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It has been difficult to establish velocity models that use reflected seismic signals with
advanced prediction ahead of the tunnel face. The accurate establishment of advanced
velocity models face issues including artifacts in migration results and incorrect calculation
of velocity. This study presents a polarization migration velocity model building method to
solve these issues. First, the artifacts in migration interfaces were eliminated by the
polarization characteristics of three-component reflected signals. Second, the optimum
velocity ahead of the tunnel face was determined according to the energy stack
characteristics of common interface points. Finally, the velocity model was established
based on optimum velocity parameters and corresponding polarization migration
interfaces using a three-dimensional and three-component numerical simulation
conducted on faults with high dip and different inclinations. The results indicate that
the velocity errors in the advanced velocity model were 1 and 2% for each of the two layers,
and the position errors of the two interfaces were smaller than 3 and 2%. The experimental
results of the Maanshan tunnel verified the effectiveness of the polarization migration
velocity model building method.

Keywords: advanced prediction, FAULT, polarization migration, artifacts, velocity model

INTRODUCTION

Abnormal geological structures, such as faults and fracture zones, are the principal sources of
disasters (Li et al., 2017; Fan et al., 2021; Huang et al., 2021). The tunneling disturbance may trigger
severe geological disasters such as water inrush, mud inrush, and collapse, which cause huge loss of
life and property (Lambrecht and Friederich 2013). Accurate prediction of unfavorable geological
bodies is necessary for tunnel disaster prevention and safety control. However, the accuracy of
surface seismic prospecting is limited by the large depth and complex topographical and geological
conditions of tunnels (Zhao et al., 2006; Gong et al., 2010; Prabhakaran and Jawahar Raj, 2018; Zhou
et al., 2021). Thus, the use of a seismic advanced prospecting method is imperative under these
conditions (Li et al., 2015).

Seismic advanced prospecting methods have been in use in the field of tunneling since a long time.
Zeng (1994) proposed a similar seismic negative apparent velocity method based on the vertical
seismic section principle. Amberg Company developed Tunnel Seismic Prediction (TSP) using
three-component receivers in a linear observation system (Dickmann and Sander 1996). OYO
Company developed Horizontal Seismic Profiling (HSP) (Inazaki et al., 1999). German Research
Centre for Geosciences developed Integrated Seismic Imaging System (ISIS) technologies (Kneib
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et al,, 2000). American NSA Engineering Company developed
True Reflection Tomography (TRT) technology (Otto et al.,
2002). Zhao et al. (2006) developed Tunnel Seismic
Tomography (TST) technology. Liu and Mei (2011) developed
Tunnel Geology Prediction (TGP) technology. Liu et al. (2017)
designed a three-dimensional (3D) observation system for
seismic prediction ahead of a tunnel face. Wang et al. (2019)
designed a type of geophone and observation system for advanced
detection.

Many scholars have studied the variations of the
aforementioned advanced seismic imaging technologies. Liith
et al. (2008) used Kirchhoff prestack depth migration to detect
the surrounding rock environment ahead of a tunnel face.
Tzavaras et al. (2012) combined Kirchhoff prestack depth
migration, Fresnel volume migration, and reflection-image
spectroscopy. The application of the combined imaging
techniques shows less spatial ambiguity and a higher
resolution for most structures. Xiao and Xie (2012) used
seismic tomography technology to detect a Karst cave in a
tunnel. Cheng et al. (2014) introduced the reverse time
migration imaging algorithm into the tunnel seismic
prospecting method, which provides high image quality of
prospecting results. Bellino et al. (2013) proposed a fully
automatic backward method to process the data acquired by
arbitrary 3D observation. Wang et al. (2020) used Hilbert
polarization imaging method to find the breakpoint position
of the fault in front of the roadway. However, research is
limited for the multi-reflected interfaces and the propagation
velocity of seismic waves. Velocity model building is essential for
reflected seismic signal processing in a tunnel. Velocity data
obtained from seismic advanced prospecting are critical for
determining the surrounding rock structure and lithological
distribution ahead of a tunnel face. Therefore, to solve a key
scientific problem for geological prediction, a reflected seismic
signal should be used to build an accurate velocity model for the
unexcavated area ahead of a tunnel face.

