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ABSTRACT  

 

This dissertation presents the development of fatigue crack detection techniques based on nonlinear ultra-

sonic modulation. When two surface-mounted lead zirconate titanate (PZT) transducers apply low frequency (LF) 

and high frequency (HF) inputs to a structure, the presence of a fatigue crack can provide a mechanism for non-

linear ultrasonic modulation and create spectral sideband components. First, the binding conditions (BCs) for the 

generation of nonlinear ultrasonic modulation specifically for a localized nonlinear source such as a fatigue crack, 

are theoretically formulated. Then, the suitability of the BCs are experimentally validated considering both prop-

agating waves and stationary vibrations. Additionally, the BCs for nonlinear modulation generation due to distrib-

uted material and localized crack nonlinear sources are compared. Then, the main source of nonlinear modulation 

is investigated through visualization of modulation components on a cracked area by a 3D laser Doppler vibrom-

eter (LDV) scanning. Micro and macro cracks are visualized, and the main source of nonlinear modulation is 

discussed by comparing the fatigue crack visualization results and the microscopic images. Next, the reference-

free fatigue crack classifiers for online fatigue crack monitoring are proposed. The spectral sidebands are extracted 

using a combination of linear response subtraction (LRS), synchronous demodulation (SD) and continuous wavelet 

transform (CWT) filtering. Then, the best combinations of LF and HF inputs that amplify the crack-induced spec-

tral sideband amplitudes are identified using a spectrogram named the first sideband spectrogram (FSS). Next, a 

reference-free fatigue crack classifier using a sequential outlier analysis without any baseline data obtained from 

the structure in intact condition is developed. The robustness of the proposed technique is demonstrated using the 

actual test data obtained from simple aluminum plates and complex aircraft fitting-lug specimens under various 

temperature and loading conditions. The limitations of the fatigue crack classifier using the outlier analysis are 

found during the applications to various structures. Thus, a new classifier using a Skewness-Median (SM) analysis 

is proposed. The modified fatigue crack classifier is validated through applications to the aluminum plates and 

aircraft fitting-lug specimens under various temperature/loading conditions and a real bridge structure. Then, a 

wireless sensor node for fatigue crack detection is developed by implementing the SM analysis based reference-

free fatigue crack classifier. In order to achieve low power operation for field applications such as bridges and 

buildings, all hardware components are selected to minimize power consumption. The developed wireless sensor 

node is validated through laboratory tests and application to Yeongjong Grand Bridge by comparing the damage 

diagnosis results obtained by the conventional wired system. 

 

 

Keywords: Nonlinear ultrasonics modulation, Fatigue crack detection, Binding conditions, First sideband spec-

trogram, Reference-free damage detection, Wireless sensor node 
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Chapter 1. Introduction  

 

1.1 Motivation  

 

  

(a) (b) 

Figure 1.1 Seongsu bridge collapse occurred in 1994, South Korea (32 people died and 17 were injured). (a) 

The collapsed bridge girder of Seongsu bridge, (b) Fatigue failure at the improper welded joint 

 

  

(a) (b) 

Figure 1.2 Eschede train disaster occurred in 1998, Germany (101 people died and around 100 were injured). 

(a) The destruction of the rear passenger cars, (b) Fracture surface of the broken wheel tire due to fatigue 

(Esslinger et al., 2004) 

 

 

A crack is one of the primary culprits for the failure of metallic structures. It is estimated that up to 90% 

of failures of in-service metallic structure are the result of fatigue cracks (Campbell, 2008). A fatigue crack is 

initiated from a damage precursor at unperceivable level (e.g. dislocation or micro crack in materials) when the 
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material is subjected to repeated loading. The precursor can often continue to grow to a critical point at an 

alarming rate without sufficient warning, leading to catastrophic consequences (Zhou et al., 2013). That is, a 

fatigue crack often becomes conspicuous only after the crack reaches about 80% of the total fatigue life for 

most metallic materials (Kim et al., 2011). For example, in 1994, as shown in Figure 1.1, the central region of 

Seongsu bridge suddenly collapsed, which across Han River in Seoul, South Korea. 32 people died and 17 were 

injured by the collapse. The main cause of the collapse was found that an improper welded joint of the bridge 

was failed due to fatigue. Furthermore, in 1998, the Eschede train disaster, the worst high-speed train derailment 

in history, occurred in Germany because a single fatigue crack in one of the train wheel tires was undetected 

and finally failed (Esslinger et al., 2004) (Figure 1.2). Due to this disaster, 101 people died and around 100 were 

injured. Therefore, for saving lives and materials from the disasters due to the fatigue failure of infrastructures 

such as bridges, high-speed trains and aircrafts, it is necessary to develop fatigue crack detection or monitoring 

techniques which can detect and alarm before the failure. 

 

1.2 Mechanism for Fatigue Crack Formation and Growth 

 

Figure 1.3 Mechanism of fatigue crack formation and growth. 

