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Abstract

During its life-time, a bonded assembly is subjddie various ageing mechanisms which
may induce synergistic effects. In the case ofl gtructures strengthened by bonded fiber
reinforced polymer (FRP), the influence of couptegichanical/environmental factors is still a
matter of investigation. In this context, an innibv& experimental device has been designed
to study the durability of concrete/FRP interfaceshjected to both sustained load and
hydrothermal ageingThis test setup is able to load simultaneously séve@ouble shear
specimens and can then be installed in a clima@enber in order to superimpose accelerated
ageing conditions to the creep load. Besides, #sgd of the test-bodies is compatible with
an existing single shear method that allows to rdetee the residual capacity of aged
specimens. This paper aims at describing the pemposreep test setup and its
instrumentation, as well as the validation stagesluding a comparison of preliminary
experimental data with simple analytical and firgtement modeling approaches.

Keywords: Analytic/finite element modelling, Concrete/FB&nded joints, Creep.

1. Introduction

Rehabilitation/strengthening of civil structures takternally bonded Fiber-Reinforced

Polymers (FRP) is now considered as an effectiohnigue [1] which presents major

advantages over traditional methods, such as hogiogion resistance or high strength-to-
weight ratio. In the framework of flexural strengtiveg applications, Carbon FRP (CFRP)
materials are routinely used to increase the l@adying capacity and the serviceability of

repaired structures. Tensile stress is transmiitesh the concrete substrate to the CFRP
reinforcement through the shear load path provimethe adhesive layer.

If pultruded FRP laminates generally demonstratisfaatory environmental resistance and
limited creep deformation, the durability of the adive bond still remains a critical issue
which hampers the extensive use of composite dtiengng systems in the field. This
drawback is mainly due to the environmental serigitand the creep response of cold curing
epoxy adhesives used in construction. While maunglies have investigated the influence of
moisture or hydrothermal ageing on the adhesivel lppaperties [2, 3], only limited research
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has been conducted on the long term creep behaviaancrete-FRP interfaces subjected to
sustained load [4]. In most cases, the authors asdolible shear test configuration and the
creep load was applied to the specimens by meaassaktained dead weight attached to a
cantilever steel beam. Unfortunately, this typecahtilever setup is voluminous and is
therefore not adapted to the characterization ofaraos specimens in a limited space.

In this context, an innovative and compact expenitalecreep device has been developed,
which makes it possible to apply a sustained loadeveral test bodies stored in a limited
space. This setup involvescentralized hydraulic system which actuatesjéleks. Due to its
reduced volume, it can be installed in a climatltarober so that accelerated ageing
conditions can be coupled to the mechanical loadifigis article presents both the
experimental creep test setup and its associagtdiimentation, and gives additional details
regarding the validation stages: verification othe constancy of the applied load, ii) the
symmetry of the double shear test-bodies andhé@)relevance of recorded creep strains.

2. The double lap joint shear test: general principleand elastic analysis

The literature reports several test configuratiombich are suitable for the shear
characterization of adhesively bonded joints. Thestmpopular is the single lap joint shear
test, but in this case, the adhesive layer is stdxleto a combination of shear and bending
stresses which may affect the failure mode. Insfaitte effectiveness of the load transfer is
enhanced if the adhesive joint is designed for @inear. Consequently, a double-lap shear
configuration (Figure 1) was preferred in this stusince the bending moment and stresses
are negligible due the symmetry of the test bodies.

adherend 1

AW adhesive 'ayeAppIication

—/ of the Inac

\
ﬁ adherend 2 —/

Figure 1. Schematic description of the double lapojnt shear test.

Volkersen [5] has proposed an elastic model basedhenconcept of differential shear,
leading to the following expression for the shdegss distribution along a single lap joint:

_G,o,l|( Ee coshdx) .
=22 == h@L) |———=—sinh 1
r,(x) e JE, K Ee, +cosh( )j sinh(lL) sin @x)} (1)
with /1=\/%( 1,1 J @)
e \&E &k,
P
and Oy = E 3)

Where:
L, Db, g,eande, are respectively the lap length, width of the jpthe thickness of

the adherends and the thickness of the adhesige lay
* 0, Is the axial stress applied to the upper adherend.

* X is the abscissa along the lap joint (x = 0 comesis to the loaded end of the joint).
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« E, E,and G, are respectively the tensile modulus of adhereamtt$ the shear
modulus of the adhesive.

As regards concrete/FRP assemblies Wik ee® €concrete >> Errp* €rp, Shear stresses are
concentrated near the loaded end of the joint @edre negligible beyond a certain distance
from this end, called anchorage or transfer lefigthAccording to [7], this anchorage length
can defined as the portion of the joint carryingeatt 97% of the applied load.

