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Summary of the Doctoral Dissertation

Fundamental studv on damage-detection method using electrical-impedance variations and

phase-transition for deteriorated concrete covered with fiber-reinforced polymer sheets
Kenji TADA

In recent years, the aging of housing and civil infrastructures, which were constructed in large numbers
during the period of rapid economic growth, has become more noticeable. On the other hand, human
resource problems are becoming more severe due to the declining population and the deterioration of
construction finances. In addition, the occurrence of huge earthquakes is expected to have a significant
impact on structures. Various strengthening methods such as covering the surface with fiber-reinforced
polymer sheets have been employed to ensure the redundancy and earthquake resistance of structures.

To detect the internal deterioration of concrete structures, non-destructive testing methods that examine
the internal response to physical stimuli such as electromagnetic waves, ultrasonic waves, and impact
elastic waves are used. However, it is hard to examine the degree of internal deterioration of concrete
structures covered with FRP sheets because it is impossible to effectively transmit physical stimuli to the
interior and to obtain information on the response to internal stimuli.

Previous researches on the detection for debonding of FRP sheets were conducted, however, researches
on the detection of internal deterioration of concrete structures covered with FRP sheets are very few.

The purpose of this study was to develop a suitable method to detect internal degradation of concrete
covered with carbon or aramid FRP (CFRP / AFRP). The study assumed the concrete structure including
CFRP and AFRP covering the surface as a single dielectric. The study examined the electrical impedance
frequency of the FRP-covered concrete to clarify the internal damages. This paper consists of seven

chapters. Contents of each chapter are shown below:

Chapter 1.” Introduction”: The current situation of civil infrastructures in Japan is described described

to emphasize the research significance of this study. This chapter explained the strengthening method
using various the fiber-sheet materials, and addressed the necessity of the non-destructive testing (NDT)
for the strengthened concrete. In addition, the chapter showed the difficulty in previous NDT technique
for the internal damages of concrete covered with FRP sheets. Based on the research background, the

purpose of this study was clarified, and the outline of the thesis was explained.

Chapter 2.” Previous studies”: describes reviewed the investigations conducted on the deformation of

structures reinforced by the fiber sheet bonding method and reviewed the studies on the detection of

defects in the FRP sheet construction as well.

v



Summary of the Doctoral Dissertation

Chapter 3.” Principle of Detection and Setting of Application Conditions”: A cubic concrete

specimen with artificial cracks on the surface was prepared, and the specimen was subjected to AC
voltage ranging from 1 kHz to 8 MHz. The impedance and phase angle were measured at the positions
just above, left and right of the artificial crack, respectively. The fundamental experiment showed that the
impedance decreased uniformly with increasing frequency of the applied voltage and reached the
maximum value around 3MHz to 4MHz. In addition, it was observed that the phase angle also changed

from negative to positive, regardless of the presence of cracks.

Chapter 4,” Detection of Surface Cracks”: The chapter aimed at developing a non-destructive test for

the detection of invisible cracks in the concrete covered with fiber reinforcement polymer (FRP) sheets
using electrical impedance variation and phase transition. The study prepared some FRP-covered concrete
specimens with an artificial crack. Based on the observations in the former chapter, the study examined
the frequency characteristics of impedance and phase under AC voltage with frequency ranging from 1
kHz to 8 MHz. These frequency characteristics were examined using an impedance analyzer, which was
controlled by a computer. The impedance and phase were measured using a probe with two electrode
terminals. The test results confirmed that the capacitive phase property of cracked concrete altered to
exhibit inductive characteristics at approximately 3 to 4 MHz. It was revealed that invisible cracks of the
FRP covered concrete are detected by measuring a frequency at the impedance local maximum value and

the phase transition property.

Chapter 5.” Detection of Internal Damage”: The chapter reported a fundamental experiment for

detecting internal damages of concrete covered with carbon fiber reinforced polymer (CFRP) sheets. The
changes in the frequency characteristics of electrical impedance and phase angle were examined. To
simulate the internal damages to concrete, a freeze-thaw test was conducted using CFRP covered
concretes. The impedance and phase angle were measured by applying AC voltage ranging from 1 MHz
to 8 MHz. The impedance and phase angle were measured using a probe with two electrode terminals
placed between the specimens. The experimental result revealed that the impedance maxima of the
concrete covered with CFRP sheets decreased and the phase displacement frequency increased due to the

freezing and thawing action.

Chapter 6, ” Verification using the equivalent circuit model”: The chapter described an equivalent

circuit model for the experimental system based on the results obtained in Chapters 4 and 5. To confirm
the validity of the model, the study compared the numerical analysis and experimental results. The
comparative result showed that the tendency of the impedance maxima in the calculation was almost

equivalent to the measured values.

Chapter 7, ” Conclusions”: The chapter summarized the findings and knowledge obtained from the
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fundamental study. In addition, the chapter addressed further researches for practical use of the

nondestructive test.
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A - C TOHIEMEE, OUEINEZEAL TWReWEEORIEEE A L THIERTHZ & & LT

\
1
I
1
I
|
1
|
]

B44 JO—7
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44 DUEINRS & BEIRBRFEDEL

R, | MHz~8 MHz OAEEZEHN L7 REET, FRP o — F THE L CTWVRWAT
OOEBREI DR 2 3 FEOFER(AR (TPN000-030 ; TPN000-050 ; TPN000-100) DA > B —4&
VA X OIAEA O S ERr 20 E L7z,

(1) A > =2 2D E R

A 2 O AR 2 45~ 47 ISR, W TROBBRIKC BT S 3 MHz
~4MHz HHECA ¥ B4 U ADRBRE R R L. $7e, A 2 E—F v AFATOUEIE 7
n—7 CHCEE (i B) (< LIZRHCE B AR 2 L bbiote, —J5, (i BBl
BA LS Y ABRIEE NTOUENOES OBIRIEIC OV T, ATOUEESITE L
TA O U ABRIENRE < 72D LV o7z k) I A DT, ®A-3IRT L 91,
OUEIIESITE S PERREDA o & —F L ZRENE O, £, A2 E—F AN
WK% T RO RIS A TOUEOBRES & AR DR T2,