 

All metallic structures initially exhibit material nonlinearity such as dislocation and initial micro 

crack/voids over the entire volume. Under repetitive loading, the stress is concentrated at damage precursors 

and later dissipated by plastic deformation. With more cycles of loading, micro cracks are nucleated at the grain 

boundaries and coalesce and grow into a macroscopic crack which can affect the structural integrity and stability 

(crack initiation). 
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Generally, fatigue crack propagation can be divided into three stages. First, once the crack is initiated, 

the fatigue crack propagates along shear stress plane (45 degree) as shown in Figure 1.3. This is known as óStage 

Iô or the short crack growth propagating stage. When the stress concentrated at the crack tip increase as a con-

sequence of crack growth, slips start to develop in different planes close to the crack tip, initiating óStage IIô 

(long cracks). Here, as shown in Figure 1.3, crack orientation is perpendicular to the loading direction while 45 

degree orientation in Stage I. An important characteristic in Stage II is the presence of ñstriationò which is the 

presence of ripples on the crack surfaces. Striations are not seen all engineering materials, however, clearly seen 

in pure metals and many ductile alloys such as aluminum (Totten, 2008). At this point, micro cracks and a plastic 

zone, where stresses are highly localized, and are formed ahead of the crack tip as shown in Figure 1.3 (Ander-

son, 2005). As the crack continues to propagate, the plastic zone leaves a trace called ñplastic wakeò along the 

crack surface and a new plastic zone is formed at the crack tip. Finally, the stress concentrated at the crack tip 

reaches the strength of material, the crack starts to grow unstably and rapidly fractured (Stage III, final fracture). 

Here, the crack growth is controlled by the micro structure of the material, load ratio and stress state (plane 

stress or plane strain). Macroscopically, the fatigue fracture surface can be divided into two distinct regions as 

shown in Figure 1.4. One region is related to the stable crack growth and the other region related to the final 

fracture. The portion of each regions depends on the level of applied loading. As shown in Figure 1.4 (a), high 

loading level results in a small stable crack propagation area. On the other hand, the stable crack propagation 

area is larger than the loading level case when lower loading level is applied as depicted in Figure 1.4 (b). 

 

  

(a) High level loading (b) Low level loading 

Figure 1.4 Fatigue fracture surface with different loading conditions (Totten, 2008) 
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1.3 Fatigue Crack Detection Techniques 

 

1.3.1 Linear Ultrasonic Techniques 

 

Linear ultrasonic techniques have gained prominence for fatigue crack detection in nondestructive test-

ing (NDT) and structural health monitoring (SHM) due to their immense potential in periodic and continuous 

monitoring of in-service structures and their relatively large sensing range. The linear ultrasonic techniques use 

the linear features of ultrasonic waves, such as reflection, attenuation, and mode conversion and etc. for fatigue 

crack diagnosis. The time-of-flight diffraction (TOFD), which uses the arrival time of ultrasonic diffracted from 

the crack tip in a through-thickness direction, was reported (Shan and Dewhurst, 1993). Ihn and Chang devel-

oped a piezoelectric sensor network for monitoring of fatigue crack growth in metallic plate using the energy 

reduction of the transmitted Lamb wave due to the scattering at the crack tip (Ihn and Chang, 2004). Staszewski 

et al. showed a wavefield image where the wave scattered at the crack tip using a 3D laser Doppler vibrometer 

(LDV)  with spatial scanning (Staszewski et al., 2007). However, these linear features are reported to be not 

sensitive enough to detect fatigue cracks until they become visibly large (Kim et al., 2006). 

 

1.3.2 Nonlinear Ultrasonic Techniques 

 

 

Figure 1.5 Nonlinear Harmonic, sub-harmonic and modulation components generated by defects. 

 

 

To overcome the limitation of the linear ultrasonic techniques, a body of research has gone into the 

development of nonlinear ultrasonic techniques, which look for nonlinear phenomenon created by defects. 

When ultrasonic waves or vibrations are applied to a localized crack (fatigue crack), the crack surface can be 

alternating between open and closed (contact) conditions. This is called óbreathing crackô or ócontact acoustic 

nonlinearityô (CAN). It is known that the nonlinearity due to the crack opening/closing has strong and localized 
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characteristic (Donskoy et al., 2001; Duffour et al., 2006). The contacts between rough crack interfaces can also 

occur locally while the crack is not completely open or closed, that is called ómicro-contactô (Van Den Abeele 

et al., 2000). 

It has been shown that the sensitivity of the nonlinear ultrasonic techniques to defects is far better than 

that of the linear ones (Cantrell and Yost, 1994; Zaitsev et al., 2006). Several nonlinear ultrasonic techniques 

are introduced and briefly summarized as follows (Figures 1.5 and 1.6): 

 

1) Harmonic: Higher harmonic generation is the most classical phenomenon where the waveform of the inci-

dent wave at frequency is distorted due to nonlinear sources and additional waves at frequencies ςσ,‫ ,‫ ‫ 

é are generated (Cantrell and Yost, 2001). 

