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Abstract 

The measurement of ultrasonic wave velocities in structural materials has many implications in Nondestructive 
Evaluation (NDE). In this paper is shown that is possible to obtain reliable data of propagation velocity of 
longitudinal bulk ultrasonic waves in unidirectional composites (HexTow® AS4/Hexply® 8552) using a Finite 
Element Method (FEM) software. The comparison with the literature shows that the simulation results differ 
about 5% of the measured ones, validating the models. It is demonstrated that a simplified homogenized model 
could replace efficiently the laminated model in order to use it as a way of assessing ultrasonic velocity in the 
material. The relevance of this study is emphasized as being a basis to the development of more complex 
models, including the investigation of multidirectional laminates, defects in the material, and the generation of 
ultrasonic waves to inspect and characterize composites. 
 
Keywords: Aerospace structures, composites, finite element method (FEM) simulation, 
structural health monitoring (SHM), ultrasound 
 

1. Introduction 
 
In several applications of ultrasound as a NDE technique, it is necessary to know the velocity 
of waves propagating through the material. From crack detection to stress measurement, this 
information is vital. To find the location of a defect using ultrasonic techniques, it is 
necessary to know how the wave will reflect in the crack, and the wave velocity in the 
inspected material. For instance, stress measurement with ultrasound uses the acoustoelastic 
theory [1-2], which relates variations in strain inside the material with variations in the 
ultrasonic wave velocity. In addition, the use of embedded systems of NDE for Structural 
Health Monitoring (SHM) is increasing [3]. The purpose of these systems is to track in real 
time changes in physical properties of a material, in an attempt to foresee and avoid failures. 
Embedded ultrasonic sensors are among the viable alternatives to SHM [4-5]. 
The use of composite materials in industry is increasing due to its unique characteristics. In 
aerospace applications, this is particularly true and it is explained by the high tensile strength-
to-weight ratio that can be assessed with some composites. It is not always possible to 
manufacture physical prototypes during the development of a project because of time, 
construction limitation and cost; virtual models are therefore needed. 
Despite the literature already be concerned with the simulation of the propagation of 
ultrasonic waves [6-10], there is a lack of studies referring to the specific problem of 
calculating wave velocities. Besides, this work aims to analyze the feasibility of calculating 
velocity propagation of longitudinal bulk ultrasonic waves in laminate composites using a 
simplified model and commercially available software running Finite Elements, without the 
need of introducing the analytical solution of the elastodynamic equation into the software. 
The work is part of a research to develop reliable ultrasonic simulation models to predict 
stresses in loaded composite structures, aiming to develop ultrasonic measuring systems for 
SHM in aerospace vehicles.  
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In this paper, the velocities calculated from simulations are compared to those obtained 
experimentally in the literature, validating the models developed. Validating the models and 
these initial simulations, this study intend to serve as a basis to develop more complex 
models, including defects in the material and modified to generate other types of ultrasonic 
waves used in the inspection of materials. 
 

2. Materials and Methods 
 
2.1. Subject 
 
The composite material under analysis is a unidirectional laminate, made from layers of pre-
impregnated material (HexTow® AS4/Hexply® 8552). This carbon/epoxy composite is a high 
performance material used in many aerospace structural applications.  
Each ply has several carbon fibers involved by epoxy resin, responsible for the adhesion 
between the composite phases. Fig. 1 shows the microstructure of the material. This 
micrograph was obtained after sanding one sample extracted from the material employed in 
this research. 

 

 
Figure 1. Fiber structure of laminate material made from pre impregnate composite (HexTow® 

AS4/Hexply® 8552) 

2.2. Strategy 

 
In order to verify the feasibility of using FEM software to simulate the propagation of 
longitudinal bulk ultrasonic waves in composite materials, it was created two different models 
for the material. The first one considers each ply of the laminate as a composition of resin and 
fibers. The second one considers the case where the material had the same general properties, 
but with a homogenized and simpler microstructure. In both models, it was introduced an 
ultrasonic pulse simulated by a pressure signal and visualized the wave being created, 
travelling through the models and arriving to the opposite side. The methodology, then, 
consisted in monitoring the acceleration of the central node in the detection side of the model 
in order to identify the Time-of-Flight (TOF) of the wave for each case, simulating the 
through transmission ultrasound measurement technique.    
 