3.0
2.5
]
— 2.0
X
/\
™ 1.5
|
\J
N 1.0
&
0.5
00 1 1 1 1 1 1

FERE [MHZ]
45 4 2E—5RRERERE (VUEIMERS 30 mm)
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A1 oE—XV R

MQ]

A1 E—XV R
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3.0

2.5

2.0

1.5

1.0

0.5

0.0

ERE [MHZ]

4-6 A U E—F U REKEEE (VUERZES 50 mm)

3.0

2.5

2.0

1.5

1.0

0.5

0.0

JEREL [MHZ]
47 A 2E—FREREHE QTR 100 mm)
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£4-3 VUENES EAS D E—F VU RAIBKIE

OVEES 30 mm 50 mm 100 mm

A= R
MRAE MQ] 2.54 2.40 2.52

A LK ADERAE A
SRR [MHZ] 3.47 3.26 3.47
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(2) NIABF O JE R S

[FIREIC, BALAEA ORI 2 B 4-8~B] 4-10 [~ T. ZHHDRERITRT LIS, W
NOREBRRIZINTEH 3~4MHz T CAAANENOIE~EB{L LTZ. E£72, (AHADOED
HIE~ZE LT 2RO EREEL WAEENERE) 1%, ATOUEINEZ 7 a—7 CECERE (@
B) ([ZL7-BEDR, fIE A BIONE C OBAERE LV HIEVEELZ R Z L Hboo

=, — 05, & BB AN EEEE N TOOENOESITONWTE, A B —F 2 ZADM
RIEDOFER & FRRIZ, BARRZRBREME XA L o7 (R 4-4) .

ZDOTEMD, B TRULEFIET, A E—F U 2 LMAHADOEMIC L D OENOFH
AR TE A AMREMITIA DA, DUERUERS ETRO L Z LIFREETH S Z L3 bho
7. ZZTFRP U— RNCHFE L2 7 UV — FORBRTIEL, OUEIRUES 50 mm OFREBRIE

(TPC167-050 ; TPC333-050 ; TPA286-050) Z*IGUZ L C, FRP > — MiEE FITH 5 OUEIN
IZE DA B AR B L OO ER/ L L & LT

180
C

o)) 90 B [
3 B N
heo} I Tt
o |
S W N
~ S |

90 W

_180 1 1 1 1 1 1

1 2 3 4 5 6 7 8
EIRE [MHZ]
4-8 (IEARRERE (VUEIMERS 30 mm)
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[deg]

(WRiE)=

[deg]

(WREh
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180
90 | B
N IARRARE
L A
0 :\/
THTTT =il LHAL B
_180 1 1 1 | 1 ,v 1
1 2 3 4 S 6 7 8

R [MHZ]
4-9 (TABAERENHE (VUENMZES 50 mm)

180
90 A
N R
0 \"4 ‘\\,f\
_90 _ \LJ
-180 : : : : ' :

1 2 3 4 9) 6 7 8
JERE [MHZ]
410 GIEARIRENHE (QUEIMRS 100 mm)
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44 OVUENRS ERAREMREIRE

OVEFUES 30 mm 50 mm 100 mm

NEABZL B4 [MHz] 3.59 3.37 3.66
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45 FRP#HEI VYV )—rDA VE—F VREILE

RS 50 mm O ANTOUEINZF T 72 FRP ¥ — MM 1352725 3 SORER(E (TPC167-050 ;
TPC333-050 ; TPA286-050) %A %152, JEH#L 1 MHz~8 MHz DA ELE ZHIN L7-FEDA &
— X R E TR

a7 ) — hREE K7 A — MNE 0.167 mm 35 KT8 0.333 mm ¢ CFRP > — b T L 723
BRRICISU DA v B v R AR, TN EE 411, B412 10T, £, KEE R
74 2— FE 0286 mm D AFRP > — b CHFE L7-3RBRIRDA > & — & AR EUR 2 ] 4-13
R

INHOFRERITRT L 91T, CFRP* AFRP v — N THE L T, #78 L TV W EEERER(K -
[FRIZ, 3MHz~4MHz I CliREZ 7R LTz, SBRE TELNIZA VB4 ADOMAKAE &
ZOREDERH AR AS IZFE L DO TRT. WTNOFRREKIZBNTH, ALOVENhE 7 a—7
TECEE ((CfEB) 2 LZREOHN, NTOUEINWOLESE (L&A, (EC) 285
— X UABRIEL D bREL, EOROBEEIMENZ &bz,

2 ZCMIE BT B4 U B S U ARIEIC DWW, SN ORETHET S L, 267TMQ
% L72 AFRP > — h D573 CFRP v — F (1.61MQ - 2.02MQ) L0 LESNZE VA B —
S ABERL, THUTOOEINDRMIE A - CICBWTHRBROERAA v/, £72FC
CFRP ¥ — FOHETH->TH, NI4T — FNEZA 0.167 mm TiE 1.61 MQ, 0.333 mm Tl
22MQ L7 Y, AWDIREMHE R T A > — FOESIZE D @A v B =X U AMEE RS Z &N
ot

3.0

2.5

MQ]

2.0

1.5

A oE—KXVR

1.0

0.5

0.0

B [MHZ]
411 TPC167-050 DA > E—45 2 R EREUHE
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AvE=—&>Z [MQ]

A rE—Z> X [MQ]
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3.0

2.5

2.0

1.5

1.0

0.5

0.0
R [MHZ]

4-12 TPC333-050 M1 ¥ E—4 VU X EREHH4E

3.0

2.5

2.0

1.5

1.0

0.5

0.0
JERE [MHZ]

413 TPA286-050 M1 > E—4& o R &R
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£45 | L E—F U RIBAIE

71 —7 OOOEIU T HALE

Haplh
RS £ (A) Bl (B) % (©)

] 141 MQ] 161 MQ] 139 MQ]
TPC167-050 (3.76 [MHz] ) (3.62 [MHz]) (3.83 [MHz])
PC333050 177 MQ] 2,02 [MQ] 1.63 MQ]

(376 [MHz]) (3.55 [MHz]) (3.83 [MHz])
TPALS6.050 224 [MQ] 267 [MQ] 238 [MQ]
(3.62 [MHz]) (3.47 [MHz]) (3.55 [MHz])

