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Abstract

Microseismic (MS) monitoring is an effective and widely applied technology for early warning and prevention of rockburst
disasters in deeply buried tunnels. The location of the microseismic source is the top priority of MS monitoring. However, an
unknown complex and consistently changing velocity distribution of surrounding rocks is a major challenge for accurate MS
source location. A real-time velocity inversion method of monitoring areas during tunnel drilling is urgently needed to provide
a newly updated heterogenous velocity model. This paper develops a velocity inversion strategy for surrounding rocks using
drilling and blasting seismic data. Inverted heterogeneous velocity models can be obtained at multiple construction stages
with drilling. An L2 norm double-difference location method based on the simplex optimization method is provided for MS
location using heterogeneous velocity models. Numerical studies test the accuracy of the proposed velocity inversion and
MS location method. Noticeable improvement in location accuracy can be observed using updating inverted heterogeneous
velocity models. Finally, we conducted a field experiment at two new tunnels with a burial depth of 2400 m in the China
Jinping Underground Laboratory Phase II. Multiple blasting sources with known coordinates verified the performance of
the proposed MS location method.

Keywords Deep buried tunnel - Velocity inversion - Microseismic location - Traveling time tomography - Dispersion
analysis

1 Introduction

A growing number of deep buried tunnels have been con-
structed worldwide for transportation, hydropower, and min-
ing. However, rockburst, one of the most dangerous disas-
ters in deep projects, occurs more frequently as the buried
depth of the tunnel increases (Dai et al. 2017). For example,
an extremely intense rockburst on November 28, 2009 in a
2525 m deep buried drainage tunnel of the Jinping II hydro-
power station in China featured several sudden and violent
collapses of rock mass under high-stress conditions, causing
severe casualties, destroying the tunnel boring machine, and
delaying the construction schedule (Li et al. 2012; Feng et al.
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2019). Previous studies have revealed a strong relationship
between the evolution of microseismicity and the occurrence
of high-strength rockburst (Li et al. 2017; Dai et al. 2018).
Thus, microseismic (MS) monitoring techniques have been
widely introduced in deep tunnel engineering to trace rock
fractures and provide early warning of rockburst disasters
(Xiao et al. 2016; Ma et al. 2019).

MS source location is the priority of MS monitoring
and subsequent rockburst warning (Li et al. 2011; Ma et al.
2022). The accurate MS source location and the evaluation
of MS parameters during construction provide essential
information to reveal the distribution of the surrounding rock
fracture network and the potential failure pattern of the rock
mass (Pei et al. 2009; Hu and Dong 2019; Pu et al. 2022).
The source location method of multiple scales from earth-
quakes and MS to acoustic emission (AS) sources has been
studied for over a century (Geiger 1912). With the rapid
improvement in calculation methods and hardware, research-
ers have explored many classic location methods, including
the Geiger method (Geiger 1912), the US Bureau of Mines
(USBM) method (Leighton and Blake 1970), Thueber’s
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method (Thueber 1985), the simplex method (Prugger and
Gendzwill 1988), and the double residue difference method
(Waldhauser and Ellsworth 2000). Note that the location
accuracy relies strongly on a velocity model of the monitor-
ing area. A single-velocity model can be applied in a simple
and homogeneous lithology project but yields significant
location errors in more complex geological settings. Feng
et al. (2015a) proposed a sectional velocity model method
for MS location and reported several successful applica-
tion cases in tunnel projects. Castellanos and Van der Baan
(2015) proposed a cross-correlation location method in
mines. Collins et al. (2014) established a velocity model
considering different infills of voids. Jiang et al. (2021)
introduced a fast-marching method with a second-order dif-
ference approach (FMM2) as a forward modeling method
employing the traveling time, making MS location possi-
ble using a velocity model containing a cavern. Dong et al.
(2019, 2020) provided a velocity-free MS location method to
mitigate the influence of wave velocity. The method locates
the MS source in the mine without premeasured velocity,
which is a beneficial complement to the traditional locat-
ing theory. However, there are still some challenges of MS
source location in a deep tunnel, especially when the sensor
network is placed near the drilling face. (1) Complex veloc-
ity models, such as the excavation damaged zone (EDZ) (Li
et al. 2013), substantially change the ray path of the seis-
mic wave traveling along the sidewall of the deep tunnel.
To accurately calculate the travel time, a velocity model
representing the characteristics of the EDZ is needed dur-
ing the location. (2) The acquisition geometry of the MS
monitoring network is ill-posed. Velocity analysis and inver-
sion methods in mining and earthquake engineering are not
applicable to linear observation acquisition in tunnels. (3)
The condition of the surrounding rock changes dramatically
over time during excavation. Continually updating velocity
must be inverted while tunnelling to provide better location
resolution.

The blasting source of tunnel excavation provides
meaningful waveform information that can enable active
seismic exploration without an accurate trigger time.
Experiments and numerical studies (Leparoux et al. 2012)
suggest that the EDZ underneath a concrete layer can be
investigated with surface waves traveling along tunnel
sidewalls. The S-wave velocity model can be estimated by
inversion of the fundamental mode of the Rayleigh wave
(Czarny et al. 2021). Then, the trigger time of blasting
can be estimated by the inverted S-wave velocity. In that
case, multiple blasting sources can be used for P-wave
first-arrival traveltime tomography, which can continu-
ally invert the heterogeneous P-wave velocity during the
whole tunnelling construction. Previous works (Dong et al.
2022) suggest a significant application of abnormal region
identification in rock-mass using traveltime tomography,
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which provided insight into potential hazards detection
in underground geotechnical engineering. However, first-
arrival traveltime tomography is still challenging using an
ill-posed acquisition system and limited blasting source.
First-arrival traveltime tomography can be classified as
traditional ray tracing-based tomography and the adjoint-
state method (Sei and Symes 1994) depending on whether
the ray path calculations are explicit or implicit. Ray trac-
ing-based methods employ the straight-line method, curve
method, or shortest path ray tracing method as a forward
modeling operator. The least-square conjugate-gradient
method (LSQR) (Yao et al. 1999) and simultaneous itera-
tive reconstruction (SIRT) (Gregor and Benson 2008) are
applied in the inversion of ray-tracing-based tomography.
The velocity model updates are obtained by solving the
tomographic equations. The definition and theory of tra-
ditional ray tracing-based inversion are clear, but the solu-
tion of tomographic equations is highly ill-conditioned and
unstable. The adjoint-state method of first-arrival travel-
time tomography, incorporated in the implicit ray tracing
calculation, is provided by Taillandier et al. (2009) for
surface seismic surveys. The gradient is calculated by dual
modeling based on solving the eikonal equation using the
fast-marching method (FMM) (Kroon 2021) or fast sweep-
ing method (FSM) (Zhao 2005). Compared to the ray trac-
ing method, the adjoint-state method has the advantage of
imaging complex geological environments with limited
pairs of sources and receivers.