Although velocity analysis has made great progress in the field
of the surface seismic prospecting (Ashida and Sassa 1993;
Grechka et al, 2002; Koren and Ravve 2006; Buske et al,
2009; Brossier, 2011; Joudaki et al., 2018), some problems are
still faced during the tunneling applications of the advanced
prospecting method (Yamamoto et al, 2011; Zhang et al,
2019; Chao et al, 2021). This is mainly because it is difficult
to generate effective lateral offset of the observation system in the
narrow space of a tunnel, and faults of different dips and
inclinations may exist in the area to be excavated, which
increases the difficulty of prospecting (Esmailzadeh et al,
2018). Amberg Company built an advanced velocity model
with prestack diffraction migration (Dickmann and Sander
1996). Zhao et al. (2008) solved the problem of velocity
change in different strata ahead of a tunnel face using the
energy stack method of scattered waves. Gong et al. (2010)
built a velocity model by residual curvature analysis and
iteration. These methods cannot build precise velocity models
or calculate parameters such as reflection interface dip,
inclination, and interval velocity in the unexcavated area
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FIGURE 1 | Schematic of seismic wave reflection from slant interface in

the advanced detetion model. Unlike ground seismic exploration, there are
few source and receivers in tunnel seismic advanced detection. It is difficult to
stack in the common reflection point.

ahead of a tunnel face because of the small lateral offset in the
tunnel.

This study presents a polarization migration velocity model
building (PMVMB) method to solve this problem. Using this
method, the velocity model ahead of a tunnel face can be built
through the energy stack on the polarization migration interface
under the restriction of the principal polarization angle.
Numerical simulations and field experiments were conducted
to verify the effectiveness of this method.

THEORY OF PMVMB METHOD

Principle

It is difficult to form an effective lateral offset between the source
and receiver point because of the limitation of the actual
environment in a tunnel. The internal width and height of the
tunnel are usually less than 10 m (Liu et al., 2020). Because the
stratigraphic dip of a tunnel is relatively large, the reflected
seismic signals received by the widely used TSP linear
observation system may not gather at a common reflection
point (CRP) or common depth point. Signals derived from the
adjacent reflection points on the same reflection interface will
gather at a common interface point (CIP) (Figure 1). Figure 1
illustrates that the seismic reflected rays form only one-fold stack;
i.e,, there is no multifold stack. The velocity analysis method
based on the energy stack of CRP gathers fails when there is no
CRP gather. In this case, it may be better to build the tunnel
velocity model using the PMVMB method, which is divided into
the following two steps. After the reflected signal is selected,
different hypothetical velocities are set, which leads to different
polarization migration interfaces (energy arcs). The energy on
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FIGURE 2 | Principle diagram of reflection energy arc of migration. (B) is the partially enlarged schematic diagram of the marked out by the red rectangle in (A).

different polarization migration interfaces is stacked, and the
maximum value of stacked energy denotes the correct velocity.

Since the interface ahead of the tunnel face is unknown, it is
necessary to conduct migration imaging. However, because of the
limited migration aperture in a tunnel, the traditional migration
imaging method would cause symmetric artifacts. Therefore, a
Hilbert polarization migration method, whose calculation
principle is introduced in the following paragraphs, is used to
eliminate the artifact and obtain accurate imaging of a reflection
interface.

