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Numerical evaluation of performance of steel girders reinforced with CFRP
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Some experiments have shown that carbon fiber reinforcement polymer (CFRP) retrofitting is effective
to repair steel bridges. However, since the design of CFRP retrofitting is generally based on elastic design
assuming complete bonding of steel and CFRP, the limit state design method has not been established. In
this study, in order to clarify the failure mechanism of CFRP-reinforced steel girders, a numerical model
for nonlinear finite element analysis taking into account the elasto-plasticity of the material, debonding and
fracture of CFRP is developed. The model is used to reproduce elemental tests to confirm the behavior
of steel-CFRP composite members after steel material yields. As a result, although bonding of steel and
CFRP is confirmed even after steel material yields, brittle fracture occurred in the case of CFRP failure
or debonding. Furthermore, numerical analysis of CFRP-reinforced steel girders with concrete slab is
conducted. As a result, the reinforcement effect is confirmed even after the steel girder yields. However, it
is found that the load-carrying capacity is partially reduced due to the failure of CFRP, and that brittle failure
occurred due to debonding. Therefore, we concluded that it is important that CFRP failure or debonding
avoids becoming the ultimate limit state by selecting the modulus of elasticity and the strength of the CFRP
used for retrofitting.It is also found that the anchorage of the CFRP edge is effective in avoiding brittle
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fracture due to debonding.

Key Words: FEM,CFRP, steel girder, energy release rate, cohesive model, fracture

1. FLC®HIC

B REEY B 1 2 MREDRIE £ 7213 A EEE 57
DOFAiD—2Iz, REWMRILT I AF Y 7 (BAF
CFRP) ##% Li#EWH 5. CFRP X, mEiilk - EimeE &
Wo ZRE AL TE D, NEMEMIz TRy iR
LEDREEREZHWTCFRP 257562 2T, BR%
V2 & BT RIED & 2 Hk Ot faf 11 10 _E x> B 2
IR Y DMBELHEFTES. CFRP HELBRETH D
ANIEREFRETH B 728, SERTEMEMZIHIL, »
O LIZE W TEMER Y 2 pErE9, THEE®
2 MHIBIZ BB WIFTE B Z 295, CFRP #%
THRIGEEEHINT WS, 2O Tk TIZERA{b
EINTHEVZOMBELHSHTIEH DD EDD, BIE
DOHfifE+EE? T CFRP Lt S —(AMELTWB Z &
ML INTH D, FEREHM O RFRAED A IC X
NTHHT, RIVREBHEHEOHNIVENT WD, %
Z TAWIZETIX, CFRP 2 & % HREEY) OFllE - flisgo
AR FHEARENIZ AN T, M OMEEME, CFRP O #ifE &
Tkl % Z R U 72 IR A IR R 2175 Z it k-
T, CFRP HlEHM DIEIEA = XL Z2H ST S
LBz, ME - TR O W TEUERIZ T 5.

2. BITFE

Rt DREIK & CFRP OHGW & %2 ZE L /- G R %
BT RATS . BITET I TRT 8 i 6 MikEET
PER% U 7z. CFRP XD X T2 A & ST

tp,Lg [y

v}
=

'D

e par] -
B-1 S0 D i 2

LECTHES % HME U, 5IRMEIZEL - H
FEHIRT 22 & THEW 2 BEEIL 72, CFRP-## DR
T D #EfE D FHIRIZ 1% cohesive ET ALY WS, H-1
IZ cohesive & TV DG -FR B BEGRERT. XTI
FAMMEK BL, BEE— RFLIZAFIINL,
BRI t, t, BERTRIVF —BIER G, Gp 2HIE L,
RE Oz HET 2. R OMNERE t,, t 1X, CFRP
AT 2 BEROMNERENLSIEL, HEH
W - BRI TENEN L, = 30 N/mm?, ¢, = 10 N/mm?
U7, BRIV X —MRCRIIEIEE— N1 Tl
Gr' =02 N/mm, E#EE— NI TGr7 = 0.1 N/mm &
UL72Y, RFLTF oMt E—RLOIE@EE U, s
#ID Young H A HAEHKIDEZ 0.5 mm TH| > 72fH K =
4.0x 10° N/mm? ¥ U7=.

