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Damage and Failure Analysis of Brittle Structural Elements
Reinforced by Carbon Fiber Sheet

Hidenori TANAKA, Yutaka TOI*, Kazunari MAEDA and Takahiro SAKAI

*s [nstitute of Industrial Science, University of Tokyo,
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A constitutive equation for elasto-plastic damageable solids is formulated by using Drucker-
Prager’s equivalent stress to analyze the damage failure behavior of concrete structural elements
reinforced with carbon fiber sheets. The forumulated constitutive equation is implemented in the
two-dimensional finite element program to simulate the experimental results. The constitutive
equation is identified by using the uniaxial, compressive and tensile test results for concrete and
carbon fiber sheets. The finite element analyses are carried out for real-scaled cantilever RC slabs
with and without carbon fiber sheets. The calculated results are compared with the experimental
results to illustrate the validity of the proposed method of analysis.
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Fig.1 Compressive stress-strain curves for concrete
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Fig.2 Tensile sticss-strain curves for concrete
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Table 1 Material constants for concrete

E(Young’s modulus) 30.0 x 10° MPa

v (Poisson’s ratio) 0.17

a 0.72

0 y(yield stress) 0.75 MPa
K(plastic hardening) 400 MPa
n(plastic hardening) 0.215

S 0.215% 10 MPa
S 1.55

epd 0.00

Der 3.13x10°

= = =EXPERIMENT —— MODEL|

2000

1500
s —]

/

L L 1 L

0 1000 2000 3000 4000 5000
STRAIN

STRESS(MPa)
o 2
8 8

o

Fig.3 Tensile stress-strain curves for carbon fiber
sheet
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Table 2 Material constants for carbon fiber sheet

E(Young’s modulus) 668.0 X 10° MPa
v (Poisson’s ratio) 0.0

a 0.0

0 y(yield stress) 900.0 MPa
K(plastic hardening) 1700.0 MPa
n(plastic hardening) 0.0975

S, 0.0285 MPa

S, 1.755

epd 0.00

Dcr 0.011283

Table 3 Material constants for steel bar

E(Young’s modulus) | 205.0 x 10° MPa
v (Poisson’s ratio) 03
a 0.0
0 |(yield stress) 345.0 MPa
K(plastic hardening) 0.12x10* MPa
n(plastic hardening) 0.12
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Fig.4 Test specimen [mm]
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Fig.7 Fracture of test specimen without carbon fiber
sheet

Fig.8 Fracture of test specimen with carbon fiber sheet
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Fig. 12 Damage distribution
(with carbon fiber sheet)

Davyy— VBRI 7y 7 BREL, WHEGHA
ADERERBRONBFER Lo, TOHRICDOVT
i, HEHray ) - bOEBRONERELZES 2
AL H Y, ZRIGE TV B 5\ 8k O S M
FRELARBITETVOBEEEZ TS,
REBMEY — VEBEOBAOEBRERICIOWT
X, B2 ORT & O, WMoty 7 v 77120 TES
RESE— P TERO2 Y2 V= OUFRIZDWT
b, ERER L BIFHLT 2BRBES L, BRI
O 7y 7 FERTRIE, BRCE2EAPR S0
3., ZOEBEZESEHOE T IUVEBREEL THw5 EF
ZoNdh, EBRICBITLHZ 7y 7 BT X 3 2
KOfEr 5y 7 OFRICHELTB Y, BEMICEER
Fam e HE s s,

¥ E-EAHRICBLT Y, M3 TRT L5,
RERBEME S — b OSHENTEE, ABICTWEMET 3 2 Mt
WO TR R T ERER Y RIFCEBET A 2 &8
TEJ. 25T, BAMB D EBRMED 77 kN 5t
LT82.5kN &xy, BiFcHitL, &8, K11
BIUHEI3 L, ZEHEHELRATHES
T-oTtwal t2AELTHL.

