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Abstract

Conventional impulse GPR (ground penetrating radar) has been used to explorations for
geological structures, buried pipes and underground cavities due to the high resolution and efficient
technique. However, the impulse GPR subjects have been restricted because of applicable depth
about 2 or 3m.

In this study, I have adopted the stepped FM-CW (frequency modulation — continuous wave) GPR
to expand the penetration depth. The equipment using FM-CW technique is simple principle and the
stacking is easy. With the developed equipment, the confirmation exploration was conducted in the
experiment site where buried pipes were installed in. As a result, it was confirmed that I could secure
more than penetration depth 10m.

With the stepped FM-CW GPR, 1 examined applicability to the internal structure exploration of
the river embankment. The penetration depth was performed more than 15m and it was able to
confirm it about the consistency with the cross section of the soil structure. I tried an estimate of the
volumetric water content of the ground by velocity analysis. As a result, I left a problem unfinished
about the absolute value of the water content, but was able to confirm consistency with the electric
survey. Furthermore, the cross line and the pseudo-three dimensional exploration were able to
estimate the detailed internal structure of the river embankment. We were able to acquire the section
penetrating over 20m depth which is sufficiently to obtain the foundation as well as the internal
structures of river embankments. It is really efficient method and suited for grand scale river
embankments because a longitudinal measurement length of 1km per day can be performed even if
this technique was compared with other geophysical explorations (for example, seismic reflection
method).

It is necessary to consider the dielectric characteristic of the underground medium on interpreting
a result of GPR. However, it is not generally discussed in relative dielectric permittivity in GPR
results, and the conventional technique is not to reach to interpret an exploration result considering
the dielectric permittivity. GPR is limited using as detector rather than geophysical exploration
because of individual difference of a technician and little consideration of the dielectric
characteristics of underground medium. The dielectric characteristics such as relative dielectric
permittivity carry an important role for static correction, migration, depth conversion in the data
processing or the numerical simulation.

About the dielectric characteristic of the underground medium, it is regarded a component of the
ground as a mixture, and various models have been proposed conventionally. These models could
apply to it for the homogeneous medium, but an empirical formula to be based on actual survey
value has been thought about so that there was it when I cannot apply it about the heterogeneous

medium. There is in particular Topp’s equation (Topp et al.1980) as the thing which can estimate



volumetric water content from the value of the relative dielectric permittivity. However, it is not
perfect about this equation either. The reason is because volumetric water content intends for glass
beads comparatively homogeneous sample as a result of to around 50%.

It is examined with water tank to verify Topp’s equation. I developed the stepped FM-CW GPR
equipment using a network analyzer. It was developed the antenna which was applied a microstrip
line to not a conventional bow tie antenna so that high resolution was demanded because the short
measurement line. The developed antenna was able to realize high resolution and the penetration
depth improved without needing the absorber (ferrite) of the electromagnetic wave.

The tank inside set it to two levels of fine sand and the medium sand. The change of water table
under the surface was able to catch a change of the electromagnetic wave velocity that I accepted by
acquiring CMP gathers at the center of the tank. I performed a quality of soil testing about the sand
which I used for an experiment and calculated volumetric water content. As a result of testing, a
decrease of the electromagnetic wave velocity with the rise of water table under the ground was
accepted. Volumetric water content adjusted volumetric water content and the relations of the
electromagnetic wave velocity with Topp’s equation at around 15-30%, but I was equal to or less
than 15% and did not adjust it.

The dielectric characteristic were measured using a coaxial waveguide about soil sample of sandy
soil, loam, scoria, weathered granite, peat, dried sand and dried loam to verify Topp’s equation. The
measuring system installed the coaxial waveguide in a network analyzer. The relative dielectric
permittivity was calculated from the impedance which reflected at the surface of a sample which was
put in the coaxial waveguide. The measurement frequency band width was SOMHz to 3GHz to cover
the GPR Frequency band width. Soil testing was performed to calculate the volumetric water content
about the sample which I used for the measurement. The volumetric water content was a range of
3-90% that was wider than Topp's equation. As a result of the measurement, where the volumetric
water content is small value, the relative dielectric permittivity agrees with Topp's equation.
However, the relative dielectric permittivity was lower than Topp's equation when the volumetric
water content was large.

The relations between the volumetric water content and the relative dielectric permittivity agree
with ‘the semi-disperse model’ by Wobschall(1977). Topp et al.(1980) reported that the relation by
Wobschall(1977) does not match merely experimental equation. It is argued about the frequency
dependence in Wobschall(1977), but it is not mentioned to a frequency variation in detail. I led
volumetric water content and the relations of the relative dielectric permittivity that considered
frequency dependence in this study.

I carried out the measurement of the rock samples using the impedance analyzer about the relation
between dielectric characteristic and volumetric water content in low frequency that considered the

dielectric dispersion. The measuring system measured direct capacitance and resistance value with
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an impedance analyzer and found a ratio dielectric constant and conductivity from those values. |
carried out a physics examination to find the volumetric water content of the rock sample. |
performed the measurement in an actual state, an artificial dry state and an artificial wet state in the
same sample.

Dielectric dispersion is not shown in the artificial dry state sample. However, dielectric dispersion
becomes remarkable in the high water content the sample such as mudstone which was included just
a little water. Dielectric dispersion was shown in the conductivity (the imaginary part of the
dielectric permittivity). In domains more than volumetric water content 1%, high relations of the
correlation were recognized among both when I introduced Q and examined relations with the
volumetric water content.

With the stepped FM-CW GPR equipment, dielectric dispersion was really occurred in a low
frequency range when it was acquired transmission waveform between boreholes. It becomes the
cause that the dielectric dispersion decreases the resolving power of the impulse waveform. However,
we can improve resolving power with this if we understand Q of the underground. However it is
difficult that the Q factor is estimated extremely accurate. I suggested data processing using the
Hilbert transform as a practical method and tried the application to the field data.

I studied the applicability to the investigation for the caisson-type breakwater using the stepped
FM-CW GPR. Breakwaters which defend ports from high waves are mainly constructed with box
caissons in Japan. Caisson-type breakwaters made of reinforced concrete are often damaged by wave
forces during a long period after the construction. The inner sand of the damaged caissons flows out.
As a result, growth of the cavities in the caissons is accelerated. In order to detect the existence of
the cavities, we first observe the condition of the breakwater surface and measure the elevation or
the shape of the caissons. Next, we bore the breakwater from its surface and insert a waterproof
camera into the holes to observe the cavities. This method takes much time and cost. GPR (ground
penetrating radar) is commonly applied to detect cavities in the underground or concrete
constructions. However, the investigation depth of conventional impulse GPR system is shallow and
they can detect the cavities only up to about 1m depth behind the concrete structures. We have
developed a diagnosis system which was equipped with stepped FM-CW GPR, for investigating the
existence and thickness of cavities inside caissons from the breakwater surface in a non-destructive
manner. Furthermore we designed an automatic diagnosis program so that any engineer, regardless
of the experience on GPR surveys, could operate the program and evaluate cavities in caissons
immediately at the field site. This automatic diagnosis program needs electrical properties (relative
dielectric permittivity and electrical conductivity) of the concrete crown of the caissons. We
measured electrical properties of concrete core samples at the same frequency range of the stepped
FM-CW GPR system. Parameters needed for the automatic diagnosis program were decided by a

numerical modeling of the electromagnetic wave propagation in breakwaters, to which the electrical
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property values obtained by the core sample measurements were applied. Diagnosis results are
simply visualized and are stored in a built-in PC by the automatic diagnosis program. It was
demonstrated with the diagnosis system which was developed in Niigata port and Kanazawa port
and examined it and confirmed the effectiveness of this system.

It is useful for civil engineering if we can estimate volumetric water content of the ground with
stepped FM-CW GPR. For example, we can perform impervious work of the bedrock efficiently if
we can grasp water passageway such as a dam site or the tunnel. If, for example, we can grasp
distribution of the water in the river embankment and the movement of the water by the repetition

measurement, about the quality of soil ground, we can expect the effects in the disaster prevention.
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Fig.1.2-1 Schematic waveform of a pseudo-random signal.
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Fig.1.2-3  Frequency modulation method.
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A Received spectrum

Amplitude

Frequency

Received signal

Time

Fig.1.2-4 Improvement of resolution compensated high frequency.
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Fig.1.2-5 Stepped frequency operation and narrow range filter of the received amplifier.
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Fig.1.3-1 Step frequency operation for the stepped FM-CW GPR.
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Fig.1.3-2 Brock diagram of the stepped FM-CW GPR.
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Fig.1.4-1 Experimental site for evaluating performance for the GPR.

Fig.1.4-2 Photograph of the experimental site. Steel pipes were buried at the

stakes which head colored red.
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Fig.1.4-3 a) Record section of buried pipes exploration applied the stepped FM-CW GPR. Dached
red line is the area of impulse GPR profile. b) Conventional impulse GPR profile.
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Fig.1.4-4 Amplitude spectra compared with (a) stepped FM-CW GPR and (b)impulse GPR.
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Fig.2.2-1 Measurement configuration at Yamashina river test site.
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Fig.2.2-2 Photograph of stepped FM-CW GPR at Yamashina river test site.
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Fig.2.2-4 Soil structure of Yamashina river test site.
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Fig.2.2-5 GPR section and resistivity results of the cross lines at Yamashina river test site.
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Travel Time (nsec.)

Fig.2.2-6 CMP gather at +5m point. Measurement interval was 0.2m
and antenna separations were set up from 3m to 7m. Reflection waves

were observed at about 200ns, 250ns, 300ns and 400ns.

18



Lower reaches Upper reaches
20

-20 -10 0 10 Wo
_%5‘\,\IJ‘._15‘\.\|J.\._I5‘.\II‘.?‘ 4’50 ‘JF".‘\I\“ZIS

o

o

0 25 50 75 100
Volumetric water content (%)

Fig.2.2-7 Section of the estimated volumetric water content (VWC) by Topp’s equation.
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Fig.2.2-8 Section of the cross line No.2 by the open cutting work and resistivity results of No.1 and
No.2 line.
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Fig.2.3-2 Photograph of stepped FM-CW GPR at Uji river.
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Fig.2.3-3 CMP gather and velocity spectrum acquired at Uji river embankment.
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Fig.2.3-4 GPR profile overlaid the soil structure at Uji river embankment.
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Fig.2.3-7 Cross line of the pseudo-three dimensional results.
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NAFHD GPR XV EEDRIZE D OO, FHEDHMIZ L > I H072 B2 it T
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Table 2.4-1 Efficiency of the data acquisition for the river embankment exploration.