Hilbert transform is used on the effective seismic signals to
build a covariance matrix, and eigenvalues and eigenvectors are
solved through the covariance matrix (Diallo et al., 2006; Wang
et al., 2016). The eigenvector with the largest eigenvalue is set as
the principal polarization direction of the signals. After
normalization, the eigenvector can be expressed as follows:
[x1(t) »1(t) =z (t) ¥, and then the dip of the principal
polarization angle can be expressed as follows:

0(t) = arctan Rez, () (1)

V[Rex; ()] + [Rey, (1))’

0(t) refers to the angle between the projection of the principal
polarization axis on the XOZ plane and the Z-axis, where -90" <
0(t) < 90°. When the principal polarization axis inclines to the
direction of the positive Z-axis, 8 (t) > 0°, which demonstrates the
forward-trend direction; when the principal polarization axis
inclines to the direction of the negative Z-axis, 0(¢t) < 0,
which demonstrates the counter-trend direction. If 8(t) > 0°,
the reflection interface is in the forward-trend direction, which
can eliminate the artifact of the counter-trend direction; if 0 (t) <
0°, the reflection interface is in the counter-trend direction, which
can eliminate the artifact of the forward-trend direction. The
polarization migration can be calculated by the following
equation:

a(p) = ZPcai[ﬂ] @)

Q vp

where Q denotes the seismic traces. Then, the weighted function
of principal polarization angle P. can be expressed as:

1 0°<6(t)<90°,Z>0
] 0 -90°<0(t)<0°,Z2>0 3)
7] 0 0°<0(1)<90°,Z<0

1 -90°<6(t)<0°,Z<0

o

In actual tunnel seismic prediction, a common shot gather is
derived from different reflection points on a reflection interface
(Figure 1). In this case, polarization migration cannot form
accurate reflection points but can form a reflection energy arc
to represent the position of the reflection interface (Figure 2A).

When calculating with different assumed velocities, each
velocity has only one corresponding energy arc of polarization
migration. The result of stacked energy corresponding to velocity
v can be obtained by stacking the value on the energy arc. When
the selected velocity is close to the actual stratum velocity, the
stacked energy result will be higher. The maximum value of these
results is obtained after the comparison of stacked energy results
of different velocities. The velocity corresponding to the
maximum value can be interpreted as the optimum velocity of
the stratum, and the specific calculation process is
described below.

The space of the imaging area is gridded before polarization
migration. Figure 2B indicates the amplitude of the selected
energy arc within the grid. The amplitude value of each grid
(denoted as @) in the imaging area of polarization migration
is stacked, and the equation is as follows:

M,N
A/ = Z a(m,,,) (4)

where m and n denote the horizontal and vertical coordinates of
the grid, A" denotes the stacked amplitude value of polarization
migration corresponding to velocity v, and M and N stand for the
range of polarization migration interface that corresponds to
velocity v. The normalization equation of stacked energy can be
expressed as follows:
!
A% )
Amax
The corresponding optimum migration velocity can be
obtained by calculating the maximum value of stacked energy:
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FIGURE 3 | Calculation flowchart of the polarization migration velocity model building method for geological prediction ahead of the tunnel face.
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Calculation Process

The process of the PMVMB method is shown in Figure 3. The
first step is data preprocessing, which mainly includes
observation system setting, bandpass filtering, first arrive pick
processing, AGC, wave field separation, reflected wave extraction
and time window setting. The second step is the size setting and
meshing of the advance detection model. The third step is to
initialize the model velocity, and the initial velocity value is
generally the average velocity of the rock stratum in the
detection area. The fourth step is to set the number of layers
of the reflection interface, which is determined by the number of
extracted reflected wave groups. The fifth step is to determine the
effective time window of reflected waves of different reflected
wave groups according to the time sequence, and the length of the
time window is generally one period. The sixth step is to
determine the principal polarization direction and angle of the
reflection interface of layer I according to the reflected wave of the
reflection interface of layer L. The seventh step is to determine the
dip of the reflection interface according to the principal
polarization direction, so as to eliminate the illusion of
symmetry in the polarization migration. The eighth step is to
set different velocity values for the model, adjust the velocity
model, and carry out polarization migration according to
different velocities. The ninth step is to compare the
polarization migration energy values of different velocity, and

determine the optimum velocity value corresponding to the
maximum energy value. The 10th step is to determine the
velocity model of the first layer according to optimum velocity
value and interface dip. The 11th step is to determine the velocity
model of other n-1 layers until all n layers are completed, and
finally build the velocity model of the advanced detection model.

