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Abstract. This paper presents a comparison of two models for an impact with a projectile 9 

mm FMJ (full metal jacket), having 373 m/s on stratified composites, at meso level. The 

models contain yarn with the geometry similar to the actual yarns of glass fibers, used in an 

experimental test. The yarns’ orientation is a repeated (0°/90°). The model includs 8 layers 

of yarns. One model is done including only friction among yarns and between yarn and 

projectile and the second model introduces both friction and delamination properties (as in 

the coehesive zone model). The paper reports the differences between the two simulations 

with the same geometry of the models and the same constitutive material models for yarn 

and projectile materials, but one with conditioned bonds as in the cohesive zone models. 

Applying the cohesive zone model (CZM) with zero thickness makes the impact to have a 

more localized action, reduce bending of the broken yarns. The models are compared to an 

actual panel made of stratified layers of glass fibers with similar properties of the yarns and 
the simulation with cohesive zone model gives a closer aspect of the failure as compared to 

the actual one.  
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1. Introduction 

 

Testing campaigns in ballistics are very expensive and time consuming due to 
materials and technologies involved in producing protective systems, but also due 

to the number of tests required to assess the system performances [1], [2], [3]. This 

is why the simulation of such a system behavior helps engineers to restrain the 

ranges of involved parameters. The big quest is to formulate a model that behaves 
very close to the actual one. Usually, the steps in producing a protective system 
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implies documentation, system design, mechanical tests that could help comparing 
the characteristics with those of existing systems, even if there are not similar to 

the ballistic impact, designing material and system models and calibrating them 

according with the preliminary tests, tests on the prototype with actual threats. 
Based on experimental and simulated data, the design could be improved taking 

into account different criteria as surface density, personel confort, producing time, 

price. 

This study presents a comparison between two models, one taking into account the 
friction between the components of the model, target as stratified unidirectional 

layers and the projectile, 9 mm FMJ (full metal jacket) and the other considering 

friction and yarns bonded by a cohesive zone with zero thickness, having 
mechanical characteristics close to the resin matrix ones of the actual composite. 

 

2. The Model 

 

The model has as components the bullet and a panel with 8 layers, each layer 

including yarns. The projectile is a two-body system, the core made of lead alloy, 

and the jacket made of copper alloy. The jacket-core connection is a “perfectly 
bonded” one. The composites is formed with 8 layers of unidirectional yarns made 

of glass fibers, having the architecture (0°/90°). The yarn section is 0.2 mm x 3 

mm. 
The scale of the model could be considered as meso because it implies the yarns as 

a single homogenous isotropic material. The geometry of the model is the same for 

the two cases. The virtual target has the surface 180 mm x 180 mm (Fig. 1).  

There are analyzed two cases, one with only friction among yarns and yarns and 
projectile and the other one introducing both friction and a cohesive zone betweem 

each two layers, with zero thickness. For the second case, the connection between 

each two adiacent yarns is "bonded". This bond could be broken (that is the nodes 
will detach) if certain values are reached for the tensile stress and the shear stress. 

These values are given in Tables 3 and 4 and they characterize the resin matrix of 

this stratified composite. 
The option for breaking the node(s) was selected and set with the "Stress Criteria", 

the failure criterion being defined as: 

 (
𝜎𝑛

𝜎𝑛
𝑙𝑖𝑚𝑖𝑡)

𝑛

+ (
|𝜎𝑠|

𝜎𝑠
𝑙𝑖𝑚𝑖𝑡)

𝑚

≥ 1   (1) 

where 𝜎𝑛
𝑙𝑖𝑚𝑖𝑡 is the limit at break for normal stress and 𝜎𝑠

𝑙𝑖𝑚𝑖𝑡 is the shear limit at 

break, and exponents being m=n=2 [4]-[6]. 
Both cases take into account friction among moving components. the friction 

coefficient is set as constant, COF = 0.3. Values of COF as found in the literature 

are ranged from very low (0.05...0.1) to higher (0.3...0.8) [7], [8]. Actually, during 

the impact, the friction coefficient is not constant and depends on the pair of 
materials in relative movement and the stress in the normal direction. The broken 

fibers could increase the abrasive component of friction when the projectile slide 

against them. Also, the laterally forced plastic deformation of the projectile when it 
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is arrested change the friction coefficient, including adhesive component, 
especially with lead alloy.  

