5000 kJ 176 

impact energy, the mass 104 kg impacted at a velocity of 9.81 m/s along with the scale factor 177 

𝛿 = 6 is relevant to cover 90% of rockfall impact events in practical projects. In the present 178 

study, the velocity considered in the model covers the practical rockfall event which is 179 

equivalent to 4000 kJ ((mv2/2) δ4 = 104 x 7.672 x 0.5 x 64) with an impact velocity of 7.67 m/s 180 

due to 3 m free fall drop height (√2gh = √2 x 9.81 x 3 = 7.67 m/s). Therefore, the scale factor 181 

𝛿 = 6 was selected as the controlled variable for the experimental program. 182 

2.2 Specimen Preparation 183 

The RC tunnel was constructed using M25 (fck = 25 MPa) concrete grade and ∅ 6 mm 184 

for longitudinal as well as lateral reinforcement. The concrete mix design was as per the 185 

recommendations of IS:10262(2019) [38]. The tunnel was designed as per IS:456(2000) [39] 186 

and the rebars were placed at 60 mm center-to-center for a reinforcement percentage of 0.4% 187 

as shown in Fig. 1(a). The strain gauge, as illustrated in Fig. 1(b) was used to determine the 188 

strain in rebar for case T-1-BD0. Typical 120-ohm resistance strain gauge with a 10 mm gauge 189 

length and located at 0.6 m from the tunnel face, see Fig. 1(c). Strain gauges were glued using 190 

cyanoacrylate (CN-Y) adhesives (post-yield). The data was recorded using a high-speed data 191 

acquisition system at a rated frequency of 50 kHz.  192 

2.3 Test Setup  193 

A typical image of the tunnel with and without a loose soil cushion layer was shown in 194 

Fig. 2(a) and (b). The test setup consists of the free-falling impact test machine with a steel 195 

wire and a pulley mechanism was developed in the Department of Civil Engineering, NIT 196 

Jalandhar, see Fig. 2. The drop weight mechanism is supported by an inverted U-frame steel 197 

structure that has three numbers of concrete foundation pedestal of RC buried 1.2 m below the 198 

ground level and raised approximately 1 m above it. The drop height of weight was kept at 3 199 

m for all the cases. The equipment is attached to the concrete using 0.01 m thick base plates 200 

(0.203 × 0.203 m) and 8 foundation bolts with a diameter of 0.012 m that are inserted 0.35 m 201 

deep. Using welded connections, four linked steel pipe channels of 3.4 m in height and a 202 

diameter of 0.06 m are built on the base plates. Further reinforcement in the form of eight 203 

connections spaced by 0.06 m is given between the erected circular rods. To bear the moment 204 

created in the construction, steel cross sections are added to the steel beam in the form of lacing 205 

and battens, resulting in a monolithic structure. The structure holds two pulleys and a winch 206 
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that allow the impactor to be raised to a height of 3 m from ground level using a mechanical 207 

hoisting mechanism and then free fall to impart impact loading to the specimen.  208 

The impactor is made up of three plates measuring 0.25 × 0.2 × 0.025 m that encase a 209 

spherical solid steel ball with a diameter of 0.230 m and a hemispherical impactor head 210 

assembly, see Fig. 2(c). The hemisphere nose shape impactor has a diameter of ∅ 0.08 m, and 211 

the height of the cylindrical portion is 0.075 m. The weight of the impactor is 104 kg which is 212 

dropped from an effective height of 3 meters. Through vast past experimental testing, the 213 

efficiency of the system was assumed to be approximately 98%, due to friction in the pulley. 214 

The tunnel rests on the soil bed with a specific weight of 1850 kg/m3 and had no directional or 215 

rotational constraints. The experimental campaign for the testing of various tunnels under 216 

repeated impact loading is shown in Table 2. The designation “T” refers to the tested specimen 217 

number and “BD” refers to the Burial Depth of cushioned soil layer used in the experimental 218 

testing of tunnels in meters.  219 

The crack initiates as the impactor hits the tunnel and the compressive wave propagates 220 

at the front face of the tunnel. The cracks are then propagated due to reflective tensile stress 221 

waves. As per GB/T 16752-2017 [40], the allowable crack width under static conditions for 222 

sewer pipes is 0.2 mm and a length of 300 mm [41]. However, under impact scenarios, the 223 

crack widths are generally higher and depend on the strength of the concrete and concrete lining 224 

thickness. The limit for crack width for impact scenarios may be taken as (size of aggregate/2.5 225 

= 12.5/2.5 = 5 mm) [42]. Further, in impact loading, the local damage predominates, and the 226 

cracks often originate from the location of impact and propagate towards the nearby supports. 227 

The width of a crack depends on the damage induced and the intensity of impact, however, the 228 

length of the crack is generally formed till the supports or longitudinal to the direction of 229 

bending. The direction of bending in a semi-circular-shaped tunnel under point-load impact 230 

takes place along the longitudinal direction towards the free end of the support. The failure is 231 

characterized as local shear failure due to complete loss of concrete material at the impact zone 232 

or the tensile crack width greater than 5 mm.  233 

2.4 Analytical methods for Rockfall impact force  234 

The common calculation methods for peak rockfall impact force are the Swiss method 235 

[43], Japanese method [44], Australian method [31], B. S. Guan method [45] and the Method 236 

of Tunnel Manual [46]. The Swiss method is developed by Labiouse for rockfall impact force 237 

based on rockfall experiments. 238 

 𝐹 = 1.765. 𝑀𝐸

2
5⁄

𝑅1∕5(𝑄𝐻)
3

5⁄  (1) 239 

Where ME is the deformation modulus of the soil cushion layer, Q is the quality of the 240 

rockfall, and H is the falling height of the rockfall. 241 
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Japanese method is based on the Hertz elastic theory, the Japanese road association 242 

presented the relevant semiempirical and semi-theoretical calculation method of rockfall 243 

impact forces. 244 

 𝐹 = 2.108. (𝑀𝑔)2/3𝜆2∕5(𝐻)
3

5⁄  (2) 245 

Where g is the gravitational acceleration, λ is the lame constants, and υ is the Poisson’s 246 

ratio of soil cushion layer. 247 

In 2005, Pichler proposed the Australian method proposed the semiempirical and semi-248 

theoretical calculation method of rockfall impact force. 249 

 𝐹 =
2𝑀𝑣0

𝑡𝑤
;   250 

 Impact time, 𝑡𝑤 = 2𝐿/𝑣0 (3) 251 

Where 𝑡𝑤 is the impact time of the rockfall, D is the diameter of the rockfall, M is the 252 

mass of the rockfall and 𝑣0 is the velocity of rockfall.  253 

In 1996, B S Guan established the empirical method of impact force based on laboratory 254 

tests. This method considers the influence of the thickness of the soil cushion layer on the 255 

impact force.  256 

 𝐹 = 𝜁𝑀𝑎; 257 

 Acceleration, 𝑎 =
√2𝑔𝐻

𝑡𝑤
 and  258 

 Impact time, 𝑡𝑤 =
1

100
[0.097𝑀𝑔 +  2.21ℎ +  

0.045

𝐻
 +  1.2] (4) 259 

Where 𝜁 is the correction coefficient of the rockfall impact force, a is the acceleration 260 

of the rockfall impact, and h is the thickness of the soil cushion layer.  261 

The method of tunnel manual refers to an approach recommended in Technical Manual 262 

for Railway Engineering Design Tunnel (Revised Edition), and in essence, it is also an 263 

approximation method of the theorem of momentum. 264 

 𝐹 =
𝑄𝑣0

𝑔𝑡𝑤
; 265 

 Impact time, 𝑡𝑤 = 2ℎ/𝑐; 266 

 Compression wave velocity, 𝑐 =  √
(1−𝑣)