 

2) Sub-harmonic: Similar with the harmonic, the sub-harmonic occurs at a frequency range lower than that of 

the input wave frequency. This phenomena is recently discovered comparing with other nonlinear phenomenon 

(Solodov et al., 2004). When a wave at frequency propagates through a media with a nonlinear source, an ‫ 

additional component at frequency .is generated ‫ 

 

3) Modulation: When two waves at distinctive frequencies ‫  and ‫  (‫ ‫ ) are applied to a media 

with a nonlinear source, these waves mutually interact and generate modulated component at frequency ‫

‫  (Zaitsev et al., 2009). It is also known as nonlinear wave modulation spectroscopy (NWMS) (Van Den 

Abeele et al., 2000) or vibro-acoustic modulation (VAM) (Sutin and Donskoy, 1998) or nonlinear wave mixing 

(Croxford et al., 2009). 

 

  

(a) Intact structure (b) Damaged structure 

Figure 1.6 Resonance frequency shift by applied loading 
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4) Resonance frequency shift: The resonance frequency of a structure is shifted as a function of the excitation 

level when the structure has a nonlinear source (Visscher et al., 1991). That is, the resonance peak of a structure 

with a nonlinear source is shifted horizontally as the level of the loading increases (Figure 1.6). This phenome-

non has been applied to characterization of concretes, fiber reinforced composites as well as metallic materials 

(Payan et al., 2007; Meo et al., 2008). 

 

The interest in applying nonlinear ultrasonics is that these phenomenon are enormous in damage material 

but nearly unmeasurable in intact materials. Those are expected to be much more sensitive to micro-damage 

than the linear ultrasonic techniques (Jhang, 2009). 

It is known that nonlinear ultrasonic modulation may result from not only the localized crack but also 

the distributed material nonlinearity. That is, a crystallographic defect, or irregularity, within a material such as 

dislocation or interatomic potential distributed entire material also can be a source of nonlinearity. Additionally, 

distributed initial micro cracks/voids in material also cause nonlinearity. These distributed material nonlinearity 

is known not localized (global characteristic) and weaker than the crack nonlinearity (Nazarov et al. 1988). 

However, in some cases, this distributed material nonlinearity can give non-negligible contribution to the ob-

served nonlinear components for localized damage detection such as fatigue crack (Zaitsev et al. 2009). 

The binding conditions (BCs) which is necessary for nonlinear component generation due to the distrib-

uted material nonlinearity is well established by de Lima and Hamilton and many literatures use the BCs for 

measuring the material nonlinearity, which is one of material properties (de Lima and Hamilton, 2003). How-

ever, the BCs for localized crack nonlinearity has not been formulated systematically and experimentally vali-

dated explicitly considering both propagating waves and stationary vibrations. 

 

1) Synchronism condition: In the propagating waves, the phase velocities of low frequency (LF, ‫ ) and high 

frequency (HF, ‫ ) inputs should be identical to the phase velocity at ‫ ‫ . From the view point of vibra-

tion, the point-wise multiplication of the linear mode shapes of LF and HF signals becomes the vibrational mode 

shape at ‫ ‫ . 

 

2) Non-zero power flux condition: From the wave propagation point of view, the mode shapes of two linear 

waves should be matched with the mode shape of the modulation wave in the thickness direction of the structure 

so that the energy from the linear waves can be readily transmitted to the modulation wave. In plate-like struc-

tures, it is theoretically and experimentally shown that nonlinear harmonics exist only for S mode, but not for 
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A mode even harmonics (ςτ-é) (Srivastave and di Scalea, 2009). Similarly, the first modulation compo,‫ ,‫

nent (‫ ‫ ) will not be generated when both LF and HF inputs are A modes. As for vibrations, the mode 

shape should also be matched in the longitudinal direction in addition to the thickness direction. 

 

1.3.3 Other Techniques 

 

Figure 1.7 Radiographic based NDT technique 

 

Other NDT techniques are also actively applied to fatigue crack detection. First, Radiographic technique 

(RT) which uses X or Gamma ray is well-known and widely used NDT techniques for not only fatigue crack 

detection but also other industries such as medical and security from 1930s (Figure 1.7). Recently, fatigue crack 

growth in an aluminum structure has been investigated using an in-situ 3D X-ray (Williams et al., 2013). How-

ever, because of the radiation and high energy consumption, RT has limitation for the application to large real 

structures such as bridges and buildings. 

 

 

Figure 1.8 Eddy current technique 
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Eddy current technique is particularly well suited for detecting surface cracks but can also be used to 

make electrical conductivity and coating thickness measurements. When a circular coil carrying current is 

placed in proximity to an electrically conductive (or ferromagnetic) specimen, an alternating current in the coil 

generates changing the magnetic field which interacts with the specimen and generates the eddy currents (Figure 

1.8). Variations in the phase and magnitude of the eddy currents can be monitored using a second 'receiver' coil, 

or by measuring changes to the current flowing in the primary 'excitation' coil. Zilberstein et al. developed an 

eddy current based sensor for monitoring of fatigue crack (Zilberstein et al., 2001). 

 

Figure 1.9 Acoustic emission (AE) technique 

 

As shown in Figure 1.9, acoustic emission (AE) technique uses an elastic waves generated when a fa-

tigue crack propagates (Fang and Berkovits, 1995; Roperts and Telebzadeh, 2003). AE techniques are mainly 

useful for detection and localization of damages. With multiple transducers, the location of damage can be 

estimated using the arrival times of the signals. However, AE techniques are passive monitoring technique that 

the transducers should be on standby until the AE occurs. Additionally, sometimes, the elastic waves from the 

crack can be ñmissedò due to external noises such as operational vibrations and unexpected impacts. 

