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Microseismic event location is one of the core parameters in microseismic monitoring, and the accuracy of
localization will directly affect the effectiveness of engineering applications. However, limited by spatial factors,
the geometry of the sensor installation will be close to linear, which makes the localization equation suffer from
the pathological problem, and the localization accuracy is greatly reduced. To address this problem, the reasons
for the pathological problem are analyzed from the perspective of the objective function residuals and coefficient
matrix. The pathological problem is caused by the combined effect of the poorer sensor array and data errors, and
its residual isosurface shows a conical distribution, and as the residual value decreases, the apex of the isosurface
gradually extends to the far side, and the localization results do not converge. For this reason, an improved
regularized Newton downhill localization algorithm is proposed. In this method, firstly, the Newtonian downhill
method is improved so that the magnitudes of the seismic source parameters are the same, and the condition
number of the coefficient matrix is reduced; then, the L-curve method is used to calculate the regularization
factor for the pathological equations, and the coefficient matrix is improved; finally, the pathological equations
are regularized, and the seismic source coordinates are obtained by the improved Newtonian downhill method.
The results of engineering applications show that compared with the traditional algorithm based on automatic of
P-arrival picking, the number of effective microseismic events calculated by the proposed localization algorithm
is increased by 194.7 %, and the localization accuracy is substantially improved. The proposed algorithm reduces
the problem of low accuracy of S-arrival picking and allows localization using only P-wave arrival. The method
reduces the quality requirements of the data and significantly improves the utilization of microseismic events and
positioning accuracy.

Location method

Ill-conditioned problem
Condition number singular value
Regularization

Newton downhill method

1. Introduction

Microseismic monitoring has been widely used in mines, tunnels,
hydropower stations, and hydraulic fracturing projects [7,13,25,29,30,
41]. Source location is one of the key issues in research, whose result
directly affects the calculation of source parameters, as well as the
analysis of microseismic activity and disaster warning [23,43,44]. The
accuracy of the positioning results largely determines the accuracy of
the disaster warning. There are many factors that affect the accuracy of
source location, such as sensor arrays, velocity models, and

microseismic source location methods and et al. Researchers have con-
ducted extensive studies in these areas. Kijko [16,17] and Mendecki
[32] design a microseismic network based on D-optimality and C-opti-
mality theory, respectively, and the two methods are mainly used to
evaluate the merits and demerits of the sensor network. Chen et al. [3]
propose a source location method based on a velocity model database
and statistical analysis, providing effective technical support for mineral
resources protection and mining safety. Peng et al. [33] consider the
effect of the empty area on the microseismic event location and present a
3D heterogeneous velocity model for excavated tunnels, and its location
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accuracy is higher than that based on the single velocity model. Jiang
et al. [15] propose a method for weighted STA/LTA (short-term average
to long-term average) traces stacking for improving the location accu-
racy of the traditional stack-based method, and its location accuracy is
higher than the traditional stack-based method and the arrival-based
method. In recent years, seismic ray tracing theory has been intro-
duced and computer technology has advanced, leading to the develop-
ment of ray tracing and its related algorithms. Ray tracing can be
categorized into two types: methods based on kinematic equations and
methods based on grid cell extension [26,39]. The ray-tracing method
can fully consider factors like airspace, viscoelasticity, and anisotropy.
However, it is computationally intensive and less commonly used in
practical engineering.

Currently, the location accuracy of common source location methods
has been improved, and lies between 5 m and 50 m [4]. However, in the
engineering site, such as mines, tunnels, shafts and et al., due to the
complex geological conditions, space limitations for construction oper-
ations, sensors can only be installed on one side of the target area. The
distance from the installation section of the sensor array to the tunnel-
ling face is approximately 70 m [14]. Simultaneously, to reduce the
difficulty and cost of sensor installation, the drilling depth is set to be
limited. Therefore, the size of the sensor array along the tunnel
cross-section is limited. These factors contribute to the microseismic
events occur outside the sensor array. In some cases, the sensors are even
arranged close to a plane or a line. Under the function of monitoring data
error, this approximate point-like and linear sensor arrangement will
lead to the divergence of location results, resulting in ill-conditioned
problems.

The numerical method of the source location includes the direct and
iterative methods. The linear equations can be obtained through the
Taylor series expansion of nonlinear problems. However, the stability
and reliability of the solution will be further reduced when ill-
conditioned problems occur. The source location can be attributed to
the category of inverse problem mathematically, and the inverse prob-
lem is characterized by unsteadiness. Hansen [11] put forward the
concept of ill-conditioned finite dimensional linear equations according
to the characteristics of the solution of the least squares problem, and the
coefficient matrix of the equations meets:(1) the condition number is
very large; (2) the singular value gradually decreases and approaches
zero. Therefore, ill-conditioned problems can be analyzed and solved
according to these two characteristics.

