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This vibration detection system (S) is provided with: a seismic source device (50) that generates a vibration wave that is repeated in
a predetermined cycle; a vibration reception device (60) that receives a response wave that is on the basis of the vibration wave
transmitted through a substrate; and a signal processing device (1) that processes the measured vibration signal received by the
vibration reception device (60). The signal processing device (1) is provided with: an isolation unit (41) that isolates, from the
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generated by the seismic source device (50); a calculation unit (42) that calculates a standard cycle signal from the isolated
individual cycle signal; and a generation unit (43) that generates a difference signal by subtracting the standard cycle signal from
the measured vibration signal.
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ABSTRACT

A vibration detection system S includes a seismic source device 50 that generates a
vibration wave repeated with a predetermined period, a vibration receiving device 60 that
receives a response wave based on the vibration wave transmitted via the ground, and a
signal processing device 1 that processes measured vibration signals received by the
vibration receiving device 60. The signal processing device 1 includes a separating part
41 that separates individual periodic signals having a period according to a periodicity of
the vibration wave generated by the seismic source 50 from the measured vibration
signals, the calculating part 42 that calculates the standard periodic signal from the
separated individual periodic signals, and the generating part 43 that subtracts the
standard periodic signal from the measured vibration signals and generates differential

signals.
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VIBRATION DETECTION SYSTEM, SIGNAL PROCESSING
DEVICE, AND SIGNAL PROCESSING METHOD

TECHNICAL FIELD

[0001] The present invention relates to a vibration detection system, a signal processing
device, and a signal processing method for removing influence of vibration waves
generated from a seismic source device and detecting vibrations in the ground.
BACKGROUND OF THE INVENTION

[0002] Conventionally, an active seismic exploration for observing a state in the ground
by radiating artificial vibration waves into the ground and receiving the vibration
transmitted in the ground near the ground surface is known. The Accurately Controlled
Routinely Operated Signal System (ACROSS), which is a permanent seismic source
device, has been noticed as a stationary seismic source that is suitable for such an active
seismic exploration. The ACROSS can generate precisely controlled signals (vibration
waves) by rotating a eccentric weight and is suitable for observation in the ground.
[0003] Patent Document 1 discloses a method for observing a state in the ground by
recording energy of reflected waves that are originated by reflection of signals generated
by a seismic source device at a dike layer.

PRIOR ART

PATENT DOCUMENT

[0004] Patent Document 1: Japanese Unexamined Patent Application Publication No.

2007-304100
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SUMMARY OF INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0005] It should be noted that shale gas has recently become a new attractive natural
gas resource. Shale gas is collected by using hydraulic fracturing that includes inserting
a pipe horizontally into a shale layer containing shale gas and making artificial fractures
by injecting high-pressure water through this pipe.

[0006] Here, it is important when controlling the hydraulic fracturing to monitor a
fracture generating area by continuously observing microseisms caused by the fracturing.
When the seismic source device used for the above-mentioned active seismic exploration
is operated in the vicinity of a point where the hydraulic fracturing is performed, the
vibration waves generated from this seismic source device become noise in the
microseisms caused by the hydraulic fracturing and a precise observation of the
microseisms cannot be performed. Accordingly, in general cases, the operation of the
seismic source device is stopped while the microseisms are observed, and the active
seismic exploration is performed at a time other than while the microseisms are
observed.

[0007] Further, it is important to continuously monitor a foreshock and a preslip for
predicting a natural earthquake, but the vibration waves generated from the seismic
source device appear as noise in the monitoring of a natural earthquake. Since nobody
knows when a natural earthquake occurs, an operation of the seismic source device is not
able to be stopped according to the occurrence of a natural earthquake, hence further
contrivance that allows monitoring without stopping the seismic source device is
required.

[0008] This invention focuses on these points, and the object of the invention is to

provide a vibration detection system, a signal processing device, and a signal processing
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method that are capable of removing an influence due to vibration waves generated from
a seismic source device.

MEANS FOR SOLVING THE PROBLEMS

[0009] In the first aspect of the present disclosure, a vibration detection system that
comprises a seismic source device that generates a vibration wave repeated with a
prescribed period, a vibration receiving device that receives response waves based on the
vibration wave transmitted via the ground, and a signal processing device that processes
vibration signals according to the response waves received by the vibration receiving
device. In the vibration detection system, the signal processing device includes a
storage that stores vibration signals received by the vibration receiving device, a
separating part that separates individual periodic signals having a period according to a
periodicity of the vibration wave generated by the seismic source device from the stored
vibration signals, a calculating part that calculates a standard periodic signal from the
separated individual periodic signals, and a generating part that generates differential
signals indicating the difference between the vibration signals received by the vibration
receiving device and the standard periodic signal.

[0010] Further, the seismic source device may vary the frequency of the vibration wave
to be generated within the period.

[0011] Furthermore, the calculating device may calculate the standard periodic signal
by averaging the plurality of individual periodic signals by using inverses of the
variances of noise included in each of the individual periodic signals as weights.

[0012] Moreover, the calculating part may calculate a median of the plurality of
individual periodic signals as the standard periodic signal.

[0013] Further, the storage may store the standard periodic signal calculated by the

calculating part in association with an environmental condition, and the generating part
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may generate the differential signals on the basis of the standard periodic signal that is
associated with an environmental condition at the time when the vibration receiving
device received the vibration signals.

[0014] Furthermore, the seismic source device may be a seismic source device that
generates vibration waves including a horizontal vibration and a vertical vibration, may
generate the first vibration wave corresponding to the vibration signal with the first
polarity in the first period, and may generate the second vibration wave corresponding to
the vibration signal with the second polarity that has an inverse polarity of the first
polarity in the horizontal direction or the vertical direction in the second period whose
length is the same as the length of the first period.

[0015] Moreover, the seismic source device may generate a transitional vibration wave
during a reversal period between the first period and the second period, and the
calculating part may calculate a median of vibration signals based on the transitional
vibration waves received by the vibration receiving device during the plurality of
reversal periods as the standard periodic signal during the reversal period.

