DESCRIPTION SUBSURFACE EXPLORATION METHOD TECHNICAL FIELD [0001] 5This
application claims the benefit of Japanese patent application No. 2009-25292, filed on November 12,
2009, the contents of which are hereby incorporated by reference herein in its entirety. [0002] 10The
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 structurespasde tire goound including concrete 15 structures and
base rock, and the presence of local looseness, cavities or gravels contained therein. BACKGROUND
ART [0003] As a method for noadestrectively YRgalzRag and 2Qexplaring the ground using elastic
waves (for example, acoustic waves), a method called "elastic (seismic) wave tomography" is
availablesadrethpusiof i€ elastic wave tomography are classified depending upon means of generating
elastic waves and layout for propagating elastic waves. When
[0001]
5 This application claims the benefit of Japanese patent
application No. 2009-25292, filed on November 12, 20092, the
contents of which are hereby incorporated by reference herein
in its entirety.
[0002]
10 The present invention relates to a subsurface exploration
method for nondestructively visualizing and expleoring 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
15 structures and base rock, and the presence of local lcoseness,
cavities or gravels contained therein.
BACKGROUND ART
[0G03]
As a method for nondestructively visualizing and
20  exploring the ground using elastic waves (for example,
acoustic waves), a method called "elastic (seismic) 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

25 roughly classified from the viewpoint of means of generating
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25 roughly classified from the viewpoint of means of generating elastic waves, the elastic wave
tomography is 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
material 5 employing a piezoelectric effect or a magnetostrictive effect. Next, when roughly classified
from the viewpoint of layout, the elastic wave tomography is classified into a reflection method and a

refraction faethod usingulasting. ramythe;surlags of Brgiauth anda ciogs ke e inco

(borehole-to-borehole) 10 tomography method using boreholes. [0004] The cross hole
tomograghy. has a-Dethod asshoun in Patens Literaure- 1, This meshog is,apnlicable;to subsurface

exploration in the design of a foundation structure, 15 exploration of underground obstructions and the

like by making:an explojationusing #1EHASIE alteauatien U&é@{é%@%%"\é&%ﬁtmen") under the
ground as well as elastic wave velocity. CITATION LIST 20 PATENT DOCUMENT [0005] Patent

Documept,1JananeseRatentApplicationdaidnen No. Helyd0-08772:SUMMARY QR THE
INVENTION 25 PROBLEMS TO BE SOLVED BY THE INVENTION
5 employing a piezoelectric effect or a magnetostrictive effect.
Next, when roughly classified from the viewpoint of layout,
the elastic wave tomoegraphy is classified into a reflection
method and a refraction method using blasting from the surface
of the ground, and a cross hole (borehole-to-borehole)

10 tomography method using boreholes.

(00041

The cross hole tomography has a method as shown in Patent
Literature 1. This method is applicable to subsurface
exploration in the design of a foundation structure,

15  expleration 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 LIST

20 PATENT DOCUMENT
[0005]

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

SUMMARY OF THE INVENTION

25 PROBLEMS TO BE SOLVED BY THE INVENTION



[0006] However, the viscous attenuation handled in Patent Literature 1 is based on Biot theory and is
intended for only attenuation generated by the friction between soil particles 5 and water in the vicinity
thereto during propagation of elastic waves in the ground under a state saturated with water (refer to
Fig. 4A). On the contrary, in the actual ground, attenuation occurs under a state including reflection or
transmission as well as viscous attenuation. More specifically, 10 there is a difference between
attenuatippdn ¢he actual ground and viscous attenuation and it is difficult to take a concern by
removing only viscous attenuation from the attenuation in the actual ground. Accordingly, a state of the

ground may be impessibie, to-determing mith highpresisianranththys<ld misinigrargtation may occur.
[0007] In view of the foregoing problems, it is an object of the present invention to provide a

subsurface exploratien method sapable of ayeiding, ausipterpretation:of the geound by g9 determining
a state of the ground with high precision. MEANS FOR SOLVING THE PROBLEMS [0008]

Accordingtiasnfirst aspeciaidhe prasept inveatign ithere is prevideda subsuriageexplasation method
for 25 nondestructively visualizing the ground using an elastic wave,
5 and water in the vicinity thereto during preopagation of
elastic waves in the ground under a state saturated with water
(refer to Fig. 4A). On the contrary, in the actual ground,
attenuation occurs under a state including reflection or
transmission as well as viscous attenuation. More specifically,
10 there is a difference between attenuation in the actual ground
and visccus attenuation and it is difficult to take a concern
by removing only viscous attenuation from the attenuation in
the actual ground. Accordingly, a state of the ground may be
impossible to determine with high precision and thus
15 misinterpretation may occur.
[00C7]

In view of the foregoing problems, it is an object of the
present invention te provide a subsurface exploration method
capable of avoiding misinterpretation of the ground by

20 determining a state of the ground with high precision.
MEANS FOR SOLVING THE PROBLEMS
[coos;
According to a first aspect of the present invention,

there is provided a subsurface exploration method for

25 nondestructively visualizing the ground using an elastic wave,
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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 5 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 and one or more velocity threshold values for

the damping faetor 8ad jtﬂ%ll@dﬁ?ﬂ@ﬂtﬁf%'s@@ﬂ\i@!?a ang-eempaeng theydampingigetorand the
velocity to the damping threshold value and the velocity threshold value, thereby determining a state of

the ground [0009LAceArdingt9-a second aspect of the presgAt ipyentian, 15 the state of the ground is
determined mainly on a difference between granularities of primary components of the ground

including;sandh $jlt eelay-Ry caneparing-the velesitythreshgltkwalue o thesvelgeity; apghibe state of
the ground is determined mainly on a difference between saturated state 20 of the ground from a state

containing:byhklgs ok gravels toya hard state of the gnosind by-comparing-thedamping factor threshold
value to the damping factor. [0010] According to a third aspect of the present invention, the 25

statg of theqprayad isidetervingd as a state of gandlwesg Aosard ersand 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 clayaf¥Hidtter 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 and one or

more velocity threshold values for the damping factor and the

10 wvelocity, respectively, and comparing the damping factor and
the velocity to the damping thresheld value and the velocity
threshold value, thereby determining a state of the ground.
(G009

According to a second aspect of the present invention,

15 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

20 of the ground from a state containing bubbles or gravels to a
hard state of the ground by comparing the damping factor
threshold value to the damping factor.

[0C10]
According to a third aspect of the present invention, the

25 state of the ground is determined as a state of sand, loose
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5According to a fourth aspect of the present invention, the ground is concrete or base rock, and the
presence of a crack in the ground is determined by the velocity threshold value and a ground formation
medium existing in the crack is determined by the damping factor threshold value. 10[0012]

According to a fifth aspect of the present invention, the elastic wave is based on a single carrier
frequency modulated by a pseudo-random signal. [0013] 15According to a sixth aspect of the present

invention; {he damping, facier-and;the, welocity aresehtainediby-correlation.epefatien behween the
pseudo-random signal and the received elastic wave. [0014] 20According to a seventh aspect of the

present invention, allthetmpsaitienand the eesives are installed under thegryunthubbles;
ADVANTAGEOUS EFFECTS OF THE INVENTION [0015] 25The present invention provides highly

precise geterminafion for aistate-ofdhe greynd-ard avoidance of misinterpretation of the ground. More
specifically, the following items become available.
[0011]

5 According to a fourth aspect of the present invention,
the ground is concrete or base rcck, and the presence of a
crack in the ground is determined by the velocity threshold
value and a ground formation medium existing in the crack is
determined by the damping factor thresheold value.

10 [0c123

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

[0013]

15 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

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

ADVANTAGEQUS EZFFECTS OF THE INVENTION

[0C015]

25 The present inventicn providez highly precise
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[0016] 5Since attenuation of an elastic wave in the actual ground is determined and the determination
result is used to determine a state of the ground, the state of the ground can be exactly determined by
a combination with a velocity of an elastic wave under the ground. 10[0017] If a pseudo-random
signal is used, even when a high frequency is used as a carrier frequency, an elastic wave can be
propagated a long distance and thus highly precise measurement and measurement having little

adverse gfiect ofi 15 bagkgreynd noise.are ayailaple. BRIEE PESGRIPTION OF THE DRAWINGS

[0018] Fig. 1 is a schematic view showing a subsurface exploration system according to a first

embodiment ofthe 20present invention,, 45ig-4 is schemalicview showing a,jayout relationship of

the ground, transmitters and receivers; Fig. 3 is a schematic view showing that a velocity and

dampinggfactar.are obtaingd fereachblack of the,ground by 25 the tomography method; Fig. 4
is a schematic view for describing major attenuations of an elastic wave,;
[G016]

5 Since attenuation of an elastic wave in the actual ground
is determined and the determination result is used to
determine a state of the ground, the state of the ground can
be exactly determined by a combination with a velocity of an
elastic wave under The ground.

