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Abstract—In order to eradicate the degradation of reinforced
concrete structures due to the steel corrosion, professionals in
constructions suggest using fiber reinforced polymers (FRP) for their
excellent properties. Nevertheless, high temperatures may affect the
bond between FRP bar and concrete, and consequently the
serviceability of FRP-reinforced concrete structures. This paper
presents a nonlinear numerical investigation using ADINA software
to investigate the effect of the spacing between glass FRP (GFRP)
bars embedded in concrete on circumferential thermal deformations
and the distribution of radial thermal cracks in reinforced concrete
beams submitted to high temperature variations up to 60 °C for
asymmetrical problems. The thermal deformations predicted from
nonlinear finite elements model, at the FRP bar/concrete interface
and at the external surface of concrete cover, were established as a
function of the ratio of concrete cover thickness to FRP bar diameter
(c/dy) and the ratio of spacing between FRP bars in concrete to FRP
bar diameter (e/d,). Numerical results show that the circumferential
thermal deformations at the external surface of concrete cover are
linear until cracking thermal load varied from 32 to 55 °C
corresponding to the ratio of e/d,, varied from 1.3 to 2.3, respectively.
However, for ratios e/d, >2.3 and c¢/d, >1.6, the thermal deformations
at the external surface of concrete cover exhibit linear behavior
without any cracks observed on the specified surface. The numerical
results are compared to those obtained from analytical models
validated by experimental tests.

Keywords—Concrete beam, FRP bars, spacing effect, thermal
deformation.

I. INTRODUCTION

N the last decade, concrete structures reinforced with steel

bars subjected to aggressive environmental conditions have
been deteriorated because of the corrosion of steel bars
induced mainly by the carbonation or chlorides in the presence
of humidity and temperatures. As a consequence, the ultimate
capacity and the durability of concrete structures could be
reduced. For this reason, FRP have been introduced in civil
engineering constructions such as bridges and parking. FRP
bars present high properties as tensile strength and corrosion
resistance. Nevertheless, the thermal incompatibility between
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FRP bars and concrete may cause splitting cracks within
concrete under high temperatures, and eventually, the
degradation of the bond at the interface of FRP bar/concrete.
Extensive research works have been carried out on thermal
behavior of concrete structures reinforced with FRP bars [1]-
[S]. However, certain parameters were not sufficiently
investigated using finite elements modeling such as the
spacing between FRP bars in concrete structures. This paper
examines the nonlinear finite elements modeling (ADINA
software) of FRP bars spacing effect on transverse thermal
deformations in prismatic rectangular concrete beams
reinforced with GFRP bars submitted to high temperature
increases (A7) up to 60 °C. This investigation permits to
analyze circumferential thermal deformations within concrete
at the FRP bar/concrete interface and at the external surface of
concrete cover varying the ratio of spacing between FRP bars
in concrete to FRP bar diameter (e/d)) and the ratio of concrete
cover thickness to FRP bar diameter (c/dy). Comparisons
between transverse thermal deformations predicted from
nonlinear numerical model and those obtained from linear
analytical model and Zaidi’s model are presented.

II. NUMERICAL SIMULATION OF THERMAL DEFORMATIONS

A. Model Description

The nonlinear numerical simulation of FRP bars spacing
effect on transverse thermal deformations of reinforced
concrete beams was investigated using finite element ADINA
software. The beams of 380 mm length had a ratio of spacing
between FRP bars to FRP bar diameter e/d, varied between
1.3 and 3.3 and a ratio of concrete cover thickness to FRP bar
diameter c¢/d, varied from 1.0 to 3.2. Concrete beams
reinforced each one with 2 GFRP bars are presented in Fig. 1
and Table 1. As the cross section of concrete reinforced with
two GFRP bars is symmetric with respect to z axis, the
numerical simulation was carried out only for the half of the
cross section. Triangular elements with six nodes were used
for the meshing of the both materials: concrete and GFRP bars
as shown in Fig. 2. The thermal load AT has been increased
with increment of 5 °C from 0 up to 60 °C.

The mechanical properties of GFRP bars used in this
investigation are presented in Table II. The average values of
the coefficient of thermal expansion (CTE) in transverse and
longitudinal directions for the five GFRP bar diameters were
a=33x107%°C and o; = 8.9 x10°/°C, respectively. All GFRP
bars properties were determined experimentally by Zaidi and

839



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:12, No:9, 2018

Masmoudi [2]. The concrete used had average values of the
compressive strength and the tensile strength of 40 MPa and
4.1 MPa, respectively, determined experimentally by Zaidi

and Masmoudi [2]. The modulus of elasticity £~=28 GPa, the
Poisson's ratio v.=0.17, and the CTE a,=11.6x10° /°C.

