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Abstract. Applications of fibre reinforced plastic (FRP) composites in modern 

industries are increasing due to their considerable advantages such as light weight and 

excellent mechanical properties. Accordingly, importance of operational safety of 

modern structures made of advanced composites by ensuring the material quality has 

led to increasing demands for development of non-destructive evaluation (NDE) 

systems. In the context of a European project entitled “Validated Inspection 

Techniques for Composites in Energy Applications” (VITCEA),  the aim is to develop 

and validate traceable procedures for novel NDE techniques with contrasting damage 

detection capabilities in energy related applications such as wind and marine turbine 

blades, nacelles, oil and gas flexible risers. Accordingly, VITCEA focuses on 

optimization of ultrasonic tests (UTs) for quantitative defect detection and quality 

characterization of FRP structures. In this context, the present study describes the 

ultrasound field in heterogeneous composite materials. The theoretical predictions are 

compared with simulation results obtained from CIVA a software package dedicated 

to NDT simulations based on the asymptotic ray theory. 

Introduction  

The European project “Validated Inspection Techniques for Composites in Energy 

Applications” (VITCEA) aims to improve and optimize the non-destructive (NDT) 

approaches suitable for inspection of composite materials.  An industrial survey performed 

at the beginning of the project by National Physical Laboratory (NPL) to collect the industrial 

needs in this field. According to this survey, the ultrasonic tests (UTs) are the most popular 

method for inspection of composites in energy and transportation sectors.  

The key point in improvement of UTs is description of wave field inside composites. An 

experimental example presented in Fig. 1 shows importance of knowledge about wave field 
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Fig. 1: Ultrasonic c-scan images obtained from inspection of UD CFRP reference defect artifact sample, with three 

delamination damages with diameter of 25 mm, 12 mm and 6 mm from top to bottom. The sample is 5 mm thick and the 

damages are in depth of 2.5 mm. The left hand side image shows the inspection results using a 2 MHz pulse echo transducer 

with a 20 mm Plexiglas wedge (MB2S made by General Electrics) and the right hand side image shows the inspection 

results using a 4 MHz pulse echo transducer with a 17 mm Plexiglas wedge (MB4S made by General Electrics).   

This figure shows c-scan images of ultrasonic inspection of a reference defect artefact sample 

designed and produced by NPL in which the defect sizes and locations are well defined and 

controlled. The sample is a unidirectional (UD) carbon fibre reinforced plastic (CFRP) 

composite with 5 mm thickness. There are three delamination damages introduced in depth 

2.5 mm which are Ø 25, 12 and 6 mm from top to bottom in the picture1. The left hand side 

image shows the inspection result using MB2S transducer (2 MHz pulse echo probe with Ø 

10 mm crystal size made by General Electrics) with a 24 mm Plexiglas wedge. Right hand 

side image shows the inspection result using MB4S transducer (4 MHz pulse echo probe with 

Ø 10 mm crystal size made by General Electrics) with a 21.5 mm Plexiglas wedge. The 

difference in quality between these two inspections can be explained based on the wave 

propagation field inside the sample. The near field for left hand case is about 18.2 mm which 

remains inside the wedge, but the near field in right hand case is 36.5 mm which is larger 

than the wedge and extends to the sample. Therefore it can be seen that the left picture shows 

a better representation of damages inside the sample. As it can be seen in this example the 

correct choice of parameters such as frequency of inspection and wedge size results in robust 

inspection. However, in case of composite materials, influence of parameters such as 

anisotropy as it will be discussed in this study also should be taken into account.   

 

Within the present study our aim is to formulate an analytical approach for a description of 

the beam width inside composite samples. Using this knowledge we can optimize UT tests, 

e.g. we can choose an optimum number of active elements in a matrix array system for an 

effective and fast inspection. The theoretical assumptions are compared with results of 

numerical simulations performed by semi analytical commercial package CIVA developed 

by French Alternative Energies and Atomic Energy Commission (CEA) which is one of 

VITCEA partners [1].  

1. Wave propagation in composite structures 

Based on the VITCEA industrial survey, several samples are provided for investigation2. One 

of the critical groups of samples for UTs are thin samples with typical thickness of 5 mm. In 

such a sample with constrained top and bottom surfaces, we have only one of the following 

kinds of elastic body waves: either Lamb waves or bulk waves. Existence of each kind can 

be predicted by comparison of the sample’s thickness with the wavelength of the waves. 

