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The comparisons of an AE source location performance of two widely used methods, time of arrival (TOA) and
difference of arrival time (DOAT) have been analyzed in a complex planar multilayered surface. The complex
surface has been prepared by covering a steel plate (SM400A) with a multilayered rubber material (Natural Rub-
ber). The purpose of using this structure has been defined to get the comparable AE source location performance
in a complicated signal propagation pathway. Both source location techniques have been conducted in a simulated
AE wave propagating plane (300 mm x 200 mm in size) under Hsu-Nielsen method. Investigations reveal that
the TOA technique gives several erroneous results along with good results. However, the DOAT method has pro-
duced all excellent results, even when using a complex surface. It was found since the TOA method is sensitive
to constant velocity continuity, the present complex pathway leads to the velocity discontinuity, and thus, several
incorrect results have been found. On the other hand, the DOAT method is dependent on the arrival time differ-
ence only, and therefore, it shows a higher performance in the source location, even in the presence of a complex

structure.

1. INTRODUCTION

Source identification and crack characterization have be-
come the continuous research interest in assessing the mechan-
ical performance of engineering materials.! Multilayered ma-
terials have been widely used in industrial applications when
corrosion protection, safety, lightweight, etc., features are con-
sidered. Monitoring these kinds of complex structures are not
as simple as a homogenous structure. Sensing and locating the
fault initiation is also tricky due to the restriction of the sen-
sor placement and accurate evaluation for these geometrically
complex shapes. Nondestructive Testing (NDT) is a field of
engineering encompassing the testing and inspection of mate-
rial and equipment to evaluate conditions, find flaws and iden-
tify defects in order to extend the useful life of the infrastruc-
ture.” Various NDT techniques have been well established to
detect the surface flaws (by Visual Testing, Magnetic Particle
Testing etc.) and internal flaws (by Radiography, Ultrasonic
Testing etc.); however, acoustic emission testing (AET) is an
essential addition to NDT methods of surveying a structure by
monitoring the internal geometric defects as well as the surface
geometric defects. The difference between AE and other non-
destructive techniques is that AE can detect the failure activity
with its dynamic feature at the very beginning of any minute

defect, while other NDT methods detect the flaw at its matured
stage.3

In acoustic emission monitoring, the source location is pos-
sibly a promising aspect. Locating the source of significant
acoustic emissions (AEs) is often the primary goal of an AE in-
spection. Since the majority of the sources of AEs are damage-
related, the sensing and monitoring of these emissions are or-
dinarily used to anticipate material failure.*> Detection and
analysis of AE signals can supply valuable information regard-
ing the origin and importance of a discontinuity in a mate-
rial. As acoustic emissions can result from the initiation and
growth of cracks; therefore, in AE testing, the source loca-
tion is an essential paramount tool. The researchers have in-
troduced several AE source location techniques such as Lin-
ear Location Technique, 2-dimensional (2D) Location Tech-
nique, 3-dimensional (3D) Tomography Technique, Delta T’
Technique etc.>'”

In industrial monitoring, source location algorithms are use-
ful in identifying the damaged location as well as damage
characteristics. Pencil-lead breaks (PLB) have been used as
a reproducible broadband source (Hsu-Nielsen source) for test
signals in AE applications.!! The original works of Hsu and
Nielsen were conducted with Cliff Bailey at Lockheed Geor-
gia on the surface of an aircraft panel. They used the simulated
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acoustic emission source generated by the breaking of a pen-
cil lead. Since then the PLB technique is often referred to as
Hsu-Nielsen source.!>-14

TOA method that uses the velocity of the wave propaga-
tion directly is one of the conventional ways of determining
the source of the damaged region, especially for simple struc-
tures. However, theoretical wave path analysis becomes more
complicated when structures are geometrically complex. Ex-
act arrival time is crucial in order to reduce source location
errors. First threshold crossing (FTC), maximum amplitude
(MA) and so on, are commonly used methods of picking the
arrival time. Since, AE is a complicated wave combined with
multiple wave modes (p-wave, s-wave and so on); considera-
tion of MA in source location of a complicated surface may
increase errors due to the different velocity modes of p-wave,
s-wave etc. On the other hand, in the FTC method, the onset
time of p-wave, which is faster than s-wave can be correctly
identified, and thus, uncertainty in source location can be re-
duced.

