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Abstract: The paper presents results obtained by experimental and numerical research focusing on the 

influence of the strikers’ geometry at the images of the destruction created in hybrid composite panels 

after applying impact load. In the research, the authors used four strikers with different geometry. 

The geometries were designed to keep the same weight for each of them. The composite panels 

used in the experiment were reinforced with aramid and carbon fabrics. An epoxy resin was used 

as a matrix. The experiments were carried with an impact kinetic energy of 23.5 J. The performed 

microscopy tests allowed for determination of destruction mechanisms of the panels depending on 

the geometry of the striker. The numerical calculations were performed using the finite element 

method. Each reinforcement layer of the composite was modeled as a different part. The bonded 

connection between the reinforcement layers was modeled using bilateral constraints. That approach 

enabled engineers to observe the delamination process during the impact. The results obtained from 

experimental and numerical investigations were compared. The authors present the impact of the 

striker geometry on damage formed in a composite panel. Formed damage was discussed. On the basis 

of the results from numerical research, energy absorption of the composite during impact depending 

on the striker geometry was discussed. It was noted that the size of the delamination area depends 

on the striker geometry. It was also noted that the diameter of the delamination area is related to the 

amount of damage in the reinforcing layers. 
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1. Introduction 

Energy absorbing panels are installed wherever there is a risk of damage to important machine 

components, human life, or health risk. Nowadays, energy-absorbing covers are used in many fields, 

such as energy, automotive, rail, aviation, mining, and maritime industries [1–3]. The most demanding 

branch of industry in which we deal with energy-absorbing shields is the military industry [4]. In the 

case of the military application, energy absorbing panels depending on this purpose must meet the 

relevant requirements set out in the standards [5,6]. Depending on the application, the designed covers 

must meet a number of different requirements. The important criterion is of course the degree of energy 

absorption. However, an increasingly important aspect of the newly designed solutions is to minimize 

their weight [7,8]. Therefore, the demand for solutions using composite materials is growing [9]. 
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Polymer composites in addition to high strength are also characterized by a low weight and high 

value of specific strength [4,10]. Depending on the application, composite shields can be subjected to 

the impacts of stones, hail, birds, bullets, or explosive debris. Therefore, resistance to impact loads 

perpendicular to the plane of laminate reinforcement layers is particularly important. Composite 

energy absorbing panels in the military application are used in various types of solutions. They are 

used both in personal protective equipment in the form of bulletproof vests or helmets [11–13], as well 

as in special purpose vehicles [9,12,14,15]. In the case of combining a polymer composite material with 

a ceramic material [7,11], the ceramic layer is responsible for defragmenting the striker and changing 

its trajectory, as a result of which a large part of the impact energy is absorbed. The layer made of fiber 

composite is designed to capture the remains of the striker, the defragmented ceramic layer, and the 

striker’s inhibition. In the case where a multilayer panel with fiber reinforcement is used individually, 

it must stop the striker and absorb all of the impact energy. Impact loads cause exceeding the strength 

of the polymer matrix in the form of shear and bending. A delamination process is initiated between 

successive layers of reinforcing fabrics [16]. This is also a disadvantage of fibrous composites, consisting 

of the loss of connection between adjacent layers of reinforcing material, which leads to decreasing of 

the composite strength. During the continuous operation of composite products, this is particularly 

important because, in combination with fatigue strength [17], it leads to a significant weakening of the 

material. Delamination in the multilayered composites could be located using, for example, the wave 

propagation method [18,19]. The material susceptibility for delamination depends on many factors. 

Some of them could be mentioned, for example, the material used as an reinforcement, its properties, 

or bond quality between the fiber and the matrix [20]. Material delamination occurs because the energy 

threshold initiating this process is much lower than the energy threshold causing destruction of the 

composite reinforcement fibers [21]. In other words, delamination occurs because the strength of the 

matrix material is much less than the strength of the reinforcing material. Therefore, the largest part of 

the impact energy is absorbed as a result of fiber destruction [16,22]. 

The process of destroying the energy absorbing panel made of laminate can be divided into two 

phases. In the first phase, a high-speed striker hits the panel, causing fiber shear and matrix cracking. 

Primary yarns carry the highest loads. Secondary yarns are much less stressed. In the second phase, 

as the successive penetration of reinforcement layers progresses, the smaller and smaller energy of 

the striker is distributed over an ever larger surface, and finally it becomes insufficient to break the 

fibers in subsequent reinforcing layers [13,16]. The remains of the impact energy initiates the matrix 

delamination process. The reinforcement fibers in deeper layers are stretched under the influence of 

the impact energy concentration [12,16,23]. The microscopic image of damage in the composite with 

the hybrid reinforcement that was used in the conducted research is shown in Figure 1. The presented 

sample was hit by the hemispherical striker. The jagged fragments of the fibers at the side opposite to 

the impact side are the result of the cutting process. In Figure 1, it can be seen that the aramid fibers are 

deformed, broken, and sheared as a result of the striker impact. Around the impact area, accumulation 

of the damaged reinforcing layers could also be observed. The carbon fibers located between the 

aramid fibers owing to the high Young’s modulus were deformed elastically and rebounded the striker. 

The total energy at impact is the sum of the remaining kinetic energy of the striker and the energy 

absorbed by the composite panel. The total energy during impact could be divided at the energy of the 

moving striker, energy absorbed by shear plugging, energy absorbed by deformation of secondary 

yarns, energy absorbed by tensile failure of primary yarns, energy absorbed by delamination, energy 

absorbed by matrix cracking, and energy absorbed by friction [22]. 

Considering energy absorption, the most commonly used reinforced material is aramid fibers [16]. 

These fibers can absorb a large amount of the impact energy before their breaking. Furthermore, 

aramid fibers are more elastic than, for example, carbon fibers [24]. They are characterized by high 

rigidity and orientation, and they are connected to each other by strong, dense hydrogen bonds [25]. 

