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ABSTRACT
This research investigated the structural bond strength of GFRP rebars in concrete beams under
dynamic loading with the aim to characterize the structural bond behaviour and evaluate the
limitations of the GFRP rebars under dynamic loading.
The dynamic loading in this study was set at 500 repeating cycles to simulate a more realistic
dynamic loading scenario such as earthquake since most dynamic loading studies are carried
under ten repeating cycles.
The experimental work was divided into 2 main tests which were firstly, the tensile tests of the
GFRP rebars in order to evaluate the tensile strength of the rebars and characterize their
properties. Secondly, the flexural tests of GFRP and steel reinforced concrete beams in order
to evaluate the bond strength of GFRP and steel rebars, to characterize the average bond
strength of GFRP and steel reinforced concrete beams under dynamic loading and finally to
compare the average bond strength of GFRP rebars to Steel rebars in both dynamic and static
loadings.
The tensile tests were carried out using a Universal Testing Machine (UTM) and the results of
the tensile tests of the GFRP rebars showed that the average experimental tensile strength of
GFRP rebars was only 56.65% of the nominal tensile strength provided on the supplier data
sheet. As for flexural tests, they were carried out through a four-point bending test using a
UTM in conjunction with a universal dynamic shaker to create the dynamic loading set up.
Steel reinforced concrete beams were used as control beams during the tests and factors such
as the tensile strength of the GFRP rebars, the slip of the rebars, the load-deflection relationship
and the stress-strain relationship were investigated. The results of the tests showed that the
tensile strength of the GFRP rebar is strongly proportional to the maximum beam load bearing
capacity and the maximum stresses of GFRP reinforced concrete beams. The results also
showed that the average bond strength of GFRP rebars in static loading (8.44 MPa) was only
80%

of the average bond strength in dynamic loading (10.95 MPa). Moreover, the

experimental work showed that the failure of GFRP reinforced concrete beams depicted large
deflections (19 mm) and slips (5 mm to 12.5 mm) when compared to steel reinforced concrete
beams (for which the maximum deflection was 9.66 mm at failure and slippage values of 2
mm to 10 mm). Based on that it could be stipulated that the tensile strength of GFRP rebars is
one determinant factor to the bond strength behaviour of GFRP rebars in concrete. Hence, the
structural bond behaviour of GFRP rebars could be well-defined if more studies were done on
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the bond behaviour of GFRP rebars in concrete beams under dynamic loading using another
type of GFRP rebars that would consist of a relatively high tensile strength as compared to the
ones used in this study and different surface texture.
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1.

INTRODUCTION

1.1 Background
The primary cause of deterioration of reinforced concrete is the corrosion of the steel
reinforcement (Young-jun, et al., 2015). Though the steel reinforcement is physically
protected by concrete, an aggressive environment can reduce the alkalinity of the concrete
which results in the corrosion of the steel and spalling of concrete cover. Over the recent
years, many researchers have investigated the possibility of replacing the conventional steel
reinforcement by the Fibre-Reinforced Polymer (FRP) rebar which is a composite material
made by combining fibres and a resin to give a new combination of properties (ACI 440 R103 , 2005). Three types of FRP rebars are more commonly used in the civil engineering
industry: Glass FRP, Carbon FRP and Aramid FRP rebar. Each of them has their advantages
and disadvantages (Meier, 2000). The Glass FRP rebar is the most commonly used in civil
engineering applications owing to its high tensile strength, its low price and its availability
(Meier, 2000). However, its performance (high tensile strength and modulus of elasticity)
and durability resistance are not superior to those of Aramid and Carbon FRP rebar. Aramid
FRP rebar has higher tensile strength and modulus of elasticity than Glass FRP rebar but the
impediment with its utilization is that it’s difficult to cut and machine, moreover its cost is
slightly higher than that of Glass FRP rebar. The carbon FRP rebar has higher tensile
strength and modulus of elasticity over the other two types. Further investigations have been
done on the bond behaviour under static loading condition of different types of FRP rebars
through different types of tests. The results of the static tests were in agreement with the
prediction that carbon FRP rebars have high durability resistance in concrete (Meier, 2000).
However, carbon FRP rebar’s high price constitutes its drawback (Davalos, et al., 2008 and
Oshan & Zhang, 2013). Furthermore, the bond behaviour of FRP rebars depends on a great
number of parameters compared to the conventional steel rebar (Tamuzs, et al., 2001).
Tighiouart , et al., (1999); Yoon-lee, et al., (2013); Taher & Burgoyne, (2011); Wan, et al.,
(2002) and Ametrone (2001) considered different parameters in their investigations of the
bond behaviour but a lot still needs to be done to really understand and assess the bond
behaviour of FRP rebars. The bonding between FRP reinforcing rebars and the surrounding
concrete can be defined as the continuous interaction between the two materials and is
known to play an essential role in transferring the stress from the concrete to the reinforcing
bar. The average bond strength and the longitudinal modulus of elasticity of FRP rebars are
lower than that of steel rebar (Vogel & Svecova, 2009).
1

1.2 Significance of the Study
Steel rebar has been considered as the only reliable reinforcement of concrete structures
(Nutt, 2007) until the discovery of advanced composite material (FRP rebars). However, the
corrosion of steel reinforcement leads to costly repairs and catastrophic failures every year.
Many approaches have been undertaken to control the corrosion process, but they are not
suitable as a long-term solution (Bru, et al., 2016). The advantages of FRP rebars over the
conventional steel rebar are their properties such as the chemical resistance, ease of
handling, high tensile strength to weight ratio, and the ability to be moulded into various
shapes (Pleinmann, 1991). FRP rebars properties have made them alternative reinforcement
for future construction as the use of FRP rebar for internal reinforcement constitutes an
economical solution since the cost of repair of the damaged reinforced concrete structures
is extremely low (about 1% - 2% of the original cost) (INC, 2011). One of the major
disadvantages of FRP rebars is the understanding of the bond behaviour in concrete
structures. The limited knowledge on their bond behaviour in concrete members constitutes
a drawback to their use in construction applications. The understanding of its bond behaviour
will considerably help to fully accept FRP rebars as internal reinforcement in civil
engineering and will contribute to their safe use.
1.3 Problem Statement
One of the most challenging issues of FRP is their bond reliability and durability in concrete
structures. FRP rebar bond has been investigated through different parameters but most of
them have been carried out considering only a monotonic static loading (Issa, et al., 2011;
Tighiouart et al., 1999 and Ehsani, et al., 1996). However, the monotonic static load is far
from reflecting the reality of the loading regime on a structure because reinforced concrete
structures are also subjected to different forms of dynamic loading throughout their lifespan.
Little is known on FRP rebars bond behaviour under repeated loading. So far, cyclic loading
studies that have been carried out on FRP rebars, did not exceed a cycle of loading of ten
and was only carried out for Glass FRP rebar (Yoon-lee, et al., 2013). The reality is that
concrete beams are subjected to more than ten cycles of repeated loading. This study focused
on assessing the bond behaviour of ribbed Glass FRP rebar under a loading of more than ten
cycles.
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1.4 Aim and Objectives of the Study
The aim of the study was to experimentally determine the bond behaviour of ribbed GFRP
rebars in concrete beams under dynamic load.
The specific objectives of the study were to:
(a) Evaluate the maximum tensile strength of ribbed GFRP rebars,
(b) Evaluate and characterize the average bond strengths of ribbed GFRP through the
average maximum tensile strength of the GFRP rebars and steel rebars bond strengths
in concrete beams,
(c) Compare GFRP rebars average bond strengths to steel rebars average bond strength in
static loading and in dynamic loading.
1.5 Scope
This study aimed to investigate the structural bond behaviour of ribbed GFRP rebars in
concrete beams under dynamic loading. The experimental work consisted of the
investigation of the tensile strength of ribbed GFRP rebars and the flexural tests of ribbed
GFRP reinforced concrete beams. The tensile tests of the ribbed GFRP rebars focused on
characterizing the rebars behaviour and failure in tension prior to being used as internal
reinforcement in concrete beams, while the flexural tests of ribbed GFRP reinforced
concrete beams focused on characterizing the bond strength behaviour of ribbed GFRP
rebars in concrete under a specific type of dynamic loading mode. The results of the flexural
tests were analysed with regards to parameters such as the load-deflection relationships, the
stress-strain relationships, the slip of the rebars in the concrete beams but also by using steel
reinforced concrete beams as benchmarks.
1.6 Outline of the dissertation
The dissertation has five chapters, namely:
Chapter 1: Introduction;
Chapter 2: Literature Review;
Chapter 3: Research Methodology;
Chapter 4: Presentation and Analysis of Results; and
Chapter 5: Conclusions and Recommendations.
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2.

LITERATURE REVIEW

2.1 Introduction
Fibre-Reinforced Polymer (FRP) rebars have been used in the recent past, as internal
reinforcement instead of steel reinforcement. Many successful applications worldwide have
demonstrated their practical use in civil engineering (ACI 440 R1-06, 2006 and Tuakta,
2005). However, they haven’t gained full acceptance in the civil engineering world, due to
the fact that no general agreement has been achieved about the correct test set up to assess
the bond behaviour for the distinct FRP systems. That means that up to date, experiments
are undertaken with rough approximations of what could actually represent a FRP system in
service life. The durability of various FRP system has hence been assessed taking into
account a more known material which is steel reinforced concrete (Ceroni, et al., 2006 and
Lin & Zhang, 2014). That assumption has been the basis of the controversy about the full
acceptance of FRP materials in construction. The main reason being that the bond between
FRP reinforcing rebars and the surrounding concrete is complicated and influenced by many
more factors than in the case of steel reinforced concrete structures (Ceroni, et al., 2006 and
Lin & Zhang, 2014). This reason on its own constitutes a big impediment to their
implementation in the construction industry but it weighs even more when considering the
fact that FRP properties vary according to the type of fibre manufactured source, the
manufacturing process and the resin/matrix used (CNR-DT 203/2006, 2007). Moreover,
when considering the concrete and FRP rebars materials behaviours on their own and
subjected to various loads, concrete on one hand can present a complexity of behaviours
which are characterized by strong non-linear response and the development and opening of
cracks and fractures in tension. While in compression, concrete presents a plastic response
characterized by the development of micro crushes and dislocations of aggregates. Whereas
FRP rebars show a lack of ductility in tension (Billah & Alam, 2012) and their compressive
strength is negligible (Marfia, et al., 2004). There is a complexity arising from the composite
material itself and from the combination of FRP rebar and the concrete (Ceroni, et al., 2006).
All these complexities make it even harder for a test set up of a FRP system (Marfia, et al.,
2004).
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2.2 Factors Influencing the Bond Behaviour of Glass Fibre-Reinforced Polymer
Rebars in Concrete Beam
The bond strength between Glass Fibre-Reinforced Polymer (GFRP) rebars and concrete
determines the strength and the long-term performance of the reinforced structure (Chin,
1996). The bond strength is strongly affected by the anisotropic nature of GFRP rebars, thus,
it becomes very important to investigate the individual behaviour of each of the components
of the reinforced structure such as the concrete matrix, the fibres constituting the rebar, the
matrix of the rebars and the interface zone, but also the behaviour of the reinforced structure
as a whole unit (Nanni, 2003; Egyptian Standing Committee, 2005 and Ray & Rathore,
2015). The influence of each of these factors on the bond strength behaviour has mostly been
analysed with regard of the following parameters:


The concrete compressive strength;



The surface configuration of GFRP rebars;



The mechanical properties of GFRP rebars;



The concrete beam specifications; and



Concrete beam mode of failure.

2.2.1 The concrete compressive strength
Researches have been performed either with normal strength concrete (Hao, et al., 2008 and
Katz, 1999) or with high strength concrete (Akbarzadeh & Maghsoudi, 2009 and Katz, 1999)
and the influence of concrete compressive strength could obviously be noticed on the
average bond strength of FRP rebars (Baena, et al., 2009 and Cosenza, et al., 1997). It was
found that the concrete compressive strength affects the bond mode of failure; moreover, it
is correlated to the bearing resistance of the reinforced concrete element. Therefore, the bond
strength significantly influences the behaviour of FRP rebars regardless of the surface
treatment (Baena, et al., 2009).
It has been established that when concrete compressive strength is relatively low (below 20
MPa), the average bond strength is proportional to the concrete compressive strength and
failure is due to cracking and tensile stresses as in the case of steel rebar. That can be
explained by the fact that concrete becomes unable to attain its maximum strain and fails
prematurely. In this case, the influence of surface treatment on the bond strength is less
obvious (Baena, et al., 2009). For concrete with high compressive strength, beyond 30 MPa,
this correlation is no longer apparent. The bond strength doesn’t depend heavily on the value
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of concrete strength but rather on the rebar properties and their ability to bond to concrete
(Baena, et al., 2009). Thus, the interface mode of failure is due to a combined effect of
concrete and FRP rebar’s surface degradation with failure being increasingly dominated by
FRP rebar surface damage (Davalos, et al., 2008). This means that the failure is due to the
degradation of the bond between the rebar and the surrounding concrete. The use of highstrength concrete allows better use of the rebars strength properties as compared with normal
strength-concrete since the stiffness is increased (ACI 440 R1-06, 2006). Generally low
stiffness increases the overall deformability of a flexural member (ACI 440 R1-06, 2006) or
causes large deflections and cracks width which can affect the bond and thus the
serviceability of the flexural member (Fico, 2007). The above research findings were mostly
based on either low strength or high strength concrete (Baena, et al., 2009), omitting normal
strength concrete which is more commonly used in civil engineering construction. As for
the test results performed on normal strength concrete that were published (Hao, et al.,
2008), they did not establish any relationship between the strength of the concrete and the
bond strength behaviour (Hao, et al., 2008). Therefore, this study tried to fill this gap by
investigating the bond behaviour of GFRP rebars and its governing factors in normal
concrete compressive strength under dynamic loading.
2.2.2 The surface configuration of Glass FRP rebars
The surface texture of the rebar is important for its role in developing the bond strength
between the rebar and concrete (Ceroni, et al., 2006 and CNR-DT 203/2006, 2007). The
bond strength between FRP rebar and the surrounding concrete depends on three things,
namely:


The adhesion resistance (ACI 440 R1-06, 2006 and Wang & Belarbi, 2009);



The friction resistance (ACI 440 R1-06, 2006 and Cosenza, et al., 1997); and



The mechanical interaction or interlocking (ACI 440 R1-06, 2006 and Cosenza, et
al., 1997).

