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1 ABSTRACT 

Acoustic emission (AE) is a well-developed structural health monitoring method that relies on 

capturing the elastic waves generated by the energy released during crack formation in a solid 

medium. Modeling and simulation of the AE due to various phenomena in the crack is essential to 

separate the AE due to different sources. A novel modeling approach based on moment tensor 

concept is presented in this paper to simulate AE due to fatigue crack. Fatigue cracking is a 

common problem in metallic structures during service life under cyclic loading conditions. The 

formation and growth of fatigue crack can cause catastrophic failure in metallic structures. AE 

signals are used to infer that cracks are growing in a structure during operation. However, it was 

found that fatigue crack may produce AE signals even without crack growth being present. These 

non-crack-growth AE signals in metallic structures can be caused by crack rubbing/clapping, 

which is a potential source of acoustic emission. The fatigue-crack growth-related AE needs to be 

separated from crack rubbing/clapping AE to understand the signals originating from the crack 

and to comprehend the situation of the crack in real-time. The AE source due to fatigue crack 

rubbing/clapping was assumed as a component of the moment tensor source, and the simulation 

was performed. An experiment was performed to record AE during a fatigue experiment. The 

fatigue AE signals were recorded using a ‘MISTRAS micro-II digital AE system.’ The simulation 

results were compared with experimental observations, and a good agreement of simulation and 

experiment was observed. 

2 INTRODUCTION 

For mechanical components that are frequently subjected to variable loading, fatigue cracking is a 

common problem. Acoustic emission technique was widely used for damage detection and source 

localization in metallic structures. The rubbing and clapping of fatigue crack faying surfaces can 

potentially cause an acoustic emission source. This paper aims at the study of fatigue crack acoustic 

emission signals due to crack growth and fatigue crack rubbing/clapping. The modeling of fatigue 

crack rubbing/clapping AE signals is also discussed in this paper. 

AE signals may be generated by a wide range of phenomena such as micro-cracks, friction in 

existing cracks, dislocations, phase transformations, etc. The AE wavefield generated by an AE 

event propagates in thin-wall structures such as plates in the form of guided waves. Many 

researchers studied AE due to various kinds of sources. Acoustic emission in thin plates during 

crack growth event was investigated in many studies [1], [2]. Acoustic emission due to rubbing in 

a rotor-bearing and source localization was studied by Wang et al. [3]. Acoustic emission in 

composite materials was also studied for progressive damage in a polymer-based composite[4]; 

clustering of AE signals obtained from failure in carbon fiber reinforced plastic (CFRP) specimens 

was also studied [5]. Acoustic emission during various fracture activities was studied to relate the 

fracture and AE signals [2], [6]–[8]. McBride et al. [9] investigated the relationship between 

acoustic emission amplitude and the size of intermetallic inclusions at the fracture face. Barile et 

al. [10] used the acoustic emission technique to monitor delamination in a unidirectional CFRP 
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subjected to mode I loading. They concluded that it is possible to follow delamination effects in 

CFRP through proper monitoring of variation of the AE features. Various studies on acoustic 

energy harvesting were reported in the literature [11]–[13].  

Many researchers have done numerical and theoretical modeling and simulation of AE signals. 

Some of the studies performed numerical modeling of AE signals using Lamb waves[14], [15]. 

Finite element modeling and simulation of AE forward problem was performed [16]–[19]. 

Monopole or dipole definition of AE sources was used for modeling AE sources in several 

studies[20]. Definition of AE source by considering the AE source as a self-equilibrating seismic 

moment tensor was studied, and analytical formulations were developed for half-space and bulk 

medium in many pieces of research [21] [22]. In a recent study of AE guided wave propagation in 

a plate [23], the AE source was modeled as Helmholtz excitation potentials. 

Even though AE due to various phenomena were reported, not many research works were 

conducted on AE due to rubbing and clapping of crack faying surfaces of thin sheet metals. It is a 

problem of practical interest since it is important to distinguish between AE due to crack rubbing 

and crack growth during fatigue crack growth events. This paper presents the detection of AE 

signals due to crack growth and crack rubbing/clapping in thin metallic sheet metal samples and 

the numerical modeling of AE signals due to fatigue crack rubbing/clapping. 

