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Abstract: In this work, the impact resistance of an aluminium–rubber sandwich composite 

plate under impact loading is investigated using experimental and numerical approaches. 

The experimental tests were carried out using a perforation gas gun for a wide range of 

impact velocities from 40 m/s to 120 m/s and for two different temperatures 20°C and 

150°C. Based on experimental results, the failure mode, initial/residual velocity curves and 

the ballistic limit velocities of aluminium under different temperatures were analysed.  

The effect of rubber reinforcement layer thickness in the aluminium sandwich was also 

evaluated. It was found that the composite plate with 9 mm of rubber provides higher 

performance in terms of energy absorption than that of 3 mm thick, which is demonstrated 

by approximately 10% reduction in the ballistic limit. In contrast, an increase in 

temperature considerably reduces these ballistic performances. It was also found that 

petaling is a typical failure mode in the perforation process. The rubber has an effect on 

the failure pattern of both aluminum plates. In addition, a thermomechanical model using a 

finite element method was developed to simulate the response of the aluminum–rubber 

composite plate under a high energy rate loading condition. The numerical results show a 

good agreement in relation to the experimental results in terms of failure mechanism, 

number of petals and energy absorption. 
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1 Introduction 

For many years, the perforation capability of armor plates made of aluminum 

alloys has been studied due to their good formability, low-density, and high 

impact performance. The recent studies have been proposed in order to investigate 

the ballistic performance of aluminum plates under impact of projectile through 

experimental and numerical approaches [1-5]. Alavi Nia and Hoseini [6] 

compared ballistic resistance performance of monolithic, in-contact layered and 

spaced layered aluminum plates. They found that under the same total target 

thickness, the monolithic target behaved in the most optimal way, followed by an 

in-contact layered target and a spaced layered target. Moreover, with a specially 

designed drop weight tower, low velocity impact behavior of AA 2024-T3 

aluminum at -60° C was investigated by Martínez et al. [7]. It was observed that 

the target absorbed a larger impact energy with decreasing temperature, and the 

improved protection performance at low temperature came from temperature 

sensitivity of the material. 

In order to investigate perforation behavior of materials at elevated temperatures, 

Rusinek et al. [8] proposed a heating chamber coupled with a ballistic impact 

device. With the thermal chamber, Klosak et al. [9] studied perforation behaviour 

of brass alloy plates under temperatures ranging from 20° C to 260° C. Results 

showed that the energy absorption capacity decreased with increasing 

temperature: the absorbed energy changed from 31.2 J at room temperature to 

20.9 J at 260° C. Bin et al. [10], studied the deformation behaviour of 304 

austenite stainless steel under dynamic loading from -165° C to 260° C. It was 

shown that the ballistic limit velocity VB is sensitive to the testing temperature.  

It increases slightly from 93 m/s at 200° C to 103 m/s at -20° C and then remains 

constant at still lower temperatures. The material shows better energy absorption 

capacity at low temperatures. The improved ballistic resistance performance at 

low temperatures comes from not only temperature sensitivity of the material but 

also its Strain-Induced Martensitic Transformation (SIMT) effect. 

In the last decades, many researchers have focused on performance improvement 

of structural protections against impact threats [11-13] by including a hyperelastic 

material as a shock absorber. These different studies concluded that the use of 

hyperelastic reinforcement in composite structures decreases the damage due to 

blast load and penetration of projectile with higher dissipation of kinetic energy 

under impact loadings. 

One of the widely used materials exploited as a shock absorber reinforcement is 

the natural rubber, which is characterized by a higher impact resistance, high level 

of damping properties and flexibility, and an excellent puncture and tear resistance 

[14-20]. In fact, a proper composite structure should keep a balance between 

strength and ductility which are opposite material features. 
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The purpose of this study, therefore, is to study the effect of temperature on 

perforation behaviour of the sandwich structure aluminium-rubber using a gas gun 

setup. First, the effect of rubber thickness on the energy of absorption, reaction 

force is presented at room temperature. The initial temperature effect on the 

ballistic performance is discussed for tests carried out under room temperature and 

at 150° C. The experimental setup helps measure the initial velocity and residual 

velocity curves of the material in order to determine the Ipson and Recht model 

coefficients [21]. The failure pattern, initial and residual velocity curves and 

absorbed energy of the reinforced structure at two different temperatures were 

compared to numerical model results and then discussed. 

