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Glass fibre reinforced polymers (GFRP) are typically used in aircraft parts where 
lightning strikes the most. Recent studies had been focusing on lightning damage 
on carbon fibre reinforced polymers (CFRP) instead of GFRP. Besides that, the 
main nondestructive evaluation (NDE) technique used to detect lightning 
damage in these studies is water immersion ultrasonic c-scan instead of 
Ultrasound Propagation Imaging (UPI). Thus, it can be seen that the detection 
and evaluation of lightning damages on GFRP using UPI is not well investigated. 
This study aims to accurately and statistically detect, define the shape and size, 
and evaluate the severity of lightning damages in GFRP using UPI. Four 1-layer 
and two 3-layer GFRP specimens had been manufactured and struck using 
various breakdown voltages, which are 6kV, 7kV, and 16kV 1.2/50µs impulse 
voltages, for three of the 1-layer specimens respectively, and 18kV 1.2/50µs 
impulse voltage for the rest of the specimens. The lightning simulation standards 
used in this study are IEC 60060-1 (2010), IEC 60060-2 (2010), and IEC 60060-
3 (2006). Ultrasonic data were obtained using a UPI system and were 
subsequently processed using the Statistically Thresholded Anomaly Mapping 
(STAM) technique that was developed in this study. The results show that the 
damage size increases proportionally with the increase of breakdown voltage, 
which are 27.75mm2, 29.72mm2, and 38.5mm2 for 6kV, 7kV and 16kV 
breakdown voltages respectively for the 1-layer specimens. A significant 
increase in damage size (847.25mm2) was detected on Specimen 4 due to an 
unexpected surface flashover event. 3-layer specimens suffered greater 
damages, measuring 597.25mm2 and 573.5mm2 respectively, compared to 1-
layer specimens due to 3-layer specimens being susceptible to delaminations. 
The results proved that lightning damage in GFRP could be detected using the 
UPI system. The STAM technique developed in this project could distinct 
damage from the noise based on a statistical threshold, hence could provide 
higher reliability and accuracy in evaluating the size of lightning damage. Lastly, 
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it was found that the size of lightning damages increases when breakdown 
voltage increases, subjected to further investigations.  
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Komposit prapreg diperkuat gentian kaca (GFRP) biasanya digunakan untuk 
membuat komponen-komponen kapal terbang yang sering dipanah kilat. Walau 
bagaimanapun, kajian-kajian akhir-akhir ini hanya menumpukan perhatian 
kepada kerosakan kilat pada komposit prapreg diperkuat gentian karbon (CFRP) 
manakala kerosakan kilat pada GFRP telah diabaikan. Sementelahan itu, teknik 
uji tanpa musnah (NDE) yang digunakan oleh kajian-kajian tersebut ialah 
ultrasonik imbas-C jenis rendaman air, bukan Pengimejan Rambatan Ultrabunyi 
(UPI). Oleh itu, hal ini bolehlah dikatakan bahawa pengesanan and penilaian 
kerosakan kilat pada GFRP dengan menggunakan sistem UPI tidak dikaji 
dengan secukupnya. Pengajian ini bertujuan untuk mengesan dan mengimej 
bentuk dan saiz kerosakan kilat secara tepat dan berstatistik, di samping menilai 
keterukannya dengan menggunakan UPI. Empat keping GFRP 1-lapis dan dua 
keping GFRP 3-lapis telah dibuat dan disambar dengan voltan dedenyut 
1.2/50µs 6kV, 7kV, dan 16kV, bagi tiga daripada empat GFRP 1-lapis masing-
masing, dan voltan dedenyut 1.2/50µs 18kV bagi spesimen-spesimen yang lain. 
Standard-standard penyelakuan panahan kilat yang digunakan dalam kajian ini 
ialah IEC 60060-1 (2010), IEC 60060-2 (2010), dan IEC 60060-3 (2006). Data 
ultrabunyi telah diperolehkan dengan menggunakan sistem UPI dan seterusnya 
diproses dengan teknik Pemetaan Anomali Berambang Statistik (STAM) yang 
telah diperkenalkan dalam kajian ini. Keputusan kajian ini menunjukkan bahawa 
saiz kerosakan bertambah secara berkadar dengan peningkatan voltan pecah 
tebat, iaitu 27.75mm2, 29.72mm2, dan 38.5mm2 bagi 6kV, 7kV, dan 16kV voltan 
pecah tebat masing-masing untuk spesimen-spesimen 1-lapis. Spesimen 4 telah 
mengalami peningkatan saiz kerosakan yang ketara berbanding dengan 
spesimen 1-lapis yang lain akibat daripada sambaran kilat yang berlaku pada 
permukaan spesimen sahaja. Spesimen-spesimen 3-lapis telah mengalami 
kerosakan yang teruk berbanding dengan spesimen-spesimen 1-lapis, iaitu 
597.25mm2 dan 573.5mm2 masing-masing. Hal ini adalah kerana spesimen 3-
layer boleh mengalami pelekangan manakala spesimen 1-lapis tidak akan 
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mengalami kerosakan jenis tersebut. Keputusan-keputusan kajian ini 
membuktikan bahawa kerosakan kilat pada GFRP dapat dikesan dengan 
menggunakan sistem UPI. Teknik STAM yang diperkenalkan dalam projek ini 
dapat membezakan kerosakan dan hingar dengan menggunakan ambang 
statistik. Oleh itu, STAM dapat meningkatkan keutuhan dan ketepatan penilaian 
kerosakan kilat. Akhirnya, kajian ini telah mendapati bahawa saiz kerosakan kilat 
meningkat apabila voltan pecah tebat meningkat. Dapatan ini adalah di bawah 
penyelidikan yang akan datang. 
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CHAPTER 1  