(1+𝑣)(1−2𝜈)
⋅

𝐸

𝜌0
 (5) 267 

Where c is the reciprocating velocity of compression waves in the soil cushion layer, E 268 

is the modulus of elasticity of the soil cushion layer, 𝜈 as Poisson’s ratio and 𝜌0 is the density 269 

before the deformation of the spherical cavity microbody. 270 

 271 
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3. Constitutive Material Behavior and Numerical Modelling 272 

The material model for the concrete, steel rebar and soil were defined using concrete 273 

damage plasticity, Johnson-Cook and Drucker Prager model respectively using ABAQUS 274 

finite element software is discussed in this section. Detailed numerical modelling was also 275 

discussed in this section.  276 

3.1 Concrete Damage Plasticity (CDP) Model for Concrete  277 

The CDP model uses the concept of isotropic damaged elasticity combined with isotropic 278 

tensile and compressive plasticity to represent the inelastic behavior of concrete. This model 279 

allows the definition of strain hardening in compression and can be defined as sensitive to strain 280 

rate, thus resembling the impact phenomenon more realistically. The model was developed by 281 

Lubliner et al. [47] and, later modified by Lee and Fenves [48] for dynamic and cyclic loading 282 

and adopted in ABAQUS/EXPLICIT.  283 

The CDP model can be defined in terms of stress-strain response as:  284 

 𝜎𝑡 = (1 − ⅆ𝑡)𝐷0
𝑒𝑙: (𝜀 − 𝜀𝑡

𝑒𝑙) (6)285 

 𝜎𝑐 = (1 − ⅆ𝑐)𝐷0
𝑒𝑙: (𝜀 − 𝜀𝑐

𝑒𝑙) (7) 286 

Where t is tension, c is compression, σ is stress vectors, 𝜀𝑒𝑙 is plastic strains, d is the 287 

damage function of plastic strain and 𝐷0
𝑒𝑙 is the initial undamaged elastic modulus.  288 

The model is idealized as homogeneous and isotropic due to the simplicity of modelling 289 

technique and similar elastic moduli observed in compression and tension stress-strain 290 

diagrams. The CDP model considers non-associated plastic flow rules. The non-associative 291 

plastic flow rule has been characterized as  292 

 𝐺𝑝 = √(𝜀𝜎𝑡0𝑡𝑎𝑛 𝜓)2 + (
3

2
𝑠: 𝑠) − 𝑝̅𝑡𝑎𝑛 𝜓 (8) 293 

Where 𝜓 represent the dilation angle and 𝜎𝑡0 as uniaxial tensile stress at failure and 𝜀 as 294 

eccentricity. The eccentricity parameter, m of the flow potential, 𝜀 with a value of 0.1 has been 295 

found by comparing the experimental data from bi- and triaxial strength results [48]. The 296 

compressive and tensile damage parameters, 𝐷𝑐(𝜀𝑐̃
𝑝𝑙) and 𝐷𝑡(𝜀𝑡̃

𝑝𝑙) can be characterized using 297 

the degraded elastic compressive and tensile stiffness as (1 − 𝐷𝑐)𝐸𝑐 and (1 − 𝐷𝑡)𝐸𝑐 298 

respectively, where 𝐸𝑐 is modulus of elasticity. The material damage is characterized from zero 299 

to one with zero being undamaged and one as completely damaged. The material model 300 

parameters used in this study are based on the studies of  [49–51] and are shown in Tables 3 301 

& 4.  302 

3.2 Johnson-Cook Model for Reinforcement Bar 303 

The Johnson-Cook model [52] was used to define the behavior of the ductile materials and is 304 

used in the present study to define the strength and fracture behavior possessed by the steel 305 
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reinforcement bars. The Johnson-Cook model is based on the strain hardening principle and 306 

von-mises yield criteria. The equivalent von Mises yield stress is therefore expressed as; 307 

σ̅ =  [A + B(ε̅pl)n] [1 + Cln (
ε̇

pl

ε̇0
)] [1 − T̂m] (9) 308 

Where ε̅pl is equivalent plastic strain, A, B, n and m, are material parameters measured 309 

at or below the transition temperature, To. There are various constants used to define the 310 

Johnson-Cook model for steel, which comprises yield strength, strain hardening coefficient, 311 

strain hardening exponent, strain rate sensitivity and thermal softening parameter. The 312 

Johnson-Cook material parameters based on the study by Iqbal et al. [53] and Kumar et al. 313 

[54] were considered for the present study and are tabulated in Table 5. 314 

3.3 Drucker Prager Model for Soil 315 

Drucker Prager model [55] was used to define the behavior of the soil part. The yield 316 

area in this model consists of two main areas i.e., the fracture area providing the flow cut and 317 

the cover, crossing the equivalent pressure. This model simplified the Mohr-Coulomb model 318 

by substituting the hexagonal-shaped failure cone with a simple failure cone. The Drucker-319 

Prager hardening behavior is defined by yield stress versus absolute plastic strain values. The 320 

Drucker-Prager can be illustrated as  321 

 𝐹 =
𝑞

2
[1 +

1

𝐾
− (1 −

1

𝐾
) (

𝑟

𝑞
)

3

] − 𝑝′𝑡𝑎𝑛 𝛽 −  ⅆ =  0 (10) 322 

Where q is the deviatoric stress tensor, 𝑝′ is mean stress, K determines the yield surface 323 

shape and maintains its convexity in the deviatoric (π) plane, r is the third deviatoric stress 324 

tensor invariant, 𝛽 is related to internal friction (φ) angle for no dilatancy stage given by 325 

 𝑡𝑎𝑛 𝛽 =
√3𝑠𝑖𝑛 𝜑

√1+(
1

3
) 𝑠𝑖𝑛2 𝜑

 (11) 326 

And d is the hardening parameter related to cohesion (c) given by 327 

 
𝑑

𝑐
=

√3𝑐𝑜𝑠 𝜑

√1+(
1

3
) 𝑠𝑖𝑛2 𝜑

 (12) 328 

The dilation angle calculation is based on the studies of [56,57] and it is preferable to 329 

keep it at 0 degrees. However, the value of the dilation angle is considered as 1° because the 330 

strength and dilatancy rate reduction that takes place in dense soils must be considered when 331 

dealing with problems involving geotechnical stability [58]. The corresponding Drucker Prager 332 

model parameters used in this study are given in Table 6.  333 

3.4 Finite Element Modelling 334 

Numerical investigations and modelling of the assembly were carried out using 335 