[0016] Further, the seismic source device may generate a transitional vibration wave
during a reversal period between the first period and the second period, and the
calculating part may calculate the standard periodic signal on the basis of (i) the transfer
function of the ground calculated in the first period or the second period and (ii) the
transitional vibration waves.

[0017] Furthermore, the vibration detection system may comprise a plurality of seismic
source devices that generate the vibration waves whose frequencies are different from
each other.

[0018] In the second aspect of the present disclosure, a signal processing device for

removing signals based on vibration waves generated by a seismic source device from
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vibration signals received by a vibration receiving device. The signal processing device
comprises a storage that stores vibration signals received by the vibration receiving
device, a separating part that separates individual periodic signals having a period
according to a periodicity of the vibration wave generated by the seismic source device
from the stored vibration signals, a calculating part that calculates a standard periodic
signal from the separated individual periodic signals, and a generating part that generates
differential signals indicating the difference between the vibration signals received by the
vibration receiving device and the standard periodic signal.
[0019] In the second aspect of the present disclosure, a signal processing method for
removing signals due to a vibration wave generated by a seismic source device from
vibration signals received by a vibration receiving device is provided. The signal
processing method comprises storing vibration signals received by the vibration
receiving device, separating individual periodic signals having a period according to a
periodicity of the vibration wave generated by the seismic source device from the stored
vibration signals, calculating a standard periodic signal from the separated individual
periodic signals, and generating differential signals indicating the difference between the
vibration signals received by the vibration receiving device and the standard periodic
signal.
EFFECT OF THE INVENTION
[0020] According to the present invention, influences due to a vibration wave generated
from a seismic source device can be removed.
BRIEF DESCRIPTION OF THE DRAWINGS
[0021] FIG. 1 shows a system configuration of a vibration detection system.

FIG. 2 shows a vibration wave generated by a seismic source device.

FIG. 3 shows a block diagram of a function configuration of a signal processing
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device.

FIG. 4 shows an outline of control by a controlling part of the signal processing
unit.

FIG. 5A shows an example of measured vibration signals received by a vibration
receiving device.

FIG. 5B schematically shows a result of a discrete Fourier transform of the
measured vibration signals.

FIG. 6 shows a flow chart showing a flow of a process of the controlling part.

FIG. 7 shows a configuration of a seismic source device.

FIG. 8 shows the vibration wave generated by the seismic source device.

FIG. 9 shows an example of the measured vibration signals received by the
vibration receiving device.

FIG. 10 shows an example of a calculation method of a standard periodic signal
during a reversal period.

FIG. 11 shows a system configuration of the vibration detection system
including two seismic source devices.

FIG. 12 schematically shows a result of a discrete Fourier transform of the
measured vibration signals.

FIG. 13 shows an installation example of the seismic source devices and the
vibration receiving devices during the experiment.

FIG. 14 shows an example of the result of the experiment.
DETAILED DESCRIPTION OF THE INVENTION
[0022]
[Outline of the vibration detection system S]

First, an outline of a vibration detection system S of the present disclosure is explained

6



CA 02947662 2016-11-01

with reference to FIG. 1. FIG. | schematically shows a system configuration of the
vibration detection system S. As shown in FIG. 1, the vibration detection system S
includes a signal processing device 1, a seismic source device 50, and a plurality of
vibration receiving devices 60. It should be noted that the signal processing device 1,
the seismic source device 50, and the vibration receiving devices 60 are synchronized by
a global positioning system (GPS) 100.

[0023] The seismic source device 50 artificially generates a controlled stationary
vibration wave and radiates it into the underground. Here, an outline of the vibration
wave generated by the seismic source device 50 is shown in FIG. 2. As shown in FIG. 2,
the seismic source device 50 generates the vibration wave repeated at a prescribed period
(for example, 200 seconds). The vibration wave generated from the seismic source
device 50 has sweep waveforms in which the frequency varies at a prescribed period.
Specifically, the seismic source device 50 of the present exemplary embodiment
generates the vibration wave in which the frequency varies from 5 Hz to 50 Hz at a
period of 200 seconds.

[0024] The plurality of vibration receiving devices 60 are seismographs with three axes
(XYZ) that are each installed at different points. Each of the vibration receiving
devices 60 measures vibration in the ground at the installed point by receiving vibration
signals based on the vibration wave (responsc wave) that is gencrated from the seismic
source device 50 and is transmitted via the ground. Here, in a case where hydraulic
fracturing is performed in the vicinity of the vibration receiving device 60 and in a case
where a natural earthquake occurs, the vibration receiving device 60 receives the
vibration signals due to a microseism caused by the hydraulic fracturing and the
vibration signals due to the natural earthquake in addition to the vibration signals due to

the vibration wave generated by the seismic source device 50. Hereinafter, the
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vibration signals received by the vibration receiving device 60 are referred to as
measured vibration signals. The measured vibration signals include the vibration
signals due to the microseism and the natural earthquake in addition to the vibration
signal due to the vibration wave generated from the seismic source device 50, and the
vibration signals due to the microseism and the natural earthquake are referred to as
differential signals.

[0025] The signal processing device 1 is connected to each of the plurality of vibration
receiving devices 60 so as to communicate with them, and acquires and analyzes the
measured vibration signals received by the vibration receiving devices 60. Specifically,
the signal processing device 1 removes the influence due to the vibration wave of the
seismic source device 50 from the measured vibration signals and extracts the differential
signals. It should be noted that the signal processing device 1 may be also connected to
the seismic source device 50 so as to communicate with it, and may obtain various pieces
of information from the seismic source device 50 as needed. A specific configuration
of the signal processing device 1 for extracting the differential signals is explained
below.

[0026]

[Configuration of the Signal Processing Device 1]

FIG. 3 shows a block diagram of a function configuration of the signal processing device
1.

As shown in FIG. 3, the signal processing device 1 includes a communicating part 2, a
storage 3, and a controlling part 4.

