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Summary of the Doctoral Dissertation

Applicability and Accuracy Improvement for PC Grout Inspection Using
Wide-Range Ultrasonic Testing (WUT)

FUKUSHIMA Kuniharu

Complete grouting of tendon ducts is essential for the durability of post-tensioned prestressed concrete
(PC) bridges. Voids in the ducts may induce failure of PC tendons, possibly causing a reduction in the
load capacity and the collapse of the bridge.

The corrosion of a PC tendon is caused by incomplete PC grouting. It has been reported that 27% of
the measured PC grouting points were inadequately filled with PC grout. Particularly, the probability
of inadequate PC grout filling is high for PC bars (38%), indicating the high risk of future PC tendon
corrosion in post-tensioned bridges.

Non-destructive tests (NDTs) with ultrasonic waves are often used to examine the grouting conditions
in the tendon ducts of PC bridges. Wide range ultrasonic testing (WUT), an NDT technique, has the
advantage of being applicable even to thick PC girders. WUT is often employed in box girders of a
PC bridge because the grout inspection can be performed at the inner space of the girder without
scaffolding.

This paper describes the applicability and characteristics of WUT, which is different from other non-
destructive inspection methods. The primary characteristics of the special test equipment, which is not
commercially available, used in the WUT, were clarified, and the measurement methods that
contributed to the improvement of the grout inspection accuracy were studied using actual bridges.
Based on these investigations, a method to improve the accuracy of grout inspection is presented.
This paper is a summary of these experimental studies.

This thesis consists of six chapters. The contents of each chapter are as follows:

Chapter 1 (Introduction) describes the background of this study: the evolution of PC grouting, the
structural types of PC bridges, and the types of PC tendons. The need for grout inspection is
demonstrated. The chapter also describes the grout inspection using WUT and outlines the various

experiments conducted to improve the survey accuracy.
Chapter 2 (Literature Review) presents the results of earlier studies on the X-ray transmission

method (XRT), impact-echo method (IE), ultrasonic testing method, and other non-destructive

inspection techniques used for post-tensioned PC grouting.
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Summary of the Doctoral Dissertation

Chapter 3 (Verification of WUT characteristics and applicability) describes the characteristics of
WUT, the procedure of grout inspection using WUT, and the methods of analysis and determination.
The characteristics of WUT, XRT, and IE for grout inspection are clarified, and the applicability of
the three non-destructive methods is illustrated in five categories: inspection accuracy, applicable
concrete depth, inspection cost, inspection period, and safety. The results of PC grout inspection
tests conducted using a full-scale PC beam specimen to verify the three non-destructive methods
indicate that WUT can detect complete filling even in members with the maximum cover

thickness.

Chapter 4 (Basic experiments on WUT characteristics) describes our investigations into the
fundamental properties of WUT. The accuracy of PC grout inspection by WUT may be affected by
the inspection method and measurement conditions. The effects of the waves reflected from the duct
and end face are clarified by experiments using a specimen. The low frequency peaks of the grout-
filled ducts and the high-frequency peaks of the void ducts depend on the distance between the
transducers, according to the cover thickness. The optimum transducer interval is proposed to be

twice the concrete cover thickness.

Chapter 5 (Field tests of grout inspection using WUT) discusses the PC grout inspection conducted
on an actual bridge using a method described in Chapter 4, and it clarifies that the method improves
the inspection accuracy. The field tests conducted on a precast T-girder bridge under construction
detect grout-filled ducts and void ducts in PC grouting. The results confirm that a transducer interval
of twice the cover thickness primarily contributed to the accuracy of the PC grout inspection (see
Chapter 4). In addition, grout inspections conducted on bridges in service and on those under
construction confirm that grout inspections are possible for members with a cover thickness of 250
mm or more. The results indicate that PC grouting can be determined even when the thickness of the
cover changes, by using a transducer interval that considers the angular change. Experiments using
ultrasonic propagation velocity reveal that the frequency distribution differs depending on the cover
thickness. It is proposed that the frequency band for determining filled or unfilled PC grout should be

set according to the member thickness.

Chapter 6 (Summary) presents the remarkable conclusions of this study and presents future

problems at the end of the thesis.
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o7=. PCH#ilM 1L, AR MLEOMR L REREEEITO D, AELMTEREATS
720, BIERICIE, HE X > TPCHIMIZY — 2D R RICEH - TIREB L 72 5. Z D0,
PC #fiff & > — 2D S HIT/NEL Y, PC 7T 7 MOFHEARRNE U5 EL 0 HEE
fbL7=.

FEE A CEMI N PC 77 U FOFEHEIT 2016 R RBLE TS 4,777 6T T
HDHTENRENTND D, HEERARORZ FF v g 05 PC GO & @k %
B-1.18 /R T . BRI & 47z PC S FERI O F & &2 E-1.19 (/R L, PC #ilFf
FERED TR A F &b O ZE-1.20 1277, 2RERFTO D 5 27%O || AT PC 7
TV MOFEARENHREINTEY, FHZ PCHIETII38% L sV ERAZRLTEY, fHk
()72 PCEAMIE R Y A7 @AW L 2R LTV 5D.
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E-1.18 BERAKBDRR bF2 3 VAR PCHEOREEMAEIKR Y

F

M-1.19 BEOBFRFRELHERASNI-PCHHOEED”
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®-1.20 PC fs &5 80 FTERKR ”

T E O HE Wik A /77TE§)6|—1 EEETIT PC &Y, MERAEERD 35%% DT
5. @EERSTOMEFRICLDS L PC 77U FOFERF5TRWE O, FHERITHE
KD 25%, PC #itETIX 35%H 5 2 ENWEINTEY, BERGEICH TS PC MO E -
WA =0 9D Z ERHALNERoTND W, F-1.21 12 ﬁﬁ% BiF % PC dip ik
%jkwpcﬁﬁﬁbﬁﬁ%m%fﬁ

AT E CHRMNEICEH T 5 PCHEEN D 7 T U M FEARBIZOWTERZIEL, Bk £
&@t.%%,mwﬁL%®m&¢ LHETHPC IV NOREERSTDHEDITIE, £
OFHAMEHCRN T2 ME &, #H S5 PCHiIM & > — 28, &5\ TR PR TE &1
70 EIRINWVEER DR Hivd . £E L L TEAEREROEESCEREINICE S\ PC 7
77 M REAREEY A7 #[-1.22 (27" T, PC 77U FOREAIZ L 58 EEEB <
72O, LINTEFERIEDY 27 2 LT, PCHEMOMA - SE1To 2 &N
BHELRD.
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1.3 XHEODEM

