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Quantitative measurements of the amplitude and angular variation of acoustic emission (AE) events due
to matrix cracking and delamination in large quasi-isotropic composite plate specimens are reported. A
procedure for determining the minimum specimen size necessary to make quantitative measurements is
presented. The amplitude of AE events is quoted as the absolute surface displacement of different guided

wave modes and can therefore be used as the input to forward models of the AE process. Matrix cracking
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events are found to be dominated by the Sy guided wave mode and have a pronounced amplitude vari-
ation with angle. Events due to delamination growth are dominated by the Ay guided wave mode and
have no clear angular dependence.
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1. Introduction

Acoustic Emission (AE) is the generation of transient waves due
to the rapid release of strain energy from within a material, typi-
cally due to the occurrence of some type of damage. AE testing is
the detection of damage via the detection of the elastic waves gen-
erated by an AE event. The high sensitivity of AE testing, coupled
with its need for relatively few sensors make it an attractive tech-
nique for Structural Health Monitoring (SHM) systems. However,
to achieve success in an SHM role, the performance of an AE system
must be quantified [1] and, consequently, quantitative information
about AE waveforms from the types of damage of interest must
first be obtained.

This paper describes an experimental procedure for quantita-
tively characterizing the AE from damage mechanisms in planar
composite material. For the first time measurements from different
damage mechanisms are reported on an absolute displacement
scale. The motivation for obtaining such measurements is to pro-
vide data for input into forward simulations of the AE testing pro-
cess on more complex components and structures. Forward
simulation models are necessary to quantify the performance of
AE-based SHM systems. Such models simulate the response of
one or more AE sensors to a particular type of damage at a certain
location, and can be used for example, to estimate Probability Of
Detection (POD) or to determine the optimum sensor placement.
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The work conducted in AE testing is vast and a complete review
of the literature is beyond the scope of this work. Thorough re-
views are given by Hamstad [2] and Drouillard [3]. Hamstad de-
scribes four fundamental and repeated problems with AE source
characterisation measurements reported in the literature:

e The failure to account for the effects of specimen geometry.

e The failure to account for the effects of propagation.

e The failure to account for the effects of AE system components.
e The failure to confirm the origin of AE events.

These problems lead to a case-specific results that are not trans-
ferable to general models. Notable exceptions to this include cer-
tain well-controlled experiments reported in the 1980s that used
moment tensor analysis to invert experimental measurements to
investigate the nature of certain AE sources, such as fatigue crack
growth in an aluminium alloy [4] and thermal cracking in glass
[5]. Also worthy of mention are so-called modal AE studies [6-9]
where different modes of wave propagation are identified in the
AE waveforms and used to characterize AE sources.

With the exception of specimen geometry, most of the prob-
lems listed by Hamstad have been independently addressed in
the literature. To include the effect of propagation, Scholey et al.
[10] used a linear time-invariant (LTI) systems approach [11] to
simulate dispersion, attenuation and reflection or transmission,
using data from AE source characterisation experiments as an in-
put. To account for AE system components, a variety of techniques
for calibrating AE sensors are available in the literature including
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variations on the ASTM standard approach [12,13] and the reci-
procity technique [14]. To determine the origin of AE events,
source location based on triangulation from the arrival times of
individual wavepackets on multiple sensors can be used. Such
localisation tools are well established for isotropic plates [15]
and have also been demonstrated for anisotropic plates [16,17].

The problem that has received the least attention is that of spec-
imen geometry. The vast majority of laboratory-based AE source
characterisation has been conducted on narrow plate coupons
where the AE source and sensors are necessarily located close to
the specimen edges. Plate edges reflect elastic wave energy back
into the specimen [18,20] which interferes with the waveform
propagating directly from the source to the sensor. The amount
of interference depends on the propagation properties of the elastic
waves, the experimental layout and the exact source location,
which often cannot be precisely controlled. There is no simple
technique for removing the effects of reflected wave energy from
AE waveforms in small specimens and, as a result, it is very difficult
to separate the effects of specimen geometry from the AE source
information. Furthermore, real AE sources do not radiate energy
uniformly in all directions [4,5], but this angular variation cannot
be observed if narrow specimens are used. Hamstad suggested
the obvious solution of using large specimens to allow reflection-
free measurements of the directly emitted waves from an AE
source [18]. However, experiments on large specimens are less
attractive than those on small specimens: larger loads are neces-
sary to generate damage, special measures must be taken to ensure
damage occurs at the desired location (i.e. in the center of the spec-
imen rather than at the edges) and larger specimens are more
expensive. For these reasons, there have been almost no reported
quantitative source characterisation measurements on large spec-
imens and, to the best of the authors’ knowledge, none have been
reported on fibre reinforced composite samples.

