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Fig. 2.1 Degradation Scheme of Plastic (English translation by the auther)
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Fig. 2.2 Fracture Surface (1)

Fig. 2.3 Fracture Surface (2)
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50 (19
Rope Aramid - 63 —

* P,: Ultimate force ** Diameter of an imaginary right circle
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s, OFRY— VORI HE
b EEHREY — PO
 RAATE
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COHMAFEREDEZHITIE, Eidifs — M3 2r, [ -b 2L DWW EDO NS 01T
YU DGR EREE L 2. UL, &R 2y 2 ) — b LofeifE s — b ORE(R
bheE, arz)—br5lReZT TEET 2 00EINS%EEL, OOHR MR O AT
WHEENPRET S LR DI END, DUENREE S FHHEROBRE ERT 2 L%E
BHoHHE, FEERINTVD, &8, HONHERE, LEREER, BIEEXO T
WA ENTESL, Tz, ay s ) - b eOfFER, {ERPHDOTFELFEMKIZ-s R E
LTEFMLL, ARERBEIZLDHERMLITPI T2

5, EfEEAEL - DX cay sy — P OFHEIC %HT%HH%W%HtLme
WEZEIL, MANd, sEfeRRAE S — MICHIIR & &R, BRI LACIRIZHOR L Tl S & o (i
WAL - MDEBC bR, $72, 2ok, B TERMEY - P ERRL, BiIREE
=, ML E2H AL INTVL™080, Z N6 OMFETIE, £& L THITREARITN
T HHERRIT 2 2 BRI OB LR L T 5.

Dok )iz, EhiEs —roas 7)) - EDNEIZEL THE COMREI RSN T
ETWVBA, Lmﬁw&v—l~ODH%E&%C;EHEI@LE@&?EJJ%/TL, I, WhDabRawik
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FI3E ERMMMEMOmTIVA ) ESIRMER

1. XEOEB®

AR PAAEEM THERET V7)) — MEEWIIBWT, KD 5 WVILENEISERT
B OB RS- L o T d, BEFO—xKE LT, WK T O EMEIZE
w7z FRPGEMEMEIL T 7 2 F v 2) e @AM ORBMBE L LTHAL L) v RkAa 055, b
HAETSH FRP O3 > 7)) — MEEW~OF I 2 AEM IO LN, LTIV D
DPOERFIOHE SN TVWAY, L, 22— MrEICBI7% FRP OFI TV 72
FREERIZHY, ZEICEMNZMAMRIETZFHEMZ T -5 3ARL TV L OHPHIKT
BB, BHEFTIZ, TVIVHFETTORROIAKGRFICLZIEE, Kodhd a7 v
71 ) FETE T TOMME—BI IR RE OfL2mB L OWIELe, & OB ZOT V1) H1E
TTOHNEIREINTNED, 27— MPEVIBFRLEEETT VAN VA POy
7 ) — FPOMERM O L) ICBHERMELZ T 258 0RMNZHALEOTEIZIZE S I
BREPLETHS.

RETIEa 7)) — MEEH FRP T 2 Elaiam © PCHBERM & LTHBT 2%
ERMEL, FIIT ) BETICBT 5 BRI AERIZO W TORERERN 2 BE 2179
bok L7,

Table 3.1 Outline of Test Program

Solution Alkaline Solution Alkaline Solution Tap Water Not
60°C 20°C 20°C Immersed
Tension Level 0.65Pu ~ 0.00Pu 0.65Pu 0.40Pu 0.65Pu Not
Tensioned
Immersion |4~5| 10 14 10 14 5 10 14 10 14 10 14
Period (Month)
SEM/EPMA O 1 O O O O o | O O
Observation
Tensile Test ololoj]o0o]lOoO]O]J]O]]O]TO]1O1OY]O O
Flexural Test of| O O | O
PC Beam

O: Test conditions conducted Pu! Tensile ultimate load
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2. XBRHIR

FEERI L E R R O ERER, BIEROBIE, RIEHOFIEREREB L RIER O
HHER R & SR ICH W PC ) O T iE 5 % 5. 2o OB R % Table 3.112/57 .

2.1 AR

BATR SN TV L EEEBHEREM O T2 S ATEIZENL TV S & 3D b O % HfdE iR
L, PCH&EZHEL TEE, €& L, BEGEEL LR EME)T70~130cm O & 30cm
%, a0 2) —  NREORIFLARA R LTV ) i, TEORERECRE 147 A
DIRBEEITHIIRERBRTE M L7, REABRIIBLTILTOHBZE2ERE L.

Table 3.2 Published Properties of Fiber Reinforced Plastics

Specimen Fiber Resin Shape
Aramid-T Aramid Vinyl Ester Resin Spiral Wound
(Technora) (Bisphenol A, Acrylic Acid, Peroxide) Round Bar (¢6)
Aramid-K Aramid Epoxy Resin Braided Cable
(Kevlar49) (Bisphenol A, Amide) (68)
Carbon Carbon Epoxy Resin Spiral Cable
(PAN Type) (Novolak, Amide) (97.5
Specimen Fiber Content Nominal Area |Tensile Strength*| Young's Modulus Elongation
(Vol.%) (mm?) (kN/mm?2) (kN/mm?2) (%)
Aramid-T 65 28.3 1.76 53.9 3.6
Aramid-K 65 50.0 1.27 63.7 2.2
Carbon 64 30.4 1.76 137 1.6

* Guaranteed values by respective manufacturers.

Aramid-T

Aramid-K

Carbon

Fig. 3.1 FRP Bar
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a) JEGCARAMER R ‘
EEY~OBHPMREEIN TS L LI, T ) HARRPEEBRVE ShDE T
7 3 FHEMEREM 2 o ICH D o 7z, F70, AL LTHEMIizEREo 2 H#EHY

EF, BET STEOBMIZ OV THRERZ AT o 72 VB O 2 — 1 — 7RO FEYEE % Table 3.2
R, 72, FREFENROSEI % Fig. 3.112R 7.

b) BRIEIHL

REHRIZEa 7)) — P OMILAEREER LB E LTRILP»M R L7 v h Y
Wi (pH12.5~13.0, Ca(OH)2: 2g/t, NaOH: 10g/t, KOH: 14g/l, LLF 7V % 1) ik & IE.5)
RIS L, B L LTAEKS BV
o) HIRMEL ANV

RIRME L LT, ERLCERHAIN TS 0.65Pu(Pu: fEIIHTE) % HEHEBSRMTE L )L
&L, WEA L L T0.40Pu, 0.00PuGGEZiR) % kit 7.

d) BEimE

20C, BLUHLREL HE LT 60CHD 2 MEDETAE % %72,

RIET, FTEZLDIZOVWTEESRICEY ¥ — R — VIO — FE VAR T, SR
BT HBERGEORIFEMLTHE L2, EHIKN L D DIZDOVTAE & 4 —(GHER,
IREPIE M H 18 200kHz, 47410 800kHz) % 1 HELY) 1), 38432 AE 1 X Mgx
gL 7. BIET D AE Mll%E 41 % Table 3.312777 .

Table 3.3 Conditions of AE Measurement (1)

Environmental Condition | Alkaline Solution 60°C Alkaline Solution 20°C Tap Water 20°C
Amplifer 40+30dB 40+30dB 40+20dB
Filter Through 0.2~1.0MHz 0.2~1.0MHz 0.1~1.0MHz
or 0.1~0.3MHz
Discriminate Level 250mV 150mV 250mV
Dead Time _ 1msec lmsec lmsec

2.2 HEAFOER

B 2 # 2 o MREOBRMEZ A L, BP0 B LSRR EB L O
BT 2 B8 L7, & 512, 10 ¥ HOBRE AT -3tk 2 diis, AR E -5 (SEM),
BIHE~A 2707574 F—=(EPMADOFEIZLY  BHRMSBILLBRPOILEOE AR %
BigzL 7.
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a) B DOEH _

MR EZ BB S5E Lk, 20 FFRTH 1 AMEZRI 2. SRR 27 h
THWH L, BEETOTRMANED?SEE 2~3em OB T SO L, BIZIZHW.
WFEE (2B U Cld AR 2 Vg vy, Table 3412733 TR TIT» 72,

Table 3.4 Grind Condition

Process Powder Lubricator Time

Mechanical Grind (1) #80(Silicon Carbide 200um) Water 2 minutes

#320(Silicon Carbide 200um) in Two Directions
#600(Silicon Carbide 200um) ‘

Mechanical Grind (2) #1200(Silicon Carbide 200um) Water 6 minutes
] #1500(Silicon Carbide 200um) in Two Directions

