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Abstract 
This paper documents the usage of an acoustic emission (AE) method for health monitoring 
of a typical airframe structure joint - a splice joint of a bottom wing integral panel and a 
build-up panel of a commuter aircraft. Fatigue tests of representative specimens for the 
splice joint were carried out. Continuous acoustic emission measurements were supported by  
crack detection using crack wire (CW) detectors and by visual monitoring of crack 
propagation using digital cameras. The CW detectors bonded on the surface of the specimens 
around the splice joint critical areas proved to be very suitable for crack detection in the 
early stage of its propagation. Data analysis and the resulting evaluation of structural health 
continuously monitored by the AE method are presented. AE reached very good agreement 
with the visually based crack growth data, although the acoustic signals arising from 
individual fasteners (rivets) caused noise in the data. Cumulative root-mean-square (RMS) 
dependency on the crack length is presented, for considering crack growth prediction 
possibilities. 

 
1 INTRODUCTION 

Airworthiness regulations require operation of advanced aircraft structures in compliance 
with a damage tolerance philosophy. Therefore, flight safety and structure reliability in 
service must be ensured by using many additional activities, such as damage detection, crack 
growth prediction and critical crack size determination. As a result, structural health 
monitoring (SHM) of aircrafts using various detection principles is needed. 

It is important to monitor aircraft substructures that transmit high loads with high stress 
intensity. The aim of structure monitoring is to assure the integrity of the aircraft. Many 
different techniques for SHM are currently undergoing detailed research, including acoustic 
emission (AE), ultrasonic guided waves (UGW), fibre Bragg gratings (FBG) and strain 
gauges (SG). This paper addresses the AE technique supported by crack wire (CW) detectors 
and visual inspection (VT). Acoustic sensors combined with effective signal processing can 
be used to detect acoustic emission events related to structural damage and serve as a real-
time non-destructive inspection. The above-mentioned techniques (CW and VT) support AE 
with the aim of better understanding of measured signals in relation to crack detection and 
propagation. The AE sensors are applied to specimens that are representative of the real 
primary structural part (splice joint of a bottom-wing integrally stiffened panel) of a 
commuter aircraft certified in compliance with EASA CS-23 airworthiness requirements. 

AE has been under investigation for a long time. Characterization of AE signals due to 
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various damage modes in composites as well as in aluminium alloys was investigated under 
both static and fatigue tests in [1]. 

2 SPECIMEN DEFINITION 

The specimen represents a splice joint in the bottom wing surface. The joint connects the 
bottom integral panel and the bottom built-up panel. The bottom integral panel (Part 1 of the 
specimen) is made of AA 7475-T7351 alloy with a thickness of 2.4 mm. The semi product is 
a 3-inch-thick plate. The built-up panel skin (Part 2 of the specimen) is made from AA 
D16chATV alloy sheet (equivalent to AA 2124-T351 alloy) with a thickness of 1.6 mm. The 
splices (Part 3) are also made from AA D16chATV sheets with a nominal thickness of 1.8 
mm (internal) and 2.0 mm (external countersunk side). The joint consists of 5DuZk rivets 
with a countersunk head, compensator type, 3.5-mm diameter and grip lengths ranging from 
6 to 9 mm. The scheme of the specimen is shown in Figure 1. Cross section of the joint 
critical area is shown in Figure 2.  

 
Figure 1: Specimen scheme and wire detectors position definition. 

 
Figure 2: Cross section of the joint critical area. 

3 SHM SENSORS CONFIGURATION  

CW detectors were bonded to the specimen’s surface along the heads of countersunk 
rivets before the tests started. Their scope is to detect the fatigue crack origin in early stages. 
CW detector positions are shown in Figure 1. CW sensors were applied in parallel with the 
loading direction along each rivet head in the area where damage initiation was expected. 
CW sensors were bonded to the specimens at a distance of 0.7±0.5 mm from the outer 
diameter of each countersunk rivet head.  

Visual inspection was conducted continuously using digital cameras with high resolution. 
A configuration with seven AE sensors was designed with the aim of measuring signal 

evaluation in relation to the crack detection sensitivity. The designed configuration allows us 
to adopt a linear localization method. The scheme of the sensor arrangement is shown in 
Figure 3. Five sensors were placed on the external side (countersunk rivet head side), and two 
sensors were placed on the internal side of the specimen.  

1 2 3 
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Figure 3: Scheme of AE sensors configuration. 

