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Abstract: The use of glass fibre reinforced polymer (GFRP) bars as internal reinforcement of new
and existing (for rehabilitation or retrofitting) concrete structures has been growing, mainly due to
the advantages they present over traditional steel reinforcement, namely their low weight, high
strength and corrosion resistance. However, at moderately elevated temperatures, especially when
approaching the glass transition temperature (Tg) of the polymeric matrix (usually between 65-
150 °C), the stiffness, strength and bond properties of these rebars are known to be significantly
degraded. The first part of this paper presents an experimental investigation comprising tensile and
pull-out tests on sand coated GFRP rebars at elevated temperatures; the tensile tests were carried
out up to 300 °C, whereas the pull-out tests were performed on GFRP rebars embedded in concrete
cylinders at 20 °C, 40 °C, 60 °C, 80 °C, 100 °C and 140 °C; two embedment lengths of the rebars
were considered, corresponding to 5 and 9 times their diameter. Specimens were first heated up to
the predefined temperature (measured at the GFRP-concrete interface) and then loaded up to failure.
The applied load and the slip of the rebars at both loaded and free ends were measured during the
pull-out tests. The obtained results confirmed that the stiffness and strength of the GFRP-concrete
interface are significantly reduced with temperature increase, especially when the Ty of the GFRP
rebars is approached and exceeded. In the second part of the paper, analytical bond vs. slip relations
for the GFRP-concrete interface are proposed for each of the tested temperatures; these relations
were obtained based on a numerical strategy in which the experimental data from the pull-out tests
were used to calibrate the defining parameters of the local bond vs. slip laws. Moreover, the accuracy
of two empirical (relaxation) models, proposed by Gibson et al. and Correia et al. in predicting the
GFRP-concrete bond strength reduction with temperature was also assessed.

Keywords: A. Glass fibres; B. Adhesion; B. High-temperature properties; D. Mechanical testing.
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1 INTRODUCTION

The corrosion of steel reinforcement is one of the main factors that contribute to the degradation
of reinforced concrete (RC) structures, being particularly relevant in highly aggressive
environments, such as under exposure to seawater and de-icing salts (e.g., in maritime structures
or bridge decks, respectively) or chemical and radioactive wastes (e.g., in industrial facilities) [1].
To overcome this challenge, glass fibre reinforced polymer (GFRP) rebars are being used as a
non-corrodible alternative to the traditional steel reinforcement [2, 3]. These composite materials
are not only lighter than steel, but they also have higher tensile strength, electromagnetic
transparency and present low maintenance requirements [4]. Presently, their applications extend
from new construction to the rehabilitation of degraded RC structures (e.g., as a replacement for

corroded steel rebars).

One of the main issues concerning the use of GFRP rebars is their behaviour at elevated
temperature and under fire exposure. In fact, their mechanical properties, namely the tensile
strength and the elastic modulus, are known to experience significant reductions, especially when
approaching the glass transition temperature (Ty) of the polymeric matrix (usually between
65-150 °C [5]). Despite its relevance, the fire performance of GFRP materials and GFRP-RC
structures is still not comprehensively addressed in the literature, which explains why most design
guidelines (conservatively) do not recommend yet the use of GFRP rebars in structures where the

fire action has to be considered at design (i.e., in buildings) [4, 6].

The concerns about the use of GFRP rebars in structures likely to be subjected to elevated service
temperatures and/or fire also encompass the degradation of their bond behaviour to concrete. In
fact, elevated temperature has been referred to play an important role on the deterioration of the
bond capacity of GFRP rebars in concrete [7, 8]. This is particularly worrying, even for
moderately elevated temperatures; indeed, several authors (e.g., [9, 10]) have reported premature

structural collapses of GFRP-RC slabs exposed to fire due to rebars’ debonding in lap-slices.
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This paper presents experimental and analytical investigations on the effects of moderately elevated
temperatures on the bond between sand coated GFRP rebars and concrete. The experiments
described in sections 3 and 4 include (i) tensile tests on the GFRP rebars, from ambient temperature
up to 300 °C, and (ii) pull-out tests on GFRP rebars embedded in concrete cylinders, with two
different embedment lengths, from ambient temperature up to 140°C. The analytical studies,
presented in section 5, include: (i) the development of temperature-dependent bond stress vs. slip
models, and (ii) the assessment of the accuracy of two empirical models, described in the literature,

for modelling the effect of temperature on the bond strength.

2 LITERATURE REVIEW

Over the last two decades, a considerable number of investigations has contributed to improve
the understanding of the bond behaviour between FRP rebars and concrete at ambient
temperature. The studies available in the literature have demonstrated that the FRP-concrete
interaction depends on parameters such as the material type of FRP reinforcement, the roughness
of the bar’s surface, the bar diameter, the embedment length, the bar end geometry, the concrete
strength, the concrete cover, the confinement pressure, the position of the rebar w.r.t. the direction
of casting (top-bar effect), as well as on environmental conditions (e.g., [11]). However,
investigations performed on the FRP-concrete bond behaviour at elevated temperatures are still
relatively scarce; moreover, as highlighted next, bond stress vs. slip laws describing the FRP-
concrete interaction at elevated temperatures have not yet comprehensively developed. Such laws
are needed to accurately simulate the behaviour at elevated temperature and under fire exposure

of GFRP-RC members.

