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Abstract: To quantitatively study the location errors induced by deviation of sonic speed, the line and plane location tests were
carried out. A broken pencil was simulated as acoustic emission source in the rocks. The line and plane location tests were carried out
in the granite rod using two sensors and the cube of marble using four sensors, respectively. To compare the position accuracy
between line and plane positions, the line poison test was also carried out on the marble surface. The results show that for line
positioning, the maximum error of absolute distance is about 0.8 cm. With the speed difference of 200 m/s, the average value of
absolute difference from the position error is about 0.4 cm. For the plane positioning, in the case of the sensor array of 30 cm, the
absolute positioning distance is up to 8.7 cm. It can be seen that the sonic speed seriously impacts on the plane positioning accuracy.
The plane positioning error is lager than the line positioning error, which means that when the line position can satisfy the need in
practical engineering, it is better to use the line position instead of the plane location. The plane positioning error with the diagonal

speed is the minimum one.
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1 Introduction

Geophysical methods, such as acoustic emission,
microseismic monitoring, geotomography, and in-seam
seismic  techniques, have shown an increased
significance in rock mechanics and mining engineering
in recent decades [1, 2]. And the acoustic emission and
microseismic monitoring have become the most
important method to predict the rockburst hazards and
microseismic evens in the deep level geotechnical
engineering. Many countries, such as South Africa,
Poland, Canada, the United States, Australia, China,
India, Chile, Germany and Japan, have experienced
different rockburst hazards at different time in some
mines and tunnels [2—7]. The developments of seismic
monitoring bring hope to predict the rockburst hazards.

As we all know, the prediction of time for rockburst
is almost impossible, which likes the problem with the
earthquake, but the prediction of space is entirely

possible. The main objectives of the prediction of

rockburst through routine seismic monitoring in mines
are to indicate the locations of potential rockbursts
associated with intermediate or large seismic events, and
to detect spatio-temporal changes in seismic parameters
and relate these changes to the stability of deformation
within the volume of interest. This prediction would
guide control measures and warnings to manage the
exposure rockbursts. Therefore, the
seismological method of the prediction of the areal
rockbursts is very important for rockburst control and

to potential

warning in a mine, and the method to locate possible

position of microseismic of pre-rockburst time
effectively by a seismic monitoring system is the most
important problem, which could ensure the safety of
deep geotechnical engineering.

Many researchers have developed many acoustic
emission or seismic source location techniques [8—13],
and some of which were mature technologies and widely
used in the positioning of acoustic emission or seismic
source currently. However, all of them almost require a

given sonic speed or practical measured sonic speed. The
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sonic speed is influenced by the materials, size and
surface conditions of transmission media and other
factors.

When the input sonic speed is different from the
real sonic speed of the measured object, the error would
occur in the system. On the one hand, the average sonic
speed is different from various regions, and the actual
location of the occurrence of rock burst is not necessary
in the area pre-determined sonic speed. On the other
hand, the measured velocity is affected significantly by
the distance between probes. When the distance is large,
the measured sonic speed of the general container is
2800—-3100 m/s, while that is about 5000—6000 m/s when
the distance is small. Therefore, both of these conditions
result in some errors between the average sonic speed of
entering the positioning system and the actual area, and
this would result in a huge position error [14, 15].

Generally, the locating error, caused by the sonic
speed measurement deviation, is generally 10-50 m,
even more, which would seriously affect the accuracy of
rockburst prediction. It can be seen that the sonic speed
measurements have seriously affected the positioning
accuracy in the actual engineering and tests. It is possible
to study the location accuracy induced by sonic speed.
Therefore, the quantitative study for sonic speed effect
on location accuracy of acoustic emission source was
discussed in this work.

2 Measurement and analysis of sonic speeds
for samples

The ultrasonic test of rock was widely applied to the
field of rock mechanics. The dynamic elastic modulus,
Poisson ratio and other parameters can be calculated by
measuring the sonic speed. And the measurement of
sonic speed is one of the most important parameters in
the problems of acoustic emission source location. A site
test result in a marble mine showed that longitudinal
wave speed of 1390—6905 m/s with 80 ultrasound tests
in various 8 locations, and the gap is enormous. Because
there is damping in the probe, and regardless of how
sharp electrical pulse launched, the probe vibration is
always gradually increasing, therefore, the received
waveform is gradually rising. The waveform and signal
attenuation of the first time are influenced by the
coupling ratio and the way of the probe. Therefore, the
measurement accuracy of ultrasonic pulse method can
only reach 1%—3% [16]. Several tests in no obvious
defect on the rocks of naked eye were carried out by
YOU [17], and it has found that compared with the
average of several tests, the variability measured speeds
is from 2.55% to 9.34%. It shows that the accurate
measurement of longitudinal wave speed is very difficult
to express by an average because of the anisotropy of the

rocks.