PRANTYya vy FROT VA RNANary s J—hk (PC) f&TIE, PC 8k O &£ % i)
T —2ANDO 7 7 7 MI+AICHRE I AR ITIULR L. BEEORIC KX, 7
7 U MRS RAFCTHIVUE, EHEBMETPCHMZUIM L TH PC /70 FOREIC
£ o T PCHiMF 2 &S S, GIWrAT & MEOIM G 1 Z2 73T Z EBRHALNE o TND .
ZIT, V90 FOFEMEERBETH7-00 PC /57 MEERHENEE L 25> TL 5.
PC 77 7 NiRABAN L, FEMEME & MBIEMRA DO RE < 2 DI SN 5. MiER
TCTIINTIS = BENOHIET A7), Ur—F—T vy FLESCa 27V —KRU L
ERANWCY—AE TOHIILNMTOND. > —AZBHI L7, CCD H A TR7 7 A /X—2
a—7HHIFL L2 RIS A LCPC 7 T ™ N OFEHR IS PC 8k O & ok & 8223 5 .
V= AERBEIT 5700, AWM E AL, EmRUREEL D, AR EHMT H 2 L
TY—AWNED PC M DBEREOER A RET D2 ERKN L 25720, BERARA T g
VRO PC HiIM AT L OMHE - MlismtEt) P Tix, PC 7T v b b & IS IRk i A A
WHIZEMEREINTWAD. PC /T U MREHEORERIT, 4%k OMEY Ot 71Ic K&
SEEZ RIS, RELHERTOMELV b, REARRZHRT DRED KD BT
%. PCHiIM DEELICNETT DRI, FRENEEZIFEREIC L > THIRL, 77U b
FEA LIER EOPRERENZ2GIIEN 72 S, #EORMIMAMESHRTE 5.
BITE, FEIERAE CiT 5 PC 77 U MRIGAA L LT, %8 & LM 0L EK
SHZ X 2 R~ b FIEHE 217 © EREERE (LA o7 bma—iE) 2, #
M ORREIZ K > Tl s B 70 2 Hft (12 X #) Ofsgmifg 2 Ko ES 5
HABRENEALEIN TS, S50, TAOOFHEME L B 5 FEL LTHEK
(2 & D IMEERA S AV 6T\ 5. IR % (Wide-range Ultrasonic Testing, AT
WUT) 1%, 2.5kHz~1000kHz & DV E R 2 W2 PC 77 U F REHEFIETH
. BE, BARENTEBINTWEIRA Ty a vy FROEr—7 VDO PC T 77 b
BN N TV DRHE S EER-1.1 1R Y

£-1.1 PCYUSY +RABEHE—E"

FEEH A AN
TAENBEICRBIT D PC 77 7 s OFEEARIL
P T L 7 "
EHEET D.
EAELE PCHiM 1T A PCHr—T L 1 A
fi # HIREh s
TR AT, TEOPC YT Y MRS 5.
S Y R I B L .
: — ERLBI BT S PC 75 7 N R E
ARy b a—k N
— HEET 5.
B A I FLARAT
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WUT TiX, v—RAE LD a 7 ) — NREICHEAMBE 20 U Tt 2 R & L T PC 27
F v NHEEZIT S . PHERHE, SME 6 95mm, WIERIC ¢ 7T6mm OKRBEEZFAHAV ST
Bfih ICEBIEEZAINL, ZOEER T H#EHIEH 2 L CHRERTROEMER 27 Y
— FNEBICRIE L TWA. BIESNEIIE, v — A2 E 04y TR L T2 511 T
e L CUERE D, IRE A ROV IS A U 7 B 2 R A W L, £ 05 bavTz ik
BOE—7 HWn6PC Iy NOFTBEUEEIT). VARV ANary s —ME, £0
WERHBEE LT, A N, MEM, B, Mt & L o< PC 8k 72 Skkx 72K
XZOMENSRAEEMEITHSH. WUT TR OB 12 HnW5 2 LT, HAnKkx
<, BEx 7 RE SOMBHT X o TRELBIEDE U < WAHHIR O B 5 2 3615 T& 5720,
DAY EOEMIE TOFEZ AL LTEY, Z<OPCHEDOY 7 U M FEEHRHEICH NS
NTWD. LoLanb, BEEOHSEIZ LIVUXPC 77 v F FRIEHEOBIZE KO v —2
DEBAFEL, HIBICELRWGEAENDH DL Z LRI TND Y,

Z 2T, AWETIL WUT Z W2 PC 77 U FRRIEFHEIZOWT, o IFmsERE FiE
ERRDEM A SN L, FOmMAEHHIC OV THIEZTT 72, WUT Tl RR ol 1-
EETDR IR CU AT AR SN DD, T ORBREZ A LT D70, etk L 5z
R EHWTEBRMRREEZIT T2, S 512, ERERL OGN RIZESWTEED
BREXG L LT PC 77U b RIEREOFERE T ET 2FHHITEC O N T H %
1T-7-.
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1.4 KHROERL

BHFFETIE, RART v ar FROPC 77 7 FFHEICHO S LT 585 1 AR
FHE (WUT) 122\ C, o IEMIERE Fik L B 2/ EAE 2T L, 2 o5 b
IZDOWTRLTZ. EHIZ, WUT THW SRS IS OV TEMEREZ B B2 L, EBRO
BRENNCTT 7T NEEREOREER EICHEGT A5 UFECOWTHALEZLOTH
D, B6FEDHE 72> TWND.

(%1% Fram) X, AFEOEFAERL, YLVARLAMar s U — MEEDORA b
Trva v FRICHEDPC 7T 7 MIOWTEDOEEL L H TN D, FEKEEE DT
o127 77 NREEEHERND, V77U MEEAR Y AV EZRLTWAD. PC /T 7 F i
A TR 2 A TE & B _BIC OV CTHA B 20 L2 ARFZED H 1Y & AR Lo IS
DWNWTCHLR LTV 4.