INTRODUCTION 

This thesis explains the investigation of lightning damage of aerospace-grade 
glass fibre reinforced polymer (GFRP) using an Ultrasonic Propagation Imaging 
(UPI) technique called Statistically Thresholded Anomaly Mapping (STAM) 
developed in this study. The imaging technique was developed as functionality 
extension for a nondestructive evaluation system known as scanning laser 
ultrasonic wavefield propagation imager. In this chapter, the background of the 
problem is described in Subchapter 1.1 Problem Background. The problem 
statement is discussed in Subchapter 1.2 Problem Statement, followed by the 
objectives and aim of this study in Subchapter 1.3 Aim and Objectives. 
Subchapter 1.4 Scope of Work defines the scope and limitations of this study. 
Other than that, the outline of the thesis is also stated in Subchapter 1.5 Thesis 
Layout, and contents of each following chapter are briefly explained. 

1.1 Problem Background 

Composites used in aircraft structural applications have greater mechanical 
properties compared to aluminium alloy such as high specific stiffness and 
strength (Hirano, Katsumata, Iwahori, & Todoroki, 2010). The fact that these 
composites are much superior to their aluminium counterparts in aircrafts have 
drawn wide interest in the aircraft manufacturing industry. Among the types of 
composites used for aircrafts, there exists a composite called Glass Fibre 
Reinforced Polymer (GFRP), which is mainly used in the making of radomes 
(Dutton, Kelly, & Baker, 2004). Due to its location on the tip of a plane, also 
known as the nose, it is more likely to suffer lightning damage than other aircraft 
parts since the nose of an aircraft is the most common lightning attachment point 
(Sweers, Birch, & Gokcen, 2012), as shown in Figure 1.1. Compared to 
aluminium alloy, GFRP has a much lower electrical (Kawakami & Feraboli, 2011) 
and thermal conductivities (Scott & Scala, 1982), which make them highly 
susceptible to lightning damages. Combining the fact that the highly lightning 
damage susceptible GFRP is very likely to be hit by lightning and the fact that it 
is mainly used for the construction of radomes which houses important radar and 
communication instruments, it can clearly be seen that the relationship between 
lightning damages and GFRP should be well studied.  
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Figure 1.1: Lightning Entry and Exit Points on an Airplane. Source: (Sweers 
et al., 2012) 