Katz et al. [7] performed pull-out tests on steel and GFRP rebars with different surface finishing
(large surface deformations and helical fibre wrap combined with sand coating and/or surface
deformations); the Tys of the GFRP rebars ranged from 60 °C to 124 °C (the test methods used to
determine the Tys were not specified). The steel/GFRP-concrete specimens, with an embedment

length of the rebars in concrete of 5 diameters, were heated from ambient temperature (20 °C) up
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to 250-350 °C. The authors concluded that the bond performance at ambient temperature, as well
as the bond strength and stiffness degradation with temperature, depend mostly on parameters
associated with the surface properties of the rebars. At ambient temperature, bond strength values
obtained in most GFRP rebars were higher (6 to 37% more) than those obtained for the steel
rebars; higher bond strengths were attained in rebars with large surface deformations (i.e.,
moulded indentations resembling steel surface deformations) and rebars with wrapped fibres
combined with fine sand particles embedded in the rebars’ surface. Similar reductions of bond
strength with temperature were obtained for all GFRP rebars tested. Most part of the bond strength
reduction occurred for temperatures below 180-200 °C, being particularly pronounced below and
during the glass transition. At 200 °C, the GFRP bond strength was reduced at least 80%
(compared to that measured at ambient temperature), while in the steel rebars, at the same
temperature, that reduction was only 38%; above 200 °C, the GFRP bond strength did not exhibit
significant further reductions with temperature. These reductions were considerably higher than
those obtained for the steel rebars, in which the bond strength reduction at 210 °C was about 34%.
The bond stiffness reduction was fairly similar for GFRP and steel rebars; the rebars with wrapped
fibres combined with a sand coating performed slightly better than the remaining GFRP rebars,

presenting a stiffness reduction of 39% at 230 °C.

Mclntyre et al. [12] studied the GFRP-concrete bond performance from 25 °C and 150 °C of
GFRP rebars with two types of surface finishing: a thin sand coating associated with a double
helical fibre wrap (BPG rebar) and a coarse sand coating (PTG rebar). The diameter of the rebars
were 10 mm and 9.5 mm and their Tgs (determined from the onset of the storage modulus) were
86 °C and 84 °C, respectively for the BPG and PTG rebar. The embedment length of the rebars in
concrete was approximately 4 times the diameter of the rebars. A steep reduction of the bond
strength occurred for temperatures below the corresponding Tgs: at those temperatures, strength
retentions were about 54% and 44% (compared to the bond strength at 25 °C), for the BPG and
PTG rebars, respectively. At 150 °C, bond strength retentions were 37% for the BPG rebar and

only 18% for the PTG rebar. It should be noted that the vast majority of the specimens exhibited
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splitting failure, instead of the desired pull-out failure, preventing the determination of the actual

bond strength reductions with temperature for those specimens.

Calvet et al. [13] studied the effect of exposing different CFRP and steel rebars to various
environments (from 5 °C to 80 °C) on their bond behaviour to concrete. The CFRP rebars differed
on the surface finishing (sand coated, ribbed, deformed and textured) and on the diameter (8 mm
or 14 mm); the embedment length in concrete was 5 times the diameter of the rebars, and their Ty
(determined through differential scanning calorimetry experiments) varied between 105 °C to
123 °C. Pull-out tests in sand coated CFRP rebars with diameters of 8 mm and 14 mm showed
maximum bond strength reductions at 80 °C (compared to those at 20 °C) of 34% and 19%,
respectively. This study also showed that at 80°C (below the T of the rebars) the bond strength
reduction was higher in the ribbed (CFRP) rebars than in the deformed and sand coated rebars
(39% vs. 16-19% reduction); the bond strength reductions experienced by the last two types of
rebars were in fact very similar to that obtained in the ribbed steel rebars (21%). Splitting failure

modes were not reported.

The study of Chenchen et al. [14] focused on the influence of several parameters in the residual
behaviour of the FRP-concrete interface (i.e. after exposure to elevated temperature followed by
cooling to ambient temperature), namely: (i) the type of fibre reinforcement (GFRP or BFRP),
(ii) the embedment length (2.5d, 5d, 10d, 15d and 20d, where d is the diameter of the rebar), (iii) the
rebars’ diameter (6, 8 and 10 mm), (iv) the concrete strength (grades C30, C45 and C60), and (v)
the thickness of the concrete cover (3d, 6d and 9d). Regarding the influence of the type of fibre
reinforcement, the authors tested 8 mm GFRP and BFRP rebars embedded in concrete cubes with
an embedment length of 5d. Both rebars had a helical wrapping surface (the BFRP rebars also had
a superficial sand coating). The pull-out specimens were previously heated up to a maximum
temperature of 350 °C and then tested after being cooled down to ambient temperature. After
exposure to 220 °C, the bond strength reductions (compared to those at ambient temperature) were
7% and 14% for the BFRP and GFRP specimens, respectively; for 270 °C, those reductions

progressed to 32% in both types of rebars, and for 350 °C, the bond strength presented a severe
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reduction of 88% and 77% for the BFRP and GFRP rebars, respectively (the failure mode of most
tested specimens was by pull-out). The influence of the embedment length, rebar diameter, concrete
strength and concrete cover thickness was assessed for the BFRP rebars. As expected, at both
ambient temperature and elevated temperature, the average bond strength decreased with the

embedment length and bar diameter and it increased with the concrete strength and cover thickness.

Hamad et al. [15] evaluated the residual (i.e. after exposure to elevated temperature) bond behaviour
to concrete of GFRP, BFRP, CFRP and steel bars reinforcement with different surface finishes, all
with embedment length of 10 times the diameter of the rebars (10 mm rebars). The pull-out
specimens were first exposed to elevated temperature (up to 325 °C) and then tested at ambient
temperature up to failure. The bond strength reductions for specimens heated to 325 °C were 79%
for both the GFRP and BFRP rebars, 82% for the CFRP rebars and 27% for the steel rebars (all
compared to the corresponding bars’ bond strength at ambient temperature). The authors reported
pull-out failure modes in specimens reinforced with GFRP, BFRP and CFRP bars (some of the
CFRP specimens also exhibited concrete “cone” failures), while failure in steel reinforced
specimens occurred due to exceeding the concrete’s splitting tensile strength. Based on the
experimental data, Hamad et al. [15] also proposed temperature-dependent analytical laws to fit the
ascending branch of the bond stress vs. slip curves of the three types of rebars tested. The parameters
defining the analytical bond stress vs. slip relations were obtained from a simplistic curve fitting
procedure, which considered a uniform stress distribution along the embedment length of the rebars,

which is a very rough assumption since such distribution is well-known to be not uniform [16].

