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ABSTRACT: CFRP strengthened concrete specimens were subrnotetelerated ageing conditions (4(
and 95% R.H.) and the time evolution of the adresiond strength was monitored using either pulleoff
shear loading tests. In a parallel investigatidiects of hydrothermal ageing on the microstrucwiréhe bulk
epoxy adhesives were assessed by means of tharalgé@s and tensile tests. From those experimémias
found that the property evolution of the concre®#Hoonded interface is primarily dependent on #msisiv-
ity of the polymer to ageing conditions, but alsotbe type of test used for the mechanical chaiaateons.
These trends were supported by numerical modeksgdbon finite element analysis.

1 INTRODUCTION sen, i.e., a temperature of 40°C and a relativeidhum
ity of at least 95%. Such conditions were intentted
accelerate the moisture sorption phenomenon, while

tures have met a growing popularity in the Iast—deckle;Sps'nt?awseitit;r:nfeer;atgrrgn}/gugJgsga%elgvgftgerngfgril
ade. If the effectiveness of the technique is nowe P 9 9

widely recognized (Pendari et al. 2008, Hamelincured epoxies used In construction. )
The present paper is structured as follows:

2002), many questions remain regarding durability . " ,

issues (Karbhari et al. 2003). In a more genergl, wa gﬁgsere%;elfeﬂat'on and storage conditions ese fi

durability aspects are still to be addressed farcst . y I :

tural assemblies involving adhesively bonded joints ahgelng behawé)rs .OI] the con_s'ﬁltutlveh materials ar

(Cognard 2006). tdehn presented, with a special emphasis on epoxy
Design guidelines for FRP strengthened concrete gno?r?é\;ess’ection is devoted to the property-

structures usu ally introduce safety coefflmentsth:&j evolutions of the ageing FRP/concrete interfaces

FRP properties, to account fpr possible gjeter|ora- which were assessed using two different characl

tions of both the composite reinforcement itseld an terization methods: the usual bull-off test and a

the adhesive bond under service conditions (Ganga- single lap shear teét A arentpevolutions are dis-

rao et al. 2006, Karbhari et al. 2007). In recedry, 9 d P the liaht f' thpp . its obi

extensive researches were undertaken to inveStigate%Jrsii%ivligualec:)gnsti('[)uentesprewous resufts obine

the environmental ageing behavior of FRP/concrete in the final part, a finite élement approachinis

bonded _mterfaces (Grace et aI._ 2005, Yang et al. plemented to va’lidate the experimental study

2008, Silva et al. 2008, Marouani et al. 2008). Mos '

of these studies showed significant effects of wet

environments (direct immersion or exposure to wate

saturated air) on the long-term performances. 2 SAMPLES AND STORAGE CONDITIONS
The present study focuses on two FRP reinforce2.1 Samples

ment systems commercially available on the Frenc%

Applications of Fiber Reinforced Polymd&FRP)
composites to the strengthening of civil infrastruc

he two FRP systems under study (dend&édnd

2 are commercialized by two different manufac-
urers.S1 and S2 are based on unidirectional pul-
n&gded carbon plates of respective widths 100 and

market, both based on a unidirectional pultrude
carbon plate associated to a bi-component/roo
temperature curing epoxy adhesive.

Concrete specimens were strengthened usi
these two systems, and the ageing behavior of bo
the constitutive materials (concrete, epoxies, CFR
plates) and the bonded interfaces were investigate
In this regard, specific ageing conditions were-cho

mm, respective thicknesses 1.4 and 1.2mm, and
,l_c,espective Young’s moduli of 163 and 165GPa. Spe-
aific bi-component epoxy adhesives (denokgabl
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andEpo2 are respectively used for bonding of sys-odically removed from the chamber in order to be

temsSlandS2 according to the product datasheets. tested. Results of the various characterizations wi
FRP strengthened concrete blocks were specifbe presented in the next sections. In all cases, th

cally designed to enable multiple mechanical charadirst test session corresponds to the initial sthtine