Geiger method [8], Newton method [37], Joint location method [5],
Powell method [34], and other methods [31] have been widely used in
the source location; however, the ill-conditioned problems have not
been studied. If all the rows or columns of the coefficient matrix have the
same modulus, the condition number of the matrix will decrease and its
ill-condition will be reduced [40]. Liu [27] proposed a new
pre-processing method called two-side equalization method (TSEM),
whose core idea is to reduce the condition number of coefficient
matrices by equalizing the modules of matrix rows (columns). Ku [18]
combined the pre-processing method with the dynamic
Jacobian-inverse free method (DJIFM) to solve the ill-conditioned linear
system with extreme physical contrast characteristics on the contact
surface. Therefore, the pre-processing method [1] can reduce the con-
dition number of the coefficient matrix, but it is difficult to achieve the
expected effect for severely ill-conditioned linear equations. To further
deal with ill-conditioned problems, many scholars have modified the
singular value of the coefficient matrix to reduce its sensitivity to small
disturbances in the inverse process and the condition number of the
coefficient matrix, thus forming the ridge estimation method [42],
truncated singular value decomposition method [2] and Tikhonov reg-
ularization method [28], among which Tikhonov regularization method
is the most widely used. When the Tikhonov regularization method is
used to solve the ill-conditioned problems, regularization factors will
play a key role in inversion. If the regularization factor is excessively
small, the condition number of the coefficient matrix does not improve
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and the approximate solution error is very large. However, if the regu-
larization factor is excessively large, the solution of the constructed new
problem is stable, which differs significantly from the original problem.
When solving the regularization factors, the ridge trace method [19] is
more intuitive, but its parameter selection has a certain degree of sub-
jective arbitrariness. Generalized cross-validation (GCV) method [10]
can theoretically select the optimal regularization factor, however,
sometimes, the rate of change in GCV function is very slow. Compara-
tively, the L-curve method proposed by Hansen and Oleary [12] is a
better method, wherein the point on the L-curve with the largest cur-
vature corresponds to the position of the best regularization factor.

Therefore, aiming at the ill-conditioned problem in the source
location, this paper obtains the variation trend of the condition number
and singular values in the iterative process based on the improved
Newton downhill (ND) method, and theoretically analyzes the causes of
the ill-conditioned problems. To solve the ill-conditioned problem in
localization, the ND method is improved and the regularization factor is
introduced to weaken the influence of small singular value; therefore, a
new improved source location method is proposed. Engineering verifi-
cation shows that the proposed method solves the ill-conditioned
problem caused by unreasonable sensor arrangement and improves
the utilization rate of the monitoring data.

2. ill-conditioned problems and mechanism analysis
2.1. The ill-conditioned problems in source location

In source location, the objective function constructed in the sense of
least squares is [8]

FX) = (t - fi(X)) )

fi(X):\/(Xi_xo) +(.yiv_y0) +(zi—ZO) Yt (2)

where t; indicates the observed arrival time of the i-th sensor, source
parameters X=xo, Yo, 20, to; (X0, Yo, 20) are the source coordinates, and t;
is the seismogenic time; f;(X) is the calculated arrival time of the i-th
sensor. The nonlinear function f;(X) is expanded by the Taylor series in
the neighborhood of the initial solution X°, and the quadratic term is
omitted. X° is equal to the coordinates and the monitoring arrival time of
the first triggered sensor [24].

filX) = fiX°) +fi (X°)8X 3

Where §X={bxo, Yo, 620, (Sto}T is the source parameter correction. Let
A=f} (X%, which is the partial derivative matrix. b = t;- fi(XO), which is
the residual error vector. Therefore, the equation [8] becomes:

ASX =Db @
The coefficient matrix A is expressed as [8]
hX) KX hX |
axO a_yo aZO
A= : : : :
Inl) FalX) FalX) |
aXO &yo aZO

To make the coefficient matrix a square matrix, let H=ATA, B=Ab,
then [8]

()

HéX =B (6)

Where, the coefficient matrix AcR™*, HeR***, and m is the number of
the triggered sensors, m>4.

According to the Hansen’s definition of ill-conditioned problems, the
coefficient matrix of the location equation needs to be solved to obtain
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Fig. 1. Variation diagram of the location error, condition number, and minimum singular value of ill-conditioned event with iteration.

the condition number and singular value. The condition number of the
coefficient matrix H [22] is

cond(H) = ||H"||-||H]| %)
cond(H) describes the sensitivity of the solution to the original data.
The iterative Equation of the ND method [24] can be expressed as

X! = X" —w(H'H) 'H'B ®

X" is the n-th iteration result of source parameters, and the value
range of w is 0.5%<w<1. To ensure convergence, w is required to make
the objective function of each iteration meet [24].