The literature review presented above shows that the number of existing studies about the reduction
with temperature of the bond properties of GFRP rebars to concrete is still very limited; therefore,
additional and more comprehensive investigations are required to fully understand the degradation
mechanisms that take place at the GFRP-concrete interface at high temperature — this knowledge
would contribute to improve the understanding of the structural behaviour of GFRP-RC elements
when subjected to fire or elevated service temperature, which, as already mentioned, is highly

dependent on the GFRP-concrete bond performance. Moreover, additional experimental studies are
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also needed to further evaluate the temperature dependence of a set of parameters (for example,
surface finishing, diameter, geometry and embedment length in concrete), expected to affect the
bond properties of the rebars at elevated temperature. Finally, and unlike for steel rebars, no standard
bond vs. slip models are currently available for FRP rebars; this can be explained by the complexity
of modelling the FRP-concrete interaction, the non-standardized geometry and manufacturing
process of these bars (involving a wide variety of surface finishes and properties), as well as the
limited number of experimental data available, as highlighted above. So far, few bond vs. slip
models have been proposed (e.g. [17]), and most of them apply only for ambient temperature
conditions. According to the best of the authors’ knowledge, apart from the study of Hamad et al.
[15], where temperature-dependent analytical laws were proposed only for the ascending branch of
the bond stress vs. slip response (and specifically for the residual behaviour), there is still no bond
stress vs. slip relations for the interaction between FRP rebars and concrete at elevated temperatures.
For these reasons, a perfect bond between FRP rebars and concrete is often assumed in the analytical
and numerical models of FRP-RC structures (e.g. [18-20]), leading to unrealistic and inaccurate
predictions of their structural performance [17]; therefore, in order to enable more accurate
simulations of the mechanical response of FRP-RC structural members, temperature-dependent

bond stress vs. slip local laws need to be defined.

3 EXPERIMENTAL PROGRAMME

3.1 Test programme

The experimental campaign presented herein comprised pull-out tests on sand coated GFRP rebars,
embedded in concrete cylinders, at the following six temperatures: 20 °C, 40 °C, 60 °C, 80 °C,
100 °C and 140 °C. Two series of pull-out tests were carried out, corresponding to two different
embedment lengths (Lb) of the GFRP rebars into concrete: 5 and 9 times the diameter (d,=10 mm)
of the rebars — 50 mm and 90 mm, respectively (5dy and 9d, series). The embedment length adopted
in 5d, series corresponds to that recommended in most test standards (e.g. ASTM D7913 [21] and
ACI 440.3R-12 [22]), whereas specimens from 9d, series were produced to evaluate the influence

of using a longer embedment length on the GFRP-concrete bond at elevated temperature.
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3.2 Description of the GFRP rebars and tensile tests at elevated temperature

The GFRP rebars used in this study were supplied by Owens Corning (model Aslan 100 —
commercial diameter of 10 mm?); these bars are manufactured through a pultrusion process using
ECR glass fibres and vinylester resin, presenting a slight surface undulation created by external
helical wound fibres along with a sand coating (cf. Figure 1) — both the sand and the helical fibres
are applied after pultrusion, but prior to thermoset of the polymeric resin [23]. The inorganic

content in mass determined from burn-off tests (carried out according to [24]) is 75%.

10 $— 25— [mm]

——— cq

"
Figure 1: Sand coated GFRP rebar.

Dynamic mechanical analyses (DMA) were performed (as defined in [25]) from ambient
temperature up to 250 °C, at a heating rate of 1 °C/min and an oscillatory frequency of 1 Hz. The
results, plotted in Figure 2, allowed setting a reference Ty of 98 °C, based on the onset of the
storage modulus curve. The T4s obtained from the peak of the loss modulus curve and the peak of

the tangent delta (Tan J) curve were 110 °C and 121 °C, respectively.

50

110°C

e
<

98°C

TN

Storage modulus [GPa]
3] 5]
< <
e ———

o
L

0 50 100 150 200 250
Temperature [*C|

Figure 2: DMA results (storage modulus, loss modulus and tangent delta curves as a function
of temperature).

! This value (10 mm) relates to the core diameter; the effective diameter of the rebar (core and surface
coating) is approximately 11 mm.
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Tensile tests were performed on the sand coated GFRP rebars according to [26] and using the test
setup illustrated in Figure 3. The following temperatures were tested: 20°C (ambient
temperature), 50 °C, 100 °C, 150 °C, 200 °C, 250 °C and 300 °C. The rebars’ temperature during
the tensile tests was measured in a dummy specimen, which was also placed inside the thermal
chamber, alongside the tested rebar; specifications of the chamber used are described in the next
section. The rebars were first heated up to the target temperature at an average heating rate of
10.7 °C/min (temperature measured in the dummy specimen) and then loaded until failure, under
displacement control, at an average rate of 6 mm/min. The axial deformation of the rebars was
measured using a video extensometer (details presented in the section) that allowed determining

the elastic modulus at each test temperature.

| %/Te#(ing
Thermal | & f mqﬁgune

A)

i ]
‘A e
3 . Video exfensomete

Figure 3: Setup of tensile tests: (a) general view and equipment (thermal chamber, testing
machine and video extensometer); (b) tested GFRP rebar and dummy rebar inside the thermal
chamber.

+Thermocoupl

Table 1 and Figure 4 show the results obtained in terms of tensile strength and elastic modulus
for the different test temperatures. The tensile strength presented a significant reduction up to
150 °C, with strength at that temperature decreasing 40% compared to that at ambient
temperature. From 150 °C to 300 °C, the strength reduction was much less significant, with a
reduction of 43% at 300 °C. These reductions are mostly related to the degradation of the
polymeric matrix, as the ability to redistribute the applied load among the glass fibres is reduced,
promoting premature tensile ruptures. The elastic modulus was substantially less affected when

compared to the tensile strength, with reductions of 9% and 13% at 100 °C and 300 °C,
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respectively. It should be noted that the steepest decrease of the tensile properties occurs roughly
between 50 °C and 100 °C, owing to the glass transition process undergone by the polymeric

matrix, when the temperature approaches the Ty (set at 98 °C, as mentioned).

Table 1: Tensile test results (average * standard deviation).

