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ABSTRACT

Fiber-reinforced polymer (FRP) plate strengthening relies critically upon the adhesive that is used to
bond it to the existing structure. A typical two-part ambient cure epoxy adhesive for structural
strengthening has a glass transition temperature that is around 40°C to 70°C, but the stiffness and
strength of the adhesive typically decrease at temperatures somewhat below this characteristic
temperature. This paper investigates the implications of the changes in adhesive properties at warm
temperatures (< 100°C) for FRP strengthened beams, through short-term experimental and analytical
work. Tests were conducted on FRP-strengthened steel beams subjected to sustained load and
increasing temperature; the results, however, are also relevant to strengthened concrete beams. Digital
image correlation was used to measure the slip between the strengthening plate and beam, and hence to
observe the behavior of the adhesive joint. A bond analysis was also developed to predict the slip
across the adhesive joint at elevated temperature, based upon the glass transition characteristics of the
adhesive measured using dynamic mechanical analysis. The analysis allows the response of the
strengthened beams to warm temperatures to be examined in further detail. Both the experimental and
analytical results show that substantial slip can occur between the plate and beam at temperatures over
40°C. As the temperature increases and the adhesive softens, a greater length of adhesive joint is
required to transfer load from the plate to the beam, resulting in an increase in slip that eventually

causes debonding of the plate from the beam.
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INTRODUCTION

The popularity of externally-bonded fiber-reinforced polymer (FRP) strengthening is largely due to the
ease with which it can be applied to concrete (ACI 2008; Concrete Society 2004) and metallic (CIRIA
2004; CNR 2007; Schnerch 2007) structures. This ease of installation usually relies upon ambient-cure
epoxy bonding adhesives, allowing strengthening without the need for elevated temperature cure.
These ambient-cure epoxies, however, have glass transition temperatures (7,) of between 40 and 70°C
(ACI 2008; Concrete Society 2004). The glass transition describes ‘softening’ of the adhesive as it
changes from a glassy to a rubbery state, but this does not occur at a single temperature, and the

stiffness and strength of the adhesive may decrease considerably before T, has been reached.

Research into the elevated temperature performance of FRP strengthening has concentrated upon the
‘hot’ temperatures that occur during fire (Kodur ef al. 2007). This paper, however, investigates the
performance of bonded FRP strengthening at ‘warm’ temperatures (below 100°C), which are
comparable to the glass transition temperature of the adhesive. These temperatures are possible during
the normal service of a strengthened structure; for example, comparable temperatures are considered

during the design of steel highways bridges in the UK (Highways Agency 2001).

The need for research into elevated temperature response was highlighted by Porter and Harries (2007)
in their review of FRP research requirements, but there has so far been only a limited amount of
research on ‘warm’ temperatures upon FRP-strengthening. Klamer et al. (2008) load tested FRP-
strengthened concrete beams at 20, 50 and 70°C and showed that whilst the performance of the FRP
strengthening was not adversely affected at 50°C, their load capacity was significantly reduced at 70°C.
Gullapalli et al. (2009) showed that the strength of FRP-concrete pull-off samples can be increased if
they are first heated to 40°C, but that their strength is reduced if they carry sustained load while they
are heated. The ‘warm’ temperature behavior of the adhesive joint is also important in the design of fire
protection systems for FRP strengthening, which insulate the adhesive from the ‘hot’ temperatures in
the fire. Fire tests on protected FRP strengthening have demonstrated the importance of the adhesive
glass transition behavior (Blondtrock et al. 2001; Stratford et al. 2009), but it was not possible to
directly observe the behavior of the bonded joint due to the presence of the fire protection and the

difficulties of instrumentation in a fire.

Epoxy adhesive at elevated temperatures

The first step towards understanding the behavior of bonded FRP strengthening at warm temperatures
is to characterise the behavior of the adhesive. Fig. 1 shows the glass transition behavior of a typical
epoxy adhesive, plotted in terms of the change in the adhesive’s elastic stiffness with temperature
(where the stiffness has been normalised by its value at 20°C). This response was obtained by dynamic
mechanical analysis (DMA), which involves applying a sinusoidal displacement to a polymer specimen
and measuring its load-displacement response with increasing temperature (ISO 6721, 2002). DMA

gives a direct measure of mechanical properties that are relevant to the behavior of a bonded joint.



