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Study on the bonding method for CFRP onto steel surface
and its mechanical behavior

ABSTRACT

It can be confirmed that many steel structures constructed during the period of high economic growth
are corroded and thinned due to aging, and the structural performance is degraded. It is estimated
that the number of Japanese bridges used for more than 50 years is increased year by year, and in
2033, 67% of Japanese bridges will correspond to this. Therefore, it is desired to extend the life of
infrastructure including bridges, and the carbon fiber reinforced plastic (CFRP) that has light weight,
high strength, and high durability performance is used for construction and civil engineering
structures. The most commonly used repairing and strengthening of buildings and civil engineering
structures are the on-site molding and bonding method using hand lay-up technique and the bonding
method using the CFRP plate. These methods have several characteristics. The molding and bonding
method by hand lay-up can be easily applied to various conditions of shape. However, since
construction depends on engineers, it is difficult to perform stable construction for the design. In
addition, the hand lay-up technique requires the resin impregnation process to be carried out layer
by layer, so that consuming a long construction time in the case of wide-area and multi-layer
construction. In the case of repairing / strengthening of structures, since there are constant users, the
extension of construction time becomes a concern. The CFRP plate bonding method is completed by
only on-site bonding process, so the work is easy but not suitable for bonding to the un-uniform surface.
Therefore, in this thesis, a vacuum assisted resin transfer molding (VaRTM) method, which is applied
in the aerospace, marine and also energy field, is applied for repairing and strengthening steel
structures in the construction and civil engineering fields. Hence, this thesis purposes to establish an
adhesive bonding by using VaRTM method for steel structural members and analyzing its mechanical
behavior.

This thesis consists of 7 chapters as follow.

In Chapter 1, the research background and purpose are described. .

In Chapter 2, the FRP molding process including the VaRTM method developed in this thesis is
described.

In Chapter 3, in order to realize a stable molding and bonding method to steel structural members
using the VaRTM method, surface analysis by a scanning electron microscope is performed. The
requirement procedures for bonding method by VaRTM are also described.

In Chapter 4, proposes an experimental method for evaluating the principal stress generated in the
adhesive layer at the time of peeling for steel/CFRP bonded specimen made from the VaRTM method,
and compares it with the existing principal stress evaluation equation and finite element analysis.

In Chapter 5, basic bond strength evaluation, bond strength under shear loading and bending

deformation through a double strap tensile shear test and a three-point bending test with yielding of



steel are evaluated.
In Chapter 6, CFRP strengthening shapes, cross-section, and taper position of CFRP were designed
for bending steel plates and evaluated through a three-point bending tests.

In Chapter 7, the research findings in this thesis are summarized.
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v THRIGIEIC X 2 G EOG AT T BilEE TR T, CFRP 7L — M IC X 285 LD
BEc b B AR IC X o T & CFRP (1345 L 72\,
it B X ORIEM 0 #%E : CM O RiE R, WM ©d 2 REMHMES — b LRIEM (=177 1,
THR—=AT4T) HRET 5.
TIRF VI TANDCEDANF YT TTRTF Y 77 400 L% o CTHHE - TP 2 %35 2.
BRG] T H2ER v T K o TEE L M - missEiP N e BT 5. AR T, BiiEEA
D B2 13-100kPa & 3 5.
BIlE DB A © FTE OB ICEER, BIEOEAZIT.
W Big ofets, > —F v v T =7, TIRFYITA4NL, =N T T4, 7u—RXT47T
whrEd 5.
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3-3 SEM IZ & S #REHSHFED DT

SEM I X 3 BEHEAHAE DI IEK 3-3 1IR3 X 5 7, FHIEM E2TOTICHIEEE 21T 72 10
IRDOERIAIC DT G R 2 1T o 72, 7nds, BABRIA I o K AL ~ O TR % 1T -
Twawnf, CM TIE%R Y —7 =4 X<y P& e LTRAL w2, EBRAEOEER TN
40mm, #HERE 200mm & LCTw3, £ 32 ICHBERER, X 3-4 cHlERoEEHZ R, &K 32 5
O, HABEHED 2 ) OFEIT T T 4.544MPa, ZEIRE 11.49% & PR LIE L 72 HERETH % b
DD 4. 5MPa LIERWHER L 7o T3, ZHIEK 34 IR L TWwW3 X I, H#EE— P22 ToRER
R %38 L CHM R COFBERES 5D T w3 2 EMEVWEEBEDORINTH L EELLNS.

