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1.0 INTRODUCTION 
 
Carbon fiber-reinforced polymer (CFRP) composites have become indispensable in 
modern industrial engineering due to their exceptional strength-to-weight ratios, high 
stiffness, and versatility in design [1-4]. These materials are extensively used in primary 
and secondary structures across aerospace and automotive sectors, where weight savings 
are critical without compromising structural integrity [5-6]. The use of CFRP composites 
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ABSTRACT 

 
Metallic structures have been extensively replaced with carbon fiber-reinforced polymer 
(CFRP) composites in many industries due to their technical advantages and design 
versatility. Despite these advantages, CFRP composites are sensitive to dynamic loads 
such as low velocity impact, which can compromise structural integrity with internal 
damage. This study introduces a computationally efficient analytical model developed in 
MATLAB to predict impact damage in unidirectional (UD) CFRP composites, providing 
a faster and more cost-effective alternative to finite element simulations. The model used 
First Order Shear Deformation Theory (FSDT) and a Two Degrees of Freedom (TDOF) 
approach, incorporating a nonlinear contact force model to calculate displacements, 
absorbed energy and impact forces. A key novelty of this research lies in the multi-level 
experimental validation conducted with an Instron CEAST 9350 impact testing machine 
with hemispherical impactor tips at energy levels of 5.6 J, 10.3 J and 16.14 J. Results 
reveal that the model achieves good agreement with experimental data at lower energy 
levels, accurately captures the elastic behavior with a minimum error of 1%. However, the 
model's limitations in simulating nonlinear responses and material damage become more 
evident at higher energy levels, where the extent of damage has a pronounced effect on 
energy absorption and dissipation. This underscores the need for incorporating advanced 
material models that account for damage progression and strain-rate effects to enhance 
accuracy and reliability. Ultimately, this work supports the development of innovative 
composite solutions, contributing to more efficient and cost-effective engineering 
practices. 
 
Keywords: CFRP, low velocity impact, energy absorption, analytical model, structural 
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in aerospace applications significantly enhances performance and fuel efficiency, 
contributing to reduced emissions and operational costs [7], while in the automotive 
industry, CFRP composites are pivotal for achieving lightweight designs without 
compromising safety and durability [8]. The anisotropic nature of CFRP composites allows 
for the customization of mechanical properties to meet specific design requirements, 
offering flexibility not achievable with traditional materials [9-10].  

Despite these advantages, CFRP composites are highly sensitive to dynamic loads, 
particularly low-velocity impacts (LVI), which can cause significant internal damage that 
is often not visible on the surface [11]. Such hidden damage can severely compromise the 
structural integrity and safety of composite structures. Thus, making it crucial to understand 
and predict the impact behavior of these materials for reliable application in safety-critical 
environments [12-13]. For that reason, numerous studies on the impact damage of CFRP 
composites have been reported in the open literature. These investigations encompass a 
wide range of investigations such as the effects of hybridization [14-15], impactor diameter 
[16], damage assessment methods [17], laminate design configurations [18], etc. Moreover, 
current studies are focusing more on the development of finite element modelling [19-21] 
to accurately predict the low velocity impact problems. Nevertheless, many of these 
existing finite element models fail to account for damage progression and often require 
extensive computational resources and calculation time. Analytical models on the other 
hand could offer a computationally efficient alternative to finite element simulations. This 
approach enables faster predictions, making it a viable alternative for early-stage design 
assessments and preliminary structural evaluations. Literary wise, there are limited studies 
that have been reported related to the development of analytical model to predict impact 
behavior of CFRP composites.  

Analytical models play a vital role in predicting the impact behavior of composite 
materials, offering a cost-effective and time-efficient alternative to extensive experimental 
testing. These models could be used by the engineers and designers in assessing the 
performance of composite structures under various loading conditions, optimizing material 
selection, and improving design methodologies. However, accurately predicting complex 
failure mechanisms and energy absorption characteristics under impact remains 
challenging [22-23]. Li et al developed an analytical model to predict the penetration and 
non-penetration behaviors cylindrical shells made of fiber-reinforced composite using the 
critical impact velocity criterion [22]. On the other hand, Singh et al established an 
analytical model to predict the behavior of carbon/epoxy-aluminum honeycomb core 
sandwich structures when subjected to quasi-static indentation loading [23]. Both analytical 
models developed in [22-23] demonstrated good agreements with experimental results 
despite dealing with complex failure mechanisms and responses. However, the 
applicability of both models is limited to a specific domain of validity.     

