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Abstract

An algorithmic approach to improve the accuracy of acoustic emission (AE) source location
was demonstrated by using a large database of wideband-AE-modeled signals and wavelet-
transform (WT) results.  The AE-signal database was created by a three-dimensional, finite-
element code.  These signals represented the out-of-plane displacements from buried dipole AE
sources in aluminum plates of 4.7 mm thickness and large lateral dimensions.  The AE signals
included eight different source types, six or seven source depths (below the plate surface), and
seven different radiation angles (0° to 90°). The surface displacement signals were measured at
three propagation distances (i.e., 60, 120, and 180 mm) and were filtered with a 40 kHz high-
pass filter. The WT results consisted of WT magnitudes (i.e., WT coefficients) as a function of
both time and frequency.  The regions of greatest WT magnitude were found to occur at or very
near three key frequencies (60, 270, and 522 kHz), and these regions were typically representa-
tive of the first fundamental antisymmetric mode (A0) or the first fundamental symmetric mode
(S0).  Additionally, a plot of the signal-propagation distances as a function of the WT-peak-based
arrival times created slope-based velocities that corresponded quite closely to the relevant theo-
retical group velocities for the A0 or S0 modes.  It was determined that the key frequency having
the greatest WT peak magnitude always corresponded to a known mode having a known group
velocity.  The remaining two key frequencies had their associated modes determined by means
of a newly devised algorithm (which could be computer-automated) that considers the arrival
times of the WT peak magnitudes but requires knowledge of neither the propagation distance nor
the AE-source-operation time.  The algorithm also computed a range (i.e., linear distance) from a
measured signal to the AE source.
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1. Introduction

In a recent publication [1], some initial promising results were presented on the use of a
wavelet transform (WT) to enhance the accuracy of the location of acoustic emission (AE)
sources.  The results showed that accurate signal arrival times could be extracted from peak
magnitudes of wavelet transform results for key frequencies.  These arrival times correspond to
known group velocities from dominant energy regions of the fundamental Lamb modes present
in the signals.  Since that reference pointed out the difficulties with the standard AE location
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technique (i.e., penetration of fixed voltage thresholds to determine the arrival times), the discus-
sion is not repeated here.  For the same reason, alternate source location (arrival time determina-
tion) approaches, including some based on the use of a WT, are not discussed and referenced
here.  The unique aspect of the previous publication [1] and the research presented in this paper
is the use of an AE signal database that was created by finite-element modeling (FEM) tech-
niques.  Both the experiments to validate this FEM technique and some of the results of the ap-
plication of the FEM approach have been previously published [2-6].  The fundamental advan-
tage of the use of the modeled signals is that the exact three-dimensional location (relative to the
sensors) of the AE sources is known along with the source origination time.  Hence, all of the
current research results can be quantitatively examined with respect to the exact location of the
realistic dipole-type sources.

The research reported here had two basic objectives.  The first was to extend the limited
study [1] to a much broader AE signal database that included multiple AE source types and mul-
tiple radiation angles as well as multiple source depths (below the surface of the plate samples).
The second objective was to develop a methodology that would allow automatic determination
of the Lamb mode and consequently the group velocity associated with an arrival time obtained
from a WT. To be useful for the practical application of AE source location, this methodology
must function when the source operation time and the propagation distance are unknown. For an
unknown propagation distance and source operation time, the group velocity curves cannot be
accurately and automatically superimposed on the WT result.  Thus, the correct mode and asso-
ciated group velocity must be determined in some other fashion.

2. Description of the FEM-based Signal Database and WT Signal Processing

The description of the generation of the AE signal database was given previously [7].  Hence,
only certain key or additional aspects are highlighted here.  The FEM signals were generated in
an aluminum plate (1 m x 1 m x 4.7 mm).  The signals represent the out-of-plane top surface dis-
placement from a flat-with-frequency point-contact sensor.  Each FEM signal calculation started
at the beginning of the operation of the source (rise time of 1.5 µs) and continued for 200 µßs.
Due to the lateral size of the plate, plate-edge reflections did not superimpose on the direct arri-
val of the signals.  The AE signals were calculated for three in-plane propagation distances (60
mm, 120 mm, 180 mm) and seven in-plane radiation angles (0°, 12°, 22.5°, 45°, 67.5°, 78°, and
90°).  Also, a total of eight AE source types composed the database as follows, where the plate
surface is parallel to the x and y axes:

(1) single in-plane dipole in 0° direction along x-axis;
(2) microcrack initiation, with the major axis in x-direction;
(3) single out-of-plane dipole along the z-axis;
(4) dilatation aligned with coordinate axes;
(5) in-plane shear (x-axis direction) about the y-axis with a net moment;
(6) out-of-plane shear (z-axis direction) about the y-axis with a net moment;
(7) shear (x-axis and z-axis) about y-axis with no net moment; and,
(8) shear (about y-axis) inclined at 45° to x-axis with no net moment.
The depths (z-axis) from the top of the plate surface of the centers of the modeled sources

were 2.35, 2.037, 1.723, 1.41, 1.097, and 0.783 mm for all eight source types. Additionally, two
sources (i.e., the single in-plane dipole and the out-of-plane shear) had one more source depth of
0.47 mm.
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All the FEM-calculated AE signals were processed in the following fashion.  Prior to per-
forming the WT, the FEM-calculated signals were all numerically filtered with a 40 kHz four-
pole Butterworth high-pass filter.  Then the signals were re-sampled from their original time in-
crement of 44.6 ns to a time increment of 0.1 µs, and the signals were extended with zeroes be-
yond 200 µs, for a total of 8192 points in each signal.

Each adjusted FEM signal had a wavelet transform performed upon it by use of a software
program called AGU-Vallen Wavelet version R2002.0703 [8].  For each WT computation, a
number of processing parameters must be specified.  The following Wavelet Transformation
Settings were used for the first part of this work (with only one exception, when a frequency
resolution of 2 kHz was used):  maximum frequency = 700 kHz; frequency resolution = 3 kHz;
wavelet size = 600 samples.  The following Wavelet Time Range Settings were used:  number of
samples (i.e., points) = 800 for 60 mm distances, 1200 for 120 mm distances, and 1500 for 180
mm distances; offset samples = 0.

Fig. 1  Typical WT result with superimposed group velocity curves.  The maximum WT magni-
tude is located at the + sign at 50 kHz, 84.5 µs, magnitude of 17,253 and A0 mode.

The resulting output for each wavelet transform consists of numerical values for the WT
magnitude (i.e., WT coefficients) as a function of both time and frequency.  This output can be
viewed numerically in a spreadsheet format, or in a more qualitative graphic format where vari-
ous colors are used to indicate the WT magnitude on a time-vs.-frequency plot.  A software fea-
ture also allows superposition of the theoretical Lamb-wave group velocities onto the graphical
WT result; however, knowledge of the propagation distance and the source origination time are
required to correctly superimpose the group-velocity curves.  Figure 1 shows a typical WT result
with superimposed group-velocity curves along with the location of the absolute peak magnitude
and its associated frequency and arrival time.
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3. Preliminary Examination of WT Database

It was desired to review the overall data first in a preliminary fashion and note general trends
regarding the regions of significant WT magnitude.  Thus fifty signal cases for the 0° propaga-
tion direction (i.e., eight source types with six or seven depths each for a single propagation dis-
tance of 180 mm) were each examined to find and characterize the three most highly energetic
regions of the WTs (i.e., noting the frequency regions and associated modes having the greatest
WT magnitudes).  Note that some WTs only had one or two highly energetic regions.  Addition-
ally, the absolute maximum WT magnitude along with its associated mode and frequency were
noted.

