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Influence of sensor array on MS/AE source location accuracy in rock mass
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Abstract: As the mining depth increases, rock dynamic disasters become increasingly prominent. Microseismic
monitoring has become an important technical means to monitor rock dynamic disasters, such as rockburst and roof
collapse. The sensor array is the first step of signal acquisition and will seriously affect source location accuracy. The
significant studies on error factors caused by sensor array arrangement to the location accuracy of microseismic (MS)
and acoustic emission (AE) sources were discussed and summarized. The influences of the number of sensors,
configuration of sensors and distance between sensors and source on MS/AE source location accuracy were analyzed.
Subsequently, some principles of sensor arrays were given by combining with engineering practices and laboratory
testing, and confirmed by a field application. In addition, the optimal arrangement scheme was discovered by
considering the factors affecting the number, shape, and distance of sensors, which can greatly adjust the signal
acquisition effect and improve the source location accuracy. Finally, some challenges and the corresponding coping

strategies of sensor arrays were prospected to improve the MS/AE source location accuracy.
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1 Introduction

The phenomenon where elastic strain energy is
released when the material is fractured or deformed
by external or internal forces is described as
acoustic emission activity (acoustic emission,
AE) [1-3]. However, in studies examining damage
and failure of materials, such as coal and rock
masses, rock fracture or crack propagation is
described as microseismic activity (microseismic,
MS) [4-6]. The AE and MS are fundamentally
similar in terms of monitoring techniques and
analytical theory [7]. The AE/MS signals generated
during underground rock mass failures contain a
significant amount of information about the
fracture development and failures of surrounding
rock, so the spatial structure and location of seismic
sources can be determined [8—10]. The AE/MS
source location refers to the use of sensor spatial
coordinates, times, acoustic

acoustic arrival

propagation speeds, waveform pickup signals, and
other parameters in the source location algorithm to
get the structures and locations of rock fracture
sources [11-18]. The AE/MS source location is
an important task in the AE/MS monitoring
technologies to predict and determine the rock
fracture and failure in laboratory tests and on-site
observations in underground mining, tunnelling and
other rock excavations, which is significantly
influenced by rock properties, geological conditions,
and sensor parameters and layouts.

In recent years, many scholars have made
efforts to further seismic source location. HUANG
et al [19—21] proposed a method to calculate time
differences based on cross wavelet transformation
for positioning errors caused by inaccurate time
difference pickups. By comparing the energy on the
cross-wavelet spectrum and automatically selecting
homologous signals, the accuracy for time difference
pickups was effectively improved. However, this
method did not consider the influence of seismic
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wave propagation time history. WU et al [22,23]
proposed deconvolution migration by combining
deconvolution interferometry with interferometric
cross-correlation migration to improve the accuracy
for locating microseismic events. SCHUSTER
et al [24] used interferometric seismic imaging to
image source locations or reflectivity distributions
from passive seismic data where the source position
or wavelet is unknown. XU et al [25] assumed that
seismic waves propagated in straight lines and
established a fast microsource location method
based on the minimum travel surface method of
seismic waves. For this method, the propagation
path of seismic wave in three-dimensional space
was transformed into a two-dimensional plane by
rotating the coordinate system, and the layered
characteristics of rock mass and the refraction of
seismic waves in different media base planes were
fully considered. The improved genetic algorithm
was used to optimize the microsource stability in
the three-layer horizontal model. But in practice,
seismic wave propagation paths are not straight
lines, meaning certain positioning errors will occur.
LI et al [26] established a simplex microseismic
source location method based on L1 norm statistics
(minimum absolute value method) through the
residual analysis of source location. This method
took into account the errors inherent in input data,
such as time and wave velocity, and ensured high
stability and positioning accuracy. However, this
method did not consider the effects of station layout
on seismic location accuracy. Considering the
influence from the combination of single-
component sensors on source locations, DING
et al [27] resolved the microseismic source location
by using the inverse time-ray tracing method
through the linear combination of two orthogonal
single-component detectors, and this method was
highly accurate and precise. In addition, noise

exhibits a minor influence on the positioning results.

However, the heterogeneity of geological strata will
significantly interfere with the propagation of
acoustic waves and thus affect the positioning
results. ZHOU et al [28] proposed a method for
acoustic emission source location considering the
refractions of different media, and established the
space—time relation equation between acoustic
emission source points and measurement points.
This algorithm only considered the refraction at the
interface of two kinds of media. For more complex

media, the applicability of the proposed method
needs to be further verified. COLLINS et al [29]
considered multiple geological units with complex
shapes and simulated mining and geotechnical
operations by adding multiple gaps, such as air,
brine, or cement backfill, to analyze the impact of
the rock mass velocity model on microseismic
location accuracy. van DOKET et al [30] proposed
anisotropic  parameters to be captured in
microseismic monitoring projects, which can and
should be included in the final velocity model to
obtain more accurate event locations. By exploring
three-dimensional non-uniform structure sound
source positioning, YIN et al [31] proposed
triangular pyramidal sensor cluster for positional
technology. The differences in signal times between
different sensors are analyzed, and the refraction
effect of acoustic waves in non-uniform medium
was considered, which can achieve rapid and
accurate sound source locating, but there are some
geometric limitations in the actual sensor
arrangement, which affect the source location
precision.

From the above literatures, it can be seen that
source location accuracy depends on many factors,
such as an optimal layout for the spatial network of
the microseismic network, anisotropic parameter
and model of rock mass and velocity model of wave
propagation, time pickup, and seismic wave
location algorithm. According to the field
measurement results,
accuracy of the existing acoustic emissions or
microseismic monitoring system in the horizontal
direction can be precise down to the meter, the
positioning errors in the vertical direction are tens
of meters, even hundreds of meters, which still falls
below the needs of safe production in terms of
overall positioning accuracy. The design of sensor
array, its size, geometry, and quantity of the site
layout range, significantly influences the accuracy
of seismic source location. When planning and
laying out arrays, the number of arrays and their

although the positioning

arrangement in the monitoring area are crucial for
the signal acquisition stage and the subsequent
analysis of seismic locations and
mechanisms.