2.3. Details 

 
2.3.1. Basic Assumptions 

 
Our first assumption is that, for the calculation of ultrasonic velocity, the two dimensional 
(2D) model is sufficient to provide the data needed. The numerical models consisted on ideal 
scenarios, where fiber and resin are completely bonded to each other and there are no 
problems such as delamination or voids.   
A wave propagating through a medium obeys the wave equation, which is: 
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Some studies [11-12] have sought the solution of this equation of motion to describe the 
displacement of the particles (u) inserting the elastic constants of the material (Cijkl). In a 
general basis, a Finite Element Method (FEM) algorithm searches the solution of the discrete 
movement equation: 

����� � 	 ����� �	 ���� � �																																																													�2� 
where [M] represents the mass matrix of the model, [D] is the damping matrix and [K] its 
rigidity. F represents the applied load to the model. Because it is adequate for our 
purposes,ANSYS® was used to create the models (solid elements with four nodes - PLANE 
182). The damping of the system was ignored and considered that the wave does not attenuate 
whilst travelling inside the medium. 
The time step in all the simulations was 10 nanoseconds. The mesh size was chosen to be 32 
by 50 µm. Those parameters were consistently adopted with the wave’s expected wavelength 
[13-16] for a transducer frequency of 1 MHz. It was used the b-bar method of complete 
integration for the computational analysis [17]. 

 
2.3.2. Load 

 
A real ultrasonic pulse has the form showed in Figure 2. To emulate the same kind of 
excitation, the follow expression [18] was used to represent a pressure input by the emitter 
transducer when provided with an electric pulse: 
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In that equation, the gain G is used to normalize the pressure signal of 1 Pascal in each 
simulation case. This procedure is used to maintain the excitation in the same level for 
comparisons purposes. In the literature, this periodic signal with a Gaussian envelope has 
been used to introduce ultrasonic waves into numeric models [18]. 
 

 
Figure 2. Standard ultrasonic pulse generated by Panametrics® transducers [19] 

 

The ultrasonic transducer expands and contracts when it is excited by an electric pulse 
(piezoelectric effect) and it imposes a certain load to the material. As the transducer is not 
glued to the material but simply put in contact with it, the negative pressure, when it is 
contracting, does not transmit load to the material. The use of coupling gel may reduce this 
effect, but the option was to suppress the negative pressures by using the mean between the 
signal and its absolute value (Equation 4). With this approach, the model for the ultrasonic 
pulse is obtained (Fig. 3). 
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Figure 3. Pulse introduced into the models in the emitter side 

 
To generate longitudinal waves, that is, with particles oscillating in the same direction of the 
energy propagation, the load signal was introduced accordingly to Figure 4. The pulse input 
corresponds to a piezoelectric element transducer with 13 mm width.. To insert the pulse, 
both in the carbon fibers and epoxy resin, all nodes in the emitter transducer width were 
selected.  
 

 

 

 

 
 

 

 

 

 
 
Figure 4. Schematic indicating pulse insertion (1) in the model, boundary conditions ux = uy = 0 and vx 

= vy = 0 (2) and location of virtual receiver (3) 

 
Analyzing the frequency spectrum of the pulse of Figure 3, obtained by Fast Fourier 
Transformation (FFT), it was noticed undesirable frequencies (Fig. 5), caused by 
discontinuities in the pulse. In such case, it is necessary to use filters to remove the other 
frequencies from the signals of interest. 
 

 
Figure 5. Pressure signal spectrum 

 
2.3.3. Laminated Model 

 
A simplified model of each layer was admitted, in order to use a less refined mesh in the 
simulations and reduce the computational cost. The volume fraction of reinforcement and 
matrix was maintained in each ply (as in real material), but the number of fibers was replaced 
by one thicker fiber with two layers of resin. Each fiber has a diameter of approximately 7 
µm. Our model was 18.6 of width by 20 mm long (97 plies). In each ply, the volume of resin 
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corresponds to 34 % of the total volume. It was considered that the fiber to resin proportion is 
the most important parameter and hypothesized that it should be kept the same from the 
original material being simulated. 
It was applied the properties of each material individually in order to compose the laminate. 
The polymeric matrix by itself is isotropic, but the carbon of the fibers has radial anisotropy. 
As it is difficult to measure the radial properties of this material, it was considered the 
properties of the isotropic carbon, in form of graphite (table 1). The orthotropy appears from 
the disposition of the matrix and the reinforcement in the model, only. 

