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Abstract: To solve the problem that the existing acoustic emission (AE) source location algorithms cannot always
obtain accurate results for multilayer cylindrical media, a new acoustic emission source location method considering
refraction was proposed. AE source coordinates were solved by the complex method. Pencil-lead-break experiments
were used to verify this method. The absolute distance errors of location results are less than 3 mm, much less than those
by the traditional method. The numerical experiments were used to further analyze factors that affect location accuracy.
The results of numerical experiments show that the location accuracy of the proposed method is not affected by the ratio
of wave velocities but affected by the measurement accuracy of wave velocity. These results show that new method can
obtain accurate AE source location in the two-layered cylindrical surface media such as the triaxial compression test.
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1 Introduction

Acoustic emission (AE) monitoring is widely
used as a nondestructive testing method in different
fields [1-4]. AE source location technique as an
important application of AE monitoring has been
widely used in fault diagnosis, cracking monitoring
and oil or gas leak monitoring [5—8]. However, the
existing AE source location method for certain
applications in which monitored objects have a
cylindrical surface is very challenging and cannot
always achieve accurate location results. For
example, as the main material test method [9], the
specimen is settled inside an oil chamber in the
triaxial compression tests. The AE sensors cannot
be fixed on the specimen directly. To solve this

problem, the equipment was improved [10].
However, the improvement  was
significantly complex, and the original stress
environment of specimens would be destroyed [11].
In other researches, AE sensors were put outside
from the oil chamber directly. But these results
have been reported to be somewhat inaccurate and
disputable owing to the limits of traditional AE
source location methods [12]. In fact, there are
multiple hollow cylinders between AE sources and
AE sensors in this situation. When adopting the
traditional AE source location method with mixed
wave velocity assumption, the two factors, namely
the wave velocity difference of different cylinders
and the influence of their cylindrical surfaces, are
not considered. Therefore, it is difficult for the
traditional AE source location method to provide

equipment
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accurate results.

In recent years, a substantial effort has been
made to improve the accuracy of AE source
location for different situations, and a large number
of algorithms have been proposed [13—15]. Among
them, the medium is assumed to be isotropic in
most algorithms [16—18]. EBRAHIMKHANLOU
and SALAMONE [19] proposed a single-sensor
approach based on edge reflections in an isotropic
plate. Experimental verification on the aluminum
plate has achieved good results. DONG et al [20]
proposed a new method without pre-measured wave
velocity and concluded that the analytical solution
is reasonable. The proposed method was validated
by using numerical tests and experiments. CHEN
et al [21] proposed a novel AE source location
method, which combined the selection of AE
signals with high quality and a direct source
location method, and improved the accuracy
significantly. But, this method is only applicable
to isotropic materials. KAO and SHAN [22]
introduced the source-scanning algorithm (SSA)
and proved its viability by a series of tests. But, the
exact measurement of velocity has a great influence
on the accuracy of location results in this method
because the ratio between the P wave and S wave
velocity is required.

Anisotropic characteristics of media were
considered in other algorithms [23—25]. KUNDU
et al [26] proposed an improved algorithm for
detecting the point of impact in anisotropic
inhomogeneous plates. AL-JUMAILI et al [27]
studied on AE source location in complex structures
by using full-automatic Delta-T mapping technique.
This method excluded the requirement for operator
expertise, saving time and preventing human errors.
Based on the Delta-T mapping method, PEARSON
et al [28] further improved the original method by
addressing the difficulties in identifying the precise
arrival time of an acoustic emission signal. The
results demonstrated that the improved method is
more viable.

The AE source localization algorithm, which
does not require the prior knowledge of material
properties, has also been studied. PARK et al [29]
proposed a new AE source location method in an
anisotropic plate by processing non-circular shape
of wave fronts. This method does not need the prior
knowledge of material properties. SEN and
KUNDU [30] proposed a new wave front shape-

based approach for acoustic source localization in
an anisotropic plate without knowing its material
properties. Besides, a numerical study was used to
present how the proposed methodology can
accurately estimate the source coordinates.