They have a good strength to density ratio (specific strength). Strength expressed in this way for 

Kevlar® fibers is greater; that is, five times greater than steel [16]. The tensile curves of aramid fibers, 
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similar to glass and graphite fibers, are approximately linear to break. Aramid fibers have a density 

43% lower than that of glass fibers. Because of that, aramid fibers are particularly attractive for the 

production of many composites [25]. Energy-absorbing panels built using aramid fibers provide 

excellent protection against pistol bullets, revolver bullets, or fragmenting debris. Aramid fibers are 

one of the most important materials used for the production of energy absorbing panels [16]. However, 

in the application of energy absorbing panels, stiffness is also very important and should be enough 

high to prevent too much deformation after impact. To minimize that deformation employment of 

carbon fibers between aramid fibers, reinforcement layers could be a solution. However, carbon fibers 

have some disadvantages. The first of them is the brittle damage [26] after impact, which can be 

dangerous for nearby people. It is worth mentioning that the brittle damage in some cases can be 

desirable, especially during modelling of the separation process [27–30]. In this case, the process 

should be designed in such a way that the equivalent stress should exceed the allowable stress that 

appears in the direct cutting zone. Otherwise, the material being removed would not be separated. 

The proper combination of different reinforcing materials allows the composite to take advantage of 

each of the applied fibers [16,31,32]. Undoubted advantages of the carbon fiber reinforced polymer 

composites are their low density, good static and fatigue strength, high modulus of elasticity, resistance 

to abrasion, and corrosion resistance [25]. Because they consist almost exclusively of graphite, they are 

non-melting and chemically resistant. The heat resistance of carbon fibers is unique and outperforms 

any known materials in this respect, except graphite. The high values of Young’s modulus mean that 

this fiber is often used in hybrid composites to increase the stiffness of the structure [1,20]. 

 

Figure 1. Microscopic image of damage formed in a multilayered composite with hybrid reinforcement 

after impact of the hemispherical striker. 

Naik et al. [33] showed that the proper configuration of reinforcing layers in a glass–carbon epoxy 

composite could increase post-impact compressive force. It was also shown that the damage area 

in a hybrid composites depends on the reinforcing material configuration. Studies presented in [34] 

also show that the hybridization in glass–carbon epoxy composites provide greatly enhanced damage 

tolerance of these structures. The experimental results show that the hybrid composites can absorb 

more energy in the impact event compared with non-hybrid composites [35]. Aramid fibers are often 

used in the case of the personal protective equipment, such as helmets. In order to increase the amount 

of information about the examined object, experimental and numerical research is carried out [36–38]. 

In another paper [39], the impact resistance of composite panels reinforced with aramid fibers and the 
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matrix made from various thermoplastic materials were compared. The authors of [40] compared the 

puncture resistance of the composites reinforced by 2D and 3D aramid fabrics. A further paper [41] 

presents the analysis of puncture resistance of aramid laminates on styrene–butadiene–styrene and 

epoxy resin matrix. The authors of [42] present the influence of the introduction of nanoclay into the 

resin on the increase of the maximum impact load of aramid fiber composite. Owing to the popularity 

of aramid fibers, research on composites with hybrid reinforcement (where aramid fibers were one of 

the used reinforcing materials) was also conducted. Research focused on a hybrid composite with 

reinforcement made of aramid and basalt fibers [43] shows that the use of both types of reinforcing 

materials in the proper configuration can increase the composite energy absorption during impact. 

The comparison of the hybrid composites with reinforced made of aramid and carbon fibers, based 

on the DI parameter (defined as the ratio between the damage propagation energy and the damage 

initiation energy), presented in the work of [35], showed that the highest value of this parameter was 

achieved for the composite in which reinforcing layers made of aramid fibers were used alternately with 

carbon fiber reinforcement layers. It was also noticed that the adjacent aramid fibers can also play a role 

in bridging the broken carbon fibers, which could improve the toughness of hybrid composites [35]. 

Studies on hybrid reinforcement made of aramid and carbon fibers in a sandwich structure [44] showed 

that the use of hybrid reinforcement increases the energy absorption of the composite during low 

speed impact. The authors of [44] obtained the highest values of absorbed energy in the case of a 

combination of three reinforcing layers of carbon fibers for one reinforcing layer of aramid fibers, 

and vice versa. However, the reduction of compressive strength after the impact was much smaller in 

the case where three reinforcing layers of aramid fibers for one reinforcing layer of carbon fibers was 

used. The damage area formed in the composite and its impact energy absorption during low velocity 

impact depend on the striker geometry [45]. Experimental and numerical research [45,46] showed 

that the influence of the striker geometry was changed with the impact velocity and the thickness of 

the composite. 

The authors of that paper decided to assesses the influence of the striker geometry on the damage 

formed in the epoxy composite with hybrid reinforcement (made from aramid and carbon fabrics) 

after low velocity impact. Differences in the formed damage depending on the striker geometry 

were described. The authors of the present work decided to perform experimental and numerical 

research. The numerical calculations were performed in order to increase the amount of information 

about damage caused in the composite panel after impact of the strikers with different geometry; 

in particular, information about delamination between reinforcing layers. In Section 2, the authors 

present materials used as a reinforcement and as a matrix. The producing method of the composite and 

the adopted research methodology are also presented. The results of experimental research, which was 

carried out using four strikers with different geometries, are presented and discussed on the basis 

of microscopic images. In Section 3, the authors describe the process of preparation of the physical 

model. A methodology of modeling of the multilayered composite is presented. The damages caused 

in the composite plate as well as the phenomenon of delamination were presented and discussed. 

The authors present the values of the rebounded strikers’ kinetic energy and the relationship between 

the amount of damage in the reinforcing layers and the occurring diameter of the delamination area. 

The experimental and numerical results were compared. The differences in obtained results were 

discussed. Composite panel wear was considered in the local response. 

2. Experimental Research 

2.1. Methodology 

During the experiment, hybrid composite panels reinforced with aramid and carbon fabrics were 

used. Aramid twill weave fabric used in the experiment with weight of 300 g/m2 was made from 

Twaron 2200 fibers. The second material used as a reinforcement was carbon twill weave fabric with a 
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weight of 200 g/m2. It was made from Pyrofil TR30 S fibers. Mechanical properties of used fibers [47,48] 

are shown in Table 1. 

Table 1. Mechanical properties of used reinforcing fibers. 
 