10 [00171
If & pseudo~random signal is used, even when a high
frequency is used as a carrier fregquency, an elastic wave can
be propagated a long distance and thus highly precise
measurement and measurement having little adverse effect of
15 background noise are available.
BRIEF DESCRIPTION OF THE DRAWINGS
[0018]
Fig. 1 1s a schematic view showing a subsurface
exploration system according to a first embodiment of the
20  present inventiocn;
Fig. 2 1s a schematic view showing a layout relationship
of the ground, transmitters and receivers;
Fig. 3 1s a schematic wview showing that a velocity and
damping factor are obtained for each block of the ground by

25  the tomography method;



Fig. 5 is a flowchart for determining a state of the ground from a velocity and a damping factor of an
elastic wave 5 according to the first embodiment of the present invention; Fig. 6 is a schematic
view schematically showing a state of the ground relative to a velocity and a damping factor of an
elastic wave in the same embodiment; Fig. 7 is a schematic view showing a state of the ground 10
capable of being determined from a velocity and a damping factor of an elastic wave according to a

second embodimenf of the presentinvetion; «; g 84S ga85-5¢6tional view of the ground

obtained from a velocity distribution chart and a damping factor 15 distribution chart obtained by actual

measurempent{n the sgeondembogdiment;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 pbtained in;FIG £8;:and.20kig < 10 is1a schematic yiey schamaticallyshowing a

relationship between a velocity and a damping factor of an elastic wave according to a third

embodirgenfgfdhe P&%e@t%miQByMQQEf@%r%ﬁR%YH\A%QQTJﬂ*%H\'%M&%‘ 4210Q19]
Embodiments of the present invention will be described below with reference to the accompanying
drawings.d002@)ing to the first embodiment of the present invention:

Fig. 6 i1s a schematic view schematically showing a state
of the ground relative to a velocity and a damping factor of
an elastic wave in the same embodiment;

Fig. 7 is a schematic view showing a state of the ground

10  capable of being determined from a velocity and a damping
factor of an elastic wave according tc a sscond 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

15 distribution chart obtained by actual measurement in the
second embodiment of the present invention;

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

20 Fig. 10 1is a schematic view schematically showing a
relationship between a velocity and a damping factor of an
elastic wave according te a third embodiment of the present
invention.

MODE FOR CARRYING OUT THE INVENTION

23 [0019]



Referring first to Fig. 1, the overall configuration of a 5 subsurface exploration system according to a
first embodiment will be described below. Hereinafter, even when embodiments are different, the
components will be denoted by the same reference numerals (including the conventional art). [0021]
10A subsurface exploration system 100, as shown in Fig. 1, includes: a transmitter (SOR) 120 that
transmits an elastic wave 102; a receiver (REC) 124 that receives the elastic waves 102 propagating

through a path 104A under the gro 104; and an analyzer,(ANE) 132 that determines a state of the
ground 15104 exglént%%yth%?e tesfwcééjr?t gqneth%ﬁ)%sé?sn%f tﬁ%%—g?éﬁ\:}gél eragjﬂzé vaflegfoschale%%%ived wave).

Addition%lgllct)he sybsurface %B! ration s st inc I#%GS frequency generator (FNG) 112 that
determines a ginglf{el% re%en%y sér?al%g c%rriﬁ%e%%@%y t%r@e §§t%ﬁﬁrg%%'a phase converter (PHC)
114 that e-converts a single frequency signal output from the frequency generator 112 to be

used as a PRBS signal (described later) of one pseudo-random signal. The analyzer 132 can obtain

cross-sectional i I 04 between th celyer a ) itter 120, from the
elastic waves 25@1%%8%22{%%%% ep ura%i? of rgf:ei%}égs %%%%i%%e%%%}%ga%%g%ﬁ% &4 H

cross-segtional J;pAges is, E@EPQ‘CE%%WQ9§é@%t%8%@t?}[‘¥_c§“ett8°9-)ﬁ ] empo AGRdINgly, the

subsurface exploration system 100 can 5'nondestructively viSualizes and explores the ground 104

USING 111 be described below. Hereinafter, even when embodiments

are different, the components will be denoted by the same
reference numerals (including the conventional art).
[0021]

10 & subsurface exploration system 100, as shown in Fig. 1,
incliudes: a transmitter (SOR) 120 that transmits an elastic
wave 102; a receiver {(REC) 124 that receives the elastic waves
102 propagating through a path 104A under the ground 104; and
an analyzer (ANE} 132 that determines a state of the ground

15 104 existing therebetween on the basis of the received elastic
wave 102 (a received wave). Additionally, the subsurface
exploration system 100 includes a frequency generator (FNG)
112 that determines a single frequency signal {(a carrier
frequency) to be output, and a phase converter (PHC) 114 that

20 phase-converts a single frequency signal output from the
fraquency generator 112 to be used as a PRBS signal (described
later) of one pseudo-random signal. The analyzer 132 can
obtain cross-sectional images of the ground 104 between the
receiver 124 and the transmitter 120, from the elastic waves

25 102 received by the plurality of receivers 124. (A method for
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elastic waves, as an elastic wave tomography apparatus. [0023] Respective components will be
described in detail below. [0024] 10In the ground 104, as shown in FIG. 2, boreholes 106 (two in Fig.
2) extending in the vertical direction of a paper face 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 in the vertical direction at 15 predetermined intervals. In the other borehole 106 (right side in

Fig. 2), %Bl_&'ﬁ'ﬂxr‘?%r%%‘ées@_ @étafSr?Qf‘CﬁﬂﬁéQE?dieée‘éfﬂﬂﬁq @fr@%%thgge{ﬁgcgl direction.
(More specifically, the transmitters 120 and the receivers 124 are iristalled at known positions of the
ground.)ggrﬁgspg%q.fg)lg%ggg)g@,)all the transmitters 120 and the receivers 124 are installed (installed
under the groand 104). Accordingly, the receivers 124 can receive internal information of the ground
104 mor @@@@Y than when either or both of the transmitter and the receiver is placed on a surface of
the ground 104. The 25 transmitters 120 and the receivers 124 will be described again later. [0025]

Accordingly, the subsurface exploration system 100 can
5 necndestructively visualizes and explores the ground 104 using
elastic waves, as an elastic wave tomography apparatus.
{0023}
Respective components will be described in detail below.
[0024]

10 In the ground 104, as shown in FIG. Z, boreholes 10& (two
in Fig. 2) extending in the wvertical direction of a paper face
are spaced at a predetfermined interval. One borehole 106 {left
side in Fig. 2} is defined so that one transmitter 120 is
allowed to transmit while moving in the wvertical direction at

15 predetermined intervals. In the other borehole 106 (right side
in Fig. 2), a plurality of receivers 124 are spaced at
predetermined intervals in the vertical direction. (More
specifically, the transmitters 120 and the receivers 124 are
installed at known positions of the ground.) In the boreholes

20 106, all the transmitters 120 and the receivers 124 are
installed (installed under the ground 104). Accordingly, the
receivers 124 can receive internal information <f the ground
104 more stably than when either or both ¢f the transmitter
and The receiver is placed on a surface of the ground 104. The

25 transmitters 120 and the receivers 124 will be described again
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The frequency generator (FNG) 112 can digitally output a carrier signal that is a continuous sinusoidal
signal of any 5 frequency (a single frequency) as a single frequency signal (a carrier frequency). Also,
it may be said that the frequency generator 112 is provided with frequency determination means that
selects and determines a single frequency of an elastic wave 102. The frequency determination means
may be configured 10 from, for example, a circuit including a CPU. [0026] A phase converter
(PHC) 114 IS connected to the frequency generator 112. The phase converter 114 phase-converts a
single-frequency digital signal (a single frequency signal) 15 output from the frequency generator 112
with a PI?§§2%dee. A 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 frequency.) The output is

made to an analyzer |. The PR de | seudo-random 20 hinary sequence code. The
¥ [ %@%%lggé I\c}:{%ner%%g’?(%ﬁe)o Tlig c%n ﬂﬁéetS%p%ﬁlg qt % al

PRBS code uses, tor example, a sequence (maximal-length seque c;c/)éJle% which is

ongest, of code sequepaes ganerated by a leedinck amang sl gisters e phasg converter 114

Thus, the PRBS symbol Is (211-1) and, for exam wave number is nd 25

o RISIED U S datho ey, el lalaeg sl

correlation value Is ecomes very hig combination with t vantageous

effects ofg.pLlse compressin fechnolagy; In this,uay, the pase sorvertet 114 phiase converts a

single 5 frequency signal o equency input from the frequency generator 112 with a PRBS code

generatedingn.ewn integor. JThe BRBS.code may peiniroduced;tom the autside. [0027L
that selects and determines a single freguency of an elastic
wave 102. The frequency determination means may be configured
10 from, for example, a circuit including a CPU.
[cczel
A phase converter (PHC) 114 is connected to the freguency
generator 112. The phase converter 114 phase-converts a
single-frequency digital signal (a single frequency signal)
15 output from the frequency generator 112 with a PRBS code. A
PRBS signal that is cne of pseudo-random signals is output to
a D-A converter 116. (More specifically, a carrier freguency
of the PRBS signal is a single freguency.) The ocutput is made
to an analyzer 132 as well. The PRBS code i1s a pseudo-random
20  binary sequence code. The PRBS cocde uses, for example, an M
sequence (maximal-iength sequences) the cycle of which is
longest, cf code sequences 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 4085 at n = 12 and

25 exclusiveness is very strong. Accordingly, when an auto-
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The D-A converter (DAC) 116, connected to the phase 10 converter 114, converts a signal output from
the phase converter 114 from a digital value to an analog value and output the analog signal. [0028]

A transmission amplifier (AMP) 118, connected to the D-A 15 converter 116, amplifies and outputs a
signal output from the D-A converter 116 in an analog manner. [0029] The transmitter (SCR) 120,
connected to the transmission amplifier 118, converts an electric signal output from the 20
transmiss(i)onr%ngciﬁernll%in(t:% Tcelgba icgl vigratiogkagg trta[rrlmgmétcs)rarndloat,lctg%s %,Ig ticewja_\ves 102 as
transmitted waves. The élastic wave 10254 based on a single carrier frequency mo tiated’into a

PRBS signal. Ig tQF gquesg%embgggm%ntf%%%%elgfctgc clglrargici for tgr%riannastrqiggr %%Qiﬁre used. 25
AccordinglI)g, hé'transmittér 120" can stab y genera?e mechanical vibration ever a sma type. Such an

g SR A VU0 by e el el
vibration propagating fhrough, the.path, 10444 underthe,ground 104 rom the, ¢ 916
5 fregquency signal of a frequency 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]
The D-A converter (DAC) 116, connected to the phase
10 converter 114, converts a signal output from the phase
converter 114 from a digital value to an analog value and
output the analog signal.
(0028]
A transmission amplifier (AMP} 118, connected to the D-A
15 converter 116, amplifies and outputs a signal output from the
D~A converter 116 in an analog manner.
[0029]
The transmitter (SOR) 120, connected to the transmission
amplifier 118, converts an electric signal cutput from the
20 transmission amplifier 118 into mechanical vibration, and
transmits and outputs elastic waves 10Z as transmitted waves.
The elastic wave 102 is based on a single carrier frequency
modulated into a PRBS signal. In the present embodiment
plezoelectric ceramics for the transmitter 120 are used.