The velocity range shown in Figure 3 should be determined
according to lithological geophysical data of the tunnel. A
smaller grid size will better represent the actual field
conditions, but an unreasonably small grid size may be
impractical because of the increase in workload calculation.
The precision of seismic advanced prediction is determined by
the wavelength of wavelets, so the grid cell size is usually set to
be <2m (Wang et al, 2016). The number of interface n is
determined according to the reflected signal in CSP gather. One
period length before and after the extreme point of energy is set
as the time window range.

MODEL ESTABLISHMENT AND TEST

A three-dimensional model, which contains two reflection
interfaces with different inclinations and velocities, is used to
verify the calculation accuracy of the PMVMB method. A finite
difference method is used to numerically simulate the system; the
model is shown in Figure 5, and its parameters are shown in
Table 1. The size of the model is 320 m x 200 m x 200 m, and the
grid size is Ax = 0.5 m, Ay = 0.5 m, and Az = 0.5 m. The sampling
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TABLE 1 | Model parameters.

NO. Velocity Interface Distance (m) Degree ()
of P-wave (m/s)

| 3,800 F1 101 -69

Il 4,100 F2 253 83

Il 4,500

interval is 0.05ms, and the source is Ricker wavelet with a
frequency of 150 Hz.

The coordinates of the source are 20, 100, and 100 m and those of
receivers are 30-60, 100, and 100 m in the X-, Y-, and Z-directions,
respectively. The minimum offset is 10 m, and the interval of
receivers is 2 m. In Figure 4B, the red square denotes the source
location; the blue squares represent the 16 receivers that are
numbered R1-R16; the last receiver is located on the tunnel face.
Figure 4C shows the partially enlarged schematic of the tunnel and
observation system presented in Figure 4B. The receivers are
arranged in front of the source to receive the seismic signals. In
Table 1, the velocity of seismic detection around the tunnel is
represented by the corresponding data under label No. I, the velocity
detected between the two reflection interfaces F1 and F2 is
represented by the corresponding data under label No. II, and
the velocity detected in the medium in front of reflection
interface F2 is represented by the data under label No. III.

Geological Prediction Ahead of the Tunnel Face

Figure 5 shows the preprocessed seismic signals of three
components (X, Y, and Z). In Figure 5, A is direct wave, B
and C denote the effective reflected signals, representing the
reflected P-wave of the first interface and the second interface,
respectively; D stands for the interference wave generated from
the reflection of a model rear boundary; and E represents the
boundary diffraction wave generated at the boundary point of the
first interface, F1.

As an example, the reflected P-wave in the three-component
seismic signals is selected to conduct energy stack with the X
component shown in Figure 5. The location marked by the black
line denotes the effective reflected events. The start time and end
time are set to determine the range of effective waves for energy
stacking.

Figure 6A shows the particle polarization trajectory calculated
according to the P-wave signal reflected from the first interface
and recorded by the second three-component receiver. A period
length (33.26-39.93 ms) with the maximum amplitude point as
its midpoint is selected to conduct polarization analysis. The
particle trajectory is primarily linear, which is in line with the
P-wave vibration. The particle vibration is mainly confined to the
XOZ plane, and the principal polarization axis is inclined to the
direction of the negative Z-axis, indicating that the reflected
P-wave originates from the counter-trend interface. Then the
maximum amplitude point can be selected to calculate the
principal polarization angle, 6,. Polarization migration can be