The research purposes for the sensor array in
MS/AE are primarily to study the seismic activity
and tectonic activity process within the region and
to determine seismic source locations. However,

source
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most of the current research is focused on
improving the source location algorithm and
intelligent signal recognition. There is lack of
literature to summarize the studies on optimal
sensor array arrangements and their influence on
location accuracy. The rationality of sensor array
placement greatly affects the validity of data
acquisition and error accuracy in data processing,
which is for studying rock fracture mechanisms and
seismic source locations.

2 Accuracy analysis of array layout in
MS/AE source location

The sensor array is composed of a certain
number of sensors arranged in a certain network
around the source. When acoustic emission or
microseismic signals appear in the monitoring area,
the sensors can pick up these signals and collect and
measure signal timing information according to
multi-sensor synchronization data. Then, combined
with the coordinates of each sensor and the
measured wave velocities in advance, the location
algorithm is used to locate the source and determine
its temporal and spatial parameters [32,33].

When locating the source, the rock mass is
regarded as anisotropic body, and then the source
location can be expressed by sensor coordinates,
wave velocity, and initial arrival time, as shown in
the following formula:

(xi_x)z"'(yi_J’)z"‘(Zi_Z)z:(Zi_t)zvz (1)
where (x;, y;, z;) are the coordinates of the sensor,
(x, v, z) are the coordinates of the source, v is
the average speed of stress wave propagation, ¢ is
the time when the rock mass breaks, and ¢ is the
time when the sensor receives the stress wave. A
common method to determine the source location is
to apply least square fitting to the arrival time of the
observed stress waves. By giving a set of arrival
times and assuming the seismic wave propagation
model, a position can be solved to minimize the
error between the measured arrival time and the
arrival time calculated using the assumed position.
It can be expressed as

T, =T,(6.p)+1, @)

where @ is the vector of unknown parameters (x, y, z,
1), T; is the propagation time from the source to
sensor i, and f is the origin time. The set of sensors

iSp:[pl, D2 "t pN]~

The common objective function for
determining the source location is to calculate the
sum of squares of the difference between the arrival
time and observed arrival time,

N
O=3r (3)

where r; is the difference between the arrival time
and observed arrival time.

The solution that minimizes the afore-
mentioned equation is called the least square
solution. Because the source position parameters
are nonlinear functions, the optimization problem is
nonlinear. Geiger is the most commonly used
method for minimizing the objective function for
seismic location, and it employs the iterative
Gauss-Newton method [34]. The new source
position parameter estimation is obtained by finding
the adjustment function and adding it to the test
position, thus reducing the objective function,
which is calculated as follows:

ol )=r"r 4)
Q) =—(A"4)"'A"r (5)

where 8" represents the parameter of the new source
location, d(#) represents an adjustment vector, r is
the column vector containing N residuals, and A is
the partial derivative matrix of the travel time at the
estimated source.

According to the hyperbolic governing
equation of source location, the hyperbolic shape of
the source location depends only on the product of
the difference between wave velocity and arrival
time. The influence from error accuracy caused by
time and speed is shown in Fig. 1. As the source
distance outside the sensor array is longer than the
distance inside the sensor array, the arrival time
error is amplified, and the source location error
outside the array is amplified. At the same time,
when there is an error in the wave velocity model
adopted for positioning, the influence on the
propagation path will be more distinct, which
further aggravates the error influence caused by the
long propagation distance [35—37].

Therefore, the station layout crucially
influences the positioning effect, and the station
layout is often adjusted and optimized according to
the advantages and disadvantages of the positioning
effect in actual positioning [38]. Usually, the plane
focal position can be determined by the S wave, P
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Fig. 1 Analysis of source location error: (a) Sensor
positioning principle; (b) Enlarged view of positioning
error

wave, and velocity collected by the three stations.
However, if the three stations are distributed in a
straight line, one epicenter locus line can be
determined for every two stations as a group.
Because the stations are distributed in a straight line
and parallel to each other, the epicenter location
cannot be determined. This kind of array layout is a
typical “three-line” problem. Similarly, if there are
four stations, it is generally able to determine the
source location. But if the four stations are
distributed on the circumference of a circle, every
three stations can determine an epicenter trajectory
line through the outer center of the three stations.
Since the tables are distributed on a circle, the outer
center of each group is the center of the circle.
These epicenter tracks are a set of radiating lines
passing through the center of the circle, and the
location of the epicenter cannot be determined.
Therefore, the spatial distribution and configuration
of sensors will affect the positioning accuracy of
microseismic events, and the quality of the sensor
layout depends on the positioning error of their
configuration. Considering the influence of sensor
array flatness, LEANIAK et al [39,40] proposed the

source location and location error evaluation
method. The seismic source location accuracy of
different sensor arrays was calculated by computer
simulation and tested on the multi-layer rock mass
model of the Lubin Copper Mine. Two different
sensor arrays were installed. The first with uniaxial
sensors spaced throughout the mine area, and the
second with triaxial sensors mounted on the coal
pan. The average error for the three-axis sensor
positioning is at a minimum by employing the
propagation time and direction of the seismic wave.
Therefore, positioning errors can be used to
measure the advantages and disadvantages of
sensor arrangement. The previous studies showed
that the absolute value method and least square
method are commonly used in MS/AE positioning
error calculation, and their calculation expressions
are as follows:

N
P

Res = — (6)
n—m

N 1/2
Res{Zlnlz n—m} (7)
i=1

where Res represents the event residual, r7; is
the residual associated with the ith station, N
and n are the number of stations, and m is the
degree of freedom. GE et al [36,41] analyzed and
demonstrated the calculation accuracy for the
absolute value method and least square method for
station source locations. For the stations with major
errors, the absolute value method has a superior
residual retention ability, while the least square
method tends to smooth out the residual errors from
other stations, and positioning accuracy sensitivity
In MS/AE source localization, the
number of stations is usually quite small. The main
error in source location is usually related to a few
stations with errors originating from reading time
and station coordinates. If the error is uncorrelated
and random, the least square method is suitable;
otherwise, the least square method will give
improper weight to the data with large errors, which
will distort the solution, and the error spreads to all
stations. The location accuracy of the seismic
source depends on the quality of input data, and the
time correction value of relevant stations should be
included in the additional parameters.