In this paper, plate (rather than bulk specimens) are used be-
cause they are representative of the basic structural element of
many real composite structures on which an AE-based SHM might
be deployed. In plates, the AE signals propagate away from the
source as guided waves, which are by their nature multi-modal
and dispersive [19]. It should be stressed that the experimental
methodology described in this paper is for the purpose of source
characterisation only; it should not in any way be regarded as
the required design for an SHM application. The results from the
source characterisation experiments described here are intended
to be used to provide the input for models of AE in more complex
structures. Such models can readily account for reflection and
transmission of AE signals past multiple structural features, en-
abling robust simulations of the AE process in complex structural
components.

Section 2 describes the design of composite plate specimens
with sufficiently large in-plane dimensions to enable accurate
measurements of the amplitude of directly emitted guided waves
from two different damage mechanisms. The experimental proce-
dure and the calibration of the experimental hardware to absolute
surface displacement for different guided wave modes are de-
scribed in Section 3. The results are presented in Section 4 and dis-
cussed in Section 5.

2. Experimental specimens
2.1. Plate lay-up

The plates used here were manufactured at the University of
Bristol from AS4/8552 pre-preg material with lay-up

[(+45, 90, —45),, 0;]s. The material properties, in-plane elastic
modulae (E; and E;), in-plane shear modulus (G;;) and in-plane

Poisson’s ratio (vq2), of the AS4/8552 ply material are taken from
[21] and are listed in the Appendix A. For the transverse Poisson’s
ratio (vp3) a value of 0.45 is used. Using classical laminate theory, it
can be shown that this lay-up results in a plate with isotropic in-
plane extensional and shear stiffness. A nominal ply thickness of
0.125 mm gave an overall plate thickness of 2 mm.

2.2. Determination of guided wave properties

Fig. 1 shows the group velocity dispersion curves for the two
propagating modes measured on a large 2 mm thick plate with
the above lay-up. The measurement was made using a phase-delay
technique [10,22], where a laser interferometer was used to mea-
sure the change in-phase of wavepackets in two waveforms
recorded at different points on a ray-path. The experimentally-
measured group velocity dispersion curve was compared with a
numerical solution obtained using DISPERSE (Imperial College, Lon-
don) software [23]. The laminate stiffness values used in DISPERSE
are reported in the Appendix A. These are the equivalent homoge-
nous properties calculated from the properties of individual lam-
ina, which are also listed in the Appendix A. At 250 kHz, the
variation in-phase and group velocity of the fundamental guided
wave modes Ag and Sy with angle is negligible (<0.1 %). The agree-
ment between the experimental and theoretical group velocity is
excellent and was found to be similar in all propagation directions.
The plates can therefore be regarded as quasi-isotropic as far as the
propagation of the fundamental guided wave modes is concerned.

2.3. Specimen size calculation

With knowledge of the guided wave velocities, it is possible to
design the specimen geometry. A simple approach for visualizing
the dispersion of elastic waves along a single ray-path was de-
scribed by Wilcox et al. [24]. Here, that technique is extended for
visualizing the interaction of dispersive wavepackets propagating
in a two-dimensional plate structure through the use of a loca-
tion-time plot. The basic concept is to plot the trajectory of wave
packets along the ray-paths of interest in three-dimensions (3D),
where two of the dimensions represent the in-plane spatial posi-
tion within the plate and the third-dimension represents time. In
a plate, an AE source generally radiates energy in all in-plane direc-
tions, but the ray-paths of interest here are only those that ulti-
mately reach the sensor. In terms of specimen design, the most
important ray-paths are: (a) the path directly from the source to
the sensor and (b) the shortest ray-path from the source to the sen-
sor with a single reflection from a specimen boundary. Wavepac-
kets that propagate along these ray-paths to the sensor are
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Fig. 1. Group velocity dispersion curves in the 0° ply direction for a 2 mm thick

AS4/8552 plate. The upper curve is the fundamental symmetric mode, Sp, and the
lower curve is the fundamental anti-symmetric mode, Ao.
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referred to as direct and reflected wavepackets, respectively. The
direct wavepackets are those that will be used to characterise
the source. The reflected wavepackets are important in that it must
be ensured, as far as possible, that they do not interfere with the
direct wavepackets of interest. The location-time plot enables rel-
atively simple equations to be written for the temporal start and
end of each wave-packet arrival at a sensor, and consequently
the minimum specimen size in order to avoid wave-packet overlap
can be determined. The technique can also be extended to aniso-
tropic plates where the wave velocity is a function of angle,
although this is not the case here as shown previously.

It is assumed that a square plate specimen is used, and that the
AE source occurs at the center of the specimen. At each sensor loca-
tion, the objective is therefore to resolve the direct wavepackets of
different guided wave modes both from one another and from re-
flected wavepackets. Separation of the direct wavepackets from
one another implies that sensors must be more than a certain crit-
ical distance away from the source. Because the velocity profile of
both modes is isotropic in this case, the locus of minimum critical
distance is a circle around the center of the plate. In terms of
resolving direct wavepackets from reflected wavepackets, it can
be seen by inspection (again because the velocity profile is isotro-
pic) that the critical angular positions of sensors are at 0°, 90°, 180°
and 270° with respect to the plate axes.