25  Accordingly, the transmitter 120 can stably generate

11



transmitter 120 and converts the wave into an electric signal. As the receiver 124, for example, an
underwater microphone 10 called a hydrophone is available. [0031] The receive filter (RCF) 126,
connected to the receiver 124, removes, for example, traffic noise or construction noise generated
above the ground 104, from signals received by the 15 receiver 124. Accordingly, by selecting an
appropriate noise filter, the receive filter 126 can significantly suppress an adverse effect of such

noise. T ive filker 126 may incl a variabl lifier as peeded. [0032] 20An A-D converter
(ADC) 1%%é ?(%(n%{r\]ie%:%gd {0t I(Taarecgl;'r\l/e%i t%P 136,S ?gfllv%er::&s)yf 3@na$8§§si%él tﬁir(g)ugﬁ e feceive filter 126

from an apalog,value inta a igziﬁ'é’ﬂ - 1903 ned py A g% regogrgeré[e)TRg 130 g_qfréected to the
A-D converter 25 128, records a &gnyoutput rom theyA-Lb cor%/ertera_l.% . _t[g fbﬁ%if’

material as well.

[0030]

5 The Receiver (REC) 124 receives, as a recelved wave, an
elastic wave 102 that is mechanical vibration propagating
through the path 104A under the ground 104 from the
transmitter 120 and converts the wave into an electric signal.
As the receiver 124, for example, an underwater microphone

10 called a hydrophone is available.

[0031]

The receive filter (RCF} 126, connected to tThe receiver
124, removes, for example, traffic noise or construction noise
generated above the ground 104, from signals received by the

15 receiver 124. Accordingly, by selecting an appropriate noise
filter, the receive filter 126 can significantly suppress an
adverse effect of such ncise. The receive filter 126 may
include & variable amplifier as needed.

[0032]

20 An A-D converter (ADC) 128, connected to the receive
filter 126, converts a signal passing through the receive
filter 126 from an analocyg value into a digital value.

(00331
A data recorder {(DTR) 130, connected to the A-D converter

25 128, records a signal output from the A-D converter 128,

iz



The analyzer (ANE) 132, connected to the phase converter 114 and the data recorder 130, calculates
a correlation value between a PRBS signal (a pseudo-random signal) involved in a 5 transmitted wave
output from the phase converter 114 and a signal by the received wave recorded on the data recorder
130. The (own) correlation operation provides exact measurement of a reach time of an elastic wave
102 to the receiver 124. By determining the reach time, a velocity V (P-wave velocity 10 taken herein)
can be dgé%rﬂi ed. At the same time, a damping factor D can be exactly determined from a ratio of an
amplitude of @ received wave to an amplitude of an elastic wave 102 at initial transmission using a
correlation value,,.More_specifically, u ressure %n amplitude) of a 15 transmitted wave is taken
as AWi (dB), a g)%ﬁd %rt}es%zrg of éA?g%Ziv% Ew'av%cé‘& Woergcl83?a% |s?aﬁ§ea Bgtvfeoer}]vt%rett?arnsmitter
120 and ttﬂ receiver, 124.as L (rrcl?) and a carder frequency aof the elastic wave 102 is_taken as f (kHz).
14 Vel . . :
Thus, an atterial?adtlon ET?géfar% %O acriﬁﬁ%ggéto?%ﬂ@% ze'l%)%aﬁ%%reeilpargéggd in 20the following
equations (1), ng (2):AL@B)= A)%i( ) - Wgé@B%}lQDédB/m&\: T (dB)/f(kHz)/L (m)(2) [0035]
The ana:’f;eier % stores a ve cl)gﬁlt re?s did valte Vsh 25 and a aan%in%qggtlé‘f?éeé old value Dsh

proyidec (o e 3. gbfajnes vtV aad dping fectar . sspeciively-Addiggnaly,the analyzer

132 can compare between a velocity thres ue'Vs amping factor threshold value Dsh,

and a velogiy ¥ (neucing 3 Yelociy o be daseripsd paien and ademping facior D (isglucing a

damping factor Dij to be described later) and make a specific determination (described laier) of a state

i 34 108 T eyl ol DN 02 L essassln e o
a reach time of an elastic wave 10Z to the receiver 124. By
determining the reach time, a velocity V {(P-wave velocity

10  taken herein) can be determined. At the same time, a damping
factor D can be exactly determined from a ratio of an
amplitude of a received wave to an amplitude of an elastic
wave 102 at initial transmission using a correlation value.
Meore specifically, a sound pressure {(an amplitude) of a

15 transmitted wave is taken as AWi (dB), a sound pressure of a
received wave as AWo (dB), a distance between the transmitter
120 and the receiver 124 as L (m), and a carrier freguency of
the elastic wave 102 is taken as f {(kHz}. Thus, an attenuation
AT {dB) and a damping factor D (dB/kHz/m) can be expressed in

20 the fellowing equations (1) and (2):

AT (dB) = AW1i (dB} = AWo (dB) (1)
D (dB/m} = AT (dB}/f (kHz)/L (m) {2)
[0035]
The analyzer 132 stores a velocity threshold value Vsh

25 and a damping factor threshold value Dsh provided for the
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10 printer (not illustrated) associated with the analyzer 132. Otherwise, the determination result is
stored in the analyzer 132 as electronic data. [0036] The analyzer 132 can determine a cross-sectional
image 15(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 20 specifically, a velocity Vjj and a damping factor Dij can be determined for each block Ajj (i,= 0,
1,2, ..) Bstag’rttﬁclnﬁg in %\irﬁgs t&h&p&%ﬁvﬁeﬁtﬁ@%oﬁéﬁ&%§ 196, 166 8R6WA TR HG. 3 according to the

tomogra ethod (publicly known)., 25[0037], .In this way, the analyzer 132 can determine a state of
a path 1@%%%?@3 fgr% ajglljoecka,&‘ua?&ﬁcfé[eﬁhgggéro&ﬁ& 163%?%%?9%%%?5@0 ﬁsiﬁﬁ O;%Eé’

compressionieshnalogy pyeasiation oneration Q03I plenuatan AT WL P dlesgpibed below.
[0039] The attenuation under the ground’is é%(pr ssedas a sum
and a velocity V {including a velocity Vij to be described
5 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 1s plotted on a graph of cross-sectional
images and velocity-damping factors with a monitor or a

10 printer (not illustrated) associated with the analyzer 132,
Otherwise, the determination result is stored in the analyzer
132 as electronic data.
[00386]

The analyzer 132 can determine a cross-sectional image

15 (tomogram) of the ground between the boreholes 106, 106 by
using deata (the above velocity V and damping factor D)
determined at predetermined positiong of the respective
receivers 124 corresponding to the respective predetermined
positions of the transmitters 120 in the borehcles 106. More

20 specifically, a velocity Vij and a damping factor Dij can be
determined for each block Aij (i, 53 = 0, 1, 2, ...)
partitioned in a mesh shape between the boreholes 106, 106

shown in FIG. 3 according to the tomography method (publicly

known) .

25 [0037]
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of distance attenuation, viscous attenuation, transmission 10 attenuation, and a scattering attenuation,
as shown in equation (3). Attenuation AT = Distance attenuation + Viscous attenuation +
Transmission attenuation + Scattering attenuation(3) 15[0040] The distance attenuation illustrates
an attenuation state increasing with the distance. The viscous attenuation is an attenuation state
generated by friction between soil particles SP and water W, resulting from vibrations between the soil
20 particles SP and water W not agreeing with each other while elastic waves are passing (Fig. 4A).
The viscous attentiatich Sai B8 calctfateb by HhE kinethaticiade Hfedh Botal 9555RHordus medium
or the like. When a carrier frequency of 1 kHz to 20 kHz is used, for example, the viscous attenuation
25 becomas Targer &s gramesize ciGrder it fifeicompletdly SSatirate GO 104 ey, the viscous
attenuation briﬁmpes larger in the case of sand and the viscous attenuation becomes smaller in the

case of clay¥ ACEording 16 the RinhaticRiiEtHeBRP irSthe oo S mdiRiR FheRiscous attenuation

has 5 little influence, of looseness, of the ground. The transmission attenuation is an attenuation state
caused kﬁ/ofﬁw‘?ﬁe?tmgogn PSSR WA into thermal energy when an elastic wave is emitting into and
pengtratiagotgrough a substance with different density (penetrating through a density D1 to D2) 10(Fig.
4B). The Arishlission attenuation occurs at a layer

An attenuation AT will be described below.
[0039]

The attenuation AT under the ground is expressed as a sum
of distance attenuation, viscous attenuation, transmission

10 attenuation, and a scattering attenuation, as shown in
equaticn (3).