Final Grind Almina Powder (0.3um) Water 10 minutes
Almina Powder (0.06um) in Two Directions

Vacuum Evaporation of Gold (5~10mA) 8 minutes

b) SEM B £ ' EPMA iZ X 2815

SEM 2 X WAEimEm 2 . CBIE 217072, FOikE xTable 351277 . 72, BOTD
FHILDO—-HREL SNDETFHATNOWEDOIERNL T EPMA 12X ) BIg L7z, fop 2l
ALMRERIESEMBIZ LR —0 b 02 fER L7z, FHllO % = Table 3.612/1F. 285,
BHITHEE, TVHVEBTHA Na, KBIUTLA)+EBEDO Ca b Lz BILLENEE
THEOXBRELTEHICEEL, BECI-THEBEBL Ty V7 E o7,

Table 3.5 Conditions of SEM

Accel Voltage 2~7kV
Probe Current 6 X 10'10A
Working Distance 10~12mm
Gun Bias 3 Manual)

Table 3.6 Conditions of EPMA

Area 4X4mm
Number of Pixel 200
Probe Current 2~3X108A
Dwell Time 60msec
Size of Pixel 20pm
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2.3 5|3k ER

BiELLBEREICOWT, IR E T 2. BEBREHZIBHEAKIZ O AT =, AEX Y
FERO T, WE, OFA, AE S v MEEEFHIIL 72,

a) #

REFIL, TEROBEL R 2 -0 IREXH 30cm OWi 10cm §20ORME L > T
50cm & L72. 727275 3 RTIZOWT, REFICHER L2EEHMRE R ) —7HEKL,
B EIABFRVOTEOFEFORBRTHEAT I DL L, REBERIE T0cm & L7z, ©&
WIIIRED R — 7 L E RN Z vz,

b) W M H ik

AR E IR 1A & AR E S -3 T2 L) ICEEETT v v 712 & ) BRI
Y, RATBIAAD S BT E C @B E TERMA 2 BB A X TEm AR iro 2. #
R SR O AL ITEAR H 7 D ITHb 2 E S —FI %5 L9 1 FHIZ AXVeX(500+
BON(A: ANFRWITHEIFE, Ve 5IBRICHRILT 2 MMED R AR 047 EEE MO E & THRAT L /2.

BB, 77 3IFTIZOoWTIE, BHEGFAOMIZ, WA F-HROT72) V71 —lb%
Kb B 7208 10kN T & (ZEEE—FRFT 9 5 #alk L #ia & 47 7.

o W % B H

ARG HWMFICIEL T, WEEOFAEEITS & &b, HRAKOIE, BT
SRl

AE 1, M OMES 2L Y 7Yy VETEHIL 7. AE > F— ZRE T OFH & [FH
ReO¥ o — 2 H, FHULEIRRESShRE L7, AE WD #E % Table 3.7125F,

Table 3.7 Conditions of AE Measurement (2)

Amplifer 40+30dB
Filter Through 0.2~1.0MHz
Discriminate Level - 150mV
Dead Time 1msec

2.4 PC V) O ER

B OEESERTAM s AW T ERRA M F Y a >y PC I #ERK L, BRI L 5 E Rk
HERBR M O FALHE M O HIRIC S 2 2 2B G L 7.
a) PC LY ftatk

MEX 5 X X4A2E=10X20X130cm OFEA N F I a3 PCIIY %, ek difniEasatt
ZHEEM WA ICENTIo 6 U CEIRM BT AL (P [BRED ORI & 4 5 & 9 125k
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L, XTER 2 SEATIC X - R 47 o 7oL A A Fig. 3.212, £ 7- HESEAE
40MPa ® > %) — FiRABLA #Table 3.81C/% . BSEMICEH L 7o fHeak i wlisabr 13,
REBLIURE, REEREOTIIRNT, 79I FKDO2HEHETHY, T E2HAELET

Table 3.8 Mix Proportion of Concrete

Target N.M.S.| Slump | Air Ww/C s/a Unit mass (kg/m?) WRA
Strength
foo (Nfmm?) | mm) | @m) | @ | @& | % W C S G | (ccmd
40 15 51 3 56 42 175 315 740 1087 788
650 €|
300 | 250 | 100 _|
¢ 6 Round Bar | é !
4 - - - - - -
133
i ] j C
i =0 i — {— " -
& f |
Anchor Sleeve Sheath FRP Tendon J 100
Unit: mm

Fig. 3.2 Prestressed Concrete Beam Specimen

Table 3.9 Test Conditions of PC Beams

Specimen ] Tendon Prestress Level
T-N-1 Aramid-T Not Immersed/N(;t Tensioned 0.65Pu
T-N-2 (32.5kN)
T-2-1 Alkaline So0l.20°C 0.65Pu 4mon.

T-6-1 Alkaline Sol.60°C 0.65Pu 4mon.

T-6-2

K-N-1 Aramid-K Not Immersed/Not Tensioned 0.65Pu
K-N-2 (41.2kN)
K-6-1 Alkaline So0l.60°C 0.65Pu 4mon.
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Table 3.10 Mechanical Properties of Concrete

Compressive Strength Young's Modulus Flexural Strength Tensile Strength
(N/mm?) (x10*N/mm?) (N/mm2) (N/mm?)
45.2 3.561 5.77 2.65

Table 3.11 Mix Proportion of Grout

W (kg) C (kg) WRA (g)
3.5 10 150

AFF 8 oo PC i3 Y 2R L7e. BiR, BIEZAT o AR EA 13, BRI R T
0.65Pu & L7-b DT, 20CF 712 60CHT LI ) ERTFTHTNY 4~5 + H B O &M
R LOFHGE. TUA N L AUANORRGEIL, REEOOH RN E & ARk
4 7 SEARIAE R SR ORI E Pu 120 L C 0.65 & L7z, EfMHER SR A 0REIX [1(30cm)
T OMUFER R BT 5 L 5 ICHIT AN 3RS 20em & L, EAX EAEMIZ X
o> TSNS & WA NI DA KT R W72 T0em & L7z, Thb PC LY
O—F5 B X OHA RO FHE 58 U R & £ 2 h Table 3.9, Table 3.10127R7.
ay 7)) - MEK 2 BREE, TEOBREORILHERL, YVAMLVAZEALL.

BABEBIZZT T ML, BB E CSHICH 2 BRENTEELE. 797 FORE
% Table 3.1112777.

b) #ll %€ H H
AR O EHEB IZLTOM®E) TH 5.

1)
U— FEL(EE 300kN) I L D illlsE L7,
i) 72hA

28 gz (AR 10mm), WS EMEICFNEFN 1 HEE Smm) DB % %iE L
THEIE L7z, AR DAIIMLEOENOFEEE Z L[ TRD 7.
i) OS] UIE

f1F 278 2 (20em)T T O BEM S £ (d=13.3em) 2B WV T, 5 #HOnH ¥ — J(#RE bem, &
= 2mm) x AWV CTHElE L 72,
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Fig. 3.3 Relaxation under Immersion (0.65Pu)
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EOWM DB OXEITH L TIRIZER ZIe OB ZR L7z, UL, 60COT VY
EHCIRE L2 A, BIEREFRFig. 3.39 I RA TR LIFICHERMEOITIEL S,
BTALIES (R 7ok, RIEHRD 4000 FEEFAR D S XA E O T EINIAF L Lils T
O ERAMPR oI, OHIEERY S 9000 B E COMEBEMRTOESNE, T7IPFT T,
60CHOT N ERIZIRE LD DN 13%, 200D T IV V) iER TR 11%, 20CDKEK
TH 85%TdH 7.

Table 3.12 Relaxation Rate under Immersion

Environmental Conditions Atamid-T Aramid-K Carbon
Alkaline Sol. 60°C 0.65Pu 5.45 11.0 12.8
Alkaline Sol. 20°C 0.65Pu 2.48 2.26 0.68

0.40Pu 1.33 2.03

Tap Water 20°C 0.65Pu 2.03 2.22

Unit: %/Log(hour)

40

O Aramid-T 20°C
O Aramid-K 20°C
1 @ Aramid-T 60°C
B Aramid-K 60°C

Beginning o
Measurement

i

w
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COUNT(X 1000)
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i |

2 4 6 8 10
HOUR( X 1000)

Fig. 3.4 AE Count under Alkaline Immersion (0.65Pu)

FEVEM ORERIEIE) 5 %5 3000 BB AKR T TOY T 72— a VIR EHIML, #
DOE % #Table 3.12127F. VI 7t —3 a3 rO#4TIL 60COT IV A UERTIZ 0.656Pu T
BRELZDOPFELHEL, 20007V H Y ERICHE CBERHETRE LG ICHTY F
yh—a OWER 2B LICh o7, BB, TIIFTHLUOTI I FROEE, 20C
DT IVH)ERE 20COKEKRETETAAYBRICEBEELLAVPEEIRELL LY,
0.65Pu CER L7286 0.40Pu DA LDV K& o7,
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LONVEDKEL, HNT20CHOT VA YIEHE, 20COKEKE %D, HEI/NSLGHEIT
AN LD EHESIND.

