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ABSTRACT 

Composite materials are becoming more popular in technological 

applications due to the significant weight savings and strength these 

materials offer compared to metallic materials. In many of these practical 

situations, the structures suffer from drop impact loads. Materials and 

structures significantly change their behavior when submitted to impact 

loading conditions as compared to quasi-static loading. The present work is 

devoted to investigating the elastic strain wave in Carbon-Fiber-Reinforced 

Polymers (CFRP) when subjected to a drop test. A novel drop weight impact 

test experimental method evaluates parameters specific to 3D composite 

materials during the study. A strain gauge rosette is employed to record the 

kinematic on the composites' surface. Experimental results were validated 

through numerical analysis by FDM Numerical Simulations in MATLAB® and 

ANSYS® Explicit Dynamic Module. A MATLAB® code was developed to 

solve wave equation in a 2-D polar coordinate system by discretizing 

through a Forward-Time Central-Space (FTCS) Finite Difference Method 

(FDM). Another FEA analysis was performed in ANSYS® Workbench Explicit 

Dynamics module to simulate the elastic waves produced during the DWIT. 

The study demonstrates that the elastic waves generated upon impact with 

a 33 g steel ball from a height of 1 m in a quasi-isotropic CFRP sheet give a 

strain wave frequency of 205 Hz and finish in almost 0.015 s due to a 

significant damping effect. Numerical simulations were in good agreement 

with the experimental findings. 

 
 

1. INTRODUCTION  
Materials are the fundamental elements of all-natural and man-made structures. Usually, new 
materials emerge due to the necessity to improve structural efficiency and performance. One 
of the best manifestations of this interrelated process is associated with composite materials. 
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Composites, which consist of two or more different materials combined in a structural unit, 
are typically made from various combinations of the materials. Composites are generally used 
because they have the required properties that cannot be achieved by any constituent materials 
acting alone. The most common example is the fibrous composite consisting of reinforcing 
fibers embedded in a binder or matrix material. In general, fibers are the principal load-bearing 
members, while the surrounding matrix keeps them in their allocated position, and orientation 
acts as a load transfer medium between them and protects them from environmental damages 
due to chemical corrosion and humidity [1-4]. Carbon fibers reinforced polymers offer a 
combination of strength and modulus comparable to or better than many traditional metallic 
materials. Despite many superior properties of composites over metals, they are susceptible 
to damages caused by low-velocity impact during service, reducing their performance to a 
great extent [5-8]. 
 
1.1. Drop Weight Impact Testing (DWIT) 
Various previous works have mentioned the importance of each of these concepts separately 
[1-8], but recent researches demonstrate that both concepts should be taken simultaneously 
into account to improve characteristics and security level of structural systems [9-13]. So, it 
is very important to determinate how to use the reliability and vulnerability analyses for 
making decisions on critical infrastructures or structures. The reliability can be defined as the 
probability that the system or more of its elements functions (it is the ability of the studied 
system to ensure the desired operations in continuity). Vulnerability, on the other hand, can 
be defined as the likely damage of a failure event (it is the level of the system degradation 
under random failures effects, which make the system out of service). 
 

 
Figure 1: The Drop Weight Impact Test method. 
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1.2. Numerical Analysis 
Different modeling techniques are used to model the impact dynamics of composite structures 
[10]–[13]. In general, there are four categories considered: energy-balance models, which 
assume a quasi-static condition; spring-mass models that simplify the dynamics of the 
structure; complete models in which the full behavior of the structure is modeled; and finally, 
a model for impact on infinite/ finite plates. The infinite plate model can be considered if the 
deformation wave front doesn't reach the boundary of the plate; if the wave propagation 
reflects on the plate boundaries back to the point of impact, then the finite size of the test 
sample must be considered [14]. 
 
1.3. Methodology 
In this research, the elastic waves response of Carbon Fiber Reinforced Polymers (CFRP) 
subjected to high strain rates are to be investigated by means of a novel DWIT experimental 
setup. Fiber-reinforced composites are usually manufactured by stacking laminae of sheets of 
fibers pre-impregnated with resin. Therefore, the structure is heterogeneous, so consideration 
should be made of the stress discontinuities between the fibers and matrix [15,16]. This study 
aims to investigate the strain waves produced on surface of CFRP material when it is impacted.  