Attenuation AT = Distance attenuation + Viscous
attenuation + Transmission attenuation + Scattering
attenuation {(3)

15 [0040]

The distance attenuation illustrates an attenuation state
increasing with the distance. The viscous attenuation is an
attenuation state generated by friction between soil particles
SP and water W, resulting from vibrations between the soil

20 particles SP and water W not agreeing with each other while
elastic waves are passing (Fig. 4RA). The viscous attenuation
can be calculated by the kinematic wave theory Biot 1955 in
porous medium or the like. When a carrier frequency of 1 kHz
to 20 kHz is used, for example, the viscous attenuation

25 becomes larger as grain size is larger in the completely

15



boundary 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 ground. The scattering attenuation is an
attenuation state caused by reflection or 15 scattering while elastic waves are emitting into a
substance with different density (Fig. 4C). The scattering attenuation occurs when an object over a
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 20 layer or bounding stones, the scattering
attenuatﬁ)?]tgletc i %F&&D%)dﬁ'ﬁ NSering et {6 B 8° atEMMRatoN nRERGETST a state of
the groqu 104 usjng a velocity V and a damping 25 factor D of an elastic wave 102 will be described
below. Fig: *8 showk tﬁE%e%\%ﬁn res It.a[%%ﬁf‘e VRS the SR 123 bR Fahsmitter
120 that transmits an elastic wave 102 are installed at known positions 50f the ground 104. [0043]
Next, andiasticwave 163y s PRES sighatis trﬁ??s?ﬁift‘éﬁl?ﬁ)rﬁﬂwéﬁgnéﬁﬁﬁ%?glﬁb%ﬁ&atﬁ% elastic

wave 10§}Propa atingttgrou%h a path 104A und% the ground 104 tfg:om th@E transrl{litter 10120 toward
the receiver 124 is feceed by e rébeRerToa 8b4df ScOuUs attenuation has

5 little influence of looseness of the ground. The transmission
attenuation is an attenuation state caused by converting an
elastic wave into thermal energy when an elastic wave is
emitting into and penetrating through a substance with
different density (penetrating through a density D1 to D2)

10 (Fig. 4B). The transmission attenuation occurs at a layer
boundary 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 ground. The scattering
attenuation is an attenuation state caused by reflection or

15 scattering while elastic waves are emitting into a substance
with different density (Fig. 4C). The scattering attenuation
occcurs when an object over a size 1/4 to 1/2 times as large as
the wavelength cf an elastic wave, such as gravel, exists and
in the case cf the ground containing a large amount of gravel

20 layer or bounding stones, the scattering attenuaticn becomes
larger.

[0041]
Referring next te Fig. 5, a determination method for a
state of the ground 104 using a velocity V and a damping

25 factor D of an elastic wave 102 will be described below. Fig.

16



Next, by calculating a correlation value between a PRBS signal and the received elastic wave 102, a
velocity V and a damping factor D of the propagating elastic wave 102 are 15determined. [0045]

Next, from the velocity V and the damping factor D, a velocity Vij and a damping factor Dij are
determined for each block Aij according to the known tomography method (step 58). 20 Then, a
velocity distribution chart and a damping factor distribution chart are determined. [0046] Next, a value
of the ve ocigl Vni# and a ‘{f‘"{e of the dampin fac@{ D'j are compared to the velocity threshold 25 value
Vsh andth& dah piﬁg Factor thresnotd Valtie Iﬁi]%%lor case 17 classification, respectively. [0047]

General% &yﬂocity has a good correlation to the hardness and porosity of the ground. In the case
that the

First, the receiver 124 and the transmitter 120 that

transmits an elastic wave 102 are installed at known positions
5 of the ground 1G4.
[0043]

Next, an elastic wave 102 by a PRBS signal is transmitted
from the transmitter 120 and the elastic wave 102 propagating
through a path 104A under the ground 104 from the transmitter

16 120 toward the receiver 124 is received by the receiver 124.
[0044]

Next, by calculating a correlation value between a PRES
signal and the received elastic wave 102, a veloccity V and a
damping factor D of the propagating elastic wave 10Z are

15 determined.
[0045]

Next, from the velocity V and the damping facteor D, a
velocity Vi3j and a damping factor Dij are determined for each
block Aij according to the known tomography method (step 58).

20 Then, a velocity distribution chart and a damping factor
distribution chart are determined.
[004¢6]

Next, a value of the velocity Vij and a value of the

damping factor Dij are compared to the velccity threshold

25 wvalue Vsh and the damping factor threshold value Dii for case

17



5 ground is sand, the velocity becomes high, while in the case that the ground is clay, the velocity
becomes low. In the case that the ground contains bubbles or gases (simply, referred to bubbles), the
velocity becomes low. [0048] 10Attenuation of an elastic wave is generated by a sum of viscous
attenuation, 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

other wogqsa dnthe %scei%fn §anrdé slSe\{:' CQus, aftenuation becomes larger and, in the case of clay,

viscous aftenuation becomes smaller. The transmission attenuation occurs while penetrating through a

substan%\%gzgifferent density, and becomes larger after passing through an area with low density,

such as air bubbles (may include 20 various gases, hereinafter) under the ground. The scattering
@gc_t;c%vetrﬁa size 1/4 to 1/2

attenuation Is an Egygﬁi%gffg %S%% e gggn%g,vpgglaam% IeX|sts and in the case of

times as large as the wave th of an elastic wave 102, such as a grave

the ground cqntal 'n%?g%@{%%%?;@%o{gr v l_rl. gror b?Hngix?g ség(%%s,%%gscgggring attenuation

becomes larger. [0049 Accor case classification is performed in combination with a

dampina acion il andaxgiocindii, Mae Aspeglicalit..a damping fagial tiesbgld ¥elge Dsh and a
velocity threshold value Vsh are provided for the damping factor Dij and the velocity Vi, rTéspectively.
By comp@g_igg t@%gaw@ﬁﬁcig %'1999' tl%%¥e19§iﬁé¥ﬂ€9/th'?eg%mgyglow . In the case

that the ground ccntains bubbles or gases (simply, referred to

bubbles), the velccity becomes low.

10048]

10 Attenuaticn of an elastic wave is generated by a sum of
viscous attenuation, transmission attenuation and scattering
attenuation, as described above. The wviscous attenuation
becomes larger as graln size is large in the ground completely
saturated with water. In other wocrds, in the case of sand,

15 viscous attenuation 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 lcow density, such as air bubbles (may include

20 various gases, hereinafter) under the ground. The scattering
attenuation is an attenuation caused by raflection or
scattering when an object over a size 1/4 to 1/2 times as
large as the wavelength of an elastic wave 102, such as a

gravel, exists and in the case of the ground containing a

25 large amcunt of gravel layer or bounding stones, the
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factor threshold value Dsh and the velocity threshold value 10 Vsh, respectively, a state of the ground
104 is determined. [0050] First, in the case that the velocity Vij is larger than the velocity threshold
value Vsh and the damping factor Dij is larger than the damping factor threshold value Dsh (Yes in
15step 510, 512), it is determined that a state of the ground 104 is a sand layer not containing bubbles
but containing gravels (CONDITION 1 that is a state of sand SA, loose sand LS, sand with gravel

(including only gravels) SC) (step S14). [0051] 20In the case that the velocity Vij is larger than the
B VRN S e BTG

velocity thr StorBifRsmaller than the damping factor threshold
value (Ye[' &')n %ep 310, No in step 312), a state of the ground 104 is a sand layer not containing
bubbles, éas% or gravels. When the 25 damping factor Dij is further smaller, it is determined that a

state of the ground 104 may be hard clay (CONDITION 2 that is a state of hard clay TC or dense sand
TS) (step S16). [0OSI A tHE Chse TRETEVRTSCIy \AFIS SHiRIRT ths tHRvsStit threshold value Vsh

and the damping factor Dij.is larger than the damping factor threshold value Dsh (Ng in step S10, Yes
* #é?a s%at%aé‘fffﬁé“ér%%%%og bij and a vefocn:y \(713. Mopre

in S18), it 75 determined ¢
5 specifically, a damping factor threshold value Dsh and a
veleccity threshold value Vsh are provided for the damping
facter Dij and the velocity Vij, respectively. By comparing
the damping facter Dii and the velocity Vij to the damping
factor threshold value Dsh and the velocity threshold value

10 Vsh, respectively, a state of the ground 104 is determined.
[00501

First, in the case that the velocity Vij is larger than
the velocity threshold value Vsh and the damping factor Dij is
larger than the damping factor threshold value Dsh (Yes in

15 step 810, S$12), it is determined that a state of the ground
104 is a sand layer not containing bubbles but containing
gravels (CONDITION 1 that is a state of sand SA, loose sand LS,
sand with gravel (including only gravels) S$SC) (step S514).
(0051}

20 In the case that the velocity Vij is larger than the
velocity thresheld value Vsh and the damping factor Dij is
smaller than the damping factor threshold value (Yes in step
510, No in step S512), a state of the ground 104 is a sand
layer not containing bubbles, gases or gravels. When the