3. Innovative double shear creep test setup for conde&/FRP assemblies

In order to study the creep behaviour of concré&&Foonded interfaces, an innovative
double shear test device was designed. The setujp Imaelet the following requirements:

* its volume must be limited, so that a large numiiespecimens (up to 15) can be
tested together in a climatic room of surface a@m,

» the loading system should be able to apply a cahkiad in the long term (at least for
one year) on all the tested specimens,

* specimen’s geometry must be compatible with antiegsingle shear test that allows
to assess the residual shear capacity of the baassssnbly after creep experiments.

3.1 Test bodies and loading conditions

Each test specimen consisted of two concrete blotkEmensions 205 x 210 x 415 mm

connected together by two CFRP plates (Sika Camhgdsymmetrically bonded to the
lateral faces using a structural epoxy adhesivkakif] 30), as shown in Figure 2. The
commercial strengthening system (FRP and adhes@gXkindly supplied by SIKA France.

Such a double shear test geometry has been usednp studies devoted to the short-term
[8] or long-term performances of concrete/FRP badngents (see [9] for environmental

durability investigations or [4] for creep charactations). The loading principle was also
inspired from previous works ([10], [11], [12]) andvolves an hydraulic jack located

between the two concrete blocks. The jack pushes dea blocks from each other and
imposes a shear stress to the concrete-CFRP icgert&igure 2).

Concrete blocks

“—CFRP

CFRP—*

Figure 2. Principle of the double shear test with achematic description of the loading conditions.

The main innovation of the present device consistasing a flat hydraulic jack (without
piston) which makes it possible to lower the distafetween the 2 concrete blocks and
consequently the overall size of the test bodyuiadg3). Such flat jacks are well adapted to
impose a constant load in the long-term, compavddaditional jacks operating with pistons,
since their design doesn’t involve sealing joiritattmay stick to the piston or the cylinder
under sustained pressure. Flat jacks of diamet@rmf, thickness 25 mm and maximum
capacity 150 kN were supplied by Freyssinet.
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205

Figure 3. Geometry of the test specimens (dimensism@re given in mm).

3.2 Centralized hydraulic system for multi-specimen cheacterization

Multiple specimens associated to the same numbdiabfjacks can be connected to a
centralized hydraulic system consisting of an aadator and a hydraulic pump or electronic
station. A three-test-bodies prototype was contuto validate the concept (Figure 4). For
each test body, the surface of each of the foudedioints was 240 80 mnf. The hydraulic
system was pressurized to reach an average shess vel of 0.6 MPa in the bonded joints,
corresponding to 30% of the ultimate shear streratl25°C. Load was sustained at the
chosen constant level thanks to the hydraulic actator and was transmitted from the flat
jack to the concrete blocks by mean of stainlessl stansmission pieces.

Accumulator (10L)

Hydraulic pump
or station

/\ Valve
r'd

Test bodies

Figure 4. Centralised hydraulic system and prototyp setup involving 3 test bodies.

3.3 Gauge instrumentation

A specific strain gauge instrumentation was instht the top surface of the CFRP plates, in
order to monitor the evolution of strain profilegrishg loading and creep stages. Five strain
gauges were disposed along the lap joint and ongege the middle part of the CFRP plate
(unbonded zone). A symmetrical configuration wespeeted for CFRP plates bonded on the
two opposite sides (A and B) of the test specimaashown in Figure 5. The gauge lengths
were respectively 5mm for gauges 1 and 2 and 10anigauges 3 to 5.
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JS-B (x=135 mm>
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J2-B (x=15 mm)

Bonded length
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No01q
2Jalu0n

Jl B (x S _mm
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Metallic anchor

WJ3-A (x=50 mm)

Epoxy adhesive

1J4-A (x=90 mm>

(sped 4y490 papuoqun)

sajejd dud40 Jo sped
appiw ay3 uj sabeb ujens

L 1JS5-A (x=135 mm)

Figure 5. Details of the strain gauge instrumentatin on the top surface of CFRP plates.

4. Validation of the proposed creep test setup

4.1 Experimental verifications

The prototype setup was settled in a climatic chemab a controlled temperature of 25°C and
at 50% relative humidity. Creep tests were perfatrfee a period of one month, and both
gauge signals, applied pressure and ambient tetopergere continuously monitored.

Figure 6 depicts the evolutions of the creep deé&tions recorded by the various strain
gauges, and the variation of hydraulic pressurenduhe test. It is to note that:

i) the hydraulic system allows to maintain a canspressure (32.5 bar),

i) strain responses obtained for the 2 oppostiessiof the test bodies (A and B) are quasi
identical, which demonstrates the symmetrical behaof the double shear specimens,

lif)gauges located in the central part of the CHfRites do not show any creep deformation of
this free portion of the composite (pure elastibdour), which was expected.