The projectile model is given in Fig. 1b, also following the dimensions in [9]. The 

running time was reduced by positioning the projectile as near as possible to the 
face of the stratified panel (1/4 of a millimeter). Based on the computational 

resources, the model was run only for a quarter of its geometry, presuming that the 

two-plane symetry is kept during the impact. A model for the entire system, 
presented in [10] and [11], but having layers as compact homogenous materials 

(sheets), proves that there is a certain degree of assymetry in the behavior of the 

system (reflected in the strain and stress distributions), including projectile position 

on the target during the penetration. 
The yarn was modeled as a body of rectangular cross section, the dimensions being 

close to the widness of the actual yarn and its thickness is close to that of the fabric 

layer used in [11]. 
 

 
a) general view                                                           b) Detail 

Fig. 1. The geometry of the model (the quarter of the plate and projectile. 
 

The projectile velocity just before the impact is the initial condition, here v0 = 375 

m/s, as this is also the measured value for the test campaign given in [11]. Each 

yarn has both their cross ends fixed.  

The time interval of the simulation was set for 510-5 s, the projectile leaving the 
composite after a total penetration. 

The properties of the involved materials in the model are given in Table 1 for the 

projectile and a yarn. The temperature is set at 22°C for all properties as the model 

is isothermal. The bilinear model with hardening is often selected to reproduce the 
mechanical behavior of continuous materials [12]. The yarns are considered 

continuous bodies with isotropic character, as it is in [13]. There are reports that 

models with isotropic properties for yarns gave close enough results in order to 
realistically assess the behavior of the panel [14], [15]. 

The cohesive zone model (CZM), with zero thickness, is a virtual concept for 

characterizing the layers’ debonding of a stratified composite under loading [16], 
[17] as the thickness of the matrix between layers (usually fabrics of woven, knited 

or uniaxial yarns) is very small and may be non-uniform due to the fabrics’ 

architecture. In Explicit Dynamics, the resistance of CZM being nominated as 

"Bilinear for interface delamination" (Tables 2 and 3) [18], the failure criterion 
could be “Fracture energies based debonding”, for crack opening combined mode. 
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The difference in the two analyzed cases are discussed based on the equivalent 
stress distributions on main yarn (the yarn in contact with the projectile during the 

impact) on each layer, using the function “Path” in Explicit Dynamics. Figure 2a 

and b presents an exemple for selecting the yarn on layer 4 and Figure 2c gives the 
von Mises stress distribution along the main yarn on layer 1. 

 
Table 1. Mechanical properties for materials the projectile jacket and core are made of 

Property 
Jacket 

(Copper alloy NL) 

Core 

(Lead alloy) 
Yarns 

Density [kg mm-3] 8.3e-6 1.134e-5 2.54e-6 

Specific heat at constant pressure [mJ/(kg °C] 3.85e+5 1.24e+5  

Young modulus [MPa] 1.1e+5 16000 10.13e+5 

Poisson coefficient 0.34 0.44 0.25 

Biliniar Isotropic Hardening  

Yield Strength [MPa] 280 30 919 

Tangent Modulus  [MPa] 1150 110 12750 

Echivalent plastic strain at break 0.75 0.75 0.03 

 
 

