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DESCRIPTION
SUBSURFACE EXPLCRATION METHOD
TECHNICAL FIELD
[CCO1]
This application claims the benefit of Japanese patent
application No. 2009-25282, filed on November 12, 2009, the

contents of which are hereby incorporated by reference hereil

o]

in its entirety.
[oooz]

The present invention relates to a subsurface exploration
method for nondestructively visualizing and exploring the
ground using elastic waves (including acoustic waves), and in
particular, to a method for extensively, at a time,
visualizing structures under the ground including concrete
structures and base rock, and the presence of local looseness,
cavities or gravels contalned therein.

BACKGROUND ART
[0003]

As a method for nondestructively visualizing and
exploring the ground using elastic waves (for example,
acoustic waves), a nmethod called "elastic {(siesmic) wave
tomography” is available. Methods of the elastic wave
tomography are classified depending upon means of generating
elastic waves and layout for propagating elastic waves. When

roughly classifiled from the viewpcint of means of generating
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elastic waves, the elastic wave tomography 1s classified into
a transmitter for generating elastic waves by blasting or
mechanically, and a transmitter for generating elastic waves
by use of piezoelectric ceramics or magnetostrictive materizl
emploving a piezoelectric effect or a magnetostrictive sffect.
Next, when roughly classified from the viewpoint of layout,
the elastic wave tomography is classified into a reflection
method and a2 refraction method using blasting from the surface
of the ground, and a cross hole (borehole-to-borehole)
tomography method using boreholes.

[0004]

The cross hele tomography has a method as shown in Patent
Literature 1. This method 1s applicable to subsurface
explioration in the design of a foundation structure,
exploration of underground obstructions and the like by making
an exploration using intrinsic attenuation (referred to as
"viscous attenuation") under the ground as well as elastic
wave velocity.

CITATION LIZT

PATENT DCCUMENT

(00057

Patent Document 1 Japanese Patent Application Lzid-Open
No. Hei. 10-68779

SUMMARY OF THE INVENTION

PROBLEMS TC BE SOLVED BY THE INVENTION
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10006)

However, the Viscous attenuation handled in Patent
Literature 1 is based on Biot theory and 1s intended for only
attenuation generated by the friction between scil particles
and water in the vicinity thereto during propagation of
elastic waves in the ground under a2 state saturated with water
{refer to Fig. £4A)., On thes contrary, in the actual ground,
attenuation occurs under & state including reflection or
transmission as well as viscous attenuation. More specifically,
there is a difference between attenuation in the actual ground
and viscous attenuation and it is difficult to take a concern
by removing only viscous attenuaticn from the attenuation in
the actual ground. Accordingly, a state of the ground may be
impossible to determine with high precision and thus
misinterpretation may occur.

[0007]

In view of the foregoing problems, it is an object of the
present invention tTo provide a subsurface exploration method
capable of avoiding misinterpretation of the ground by
determining a state of the ground with high precisiocn.

MEANS FOR SOLVING THE PROBLEMS
[0oo08]

According to a first aspect of the present invention,
there is provided a subsurface exploration method for
nondestructively visualizing the ground using an elastic wave,

3
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the method including: installing a receiver and a transmitter
that transmits the elastic wave at known positions of the
ground; causing the transmitter to transmit the elastic wave;
causing the receiver to receive the elastic wave having
propagated through a path under the ground from the
transmitter toward the recelver; obtaining a damping factor
and a velocity of the elastic wave having propagated; and
setting one or more damping factor threshold values for the
damping factor and one or more velocity threshold values for
the velocity based on an attenuation of the elastic wave
expressed as a sum of distance attenuation increasing with a
distance propagated by the elastic wave, viscous attenuation
generated by friction between soil particles and water,
resulting from vibrations between the soil particles and water
not agreeing with each other while the elastic wave is passing,
transmission attenuation caused by converting the elastic wave
into thermal energy when the elastic wave is emitting into and
penetrating through the ground composing substance with
different density, and a scattering attenuation caused by
reflection or scattering while the elastic wave is emitting
into the ground composing substance with different density;
and performing case classification in combination with the
damping factor and the velocity; and comparing the damping
factor and the velocity to the damping threshold value and the

velocity
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threshold value, thereby determining a state of the ground.
[cCc09]

According to a second aspect of the present invention,
the state of the ground is determined mainly on a difference
between granularities of primary components of the ground
including sand, gilt or clay by comparing the velocity
threshold value to the velocity, and the state of the ground
ig determined mainly on a difference between saturated state
of the ground from a loose state containing bubbles, boulder
stoneg, and gravels to a hard state of the ground by comparing
the damping factor threshold value to the damping factor.
{oCclo]

According to a third aspect of the present invention, the
state of the ground is determined as a state of sand, loose
sand or sand with gravel; a state of hard clay or dense sand;
a state of clay containing bubbles or sand containing bubbles;
or a state of loose clay or clay.

[0011]

According to a fourth aspect of the present invention,
the ground is concrete or base rock, and the presence of a
crack in the concrete or in the base rock and space made by
the crack that gas and/or liquid exists are determined by the
velocity threshold value and a ground formation medium

existing in the crack is determined by the
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damping factor threshold value,
[oclzs

According to a fifth aspect of the present invention, the
elastic wave is based on & single carrier freguency modulated
by a pseudo-random signal.