There are a few types of lightning damage on GFRP, such as fibre breakages, 
delaminations, and charring at the lightning attachment point. Lightning damages 
on GFRP are typically caused by acoustic shock or through resistive heating 
during a lightning strike. Acoustic shocks from lightning strikes are caused by the 
rapid heating of air in a short span of time, normally only lasting tens of 
nanoseconds to a second (Dwyer & Uman, 2014), when lightning travels through 
an ionized channel of air which guides the lightning current to its destination. This 
in turn causes a rapid expansion of air at supersonic speeds that further results 
in shockwaves (Dwyer & Uman, 2014; Feraboli & Miller, 2009; Kawakami & 
Feraboli, 2011; Rupke, 2002). Damages are inflicted on GFRP when these 
shockwaves come into contact with it, which causes a pressure rise on the 
surface of GFRP, causing fragmentation, delamination, and cracks to the 
composite.  

Damages through resistive heating are caused by the rise in temperature as 
lightning current travels through GFRP, also known as Joule Heating or Ohmic 
Heating. The power (energy per second) of resistive can be calculated using 
Joule's first law, which states that the power of the heat generated when current 
travels through a conductor is proportional to the product of the conductor's 
resistance and the current squared, shown in Equation 1.1.  

 P ∝  I2 ∙ R  (1.1) 

Due to high temperatures caused by the lightning current, the resin/fibre interface 
of GFRP breaks down through pyrolysis and burning (Kawakami & Feraboli, 
2011). Other than that, the resin in GFRP releases gases during pyrolysis 
(Schulte-Fischedick, Seiz, Lützenburger, Wanner, & Voggenreiter, 2007), which 
will form an air bubble if the gases are trapped within the interlaminar layer of 

Initial entry Final entry

Initial exit Final exit
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the GFRP and thus causing the GFRP to delaminate. Furthermore, explosive 
fractures occur (Hirano et al., 2010) when these air bubbles are struck with the 
aforementioned acoustic shocks. 

In order to detect these damages, nondestructive testings (NDE) are carried out. 
Due to ultrasound's sensitivity towards physical properties such as volume, 
thickness, temperature (Kouche & Hassanein, 2012), and most importantly, 
damages or anomalies present on the surface or within a material, such as 
delaminations and fibre breakages, ultrasound can be used to detect and 
evaluate damages on GFRP through various Ultrasonic Propagation Imaging 
(UPI) techniques, such as the local wavenumber technique (Juarez & Leckey, 
2015) and the Anomalous Wave Propagation Imaging (AWPI) technique (Lee, 
Chia, Park, & Jeong, 2012). In its base form, UPI is often presented in the form 
of a video, where the indications of any damage are highly likely to be hidden 
within the incident waves. Other than that, UPI base videos are highly complex 
such that even with trained eyes, the result is most likely undecipherable. The 
situation worsens the more complex the object or structure being evaluated is. 
This is due to incident waves being reflected off native components such as bolts 
and nuts, mixing into the already complicated wavefield consisting of incident 
waves and anomalous waves. Figure 1.2 shows an example of the complexity 
of ultrasonic wavefields, where it is clear that the wave components overlap each 
other.  
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Figure 1.2: Incident wave and reflected waves from the sides, where (a) 
represents the original ultrasonic wavefield and (b) represents the 
ultrasonic wavefield with visual guide for each of its wave components 
where red lines are the incident waves, black lines are the reflected waves 
from the left side and yellow lines represent the reflected waves from the 
right side 