Fig. 2 shows a location-time plot of the wavepackets from an AE
event occurring at the center of a 400 mm square plate with the
properties previously described. Because of symmetry, only a quar-
ter of the plate is modeled and the AE event occurs at the spatial
location X=0, Y=0 in the location-time plot. The size of plate
and sensor position in the location-time plot in Fig. 2, represents
the 400 x 400 mm measurement area of the actual experimental
specimens used here, although in the following discussion it is
used simply to illustrate the specimen geometry calculation proce-
dure. The figure shows the trajectory of wave packets along three
ray-paths that arrive at a sensor location (75 mm, 0). The first is
from the AE source location (0, 0) directly to the sensor; the second
is a continuation of this ray to the boundary of the active area at
(200 mm, 0) where it is reflected back to the sensor; the third is
that of waves reflected off the other boundary at (37.5 mm,
200 mm). In order to compute these trajectories, various pieces
of information about the AE source and wave propagation in the
plate are needed. The gradient of the lines describing the lower
(i.e. earlier) temporal boundary of each wavepacket are defined
by the fastest group velocity of the particular guided wave mode
over the bandwidth of the AE source. Similarly, the gradient of
the lines describing the upper (i.e. later) temporal boundary are de-

fined by the slowest group velocity of the guided wave mode over
the bandwidth of the AE source. The lower and upper temporal
bounds are offset at the location of the AE source by its temporal
duration.

From the preceding description of the location-time plot con-
structions, it appears to be necessary to have a priori knowledge
of the bandwidth and temporal duration of the AE source. How-
ever, the authors postulate that individual physical phenomena
responsible for AE events themselves, such as the sudden advance
of a crack front or a stick/slip event in a delamination, happen over
such short time-scales that their temporal profiles can be regarded
for practical purposes as delta function-like. The implication of this
is that the bandwidth of the wavepacket measured at a sensor is
determined by other factors. These include, the frequency-depen-
dent excitability of different guided wave modes, the attenuation
incurred by the guided waves en route to the sensor and, most sig-
nificantly, by the frequency response function of the sensor and
instrumentation. Therefore, the parameters required for the dis-
tance-time plot are the bandwidth and temporal duration of the
impulse response of a sensor and instrumentation. In the work de-
scribed here, the sensors are relatively broadband, and the band-
width is intentionally limited by a digital band-pass filter. This is
applied in post-processing in the frequency-domain and has a pre-
cisely specified frequency profile, and hence impulse response. The
bandwidth is defined by a raised cosine function spanning the fre-
quency range from 50 kHz to 450 kHz, and the corresponding im-
pulse response has a duration of T=20 us. Note that although
this represents the temporal duration of an impulse applied di-
rectly to the sensor, it can be regarded equivalently as the temporal
duration of the AE source, which is more useful for the purposes of
constructing the location-time plot. Over the bandwidth 50-
450 kHz, the minimum and maximum velocities of the Ay guided
wave mode are v™?(A) =1.5mm ps~! and v™*(A) =1.6 mm ps~ !,
and those of the Sy guided wave mode are »™"(S)=5.0 mm ps™'
and »™*(S)=6.0 mm ps~!. From the location-time plot, it can
easily be deduced that the minimum radial distance, rpy, at
which the directly emitted wavepackets are resolved in time is
given by:

S A
Z}1(nzn vEﬂ;X
Fmin =T = G (1)
v — v
min max
For the specimen and instrumentation considered here, this
evaluates to 47 mm. To ensure complete temporal separation of
the direct wavepackets from the first reflections, the minimum size
of plate, Ly, can be computed:
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Fig. 2. Location-time plot of guided waves emitted from AE source at (0, 0) on AS4/8552 lay-up [(45, 90, —45),, 0] plate.
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which for the system here is 355 mm. Because the location of AE
sources due to damage cannot be precisely controlled, this size
should be regarded as an absolute lower bound only.

In the experimental work described here, the authors elected to
increase the tolerance on source location uncertainty by placing
sensors on a circle with a radius of 75 mm, which corresponds to
the sensor position indicated in Fig. 2. However, this sensor posi-
tion is now too close to the specimen edge to allow complete sep-
aration of the direct Ag wavepacket from the first Sy reflection. This
limitation is accepted on the basis that the direct wavepacket of
most interest is the dominant mode. If the dominant mode in the
first arrival is the Ap mode, then this is also likely to dominate
the reflected S, mode wavepacket. This is because although the
So mode has a somewhat lower attenuation than the A, mode,
the first Sy mode reflection has to propagate more than four times
further than the direct Ao mode wavepacket. Of course, if the direct
wavepacket is So-dominated there is no problem as the direct So
wavepacket is fully resolvable from other wavepackets.

3. Experimental procedure
3.1. Specimen manufacture

Four 600 mm x 400 mm plates were manufactured at the Uni-
versity of Bristol from AS4/8552 pre-preg material with the prop-
erties and lay-up described previously. The specimens were
cured in an autoclave using the manufacturer’s recommended cure
cycle at 180 °C under a pressure of 7 Bar (Hexcel, Duxford, UK).
Aluminium end tabs, measuring 100 x 400 mm were bonded to
the plate using Hexcel Redux-A two part epoxy. The epoxy was
cured for 1 h at 70 °C under a pressure of 7 Bar.