(F2®8 BEOHELE2—) TiE, AA N7y a v RO PC 770 MEEICHN
HAILTWD X Sk, MRk, BEkk, oot L CREE
O FERE R A LM L, FEOMHETT> TV 5.

(%5 3 % WUT OFRF & @HAMEORRE] Tk, WUT 2227 7~ EiERE o FE
&, AEOFEB IO FECONTELED TS, 2Dk, RA Ty arFloE
=7k LT S D X faEiis & EREMERIEOREIZ OV TER LTS, i
%o, XMaEimk, e, WUT O 3 FEICOWT, B ATREAR 5 0 BT AR
JE, HEOa A NBIOREMER EOmMMAEEZT L L, A Z VT 3 BEE FISME
THEL, MEAEEZIT> TS, ORI D WUT OFEEEZ A S LTV 5.

(%5 435 WUT OFFEICEIT 2 Rl CIE, BE IR o HvER 2 5815 9 2 Rt 1
LG AR a7 U — MNEICRIET D 12D OEEMBYE 2O\ T, Z O FEARR: 2 5
W BZT 5. £io, HEOHBMAZRGET 2 & & bIg, 8BE, ZED 2 SOBRf % H
W RHAGE O AR A 2 55E LT 5. S 51, FHEEEICEELZ KETR IO
THAEER 285+ 5. &iC, PC T 7 FoFelE RFEH A2 L-GUAZ AV, K
1 70 Gl 7[RI 2 SR D T .

ME5®E WUTICEDZ 70U FREGREOBYER) Tk, —&RIURNSVEDOT L *
¥ A K7 AL b THIOFNGEZ AT, #%, WUT THWS 27 7 7 N FeBCHE kIR
ZC, AW — 7 0 & AR X o CRECHIE 21T 5 Bz e iiEEREEL T\ 5.
Tz, NGO A EZBE LT, NSV IEN 250mm L EH HHERZICKILTPC 77 7 b
DOFIEHIE D ATREMEIC DWW THRET L TV D. SMENRKE 2 2 SOBREx5 L LTItk
U7 % SR SO L, SO 08 B B c 5 2 D B2 5 LT b.

%5 6 7 fam) TlX, 23 WAL 5 B TR OAFERR 285G L, RIFFEO R
AT ET, RN OEONICRHERE D LICABROMEE BELZ RS,
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28 BEOHELEL—

F2E BEOHELEL—

BUEICESETPC 77U M REFAEICHET S ML <R s TWD. PC 7T
~ FetE AR KOS BIFR T D BEE O FE 2 LU IcE T 5.

2.1 X#®EBE (RFRERE)

FERR S DIk, BEAT 2L X RE Y AT LK 5T, PC 7T U FOFHE 50%D it
IR 2 U Ol 325 & S50 U 7=, EBRICIE, T 300kVp @ X #iEEE & vz, 2o
FER, a7 UV —bFEREEY 130mm NEICH D> —RED 7 7 U hFtER il A H RS T
XL BRI T, BESMEMNT T2 212K, 777 N EHE % ERMICHE
i cE SRt bR L.

NG Di%, ek s X Bmikics e L, xSt a2bs8-77 7 b
WO HL 72 5130 BERRAR A T Col RS BE 2 BRGIE L 7. & OFE R, B LR i v C It e
CREERE A MR S 752 T/ MREEAHETE S22 AR L. X #EiliE
TIE, 777 FOFERERFTEBEHRAINOIEMICHETE L Z & 2B L7z,

KES NE, PC 770U MEARIZ X o THM 2k L7256, S OMEIZS U T
DM NN RKRE LSBT D20, 770 FMFEGEHA IRBICHIT 5 2 ENEBETHD &
LC950keV & 3.95MeV O 2 FliSEDO & M) X BIFIZ L 5 =227 U — MERAEHMTIZ W T
FEBRIGEZAT o 7. — K7 X #3838 E & U CREH rTEE R 950keV T, 20 53 O RS
IKFfE]C 350mm JED THi F 7 7 o PENICER T Bz 9mm & 13mm O 7E %4 R ¢ &
LT xRz, Flo, ERICITBOTHRIREEILE L 72 % 3.95 MeV #&Z [EIN THIH T PC #1
DN Lo, B0 1/6 IR L TR 24T > 7223, R 400 mm O FHF
JE% 30 PR O MRS CHE CEx 5 2 L AR LT,

NG 91, BRREHN O GBI LIZTe ) 950keV, 3.95MeV O X % -0, AMRALD
XBREL AT L HWCTRS OR300 7 ) — MEEWIZHT 2 XBROIREZ /AL,
FEEE ) B oD 723D 0 Bt 217 - 72, EIK 2 V72 325/ KD 950keV Tld=z 27 U —
RE & 200mm~450mm, 3.95MeV Tl 400mm~800mm i /1% FKHL T /<
TA—BERFE LTz, £727 7 v b3V ERZ W72 20 BPELNOBREE T, 950keV Tl
350mm, 3.95MeV Ti& 300mm~740mm O =27 U — NEX T RER = & 2R L7=.

2.2 EHEHMKE

Jaeger H NL, A /7 hxa— ORI L ER LT 7Y r—a VOB E BRY
EL, HIFLRRIC L D4 X7 hma—EOx vy V7 L—a U ETWD, A V37 hxoma—
BIZL T/ 70 boEERE, #77REHL LORBEKREBIZKIT 5 ¥ — XA DALE % B
ICRETEDLZ Lo,
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28 BEOHELEa—

He & Ok, BB TR LN 3 VB L H O ZE R EFIEOMS 2 Hg L LT, HE
SRR & AR I L R EE VI RAE AT - 72, T OFRER, 22BN 2 541%, B8
WOEAREEL (40kHz) MNEBT DFEREZA ST Uiz, —J5, B T 2= it 5
2 1= O %E Bl Rl & 1T o 7223, EEORIRHRE S e 2 JgH <X, EREfFE &2
WZ xR,

Ohtsu & D%, A > /%7 hxa—kICKSW AT MURIBOERLHEMT 2% L, &
A NT v a BRI D 22k O AT ARG LTz 2 ORER, R OAF1E% SIBIE 4>
Fric Lo THREMICHE TE D Z L 2R Lk,