[0013]

According to a sixth aspect of the present invention, the
damping factor and the velocity are obtained by correlation
operation between the pseudo-random signal and the received
elastic wave.

(0014]

According to a seventh aspect of the present invention,
all the transmitter and the receiver are installed under the
ground.

ADVANTAGEQUS EFFECTS CF THE INVENTION

The present invention provides highly precise
determination for a state of the ground and avoidance of
misinterpretation of the ground. More specifically, the
following items become available.

[00l6]

Since attenuation of an elastic wave in the actual ground
is determined and the determinaticon result is used to
determine a state of the ground, the state of tThe ground can

be exactly determined by a coembination with a velocity of an
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elastic wave under the ground.
even when a high

[0017]
If a pseudo~random signal is used,
an elastic wave can

freguency is used as a carrier freqguency,

pe propagated a iong distance and thus highly precise

measurement and measurement having little adverse effect of

avallable,

background noise are

OF THE DRAWINGS

BRIEF DESCRIPTICHN

[0618]
1s a schematic view showing a subsurface

-
i

Fig. 1
exploration system according to a first embodiment of the

present invention;
Fig. 2 is a schematic view showing a layout relationship
and receivers;

o

of the ground, transmitters
3 1is a schematic view showing that velocity and
or each block of the ground by

-

Fig.

damping factor are obtained

the tomography method;
Fig. 4 is a schematic view for describing major

attenuations of an elastic wave;
20 ig. 5 is a flowchart for determining a state cof the
ground freom a velocity and a damping elastic wave

Fr}

first embodiment ¢f the present invention:
g a state

to 1
€ is a schematic view schematically showin
factor o

=
b

according
a damping

Fig.
of the ground relative to & velocity and

an =lastic wave in the same embodiment:
7
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Fig. 7 is a2 schematic view showing a state of the ground
capable of being determined from a veloclty and a damping
factor of an elastic wave according to a2 second embodiment of
the present invention;

Fig. 8 is a cross-sectional view of the ground obtained
from a velocity distribution chart and a damping factor
distribution chart obtained by actual measurement in the
second empodiment of the present invention;

Fig. 9 is a schematic view showing a state of the ground
capable of being determined from a graph plotting velocities
and damping factors obtained in.FIG. 8; and

Fig. 10 is a schematic view schematically showing a
relationship between a velocity and a damping factor of an
elastic wave according to a third embodiment of the present
invention.

MODE FOR CARRYING OQOUT THE INVENTION
[0019]

Embodiments of the present invention will be described
below with reference to tThe accompanying drawings.
[0020]

Referring first to Fig. 1, the overall configuration cof a
subsurface exploration system according to a first embodiment
will be described below. Hereinafter, sven when embodiments
are different, the components will be dencted by the same

reference numerals (including the conventiconal art).
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Euwl

A subsurface exploration system 100, as shown in Fig. 1,
includes: a transmitter (SOR) 120 that transmits an elastic

wave 102; a receiver (RECZ) 24 that regeives the elastic waves

el

102 propagating through a path 104A under the ground 104; and
an analyzer (ANE) 132 that determines a state cof the ground
104 existing therebetween on the basis of the received elastic
wave 102 (a received wave). Additionally, the subsurface
exploration system 100 incliludes a freguency gensrator (EFNG)
112 that determines a single frequency signal (a carrier
frequency; to be output, and a phase converter {(PHC) 114 that
prhase-converts a single freguency signal output from the
freguency generator 112 to be used as a PRBS signal (described
later) of one pseudc-random signal. The analvyzer 132 can
cbtain cross-sectional images of the ground 104 between the
receiver 124 and the transmitter 120, from the elastic waves

10

B8

recelivers 124, (& method for

[t s

received by the pluralitv o
obtaining cross-sectional images 1s publicly known as the
tomography method. )
00223

Accordingly, the subsurface exploration system 100 can
nondestructively visualizes and explores the ground 104 using

elastic waves, as an elastic wave tomography apparatus.

[(0023]

Respectilve components will be described in detall below.
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[00241

In the grouna 104, as shown in FIG. 2, boreholes 106 {(two

(6]

in Fig. 2) extending in the vertical direction of a paper fac

are spaced at a predetermined interval. One borehole 106 (left
side in Fig. 2) is defined so that one transmitter 120 is
allowed to transmit while moving 1n the vertical direction at

predetermined intervals. In the other borehcle 106 (right side
in Fig. 2), a plurality of receivers 124 are spaced at
predetermined intervals in the vertical direction. (More

he tr

ot

specifically, nsmitters 120 and the receivers 124 ars

4]

installed at known positions of the ground.) In the boreholes
106, all the transmitters 120 and the receivers 124 are
installed {installed under the ground 104)}. Accordingly, the
receivers 1Z4 can recelive intermnal information of the ground
104 more stably than when either or poth of the transmitter
and the receliver 1ls placed on a surface of the ground 104. The
transmitters 120 and the receivers 124 will be described again
later.