Currently, the D value theory and C value
theory are widely accepted in network evaluation

decreases.
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methods to optimize the layout of the microseismic
monitoring system. Both methods can evaluate the
advantages and disadvantages of the network.
According to the statistical theory of optimal
experiment, KIJKO [42,43] first proposed a method
to maximize the D-criterion for optimal sensor
placement, namely the determinant of 4*A4, which
can be defined as the objective function of
maximization. For the seismicity area that needs to
be monitored, it is divided into discrete areas first,
and each area is assigned a weight. The weights
assigned to a given zone are related to the
probability of microseismic events. The locations of
each partition, which are usually near the center,
can be used to evaluate det|4"A|. This value is then
multiplied by the weight assigned to the partition,
and the weighted sum is made so that the weighted
and maximum configuration is the optimal
placement method for the sensor. On this basis,
GONG et al [44,45] applied and extended the
theory of microseismic location and D value
optimization design. Combined with the actual
conditions of the coal mine, the main factors and
unfavorable conditions affecting the location
accuracy of mine earthquakes were studied. The
general principle for determining the probability
of occurrence of high microseismic activity areas
and mine earthquake in coal mines by using
comprehensive index method is posited. Through
theoretical analysis into the weakness of the
network location reflected by epicenter and source
standard deviation, the expected value model of
epicenter and source error based on the numerical
simulation experiment method was established, and
finally the network layout optimization and
evaluation system were formed. MENDECKI [46]
proposed the C-value theory to analyze the
relationship between the network layout and the
condition number of formed equations from the
perspective of affecting the robustness of a
nonlinear system, and evaluated the advantages and
disadvantages of the network.

3  Influencing factor of array
configuration on seismic location
accuracy

3.1 Influence of sensor array scale
In practical applications, the array size of
microseismic sensors deployed varies according to

the nature of the project and scope of operation. The
sensor array size depends on the scope of the
monitoring area according to the development in
existing microseismic monitoring technology [47].
This section discusses the engineering applications
of microseismic technology in mining, oil and gas
exploitation and seismic monitoring. For different
scale engineering activities, the requirements for
positioning accuracy are different [48—50]. In the
field of mining, it primarily focuses on rock burst
disasters in mines. The monitoring scope is at a
certain mining stage. Due to economic or
geological limitations, the number of sensors is few,
which allows for small-scale microseismic
monitoring and investigates small-scale rock
fractures. For the microseismic events in the
hydraulic fracturing process of oil and gas
production, the ground surface or underground
seismic array is used to monitor and determine the
fracture trends and morphology of underground
structures or fractured wells at different depths. The
sensor array scale is larger than that in mining, and
the scale of rock fracture is larger, which belongs to
mesoscale microseismic monitoring [51]. In the
field of seismic monitoring, the research primarily
focuses on seismic disaster, geophysical exploration,
and seismic wave attenuation law in rock strata,
which is considered large-scale monitoring [52—53].
For different engineering projects, the sensor array
size varies according to the monitoring scale, as
shown in Fig. 2. For the same engineering project,
the influences of different sensor array scales on
the positioning accuracy are disparate. To meet
the positioning accuracy requirements of the
engineering, the optimized designs of sensor array
scales can greatly save the cost. Thus, this paper
analyzed typical engineering projects corresponding
to the three scales, and compared the influences of
the sensor array scales on positioning accuracy
from the horizontal and vertical perspectives, as
shown in Table 1.

The microseismic monitoring system was
developed based on the seismograph network and
seismograph array, which is used to study rock
mass fracture deformations and stability. Among
them, the MMS monitoring systems developed by
ESG in Canada, ISS microseismic monitoring
system in South Africa, SAK/SYLOK/SOS micro-
seismic monitoring system in Poland, and CSIRO
microseismic monitoring system of the Exploration
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and Mining Bureau of Commonwealth Scientific
and Industrial Research Organisation (CSIRO) in
Australia are more well-known. The monitoring
system is widely used in rock burst monitoring in
hard rock mines and coal mines. In the micro-
seismic monitoring system, the sensor array scale
varies depending on the engineering projects, and
the positioning accuracy is also obviously different.
The Beijing Mentougou Coal Mine introduced
Polish SYLOK system in 1984. The monitoring
area is roughly a narrow strip 6 km long and 3 km
wide. The system has 8 stations, with a single
station covering an area of 0.46 km?, offering high
station density and good positioning effect. In 1990,
the Xinglongzhuang Coal Mine introduced a
microseismic monitoring system from Australia
and conducted experiments and research on
microseismic monitoring to monitor and analyze
the differences in underground stress field under
different mining design conditions. Thus, the
influence from sensor array scale layouts on
monitoring and positioning results under different
coal seam depths and mining designs was further
explored. The early microseismic monitoring
system was also called a geo-sound monitoring
system. The information collected primarily
includes the number of rock mass energy rates and
events, but the positioning accuracy has not been
studied further. Rock burst disasters in deep hard