a. The adhesion resistance
The adhesion resistance also known as the chemical bond is ensured at low values of stresses
(Marfia, et al., 2004; ACI 440 R1-06, 2006 and Belarbi & Wang, 2004). For higher values
of stresses, the chemical bond breaks down. As tensile stresses increase, deformations on
the surface of the rebar cause inclined contact forces at the rebar-concrete interface giving
rise to micro cracks (ACI 440 R1-06, 2006).
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There are currently many types of FRP rebars with different surface treatment available on
the market (sand coated, helically wrapped, helically wrapped and sand coated, grooved
surface, ribbed rebars, etc.). They all seem to behave similarly when the adhesion resistance
exists, but once this bond fails different behaviours are obtained for the different surfacetreatments, depending either on the friction resistance or the mechanical interlocking
(Baena, et al., 2009 and Lin & Zhang, 2013).
b. The friction resistance
The friction resistance develops bond strengths at the rebar-concrete interface preventing
any significant slippage (Oshan & Zhang, 2013). As the tensile stress increases, the
mechanical interlock breaks down and the bond behaviour tends to become dry-friction since
the concrete between the indentations/ribs is crushed as in the case of steel rebars (Marfia,
et al., 2004). Moreover, the FRP rebar’s surface is stripped off increasing the slip value (Lee,
et al., 2013 and Marfia, et al., 2004). Indeed, only when rebars possess adequate
characteristics to provide enough lateral confinement through the ribs or indentations that
the dependence of bond strength on concrete compressive strength is observed (Cosenza, et
al., 1997 and ACI 440 R1-06, 2006). This leads to the consideration of the physical
characteristics of the FRP rebar’s surface which are the shape, the height and/or size of the
ribs or sand coated layer of the FRP rebar’s surface. For ribbed GFRP, the shape and the
height of the ribs constitute the main factors that affect the bond strength.
c. The mechanical interaction or interlocking
The mechanical interaction or interlocking between the deformed surface of the rebar and
the surrounding concrete are governed by the outer surface of the rebar (Cosenza, et al.,
1997; Hao, et al., 2008 and Belarbi & Wang, 2004) and is said to be the dominant mechanism
over the two other bond mechanisms (adhesion and friction resistance mechanisms) (Jalili,
et al., 2009). That being said, further comparisons were made between smooth rebars and
deformed surface rebars. It was found that the bond strength of smooth rebars is primarily
governed by the adhesion resistance and friction forces which depend on the transverse
pressure. Low mechanical interaction forces are expected and the failure occurs as the
friction diminishes when the contact surface is damaged. At this point, the main factors
governing the bond behaviour are the type of fibers and the matrix (Baena, et al., 2009). FRP
reinforced concrete beams (reinforced with smooth rebars) exhibit large increases in
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deflection with small increases in load due to their low load bearing capacities (Lin & Zhang,
2013).
For deformed surface of the FRP rebars, the bond strength is governed by all the three
mechanisms, moreover the mechanical interaction lasts up to failure and less slips are
recorded (Baena, et al., 2009). On this regard, the bond behaviour of different surface
textures was compared as well (Lin & Zhang, 2013). It appeared that ribbed rebars and
helically wrapped rebars seem to have a similar flexural behaviour (Lin & Zhang, 2013).
Surprisingly, grooved surface rebars behave similarly to sand coated rebars, although they
possess indentations as ribbed and wrapped rebars. This phenomenon can be explained by
the fact that the wedging action resulting from the crushed concrete sticking to the ribs is
less pronounced for grooved surface rebars (Baena, et al., 2009). Finally, sand coated rebars
showed much better bonding with concrete than the other ones. An initial good bond
performance was recorded until the maximum bond strength is reached, afterwards an abrupt
decay occurs. However, a low slip value is recorded (Baena, et al., 2009 and Lin & Zhang,
2013).
It is important to specify that those findings are still not conclusive but specific to a certain
domain, since they were either based on one specific test (pull-out test) (Baena, et al., 2009)
or a specific concrete age (concrete compressive strength) (Lin & Zhang, 2013). This study
also sought to understand the bond behaviour of ribbed GFRP rebars, by investigating the
bond strength and the mechanisms governing the bond strength in normal strength concrete.
This was done through a four-point bending test, from the moment the concrete has reached
its maturity.
2.2.3 The mechanical properties of GFRP rebars
GFRP rebars are characterized by high tensile strength only in the direction of the
reinforcing fibres (ACI 440 R1-06, 2006) and lower transverse modulus of elasticity than
their counterparts (ACI 440 R1-03, 2005). Therefore, they are stiff in the longitudinal
direction and very susceptible to bending forces in the transverse direction (Ochola, 2004),
that implies larger strain, curvatures, midspan deflection and wider cracks than in steel
reinforced concrete (ACI 440 R1-03, 2005 and Ding, et al., 2014). That induces significant
prying forces on the reinforcing rebar and the spalling of the concrete could be accelerated
(ACI 440 R1-03, 2005). Their bond stress-slip response is characterized by an initial
increase in the bond stress with little slippage, followed by a softening once the maximum
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bond stress is reached (Baena, et al., 2009). Yet, GFRP rebars are characterized by
viscoelastic behaviour when dynamically loaded. The dissipation of strain energy leads to
the degradation of the rebar itself, the microscopic failure of the interface zone, the
degradation of the toughness and the rebars mechanical properties such as the ultimate
tensile strength and shear strength (Bank, 2013 and Ray & Rathore, 2015).
Similar to steel rebars, FRP rebars play an important role in sustaining the tremendous
tensile stresses applied to concrete structures. Therefore, characterizing the tensile strength
of a specific type of FRP rebars is necessary for quality control, design purposes and
standardization of specific types (Kocaoz, et al., 2005). This study sought to correlate the
mechanical properties of GFRP rebars to their bond behaviour in normal concrete under
dynamic loading.
2.2.4 The concrete beam specifications
FRP reinforced concrete beams exhibit no ductility due to the linear elastic brittle behaviour
of the reinforcement (Issa, et al., 2011). Concrete sections are commonly under reinforced
to allow the yielding of steel rebars before the crushing of the concrete which leads to
debonding (ACI 440 R1-06, 2006). In the case of flexural members reinforced with FRP
rebars, a lot of consideration needs to be given to the flexural design philosophy. Concrete
structures cannot depend on the strength and stiffness contributions provided by the
compressed FRP rebars, because FRP rebars are assumed to resist only tensile forces (CNRDT 203/2006, 2007). Thus, to compensate for the lack of ductility, the reinforced concrete
must possess a higher reserve of strength. That means the member should be made of highstrength concrete and over-reinforced (ACI 440 R1-06, 2006 and Fico, 2007).
The brittle behaviour of both FRP reinforcement and concrete allows considerations to be
given to three main types of failures that govern the modes of failure of FRP-concrete
specimens namely, the FRP rupture, the bar pull out and the concrete crushing (ACI 440 R106, 2006 and Fico, 2007). The bar pull out and concrete crushing modes of failure are
marginally more desirable than tension failure of the rebar in investigating the bond strength.
This is because the tension failure is sudden and catastrophic and would indicate that the
maximum concrete strain (0.0035) may not be attained (ACI 440 R1-06, 2006 and Egyptian
Standing Committee, 2005). To ensure that rupture of FRP rebars will not govern the mode
of failure of a FRP-concrete specimen, the FRP reinforcement ratio should be greater than
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1.4 ρfb ( ρfb denotes the balanced reinforcement ratio) (Egyptian Standing Committee,
2005).
In the bar pull out mode of failure, FRP reinforced concrete beams behave linearly up to the
first flexural crack. Afterwards, several behaviours are observed accordingly to the surface
texture of the FRP rebars (Lin & Zhang, 2013). In this case, the bond slip value that will be
recorded, is a function of the considered embedment length (Oshan & Zhang, 2013) and as
for steel reinforcement, when the development length increases the effectiveness of the bond
strength decreases owing to the non-uniform bond distribution along the rebars (Fico, 2007).
Investigation of the embedment length of FRP rebars in concrete, and of different ranges of
diameter demonstrated that the rebar size has a direct influence on the average bond strength
(Makitani, et al., 1993). The average bond strength decreases as the diameter of the rebar
increases (Makitani, et al., 1993). Another investigation of geometrically similar specimens
reinforced with different sizes of diameter showed that the larger the diameter, the lower the
bond strength (Baena, et al., 2009). This can be attributed to the Poisson effect which is
more pronounced for larger diameter under tension. Therefore, there is a reduction in the
frictional and mechanical bond mechanisms (Baena, et al., 2009).
In regard to what has been stipulated above, this study investigated the bond behaviour of
GFRP rebars in normal concrete and under dynamic loading by ensuring that the rupture of
FRP rebars will not govern the mode of failure of a FRP-concrete specimen. Therefore, in
this study, a balanced reinforcement ratio of 1.4 ρfb or more will be ensured for all samples.
2.2.5 Concrete beam mode of failure
The mode of failure of reinforced concrete structures is known to be complex due to the
heterogeneous property of the concrete microstructure, and varies according to the type of
stress and the internal structure of the specimen (Owens, et al., 2009). Moreover, concrete
structures are considered to have stable existing systems of cracks in the vicinity of coarse
aggregates that start developing at load higher or equal to 30% of the structure’s ultimate
load (Owens, et al., 2009). Therefore, the formation of cracks in reinforced concrete
members is inevitable in flexure. This is due to the brittle behaviour of concrete in tension,
when the extreme bottom fibre sags in tension (Owens, et al., 2009).
However, there are various types of cracks formation that can happen in concrete beams in
flexure, which are mostly bending and shear cracks (for short beams) (Obrien, et al., 2012).
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They can be differentiated throughout their arrangement in the concrete beam structure.
Bending cracks tend to form more vertically as compared to shear cracks that tend to curve
out or form angles close to 45° (Obrien, et al., 2012). Hence, each type of crack or their
combination will characterize a mode of failure which is related to the shear length and the
depth of the beam (Obrien, et al., 2012). Thus, when the ratio of the shear length to the depth
of the beam is ranging between 1 and 2.5 the following crack arrangement can be observed
(Obrien, et al., 2012):
For
1<

Lsh
h

< 2.5

(1)

Where Lsh is the shear length of the beam and h, the depth of the beam.
a. The shear bond failure, where the cracks propagate in direct line from the
loading point to the support, and then towards the tension zone. This mode of
failure is very destructive of the bond strength, as it destroys the interface zone
between the reinforcement and the concrete (Obrien, et al., 2012).
b. The dowel failure, which is characterized by deep cracks crossing the tension
reinforcement bar (Obrien, et al., 2012).
c. The shear compression failure which is characterized by the crushing of the
concrete at the loading point and develops into shear cracks into the tension zone
(Obrien, et al., 2012).
2.3 Types of Test Set-Up
Current design guidelines for FRP reinforced structures haven’t reached an agreement on
the correct set-up to test the average bond strength of FRP reinforced concrete structures
(Ceroni, et al., 2006). However, investigations have demonstrated the relevance of each
particular parameter influencing the bond strength behaviour in concrete structure, such as
the evolution of the slip value, the study of the stress-strain relationship, the analysis of the
shear span, etc (ASTM A944-10, 2010; ASTM D7616/D7616M-11, 2011; ASTM
D7264/D7264M-15, 2015 and ASTM D5379/D5379M-05, 2005). Hence, the average bond
strength can be evaluated through one of the following tests: The pull out test or the beam
tests.
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2.3.1 Pull out test
This test gives unconservative results while compared to the beam tests. This is due to the
embedment length considered in the set-up and the absence of flexural cracks in the
concrete, considering the thickness of the concrete cover (Cosenza, et al., 1997 and Foccaci,
et al., 2000). It is therefore useful in evaluating the load-slip response of reinforcing bars
(ACI 440 R1-06, 2006).
2.3.2 Beam tests
Beam tests are costly compared to the pull out test owing to the equipment required, but
more realistic. They reflect the actual beam behaviour because they allow random
distribution of flexural cracks since the concrete surrounding the rebar is under tension and
the flexural stresses are not affected by the loading configuration. The average bond strength
development and splice length are represented in full size flexural members (ACI 440 R106, 2006; Lin & Zhang, 2013 and Orozco & Maji, 2003). Beam tests can be performed
through one of the following methods:


The notched test;



The splice test;



The three point bending test;



The beam end test; and



The four point bending test.

a) The notched test
This method is used to characterize the shear properties of a reinforced structure such as the
shear strain, shear stress and shear modulus. In this test, a load is applied at a specified rate
until the specimen failure occurs by shear and not twisting. The samples are notched at the
midspan (ASTM D5379/D5379M-05, 2005 and Bru, et al., 2016).
b) The splice test
Overlap splices are inevitable in the field due to the length limitations of the rebars or
construction requirements. The splice test determines the shear strength of an overlap splice
of a reinforced structure. It serves as a quality control mechanism of overlap splices
constructed under field conditions (ASTM D7616/D7616M-11, 2011 and Seffo & Hamcho,
2016).
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c)

The three point bending test

In the three point bending test, the specimens are simply supported and loaded at their center.
The samples attain the peak stress at the specimen mid-point and reduced stresses are
localized elsewhere. This method is ideal in the investigation of specific isolation of stress
on a material (ASTM D7264/D7264M-15, 2015 and Shillings, 2015).
d) The beam end test
This method determines the bond strength of reinforcing bars in concrete, by investigating
the effects of the rebars surface preparation. The bond strength obtained in this method is
generally high as the concrete is subjected to compressive load. The results obtained from
this test are only used for comparison purposes (ASTM A944-10, 2010 and Farshadfar, et
al., 2008).
e)

The four point bending test

This test is used to characterize the flexural behaviour of specimens. This test set-up utilizes
two load points equally spaced from the supports points (ASTM D7264/D7264M-15, 2015
and Shillings, 2015). It has its own advantages of characterizing the mechanical properties
of materials as it produces a uniform moment between the two inner loading rollers (Zhai,
et al., 1999). This results in a uniform maximum tensile stress in the specimen, thus, less
complicated to be evaluated. This test is usually performed with a uniform rectangular cross
section, making the set up fairly straight-forward which allows the testing of brittle materials
in tension or axial fatigue tests (Zhai, et al., 1999). The lack of sufficient data on this test
implies that the samples geometries are arbitrarily set. The inner span between the rollers is
usually set to be L/2 or L/3 (L denotes the span of the FRP reinforced concrete structure) as
it is simple to handle and mitigates errors (Zhai, et al., 1999). This test set-up was adopted
in this study as it has the advantages of providing uniform moments distributions between
the supports and more realistic test values.
2.3.3 Summary
The average bond strength obtained from pull out test is relatively higher than that in the
beam tests (ACI 318-05, 2005 and Quayyum, 2010). Therefore, this value cannot directly
be applied to the design of a FRP reinforced structure (ASTM A944-10, 2010; ASTM
D7616/D7616M-11, 2011 and ACI 440 R1-06, 2006). The results must be supported by
beam test values. Moreover, it was also found that not all beam tests are suitable in the
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determination of the average bond strength of GFRP rebars in concrete beams. Some, such
as the beam end test and the splice test, are mostly used for quality control (ASTM A94410, 2010 and ASTM D7616/D7616M-11, 2011). However, the four point bending test has
the advantage of providing a better understanding of the bond behaviour and more realistic
values of bond strength (Zhai, et al., 1999). This study sought to understand the bond
behaviour of GFRP rebars in normal strength concrete under dynamic loading using the
four-point bending test which can provide more realistic values.
2.4 Dynamic Testing of FRP Rebars
2.4.1 The dynamic testing approach
A dynamic loading is a loading mode where the load, P, is applied to a structure in a
pulsating manner. From a mechanical point of view, the dynamic loading concept of a
concrete beam structure can be simplified to the mechanism of a classical mechanical
harmonic oscillator of a single-degree-of freedom system consisting of a mass, M, connected
to a fixed point by means of an elastic spring of stiffness K (Groblacher, 2010 and Hao, et
al., 2008) as shown in Figure 2.1.