Table 2. Parameters for modeling in interlaminar delamination  

Maximum 
normal traction 

stress, MPa 

Normal displacement 
jump at completion of 

debonding, mm 

Maximum 
tangential 

traction stress, 
MPa 

Tangential displacement 
jump at completion of 

debonding, mm 
Ratio 

70 5 50 0.1 0.3 

 
Table 3. Parameters for energy at break in delamination  

Maximum normal contact 
stress, MPa 

Critical fracture energy for normal 
separation, J/m2 

Artificial damping 
coefficient, s 

100 3000 0.1 

 

   
a) Cross section of the model, with a selected path on a layer b) Detail of a path selection 

 



 

 

 

 

 

Journal of Engineering Sciences and Innovation, Vol. 8, Issue 1 / 2023 

 

 

 

 

 

 

5 

 
c) Exemple of stress distribution on the yarn on layer 1, at t=510-5 s  

(red color – high value, blue – lower value)  
 

Fig. 2. Exemple of analyzing the stress distribution olong a yarn (case with CZM) 
 

3. Results and Discussion 

 

The simulation could point out the moment when each yarn is broken by studying 

the stress evolution on main yarns. 

Images extracted from simulation are given in each figure, for both analyzed cases. 

Figure 3 presents the first moment of the simulation, t=2.510-6 s. The more 
flexible panel (without introducing CZM) has only one yarn broken on layer 1, but 

stress distribution is at high values in all the yarn under the projectile. Applying 

CZM, yarns on layers 1 and 2 are broken but the stress distributions in the 

following layers is lower (690...350 MPa), enough for not breaking them (yet). 
Figure 3 presents the codification of yarns included in the analysis of equivalent 

stress distribution. Main yarn 1 is the first yarn next to the symmetry plane, under 

the projectile and main yarn 2 is the yarn next to the main yarn 1. The layers are 
numbered with 1 for the first layer under the bullet; the uneven layers are 

considered to have the orientation with 0° and the even layers have the yarn 

direction perpendicular to the direction of yarns in the unven layers (90°). 
 

 
Fig. 3. Codification of the yarns (on each layer), as it is used in plots of stress distribution. 
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Figure 4 presents the first moment after the impact, considered at 2.510-6 s. In 

both cases, the main yarn 1 (0° orientation) on the first layer is broken (von Mises 
stress drops to zero). This is also pointed out by the graphs of stress distribution 

along the main yarn 1, presented in Fig. 5. 

The values of this stress are similar and the curves have close shapes. But in the 

case with friction only, the main yarn 1 on layer 2 (with 90° orientation), at this 
moment, has higher values on the last layer (the 8th one) and the yarn, because, 

without bonding between yarns and between layers, the bending of the yarns on the 

last layer is greater. 
 

  
a) With friction only b) With cohesive zone model and friction 

Fig. 4. von Mises stress distributions for both cases (in MPa), at moment 2.510
-6 s 

 

  

  
a) Applying CZM  and friction b) Applying only friction 

 
Fig. 5. von Mises stress distributions at moment 2.5x10-6 s, for each layer  

 



 

 

 

 

 

Journal of Engineering Sciences and Innovation, Vol. 8, Issue 1 / 2023 

 

 

 

 

 

 

7 

 
a) With friction only (right – general view, left – detail of the impact zone) 

 
b) with friction and cohesive zone model 

Fig. 6. von Mises stress distributions for both cases (in MPa), at moment t = 5 × 10−6 s 

 
Figure 6 presents the von Mises stress distribution for both cases, but at moment 

t = 5 × 10−6 s. Greater differences appear between the two analyzed cases as 

compared to the first moment. Yarns arranged without cohesive zone have the 
value of the equivalent stress high enough 200...500 MPa and stress concentrators 

are generated near the fixed surfaces of the yarn ends. For the panel with cohesive 

zone, the stressed volume is smaller but with higher values. The main yarn (the 
yarn in contact with the projectile) is fragmented under the projectile and ondulated 

near it. A debonding is visible between the main yarn and the secondary one (the 

yarn that bears the influence of impact but not in contact with the projectile) is not 

stressed because it was detached from the yarn bellow it. This is the start of a 
delamination between layer 1 and the layer 2 on the model with CZM. 