Temperature Tensile strength telr:lsoilre:ns?::szr?gth Elastic modulus elaﬁ?ircmn?cl;éﬁl?us
0
[°Cl [MPa] reduction [-] [GPa] reduction [-]
20+2 1045.1 + 8.4 (0.8%) - 48.2 + 0.8 (1.7%) -
50+2 927.5 + 8.0 (0.9%) 11% 47.6 £ 0.1 (0.2%) 1%
100+2 682.4 £ 14.6 (2.1%) 35% 44,1 £1.2 (2.7%) 9%
1502 623.2 + 30.6 (4.9%) 40% 459+ 1.3 (2.8%) 5%
200 +2 603.7 £ 15.1 (2.5%) 42% 45.3 £ 2.2 (4.9%) 6%
250 £2 619.3 +11.2 (1.8%) 41% 43.7 + 3.6 (8.2%) 9%
3002 598.2 + 23.5 (3.9%) 43% 41.8 £ 4.1 (9.8%) 13%
1200 60
o]

— 1000 - - S0 —

£ e, 08 3 ! 5

£ 800 } L 40 £

=1 o 2

S 600 - @ a o g |30 8

o =

2 g

=400 - F 20 -2

g O Tensile strength E

=200 i -0 =

® Elastic modulus
0 T T T T T T 0

0 50 100 150 200 250 300 3350
Temperature [°C]

Figure 4: Tensile properties of GFRP rebars as a function of temperature (average + standard
deviation values).

3.3Description of pull-out specimens, instrumentation and test procedure

Concrete class C25/30 with cement type CEM II/A-L 42.5R and limestone aggregates was used
to produce the specimens for the pull-out tests. The concrete’s tensile and compressive properties
were determined at the age of the pull-out tests (111 days). During that period, the test specimens,
as well as the cylinders and cubes used to characterize the concrete’s properties, were cured in
the laboratory facilities at ambient temperature and relative humidity (indoor, but not controlled).

The compressive and splitting tensile strength tests were performed according to standard

10
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procedures ([27] and [28], respectively), providing the following average values: cube

compressive strength of 43.3 MPa and splitting tensile strength of 3.1 MPa.

The test specimens consisted of concrete cylinders (height and diameter of 150 mm) with a single
GFRP rebar (total length of 745 mm) embedded vertically (5d, or 9dy) along the central axis of

the cylinder.

The unbonded length of the rebars was set using a bond breaker made of a PVC tube (outer
diameter of 16 mm, 1.3 mm thick), as shown in Figure 5. At the free end, the rebars were slightly
protruded from the concrete cylinder, thus allowing to read the slip between that end of the rebars
and the top surface of the concrete (using a video extensometer, as explained below). The loaded
end of the rebars was protected using stainless steel tubes (outer diameter of 22 mm, 0.7 mm

thick) to prevent premature tensile failure at the grip of the testing machine (cf., Figure 6).

Hlmﬂé

dpy=10 e Free end of the rebar

\ﬁ_p <«— Concrete cylinder Casting

Ly 2 direction

150 |+ 2 4 ;L T~ Thermocouple
N Loading
«+————— Bond breaker direction
v
GFRP rebar
(loaded end)

Figure 5: Pull-out test specimen geometry and thermocouples placement.

The setup used in the pull-out tests is illustrated in Figure 6. The specimens were positioned in a
frame composed by two metal plates, connected with steel rods, which acted as a reaction device.
The frame was installed inside a Tinius Olsen thermal chamber (cf. Figure 6b) and was coupled
to an Instron universal testing machine with load capacity of 250 kN (cf. Figure 6¢). The
specimens’ temperature was measured with type K thermocouples (0.25 mm of conductor

diameter), positioned at mid-height of the embedment length (cf. Figure 5). An additional

11
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thermocouple was used to control the temperature of the air inside the thermal chamber. The slip
of the rebars was measured at both free and loaded ends using a video extensometer (cf. Figure
6b); this equipment consists of a high definition video camera (Sony, model XCG 5005E, with
Fujinon lens, model Fujifilm HF50SA-1) placed on a tripod. As illustrated in Figure 6a, target
dots were marked on the GFRP rebar (on both free and loaded ends) and on angle brackets (fixed
to the concrete’s surface and to the bottom steel plate, respectively), allowing to measure the

relative displacement (i.e., the slip) between the rebar and the concrete.
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reaction —»
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Video extensometer

Figure 6: a) Setup of pull-out tests; (b) general view of the specimen in the thermal chamber;
(b) external view of the thermal chamber and video extensometer.

The experimental procedure was divided in two stages. In the first stage, the specimens were
heated up to the predefined (target) temperature at an average heating rate of the air inside the
thermal chamber of 10 °C/min (0.9 °C/min at the GFRP-concrete interface). In order to minimize
the specimen’s heating time, the initial temperature of the thermal chamber was set 10 °C above
the specimen’s target temperature. Once the temperature at the GFRP-concrete interface (from
now on referred to as “specimen temperature”) approached the target temperature (i.e., 2°C
lower), the temperature of the thermal chamber was reduced (to the target value), guaranteeing a
constant temperature in the specimen during the second stage of the tests (i.e., the loading stage,

as described below). This procedure is exemplified in Figure 7, which shows, for two different

12



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

target temperatures (80 °C and 140 °C), the temperature-time curves of both the specimens and
the air inside the thermal chamber. It is worth mentioning that during the first stage of the test
procedure the lower grip of the testing machine was kept open, thus avoiding any axial restriction

due to thermal expansion of the specimens.

The second stage, during which the specimens’ temperature was kept constant at the predefined
target value, consisted of loading the specimens (i.e., pulling the GFRP rebars) until failure, under
displacement control, at an approximate speed of 1 mm/min (test speed defined according to the
limits set in ASTM D7913 [21]). During this stage, the applied load, the cross-head displacement
of the test machine and the position of the target dots were monitored. The tests were carried out
until the target dots were no longer traceable by the video extensometer (due to the limited height
of the furnace’s viewing window). For each temperature and embedment length, at least three

replicate specimens were tested.
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Figure 7: Temperature-time curves of the specimens (measured at concrete-GFRP interface)
and of the air inside the thermal chamber, for different target temperatures (80 °C and 140 °C).