AE waveforms were monitored at four locations a distance of
75 mm from the center of the plate as shown in Fig. 3. The sensor
locations were chosen to allow the measurement of angular ampli-
tude patterns (using sensor locations 1-3) and to facilitate source
location via triangulation using sensor locations 1-4. The sensors
used in this work were manufactured in the University of Bristol
NDT laboratory. The main component of the sensor is an un-
damped cylindrical pz-27 lead zirconate titanate (PZT) piezo-cera-
mic element (Ferroperm, Kvistgard, Denmark) with a diameter of
3 mm and a height of 3 mm. At each sensor location shown in
Fig. 3, two sensors were bonded using commercial cyanoacrylate
adhesive at collocated points on opposite sides of the plate. This
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Fig. 3. Plate specimen geometry. The sensor locations in mm with respect to the
center of the cut-ply are: S1 (0, 75); S2 (53.03, 53.03); S3 (75, 0); and S4 (-53.03,
-53.03).

enabled the propagating mode to be identified using the technique
described in Section 3.5.

3.2. Damage mechanism

Artificial discontinuities were introduced at the center of the
plates by making a cut through the central block of 0° plies, per-
pendicular to the fibre direction. The cuts were made using a knife
during the lay-up of the specimen. Three of the four specimens
contained cut plies of different lengths which are summarized in
Table 1. Earlier investigations of cut plies indicated that this was
a simple way to introduce a localized delamination region into a
plate [25,26].

Fig. 4 shows a cross-section of a cut-ply region after loading,
with damage features highlighted using penetrant UV dye. The
cut-ply can be seen to open and form a vertical crack spanning
the block of 0° plies. Two delamination regions, seen as horizontal
cracks at the interface of the 0° plies and 45° plies, extend from the
cut-ply. The opening of the cut-ply is perpendicular to the loading
direction and as a result, has similarities with Transverse Matrix
Cracking (TMC) events. However, the opening of the resin rich re-
gion inside the buried crack is not strictly TMC and is referred to as
matrix cracking in this work.

3.3. Loading procedure and strain measurement

Three of the four plates were loaded in quasi-static tension in a
Dartec 500 kN servo-hydraulic testing facility at a rate of
2mmmin~!. A summary of the loading conditions of the three
specimens is shown in Table 1. The strain was monitored on oppo-
site sides of the plate at four locations using a video extensometer
[27] (Imetrum, Bristol, UK). The reported strain values throughout
this work are the average of the measurements made at the four
locations. Because the video extensometer is non-contact, it does
not interfere in any way with the AE measurements. The locations
of the strain measurements are shown in Fig. 3.

Table 1
Defect and loading details of plate specimens.

Specimen Cut-ply length Maximum load Maximum strain
(mm) (kN) (%)

DL-L-50 50.0 235 0.738

DL-L-25 25.0 232 0.735

DL-L-12 12.5 251 0.810

DL-L-00 0.0 ~ ~

St

Fig. 4. Examination of cut-ply region after loading using UV penetrant dye analysis.
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3.4. AE system hardware

The eight pz-27 sensors were connected to PAC 2/4/6 pre-
amplifiers (Physical Acoustics Corporation, Princeton Junction, NJ)
which were connected to an 8-channel PAC PCI-2 data acquisition
unit. The nominal pre-amplifier gain was fixed at 40 dB.

A hit is a waveform recorded on a single channel by the AE sys-
tem when the waveform amplitude exceeds some threshold ampli-
tude. The triggering point is defined as the time at which the hit
waveform first exceeds a certain threshold amplitude. The thresh-
old amplitude was set a few dB above the ambient noise level and
was between 48 dB,. and 52 dB,. for all tests. It should be noted
that no hardware filtering was applied during testing. The calibra-
tion of the AE system hardware is described in Section 3.7.

3.5. Post-processing

A code, written in MATLAB, was used to screen, filter and inter-
pret the raw waveforms. The code initially screens the raw wave-
forms and discards those that fall below a specified threshold
value. Raw waveforms from different sensors with triggering
points that occur within a specified time window of each other
are then considered to correspond to an AE event. For the results
which follow, the time window which was used to link raw wave-
forms into events was 100 pis.

The raw waveforms due to each event are then filtered in the
frequency-domain. An important characteristic of the pz-27 sen-
sors is that they have a reasonably flat frequency response below
their first resonant frequency, making them ideal for quantitative
measurements in this range. The Fourier transform of each wave-
form is multiplied by a raised cosine filter with a center-frequency
of 250 kHz and bandwidth of 400 kHz. This ensures that data out-
side this range (which at lower frequencies is contaminated by
acoustic noise and at higher frequencies is distorted by the first
sensor resonance and higher order guided wave modes) is re-
moved. When the filtered spectra are inverse Fourier transformed,
the resulting waveforms have a well-defined bandwidth and cen-
ter-frequency of 250 kHz. This is important for subsequent source
location, where the velocity of a wavepacket is required. The wave-
packet velocity can now be unambiguously defined as the group
velocity of the appropriate guided wave mode at the center-fre-
quency of 250 kHz.