Fig. 1 plots the elastic or ‘storage’ modulus of the adhesive (for which the load and displacement are in
phase), but DMA also measures the plastic or ‘loss’ modulus (load and deflection out of phase), and
calculates the phase angle (8) between the loss and storage moduli (Jaipuriar et al. 2010). The full glass
transition data, however, is rarely reported, and only a single characteristic glass transition temperature
(T,) is usually recorded. For a DMA test, T, occurs at the peak in the tand curve (ISO 6721, 2002), but
it is important to note that there are a variety of methods for examining the glass transition, and that
each can give a different value for T, (Ludwig et al. 2008). It is thus important to state the test method

and specific test parameters that have been used.

The adhesive characterised in Fig. 1 was used for the experimental work described later in this paper;
its glass transition response is presented in this introductory section because it is typical of the two-part
ambient cure epoxies that are sold specifically for FRP plate bonded strengthening. The DMA tests
were conducted by the authors using a Triton Technology Tritec DS6010 machine in a double

cantilever configuration (10x1x15mm clear span) at 1 Hz and 3°C/min.

Fig. 1 shows that the glass transition phenomenon occurs over a range of temperatures from about 40°C
to around 70°C. The ISO 6721 method gives T,= 65°C for the current adhesive, but at this temperature,
the elastic stiffness of the adhesive is less than 10% of its 20°C value. Far smaller reductions in
stiffness are usually considered important in design; for example structural engineers often consider a
5% reduction in a mechanical property to be significant, which occurs for the stiffness of this adhesive

when its temperature is increased from 20°C to around 40°C.

The reduction in adhesive stiffness through the glass transition is accompanied by a reduction in its
strength, but an increase in its deformation capacity. Furthermore, the adhesive becomes viscoelastic at
elevated temperatures, and consequently its complete constitutive response is non-linear and time-
dependent (Ashby and Jones, 1986). Creep is known to affect the long-term performance of bonded
FRP strengthening at ambient temperatures (Mazzotti and Savoia 2009), and consequently stress
redistribution due to creep is even more significant at elevated temperatures. Gullapalli et al. (2009)
demonstrated that the transfer length is affected by creep at warm temperatures by comparing concrete

to FRP pull-off tests at 20°C and 40°C.

How do warm temperatures affect bonded FRP strengthening?
The implications of the adhesive’s glass transition behavior for the overall performance of bonded FRP

strengthening at warm temperatures are not obvious.

Bonded FRP strengthening relies upon the adhesive to transfer load between the strengthening plate
and the beam, resulting in shear and normal (‘peel’) stresses within the adhesive, which are
concentrated towards the end of the strengthening plate. The distribution of these bond stresses at
ambient temperature has been researched in considerable detail, and a number of bond analysis models
have been developed (e.g. Deng et al. 2004; Denton 2001; Smith and Teng 2001; Stratford and Cadei

2006). All use essentially the same analysis method: they assume linear-elastic materials, constant



stress through the adhesive thickness, and that failure occurs when the strength of the adhesive is
reached at the end of the plate. Similar bond analyses are currently used in design (CIRIA 2004; CNR
2007; Schnerch et al. 2007).

The above bond analyses were developed for ambient temperatures. They include the effects of
differential thermal expansion between the plate and beam, which can be larger than the bond stresses
due to applied loads for a typical bridge strengthening scheme (Denton 2001). However, whilst the
CIRIA (2004) design guide recommends that the stiffness of the adhesive should be reduced at
temperatures approaching the glass transition temperature, the analyses do not examine how the
changes in adhesive properties at warm temperatures affect the overall strength of the bonded
strengthening. The reduced strength of the adhesive will be detrimental, but the adhesive’s reduced
stiffness and increased plastic deformation allow load transfer over a greater length of the adhesive
joint and are hence beneficial in many situations. Consequently, the net effect of the glass transition is

not clear.

Outline of the research presented in this paper

This paper investigates the performance of bonded FRP strengthening at warm temperatures through a
combination of experimental and analytical work. The experimental investigation examined the
behavior of the adhesive joint in CFRP-strengthened steel beams subjected to combined sustained load

and transient increasing temperature.

The analytical work incorporates the adhesive glass transition response into a bond analysis for a FRP
strengthened beam. A bond model that incorporates the full complexities of visco-elastic adhesive
behavior is beyond the scope of the current paper; the aim is instead to use a simplified adhesive
constitutive model to explore the significance of warm temperatures for bonded FRP strengthening, to

highlight its importance in design, and to identify the need for further research.