Z 2T, ABRA 10 12X L C SEM I X 2 M RE DO 5T % 1T - 72 9. 0 RIIK 3-5 IcRnd LI
Wl#te o CFRP 2T L, ASZAEEIC L > Tt L7z, X 86 iC SEM IC X o TS b N %
RT. R E 13 0.0042mm & L7z, briEE 2 S, CFRP RIICIIMED 7 A4 IR T & E T 3R
INhiz. Zhicky, #MER, 9—7 =24 2~y b, CFRP BICEIESTERICEAINTW AL 722
LB,

3-3  HHETEA 21T o Tl 7 WakBrik o 5 BRIk

# 3-2 SBRAE R

A BRIA A AR [mm] B [mm?] AT [kN]
AERA 1 38.32 7664 71.112
Bk 2 38.28 7656 64.612
Bk 3 36.00 7200 57.640
B 4 39.72 7944 68.324
ARk 5 38.36 7672 69.572
ARk 6 38.61 7722 76.196
A 7 38.14 7628 58.512
B 8 39.02 7804 81.184
Bk 9 38.29 7658 62.200
alBRik 10 36.51 7302 80.940
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() HERik 6 (o) FBRfK 7 (h) FABR{A 8 (@) HERfk 9 () ARk 10
B 3-4 FABRIR OEE KA

| |
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Removal and Generating Anchor Profile, PROCEEDINGS, INDOCOATING&CORROSION
SUMMIT 2008

SR, BTERKEE, FREFIE : 70 R AT TR -1 X B HEHEERE, HAER - SRS YR
e BdfrE kL 2010
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o & 24 5
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RIC K IR TR TH 2. FIoHhiIc X 28HEIEZR (1) R 3In s k5 aRlEEroBs=E IcE L

2L & TG 2 G2l VW ST W B 19, T AL F —fRCERIC X % M I 4-1 1R
X973 onEE— Ficxt L, FHEICIHIREZEE L 284, X (2) TRIND 9.

o =2 (&] +72 (1D
r 2 2
o, HISH, O, BHREEEAEOIS, - WS

& =

Mode-I  Opening Mode-II  Sliding Mode-III  Tearing
B 4-1 =k v ¥ — R X 2 5 2 e — |

K12 _'_[iYH2 +K1112

F F E

G : THRLF—RICE, K, : Model DISHHEAMRE, £, * Mode-ll DISAHEAREL,
K, : Mode-IIl OISR, F @ BIEREL %7 v VI

G:

(1+ v) (2)

ARFETIX, VaRTM EIC X o THIM R IC KB EE L 72 8i/CFRP B& Be sl ik o s i A % =X
(1) OEIGHFHMEIC X > TIT 5. 4-1 i CIEBEE OB MR IC oW GR R 5. 4-2 Hi CllAL T
RET 2 AWM HEE 2R~ 2. 4-3 fiTi3 4.2 fiCIRE L - B R ML % Vv CEBR 21T, 4.1
i~ 7 BE Ol L FEA 10 & 3 30l1C & o THR%E & Nz B B ar{li: o 1 FATE 12 D\ Tl
3.
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a
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E,  BAERBIIRM B O BRI R, 6, - BoE RIBEM R o STk (R %L, P - Bk
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O rose = o(C +C)
=4 bsEe Zl , 12 — bSGe 3(3—]1) , K: 1 ,
h 2E1 h 2E1K T
+a(a—]1)
B-—1' |p Ko p (cosh(a7)-1)|» B =—1(1—K)P+£M,
o sinh (/) a 2 2 2 a
1 |44 |44
C —- WYY, M - M+| (v, -v,)- ,
! YI+Y0Y2{ o2 cosh(w/)sin(w!) +(2(0(Y3 %) Y?’jQ}
1 w w
C-——1 |\ wym- M+ (v -v,)-
Y Y +YY, { " cosh(w!)sin(w!) W{Za)(y3 %) YSJQ}
~ tanh (/) ~ tanh(w/)-1 v _ tanh(w/)+1

0_tan(a)])’ ! tanh(a)l) o tan(a)])
1 1

Y, ( . J Y, = (¥ +Y,)
tan(a)]) s1n(a)])cosh(a)]) s1nh(a)])cos(a)]) tan(w/)

7, - B DURERIC I 1 5 A MR O BIRTIS ),
O s SR DRI 351 2 & B Rl O FEIC T,
1 gERE, b HROIE o 0 BT OSIRKLCHEE, P BofEReE,
M, TR EIC 5 R AR U 2 kI (R 2 e — 2 v 2 (T o ik
INE T R 5.