NP FEF (1)



800 200 800

wEE AL i —
J’X
125 Sl
z
5 e |
EEE 9
K0 20 575 507 /ITJT
X y
1600 l—' r
mm) (mm)

3. HESMOM SRR
(1) BRITHR

75 >Y% CFRPIZE b iR E 7z HEM (H125
x 125 x 6x 9) ZHW= 4 il RER O IR Er %2
5. CFRP ffi5f & N7z 8 A4 12 5 U CHliRABRIE %
{ATONTWBN, ZDGEMMERETIZ CFRP (X3#]
HELTUE 5720, MidFER#%D CFRPEIM O X8 %
MRTER W, 22T, ZOERIIMMOMITHRARE
Dfitf & CFRP O —& WM % MRS 5 72 D12 T ARWFSEFfT
Tirbirz.

CFRP ¥ — b X, B2 DEERIZRT EDIZRTF
VY R REBIZAL O 1) & 1600 mm THEF ST
Y, CFRP ¥— b 1 J@DJEE% 0.5 mm & U, 5 J@lfiff
INTVWS, B0 iR Tos IEREENT 57
OEETHEZ TS5 LTI i onTnagd). iz,
o SEAAE L BT G 0 (x AT ICEmE hT VWA 7z
&, CFRP J@l3HicERd 5N (yz HIN) THSA
P& i B M TH B, CFRP X, &l CFRP %
AV, Young X x ST 6.1 x 10° N/mm?, y,z /i
MT3.8x 10°N/mm? ¥ U, 5[5EEE X 2089 N/mm?
U7z, #iktcdHs HEME 75— 7L — M D Young
#(3 2.0 x 10" N/m2, Poisson i3 03 2 L7-. HE
& HN—T L — b DRG] % T NZ 4 285 N/mm?,
315 N/mm? & U7z, AREEE TIVIERBRAK D FRE
EERUZ 4TIV EL, MEIEEMNE LT
AT,

(2) BIRMEFER

ERRCiHl S N EANERER-3IZRT. P=
190.3kN T CFRP 2 A8 i e CHEM L, DY 28 %
WA U7, 72, WEWER4 5 5 CFRP (X3t L 7-.

H-3 125\ T caseA-5 & U CHBMTER 2 RT. &
FIEIZ BT 5 FUHE A WIS 5346 & BIREZEE TV DRk
FH B4 1RT. #ERIAD SHIMBER P = 130.3kN %
T CFRP O #IgIdAL = 37, 4 & CFRP IZ—{k & 72
- THPEEE 2R 9. ik FERE:, P = 176.7kN T CFRP
PHEWr L, fEDY 22 %A L7z, B4, P =176.7kN
TlX, A8 H8T CFRP 2 LT\ 5 Z & B3 )
5. F7z, WEHED S R ARSI ASEM L, S
OFIEENIHE D, FEIE LT ARIHER > T VWD, 2
O FHBUENAE R OIMATIE» ST E S ETOROD

200+

CFRPZIE CFRPR
~

caseA-5 —
sor caseA-5b ——

5
e 7W_Lm
=3 ﬁ%ffhéw

TSI

_P=00kN Y 17
e SO 0 e

=11 500 |
——

o570
EEEEE e

ﬁﬁﬁ/vﬁﬁl‘?]
P=160.0kN

e I vmmi =100
e

-—0 0
B4 FEBURNTE A BTS2 A &E)ﬁ[ﬁkﬁ@ﬁ%

RO

B

FH), W K SRR E T X 2 RIEE O R IX R
fRE—HUTH Y, ARERET IV OEBNED R
T&7-.

