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Abstract 
 
 The location of an AE event is the most useful information obtained by AE monitoring.  The 
accuracy is important for not only reliability of the source location itself, but also the analysis of 
crack mechanism depends on an accurate source location.  In order to examine an arrangement 
of sensor positions based on the iterative method with the least-square principle, a simple simu-
lation method using a random number is proposed.  In addition, the method is applied to two 
cases where the sensor network cannot enclose a monitoring region three-dimensionally due to 
respective monitoring restrictions.  The first case is the monitoring of in-situ direct shear test of 
rock in underground chamber that we actually made.  The second is a case to examine an ar-
rangement of drilling holes in advance to monitor hydraulic fracturing in deep underground.  
Through the examples, advantage and applicability of the method are elucidated for three-
dimensional monitoring in a semi-infinite medium, which we often encounter in in-situ rock 
monitoring. 
 
Keywords: Source location, accuracy, sensor arrangement, numerical simulation, in-situ direct 
shear test, hydraulic fracturing. 
 
Introduction   
  
 The location of an AE event is the most useful information obtained by AE monitoring. The 
accuracy is important for not only reliability of the source location itself, but also the analysis of 
crack mechanism depends on an accurate source location.  Factors influencing the accuracy of 
AE source locations are wave arrival time determination, arrangement of sensor positions, wave 
velocity and isotropy, signal attenuation and reflection, and transducer size and configuration.  
On the wave arrival time determination, Landis et al. (1992), Sedlak et al. (2008) and others dis-
cussed and developed automated determination methods for a large volume of AE data.  An ac-
curacy of AE source location influenced by an arrangement of sensor positions depends on the 
principles of source location methods.  Ge (2003a and 2003b) classified the principles of source 
location methods into tri-axial sensor methods, zonal location methods, and iterative and non-
iterative methods.  The accuracy by an arrangement of sensor positions for the zonal location 
methods was examined by Catty (2009 and 2010).  On the accuracy for the most popular itera-
tive method, Salamon and Wiebols (1974) pointed out that a "blind spot" exists in neighborhood 
of the apex on the axis of a right circular cone when all sensors positioned on one of the sheets of 
the cone.  For structures such as pressure vessels, storage tanks and piping composed of flat or 
curved planes, cylinder, cone, torus and sphere, Nakasa (1986 and 1994) made numerical exper-
iments for accuracy of source location due to errors of P-wave arrival time determination, P 
wave velocity and others.  However, a method to examine the accuracy for a general arrange-
ment of sensor positions has not been discussed to our knowledge. 
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 In this paper, for a general arrangement of sensor positions based on the iterative method, we 
propose a simple examination method using a random number, and show two examples applied 
to the cases where the sensor network cannot enclose a monitoring region three-dimensionally 
due to respective monitoring restrictions.  The first example is the monitoring of an in-situ direct 
shear test of rock in underground chamber that we made (Ishida and Kanagawa, 2008; Ishida et 
al., 2010).  The other is an example to examine an arrangement of drilling holes in advance to 
monitor hydraulic fracturing in deep underground.  In this paper, the discussion is made under 
the assumption that the iterative method with the least square principle, which is classified into 
Geiger's method (Geiger, 1910 and 1912) by Ge (2003a and 2003b), is used as source location 
method and only P-wave arrival times are used for the source location.  

Examination Method 

We conducted the examination by a simple numerical simulation using a random number.  
By assuming positions of AE sensors and an average measuring error on the determination of P-
wave arrival time, we examined how located sources distribute around the assumed source with 
the measuring error under the arrangement of AE sensors.  Even under the same location of the 
assumed source and the same average measuring error, the distribution of located sources is quite 
different with changes of AE sensor arrangement.  Under the same average of the measuring er-
ror, a sensor arrangement to make less scattering of sources around the assumed source is con-
sidered to be better.  Procedure of the numerical simulation is as follows. 

First Step 
 At first, an arrangement of AE sensors is assumed, i.e., N sets of three-dimensional coordi-
nates of AE sensor positions, Oi(xi, yi, zi) where i = 1, 2, 3, ... N, are assumed as shown in Fig. 1.  
Next, an AE event is assumed to occur at a location, S(xs, ys, zs), and at a time, ts.  A distance, 
OiS, from the assumed source, S, to the i-th AE sensor, Oi, and the P-wave arrival times at the 
respective AE sensors, ti, with P-wave velocity, Vp, are represented as follow,  
 

 
 

  

 

 
 

Fig. 1 Coordinates of a source and sensors, and a set of recorded waveforms. 
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 Since the arrival times, ti, is used in the calculation for source location only as relative differ-
ences among the respective AE sensors, an actual value of the occurrence time, ts, is unim-
portant.  By assuming the value, ts, to be any constant or zero, the respective times, ti, are ob-
tained.  Afterwards, a random number made by the method explained in the third step and Ap-
pendix is added to the respective time, ti, as a measuring error on the P-wave arrival time deter-
mination. 