The organization of this paper is as follows. First, this paper discusses the experimental methods 

used for the generation of AE signals due to rubbing and clapping of crack faying surfaces. In this 

section, the manufacturing of the cracked specimen and experimental set-up for the detection of 

fatigue crack AE signals are discussed. Then, the theoretical modeling of fatigue crack 

rubbing/clapping AE signals were discussed in detail. Next, the results of AE signals from fatigue 

crack during fatigue crack growth experiment and numerical prediction of fatigue crack 

rubbing/clapping AE signals are discussed. Finally, this paper ends with a summary, conclusions 

and future work.  

3 EXPERIMENTAL METHODS 

An AE experimental specimen was designed for capturing AE during crack growth in thin metallic 

plates. From a large plate of aluminum 2024-T3, coupons of 103 mm width, 305 mm length and 1 

mm thickness were machined using the shear metal cutting machine. Specimens were sufficiently 

wide enough to allow a long crack to form in the specimen. A pre-crack of 4 mm tip to tip length 

was generated in the specimen through fatigue crack growth (Figure 1). After AE sensor 

instrumentation was installed on the specimen, the crack was grown an additional 5.4 mm (until 

the crack length reached 9.4 mm tip to tip), simultaneously capturing the AE signals. The wide 

geometry of the specimen was desired for this work so that the acoustic waves generated would 

travel a longer distance to the edges. This hypothesis, in turn, means the signals die out after 

reflection from the clay boundaries due to geometric spreading and material damping before 

reaching the sensors. The properties of Al 2024-T3 were modulus of elasticity 73 GPa, density 

2767 kg/m3, and Poisson’s ratio 0.33.  

Two PWAS sensors and two S9225 sensors were bonded to the aluminum specimen. Clay 

boundaries were provided on the specimen to avoid reflection of AE signals from the specimen 

boundaries. PWAS sensors were bonded at a distance of 6 mm and 25 mm from the crack in a 

linear configuration. S9225 sensors were also bonded to the specimen at 6 mm and 25 mm from 

the crack in the opposite direction to the PWAS sensors. The specimen bonded with sensors is 
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presented in Figure 2. PWAS sensors were bonded using M-Bond AE-15 adhesive. This adhesive 

is appropriate for bonding PWAS because it is resilient to the dis-bonding of PWAS during long 

durations of cyclic loading.  M-Bond AE-15 is an epoxy system with two components: a resin, and 

a curing agent. The resin and curing agent were mixed in a specific proportion and stirred for 5 

minutes. PWAS was bonded to the specimen using the mixture and cured for 3 hours at 1400F as 

recommended by the epoxy manufacturer. The capacitance of the PWAS was measured before 

bonding and after bonding to make sure that the PWAS, as well as the bonding of the PWAS to 

the specimen, was defect-free. The two S9225 sensors were bonded to the specimen using hot glue. 

A drop of hot glue was applied to the specimen using a hot gun, and the sensors were placed on 

the drop with the application of thumb pressure. The thumb pressure was continuously applied 

until the hot glue was cured. 

 

Figure 1 Experimental set up for fatigue crack growth. Cyclic fatigue loading was applied 
to the specimen by mounting the specimen on the MTS machine. 
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Figure 2 AE test specimen bonded with the two-PWAS and two-S9225 sensors. Non-
reflective clay boundaries (NRB) were provided on the specimen to avoid the 
reflection of AE signals from the specimen boundaries. 

After installing the sensors, the fatigue loading was continued to grow the crack and capture AE 

signals simultaneously. The test specimen installed with PWAS and S9225 transducers was 

mounted on the MTS machine (Figure 2). After the crack initiation and installation of sensors, the 

fatigue loading was continued to vary between 13.85 kN and 1.38 kN with a loading rate of 2 Hz 

with simultaneous capture of the AE signal. The experimental setup for capturing the AE signal 

from a fatigue crack growth event is presented in Figure 3. AE signals during crack growth events 

were captured by using PWAS and S9225 sensors. The sensors were connected to the acoustic 

preamplifier. The acoustic preamplifier is a bandpass filter, which can filter out signals between 

30 kHz to 700 kHz. Provided with 20/40/60 dB gain (can be select using a switch), this 

preamplifier operates with either a single-ended or differential sensor. In the present experiment, 

40 dB gain was selected. The preamplifier was connected to the MISTRAS AE system. A sampling 

frequency of 10 MHz was chosen to capture any high-frequency AE signals. The timing 

parameters set for the Mistras system were peak definition time (PDT)= 200µs, hit definition time 

(HDT)= 800 µs, and hit lockout time (HLT)= 1000 µs. 