In spite of UPI techniques being sensitive to damages, such as impact damages, 
without a statistical technique to process the UPI results, hazardous 
misinterpretations may occur. As aforementioned, UPI results is often highly 
complex due to high amplitude incident waves masking the highly sought after 
anomalous waves, which indicate the presence of damages. Even when 
suppressed, these incident waves tend to leave behind some noises that often 
cause the evaluation of the results, which are often images generated from the 
ultrasonic wavefield data, to be indecisive and inaccurate. Since it depends on 
the perspective of an inspector to evaluate the damages in the final result, the 
final judgement will differ from person to person, thus making it prone to doubts 
and human errors. To reliably analyze a lightning damaged GFRP, such as the 
determination of the damage shape and size, a statistical technique that only 
highlights damaged regions should be introduced. 

1.2 Problem Statement 

Although GFRP is used to build the radome of an aircraft, where lightning is most 
likely to attach to, the studies regarding the analysis of lightning damage on 
GFRP using UPI are lacking. The radome houses the radar antenna and other 
communication instruments for an aircraft and it is usually installed on aircraft 
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parts where lightning strikes the most, such as an aircraft’s nose cone. Thus, 
lightning damage to the radome or its material, GFRP, should be well studied for 
fairly new nondestructive evaluation (NDE) techniques such as UPI to find out 
its efficacy in the detection of lightning damage. As such, investigations should 
be carried out to know the extent of UPI in the detection of lightning damages on 
GFRP. 

Secondly, a statistical technique to determine the shape, size, and location of 
lightning damage is also currently not available for UPI techniques. Currently, 
UPI techniques require manual interpretations of final results in order to 
determine the presence of lightning damage in the inspected area. Such 
interpretations are prone to errors as perspectives differ from one inspector to 
another. However, with the use of a statistical technique to interpret the results, 
damaged areas will be clearly defined and the final conclusion made by any 
inspector on the presence of damage and its characteristics will be identical. 

Thirdly, the relationship between the voltage of a lightning strike and GFRP is 
also not explored thoroughly. Although it is common knowledge that GFRP is 
used in the making of aircrafts, studies recently had only been focusing on the 
effects of lightning strikes on Carbon Fibre Reinforced Polymers (CFRP). Even 
though GFRP is only used in small quantities compared to CFRP, lightning 
damage to GFRP should not be ignored since it is more likely to be struck by 
lightning due to its position on an aircraft. As such, it is important to understand 
the relationship between the voltage of a lightning strike and the subsequent 
damage that it causes onto GFRP. 
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1.3 Aim and Objectives 

The aim of this study is to accurately and statistically detect, define the shape 
and size, and evaluate the severity of lightning damages in aerospace-grade 
glass fibre reinforced polymers (GFRP) through Ultrasonic Propagation Imaging 
(UPI) by using frequency-wavenumber analysis of ultrasonic wavefields. This 
aim will be achieved through the following objectives: 

1. To analyze lightning damage on aerospace-grade glass fibre reinforced 
polymer using Ultrasonic Propagation Imaging 

2. To develop a reliable statistical damage threshold to accurately determine 
the size of the lightning damage. 

3. To investigate the relationship between the voltage of a lightning strike and 
the severity of the lightning damage. 

1.4 Scope of Work 

This study focuses on the development of a technique that involves the use of 
the frequency-wavenumber domain that is able to statistically and accurately 
determine the location, shape and size of lightning damages on lightning struck 
aerospace-grade GFRP. Only four 1-layer and two 3-layer (0/90) type-E GFRP 
specimens were used due to the shortage of resources. These GFRP specimens 
were struck under IEC 60060-1 (2010), IEC 60060-2 (2010), and IEC 60060-3 
(2006) standards by using a combination wave generator under various 
breakdown voltages with a fixed current since we are interested in the 
relationship between the voltage of a lightning strike and the severity of the 
damage caused by the lightning strike. Due to the time constraint, the 
relationship between current amplitudes and their effects on GFRP is not studied. 
The severity of the damages inflicted upon the specimens obtained using the 
proposed technique were compared with visual inspections with backlight 
illumination. This technique was proposed and accepted as an appropriate 
technique in the past so it is suitable to be used in this study. Aluminium 
aerospace materials are not of concern in this study as well because we are only 
interested on the effects of lightning strikes on composites since aluminium 
aerospace materials are much less susceptible to lightning damages. 
Optimization of the technique is also not included in the study as we are currently 
only focusing on developing the technique. 

