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Faults pose a great threat to the safety of tunnel and roadway construction. Expanding the
scientific community’s understanding of advanced fault detection through research is therefore
of critical importance. However, narrow roadway space often restricts sources and receivers
positioning, resulting in small migration aperture problems during advanced migration imaging.
The resulting artifacts make it impossible to analyze occurrence parameters of faults, such as dip
and trend. In this paper, we introduce a solution to this problem with three-component (hereafter
called “3C”) reflected signals. The solution can be roughly divided into three steps. First, we use
a covariance matrix to calculate the principal polarization direction, which indicates the principal
energy propagating direction of reflected waves. A factor is introduced to represent the principal
polarization direction. Second, we establish a weighted function of the factor and apply the
function in migration computation. Finally, we put forward a polarization migration imaging
technique to eliminate the artifact so that we can accurately predict occurrence parameters. It has
been proven that polarization migration is an efficient way to achieve advanced imaging of faults
under small migration aperture condition through numerical simulations, water sink model

experiments, and roadway field experiments.

INTRODUCTION

The security of tunnel and roadway construction
is affected by hazard sources, such as fault fracture
zones, water-conducting structures, and gas-rich zones
(Kabiesz, 2006; Esaki et al., 2008; Busygin and
Nikulin, 2013). These sources are usually closely
associated with geological structures, especially faults
(Islam and Shinjo, 2009; Li et al., 2011; Zhang and
Lan, 2013). Currently, the advanced prediction of
faults is a popular topic (Essen et al., 2007; Bohlen et
al., 2007; Wang et al., 2014). Common geophysical
methods of seismic wave detection in tunnels include
seismic negative apparent velocity method (Zeng,
1994), Tunnel Seismic Prediction (Sattel et al., 1996),
Horizontal Seismic Profiling (Inazaki et al., 1999),
Integrated Seismic Imaging System (Borm et al.,
2001), Tunnel Seismic Tomography (Zhao et al.,
2006), Reflected-Wave Tunnel Seismic Prediction
(Shen et al., 2008), Tunnel Geology Prediction (Liu
and Mei, 2011), True Reflection Tomography (Wang
et al., 2011; Cheng et al., 2014). Those methods have
been applied widely, each marking a technological
achievement or scientific breakthrough but they do not
achieve fine imaging attributable to the limited
aperture. Liith et al. (2005) applied Fresnel volume
migration to synthetic VSP data and to real data
acquired in a tunnel, and the conclusion show that the

migration results in enhanced images of reflectors
compared to standard depth migration.

However, the space of coal mine roadway is
strongly limited, the width of coal mine roadway is
only 3 m ~ 5 m which is below tunnel width.
Advanced detection in the roadway is limited by
narrow space, and small migration apertures (seen in
Figure la) will lead to artifact that disrupt imaging.
The two images exist in a 2D migration section
symmetrically (Chang et al., 2006; Gong et al., 2010),
as seen in Figure 1b, which causes misleading
geological forecasts and thus affects excavation
efficiency and safety.

To solve the problem, we study polarization
migration imaging with the principal polarization
direction parameters in polarization analysis on the
basis of 3C seismic reflected signals. In this paper, we
calculate the principal polarization direction and
introduce a factor of the principal energy propagating
direction of reflected waves, establish a weighted
function and apply the function in migration
computation. Finally, we put forward the migration to
numerical simulations, water sink model experiments,
and roadway field experiments. Three experiments
show that polarization migration eliminates the fault
artifact by PP reflection.

Cite this article as: Wang B, Liu S, Zhou F et al.: Polarization migration of three-component reflected waves under small migration aperture
condition, Acta Geodyn. Geomater. 13 (1) (2016) 47-58. DOI: 10.13168/AGG.2015.0049
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Fig. 2 Polarization migration imaging of PP reflection.