PWAS 2 

PWAS 1 

S9225 1 

S9225 2 
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Figure 3 Experimental setup for capturing AE signals during fatigue crack event 

4 THEORETICAL MODELING OF FATIGUE CRACK RUBBING/CLAPPING AE 

The predictive modeling of fatigue crack rubbing/clapping was performed based on the physics of 

AE source excitation. The modeling methodology for fatigue crack rubbing/clapping is presented 

in Figure 4. When the crack faying surfaces come close to each other, the peaks and valleys of the 

surfaces rub/clap. Details of the rubbing/clapping of the peaks and valleys of the crack faying 

surfaces are shown in Figure 4c. When one pair of valley and peak rub each other, an equal and 

opposite force acts at the peak and valley. This couple force acts as the excitation source for 

producing the AE signal. The couple-forces are in the x-direction (or 1-direction), and the 

separation is in the y-direction (or 2-direction). So, the force couple can be considered as a moment 

M12 of the moment tensor. Therefore, the modeling of the AE source was performed by using M12 

excitation source. 

The schematic of the moment excitation acting on a 1D waveguide specimen is presented in Figure 

5. A through-thickness M12 excitation was considered to produce Lamb wave propagation in a thin 

plate of thickness 2d. The thickness of the specimen, 2d, considered for the simulation, is 1 mm. 

At a distance of 25 mm from the AE-source location, a PWAS of 7 mm diameter was considered 

as a receiver. 

Test specimen mounted 
on MTS machine 

Acoustic preamplifier 

Mistras AE instrument 

PWAS 1 

Fatigue crack 

(14 mm) 

Test specimen 

PWAS 2 

S9225 1 

S9225 2 

Omicron lab: 

EMIS instrument 
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Figure 4 Fatigue crack rubbing/clapping AE signal source modeling methodology 

 

 

Figure 5 Fatigue crack rubbing/clapping AE source moment tensor representation 
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Figure 6 The through-thickness M12 moment excitation 

Two force excitations separated by an infinitesimal distance creates a couple-moment excitation, 

as shown in Figure 6a. The limiting process of the separation turns the excitation to a moment 

excitation and the wavefield to the wavefield due to the moment. The through-thickness M12 

moment excitation is presented in Figure 6b. The wavefield due to moment excitation can be 

obtained from the displacement field due to force excitation from the limiting process explained 

as following [22] 

 𝑢𝑄1

𝑀12(𝑥) = 𝑙𝑖𝑚

(
𝛥𝑋2→0
𝑄1→∞

𝑄1𝛥𝑋2→𝑀12

)

[𝑄1𝛥𝑋2] [
𝐺(𝑥;𝛼,𝛽)−𝐺(𝑥;𝛼,𝛽+𝛥𝑋2)

𝛥𝑋2
] =

𝜕𝐺(𝑥;𝛼,𝛽)

𝜕𝑋2
  (1) 

Here, 𝑄1 is the monopole force excitation, and 𝐺(𝑥; 𝛼, 𝛽) is the Green function of the excitation. 

Following the limiting process in Eq.(1), from the velocity field due to in-plane force excitation in 

Ref. [24], the velocity field due to the M12 line source is obtained from the Eq. (1) as following 

 Velocity, 𝑣𝑀12
=

𝜕

𝜕𝑦
(𝑣𝐹𝑥

) = ∑
𝐹𝑥

4𝑃𝑚𝑚
[𝑣𝑚(𝑦)(𝑣̃𝑥

𝑚(𝑦)−𝑑
+𝑑) + 𝑣𝑚

′ (𝑦) ∫ 𝑣̃𝑥
𝑚(𝑦)𝑑𝑦

𝑑

−𝑑
] 𝑒−𝑖𝜉𝑚(𝑥)

𝑚
 

  (2) 

Here 𝑣𝐹𝑥
  is the velocity field due to an in-plane monopole force excitation Fx. The Lamb wave 

thickness mode shape is represented by 𝑣𝑚(𝑦). 𝑃𝑚𝑚 is the Lamb wave power flow. The 

wavenumber is represented by 𝜉𝑚. 