BEH S E, 207 U — MEEMOEREIZH DKtz xtgil L TRBEOKE SLEHmN D
DS LI FEC LV SO DR L OBIREZI ST 5729, 2 Kot FEM fiffT &
R A W= E R AT o 72, EERTIE, 725V E 30mm~100mm (2K Maih 2 Hek L 7=k
RIEE N, ZORE, KOBERNKE VT ERRIERMEIIRE < 20, BRI
BOWTIXHEROKSHCH 5T 2mENKE <252 L, K b & KR Z2EE T 59
OFGBEML CTEEROE— 7 NEVgHENs L aRE L. £/, 2027V —h0
BRI O E O DT E R 5 2 DB/ SN L &R LT,

JIE & NE, A 287 hxma—EEHAWT, BaxRERORE I LRI ENLE LT,
AIRIC X D ERIRGEE T o 72, EBRICIE, v — 20050 E%E 60mm~250mm & 21k
SRR EE R Lz, EBRTIE, &5I8, SEROITEICTRE L CTHRAT D R O
EBRETRICOWTHRE Lz., ZZBROE SIS U B e AR A v X3y & &g
ETHIEN, fMEICBWTANTHAZ LA LM L. iz, KmkalrEdTo2 L
T, MR IRBL G A BRI R 2 2 LN TE D alRetE 2 R~ L7z, & BIZJEE ST Ci,
PERAVWBEN TV A EE Y — ) 2B TV T T — EZ WD Z & C, R
PRI HZERICKT LTH, AR E— 7 2 iS5 LR TEDLZLEEHLMITL
7.

DS 0L, B ORBEZRET A0, B — U EEZ SR 7 ) — MR
KAEERL, A 237 b a—EEx O ERORF 21T 72, T O/RER, 84 1 AREdH
L7 a2 NG, 865 L2 R AR L, FHMld 2 2 L3 c& /. £z, ik
RNFBIZ 25 0 & 20mm, 50mm, 150mm (ZZ8FR A2 5% e U 7= 588 Cld, LIRS I B T e )
O EIREEEEMHENH D Z E 2P LN L. B ARICEHEZRD L-gkfizr 27 U —
MR CIE, B ERLRS STV A REFTCIE, PIZERIC X0 A4 U 2 LIRE I 50 & it
THZENKEEE 22D, S L CTORNITIXZEOREN L0 B &2 A TREMEDN /R STz,

e S "L, WMRIC L D PC YT U b ORERHIITFE L LT, M IS WM A s
& S 535G &M W 7 ISR 2 B SR A5G0 2 S —RIZOWT, BEROEM
W ~OuAEZ G LTz, T ORER, EHEEMICBWTH 7 7 0 MO FBEREINT 512
EB RN, T NI DM OERERE N NS D T e AW Lz, £, M
O 7 ISR 258 S 7250, A %) b a—iECIEBRHE B RER LS 5
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28 BEOHELEa—

ZERRIC R L C bR EZBRE L, BEEOITICv LT T — BRI 2 2 212 k0, 22k
WO — 7 NS ENES LD L ERE L.

Ninel & 21X, PC 77 7 F 3 RFHHED PC 1LV 12BN T, SIBIE {EZ HW TR O M
SOEESNFEHEICEH 2 5B A2FE L-. TOMKE, REEEBICBOTRE WRE G
BN 0D, REEHMOERIIKTH2NSVIRIDOLN S L KEWHATH SIBIE ik
Lo TREHEBEZHMHTED Z 2R L.

REES X, A 287 b a—EESWTar 7 U — FINERK MO E % Wik &5 o
Bbic X W T 5 SIBIE k& 7L ANV A harv s U — MEED 7 7 0 MRTEERHIC
WA L7255 ORBESZBRE L, B SN2 RSOV TEIICHRGT Lz, BEhcik, 2
SDJE 100mm & 105mm OERAKEH W=, 777 bR OKE T, FHHlAE S —
AEREFERED LT RE VT — A LB L O TEN O RE AN 255N
. Fl, I RREOSNCEEISNTWERS, V- AF B THROKERE DR,
SIBIE VEIZ Lo THIAIZ 777 7 E ST I TV D IGH OBE FTREMEZ B S 20 LTz,

Schoefs & W%, v —AFEETe#kfiar 7V — MEREAZ M L CIEREMAL D 1 > X7 |k
T o — ko AR 2 £ L, FEEEORIMEN A > Xy b a—iko SR IR A K
FETZEER L. Fe, B2 700777 NEFICK U THREHIITEIT,  a-6 IR
A X7 hma—EORMERR EZFHET 572 ORI HIETH L Z EER L.

Zou b Wi, A7 hxa— (IB) EEHWCR Y 7 AH—F—EOPC 770 MNbE
Z IEMERER CREI L, A ART AL E LN D IS (DFQ) (BT 5 A 5%
BAEMNTIC X > TRET L 72 2 ORI, EBRIVE X OBMEMNT OB 5128\ C, IE LTI,
V—RENO PC 77T NEEIBIENICGHECE S I L AR L. £z, PC T T
NOBREN DFQ IR E BT HZ L ZW LML, PCZ 7T hoOMEmN 7 HLRE T IE
ZEHTHZENEE LW L ERLT.

2.3 BERZ

FEFE - B 1O, a7 ) — MEEWE RS L L THW DD IEE R A FEIZ DN T
P L, PC 777 FOIREHOHETEIZH LN L HIEIZHOWTHE Lo, BERIE,
a7 ) — FNETORBEN K E ARWERBOBE 2 V5 -ofamtEs i<, o
ETIE RS GMEZHWT T 70 hoOIHFREHEHEE Lzl Z2 o Lz, SRR
# 50kHz DFE « ZIRF 27z, ZORER, FEFRIH TIIH S 2N B0 T OAHRE B 2K
TL, #ENARTHHI EEZ/RLTZ

HHO M, 27 U — NOBEEEIEER AT O LRRRC, Z OEIIRE 2 AT
AT HZ &2 HE L, BUERATIC XD Et21T > 72, fiffr Cid, J8 3% 200 kHz 5%
A, WD 28 kHz (IZH_R TR ENIGE D /NS <, FEBRCIIME SIEMARIET 5]
REPENE N &, WITER LH A WVITEERICE L= RICEMR B AT 2 2 L 2B 5l
L7-.
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28 BEOHELEa—

JRS Wi, EERARA L7 U — NNEFRAEEICL Y, JAmEEEEE (WUT) O
HIEREZMRiT 22 L2 HME LT2 O0OERETo72. ZORE, HktGRo PC /7
U MEAMEETICBT 25T, 2T T NRAREIND & AT MVRENTIE—
MRS 2 2 &206, WUT A PC 7T U M EHEICAN T L L 2R L. £,
6 KD —7N&A LT PC /T U kIt O KRR KZ VT, WUT D PC 777 M
R ERE F 2 BB O TR & IBA LR R, WUTIZX - T PC 77 7 hKRIaDA A
MrTxbDTHLZ EERLIZ.