THEORY OF POLARIZATION MIGRATION
PRINCIPLE

Figure 2 is a P-wave imaging in homogeneous
media. Point A represents any reflection point in the
space, while point B is its symmetrical false reflection
point with the seismic line as the symmetry axis.
When PP reflection propagates from reflected point A
to a receiver, its principal energy path trajectory can

be denoted as ray direction L, . When the receiver
receives reflected information from point A, its
particle vibration direction is the principal polarization

R
direction L . Because A is the actual imaging point,

- -
the direction of L, 1is consistent with that of L.
Accordingly, the angle between the two directions is
0° and its cosine value is 1. The ray direction from the
false imaging point B to the receiver is denoted as

N

L,, and it will form an acute angle € with the

5
principal polarization direction L, and its cosine
value as cos@. Since cos@ has an apparent
difference from the cosine value of the angle between
- —

L and L, , we can use a weighted function of cosé
to identify the false reflected point and suppress its

amplitude value during the imaging process to achieve
the migration of the actual reflected point. This
method is called polarization migration, owing to the
introduction of weighted functions related to the
principal polarization direction during the prestack
migration process.

Polarization migration can be used to image in
small migration apertures and solve imaging problems
of symmetrical artifact caused by limited imaging
condition. In Figure 2, sources and receivers are
located on the same horizontal straight line, the
seismic line. Under this circumstance, migration
aperture is zero, which makes accurate imaging
difficult.

The process of polarization migration mainly
involves prestack migration and polarization analysis
related to the principal polarization direction, which
will be elaborated in the following sections.

POLARIZATION ANALYSIS

The particle movement trajectory of, e.g., a PP
reflection can be described by an ellipsoid, the longest
axis of which is the principal polarization direction.
The principal polarization of 3C seismic data is
analyzed by determining the eigenvectors of
a covariance matrix.
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The amplitude value of each sampling point can be recorded by three components X, Y, and Z, which can be
regarded as the three coordinate values in a spatial coordinate system. Hence, a sampling point can be positioned
in a 3D orthogonal coordinate system as (X,,Y,,Z;). With X,,Y,,Z, denoting the amplitude values in three

directions, respectively, at any sampling point in a time window (t;, t,), when the number of sampling points is
M, the average values of the three components for a receiver point are, respectively:

N=LY%x, NzLiY.,N=L§Z. (1)
x M i ¥ M i z M 4

i=M, i=M, i=M,
where (M, -M)*At=t,—t,, M =M,-M, +1.

A covariance matrix can be obtained:

D= N, =N, X (X = N =N, D (X, = N)(Z =)
D (8 = N, )K= N3 (= N, = N Y (=N, ), - V) 2)
D2 =N, =N Y (2 =N =N, Y (Z, = N)YZ, - N.)

The three eigenvalues A4,, 4, and A, of the above covariance matrix correspond to the long, medium and
short axes of the ellipsoid composed by particle vibration trajectory respectively when A4,>A4,>A4,. The
eigenvectors corresponding to the three eigenvalues A4,, 4, and A, represent directions of the long, medium and

short axes of the elliptic trajectory, respectively.
In the spatial orthogonal coordinate system, we assume the angle between the principal eigenvector V1
with, respectively, X axis, Y axis, and Z axis as ¢, 3,7, . This equation can be obtained:

V, = cos e, (1)
V, =cos f() 3)
V. =cos 3,(0)

where V. + Vy2 +V? =1, and the principal eigenvector represents the principal polarization direction.

POLARIZATION MIGRATION

Kirchhoff prestack depth migration is often expressed as a diffraction integral in a scalar wave field. On the
basis of Kirchhoff migration, a weighted function is introduced into polarization migration, and a migration
formula can be defined as:

U(P)Zz_—”lﬂk(p#)t’t(x,ts +1,)dx @

In the above equation, k(p,x)=cos’é, k(p,x) is a modulation function of amplitude value for any

imaging point during P-wave imaging. The acute angle 6 represents the angle between the ray direction from
any imaging point and the principal polarization direction. The ¢ in k( p,x) ranges between 1 and 10.

Taking the 3C seismic wave vector characteristics into account, the polarization migration technique
suppresses false imaging by using the principal polarization vector on the basis of an amplitude value scalar
stack. The specific flow chart during the calculation process is shown in Figure 3.