F(X™) < F(X") ©

The initial value of w is 1, and the value of w is halved each time the
abovementioned Equation is not satisfied.
The singular value decomposition of matrix H [45] is

rank(H)
i=1

H=USV' = uio v} 10)
where, the left matrix U=(u, uy, us, us), and U=R** yu'=I, which is
the identity matrix. The right matrix V=(v1, va, v3, v4), V:R4X4, and
VVT=I. The diagonal matrix S=diag(o1, 02, 03, 04) and the singular
values o; are arranged in the decreasing order of 61>062>063>064.

In engineering practices, the sensor array in some engineering is
adverse due to the limitation of sensor arrangement in space. Therefore,
microseismic events can be easily triggered because of the ill-
conditioned problems in localization. When the microseismic events
are ill-conditioned, the ND method does not converge to the optimal
solution after many iterations. Because the coefficient matrix is seriously
ill-conditioned, the propagation and accumulation of errors make the
location results far away from the optimal solution, which makes the
iteration divergent. Consider an ill-conditioned event as an example,
and its location error, condition number, and minimum singular with
iteration are shown in Fig. 1. With the increase of iterative number, the
condition number of the ill-conditioned event increases, and the mini-
mum singular value decreases, and the location error increases gradu-
ally. When the iteration number reaches 8, the condition number,
minimum singular value, and location result tend to be stable. There-
fore, the frequent occurrence of ill-conditioned events in the monitoring
will lead to divergence of location and deviation of energy calculation,
thus disturbing the accuracy of rockburst prediction. Therefore, to solve
the location problem of ill-conditioned events, it is necessary to study

Table 1
Sensors coordinates and arrival time of Event 1.

Sensor Coordinates (m) Arrival time (s)
x y z
A 0 0 0 0.24130
B 1000 0 0 0.10745
C 1000 1000 0 0.14423
D 0 1000 0 0.25977
E 0 0 1000 0.25189
F 1000 0 1000 0.12950
G 1000 1000 1000 0.16132
H 0 1000 1000 0.26964

the characteristics of the ill-conditioned events.
2.2. Residual analysis

The essence of source location is to find the minimum residual point
in the monitoring space, which is the position of micro-fracture. The
difference between the observed arrival time and calculated arrival time
from source to the sensor is represented by residual y [32]:

Y= Z:ﬂ(fi —ty —t)"

Let m=2, then the L2 norm is adopted for residual calculation. ¢ is
the calculated arrival time of the i-th sensor.
Then, the estimated value of the seismogenic time ¢ is given as [21]

b = Z;&/Tl - Z;tci/n

Substitute tp into Eq. (11), and the residual under the L2 norm cri-
terion becomes [21]

1D

12)

S-S /) = (ta = > ta/n)| /n (13

Yy =

From Eq. (13), it can be observed that residual y is a function of
spatial coordinates, and source coordinates can be obtained by solving
the minimum value of residual in the spatial range.

To compare the residual effects of ill-conditioned and non-ill-
conditioned events, two typical events are selected for comparison.
Event 1 is the ideal data and a non-ill-conditioned event. As shown in
Table 1, there is no error in the sensor coordinates and arrival time. The
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Table 2
Sensors coordinates and arrival time of Event 2.

Sensor Coordinates (m) Arrival time (s)
x y z
301 6362.20 3895.60 935.53 6.02386
302 6363.80 3889.19 937.78 6.02311
303 6359.62 3903.97 935.64 6.02236
304 6354.22 3906.22 936.77 6.02161
305 6352.27 3898.39 937.38 6.02286

source location is (1206, 360, 421) (unit: m). Event 2 is an ill-
conditioned event triggered by the shaft face of the Huize Lead-zinc
Mine, and its sensor coordinates and arrival time are shown in
Table 2. The position of the event is roughly estimated as (6360, 3900,
1046).

From Fig. 2, it can be observed that the residual isosurface of Event 1
presents an ellipsoid distribution. The ellipsoid decreases with the
decrease in the residual value, and the ellipse finally shrinks to a point,
whose coordinate is the source coordinates, and the location result of
Event 1 converges. The residual distribution of Event 2 presents a
conical distribution. As the residual value decreases, the vertices of the
cone gradually extend to the distance, so the location result of Event 2
diverges. The residual isosurface of ill-conditioned events and non-ill-
conditioned events are different, and the location results of ill-
conditioned events diverge while those of non-ill-conditioned events
converge.