MEH FBAEIIA O —F U AR R L, BB OO R A~
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46 FRP#EI >V ) — FORMEBZEIL

RS 50mm O N TOUEIN AT -8B 03 270 5 3 SO#RER(K (TPC167-050 ; TPC333-050 ;
TPA286-050) =T, JEREL 1 MHz~8 MHz DZSFiEE 2 EIIN U 7= B DA A2 b A i~

ary ) — b EHE KTA 2— FNE 0167 mm X T000.333 mm ¢ CFRP +— b THFE L7z
BRiK, BLORTA 2 — FE 0.286 mm D AFRP 3 —  CHFE L 7= 3B/ 1K1 AATFE A OE
A, FENE 4-14~B 416 (TR T, A B —F 2 ADBKAED I 5 17z 3MHz~4MHz
FHEC, MARADNEDDESNEZL LT, ZHUIHTEE L QU W RERER K & RO TH
5. IBINFEAIZOWTIEADER A LIV E EDREEAZR 46 1[2F & O TRT. WVWT1
DORBRIRIZBWTH, ALOOENEZ Y o —7 CTBESEE (CEB) (2 LEEEOFR, ATOW
FNoEs (BLE A, L& C) OMARZAERE LD IRV &35,

A& B 2B DAARENE RISV TlE, CFRP 3 — b CTHB L7 BR(K (3.79 MHz « 3.72
MHz) KLY, AFRP > — FDOFBMERWARELE RS (3.58MHz) %7~ L7z, £7-[F LT CFRP
— MIEFBDOGE T, mEHE N T 1 o — MNEIDEW G MEMIAEEN B ERE2 ~3 2 Eadb
MNoT-.

FRP > — N CHE L2 7 U — DA o E—F o A LR BRI DI OW T &
5L, AFRP > — hDJF75 CFRP v — R X W BEE R L R L, ETRBHBIHE R T A — FD
JESIC K> THRMEDRRR D Z b7z,

180

90

[deg]

(REY=E

-180 1 1 1 1 " 1

B [MHZ]

414 TPC167-050 DHItEARIREIFE
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180
8 90 B
(&}
=)
@ O
o
ﬁ —_—
90 F
_1 80 1 1 1 1 1 1
1 2 3 4 5 6 7 8
ERE [MHZ]
B 415 TPC333-050 DHItEARIKEIFE
180

— 90 -

(o) \

% B [ &7777 HEN

= >

N 0

o

id —

90
_1 80 1 1 1 / 1 1

1 2 3 4 5 6 7 8
ER# [MHZ]

4-16 TPA286-050 DAEA EiREFIE
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®4-6 (IHELIEIRE

,_E, SR ORI DR
PRI S E @A) EL B % ©

TPC167-050 4.01 [MHz] 3.79 [MHZz] 4.01 [MHz]
TPC333-050 3.86 [MHZ] 3.72 [MHz] 3.93 [MHz]
TPA286-050 3.72 [MHZz] 3.58 [MHz] 3.65 [MHZz]
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47 EBRHERICKHT HER

(1) OOFRURE & A o E—F 2 ARGRAEFS S ONARENL B S o FaREIE

FEERFERDD, BRI 1 MHz~8 MHz OZSiEE 2 HIIN L7ZBRD, A B —& 2 ZBKAE & Ar
FRAEN RSO E 2D 2 & C, BIETIIMR TX /2 FRP v — MYEE TOUUE I
EHTELZENREHZT. LnL, ATOUFRES 2 30mm~100mm & 725 FRP v — k
BB L CORWERBRRIZRW T, ODUERUES Z23R0ODH Z LN TE o T2, ZHUIRIEN
DNEURZ AV DBRD TRENER | DINTHBLL L TZBEN, FERTHLa 7V — MIbEI -7
TeHEEZLND. ZI2T [REDHR L1, BREENEROKE TEL, RENLOHEENLDS &
B 2B ETHY, [REERS] EWIHEETERINDS. BERAREERO 1/e ($1037) 12
725 [RERS )L, PRIV NIWEE, BEEDPEWIZE, RN REWZE/NESL D,
Z T, HINT 2 RMETEOEEENEL b L, a7 ) —rOA U E—F U ADNSL 72D
BT _EHIERI NS S EIROMWE T 725728, RERSIWNESL b, $7bbh, BifD
TRAVNREICEFT L2720 EEZ NS,

IHIZ, 22507 v —T IR S5 ES O EHPHNRBIF > T\d Z & bFEERO
OEDEEZLND. ANLOUERNOES 30 mm, 50 mm, 100 mm (ZBWT, £ E—X A
B L ONGIARA O JE R E I ORNFREEIMEDS 22 o T2 2 & D, B LI-REEIL, D7l
&b 30 mm Kl EHEETE D

() OUEIRIULE & BIEAE & OBERME

ANLOOENZE ALE CTHIE ST A B =& U A0, OOEINA 2 MELE CHIE Sz
VB ALY B EL IR o TR RITOWTERT 5.

a2y 7 ) — FNENEE 4-17 OB TR L 912, BRHINIAKD TARE SN D BT
&, FEmMES T & TR STV A, a7 U — NRIZESMERT 5 &, B MICHEBRMES
FHRAEERZD. Tbb, a7 V) — MIHEERe,, (6~10) OFBEERLEEZEZDZLENT
x5, FIZERE L AR SNAOUENNE ENDHE, ZRUTFEMBELRNDT, ZEROD
HiEERe L1 E a7 U — FOHFEER:, X L TEHELI/NIVN, 207280, OOEINENTE
T5ar 7 U — MOHFER L, OUENNLWEEDHFEER:. L b/hS L e AEECH
5.