25 damping factor Dij is further smaller, it is determined that a

19



104 is clay containing bubbles or gases, or clay containing gravels (CONDITION 3 that is a state of
clay FC containing 10 bubbles F or sand FS containing bubbles) (step S20). [0053] In the case that the
velocity Vij is smaller than the velocity threshold value Vsh and the damping factor Dij is smaller than
the damping factor threshold value Dsh (No in 15 step 510, 518), it is determined that a state of the
ground 104 is clay not containing bubbles or gases (CONDITION 4 that is a state of loose clay LC or
clay CR) (step S22). [0054] More specifically, it is difficult to distinguish gravels 20 SC, sand SA,
dense said 8, Rose EandiB Mard Lay™é, E’I%y@??éoﬁtéﬁ'ﬁ’ng(gﬁﬁlgfg??@,aﬁd B Conitsining
bubbles F, and clay CR in Fig. 6 by using only velocity. However, it is possible to distinguish them by

using thé d3rhfy Rktdrahreshofttvaite Bs 5f50555 29 TBY Ushigthe vébeity threshold value

Vsh and the damping factor threshold value Dsh, the analyzer 132 can uniquely determine the state of
the grou d4oawith high promptness from a relationship between velocity and damping factor. 5
Determination of a s%tleﬁof the ground 104 and comparison for each location can be achieved with

ease just by prepating EigC8 WitHdi? heEGForSHoving & state dfthe ot 16488 a-&Bss-sectional
hnage.K¥§¥gcity threshold value Vsh and the damping factor Dij is
larger than the damping factor threshcld value Dsh (No in step
551G, Yes in 518), it is determined that a state of the ground
104 is clay containing bubbles or gases, cor clay containing
gravels (CONDITION 3 that is a state of clay FC containing
10 bubbles F or sand FS containing bubbles) {(step S20).
(00531
In the case that the velocity Vij is smaller than the
velocity threshold value Vsh and the damping factor Dij is
smaller than the damping factor threshold wvalue Dsh (No in
15 step 810, S18), it is determined that a state of the ground
104 is clay not containing bubbles or gases (CONDITION 4 that
is a state of locse clay LC or clay CR) (step 522).
[0054]
More specifically, it is difficult to distinguish gravels
20 SC, sand S5A, dense sand TS, loose sand LS, hard clay TC, clay
FC containing bubbles F, sand F$ containing bubbles ¥, and
clay CR in Fig. 6 by using only velocity. However, it is
possible to distinguish them by using the damping factor

threshold wvalue Dsh.

25 [0055]

20



10In the present embodiment, the velocity threshold value Vsh and the damping factor threshold value
Dsh are set to 1.6 km/s and 0.3 dB/kHz/m, respectively. The velocity and the damping factor in a
common sedimentary layer are approx. 1.5 to 1.7 km/s and approx. 0.1 to 0.3 dB/kHz/m, respectively.
15 However, they depend upon a state of the ground 104. The velocity threshold value Vsh and the
damping factor threshold value Dsh may be set out of the ranges described above. Such threshold
values may be corrected by making a comparison to boring information. 20[0057 In the present
embodiment, a state"0FtHE ghotid To4 fsh é&eﬁﬁﬁ%ﬂﬁ%ﬁgﬁ@&l&ﬁp‘i]@fm B bas8dBRtha
attenuation AT including viscous attenuation in this way. Accordingly, a state of the ground 104 can be
determinige)?jcr%ﬁfe EREERIRaA i 25 ScdiRfentibhsl MBAMSEGHCH gg a-ethBd-Eifig Viscous
attenuatriﬁ%n alone or a method withou%huse of damping factozg.d_%o058], When the ground is locally

loose, firfe bIBBIEE thattio F&fatfect the Bfarge i VeIdd B Py EH¥EPERE™D 5 velocity

changes but only a damping factor may become larger. By utilizing such a relationship, the analyzer
132 can éjlé?é?nﬁng %ggfﬁ&?é%%\égs%é’ée&%uﬁgﬁ?)%.lf@b@ﬁ‘ﬁ'n %%Hk?rbg@ntfgrﬁ%aiment, only each

On%yfﬂgg%%%%§%ation of a state of the ground 104 and comparison forx
each location can be achieved with ease just by preparing Fig.
6 without need for showing a state of the ground 104 as a
cross-sectional image.
[0056]

10 In the present embodiment, the velocity threshold value
Vsh and the damping factor threshold value Dsh are set to 1.6
xm/s and 0.3 dB/kHz/m, respectively. The velocity and the
damping factor in a common sedimentary layer are approx. 1.5
to 1.7 km/s and approx. 0.1 to 0.3 dB/kHz/m, respectively.

15 However, they depend upon a state of the ground 104. The
velocity threshold value Vsh and the damping factor threshold
value Dsh may be set out of the ranges described above. Such
threshold values may be corrected by making a comparison to
boring information.

20 (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

25 a conventional manner {such as a method using viscous
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10 threshold value Vsh and the damping factor threshold value Dsh is set.A state of the ground 104 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. However,
15 the present invention is not limited thereto. [0060] For example, in the second embodiment, a
plurality of at least either one of the velocity threshold value Vsh and the damping factor threshold
value Dsh are provided, achieving 20finer determination. In such a case, all state illustrated in Fig. 6

can be ditirguiéhett Eof ERAMpRE the VEIURRY threShoIdN e VER i€ et betiebA A5 kins and 1.6

km/s of tP§ \g}:&gcity V (hereinafter, Vij shown as V) of the elastic wave 102 and between 1.6 km/s and
1.7 km/s; 3 ctively 25(total: two). A damping factor threshold value Dsh is set between 0.05
dB/kHz/m and 0,1 dB/kHz/m, between 0.1 dB/kHz/m and 0.2 dB/kHz/m, between 0.2 dB/kHz/m and
0.3 B ki, ol Hetwien BEEABRHoh SRFO SHERAS A of A Ve BIRS tor BPerinatter, Di

also expressed,as D) of ihe elastic waye 102, Stespeollyaly (ofal: foun, 10051 In & gonventionsl
technique; y‘shlgﬁy prems?ely 9 Y Y !

5 welocity changes but only a damping factor may become larger.
By utilizing such a relationship, the analyzer 132 can
determine even looseness in the ground 104.

[0059]

In the preszsnt embodiment, only each cone of the velocity

10  threshold value Vsh and the damping factor threshold wvalue Dsh

is set. A state of the ground 104 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 lcose clay c¢r clay. However,
15 the present invention is not limited thereto.

[0060]

For example, in the second embodiment, a plurality of at
least either one of the velocity threshold value Vsh and the
damping factor threshold value Dsh are provided, achieving

20 finer determination. In such a case, all state illustrated in
Fig. €& can be distinguished. For example, the velocity
threshold value Vsh is set between 1.5 km/s and 1.6 km/s of
the velocity V (hereinafter, Vij shown as V) of the elastic

wave 102 and between 1.6 km/s and 1.7 km/s, respectively

25 (total: two). A damping factor threshold value Dsh is set

22



measuring a velocity V, it is conceivable that the velocity V is determined in the following three cases:
1.5 km/s, 1.6 km/s, 10and 1.7 km/s. In that case, in Fig. 7, a loose clay layer G1 can be determined
from a velocity of 1.5 km/s. However, boulder stone S contained therein cannot be determined. Also, a
loose sand layer G2 or a hard clay layer G3 can be determined from a velocity of 1.6 km/s. However,
15identification thereof cannot be made. In addition, the presence of bubbles (subsurface gas) F in a
hard clay layer G3 cannot be determined. Additional}y, a dense sand layer G4, gravels G5 or a hard
clay Iayé)%?%’%ﬁﬁ be-deteminéd Fd aEISGity G F K8 HEGEYES TuhtificRorkthefdof cannot 20
be made. [0062] On_the other hand, a second embodiment provides mare highly precise
determirftion ofa SBRIEOANB groaTd T68 a8 ifustfiitst 7 BIG FindcomBinafior (ith BiiFdamping
factor 25 threshold values Dsh with the velocity threshold value Vsh. In the case of a loose clay layer
& o L

Gl, the ARPIGTG FactorD BIkEn” Bt 8 HaMing fattoPof BRdR StbASE &35 High (0.2

dB/kHz/m) even at the same velocity V as a velocity in a loose clay layer, the presence of Ider
ﬁonef;éﬁ?ﬁégnag%er’ Di% ai%o expresseé as D} o %kg 2] asgic wave ?83,

5 respectively (total: four).
[0061]
In a conventional technigue, by highly precisely
measuring a velocity V, 1t is conceivable that the velocity V
is determined in the following three cases: 1.5 km/s, 1.6 km/s,

10 and 1.7 km/s. In that case, in Fig. 7, a loose clay layer Gl
can be determined from a velocity of 1.5 km/s. However,
boulder stone 3 contained therein cannot be determined. Alsc,
a2 loose sand layer G2 or a hard clay layver G3 can be
determined from a velccity of 1.6 km/s. However,

15 identificaticn thereof canncot be made. In addition, the
presence of bubbles (subsurface gas) F in a hard clay layer G3
cannot be determined. Additionally, a dense sand layer G4,
gravels G5 or a hard clay layer G6 can be determined from a
velocity of 1.7 km/s. However, identification thereof cannot

20  be made.