The displacement field can be obtained from the velocity field as follows 

Displacement, 𝑢𝑀12
= 𝑣𝑀12

/(𝑖𝜔) = ∑
𝐹𝑥

4𝑃𝑚𝑚
[𝑣𝑚(𝑦)(𝑣̃𝑥

𝑚(𝑦)−𝑑
+𝑑) +

𝑚

𝑣𝑚
′ (𝑦) ∫ 𝑣̃𝑥

𝑚(𝑦)𝑑𝑦
𝑑

−𝑑
] 𝑒−𝑖𝜉𝑚(𝑥) /𝑖𝜔  (3) 

The in-plane strain is the spatial derivative of the displacement field and can be obtained as follows 

Strain, 𝑆𝑀12
=

𝜕

𝜕𝑥
(𝑢𝑀12

) = ∑ −𝑖𝜉𝑚
𝐹𝑥

4𝑃𝑚𝑚
[𝑣𝑚(𝑦)(𝑣̃𝑥

𝑚(𝑦)−𝑑
+𝑑) +

𝑚
𝜕

𝜕𝑦
𝑣𝑚(𝑦) ∫ 𝑣̃𝑥

𝑚(𝑦)𝑑𝑦
𝑑

−𝑑
] 𝑒−𝑖𝜉𝑚(𝑥) /𝑖𝜔  (4) 

The strain field is sensed by the PWAS and converted to the equivalent voltage by the PWAS. The 

total voltage sensed by PWAS can be obtained from the integral as follows [24]. 
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 𝑉𝑀12

𝑃𝑊𝐴𝑆 = ∫ 𝑉3𝑆𝑐
=

𝑔31
2

(𝑠11
𝐸 𝛽33

𝑇 𝐶𝑐)
∫ 𝜀𝑥𝑥d𝑆

𝑆𝑐
  (5) 

Here 𝑔31 is the piezoelectric voltage coefficient, 𝑠11
𝐸  is the compliance of the PWAS,  𝛽33

𝑇  is the 

impermittivity coefficient of the PWAS, 𝐶𝑐 is the capacitance of the PWAS 𝑆𝑐 is the surface area 

of the PWAS, 𝜀𝑥𝑥 is the in-plane strain due to the AE. 

Substituting Eq. (4) in Eq. (5) and simplifying, we get a closed-form expression for the voltage 

sensed by the PWAS as following 

 𝑉𝑀12

𝑃𝑊𝐴𝑆 =
𝑔31

2

(𝑠11
𝐸 𝛽33

𝑇 𝐶𝑐)
∑

𝐹𝑥

4𝑃𝑚𝑚
[𝑣𝑚(𝑦)(𝑣̃𝑥

𝑚(𝑦)−𝑑
+𝑑) +

𝜕

𝜕𝑦
𝑣𝑚(𝑦) ∫ 𝑣̃𝑥

𝑚(𝑦)𝑑𝑦
𝑑

−𝑑
]

× (𝑒−𝑖𝜉𝑚(𝑟𝑐+2𝑠𝑟) − 𝑒−𝑖𝜉𝑚(𝑟𝑐))/𝑖𝜔𝑚

 (6) 

The PWAS Lamb wave response due to M12 moment excitation is plotted using the expression in 

Eq. (6) and is presented in Figure 7. We observe a strong A0 mode response due to the excitation 

and no S0 wave mode generation was observed. 