3.2 BiA®D AE
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4, REH L UCHEOEHE
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thﬁvaEW®§W@Eﬁ BIXURERE LTOT VLAY ERIC ﬁinémﬁw
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7z,

4.1 RENDIRA

REHBROT T 3 F T B OMEEE Fig. 3.5)12 LA B R O 2 B IR BT T A L
THEY, RO IEMAIEICETL CEkL, K&E% & %HEFig. 3.60& L THEIEL T,
EPMAIZ & o TEREBRIO DA 2 AAER, KE Nald L b IZNH EFTRAT AMEMZRL,
K»PXOABME oML T, —F Ca iZRMEDORIGA L Tz, LcA-T, BE
FIOBAZOWTIE, DBERKTREZIEE 2L ET5.60CT V4 EHIZ 0.65Pu THI 9000
BRI i L 2T O K 0450 2 Fig. 37128 . & ARENERICE TR OSHHA SN,
Brlo A& 7 R OB FR 500um T8I ITEFR LA 5 s A RIOFHICIZ Uk L 728
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FIHEFNLRHEEFODP L NBANICE o THELTWAILETHL LEDbNL. $4bb,
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B, 361, BRMELANUNEL L 513E, SROFMEIIEM O L0 NERIZIEAY 2 M)A
Y, BRERSHOMMDE LY NERIZB L ATV,

>

TKYV: %20

Fig. 3.5 Example of Section of Aramid-T (Alkaline Sol. 60°C 0.65Pu)
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Fig. 3.6 Crack in Aramid-T (Alkaline Sol. 60°C 0.65Pu)

(Background)

Fig. 3.7 Distribution of Potassium (K) in Aramid—-T (Alkaline Sol. 60°C 0.65Pu)
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4.2 FXEAD S DHIEEH

7538 KM, REBEMHOMIEZ Z W F1Fig. 3.8, Fig. 3.9127"9. 7, 0.65Pu
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N5, FHCREBRM OBIGAILE L <, £ 9000 B ORE T EE ORI TE 5285 %
L, BFRIEE R DM ARICE L T 2 5T 0 /S h /- (Fig. 3.1D. BHIRELIC & D H%
R o 7B ST MMIIIER I A, HATHAEDZREWH B, KMERMLOEZ
L, ZCRPRELT. $707 7 3 F KBEMIEERFE L NI ERED S
DIFEVFERSINLMWEAIZH o2, THITEMPHEAMEETH LT P OLMEIZL > THE
FHASHE S PARHER] O FLHEDSE F A BGAARRRD 7D TIE R tEZ NS,

4.3 77 3 FEMEM TOHIEDEST

77 3R THEME, SHEEET VYIS L CERMAEYNS S & Sh, BERORA
Lo THLBREBERELT VA ) E ML COBMOBENIKECERTT2 L9 2F
FHIZIZEN I W EEDLN S, Fig. 3.6 ON L) ZBEHARORIN 2 SRRBENE
FHIRETED L ) L EEL 52 500 T 5 LERH A9 .

7T 3N K BMISEHEART VY BRBERCIIETORENS 2 L aN297:0, WiE
BT VA ) AT A 2 EIEBT 2 TR S v, A ORETIERERNORARS
KEHEIZEEF>T0E300, 5BREPODOBFRVPELITETLAD, REAOE VK-
PORFRBEADEH 2720 T2 2 EDHIUTEMOM I BEIETT S L) 2o bicE s
DML H D BN, EHIIREPLETHS.
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(Background)

5KV Imm

Fig. 3.8 Example of Section of Aramid—K (Alkaline Sol. 60°C 0.65Pu)
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Fig. 3.9 Example of Section of Carbon (Alkaline Sol. 60°C 0.65Pu)
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Fig. 3.11 Example of Surface of Carbon (Alkaline Sol. 60°C 0.65Pu)
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Table 3.13 Results of Tensile Test

Environmental Condition
Solution Tension Level Immersion Period Tensile Strength Young's Modulus
(Month) (kN/mm?) (&N/mm?)
Aramid-T
Not Immersed/Not Tensioned 1.96 (1.00) 55.1 (1.00)
Tap Water 0.65Pu 10 1.91 (0.97) 54.1 (0.98)
20°C 14 1.96 (1.00) 56.7 (1.03)
Alkaline Sol. 0.40Pu 10 1.79 (0.91) 46.5 (0.84)
20°C 14 - -
0.65Pu 5 1.92 (0.98) 57.0 (1.03)
10 1.94 (0.99) 58.5 (1.06)
14 1.89 (0.96) 40.2 (0.73)
Alkaline Sol. 0.00Pu 10 1.88 (0.96) 47.1 (0.85)
60°C 14 1.93 (0.98) 45.6 (0.83)
0.65Pu 4~5 1.80 (0.92) 53.3 (0.97)
10 - 1.85 (0.94) 61.3 (1.11)
14 — -
Aramid-K
Not Immersed/Not Tensioned 1.41 (1.00) 64.3 (1.00)
Tap Water 0.65Pu 10 -~ —
20°C 14 1.43 (1.01) 62.7 (0.98)
Alkaline Sol. 0.40Pu 10 - —
20°C 14 1.44 (1.02) 63.0 (0.98)
0.65Pu 5 - -
10 — -
14 1.53 (1.09) 64.7 (1.01)
Alkaline Sol. 0.00Pu 10 —~ —
60°C 14 1.26 (0.89) 72.2(1.12)
0.65Pu 4~5 1.44 (1.02) 62.7 (0.98)
10 - —
14 1.37 (0.97) 68.5 (1.07)
Carbon
Not Immersed/Not Tensioned 1.97 (1.00) 154.5 (1.00)
Tap Water 0.65Pu 10 - —
20°C 14 2.10 (1.07) 136.7 (0.88)
Alkaline Sol. 0.40Pu 10 — —
20°C 14 — —
0.65Pu 5 — —
10 — -
14 2.00 (1.15) 151.2 (0.98)
Alkaline Sol. 0.00Pu 10 1.86 (0.94) 114.4(0.74)
60°C 14 1.81 (0.92) 126.1 (0.82)
0.65Pu 4~5 1.94 (0.98) 128.0 (0.83)
10 — ~
14 1.92 (0.97) 127.3 (0.82)

(' )7 Ratio to the specimen without immersion/tensioning
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Fig. 3.12 Example of Count Rate of AE (Aramid-T)
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Fig. 3.13 Fericity Ratio (Aramid-T)
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Fig. 3.15 Fracture Surface of Carbon (Not Immersed/Not Tensioned)

(Background)

Fig. 3.16 Fracture Surface of Carbon (Alkaline Sol. 60°C 0.00Pu)
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DT AA & B2 O ENTHEORTAAR LD LN,

Table 3.14 Results of Beam Test

Specimen Cracking Load Maximum Load Displacement at Failure Mode
(kN) (kN) Maximun Load (mm)

T-N-1 41.7 (1.00) 110.7 (1.00) 7.54 (1.00) I

T-N-2 [91.8]

T-2-1 42.1(1.01) 105.4 (0.95) 6.10 (0.81) I
[91.1]

T-6-1 44.4 (1.06) 96.7 (0.87) 3.19 (0.42) II
[89.0]

T-6-2 46.3 (1.11) 102.6 (0.93) 4.20 (0.56) 11
[89.0]

K-N-1 55.0 (1.00) 126.2 (1.00) 5.33 (1.00) . I

K-N-2 [106.2]

K-6-1 56.7 (1.03) 130.2 (1.03) 5.63 (1.05) I
[106.9]

(' ) Ratio to the specimen without immersion/tensioning.