Interval [ Speed Length
(m) (m/h) | (m/day)
0.25 75 450
0.5 150 900
1 300 1800
2 600 3600
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Fig.3.1-1 Polarization of water molecule.
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Fig.3.1-2 Complex dielectric permittivity of water given by Debye model (Debye, 1945).
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Fig.4.2-1 Principle of the microstrip line.
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Fig.4.2-2 Principle of the microstrip antenna.

B DI, WRORTEA T ovTFe~vA70AN) v T - T U7 F0O2H
¥EABEL 72, Fig4.3-3 KO Figd3-4 [Z®-IEL - o007 70Nzt Eh
AT, WEOWFEERL ORELHKE L, FOEEE f, % S00MHz IZ%ET 5 &Il
BPOEREA T, BEOBREHREY 2O TKXCTHET LI ENTE D,

Ve C 2.998x10°
" fo fiaJe,  500x10°x+/9

7T TERBHEETOREOEFICTRIEIRVNOT, 77 FaRIE 10em &
b, MADOT7T T FEbz LA MERA 10em OILFEE Lz, RUZA - T
7 T 400Q W5 (BHEHL 200Q), A 7B A bY v T - T 2T FTESM 250
B (2Pt 50Q) oLz LA MEmIcENENEN LT, Ry Z A T v
THCE T =2 T4 e EOBRMEBRIEITHN TRy, =L A2 FEBEE LK
FRYZA - T T FTIREILE=—AIR, v~ 28X k) v 7« 75 FTER
—Z T4 METHY, ESFVFRE Imm Thd, ~AZBARY w7 - T UF
FTOTVAL b EAMOBEHEREL OMIITIREATFrR—AL 2N LTS, =LA
YEOWEEA L E—FX AR A Ny TEREEHERMOLFEERE OMIC
Fig.4.2-5 O™ H 5, FHNPH = L A b ENEEEMER S OFEREIX Smm & L
7=

=0.2 (m)

33



Carbon film resistor
100Q x4 series
ﬂ\

L

40mm

X
\

Feeding point

;’

50mm

Antenna element

Fig.4.2-3 Prototype bowtie antenna.

(a) Upper section Feeding point

»!
>

- }’K ::>Surface mounted resistor

100Q2 x 4 parallel

120mm

|l
[~

40mm

X X

Conductor

Antenna element Bakelite circuit board

(b) Cross section
Ground plane

£t
c_ | )
© 4
Formed styrol
Fig.4.2-4 Prototype microstrip antenna.
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X 10m) T Lz, WEhr —7 77 oI, 77O % —
VICRYO BRI T U ERE L, L, AUXA T T O EER
50Q:200Q, vA 7 aAKY v - TUTFOREXS0Q: 50Q & Lz, Fv hTU—
7 T FTI7AFITIEGP-IBENLTCPCEERL, T—XE2EFLI=,

GR-IB HP8753E
PC S parameter:S21
Port 1 Port 2
Coaxial cable:50 ¢
Balun 50:50
—l\F—l
| N I
Antennas
Fig.4.2-6 Block diagram of the equipment.
Table 4.2-1 Specifications of the equipment.
Items Specifications
Vector network analyzer(VNA) | HP8753E
Calibration kit HP85032B(N-type)
Interface GPIB-PCMCIA
GP-IB cable 10833C
Coaxial cable Impedance:50Q, 10mx2, N-type connector
Balun 50Q(unbalanced) : 50Q(balanced)
Tank 1.5m(W)x1.5m(D)x 1m(H)(2.3m")
PC OS: Windows XP
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43 SEBRHKAE O BUE

FERITAEH U727k 481X FPR 4C, B 3m, ¥ E 70cm TH 5, Figd.3-1 ITKBEOEEZ R
T, BEHNPDIZIE 2:1 £725 X )2 2 MEHOEHN 2 K EICHE & 55072, #1810k 150um
SO OMESFRY, %5 2 JB13 300um 2SO HRFY T 5, i L 7 ORI NS R
%Z Fig4.3-2 \ZRT, FIDICHWEHEGED, —EKTHEMIE TS 7L —X TR+
THEDE D%, KikExEITo7, KRIZ, MW EZREXFEORBEOIEXEZITo7, 72751,
MW ZIRBSE L L &E, MANRELRVE I OERSETAL T L —F &AL
THEOE DT,

Borehole for Borehole for water
water injection table measurement
3m

Fine sand(46cm)
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=
Q
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N
o
E
<
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=
=
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Q
=

Fig.4.3-1 Photograph of the equipment and the tank.
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Fig.4.3-2  Grain size accumulation curve of the medium sand and fine sand.

4.4 WET AT AOVEREMERER

ATHTCoaR L72 KM CRIE & A7 LA OVERERERZ F2hi L7, 7 — X BUSRRIZIE, K& E
#“ThHY, WEENREOREIZH-T-EEZLND, Figdd-1 2R T X HIZCMP Fv
P—ZWFL, o507 T T OWREELET 5, KEOH.LZE CMP & Lz, HIENT A
— % % Table 4.4-1 12777, JEAMEEIL 100~1000MHz TH Y, 7L AR L —F TiIHL
JE W 550MHZ \IZFHYS 95, G Lo — &1, W7 — U = BHAFFT)IC L 0 Rl IC A&
$al7-, WEDRNAE Figd.d-2 IR,

Center of the measurement point
|

1
|Tx] |Tx||Tx]'[Rx] [Rx] [Rx]| Sueface

m

1
1 O
1 (ve)
1 (0]
1

22cm 46¢cm
> <>

Bottom of the tank
Tx : Transmitting antenna
Rx : Received antenna

Fig.4.4-1 Configuration of the efficiency test.
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Table 4.4-1 Parameters of the efficiency test.

Items Parameters
Frequency range 100~1000MHz
Step number 201
IF band width 100 Hz
Transmitting power 0 dBm (= 1mW)

S parameter

S21(Transmission response)

Stacking 1
Measurement time 2.01s
Acquisition time 222.2 ns
Sampling point 512

Antenna interval

12~120cm (Interval = 2cm)

Trace number

55

Fig.4.4-2 State of the efficiency test.
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T — AR D/NT A — & % Table 4.4-2 (T~ 9, 7 —ZE% O % Figd.4-3 1ITR-T,
{BHERER] Ons (12~ D, ZERP & Antilt U 7o B M ONREE O /N S WR T 2 EUIH S, 24ns
fHENBIE, KETFTEORIE I EHENTWD, ~A4 7 aX )y 7 -7 o7F (LT
MS F721% MS-ANT) TiX 12ns (T B E D RHHESRE SN TWAER, Ko XA -7
> 7F (BLF BT £721% BT-ANT) CTIZRBBECH 5, WiH % LT 5 &, HfEREIX MS-ANT
DI ME,

Fig.4.4-4 |23 DIRNE ALY b L&, MS-ANT D708 @ WIS 73 %< &£ T
W5, IBRWEEREK IOV T BT-ANT L D MS-ANT OREIED 78 K& W,

Table 4.4-2 Data processing parameter.

Data processing Parameter
Correction of the cable delay 37.3ns
Automatic Gain Control Time window = 10ns
Band pass filter Band width : 200~800MHz
Velocity filter Removal over 30 cm/ns (=light speed)
ANT Interval ANT Interval
{meter) 05 10 {meter) 05 1.0
0 . = o] __IT‘_‘_‘_L‘_‘_‘_‘_L‘_L
G 10 G 10
] ]
h 7]
= c
=20 = 20
) ]
E E
F 30 F 30
2 E
] ]
40 .
= =
a0 20

Fig.4.4-3 Comparison with the CMP gather of BT-ANT and MS-ANT.

39



3000 4000

2700 3600

2400 3200

2100 2800
St I

. Lil |

Amplitude
Amplitude

1600

12001

8007

400

0 200 400 600 800 1000 0 200 400 600 300 1000
Frequency (MHz) Frequency (MHz)

Fig.4.4-4 Comparison with the amplitude spectra of BT-ANT (left) and MS-ANT (right).

T T TR E A SETHE L S21 (ki) ORIER R A Figdd-5 -7, 77

FERFHREO FULE B ENET S00MHz T 5723, MS-ANT Tl 800~900MHz, BT-ANT Tl
450MHz FLEEIC 72 > TV 5, BT-ANT 1E, FU0L BRI L Y @ A5 CIE AT E MK T
T 5, MS-ANT [FEEEIMEL 72 D120 > THRZ IZEEDNME T3 228, 2ot I3
WCTH D,

1 EFigLI2DRLIcEBY, WEP 2 sl LB IS ERIZ R T 2 EN K E
VY, MS-ANT Tldm W E I ECH 8 CIURE 23 i W T2 D & JE i COBEE o 2 lifE 425 2
ENTE D, KA CIIBEE OREN VRN, 7o T FORRERELS THEZEL~UL
DAEREZ @ < 72 0, RIS R B ERERF O N b D E B X b, BT-ANT T
XS AR COBE DWBEDRELZ T, PR OZEREZERY, DMK TLTWD,

Fig.4.4-6 [ DOD7T VT FDHE ALY MVERT, ﬁ;ﬁiﬁh (2~ 15cm/ns), iﬁ:
PRERI(0~100ns) T D, Mi# & b I TR LIMEICESHEDO B — 7 BiERTE 5,
B 1 6.5cm/ns, LB BERICHREA T2 L 213 TH H, 1272 L, Mg & Ll % & MS-ANT
DOFF BB SN BE<, 12ns HTIZIEET/NSWEEO E— 7 BRH I TS
BT-ANT ([ZIXZ OB — 7 3 ENTWARWV, 2D Z L b H MS-ANT R E S fREETH Y,
DI EHRHE bR T2 2 &R TE D,
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Fig.4.4-5 Frequency response of BT-ANT and MS-ANT which contacted the transmitting antenna

and the received antenna.
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Fig.4.4-6 Velocity spectra of BT-ANT and MS-ANT.

4.5 HFRALOLEEITIE

U ARNLIE Figd.5-1 \RT X D WK OERIZHKALEZRE L, £ Lk bl LET
AL B U7z, FEAGL « AKACEHIFLE & VPL6 DI E /a0 7L L, HEAFLIZHF I O e
S5em D HA N L—F At B, KMBRFALIZEE A ML —TftE B e Uiz, MR KRAL T
Fig4.5-2 \ZRT X912, #IOIZ 68cm (KAEEH) & L, IO Zffnt FKE4 L5
S, 57cm (FRPOIFIEH[M) - 46cm (FFAD &I OBESL) - 30ecm GHfPEN) « 7em (Fm
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) O S5@EY & Uiz, EBRTICaFi T AKALITAE T ST vy, fafni F/K 7em T,

?Eﬁﬁi@o TWHIRETH 5,

Injection of water Measurement of the
ground water level

Surface

& i Fine sand

Q £

= [&]
[e0)

£ RV~ 777, R .| ©

[&)

g¢ y's Medium sand -\

Bottom of the tank
Saturated ground water level

a : Interval of the strainer

Fig.4.5-1 Configuration of the tank.