This study aims to validate an analytical model developed in MATLAB for predicting 
impact damage in CFRP composites. The model utilizes First Order Shear Deformation 
Theory (FSDT) and a Two Degrees of Freedom (TDOF) approach to calculate 
displacements, energy, and impact forces in the composite layers. FSDT is chosen for its 
ability to accurately account for transverse shear deformation effects, significant in thick 
composite laminates [24]. The TDOF approach, coupled with a nonlinear Hertz contact 
force model, offers a realistic representation of impact dynamics, including interactions 
between the impactor and the composite target [25]. Experimental validation is conducted 
using an INSTRON CEAST 9350 impact test system, with tests performed at different 
energy levels to simulate various impact scenarios.  

The study evaluates the model's predictions against experimental results to determine 
its accuracy, reliability, and identifying limitations such as its inability to effectively 
simulate material damage. By validating this analytical model, the research seeks to 
establish a dependable tool for engineers and researchers to more precisely predict the 
impact behavior of composite materials [26]. The novelty of this study lies in in the multi-
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level experimental validation, its computational efficiency and practical applicability. 
Unlike conventional numerical simulations, which are computationally intensive, this 
research develops and validates a simplified analytical model that accurately predicts the 
impact response of unidirectional (UD) CFRP composites. Besides that, it offers practical 
benefits by reducing the need for extensive experimental testing. This approach enables 
faster predictions and reducing the costs, making it a viable alternative for early-stage 
design assessments, particularly in aerospace, automotive, and defense applications. 
Furthermore, by systematically evaluating model performance across different energy 
levels, this study provides a deeper understanding of how well analytical approaches 
capture impact behavior, particularly in low-velocity impact scenarios. 

 

 
 

Figure 1: Impact damage test setup and UD CFRP specimen  
 
 
2.0  EXPERIMENTAL PROCEDURE 
 
To evaluate the accuracy of the analytical model, a series of experiments were conducted 
on UD CFRP composites subjected to low-velocity impacts. The specimens were fabricated 
using the vacuum infusion process which used vacuum pressure to drive the resin into a 
laminate [27]. 

Twelve specimens were prepared, each consisting of eight layers of laminated UD 
CFRP/Epoxy-1006 arranged in a [0/90/0/90]s stacking sequence. The panels measured 100 
× 100 × 3 mm³, with each individual ply thickness of 0.375 mm. The impact tests were 
carried out using Instron CEAST 9350 impact test system, renowned for its precision in 
impact testing and ability to provide reliable data for validating analytical models [28].  

The impact tests were employed using a hemispherical impactor tip with a diameter of 
16 mm. A total impactor mass of 5.2 kg at velocities of 1.5 m/s, 2 m/s, and 2.5 m/s were 
employed in accordance with ASTM D7136 standards [29], which is corresponding to 
energy levels of 5.6 J, 10.3 J, and 16.14 J, respectively. Due to the non-standard sample 
size, a custom designed test rig was used to secure the specimens using circular clamps 
with rubber tips, as shown in Fig. 1. 

Initial velocity was recorded using a grating velocimeter, while the impact force and 
displacement were measured via a load sensor integrated into the test setup. These 
experimental results will be used to compare with the analytical predictions for validation 

Specimen Specimen Fixture 

Test Chamber INSTRON CEAST 9350 Impact 
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purposes. The specimen configurations and material properties of the UD CFRP 
composites and the impactor properties are summarized in Table 1. 
 