All the above methods can effectively locate
the AE source in a single line medium. ZHOU
et al [31,32] proposed an AE source location for
multi-layered which is more
reasonable for considering refraction of two
different media. However, there is a lack of
studying AE location for multilayer
cylindrical media.

In this study, a new AE source location
method considering refraction was proposed to
improve the location accuracy in two-layered
cylindrical media. Subsequently, pencil-lead-break
experiments were used to validate this method. In
addition, a parametric analysis was conducted to
study the influence of different factors on location
accuracy.

linear media,

source

2 Principle of AE source location
considering refraction in two-layered
cylindrical media

Taking AE monitoring in triaxial test as an
example (Fig. 1), AE sensors are glued outside from
the confining pressure chamber and there is an AE
source at location § in the specimen. When
adopting the traditional AE source location method,
the acoustic signal is assumed to travel along a
straight line (the green dot line in Fig. 1) between
AE source and AE sensors, whose velocity is the

3

Contact surface

AE sensor (/)

— Signal path of
new method

Refraction
point (R) /,

/

Oil chamber
— — » Signal path of
traditional method

Fig. 1 Simplified model of conventional triaxial
compression test of rock



Zi-long ZHOU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 789799 791

mixed velocity of the chamber and the specimen. In
fact, when wave signal travels at the interface of
two media, wave refraction occurs [33,34]. The true
travel path of the AE signal between the AE source
and the AE sensor is shown as the red line in Fig. 1.

As shown in Fig. 2, it is assumed that in the
cylindrical coordinate system, the coordinates
S (rs, 05, hy), R (i, O,i hy;) and I (v, 0, h;) represent
the locations of AE source, refraction point and AE
sensor, respectively. C; and C, are wave velocities
of the inner and outside cylinder, respectively. C
represents the mixed velocity of the two-layered
cylindrical surface media.
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Fig. 2 Principle of location method considering
refraction

For the traditional method (the wave path in
the green dot line), the relationships can be
expressed as follows.

The distance between the AE source S and the
AE sensor / is determined:

Ly =\Jr? +77 =21, cos(6, - 0,) + (h, —h, )’ (1)

The time (7s;) that AE signals spread from AE
source S to AE sensor / in the traditional method
can be determined by

Ly
T == (2)

The wave paths, spreading from AE source S
to AE sensor [ of the proposed method, are in the
red line, as shown in Fig. 2.

The distance between the AE source S and the
refraction point R of the path SR can be determined
by

LSR = \/rsz + 7"3 _2rsrri COS(HVi - Hb) + (hri - hs )2 (3)

The distance between the AE sensor / and the
refraction point R can be determined by

Lg = \/”i2 +”r§ =2n1,; cos8(6,; —6,) + (h; _hri)2 (4)

The used time of the AE signal that spreads in
the internal medium is determined as

L
T., = SR 5
=" )

The used time of acoustic wave that spreads in
the outer medium can be determined as

(6)

Then, the time of acoustic wave that spreads in
the two-layered cylindrical media can be obtained
as

L L
= SR; " R (7)
Cl CZ

In the same way, the time of whole path that
AE signal spreads from the AE source S to another
AE sensor J is determined by

Lo, Lg,g

T. = 8

According to the Fermat principle, the wave
propagation follows the principle of the shortest
time. The objective function of refraction point is
established as

ri>Yrio i

f(r,60,,h;)=minT, )

where T; is the shortest time that propagates from
the AE source S to the AE sensor /. The simplex
method is used to obtain the refraction point by
solving the function {7, @ ,;, h.;).