TABLEI
GFRP BARS-REINFORCED CONCRETE BEAMS PROPERTIES

N beams Beam width  Beam height Bar diameter Concrete cover Concrete cover  Spacing between bars o/ e /d
b;(mm) h(mm) dy (mm) ¢; (mm) ¢, (mm) e(mm) e Ze b
P.#10.20/30" 76 100 9.5 20 30 31 2.1 32 33
P.#13.20/25 76 100 12.7 20 25 29.6 1.6 2.0 2.3
P.#16.20/20 76 100 15.9 20 20 28.2 1.3 1.3 1.8
P.#19.20/35 100 125 19.1 20 35 31.8 1.0 1.8 1.7
P.#25.30/35 100 150 254 30 35 342 1.2 1.4 1.3
* P = Prismatic beam; #10 = nominal size of the bar; 20 = concrete cover thickness in mm of the first bar and 30 = concrete cover thickness in mm of the
second bar
TABLE I
GFRP BARS MECHANICAL PROPERTIES
. Ultimate tensile  Longitudinal ~ Ultimate Longitudinal Transverse Transverse
Bar Bar diameter, - . 1 Poi | . .. Poi , .
designation dy(mm) sltrength, elasticity  tensile strain  Poisson 's ratio  modulus of elasticity, oisson's ratio
’ S (MPa) E,(GPa) (%) Vi E, (GPa) Vit
N°.10 9.5 627+22 42+1 1.840.2
Ne.13 12.7 61716 42+1 1.440.2
N°.16 15.9 53549 42+1 1.5+0.2 0.28+0.02 7.1 0.38
N°.19 19.1 600+15 40+1 4+0.2
N°.25 25.4 N/A N/A N/A
Ia zA From Fig. 3, it can be seen that the thermal strain curves are
‘f linear and almost similar until A7 around 30 °C. Beyond this
R h AT value, a significant increase of thermal deformation is
® observed due to the development of circular crowns of
ssomm 1A b concrete cracks in which the radial cracks reach or are too
Coupe A-A close to the midpoint between GFRP bars as shown in Fig. 5.

Fig. 1 Concrete beam reinforced with 2 GFRP bars modeled
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Fig. 2 Meshing of GFRP bars and concrete of prismatic beam

B. Thermal Deformations

Figs. 3 and 4 present circumferential thermal deformation
curves as a function of temperature variation AT at the
interface of FRP bar/concrete and also at the external surface
of concrete cover, respectively, for concrete beams reinforced
with two GFRP bars having a ratio of spacing between FRP
bars to FRP bar diameter (e/d,) varying between 1.3 and 3.3.

The same remarks could be noted for Fig. 4, the
circumferential thermal deformations at the external surface of
concrete cover are linear until cracking thermal load varied
from 32 to 55 °C corresponding to the ratio of e/d,, varied from
1.3 to 2.3, respectively. However, for ratios e/d, >2.3 and
c/dy>1.6, the strain curve is linear up to 60 °C because cracks
do not reach the external surface of concrete cover. It can be
concluded that a ratio e/d,>2.3 reduces radial cracks depth
within concrete and avoid splitting cracks to reach the external
surface of concrete cover.

III. ANALYTICAL MODEL

The analytical model developed for prismatic concrete
beam reinforced with FRP bars has been inspired from that
established for a concrete cylinder reinforced with FRP bars
(11, 3], [4].

The transverse thermal incompatibility between FRP bars
and concrete generates a radial pressure P at the interface of
FRP bars/concrete of a concrete beam reinforced with two
FRP bars under thermal loads. Each bar is studied separately
so as to define the radial pressure at the interface of each
reinforcing bar.
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Fig. 3 Transverse thermal deformation at FRP bar/concrete interface of concrete beam reinforced with two FRP bars having different ratio

——P#10.20/30 e/d,=3.3

——P#13.20/25 e/d,=2.3

—+—P.#16.20/20 ¢/d.,=1.8
——P#19.20/35 e/d.=17

—+—P.#25.30/35 e/d,=1.3

e/db
13604 -------- s cLLTEEELE- | EEETEE: e sl T S
H H i
F ! ' :
] i | i
"E: 10604 ----==-- A B L At bk | Sttty o mm o i e EE R
: : ‘
z :
= 1
[~} i
E’E 0BE-04 L
Zz :
3 i
- | 1
R i
= 0SE-04 s
= "
e i
= i
@ '
2 i
% 04 +o-mmmmmmpmm——- o S T
g 03E-0- ;
- '
L] :
00E+00 T : -
] 10 20 30 a0 50 60 70

Temperatur

eVariation AT °C)

Fig. 4 Transverse concrete thermal deformation at external surface of concrete cover of concrete beam reinforced with two FRP bars having

different ratio e/d,
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Fig. 5 Cracks developed within concrete (beam P.#16.20/20 having

e/d,=1.8)

where r;i=b/a, bj=c;+a, a: radius of FRP bar, ¢;: thickness of
concrete cover for each FRP bar, a.: CTE of concrete «;:
transverse CTE of FRP bar, E.: modulus of elasticity of
concrete, £, modulus of elasticity of FRP bar in transverse
direction, v,: Poisson's ratio of concrete, v,: Poisson's ratio of
FRP bar in transverse direction.