To quantitatively study the location errors induced
by deviation of sonic speed, the line and plane location
tests were carried out. A broken pencil was simulated as
acoustic emission source in the rocks. For line location
problem, the test was carried out in the cross section of
35 mmx35 mm, 500 mm-length rod of granite rock using
two sensors. For the plane problem, the test was carried
out in the 400 mmx400 mm cube of marble using four
sensors. The direction of sonic speed measurements is
shown in Fig. 1. The sonic speed measurement direction
of line position sample is 4B, the sonic speed
measurement directions of plane position sample are DF,
DE, CF, EF, CD, and CE on the face of the sample.
Measurement results are shown in Tables 1 and 2. To
compare the variation of the measurements, the average
deviation, coefficient of variation, and average speed
(m/s) are also listed in Tables 1 and 2. From the several
measured results of sonic speed, it shows that the
coefficient of variation for line position is smaller than
six direction speeds of plane position.

A B

(®)
Fig. 1 Diagram of locating samples and measurement
directions: (a) Line location sample; (b) Plane location sample

Table 1 Measurement results of sonic speed in line position

Sonic Coefficient ~Average
Measurement Average
speed/ . of speed/
No. 1 deviation .. 1
(m's ) variation (m's )
1 4687.5000
2 4736.8421
3 4761.9048
4 4774.5358
5 4851.7520
6 4749.3404 44.0387  0.0119  4779.7563
7 4864.8649
8 4761.9048
9 4761.9048
10 4864.8649
11 4761.9048
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Table 2 Measurement results of sonic speed in plane position
Measurement No. Sonic speed/(ms")
DF DE CF EF CD CE
1 2 186.928 2 2218.1146 2 790.697 7 19339853 2 259.887 2097.721
2 2170.148 7 2 366.863 9 3141.3613 22713626 2 575.107 3 2092.547 8
3 21757132 2 400.000 0 3361.3445 2084.8329 2 259.887 2 069.580 8
4 2 178.506 1 22857143 3409.090 9 2011.1523 2112.676 1 2113.3951
5 2170.148 7 2259.8870 3157.8947 2 039.726 2 238.806 21029198
6 2 186.928 2 22429907 3191.4894 2097.202 8 2268.431 21003172
7 2 178.506 1 22857143 3208.5562 2 058.620 7 2 298.850 6 2077.180 3
8 2 184.1136 2277.039 8 3217.1582 2752293 6 2264.1509 25253814
9 2247.1910 32258065 1816.166 5 2 247.191 2072.107 8
10 22514071 3208.5562 2115.5847 2264.1509 2095.1312
11 3370.786 5 1970.297
Average deviation 53369 40.864 7 99.753 6 150.049 2 63.226 1 78.150 6
Coefficient of variation 0.003 1 0.0250 0.0514 0.1157 0.050 6 0.064 7
Average speed 2178.874 1 22834923 32075220 2 104.656 8 22789138 2 134.628 2
Acoustic
3 Sonic speed effects on location accuracy of SenS(g Nol emlss;‘;“ souree SenserNo'z

acoustic emission source

3.1 Location principle of acoustic emission
3.1.1 Line location problem

A problem of line location needs two sensors to
record the trigger time from acoustic emission source,
the diagram of a line location is shown in Fig. 2. The
coordinates of sensors No. 1 and No.2 were expressed x;
and x,, respectively. The sonic speed was denoted as v;
the coordinate of acoustic emission source was expressed
as xo; the occurred time of acoustic emission source was
expressed as f; the trigger times of sensors No. 1 and
No. 2 from acoustic emission were expressed as ¢, b,
respectively. According to the distance equation, it can
be expressed by

(xl_x0)2 =(t,~t,)v (1)

\/(xz —X )2 = (fz _fo)" (2)

From Fig. 2, x,>x;, Eq. (1) minus Eq. (2), the
coordinate of acoustic emission source can be calculated
by

H —t))v+x +x
Xy = 1 2 1 2 (3)

2
where 1), t,, x|, X, and v are known parameters; x, is the
unknown parameter, and x, can be solved by Eq. (3).