2.3. Singular value analysis

To analyze the ill-conditioned problem, singular value decomposi-
tion (SVD) is applied to the coefficient matrix H. When there is an error
in the monitoring data, B can be expressed as the sum of true value and
error value, where B=B;+e. B; is the truth value and e is all types of error
sets, including wave velocity and arrival time errors, etc. The decom-
position of Eq. (6) can be obtained as [9]

nk(H) U *B u'*e
sx =3y mEE 2 BE,

=1 oi o;

(14)

From Eq. (14), it can be observed that the pollution of the error value
to the true solution is mainly reflected in the second term at the right
end. When the singular value o; is abnormally small, the value of this
error term is significantly large, even covering up the first term at the

log10(y)
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£
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-25
250
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1200 90 300 yim 35

(a)

Fig. 2. Isosurface diagram of event residual. (a) Non-ill-conditioned event. (b) Ill-conditioned event.
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right end which reflects the true solution. As the iteration goes on, the
errors spread and accumulate constantly, which will make the calcu-
lated solution farther away from the optimal solution, thus diverging the
iteration. The coefficient matrix H is mainly related to the coordinates of
the sensor array, and the singular value o; reflects the advantages and
disadvantages of the sensor array. Therefore, to restrain the divergence
of the iteration results, small singular values are required to be
processed.

The studies of Rindorf [35] and Li et al. [20] show that when all the
sensors are on a plane and not on a straight line, the source location will
have two solutions, and the two solutions are symmetric about the
plane. When all the sensors are in a straight line, the number of solutions
is infinite, forming a circle perpendicular to the sensor line. When all the
sensors are on the same hyperboloid, two solutions will be generated,
which are on two focal points of the hyperboloid. For other sensor ar-
rays, the source location can always converge to the true solution when
there is no error in the data. The events may cause ill-conditioned
problems when there are data errors in the monitoring system. There-
fore, ill-conditioned events are caused by a combination of adverse
sensor array and data errors. The sensor array generates interference
location results by amplifying errors such as arrival time and wave ve-
locity, thereby covering the true solution of the source location, and
even causing location results to diverge. Simultaneously, the amplifi-
cation degree of its location error is related to the ill-conditioned degree
of the sensor array.

3. The improved regularized ND method
3.1. Improve ND method

The distance between the source and the i-th sensor is

V=0 + 06— 30)° + (31— 20)” = () as)

To make the dimension of unknown parameters the same and the
order of magnitude of parameter values at the same level, and thus
reduce the condition number of the coefficient matrix, the above
equation can be expressed as [4]

\/(xi *xo)z + (i *}'0)2 + (2 — 20)2 =Ti+To (16)

where ro=v(t;-tp), r;i=v(ti-t1). t; is the arrival time of the earliest triggered
sensor, and (xo, Yo, 20, o) is the unknown parameter.

log10(y)
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filX) = \/(xl- —%0)* + (Yi = ¥0)* + (5 —20)* —ro — i a7

The partial derivative of the above equation to the parameter vari-
ables xo, Yo, 2o, I'o can be used to obtain the following linear equation.

AsX =D 18)

where, the coefficient matrix ACR™*, The expression of coefficient
matrix A is

KX KK KD
()XQ ()yO aZQ
A = : H H i (19)
FulX) X))
()Xo ()‘yo aZO

The processes of Eq. (6)-(9) corresponding to the iterative process
remain unchanged, and the source coordinates can be obtained by the
ND method.

3.2. Regularization inversion

To better approximate the true solution, the regularization method is
adopted to deal with the influence of small singular values, and the
regularized objective function [6,38] in the sense of least squares is

min[F(X) + AF,(X)] = min(||H5X — B||% + || C5X|)2) (20)
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(H'H+1C"C)sX =H'B (2D
(HTH+/1CTC)5X =H'B 21
The expression of its solution vector is [11]
T+B
5X — Zfﬂnk(!{)ﬁul " (22)

i=1 o;

where Fp(X) is a stabilization functional, and C is a quasi-operator. f; is
the filter function and 4 is the regularization factor or damping factor.
When C is the identity matrix, the above equation is the standard
Tikhonov regularization. Tikhonov regularization method weakens the
matrix singularity by adding the regularization factor 1 on the diagonal
of the matrix, and its filter function f; can be expressed as [11]

o2

fi i

_ 23
0?2 + 4 @3)

From the above equation, when o4, filter function fi~1, and the
regularization factor 1 does not affect the singular value ¢;. When 0;<4,
the filter function f;=0, the regularization factor A completely suppresses
the singular value. By changing the value of the regularization factor 4,
the filter function f; changes smoothly from O to 1. If reasonable regu-
larization factors 4 are given, small singular values can be suppressed.