In this work, we fully use drilling and blasting source
data and developed an MS source location method in deep
buried tunnels using an updated inverted heterogeneous
velocity model. An improved perturbational dispersion
inversion method is developed by combining a modified
thin layer method (TLM) forward simulation and pertur-
bational inversion method, which can estimate the S-wave
velocity model and the depth of the EDZ. The starting
time f, of blasting sources is calculated using S-wave
back propagation tracing by the FMM on the inverted
S-wave model. An adjoint-state first arrival tomography
method is provided to continually invert the heterogene-
ous P-wave velocity model. A double-difference simplex-
based method is introduced for MS location source. A
realistic numerical study based on the finite difference in
the time domain (FDTD) is used to visualize the blast-
ing source wavefield in the surrounding rock. Sixty-four
MS sources around the tunnel drilling face are used to
test the accuracy of the proposed location method. A field
experiment is conducted at two new tunnels with a buried
depth of 2400 m in China Jinping Underground Laboratory
Phase II. Blasting sources with known locations are used
to test the performance of the proposed location method
in practice.
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2 Methodology
2.1 Motivation

Obtaining a reliable velocity model of the monitoring area is
the priority of MS source location. The velocity model deter-
mines the wave propagation path and arrival time, which sig-
nificantly impacts the accuracy of the location. The presence
of an EDZ, the discontinuity of the rock mass and different
intactness and stress conditions make the wave propagation
path complex. Figure 1 presents the influence of the EDZ on
wave propagation as an example. The wave propagation is
represented by straight lines connecting sources and sensors
if the velocity model is homogeneous (Fig. 1a). However, a
zone that features lower velocity can be observed near the
existing tunnel when the EDZ is considered, as shown in
Fig. 1b. The propagation paths in the heterogenous veloc-
ity model are calculated by the FMM, and the paths follow
Fermat’s principle of least time. The wave transmitted at the
source travels toward the high-velocity area and backward
to the sensors. The propagation paths in Fig. 1b are longer
than the straight lines shown in Fig. 1a. The assumption of
the homogeneous velocity model can cause location errors
of MS events.

In the case shown in Fig. 1, a new tunnel is planned at an
existing tunnel constructed for several years. The develop-
ment of the EDZ and its effect on actual wave propagation
paths cannot be ignored during MS location. However, it is
possible to invert the velocity model by the drilling blast
source of the new proposal tunnel. A drilling and blasting
source can be used for active seismic exploration with an
unknown accurate starting time of the source. Dispersion
analysis of surface waves traveling along the tunnel side-
wall and first-arrival traveltime tomography are two poten-
tial technologies in seismic exploration that can invert the
S-wave and P-wave velocities. Extraction of the dispersion
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curve using limited sensors and determination of the starting
timepoint #, during tomography are two critical steps during
the inversion of velocity. We develop an inversion velocity
model method and a double-difference MS location method
in this study. The proposed method aims to visualize the het-
erogenous velocity field using ongoing drilling and blasting
signals and enhance the accuracy of MS location using the
updated inverted heterogenous velocity.

2.2 Overall Workflow

A workflow of heterogeneous velocity inversion and MS
location is shown in Fig. 2. The workflow consists of four
steps: drilling and blasting signal analysis, surface wave
dispersion inversion, adjoint-state traveling time tomogra-
phy, and L2 norm double-difference location. The absolute
arrival time of the P-wave and S-wave can be extracted
from the processed drilling and blasting source signals. The
dispersion inversion provides an estimated layered S-wave
velocity of the monitoring area, indicating the development
of the EDZ and geological setting in the depth direction
(y-axis in Fig. 1). The blasting starting time f, can be deter-
mined by wave backward propagation analysis using the
known location of the source and sensors, arrival time of the
S-wave and inverted S-wave velocity model. Then, the abso-
lute traveling time of the P-wave can be calculated, because
the 7, values of the S-wave and P-wave are consistent. Trave-
ling time tomography using multiple drilling and blasting
source images is used to create a heterogenous P-wave veloc-
ity model between sources and sensors. More sources can be
taken into account with deeper drilling. Double-difference
location is conducted using the P-wave arrival time and the
last inverted P-wave heterogeneous velocity model. The four
steps of the workflow are described as follows:

a. Drilling and blasting signal analysis
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Fig. 1 Influence of the heterogeneous velocity on wave propagation (taking the EDZ of the tunnel as an example): wave propagation paths in a

homogeneous velocity model and b heterogeneous velocity model
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using updating heterogenous velocity

The bandpass filter is deployed to remove the back-
ground noise and enhance the signal-to-noise ratio. The
drilling blast wave profile is shown in Fig. 2. The P-wave
and S-wave signals can be identified based on the slope
corresponding to the events. The drilling blast source in
the actual project is a long signal of several seconds due
to multiple blasting events. We analyze the signal of the
first blast only because of its clean first arrival time with-
out any overlap. The accurate pick of the P-wave is more
straightforward than that of the S-wave. It is difficult to
identify the S-wave arrival due to the interference of the
P-wave (e.g., the left trace in the scheme figure of step
1). However, the S-wave and P-wave gradually separate
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Fig.2 Overall workflow of MS source location in a deep tunnel using heterogeneous velocity updating

as the offset increases. The arrival time of the S-wave
at the most significant offset is used to estimate £, in the
next step.

b. Surface wave inversion analysis

Dispersion inversion of the surface wave is applied
to reconstruct the S-wave velocity model, so that £,
can be calculated by ray backward tracing, as shown
in step 2 in Fig. 2. The dispersion curve is extracted
from the processed drilling blast wave profiles by the
phase-shift method (Park et al. 1998). The initial model
is a linearly increasing velocity S-wave model. The 1D
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S-wave velocity profile can be obtained by iteration to
fit the observed and simulated dispersion curves. The
S-wave velocity profile in step 2 describes the EDZ
range. Note that 7, is not needed during surface wave
dispersion inversion. Thus, it is possible to calculate
1, by an inverted S-wave model and the S-wave arrival
time and location of the source and sensors. Ray trac-
ing can be conducted on the inverted S-wave by solving
the eikonal equation using the FMM. The contour of
traveling time from the sensor (red triangle at the right
in step 2 scheme) is also shown in the figure. Thus, the
backpropagating traveling time can be obtained and used
to calculate ¢, as Eq. (1):

I =1, — Iy, €))

where ¢, is the arrival time S-wave recorded by the sen-
sor with the largest offset and ¢, is the corresponding
backpropagating traveling time from the sensor to the
blasting source. The parameter ¢, of the blasting source
at different depths can be calculated similarly.

c. Adjoint-state traveling time tomography

After obtaining f, of the blasting source, the
absolute traveling time of the P-wave can be cal-
culated. First-arrival traveltime tomography using
the adjoint-state method is developed to invert the
P-wave velocity model. The high-density ray path
gradually covers the monitoring area when multi-
ple blasting sources are included in the tomography
(scheme of step 3 in Fig. 2). The P-wave velocity
within the ray path coverage is updated during the
tomography iteration. The initial P-wave velocity
model can be estimated based on the S-wave pro-
file. The P-wave velocity model is updated until the
misfit between the observed and simulated travel-
times converges. An adjoint-state parameter is intro-
duced during the inversion to speed up the iteration.
Tomography can be conducted after every drilling
and blasting, which updates the P-wave velocity
model using the newly added blasting source sig-
nal. Thus, a constantly updated heterogenous P-wave
velocity can be obtained during tunneling.d. Dou-
ble-difference MS location using updating the het-
erogenous velocity model

A heterogeneous P-wave velocity model is used to
locate the source of MS during tunneling. During the loca-
tion of the MS, an arrival time difference between two
sensors of one event is measured as Eq. (2):

= (=)= (8-0)" @

where rf; is the arrival time difference between sensors i and
j (@, j=1,2 ... n, nis the total number of sensors) for MS
event k. Obs and Cal are the observed and calculated values
of the arrival time, respectively. The FMM (Kroon 2021) is
applied to model the travel time using an updating heterog-
enous velocity model. Thus, the objective function of loca-
tion for MS event k can be established as an L2 norm of the
arrival time difference:

((ff —tf)om - (# —t_f)m)z’ 3)

where (x, y) is the location of the MS source. The simplex
method (Nelder and Mead 1965; Li et al. 2014) is used
to minimize the objective function [Eq. (3)]. The simplex
method searches the MS source's location by moving and
distorting the simplex shape to converge to the lowest misfit.

