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1.  INTRODUCTION
Carbon fiber laminates are widely employed in defense 

and aerospace sectors, where they frequently experience 
dynamic loading conditions such as ballistic impacts and 
high-velocity collisions. These scenarios often lead to rapid 
strain rate deformation1. Traditionally, experimental methods 
have been used to determine the compressive strength of these 
materials. However, an alternative approach is to estimate 
the compressive strengths of unidirectional fiber-reinforced 
composites using constitutive laws and fiber micro-buckling 
models. During high-strain rate deformations, localized 
damage occurs around contact sites, which results in energy 
dissipation2. Given that strain-rate effects significantly impact 
carbon-fiber-reinforced polymer failure mechanisms; it 
becomes crucial to accurately predict the behavior of these 
materials under impact loading conditions before their 
application in various industries.

Gavrus3, et al. conducted experiments using the Split 
Hopkinson Pressure Bar technique to investigate high 
strain rates in Aluminium alloy specimens. In addition, 
they simulated these experiments using Finite Element 
(FE) software by incorporating the deformation behavior of 
orthotropic and isometric alloys. This approach allowed for 
a study of the relationship between strain rate and time. Lu, 
et al., on the other hand, carried out a related experiment 
utilizing the Johnson-Cook metal damage model along with 
the user-defined material (UMAT) subroutine4. Furthermore, 
Ls-dyna has been used in research simulations employing an 
elastic-plastic model to predict specific damages in SHPB test 

configurations5-7. Some researchers have used the Johnson-
Cook damage model in composite materials but have not 
considered any defects within fibers or matrices during their 
studies8-9. 

In addition, researchers have utilized various criteria 
to assess the failure of Fibre Reinforced Plastics (FRP) in 
predicting high-strain rate models10-11. These criteria provide 
suitable measures for unidirectional plies and laminates that 
undergo in-plane stresses at low and moderate strain rates12-13. 
The 3-dimensional (3D) Hashin criterion has been widely 
used to determine FRP failure criteria because of its accuracy, 
ease of use, and computational efficiency14.

This study utilises a Split Hopkinson Pressure Bar 
configuration to simulate the specimen between the incident 
and transmitted bars. Hashin damage model and material 
degradation approach examine a non-linear, rate-dependent 
constitutive composite model for predicting damages. The 
carbon fiber stacking sequences [0°/45°/90°/-45°]2s with 
a lamina thickness of 0.3125 mm are utilized in cohesive 
interfaced solid models, continuum shell models, and solid 
models where fibers are oriented at 0°. In specimens with a 0° 
fiber orientation, layers have no cohesion contact as they form 
one unitary entity. Nonetheless, transverse shear stiffness does 
exist between layers in quasi-isotropic CFRP composites. The 
authors analyzed three different models, and their stress-strain 
behavior was examined and compared.

2.  NUMERICAL DAMAGE MODEL 
The CFRP composite employs the Hashin damage model 

within a user-defined Vectorized User Material (VUMAT) 
subroutine. The Orthotropy of the CFRP composite serves as 
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the foundation for establishing criteria for initiating damage 
based on the principles of Hashin’s damage theory15. This 
comprehensive theory encompasses four failure modes: 
compression and tension in matrix and fiber components. 
Utilizing this model incorporates a law that considers both 
fiber and matrix failures when assessing damage initiation. 
This approach allows for a more realistic and accurate 
representation of CFRP composites’ mechanical behavior and 
failure characteristics in simulation models. By incorporating 
the Hashin damage model into the simulation models of CFRP 
composites, a more accurate prediction of failure modes and 
initiation can be achieved. The following Eqn.s (1-5) were 
considered for the damage initiation.
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In the above expressions, sij represent the stress tensor 
components, Xt and Xc are tensile and compressive strength in 
the fiber direction. Yt and Yc represent tensile and compressive 

strength in the transverse direction. S12, S13, S23 are shear 
strength in the respective direction. If any of the failure values 
reaches 1, then the damage initiates (s=s0), and after that, 
damage evolves. 