3.3. Regularization inversion L-curve to solve the regularization factor i

L-curve [12] takes (In||x;||,, In||B — Hx,||,) as the point coordinate,
Where ||x; |, is the norm of regularization solution and ||B — Hx;||, is the
residual norm of regularization solution. For convenience, let x; = 6X,
L-curve in the rectangular coordinate system is shown in Fig. 3. Because
the shape of the curve resembles the letter L, it is named L-curve. The
optimal regularization parameters 4 can be determined effectively by
the L-curve, and the ill-conditioned problem can be transformed into a
non-ill-conditioned problem. When the regularization factor 4 is larger,
it is equivalent to adding larger weight to the norm of the solution ac-
cording to the Tikhonov regularization form; therefore, the norm of the
regularization solution ||x;||, becomes smaller and the residual norm of
the regularization solution ||B — Hx;||, becomes larger. In contrast, the
residual norm of the regularization solution ||B — Hx,||, becomes smaller
when ||x, ||, becomes larger. From Fig. 3 shows that two quantities reach
a good balance at the corner of the L-curve. Moreover, Hansen theo-
retically proved that the point at the "corner" is the optimal equilibrium
point between the solution norm and the residual norm using the

10°
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Fig. 4. Parameter comparison of ill-conditioned and non-ill-conditioned events. (a) Condition number. (b) Minimum singular value.
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singular value decomposition of matrix H and the curvature at this
equilibrium point is the largest.
To calculate the curvature of the L-curve, first assume [12]

n=|xll3,p = |IB - Hx; |3 (24)
The curvature [12] of the L-curve can be expressed as

2 4.
k(z):zﬂl np+ 2p + Ay

(25)
mo(Atp?)

The regularization parameters A at the point of maximum curvature
can be calculated from the above equation.

3.4. Judgment of ill-conditioned events

Adding regularization processing in location calculation will in-
crease the amount of calculation, so it is necessary to determine whether
Y MS source

O * TIteration point » » Iteration direction

—— Improved ND method ~ —— Improved regularized ND method

log10(y)

-25

-3.5

200
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Fig. 6. Isosurface diagram of event residual and location iteration process. (a) Nonill-conditioned event. (b) Ill-conditioned event.
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the events are ill-conditioned events before localization. To further
analyze the characteristics of ill-conditioned events, 100 blasting events
are randomly selected from an iron mine in Hebei province, including 50
ill-conditioned blasting events and 50 non-ill-conditioned blasting
events. The minimum singular value and condition number at the end of
the iteration are calculated by the improved ND method, as shown in
Fig. 4.

From the comparison between the distribution of minimum singular
value and condition number of ill-conditioned and non-ill-conditioned
events, the critical value of the minimum singular value of ill-
conditioned and non-ill-conditioned events is approximately 1.0 X
1077, and the critical value of the conditional number is approximately
1.0 x 10”. The minimum singular values of non-ill-conditioned events
are mainly concentrated in the range of (1.0 x 1077, 1), while the
minimum singular values of ill-conditioned events are concentrated in
the range of (1.0 x 10’18, 1.0 x 1077). The condition number of the non-
ill-conditioned events is mainly concentrated in the interval of (10.0, 1.0
X 107), while the condition number of ill-conditioned events is in the
interval of (1.0 x 107, 1.0 x 10'°). Therefore, when the minimum sin-
gular value is less than 1.0 x 1077 and the condition number is greater
than 1.0 x 107 at the end of the iteration, the event is ill-conditioned.

3.5. Improved regularized ND method

To deal with the ill-conditioned problems in source location, an
improved regularized ND method is proposed. The method first de-
termines whether the event is ill-conditioned and then regularizes the
ill-conditioned event. The flow chart is shown in Fig. 5, and the specific
process is as follows:

(1) Input the arrival time of the triggering events and sensor
coordinates.

(2) The condition number cond(H) and minimum singular value o4 of
events are calculated by the improved ND method, and it is judged
whether the condition number cond(H)>1.0 x 107 and minimum sin-
gular value o4< 1.0 x 1077,

(3) If the judgment conditions are not met, the event is non-ill-
conditioned, and the improved ND method is used for localization to
obtain the source coordinates. Otherwise, step (4) is performed.

(4) The event is judged to be ill-conditioned and the regularization
factor 4 is calculated by the L-curve.

(5) Egs. (21) and (22) are used to regularize the equations in the
iterative process of the improved ND method, and the solution vectors

Y MS source O % Iteration point » » [teration direction

—— Improved ND method ~ —— Improved regularized ND method

log10(y)
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86X of each iteration are obtained.