ABAQUS/CAE. A typical assembly for 0.15 m burial depth was shown in Fig. 3. The model 336 
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was based upon the Lagrangian formulation, and the tunnel and buried soil were modeled as 337 

three-dimensional deformable bodies as shown in Fig. 3(b), (c). The main and transverse 338 

reinforcement was provided with 6 mm diameter bars, placed at a spacing of 0.06 m center to 339 

center, in proximity to the experimental condition. The impactor was modelled as an analytical 340 

rigid body with a mass inertia of 104 kg was assigned to it as shown in Fig. 3(d). The shape of 341 

the impactor was semi-spherical and the contact between various bodies was given using 342 

general contact for all exterior surfaces. The tangential contact was given using the Coulomb 343 

friction model with a coefficient of friction of 0.30 and normal HARD contact was used. The 344 

embedded constraint was used to model the interaction between the concrete and steel rebar. 345 

The bottom soil was fixed, and all degrees of freedom were restrained. The burial soil was 346 

restrained from motion in the x-direction. The tunnel was restricted in the z-direction and 347 

corresponding rotational degrees of freedom were also restricted. The impactor was given an 348 

initial velocity of 7.67 m/s. The mesh for 3-D deformable bodies was C3D8R, an 8-noded 349 

linear brick element with reduced integration. For reinforcement, a 2-node linear beam in space 350 

(B31) element was used. A mesh size of 20 mm was provided for both longitudinal and 351 

transverse reinforcement. 352 

The sensitivity of the mesh size was studied on tunnel T-1-BD0 against a 3 m drop height. 353 

A detailed mesh convergence has been performed to study the effect of mesh size in the 354 

concrete corresponding to mesh sizes of 20, 15, 12, 10, 7.5 and 6 mm. The results in terms of 355 

the peak tunnel displacement in the downward direction at the point of impact were used for 356 

mesh convergence. The peak displacement on the tunnel with 20, 15, 12, 10, 7.5 and 6 mm 357 

mesh size was found to be 21, 28, 29, 34 and 33 mm, respectively. The optimum mesh is taken 358 

as 7.5 mm based on the mesh convergence study as the computational cost increased by 1.74 359 

times for 6 mm mesh as compared to 7.5 mm mesh whereas the variation in displacement is 360 

2.9%. Therefore, keeping the computational cost, a mesh size of 7.5 mm is chosen for the 361 

numerical simulations. Fig. 4(a). For numerical validation, the predicted micro strain on the 362 

tunnel longitudinal reinforcement bar with varying mesh size was compared with the 363 

experimental results, see Fig. 4(b). The peak strain was found to be 66, 133, 207, 174 and 196 364 

and 231 µℇ on the tunnel with 20, 15, 12, 10, 7.5 and 6 mm mesh size, respectively whereas 365 

the measured peak strain was found to be 169.36 µℇ which is close to the simulation results of 366 

mesh size of 10 mm. However, the peak midpoint displacement was found closer to 7.5 mm 367 

i.e., 34 mm rather than 10 mm mesh size i.e., 29 mm as compared to experimental results i.e., 368 

32 mm. The difference in results could be attributed to the absence of strain rate consideration 369 

in the model. Further, the compressive fracture energy of concrete is not taken into account 370 

concerning the change in mesh size.   371 
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4. Comparison of Experimental and Numerical Results  372 

The damage pattern on all four tunnels observed from the experiment was compared with 373 

the numerical simulations. The resistance offered by the tunnels with different burial depth 374 

cases against impact loading of 3 m drop height was compared. The compression, as well as 375 

tension damage in the tunnel, was quantified and the damage mechanism involved in the 376 

dynamic event was discussed.  377 

4.1 Comparison of tunnel T-1-BD0  378 

The tunnel T-1-BD0 was studied under a 3 m drop height and the sample resisted up to 379 

two impacts until complete concrete failure at the impacted location. For the first impact, the 380 

tunnel experiences a frontal crater with a longitudinal crack, see Fig. 5(a). The rear face 381 

experiences longitudinal flexural cracks with an average width of 2.5 mm, see Fig. 5(b). Lateral 382 

cracks were experienced for the side face where the maximum crack width was 2 mm, see Fig. 383 

5(c). The average diameter of the crater was 40 mm, see Fig. 5(d). The scabbing and spalling 384 

phenomenon was observed for both the rear and front faces respectively. The major failure of 385 

the tunnel was a flexural failure due to tensile waves at the rear face. The same can be observed 386 

for tensile and compression damage in the numerical study, see Fig. 6(a-i)-(b-ii). For the 387 

second impact, major damage occurred to both front as well as rear faces. For the front face, 388 

the crater diameter expanded to 80 mm and major longitudinal damage was observed, see Fig. 389 

5(e). For the rear face, the major failure was punching shear at the location of impact along 390 

with a flexural crack, see Fig. 5(f). The scabbing observed at the rear face has an average 391 

diameter of 260 mm. The tunnel completely failed at the point of impact and one major crack 392 

propagated longitudinally along both faces and further enlarged the cracks at the side faces. 393 

The punching shear failure occurs at a shear angle of 32° indicating severe damage to the rear 394 

face of the tunnel. The same was observed for numerical simulation where severe compression 395 

damage to the front face along with longitudinal tensile damage at the rear face was observed, 396 

see Fig. 6(a-iii)-(b-iv). The radial damage was equivalent for both the faces in numerical 397 

simulation, see Fig. 6(a-v) & (b-v). The peak deformation in rebar was 30 mm and 51.2 mm 398 

corresponding to the first and second impacts. It was observed that the deformation in concrete 399 

was well above the complete damage state which was obvious from the deformation in rebar.  400 

4.2 Comparison of tunnel T-2-BD5  401 

The tunnel T-2-BD5 was tested under similar loading conditions for a soil cushion layer 402 

thickness of 0.05 m. The tunnel was able to take three impacts before complete failure. During 403 

the first impact, the impactor completely perforated the soil cushion layer and impacted the 404 

tunnel. The damage to the tunnel was visible in the form of the side face radial cracks of width 405 

1-2 mm, see Fig. 7(a). The damage to the rear face of the tunnel experiences a longitudinal 406 
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flexural crack that propagated along the whole length of the tunnel, see Fig. 7(b). The width of 407 

the cracks was approximately 3 mm. The front face of the tunnel experiences compression 408 

damage with crater formation whose diameter is ∅ 30 mm. The numerical model was able to 409 

correctly capture the damage on the tunnel front and rear surface, see Fig. 8. It was observed 410 

that the compression damage in the tunnel occurred radially at the front face whereas the tensile 411 

wave propagated longitudinally at the rear face of the tunnel, see Fig. 8. As the number of 412 

impacts increases, the width of crack increases, however no change in the length of crack was 413 

observed. 414 

Under the second impact, the radial cracks get enlarged, see Fig. 7(c) and scabbing was 415 

observed at the rear face of the tunnel. The longitudinal cracks got wider at the rear face, see 416 

