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Abstract 

Thick composites are increasingly applied in aerospace 

engineering and prone to out-of-plane waviness in the 

manufacturing process. Besides the drastic decrease of 

compressive strength due to out-of-plane waviness, locally 

rich resin regions may also exist in the composite, both 

perplexing the ultrasound propagation therein. In this study, 

a multi-frequency ultrasound-based method is proposed to 

characterize both waviness and delamination defect. 

Numerical modeling with frequency sweeping is conducted 

first, to quantitatively analyze influence of waviness and 

locally rich resin region on ultrasound propagation in pulse-

echo mode. It is found that at the first resonance frequency 

corresponding to single composite ply in the thickness 

direction, ultrasound B-scan built from signal phase can 

well characterize the waviness. And ultrasound with a lower 

frequency, compared with the first ply resonance frequency, 

enables more energy to penetrate the locally rich resin 

region and propagates with minor wave vector deviation 

through the wavy region. Then, a two-step composite 

characterization method is proposed. In the first step, 

ultrasound with frequency corresponding to the ply 

resonance is used to characterize waviness, and in the 

second step, ultrasound with a lower frequency is generated 

to detect delamination within wavy composite based on 

reflected wave signal. With this method, defect can be 

detected in the coexistence of waviness and locally rich 

resin region. Finally, experimental validation is performed, 

well validating the numerical results. 

1. Introduction

Thick carbon fiber reinforced composites are 

increasingly used in various engineering fields, e.g. 

aerospace and marine engineering. Fiber waviness is prone 

to develop in thick composites, and will induce the drastic 

decrease of compressive and tensile strength. The 

mechanical anisotropy of lamina ply, the multi-ply stacking 

of composite lamina with different orientation, and the fiber 

waviness and its associated uneven distribution of resin 

layer between neighboring composite plies, all complicate 

wave propagation, and hence impair the effectiveness of 

ultrasound testing (UT) of the inspected composite 

components. 

Several reports have focused on wave propagation in 

flat composites. Analytically, transfer matrix method [1], 

and recursive stiffness matrix [2] were developed to model 

the wave propagation in flat composite with inter-ply resin 

layer of different thicknesses. Numerically, finite element 

analysis (FEA) [3] has been the most popular analysis tool 

for wave propagation in the time domain. Nevertheless, 

waviness is seldom modeled in the existing work. Ray 

tracing method [4] is commonly used, provided that the 

wave frequency is high enough that the corresponding 

wavelength is much smaller than each ply thickness. This 

condition can be barely satisfied if the inter-ply resin layer 

(usually thickness < 10 um) is built into the model. In real 

application, ultrasound frequency over 10 MHz (wavelength 

100 um given a wave propagation velocity of 1000 m/s) is 

seldom selected as at that frequency range the wave energy 

attenuation is governed mainly by composite porosity and is 

proportional to 10
4
 the frequency. This severe attenuation 

destroys the wave incidence into deep areas, failing the 

defect detection therein. Thus, the ray tracing method meets 

its restriction in modeling wave propagation in multiply 

composites for UT application. 

Addressing the above bottleneck in modeling UT in 

wavy composite, a novel finite element model was built 

with OnScale
®
, a FEA-based cloud computing platform. 

The multiple composite plies, inter-ply resin, waviness, and 

the water immersion environment are all embraced in the 

model. The wave propagation is obtained, and the analysis 

displays the reliance of UT signal corresponding to 

delamination and resin on frequency. Based on the 

modeling result, a multi-frequency-based method is 

proposed to differentiate delamination and local rich resin. 

Experimental testing is performed, well validating the 

effectiveness of the built model and the multi-frequency 

method. 
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2. Modeling 

2.1. Modeling setup 

Two CFRP samples of ply-up orientation [0 90]16s
 
 with 

exactly the same waviness characteristics are modeled in 

this study. Sample 1 is mainly used to study the influence of 

waviness on wave propagation, and Sample 2 is modeled 

for delamination detection. Sample 2 with a delamination 

defect (length 4 mm) is illustrated in Figure 1, where each 

color depicts one ply. From the 9
th

 ply counted from the top, 

20 curved composite plies constitute the waviness region 

capsuled by flat composite plies. Out-of-plane waviness is 

constructed with curved plies, whose ∆𝑦 , the location 

deviation in the 𝑦  direction between the flat and wavy 

composites, is expressed as 

 02 (u )1 1 2
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where 𝑢𝑦  (= 6 mm) is the center coordinate of waviness 

region in the thickness direction. 𝑦0 denotes the coordinate 

in the thickness direction assuming no waviness exists. 𝜆𝑦 

(= 2.5 mm) denotes the entire waviness thickness, and 𝜆𝑥 ( 

= 8 mm) the wavelength of waviness along the 𝑥 direction. 𝐴 (= 0.5 mm) is the displacement magnitude of waviness. 

