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Abstract 
 

Source location in carbon-fibre composite structures is complex because the wave velocity is 
dependent on the direction of propagation relative to the fibre lay-up. The problem is further 
complicated by signal attenuation and dispersion. This paper reports on an investigation into sig-
nal propagation and source location in carbon-fibre composite plates. 

A series of wave propagation tests were conducted on a 500 mm x 1400 mm carbon 
fibre/epoxy plate. A measurement of signal dispersion was taken using a wavelet transform to 
decompose an AE signal into a 2-D time-frequency plot. Peaks in the wavelet magnitude at a par-
ticular frequency and time can be inspected and are an indication of the group velocities of differ-
ent modes at that frequency. 

Waveforms were recorded for 5 signals, generated by a Hsu-Nielson (H-N) source, in each of 
the 0°, 22.5°, 45°, 67.5° and 90° propagation directions relative to the principal material axis. Ar-
rival times of the a0- and s0-mode group velocities were measured manually at 10-kHz intervals, 
and an average velocity was calculated at each frequency and used to plot dispersion curves. The 
measured dispersion curves were compared with theoretical curves generated by commercial 
software. Results demonstrated the varying propagation velocities and showed how the use of 
current source-location techniques can compromise source-location results. 

A novel source-location technique, ‘Delta-t’, has been developed to overcome problems with 
variations in signal propagation due to signal dispersion. Previous work has focussed on complex 
metallic structure. This paper presents the first results of ‘Delta-t’ source location applied to car-
bon-fibre plates. A series of buckling tests were performed on 400 x 380 mm carbon-fibre epoxy 
plates. Results of the ‘Delta-t’ location were compared with current source-location techniques 
and showed an improvement in source-location accuracy when compared with areas of damage. 

 
Introduction 

 
The use of composite materials has become increasingly widespread in automotive and aero-

space applications, in particular their use in safety-critical structures. In light of this, it is essential 
that the continued integrity of a composite component can be ensured throughout its service life. 

Acoustic emission (AE) offers great potential as a monitoring technique for composite ma-
terials. However, in order to extrapolate meaningful results, it is necessary to understand the 
complex propagation behaviour in such materials. Due to their laminate nature, composite-
material components are commonly manufactured as thin walled structures and as such are ap-
proximately plate like. When AE waves propagate in a plate-like structure they couple at the sur-
faces to produce two basic plate-wave modes (also known as Lamb waves). These are the ‘sym-
metric mode’ (s0), in which the principal displacement is in the plane of the plate, parallel to 
propagation direction and the ‘asymmetric mode’ (a0), in which the principal displacement is per-
pendicular to the plane of the plate and the direction of propagation [1]. The complex propagation 
of Lamb-wave modes is described by dispersion curves showing wave velocity versus frequency. 
This complex propagation behaviour is further complicated in composite materials due to their 
inhomogeneity, thus dispersion behaviour varying with propagation direction relative to the fibre 
orientation. The velocity of the s0 mode is dependant on the stiffness of the plate in static tension 
and is therefore sensitive to changes in material properties with direction. The velocity of the a0 
mode however is determined by the flexural stiffness of the plate and therefore depends strongly 
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on plate thickness [2]. A variation in propagation velocity will lead to errors in the calculation of 
location using common approaches such as time of arrival (TOA) [3] and single-sensor modal 
analysis location (SSMAL) [4], which assume a constant propagation velocity in all directions. 

A number of researchers [5-7] have used the wavelet transforms to investigate the dispersion 
behaviour of AE signals. The wavelet transform decomposes a signal into a 2-D time-frequency 
distribution and for a given mode of propagation the frequency dependant arrival times will ap-
pear as peaks in the magnitude of the distribution, providing an indication of the group velocity. 

In this work an investigation into the propagation characteristics of AE signals in carbon 
fibre/epoxy plates was undertaken. The effects of propagation characteristics on location calcula-
tion are demonstrated and an alternative ‘touch and learn’ location algorithm is presented. 
 
Experimental Procedure 

 
An investigation into the dispersion behaviour of AE signals in carbon-fibre composite ma-

terials was conducted on a 1400 x 500 x 2.15 mm carbon fibre/epoxy plate manufactured from 
Advanced Composites Group (ACG) MTM28-1/HS uni-directional (UD) pre-preg with a (0,90)4S 
lay-up. In order to limit the effects of sensor resonance and signal averaging across the sensor 
face, a broadband conical transducer (in-house manufactured at the National Physical Laboratory, 
UK) was used to record AE signals at a distance of 200 mm from an H-N source. A PAL PCI-2 
system was used for data collection and a PAL Pico sensor placed adjacent to the H-N source was 
used as a synchronous trigger to start the recording. Five signals were recorded at each propaga-
tion direction of 0o, 22.5o, 45o, 67.5o and 90o. The resulting signals were analysed using AGU-
Vallen Wavelet software package, which uses the Gabor wavelet to decompose signals into a 2-D 
time-frequency plot. Peaks in the wavelet magnitude were inspected at 10-kHz intervals and pro-
vide an indication of the group velocities for different modes at a given frequency, an example of 
this process being presented in Fig. 1. 

 

 
Fig. 1. Example of wavelet transform and dispersion data extraction (time scale in µs). 