4 TEST EQUIPMENT AND PROCEDURE  

Tests were conducted using a standard MTS uniaxial hydraulic test frame with a capacity 
of 250 kN. Test conducting was controlled using the FlexTest40 controller. Monotone 
loading was applied with a constant-amplitude (sinusoidal waveform) loading force and 
stress ratio R = 0.05. Constant-amplitude stress levels were selected in order to achieve 
results within the range of 1∙104 to 3∙106 number of elapsed cycles. Test frequencies in the 
range of 10 to 14 Hz were applied. The tests were carried out in ambient laboratory air 
conditions at room temperature (22 - 25°C). The specimen configuration in the MTS 
hydraulic grips is shown in Figure 4. 

Dakel Xedo multichannel equipment was used for AE measurements. Signals were 
monitored using six wideband (maximum sensitivity value between 100 – 500 kHz) piezo-
electric (PZT) sensors IDK09. Ring-shaped contact surface of PZT sensors with diameter of 
6 mm was used. Set-up of the measuring blocks was carried out using Daemon software 
(SW) with a sampling rate of 4 MHz and SW amplification of 15/20 dB. All sensors were 
connected to their own preamplifiers with a gain of 34 dB. 

 
Figure 4: Test sample set up with hydraulic grips, AE sensors and camera. 
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5 AE SIGNALS CLASSIFICATION 

Scanned signals can be divided into different groups based on their origination. Two main 
groups can be identified in terms of AE: relevant and disturbances (noise). Signal noise can 
be produced by background surrounding monitored parts (such as environment, loading 
machine, preamplifier noise and electromagnetic disturbance). Most relevant noise comes 
from capacitive coupling between metallic structure and piezoelectric elements. Each of the 
AE probe manufacturers adopts arrangements aimed at noise elimination. None of these 
actions are fully successful [2]. Other undesirable signals can arise during mechanical 
loading owing to cracking of acoustic coupling (adhesive) between sensors and structural part 
and friction between individual parts of a joint. Fretting corrosion is the most frequent 
phenomenon occurring in joints. Fretting corrosion has a significant influence on the crack 
initiation process. Another disturbing noise can arise from the inner structure of the materials 
used. Information related to the loading process, testing environment, potential sources of 
electromagnetic noise, structure design and materials used, together with AE parameter 
settings, is absolutely necessary for evaluation of data recording signals.   

During fatigue testing, signals can also be expected that are associated with changes of 
mechanical properties, especially from plastic deformation together with dislocation 
movement and their common interaction. Other sources of noise are signals associated with 
nucleation and propagation of micro cracks and signals associated with propagation of a large 
(major) crack [3]. The onset of large crack propagation is noticed at a given time by dynamic 
step sizes together with a crack tip opening and closure mechanism that implies friction 
between the cracked lips.  

6 RESULTS AND DISCUSSION 

One aim of the tests was to determine the Wohler curve of the structure joint. Therefore, 
the fatigue load levels were different for each tested specimen. The load levels differ from a 
maximum stress of 100 MPa to 270 MPa. The load level had no significant influence on the 
recorded AE signals. The fatigue crack lengths of 3.16 – 3.86 mm (measured from the rivet 
axis) were detected using CW. The crack propagation phase from crack detection to 
specimen failure was between 5 and 24% of the total specimen lifetime. The crack 
propagation phase depends on the stress level. The higher load levels caused the shorter crack 
propagation phase. 

Figure 5 shows an example (specimen No. 4, maximum stress level of 230 MPa, total 
lifetime of 6 415 elapsed cycles) of actual fatigue crack configuration and propagation 
direction together with AE sensor arrangement. The actual amplification was set to 15 dB, 
and the total gain was 49 dB. Only a negligible number of events was recorded. Complete 
RMS signals of all sensors recorded during a fatigue test are shown in Figure 6. The S7 sensor 
was located at 180 mm from the rivet plane and served as a “guard” sensor. The signal 
development of the S7 sensor is quite different from those of the other sensors located 
surrounding the critical area of the specimen – rivet row with fatigue crack. Its RMS level is 
the highest, although the signals that originate from fatigue crack propagation are reduced 
due to the large distance of the sensors from the cracked area. The reasons for the increased 
signal were mentioned in the previous section. The conclusion is that the AE sensors have to 
be located as close as possible to the expected critical areas. AE signal development during 
fatigue life can be divided into several phases, which correspond to particular changes in the 
critical area (see Figure 6). The crack length of 3.86 mm in direction I was visually detected 
at 5 886 elapsed cycles (91.75% of total life). The change in the general RMS drift can 
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indicate the start of macro-crack propagation. The change in the general RMS drift was 
detected after 5 642 elapsed cycles (87.95% of total life). The sensor locations were directly 
associated with the signal level. Sensors S1, S2, S3 and S4 were located directly in the plane 
with a fatigue crack. The crack originated from the rivet at a depth of 1.6 mm. Sensors S5 
and S6 were located on the internal splice of the specimen, and the crack originated under 
two additional straps at a depth of 1.8 mm. Although the changes in signal trends are 
obvious, the signal levels of sensors S5 and S6 are 2-5 times lower than those of sensor S1 or 
S2. This is probably why the direct linkage between the cumulative signal energy and the 
crack length had not been proved for sensors S5 and S6. The same reason (close noise source 
– friction between joining elements) can cause sensors S3 and S4 to give very few events 
applicable for crack propagation detection. 