1.5 Thesis Layout 

This thesis is divided into five chapters. Chapter 1 Introduction briefs the reader 
about the background of the problem as well as the aim and objective of this 
study. Chapter 2 Literature Review discusses and reviews the recent researches 
conducted by other researchers, such as recent UPI techniques used to detect 
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damages. Chapter 3 Research Methodology discusses the methodology used to 
prepare the specimens to ensure that they are of aerospace-grade quality, such 
as the curing method used and the way the specimens were cut. This chapter 
also provides detailed explanation on the Statistically Thresholded Anomaly 
Mapping (STAM) technique developed in this study which was used to solve the 
problems stated in Chapter 1. Chapter 4 Results and Discussions displays the 
results of the experiments while stating logical explanations to each of the results. 
Chapter 5 Conclusions concludes the findings of this research and states the 
research yet to be done and which should be conducted in the future.  

  



© C
OPYRIG

HT U
PM

71 

 

REFERENCES 

A-scans and C-scans. (n.d.). Retrieved October 29, 2015, from 
https://www.cnde.iastate.edu/ultrasonics/scans-and-c-scans 

Aindow, A. M., Dewhurst, R. J., Palmer, S. B., & Scruby, C. B. (1984). Laser-
based non-destructive testing techniques for the ultrasonic characterization 
of subsurface flaws. NDT International, 17(6), 329–335. 
https://doi.org/10.1016/0308-9126(84)90141-X 

Brotherhood, C. J., Drinkwater, B. W., & Dixon, S. (2003). The detectability of 
kissing bonds in adhesive joints using ultrasonic techniques. Ultrasonics, 
41(7), 521–529. https://doi.org/10.1016/S0041-624X(03)00156-2 

Cawley, P. (1994). The rapid non-destructive inspection of large composite 
structures. Composites, 25(5), 351–357. https://doi.org/10.1016/S0010-
4361(94)80005-7 

Chia, C. C., Jeong, H.-M., Lee, J.-R., & Park, G. (2012). Composite aircraft 
debonding visualization by laser ultrasonic scanning excitation and 
integrated piezoelectric sensing. Structural Control and Health Monitoring, 
19(7), 605–620. https://doi.org/10.1002/stc.1504 

Chia, C. C., Lee, J.-R., & Park, C. Y. (2012). Radome health management based 
on synthesized impact detection, laser ultrasonic spectral imaging, and 
wavelet-transformed ultrasonic propagation imaging methods. Composites 
Part B: Engineering, 43(8), 2898–2906. 
https://doi.org/10.1016/j.compositesb.2012.07.033 

Chia, C. C., Lee, J.-R., & Shin, H.-J. (2009). Hot target inspection using a welded 
fibre acoustic wave piezoelectric sensor and a laser-ultrasonic mirror 
scanner. Measurement Science and Technology, 20(12), 127003. 
https://doi.org/10.1088/0957-0233/20/12/127003 

Chia, C. C., Lee, J., Park, J., Yun, C., & Kim, J. H. (2008). New design and 
algorithm for an ultrasonic propagation imaging system. Defektoskopie 
2008, 63–70. 