Furthermore, damage caused by material property 
degradation starts in the composite specimen. The damage 
model with a gradual degradation scheme is applied for this 
damage evolution. The equation for the damage criterion is 
given as follows (Eqn. (6)):
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Here, 0
1,eqδ  represents the displacement of damage 

initiation and 1,
f
eqδ is for final failure displacement and 1,eqδ  

are equivalent displacements corresponding to obtained 
stresses.

The simulation incorporated the numerical damage model 
by following the flow diagram of the material damage model 
(Fig. 1). The initial input parameter and boundary condition 
were utilized, and a restricted number of load increments and 
checks for damage initiation were completed. It is presumed 
that the material exhibits perfect elasticity during its early 
linear elastic phase (i.e., before damage onset), which implies 
that it returns entirely to its original shape when applied forces 
are removed. This assumption holds under the condition that 
only minimal deformations occur by generalized Hook’s law.

0Cs s= 

And the stress update in each small interval of time is 
given as:

t t t C Es s −∆= + ∆

The elastic tensor ‘C’ calculates the damage initiation, 
starting with a value less than one (<1). The process continues 
until the damage initiation reaches a value of one (=1). The 
authors examined its damage parameter to confirm if the 

Figure 1. Flow diagram of the numerical damage model.
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composite had failed. If the value of this parameter is less 
than 1 (d < 1), it indicates that the composite has not fallen. 
Therefore, they calculated properties such as stress/strain and 
degradation since the start of damage. After updating these 
properties, each load increment undergoes another cycle. The 
composite fails when the damage reaches a value of one (=1); at 
this point, further analysis can determine factors like ultimate 
stress/strain, failure load, and type of damage. The authors 
utilized the elastic tensor ‘C’ to determine the initiation of 
damage, which initially has a value of less than one (<1).   

3. METHODOLOGY
Carbon fiber composite laminates were fabricated using 

LY556 epoxy resin, HY 951 hardener, and Unidirectional and 
woven carbon fabrics. The stacking sequence of the carbon 
fiber fabric is taken as [0°/45°/90°/-45°]2s. LY556 epoxy resin 
was mix with hardener HY951 in a 10:1[20] ratio to develop 
the resin solution. After manufacturing, we have removed 
the composite and cut the specimen following ASTM D7136 
testing requirements (Fig. 2) using High Strength Steel (HSS) 
and carbide-tipped tools16.

d

t E1 E3E2 E4 E5

Figure 2. CFRP composite test specimens
The experimental process utilizes the SHPB test set-

up. Figure 3 shows the SHPB test set-up designed for stress 
reversal testing. The critical components of the set-up consist 
of Hopkinson bars made of marage steel, namely the striker 
(0.15 m), incident bar (1.4 m), and transmission bars (1.4 m 
length) with a 12 mm diameter. These parts include a barrel 
resembling a gun, a hitting mechanism, and a recording 
device. A strain gauge is also installed to monitor the strain 
rate using transmitted bar data.

4.  SHPB 1-DIMENSIONAL WAVE 
The Split Hopkinson Pressure Bar test utilizes longer 

incident, transmitted, and striker bars than the specimen’s 
thickness. This allows for a simplified one-dimensional 
wave equation approach with limited consideration of other 

factors. Thus, the change in displacement over time within the 
specimen was measured as follows (Eqn. 7-8): 17
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From that, the average strain rate is expressed as  
(Eqn. (9)):
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After considering force equilibrium, eI + eR= eT        (10)
Strain rate ( )e  can be calculated by using Eqn. (9) and 

Eqn. (10) as (Eqn. (11)):  
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Here, 1u and 2u represent the change in displacement 
with respect to time, CO is the sound velocity, Ls  represent 
the specimen’s instantaneous length, Ie , Re and Te  represent 
strain obtained from strain gauge in case of an incident, 
reflected, and transmitted wave. 

5.  COMPRESSIVE SHPB MODEL
5.1  CFRP Specimens 

All layers of CFRP laminate are designed with a unique 
fiber direction, with a lamina thickness of 0.3125 mm and a 
diameter of 6 mm. The laminated composite consists of 16 
layers assembled without any sliding contact, resulting in a 
total thickness of 5 mm. In the FE analysis, CFRP laminate 
is carefully modeled to separate the transmission and incident 
bars. The laminates with stacking sequence [0°/45°/90°/-45°]2s 
were modeled as a continuum shell model and solid model, as 
shown in Fig. 4.

