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ABSTRACT This paper aims at examining the effects of sustained load and elevated temperature on the time-dependent deformation
of a carbon fiber reinforced polymer (CFRP) sheets bonded to concrete as well as the pull-off strength of single-lap shear specimens
after the sustained loading period using digital images. Elevated temperature during the sustained loading period resulted in increased
slip of the CFRP composites, whereas increased curing time of the polymer resin prior to the sustained loading period resulted in
reduced slip. Pull-off tests conducted after sustained loading period showed that the presence of sustained load resulted in increased
pull-off strength and interfacial fracture energy. This beneficial effect decreased with increased creep duration. Based on analysis of
digital images, results on strain distributions and fracture surfaces indicated that stress relaxation of the epoxy occurred in the 30 mm
closest to the loaded end of the CFRP composites during sustained loading, which increased the pull-off strength provided the failure
locus remained mostly in the concrete. For longer sustained loading duration, the failure mode of concrete-CFRP bond region can
change from a cohesive failure in the concrete to an interfacial failure along the concrete/epoxy interface, which diminished part of
the strength increase due to the stress relaxation of the adhesive.
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Table 1 Mechanical properties of CFRP and epoxy

Property CFRP Epoxy
Yield strength - 54 MPa
Yield strain - 2.5%

Tensile strength 3.8 GPa 55.2

Elastic modulus 227 GPa 3.3 GPa
eﬁggfn 1.67% 3.5%

Poisson’s ratio - 0.4

All material properties are provided by the manufacturer

25
R:Reference point
I M:Measuring point
<— CFRP sheet
)
— == /Steel plate
M6 /
¥
t Ré6a I;
- 3 —
3 of |-
« mifel (| | 1%
I%
v o 3“’
[}
. Ay
concrete Ig
Lo R1| —~—
—
127 |

Fig. 1 Specimen details, dimensions in millimeters

Table 2 Test details

. Epoxy Temp' durmg Sustained
Specimen . . sustained loading . .
curing time loading period
1D (days) or dwell (days)
y °C) y
TP-1-C -
7 30
TP-1-SL 75
TP-2-C -
7 21
TP-2-SL 31
TP-3-C -
90 30
TP-3-SL 79
TP-4-C -
90 21
TP-4-SL 153
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Fig. 3 Sustained loading tests at (a) 21°C and (b) 30°C,
dimensions in millimeters
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Fig. 5 Possible failure modes in a single-lap shear specimen
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Fig. 7 Effect of temperature on displacement of CFRP sheet
at measuring point M6 for different epoxy curing times

2 3702 AFAE H3 gholoh Fig. 7004 B vhet 2
o] 74 7te] o FA] FAY 7 7HS A A A|(TP-1-SL/TP-2-SL)
T FE 25 21°CHT30°Co A ] B2 HE S Hof 9]
TH58% 5 7h). L8] L 90U o FA] FA 713HE AR AP A
(TP-3-SL/TP-4-SL)%- 3} 30°c0ﬂ/\1 112%°] ¥ @2 \ds
Hol Fo A& atgg 71 F AskeE SA HE o] %
M67d o] MEe Ao Aol= QAT FHER F7tsto]
S| ;‘q. oA §]_E]u:]/q Q] 4 3t %} = (_":E-'ﬂg].] 7].‘:. 75]?‘%1:0] nE
APFA A AZEH AT 53], 749 FA7HE 7ML Q)
= A A(TP-1-SL/TP-2-SL) 9] 73-F-, 30°Cel| :=E¥ A A
(TP-1-SL)7} ©] W2 &5 2 kg glu]= AeS Ho] 9]
o REH 90 2] oA 717HE %1 A FA|(TP-3-SL/TP-4-SL) 2]
A9 e AEgs BolFa vk oleh e AL
Jaipuriar®”7} 5L 3 ol F A of) A A g F 2] 3= A Fof| M= 5
AstA BE QAT o] o FA 9] A= WY AEol o
AHAGA P 2] 2= Y Aol et dFS T+
° = FtEch

rr
Y

3.2 AHECZ=AY o

Ry
_OL
2
b
#
Ry
Ay
ol
ol
ofy
Mz
et
i—";
=
=
o,
2
é
e
_>i

ol

/\laﬂl)% Al /\] 5]_0:1 [©) U:] ;Hzx\] I3} xﬂ Egz“z

2 AN ol el M FEA Y

I 5k, Al vk o U #], DIC A 2} 5L+
= 7|est =S otk

~

oo
|

e Ok by
4T 1ok alo
DY,

&g
ik

Koo b
Mo & ol 9 ofy

o, ol o
k%)

&

g

1
i)
[nt
ol
>,
|o

3.2.1 XHEATOE (Peak loads)

Table 3& QA 159 B AchF Al abg o 2ta
3 Ay e o] A% o, £k, B o %A ol
713k whE &IHE WEE(%) 2 o1l 3T} Table 39
W8 (0%) )2 9l oA W] oja) H o) s
ahgo] S7he19l e & R &) 9 onl g o)
ST} Table 404 = A5} o1 2ol ) 521 54
# g 73y,

SR N EA BN R BE A% 55 A

CIXIE oloIX| 2ME &

o
A
I
ol
ﬂ
y

H
lo
i
oo
rik

Table 3 Bond test results, peak loads, Ppnax

, Effect (%)"
Specimen | Prax ; :
D (KN) Sustained Higher Epoxy
load temperature | curing time
TP-1-C | (a)5.55 (alc)+8
TP-1-SL | (b)6.33 | (b/a)+14 (b/d)+0
TP-2-C | (¢)5.14
TP-2-SL | (d)6.32 | (d/c)+23
TP-3-C | ()5.79 (e/g)-1 (e/a)+4
TP-3-SL | (D6.51 | (f/e)+12 (t/h)-1 (f/b)+3
TP-4-C | (g)5.86 (g/c)+14
TP-4-SL | (h)6.60 | (h/g)+12 NA®

Dp/a=(b-a)/ax100
@Comparison(h/d) was not made due to large difference
in creep duration

Table 4 Bond test results, interfacial fracture energy, Gy

, Effect (%)

Specimen Gy ; :

D (N/m) Sustained Higher Epoxy

load temperature | curing time

TP-1-C | (a)544
TP-1-SL | NA®
TP-2-C | (b)545
TP-2-SL | (¢)639 | (c/b) +17
TP-3-C | (d)565 (d/e) -1 (d/a) +4
TP-3-SL | NA®
TP-4-C | (e)571 (e/b) +5
TP-4-SL | (D646 | (fle) +13

70| CFRP 4|E¢9} 232|E9]

Db/a=(b-a)/ax 100

@NA:data are not processed because LVDT data are not
available

®Data are not available due to testing error
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Fig. 8 Effect of sustained loading duration on peak loads
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10 Comparison of strain profile along the CFRP bonding

area from DIC/strain gage results: (a) TP-2-C, (b)

TP-2-SL, (c) TP-4-C, and (d) TP-4-SL
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Table 5 Bond test results, percent of failure mode

Specimen Failure mode (%)
1D cc® CE® IF®
TP-1-C 9 0 91
TP-1-SL 15 0 85
TP-2-C 5 0 95
TP-2-SL 26 0 74
TP-3-C 25 0 75
TP-3-SL 30 0 70
TP-4-C 12 0 88
TP-4-SL 10 0 90

MCC: cohesive failure in concrete
@CE: cohesive failure in epoxy
OIF: interfacial failure
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Fig. 11 Percent of failure modes for various sustained

loading durations: (a) Interfacial failure and (b)
cohesive failure in concrete
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