[0027] The communicating part 2 sends and receives various pieces of information with
each of the seismic source device 50 and the vibration receiving devices 60 through a

prescribed wired or wireless communication line. For example, the communicating part
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2 receives the measured vibration signals measured by each of the vibration receiving
devices 60 from each of the vibration receiving devices 60. The measured vibration
signals received from the vibration receiving device 60 are supplied to the controlling
part 4, the influence due to the vibration wave of the seismic source device 50 is
removed, and the differential signals are extracted therefrom in the controlling part 4.
Further, the communicating part 2 receives log information about operation of the
seismic source device 50 from the seismic source device 50. The signal processing
device 1 can calculate the vibration wave generated from the seismic source device 50 by
analyzing this log information. As shown in FIG. 2, because the seismic source device
50 is precisely controlled during the normal operation, the vibration wave to be
generated is controlled.  On the other hand, because the control of seismic source device
50 is not stable during the below-mentioned reversal period, the vibration wave to be
generated is also not stable. The signal processing device 1 can calculate the vibration
wave by using the log information even during such a period when the control is not
stable.

[0028] Returning to FIG. 3, the storage 3 includes, for example, a read only memory
(ROM) and a random access memory (RAM). The storage 3 stores various programs
and various pieces of data for making the signal processing device 1 operate. Further,
the storage 3 stores various pieces of information received from the seismic source
device 50 and vibration receiving devices 60 through the communicating part 2.
Specifically, the storage 3 stores the measured vibration signals received by the vibration
receiving device 60, the log information received by the seismic source device 50, and
the like.

[0029] It should be noted that a transfer function of the ground may vary according to

the environmental condition such as weather and temperature, and the vibration wave
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generated from the seismic source device 50 may be received as different vibration
signals by the vibration receiving device 60 when the environmental condition is
different. In an extreme example, in a cold district where the ground freezes in winter
and the frozen ground thaws out in summer, the transfer function of the frozen ground in
winter differs from the transfer function of the mud in summer and the vibration signals
received by the vibration receiving device 60 also differ from each other. It should be
noted that, as shown in the below-mentioned FIG. 14, the influence due to rainfall was
actually confirmed. Accordingly, the storage 3 may storc thc measurcd vibration
signals (specifically, the below-mentioned standard periodic signals) received by the
vibration receiving device 60 in association with the environmental condition.

{0030} The controlling part 4 includes, for example, a central processing unit (CPU).
The controlling part 4 controls the functions related to the signal processing unit 1 by
executing the various programs stored in the storage 3. Specifically, the controlling part
4 extracts, from the measured vibration signals received by the vibration receiving device
60, the differential signals by removing the influence based on the vibration waves of the
seismic source device 50 from the measured vibration signals.

[0031] Here, an outline of the control by the controlling part 4 is shown in FIG. 4. In
the normal operation state, the vibration wave generated from the seismic source device
50 is precisely controlled and has periodic sweep waveforms. Accordingly, the
vibration receiving device 60 periodically receives substantially constant measured
vibration signals in a state where no other vibrations such as a natural earthquake are
generated. In the present exemplary embodiment, such substantially constant measured
vibration signals are calculated as standard periodic signals.

[0032] On the other hand, when the natural earthquake occurs, the vibration receiving

device 60 receives the measured vibration signals based on the vibration waves generated
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from the seismic source device 50 and the vibration wave caused by the natural
carthquake and the like. Accordingly, the controlling part 4 removes the influence of
the vibration receiving device 60 by subtracting the standard periodic signals from the
measured vibration signals received by the vibration receiving device 60 and extracts
only the differential signals based on the vibration waves caused by the natural
earthquake and the like. More specifically, individual periodic signals having the same
length as the length of the standard periodic signals are separated from the measured
vibration signals, and the differential signals arc extracted by subtracting the standard
periodic signals from these individual periodic signals. Hereinafter, a specific
configuration of the controlling part 4 is explained.

[0033]

[Control during the normal operation]

First, the control performed by the controlling part 4 during the normal operation of the
seismic source device 50 is explained. Here, a seismic source device for generating
only either one of vertical or horizontal vibration waves and a seismic source device for
generating both vertical and horizontal vibration waves are known as a seismic source
device for generating artificial vibration wave. For example, a seismic source device
for generating the vibration wave by applying a vertical vibration to the surface of the
ground is a seismic source device that generates only the vertical vibration wave, and a
seismic source device for generating the vibration wave by rotating an eccentric weight
like the above-mentioned ACROSS is a seismic source device that generates both
vertical and horizontal vibration waves. The control during the normal operation
explained below can be preferably applied to both of these seismic source devices.

[0034] Returning to FIG. 3, the controlling part 4 includes a separating part 41, a

calculating part 42, and a generating part 43.
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[0035] The separating part 41 separates the individual periodic signals having a period
according to a periodicity of the vibration wave generated by the seismic source device
50 from the measured vibration signals received by the vibration receiving device 60.
Here, the period according to the periodicity of the vibration wave generated by the
seismic source device 50 is “a period of the vibration wave generated by the seismic
source device 50 x N (N = an integer of 2 or more).” In the present exemplary
embodiment, since the period of the vibration wave generated by the seismic source
device 50 is 200 seconds, the separating part 41 separates the individual periodic signals
at, for example, every 400 seconds (N = 2) from the measured vibration signals.

[0036] The calculating part 42 calculates the standard periodic signals from the
separated individual periodic signals. More specifically, a discrete Fourier transform of
the individual periodic signal is performed to calculate the standard periodic signal in
which the influence of variation of the individual periodic signals is suppressed.
Although an arbitrary calculation method of the standard periodic signal can be used by
the calculating part 42, an example of the calculation method is explained with reference
to FIG. 5.

[0037] FIG. 5A shows an example of the measured vibration signals received by one
vibration receiving device 60. The horizontal axis indicates seconds and the vertical
axis indicates hours. Since the horizontal axis indicates “0 seconds to 3600 seconds,” a
column in FIG. 5A shows results of receiving the measured vibration signals in a
one-hour unit, and because the vertical axis indicates “1-hour to 24-hours,” FIG. 5A as a
whole shows the results of receiving the measured vibration signals in a one-day unit.
[0038] As mentioned above, the vibration signals at every 400 seconds among the
measured vibration signals received by the vibration receiving devices 60 are the

individual periodic signals. The calculating part 42 performs the discrete Fourier
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transform on the individual periodic signals that are each 400 seconds. FIG. 5B
schematically shows a result of the discrete Fourier transform. The seismic source
device 50 in the normal operation is precisely controlled such that the vibration wave has
sweep waveforms at every 200 seconds. Accordingly, when the discrete Fourier
transform is performed at every 400 seconds, a spectrum of the vibration wave generated
from the seismic source device 50 appears in every 0.005 Hz (1/200), for example, a
frequency F = 5.000, 5.005, 5.010, ...49.995, 50.000 Hz. On the other hand, at the
frequency F + 0.0025 Hz (1/400), the spectrum of the vibration signals based on the
vibration wave of the seismic source device 50 does not appear, but noise such as a
ground motion noise appears.