The propagating mode at the triggering point is identified by
examining the relative phase of the filtered waveforms recorded
on a pair of collocated sensors. Waveforms which are in-phase at
the triggering point indicate triggering by the So mode while those
in anti-phase indicate the Ay mode. Note that the propagating
mode at the time of triggering is not necessarily the dominant
mode in the waveform; the identification of the triggering mode
is purely to enable the correct modal velocity to be used in localiz-
ing the source.

3.6. Source location

Source location was conducted using the best-matched point
search method [17]. The best-matched point search method works
by comparing the difference in triggering time of experimental
waveforms measured at different sensor locations, known as del-
ta-t values, with a set of theoretical delta-t values calculated at dif-
ferent points on the test geometry based on the known guided
wave velocities. The location of the AE source is given by the point
which has the closest match between experimental and idealized
delta-t values. Identification of the propagating mode at the trig-
gering point of experimental waveforms enables the correct value
of group velocity to be used in the source location algorithm. The
velocities used to calculate the idealized delta-t values for the Sy

1 1

and Ap modes are 5.60 mm ps~' and 1.60 mm ps™ ', respectively.
These velocities correspond to the group velocities of the two
modes in the AS4/8552 plate at 250 kHz (the center-frequency of
the band-pass filter). Since the plate is quasi-isotropic the specified
velocities are applicable in all directions.

3.7. Experimental calibration

In order to obtain quantitative source characterisation data, it is
necessary to calibrate the voltage of a recorded AE waveform to the
absolute surface displacement of a specified guided wave mode.
Practically, this means finding the transfer function of each compo-
nent in the measurement system. The measurement system in-
cludes the sensors, amplifiers and filters. The gain of the PAC 2/4/
6 pre-amplifiers was measured and found to be 44 dB when set
to a nominal 40 dB gain. All filters in the PAC PCI-2 system were
disabled (this was verified by comparing trial waveforms recorded
in parallel on the PAC system a LeCroy 6030 digital storage oscillo-
scope). The only remaining component requiring calibration is
therefore the sensor itself and the procedure for doing this is sum-
marized below.

There are several approaches reported in the literature for
determining the sensor transfer function including the ASTM ap-
proach [12] and reciprocity technique [14]. In this work, a mod-
ified version of the ASTM approach was used which allows
in situ calibration using a Polytec OFV-505/2700 laser vibrometer
system to obtain an absolute displacement measurement [13].
The procedure uses a repeatable reference source (in the form
of another pz-27 transducer connected to a signal generator)
temporarily bonded to the surface of the plate at the intended
damage location. Prior to installation of a monitoring sensor pair,
the surface displacement at the sensor locations is recorded
using the laser vibrometer when the reference source is excited
with a suitable signal (i.e. a toneburst with the desired band-
width). The sensor pair is then installed without disturbing the
reference source and waveforms from both sensors are recorded
when the reference source is excited with the same signal. The
calibration is conducted independently for both the Sy and Ag
guided wave modes, which are resolvable in the time-domain,
as the transfer function depends on parameters that are both
mode- and frequency-dependent such as mode-shape and wave-
length in addition to just frequency. Although the sensor transfer
function for each mode is strictly frequency-dependent it may, in
practice, be approximated by its value at a single frequency.
These scalar values only convey amplitude information and, as
a result, any phase change due to the sensor is discarded. At
250 kHz (the center-frequency of the bandpass filtered applied
later in post-processing), a typical calibration value was around
0.5pm V™! for both the Ay and Sy, modes. It should be stressed
that separate calibration values are obtained for each mode at
each sensor in the experiment.

4. Experimental results

The experimental results are reported in two stages. Firstly,
source location is performed and used to confirm the origin of
the source and likely damage mechanism. Afterwards, the source
characteristics of matrix cracking and delamination are examined.
It should be noted that unless stated, the waveforms shown in the
figures are randomly selected from the relevant data sets.

4.1. Source location

Source location is used to confirm that each acoustic source orig-
inates in the region of damage (rather than for example at the points
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where the specimens are gripped). This therefore provides increased
confidence that the results are from genuine events related to the
damage.

Example source location results are shown for Specimen DL-L-
50. Specimen DL-L-50 contained a 50 mm cut-ply and was loaded
in quasi-static tension to 0.74% strain (235 kN). An independent
measurement of the damage area was made before and after load-
ing to provide a comparison with the source location results. Ultra-
sonic C-scans taken before and after testing are shown in Fig. 5a
and b, respectively. Before loading a resin rich region around the
cut plies can be seen. After loading an extensive damage area exists
at the center of the plate. The damage area is a little wider than the
initial 50 mm cut and has advanced, as expected, in the loading
direction.