Choi, Y., & Lee, J. R. (2017a). Dual-energy wave subtraction imaging for 
evaluation of barely visible impact damage with an ultrasonic propagation 
imaging system. Journal of Intelligent Material Systems and Structures, 
(2012). https://doi.org/10.1177/1045389X17721040 

Choi, Y., & Lee, J. R. (2017b). Multi-directional adjacent wave subtraction and 
shifted time point mapping algorithms and their application to defect 
visualization in a space tank liner. NDT and E International, 86(November 
2016), 53–64. https://doi.org/10.1016/j.ndteint.2016.11.009 

Couplant. (n.d.). Retrieved August 29, 2018, from NDT Resource Center website: 
https://www.nde-
ed.org/EducationResources/CommunityCollege/Ultrasonics/EquipmentTr
ans/Couplant.htm 



© C
OPYRIG

HT U
PM

72 

 

Data Presentation. (n.d.). Retrieved October 29, 2015, from https://www.nde-
ed.org/EducationResources/CommunityCollege/Ultrasonics/EquipmentTr
ans/DataPres.htm 

Dawson, A. J., Michaels, J. E., & Michaels, T. E. (2016). Isolation of ultrasonic 
scattering by wavefield baseline subtraction. Mechanical Systems and 
Signal Processing, 70–71, 891–903. 
https://doi.org/10.1016/j.ymssp.2015.09.008 

Dutton, S., Kelly, D., & Baker, A. (2004). Composite Materials for Aircraft 
Structures, Second Edition. In Journal of the Japan Society for Aeronautical 
and Space Sciences (Vol. 43). https://doi.org/10.2514/4.861680 

Dwyer, J. R., & Uman, M. a. (2014). The physics of lightning. Physics Reports, 
534(4), 147–241. https://doi.org/10.1016/j.physrep.2013.09.004 

Enderby, M. D., Clarke, A. R., Patel, M., Ogden, P., & Johnson, A. A. (1998). An 
automated ultrasonic immersion technique for the determination of three-
dimensional elastic constants of polymer composites. Ultrasonics, 36(1–5), 
245–249. https://doi.org/10.1016/S0041-624X(97)00065-6 

Feraboli, P., & Kawakami, H. (2010). Damage of Carbon/Epoxy Composite 
Plates Subjected to Mechanical Impact and Simulated Lightning. Journal 
of Aircraft, 47(3), 999–1012. https://doi.org/10.2514/1.46486 

Feraboli, P., & Miller, M. (2009). Damage resistance and tolerance of 
carbon/epoxy composite coupons subjected to simulated lightning strike. 
Composites Part A: Applied Science and Manufacturing, 40(6–7), 954–967. 
https://doi.org/10.1016/j.compositesa.2009.04.025 

Flynn, E. B. (2014). Embedded Multi-Tone Ultrasonic Excitation and Continuous-
Scanning Laser Doppler Vibrometry for Rapid and Remote Imaging of 
Structural Defects. 7th European Workshop on Structural Health 
Monitoring, 1561–1567. 

Flynn, E. B., Chong, S. Y., Jarmer, G. J., & Lee, J.-R. (2013). Structural imaging 
through local wavenumber estimation of guided waves. NDT & E 
International, 59, 1–10. 
https://doi.org/http://dx.doi.org/10.1016/j.ndteint.2013.04.003 

Green, R. E. (2004). Non-contact ultrasonic techniques. Ultrasonics, 42(1–9), 9–

16. https://doi.org/10.1016/j.ultras.2004.01.101 

Hasiotis, T., Badogiannis, E., & Tsouvalis, N. G. (2011). Application of Ultrasonic 
C-Scan Techniques for Tracing Defects in Laminated Composite Materials. 
Strojniški Vestnik – Journal of Mechanical Engineering, 2011(03), 192–203. 
https://doi.org/10.5545/sv-jme.2010.170 

Hirano, Y., Katsumata, S., Iwahori, Y., & Todoroki, A. (2010). Artificial lightning 
testing on graphite/epoxy composite laminate. Composites Part A: Applied 
Science and Manufacturing, 41(10), 1461–1470. 
https://doi.org/10.1016/j.compositesa.2010.06.008 



© C
OPYRIG

HT U
PM

73 

 