[0062]

On the other hand, a second emboediment provides more
highly precise determinaticn of a state of the ground 104 as
illustrated in FIG. 7 in combinaticn with four damping factor

25 threshold wvalues Dsh with the velocity thresheld value Vsh. In
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5 identified. In the case of a loose sand layer G2 and hard clay layer G3, the loose sand layer G2 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 G3 can be identified against the loose sand layer G2. Also, a damping factor D of a
10 bubble F in the hard clay layer G3 is much higher than that of the loose sand layer G2 (0.5 dB), the
presence of any bubble F can be identified. Additionally, in the dense sand layer G4, gravel layer G5
and hard clay layer G6, a damping factor D of the gravel layer G5 is higher (0.5 dB) than a damping
factor D 1570.2 383 #ihé deRSE Safid fafet BFEVET at fHeSsHRERLRTity ¥4t aldahfping factor D of
the hard clay layer G6 is small (0.05 dB). Thus, the dense sand layer G4, the gravel layer G5 and hard
clay Iayeoré%5 cgﬁ’ f)]él%?éﬂy idBHfifict MRt JtREF Po[6063 Y 5ds. B ERd BB-ShdW Estate of
the ground 104 in the present embodiment, using a velocity distribution chart and a damping factor
distributiof t%aﬂBf;&lﬁl Basidient Fesults of FRcactiatandil aloAg TOKYS BAT THe thedsurement
conditions 25 were as follows: distances between boreholes 106 were 66 m and 55 m and the
measuremM&tHepth Was 85 hr. Fig BA RS G868ty distibition charCArd Fig=8B i8% damping factor

distribution chart._Each of Figs. 8A and 8B shows the determined state of the ground 104 with G10 to
e O | B It S R orf LA s 210308 STy oy

alluvial cﬁy Ia}_{er G_-lzgg a}lgose silta!gyéerl(gi’lt; Zallg;iaal}gilt Iay_i'%%?émgo%ed of medjum particles of
clay fand sahd, G %’IS%I‘] al grﬁgt% I?fiyer of sahd and sitt* 614 | . nse %ﬁ%%gﬁer%%}?% sand; _
aléj\éllzdysgr;z(rjl{) Eﬁgzéi%g {éﬁ iazél %:J;% S(:Itayol.a%%r g—éa}gH%I9X£)alleLJ¥|earll c‘l51 I%}/leer),s%lrrlndeGm is a bubble in
velocity V. Thus, the hard clay layer G3 can be identified
against the loose sand layer GZ. Also, a damping factor D of a
10 bubble F in the hard clay layer G3 is much higher than that of
the loose sand laver G2 (0.5 dB), the presence of any bubble F
can be identified. Additionally, in the dense sand layer G4,
gravel lavyer G5 and hard clay layer G6, a damping factor D of
the gravel layer G5 is higher (0.5 dB} than a damping factcr D
15 (0.1 dB) of the dense sand laver G4 even at the same velocity
V and a damping factor D of the hard clay layer G6 is small
(0.05 dB). Thus, the dense sand layer G4, the gravel layer G5
and hard clay layer G6 can be easily identified from each
other.
20 [6063]
Figs. 8A and 8B show a state of the ground 104 in the
present embodiment, using a velocity distribution chart and a
damping factor distribution chart from measurement resulis of
an actual landfill along Tokyo Bay. The measurement conditions

25 were as follows: distances between boreholes 106 were 66 m and
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[0064] Such configuration data, when graphed with velocity 15 versus damping factor, is as shown by
empty circles in Fig. 9. Herein, a broken-line arrow shows a difference between sand and clay. Also, a
solid-line arrow shows mainly a difference between a saturated layer and an unsaturated layer. An
area H1 surrounded by round broken lines is deviated from the solid- 20 line arrow as compared to an
area H2. Accordingly, by defining an appropriate damping factor threshold value Dsh between the area

H1 and area H2, the presence of bubbles (organic gas) can be clearly determined, More
cpeciicalt, By FEoM B EAEER e SERE (A e velogis trEenats vAIGVE S 35 state o
the ground 104‘iIS3 determinﬁd mainl@mﬂ diffeégn%es E;n granularity rimary components of the

f
ground £ 6F slanud? siit'or e gﬁ.tlnaa dition® by a corﬁparlsoaﬁngelt%egatﬁg%Iémping factor D and the

damplngdfac or threshold v%lg% Dsh,Eaa(s:HQteogf tbheagr;rou 104£a be more a urately determined

mainly byJSSt o delermination of difféfentes’in Satdrated ‘State of the gsro%‘ﬁa 104rom a state

containing bubbles or, gravels to a dense state of t round 104. [0065] By.determining a_state of the
ground f%ﬁi%ﬁﬁfénﬁgy, %‘rﬁ1 _T[ e%gm%féa, asfele uqﬁ?r}]gl (‘fqalntk%le (élcl)r{#s?rtl?cté% %hileégs}goié‘l%gagravels
(boulder) under the grouynd 104. (For example, presence of such gravels (boulder).may stop a shield
machingbr 10861 T e Bre8ant s ERie nd BIOURE T0F BEma o2 o1 28 %

loose clay layer (Clay; alluvial clay layer), GlZ is a loose
silt layer (Silt; a2lluvial silt layer) ccmposed of medium
particlies of clay and sand, G13 is an alternate layer of sand
and silt, Gl4 is a dense sand layer (Dense sand; alluvial sand
10  layer), G1l5 is a hard clay layer (Hard Clay; alluvial clay
layer), and Glé is a bubble in the clay layer {(Soil gas;
organic gas).
[0064]
Such configuration data, when graphed with velccity
15 wversus damping factcr, is azs shown by empty circles in Fig. 9.
Herein, a broken-line arrow shows a difference between sand
and clay. Also, a solid-line arrow shows mainly a difference
petween a saturated layer and an unsaturated layver. An area Hl
surroundad by round broken lines is deviated from the solid-
20 line arrow as compared to an area HZ2. Accordingly, by defining
an appropriate damping factor thresheld value Dsh between the
area H1l and the area HZ, the presence of bubbles (organic gas)
can be clearly determined. More specifically, by a comparison
between the velocity V and the velocity threshold wvalue Vsh, a

25 state of the ground 104 is determined mainly from differences
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15 gravels, sand or clay. However, the present invention is not limited thereto. The present invention
may apply to, for example, artificial floor 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 20
described below as a third embodiment. [0067] When an obtained velocity V is larger than the velocity
threshold value Vsh (for example, 1.6 km/s), a state of the ground 104 is determined as base rock R2
without a crack ZSQ@DITIO% Zé. On the other hand, when the obtained velocity V is smaller than
the velodity tRFcsRBIFVAINE Veh, BStAIROf tHBRURE 102 iS teldtmirfP i rave X crREk SAfHen the

obtained damping factor D is larger than the damping factor threshold value Dsh (for example, 0.3
BIKHo/) A GjeES biisth A 4HE HIACk CRY 1€ CERTAErbe S HBBe (RTuARGGLES

(CONDITION 3). When the obtained damping factor D is smaller than the damping factor threshold
value D;%n? %F\Oo%j\eglctaé%gst%%em SRtk (%gf%gﬁ b@éﬁ%ﬁﬁijnéd‘% %%?Nﬁ%?brl Sgth%?%ﬁﬁstance

(CONDITI%) 4). At this ti ,giy 10 additionally setting the damping factar threshold value Dsh to a
72 uI(\a{,k%r 3%%8%77% er &%%%%r&%%én%%ﬂg e%%fiee?&f egcerml%%ca?llﬁav%ﬁléﬁ t %ey ground 104

smaller va wa ore speci h

is cancr te or a§e rock, the presence .of cracks in the ground 104 may be determined from the

velcggcity%reesh% %f&“]ér{?s jﬁ%ﬁdorf gf%lu%]geff %?rensatif'iﬁ met |uur¥1astu% a5 B\ eblé’rsT,f], v(?éﬁ%r or concrete
t

existing 10,3 giack 5y be detemingd rom e, damRina fag0s dueshold ¥ays Rsh Fyr example, in
dense state of the ground 104.
(00651
By determining a state of the ground 104 in this way, for
10 example, a shield tunnel can be constructed while avoiding
gravels (boulder} under the ground 104. {For example, presence
of such gravels (boulder}) may stcp a shield machine.)
[0060]
In the present embodiments, the ground 104 contains
15> gravels, sand or clay. However, the present invention is not
limited thereto. The present invention may apply to, for
example, artificial floor surfaces and base structures made of
concrete as well as base rock. Referring now to Fig. 10, a
case where the ground 104 1s concrete or base rock will be
20 described below as a third embodiment.
[0067]
When an obtained velcocity V is larger than the velocity
threshold value Vsh (for example, 1.6 km/s), a state of the
ground 104 is determined as base rock R2 without a crack