Surface

Fine sand

Bottom of the tank

:Saturated ground water level
at GPR measurement

Fig.4.5-2 Depth of the saturated ground water level.

4.6 +'EHRBR
HITE R D IKFEN O DY BLRFE 2 T EAICHEE L, B & xttb &5, DT
BB a1 T o7,

- R O EEERER(JIS-A-1202)
- L OEKIRER(IS-A-1203)

- ORI EE R (JIS-A-1225)
BRI, AR OREIRAE &
WTH 2 Hﬁﬁlﬁb’(i\%ﬁ%%ﬁééﬁk‘ e (GRECIREE
BF W S HBRICIE Figd.6-1 [ d X512, KIEDOLALFL X DI,

il S E7,

— K EANTHHIRWTZER OKIIREE), KAk
E) NMOAFREED 3 EFEM L7, 3t
FELO RIS
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Fig.4.6-1 Wet process of the sample.

4.7 WEFER T — X B

BEFER VT — Z A RT A —H X, Table 4.4-1 &\ Table 4.4-2 |2/ L7 b D L[A]—T
HD, WEALT NV RMS #E 25K, Dix OXEFAWTREEEZFHE L, (B-26)
L CERAMEEB) ZHVTHFBERICHRA L,

4.8 FEERAER

FLERIETE S ONEEE A X7 L% Figd.8-1 IT/R"d, WA FLIIRRENS 2K 40ns, #E
fifli% 20~150m/ps T 5,

%/J\Z]‘?Jz v hD L&, 10~15ns (HEIZFED DIV D S A D & AP OBER, 20ns £F

RO BILA DK Em CENENAELTZ D LHEEIND, fafn TR (BS
ﬁﬁﬂ‘f@i IRY) BERTHICONTHELE, H2EE b RMSEEMEFL TS Z L
MR TE 5,

FAFIH R RN 63 5 BREEOHRE M OB R DO 22 b % Fig4.8-2, Fig4.8-3 IZZNLIUR
T PR OFERIL, M TKMO EFIfE > TIRAICKRELS o T D, —J7, M
WOLFHERIL, W& OB A TR 2 5 Fith CRELREMDBROHND,
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Fig.4.8-2 Variation of the electromagnetic wave velocity versus water table.
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Fig.4.8-3 Variation of the relative dielectric permittivity versus water table.
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T ARG B % Table 4.8-1 12”7, 70k, T2 (dry) ) & ITEEDIE ARFOURTE, TR F(surface
dry)) &lE—Efafn S TRV LTREE, TRk (wept)] & IT3—EfafMEEThHrHKE
RWTZEROREEZ TN ENIET, R KEBIE, &b HTKA2ME 68cm DIRAER, 7K
P ORREIE, WK E o FRICfaFi TR B HAREE, [AEFn(saturated) ] IRAE iﬁg%T
KOLDNE Tem OIRFEIZFHY T H EE 2 HNLH,

Table 4.8-1 Soil testing results of the samples.

Sample name Soil particle}density Moisture content Wet den:ity
(g/cm’) (%) (g/em’)
Medium sand (dry) 2.639 0.0 1.830
Fine sand (dry) 2.651 0.0 1.707
Medium sand (surface dry) 2.639 14.4 2.082
Fine sand (surface dry) 2.651 17.8 1.978
Medium sand (wept) 2.643 16.5 2.122
Fine sand (wept) 2.641 20.0 2.043
Medium sand (saturated) 2.641 16.4 2.140
Fine sand (saturated) 2.645 21.0 2.054

49 HE
R KEO (%)L, WREE p, KOG KEEw, 2 W,

0 =p, x—n (4.9-1)
~ P4 00 '
L b bEND, FHTORRRY 1, BB 5, LR TEE p &N,
g =[1-Ln | Pe (4.9-2)
100) p,

ThHY, ERIORERILE,
6, =1-(6,+86,) (4.9-3)
MHRHDHZENTE D,

BROFHERE 1, LR FOLFEELRLY 4, KOWHEEEE 81 LIELT, Zhb0
ETADLHE LI-HEESE, KEGKELEROCEFEROEELZ 2y N LT T
% Figd.9-1 lZ73 7, FEGEKE 0%DMEIE, BIEET /L E CRIM E7 VNG ER SLHED
W E W (Log HIFET AV TIE 1 K0/ WEE D7D LT2), Figdo-1 nn, 4
Bl R T L AL fElE, Log HIEET /L & CRIM 7 VO OIEZRTZ &ERNbnd, bt
HEFEN 1S LLETIZ CRIM ET /L, 15 LLF Tl Log AIET AR TH 5,
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Fig.4.9-1 Result of the relation between the volumetric water content and the dielectric

permittivity.

TEEER D 5 FHE L 72 IR (void ratio) & B =R (porosity) 4 Table 4.9-1 (27777, Fig.4.9-1
WA LTz X 9102, M N AR OEIZHE D FFEROZIX, Mo RFrb kv K&,
UL, MR OSSN TR (R OHBRER) K& <, fafeRE Tk HED 5
BRI ANC R E WD HEFBEROEORE L Ro72bDEEZLND, DI LI,
REEETT ML DBLELELFE LR,

Table 4.9-1 Void ratio and porosity of the samples.

Sample name Void ratio Porosity
Medium sand (dry) 0.443 0.307
Fine sand (dry) 0.553 0.356
Medium sand (surface dry) 0.450 0.310
Fine sand (surface dry) 0.579 0.367
Medium sand (wept) 0.451 0.311
Fine sand (wept) 0.551 0.355
Medium sand (saturated) 0.437 0.304
Fine sand (saturated) 0.558 0.358
Medium sand average 0.445 0.308
Fine sand average 0.560 0.359
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Topp DX EREMZE 7 0 v ~ L7 T 7 % Fig4.9-2 (IR, B EHEMN 15 LLE T Topp
DR EFRFEITH DA%, 15 LT Tlk Topp DD B4 D,

N
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& Measured value

= Logmodel
CRIM model
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— Exp. approx.
; .3
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Fig.4.9-2 Calculated volumetric water content and dielectric permittivity from Topp’s equation.

410 &9

EEME AN AKMIZBWNT, Xy NU—7 « TF I A WIWUNT > 7 F %85 L=
WL —FEREREEZ T, i TKmEEZE(LIETYA R7 o ZVRIE & Fihi LTz,
ZOREE, FFIH TR O LA TEREBEEME T2 2 & 2380 b,
TEABR ORI R & HFFER (BRBOEE) L ORRN ST OBRES,

OWRE KR & FFER L ORIV IEOHBR0 bk,

@Z OBIRIE, HAEERN 15 L ETIX CRIM £F /b, 15 LA F Tl Log AlET /v & D
FHBEIA Y,

@FEER 15 LU IOV TIE Topp DX EEIE KT 5,

R AN DZEACITHE S FEEROE(ITMW O 03 hrb kv k& <, fafifkiglzisn
THRLD AR LR THFFEROMER R E VY, O Z &1L, Mo ER, HRENRK
&<, [HRZ S D 5KOEIEDHMANCZ WD TH L,

ST,

- BRI E e OMEFE S K RO T — & OEFEIC X 0 REEE O &\ OB BIR DR,
- WPAN O HERENZ L 5T — & O,
REZOWTIHRHT 2 TETH D,

ARG TE LN R, RO BB (100~1000MHz) (238 3 5 1S IXREM 72

WeEZbND, LinL, RRDEBEERE (FRRWEREE) (280 25 E 0O
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DNEELRFREIC R D

BRIEE ) SRR E KREHET T 5 Z N TEE, #HTFARES T TR, BAT
Fd D WVITBRE LR HA~OISH b AREL 725, HRLOWE LIZH T 2 FKEOE =4
U o7 ROEHEIZ BT D RTEEKBOZEAZT D 2 71, Suzuki e al.(2004)d 2 WM FZH
HNENQRONICHRE SN TS, AT v 7K FM-CW GPR Z VT, JFALE TV K LHIE
ATV, IR OVEMEEE (LaFER) L AREEKE L OBREZME LicFpl s LT
1%, \AIEZAN2007a) « BAEIEH(2007b) « EEIENQR008)MDHE X TV 5,

AWFFEO FEE, BERUSND HEIZOWTHBRER T4 (LHEIED, 2010 - LHIED,
2011), A% OWIEREDPEIRI SN D,
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W2 BT KO 4 B CEMISHOEE & Topp D & OBREMBETL722Y, KEE/KED
@ﬁﬁmﬁm_i%%ﬂ%oto%4afﬁbtmﬁ%% K0 BRx T PEORE S AKHE
WZxP L THETT 2 2 &0, EEO T 4 — /L RIGEWT =203 EF o513 Thsd, Ll
4 TR LToKRE RIS LB 2 HEAMEHT, St ITWENKETH Y, ke t] T%%
ZATO Z &L, KR a A RS T, AETIE, DEO HEREEZ W FHEREDH
ETEERZE L, 7K TDR EICHWLILTE T Topp OHRUTE D LHFFEEDREBIE LK
KR L HFBERORBRA (EHRA) 2RET 5,

52 MWEHIE
BRI DS, BiRES S VWb O RATH bS5,

y = ja),u(0'+ja)8) (5.2-1)

T, eIHER, oI/TEER, plIBEMER, jJIEREL, ol XIAREETHL, #
”%ké@%@%%r BHZEDEIZRT DU THLZ 2R, € & u #ZNENEHEE

CHBREEE VS BEPEICHEEN WG o~ 0 THL NG, (52-)AUTHEZEFHOREE A,
%ﬁﬁb\é&/ﬂtiﬁf‘&%ﬁo@“_kﬁif‘%éo

2 —
}/ = ](TEJ lLlrgr (52_2)
0

Fig.5.2-1 \Z7R" 3 & 912, BRI DMMTHUR Le WIREIHEE O (Z O X 5 708 % [Flfhg )
BLvw)) oo EE, MR T 20ET 5, KEHRED 5 kR L v ko
Bpth A v = F o2 RDDHZENTED (MM, 1993),

-

7. =L, g |
1-T

(5.2-3)

r

cVFEEOREA = F R, Z ZEEERE OREA = F A TH D,

ZC
ZW:E; (5.2-4)
EBRNT, (522 EG2)ADFEMTFHE S DL, € & u FRATHLDLTZLAT
x5,
Ay

_]ij

= —je. (5.2-5)
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\ ] | Styrofoam at the Open
V W % o~ Measurement
Incident Wave \ | | (Reflection Coefficient = 1)
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Fig.5.2-1 Measurement method of electromagnetic properties using coaxial wave guide.