 

 

Figure 1.10 Thermography technique (Lock-in thremography) 
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Thermography technique using infrared (IR) camera is also applied for fatigue crack detection (Figure 

1.10). A hybrid ultrasonic/infrared technique for fatigue crack detection was introduced (Favro et al., 2000). 

When an ultrasonic wave propagates to a fatigue crack, it causes heat at the crack surfaces results from friction 

and crack opening /closing. Thus, the fatigue crack can be detected by the induced heat using IR camera. Laser 

lock-in thermography (LLT), which utilizes a continuous wave (CW) wave as a heat source for lock-in ther-

mography technique is developed (An et al., 2014). Through spatial scanning of the CW laser, a fatigue crack 

can be detected where the heat is blocked by the fatigue crack. 

 

1.4 Research Objectives & Uniqueness 

 

This study aims to develop a fatigue crack detection technique based on nonlinear ultrasonic modulation. 

When low frequency (LF) and high frequency (HF) inputs generated by two surface-mounted lead zirconate 

titanate (PZT) transducers are applied to a structure, the presence of a fatigue crack can provide a mechanism 

for nonlinear ultrasonic modulation and create spectral sidebands around the frequency of the HF signal. This 

study provides; 

 

1) The characteristics of nonlinear ultrasonic modulation 

First, the BCs for the generation of nonlinear ultrasonic modulation specifically for a localized nonlinear 

source such as a fatigue crack, are theoretically formulated. Then, the suitability of the BCs are experimentally 

validated considering both propagating waves and stationary vibrations. Additionally, the BCs for nonlinear 

modulation generation due to distributed material and localized crack nonlinear sources are compared. 

Secondly, a complete noncontact fatigue crack visualization technique based on nonlinear ultrasonic 

wave modulation is developed and its effectiveness in detecting different stages of fatigue cracks is investigated. 

Ultrasonic waves at two distinctive frequencies are generated by two ACTs, and the corresponding ultrasonic 

responses are scanned over a target specimen by a 3D LDV, which has high spatial resolution and velocity 

sensitivity. Then, the spectral sideband components are extracted from the measured responses and visualized 

over the scanned area. Through this study, the different stages of fatigue crack formations are visualized and the 

main source of nonlinear modulation is investigated. 

 

2) Development of reference-free fatigue crack classifiers  

The crack-induced spectral sidebands are isolated using a combination of linear response subtraction 

(LRS), synchronous demodulation (SD) and continuous wavelet transform (CWT) filtering. Then, a spectro-

gram named the first sideband spectrogram (FSS) is constructed to identify the best combinations of the LF and 
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HF inputs that amplify the crack-induced spectral sideband amplitudes. Next, a reference-free fatigue crack 

classifier based on sequential outlier analysis which identifies the crack presence without referring any baseline 

data obtained from the intact condition of the structure is developed. The robustness of the proposed technique 

is demonstrated using actual test data obtained from simple aluminum plates and complex aircraft fitting-lug 

specimens under various temperature and loading conditions. For real applications, the outlier analysis based 

reference-free fatigue crack classifier is applied various specimens with or without fatigue crack. 

However, the limitations of the developed classifier is found and the classifier is modified using a Skew-

ness-Median (SM) analysis. The modified fatigue crack classifier is validated through applications to the alu-

minum plates the aircraft fitting-lug specimens under temperature and loading condition variations and a real 

bridge structure such as Yeongjong Grand Bridge. 

 

3) Development of a wireless sensor node 

A wireless sensor node for fatigue crack detection is presented by implementing the SM analysis based 

reference-free fatigue crack classifier. For field applications to such as bridges and buildings, a low power 

working strategy is developed and all hardware components are selected with a low power request. The perfor-

mance of the developed sensor node is validated through lab scale test and field test on Yeongjong Grand Bridge 

by comparing the damage detection results obtained by the conventional wired system. 

 

1.5 Dissertation Organization 

 

This dissertation is organized as follows. In Chapter 2, the backgrounds of nonlinear ultrasonic modu-

lation such as basic working principle and its advantages comparing with nonlinear ultrasonic harmonic tech-

nique. Chapter 3 describes the BCs for nonlinear component generation for the localized crack nonlinearity and 

the investigation of main source of nonlinear modulation using fatigue crack visualization. Chapter 4 provides 

the hardware configurations for the fatigue crack detection based on nonlinear ultrasonic modulation used in 

this dissertation. Then, the developed reference-free fatigue crack classifier using outliner analysis is described 

in Chapter 5. Fatigue cracks on aluminum plate and aircraft fitting-lug specimens are successfully detected 

under various temperature and loading conditions. Next, the fatigue crack classifier is improved using the SM 

analysis and experimental results in laboratory and field are reported in Chapter 6. The developed fatigue crack 

classifier is implemented to a wireless sensor node. Schematic design, system specification and validations 

through lab and field tests are presented in Chapter 7. Finally, the summary and conclusion are provided in 