rock mine have unique microseismic activity. The
rupture size (focal radius) is much smaller than a
natural earthquake, the rupture time is short, the
vibration frequency is high, and the source location
accuracy is required to be high, so the positioning
accuracy of early microseismic monitoring is
nowhere near meeting the needs for detecting
rockburst disasters. Dongguashan Copper Mine
introduced the ISS microseismic monitoring
system from the ISSI Company in South Africa
in 2005. Considering the underground engineering
conditions of the mine, TANG et al [56] adopted
two hardware configuration schemes of 16 seismic
sensors and 20 seismic sensors, and the results
indicated that both schemes met the requirements
for microseismic monitoring of the mine. However,
compared with the former, the accuracy and system
sensitivity of the latter showed no significant
improvements. When considering the cost, it
was more reasonable to adopt the hardware
configuration scheme with 16 sensors, and the
positioning error would be less than 5 m. Similarly,
The Canadian ESG microseismic monitoring
system MMS was introduced to the Fankou
Lead—Zinc Mine in 2004. The arrangement scheme
of 16 sensors was adopted, and the positioning error
was within 5m, so the monitoring effect was
satisfactory. In 2019, the Tonglushan Copper Mine
adopted the SSS microseismic monitoring system
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Table 1 Summary of sensor array scale
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Micro- Example Microseismic Location
seismic mp Monitoring scope monitoring Sensor array scale
projects error
scale system
. 8 stations are arranged, Range of
Mentougou Mine Poland SYLOK wired transmission is positioning
Mentougou is 6 km long, microseismic :
: : S employed, and error is large,
Coal Mine [54] 3 km wide, monitoring ! + P o f
and 8 km deep system maximum transmission  ranging from
distance is 10 km 10 to 200 m
. . According to depth position,
Thickness of quaternary strata in 3 boreholes and 4 shallow .
microseismic monitoring area of holes were speciall Determine
mine is about 210 m; Coal seam  Australian constructed. a %)otal o fy 12 fault zone
Xinglongzhuang being mined on working face is 3 earthquake ’ and caving
: . P three-component geophones .
Coal Mine layers of coal, elevation of coal ~ monitoring were installed zone in coal
seam ranges from —300 to system and 9 sinele-comnonent mine
—400 m, and thickness of coal co hgo nes welie production
seam ranges from 8§ to 10 m a r%ange d on ground
. Full font 64-channel
Small- Fankou For ore-bodies below 500 m Cﬂ?ﬁ;glsi?sfnsf mlscr;s;;sr(lllsrrn;galtolréng
scale LeadZinc and above ~650 m, shilling monitoring chan};lels open) has }(l)pened <Sm
Mine [55] north of main mining stope system—MMS 16 channels, carrying 16
uniaxial sensors
First mining area and ISS
mining influence area; . .. Sixteen seismic sensors were
Dongguashan first min: is located microseismic d. including f
Copper irst mining area is locate monitoring used, including four <10m
. in 52—58 exploration lines, three-way sensors and 12
Mine [56] : = system, ISSI I
ore section above —850 m . unidirectional sensors
. South Africa
elevation
In middle section of Chinese 16-channel deep
~785 d-845 Academy of | . L
Tonglushan m and —845 m, Sciences SSS  low-pressure microseismic
: actual monitoring depth . o monitoring system has 10 <20 m
Mine [57] microseismic T
can reach from monitorin unidirectional sensors and
=725 t0 —1120 m & 2 tridirectional sensors
system
Fracturing depth in horizontal Ground monitoring has
Horizontal wells  section of well ranges from adopted six-arm star array
in Daqing SZ 2025 to 2895 m, and vertical _ with 66 receivers; 106-star 25 m
exploration depth ranges from 1789.7 to observation systems are used
area [58] 1794.2 m, with 23 perforating for fracture imaging
points in 11 stages monitoring
Meso- Bivane depression 12-stage three-component
scale }],3YIg—IF1p5ha1e AS1 Well has section of geophone was placed in
2128-2458 m in - 340 m section of AS1 Well <10 m

horizontal well

segmentation [59] 340 m east side

for microseismic monitoring
with interval of 30 m

Charlson oil field
in Mackenzie
County, North

Two vertical wells and
two horizontal wells

Vertical array of 40 detectors Depth and
- is deployed in well, spaced position are

Dakota 15 m apart optimized
: 97 seismic stations
Inner Mongolia . 3 (48 in district and
seismograph Inner Mongolia 49 in neighboring 4.16 km
network [60] provinces)
Large- PS27 station near Hamar in
scale Norweeian south (NOA) and PS28
seis mgic Hedmark, Tromos, _ station in Karasjok in north _
array [61] and Finnmark (ARCES) are both in series

of stations, including 42 and
25 sub-stations, respectively

developed by China, with a positioning error within
20 m, which met the mine prediction needs. As
equipment, instruments, and information
technology have continued to develop, downhole

rockburst and other disasters have developed from
uncontrollable to controllable and predictable,
effectively ensuring safe and efficient mining.

The microseismic activity generated by oil and
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gas exploitation primarily occurs in the fracturing
process of horizontal wells. Based on the principle
of microseismic positioning, sensors are arranged in
the space near the monitoring area to collect the
microseismic information generated by rock
fractures, and then the data are processed and used
to source locations to locate rock fractures to study
the geometry and extension direction of fractures
after hydraulic fracturing. For low permeability oil
and gas fields, hydraulic fracturing is a widely used
measure for exploitation. The quality of fracturing
and fracture development degrees are important for
oil and gas development projects [62,63]. Since the
beginning of the 21st Century, microseismic has
received extensive attention in dynamic research of
oil field production, and many domestic oil fields
began to introduce hydraulic fracturing micro-
seismic monitoring technology. Considering the
development of low permeability reservoirs, the
micro-seismic monitoring method has been used to
monitor and evaluate the construction effect of
water injection fracturing in the Changqing Oilfield
and Jilin Oilfield, and considerable effects have
been achieved [64—66]. Because of the shale
deposit in the Biyang depression fracturing,
ZHANG et al [67] deployed the horizontal well
BYHF1 with the shale as the target layer, and used
microseismic monitoring technology to conduct
on-site real-time monitoring of the fracturing. In the
340 m section of the eastern part of the well, a
12-stage three-component geophone was placed for
microseismic monitoring with an interval of 30 m.
The strike, width, and height of the fracture
network were studied. The results showed that the
total effective fracturing volume was 3883x104 m?,
and the total fracture orientation was 34° north by
east, which has achieved satisfactory microseismic
monitoring. LIU et al [68] monitored the fracturing
process of a shale gas reservoir in southwestern
China by using relatively dense ground seismic
stations, which can reliably determine the
high-resolution, three-dimensional shear velocity
results of the surface, thus improving the accuracy
of positioning results.