2 Experimental Set-up 

The dynamic study was carried out using a pneumatic gas gun, whose scheme and 

photo are presented in Fig. 1. A wide range of impact velocities from 40 m/s to 

120 m/s has been covered during the perforation tests. 

The projectile with a conical shape is launched through a tube using a pneumatic 

gas gun. At the end of the gun barrel, two laser sensors are mounted to measure 

the initial velocity of the projectile 𝑉0. This can later be obtained by dividing the 

distance ∆𝑑 between two sensors by the time ∆𝑡 = 𝑡1 − 𝑡2, needed for the 

projectile to cover the distance between them. Based on the same measurement 

method, the residual velocity 𝑉𝑅 is measured after the perforation process.  

The impact velocity 𝑉0 of the projectile is controlled by changing the initial gas 

gun pressure 𝑃0. 

The apparatus is equipped with a thermal chamber in which a specimen is heated. 

This system which deals with impact loading at elevated temperatures is still not 

very common in experimental practice, the standard gas gun is usually not coupled 

with a heating tool. The usual approach is to carry out perforation tests at room 

temperature and to extrapolate results using numerical simulations at higher 

temperatures by applying the defined constitutive relation. A detailed description 

of the thermal chamber is given in [8, 9] and will not be discussed here, the 

extended experimental analysis using this set-up can be found in [8-10, 22-27]. 
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a) 

  

b) 

Figure 1 

Apparatus for high temperature perforation testing: (a) general view of the ballistic impact device 

(photo and scheme), (b) thermal chamber (photo and schematic view) [9] 

For the measurement of the perforation force, the ballistic impact device is 

equipped with four piezoelectric sensors fixed on the four corners of the rigid 

target holder, Fig. 2. A single sensor can undertake a maximum of 20 kN, which 

makes up a 4-sensor set-up maximum equal to 80 kN. 
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During the perforation process, part of the kinetic energy of the projectile is 

absorbed by the sandwich structure. Once the initial 𝑉0 and the residual 𝑉𝑅 

velocities of the projectile are determined, the energy absorbed by the structure 

𝑊structure can be calculated as follows: 

𝑊structure = ½ 𝑀𝑝 (  – )      (1)

   

where 𝑀𝑝 is the mass of the projectile. A part of the kinetic energy, Eq. 1, is 

transferred to the structure during the process of impact or perforation. 

As discussed in [10], the energy lost due to the elastic deformation of the 

sandwich structure, friction between the projectile and the target as well as that 

transferred to the ejected debris can be neglected. Then, the energy balance 

absorbed by the structure can be described as follows: 

𝑊structure = 𝑊𝑝𝑏 + 𝑊𝑝𝑠 + 𝑊𝑝 + 𝑊𝑐 (2) 

where 𝑊𝑝𝑏 is the plastic bending energy of the sandwich structure, 𝑊𝑝𝑠 is the 

plastic stretching energy of the target, 𝑊𝑝 is the plastic bending energy of the 

petals and 𝑊𝑐 is the energy dissipation during crack formation and propagation 

processes. 

Figure 2 

Ballistic impact device equipped with compressive force measurement sensors 

The plate-projectile configuration is presented in Fig. 3. The cylindrical projectile 

with a conical nose has a 72° conical edge, 11.5 mm in diameter and 35 mm in 

length; its weight is 28 g. The plate specimens are 130 mm x 130 mm and are 

fully clamped along their perimeter by two rigid metallic rigs, placed in both sides 

of the plates. The aluminium specimens are made of the alloy with the following 

chemical composition: Al 99,40% and Fe 0.6%, the material can be considered 

pure aluminium. Their thickness is 1.0 mm, whereas the rubber element is 3 mm 

thick. Three configurations of the aluminium-rubber composite were studied and 
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they are presented in Fig. 4. It is to be noted that no glue was applied between 

metallic plates and rubber. The 9 mm rubber specimen was composed of three 

identical pieces of rubber put together with no gluing, either. 