TESTS ON CFRP STRENGTHENED STEEL BEAMS

Six steel I-beams were strengthened using CFRP plates and epoxy adhesive. Tests were conducted to
establish the effects of sustained load and transient thermal exposure upon these beams. The beams
were subjected to a sustained load that was greater than the capacity of the steel beam without
strengthening. Their temperature was then increased until the strengthening system failed within the
adhesive joint, resulting in failure of the strengthened beam. The performance of the adhesive joint was

examined by measuring the slip of the strengthening plate relative to the beam.

Test method

The cross-section and material properties of the strengthened beams (as stated by the manufacturers)
are shown in Fig. 2. The steel I-beams were standard 179mm deep sections with a yield strength of
Gu=355N/mm2, and the cross-sectional area (4,), major axis second moment of area (/,), and Young’s
modulus (£;) given in the figure. The beams were strengthened using a system manufactured

specifically for structural applications, which combines pultruded CFRP plates with the epoxy adhesive



characterised in Fig. 1. The Young’s modulus (E,) and shear strength (t,) of the adhesive given in Fig.
2 are the manufacturer’s stated values at 20°C. Note the order of magnitude difference in coefficient of
thermal expansion (o) between the CFRP plate and steel beam. The strengthening was applied to
within 125mm of the beam supports (Fig. 3), using a nominal adhesive thickness of #,=2mm (which

was verified after installation), and according to the manufacturer’s instructions.

The beams were loaded in inverted 4-point bending over a 2m span, as shown in Fig. 3. A 5W/inch®
(7.8kW/m”) silicone rubber electrical heating pad, backed by a layer of insulation, was used to heat one
end of the strengthening from above (figs 3 and 4). The heating pad was controlled by a thermocouple
attached to the heated surface of the strengthened beam, 100mm from the end of the strengthening plate.
Two further thermocouples were used to measure the temperature of the flange of the steel beam at the
end of the plate (72) and 160mm from the end of the plate (7;). These temperatures are assumed to have
been equal to the local temperature of the bonding adhesive, due to the high thermal conductivity of the

steel.

Table 1 summarises the tests conducted, together with headline results that will be discussed below.
Three tests were conducted to determine the beams’ load capacities at ambient temperature (18°C to
20°C). Tests 1 and 6 were used to find the ambient capacity of a strengthened beam, and Test 7 gave

the ambient capacity of a steel beam without strengthening.

Beams 2 to 5 were tested under combined load and temperature. The beams were first loaded to above
their unstrengthened ambient capacity at a rate of 10kN/min. This load was held constant while the
temperature in the adhesive at 7, was increased at a rate of 5.5°C/min until failure occurred. Each of the

ends of beams 4 and 5 were tested separately (tests 4a, 4b; 5a, 5b), giving a total of six heated tests.

Digital image analysis was used to determine the slip deformation that occurred between the
strengthening plate and the beam. This technique allowed the variation in slip along the strengthening
plate to be found, but did not require contact with the specimen (which could have affected the heat
flow, and avoided the difficulties in attaching mechanical gauges to these tests). The side of the CFRP,
adhesive and beam flange was painted with a high-contrast texture (figs. 4 and 5), and high-resolution
digital images of the heated end of the plate were recorded at 10-second intervals. After the tests, the
images were analysed using a bespoke digital image correlation algorithm (White et al. 2003). The slip
displacement across the adhesive joint was determined by tracking the displacement of 100 patches of
pixels in the plate relative to corresponding patches of pixels in the flange of the beam (shown
schematically in Fig. 5). The measurement resolution for the camera’s field of view used in these tests

was around 0.002mm.

Experimental results
Table 1 summarises the key results from the tests, including the failure loads for the ambient tests,
failure temperatures for the heated tests, and the modes of failure. Fig. 6 plots the failure temperatures

against applied load.



The ambient tests determined the capacities of an unstrengthened (Test 7) and strengthened (Test 1)
beam. Both tests failed by lateral-torsional buckling, and thus remained elastic up to failure. Test 6 was
intended to confirm the ambient strengthened capacity, but failed prematurely due to air voids in the

adhesive.

The heated tests were carried out for values of sustained load bounded by the ambient unstrengthened
and strengthened tests (Fig. 6). Unfortunately no data were obtained from the test at 160kN. In all of
the heated tests failure occurred when the strengthening plate debonded from the beam along the heated
length, as shown in Fig. 4. The failure was adhesive, generally at the adhesive-steel interface, and
inspection of the adhesive joint after testing showed that none of the heated specimens contained bond

defects.