[G0Z25]

The freguency generator (FNG) 112 can digitally output a
carrier signal that 1s a continucus sinusoidal signal of any
frequency {& single fregquency) as a single freguency signal (a
carrier frequency). Alsc, 1t may be said that the Ireguency
generator 112 is provided with Irsquency determination means

that selects and determines a single freguency cof an elastic

10



o]
[S4]

20

PCT Article 34 Amendment

wave 10Z. The freguency determination means may be configured
from, for example, a circuit including a CPU.
[0026]

B phase converter (PHC) 114 is connected to the freguency
generator 112. The phase converter 114 phase-converts a
single~frequency digital signal (a single freguency signal)
cutput from the freguency generator 112 with a& PRBS code. L
PRBS signal that is one of pseudo-random signals is output to
a D-A converter 116. (More specifically, a carrier frequency
of the PRBS signal is a single freguency.) The output is made
Lo an analyzer 132 as well. The PRES code is a pseudo-random
binary sequence code. The PRES code uses, for example, an M

sequence (maximal-length seguences) the cycle of which is

|t

ongest, of code seqguences generated by a feedback among shift
registers in the phase converter 114. Thus, the PRBS symbol is
(2°~1) and, for example, the wave number is 4095 at n = 12 and
exclusiveness is very strong. Accordingly, when an auto-
correlation is calculated, 3 peak of the correlation value is
high and an S/N ratic becomes very high in combination with
the advantageous effects of a pulse compression technology. In
this way, the phase converter 114 phase-converts a single
frequency sicgnal of a freguency input from the frequency
generator 112 with a PRBS code generated in an own interior.
The PRBS code may be introduced from the outside.

[0027]

i_l
ot
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The D-A converter (DAC) 116, connected to the phase

—a

converter 114, converts a signal coutput from the phase

-

converter 114 from a digital value to an anaslog value and

cutput the analog signzal.

A transmission amplifier (AMP; 118, connected to the D-2A
converter 116, amplifies and cutputs a signal output from The
D-A converter 116 in an analcg manner.

[00Z28]

The transmitter (S0R) 120, connected to the transmission
amplifier 118, converts an electric signal output from the
transmission amplifier 118 into mechanical vibration, and
transmits and outputs elastic waves 102 as fransmitted waves.
The elastic wave 102 is based on a single carrisr freguency
modulated into a PRB3 signal. In the present embodiment
piezoelectric ceramics for the transmitter 120 are used.
Acocordingly, the transmitter 120 can stably generate

mechanical vibration even & small type. Such an advantageous

seffect can be similarly cbtained by using a magnetostrictive
material as well.

10030]

[N}

The Receiver (REC) 124 receives, as a recsived wave, an
elastic wave 102 that is mechanical vibration propagating

through the path 1042 under the ground 104 from the

transmititer 120 and converts the wave into an electric signal.

fod
D
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As the receiver 124, for example, an underwater microphone
called & hydrophone is available.

[C021]

The receive filter (RCF) 126, connected to the receiver

5 124, removes, for example, traffic noise or construction noise

generated above the ground 104, from signals received by the
receiver 124. Accordingly, by selecting an appropriate noise
filter, the receive filter 12¢ can significantly suppress an
adverse effect of such noise. The receive filter 126 may
10 include & variable amplifier as needed.
(00321
An A-D converter (ADC) 128, connected to the receive
filter 126, converts a signal passing through the receive
filter 12¢ from an analiog value into a digital wvalue.
15 [0033]
2 data recorder {(DTR) 130, connected to the A-D converter
128, records a signal ocutput from the A-D converter 128.
[0034]
The analyzer (ANE) 132, connected to the phase converter
20 114 and the data recorder 130, caliculates a correlation value

between a PRES signal (a pseudo-random signal) involved in a

o

a

4 and a

Fud

transmitted wave output from the phase convertsr
signal by the received wave recorded on the data recorder 130.
correlation opsration provides exact measurement of

The {(own)

25 a reach time of an elastic wave 102 to the receiver 124. By

o
)
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getermining the reach time, 2z velccity V (P-wave velocity

taken herein) can be determined. At the same time, a damping

factor D can be exactly determined from a ratic of an
amplitude cf a receilved wave to an amplitude of an elastic
wave 102 at initial transmission using a correlation value.

More specifically, a sound pressure {(an amplitude) of a

trangmitted wave ilg taken as AWl (dB), a sound pressurse of a
recaived wave as AWo {(dBR), a distance between the transmitter

120 and the receiver 124 as L (m), and a carrier frequency of

the elastic wave 102 is taken as £ (kHz). Thus, an attenuation

LT (dB} and z damping factor D (dB/kHz/m) can be expressed in

the fcllowing eguations (1} and (2):

AT (dB) = AWi (dB) - AWo (dB) {

—

D {(dB/m) = 2T (dB)/f (kHz)/L (m)

I

0035

The analyzer 132 stores a velocity thresholid value Vsh
and a damping factor threshold wvelus Dsh provided for the
obtained velocity V and damping factor D, respectively.

Additionally, the analyzer 132 can compare between a velocit

y

threshold value Vsh and a dampling factor threshold wvalue Dsh,

and & velocity V (including a velocity Vi

L.

later; and a damping factor D {including a damping factor Dij

to be described later) and make a specific determination
{described later) of a state of the ground 104. The

determination result is plotted on a graph of cross-sectiona

L
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images and velocity-damping factors with a monitor or a
printer (not illustrated) associated with the analyzer 132Z.
Otherwise, the determination resuli is stored in the analyzser
132 as electronic data.