 
3.0  ANALYTICAL MODEL OF LOW VELOCITY IMPACT 
 
In this study, an analytical undamaged model was developed to reliably predict impact 
force, displacement, and absorbed energy in UD CFRP composites under impact conditions. 
The methodology integrates advanced theoretical frameworks, numerical solution 
techniques, and experimental validation to ensure accurate predictions of these parameters. 
The model uses simple support boundary conditions and FSDT to accurately approximate 
the mechanical properties of the composites. FSDT provides a robust framework for 
modeling the shear deformation effects in thick composite laminates, improving the 
accuracy of impact predictions [30]. 

Hamilton’s principle was applied to derive the governing equations of motion and the 
corresponding boundary conditions. To estimate impact parameters such as force, 
displacement, and absorbed energy, a modified spring-mass system with TDOF and a 
nonlinear Hertz contact force model was implemented. This approach improves the realism 
of the impact dynamics simulation by accurately capturing the interaction forces and 
system response [31]. The impact forces were modeled as being concentrated on a specific 
patch area. Analyses were conducted at different energy levels, and the results were 
compared with experimental data from the literature, showing acceptable agreement. 
Further validation was achieved by comparing the analytical results with experimental tests 
performed on UD CFRP composites, confirming the model's reliability in predicting the 
dynamic behavior of composite materials under impact conditions. 
 

Table 1: The geometrical and mechanical properties of UD CFRP composites [32] 
 

Specimen Properties Value 
Size 100 × 100 × 3 mm3 
Stacking sequence [0/90/0/90]s 
Ply thickness 0.375 mm 
Boundary Condition Simply supported 
Mechanical Properties of UD CFRP Composites 
E1 130 GPa 
E2, E3 7.6 GPa 
G23 3.2 Gpa 
G12, G13 3.8 Gpa 
v12, v13 0.33 
v23 0.35 
Density 1600 kg/m3 
Mechanical Properties of Impactor (Steel) 
E1 200 GPa 
Poisson's ratio 0.3 
Density 7971 kg/m³ 
Diameter 16 mm 
Mass 5.2 kg 

 
 
3.1 Formulation of Governing Equations 
 
The low-velocity impact (LVI) on UD CFRP composites is illustrated in Figure 2. The 
impactor is rigid and spherical, while the plate is a simply supported rectangular one with 
dimensions of a × b × h. Whitney and Pagano developed the governing equations for 
composite laminate flat plates, as shown in Equation 1 [33]: 
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𝑢𝑢 = 𝑢𝑢0(𝑥𝑥,𝑦𝑦, 𝑡𝑡) + 𝑧𝑧ᴪ𝑥𝑥(𝑥𝑥,𝑦𝑦, 𝑡𝑡);    𝑣𝑣 = 𝑣𝑣0(𝑥𝑥,𝑦𝑦, 𝑡𝑡) + 𝑧𝑧ᴪ𝑦𝑦(𝑥𝑥,𝑦𝑦, 𝑡𝑡);   𝑤𝑤 = 𝑤𝑤0(𝑥𝑥,𝑦𝑦, 𝑡𝑡) (1) 

 
In this context, u0, v0 and w0 represent the plate displacements along x, y and z directions 
at the mid-plane, while ᴪ𝑥𝑥and ᴪ𝑦𝑦 denote the shear rotations in the x and y directions.  
 
For the especially orthotropic form (Bij =0, A16 = A26 = D16 = D26 = 0), the governing 
equations are: 
 
𝐷𝐷11ᴪ𝑥𝑥,𝑥𝑥𝑥𝑥 + 𝐷𝐷66ᴪ𝑥𝑥,𝑦𝑦𝑦𝑦 + (𝐷𝐷12 + 𝐷𝐷66)ᴪ𝑦𝑦,𝑥𝑥𝑥𝑥 − 𝐾𝐾𝑠𝑠ℎ𝐴𝐴55 ᴪ𝑥𝑥 − 𝐾𝐾𝑠𝑠ℎ𝐴𝐴55 ᴪ,𝑥𝑥 = 𝐼𝐼ᴪ𝑥𝑥 (2) 