4 EXPERIMENTAL RESULTS AND DISCUSSION

4.1. Bond stress vs. slip curves

Figure 8 and Figure 9 present for each target temperature and embedment length (5d, and 9d,
series) the average bond stress vs. slip curves, with the slip measured at the free and loaded ends
of the rebars, respectively. To simplify the analysis described in the present section, the curves

are only plotted up to slips of 20 mm.
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Figure 8: Average bond stress vs. slip curves ~ Figure 9: Average bond stress vs. slip curves

(slip measured at the free end) for all tested (slip measured at the loaded end) for all
temperatures (5d, series — continuous line; tested temperatures (5dy series — continuous
9d, series — dashed line). line; 9dy series — dashed line).

Regardless of the embedment length, the curves present an approximately linear behaviour until
the maximum stress was attained; the slope of these ascending branches (i.e. the bond stiffness)
was progressively reduced as the test temperature increased — this stiffness reduction is clearly
noticed in Figure 9. After the average bond strength was attained, a stress drop occurred (with
exception of the specimens tested at 100 °C, where a stress peak did not occur and consequently
no such drop exists); this drop was then followed by a progressive stress reduction, with the curves
exhibiting almost a plateau for higher slips. This final stage of the curves extended up to the end
of the tests, which were interrupted before the complete pull-out of the rebars (due to the loss of
the target dots, as mentioned in section 3.3). The specimens tested at 100 °C presented a different
post-peak behaviour compared to the remaining ones: after the average bond strength was attained
(which occurred for considerably higher slip values), the stress values presented a progressive
reduction - this behaviour may be related to the fact that this temperature virtually matches the Ty

of the rebars (98 °C), for which the viscoelasticity of the material is known to be maximum.

As shown in Figure 8 and Figure 9, the curves obtained at the free and loaded ends of the
specimens presented a similar overall behaviour. However, the following differences should be
noted: while the slip at the loaded end of the rebars increased from the beginning of the loading

stage (cf. Figure 9), the same did not occur at the free end - for specimens tested at 20 °C and
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40 °C, as expected, the initial branch of the curves is approximately vertical (i.e., the slip at the
free end is negligible); this indicates the bond length was only partially mobilized for relatively
high stress values, i.e. up to approximately the average bond strength (cf. Figure 8); the moment
when the free end slip presents a significant increase should be related to the loss of adhesion
between the sand coating and the core of the rebar (further discussion is provided in section 4.2).
However, for specimens tested at temperatures above 40 °C, the slip at the free end starts as soon
as loading begins, which indicates that even relatively low temperatures (including below the
rebar’s Tg) have a non-negligible effect on the degradation of the rebar-concrete bond, particularly

on the sand coating-rebar’s core interface.

The plateau branch of the curves after the stress peak should have been caused by the progressive
penetration of the free end length of the rebars into the concrete cylinder (note that this stems
from the standard test setup adopted). When in contact with the concrete’s surface, this
undamaged (mechanically) portion of the rebars may have provided an increase in the
GFRP-concrete friction, compared to the one afforded by the damaged (and initially embedded)
length of the rebars, thus providing an additional contribution to the overall resistance against

slip.

Figure 8 and Figure 9 also show that: (i) for a certain temperature, as expected, the specimens
with longer embedment length (9d, series) presented lower average bond stresses; and (ii) the
bond strength was progressively reduced with temperature (cf. Table 1 and Table 2). The effect
of elevated temperature was also noticeable in the bond stiffness reduction (corresponding to the
slope of the initial linear branch); this result was also expected, since for elevated temperatures
the stiffness and strength of the constituent materials and especially of the GFRP-concrete
interface are reduced. Figure 10 presents for each target temperature and embedment length the
load vs. free end slip curves; this figure allows confirming that specimens with longer embedment
length (9d, series) attained higher loads and, for those specimens, slip starts to increase for higher

load values comparing to the 5d; series.
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Figure 10: Load vs. slip curves (slip measured at the free end) for all tested temperatures (5ds
series — continuous line; 9dy series — dashed line).

4.2. Failure modes and post pull-out observations

For all test temperatures, failure of specimens from 5d, series occurred due to pull-out of the
GFRP rebars, i.e. slippage of the rebars along the embedment length in the concrete cylinder. The
experimental results (described in the previous section) and the visual observations of the
specimens throughout the tests (e.g., Figure 11) confirmed the occurrence of this expected failure

mode.

Regarding the specimens from 9d, series, in general pull-out of the rebars also occurred, with the
exception of some specimens tested at ambient temperature, which presented splitting of the
concrete. In order to avoid this type of failure (and to obtain the desired pull-out failure),
additional specimens were confined using four stainless steel clamps (28 mm wide) evenly
distributed along the height of the cylinder. The tests on these specimens (carried out at ambient
temperature) showed that despite the confinement provided to the concrete (which successfully
avoided splitting failures), the bond stress vs. slip response was not affected, presenting a similar
behaviour (i.e., identical stiffness of the ascending branch and maximum average bond stress) to
that obtained in unconfined specimens (cf. section 4.1). Indeed, the maximum value of the average
bond stress obtained in the confined and unconfined specimens was very similar: 19.4 and

19.2 MPa, respectively.
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Figure 11: Pull-out of the rebars from the concrete cylinders: representative specimen at
(a) the beginning and (b) end of the tests.

After the tests, all concrete cylinders were sawn cut into two pieces to confirm the failure modes
and evaluate the damage underwent by the materials and at the rebars-concrete interface. As shown
in Figure 12a, in specimens tested at elevated temperatures the external layer of the GFRP rebars
was significantly abraded, with exposure of the longitudinal and wound fibres; in particular, the
wound fibres were ripped and the superficial sand-coated layer was peeled; residues of crushed
resin, some broken wound fibres and most of the sand particles were attached to the concrete (along
the embedment length of the rebar); no damage on the core of the rebars was observed. In the
specimens tested at ambient temperature (Figure 12b), the abrasion introduced to the rebar was
more severe: the superficial sand-coated layer and the wound fibres were completely removed, the

core of the rebar was exposed and some longitudinal fibres were broken and stripped from the core.