10036e]

The analvyzer 132 can determine a cross-sectional image
(tomogram) of the ground between the boreholes 106, 106 by
using data (the above velocity V and damping factor D)
determined at predetermined positions of the respective
receivers 124 corresponding to The respective predetermined
positions of the transmitters 120 in the boreholes 106. More
specifically, a veloclty Vid and a damping factor Did can be
determined for each block &ij (4, 4 = 0, 1, 2
partitioned in =z mesh shape between the boreholes 106, 106
shown in FIG. 3 according to the tomography method (publicly
known) .
r0C37]

In this way, the analyzer 132 can determine & state of a
path 1044 formed from a block Aij under the ground 104 at a
high $/K ratic using & pulse compression technology by
correlation operation.

[0c38]

An attenuation AT will bs described below.
0c39)

The attenuaticn AT under the ground 1s expressed as a sum

15
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of distance attenuation, viscous attenuation, transmission
attenuation, and a2 scattering attenuation, as shown in
eguation ({2}.

ttenuation AT = Distance attenuation + Viscous
attenuation + Transmission attenuation + Scattering
attenuation {3)
[004C]

The distance attenuaticn illustrates an attenuation state
increasing with the distance. The visgcous attenuation is an
attenuation state generated by friction between soll particles
8P and water W, resulting from vibrations between the soil
particles ESP and water W not agreeing with esach other while
elastic waves are passing (Fig. 4A). The viscous attenuation
can bes calculated by tThe kinematic wave theory Bioct 1955 in
porous medium or the like. When a carrier freguency of 1 kHz
to 20 kHz is used, for example, the viscous attenuaiion
becomes larger as grain size is larger in the completely
saturated ground 104, namely, the viscous attenuation becomes
larger in the case of sand and the viscous atternuation bhecomes
smaller in the case of clay. According tce the kinematic wave
theory in the porous medium, the viscous attenuation has
little influence of lccseness of The ground. The transmission
attenuaticn is an attenuaticn state caused by converting an
elastic wave intce thermal energy when an elastic wave 1s

emitting into and penetrating through a substance with

&

et
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different density (penetrating through & density D1 to D2}
(Fig. 4B). The transmission attenuation occurs at a layer
poundary or the like and becomes larger after passing through
an area with low density, such as air bubbles (may include
various ¢gases, hereinafter) under the grcund. The scattering
attenuation is an attenuation state caused by reflection or
scattering while elastic waves are emitting into a substance
with different density (Fig. 4C). The scattering attenuation
sccurs when an object over & size 1/4 to 1/2 times as large as
the wavelength of an elastic wave, such as gravel, exists and
in the case of the ground containing a large amount of gravel
laver or bounding stones, the scattering attenuation becomes
larger.

(00417}

Referring nexi to Fig.

[

, a determination method for a
state of the ground 104 using a veloclity V and a damping
factor D of an elastic wave 102 will be described below. Fig.
6 shows the determination result.

[0042]

1

ry

1eN

‘irst, the receiver 124 and the fTransmitter 120 that
tranemits an elastic wave 102 are installed at known positions
of the ground 104.
[0043]

Next, an elastic wave 102 by a PRBS signal is transmitted

from the transmitter 120 and the elastic wave 10Z propagating

17
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through a path 104A under the ground 104 from tThe transmitter
120 toward the recelver 124 is received by the receiver 124,
[0044]

Next, by calculating a correlation value betwsen z PRES
signal and the received elastic wave 102, a velocity V and a
damping factor D of the propagating slastic wave 102 are
determined.

[0045]

Next, from the velocity V and the damping factor D, =a
velccity Vij and a damping factor Dij are determined for each
block Bij according to the known tomography method (step 58).
Then, a velcocity distribution chart and a damping factor
distribution chart are dstermined.

[0046]

the velocity Vi3 and a value of the

Hh

Next, a value o
damping facter Din are compared to fhe veloclty thresnold
value Vsh and the damping factor threshold wvalue Dij for case
classification, respectively.

10047

Generally, a velocity has a good correlation to the
hardness and porosity of the ground. In the case that the
ground is sand, the wvelocity becomes high, while in the case
that the ground is clay, the veloccity becomes low. In the case
That the ground contains bubbles or gases (simply, referred to

bubbles), the velocity becomes low.

ig
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[GG48]

Attenuation of an elastic wave is generated by & sum of
viscous attenuaticon, transmission attenuation and scattering
attenuation, as described above. The viscous attenuation
becomes larger as grain size is large in the ground completely
saturated with water. In cther words, in the case of gand,
viscous attenuaticn becomes larger and, in the case of clay,
viscous attenuation becomes smaller. The transmission
attenuation occurs while penetrating through a substance with
different density, and becomes larger after passing through an
area with low density, such as ailr bubbles (may include
various gases, hereinafter) under the ground. The scatiering
attenuation is an attenuation caused by reflection ox
scattering when an object over a size 1/4 to 1/2 times as
large as the wavelength of an elastic wave 10Z, such as a
gravel, exists and in the case of the ground containing a
large amount of gravel layer or bounding stones, the
scattering attenuation becomes larger.