The arrival time difference of the two sensors
can be obtained as

L L Legp Ly
Tl_j:Ti_T/:ﬁJrﬂ_ SR TR (10)
' G G G G

where Tj; is the shortest arrival time difference of
two sensors. It is assumed that there are n AE
sensors. Thus, the shortest time equation exists
between any two sensors. The arrival time
difference matrix (T M) is determined by
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T,-T, L-T, 5-T, L-T, ]
0 L-T, L,-T, - T,-T,
T M= 0 0 T,-T, T,-T,
0o 0 0 T, -T, ]
(1)

The time that the AE signal spreads from AE
source S to AE sensors is measured by the AE
monitoring system. Meanwhile, the time is set as
t, b, ***, t,. The measured arrival time difference
matrix (7) is determined by

[t —t, t,—t; t—t, - -t
0 t—-t; th—ty - -1,
=l 0 0 -ty - K-t (12)
| 0 0 0 b =ty

The difference between two matrices is
expressed as

E=T M-T (13)

The objective function of AE source point is
established as

F(rsa GSa hs)=min E (14)

It is reasonable to assume that AE source is the
true point when the error tends to be zero.

3 Solution process of proposed algorithm

Considering the refraction in layered media
with cylindrical surface, two unknowns other than
the AE source will be added with each additional
AE sensor. So, it is difficult to obtain the analytic
solution of AE source coordinates. The complex
method is adopted to obtain AE source coordinates.
The simplex method is adopted to obtain refraction
coordinates. This method has low requirements in
initial points and can find the optimal solution
quickly. The flowchart of solution is shown as
Fig. 3.

Step 1: Select the initial complex shape and
define the coefficient,
coefficient, expansion coefficient, reconstruction
coefficient and precision. The initial complex shape
is tetrahedron [35]. Each vertex of tetrahedron is
assumed as the AE source.

Step 2: Put four vertexes of the initial
composite into the function f{r,;, 6,;, h,;))=min T;, and
use the simple algorithm [35] to obtain coordinates

reflection contraction

of the refraction point by minimizing_7.

Step 3: With the obtained refraction point
coordinates in the previous step, number the four
vertexes in the complex shape according to the size
of the function value as

F(S°)<F(SH<F(SH)<F(S’) (15)

Step 4: Obtain a new AE source by using
the reflection coefficient, contraction coefficient,
expansion coefficient and reconstruction coefficient
in the first step. Then, repeat Steps 2 and 3 to obtain
a new function value. Compare this new function
value with the current optimal function values, and
construct a new complex shape by replacing the
worst vertex with a new optimal value.

Step 5: Repeat the above steps until the
optimal results are obtained.

During the solution process, five AE sensors
are used to locate the AE sources. Therefore, there
are 10 unknowns other than the AE source. The
total number of unknowns is 13. According to the
Eq. (12), there are 10 data of time differences of
arrival. In addition, there are 5 constraint conditions
at the minimum onset time according to the
Fermat’s law. Therefore, the 10 knows and 5
constraints ensure the AE source coordinates and
the refraction coordinates can be solved uniquely.
The unique solution cannot be obtained when the
number of sensors is less than 5.

4 Pencil-lead-break experiments of AE
source location in two-layered
cylindrical media

AE signal of pencil-lead-break experiment was
collected by AE monitoring system PCI-2, which is
produced by Physical Acoustics Corporation (PAC).
AE sources and AE sensors were positioned at
different media. The acoustic signal was generated
by pencil-lead-break. According to requirements of
the pencil-lead-break experiment recorded in Metal
Pressure Vessel Acoustic Emission Testing and
Result Evaluation (GB/T 18182—2000), the size of
HB pencil lead is 0.5 mm, and the pencil lead is
broken at 60° on the surface of the rock specimen.
If the frequency of a signal ranged from 100 to
150 kHz and the amplitude ranged from 70 to
90 dB, this signal was considered as an effective
signal. AE signals were amplified 40 dB with a pre-
amplifier. The acquired sampling rate of AE signal
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Input the knowns and define the unknows
The knows: AE sensor /; (=1, 2, -**, 5), C;, C, and
T.C, and C, are the wave velocities of the
inner and otside media, respectively. T is the mesured arrival time
difference matrix. The unknows: AE source (S), refraction point (R)