The study was divided into two phases. The first phase was the experimental study that 
involved performing DWIT with specialized rosette strain gauge, amplifiers, and a high-speed 
oscilloscope. This study yielded useful insight into the oscillatory elastic deformation within 
CFRP when subjected to drop weight impacts.  

The second phase constituted the development of Numerical Models to describe the 
physical problem that is predicted from the experimental findings. During the first half of this 
study, the Wave Equation in polar coordinate systems is solved using the Forward-Time 
Central-Space (FTCS) Finite Difference Method (FDM) method using MATLAB® software 
[17]. During the second half commercially available ANSYS® Explicit Dynamic Module was 
used to perform the FEA study. The derived Numerical Analysis solutions were validated 
from experimental findings to optimize the models. 
 
1.4. CFRP Sample 
Test samples used in this study were from the DragonPlate®, manufactured by Allred and 
Associates Inc., Elbridge, New York [18]. The sample was a solid quasi-isotropic carbon fiber 
sheet of thickness 1 mm, as shown in Figure 2 [19]. CFRP sheets comprised of five plies at 
0°/+45°/90°/-45°/0° orientation laminates (Figure 2). The sample was composed of a tough 
and rigid carbon reinforced epoxy matrix, with a textured finish on both sides. The properties 
of the samples are given in Table 1. 
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Table 1: Properties of CFRP samples [18] 

Carbon Fiber Modulus 228 GPa 
Weight of sheet 72.1 g 

Density 1540kg/m3 
 

 
Figure 2: Carbon Fiber Quasi-Isotropic Sheets [176]. 
 
2. EXPERIMENTAL SETUP TO PERFORM A DROP TEST 
Drop Weight Impact Test Experiment was performed using a spherical steel ball of 20mm 
diameter, as shown in Figure 3 [20,21]. A rosette strain gauge stacked configuration (at 0º, 
45º, and 90º-degree direction) is attached at the bottom of the CFRP plate (backside of the 
plate), as shown in Figure 4. Acquisition of differential strain vector from baseline was 
achieved using op-amp circuit and high-speed oscilloscope at 100 MHz sampling frequency 
rate. The CFRP plate is clamped in a circular flange to prevent the plate from moving during 
the DWIT, as shown in Figure 5 and Figure 6. The diagrammatic representation of the 
experiment is shown in Figure 7. 
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Figure 3: Steel ball (spherical) of 20 mm diameter and 33g weight. 
 

 
Figure 4: Rosette strain gauge attached at the back of the CFRP sample. 
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Figure 5: CFRP sample clamped in a circular flange of inner diameter 173 mm (top 
view). 
 

 
Figure 6: CFRP sample clamped in a circular flange (side view). 
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Figure 7: Diagrammatic representation of the experiment. 
 

3. NUMERICAL ANALYSIS 
3.1. Finite Difference Method (MATLAB®) 
The Finite Difference Method (FDM) is a numerical method for solving differential equations 
such as the two-dimensional wave [22-27], as given in Equation 1. This method approximates 
the differentials by discretizing the dependent variables (strain) in the independent variable 
domains (space and time, in this case) [27-29]. Each discretized value of the dependent 
variable is referred to as a nodal value. In this case, 2D wave equations in the cylindrical 
coordinate system are discretized using a Forward-Time Central-Space (FTCS) FDM. The 
discretized equations are given as Equation 3. The two-dimensional wave equation in the 
cylindrical coordinate system is shown in Equation 1: 
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where 𝑢𝑢 is the strain, 𝑟𝑟 is the radius, 𝜃𝜃 is the angle in degrees, and 𝑐𝑐 is the speed of a sound in 
a medium as shown in Equation 2: 
 

𝑐𝑐 =  𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ                                           (2) 
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3.2. FEA (ANSYS® Explicit Dynamic) 
The second part of numerical analyses were performed in ANSYS® Workbench Explicit 
Dynamics [31] module to simulate the elastic waves produced during the DWIT upon impact, 
similar studies were performed [32-34]. The material for the impactor ball was chosen to be 
steel from the ANSYS® material library. The material assigned to the CFRP sample was the 
Epoxy Carbon unidirectional (230 GPa). The quarter geometric model is seen in Figure 8. 
Symmetry was used on the model in the negative z-direction and positive y-direction (as seen 
in Figure 9 and Figure 10) to ease the computational load of the simulation. The CFRP test 
piece and steel ball dimensions were the same as in the experimental test as shown in Figure 
11. 
 