25 (CONDITION 2). On the other hand, when the obtained velocity V
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construct a shield tunnel or investigating a concrete base structure of a dam, if a crack is found therein
and water 20 exists inside the crack, it is necessary to drain the water and to fill 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 air,
25 water or concrete. Accordingly, since the construction work of a shield tunnel or evaluation of a

concrete base strycture is implemented and then repair work and the like are promptly inyestigated,
such civﬁsén%ri[ﬁ%ﬁi% V\%}‘ﬁ%aﬁ e B&?&?’r‘%&’ Wﬁﬁ%%%é?le?ﬁéf éi/eth\éﬁ?}h aaco%ggﬁﬁi/)r? technique.
5[0068] In determining a.state of the ground 104, a frequency to be used is single and a
correlati%}ﬁ1 Detvesh' g] IgF?gSls‘F'gn% ea{:tnf‘%g[éerl?se%ao?rgﬁgor% s?g%‘é%hd eer%ﬁéﬁ/%d elastic wave 102

is taken, and therefore, a state of the ground 104 can be analyzed at a high SIN ratio. As illustrated
o o e R e o e o T e T A A CHie of the

ground Jt%é_’[li %%%s sec_‘LtLiloer.l Be ong)?% Ieaagtéa??lgg,e theooagh r%qglil,g\ﬁl% preﬂSWeenntheDtranS{nitter 120 and

the receiver determination of 8'st he 15 grou asmfall)c;l Uses a transmitted wave,

and.thergfore.a higher /N atio cap be.gnsured 10069) - Additignally. fyysing a PRBS signal
modulation-coritrofied by a pseudo-random ¢odeé against a single frequency. 20 transmission and

reception can e performed at a.higher frequency than a conventional one (t9_approx. 200 Hz). In the
above-mqelnrﬁ%ng lerrzr?t)o%ﬁr%zant(,ia"n?easurer(‘%ent <')51f 20 znis%vgilgk%)liéé‘i'ﬁﬁg té)g aurd 104 can be

investioaied with measuremen resqlytion more ey ten fires. 23 Many a3 1.3 gonygfional 25 way.
For example, when a Ve|OCIty of the elastic wave
Dsh, an object existing in the crack CRZ can be determined to
e water or other substance (CONDITION 4). At fhis time, by
1¢ additionally setting the damping factcr threshold wvalue Dsh to
a smaller value, for example, water or concrete can be
identified. More specifically, when the ground 104 is concrete
or base rock, the presence of cracks in the ground 104 may be
determined from the velocity threshold value Vsh, and a ground
15 formation medium such as bubbles, water c¢r concrete existing
in a crack may be determined from the damping factor threshold
value Dsh. For example, in excavation of base rock to
construct a shield tunnel or investigating & concrete base
structure of a dam, if a crack is found therein and water
20 exists inside the crack, it 1is necessary to drain the water
and to fill 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 air,

25 water or concrete. Accordingly, since the coenstruction werk of
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under the ground 104 is taken as 2 km/s, the resolution is approx. 5 m in a conventional technique.
However, in the present embodiment, a resolution of approx. 0.2 m can be achieved. Since a
frequency band of background noise (such as 5 traffic noise and construction noise above the ground
104) is low, little effect of background noise can be achieved. [0070] As a frequency is higher, the
elastic wave 102 tends to exponentially attenuate more, and hence it is difficult to 10 propagate an

elastic wave, with g high frequency a lang distance. However, use of a PRBS signal enables to scatter
ey B T 10 By T e T4 Ao e 162 P A

frequency can be propagate some hundreds of meters against a conventional one (order of 15

several r%l%?grgfei%? %%%?a 8\?3-%21&1 ione aeﬁbé”d?r%}énﬁnprop%ggeaggh%f thé BldsticWavehas been

verified as follogls: ore than 400 m at % kHz and more than 2%m at 30 kHz. [})971%M re specifically,
5 SEBRot

nv ate = C1vl enginesrl Wo I CATL e
by use ofa PR ignal ‘and 20 correlation o%erapﬁon, tie &iastic Wave 1025¢ah agated a long

distancewv:\{r%iyf sinﬂ 2 higl% Er{agijggc& %[%da% sg_age é)f é%en%?ggg 1r9a41C neg?1 dgteurrenined by performing
measurement Witlt Igh precision WitHout uch adverse’effect oanse%’mc u%hn% vibration) above the

gro%nd %%EOO?Z]

In determining a state of the ground 104, a freguency to
be used is single and a correlation between a PRBS signal that
is a pseudo-random signal and the received elastic wave 102 is
taken, ancé therefore, a state of the ground 104 can be

10  analyzed at a high S/N ratio. As illustrated in FIG. 2, since
many receivers 124 receive elastic waves 102 at a time,
widespread visibility of the ground 10G4A in cross section
becomes easy. Also, the path 104A is between the transmitter
120 and the receiver 124 and determination of a state of the

15 greound 104 basically uses a transmitted wave, and therefore, a
higher $/N ratio can be ensured.

[0069]

Additionally, by using a PRBS signal modulation-
controlled by a pseudo-random code against a single frequency,

20 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 available.
Thus, the ground 104 can be investigated with measurement
resolution more than ten times as many as in a conventiocnal

25 way. For example, when a velocity of the elastic wave 102
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More specifically, according to the above-mentioned embodiment, an internal structure, local
looseness, cavities, presence of gravels under the ground 104 can be visualized in a wide sphere at a
time, and a state of the ground 104 can be 5 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 102 in the actual ground 104, the result is used to

determine g state of the ground,104. 10 Accordingly, the velocity V and the damping factor D of the
elastic m}é@%%zt Gﬁdéﬁﬁg’&%&#f 104 cgﬁﬁb o bi%e%rflcz &xadtiFdétERRNe a Sfaté Bf the ground

104. [0073] Since aE_hpseu.do-random siéygal is L{Lseg, ti}? elastic Wz;'){]e 15 102 can be propagated a long
distance &ren A hig fpec;fﬂlenacycig udet asa 3arrie??reaﬁgﬁlc%/i T %‘f?ﬁreearswékr%eﬁp With high precision
and measurergggt \évitggut.much adverse effect of background noise (such as traffic noise or

construction noise aglovedﬁ%egnr%m& ljfﬁfca’lré:E vailabre. Zﬁfé)d:ﬁﬁ "It is"alS6 Conceivable to use

electromagpgg% waves in place offthe elastic WEvesdlo%. However, an glenctr.omag(netic wave tends to

. wslhNce Lnregue a O, acK un OlSe such as
be absorbed in Wa ér, it any and is sugceprffffﬂ’e 0 glectncapnmsgﬁ\zﬂore specn’?cally, iN"an area where a

ZSSEeeI towef or the like gx%sn%r |Qo%n5%@an reglonrll or belo%/\é 5@% sggace of %:ﬁ)ém%v%ter.or sea water,

a methoa Il:j?s,lng‘lézlef:lt?(%r%agnetlc waves |su8i1ff|lcu?t to%:bsp?y. ecause of tﬁf‘fs? e tomo rafiﬁy method

using elelctrom%g ect waves te ds fo be Iilr(’nited tocfalp%plications where such, electromagnetic waves

are 5 uséd ‘gboven%he Surface 6 gr%una\?v%teqrﬁﬁ%nmouﬁ ain area or the %J)GC%B ie other hand, the

above-mﬁggj%?d embodiment uses elastic waves 102, and therefore, has no limits described above
e

and has wider applicability than a method using electromagnetic waves. More specifically, the
ggfr‘éfeumrﬁ”;'rorr]‘aet%%ﬁ’ﬁg%@%%&g?&g%‘;@% ivestiogtion without fimitations pp jogations, such as
exponentially attenuate more, and hence it is difficult to
10 propagate an elastic wave with a high freguency a long
distance. However, use of a PRBS signal enables to scatter
energy of the elastic wave 102 on a time axis, and therefore,
an elastic wave 102 with a high frequency can be preopagated Lo
some hundreds of meters against a conventional one {(order of
15 several meters). In the above~menticned embodiment,
propagation of the elastic wave has been verified as follows:
more than 400 m at 1 kHz and more than 20 m at 30 kHz.
[0071]
More specifically, by use of a PRBS signal and
20 correlation operation, the elastic wave 102 can be propagated
a long distance while using a2 high frequency, and a state of
the ground 104 can be determined by performing measurement
with high precision without much adverse effect of noise
(including vibration) above the ground 104.
25 [C072]
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for corrupt smell gas (organic gas) including methane gas. During pile driving for structure
construction, for example, in bay areas (such as Tokyo Bay or Osaka Bay), the above- 15 mentioned
embodiment is an effective method in preventing accidents such as jetting of corrupt smell gas. [0075]
Having described the present invention as related to the embodiments, it is to be understood that the
present invention 20 is not limited to the embodiments. More specifically, it is further understood that
various modifications and desiign cl'gi]‘u es may be made in the present invention without departing
from the spirit and” é‘c@opsépt%%rleolff: g} Zé‘lggié 55%8@?@1&&%)33 toé’rﬁﬁglgi%telncf%‘:sgs piezoelectric
ceramicse I%mggge}lqcstri%%/eim%teeggg or the tra srpétterllozg. owever, tgg res%nt invention is not
limited thereto and mdy use othér one. [0%1—7’?]1% Oredver Jin the presenrf embo im‘éﬁﬁjtﬁg elastic wave
102 is basreéjso% gesin e carr‘irer fgeq%egc r@%%ulated l%yda ?8t§ludorangom signallAlth%u h the
inventor Fias demonstrated that y use of the pse%ﬁgprandom sigcnaarf aveloci yu\‘? ahda'd r%ping factor

D can be obelned it Asignifgantgxoelent $7 9 ato fhe pseydosyandam siqng) ot always
5 determined with high precision while aveciding

misinterpretation of the ground 104. More specifically, the
following advantages become available. By determining
attenuation of an elastic wave 102 in the actual ground 104,
the result is used to determine a state of the ground 104.

1C  Accordingly, 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 pseude-randem signal i1s used, the elastic wave

15 102 can be propagated a long distance even a high freguency is
used as a carrier frequency. Thus, measurement with high
precisicon and measurement without much adverse effect of
background noise (such as traffic noise or construction noise
above the ground 104) are available.