5. #&

S

AWIZE I, BB — M IC X DR S 8RB
Iy ) — MEEEROBEHIERNT I, BIEHFEC
O HMEEREERIEREA T X N LS
RTERESELZHEA L. TOBER, UTOMRS
JUBRENB LN,

(1) Drucker-Prager OAE¥N G % Vv 738

[ - “EXPERIMENT(with CFsheot) ——20-FEM|

80

=
3

LOAD(kN)

.
=3

20

0 5 10 15 20 2%
DISPLACEMENT(mm)

Fig.13 Load-displacement curves
(with carbon fiber sheet)

BEEERC LD, av 7 ) — B X UREREY —
FOEH-UT ARG ERIFICAET 5 2 LSHERET
H5. t

(2) EEaNBBHSARIE, RCERICBT 27
Sy 7ERPRIFCERLTEY, REMEY — M2
X omEsnicar Y — MEEEROBGEFHILIC
BEIEETFARNBRATH 2 Z E83bd 5, i,
REMEY — NTEO 2 > 2 Y — b O USSR
WEHli s NI Z & i, REREOFAEZRL T
3,

(3) SHEHOETTIX, SHERE, &5 0SmE
B L ORTEFEO T R EREE L 708, fi
BRI D W T S RBRER L BBl RIFICH
BLTW, S5B/BERALES L U—RIEOHI
iF, BAEBEOEA, SN T OMRRBRERIC
EOBEEREERENRELEZONS,

(4) av7)—rEEmcE, Eafl - BEHL
% ERE LT REE - RS SHBAAR M L85,
LD EER AT F Y ARTD e, LFEHZ
REEEL, MBRESSIC L 2 NENRAEREGH 2
i, The OEREEEERMICERT 5 2 LPER
ThbH, KREOROEEL LT, REMEY — b
B nizarr ) — VEEEROREFBGEE, BF
MR C DD TFETH S,

ApigEDa >y 7)) — MEEFEOZERICEVLT, &
BAEDER» SHT & CHI 2RIy T 2 /Y
— R (BR), REBEHMEY —  OREEZ Y- A% Y
RO w b (BR), REMEES — MERTRICHT 285
EZ0) YT CEEERT.



(2)

(3)

RFERRME S — M T & DRSS N MRS B3R D IR R AR 411

X [

Lee, H.S. et al,, Finite Element Analysis of Effect of
CFRP Sheet on Flexural Performance of RC Beam,
Proceedings of the Japan Concrete Institute, Vol. 18,
No.1 (1996-7), pp. 1065-1070.

Liu, Yuqing. et al., Nonlinear Finite Element Analysis
of Reinforced Concrete Members Strengthened with

Carbon Fiber Sheets, Proceedings of the Japan Con-

crete Institute, Vol. 20, No. 3 (1998-7), pp. 1-6.
Murata, K. et al., Mechanic Characteristic of RC Beam
Strengthened with Carbon Fiber Sheets under
Dynamic Load, Proceedings of the 47th Science Coun-
cil of Japan Materials Research Conference, (2003-10),
pp. 29-30.

Abe, T. et al., Research of Mechanic Characteristic of
RC Beam Strengthened with CFS and its Rehabilita-
tion Effect, Proceedings of the 53rd National Congress
of Theoretical & Applied Mechanics, (2004-1), pp. 215-
216.

Polak, M. A. and Vecchio, F. J., Nonlinear Analysis of
Reinforced-Concrete Shells, Journal of Structural
Engineering, ASCE, Vol. 119, No. 12 (1993), pp. 3439-
3462.

(6)

(7)

(8)

(9)

(10)

an

(12)

Lemaitre, J., A Course on Damage Mechanics, 2nd ed.,
(1990), p. 95, Springer.

Cipollina, A. et al., A Simplified Damage Mechanics
Approach to Nonlinear Analysis of Frames, Computers
and Structures, Vol. 54, No. 6 (1995), pp. 1113-1126.
Peng, X. and Meyer, C, A Continuum Damage
Mechanics Model for Concrete Reinforced with Ran-
domly Distributed Short Fibers, Computers and Struc-
tures, Vol. 78, No. 4 (2000), pp. 505-515.

Al-Gadhib, A.H. and Baluch, M. H., Damage Model
for Monotonic and Fatigue Response of High Strength
Concrete, International J. of Damage Mechanics, Vol. 9
(2000), pp. 57-78.

Toi, Y. et al., Element-Size Independent Elasto-Plastic
Damage Analysis of Framed Structures, Transaction
of the Japan Society of Mechanical Engineers, Sevies A,
Vol. 67, No. 653 (2001), pp. 8-15.

Toi, Y. and Lee, J.G., Element-Size Independent
Analysis of Elasto-Plastic Damage Behaviors of
Framed Structures, ICCSA2005, Lectures Notes in
Computational Science, 3483 (2005), p. 1055, Springer.
Owen, D.R.J. and Hinton, E., Finite Elements in
Plasticity : Theory and Practice, (1980), p. 223, Pinerid-
ge Press Limited.