[0049]

Accordingly, case classification is performed in
combination with a damping factor Dij and a velocity Vij. More
specifiically, a damping factor threshold wvaliue Dsh and a
velocity threshold wvalue Vsh are provided for the damping
factor Dij and the velocity Vij, respectively. By comparing

the damping factor Did and the velocity Vit to the dampin
L ¢ J Y J pLing

-
(5o
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factor threshold value Dsh and the velocity threshold wvalue
Vsh, respectively, a state of the ground 104 is determined.
[0050]

First, in the case that the velocity Vii is larger than
the velocity threshold value Vsh and the damping factor Dij is

larger than the damping factor threshold wvalue Dsh (Yes in
step S10, S12}, 1t is determined that a state of the ground
104 1s 2 sand layer not containing bubbkles but containing
gravels {CONDITION 1 that is a state of sand SA, locse sand LS,
sand with gravel (including only gravels) 3SC) (step S14).
[0051])

In the case that the veloclty Vij is iarger than the
velocity threshcld value Vsh and the damping factor Dij is

maller than the damping factor threshold value (Yes in step

u

O
i

wn
[

O, No in step S512), a state of the ground 104 is a sand
layer not containing bubkles, gases or gravels. When the
damping factor Dij is further smaller, it is determined that a
state of the ground 104 may be hard clay {CONDITION 2 that is
g state of hard clay TC or dense sand TS8) (step 516).
[0052]

In the case that the velocity Vij is smaller than the
veloclty threshold value Vsh and the damping factor Di3 is
larger than the damping factor threshold value Dsh (No in step

810, Yes in 818), it is determined that & state of the ground

—
>
fE=N
[
m

clay containing bubbles or gases, or clay containing
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gravels (CONDITION 3 that is a state of clay FC containing

bubbles I or sand F5 containing bubbles) (step $20).

[0053]

i

n the case that the velocity Vij 1is smaller than

1
oy
b

ct

hreshold value Vsh and the damping factor Dij is

smaller than the damping factocr thresholad value Dsh (No in

Iy

the ground
104 is clay not containing bubbles or gases (CONDITION 4 that

is a state of loose clay LC cor clay CR) (step 522).

More specifically, it is difficult to distinguish gravels
SC, sand BA, dense sand T3, locse sand LS, hard clay TC, clay
FC containing bubbles F, sand FS containing bubblés F, and
clay CR in Fig. €& by using only velocity. However, 1t 1is
possible to distinguish them by using the damping factor
threshold value Dsh.
[C055]

By using the velocity threshold value Vsh and the damping
factor threshold wvalue Dsh, the analyzer 132 can uniguely

determine the state of the ground 104 with high promptness

from a relationship betwesen velocity and damping factor.

h
)
3

Determination of a state of the ground 104 and comparison
each location can be achieved with ease just by preparing Fig.
& without need for showing a state of the ground 104 as &
cross-sectional image.

21
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[C05¢6]

In the present embodiment, the velocity threshold value
Vsh and the damping factor threshold wvalue Dsh are set to 1.6
km/s and 0.3 dB/kHz/m, respectively. The velocity and the
damping factor in a commen sedimentary laver are approx. 1.5
to 1.7 km/s and approx. 0.1 to 0.3 dB/kHz/m, respectively.
However, they depend upon a state of the ground 104. The
velocity threshold value Vsh and the damping factor threshold
value Dsh may be s=t out of the ranges describasd above. Such
threshold values may be corrected by making a comparison to
boring information.
00571

In the present embodiment, a state of the ground 104 is
determined from the damping factor D based on the attenuation
AT including viscous attenuation in this way. Accordingly, a
state of the ground 104 can be determined more exactly than in
& conventional manner (such as a method using viscous
attenuation alone or a method without use of damping factor)
[0058)

When the ground is locally lcose, fine bubbles that do

not affect the change in velocity

]
-

t

x1s8T in many cases, and no
velocity changes but only a damping factor may become larger.
By utilizing such 2 relaticnship, the analyzer 132 can
determine even looseness in the ground 104.

100587

22
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In the present embodiment, only each one of the velocity
threshold value Vsh and the damping factor threshold value Dsh
ig set. L state of the ground 104 is determined as a state of
sand, loose sand or sand with gravel; a2 state of hard clay or
dense sand; a state of clay containing bubbkles or sand
containing bubbles; c¢r a state of loovse clay or clay. However,

the present invention is not limited thereto.

For example, in the second embodiment, a plurality of at
lzast sither one of the velocity threshold value Vsh and the
damping factor threshold value Dsh are provided, achieving
finer determination. In such a case, all state illustrated in
Fig. can be distinguished. For example, the velocity
threshold value Vsh 1s set between 1.5 km/s and 1.6 km/s of
the velocity V (hereinafter, Vij shown as V) of the elastic
wave 107 and between 1.6 km/s and 1.7 km/s, respectively
(total: two). A damping factor threshcld value Dsh is set
betwean 0,05 dB/kEz/m and 0.1 dB/kHz/m, hetween 0.1 dB/kHz/m
and 0.2 dB/kHz/m, between 0.2 dB/kHz/m and 0.3 dB/kHz/m, and

between 0.3 dB/kHz/m and 0.5 dB/kHz/m of a damping factor D

o

(nereinafter, Di7 alsc expressed as D) of the elastic wave 102,
respectively {(total: fouxr).
(0061}