(6) The solution vector of each iteration 6X is taken as the new initial
solution. The iteration ends and the source coordinates are obtained
when the objective function meets the convergence allowable error.

4. Algorithm performance analysis
4.1. Performance analysis of improved ND method

To verify the improved effect of the ND method on condition number
and singular value, the ND method and improved ND method are used to
calculate the condition number and singular value of the two events in
Tables 1 and 2, respectively. For Event 1, the condition number before
improvement cond(H)=3.69 X 108, and the corresponding minimum
singular value is 2.17 x 108, The condition number after improvement
cond(H) =22.49 and the corresponding minimum singular value is 0.48.
For Event 2, the conditions number before improvement cond(H)=6.41
x 10%°, and the corresponding minimum singular value is 7.80 x 10~2°,
The improved condition number after the improvement cond(H)=6.31 x
10'*, and the corresponding minimum singular value is 1.58 x 1071°,
Compared to the ND method, the condition number of Events 1 and 2 is
significantly reduced and the minimum singular value is significantly
increased after the adoption of the improved ND method, which im-
proves the ill-condition of the event. However, for ill-conditioned Event
2, the condition number is still large, the minimum singular value is still
small, and the location result is divergent after adopting the improved
ND method. Therefore, it is necessary to regularize the coefficient matrix
after the improved ND method.

4.2. Performance analysis of improved regularized ND method

The improved ND method and the improved regularized ND method
are used to locate the two events, and the residual isosurface and iter-
ation process are shown in Fig. 6. For Event 1, both the methods
converge well to the source coordinates, but the iterative steps of the
improved regularized ND method increase. However, for Event 2, the
location result of the improved ND method diverges towards the open-
ing of the equivalent cone, while the improved regularized ND method
converges to the adjacent region of the true solution. It can be seen that
the location result of the improved ND method conforms to the residual
evolution law, while the improved regularized ND method uses regu-
larization to process data and eliminates the diffusion effect of the
minimum singular value on the error, the location result converging.

Events 1 and 2 are located using the improved ND method and the
improved regularized ND method. The evolution of condition number
and minimum singular value in the iterative process are shown in Figs. 7
and 8 respectively. For Event 1, both the improved ND method and the
improved regularized ND method can converge to the source position.
However, the convergence rate of the improved ND method is faster
than that of the improved regularized ND method. As the number of
iterative steps increases, the minimum singular value and condition
number of the two methods are at the same level. For Event 2, the
location results diverge and the location error reaches more than 5.0 x
10° m when the improved ND method is used. With the increase of
iteration steps, the minimum singular value gradually decreases to 1.0 x
1071°, and the condition number increases to 1.0 x 10'®. In contrast,
when the improved regularized ND method is adopted, the location
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Fig. 11. Two typical microseismic signal in site.

results converge. With the increase of iteration steps, the minimum
singular value decreases to approximately 1.0 x 10~>, which is much
larger than that of the improved ND method, and the condition number
is controlled within 1.0 x 107, which is much smaller than that of the
improved ND method.

According to the minimum singular value ¢4 and regularization
factor A of Events 1 and 2 in the iteration process, the minimum filter
function f4 is calculated by Eq. (23), and the variation of the minimum
filter function with iteration is shown in Fig. 9. For Event 1, the mini-
mum filter function f4 gradually becomes stable with the increasing
iteration steps, and its value is 0.5. Because of the existence of the filter
function f4, the correction value of each iteration is halved, which slows
down the iteration; therefore, the improved regularized ND method has
more iteration steps than the improved ND method. For Event 2, due to
the influence of monitoring data error, with the increase of iteration, the
minimum filter function gradually decreases from 0.5 to 0, thus elimi-
nating the influence of singular value reduction.

For non-ill-conditioned events, there is a minimum residual value in
space. Therefore, both the improved ND method and the improved
regularized ND method can converge to the optimal position. However,
compared with the improved ND method, the improved regularized ND
method increases the amount of calculation, and the location effect is
not improved. For ill-conditioned events, the residual error diverges in
space, so the location result of the improved ND method diverges.
Compared to the improved ND method, the location result of the
improved regularization ND method converges, and the minimum sin-
gular value and condition number are reasonably controlled.

Furthermore, the improved regularized ND method is used to locate
50 ill-conditioned events in Fig. 4, and the minimum singular value,
condition number and location error at the end of the iteration are
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calculated as shown in Fig. 10. For each of 50 ill-conditioned events, its
condition number calculated by the improved regularized ND method is
reduced below 1.0 x 107, its corresponding minimum singular value is
increased above 1.0 x 1077, and its location error is mostly reduced to
below 90 m. Through regularization processing, the condition number
and the minimum singular value of the ill-conditioned event reach the
nonill-conditioned range, and the ill-conditioned event improves
significantly. Among the 50 adverse events, the proportion of location
errors within 50 m is 64 % and the least location error is 7.8 m, which is
a good location effect for some iron mine in Hebei province with many
goafs.