Source location was used to generate cumulative event plots
which describe the total number of events that occur at each point
during the test. Only events where all sensor pairs triggered on the
same mode are considered; events where triggering occurred on
mixed modes were generally of low amplitude and mode identifi-
cation was unreliable. The points used in the source location algo-
rithm and cumulative event plots had a resolution of 2 mm. The
cumulative event plot for loading up to 0.37% strain is shown in
Fig. 6a. The agreement between the estimated event location and
the location of the cut-ply, shown in Fig. 5a and highlighted by
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the dotted line in Fig. 6a, is reasonable, with most events being
localized to within a few mm of the cut. With the exception of
one event, all events occur between 0.16% and 0.17% strain and
are attributed to cracking of the resin rich region between the
cut plies.

Between 0.37% strain and 0.74% strain 118 events were re-
corded; 95 events were triggered on the S, mode, 2 on the Ag
mode and the remaining 21 were triggered on mixed modes.
The cumulative event plot for loading between 0.37% and
0.74% strain is shown in Fig. 6b and shows a much more exten-
sive spread of locations than that at 0.37% strain. The agreement
between the estimated event location and the location of the
damage area identified by the C-scan is excellent. All of the re-
corded events occur above 0.55% strain and based on their esti-
mated location are assumed to correspond to the initiation and
propagation of delamination. It should be noted that specimens
DL-L-25 and DL-L-12 showed similar agreement between source
location plots and C-scan measurements.

4.2. Matrix cracking characteristics

All three specimens demonstrated similar AE characteristics. In
tensile loading between 0.15% and 0.20% strain, multiple AE events
occurred and were located within a few mm of the cut-ply. These
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Fig. 5. C-scan of specimen DL-L-50: (a) before loading and (b) after loading.
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events were attributed to the cracking of the resin rich region and
their characteristics are discussed here. The reported characteris-
tics are taken from specimen DL-L-12 which had a cut-ply length
of 12.5 mm. The small cut-ply meant that the propagation distance
to each sensor location was approximately equal removing most of
the possible variation due to differences in propagation distance.

In the loading of specimen DL-L-12, 18 events were recorded
between 0.17% and 0.20% strain. The variation in overall amplitude
of the events from matrix cracking is examined in Fig. 7, where
four randomly-selected matrix cracking waveforms measured at
sensor location 1 are compared. In the early part of the waveform,
the waveforms measured on opposite sides of the plate are in-
phase and, as a result, indicate So mode propagation. Since this
mode dominates the received waveforms the vertical scale in this
figure is based on the calibration for the So mode. The amplitude
variation between events is quite large and, when considering all
18 events, there is an amplitude variation of approximately
16 dB. There is some evidence of the A, mode approximately
35 ps after the first arrival of the Sy mode. The arrival of an Ag at
this time was predicted by the location-time plot and corresponds
to the Ag mode propagating directly between the source and
sensor.

The angular amplitude pattern of the matrix cracking events
was examined by comparing the waveforms measured at sensor
locations 1-3 for each individual matrix cracking event. Typical
waveforms for one randomly-selected matrix cracking event are
shown in Fig. 8a—c, respectively. The received waveforms are dom-
inated by the Sy mode (i.e. the wavepacket that arrives first) in all
three propagation directions. For this event, the absolute ampli-
tude of the So mode in the 0° ply direction is almost 100 pm
(pm = picometers) and in the 90° ply direction is approximately
10 pm. The difference in amplitude in the different directions is
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quite large and indicates that this type of event has a pronounced
angular amplitude pattern.

The mean, range and standard deviation of the absolute ampli-
tude measurements of the matrix cracking events, measured in the
three propagation directions for specimens DL-L-12 and DL-L-25,
are summarized in Fig. 9a. Fig. 9b shows the angular amplitude
pattern obtained by normalizing the amplitude of each event by
that in the 0° propagation direction for specimen DL-L-12. It can
be seen that the surface displacement varies by about 20 dB over
the range of measurements. The error bars indicate the range of
the normalized amplitudes measured at each angular location
and show that for matrix cracking events, the angular amplitude
pattern is remarkably consistent.

4.3. Delamination

In the loading of the large specimens, many events were re-
ported after 0.55% strain. Above this strain, the source location of
events indicated that delamination was advancing from the cut-
ply in the loading direction. The characteristics of the delamination
events reported here are taken from specimen DL-L-12 which had
a cut-ply length of 12.5 mm. Again, the small cut-ply meant that
the propagation distance to each sensor location was approxi-
mately equal, reducing variation due to differences in propagation
distance.