20 [0074]

It is alsc conceivable to use electromagnetic waves in
place cf the elastic waves 102. However, an electromagnetic
wave tends to be absorbed in water, if any and is susceptible
to electrical noise. More gpecifically, in an area where a

25 steel tower or the like exits or in an urban region, or below
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used. Moreover, the pseudo-random signal is a PRBS signal using M sequence. However, the present
invention is not limited thereto, and the pseudo-random signal may use a signal of Gold sequence,

Barker sequence or the like. 15[0078] In addition, the present embodiment uses correlation
operation between a pseudo-random signal and a received elastic wave 102. However, the present
invention is not limited thereto. 20[0079] In the present embodiment, the transmitters 120 and the

receiver% 124 are %nsctgll%%in t@g bocriehgclgip 186 tg EEnin{i’dmi e ground inf%lrm(?tion,of extreme surfaces of
the groun(klléio And 176is8 trafismited rom stifaces this geraépiﬁgr%eéjt &'t the™s5 ground 104 with
high precision, More specifically, in the, present emhodiment, the receivers 124 that have .
conventi(c;‘\)zaﬁ:y;C been %Igs)?gﬁe% (‘)“%/ﬁEi %ﬁeessulrgagielo ﬁgﬁi%u%f 16{2 g“ Hr'eveﬁed%ag?‘asoeat%n &%algfoken-line
density Y bgo%rgittgd. owever, nge @E%%em irlveeéléiogni% not chniﬂ(t:ed gh\gerestotngr ex%rgpgeé 5 either or
both of the Tecenvers 190 and the receivers 124 may beTistalled on the surface c?ﬁhe ground 104. At
that timeﬁim%lgéa%%ut é)f ﬂi%_ tcrgt gmlj;ttsers I%deandutgg re %iv%rsolzadr irsleaé/jz_iilablgv 03080le
10AdditiongifL, In the pre%gnt em oglmen%, fhie veloci y V and e 1aatghpmg factdr D of fhe elastic wave
1025are olgtg eagb gortrglatlggt 2 psey -ra}:r%}duonrgﬁégcnal to. the elastic wave 102. However, the
means of 0

o

taining the verbcny and the d mping actor D of the é?gﬁ%tﬁé\?e 102 the present

the like.) ©On the cther hand, the above-mentioned embodiment
uses elastic waves 102, and therefore, has no limits described
above and has wider applicability than a method using
electremagnetic waves. More specifically, the above-mentioned
10 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 construction, for example,
in bay areas {such as Tokyo Bay or Osaka Bay), the above-
15 mentioned embodiment is an effective method in preventing
accidents such as jetting of corrupt smell gas.
[0075]
Having described the present invention as related to the
embodiments, it is to be understoocd that the present invention
20  is not limited to the embodiments. More specifically, it is
further understood that varilous modifications and design
changes may be made in the present invention without departing
from the spirit and scope therect.
[0076]

25 For example, the present embodiment uses piezoelectric
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15 invention is not limited thereto. In addition, in the present embodiment, a velocity Vij and a damping
factor Dij for each block Aij are obtained by the tomography method from a velocity V and a damping
factor D of the elastic wave 102, and the state of the ground 104 is determined for each block Aij 20
However, the present invention is not limited thereto. Rough determination of the state of the ground
104 may be made from the velocity V and the damping factor D of the elastic wave 102 at the previous

step of the tomograph methodtIN USTtRJAL APPLICABILITY 2%30811‘5 The preignt invention
can appﬁ/etgaamrlne%oo for extensive )}: \]/iguéﬁrz?nén %ES%JX% ri arst furs %ﬂa@?ﬁ%@&ro 81ncluding

concreteh%truec\pérres %tnndeba%ee [Soecrl&:ar.ulgl1 \t{fé% presence oIfl Iotcai Ijgr?feg%sgdé:gvities or gravelsinab

nondestructive wdy at a tifme using elal$tic Waves (mcludcfng ad8tistie Wavesf.eﬁﬁFE NCE SIGNS

LIST [0082L10%%ubsurface exploration system 10 102elastic wave 104ground 104A path 106borehole
us C er one.

112frequency genérator

[0077]

5 Morecver, 1n the present embodiment, the elastic wave 102
is based on a single carrier freguency modulated by a pseudo-
random signal. Although the inventor has demonstrated that by
use of the pseudo-random signal a velocity V and a damping
factecr D can be obtained with a significantly excellent S/N

10 ratic, the pseudo~random signal is not always required to be
used. Moreover, the pseudo-random signal is a PRBS signal
using M sequence. However, the present invention is not
limited thereto, and the pseudo-random signal may use a signal
cf Gold sequence, Barker seguence or the like,

15 10078)]

In additicon, the present embodiment uses correlation
operation between a pseudo-randoem signal and a received
elastic wave 102Z. However, the present invention is not
limited thereto.

20 [0079]

In the present embodiment, the transmitters 120 and the
receivers 124 are installed in the boreholes 106 to minimize
ground information ¢f extreme surfaces of the ground 104 and
neoise transmitted from surfaces, thus grasping a state of the

25 ground 104 with high precision. More specifically, in the
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15 114phase converter 116D-A converter 118transmission amplifier 120transmitter 124receiver
20126receive filter 128A-D converter 130data recorder 132analyzer CLAIMS 1. A subsurface
exploration method for nondestructively visualizing the ground using an elastic wave, the method 5
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

[ [ [ h nder the ground from the
receive the elastic waye having 10 propagated thiough,a path under the ground from the 1

been installed on the surface of the ground 104 to prevent
degradation of a broken-line density may be omitted. However,
the present invention is nct limited thereto. For example,

5 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 layocut of the transmitters 120 and the receivers 124 is
available.
f0080]

10 Additionally, in the present embodiment, the velocity V
and the damping factcocr D of the elastic wave 102 are obtained
by cocrrelating 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

15 invention is not limited theretc. In addition, in the present
embodiment, a velocity Vij and a damping factor Dij for each
block Aij are cbhbtained by the tomography method from a
velocity V and a damping factor D of the elastic wave 102, and
the state of the ground 104 is determined for each block Aij.

20  However, the present invention is not limited thereto. Rough
determination of the state of the ground 104 may be made from
the velccity V and the damping factor D of the elastic wave
102 at the previous step of the tomography method.

INDUSTRIAL APPLICABILITY

25 [ocosl}
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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 and 15 one or more
velocity threshold values for the damping factor and the velocity, respectively, and comparing the
damping factor and the velocity to the damping threshold value and the velocity threshold value,

thereby determining a state of the ground. 20 2. The subsurface exploration method according to

claim 1, wherein - %hesgt%t:e 91;1 tvbee rgund (i:sagleterm'nedtrgagll)%grtl aoogff ence between
granularities of prlmarE/J c%mponents of the 25 groun?iplﬁc Hding sand, silt or clay by comparing the

velocity thresholdvvaiue ta the \ielogi%}/%angc}h% staitgl(_)f the %round is determir%e%drezlcqjlrgy ona

differenc%xge%lv%jén Salurated 'Staté 6 eagrounéf From énscf]atetr%gﬁfgfr%ﬁg Bu or gravels to a

hard state of tgg glrourld QX 5 com %rji:r)agctehe dcam%igg rfactor tntge_%hold valu&to th Cglatn]?lping factor. 3.

The sub&urface exprfgra%onnrﬁet%o accordirslg to’ claim efw erein the state of the groun% IS

deuﬂmkg?égg%égu%gflocal looseness, cavities or gravels in a
5 nondestructive way at a time using elastic waves (including
acoustic waves).
REFERENCE SIGNS LIST
160823
100 subsurface exploration system
10 102 elastic wave
104 ground
104n path
106 borehole
112 frequency generator
15 114 phase converter
i1l6 D-A converter
118 transmission amplifier
120 transmitter
124 recelver
20 126 receive filter
128 A-D converter

130 data recorder

132 analyzer
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10 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. 4. The subsurface exploration
method according to claim 1, 15 wherein the ground is concrete or base rock, and the presence of a
crack in the ground is determined by the velocity threshold value and a ground formation medium
existing in the crack is determined by the damping factor threshold value. 20 5.The subsurface
exploration method according to any of claims 1 1Q 4, wherein the elastic wave is based on a single
carrier frequency modulated by a pseudo-rando %F(%Sal 6.The subsurface exploration method
according to claim 1, 25 wherein the damping factor and the velocity are obtained by 36 correlation
operation between the pseudo-random signal and the received elastic wave. 7.The subsurface

exploration method according lo any.of 2.daims 1 (0.6, whergin al e ranemiter and the receiver are
installed under the ground.

visualizing the ground using an elastic wave, the method
5 including:
installing a receiver and a transmitter that transmits
the elastic wave at known positions of the ground;
causing the fransmitter fLo transmit the elastic wave;
causing the receiver to receive the elastic wave having
10 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 thresheold values and
15 one or more velocity threshold values for the damping factor
and the velocity, respectively, and comparing the damping
factor and the wvelocity to the damping threshold wvalue and the
velocity thresheld value, thereby determining a state of the
ground.
20
Z. The subsurface exploration method according to claim 1,
wherein
the state of the ground i1s determined mainly on a
difference between granularities of primary compcnents of the

25 ground including sand, silt or clay by ccmparing the velocity
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i0

15

20

25

thresheld value to the velocity, and

the state of the ground is determined mainly on a
difference between saturated state of the ground from a state
containing bubbles or gravels to a hard state of the ground by

comparing the damping factor 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
sand, loose sand cr 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.

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 ground is determined by the velocity

threshold wvalue and a ground formaticn medium existing in the

crack is determined by the damping factor threshold value.

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

carrier frequency modulated by a pseudo-random signal.

6. The subsurface explcoration method according te claim I,

wherein the damping factor and the velocity are obtained by
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correlation cperation between the pseudo-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 receiver

are installed under the ground.
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