RED NE, Frko#fa s U — MEEYOMREA R T 272012, JEMEERERIC X
of%%%%ﬁﬁﬁﬁféﬁ%kLfﬁ%&%%mwkrﬁﬁgﬁm%ﬁok.%ﬁmm
FEREFR O L BB 2 Y, Milingd |~ B (LS TRl 21T 7. ERRcidEm
%E%K;DE%%%%%E#&’& LEkoTar s - NOEERSMEHEEL, N
HE RN OMREREE 21T o7, ZORE, WEEHIZ, MliOETICEWNIIL, BERE
M@ié*LT@%W%&W%_EL%%%Efﬁéﬁ&,ﬁ&%ﬁkﬁ%@@ﬁ%ﬁb

TWLZ xRN L.

Krause & 29(%, PC A h 7V REZEDHERICY—ABENO T T 7 SO XRKMaN% L Aoz
Tl B3R COBEROKREAEET 2720, JEX 0.5mm 225 40mm O
B LOZERAR LRV F LR EHWTHEERA A —T 7RI > TEREZITH-
2. ZOREE, 0.5mm B IO 2mm OHFROEMEIZ PCH L W SRy Sns Z &R L,
T AENOZERIZEBT BN, 77 7 MM CiEa < PCHI X v BHICIKF L
TWAHT EERLT.

W5 2L, BERIEICL D PC YT U FOFERBIRAEORIEREn L4 B e LT, it
IR ZE W PC 77w M REFE A I L. FERICIE, > — A5 0 E 70mm & 170mm
OAFEMEMEZ W . EBRFER L0, I OSI HEOEWIZ X > TREHEICH N D 5
BRI NER Y, HEMRICEEE52 52 EEHLMC L. £, HIEERICEES
B2 27 A =2 ZHIFLHEIC L VOISR ET 52 L CHREM ET2 2 L amR L.

RIS 20, fleirar s U — hextge U, BEEOEIEE G5#H) &8 OFEC
L2 ZEHELNC X DA E RO FERE AL BN E L TREET L e IR E V- E
BRI XV MREE L 7. BUiEE 7V T, 3 IRTTRBUBR B AFAT & L CEh e BRE 5 &@nn
WCHESSHEY S 2 b —3a v a2 {To7-. B AL MELIRICARE EN TV LEE, 5
BT 2600, WC OHINCEAAETRERIVIE, BENNINI EE2FEBRTHLMNIC
2. Fl, BMREZERED 10%, 30%, 50% & B S8 n,ﬁﬁi#%“i&iﬁﬁ@
BIEREEI N R 225 (AR D) 28, BMESS VI EBERIEEL LZEEEO
WIEA/NS R L2 Y I ab—a v EEBROWTANS BB SNT LTE.
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DD, PC 77U h& PCHIMIZHGAMR TE o7, XRT TIE2 M THEELIT 7203,
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-4.10 UCM2000 [ZFRRENT=FFRIIR

ZRfih 12 0 L 2 C 5 ) MRRER SN & JE G 2 5 R BIZ ST R4 THT R EEUE
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W7 L — b OB G S B EO R K E & o/ MEZ /-4, 3 1R T, RERS
Wik, ST L — N O EEICES FIRIFRBEREBELEEZ R L. B bS8 Ao
i DORERINE G 2 B-4.13 12, WERSIE A EE 7 — U =84 L 7/ R &2 -4, 14 1R T
A OFER S, A7 MUVRE, B —27 & bIRERRREA R L. ZORSR
Lo, 790 N RERAEEZITONRS, FTFOEETH D 14kg FRELLED ST LY T
TERFFT5 2 & C, REHEICEEEZRIZFSRVAENTEDLZERHLNE 5Tz,

®-4.3 /Fon-EEXfEN—%E

BIEMEDRKIE (mV) BIEMEOR/ME (mV)
P L — ML 5076.71 -6583.14
fi P N ' 5169.14 -6623.71
BT L — k5 H 5662.86 -6851.29

10000
—HRTL—FEL
5000 - — BT L— MK
o~ W_ — A T L— rOK
= |
Eﬂ O"ﬁ‘M T
IH
g
-5000 -
-10000
0 100 200 300 400
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4.5 RIEShE-BEROBRMLEEER

WD WUT I X D PC 7T 0 MFEEEFHAETIE, 1 #HAAICK LT 1 BoFETElE S
T&Ee. 2ok, BEENSEEISNTHEM TN L, ZEFICE > TEEHELZ KT S
—EOFH A, FRTEHH LZGE S0 L5 RfERB GO D D, OFBMENREES LT
0. ZOTOARERTIIR-4.15 IR TEYR T Mk z2 W T WUT I2 L 5 PC 7T
U IR A O BB A R Lo, SR OWE X X OHIEK & PC F— 7 VL E A B~
4.16 |29, WNEBICERE Sz v —ARNIL 65mm TH D, 227 U — MEFHIEA 340 mm
THLHRED Cl =7 MIBWT WUTICLD PC 770 M FEEFEEIT- 72, A
KX 33.5 THW=b O L[A—T, PHEXGO PC 77 U MIRAEXMTH D Z & 23EEM
Th5D.