4. Analysis Terminology and Preliminary Observations

As a result of the preliminary study, a total of three “key” frequencies (60, 270, and 522 kHz)
were selected to be examined for each WT signal. These specific frequencies were chosen be-
cause in all of the WT cases examined the most energetic regions of the WTs were located at or
very near one or more of these three frequencies.  In choosing 60 kHz as the lowest key fre-
quency, consideration was given to ensure that signal arrival times would not be distorted by the
40 kHz high-pass filter.  Specifically, the authors examined the linearity of the arrival times for
several known signal cases at the three propagation distances over a series of frequencies starting
at 54 kHz.

Of the three “key” frequencies examined, the one having the greatest peak WT magnitude
was defined as the “primary” peak (or “primary” frequency), and the next two frequencies in de-
scending order of peak WT magnitude were called the secondary and tertiary.

It was noted that certain modes were very often associated with these “key” frequencies; thus
the authors defined the following “principal modes” for the “key” frequencies:  the A0 mode at
60 kHz, the S0 mode at 270 kHz, and the S0 mode at 522 kHz.  When the entire database was
more thoroughly examined (as described in more detail below), a critical observation was made.
Namely, the associated mode for the primary frequency was always the “principal mode”; this
observation held true even when radiation directions other than 0° were considered (as discussed
much later in this article).  However, the associated mode for the secondary and tertiary frequen-
cies was not necessarily the same as the “principal mode” for that frequency.  For example, in
some cases the peak at 522 kHz was found to be associated with the A0 mode (or in just a few
cases the A1 mode) rather than with the S0 mode.

A term called “WT fraction” was defined as the peak WT magnitude at a given frequency di-
vided by the greatest value from among the peak WT magnitudes for 60 kHz, 270 kHz, and 522
kHz for a particular signal case.  The frequency (60, 270 or 522 kHz) for which the WT fraction
equaled 1 corresponds to the previously defined primary frequency; similarly, the frequency with
the second greatest WT fraction corresponds to the secondary frequency; the frequency with the
least WT fraction corresponds to the tertiary frequency.  Thus, the definition of the term “princi-
pal mode” can be restated as follows: the principal mode for each of the key frequencies is the
only mode at that frequency for which the WT fractions equaled 1 when the whole signal data-
base was examined.
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Fig. 2  Process of using wavelet transform (WT):   (a) start with AE displacement signal; (b) per-
form WT and identify mode of high intensity region at frequency of interest; (c) examine WT
magnitude values at particular frequency of interest  to find peak magnitude and its associated
arrival time (current software does this automatically upon selection of frequency).

5. Determination of Arrival Times and Associated Group Velocities for 0° Radiation Direc-
tion

A thorough examination was made of the WTs of each of the 150 cases in the signal database
for the propagation direction of 0°. For each WT, the primary frequency and the peak WT mag-
nitudes and their arrival times for each of the three key frequencies were determined. This proc-
ess is shown graphically in Fig. 2.  Since data for three propagation distances were available for
each of the 50 unique cases (i.e., source type and source depth), a computed group velocity
(slope) could be determined from a linear analysis of propagation distance versus arrival time.
Table 1 gives key information about the primary WT peaks for each of the 50 modeled cases in
the 0° propagation direction, including the primary frequency (at its associated principal mode)
as well as the slope-based and theoretical group velocities.  Table 1 also includes a column called
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Table 1  Primary WT results for different source types and depths for 0° radiation angle

Source

Type

Source

Depth

(mm)

Primary

Frequency

(kHz),

Mode

Slope-based

group ve-

locity

(mm/ s)

Theoretical

group ve-

locity

(mm/ s)

Y-axis

intercept

(mm)

r
2

value

2.35 522, S0 1.82 1.78 2.19 1.0000

2.037 522, S0 1.82 1.78 2.30 1.0000

1.723 60, A0 2.51 2.55 -15.18 0.9999

1.41 60, A0 2.52 2.55 -15.74 0.9999

1.097 60, A0 2.52 2.55 -16.04 1.0000

0.783 60, A0 2.53 2.55 -16.24 1.0000

In-plane di-

pole

0.47 60, A0 2.54 2.55 -16.66 1.0000

2.35 522, S0 1.81 1.78 2.84 1.0000

2.037 522*, S0 1.80 1.78 3.19 1.0000

1.723 60, A0 2.52 2.55 -15.65 0.9999

1.41 60, A0 2.52 2.55 -15.95 0.9999

1.097 60, A0 2.53 2.55 -16.24 1.0000

Microcrack

initiation

0.783 60, A0 2.53 2.55 -16.45 1.0000

2.35 522, S0 1.83 1.78 1.34 1.0000

2.037 522, S0 1.83 1.78 1.34 1.0000

1.723 522, S0 1.83 1.78 1.58 1.0000

1.41 522
+
, S0 1.83 1.78 1.58 1.0000

1.097 60, A0 2.53 2.55 -16.66 0.9999

Out-of-plane

dipole

0.783 60, A0 2.53 2.55 -16.87 1.0000

2.35 270, S0 4.82 4.84 -5.62 1.0000

2.037 60, A0 2.51 2.55 -15.61 0.9997

1.723 60, A0 2.54 2.55 -16.63 0.9999

1.41 60, A0 2.55 2.55 -17.31 0.9999

1.097 60, A0 2.55 2.55 -17.4 1.0000

Dilatation

0.783 60, A0 2.54 2.55 -17.03 1.0000

2.35 60, A0 2.59 2.55 -19.78 1.0000

2.037 60, A0 2.59 2.55 -19.78 1.0000

1.723 60, A0 2.59 2.55 -19.78 1.0000

1.41 60, A0 2.59 2.55 -19.53 1.0000

1.097 60, A0 2.59 2.55 -19.53 1.0000

In-plane

shear about

y-axis with

moment

0.783 60, A0 2.59 2.55 -19.14 1.0000

Out-of-plane

shear about

y-axis with

moment 2.35 60, A0 2.59 2.55 -18.79 1.0000
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2.35 60, A0 2.59 2.55 -18.79 1.0000

2.037 60, A0 2.59 2.55 -18.79 1.0000

1.723 60, A0 2.59 2.55 -18.79 1.0000

1.41 60, A0 2.59 2.55 -18.79 1.0000
1.097 60, A0 2.59 2.55 -19.01 1.0000

0.783 60, A0 2.59 2.55 -19.01 1.0000

Out-of-plane
shear about
y-axis with
moment

0.47 60, A0 2.59 2.55 -18.79 1.0000

2.35 60, A0 2.59 2.55 -17.24 1.0000

2.037 60, A0 2.59 2.55 -17.24 1.0000

1.723 60, A0 2.59 2.55 -17.24 1.0000
1.41 60, A0 2.58 2.55 -17.03 1.0000

1.097 60, A0 2.58 2.55 -17.03 1.0000

Shear 0˚
about y-axis
with no
moment

0.783 60, A0 2.58 2.55 -17.12 1.0000

2.35 522, S0 1.83 1.78 1.34 1.0000

2.037 522, S0 1.82 1.78 1.70 1.0000

1.723 522, S0 1.82 1.78 1.70 1.0000
1.41 60, A0 2.52 2.55 -16.09 0.9999

1.097 60, A0 2.52 2.55 -16.45 0.9999

Shear 45˚
about y-axis

with no
moment

0.783 60, A0 2.53 2.55 -16.70 1.0000
* Primary frequency changed to 60 kHz at 180 mm.  Since the 522 kHz peak at 180
mm was less than 1 % below that for 60 kHz (the maximum), 522 kHz was selected
as the primary frequency for the three propagation distances.
+ Primary frequency changed to 60 kHz at 180 mm.  Since the 522 kHz peak at 180
mm was less than 3 % below that for 60 kHz (the maximum), 522 kHz was selected
as the primary frequency for the three propagation distances.

the “y-axis intercept, mm”.  (See appendix A for a more detailed discussion of y-intercepts.) This
is the standard intercept that corresponds to zero time for the straight line that fits the three data
points in the plot of distance versus arrival time.