 

Figure 3 

Configuration of plate and cylindrical projectile with a conical nose for the laboratory experiments 

 

Configuration 1       Configuration 2               Configuration 3  

           a)                             b)               c)     

Figure 4 

Three configurations of the analysed composite (dimensions in mm), a) no rubber sheet (aluminium plates 

only), b) aluminium + 1 rubber sheet (3 mm), c) aluminium + 3 rubber sheets (9 mm); no glue beteween 

sheets 
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3 Perforation Testing and Ballistic Properties 

Definition 

Perforation tests were carried out with the protocol widely used in literature taking 

into account the interesting analyses found in [28-32] in which the petaling as a 

typical failure mode in perforation of the metal plates by a conical projectile is 

highlighted. The experimental results are collected in Table 1. For each test the 

laser sensors enabled calculation of the initial and residual velocities. The initial 

temperatures considered were T0=293 K, 353 K, 423 K. The determined ballistic 

limits are presented later in the next section for a comparison with numerical 

simulations. 

The typical petaling is observed in metal plates, although its shape is different for 

each aluminium plate, which can be seen in Fig. 5. The outer plate develops 

shapely petals whose observed number is 3 to 4, whereas the inner plate has rather 

a rugged form with 5-8 irregular petals. The rubber part is torn along one or two 

lines, experiencing large deformations during the projectile pass, but as the 

material is hyperelastic, only a small permanent deformation occurs in the vicinity 

of the perforation. 

As may be defined from Table 1, the rubber has an effect on the ballistic limit. 

The estimated ballistic value increased from 76 m/s to 93 m/s (+22%) for room 

temperature and from 63 m/s to 74 m/s (+17%) at T0=423 K when 9 mm rubber 

layer was added to the sandwich specimen. It confirms that a rubber plate acts as 

an efficient shock absorber. As the mechanical performances of rubber are by far 

worse than those of aluminium, this effect can be described as considerable. 

 

Figure 5 

Aluminum-rubber composite, from the left: outer aluminium plate, rubber, inner aluminium plate (the 

inner plate is impacted first by projectile); testing initial conditions: V0=121.47 m/s, T0=353 K 
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Table 1 

Experimental data 

Aluminium plates only (2x1.0 mm) 

Press. 

(bars) 

Test 

No 

T0 

[K] 

V0 

(m/s) 

t 

(ms) 

VR 

(m/s) 

Press. 

(bars) 

Test 

No 

T0 

[K] 

V0 

(m/s) 

t 

(ms) 

VR 

(m/s) 

2.5 31* 293 71.84 0.000 0.00 2.0 41A 423 65.10 4.240 11.79 

3.0 32 293 77.88 1.600 31.25 2.5 41 423 73.53 1.320 37.88 

4.0 33 293 90.58 0.860 58.14 3.0 42 423 80.91 0.940 53.19 

5.0 34 293 100.40 0.700 71.43 4.0 43 423 91.91 0.660 75.76 

7.5 35 293 120.77 0.510 98.04 5.0 44 423 100.89 0.560 89.29 

      7.5 45 423 120.12 0.470 106.38 

 Ballistic limit estimation 76 m/s 

 * projectile stuck 

 Ballistic limit estimation 63 m/s 

Aluminium plates + 3 mm rubber  

Press. 

(bars) 

Test 

No 

T0 

[K] 

V0 

(m/s) 

t 

(ms) 

VR 

(m/s) 

Press. 

(bars) 

Test 

No 

T0 

[K] 

V0 

(m/s) 

t 

(ms) 

VR 

(m/s) 

3.0 46 293 78.84 0.000 0.00 2.0 56A 423 65.27 0.000 0.00 

3.5 47 293 85.62 1.680 29.76 2.5 56 423 72.05 1.860 26.88 

4.0 48 293 90.25 1.200 41.67 3.0 57 423 78.37 1.116 44.80 

5.0 49 293 100.00 0.780 64.10 4.0 58 423 90.25 0.810 61.73 

7.5 50 293 120.77 0.570 87.72 5.0 59 423 100.00 0.670 74.63 

      7.5 60 423 120.19 0.490 102.04 

 Ballistic limit estimation 82 m/s  Ballistic limit estimation 69 m/s 

Aluminium plates + 9 mm rubber  

Press. 

(bars) 

Test 

No 

T0 

[K] 

V0 

(m/s) 

t 

(ms) 

VR 

(m/s) 

Press. 