Second Step 
 The measuring error can be estimated from a dominant frequency of a measuring AE signal, 
the resolution of measuring equipment and others.  For example, an error at reading a P-wave 
arrival time on a recorded wave trace is estimated within a quarter of a period of the arrival ini-
tial motion.  In other words, when the wave trace is assumed to be a sine curve, the error is esti-
mated within a time length from its arrival to the peak, as shown in Fig. 2.  Since we can usually 
consider that a dominant period of the arrival initial motion is the same as a resonance period of 
the AE sensor, we can roughly estimate the measuring error to be a quarter of the resonance pe-
riod of the AE sensor.  Needless to say, when other factors are expected to cause an error on the 
P-wave arrival time determination, the errors estimated by the factors should be considered as 
well. 
 

 
 

Fig. 2  Estimation of an error at reading P-wave. 

Third Step 
 We make a set of random numbers, zi = (z1, z2, .... zn), having a standard deviation, a, and an 
average, b, which were produced by the method explained in Appendix, and add the random 
number, zi to the arrival time, ti, as the measuring error at the AE sensor Oi.  As described in the 
second step, when we consider a quarter of the resonance period of the AE sensor as an average 
of the measuring errors, we put the time length to be a value of the standard deviation, a.  Usual-
ly, we put a value of the average, b, to be zero.  Next, by considering the value, t'i, shown in 
equation (3), as the P-wave arrival time at the AE sensor Oi, we obtain source coordinates of the 
AE event, by following a usual iterative method with the least square principle for source loca-
tion. 
 t 'i = ti + zi  (3) 

Fourth Step 
 When 10 to 20 AE sources are located by considering the time, t'i, containing the random 
number as a P-wave arrival time, they distribute around the assumed source.  For example, when 
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an AE sensor arrangement does not have good accuracy for the source location in the vertical 
direction, the sources distribute over a large distance in the vertical direction.  Since the sources 
are scattered in the low accuracy direction, we can find a problem of the AE sensor arrangement 
for the source location.  By repeating the simulation with changing the AE sensor arrangement, 
when we find the sensor arrangement that provides the least scattering of the source distribution 
around the assumed source, we consider that is the optimal sensor arrangement.  Since an error 
of the source location can be estimated from a size of the scattering, the simulation results also 
give us the margin of the measuring error on the P-wave arrival time determination in relation to 
the accuracy needed in the monitoring. 

Application to In-Situ Direct Shear Test of Rock 

 As the first example, we show an examination of AE sensor arrangement for an in-situ direct 
shear test of rock, which was conducted to obtain strength of the rock mass for designing an un-
derground power station (Ishida and Kanagawa, 2008; Ishida et al., 2010). 
 
Sensor Arrangement 
 The specimen in our experiment was a slate-dominant alternation of slate and sandstone 
measuring 0.5 m long, 0.5 m wide and 0.2 m high, as shown in Fig. 3.  The specimen for the test 
block was made from the rock mass under the ground surface of the chamber by removing sur-
rounding rocks outside the specimen using a small rotational boring machine and a mechanical 
breaker.  The test block for the direct shear test was constructed by encapsulating the specimen 
in 0.1 m thick reinforced concrete.  A shear load was applied to the test block in the direction 
having an angle 17° from the horizontal and the load was increased up to the final failure, while 
the vertical load was kept constant during the test. 
 
 As shown in Fig. 3, eight AE sensors from No. 1 through 8 were affixed with cement paste 
on the bottom of the holes that were drilled around the test block.  Fracture was expected to oc-
cur in a thin layer of a few cm along the expected shear plane, which was the plane at the base of 
the specimen that extended from the ground surface around the specimen.  Due to the limitation 
of the test configuration, we could not place an AE sensor just above or below the expected shear 
plane.  All sensors were set lower than the expected shear plane around the test block.  The AE 
sensor arrangement is expected to cause low accuracy of the source location in the vertical direc-
tion.    
 