Ao C
U, == Zeyy =4, — U, (5.2-6)
2r

—RIZHBER L WBMRIIERLTHY, . &y O TENETNOFEE,” 1T
ThOEETTHDH, 22T, REYmAAK, T70bbHEBERTHHLE (2% open
LRI D), REYHEICBIT A EMREIE, T=1Th5 (H, 1993), Z D& &k

OFEA o E—F A7 T,

open

Z, . =Z.tanh()d) (5.2-7)

open

ThbbEhs, REHSENER (2 Z short EFLT D), TRLLEKRTHILEAIT
=-1Thsrnb, ZOLETOREOFEA v E—F R Z 1T,

Z yon = Z. coth(yd) (5.2-8)
Thobbansd (A, 1993), dIFHEOEETH D, 22T, 5.2-7)E(B.2-8)XnfE
LW EHSL D&,

short

Z Z, =27 (5.2-9)

open “~ short

Z
— 2 — tanh’ ()d) (5.2-10)

short

WEONB, Ze o Z,, 7

open short

ITWTH B IEDEE & D05,
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ZC = \, Zapen Zshort (52_1 1)

1 -1 z open

y = —tanh

5.2-12
p ( )

short

BELND, T72bh, BRSO EE & ERIREE & DA T OV TEREBL O R A
E— R (BHEE) 5, RELOREAS U E— &/X&@%Eﬁ%*bé LINTE D,
ZNH & (5.2-5)AKVNGB.2-6)UMRAL T, HELFEREERLBHEELHDLI LN TE
Do AEDA v E—F v A LRiiRER, 5 WIIREHRE O EIC OV T ORI R C
K OMHRD ISR LT,

FORRBUEY Fv e Xy RU—2 « TFF A4 F(VNA)D S /3T A — X RITERKEED H HD
S11 E— R CHIET HZ &N TE D, VNA I Agilent Technology #E4™D N5230A % Fv 7=,
T JE I K8, SOMHZz~3GHz [81% 201 27 v 7 O%RIMEIZE L CTRIEA1T > 72, VNA
D S11 R— MIHEEA v E—F 0 2 50Q0E Y Uy FREE 7 — 7 VA28 L, ROHAlC
[l HE O A B L 7o, MIE Y AT L% Fig5.2-2 [IR T,

[ S 8 O NEUR D EARE ¢ 16mm, FMEIROWNAEIL ¢ 39mm TH D, HIRE S OME
FAETHEKRTHY, FIERENOFERIEZRTHD, ZOHE, FEREE O R A
YE—=H AL T,
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Fig.5.2-2 Measurement system using the wave guide and the vector network analyzer. Wave guide

section is shown schematically.
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Z, = ﬁloglo(Q] (5.2-13)
a

w ’
g}"

THETHZ LN TE D, alFNEROPE, bISNEROERTH D, [Fllr—7LDA
VE—H U ADRBEIZOW TR EICR Lin, ARREICH M L2 REE e oBa,
Z,=53 L7120, [ ZEAEHEER UICERENICEHBEEZ AN SEL 2N TE 5, [Afhr
— 7L b [FIIRE I A ORI T & ORIE, PSR L SNSRI (bfa) 2 —E L L,
BEENICBIT S Z, 2 —EIZT DI EICLy, HEENCKBITHREIAE LW, JET
— X DILFKIZIX / — M PC Z VY, VNA & OfiE GB-IB 7 —7 LTt ST b,
FEEOWPE TITRES 2 22KICT 5 2 LT TE AWz, 22K LR UERRFE & &
BREDLHMATE—/L (KELAEL->TH e,=1.1) ZHW 5, BIRIITEHRNE H T,
XU DICEE 2 AN VIREE COREL A F 0 — /L & BRI O Z 2o g% Tl
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HESTDZENTETND, S HOHFERO/NSWVEETIE, HAZERNE Wz
—fRANTHIE AN HE LV, ARHERERIE, 20X ) REEORE LWECEHI R LT b AT EE
ARECHHZ L E/RLTWD, 72721, 1GHz LI CIiERIEh#R & R, & 5\ (A
HEENOKFN K OLZERGZE DD EEZZ LN LHEMBOENNED bivd, [FHE
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B, FERRCITAR 2 R ERECSMIC L 0 ®AE TOREOK T AL T T % ATREED
D, RIFFETIL, Hif L — X O TH 5 SOMHz~1GHz OOV CIE, R
RSMETEDEZEZTCIOREERA L,

[FERERENIC, TEREIZELIRWTRET D Z EIFFEFICHE LV, ZDDRITR
FTHEC KD, [FEhEE N TR EOEEE 2 FHRT 5 ke BER LT,

O EHIEIC X 2 Lo BERBRIC K015 6075 ) O RIS & N T O e
JESNEIEDEICRD ExOEREZHAEL, TOHOEEZHV L,
@FEL 2[RI HlAE I A N BT IS AL, B ERFEC (FTE0oRE&ES) 12k d X9
(2l OE D 5
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Fig.5.2-3 Relative dielectric permittivity of polyimide sheet versus frequency.

53  HEEUEHR OV R RER
WFHER L REEKEORIEIT S 72, LLFOLERERZ i L7,
O EHEIC X D 0% EHER(IS-A-1214-1995)
@hi 1D EFER (JIS-A-1202-1999)
@& KRB (JIS-A-1203-1999)
INHLORBNOEONDIEREHND &, KEEKEOIFTKRATHETHZ LN TE D,

0 =&an (5.3-1)

v
w

2L, p, \IRRBE, p, IIKOBEE (=1.00g/em’), w, ILEKEK(%)TH D,

HEREO & - BB - 0ElT Table 5.3-1 IR T LBV THDH, ZDIH) HLEFRZO
DOHEOREHITEX & LTiEr —AIaashdn, AEEZZ G, BllbEo
TV, RBB OB 2ntEO e —L L XBT 5720, 2 OO — 2% Carbonaceous
Loam (RIEL) &KL T D, WM Lo — L DEMIIAP TH L3, S20EIT 21T
STENIZTHREBRELTZLDOTHY, WIROBIETIIKZEZEZATND LI HITR AN
WeTh o5,

54



Table 5.3-1 Soil classification, sampling location and number of the soil samples.
Soil classification Sampling location Number
Loam Hitachinaka city, Ibaraki pref. 27
Scoria Gotemba city, Shizuoka pref. 26
Peat Ishikari city, Hokkaido pref. 24
Carbonaceous loam |Ebino city, Miyazaki pref. 6
Dune sand Akita city, Akita pref. 13
Weathered granite [Higashi-hiroshima city, Hiroshima pref. 12
Dried sand Unidentified 6
Dried loam Unidentified 12

126

Table 5.3-2 [ZHIE L 7250k B BRAE R & (5.3-D)ic L v

FHE L7 INE G KR O 2 7R

T IRFE G AKRIT3%END 90%IT< £T, ZOHFMHAZITE A EHEETAENMG LN TV D,
Table 5.3-3 (ZHIAE T2 (2000) (278 STV D — XAV 72 %2 7k §, Table 5.3-2 (278 L7 &
R U ETEAKL - DR FEE - BEEEL T 5 EIZEERLEERLTEY, fF

B HE TR RN s,

Table 5.3-2 Result of the soil testing.

Soil classification |Water content (%)| Density of soil particle (g/cm’®) | Wet density (g/cm’)| Volumetric water content (%)
Loam 40.2—67.7 2.65—2.72 0.882—1.56 29.2—59.0
Scoria 13.3—16.7 2.74—2.82 1.43—1.96 16.8—28.0
Peat 51.7—1751 1.53—2.61 0.925—1.61 54.8—89.9
Carbonaceous loam 105—139 245—2.57 1.26—1.37 68.2—73.7
Dune sand 3.70—5.20 2.67—2.68 1.52—1.55 5.42—17.67
Weathered granite 13.9—15.2 2.64—2.65 1.44—1.46 17.8—19.3
Dried sand 2.10—2.70 2.80—2.81 1.61—1.79 3.61—4.42
Dried loam 252—354 2.74—2.80 1.04—1.10 21.0—28.8
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Table 5.3-3 Soil classification, location, water content and density of soil particle of the typical

soils (JGS, 2000).

Soil classification Location Water content (%) [Density of soil particle (g/cm3) Wet density (g/cm3 )
Sand (alluvium) Tokyo 50—80 2.6—2.8 1.6—2.0
Cobhesive soil (alluvium) — - 2.50—2.75 1.2—1.8
Sand (diluvium) - - 2.6—2.8 -
Cobhesive soil (diluvium) | Tokyo 30—60 2.50—2.75 1.6—2.0
Kanto loam Kanto district 80—150 2.7—3.0 1.2—1.5
Carbonaceous loam Kyusyu district 30—270 2.3—2.6 0.8—1.3
Peat Ishikari district 110—1300 14—23 —
Weathered granite Chugoku district 6—30 2.6—2.8 —

5.4 JERER

B DI REN RSB EROME A Figs54-1 1277, 2% 072 3GHz £ TOMERE R
LTz, REEKEOREWIRR TIIFESTBPBE TH L0, KEEAKEO/NI N
B CIIBELSBMNIE L A LBO LR,
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Fig.5.4-1 Relative dielectric permittivity versus frequency from SOMHz to 3GHz.
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100MHz & & & DIRFEG/KRIZRT D HFFEFRDOE %L, Figs542 Il HHE I LITRT, A=
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KO & EHEMIZESE LTV D,
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ERTH D,

HEENER Y G-> TR <2572, 50300« 700 - 900MHz % Fig.5.4-4 |12, 200 -
400 - 600 + 800MHz % Fig.5.4-5 I[CZ L ZE 4T, Fig5.4-3 LREROMMZ R L TW5D, T7¢
bh, EEERKENHEINT DO THFERMEML TWDH, FEEAEL 2512
nTC, HINOFEEHR/NEL72oTN5D,
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Fig.5.4-2 Relative dielectric permittivity versus volumetric water content at 100MHz.