(bars) 

Test 

No 

T0 

[K] 

V0 

(m/s) 

t 

(ms) 

VR 

(m/s) 

2.5 61* 293 - - - 2.5  71A 423 71.60 0.000 0.00 

3.0 62* 293 - - - 2.8 71 423 76.22 1.620 30.86 

4.0 63 293 89.60 

Project.

stuck 0.00 3.5 72 423 86.51 0.960 52.08 

4.6 63A 293 96.60 1.440 34.72 4.0 73 423 90.58 0.870 57.47 

5.0 64 293 100.00 1.140 43.86 5.0 74 423 101.04 0.720 69.44 

7.5 65 293 118.28 0.700 71.43 7.5 75 423 121.36 0.540 92.59 

 Ballistic limit estimation 93 m/s 

 * no records 

 Ballistic limit estimation 74 m/s 

The estimation of the energy bulk dissipated during the perforation process is 

presented in Fig. 6. The values of the energy dissipated did not reveal any visible 

trend, they change as a function of the initial temperature of the experiment. 

It is important to propose a reliable numerical model in order to reproduce 

experimental results and extend the analysis to the domain not covered by 

experiment. The estimation of the local temperatures and strain rates encountered 

during the perforation process will be given using a FE model. 
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a) 

 
b) 

Figure 6 

Experimental results of energy absorbed by the specimen as a function of the initial impact velocity V0 

for different specimen configurations and temperatures (T0=293 K/20˚C and T0=423 K/150˚C); “limit 

for no failure” denotes a transition between perforation and non-perforation zones 

4 Numerical Thermomechanical Model for 

Perforation 

4.1 Initial and Boundary Conditions 

Numerical calculations were performed using Abaqus/Explicit program dedicated 

for high rates of deformations in line with the practice used in previous works [33-

34]. In all calculations, the aluminium-rubber composite and projectile were 

modelled as presented in Fig. 7. Aluminum plates were modelled as shell finite 

elements and the rubber as solid finite elements. 
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Figure 7 

FE model of aluminium plates and rubber 

During computer calculations the aluminium-rubber composites were fixed along 

the four sides of the specimen in order to model the boundary conditions used in 

the laboratory tests (full fixation). 

The mesh size sensitivity were checked in the simulations. The failure patterns 

and the value of the residual velocity were compared for different meshes. Thanks 

to this analysis, the optimal mesh is used then in all further simulations of the 

perforation process. The following number of elements was used: 

 for discretization of the specimen: fine mesh in the middle: 3570 nodes, 3450 

elements type Shell S4R; remaining part: 2611 nodes, 2598 elements type 

Shell S4R; both parts of the specimen were tied in the analysis, the refined 

mesh part has a form of a circle 5 cm in diameter in the region of contact 

between the two acting bodies, 

 for discretization of the rubber component: 

3 mm thickness case: 95256 nodes, 78125 elements type Solid (C3D8R, 5 

elements along the thickness, average element dimensions is 8x10-5 mm x 

8x10-5 mm x 8x10-5 mm), 

 9 mm thickness case: 254016 nodes, 234375 elements type Solid 185(8) 

(C3D8R. 15 elements along the thickness, average element dimensions is 

8x10-5 mm x 8x10-5 mm x 8x10-5 mm), 

 for discretization of the projectile: 10842 nodes, 9648 elements. 

The friction between the projectile and the plate is an important parameter as 

discussed in [22, 35-37], it was assumed as constant and equal to 0.3 to reflect the 

friction observed between the bodies. The general contact was used together 

considering interior contact surfaces created during failure or erosion of the mesh 

related to the material. The friction rubber-metal is defined using the friction 

coefficient equal to 0.4. 
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The analysis was assumed as adiabatic. The adiabatic heat effect is defined using 

the heat equation without conductivity (k=0) and assuming a Quiney-Taylor 

coefficient as constant and equal to 0.9. The material parameters used are a 

specific heat Cp=900 J/kgK and a density =2700 kg/m3. The range of the initial 

temperatures T0 reflect the experiment range, i.e., 293 K-423 K. 

4.2 Material Modelling 

The Johnson-Cook [38] constitutive hardening relation is used to describe the 

dynamic material behaviour of the aluminium plate: 

 (3) 

where A is the yield stress, B and n are the strain hardening exponent, C is the 

strain rate sensitivity coefficient,  is strain rate reference value and m is the 

temperature sensitivity parameter. The last bracket in Eq. 3, describes the thermal 

softening of the material and reduces the limit of the Mises equivalent stress  

from the reference temperature T0 to zero at melting temperature Tm. 