BERY PC S OHIIE, B TRFORRF M BSRF STV WA, fthofit & o+
WOl T EOBH 72 &6 o — A E S5 EH il 0 ICRLE STV R WARETEDR & 5 .
2Dz, WUT ZWT PC 77 U hFelEg A 4 FEhi 3 5 BT I BRI L — & & VT
MBI —ADMEH L & —ADEY OREZITY. RERTH, (MEHLENSVE
BrE a1 o1-00, F(5 - ZIEHEMTEEEZ 500mm & U, HEREOKRGEZITH 729, [
RIAZBWT 2 [EFHI 21T - 72,

EBE T, RIE - ZEEMTZ Cl ¥ —7 N> BB X, 2 31 S0EEn 7 flE
%Sk LT,

& HMERIZIB T DT Y 7 b TR O ER B O F 2 R-4.17 \Z~3. 1-2 A H
EBIZ, U AMYUNE BT 70 kHz FREE O ER A BT A5 L 72 o7, ERAEE
o7z, 1[0 HOFHE L O 2 BIH OFHHICHE SN RERFIER (BIEHE) % &Rk
WCRRERS L, iEiTo72. SoncEEMEEZR @.DICK > CRERMS LR Ro—
%l % X-4. 18 (2~

I

Vin+Vitn—

Jvtdt = === (ty = tyog) + [ (VEg_q)dt 4.1)
ZNZ, Vi BEE (2T DEIEME, Vi : R -1 12800 2EEE, 6,0 n RE TOE
EEREHE (10%sec), th1 @ n-1 AFE TORIEREM (10%ec) T
B-4. 18 \ZR"9 X 912, 2 MIOHIER RO BB EAFEROBM 23 B, WEZ1T
ST BETORIZBWTHEORE M RENREONT.. 202 L XV, WUT OHIEIZ LD
BMEIENTWD Z AR ST,
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3

* R D JSOFERFTEEM
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4.6 HEEROGHREEEER

WUT ZWe 7 7 7 N RIE A T, BIEWRAT L ZEHRM T ORFELZ —EIcfk bR
5% NEHNE T TNEKREZH T 5. UL, Z0R(E - ZEEMFHEN S 5N 5 EE
EOFE (K& &) 1252 5 BIIWNI R > TV, 2 2 TRERTIE, Hfih1HE%
500, 1000, 1500, 2000, 3000, 4000 3 X 6500 mm & L CENENOEEMT-FETH LI
HEFMEEET 5 2 LT, WUT OB IRGHEHPH 2 a7,

ARIEFIIE-4. 19 R T EFR TITo72. FEEROWR XK & MR 2 B-4. 20 (27, &
—AMMEV T 135mm THD. 25 - BIEEM T2 EFF R —A(Cl =7 /V)E LI L
T, RFEBRORKMME 6500 mm 7> 6 H/MHEE 500 mm £ TAF - IS5 HIFE 2 50
TWE, ZRENOHAFHIMREIC I T 2 EEMEZ IR L. RIZERO FZERN 2 B-4. 21 12
Y. B RERA R E WES, BEFM T EZERM T AR ET 2R ERERL AT O
B L2 D720, RERFIPEIEDIZ S DEDN/NES L 725 R COBIEE 2 Ik L7

H-4.19 EERICAUW-EEFZE

-95-



F4F WUT ORMEICEET S EMERER

®-4.20 EEROKERS L CRES

X-4.21 BEKGHRERORERKR
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BRI BT 2B L O — 27 BIEEZ Z N E VR4, 22 35 L OBE-4. 23 (2R~
Tk, U= &EEMEET, BONELEEOT T KEWEEHEOHIMETH L. B
fit FRARE < 2B 20T, BEMEIT/NS L 25 2 & &gl LTz, REBROFHPHN TH
fit-RRE 23 e B K E W 6500 mm (21 D B — 7 EIEMIE 143.7 mV TH Y, HEft1-FEN
500 mm (ZF1F 5 B — 7 BIEEIT 66049 mV Th 7=, WUT OFfil1-1%, BIETE%ET
DML LTV D 2 IRE Rl - Ch 5. AL TR AIZT 5 2 & T 1 BloOHE CiEs < 3#
BETOZENAMRETHD. LOLRBG, ALRD L 5 IZG O CEEME /NS WIS,
HER & R TR O 2R B FEL TE 22 &0 D, WUTICEL D PC /7 U kA T,
= ANE DTG Ui bl e R MR CAEZIT ) ZENEFE LW b ho T,

-97 -



8000

< 4000

4m]

H 0

e
-4000

-8000

8000

4000

BEEmMV)
o

-4000

-8000

F4F WUT OREICEET S EMERER

500 1000 1500
B F51(10%sec)

(a) #FEfFRERE : 500 mm

500 1000 1500
B (10-6sec)

(b) £*fkFFEFm : 1000 mm

-98 -



0

F4F WUT ORMEICEET S EMERER

0 500 1000 1500
RS (10-6sec)

(c) $ZEfRFrEkE : 2000 mm

o —w—MJ\/"\,\J—
0 500 1000 1500
RS (10-6sec)

(d) £*fdFFEFm - 3000 mm

-99 .



8000

—~ 4000

1o 0
H

i
. -4000

-8000

F4F WUT OREICEET S EMERER

0 500 1000 1500
BFfE (10-6sec)
(e) EfitFREk=E : 4000 mm
0 500 1000 1500

BEfE] (10-8sec)

() EAdFRERE : 6500 mm
X-4.22 BERGKREEEOEERIKR

- 100 -



F4F WUT OREICEET S EMERER

8000

>
€ 6000
4|

H | o
24000 1

1 2000

PR FREAFE(m)

M-4.23 HEMFERICSTSE—IBEE

- 101 -



F4F WUT OREICEET S EMERER

4.7 =MD RETK & EBMIREA b D RETEDFERIIER

WUTIZIR & P 52 AW BE R E TR, eGSR E 2D 2 — A0 O LIS
bk I GG &AL 5. FRICPCHT A x5 & L= WUTCIE, M E 2> & O RSGHE O
WL - T, 77U MRBEBHENKNEIC R D LM TWDHY. £ 2 TERTIE, WUT
DPCY 7 N FHAEDREEN L& HIIZ, — A0S EXEEL-a 7 Y — Mi
ZHWTC, 770 MRl - REH S — A0SO (LR, > — ARG ) BLO
HM G2 D ORI (IR, S RO & B d) 2o 5. o— ARG IS K O X
S ORE &K % -4, 2412777

apm | U RRIEER oo WERSREH
\ \ \ \
— VAV
N X
A‘—x / & $—2
FEFMF ZIEIFMF RIEIFEMF ZEIEMF
a)—AREK b) i i & 84 %

M-4.24 L—RREHEEHERSTHOBEE

4.7.1 ZEERHEHIA

ARERTIX, BHME RE), v —RAOFHE, —2ANDOT T Y NEHEEZNT A =2 L
LCH-4. 2586 L OKR-A4. MrTa4o0ar 7 U — MERKRZRELEZ. 27— ol
BHRMEER-4.5RT. 2770 M, BIEBERMAZEL TV Iy 7 AMEZ#EH L
7=,