58



80 | o 100MHz
70 | A S00MHz
A 1GHz
2 60
2 °
E A
E) 50 . . o
2 40 f By o
s g&é & 20
(D]
T) 30 A
A . A Am“‘
O L
z 20
3 " &% ¢
SRR F¥ L
18
O | |
0 20 40 60 80 100

Volumetric Water Content (%)

Fig.5.4-3 Experimental results of relative permittivities versus volumetric water contents at

100MHz, 500MHz and 1GHz.
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Fig.5.4-4 Experimental results of relative permittivities versus volumetric water contents at

50MHz, 300MHz, 700MHz and 900MHz.
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Fig.5.4-5 Experimental results of relative permittivities versus volumetric water contents at

200MHz, 400MHz, 600MHz and 800MHz.
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LU, JAEED &< R D220 TR F O3B IT MM 5l S 7%, EHDOEIZERET
ERVWIEDIFERIINIREEL T T EEL LN TWD,

Fig.5.4-3~5 #2935 &, (KHEEKE 60% % BI85, HFEEROIX L DX X
HEINCHZ D, RREEKE 60%LL LA rmd HEIE, v—24 - BiE< - BRO 3 FETH
, thotE (A2 7 - F3+) LD EMRIZAZ N, B—A L BRFE<D
Lo —LEHLtHLWFRIKD L O R EEOGEE, L FORKBAREE THLHZ1TT
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Wobscahll(1977)D e B /5 k€ 7 /WA LAUE, /Ky 030 545 O Bk lc8z L
7ok (FESMR) 720 ThoD, RO HRLZER L EDONEBIZH Cidd Hivf- K
5F, HOVIEERAITEL TORWKGFICE 2 0BOBRITIT LA LRV EE X BN
TWo, ZOTOEREEKEN EFH LTS, MKo0L e —LEERRKRO X5 7218
TIE, FBEOSMIBESNDIEEDOIRITRI RN EMIRIND,

HIRL 7y D NWHE DY, FBABICT T 2 KBEAEE KR T TIREDLDTIERLS,
FNEHREROEB NI LT, FESWICEHET 20 LEHE LWy & OFIG ) HERE
IR TRESERD, ZUBEL2ZDORRTHDL EEBEZOND, WY « il —2A
T, BEEKEIRGE NN, HFEERL/NI L, FESHMOIRITZLEALED
5O TR,

Wobschall(1977) « Topp et al.(1980) & HIRFEZ /K RITKT D LaFER ORIV T b %
B CTdh 5, Wobscahll(1977)i% Wagner * Bruggelman/Hanai * Pearce et al.72 & D€ 7 /L % F| ]
L CEERZENTW DN, EHERRUT R o T e DRI 2 RAUT L 23R E v
TUW5%, Topp et al.(1980)i% 3 IRFAZ W T 5, 2 IRE(Wobschall)X° 3 X (Topp et al.)iF
9L G HEFHEBMBIEC I, Scott er al (1967)XIRIE L 7= &Gk LT, A EEE L,
B ERMARE S AKRRITK U CRFLBUCR D X O ITER A RO TZFERN LB L TV 5,
ZOFEBRAIL, AAICKTLHEOTH L0, O F F HEREHIEHICIZRENR & 5 203,
JE B E A B LT R RR L R EROERZ R~ Z LITHEETH S,

RFEGEAKRROEMIZ - T, HFFERSEFIEMNT 5 2 LIZBEMZEN L b6 Th
L7, R TIEAHEE KR L EFEBROBRICOVWTHEEEZEZHWTHLDbT 2 &
& L7z, 723, Wobschall(1977) & [RIERIZ 2 TkFd> 5V M Scott ef al.(1967)[FIERIZE I L S
I DGR SR T2, AW TR L 200 R b EG PSR- To, HIE
B B A5 B AT B T & OFEEBIENC K 2Pl li#R & Fig.5.5-1 1277,
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Fig.5.5-1 Regression curves relative dielectric permittivity vursus volumetric water content with

frequency at S0OMHz to 1GHz.

Topp DN G MR L7 KRR E/KE & LLFEERORLR, Wobschall(1977)I12 X 2 HEFHE
ET NV R ORMIENC L D REH @R EE LT 100MHz - 500MHz - 1GHz O & & Otk
#%& Fig.5.5-2 lZR7, Fig.5.5-2 (2= L7 (Bl 1L, (AR 3 K= D /s S WS CUd Topp @
RITEWEZRTH, KEEKERRKELALDICHEHNT, Topp DX BN DS,
Wobschall(1977) 12 & % #EFE & 0 # £ 7 /L 1%, 30MHz & &V JE 3 32 (High Frequency
Limit=HFL)?» — > DA% 78 LTV 5, Wobschall(1977) HFL I3 ES AT E A EEL
72 E W $ A 300MHZz~3GHz & LT\ 5,
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Fig.5.5-2 Regression curves relative dielectric permittivity versus volumetric water content in

100MHz, 500MHz and 1GHz with Topp’s equation and ‘The semi-disperse model’.

Wobschall(1977) D354 & el 9% &, HFL TOGFER & KBS KROBRIL, A%
® 500MHz (235 1F DGRV, UL EOEEEICB W CIE, HFEEROEIL HFL LV
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LFERIC X DMEEE1T > TV, Fig.5.4-1 (R L7z & 9 ISIRFE G KR AN/ N S WHEPH T
FEOEND L, BEEKERRELRDICONTHEEIHODENEEIZ/R D,
Wobschall(1977)? HFL 1 ZEFE & KR DK Z WA 121E S00MHz BL O R A C LA
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RFEEKEN 0% &k 2 5 & A ERITAIRIC B L, KOFEER 81 hElcEET 5
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LW ET 2008 L, ZOFHAOEREIZOWTITSZOMEE Lizv, £,
BAFFEDTFIEOYE, FiEE NI EZ AN THET 2 &, ESH Smm 2L P34 5 W
BEQRERDOKY ERNVIZL Y, HEBENKEL AR5,
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2
tan25==(£lj <1 (5.5-1)
we

ELTWE7ThHDH, BkE LTOKDtand 1Z GPR OJFIHEHHRCTIZIE 0 THY (8
A, 2003), HREEKRINNSWDE ZXG5-DROMENKY Lo, L, BAKOEE
DOtand L0 LV K& 7220, G5-DADBEN Ll b EEILND,

Fig.5.4-1 "B B2 L9102, (RS KROEWEITITIE & A EFESHAE LT T
WS, EREERRORE WHEITIIBAE RFELIBOIRBO b D, O[PS A DOSE
LRBETH D (B, 2003),

Fig.5.5-1 127 L7 JAE & & o Ui X85 L LTz, 16> C, JEE f (MHz) DR
¥ n —ook A(f), B(f)zEmWT,

g, = A(f)-exp{B(f)- 6} (5.5-2)
B DI,

1 £
0= n| —~ (5.5-3)
B(f) [A(f)j
LhbpT I LNTE D, BHNEAREEOREA(S), B(f)% Tabless-1 \omT,

FEEKE 0~90%FE TOETHOT — X & A= DRI OV CTIXBEIC Fig.5.5-2 7k LTz, (A
Bz, [A CARFE S KR OFFHIZ DUV T D Topp et al. & Wobschall (2 & 2 S8R ORI 4 f
FLL7z,

Table.5.5-1 Coefficients A(f) and B(f) versus frequency with volumetric water content (VWC).
VWC:0-90%
A(D) B()
50 3.8819] 0.0259
100 3.8664] 0.0251
200 3.8213] 0.0251
300 3.7833] 0.0250
400 3.7446] 0.0249
500 3.6063] 0.0249
600 3.4523] 0.0252
700 3.3136] 0.0254
800 3.2316] 0.0252
900 3.1668] 0.0249
1000 3.0979] 0.0245

Frequency(MHz)
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Fig.5.5-5 Coefficients (a) A(f) and (b) B(f) of equation (5.5-2).

Fig.5.5-5 {233 X 912, “oD%MEE “kihi cittl4 2 &,

A(f)=-3.50x107 f7 —5.48x10™" f +3.94 (5.5-4)
B(f)=1.73x10"" /7 - 7.48x107 f +2.54x 10~ (5.5-4)
BRSNS,
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PRSI EEN T 272D TH D,

56 &

RREEKE 3~90%D HEREHZOWT, VNA & FEREE 2 W ES 2T Ak
0, WHEBEREZNE L, ZOMIIL Wobschall(1977)D¥EFE B ST T V& XFFT 5 H D
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Fig.6.1-1 Comparison of the dispersive and non-dispersive impulse wave (after Aki and Richards,
1980).
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izl e, "X ENENFERORMES & B Th D,
BHOEICEY o' & e"ITE L LFME, o" L e 3B R LEHOEREELD, £hb
T, RPOIEER ' MOEBOFEDFER, e TRAATHL DT LN TE D,

o, =o0+we" (6.2-5)
6"

g, =&-— (6.2-6)
0]

o L — SN L A TIEZ S 06, BRB/MSWZD, HEROEEMASY
b/ANSE 2 R T, HEROBEEM Y "%, KETWRI T L DIRGHTIX, Stmot - il
018« 53 F 0« A A« B EREL D, TNENOSRIZEE L CREMEY
MINFER D=0 ", T2 b o' \ZABRBIRFENLEL D,

Johnscher(1977)1%, R4 23 A =X LDFEIZEY, o, BN o"ITHAIL, nidZlD

BEEHT1 THDH I LamLlic, ZOBRITEERRNFEEICHS], HD50E Q 03— EET
B & %7, Johnscher 1Z/AWEREH CZOWBNENEINS Z & %71, “universal
dielectric response” & FEA T2,

B-22)RX LV tand Z ¢' & &" ThHbHEIT,

o" g"
tano = — = (6.2-7)
&

e
L7220, (62-)AEMNTQEFHT L Z LT 2,

6.3 hAERFERBR 1A

ar 7 ) — MREARBOUFELRROEELLZ RO HITE, Ao E—F 2%
HIEL, ZOMEN0HFHERLOEERLRD L HERDH D EAKIZH, 1999b), AAF5H
TliE, ta—Ly R Roh—Ftlof L E—F R e F (e Tx2—R e TFF4H
(HP4194A) e YT A N7 4 7 AF ¢ (HP16034E) & L, 1~40MHz O & sk CllE %
177,

AEHZ EAK 25mm, JE S Smm OFERIRICER L, FREHIOWTZOERKDES
EENTN ) FARO~A 7 a A= THE LTz, ZD%, Fig6.3-1 [ZR7T L 5 IZERA—R
I (Dotite) & sEt O M I EBAT L, TN EEME L,
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Electrode

Sample

Fig.6.3-1 Sample configuration for the measurement of the electrical properties of the concrete.

TR O EAN d (mm), JES((mm)TH D HEROBEERDFEEN TV DIHE,
ZOFHEBEROFER e 1T TEIND,

aC,
SZ?XIO (63-1)

C, [FHE L7 O B (pF) T 5.
RO BRI 2 A — A OB > TRA —BICHIS X UET 5 &, W L%

WHHESZ R, (kQ) & T, AEOEER o (Sm)IFRANTEL LN,

a——ﬂ— (6.3-2)
md’R, '
Fig.6.3-2 ICHITE S A7 A, Fig.6.3-3 [ZHIEIKIL, Fig.6.3-4 IT3UBIORE H1EZ T E IR

D

70



Fig.6.3-3 HP16034E test fixture.