However, if there is a high noise in the signal, there is a
possibility of having errors in picking the onset time by us-
ing the FTC method. In that case, for the determination of the
correct onset time, modelling the signal as an autoregressive
process (AR) is an alternative approach.'> According to that,
assumptions signals are divided into two different stationary
processes, one is before the onset and the other one is after the
onset.'® Therefore, Akaike information criterion (AIC) based
on autoregressive assumptions are used in seismology to iden-
tify P and S phases of the waves.!” The autoregressive AIC
(AR-AIC) algorithm for onset detection is robust, computa-
tionally fast and could be implemented automatically.

The present research has been conducted on a complex mul-
tilayered structure (a steel plate covered with rubber layers)
as an experimental understanding regarding the efficiency of
AE source location technique for the validation of the methods
for industrial applications. However, in the case of multilay-
ered, complicated structures, like hydrogen fuel storage tank
in fuel cell vehicles, etc., AE monitoring for internal damage
is complicated and source location becomes unavoidable from
the outer surface. Therefore, the objective of the present re-
search by using this complex structure is to gain comparable
AE source location performance and suitable source location
methods for applicability in a complicated signal propagation
pathway. Attachment of extra layers on a structural material
makes the signal propagation complicated in the present re-
search. The AE wave propagation encounters the resistance in
terms of impedance when it passes through the different mate-
rial boundaries. The typical source characteristic is, therefore,
quite complex and can be further confused by reflection, mode
conversion and attenuation of waves as the source disturbance
propagates to the sensor.'3

Several recent methods like Bayesian approach and Dong’s
velocity-free localization approach take the velocity of the
wave as an additional unknown parameter and solve it with a
source coordinate.'®?° The collaborative localization method
that uses analytical and iterative solutions for microseis-
mic/acoustic emission sources, can filter the abnormal arrivals
and improve the accuracy of the source location as well.?!
Nevertheless, the difference of arrival time (DOAT) method,
similar to the Delta T" method as described by Baxter et al.,
records arrival time differences from several locations, for op-

timizing source location of the complex, multilayered struc-
ture.'® This method does not depend on wave velocity mea-
surement. It uses only the arrival time difference in source lo-
cation calculation. Therefore, this method has an advantage in
calculating source location over the TOA method. In the cur-
rent paper, the DOAT method has been applied on a planar steel
structure covered with multilayers of rubber material. Compar-
ative analysis of an efficient source location between TOA and
DOAT methods have been conducted as well. The accurate
applicability of AE source location investigation demonstrates
that the DOAT method is a credible method compared to the
TOA method in source location of complex structures.
Section two discusses relevant theories and procedures for
AE experiments in wave velocity determination and source lo-
cation. Section three presents the experimental results and dis-
cussion. Finally, section four concludes the present research.

2. EXPERIMENTAL METHODOLOGY

2.1. Determination of Signal Arrival Times

The determination of TOA has a significant influence on the
localization accuracy regardless of any method. FTC and the
time of the maximum signal amplitude (MA) are commonly
used methods in AE source location technique.?> The MA
method is somewhat dependent on the signal amplitude at a
particular sensor position. Therefore, it is influenced by the
sensor distance as well as wave velocity modes. Furthermore,
sometimes, it shows the multiple MA, and hence, it becomes
challenging to choose the correct one. Thus, the FTC method
has been chosen for the acquisition of accurate onset time
(Fig. 1). All data acquisition in the present experiment has
been conducted in a noise-free environment with controlled
temperature. To determine the time of arrival through the FTC
method, an appropriate constant threshold value of 0.08 volt
has been applied based on the condition of acquisition data
with a mean zero condition and thus, picks the time of the sig-
nal that crosses the threshold value first.

However, if there is a high signal to noise ratio, FTC method
might be unreliable in picking the correct onset time. In that
case, the onset of a microseismic signal might be determined
by modelling the signal as an autoregressive process. It is
based on the assumptions that the time series can be divided
into two locally stationary processes which initiate with low-
amplitude random noise followed by a high-amplitude impulse
containing the first arrival of AE event.”> This approach is
known as autoregressive Akaike information criterion (AR-
AIC) and has been used in seismology to detect P and S phases
of the wave. Akaike’s information criterion was developed in
1973 and later modified by Maeda which is recently used by
the researchers in AE onset detection.>*? For time series x of
length N, the AIC is defined as

AIC(k) =klog (var (x[1,k])) +
(N —k —Dlog (var (x [k +1,N])); (1)

where k is the range through all signal points and var (z [1, k])
indicates the variance of the corresponding interval from 1 to
k of signal x. The AIC global minimum determines the arrival
time. This method of onset picking is also used in the cur-
rent paper and compared with the FTC method in TOA source
location calculations.
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Figure 1. Methods for first arrival time acquisition; (a) FTC method, (b) AIC
method and (c) comparison of first arrival time acquisition in FTC and AIC
methods for a sample calculation (minimized time window of a sample signal).