Chapter 8. 
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Chapter 2. Backgrounds of Nonlinear Ultrasonic Modulation for  

Fatigue Crack Detection  

 

2.1 Working Principle of Nonlinear Ultrasonic Modulation for Localized Crack 

 

For longitudinal plane waves propagating through an intact (linear) structure in the ὼ direction, the gov-

erning equation is written as 

Ὁ
‬ό

‬ὼ
”
‬ό

‬ὸ
π (2.1) 

where ό, ” and Ὁ are the particle displacement, the density and Youngôs modulus of the intact structure, 

respectively. When two waves ὥ and ὦ at distinctive frequencies ‫  and ‫  (‫ ‫ )are applied to the 

intact structure, the solution becomes 

ό !ÅØÐὭ‖ὼ ‫ὸ "ÅØÐὭ‖ὼ ‫ὸ  (2.2) 

 

where ό, ” and Ὁ are !  and "  are the amplitudes, ‖ and ‖ are the wavenumbers of waves ὥ and 

ὦ, respectively. 

When the waves ὥ and ὦ are applied to a structure with a distributed/localized nonlinear source and 

the binding conditions (BCs) are matched, the solution for the total particle displacement after passing the non-

linear source, ό, can be approximated as the summation of the linear response, ό, harmonics, ό , and mod-

ulations ό  due to the interaction between waves ὥ and ὦ 

ό ό ό ό  (2.3) 

where 

ό !ÅØÐὭ‖ὼ ‫ὸ "ÅØÐὭ‖ὼ ‫ὸȟ (2.4) 

 

ό !ÅØÐςὭ‖ὼ ‫ὸ "ÅØÐςὭ‖ὼ ‫ὸ  (2.5) 

and 

ό ὃ ὄ ÅØÐὭ‖ ‖ ὼ ‫ ‫ ὸ  (2.6) 

 

where !  and "  are the amplitudes, ‖ and ‖ are the wavenumbers of waves ὥ and ὦ, respectively. ! 
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and !  are the amplitudes of the linear component at ‫  and the nonlinear harmonics at ς‫  due to the non-

linear source, respectively. "  and "  are defined similarly. ὃ ὄ  is the amplitude of the first spectral 

sideband (modulation) at ‫ ‫  due to the mutual interaction of the linear components due to the nonlinear 

source.  

When two waves propagating in the opposite directions are superimposed by reflections at structural 

boundaries, the waves create standing waves, eventually conversing to vibration modes (Giurgiutiu, 2008) 

ό ὃӶ ὄ ÃÏÓ‖ ‖ ὼÅØÐὭ‫ ‫ ὸ (2.7) 

 

where ὃӶ ὄ  is the vibration amplitude at ‫ ‫ , which can be interpreted as the frequency response 

function (FRF) at ‫ ‫ , and ÃÏÓ‖ ‖ ὼ is the corresponding vibration mode shape of the structure. 

For simplicity, the higher order harmonic and modulation components are omitted from the nonlinear solution. 

 

2.2 Advantages of Nonlinear Ultrasonic Modulation 

 

When it comes to fatigue crack detection, the nonlinear ultrasonic modulation is more advantageous than 

the harmonic technique for the following reasons: 

 

1) Less influenced by system nonlinearity: The nonlinear features such as harmonic and modulation may occur 

not only due to the structural nonlinearity such as fatigue crack but also due to the nonlinearity of the electronic 

systems such as PZT transducers, data acquisition (DAQ) systems and bonding conditions (couplant) of trans-

ducers. These system nonlinearities can cause false-alarms irrelevant to target damages. Therefore, for the suc-

cessful adoption of nonlinear ultrasonic techniques, the unwanted system nonlinearities should be preliminarily 

identified. In general, the nonlinear modulation technique is less influenced by unwanted system nonlinearities 

than the harmonic technique. For example, the harmonic technique can be affected by the system nonlinearities 

coming from function generator, actuator, sensor, digitizer to name a few. Meanwhile, the sources of the system 

nonlinearities for the nonlinear modulation technique are limited to sensor and digitizer, because the modulation 

occurs only due to the interactions between LF and HF inputs. Thus, the modulation technique is less affected by 

the system nonlinearities and more attractive for fatigue crack detection. 

 

2) Easy selection for input frequencies: As mentioned above, the nonlinear components are generated only 

when the binding conditions are matched for a damaged structure. Because of the dispersive and multi-mode 

natures of Lamb waves in plate-like structures, it is challenging to meet the binding conditions using only a single 
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frequency input. On the other hand, it is relatively easier to satisfy the binding conditions using the modulation 

technique since there are two distinctive input frequencies at our disposal. 