                                                 
1 For more detail about the reference samples in VITCEA please refer to [11].  
2 Please refer to [11] and project website [12] for more details. 
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Lamb waves propagate in samples with relatively thin thicknesses in comparison to 

wavelength. In this case no bulk waves exist in the sample, because their multiple reflection 

from both top and bottom sides of the sample and their interference would prevent their 

forming, so that they are engaged in generating Lamb waves. By increasing frequency, i.e. 

decreasing wavelength, more and more Lamb modes propagate in the sample, converging 

eventually to surface Rayleigh waves. When the wavelength is much smaller than the sample 

thickness, only bulk waves can exist inside the sample as body waves [2] [3], complying with 

the same laws as bulk waves in infinite media.  

Lamb waves are guided waves which propagate along the structure but bulk waves are body 

waves which travel through the structure. Therefore, in order to use each of those for NDT 

purposes, different kind of facilities are needed.  Within the present study and in concept of 

VITCEA, the aim is to optimize standard UTs for inspection of composites. Standard UTs 

typically work based on bulk waves. Therefore, for each specific sample we use a frequency 

range in which the bulk waves can be generated and detected by the UT transducers and 

receivers. The UT probes acts either as both sender and receiver (e.g. single element 

transducers) or separated transducer and receiver (e.g. dual element or matrix array 

transducers).  

2. Methodology  

Homogenization is a common simplification approach in order to study the physical 

behaviour of composite structures [4]. However, we should be careful to implement this 

method to study wave propagation in layered composite materials in which each neighbour 

layer (also called ply) may have a different orientation. In such materials, one may expect 

reflections at border of each ply. Nevertheless, the simulation results as well as experimental 

tests show that no effective reflection occurs for the frequency range of our interest (2 – 

10 MHz) as the waves propagate from one ply to another one [5]. This can be explained due 

to the fact that each ply is perfectly matched with top and bottom neighbour ply with no gap 

in between and also because the wavelength of the waves in the chosen frequency range are 

typically larger than the thickness of ply (ply’s thickness is about 0.3 mm in CFRP samples) 

and therefore the composite samples act as a single unit. Therefore, homogenised material 

properties are used for theoretical studies and simulations of wave propagation in composite 

samples for the frequency range of our interest. It has to be mentioned that higher frequencies 

are not used for a contact UT due to wide near field area and also low energy transmission 

rate.   

 

According to homogenization assumption and by knowing the wave velocity in samples, the 

beam width can also be estimated theoretically. The velocity of waves propagating in the 

sample is described in Equation 1 where Vxx, Vyy and Vzz are wave velocities in x , y  and 

z directions (in case of UD samples fibres are orientated in x direction and z direction is 

thickness direction), C is the stiffness matrix and ρ is material density [6] [7].  

 

𝑉𝑥𝑥 =  √
𝐶𝑥𝑥

𝜌
 ;  𝑉𝑦𝑦 =  √

𝐶𝑦𝑦

𝜌
 ;  𝑉𝑧𝑧 =  √

𝐶𝑧𝑧

𝜌
 , 

Equation 1 

Now we can calculate the near field as described in Equation 2 for a square shape transducer 

[8].    
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𝑁 =
 𝑓. 𝑑2

2.88 𝑉𝑧𝑧
 , 

Equation 2 

where d is dimension of transducer and f is the frequency. In presence of a wedge, if the near 

field is larger than the wedge thickness the near field extends in the sample and the total near 

field length will be:  

𝑁𝑡𝑜𝑡𝑎𝑙 =  𝑡𝑤+ (𝑁𝑤𝑒𝑑𝑔𝑒 −  𝑡𝑤)
𝑉𝑤

𝑉𝑧𝑧
,  

Equation 3 

where tw is the wedge thickness and Vw is longitudinal wave velocity in the wedge [9].  In 

this study we are interested to know the wave properties in the middle of the sample, so called 

depth of interest (DOI). Therefore, if DOI be smaller than the near field so we assume that 

the beam width (b) should be a linear function of transducers size (d) as described in Equation 

4, where k and c are constant values which should be defined according to intended amplitude 

which we would like to achieve. This assumption is based on description of wave field in 

isotropic materials [10] and therefore we introduce parameter a which reflects the influence 

of anisotropy.  

 𝑏𝑖
𝑛𝑒𝑎𝑟 =  𝑎 (𝑘𝑖𝑑𝑖 + 𝑐𝑖);  𝑖 = 𝑥, 𝑦  where   

 

𝑖𝑓 𝐶𝑧𝑧 < 𝐶𝑖𝑖  then  𝑎 =
𝑉𝑖𝑖

𝑉𝑧𝑧
(√𝑏 𝑖𝑠𝑜𝑡𝑟𝑜𝑝

2 +  𝐷𝑂𝐼2 −  𝐷𝑂𝐼)   else  𝑎 = 1. 

