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Abstract. The paper presents numerical results of direct pull-out test of glass fiber-reinforced polymer (GFRP) rebars
embedded in concrete. Rebars of three different cross-sections are considered: circular without longitudinal ribs and with
two and four ribs. The design analyses of the rebar configurations embedded in concrete are investigated by the 3D finite
element method (FEM), which takes into account the non-linearity using ANSYS software. The results of the numerical
model with two ribs were compared with the experimental results. Then, the effect of different rebar geometries to the
load-slip pull-out curves was studied. It is concluded that the influence of rib height and width on the pull-out load in the

rebar with 4 ribs is much higher than in the one with 2 ribs.
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Introduction

Fibre reinforced polymer (FRP) bars have become
commercially available as reinforcement for concrete
over the last decades. These rebars have several important
advantages over conventional reinforcing steel, namely,
high tensile strength, light weight, non-corrosiveness,
anti-fatigue, non-magnetic, electrical insulation, small
creep deformation and specific gravity. All these
advantages are the main reasons of their incorporation
into the civil engineering structures (Barboni et al. 1997,
Benmokrane et al. 1995, Emmons etal. 1998,
Midwater et al. 1997, Nanni etal. 1995, Bakis et al.
1998).

The FRP rebars are generally made of glass, carbon and
aramid fiber reinforced composites can be readily formed
into complex shapes through the pultrusion manufacturing
process (Wallenberger et al. 2001, Walsh, 2001).

The most common manufacturing process is the
pultrusion process, when the longitudinal fibers are
drawn through a resin bath and then passed through a die,
which gives the rebar of a final shape.

Additional techniques are required to improve the bond
between the rebar and the surrounding concrete. Several
techniques can be used, including surface deformations,
sand coating, over-moulding a new surface on the bar or a
combination of the techniques. Many researchers have
brought up various formulae to estimate the bond strength
of deformed composite reinforcement and studied
experimentally and numerically the use of composite
rebars as reinforcement in the concrete structures.

The mechanics of stress transfer by bond between FRP
rebars and concrete was investigated by many authors.
From the experimental results it may be concluded that
the bonding of the FRP to concrete depends on the
following factors: chemical bond, friction due to surface
roughness of FRP rods, mechanical interlock of the FRP
rods against the concrete, and induced interfacial pressure
due to temperature change and concrete shrinkage during
curing.

It was concluded that the pullout mechanism of many
existing types of FRP reinforcement differed from that of
deformed steel bars and was dependent on even more
parameters. This conclusion was also reported in
(Chaallal et al. 1993, Tepfers 2006). For rebars with a
smooth surface, the effect of concrete mechanical
properties appeared to be negligible and therefore the
bond behaviour was solely dependent on the type of
fibres and matrix (Nanni et al. 1995). However, for rebars
with an indented and deformed surface, a strong
dependence of bond strength on the confinement pressure
was reported in (Malvar 1994).

Recent studies have shown that, generally, the bond
between the concrete and smooth FRP rods is affected by
the non-isotropic mechanical properties of the FRPs. The
mechanical properties in the longitudinal direction are
controlled by the fibres, but the stiffness and strength in
the transversal direction depend on the resin matrix, low
elastic modulus of which can reduce the bond strength
(Al-Zahrani et al. 1995). Moreover, the relative smoothness
of FRP rods in the longitudinal direction compared to
steel reinforcing bars can also reduce friction and thus the
bond strength with concrete.

Hao et al. (2007) tested 105 pull-out specimens to
investigate the effect of different rib geometries on bond
strength of glass fiber reinforced polymer (GFRP) rebars
embedded in concrete. The experimental and theoretical
results indicated that the bond strength of GFRP rebars
was about 13-35% lower than that of the steel rebars.
The bond strength and bond-slip behavior of the specially
machined rebars varied with the rebar type, rebar
diameter, rebar surface texture, rib height, rib spacing and
rib  width. Using these results, the design
recommendations were made concerning optimum rib
geometries of GFRP ribbed rebars with superior bond-
slip characteristics, which concluded that the optimal rib
spacing of ribbed rebars is the same as the rebar diameter,
and that the optimal rib height is 6% of the rebar
diameter.
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Baena et al. (2009) tested 88 pull-out specimens that
were prepared according to ACI 440.3R-04 and CSA
S806-02 standards. Rebars (reinforcing bars) made of
carbon- and glass-fibre reinforced polymers (CFRP and
GFRP), as well as steel rebars with a constant embedment
length of five times the rebar diameter were used. The
influence of the rebar surface, rebar diameter and
concrete strength on the bond-slip curves obtained is
analyzed. The experimental results confirm the tendency
of rebars with larger diameters to have lower bond
strength. The slip values obtained for GFRP are greater
than those for CFRP bars.

