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1. Introduction

The possibility in replacing steel rebars with GFRP (Glass Fibre 
Reinforced Polymer) rebars in reinforced concrete was increasingly 
investigated in the last decades [1]. The main advantages in using 
GFRP reinforcement are: their lightweight nature for weight sen-
sitive structures, their non-corrosive and non-conductive charac-
teristics, as well as their high strength-to-weight ratio [2]. Recently, 
efforts were dedicated in improving the service life of GFRP rein-
forced concrete structural elements exposed to severe environ-
mental conditions ([3,4]). The potential advantages of composite 
rebars were already demonstrated, but some aspects concerning 
the durability or the reaction to elevated temperatures are still 
topics of investigation. In particular, GFRP presents poor resistance 
to elevated temperature due to the low value of the glass transition 
temperature of the polymeric matrix. It can be in the range of 
80e180 �C. A temperature of this level could be easily overcome 
during fire exposure. Exceeding the transition temperature causes 
reduction in adhesion to concrete, in stiffness and strength of the 
rebars, which have to be considered for the design of a reinforced 
concrete structure.

Some investigations were published for understanding the 
thermo-mechanical behaviour of structural concrete beams and 
slabs internally reinforced with FRP bars. The strength and
 
 

deformability of GFRP reinforced concrete slabs in fire situations
were detailed in Refs. [5] and [6]. The authors underlined the
importance of the concrete cover and of the bars anchorage length
as fundamental parameters for the fire resistance of concrete
members. In Ref. [7], concrete slabs reinforced by GFRP rebars were
tested with emphasis on their ability to sustain loads under fire
exposure. Another experimental campaign on concrete members
reinforced with GFRP bars exposed to temperature above 500 �C on
a portion of the external surface is detailed in Ref. [8]. In this
research, the influence of the reinforcement geometry on the load
carrying capacity was investigated. The behaviour of GFRP rein-
forced concrete beams exposed to fire was also discussed in Ref. [9].
The degradation of the flexural capacity due to fire was evaluated
and the agreement with the fire design requirements, for the
minimum periods of fire resistance, was assessed assuming a
minimum concrete cover.

Beside the experimental investigations, some researches were
dedicated to the numerical and analytical modelling of the per-
formance under high temperature conditions of structural concrete
members reinforced with FRP bars. Methods estimating the resid-
ual flexural and shear strengths of reinforced beams exposed to fire
are detailed in Ref. [10]. The proposed methods consider the
reduction of the initial strengths of concrete and FRP reinforcement
resulting from the high temperatures developed inside the beam.

The adhesion between the FRP bar and concrete can be exten-
sively compromised at elevated temperature [11]. A bond model
taking temperature effects into account was proposed in Ref. [12]. It
predicts the necessary anchoring length in the protected zones

mailto:valter.carvelli@polimi.it
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2015.06.020&domain=pdf


Table 1
Number of tests.

Concrete cover

5 mm 10 mm

Rebar ∅8 mm Sch€ock ComBAR® 2 2
FiReP® Rebar P 2 2
(cold anchorage). More refined and accurate predictions were ob-
tained with numerical finite element models (see e.g. Refs. [13,14]). 
These can account for the properties of materials at high temper-
atures, realistic load and boundary conditions, as well as temper-
ature induced slip between FRP rebars and concrete.

Based on the continuous research in the last decades, some 
guidelines and codes were proposed, but only the Canadian code 
[15] provides a design procedure for structural concrete members 
in fire situations, in the authors' knowledge. Recently, in Ref. [16] a 
simplified design method (for both thermal and mechanical ana-
lyses) was proposed to estimate the bending moment resistance of 
FRP reinforced concrete slabs in fire situations.

The above mentioned and other researches available in the 
literature are dedicated to FRP reinforced concrete members with 
bearing function. But in construction engineering several low 
bearing function concrete components have a relevant importance. 
In particular, very thin concrete elements are adopted like façade 
panels or slabs for pavements.