Juarez, P. D., & Leckey, C. A. C. (2015). Multi-frequency local wavenumber 
analysis and ply correlation of delamination damage. Ultrasonics, 62, 56–
65. https://doi.org/10.1016/j.ultras.2015.05.001 

Kawakami, H., & Feraboli, P. (2011). Lightning strike damage resistance and 
tolerance of scarf-repaired mesh-protected carbon fiber composites. 
Composites Part A: Applied Science and Manufacturing, 42(9), 1247–1262. 
https://doi.org/10.1016/j.compositesa.2011.05.007 

Kouche, A. El, & Hassanein, H. S. (2012). Ultrasonic Non-Destructive Testing 
(NDT) Using Wireless Sensor Networks. Procedia Computer Science, 10, 
136–143. https://doi.org/10.1016/j.procs.2012.06.021 

Lee, J.-R., Chia, C. C., Jin Shin, H., Park, C.-Y., & Jin Yoon, D. (2011). Laser 
ultrasonic propagation imaging method in the frequency domain based on 
wavelet transformation. Optics and Lasers in Engineering, 49(1), 167–175. 

Lee, J.-R., Chia, C. C., Park, C.-Y., & Jeong, H. (2012). Laser ultrasonic 
anomalous wave propagation imaging method with adjacent wave 
subtraction: Algorithm. Optics & Laser Technology, 44(5), 1507–1515. 
https://doi.org/10.1016/j.optlastec.2011.12.008 

Lee, J.-R., Shin, H.-J., Chia, C. C., Dhital, D., Yoon, D.-J., & Huh, Y.-H. (2011). 
Long distance laser ultrasonic propagation imaging system for damage 
visualization. Optics and Lasers in Engineering, 49(12), 1361–1371. 
https://doi.org/10.1016/j.optlaseng.2011.07.011 

Michaels, T. E., Ruzzene, M., & Michaels, J. E. (2009). Incident wave removal 
through frequency-wavenumber filtering of full wavefield data. AIP 
Conference Proceedings, 1096, 604–611. 
https://doi.org/10.1063/1.3114311 

Ogasawara, T., Hirano, Y., & Yoshimura, A. (2010). Coupled thermal–electrical 
analysis for carbon fiber/epoxy composites exposed to simulated lightning 
current. Composites Part A: Applied Science and Manufacturing, 41(8), 
973–981. https://doi.org/10.1016/j.compositesa.2010.04.001 

Pavlakovic, B., Lowe, M., Alleyne, D., & Cawley, P. (1997). Disperse: A General 
Purpose Program for Creating Dispersion Curves. In Review of Progress 
in Quantitative Nondestructive Evaluation (pp. 185–192). 
https://doi.org/10.1007/978-1-4615-5947-4_24 

Rogge, M. D., & Leckey, C. A. C. (2013). Characterization of impact damage in 
composite laminates using guided wavefield imaging and local 
wavenumber domain analysis. Ultrasonics, 53(7), 1217–1226. 
https://doi.org/10.1016/j.ultras.2012.12.015 

Rupke, E. (2002). Lightning direct effects handbook. In Lightning Technologies, 
Inc., Rept. AGATE-WP3.1-031027-043. Retrieved from 
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Lightnin
g+Direct+Effects+Handbook#0 



© C
OPYRIG

HT U
PM

74 

 

Ruzzene, M. (2007). Frequency–wavenumber domain filtering for improved 
damage visualization. Smart Materials and Structures, 16(6), 2116–2129. 
https://doi.org/10.1088/0964-1726/16/6/014 

Schulte-Fischedick, J., Seiz, S., Lützenburger, N., Wanner, A., & Voggenreiter, 
H. (2007). The crack development on the micro- and mesoscopic scale 
during the pyrolysis of carbon fibre reinforced plastics to carbon/carbon 
composites. Composites Part A: Applied Science and Manufacturing, 
38(10), 2171–2181. https://doi.org/10.1016/j.compositesa.2007.06.013 

