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Abstract
This work presents a numerical study of thermal loading
effects on concrete elements reinforced with fiber reinforced
polymer (FRP) bars when the confining action of concrete is
symmetric. The main objective of this study is to investigate
using finite elements ADINA software the influence of thermomechanical properties of FRP bars, particularly the transverse
elasticity modulus, on thermal stresses in the concrete cover
surrounding FRP bar. This study permits also to predict
thermal loads producing the first cracks within concrete and
those producing the failure of concrete cover. The nonlinear
numerical results obtained show that the spalling of concrete
cover depends on the mode of cracks propagation, through the
concrete cover, started from FRP bar/concrete interface. The
transverse Young’s modulus of FRP bar has a considerable
influence on the cracking concrete. Also, it is found that FRP
bars having transverse elasticity modulus greater than or equal
to 7 GPa require higher ratio of concrete cover thickness to FRP
bar diameter (c/db ≥ 3), particularly, for concrete elements that
have a compressive strength less than or equal to 30 MPa and
submitted to temperature variations up to 60°C.
Keywords: FRP bar, properties effect, concrete cover, thermal
stress, finite elements
1. Introduction
The durability of concrete structures reinforced with steel bars
could be reduced due, mainly, to steel corrosion problems.
Although, the best effective solution to eradicate this corrosion
problem is the substitution of conventional steel bars by

fiber reinforced polymer (FRP) bars. However, the use of FRP
reinforcement in concrete may cause a problem related to
structural performance, particularly, in hot regions because of
the higher transverse coefficient of thermal expansion (TCTE)
of FRP bars which is about 3 to 6 times greater than that of
the hardened concrete [1-5].This thermal incompatibility
between the FRP bar and concrete leads to high tensile
stresses in the concrete at high temperatures and may cause
splitting cracks in concrete cover if the confinement action
of concrete is insufficient. As a consequence, the durability
of concrete structures can be affected. Hence, a nonlinear
numerical study was carried out to predict the influence of
thermal mechanical properties of FRP bars and concrete,
particularly, the transverse elasticity modulus of the FRP bars,
on the thermal behavior of the concrete cover surrounding FRP
bars using concrete cylinders axially reinforced with FRP bars
under a temperature increase up to 60 °C. Also, to evaluate
the temperature variation ∆Tcr that produces first cracks in
concrete at FRP bar/concrete interface and that ∆Tsp produces
the failure of concrete cover varying the transverse elasticity
modulus of FRP bars and the concrete strength.
2. Nonlinear Numerical model
Using finite element software ADINA, numerical simulations
were established on concrete cylinders axially reinforced with
FRP bars. A hypo-elastic model has been used to describe the
concrete material behavior [6].
Thermo-mechanical properties of FRP bars used were those
of the literature [1, 3]. The behavior of FRP bar is considered
elastic linear. Only the quarter of the cross section of the
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reinforced concrete cylinder was investigated varying the
mechanical properties of FRP and concrete. The thermal
loading was applied statically and increased gradually from 0
to 60°C with an increment of 5°C.

3. Numerical results and discussions

2.1. Studied parameters and simulation assumptions

3.1. Crack propagation

Various design parameters have been considered to investigate
cracks propagation through concrete cover from the interface
of bar/concrete to the outer surface of the concrete cylinder.
These parameters studied are the ratio of concrete cover
thickness to FRP bar diameter (c/db varied from 1 to 3),
temperature variation ∆T, transverse modulus of elasticity (Etb)
and transverse coefficient of thermal expansion (TCTE) of FRP
bars in particularly, and the concrete strength.

Figure 1 presents the evolution of cracks through the concrete
cover under thermal loads at the cracking critical depth for
a ratio of concrete cover to FRP bar diameter (c/db) equal to
1.5. These cracks are due to tensile stresses induced within
concrete as a consequence of the radial pressure exerted by
the FRP bar on the concrete cover. From this figure, it can
be observed that the cracking critical depth increases with
the increase in the transverse elasticity modulus of FRP bar.
Nevertheless, linear theoretical analysis results obtained by
Aiello et al. (2001) [3] show that the cracking critical depth is
constant and equal to lcr=0.4r (where r is the ratio of concrete
cylinder radius to FRP bar radius) regardless of the transverse
elasticity modulus of FRP bars Etb.