External cladding panels made of pre-cast concrete usually 
consist of three layers: the load carrying concrete layer, the thermal 
insulation and a thin facing concrete layer. Such panels are an 
economic and energy-efficient alternative to the usual in-situ 
concrete construction. Recently, the non-corrosive GFRP bars were 
adopted as reinforcement for the facing concrete layer of slender 
sandwich wall panels to reduce the concrete cover and 
simultaneously the thickness of the concrete layers (see e.g. Refs.
[17,18]). Moreover, the low bearing capacity of such reinforced 
concrete layer allows to minimize the thickness and, as conse-
quence, to reduce the total weight of the panels.

In spite of the interest in constructions industry on low bearing 
function FRP reinforced concrete members, their durability and in 
particular their thermo-mechanical behaviour is not deeply known 
and investigated, in the authors' knowledge. The latter is very 
important in external cladding of buildings or in pavements 
exposed to irradiation in very warm climates.

In this paper, an experimental investigation is detailed aiming in 
understanding the behaviour of thin concrete panels reinforced 
with GFRP rebars exposed to increasing temperature and bending 
loading. The considered thin panels (thickness of 4 cm) are typical 
for low bearing function concrete layers in façade claddings. The 
influence of two aspects was studied: the concrete cover and the 
external surface of rebars.

The adopted heating condition allowed to have the temperature 
of the internal GFRP rebars almost at the level of the transition 
temperature of the resin. This does not match to a real fire expo-
sure, but to an extreme heating condition of low bearing panels.
Fig. 1. Specimen geometr
The consequences of this extreme condition were assessed
measuring the variation of the deformability and of the load car-
rying capacity of the panels with post-heating bending tests. The
thin concrete panels, exposed to a temperature higher than ex-
pected in real applications, had an excellent mechanical response.
The elevated temperature did not produce degradation of the re-
bars and of the rebar-concrete adhesion. A relevant consequence of
the loading and heating was the reduction of the initial global
stiffness due to the imparted cracking patterns.

2. Materials and samples

The geometry of the specimens (170 � 40 � 4 cm) is detailed in 
Fig. 1. The length and the width are the maximum for the available 
heating device.

Two concrete covers were considered, 5 and 10 mm and two 
GFRP unidirectional E-glass rebars, named commercially: Sch€ock 
ComBAR® and FiReP® Rebar P ([19,20]), in the following B1 and B2, 
respectively.

The considered concrete panels do not have shear 
reinforcement.

The number of tests for each combination of rebar and concrete 
cover is summarized in Table 1. The limited number of tests is not 
statistically significant but, however, they provide a clear under-
standing of the thermo-mechanical behaviour under the consid-
ered conditions.

The GFRP rebars were produced by pultrusion technique. 
Depending upon the producer, a variety of diameters and surface 
conditions are available in the market. ComBAR® has external rib-
bed surface, cut into the bar after curing (Fig. 2a). The eternal sur-
face of FiReP® Rebar P is produced with a wave shaped thread 
profile during pultrusion (Fig. 2b).

For both rebars, vinyl ester resins were adopted with glass 
transition temperature of about 180 �C, according to the producers.

The nominal diameter of the adopted rebars is 8 mm. According 
to the data sheet of the producers, the mechanical properties of the 
rebars are very similar ([19,20]). In the direction of the bar axis, the 
tensile strength is z1000 MPa and the elastic modulus is z60 GPa.
y and reinforcement.



Fig. 2. Rebars external surface: (a) Sch€ock ComBAR®; (b) FiReP® Rebar P.
The specimens were casted in movable formworks, to enable an 
appropriate compaction of the concrete with an external vibrator.

The concrete mix contains for m3: 187 kg of water; 450 kg of 
cement CEM 42.5 N; 525 kg of aggregates 0/2 mm; 580 kg of ag-
gregates 2/8 mm; 530 kg of aggregates 8/16 mm; 1.37 kg of 
liquefier.