Debonding of the strengthening plate transferred the entire load in this part of the specimen into the
unstrengthened beam, and caused a secondary, lateral-torsional buckling, failure (except for tests 4a
and 5a, in which the load was removed immediately after the debonding event). This is consistent with
the unstrengthened ambient test, but it should be noted that the heated beams all failed by debonding in
the adhesive joint, and not by lateral torsional buckling. The image analysis software was used to check
for the out-of-plane deformation that accompanies lateral-torsional buckling, and none was observed

prior to debonding.

The failure temperatures plotted in Fig. 6 do not exhibit a discernible trend with the applied load. The
temperature is plotted at both thermocouples, showing that the temperature at the plate end (7,) was
lower than the temperature within the plate (7)) due to conduction into the unheated steel beam towards
the supports (Fig. 3). This is a drawback of local heating using an electrical heating pad rather than
uniform heating of the whole specimen; however, debonding failure initiated at the stress concentration

at the end of the plate, and thus 7, is more representative of the failure temperature.

Observed slip displacements

An example of the output from the digital image correlation analysis is shown in Fig. 7 for Test 5B,
and similar results were obtained from the other tests. This figure plots the slip displacement along the
adhesive joint over a 60mm length from the end of the strengthening plate, and for increasing
temperature. The slip displacements were small up to around 40°C, after which the slip increased until
failure occurred at 64°C and a slip of 0.22mm. At temperatures up to around 45°C the slip increased
towards the centre of the beam, which is believed to be due to differential thermal expansion resulting
from the temperature gradient from 7 to 7, noted above. Above 45°C, there was little variation in the
magnitude of the slip along the observed length of the adhesive joint, indicating that slip also occurred

outside the field of view of the camera towards the centre of the beam.

Close to failure the maximum slip for all specimens was at the end of the strengthening plate, and so
far as it was possible to tell, failure initiated at this position. Fig. 8 plots the plate-end slip

displacements against temperature for all of the tests. In all cases significant slips occur from about



40°C, and these slips grew until failure occurred at approximately 65°C (the ISO 6721 glass transition
temperature). The maximum recorded slips before failure were in the range 0.16 to 0.23mm, but it
should be noted that the actual failure slip will have been higher, because the last image could have

been taken up to 10 seconds prior to failure.

The digital image correlation analysis was also used to observe peel deformations, but it was not
possible to detect any meaningful peel deformations prior to debonding failure (i.e.: any deformation

that did occur was smaller than the measurement resolution of about 0.002mm).

ANALYSIS OF CFRP STRENGTHENED BEAMS AT WARM TEMPERATURES

As noted in the Introduction, the effect of warm temperatures upon bonded FRP strengthening is not
currently considered in design, except for a reduction in the elastic adhesive stiffness in the CIRIA
(2004) design guide. In this section, the effects of the adhesive glass transition are incorporated into a
new bond model and this analysis is used to examine the plate slip deformation and debonding failure

observed during the experiments.

The non-linear and time-dependent behavior of the adhesive means that a complete bond analysis is
complex, and beyond the scope of this paper. The approach taken here is to use a simplified model for
the adhesive glass transition that gives further insights into the experimental results, improves upon the
purely elastic method currently used in design, and raises awareness of potential warm temperature

effects that require additional research.

A bond model for warm temperatures

The bond analysis is described in detail in the appendix to this paper. It is based upon the models
currently used to predict adhesive stresses at ambient temperatures (Deng ef al. 2004; Denton 2001;
Smith and Teng 2001; Stratford and Cadei 2006); however, the new bond model uses an adhesive
constitutive model that takes into account the variation in properties with temperature. The effects of
both applied load and differential thermal expansion between the plate and flange of the beam are
included, but note that the model is only concerned with shear across the adhesive joint (as observed

experimentally); it does not consider peel.

The adhesive is modelled using the idealised elasto-plastic constitutive model shown in Fig. 9. The
shear modulus (G,) and shear strength (t,) of the adhesive reduce with temperature. The reduction in
shear strength with temperature has not been characterised, and will not exactly follow the reduction in
shear modulus (Ashby and Jones, 2006); however, both are determined from the glass transition data in
Fig. 1. The shear modulus and shear strength at a particular temperature are found by multiplying the
value at 20°C by the normalised stiffness from Fig. 1. At low temperatures the adhesive is brittle, but at
elevated temperatures the adhesive undergoes plastic deformation before rupture, modelled as a
horizontal plastic plateau. The adhesive’s strain capacity at rupture increases with temperature;
however, adhesive rupture is not modelled and it will be seen below that failure is not sensitive to the

strain capacity of the adhesive.