Of the 150 slopes calculated, only six slope values did not correspond reasonably well to the
expected theoretical group velocities.  These six slopes had correlation coefficients (i.e., r2 values
for a straight-line fit) that were low (i.e., less than 0.999).  Closer examination of the individual
WTs (with superimposed group velocity curves) for these cases revealed that these poor veloci-
ties could be explained by the fact that the mode was not consistent for all three propagation
distances (e.g., the mode associated with the frequency-based WT peak changed from S0 to A0 or
A1, or vice versa, for different propagation distances).  Hence, the arrival times and the resulting
computed velocities were not consistent with one particular mode, thus yielding a poor value for
r2.

Three other slope values are noteworthy.  They had accurately determined velocities (i.e., r2

values of 1.000), but were confirmed to be for the A1 mode rather than the A0 or S0 modes.  Fig-
ures 3 and 4 demonstrate the contrast between cases in which the WT magnitude at 522 kHz has
a peak corresponding to the A0 mode (Fig. 3) versus the A1 mode (Fig. 4).  In all three cases,
these slope values were not from the primary frequency.
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Fig. 3  Wavelet transform in which peak WT magnitude at 522 kHz corresponds to A0 mode
(out-of-plane shear source about y-axis, with moment; 2.35 mm source depth; 180 mm propaga-
tion distance).

Fig. 4  Wavelet transform in which peak WT magnitude at 522 kHz corresponds to A1 mode (in-
plane shear source about y-axis, with moment; 2.35 mm source depth; 180 mm propagation dis-
tance).

As Table 1 indicates, the combination of A0 at 60 kHz was most often the dominant peak (38
times).  The S0 at 522 kHz combination was the dominant peak eleven times, and S0 at 270 kHz
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was dominant only once.  This table also indicates the typically high values of the correlation
coefficient (r2).  The value was 0.9999 or greater, except for one case where it was 0.9997.  Also,
the table shows very good correspondence between the slope-based group velocities and the
theoretical group velocities.  The maximum difference between the slope-based and theoretical
group velocities was only 2.8 %, and the range (maximum to minimum) of slope-based velocities
for a given frequency-mode combination was 3.2 % or less of the average.

6. Description of Algorithm Created to Determine Modes at Key Frequencies and Deter-
mine Source Location Ranges

The practical implementation of the use of WT-peak-magnitude arrival times for AE source
location determination depends upon being able to identify the correct mode associated with the
arrival time obtained at a key frequency.  Once the mode is known, the correct group velocity
can be selected.  Then with multiple sensor arrival times for a single AE event, standard source
location algorithms can be used along with this group velocity.  This procedure is very straight-
forward when the primary frequency at each hit (from a single AE event) is the same.  In this
case, the mode of the primary frequency has always been found to be the principal mode within
the extensive database examined to date.  For the radiation direction of 0°, a total of 150 cases
(consisting of eight source types; six or seven source depths for each source type; and three
propagation distances for each source type and depth) have been examined, with the result that
the mode of the primary frequency was always the principal one.  In addition for the six other
radiation directions, (each having three important source types with six or seven depths each, and
three propagation distances) a total of 342 additional cases have been examined with the same
result.  These three important source types are an in-plane dipole, a microcrack initiation, and a
balanced shear at 45° about the y-axis.  Further, due to the known symmetries of radiation pat-
terns, the results for 0° to 90° indicate that the results for 0° to 360° will yield the same conclu-
sion.  Thus, all available evidence from the modeled AE signals indicates that the mode of the
primary frequency is always the principal mode.

As will be discussed later in this article, for a given source type and source depth, the pri-
mary frequency can change as a result of different radiation directions and/or different propaga-
tion distances.  In all such cases, only two different primary frequencies have been observed (at
different propagation distances or radiation angles) for a given source type and depth.  Thus, one
is concerned with two important frequencies in these cases.  At each sensor location, one fre-
quency will be the primary, and the other one will be call the “non-primary” frequency.  The
term “non-primary” frequency was adopted since (contrary to expectations) the “non-primary”
one of the two remaining frequencies is not always the secondary frequency and can in fact be
the tertiary frequency.  Further, in these cases, when the modes associated with the WT-
magnitude peaks of these two frequencies were examined, it was found that the mode of the non-
primary frequency was also the principal one at all propagation distances and/or radiation angles
for which data were available.  Thus, in these cases, it is necessary only to add an additional step
to the source location calculation.  In this step, a choice is made as to which key frequency
(called the working frequency) will be used to select arrival times.  Due to signal-to-noise con-
siderations, it makes the most sense to select as the working frequency the primary frequency at
the last hit sensor.  Then, with the group velocity associated with the working frequency, the
source location calculation can proceed in a normal fashion with the WT-based arrival times as-
sociated with the working frequency.
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Fig. 5    Frequencies of interest (60, 270, and 522 kHz) and where they correspond to theoretical
group-velocity curves for example at 180 mm propagation distance; note that small white circles
(theoretical values) show literal intersection of velocity curves with frequencies of interest,
whereas larger yellow circles (FEM data) show typical areas of peak WT magnitudes most
nearly corresponding to intersection of velocity curves with frequencies of interest.

Since the signal-processing approach with three key frequencies results in three arrival times
for each signal, there would be potential opportunities to make more than one calculation of the
source location (for a multiple-sensor array); for single-sensor hits, the range to the source loca-
tion could be calculated.  These opportunities could be exploited only if the proper modes of the
WT-based arrival times can be identified for the secondary and tertiary frequencies.  To be useful
for typically large experimental AE data files, the identification of these modes needs to be de-
termined by an automated algorithm (by appropriate software) rather than a trial-and-error proc-
ess of assuming propagation distances and then superimposing the group velocity curves onto a
WT result and visually determining when a match occurs [9].  Thus, the authors made a first at-
tempt to develop and test such an algorithm that could be fully automated.  Since the modes cor-
responding to the WT peaks at the key frequencies were the fundamental modes S0 and A0 (ex-
cept for a very few cases where the 522 kHz non-primary peak magnitude corresponded to the
A1 mode), it was assumed that only the S0 and A0 fundamental modes would be associated with
the peaks.  Thus for the algorithm development, cases where the A1 mode corresponded to the
522 kHz peak were eliminated.

The algorithm first determines the primary, secondary, and tertiary frequencies (at this point
without the determination of associated modes) based upon the ranking of the WT fractions of
the peak magnitudes for 60, 270 and 522 kHz.  Then, as has already been stated, the mode of the
primary frequency peak is known since it is always the principal mode (i.e., A0 for 60 kHz; S0

for 270 kHz; S0 for 522 kHz).  The next step in the algorithm was based upon the information
shown in Fig. 5.  This figure shows the relative relationship in time of the typical locations of the
frequency-based peak WT magnitudes corresponding to the two fundamental modes.  The figure
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Fig. 6  WT which shows the potential of overlap of WT results for multiple modes at 60 mm
propagation distance.