Ly <t

Vi il

(9)

(10)

RO,

Q, * MIRWFATE I 35\ THREE A A U 2 SiCmal i (B 5 2 BTWT ) 2 R o Slmi o W, /hE i

ZRHT 2. S 2 EATCRE L 2T E— A v P o, b EINT 5.
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4-1 fiCn L 7235k i3 oo L T T e s Alic L o CHEE I ol e o T3, LA L,
RESCTIRE L 72 VaRTM B IR EERENC X - T, BEEEMEHE NS 2 &5 VaRTM i X 2 filkf
~DRIEEEE RICHA PSR, 2 HAE T 2 4 EAH 5. 2 2T, KTl 4-1 fHiom L 723k A %
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[l e © oo SRR g & 7 B

FICHTOFHER AT IR T 2 XEx V2. 1 2HIZEBE A 2517 2580 (3), (4) 2RET S
iR ~MEIE L7220 (11), (12), 2 2BIZANO2MRE L 23kt och 2 (13), (14) ¢33, %
72, b OFFHfiz & i FEA I X o CIHliX OB A M2 #ZE T 5. FHEICH W 2 fHEiE 2 2D CFRP
DN, Felc HBERIE T A L 2B R 7 v 78 3%, #EETE L CFRP O #IBERG M2 5 10mm DA7E
K L2 =Y 618 0 N2 ME-EERE V3.

A (CM) lﬁr‘ﬁ i

i---Qf I

CFRP

B 4-3 $R%ET 5 A LA HliE
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bE Z 2
o o Zete 4 oo bG, a w4 o J=d _(Zl_]‘)ds
h 4E.I, h KZEI oY Z
4 _
2]
1 I
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+.: CFRP O HBERLIEIC 51 2 BE5 8 0 B /),
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« : CFRP OFESiici LC =1, HiicLCr=-1, » : bt e CFRP ORBPEAREIL

IS P HR OB —RE— AV b, ff : CFRP oWl —KE— XV },
M, : Jsgisi e i 3\ C CFRP ORBEREICEL 2HIFE— A v b,
@, : BB FTE I 354 C CFRP (o4 U % Bl )
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tanh(c]) ’ c(L+])}bcc end

{ L+] s1nh c]

o, L —5
> {4@ +c* L+] smh (el) tanh(c] 2 a)} }
7 - J 2kE t} c
’ 2a)4c(L+]) Bt +kEt  H\|” L+]
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E
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oM, B, CFRP omitkREk, ! SO,
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DA OMIERE, A BB O CM OJE X,
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. : CFRP O REERE 12 35\ 2 Be5fd o B 1,
: CFRP O RIBEN E 1< ) 2 o ®IEIG )
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4-3 #7550 E AT ER

4-6 [T % o~ 3. MR O BRI IEE 2 % 4-1 1R 3. 535 CFRP 1330 (13),
(14) 1TX 2 % & Ge DIGHEDHI 11107 3 X 5 1C&EH 21TV, AR X CFRP @ I EfEm R 1

A DS IR BE 2 R T % 2 X 5 ElBafA~TiE e LTw 3.
FatofER, HERAIEIZ 60mm & L, CFRP i1#E R % 180mm, % MitAfEE&E % (Fiber

volume content, AT V5 % 50% &{EL, 20/ & L 7=,

30 vEHF—T
LS
25 50 180 40 180 50 25

550

4-6  ABRBEEM [H47 : mm]

K41 MR OB E

(a) $ilkF
FHEZX [mm] 5.85
HPEARE [GPal 200
K7V v 0.3
FER s [MPal 347
(b) pRFEAHES — b
HfI&E [gsml] 400
E & [mm/plyl 0.217
fikAE R T s (R 2 [GPal 440
FlaRTRE [MPal 2400
(c) CM
Hfl& [gsml] 450
HPERREL [GPal 8.0
(d) &=l
HPEAREL [GPal 3.0
K7V vk 0.35
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B 4-7 1IR3 X 50, 8% 200mm CTHIEEE 217\, B LRICEBRAD 2 k5 X H I

g % %) 60mm TYIWr L 7-.