Analytical results

The warm temperature bond model was used to examine the behavior of the test beams. The model
used the specimen geometry and properties shown in figs. 2 and 3. The adhesive shear strength and
stiffness at 20°C were t,= 17MPa and G, = 3.8GPa (based upon the manufacturer’s values given in Fig.
2 and a Poisson’s ratio of 0.3), and these were reduced with temperature according to the glass
transition curve in Fig. 1. No experimental results other than the DMA data were used as inputs to the

analysis.

Plate end slip with temperature for different applied loads

Fig. 10 plots the plate end slip predicted by the bond analysis for different applied loads.

The 150kN and 180kN responses represent the sustained loads applied during the tests. For these loads,
significant slip deformation occurs from around 40°C, and increases with temperature. The slip
increases rapidly up to a temperature of 64.0°C for 180kN, or 65.6°C for 150kN (off the top of Fig. 10),
when failure occurs. It will be shown below that this failure temperature occurs when the whole length
of the adhesive joint is plastic. This results in debonding of the strengthening from the beam, followed
by failure of the steel beam (which is unable to carry the applied load). The rapid increase in plate end
slip with temperature prior to failure means that the failure temperature is not sensitive to the strain
capacity of the adhesive, nor the adhesive failure criteria between the adhesive and the substrates,
which are not included in the analysis. However, the failure temperature could be affected by loading

and heating rate due to viscoelastic effects that are outside the scope of the current study.

The 150kN and 180kN curves are shown as a grey band in Fig. 8 to allow direct comparison with the
experimental results. The analytical response follows the same trend as the experiments: the slip starts
to increase from about 40°C, and increases rapidly towards a failure temperature of around 65°C. The
analysis predicts little variation in the failure temperature for the range of loads applied during the tests,
as observed during the experiments (Fig. 6). Failure in both the tests and the analysis occurs by
debonding of the FRP plate, although the analysis does not predict the slip at which the adhesive strain
capacity is reached. Whilst the failure temperature and mechanism are in reasonable agreement, the slip
is under predicted at lower temperatures. This is because the analysis assumes uniform temperature
along the beam, and does not include the variation in temperature that was present along the beam

during the tests (Fig. 6).

A real strengthening project would not be designed to carry service loads greater than the
unstrengthened capacity of the beam, which was 140kN in the present case. For reduced loads (the
100kN, SOkN curves in Fig. 10), the analysis predicts rapid increases in slip with temperature that
would result in debonding of the strengthening, but at higher temperatures. Slip occurs along the
adhesive joint even if the beam is unloaded, due to differential thermal expansion between the beam
and strengthening plate. Viscoelastic creep would increase the slip magnitude under sustained

serviceability loads.



Distributions of slip and shear stress along the adhesive joint

The bond analysis can be used to examine load transfer between the strengthening plate and the beam

in greater detail than was possible during the experiments.

Fig. 11 plots the slip distribution over a 60mm length of the adhesive joint for increasing temperatures.
This figure is for 180kN applied load, and can thus be directly compared to the experimentally
observed slip distribution shown in Fig. 7. The slip distribution in Fig. 11 increases towards the end of
the strengthening plate (x=0), unlike the observed slips at low temperatures, which increased towards
the centre of the beam. However, it has already been noted that this was due to the temperature gradient
along the beam, which is not included in the analysis. At higher temperatures, the variation in slip is
small compared to the magnitude of the slip in both the experimental and analytical results, indicating

that all of the adhesive along the 60mm observed length is plastic.

Fig. 12 and 13 plot the slip and shear stress distribution along half of the beam length for an applied
load of 180kN, rather than only the 60mm observed length. At 20°C, the adhesive is elastic, and the
shear stress and slip are concentrated at the end of the plate. Away from the plate end, the shear stress
distribution is as predicted by simple beam theory, with a jump in shear stress at the loading point
(x=475mm). As the temperature is increased to 40°C, differential thermal expansion causes an
increase in the plate end slip and shear stress. Above 40°C, the adhesive loses strength and becomes
plastic. A plastic zone forms at the plate end, visible as a plateau in the shear stress distribution at 50°C,
and this plastic zone spreads along the adhesive joint as the temperature is increased, accompanied by
rapidly increasing slip. Failure occurs when the plastic zone reaches the centre of the beam at slightly

over 64°C. (The maximum slip at 60°C and 64°C is off the top of Fig. 12, but can be seen in Fig. 11).