Simulation and Result 
 We assume an AE source at the location of the closed circle in Fig. 3, and we calculate the P-
wave travel time from the assumed source to the seven sensors. No. 5 sensor was not used in the 
source location due to its position far from the specimen.  In the calculation, the P-wave velocity 
value of 5.0 km/s, which is measured by using PZT transmitters set at both lateral sides of the 
test block, was used.  Following the method explained previously, the random numbers having 
the average of 0 µs and the standard deviation of 10 µs were added to the calculated theoretical 
P-wave arrival times of the respective AE sensors, and coordinates of a source was obtained us-
ing the times including the additional random numbers.  The standard deviation of 10 µs corre-
sponds to the largest error that we expected in the monitoring, because the resonant frequency of 
the AE sensors was around 25 kHz.  

 
The sources obtained are shown by open circles in Fig. 4(a).  The figure shows that the 

sources distribute more in the vertical direction than in the horizontal direction.  Consequently, 
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Fig. 3 AE sensor arrangement for the in-situ direct shear test.  The closed circle, S, indicates a 
position of the assumed source. 
 
the results indicate that, in the sensor arrangement, we cannot rely on the vertical locations of the 
sources, while the horizontal locations are reliable.   

 
 Next, consider a case where the sensor numbers 1, 2, 4, 6, 7, A and B are used for the source 
location, by replacing the sensors Nos. 3 and 8 with the sensors A and B.  Scatter of the located 
sources for the same error is shown in Fig. 4(b).  Comparison between Fig. 4(a) and (b) clearly 
indicates improvement of the accuracy in the vertical direction.  Actually it is not easy to set the 
sensors in the positions A and B, because they are under the loading plate and inside of the 0.1-m 
thick reinforced concrete encapsulating the specimen.  Figure 4(c) shows the scatter of the locat-
ed sources when we use the eight sensors, Nos. 1, 2, 4, 6, 7, C, D and E, by adding the sensors C, 
D and E set on the outside surfaces of the encapsulating concrete instead of the sensors A and B.  
Results in Fig. 4(c) indicate that the accuracy in the vertical direction is much better than that 
shown in (a) although it is slightly worse than that in (b).  The results demonstrate that it is nec-
essary to enclose a specimen with AE sensors three-dimensionally to locate an AE source three-
dimensionally with good accuracy. 

Advantage of the Simulation Results 
 The examination of the sensor arrangement for the in-situ direct shear test was made after our 
AE monitoring.  When we started the AE source location after the monitoring, we found that the 
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Fig. 4 Source distributions of the simulation results for the in-situ direct shear test. (a) Sensors 
Nos. 1, 2, 3, 4, 6, 7 and 8 used. (b) Sensors Nos. 1, 2, 4, 6, 7, A and B used. (c) Sensors Nos. 1, 
2, 4, 6, 7, C, D and E used. 
 
located sources scattered, particularly in the vertical direction.  Since this distribution seems to 
indicate a low accuracy of the source location, we need to evaluate the accuracy by the numerical 
simulation.  We realized from the simulation results that our sensor arrangement is not sufficient 
for the source location.  If we knew the simulation results before the monitoring, we could add 
easily the sensors D, E and F on the surfaces of the encapsulating concrete and get more reliable 
and accurate located sources of the AE events. Fortunately, however, all AE events that occurred 
in this test appear to have been generated in a thin layer, only a few cm thick, parallel to the ex-
pected shear plane including the assumed source, S, in Fig. 3, since heights of the fractured plane 
measured after the test range within −3 to +5 cm of the expected shear plane.  Consequently, the 
AE sources were located two-dimensionally under the assumption that they were generated on 
the expected shear plane.  Since the simulation results allow us to avoid wasting time to make 
effort to locate the sources three-dimensionally, we could concentrate discussion on two-
dimensional fracture extension from the located AE sources (Ishida and Kanagawa, 2008; Ishida 
et al., 2010).  On this point, the simulation helped us discuss the monitoring results. 
 
Application to Deep Underground Hydraulic Fracturing 
 
 As the second example, we show an examination of sensor arrangement to monitor AE 
events induced by hydraulic fracturing at the depth of 300 m with many AE sensors set on the 
surface and a limited number of downhole AE sensors.  Through the examination, we can obtain 
information on the number, depths and horizontal position of the downhole sensors that are nec-
essary to get locations of the AE events with a sufficient accuracy.  In a field experiment like 
this, since a cost for drilling holes to monitor AE events usually amounts to a large part of the 
total cost, results of the examination are helpful to estimate the budget necessary for the experi-
ment, especially at the planning stage. 
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Sensor Arrangement 
 Assume a source at the position of a closed circle in Fig. 5, which is at the depth of 300 m in 
the hole, "f".  Also assume to set AE sensors on the bottoms of the holes drilled at the vertex po-
sitions of the regular hexagon.  From now on, we call a set of the six surface sensors "a surface 
net".  Of the six sensors, three sensors, Nos. 1, 3 and 5, are placed at the depth of 25 m, while the 
other three sensors, Nos. 2, 4 and 6, are set at the depth of 50 m.  For deep downhole sensors, 
first, we consider a case that the sensor A is set at the same position as that of the assumed 
source.  Next, we consider a case that the sensors B and C are placed at the respective depths of 
250 m and 350 m in the hole, "g", which is drilled at a position 50 m from the epicenter of the 
assumed source, (50, 0), in the coordinate system shown in Fig. 5. 
 