[ I Calculated value

Failure Mode: I: Flexural Tensile, II: Flexural Compressive
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Fig. 3.17 Crack Width (Aramid-T)
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Fig. 3.18 Maximum and Averaged Crack Width (Aramid-T)
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2. XBRHIE

2.1 #iEs L ERMMBEM O 7V 5 R

BHEOW TN A ) WIS BN 7 — 7 2155 720, B I H S 2 8E
* BAK TR S 2728 g OERR S L OERHEREM 20 b D2 A OFETT V) 5L
CRFEL, BEHYOEEEL, REHROKRID D\ ITRBTE OB S OR/MEE Micro
Vickers Hardness) % l5E L 7. B PRAR B & O Tkt o—E 2, REBRER & L & (ZTable
412K,

Table 4.1 Specimens in Alkaline Resistance Test

Resin Plate Alkaline Solution Immersion Mass Change| Micro Vickers
Hardness
Solution Temperature(C) Symbol 1, 3 Month
Resin for (without Immersion) N — O
Aramid Deformed | Alkaline Solution 20 A2 O O
60 A6 O ®)
Resin for Carbon Tap Water 20 W2 O O
and Aramid Braids 60 W6 @) O
*Resin used in carbon braid is the same as that used in aramid braid. * O: Done.
FRP Bar Alkaline Solution Immersion Mass Change}] Micro Vickers
Qutdoor Exposure Hardness
Solution Temperature(*C) Symbol 1, 3, 5 Month
Aramid Deformed (without Immersion) N — O
Carbon Strand Alkaline Solution 20 A2 O Q
Aramid Braid 60 A6 O O
Carbon Braid Tap Water 20 W2 O O
60 w6 ®) O
Outdoor Exposure in Concrete COE - Q
Alkaline Solution 60C in Concrete CA6 - O
' * (O Done.
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Table 4.2 FRP Bars

FRP Bar Symbol Fiber Resin Shape
Aramid Deformed AD Aramid (Tecnora) Vinylester Resin Deformed ¢6
Carbon Strand CS Carbon (PAN Type) Epoxy Resin Strand ¢7.5
Aramid Braid AB Aramid (Kevlar 49) Epoxy Resin Braid ¢8
Carbon Braid CB Carbon (PAN Type) Epoxy Resin Braid ¢8

Table 4.3 Mechanical Properties of FRP bars

FRP Bar Nominal Nominal Nominal Area | Effective Area Pitch
Diameter (mm) | Perimeter (mm) (mm?) (mm?) (mm)
Aramid Deformed 6.43 20.2 32.5 28.3 -
Carbon Strand 7.59 23.8 45.3 30.4 87
Aramid Braid 7.54 23.7 44.6 - -
Carbon Braid 7.43 23.3 43.3 - -
FRP Bar Rupture Tensile Elastic Elongation | Unit Mass Thermal
Load Strength Modulus Coefficient
(kN) (kN/mm?) (kN/mm?) (%) (g/m) (x10¢/C)
Aramid Deformed 53.3 (56.9) 1.88 53 3.6 36.0 -6
Carbon Strand 65.3 (57.0) 2.15 137 1.6 64~65 1.6
Aramid Braid 68.1 (62.8) 1.53 67.6 2.26 58.0 -2.2
Carbon Braid 89.8 (88.3) 2.07 157 1.32 65.9 -

*Nominal area was obtained in accordance with JSCE-E131 “Proposed Quality Standards For Continuous
Fiber Reinforcing Materials”. Nominal diameter and perimeter were calculated using them.

*Effective area is the area contributing to strength and/or stiffness. Tensile strength and Elastic modulus
were calculated using it.

*Values in () in Rupture load represent the guaranteed values.

Aramid Deformed

Carbon Strand

Aramid Braid
- Carbon Braid

Fig. 4.1 FRP Bar
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HERFRME Ty /—VTHRE LR, B0 2 HMESESE, BENOKEL gL
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500mDH Ty, —DOFLHIZ 4~6 FOHET 2 ANz, RERE 20C0 b DI HIRE
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BIIIRERGHR 1 » & 3 ACHREZ, FARERGED 1AM 1H 1R, 208X
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AL HBRMEMAED 217> Trh, HEolllm L.
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4.4, Table 4.5/2777.

Table 4.4 Grind Condition

Process Powder Lubricator Time
Mechanical Grind #2400 (Silicon Carbide 200um) Water 2 minutes in Two Directions
Final Grind Almina Powder (0.3um) Water 5 minutes in Two Directions

Table 4.5 Vickers Hardness Measurement Condition

Load 10 gf or 2 gf
Load Rate 3 um/sec.
Load Time 15 sec.
Magnification 400X (40 X Object Lens)
Symbol HVo.01 or HVo.002

B, EER, CLEOEFEALIZAOHARORS EMENDL, RRUTL-THE
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Table 4.6 Specimens without Immersion

Specimen FRP Bar Concrete
Compressive Strength | Elastic Modulus
(N/mm?) (kN/mm?)
AD-N1 Aramid 26.6 29.6
AD-N2 Deformed 28.5 29.9
AD-N3 30.0 31.0
AD-N4 47.7 36.6
CS-N1 Carbon 26.6 29.6
CS-N2 Strand 28.5 29.9
CS-N3 30.0 31.0
CS—N4 47.7 47.7
AB-N1 Aramid 38.2 31.3
AB-N2 Braid 37.8 34.2
AB-N3 44.4 35.6
Table 4.7 Specimens in Alkaline Environment (1)
(Direct Immersion)
Specimen FRP Bar Alkaline Solution / Tap Water Concrete
Immersion
Temperature Period Compressive Strength | Elastic Modulus
() (Month) (N/mm?) (kN/mm?)
AD-I2-1 Aramid 20 1 29.2 26.4
AD-T6-1 Deformed 60
AD-I2-3 20 3 32.1 27.7
AD-16-3 60
AD-16-6 60 6 31.8 32.7
CS-12-1 Carbon 20 38.7 31.5
CS-16-1 Strand 60
CS-12-3 20 3 34.3 30.0
~_CS-16-3 60
CS-16-6 60 6 31.8 32.7
AB-16-1 Aramid 60 1 356.5 34.8
AB-16-3 Braid 3 35.1 32.0
AB-16-5 5 37.9 30.1

* See also Table 4.2 for symbols.

ex. I2-3 represents “Immersed directly in 20°C alkaline solution for 3 month”.
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Table 4.8 Specimens in Alkaline Environment (2)

(Outdoor Exposure in Concrete)

Specimen FRP bar QOutdoor Exposure Concrete
Period Compressive Strength | Elastic Modulus
(Month) (N/mm?) (kN/mm?)
AD-OE-3 Aramid 3 36.7 324
AD-OE-6 Deformed 6 40.2 33.3
CS-0E-3 Carbon 3 36.9 31.5
CS-OE-6 Strand 6 38.7 31.7
AB-OE-3 Aramid 3 40.0 31.7
AB-OE-6 Braid 6 43.2 32.2
- * See also Table 4.2 for symbols.
ex. OE—6 represents “Exposed outdoor for 6 month”.
Table 4.9 Specimens in Alkaline Environment (3)
(Alkaline Solution Immersion in Concrete)
Specimen FRP bar Alkaline Solution Immersion Concrete
Temperature Period Compressive Strength | Elastic Modulus
() (Month) (N/mm?) (kN/mm?)

AD-A2-3 Aramid 20 3 39.5 31.3
AD-A6-3 Deformed 60 32.1 28.2
AD-A2-6 20 6 39.6 32.4
AD-A6-6 60 34.5 27.9
CS-A2-3 Carbon 20 3 38.7 32.2
CS-A6-3 Strand 60 33.4 28.4
CS-A2-6 | 20 6 41.5 32.6
CS—-A6-6 60 34.9 279
AB-A6-3 Aramid 60 3 32.4 28.4
AB-A6-6 Braid 6 35.0 27.1

* See also Table 4.2 for symbols.

ex. A6-3 represents “Immersed with concrete in 60°C alkaline solution for 3 month”.
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i 100

| Bond Length 64 ;
P SE—

PEEEUTEN

NN 3
A
\
Rubber Sleeve FRP Bar
Spiral Reinforcement Concrete
Fig. 4.2 Pull-out Test Specimen
Table 4.10 Mix Proportion of Concrete
Target N.M.S.| Slump | Air w/C s/a Unit mass (kg/m?) WRA
Strength
fo, N/mm? | (mm) | Cem) | @) | @ | @ w C S G | (cc/md
30 15 8x1 4 62 49 181 292 871 924 730
40 15 8*1 4 56 49 181 323 858 910 808
50 15 8*1 4 46 49 181 393 830 881 984
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Table 4.11 Mass Change Rate of Resin Plates Immersed in Tap Water

Immersion AD AB
Solution Temperature (C)
Alkaline Solution 20 0.014 0.019
60 0.046 0.061
Tap Water 20 0.014 0.019
60 0.046 0.061

Unit: %/\/ hour
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Table 4.12 Regression of Tma

Aramid Deformed Carbon Strand Aramid Braid
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Fig. 4.9 Pull-out Test Results (Aramid Deformed, without Immersion)
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Fig. 4.10 Pull-out Test Results (Carbon Strand, without Immersion)
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BB IMEOKE 2 D O 100mm) Z A L 72720, SIRBEROMNERIERERIC -7k
Bbhd, LEHFo>T, Tax 3Ty 7)) — NAEORE LR ZIT LI EFHEEN, 3 K
DO OFTIEEFROIEE B 570.78 L it b K& W(Table 4.12). £ 7= Toos, Too B & U To2s
THhyMiary ) — NEE L OB A 5N 5 (Fig. 4.13).