(3) FEEITHWEDNSA—Y—R55T4

BIET D EEAT TR CFRP O & 0 BHEIZE 5
72, 2T, FHENIATT B5E DR OMERD 2D
IZ, CFRP-#i#REOMNEREZ 30 %, LTIV
X —HE% 30 % & U7z caseA-5b DfFfF 217 -7z, E
-3 1Z caseA—5b & U CIEANBEREZRT. B-5C
BATE & FEE ARG 32 RS, SO ERE &
RS T IV ¥ —fRERAVNE { 725 &, CFRP Mz
FLUTHEOHEEN K Z 5. #HEIXE-5, P = 151.6kN
D& DI, WAEMHEPSIEE D, 2HIZERE L CFRP

ML 7-. ZDREER, B-3, caseA —5b IZRT
O IZRIMEMERIZIN D Z 2 5.
(4 E8

H DSR2 S, HIEM T 7 7 > VR R%E S
fift & CFRP IZ—AMEDER S N T WD Z L D ERRT
E 7z, SR OREREE AT & fElT, CFRP OfEWT A4
U5ZET, Wlrsh S 0HMAER UMtz H
KR &7% o7, %£7-, CFRP OFEEN LT L Tl E 5
e, FEEid 0Bz U CFRP I R L,
Mz k->7. BLEMS, CFRP ORLW - FEE e 120
PER e Y 72 B 2 W R B,

NEREE T (2)



ST

P=0.0k Y 7
""""" s ’_ FRERET)

p=1476v [0 fﬂvl-

@i&ﬁi()(x

P=15L60N [T ﬁ
_

| RECAMIGH
| (N/mm?2)

it . =
R B .

B-5 REDNTA—R—%30% & L7z
i & AW DRk T

BEOEAWNIGH S

4. RCIKhNRZHET S AHT DEENT
(1) BT REROBITER

B-6 1273 & 57 RC KR ZH T 2k D 4 mih 1
HEROBAEMRT 2175, ZOfFfrick-oTarv oy —
N RIRRR % & & 72 8T D CFRP #i& - #2351 58
MEERE, WIEIZELEEHE2HS T 5.

HIED HER L FRRIZ, Bl-6 DEHEMIZRT LI
77 VY FHi% CFRPIZ X D HiEL TW5. SiiTD
Young %1% 2.0 x 10° N/m?, Poisson khid 0.3, B#{RIG
J1% 355 N/mm? & U7z, R > 2 Y — &, Young
#% 3.0 x 10* N/m?, Poisson kb# 0.17, &5 EHME O
THE03 DL L. BHE D3 EAVEIEEL,

Young %% 2.0 x 10° N/m?, B#{RJ5H1% 345 N/mm?
U7z, BRI E2ZE L 14 €TV E L,

HIFRHEME UTEZ 2.

CFRP ¥ — b DA D2, fE A0 A DB R
% caseBO IR, F7z, IMHOREBBEEBEL, A
XV 1480mm DHFHDO N7 J v Y EE%E-6 D]
HIWITE N2 239 & 5 (8T UARIE % 20mm 525 15.5mm
WA X

CFRP ¥ — N ORI A7 <, BIGE2 AT 2RO
EE % caseBl ZIE,

-7 Z caseBO & caseB1 O 7fuf EE-Hkfnf s 22 A7 B4R %
ARY. caseBO TIIFHAMIM:AY 61 kKN/mm, caseBl1 Tl
58kN/mm & 720, G X D HIMED 4.4 %K T LTV
5. 77, caseBO TIHANVHFLDOTTI SV INP =
1177kN T, caseBl TlX N7 7 v JVEEEH P = 852kN
TR T 5.

(2) CFRP OIEHEIC & 2 D&

HIED H R L FRIZ, B-6 OEHEMIZRT LS
CHEEGEAETSRO T T T VY R HE 7420mm OFipH %
CFRP (Z & O #lis® L 7=. CFRP (% 1 HOJE/E% 0.5 mm
U6 IS L, Ml (x dlsm) (SHkiE % fidm L
72. WATD Young 3A32.5 x 10° N/mm?, HEEiREHS
3.4 x 10° N/mm? T®H % #i#E CFRP Ziiff L7=ET

TR EE

BEE g 220 2800 RO
[ o I
8620 CFRPY—h
EEX 7420
e
p— 500 ' HrES
HrEE §] @Q LA AT @3
)N
Elgojzo = i;'y(mm)

E-6 RC MKl 43 2 Bk

V% caseB1-C1 £ IFES. Young 2% 6.4 x 103 N/mm?,
W R A 1.9 x 10° N/mm? TdH % &t CFRP % i
HUZET IV % caseB1-C8 & X,
WIS RO M EAA MR %E R T, caseBl-