850
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400
350
300
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50

0+
0.0E+00

Longitudinal creep strain (1E-6)
Hydraulic pressure (Bar)

-

1.5E+06 2.5E+06

Time (S)

Figure 6. Strain evolutions recorded by gauges bomrd on opposite sides (A and B) and evolution of
hydraulic pressure during a one month creep periodt 25°C.

5.0E+05 1.0E+06
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4.2 Comparison between experimental and modelled elasti responses of
concrete/FRP bonded joints

Figure 7 compares the instantaneous shear stregghations along the lap joint, either
determined from experimental strain data, or ole@ifrom two calculation approaches:
Volkersen's model and a 2D finite element (FE) gsial

As regards the experimental determination, the amerbond shear stress between two
adjacent strain gaged @ndJ+1) was calculated by introducing strain measuremiendsthe
following equation:

& ~ &y

i+1 i

i = 1234 &)

Tagivg = Ecrroterre

where 7y i+1) IS the average adhesive shear stress betweensghuaged Ji.1, & and
&+1 are the longitudinal strains measured by gaulyemd Ji;1, X and Xi+1 is the

respective distance of gaugésandJ., from the loaded end of the joirttrre and
Ecrre are respectively the thickness and the Young'sutusdof the CFRP plate.

In the calculations (Volkersen’s model of FE analysa linear elastic behaviour was
assumed for of all the components of the bondeenaisly (concrete, CFRP plate, adhesive).
Considered mechanical characteristics are listedTable 1. The instantaneous elastic
response of the lap-joint was either calculatedhfiéquation (1) or modelled using CESAR-
LCPC FE code [13]. It is to note that the measwsteehr stress is averaged over the distances
between successive gauges; in order to make cosopariit was thus necessary to calculate
Volkersen's and FE shear stresses values averagadttte same distances. Such data are
denoted respectively “Volkersen analytical averagkédar stress” and “F.E. averaged shear
stress” in Figure 7.

A fair agreement was found between shear stresgbdigsons obtained from experimental
data or provided by analytical/FE models. In trositext, given that the elastic behaviour of
the proposed test setup was consistent with thetigted by conventional models from the
literature, the loading device was considered aadid.
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Figure 7. Shear stress distribution along the adrstve layer- Comparison between the FE analysis,
Volkersen’s analytical model and the experimental mfile.
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Table 1. Elastic properties of constitutive materiés (determined experimentally or given by the supjér).

MATERIAL YOUNG’'S MODULUS (GPa) POISSON'’S RATIO THICKNESS (mm)
Epoxy adhesive 12.7 0.3 1.0
CFRP plate 165 0.3 1.2
Concrete 35 0.3 102.5

5. Complementary destructive tests

The specific design and the geometry of the coadsktcks (each block are composed of two
half-blocs of dimensions 102.5 x 210 x 415 froonnected together by a metallic anchor, as
shown in Figures 3 and 8) allows at the end ofdreep test, to obtain four single shear

specimens from each double-shear test body (afténg the FRP in the central zone). Those
specimens make it possible to perform single skgperiments up to failure, using a single

shear test machine previously described in othefies$ ([3], [6], [14]) in order to assess the

residual shear capacity of the concrete/FRP interédter creep testing.

In addition, other destructive tests can be perémnsuch as compression tests on concrete
cores drilled from the concrete blocks, or pulltedts (NF EN 1542 standard) if specific test
zones have been initially planned on the specinfses Figure 8).

Pallall Tests zom . Pull-off tests zone
(zone subjectedto — e (zone subjected to
hygrothermai ageing only) i hygrothermal and creep

ageing)

(]

Coring for compression __— : E
testing of concrete i
s 415 : §

240

"

1025

Shear test zone
(zone subjected to b
hygrotherma

ageing)

Figure 8. Destructive tests offered by the doubleap shear test bodies in order to assess the residua
capacity of the adhesively bonded joints after ageg.

6. Conclusion

The aim of this research was to design and validateinnovative experimental device
intended for the creep characterization of bondedcete/FRP interfaces. An important
requirement was to limit the volume of the testipedo that it can be installed in a climatic
room in order to study synergistic effects of crempd environmental ageing on the
concrete/FRP adhesive bond.

In this context, an original creep setup was designvolving double shear test bodies, with
a loading system based on a flat hydraulic jackorétotype setup with 3 test bodies was
constructed to validate the concept. A specificggaequipment was installed on the test
bodies in order to monitor the creep deformatioongl the bonded joint. Experimental

verifications demonstrated the constancy of therdaylit pressure in the long term (over one
month), the effectiveness of the strain gauge unséntation for monitoring the creep strains,
and the symmetry of the double shear test bodies.

In addition, the instantaneous shear stress disitito (elastic behaviour) determined from the
strain gauges data was found in fair agreement wittdiction provided by classical
modelling approaches from the literature (Volkersenodel and FE analysis).
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