Seismograph networks have been built in
many places in China for areas that experience a
high frequency of earthquakes. Inner Mongolia
seismograph network can receive waveform data
from 97 stations. The Inner Mongolia seismic
network currently judges the accuracy of seismic

location by fitting residuals. Based on this, ZHAO
et al [60] selected 55 earthquakes with magnitudes
greater than three in central and western Inner
Mongolia and adjacent areas. By adjusting the
station configuration, two station distribution
modes of 7—14 stations and 4—9 stations were used
to analyze the locations of the central and western
regions. Among them, the results of 7—14 stations
participating in seismic locations were relatively
stable, and did not negatively affect the timeliness
requirements for earthquake rapid reports. The
monitoring effects of seismic networks are greatly
affected by the location accuracy of seismic sources,
and practical network layouts can improve location
accuracy. KRAFT et al [69] proposed a network
optimization method for regional scale micro-
seismic monitoring based on existing seismic
stations in northeastern Switzerland. The simulated
annealing algorithm was used to optimize the
geometric configuration of 10—35 stations, and the
stability of the optimization results was satisfactory.

ZHAO [70] verified the influence of station
density on microseismic positioning accuracy, and
selected different sensor amounts for unknown
wave velocity positioning. The positioning errors
obtained are shown in Table 2. Theoretically, the
more the stations are involved in positioning, the
more in-depth the information is provided, and the
higher the positioning accuracy is. Moreover, when
more stations are involved in locating, the seismic

Table 2 Variations in positioning accuracy with number

of stations
Number of stations Error | Number of stations Error
4 47.049 17 3.921
5 36.878 18 3.765
6 22.840 19 3.594
7 14.463 20 3411
8 9.455 21 3.294
9 7.994 22 3.164
10 6.341 23 3.101
11 5.388 24 2.953
12 4.969 25 2.922
13 4.626 26 2.828
14 4.459 27 2.763
15 4313 28 2.659
16 4.117 29 2.596
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source envelope of the pickup is much improved,
which offsets part of the error caused by the
randomness of manual first arrival pickup and the
inaccurate velocity model. However, the increase in
the number of stations will inevitably lead to an
increase in the number of problem channels.
Therefore, appropriately increasing the number of
location stations can improve location accuracy and
ensure the stability of location results to a certain
extent.

3.2 Influence of geometric layout of sensor array
The geometry of sensor arrays will affect the
differences in the signal bunching ability. To
achieve more accurate detection and recording of
weak microseismic signals with strong background
noise, the high sensitivity instruments are needed,
and the densely distributed sensor arrays with
specific geometric shapes are needed to enhance the
signal clustering ability and achieve the waveform
stacking effect [71]. The detailed features of the
seismic source at the sensor array location can be
extracted by frequency—wave number (F—K)
analysis to extract the azimuth and phase velocity
of seismic coherent wave trains as a function
of frequency. The result showed that this
processing method can improve event location
accuracy [72,73]. Assuming that the array is in XOY
plane, Fourier transformation can be used to
decompose the given wavelength into plane waves

1 .
f(xvyaz) = ?J‘J"[f(k)ukya w)eXp(lkxx +
ik,y—iot)dk dk, do ®)

where flk., ky, w) is the frequency—wave number
spectrum; k=(wcos a)/V,, and k,~=(wsin a)/V,, which
represents the amplitude and phase of a plane wave
propagating in the x—y plane with the apparent
velocity value V, and in the direction of azimuth
angle a, and w is the angular frequency. MO et al
[74] proposed a frequency—wave-number based on
the F—K energy bunching algorithm to pick up
vibration signals in far fields of shallow under-
ground sources. By establishing the evaluation
index of the energy bunching effect, the bunching
effects of different array geometry layouts are
compared and analyzed. The results show that
while picking up remote vibration signals, the
alignment of regular hexagon array is the best.
ROSACINTAS et al [75] analyzed the reliable

dispersion curves provided by the minimum
number of triangle stations, circle stations with
center stations and polygon stations by combining
F—K method. Polygon layouts do not have obvious
center symmetry, while layouts or
triangular geometric center symmetric theoretical
arrays have satisfactory or acceptable dispersion
curves, in which triangular arrays provide better
results. Therefore, when the number of available
stations is reduced, the geometric center symmetry
of the response from the theoretical array should be
maintained as much as possible, and the spatial
continuity between the sensors should be
maintained to obtain a better acceptable dispersion
curve. OKADA [76] referenced the space
autocorrelation (SPAC) method to derive the SPAC
coefficient equation applicable to the data obtained
from a circular array composed of a finite number
of stations under the wave-direction constraints by
using underground
SPAC coefficients for four different arrays were
calculated according to these error terms, and the
results showed that the three-station circular array
was the best combination for effective microseismic
observation using the SPAC method. For triangular
or hexagonal generate
independent SPAC coefficients in radial distances,
ASTEN [77,78] discovered that the SPAC method
can also provide sufficient azimuth coherence,
which is conducive to the design of effective
circular arrays.

Usually, the same number of different sensor
arrays will achieve different results. For a two-
dimensional plane, GE [35] enumerated three
typical four-sensor arrays, as shown in Fig. 3.
Through analysis and demonstration, the second
type of sensor with a center station has better
positioning accuracy. For a small-scale monitor
network for regional seismic exploration, ARORA
et al [79] used four (minimum) sensors in different
triangular station arrays. It was shown that the
equivalent length of a right triangle (three
measuring points at the vertex and one near the
center of mass) was the best source arrangement
around the location network, which was equivalent
to the radial distance to the epicenter. DENG [80]
conducted regular triangle and square layouts, and
the results showed that both met the minimum
number of sensor records, but the square layout
method used about 50% more stations than the

circular

structure information. The

arrays, which can
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triangle layout method. For acoustic emission
source locations of large plate structures, ALJETS
et al [81] used three sensors to form a triangular
sensor array. This configuration achieved the
positioning accuracy and reduced the number of
sensors needed for large structure monitoring.
KIJKO and SCIOCATTI [82] analyzed the
accuracies of seven different optimal seismic
networks, which consisted of 4—10 stations. The
greatest improvement in accuracy was achieved
when a four-station network was replaced by one
with five or six stations. Aiming at the scale and
size of the sensor array in the microseismic system
of the engineering project, CHEN and HUANG [83]
designed the number and arrangement of 7 groups
of stations, which were 4, 5, 9, 16, 25, 36, and 49,
respectively. In the case of a certain Gaussian error,
as the number of seismic stations increased, the
positioning results were improved to varying
degrees. In the wvertical direction, station
distribution with observation stations in the center
greatly improved the depth location accuracy of
microseismic events.