The approach is based on the following assumptions:
•

Perfect bond between concrete and FRP bar;

•

Concrete is modeled by hypo-elastic nonlinear model;

•

FRP bar has an elastic linear behavior;

•

Absence of transverse reinforcements in order to evaluate
only the contribution of the concrete cover to support
tensile stresses caused by the temperature increase.

Young’s Modulus
Ec (GPa)

29

31

33

35

Figure 2 illustrates splitting cracks reaching the outer surface
of concrete cover at the spalling thermal load ΔTsp for different
values of transverse elasticity modulus of FRP bars.

2.2. Materials
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The studied thermo-elastic parameters of FRP bars presented
in Table 1 are namely: transverse elasticity modulus (Etb),
transverse coefficient of thermal expansion (αtb), transverse
Poisson’s ratio (ntb), and reinforcing bar diameter (db).

Table 1. FRP bar properties used in the parametric study
db
(mm)
13; 16; 19; 25

Etb
(GPa)

αtb
(x10-6/°C)

4; 7; 10

33; 58

ntb
0.38

Four concrete classes were considered C30, C40, C50, and C60.
Where the conventional mechanical properties of concrete
data were identified based on the recommendations of CEBFIP code [7]. The tensile strength and Young’s modulus are
reported in Table 2. The coefficient of thermal expansion and
Poisson’s ratio of concrete were supposed equal to 11x10-6/°C
and 0.17, respectively. The concrete cover thickness used to
obtain the large range of c/db ratio were 20, 30, 40 mm.

Table 2. Mechanical properties of concrete
Concrete class

C30

C40

C50

C60

Compressive strength
fc (MPa)

30

40

50

60

Tensile strength
fct (MPa)

2.9

3.5

4.1

4.6

Figure 1. Typical crack patterns in concrete cover (C40; FRP N°25; αtb=33x10-6/°C; c/db=1.5)
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3.3. Effect of transverse elasticity modulus of FRP bar
The evolution of the radial stress as a function of the thermal
loading is more representative so as to show the effect of
transverse elasticity modulus of FRP bar on the thermal
behavior of concrete cover. The Thermal incompatibility
between FRP bar and concrete generates radial compressive
stresses within concrete at FRP bar concrete interface. These
compressive stresses increase linearly with the increase in
the transverse elasticity modulus of FRP bar (Etb) as shown in
figure 4. The radial compressive stress is about 4.23 MPa for Etb
= 4 GPa. While for Etb equal to 7 and 10 GPa, this compressive
stress is 39% and 51% more greater, respectively.

Figure 2. Typical crack patterns in concrete cover at ΔTsp
for different FRP bar-transverse elasticity modulus (Etb)
- (C40; FRP N°25; αtb=33x10-6/°C; c/db=1.5)
3.2. Effect of transverse coefficient of thermal expansion of
FRP bars

Figure 4. Radial compressive stress at FRP bar/concrete
interface varying Etb (C40; FRP N°25; atb = 33x10-6/°C; c/
db=1.5)

Figure 3 shows the tensile stress evolution at FRP bar/concrete
interface as a function of the thermal loading (DT) and the
transverse coefficient of thermal expansion of FRP bars (αtb =
33x10-6 and 58x10-6/°C) for specimens having a ratio of concrete
cover to FRP bar diameter c/db=1, compressive concrete
strength fc=40 MPa, and a transverse Young’s modulus of FRP
bar Etb=7 GPa. It is clear that the thermal loadings producing
the first cracks ΔTcr and those ΔTsp producing the failure of
concrete cover decrease with the increase in αtb .

Figure 5 shows tensile stress curves at FRP bar/concrete
interface as a function of the thermal loading and the
transverse elasticity modulus of FRP bar for specimens that
have a ratio of concrete cover to FRP bar diameter c/db=1,
compressive concrete strength fc=40MPa, and the coefficient
of thermal expansion (CTE) of FRP bars in transverse direction
αtb = 33x10-6/°C. It can be seen that the circumferential tensile
stress curves are ascending until the concrete tensile strength
value (fct = 3.5 MPa for a concrete class C40) from which these
stresses decrease abruptly because of the appearance of
splitting cracks within concrete at the interface.