The proposed MS source location algorithm to invert
updating heterogeneous velocity models using blasting
seismic data. The surface wave inversion is used to con-
sider the effect of the EDZ. The FMM is used to calculate
the traveling time and ray tracing and estimate the tO of the
blasting source. Traveling time tomography is then con-
ducted to obtain a heterogeneous P-wave velocity model.
More blasting sources are added to the tomography with
drilling construction going on. Finally, the MS location
can be determined based on the double-difference objec-
tive function and the simplex method. The details of sur-
face wave inversion analysis, adjoint-state traveling time
tomography and double-difference MS location algorithms
are described as follows:

n

Fooy) = Y,

i=1,j=2

2.3 Surface Wave Inversion

In the surface wave inversion, the phase-shift method (Park
et al. 1998) is applied to extract the dispersion curve from the
drilling blast wave profile. Then, we introduce an improved
perturbational inversion of the fundamental mode of the Ray-
leigh wave dispersion curve (Liu and Wang 2021) to invert a
layered S-wave velocity model. The improved perturbational
inversion consists of two parts: the modified TLM forward
simulation and perturbational inversion.

The modified TLM forward simulation first builds a matric
function (Kausel and Roésset 1981):

K =k’B, + kB, + B, — &o’M “4)

where k is the wavenumber and @ is the angular frequency of
excitation. The stiffness matrices B, B,, and B, are matrix
functions of Lame’s first parameter and shear modulus,
whereas the mass matrix M depends only on the density.
The problem of Det(K) = 0 becomes a typical generalized
quadratic eigenvalue problem in terms of wavenumber k:
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(k*B, + kB, + By)v = 0*Mv &)

which can be solved using the root-searching method (HE
et al. 2006) to obtain the eigenvalue k and the eigenvec-
tor v. An eigenvalue k and its corresponding eigenvector v
are together called an eigenpair. For a fixed frequency o,
multiple eigenpairs can often be obtained. The eigenvector
v represents a mode shape, and the eigenvalue k (together
with o) represents the Rayleigh wave phase velocity Vi = %
In the modified TLM, we use inverse iteration (Moler and
Stewart 1973) to compute the eigenvector v; correspond-
ing to (a)j, VRj) for j =1,2,...,mand complete the forward
simulation.

The perturbational inversion method updates the model

m = (V,,V,, p) by solving the optimization problem:

J(m)Am = Ab, (6)

where Ab, a function of the frequency w, is the difference
between the observed and simulated dispersion curves. J(m)
is a Jacobian matrix calculated based on the Haney and Tsai
(2017) formula:

8V
5V,

N

J(m) =

)

To solve the optimization problem, we define a weighting
matrix W depending on the absolute difference in the Ray-
leigh wave velocity with respect to frequency as

Ab
W=L"LL= Diag( lAbA | > (®)

inf

where | Ab|is the absolute of column vector Ab, |Ab|; is the
maximum element of |Ab|, and L is a diagonal matrix whose

diagonal terms consist of ﬁ. We apply this weighting
inf

matrix to Eq. (5) to obtain

A(m)Am =d, ©)]

where A(m)=LxJm) and d=L=*Ab. Dur-

ing an iterative optimization process

Ap(m)Ax, =d, k=1,2,... iter_max, we calculate the

least-square solution Ax, for the kth iteration and update
the model by

My =my + Am. (10)

Upon obtaining the S-wave velocity model by surface
wave inversion, the FMM (Kroon 2021) is introduced to cal-
culate the S-wave travel time from the sensors to the blasting
source and estimate f, of the blasting source by Eq. (1).
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2.4 Adjoint-State Eikonal Equation Tomography
in Deep Tunnels

The P-wave traveling time can be calculated based on the £,
of the blasting source and the arrival time of the P-wave. The
objective misfit function of P-wave traveltime tomography
in a deep tunnel can be established as

E@=%/Vuw—WWM%r an

0Q

in which observed traveltimes 7°%(r) are picked from the test
data and r represents the sensors at the designed monitor-
ing acquisition surface 092. T(c,r) is the modeled traveltime
obtained by solving the eikonal equation for model velocity
c:

1
Fit.e) = VIQF = 5= =0, (12)
where x is any point between the blasting sources and sen-
sors Q and where ¢ (xg,,.) is equal to zero. The eikonal
equation can be solved by the FMM (Kroon 2021). In the
classic approach, the objective function can be expanded at
¢, by employing the Gaussian expansion method:

J0E(c)
dc

r 2
1. 70°E(c)

|c=c0] oc+ E(Sc SedcT le=c, 0¢-
13)
The gradient can be defined as the first derivative of the
objective function relative to the velocity of medium c. The

Hessian matrix is the second derivative, as shown in Eq. (13):

E(c) ¥ E(cy) + [

_0E(0)
= o (14)
20

H= dcocT (15

To obtain the minimum of the objective function, we set
g =0 to obtain

H|y6¢ = =gl (16)

se = —(Hly) glo- A7)

The updated model can be written as

-1

Cnt1 = Cp — (chn) glcn‘ (18)

The updated model parameter ¢, is used as the initial
model in the next iteration. However, it is difficult to com-
pute the inverse of Hessian matrix H and Fréchet matrix
g. The adjoint-state method is introduced to compute the
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gradient of the misfit function without introducing Fréchet
derivatives. The Lagrangian formulation is added to the
objective misfit function [Eq. (10)]. The extended objective
function is

L(c,t, ) = % / [t(r) - T“bJ'(r)]zdr - % / AV - Ldg,

c2(x)
0Q Q
(19)

where #(r) is the solution of the eikonal equation at receiver
x and where A(x) is the Lagrangian multiplier and is named
the adjoint-state parameter, which can ensure that #(r) equals
T° at the optimum. When searching for the minimum of the
objective, the traveltime #(r), Lagrangian multiplier A(x), and
velocity c(x) are independent. When the objective function
reaches the minimum value, the variable satisfies Egs. (20),
(21) and (22):

oL

Z o,

31 (20)

oL

o,

EY 21)

oL A oF

dc / c3(x) Jc (22)
Q

According to Eq. (21), we have

a_L _ __ 7obs _ @ _
= = / [1(r) — T (r)] dr / ARVIED)Z=dr =0, (53
Q Q
We apply the Gauss formula to the second term of

Eq. (23):

‘;—I; = / [1(r) = T (r) = AnVe]dr + / VA(x) - VT (x)dx = 0.
0Q Q
24
Two integral terms are set to zero in Eq. (23). Thus, 4 is
the solution of

V- (—AVT) =0 Dbetween the sources and sensors 25)
with boundary condition

(n-VT)A=T(®r)—T®(r) in the tunnels. (26)

The FSM (Taillandier et al. 2009) is used to calculate A
in Eq. (25) over the whole model with the boundary condi-
tion of Eq. (26). Thus, the gradient ’;—E. can be obtained by
Eq. (22). The model update is as follows:

~ OE
Cnt1 = €y + aE’

@7

where a is the step length. The inversion iteration is stopped
when the objective function is less than a given threshold.

2.5 MS Source Location Using the Heterogeneous
Velocity

The objective function of the MS source location in deep
tunnels is established as Eq. (2) using the L2 norm double
traveling time difference. When searching the location, the
forward modeled traveling time is calculated by the FMM
using the inverted heterogeneous P-wave velocity model.
The simplex method is introduced as a nonlinear optimi-
zation technique to speed up the search for the minimums
of the objective function. The simplex method creates an
N+ 1 dimensional simplex in an objective function value
space to search for a minimum in an N-dimensional space.
The lower value point replaces the high-value point by
reflection, expansion, contraction and shrinkage (Li et al.
2014) until the minimum is reached.