Figure 2.1 Mass-spring representing dynamic loadings
Thus,
(2)

P (t) = M𝑥̈ + k𝑥̇

Where the load P is a function of the time, M is the mass, 𝑥̈ and 𝑥̇ are respectively the second
and first derivatives of the spring’s position with respect of time, and 𝑘 is the positive
constant of the spring.
2.4.2 Dynamic signature test
In a dynamic signature test (DST), the load induced on to the reinforced structure generates
harmonic forces or vibration throughout the beam. The vibration and the degradation in the
reinforced structure are thus calibrated in an interval of time. This set up involves the use of
an oscillator and steel plates in a flexural set up (Cheng, et al., 1999).
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a) Harmonic oscillator
The harmonic oscillator is fixed to the top surface of the beam, at the point of loading to
generate harmonic forces with a constant frequency. The frequency induced throughout the
concrete beam will vary with the degree of damage or cracks propagation that occurs in the
reinforced structure (Cheng, et al., 1999).
b) Steel plates
Steel plates are used as preload. They are attached on top of the beam and must weigh about
50% of the reinforced structure weight. They are used to reduce the effort for frequency
identification, to improve the quality of test data and to accelerate the degradation of the
loaded structure (Cheng, et al., 1999). However, they are not used to generate cracks but to
keep them open from the moment cracks start propagating in the structure. The propagation
of cracks induces a variation in frequency in the beam that is easy to monitor as the dynamic
loading is in progress. In DST, Steel plates also represent the realistic service load to which
a concrete structure is subjected to before undergoing any kind of dynamic loading (Cheng,
et al., 1999).
This study used a similar approach to the DST to set a dynamic loading set-up. However, a
different frequency inducer was used instead of a harmonic oscillator. The frequency inducer
that generated harmonic forces with a constant frequency was a dynamic shaker.
2.4.3 The Miner’s hypothesis
The commonly accepted Miner’s hypothesis states that the residual slip under fatigue
loading accumulates over time (Wang & Belarbi, 2009). It is also interpreted as follows: At
the time of fabrication, the reinforcing bar is not in full contact with the surrounding
concrete, since there exists micro-voids (Wang & Belarbi, 2009). As the reinforced concrete
specimen is subjected to a sustained load or cyclic loads, some micro-voids should be
gradually filled, reducing the chances of slippage of the reinforcement. The system should
become over time stabilized and the accumulation rate should slow down (Wang & Belarbi,
2009). This research investigated the bond strength behaviour of GFRP rebars in dynamic
loading by the analysis of the slip, bond strength, as well as stress and strain values in order
to verify this hypothesis.
2.4.4 General bond behaviour of GFRP rebars in dynamic loading
In FRP reinforced concrete structure, the interface zone between the rebar and the concrete
is the most highly stressed region of the composite material. It plays an important role in
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transferring the stress and dissipating the strain (Ray & Rathore, 2015). The degradation of
the interface zone is detrimental for the properties and performance of FRP rebars, the reason
being that the microscopic materials’ failure leads to the macroscopic failure which happens
later on and suddenly (Ray & Rathore, 2015).
Dynamic loading induces significant bond reduction even at low tensile loads because of the
particles that are stripped off from the rebars (indentation or coating) and remain wedged at
the interface region. This prevents the bonding between the rebar and the surrounding
concrete during the different rate of loading-reloading tensile cycle (Lee, et al., 2013). FRP
systems subjected to uniaxial bending moment (when the loading axis coincides with a
symmetric axis of the reinforced element’s cross section) are characterized by a flexural
behaviour that exhibits no ductility, hence no yielding before rupture (ACI 440 R1-06, 2006;
Fico, 2007 and Egyptian Standing Committee, 2005). The global behaviour of GFRP rebars
bond strength in dynamic loading is characterized by an increase in bond stress and stiffness
with little slippage and propagation of cracks (Baena, et al., 2009; Ochola, 2004 and
Adhikary, et al., 2012). The reason being that GFRP rebars hardly dissipate strain energy
without the presence of cracks inside the concrete matrix (Bank, 2013 and Yan, et al., 2000).
The above bond behaviour of FRP rebar has mostly been investigated under monotonic
loads. The reality is that concrete beams are subjected to various types of dynamic loading
in the form of earthquakes, blasts or simply repeated loading-unloading during their service
life (Adhikary, et al., 2012 and Lee, et al., 2013).
2.5 Summary
Numerous studies investigated the bond strength behaviour of GFRP rebars using various
set-ups of GFRP’s surface configuration in monotonic loading mode. It was found that the
average bond strength is greatly dependent on the properties of the composite materials
made of FRP rebars and concrete and the test set-up (ASTM A944-10, 2010; ASTM
D7616/D7616M-11, 2011and ACI 440 R1-06, 2006).
The investigations of the bond strength of GFRP rebars throughout different types of test
set-up revealed that the bond behaviour of GFRP rebars, the strain, stress and slip response
are related to the rebar’s surface treatment in monotonic and fatigue loading modes (Chin,
1996). However, dynamic loads are known to generate higher local stresses and strains in
the rebars leading to complex damage modes or failures and behaviour due to the
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heterogeneous nature of the reinforcing bar (Ullah, et al., 2014). The Miner’s hypothesis
assumes that in dynamic or fatigue loading mode, the degradation of the bond strength is
attenuated for a certain period of time of loading and the system should not fail suddenly but
slowly due to fatigue (Wang & Belarbi, 2009). However, this is just an assumption that
needs to be verified. Thus, this study investigated the bond strength behaviour of ribbed
GFRP rebars by analysing the stress, strain and slip response during a test.
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3.

RESEARCH METHODOLOGY

3.1 Introduction
The experimental work consisted of three main tests which are the tensile test of the
reinforcements, the compressive test of the concrete cubes and the flexural test of concrete
beams. Two types of reinforced concrete beams were investigated in the flexural tests, which
are Steel reinforced concrete beams and GFRP reinforced concrete beams. Steel reinforced
concrete beams were used as control samples.
3.2 Experimental Design
The experimental work consisted of three main tests as mentioned previously. Table 3.1
presents the experimental tests programme of this study:
Table 3.1 Experimental test programme
Types of Test
1. Tensile Test
according to
ASTM A370
and ASTM
D3916
2. Compressive
Test according
to SANS
5863:2006

Specimens Tested

Number of
Specimens

Ribbed GFRP Rebars

Concrete Cubes

Ribbed GFRP
Reinforced Concrete
Beams
3. Flexural Test
according to
ASTM
D7264/D7264M

Objectives of the Test

5

To evaluate the maximum tensile
strength of ribbed GFRP reinforcement
prior to utilizing them as reinforcing
bars in concrete beams for the
subsequent flexural tests.

9

To Determine the average compressive
strength of concrete used for the flexural
tests.

36

12
Steel Reinforced
Concrete Beams

 To evaluate and characterize the
average bond strength of ribbed
GFRP rebars through average
maximum tensile strength of GFRP
rebars.
 To compare the GFRP rebars average
bond strength to steel rebar average
bond strength in static and dynamic.

A total number of 48 beams were tested in flexural tests in order to have a representative
sample size which helped in characterizing the material behaviour. The concrete cubes were
cured for 14, 21 and 28 days, and then tested at these ages respectively. All the beams (GFRP
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and steel reinforced concrete beams) were also cured for 28 days and tested at 28 days.
Parameters such as the maximum load, the slip at the end of the rebars, the strains and
stresses in the concrete matrix and rebars were constantly monitored during the tests.
Figures 3.1, 3.2 and 3.3 below show the preparation, casting and curing of the beam samples
respectively.

Figure 3.1 Formwork and reinforcing bars preparation.

Figure 3.2 Casting of concrete beams.
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Figure 3.3 Curing of concrete specimens.

3.3 Research Materials
3.3.1 Ready mix concrete
The ready mix concrete used in the preparation of the cubes and beams was of strength class
20 MPa tested through cube testing in a laboratory environment. Ready mix concrete was
supplied by a local company named Wearne Readymix (Pty) Ltd. The concrete had a ratio
of 70/30 OPC (ordinary Portland cement)/Fly Ash mix. Table 3.2 summarizes the
specifications and ratios of the constituents used to prepare the concrete beams.
Table 3.2 Concrete proportion used
Material

Description and source

Water

Potable water from municipality

Relative density

Unit

Quantity

1

L

190

2.6

kg/m3

239

2.2

kg/m3

103

3

(vanderbijlpark)
Cement 1

Afrisam High Strength Concrete cem
II/AM(V-L) 42.5R Afrisam

Cement 2

Classified Ash-Ash resource Lethabo

Stone

19 mm WG Wearne

2.7

kg/m

1000

Sand 1

Crush dust Wearne/ Agent-Based-Model

2.7

kg/m3

506

2.6

kg/m3

325

Carletonville
Sand 2

Washed plaster-sky sand
Group five-Vereeniging
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3.2.2 Reinforcing bars
Figures 3.4 and 3.5 show the two types of longitudinal reinforcing bars that were used in the
study, namely: Ribbed Glass Fibre-Reinforced Polymer (GFRP) rebars and Steel rebars.
Figure 3.6 shows the ribbed GFRP shear reinforcements used on GFRP longitudinal rebars.

Figure 3.4 Ribbed Glass Fibre – Reinforced Polymer rebars

Figure 3.5 Steel rebars
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Figure 3.6 Ribbed GFRP Shear reinforcements

a) Glass Fibre-Reinforced Polymer (GFRP) rebars
A total number of 36 reinforced concrete beam specimens were reinforced with ribbed
GFRP rebars. Tables 3.3 and 3.4 summarize the supplier’s specifications of the rebars
(Appendix B).
Table 3.3 Specifications for 12 mm diameter ribbed GFRP rebars (Shanghai Xuyao
Fibreglass Reinforcement Products Co., Ltd)
SPECIFICATION

UNIT

VALUE

Effective cross section

mm2

113

Tensile strength in core

N⁄mm2

850

Ef -modulus

N⁄mm2

40 000

Weight

g⁄m

240-270

Diameter

mm

12.0 ± 0.3

Table 3.4 Specifications for 6 mm diameter ribbed GFRP rebars (Shanghai Xuyao Fibreglass
Reinforcement Products Co., Ltd)
SPECIFICATION

UNIT

VALUE

Effective cross section

mm2

28.3

Tensile strength in core

N⁄mm2

900

Ef -modulus

N⁄mm2

40 000

Weight

g⁄m

55-65

Diameter

mm

6.0 ± 0.5

The rebars were characterized by a fibrous thread wrapped at constant rib spacing around
the rebars, as shown in Figure 3.7:
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Figure 3.7 Fibrous thread wrapped along the rebar

However, the actual physical parameters of the rebars such as the diameter, the cross
sectional area of the rebar and the circumference of the rebar were difficult to determine
because of the surface deformation of the rebar. To determine those parameters, the method
described in ASTM D618 was used. This method consisted of plunging 5 rebars of 265 mm
in length in graduated measuring cylinders filled with water as shown in Figure 3.8.

Figure 3.8 Cross-sectional test of GFRP rebars
The specimens were kept for 24 hours in laboratory environment where the average
temperature was 24.6 ℃ and a relative humidity of 38 %. The lengths of the specimens were
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measured and the volumes of water in the graduated cylinders were recorded before and
after immersing the rebars. The cross-sectional areas of the rebars were then calculated as
follows:

Af =

V1 −V0
Lf

× 1000

(3)

Where, Af is the cross-sectional area of the GFRP rebar;
V1 and V0 are the volumes of water in the graduated cylinder glass, after and before
immersing the rebar, respectively and Lf is the measured length of one rebar.
The average diameter and the circumference of the rebars could then be determined using
the formulae:

db = 2√

Af
π

and

(4)

Cf = 2 √π. Af

(5)

Where db is the diameter of the rebar and Cf is the circumference of the rebar. Table 3.5
presents the physical parameters of the 12 mm ribbed GFRP rebars.
Table 3.5 Calculated physical parameters of 12 mm ribbed GFRP rebars
SPECIFICATION

UNIT

VALUE

Effective cross section Af

mm2

106.06

Circumference Cf

mm

36.51

Diameter db

mm

11.62

b) Steel rebars
Steel reinforcing rebars used in this experiment were ribbed as seen in Figure 3.5 on page
21. They were supplied by a local company, Cashbuild. The rebars had the following
specifications (supplier data):


Ultimate tensile strength of 450 MPa;



Young modulus, Es = 200 000 MPa; and



Diameter of 10 mm.
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3.4 Equipment and Tools used in the Experimental Tests
3.4.1 Equipment and tools for the tensile tests
Ribbed GFRP rebar samples were tested to failure, to investigate their tensile strength and
the variables affecting it, using the Computer Control Electro-hydraulic Servo-Universal
testing Machine as shown in Figure 3.9. The technical specifications of the machine used
are:


Max load: 2000 kN



Load accuracy: ≤ ±1%



Deformation accuracy: ≤ ±1 %



Load Resolution: 1/10000

The tests were performed according to ASTM A370 and ASTM D3916. The tensile load
was applied to rebars at a minimum constant loading rate of 70 MPa/minute as recommended
by the ASTM A370. This test also served as a pilot test to spot the signs and mode of possible
failure of the rebars in tension for further experiments in this study; hence a representative
specimen size of 5 rebars of 12 mm of diameter were tested as recommended by the ASTM
D3916.

Upper crosshead

Columns

GFRP rebar
Clamping grips

Control cabinet

Moving crosshead

Working table

Figure 3.9 Tensile test: load frame configuration
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3.4.2 Equipment for concrete compressive tests
Concrete cubes were tested in compression in order to characterize the average compressive
strength of the concrete used for the flexural tests. The tests were performed using a concrete
cube machine (Figure 3.10), following SANS 5863:2006 requirements. The specimens had
a volume of 150 x 150 x 150 mm. A minimum of three concrete cubes were tested per batch
as required by SANS 5863:2006, meaning 3 specimens at 14, 21 and 28 days, thus a total of
9 concrete cubes.

Figure 3.10 Cube testing set-up

3.4.3 Equipment and tools for the flexural tests
3.4.3.1 Introduction
The flexural tests were conducted in order to evaluate and characterize the average bond
strength of ribbed GFRP rebars and steel rebars through the average maximum tensile
strength of the rebars; and in order to compare the GFRP rebars average bond strength to
steel rebar average bond strength in static and dynamic modes. The tests were performed
according to ASTM D7264/7264M. The flexural tests set-up required the use of several
instruments and tools in order to create the desired type of load and also in order to collect
the required data such as the slip values, the strain values, the stresses and the loads. The
test set-ups shown in Figures 3.11, 3.12 and 3.13 display how the various instruments and
tools were connected to one another and to the concrete beam to be tested. The use of each
instrument and tool used are explained further in the subsequent sections.
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Figure 3.11 Explicit flexural test set-up

Figure 3.12 Cross-section A-A of the explicit test set-up
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Load applied by the UTM

Dynamic shaker

Strain gauges
from
the
rebar and the
concrete
connected to
the logger

Function
generator

Linear Variable displacement
transducer inserted in the beam
via a 100 mm PVC in the beam

Logger

Amplifier

Figure 3.13 Actual flexural test set-up

3.4.3.2 Measurement of slip
The main objective of the study was to investigate the bond behaviour of GFRP rebars in
concrete beams under dynamic loading. The bond can be defined as the continuous
interaction between the reinforcement and the surrounding concrete which means that it is
out of reach and cannot be easily observed and investigated. However, the result of the bond
failure, which is the slippage of the rebar, can be measured. To this regard, the resulting
slippage of the GFRP rebars under dynamic loading was investigated in order to understand
the bond behaviour of the rebars. To accurately achieve the main objective of this study,
Linear Variable Displacement Transducers (LVDTs) also known as displacement
transducers (DTs) were used.
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LVDTs are devices that accurately measure positions and displacements, by the fact that
there is no physical contact across the sensing element. They can detect the smallest fraction
of movement by suitable signal conditioning electronics. Table 3.6 summarizes the
calibrated specifications of the LVDTs used to measure the slip:
Table 3.6 Calibrated specifications of LVDTs provided by the supplier
Type

DCTH500C

Linear range

±12.5 mm

Sensitivity

390.44 mV/mm

Linearity

0.12%

Calibration temperature

20° C

Calibration load impedance

10k (min) ohms

a) LVDTs working principles
The LVDTs sensors used in this study were made of a cylindrical array of primary and
secondary windings which were separated by a core passing through the center. The primary
windings were energized with a constant amplitude supply at a frequency of 1 to 10 KHz.
This produced an alternating magnetic field in the center of the transducer, which induced a
signal into the secondary windings depending on the position of the core. Thus, the
movement of the core within this area caused the secondary signal to change. The secondary
windings were then positioned and connected in a set arrangement (push-pull mode). The
slip could then be read from the core movement. When the core was positioned at the center,
a zero signal was derived. Any movement of the core from this point in either direction
caused the signal to increase. The signal output has a linear relationship with the actual
mechanical movement of the core, and was subsequently rectified and filtered. Finally, the
output signal which is proportional to the core movement could indicate its direction
(positive or negative position) from the central zone point.
b) LVDTs parts and connection
The LVDTs were of the type DCTH series and supplied by a company named Transducers
Technology Ltd. They consisted of electronic sensors of 25 mm (stroke diameter), the
mounting blocks for the sensors and the logger which is the indicator and signal conditioning
instrumentation for the monitoring, measurement and control. The connection of the LVDT
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to the logger can be seen in Figure 3.14 and the connection to the concrete beam can been
seen in Figures 3.11, 3.12 and 3.13.