[0039]

[The first calculation method of the standard periodic signal during the normal operation]
The calculating part 42 calculates the standard periodic signal by averaging a plurality of
individual periodic signals by using inverses of the variances of noise included in each of
the individual periodic signals as weights. Specifically, the calculating part 42
multiplies the inverse of the variance of a noise component appearing at the frequency F
+0.0025 Hz by the frequency F in which the vibration wave generated from the seismic
source device 50 appears, and obtains the average value of the plurality of individual
periodic signals. Then, the standard periodic signal is calculated by performing the
inverse Fourier transform on the calculated weighted average value. By using such an
inverse of the noise variance as a weight, the influence of noise can be an inverse of a
square root of M (i.e. 1 / ¥ M) where M is the number of the individual periodic signals
used for calculating the average value. That is, the influence of noise can be decreased
by increasing the number of stored individual periodic signals.

[0040]
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[The second calculation method of the standard periodic signal during the normal
operation]

Further, the calculating part 42 may calculate a median of the plurality of individual
periodic signals as the standard periodic signal. Specifically, the calculating part 42
calculates the standard periodic signal by obtaining the median of the plurality of
individual periodic signals of the frequency F at which the vibration wave generated
from the seismic source device 50 appears and by performing the inverse Fourier
transform.

[0041] In this manner, the standard periodic signal based on the controlled vibration
wave during the normal operation can be estimated by calculating the standard periodic
signal from a weighted average based on the noise variance or the median of frequency
components N,. It should be noted that a result of measurement of the vibration wave
generated from the seismic source device 50 varies according to the position where the
vibration receiving device 60 is installed. Therefore, the calculating part 42 calculates
the standard periodic signal for each of the plurality of vibration receiving devices 60.
Further, as mentioned above, the result of measurement of the vibration wave generated
from the seismic source device 50 varies according to the environmental condition such
as weather, temperature, and the like. Therefore, the calculating part 42 preferably
calculates the standard periodic signal according to the environmental condition.

[0042] Returning to FIG. 3, the generating part 43 subtracts the standard periodic signal
from the measured vibration signals received by the vibration receiving device 60 and
generates the differential signals indicating the difference between the measured
vibration signals and the standard periodic signal. At this time, the generating part 43
may generate the differential signals on the basis of the standard periodic signal

corresponding to the environmental condition at the time when the vibration receiving
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device 60 receives the measured vibration signals.

[0043] Here, when the measured vibration signals do not include vibration signals
based on other vibrations such as a microseism and a natural earthquake, the measured
vibration signals and the standard periodic signal substantially coincide during the same
period (400 seconds). On the other hand, when the measured vibration signals include
vibration signals based on other vibrations such as a microseism and a natural earthquake,
the measured vibration signals differ from the standard periodic signal by these vibration
signals even in the same period. Therefore, the vibration receiving device 60 can detect
the microseism, the natural earthquake, and the like by observing the differential signals
generated by the generating part 43 even in a state where the seismic source device 50 is
operating.

[0044]

[Processing flow during the normal operation]

FIG. 6 shows a flow chart showing a flow of process of the controlling part 4 during the
normal operation of the seismic source device 50.

[0045] In step Sl, the transmitting part 2 receives the measured vibration signals from '
the vibration receiving device 60, and the storage 3 stores the received measured
vibration signals. Subsequently, in step S2, the separating part 41 separates the
individual periodic signals having a period according to a periodicity of the vibration
wave generated from the seismic source device 50 from the measured vibration signals.
[0046] Next, in step S3, the calculating part 42 calculates the standard periodic signal
from the individual periodic signals. Specifically, the calculating part 42 calculates the
standard periodic signal on the basis of the weighted average that uses the inverse of the
variance of the frequency component N, + 0.0025 Hz corresponding to the noise as a

weight or the median of the frequency components Ny in which the vibration wave
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generated from the seismic source device 50 appears. Subsequently, in step S4, the
generating part 43 subtracts the standard periodic signal from the measured vibration
signals and removes the influence of the seismic source device 50.

[0047] The details of the control during a normal operation of the seismic source device
50 were explained above. The control in a case where the scismic source device 50 is
capable of performing a reverse operation is explained hereafter.

[0048]

[Outline of an active seismic exploration]

Roughly speaking, an active seismic exploration using the seismic source device 50 is an
exploration method that obtains a transfer function of the ground from the vibration
signals of the vibration wave generated from the seismic source device 50 and the
measured vibration signals received by the vibration receiving device 60, and that
performs an amplitude analysis, a travel-time analysis, and the like by using this transfer
function.

[0049] Here, the above-mentioned seismic source device that generates the vibration
wave by rotating an eccentric weight such as the ACROSS generates the vibration wave
in a vertical and in a horizontal direction. FIG. 7 schematically shows a configuration
of such a seismic source device 50, FIG. 7A shows a perspective view of the seismic
source device 50, and FIG. 7B shows a front view of the seismic source device 50. As
shown in FIG. 7A, the seismic source device 50 generates the vibration wave by
precisely controlling and rotating a weight 52 that is eccentric from a rotational axis 51
by a servomotor 53.