A B
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:g-lﬂﬂ I I
lUO[ il - I I
100l "\[ \/’ i 1 1
20 30 riit:u 50 60 | I
) —— e e ==
Signals | |
1 Reflection |
I Tunnel Interface |
Source 1 Face 1
- _J__lg_ _.-:--__171. I
“ I
L) A \I\ Q Recelver 1
B T i ] ) i ) i el i i ]
(Em'er({exwﬂ— \
FIGURE 4 | Geological model and seismic observation system. (A) 3D geological model; (B) XOZ diagrammatic cross-section; (C) The partially enlarged schematic
diagram of observation system.
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FIGURE 5 | Simulated three-component seismic records of advanced detetion.
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FIGURE 6 | Polarization migration results of the first interface. (A) represents the particle vibration of No. 2 receiver, whose principal polarization angle is —25°. The
polarization migration results in (B) are obtained by superposing all the 16 receivers. Since the migration results corresponding to 15 velocities (in part (C)) are difficult to
display, the polarization migration interfaces corresponding to five velocities at relatively large intervals are selected. According to the velocity of Vp in (C) and the principle

polarization angle in (A), polarization migration interface is confirmed.

conducted within the velocity range that was set, and a series of ~ migration interfaces corresponding to five velocities at relatively
polarization migration interfaces can consequently be obtained. It~ large intervals (2.8, 3.25, 3.85, 4.45, and 4.9 m/ms) are selected to
is hard to display all interfaces in the figure, so five polarization =~ draw the migration results (Figure 6B). In Figure 6B, on one side
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FIGURE 7 | Polarization migration results of the second interface. (A) represents the particle vibration of No. 2 receiver. The polarization migration resullts in (B) are
obtained by superposing all the 16 receivers. Since the migration results corresponding to 15 velocities (in part (C)) are difficult to display, the polarization migration
interfaces corresponding to five velocities at relatively large intervals are selected. According to the velocity of Vp in (C) and the principle polarization angle in (A),
polarization migration interface is confirmed.

of the axis, there are many energy arcs, which are virtually parallel
to each other. By superposing the energy arcs corresponding to
different velocities (see Figure 6C), the energy-velocity curve can
be obtained. According to the maximum value on the curve, the
optimum velocity behind the first interface is 3.85 m/ms. An
accurate polarization migration interface can be extracted using
the optimum velocity (3.85m/ms) and principal polarization
angle (25°). The R1 interface (see Figure 6D) is located at
98 m, is negatively inclined, and has a dip of 65°.

The velocity model can be updated according to the
calculation results in the first layer. Similarly, the velocity
model for the second layer can be updated with reference to
that of the first layer. A period length (110.4-117.07 ms) is
selected to carry out migration analysis, and the results are
shown in Figure 7A. Figure 7B shows the migration results at
different velocities under the constraint of the principal
polarization angle. Five velocities are selected, namely, 3.1,
3.55,4.15,4.75, and 5.2 m/ms, using a procedure similar to that
used for the first interface. The polarization migration results
of the five velocities are processed with energy superposition
and the energy-velocity curve, and the results are shown in

100
50
€
~ 0
N
.50 -
-100 T T T T
150 200 250 300
X/m

FIGURE 8 | Polarization migration results of two reflection interfaces.

The polarization migration results of the two-layer interface can be obtained,
as shown in the red arc in the figure. Under the control of the principal
polarization angle, the interface angles of the two layers are 65° and 78°
respectively. The black lines are tangent to the red arcs and in line with the
angle, and the lines are selected to the location of the reflection interfaces.

Figure 7C. The optimum velocity of P-wave between R1 and
R2 is 4.0 m/ms. The accurate polarization migration interface
can be extracted using the optimum velocity and principal

Figure 8 shows the accurate polarization migration results of

polarization angle. The R2 interface is located at 257 m, is
positively inclined, and has a dip of 78°, as shown in Figure 7D.

two interfaces. The black line in the figure denotes the reflection
interface that is determined according to the migration results.
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FIGURE 9 | Velocity model of PMVMB method. The rightmost area
represents the third layer of the model whose left boundary is defined by
Figure 7D. Since there is no reflection interface on the rightmost area of the
model, no reflected signals can be received. Accordingly, background
velocity can be used as the velocity in this area because there is no way to
solve the velocity of this area.