The principal polarization direction can be calculated through a covariance matrix, which has a significant
impact on the migration result. The key of this calculation is to determine the time window length (#, t,). If the
selected time period is too short, the consistency of the seismic signal is likely to be ignored. If the selected time
window is too long, other interference signals will cause errors in polarization analysis. In this paper, we propose
the S-transformation time-frequency analysis method to determine time window length. Through time-frequency
analysis, dominant frequency f at time ¢ (corresponding to the travel time from the imaging point) could be
determined. The average period at time t is 1/f, so the time window length should be 1/f. Because this method is
based on S-transformation multi-resolution analysis, it is more reasonable to determine time window length at
any time.
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NUMERICAL SIMULATION

The model of three abnormal interfaces with the
same trend was established to analyze the imaging
result of polarization migration, whose parameters are
shown in Table 1. In this simulation, grid size is
400 m x 400 m with the spacing Ax=0.5 m, Az=0.5 m.
The sampling interval is At=0.05 ms. Ricker wavelet
frequency is set as 400 Hz (Gong et al., 2010). To
simulate two components X and Z based on acoustic
wave equation, we can obtain seismic data of the two
components within 120 ms (seen in Figure 4).
According to kinematic characteristics of seismic data,

Table 1 Model parameter.

four kinds of waves have been received, namely,
A the direct P-wave, B the P-wave reflected from
interface R1, C the P-wave reflected from interface
R2, and D the P-wave reflected from interface R3.
While analyzing the seismic signals of B, C, and D,
the components X, Z Z are synthetized as 3
component signals (polarization analysis in this paper
is exclusive for 3C signals).

The principal polarization direction can be
calculated by wusing polarization analysis shown
above. Since the actual signals are components X and
Z, the principal polarization direction is projected in

No P-wave velocity(m/s) Interface Front distance(m) Dip (degree)
1 3800
2 4100 R1 75 33
3 4500 R2 160 53
4 5000 R3 227 80
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Fig. 4 Synthetic data of the model.

the XZ plane. In the process of polarization
analysis, the time window can be calculated by the
S-transformation time-frequency analysis method. It
can be seen from Figure 5 that the dominant
frequencies at 20.5ms, 63ms, and 103.5 ms is 400 Hz,
their corresponding period lasting 2.5 ms. Figure 6
shows the spatial trajectories and their projections in
the XZ plane of minimum offset trace when the time
windows are 19.2 ~21.7 ms, 61.8 ~ 64.3 ms, and
102.4 ~ 104.9 ms, respectively.

The polarization migration result in Figure 7 (a)
shows that the distances of the three abnormal
interfaces R1, R2, and R3 from the zero point are,

respectively, 75 m, 160 m, and 227 m, with
corresponding dip of 33°, 53°, and 80°. Calculated
results are consistent with the designed model,
including effective imaging of dips and trends.
However, reverse-time migration results in
Figure 7(b) show that three artifacts are noticeable,
which leads to low direction resolution. The cause of
this is that reverse-time migration is affected by the
linear observational system with zero migration
aperture in the roadway.

Therefore, energy convergence is improved by
using polarization migration instead of reverse-time
migration. With the principal polarization direction,

1] 10 20 20 40 50

0 20 ag oo 1o 1200ms)

Fig. 5 Time-frequency analysis of X-component seismic signal of minimum offset trace.
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Fig. 9 Synthetic data of water sink model.

the abnormal interfaces can be located accurately with
polarization migration under small aperture.

PHYSICAL SIMULATION

To verify the imaging effect of polarization
migration in a physical simulation, a water sink model
was established with the size of 2.6 m x 0.8 m X 0.8 m
(illustrated in Figure 8). According to similarity
criterion of seismic wave propagation, the ratio of
space length, velocity, frequency, and sampling
interval for the model to their actual counterparts are,
respectively, 1:100, 1:1, 100:1, 1:100. A 100 KHz
single component P-wave piezoelectric transducer was
used as the source, and a 100 KHz 3C piezoelectric
transducer was used as the receiver. A TH104 wave
parameter analyzer was used as the data-acquisition
instrument.

The 3C original signals come from water sink
model. The smallest offset is 0.05 m, and the shot
interval is 0.01 m; the excitation was completed

15 times. The sampling frequency is 1 MHz with 1024
sampling points; the selected time length is 450 ys.