5. Field test and application

To verify the reliability of the algorithm, microseismic monitoring
data from a diversion tunnel was selected. This diversion tunnel is sur-
rounded by granite rocks, and excavated by Tunnel Boring Machine
(TBM). Under high ground stress, rockburst occurs near the tunnelling
face frequently. To warn the rockburst disaster during the construction
of a diversion tunnel and ensure the safety of tunnel construction, a SSS
(SinoSeiSm) microseismic monitoring system, developed by Hubei
Seaquake technology Co., Ltd., is hired for 24-hour uninterrupted
monitoring of rock fracture and the schematic layout of sensors is shown
in Fig. 11. Two groups of sensors are arranged along the axis direction of
the diversion tunnel, and the sensors are arranged within the range of
140° of the tunnel top arch, and each group of sensors is located near the
same cross-section. With the excavation of the tunnel, the sensor is
repeatedly used following the movement of the tunnelling face;
furthermore, the rock fracture signal near the tunnelling face can be
obtained in real-time.
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Fig. 12. Location results of rock fracture events from November 22 to November 24. (a) scheme No.1. (b) scheme No.2. (c) scheme No.3. (d) scheme No.4.
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Fig. 13. Location results of rock fracture event from November 22 to November 24 based on (a) Geiger method and (b) PSO method.

Due to the numerous factors causing interference before and after the
S-wave arrival, picking the S-wave arrival is more challenging compared
to the P-wave. Hence, opting for only the P-wave arrival is a commonly
employed method in location. However, because the number of sensors
is few and the sensor array is not ideal in tunnelling engineering,
especially excavated by TBM, it is easy to cause ill-conditioned problems
only by using P-wave arrival for localization. Therefore, the proposed
method is introduced to locate rock fracture source using only the arrival
time of P-waves. To evaluate the effectiveness of the proposed method,
we chose a set of microseismic events for testing, which were acquired
by the SSS microseismic monitoring system over the period 22-24
November 2020. Some representative signals are displayed in Fig. 11,
from which we can see that these signals have a low signal-to-noise ratio
and it is difficult to accurately identify the S-wave arrival. These events
are located by four different schemes. Scheme No.1 adopts P-wave
arrival automatically picked up by the system and the ND method for
localization; scheme No.2 adopts the P- and S-wave arrival, which is
picked up automatically by the system and the ND method for locali-
zation; scheme No.3 adopts the P- and S-wave arrival, which is picked up
manually and the ND method for localization; and scheme No.4 adopts
P-wave arrival, which is picked up manually and the improved regu-
larized ND method for localization.

The location results of the four schemes are shown in Fig. 12(a), (b),
(c), and (d). The area range of the effective events is defined as: x
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direction is within the range of the first row of sensors to 20 m in front of
the tunnelling face, and the cross-section ranges are y<(-40 m, 40 m)
and z€(-40 m, 40 m). There are 38, 67, 69, and 112 effective events
obtained by the four schemes respectively. Compared to scheme No.1,
scheme No.2 adds S-wave arrival for location calculation, the number of
the effective events increases by 76.3 %, and the number of non-ill-
conditioned events increases significantly. The addition of S-wave
arrival in the source location increases the information of the location
equation and makes the location result more stable. Compared to
Scheme No.2 and Scheme No.3, the number of the effective events,
which are manually picked is more than those picked automatically, and
the location results are more concentrated. It can be observed that
picking P- and S-wave arrival manually improves the accuracy of
location.

Compared to scheme No.1 and scheme No.3, the number of the
effective events obtained by the proposed method increases by 194.7 %
and 62.3 % respectively. The proposed method is optimal among the
four schemes above, solves well the ill-conditioned problem of events,
location of its events is concentrated 30 m behind and 10 m before the
tunnelling face and is in accordance with the range of stress adjustment
after the tunnelling face is excavated.