2.2. Wave Velocity Determination

To compute a source location by TOA method in the AE
technique, the velocity of the wave propagation is a crucial
factor.2>?’ The determination of the source location could be
affected if incorrect wave velocity is used.”®?° Convention-
ally, two sensors are placed on the specimen in a straight line,
and a PLB is performed in line with these sensors. Since the
travel distance and the time it takes for the waves to cross this
distance are known, the travel speed can be calculated.

This method was used in this paper in order to determine the
wave speed. In the present experiment, three AE sensors were
attached upon the specimen according to the 2-dimensional
(2D) source location algorithm. One sensor was attached be-
low the specimen as a reference sensor which moves at each
PLB points for getting corresponding TOA.*® PLB tests were
performed below and the opposite side of the steel plate at the
17 node points where future TOA source location will be car-
ried on. A total of three PLB tests were conducted at each point
to get the average AE excitation of that point. The breaking
place and conditions were kept the same in all of those three

Sh
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Figure 2. Schematics of the velocity measurement in PLB tests; steel plate
(ST) covered with a single rubber layer (ST+RL) and a double rubber layer
(ST+2RL).

tests. Velocities were calculated using the following equations.

Ad, S, — 5o
v Atn tn . tO ’ n ) Sy ( )
Ady =\ ap? + b, 3)
where Sy = 0 is the pencil lead breaking point (reference

point), v = wave velocity, Ad,,= distance difference between
reference sensor (Sp) and other sensors (S,,), At,, = time dif-
ference between the reference sensor (fy) and other sensors
(tn), a, = distance due to projection of Ad,, and b,, = thick-
ness of the material.

Similarly, two experiments were done keeping the method-
ology the same covering the steel plate with single and double
rubber layers. In all experiments, silica gel was used for avoid-
ing any air gap between plate to rubber layers. The positions
of sensors, specifications of the steel plate and rubber layers
and the place of pencil lead fracture are shown in Fig. 2.

As explained above, present research contained an extra sin-
gle and double layer rubber upon the steel specimen, which
made the signal propagation complex. AE sensors recorded
AE signals from the rubber surface, which were generated
on the steel surface. When the AE signal passes through the
different material boundaries, it encounters the impedance ef-
fect.> AE waves are reflected at boundaries due to the differ-
ence in acoustic impedances of different materials (steel and
rubber). For the multilayer complex structure, signals are obvi-
ously largely reflected, however, for simplicity in calculations
it is considered that the propagation occurred in a straight line
(Fig. 2), and these relations are shown in Egs. (2) and (3).

2.3. TOA Source Location

The widely used method of AE source location is the TOA
method. Tobias explained this 2-dimensional (2D) source lo-
cation method in details.>®3! In the present analysis, the TOA
method was applied as well. In this method, three sensors were
used for the calculation of the source location. The schematics
of sensor arrangements in a triangular setup with sensor spac-
ing algorithm is shown in Fig. 3.

Three sensors S,(0,0), Si(z;,y:), S;(x;,y;) were used to
compute 2D AE source location as in Fig 3. S(z5, ys) was the
AE source, which was calculated from the reference sensor S,
at a distance of r and at an angle of 6.

The time difference of arrival (TDOA) At;; of a signal gen-
erated by a point source S and detected at sensors i and j can
be written as:

Atij =t — t5; “4)
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Figure 3. Schematics of sensor arrangements in a triangular setup for the
investigation of TOA source location.

where, t is the ideal propagation time from source to the sen-
sor and the subscripts ¢,j denote different sensors. Thus, for
changing locations concerning changes of S,, TDOA from the
source were defined by: At;, =t; —t, or Atj, =t; —to.
Therefore, the difference in distance between source and
sensors are:
di =1 — 15 =V Atjy; )

di =r;j—rs =v-Atjo; (6)

where v is the velocity of wave propagation in the material and
Atio, Atj, are TDOA for sensors (S; — S,) and (S; — S,)
respectively. The algorithm for determining two-dimensional
source location are explained as follows:

_1 a} +y; —d? _
"s 2 | xicos + yisinf +d; |
2 2 2
1 Ly + Yi — dj . (7
2 | zjcos0 + yjsind + d; |’
0 =tan™* 7Uiyj — Ujys +
Ui!L'j — iji
d; — Usd,;
cos™! Yi Uid; 172 | ®)
{(Uil‘j — Ujz:)? + (Uiy; — ijiﬂ
where, U; = 27 +y} — di and U; = 23 + y3 — d3,
xs = rgcosbandy; = rgsinb. ©)

By employing Eqgs. (7), (8) and (9), 2D source location was
calculated. From the above analysis, it was found that the TOA
method is greatly influenced by the wave propagation velocity.

Artificial AE events were generated in the experiment based
on standards of Hsu-Neilsen source (H-N source) technique
by PLB tests.® Three different types of experiments were con-
ducted by changing the test section as follows:

1. Case 1: On the surface of the steel specimen;

2. Case 2: On the surface of the steel specimen covered
with single rubber layer; and,

3. Case 3: On the surface of the steel specimen covered
with double rubber layer.

PLB tests were conducted in a noise-free environment from
below and the opposite side of the steel surface (test region) at
17 different places (randomly selected) for all of the three cases
mentioned above. PLB kept at the same places in all cases. Ac-
cording to the above 2D source location algorithm, three sen-
sors were placed surrounding the PLB points (source points)
and source distance () and inclination () of r4 (Fig. 3) were
calculated by applying conventional three circle equations con-
sidering the corresponding co-ordinates of three sensor posi-
tions and sensor distances, respectively. The solutions of these
equations were determined considering the source point of AE
signals (PLB point) as the co-incident point of all those three
circle equations. After solving those criteria, 2D AE source
was calculated by the values of 75 and 6.

2.4. DOAT Source Location

The operation of the DOAT method is based on the arrival
time differences (ATDs) of signals received by the pair of sen-
sors. The idea is to establish a DOAT database map measur-
ing the ATDs of AE signals generated by pencil-lead breaks
throughout the test area. Several steps associated with this lo-
cation method are described below.

Step 1, Test area for sensor placement: The initial step of
this method is to define the test area (area of interest) and place
the sensors around that area. In the present experiment, four
sensors were placed at each corner of the test area of 300 mm
in length, 200 mm in width upon a large steel plate (SM400A)
having a dimension of 611 mm in length, 507 mm in width
and the thickness of the plate was 0.008 m (8 mm) as shown
in Fig. 4(a). Figure 4(b) represents detail information of the
interested area where black dots are PLB nodes for both TOA
and DOAT methods and red crossing points are source location
verification nodes specifying the coordinates.

Step 2, Create meshes for node points: Once the experimen-
tal area is identified, the second step is to divide the area with
equal meshes and define node points. For getting better accu-
racy, a mesh density of 25 mm was arbitrarily used. It gen-
erated 99 nodes numbering ny, na, N3y ..vven... Ngg in this
experiment.

Step 3, PLB TOA measurement: The following step is to
carry on PLB at each node and extract TOA information from
all nodes according to the Eq. (10).

TOA @Qsensor 1
TOA @sensor 2 |
TOA Qsensor 3 ’
TOA Qsensor 4

n

f(PLB,) = [TOAs], = (10)

where, f(PLB) indicates the function of PLB, TO As indicate
the time of arrivals for four sensors and n stands for the number
of the node points.

Step 4, Create DOAT database map: After extracting the
TOA information from all the nodes (by Eq. (10)), the DOAT
for each sensor pair was estimated. An array of four sensors
generated six sensor pairs 1-2, 1-3, 1-4, 2-3, 2-4 and 3-4. The
DOAT for sensor pair 1-2 is therefore defined as DOAT =
TOA; — TOA;,. Similarly, the DOAT for other sensor pairs
were estimated, and the databases were constructed employing
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the Eq. (11).
TOA; — TOA,
TOA, — TOA;3
_ | TOA, — TOA,
f(PLB,) = [DOATs], = TOAy — TOAs (11)
TOA; — TOAy
TOA; — TOA,

n

Three different tests for three cases were carried out in the
present experiment by altering the test section. Three cases are
outlined below:

1. Case 1: A mesh density of 25 mm was used, creating
99 nodes on the surface of the steel specimen;

2. Case 2: A mesh density of 25 mm was used, creating
99 nodes on the surface of the steel specimen covered
with single rubber layer; and,

3. Case 3: A mesh density of 25 mm was used, creating
99 nodes on the surface of the steel specimen covered
with double rubber layer .