Figure 3.14 LVDT connections
3.4.3.3 Measurement of strain
Strain gauges, as shown in Figure 3.15, were used in order to measure the strain in the
reinforcing rebars and the concrete matrix during the flexural tests. They were supplied by
a company named Kyowa Electronic Instruments Co. Ltd.

Figure 3.15 KFRP Foil strain gage

The specifications of the strain gauges used in this study are reported in Table 3.7.
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Table 3.7 Specifications of Kevlar Fibre Reinforced Polymer (KFRP) foil strain gauges
Type

KFRP Foil strain gage

Resistor

Special alloy

Operating temperature range

-196 to 200℃
0 to 150 ℃

Temperature compensating range

CC-33A (-196 to 120 ℃)

Applicable adhesive

EP-34B (-55 to 200℃)
Gage length

2 mm

Temperature coefficient of gage factor

-0.015 %/℃

Adoptable thermal expansion

1.0 PPM/℃
120.2 ±0.2 Ω

Gage resistance
Gage base

Polyimide

a) Strain gauges connection to the rebars and the logger
The gauges were bonded to the materials (the rebar or/and the concrete matrix) and then
connected to a logger to facilitate the reading of data during the tests. However, challenges
arose from this set-up, which were:
i.

The strain gauges connected on the rebars had to come in contact with fresh concrete
during the casting. However, the strain gauges were not of the waterproof type and
that means that the strain gauges were going to be damaged during the casting. To
overcome this challenge, a waterproof resin was used to coat the connected base of
the strain gauge and then a self-adhesive aluminum waterproof tape and a bituminous
substance were wrapped around the gauge to provide more protection as shown in
Figures 3.16, 3.17 and 3.18;

Figure 3.16 (a) Strain gauge cement, (b) and strain gauge placed on the rebars
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(a)

(b)
Figure 3.17 (a) Waterproof tape strips (b) placing on the rebar

(a)

(b)

Figure 3.18 (a) Bituminous substance (b) placed on the rebar
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ii.

The change in strain initiated resistance was extremely small, thus it was very
difficult to be detected and be read on the logger if the strain gauges had to be directly
connected to the logger. To overcome this challenge, a Wheatstone bridge interface
amplifier was designed to magnify the change in resistance to a value readable on
the logger as shown in Figure 3.19:

Figure 3.19 Strain gauges connection to the interface and logger

A Wheatstone bridge can be configured with 1 gauge (1/4 bridge), 2 gauges (1/2
bridge) or with 4 gauges (full bridge).

In the 1/4 bridge system, a strain gauge is connected to the interface and a fixed
resistor or dummy resistor is connected to each of the other three sides of the bridge
interface. In the 1/2 bridge system, two gauges are connected to the interface with
fixed resistors connected to the two other sides. Either the two strain gauges can be
active or one of them can be configured to play the dummy gauge to eliminate strain
components other than the target strain. In the full bridge system, four strain gauges
are connected on each of the four sides of the interface. This set-up ensures large
output of strain gauge, improves temperature compensation in cases where wide
temperature changes are expected, and it eliminates strains components other than
the target strain.
iii.

The design and the connection to the interface also depended on the output of strains
expected and the number of gauges to be connected and used at the same time. In
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this study, the full bridge system was used in the monitoring of both the concrete
matrix and the reinforcing bars, as shown in Figures 3.11 and 3.12. The interface
amplifier had 4 channels (input/output) to allow for the connection of more than one
strain gauge and the monitoring of more than one material at the same time.
b) Placing of strain gauges
The strain gauges were placed at the midpoint of the longitudinal rebars inside of the
concrete and on the surface of the concrete matrix at the same location. The assumption was
that the beam would supposedly undergo the maximum deflection at the midpoint, hence
maximum strains at the midpoint. The placing of strain gauges involved several steps which
were:
i.

The surface preparation as shown in Figure 3.20. During this process, the surface of
the rebars was cleaned with sand paper to removed dirt from the rebar by lightly
polishing.

(a)

(b)

Figure 3.20 (a) Prepared surface of the GFRP rebar (b) sand paper

ii.

The bonding of the gauge to the material to be monitored is shown in Figures 3.16,
3.17 and 3.18. The gauge perimeter was then scribed on to the rebar’s surface using
a pencil. Afterwards, the adhesive which in this case was the CC-33A was applied
on the bonding surface of the gauge. The gauge was then aligned with the scribed
lines and fingertip pressed for 15 to 60 seconds to firmly bind the gauge to the surface
of the material to monitor.
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iii.

The curing: The adhesive was then left to cure for at least 24 hours, at room
temperature before proceeding with the casting.

3.4.3.4 Dynamic loading set-up
Several types of tests are differentiated in beam testing in terms of loading schemes, ranging
from static to dynamic tests or from monotonic to cyclic tests. The former are concerned
with the motion of the center of mass of the body which can be at rest or move over a period
of time. The latter are a function of the variation of the load applied during a period of time.
That has led to different loading schemes which are:
i.

Monotonic static test where the position of center of mass does not change within a
period of time and the load applied is constant;

ii.

Cyclic static test where the position of the center of mass of the body moves within
a certain period of time and the load applied still constant;

iii.

Monotonic dynamic test where the position of the center of mass of the body does
not change over time but the intensity of the load applied varies within a certain
period of time; and

iv.

Dynamic cyclic test where both the center of mass of the body and the intensity of
the load applied vary within a certain period of time.

This study investigated the bond behaviour of GFRP rebars under a monotonic dynamic test,
whereby the monotonic dynamic load is continuously applied during the test. In other words,
the beam was continuously in contact with the source of vibration throughout the
experiment. This loading mode was purposely selected because a monotonic loading mode
alone does not reflect a real loading condition of concrete structures. Concrete structures are
also subjected to some level of dynamic loading during their lifespan.
To create a monotonic dynamic loading scheme, a combination of different instruments were
used as shown in Figure 3.13:
 The Universal Testing Machine which was used to apply a monotonic increasing
load; and
 A dynamic system composed of a dynamic shaker, an amplifier and a function
generator.
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a) Universal dynamic shaker
The universal dynamic shaker shown in Figure 3.21 is of the type MB dynamic 50A. It is
composed of a stroke or exciter delivering approximately a 22.7 kg force at selected
frequency. It was positioned to perpendicularly strike one of the vertical faces of the beam
as the UTM load was applied at the top of the beam.

Figure 3.21 Dynamic shaker MB dynamic 50A

b) The function generator
A function generator BK precision, model 4011A (Figure 3.22) was conjointly used with
the dynamic shaker to create a built-in frequency. It means that it provides the possibility to
create and induce a desired frequency at a specific frequency range (or cycle). It has the
advantages of providing versatile signal sources, a wide frequency range and a waveform
function, just to mention a few. Table 3.8 summarizes the specifications of the function
generator.
Table 3.8 Specifications of the BK Precision function generator
Model

4011A

Waveforms

Sine, square, triangle, ± pulse, + ramp

Range

0.5 Hz to 5 MHz in 7 ranges

Dial accuracy

± 5%

Tuning range

Coarse 10:1; fine ± 5%

Temperature stability

0.6%/℃

Impedance

50 Ω ± 10%

Amplitude

Variable 20 db range type

Alternation

-20 db ±1 db
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c) Amplifier
Figure 3.22 shows an amplifier MB SL 500 used to amplify the signal emitted by the
function generator to the dynamic shaker and thus creating the desired frequency range.
Table 3.9 presents the specifications of the amplifier used in the tests.
Table 3.9 Specifications of the amplifier MB SL 500
Frequency range

1 Hz to 20 000 Hz

Input power required

1200 VA (max)

Max. output volts

49 V RMS∗

Max. output Amps

4.0 A RMS∗

Total harmonic distortion

Coarse 10:1; fine ± 5%

RMS∗ stands for Root Mean Square, and refers to the best value.

(a)

(b)

Figure 3.22 (a) BK Precision function generator and (b) MB SL 500 amplifier

d) Steel plates set-up
A structure such as a beam in service life is not only subjected to its self-weight but also to
some dead loads (concentrated and/or uniformly distributed load) and imposed loads.
Therefore, to create a more or less realistic situation, steel plates were placed on the beam
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to simulate the amount of imposed load a beam can be subjected to, during its service life,
as shown in Figure 3.23. The steel plates represented approximately 40% of the beam’s selfweight (the average beam weight was 0.979 kN), meaning they were about 0.746 kN. The
steel plates were symmetrically placed on top of the surface in such a way that they would
not obstruct with the UTM loading.

Figure 3.23 Steel plates used on the beams highlighted in red

e) Frequency of vibrations
The samples were subjected to a built-in frequency of 41 kHz of sinusoidal waveforms and
at a frequency range of 500 cycles to investigate the bond behavior of GFRP rebars in
concrete.
3.4.3.5 Loading rate
The test specimens in this study did not have the standard dimensions specified by SANS
5864 for four-point bending test. Therefore, the rate of force recommended by the code for
specific cross-sectional dimensions and span length of the specimens, which varies from
0.07 kN/s to 0.30 kN/s, could not be applied. The loading rate which was also a function of
the equipment used (UTM) was therefore set to a minimum of 0.10 kN/s to ensure a
continuous application of the force and uniform nominal increase in stress.

The displacement rate was set to a minimum of 0.083mm/s so that the deflection could be
constantly monitored.
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3. 5 Model Design of the Concrete Beams
The beams of the study were reinforced with ribbed GFRP rebars and steel rebars. The depth
and the width of the beams were deduced through calculations according to ACI 440.R1-06
and ACI 440. R1-03. The beams had the same length of 1160 mm and they were identical
in size but not reinforcement for the two categories of beam series since steel reinforced
concrete beam specimens will serve as control beams through the experiments. The design
was based on serviceability limit state.
3.5.1 Experimental set-up and design of the beam
The investigation of the bond between GFRP rebars and concrete was carried out using the
four-point bending test. The set-up of this test implied two loading points on top of a simply
supported beam (ASTM D7264/D7264M-15, 2015). In other words, the total load P was
equally divided into P1 and P2. The beam was also subjected to the total weight of the steel
plates (0.746 kN) as well as the self-weight of the beam in a form of a uniformly distributed
load that was weighted, calculated and taken equal to 0.979 kN/1.160 m or 0.844 kN/m. This
can be seen in Figure 3.24 (a). The distance between the two loading points was a half of
the span (ASTM D7264/D7264M-15, 2015).
kN

kN

0. 844 kN/m

(a)

(b)
Figure 3.24 (a) Loading (b) Bending moment diagram
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The reactions at the supports R A and R B can be computed as follows:
𝑃

𝑅𝐴 = 𝑅𝐵 = 2 + 0.863 (in kN)

(6)

The maximum moment occurs without the shear length as seen in Figure 3.24 (b) and is
given by:

𝑀𝑚𝑎𝑥 = −0.060 + 0.120𝑃 (in kNm)

(7)

3.5.2 Design of GFRP reinforced concrete beam specimen
3.5.2.1 Dimensioning of the concrete beam
Figure 3.25 shows the cross-section of a proposed concrete beam used in this study.
Referring to Figures 3.24 and 3.25, the following parameters can be deduced according to
ACI 440. 1R-06 (2006):
The beam depth h can be calculated as:
h≥

h≥

𝐿𝑜

(8)

10
1160
10

h ≥ 116 mm. For practicability’s sake in the construction of the reinforcement cage and also
to accommodate a sufficient concrete cover as recommended by the Standard ACI 440. 1R06 (2006), a beam depth h of 220 mm which is bigger than 116 mm was used.

Figure 3.25 Concrete beam cross-section
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The beam was reinforced with GFRP rebars of diameter db equal to 11.62 mm which has a
cross-sectional area of the rebar Af equal to 106.06 mm2 (Table 3.5), the modulus of
elasticity of the rebar Ef equal to 40000 MPa and the guaranteed tensile strength of the rebar
∗
ffu
equal to 850 MPa (Table 3.3). The maximum concrete cover, c can be taken equal to the

greatest value between 2.5db and 40 mm where db is the diameter of the rebar (ACI 440
R1-06, 2006).
The concrete cover is calculated as follows:
Cover c = maximum {2.5×db or 40}

(9)

c = maximum {2.5×11.62 or 40} = maximum {29.050; 40}
Thus, c = 40 mm
Determination of d, the distance from the extreme compression fibre to the centroid of
tension reinforcement or the effective depth of the beam.
d=h-

𝑑𝑏

d= 220 -

2

-c

11.62
2

(10)

– 40 = 174.190 mm

For the width b: From Table 3.2, it could be seen that the maximum aggregates size was 19
mm, and the stirrup should be able to accommodate that size of aggregates. Moreover, the
diameter of the main longitudinal and shear rebars should also accommodate the concrete
cover.
Therefore,
b ≥ Maximum aggregate size + (2 db ) + (2 stirrup size) + (2c)

(11)

b ≥ 19 + (2 × 11.620) + (2 × 6) + (2 × 40)
b ≥ 134.240 mm
b could then be taken equal to 170 mm to ease the construction process.
3.5.2.2 Modes of failure and minimum area of GFRP reinforcement
GFRP reinforced concrete elements are governed by two main modes of failure namely,
GFRP reinforcement rupture and concrete crushing modes of failure (ACI 440 R1-06, 2006).
When GFRP reinforced concrete structures fail by reinforcement rupture, the failure is
sudden and catastrophic with limited warnings (in terms of cracks and deflection) (ACI 440
R1-06, 2006). Concrete crushing mode of failure however allows some plastic behaviour
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before failure, therefore it is more desirable in flexural members reinforced with GFRP
rebars.
In order to prescribe a concrete crushing mode of failure in the concrete beam, it has to be
ensured that the GFRP reinforcement ratio ρf is 1,4 times bigger than the GFRP
reinforcement ratio ρfb producing balanced strain conditions (ACI 440 R1-06, 2006).

ρf >1.4 ρfb

(12)

ρf and ρfb can be computed as follows (ACI 440 R1-06, 2006):
ρf = Af /(b×d), and

(13)
θc

fc

εcu

θf

ffu

(εcu +εfu )

ρfb = α1 × β1 × ( ) × [( )] × [(

)]

(14)

Where, b and d are the characteristics of the beam cross-section as seen in Figure 3.25, α1
and β1 are the stress-block factors for concrete and are equal to 0.8125 and 0.9075
respectively. They are computed using the formula stipulated in the standard ACI 440 R106 (2006):
Where 𝑓𝑐 is the cylinder concrete compressive strength which is calculated using the cube
compressive strength, 𝑓𝑐𝑢 and formula:
0.85 𝑓𝑐 = 0.67 𝑓𝑐𝑢

(Alexander & Beushaunsen, 2010) (15)

𝑓𝑐𝑢 is assumed to be 20 MPa (as that’s the concrete compressive strength of the concrete
used in the casting), therefore:

𝑓𝑐 =

0.67
0.85

. 𝑓𝑐𝑢 = 15.765 MPa

α1 = 0.850 − 0.0015. fc ≥ 0.670

(16)

𝛽1= 0.970- 0.0025. 𝑓𝑐 ≥ 0.670

(17)

θc : Concrete resistance factor which is equal to 0.750 (ACI 440 R1-06, 2006).
θf : GFRP rebar resistance factor which is equal to 0.500 (ACI 440 R1-06, 2006).