The application of finite element method (FEM) allows
taking into consideration the specific needs like plasticity,
contact, interlock and, etc. This is the main reason why
FEM was applied to bond modelling by several
researchers.

The finite element research of composite rebars of
different shape has been proposed by (Kadioglu, 2005).
Specifically, four different composite rebar configurations
under axial, bending and torsional loadings are investigated
using the 3D finite element analysis. The composite rebar
configurations investigated include square rebar, circular
rebar with ribs, and ribs oriented at an offset angle along
the length of the rebar. The results of interfacial stresses
obtained are presented and compared among various
rebar configurations under axial, bending and torsional
loadings. The idea of using ribs is to improve the bond
characteristics with the surrounding concrete. The results
presented in this research illustrate that various design
features added to the circular composite rebar may
provide good bonding characteristics and can be used in
reinforced concrete structures.

Two Finite Element packages (ANSYS and ABAQUS)
were used to model the bond interaction of FRP reinforcing
bars in cubes and beams (Achillides et al. 2006). The main
purpose of this work is to develop additional
understanding of how FRP bars “cooperate” with
concrete to sustain the pull-out load. Two modeling
approaches were presented. In the first approach, a spring
describing the behaviour of short embedment lengths in
pull-out tests was used for predicting the behaviour of
longer embedment lengths. In the second approach,
spring characteristics obtained from an experimentally
determined bond stress versus anchorage length envelope
are used in FE modeling of beams. Both approaches
showed good agreement between analytical and
experimental results.

S. Khalfallah and M. Ouchenane (2007) presented the
results of subtask dealing with the bond behaviour study
of the reinforcement systems under monotonic loading
pull-out tests. This numerical method is based on the slip
and the bond stress distributions through the anchored
length of the bar in the concrete block. The work refers,
especially to the implementation of reinforcing bars and
bond-slip models between steel and concrete in the
developed finite element program.

Al-Zuhaiti et al. (2013) analyzed bond-slip behavior of
the simple pullout concrete cylinder specimen reinforced
by a single steel bar. Three-dimension nonlinear finite

element model using ANSYS program was employed to
study the behavior of bond between concrete and plain
steel reinforcement. Material nonlinearity due to cracking
and/or crushing of concrete, and yielding of the steel
reinforcing bar were taken into consideration during the
analysis. The accuracy of this model is investigated by
comparing the finite element numerical behavior with
that predicted from experimental results of three pullout
specimens. The influence of bar diameter and chemical
adhesion was studied.

The objective of this study is to investigate and
compare the load-slip curve between GFRP rebars with
different cross-sectional geometry. The influence of rib
geometry on the pull-out load is presented to illustrate the
effectiveness of composite rebar configurations. The
result of the numerical model with two ribs was
compared with the experimental results. The ANSYS
finite element program was used in this study to simulate
the pull-out test.

Material and configuration

The direct pull-out test is a commonly used test
method for determining the bond strength of FRP rebar in
concrete. Usually the FRP rebar is embedded through a
cylindrical concrete specimen and is pulled from one end
of the rebar. The bond strength of the FRP to concrete is
determined from the force applied to the FRP divided by
the interfacial contact area of the FRP bonded region.
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where F is the applied pull-out load, d is the diameter of
rebar, I, is the bonded length of the rebar.

c)
Fig. 1. Shape of rebars (R1), (R2), and (R3).

Three different types of composite rebar configurations
under axial loading are considered in this research. The
first rebar R1 (Fig. 1la) has a standard circular cross-
section that is commonly used in construction industry
(Fig. 1). The second R2 and third R3 rebars have circular
cross-sections with two and four longitudinal ribs
respectively (Fig. 1b, ).



Other possible configurations of this rebar type are not
considered in this study. All rebars are made of FRP
composite, which can be easily manufactured by means
of the pultrusion process.

The modulus of elasticity for concrete was calculated
using the following equation (ACI 318, 1999).

E. :4730,/ fo s (2

where f; is ultimate compressive strength of concrete
(MPa).

The ANSY'S program requires the uniaxial stress-strain
relationship for concrete in compression.