Fig. 10a-d compares the surface displacement measured at sen-
sor location 1 for four randomly-selected delamination events. In
all events, the Ap mode (i.e. the second wavepacket to arrive in
the waveforms in Fig. 10) is dominant and, as a result, the vertical
scale of the received waveforms is calibrated for the A, mode.
These waveforms differ greatly from the matrix cracking wave-
forms which were dominated by the S, mode. There is some
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Fig. 7. Four example waveforms for matrix cracking events after filtering measured at sensor location 1 during the quasi-static loading of specimen DL-L-12: (a) event 1; (b)
event 2; (c) event 3; and (d) event 4. Solid horizontal lines indicate the threshold amplitude; solid vertical lines indicate the trigger time. The waveforms immediately after
the trigger time are clearly in-phase for each pair of sensors indicating So-triggered waveforms. This wavepacket is also the dominant one, indicating an So-dominated event.
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variation between the amplitude of the events, and when consider-
ing all delamination events the variation is approximately 40 dB.

It can be seen that the Ay mode arrives approximately 30 s
after the Sp mode, as predicted by the location-time plots. As noted
previously, the location-time plots predict that the A, mode is con-
taminated by the first reflection of the So mode. However, since the
So mode amplitude is much smaller than the Ag mode, and will lose
further amplitude over the additional distance traveled, it is not
thought to affect the Ag amplitude significantly.

The angular amplitude pattern of a delamination event was
examined by comparing the waveforms measured at sensor loca-
tions 1-3 for a each event. Example waveforms for one particular
event are shown in Fig. 11a-c, respectively. In all three propagation
directions it can be seen that the propagation is dominated by the
Ao mode. For this event, the absolute amplitude of the Ay mode in

the 0° ply direction is almost 50 pm and in the 90° ply direction is
approximately 15 pm. The difference in amplitude in the different
directions is quite large and indicates the presence of an angular
amplitude pattern for an individual event, albeit one that is less
significant than that of the matrix cracking events.

The mean, range and standard deviation of the absolute ampli-
tude measurements of the delamination events, measured in the
three propagation directions for specimens DL-L-12 and DL-L-25,
are summarized in Fig. 12a. The vast majority of events due to
delamination are low amplitude, with an absolute surface dis-
placement much below the average shown on the plot. However,
the presence of a few very large events misleadingly distorts both
the average and standard deviation. Thus, the average and stan-
dard deviation are calculated with the 10 largest amplitude events
removed. The 10 events with the largest amplitude are shown on
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the plots using dotted lines. It can be seen that the angular ampli-
tude pattern is less repeatable than in the matrix cracking events
by comparison with Fig. 9a.

Fig. 12b shows the angular amplitude pattern obtained by nor-
malizing the amplitude of each event by that in the 0° ply direc-
tion. It can be seen that the surface displacement varies by about
12 dB over the range of measurements. Despite some evidence of
an angular amplitude pattern, the error bars, indicating the range
of the normalized amplitude at each angular location, show that
the pattern is not repeated for each event. No clear angular
amplitude patterns were seen for delamination events in specimen
DL-L-25. There are several reasons why delamination events may
not exhibit any clear angular amplitude pattern. First, there may
be angular variation in the radiation pattern from individual
events but the events themselves may be randomly oriented. Sec-
ondly, the presence of the delaminated region itself may distort
the measured angular amplitude as waves detected in different
directions have to pass through different lengths of delaminated
plate. This effect will depend on whereabouts in the delaminated
region a particular event occurs and will change as the test pro-
gresses and the delaminated area grows. Unfortunately, there is
insufficient experimental data to reliably probe any of these
hypotheses further. However, regardless of the precise mecha-
nism, the knowledge that the average angular amplitude distribu-
tion for delamination events is fairly uniform provides the
necessary information for use in AE system design.

5. Discussion
5.1. Comparisons with the literature

It was noted in the introduction that most reported AE studies
in the literature are conducted on narrow specimens which makes
comparisons difficult. Several modal AE studies have noted that a
different source orientation leads to a different So-Ao amplitude
ratio [6]. It has also been shown that matrix cracking events
are generally dominated by the So mode and delamination events
are dominated by the A, mode [7]. In this respect, the results
reported in this work are therefore in agreement with previous
findings.

5.2. Implications for SHM monitoring

The primary purpose of obtaining reflection-free and absolute
measurements of the AE waveforms from genuine damage mecha-
nisms is to provide the input into forward models of AE-based SHM
on real composite components with more complex geometries. In a

forward model, the input is an AE source of a specified type and at
a specified location, while the outputs are the waveforms received
at one or more AE sensors. Such models can be based on direct
numerical simulation of wave propagation (e.g. using finite ele-
ments) or more efficiently using ray-tracing approaches. In both
cases, the starting point is the guided wave modal amplitudes in
the experimentally-measured, reflection-free displacement wave-
forms. In direct simulation models, the modal amplitudes must
be converted into equivalent monopole or dipole forces (e.g. using
the concept of modal excitability [28]), which are then applied at
any candidate source location in the modeling domain. In ray-trac-
ing methods, the possible paths of rays from a candidate source
location to each sensor must be calculated, which may include
multiple reflections by or transmissions past structural features.
Wavepacket propagation along each ray-path is simulated (using
either experimentally-measured or model data for reflection and
transmission coefficients at structural features) and the results
summed to obtain the total waveform at a sensor. The ray-tracing
approach is more efficient but best suited to structures with only
moderate complexity (e.g. a plate stiffened with stringers) while
direct numerical simulation can obviously be applied to structures
of arbitrary complexity. The only requirement in either case is that
the thickness of the structure at each source location should be
identical to that of the plate on which the experimental data was
obtained.