Note that inverted heterogenous velocity models are
2D due to the tunnel construction's linear monitoring
acquisition geometry. The starting time of the source is
not cancelled in the double-difference objective function.
Thus, a simplex geometry for a 2D space is a triangle. The
workflow of the double-difference source location method
based on the simplex method can be concluded as:

a. Establish a double-difference source location objec-
tive function as Eq. (2). Three points P, P, and P; are
selected as an initial simplex triangle based on the MS
monitoring area.

b. Calculate the three objective function values correspond-
ing to three points P;, P, and P; as y,, y, and y; using
the FMM of the current inverted heterogeneous veloc-
ity model. Define y ., Ymiq and y,,,, as the minimum
and maximum of y,, y, and y; and the corresponding
minimum and maximum points as P_;,, Pq and P ..,
respectively. The reflection, expanding, and contracting
points and corresponding values are defined as P*, P**,
P#¥¥and y*, y¥* y*¥% respectively.

c. Start the searching iteration. The reflection point P*
is searched, and the corresponding objective function
value y*is calculated and compared to y, and y,, Then, a
new simplex can be determined based on the principle of
four transformations (i.e., reflection, expansion, contrac-
tion and shrinkage), as shown in Fig. 3. The formula and
details of transformation can be found in Li et al. (2014).

d. Repeat steps (b)—(c) until the misfits are lower than the
threshold and the best fit location has been found.

e. Repeat steps (a)—(d) when more blasting sources are
added to the travel tomography to obtain a new hetero-
geneous P-wave velocity model.
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Establish a double difference source location
objective function as equation (2) for the event K

|

Select three points and calculate their
objective function values by FMM
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Fig.3 Workflow of double-difference simplex-based MS source location
3 Numerical Study (] Calculation boundary ]
The numerical simulation of a realistic deep tunnel model o «x Surrounding rock (marble)

illustrates the proposed inversion method of the heterog-
enous velocity model. We present wave field snapshots to y
feature the characteristics of P-wave, S-wave and surface
wave propagation in tunnels. Blasting seismic data are

used to invert the velocity model

the EDZ. Multiple MS events around the drilling tunnels
are located to evaluate the accuracy of the proposed MS m

source location method.
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3.1 Numerical Modeling of the Blasting Source

Figure 4 shows the numerical model, including an existing
tunnel and two new tunnels in construction that are vertical
to the existing tunnel. A convolutional perfectly matched
layer (CPML) boundary is assigned at the boundary of the
computing domain, which can absorb the reflection from
the computed boundary. Thus, the wave propagation simu-
lation can be conducted in a defined domain. The acous-
tic—elastic boundary approach (AEA) (Xu et al. 2007) is
applied to address the free (air) boundary. We implement
the high-order FDTD to solve the viscoelastic wave equa-
tion. The generalized standard linear solid (GSLS) method
(Bohlen 2002) considers the attenuation and dispersion of
viscoelastic waves. The stress—velocity formulation of the
viscoelastic waves based on GSLS are shown as

4863
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where o;; denotes the ijth component of the stress tensor,
v; are the components of the particle velocities. f; are the
components of the external body force. 7P and 7% are the
levels of attenuation for P- and S-waves, respectively,
which are related to the seismic quality factors Q, and Q,,
respectively.

The two new tunnels are alternately drilled, as shown in

dv; 0o Fig. 4. The model measures 100 m in width X 50 m in depth
P = ox +/is (28)  with a 0.2 m spatial interval in both x- and y-directions. The
! starting points (x, z) of tunnels A and B (the middle point
of the drilling face) are (15,0) and (85, 0), respectively. The
MS monitoring network is installed in the middle of the
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two new tunnels, consisting of 8 sensors located at (35, 1),
(40, 1), (40, 4), (45, 1), (55, 1), (60, 1), (60, 4) and (65, 1).
The drilling and blasting sources are set at the middle axis
of tunnel drilling every 2 m. The blasting source wavelet
is a Ricker wavelet with a dominant frequency of 120 Hz.
The background (surrounding rock) S-wave, P-wave veloc-
ity and density are 3500 km/s, 5250 km/s and 2.5 g/cm?,
respectively. The S-wave velocity varies from 3500 m/s to
2500 m/s in the zone of 10 m around the tunnel (i.e., EDZ).
The ratio of the P-wave and S-wave velocities is 1.5 in the
EDZ zone. The total simulation time length is 50 ms with a
sampling interval of 0.02 ms.

Snapshots of the first blasting source are shown in
Fig. 5. The Ricker wavelet is transmitted at the middle
axis of tunnel A as a blasting source. The P-wave and
S-wave gradually separate due to the velocity difference.
The surface wave (Rayleigh wave) traveling along the
sidewall of the tunnel can be observed after 7,4 13.5 ms.
The propagation of the surface wave is slightly slower
than that of the S-wave, since the velocity of the sur-
face wave is typically 0.9 times that of the S-wave. The
P-S converted wave, which can be seen in the snapshot
of #,+21.0 ms, is caused by the P-wave reflected at the
sidewall of the tunnel. The S-wave travels with a higher
velocity in the deeper area in the y-direction, because
the S-wave velocity of intact rock is higher than that in
the EDZ zone. The dispersion of the surface wave can be
observed at 7+ 13.5 ms. The surface wave with differ-
ent frequencies travels along the sidewall with different
velocities.

Figure 6 presents the vertical velocity component of
four sensors at (35, 1), (45, 1), (55, 1) and (65, 1) and
their corresponding frequency spectrum. Note that 1, is

No.1 No.2 No.3 No.4
to
—— P-wave arrival
—— S-wave arrival
t0+10
P-wave events
- t0+20
E
[
£
F  t0+30
t0+40
t0+50 . -
25 35 45 55 65 75
X (m)
(a)

an unknown parameter in most drilling and blasting tun-
neling cases. Thus, t; in the time axis in Figs. 5 and 6a is
to be determined. The P-wave, S-wave and surface wave
events can be identified based on the different slopes of
the events. The arrival time of the P-wave and S-wave
can be extracted as the blue and red lines in Fig. 6a. The
accurate arrival time of the P-wave can be easily deter-
mined for every trace. However, the single arrival time of
the S-wave of the no. 4 sensor can be identified directly.
The overlap influences the identification of the arrival
time of the S-wave of sensor nos. 1, 2 and 3. The dis-
persion of the surface wave can be observed from the
more extended events in the farther offset recordings.
The dominant frequency of recordings varies from 150
to 170 Hz (Fig. 6b), consistent with the actual blasting
source signal in tunnels.

3.2 Determining t, of the Blasting Source

The phase-shift method (Park et al. 1998) is used to calcu-
late the four recordings' dispersion curves. The dispersion
curve calculated by four recordings is shown in Fig. 7a. The
limited number of sensors causes spatial aliasing, as shown
in Fig. 7a. The dispersion curve is calculated by 11 assum-
ing sensors located from (25, 1) to (75, 1) with the same
spacing, as shown in Fig. 7b. The dispersion curves of the
fundamental mode in Fig. 7a, b are the same, and the disper-
sion curve energy is consistent with the theoretical solutions
(white stars in Fig. 7). The comparison demonstrates that the
surface wave modeling is correct, and the dispersion curve
of the fundamental mode can be extracted by the four linear
monitoring sensors.