 
Figure 8: Quarter geometric model. 
 

 
Figure 9: Symmetry applied in positive y-direction. 
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Figure 10: Symmetry applied in negative z-direction. 
 

 
Figure 11: Full model of Steel impactor and CFRP test piece. 
 

To create a finite element (FE) model, an automated mesh was generated in ANSYS® 
Workbench. The meshing of the model was limited by the number of elements/nodes allowed 
in the Academic license of ANSYS® Structural physics, which is 32000 nodes/elements. A 
mesh sensitivity analysis was performed by increasing the number of nodes and elements to 
see when the solution to the simulation converged. Mesh convergence was attained at a total 
node of 4348 and elements 16408. Figure 12 shows the Finite Element mesh generated in 
ANSYS® Workbench. 
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Figure 12: Finite element mesh. 
 

Initial velocity assigned to the steel ball before impact was 4.43m/s in ANSYS® 
simulation, as shown in Figure 13. The surface that determines the thickness of the CFRP 
sheet was fixed, shown in Figure 14, as per the experimental setup. 
 

 
Figure 13: Initial velocity (4.43 m/s) specified to the steel ball. 
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Figure 14: Fixed support surface. 
 

The body interactions were assigned frictional contacts [35] as shown in Figure 15, with 
static and dynamic coefficient of friction values of 0.33. 
 

 
Figure 15: Frictional solid-to-solid contact. 
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4. RESULTS AND DISCUSSION 
Experiment strain data of a fully clamped CFRP plate (with 21000 times amplification using 
op-amp circuit and high-speed oscilloscope) at 100 MHz sampling frequency rate after signal 
processing give a strain wave frequency of 205 Hz. At the time of impact, the highest value 
of strain recorded is 2.5 micro strain, but this value is due to the ball's momentum and not 
representative of the natural response of the CFRP plate. After the ball is removed, the plate 
vibrates naturally, and the value of 0.5 micro strain is recorded, as shown in Figure 16. This 
value is used to solve wave equation by the FDM method in MATLAB®. It is also observed 
that the strain waves undergo significant damping, and amplitude drops to 0.15 in 0.012 s. 
Dynamic strain reflects the behavior of CFRP under drop impact for in-plane measurement. 
 

 
Figure 16: Experimental strain vs. time data plotted in MATLAB® (natural response 
after the ball is removed). 
 
4.1. Wave Equation Results 
The discretized wave equation was solved in MATLAB® for time = 3000-time steps and 
radius = 87 mm. Initial conditions were given in the code, i.e., quadratic profile and maximum 
deformation of 0.5 V (recorded by high-frequency oscilloscope from experiments; this value 
is directly proportional to the strain). The damping term was also added with a coefficient of 
damping = 0.006. After plotting the experimental and MATLAB® simulations results 
together, as shown in Figure 17, the wave equation predicts the profile and frequency of 205 
Hz as obtained from the experiments. 
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Figure 17: Strain vs. time plot of experimental and FDM, Numerical Simulations in 
MATLAB®. 
 

The ANSYS® simulated results in the explicit dynamics' analysis are presented in Figure 
18. The ANSYS® results exhibited an approximately equal deformation behavior and strain 
waveform as that observed from the physical experiments and FDM numerical study in 
MATLAB® as shown in Figure 19. 
 

 
Figure 18: ANSYS® Simulation of CFRP plate vibrating upon impact with steel ball. 
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Figure 19: Strain vs. time plot of experimental, FDM Numerical Simulations in 
MATLAB® and ANSYS® results. 
 
5. CONCLUSION 
From the DWIT, it appears obvious the convenience of using op-amp circuit and high-speed 
oscilloscope for monitoring impact tests. Useful information about a material's behavior can 
be derived quickly. Experiment strain results of a fully clamped CFRP plate give a strain wave 
frequency of 205 Hz when impacted with a 33 g steel ball from a height of 1 m. The peak 
strain value recorded was 0.5 micro strain when the plate vibrates naturally. It was also 
observed that the strain waves undergo significant damping, and amplitude drops to 0.15 in 
0.012 s. Dynamic strain reflects the behavior of CFRP under drop impact for in-plane 
measurement. 