[0050] As shown in FIG. 7B, assuming that the seismic source device 50 generates the
vibration wave in the horizontal direction “X” and the vertical direction “Z” when the

weight 52 is rotated in the normal direction, the seismic source device 50 generates the
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vibration wave in the horizontal direction “-X*" and the vertical direction “Z” when the
weight 52 is rotated in the reverse direction. Accordingly, the seismic source device 50
generates the first vibration wave having the vibration signals with the first polarity in
the first period and generates the second vibration wave having the vibration signals with
the second polarity that has an inverse polarity of the first polarity in the horizontal
direction or the vertical direction in the second period whose length is the same as the
length of the first period. Specifically, the seismic source device 50 generates the
vibration wave in the horizontal direction “X” and the vertical direction “Z” by rotating
the weight 52 in the normal direction in the first period, and generates the vibration wave
in the horizontal direction “-X” and the vertical direction “Z” by rotating the weight 52
in the reverse direction in the second period.

[0051] Here, an example of the vibration wave generated by the seismic source device
50 is shown in FIG. 8. In FIG. 8, the horizontal axis indicates time (seconds) and the
vertical axis indicates the frequency with a sign of the vibration wave. FIG. 8(A) shows
the frequency of the vibration wave of one hour when the weight 52 is normally rotated,
and FIG. 8(B) shows the frequency of the vibration wave of the next one hour of FIG.
8(A) when the weight 52 is reversely rotated. It should be noted that, in FIG. 8, the
seismic source device 50 is standard operated (normally rotated or reversely rotated)
during “0 seconds to 2800 seconds,” and the seismic source device 50 is reversely
controlled during “2800 seconds to 3000 seconds.”  Further, during “3000 seconds to
3600 seconds,” a running-in operation (with counter clock-wise rotations or with
clock-wise rotations) for the next one hour is performed.

[0052] By adding the vibration wave generated from the seismic source device 50
during the clock-wise rotation to the vibration wave generated from the seismic source

device 50 during the counter clock-wise rotation, the horizontal direction component
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from the vibration wave can be removed, and by subtracting the vibration wave
generated from the seismic source device 50 during the counter clock-wise rotation from
the vibration wave generated from the seismic source device 50 during the clock-wise
rotation, the vertical direction component from the vibration wave can be removed. In
the same manner, by adding the measured vibration signals received by the vibration
receiving device 60 during the clock-wise rotation to the measured vibration signals
received by the vibration receiving device 60 during the counter clock-wise rotation, the
horizontal direction component from the measured vibration signals can be removed, and
by subtracting the measured vibration signals received by the vibration receiving device
60 during the counter clock-wide rotation from the measured vibration signals received
by the vibration receiving device 60 during the clock-wise rotation, the vertical direction
component from the measured vibration signals can be removed.

{0053] By using the vibration signals of vibration waves from which the horizontal
direction components or the vertical direction components are removed and the measured
vibration signals, the transfer function can be calculated focused in the vertical direction
or the horizontal direction and active seismic explorations from various viewpoints can
be performed.

[0054]

[A control in a reverse operation|

It should be noted that the seismic source device 50 that generates the vibration wave by
rotating the eccentric weight can control the vibration wave to be generated and can
ensure the reproducibility of the vibration wave to be generated in a condition where the
eccentric weight is capable of being rotated in a constant manner. The condition where
the eccentric weight is capable of being rotated in a constant manner corresponds to, for

example, the clock-wise operation (0 second to 2800 seconds) and the running-in
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operation (3000 seconds to 3600 seconds) in FIG. 8.

[0055] On the other hand, the eccentric weight must be accelerated in a reversal
direction after being decelerated and stopped in the reverse operation (2800 seconds to
3000 seconds). During such counter clock-wise operation in which the eccentric weight
is reversely rotated, the vibration wave generated from the seismic source device 50
cannot be precisely controlled and the reproducibility is lowered. A control using the
above-mentioned standard periodic signal during the clock-wise operation makes use of
the periodicity of the vibration wave generated from the seismic source device 50, and is
difficult to apply during the counter clock-wise operation when the reproducibility of the
vibration wave cannot be definitely ensured. Accordingly, the vibration detection
system S of the present disclosure enables detection of other vibrations such as a natural
earthquake by the below-mentioned method even when the seismic source device 50 is in
the reverse operation.

[0056]

[The first control during the reverse operation]

The vibration wave generated during a reversal period between the first period when the
seismic source device 50 normally rotates the eccentric weight and the second period
when the seismic source device 50 reversely rotates the eccentric weight is assumed to be
a transitional vibration wave. In the first control mentioned below, the calculating part
42 calculates the median of the measured vibration signals based on the transitional
vibration waves received by the vibration receiving device 60 in the plurality of reversal
periods as the standard periodic signal in the reversal period.

[0057] FIG. 9 shows an example of the measured vibration signals received by one
vibration receiving device 60. In a case where the rotation direction of the eccentric

weight is reversed every hour, 12 pieces of data of ecach of i) the measured vibration
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signals during the time when the eccentric weight is driven from the clock-wise rotation
to the counter clock-wise rotation and ii) the measured vibration signals during the time
when the eccentric weight is driven from the counter clock-wise rotation to the
clock-wise rotation can be obtained per day. The calculating part 42 obtains the median
of the plurality of measured vibration signals (12 pieces of data) and calculates the
standard periodic signal during the reversal period. Specifically, the calculating part 42
calculates the median of the measured vibration signals A1 to A12 within an arbitrary
time T during the reversal period as the standard periodic signal of the time when the
eccentric weight is driven from the clock-wise rotation to the counter clock-wise rotation.
Further, the calculating part 42 calculates the median of the measured vibration signals
B1 to B12 within the arbitrary time T during the reversal period as the standard periodic
signal of the time when the eccentric weight is driven from the counter clock-wise
rotation to the clock-wise rotation.

[0058] The calculating part 42 can remove the influence of the seismic source device
50 even during the reverse operation by subtracting the calculated standard periodic
signal from the measured vibration signals received by the vibration receiving device 60
during the counter clock-wise operation. The inventors of the present disclosure
performed the detection of vibration during the reverse operation by using the first
control and succeeded in detecting the ground motion of 50 p kines (= 5 x 10-7 m/s) with
the vibration receiving devices 60 except for the vibration receiving devices 60 in the
vicinity (10 m) of the seismic source device 50. Further, all of the vibration detecting
devices 60 succeeded in detecting the vibration having a predetermined magnitude or
more such as a natural earthquake.