Fig. 2 Diagram of line locating problem

3.1.2 Plane location problem
The function of the acoustic emission related with
time can be expressed as

V=02 + (-0 = -y 4)

where x;, y; and ¢; respectively express the 2D coordinate
axis and the time of the ith sensor; x and y are the source
locations of acoustic emission in 2D coordinate; ¢ is the
happened time of acoustic emission; v is the sonic speed
(v>0). There are three undetermined coefficients
including x, y, and ¢. Therefore, more than three sensors
are needed to locate the source of acoustic emission. To
eliminate the location errors, four sensors were used, as
shown in Fig. 3. The theory of source location in
acoustic emission is simple; however, it can lead to the
mistaking location due to the asymmetry sonic speed and
environmental noise. In order to eliminate the effects of
asymmetry sonic speed, the influences of sonic speed on
location results were studied in this work.

The time difference between the ith and jth sensors
and their corresponding 2D coordinates can be written as

[J(x,- X4 (=) 0P O —yﬂ/vﬂ, -1,
6

where x and y are unknown parameters, and the others
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Fig. 3 Diagram of plan location

are known. The nonlinear fitting equation is can be
resolved using Marquardt method.

3.2 Tests of line and plane position

For the line location problem, a broken pencil was
simulated as acoustic emission source in the rocks, and
the test was carried out in the cross section of 35 mmx
35 mm, 500 mm-length rod of granite rock using two

Table 4 Plane location events and sensor trigger time
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sensors. Seven acoustic emission events and trigger
times of two sensors are listed in Table 3. For the plane
problem, a broken pencil was also simulated as acoustic
emission source in the rocks, the test was carried out in
the 400 mmx=400 mm cube of marble using four sensors.
To compare the position accuracy between line and plane
positions, the line poison test was also carried out in the
marble surface. Nine acoustic emission events and
trigger times of four sensors are listed in Table 4.
Figures 4 and 5 show the typical waves of the line and
plane locations.

Table 3 Line location events and sensor trigger time

Acoustic  Coordinate/ Sensor trigger time/s
emission event cm No.1 No.2
1 40 3.889 704 3.889 778
2 35 8.369 15 8.3691 97
3 30 13.281 004 13.281 04
4 20 17.745 28 17.745 27
5 15 21.829 81525  21.829 780 00
6 10 26.079 26625  26.079 210 00
7 5 30.356 841 5 30.356 770 0

Acoustic emission

Sensor trigger time/s

event

No.1 No.2 No.3 No.4

1 17.343 636 50 17.343 657 3 17.343 609 50 17.343 719 70

2 26.729 490 25 26.729 441 8 26.729 426 75 26.729 495 00

3 33.815 843 50 33.815745 8 33.815 809 50 33.815 82275

4 41.477 020 25 41.477 064 5 41.476 998 50 41.477 068 25

5 46.204 368 75 46.204 370 8 46.204 368 00 46.204 375 25

6 52.649 379 75 52.649 323 5 52.649 361 75 52.649 328 00

7 57.804 284 50 57.804 391 3 57.804 333 50 57.804 360 75

8 62.582 124 50 62.582 1990 62.582 184 00 62.582 151 50

9 67.399 186 00 67.399 1713 67.399 217 50 67.399 120 50

10 (a) 1(b)
< 5r <
£ £
= 0 =
£ £
= L =
O 5 O
_10 -
_10 L
1 1 1 1 1 1 1 1 1 1
-400 -200 0 200 400 -400  -200 0 200 400
Time/us Time/ps

Fig. 4 Typical waves of line location: (a) Sensor No. 1; (b) Sensor No. 2
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3.3 Position accuracy analysis under different levels
of sonic speeds

According to measured speed results in Section 2,
the location method described in Section 3.1, and the
sensors triggered time of the acoustic emission source in
Section 3.2, the coordinates of acoustic emission source
were calculated. With different speed levels, the results
of line and plane positions are shown in Tables 5 and 6.