The finite element modeling employed the Split 
Hopkinson Pressure Bar configuration and applied equivalent 
boundary conditions. Figure 5 displays the schematic model, 
consisting of a striker bar, the incident bar, and the transmitted 
bar with a diameter of 12 mm each. The dimensions included 
lengths of 250 mm for the striker bar and 1400 mm for both the 
incident and transmitted bars. In this set-up, an initial velocity 
of 108 m/s was imparted to the striker bar to strike against 

Pressure gun barrel

Striking bar

Striker

Incident bar 

Transmission 
bar 

Stopper

Specimen

Figure 3. SHPB test set-up for compressive high strain rate testing.
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the incident bar. Subsequently, the load was transferred from 
the incident bar to the specimen through the fixed damping 
system integrated within the transmitted bar to dissipate 
energy effectively. Consequently, there were notable strain 
rate deformations perceived within the specimen.

The model assumes that the striker is positioned 0.01 
mm from the incident bar, and both bars directly contact 
the specimen surface—the contact between each part of the 
assembly by the surface-to-surface contact. The interaction 
between layers in the laminated composite and between 
bars is assumed to be hard contact. The model’s boundary 
conditions include restricted constraint displacement motions 
in y and z dimensions and rotational moments in all directions 
(Ux=Uy=Uxy=Uyz=Uxz). The initial velocity of the striker is 
108 m/sec. Additionally, support is provided at the end of the 
transmission bar (Ux=Uy=Uz). All three components - striker, 
incident bar, transmitted bar - are deformable solids with 
maraging steel properties, according to Table 1. The model 
considers the specific position and contact between the striker, 
bars, and specimen surface.

In contrast, Table 2 lists the user-defined material 
property for CFRP. The properties of the CFRP composite 
material are derived from tensile, compressive, and shear 
testing using a UTM machine. Additionally, it is assumed that 
the mechanical behavior in the Y direction is equivalent to 
that in the Z direction.

Table 1. Material properties of maraging steel

Density (ρ, 
ton/mm3)

Young’s modulus (E, 
GPa) Poisson’s ratio (ʋ)

8×10-9 210 0.3

 The model is composed of the striker, an incident, 
and transmitted bars meshed using C3D8R elements  

(Fig. 6). These mesh elements are classified as 8-node linear 
bricks with reduced integration and hourglass control. The 
cohesive interface set at a 0° orientation also uses similar 
meshing techniques in its respective model. Additionally, 
SC8R elements are incorporated into the continuum shell 
model featuring 8-node quadrilaterals with in-plane general-
purpose continuum shells equipped with reduced integration 
and hourglass control capabilities alongside finite membrane 
strains. To ensure appropriate boundary conditions, 
displacement is applied in both the x and y directions, while 
rotational moment is considered across all axes. Additionally, an 
initial velocity of 108 m/s is assigned to the striker component. 
Stability is provided by a fixed support mechanism at the end 
of the transmission bar. A sensitivity analysis was carried 
out to evaluate finite element results stability and determine 
the optimal mesh element size for obtaining stabilized stress 
values (as depicted in Fig. 7). All simulations were performed 
using a finite element model consisting of 100000 elements.

Table 2. Material properties of CFRP composite

Young’s modulus in the x-direction (E1) 10.539 (GPa)
Young’s modulus in the y=z-direction (E2= E3) 2.773 (GPa)
Poisson’s ratio (ʋ12) 0.27
Poisson’s ratio (ʋ13= ʋ23) 0.07
Shear modulus (G12= G13) 4180 (MPa)
Shear modulus (G23) 4180 (MPa)
Ultimate tensile stress in the x-direction 619.88 (MPa)                  
Ultimate tensile stress in y = z-direction 180.277 (MPa)
Ultimate comp. stress in x-direction 231.88 (MPa)
Ultimate comp. stress in y = z-direction 34 (MPa)
Ultimate shear stress (S12 = S13) 112.83 (MPa)
Ultimate shear stress (S23) 23.18 (MPa)

Figure 4. Fiber orientation in the composite specimen.