Y

Define the coefficients and initial vertexes of the complex

expansion coefficient (y) and reconstructed coefficient (d)
are defined as 1.2, 2, 0.3 and 0.5, respectively. e=1x1075.
One vertex of the initial complex is the center point of the medium:
S0 (705 G505 P150)
The other three vertexes of the initial complex are randomly generated
around the center point of the medium: S', $2, S
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Define the initial vertexes of the simple
One vertex of the initial simple: (R")©=

The other two vertexes of the initial simple are randomly
generated around the point (R/)©: (R, (R/")®

1+S"
— GE[15LmE,3)) |

i

Substitute the refraction point into Eq. (7) to
calculate the value of the objective function

{

1 2
RMO=3 T RPY"
n=0

(5 SR TR D} e
n=0

Update the vertexes of the simplex shape: %, S', $2, $°
F(S)<F(SY<F(S?)<F(S*)

Substitute the refraction point R;” and AE source point $” into 1
Eq. (13) to calculate the value of the objective function X

Else

Fig. 3 Flowchart of solving refraction coordinates

data was set to be 2 MHz. The analog filter should
be less than half of the sampling rate. The peak
definition time (PDT) was set to be 40 ps, the hit
definition time (HDT) was set to be 150 ps, and the
hit lockout time (HLT) was set to be 300 ps.

The media used in the test are shown as
Fig. 4(a). The inner cylinder material is granite. Its

size is 100 mm x 200 mm and wave velocity is
5128.21 m/s. The outside hollow cylinder is made
of iron with 100 mm in inner diameter and 200 mm
in external diameter. The height of the hollow
cylinder is 200 mm. The wave velocity of the
outside hollow cylinder is 5882.35 m/s. The mixed
wave velocity is 5474.94 m/s. The two samples are
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assembled in the experiment, as shown in Fig. 4(b).
The coupling agent is used on the contact surface to
ensure the complete contact [36]. The coordinates
of AE sensors are No. 1 (100, 0, 30), No. 2 (100, 60,
45), No. 3 (100, 90, 60), No. 4 (100, 180, 75), No. 5
(100, 240, 93), respectively. Coordinates of AE
source are 4 (0, 0, 200), B (10, 30, 200), C (20, 90,
190), D (30, 150, 180), £ (10, 210, 170), F (20, 270,
160), G (30, 330, 150), respectively. All of these
coordinates are in the cylindrical coordinate system.

(a)

Specimen

B

Hydro-cylinder

\ \':

way Ty ey,

i)

Hydro-cylinder

Fig. 4 Specimens (a) and AE source location system (b)

used in this experiment

The experimental system of AE
location is shown in Fig. 4(b). Experiments were
conducted repeatedly at each AE source point.
Three groups of data that meet the requirements
of GB/T 18182 — 2000 were selected as the
experimental data.

One of the waveforms is shown in Fig. 5.
Akaike information criterion (AIC) is used to
determine the onset time. Besides, the onset time is
verified by manual verification according to the
waveform diagram, since AIC cannot obtain the
accurate onset time for AE signals with interference
such as device current or noise [37,38]. The time of
pencil-lead-break signal arriving at the sensor No. 1
and sensor No. 2 is T} and 75, respectively. The AE
source coordinates are calculated with the newly

source

proposed method. Then, these results are compared
with those calculated by the traditional location
method. It is assumed that the true AE source
coordinates are (ro, 6y, hy), and the calculated AE
source coordinates are (r, 6, ). Then, the difference
between these two AE sources which is called the
absolute distance error can be determined as

L=\if +r* =2nyrcos(0—0y)+ (h—h, )’ (16)

As shown in Fig. 6, the coordinates of AE
sources, solved by the proposed method and the
traditional location method, are plotted on the
two-dimensional coordinate system. From Table 1,

1.5 () |
Lot :
05F i

0
-05F
-1.0F

1.0r(b)
0.5}

Amplitude/V

0
-0.5r

Amplitude/V

-1.0}

Fig. 5 Arrival time of pencil-lead-break signal at sensor
No. 1 (a) and No. 2 (b)

