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Synopsis: The effects of thermal loads on the structural performance of FRP 
reinforced concrete elements are analyzed in this paper.  The difference in 
transverse coefficient of thermal expansion (CTE) between FRP and concrete 
causes the presence of tensile stresses within the concrete and, eventually, the 
formation of cracks when the temperature increases. 
As part of an inter-university experimental program, initial results are presented in 
the paper. They address the evaluation of temperature variations on concrete 
elements reinforced with AFRP and GFRP rebars, varying the thickness of the 
concrete cover and the shape of the cross-section, in absence of transverse 
reinforcement. 
Results obtained confirm the influence of temperature variations on the state of 
strain and stress within FRP reinforced concrete elements and the necessity of a 
minimum concrete cover to be provided in order to avoid the formation of through 
cracks. Comparisons between experimental and theoretical predictions, the latter 
obtained by means of analytical and numerical models, are presented. The 
progress of the experimental investigation will provide an opportunity to improve 
the effectiveness of theoretical models and their use for practical detailing. 
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INTRODUCTION 
 
 

The increasing success of FRP reinforcement for concrete elements is linked to 
several advantageous properties such as high-strength, lightness, absence of 
corrosion, and magnetic permeability.  However, the different mechanical 
behavior of non-metallic reinforcement, with respect to steel, involves some 
drawbacks: new design problems arise and must be solved; among all, those 
caused by the lack of thermal compatibility between concrete and FRP 
reinforcement. Unidirectional composite rods, generally utilized in concrete, 
present a transverse coefficient of thermal expansion (CTE) 6 to 8 times greater 
than that of concrete.  As a result of temperature variations, stresses within the 
concrete may cause splitting cracks (1, 2, 3).  This results in the degradation of the 
bond between concrete and reinforcement, affecting the structural response. The 
occurrence of splitting cracks under thermal loads depends on several factors: type 
of FRP reinforcement, type of concrete, presence of confining action (transverse 
reinforcement) and geometrical properties of the cross-section. An experimental 
program has been initiated in order to investigate the influence of various 
parameters on the cracking phenomenon and the effects of cracks on the bond 
performances between concrete and reinforcement. The initial results are 
presented and discussed in this paper. Evolution of strain within FRP reinforced 
concrete elements, produced by an increasing temperature, was recorded up to the 
occurrence of a through crack.  Experimental results are compared with theoretical 
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predictions obtained by utilizing analytical and numerical models.  In particular, 
the critical temperature variation, ∆Tsp, corresponding to the occurrence of the 
through crack, has been evaluated as a function of the concrete cover thickness, c.  
Curves (∆Tsp-c) have been generated.  Experimental results generally fall 
between analytical and numerical ones.  These theoretical predictions present the 
same trend. 

 
 

EXPERIMENTAL INVESTIGATION 
 
 
Goals of the experimental investigation to analyze the effects of temperature 
variations on concrete elements reinforced with a FRP bar are: 

1. Determination of the minimum concrete cover thickness to avoid the 
occurrence of through cracks under thermal loads. 

2. Determination of the state of strain and stress within the concrete, caused by 
temperature variations, as a consequence of the thermal incompatibility 
between concrete and FRP reinforcement. 

3. Determination of the effects of the thermal loads on the local bond-slip 
relationship between concrete and FRP. 

Tests were planned focusing on the following parameters: type of FRP 
reinforcement, type of the concrete, and role of the confining action. The 
experimental program is being conducted at the University of Missouri-Rolla, 
Rolla, USA, and at the University of Lecce, Lecce, Italy. 
 