o a

(a) (b) (c)
Fig. 3 Three typical sensor arrays: (a) Triangle with

station at side center; (b) Triangle with center station;
(c) Rectangle

For three-dimensional space, DONG et al
[84—86] proposed a cube array arrangement of
acoustic emission sensors to improve the accuracy
of acoustic emission source location. PADOIS
et al [87] proposed the optimal spherical
microphone array geometry to improve noise
impact. For source location, STEINBERG et al [88]
designed networks of 6, 7, 8, 9, and 10 stations, and
the optimal network was surrounding the potential
source. This kind of network can reduce the
statistical uncertainty and the random errors in
arrival time, and can solve the multi-source location
problem. According to the three-dimensional
structure of the sensors installed on site, HUANG
et al [19-21] proposed an intelligent algorithm for
signal wave recognition, which showed that

choosing mine positioning signals was closely
related to sensor arrangements. ZHAO [70]
compared the positioning effect of single plane and
multi-plane monitoring, and found that the
positioning effect of multi-plane monitoring was
significantly Dbetter than that of single-plane
monitoring. Thus, two sensor array schemes were
designed to better explore the influence of sensor
geometry layouts on seismic location accuracy. The
improved Geiger algorithm was used to conduct
acoustic emission source simulation experiments,
and the results are shown in Figs. 4 and 5. Both
schemes  adopted  three-dimensional  space
positioning, and the spatial geometries of the
layouts were tetrahedron and triangular pyramid,
and the undersides were triangle and square. The
location results can be obtained by simulating
acoustic emission sources from 6 aspects. The
location accuracy of the tetrahedron with a
quadrilateral base is higher than that of the
triangular base, and the source envelope is better.
Thus, choosing a reasonable sensor geometry layout
scheme can improve source location accuracy.

3.3 Influence of distance between sensor and

source

The propagation of vibration waves in rock
mass will attenuate, so it is very important to study
the optimal distances between sensor and source to
determine positioning accuracy. The seismic waves
collected from stations far away from the source
travel a longer distance and pass through more
geological discontinuities, and the attenuation and
phase transformations of the waveform are more
serious, leading to the possibility of waveform
problems. This problem waveform will lead to
inaccurate first-arrival pickup, which will affect the
positioning accuracy. Therefore, the main factors
affecting energy attenuation
propagation are wave front diffusion and absorption
diffusion [89,90]. In a uniform medium, the wave
front of the point source is spherical. As the
propagation distance increases, the spherical area
also increases, but the total energy remains
unchanged, so the energy per unit area of the
diffusion surface decreases. The
amplitude of vibration is inversely proportional to
the source distance, which can be expressed as

M=M,/d )

In seismic wave

maximum
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Fig. 4 Positioning results of three-dimensional space layouts of four sensors: (a) X—Z direction; (b) X—Z' direction;
(¢) X—Y direction; (d) XY’ direction; (¢) Y—Z direction; (f) Y—Z' direction (X', Y’ and Z' are the opposite directions of X,

Y and Z, respectively)

where M is the maximum of the measured point, My
is the amplitude of the source, and d is the distance
from the source.

Since the actual rock layer medium is not
uniform, there are friction, liquid flow, viscosity
tension, and so on in the propagation process, so the
seismic wave produces attenuation, known as
absorption attenuation. The attenuation rate of
amplitude per unit distance can reflect the degree of
absorption attenuation, which is expressed by
absorption coefficient . It is proven theoretically
that the absorption coefficient is a function of
frequency. For a certain rock medium, under the
same amplitude, the higher the frequency is, the
greater the absorption coefficients. Therefore, with
the increase in seismic wave propagation distance,
the high frequency part is quickly absorbed, and
only the lower frequency component is retained, so

the absorption coefficient is also a function of the
source distance. The absorption attenuation of
seismic waves is expressed as

M =M, e P (10)

The seismic wave is comprehensively
influenced by wave front diffusion and absorption
attenuation, and can be expressed as

M =%e_ﬁm°d (11)

The f values are different at different source
distances. The piecewise function is usually used to
calculate the vibration attenuation law of natural
earthquakes. In microseismic monitoring, the fixed
[ value is used in a certain range of source distance.

ZHAO [70] compared the mining blasting
signal recorded by the instrument with the hammer
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test signal near a sensor. The results showed that
the reception quality of the working face blasting
signal received by the receiving sensor is better
than the receiving effect of the micro-blasting
signal within the sensor envelope, which indicates
that the source distance has critical influence on the
quality of the signal received by the sensor.

Through the acoustic emission simulation
experiment of lead breaking, four sensor arrays at
different distances were set on a rocky surface to
locate the source. The positioning accuracies of
the two methods with different distances were
compared, as shown in Fig. 6. To explore the
relationship between sensors and source distance,
eight sensors were selected, and two sensor layout
schemes were designed, including eight sensors
with eight vertices and eight sensors evenly
distributed on two planes, as shown in Figs. 7 and 8,
respectively. In the two schemes, the positions of

Sensor 1 Sensor 2

Sensor 1'gg i Sensor 2
I

Sensort4’ W
P>

- \

g Sensor3’
o

Sensor 4

Sensor 3

~

Source

Sensor 5

Sensor 5’ Sensor 6

u [ Sensor 6
Sensor 8’ Wl Sensor 7'Ml

Sensor 8 Sensor 7

Fig. 6 Layout scheme of 8 sensors

acoustic emission source were unchanged, and the
distance between source and sensor was different.
The positioning errors obtained by using the Geiger
method and Geiger-objective function method are
given in Tables 3 and 4, respectively. Compared
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Fig. 8 Geiger-objective function location results from eight vertex sensors (a) and eight planar sensors (b)