In & conventional technigue, by highly precisely

measuring a velocity V, 1t is conceivable that the velocity V

2
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is determined in the fellowing three cases: 1.5 km/s, 1.6 km/s,
ancd 1.7 km/s. In that case, in Fig. 7, a lcose clay laver Gl
can be determined from a velocity of 1.5 km/s. However,

boulder stone 5 contained therein canncot be determined. Also,

a loose sand layer GZ or a hard clay laver G3 can be

determined from a velocity of 1.6 km/s. However,

identificaticn thereof cannot be made. In addition, the
presence of bubbles (subsurface gas) F in a hard clay laver G3
cannct be determined. Additicnally, & dense sand layer G4,
gravels G5 or a hard clay layer G6 can be determined from a

velocity of 1.7 km/s. However, identificaticn thereof cannot

On the other hand, a second embodiment provides more
highly precise determination ¢f a state of the ground 104 as
illustrated in FIG. 7 in combination with four damping factor
threshold values Dsh with the wvelocity threshold value Vsh., In
the case ¢of & locse clay layer G1, the damping factor D is

(.05 dB/kHz/m. But a damping factor of boulder stone & is high

(0.2 dB/kHz/m) even at the same velocity V as a ve

|t

ocity in a
ioccse clay layer, the presence of boulder stone § can be
identified. In the case of a loose sand layer G2 and hard clay
layer G3, the loose sand layer GZ has a higher damping factor
D (0.3 dB/kHz/m against 0.05 dB/kHz/m) even at the same
velocity V. Thus, the hard clay layer G323 can be identified
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against the loose sand layver GZ2. Also, a damping factor D of a

bubble I in the hard clay layer G3 is much higher than that o

[a

the loose sand layer GZ (0.5 dB), the presence of any bubble ¥
can be identified. Additicnally, in the dense sand laver G4,
gravel layer G5 and hard clay layer G&, az damping factor D of
tLhe gravel laver G5 1s higher (0.2 dB) than a damping factor D
(0.1 dB) of the dense sand layer G4 even at the same velocity
V and a damping factor D of the hard clay laver G& is small
(0.0%5 4. Thus, the dense sand laver G4, the gravel layer G5
and hard clay layer G6 can be easily identified from each

other,.

Figs. 8A and BB show a state of the ground 104 in the
present embodiment, using a velocity distribution chart and 2
damping factor distribution chart from measurement results of
an actual landiill along Tokye Bayv., The measurement conditions
were as follows: distances bestween borenoles 106 were 66 m and
55 m and the measurement depth was €2 m. Fig. 8A is a velocity
digtributicon chart and Fig. 8B 1s a damping factor
distribution chart. Each of Figs. 84 and BB shows the
determined state of the grcund 104 with G100 te G18. G1l0 is &
locse sand layver (Loose sand; alluvial sand laver), Gl1 is a
loose clay laver (Clay; alluvial clay layer), GlZ is a loose
silt laver {(8ilt; alliuvial silt laver) compossd of medium

particles of clay and sand, G13 1s an alternate layer of sand
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J

and silt, Gl4 1is a dense sand laver (Dense sand; alluvial sand
iayer), G1l5 is a hard clay layer (Hard Clay; alluvial clay
layer), and Gl¢ is a bubble in the clay laver (Scil gas;
organic gas) .

[0064]

Such configuration data, when graphed with velocity
versus damping factocr, 1s as shown by empty circles in Fig. 9.
Herein, a broken~line arrow shows a difference between sand
and clay. Alsc, a solid-line arrow shows mainly & difference
between a saturated layer and an unsaturated layer. A&n area H1
surrounded by round broken lines is deviated from the solid-
line arrow as compared to an area HZ. Accordingly, by defining
an appropriate damping factor threshceld valus Dsh bstween the
area Hl and the area HZ, the presence of bubbles (organic gas)
can be clearly determined. More specifically, by a compariscon
between the velocity V and the wvelocity threshold value Vsh, a
state of the ground 104 is determined mainly from differences
in granularity of primary components of the ground 104 of sand,
silt or clay. In addition, by a2 comparison between the damping
factor D and the damping factcer thresheld value Dsh, a state

of the ground 104 can be more accurately determined mainly by

h

F1y

the determination o

[

differences in saturated state of the
ground 104 from a state containing bubbles or gravels To a

dense state of the ground 104.
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By determining a state of the ground 104 in this way, for
example, a shield tTunnel can be constructed while avoiding

gravels (boulder) under the ground 104. {(For example, presence

of such gravels (boulder) may stop a shield machine.)
[0066]

In the present embodiments, the ground 104 contains
gravels, sand or clay. However, the present invention is not
limited thereto. The present invention may apply to, for
example, artificial fiocr surfaces and base structures made of
concrete as well as base rock. Referring now to Fig. 10, a
case where the ground 104 is concrete or base rock will be
described below as a third embodiment.