During casting, some specimens were prepared to measure the 
mechanical properties of the concrete at room temperature. The 
compressive tests provided average (of three specimens) cubic 
strength of 61.9 MPa and compressive elastic modulus of 28 GPa. 
Three cylinders were adopted to measure the tensile strength of the 
concrete. The indirect tensile tests [21] gave an average tensile 
strength of 3.5 MPa. Accordingly, the concrete was of quality C45/ 
55.

3. Experimental setup and procedure

The response of GFRP reinforced concrete panels was investi-
gated with two consecutive experimental phases. In the first phase,
a bending constant load was applied and then the panel was heated
up to the considered maximum temperature, while in the second
Fig. 3. Test set-up: scheme of s
phase the post-heating mechanical response was measured under 
bending loading up to failure at room temperature.

3.1. First phase: thermo-mechanical loading

In the first phase, a quasi-static four-points bending loading was 
imposed with supports span of L ¼ 140 cm and loads span of 50 cm 
(see Fig. 3). The cylindrical supports (diameter 50 mm) were set on 
the heating device to have the concrete panel as top side closure 
(Fig. 4). At the maximum imposed load, the heating started 
increasing the temperature on the full bottom surface of the 
specimen.

The bending loading was applied quasi-statically increasing the 
dead load in almost 2 min up to the maximum resultant of 3.6 kN 
(specimen own weight is not included) to impart a low level of 
damage before heating. The maximum load was estimated, by 
ACI-440 [22], in the range of the theoretical concrete first cracking, 
that is supposed to start at about 2.6 kN (Fig. 5). Once the 
maximum load was reached, it remained constant for the heating 
time.
The heating on the bottom surface of the specimen was applied by 
the device in Fig. 4a. This is an electronically controlled oven

ome instruments position.
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Fig. 4. Test set-up: (a) heating device; (b) specimens and some instruments position.

Fig. 5. Load vs. mid span displacement prediction by ACI-440 for the initial load stage.
with maximum temperature of more than 1000 �C. The heating is
generated by a gas burner and the temperature is controlled by a
thermocouple in the centre of the device. To avoid the direct con-
tact of the flame on the bottom surface of the specimen, a layer of
insulating material (4 cm thick) was mounted at the mid height o
the oven. This allowed the flame to remain on the bottom part of the
oven chamber and the hot air to flow on the top part, where the
specimen was uniformly heated.

The temperature on the bottom and top surface of the specimen
was continuously measured by two thermocouples (TC-B and TC-T
in the mid span at 5 cm from one longitudinal side (see Fig. 3).

The heating of the device was controlled considering the tem-
perature on the bottom surface of the specimen with TC-B.

After the application of the bending load, the temperature on
the bottom surface of the specimen was increased from the room
temperature (25 �C) to the maximum of 210 �C. When the tem
perature of the bottom surface reached the desired maximum, i
was maintained nearly constant for about 65 min.

The maximum imposed temperature is not such as in some rea
applications of thin concrete panels (e.g. on façade panels the
temperature could be below 100 �C in very warm latitudes). It was
considered to investigate the thermo-mechanic behaviour under an
extreme condition. The maximum temperature of 210 �C was
imposed to reach at the rebars level almost the glass transition
temperature of the adopted resins (Tg z 180 �C) (see Section 2). The
diagrams in Fig. 7 show two representative evolutions in time o
the temperature recorded on the bottom and top surface of speci
mens with the two concrete covers. The maximum recorded tem
perature on the top surface was about 120 �C, after 65 min o
exposition. Assuming a linear distribution of the temperature in the
thickness of the specimen (this is reasonable for the considered
small thickness), at the bar level the temperature should be abou
189 �C and 178 �C for 5 and 10 mm cover, respectively.

During loading and heating, the deflection of the specimen was
measured by three transducers (LVDT), one in the mid span and two
35 cm beside both supports (see Figs. 3 and 4b). They were placed on
the top surface, 5 cm away from a longitudinal side.