 
Table 1. Material properties of epoxy resin and carbon (both considered isotropic) [20-21] 

Property Matrix Reinforcement 
Specific mass [kg/m3] 1302 1790 
Poisson ratio 0.40 0.25 
Elastic modulus [GPa] 4.67 231 

 
Figure 6 shows how the laminated model was constructed. 

 

 
Figure 6. Model and mesh dimensions, for the laminated model. Darker rectangles in the inner region 

are carbon elements and the external elements are epoxy 

 

2.3.4. Homogenized Model  

 
It was proposed a second model, consisting of the homogenization of the previous one. From 
the properties of the isotropic matrix and reinforcement, a mixture rule of first order was used 
to compose both constituents [22].  

�6� � 	7(�( �	78�8																																																																		�5� 
where V is the volumetric fraction of fibers and matrix and ρ is the specific mass of each 
material. The same calculation is done for the elastic modulus in the longitudinal direction 
and for the Poisson’s ratio. 
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Equations 8, 9 and 10 are used to obtain E2 and G12, transversal elastic modulus and shear 
modulus, respectively. These equations are derived from a model that considers both 
constituents as series/parallel springs [22]. 
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Table 2 shows the material properties used in this model, calculated from the basic materials. 
The homogenized material was considered, then, orthotropic, having two main directions with 
different properties. The following properties were introduced into the software, considering a 
bi-dimensional case of simulation. 
 

Table 2. Composite  material properties obtained from its constituents 

Property Value 
ρ [kg/m3] 1624 
υ12 0.30 
E1 [GPa] 154.1 
E2 [GPa] 15.6 
G12 [GPa] 4.75 

 
 
2.4. Data Analysis 

 
For each simulation, the data of the central node from the location of the receiver transducer is 
acquired, simulating the through-transmission configuration. In the real measurement process, 
the transducer captures the vibratory movement on its entire surface [23]. As the wave front 
arrived in the receiver first in its center, it was not integrated all the nodes corresponding to 
the transducer. Also, in the emitter nodes, it was considered that each node would have the 
same amplitude of the pulse. Instead, in the real case the central node would have the 
maximum power, and the signal amplitude would decay in direction of the borders. Following 
that, the magnitude response in the receiver would be possibly different.  However, the TOF 
would remain the same. As were performed numerical computations, statistics were not used 
to treat the data, but the application of filters to eliminate frequency components others than 1 
MHz was necessary. 
 

3. Results 
 
In total, four cases of simulations were performed. For both models (laminated and 
homogenized), the pulse was introduced along the fibers and transversally to them. An 
example of the wave in the material (in the form of a snapshot) can be seen in Fig. 7. It started 
in the bottom face and will strike the top face, where the receiver transducer would be located. 
Animations of the wave propagation showed the waves being generated and going through 
the material, until they hit the opposite face of the model. 



7 

 

 
Figure 7. Snapshots taken at approximately 2 µs. The visualization is obtained by particle 

displacement sum. I) homogenized model, propagation along the fibers; II) laminated model, 
propagation along the fibers; III) homogenized model, propagation transversally to the fibers; IV) 

laminated model, propagation transversally to the fibers 

The acceleration of a central node from the receiver transducer location was plotted against 
time in Figs. 8 and 9. For each direction of propagation the raw data was post processed in 
order to eliminate high frequencies introduced by the ultrasonic pulse. Both Finite Impulse 
Response – FIR and Infinite Impulse Response – IIR digital filters were verified the best 
cases to improve the signal-to-noise ratio (SNR), in comparison with Discrete Wavelet 
Transform – DWT technique [24]. Here, it was used a band-pass filter with cutoff frequencies 
of 500 kHz and 1.5 MHz (FIR, Hanning window). 
To calculate the wave velocities in each case, the TOF was identified in the data using the 
second crossing zero technique [25]. In NDE ultrasonic practice for stress measurement, the 
data acquisition software is usually configured to look for the second intersection with the 
zero after the first peak of the wave train. Doing so, the velocities could be evaluated using 
the distance traveled in the models.  
 