 

2.3 Literature Review of Nonlinear Modulation Technique for Crack Detection 

 

Nonlinear ultrasonic modulation technique with LF and HF signals is used to detect cracks in welded pipe 

joints in a nuclear power plant (Sutin and Donskoy, 1998). This work demonstrated that the modulation ampli-

tudes are linearly dependent on the amplitude of the HF input signal. It was found that cracks in concrete beams 

generate significant modulation components when a LF sweep signal is used (Didenkulov et al. 1999). The de-

pendence of HF input frequency on the modulation amplitude was observed by Duffour et al. (Duffour et al., 

2006). This frequency dependence was also note by Courtney et al. even when the HF input signal is adjusted to 

give a constant response amplitude (Courtney et al., 2008). They concluded that the modulation component cap-

tured at a location away from the crack is dependent on the amplitude of the vibration at the crack and, conse-

quently, both the LF and HF inputs should be chosen to ñexciteò the crack appropriately. For the investigation of 

frequency dependence on nonlinear modulation based crack detection, a fixed frequency LF and a swept HF 

signals were used to find an optimal combination of the LF and HF inputs that can amplify the modulation level 

(Yoder and Adams, 2010). Here, a fixed LF signal lower than 500 Hz was generated by a mechanical shaker, and 

a swept HF signal from 20 to 60 kHz was produced by a piezoelectric stack actuator. It also has been shown that 

the high amplitude of the nonlinear ultrasonic modulation is obtained when the HF input signal is modulated due 

to the crack motion induced by the LF input signal (Klepka et al. 2011). A fatigue crack in an aluminum plate 

was detected using a piezoelectric stack actuator for generation of a LF signal lower than 1 kHz and a surface-

mounted piezoelectric transducer for creation of a HF signal around 60 kHz (Parsons and Staszewski, 2006). A 

very high voltage about 400V LF signal below 2 kHz and a 10V HF signal around 30 to 750 kHz were used 

here. Croxford et al. detected a fatigue damage introduced in aluminum alloy and investigated the nonlinear 

parameter with respect to the number of fatigue cycles using two ultrasonic waves propagate opposite directions 

(non-collinear mixing) (Croxford et al., 2009). 

Nowadays, a kind of hot issues for nonlinear ultrasonic techniques are (1) imaging (visualization) of 

nonlinear ultrasonic characteristics, which enables easy localization of damage and (2) non-contact excita-

tion/sensing using laser ultrasound, electromagnetic acoustic transducers (EMATs) and air-coupled transducers 

(ACTs) to overcome the nonlinearity due to bonding(couplant) condition between transducers and structures 

(Jhang, 2009). For example, Ballad et al. developed a noncontact damage visualization technique for simulated 

defects in a thin plate (Ballad et al., 2004). Two focused ACTs with scanning equipment were used for high 

frequency ultrasonic excitation and sensing. For low frequency excitation, a mechanical shaker or even a loud 
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speaker was used. 

In spite of recent developments of the nonlinear ultrasonic modulation techniques, there are still technical 

hurdles that need to be overcome before these techniques can make transitions to real SHM applications. This 

study attempts to tackle the following two particular issues. First, spectral sidebands generation are continuously 

altered by environmental and operational conditions of the target structure such as temperature and loading. The 

generation of spectral sidebands heavily depends on the dynamic characteristics of a host structure (Yoder and 

Adams, 2010; Klepka et al. 2011), and loading and temperature have significant influences on its dynamic char-

acteristics (Sohn, 2007; Kess and Adams, 2007; An and Sohn, 2012). Second, the existing nonlinear ultrasonic 

modulation techniques detect crack-induced sidebands by comparing the amplitudes of the spectral sidebands 

obtained from the baseline and damage conditions, but these techniques are susceptible to false alarms due to 

signal variations unrelated to the defect. 

 

2.4 Chapter Summary 

 

In this chapter, theoretical backgrounds and previous researches for nonlinear ultrasonic modulation based 

fatigue crack detection is presented. When two waves at the distinctive frequencies are applied to a structure with 

a localized nonlinearity such as a fatigue crack and the binding conditions are matched, these waves mutually 

interact and generate modulated component. The fatigue crack can be detected by extracting the modulation com-

ponent. The nonlinear ultrasonic modulation technique takes advantageous than other nonlinear ultrasonic tech-

niques such as harmonics because (1) less influenced by system nonlinearity such as PZT transducers, data acqui-

sition (DAQ) systems and bonding conditions (couplant) of transducers which can cause false-alarms irrelevant 

to target damages, (2) easy selection for input frequencies for matching the binding conditions. 

Nowadays, a kind of hot issues for nonlinear ultrasonic techniques are (1) imaging (visualization) of non-

linear ultrasonic characteristics, which enables easy detection and localization of damage and (2) non-contact 

excitation/sensing using laser ultrasound, EMATs and ACTs to overcome the nonlinearity due to bonding condi-

tion between transducers and target structures. Furthermore, in spite of recent developments of the nonlinear ul-

trasonic modulation techniques, there are still technical hurdles that need to be overcome before the application 

to real structures due to (1) the variation of spectral sidebands amplitudes due to the environmental and operational 

conditions of the target structure, (2) most of techniques detect fatigue crack by comparing the amplitudes of the 

spectral sidebands obtained from the baseline and damage conditions. 

 

 



 

- 15 - 

Chapter 3. Investigation of  Nonlinear Ultrasonic Modulation  

Characteristics for Fatigue Crack Detection  

 

3.1 Nonlinear Ultrasonic Modulation Binding Conditions (BCs) for Localized Crack 

 

3.1.1 Theoretical Derivation 

 

Figure 3.1 The modulation of Youngôs modulus due to a sinusoidal excitation causing crack opening and 

closing. 