Fig. 7(d). The size of the frontal crater was approximately equal to the diameter of the impactor 417 

i.e., 75 mm. A similar pattern was observed for numerical results where longitudinal 418 

compressive waves induce damage to the front face whereas punching shear failure was formed 419 

at the rear face of the tunnel. It was observed that compressive and tensile waves cause 420 

similitude of damage at the front and rear face respectively, see Fig. 8. From the numerical 421 

study, it was evident that the damage to the tunnel occurred as longitudinal flexural cracks as 422 

well as punching shear failure. The 0.05 m burial depth was proven to be ineffective for low-423 

velocity impact loading based on the current investigations. In the case of the third impact, 424 

severe damage was observed on both sides of the tunnel. The front face has severe spalling and 425 

crater formation occurred whose diameter was 80 mm and further concrete was completely 426 

eroded from the impact zone, see Fig. 7(e). The rear face of the tunnel experiences severe 427 

scabbing of concrete with many flexural crack formations, see Fig. 7(f). The scabbing diameter 428 

was approximately equal to 300 mm. The punching shear failure occurs at a shear angle of 27° 429 

indicating severe damage to the rear face of the tunnel. The side face experiencing tensile 430 

damage in numerical simulations was like an experimental pattern as shown in Fig. 8. The 431 

downward displacement on the rebar for the first, second and third impact was 26, 39 and 56 432 

mm respectively. It was observed that the deformation in concrete was well above the complete 433 

damage state which was obvious from the deformation in rebar.  434 

4.3 Comparison of tunnel T-3-BD10 435 

The tunnel T-3-BD10 was tested under similar loading conditions for a soil cushion layer 436 

thickness of 0.1 m. The tunnel sustained eight impacts before complete failure. From the first 437 

to fifth impact, minor side face cracks were formed in the tunnel and the width of the cracks 438 

formed was increased from 1 mm to 3 mm. It was observed that the 10 mm soil cushion layer 439 

had a significant effect on the impact resistance under impact loading. The soil layer was able 440 

to resist the impact and prevent damage to the tunnel till the fourth impact. There were no side 441 
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face cracks observed in the T-2-BD10 tunnel till the fifth impact, see Fig. 9(a)-(d). For the fifth 442 

impact, the radial cracks with a width of 3 mm were formed, see Fig. 9(e). For the sixth impact, 443 

the target was completely perforated the cushion layer of soil at the impact zone and flexural 444 

cracks were developed on the rear face and extended to the side face of the tunnel, see Fig. 9(f-445 

i)-(f-ii). A similar damage pattern with enlarged cracks was observed during the seventh 446 

impact, see Fig. 9(h-i)-(h-ii). The soil was completely deformed and moved away from the 447 

impact zone during the fifth and sixth impacts, see Fig. 9(g) & (j).  448 

During eight impacts, severe damage was observed for the tunnel at the front as well as 449 

the rear face, see Fig. 9(k) & (l). The impactor was able to fully penetrate the front face where 450 

crater formation was observed with a diameter equal to the impactor diameter. Also, the 451 

spalling of concrete was observed at the tunnel ends. At the rear face, damage to the tunnel had 452 

large scabbing with an average diameter of 280 mm. The punching shear failure occurs at a 453 

shear angle of 29° indicating severe damage to the rear face of the tunnel. The numerical 454 

simulation was performed till the fourth impact in comparison with the experimental results. 455 

The numerical simulation was able to correctly capture the experimental results. However, the 456 

damage to the tunnel was overpredicted and it had only four impacts for the tunnel to fail. The 457 

radial cracks were correctly captured in the numerical simulation, see Fig. 10. The deformation 458 

in the tunnel rebar for four impacts increased from 5.3 mm to 53 mm.  459 

4.4 Comparison of tunnel T-4-BD15  460 

The tunnel T-3-BD15 was tested under similar loading conditions for a soil cushion layer 461 

thickness of 0.15 m. The tunnel sustained nine impacts before complete failure. From the first 462 

to sixth impact, minor cracks were formed in the tunnel side face and the width of cracks was 463 

found to increase from 1 to 3 mm. It was observed that the 0.15 m soil cushion layer had a 464 

significant effect on the impact resistance under impact loading. The soil layer was able to 465 

resist the impact and prevent damage to the tunnel till the fifth impact. There were no side face 466 

cracks observed in the T-2-BD15 tunnel till the fifth impact. For the fifth impact, the radial 467 

cracks with a width of 2 mm formed on the side face, see Fig. 11(a-i). Similarly, rear face 468 

cracks were formed whose width is 5 mm, see Fig. 11(a-ii). During the sixth impact, the side 469 

face cracks were found enlarged, see Fig. 11(b-i), and further rear face scabbing of concrete 470 

was observed, see Fig. 11(b-ii). After the sixth impact, the tunnel damage was quite severe 471 

where no cushion layer was available at the impact location to dissipate the energy. The cracks 472 

at the side face were found enlarged during the seventh and eighth impact, see Fig. 11(c-i) & 473 

(d-i) and a large mass of concrete was found scabbed at the rear face, see Fig. 11(c-ii) & (d-474 

ii). 475 
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During the ninth impact, severe damage was observed to the tunnel at the front as well 476 

as the rear face, see Fig. 11(e) & (f). The impactor was able to fully penetrate the front face 477 

where crater formation was observed with a diameter equal to the impactor diameter. However, 478 

no spalling of concrete was observed at the tunnel ends. The longitudinal compressive wave 479 

was the primary cause of flexural failure at the front surface of the tunnel. The crater diameter 480 

at the front face had a diameter of 75 mm. At the rear face, damage to the tunnel had large 481 

scabbing with an average diameter of 360 mm. The punching shear failure occurs at a shear 482 

angle of 21° indicating severe damage to the rear face of the tunnel. The numerical simulation 483 

was performed till the 4th impact in comparison with the experimental results. The numerical 484 

simulation was able to correctly capture the experimental results, see Fig. 12. The radial cracks 485 

were correctly captured in the numerical simulation, see Fig. 12. The deformation in the tunnel 486 

rebar was found to increase from 5.3 to 53 mm from first to fourth impacts.  487 

5. Energy Absorption and Deformation on Tunnel using FE Simulations 488 

The predicted energy absorption capacity was compared for each cushion layer thickness 489 

and further extended numerically to 0.30 m burial depths. The stress in tunnel and deformation 490 

that occur in rebar was also studied for varying burial depths and discussed in this Section. 491 

Further, the deformation in bed soil was also compared against each burial depth and discussed. 492 