 
FRP Reinforcement and Concrete 
 
 
Three kinds of FRP rebars made of glass, aramid, and carbon fibers (i.e., GFRP, 
AFRP and CFRP) were used.  At present, tests were carried out only on AFRP 
and GFRP reinforced concrete elements.  The AFRP rebars (ARAPREE), 
supplied by SIREG, Italy, had a nominal diameter of 10 mm and were grain 
covered to improve the bond with concrete. The GFRP deformed rods (C-
BARTM), produced by Marshall Industries Composites, USA, had a nominal 
diameter of 13 mm.  Mechanical properties of the reinforcement were 
experimentally determined (4, 5) and reported in Table 1.  In the table, fr is the 
average tensile strength, Er is the average tensile elastic modulus, αb is the 
transverse coefficient of thermal expansion (CTE), and Etb is the transverse 
Young’s modulus. The CTE of AFRP was determined using the rule of mixtures, 
while the CTE of GFRP was experimentally determined by means of a strain gage 
placed on the rod’s surface, in the transverse direction. The transverse Young’s 
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modulus of the bars, ETb, was determined by the rule of mixtures based on the 
percentage of fibers and matrix. 

 

Table 1  Mechanical properties of the FRP reinforcement 

ARAPREE C-BARTM 

fr (4) 
(MPa) 

Er (5) 
(MPa) 

αb** 

(°C-1) 
Etb** 
(MPa) 

fr* (4) 
(MPa) 

Er* (4) 
(MPa) 

αb*** 

(°C-1) 
Etb** 
(MPa) 

1507 50100 60⋅10-6 3200 568-640 37500-40600 37⋅10-6 4000 
* Depending on anchorage method,  ** Theoretically evaluated,  *** 
Experimentally determined 
 
The mechanical properties of the three kinds of concrete (A, B, C) are reported in 
Table 2. The average compressive strength, fc, was evaluated by standard 
compression tests on prisms 150 mm deep. The average tensile strength, fct, was 
determined by splitting tests carried out on 150 mm diameter by 300 mm long 
cylinders for types A and B. Others mechanical properties (elastic modulus Ec for 
types A, B, C and tensile strength fct for type C) were evaluated following EC2 
(Eurocode 2) suggestions. The transverse CTE of concrete was assumed equal to 
10⋅10-6 °C-1. 
 

Table 2  Mechanical properties of concrete 

Concrete fc (MPa) fct (MPa) Ec (MPa) 
A 24.40 2.36 24300* 
B 55.77 3.71 34000* 
C 38.50 2.97* 32300* 

* Determined as a function of fc based on EC2 suggestions. 
 
 
Specimens Geometry and Test Procedure 
 
 
Concrete elements were reinforced with a FRP bar without transverse 
reinforcement.  Two shapes of cross section, circular and rectangular, were 
considered to analyze the influence of the concrete confining action on the 
structural performance of members under thermal loading. In the first case, the 
confining action is axis-symmetric, as generally considered in analytical models 
utilized for studying the thermal stress problem.  For rectangular cross sections, 
the axis-symmetry is removed by placing the bar closer to one of two opposite 
sides.  Details of the specimens geometry are reported in Fig. 1 and Table 3. The 
specimen’s codes indicate the shape (first letter, r: rectangular, c: cylindrical), the 
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diameter (first number), the concrete cover (second number) and the concrete type 
(A, B or C). Different specimens with the same dimensions are identified by the 
last number (1 or 2). 

Table 3  Tested specimens 

Specimen Bar Diameter 
d (cm) 

Concrete 
cover c (cm)

Spec. Length
L (cm) 

Concrete FRP type

r_d1_1.2_A 1 1.19 100 A AFRP 
r_d1_1.3_A 1 1.25 100 A AFRP 
r_d1_1.7_A 1 1.67 100 A AFRP 
r_d1_2.2_A 1 2.15 100 A AFRP 
r_d1_2.3_A 1 2.28 100 A AFRP 
r_d1_1.0_B 1 1 100 B AFRP 
r_d1_2.0_B 1 2 100 B AFRP 

c_d1.3_1.9_C_1 1.3 1.9 45.7 C GFRP 
c_d1.3_1.9_C_2 1.3 1.9 45.7 C GFRP 

 
All tested specimens were subjected to a thermal loading by utilizing an oven. 
Holes were drilled in the concrete to place thermo-couples for detecting the 
temperature inside the specimen. The oven’s temperature was increased in steps 
of 5 to 10°C once the temperature in the concrete had stabilized.  Strain 
measurements were obtained with strain gages placed as shown in Fig. 1.  
 