A forward model enables the overall performance of an AE sys-
tem with sensors at specified locations to be investigated. This is
done by simulating events at many locations (and many orienta-
tions if applicable) in the structure in turn and determining which
of these can be detected, leading to a measure of Probability Of
Detection (POD). Alternative sensor layouts and signal processing
strategies can be compared using the POD and the optimum con-
figuration to achieve a given POD can be determined.

For the detection of events with uniform angular amplitudes,
the optimum sensor layout in a uniform plate structure should
have approximately uniform spacing in all directions. The spacing
is determined by the absolute amplitude of events, and these
should be obtained from quantitative experimental measurements
of the type described in this article.

The large angular amplitude pattern from matrix cracking
events highlights why narrow specimens cannot be used for the
derivation of even simple performance metrics. In a monitoring
environment, it is likely that the location of damage is unknown,
and as a result, the propagation direction between the source
and sensor is unknown. The variation in the angular amplitude of
the matrix cracking event has been shown to be approximately
20 dB. Thus depending on the angular position of the source rela-
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tive to the sensor, the amplitude of the waveform at a sensor
location will vary greatly. By including the angular amplitude pat-
terns in a forward model, these effects can be accounted for in the
design and evaluation of AE monitoring systems. If the loading
direction of the structure is predominantly uni-directional, the
likely orientation of possible matrix cracking can be estimated
and the angular amplitude pattern of emissions is constant with
respect to the structure. In this scenario, the optimum sensor lay-
out on a uniform plate structure is a network with closer spacing in
the direction of lowest angular amplitude.

The ability to distinguish between different types of damage
mechanism is desirable in any SHM application and is widely de-
bated in the AE community. Some authors report that damage
can be identified using simple parameters such as amplitude
whilst others find that amplitude ranges for different damage types
overlap. The characteristics reported in this work suggest that the
latter is true, since the amplitude of the matrix cracking and
delamination events do indeed overlap. However, the two specific
types of damage studied here do show distinct characteristics such
as modal content and angular amplitude. These provide potential
tools to discriminate between different sources of AE. These could
be implemented, for example, by using software to match the mea-
sured variations in angular amplitude or modal content with the
known characteristics of different AE events. This work therefore
provides a starting point for specifying quantitative damage recog-
nition based on a scientific foundation as opposed to empirical
trends.

The mode-dependent source location has shown excellent
agreement with independent measurements of damage. As a re-
sult, it has been shown that carefully applied source location pro-
vides another method of quantifying the damage and can be used
to support deterministic SHM.

6. Conclusions

e A quantitative procedure for characterizing acoustic emission
(AE) from damage in composites has been described. A key
requirement is the use of relatively large specimens in order to
minimize the effect of edge reflections. A procedure to deter-
mine the necessary specimen dimensions for such source char-
acterisation experiments has been discussed.

e Source location, coupled with independent measurements of
damage, has confirmed the presence of two types of damage
associated with cut plies: matrix cracking and delamination.
These events occur at different strain levels during increasing
quasi-static loading and, as a result, their source characteristics
can be examined individually.

e The two types of damage studied produced very different acous-
tic waveforms. Matrix cracking events were dominated by the Sy
guided wave mode in all propagation directions. Despite large
variations in the overall amplitude of matrix cracking events, a
very consistent angular amplitude pattern was measured.

e Delamination events were dominated by the ApAo guided wave
mode in all propagation directions and exhibited a large varia-
tion of approximately 40 dB in the overall amplitude of events.
The presence of an angular amplitude pattern for this type of
damage mechanism was less obvious than for matrix cracking
events.

e The results of quantitative source characterisation of the type
described here form the basic input for forward models of the
complete AE process in more complex structural geometries.
Forward models are essential for the design of Structural Health
Monitoring (SHM) systems based on AE, and enable metrics such
as Probability of Detection (POD) to be estimated for specified
types of damage.

e The measured difference in the characteristics of the two
sources suggests that it may be possible to apply pattern recog-
nition techniques to identify the different types of damage
occurring in a complex environment.
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Appendix A. Stiffness properties of quasi-isotropic AS4/8552
plate.

Laminar properties (from [21] except v23)

V; 0.6

Density 1600 kg m 3

Stiffness E{=135GPa
E;=9.5GPa
G12 =5.00 GPa
D12 = 0.3

V23 = 0.45 (estimated)

Equivalent homogenous properties of laminate

Volume fraction 0.6

Lay-up [(+45, 90, —45)2, 02];

Thickness 2.0 mm

Density 1600 kg m—3

Stiffness Ex=52.2 GPa, Gy, = 20.00 GPa, vy, = 0.309
E,y=52.2 GPa, Gy, = 3.96 GPa, vy, =0.310
E,,=11.4 GPa, Gy, =3.96 GPa, v,,=0.310
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