The significance of the different components of adhesive joint behavior

Fig. 14 compares the importance of different components of adhesive joint behavior at elevated

temperature, for a 180kN applied load. The figure plots the plate end slip for:

(a) An analysis for 180kN applied load that includes differential thermal expansion and

adhesive properties that change with temperature.

(b) An unloaded beam, in which the bond stresses are due to differential thermal expansion
alone.
(c) A loaded beam, with adhesive properties that change with temperature, but with no

differential thermal expansion.

(d) An elastic analysis, in which the shear stiffness of the adhesive varies with temperature,

but the adhesive strength is not changed.



(e) An elastic analysis, in which the variation of adhesive properties with temperature is

ignored.

Fig. 14 shows that all these effects need to be modelled to predict failure at warm temperatures.

Unsurprisingly, analysis based upon a purely elastic analysis (case (e)) does not predict the substantial
slips that occur at elevated temperature. The CIRIA (2004) design guide recommends that the stiffness
of the adhesive should be reduced at temperatures approaching the glass transition temperature;
however, case (d) shows that even if the actual reduction in adhesive shear stiffness is known, an
elastic analysis massively under-predicts the slips that occur, and hence does not predict the debonding

failure that can occur.

Fig. 14 demonstrates that differential thermal expansion between the plate and the beam contributes to
the slip deformation that occurs prior to failure. Note that the analysis only considers differential
thermal expansion between the plate and the strengthened flange of the beam, and assumes a linear
thermal gradient through the depth of the beam. Additional restrained thermal stresses would have
resulted during the tests due to the non-linear thermal gradient through a beam’s depth, which would
have reduced the difference between case (a) and case (b). In the case considered here, however, the

majority of the slip is due to the applied load, rather than differential thermal expansion.

CONCLUSIONS

The test results presented in this paper demonstrate that warm temperatures can significantly reduce the
strength of an FRP-plated steel beam, and that large slip deformation occurs across the adhesive joint
prior to failure. The glass transition process of a typical ambient cure epoxy adhesive is characterised
by a single glass transition temperature of 65°C according to ISO 6721 (2002); however, the adhesive
loses both stiffness and strength over a range of temperatures. During the beam tests, significant slips
were observed above 40°C, and these slips increased with temperature until a debonding failure
occurred at approximately the glass transition temperature of the adhesive. It should be noted, however,

that Test SA failed before the glass transition temperature was reached, at 60°C.

Current design guidance recommends that the glass transition temperature of the adhesive must be at
least 15°C above the operating temperature (ACI 2008), suggesting a maximum operating temperature
of 50°C for the adhesive used in these tests. 0.13mm slip (or 6.5% shear strain) was recorded at 50°C
during tests 4B and 5A (Fig. 11). This slip may be acceptable, but it is not predicted or considered by

the current elastic design methods for bonded FRP strengthening.

The analysis presented in this paper incorporates a simple elasto-plastic model of the adhesive glass
transition into a bond analysis of the strengthened beam. By modeling the combined effects of adhesive
strength and stiffness reduction through the glass transition and differential thermal expansion between

the strengthening plate and beam, the analysis suggests that failure is due to a rapid increase in slip as



the plastic adhesive zone spreads along the whole length of the beam, and consequently the failure

temperature is not sensitive to the strain capacity of the adhesive joint.

The tests were carried out under sustained load and transient increasing temperature. For the beam
geometry, properties, and heating rate considered, both the tests and analysis suggest that the failure
temperature is insensitive to the applied load, if the load is greater than the capacity of the

unstrengthened beam.

This paper does not examine the effects of time-dependent constitutive behavior of the adhesive at
warm temperatures: the bond analysis is elasto-plastic, and the tests were conducted using a single,
transient, heating rate. Creep of the adhesive is known to be important in long-term performance tests
at 20°C (Mazzotti and Savaoia 2009), and will be similarly important for bonded FRP subjected to
sustained warm temperatures. Despite this, the tests and analysis presented in this paper, demonstrate
the importance of warm temperatures upon bonded FRP strengthening and are an improvement upon

previous design practice.
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APPENDIX: ANALYSIS OF ADHESIVE BOND AT WARM TEMPERATURES
This appendix describes a bond analysis that predicts the shear strain (y,) and shear stress (t,)
distributions between a strengthening plate and a beam and allows the effect of temperature-dependent

adhesive properties to be examined. The problem’s parameters are defined in Fig. 15:

* The beam is defined by its cross-sectional area (4;), second moment of area (/,), the position
of its neutral axis (y;), Young’s modulus (E), and coefficient of thermal expansion (o). It

carries a moment and axial force of M}, and N,.
*  The strengthening plate is defined by similar parameters (4, I, ys, Eg, O, My, Ny).
*  The adhesive is defined by its thickness (,) and breadth (5,). The adhesive is modelled using

the idealised elasto-plastic constitutive relationship shown in Fig. 9, using glass transition data

(such as that in Fig. 1) to modify the ambient properties.



The strengthening plate and top flange of the beam are subjected to a temperature change A7. The
remainder of the beam is assumed to have a linear thermal gradient (or a uniform temperature change)
through its depth, otherwise additional restrained thermal expansion stress will develop within the
beam. The bending moment distribution along the beam is M, which for the four-point bending case

considered in this paper with loads /2 applied at a distance b from the plate end (Fig. 3) is:
/4
M=7{(x+a)—<x—b>} (1)

x is the position along the beam from the plate end, which is a distance a from the support (see Fig. 16).

<x-b> is a Macaulay bracket.

Derivation of the governing equation for adhesive shear
Shear compatibility across the adhesive joint requires that the strain in the strengthening (&) and beam

(&) are related to the adhesive shear strain (y,) by:

t %—8 - & 2)
dx sa ba

a

These strains are the result of plane-section deformation of the strengthening plate and beam due to

bending, axial force, and thermal expansion:

£, = N, - @ +a AT and ¢, = i - M +a,AT 3)
ESAS Esls EbAb EbIb

Equilibrium requires that the axial force and bending moment in the beam (Fig. 15) can be written in

terms of the strengthening stress resultants and the net bending moment:
N, =-=N and M,=M-M_ -N:z 4)
To simplify the solution, the moment carried in the relatively flexible strengthening plate can be

assumed negligible compared to the moment carried by the beam, i.e.: M=0 (Deng et al. 2004).

Combining eqns (2), (3), and (4) thus gives:

Vo _ kM, (,

ta ﬁ s o7 s ab )AT (5)
d b EI

where k=5, ! + ! + ) (6)
EA EA E]I,



Differentiating Eqn. (5) gives:

t dzya_ dNa yb dM

k
“@> b dx E,I, dv

(7

Axial equilibrium of a short length of the plate (Fig. 16) gives the adhesive shear stress in terms of the

rate of change in plate force:

1 dN,
T,=—
b, dx

®)

Substituting Eqn (8) into Eqn (7) yields the governing equation for shear in the adhesive joint. This

relates the shear strain and stress, but does not include the adhesive constitutive relationship (Fig. 9):

dM
b, e gy, - D L ©)
dx E,I, dx
General solutions where the adhesive is elastic or plastic
If the adhesive is elastic, T, = Gy, (Fig. 9), and the general solution to Eqn (9) is:
—Ax X W 0
y, =Ce™ +Cye*” +¢{1—<x—b> } (10)
2kG,E,I,
where Eqn. (1) has been used to substitute the applied load for the net moment, and
kG
A= 4 (11)
tll
If the adhesive is plastic, T, = T, (Fig. 9), and the general solution to Eqn (9) is:
kt W
y =l 2N 2—<x—b>2}+C3x+C4 (12)

2, 4AELL

Boundary conditions

The applied loading is symmetrical, and the heated region is remote from the centre of the beam, hence
the adhesive shear strain is assumed to be zero at the centre of the beam. (This assumption would not
be valid if shorter beams were heated at one end, or if the heated area was longer relative to the beam
length). At the end of the strengthening the plate force must be zero. Substituting N;=0 into Eqn (5)

gives the plate end boundary condition in terms of the shear strain:



. _ (g g ar - (13)
d |, ¢, 2t.E, 1,

The adhesive can either be entirely elastic (y,<y, along the whole of the plate, as shown on the left of
Fig. 16), or will be elasto-plastic with a plastic zone towards the plate end (as shown on the right of
Fig. 16). For the purely elastic case, applying the boundary conditions to the general solution (Eqn 10)

gives:

-1 dy
C = a (14)
: Ml+e‘”)[ dx L
C,=-Ce™ (15)