 
(𝐷𝐷12 + 𝐷𝐷66)ᴪ𝑥𝑥,𝑥𝑥𝑥𝑥 + 𝐷𝐷66ᴪ𝑦𝑦,𝑥𝑥𝑥𝑥+𝐷𝐷22ᴪ𝑦𝑦,𝑦𝑦𝑦𝑦 − 𝐾𝐾𝑠𝑠ℎ𝐴𝐴44 ᴪ𝑦𝑦 − 𝐾𝐾𝑠𝑠ℎ𝐴𝐴44 ᴪ,𝑦𝑦 = 𝐼𝐼ᴪ𝑦𝑦 (3) 

 
𝐾𝐾𝑠𝑠ℎ𝐴𝐴55ᴪ𝑥𝑥,𝑥𝑥 + 𝐾𝐾𝑠𝑠ℎ𝐴𝐴55𝑊𝑊,𝑥𝑥𝑥𝑥+𝐾𝐾𝑠𝑠ℎ𝐴𝐴44 ᴪ𝑦𝑦,𝑦𝑦 + 𝐾𝐾𝑠𝑠ℎ𝐴𝐴44 ᴪ,𝑦𝑦𝑦𝑦 + 𝑞𝑞 = 𝜌𝜌𝑊𝑊 (4) 

 
In this case, 𝐾𝐾𝑠𝑠ℎ represent the shear correction factor, typically equals to π2/12, while q 
denotes the dynamic normal load acting on the plate. Additionally: 
 

(𝐴𝐴𝑖𝑖𝑖𝑖 ,𝐵𝐵𝑖𝑖𝑖𝑖 ,𝐷𝐷𝑖𝑖𝑖𝑖) = ∫ 𝑄𝑄𝑖𝑖𝑖𝑖𝑘𝑘
ℎ
2

−ℎ2
+ (𝐼𝐼,𝑍𝑍,𝑍𝑍2)𝑑𝑑𝑍𝑍;  (𝜌𝜌, 𝐼𝐼) = ∫ 𝜌𝜌0

ℎ
2

−ℎ2
(𝐼𝐼,𝑍𝑍2)𝑑𝑑𝑍𝑍  (5) 

 
Here, 𝜌𝜌0 denotes the density of each layer, while 𝜌𝜌 represents the total density of the plate. 
I is the moment of inertia, and h is the plate thickness. The terms (𝑄𝑄𝑖𝑖𝑖𝑖𝑘𝑘 ) (𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖, 𝑗𝑗 = 1,2,6) 
correspond to the reduced in-plane stiffness components, whereas (𝑄𝑄𝑖𝑖𝑖𝑖𝑘𝑘 ) (𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖, 𝑗𝑗 = 4,5) 
represent the reduced transverse shear stiffness components, as described by Whiteny and 
Pagano [33]. A simply supported square plate with dimensions a and b, is selected for 
analysis, subject to the following boundary conditions:  
 

𝑤𝑤 = ᴪ𝑥𝑥,𝑥𝑥 = ᴪ𝑦𝑦 = 0 ;  𝑎𝑎𝑎𝑎  𝑥𝑥 = 0 ,𝑎𝑎 (6) 
 

𝑤𝑤 = ᴪ𝑦𝑦,𝑦𝑦 = ᴪ𝑥𝑥 = 0 ;  𝑎𝑎𝑎𝑎  𝑦𝑦 = 0 , 𝑏𝑏 (7) 
 

 
 

Figure 2: Illustration of UD CFRP composite impacted by a spherical mass. 
 
3.2  Constitutive Equations 
 
The constitutive equations for the on-axis stress-strain relationship for an orthotropic 
material of a flat plate composite as described in [30] are as follows: 
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�
𝜎𝜎1
𝜎𝜎2
𝜏𝜏12

� = �
𝐾𝐾11 𝐾𝐾12 0
𝐾𝐾12 𝐾𝐾22 0

0 0 𝐾𝐾66
� �
𝜀𝜀1
𝜀𝜀2
𝛾𝛾12

� (8) 

 
�
𝜏𝜏13
𝜏𝜏23� = �𝐾𝐾44 0

0 𝐾𝐾55
� �
𝛾𝛾23
𝛾𝛾13� 

(9) 