Next Egs. (3) and (4) are used along with Eq. (5) to
construct the uniaxial compressive stress-strain curve for
concrete in this study (Kachlakev et al., 2001).
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where f is stress at any strain &, ¢ is strain at stress f, gois
strain at the ultimate compressive strength f.
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Fig. 2. Simplified compressive uniaxial stress-strain curve for
concrete.

Figure 2 shows the stress-strain relationship used for
this study and is based on the work done by Kachlakev et
al. (2001).

The curve starts at zero stress and strain. Point
No. 1, at 0.30f, is calculated for the stress-strain
relationship of the concrete in the linear range (Eq. (5)).
Points Nos. 2, 3, and 4 are obtained from Eq. (3), in

which & is calculated from Eq. (4). Point No. 5 is at &
and fc. In this study, an assumption was made of perfectly
plastic behavior after Point No. 5.

The value of f¢ received from experimental test.

The following properties are used in the finite element
analysis for the concrete (E = 23.65 GPa and
v = 0.15) and composite rebars UD GFRP/epoxy
(E1 =45 GPa; Eo=E;=11 GPa; G =Gi3=45 GPa, V12
= vi3 = 0.23). Concerning the friction coefficient between
the composite and concrete, it is worth mentioning that
the literature gives values for composite—concrete
interfaces in the range 0.2 — 0.6. In this study, a friction
coefficient equal to 0.3 was identified having compared
experimental and numerical results.

Finite element modelling of pull-out test

The 3D finite element models of the composite rebars
and the surrounding concrete were simulated by software
ANSYS14.0. The composite rebars are modelled using
3D brick elements SOLID185. The SOLID185 element
type is defined by eight nodes and has three degrees of
freedom (translations in X, y, z directions) at each node.
The SOLID 65 with 8-node was used to model the
concrete. The most important aspect of this element is the
treatment of nonlinear material properties. The concrete
is capable of cracking (in three orthogonal directions),
crushing, plastic deformation, and creep.

All calculations were made with FEM by creation of a
friction interface between the composite rebar and
concrete. In order to consider the effect of friction along
the interfaces, Coulomb friction model was employed. In
the basic Coulomb friction model, two contacting
surfaces can carry shear stresses up to a certain
magnitude across their interface before they start sliding
relative to each other. This state is known as sticking. The
Coulomb friction model for joints is defined as (ANSYS
14.0):

Tlim= #Fp» ()
7l <7 i » 3)

where zim is the limiting shear stress, F, is the contact
pressure and u is the current value of coefficient of
friction. When 7 exceeds zim , two surfaces will slide
relative to each other. This state is known as sliding.

Surface-to-surface contact elements were used for the
interface between the rebars and concrete. The contact
surfaces of the composite rebars were meshed with
CONTA 174, and the contact surfaces of the concrete
cylinder were meshed with TARGE170. These finite
elements join the two contact surfaces allowing them to
slide relative to each other.
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Fig. 3. Fragments of finite element models for composite rebars R1 (a), R2 (b) and R3 (c).

The loading and boundary conditions were also the
same as in the mechanical tests. The boundary conditions
for the model are applied by fixing the nodes at the top
cylinder surface in three directions. Uniaxial loading was
carried out by axial displacement to the loaded end of
composite rebar with ribs.

Fragments of FEM models are shown in Figure 3.

Due to the geometrical symmetry of the configurations
considered, one quarter of their volume was modelled.
This approach reduces computational time and computer
disk space requirements significantly.

The solution was done with the assumption of small
deformations.

In the beginning, it is necessary to conduct the
convergence tests for the finite element model developed
and validate the correctness of FEM discretization for the
next calculation work. Convergence of the FEM results
was examined for several models with different mesh
sizes and by comparing the resulting pull-out forces.
Based on these results, the appropriate mesh with brick
finite elements was chosen as a primary one for the FEM
models.

Before numerical study and research of GFRP rebars,
the finite element analysis of rebars with two ribs was
compared with the experimental results for verification.
As a result, the corrected finite element model was
developed.

The experimental and finite element results and
discussion are presented in the next two sections.

b)

c)

Experimental testing

For the experimental determination of the load-slip
relationship between composite rebar and concrete, pull-
out specimens of GFRP rebar with two ribs was used.

The cross-sectional geometry of pull-out cylinder
specimen (R2) with two ribs is shown in Figure 4.