Moreover, three strain gauges were glued on the bottom of the
central rebar, to monitor the longitudinal deformation of one bar a
the interface with concrete. The sketch in Fig. 6 details the position
of the strain gauges. Unfortunately, a modification of the electrica
signal, only during heating of the oven, did not provide the correc
measurement of the strain when the temperature was increased and
maintained constant. But, the proper recording of the strain gauges
signals gave interesting information on the pre- and post-heating
strain and stress level inside the panels, i.e. during the application o
the load in the first phase and during the complete second phase.

3.2. Second phase: post-heating mechanical response

In the second experimental phase, the specimens were quasi
statically loaded using the same four-points bending scheme (see
Fig. 3) at room temperature (see Fig. 8). This allowed comparing the
mechanical behaviour of the panels after the thermo-mechanica
conditioning. The same measuring instruments were adopted as in
the first phase (one LVDT in the mid span of the top surface and
three strain gauges on the central rebar inside the panels, see Figs. 3
and 6), and a jack with a load cell of 50 kN.

4. Results and discussion

4.1. First phase

In the first experimental phase the thermo-mechanical loading 
was subdivided in three consecutive steps (see Fig. 7):

1 Mechanical loading up to the considered maximum load

(3.6 kN);



Fig. 6. Test set-up: scheme of strain gauges position.

(a)

(b)
Fig. 7. Representative diagrams temperature vs. time of specimens reinforced with
Sch€ock ComBAR® for (a) 5 mm and (b) 10 mm concrete cover.

Fig. 8. Post-heating four points bending test at room temperature.
2 Heating up to themaximum considered temperature (210 �C) on
the bottom;

3 Maintaining the temperature constant on the bottom surface for
65 min.

During these steps, the continuous recording of the LVDTs 
provided the evolution of the displacement as illustrated in Fig. 9. 
The measurements of the three LVDTs, on specimens reinforced 
with ComBAR® (see Fig. 9), show the influence of the three steps on 
the global deformation. In particular, in the first step (bending 
loading) the mid span displacement (LVDT2) of the panels with 
concrete cover 5 mm was lower, as expected, than that of panels 
with 10 mm cover. The heating in the second step generated an 
increase of mid span displacement, with respect to the first step, of 
almost 45% and 25% for concrete cover of 5 and 10 mm, 
respectively. The diffusion of the temperature in the third step 
raised the displacement in the centre of about 16% and 24%. The 
contributions on the mid span displacement of the three steps are 
compared in Fig. 10 for the two bars and two concrete covers. On 
one hand, as observed above, the smallest concrete cover resulted 
in the lowest deflection for both rebars. On the other, the influence 
of the rebar external surface was visible; the panels with ComBAR® 

rebars had the lowest mid span displacement for both concrete 
covers and in each step of the thermo-mechanical loading. The 
residual average deflection after unloading and complete cooling 
(step 4 in Fig. 10) was about 9 mm and 11 mm for 5 mm and 10 mm 
concrete cover, respectively, with a difference of almost 1 mm 
between the two rebars.

The strains on the central bars are collected in Fig. 11. These 
values were measured by the three strain gauges after the appli-
cation of the maximum load, before the heating was started. As 
observed above, the panels with the highest concrete cover had



(a)

(b)
Fig. 9. Representative diagrams LVDTs displacement vs. time of specimens reinforced 
with Sch€ock ComBAR® for (a) 5 mm and (b) 10 mm concrete cover. ‘cc’ means concrete 
cover.

Fig. 10. Average LVDT mid span displacement at different steps: 1 at the maximum
load before heating; 2 after heating up; 3 after 65 min of maintaining the maximum
temperature; 4 after unloading and complete cooling. B1 and B2 indicate Sch€ock
ComBAR® and FiReP® Rebar P, respectively. ‘cc’ means concrete cover.

Fig. 11. Average strain of the three strain gauges at the maximum load before heating.
B1 and B2 indicate Sch€ock ComBAR® and FiReP® Rebar P, respectively.

Table 2
Estimation of the stress level in the rebars (values in MPa) at the maximum load
before heating.