BN/ NS 725809 Z 1Y, FEMBIRR L DR RH720, AT OETOFALS
KLY, Ao =X AREL 72D, ODUENNHET D &, WFERNNEL b2 LT
VE—F U AREL 72 b, TROEBRERNEMIT LND.
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'] J <
SO @ (e /‘ n Yy i /; > ) N {
-‘/ o0 & 0 o @ o 8
N\ ‘ 0/ (F e - e/ L N \ o/ /;,
) (o N v G
/ A
FEBEDF //

KD TFUNOEBED T, 1F >
417 THREEAROIY ) — FREOERE

() RTA T — T LA & —F v ARAE & DOREHRME

NE B IZBIT DA v B —F  ARKRIEIZHOWT, BT D KT A4 v— FEMIZLY TPC #RBr
{R<TPN FBRIR<TPA FERIK & 70 o - EBRIE RIS OV TEET S,

CFRP — hBS L NAFRP v — FCHE S - a7 U — FNRBRIAD AT EITE 22 T =Bk
REDIEAIX 2 [E 418 |T77 7

= =AE
FFBIzTHEF S RiE TPC167 + - - 2.43mm

et o < gy | D TPC333 ¢+ - - 328mm
B CRAME, 7 M) o

ez’
K FLUADEBENF, 1 F>
R4-18 FRP — MMEBELzO2Y ) — FOXRERKEEXR
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2 OOWFRNTIRR SN D BRI, IS HIR~7- X ) ICEiRFIS O #EIFE) RS, BENDIE Y
55<, REANAR-7-EH MR E 2T 5. TOEBHOFELR ZITD FRP > — MEENA »
BV RIRELSEEBEEEZ 500 B2 51D,

£ 47 \TRT X OIZ, FRP ¥— MEBAHERT DB ORI L > THEEERNE > T
L. AVE—H U AOREEL, FENMBETIMEOELELZO LT IIIKIHIT 52 L0,
B ERIVNSWEM CTCTEZFRP U — MEBIZE A L E— X U ATREVWEZZ LN DT,
TPN FER(EA LV TPA BERAR TPC HEBRIEADF PR E L 70D, WERIZER TH D CF 24T
V5 CFRP ¥ — MEEDGE, I ER) NS CF FIZEBZIC L 2 ETFOFRINREL, &
TEALD Z L1272 b (B419) . ZAUTIERICHEESREIR DL E TND AT Z LN TE
%728, CFRP > — MEBOHZMNTOHFEBEBRNRELRDHBDOEEZLND. O b,
TPC FRERA<TPN FERA<TPA REREDIETA L B —F U ANRKEL ol bD LHEEEINS.

£4-7 GUBEBIZHITEA VE—F U RABKIEL LLFER

Ea =] ﬁz“%- BT®h N ‘ ShaR R K
BRI S FRP o — MERGEM DL ER
TPN000-050 240 MQ] 6.0~10.0
TPC167-050 1.61 MQ] [R5 —
TPC333-050 2.02MQ] EP: 2.5~6.0
TPA286-050 2.67[MQ] PA:2.5~2.6

—CFRP>— 2B

it BHIOK

{

\\

5

- arvyly—+k

419 CFRP Y— MEEMN b DEHKFEEEXR

Bt - BEORKE X LA & SRS LT 5 R ESH D CFRP > — MEFBDSEZ DN T
EBETDH. 2O L E CFPIIMNDER S RICET & 725729, CFIXEMEEZRET H—FEOT
VT FD LD IEE R RS Z0H T a—T 0 2 SOBHEINCEA LTZERICLY, CF
(CERONRE UBERGIE & 725,
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AREBR T v —7 2T ox L CEART 2 HRICERE Loz, &% O CF ML LTz
HOTHIUL, CFHITITFE A EERITTNL. L Lans, B4191 08T X918, H
BIIZ CF I3 L RIC 72> TV D BT L 5D, ZOWIC e~ =& a8 U CERANTN, B
NFEATDH. CF RERZORFILICIITART VEIE T Shi-o b H Y, BENER SN
. Fek o X9 IR S =BG O ERHEN T ORMEZE L Car 7 V— MIETERS. £2
C CFRP > — N OfHER AN L AT T ALOOERL (A » b)) &8V, O
FINDZ2WEFTIZ LA, A B =& o ADOWKRME & NABA BN ERED BT o7z, =27
— hOOVENEZRETE LD EEZLND.

(4) DLAEF DZL

LAY 3 MHz~4 MHz fHETRNGIEICEM T 5 Z LIZOWTEET L. Efo Lk Hic=
VI U= MI—REOBERLEH/LT LN TE S, 7o —702 SO EINIERAE LTZESRIC X
>C, ary V—  NNOFEBS LB FRINME 2R FEIRRREL 705, ZiUud, s
BRD—HDOaL T LRI L TE D, RMBELEINESN- 2T L, O
DB EL D A B AR R HMEEB L TEY 9, IR S R E,
EIIN S5 AEIE IS LT 1/4 AN TN D (WrkEfA—90 &) MHEEHT 9.

AFERTITE 4-8~E 410, B 4-14~F 416 |7~ L7- X 912, 3 MHz~4 MHz f-HiT & Tz
FHANETH -T2 0D, BMHz~4MHz £ TlE, a7 o4 LTolE (FEH) 2R
LD EBEX LD, AFEANEICZEL LEBIZUY, a7 &3R80, HINIEEN
RRERL Y bEATT L EFELTCND. ZOL I HEERFOBRFF LT, A V47X
WETOND. A F 7 ZTarT o L3RS, FNEN 28BN LT, A Bt
1/4 BZ AT D (A0 ) HWEEHTY. ZnbnZ &b, a7 Y —MMIFRP &~
— MEBOA®EIZE L 5, EINT AA8REEDEREIC LY, avF oy (27 Z O
BEAL, TNOPEHEITEROWZERIERE & A3 2 LN TE 5. EOESHIFEAEFIA
LG, FRP v — NCHEBINBEHEMICER TE WL 9 7ea 7 ) — OO UEINEZRHETE 5
Bt rTREMED N % 7=
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48 FBAEDFLD

AHZETIL, FRP > — N TV -2 7 U — MMEREOFHIZH 2 00FWE, =207 U —
NEE 2 ONE DOFER L E X REOBRHIA B —F U AONMFEA DL Z R 2 TRHT 5
FAHZoOWT, ZOHEMOERICIVBRIELT-. KGwLTlL, FRP v — hCTEON-2 7 U —
NEFF T T, REE FZHAHME Imm DAY v b (ALOUEIN) #85< X9 BT
ZEEL, B|E 1V, AR 1 MHz~8MHz O REEZEINT 52 & ¢, ODUFINZRH T
HEATAARZ Uz, AWFZE CFEM U7- RO FHMNICIW T, IO Z LN T2,

(1) OUFNAEBNZA B =& 2 ADOMKRIENL, ZH AN 720K O I B 2Bl L
TBRICHESND A L E—F U ABREL Y H 022MQ~043MQ (13.6%~19.3%) =
Y

Q) OVENEZE < L ) [CEmS 2B E U7 BEICHE SN AAABEN BRI, hals
DN K D ICEMR 2B E U756 ONARENLE R L Y H 0.14 MHz~0.22 MHz

(3.9%~5.8%) &\,

(3) FRP v — M C@Ebiviza 7 U — MBMEREE NIH D8 1 mm, HES 30 mm 2L EOTD
OFIRUE, A 1 MHz~8 MHz OZSREELEIINT 5 2 & T, A B —F 2 ARKfE
ENABZEN R D JEE AR E DEAIZ L W R T = 5.