5.2 h5HERIC & 2 EiTaiHEE M O BFFE 5 %

ERREHERM L ST B R B IBROGER 23§ 5 9 2T, SM L FERIS, 5 ORMEL
BB BB o 2B L TH L Z L LA ﬁmﬁm%mamwsm&hbwéﬁ
ENIZEHTLIED, Y 7% #¢éwﬁ%@%@ﬁ$Hfﬁnét%i%nétbﬁm
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DA > 7 ) — MIDOENLZ VEG L DRV 01Z, BHBEMSE ORIz BT
LIFIZG R LM RHOBIFOEILORENKEL, a7 — MIOEFRDFEEH/NE
Wb EER BN, FT, Tos RETIHOMEPR X, EEMTIES (b0, #
DFEMEIRXT 7 3 FEBKE, RELDVEBLOT 7 I FMT#FRLF1 1.88kN, 2.02kN B
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)= MEEOKBEEH IV oI L BERE LTEITOSND,

PDLED & 51z, Rt O % OFEMIRIEL L TE, TosBERITH S, 77, Toos o
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91



DOFHEIEEIX, 21)IR LA DT IV ) B IR E U B e iR o5 13k X Ik % 5F
flid BB, WM EERM Z 0L DOEREZFMTELIDOTHEEEZTHLZ LEL
7z,

Table 4.13 Average of Toos, Tow and 7o (without Immersion)

FRP Bar I To.05 To.10 To.25
Aramid Deformed 26.6 1.85 2.81 4.93
28.5 1.45 2.09 4.35
30.0 1.36 2.03 3.91
47.7 1.37 2.13 4.80
Carbon Strand 26.6 1.23 1.49 1.82
28.5 1.31 1.66 2.17
30.0 1.57 1.99 2.61
47.7 1.45 1.90 2.82
Aramid Braid 37.8 1.31 1.86 3.42
38.2 1.48 2.04 3.61
44.4 1.73 2.42 4.13

Unit: N/mm?

Table 4.14 Standard Deviation of Toos, Zoio and Tos (without Immersion)

FRP Bar O'(To.os) O’(}O.IO) O'(%ozs)
Aramid Deformed 0.704 1.025 1.456
Carbon Strand 0.483 0.567 0.637
Aramid Braid 0.474 0.561 0.816
Unit: N/mm?2

5.3 7ILH )BRICEESE L - Bt

TV ) IS E R U S & T 2o sk I 0w T, P-d i S ke 7
mmﬁxunw@ﬁ%%w%,ﬁ%%ﬁ%ﬁ%aufmg4uuﬁ¢.amu,%ﬁwg
BY L) — FREDOHIEE4TV, Table 4.1212/R 7 YRR 1220 T £/ =30N/mm?2 Dl
T o \ZIRE L2 b D% HV .

77 3IFERBETIE, 17 ABOBERTIET wmPMMETLTVE 500, 201 20T,
60CHVFNOBRIEREIZE VT Toos, Tm 3T LAMIMERZRL T2, BiERE
(Fig. 4.6) Tld, REM T L TIZRKPPEIRBIEL TB Y, BE2 LCIRBIZE-TWw5,
79I FRBEOKEOBRE SHALBIAEL T w0y 7 1) — b EORFHERIZS
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Carbon Strand

Aramid Deformed

Fig. 5.1 FRP Bar

Table 5.1 FRP Bars

FRP Bar Resin Nominal Nominal Nominal Area Tensile Elastic
' Diameter D Perimater (mm?) Strength” Modulus
(mm) (mm) (kN/mm?) (kN/mm?)
Carbon Strand | Epoxy Resin 7.5 19.5 30.4 2.30 139.2
(cs)
Aramid Vinyl Ester 6.0 18.8 28.3 1.76 52.9
Deformed (AD) Resin

* A test result for carbon strand, a guaranteed value for aramid deformed.

Table 5.2 Mix Proportion of Concrete

Target N.M.S. | Slump | Air W/C s/a Unit mass (kg/m3) WRA
Strength
fo, Nmm?) | (mm) | em) | ) | @) | @) W c S G | (ccmd
30 15 8+1 4 62 49 181 292 865 917 730cc
21 R5IHEER

BRI AR AT B3 [ & 5 5 & & 12445 720>, Table 5,315 7% £ 912, ik
DB LT T I NRIRICA LTI 6 T8, SRS I L TId 4 RN BTz
fiok. SHED) LRAD 400mm OHAEEE, M L7 o bt % 13 ZHIT
WEREE CRECE I RS THD,

BT & Fig. 52108, BHOZ WIS B £ 4 5 2, 49 500N &2, BT ol & 47

> 7.

(1) 9HkEWE: oy —F— Ao — FEL(%E 100kN) Tl L 7.
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VELE L7z, WATRIC 2 Fig. 5.312733. FRfts [T EO M I E N ORIR 10~30T, 1B 30
~90%) TIT\>, AT ORERIERIZ CLL T OME 2475 7-.

(1) WERENS L CHBREN: Y1 VL — YR 5~30mm) %, FRENEMS 5\
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Table 5.3 Specimens

Bond Length FRP Bar Number of Specimens
(mm) (XD) Pull-out Test Pull-out Creep Test
10% 20%

64 8.5 Carbon Strand 5 — —
10.7 Aramid Deformed 5 _ —

100 13.3 Carbon Strand 5 — —
16.7 Aramid Deformed 5 — —

150 20.0 Carbon Strand 5 — -
25.0 Aramid Deformed 5 — —
26.7 Carbon Strand 5 1(X2) 1(X2)

200 33.3 Aramid Deformed 5 1(X2) 1(x2)
33.3 Steel Deformed 5 — —
40.0 Carbon Strand 5 1(X2) 1(X2)

300 50.0 Aramid Deformed 5 1(x2) 1(x2)
50.0 Steel Deformed 5 — —
53.3 Carbon Strand 5 — —

400 66.7 Aramid Deformed 5 — —
66.7 Steel Deformed 5 - —

* Sustained pull-out load:

Carbon Strand: 10%=6.99kN(230N/mm?2), 20%= 13.98kN(460N/mm?)

Aramid Deformed: 10%= 5.32kN(188N/mm?), 20% = 10.64kN(376N/mm?)

* A specimen for pull-out creep test consists of two concrete prisms at both ends of a bar.