Parameter Unit Twaron 2200 Pyrofil TR30 S 

Elongation at break [%] % 2.9 1.8 
Tensile strength [MPa] MPa 2930 4120 

Tensile modulus GPa 102 235 

 

Hybrid panels consisted of 14 layers of reinforcing fabrics. They were arranged in the following 

combination: four layers of aramid fabric, one layer of carbon fabric, four layers of aramid fabric, 

one layer of carbon fabric, and four layers of aramid fabric. Epoxy resin LG285 was used as a matrix. 

The dedicated by manufacturer HG285 curing agent was mixed with resin with a 100:40 weight ratio. 

The epoxy matrix’s properties declared by the manufacturer [49] are shown in Table 2. 

Table 2. Properties of epoxy resin LG285 with HG285 curing agent. 
 

Parameter Unit Value 

Flexural modulus MPa 2700–3300 
Tensile strength MPa 75–85 

Compressive strength MPa 130–150 
Elongation at break % 5–6.5 

Hardness in Shore D scale - 85 

 

The composite panels were manufactured by the hand-laminating method with vacuum support 

(−68 kPa of vacuum pressure). On the basis of the literature [6,16], four striker geometries were 

developed. Geometries of those strikers are shown in Figure A1. The adopted geometries allow the 

strikers to maintain a constant mass and to simulate the impact of various splinters. The required 

repeatability of the strikers’ impact kinetic energy can be achieved because of this. This repeatability is 

important because the researchers’ main goal is to determine the destruction images depending on the 

geometry of the strikers. They could be compared only when the impact energy was the same. Steel 

strikers with a mass of 49 g are shown in Figure 2. 

 

Figure 2. Strikers used in experiment: A—ogival striker, B—blunt striker, C—hemispherical striker, 

D—conical striker. 

The tests were realized using a hybrid electromagnetic launcher with a pneumatic support [26,50]. 

Initial air pressure value in an air tank and air valves were set up using a control panel. The test stand 

is shown in Figure 3. 
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Figure 3. Test stand used in experiment. 

The striker velocity was measured using an optical gate connected to the oscilloscope. When the 

striker breaks the optical beam, the voltage spike could be observed on the oscilloscope. The next 

voltage spike is observed when the striker ends, breaking the optical beam. The experiments were 

carried out with 23.5 J of impact kinetic energy. This energy refers to sub ballistic velocities of the 

impact—such as collisions with fast moving elements [16]. The samples were glued to the 10 mm 

polyethylene base plate and hit three times by each striker. The polyethylene plate was exchanged 

with each composite sample. There is no deformation and destruction in the polyethylene plates 

after impact. 

2.2. Results 

The impact striker geometry assessment on the composite panels’ destruction was made on the 

basis of microscopic tests. The tests allowed the authors of this article to measure the diameter of the 

panel damages after impact. Because of the plastic character of aramid fiber destruction, the damages 

in the panel reflected the striker geometry, and the depth of the penetration could be calculated based 

on the cavity diameter and the geometry of the used striker. The results are shown in Table 3. 

Table 3. Average experimental results, depending on striker geometry. 
 

Striker Geometry 
Average Striker 

Average Kinetic Average Cavity Average Depth of 

 Velocity [m/s] Energy [J] Diameter [mm] Penetration [mm] 

Conical 30.99 23.5 5.9 5.1 
Hemispherical 30.98 23.5 6.2 1.5 

Blunt 30.92 23.4 7.0 0.1 

Ogival 31.05 23.6 4.7 4.5 

 

The microscope images of the damage in composite panels presented in Figure 4 show the 

significant influence of the striker geometry. During the same impact, the same values of impact kinetic 

energy and destruction level in composite panels were limited from the matrix cracking in the blunt 

striker case to the almost complete penetration in the conical striker case. For the blunt striker, fibers 

absorbed almost all impact energy—there was no fiber damage. The cracked matrix is only one visible 
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sign after impact in this case. That fact proved the high resistance of fiber reinforced composites on the 

impact of blunt elements. Cross sections of the samples after impact of the strikers are presented in 

Figure A2. 

 

(a) (b) 
 

(c) (d) 

Figure 4. Selected samples after impact of the striker: (a) conical, (b) hemispherical, (c) blunt, (d) ogival. 

The destruction caused by a hemispherical striker was characterized by a high amount of compressed 

fibers. Around a newly created cavity, the characteristic bulge was formed. Fibers that were initially 

in the first layer of the impact area (in the center of panel) were then ripped out from the matrix. 

The broken and compressed fibers in this formed cavity were also visible. However, their amount was 

low, which proved that only fibers from the first layers were damaged, and fibers in the next layers were 

in good shape. There were no carbon fibers in the cavity, which suggests that the panel penetration is 

limited to the first four layers of the reinforced material. This was also confirmed by the calculated 

depth of penetration. It was circa 1.5 mm, which corresponds to the thickness of approximately of 

three layers of used aramid fabric. The cross section of the sample (Figure A2) also confirms that the 

penetration of the composite stops before the reinforcing layer made from carbon fibers was damaged. 

The destruction caused by an ogival striker suggests much more sensitivity of the hybrid composite 

to the impact of such elements. The penetration depth was much higher compared with the penetration 

depth in the case of a hemispherical striker. The analysis of the microscopic images shows a lot of broken 

fibers in the created cavity. The broken fibers were visible as sticking out parts of the reinforcing fabric 

directed towards to the cavity. These fibers were also compressed at the boundary of the cavity. Like in 

the previous case, the first layer damage around the impact zone was also visible. The penetration 
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depth in this case was 4.5 mm, which corresponds to the depth of the second reinforcing layer made 

from carbon fibers. At the bottom of the created cavity, there were no carbon fibers, which suggests 

that the second carbon reinforced layer was not penetrated. The cross section of the formed damage 

presented in Figure A2 also confirms that the second reinforcing layer made from the carbon fibers was 

not damaged. 