 
Equation 4 

We assume that the ultrasonic beam has a semi-circular shape if the in plane stiffness has a 

similar value like the stiffness in out of plane direction, i.e.  𝐶𝑧𝑧~ 𝐶𝑖𝑖. For instance in UD 

composite due similar stiffness in y and z direction (
𝐶𝑦𝑦

𝐶𝑧𝑧
= 1.01) waves distribute in yz surface 

like a circle and a will be equal to 1, this is so called semi isotropic beam width or 𝑏𝑖𝑠𝑜𝑡𝑟𝑜𝑝, 

see Fig. 2. On the other hand if the in plane stiffness is much bigger than the stiffness in out 

of plane direction, i.e.  𝐶𝑧𝑧 <  𝐶𝑖𝑖, the wave distribution front is approximated as a triangle, 

e.g. the wave propagation in xz surface in UD composite where (
𝐶𝑥𝑥

𝐶𝑧𝑧
= 13.2), see Fig. 2. In 

this triangle, the horizontal side (in x direction) is 
𝑉𝑥𝑥

𝑉𝑧𝑧
 times larger than the vertical side (in z 

direction) and a is described based on Pythagorean theorem as presented in Equation 4.   

 

Following we describe the wave propagation in far field. If the DOI is larger than the near 

field, the beam spread factor is used to calculate the beam width. In case of isotropic materials 

the spread angle (𝛾) is as follows [10]. 

sin(𝛾) =
𝑡 𝜆

𝑑𝑖
 ;  𝑖 = 𝑥, 𝑦. 

Equation 5 

Where, t is a constant which should be defined in order to insure that our favour amplitude 

is fulfilled. Now, we describe the beam width based on angle of wave spread for the 

composites as follows.  

 𝑏𝑖
𝑓𝑎𝑟

=  𝑎(𝑏𝑖
𝑛𝑒𝑎𝑟 + tan(𝛾) (𝑑𝑖  −  𝑁));  𝑖 = 𝑥, 𝑦. 

Equation 6 

In a similar way like in the near field, parameter a is used to include the influence of 

anisotropy into the equation.   
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Fig. 2: Representation of wave propagation distribution in UD CFRP composite plate, where the excitation frequency is 5 

MHz, the piezoelectric element is 2.5 mm attached on yx surface, the Plexiglas wedge thickness is 0.3 mm, and sample 

thickness is 10 mm. Moreover, in order to reduce the model size, symmetric boundary conditions are applied on yz and xz 

surfaces.  

3. Parametric simulations 

Parametric simulations are used to determine the value of constants which have been 

introduced in previous section, including k and c in Equation 4, t in Equation 5. In the 

following studies a single square shape element transducers is used to excite waves in 

samples. In each case the beam width of the propagated wave with amplitude of -3dB of 

maximum amplitude in mid of the sample is measured. The beam width in x direction is 

called bx and the beam width in y direction is called by. Information about beam width of the 

wave field in composite materials is the vital key for development of phased array systems. 

The choice of square shape and -3 dB amplitude is made with respect to future goal of using 

the theoretical assumption for improvement of matrix array systems. The amplitude of -3 dB 

is considered to avoid side lobs in a phased array system.   

 

According to Equation 1, the velocity of longitudinal wave (Vzz) in UD CFRP composite is 

about 2622 m/s, whereas the material properties are provided by NPL and CEA as 𝜌 =1600 

kg/m3, 𝐶𝑥𝑥= 145 GPa; 𝐶𝑦𝑦= 12.2 GPa and 𝐶𝑧𝑧= 11 GPa. In a parametric study we have 

calculated the beam width in the UD sample as transducer’s size changes from 1 to 5 mm. 