[0059]

[The second control during the counter clock-wise operation]
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Furthermore, in the second control, the calculating part 42 calculates the transfer function
of the ground from the seismic source device 50 to the vibration receiving device 60
during the clock-wise operation (during the first period or the second period) of the
seismic source device 50, and calculates the standard periodic signal in the reversal
period on the basis of the transitional vibration wave during the counter clock-wise
operation and the calculated transfer function.

[0060] As shown in FIG. 10(A), when a vibration signal of the vibration wave
generated from the seismic source device 50 is assumed to be “f(w)” and a measured
vibration signal received by the vibration receiving device 60 is assumed to be “R(w),”
the transfer function H(w) of the ground from the seismic source device 50 to the
vibration receiving device 60 can be calculated by the following equation.

H(w) = 1/f{w) x R(w).

[0061] In the counter clock-wise operation, although the vibration wave generated from
the seismic source device 50 is not controlled and cannot be known in advance, the
signal processing device 1 can calculate the vibration wave actually generated from the
seismic source device 50 from the log information of the action of the seismic source
device 50 (for example, a position and a speed of the eccentric weight). Accordingly,
the calculating device 42 can obtain the vibration signal f{w) of the vibration wave
generated from the seismic source device 50 even during the reverse operation. Further,
because the transfer function H(w) of the ground from the seismic source device 50 to
the vibration receiving device 60 has already been calculated during the normal operation,
the standard periodic signal R’(®) can be calculated by the following equation:

R'(®) = H(w) * f{w).

[0062] By the calculating part 42 subtracting the standard periodic signal R’(w)

calculated in this manner from the measured vibration signal R(w) that is actually
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received by the vibration receiving device 60 during the reverse operation, the influence
of the seismic source device 50 can be removed and other vibrations such as a natural
earthquake can be detected even during the reverse operation when precise control is
difficult to perform.

[0063] It should be noted that, by taking a closer look, the transfer function H(w) varies
in a case where hydraulic fracturing is performed and a fracture is generated in the
ground during the normal operation. Although such variations are not negligible in
terms of a half a year's time or one year's time due to the accumulation of the variations,
a single instance or only a few instances of fracture generation is sufficiently negligible
in terms of the level of the vibration wave of the seismic source device 50. Accordingly,
the calculating part 42 can remove the influence of the seismic source device 50 and
detect other vibrations such as a natural earthquake even when using the transfer function
H(w) calculated during the normal operation in the vicinity of (for example, 24 hours
immediately before) the reverse operation.

[0064] It should be noted that, in the present exemplary embodiment, the seismic
source device 50 generates the vibration wave that varies between “5 Hz to 50 Hz”
during the clock-wise operation of the clock-wise rotation and generates the vibration
wave that varies between “-5 Hz to -50 Hz” during the normal operation of the counter
clock-wise rotation. Accordingly, during the clock-wise operation, the seismic source
device 50 generates the vibration wave within the range of “+5 Hz to £50 Hz” and the
calculating part 42 calculates the transfer function H(w) within the range of “+5 Hz to
+50 Hz.”

[0065] Here, because the polarity of the vibration signal of the vibration wave inverts
during the counter clock-wise operation, the seismic source device 50 generates the

vibration wave within the range of “5 Hz to -5 Hz.” In this respect, because the
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vibration wave within the range of “5 Hz to -5 Hz” does not occur during the clock-wise
operation, the transfer function H(w) within the range of “5 Hz to -5 Hz” cannot be
calculated. Accordingly, with the second control method, the calculating part 42 cannot
calculate the standard periodic signal R’(w) within the range of “5 Hz to -5 Hz” during
the reverse operation.

[0066] However, because the vibration wave within “5 Hz to -5 Hz” is sufficiently
small, it can generally be ignored, except by the vibration receiving devices 60 in the
vicinity of the seismic source device 50. The inventors of the present disclosure
actually performed the detection of vibration during the counter clock-wise operation by
using the second control and succeeded in detecting the ground motion of 50 p kines (=5
x 10-7 m/s) with a vibration receiving devices 60 that is 70 m away from the seismic
source device 50.

[0067] Further, because the vibration wave generated from the seismic source device 50
can be controlled, the influence of the seismic source device 50 can be reduced even
when there exists a range in which the calculating part 42 cannot calculate the transfer
function H(w). For example, by assuming the range of the vibration wave generated
from the seismic source device 50 to be not “+5 Hz to =50 Hz” but “£1 Hz to £50 Hz,”
the range in which the transfer function H(w) cannot be calculated can be reduced to “1
Hz to -1 Hz” and the influence of the seismic source device 50 can be sufficiently
reduced. The calculating part 42 may extrapolate the transfer function within the range
of 5 Hz to -5 Hz” in which the transfer function cannot be calculated from the transfer
function H(w) within the range of “+5 Hz to +50 Hz” calculated during the normal
operation and may use it.

[0068]

[Control when a plurality of the seismic source devices 50 is used]
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Because the accuracy of the active seismic exploration using the seismic source device
50 can be improved by increasing the number of transmission sources and destinations,
there may be a case where a plurality of the seismic source devices 50 are used. Next,
control performed when the plurality of seismic source devices 50 are used is explained.
[0069] As shown in FIG. 11, when the plurality (two) of seismic source devices 50A
and 50B are used, the measured vibration signals received by the vibration receiving
devices 60 must be properly separated into the vibration signals based on the vibration
waves generated from each of the seismic source devices SOA and 50B. Accordingly,
the seismic source devices S0A and 50B each generate the vibration waves at different
frequencies. In the example shown in FIG. 11, the frequency of the vibration wave
generated from the seismic source device 50A is assumed to be “N (5 Hz to 50 Hz)” and
the frequency of the vibration wave generated from the seismic source device 50B is
assumed to be “N + 0.0025 Hz (5.0025 Hz to 50.0025 Hz).” When the seismic source
devices S0A and 50B arc controlled in such a manner, the phases of the seismic source
devices 50A and 50B are opposite at every 200 seconds and the phases of the seismic
source devices S0A and 50B are the same at every 400 seconds.