The conical striker caused the largest destruction in the tested material. In this case, both the 

cavity diameter and its penetration depth were the largest. The destruction mechanism was the same 

as in the case of the ogival striker. Inside the formed cavity, it was possible to observe the parts of 

broken fibers. In the case of this striker, fibers’ deformation was also visible at the first layer around the 

impact area. This fact suggests that the conical geometry of the striker caused pushing fibers sideways 

of the creating cavity. The considered striker did not have enough energy to break fibers, so it stuck 

between them and pushed them sideways. The weave and weight of an applied reinforced fabric could 

have a critical meaning in strength aspect. As mentioned, fibers in the first layers were deformed, 

which confirm this fact. This also explained why damage caused by a conical and an ogival striker was 

largest compared with that of other strikers used. 

3. Numerical Research 

3.1. Preparation of Numerical Model 

The numerical research was carried out using the finite element method and commercially available 

LS-PrePost/LS-Dyna (LSTC, Livermore, CA, USA) software. The multilayered composite could be 

modeled in a few scales. The modeling scale is related to the homogenization of the composite strength 

properties. In the case of modeling the composite as a one part, homogenization of the mechanical 

properties should be performed for the whole composite. Modeling in this scale makes it impossible to 

observe some processes occurring inside the composite material, for example, delamination, which, 

as mentioned in the introduction, is an energy absorbing process. A different approach is to model 

the composite with respect to the division on the reinforcing layers. In this approach, the strength 

properties should be homogenized in the level of the reinforced layer (used reinforcing fabric and 

the matrix). This modelling scale allows observing the delamination between the reinforcing layers. 

There is also the possibility to observe the movement between the adjacent reinforcing layers and 

the consideration of the friction between them. Woven composites could also be modeled with 

respect to the reinforcing fiber geometry. The mechanical properties of the fiber and the matrix are 

defined individually. Observation of the delamination process is also possible. Moreover, modelling 

in that scale allows to observe the deformation of each fiber and the friction between the fibers. 

If the modeling scale is more accurate, the physical model takes into account more energy absorbing 

phenomena. Therefore, the choice of the modeling scale and level of homogenization of strength 

properties has an impact on the obtained result. The selection of the modeling scale is related to use of 

the simplifications. Each simplification will be associated with the omission of some energy absorbing 

phenomenon. However, it should be remembered that, if the physical model is more advanced, 

the computational cost will be greater. Modeling of the composite with respect to the division on 

the reinforcing layers (homogenization of the strength properties in the reinforcing layer level) gives 

satisfactory results, which are in accordance with experimental research [51]. It was decided to model 

the composite material in a macro scale. It means that each reinforced layer was modeled as an 

individual part. This approach is widely used [51–54] in the case of impact analysis. A flat surface with 

dimensions of 50 × 100 mm (height × width) was created, and then it was discretized into the finite 

elements. The surface was divided into Belytschko–Tsay type shell elements with “hourglass” control 

based on stiffness. A total of 5000 Belytschko–Tsay shell elements were created in this way. It was 

assumed that the thickness of each layer, regardless of the reinforced material, was 0.5 mm, which 

allowed the physical model to achieve the overall thickness of the composite used in the experiment 

(7 mm). On the basis of this assumption, 13 subsequent surfaces were created, spaced 0.5 mm from 
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the previous layer along the axis perpendicular to the surface of the layers. The composite model 

created in this way consists of 70,000 shell elements. As a composite material model, the MAT58 

*MAT_LAMINATED_COMPOSITE_FABRIC [55] was used. This model requires the definition of 

homogeneous strength properties of the used materials. Taking into account the destruction of the 

physical model, the finite elements are controlled by the ERODS parameter. The ERODS parameter 

is calculated based on the deformation in defined fiber directions in the reinforced plane and on the 

shear deformation. In this material, model stress increases nonlinearly until the maximum strength 

is reached (XT). When the maximum strength is reached, the stress is reduced by the SLIMx factor 

and held until material reaches the strain specified by the ERODS parameter. When strain reaches the 

value defined as an ERODS, the finite element is deleted [56]. The typical stress–strain curve for the 

selected MAT58 composite material model is shown in Figure 5. 

 

Figure 5. Typical stress—strain curve for the selected MAT58 composite material model. 

On the basis of the research [56], ERODS = 0.4 was adopted. Because the values of SLIMx 

coefficients do not have their physical interpretation [57], their value was adopted in accordance 

with the recommendations [55]. The impact of individual factor values on the convergence with an 

experimental solution is presented, among others, in the work of [56]. The used material properties of 

epoxy composites with carbon and aramid reinforcement (in two directions) are shown in Table 4. 

Table 4. Mechanical properties of epoxy composites reinforced by carbon and aramid fibers [58]. 
 

Material Properties Epoxy Resin/Carbon Fiber Epoxy Resin/Aramid Fiber 

Young’s modulus E1 = E2 [MPa] 70,000 30,000 
Shear modulus G12 [MPa] 5000 5000 

Tensile strength XT = YT [MPa] 600 480 
Compressive strength XC = YC [MPa] 570 190 

Shear strength S [MPa] 90 50 

Tensile strain εXT = εYT [%] 0.85 1.6 
Compressive strain εXC = εYC [%] 0.8 0.6 

Shear strain εS [%] 1.8 1 
Density [g/cm3] 1.6 1.4 

Poisson’s Ratio 0.1 0.2 

 

The delamination is an important energy absorption mechanism in the case of low velocity 

impact [51]. In case of the modeling approach used in research, the connection between successive layers 

of reinforcing material can be modeled in several ways [52,59–61]. Modeling of the bonding connection 
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between adjacent reinforcing layers could be realized using cohesive elements [54,62]. This approach 

involves inserting additional cohesive elements between elements of adjacent reinforcing layers. In the 

initial phase, these elements may have zero thickness. The behavior of the cohesive elements can be 

described, for example, using a bilinear curve. These curves describe the dependence between the 

cohesive element stresses from its deformation [54,59,60,62]. If the cohesive element is not damaged, 

its stiffness is constant. However, if an element is damaged, its stiffness decreases as deformation 

increases [62]. The use of cohesive elements requires high computational costs [52]. A broader 

description of this type of connection has been described, among others, in the literature [54,59,60,62]. 