 
Figure 8. Acceleration of central node of receiver transducer for wave propagation along the fibers: a) 
filtered signal, homogenized model, calculated velocity of 9302 m/s; b)  original signal, homogenized 
model, calculated velocity of 6993 m/s; c) filtered signal, laminated model, calculated velocity of 9346 

m/s; d) original signal, laminated model, calculated velocity of 6920 m/s 
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Figure 9. Acceleration of central node of receiver transducer for wave propagation transversally to the 
fibers: e) filtered signal, homogenized model, calculated velocity of 3058 m/s; f) original signal, 

homogenized model, calculated velocity of 2735 m/s; g) filtered signal, laminated model, calculated 
velocity of 3073 m/s; h) original signal, laminated model, calculated velocity of 2695 m/s 

4. Discussion 
 
It is shown a FEM model with commercially available software being used to create an 
ultrasonic pulse and generate a wave propagating through a composite material. Even more, 
for the effect of velocity calculations, the computational evaluation can be conducted using a 
simplified model of the laminate. 
For the data stored to the identification of the TOF, the use of a digital filter improved the 
signal of the acceleration of the central note corresponding to the receiver transducer location. 
Undesirable frequencies were removed from the signals. There are some discrepancies 
between velocities calculated from the original and filtered signals.  
This work shows similar results in velocity for the two models proposed to describe the 
material. They diverge in less than 0.5 %. The wavelength explains why the waves are not 
able to feel the microstructure of the material. That said, the waves did not reflect in the 
interfaces between matrix and reinforcement, and scattering is not present [26]. As the 
material remains homogeneous to the wave, independent of the model used, the discretization 
could be improved and the results would be the same. Also, the filtered signals of figures 8 
and 9 are qualitatively similar to the real measurements performed for the same material [24]. 
This indicates that the laminate model, in which each ply has been modeled separately, can be 
efficiently replaced by a model that considers the laminate as having a homogeneous 
structure. This simplification is sufficient to facilitate the process of simulating the problem, 
and future work may indicate the possibility of its application to investigate, for example, the 
effect of defects in the material. 
In terms of CPU time, the laminate model simulation run for approximately 9.5 h and 4.5 h 
for 0° and 90°, respectively. The hard disc memory needed to store the data was about 9 GB 
for 0° and 6 GB for 90°. For the simplified model, both CPU time and memory efforts were 
about half those from the laminated one. 
 Considering the simplified model, the propagation velocities are consistent with the expected 
values. The filtered signals seem to provide results that are more accurate. For those, 
velocities of 9302 m/s and 3058 m/s, for 0º and 90º, respectively (Fig. 8 and 9) were obtained. 
In fact, measurements made in unidirectional specimens manufactured with HexTow® 
AS4/Hexply® 8552 resulted in velocities of 8935 m/s and 3212 m/s [25]. This comparison 
with the literature validates the models developed. 

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

0.00E +00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 1.00E-05

A
cc

e
le

ra
ti

o
n 

[m
/s

2
]

Time [s]

e

f

g

h

Detai l (6  to 7 µs)



9 

 

The difference (approximately 5 % for both propagation directions) between our results and 
the values reported in literature [25] may be explained by noise present in real measurements, 
and by a more sensible TOF capability of numerical methodology. The thresholds in data 
acquisition systems are intrinsically higher than the analysis of primary data presented in our 
method of calculation.  Besides, the properties adopted and the simplifications in the 
generation and in the acquisition of the waves in the simulation can be the reason of the 
differences. 
The difference in velocity values between directions of 0 and 90 degrees are in conformity 
with the difference in rigidity. In the longitudinal direction, the wave propagates mainly 
through the fibers. In the transversal direction, the wave is transmitted mostly through the 
epoxy resin. 
The simplified model was validated within this work and the methodology for the calculation 
of sound velocity in the studied material proved to be satisfactory. It can be implied that the 
conclusions of this paper might be extended to other materials of the same nature (e.g. Glass 
Fiber Reinforced Polymers – GFRP). Future work may investigate the applicability of this 
methodology for studying multidirectional laminates as well.  
Despite the existence of analytical solution for homogeneous anisotropic media, the study of 
this manuscript allows both the visualization of the wave through the media and the 
possibility of changing easily the composite material being simulated to see how the 
ultrasonic wave reacts. In addition, as a point start, the work opens the possibility to introduce 
defects in the model and analyze how the wave behaves according to different types of 
defects. In this work the authors have made the initial simulations propagating bulk waves, 
but one important next research that can be derived from this paper is the simulation of other 
types of waves such Rayleigh and Lcr waves used mainly to evaluate residual stresses in 
materials. 
Our previous works detected that the response of the applied stress in this kind of composite 
is very stable when using Lcr waves, although the wave speed for the same composite samples 
when no stress is applied varies a lot in different measurement positions. The fact that every 
significant influence factor has been controlled suggests that the different responses are 
related to localized differences in the material. This strengthens the importance of developing 
adequate models to simulate the wave propagation and to introduce non-uniformities that we 
could not predict in the analytical models nowadays known. 