5.1 Energy Absorption Capacity under Repeated Impact Load  493 

The load versus displacement response of tunnels under varying burial depths for 494 

repeated impacts was presented in Fig. 13. The depth of the cushion layer was extended to 0.3 495 

m for numerical study. The peak impact force for various burial depth cases under repeated 496 

impacts is presented in Table 7. The peak impact force for zero burial depth was found to be 497 

95.55 kN and the corresponding peak mid-node deformation was 46.48 mm. The calculated 498 

impulse and energy absorption capacity of the zero burial depth tunnel was 0.85 kN-s and 499 

2998.62 kN-mm respectively, see Table 7. During the second impact, the peak impact force 500 

increased to 110.38 kN and the peak displacement was 79.34 mm, see Table 7. The 501 

corresponding impulse and energy absorption capacity was 0.91 kN-s and 2912.05 kN-mm 502 

respectively. It was observed that the peak impact force, as well as impulse, was increasing 503 

with the second impact whereas energy absorption was similar. The rise in peak impact force 504 

with repeated impact was also found because of the contact between the impactor and concrete 505 

part and increased values of plastic strains than strain at failure resulting in over elongation of 506 

elements [59].  The force-displacement plot for the 0.05 m burial depth case was shown in Fig. 507 

13(a). For 0.05 m burial depth, the peak impact force and displacement for 1st impact were 508 

found to be 204.32 kN and 35.27 mm respectively. For the 2nd and 3rd impact, the peak impact 509 

force was increased to 221.41 kN and then reduced to 200.65 kN. The peak displacement for 510 
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the 2nd and 3rd impact was found to be 56.87 and 73.88 mm corresponding to the initial position. 511 

The impulse and energy absorption capacity of 0.05 m burial depth tunnel was found to be 512 

increasing on repeated impacts, see Table 7. For 0.1 m burial depth, the peak impact force for 513 

1st to 4th impact was 184.34, 184.21, 209.6 and 210.54 kN respectively. It was observed that 514 

the peak impact force was increasing with each subsequent impact, see Table 7. The peak 515 

displacement for 0.1 m burial depth increased from 13.67 to 68.65 mm, indicating failure of 516 

concrete at the impacting surface. The load-displacement curve was plotted for 0.1 m burial for 517 

energy absorption calculations, see Fig. 13(b). The impulse and energy absorption capacity of 518 

the tunnel was first increased from 1st to 3rd impact and then decreased for 4th impact, see Table 519 

7.  520 

For 0.15 m burial depth, the peak force was reduced to 155.43 kN for 1st impact. For each 521 

subsequent impact, the peak impact force was comparable to the 0.05 and 0.1 m burial depth 522 

cases, see Table 7. The load-displacement curve for 0.15 m burial depth indicates that much 523 

of the energy got absorbed into the soil layer, see Fig. 13(c). Therefore, lower energy 524 

absorption values were found for the 0.15 m burial depth tunnel, see Table 7. For 0.2 m tunnel 525 

depth, there was a considerable drop in peak deformation, however, the peak force was 526 

comparable to the other cases, see Table 7. The energy absorption capacity of the tunnel was 527 

significantly lower for 0.2 m burial depth due to the lower deformations under repeated 528 

impacts, see Fig. 13(d). It can be concluded that above a threshold of 0.15 m burial depth, the 529 

deformations in the tunnel can be significantly lowered. The soil cushion layer above 0.15 m 530 

was proven to be quite effective in controlling the damage to the tunnel under impact loading. 531 

For 0.25 m burial depth, the impact force was reduced as compared to earlier cases. The impact 532 

force for impact 1-4 was found to be 106, 157, 176.06 and 169.06 kN respectively. The peak 533 

deformations in the tunnel were significantly lower than lower burial depth cases as shown in 534 

Fig. 13(e). The 0.3 m burial depth observed a lower impact force for 1st impact as compared to 535 

the lower burial depth, however, the peak force was increased for subsequent impacts and 536 

comparable to the other cases, see Table 7. The force-displacement curve was plotted for the 537 

energy absorption capacity of the tunnel as shown in Fig. 13(f). It was concluded that above 538 

0.2 m burial depth the energy absorbed by the tunnel was similar in magnitude as well as 539 

comparable peak deformations observed. The impulse was found to be comparable for each 540 

burial depth case. Therefore, it was concluded that the impact duration was similar for each 541 

burial depth tunnel.  542 

5.2 Soil Deformation under Repeated Impact Load 543 

The deformation of bed soil under repeated impacts was shown in Fig. 14. The 544 

deformation in the soil was increased with each subsequent impact and is presented in Table 545 
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7. For 5 mm BD the deformation in the bed soil increased to 21 mm for the 3rd impact, see Fig. 546 

14. The deformation in bed soil was propagated longitudinally on the inner surface of the tunnel 547 

bed soil. It was observed that the deformation in the inner side of the tunnel bed soil was 548 

hogging. The soil was deformed upwards along the periphery of the tunnel due to the natural 549 

constrained boundary conditions. The deformation of the 0.10 m BD tunnel was lower for 1st 550 

impact as compared to 0.05 m BD, however equal magnitude of deformation was observed 551 

below the tunnel lining for subsequent impacts, see Fig. 14. Till 0.15 m BD, the deformation 552 

in the bed soil was of equal proportions on both sides. The deformation kept on reducing as the 553 

depth of the buried soil increased. For burial depths of more than 0.15 m, the deformation 554 

primarily occurred on the left side, see Fig. 14. The hogging deformation primarily occurred 555 

on the soil directly below the tunnel. For BD 0.20 m and higher, the bed soil experiences a 556 

similar magnitude of deformation below the tunnel lining, see Fig. 14. It can be concluded that 557 

the 0.15 m soil cushion layer was most efficient and economical for the application of impact 558 

resistance for RC tunnels.  559 

6. Influence of Mass and Velocity of Impactor  560 

To study the influence of mass and impactor velocity on the behavior of underground 561 

tunnels, numerical investigations were performed on the tunnel with a constant burial depth of 562 

0.15 m. The predicted results are presented in terms of tunnel damage, bed soil deformation 563 

and energy absorption capacity under varying the mass and velocity of the impactor.  564 

6.1 Varying Mass of Impactor 565 

The parametric study was performed to evaluate the damage to the tunnel for varying 566 

masses of impactor as 150, 200, 300 and 400 kg for 0.15 m soil cushion layer. The impact 567 

resistance and energy absorption capacity of the tunnel were evaluated and deformation in bed 568 

soil was also studied.  569 

The compression and tension damage to the 0.15 m BD tunnel was evaluated of different 570 

impactor masses of 150, 200, 300 and 400 kg as shown in Fig. 15. On increasing the mass of 571 

the impactor, the compression damage to the tunnel increased longitudinally on the front face, 572 

see Fig 15(a-i)-(d-i). On the rear face, the compression damage was propagating radially 573 

outward from the point of impact, see Fig 15(a-ii)-(d-ii). As the mass of the impactor increased, 574 

the damage zone was getting enlarged for compression damage at the rear face of the tunnel. It 575 

was observed that 0.15 m BD soil was able to resist the impact till 200 kg impactor mass above 576 

which large longitudinal damage was observed. The tension damage was propagating laterally 577 

towards the free edges from the point of impact at the front face, see Fig. 15(a-iii)-(d-iii). The 578 

damage intensity increased drastically as the mass of the impactor increases from 300 kg above, 579 

see Fig. 15(c-iii)-(d-iii). The tension damage to the rear face of the tunnel propagated 580 
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longitudinally towards the free edge, see Fig. 15(a-iv)-(d-iv). For an impactor mass of 400 kg, 581 

the tunnel expanded radially outwards indicating complete failure along the longitudinal plane.  582 