The second approach of modeling the bonding connection between the adjacent reinforcing layers is 

the use of the bilateral constraints (tiebreak contact type). This contact allows for the simplification 

of crack propagation based on the cohesive element [51]. After reaching normal and shear stresses, 

damage is a linear function of the distance between points that were initially in contact. After reaching 

the defined critical crack opening, the bonding connection is broken and further contact behaves like 

unilateral constraints. This approach does not require the use of additional elements and, shown in the 

work of [51], this bonding connection modelling method give results in accordance with experimental 

research. In the conducted research, it was decided to use the bilateral constraint contact with strength 

criterion (*AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK [63]). This contact type behaves like a 

bonded connection before the strength criterion is exceeded. After exceeding the strength criterion, 

this contact behaves like a unilateral constraint contact without a bonded connection. There are several 

possibilities to define the bonded connection using the selected contact type. In the case of shell 

elements, the definition OPTION = 8 is most commonly used [59]. This option requires to define 

the critical normal and shear stresses in a bonding connection. The critical normal stress assumed 

in the physical model equals Sn = 75 MPa [49] and the critical shear stress equals Ss = 44 MPa [59], 

respectively. The friction coefficient between reinforced layers was defined as 0.18 [52,64,65]. 

Additionally, one more part created in the presented model was a polyethylene base plate, to 

which the tested samples were glued. The plate was discretized using eight node solid elements with 

one integration point. The edge length of each element was 1 mm. The base plate model consisted of 

50,000 solid elements. It was decided to choose the linear elastic material model (*MAT_ELASTIC [55]). 

The applied mechanical properties of polyethylene [66] are shown in Table 5. The contact between 

the last layer of the composite and the polyethylene base plate was modeled using the unilateral 

constraint contact (*AUTOMATIC_SURFACA_TO_SURFACE). The value of 0.29 was adopted as a 

friction coefficient [66]. 

Table 5. Mechanical properties of polyethylene. 
 

Young’s Modulus [MPa] Poisson’s Ratio Density [g/cm3] 

701 0.4 0.946 

 

During the experiment, four different types of strikers were used (Figure 2). Their geometries 

were made in CAD software (Autodesk Inventor Professional 2019), and then they were imported 

and discretized using eight nodal solid elements. These elements were given mechanical properties 

corresponding to the steel and treated as non-deformable using the *MAT_RIGID [55] material model. 

The strikers were placed opposite to the first layer of the laminate. An initial velocity of the striker 

V0 = 31 m/s was set. The boundary condition assigned to the model blocked all degrees of freedom 

(translational and rotational) for all nodes of a polyethylene base plate at the side opposite to the side 

of contact with the composite. The contact between the non-deformable striker and the composite 

layers was defined as *AUTOMATIC_SURFACE_TO_SURFACE (unilateral constraint). The values 

of static and dynamic friction coefficients between the striker and the reinforcing layers were set as 

0.18 [52,64,65]. The schematic diagram of the created model is shown in Figure 6a. The prepared model 

is shown in Figure 6b. 



 

American Journal of Applied Sciences Volume 15, Issue 1, 2025 

 

 

 
 

(a) (b) 

Figure 6. Numerical research: (a) schematic diagram, (b) physical model. 

3.2. Numerical Results 

Damage caused by the strikers with various geometries at different instances of the simulation 

(up to reach the maximum depth of the penetration) is shown in Figures A3–A6. Each reinforcing layer 

is marked by a different color. The cross sections of damaged areas owing to the impact of various 

strikers are shown in Figure 7. The direction of the impact is marked using a white arrow. 

 

(a) (b) 
 

(c) (d) 

Figure 7. Cross sections of damaged areas caused by (a) conical striker, (b) hemispherical striker, 

(c) blunt striker, and (d) ogival striker. 
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The numerical results have shown that the largest damages (Figure 7a) occurred when a conical striker 

was used. The smallest damage occurred in the case of a blunt striker (Figure 7c), which corresponds 

to the experimental results. The area of damage for each striker geometry is different. The damage 

caused by impact of the striker with a conical end (Figure 7a) is characterized by the formation of a 

narrowing taper. In each subsequent damaged layer, the number of degraded elements decreased to 

form a characteristic cone. These damages are the largest among the analyzed cases. The sharp end of 

the conical striker penetrating successive layers of material caused rapid damage to the individual 

elements in subsequent reinforcing layers, which contributed to the weakening of the entire structure. 

The damage caused by the hemispherical striker (Figure 7b) was less extensive compared with 

the damage caused by the conical striker. The resulting damage does not form a characteristic cone. 

The largest damages were observed in the first four layers of reinforcement. The elements that were 

not deleted are arranged in a chaotic manner. It can be observed that the elements in the second layer 

of reinforcement in the impact area are not completely destroyed, which can be interpreted as the 

fiber compression inside the formed crater (as mentioned in the chapter about experimental research). 

The other two damaged layers (5 and 6) were minimally damaged—individual elements were deleted. 

The blunt striker did not cause any visible damage in the reinforcement material (Figure 7c). The ogival 

striker caused the most damage (Figure 7d) in the first two layers of the material. Penetration of 

subsequent layers was characterized by the removal of the same number of finite elements until the 

striker energy was too low to damage the next layer. The last of the damaged layers degraded in the 

form of individual elements. 

The colored map of Tresca stress presented in Figure 8 showed that the primary yarns (at the 

direction defined as a fiber direction—X and Y axis) carried the largest load. The secondary yarns 

were much less loaded. This conclusion was confirmed in the work of [16]. In addition to the analysis 

of destruction, which was performed based on the Figure 7c, the value of Tresca stresses shown in 

Figure 8 suggests that the matrix could be damaged. As shown in Table 2, the tensile strength of the 

matrix is 75–85 MPa. Tresca stress at the edge of impacting striker (on the first layer of reinforcement) 

was much higher (92.5–110 MPa). This analysis suggests that the matrix could be damaged, as in the 

case of the experimental research (matrix cracking). The average diameter of this area was 7.5 mm. 