Scott, I. G., & Scala, C. M. (1982). A review of non-destructive testing of 
composite materials. NDT International, 15(2), 75–86. 
https://doi.org/10.1016/0308-9126(82)90001-3 

Shin, H.-J., & Lee, J.-R. (2017). Development of a long-range multi-area 
scanning ultrasonic propagation imaging system built into a hangar and its 
application on an actual aircraft. Structural Health Monitoring, 16(I), 97–
111. https://doi.org/10.1177/1475921716664493 

Steiner, K. V., Eduljee, R. F., Huang, X., & Gillespie, J. W. (1995). Ultrasonic 
NDE techniques for the evaluation of matrix cracking in composite 
laminates. Composites Science and Technology, 53(2), 193–198. 
https://doi.org/10.1016/0266-3538(95)00018-6 

Sweers, G., Birch, B., & Gokcen, J. (2012). Lightning Strikes: Protection, 
Inspection and Repair. Aero Quarterly, (4), 18–28. Retrieved from 
http://www.boeing.com/commercial/aeromagazine/articles/2012_q4/4/ 

Tian, Z., Lingyu Yu, Leckey, C., & Seebo, J. (2015). Guided wave imaging for 
detection and evaluation of impact-induced delamination in composites. 
Smart Materials and Structures, 24(10), 105019. 
https://doi.org/10.1088/0964-1726/24/10/105019 

Zeng, W., Wang, H., Tian, G., & Hu, G. (2015). Application of laser ultrasound 
imaging technology in the frequency domain based on Wigner–Ville 
algorithm for detecting defect. Optics & Laser Technology, 74, 72–78. 
https://doi.org/10.1016/j.optlastec.2015.05.015 

Zeng, W., Wang, H., Tian, G., & Wang, W. (2016). Detection of surface defects 
for longitudinal acoustic waves by a laser ultrasonic imaging technique. 
Optik - International Journal for Light and Electron Optics, 127(1), 415–419. 
https://doi.org/10.1016/j.ijleo.2015.09.175 

  



© C
OPYRIG

HT U
PM

81 

BIODATA OF STUDENT 

My name is Gan Chia Sheng. I had obtained the degree of Bachelor of Electric 
and Electronics (Hons.) from Universiti Tenaga Nasional (UNITEN) prior to the 
conduction of this study. I am currently pursuing the degree of Master of Science 
(MSc.) in Universiti Putra Malaysia (UPM). I had previously worked at 
PRADOTEC Corp Sdn. Bhd. in the Software Department as an intern for three 
months. 



© C
OPYRIG

HT U
PM

82 

LIST OF PUBLICATIONS 

Chia Sheng Gan, Chen Ciang Chia, Lin Yaw Tan, M. Norkhairunnisa, Joel B. 
Harley (2018). Statistical evaluation of damage size based on amplitude 
mapping of damage-induced ultrasonic wavefield. IOP Conf. Ser.: Mater. 
Sci. Eng. 405 012006. 

Chen Ciang Chia, Chia Sheng Gan, and F. Mustapha (2017). Local Wavefield 
Velocity Imaging for Damage Evaluation. AIP Conf. Proc. 1806, 030001 

Gan Chia Sheng, Chia Chen Ciang, M. Norkhairunnisa, Joel B. Harley, Jung-
Ryul Lee (2019). Statistically Thresholded Anomaly Mapping Method for 
Ultrasound Full Wavefield Data. Submitted to NDT&E Int. 

Chia Sheng Gan, Lin Yaw Tan, Chen Ciang Chia, F. Mustapha, and Jung-Ryul 
Lee (2019). Nondestructive Detection of Incipient Thermal Damage in 
Glass Fiber Reinforced Epoxy Composite using the Ultrasonic Propagation 
Imaging. Functional Composites and Structures 1 025006. 
https://doi.org/10.1088/2631-6331/ab260a



© C
OPYRIG

HT U
PM