The impact force versus time plot of 0.15 m BD tunnel under a varying mass of impactor 583 

was shown in Fig. 16(a). It was observed that the peak impact force did not show a clear trend 584 

with the change in impactor mass, however, the time history of the impact force plot for 585 

different cases was similar. The peak impact force for different cases was presented in Table 586 

8. It was observed that the peak impact force was 308.90 kN for 400 kg mass of impactor 587 

among all other cases. It was concluded that the impact resistance of the 0.15 m BD tunnel was 588 

dependent to a lesser extent on the mass of the impactor where only slight variations in peak 589 

impact force were observed. The displacement in the tunnel for varying mass of impactor was 590 

shown in Fig. 16(b). It was observed that the peak displacement was increasing with the 591 

impactor mass. It was observed that there is an abrupt change in the displacement of the tunnel 592 

after 300 kg impactor mass because the concrete elements below the impact locations were 593 

distorted and extended to larger plastic strains. The use of element erosion algorithms can 594 

ensure that the distorted elements are removed from the simulation. The peak displacement 595 

showed a linear trend with the impact mass as shown in Table 8. The peak bed soil deformation 596 

was presented in Table 8. It was observed that the peak bed soil deformation was increased 597 

with the increase of impactor mass and there was an abrupt change in the deformation against 598 

300 kg impactor mass. In addition to that, the pattern of deformation from the present study 599 

has been compared with the literature. Similar results were observed by Gahoi et al. [16] and 600 

Zaid [50] as the higher deformations due to the increase of mass of the impactor.  601 

The impulse was calculated by integrating the impact force time history and presented in 602 

Table 8. It was observed that the impulse was increased with an increasing mass of the 603 

impactor. The impulse for the varying impactor mass was increased. The higher impulses 604 

observed were directly dependent on the higher initial impact energy to the system. The energy 605 

absorption capacity of the plate was obtained by extracting the area of the load-displacement 606 

response and the energy absorption capacity of the tunnel for varying masses of the impactor 607 

was presented in Table 8. The energy absorption capacity was increased as the mass of the 608 

impactor increased due to higher deformations observed. The increased deformations are 609 

directly related to the energy absorbed and therefore because of the absence of element removal 610 

algorithms, the plastic strains increased rapidly in the concrete.  611 

The contours of the base soil bed deformation were presented in Fig. 17. It was observed 612 

that the negative deformations on the bed soil were mostly constricted to the base of the tunnel 613 

lining. The positive deformations occurred at the base of the tunnel where hogging moments 614 

were observed. The deformation contours were similar in nature for each case as shown in Fig. 615 
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17. The peak positive deformations for 150, 200, 300 and 400 kg were 1.9, 2.4, 4.1 and 5.8 mm 616 

as shown in Fig. 17(a) - (d). The peak deformation showed a linear increase with increasing 617 

the mass of the impactor. The hogging deformations were mostly restricted to a smaller area 618 

around the edges of the tunnel. The area of hogging deformations increased with the increase 619 

in the mass of the impactor. The hogging deformations in bed soil below the tunnel were 620 

constricted to a smaller area as the mass of the impactor was increased, see Fig. 17(a) – (d). 621 

The peak positive deformations were observed at the mid location below the tunnel because of 622 

the reflected compressive wave from the tunnel boundaries.  623 

6.2 Varying Velocity of Impactor 624 

The parametric study for varying impactor velocities of 9.9, 14, 17.15 and 19.81 ms-1 625 

corresponding to the height of the impact as 5, 10, 15 and 20 m was studied for compression 626 

and tension damage. Also, the impact resistance and energy absorption capacity were studied 627 

for varying impactor velocity. Further, the deformation in the soil bed was investigated under 628 

varying impactor velocities.  629 

The compression and tension damage to the 0.15 m BD tunnel was evaluated at different 630 

impactor velocities of 9.9, 14, 17.15 and 19.81 ms-1 as shown in Fig. 18. On increasing the 631 

velocity of the impactor, the compression damage to the tunnel increased longitudinally on the 632 

front face, see Fig 18(a-i)-(d-i). On the rear face, the compression damage was propagating 633 

radially outward from the point of impact, see Fig. Fig 18(a-ii)-(d-ii). As the impactor velocity 634 

increased, the damage zone was getting enlarged for compression damage at the rear face of 635 

the tunnel. It was observed that 0.15 m BD soil was able to resist the impact till 14 m/s impactor 636 

mass above which large longitudinal damage was observed. The tension damage was 637 

propagating laterally towards the free edges from the point of impact at the front face, see Fig. 638 

18(a-iii)-(d-iii). The damage intensity was increased drastically as the impactor velocity was 639 

above 14 m/s, see Fig. 18(b-iii)-(d-iii). As the impactor velocity increased, the tension damage 640 

at the front face started propagating in the longitudinal direction also, see Fig. 18(d-iii). The 641 

tension damage to the rear face of the tunnel propagated longitudinally towards the free edge, 642 

see Fig. 18(a-iv)-(d-iv). As the impactor velocity increased, the tension damage area along the 643 

longitudinal plane increased significantly.  644 

The impact force versus time plot of the 0.15 m BD tunnel under the varying velocity of 645 

the impactor was shown in Fig. 19(a). It was observed that a similar trend for impact force 646 

versus time plot was observed as the impactor velocity increased, however, the plateau peaks 647 

were lesser in number for 19.81 ms-1 impact velocity, see Fig. 19(a). The peak impact force for 648 

different cases was presented in Table 9. It was observed that the peak impact force first 649 

decreased as the impactor velocity increased from 9.9 - 14 ms-1 from 235.31 to 189.33 kN and 650 
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then increased significantly for 17.15 and 19.81 ms-1 at 416 and 630.14 kN respectively. It was 651 

concluded that the impact resistance of the 0.15 m BD tunnel was significantly dependent on 652 

the impactor velocity. The displacement in the tunnel for varying mass of impactor was shown 653 

in Fig. 19(b). The tunnel displacement versus time plot has a similar trend for change in 654 

impactor velocity where the displacement in the tunnel first increased and then residual 655 

deformation was observed. It was observed that the peak displacement was increasing with the 656 

impactor mass, see Table 9. The peak displacements for 9.9, 14, 17.15 and 19.81 ms-1 were 657 