Dialgauge

Displ. transducer

Concrete

Fixed Plate -

/

Jack

Loadcell

Fig. 5.2 Pullout Test (Bare bar length: 500mm)
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Concrete FRP Rebar Spring
\ T

Dial Gauge Fixed Plate Loadcell

Fig. 5.3 Pull-out Creep Test (Bare bar length: 400mm)
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Fig. 5.4 Loading—End Slip
(Bond Length=400mm)

Loading-end slip, mm

Fig. 5.6 Loading—End Slip
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Fig. 5.6 Pull-out Load at Free—-End Slip Initiation
(I: Carbon Strand, @: Aramid Deformed)

P Pxi Px

Fig. 5.7 Axial Force Distributions
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Fig. 5.8 Bond Stress Distribution (ll: Carbon Strand, @: Aramid Deformed)
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Fig. 5.9 Loading—end Slip Increment
(+++, =1 10%, 20%, Bond Length = 300mm ‘-, —: 10%, 20%, Bond Length = 200mm)
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Fig. 5.10 Concrete Shrinkage (Bond Length = 300mm)
(-, —: 10%, 20%, Carbon Strand -+, —: 10%, 20% Aramid Deformed)
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Fig. 5.11 Temperature

(Upper and lower lines represent maximum and minimum respectively)
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Fig. 5.12 Relative Humidity

(Upper and lower lines represent maximum and minimum respectively)
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Table 5.4 Approximate Estimation of Bond Creep
(Bond Length = 300mm, 18,000hours)

FRP Bar Sustained Load Loading-End Slip | Concrete Shlinkage Bond Creep

(%) Increment (mm) (mm) (mm) (%)*

Carbon Strand 10 0.230 0.071 0.159 (69.1)
20 0.274 0.097 0.177 (64.6)

Aramid Deformed 10 0.394 0.067 . 0.328 (83.1)
20 0.670 ' 0.097 0.573 (85.5)

* Ratio of bond creep to loading—end slip increment.
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iE X & & X & FK=100X200X 1600mm D3 \) L5412, Table 6.1/ KFEDOEEM %,
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BWTHE~Td Y, EHETREOFEHHIZ 50.2N/mm2 THh -7z, a7 — bORGEE%
Table 6.2\2 /57 . {TEEIE, WM mICEEEELZZTAILIZED, 1380mm & L 72,

Table 6.1 FRP Tendons

FRP Tendon Symbol Nominal Area Rupture Load Elastic Modulus
(mm?) (kN) (kN/mm?) '
Aramid Strand ¢12.4 AS 97.9 177 53.0
Aramid Braid ¢13 AB 133 181 68.9
Carbon Strand ¢12.5 CS 103 161 140
Steel Strand ¢12.7 SS 98.7 188 191
Aramid Sheet 100mm width AFS 28.6 70.6 116

Aramid Strand

Aramid Braid

Carbon Strand

Aramid Sheet

Fig. 6.1 FRP Bars and Fiber Sheet

Table 6.2 Mix Proportion of Concrete

Target N.M.S. | Slump | Air W/C s/a Unit mass (kg/m3) WRA
Strength
f., Wmm?) | (mm) | (m) | (%) (%) (%) w C S G | (cc/m3d)
50 15 8+1 4+1 44 45 180 409 739 950 1023
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IR, BRM OWMMTE ST 254, BT 40 7203 60%, ikl
—FTI310 $741320% L 2 2fHE L. WThoMEES 7L A ML AR WEBIIZEAL,
AR T OHEE 1T - 7.

(D HMARR: EAMMIZONT, FAYLs = VER 30mm)l & ) e L 7.

@) BRMOT A OFAT - VIRE 2mm)IZ X hlE L 7.

() T2 U —bOFR FEHE SR T THES S 50mm, EFMIES — F T Ty
5 10mm)icBWNT, O FAF—JEE 30mm) 2 £ DilllE L 7.

F7-, BAKE, ThooETElE L. fEA—E %2 Table 6.312/1F . dfuiiAt
Mt B L OV S — N RV A A0 E © £ £ N Fig. 6.285 L UFig. 6.3(2, ¥
B - BRI % F N NFig. 6.4, Fig. 6.5\R 7. MFMAERM I, @EX ) — 7L uEH
WM % I CES L7z, il > — MdFig. 6.61 R T84S B TERE L 72, €& Rz Fig.
6.712/17.

Table 6.3 Specimens (Transfer Test)

Name Tendon Prestress Force ot oot Number of
Specimens
/Pu*(%) &N) (N/mm?) (N/mm?)

AS40 | Aramid Strand 40 70.8 8.85 =1.77 3
AS60 012.4 60 106.2 13.6 -2.71 1
AB40 | Aramid Braid 40 72.3 9.04 -1.81 3
AB60 013 60 108.5 13.6 -2.71 1
CS40 | Carbon Strand 40 64.4 8.05 -1.61 3
CS60 012.5 60 96.6 12.1 —2.42 1
SS30 Steel Strand 30 56.4 7.05 —1.41 1
5540 012.7 40 75.2 9.40 —1.88 2
5560 60 112.8 14.1 -2.82 1
AFS10 | Aramid Sheet 10 7.15 1.43 -0.715 2
AFS20 100mm width 20 14.3 2.86 -1.43 4
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Steep Hoop Unit: mm

_ Fig. 6.2 Specimen for Bars (Transfer Test)
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Fig. 6.3 Specimen for Fiber Sheets (Transfer Test)

120



Steel Sleeve Specimen Steel Sleeve Load Cell
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TFixed Plate Dial Gauge Bar ﬁ(ed Plate ‘ J_ac_kjA

Fig. 6.4 Prestressing for a Bar (Transfer Test)

Specimen Load Cell

—_— —
?L v -
m{: i - [ ——— i i | :l:”gmm
= =

Tleed Plate Dial Gauge Sheet/ Fixed PlateT Jack

Fig. 6.5 Prestressing for a Sheet (Transfer Test)

$15 Tension Rod Fiber Sheet
200 /

Fig. 6.6 Anchorage for a Sheet
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Fig. 6.8 Flexural Test (Loading)
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BEAE A OB WA B L2 2 B AS, b Tl 40% & 7 Bl sdifiaiiit > — MIIIRER L L 7.
WEFhoftifikd, 7L A ML ZE A%, Fig. 6812 /77 &) 12 —EHOMERMAKE 1 Hl & L

CHIN T & AT L7, FRNE, AFSELC 5 2 SR o
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(1) OUENIE: YR EMEOOVEINEEZ, I %7 Mr—Y#&E 100mm)iZ & ) #lE L
7-.

(2 ZEMOTH OF AL — VHRE 2mm) Iz & 0 filE L7,

(3 Ty —FOT A BEEMESIOEMTIITH?D 50mm, MEEES — b TIEVHED,
5 10mm)iIZB VT, OFTAY — VHRE 30mm)iZ L0l L7,

7, WA R E 2 FRAICE 2, IO ORREREL 2 A L7z, ek -— % % Table
6.41Z /J\{; .

Table 6.4 Specimens (Flexural Test)

Name Tendon Prestress Force Prestress Force Sustained | Number of
Increment Flexural Load| Specimens
(/Pu®) (kN) (/Pu*) (kN) (kN)
AS41 | Aramid Strand 0.4 70.8 0.1 17.7 35.0 2
AS42 ¢12.4 0.2 35.4 43.6 2
S841 Steel Strand 04 75.2 0.1 18.8 47.7 2
SS42 012.7 02 37.6 58.4 2
AFS01 | Aramid Sheet o** 0** 0.1 7.15 5.98 2
AFS02 | 100mm width 0.2 14.3 11.3 2

* Pu: Rupture load of each tendon. ** Aramid Sheet was not tensioned.

3. TEAER

3.1 EARDOEFMEIR

a) {mER

O ADOHEIE 5 3R 7- BIRA B O Wy T[54 A3, FTREXAI O D 95%LL L & 72 % w8
- Hﬂt%&bfﬁbt&Lﬁ&z@&ﬂ%%%%ﬁ@ﬁwmwﬁﬁﬁﬁ%ﬁﬁm
X AEE L OBRE, HBAHIZOWTFig 6.91277 7. WIS ERITEATIZIZIZRAIL
TWwWh, FNFNDOMEX % Table 6.512777

B ANBOMERIE, 77 I FLDHETIIOHREEID60% D EIZ 40% & 1) v,
eI VBB IO PCHL VB TIIAETHETRW, 77 I FLDHEOMERESIKELD
WM PCHEL VML D/, MHIRERTOETEATORERMOFIZHN L EZPFKE
{, ThbbWHBENPRECEOBIVRKEVEEMP 2L 7Y — b L OEMESKE
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(Y, TROPNEL holtzoEZ 55, Fig. 6. 9DEMNIFIZ X 2 EABBOIEE
£, Table 6.60fE & 2 %. W hoEGHMEEM COWTL, PCHIVBLIVEERIT

s,
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/
2300 ?E
5 200 z;u.au_l

—
[72]
"_E in
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Tension Load / Rupture Load, %
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Tension Load / Rupture Load, %
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Tension Load / Rupture Load, %

c 500 38 éu_._
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Tension Load / Rupture Load, %

Fig. 6.9 Transfer Length (Il 40%, []: 60%)

Table 6.5 Transfer Length Gradient (Bars)

Tendon 40% (x 102mm) 60% (x 102mm)
AD 6.19 9.36
AB 8.24 —*
CS 3.94 4.41
SS 10.3 9.09
* No data.
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Table 6.6 Transfer Length just after Prestressing (Bars)

Tendon 40% (mm) 60% (mm)
AS 374 (33.4¢) 371 (33.1¢)
AB 330 (25.40) -

CS 158 (13.9¢) 265 (23.2¢)
SS 412 (36.80) 545 (48.7¢)

* No data.