  

The elastic strain waves produced upon impact were simulated by FDM Numerical 
Simulations in MATLAB® and ANSYS® Explicit Dynamic Module. Results show that the 
elastic waves generated in a quasi-isotropic CFRP sheet were high-speed and finish in almost 
0.015s due to a significant damping effect. Numerical simulations were in good agreement 
with the experimental findings. 
 



289 Int. Jnl. of Multiphysics Volume 15 · Number 3 · 2021 

 

 
 
REFERENCES 
[1] L. A. Carlsson, D. F. Adams, and R. B. Pipes, “Basic experimental characterization of 

polymer matrix composite materials,” Polym. Rev., vol. 53, no. 2, pp. 277–302, May 
2013. 

[2] B. D. Agarwal, L. J. Broutman, and K. Chandrashekhara, Analysis and performance of 
fiber composites third edition. 2006. 

[3] S. Mazumdar, Composites Manufacturing. CRC Press, 2001. 
[4] B. Strong, Fundamentals of Composites Manufacturing, Materials,Methods and 

Applications, Society of Manufacturing Engineers, 2nd ed. Dearborn, Mich, USA, 2008. 
[5] Z. Mouti, K. Westwood, K. Kayvantash, and J. Njuguna, “Low Velocity Impact Behavior 

of Glass Filled Fiber-Reinforced Thermoplastic Engine Components,” Materials (Basel)., 
vol. 3, no. 4, pp. 2463–2473, Mar. 2010. 

[6] Mahdian, J. Yousefi, M. Nazmdar, N. Zarif Karimi, M. Ahmadi, and G. Minak, “Damage 
evaluation of laminated composites under low-velocity impact tests using acoustic 
emission method,” J. Compos. Mater., vol. 51, no. 4, pp. 479–490, Feb. 2017. 

[7] F. Li, N. Hu, Y. J. Yin, H. Sekine, and H. Fukunaga, “Low-velocity impact-induced 
damage of continuous fiber-reinforced composite laminates. Part I. An FEM numerical 
model,” Compos. Part A Appl. Sci. Manuf., vol. 33, no. 8, pp. 1055–1062, Aug. 2002. 

[8] W. Wang et al., “Damage and Failure of Laminated Carbon-Fiber-Reinforced Composite 
under Low-Velocity Impact,” J. Aerosp. Eng., vol. 27, no. 2, pp. 308–317, Mar. 2014. 

[9] L. Warnet and P. E. Reed, “Falling Weight Impact Testing Principles,” Springer, 
Dordrecht, 1999, pp. 66–70. 

[10] H. Khawaja, R. Messahel, M. Souli, E. Al-Bahkali, and M. Moatamedi, “Fluid Solid 
Interaction Simulation of CFRP Shell Structure,” Cambridge Scientific Publishers, 2017. 
Accessed: Apr. 09, 2021. [Online]. Available: www.journalmesa.com. 

[11] H. A. Khawaja, T. A. Bertelsen, R. Andreassen, and M. Moatamedi, “Study of CRFP 
Shell Structures under Dynamic Loading in Shock Tube Setup,” J. Struct., vol. 2014, pp. 
1–6, 2014. 

[12] Z. Andleeb et al., “Multiphysics Analysis of CFRP Charpy Tests by varying 
Temperatures,” Int. J. Multiphys., vol. 14, no. 2, Jun. 2020. 

[13] H. Ji, M. Mustafa, H. Khawaja, and M. Moatamedi, “Design of water shock tube for 
testing shell materials,” World J. Eng., vol. 11, no. 1, pp. 55–60, 2014. 

[14] P. R. Hampson and M. Moatamedi, “A review of composite structures subjected to 
dynamic loading,” International Journal of Crashworthiness, vol. 12, no. 4. pp. 411–428, 
2007. 

[15] H. Strand, Z. Andleeb, and H. A. Khawaja, “Multiphysics Impact Analysis of Carbon 
Fiber Reinforced Polymer (CFRP) Shell,” in Explosion Shock Waves and High Strain 
Rate Phenomena, Aug. 2019, vol. 13, pp. 115–120. 

[16] Whittingham, I. H. Marshall, T. Mitrevski, and R. Jones, “The response of composite 
structures with pre-stress subject to low velocity impact damage,” Compos. Struct., vol. 
66, no. 1–4, pp. 685–698, Oct. 2004. 