F 72, FHliCtE o CHEEEOEIPERICA S EEAT, H—EEHNIC

CM % & L, BBIRHCE X Z5HHI L 72, ALl 3-2 fiic/n L 72 VaRTM i % FH W 72 S Lk it -
TiT>oTCWw5, 42 1AL 2R T, SBE4 I TL180-HEiAES | &35, Rhiwrnd ik

(15) ICX > CHH L., 7%, torrerem B L O fom FBEERE (SWT-9000) %W CEHHIL 72, %K 4-2
XU, Vid 52% & BEHRFICIRGE L 72 50% IS CIE W T3 T 2. 72 & & SRR T & 7z,

(a) 2k

(b) YIWTEe D FlER A
4-7 AR DIRAE & SRR G R

* 4-2 AABRIATE

N g L180-1 | L180-2
ARBAAIE [mm] 56.26 | 61.14
CMJEZ [mm] 0.581
CFRP EX [mm] 8.285
Vi [%] 52.38
vV, = _leX 400 (15)

tCFRP+CM - tCM

Vi : et e, Ly REMHES — b 0E X (OFH), » @ BB

tCFRP+CM :CM DJEX & CFRP D& X D, Zi-(jM tCM DJEX
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[ 4-8 ICERBRRE OB T, X 4-9 ICEBR X W SO N7z E-BRREZ RS, BIEIK 46 TRLAEES -V
X 2fCTH 5. T/, EBRE L 2 C FEA IC X 2 TSR %2R L T\ %, FEA (3PS TIREE % (KE
L 7= 2 RICHENT, SFF - CM %5 MErEpT R, CFRP % B5Mstskl & L <, #MOMEE 2 84800
Ko CHIEL, WBRADNIREZZRE L CHRIBHIERITE Lz, &l K4-101R3 X5, BE#EO
BRI IR IR £ 0 24 U272, FEA =7 VICH IR E Y 25 L 72, X 3-11 I FEA €7
NERT, K49 XY, CFRP O REEFEOHEE 21T 5. FIBEH H X x=£30mm IC 51 % AT E-ERAR X
b, BWICT N 2MET LB R 7 v 7 OIEF] O 8 % FIEEHE & L 72, 2 OfE%, L180-1 T 1280.19N,
L180-2 T 1442.4N & 72 o 7=, Fifefq s % BR AR CPR L 721X 2 L2 1L 22.75N/mm, 23.59N/mm &
LI LTI CTH o 7= C L MR T E 7z, F 72, EWfiE & FEA I X 2 EMT#E RITBasic L <s 0,
4 4-9 (¢c) 7>5, FIEEERICHIMIZTIEREECH 2 2 L HERTE 72, K 4-12 ICHBREORERZ KT, #
1 R ERH IC x=+30mm ] CFRP 23#Iifd 245 5HR & 72 5 72,

B4 4-8  FUERIF DR
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4-10 BRI P RER ORI ER £ Y

Yy Loading
I
A | =
Fix Y Fix X
ﬁ@ﬁ (0.125mm X 0.243mm) Loadingl
'4 <]|
<
CM (0.125mm %X 0.145mm) <]|
<

j g (122230.25mmBA )

CFRP (0.125mm %X 0.129mm )

4-11 FEA=E7 L

(b) L180-2
Xl 4-12 BBR% DIRRE
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4-4 F 5 HEEM

Afficix, TCHOEHEITH. FHEX () ckotEHE T2, K () v 3 &6zt (11)
~ (14) 1T X 245585 L O FEA I X 2T R %2 iR 3 5. & 4-3 CKICT o B AR, X 4-13 18]
Wik X OmESOa vy 2 —RERT. £43 X0, X (11), (12) 1 FEA KR TKE A2 45E
Lo Tw3, X (13), (14) TIIEIWIES 12 FEA ICHARE L 72 o T 3 BFEEIG S IC D Tidast
JGERL T2 e BERS . X (13), (14) ofREZAVWCEICNEZFET 2 &, L180-1 I
49.373MPa, L180-2 (% 51.136MPa. FEA O#5E8 264861 5 FI6J11% L180-1 T 35.47MPa, L180-2
T 36.775MPa & FEA iclt~Tx®K (13), (14) 1T X 2 FIEH1D34 39%E WAE R TIEH 2 23, KGO L
I RBEBEN T T A~y FEICX o T E NS VaRTM % w7z lifgEs Tikicksw Ty, BED
RENXIC X o TEIC OFHHEAFAIRETH 5 L EZ O,

REXY, KN aEaEmEhe U<, g RIMEAE S X O 3 sl J 38R %08 L 72 Bk vy i
L P AR Tic X 2 BEBE ORI 21T 5. ZoBIcH v 2 EEEEIEX (13), (14) i X 2#EX
¢ FEA X 2R A2 d 0L 32, BEMEOFHMIIX 4-14 1R 5 FIGTHFR Z Vv 2.