 

Figure 8. Colored map of Tresca equivalent stress on the first layer of reinforcement in case of blunt 

striker impact. 
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Table 6 shows the diameters of the cavities and depth of the penetration of the damages created 

by the impact of strikers with different geometries. The measurement of cavity diameters was done 

between the nodes of the elements at the first layer, which were not deleted after impact. The biggest 

damage in the first layer of reinforcing material was observed for the case in which the conical striker 

hits the composite. The second largest diameter of the damaged area was observed for the case in 

which a hemispherical striker was used. The diameter of the damaged area in this case was slightly 

larger than in the case of the impact of the ogival striker. The depth of penetration was based on the 

number of damaged reinforced layers—0.5 mm of damage for each damaged layer. 

Table 6. Numerical results, depending on striker geometry. 
 

Striker Geometry Cavity Diameter [mm] Depth of Penetration [mm] 

Conical 8 6 
Hemispherical 6 2 

Blunt 7.5 0.07 

Ogival 5.5 4 

 

The largest depth of penetration was observed for the case in which the composite panel was hit by 

a conical striker. As a result of its impact, 12 layers of reinforcing material were damaged. The impact 

with an ogival striker resulted in damage to eight layers of reinforcing material. In the case of a 

hemispherical striker, six layers of reinforcing material were damaged. However, these damages were 

different. The damage created did not resemble a cone geometry. As it was mentioned, the individual 

elements were deleted from 5 and 6 damaged layer (damage area was smaller than used striker). 

Due to that, this two layers were not considered in depth of penetration calculation. For the impact 

on the composite material with a blunt striker, no damage was observed in the reinforcing material, 

but small deformation was observed. 

The graph representing kinetic energy of the striker depending on its geometry is shown in 

Figure 9. The fastest braking of the striker occurred with a blunted one. This striker was rebounded 

from the composite panel, obtaining the kinetic energy of about 16 J. This testified that a small amount 

of energy was absorbed by the composite panel. The hemispherical striker was rebounded from the 

panel, obtaining a value of the kinetic energy of about 8.5 J. The braking of the striker before it was 

rebounded proceeded with the same intensity as in the case of a blunt striker, despite the damage 

caused in the reinforcing layers. A smaller value of the rebounded kinetic energy of the striker is 

associated with a greater amount of energy absorbed by the composite. Conical and ogival strikers had 

the lowest kinetic energy after rebounded (approximately 2 J). Despite the differences in the strikers’ 

braking intensity, they were stopped at the same time and had similar kinetic energy after being 

rebounded. The curve depicting the kinetic energy value of the ogival striker has a distinctive area of 

braking corresponding to the level of material penetration. The first change in the angle of inclination 

of this curve at the time t ≈ 0.1 ms is associated with the first damage to the material. Another angle 

change in the time t ≈ 0.2 ms is associated with the end of damaging of the reinforcement layers. 

In the next phase, material was deformed without damaging and striker was inhibited and rebounded. 

Braking of the conical striker was the gentlest, which was probably because of the fact that its pointed 

end easily damaged the elements in the subsequent layers of the composite. It is interesting that the 

conical and ogival strikers, despite large differences in the damage caused, were characterized by the 

same value of the kinetic energy after rebound. 
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Figure 9. Kinetic energy of strikers during impact depending on their geometry. 

3.3. Comparison of Experimental and Numerical Research 

The results of the conducted experimental and numerical research were compared based on the 

diameters and depth of penetration of cavities formed after impact of the strikers. Figure 10 shows the 

comparison of the diameters of the cavities formed after the impact. 

 

Figure 10. Comparison of cavity diameter formed after impact. 

The damage caused by the blunt striker in the experiment (Figure 4c) is limited to the matrix 

cracking. The diameter of the resulted crack corresponds to the diameter of the edge of the impacting 

striker. The resulting damage did not damage the reinforcing layer in any way. Performing numerical 

research in the selected scale makes it impossible to capture phenomena like matrix cracking, but proper 

analysis of the stress map could bring valuable conclusions. As discussed in the numerical research 

results, the obtained Tresca stress value suggests that the matrix was damaged, as in the case of the 

experimental research. The measured diameter of damaged area was almost the same as in the case of 

the experimental research. Another discrepancy between the experimental and numerical research is in 

the case of hitting the composite by the conical striker. During the experimental research, the pointed 

tip of the cone stuck between the individual fibers, pushing them sideways. Fibers pushed sideways 

constituted resistance for the striker, and tightened on it, thus reducing damage caused in subsequent 

layers. In the case of numerical research, individual fibers were not considered. Each reinforcing 

layer was modeled as a single part with directionally assigned properties. The indicated directions 
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corresponded to the directions of the fibers in the used reinforcing fabric, however, the modeling of the 

reinforcement in this way makes it impossible to imitate the mechanism of deformation of individual 

fibers. Finite elements hit directly by the tip of the cone were quickly removed. When an element was 

removed, it stopped absorbing the energy, so material did not resist as much energy as in the case of 

the experiment. This fact could have an effect for the larger amount of destruction in the case of the 

numerical research. The same remark applies to the discrepancy between the results obtained for the 

ogival striker. 

Figure 11 shows the comparison of the depths of penetration obtained as a result of the provided 

experimental and numerical research. For conical and hemispherical strikers, the depths of penetration 

obtained as a result of numerical research were larger than in the experimental research. In the case of 

the experimental research, depths were determined indirectly based on the diameter of the formed 

cavity and the striker geometry. This method could be subject to a large error, resulting from the lack of 

information about the damaged fibers under the visible layer of damaged reinforcement. Additionally, 

in the case of the numerical research, elements removed during calculations do not constitute any 

resistance for the strikers’ movement at a later stage. In real conditions, the damaged fibers were still in 

the forming cavity, clamping on the striker, or accumulating in front of its forehead, thus affecting the 

formation of further damage. Figure 12 shows the percentage variation between the results obtained 

from the experimental and numerical research. 

 

Figure 11. Comparison of depth of penetration after impact. 
 

Figure 12. Percentage variation between the results obtained from experimental and numerical research. 
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3.4. Delamination 

As mentioned in the Introduction, in the case of multilayer composite materials, the energy 

is absorbed not only as a result of the destruction of reinforcing fibers, but also as a result of the 

destruction of connections between successive reinforcing layers (delamination). The inclusion of this 

process in numerical simulations has an effect on the obtained results. Figures 13–15 show maps of the 

delamination areas between selected layers as an effect of the striker’s impact. The areas marked in red 

(for which the parameter value was 1) were the areas where the bonded connection between layers 

was broken (delamination occurs). 