To further verify the superiority of the proposed method, the same
rock fracture events, whose P-wave arrivals are picked up manually, are
located by Geiger [8] and Particle Swarm Optimization (PSO) methods
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Fig. 14. Number density of rock fracture events from November 22 to November 24. (a) scheme No.3. (b) scheme No.4.
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[36], respectively. The location results are shown in Fig. 13(a) and (b),
respectively. There are 18 and 34 effective events obtained by the Geiger
and PSO methods, respectively. Comparing with these traditional
methods, the new proposed method obtains more effective events and
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Fig. 15. Location of rock fracture event from November 22-30. (a) Variation of rock fracture event location with time. (b) Number density.

shows more concentrated trend. It shows that the new proposed method
can better mine the microseismic information, reduce the divergence of
arrival time, wave velocity, and other errors on localization, and
improve the accuracy of source location. To further compare the loca-
tion effects of scheme No.3 and scheme No.4, the number density of the
effective events (the number of the effective events per unit volume,
unit: m3) is shown in Fig. 14 (a) and (b). From the comparison in Fig. 14
(a) and (b), the number density of the effective events obtained by
scheme No.4 is larger than that of scheme No.3, and the location effect of
the proposed method is more concentrated than that of the traditional
method with richer arrival time information.

Compared to the traditional method, the improved regularized ND
method requires less arrival time information; however, the location
accuracy has been improved significantly. The proposed method avoids
the problem of poor accuracy of S-wave picking and directly uses the
automatically picked P-wave arrival to locate. This proposed method
realizes the real-time localization and makes the data that can’t be
located effectively, thus improving the data quality and utilization rate.
For monitoring scheme with limited sensor arrangement and adverse
sensor array, the improved regularized ND method can improve the
accuracy of the source location and increase the utilization rate of the
signals, which has great application value.

Rock fracture events, monitored by the SSS microseismic monitoring
system between the dates of 22-30 November 2020, are located by
Scheme No.4, and the location result is shown in Fig. 15. The cross-
sectional diagram of the daily number density of events changing with
time is shown in Fig. 16. Over time, the rock fracture events gradually
moved towards the direction of excavation, which in mainly concen-
trated in three areas. The concentration of rock microcracks are serious

resh. Depth of rodkbiirst pit is about

lock is about 20cm.

(b)

Fig. 17. Slabbing and slight rockburst in the tunnel in Xinjiang Province under high stress. (a) Slabbing in the left vault, (b) Slight rockburst in the upper vault.
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in the left vault of the tunnel on November 22 and 23 in Fig. 16, and rock
mass spalling can be observed in the left vault of the tunnel in Fig. 17.
Few events were triggered in the period between November 24-28,
indicating that the rock mass rupture that occurred in these five days
was not serious. On November 29 and 30, the rock microcracks moved
towards the tunnel’s upper vault, and slight rockburst occurred in the
tunnel’s upper vault. As zones and risks of rock fracture were warned,
the supports were strengthened by the H-beam arch frame supporting
structures with reinforcement rows in the left and upper vault of the
tunnel, and personnel and equipment remained uninjured as spalling
and slight rockburst occurred. Therefore, the proposed method is sig-
nificant in locating the microcrack source and disaster warning in rock
engineering.

6. Conclusion

(1) Adverse sensor array and significant data error can lead to ill-
conditioned problem in location. The sensor array interferes with the
location results by amplifying errors such as arrival time and wave ve-
locity, thereby covering the true solution of the source, ultimately
leading to location divergence.

(2) To solve the problem, the ND method is enhanced to equalize the
dimensions of source parameters, thereby reducing the condition num-
ber of the coefficient matrix and increasing the minimum singular value.
Additionally, an improved regularized ND method is introduced based
on the regularization process. This method enhances the coefficient
matrix and determines the regularization factor using the L-curve to
mitigate the singularity of the ill-conditioned equation and convert the
ill-conditioned problem into a non-ill-conditioned one.

(3) The residual isosurface of a non-ill-conditioned event presents an
ellipsoidal distribution, decreasing with iteration until it eventually
shrinks to a point. The residual isosurface of an ill-conditioned event
presents a conical distribution, with the vertex of the cone gradually
extending into the distance. In the case of ill-conditioned events, the
location results of the ND method diverge and cannot converge near the
source. However, in the iteration of the improved regularized ND
method, the singular value and condition number are controlled, leading
to the convergence of the location result. For non-ill-conditioned events,
both methods can converge to the optimal position, but the improved
regularized ND method increases the computation.

(4) According to the comparison between the ill-conditioned and
non-ill-conditioned events, when the minimum singular value o4 is less
than 1.0 x 1077 and the condition number is greater than 1.0 x 107 at
the end of the iteration, the events are ill-conditioned and can be located
by the improved regularized ND method. Otherwise, the event is non-ill-
conditioned and the ND method can be used to solve it quickly. Based on
this method, we validated it using data from a diversion tunnel project.
Compared to the traditional method, the number of the events obtained
by the improved regularized ND method is increased by 194.7 %, the
location accuracy and utilization rate of the data are improved signifi-
cantly. Position of microcracks in cross-section can be recognized by the
proposed method, this is crucial for safe construction of tunnelling
engineering.
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