 

RESULTS AND DISCUSSION 
 

 
Theoretical Predictions 
 
 
Theoretical predictions were obtained by using two different approaches, an 
analytical and a numerical model, both based on the following assumptions: 

1. absence of transverse reinforcement 

2. absence of boundary restraints or further loading conditions besides that of 
thermal type 

3. elastic linear behavior of both the concrete and the FRP bar 

For the analytical model, concrete is a thick-walled pipe surrounding the FRP rod. 
Analytical relationships are determined by taking into account different states of 
stress within the concrete.  Two stages are considered.  The first corresponds to 
un-cracked concrete up to the temperature variation, ∆Tcr, producing the first 
radial crack inside the concrete at the bar/concrete surface.  The second 
corresponds to the partially cracked concrete: cracks expand to the outer surface, 
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reaching it at ∆T = ∆Tsp (cover spalling).  The model allows to determine the 
thermal loads ∆Tcr and ∆Tsp for given geometrical and thermal properties as: 
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where: 

 
d

dc2 +=γ  (3)

and νc is the concrete Poisson’s ratio. 
The numerical analysis is performed on a concrete structural member of 
rectangular cross section reinforced with a FRP bar.  The confining action of 
concrete depends on bar location and is controlled by the thinner cover. The 
investigation is performed by adopting a FEM discretization with triangular 
elements as explained in (5). 
 
 
Comparison between Experimental and Theoretical Results 
 
 
In all tested specimens a longitudinal crack developed in the concrete cover and 
the corresponding temperature was recorded.  Figure 2 represents the 
experimental GFRP transverse strain as a function of temperature variation, ∆T.  
The CTE’s determined for the two specimens are 42⋅10-6 and 37⋅10-6 °C-1, 
respectively. The average value, αb = 39⋅10-6 ° C-1, was adopted in the models. 
In Figs. 3 and 4 the temperature variation producing the spalling of the concrete 
cover, ∆Tsp, is reported versus the ratio c/d (concrete cover thickness/bar 
diameter).  The experimental results indicated by discrete points refer to the AFRP 
reinforced concrete specimens with rectangular cross section.  Theoretical 
predictions obtained by both the analytical and the numerical model are shown as 
continuous curves. 
The figures show that both analytical and numerical predictions present an almost 
linear trend and experimental results fall between the theoretical curves for c/d 
values larger than 1.5.  The analytical prediction appears more conservative.  This 
may be due to the assumption that thickness of the concrete surrounding the bar is 
constant and equal to the smallest concrete cover. 
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In Figs 5 and 6 the experimental and theoretical relationships between concrete 
strain as a function of temperature variation ∆T are given.  The strain is measured 
at the surface of the cylindrical specimen in the direction perpendicular to its axis 
(Figure 1).  There is a reasonable match between predicted and experimental 
values up to the point when concrete cracks.  At this time, the experimental strain 
has a sudden jump due to the “concentration” of strain at the location of the crack.  
The model can only represent the average strain as the result of smeared cracks. 
The model’s results strongly depend on the transverse FRP Young’s modulus, and 
on concrete Young’s modulus, tensile strength and CTE.  Calibration of these 
parameters is necessary. 
 
 

CONCLUSIONS 
 
 

On the basis of the results obtained, the following conclusions can be drawn. 
 
• Measurement of the transverse CTE of GFEP bars confirms the thermal 

incompatibilty between FRP and concrete. Concrete cover cracking under 
thermal loads, as evidenced in all tested specimens, can be explained. 

• Analytical and numerical models allow to determine the minimum required 
cover to avoid the cracking phenomenon. 

• Experimental work is needed to calibrate critical parameters. 
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Fig. 1  Specimens geometry. a) Rectangular cross-section; b) Circular cross-
section 
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Fig 2  Experimental CTE of GFRP 
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Fig. 3  Experimental and theoretical results (AFRP reinforcement, concrete 
type A, rectangular cross section) 
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Fig. 4  Experimental and theoretical results (AFRP reinforcement, concrete 
type B, rectangular cross section) 
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Fig. 5 Comparison between experimental and theoretical results, GFRP 
specimen 1 
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Fig. 6  Comparison between experimental and theoretical results, GFRP 
specimen 2 
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