The excitation frequency is 5 MHz with bandwidth of 60%.  The sample is 4.8 mm thick and 

consists of 16 plies. In this example we used a very thin wedge which is much smaller than 

the near field and therefore we assume that the waves enter the sample with a beam width 

equal to transducer’s size. The near field changes from 0.5 mm to 12.9 mm as transducer’s 

size changes from 1 mm to 5 mm. This indicates that for transducers bigger than 2.5 mm, our 

DOI is inside the near field. For this range, according to the simulation results in Fig. 3 the 

linear relation between transducers size and beam width can be used as described in Equation 

4 where k = 0.8 and c = 0. This implies that for the amplitude of -3 dB the beam width will 

be about 80 percent of transducer’s size. Moreover, in order to describe the wave propagation 

in far field and fulfilling our requirements for amplitude of -3 dB in CFRP composites we 

found t equal to 0.32. This assumption is based on the simulation results for element sizes 

smaller than 2.5 mm.  

x 

z 

y 

Piezoelectric element 

Symmetric boundary    Symmetric boundary    
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Fig. 3: Beam width sizes of bx (left) and by (right) in UD CFRP composite vs. size of transducer element. The simulation 

results are labelled as “CIVA” and the analytical results are labelled as “Theory”. The transducer element is square shaped 

and both dimensions are changed as element size changes. Central frequency is 5 MHz, bandwidth is 60%, sample thickness 

is 4.8 mm (16 plies) and Plexiglas wedge thickness is 0.3 mm.  

Additional simulations show eligibility of the chosen constants: Fig. 4 compares results of 

simulation with theoretical assumptions for beam width in a UD CFRP composite with 

4.8 mm thickness. The values of bx (left hand side picture) and by (right hand side picture) 

are determined as the central frequency of excited waves changes from 1 to 10 MHz.  The 

size of the squared shape transducers is 2.5 mm. As the frequency increases, the near field 

length stretches as well, so that for frequencies above 4 MHz our DOI (2.4 mm) will be inside 

the near field. In this frequency range the beam width will be assumed to be constant equal 

to 0.8 percent of transducers size as described earlier.  

 

Moreover, Fig. 5 compares the bx obtained from simulation and analytical assumptions as the 

wedge thickness changes from 2.5 to 20 mm. The waves propagate in a QI CFRP composite 

with 4.8 mm thickness. The material properties are provided by NPL and CEA as  𝜌 =1600 

kg/m3, 𝐶𝑥𝑥= 117.8 GPa; 𝐶𝑦𝑦= 117.8 GPa and 𝐶𝑧𝑧= 11 GPa. First we describe the wave field 

inside the wedge. In this case as the wedge size exceeds 7.5 mm, the entering beam to the 

sample will be in far field range and therefore by increasing the thickness of the wedge to 

more than 7.5 mm the beam width increases. We consider that the wedge dimension is wide 

enough to hold the whole beam width inside itself. Now we look to the wave field inside the 

sample. The beam width of the coming waves from the wedge can be described as a virtual 

transducer which sends the waves inside the sample. As the waves enter the sample they will 

spread as described by Snell’s law. It can be seen in Fig. 5 that for the wedge size bigger than 

7.5 mm there is an increasing relation between the wedge size and the beam spread. This can 

be explained due to fact that the beam width is getting larger as the wedge thickness is more 

than 7.5 mm. On the other hand for smaller wedge thicknesses than 7.5 mm the entering 

beam to the sample locates in the near field range inside the wedge and its size does not 

change as the wedge thickness decreases. It is worth nothing to say that due to the fact that 

𝑉𝑥𝑥 = 𝑉𝑦𝑦 in the QI sample, the beam spread size in x  and y directions are the same (𝑏𝑥 =

 𝑏𝑦).  
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Fig. 4: Beam width sizes of bx (left) and by (right) in UD CFRP composite vs. central frequency of excitation signal. The 

simulation results are labelled as “CIVA” and the analytical results are labelled as “Theory”. The transducers element is 

squared shape with 2.5 mm size, bandwidth is 60%, sample thickness is 4.8 mm (16 Plies) and Plexiglas wedge thickness 

is 0.3 mm.  

 

 
Fig. 5: Beam width sizes of bx in QI CFRP composite vs. Plexiglas wedge thickness. The simulation results are labelled as 

“CIVA” and the analytical results are labelled as “Theory”. The transducers element is squared shape with 2.5 mm size, 

central frequency is 5 MHz, bandwidth is 60% and sample thickness is 4.8 mm (16 Plies).  

4. Summary, discussion and future works 

VITCEA project aims to improve the NDT techniques including UTs for inspection of 

modern composite materials. Description of the wave field inside the composites is needed 

in order to improve the ultrasonic techniques. A theoretical assumption for calculating the 

beam width in composite structures is given, the waves propagation are described in near  

and far fields and influence of anisotropy is included into the equations. Parametric studies 

are performed and the beam width is calculated in different composite structures. The results 

obtained from the theoretical assumptions are compared with results of numerical 

simulations obtained from CIVA software and a good similarity has been observed. In future 

studies, the information about the beam width will be used to optimize the ultrasonic 

inspection of composite plates with optimal characteristics.  
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