 

Figure 7 Lamb wave strain response due to M12 excitation on 1-mm thick aluminum 
specimen received with 7 mm PWAS receiver 

5 RESULTS AND DISCUSSION 

Fatigue experiment was performed to record the AE during a fatigue crack growth event. Based 

on the frequency spectrum of the AE signals observed, the AE signals have been classified into 

two categories. The two signatures were named T1 signature and T2 signature. Examples of T1 

and T2 signatures (recorded at PWAS 1) are presented in Figure 8. The signature T1 was observed 

to have a broadband frequency spectrum as we observe in Figure 8, whereas the signature T2 was 

observed to have a valley between 200 to 400 kHz and two peaks before and after the valley (50-

150 kHz and 400-500 kHz). The strength of the peak between 400-500 kHz was observed to have 

variations for different signals. T1 signature was very frequently appearing when active crack 

growth was happening during the fatigue experiment and T2 signature when no crack growth 

occurred. So the T1 signature was hypothesized to be due to fatigue crack growth event and T2 

signature due to fatigue crack rubbing/clapping. 

A0 

S0 
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Figure 8 Two major class of AE signal signatures observed during the experiment 

 

Figure 9 Predictive simulation of AE signal: flow chart 

Assuming an erf-function-excitation [20], numerical simulation of the AE signal at the receiver 

PWAS was performed by using the steps in the predictive simulation flow chart in Figure 9. For 

an M12 excitation, the structural transfer function was derived in Eq. (6). The structural transfer 

function used was as following. 
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 𝐺(𝑥, 𝜔) =·
𝑔31

2

(𝑠11
𝐸 𝛽33

𝑇 𝐶𝑐)
∑

𝐹𝑥

4𝑃𝑚𝑚
[𝑣𝑚(𝑦)(𝑣̃𝑥

𝑚(𝑦)−𝑑
+𝑑) +

𝜕

𝜕𝑦
𝑣𝑚(𝑦) ∫ 𝑣̃𝑥

𝑚(𝑦)𝑑𝑦
𝑑

−𝑑
]

× (𝑒−𝑖𝜉𝑚(𝑟𝑐+2𝑠𝑟) − 𝑒−𝑖𝜉𝑚(𝑟𝑐))/𝑖𝜔𝑚

 (7) 

Adjusting the erf-function rise-time, the crack rubbing/capping AE signal examples received 

during the cyclic fatigue loading were reproduced. Figure 10 presents the adjusted erf function 

excitation, experimental AE signal example (recorded at PWAS 2) and the numerical simulation. 

A rise time of 2.5 s was used to obtain the AE signal simulation similar to the experimental AE 

signal. As we observe, a very good match of the experimental observation and simulation was 

achieved. As the theoretical simulation predicted, the experimental fatigue-crack rubbing/clapping 

signal also has a strong A0 mode content.  

 

Figure 10 Fatigue crack rubbing/clapping AE simulation example a) Time-domain erf 
function excitation b) Frequency domain of erf function c) Experimental 
observation d) Theoretical prediction 

6 SUMMARY CONCLUSIONS AND FUTURE WORK 

6.1 SUMMARY 

Fatigue crack experiment was performed to record AE signals during the fatigue crack growth. 

Analysis of the AE signals was performed to classify the signals. AE signal simulation for a fatigue 

crack rubbing/clapping event was performed. M12 moment excitation was considered for the 

simulation of fatigue crack-rubbing/clapping.  

6.2 CONCLUSIONS 

Two broad classes of AE signal signatures were identified based on the analysis. The signal 

signature classes were named as T1 and T2. T1 had a broadband characteristic in the frequency 

domain, whereas T2 had a valley between 200 to 400 kHz and two peaks before and after the 

valley (50-150 kHz and 400-500 kHz). The T1 signature was frequently appearing during the 

s 

(a) (b) 

(c) (d) 
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active crack growth situation. No T1 was observed when crack was not growing. Because of these 

reasons, the T1 signature is thought to be the fatigue crack growth AE signature. The T2 signature 

was recorded even when the crack was not growing. Because of this reason, the T2 signature is 

thought to be the signature due to crack rubbing/clapping. Analytical prediction of fatigue crack 

rubbing/clapping AE signals using the M12 moment excitation concept was performed. M12 

moment tensor components excite strong A0 mode, and no S0 mode was produced theoretically. 

A good match of the experimental observation and numerical prediction was observed.  

6.3 FUTURE WORK 

In the future, FEM analysis of fatigue crack growth and fatigue crack rubbing/clapping will be 

performed using the moment tensor concept. 
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