 

5. Conclusions 
 
This work shows that it is possible to use the FEM to simulate an ultrasonic wave propagating 
through unidirectional composites, for propagation along and transversally to the fibers, using 
commercially available software, with the purpose of velocity calculations.  
Two models were proposed in this work, one describing the fibers and the reinforcement and 
the second a simplified model where the material was considered a homogenized mixture of 
the components. The results differs of about 0.5%, indicating that the simplified model is 
adequate for evaluation of the wave speed, provided the material does not have any defects or 
voids.  Therefore, a homogenized model to simulate the behavior of real material can replace 
the more complex model of the composite. Our results for both models correlate with those in 
literature, differing in about 5% of them.  
Filtering techniques show to be necessary to improve the quality of the signals acquired. 
Band-pass filter with cutoff frequencies of 500 kHz and 1.5 MHz proved to be adequate for 
the results. 
Future work may investigate the applicability of this methodology for studying 
multidirectional laminates, to take into account the effect of non-uniformities in the material, 
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and to evaluate the reasons of the difference between the numerical and experimental results 
for this kind of composite.  
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Nomenclature 
 
ρ specific mass 
u particle displacement 
t time 
C elastic coefficient matrix 
x, y Cartesian axis 
F force load 
[M] mass matrix 
[D] damping matrix 
[K] rigidity matrix 
σ pressure load 
G gain 
α parameter related to the number of lobes in the pulse  
f frequency 
V volume ratio 
E elastic modulus 
G transversal modulus 
ν 

Lcr 

Poisson ratio 
Longitudinal critically refracted waves 

 
References 
 
1. Hughes DS, Kelly JL, ‘Second-order elastic deformation of solids’, Phys Rev 92:1145-
1149. doi: 10.1103/PhysRev.92.1145, 1953. 
2. Duqyennoy M, Ouaftouh M, Ourak M, ‘Ultrasonic evaluation of stresses in orthotropic 
materials using Rayleigh waves’, NDT&E Int 32(4):189-199. doi: 10.1016/S0963-
8695(98)00046-2, 1999. 
3. Clarke T, Cawley P, ‘Enhancing the defect localization capability of a guided wave SHM 
system applied to a complex structure’, Struct Health Monit 10(3):247-259. doi: 
10.1177/1475921710373294, 2010. 
4. Hayward G, McNab A, Gachagan A, Farlow R, Hailu B, Atkinson DC, Girma D, Smith 
DG, Whitely S, ‘Embedded ultrasonic sensors for monitoring structural integrity’, Conf Proc 
Annual Review of Progress in Quantitative Nondestructive Evaluation, pp 16-20, 2000. 
5. Roellig M, Schubert F, Lautenschlaeger G, Franke M, Boehme B, Meyendorf N, 
‘Capability Study of Embedded Ultrasonic Transducer Microsystems for SHM Applications 