The waviness angle varies at each local area of composite.  

 

 

Figure 1 Composite model with out-of-plane waviness. 

The waviness built with MATLAB
®
 is input to the 

commercial FEA software OnScale
® 

for computation. The 

water immersion environment for composite testing is built. 

The material parameters are listed in Table 1. Waviness 

leads to the local rotation of fiber direction, and attributed to 

the anisotropy of composite, the material principal direction 

is hence rotated. Thus the stiffness matrix of each ply at 

each local location is rotated by corresponding angle. For 

example, at a location where fiber has a local rotation angle 𝛼 , the material stiffness matrix will also go through a 

corresponding rotation. In addition, the thickness of inter-

ply resin layer in the waviness region is adjusted to conform 

to the waviness. By doing so, the established model well 

reflects the localized details, including fiber rotation, ply 

thickness change, and inter-ply resin layer thickness change. 

To well capture the geometric details for accurate modeling, 

a dense mesh size of 3.333 um is assigned along the 

thickness direction of composite. In this manner, three 

elements are guaranteed to be discretized for most inter-ply 

resin regions, except the ones in the waviness region where 

the resin regions may have different thickness. Along the 

in-plane 𝑥 direction, a relatively coarser element size of 10 

um is assigned at composite. To excite and sense 

ultrasound, one phased array transducer composed of 80 

elements (0.15 mm element pitch) is artificially built with 

the same material as the immersion medium water. 

Excitation is applied by pressure loading acted at the middle 

surface of specified transducer element, and sensing is 

realized by extracting the pressure signal at the same 

surface. Different excitation methods are attempted, 

including number of the excited transducer elements and the 

central frequency of excitation, whose results are to be 

discussed in details in the next section. 

Table 1 Material parameter of composite ply, resin, and 

water. 

Constituent 
Density 

(kg/m
3
) 

Stiffness-related parameter 

Composite 

ply 
1560 

Stiffness matrix (GPa): 
165.24 6.63 6.63 0 0 0

14.32 6.39 0 0 0

14.32 0 0 0

3.96 0 0

5.17 0

5.17

sym

 
 
 
 
 
 
 
 
 

 

Matrix 1301 
Young’s modulus (GPa): 4.67 

Poisson’s ratio: 0.37 

Water 1000 
Longitudinal wave velocity (m/s): 

1496 

 

2.2. Modeling result 

To observe the influence of waviness on wave 

propagation, in the FEA, firstly an excitation is applied to 

transducer elements with an entire length 1.05 mm, whose 

centroid passes the waviness area corresponding to the 

largest fiber rotation angle 𝛼 = 11
0. Excitation signals with 

central frequencies 5 MHz and 10 MHz are used. Velocity 

magnitude contour at different time instants are displayed in 

Figure 2 and Figure 3, which indicate that when traversing 

the waviness region, the wave ray direction deviates 

slightly. Hence the probe in the pulse-echo mode may not 

well receive the echoed wave signal. Besides that, at 10 

MHz, wave reflection from resin layer follows immediately 

the front wall echo, which is not clearly observed in the 

wave propagation at 5 MHz. Thus, the magnitude of back 
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wall echo at 10 MHz may be decreased in comparison to 

that at 5 MHz. The above observations imply the selection 

of different frequencies to characterize different aspects of 

composite with waviness. Specifically, if waviness feature 

is concerned, a higher frequency should be used, to stand 

out the wave reflection from resin layer. While if defect 

feature is concerned, a lower frequency to make the wave 

energy penetrate the waviness region should be preferred. 
 

 
Figure 2 Simulated velocity magnitude contour in wavy 

composite at 𝑓 = 5 𝑀𝐻𝑧 at time instants (a)-(d) 3 us, 5 us, 

6 us, and 8 us. 

 
Figure 3 Simulated velocity magnitude contour in wavy 

composite at 𝑓 = 10 𝑀𝐻𝑧 at time instants (a)-(d) 3 us, 5 us, 

6 us, and 8 us. 

Another simulation is performed, with the excitation 

central frequency increased to 12 MHz, i.e. the resonance 

frequency of single composite ply. To reduce repeated 

computation of changing excitation probe elements, all the 

probes are excited simultaneously to generate an 

approximate plane wave in one calculation. The obtained 

signal magnitude and phase is extracted by using the Hilbert 

transform and phase extraction (MATLAB
®
 function hilbert 

and angle), displayed in the B-scan image form (see Figure 

4). It is observed from the phase B-scan image at 12 MHz 

(see Figure 4d) by comparing the waviness profile, that in 

the near surface region, the obtained waviness image 

matches well with the built waviness profile, but at a deeper 

distance to surface (5 mm), the inter-ply resin layer 

reflection is too weak to allow for effective extraction of 

magnitude and phase information. In contrast, the built 

waviness profile cannot be reflected from the phase B-scan 

image at 5 MHz (see Figure 4b), as no strong inter-ply resin 

reflection signal develops at that frequency. Besides that, 

the magnitude B-scan image at 5 MHz shows the 

delamination much clearer than that at 12 MHz. In this way, 

both delamination and waviness can be potentially detected 

and characterized based on this multi-frequency method. 
(a)  

(b)  

(c)  

(d)  

Figure 4 Simulated B-scan of UT signal with (a) magnitude 

at 5 MHz, (b) phase at 5 MHz, (c) magnitude at 12 MHz, 

and (d) phase at 12 MHz. 