terizations, as shown in Figure 1: concrete comprespecimens, just before starting the ageing treatmen

sive strength can be measured on samples cored

from the previous specimens, according to EN 12

390-3 standard (2003); adhesive bond characteriz8& AGEING BEHAVIOURS OF CONSTITUTIVE

tions of the concrete/FRP interfaces can be per- MATERIALS

formed either by the pull-off test according to EN

1542 standard (1999), or by a single lap shear te§t1 Evolution of the concrete compressive strength

previously detailed in (Chataigner et al. 2009). Compressive strength of the concrete material was
ot measured on cylindrical samples cored from the
Shear strength CFRP strengthened specimens, at each test session
— With ageing tim_e, a slight and p_rogressive increase
m::ferﬁ;tsliveO 2101”" was observed in th'e' compressive strength values
_ ¥ )& 210 mm (from 35 MPa in the initial state to about 43 MPa a
) 410 mm ! ter 20 months). Such a trend was expected dueeto th
Figure 1. Detail of the CFRP strengthened specimens continuation of the hydration process in the warm

and wet ageing environment.
Concrete blocks were prepared from CEM Il 32.5 , .
cement and silico-calcareous aggregates with a w}‘%'2 Evolution of the CFRP plate properties
ratio of 0.55. A maturing period of 28 days was ob-Tensile tests performed on CFRP plates from sys-
served before the application of FRP reinforcementsemsS1andS2did not reveal any significant evolu-
For each FRP system, a series of 39 reinforcetion of the material stiffness over ageing time.
concrete specimens was prepared; this number w¥oung’s moduli remained unchanged with values
intended for 13 test sessions corresponding terdiff around 160GPa.
ent periods of ageing (3 repeated tests per s@ssio . . .
Bonding of the FRP systems was achieved by a pr<r)§-'3 Ageing behaviors of the bulk epoxies
fessional staff according to the guidelines. TheViass uptakes of the two ambient temperature cured
bonded length was 200mm on each specimen. epoxiesEpol and Epo2 were first monitored as a
Besides, samples of the bulk epoxies were alsfunction of ageing time (Figure 3 a). Fickian behav
fabricated, either parallelepiped or dumbbell skape iors were observed for the two systems, but with a
in order to study the moisture sorption and perfornmuch higher saturation level fdEpol (~2-2.5%)
thermal analyses and tensile tests. Figure 2 shoviisan for systenipo2(~0.8%).
some pictures of the various samples. 3
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Figure 3. Mass uptakes (a) and evolution of thegjteansition
temperature (byersusageing time for bulk adhesivepoland

Figure 2. Test samples for bulk epoxies (a andri) @FRP Epo2

strengthened blocks (c)

Changes in the glass transition temperature (T-g) in
2.2 Ageing conditions duced by ageing were determined using a modulated

A curing period of 15 days at room temperature Wadlfferentlal scanning calorimetry (MDSC). Observed

observed before the first test session. Then, mpﬁarlatlons (Figure 3 b) were ascribed to the compet

were placed in a climatic room under ageing condigion between two antagonistic phenomena: the post-
tions (temperature of 40°C and relative humidityCurlng of the adhesive leading to an increase in Tg

higher than 95%), for a total duration up to 20and the plasticization effect which produces the op

. . osite trend. The two systems exhibited very differ
months (628 days). Series of 3 specimens were pelE’nt behaviors: a large drop of Tg was observed for
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Epol (down to 30°C), which indicates an extensiveLo
plasticization due to moisture sorption; differgntl
Epo2 showed much more limited plasticization ang
kept its Tg value higher than 60°C. S 60% -