Fig. 7  WT which shows the “smear” at lower frequencies of WT of Dirac delta function at 25.5
µs.

also shows the intersections for the key frequencies and the theoretical group-velocity curves for
a propagation distance of 180 mm.  The relative location in time of the actual WT-peak locations
as a function of the key frequency and mode provides for much of the motivation and basis for
the mode determination approach described below.  Later results will be presented based on a
test of the algorithm with a test database that did not include cases involving the A1 mode at 522
kHz.
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For cases where the primary frequency is 270 kHz (and the mode of its peak WT magnitude
is thus S0), one may use the following approach to determine the modes of the peak WT magni-
tudes at the two other frequencies of interest, 60 kHz and 522 kHz.

Determine the mode of the peak WT magnitude at 60 kHz (regardless of whether it is the
secondary or tertiary frequency) as follows.

If the arrival time for 60 kHz occurs within +/- 5 %* of the arrival time for 270 kHz, then the
mode of the peak WT magnitude at 60 kHz is S0. (*The 5 % value was selected based on re-
viewing the test-case database, described later; it may be desirable to adjust this value somewhat
after seeing the results of applying this logic to a more extensive test database.)

Otherwise, the mode of the peak WT magnitude at 60 kHz is A0.
If the mode of the peak WT magnitude at 60 kHz has been determined as S0, then the mode

of the peak WT magnitude at 522 kHz can assumed to be S0 also (since it is highly unlikely that
any real AE signal would have S0 character at 60 kHz and 270 kHz, but A0 character at 522 kHz;
not a single instance of this behavior was observed in the entire FEM database of known signals,
and thus the authors believe that the physics dictates this behavior is unlikely).

If the mode of the peak WT magnitude at 60 kHz has been determined as A0, then the mode
of the peak WT magnitude at 522 kHz can be determined as follows.

If the arrival time for 522 kHz occurs before the arrival time for 60 kHz, then the mode of the
peak WT magnitude at 522 kHz is A0.

Otherwise, the mode of the peak WT magnitude at 522 kHz is S0.

For cases where the primary frequency is 522 kHz (and the mode of its peak WT magnitude
is thus S0), one may use the following approach to determine the modes of the peak WT magni-
tudes at the two other frequencies of interest, 60 kHz and 270 kHz.

Determine the mode of the peak WT magnitude at 60 kHz (regardless of whether it is the
secondary or tertiary frequency) as follows.

If the arrival time for 60 kHz occurs within ± 5 %* of the arrival time for 270 kHz, then the
mode of the peak WT magnitude at 60 kHz is S0 and the mode of the peak WT magnitude at 270
kHz is also S0.

If the arrival time for 60 kHz occurs more than 5 %* before the arrival time for 270 kHz,
then the mode of the peak WT magnitude at 60 kHz is S0 and the mode of the peak WT magni-
tude at 270 kHz is A0.

Otherwise, if the arrival time for 60 kHz occurs more than 5 %* after the arrival time for 270
kHz, then the mode of the peak WT magnitude at 60 kHz is A0 and the mode of the peak WT
magnitude at 270 kHz is not yet determined.

*The 5 % value was selected based on reviewing the test case database; it may be desirable
to adjust this value somewhat after seeing the results of applying this logic to a more extensive
test database.

If the mode of the peak WT magnitude at 60 kHz has been determined as A0, then the mode
of the peak WT magnitude at 270 kHz cannot be immediately determined (regardless of whether
it is the secondary or tertiary frequency).  One approach to resolving this situation is to compute
ranges assuming both A0 and S0 modes for 270 kHz, then determine which mode assumption
gives the most consistent results for a computed range.  The methodology used for range calcu-
lations is described in detail in appendix B of this paper.

For cases where the primary frequency is 60 kHz (and the mode of its peak WT magnitude is
thus A0), one may use the following approach to determine the modes of the peak WT magni-
tudes at the two other frequencies of interest, 270 kHz and 522 kHz.
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Determine the mode of the peak WT magnitude at 522 kHz (regardless of whether it is the
secondary or tertiary frequency) as follows.

If the arrival time for 522 kHz occurs before the arrival time for 60 kHz, then the mode of the
peak WT magnitude at 522 kHz is A0.

Otherwise, the mode of the peak WT magnitude at 522 kHz is S0.
If the mode of the peak WT magnitude at 522 kHz has been determined as A0, then the mode

of the peak WT magnitude at 270 kHz can be immediately determined (regardless of whether it
is the secondary or tertiary frequency).

If the arrival time for 522 kHz occurs within ± 5 %* of the arrival time for 270 kHz, then the
mode of the peak WT magnitude at 270 kHz is A0. (*The 5 % value was selected based on re-
viewing the test case database; it may be desirable to adjust this value somewhat after seeing the
results of applying this logic to a greater test database.)

Otherwise, the mode of the peak WT magnitude at 270 kHz is S0.

If the mode of the peak WT magnitude at 522 kHz has been determined as S0, then the mode
of the peak WT magnitude at 270 kHz cannot be immediately determined (regardless of whether
it is the secondary or tertiary frequency).  One approach to resolving this situation is to compute
ranges (see appendix B) assuming both A0 and S0 modes for 270 kHz, then determine which
mode assumption gives the most consistent results for a computed range.

7. Use of Secondary and Tertiary Arrival Times

The WT results provide three arrival times for each signal (one for each frequency); thus it is
of interest to consider the possible use of the secondary- and tertiary-based arrival times for ei-
ther source range calculations and/or alternative source location (for multi-sensor applications)
calculations.  Since the r2 values for the slope-based group velocity were typically high (greater
than 0.999, as was already discussed), data for the 0° radiation direction were examined as to
whether the group velocities determined from the secondary and tertiary frequencies differed
significantly from those determined from the primary frequency.

Table 2 shows the data that were used for this examination.  The data cover 94 cases for the
secondary and tertiary frequencies.  The other six cases had mixed modes (for the fixed fre-
quency) as a function of propagation distance.  The examination was based upon the range
(minimum to maximum) of group velocities determined for the secondary and tertiary frequency-
mode combinations.  To provide a basis for comparison, the table includes the ranges of group
velocities determined from the primary frequency-mode (i.e., the principal mode).  The table in-
dicates some increase in the ranges of group velocity that were determined from the secondary
and tertiary frequencies, but in most cases the deviation from the theoretical group velocity is
relatively small.

The frequency-mode combinations with the largest deviations were S0 at 270 kHz and A0 at
270 kHz.  Upon closer examination of these cases, it was determined that the larger deviations
from the theoretical group velocity were related directly to the closeness (with respect to time) of
the arrival of more than one mode at a given frequency. To better understand the reasons for the
velocity variations, the arrival times for these cases were studied for the three propagation dis-
tances.  This study revealed that the arrival time of the WT peak for the 60 mm propagation dis-
tance was in error by a few percent compared to what it was for the same mode for cases when
the group velocity was nearer to the theoretical value.  Since the arrival time at propagation dis-
tances of 120 mm and 180 mm were right at the expected values, it was concluded that the error
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Table 2 Ranges of group velocities determined from non-primary (i.e., secondary and tertiary
frequencies) versus those from primary frequency for 0° radiation angle.