Figure 3. Circumferential thermal tensile stress evolution at FRP bar/concrete interface varying αtb (C40; FRP
N°25; Etb=7GPa; c/db=1)

Figure 5. Circumferential tensile stress evolution at FRP
bar/concrete interface (C40; FRP N°25; atb = 33x10-6/°C;
c/db=1)
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It is clear that for a thermal loading ∆T, the tensile stress at
the interface increases with the increase in the transverse
elasticity modulus of FRP bars (Etb), as shown in figure 6. It was
found that an increase in Etb from 4 to 7 GPa, which is about
75%, involves an increase in the tensile stress at the interface
about 49-50% corresponding to thermal loadings of 5, 10,
and 15°C for specimens having αtb= 33x10-6/°C. Although, for a
transverse CTE
αtb= 58x10-6/°C, the increase in the tensile
stress is about 49.3% and 44.4% for 5°C and 10°C, respectively
for the same increase in Etb ( 75%). So it can be concluded
that the increase in transverse elasticity modulus of FRP bar
may cause splitting cracks in concrete, and consequently the
reduction of the bond between concrete and FRP bar.

It can be concluded that the transverse elasticity modulus of
FRP bars has a significant influence on the thermal behavior of
concrete cylinders reinforced axially with FRP bars. Hence, the
FRP bars selection should be based not only on the transverse
CTE of FRP bars, but also on its transverse elasticity modulus.
3.4. FRP bar diameter effect
The tensile stress evolution versus temperature variation, at
FRP bar/concrete interface, is almost linear when the thermal
loading DT is less than DTcr producing the first cracks in concrete.
While for DT greater than or equal to DTcr, the tensile stress
curves become nonlinear. It can be noted that the small FRP
bar diameters develop low tensile stresses, and consequently,
high cracking thermal loadings, as shown in figure 8.
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Figure 6. Tensile stress evolution at FRP bar/concrete
interface varying Etb and atb (C40; FRP N°25; c/db=1)
Figure 7 proves the non-linear evolution of temperature
variations ∆Tcr producing the first cracks in concrete and
those ∆Tsp producing the failure of concrete cover versus the
transverse elasticity modulus of FRP bars.

Figure 8. Circumferential tensile stress evolution at
FRP bar/concrete interface varying FRP bar diameter (C40; αtb = 33x10-6/°C; Etb = 7 GPa; c=20mm)
3.5. Concrete cover thickness effect
The increase in the ratio of concrete cover thickness to FRP
bar diameter (c/db) reduces significantly the tensile stresses
within concrete at FRP bar/concrete interface, as shown in
figure 9. It is observed that the tensile stress is maximum at
the interface under a temperature variation of 20°C for a ratio
of c/db = 1. The reduction in the tensile stress in concrete at
the interface is about 20%, 30%, and 41% for ratios c/db equal
to 1.5, 1.9, and 2.5, respectively. It can be concluded that the
increase in concrete cover thickness decreases tensile stresses
and delays cracking concrete.

Figure 7. Temperature variations ∆Tcr and ∆Tsp versus
transverse elasticity modulus of FRP bars – (FRP N°25;
αtb = 33x10-6/°C; c/db=1)
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- Thermal loadings ΔTcr and ΔTsp producing the first cracks
within concrete at the interface and the failure of concrete
cover, respectively, decrease with the increase in FRP
transverse modulus Etb.
- The FRP bar diameter has a significant influence on
temperature variations ΔTcr and ΔTsp which decrease with
increasing FRP bar diameter for a constant concrete cover
thickness.
- The crack propagation depth from FRP bar/concrete interface
to the outer surface of concrete cover decreases with the
increase in the ratio c/db.

Figure 9. Circumferential tensile stress evolution at FRP
bar/concrete interface varying c/db – (C40; FRP N°25; αtb =
33x10-6/°C; Etb = 7 GPa)

Figure 10 presents the critical ratios of concrete cover thickness
(c/db) as a function of the concrete strength and the transverse
elasticity modulus of FRP bars. It is clear that the FRP bar
having Etb greater than or equal to 7 GPa requires higher ratio
of c/db (greater than or equal to 3), particularly, for concrete
that has compressive strength less than or equal to 30 MPa
and submitted to service temperature loadings up to 60°C.

- FRP bars having transverse modulus Etb greater than or
equal to 7 GPa require higher ratio of c/db ( ≥ 3), particularly,
for concrete structures that have a compressive strength less
than or equal to 30 MPa and submitted to service thermal
loadings up to 60°C.
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