[0067]

When an obtained velocity V i1s larger than the wvelocity
thresheld value Vsh (for example, 1.6 km/s), a state of the
ground 104 is determined as base rock RZ without a crack
(CONDITION 2). On the cother hand, when the cobtained velocity V
iz smaller than the velccity threshold value Vsh, a state of
the ground 104 is determined to have & crack. When the
obtained damping factor D is larger than the damping factor
threshold value Dsh (for example, 0.3 dB/kHz/m;, an obiject
existing in the crack CR1l is determined to be a bubble
{including gas) (CONDITION 3). When the cbtained damping
factor D is smaller tThan the damping factor threshold value
Dsh, an object existing in the crack CRZ can be determined to
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be water or other substance (CONDITION 4). At this time, by
additionally setting the damping factor threshold value Dsh to
& smaller valus, for example, water or concrete can be
identified. More specifically, when the ground 104 is concrete
cr base rock, the presence of cracks in the ground 104 may be
determined from the velocity threshold value Vsh, and a ground
formation medium such as bubbles, water or concrete existing
in a crack may be determined from the damping factor threshold
value Dsh. For example, in excavation of base rock to

construct

vl

shield tunnel or investigating a concrete base
structure of a dam, if a crack is found therein and water
exists inside the crack, it i1s necessary to drain the water
and to f£ill the inside with concrete. At that time, by
appropriately setting two damping factor threshold values Dsh

as described above, it can be determined whether a crack

)

exists and whether an object existing in the crack is aizx,
water or concrete. Accordingly, since the construction work of
a shield tunnel or evaluation of a concrete bass structure 1s
implemented and then repairr work and the like are promptly
investigated, such civil engineering work can be performed
with higher efficiency than in 2 conventional technigue.
[0068]

In determining a state of the ground 104, a freguency to
be used 1s single and a correlation between a PRES signal that
is a pseudo-random signal and the received elastic wave 102 is

g
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taken, and therefore, a state of the ground 104 can be
analyzed at a high $/N ratic. As illustrated in FIG. 2, since
many recelivers 124 receive elastic waves 102 at a time,
widespread visibility of the ground 1042 in cross section
becomes easy. BAlso, the path 104A is between the transmitter
120 and the receiver 124 and determination of a state of the
ground 104 basically uses a transmitted wave, and therefore, a
higher 3/N ratio can be ensured.

[0069]

Additicnally, by using a PRBS signal modulation-
controlled by a pseudo-random code against a single freguency,
transmission and reception can be performed at a higher
frequency than a conventional one (to approx. 200 Hz). In the

above-mentioned embodiment, measurement at 20 kHz is avai

I~

Thus, the ground 104 can be investigated with measurement
resolution more than ten times as many as in a conventional
way. For example, when a velocity of the elastic wave 102
under the ground 104 is taken a&s 2 km/s, the resolution is
approx. & m 1n a conventional technigque. However, in the
present embodiment, a resclution of approx. 0.2 m can be
achieved. 3Since a freguency bkand of background nolise (such as
traffic noise and construction ncise above the ground 104) is
tow, little effect of background noise can be achieved.

[0C70C]

As a frequency i

0]
jay
f_l,

Q
iy
(b
[}

the elastic wave 102 tends to

zble.
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exponentially attenuate more, and hence it 1s difficult to
preopagate an elastic wave with a high freguency a long
distance., However, use of & PRBS signal enables to scatter
energy ¢ the elastic wave 10Z on a time axls, and therefore,
an elastic wave 10Z with a high freguency can be propagated to
some hundreds of meters against a conventional one (order of
several meters). In the above-mentioned embodiment,
propagation of the elastic wave has been verified as follows:
more than 400 m &t 1 kHz and more Than 20 m at 30 kHz.
(60711

More specifically, by use cf a PRBS signal and
correlation operation, the elastic wave 102 can be propagated
a long distance while using a high freguency, and a state of
the ground 104 can be determined by performing measurement

with high precision without much adverse effect of noise

t

(including vibration) above the ground 104.
[0G72]

More specifically, according to the above-mentioned
embodiment, an internal structure, local loosensess, cavities,
presence of gravels under the ground 104 can be visualized in
a wide sphere at a time, and a state cof the ground 104 can be
determined with high precision while avoiding
misinterpretation of the ground 104. More specifically, the
following advantages become available. By determining

attenuation of an elastic wave 10Z in the actual ground 104,
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the result is used te determine a state of the ground 104.
Eccordingly, the velocity V and the damping factor D of the
elastic wave 102 under the ground 104 can be combined to
exactly determine a state of the ground 104.

[0073]

Since a pseudo-random signal is used, the elastic wave
102 can be propagated & long distance even a high freguency is
used as a carrier frequency. Thus, measurement with high
precision and measurement without much adverse effect cof
background noise (such as traffic nolse or construction noise
above the ground 104) are available.

[0074]

It is &also conceivable to use electromagnetic waves in
place of the elastic waves 102. However, an electromagnetic
wave tends to be absorbed in water, i1f any and is susceptible
to electrical nolse. More specifically, in an area where a
steel tower or the like exits or in an urban region, or below
the surface of groundwater or sea water, & method using
electromagnetic waves 1s difficult to apply. (Because of this,
the tomography method using electromagnetic waves tends to be
limited to applications where such electromagnetic waves ars
used above tThe surface of groundwater in & mountain area or
the like.) OCn the other hand, the above-mentioned embodiment
useg elastic waves 102, and therefore, has no limits described
above and has wider applicabllity than a method using
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electromagnetic waves. More specifically, the above-mentioned
embodiment provides investigation without limitations on
locations, such as petroleum or natural gas deposit, or areas
for corrupt smell gas (organic gas) including methane gas.
During pile driving for structure constructicn, for example,
in bay areas (such as Tokyo Bay or Osaka Bay), the above-
mentioned embodiment is an effective method in preventing
accidents such as jetting of corrupt smell gas.