(4) FRP >— M CEbh /a7 U — MEIMERBEE TIZH D08 1 mm OOUERUZDWT,
BEEERDDHZLIIXTERNLOD, JEREH IMHz~8MHz O JiEEZFING 5 Z &
T, A =X ZBRNE & AL ERER O BRI OB LIZ X D IR TE 5.

SEOMFEREE LT, M TEA0UERURS ZALINNIT D720, 2 DOEMGE - CTHAK
SNDHEZORS FIAICE KT TREFHF LR~ D & & bIT, ZHRRBBHERN T 1 > — hTH
BN HE DOESGOREF IOV THL NI T IRERDH L. EEOa 7 ) — MEEMIC
AL HOUERUTIE, ZOWNERIKRGDFET HAREME D H 5720, ZOEEIIHO W T HE%R
AT ORENHDH. T FRP v— M TSN =27 U — MREOEEIEE DA TR CHiE
RIS, JREIRERFMFORETT — 2 FELHY, EXEMET VEBRTH L L BIZ,
BONREROEIEY R 2 b— 3 VETHRIET DRERH . IHIZ, BIESIAMAEADE]
Al BRI BIED IS U TRNDIENEZE(LT D A = X L EBE SN D EREMNE
TIVINGRA BN T AMENRSH 5.
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(55 0k]

1) AEMERL, HER B, fERdHPAH, EEFR Mt AMERICE S REMMES— oA
WrigsROE R, RS CEE, Vol62, Nod, pp.855-865, 2006.

2) FHN—  BERERNDORIMORENE, VWHEEE, F614E, H15, pp.l8-20, 2013.

3) HAFEIEERE WS IR PRERER I, pp.4345, 1989.

4) Panasonic Industry : =27 Y OFEEMEREE, pp.1-6, 2019.

5) Panasonic Industry : A % 27 % (A V) OFEEEFEE, ppd-6, 2019.
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E5F NHBEORE

5.1 XEREH

a7 ) — MEEMOHINIE, & L THEEMORENORAE - ETTHLOTHLN, 7L
HY Y AIEREER a7 U — MNENOEHIGETT 250655, ZOLXH7GAETYH,
a7 ) — hFRE% CFRP 2 — M CHIBMM LI Em b A b, 20X 5 ITEEmoRE -
RIEORHLRIET T T3, LVEROHLEEEL CFRP v — h O L) bR T X A=K
DHND. FAERFES, CFRP— N CHE L2 7 V— hOBXKHIA B —F X ETH
AEFARD Z LT, NESODUEEA R T 2IEERBRTIEE2EET D 2 L & BICER %
1T-o7-.
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5.2 R & HERIKAERL

(1) BRI

£ 51 (2K 9 L HIZ CFRP v — R & 2 HEB L OV mICAES O B AR = 7 U — NRBRIK (I8
400mm X BAT 100mm X 5 & 100mm) % 15 AERIL7Z (B@5-1) . 38K 15 k% 5K 9>3 7
W= T, &7 N—T 0 3 RIIESE 4 mIZ, 79 2 RITE#EEmO*E 2 HmiZ CFRP v — F &
BbfH)72. a7 V= hORERB L7 Ly v aEiRE R 5-2 (TRT.

®51 FERKNSA—4F

TP—FIOO-]_,izz 421 g 100
TP-F3OO-1-,A2£ 421 g 300
X [4 1| [2 m

FRBR A R0 5 1) g D BRI R85 1) oD
ATHIZ— MRS KEE 725 2@ — kD

L4 CFRP S — h CHET 5B | : [2 @ CFRP & — F THEY SRR |

Eeifined 4 10 (A fi, A, e il 2 4fl (A Jfil, AT {2007
Bifi, Bifi) (207 CFRP CIRP | { )

¥ 51 FERIADEAE
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£52 AV )—FDEESIUVT Ly Yotk

%o Xy ZS HAERS | HERS | R
57.7 315 182 964 804 3.15

S 15.0 cm ST 5.2%

X1 EBEAL Ty R AV BEE=3.16g/m®, NaxOeq=0.62%
X2 FEEAT Wefy 2005 PEHE=ZOKIE-D T
FHEH=60.0% , F[E=2.67 g/em® (FK¥Z)
FER I 40 2005 PEHI=ZOARURA R T
FHEHE=60.0% , FE=2.67 g/em® (FKHZ)
3 fEEE RERD PEHI=2CRIEAT 5 ()
FIR#=2.60, #J%=2.58 g/em’® (FR#Z)
G FEMI=2 ORI T OFRAE)
FIRH=2.70, %J%=2.58 g/em® (FK¥#Z)
4 0 AE KA (BHEZ 118 , NaxOeq=1.0%

a7 ) — MTER3ABRICRINE L, 28 H O20°CRTEAMRI AR 7-1%, IKEME (RS
A) >— NEREHT 2. — N EOEKEE 2 7 U — NHROKZIZ L VFEROEL
ERETDEKREHTHUTE LI Z A, 8WUA T THo7z. F7z, BBk 7 U — MTiRE
B AERL U 7= [FISHEORERMAIC OV T, JIS A 14761CHE L THIE L2 g/KkRIY, BEEEE
BE7KkR0.039kgkg, AREREMEEES/KIE0.090kgm3  ThH -7z, GKREZHRLI-1%, BT
LA THWE L, 7T A ~—8AF, TR EHE L 7-t%, REREREEIZE S0.167 mmo iR
Tkt (R741) — MR X UBIEEEA] (BEBIE) (S TEEWE L. CFRPY — b
OFEEHEREZBS-21R . 2B, 7 T4 ~— T BLOERBIRIIRIERY, REMHE (R
7A4) — MIr—F | CERBIEZ RAMATHET-. FT7 A v — hOGEFMIFE5-112R
T Lo, BREBREEESAICEA SR E L.