<10

No.1 sensor
No.2 sensor
~——No.3 sensor
No.4 sensor
1
)
°
2
o
E€
<
0.5
0
0 100 200 300 400 500 600
Frequency (Hz)
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Fig.6 Simulated recordings of four sensors at the (35, 1), (45, 1), (55, 1) and (65, 1) a wave profiles and b corresponding frequency spectra
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Fig. 7 Dispersion curve of blasting source recordings. a Dispersion curve calculated by four recordings. b Dispersion curve calculated by the
recordings of simulated sensors along the red dashed line in Fig. 5. White stars are the theoretical dispersion curve solutions
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Fig. 8 Inversion process of the dispersion curve using the improved perturbational inversion method: a dispersion curve comparison at the 120th
iteration; b misfit evolution; and ¢ S-wave velocity comparison at the 120th iteration

We use the proposed improved perturbational inver-
sion met hod to invert the dispersion curve extracted from
Fig. 7a. The process of the inversion is shown in Fig. 8. The
initial S-wave velocity model varies from 2500 to 2700 m/s
(the blue dashed line in Fig. 8c). The corresponding disper-
sion of the initial model is shown in Fig. 8a. A significant
difference between the observed and initial dispersion curves
can be seen. The inversion aims to narrow the misfits of the

dispersion curve by updating the S-wave velocity model.
The ratio of the P- and S-wave velocities is 1.5, and the den-
sity is constant during the whole inversion. The misfits rap-
idly decrease, as shown in Fig. 8b. After the 120th iteration,
the misfit curve converges to a 0.14 normalized misfit and
stops updating. The inverted S-wave presents a low-velocity
zone in the depth range from the surface to 10 m, which
is consistent with the preset true S-wave velocity model.
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Fig. 9 Backpropagation of the
S-wave from sensor no. 4 to the
first blasting source at tunnel
A: aray tracing based on the
inverted S-wave velocity model
and b ray tracing based on the
homogeneous S-wave velocity

Sensors

Source

'Wi//ﬂll&gjjj

5000
9
4000 3
Source SEUELIS g 5
W\ 3000 &
2000 3
7 1000

model

Table 1 Calculation of the drilling blast source £, of the numerical study

40 60

x (m)

()

80 100

0 m/s in tunnel

Number of sen-  Arrival time ¢,  Calculated Calculated trav-

Calculated

Calculated 7, of Calculated f, of Calculated #,

sors of S-wave (ms) travelling time 7, elling time #, of travelling time £, actual S-wave  inverted S-wave of homogenous
of actual S-wave inverted S-wave by homogenous velocity model velocity model — S-wave velocity
velocity model  velocity model ~ S-wave velocity (ms) (ms) model (ms)
(ms) (ms) model (ms)

No.1 sensor 15.86 7.80 8.01 5.71 8.06 7.85 10.15

No.2 sensor 19.31 11.27 11.59 8.57 8.04 7.72 10.74

No.3 sensor 22.42 14.40 14.63 11.43 8.02 7.79 10.99

No.4 sensor 25.33 17.29 17.50 14.28 8.04 7.83 11.05

Average - - - - 8.04 7.79 10.7

Meanwhile, the dispersion curve of the final results fits the
observation well.

The inverted S-wave layered model is established in
Fig. 9a. The contour lines calculated by the FMM in Fig. 9a
are the isochrones, which are curves of equal travel time.
The ray tracing of backpropagation from the sensor to the
source is calculated by searching the normal direction of
every contour line. The ray tracing results show that the
wave propagation path is significantly different between the
inverted S-wave and homogenous models. The EDZ zone of
low velocity deepens the curve of wave path travel, while the
wave path in the homogeneous model is a line. The traveling
time of the S-wave can be obtained from the contour lines,
as shown in Table 1. The travel times from the four sensors
to the source are calculated based on actual, inverted, and
homogeneous models. The travel times 7, calculated by the
inverted and actual models are similar. However, the trave-
ling time £, calculated by the homogeneous model is much
shorter due to the lack of consideration of the EDZ. The
parameter £, is calculated according to the S-wave arrival
time and Eq. (2). As shown in Table 1, the error of t0 identi-
fied by the inverted S-wave model is approximately 0.2 ms,
much less than the error (2-3 ms) calculated by the homoge-
nous model. Thus, #, estimated by the inverted S-wave model
can be regarded as the trigger time of the blasting source.

@ Springer

3.3 P-Wave Traveling Time Tomography While
Drilling

The P-wave traveling time tomography can be conducted
after the blasting source trigger time #,. The absolute trave-
ling time of the P-wave can be calculated by the blasting
source f; and selected arrival time of the P-wave (e.g., the
blue line in Fig. 6a). The simulated blasting source is set in
the middle lines of the two tunnels with a 2 m interval. Eight
sensors between the two tunnels are used to obtain the travel
time and invert the P-wave velocity. The results of P-wave
traveling time tomography during drilling are shown in
Fig. 10. Figure 10a presents the true P-wave velocity model,
which overlays the low-velocity zone (i.e., the EDZ) of the
existing tunnel and two new tunnels. The surrounding rock
away from the tunnel sidewall has a higher P-wave velocity.
The initial model is estimated by the inverted S-wave veloc-
ity model. Four traveling time tomography are conducted
by the proposed adjoint-state method when the tunnels are
drilled to 5 m, 10 m, 14 m, and 18 m, respectively.

The inverted P-wave velocity model gradually updates to
the true model, as shown in Fig. 10c—f. In the first drilling
step (2 m in depth, Fig. 10c), the major update of the veloc-
ity model is at the near field of the existing tunnel, which the
ray path of the first three blasting waves mainly covers. The
inverted P-wave models (Fig. 10c—f) are almost symmetric
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Fig. 10 Results of P-wave traveling time tomography during drilling:
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due to the symmetry monitoring setup and true velocity
model. The velocity model in Fig. 10d has a similar distribu-
tion, but the velocity value is still visibly different from the
true model. The inverted models of steps 3 and 4 (Fig. 10e,
f) are highly consistent with the true model. The details of
the velocity comparison are shown in Fig. 11. The velocity
logs of the inverted, true and initial models at x =20, 30, 40
and 50 m demonstrate that the P-wave traveling time tomog-
raphy effectively obtains reasonable heterogeneous models

while drilling. In general, the inverted P-wave velocity is
closer to the true value with the addition of blasting sources.
The middle of the monitoring area (around x=50, y> 12 m)
presents a more significant error due to the lack of ray path
travel. However, those misfits do not affect the accuracy of
the location for the MS source, since the wave of the MS
event around the tunnel also does not travel through that
area to the sensors.
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Fig. 12 Location errors of the MS source within the red dashed
square in Fig. 10a using different P-wave velocity models. a True
model. b Homogeneous model of 4500 m/s. ¢ Homogeneous model

3.4 MS Source Location

Sixty-four (8 X 8) MS sources that are uniformly distributed
in the red square in Fig. 10a (ranging from 5 to 19 m on
the X-axis and 8—22 m on the Y-axis) are used to test the
location accuracy using different velocity models. The for-
ward-simulated arrival time is calculated using the eikonal
equation based on the FMM. The location results for all
the MS sources can be found in Appendix Tab le 4. The
location errors using different homogenous velocity models
and inverted velocity models of different steps are shown in
Fig. 12. Figure 12a shows the location error using the true
model, which means that there is no error in the location
velocity model. The location error in Fig. 12 is small and
consistent, which demonstrates the accuracy of the double-
difference simplex location method. Thus, when we conduct
location using the inverted and homogenous velocity mod-
els, the errors are generally caused by the velocity model
difference.