In order to provide average results, a total of three PLBs
were conducted at each node in each test. According to the
objectives of the research, all the PLBs were conducted from
the opposite side of the steel surface (test section), so that gen-
erated signals travel to sensors through complex pathways.

Step 5, Create contours for source location: From the out-
put of step 4 from the DOAT database, DOAT maps were con-
structed based on all received AE events. In each case, six
maps were created for the six pairs of sensors. Six sensor pairs
(1-2, 1-3, 1-4, 2-3, 2-4, 3-4) generated six DOAT contours as
TOA; —TOA3, TOA; —TOA3, TOA, —TOA4, TOA; —
TOAg, TOA2 — 7_‘01447 TOAg — TOA4 Those six DOAT
contours generated six DOAT contour maps. For a specific
AE event, each map represented a contour line of equal DOAT,
and thus six maps constituted six contour lines. A convergence
point was identified by overlaying all the six DOAT contour
maps, and that convergence point was the desired source loca-
tion.

2.5. Experimental Procedure

An artificial AE was simulated using pencil-lead frac-
tures (Hsu-Neilsen source or H-N source) on a steel plate
(SM400A). The dimension of the plate was 611 x 507 x 8 mm.
The specimen preparation and experimental setup with its op-
eration domain are explained in Fig. 5. The schematic diagram
and experimental device diagram are represented in Figs. 5(a)
and 5(b) respectively. Four circular general-purpose piezo-
electric sensors (Physical Acoustics Corporation, model R15a
with a frequency range of 50-200 kHz as well as a size of
18 mm in diameter and 17 mm in thickness) were placed on
the steel plate using acoustic coupling gel, one at each cor-
ner of the experimental area. Before connecting to the main
AE amplifier (four-channel, Japan Physical Acoustics), all the
sensors were connected to the respective pre-amplifiers (2/4/6
of Physical Acoustics Corporation) with 40 dB gain to boost
the weak signal into the line level for the amplifier. For the
acquisition of AE events, a four-channel digital oscilloscope
(Tektronix TDS 2024C) was connected to the amplifier. By
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25mm @f
Sensor 1 300 mm Sensor 3
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Figure 4. (a) The dimension of the test section with four AE sensors, (b)
Source location verification nodes (1~17) specifying the coordinates (within
brackets) on a contour graph.

using the oscilloscope, AE signal features were extracted and
stored in the computer for the analysis of AE source location.
The sampling frequency was considered as 1 MHz. The trig-
gered channel was kept constant.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

3.1. Results of TOA Source Location

TOA in AE events was calculated from the travelling time
of the recognized AE signal by both FTC and AIC methods.
The velocity of the AE signals on test materials at each loca-
tion point was calculated from the relation of dividing sensor
to sensor distance by the travelling time, TOA, as previously
explained. Averaging was done for each source location from
three consecutive PLB tests for getting the accurate travelling
velocity of AE waves.

TOA source locations were calculated based on the referred
algorithm, as mentioned earlier. In those experiments, the av-
erage time of arrival of the waveforms was recorded from three
consecutive tests, and the measured velocity was used for cal-
culating TOA source location. Randomly, the 17 node points
were considered in order to calculate source coordinates for all
three cases. Out of 17 points, the majority showed good source
locations (< 20% error); however, several points showed de-
viated locations (> 20% error). This deviation might have
occurred due to the velocity effect of the wave propagation as
the time of arrival relies on the velocity directly. Results of
velocity and source location in percent (%) error for FTC and
AIC methods are shown in Table 1 and Table 2, respectively.

It was found that source location was largely influenced by
the velocity of the wave propagation. Although it was obvious
and therefore results of source location were obtained in terms
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Table 1. Results of velocity and source location in percent error for the FTC method.