Fre-
quency

(kHz)

Mode
(* indi-
cates

principal
mode at

this
frequency)

Theo-
retical
group

velocity

(mm/µs)

Non-
primary
group

velocity
range

(mm/µs)

Non-
primary
group

velocity
range

(± % from
theory)

Non-
primary
number
of cases

Primary
group

velocity
range (±
% from
theory)

Primary
number
of cases

60 A0 * 2.550 2.48 to 2.52 -2.6 to -1.2 7
-1.6 to
+1.6 38

60 S0 5.383 5.26 to 5.48 -2.9 to +1.7 5 -- --

270 S0 * 4.841 4.76 to 5.23 -1.6 to +7.9 15
na (only 1

case)
1

270 A0 3.138 2.92 to 3.13 -7.1 to -0.2 33 -- --

522 S0 * 1.776 1.70 to 1.86 -4.0 to +4.8 16
+1.4 to

+3.0 11

522 A0 3.077 3.05 to 3.12 -1.0 to +1.3 15 -- --
522 A1 3.664 3.59 to 3.60 -1.9 to -1.7 3 -- --

Table 3  Comparison of theoretical versus average slope-based values for group velocities (in-
cluding most of data for 0° radiation angle)

Frequency

(kHz)

Mode
(* indicates

principal
mode at this
frequency)

Theoreti-
cal group
velocity

(mm/µs)

Cal-
culated
average
group
velocity

(mm/µs)

Coefficient of
sample dis-

persion

(%)

Number
of cases

60 A0 * 2.550 2.55 1 45
60 S0 5.383 5.33 2 6
270 S0 * 4.841 4.88 3 16
270 A0 3.138 3.09 2 33
522 S0 * 1.776 1.81 2 27
522 A0 3.077 3.07 0.7 15
522 A1 3.664 3.60 0.2 3

for the 60 mm distance was due to the interaction of both the A0 and S0 modes in the calculated
WT results.  At the increased distances, the effect of dispersion results in a wider separation in
time between the two modes.  This wider separation seems to be sufficient to keep the WT peak
from being biased in time towards the adjacent mode.

Figure 6 with superimposed theoretical group velocity curves shows that, at 270 kHz for a
propagation distance of 60 mm, the difference in time between the arrivals of S0 and A0 is only
about 6.5 µs.  Thus, the potential for interaction of the WT energy from the two modes is rela-
tively high.  The time interval between the arrivals of A0 and S0 at 60 kHz is considerably larger,
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at about 12.5 µs.  At higher frequencies, such as 522 kHz, the time interval between the arrivals
of A0 and S0 is large.  However, the time interval between the arrivals of A0 and A1 is small, at
about 3 µs.  The database does not indicate that this close proximity in arrival time for 522 kHz
is a problem.  The authors conclude this observation is due to the fact that the WT does not
“smear” out at higher frequencies in the same fashion as at lower frequencies.  Figure 7 illus-
trates WT results (calculated with the same parameters) for a Dirac delta function at a time of
25.5 µs.  This figure shows that the WT “smearing” out at higher frequencies is not as large as at
lower frequencies.

Based upon the above results, the entire database for the 0° radiation direction was used (with
a few exceptions) to calculate average group velocities and the sample coefficient of dispersion
for each of the frequency-mode combinations present in the 0° radiation angle database.  The ex-
ceptions were to eliminate the six cases with mixed modes at different propagation distances.
Table 3 gives the results along with a comparison with the theoretical group velocities as deter-
mined from theoretical group-velocity curves.
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Fig. 10  Absolute peak WT magnitudes for various source depths for balanced shear source (45°
about y-axis) at 180 mm propagation distance.

8. Effects of Radiation Angles (Other Than 0°) on Determination of Arrival Times for Peak
WT Magnitudes

Nearly all of the above aspects considered only the 0° (x-axis) radiation direction.  Prior to a
discussion of the group velocity results in other radiation directions, it is useful to characterize
the changes in the absolute WT peak magnitude as a function of radiation angle and source
depth.  Figures 8, 9, and 10 show for three important source types (i.e., in-plane dipole, mi-
crocrack initiation, and shear at 45° about the y-axis without a moment) that the absolute peak
WT magnitudes decrease as the radiation angle increases from 0° (x-axis) to 90° (y-axis).  The
fall-off with increasing angle is very dramatic for the in-plane dipole (nearly 100 %), and it is
least for the microcrack initiation, except for a source at the mid-plane, where the 45° shear has
the least fall-off.  These three figures also demonstrate that the WT absolute peak magnitudes
have their greatest values when the source is close to the surface and have their lowest values
when the source is located at or near the mid-plane.  The above observations with respect to ra-
diation angle and source depth were generally true for all of the source types considered in this
reported research.  The only exceptions were the out-of-plane dipole and the dilatation sources,
which have axisymmetric radiation patterns.  However, these two sources did show the typical
effect of source depth on the WT peak magnitude.

The examination of the effects of radiation angle on WT-based determination of arrival times
of particular frequency and mode combinations took place in two stages.  First, WTs were cal-
culated (using the same setup as before) for each signal at a propagation distance of 180 mm in
the complete database of different source types, depths, and radiation angles.  After superimpos-
ing the relevant group velocity curves on these results, it was determined that the three key fre-
quencies (60, 270, and 522 kHz) with their associated principal modes (A0, S0, and S0, respec-
tively) were sufficient to represent the peak WT magnitude regions regardless of the source type,
depth, and radiation angle.  Also this examination demonstrated (as already described) that, re-
gardless of the radiation angle, the mode associated with the primary frequency WT peak was
always the principal mode.

The second stage centered around a detailed examination of peak-WT-magnitude-based arri-
val times at the three selected frequencies for three important source types (namely, in-plane
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dipole, microcrack initiation, and balanced shear at 45° about the y-axis) for radiation angles
other than 0°.  Similar to the study with 0° data, the approach taken was to use the arrival times
for the primary frequency at the three propagation distances to calculate a group velocity, corre-
lation coefficient (r2) and y-intercept.  (See appendix A for a detailed discussion of the y-
intercepts.) The group velocities were calculated for a total of 133 cases.  For three cases, the
primary frequency changed with propagation distance.  In these cases, the group velocity was
determined for the frequency that was the primary one at two of the three propagation distances.
This necessitated the use of the secondary frequency at one of the distances, but in all cases, the
WT peak magnitude at the secondary frequency always corresponded to the principal mode of
that frequency.  Out of the 133 cases, the primary frequency-mode was A0 at 60 kHz for 89
cases, S0 at 522 kHz for 41 cases and S0 at 270 kHz for 3 cases.

Upon study of the data, it was observed that the primary frequency for a particular source
type and source depth also may change with the radiation direction.  For example, the primary
frequency of the microcrack initiation source at a depth of 2.35 mm (i.e., mid-plane) is 522 kHz
at 0°, 22.5°, and 45°, and is 270 kHz at 67.5°, 78°, and 90°, at all three propagation distances.  At
a depth of 2.037 mm, the primary frequency is 522 kHz at 0° and 12° at propagation distances of
60 and 120 mm; it is 60 kHz at 0° and 12° at propagation distances of 180 mm; and it is 60 kHz
at 22.5°, 45°, 67.5°, 78°, and 90° at all these distances.

Table 4 summarizes the radiation-angle-based changes at the relevant source depths, and it
also includes the WT fractions of the primary and a non-primary, alternative frequency.  As indi-
cated in the table footnotes, the mode of the non-primary frequency for these cases was always
the principal mode.  However, when a frequency changed to a non-primary frequency as a result
of changes in radiation angle, it was not always secondary and could in fact be tertiary.  For
some particular combinations of source type and depth, the specific frequency that is primary for
most radiation angles may have very small WT fractions (hence poor signal-to-noise ratios) at a
few other angles.  Using such low-magnitude, noisy data could introduce greater potential for
errors in the determined arrival times. The authors note that this could happen primarily at larger
first-quadrant radiation angles, but it could also occur at low first-quadrant radiation angles.  The
data indicate that as much as 10 dB in WT peak magnitude could be lost by having to use a non-
primary frequency.  At present, standard source location software that uses different group ve-
locities (determined at different frequencies and modes) at different sensors is not available.
This status forces the use of a single frequency-mode combination for the arrival times as deter-
mined by peak WT magnitudes at all the sensors for a given AE event.  It is clear (due to radia-
tion pattern symmetries) that in the general experimental case all four quadrants would experi-
ence this situation in certain cases.