S5R39 3 DO T N—T1T531F 12 15 (ROFRERIKZ VT, JIS A 1148 O A IEICHE U 7= 8fE
RfERER 21T S Z LIZXL Y, CFRP & — N CTHEE L7c =27 U — NN O L - EAT 21 L
7o KFasLTIL, 3 2D 7 N—70 5 LR A 7 /1 100 [B1£ T & L7 BR{A % TP-F100-
1~5, [@200[a]F C& L7=#RBR{A%Z TP-F200-1~5, [F 300 [a1F T& L7=iRBR{A% TP-F300-1~
5LKLTD (TS . ZZTREDES1~31%, CFRP > — FC4EMWEBLI-H D, [[4-
5 13FER9 5 2 A CFRP v — N CHFEE L7=b DO TH S, 72k, HiERAFABRETD 1 B3k
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$£72, CT EHgHRZHEFAN OOfE 60 mm X BAT 90 mm X 5 & 100 mm OFFH A K5, Efeie
L7z X #R CT Bifgin b, B0t AL MRRAERD LD b X Bodgirtrm<, R Bgic s
SBRDZEBRDOPFEZ R LR AR 6-3 1T~ T. 7ok, T ZITRTZERIE, SHEETICHE S K
JERLOUVENAE EN TN D.

%53 HBRAORIBAES & UERE

2 HHTE 4 TR
TP-F100-4 | TP-F200-4 | TP-F300-4 | TP-F300-3
SO
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2R 1.45% 1.55% 1.56 % 1.40 %
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DDOBEFREFFHLEDEAY M ThHLHN, URITRELZ A LV E—X R ERFETH. F7-(HH
VXEIIN U 7= 2RISR D B ORI A L &2 AE TR T, 7eds, R URIES CTORIEILE
BT L2 03 FPORREZ BT S [l L CTRIEL, A v B —& 2 ARHTaaNEIs CEEbE
N5l GEZEITA B —F 0 AFERE © +0.05%rdg, (THEATERE : +£0.03 &) %, TOHEIESIC
B HREM & U TR L 7=

B 5-5 |2~ HIENE (CFRP > — b % 4 mAGHT 723 BRIAIIALE A - B, 2 masAH T 7238k
L& A) OB 5-6 |~ T Eliwm -4 H 7 HHIEN % CFRP o — MREICEFEM LY THZ &
T, A E—F U ABIMAHALZRIE L. (g A B XU B [T BREREE O P RALE T,
FNENDONEZ FINIAS 10 mm BEZ R 2 S0eaE 3 mCHRIE L. E7o, HIINd 5585k
EBEORERHEIL, 1 MHz 75 8 MHz I[ZFXE L, EEREREREIO & /KEORIERRZ, 1 v F
—H A ENHBAERE Lo, & A 7 VORI ER 25 0 T3 BRI OV TS, B R
HRATDOEKE L [FAFEL 0D ETCRPBE LRI LV E—F U AL HATRAIE LT, 7o,
APTER Tl 72 BER A CEX D712/ E L T 5700, SRR 1% OSBRI
T, R GEEAEMmEmTR) CRIE L. BERRIERICLY =27 Y — FNENCIESE
BENRETLHO LR L TEREIT-T-.
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W AAAEA b RBAE Lz, &9 A 7 A% 0RBRIEOREE (HFE) 2B 5-7 (TR7.

c) 300 V1 7 /LR R OFRERIE (4 HHTE)
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HOEREEET 100 + 200 - 300 B 27 VAR DA A > B — 2 o ZERERE (IEMLE A) %
5-8~[ 510 (g THAHDORERIORT L OIS, R EROAEIC L 59, 2MHz~
AMHz (1l CA B = o ZADIBRIEZ R LTz, B3R IAIZ W CliSmARABRAT% 1215 b

oA L E—H U ADOBKRIE (K BRIA 3 HOTHIE) 25 5-4~3K 56 (7.

=& 54 RIEELAR 100 A Y ILRIERDA V E—4 U ABKIEEE
s | TR DR ,\
b N HIE " St = 5
A 532[MQ] 481 [MQ] 0.51 [MQ]
TP-F1001 (3.50 [MHz]) (3.64 [MHz)) (+0.14 [MHz])
BB 6.48 M Q] 6.63[MQ] +0.15[MQ]
(3.69 [MHz]) (3.67 [MHZ)) (-0.02 [MHZ))
AN 1040 [M Q] 10.61 [MQ] +0.21 [MQ]
TP-F100-2 (2.89 [MHz]) (2.82 [MHZ)) (-0.07 [MHZ])
B 9.20 M Q] 8.52[MQ] 0.68MQ]
(2.89 [MHz]) (2.96 [MHz)) (+0.0 7[MHz])
AN 794 [MQ] 6.11 [MQ] -1.83[MQ]
TPF100.3 (2.98 [MHz]) (3.28 [MHZ)) (+0.30 [MHZ))
B 7.17[MQ] 6.35[MQ] 0.82[MQ]
(3.21 [MHz]) (3.35 [MHz)) (+0.14 [MHz])
e 058 [MQ]
= (+0.09 [MHz])
SKFR EESE A o B2 ARE AR L, FESEIEIEZ ORI A 7
& 5-5 CEiERLAR 200 YA U ILRIERDA Y E—4 U RBXRIEZEIE
e | R TR G N
RBRIAGE & HE B =kBR % = 7
A 9.61 MQ] 9.66 MQ] +0.05 [MQ]
TPF200-1 (2.98 [MHz]) (2.91 [MHz]) (-0.07 [MHz))
BB’ 9.06 [MQ] 784 [MQ] 122 MQ]
(3.24 [MHz]) (3.38 [MHz]) (+0.14 [MHz])
A 6.74[MQ] 625[MQ] 049 [MQ]
TP-F2002 (3.31 [MHz]) (3.38 [MHz]) (+0.07 [MHz])
BB’ 921 [MQ] 8.40 M Q] 0.81 MQ]
(3.03 [MHz]) (3.07 [MHz]) (+0.04 [MHz])
A 13.65 M Q] 12.49 M Q] 116 [MQ]
TP-F200.3 (2.58 [MHz]) (2.65 [MHz]) (+0.07 [MHz))
BB’ 947 [MQ] 8.03[MQ] 144 MQ]
(3.07 [MHz]) (3.24 [MHz]) (+0.17 [MHz])
g 085[MQ]
A= (+0.07 [MHz])