AE event linkage of S1 and S2 sensors with crack length is known at any moment of the 
crack propagation phase using visual inspection data. The dependence of the RMS signal on 
the crack length can be formulated by the exponential equation: 

y =  y0 +  A*exp(R0*x) (1) 

where y corresponds to AE cumulative energy, x represents crack length, and y0, A and 
R0 are regression parameters. The cumulative RMS value of sensor S1 that is higher than the 
“threshold” level of 600 mV is taken into account and used for crack propagation evaluation. 
The crack length is taken as the total cumulative length in both propagation directions. The 
RMS data are normalized (NRMS) using the equation: 

NRMS = RMS/RMSmax*100 (2) 
The cumulative NRMS dependence of sensors S1 and S2 on the total crack length (2a) is 

shown in Figure 7. Comparison of S1 and S2 regression curves  with visually measured crack 
propagation data is shown in Figure 8.  

 
Figure 5: Test specimen No. 04 with AE sensors (external side view). 

 
Figure 6: Record of RMS signals (specimen 04). 
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Figure 7: NRMS dependence on the crack length 2a for S1 AE sensors of specimen 04 and the corresponding 

S2 AE sensor of specimen 08 (left) and for S2 AE sensors of specimen 04 and the corresponding S1 AE sensor 
of specimen 08 (right). 

 

 
Figure 8: Comparison of visual and AE fatigue crack propagation curves of specimen 04. 

 
Another example of fatigue crack configuration and propagation (specimen 08, maximum 

stress level of 190 MPa, total lifetime of 34 325 elapsed cycles) is shown in Figure 9. The 
complete record of RMS signals is shown in Figure 10. Sensor S7, which was placed out of 
the expected failure area, shows only background noise with a level of 3.57 mV. Only 30 
events were localized. Despite the statistically insignificant number of events for further 
analysis, the events were localized and assigned to rivets No. 1 and 2. The exact time of 
localized events corresponds to the sudden increasing in RMS values. These events can be 
caused by rivets loosening. The sensor signals were analysed using the short-time Fourier 
transform (STFT) and the fast Fourier transform (FFT) to differentiate the beneficial signals 
from noise. The results correspond to RMS history – see Figure 11. The AE cumulative 
energy is related to the visually detected crack length, like the previous example. Cumulative 
NRMS dependence of sensors S1 and S2 on the total crack length (2a) is shown in Figure 7. 
Comparison of S1 and S2 regression curves with visually measured crack propagation data is 
shown in Figure 12.  
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Figure 9: Test specimen No. 08 with AE sensors (external side view). 

 

 
Figure 10: Record of RMS signals with indication of AE events (specimen 08). 

 

 
 

Figure 11: Spectrogram (a) and frequency spectra envelope (b) for sensor S2. 
 

 
Figure 12: Comparison of visual and AE fatigue crack propagation curves of specimen 08. 
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The sensors placed close to the crack initiation (S1 for specimen 04, and S2 for specimen 08) 
give significantly more events with higher cumulative energy than with other sensors. The 
RMS dependence on the crack length is not identical for both specimens. The reason could be  
the lack of fully identical actual crack initiation and propagation. While one major crack 
initiated in specimen 04, multiple crack initiation and propagation (one major crack and two 
subsequent small independent cracks) was observed in specimen 08. Nevertheless, the 
NRMS vs crack length dependencies are very close for both sensors located in the same 
position owing to major fatigue crack initiation. The RMS value can be used in the next full-
scale wing test as a driving parameter for fatigue crack detection. The distance of 90 mm 
between sensors seems to be sufficient for crack propagation detection for this type of 
structure. The recommended sensor placement is closest to the expected crack in the flat 
areas without any splices.  

9 CONCLUSIONS 

This paper documents the usage of an acoustic emission (AE) method for health 
monitoring of a typical airframe structure joint - a splice joint of a bottom wing integral panel 
and a build-up panel of a commuter aircraft. AE reached very good agreement with the 
visually based crack growth data. However, the acoustic emission signals arising from 
individual fasteners caused noise in the data. AE sensors have to be located as close as 
possible to the expected critical areas. Direct linkage between cumulative root-mean-square 
(RMS) signal energy and crack length is documented. The AE sensor arrangement and 
experiences will be applied to the same structure part monitoring during a forthcoming full-
scale wing test of a commuter aircraft. 
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