 
In these equations, σ represents the stresses in the principal directions, while ε denotes the 
corresponding strains, The matrices Kij signify the reduced stiffness matrices of the 
composite plate structure. The constitutive equation can be derived by expressing the force-
couple resultants in terms of stresses and integrating through the plate thickness, leading to: 
 

�𝑁𝑁𝑀𝑀� = �
𝐴𝐴𝑖𝑖𝑖𝑖 𝐵𝐵𝑖𝑖𝑖𝑖
𝐵𝐵𝑖𝑖𝑖𝑖 𝐷𝐷𝑖𝑖𝑖𝑖

� �𝜀𝜀
0

𝑘𝑘
� ;   𝑖𝑖, 𝑗𝑗 = 1, 2, 6 (10) 

 
[𝑆𝑆] = �𝐾𝐾𝑠𝑠ℎ𝐴𝐴𝑖𝑖𝑖𝑖�[𝛾𝛾];   𝑖𝑖. 𝑗𝑗 = 4, 5 (11) 

 
Here, N and S represent the force vectors, while M denotes for the moment vectors. The 
terms  𝐴𝐴𝑖𝑖𝑖𝑖  ,𝐵𝐵𝑖𝑖𝑖𝑖  and 𝐷𝐷𝑖𝑖𝑖𝑖  correspond to the components of the extensional, coupling, and 
bending stiffness matrices, respectively. Additionally, 𝜀𝜀0  and 𝑘𝑘  represent the laminate 
middle plane strain vector and laminate middle plane curvature vector, respectively, while 
𝐾𝐾𝑠𝑠ℎ is the shear correction factor. 
 
3.3 Contact Force Analysis 
 
A two-degrees of freedom springs-mass model was utilized by [31] to calculate the impact 
force, as illustrated in Figure 3. The corresponding equation of motion are: 
 

𝑚𝑚𝑖𝑖𝑧̈𝑧𝑖𝑖 + 𝐹𝐹 = 0 ;  𝑚𝑚𝑝𝑝𝑧̈𝑧𝑝𝑝 + 𝐾𝐾𝑏𝑏𝑏𝑏𝑧𝑧𝑖𝑖 + 𝐾𝐾𝑙𝑙𝑧𝑧𝑖𝑖3 − 𝐹𝐹 = 0 (12) 
 

 
 

Figure 3: Illustration of two-degrees of freedom springs-masses model  
 
Applying Hertz's contact law, the impact force is expressed as: 
 

 𝐹𝐹(𝑡𝑡) = 𝐾𝐾𝑐𝑐𝛿𝛿𝑛𝑛 (13) 
 
In the modified Hertz’s contact law, the impact force between the metallic impactor and 
the impacted surface of the targeted area of the composite plate structure during the impact 
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can be governed by the non-linear power-law of Eq (13). 𝛿𝛿  is the relative indentation 
between the impactor and the impacted surface of the target structure, KC is Hertz’s contact 
stiffness, and the indentation is defined by: 
 

𝛿𝛿(𝑡𝑡) = 𝑍𝑍1(𝑡𝑡) − 𝑍𝑍2(𝑡𝑡) (14) 
 
Here, 𝑍𝑍1(𝑡𝑡)  represents the displacement of the impactor, while  𝑍𝑍2(t)  denotes the 
transverse displacement of the impacted surface at the impact location (x1, x2). In this 
analysis, the indentation of the impacted surface is assumed to follow the Hertzian contact 
law for a half-space. The equation of motion for the impactor is given in Eq (12), 
where 𝑀𝑀𝑀𝑀 is the mass of the impactor, and F represent the contact forces between the 
impactor and the target structure (middle of the plate). 
 