The location results of the homogenous velocity (4500,
5000, 5500 m/s) models present significant errors (Fig. 12b,
¢, d). The location accuracy is primarily affected by the
velocity difference between the homogeneous and true
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of 5000 m/s. d Homogeneous model of 5500 m/s. e Inverted model
of step 1 (Fig. 10c). f Inverted model of step 2 (Fig. 10d). g Inverted
model of step 3 (Fig. 10e). h Inverted model of step 4 (Fig. 10f)

velocity models, especially the velocity difference in the
EDZ zone. The location at a depth of 9 m using a model
velocity of 5500 m/s presents a smaller error, because
5500 m/s is close to the average velocity at that depth. How-
ever, the location error dramatically increases at other depths
due to the heterogeneity of the true model velocity.

Note that the location accuracy improves using updat-
ing inverted velocity models (Fig. 12e—h). The location
presents a high accuracy around the depth of the current
drilling face. For example, the tomography for the trave-
ling time uses blasting sources with drilling depths of less
than 5 m, 10 m, 14 m and 18 m. Thus, the location using
four inverted velocities fits the true location of MS events
near the drilling face well (referring to 5 m, 10 m, 14 m
and 18 m in the Y-axis in Fig. 12e—h, respectively). Most
location errors in those areas are less than 2 m. A larger
error can be found, where the ray path density is lower in
the traveling time tomography. Compared to the location
results using the homogenous velocity model, the location
accuracy is much higher and continually improves with
more drilling blasting sources added to the P-wave veloc-
ity tomography.
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Fig. 13 Project background of deep buried tunnels in Jinping China and the MS monitoring setup of two new tunnels: a layout of CJPL-II, b
location of Jinping China, and ¢ MS monitoring setup

4 Case Study

MS monitoring of two new tunnels with a buried depth of
2400 m in China Jinping Underground Laboratory Phase II
(CJPL-II) was conducted to warn of rockburst disasters. We
inverted the heterogeneous P-wave velocity model of the
monitoring area based on drilling and blasting source data
analysis. Then, the blasting sources with a known location
were used to test the proposed location method.

4.1 Project Background and MS Monitoring Setup

CJPL-II is one of the deepest underground laboratories on
the Yalong River in Sichuan Province, China (Li et al. 2021;
Zheng et al. 2021). The CJPL-II has a maximum burial depth
of 2525 m. The surrounding rock of the tunnel and laborato-
ries mainly consists of marble with high strength and brittle-
ness. The maximum principal stress of the surrounding rock
is 69.20 MPa (Jiang et al. 2021). Based on several previous
studies, rockbursts frequently occur during the excavation of
tunnels and laboratories (Feng et al. 2015b). The layout of
the 8 caverns of CJPL-II and their connection to the traffic

New Tunnel A
0+750

New Tunnel B

0+829 S1 S4 S5 S8
e o0 o0

S2%s3 s6%s7
20m :10m=10m:10m: 20m

2.5m 2.0m

2.0m
1.0m

S2,3,S6,S7 " 38m

$1, $4, S5, S8

tunnels are shown in Fig. 13a. Two new tunnels were pro-
posed at the no. 2 auxiliary tunnel, as shown in the dashed
square. The two tunnels were constructed at the same time
using the drilling and blasting method. Thus, the monitor-
ing network was installed in the middle of two tunnels, so
that the MS events occurring around the drilling face of two
tunnels could be monitored using one equipment system.
A SinoSeism (SSS) MS source monitoring system (Chen
et al. 2021) with a 32-bit A/D acquisition apparatus was
deployed in this case. Eight sensor monitoring networks
were designed, as shown in Fig. 13c. The nearest sensor
was 20 m from the tunnel, where the blasting wave would
not damage the sensors. The inversion of the velocity model
and location of the MS source were simplified to a 2D issue
due to the plane-like monitoring network and objective area.

4.2 Inversion of the Velocity Model
Blasting signals were collected to invert velocity models

of the monitoring area. The locations of the 14 blasting
sources (7 in tunnel A and 7 in tunnel B) are summarized in
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Table 2 Calculation of 7, of the different drilling blast sources in the field case

S-wave arrival time of No.1 sen-
sor (year/month/day h:min:s)

Coordinate of known
blast source (m)

Number of tunnel

S-wave absolute travelling

time of No.1 sensor (s)

Time of drilling blast source
in tunnel A (year/month/day
h:min:s)

Tunnel A Al (750, 2) 2021/9/7 18:56:35.60755
A2 (750, 4.5) 2021/9/15 01:09:13.27175
A3 (750, 7) 2021/9/20 00:04:14.56410
A4 (750, 10.5) 2021/9/23 20:52:23.54895
A5 (750, 14) 2021/9/30 13:23:56.23615
A6 (750, 17.5) 2021/10/3 21:34:45.70745
A7 (750, 20) 2021/10/5 14:03:42.57210

0.01607
0.01582
0.01559
0.01550
0.01575
0.01616
0.01644

2021/9/7 18:56:35.59148

2021/9/15 01:09:13.25593
2021/9/20 00:04:14.54851
2021/9/23 20:52:23.53345
2021/9/30 13:23:56.22040
2021/10/3 18:56:35.69129
2021/10/5 18:56:35.55566

S-wave arrival time of No.8 sen-
sor (year/month/day h:min:s)

Coordinate of known
blast source (m)

Number of tunnel

S-wave absolute travelling
time of No.8 sensor (s)

Time of drilling blast source
in tunnel B (year/month/day
h:min:s)

Tunnel B Bl (829,2) 2021/9/1 23:19:51.64450
B2 (829, 4.5) 2021/9/6 18:41:53.89455
B3 (829,9) 2021/9/12 22:55.12.36590
B4 (829, 12.5) 2021/9/16 00:20:43.35950
B5 (829, 15) 2021/9/18 23:50:23.44895
B6 (829, 18) 2021/9/21 18:10:32.12355
B7 (829, 20) 2021/9/28 19:30:53.35610

0.01592
0.01568
0.01535
0.01547
0.01572
0.01608
0.01630

2021/9/1 23:19:51.62853

2021/9/6 18:41:53.87887

2021/9/12 22:55.12.35055
2021/9/16 00:20:43.34403
2021/9/18 23:50:23.43323
2021/9/21 18:10:32.10747
2021/9/28 19:30:53.33980

Tunnel A atA 0+2

Drilling faces condition
after seven blasting
at New Tunnel A

Tunnel A atA 0+7

Tunnel A atA 0+10.5

Tunnel A atA 0+14
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Fig. 14 Drilling face conditions after blasting of two new tunnels
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Fig. 15 Blasting signal processing of the first source in tunnels A and
B (Al and B1 in Table 2). a Original signal of blasting source Al. b
Processed signal of blasting source Al. ¢ Time slice of the first pulse
in a. d Time slice of channels S1, S4, S5, and S8. e Original signal of

Fig. 16 Dispersion curve calcu- 5000
lated by recordings of S1, S4,
S5 and S8. a Dispersion curve 4500
calculated from blasting tunnel =
data of tunnel A. b Dispersion g 4000
curve calculated from blasting =t
source data of tunnel B é 3500
o
g 3000
2500
2000
50 100 150 200 250
Frequency (Hz)
(a)

Table 2. The geological conditions of the drilling faces dur-
ing construction are shown in Fig. 14. Most tunnel drilling
faces were grayish-white fine crystal marble. The rock mass
was blocky with general integrity. Part of the rock mass was
rusty yellow due to ferromanganese filling. The rock fracture
was dry, fresh and not weathered. There was no noticeable

blasting source B1. f Processed signal of blasting source Bl in a. g
Time slice of the first pulse in e. h Time slice of channels S1, S4, S5,
and S8 ine