# 4-3 FISHEHFER O LK

x (11) x (12) X (13) & (14) FEA
AER{A 4
TeMe Gy elMe z-e GY e ‘ 0)’
L180-1 55.199 42.621 31.429 29.367 18.979 25.315
L180-2 60.014 46.339 34.171 28.302 19.677 26.246

(a) BIWTICTT

20MPa

X 4-13 =v&—H
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4)

5)
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Jun Deng, Marcus M.K. Lee, Stuart S.J. Moy : Stress analysis of steel beams reinforced with a
bonded CFRP plate, Composite Structures, Vol.65, pp.204-215, 2004

S.T. Smith, J.G. Teng : Interfacial stresses in plated beams, Engineering Structures, Vol.23,
pp.857-871, 2001.1

AL, KE—BR © VIR ICE28 S 117z CFRP @ 13 < HE2E8h o FEERAENT, HHE L7 amsCiE A,
53A &, pp.1313-1320, 2007

YIRS, ke, <A E - CFRP EAEE RO g I X 2 i85 E RGN B 3 2 SZERIFE
fi, HAEAMEYREE 37 %, pp.121-129, 2011
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FOE _—E5IRIEMEHBRE IVHEMOBRRKEFSI IR
B ITERER (C & D MR

ARTETIE, VaRTM 5 X % 8/CFRP BB rilBrik o R IC 0 LTl 21T 5. 29I,
S RBIEEARRIC X o T, BEEYWWIREZ ORI 21T 5. 7z, 3 WIS Tl 7 MHULELE ~ O SRR
DEFEAM D) FHIR~DFBEIC OV THERT 5. KIT, WMOBRREMES 3 itz iEL <,
FERE X MEEROZIC X 2 1 ERO T 21T 5.

5-1 ZME5I3RISHTEER

5-1 IR A 2R 3. BBRIARIZIX 5-2 1R g K o, #iIZET 12md SS400 M & L, A
WSO EiTo7. X727y 7R & T 2 =0 Mid bRl ekt micrr Mo Sh
T3, BT A — 23RO FIBAOEME Uiz, DI, BiiEoFaism 217 - 72 ilbaik 2 Wil
Bk, fTo Curwipllifkz D sk e 2. Kaliikll, 1 EolBic X o<W, DalliRfkz 543
DI L 7=, HRMENT, £ 4-1 1R 3HEY TH 2. CFRP 1384 & CFRP & ofififfitEo b4 1:2 &
7% X9 IClE%Z 30mm CHEHEZRMA 7 o5 14 JEe L, Wi~ ERE BRI 5720
10mm/layer O 7 — X—{REGfE & L7z, F 72, BEEHXRE U 2ETICHM ORER %2 L3 729, BUBZICHTH
&% % 50 mm D BRI & L CUIWT L 5 1RRER 21T - 72, 3BRiAG 12 [EHg o HRiEfA oA (W/D) -k
HHESI L, M52IRLTWE ADL D REEHEZRTEICHY 2. X 53 ICHIBROKTFZRT.
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£ 5-11C W, DRBAR 5 kD 10 Kico T FRP E#BEEIC X - CHiE < 6 SaHll L% 5-1
RS XS A AR 2B L . SlERESEERIE (15) ZHVWTEHBL w5, CMEICD
WTIIBIED &RZ CEERHC X 0 FEH L 245%, 0.62mm Th o7z, £ 51 X 0 2R A ZE L Tk
MRS HE RO 50% 2 A 2 EWiERE o7z, THY OFECIBHEAEEEROZ{LIZIE
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W-1 | 160.320 B,C 16.70
W-2 | 168.304 B,D 17.53
W-3 | 158.868 B,C 16.55 16.83 0.02291
W-4 | 157.896 AD 16.45
W-5 | 162.480 B,C 16.93
D-1 | 166.756 B,C 17.37 1698 0.0469
D-2 | 146.640 B,C 15.26
D-3 | 173.300 B,C 18.05 17.14 0.06051
D-4 | 162.052 B,C 16.88
D-5 | 173.880 AD 18.11

1 71.112 4.445

2 64.612 4.038

3 57.640 3.603

4 68.324 4.270

5 69.572 4.348 a1 0117

6 76.196 4.762

7 58.512 3.657

8 81.184 5.074

9 62.200 3.888

10 | 80.940 5.059
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