εcu : Ultimate strain in concrete in compression which is equal to 0.0035 (ACI 440 R1-06,
2006).

εfu : Ultimate strain in FRP in tension which is equal to 0.01575 (ACI 440 R1-06, 2006).
ffu : The theoretical design tensile strength of FRP, considering reductions for service
∗
environment which is equal to CE × ffu
(ACI 440 R1-06, 2006 and Appendix A). CE
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is the environment reduction factor for various fibre type and exposure conditions
which is equal to 0.800 for glass FRP-concrete specimen not exposed to earth and
weather (ACI 440 R1-06, 2006); Then,
∗
𝑓𝑓𝑢 = 𝐶𝐸 × 𝑓𝑓𝑢
= 0.800 × 850= 680 MPa

(18)

The area of GFRP reinforcement required is then determined by substituting Equations 13
and 14 in Equation 12:
𝐴𝑓

𝜃𝑐

𝑓𝑐

𝜀𝑐𝑢

> 1.4 × {𝛼1 × 𝛽1 × ( ) × [( )] × [(
)]}
𝜃𝑓
𝑓𝑓𝑢
(𝜀𝑐𝑢 +𝜀𝑓𝑢 )
(𝑏×𝑑)
𝐴𝑓
(170×174.190)

0.750

15.765

) × [(
0.500

> 1.4 × 0.826 × 0.931 × (

680

(19)
0.0035

)] × [((0.0035+0.01575 ))]

And 𝐴𝑓 > 201.578 𝑚𝑚2
For the 4 GFRP rebars of diameter 11.620 mm (cross-sectional equal to 106.060 mm2 from
Table 3.5) used in the tension zone, the actual area of reinforcement is:

(20)

Af = 4× cross-sectional area of the rebar
Af = 4× 106.060 = 424.240 mm2 > 201.578 mm2

Substituting Equation 20 in Equation 13, the actual FRP reinforcement ratio ρf is then:

ρf =Af /(b×d) = 424.24/(170×174.19)= 0.0143

(21)

And from Equation 14 the actual balanced ratio ρfb is:

ρfb = α1 × β1 ×

θc 𝑓𝑐𝑢
εcu
×
×
θf ffu εcu + εfu

ρfb = 0.826 × 0.931 ×

0.750
0.500

×

15.765
680

×

0.0035
0.0035 + 0.01575

ρfb = 0.005
Thus, ρf > 1.4ρfb , this condition ensures that rupture of GFRP rebars will not govern the
mode of failure of the reinforced beams. This means that the GFRP reinforced concrete
beams shall either fail due to concrete crushing or GFRP rebar pull out.
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3.5.2.3 Determination of the maximum load
In order to determine the maximum load Pmax on the beam, the nominal moment capacity
Mn was calculated first then equated to Equation 7 which gave the expression of the
maximum moment of the beam Mmax .
The expression of the nominal moment capacity is given by:
ρ ×f

Mn = ρf × ff × [ 1 − 0.59 × ff f ] × b × d2
c

(22)

In this equation, ff denotes the stress in the GFRP rebar in tension, which was determined
using the following formula (ACI 440.1R-15, 2015):

ff = (√

(Ef ×εcu )2
4

+

0.85×β1 ×fc
ρf

× Ef × εcu − 0.5 × Ef × εcu ) ≤ ffu

(23)

Ef was taken equal to 40000 MPa (Table 3.3) and ffu was taken equal to 680 MPa from
Equation 18. Thus,
(40000×0.0035)2

ff = ( √

4

+

0.85×0.931×15.765
×
0.0143

40000 × 0.0035 − 0.5 × 40000 × 0.0035) ≤ ffu

ff = 356.273 MPa ≤ ffu
The nominal moment capacity was then calculated as:
Mn = 0.0143 × 356.273 × [1 − 0.59 ×

0.0143 × 356.273
] × 170 × 174.1902
15.765

Mn = 21268713.19 Nmm or 21.269 kNm
The nominal moment capacity was then equated to Equation 7:

Mmax = (−0.060 + 0.120P) (in kNm)
21.269 = (−0.060 + 0.120P) (in kNm)

Pmax = 177.743 kN
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3.5.2.4 Determination of the beam deflection
The maximum allowable deflection of the beam can be calculated according to SANS
10100-1: 2000 for simply supported beams which states that the maximum allowable
deflection should be:
𝛿𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 ≤

𝐿

(24)

250

Where L is the span length of the beam. Referring to Figure 3.24 (a), the maximum allowable
deflection is:
δallowable ≤

960
250

= 3.840 mm

To calculate the maximum deflection the beam would be subjected to, the following
formulae and steps were used:
δmax =

L
4

L 2
4

Pmax ×( )×(3×L2 −4×( ) )

(ACI 440.1R-15, 2015) (25)

48×Ec ×Ie

 Pmax was taken equal to 177.743 kN from Section 3.5.2.3 and L was taken as 960 mm
from Figure 3.24 (a).
 The first step was to calculate the modulus of elasticity of the concrete beam Ec , using
the formula:
Ec = 4750 × √fcu

(ACI 440.1R-15, 2015) (26)

Ec = 4750 × √20 = 21242.646 MPa
 The next step was to determine the effective moment of inertia of the reinforced concrete
beam Ie , using the formula (ACI 440.1R-15, 2015):

Ie =

Icr
Mcr 2
I
1−γ[
] ×[1− cr ]
Mmax
Ig

≤ Ig

(27)

Ig is the gross moment of inertia of the concrete beam, calculated as:

Ig =

b×h3

(28)

12

b and h are taken from Figure 3.25. Therefore, Ig =

170×2203
12

= 1.508 x 108 mm4

Icr is the moment of inertia of the transformed cracked concrete beam section calculated as:
3

Icr =

b×d
3

× k 3 + nf × Af × d2 − (1 − k)2

(ACI 440.1R-15, 2015) (29)

In Equation 29, k is the ratio of the depth of neutral axis to reinforcement depth, calculated
as (ACI 440.1R-15, 2015):
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k = (√(ρf × nf )2 + 2 × (ρf × nf )) − ρf × nf

(30)

nf is the equivalent ratio of elasticity of the reinforced concrete beam, computed using the
formula:

nf =

Ef

(31)

Ec

In this formula Ef is taken from Table 3.3. and Ec is the modulus of elasticity of the concrete
from Equation 26.
Thus, nf =

40000
21242.646

= 1.883

Therefore, k = (√(0.0143 × 1.883)2 + 2 × (0.0143 × 1.883)) − 0.0143 × 1.883
k = 0.207
The following step was to use the results of Equations 20, 30 and 31 to solve Equation 29:
Icr =

170 × 174.1903
× 0.2073 + 1.883 × 424.240 × 174.1902 − (1 − 0.207)2
3

Icr = 0.269 x 108 mm4

Mmax was taken equal to Mn = 21.269 kNm
To determine the cracking moment:

Mcr =

2×fr ×Ig

(32)

h

The modulus of rupture fr of concrete was computed as:
fr = 0.62√f𝑐

(33)

fr = 0.62√15.76 = 2.461 MPa,
Thus, Mcr =

2×2.461×150846666.667
220

= 3374851.333 Nmm or 3.375 kNm

Then, the parameter to account for the variation in stiffness along the length of the member
γ was computed as (ACI 440.1R-15):
γ = 1.72 − 0.72 [

Mcr
Mmax

]

(34)

Substituting Equation 32 in Equation 34:
γ = 1.72 − 0.72 [

3.375
] = 1.606
21.269

The effective moment of inertia of the reinforced concrete beam Ie was hence computed by
substituting Equations 22, 29, 32 and 34 in Equation 27:
Ie

=

26895137.360
3.375 2
26895137.360
1−1.606×[21.269] ×[1−150846666.667]
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= 0.278 x 108 mm4



Finally, to calculate the deflection, Equations 26 and 27 were substituted in Equation 25:
960 2

960

δmax

=

177.743×1000×( 4 )×(3×9602 −4×( 4 ) )
48×21242.646×27819548.570

=

3.811 mm < 3.840 mm (δallowable )

3.5.2.5 Compression reinforcement
Compression reinforcements are required for only constructing the reinforcement cage as
the stress in the compression zone was too small. Hence 2 GFRP rebars of diameter 6 mm
were used.

3.5.2.6 Evaluation of the shear reinforcement
The minimum amount of shear reinforcement was computed as follows (ACI 440 R1-06,
2006) :
Afv,min =

(0.35×𝑏𝑤 ×𝑠)
𝑓𝑓𝑣

(35)

Where, Afv is the amount of FRP shear reinforcement within spacing s.
ffv is the tensile strength of FRP for shear design, that was computed as follows (ACI 440
R1-06, 2006):
𝑓𝑓𝑣 =0.004× 𝐸𝑓 = 0.004×40000=160 MPa

(36)

bw is the width of the web, that is computed as follows:
𝑏𝑤 = b-2c =170- 2×40= 90 mm

(ACI 440 R1-06, 2006) (37)

And s is the minimum stirrup spacing that can be taken as less or equal to the smallest of
either {d⁄2 ; 600 mm} (ACI 440 R1-06, 2006).
The minimum stirrup spacing, s was computed as follows:
s ≤ {d⁄2; 600 mm} = {174.190⁄2;600} = {87.1;600}
Thus, s can be taken equal to 80 mm
Substituting Equations 36, 37 and 38 into Equation 39:
Afv,min =

0.35 × bw × s
0.35 × 90 × 80
=
= 15.750 mm2
ffv
160
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(38)

Since the smallest diameter of GFRP rebar is 6 mm with an area of 31 mm2 , the stirrups
used in this study had a diameter of 6 mm and Afv,min was taken equal to 31mm2 , spaced at
80 mm.
3.5.2.7 Determination of the ultimate bending strength
Figure 3.26 shows the stress-strain distribution diagram in flexure when concrete crushing
mode of failure governs the failure of the reinforced concrete beams. To calculate the
ultimate bending strength, the formula:
M
Ig

=

σ

(39)

y

Where M is the maximum bending moment of the beam equals to 0.213 x 108 N-mm, Ig is
the gross moment of inertia equals to 1.508 x 108 mm4 , σ is the bending strength and y is
the distance from the extreme compression fibre to the Neutral Axis N.A and was computed
as followed:
y = β1 × d

(ACI 440 R1-06, 2006) (40)

But d = 174.190 mm and β1 = 0.931, thus, y = 0.931 × 174.190 = 162.171 mm
Substituting Equation 40 in 39 to calculate σ:
σ=

21268713.19 × 162.171
= 22.865 MPa
150846666.667

𝜀𝑐𝑢 = 0.0035

𝑓𝑐

𝛼1 𝑓𝑐

𝛽1 𝑑

𝐹𝑠𝑐

𝜀𝑓

𝑓𝑓

Figure 3.26 Stress-strain distribution diagram in flexure for failure by concrete crushing
(Newhook, et al., 2002)
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𝐹𝐶𝐶

𝐹𝑇

3.5.2.8 Physical properties of the proposed beam
Figures 3.27 and 3.28 shows the resulting designed beam used in this study.

Figure 3.27 Designed GFRP reinforced concrete beam

Figure 3.28 Cross Section A-A.

3.5.2.9 Determination of the maximum theoretical bond strength
Splice bars were used in the design of the reinforced beam. It was important to make
provision for the splice lengths when determining the bond strength of the GFRP rebars in
concrete beam. ACI 440.1R-15 (2015) gives a formula derived from previous works written
as:
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μth−GFRP
0.083×√fc

= 4 + 0.3

C0
db

+ 100 ×

db

(41)

le

Where μth−GFRP is the predicted bond strength of GFRP is rebars in concrete beams, fc is
the compressive strength of the concrete cylinder equal to 15.765 MPa, db is the rebar
diameter, le is the development length of the bar equal to:
The length of the beam − 2 × concrete cover c (1160 − 2 × 40 = 1080 mm) and C0 is
the lesser of the cover to the centre of the bar or one-half of the centre-on-centre (c/c)
spacing of the bar being developed.
d

Thus, C0 = min { 2b + 40;

c⁄ Spacing
c
}
2

≤ 3.5db

C0 = min {45.810; 27.570} ≤ 40.670
C0 = 27.570 mm
The predicted bond strength was then equal to:
μth−GFRP
0.083×√15.765

= 4 + 0.3

27.570
11.62

11.62

+ 100 × 1080

μth−GFRP = 1.907 MPa

3.5.3 Design of steel reinforced concrete beam according to SANS 10100-1: 2000
3.5.3.1 Dimensioning of the steel reinforced concrete beam and determination of the
maximum load
Steel reinforced concrete beams served as control beams during the experiments, therefore
they had to have the same physical specifications such as the length, width, depth and the
shear length as indicated in Figures 3.23 and 3.24. The loading configuration was also the
same as shown in Figure 3.23.
In the previous sections, the design of the GFRP reinforced concrete beams was conducted
in such a way that the beam would be over-reinforced. Thus, 4 rebars were used in the
tension zone, creating splices along the whole rebar length. Moreover, no compression
reinforcement was needed for structural purposes but rather for construction purposes as the
moment redistribution was kept to be limited to 10%, in order to keep the maximum depth
of the neutral axis to d⁄2 to eliminate the need of compression reinforcement (SANS 101001:2000,2000).

Hence, the same configuration was adopted with the concrete beams,
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however 10 mm diameter steel rebars were used in the tension zone and the minimum area
of reinforcement was used in the compression zone (8 mm diameter steel rebars). First, the
concrete resistance was calculated:
Mu = 0.156 × fc × b × d2
Where d = h -

db
2

(42)

–c

db = 10 mm, h= 220 mm and c = 25 mm (Appendix C), the value of c was taken according
to SANS 10100-1:2000 for steel reinforced concrete beams design and was therefore
different from c in GFRP reinforced concrete beams.
10

d = 220 -

2

– 25= 190 mm

Mu = 0.156 × 15.765 × 170 × 1902
Mu = 15092969 Nmm or 15.093 kNm
Then the steel resistance was determined by: Mu = 0.87 × fy × A𝑠 × Z

(43)

For 4Y10 mm diameter steel rebars, the area of reinforcement As = 314 mm2 (Appendix
D), fy = 450 MPa and Z the lever arm from the centroid of the full compression area to the
centroid of the tension reinforcement calculated as:
Z
d
Z
d
Z
d

0.974×fy ×As

=1−(
=1−(

fc ×b×d

) ≤ 0.950

0.974×450×314

15.765×170×190

(44)

) ≤ 0.950

= 0.730 ≤ 0.95

Z = 138.700 mm
Hence, the steel resistance was equal to: Mu = 0.87 × 450 × 314 × 138.700 =
17050529.700 Nmm or 17.051 kNm
Equation 43 was then equated to Equation 7:
Mu = (−0.060 + 0.120P)
17.051 = (−0.060 + 0.120P)

Pmax = 142.593 kN
3.5.3.2 Calculation of the shear reinforcement
The first step was to determine the maximum shear force of the beam from Equation 6 and
the maximum load equal to 142.593 kN.
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142.593

V = RA = RB =

2

+ 0.863 (in kN)

V = 72.159 kN
Then the shear stress was calculated as:

τs =

V

(45)

b×d

τs had to be equal or less than either of [0.8√fc and 5 MPa]

(SANS 10100-1:2000,

2000).

τs =

72159
170×190

≤ [0.8√15.765 and 5 MPa]

τs = 2.234 MPa ≤ [3.176 MPa and 5 MPa]
Then, the area of shear reinforcement was calculated from the equation:
𝐴𝑠𝑣 =

0.4×b×Sv

(SANS 10100-1:2000,2000) (46)

0.87×ffv

Where ffv is the design tensile strength of mild steel equal to 250 MPa and 𝑆𝑣 is the spacing
between the stirrups that should be taken as:
80 mm ≤ Sv ≤ 0.75d

(47)

80 mm ≤ Sv ≤ 0.75 × 190
80 mm ≤ Sv ≤ 142.5 mm
Sv was taken equal to 80 mm to achieve the same arrangement as for GFRP reinforced
concrete beams. The minimum shear reinforcement was then equal to:
𝐴𝑠𝑣 =

0.4×170×80
0.87×250

= 25.011 mm2 . Therefore, Mild steel rebars of 8 mm diameter was used

with a nominal sectional area of 50.300 mm2 , spaced at 80 mm centre to centre.