KED EBIEI A B R BRE AR L, FBEURIEE OIRFO SRR A~
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& 5-6 EIERLE 300 U U ILRIEDA Y E—F U RIBRIEEL
e e S R SRR N
RERAFE S W E kB s %= 5
AN 8.07MQ] 786 M Q] 021 [MQ]
TP-F300.1 (2.63 [MHz]) (2.58 [MHz]) (-0.05 [MHz])
BB 7.45[MQ] 6.86 M Q] 0.59 MQ]
(3.12 [MHz]) (2.93 [MHz)) (-0.19 [MHz))
AN 8.87 M Q] 792 MQ] -0.95[MQ]
TP-F300.2 (2.65 [MHz]) (2.91 [MHz)) (+0.26 [MHz])
BB 6.80 M Q] 6.40 M Q] -0.40 M Q]
(3.45 [MHz]) (3.48 [MHz]) (+0.03 [MHz])
A 10.85 M Q] 8.17[MQ] 2.68MQ]
TPF300.3 (2.82 [MHz]) (3.10 [MHz]) (+0.28 [MHz])
BB 5.03[MQ] 512MQ] 0.18 M Q]
(3.85 [MHz)) (3.67 [MHz]) (-0.18 [MHz])
e -0.84[MQ]
A= (+0.03 [MHz])

KFE EBHEIIA e —F R ATR L, NS OO JEE S A~

FRASRIAR 100 A 7 AR DA v B2 0 ARERIEIZ DT, SR ERRTORE R & Hofik
THE, TOEST-1.8BMQA~H020MQ (CF¥): 058MQ) EHEET ARERELRD, —ED
BB SN -T2 FIUL, AV E—F U ABREE B3 25 RO B S A BS R e an
DFER L el 5 &, T D7E5313-0.07 MHz~+0.30 MHz (F#5) 1 40.09 MHz) & H#8RIL, —iE
DEMIEA SR> T,

ZHUZE LT 200 VA 7 VT, -1.4MQ~+0.05MQ (E¥ : -085MQ) , -0.07 MHz~
+0.17MHz (F¥] : +0.07MHz) &720, —@lAFRNT, BRSREFRIE CA B —X  AMKE
DT DIEE DI DI, A v E—F  APBKEE 23 DREO R EI LS < 72 DIEE D5
Nz, SBIT, FREREME 300 1 7 VL TIE, A v B —F U ABKIED-2.68 MQ ~-0.18 MQ
(F#) 1 084MQ) EWTN BB TEHRERL ooy, A v E—F L ADMBERIEE B3 HHF
DJEE#1E-0.19 MHz~+0.28 MHz (¥ : +0.03 MHz) & HET HFER L 720, —FEOMHEAIL
PRIV IS TE.

INBORERING, 4% CFRP — M CHFE LTz a7 U — b, BRERER 230072
e, 100 A 7V ETIE—EDMEMIIA LIRS DD, HEREY A 7 /WS TA B
— X U ABKREITNE L 72, Ey (ERERTHROBKEOZR) b RE RHBEMPEZ
HTEIITELD, 4 = ADMBKIEL 23 DO BB —EOHEAITA B
7-.
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(2) 2 1 CFRP *— MEFERBRIRORIEREF

2 % CFRP > — N CHgE L7z 6 3BRIA (BRIGRAEY A 7 /L 100 [BIH TP-F100-4, 5 ; [7] 200 [=]
F TP-F200-4, 5 ; [7] 300 [E1/H TP-F300-4, 5) A %512, BRAERHAERATR(ZIS1T 2 8% 1 MHz
735 8 MHz DOASREEZENINUIZBRODA v B =& o ZAD ERIE 2 RIE Uiz, S ismiiEy
A I NARIZEIT D CFRP v — &AL Cvienar 7 U — NE#EE AR 511 ([ORT. £,
CFRP 2 — [ % 4 ST U7cikBr & [FIRRIC, BRSRAFBRRITZ 2B O o B —F 2 ADRKR
B (FRBRA 3 SOVHE) 2R57TICELEOTORT. X5, HREAERZER 100 « 200 « 300 H
A VNVEIHEDOFA o E—F o ABREEHE BIEME A) #B 512 IZHPRT 5.
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e S A £ i A T b’ el = 2 . A i e i
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£ 57 EIERMRERE2(11- 2 @ CFRP Y — FMEBEFREBRAD A o E—4 U XIBKRIENDEIL
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5 19.27 [MQ] 12.20 [MQ] -7.07 [MQ]
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100 A 7 L343t = Gﬁgﬁgb
23.84 [MQ] 10.84 [MQ] -13.00 [MQ]
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(2.15 [MHz)) (3.33 [MHz)) (+1.18 [MHz])
200 YA 7 VST = (;11% 2930[1[\1/\141{%]])
21.07 [MQ] 10.72 [MQ] -10.35 [MQ]
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= 23.46 [MQ] 13.51 [MQ] 9.95 [MQ]
(2.04 [MHz]) (3.31 [MHz]) (+0.64 [MHz])
300 YA 7 LFES T = (;11(.)6165[1[\124;12]])

MEH EBHEIIA B BRI ATR L, FBEUIIEE OO a7~

30.0
— AR — R —_— R
— ARG (10074 7 1) — FEEAR RS (20011 2 V) 250 — ARG (30011 S V),
5.
5 o) 20.0
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N 3 15.0
) )
o > /
3 Y100 | /
< A N ’
\\/ \\
50 A
0.0 ——
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FRE  [MHz) BEH [MHz) B MHz]
a) TP-F100-4 b) TP-F200-4 ¢) TP-F300-4

512 A VE—5 U RARREEHE 2 @EE)

INORERITRT L DI, 4 CFRP v — hCTHFE L7-54 & FIRRIZE L 2 MHz~4 MHz
FHETA o E—H v ADOBKRIEZ R LTz, FRBRIRIZ W CHlFE R BRATRR G DA >
B ADBREDOEA L R TRSE-T (2L D L, EHFERE 100 © 200 « 300 YA 7 VDA
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B — 5 U AR NT IS L, EOZEGFETIA%-5.09 MQ, -11.90MQ, -10.15MQ
Th-oT-.

