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Campus do Pici - Bloco 728, 60440-900, Fortaleza/Ceará, Brazil
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Abstract. Rebars with fiber glass reinforced polymer (GFRP) are a viable option in highly aggressive environ-
ments. They also make the structure lighter, more sustainable and have high corrosion resistance. In this article,
an experimental program was carried out to verify the maximum pullout force, in addition to a numerical analysis
and computational simulation. The finite element method was used for the computational simulation of concrete
reinforced with GFRP. A constant tractive force was applied at the end of the rebar, from which the strain and max-
imum principal stresses were analyzed. The displacements and concrete-GFRP adhesion were verified through the
Hertz contact theory and Coloumb friction theory, in the ABAQUS software. The results showed that the incorpo-
ration of epoxy resin had little influence on the pullout force. The experimental and numerical analysis showed an
increase of about 20% in the pullout force of the GFRP bars, although this should not be the only limiting factor
for the use of GFRP rebars in civil construction.
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1 Introduction

Glass fiber reinforced polymers (GFRP) are materials with applicability mainly in aggressive environments,
either as reinforcement or incorporation in civil infrastructure [1–3]. Fiber-reinforced polymers (FRP) are a vi-
able option in the process of structural reinforcement and rehabilitation, when durability, lightness and corrosion
resistance are also taken into account, along with strength.

It is recommended to use FRP mainly in highly aggressive environments, such as sewage and water treatment
plants, marine environments, oil platforms, among others [2, 4, 5]. The union of reinforcements with steel bars can
happen through three mechanisms, chemical connection, mechanical characteristics and the aggregate [5]. For the
GFRP, the main mechanisms that guarantee the FRP-concrete adhesion are the properties of the fibers, the resin
matrix, and the contact surface [4, 6, 7].

Just as concrete has an interface zone, FRP bars have a transition zone between resin and rebar fibers. GFRP
bars have low modulus of elasticity, so this transition zone is one of the main factors to be considered in the
pullout force. Fibers with a high modulus of elasticity (carbon and aramid) have less strength at the FRP-concrete
interface, consequently a premature failure may occur due to shear stress.

This study compared pullout strength of GFRP and steel bars, and the influence of resin on the contact
surface, through pullout tests. The results served as basis for recommendations on the use of GFRP in structural
reinforcement and incorporation in construction.

2 Literature review

2.1 Coulomb’s Law

The relative movement between two bodies will occur if the tangential force (Ft) is greater than the normal
force (FN ) multiplied by the coefficient µ. Considering static friction, there is no slipping between the bodies,
according to eq. (1). For this to happen, the relative speed between the bodies must be zero.
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|Ft| < µ|FN |. (1)

According to eq. (2), when considering equality, there might be slipping between the bodies. Being u̇1 and
u̇2 are velocity.

|Ft| = µ|FN | → |(u̇(2) − u̇(1))|T ≥ 0. (2)

Slip conditions can be explained by eq. (3), which does not consider slip, and eq. (4), which considers slip
between the bodies.

|Ft| = µ|FN | < 0→ u̇(1) = u̇(2), (3)

|Ft| = µ|FN | < 0→ |(u̇(2) − u̇(1))| ≥ 0. (4)

2.2 Hertz contact

The contact region is formed by the junction of two regions, their intersection is formed by two points (P1,P2),
which are susceptible to displacements (ūz1, ūz2). The points will be in contact if the sum of the strains is equal
to the sum of the displacements, as shown in eq. (5).

δ1 + δ2 = ūz1 + ūz2. (5)

According to eq. (6), the bodies will not be in contact if, where δ1 and δ2 are strains between bodies.

δ1 + δ2 < ūz1 + ūz2. (6)

In Hertz hypothesis, the surfaces are continuous, the strains are small, the contact area is small, there is no
friction between the surfaces in contact [8, 9]. The eccentricity (e) and the curvature (k) are calculated by eqs. (7)
and (8) respectively, in which ’a’ is a small semi axis, and ’b’, the longest axis.

e2 = 1− k2. (7)

k =
b

a
. (8)

According to eqs. (9) and (10), it is possible to obtain the effective mean radius of curvature (Rm) and
equivalent radius of curvature (Re), respectively. Where A and B are constant. A and B are constants, and are
calculated by eqs. (11) and (12). Where R1x, R2x,R1y and, R2y are half-shaft radius.

Rm =
1

A+B
, (9)
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FRANÇA, L. H. P, DAMASCENO FILHO, F. E, MEDEIROS JÚNIOR, M. S, CABRAL, A. E. B
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The angle between the bodies in contact is calculated as shown in eq. (13). Where α is angle in relation to
the axis of the bodies in contact, P is force in contact, E is modulus of elasticity. Ae is the area of elastic contact,
given by eq. (14).

α =

(
3E(e)PRm

2πE∗(1− e2)

) 1
3

. (13)

Āe = πab. (14)

2.3 Influence of GFRP rebar surface and diameter

There is an inversely proportional relation between diameter and tensile stress; the greater the diameter of
the GFRP bar, the lower the tensile stress. This can occur due to the shear effect, when the stresses act on the bar
surface, causing a differential movement in the interface between the fiber surface and the core of the bar [10].