[0070] Accordingly, the separating part 41 separates the individual periodic signals
having a period according to a periodicity of the respective vibration waves generated
from the seismic source devices 50A and 50B from the measured vibration signals
reccived by the vibration receiving devices 60. In the ¢xample shown in FIG. 11,
because the phases of the seismic source devices 50A and 50B are the same at every 400
seconds, the separating part 41 separates the individual periodic signals of, for example,
every 800 seconds from the measured vibration signals.

[0071] Then, when the calculating part 42 performs a discrete Fourier transform on the

separated individual periodic signals (800 seconds), the spectrum of the vibration wave
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generated from the seismic source device S0A appears at the frequency N = 5.000, 5.005,
5.010, ... 49.995, 50.000 Hz, and the vibration wave generated from the seismic source
device 50B appears at the frequency N + 0.0025 = 5.0025, 5.0075, 5.0125, ... 49.9975,
50.0025 Hz as shown in FIG. 12. Hence, the vibration signals based on the vibration
waves generated from the seismic source devices S0A and 50B can be properly
separated.

f0072] It should be noted that an explanation of the details about the control thereafter
is omitted because the control is similar to the controls already explained above, but one
example is explained. Because the spectrums of the vibration waves of the seismic
source devices S0A and 50B do not appear and noise such as ground motion noise
appears in the frequency N + 0.00125, the calculating part 42 can calculate the standard
periodic signal by the weighted average using an inverse of the noise variance and the
like in the same manner as explained in “The first calculation method of the standard
periodic signal during the normal operation.”

[0073]

[Experimental data]

The exemplary embodiment of the vibration detection system S of the present disclosure
was explained above. Next, a portion of the data from the experiment performed by the
inventors of the present disclosure at the Kashiwazaki test field is shown in FIGS. 13 and
14. As shown in FIG. 13, the inventors installed two seismic source devices 50A and
50B and 10 vibration receiving devices 60A to 60J in the test field, and performed the
experiment to remove the influence due to the vibration waves generated from the
seismic source devices 50A and 50B from the measured vibration signals received from
the vibration receiving devices 60A to 60J. FIG. 14 shows original waveforms of the

measured vibration signals in the vibration receiving device 60G (FIG. 14A) and signal

25



CA 02947662 2016-11-01

waveforms of the differential signals after the influence is removed (FIG. 14B).

[0074] In the present experiment, the inventors calculated the standard periodic signal
by using the weighted average using an inverse of the noise variance during the normal
operation “0 seconds to 2800 seconds™ and during the running-in “3000 seconds to 3600
seconds” and removed the influence of the vibration waves of the seismic source devices
50A and 50B. Further, the inventors calculated the standard periodic signal from the
median of the plurality (12) of measured vibration signals during the reverse operation of
“2800 seconds to 3000 seconds,” and removed the influence of the vibration waves of
the seismic source devices S0A and 50B. Furthermore, for comparison, a process for
removing the influence was not performed with respect to “3000 seconds to 3600
seconds” in the 24th hour.

[0075] With reference to FIG. 14, it can be confirmed that the influence of the vibration
waves of the seismic source devices 50A and 50B was properly removed. As a result,
for example, the natural earthquake that occurred at the time indicated by a reference
numeral 111 could be properly detected. It should be noted that the signal waveforms
after being processed at the time indicated by a reference numeral 112 are slightly
disordered. The inventors checked the weather data and confirmed that it was raining at
the time indicated by the reference numeral 112. Hence, it was found that the
environmental condition such as weather and temperature and the measured vibration
signals received by the vibration receiving device 60 are significantly correlated.

[0076]

[Effect of the vibration detection system S]

According to the vibration detection system S of the present disclosure explained above,
the following effects are expected.

[0077] The vibration detection system S separates the individual periodic signals from
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the measured vibration signals received by the vibration receiving device 60. Because
the individual periodic signals are to be separated every period according to the
periodicity of the vibration waves generated from the seismic source device 50, a normal
periodic signal (the standard periodic signal) including no other vibration signal can be
calculated by comparing the plurality of individual periodic signals even when the
measured vibration signals include other vibration signals caused by a natural earthquake
or the like. The standard periodic signal calculated in such a manner can remove the
influence of the vibration wave of the seismic source device 50 by subtracting the
standard periodic signal from the measured vibration signals received by the vibration
receiving device 60 because the influence of other vibration waves such as a natural
earthquake is removed and the influence by the vibration signals based on the vibration
wave of the seismic source device 50 appears. In this manner, the vibration receiving
device 60 can detect other vibrations such as a natural earthquake even during the
operation of the seismic source device 50.

[0078] It should be noted that the seismic source device 50 is suitable for exploration of
ground with various geological features by generating the vibration wave in which the
frequency varies within the period.

[0079] Further, the standard periodic signal in which the influence of the other
vibrations such as a natural earthquake is removed can be calculated by calculating the
standard periodic signal by using the weighted average using the inverse of noise
variance and the median of the frequency components in which the vibration wave of the
scismic source device 50 appears.

[0080] Moreover, because the environmental condition such as weather and
temperature significantly correlates with the measured vibration signals received by the

vibration receiving device 60, other vibrations such as a natural earthquake can be
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detected even when it rains during the operation of the seismic source device 50 by
storing the standard periodic signal in association with the environmental condition.
[0081] Furthermore, in the vibration detection system S, the seismic source device 50
generates the first vibration waves having the vibration signals with the first polarity and
generates the second vibration waves having the vibration signals with the second
polarity that is an inversion of the first polarity in the horizontal direction or the vertical
direction, and the seismic source device 50 is controlled so as to alternately repeat the
first period in which the first vibration wave is generated and the second period in which
the second vibration wave is generated. In the vibration detection system S, the
horizontal direction component and the vertical direction component generated from the
seismic source device 50 can be removed by adding or subtracting the measured
vibration signals that are the results of receiving these first vibration waves and the
measured vibration signals that are the results of receiving the second vibration waves.
As a result, the vibration detection system S can perform the active seismic exploration
from various viewpoints.