The visual inspections of the pull-out specimens after the tests demonstrated that the bond behaviour
of the sand-coated GFRP rebars to concrete, at both ambient and elevated temperatures, was
influenced by the adhesion (and friction) between the surface finishing (sand coating and wound

fibres) and the rebar’s core.
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Figure 12: Surface of the GFRP rebar after testing at (a) elevated temperature and (b) ambient
temperature.

4.3. Bond strength and stiffness

Figure 13 presents the variation with temperature of the following parameters (normalized
average values): (i) the average bond strength; (ii) the bond stiffness (corresponding to the slope
between 25 and 50% of the maximum value of the bond stress vs. loaded end slip curves); (iii)
the tensile strength, (iv) the elastic modulus, and (v) the storage modulus curve (obtained from
DMA tests) of the rebars. Table 2 and Table 3 summarize the results obtained for series 5d, and

9ds, respectively.

The results depicted in Figure 13 show that the bond strength was significantly reduced with
temperature, even for values well below the Ty of the GFRP rebars. For temperatures as low as
60 °C (that can be attained in outdoor applications), bond strength reductions were at least 29%,
while for 100 °C and 140 °C, the reductions were around 80% and 90%, respectively. Moreover,
the results depicted in Figure 13 highlight that: (i) the bond strength exhibited a similar reduction
with temperature for the two test series (i.e., for the two different embedment lengths); (ii) the
reduction of the GFRP-concrete bond strength (and stiffness) occurred for lower temperatures
than the mechanical degradation at the material level (as measured in the tensile tests and in the

DMA tests).
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Table 2 and Table 3 show that for temperatures up to 60 °C for 5dy series and 80 °C for 9dy, series,
the ratio between the maximum tensile stress developed in the GFRP rebars during the pull-out
tests and the tensile strength of the rebars at ambient temperature is higher than 25%; in most
design guidelines, this value is defined as the maximum stress level that can be developed in the
GFRP rebars for serviceability limit state. Regarding the stiffness of the GFRP-concrete interface,
the results obtained also show that it was significantly affected by temperature: (i) at 60 °C, the
bond stiffness reduction was at least 44%, progressing to 80% at 100 °C; and (ii) the steepest
reduction occurred (below the Tg) in specimens with a shorter embedment length. It is still worth
noting that in both series the bond stiffness presented an increase when the tested temperature
raised from 100 °C to 140 °C, especially for 9d, series — this result (unexpected a priori) may be
partially explained by the fact that for such temperature variation the radial expansion of the rebar
was possibly more significant than the thermal degradation of the materials; therefore, it may
have increased the friction between the rebar’s core and the superficial surface finishing and,

consequently, the bond stiffness. Additional investigations are needed to confirm this

phenomenon.
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Figure 13: Normalized values of bond strength and stiffness, tensile strength, elastic modulus
and storage modulus of the GFRP rebars as a function of temperature.
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Table 2: Test results obtained from specimens with embedment length of 5d, (average +
standard deviation).

Embedment length to concrete = 5ds

Ratio
) Average Ratio maximum maximum Bond Normalized
Temperature Maximum bon dg Normalized axial stress/tensile axial stiffness bond
% load bond strength strength at stress/tensile (loaded :
[°C] strength - stiffness
[kN] [MPa] reduction [-] elevated strength at end) reduction [
temperature ambient [MPa/mm]
temperature
202 36.3+3.2 23120 - 49% 49% 349+33 -
40+2 294+20 18.7+1.3 19% 43% 39% 324+10.6 7%
60+2 233+13 148+0.8 36% 37% 31% 15.0+5.7 57%
80+2 13.8+3.1 88+20 66% 25% 18% 121 +47 65%
100+ 2 6.8+1.3 43+08 81% 14% 9% 45+13 87%
140+ 2 40+03 25%0.2 89% 9% 5% 49+12 86%

Table 3: Test results obtained from specimens with embedment length of 9d, (average +
standard deviation).

Embedment length to concrete = 9ds

Ratio Ratio
Average . maximum maximum Bond Normalized
. Normalized axial axial -
Temperature Maximum bond bond h Jtensil Jtensil stiffness bond
rc] load [kN] ~ strength ~ Dord Srengi - susstensile SUSSTENS (loadedend)  stiffness
[MPa] reduction [-] strength at streng_t at [MPa/mm] reduction [-]
elevated ambient
temperature temperature
20+2 546+3.1 193+1.1 - 73% 73% 14.7+1.8 -

40+2 46520 16.4+£0.7 15% 67% 62% 125+1.0 15%

60+2 38.8+55 13.7+£2.0 29% 62% 52% 11.8+1.2 20%

80+2 20.1+£3.2 71+11 63% 36% 27% 82+0.1 44%

1002 10.1+£2.7 3610 82% 21% 14% 3.0+09 80%

140+ 2 55+04 19+0.2 90% 12% % 51+18 66%

Figure 14 presents a comparison of the normalized bond strength obtained in this study with the
test data reported by Katz et al. [7] and Mclintyre et al. [12]; these studies, reviewed in section 2,
deal with pull-out tests in GFRP rebars with similar surface finishing (sand coating) and the same
test procedures (the loading stage took place while the specimens were at a constant (elevated)
target temperature). It should be noted that: (i) the GFRP rebars used in these two studies were
produced by different manufacturers and had different nominal diameters; (ii) the embedment
lengths to concrete were similar (5d, and 4ds, for the first and second studies, respectively); (iii) in
the study of Mclintyre et al., the predominant failure mode was by splitting of the concrete; (iv) in
the present study and in the study of Katz et al. pull-out failure modes occurred at all tested

temperatures.
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The results plotted in Figure 14 show that the bond strength reduction with temperature obtained
in the various studies is qualitatively similar, exhibiting the same general trend. However, in the
present study, for temperatures ranging from 60 °C to 140 °C the reduction of bond strength was
higher when compared to the other two studies. No evident relation between the bond strength
decay and the Tgs of the rebars was found that could justify such difference. A possible
explanation for this result may be related to different surface properties of the rebars, namely the
adhesion between the superficial finishing and the core - as discussed in section 4.2, the behaviour
of this interface seems to play a significant role on the bond performance of this type of FRP
reinforcement. In the present study the damage observed in the rebars after testing (cf. section

4.2) was similar to that reported by the above-mentioned authors.
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Figure 14: Comparison of the bond strength: results obtained in the present study and those from

Mclintyre et al. [12] and Katz et al. [7].