Table 3 Location results of eight vertex sensors

Simulation of acoustic

Sensor location emission source location Source location Localization Location
% v P % v P % v ~ algorithm error
500 500 500 496.2557 492.6423 515.7365 17.77053
500 500 500 503.0593 489.3918 499.8823 11.04116
500 500 500 518.9443 510.9099 502.9592 22.06062
0 0 1000 500 500 500 500.6789 501.8645 486.7316 13.41594
0 1000 1000 500 500 500 489.9943 498.9281 517.2643 19.98299
1000 0 1000 500 500 500 512.5025 484.5307 491.5067 Geiger 21.62746
1000 1000 1000 500 500 500 520.5738 492.0819 470.6802 method 36.68278
0 0 0 500 500 500 481.1547 497.3068 489.6382 21.67403
0 1000 O 500 500 500 503.8154 515.7113 488.2087 20.01094
1000 O 0 500 500 500 498.01 497.6451 511.3779 11.78823
1000 1000 0O 500 500 500 489.8935  493.57 496.8363 12.38931
500 500 500 482.6634 481.9943 500.4164 24.99875
Geiger-

500 500 500 507.5216 4959189 500.6411 8.58141

objective method

with the location results of the eight sensors at the indicating that the distance between sensors and
vertex, the results indicated that the location source has a magnifying effect on the timing and
accuracy of the eight sensors evenly distributed on velocity of source location error, thus affecting the
the upper and lower surfaces is higher overall, location effect.
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Table 4 Location results of eight planar sensors
Sensor location Si.mglation of acoust.i ¢ Source location Localization Location
emission source location
% v ~ % Y Z % v Z algorithm error
500 500 500 503.72  498.0837 496.7888 5.274676
500 500 500 501.9426 506.352 499.3518 6.674013
500 500 500 502.5693 510.1015 489.0839 15.09311
250 250 1000 500 500 500 512.1033 486.0821 508.4074 20.27021
250 750 1000 500 500 500 506.0129 488.8743 495.5892 13.39367
750 250 1000 500 500 500 495211  495.7927 490.7667 Geiger 11.22009
750 750 1000 500 500 500 518.4263 507.3908 492.4486 method 21.24091
250 250 0 500 500 500 490.5153 508.7202 505.5005 14.00913
250 750 0 500 500 500 498.3927 501.2696 499.3172 2.159046
750 250 0 500 500 500 502.5053 494.5537 505.5491 8.168968
750 750 0 500 500 500 493.5592  496.4491 503.5922 8.185149
500 500 500 504.3166 504.1029 499.6878 5.963604
500 500 500 503.096 497.6284 501.0213 Geiger- 4031418

objective method

4 Influence mechanism of sensor array
on seismic location accuracy

The sensor array has an important influence on
the source location. For the monitoring area, the
signal analysis collected by the sensor has different
positioning accuracies for different source locations.
The location error of the source inside the sensor
array is much smaller than that of the source outside.
When the source is far away from the center of the
network, the positioning accuracy and stability tend
to decrease. The decrease rate of location accuracy
and stability increases sharply when the source
reaches the outer region beyond the edge of the
array.

There are three factors that affect the location
accuracy of seismic sources, including the scale and
geometry of the sensor array, and the distance
between sensor and source. In terms of the sensor
array scale, more sensors collect more in-depth
information, and the corresponding positioning
accuracy will be higher. But for practical
engineering applications, the number of sensors is
limited by the field. The number of stations on a
single plane will not necessarily achieve effective
source location, and the increase in the number of
stations will inevitably increase the occurrence of

the problem waveform and affect the accuracy of
the source location. With the increase in the number
of participating stations, the envelope effect of the
key monitoring area is improved. Therefore, the
positioning error can be reduced by increasing the
number of stations appropriately to ensure the
normal waveform of stations. For the location
algorithm, increasing the number of stations
involved in location will reduce the singularity of
the source solution covariance matrix of nonlinear
equations, and thus improve the convergence
robustness of the iterative process of source
solutions.

The geometry layout of the sensor array is
expected to achieve the maximum and optimal
monitoring range and accuracy with the minimum
number of sensors. Different geometry layouts will
change the stacking effect of the waveform by
affecting the bunching ability of signals. Most
studies observed that the triangle or hexagon array
can provide sufficient azimuth coherence by
analyzing and comparing the bunching effect
of different array geometries. Meanwhile, the
arrangement with the central station has a better
bunching effect. Three-dimensional space sensor
layout with a reasonable planning sensor layout can
minimize the instrument and time errors. In
addition, the three-dimensional layout can be
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optimized to achieve the “envelope” effect of the
source, which can greatly improve the source
location accuracy.

The influence of the distance between sensor
and source is reflected in the attenuation of source
energy. Because rock mass failure is unknown and
random, the signals collected from stations farther
away from the source have a longer propagation
distance. The signal waveform attenuation and
phase transformation are serious, which influence
the location accuracy of seismic sources
significantly. According to the focal mechanism,
some scholars have established the signal
attenuation displacement equation to reveal the
distance relationship between the focal signal and
sensor to reasonably estimate the effective
monitoring range and avoid the signal loss caused
by energy attenuation in the wave propagation
process as much as possible.

Table 5 Borehole parameters in monitoring network

5 Field application

According to the actual requirement for
ground pressure monitoring in the Linglong Gold
Mine, the zone from —620 m level to —670 m within
a 200 m-radius circular area was determined to be a
main monitoring zone, and the monitoring sensor
layout of S3, S4, S5, S8, S13, S17, S18, and S20
boreholes was selected to establish a microseismic
monitoring network. The borehole parameters in
the monitoring network are listed in Table 5. The
installation process for putting sensors in borehole
is shown in Fig. 9.