RO 7 U — b - 7T 0 FOEMRE (M) 1L, £hEi62MPa (27H), 84 MPa

(46H) THDH. AWFFETIL0.8 mm/E, P65 mm, HMET0 mmOFHR L — 2 ZFH L7,
Z OB — 2L, = AR L ST S & ORE R A TE LTINS LT DD, F
PR 6 50mm O S8 CTRLE L7z, 2238, ¥ — ARHE IS 1 O i 5K 0O 2 % f
T D720, M PEBICIRER S A B E LRk & L7z,

JRUE240 mmOBEEAIRA - BiX, 77 7 FRREFR% CRFEH) BLO100%FIHE L2 — A
ERELIZLOTHS. E-MEULC - DIE, EhEn LR odHimmis Ly — &
DD S ORHE & g - REET A 72O OMUE240 mm + 135mmO 7 L—r a7 J— K
RCH 5.

ARIEHTIE, RO R VEMCR O 72 DIRER & BB T > 7 V8 CRlEE L CEHI
L7z, (R & FHIR I 2 B-4. 2612 Bl R 35
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Cq
H,
Pl !
————— S I R I B I
T, T H,
T w
X-4.25 EERHESFIADOHIEE
=-4.4 ER#HAOFEMN
fitaR A A B C D
mm T240NS T240FS T240 T135
W 1500 1500 1200 1200
H 900 900 600 600
Hi(H>) 415(415) 415(415) 300(300) 300(300)
T 240 240 240 135
T 170 170 - -
T 70 70 - -
Ca 135 135 - -
VA7 AN 1E(0%) #(100%) - -
x-4.5 Ay )—rOEEEH
A& (kg/m®)
a7 1) — W/C
7=k HPC: | W S G ADP
50-12-20H 036 | 420 151 | 731 [1093 | 2.44

ARGEARL h T R AN P EMERE AE KA

-103 -



F4F WUT ORMEICEET S EMERER

X-4.26 SRERHFAS & UHERKR

4.7.2 FHRIAE

AREFRCIE, THEAA - Bl W, B shioy— A a2y 7 U — hREIZ
—F T AT ol BRI BN T, M 2P AIA T K9 ITHE - ZE TR AR E
L, &4 2EH (BERCHSEE) 2500 L7z,

BT 2 34 210 h 20, B2 — A kb T OMESRAREICES L. EF LT
X, = ANS D EIZG U7 fFE 2200 mm, 500 mm & 3% E STV 53D, KRFEERT
VAR R fRa %200 mm—E & L7z, 22 Ty — 205 O BGER A a3 014.2) L v sk
OHZENTES.

tdeZX\/cd2+(a— ¢/2)2/V[ (4.2)

2T, tpa: = AR OB (), ca: —ADNSEY (m), a: YA (m),
o BTN OIEBRFOEE (m), Vi: a2y 7 ) — NHOBEREREE (m/s)TH
5. IR BEEOPCIED 7 F U b FRIERARER, BRI L — X0 KD v — A (LB ORAE,
FHOMAEEEE L T —ADNSY [Ed+2 emZ FHUEPH & L CEE L. £, WED)
O O IR BIERE A el X, FHMET (m) & LTR@3) LV RDT-. 7ed ERLFBRICHRIETE2
emZ FHHEEPE & L7z,
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tpeZZX /T2+(a— (15/2)2/1/[ (4.3)

RERL - FEMT XY 2 o THIBI L2 8 B, R 6 OV 2 EFIE L, ZERMT T
409655 (=2") ORI (FERIEIE) OF —Z 2 L. FHBEZ &S 5720, v—
A e g efGARA - B2 AW FZBRTIE, PRl RR200 mmafRFF L7 F £, o —AEET
PR 2 X7 A4 REHE, BFt8HR TRl AT > 72,

4.7.3 FH@AE

AREBR TV 7Y 7 EP R E2.5MHz E L, HUINEE XU ERIE T 2332764 mV O FHAI 1
[REE B 2 i L7200 150 VB L OB00 VE Lz, WUTZHWE7 70 NlETIX, 2>
U — FINEROMHLE M8 70 & TR L2 Z2BEBR L, T&E 27210 v — A D 2 2 fil
M3 2729, 4ROFMT —2 2 INE T 5% mdHiEE v T2,

WUT% W 72— 72 7 7 b R & AREER CIT - 72 BERE H ik O ik 2 K-
4.21\2R . ZOZEHITIE, REXSOr—7 v LRGSR T & ZE R T2 AT A
RERRNEG, B @ AR OFHT — & ZIUkT 5. HEVIEO%E LW —7 VE =
T T2 BB S 5720, BT Lo — ZOMIEIL E LR DN, AT L HEEH B
K OWERERA OFE XX E FE T & &2 T 5. 2079, FHll L7232 NE L THk
T2 & CRERINW OB, v — AW OH AR T 5.

gk U7z e RANEIE O G 1T, RDR DT Y 7 b ECam 7 — U o284 U AR5 A
24T 5. BEAL7-200 mmEFEOFHINZISWT, —ZANIZZ 7 U FFEE O I1T30kHZFRE O
AW O — 2 DR LNDHD, REBOLGEIXIRERE RO E— 27 1TMZ, X0 @WERE
HCHLHMERE = RHRLND Z D> TNDHD,