To further analyze the impact of speed on the
positioning accuracy, Fig. 6 shows errors of the absolute
distance diagram under the different speed levels of line
positioning, and Fig. 7 shows the positioning errors

2723

diagram of the absolute distance under different speeds
of plane positioning.

From Fig. 6, it can be seen, for line positioning, the
maximum error of absolute distance is about 0.8 cm.
When the sonic speed is 4587.15 m/s, the error of
absolute distance is up to the maximum; when the sonic
speeds are 4736.8421, 4749.3404, 4774.5358,
4761.9048 m/s, the errors of absolute distances are
relative small.

There are six events in the positioning error of about
0.2 cm. It can be got the granite bar quasi-real speed of
4 700 m/s or so. With the speed difference of 200 m/s,

500 @) 5 Hb)
< < |
£ n £ o} A '
= 0 n =
£ | g
= 5 -5
@] @)
=500 - -10k
| 1 | | | | | 1 | |
-400 200 0 200 400 -400  -200 0 200 400
Time/us Time/us
(©) 20 Hd)
500 - <
F: E
E 0 —'—n—u—w\wﬂ S 0
E 5
3 O
©-500 -20 |
1 | 1 | | | | | 1 |
-200 0 200 400 600 -200 0 200 400 600
Time/ps Time/ps
Fig. 5 Typical waves of plane location: (a) Sensor No. 1; (b) Sensor No. 2; (¢) Sensor No. 3; (d) Sensor No. 4
Table 5 Real and calculated coordinates under various levels of sonic speeds for line position
Positioning coordinate/cm
Sonic
1 Event 1 Event 2 Event 3 Event 4 Event 5 Event 6 Event 7
speed/(m's )
40 cm 35cm 30 cm 20 cm 15 cm 10 cm 5cm
45871500 39.47 34.25 29.61 20.15 15.33 10.57 5.64
4736.842 1 40.03 34.64 29.84 20.07 15.10 10.18 5.09
4761.904 8 40.12 34.70 29.88 20.06 15.06 10.12 5.00
4774.5358 40.17 34.73 29.90 20.05 15.04 10.09 4.95
4 851.752 0 40.45 34.93 30.02 20.01 14.92 9.89 4.67
4749.340 4 40.07 34.67 29.86 20.07 15.08 10.15 5.05
4 864.864 9 40.50 34.97 30.04 20.01 14.90 9.85 4.62
4761.904 8 40.12 34.70 29.88 20.06 15.06 10.12 5.00
4761.904 8 40.12 34.70 29.88 20.06 15.06 10.12 5.00
4 864.864 9 40.50 34.97 30.04 20.01 14.90 9.85 4.62
4761.904 8 40.12 34.70 29.88 20.06 15.06 10.12 5.00
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Table 6 Real and calculated coordinates under various levels of sonic speeds for plane position

Acoustic Real Positioning coordinate/cm

emission coordinate 2364.68m/s  2178.87m/s 2283.49m/s 3207.52m/s 2104.66m/s 227891 m/s  2134.62 m/s

event  x vy X Y X v X v X Y X Y X Y X Y
1 8 6 9.176 4365 9.509 5253 9.319 4.758 7.706 —0.89 9.646 5.599 9.328 4.78 9.591 4.574
2 5 14 461 1331 5527 13.44 5.015 1336 —0.15 12.71 5.884 13.49 5.038 13.37 5.741 13.47
3 6 23 5232 2234 6.016 21.79 5.575 22.1 1.592 24.81 6.329 21.57 5.595 22.09 6.203 21.66
4 13 6 12.71 4.866 12.88 5.751 12.78 5.256 11.87 0.337 12.95 6.098 12.79 5.278 12.93 5.958
5 145145 1457 1423 146 1429 14.6 1429 1442 13.96 14.62 14.32 14.58 14.26 14.61 14.31
6 15 23 1351 227 13.6 22.06 13.55 2242 13.18 25.79 13.63 21.81 13.55 22.41 13.77 21.91
7 22 6 2126 3.283 20.82 4291 21.07 3.729 23.6 —2.52 20.65 4.684 21.36 4.084 20.72 6.062
8 23 12 2433 11.58 23.55 11.83 2399 11.69 28.24 10.49 23.23 11.93 2397 11.7 23.36 11.89
9 23 23 21.66 245 21.18 23.74 21.45 24.17 23.74 28.1 20.99 23.44 21.44 24.15 21.07 23.56
0.8 * —4587.15mfs positioning distance is up to 5 cm, or 8.7 cm. It can be