Location Steel Plate Steel Plate Covered Steel Plate Covered
No. with a Single Rubber Layer | with a Double Rubber Layer
Velocity (m/s) | % Error | Velocity (m/s) % Error Velocity (m/s) % Error
1 4339 8.04 4013.9 8.53 2891.09 5.29
2 5346.9 27.42% 3510.6 52.72% 3407.58 50.84*
3 5273.4 0.57 3533.6 4.33 2891.09 6.41
4 4470.2 5.67 3545.7 7.67 2877.11 19.23
5 46717.1 9.13 3808.3 2.1 2875.17 11.85
6 4329.7 30.96* 3611.4 20.36* 2875.17 11.73
7 44924 44.76* 3084.1 34.45% 3198.37 24.03*
8 4548.6 4.2 3963.3 5.1 2996.66 4.55
9 5328.7 0.45 4101.6 1.5 2798.35 4.19
10 5135.5 31.17* 34419 23.98* 3273.27 9.74
11 4752.1 0.46 3881.8 16.21 2897.92 1.98
12 4649.7 1.51 3927.3 0.39 2934.35 9.24
13 4577.6 0.27 4116.1 3.48 2955.51 6.9
14 4617.2 29.67* 4237.8 11.92 2929.76 24.39*
15 4724.5 0.17 3928.2 10.26 2938.33 4.32
16 5299.4 8.69 3853.7 10.95 2868.1 17.56
17 54553 18.12 3467.7 32.4% 2883.51 14.79

* indicates that percent error is higher than 20%

Table 2. Results of velocity and source location in percent error for the AIC method.

Location Steel Plate Steel Plate Covered Steel Plate Covered
No. with a Single Rubber Layer | with a Double Rubber Layer
Velocity | % Error | Velocity % Error Velocity % Error
1 5344.4 9.63 4371.3 0.57 3795.9 8.82
2 5076.3 35.59% 4495.2 31.52% 3900.9 12.78
3 5118.7 18.11 4415.7 0.41 3801.9 31.53*
4 5385.4 0.19 47343 4.17 4055.2 1.53
5 52332 3.29 4668.8 7.19 3985.5 7.47
6 5420.9 25.6% 4296.6 22.46%* 4113.5 20.55%
7 522233 | 37.66* 4560.4 34.38%* 4103.3 35.78%*
8 5391.2 1.31 4298.1 0.47 4104.2 5.23
9 5229.5 2.5 4357 1.96 4166.2 1.3
10 5105.1 25.35°% 4562.6 23.91* 4015.9 25.12%
11 5377.4 7.51 4427.2 1.6 4109.1 1.06
12 5186 4.37 4509.3 0.41 37414 18.01
13 5087.7 3.76 4518.6 4.45 3887.6 19.66
14 5200.8 25.87* 4667.6 22.68%* 3948.9 19.61
15 5102.5 4.06 4534.5 2.65 4003.7 2.71
16 5214.9 442 4463.5 1.38 4151.4 6.77
17 5198.9 4.89 4644.3 .72 41134 6.29

* indicates that percent error is higher than 20%

of errors (< 20%) for all conditions of experiments (steel plate,
steel plate covered with single rubber layer and steel plate cov-
ered with double rubber layer) and are summarized in the fol-
lowing tables. In all three conditions, for both FTC and AIC
methods, errors were increased more than 20% at node points
14, 35, 52, 71 (equivalent location number 2, 7, 10, 14 respec-
tively) and their nearby points, particularly, in the steel plate.
It was also observed that velocities of those points were also
varied, as shown in Figs. 6(a) and 6(b). Those node points
have been shown with the circle, the diamond and the square
markings for better understanding (Figs. 6(a) and 6(b)). It was
considered that various uncertainties could be involved due to
some increase in structural inhomogeneity, and therefore, sig-
nal scattering in the steel plate might increase the variations in
wave velocity measurement as well as source location. There-
fore, higher errors might be received in source location at those
node points. Those effects were observed in the steel plate
covered with a single rubber layer and the steel plate covered
with double rubber layer as well. Since PLB tests were con-

ducted on the steel plate, those effects were observed higher in
the steel plate compared to the steel plate with a single rubber
layer and the steel plate with a double rubber layer. Although
in both methods (FTC and AIC), source location errors were
fluctuated from point to point, overall errors were decreased in
the case of AIC methods. Velocity distributions were also less
fluctuating in the case of the AIC method.