The velocity model is established and shown in Figure 9 based on
the reflection interfaces and velocities. The optimum velocity of
the stratum behind the first reflection interface R1 is 3.85 m/ms,
which is 0.05 m/ms more than the preset P-wave velocity (3.8 m/
ms) in the actual geological model, and the relative error is 1%.
The optimum velocity of the stratum behind the second reflection
interface R2 is 4.0 m/ms, which is 0.1 m/ms less than the preset
P-wave velocity (4.1 m/ms) in the actual geological model, and
the relative error is 2%. The reflection interfaces of polarization
migration are 98 and 257 m from the axis, which are, respectively,
3 m closer and 4 m farther than the actual geological model (101
and 253 m). The interface error is less than 2%.

CASE STUDY

Jinfoshan reservoir is a water conservation project in the
southeast of Chongging Municipality, China. The specific
location is shown in Figure 10A. Maanshan tunnel, the
longest tunnel of this project, is located at K0+273.0 to K12 +
473.0. Channeling water from east to northwest, the tunnel
crosses through the secondary fold of the north-west wing of
Jinfoshan syncline, Lidoushan anticline, and Maanshan syncline.
The tunnel axis is approximately perpendicular to the rock strike,
and the dip of rock stratum is large. The lithology of surrounding
rock in the tunneling area is mainly shale and sandstone. The rock
is relatively broken and most of rock belong to III. The
hydrogeological condition in the area is not particularly
complex, and the karst is not developed, but the fault is
relatively developed. Here, tunneling may be interrupted by a
fault fracture zone, causing water inrush or mud inrush because
of the complex geological structures. In this case, it is necessary to
carry out effective advanced prediction.

In field prospecting, when tunneling reached K4+088, the
control range of reflected seismic advanced detection was K4+088
to 4 + 188. On the left side of the tunnel, there were 18 sources

Geological Prediction Ahead of the Tunnel Face

(numbered S1-S18) that were arranged at an interval of 2 m along
the forward direction of the tunnel (Figure 10D). The geophone
was arranged on the tunnel wall (R1) behind the source, and the
depth was 3 m. The geophones were well coupled with boreholes
on the tunnel wall. Soundproof cotton was used to plug the
boreholes and eliminate sound wave interferences.

The signals in Figure 11A are the common receiver gather of
X component received by R1. Four events can be seen in the
seismic record in Figure 11B after seismic signal processing. The
processing includes observation system setting, bandpass
filtering, first arrival and pick processing, AGC, wave field
separation, and reflected event time window setting. Event A
denotes the diffracted wave caused by the conversion of the direct
wave. Events B-D are the abnormal reflected P-wave generated
on the tunnel face and reflection interfaces ahead of the tunnel
face. The velocity model of the excavated area can be established
from the early prospecting data and direct wave velocity, as
shown in Figure 12. Events C and D are selected to build the
velocity model for the area in front of the tunnel using the
PMVMB method. According to the polarization migration
results and geological data analysis, the two reflection
interfaces Y1 and Y2 are located 27 and 79 m away from the
tunnel face. The dip of Y1 and Y2 interfaces is 73" and —84°,
respectively. In field prospecting, the tunnel face is located at
K4+088, and the two reflection interfaces are located at K4+115
and K4+167. Later, tunneling shows that the F3 fault with a throw
of 12m and a dip of 74° is located at K4 + 114.5. The stratum
behind the F3 fault is shale, and that ahead of the fault is the
transitional formation consisting of dolomite and siltstone. The
F4 fault is located at K4+168 with a throw of 23 m and a dip of
—86°. The stratum ahead of the F4 fault is limestone. The results
indicate that the reflection interface position error between the
detection and the actual excavated result is less than 1 m.

DISCUSSIONS

1) The widely used TSP linear observation system was used to
arrange three-component seismic wave receivers to pick up
reflected seismic waves. With regard to three-component
reflected signals, the velocity and the position of reflection
interfaces can be accurately calculated with the PMVMB
method. This method has a competitive edge over other
velocity model building methods because it has relatively
low observation system requirements. This method can
decrease the difficulty of field construction and improve
the detection efficiency compared with the TRT
observation system, in which sources and receivers are
arranged on both the roof and floor, as well as on both
sides of the tunnel.