The location accuracy of the monitoring
network was determined with the point-blasting test.
The three blasting point positions were selected to
make into seismic sources with deterministic
time and location to measure location accuracy. The

Horizontal coordinate/m

Level/m No. ¥ . Azimuth/(°)  Dip/(°) Depth/m  Diameter/mm
—620 S3 46266.36 47601.46 178 45 3 60
—620 S4 46395.38 47539.82 10 45 3 60
—620 S5 46571.06 47623.01 270 45 10 60
—620 S8 46714.19 47554.48 184 45 10 60
—670 S13 46224.05 47572.77 99 5 10 60
—670 S17 46691.19 7619.83 135 5 3 60
—670 S18 46641.13 47529.85 24 5 10 60

(a) Borehole
( \ ) Exhaust pipe
P Fixed plate Sefl§9r Installation pipe
i (= = )

L i\
Grouting pipe

Fig. 9 Installation process of sensor in borehole: (a) Layout of sensor in borehole; (b) Importing; (c) Fixing and sealing;

(d) Grouting
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location results and the corresponding errors are to analyze the location accuracy and sensitivity of
listed in Table 6. The location errors of the selected the selected monitoring network. The cloud images
monitoring network are 15-25 m. of location accuracy and sensitivity are shown in

The microseismic monitoring performance Figs. 10 and 11, respectively. It can be seen that the
simulation analysis software, Ticker-3D, was used location accuracy of the monitoring network in the

Table 6 Location accuracy in point-blasting test

Blasting point coordinate/m Location coordinate/m X-direction Y-direction Z-direction Total
No. X Y 7 X Y 7 error/m error/m error/m  error/m
1 463448 476513 —617.1  46362.6 476583 —610.5 17.8 7.1 6.5 20.2
2 46362.0 476109 —612.9 46348.4 47601.7 -610.0 13.5 9.1 2.9 16.6
3 46362.0 476209 —612.9 46347.5 47601.5 —610.3 14.4 19.3 2.6 243

Percentage of
3D location
error/m

3D location S
error/m

0

333

6.67

10.00
1333
16.67
20.00
23.33

26.67
30.00

X-direction ¥

error/m error/m

-

Fig. 10 Cloud images of location errors calculated from Table 6: (a) Three-dimensional location error; (b) Percentage of

three-dimensional location errors; (c) X-direction location error; (d) Y-direction location error

Min \‘ /4 ’ . A ¢ lg Emin

2.1
-2.0
=19

Fig. 11 Cloud images of sensitivities from Ticker-3D software: (a) Microseismic magnitude (7min); (b) Microseismic
energy (1gFmin)

-1.8 0.4
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targeted zone is 9—27 m, and the sensitivities for
monitoring microseismic magnitude and energy are

from —2.6 to —2.1 and from —1.0 to 0.0, respectively.

The results of the point-blasting test and simulation
analysis are consistent. The layout of the
monitoring network is reasonable, and its accuracy
can meet the requirements for microseismic
monitoring.

6 Prospects for sensor arrays

The reasonable arrangement of sensor array is
an important guarantee for scientific design and
adjustments of microseismic system construction.
The location accuracy is significantly influenced by
sensor array scale, sensor array geometry layout,
and the distance between sensor and source. Based
on the aforementioned analyses, the general
principles for constructing sensor arrays are as
follows: (1) The sensor array with more sensors
presents a higher accuracy; (2) When selecting a
small number of sensor layouts, the layout of the
central station should be considered, which can
greatly reduce the impact of sensor arrays and
improve source location accuracy; (3) The sensor
array should not be arranged on a single plane, and
the sensors should not be arranged in a straight line
or a shared circle, which easily causes positioning
dead angles; (4) For engineering applications, the
monitoring area should be surrounded as far as
possible when selecting the monitoring range and
arranging the measuring points before system
installation, and the convenience of wiring
and drilling should also be taken into account;
(5) The size of the monitoring range should be
commensurate with the number of selected sensors

and the effective monitoring radius of each sensor
to reduce the error impacts caused by distance
attenuation.

Considering the particularity of source
locations and the challenges facing sensor arrays,
the current designs of sensor arrays for
microseismic monitoring are primarily based on
experience, or only considering simple factors, such
as the number of stations and noise levels. With the
gradual increase in major construction projects, the
technical requirements for sensor array quantitative
designs and signal acquisition optimization are
increasing. This work summarizes the methods
for sensor array optimization in the field of
microseismic and acoustic emission from the
perspective of positioning accuracy. The overall
layout is shown in Fig. 12. Although it is
preliminary, it can still provide some reference for
promoting systematic layout optimization strategy.
At present, most research on sensor arrays only
focuses on the influence of sensor number and
geometry. In future research, the sensor array
should be reasonably optimized from the response
parameters of the source, combined with the
attenuation parameters of different strata. It can be
expected to have a better signal acquisition effect
and to achieve the maximum accuracy of the source
location.

7 Conclusions

(1) The AE/MS signals contain significant
information about the fracture and failure of
rock mass in underground mining, tunnelling and
other rock excavations. The AE/MS source location
is an important task in the AE/MS monitoring

Particularity of Difficulties and problems Application and
source location in sensor array development direction
—— R |

Number of sensors
is limited to site

Estimate effective
monitoring range

I

I

Tvisibility of |
geological rock formations) |
I

I

algorithm is large

Layout a certain number
of sensors

source location

[ Randomness of J

Spatial arrangement of
sensors has poor envelope

[ Error of positioning J

end station layout

Complex influence factors
of source location

Layout proper geometry J
of station

—

( Distribution inhomogeneity of
g

[ Avoid formation of dead

Consider source parameters
to improve location accuracy

Fig. 12 Difficulties and prospects for sensor arrays

eological strata interferes greatlyJ
I | I — ]
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technologies to predict and determine the temporal
and spatial characteristics of rock fracture and
failure. Rock properties, geological conditions, and
sensor parameters and layouts can significantly
influence the location accuracy of AE/MS source.
Specially, the sensor array is a key factor that can
affect the source location accuracy and the
subsequent source mechanism analysis.

(2) According the literature reviews, the
influence factors of sensor array arrangement on the
location accuracy of MS/AE sources were
discussed and summarized, which referred to the
sensor number, configuration of sensors and
distance between sensors and source. In addition,
the corresponding influence mechanism of sensor
array on AE/MS location accuracy was analyzed
and summarized to promote the understanding of
the significance of sensor array.

(3) By combining example analyses and field
observations, some principles and optimal
arrangement scheme of sensor arrays were given
to improve the location accuracy of AE/MS
monitoring application. Finally, some challenges
and the corresponding coping strategies of sensor
arrays were prospected to address the particular
problems.
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