 

When a localized fatigue crack is introduced to the structure at ὼ and it is assumed that the average 

Youngôs modulus is reduced from Ὁ  to Ὁ and the instantaneous Youngôs modulus (Ὁ) at ὼ fluctuates 

around this reduced Youngôs modulus in proportion to the amplitude of the applied wave (Figure 3.1): 

Ὁ O  Ὁ Ὁ ‎
‬ό

‬ὼ
 Ὁ ὼ‏‌  ὼ Ὁ

‬ό

‬ὼ
 (3.1) 

 

where ‎ is the nonlinear elastic constant (‎ ὼ‏‌ ὼ Ὁ, π ‌ ρ), Ὁ is the average Youngôs modulus 

after fatigue crack formation at ὼ (Ὁ ρ ὼ‏‌ ὼ Ὁ . Here, ‌ and ‏ὼ ὼ  are the nonlinear co-

efficient and the Dirac-delta function for representing the nonlinearity due to the localized fatigue crack, respec-

tively (Donskoy et al. 2001; Zaitsev et al. 2009). By substituting Eq. (3.1) into Eq. (2.1), the well-known gov-

erning equation for a nonlinear wave is obtained. 
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 (3.2) 

 

Eq. (3.2) can be solved by dividing ό into linear, ό , and nonlinear, ό , componentsȡ 
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ό ό ό  (3.3) 

where 

ό ό ό  (3.4) 

 

ό can be obtained by solving the following equation 

Ὁ
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And, ό  can be obtained by solving the following equation 
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Here, for the nonlinear components generation, the right side terms should be non-zero. That is, 

‬

‬ὸ

‬ό
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π    ὥὲὨ    

‬ό

‬ὼ
π (3.7) 

 

1) Crack perturbation condition : The strain (or displacement) at the crack location should be fluctuated by 

both of input waves (or vibrations) (dynamic crack motion). That is, the crack is located at the node of one of 

input waves ( π), the nonlinear components are not generated. However, in wave propagation, this 

condition is not needed to consider because the node/anti-node is varied as the wave is propagated. (Zaitsev et 

al. 2009). 

 

2) Mode matching condition: The crack motion induced by one of the input ultrasounds should modulate the 

other ultrasound at the crack location. For example, when a LF shear horizontal (i.e. π, π) and a 

HF longitudinal (i.e. π, π) waves are propagated in the ὼ-direction through a structure with a lo-

calized crack whose crack surfaces are perpendicular to the wave propagating direction, the HF wave is not 

modulated by the shear horizontal crack motion due to the LF wave. In this case, the nonlinear modulation is not 

generated even the crack is oscillated by the LF wave. The previous investigations also show that the high am-

plitude of the nonlinear ultrasonic modulation is obtained when the ultrasonic signal is modulated due to the 

crack motion (Klepka et al. 2011). 
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3.1.2 Experimental Setup 

 

  

(a) Geometry and dimensions of the specimen (b) A close-up of the fatigue crack 

Figure 3.2 An aluminum plate specimen 

 

 

Figure 3.3 Phase velocity dispersion curve of the specimen: LF input was selected between 50 ~ 60 kHz, and 

HF input between 150 ~ 200 kHz and 450 ~ 500 kHz considering the synchronism condition. 

 

 

An aluminum (6061-T6) plate specimen with 3mm thickness was fabricated as shown in Figure 3.2 (a). 

80,000 cycles of 4 ~ 40 kN (R=0.1) tensile loading with a 10 Hz cycle rate was applied to the specimen for 

introducing a fatigue crack. The fatigue crack initiated from the hole at the center of the specimen and grew up 

to 26 mm long and 15 ɛm wide as shown in Figure 3.2(b). Five identical PZTs (ɲ = 10 mm, t = 0.5 mm) manu-

factured by Haiying Group were installed on the specimen. A pair of PZTs labeled as ACT 1-1 and 1-2 were 

collocated but placed on the opposite sides of the specimen for LF input excitation of selective S and A modes 

(Kim and Sohn, 2007). Similarly, a pair of ACT 2-1 and 2-2 were installed for HF input generation. The response 



 

- 18 - 

was obtained at SEN. For data acquisition, a NI PXI system consisting of two arbitrary waveform generators and 

a high speed digitizer was used. Detail description for the data acquisition system is presented in Section 4.1. LF 

and HF inputs had peak-to-peak voltages of 40 V and 24 V, respectively. The inputs were converted to analog 

signals with a 5 MHz conversion rate, and the responses were measured simultaneously at a 5 MHz sampling 

rate with 10 times averaging. 