3. Experimental testing 

3.1. Experimental setup 

The experimental setup for composite inspection, 

consisting of ScanMaster ultrasonic immersion testing 

system (LS-50), Olympus ultrasonic probe (5 MHz and 15 

MHz) and fixtures, is shown in Figure 5b. Raster scanning 

with a 0.2 mm pitch was conducted at the same water path 

as the probe focus depth (2 inches). To overcome the 

intensive wave attenuation in composite and to suppress 
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system noise, the time-corrected gain (TCG) is used to 

improve SNR. A-scan signals are captured with a wide-

band filtering and further processed with Synchrosqueezing 

wavelet transform (SWT)[5] in MATLAB
®
. SWT shows 

superior frequency domain resolution. Figure 6 gives a 

typical time domain signal and its corresponding SWT 

time-frequency domain spectrogram. By extracting the 

spectrogram at a desired frequency domain range, a filtered 

signal can be obtained, whereby the actual multiple 

frequency sweeping is avoided. Surface following 

technology (i.e., applying the delay laws to keep the water 

path constant) is adopted to compensate for system 

vibration during the mechanical scanning. The B-scan 

image for both defective regions with side-drilled holes 

(SDHs) shown in Figure 5a is comparatively constructed for 

defect identification and characterization. 
(a)                

(b)                  

Figure 5 (a) optical image of composite with three SDHs 

and (b) photo of UT PE test. 
(a)  

(b)  

Figure 6 (a) A typical time domain signal and (b) 

corresponding SWT frequency spectrum. 

3.2. Experimental result 

Figure 7 shows the magnitude B-Scan image constructed 

from the raw signal, where several points marked from A to 

G susceptive of defects are selected for further analysis. The 

magnitude B-scan image from filtered signal with SWT is 

displayed in Figure 8, where the magnitude change versus 

frequency for points A to G helps characterize all the 

suspicious defects in composite. Points A to C correspond 

to three SDHs, and their corresponding magnitudes at the 

B-scan image gradually decrease with the frequency 

increase. Point D is observed to be one artifact of Point C, 

possibly due to wave deviation by waviness, as its 

corresponding magnitude also decreases with the frequency 

increase. Point E turns out to be a tiny delamination, after a 

close observation of the microscopic image, as displayed in 

Figure 5a. Its magnitude shows the same trend as that of the 

previous four points. Points F and G are local rich resin, as 

their corresponding magnitudes gradually increase as the 

frequency increases. Note that the minimum frequency for 

delamination detection must be controlled for two reasons. 

(1) the spatial resolution decreases when the wavelength 

increases; and (2) the wave may diffract while interacting 

with delamination provided a large wavelength, thus 

impairing the delamination detectability.   

 
Figure 7 Raw magnitude B-scan of UT signals in PE mode 

from the raw 5 MHz probe excitation for the composite 

with three SDHs. 
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Figure 8 Filtered magnitude B-scan of UT signals in PE 

mode from the raw 5 MHz probe excitation for the 

composite with three SDHs. 

The waviness characterization with the phase B-san 

image (see Figure 9) is also performed by experiment, by 

filtered signal with frequency range from 10 MHz to 12 

MHz from the obtained raw PE signal excited with a 15 

MHz probe. The penetration depth can only reach 4 mm, 

beyond which the signal attenuates severely. The 

correctness of the obtained waviness profile entails a further 

experimental validation with X-ray computed tomography 

that is capable of imaging internal structure. 

 

 
Figure 9 Phase B-scan of UT signals in PE mode with a 

central frequency 12 MHz filtered from the raw 15 MHz 

probe excitation for the composite with three SDHs. 

4. Conclusions 

A multi-frequency-based method for delamination and 

waviness profile characterization in thick composites is 

proposed in the study. A dedicated FEA model embracing 

waviness, inter-ply resin layer and delamination is 

developed, to model the wave propagation therein. It is 

discovered from the results of numerical model and 

experiment that delamination can be detected with higher 

signal-to-noise ratio at a lower frequency, while waviness 

can be characterized at a higher frequency corresponding to 

the resonance frequency of single ply. Further experimental 

validation using X-ray computed tomography is underway 

to validate the correctness of waviness characterization. 
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