Figure 5. SHPB model.
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6.   RESULTS AND DISCUSSION
The SHPB test method was used to apply stress to 

CFRP composite specimens by impacting them with an 
incident bar and applying compressive force. This results in 
the development of strain in the specimens. The specimen’s 
behavior was analyzed through a stress (σ)-strain (ε) plot, 
comparing similar simulation data for the cohesive interface, 
continuum shell, and 0° orientation models. These stresses 
were measured in the incident bar.

A comparison between the three stresses (σ)-strain (ε) 
models shows a similar trend with experiments. The numerical 
model, illustrated in the graph, exhibits a stress-strain pattern 
with a minor variation from the investigation. These variations 
of stress in the specimen are due to voids and interface 
characteristics of the experiment. Compared to the other two 
damage models, the cohesive interfaced model exhibits more 
comparable stress-strain graph trends because of the cohesive 
interface. In the case of a cohesive interfaced model, there is 
an error of 2.54 % at the critical stress. The stress and strain 
behavior in the continuum shell model and the orientation at 
0° fiber laminate display a similarity before failure initiation. 

However, noticeable differences occur regarding changes in 
stress values due to material damage. Specifically, there is a 
significant decrease in stress value within the continuum shell 
model compared to that seen in the solid model with zero-
degree orientation. For each case analyzed, it was found that 
experimentally obtained values for maximum strength deviate 
by approximately 2.98 %.

Figure 9 (a-f) demonstrates the development of stress over 
time in the continuum shell model of the CFRP composite. 
In Figure 9(a), stress is observed to initiate on the surface of 
the composite laminate immediately after contact between 
the incident bar and composite specimen at a time interval 
of 0.25 μs. Subsequently, this stress propagates throughout 
the entire body of the CFRP composite specimen, as shown 
in Fig. 9(c), at a time interval of 1 μs. Afterward, there is an 
outward movement of both bars away from each other towards 
their respective surfaces where they made contact initially. 
The evolution of the cohesive interface model over time can be 
observed in Fig. 10 (a-f). Implementing a cohesive interface in 
the three-dimensional model allows for a more accurate stress 
distribution within the composite lamina. Initially, stress 
is generated at the interface between the incident bar and 

Figure 6. Meshed model.

Figure 7. Mesh sensitivity analysis for SHPB set-up.

Figure 8. Stress (σ) vs strain (ε) plot for CFRP composite under 900 s-1 strain rate ( ).
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Figure 9. Stress variation in the continuum shell model at (a) 0.25 μs, (b) 0.5 μs, (c) 1 μs, (d) 1.5 μs, (e) 2 μs and (f) 2.25 μs.

Figure 10. Stress (σ) variations in the cohesive interface model at (a) 0.25 μs, (b) 0.5 μs, (c) 1 μs, (d) 1.5 μs (e) 2 μs and (f) 2.25 μs.

specimen, spreading throughout the specimen. Throughout 
this process, there are variations in stress levels within 
different parts of the composite model. However, it is notable 
that critical stress occurs only at 0° and 90° ply orientation. 
This emphasizes how significantly the cohesive interface 

influences composite materials’ overall stress distribution and 
behavior.

Figure 11 (a-f) illustrates the composite specimen’s stress 
distribution throughout 2.25 μs. In this CFRP composite with 
a fiber orientation of 0°, the stress distribution is initially 
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(b)(a) (c)

1 µs

(e)(d) (f)

Figure 11. Stress (σ) variations in solid models with 0° fiber orientation at (a) 0.25 μs, (b) 0.5 μs, (c) 1 μs, (d) 1.5 μs (e) 2 μs and  
(f) 2.25 μs.

Figure 12. Stress (σ) vs time (t) plot for CFRP composite.

Figure 13. Strain rate ( ) plot for CFRP composite cohesive interface model.
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similar to the cohesive interface model. However, as the stress 
reaches its critical value, it spreads throughout the entire body, 
as depicted in Figure 11 (d), and propagates towards one end 
(Fig. 11(f)). In this case, wave propagation influences stress 
concentration rather than fiber orientation.