2) Because of the narrow construction space in the tunnel, the
lateral offset between the sources and receivers is relatively
small and leads to low stack folds of the detection area. Using
traditional velocity model building methods, low stack folds
will result in inaccuracy. This paper presents the concept of
CIP. If there are n source-receiver pairs, n stack folds can be
achieved by common interface points, thus effectively solving
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FIGURE 10 | Layout of seimic observation system in Maanshan tunnel. (A) is the tunnel location. (B) is the layout of the blasthole. (C) is the position of the
geophone. (D) is the schematic diagram of the observation system, and inside the dotted line is a cross section of the tunnel.
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FIGURE 11 | Original and preprocessed seismic record. Two events
marked by black lines in (B) are selected as calculation signals of PMVMB
method.
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FIGURE 12 | Velocity model and polarization migration results of
PMVMB method. Since there are only two layers of reflected signals in
Figure 11, the seismic wave velocity in the rightmost area in this figure cannot
be determined.

3)

4)

the problem of low stack folds. The PMVMB method is based
on the energy stack characteristics of CIP, which can
accurately establish the velocity model.

Compared with other methods, the advantage of the PMVMB
method is that it uses the vector characteristics of three-
component seismic signals. In the method, the principal
polarization direction is calculated through matrix analysis,
and the direction determines the principal energy direction of
reflected wave propagation. Through the principal
polarization direction, the symmetrical illusion problem
that is difficult to be solved by other methods is
eliminated, making the migration energy more accurate.
The migration energy is the most important condition of
velocity model building. The velocity analysis and migration
imaging of other methods are carried out separately, and the
procedure is cumbersome. The PMVMB method
automatically combines the velocity analysis and migration
imaging, and the velocity value and reflection interface are
completed at one time, which has better efficiency and more
accurate results. At the same time, the effective reflected signal
is selected and then the velocity model building is carried out
in the PMVMB method, which overcomes the negative impact
of the interference signal of the reflected wave on the velocity
model building. Therefore, the PMVMB method has relatively
lower requirements on the reflected signal than other methods
and has stronger adaptability to the actual field detection.
However, it should be noted that the method is mainly
applicable to the seismic advanced detection of active
sources. The method is limited to the seismic advanced
detection method for passive sources such as TBM and
drilling machine, because the signal-to-noise ratio of the
seismic reflection signal of passive sources is low (Wang
et al,, 2021).

Selecting an appropriate velocity increment, which
influences the calculation accuracy, is difficult during
energy stacking. If the velocity increment is too small, the
complexity of calculation will increase; if the velocity
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increment is too large, a relatively large error between the
optimum solved velocity and the actual velocity will occur. In
other words, the error is caused by the improper selection of
velocity increments. Therefore, further efforts should be
made on choosing a velocity increment that adjusts
according to the reflected signals and geological
conditions of the tunnel advance prediction. In this paper,
we only studied velocity model building of P-wave. The
velocity model building method of S-wave is the same, and
the premise is the separation of P-wave and S-wave (Liu
et al., 2020).

CONCLUSION

This study demonstrates the PMVMB method in theory and
introduces the calculation principle by which Hilbert
polarization migration is used to eliminate the symmetric
interface artifact. We also introduced a method for
determining the optimum velocity based on the energy stack
characteristics of CIP gather. We summarized the calculation
steps and details of the PMVMB method. Three-dimensional
and three-component numerical simulation was conducted with
various combinations of high dips and different inclinations.
According to three-component reflected signals, the principal
polarization angle was calculated, and the polarization
migration interfaces corresponding to different velocities
were determined. The optimum velocity was determined in
accordance with the principle of maximum stacked energy.
Based on velocity parameters and corresponding polarization
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