  



290 

 
Strain Wave Analysis in Carbon-Fiber-Reinforced Composites subjected to  

Drop Weight Impact Test using ANSYS® 

 

 
 
[17] MATLAB - MathWorks - MATLAB & Simulink. 

 https://www.mathworks.com/products/matlab.html (accessed May 02, 2021). 
[18] Solid Carbon Fiber Sheets & Plates (DragonPlate). https://dragonplate.com/solid-carbon-

fiber-sheets-plates (accessed Oct. 05, 2020). 
[19] Quasi-isotropic Carbon Fiber Uni Sheet ~ 2mm x 6" x 6" , DragonPlate, Accessed: Oct. 

15, 2020. [Online]. Available: https://dragonplate.com/quasi-isotropic-carbon-fiber-uni-
sheet-2mm-x-6-x-6. 

[20] E. Stange, Z. Andleeb, and H. A. Khawaja, “Qualitative visualization of the development 
of stresses through infrared thermography,” Vestn. MGTU, vol. 22, no. 4, pp. 503–507, 
2019. 

[21] E. Stange, Z. Andleeb, H. Khawaja, and M. Moatamedi, “Multiphysics Study of Tensile 
Testing using Infrared thermography,” Int. J. Multiphys., vol. 13, no. 2, pp. 191–202, Jun. 
2019. 

[22] Münch, “Optimal design of the support of the control for the 2-D wave equation: A 
numerical method,” Int. J. Numer. Anal. Model., vol. 5, no. 2, pp. 331–351, 2008. 

[23] E. Zuazua, “Boundary observability for the finite-difference space semi-discretizations 
of the 2-d wave equation in the square,” J. des Math. Pures Appl., vol. 78, no. 5, pp. 523–
563, Jun. 1999. 

[24] Z. Andleeb et al., “Thermoelastic Investigation of Carbon-Fiber-Reinforced Composites 
Using a Drop-Weight Impact Test,” Appl. Sci., vol. 11, no. 1, p. 207, Dec. 2020. 

[25] Z. Andleeb et al., “Multiphysics Study of Infrared Thermography (IRT) Applications,” 
Int. J. Multiphys., vol. 14, no. 3, pp. 249–271, Sep. 2020. 

[26] T. Rashid, H. Khawaja, and K. Edvardsen, “Determination of thermal properties of fresh 
water and sea water ice using multiphysics analysis,” Int. J. Multiphys., vol. 10, no. 3, pp. 
277–290, 2016. 

[27] H. Khawaja, “Applicability extent of 2-D heat equation for numerical analysis of a 
multiphysics problem,” AIP Conf. Proc., vol. 1798, 2017. 

[28] M. Moatamedi and H. Khawaja, Finite Element Analysis. CRC Press (Taylor & Francis), 
2018. 

[29] H. Khawaja, “Application of a 2-D approximation technique for solving stress analyses 
problem in FEM,” Int. J. Multiphys., vol. 9, no. 4, pp. 317–324, Dec. 2015. 

[30] R. F. Gibson, Principles of Composite Material Mechanics. Taylor & Francis, 2012. 
[31] Engineering Simulation & 3D Design Software | ANSYS. https://www.ansys.com/ 

(accessed Jul. 08, 2020). 
[32] D. Brunner, H. Khawaja, M. Moatamedi, and G. Boiger, “CFD modelling of pressure and 

shear rate in torsionally vibrating structures using ANSYS CFX and COMSOL 
Multiphysics,” Int. J. Multiphys., vol. 12, no. 4, pp. 349–358, Dec. 2018. 

[33] U. N. Mughal, H. A. Khawaja, and M. Moatamedi, “Finite element analysis of human 
femur bone,” Int. J. Multiphys., vol. 9, no. 2, pp. 101–108, Jun. 2015. 

[34] H. Xue, H. Xue, and H. Khawaja, “Investigation of Ice-PVC separation under Flexural 
Loading using FEM Analysis,” Int. J. Multiphys., vol. 10, no. 3, Aug. 2016. 

[35] H. A. Khawaja and K. Parvez, “Validation of normal and frictional contact models of 
spherical bodies by FEM analysis,” Int. J. Multiphys., vol. 4, no. 2, pp. 175–185, 2010. 

 