Concrete cover

5 mm 10 mm

Sch€ock ComBAR® 82 101
FiReP® Rebar P 100 123
the highest global deformation; this is reflected in the strain 

measurements. The strain in the mid span (SG2) of the specimens 
with concrete cover 10 mm was about 23% higher than the strain of 
the specimens with 5 mm cover, for both rebars. The influence of 
the external surface of the two rebars is also visible comparing the 
strains. The average strain of the FiReP® rebar was about 21% higher 
than the strain of the ComBAR®, for both concrete covers. The 
strains allow estimating the stress in the bar at the considered load 
level, assuming a linear elastic behaviour of the bar material and an 
elastic modulus of 60 GPa, as in the data sheet of the producers. The 
average stresses in the rebars, for the maximum bending load 
before heating, are listed in Table 2. The stress level of the rebars 
was almost one tenth of their strength.

The thermo-mechanical loading of the first experimental phase 
developed the cracks patterns on the bottom surface of the panels 
in Fig. 12, where the longest cracks were highlighted. The main
distribution of the cracks is located, as expected, in the central part
of the panels between the two loads where the constant maximum
bending moment was generated. The panels with different rebars
and concrete covers did not show considerable differences in the
crack patterns.
4.2. Second phase

The influence of coupling mechanical load and elevated tem-
perature on themechanical response of the panels wasmeasured in
the second experimental phasewith four points bending tests up to
failure at room temperature. The global response of the panels is



Fig. 12. Main cracks pattern after unloading and cooling. Specimens reinforced with:
(a, b) Sch€ock ComBAR®; (c, d) FiReP® Rebar P. (a, c) 5 mm and (b, d) 10 mm concrete 
cover.

Fig. 13. Post-heating bending. Load vs. (a) LVDT mid span displacement and (b) mid 
span strain SG2. B1 and B2 indicate Sch€ock ComBAR® and FiReP® Rebar P, respectively. 
‘cc’ means concrete cover.
detailed in Fig. 13. The post-heating load vs. mid span deflection 
curves (Fig. 13a) show a very similar behaviour of the panels with 
the same concrete cover. The only relevant difference was for the 
failure load of the panels with 5 mm cover. The panels with Com-
BAR® had a maximum load almost 30% higher than those with 
FiReP® rebars. This is probably connected to their external surfaces 
leading to different adhesion failure mechanisms, more evident 
with the lower concrete cover.

The strain of the two different types of rebar had very similar 
evolution (Fig. 13b) during the post-heating bending up to the 
failure load of the strain gauges (lower than that of the panel). 
Unfortunately, the strain gauges inside panels reinforced with 
ComBAR® and concrete cover 10 mm did not transmit correct 
signals due to damaging of the cable in the heating phase. 
Assuming a linear elastic behaviour of the rebars, at the average 
failure load of the panels (z26 kN) a rough estimation gives a 
stress level in the bar of about 720 MPa. This is lower than the rebar 
strength in the data sheet of the producers. It suggests a failure 
mechanism of the panel in which the rebars are not broken, as 
observed below.

The experimental and predicted by ACI-440 load vs. mid span 
displacement curves are compared in Fig. 14. In the initial load 
range up to the first cracking of concrete, ACI-440 [22] predicts a 
stiffer behaviour of the panels than the experimental results (Fig. 
14a). The discrepancy could be related to the cracking imparted in 
the first phase, that is not included in the analytical predictions. 
ACI-440 and the experimental results show very similar second 
branch of the load-deflection curves (Fig. 14b). This highlights the 
accuracy of the guideline [22] in estimating the bending behaviour 
of such GFRP reinforced concrete panels when the influence of the 
rebars becomes predominant (the thermal effects are not consid-
ered in Ref. [22]).

The variation of the pre- and post-heating mechanical behav-
iour is detailed comparing the stiffness of the panel (global quan-
tity) and the strain on the central rebar (local quantity) at the 
maximum load level of the first phase.