Analyzing von Mises stress distributions along the main yarns, at moment t=510-6 

s, the followings could be noticed (Fig. 7). 

- The panel modeled with CZM has already the main yarn 1 broken on layers 1, 2 

and 3. These yarns have stress peak near the contact with the projectile due to 
traction and bending. Yarns on layers 7 and 8 have the highest values for the 

equivalent stress, around 1100 MPa, meaning it is very probably to be broken 

because they could have higher displacement (no material behind them, or not too 
much).  

- The panel with yarns without contrainting bonds, but with friction between 

components, has only the main yarn of layer 1 broken, but all other yarns have high 
stress values, near the strength limit. The equivalent stress oscilates along all yarns, 

high value being obtained near the fixed sections for the main yarn on the last 

layers, 7 and 8.  



 

 

 

 

 

Titire Chiper L. and all / The influence of introducing the cohesive zone model… 

 

 

 

 

 

8    

  

  
a) with friction and cohesive zone model b) with only friction 

Fig. 7. von Mises stress distributions at moment t=510-6 s 
 

 
a) With friction 

 
b) with friction and cohesive zone model 

Fig. 8. A comparison of von Mises stress distributions between the two analyzed cases (in MPa), at 

moment t=110-5 s 

 

At moment t=110-5 s, the impact effects are concentrated arount the direct impact 

in the panel with CZM, stressed zones are visible also on layer 1, along the main 

yarn that will cause the debonding of it, without being broken, as it could be seen 

in Fig. 8. But the model with friction only exhibits larger displacement of the 
yarns. 

Analyzing the stress distributions along the main yarns (Figs. 9 and 10, for two 

different moments), one may notice that the differences between cases are bigger. 
The panel modeled with CZM have a smaller zone with high stress (with a radius 
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of about 45 mm), but for the model with friction only, the yarns are stressed till 
their fixed ends, the latest layer (the 8th) having high value of the equivalent stress. 

  

  
a) with friction and cohesive zone model b) only with friction 

Fig. 10. von Mises stress distributions at moment t=1.2510-5 s 

  

 

 
a) with friction and cohesive zone model b) with only friction 

Fig. 9. von Mises stress distributions at moment t = 1 × 10−5 s 
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a) with friction only 

 
b) with friction and cohesive zone model 

 

Fig. 11. von Mises stress distributions for both cases (in MPa), at moment t=1.510-5 s 
 

For the model with CZM (Fig. 10a), yarns on layers 6, 7 and 8 are not broken yet, 

but have high stress near the projectile due to yarn bending.  

The broken yarns have a stress peak positioned at 20...30 mm from the axis of the 
projectile. Then, the equivalent stress drops to small values (less than 90 MPa). 

This could reflect the boundary of delamination. Some layers has a zero stress 

value in or near the axis origine meaning that the yarn was broken in the central 

zone of the impact, but other yarns have zero stress at a certain distance of the axis 
meaning that the break is happened in two places, resulting a central fragment, that 

will form with other similar fragments from other yarns, the so-called cap, more 

visible at the end of simulation, for both cases. For yarns only arranged one next to 
the other, the stress is oscillating along the yarns, till their fixed ends (Figs. 10b and 

11a). 

At 1.510-5 s, all layers have broken yarns, thus, the penetration is complete for the 

case applying CZM (Fig. 12a). In the other case, the main yarn on layer 7 is not yet 

broken (Fig. 12b). This mean that the breakage is more rapid in time for the case 
with CZM. 
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a) with friction and cohesive zone model b) with friction only 

Fig. 12. von Mises stress distributions along yarns, at moment t=1.510-5 s 

 

To the end of the impact simulation (t=410-5 s), there are stress concentrators on 

the panel with only friction, due to severe bending and local contacts between 

yarns (Figs. 13a and 14b). 
 

 
a) with friction only 
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b) with friction and cohesive zone model 

 

Fig. 13. von Mises stress distributions (in MPa), at moment t=410-5 s 

 