3.4 Deflection and Stress-Strain Analysis 
 
By transforming the system of ordinary differential equations into a second-order form in 
time for the Fourier coefficients of the transverse deflection, the equation of motion for 
the composite plate under a point load q(x, y, t) can be expressed as [34]:  
 

�
𝐿𝐿11 𝐿𝐿12 𝐿𝐿13
𝐿𝐿12 𝐿𝐿22 𝐿𝐿23
𝐿𝐿13 𝐿𝐿23 𝐿𝐿33

� �
𝐴𝐴𝑚𝑚𝑚𝑚(𝑡𝑡)
𝐵𝐵𝑚𝑚𝑚𝑚(𝑡𝑡)
𝑊𝑊𝑚𝑚𝑚𝑚(𝑡𝑡)

� = �
0
0

𝑃𝑃𝑚𝑚𝑚𝑚(𝑡𝑡) − 𝜌𝜌ℎ𝑊𝑊�𝑚𝑚𝑚𝑚(𝑡𝑡)
� 

(15) 

 
Where the Lij coefficients are defined by: 
 

𝑞𝑞(𝑥𝑥,𝑦𝑦. 𝑡𝑡) = ∑ ∑ 𝑃𝑃𝑚𝑚𝑚𝑚(𝑡𝑡) 𝑠𝑠𝑠𝑠𝑠𝑠 �𝑚𝑚𝑚𝑚
𝑎𝑎
𝑥𝑥�  𝑠𝑠𝑠𝑠𝑠𝑠( 𝑛𝑛𝑛𝑛

𝑏𝑏
𝑦𝑦) 𝑛𝑛𝑚𝑚   (16) 

 
For a concentrated load applied at the point (xc, yc), 𝑃𝑃𝑚𝑚𝑚𝑚(𝑡𝑡) represents the terms of the 
Fourier series. 
 

𝑃𝑃𝑚𝑚𝑚𝑚(𝑡𝑡) = 4𝐹𝐹(𝑡𝑡)
𝑎𝑎𝑎𝑎

 𝑠𝑠𝑠𝑠𝑠𝑠 �𝑚𝑚𝑚𝑚
𝑎𝑎
𝑥𝑥𝑐𝑐  � 𝑠𝑠𝑠𝑠𝑠𝑠( 𝑛𝑛𝑛𝑛

𝑏𝑏
𝑦𝑦𝑐𝑐)  (17) 

 
The impact response of a rectangular plate with simply supported boundary conditions is 
assumed to take the following form [34]: 
 

𝜓𝜓𝑥𝑥(𝑥𝑥,𝑦𝑦, 𝑡𝑡) = ∑ 𝐴𝐴𝑚𝑚𝑚𝑚(𝑡𝑡)𝑐𝑐𝑐𝑐𝑐𝑐 �𝑚𝑚𝑚𝑚
𝑎𝑎
𝑥𝑥� 𝑠𝑠𝑠𝑠𝑠𝑠 �𝑛𝑛𝑛𝑛

𝑏𝑏
𝑦𝑦�∞

𝑚𝑚𝑚𝑚=1   (18) 

 
𝜓𝜓𝑦𝑦(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = ∑ 𝐵𝐵𝑚𝑚𝑚𝑚(𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠 �𝑚𝑚𝑚𝑚

𝑎𝑎
𝑥𝑥� 𝑐𝑐𝑐𝑐𝑐𝑐 �𝑛𝑛𝑛𝑛

𝑏𝑏
𝑦𝑦�∞

𝑚𝑚𝑚𝑚=1   (19) 

 
𝑊𝑊(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = ∑ 𝑊𝑊𝑚𝑚𝑚𝑚(𝑡𝑡)𝑠𝑠𝑠𝑠𝑠𝑠 �𝑚𝑚𝑚𝑚

𝑎𝑎
𝑥𝑥� 𝑠𝑠𝑠𝑠𝑠𝑠 �𝑛𝑛𝑛𝑛

𝑏𝑏
𝑦𝑦�∞

𝑚𝑚𝑚𝑚=1   (20) 

 
The equations 𝑊𝑊𝑚𝑚𝑚𝑚(𝑡𝑡) + 𝜔𝜔𝑚𝑚𝑚𝑚2 𝑊𝑊𝑚𝑚𝑚𝑚(𝑡𝑡) = 𝑃𝑃𝑚𝑚𝑚𝑚(𝑡𝑡)

𝜌𝜌ℎ
 are solved Using the MATLAB software 

and based on the Runge-Kutta method to calculate the values of 𝑊𝑊𝑚𝑚𝑚𝑚(𝑡𝑡),ᴪ𝑥𝑥and ᴪ𝑦𝑦 . A 
numerical method based on FSDT is utilized to evaluate the contact force between the 
impactor and the composite laminate.  
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4.0 RESULTS AND DISCUSSION  
 