5 ANALYTICAL STUDY

5.1. Bond stress vs. slip curves

The bond behaviour between reinforcing bars and concrete is usually described through bond
stress vs. slip models. As discussed in section 2, such models for the simulation of the influence of
the temperature on the GFRP-concrete bond behaviour are still not available in the literature. In the

present section, a numerical method, developed and detailed by Sena-Cruz and Barros in [16], is
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used to obtain such relations for the sand-coated GFRP rebars used in this study for temperatures

up to 140 °C and an embedment length of 5dy.

The method is based on a humerical approach in which the experimental results (i.e., the load vs.
slip results) are used to calibrate a set of parameters defining the analytical bond stress vs. slip law.
In addition to the geometric features of the rebars (cross section and bond length to concrete), the
results obtained in terms of elastic modulus as a function of temperature (described in section 4.2)

are also used as input to calibrate the analytical laws.

The computational code developed by Sena-Cruz and Barros [16] was used to solve the differential

Equation (1) that governs the slip of a GFRP rebar along the embedment length to the concrete,

d?s 4

dxz - dbEf

(s) 1)

where s is the slip, x is the positioning along the embedment length, 7(s) is the bond stress for a
certain slip value, dj, is the diameter and E the elastic modulus of the rebar. The analytical
expression considered for the local bond stress vs. slip relationship was proposed by Sena-Cruz [29]

and is defined by the following equations,

(‘[m (i)a lf s< Sm (28.)
1(s) = 1 .
m T fs> sy
N @

where t,, and s, are the bond strength and the corresponding slip, and @, a’ and s; are the
parameters defining the shape of the bond stress vs. slip curves. Equation (2a) defines the t(s) for
the pre-bond strength phase , following the model proposed by Eligehausen et al. [30], while
Equation (2b) simulates the post-peak phase (slip softening stage), following the approach of Stang
and Aarre [31]. Itis worth highlighting that the numerical method used in the present study considers

a non-uniform distribution of the bond stress along the embedment length of the rebars.

22



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

The numerical methodology adopted herein was successfully used earlier to model the bond
behaviour of near-surface mounted (NSM) CFRP strips and concrete [16]. However, in the present
study, when using the elastic modulus of the rebars obtained from the tensile tests, the resulting
analytical load vs. slip curve (obtained for the slip at the loaded end) presented a significantly higher
stiffness (as defined by the slope of the initial linear branch) than that measured in the experiments.
This deviation, exemplified in Figure 15 for a temperature of 20 °C, was consistent for all test
temperatures. However, in a similar campaign carried out by the authors in ribbed GFRP rebars,
these relative differences were not observed: the analytical load vs. slip curves reproduced quite

accurately the experimental data, as exemplified in Figure 17 for a temperature of 20 °C.

The authors believe that the relative differences obtained for the sand coated rebars (which did not
occur for the ribbed rebars) is related to the deformability of its constituent materials/layers; in fact,
in a few specimens it was quite clear that slippage occurred mainly between the core of the rebars
and its superficial sand coating, as already mentioned in section 4.1. Therefore, these evidences
suggested that the rebars could be seen as a composite reinforcement, in which the deformability of
the core and that of the superficial layer of sand and resin are different. Therefore, the heterogeneity
of the rebars throughout its thickness was addressed (numerically) by calibrating, for each
temperature, an apparent elastic modulus (as a percentage of the modulus experimentally obtained).
This approach allowed for a significant accuracy increase regarding the stiffness of the analytical
load vs. slip curves (slip measured at the loaded end), as exemplified in Figure 16, also for a
temperature of 20 °C. The temperature-dependent calibrated values (used to obtain the analytical
local bond stress vs. slip laws) of the apparent elastic modulus of the GFRP rebar are listed in Table

4.
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Figure 15: Comparison between experimental Figure 16: Comparison between experimental
and analytical load vs. slip curves at T=20 °C: and analytical load vs. slip curves at T=20 °C:
modelling using the elastic modulus obtained modelling using the apparent (calibrated)
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Figure 17: Comparison between experimental and analytical load vs. slip curves for a ribbed
rebar tested at T = 20 °C: modelling using the elastic modulus obtained from tensile tests.

The parameters defining the calibrated local bond stress vs. slip laws (cf. Figure 20) are listed in
Table 4; they were obtained by minimizing the relative difference (area) between the experimental
and analytical load vs. slip curves (obtained for both free and loaded ends) and by ensuring similar
values of maximum load and corresponding slip. The comparison between the experimental and
analytical curves is plotted in Figure 18 (for the slip at the free end) and in Figure 19 (for the slip
at the loaded end), demonstrating the overall good performance of the numerical strategy adopted
for deriving the bond stress vs. slip relationship in the context of modelling the GFRP-concrete
interface. This is also attested by the low values of relative difference obtained (below 7%, cf.

Table 4), indicating a very good fit of the analytical curves to the experimental data. As previously
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mentioned (cf. section 4.1), the behaviour of the specimens tested at 100 °C was somehow

different from the specimens tested at the other temperatures. For this reason, a better fit of the

experimental data could have been obtained by using a different analytical expression for the local

bond law than the one chosen in this study (Equation 2b); nevertheless, the results obtained herein

were quite satisfactory.
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Table 4: Parameters defining the calibrated local bond-stress vs. slip relationship.