The constants of Johnson-Cook constitutive model adopted for numerical 

simulations are given in Table 2. The basic constants A, B and n were deducted 

from our own testing results, whereas the temperature and strain rate effect were 

adopted from [22]. 

Table 2 

Constants of Johnson-Cook model 

A (MPa) B (MPa) n (-) C (-) m (-) T0 (K) Tm (K) 
 (-) 

104 90 0.40 0.01 1.8 293.15 933 1.0 

Concerning the failure criterion, the equivalent plastic strain at failure  as a 

function of temperature was adopted, this damage initiation value changes linearly 

from 1.22 at T=293 K to 0.7 at T=603 K. The use of this simplified criterion was 

reported with success in [22, 24, 26, 37]. The parametrical analysis of the effective 

failure criterion consisted of observing the failure modes (petaling) and fitting the 

numerical ballistic curves to the experimental ones. The failure criterion applied in 

simulations eliminates the elements in which the critical value of the equivalent 

plastic strain  is reached. 
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The deformations of the middle layer of the perforated composite slabs are 

modelled by coupling the hyperelasticity with rate-dependent plasticity together 

with damage and failure of the material. The temperature softening is also 

considered since it affects the rubber behaviour [39]. From mathematical point of 

view, the model is using the multiplicative split of deformation gradient into 

elastic and plastic parts according to: 

  (4) 

where  is the elastic part of the deformation gradient and it represents the 

hyperplastic behaviour and  is the plastic part of the deformation gradient 

(permanent). The incompressible isotropic hardening Mises plasticity with 

associated flow rule is used in the model together with hyperelasticity. In the 

current analysis the Marlow model is assumed [40]. The strain rates effect is 

included only in the plastic part of deformation. In the current analysis, the rate 

independent behaviour was assumed. The damage and failure is also imposed on 

the plastic part of the deformation gradient. In this analysis, the temperature 

sensitivity was additionally added to both the hyperelastic and plastic part of the 

deformations. The important fact is that the hyperalastic model should be defined 

by nominal stress versus nominal strain curve. Abaqus automatically identifies the 

parameters of the selected optimal model (Marlow model selected). The plasticity 

is defined by the true stress vs. true plastic strain curve. The constant value of 1.25 

of the initiation damage plastic strain was assumed. The evolution of the damage 

was defined by the displacement at failure (0.01 mm). The energetic strain 

softening regularisation was used as it was for aluminium, 50% maximum 

degradation was allowed before the final failure at which the finite element was 

deleted from the mesh. The definition of the rubber is presented in Fig. 8 and 

Table 3. 

 

Figure 8 

Rubber modelling – stress-strain curves for hypelastic and plastic ranges at different temperatures 
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Table 3 

Rubber modelling – Abaqus command used for material definition 

*Hyperelastic, Marlow, Poisson=0.5 

*Uniaxial Test Data 

*Plastic 

 

*Damage Initiation, criterion=DUCTILE 

  1.25 

*Damage Evolution, type=DISPLACEMENT 

 0.01 

*Density 

 9.6e-10 

5 Results and Discussions 

Numerical results are presented in Fig. 9. The model successfully reproduced the 

experimental behaviour presented in Fig. 5. Very similar petaling forms are given. 

In case of the internal plate (Fig. 9b), an extended form is produced with walls 

partially perpendicular to the specimen plane. The petaling is in a rather rugged 

form. Some 5-8 non-shaped petals are reported. Another form is observed in the 

outer specimen – 3-4 typical petals as usually seen in aluminium only studies [21, 

41]. 

  

  

   a)          b) 

Figure 9 

View of the perforation forms in metal specimens – numerical simulation vs. experiment, a) inner plate 

(impacted first), b) outer plate 
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The numerical simulations permitted to estimate the mean temperature increase 

during the adiabatic heating in petals: configuration 1 (aluminium only) - T = 66 

K, configurations 2 and 3 (aluminium-rubber composite) - T = 54 K. The mean 

strain rates values in petals developed during impact were the following: 

configuration 1 (aluminium only) - 9.1ˑ103 1/s, configurations 2 and 3 

(aluminium-rubber composite) -  = 5.4ˑ103 1/s. No temperature increase was 

measured in rubber. In both cases, i.e., in numerical calculations and experimental 

tests, the same characteristic petals in the region of perforation are observed, 

which confirms the accuracy of the constitutive law and failure criterion used. 