The transverse thermal strains in concrete (&) and in FRP
bar (&), at the interface of FRP bar/concrete, due to the radial
pressure P and the temperature variation A7, are given by the
following equations:

ea(@)=—| =

P(r+1
E\r -1

+vcj+aCAT 2
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.sﬁ(a):atAT—%P (3)

t

The transverse thermal strain of concrete &.,(b), at the
external surface of concrete cover of prismatic concrete
beams, due to the radial pressure P and the temperature
variation A7, is given by:

e (b)= 2;_1 fa AT @)

Zaidi [3] proposed an analytical model which has been
validated by experimental results, permits to determine the
transverse thermal strains in FRP bar g;(a) at the interface of
FRP bar/concrete of prismatic concrete beam reinforced with
GFRP bar.

£, =2, AT_%P for AT <+20 °C

t

£,=0800; AT for ~AT>+20°C )
IV. COMPARISON BETWEEN NUMERICAL AND ANALYTICAL
RESULTS

Figs. 6 and 7 show comparisons between theoretical results
predicted from the linear analytical model, Zaidi’s model, and
the numerical model in terms of transversal thermal
deformations at the interface of FRP bar/concrete of prismatic
concrete beams reinforced with two FRP bars. From these
figures, it can be observed that the transverse thermal
deformation curves obtained by the Zaidi’s model are in good
agreement with those predicted from the numerical model for
temperature variations less than 30 °C, the same remark can be
noted for analytical curves predicted from the linear analytical
model for temperature variations less than 20 °C. For AT>30
°C, the numerical results are larger because of the presence of
the circular crown of tensile cracks that are deeper than those
obtained from Zaidi’s model. However, the linear analytical
model based on the theory of elasticity ignores completely the
presence of these cracks.
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Fig. 6 Transverse thermal deformation at FRP bar/concrete interface of concrete beam reinforced with two FRP bars P.#10.20/30 having ratios
e/d,=3.3 and c¢,/d,=3.2
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Fig. 7 Transverse thermal deformation at FRP bar/concrete interface of concrete beam reinforced with two FRP bars P.#25.30/35 having ratios
e/d,=1.3 and c,/d,=1.4
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V.CONCLUSIONS

The nonlinear numerical analysis of the effect of the
spacing between GFRP bars embedded in concrete on
transverse thermal deformations in reinforced concrete beams
submitted to high temperature variations, permits to draw the
following conclusions:

- Circular crowns of concrete cracks were developed within
concrete at temperature variations around 30 °C for
concrete beams reinforced with two GFRP bars having a
ratio of spacing between FRP bars to FRP bar diameter
(e/d,) varying between 1.3 and 3.3.

- The transverse thermal deformation curves are linear and
almost similar until A7 around 30 °C corresponding to the
ratio of e/d,, varied from 1.3 to 2.3. An important increase
of thermal deformations is observed due to the
development of circular crowns of concrete cracks for
concrete beams reinforced with two GFRP under
temperature variations up to 60 °C.

- A ratio e/d,>2.3 reduces radial cracks depth within
concrete and avoid splitting cracks to reach the external
surface of concrete cover for concrete beams reinforced
with two GFRP under temperature variations up to 60 °C.

ACKNOWLEDGMENT

The writers would like to acknowledge the support of the
Civil Engineering Department of Sherbrooke University
(Canada) and also the Structures Rehabilitation and Materials
Laboratory (SREML) of Laghouat University (Algeria). The
opinion and analysis presented in this paper are those of the
authors.

REFERENCES

[11 M. A. Aiello, F. Focacci, and A. Nanni, “Effects of thermal loads on
concrete cover of fiber reinforced polymer reinforced elements:
Theoretical and experimental analysis,” ACI Materials Journal, vol. 98,
2001, pp. 332-339.

[2] A. Zaidi, and R. Masmoudi, “Effect of low and high temperatures on the
transverse thermal expansion of FRP bars embedded in concrete,” in
Proc. 7th International Conference on Short & Medium Span Bridges,
Montreal, Quebec, Canada, 2006.

[3] A. Zaidi, and R. Masmoudi, “Effect of Concrete Cover Thickness and
FRP-Bars Spacing on the Transverse Thermal Expansion of FRP Bars,”
in Proc. 8th International Symposium on Fiber Reinforced Polymer
Reinforcement for Concrete Structures, University of Patras, Department
of Civil Engineering, Patras, Greece, 2007.

[4] H.A. Rahman, C.Y. Kingsley, and D.A. Taylor, “Thermal stress in FRP
reinforced concrete,” in Proc. Annual Conference of the Canadian
Society for Civil Engineering, Ottawa, 1995.

[5S] A. Zaidi, and R. Masmoudi, Comportement thermique d’éléments en
béton armé de barres en PRF — Etude théorique et expérimentale
(Thermal behavior of FRP bars-reinforced concrete elements),
Saarbriicken, Germany: Presses Académiques Francophones (PAF),
2013.

843