 
Fig. 5 AE sensor arrangement for hydraulic fracturing at the depth of 300 m.  The closed circle, 
A, indicates the position of the assumed source, while the crosses indicate positions of AE sen-
sors.  
 
Simulation and Result 
 P-wave travel times, ti, from the assumed source to the respective sensors are calculated, un-
der the assumption that the rock mass is homogeneous and isotropic, and its P-wave velocity, 
Vp, is 5 km/s.  The random number, zi, are added to the travel times, and times t'i ( iii ztt +=′ ) 
are obtained for respective sensors by following equation (3).  By considering the time, t'i, con-
taining a random number as P-wave arrival time, an AE source is back-calculated.  
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 First, for a data set of the P-wave arrival time having the average of 0 ms and the standard 
deviation of 1 ms as the errors, we show changes of source distributions depending on a differ-
ent set of the sensors. Figure 6(a) shows the result of the case using only the surface net.  The 
sources concentrating around the epicenter of the assumed source indicates that the accuracy is 
sufficient on the horizontal direction.  However, in the vertical direction, a large scattering from 
100 to 800 m in depth in spite of the assumed source being at 300 m indicates low accuracy, ne-
cessitating an improvement.  
 
 Tanaka et al. (1997), Ishida (2001) and Manthei et al. (2003) have developed hydraulic frac-
turing sondes incorporating AE sensors.  By setting a sonde in the hole in the vicinity of the 
point where the hydraulic fracturing is induced, the accuracy of source location could be im-
proved without drilling an additional hole for monitoring.  Figure 6(b) shows the result of the 
case using the sensor A set at the same point of the hydraulic fracturing along with the surface 
net.  The scattering of the located sources is limited from 250 to 350 m having the center at 300 
m, which is the depth of the assumed source.  The result indicates that the accuracy in the verti-
cal direction is improved using the sensor A in addition to the surface net.   

	 
Fig. 6(a) Source distribution using only the surface net sensors (Nos. 1 through 6). (b) Source 
distribution using the sensor A at the same point of the hydraulic fracturing together with the sur-
face net sensors.	 
	 

Figures 6(c) and (d) show the respective results using the sensor B placed at 250 m and the 
sensor C separately at 350 m with the surface net.  The accuracy in the case using the sensor C 
set below the assumed source is better than that in the case using the sensor B set above the as-
sumed source.  This is because the sensor C and surface net in the latter case surround the as-
sumed source three-dimensionally.  
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  (c)         (d)            (e) 
Fig. 6(c) Source distribution using the deep sensor B set above the assumed source with the sur-
face net sensors.  (d) Source distribution using the deep sensor C set below the assumed source 
with the surface net sensors. (e) Source distribution using the all downhole sensors A, B and C 
together with the surface net sensors. 

 
Figure 6 (e) shows the result in the case using all three deep downhole sensors A, B and C 

with the surface net, indicating no distinct difference from that in the case showed in Fig. 6(d) 
using only the sensor C.  This result demonstrates that it is desired for a single deep downhole 
sensor to be set lower than the point of hydraulic fracturing, and that no other underground sen-
sors are necessary as one deep sensor provides good source location data.   

 
 Figure 7 shows the result when a standard deviation of the random numbers is 10 ms, which 
is ten times larger than in the previous cases.  The result indicates that the scattering becomes 
larger with such a large error, even if we use all deep downhole sensors A, B and C with the sur-
face net.  This result shows that we should control the error lower than approximately 1 ms for 
AE monitoring of hydraulic fracturing made at the depth of around 300 m.  
 