An additional important piece of information from AE signals measured at various radiation
angles is the possibility of significant changes in the WT-based group velocities from different
radiation directions.  In theory, the group velocity does not change with direction in isotropic
materials.  Most AE source types have radiation patterns of bulk waves that change with radia-
tion direction.  Since these bulk waves lead to Lamb waves, the proportions of different Lamb
modes vary with the radiation angle.  These proportion changes could potentially result in
changes in the WT-based group velocities in different directions due to the characteristics of a
particular WT.  Further, this potential effect could be complicated by the already-demonstrated
effect of source depth on the relative proportions of the symmetric and antisymmetric Lamb
waves [1].
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Table 4  Summary of changes+ in WT fractions (thus primary frequency) with radiation angle

Source type, Radiation WT fractions at various angles, frequencies, and propagation distances

depth (mm) angle (°) 60 mm 120 mm 180 mm 60 mm 120 mm 180 mm
522 kHz 270 kHz

0 1 1 1 0.33 0.37 0.39
12 1 1 1 0.33 0.37 0.40

22.5 1 1 1 0.33 0.39 0.40
45 1 1 1 0.33 0.38 0.40

67.5 1 1 1 0.33 0.36 0.38
78 1 1 1 0.43 0.39 0.39

In-plane di-
pole, 2.35

90 1 1 0.98 0.83 0.96 1
522 kHz 60 kHz

0 1 1 1 0.46 0.56 0.6
12 1 1 1 0.46 0.56 0.6

22.5 1 1 1 0.47 0.56 0.61
45 1 1 1 0.46 0.56 0.61

67.5 1 1 1 0.44 0.55 0.59
78 1 1 1 0.69 0.66 0.62

In-plane di-
pole, 2.037

*  Tertiary,
not secondary

frequency
90 0.6 0.51 0.51* 1 1 1

522 kHz 270 kHz
0 1 1 1 0.48 0.54 0.58
12 1 1 1 0.50 0.56 0.59

22.5 1 1 1 0.52 0.59 0.62
45 1 1 1 0.69 0.76 0.79

67.5 0.65 0.51 0.44 1 1 1
78 0.45 0.3 0.31 1 1 1

Microcrack
initiation, 2.35

90 0.84 0.56 0.51 1 1 1
522 kHz 60 kHz

0 1 1 0.99 0.77 0.92 1
12 1 1 0.97 0.79 0.95 1

22.5 1 0.99 0.91 0.84 1 1
45 0.86 0.72 0.68 1 1 1

67.5 0.35* 0.25* 0.21* 1 1 1
78 0.24* 0.18* 0.16* 1 1 1

Microcrack
initiation,

2.037

*  Tertiary,
not secondary

frequency 90 0.43* 0.26* 0.24* 1 1 1
522 kHz 60 kHz

0 0.8 0.65 0.61 1 1 1
12 0.81 0.66 0.61 1 1 1

22.5 0.82 0.67 0.62 1 1 1
45 0.91 0.74 0.68 1 1 1

67.5 1 0.9 0.83 0.9 1 1
78 1 0.99 0.91 0.81 1 1

Balanced
shear at 45°
about y-axis,

1.41

90 1 1 0.97 0.78 0.96 1
+  For all cases listed in table, mode of non-primary frequency was always the principal mode

Finally, as discussed above, the very low signal levels for some sources at angles near 90°
could result in inaccurate arrival times.  Thus, the dependence of the WT-based group velocities
was studied as a function of source type, depth, radiation angle and primary frequency.  For each
important source type over the series of depths, the largest ranges in the WT-based group veloci-
ties over the seven radiation directions and all available source depths were 6.7 % (89 cases) at
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A0 at 60 kHz, 2.7 % (40 cases) at S0 at 522 kHz, and 0.4 % (3 cases) for S0 at 270 kHz. These
changes are relatively small in the context of what is essentially experimental data.  Further, in
the case of the 6.7 % variation, nearly half of the range comes from one case (in-plane dipole,
2.037 mm source depth, 90 radiation angle). If this case is ignored, the velocity based on radia-
tion angle changes from a minimum of 2.50 mm/µs to a maximum of 2.59 mm/µs (A0 at 60 kHz;
3.7 %) that is nearly centered on the theoretical group velocity.  In only one case (in-plane di-
pole, 2.037 mm source depth, 90° radiation angle) was an arguably poor group velocity obtained.
In this case, the calculated velocity of 2.43 mm/µs was 4.7 % below the theoretical group veloc-
ity for A0 at 60 kHz.  This result at 90°, as can be seen in Fig. 8, occurred when the signal is very
small compared to that radiated in the 0° direction.  Thus, the authors conclude that WT-based
arrival times will generally be independent of radiation direction, and source locations can be
calculated with minimal effects on accuracy of the results.

In summary, as was stated earlier when only data for 0° were considered, WT-based arrival
times can be used to improve source location accuracy regardless of the radiation angle to the
sensors.  The key addition needed for AE hardware is a wideband sensor.  The key change for
AE location software is a step to determine which key frequency-mode gives the best signal-to-
electronic-noise ratio, and an additional step to select the corresponding group velocity.

9. Evaluation of the Algorithm Created to Determine Modes at Key Frequencies and
Source Location Ranges

Description of Test Signal Database

A subset of 23 FEM-calculated AE signals from the larger FEM database was selected to
create a smaller, testing database for evaluating the previously described analysis algorithm.
Two additional “difficult” signals were added to the subset for a total of 25 test signals.  The 25
signals were slightly modified to be more representative of actual AE signals (which have un-
known source operation times).  Specifically, each signal had an arbitrary (but documented) time
increment added to its data file, thus altering the signal initiation time such that it no longer cor-
responded to the source operation time.  The database was made up of various types of typical
AE signals covering a wide variety of scenarios intended to test the algorithm’s capabilities.  At
one extreme, some cases had solely the A0 mode throughout the signal (e.g., #6, 14, 16, and 17),
whereas cases at the other extreme had entirely S0 mode behavior (e.g., #1, 3, 7, 8, 10, 11, 15, 18,
21, and 22).  In between these two extremes were some cases (e.g., #2, 4, 5, 9, 12, 13, 23, 24, and
25) with both A0 and S0 modes among the three key frequencies. The database also included sig-
nals from all three available propagation distances.  Two purposely difficult test cases were also
included in the database.  One of these cases (#20) had no AE signal (which was modeled via a
certain source type at a certain radiation angle that resulted in no AE signal); the only recorded
“signal” for this case was essentially ultra-small-amplitude numerical noise that was present long
after the time period when a real direct-path signal would normally have arrived.  The other dif-
ficult test case (#19) had a small-amplitude, direct AE signal with a discrete reflection (from the
edge of the large plate) of larger amplitude than the direct signal; the reflection occurred well
after the main amplitude of the direct signal had ended (i.e., about 76 µs later).  The segments of
time containing the signal reflections within the unknown signals were beyond the segments of
time that were examined for the known signals.