Cl, caseB1-C8 TIZAIHAMIME A % % 1 60 KN/mm,
62kN/mm & 7o 7z, TNF AR caseBO & LIRS
%&, 99 %, 102 % x THIELEIEL TWA. Sl iduy
THhETT T VY OEERBIH SB#RT 5. caseB1-Cl

X247 15mm (P = 902kN) CTHi#F AR 5. ks
Bk, 247 28.6mm (P = 1313kN) THEFSFRIRER
fJ3C CFRP FLH#IHEA G £ 5. 247 39.8mm TIKRAK
DEEI IS E 5. 247 40.4mm T CFRP 234 £ L,
B-7 \ZRT & DT, REHED caseBl L FIEDMEF
T TS 5.

caseB1-C8 TIZZ AL 15mm (P = 945kN) Tkl K
R 5. ZDHZEN 23.6mm (P = 1285kN) THiMFEIR
AR D CERP DS U 7=, o 2 45 U WIEE]
BEERIR E W EHME CFRP % 854 L 72354 (caseBl1-
C8) , {42y FFEE F COMM I EENEL R SN
72Dy, BEWTIREOD 72 0 AU BEIR I D 1.5 f5FRE & LRy
EHEZ RS 5. &> T, CFRP O#MERP Y — D
FERZEYIORET S RE LT, WL -+49%
RERBEL DD, MOWEE—-RANFEET L L
DEFELWEERD. —H, KEVEWREZZ2ET 55
R CFRP % Hhif) U 72454 (caseB1-Cl), it CFRP
EEREVHIMEEERIZE ST, WA EES R
&M CFRP & lbEgd 5 ¥ {K\. CFRP DHLHT A
Z Dz WAy, CFRPHIMAHOREES LI 5. ZD
%4 CFRP OMERER + BN T Z e N TE T, Bl
HiE b D o7, ERS T 7Y — MRIK
Wi % B3 28k OFE - #EEEHI B W T, KIRD
R AR RREE & A7 U, RO JEEE £ T CFRP O
Wi - FUEETEET 2 KD ITREIT A Z e REFLVWEE
5. KOEEEZEFREE UKD > 7Y — K
DRIE A FMERNZ T 2 Z 2T, HoimnEEA L Hil
TAHRZEDARETHDIEEZ .

ENS)



1500+ 4
CFRPHH. P —
P \\ o
— (7]
g 1000
i
ey
%% sl / o itk E0
n GRARERR caseBl
caseB1-C1
— caseB1-C8
% 20 70 50 80
i fi( mm}?
K-7 RC [KiR % A9 5 SiH T e 20 B %R

(3) IMERESEME L /=@

HiE X ©, CFRP DWWz /T U CHIEEM R X 3 & %
SR ST, RN R s Z b
Mootz F7-8MBEGH S T8 OER P K E L,
CFRP QN Z 0 2§ <FHINEPBETH B & \»
Z 5. = ZCHEHZXT 5% L LT, CFRP ORLD £}
I A EER E RV N R HWTINT L, F 2
Hil9 2 flE TIRIZ DOWTHRETT 5. B-9 D caseB1-C1f
JEHXIZ R Y & 512, CFRP /SO {417 s > 200mm
EEENTMT T 52 L 2KEL, Z OHIFHIZ XM
& CFRP THimz# AL, LRI SR VWbDE L
7-fi#ffr 247> 72. CFRP ¥ — M L& H8E CFRP % W
5ZrEl, fRITKEE% caseB1-CIf & LS,

-8 (T EE-H AT AN B fR %, -9 1T caseB1-Cl
& caseBI-CIf DHEEDOHE L HREFZET IV ERT.
UHEAN T A3\ caseB1-C1 & [Alk§IZ, caseB1-CIf T
SRS D S D IR F D BT 5. caseB1-Cl