 

(a) (b) 
 

(c) (d) 

Figure 13. Colored maps of delamination areas after impact of the conical striker between layers: (a) 1 

and 2, (b) 5 and 6, (c) 7 and 8, (d) 13 and 14. 

The areas of material delamination resulting from impact by a conical striker indicate an increase 

of the diameter of delamination area in layers with a smaller amount of destruction in the reinforcing 

material. In the area of the first reinforcing layers, where the damage in the material is the biggest, 

the delamination covered a narrow area around the damage (Figure 13a). The delamination area 

increases with successive layers of reinforcing material, which is accompanied by a reduction in the 

number of deleted elements in reinforcing layers. In the case of the layers that were not damaged, as a 

result of the striker impact, the diameter of the area where delamination occurred was slightly increased. 

In the case of the composite hit by an ogival striker, the delamination area occurring between the 

first and second reinforcement layer (Figure 14a) was smaller than in the case of the conical striker. 

The delamination area increased with each next reinforcing layer, until reaching a diameter of 14 mm 

between layer 13 and 14 of the reinforcing material. Concentration of the delamination was observed 

in places located in the axis of impact of the striker. As in the case of the conical striker, if more 

damage in reinforced layer was observed, then the less delamination occurs between this and next 

reinforcing layer. 
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(a) (b) 
 

(c) (d) 

Figure 14. Colored maps of delamination areas after impact of the ogival striker between layers: (a) 1 

and 2, (b) 5 and 6, (c) 7 and 8, (d) 13 and 14. 

 

(a) (b) 
 

(c) (d) 

Figure 15. Colored maps of delamination areas after impact of the blunt striker between layers: (a) 1 

and 2, (b) 2 and 3, (c) 9 and 10, (d) 13 and 14. 
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The colored maps presented in Figure 15 indicate that, in the composite material that was hit by a 

blunted striker, the internal structure was damaged—delamination between the reinforcement layers. 

The diameter of the delamination area is almost the same over the entire thickness of the composite. 

The detection of areas in which the material structure is damaged, like a delamination, is particularly 

important because this damage changes the behavior of the entire composite material and affects its 

mechanical properties. In the case of the practical application of multilayered composite materials, 

the lack of detection of such material damage can lead to dangerous situations in which there may 

be a serious failure, loss of load capacity, or reduction of the strength of elements working under 

high pressure, which can directly lead to the health and life threat of people working near such 

elements. The delamination is particularly difficult to detect because they are usually not visible and 

their detection requires specialized tests. An interesting solution for monitoring such damage is the 

triboelectric sensor. These sensors do not require external power supply and they are mounted directly 

on the composite material. The results presented in the work of [67] showed it can be observed that 

the voltage outputs of the sensor are proportional to the extension of the damage in the composite. 

The triboelectric sensor can be used to predict the damage state of the composite plates and the size of 

the delamination caused by impacts of the strikers [67]. 

Figure 16 showed the diameters of the measured delamination areas between first and second 

reinforced layers, as well as the thirteenth and fourteenth. It is characteristic for all analyzed cases 

that the delamination areas increase with each subsequent reinforced layer. It is also worth noting 

the relationship between diameter of delamination area and the damage in the reinforced layer. If the 

damaged area was bigger, than the delamination area was smaller. The impact with the conical striker 

caused the largest damage in the reinforcing layers, but the delamination area was the smallest among 

the analyzed cases. The impact with the blunt striker caused the smallest damage in the reinforcing 

layers, but the delamination area was the biggest among the analyzed cases. 

 

Figure 16. Diameters of delamination areas between reinforcement layers 1 and 2 and 13 and 14. 

4. Discussion 

The blunt striker did not cause any visible damage in the reinforcing layers, however, the area of 

delamination was largest between analyzed cases. As mentioned, the delamination process absorbs 

part of the impact energy. The main part of the energy difference between the initial kinetic energy 

of blunt striker and the kinetic energy after its rebound is connected with the energy absorbing 

delamination process. Including the phenomenon of delamination in numerical studies allows the 

scientist to estimating the extent of the structure damage. It should be remembered that not every 
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damage that was caused is immediately visible, as was the case of a panel impacted by the blunt 

striker. The reinforcing material was not damaged, however, the composite structure was damaged, 

which affects its strength. The same fact applies to cases in which other strikers were used. As shown 

by numerical research, the real areas of damage were much larger than that estimated on the diameter 

of the cavities formed after impact in experimental research. Experimental research presented in 

another paper [68] confirms that the delamination area grows with each next reinforcing layer from the 

impact point. The shape of the delamination areas was also similar to the shape that could be observed 

in experimental research [22]. It is worth to noting that delamination areas can be reduced by adding, 

for example, nanofibers. Research presented in another paper [62] showed that the incorporation 

of polycaprolactone nanofibers reduces the delaminated area by about 27% in glass fiber reinforced 

polymer composites. Research presented in another paper [62] also confirms that the epoxy glass 

composites reinforced with polycaprolactone nano fibers are less susceptible to impact damage than 

the same composites without polycaprolactone nano fibers. 

The comparison of rebounded energy value in the case of conical and ogival strikers with damages 

caused by those strikers in composites suggests that the energy was absorbed in different ways, 

depending on the strikers’ geometry. Rebounded energy was the same, but damaged was different. 

In the case of the conical striker, damage in reinforced layers was bigger. In the case of the ogival 

striker, the delamination areas was bigger, which suggests that the delamination absorbed a higher 

part of the impact energy than in the case of the conical striker, which causes the smallest damage in 

the reinforcement layers. 

In the case of the composite made from glass fibers and polyester resin [69], it was noted that the 

largest areas of damage were obtained when the conical and hemispherical strikers were used. In the 

conducted research, the largest diameter of damage in the first reinforcing layer was also noted for 

these two strikers. In the case of the research presented in a further paper [69], the composite material 

absorbed different amounts of the impact energy depending on the striker geometry. The amount 

of absorbed energy in descending order was as follows: conical striker, ogival striker, hemispherical 

striker, and blunt striker. The same results were obtained for carbon epoxy composite (impact energy 

up to 6 J) in another paper [70]. In the conducted numerical research, the same order was observed 

(Figure 9). Carbon fiber reinforced composite in the case of the blunt striker impact (50 J of the impact 

energy) absorb almost the same amount of impact energy as in the case of the conical striker [45]. 