The experiment is designed to avoid the
interference of reflected waves from the sink sides and
bottom. Hence, the original signals are mainly direct
waves and reflected waves from the glass. From the
original signal of component X in Figure 9, two
groups of direct waves can be observed: the direct P-
waves A and B. Because a transducer can produce
several shock excitations, there will emerge other
groups of reflected waves (not allowing for
subsequent multiple reflected waves, because of
imaging on a single interface), which are reflected P-
waves C and D (seen in Figure 9). The interval
between the 1st and 15th trace for reflected P-wave C
is within 150 ~ 240 us, while the interval for reflected
P-wave D is within 240 ~ 330 us. The two groups of
reflection are all characterized by negative apparent
velocity characteristics.
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As for the component signals X, Y, and Z, the
reflected energy of component X is apparently
stronger than those of component Y and Z, with Y
being the weakest. We selected the 3C signal of the
15th reflected wave to draw its trajectory (Fig. 10).
The angle between the projection of the principal
polarization direction in the XZ plane and the X axis
is 40°, an acute angle. The principal polarization
direction is parallel with the wave propagating
direction (the ray direction, represented by a yellow
arrow in the XZ plane), parallel with the X-axis in the
XY plane, and parallel with the Z-axis in the YZ
plane. Thus, it can be deduced that the principal
energy is in the XZ plane. Those features conform
with the propagating characteristic of the P-wave.

Having filtered the subsequent signal of reflected
wave D, prestack diffraction migration can be carried
out in the XZ plane based on a 1250 m/s P-wave
homogeneous velocity model, which leads to false
artifact imaging (as seen in Figure 11). As a result, the
anomaly cannot be identified efficiently. Thus, we
perform polarization migration. It can be found in
Figure 12 that the dip of the strong power abnormal
interface R1 is 50°, while interface R1 cuts the water
face (the medial axis) at the point of 0.23 m (the point
of 0 m is set at the location of the 3C receiving
transducer). The dip, trend, and spatial position of
interface R1 are consistent with glass layout
parameters of the sink model.
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FIELD APPLICATION

Fieldwork was carried out at the No.21 return
airway of the Longdong coal mine in Jiangsu, China.
W13+81.3m was set as zero point for the layout of the
observation system (Fig. 13). Apart from 3 misfires,
29 groups of 3C seismic data were obtained. After
pretreatment, the reflected signal can be acquired
through a 2D Fourier transformer and Radon
transform for space filtering (seen in Figure 14). Four
groups of negative apparent velocity events can be
identified clearly in the seismic profile. The velocity
model was established based on superimposed energy

maximization method, and a migration imaging
profile was obtained by analyzing the P-waves signal
of component X (Fig. 15). From the profile, we can
find three abnormal interfaces, R1, R2, and R3 at,
respectively, 37 m, 76 m, 121 m ahead of the tunnel
face, dipping at 43°, 65°, 72°, and trending to the
roadway.

Figure 16 shows that the 37 m point is a litho-
logical interface changing from gritstone to limestone;
the 76 m point is lithological interface changing from
sandy mudstone to gritstone. The F6 fault is located at
the 120 m point, the fault throw is 40 m, and the dip is
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Fig. 16 Measured section after excavating.

70°. Analysis based on detection and validation data
shows that the detection distance error between the F6
fault and the R3 interface is 1m, and the dip error is
2°. The interfaces of both R1 and R2 coincide with the
lithological changing zone of the actual excavated
information.

CONCLUSIONS

From the perspective of real-time polarization
analysis of multi-component seismic signals, in view
of the angle between ray direction and principal
polarization direction differences of true and false
reflection points, we introduced a principal
polarization direction factor. We then established
a weighted function of the factor, and integrated the
function into the migration calculation. Finally, we
proposed the polarization migration algorithm, which
takes into account the vector characteristic of seismic
waves.

The numerical simulation has been carried out
for the three abnormal interface models. We analyzed
the polarization characteristics of P-waves and
adopted S-transformation time-frequency analysis
method for selection of time window length. The
comparison of polarization migration and reverse-time
migration demonstrates that the former features have
better energy convergence and a higher directional
resolution. Therefore, polarization migration can be
used to solve the symmetrical imaging artifacts
problem effectively, and it can be applied in the
roadway linear observing system. The sink model
experiment and the field experiment indicates that
polarization migration can define the location and
occurrence of interfaces.
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