This study evaluates the impact behavior of UD CFRP composites by comparing 
predictions from analytical model with experimental data across three energy levels which 
are 5.6 J (C1), 10.3 J (C2) and 16.14 J (C3). Unlike many existing analytical models, which 
remain unverified or rely solely on numerical approximations, this study provides a direct 
experimental validation, strengthening its credibility and practical applicability. The 
analytical model's predictions were compared with experimental data to assess its accuracy 
and identify areas for improvement.  
 
4.1 Impact Force-Time Analysis 
 
For the force-time curves presented in Figure 4, the model demonstrated strong agreement 
at lower energy levels. At C1 (5.6 J), the experimental results showed a rapid increase to a 
peak force of 2,763 N, followed by a gradual decline as energy was absorbed. The model 
predicted a similar trend, with a peak force of 2,851 N and an error of only 3%. However, 
the model underestimated the force deterioration, suggesting the need to improve its ability 
to simulate energy dissipation mechanisms such as damping. At C2 (10.3 J), the 
experimental peak force increased to 3,949 N, with a plateau phase indicating material 
deformation. While the model accurately predicted the peak force at 3,891 N, with a 
negligible error of only 1%, it failed to capture the plateau behavior, highlighting challenges 
in modelling complex material responses at moderate energy level. At the highest energy 
level, C3 (16.14 J), the experimental peak force was 3,364 N, with sustained force duration 
indicating significant energy absorption. The model overestimated this peak force by 45% 
at 4,888 N, which underscores its limitations in simulating high-energy impact dynamics 
and more complex damage mechanisms such as fibers rupture, matrix cracking, 
delamination, and debris accumulations [11, 35].  
 

 
Figure 4: Time-history curves showing the variation of impact force at each energy level 
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4.2 Displacement-Time Analysis 
 
The displacement-time analysis revealed similar trends as presented in Figure 5. At C1 (5.6 
J), the experimental maximum displacement was 4.2 mm, while the model underestimated 
this value at 3.75 mm, resulting in an error of 11%, which was likely due to simplifications 
in material stiffness and boundary condition assumptions. At C2 (10.3 J), the experimental 
peak displacement increased to 5.24 mm, with the model closely predicting 5.12 mm, 
underestimating about 2%, indicating a need to adjust for material nonlinearities and rate-
dependent effects. At C3 (16.14 J), the experimental peak displacement reached 7.13 mm, 
while the model underpredicted this value at 6.43 mm, reflecting a 10% error, reflecting 
limitations in simulating complex behaviors like damage initiation and progression [36-37]. 
 
4.3 Energy-Time Analysis  
 
Figure 6 shows the energy-history analysis of all three impact energies. It shows that the 
model performed well in predicting absorbed energy at all energy levels, albeit with slight 
underestimations at higher energies. At C1, the experimental absorbed energy reached 
maximum at 5.6 J, with the model predicting 5.35 J and a 4% error. At C2 and C3, the 
model underpredicted absorbed energy with values of 9.96 J and 15.72 J, respectively, both 
within a 3% error margin, suggesting enhancements are needed to simulate dynamic 
interactions and nonlinear. While the results demonstrate the model’s ability to capture 
overall energy absorption trends, its accuracy decreases as damage mechanisms like matrix 
cracking, fiber ruptures, and delamination become more significant at higher energy. 
 

 
 

 
 
Figure 5: Time-history curves showing the variation of displacement throughout the impact event 
at each energy level 
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Figure 6: Time-history curves illustrating the absorption and variation of energy during impact at 
each energy level 
 
 
4.4  Impact Force-Displacement Analysis 
 
The force-displacement analysis as shown in Figure 7 emphasized further the model’s 
strengths and weaknesses. At C1, the force-displacement relationship was relatively linear, 
indicating elastic behavior with a maximum force of 2,763 N and displacement of 4.2 mm. 
In this case, the model accurately predicts this linear relationship, aligning well with 
experimental observations. At C2 and C3, experimental data revealed nonlinear behavior 
due to damage mechanisms. The model captured the initial elastic trend but underestimated 
peak displacement and failed to replicate nonlinear deformation, underscoring the need for 
advanced material modeling to account for plasticity and damage progression.  