Implementation of Algorithm for Unknown Signal Analysis

The algorithm described earlier was mathematically implemented within a simple spread-
sheet.  The inputs required to the spreadsheet for each signal were as follows:  test signal file



89

name; overall peak WT magnitude for the entire signal; the peak WT magnitude and its associ-
ated arrival time for each of the frequencies 60 kHz, 270 kHz, and 522 kHz.

These inputs were calculated using a version of the WT software that automatically provides
the required values.  Empirical waveform-based acoustic emission signals typically are recorded
with a preset, fixed number of data points that is 2x, where x can be one of several integer values;
typical choices might be 210 = 1024 points, or 211 = 2048 points, or 212 = 4096 points, 213 = 8192
points, etc.  For this analysis effort, a typical experimental test file of 4096 points was assumed,
although the approach devised would also be compatible with files of fewer or greater numbers
of points.  The data for this effort had 0.1 µs per point, thus each file was equivalent to a signal
409.6 µs in length.

Wavelet transforms were performed on the 25 finite-element-based modified test signal
cases. For each WT computation, the following Wavelet Transformation Settings were used:
maximum frequency = 700 kHz; frequency resolution = 3 kHz; wavelet size = 600 samples.  The
following Wavelet Time Range Settings were used:  number of samples (i.e., points) = 4096; off-
set samples = 0.

Using only the algorithm inputs listed earlier, the spreadsheet calculations were able to com-
pute the following items:  primary, secondary, and tertiary frequencies; modes for primary, sec-
ondary, and tertiary frequencies; a best computed range (i.e., averaging the two most consistent
of the three computed range values).  Three warning flags (described later) were included in the
algorithm to highlight cases where computed results may need closer examination.

Appendix tables C-1 and C-2 give selected results of the spreadsheet algorithm used to ana-
lyze the data from the 25 test cases.  The logic of these tables for each horizontal row moves
from left to right from table C-1 and continues on to C-2.  The description of this logic flow fol-
lows in several sections below.  Although the cases had known source operation times, they were
analyzed as though the source operation times were unknown (i.e., no use was made of the
source operation times during the algorithm, and no superposition of dispersion curve informa-
tion upon the WT data was performed) as would be the situation for analyzing the large number
of AE hits in real experimental AE signal cases.  Generally speaking, the algorithm was quite
successful in meeting the objectives described above, although a few minor errors were produced
by either the WT software (as currently configured) or the analysis algorithm that interprets the
WT information.

WT Results for Test Signals

First, the accuracy of the arrival times as calculated by the WT software was examined by
comparing them to the actual known times.  All of the WT-computed arrival times for all three
frequencies of interest matched the known arrival times perfectly (i.e., a time difference of 0.0
µs) except for markedly wrong times computed for the 60 kHz frequency peak of case #18, and
all three frequencies for the difficult cases #19 and 20.  The problems with these signals arose in
part due to the use of a WT signal length of 4096 points (i.e., 409.6 µs) when computing the WT.
This choice for WT signal length resulted in data being included in the overall WT that were not
associated with the direct AE signals.  For example, edge-reflected signals typically appear after
about 150 µs until the FEM-calculation end (at 200 µs) for signals with a propagation distance of
180 mm.  At shorter propagation distances, the edge reflections occur at later times.
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It should be noted that the WT software (as currently configured) was not intended to recog-
nize and disregard aberrant signals; thus any WT magnitudes greater than zero (even those val-
ues caused by any type of noise) will be mathematically considered when determining the peak
WT magnitudes (and their associated arrival times) at the three frequencies of interest.  In test
case #20, the peak WT magnitudes at the frequencies of interest were due solely to numerical
noise, and not surprisingly resulted in meaningless computed arrival times.

In test case #19 (which contained a reflection of significant amplitude late in the signal), the
peak WT magnitudes for all three frequencies of interest occurred in the reflection portion of the
signal.  Thus, while the arrival times computed by the WT software for all three frequencies of
this test case were mathematically correct (in that they did correspond to the peak WT magni-
tudes present), the computed times were completely wrong conceptually in that they corre-
sponded to the reflection rather than to the lower-amplitude, direct-path AE signal.  Conse-
quently, all three computed arrival times for test case #19 significantly differed from the known
arrival times for the signal. A similar problem happened for test case #18, where the peak WT
magnitude for 60 kHz (but not for 270 or 522 kHz) occurred in a distinct reflection late in the
signal; thus, the computed arrival time for 60 kHz was markedly wrong.

In summary, the WT software generally produced very accurate arrival times except for three
cases that had significant signal aberrations.  Unfortunately, the WT software presently is not
intended to automatically and selectively disregard aberrant information that may not correspond
to a meaningful portion of a digitized AE signal; however, future research could possibly de-
velop such features for the WT software.  To attempt to respond to this aspect, some algorithm
warning flags were implemented as described below.

Algorithm Warning Flags

Three warning flags were added to the analysis algorithm to help prevent any problematic or
erroneous information from the WT software being unwittingly used as input to the analysis al-
gorithm.  Observations of known signal cases showed that the WT peak of the primary frequency
was not significantly less energetic than the overall WT peak of the signal, provided that the sig-
nal was, in fact, a real AE signal without significant distortions added from noise or reflections,
etc.  To warn of signals containing such significant distortions (as happened in test case #19), the
first flag returns a result of “Disregard signal” if the peak WT magnitude of the primary fre-
quency is less than 70 % of the overall peak WT magnitude for the entire signal; otherwise it re-
turns an “Okay” result.  The value of 70 % was chosen somewhat arbitrarily; users of the algo-
rithm may later determine that the criterion value needs to be adjusted somewhat once the algo-
rithm has been tested on a much larger set of unknown cases.  A “Disregard signal” result im-
plies that the most energetic region is very atypical in its location with respect to time and fre-
quency compared to usual AE signals (i.e.,  not located near the primary frequency WT peak);
hence one could expect that any arrival times computed from such a signal might be erroneous or
meaningless.

A second flag considers whether the entire signal is of low amplitude, thus implying that the
case may be a noise signal or perhaps a real signal but of amplitude sufficiently small that it can-
not be distinguished from background noise.  The flag returns a result of “Low Amplitude” if the
overall peak WT magnitude for the signal is less than 1000; this value of 1000 was also chosen
somewhat arbitrarily and may need to be further adjusted after the algorithm is tested more ex-
tensively on a larger set of data, and when consideration is given to particular experimental fac-
tors such as signal gain, background electronic noise, etc.
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The third flag pertains to the computed ranges for each signal (i.e., linear in-plane distance
from AE sensor to AE source epicenter). Each computation of range requires using information
from two of the three frequencies of interest, as described in appendix B equations B-7, B-8, and
B-9.  Assuming that a mode has been determined for each of the three frequencies of interest,
three different ranges can be computed for each signal case.  In a perfect world, these three val-
ues should be identical, and none of them should be negative.  However, observation of the test
data results showed that usually at least two of the three of the computed range values were rea-
sonable, with the third value sometimes being markedly wrong.  The authors expect that the er-
rors in the range calculation are due in part to a lack of preciseness in y-intercept values (see
further discussion in appendix A).  As a practical matter, it was assumed that both of the follow-
ing conditions would be met for reasonable range values:  (a) the two most similar of the three
computed range values should be nearly identical in value (i.e., the population coefficient of dis-
persion is the smallest for this pair of computed range values, and it should be less than 0.3); and,
(b) none of the three computed ranges should be negative.  If both of these conditions are suc-
cessfully met, then the third flag returns a result of “Okay”; if either of the two conditions is not
met, the flag returns a result of “Range Consistency Concern”.  Such a result warrants a closer
look at the computed values to determine whether there is a reason to disregard the computed
ranges, and/or to question the validity of the mode determinations.