+ g5 200 mm "
A A
D). &C ’D'% C
B, g Et
+
F{ F4G

100 mm

1

O Y 50mm

# AE source
4 Traditional method
4 Refraction method

Fig. 6 Results of proposed and traditional methods in 3D
location experiment
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Table 1 Results of AE source location

location results of the proposed method are better

AE Method Radius/ Angle/ Height/ Error/ than those of the traditional method. Table 2 gives
source mm (®) mm  mm the results of refraction point coordinates. For one
Actual 0 0 200 B AE source, each AE sensor corresponds to one
coordinate refraction point. Therefore, there are five refraction
4 Traditional 041 219.80 18985 1016 points for each AE source.
method
Proposed Table 2 Results of refraction point coordinates
Pboy 038 19148 19604 3.98 " .
Actual source Location Rl R2 R3 R4 R5
coorcdir?ate 10 30 200 - Radius/
- 250005000 50.00 50.00 50.00
B Tradfﬁogal 1297 2694 200  3.04 Anole/
metho A (§) 359.93 60.28 90.31 180.08 239.73
Pr"pﬁszd 10.06  29.60 199.97 0.09 Height/
metho B 13239 136,39 140.74 14556 15175
Actual
. 20 9 190 - :
coordinate R‘r‘jrlr‘l“/ 50.00 50.00 50.00 50.00 50.00
¢ Traditional o) 00 8930 18427 643 Angle/
method B @) 13 5500 82.10 17628 243.74
Proposed
19.86  90.36 187.60 2.41 :
method Hf;i‘t/ 145.46 148.10 148.43 142.63 149.64
Actual
. 30 150 180 - ~
coordinate R*I‘SIII‘I‘S/ 50.00 50.00 50.00 50.00 50.00
Traditional
D 38.70  146.57 19939 21.34
method C A‘(lff)le/ 1972 70.12 90.15 163.35 233.52
Proposed .
method 3001 149.95 180.30 0.30 Hflfft/ 131.54 147.69 151.80 142.88 139.05
Actual -
coordinate 10 210 170 - R?SIII‘I‘S/ 50.00 50.00 50.00 50.00 50.00
Traditional
E pethod 113 2091116721 3.19 D A’(lff)le/ 10.89 92.40 117.76 164.80 213.81
Proposed i
method 1019 20979 169.61 043 Hf;i‘t/ 103.72 136.87 149.59 156.43 147.12
Actual :
coordinate 20 270 160 - R‘r‘jrlr‘l“/ 50.00 50.00 50.00 50.00 50.00
Traditional
Fo ethod 2211 26602 14639 13.85 E A’(lff)le/ 356.07 63.92 96.67 184.12 235.98
Proposed i
mﬁ’thod 1991 26873 158.05 2.00 Hf;i‘t/ 106.84 112.28 120.48 133.37 139.38
Actual i
Coocrtd”;‘late 30 330 150 - R‘;‘SIII‘IIS/ 50.00 50.00 50.00 50.00 50.00
Trad‘tﬁogal 35.56 33050 150.82 5.63 ANl 345 5355 9029 195.41 247.95
metho ©)
P d i
I;‘gﬁzz 3047 33074 149.61 0.40 Hzi‘t/ 108.39 100.96 106.45 12328 136.12
Radius/
it can be seen that errors solved by the proposed mm 50.0050.00°50.0050.00 50.00
method are within 0.09-3.98 mm, while the errors Angle/
g e G 34430 30.82 70.75 188.79 264.51
solved by the traditional method are within 3.04— )
21.34 mm which are much larger than those solved H::;i};t/ 12746 115.08 108.76 109.95 128.93

by the proposed method. It can be illustrated that
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5 Analysis of factors influencing location
accuracy

The proposed method considers the
characteristics of layered media and uses different
velocities in the solving process of AE source
location. Therefore, the wave velocity ratio of two
different media and the error of measured wave
velocity are main factors influencing location
accuracy.