[0082] It should be noted that although the vibration wave to be generated can be
precisely controlled during the normal operation of the seismic source device 50, the
vibration wave to be generated cannot be precisely controlled during the reverse
operation that inverses the polarity. In this respect, the vibration detection system S can
remove the influence of the vibration wave of the seismic source device 50 with a
precision of a practical level by using the median of the measured vibration signals that
arc the result of receiving the transitional vibration wave during the reverse operation
and the transfer function H(w) calculated during the normal operation. Accordingly,
other vibrations such as a natural earthquake can be detected even during the reverse

function of the seismic source device 50.
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{0083] Further, even when the plurality of seismic source devices 50 are installed, the
vibration detection system S can precisely perform the active seismic exploration since it
can remove the influence of the vibration waves of each of the seismic source devices 50.
[0084] The present invention is described with the exemplary embodiments of the
present disclosure but the technical scope of the present invention is not limited to the
scope described in the above embodiment. It is apparent for those skilled in the art that
it is possible to make various changes and modifications to the embodiment. It is
apparent from the description of the scope of the claims that the forms added with such
changes and modifications are included in the technical scope of the present invention.
[Description of the reference numerals]

[0085]

1 signal processing device

2 communicating part

3 storage

4 controlling part

41 separating part

42 calculating part

43 generating part

50 seismic source device

60 vibration receiving device

S vibration detection system
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CLAIMS

1. A vibration detection system, comprising:

a scismic source device that generates a vibration wave repeated with a
prescribed period by rotating an eccentric weight, the seismic source device varying the
frequency of the vibration wave to be generated within the period by changing a rotation
speed of an eccentric weight;

a vibration receiving device that receives response waves due to the vibration
wave transmitted via the ground; and

a signal processing apparatus that processes vibration signals according to the
response waves received by the vibration receiving device, wherein the signal processing
apparatus including:

a storage including a memory that stores vibration signals received by the
vibration receiving device while the seismic source device is generating the vibration
wave, the vibration signals containing a signal based on (i) the vibration wave and (ii) a
signal based on microseism or a natural earthquake;

a separating part that separates individual periodic signals having a period
according to a periodicity of the vibration wave generated by the seismic source device
from the stored vibration signals;

a calculating part that calculates a standard periodic signal from the separated
individual periodic signals; and

a generating part that gencrates differential signals indicating the difference
between the vibration signals received by the vibration receiving device and the standard
periodic signal, the differential signal corresponding to a signal based on the microseism

or the natural earthquake.
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2. The vibration detection system according to claim 1, wherein
the calculating part calculates the standard periodic signal by averaging the
individual periodic signals by using inverses of the variances of noise included in each of

the individual periodic signals as weights.

3. The vibration detection system according to claim 1, wherein
the calculating part calculates a median of the individual periodic signals as the

standard periodic signal.

4. A vibration detection system, comprising:

a secismic source device that generates a vibration wave repeated with a
prescribed period by rotating an eccentric weight;

a vibration receiving device that receives response waves due to the vibration
wave transmitted via the ground; and

a signal processing apparatus that processes vibration signals according to the
response waves received by the vibration receiving device, wherein the signal processing
apparatus including:

a storage including a memory that stores vibration signals received by
the vibration receiving device while the seismic source device is generating the
vibration wave, the vibration signals containing a signal based on (i) the vibration
wave and (i1) a signal based on microseism or a natural earthquake;

a separating part that separates individual periodic signals having a
period according to a periodicity of the vibration wave generated by the seismic

source device from the stored vibration signals;
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a calculating part that calculates a standard periodic signal from the
separated individual periodic signals; and
a generating part that generates differential signals indicating the
difference between the vibration signals received by the vibration receiving
device and the standard periodic signal, the differential signal corresponding (o a
signal based on the microseism or the natural earthquake,
wherein
the storage stores the standard periodic signal calculated by the calculating part
in association with an environmental condition, and
the generating part generates the differential signals on the basis of the standard
periodic signal that is associated with an environmental condition at the time when the

vibration receiving device received the vibration signals.

5. A vibration detection system, comprising:
a scismic source device that gencrates a vibration wave repeated with a
prescribed period by rotating an eccentric weight;
a vibration receiving device that receives response waves due to the vibration
wave transmitted via the ground; and
a signal processing apparatus that processes vibration signals according to the
response waves received by the vibration receiving device, wherein the signal processing
apparatus including:
a storage including a memory that stores vibration signals received by
the vibration receiving device while the seismic source device is generating the
vibration wave, the vibration signals containing a signal based on (i) the vibration

wave and (i1) a signal based on microseism or a natural earthquake;
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a separating part that separates individual periodic signals having a
period according to a periodicity of the vibration wave generated by the seismic
source device from the stored vibration signals;

a calculating part that calculates a standard periodic signal from the
separated individual periodic signals; and

a generating part that generates differential signals indicating the
difference between the vibration signals received by the vibration receiving
device and the standard periodic signal, the differential signal corresponding to a
signal based on the microseism or the natural earthquake,

wherein

the seismic source device is a seismic source device that generates vibration
waves including a horizontal vibration and a vertical vibration, generates a first vibration
wave corresponding to a vibration signal with a first polarity in a first period, and
generates a second vibration wave corresponding to a vibration signal with a second
polarity that has an inverse polarity of the first polarity in the horizontal direction or the
vertical direction in the second period whose Iength is the same as the length of the first

period.

6. The vibration detection system according to claim 5, wherein

the seismic source device generates a transitional vibration wave during a
reversal period between the first period and the second period, and

the calculating part calculates a median of vibration signals due to the
transitional vibration waves received by the vibration receiving device during the

reversal period as the standard periodic signal during the reversal period.

33

Date Regu/Date Received 2021-10-13



7. The vibration detection system according to claim 5, wherein

the seismic source device generates a transitional vibration wave during a
reversal period between the first period and the second period, and

the calculating part calculates the standard periodic signal on the basis of (i) a
transfer function of the ground calculated in the [irst period or the second period and (ii)

the transitional vibration wave.

8. The vibration detection system according to any one of claims 1 to 7, comprising:
a plurality of seismic source devices that generate the vibration waves whose

frequencies are different from each other.
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