The stress behavior over time is shown in Fig. 12 for 
all three finite element models and the experimental results. 
It can be observed that there is a slight variation in stress 
values across the models until damage starts to occur, but 
after that point, there is a significant change in stress values. 
Furthermore, it should be noted that the cohesive interface 
model demonstrates behavior that is more similar to the 
experimental findings. Figure 13 illustrates how strain rate 
changes with respect to CFRP composite material when 
subject to impact on the incident bar. The SHPB test set-up and 
Eqn. (7-11) derived from the one-dimensional wave equation 
imply that the strain rate remains independent of specimen 
type and relies solely on characteristics of the incident bar. 
The highest strain rate occurs at approximately 2 μs, where 
both experimentally collected data and analytically modeled 
data show a consistent value of roughly 900 /s. 

Figure 13 illustrates the strain rate behavior of the CFRP 
composite. The impact on the incident bar directly influences 
an increase in strain rate, as shown in the plot (Fig. 13). In the 
SHPB test set-up, the strain rate is determined by the incident 
bar and remains constant across different specimen types, 
following a 1-D wave equation (Eqn. 7-11). The maximum 
observed strain rate occurred at two microseconds (µs), with 
the FE model and experimental evaluation yielding a value of 
900/s for this peak strain rate.

Figure 14 (a-f) demonstrates the continuum shell model, 
which showcases various types of damage in composites, such 

as tensile and compressive matrix damage, shear damage, and 
overall damage. According to this model, shear damage results 
in the most significant destruction compared to other damages. 
On the other hand, the impact of the tensile matrix is minimal. 
Both compressive matrix and general cumulative loss also 
lead to critical levels where failure occurs. The continuum 
shell model provides a comprehensive understanding of 
different forms of damage in composites. The continuum shell 
model allows researchers to analyze and predict various types 
of damage in composites, including fiber, matrix, and shear.

Figure 15 (a-f) shows the damages observed in solid 
models with a fiber orientation angle of 0°. The distribution of 
these damages is mainly influenced by the stress rather than 
the fiber’s direction. A consistent pattern can be seen across the 
specimen’s damage parameter, where shear matrix and fiber 
compression reach critical failure values. Within composite 
specimens, approximately 11% accounts for damaged fibers 
and 9 % for matrix compressive damage, respectively. 
Additionally, about 18 % shear damage is predicted in the 
solid model.

Figure 16 (a-f) presents a visual representation of 
different types of damage observed in the cohesive interface 
of the 3-D solid model. These include tension-related damages 
in fibers and matrices and compression, shear, and overall 
damage. Surprisingly, failure in the composite material is 
primarily attributed to compressive and shear failures within 
the specimen rather than failure caused by exceeding critical 
points for tensile damages in fibers or matrices. Approximately 
19 % of elements reach their crucial point for compressive 
fiber failure, while it is about 13 % for compressive matrix 
failure. The highest level of damage occurs from shear stress, 
with around 24 % of elements surpassing their critical.

Figure 14. Damages obtained for the continuum shell model.
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Figure 15. Damages obtained for solid models with 0° fiber orientation.

Figure 16. Damages obtained for cohesive interface model.

5.  CONCLUSION
The behavior of CFRP composites under high strain rate 

deformation was investigated in this study using data from 
simulations conducted with various models. The simulation 
utilized a SHPB test set-up model with an initial velocity of 
108 m/s in the striker. A user-defined Hashin damage model 

with a material degradation model VUMAT subroutine was 
employed to predict damages in the CFRP composite. The 
stress (σ)-strain(ε) plot shows that the percentage of obtained 
stress variations from the experiment reduces when the 
cohesive element is included in the model. Without cohesive, 
the stress values with respect to the experiment show a 2.98 
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% error, while with cohesive, the error is 2.54 %. At the same 
time, the cohesive parameters also influence the various 
damage parameters. Comparing stress-strain and stress-time 
behaviors, it was found that the cohesive interface model had 
the longest computing time, while the shell model required less 
time. A shell model is sufficient for non-essential structures 
to determine mechanical properties like strength. However, a 
cohesive interface model is necessary for essential structures 
such as satellites, turbine blades, and defense equipment 
where precision is crucial.
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