  
 

  
a) with friction and cohesive zone model b) with friction only 

 

Fig. 14. von Mises stress distributions (in MPa) along main yarns, at moment t=410-5 s 

 

The results of the simulation was qualitatively compared to the actual impact of a 9 
mm FMJ projectile on a panel made of stratified unidierctional layers of glass 

fibers in a resin matrix and the comparison was encouraging the use of the model 

for evaluating the response of similar composites with different parameters (panel 
thickness, different projectile as impact velocity, mass and geometry, in a range 

around the impact velocity in the actual test, v0 = 375 m/s. 

Figure 15 presents a panel made of 8 layers of unidirectional glass fiber fabrics. 

Each fabric has four sub-layers, with orientation (0°/45°/90°/-45°). On the panel 
face (the surface first hit by the projectile), the delamination is only visible around 
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each hole especially for the surface yarns, along the yarn direction. The 
delaminations resulted around the penetration orifice, after each fire, in the panel, 

are visible on the panel back (Fig. 14b) and they have a lighter color and an almost 

circular shape. In a cut section (Fig. 14c), the aspect of the actual orifice is similar 
to that obtained in the model with CZM. 

Information in Table 4 validates that panel modeled with CZM behaves in a similar 

way to the actual panel. 
 

 
 

a) face b) back 

 
c) cut section of fire 1 

 
Fig. 15. Actual panel of 8 layers of quadriaxial fabrics, impacted with 9 mm FMJ, 

at v0=375 m/s (average). 
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Table 4. Diameters of the delamination circles on the tested panels (on their back face) and on models 

Panel 

Panel 

thickness 

(medie) 

Diameter 

1 

fire 1 

Diameter 

2 

fire 2 

Diameter 

3 

focul 3 

Average 

diameter 

Diameter 

from the 

model in 

[10] 

Diameter 

from this 

model 

with 

CZM 

[mm] 

8 layers  6.37 165  165.9  158.09  162.99  117.04  120... 124 

 

4. Conclusions 

 

This study points out the importance of designing protection systems 

intercorrelating initial design with simulations with simplified models and 

experimental results. 
Figures of equivalent stress distributions at different moments of the imact and 

images from the run simulations underline that it is important to include in the 

model the effect of fibers and yarns architecture, their properties and those for their 

bonding matrix. The athors establish the stages for improving a solution for a 
protective system: a first design that could be tested in laboratory, a calibrated 

model based on these first results and that could include one or more parameters to 

be validated (geometry of the penetration and projectile, qualitative aspect, residual 
velocity, characteristics determined for particular conditions of the impact as strain 

rate), a new model (that is validated by laboratory tests or limited tests with actual 

threat) to use for improving the initial solution or to determine the range of threats 
that the system could safely face. The last tests should be done on actual system, 

with actual threats, for a number of tries as required by standards and experience of 

the users. 

This study proposed a comparison between two models of a panel made of 8 
layers, ecah one having unidirectional yarns (with the thickness of the actual fabric 

layers used in actual tests): one presumes that friction exists among yarns and yarns 

and projectile and it is an ideal case as in reality, yarns have to be kept together in a 
matrix and the other one that includes yarns bonded face-to-face by a coehesive 

zone (with zero thickness), but having the mechanical properties of a resin 

recommended as matrix for such a composite. Friction is also included in the 
second case. The threat and the initial condition (v0=375 m/s) are the same for both 

cases and the results are interpretated taking into consideratin the delamination and 

the penetration aspect characterizing the model and actual tests. 

The presence of the cohesive zone among yarns reduces the delamination and the 
tendency of breaking yarns near the fixed ends (due to excessive bending) and the 

failure aspect of first and last layers is realistic as compared to the actual panel of 

the same thickness. Even if the model was run at meso scale (with yarns as 
compact bodies) and the materials’ models are considered bilinear and isotropic, 

the behavior of the model was realistic. 
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