—MRMGWUT T ] EXRREBS >OREHESE
| TAEE R OME TR % Hik ) |

| IMETIRITHT DERMANRY FIL(1)EE

\ Ml AR KOSINERE BIRBA XY FIL(NIZE L TRARBARY FLR)EHEH] \

| TARMANY LR EHRERT < BER)

| <HACEO>HRIER [ ()1 h5 TEERERVTI . SRR EHE

| SRR T RMHRAMEER Y bIL [(3)) ZHH |

| (55 FREHE] BRK : RE BEE  RE |

®-4.27 WUT [ & 3 FE¥ 54 0 sk
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EFRIF I E TR E ST X ZWUTORH - 8 5 TH 503, REBRTILME
DOFHAE ORFS A FERIZ AT L, HIESRIC L 2 EENRRHMEIC L 59, PCT/ 77 o FiH
HIE & — BRI SO TR IT > 2. 2078, o MEAE 2173, FHllE
(ZIRER A DRk & JRIRE T 24TV, B-4. 281 BiR4 2 K D I A~7 e —
7 L OREHBEICE B U CHMliA A 7. BEEOBIE Tk, B <42 RER S 2 Rl 3
HICHT EEES LIT LWL TWADD. 22 CTRERTIE, Ho0UORBEHR
L - sin&B¥d 0 O “FIEICONT, FEEOITR R A L7z, B-4. 291273 K 91,
AT TIT o 7o FEBREAF ORI BT, JFREE— 7 ORI K T b TkHZFE L & ik
/NS WH D THoT-. ZOREHERZME 2T, AV 25 BBEMOMEHIC X 25285 P4
LI A OISRl 21T > 7. B-4. 30— {72 WUTD 77 w7 h Fet I E ik &
ARERTIT o T SR HHE HIEO il & r 3. RBRICE U CEMEUA 2 il 1 CH A T
WEERWT a7 U — MR OB E AT & 50 L7z, FHIRE R A &4, 61" 3. LI
RO R TIE, 2 2 TR LA IERIEOBE B IsEE 2 2 En VTN 5.
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35000 : :
:iﬁ—ZJE%ﬁﬂE !
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: Cy :
15000 - ) g
BRIR (BED | 5
5000 - | .
S AN
-5000 - \Lf\\\\%4<\ | \\A\J/"/A\’\v//
-15000 - ATEEHE AT E
-25000 - | |
-35000 : ' :
30 80

BEfE (10 F)

¥--aan
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(b) ARERDFEIEHE A
E-4.30 —HREIA WUT OFEHIEH % & RAEROFEHEHHO L
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#®-4.6 HEEREHREE (V)

(ESENIN B P AR L Vi (m/s)
A T240NS 4782
B T240FS 4740
C T240 4768
D T135 4623

4.7.4 BRIEDOHER

AR A < B+ C - D% L CHEfil7-[#158 200 mm ORERFIR G 200k Lz, v — R &%
BLIER A - BIZOWTIHEEELEEZ 300V & LR, v—RAEEERWERIkC-D
(DWW TIE I TSR | FE A A _EFRAF 32764 mV Z 4818 L7- 72, KEETMEZ 150V &
P S ET 2, Y ARRE IR T WA C D T, =227 U — FAETO
BELIRE /NS L, =22 GG A - B LV BFESER LT W EE BN
5.

IR A - B TEONFERIIEE A R-4. 31 1279, (PO cqld v —ALEE2 em, T
MR L2 om KR ZRT. — ALE cg 38 LOEMIE T OO ICX, B-4.32 12
Rl LR L ORERKERWE. 7770 () d) WORTRERLY, V—AK
o —2 (A: 10608 mV, B: 14472 mV) XV bidE KO E—2 (A @ 12942 mV,
B:25182mV) OEBJEENRKENZ L3005, ZIUXER 70mm FREO > — 2% LT,
S R ORI AFHERIICRE S, KO REBREFHERETLZEEZEL T
L. 728, BXGOMINEHENTH E— 27 XA 6150, ZIUTRERIE IO RO O+
WIERIZE b0 EEZLND.
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4.7.5 RENEORERBMANRY FILER

B PEERRIZ DOV TER AL 1-[EIFE 200 mm T bR RYNEE 2 B-4. 31 (TR, £7-%k-
4. 7120 — A E DS NLE g T & BB E WA B 4 SLIThl U 7 eGP 2 75 5
R U 72 R A il 7 — U 8 U C RO AT MOV & R 7=, DL ISARMTHS
REEBEREFE LD ORT.

FR-4.7 EXROHHFFE

(ESENEN =% (10° ) Wb sE (100 )
A 54~170 95~ 112
B 55~71 96 ~ 113
C - 95~ 113
D - 56 ~73

a) Y—ARSFIKRDERBANY bL

IR A - B D% 28 48 ([8) OFHINC L - TH LN — ARKGRIC L 2 EEHE A~
VoA & B-4. 33 |2 R, SR — R & T - A B TIE, 5 33 kHz (28~35 kHz)
PR OARJE A U & — 7 JEREEG 7 B D BRI DS B Tz,

— 07, RIEWS —REFRITMRIK A T, GRIKB TAHALNE L) REBLEE—2
FEEEN R TET, ©— 7 BEEETIROK O T Ty N R EHET DL Z &
XY T A I L. Aeds, HERIR B SRR A KRB e U B
MELT, RAEE—ADERLIY /NS REETII—RICLAKHBEC LD, BEL
DHREIRPERIFV—AZFZE LI ENEXLND Y. WD =65 mm ORFEH > — A
B L O F AR 1V, =4782 m/s & AT DK A DS, L £ 74kHz (=V/D) LA
T OREEEROBERIIERT CRNET, v —AZ2@Z @ LT so L Bbhvsd. 22T,
R A BIZOWTHEEEANY MLOKREIOIEL X & —Ei i T 5728, FicKiE
Thr¥ 2 & CIEBULEAT o 7o, BRI L7283 2 B-4. 34 12”3, ZORERICRT X
IS, WTROEATY, B 30~50 kHz OFPHN TR AMEZ RTHOD, KWL —
Z%@Uﬁﬁ%A?iw@%ﬁwﬁ&ﬁﬁ(mmﬁthEE)@@%ﬁf~7ﬁﬁ%h

L7, LA AR L MGRIR B T, 20X ) RBEEAREAEIZA LRV O
@,m&%mwmﬁ@ﬁf%5$@t—7ﬂaank.

INHORRITRT L O, EOBMIZADNDD, v — A EOEE I — 7 DI
MHEZ 70 NORBEHEZIT) ZLIFILT LHEY TIERWb o L Bbivsd. & 2 CTHEK
AT SAOGHR AR D720, FEBEICBWTZ 70 hmEEEIc N S5 JERK
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