In the conducted research, the hybrid composite absorbs different amounts of impact energy in the 

case of those strikers. In the case of the conical striker, the composite absorbs a few times more impact 

energy than in the case of the blunt striker. In the case of the analyzed composites, the plastic behavior 

of aramid fibers causing the damage caused by the strikers with different geometries is much more 

diverse than in the case of, for example, the composite made from carbon fibers, the damage of which 

is brittle [69,70]. 

The conducted experimental and numerical research indicates that the process of energy absorption 

in composite panels is complex. In the case of the experimental research, energy was absorbed by all 

factors listed in the introduction. Owing to the adopted modeling scale, the impact energy in the case 

of numerical research could not be absorbed by friction between the fibers (inside the reinforcing layer). 

The energy was absorbed by the friction between the striker and the reinforcing layers and by the 

friction between the adjacent reinforcing layers. The numerical results present that the delamination 

absorbed some of the impact energy, which is best seen in the case of the blunt striker. The presented 

Tresca equivalent stress (Figure 8) indicates that the primary yarns were subjected to the highest 

stress; however, in the adopted modeling scale, it is difficult to clearly divide the energy absorbed 

by the reinforcing layer into the energy absorbed by the destruction of primary yarns, deformation 

of secondary yarns, and shear plugging. The difference between energy absorption in the case of 

experimental research and absorption in the numerical research (which results from the adopted 

modeling scale) obviously has an impact on the result. The lack of consideration of some energy 

absorbing phenomena increases the damage in the composite panel. 
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It was stated that carrying out numerical research simultaneously with experimental research 

can significantly affect the quality of the obtained conclusions. Appropriate model preparation and 

consideration of physical phenomena occurring in the analyzed material can provide a lot of important 

information. The calibration of the numerical model and its verification based on the performed 

experimental research is also important. If the model is considered as a satisfactory, it can be used 

to observe phenomena that are hard or even impossible to observe during the experiment. In the 

conducted research, such a phenomenon was delamination areas between reinforcing layers. In the 

case of multilayered composites, it is very important to use the right modeling scale, because observing 

some phenomena on the model prepared in the wrong scale is not possible. During the interpretation 

of the numerical research results, the simplifications used should be taken into account, particularly 

simplifications resulting from the used modeling scale. A compromise between which phenomena can 

be observed and the time of calculations should be found. Preparing an increasingly detailed model, 

one should take into account that the calculation time may increase several times. 

5. Conclusions 

On the basis of research, it was found the strikers’ geometry has a significant effect on the damaged 

microscopic images. The greatest damage was observed for the conical striker (the panel was almost 

pierced). During the impact, those strikers stuck between the fibers, and pushed them sideways. In the 

case of such a material penetration mechanism, stretching of the fibers absorbs a smaller part of the 

impact energy. The fibers in this case are pushed sideways and pressed on the margin of the formed 

cavity. In the case of a hemispherical striker, much lower damage was observed. The damage caused 

by this striker was characterized by a large amount of crushed fibers, compressed inside the formed 

cavity. It is worth noting that the depth of penetration in the case of this type of striker was much 

smaller than in the case of strikers with the cone-like geometry. The smallest damage was observed for 

a blunt striker (matrix cracking only). In the analyzed case, there were no damages in the reinforcing 

layers, but only, as numerical research showed, the integrity of the bonded connection between the 

reinforcing layers was broken (delamination). The numerical investigations presented that the largest 

diameters of the delamination areas occur on the side opposite to the impact side. The measurements 

of the diameters of delamination areas in subsequent layers indicate that these delamination areas 

form a cone with a base located on the side opposite to the impact side. It was also noticed that the 

larger delamination areas between the reinforcing layers were between layers where there was smaller 

damage in the reinforcement. As could be observed in the experimental research, the penetration level 

in the case of two strikers stops at the depth corresponding to the place when carbon reinforcement 

layers have been used, which could testify that the use of hybrid structures with carbon and aramid 

fibers could increase the stiffness of the panels and increase the puncture resistance of the composite. 
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Appendix A 

Strikers used in experimental research were manufactured from S235JR steel rod by machining. 

https://www.ziemowit.hpc.polsl.pl/
https://www.ziemowit.hpc.polsl.pl/
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(a) (b) 
 

(c) (d) 

Figure A1. Geometries of developed strikers: (a) ogival, (b) blunt, (c) hemispherical, (d) conical. 

Appendix B 

Microscopic images of damage in the composite panels with the hybrid reinforcement are shown 

in Figure A2. The jagged fragments of the fibers at the side opposite to the impact side are the result of 

the cutting process. 

 

(a) (b) 
 

(c) (d) 

Figure A2. Cross sections of the damage formed in the composite panels after impact of the striker: 

(a) conical, (b) hemispherical, (c) blunt, (d) ogival. 
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Appendix C 

 

 

(a) (b) 
 

(c) (d) 

Figure A3. Damage caused by the conical striker at different instances of the simulation: (a) time = 0.1 ms, 

(b) time = 0.2 ms, (c) time = 0.3 ms, (d) time = 0.35 ms. 

 

(a) (b) 
 

(c) (d) 

Figure A4. Damage caused by the hemispherical striker at different instances of the simulation: 

(a) time = 0.05 ms, (b) time = 0.1 ms, (c) time = 0.15 ms, (d) time = 0.2 ms. 
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(a) (b) 

(c) (d) 

Figure A5. Damage caused by the blunt striker at different instances of the simulation: (a) time = 0.05 ms, 

(b) time = 0.1 ms, (c) time = 0.12 ms, (d) time = 0.15 ms. 

 

(a) (b) 
 

(c) (d) 

Figure A6. Damage caused by the ogival striker at different instances of the simulation: (a) time = 0.1 ms, 

(b) time = 0.2 ms, (c) time = 0.3 ms, (d) time = 0.35 ms. 
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