  

(a) 46 kHz S0 vibration mode 

(node at the crack) 

(b) 50 kHz A0 vibration mode 

(anti-node at the crack) 

  

(c) 170 kHz S0 vibration mode 

(node at the crack) 

(d) 181 kHz A0 vibration mode 

(anti-node at the crack) 

Figure 3.4 Modal analysis of the aluminum specimen using 3D Lased Doppler Vibrometer (LDV) scanning 

 

For vibration generation, a sine signal with 200 ms duration was applied to ensure steady-state vibration 

response. For wave generation, a tone-burst signal with 2 ms duration was applied. The durations of the tone-

burst input was determined so that the reflections from the boundaries did not overlap with the first arrival wave 

packet. The measured responses were analyzed in the frequency domain by applying a fast Fourier transform 

(FFT) for vibration and a short time Fourier transform (STFT) for wave propagation up to the first arrival wave 

packet. In addition, for vibrations, the responses are normalized with respect to the multiplication of amplitudes 

of HF and LF inputs. For waves, the multiplication of peak-to-peak amplitudes of HF and LF inputs is used for 
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the normalization of responses. 

Before the validation of the BCs for nonlinear modulation generation, dispersion curves for phase veloc-

ities were experimentally obtained from the specimen as shown in Figure 3.3. Based on the dispersion curves, 

LF input was selected between 50 ~ 60 kHz, and HF inputs between 150 ~ 200 kHz (HF1) and 450 ~ 500 kHz 

(HF2) were selected considering the synchronism condition. In the HF1 input frequency range, the synchronism 

condition is matched for S mode. For A mode, the synchronism condition matched in the HF2 input frequency 

range. 

For the validation of the crack perturbation condition, experimental modal analysis was conducted using 

3D Laser Doppler Vibrometer (LDV, Polytec PSV400) scanning for determination of specific input frequencies. 

With scanning capability, LDV can visualize propagating ultrasonic waves and vibration modes with high spatial 

resolution. Detail explanations for 3D LDV are provided in Section 4.3.2. 

A 3D LDV was installed 0.9 m apart from the specimen and ultrasonic responses were measured with a 

2.56 MHz sampling rate. VD-09 20mm/s/V internal decoder, which has a maximum sensitivity of 20 mm/s/V up 

to 1 MHz, was used for velocity measurement. A 12.8ms duration linear chirp signal with the frequency ranges 

selected from the dispersion curves was applied through the PZTs on the specimen. 30 mm × 30 mm square area 

with 1.5 mm spatial resolution (20 × 20 scan points) near the center hole of specimens as shown in Figure 3.2 

(b) was scanned. To improve the signal-to-noise ratio, the responses at each scanning points were measured 200 

times and averaged in the time domain. 

Table 3.1 Input frequencies determined by experimental modal analysis 

Case # Input  Frequency Mode Motion at Crack 

1 LF 44 kHz S0 Anti-node 

2 LF 46 kHz S0 Node 

3 LF 50 kHz A0 Anti-node 

4 LF 53 kHz A0 Node 

5 HF1 169 kHz S0 Anti-node 

6 HF1 170 kHz S0 Node 

7 HF2 465 kHz S0 Anti-node 

8 HF2 461 kHz S0 Node 

9 HF1 181 kHz A0 Anti-node 

10 HF1 183 kHz A0 Node 

11 HF2 482 kHz A0 Anti-node 

12 HF2 485 kHz A0 Node 
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Figure 3.4 shows results of the experimental modal analysis. For the validation of the crack perturbation 

condition, the input frequencies were determined where the crack is located at the node and the anti-node of the 

input vibration modes. For example, as one of LF inputs, 46 kHz was selected where one of S0 mode dominant 

resonance frequencies and the crack is located at the node of the vibration mode as shown in Figure 3.4 (a). As 

one of HF inputs, 181 kHz was selected where one of A0 mode dominant resonance frequencies and the crack is 

located at the anti-node as shown in Figure 3.4 (d). Other input frequencies were determined with similar manner 

and listed in Table 3.1. 

 

3.1.3 Experimental Results 

  

(a) Crack is located at the anti-nodes of both LF (44 

kHz) and HF (465kHz) vibration modes 

(b) Crack is located at the nodes of both LF (46 kHz) 

and HF (461kHz) vibration modes 

Figure 3.5 Experimental validation of the crack perturbation condition. The modulation occurs only when the 

crack is located at the anti-nodes of both LF and HF vibration modes. Here, both LF and HF modes are S0 

modes, and the synchronism condition is avoided to minimize the effect of distributed material nonlinearity. 

 

 

To validate the crack perturbation condition, two stationary sinusoidal vibration inputs are applied to the 

specimen and the generation of the modulation components is examined. Here, LF and HF input frequencies are 

selected so that only S0 modes are generated at both frequencies, and the synchronism condition is avoided to 

minimize the effect of distributed material nonlinearity. As shown in Figure 3.5 (a), the modulation occurs when 

the crack is located at the anti-nodes of both LF and HF vibration modes. However, as shown in Figures 3.5 (b), 

3.5 (a) and 3.6 (a), where the crack is located at least at one of the nodes of LF and HF vibration modes, the 

modulation does not occur. When the crack is located at one of the vibrational nodes, the crack is not oscillated 

by the applied vibration mode (i.e. no crack motion) and the other vibration mode or wave is not modulated by 

the crack.  

Additionally, in the case of vibration, it is experimentally shown that the amplitude of the modulation 

component is further amplified when the modulation frequency coincides with one of the resonance frequencies 