Electrode

Sample

/
7

~l

Contact pin

Fig.6.3-4 Sample holding circumstance by HP16034E test fixture.
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6.4 AR UVE AR

HFFER LK CEERONEEFNS, REOHRREBOZETEEW (g), Ml EREDZE
TEEW, (g), MHETREREOZETEEW, (2), MRHTHEIREOKTERW, (9)& T TILH
EL, BEEKEO (%) 2 RDIz,

HARIREE &R OREE 2, | T 1 AMRERE L2 b DO Th 5, FRili IR EE & 13,
B2 100°C i OHZBRIFIZ 24 BeILA LIGE L Tzl L, 737 —2 (HIREER)) ([2 A
TEIRE THH LRI TH 5. SFRIBKIE & 13, A TS 72 BHILL LR LRIETH 2,
W L 7KK T, R 5 AT RS 2 BT 5 72010 24 BERILL iR it
ELebDThHD, KPEREHEIZHFR CAKRZEHEHN L,

IKDEEZ p, (gfem’), HARRIETREHCE N D KOEKIEE V, (em’), FEHO BRI D
EiEZ VY, (cm’), WEIOADHREE V, (cm’), O EERZV(=V, +V,)(em’) & T,

W,=W,+Vyp,
W, =W,+V.,p, (6.4-1)
Wg = Wd _I/spw
ThoHNE, BEEARI IR TRENS,
6, Ve 1002 7, . ) p. 100 =22 =W 109 (6.4-2)
4 (Wd_Wg)/pw—I—(VVn_Wd)/pw Wn_Wg

P, 1% 20°C D & & DA 0.9982(g/em) TH v, LU Z Oz FVv 5,

WX 154 {E O KACE K OHERE A IZ DWW TEM L=, WEICHEH L7Ea1E, ENTER
WMENT=AR—V o 7armhoBELLELOTHD, WE LA ADHNREZ Table 6.4-1 (TR
7

Table 6.4-1 Rock type and numbe of samples using Q-factor measurement.

Rock type Sample number

Granite 12
Andesite 8
Sandstone 44
Mudstone 20
Mudstone(siliceous) 6
Mudstone(carbonaceous) 2
Congromerate 4
Chert 6
Welded tuff 50
Shale 2

Total 154
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6.5 JHIEREH

A DO EER L GERONEH % Fig.6.5-1 L Fig.6.52 IZZ N2 ord, BERRED
ity O Lk R 1Tz ik 8

(2D TR REIFRR BE D 35 B IV B BURAFHE AN BAZE Tld 2, TRIFNIR R oD EE Rk )l B2
1%, HERREBIZH A NSVMETH Y, BRFIIRERMETH D, Figbd-1 BT H L, K
ETHAITEEEERAEEZ R L, BRI EERBEGEE NS WETH D,
Fig.6.4-2 N HITAFEEKBNRKEWVIZEHBRNRKE N ERBOLND,
HETHONIZAERLOEERNH6.2-)XE AT Q ZFHH Lz, HARREDZ LA
D Q DRPEHIE Fig.6.5-3 12, Woa DRIERZ Fig.6.5-4 12, Jeia DBIER% Fig.6.5-5 [2Th
ZHRT, TNENDOEREEKRIT, 049%, 0.20%, 3.31%THD, WTHOLEAEL, il
FBERAE CIL Q 823 20 BA L& R L, SRENZERETIZQ 2 1~3 2777, HARKRETOQ
X DOFRIOMETH D03, RIEEAKENKEWHI/NS 22 B4 7”73, Turner and Siggins(1994)
X, BARM Q IXHER OLGE L RIS, JRWEREEH T ETHD EHELTWDH, KRF
HTHZOMAPED LD, HIRRER OGRENEREOSL A, QIXIZE—ETH D, i
IR RE ClE, ZERPOKDEETWRILL, EKRENLZE L TWRNZD, HIEMAR
BRIt DEEZBND,

L EOREFRERN S, AAD Q ITHEERETIIREWVD, DT ThkEEFHEFELL
KT Enbnd, KOGFENEBEZIW QIZKEIFEEL WL ZLEHALNTHD,

120+
| = natural
== -dry
100 + wet

relative dielectricity

frequency in MHz

Fig.6.5-1 Example of measured relative dielectricities of mudstone.
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100

e natural
10 - dry

0.1 ---

electrical conductivity in mS/m

10 20 30 40
frequency in MHz

Fig.6.5-2 Example of measured electrical conductivities of mudstone.

100 5

Q factor

natural
- -— - dry

0.1 T T - T :
0 10 20 30 40

frequency in MHz

Fig.6.5-3 Example of electrical Q factors of andesite.
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100 5

Q factor

= natural
- --dry
wet

01 T T T T T T T 1
0 10 20 30 40

frequency in MHz

Fig.6.5-4 Example of electrical Q factors of sandstone.

100 5
o 10 5
o ]
+— ]
o
Y
g
14
= natural
- = =dry
wet
01 T T T T T T T 1
0 10 20 30 40

frequency in MHz

Fig.6.5-5 Example of electrical Q factor of mudstone.

6.6 B2
HIRIRRED Q Z G AKRITH L TTry FL72Y T 7 % Fig6.6-1 ITR”T, ZDLED

Q I% 1~40MHz O TH 5.,
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®  granite

® andesite
sandstone

v mudstone
mudstone(siliceous)

< mudstone(carbonaceous)
conglomerate

® chert

*  welded tuff

shale

Q factor

01 MR | ML | ML | N |
0.01 0.1 1 10 100

volumetric water content (%)

Fig.6.6-1 The measured Q factors and the calculated Q factor by eq.(6.6-2) versus volumetric

water content.

R AKREPHNINT D120 > T Q 1T T 2MHIMAFRD HiLd, Fig6.4-2 MBI 578
X9z, REEKRENEINT S L, BERS OHME VEER (T2bbHEKS) &' D
IMOFNEDFHRREN (", Tbb o OREEITIRED . 16> T, KEEKEI M 512
o Ttand MHINT 2 L EZ BN 5, (62-D)RDOHFEE S TIcZNENtan 8 % )T Tk
Y oE, RADLND,

1 1
25+1+t 5
tan an (6.6-1)

0= 2
ZIT, tanSZRELTHE QUL 05 (=1R2) IESL, Thbb, KEEKR 1%L ED
RIEME, S0 OREITKFE T, BEREREEKED-1/2 RICHHT D, BEEKEL %L
TTE, EEMEOHEEMET Lz, REEAKROMEREMET LD LEZD
o, BEEKE100%DEZDQMN05IZIEI ZEEBETDHLE, Q LIEHEEKERDOB
R,

0= % (6.6-2)

&)éb\ﬂi;
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0-2
EHobTZ LN TES, BEIC Fig.6.6-1 12(6.6-2) & FEM TR LT,

PLEDORERE, HiPL—X D7 =206 Q 2T+ 52 L2k, FRANOEKRNZ
HIRTHZENARTHD Z 2R 5, P L—XBEEDOHKRTH LN LFERK
OEEROED HEATOEKIREEHET HRAIMERNBITORTE R, LirL, &
HOFEHFEIZ L > THFERLOCEBROMOBINRKE WD, Z0DOMEEHWZEK
RREDHEE (T EPER & D WIS B 72 fERICEE £ - Tz, BRI Q MO IREE KR E R
DOHLFEICLY, P L —FT — 2 OEENREN N ERICRD EB 2 BILD,

Fig.6.5-2 1%, R—VU > 7L O FLEIEEER 18m (MUEIXHE =R 0RE - e H)g) % iaik
L2 AT » 7 FM-CW GPR I X D5 CTH 5 FRECIEIE 1~40MHz, 7 > 7 F1
2R o2m OMEBRR—LVT T F a2l Lz, R A N7 — & OBRSLMEICOV T,
FFIEIEA2000)DE Y TH 5.,

ERERMBIIER B CTH Y, EHE L EEIINMA R R > T D, B TR LIBEMS
BOREH SR 5 L, B ECREEH L D, 2 ORBO BN E T E B
FRRWZ ez bbd, 77200, MR C TohhiE, FAHBAEVIZ EFERN
K&, BEEREL RDICONTRIBIME T L TW A2, BN R IR R>T5
ZEDHERTE D, SMHz LR TIHRIEAME T L CTWD R, ZHUIXT v 7T oRES%, A
— U U T HIZAND T2 DI/ NE L, RWEEEROEENME T L2 LItk b0 TH D,

Fig.6.5-2 DAGTERIS ) HATF A7 MV EFE LT=0D73, Fig6.53 Th b, AT K
NOMEE NG, EIEFERZHE T2 208 TE 5, HEBRKREWVIE EBIRIFA R E WV,
Fig.6.5-3 TIE, BB MEWVZEEENRE L, FESBOBH I TN D,

Fig.6.5-4 (3 7 — U =Wz oA L7 OV RSB T 5 AR I H1Z BRI E
FER/NE L, ORIV ERIBIC I T AIEDS LW, LA V7 VLA L 7o TN D,

PAHA LT SV DR 7 23t E T2 2 &N TE D, Thiab, iz e, AEK
Brx o, FEEE [T,

Q=01 —@, =271 - @, (6.6-4)
Thbd, 12121, @l 3HHIRIECTH 5, (ailReil3(6.6-49) % o THS T LTk 5 2 &
NTED, Thibb,
r=££=—1—-i’1z (6.6-5)
do 2r df
REARIEIBEE R G o) D IR L BB O HEVET 5 2 LN TE 5, T7abb,

¢ =tan"' (M] (6.6-6)

(6.6-3)

Fig.6.6-5 1 Z D L D12 U TROTABREFM 2 H W CERE LB ER CTH 5, A aalEHC
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LD MERER L FERICFEES BB STV D, RRICIRW R CIEEEE o B3 ©
b5,

30000

Real part

20000 ': n """" Imaginary part

10000 N M
A TN .YF TR
10000 [{§|- ,v[ E

Amplitude
o

-20000

-30000
0O 5 10 15 20 25 30 35 40

Frequency (MHz)

Fig.6.6-2 Transfer function of the cross hole data.

Phase (rad)

o) LA I N R R
0 5 10 15 20 25 30 35 40
Frequency (MHz)

Fig.6.6-3 Phase spectrum of the cross hole data.