3.5.3.3 Determination of the beam deflection
The maximum deflection the beam would be subjected to was calculated as followed:
δmax =

L
4

L 2
4

Pmax ×( )×(3×L2 −4×( ) )

(48)

48×Ec ×Ig

Where
Ec = 21242.646 MPa , Pmax = 142.593 kN and Ig = 1.508 x 108 mm4 . Therefore,
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142.593 ×1000 x (

δmax =

960
960 2
)×(3×9602 −4×( ) )
4
4

48×21242.646×150846666.667

= 0.564 mm < 3.840 mm (δallowable )

3.5.3.4 Determination of the ultimate bending strength
To calculate the ultimate bending strength, Equation 39 was used where M is the maximum
bending moment of the beam equals to 17050529.700 Nmm or 17.051 kNm, Ig is the
gross moment of inertia equals to 1.508 x 108 mm4 , σ is the bending strength and y is the
distance from the extreme compression fibre to the Neutral axis N.A and was computed as
follows:
d

y = 0.9 × 2

(49)

If d = 190 mm , y = 0.9 ×

190
2

= 85.500 mm

Substituting Equation 48 into Equation 38 to calculate σ:
σ=

17050529.700 × 85.500
= 9.664 MPa
150846666.667

3.5.3.5 Physical properties of the proposed beam
Figures 3.29 and 3.30 show the resulting designed reinforced concrete steel beam used in
this study.

Figure 3.29 Designed steel reinforced concrete beam
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Figure 3.30 Cross section B-B of designed steel reinforced concrete beam

3.5.3.6 Determination of the maximum theoretical bond strength
The predicted bond strength was determined using ACI 440.1R-15 (2015)’s formula
(Equation 41):
μth−steel
0.083×√fc

= 4 + 0.3

C0
db

+ 100 ×

db
le

Where μth−Steel is the predicted bond strength of steel rebars in concrete beams, fc is the
compressive strength of the concrete cube equal to 20 MPa, db is the rebar diameter, le is
the development length of the bar equal to 1080 mm and C0 is the lesser of the cover to the
centre of the bar or one-half of the centre-on-centre (c/c) spacing of the bar being developed.
d

Thus, C0 = min { 2b + 25;

c⁄ Spacing
c
}
2

≤ 3.5db

C0 = min {30; 45} ≤ 35
C0 = 30 mm
The predicted bond strength was then equal to:
μth−Steel

0.083×√15.765

= 4 + 0.3

30
10

10

+ 100 × 1080

μth−Steel = 1.920 MPa
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4.

PRESENTATION AND ANALYSIS OF RESULTS

4.1 Introduction
In this chapter, the data gathered over the experimental work were collected, analysed and
interpreted with reference to the standards stated in section 3.2 and works conducted by
other researchers in order to achieve the objectives of the study.
4.2 Tensile Test Results
4.2.1 Introduction
The tensile tests were performed in order to characterize the tensile strength of the ribbed
GFRP rebars prior to the subsequent flexural tests. The tests were conducted according to
ASTM A370. A representative specimens size of 5 rebars were tested as recommended by
the ASTM 3916. Tensile tests were not performed on steel rebars since steel rebars
properties have been standardized worldwide. Therefore, their properties are well known.
4.2.2 Presentation of results
The general coding applied for the specimens in tensile test is as follows: The letter A
indicates the type of reinforcing bar which is ribbed GFRP and the number 1 indicates the
rebar number in the series. Table 4.1 summarises the supplier specifications of the rebars
(Table 3.3) and the experimental specifications values of the rebars derived from the crosssection test (section 3.3.2) and the tensile tests (Appendix D).

Table 4.1 Results of the tensile tests of the ribbed GFRP rebars

Specifications

Supplier values

Experimental values

Samples

Samples

Unit
A1

A2

A3

A4

A5

A1

A2

A3

A4

A5

Cross-sectional area

mm2

113

106.06

Diameter

mm

12

11.62

Maximum
Load

Tensile

kN

Maximum
strength

Tensile

MPa

Average Maximum
Tensile strength

MPa

Standard deviation

MPa

97

53

56

57

56

62

850

466

489

526

521

533

507
28.45
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4.2.3 Load-Extension curves of ribbed GFRP rebars
Figures 4.1, 4.2, 4.3, 4.4 and 4.5 present the load-extension curves of the tensile tests
performed on GFRP rebars.
Fm

Fp: Apparent
yield load

A1 specimen

Fm: Apparent
maximum yield
load

Load (kN)

Fp

Extension (mm)

Figure 4.1 A1 load-extension curve

Fm

A2 specimen

Fp: Apparent
yield load
Fm: Apparent
maximum yield
load

Load (kN)

Fp

Extension (mm)

Figure 4.2 A2 load-extension curve
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Fm

Fp: Apparent
yield load

Load (kN)

A3 specimen

Fm: Apparent
maximum yield
load
Fp

Extension (mm)

Figure 4.3 A3 load-extension curve

Fm

A4 specimen

Fp: Apparent
yield load

Load (kN)

Fm: Apparent
maximum yield
load
Fp

Extension (mm)

Figure 4.4 A4 load-extension curve
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Fm

A5 specimen

Fp: Apparent
yield load

Load (kN)

Fm: Apparent
maximum yield
load
Fp

Fp: Apparent yield load
Fm: Apparent maximum
yield load

Extension (mm)

Figure 4.5 A5 load-extension curve

The load–extension curves were characterized by the following behaviours:
a. A1 specimen
It can be seen from Figure 4.1 that the load on the load-extension curve of specimen
A1 increased in a non-linear manner up to the apparent yield load FP of 38 kN.
Afterwards, the load dropped during an extension length of about 9 mm. The load
then increased in a non-linear manner up to the apparent maximum yield load Fm
(53 kN). After reaching the apparent maximum yield load Fm , the curve described a
dropping broken line up to the complete failure of the rebar.
b. A2 specimen
Figure 4.2 revealed that the load on the load-extension curve of specimen A2
increased in a non-linear manner up to the apparent yield load FP of 36 kN. After
reaching FP , the load still increased in a non-linear manner up to the apparent
maximum yield load Fm (56 kN). However, it could be seen that the curve slope
decreased between FP and Fm . The rebar failed suddenly after reaching the
maximum load Fm of 56 kN.
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c. A3 specimen
Figure 4.3 revealed that that the load on the load-extension curve of specimen A3
increased in a non-linear manner up to the apparent yield load FP of 30 kN. Between
FP and Fm , the load increased however it was characterized by a slight dropped in
load value. When Fm (57 kN) was reached, the rebar failed suddenly, and the curve
described a broken line.
d. A4 specimen
It can be seen in Figure 4.4 that the load on the load-extension curve of specimen A4
increased in a non-linear manner up to the apparent yield load FP of 28 kN. After
reaching FP , the load still increased in a non-linear manner up to the apparent
maximum yield load Fm (56 kN). However, the curve slope decreased between FP
and Fm as compared to the slope between the point 0 and FP . The rebar failed
suddenly after reaching the maximum load Fm of 56 kN.
e. A5 specimen
Figure 4.5 showed that the load on the load-extension curve of specimen A5
increased in a non-linear manner between the point 0 and the apparent yield load FP
(35 kN) and almost similarly between FP and the apparent maximum yield load Fm
(62 kN). The rebar failed suddenly after reaching the maximum load Fm of 56 kN
and described a dropping broken curve.
4.2.4 Failure mode and analysis of results
The analysis of Table 4.1 (Section 4.2.2) showed that:
(a) The experimental specifications values of the rebars were way more modest than the
supplier’s. The cross-sectional test of the rebar showed that the average crosssectional area of the rebar was actually 106.06 mm2 , which represented about 94%
of the supplier’s value; and the average experimental diameter of the rebar was of
11.62 mm which was close to an average of 97% of the supplier value. The tensile
strength of the rebar found experimentally ranged between 466 MPa (A1) to 533
MPa (A5) as seen in Table 4.1 (Section 4.2.2). The rebars barely reached 59.65 %
(Maximum average tensile strength of 507 MPa, in Table 4.1) of the supplier tensile
strength which was about 850 MPa.
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(b) All the specimens exhibited no severe damages on the surface, but inside as seen in
Figure 4.6 (a and b). GFRP rebars are made by combining fibres and the resin that
glue the fibers together. The resin needs to be strong enough to sustain the effect of
Poisson ratio when the rebar is pulled. This study revealed that the resin holding the
longitudinal fibres was not strong in tension and would fail due to the high Poisson
ratio the rebar was subjected to in tension (ACI 440 R1-06, 2006). These phenomena
were mostly observed at the midspan of the rebars.

(b) Resin failure in A3
specimen

(a) Resin failure in A1
specimen

Figure 4.6 (a) A1 specimen resin failing, (b) A3 specimen resin failing
(c) To characterize the rebars used in this study, it could be said that they only reached
up to 59.65 % of the nominal tensile strength (Table 4.1) on the supplier sheet due
to the brittle resin matrix used in the manufacturing process. The tensile strength
obtained in the tensile tests, basically represented the tensile strength of the resin
matrix and not the tensile strength of the entire composite material.
(d) The behaviour of GFRP rebars in tension was not linear and was characterized by no
clear yielding phase (ACI 440 R1-06, 2006). This showed the lack of ductility of the
material (Issa, et al., 2011). The rebars failed suddenly after reaching their maximum
load (Figures 4.1, 4.3, 4.4 and 4.5). In this case, this can be explained by the severe
damage of the resin matrix as it reached its peak load.
Thus, the average maximum tensile strength of ribbed GFRP rebars used in this study was
evaluated to be equal 507 MPa or 59.65% of the nominal tensile strength on the supplier
data sheet. This answered the first specific objective of this study which was to evaluate the
maximum tensile strength of GFRP rebars.
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4.3 Concrete Compressive Strength Results
4.3.1 Introduction
The concrete compressive strength was tested according to SANS 5863:2006 in order to
characterize the average concrete compressive strength used in this study. The supplier
specifications for the concrete indicated a value of 20 MPa, it was important to establish the
actual average compressive strength of the concrete for the experiment related to the new
laboratory environment (temperature), casting, compaction and curing processes
4.3.2 Presentation of the results
The compressive strength of the concrete was determined using the formula:

fcu =

F

(SANS 5863: 2006) (50)

Ac

Where fcu represents the cube compressive strength of the concrete in MPa; F represents
the maximum normal load at failure (in N) and Ac represents the cross-sectional area of the
concrete cube in mm2 . The ready mix concrete was supplied by Wearne Readymix (Pty)
Ltd as mentioned in section 3.3.1. Table 4.2 summarizes the average compressive strength
of the concrete at 14, 21 and 28 days.

Table 4.2 Average concrete compressive strengths obtained from cube tests.
Concrete age

Curing

Supplier average concrete

Actual average concrete

(days)

period (days)

Compressive strength (MPa)

compressive strength (MPa)

14

14

-

20.51

21

21

-

22.71

28

28

20

23.17

The tests results were validated by SANS 5863: 2006 which states that the difference
between the highest result and the lowest result should not exceed 15% of the average
concrete compressive strength.
In this study, the highest concrete strength was of 23.44 MPa and the lowest concrete
strength was 22.98 MPa at 28 days. With regard to the above statement, the difference
between highest result and the lowest result was of 0.46 MPa and the 15% of the average
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concrete compressive strength was of 3.476 MPa (15x23.17/100). Hence, the results of the
concrete compressive strength agreed with SANS 5863:2006.
4.4 Flexural Test Results
4.4.1 Introduction
A four-point loading system utilizing two load points equally spaced from their adjacent
support points, with a distance between load points of one-half of the support span was used
in the experiments as represented in Figure 3.23 (Section 3.5.1) (ASTM D7264 / D7264M15, 2015). The purpose of this test was to evaluate and characterize the average bond
strength of ribbed GFRP rebars through average maximum tensile strength of GFRP rebars
and to compare the GFRP rebars average bond strength to steel rebar average bond strength
in static and dynamic. The tests were conducted according to ASTM D7264/D7264M.

4.4.2 Presentation of results
The four-point bending test was used in order to induce a uniform bending moment and
maximum flexural stress between the loading points, causing the beam to sag. The
longitudinal top fibre became shorter due to the bending and was stressed in compression,
while the longitudinal bottom fibre became longer and stressed in tension. The rebars in the
bottom part were then more likely to slip; hence the slippage values could be recorded. The
deflection of the beam was experimentally recorded during the experiments using the
extension meter of the UTM, while the maximum bending strength and the bond strength
were respectively calculated using the following formulae for four point bending test:
σmax =

3×P×L

(ASTM D7264/D7264M) (51)

4×b×h2

Where P is the maximum load on the beam, L is the span of the beam, b is the width of the
beam and h is the height.

μmax =

P

(ACI 440.1R-15) (52)

π×db ×l

Where μmax is the maximum bond strength of the rebars, P is the maximum load on the
beam, l is the development length of the longitudinal reinforcement, db is the diameter of the
rebar.
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To investigate the flexural behaviour, the following was analysed:


The load-deflection curves; the load was investigated in order to determine the failure
point of the bond as the load increased which helped to calculate the maximum bond
strength of the rebars in the concrete beam. Whereas determining the deflection helped
to understand and characterize the bond behaviour in the concrete;



The stress-strain curves: Determining the stress was as important as determining the load
because it helped to characterize the bond strength, meaning the maximum stress that
the bond between the rebar and the concrete could sustain before undergoing damages;



Mode of failure: It helped understanding the failure of the composite material (the
concrete and GFRP rebar); and



The bond- slip relationship. It was impossible to observe the bond between the rebars
and the surrounding concrete but the result of the bond failure which is the slip could be
recorded. The bond was then quantified by the level of the GFRP rebar slip recorded.

The results presented in this section were analysed with respect to two main variables, which
were:


The type of reinforcement used (steel or GFRP rebars); and



The loading scheme (Static or dynamic).

The results of the flexural test are presented in Table 4.3.
The following symbols are used in upcoming sections to identify the different beams:


For a beam named RCGFRP34: RC meant Reinforced Concrete, GFRP denoted the type
of reinforcement which was Glass Fibre-Reinforced-Polymer and the number ‘34’,
denoted the specimen’s number for that type of reinforcement.