3.2. Results of DOAT Source Location

In response to all sensors to the artificial H-N source (PLB),
the time of arrival at each sensor was recorded for each PLB
source event. The DOAT for each pair was calculated in order
to locate an actual AE event. The average DOAT for each sen-
sor pair at each node was stored in a DOAT database mapping
system. The maps can be displayed as contour plots of equal
DOAT (Fig. 7). Figures 7(a)—(d) represent the DOAT contour
maps for the steel plate, steel plate covered with a single rub-
ber layer and the steel plate covered with double rubber layer
respectively. The contour map illustrates that throughout the
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Figure 5. Schematics of the experimental setup with and its operation domain;
(a) schematic diagram, (b) experimental device diagram.

contour line, the time difference is equal for the specific pair
of sensors. A total of 18 DOAT contour maps (six in each
case) were drawn and three samples from all three individual
cases [Figs. 7(a)—(c)] are presented here. Figure 7(d) shows
the DOAT for the sensor pair 2-4 from a specific AE event,
and the contour line (DOAT 39 us line) displays the possible
source location passing the node point 84 (ng4) which is equiv-
alent to the source verification coordinate of 15(0.25 m,0.05 m)
in Figs. 7 and 8.

Similarly, other five DOAT contour lines were created for
the same event, and those lines also showed the possible source
location which passed the node point 84 (ng4). Overlapping all
six possible source location contour lines, one above another,
from each of the sensor pairs, a convergence point was identi-
fied. That was the required source location (Fig. 8). This pro-
cedure was repeated for the complete data set of 17 different
randomly selected node points.

Figures 8(a)—(c) illustrate the contour graphs from all the
six DOAT maps for all combinations of the sensor pairs. Six
colors represent six contour lines and all those contour lines
intersected at one location, which indicated the location of the
source. The figures depict only one location (ng4) from all
three individual cases. Likewise, the other 16 places have been
calculated in each case and represented in section 3.3. The-
oretically, all lines are supposed to coincide at one location,
however, in a few cases, all lines did not coincide at the same
point especially for the steel plate covered with a double rub-
ber layer (ngq4, Fig. 8(c)). It was assumed that in the case of the
steel plate covered with a double rubber layer, signal scatter-
ing (impedance effect) might occur. For example, in Fig. 8(c),

Figure 6. Velocity distribution at 17 source location points for the steel plate,
steel plate covered with a single rubber layer (S+R) and the steel plate cov-
ered with a double rubber layer (S+R+R) in case of (a) FTC method, (b) AIC
method.

out of six contour lines, one line (black dashed line) did not
intersect the point. However, an accurate source location was
possible to identify by other intersecting contour lines.

3.3. Comparison of Source Location
Performance

Two-dimensional source location measurements had been
carried out at 17 different places (randomly selected) by both
TOA and DOAT methods for all three cases of experiments, as
mentioned earlier. Results were compared with the actual val-
ues of each PLB location and represented in Table 3, Table 4
and Fig. 9 respectively. Table 3 presents all DOAT results for
all three cases by the number of the contour intersecting (Inter.)
and the number of the contour non-intersecting (Non-inter.)
point. It was already previously mentioned that the results of
the DOAT method were calculated based on the six intersect-
ing contour lines. Although theoretically, all six lines should
intersect at the source location point; however, in the experi-
mental results, all lines did not always coincide at one point.
All of those observations are summarized in Table 3. However,
despite these non-intersecting lines, the accuracy of source lo-
cation at those points was not affected at all (Table 4), because
accurate source locations were possible to identify by remain-
ing intersecting contour lines. Table 4 represents the compar-
ative results of source location among actual values, TOA in
FTC method (TOAgrc), TOA in AIC method (TOAc) and
DOAT methods in the case of the steel plate only. Similar re-
sults were also observed in the case of the steel plate covered
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Figure 8. Source location using six DOAT contour maps at node point 84 in
case of (a) steel plate, (b) steel plate covered with a single rubber layer, and (c)
steel plate covered with a double rubber layer.

with a single rubber layer, and the steel plate covered with a
double rubber layer and represented in Figs. 9(a)—(c). The lo-
calization points have been marked in these figures with the
numerical values of 1 to 17 for a better understanding. Re-
sults show that errors were fluctuating from point to point for
all cases in the TOA method. In those cases, location errors
fluctuated from 0.17% to 44.76% in the case of steel, 0.39%
to 52.72% in the case of steel covered with a single rubber
layer and 1.98% to 50.84% in the case of steel covered with a
double rubber layer for the case of TOAgrc method (Table 1).
For TOA ;¢ method, location errors fluctuated from 0.19% to
37.66% in the case of steel, 0.41% to 34.38% in the case of
steel covered with a single rubber layer and 1.06% to 35.78%
in the case of steel covered with a double rubber layer (Ta-
ble 2). It is already discussed that wave velocity is a crucial
factor in the source location of the TOA technique. Therefore,
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Figure 9. Comparison of source location among actual values, TOAFprc,
TOAA1c, and DOAT results in case of (a) steel plate, (b) steel plate covered
with a single rubber layer, and (c) steel plate covered with a double rubber
layer.