A —4736.842 1 m/s . . .
0.7F o — 4864.864 9 m/s seen that the sonic speed seriously impacts on the plane
§0 6k PTaTHsss s positioning accuracy. Positioning average errors of
g ® — 47493404 m/s absolute distance by six directions of DF, DE, CF, EF,
- 0—4761.904 8 m/s
g 0.3 CD, CE and the average speeds of six directions are
=

§04r 1.163924, 1.27231, 5.099751, 1.167377, 1.21937,
T 03f 1.112782, and 1.445625 cm. It is found that the CF
= o2k direction speed generated the maximum average location
—ﬁ ' error of absolute distance, which is up to 5.099751 cm.
0.1 CE and DF directions speed generated the relative
0L i ' 1 minimum average location errors of absolute distance,

1 2 3 4 5
Acoustic emission event

Fig. 6 Errors of absolute distance under different speed levels

6 7

of line positioning

10
°o— Average
-—D?
E ol s—D
s 8 x— CF
g °o— EF
£ *— CF
o 6 A— CE
2
s
=l
5
2
<2
0

4
Acoustic emission event

5

Fig. 7 Positioning errors of absolute distance under different
speed levels of plane positioning

and the average value of absolute difference from the
position error is about 0.4 cm.

For the plane positioning shown in Fig. 7, in the
case of the sensor array of 30 cm, the absolute

which are 1.112782, and 1.163924 cm, respectively. It is
also found a strange phenomenon that the results of
positioning error by the average speed of six directions
are not the minimum. On the contrary, the average error
is second only to the largest CF, and this is not the same
as the conventional understanding. It tells us the
traditional position method based on pre-measurement
average speed could bring big errors in practice
engineering. And the average speed should be careful to
strike.

The experimental study was based on samples of
small size, and the degree of precision positioning
certainly was higher than the work of the site
microseisms project. Though, in the case of the sensor
array of 30 cm, the absolute distance error is up to 5 cm,
or 8.7 cm. Under the positioning of this fine work under
the proportional calculation, in the practical engineering
of the sensor array of 300 m, the average speed
measured by pre-positioning, the positioning error may
be up to 50—80 m. It is usually greater than this range,
because the microseismic location in field work was
seriously influenced by the existing roadway engineering,
blasting, groundwater and various human factors, in
which case, the results of microseismic monitoring is
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difficult to be convincing. Therefore, it is very necessary
to study the new location method without using the
average sonic speed, and the specific contents may see
the literature.

To compare the position accuracy between line and
plane location, line location test was also carried out in
CE direction on cube marble surface, and the calculated
result is consistent with the results of line location by
granite rock sample. It shows that the plane positioning
error is lager than the line position, which means that
when the line position can satisfy the need in
practical engineering, it is better to use the line position
instead of the plane location. The above important
conclusions can apply useful guidance to acoustic
emission or microseismic source locations in practice
engineering.

4 Conclusions

1) From the several measured results of sonic speed,
it shows that the coefficient of variation for line position
is smaller than six direction speeds of plane position.

2) For line positioning, the maximum error of
absolute distance is about 0.8 cm. When the sonic speed
is 4587.15 m/s, the error of absolute distance is up to the
maximum. There are six events in the positioning error
of about 0.2 cm. With the speed difference of 200 m/s,
the average value of absolute difference from the
position error is about 0.4 cm. For the plane positioning,
in the case of the sensor array of 30 cm, the absolute
positioning distance is up to 5 cm or 8.7 cm. It shows
that the results of positioning error by the average speed
of six directions is not the minimum, on the contrary the
average error is second only to the largest CF. This is not
the same as the conventional understanding. It tells us
the  traditional  position  method based on
pre-measurement average speed could bring big errors in
practice engineering. And the average speed should be
careful to strike.

3) The plane positioning error is lager than the line
positioning error, which means that when the line
position can satisfy the need in practical engineering, it is
better to use the line position instead of the plane
location. The experimental study is based on samples of
small size, and the degree of precision positioning
certainly is higher than the work of the project site
microseisms. In the practical engineering of a 300 m
sensor array, the positioning error may be up to 50—80 m.
It is usually greater than this range.
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