8.17, 25.45, 53.88 and 81.59 mm respectively. The peak bed soil deformations for different 658 

cases were presented in Table 9. It was observed that the peak bed soil deformation increased 659 

linearly with the impactor velocity.  660 

The impulse was calculated by integrating the impact force time history and presented in 661 

Table 9. It was observed that the impulse was increased with the increasing velocity of the 662 

impactor. The impulse was increased linearly with the impactor velocity. The higher impulses 663 

observed were directly dependent on the higher initial impact energy to the system. The peak 664 

forces were much higher as the velocity of the impactor was increased however the impulses 665 

did not observe such behavior. Therefore, it can be concluded that the plateau of forces was 666 

similar in increasing the velocity of the impactor. The energy absorption capacity of the plate 667 

was obtained by extracting the area of the load-displacement response and the energy 668 

absorption capacity of the tunnel for the varying velocity of the impactor was presented in 669 

Table 9. The energy absorption capacity increased significantly as the velocity of the impactor 670 

increased due to higher impact forces and deformations observed. The energy absorption 671 

capacity was related to both peak force and displacement with impactor velocity and the 672 

corresponding values of energy absorption capacity for 9.9, 14, 17.15 and 19.81 ms-1 were 673 

414.10, 2172.16, 5372.27 and 9922.37 kN-mm respectively.  674 

The contours of the base soil bed deformation were presented in Fig. 20. It was observed 675 

that the negative deformations on the bed soil were mostly constricted to the base of the tunnel 676 

lining. The positive deformations occurred at the base of the tunnel where hogging moments 677 

were observed. The deformation contours were similar in nature for each case as shown in Fig. 678 

20. The peak positive deformation for 9.9, 14, 17.15 and 19.81 ms-1 were 2, 4.8, 6.6 and 7.4 679 

mm as shown in Fig. 20(a) - (d). The peak deformation showed a linear increase with 680 

increasing the impactor velocity from 2.0 to 7.4 mm. The hogging deformations were mostly 681 

restricted to a smaller area around the edges of the tunnel. The area of hogging deformations 682 

increased with the increase in the velocity of the impactor, see Fig. 20(d). The hogging 683 

deformations in bed soil below the tunnel were constricted to a smaller area as the velocity of 684 

the impactor was increased, see Fig. 20(a) – (d). The peak positive deformations were observed 685 
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at the mid location below the tunnel because of the reflected compressive wave from the tunnel 686 

boundaries and as the impactor velocity increased the waves got constricted at the middle.  687 

 688 

6.3 Analytical Evaluation  689 

The numerical results were compared with the analytical methods available in the 690 

literature for the prediction in peak impact force with varying soil cushion depth, see Fig. 21(a). 691 

The Swiss, Japanese and Australian algorithms didn’t have considerations for soil cushion layer 692 

depth, whereas the Chinese tunnel manual algorithm consider the effect of soil cushion. It was 693 

observed that the Chinese tunnel manual algorithm predicts the peak impact force much less 694 

as compared to numerical results. However, all other algorithms have good predictions for peak 695 

impact force for 0m burial depth and 0.25 and 0.3 m burial depths. The use of numerical 696 

simulations is further compared with analytical methods for varying impactor mass and 697 

velocity, see Fig. 21(b) and (c). It was observed that the analytical methods underpredict the 698 

peak impact force as compared to numerical methods. However, on increasing the mass of the 699 

impactor, the prediction accuracy improved, and optimum prediction accuracy was observed 700 

for Yang Qixin's algorithm. The Australian algorithm overpredicts the peak impact force with 701 

higher impactor velocity. For better prediction, Rc parameter which is described as the 702 

indentation resistance needs to be calibrated. In the present study, numerical results on varying 703 

velocities of the impactor, match well with the analytical algorithms. Similar to impactor 704 

velocity, the Australian algorithm overestimates the peak impact force as compared to other 705 

methods for higher mass. However, the numerical methods showed similar results compared 706 

with the other methods and can be used as a benchmark for the design and evaluation of 707 

concrete tunnels under impact loading.  708 

 709 

7. Conclusions 710 

The experimental and numerical investigation on reinforced concrete tunnels was 711 

performed for varying burial depths of soil cushion layer under low-velocity impact. The 712 

tunnels were investigated experimentally considering 0.05, 0.1 and 0.15 m of soil cushion 713 

layer. The numerical study was performed for tunnels under repeated impacts for evaluation of 714 

the peak force, displacement, and energy absorption capacity of the tunnel. The parametric 715 

study was performed for the impact resistance and energy absorption of the tunnel for varying 716 

mass and velocity of the impactor. Based on the study, the following conclusions were drawn: 717 

 The resistance of the tunnel was found to be increasing significantly as the burial depth 718 

of soil was increased from 0.05 to 0.1 m. The mode of failure was changing with each 719 

subsequent impact for the 0 and 0.05 m BD tunnel however for 0.1 and 0.15 m the mode 720 
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of failure was the same till the 5th and 6th impact and after that, the mode of failure was 721 

changed to punching shear failure.  722 

 It was concluded that the numerical results were in good agreement with the experimental 723 

results for peak displacement and strain in rebar. The peak displacement was reduced by 724 

increasing the burial depth of the soil and negligible displacement was observed for a 725 

burial depth of 0.20 m or higher.  726 

 The impulses were found to be independent of soil burial depth. Further, the energy 727 

absorption capacity of the tunnel was found to be increasing with each subsequent impact 728 

for 0, 0.05, 0.1 and 0.15 m tunnel burial depth. For 0.2 m and higher BD, very less energy 729 

absorption was observed in the tunnel because the burial soil absorbed most of the impact 730 

energy.  731 

 It was observed that the impact force did not have a clear trend for change in the mass of 732 

the impactor. The impulse was increasing with the mass of the impactor indicating higher 733 

plateau forces for a larger mass of the impactor. Further, the energy absorption capacity 734 

was increasing as the mass of impactors increased. 735 

 The peak force first decreased and then increased significantly as the velocity of the 736 

impactor increased, however, the impulses were increasing with increasing velocity 737 

highlighting that the plateau of impact force was increasing. The energy absorption 738 

capacity of the tunnel also increased significantly as the velocity of the impactor 739 

increases due to the higher force and displacement observed for higher velocities. 740 

 The bed soil deformations were increasing with both impactor mass as well as impactor 741 

velocity. The hogging deformations were observed below the tunnel and were restricted 742 

to the mid location on increasing mass and velocity of the impactor.  743 

 The numerical simulations agreed with the analytical methods for peak impact under 744 

varying mass and velocity of the impactor. It was observed that Yang Qixin's algorithm 745 

was best among other predicting algorithms when comparing peak impact force with the 746 

numerical result.  747 
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 889 

Fig. 1. Typical illustrations of (a) RC tunnel (b) location of strain gauge and (c) strain gauge 890 

 891 

 892 

 893 

 894 

 895 

Fig. 2. Experimental setup of (a) bare tunnel (b) tunnel with soil cushion layer and (c) drop 896 

weight impactor  897 
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 904 

Fig. 3. (a) Assembly of the model (b) embedded rebar (c) burial soil and (d) rigid impactor 905 