due to structural inhomogeneity and complexity, wave veloc-
ity might be influenced, and hence, it was considered that the
erroneous source locations are obtained in the TOA technique
in the present research. However, DOAT is a velocity indepen-
dent method, and thus, high accuracy in source location results
were obtained even in the present complex structure.

Furthermore, the regression analysis had been carried out
from the calculated 17 arbitrary points for getting the best-
fit line, which is termed as the least-squares regression line
(LSRL), to predict the results throughout the test region of
the present complex structure. Comparisons in LSRL for
TOArrc, TOA4c results and DOAT results along with ac-
tual values for all three cases of experiments are represented in
Fig. 10. As it has been shown in Figs. 10(a)—(c) that the LSRL
for both TOA prc, TOAA1c methods deviated from the actual
line, whereas, LSRL for DOAT method has not deviated. In
both TOA prc, TOAac methods, the deviation occurred due
to the errors in source locations although LSRL for TOA ¢ is
less deviated (improved) than TOA ¢, whereas, no deviation
was found in total DOAT source location calculations.

4. CONCLUSIONS

In this research, the performance of the AE source loca-
tion has been analyzed in a complex multilayered structure by
TOA and DOAT methods. The source location performance
has been carried out at several places throughout the structure
and compared with the actual values. Between the two meth-
ods, the DOAT method provides a better result in locating the
source in a complex multilayered structure compared with the
TOA method.

Time of arrival is a crucial factor for accuracy in the source
location. Therefore, in the TOA method, the time of arrival
has been verified based on FTC as well as AIC onset picking
methods. It has been found that AIC onset picking improves
the source location accuracy in TOA source location technique.

TOA method utilizes the velocity of the wave propagation
directly. However, in a complex structure, the wave propaga-

International Journal of Acoustics and Vibration, Vol. 25, No. 2, 2020

233



M. M. Hassan, et al.. PERFORMANCE INVESTIGATION OF TWO AE SOURCE LOCATION TECHNIQUES ON A PLANAR MULTILAYER...

Table 3. Summarized DOAT source location results for all three cases.

Location No. Steel S+R S+R+R
Contour Inter. | Contour Non-inter. | Contour Inter. | Contour Non-inter. | Contour Inter. | Contour Non-inter.
1 6 0 5 1 6 0
2 6 0 6 0 6 0
3 4 2 6 0 6 0
4 6 0 6 0 5 1
5 5 1 6 0 6 0
6 6 0 6 0 5 1
7 6 0 6 0 6 0
8 6 0 6 0 6 0
9 6 0 6 0 6 0
10 6 0 6 0 5 1
11 6 0 3 3 6 0
12 6 0 6 0 4 2
13 6 0 6 0 4 2
14 6 0 6 0 5 1
15 6 0 6 0 5 1
16 5 1 6 0 4 2
17 4 2 5 1 5 1
Table 4. Comparative results of source location among actual values, TOAgrc,
TOA A1c and DOAT methods in the case of the steel plate in coordinates (X,Y). 00 0 e
- 175 | — —LSRLyy, 175~ — —LSRLy, v QLo
Location Actual TOAgTC TOAAIC DOAT P s Lg';im:m o i iiit;;; Ls‘\ L? )
No. Location Location Location Location Eies s Eies fﬁ‘f"
[cm] [cm] [cm] [em] g 10 S e g 10 <
2 e ] s
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. . ' : TOAA1c, and DOAT results in case of (a) steel plate, (b) steel plate covered

tion path becomes complex due to the geometric complexity
of the source location area, and thus, reduces source location
performance.

DOAT method utilizes the arrival time differences only in
source location calculation. Signal propagation velocity is not
needed in this method, and thus, the DOAT method has become
more accurate in all results.

In conclusion, according to the objectives of the present re-
search, the DOAT source location technique has been iden-
tified as a relatively suitable technique for the application in
source location to a complex multilayered structure.
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