0 100 200 300 400 500 600 700 800
Travel time (ns)

Fig.6.6-4 Impulse response of the cross hole data.
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Relative dielectric permittivivty

(@)

Fig.6.6-5 Relative dielectric permittivivty calculated from the phase spectrum of Fig.6.5-3.

67 F&W

HAREIOEBESRH Q Z#HIE L, REEKREOBMREH LI L, 5%I1E, WET—
ZEEML, Q LIRMEKEOREFRERKGEL TIT<,

KEIOFERZHNT, BRI NET T 7 4 R ERALEORET — 216 Q ML, Q
NEZT T4, SHITHRBEEKED NES T 7 4 BFT 252N TE 5, IEIEIEND Q
A5 D HHEIT A 1E0:(19892) K UV 1-1E 43 (1989b)12, Q MEZ T 7 4 IOV TIXELIED
(19)cENZENHRED D D,

HENENL SNV AR O REEZ IR T SE RN E 2D, ez m ES¥ 57— 2L
HOOEONTarR) a—varThHN,QONREZE LT ar R a—Tard
BRI TV 5, Bickel and Natarajan(1985)X° Gelius(1987)(21%, KHIEHEEEIZBIT S Q
W2 T — ZALBEEN A ST D, Turner(1994)i%, A ERAFNENBEE T, /ML
FATRWT z—7 Ly NI LTHERER T 2R ) a—ra 2T 52 &
T UL OMREENT L35 LI RO RN, QEaBE LT ar R a—ra U EEHT
ETHDLEWMEL TS, KENEMBEREREE, HfL—FEECONTSH Q 2T
AR a—va MY 52 8280, RO M B HIRF T & H(Irving and Knight,
2003; Bradford, 2007), L7 L, SRS Q K D Z L ITEHINITEE LMl A & 5,
WETIE, FEIBEEIERICKT 2EANRT 2R a—2 a3 L AZO0WCiEm T 5.
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FT7E Hibet EEAWN -T2 AR 12— 3 V0E

7.1 X U®IC

L —FOZEREBIL, 77 FRESCHP OB LV IEERES, S
RO TASI &R, —FH, RKFEMERECIX, aMEsm ELIEs72lcT 2
VARV a—varPEAIns, TarRla—raro—o0kkE L TH I,
VAT LW TV EEmA S D, ZOMEMORIEEFE LT,

O BESR/NMIBARTHL Z L

Q@ KHBEINNT X LTHDLH L
MLETHD, LrL, AL —XORKKFNEFIZ, P osBtErlicky, ki
FHIIZ 72 o TR W E R Z 0,

LTI —FOZFWROMARZ Y7 M5 2 L2k Y, ZEBEV & /MR ZE# L,
ZORIZT 4 F— - T4 NEEWHATHZ EICED, DfEiEZ N EXW D HEERE L, A
DFEIL, HERIZX L TiE Levy and Oldenburg(1982) DA FE 4123 8 5 2%, GPR IZKT 2
EHEAIIEETH 5, AETIIHETOREIBR L AT v 7 FM-CW GPR OFETF —% ~D
i &2 R,

72 B
— RS g )ik L, (i E 0 BB S EEkE ()L L, thEho 7 —
) =k HE Glo), H(o):dnz,

H(w)= G(w)exp(- j6) (7.2-1)
Lhob I TE5, 0=008453h(t)=gt) 272, =1 OBA LA LR D,
EEOEBOMMIE, 0<0<z0Micbsd, VWE, O=1/2% L CTR/AMIMEZERL
EoeTnix, (7.2-DXLEkY

H(w)=G(w)exp(~j-7/2) (7.2-2)
LD, AAT—0EBERND &, (7.2-2)A%

H(w)=-G(w) j=Glw)-1/, (7.2-3)
Lhbbians,
—J%, gt)FERBEBEKTH Y, ¢ <0OEIITIET —ZIIEE LAV, 5T, t<0icH
WTgl)=0rna7mn, T2)RBUTFOLIChbbIND,

H(w)=-G(o)- j- Fisgn(t)}

1, >0
sgn(r)= 0, t=0 (7.2-4)
-1, <0

Flsgn(t)}ix, sgn(t)o7—) =Z&Hhcahb,
Fisgn(t)}=2/(jo) (7.2-5)
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LibbbT I ENTED, (12ORKTE)RNE, glt)ohriz 7/2 7 b LBk () o
7=V =T

H(w)= G(a)) j2/(jo)=-G(w) 2/e (7.2-6)
Ln, (12:00R0%, Gl@): 2o parRya—v a2 Thy, HREESICHEO T

1 5g r
)=—— (7.2-7)

7r~[o -7
ribnban, ht)% glt)o Hilbert B9, 42 /L 2% 6 B E 2T,
glt)=6(t)cHv, (1.2-D1%

1
h(t)=— 2-8
(¢) - (7.2-8)

LD,
EREERIEE x 1%, BEAREEw &A1 v SV ADEANLR DRSS e LD R 22—
varkEzbH, WoT
x=w*e (7.2-9)
FixarRla—ray) LELbT I ENTED, ERERITHAF OBFBEREE O ZM: 5 %
BEZTH Y, RAHREUIH T O RS HEIAR Y T DA E IR A IR &S+ 51 L2 Th
o ORITBWT, BNIA SV RIZERTDHE T AN (T4 F— T4 NH) [ EEA
ER5, (1229ROWDITEMM?DS fE2ERSED L,
f*x=f*w¥e=i*e=¢e (7.2-10)
LY, exmRODDHILEINTED,
AJ7E1E, Hilbert Z#a% i L7z, W7 4 VZ&2H/xHL, Tt ar R a— a3
Do BT, FAWIE L BUN LT SHBEY & OMBIREE TOREL, ZTOHEL DV /NS WGEID
13T 4 VE DBIEZITIO/2\WNT, ZOHSDOIEREZZFICKE Z &L,

7.3 EfEESR

Fig.7.3-1 \Tn$ & 5 72 8 I B & i B Wy L7 YA R e — 7 &8 > 72 IB I LT
Hilbert Z#i &M+ 5, £ O Fig.7.3-2 Th 5, f/IMIARRKIEL S 511, Hilbert Z#iod
MRBH BN TND

Wiz, Fig.7.3-3 é:%ﬁ%ﬁ%d‘&*ﬁ“@fib VE YA TNV A ERT, 2SOV ADNES BN X
98.5ns Th b, ZiZ Hilbert ZH#i%fis L 7= WM Fig.7.3-4 Th b, Fig7.3-3 L5 L=
FF =PRI O RN ~BIT L T2, Fig.7.3-5, Fig.7.3-6 [ZZNENF LIz 7 4 14
FOTarvR) a— g VIR TH D, 98.5ns IZHVV L ANNEE BN Tnd,
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Fig.7.3-1 Original wavelet for the effect of Hilbert transform.
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Fig.7.3-2 Hilbert transformwavelet applied to the original wavelet Fig.7.3-1.
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Fig.7.3-3 Original wavelet for the numerical experiment. (Total length = 200ns).
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Fig.7.3-4  Hilbert transformwavelet applied to the original wavelet Fig.7.3-3.

40

30

20

Amplitude

-40
50 100 150 200

o

Time (ns)

Fig.7.3-5 Designed inverse filter in time domain(Operator length;97 ~200ns, Rise time of

impulse=98.5ns, Filter length=103ns)
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Fig.7.3-6  Result of phase shifted deconvolution.
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74 EF—Z~OiH

Fig.7.4-1 12 Fig.1.4-3 CRLIEGONTET =2 2 H/ET 5, 7272L, ML —ADkELH%E AN
B2z T05,

Fig.7.4-2 128512 F L— A D 115~150ns M % FEAR I & L2558 OARGEIC L 2 0k R4
AT, i U7 AR, RRMACIEWEEZ LT b, B 5202 Hilbert Z#a % fifi L7232
DOFRMENRRKE L, VSV RTEREINTWD Z XD, Fig7.4-3 IZI35F 51 hL—AD
168~209ns % HAWIE & LI HE OBFE R AR T, ZOEBITE 12 M L—RADFEITTEN
% & fe/ IMEFIZT O T2 8, Hilbert ZZH D FA3HE TR T LTV D28, W RIT+5 B3> T a,

Fig.7.4-4 }2 " Fig.7.4-5 (213, Hilbert Z#iZ @ H L7256 & LT RWEE OB R 2 %
NENTRT, ERREFIL Fig.7.4-4 LRI TH D, HEREND ORI ITmE & bR TH D
23, Hilbert 284 % fiti L7= 723 SIN 23 B\, HiJE 5L UL & 2>\ Hilbert 2542 1 U 7= 95 738
ECTH D,

Fig.7.4-6 (255 51 b L — ADIRIFE ALY MVvE/RT, LD, 413 Hilbert 25 #2 % i
L7cBICTar R a—va VAR ZITS TR CTH L HOENIT a R a— g %D
JEE BT ANRAN Y, REESEECCOMFRE A L TV 5,

75 FLH

Hilbert 2844 JAWZAAHS 7 MEIC KD, S/MIABICEVRIEEZ AR L, V1) —- 7 1L
ZIZEDTarRY) a—va VRBREZITY, TONREMERE LT, SHIT, EF—ZITHT LK
TEOHMES R LT,

L%, BT —2~iH L, HEMSBIAFE R EOafieom EE2X 5 & &b, REETTO
Fafit UC, BEETZ L0 B LT W 2 ER T 5 2 E NAREICR Db D EEZX BILD,

(ns) (ns)

o— — 0
100 — — 100
200[— — 200
300(— — 300
400— — 400

Fig.7.4-1 Record section for the buried pipes. Arrows are the geological boundary.
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OperatorT _l:,;ff. — —
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Fig.7.4-2  Effect of the phase shifted deconvulution for the 12nd trace of Fig.7.4-1. (a) Original
wave. (b) Without Holbert transform. (¢) Applied Holbert transform.