These factors
numerical experiment. The model used in this
numerical experiment is shown in Fig. 7. The inner

are analyzed by using a

specimen is columnar with the size of d100 mm X
200 mm. The outside specimen is a hollow cylinder
with an inner diameter of 100 mm, an external
diameter of 200 mm and a height of 200 mm. Five
AE sensors are used for the numerical experiment.
Their coordinates are No. 1 (100, 0, 30), No. 2 (100,
60, 45), No. 3 (100, 90, 60), No. 4 (100, 180, 75)
and No. 5 (100, 240, 93). The coordinates of AE
source are 4 (0, 0, 200), B (10, 30, 200), C (20, 90,
190) and D (30, 150, 180), respectively.

Fig. 7 Model of AE location in numerical experiment

Different wave velocity ratios are set to study
their influence on location accuracy. It is assumed
that the velocity (C)) of inner media is 2000 m/s. C,
is the wave velocity of the outside media. Different
velocity ratios are determined by changing the
value of the velocity C,. The velocity of each group
is shown in Table 3.

First, the arrival time of each AE source is
calculated under different velocity ratios. Then,
comparison results of numerical experiments are
obtained between the proposed method and the
traditional method. Absolute distance errors are
shown in Fig. 8.

Table 3 Velocity of each group

C, of each Velocity ratio, Mixed
group/(m-s”") Cy/Cy velocity/(m's ")
2000 1 2000
2400 1.2 2180.8
2800 1.4 2336.78
3200 1.6 2471.37
3600 1.8 2588.83
4000 2 2692.33
140

—a— A, Refraction
120k —o— A, Traditional
—a— B, Refraction

o

N
[e=)
T

g100F B, Traditional _» ——>———»
£ > —#— C, Refraction

S 8¢ e —o— C, Traditional

g s —— D, Refraction

8 60t —>— D, Traditional
2 al
°

O

<

20+

1.0 1.2 1.4 1.6 1.8 2.0
Velocity ratio
Fig. 8 Absolute distance errors under different velocity
ratios

It can be seen that, through the traditional
method, absolute distance errors of mixed velocity
increase with the increasing velocity ratios. The
traditional method has a great error when the
velocity difference is large. For the same AE source,
through the proposed method, absolute distance
errors are stable at about 0.1 mm under different
velocity ratios. Four curves of the absolute distance
errors solved by the proposed method are almost
overlapped in Fig. 8. Meanwhile, the location
accuracy of the proposed method is not affected by
velocity ratio.

The influence of wave velocity measured
errors on the precision of location results is also
analyzed. The wave velocity of one medium (C)) is
3000 m/s. The wave velocity of the other medium
(C,) 1s 4000 m/s and the mixed wave velocity (V) is
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3431.13 m/s. The coordinates of AE sources and
sensors are the same as the previous simulation
experiment. One of the wave velocity (C;) is
changed to simulate the measured velocity errors,
varying from 0 to 3%. Location errors caused by
measured velocity errors of two methods are shown
in Fig. 9. When the measured error of wave velocity
is same, it can be seen that the absolute distance
error of traditional method is much larger than that
of proposed method. The accuracy of these two
methods are both influenced by the measured error
of wave velocity.

35'—~—\//

= — Refraction
o — Tradtional

[\ N
(e} W
T T

Absolute error/mm
S &

W
T

.<

Measurement error of velocity/%

Fig. 9 Absolute distance errors with different velocity
accuracies

6 Conclusions

(1) By adopting the proposed AE source
location method, absolute distance errors of
pencil-lead-break experiment are less than 3 mm,
much less than that by the traditional method. The
results show that the proposed method is superior to
the traditional method in location accuracy and
stability.

(2) According to the results of the numerical
experiment, the newly proposed method is not
affected by different wave velocity ratios. Using the
traditional algorithm of mixed velocity, absolute
distance errors increase with the increasing velocity
ratios. Therefore, the proposed AE source location
method is much more reasonable than the
traditional method in the location of multi-layered
cylindrical medium.

(3) This proposed AE source location method
considering refraction can be used for the AE
source location in the two-layered cylindrical
surface media such as the triaxial compression test.
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