5000 1
0.9
4500
0.8
:(IT 0.7
£ 4000
= 0.6
8
§ 3500 os
[
£ 3000 o4
o
0.3
2500 02
0.1

2000 =
300 350 400 50 100 150 200 250 300 350 400
Frequency (Hz)
(b)

sound when taking photos. The MS monitoring results sug-
gested a minor rockburst risk at tunnel B 0+4.5 and a low
rockburst risk at other stages. The drilling face at tunnel
B 0+4.5 was sprayed, anchored and grouted in the actual
project. There was no rock burst during the whole construc-
tion process. In this study, four sensors with the same height
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Fig. 17 Inversion process of the dispersion curve of field data: a dispersion curve comparison at the 100th iteration, b misfit evolution, and ¢

S-wave velocity comparison at the 100th iteration

4200
4000
3800
3600
3400
3200
3000
2800

[No.2 Auxiliary Tunnel|

i ‘illiii'lllﬁii‘l'll"l‘l\i“i“

T

(syw) Ayoojen anem-g

830 810 770 730

0 m/s in tunnel

Fig. 18 Determining ¢, of blasting source Al by backpropagation of
the S-wave from S1 sensors

(S1, S4, S5 and S8 in Fig. 13c) were used for surface wave
dispersion analysis, and all eight sensors were considered
during the P-wave velocity tomography.

4.2.1 Data Processing of the Blasting Signal

The signal processing of the first blasting source signal in
tunnels A and B (A1 and B1 in Table 2) is shown in Fig. 15.
The original signals in Fig. 15a, e show prominent low-fre-
quency noise in traces S1, S4 and S8, which is caused by
the electric interference of the sensors. An FIR bandpass fre-
quency filter is applied to remove the low-frequency noise.
Multiple pulses can be observed from the filtered waveform
profile in Fig. 15b, f, which indicates that multiple blast
sources were transmitted independently and can be analyzed
separately. The time slice of the first pulse was extracted, as
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shown in Fig. 15¢, g, to investigate waveform characteristics.
The first arrival of the P-wave in all the traces is clearly iden-
tified. The P-wave and S-wave gradually separate as the off-
set increases. Thus, the first arrival of the S-wave is difficult
to determine in several near offset traces. However, in the
further offset trace (S1-S4 in the tunnel A data set, S5-S8
in the tunnel B data set), it is easy to identify the first break
of the S-wave arrival. Note that the same horizontal position
pairs of S2 and S3 and S6 and S7 have highly similar wave-
form and arrival time information, which verifies that the
2D assumption is applicable in the inversion and location.

4.2.2 Dispersion Analysis

The dispersion curves are extracted from Fig. 15d, h using
the tunnel A and B blasting source data. The two dispersion
energy distributions in Fig. 16a, b present similar sharpness,
because they reflect the same velocity—depth curve. The dis-
persion phenomenon is shown in Fig. 16, which indicates
a velocity change with the depth of the surrounding rock.
The two dispersion curves suggest a lower velocity at higher
frequency and a high-velocity area at 175 Hz and 50 Hz.
The proposed improved perturbational inversion method
applies the average of two dispersion curves to invert the
S-wave velocity model. Gaussian smooth and cubic spline
interpolation are applied to preprocess the dispersion curve.
The initial model for inversion linearly varies from 3200
to 3500 m/s (the blue dashed line in Fig. 17c). The misfits
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Table 3 P-wave traveling time of 14 blasting sources in the field case
Number of  Number P-wave P-wave P-wave P-wave P-wave P-wave P-wave P-wave
tunnels of drilling  travelling travelling travelling travelling travelling travelling travelling travelling
blast time of No.1 time of No.2 time of No.3 time of No.4 time of No.5 time of No.6 time of No.7 time of No.8
Sensor (s) Sensor (s) Sensor (s) Sensor (s) Sensor (s) Sensor (s) Sensor (s) Sensor (s)
Tunnel A Al 0.00979 0.00886 0.00883 0.00821 0.00643 0.00551 0.00549 0.00465
A2 0.00965 0.00872 0.00868 0.00807 0.00632 0.00539 0.00536 0.00457
A3 0.00957 0.00863 0.00860 0.00799 0.00627 0.00533 0.00529 0.00455
A4 0.00957 0.00864 0.00860 0.00801 0.00632 0.00538 0.00533 0.00466
A5 0.00974 0.00881 0.00876 0.00818 0.00651 0.00558 0.00552 0.00489
A6 0.01003 0.00910 0.00905 0.00849 0.00684 0.00591 0.00584 0.00526
A7 0.01028 0.00935 0.00930 0.00874 0.00710 0.00618 0.00610 0.00556
Tunnel B B1 0.00450 0.00532 0.00530 0.00613 0.00789 0.00865 0.00862 0.00961
B2 0.00441 0.00520 0.00517 0.00601 0.00776 0.00851 0.00848 0.00947
B3 0.00444 0.00515 0.00510 0.00598 0.00767 0.00841 0.00837 0.00937
B4 0.00461 0.00528 0.00523 0.00611 0.00779 0.00852 0.00848 0.00948
BS 0.00481 0.00546 0.00540 0.00629 0.00795 0.00868 0.00864 0.00964
B6 0.00514 0.00576 0.00569 0.00658 0.00822 0.00895 0.00890 0.00990
B7 0.00539 0.00599 0.00591 0.00681 0.00844 0.00916 0.00911 0.01011
(a)
- S
~ 5 . s |
£ P
100 [ L_J
15F Tunnel B Tunnel A |
20 = " 1 " ar . T " < " -
840 830 820 810 800 790 780 770 760 750 740
x (m)
(b) (c)
0 ﬁ 0
< 5t y=5m Y230 ] '55‘ =8m
;10‘T Tunnel B - TunnelA { T 10 y=10m - L 7000 ©
15 | 15+ Tunnel B Tunnel A g
I | % 6000 5
840 830 820 810 800 790 780 770 760 750 740 840 830 820 810 800 790 780 770 760 750 740 5
y X (m) % % () 5000 &
@ 4000 €
0 0 3
=5 =5 3000 &
>:2 o =T | ’12 il :340 m/s in tunnel
o Tunnel B Tunnel A | 208 y=19m y=19m

x (m)

2
840 830 820 810 800 790 780 770 760 750 740

840

830 820 810 800 790 780 770 760 750 740

x (m)

Fig. 19 Results of P-wave traveling time tomography during drilling:
a initial model. b Tomography results from blasting sources Al, A2,
B1, and B2. ¢ Tomography results from blasting sources A1-A3 and

between the observed and simulated dispersion curves
decrease rapidly and converge at 0.11 normalized misfits
after the 100th iteration (Fig. 17a, b). The inverted S-wave
presents a low-velocity zone in the depth range from the
surface to 10 m, which is consistent with the preset true
S-wave velocity model. The inverted S-wave velocity—depth
curve is shown in Fig. 17c. The inverted results suggest a
2.8 m EDZ zone of the surrounding rock. Intact rock of high
S-wave velocity can be found at approximately 9 m. Note

B1-B3. d Tomography results from blasting sources A1-A5 and B1-
B5. e Tomography results from blasting sources A1-A7 and B1-B7

that a lower velocity area indicates broken rock or developed
discontinuities.