The initial stiffness is defined as the slope of the segment 
passing through the two points of a curve in Fig. 13a, at load 0.4 
and 3.6 kN.
The summary of the pre- and post-heating average stiffness in 
Fig. 15 shows the degradation of this mechanical parameter due to 
loading and heating. The initial stiffness of the panel had a reduc-
tion in the range 19e27%, higher for concrete cover 10 mm than 
5 mm for both rebars. Moreover, the data in Fig. 15 demonstrate the 
effect of the bar external surface. The panels reinforced with FiReP® 

rebars and concrete cover of 5 mm had higher reduction of the 
initial stiffness than the panels with ComBAR®, while the panels 
with concrete cover of 10 mm had almost the same decrease of 
stiffness. The latter depends on the position of the bars and the 
involvement of the concrete on the bottom of the panel in sus-
taining the tensile stress.

As observed above, ACI-440 and the post-heating experimental 
results provide very similar second branch of the load-deflection 
curves (see Fig. 14b). ACI predictions do not consider the heating 
effects on materials. This observation and the comparison in Fig. 14



Fig. 14. Post-heating bending. Comparison of ACI-440 predictions and some experimental load vs. mid span displacement curves. (a) Comparison of the experimental results for
panels with bar B2 and ACI-440 curves in the low range of load. (b) Complete curves. ‘cc’ means concrete cover.

Fig. 15. Pre- and Post-heating bending. Average initial stiffness of the panels. B1 and
B2 indicate Sch€ock ComBAR® and FiReP® Rebar P, respectively.

Fig. 16. Post-heating bending. Typical failure mode of the panels.
demonstrate a negligible effect of the imposed elevated tempera-
ture on the rebarmechanical response, and show that the reduction
of the initial stiffness is mainly related to the damage in concrete.

The pre- and post-heating measurements of the strain gauges
did not have a considerable variation, at the maximum load of the
first stage. This suggests that the adhesion between bar and
concrete was not modified by the application of the elevated 
temperature. This hypothesis, based on the measurements at the 
considered load level (which is about 14% and 20% of the average 
failure load of panels with 5 mm and 10 mm concrete cover), is 
confirmed observing the failure mode of the panels. All specimens 
had failure of the concrete in compression (see the typical failure 
mode in Fig. 16). As supposed above, the bars were not extensively 
damaged and not broken. Extracting some rebars from the speci-
mens after failure, they showed still a good adhesion with concrete 
and an external surface not apparently modified by the elevated 
temperature (see Fig. 17 for rebars in panels with 5 mm concrete 
cover).

5. Conclusions

The experimental research was focused on understanding the
thermo-mechanical response of thin concrete panels reinforced
with GFRP rebars. The considered panels had 4 cm thickness and
are typically adopted as low bearing function concrete components
(e.g. façade panels or slabs for pavements). The influence of two
aspects was investigated: the concrete cover and the external sur-
face of rebars. The limited number of tests does not provide sta-
tistically significant results, but they give a clear trend of the panels
behaviour under the considered extreme conditions. The main
outcomes of the research are:

- The external surface of the GFRP rebars has considerable influ-
ence on the bending response of the panels in term of initial
stiffness and local level of strain.

- Increasing the concrete cover, the initial stiffness decreases and
the strain on bottom rebars increase, as expected.

- The imposed elevated temperature imparted a considerable
residual deflection in the panels after complete cooling.

- The loading and heating program, in the first phase, with
maximum temperature of 210 �C on the bottom, had as conse-
quence a reduction of the initial global stiffness due to the
imparted cracking patterns.

- The elevated temperature did not generate evident degradation
of the GFRP reinforcement and of its adhesion to concrete.

- After heating, all specimens failed in compression of concrete,
with almost intact rebars.

The obtained results demonstrate the excellent mechanical
behaviour of the low bearing function thin concrete panels



Fig. 17. Post-heating bending. Some rebars after failure of the panels with 5 cm concrete cover. External surface of: (a) Sch€ock ComBAR® and (b) FiReP® Rebar P.
reinforced with GFRP rebars exposed to a range of temperature
higher than expected in real applications. These results could in-
crease the confidence in adopting such GFRP reinforced concrete
panels in environments with elevated temperature and this should
be considered beside the other advantages of the GFRP bars as
reinforcement in concrete.
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