For the elasto-plastic case, the shear strain must be continuous at the transition between the elastic and
plastic zones (Fig. 16), in addition to the above two boundary conditions. The position of the transition

(x=p) needs to be determined. Applying the boundary conditions in the elastic zone (Eqn 10) gives:

1 Wy { 0}
C1= i A(p_L)(}/u_szEb,bll 1—<p—b> ) (16)

C, =-Ce ™ (17)

Applying the boundary conditions in the plastic zone (Eqn 12):

Cg={%] (18)
dx 0

kT Wy { 2 2}
Comy — N2, Wy &0 (19)
e Ty U (p-b) )

The length of the plastic zone (p) is found from the condition that the plate force must be continuous at
the elastic-plastic transition, which requires continuity of dy,/dx, from Eqn (5). Applying continuity in
dy,/dx at x=p to the elastic and plastic general solutions (eqns 10 and 12) gives an equation in which p

is the sole unknown:

1+ Wy { o} Wy kT, dy
p — i (p-b) | =22 o= (p-b)}- e p- || 20)
1-e‘<21’-”(y G g, VP ) 2E,1,, -{p-2) , 7 [de

This equation must be solved numerically, but once it has been used to determine the length of the

plastic zone, the elasto-plastic solution is fully defined.



Outputs from the bond analysis
The bond analysis determines the shear strain (y,) variation along the adhesive joint, which is given by

Eqn (10) in the elastic region (y,<y,) or Eqn (12) in the plastic region (y,>y,). In addition:

*  The shear strain can be interpreted as a slip deformation, § =7 7, 2D

* The shear stress distribution (t,) can be found from the shear strain using the constitutive

relationship in Fig. 9.

¢ The plate force (&;) can be found from Eqn. (6), using dy,/dx from Eqn (10) or Eqn (12).
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Table 1

Details of the experimental program and headline results.

Test ID Load Temperature
Comment
(kN) T, (°C)
Capacity of a strengthened beam
1 190.0 Ambient
(1.t. buckling).
2 Premature failure due to poor
= 6 (155.6) Ambient
5 bonding.
2
=
<
Capacity of an unstrengthened
7 140.4 Ambient
beam (L.t. buckling).
2 150 65 Plate debonding failure.
3 160 Not available Data acquisition error.
" 4a 170 74 Plate debonding failure.
g
B
s 4b 170 74 Plate debonding failure.
an)
S5a 180 60 Plate debonding failure.
5b 180 64 Plate debonding failure.
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Fig. 1 - Measured loss in elastic stiffness of the epoxy bonding adhesive through the glass transition.
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/ CFRP pultruded plate, 100x1.4 mm
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A— \ a, = 0.6x10°/°C
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E Epoxy, 2 part ambient cure
@ E, =10 GPa 1,> 17 MPa
- t, =2 mm
Full cure after 7 days at 25°C
b <—— Beam (b)
Steel, UKB 178x102x19
101mm E, =205 GPa o, =355 MPa
4,=243cm’ 1,= 1356 cm*

a, = 11x10°/°C

Fig. 2 - Cross-sectional dimensions and material properties of the strengthened beams (manufacturers’
data sheet values).
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Fig. 3 - Schematic experimental set up, showing the loading and heating arrangements.
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Fig. 4 - The heated end of a strengthening plate following debonding failure, showing
the heating pad and thermocouples.

Fig. 5 - The measurement of slip displacements across the adhesive joint by digital image analysis.
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Fig. 6 - The failure temperatures for strengthened beams carrying different loads.
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Fig. 7 - The observed variation in slip distribution along the plate with temperature, for Test SB.
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Fig. 8 - The observed variation in plate end slip with temperature.
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Fig. 9 - The elasto-plastic adhesive constitutive model used in the bond analysis.
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Fig. 10 - Plate end slip variation with temperature predicted by the bond analysis.
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Fig. 11 - The variation in slip distribution along the plate with temperature, for a load of 180kN.
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Fig. 12 - The slip distribution along the adhesive joint for a load of 180kN at various temperatures
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Fig. 13 - The shear stress distribution along the adhesive joint for 180kN load at various temperatures.
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Fig. 14 - Plate end slip predictions for a load of 180kN, showing the effects of applied load, differential
thermal expansion, and adhesive properties.
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Fig. 15 - Definitions of beam, adhesive and strengthening plate geometry and stress resultants for the
bond analysis.
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Fig. 16 - Definitions of the beam geometry, applied load and boundary conditions for the bond analysis.