 
The measured dispersion behaviour was validated using dispersion curves generated by DIS-

PERSE 2.0.16B software (Imperial College, London). The program uses a global matrix method 
to estimate dispersion curves, given the stiffness and density values [8]. 
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The effect of variation in propagation behaviour on source location is investigated using data 
from a buckling experiment of a 380 x 380mm square composite plate, manufactured using the 
same material and lay-up as that of the large plate used previously. The plate was loaded to fail-
ure under a uni-axial in-plane load and monitored using four PAL WD sensors. The locations 
were calculated using both the standard TOA approach and the ‘Delta-t’ mapping technique [9] 
for comparison. The ‘Delta-t’ approach uses an H-N source to collect time of arrival data from 
known positions within a grid on a component, which is then used to generate δt maps of the 
component for each pair of sensors. A line of constant δt can be identified on the map of each 
sensor pair that is concurrent with the δt values resulting from an actual AE event. By overlaying 
the contours a convergence point can be found that indicates the source location. 

 
Results and Discussion 

Figures 2 and 3 present the theoretical dispersion curves calculated using DISPERSE soft-
ware and the dispersion data measured using wavelet transforms for 0o and 90o propagation direc-
tions, respectively. The theoretical dispersion curves show in both cases that at lower frequencies 
the s0 mode is expected to have a high velocity and remain relatively non-dispersive up until 
~400 kHz, above which it becomes very dispersive and rapidly reduces in velocity. The a0 mode 
is expected to be highly dispersive at low frequencies below ~50 kHz and above this is non-
dispersive at a low velocity. In the wavelet transforms of the recorded signals, the s0 mode only 
had a measurable magnitude between ~200-400 kHz in the non-dispersive region, and outside of 
this the magnitude was too small to measure effectively. The measured dispersion behaviour in 
this region shows good agreement with the theoretical curves in both cases. Potential differences 
in the results may arise due to the manufacturers’ stated material properties (those used by DIS-
PERSE) differing slightly from the properties of the cured material; as discussed above the s0 
mode is more sensitive to material properties. Measurement of the a0 mode was possible between 
~20-400 kHz and excellent agreement with the theoretical curves is observed in both cases. 

 
Fig. 2. 0o dispersion curves. 

 
A comparison of the measured dispersion behaviour of both the s0- and a0-plate-wave modes 

in the 0o, 22.5o, 45o, 67.5o and 90o material directions can be seen in Fig. 4. Good correlation can 
be seen between the a0-mode dispersion behaviour in all material directions. The a0 mode is 
strongly dependent on the flexural stiffness and hence thickness of the plate, which does not 
change with propagation direction. The s0 mode is dependant on the in-plane stiffness of the 
plate, which is greatest in line with the fibres (i.e., 0o and 90o) and least at 45o to the fibres. This 
is apparent in Fig. 4, where the velocity of the s0 mode is greatest in the 0o and 90o directions at 
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over 6000 m.s-1 and smallest in the 45o direction at ~4600 m.s-1, with the velocities in the 22.5o 
and 67.5o lying in between. It is this large variation in velocity with direction of propagation that 
can lead to errors in location calculation.  

 

 
Fig. 3. 90o dispersion curves. 

 
Fig. 4. Comparison of measured dispersion data. 

 
Figure 5 presents the TOA-location results for a buckling test of a carbon fibre/epoxy plate, 

where the dashed line represents the plate boundary and the numbered boxes represent the posi-
tions of four PAL WD sensors. Final failure occurred at the top-right corner of the plate in the 
form of an area of delamination and a large through-thickness crack. It is also believed that mi-
cro-damage was present at the other three corners. Correspondingly, most of the location results 
are clustered about the top-right corner with locations also clustering around the other three cor-
ners. However the clusters of signals around the corners are quite spread out and numerous events 

0o Symmetric 
22.5o Symmetric 
45o Symmetric 
67.5o Symmetric 
90o Symmetric 

0o Antisymmetric 
22.5o Antisymmetric 
45o Antisymmetric 
67.5o Antisymmetric 
90o Antisymmetric 
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are located outside of the plate boundary. The most intense area of locations contains 4 events 
and is 10 cm away from the bottom-right corner, which does not correspond well to the observed 
damage and could be misleading. However, there are two points located at 2.9 cm and 5.5 cm 
from the top-right corner of the plate each containing 3 events, which do correspond to the ob-
served damage. 

 

 
Fig. 5. Buckling test TOA locations. 

 
The location result for the same buckling test calculated using the ‘Delta-t’ methodology is 

presented in Fig. 6, where the dashed line represents the plate boundary and the delamination area 
is identified in the top-right corner by a solid line. It should be noted that due to the nature of the 
technique no events will be located outside of the grid used for the initial mapping process. The 
events are clustered quite closely at the corners of the grid and the area of most intensely located 
events, containing 18 events, is at the top-right corner, only 2.12 cm from the observed damage. 
Compared with the largest location error of 5.5 cm observed using TOA at the top-right corner, 
this offers a 61% improvement in location. 

 
Conclusions  

 
A thorough investigation of the dispersion behaviour of wave propagation in composite ma-

terials was completed using commercially available software. Good correlation was observed be-
tween theoretical and experimental results and the s0-mode velocity displayed a strong directional 
dependency. 

The loss in accuracy of the TOA-location calculations resulting from varying propagation ve-
locity in composite materials was demonstrated. Furthermore, the ‘Delta-t’ mapping technique 
was used for the first time in composite materials and comparison with the TOA locations 
showed an improvement in location accuracy of up to 61%. 
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Fig. 6. Buckling test ‘Delta-t’ locations. 
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