 906 

 907 

 908 

Fig. 4. (a) Mesh convergence study on tunnel and (b) prediction of strain in reinforcement for 909 
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 911 

Fig. 5. Damage to specimen T-1-BD0 at 1st impact for (a) front, (b) rear, (c) side face, (d) 912 

front crater and for 2nd impact at (e) front face and (f) rear face  913 
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 931 

Fig. 6. Compression and tension damage to the tunnel T-1-BD0 at front and rear face under 932 

repeated impacts (a) side face and (b) displacement in rebar 933 
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 937 

Fig. 7. Damage to the tunnel T-2-BD5 under (a), (b) 1st impact (c), (d) 2nd impact and (e), (f) 938 

3rd impact  939 
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Fig. 8. Compression and tension damage to the tunnel T-2-BD5 at front and rear face under 958 

repeated impacts (a) side face and (b) displacement in rebar  959 
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 961 

Fig. 9. Damage to tunnel side face (a-e) 1st impact to 5th impact, (f-i) 6th impact, (g) damage 962 

to soil cushion layer for 6th impact, (h-i) damage to side face for 7th impact (j) damage to 963 

damage to soil cushion layer for 7th impact and (k) & (l) front and rear face damage on 8th 964 

impact  965 
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1st impact 2nd impact 3rd impact 4th impact 

    

  
 

  

    

    
(a) 
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Fig. 10. Compression and tension damage to the tunnel T-3-BD10 at front and rear face 982 

under repeated impacts (a) rear face and (b) displacement in rebar  983 
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 986 

Fig. 11. Damage to the tunnel T-4-BD15 (i) side face and (ii) rear face for impact (a) 5th (b) 987 

6th (c) 7th (d) 8th and final failure at 9th impact for (e) front and (f) rear face  988 
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Fig. 12. Compression and tension damage to the tunnel T-4-BD15 at front and rear face 1009 

under repeated impacts (a) side face and (b) displacement in rebar 1010 
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 1012 

1013 

  1014 

Fig. 13. Impact force-displacement curves under repeated impacts for varying burial depths 1015 

of (a) 0.05 (b) 0.10 (c) 0.15 (d) 0.20 (e) 0.25 and (f) 0.30 m  1016 
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BD – 0.30 m 

    
Fig. 14. Deformation in bed soil with respect to initial position for different burial depths 1029 

under 1st, 2nd, 3rd, and 4th impact respectively  1030 
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 1034 

 1035 

Fig. 15. (i) Front face, (ii) rear face compression damage (iii) front face and (iv) rear face 1036 

tension damage for impactor mass of (a) 150 (b) 200 (c) 300 and (d) 400 kg 1037 
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 1039 

Fig. 16. (a) impact force and (b) displacement with varying mass of impactor 1040 
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 1041 

 1042 

Fig. 17. Deformation (m) in soil against (a) 150 (b) 200 (c) 300 and (d) 400 kg mass impactor 1043 

 1044 

 1045 

Fig. 18. (i) Front face and (ii) rear face compression damage (iii) front face and (iv) rear face 1046 

tension damage under velocity of (a) 9.9 (b) 14 (c) 17.15 and (d) 19.81 ms-1  1047 
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 1048 

 1049 

 1050 

Fig. 19. Variation of (a) impact force and (b) displacement of tunnel with varying velocity of 1051 

impactor  1052 
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 1056 

Fig. 20. Deformation in soil bed for impactor velocity (a) 9.9 (b) 14 (c) 17.15 and (d) 19.81 1057 

ms-1  1058 
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 1061 

 1062 
Fig. 21 Comparison of analytical methods with numerical simulation for varying (a) soil 1063 

cushion depth (b) impactor mass and (c) impactor velocity 1064 
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 1078 

Table 1. The law of similitude [34] 1079 

Parameter Scale factor Parameter Scale factor 

Length  𝛿 Mass 𝛿3 

Velocity √𝛿 Stress 1 

Time  𝛿 Strain 1 

Energy  𝛿4 Elastic modulus 1 

Acceleration 𝛿 Force  𝛿2 

 1080 

 1081 

Table 2 Details of experimental program  1082 

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 

 1083 

Table 3 Multi-axial behaviour of CDP model [49] 1084 

Parameter Value 

Density, ρ (kg/m3) 2400 

Young’s Modulus, E (N/m2) 24 × 109 

Poisson’s ratio, 𝜇 0.15 

Dilation angle 30° 

Eccentricity, m 0.1 

K 0.66 

fb0/fc0 1.16 
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Table 4 Uni-axial compressive and tensile behavior of CDP model [49] 1098 

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

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 

 1099 

Table 5 Johnson-cook model parameters for steel Fe 415 [53,54] 1100 

Description  Parameters 

Density, ρ (kg/m3) 7850 

Young’s Modulus, E (N/m2) 200 × 109 

Poisson’s ratio, 𝜇 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 

D2 

D3 

D4 

D5 

 

0.0705 

1.732 

-0.54 

-0.015 

0 

 1101 

 1102 

Table 6 Material constant for soil [49, 56-57] 1103 

Density 

(kg/m3) 

Elastic modulus 

(N/m2) 

Poisson 

ratio 

Dilatation 

angle (°) 

Angle of 

internal 

friction (°) 

Flow stress 

ratio 

1850 20.9 × 106 0.36 1 31 0.778 
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Table 7 Summary of Numerical study of tunnel under various burial depths for repeated 1107 

impacts  1108 

Case Peak 

force 

(kN) 

Peak displacement 

in tunnel (mm)  

Impulse 

(kN-s) 

Energy absorption 

capacity of tunnel 

(kN-mm) 

Peak bed soil 

deformation 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 

 1109 

 1110 

 1111 

Table 8 Parametric analysis for varying mass of impactor  1112 
Case 

kg 

Peak 

force 

(kN) 

Peak displacement 

in tunnel (mm) 

Impulse 

(kN-s) 

Energy absorption 

capacity of tunnel 

(kN-mm) 

Peak bed soil 

deformation 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 
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 1114 

 1115 
Table 9 Parametric analysis for varying velocity of impactor  1116 

Case  

ms-1 

Peak 

force 

(kN) 

Peak displacement 

in tunnel (mm) 

Impulse 

(kN-s) 

Energy absorption 

capacity of tunnel 

(kN-mm) 

Peak bed soil 

deformation 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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Highlights 1145 

 Influence of cushions on behavior of reinforced concrete tunnels studied under drop impact 1146 

load. 1147 

 The resistance of tunnel increased with an increase of cushion depth from 0 to 0.10 m. 1148 

 The energy absorption capacity increased from 7.8 to 48.7% against impactor energy from 1149 

4.41 to 11.77 kJ. 1150 

 The energy absorption in tunnels is more sensitive to mass of impactor as compared to 1151 

drop height. 1152 

 Numerical results compared with analytical methods for evaluating peak impact force and 1153 

similar pattern was observed.  1154 
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