Tensile tests were also performed and the stre§s-
strain curves obtained after various periods ofrage & “" ||
are plotted in Figure 4. Tensile characteristicshef 2% 4t
two ageing epoxies both evolved from an elastic
havior toward an elasto-plastic behavior, with a de ™"~~~ 09 T
crease in strength and an improved ductility. Hov- < < < € © & S A &6 @
ever, ductilization was much more pronounced fi & Testsessions comeacianre  Testsessions D)
E_pol_than forEpo2in line \_N'th the extensive pIaSt" Figure 6. Evolution of the failure mode for specimef type
cization revealed by sorption and DSC eXPeriments.g 1 (a) ands2(b) after pull-off tests.
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4.2 Single-lap shear tests
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Figures 7 and 8 display respectively the evolutions
of the maximum shear loads and failure modes for
ageing specimens of tylandS2
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This part investigates the property evolutionsh®f t rigyre 7. Evolution of the maximum shear loagtsusageing

adhesive bond during ageing as determined using thge for specimens strengthened by CFRP sys&tasdS2.

pull-off and single-lap shear tests. oo
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4.1 Pull-off characterizations
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Figures 5 and 6 depict respectively the evolutiohs . |
the pull-off strengths and failure modes for ageing
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S 5
E s Figure 8. Evolution of the failure mode for specimef type
E '1 | S1(a) andS2(b) after single lap shear tests.
g
il R B Failure mode of the shear tested interfaces
%, 100 200 200 200 evolved for both systenfS1andS2 from a concrete
Ageing time (days) failure toward a failure within the glue layer. $hs
Figure 5. Evolution of the pull-off strengthersusageing time ~ CONSistent with a deterioration of the glue prapsrt
for specimens strengthened by CFRP sys@frandS?2. after ageing, as shown previously on samples of the

bulk epoxies. Surprisingly, no significant evolutio

SystemsS1andS2exhibited very different ageing ©f the maximum shear load was obtained for the two
behaviors: a large decrease in the pull-off stiengtSystems, despite the change in the fracture mode.
and an evolution of the failure mode from a sutwstra Complementary data provided by a strain gage in-
failure towards a cohesive failure within the gluesStrumentation revealed that the shear load transfer
were observed for systeBi, whereas no significant @long the joint is affected by ageing (increas¢hef
evolution was observed for systeB2 This point transfer length due to the plasticization of theeg)
will be discussed further in the next section. which might explain the unchanged shear capacity.
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Another point is the divergence between the pull6 CONCLUSION
off and shear test results. The pull-off methodudie
showed a deterioration of the adhesive bond charatn this work, ageing behaviors of two FRP strength-
teristics for systen®1 (based on glu&PO1, which  ening systems based on pultruded carbon plates have
undergoes a large plasticization during ageing), bubeen investigated. Ageing conditions consisted in
not for systens2 Differently, the shear test revealed exposing specimens at 40°C and 95% RH.
a marked evolution of the failure mode for the &8sy Investigations on the bulk materials revealed that
tems, suggesting bond deterioration in both cases. both adherents (concrete, carbon plates) did not no

It is believed that the pull-off test is less sémsi  tably evolve during ageing, whereas epoxy adhesives
than the shear test to ageing induced changesin thnderwent more or less severe plasticization effect
adhesive bond properties. depending on their formulation.

Adhesive bond characterizations relied on pull-off
and single lap shear tests. It was found that tesil

5 FINITE ELEMENT MODELING the two methods were not always correlated. The

Finite element approaches were then implementesgear test revealed a clear evolution of failurel@so

. .1or the 2 FRP plate systems. The weakest parteof th
using CESAR-LCPC software (CESAR 2010), in ssamply, initially assigned to the concrete sabstr
order to confirm some of the experimental trends. became progressively the polymer joint. A strain

5.1 Modeling of the pull-off test gage equipment made it possible to detect a major

In a first step, a modeling of the pull-off confga _change in the load transfer mechanism along the

. : : int (increase in the transfer length). Theseifigd
tion (not detailed here) showed that the test is nt{(cm , s . -
based on a pure tensile loading of the bonded, join ere finally supported by finite element simulagon
and revealed local stress concentrations within the

substrate due to the partial coring of concrete@r@lo 7 REFERENCES
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