—H, T73IFY— 1Tl 20%008ER)2 5 2 720K 4 kb 2 /K13, B ABET%
123y 7)) — bOEE - TO N EHDDIRETHBE L 7-(Fig. 6.10). -2 7- W R ) A
B LD/ SV—1T, FEHOATH LM ERBESRKECIZS 200 FTREEL -0,
77 IR — MOERZL YA REEPeeD T EAMER L, He857% € — FTHEEL 7%
HEEZOLND.

Concrete

Fig. 6.10 Debond / Peel of Aramid Sheet

b) AR i A
KBATIREDOVEM O FM i hL 2 Fig. 61183 . MMumANLE, MM ie0 S L0 it i E
(WX TOEMOGIRFHEMOTZALINTD L), LWTFIZLoTRDABDTH 2.
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Fig. 6.12 End Slip and Transfer Length

o EMIRENIC & B IHEROHEE
A O MR, Fig. 6.1200/R 3 H85N T #5r O W% Bofbf O FETERREL & Wimits
DWE, A, CRL7ZOD R BZEHH, RERLIRNTHZHNEY.

LS, Eq. 6.2

ZZiz, L CrER

E D BRM ORISR S & UHTRITR
P : PIAERER T

S DAL

o

:MERRE

(=]

72750, WIF oA S T THRIRM ) A P ASHIERIR & 2 B D B i L IE L7
Ol ET A EERHIET A7 00BRETHSH. BEq.6.212xF L, WIEREZUTOLIIIL
TR,

T4, BAPELEEREFig 6.9 FE AL 1 KM, EA L EAREN(Fig. 6.1D%
B A TES &5 2 REHTIEML7:. Eq. 6.1 DMABENIZEAROEEAN Z, 728
AN TELIAEEEB L UEAMEMN Z2RA L THERRor ROz, ZOHE, adEle
720, Table 6.7\ R E 25, F—BEMTIIOHBERENICLDaDERITLEALZL, o

127



ZBERMBEADETHLIDEEROLND.

Table 6.7 Adjustment Coefficient o

Tendon 40% 60%
AS 0.469 0.444
AB 0.564 —*
CS 0.808 0.822
SS 0.578 0.584

* No data.
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Table 6.8 Slip out from Crack Section and End Slip (Aramid Sheet)

Name Slip out (mm) End Slip (mm)
AFS10% 0.009 0.005
AFS20% 0.061 0.075
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WeAAE S — M2i, FELTEMEMS)Y 1 TOREREI S RDIDCOBLUTT IF
WD S22 DA E AV, TNSHIFHEAIEY ) T CEBHEMEEL AL T b,
¥/, CSOHMEE 2/8 WO L-bD(C2), SHEHM Y 1 7OREBHENS 22 H D
CMBLOFZ A7 A(GOb AV, CS, C2B LU CM TITHIVY T AMiHEE, AST
ERY TR T VEHER RTINS L CB 0, B omEIc X b #HEH T o K& 2 EEK
TALVWEIIILTHS. 4B, WTFNLLHE 200mm O b D% v 72,

Table 7.1 Typical Properties of Fiber Sheets

Name CS AS C2 CM GC
Type Carbon Aramid Carbon Carbon Glass
" HS) (HS) HM)
Specific Gravity* 1.80 1.39 1.80 1.84 2.54
Tensile Strength* 4.90 3.43 4.90 4.20 1.47
(N/mm?)
Young’s Modulus* 230 72.5 230 436 72.5
(kN/mm?)
Elongation* (%) 2.1 4.6 2.1 1.0 2.0
Plain Weave Unidirectional Cross
Weave Density 300 233 200 300 203**
(g/m2)
Fiber Cross 167 168 111 163 40.0
Section (mm?2/m)

*Data of fiber strand. **1/2 in longitudinal direction.

Table 7.2 Typical Properties of Resins

Name NR AR FR GR* CR**
Epoxy Resin Bisphenol with reactive diluent***
Hardening Agent Modified aliphatic polyamine
Specific Gravity 1.1 1.1 1.1 1.3 1.8
Tensile Strength 42.7 25.0 20.6 16.7 11.8
(N/mm?2) _
Young’s Modulus 1.57 0.794 0.706 - -
(kN/mm?)
Flexural Strength 76.5 35.3 22.5 29.4 25.5
(N/mm?)
Elongation (%) 3.0 8.0 20 - —

*For the glass cloth. **For the resin mortar. *** NR/AR/FR/GR: with inorganic filler, GR: with pigment
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WiWHOFR)D 3 L. %8B, GCILIEFIoBRGR % v, £ 7-iHERED HHE
Do FTIv sy F—HBALTHIEELYVE LTHWAHOBIRICR S AV, %
B, GC BLU CR OHHEIE, a7 ) — MHEREIHEVIIREN TV LRRET 1 =~
FOBEEHRED ) b EFNEFNC-1 BL U C3HISEATA2HEHMEOMAEETH ), Hilz

HWELZDDTIEd R,

2.2 EkchiME S — b, HEH L U FRP RODMMEL

HEHABHEY — b, BEB LU FEN S ZHAE TR L - FRP MOmEMEZ, £& L THRE
B & D5 REEORREILIC L ) L 72, RERER B L OR B4+ % Table 7.3127/1°7.

B, FRP MR O 4RI GERMME Y — M-BR & L T 5.

o DRERIE, ThE

N JIS K 7601 [ R EMMEAE ], JISKT113 [ 79 X F v 7 O51EREE ] B LU JIS

K 7073 [jREMMEMILT 7 A F v 7 OF[sREE ] ITBRL TITo 7.

Table 7.3 Test Programs for Fiber Sheet, Resin and FRP Plate

Fiber Sheet Resin FRP Plate*
Name CS NR CS-NR
AR CS-AR
FR CS-FR**
AS-AR
Test Standard JIS R7601 JISK 7113 JIS K 7073

Resin Curing

1 day in room and drying
2 hours at 80°C

2 weeks at 23°C

2 weeks at 20°C

Loading Rate mm/min) 20 2 1
Temperature (°C) | Room temperature 23 Room temperature
Measurement Gauge length 200 50 100
(mm)
Tensile strength O O O
Strain O O O
(Elongation meter) (Divider) (20mm Strain
gauge***)
Young’s Modulus O O O
Elongation — O O
Weight — O —
(O:Done *Fiber Sheet—Resin. **Not immersed. ***Elongation meter was used for 6 months specimen.
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FITSE O i TR TR £ COFRABR T, WEBLTOTFAZHAELL. %8B, FRP
AR OB RGN RAREWHRE TR LIEETRETH LY, Ny FLAT v TRED
FOEEOIELDEAKE L, BRI L BB S 525700, MO
BB L TR, Yo 7o, s — b TR0 340 30~70%, FRP T
10~ 60% [l D EHAEL 25 Kad>, BHETIRF v v 7 BOMEE v CRAFIN O EREET T T
0.3~0.6kN ) TR 7.

23 aL7)— hOBRIFHE®ESIR & 7 OB

Sz, fiA OO FRP BO#EMEZ 2> 2 ) — hOBITHREIC L VIRET 5 L & 612,
ZOMEEE, £& UCEREIC L 2MITPHERORRZEIIC L DEFHE L 72, RERERN % Table
7.4\257.