Relative
_ Ca":ggej js"aSﬁC . o o s difference’ [-]

eres [C] [GPa] [mm]— [MPa] “t L] [ Free Loaded
endslip endslip

T20_5d» 20 14.5 (30%E-cxp) 0.32 23.70 0.15 059 20 4.2% 4.8%

T40_5d» 40 12.0 (25%E-cxp) 0.35 21.80 025 044 20 3.8% 4.5%

T60_5db 60 11.7 (25%E-exp) 0.61 15.00 050 059 24 2.1% 2.5%

T80_5db 80 11.0 (24%E-cx) 0.69 7.90 045 045 120 2.5% 2.7%

T100_5d» 100 4.4 (10%Eeyp) 0.75 3.90 050 200 70 3.9% 3.7%

T140 5d» 140 2.2 (10%E-exp) 0.40 291 0.50 0.20 110 6.4% 6.6%

! Relative percentage difference, in absolute value, between the areas below the experimental and analytical load vs.
slip curves (slip measurements at the free and loaded ends of the rebar).

The calibrated GFRP-concrete bond constitutive laws obtained for each of the tested temperatures

are plotted in Figure 20. These curves prompt the following main remarks: (i) the maximum bond
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stress and stiffness are progressively reduced as temperature increases; (ii) for all temperatures,
at relatively high slip values a significant bond stress is retained; (iii) up to 100 °C, the slip
corresponding to the bond strength (sm) increases with temperature, while from 100 °C to 140 °C,
such slip is significantly reduced (cf. Table 4). This non-monotonic variation of the slip
corresponding to the maximum bond stress should be related to the thermo-physical changes
undergone by the polymer during the glass transition process, whose viscosity presents a
maximum during glass transition (the peak of the loss modulus curve occurs at 110 °C),

decreasing for lower and higher temperatures.
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Figure 20: Calibrated local bond stress vs. slip relationship for different temperatures.
5.2. Bond strength degradation models
In this subsection, the ability of the empirical models proposed by Gibson et al. [32] and Correia et al.
[33] in simulating the variation of the bond strength with temperature was assessed. These relaxation
models involve curve fitting procedures to the experimental results and have been successfully used

to simulate the mechanical properties of FRP materials at elevated temperatures [33].

According to Gibson et al. [32], the variation of a generic mechanical property (P) with

temperature (T) can be defined by the following equation,

P, —P.
P(T)=P, — 5 X (1 + tanh[k'(T = Ty mecn)]) (3
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where P, is the value of the property at ambient temperature and B. is the value of the property
after the glass transition (but before decomposition). The parameters k’ and T .5, are obtained

by fitting the theoretical curve to the experimental data.

Correia et al. [33] proposed the following model, which is based on the Gompertz statistical

distribution, where the parameters B and C are fitted to the experimental data:
P(T) = P + (B, — B.) x (1 — eBe“™) (4)

Since the bond strength obtained for both embedment lengths presented a similar reduction with
temperature, the equations described above were simultaneously fit to the experimental data of

both lengths using a standard procedure that minimizes the mean square errors.

Figure 21 plots the fitting curves for both models, together with the normalized experimental
values of the bond strength. Table 5 lists the values of the parameters obtained for the two models
and the respective absolute mean percentage error (AMPE). It can be seen that both models
present a very good agreement with the experimental results (slightly better for the model of
Gibson etal.), i.e., they are able to provide accurate estimates of the GFRP-concrete bond strength

reduction with temperature.
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Figure 21: Normalized average bond strength (compared to ambient temperature) vs.
temperature: experimental results and modelling curves.
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Table 5: Simulation of the bond strength degradation with temperature — defining parameters
and absolute mean percentage error (AMPE).

Model Parameter
k' [] 0.0342
Gibson et al.
[32] Tg,mech [OC] 67.59
AMPE [%] 10.8
B [-] -11.68
Correia et al. CH -0.0433
[33]

AMPE (%)  14.0
P, =1.00 B =0.11

6 CONCLUSIONS
This paper presented experimental and analytical investigations about the bond behaviour between
GFRP rebars (sand coated with external helically wound fibres) and concrete from ambient

temperature up to 140 °C. From the results obtained, the following main conclusions can be drawn:

1. The results confirmed the degradation of the tensile properties of GFRP rebars at elevated
temperature: the tensile strength was considerably reduced when the Tq4 (98 °C) was reached,
with retentions of 60% and 57% at 150 °C and 300 °C, respectively; the elastic modulus was
significantly less affected, presenting retentions of 95% and 87% for those temperatures.

2. As expected, the strength and stiffness of the GFRP-concrete interface were significantly
affected with increasing temperatures. The average bond strength was severely reduced for
temperatures well below the T, of the GFRP rebars, presenting reductions of 29% and 89% at,
respectively, 60 °C and 140 °C, compared to the average bond strength at ambient temperature.
The bond stiffness (measured at the loaded end) experienced reductions of 44% and 80% at
60 °C and 100 °C, respectively, comparing to the stiffness at ambient temperature. For the
materials, test setup and procedure, and range of temperatures tested, similar bond strength
reductions with temperature were obtained for embedment lengths of 5 and 9 times the
diameter of the rebars.

3. Visual observations of the specimens after the tests showed that the damage undergone by the
GFRP rebars was limited mostly to their surface, with the superficial layer of sand being

completely stripped from the rebars’ core; these observations showed that the bond behaviour
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of the sand-coated GFRP rebars to concrete, at both ambient and elevated temperatures, is
influenced by the adhesion (and friction) between the superficial finishing and the rebar’s core.

4. A numerical method was used to model the behaviour of the GFRP-concrete interface, taking
into account the composite nature of these specific rebars; local bond stress vs. slip relations
were calibrated for different temperatures and allowed reproducing the experimental data in
terms of load vs. slip response with very high accuracy.

5. The empirical models assessed in the present study, proposed by Gibson et al. [32] and Correia
et al. [33], were both able to accurately simulate the GFRP-concrete average bond strength

reduction with temperature.

The proposed local bond vs. slip laws are the main research output of the present study; these
relations, which were calibrated for representative sand-coated GFRP rebars and concrete type,
can be implemented in the numerical simulation of the thermo-mechanical response of GFRP-RC
members (made of similar materials to those adopted in this study) subjected to elevated

temperatures or fire.
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