For a beam named RCS1: RC meant Reinforced Concrete, S denoted the type of
reinforcement which was steel and the number ‘1’, denoted the specimen’s number for
that type of reinforcement.
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Table 4.3 Results of the beams flexural tests at serviceability

Sample

Reinforcement type

Concrete age
(days)

Concrete compressive
strength (MPa) 𝒇𝒄𝒖

Load type

Maximum load (kN)
𝑷𝒎𝒂𝒙

Maximum bending
strength (MPa)
𝝈𝒎𝒂𝒙

Maximum bond
strength (MPa)
𝝁𝒎𝒂𝒙

RCGFRP1

GFRP

14

20.51

Dynamic

360.20

31.52

9.14

RCGFRP2

GFRP

14

20.51

Dynamic

359.88

31.49

9.13

RCGFRP3

GFRP

14

20.51

Dynamic

360.73

31.56

9.15

RCGFRP4

GFRP

14

20.51

Dynamic

360.98

31.59

9.16

RCGFRP5

GFRP

14

20.51

Dynamic

264.78

23.17

6.72

RCGFRP6

GFRP

14

20.51

Dynamic

360.35

31.53

9.14

RCGFRP7

GFRP

14

20.51

Static

338.71

29.64

8.60

RCGFRP8

GFRP

14

20.51

Static

340.44

29.79

8.64

RCGFRP9

GFRP

14

20.51

Static

338.71

29.64

8.60

RCGFRP10

GFRP

14

20.51

Static

345.47

30.23

8.77

RCGFRP11

GFRP

14

20.51

Static

103.11

9.02

2.62

RCGFRP12

GFRP

14

20.51

Static

345.76

30.26

8.77

RCGFRP13

GFRP

21

22.71

Dynamic

464.09

40.61

11.77

RCGFRP14

GFRP

21

22.71

Dynamic

445.00

38.94

11.29

RCGFRP15

GFRP

21

22.71

Dynamic

440.06

38.51

11.17

RCGFRP16

GFRP

21

22.71

Dynamic

450.60

39.43

11.43

RCGFRP17

GFRP

21

22.71

Dynamic

438.40

38.36

11.13

RCGFRP18

GFRP

21

22.71

Dynamic

413.49

36.18

10.49

RCGFRP19

GFRP

21

22.71

Static

345.42

30.31

8.77

RCGFRP20

GFRP

21

22.71

Static

332.71

29.11

8.44

RCGFRP21

GFRP

21

22.71

Static

346.36

30.31

8.79

RCGFRP22

GFRP

21

22.71

Static

342.44

29.07

8.69
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Sample

Reinforcement type

Concrete age
(days)

Concrete
compressive strength
(MPa) 𝒇𝒄𝒖

Load type

Maximum load
(kN) 𝑷𝒎𝒂𝒙

Maximum bending
strength (MPa) 𝝈𝒎𝒂𝒙

Maximum bond
strength (MPa)
𝝁𝒎𝒂𝒙

RCGFRP23

GFRP

21

22.71

Static

329.19

28.81

8.35

RCGFRP24

GFRP

21

22.71

Static

348.45

30.49

8.84

RCGFRP25

GFRP

28

23.17

Static

365.41

31.98

9.27

RCGFRP26

GFRP

28

23.17

Static

232.46

20.34

5.90

RCGFRP27

GFRP

28

23.17

Static

351.36

30.75

8.92

RCGFRP28

GFRP

28

23.17

Static

348.04

30.46

8.83

RCGFRP29

GFRP

28

23.17

Static

358.49

31.37

9.10

RCGFRP30

GFRP

28

23.17

Static

338.59

29.63

8.59

RCGFRP31

GFRP

28

23.17

Dynamic

431.36

37.75

10.95

RCGFRP32

GFRP

28

23.17

Dynamic

414.96

36.31

10.53

RCGFRP33

GFRP

28

23.17

Dynamic

410.68

35.94

10.42

RCGFRP34

GFRP

28

23.17

Dynamic

410.81

36.95

10.43

RCGFRP35

GFRP

28

23.17

Dynamic

412.93

36.13

10.48

RCGFRP36

GFRP

28

23.17

Dynamic

410.63

35.93

10.42

RCS1

Steel rebar

14

20.51

Dynamic

424.08

37.11

12.51

RCS2

Steel rebar

14

20.51

Static

325.85

28.51

9.61

RCS3

Steel rebar

14

20.51

Dynamic

421.37

36.87

12.43

RCS4

Steel rebar

14

20.51

Dynamic

423.51

37.05

12.49

RCS5

Steel rebar

21

22.71

Dynamic

428.14

37.46

12.63

RCS6

Steel rebar

21

22.71

Static

350.28

30.65

10.33

RCS7

Steel rebar

21

22.71

Dynamic

423.84

37.09

12.50

RCS8

Steel rebar

21

22.71

Static

355.99

31.15

10.50

RCS9

Steel rebar

28

23.17

Dynamic

417.46

36.53

12.31

RCS10

Steel rebar

28

23.17

Dynamic

424.54

37.15

12.52

RCS11

Steel rebar

28

23.17

Dynamic

424.65

37.16

12.52

RCS12

Steel rebar

28

23.17

Static

347.93

30.45

10.26
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4.4.3 Load-deflection curves for GFRP and Steel reinforced concrete beams
Table 4.3 on pages 64 and 65 showed that GFRP reinforced concrete beams could carry
bigger maximum loads in dynamic tests than in static tests. It could be seen from Figure 4.7
that the deflection of GFRP reinforced beams was larger at failure, especially in the dynamic
tests. Whereas, steel reinforced beams exhibited less deflection compared to GFRP
reinforced concrete beams, however larger deflections were recorded in static tests than in
dynamic tests at failure.
Table 4.1 on page 55 shows that the average tensile strength for GFRP was 507 MPa and is
bigger than steel tensile strength which was 450 MPa (Section 3.3.2 (b) on page 23).
However, it seemed that the average tensile strength of the rebars had no direct effect on the
bond strength of the beams. This was indicated in Figure 4.7 by the fact that steel reinforced
concrete beams developed smaller deflections than GFRP reinforced concrete beams.
It was also observed from Table 4.3 that the GFRP reinforced concrete beams as well as
steel reinforced concrete beams developed bigger bond strength in dynamic tests than in
static tests. Moreover, Figure 4.7 showed that because of the small bond strengths that were
developed in static tests, larger deflections were recorded in static tests than in dynamic
tests.
It could also be seen from Table 4.3 on pages 64 and 65 that GFRP reinforced concrete
beams only developed up to 86.67 % (10.95 MPa) of steel reinforced concrete beams bond
strength (12.63 MPa). This justifies the limited deflections of steel reinforced concrete
beams (before failure) while compared to GFRP reinforced concrete beams as seen in Figure
4.7.
Equation 52 shows that the maximum load is a function of the maximum bond strength,
which helped characterize the bond strength. Therefore, it can be said that if a GFRP
reinforced concrete beam has the capacity of sustaining relative big loads it should also
develop relative higher bond strength.
This answered the second objective of this study which was to evaluate and characterize the
bond strength of GFRP rebars through the average maximum tensile strength of GFRP and
steel rebars.
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Static Loading
Dynamic Loading
Static Loading

Figure 4.7 Load-deflection curves for GFRP and Steel reinforced concrete beams
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4.4.4 Stress-strain curves for GFRP and Steel reinforced concrete beams
Figure 4.8 shows that both GFRP and steel reinforced beams showed a linear phase up to
the apparent yield stresses (ranging between 20.34 MPa to 37.75 MPa). They then went
through a stiffening phase up to the ultimate yield stresses (ranging between 30.78 MPa to
48.13 MPa). This phase was also characterized by the crushing of the reinforced concrete
beams as the apparent yield stresses exceeded the average maximum compressive strength
of the reinforced concrete beams. Afterwards, the effects of the loading mode, as well as the
effect of the reinforcement set the different curves apart as it could be seen in Figure 4.8.
For GFRP reinforced beams under dynamic loading, the stiffening phase curved out towards
the failure and the beams behaviour as well as the stress-strain curves showed that the bond
between the rebars and the concrete was not severely destroyed after reaching the maximum
stresses. Whereas in static the stiffening phase lasted a bit longer and was then characterized
by a sudden failure as seen in Figure 4.8. It also seemed that there was no resulting bond
after reaching the maximum stresses and that’s why the beams failed suddenly afterwards.
For steel reinforced beams under dynamic loading, the failure was more sudden after the
stiffening phase than in static.
Greater tensile strengths were recorded in dynamic tests (ranging from 35.93 MPa for
RCGFRP36 to 37.75 MPa for RCGFRP31) rather than in static tests (ranging from 20.34
MPa for RCGFRP26 to 31.98 MPa for RCGFRP25). This also helped address the second
objective of this study as it can be said that the bond strength of GFRP and steel reinforced
concrete beams were directly proportional to the bending stresses of the beams as well as to
the maximum load carried by the beams. This could be observed in both dynamic tests and
static tests as seen in Table 4.3.
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c: failure phase

Static Loading

b: stiffening phase

Static Loading

Dynamic Loading

a: apparent limit of proportionality phase

Figure 4.8 Stress-strain curves for GFRP and Steel reinforced concrete beams
Figure 3.31 Stress-strain curves
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4.4.5 Slips measurement results
The bond between the reinforcement and the surrounding concrete could not be observed or
quantified during the experiments. However, the results of bond failure which was the
slippage could be measured using LVDTs. The LVDTs were connected to a logger to
facilitate the reading as shown in Figures 3.11, 3.12 and 3.13. The logger reading for the
LVDT gave output voltages which were interpreted as the reading of a voltmeter. Thus,
position of the LVDT’s stroke corresponded to an output voltage. Thus, a trial test was run
onto the LVDT prior to the flexural tests in order to calibrate the displacement of the stroke
to specific voltages values. It was then set that a displacement of 10 mm corresponded to a
voltage value of 0.004 on the logger.
The slip was then calculated as follows:
∆𝑠 = ∆𝜇𝑉 ×

10[𝑚𝑚]
0.004 [𝑉𝑜𝑙𝑡𝑠]

(53)

Where ∆s was the slippage during the testing period in mm and ∆μV was the change in
voltage from the beginning (μ𝑉1 ) to the end (μ𝑉2 ) of the test and equal to (μ𝑉2 − μ𝑉1). ∆μV
was taken regardless of the sign and was expressed in Volts. The slippage values recorded
during the tests are listed in Table 4.4.
The calculations were then performed as followed:
For RCGFRP1, (μV2 − μV1 ) = [−4.97 − (−4.967)] = −0.003 volts
∆s = −0.003 ×

10
= 7.5 mm
0.004

The initial output signal was read off from the logger at the beginning of the loading process,
and the final output signal was read off and recorded when the loading process stopped.
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Table 4.4 Slip values recorded via LVDT
Bar
RCGFRP1

Dynamic

Initial output signal
(𝛍𝑽𝟏 )
-4.967

RCGFRP2

Dynamic

-4.976

RCGFRP3

Dynamic

RCGFRP4

Final signal output
(𝛍𝑽𝟐 )
-4.970

∆𝛍V
-0.003

Converted slip value
∆𝐬 (mm)
7.500

-4.972

0.004

10.000

-4.971

-4.970

0.001

2.500

Dynamic

-4.970

-4.972

-0.002

5.000

RCGFRP5

Dynamic

-4.969

-4.967

0.002

5.000

RCGFRP6

Dynamic

-4.967

-4.966

0.001

2.500

RCGFRP7

Static

-4.060

-4.065

-0.005

13.000

RCGFRP8

Static

-4.102

-4.113

0.007

17.200

RCGFRP9

Static

-4.116

-4.113

0.003

7.000

RCGFRP10

Static

-4.925

-4.922

0.003

7.500

RCGFRP11

Static

-4.931

-4.922

0.009

22.500

RCGFRP12

Static

-4.926

-4.925

0.001

2.500

RCGFRP13

Dynamic

-4.952

-4.954

-0.002

5.000

RCGFRP14

Dynamic

-0.951

-4.953

-0.002

5.000

RCGFRP15

Dynamic

-4.957

-4.958

-0.001

2.500

RCGFRP16

Dynamic

-4.957

-4.958

-0.001

2.500

RCGFRP17

Dynamic

-4.960

-4.961

-0.001

2.500

RCGFRP18

Dynamic

-4.096

-4.100

-0.004

10.000

RCGFRP19

Static

-4.046

-4.045

0.001

2.500

RCGFRP20

Static

-4.919

-4.918

0.001

2.500

RCGFRP21

Static

-4.928

-4.921

0.007

17.500

RCGFRP22

Static

-4.924

-4.917

0.007

17.500

RCGFRP23

Static

-4.922

-4.925

-0.003

7.500

RCGFRP24

Static

-4.919

-4.920

-0.001

2.500

RCGFRP25

Static

-4.952

-4.953

-0.001

2.500

RCGFRP26

Static

-4.961

-4.963

-0.002

5.000

RCGFRP27

Static

-4.961

-4.963

-0.002

5.000

RCGFRP28

Static

-4.964

-4.965

-0.001

2.500

RCGFRP29

Static

-4.962

-4.961

0.001

2.500

RCGFRP30

Static

-4.917

-4.915

0.002

5.000

RCGFRP31

Dynamic

-4.919

-4.915

0.004

10.000

RCGFRP32

Dynamic

-4.920

-4.918

0.002

5.000

RCGFRP33

Dynamic

-4.919

-4.915

0.004

10.000

RCGFRP34

Dynamic

-4.920

-4.916

0.004

10.000

RCGFRP35

Dynamic

-4.922

-4.918

0.004

10.000

RCGFRP36

Dynamic

-4.921

-4.916

0.005

12.500

RCS 1

Dynamic

-4.926

-4.927

-0.001

2.500

RCS 2

Static

-4.923

-4.871

0.052

12.800

RCS 3

Dynamic

-4.927

-4.929

-0.002

5.000

RCS 4

Dynamic

-4.930

-4.926

0.004

10.000

RCS 5

Dynamic

-4.922

-4.920

0.002

5.000

Load type
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RCS 6

Static

-4.926

-4.923

0.003

7.500

RCS 7

Dynamic

-4.096

-4.098

-0.002

5.000

RCS 8

Static

-4.930

-4.924

0.006

15.000

RCS 9

Dynamic

-4.913

-4.912

0.001

2.500

RCS 10

Dynamic

-4.916

-4.913

0.003

7.500

RCS 11
RCS 12

Dynamic
Static

-4.917
-4.956

-4.910
-4.963

0.007
-0.007

17.500
17.500

It can be seen from Table 4.4 that at 28 days, the slip values of GFRP reinforced concrete
beams ranged between 5 mm (RCGFRP32) to 12.5 mm (RCGFRP36) under dynamic
loading and between 2.5 mm (RCGFRP25, RCGFRP28 and RCGFRP29) to 5 mm
(RCGFRP26, RCGFRP27 and RCGFRP30) under static loading. For steel reinforced
concrete beams, the slip values ranged between 2.5 mm to 17.5 mm both under static as well
as under dynamic loading. In regard to those results, it could be seen that the beams reached
bigger loads, bond strengths in dynamic tests, however they ended up slipping more.
Whereas in static tests, smaller loads and bond strengths were recorded while compared to
dynamic tests, but less slips were recorded (Tables 4.3 and 4.4).
Looking at Figure 4.8, it could be seen that the failure was sudden in static tests and more
gradual in dynamic tests which implied the time factor. This means that the slips were
limited in statics tests due to limited or short time of failure (the termination of the tests after
reaching the maximum stresses) while larger slips were recorded in dynamic tests due to the
continuation of the experiments after reaching the maximum stresses. From this analysis, it
could be seen that the slip was a parameter related to the mode of failure of the bond strength
rather than the bond strength itself.
4.4.6 Strain measurement results
GFRP rebars are known to dissipate strain energy through the degradation of the rebar itself,
the microscopic failure of the bond, the degradation of the toughness and the tensile strength
of the rebar (Bank, 2013 and Ray & Rathore, 2015). The strain was measured during the
flexural tests in order to characterize the strain values to the bond behaviour (slippage) and
the bond strength values during the tests. Strain gages were mostly connected to dynamic
tested beams rather than to static beams. Once again, the logger reading provided output
voltages (at initial and final position). To determine the actual strain quantity in the rebar, a
formula provided by the supplier of the strain gauge was used (Kyowa, 2011).
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Ks

e0 = [Es . ].ε0

(54)

4

ε0 =

e0

(55)

Ks

[Es . 4 ]