Table 7.4 Test Program for Concrete

Fiber Sheet Resin Fiber Layer Immersion Period Number
(Month)
CS NR, AR, FR 1 ply 0,1,2, 6 3+2+1*
AS NR 0° 2 plies 0 3
90° 2 plies
GC GR 1 ply 0,1,2,6 24-2%
— CR** Thickness=3mm

*+2 for each immersion period, +1 for the pull—off bond test. **Resin mortar.

a) kL FOrER

HEE0HRIZIE, 100X 100X 400mm DR T > 7 ) — FOTFigdgs, WiFovEnEz
BEd 270 /) v FEEBT, YEMMIZEGTHEmIC FRP B AL 2b0z Hwn.
FRPBIZI1ZF L LTCS /I3 AS DFNFNIZNR, AR 72X FRO 3 e MaE/d
OxF, #iAA 1, 2BH L WIIER 2B THTZ. &5, 1B GC BLUVES 3mm
D CR LAV, FERIZOE 32V L 2HROMAEEMERL, FA-FREYHEBROR
PRI 2 RO BHER CIERBEOMRMA L MER L CHHe L L7, HEMADIZIRT % % Fig. 7.2

145



R

FRP Layer Notch
™~ 2 e o
Joie 7 =
8
AN A A A
K 300 >
- 400 -

Fig. 7.2 Concrete Specimen (Unit: mm)

2> 7)) — bORGEEB L OO R RERKG R & £ L €1 Table 7.5, Table 7.612/1
$. /2, X FRPBOK T FIEEL L %% Table 7.712/53. FRP &iZ 2 ML LN
TEA L.

b) RE&GEB L OHIEEE
) BB DRE

FRP /@l A %, EfaiE s — P25 & MRS, 10% DK ERIZSEG~ 100 TirE
OHIEIRE L7z, B Em AR 2omm)B L EEIZIE, 2227~ MEEDZOFE S
¥ lmm OTRFIBIGT A =2 7 & UBEZEI7ZAS, HITRERIEIZIZHE D Bl 7o, i
ABIIHE BTk L CRBORMEEZ B L Th O BRI £ CHUP I L 72,
i) ah TR

Fig. 7.212/RF £ 912, &y A/ 300mm Tt — i o i Bk & iR cir - 72,
EHSEIC LD BB 217,y RO D OB AR —HERAT L, HEg L <
¥ 7% 55 %> FRP /@ OFIEEAS S ICEE U7 We SUCRRar LR 2 42T L7z, i ol
FHEERUTO®EY) TH D,

W, ANl bde O— FEL(ES 100kN) % F VTR EZMET 2 & & bIC,
XHETEX Y eV §27200BEEZRH, AV hROIzbAh % ENEHERE 10mm)ic
L h#lE L 7.

FRTE O O A3 & FRPBHEM O $H: 230 ko Li#gED 5 10mm DR B 0§ 4
7= RE 30mm) %, 7 75(/ 7 F e B £ U° 90mm OALE IR OOy — U (i
50mm, A& 2mm) T WO fFiF 2 & & 12, FRP BEH D AN gLy s F 5 I2mh - T 0,
25, 50 B L U 100mm D 4 DFTICOT AT — Y E 5mm) 7 85fFH), PO OB B &
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Table 7.5 Mix Proportion of Concrete
Target NM.S. | Slump | Air w/C s/a Unit Mass (kg/m3) W.R.A.
Strength ‘
fo WNmm?) | (mm) | em) | @ | @ | ® W C s G | (cc/md
45 15 8+1 4.5 51 50 175 343 825 818 858
Table 7.6 Mechanical Properties of Concrete
Compressive Strength Young’s Modulus Tensile Strength
(N/mm?) (kN/mm?) (N/mm?)
43.4 32.4 3.86
Table 7.7 Layer Processes* and Design Values
1 ply Additional Longitudinal Hardened
Resin Fiber Volume Thickness
(kg/m?2) Fraction (%)**
Resin (kg/m?) Fiber Sheet
NR 0.50 CS 0.30 18.6 -
AR AS 18.7
FR C2 13.3
CM 18.3
GR 0.38 GC 0.38 6.40 > 0. 7mm
CR 6.0 — — — > 3.0mm

*All processes included concrete surface roughing and puttying.

**For 1 ply layer

B, MRERIZET B, CS 213 AS % 1 BHWIEREOHEASR 1 (RGHE AT
ARER(40X40=1 600mm2 DIRELT ¥ v F X >~ b B[,
TEvFAL N 4JOYLGARITEE bmm ) ZIRTITV, RAMNELB L UBERIR

FNFN 3 EIDIIx L TR

wHERE L7z,
i) P bR SRR

6 r HOREDB L HITHRE 2 K2 1R oW T, T X )4l FRP B O #H A5
ELTWwWiwnwary 27y — MIEoOPHILESZ 7/ — V7% LA UERICE DEIE L.
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24 b1 LEBEOHERETE

TSR E SN L - A AL LT, B L UENEO SN REAERD
Bt DAV S 3 2 M4 OAAED FRP 812 & 2 imAi B2 4HERER & » T L7, 3
K % Table 7.8/°7R"9. T DORERIL, JISA5303 [w.LNgkFas 27— bE] (ZHERL T
Fro7:.

Table 7.8 Test Program for Hume Pipe

Fiber Resin Fiber Layer Internal
Sheet Internal External Crack
CS . AR 1, 2 plies — No

— 1, 2 plies
1 ply 1, 2 plies
NR — 1, 2 plies
AS AR 1 ply —
— 1 ply
C2 AR 1, 2 plies —
— 1, 2 plies
CM AR — 1, 2 plies
GC GR 1, 2 plies —
— 1, 2 plies
— CR* Thickness=3, bmm —
CS AR 1, 2, 3 plies - Yes
C2 1 ply
CM 1, 2 plies
GC GR 1, 2 plies
— CR* Thickness=3, 5mm

*Resin mortar.

a) R & ZFOIEK |

HRE 2L, AVEE AT 1 F(EE) CHOEMR00 Db 0% 3555 L, 4% 800mm
WLz 0& W, IS IZENE 3 DIZXKY) - TR L7z, ENE IO UE
NxFEAE 89 2 HRE TlE, b)IIRTEM S ET, FRP BRI O UENBAMNE T TH
L7z, FRPEBE& LTIk, £ LTCSIZ, MEEELTHfFL CTAR e/ b 0 Hv,
AN & 2V Eo EFIMEmIZ 1~3 T2, 512, #imiifs — b & LTAS,
C2, CM 7212 GC %, CR b7z, HigiiAE s — M3 1 E T &2 L THY, A
i 100mm, #5102 0~ 10mm BEOE QKT 2T, HEF OB LQFEFIEZETHE

148



2T LTERLZVEIHIZL. %E[ﬁb:’)% 1 Rl
st v ) — FNREBLIUEGHIZEAIEL DX EmTES T700, FRERD 3 o)
bR RS AL TRIE L L. B AEOEIR - o B E 2 Fig. 7.312R7.
Y7 — FORFEES & O GG & SRR 7 B LR FIRIC L 72 O) DM
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Y LA, BEOELOX RN T ALY, WEATERA L2V &k L, Wi
DIEHETRFE L 54.5N/mm2 Tdh -7z, % FRP BOR T TNEE L ORkaHEIT HTRER & fakk &

AE B L, ftET L ORI -

L7,

ETe)
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o

Q

o

800 >
Lateral spiral: ¢5 c.t.c. 47mm Longitudinal bar: 1265
Fig. 7.3 Hume Pipe Specimen
Table 7.9 Mix Proportion of Concrete for Hume Pipe
Target NM.S. | Slump | Air W/iC s/a Unit Mass (kg/m3) WR.A.
Strength
fo Nmm? | (mm) | m) | @ | &% | ) | W C s | 615 | G20 | (ce/m?d)
— 20 7+2 2.0 40 48 183 468 817 5b1 368 468
Table 7.10 Mechanical Properties of Reinforcing Steel
JIS G 3532 Diameter Yield Strength Young’s Modulus Tensile Strength
(mm) (N/mm?) (kN/mm?) (N/mm?)
SWM-F 5 492 165 558
b) HERF LB L OMIE E

Fig. 7.312/"3 &£ 912, BRI HE VO N BAEREBRE ZR Tl o 72, HHAMW
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Fig. 7.5 Property Changes of Resins (B: NR, J: AR, H: FR)
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Table 7.11 Failure Mode of Externally Strengthened Hume Pipes

Fiber Sheet Resin Fiber Layer Configuration Failure Mode**
(O AR 1ply FRP Layer Rupture
2 plies Concrete Failure
1, 2 plies* FRP Layer Rupture
NR 1 ply FRP Layer Rupture
» 2 plies Concrete Failure
AS AR 1 ply Spiral Steel Rupture
C2 AR 1ply FRP Layer Rupture
2 plies Concrete Failure
CM AR 1, 2 plies FRP Layer Rupture
GC GR 1, 2 plies FRP Layer Rupture

*Also with internal 1 ply.

**FRP layer rupture/concrete failure occurred at 90° and 270°. Spiral steel rupture occurred at 0° and 180°.
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(I: Internal application, Number: Layers Number or thickness)
Cracking load [ no internal crack, [ ]: with internal crack

Maximum load @: no internal crack, O: with internal crack

@ no internal crack with external application
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(E: External application, Number: Layers number)

Maximum load Ik FRP layer rupture, [ ]: Concrete failure,
M Spiral steel rupture
Cracking load @, @: also with internal application
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