(00751

Having described the present invention as related to the
embodiments, i1t is to be understood that the present invention
is not limited to the embodiments. More specifically, it is
further understood that various modifications and design
changes may be made in the present invention without departing
from the spirit and scope thereof.

[0070]

For example, the present emboediment uses plezoelectric
ceramics or magnetcstrictive material for the transmitter 120.
However, the present invention is not limited thereto and may
use other one.

(00773

Moreover, 1n the present embodiment, the elastic wave 102
is based on a single carrier freguency modulated by a pssudo-
random signal. Although the inventor has demonstrated that by

use of the pseudo-random signal a velocity V and a damping

3
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factor D can be cbtained with a significantly excellent S/N
ratio, the pseudo-random signal is not alwavs reguired to be
used. Mereover, the pseudo-random signal is a PRBS signal
using M sequence. However, the present invention is not
limited thereto, and the pssudo-random signal may use a signal
of Gold sequence, Barker sequence or the like.
0078]

In addition, the present embodiment uses correlation
operation between a pseudo~random signal and a received
elastic wave 10Z. However, the present invention is not
limited thereto.

[C079]

In the present embpodiment, the transmitters 120 and the
recelvers 124 are installed in the boreholes 106 to minimize
ground informaticn cf extreme surfaces of the ground 104 and
noise transmitted from surfaces, thus grasping & state of the
ground 104 with high precision. More specifically, in the
present embodiment, the receivers 124 that have conventionally
been installied on the surface of the grcocund 104 to prevent
degradaticon 0 a2 broken-lins density may be omitted. However,
the present invention is not limited thereto. For example,
either or both of the receivers 120 and the receivers 124 may
be installed on the surface of the ground 104. At that time,
simple layout of the transmitters 120 and the receivers 124 is

available.



[0080]
Additicnally, in the present embodiment, the wvelocity V

and the damping factor D of the elastic wave 102 are obtained

10

15

by correlating the pseudo-random signal to the elastic wave
102. However, the means of obtaining the velocity V and the
damping factor D of the elastic wave 102 in the present
invention 1s not limited thereto.

INDUSTRIAL APPLICABILITY

[o6sl]

The present invention can apply to a method for
extensively visualizing and exploring structures under the
ground including concrete sﬁructures and base rock, and the
pregence of local looseness, cavitiles or gravels in a
nondesgtructive way at a time using elastic waves (including
acoustic waves).

REFERENCE SIGNS LIST

focs2]
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CLAIMS

1. 2 gsubsurface exploration method for nondestructively
visualizing the ground uging an elastic wave, the method
including:

installing a receiver and a transmitter that transmits
the elastic wave at known positions of the ground;

causing the transmitter to transmit the elastic wave;

causing the recelver to receive the elastic wave having
propagated through a path under the ground from the
transmitter toward the receiver;

obtaining a damping factor and a velocity of the elastic
wave having propagated; and

setting one or more damping factor threshold values for
the damping factor and one or more velocity threshold values
for the velecity based on an attenuation of the elastic wave
expressed as a sum of distance attenuation increasing with a
distance propagated by the elastic wave, viscous attenuation
generated by friction between soil particles and water,
regsulting from vibrations between the soil particles and water
not agreeing with each other while the elastic wave is passing,
transmission attenuation caused by converting the elastic wave
into thermal energy when the elastic wave is emitting into and
penetrating through the ground composing substance with

different density,
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and a scattering attenuation caused by reflection or
scattering while the elastic wave is emitting into the ground
composing substance with different density; and

performing case clagsification in combination with the
damping factor and the velocity; and

comparing the damping factor and the velocity to the
damping threshcld value and the velocity threshold value,

thereby determining a state of the ground.

2. The subsurface exploration method according te claim 1,
wherein

the state of the ground is determined mainly on a
difference between granularities of primary components of the
ground including sand, silt or clay by comparing the velocity
threshold value to the velocity, and

the state of the ground is determined mainly on a
difference between saturated state of the ground from a locose
state containing bubbles, boulder stones, and gravels to a
hard state of the ground by comparing the damping factoxr

threshold value to the damping factor.

3. The subsurface exploration method according to claim 2,
wherein the state of the ground is determined as a state of
gand, locose sand or sand with gravel; a state of hard clay or

dense sand; a state of clay containing bubbkles or sand
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containing bubbles; or a state of loose clay or clay.

4. The subsurface exploration method according to claim 1,
wherein the ground is concrete or base rock, and the presence
of a crack in the concrete or in the base rock and space made
by the crack that gas and/or liguid exists are determined by
the velocity threshold value and a ground formation medium
existing in the crack is determined by the damping factor

thresheld value.

5. The subsurface exploration method according to any of
claims 1 to 4, wherein the elastic wave is based on a single

carrier frequency modulated by a pseudo-random signal.

6. The subsurface exploration method according to claim 1,
wherein the damping factor and the velocity are cbtained by
correlation coperation between the pseudco-random signal and the

received elastic wave,

7. The subsurface exploration method according to any of

claims 1 to 6, wherein all the transmitter and the recelver

are installed under the ground.
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