Ray path tracing of wave backpropagation from the S1
sensor to the sources is used to estimate ¢, of the blasting
sources in tunnel A. The FMM calculates the traveling time
and their isochrones, as shown in Fig. 18. The wave propaga-
tion path on the heterogeneous velocity model can be traced
by searching the normal direction of the isochrones. The
arrival time of the S-wave and traveling time of the S1 and
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Fig.20 Location accuracy test of known blasting sources using different inverted velocity models. a Location error of the blasting source in

Tunnel A. b Location error of the blasting source in Tunnel B

S8 sensors are used to calculate ¢, of the blasting sources
in tunnels A and B by Eq. (1), respectively. The results are
presented in Table 2.

4.2.3 P-Wave Traveling Time Tomography

The calculated #, of the blasting sources was used to obtain
the P-wave traveling time. The P-wave traveling time of
every sensor and source is summarized in Table 3. The ini-
tial model of P-wave traveling time tomography is shown in
Fig. 19a, which linearly varies from 5000 to 5500 m/s in the
depth range from 0 to 10 m. The inversion is divided into
four steps using different blasting sources. Step one uses
blasting sources Al, A2, B1, and B2. Step two uses blasting
sources A1-A3 and B1-B3. Step three uses blasting sources
A1-AS5 and B1-B5. Step four uses blasting sources A1-A7
and B1-B7. The inverted P-wave velocity models of differ-
ent steps are shown in Fig. 19b—e. All the inverted velocity
models can identify the EDZ. A higher velocity area can be
observed in the depth range from 5 to 10 m, which suggests
an intact rock layer. The inverted velocity models of steps
3 and 4 indicate a lower velocity area at depths from 14 to
20 m. The velocity models in Fig. 19c—e consistently sug-
gest that the velocity of the surrounding rock near tunnel A
is lower than that near tunnel B.

4.3 Validation by the Blasting Source Location

No significant rockburst occurred during the tunnel’s
excavation, although many MS events were monitored.
Thus, the 14 blasting source data with known locations
are applied to validate the proposed location method. Four
velocity models (Fig. 19c—e) obtained at different drilling
steps are used to locate the blasting source. The location
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results of 14 blasting sources using different velocity
models can be found in Appendix Tab le 5. The location
errors are concluded in Fig. 20. Most location errors are
less than 5 m. The location errors of the deeper drilling
sources are lower. The location result using inverted model
1 (Fig. 19c¢) is shown by the blue line in Fig. 20. The loca-
tion errors are stable during the whole drilling and less
than 4 m. The location using inverted model 2 (Fig. 19d)
presents better location accuracy at a depth of 9 m, where
the blasting source (9 m and 7 m in depth of tunnels A and
B) is newly added to the tomography of model 2. A similar
phenomenon can be found in the depth range from 15 to
18 m of inverted model 3 (gray line in Fig. 20) and depth
range from 18 to 20 m of inverted model 4 (black line in
Fig. 20). When a blasting source is newly added to the
tomography process, locating the source and its adjacent
space has better accuracy (error less than 2 m).

5 Discussion

Both numerical and field experiments suggest that the loca-
tion method based on updating the inverted heterogeneous
velocity significantly improved the location accuracy. How-
ever, the basic assumption, the reason for location error, and
the method's potential application need to be pointed out.
The aspects of the proposed location method that merit fur-
ther discussion include the following:

1. Location error analysis
The factors that affect the location accuracy using
the proposed method can be generally divided into two
parts: velocity inversion and source location.
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During the inversion of the velocity model, the estimation of
1, is the priority of P-wave traveling tomography. The proposed
method uses dispersion analysis to invert an S-wave model and
then backtraces the S-wave propagation from the sensors to the
source to estimate the #, of the blasting source. The basic idea
of the proposed method is that both the S-wave and the P-wave
have the same trigger time. Moreover, ¢, is not mandatory for
dispersion inversion of the surface wave. The estimation error of
1, is mainly caused by the error of the S-wave velocity inverted
by dispersion analysis. The basic assumption of surface wave
dispersion inversion is the horizontal layer assumption (Park
et al. 1998). Although the S-wave velocity of the EDZ is lay-
ered, which is consistent with the assumption of surface wave
inversion, the range of the EDZ fluctuates in the axial tunnel
direction. If the depth of the EDZ zone changes dramatically,
the error in the estimated ¢, increases. A trigger instrument is
required to directly record the ¢, blasting source in complex
geological conditions, which can completely remove the error
in the estimated #, The other factor that affects the accuracy
of the inverted velocity model is the ray path density of the
P-wave in the tomography, which is determined by the limited
number of sources and sensors. The gradient mainly updates
the velocity model, where the ray path density is high. Due to
the acquisition geometry, some areas with no ray path are not
updated during the tomography. A smooth Gaussian filter can
be applied to mitigate the unbalanced updates for velocity. A
study on the weight function of ray path density is meaningful
to improve the traveling time tomography algorithm. Mean-
while, significant anisotropy of seismic waves (King and Talebi
2007; Gajek and Malinowski 2021) caused by complicated
lithology, structure and stress state also may affect the location
error, which is not considered in the proposed velocity inversion
and location method.

During the location of the MS source, both the ill-posed
monitoring network and 2D simplification affect the location
accuracy. The layout of sensors cannot cover the monitoring
area due to the limitation of tunnel construction. The MS events
occur outside the array of sensors. The double-difference trave-
ling time objective function and the simplex method improve
the location convergence speed. However, the linear-like lay-
out of sensors is still sensitive to the MS location source on
the same line of the sensor array (e.g., the location results of
blasting sources Al and B1 in Appendix Tab le 5 and Fig. 20).
The location of the MS source is simplified as a 2D problem,
because the heterogeneous P- and S-wave velocity models
are inverted in 2D using current acquisition geometry. This
2D simplification might induce extra errors. The 3D layout of
monitoring sensors can be deployed in the future to invert a 3D
heterogeneous velocity model, so that the MS source can be
located in a 3D coordinate system.

2. Identifying the first arrival of the P-wave and S-wave

Accurate identification of the first-arrival time of the
P-wave and S-wave is critical to traveling time tomogra-
phy and MS source location. From both numerical and
field experimental waveforms in Figs. 6 and 15, it is
not difficult to identify the first break of the P-wave.
However, the overlap of the P-wave and S-wave chal-
lenges clear identification of the arrival of the S-wave
for the near-field sensor. Arrival identification based on
the instantaneous phase difference between the P- and
S-waves can be explored in further studies to mitigate
the picking error for both P- and S-wave arrivals.

In this study, only one S-wave arrival time needs to
be extracted to estimate the ¢, of the blasting time. Thus,
we recommend using the S-wave recorded by the sensor
with the farthest offset, where the S-wave and P-wave
completely separate, as shown in Figs. 6a, 15c, g. All the
P-wave arrival times are suggested to be applied to ensure
a sufficient ray path during the P-wave tomography. We
use the P-wave arrival of MS sources to calculate their
location. Compared to the layered S-wave velocity model,
the continuous updating and heterogeneous P-wave veloc-
ity model have a higher resolution of the geological struc-
ture and can visualize the change in velocity distribution
during tunnel excavation.

3. Selection of inverted velocity models

Inverted velocity models of multiple stages can be
obtained during tunnel excavation. We test the location
accuracy using different inverted velocity models in both
numerical and field experimental studies. The detailed
location results and their errors are shown in Appendix
Tab les 4 and 5 and Figs. 12 and 19. Based on the previ-
ous knowledge, the location accuracy should be consist-
ently improved using the velocity models inverted by
the most blasting sources. However, the location results
show that the best resolution is in the depth range, where
the blasting source of the corresponding depth is newly
added to the tomography. Taking the location using
model 4 in the field case (black dot in Fig. 19) as an
example, t