LDz £, 4T CFRP v— N CHFE L3 BRik L [FIRRIC, BERRER 2052 &
T, f UV E—F U ABREIT NS L, f VE—F U APBKEE 2 DO ENIE L 2o
7z. 7¢%5, 21 CFRP v — hCHFE L3RBT, WfEREY 1 7 VTR T, A v B —
X ARERIEOFEE DR, A v B —F o AP E B RO BRI IR I &< 72 5
ERIF 53D OO, BREFMEYA 7 /L 200 FILLETiEA > B —F 0 ABKREOZESB I
A L E—F U APBKRIEE BT RO OZES IR EREZRIIH LI o Tz, 7035, =
DA = ZARBRIEO AL, RS ERIZEI D CFRP > — M CHE LTz 7 U— |
ThoTh, ZOWNENPLEUTLHMBELTET 2D EEX HND.
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5.5 EfERMEY A U LI E BT RIEIRBDZE

(1) 4 i CFRP > — MEBEHBRIAORIEER

5 4 B L [FHRICAAR A O JE R E DZAIZE B L Cat 21T > 72, 4 1 CFRP > — h CHFE
L7= 9 SORERIR (EfERAZY 1 2 /1 100 [B]F TP-F100-1, 2, 3 ; [7 200 [2]H TP-F200-1, 2, 3 ; [A]
300 B TP-F300-1,2,3) (22T, HAERERERATZICIT 5D, B 1 MHz 7°5 8 MHz D%Z
P EEE A2 FIIN L7 Bs AR A O B 52 B 5-13~B 515 |~ T
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180 180 180
— SRR AR — ERRESERE — R ERET
135 | —— REEHERRE G00Y 17 L) 135 | —— EERRARE (0044 2 ) 135 | —— RSRBBRE (0051 7 0)
%0 r M\_ 9 | 20 | ;
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a) TP-F300-1 (A & b) TP-F300-2 (A ) ¢) TP-F300-3 (A )
5-15 E#ERELAZ 300 Y1 U JLEIRD 4 & CFRP > — MEESREBRAD A AR RS EDH

INOOFRBRITRT L OIS, HERAFEABRATEIC X O T8 2 MHz~4 MHz I CAtEA
WEDNDIENEEL LT, 2 TERBRAICIW T, BERAERERRTZI S DTN E DS
E~EZAT ARFOEE (NABEAEIE) 23 58~F& 5-10 [ZF L/, Inds, Z 2T
WY, SREBRIR3 SOFHETH .

A L E—F U ABKRIETH IV FER & FRRIC, HEERAE 100 1 7 VAR ONARZDO I
B45% &, BERARERRTEDZEST 0MHz~+028 MHz (FE#J : +0.12MHz) L 3E4 D58 &
ot

WRIZHRASREE 200 A 7 MARIZIBW T, AFEZEAEIREN3+0.03 MHZz~+0.16 MHz (S -
+0.10MHz) 721, X 52300 YA 7 W& TlE, HEENLE R +0.04 MHz~+0.32MHz (-
¥ :40.13MHz) EWgiubiEhnL7z.

INHDOZ D, BHERMAMEREZZT D 2 & TREAHLIRENEITT 57, CFRP > — bk
T4 mEELI-a 7 ) — MIBWTHETERAZET A 7 VDG U TR EIIR X < 72
DNl

& 5-8 100 Y4 U )LRIERAARSER DAL (L EIR L

e g . L BT
:itl\“ =E4 = \/\I E = I RN =] R /\
1001 A-A 3.86 [MHz] 401 [MHZ]|  +0.15 [MHz]
B-B’ 3.86 [MHZ] 3.86 [MHZ] 0 [MHz]
A’ +
P00 A-A 3.09 [MHZ] 3.11[MHz]|  +0.02 [MHZ]
B-B’ 3.18 [MHZ] 328 [MHz]|  +0.10 [MHz]
A’ +
PF1003 A-A 337 [MHZ] 3.65[MHz]|  +0.28 [MHZ]
B-B’ 3.51 [MHz] 3.65 [MHz] +0.14 [MHz]
FELH = +0.12 [MHz]
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& 5-9 200 Y4 U )L RIERAARSER DR E (IR L

s e \ TG iR TG b
ABRARL S HIE s g = 07
A’ +
P00t A-A 3.18 [MHz] 321[MHz]|  +0.03 [MHz]
B-B’ 3.44 [MHz] 3.58 [MHz] +0.14 [MHz]
A-A’ . +
P00 3.60 [MHZ] 3.67[MHz]|  +0.07 [MHZ]
B-B’ 3.25 [MHz] 332[MHz]|  +0.07 [MHZ]
A’ +
TP-F2003 A-A 2.82 [MHz] 2.94 [MHz] 0.12 [MHz]
B-B’ 3.30 [MHz] 3.46 [MHz] +0.16 [MHz]
2= +0.10 [MHz]

& 510 300 1 ¥ )V EAERAARHER D LA E A BB E L

e e ‘ (BT A TR A
gith“ :a = \EI E = I L. = I ) /\
A’ +
TP-F300.1 A-A 3.21 [MHz] 3.25 [MHz] 0.04 [MHz]
B-B’ 3.44 [MHZ] 3,51 [MHz]| +0.07 [MHz]
AN : +0.
TP-F300.2 3.16 [MHZ] 3.35 [MHZ] 0.19 [MHz]
B-B’ 3.70 [MHZ] 3.81 [MHz]| +0.11 [MHz]
-A° . +0.
TP-F300.3 A-A 3.07 [MHz] 3.39 [MHz] 0.32 [MHz]
B-B’ 4.10 [MHz] 4.15[MHz]| +0.05 [MHz]
FEE = +0.13 [MHz]
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