13247 40.4mm T CFRP 2’ £HFEEL7~. Lo L,
caseB1-C1f Tl CFRP ¥l TORIFRIZ & 0 FiED i
EAHIE X v, FIBEHFE I AN R & 1700mm 72
EETIZRoNTSED, 2EAEHIEES o7z,
-8 IZRT & ST caseB1-Cl & HiRT 5 &, caseB1-Clf
TIFREEIZ X 2 RERMAHOE TR SN, £
A7 38.7mm TIRIRDJEIE, 2L 45.2mm T CFRP D
WiDMA E O IRZ IR I AME R Lifeb 5. caseB1-Cl &
9 % & caseB1-Clf 1%, -9 DZA7 50.1mm DT
RY LD ICHEEFF DR EHTH B 72O K ERMED
ETNEIR ST RETH D WR 5. Bz, i
Wr Lz < < FEEA AT T 2 E9RE CFRP IR L Tl Z
DTIEFZENTHD L VRS,

5, ¥&o
H B2 O 5 5, CFRP DM, CFRP-844 5
DFIEIF & ITHEMERRI MRN8 b 2 e aho
7. MRITRERZHEE A, SdSEM OMEREHZ B W
TIRUTFTOZ EAMEREINS.
o MEMHZX U CHARLERMEMMAET S L DT
95, UL IIMIOMIEE - RALHFET 5,
o CFRP DREWrZ 4T U CHRmE O FBEDE & 5154,
Fa 7l 0 AT EEBA LS UTH2mRlEE?

RVAE

1500 -

\CFRP@E?‘J%&

<1000 CFRPRIBERAM:

e

i

g

- 500 | ® SEAARFIR  —— caseBl ]
B RhREE caseB1-C1

— caseB1-C1f

0 ’ 20 . 40 60 ' 80
. Eiz A fZ(mm)
-8 IEEINT 2 ME L7 ﬁ 1‘ Tir B2 B R
caseB1-C1 caseB1-C1f

TFIT
HREERE

! ST 200pm
e

ABTERE

EEN

FITT

IS EEE
'

P=1313.3kN HEAHE

Z4i728.6mm

P=1303.5kN
Z4i728.8mm

{ P=1408.7kN
i Zf740.2mm
i

P=1286.0kN
Z740.4mm

i P=1455.6kN
t Z{I50.1mm

FpoHE
8
S5

-9 caseB1-C1 & caseB1-C1f DR[O HER L HRERET IV

BTSN\, U722 - TRIERIZ & bR FIReE &
HZ LB, T RRRBENET S,
¥ 72, RCIRIZET 2O RE2EE X, TD
FEZREIZE LU T O R 257,

o IV ) - NDEEERKFIREBLT B LT,
CFRP Dl - 2z & RREBL AT LD &
PR IEANEFET B Z LD A[BETH 5.

e CFRP D#iMER 5RIEIZ & - T CFRP D& EIKEE
I3¥72 0. CFRP 2@ EET S Z & T, E
E-RFOFEIPRETHDLLNVZ B.

o Uil A EEWAR EIZL DT L, CFRP O 4
RN B Z 2T, FEEAEREL 2D 5 & HliRsh
HAERBEIRLIENTES.

SE Xk
1) BENL - RS - ASEL M INTT 7 5 2 DI

% EHIE CFRP A O FIBER - 5752 B 3 5 SBRIM AT 5E,
R T3 08, Vol.57A, 2011, 3.

2) RISAMEATRFEEABETES: HAEEY ) —

09 FRP 3512 & 2 W& o wils - winkis st (£), 2018

3) EfE—4 - FARY - ILRNIK : FRP #3512 & b s S 1
7= SRR D 35 TS e 3 D BUE I A 12 BE 9 2 AR IR

&, K 30 EE RS HAL AT SRR R 2, 2010.

4) A.Needleman : Some issues in cohesive surface modeling,

Procedia IUTAM 10 ,pp.221-246, 2014.

5) JHASIL - ANPREH - R HE R A - fra%r’ﬁc
Ef : SHERM o BRSO fifgIZ

BT S ITRISE, LAY
No.4, pp.806-813, 2008,11.

EHFH - BRI
BT B RS — M
R A, Vol.64,

2022 F£2 B 1 H1#H)

ERC))

| amERE

FREORBHE