Another important factor is that the Poisson’s ratio effect increases along with the bar diameter. However, the
pullout stress in the act of pulling decreases the section of the bar, weakening the contact between bar and concrete
[11].

2.4 Adhesion of GFRP rebar

Adherence is the main characteristic to take into consideration in reinforced concrete structures with in-
corporation or reinforcement with GFRP bars. The adhesion behavior of these materials is a crucial factor for
determining the mechanical properties [12].

The GFRP-concrete connection is ensured by a frictional force, where the acting force is transferred from the
FRP polymer matrix [4, 13]. Bar surface friction affects bond quality and strength. Through the relation between
the compressive strength of concrete and the shear strength of the surface, there are several types of failures that
can occur due to poor adhesion between the bar and the concrete, such as: concrete shear, GFRP shear, or a
combination of these factors.

3 Materials and methods

This paper was divided into two analyses: one is experimental, and the other, numerical. In the experimental
program, the characterization of the materials, the molding and curing of the specimens were done according to
NBR 5738. The apparatus used in the pullout tests is shown in Figure 1. A total of 18 specimens were molded,
6 with steel, 6 with GFRP and 6 with GFRP + epoxy resin. The specimens had a 15 cm edge, and the steel and
GFRP rebars were 6,3 mm in diameter and 15 cm in length.
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Figure 1. Pullout test experimental equipment

A numerical analysis was performed on the software Abaqus 6.14.1, the finite element used was C3D8R, a
solid element with eight nodes, with three degrees of freedom in each node and reduced integral. The Abaqus
contact logic is presented in Figure 2a. The friction was modeled considering the Coulomb isotropic material, for
better coexistence it was necessary to alternate the friction value between 0 and 1, in addition to consider the static
friction. The friction is shown in Figure 2b.

Figure 2. Model of contact and friction

The steel rebars used were CA-50. The GFRP properties were: 2.109 kgf/cm2 of maximum tensile strength,
in the longitudinal direction of the fibers. Perpendicular to the fibers, the tensile strength was 492 kgf/cm2. The
tensile elasticity modulus in the longitudinal and perpendicular direction of the fibers were, respectively, 17.6000
kgf/cm2 and 56.000 kgf/cm2. The strength of bond between the GFRP and steel to the concrete was determined
by the eq. (15).

τ =
F

πdlb
(15)

In which τ is the bond strength, F is the tractive force in the test, d is the rebar diameter, lb is the rebar length
inserted in concrete. A constant load of 10,000 N was applied to the upper end of the GFRP bar and boundary
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conditions corresponded to the experimental program, to ensure that surfaces in contact shared the same node. A
mesh of 5 mm was assigned.

4 Results and discussions

The pullout force can be a parameter to determine the material behavior when in service. However, it is
extremely important to analyze the loading and unloading process, breaking behavior - whether it is ductile or not
-, stress relaxation, and plastic strains. The experimental results are shown in Figure 3. The average pullout force
was slightly higher in the GFRP condition without resin, followed by the steel bar.

There was a discrepancy, so that the displacements obtained in a same series of tests had a difference of more
than 6 mm. Just by analyzing the bond strength x displacement relation, the configuration that presents greater
ductility is precisely the GFRP + epoxy resin model, In this configuration, low traction stress was necessary to
achieve a greater displacement. However, this configuration also presents lower bond strength, as shown in Figure
3.

Figure 3. Relationship bond strength x displacement

The Von Mises failure criteria indicates that a certain material flows when the second invariant J2 reaches a
critical value. It can be said that there is no energy distortion when the maximum stress obtained is less than the
allowable stress of the material. All the results of the numerical analysis are presented in MPa and mm, as shown
in Figure 4. The material failure is precisely in the concrete-GFRP interface.

It was necessary to select only a few experimental tests to validate the numeric model. Analyzing the set
above, it can be stated which is the bar where the highest stress are concentrated; the support conditions restricted
the base. As shown in Figure 4, the specimen presented large displacements and, consequently, greater strain. As
shown in Figures 5 and 6, it is possible to visualize the difference between numerical and experimental analyses.
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Figure 4. Results numerical pullout test

Figure 5. Comparative analysis between experimental and numerical - with resin

Figure 6. Comparative analysis between experimental and numerical- without resin

In Figure 3b, the CP 2, even with the lowest pullout force, obtained the largest displacement of this analysis.
This was due to the properties of GFRP and fiber orientation in the matrix. When comparing the experimental
program and the numerical model, the numerical analysis resides within the limits obtained in the experimental
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program, showing the convergence of the model. It is noticed that the configuration with epoxy resin presented
strength and displacement superior to the configuration without resin, in the order of 5% and 20%, respectively.
The pullout force was 20% higher in the steel bar test when compared to the other configurations.

5 Conclusions

The pullout force of the GFRP rebar is similar to that of steel. It is well known that the application of epoxy
resin does not interfere positively with the pullout force, there was a reduction of 40%, when compared to GFRP
without resin and the steel. However, GFRP without resin showed a increase of 20% on pullout strength. The use
of GFRP rebar is justified because it has good mechanical performance and high corrosion resistance. In Brazil,
NBR 6118 considers the class of environmental aggressiveness as well as the compressive strength, useful life, and
durability for concrete structural design, in these situations the GFRP performs better than steel.
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