Effect of Setting Depth Distribution of the Surface Net Sensors 
 So far, the sensor numbers 1, 3 and 5 of the surface net were set at the depth of 25 m, and the 
other sensors, Nos. 2, 4 and 6, were set at the depth of 50 m.  If the scattering does not change 
when all six sensors are set at the same depth of 25 m, cost to drill the 50-m holes can be saved.  
Thus, we examine the case that the entire six surface sensors are set at the same depth of 25 m. 
First, when we tried to locate sources using the downhole sensor C (at 350 m) and the surface 
net sensors, all six at 25 m, we could not locate any sources due to divergence of the calculation.  
In this case, a standard deviation of the random number given as the error was 1 ms. As the re-
sult is quite different from that shown in Fig. 6(a), it indicates that we should not set the surface 
net sensors at the same depth.  However, when we add the downhole sensor B to these sensors, 
the sources can be located in good accuracy without large scattering, as shown in Fig. 8.  These 
results demonstrate that more than two deep downhole sensors are needed if the surface net sen-
sors are set at a same depth.   
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Fig. 7 Source distribution when the standard 
deviation is 10 ms.  All downhole sensors A, 
B and C and the surface net sensors are used. 
 

 
 

Fig. 8  Source distribution using the down-
hole sensors B and C with the six surface 
sensors set at the same depth of 25 m.  Stand-
ard deviation of the given errors is 10 ms.  As 
noted in text, we could not locate any sources 
due to divergence, using only sensor C and 
the six surface net sensors at the same depth 
of 25 m. 
 

Concluding Remarks 
 

We propose a simple examination method for an arrangement of sensor positions based on 
the iterative method using a random number with the least-square principle.  We show two ex-
amples applied to the cases where the sensor network cannot surround a monitoring region three-
dimensionally due to respective monitoring restrictions.   

 
The first example of in-situ direct shear test of rock in underground chamber produced the 

following results.   
(1) From the simulation results, we found that our sensor arrangement is insufficient for the 
three-dimensional source locations for the expected error of 10 µs in the determination of P-wave 
arrival time.   
(2) All AE events that occurred in this test are presumably generated in a thin layer, only a few 
cm thick, parallel to the expected shear plane.  Consequently, the AE sources were located two-
dimensionally under the assumption that they are generated on the expected shear plane.   
(3) The simulation results helped us concentrate to discuss two-dimensional fracture extension 
from the located AE sources without wasting time to locate the sources three-dimensionally. 
 
 From the second example to examine an arrangement of monitoring hydraulic fracturing at 
the depth of 300 m, the following recommendations were obtained. 
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(4) Depths at which AE sensors in the surface net are set should be more than two levels, for ex-
ample, 25 m and 50 m. 
(5) Even if the surface net satisfies the above condition, it is necessary to set, at least, one deep 
downhole sensor.  The deep downhole sensor should be set lower than the depth, at which AE 
events are expected to occur. 
 
 Through the two examples, the following facts were clarified. 
(6) To locate an AE source three-dimensionally with sufficient accuracy using only P-wave arri-
val time, it is necessary for AE sensors to surround a source three-dimensionally. 
(7) Advantage and applicability of the proposed method are elucidated for three-dimensional 
monitoring in a semi-infinite medium, which we often encounter in in-situ rock monitoring. 
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Appendix  
 
 We can make a set of random numbers having any desired mean value and standard devia-
tion by the following procedure. At first, we generate a set of uniform random numbers, x=(x1, 
x2,...., xn), using a function in our personal computer, for example, the function "RAND" in the 
program "Excel" of Microsoft, and calculate its mean value and standard deviation in the follow-
ing equations.     

                                (A-1) 

σ x = (xi − x )
2 / n∑  (A-2) 

where n is a number of the random numbers.     
 
 Next, we make the second set of random numbers, y=(y1, y2,...., yn), from the first random 
numbers, x=(x1, x2,...., xn), using the following equation. 

                         (A-3) 
The random numbers, y = (y1, y2,...., yn), have the mean value, y , of zero and the standard devia-
tion, yσ , of one.  The facts are proved as follows. 
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yi∑
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σ x
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From equation (A-3), and using equation (A-2), 

∑= nxx i /

xii xxy σ/)( −=



 

 272  

 (A-6) 

By substituting the result for the term in equation (A-5),   

 ∴ σ y =
1
n
n = 1 (A-7) 

 
 Finally, we make the third set of random numbers, z = (z1, z2,...., zn), from the second random 
numbers, y = (y1, y2,...., yn), using the following equation. 

 zi = ayi + b  (A-8) 
The random numbers, z = (z1, z2,...., zn), has the mean value, z , of b and the standard deviation, 
zσ , of a.  The facts are proved as follows. 
 

 
 

 σ z =
1
n
zi − z( )2 = 1

n
zi − b( )2∑ = 1

n
ayi + b − b( )2∑ = a2

n
yi
2∑  (A-10) 

 
Here, since equation (A-6) indicates that nyi =∑ 2 ,  

∴ 	 (A-11) 

Thus, we can make a set of random numbers having any desired mean value, b, and standard de-
viation, a. 
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