The three warning flags were applied to all 25 test cases.  Not surprisingly (and consistent
with the previous discussion above), case #20 with its low-amplitude noise signal triggered the
flags for low amplitude and range consistency, and case #19 (with its late reflection) triggered
the flags for disregarding the signal and range consistency.  Additionally, case #18 was flagged
for range concerns.

Algorithm Mode Determinations

Using the approach described earlier in this paper, the algorithm was used to determine the
modes of the arrival times as determined by peak WT magnitudes.  The implementation was
straightforward except for the test cases in which determination of the mode for the 270 kHz
peak required a range consistency step based on assuming both S0 and A0 modes.  Selected re-
sults are given in appendix C tables C-1 and C-2.  There were 10 cases where the mode determi-
nation required assuming that the 270 kHz peak corresponded to the A0 and then the S0 mode.
For each of these cases, two ranges (R60/270 and R522/270) were calculated using the two noted fre-
quencies.  Then using the R60/522-based range, for each set of three ranges the coefficient of dis-
persion (population) was calculated twice, once each for the S0 assumption and the A0 assump-
tion for the 270 kHz peak.  Then the mode for 270 kHz was automatically selected based upon
the assumption that produced the lowest coefficient of dispersion.  The algorithm was successful
in determining the appropriate modes for all test cases in which the arrival times were correctly
determined by the WT software, i.e., for all test cases except #18, and 20.  The modes were cor-
rectly determined for case #19, but this was likely due to mathematical happenstance because all
the arrival times for #19 were wrong.

Algorithm Range Computations

As described earlier, three range computations were made for each signal, with each compu-
tation using data from two of the three frequencies of interest.  As noted earlier, a cursory ex-
amination of the ranges for the test cases showed that often there seemed to be a single outlier
value among the three computed range values.  For this reason, the following practical approach
was devised, even though from a theoretical standpoint all three range values should be
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consistent. The two range values with the smallest coefficient of dispersion were selected (as al-
ready described); next, these two range values were averaged, thus creating a final “best com-
puted range” value.  The range results are also shown in appendix C tables C-1 and C-2.

The algorithm was moderately successful in determining a relatively accurate “best com-
puted range.”  For each of the test cases in which the arrival times were correctly determined by
the WT software (i.e., all test cases except #18, 19, and 20), the relative difference between the
best computed range and the actual range was quite reasonable.  On average, the best computed
range was within 5 % of the actual range value, although several values had about a 9 % differ-
ence, and the difference for case #5 in particular was more than 15 %.  It is not immediately ob-
vious whether the error percentages would stay constant, get worse, or perhaps improve for
longer sensor ranges.  However, these authors suggest that perhaps the relative difference be-
tween the best computed and the known ranges might decrease for greater ranges.  This sugges-
tion is made for the following reason:  the average difference between the best computed and
actual range values for 60 mm cases was 11.2 %; for 120 mm cases, 3.9 %; and, for 180 mm
cases, 3.3 %.  These results (while admittedly based on a very small database) are encouraging
for empirical applications of much greater distances.

A further consideration may be worthwhile to note for real-world AE testing.  Because the
original AE bulk waves must propagate some distance (i.e., up to 10 plate thicknesses) to fully
develop into Lamb waves [10], it should be recognized that AE signals measured at short dis-
tances can have a significant portion of their travel distance occurring where the Lamb waves are
still developing.  This effect seems to be more pronounced for lower-frequency Lamb waves
(which have longer wavelengths), based upon the fact that the y-intercept values for group ve-
locities are larger for the lower frequencies (see further discussion in appendix A and table A-1).

10. Conclusions

The conclusions presented here refer specifically to an aluminum plate that is 4.7 mm thick.
In addition, the AE signals are plate Lamb waves.  But the conclusions presented here can be ex-
pected to extend to thin plates of other thicknesses and/or other isotropic metals when appropri-
ate changes in the key frequencies are made.

One or more of three key frequencies were found to always represent the most energetic re-
gions of an extensive, finite-element-modeled AE database.  These three frequencies are 60, 270,
and 522 kHz.  A “principal mode” was associated with each key frequency as follows:  the A0

mode at 60 kHz, the S0 mode at 270 kHz, and the S0 mode at 522 kHz.

For three different propagation distances, AE signal arrival times were defined by the time of
peak WT magnitude at the primary key frequency (i.e., the key frequency having the greatest
peak WT magnitude).  These arrival times accurately corresponded to a single group velocity
that was close to the theoretical velocity for the corresponding mode.  The accuracy applies for
eight different source types over a full range of source depths and radiation angles.  Further,
similarly defined arrival times for the secondary and tertiary frequencies have these same char-
acteristics.  But, in these non-primary cases, the modes can be either the A0 or S0 mode for each
frequency.  In a few cases (where 522 kHz is the tertiary frequency), the mode is A1.

Since the primary frequency (largest WT peak magnitude) for any signal is always associated
with the principal mode at that frequency, the relevant group velocity is known.  Then source
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location calculations can proceed in the usual fashion for experimental data when the source
origination time and the propagation distances are unknown.  Further, in all cases (in the current
extensive database) where for a given source type and depth the primary frequency alternates
between two different key frequencies at different radiation angles and/or propagation distances,
both of these frequencies are always associated with their principal modes.  Thus, upon choosing
one working frequency from the two frequencies that are each primary at different sensors in the
array for a particular event, the appropriate group velocity is known and the source location cal-
culation can proceed.

An algorithm that can be computer automated has been developed to identify the modes of
the peak WT magnitudes for secondary and tertiary frequencies.  The result of having these two
mode identifications (along with the knowledge that the primary frequency is always associated
with the principal mode) is that range calculations can be made using just one signal from an AE
event using the arrival times for the primary, secondary, and tertiary frequency WT magnitude
peaks and y-intercept values.  In addition, once the modes are identified, the group velocities of
the arrival times associated with these key frequencies are also known.

For a specific source type and source depth, the primary frequency can change with the ra-
diation angle and/or the propagation distance.

11. Practical Aspects of Conclusions to Empirical AE Testing

The implementation of these results for actual AE testing requires the selection of AE sensors
with frequency sensitivity in the necessary ranges.  The best sensor would be a wideband, flat-
with-frequency sensor with high signal-to-electronic-noise sensitivity. A sensor like this has been
developed at NIST, Boulder, CO [11, 12].  This sensor can effectively cover the key frequencies
of the highly energetic portions of the AE signals (in this case 60 kHz, 270 kHz, and 522 kHz).
The authors note that the often-used resonant AE sensor with a resonance at 150 kHz would lose
a significant portion of potential sensitivity advantage for the current plate since its highest sen-
sitivity is far from some of the actual energetic frequency regions of the AE signals that are gen-
erated by the various source types at different source depths.  For example, a commercial sensor
(characterized as a 150 kHz resonant sensor by ASTM standard E976) when calibrated by the
ASTM standard E1106 (which is relevant for Lamb wave signals) is quite insensitive at two of
the three frequencies of interest.  In particular, a typical sensor had a peak sensitivity of 65 dB
(referenced to 1 V/µm) at 78 kHz.  At the three frequencies of interest in the current 4.7 mm
plate, its sensitivity was down by 5 dB, 12 dB and 32 dB at 60 kHz, 270 kHz and 522 kHz, re-
spectively [13].
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