Figure 10 presents comparison of the material response obtained from analytical, 

experimental and numerical studies. The results presented in the form of the initial 

impact velocity V0 vs. residual velocity VR have shown the numerical values 

overlap with the experimental ones. The numerical findings are close to Ipson-

Recht analytical approach [21] and experiments. The Ipson-Recht coefficient  

was slightly changing across the analysis as shown in Table 4. 

Table 4 

The Ipson-Recht coefficient  

 Configuration 1: 

2 aluminium plates 

Configuration 2: 

aluminium-3 mm 

rubber-aluminum 

Configuration 3: 

aluminium-9 mm 

rubber-aluminum 

T0=293 K 2.0 1.75 2.2 

T0=423 K 2.5 2.2 2.0 

 

      a)                                                          b) 
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c) 

Figure 10 

Initial impact velocity V0 vs. residual velocity VR – analytical vs. experimental vs. numerical results, a) 

config. 1, T0=273 K/423 K, b) config. 2, T0=273 K/=423 K, c) config. 3, T0=273 K/423 K 

 

Figure 11 

Numerical simulations results of energy absorbed by the specimen as a function of the initial impact 

velocity V0 for different specimen configurations and temperatures (T0=293 K/20˚C and T0=423 

K/150˚C); “limit for no failure” denotes a transition between perforation and non-perforation zones 
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In Figure 11 numerical simulations results of energy absorbed by the specimen as 

a function of the initial impact velocity V0 can be found. The values are given for 

two different temperatures (T0=293 K and T0=423 K) and for all specimens 

configurations. Close similarities of results are found when compared with Figure 

6 where the energy values are given for the same test conditions but in real 

experiment. 

The experimental records concerning the reaction force is given in Fig. 12.  

The preliminary tests were performed at one temperature of 293 K and one initial 

impact velocity V0~90 m/s. The aim of that extra study consisted of checking the 

effect of the sandwich configuration on the force exerted during perforation.  

The general observation was that the reaction force diminished with the rubber 

thickness increase. As discussed in [42], the value of the experimentally 

determined reaction force may be obscured by the inertia of the system that 

impacts the measurements. A complex numerical model would be then required 

for better reaction force estimation. Different approaches to estimate reaction 

forces may be used in the numeric model: summing up nodal values in fixation 

points, using the acceleration history of the projectile or by building up a complex 

FE model including heavy metal support and 3D sensor geometries. 

 

Figure 12 

Reaction force measured during experiment for 3 composite configurations (ambient temperature, 

V0~90 m/s) 

Conclusions 

The paper presents results of experimental tests and numerical simulations by FE 

method carried out on the aluminium-rubber composite. The composite specimens 

were tested under perforation regime within a wide range of impact velocities V0 

and initial temperatures T0. The aim of the study was to analyze different 

configurations of the composite, especially in terms of the thickness of the rubber 

component. The increase of the rubber layer increased the ballistic limit. 
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Conversely, the temperature diminished the ballistic properties of the rubber 

composite: it lowered the ballistic limit as both aluminium and rubber softened. 

The maximum analysed temperature (T=423 K) is close to the melting point of 

rubber (Tm~453 K) and its impact on the ballistic resistance at these temperature 

conditions was observed both in experiment and simulations. An interesting 

observation concerned the measurements of the reaction force: the increasing of 

the rubber thickness resulted in decreasing of the reaction force. 

The implemented Johnson-Cook constitutive relation in the FE analysis combined 

with the proposed effective failure criterion allowed reproduction of experimental 

findings in terms of the ballistic limit and failure modes. The model allowed us to 

estimate the local maxima of the adiabatic temperature increase (T = 54-66 K) 

and local maxima of strain rate recorded during perforation (  = 5.4-9.1ˑ103 1/s). 

The typical failure mode of the aluminium plates was observed during the tests 

with the same number of 3 or 4 petals in the outer plate and 5-8 petals in the inner 

one. A good correlation between the results calculated by FEM method and those 

obtained from experiments is observed. The shape of petaling was different for 

internal and external aluminium plates. Concerning the rubber, one or two cracks 

remained after the projectile passage, but with no plastic deformation of the 

material, which reflected the hyperelastic nature of the material. 
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