Composite rebar embedded in a cylindrical concrete
block: D = 200 mm (diameter) and L = 150 mm (length).
The height of rib (h) is 2 mm, width of rib (w) is 2.5 mm,
diameter of rebar (d) is 13 mm and length of composite
rebar (I) is 250 mm. The bonded length (I,) was taken
140 mm. The length of the deformed rebars on the loaded
end was 85 mm, in order to satisfy the load requirements
of pull-out test. Length on the free end is 15 mm.

Contact between the concrete and the rebar along the
embedded length is broken using soft plastic tube to
equalize the stress from the loading plate on the loaded
end side and minimize the stress concentrations at the
entry into the bonded length.

The experimental test machine with pullout specimen
is shown in Figure 5. The GFRP was loaded at the
constant rate of 2 mm/min. Figure 6 shows the
comparison between the experimental and finite element
results of load-slip relationship. Since the interface
properties were unknown, the frictional properties and
concrete shrinkage during curing were changed to obtain
a better fit between numerical result and experimental
data.

Fig. 4. Cross-sectional geometry of pullout specimen with composite rebar R2.



Fig. 5. Setup of pullout test.
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Fig. 6. Comparison of the load-slip curves obtained in 3D finite
analysis and experiment.

Loading were continued until concrete split with
slippage 5 mm at the loaded end.

In general the load-slip relationship for the GFRP rebar
from the finite element analysis agrees quite well with the
experimental data. The finite element load-slip relationship
in the linear range is different from the experimental result.
There are several effects that may cause the higher stiffness
in the finite element models which is based on the work
done by Kachlakev et al. (2001).

Firstly, all the microcracks in the concrete could be
induced by shrinkage of the concrete and slipping of
GFRP rebar during experiment. Secondly, the
microcracks change the stiffness of the tested concrete
specimen, but these facts are not accounted for in the
finite element model, where perfect bond between the
concrete and GFRP rebar is assumed. It seems that this
assumption might be quite approximate one.

Numerical results of pull-out load slip behaviour

In this section the effect of different rib geometries to
the maximal pull-out load is presented. Comparison of
results showed that maximum pull-out load for GFRP
rebar without ribs was less than for GFRP rebar with ribs.

The load-slip curves of GFRP rebars with different
cross-section are shown in Figure 7. It is seen that pull-
out load increased with increased of number of ribs. This
difference is approximately 14.4%.
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Fig. 7. Setup of pullout test.

An important geometrical parameter of the rebars is the
height of the ribs. The results presented in Figure 8
illustrate the influence of the rib height on the maximal
pull-out load for rebars with 2 ribs and 4 ribs under axial
loading. The width of the ribs was 2.5 mm in all rebars
studied.
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Fig. 8. Maximum pull-out load for rebars R2 and R3 via rib
height.

It is seen that the pull-out load for the rebar with 4 ribs is
much higher than for the one with 2 ribs. When the rib
height increased from 2 to 4 mm, the pull-out load
increased, and the difference is approximately 7% for rebar
with two ribs and 15.4% for rebar with four ribs.
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Fig. 9. Maximum pull-out load for rebars R2 and R3 via rib
height and width.

The next step of FEM calculations was concerned with
an estimation of the pull-out load in the case of



simultaneous variation of the rib height and width. The
maximum pull-out loads calculated for rebars with
2 and 4 ribs under axial loading are shown in Figure 9.

With the increase of width ribs, the rib heights
increased respectively. Considering the effect of the
difference in rib height and width, the effect of rebar with
2 ribs on pull-out load was negligible. Depending on the
rib height and width for the rebar with 4 ribs, this
difference is 11.2%.

Conclusions

In this investigation, experimental results of the pull-
out test and modeling were compared. The numerical
pull-out analyses for the composite rebars embedded in
concrete are performed by the 3D FEM using ANSYS
software.

After comparison of the test results and the numerical
result the 3D FEM model with two ribs was verified and
the rebars of circular cross-section with two and four
longitudinal ribs, as well without ribs were studied. The
effect of different rib geometries on the maximal pull-out
load was also investigated.

Based on the results of the preliminary parametric
analysis of slippage between GFRP rebars and concrete
under uniaxial tension, the following conclusions can be
made.

e The number of the longitudinal ribs influences
significantly the pull-out load between composite
rebars and concrete.

e In the case of rebars with 2 longitudinal ribs, pull-
out load is 7% less than that for rebars with 4 ribs
(h=2mm, w=2.5mm).

e The height of the ribs has more influence on the
pull-out load for rebar with 4 ribs (15.4%).

¢ It was shown that increase of height and width was
negligible for the rebar with 2 ribs.
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