Table 2 presents a summary of the overall results derived from Figure 4 through Figure 
7, along with the error analysis comparing the analytical model to experimental data. It 
clearly shows that larger errors are observed for C3 specimens that are being impacted with 
higher levels of energy. From the literature perspective, CFRP plates that subjected to low 
velocity impacts of more than 15J and above typically experience multiple damage 
mechanisms in the impacted region like matrix cracking, delamination, fiber fracture, etc. 
Figure 8 illustrates an example of these damage mechanisms in the impacted area, based 
on an investigation by Israr et al [35]. Their study revealed that, in addition to several 
damage mechanisms, there is also plenty of debris present in the delaminated areas 
resulting from the ruptures of the fibres. This debris blocks the fibres and matrices of the 
impacted specimen, preventing them from returning to their original positions. 
Consequently, this condition affects the relaxation of indentation and the absorbed energy 
[35]. These effects have not yet considered in the developed analytical model, which 
explains the discrepancies, particularly at higher impact energies.  
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Figure 7: Force-displacement curves showing the mechanical response at each energy level 
 
 
Table 2 Summary of analytical model predictions and experimental test results of UD CFRP 
composite under low-velocity impact at varying impact energies 
 

Parameter C1 C2 C3 

Max Impact Force [N] 

Experimental 2,763 3,949 3,364 
Analytical 2,851 3,891 4,888 
Error 3% -1% 45% 

Max Displacement [mm] 

Experimental 4.2 5.24 7.13 
Analytical 3.75 5.12 6.43 
Error -11% -2% -10% 
Indentation 1.5 1.9 4.4 

Max Energy [J] 

Experimental 5.6 10.3 16.14 
Analytical 5.35 9.96 15.72 
Error 4% 3% 3% 
Damage Energy 3.05 6.13 14.1 
Absorbed Energy 2.55 4.17 2.04 
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Figure 8: Example of the complex damage mechanisms near to the impacted area and the trap 
debris inside the delamination areas and matrices cracking [35] 
 
 
5.0 CONCLUSION 
 
The analytical model developed in this study serves as an effective tool for predicting the 
impact behaviour of UD CFRP composites, particularly under low-velocity impact 
conditions. It demonstrates good agreement with experimental results at lower energy 
levels, where the responses are mostly elastic. The model accurately predicts peak impact 
forces and energy absorption, particularly for the lowest energy level (C1), where 
discrepancies between the model and experimental results were minimal. This 
demonstrates the model’s suitability for applications involving minimal deformation and 
limited damage. 

One of the key contributions of this work is the multi-level experimental validation, 
which confirms the reliability of the model for simple impact scenarios. However, as impact 
energy increases, the model shows limitations. It struggles to simulate nonlinear responses 
and fails to fully capture complex damage mechanisms such as matrix cracking dan 
delamination. At higher energy levels (C2 and C3), the analytical model tends to 
overestimate peak forces and underestimate displacements.  

These limitations highlight the need for more advanced material modelling. 
Incorporating damage progression and strain-rate effects would improve prediction 
accuracy and make the model more robust for a wider range of conditions. This would also 
enhance its usefulness in designing composite structures for safety-critical industries like 
aerospace and automotive.  

While the model cannot fully replace experimental testing, it serves as a valuable 
complement. It enables rapid assessments and helps identify trends in energy absorption, 
displacement, and impact forces. By reducing the need for extensive testing, the model 
supports more efficient design processes and cost savings.  

In conclusion, this study contributes to the field of composite impact modelling by 
providing a reliable, computationally efficient tool. Future improvements should focus on 
integrating damage mechanics and nonlinear behaviour to bridge the gap between 
analytical predictions and real-world performance. These advancements will support the 
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development of innovative composite solutions, optimizing performance and safety across 
various engineering applications. 
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