11 

 

in Airplane Composite Structures’, Conf Proc European Workshop on Structural Health 
Monitoring, 2012. 
6. Leckey CA, Rogge MD, Raymond PF, ‘Guided waves in anisotropic and quasi-isotropic 
aerospace composites: three-dimensional simulation and experiment’, Ultrasonics 54(1):385–
94. doi: 10.1016/j.ultras.2013.05.007, 2014. 
7. Chaki S, Ke W, Demouveau H, ‘Numerical and experimental analysis of the critically 
refracted longitudinal beam’, Ultrasonics 53(1):65-69. doi: 10.1016/j.ultras.2012.03.014, 
2012. 
8. Ke W, Castaings M, Bacon C, ‘3D finite element simulations of an air-coupled ultrasonic 
NDT system’, NDT&E Int 42(6):524-533. doi: 10.1016/j.ndteint.2009.03.002, 2009. 
9. Pei C, Demachi K, ‘Numerical simulation of residual stress measurement with acoustic 
wave’, E-Journal of Advanced Maintenance 2(4):160-167, 2011. 
10. Degtyar AD, Huang W, Rokhlin SI, ‘Wave propagation in stressed composites’, J. 
Acoust. Soc. Am. 104(4):2192-2199. doi: 10.1121/1.423732, 1998. 
11. Galdos A, Okuda H, Yagawa G, ‘Finite element simulation of ultrasonic wave 
propagation in pipe and pressure vessel walls’, Finite Elem Anal Des 7(1):1-13. doi: 
10.1016/0168-874X(90)90011-3, 1990. 
12. Hong M, Su Z, Wang Q, Cheng L, Qing X, ‘Modeling nonlinearities of ultrasonic waves 
for fatigue damage characterization: Theory, simulation, and experimental validation’, 
Ultrasonics 54(3):770-778. doi: 10.1016/j.ultras.2013.09.023, 2014. 
13. Barauskas R, Daniulaitis V, ‘Modeling techniques for ultrasonic wave propagation in 
solids: 2D case’, Ultragarsas 30(2):7-10, 1998. 
14. Barauskas R, Daniulaitis V, ‘Simulation of the ultrasonic wave propagation in solids’, 
Ultragarsas 37(4):34-39, 2000. 
15. Barauskas R, ‘On space and time step sizes in rectangular finite element meshes for 
ultrasonic pulse propagation’, Ultragarsas 34(1):47-53, 2000. 
16. Daniulaitis V, Barauskas R, ‘Modelling techniques of ultrasonic wave propagation in 
solids’, Ultragarsas 29(1):7-11, 1998. 
17. Bower AF, ‘Applied Mechanics of Solids’, CRC Press, London, 2009. 
18. Ke W, Chaki S, ‘Finite element simulation of the critically refracted longitudinal wave in 
a solid medium’, Conf Proc 10ème Congrès Français d’Acoustique, 2010. 
19. Olympus, ‘Ultrasonic Transducers. Product Datasheet’, http://www.olympus-
ims.com/data/File/panametrics/panametrics-UT.en.pdf. Accessed on 7 January 2015. 
20. Krucinska I, Stypka T, ‘Direct measurement of the axial poisson’s ratio of single carbon 
fibers’, Compos Sci Technol 41:1-12. doi: 10.1016/0266-3538(91)90049-U, 1991. 
21. Dieter L, Herwig P, Oskar P, Martin M, Manfred B, Riekel C, ‘Poisson ratio of carbon 
fibers at the microscopic and the nanoscopic scale’, Conf Proc Carbon Conference, 2004. 
22. Daniel IM, Ishai O, ‘Engineering mechanics of composite materials’, Oxford University 
Press, New York, 1994. 
23. Cappon H, Keesman K, ‘Numerical modeling of piezoelectric transducers using physical 
parameters’, IEEE T Ultrason Ferr 59:1023-1032. doi: 10.1109/TUFFC.2012.2288, 2012. 
24. Pereira Jr P, Gomes Rodovalho T, Garcia RH, Ambiel LB, Junqueira Leão R, Santos 
Junior AA, ‘Comparison of signal filtering techniques for ultrasonic waves used in inspection 
of composite materials’, Conf Proc ASME Int. Mech. Eng. Congr. Expo, pp 1-10, 2013. 
25. Jr AAS, Ambiel LB, Garcia RH, Rodovalho TG, ‘Stress analysis in carbon/epoxy 
composites using Lcr waves’, J Compos Mater 48, 27:3425-3434. doi: 
10.1177/0021998313509866, 2014. 
26. Cai L, Jr JHW ‘Full-scale simulations of elastic wave scattering in fiber-reinforced 
composites’, Ultrasonics 37:463-482. doi: 10.1016/S0041-624X(99)00030-X, 1999. 