(ns) (a) (b) () (ns)
or— ’ ] 0
R —
,/—/‘L/V h
100 — = — 100
— == ~ —
Operator ;;;-'II — —
200F— ¥ l — 200
5
300 — — — 300
-
,\:s
400 — - — 400

Fig.7.4-3  Effect of the phase shifted deconvulution for the 51st trace of Fig.7.4-1. (a) Original
wave. (b) Without Holbert transform. (¢) Applied Holbert transform.
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Fig.7.4-4 Processed result applied the deconvolution without Hilbert transform.
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Fig.7.4-5
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Fig.7.4-6 Comparison with the amplitude spectrum(Left; Original wavelet, Right; Deconvoluved

wavelet). The amplitudes were normalized by the maxmum amplitude.
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¥£8EF XTvT7THFM-CW GPR DEZHEEMZEADILA

8.1 XL ®IC

B RV IR - i)« 2 D USTE - #T - PEZEMIER 72 & OIREMLE &2 BT 5 B
TR S D, BIERIZ Lo THRNZEHRIZRD, MO ZEHAT - 1510 - fk oM
D ENTED, TBEOPHLE ,ﬁf%ﬂilﬁﬁliéVWVF%&H [ELAT.
AR (/r—Y 2, caisson ; 7 7 Ak BEWT %) 2T DEAEENZ VY, IR
DREVHETIE, EAEEET 2 H E’J’C‘ﬁv—y VRIEICHE 7 7y 7 2@ < HE T 1y
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Fig.8.1-1 Schematic section of a box caisson type composite breakwater. This example is 3 x 3 box
caisson. There are various types of breakwaters according to depth of the sea water, size of the

port and other conditions.
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Fig.8.2-1 Picture of the FM-CW GPR for the diagnosis system developed in this work.
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Table 8.2-1 Components of the development of the FM-CW GPR for the diagnosis of caisson

breakwater.
Items Specifications
Part Built-in equipments Quantity | Weight Size
Transmitter
Data acquisition system
Transmitting
Controller 1| 120kg 2225(W)x855(D)x273(H)mm
antenna
Distance encoder
Battery
Receiver
Received antennas 2| 180kg 2290(W)x1655(D)*273(H)mm
Battery
Tracking bars - 4| 8.5kg ¢35mm
Tractor - 1| 217kg 1550(W)*680(D)*1390(H)mm

PC(including display,
PC rack 1| 36.5kg | 530(W)x600(D)x820(H)mm
keyboard and interface)

Optical fiber cable — 4 lkg @15mmx5m
Power Supply 450(W)x380(D)*380(H)ymm
— 1 12kg
(Generator) 600VA
Wrench
Accessories — 1 3kg

Screwdriver etc.

Total weight 578kg
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Fig.8.2-2 Plan of the antenna section. This system has two received antennas to improve the signal
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Fig.8.2-3 Plan of the tractor. The PC and the generator are loaded on the tractor. The PC has no

hard disk drive to avoid the trouble caused by vibration of the tractor.
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Biete FIXREROEHATH, HET v v 700 — Y UBEZ & 72 o 7oK BRI 5,
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WK 1 7T I F 72 BERBI TG R A Ol & % %E%@Wﬁ?%é I L7 — 4
X, W7 — U = (CRIEF, 1976) 1T &0 RERIGEIRIE I AL L, W50/ L A L
— X DT =X LIS Z LR TE D,

BT /8T A —% % Table 8.2-2 (2”33, HIEMIEIE 20cm TH 223, —[EIOHFEIX 1000 [A]
DAZyF o TaAToTHR AR TH D, FIIHEIZIY BRI 60m OFHE T, EitHIIC
TrTTEBBSEDLZENTED, | Hb- D OFEBEIREM A 7 REFEE L 525 & 400m
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FEET T TR T U2 b SN2 EEFIEL, PCICRVIAEND, 7r— Y VEICH
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HEIZE 7 1 75 MOV T 8.6 EilZ 3T T 5,

Table 8.2-2  Specifications of the FM-CW GPR for the diagnosis system.

Items Specifications
Bandwidth 1-40MHz
Transmitting output 0.3W
Step frequency points 201 points
Step frequency interval 195kHz
Data length in time domain 5.13us
Stacking number 1000(each stepped frequency)
A/D converter 14 bit
Measurement interval 20cm
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Fig.8.3-5 Electrical properties of a core sample obtained from the concrete crowns of breakwaters
at Niigata-higashi port. Frequency range, from 1 to 40 MHz, is the same as that of the FM-CW
GPR system. (a)Relative dielectric permittivity, (b) Logarithmic electrical conductivity,

(c) Electromagnetic wave velocity, (d)Attenuation ratio.
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Fig.8.3-6 Electrical properties of a core sample obtained from concrete crowns of breakwaters at

Kanazawa port. Notation is the same as Fig.8.3-5.
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B ERELT=DT, R ORERIL 56% CTh b, HEIREBIZEH T 20O FHER L OE
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Table 8.4-1 Electrical properties for numerical modeling.

Materials Relative dielectric permittivity | Electrical conductivity (mS/m)
Placed-in concrete 11.71 54
Reinforced concrete 32.71 10°
Inner sand 20.75 792
Air 1 0
Seawater 81 3600
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Table 8.4-2 Parameters of numerical modeling.

Definition Value
Offset between antennas 2.0m,2.8m
Measurement interval 0.2m
Length of profile 24m
Trace number 121

Transmitted signal

Gaussian pulse

Frequency bandwidth 40 MHz
Transmitted current 0.122A
Transmitted current density 12.2A/m*
Interval time 0.15 ns
Number of the time series 2668 points
Length of the time series 400.05ns
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Fig.7.4-1 Snapshots of the radar wave propagation calculated from the numerical model shown
in Fig.8(a) at an interval of 15 ns from 0 to 390 ns. Input pulse is a Gaussian whose
frequency band width is equivalent of the FM-CW GPR system. The first arrival of the
reflected wave is observed at about 150 ns. After that, the reflected wave is reflected back

into the concrete crown.
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Fig.7.4-2 (a) A numerical model of breakwater and (b) spectrum of calculated responses in a

case that the caisson does not have cavities. Each spectrum trace is subtracted from the

average spectrum.
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Fig.7.4-3 (a) Numerical model and (b) spectrum of calculated responses in a case that the
caissons contain cavities which are filled with air. Each spectrum is subtracted by the

average spectrum below which no cavities exist.
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Fig.8.4-5 Waveform calculated from numerical model shown in Fig9a, with cavities filled with (a)
air and (b) sea water. Each waveform is subtracted from the average waveform below which no

cavities exist.
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Fig.8.6-1 Spectrum response obtained at C-10 caisson of Niigata-higashi port. (a) Detected peaks
of spectrum profile and (b) Spectral volume calculation. Double circles indicate the detected

positions of spectrum peaks. Spectrum volume of the right side was larger than the left side.
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Fig.8.6-2 Proposed flow chart of the diagnosis system. Spectrum peaks below 18MHz caused by

1over 1152 V-ns-MHz

cavities are detected at the first judgment. Material inside the cavities (air or sea water) is
judged by phase of reflected waves and relative elevation between the caisson’s top and sea
water level. When the spectrum peaks are detected between 5 and 10 MHz, spectral volumes

are calculated to judge the cavities over 1m thick.

Table 8.6-1 Classification of diagnosis.

Class Descriptions
Estimated cavities are over Im thick. Spectrum peak frequency is between 5 and 10
AA MHz, and spectral volume is over 1152(V *ns*MHz)
Estimated cavities are between 0.3m and 1m thick. Spectrum peak frequency is
A between 5 and 10 MHz.
Estimated cavities are between 0.lm and 0.3m thick. Spectrum peak frequency is
. between 10 and 18 MHz.
C Opening (crevice or gap) inside the concrete crown.
D No cavities or estimated cavities are under 0.1m thick.

112



AE AL E ®RE r—Y &% | HO6
A E B FRL17( 2005) £8H18H EoENS 8B
7 AI% R | HO6-2.p1.dsk ARY KM JL | HO6-2_s.spc
A S B
@c BREKERE . 9.721195E-02m/nsec
swem | QAA (BK) LEIVI-HE: 4m

@B ( #BKk)

B E®(m) 25
10 8 6 4 2 0
0 | | | | | 0

7|\

tEa 5 ) —k

s 4 - 4
(m) e
AA
6 )
R4
| ENGEN
©) ) @ |:|: B (k)
e
. . ]
aAAUh

WRET 7 4 JLE | kanazawakoh.dat

Fig.8.6-3 First-page output of the results by automatic diagnosis program. An image inside the

caisson is drawn with the site name, caisson number and date, etc.
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Fig.8.6-4 Second-page output of the results by automatic diagnosis program. Waveforms and
spectra at the anomaly position are drawn with detected phases, spectrum peaks, their widths and

other diagnosis parameters.
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Table 8.7-1 Consistency of diagnosis results at Niigata-higashi port.

Thickness of the
. cavity in cm Diagnosis results .
Caisson No. | Borehole No. (1998/7) except (2003/11) Consistency | Remarks
the * mark
1 19 B TRUE
5 5 D TRUE
A-10 7 19 D FALSE
10 60 A TRUE *
A-12 1 27 B TRUE *
1 15 D FALSE
A-15 3 11 D FALSE
3 -1 D TRUE
4 27 D FALSE
A-16 5 1 D TRUE
6 -8 D TRUE
3 6 D TRUE
4 3 D TRUE
A7 5 -3 D TRUE
6 -78 D TRUE
3 -4 D TRUE
A-18 4 2 D TRUE
5 -1 D TRUE
B-5 1 37 A TRUE *
B8 1 8 D TRUE
3 18 D FALSE
C-9 1 9 C TRUE *
1 3 D TRUE
4 6 D TRUE
C-10 7 7 D TRUE
10 136 AA TRUE *
1 4 D TRUE
2 42 C FALSE
13 3 2 D TRUE
5 10 D TRUE
D-11 1 18 B TRUE
5 20 C FALSE

*) These data ware used for the determination of threshold parameters in operating automatic diagnosis program
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Table 8.7-2  Consistency of diagnosis results at Kanazawa port.
Thickness of the Diagnosis results
Caisson No. [Borehole No. cavity in cm (2005/9) Consistency | Remarks
(2005/10)

G-14 1 22 D FALSE
G-20 1 18 B TRUE

H-5 1 13 A FALSE
H-14 3 30 A TRUE
H-14 2 215 AA TRUE *
H-14 1 31 A TRUE
H-16 1 23 A FALSE
H-17 3 0 D TRUE
H-17 2 30 A TRUE
H-17 1 530 AA TRUE *

*) These data ware used for the determination of threshold parameters in operating automatic diagnosis program

Seaward Side
AA AA
L1 1 1 [ 1
Gl G2 G3 G4 G5 G6 G7 G8 G9 GI0 GII GI2 GI3 Gl4 GI5 Gl6 G17 GI8 GI9 G20 G2l G22 G23 G24 G25
Port Side
Seaward Side
s ms
] ] ] ] H
HI  H2  H3  H4 H5  H6 H7 H8 H9 HIO HIl HI2 HI3 Hi4 HI5 Hl6e HI7
Port Side
Legend
AA]
AA A OB [dc [Op [:Nodata
Fig.8.7-1 Results mapped on the plane section by automatic diagnosis program at (top) G section

and (bottom) H section of the Kanazawa port breakwater. Caisson dimension is 2 x 3 at G section

and 3 X 4 at H section.
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