Where e0 is the increment output voltage from the beginning ( μV1 ) of the test to the end
(μV2 ) and is equal to (μV2 − μV1 ), Es is the voltage of the Wheatstone bridge interface equal
to 12 V, K s is the gauge factor of the strain gauge provided by the supplier (equal to 2.1 for
KFRP strain gauges) (Kyowa, 2011) and finally 𝜀0 is the strain quantity. The strain values
were presented in Table 4.5.
Table 4.5 Strain values recorded via strain gauges
Bar
GFRP1
GFRP2
GFRP3
GFRP4
GFRP5
GFRP6
GFRP7
GFRP8
GFRP9
GFRP10
GFRP11
GFRP12
GFRP13
GFRP14
GFRP15
GFRP16
GFRP17
GFRP18
GFRP19
GFRP20
GFRP21
GFRP22
GFRP23
GFRP24
GFRP25
GFRP26
GFRP27
GFRP28

Load
type
Dynamic
Dynamic
Dynamic
Dynamic
Dynamic
Dynamic
Static
Static
Static
Static
Static
Static
Dynamic
Dynamic
Dynamic
Dynamic
Dynamic
Dynamic
Static
Static
Static
Static
Static
Static
Static
Static
Static
Static

Initial output
signal (𝛍𝑽𝟏 )

Final signal
output (𝛍𝑽𝟐 )

1.020
10.022
6.500
0.524
1.604
4.228
0.601
0.086
0.121
0.121
0.016
0.113
0.026
0.005
0.113
0.014
-

4.065
10.860
8.608
4.001
4.002
4.369
2.300
2.800
1.750
1.750
2.000
0.639
0.026
9.598
0.639
0.054
-
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𝐞𝟎 (𝛍V)
3.045
0.838
2.108
3.477
2.398
0.141
1.699
2.714
1.629
1.629
1.984
0.526
0.000
9.593
0.526
0.040
-

Quantity
strain
𝜺𝟎 . 𝟏𝟎−𝟔
0.483
0.133
0.335
0.552
0.381
0.022
0.270
0.431
0.259
0.259
0.315
0.083
0.000
1.523
0.083
0.006
-

GFRP29
GFRP30
GFRP31
GFRP32
GFRP33
GFRP34
GFRP35
GFRP36
Steel 1
Steel 2
Steel 3
Steel 4
Steel 5
Steel 6
Steel 7
Steel 8
Steel 9
Steel 10
Steel 11
Steel 12

Static
Static
Dynamic
Dynamic
Dynamic
Dynamic
Dynamic
Dynamic
Dynamic
Static
Dynamic
Dynamic
Dynamic
Static
Dynamic
Static
Dynamic
Dynamic
Dynamic
Static

0.827
0.044
0.107
1.330
1.160
0.428
0.005
0.007
0.006
-

0.707
9.992
1.563
6.281
2.690
2.395
0.007
9.992
9.986
-

-0.120
9.948
1.456
4.951
1.530
1.967
0.002
9.985
9.98
-

-0.019
1.579
0.231
0.786
0.243
0.312
0.000
1.585
1.584
-

It can be seen that the strain in the rebars were very small both in dynamic and static tests,
for all type of reinforcement. This was due to the high longitudinal young modulus of the
GFRP (40 000 MPa, from Table 3.4) and steel rebars (200 000 MPa, Section 3.2.2 b). The
values of the strains presented in Table 4.5 represented the elastic strain of the GFRP and
steel rebars as their respective maximum strains are equal to 0.0015 and 0.002 (ACI 440 R103 , 2005; ACI 440 R1-06, 2006 and Nutt, 2007).
4.4.7 Results of the beams failure modes
The mode of failure of reinforced concrete structures is known to be complex due to the
heterogeneous property of the concrete microstructure, and varies according to the type of
stress and the internal structure of the specimen. It was important to understand the mode of
failure of the concrete beams in order to characterize the bond behaviour and failure in the
study. The study of the mode of failure brought more clarity on the mechanisms leading to
the destruction of the bond strength, whether it was the bending, the shear or the concrete
crushing. The mode of failure of the beams could then be proposed with regards to Equation
1( 1 <

Lsh
h

< 2.5 ) (Section 2.2.5), considering a depth h of 220 mm and a shear length of

480 mm (Figure 3.25), the ratio

Lsh
h

was equal to 2.18. Therefore, the failure mode of the
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concrete beams could be interpreted according to Equation 1. The concrete beams modes of
failure were proposed in Table 4.6 (Appendix E).
Table 4.6 Mode of failure
Sample
RCGFRP1
RCGFRP2
RCGFRP3
RCGFRP4
RCGFRP5
RCGFRP6
RCGFRP7
RCGFRP8
RCGFRP9
RCGFRP10
RCGFRP11
RCGFRP12
RCGFRP13
RCGFRP14
RCGFRP15
RCGFRP16
RCGFRP17
RCGFRP18
RCGFRP19
RCGFRP20
RCGFRP21
RCGFRP22
RCGFRP23
RCGFRP24
RCGFRP25
RCGFRP26
RCGFRP27
RCGFRP28
RCGFRP29
RCGFRP30
RCGFRP31
RCGFRP32
RCGFRP33
RCGFRP34
RCGFRP35
RCGFRP36
RCS 1

Proposed mode of failure
Predominant bending cracks development with deep shear cracks
Predominant bending cracks development
Predominant bending cracks with small shear cracks
Predominant shear cracks with shallow bending cracks
Crushing failure at loading points with bending cracks
Bending cracks-shear cracks
Predominant bending-shear cracks development
Bending cracks with shear cracks development
Bending cracks with shear cracks development
Bending cracks with shear cracks development
Bending cracks with shear cracks(shallow) development
Bending cracks-shear cracks
Deep bending cracks-localized deep shear cracks
Predominant deep bending crack
Deep bending cracks-deep shear cracks
Deep bending cracks developing into shallow shear cracks
Bending cracks and development of shear cracks
Concrete crushing in the compression zone-bending cracks.
Predominant bending cracks- deep shear cracks
Predominant bending cracks
Insignificant bending cracks- deep localized shear cracks
Predominant bending cracks
Predominant bending cracks
Shallow bending cracks-shear cracks
Deep bending cracks developing into shear cracks
Predominant deep bending cracks
Bending cracks with shallow shear cracks
Predominant bending cracks
Crushing of concrete in the compression zone-shear cracks development
Bending cracks towards localized shear cracks
Predominant bending cracks
Predominant bending cracks towards shear cracks
Predominant bending cracks
Bending cracks with shear cracks distribution
Bending crack developing towards shear cracks
Predominant bending cracks
Concrete crushing in compression zone- bending cracks- development of shear
cracks
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RCS 2
RCS 3
RCS 4
RCS 5
RCS 6
RCS 7
RCS 8
RCS 9
RCS 10
RCS 11
RCS 12

Deep shear cracks-side section cracking
Deep shear cracks
Deep shear cracks- side section cracking
Shear cracks
Bending cracks-Concrete crushing at loading points
Shear cracks- shallow bending cracks
Deep shear cracks- shallow bending cracks- side section cracking
Concrete crushing at loading points-shallow shear cracks-shallow bending
cracks
Shallow shear cracks-shallow bending cracks
Shear cracks
Localized shear cracks

4.4.8 Analysis of Results for flexural tests
The analysis of the different factors investigated in this study showed that the compressive
strength, the surface configuration of the GFRP rebars, the mechanical properties of the
GFRP rebars and loading mode affected the bond strength of GFRP rebars in concrete, the
maximum achievable load and even the mode of failure of the reinforced concrete beams.
In the following paragraphs, the influences of each above mentioned parameters on the bond
will be discussed:
4.4.8.1 Effects of the concrete compressive strength on the bond strength and the
resulting modes of failure
This study aimed to understand the bond strength behaviour of GFRP rebars under dynamic
loading by investigating the bond strength behaviour in normal strength concrete. Only one
class of concrete was used in this study (Class 20), hence to study the effect of concrete
compressive strength on the average bond strength, additional secondary data from Silva
and Biscaia research (2008) were used. Silva and Biscaia (2008) investigated the
degradation of bond between GFRP rebars in high strength concrete using a beam test
similar to the one used in this study. Table 4.7 presents the experimental data of this study
(in static and dynamic loadings), the theoretical data and Silva and Biscaia’ experimental
results.
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Table 4.7 Concrete compressive strength data
Concrete compressive strength
𝒇𝒄𝒖
(MPa)

Data source
Experimental data: Static loading
Experimental data: Dynamic loading
Theoretical data
Silva and Biscaia experimental results (2008)

23,17
20
38,55

The analysis of the peak bond strength of the GFRP rebars versus the concrete compressive
strength of concrete showed that the peak bond strength of GFRP rebars is not proportional
to the concrete compressive strength. As it could be observed from Figure 4.9, the bond
strength of GFRP rebar in concrete in this experiment gave higher bond strength than when
high strength concrete is used. This could be attributed to the fact that when concrete has a
normal compressive strength (23.17 MPa) it grips to the ribs of the rebars without damaging
it. This statement also supported other researchers’ findings (Davalos, et al., 2008). The
surrounding concrete and the rebar indentations seemed to both fail simultaneously as the
load increased. The opposite phenomenon is assumed when high strength concrete is used.
This is attributed to the fact that the very stiff concrete exerted very high stresses on the
interface so that it destroyed the weakest spots, which are the rebar indentations. This led to
the destruction of the bond. The analytic data gave more conservative results for 20 MPa of
concrete compressive strength because it actually represents the maximum load that the
beam could sustain before any crack could form.
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(Table 4.3)
(Table 4.3)

Figure 4.9 Influence of the concrete compressive strength on the peak bond strength

Moreover, in order to characterize the bond behaviour of GFRP rebars in the concrete, the
bond strength was investigated with regards to the maximum midspan deflection as shown
in Figure 4.10. It could be seen that although high bond strength values were reached in this
experiment, the deflection values were also high, which means that the beams encountered
larger deformations than in high strength concrete. This showed that the concrete
compressive strength did not influence the peak bond strength but rather the bond strength
behaviour of GFRP rebars in concrete.
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(Table 4.3)
(Table 4.3)

Figure 4.10 Influence of the concrete compressive strength on the bond strength behaviour

4.4.8.2 Effects of the surface configuration on the bond strength and the resulting
modes of failure
The bond strength of GFRP rebars in concrete beams under dynamic loading was also
investigated through the surface texture of the rebars. Since only one type of GFRP rebars
were investigated (ribbed GFRP rebars), the experimental data were then compared to Xue
et al. (2016) data who also investigated the bond strength of deformed sand-coated GFRP
rebars in normal concrete beam through a beam test. Figure 4.11 shows the bond-slip
relationship between each type of GFRP rebars. Figure 4.11 also showed that the surface
treatment played a great role in developing high bond strength values but also in limiting the
slip of the rebars. Xue, et al. (2016) GFRP reinforced concrete beams showed high bond
strength values accompanied with less slip values when compared to the bond and slip values
exhibited in this study. This could be attributed to the surface treatment enhancement by
sand coating. The experimental reinforced concrete beams in this experiment developed low
bond strength accompanied with large slip values. This is attributed to the surface treatment
of the ribbed GFRP rebars. Moreover, the large slip values could also be attributed to the
fact that the measurement of the slip was conducted on the free ends of the rebars which was
not the case in Xue, et al. (2016) investigation. This means that the rebars were confined on
one side only and free to move on the other end.
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Bond Strength in MPa

(Tables 4.3 and 4.4)
(Tables 4.3 and 4.4)
under static load
(Xue, et al., 2016)
Slip in mm

Figure 4.11 Influence of the surface treatment on the bond strength behaviour

The study of the bond-slip relationship of GFRP reinforced concrete beams in this study also
revealed that the bond strength behaviour is governed by three mechanisms as stated by
other authors (Cosenza, et al., 1997 and Hao, et al., 2008), namely:
i.

The adhesion resistance: This mechanism can be explained as the first natural bond
formed between the rebar and the concrete after casting. It was observed on all the
beams and occurred from the beginning of the flexural tests up until the apparent
limit of proportionality of the reinforced concrete beams curves (apparent limit of
proportionality phase) as seen in Figures 4.8 on page 69. During this period, the
slippage values ranged between 2.5 mm to 10 mm under dynamic loading and
between 2.5 mm to 22.5 mm (Table 4.4, on page 71) as the bond strength was still
developing (relatively low). It was also observed that’s the only mechanism
developing in concrete with low compressive strength as the concrete strength was
not enough to develop any other mechanism (friction resistance and mechanical
interlocking) without crushing completely.

ii.

The friction resistance: This mechanism can be explained as the bond created
between the rebar and the concrete when the natural first bond is broken. The bond
is created by the resulting friction of the slipping rebar against the concrete. This
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mechanism occurred after the apparent limit of proportionality phase on Figure 4.8
(stiffening phase). The friction resistance was the second mechanism governing the
bond strength behaviour in concrete beams and it was characterized by no increase
of slippage values.
iii.

The mechanical interlocking: This mechanism was the final bond created between
the rebar and the concrete. It was a bond reconstitution mechanism that occurred
when the crushed concrete at the interface filled the void between the rebar and the
concrete creating a temporary bond that broke as the load increased. During that
period, the beam could carry more loads and consequently the bond strength was
increasing. This was due to the fact that the mechanical interlocking did not prevent
the slippage but rather temporary slowed it down. As the load was increasing, more
damage was created at the interface and more crushed concrete was stuck at the
interface. More slippage was then recorded until the damage became severe and a
bond reconstitution was no longer possible causing the complete bond failure (failure
phase in Figure 4.8) as stated by previous authors (Baena, et al., 2009). This
mechanism was characterized by the increase of the bond strength values ranging
between 5.90 MPa to 10.95 MPa (peak bond strength at 28 days) (Table 4.3, page
64), but also the increase of the slippage values of up to 12.5 mm (Table 4.4, page
71) and large deflection of the beams at failure as observed by other authors (Baena,
et al., 2009; Wang & Belarbi, 2009 and Owens, et al., 2009). The bond strength
behaviour under this last mechanism also showed an agreement with the Miner’s
hypothesis stipulated by previous authors (Wang & Belarbi, 2009).
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These results can be presented using a diagram as seen in Figure 4.12:

GFRP
reinforced
concrete beams
under dynamic
loading

Adhesion resistance:
Resulting slippage: 2.5 mm – 10 mm

Interface failure

(ACI 440 R1-06, 2006 and Wang & Belarbi, 2009)
2009)

Friction resistance:
Concrete failure in
tension

Resulting slippage: 0 mm
(ACI 440 R1-06, 2006 and Cosenza, et al., 1997)

Mechanical interlocking:

Rebar stripping and
concrete crushing
failure

Resulting slippage: 2.5 mm – 12.5 mm
(ACI 440 R1-06, 2006 and Cosenza, et al., 1997)

Figure 4.12 Effects of the surface texture mechanisms on the bond behaviour

4.4.8.3 Effects of the rebars mechanical properties on the bond strength and the
resulting modes of failure
The effects of the GFRP rebars mechanical properties on the bond strength behaviour were
examined by using steel reinforced concrete beams as benchmark.
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The large deflections of GFRP reinforced concrete beams were justified by the fact that the
young modulus of GFRP rebars was 5 times less than steel rebars’ as seen in Table 4.8. This
lead to the damage of the bond in the tension zone (large deformations). However, the
slippage values in Table 4.4 (page 71) showed that GFRP rebars in general slipped less (2.5
mm -12.5 mm) than steel rebars (2.5 mm – 17.5 mm). This was attributed to the mechanical
interlocking mechanism of the bond between GFRP rebars and concrete. It could be
understood that GFRP reinforced concrete beams went through a ‘bond reconstitution phase’
which allowed the beams to sustain loads of up to 232.46 kN to 431.36 kN. The large
slippage values of steel rebars were an indication that steel did not rely upon the mechanical
interlocking to sustain loads of 347.93 kN up to 424.65 kN (Table 4.3), but rather sustained
the load until the failure of the bond without any ‘bond reconstitution phase’.
Table 4.5 (page 73) indicated that the maximum strain in the rebars (GFRP and steel rebars)
were still very small (1.579× 10−6 and 1.584× 10−6 respectively). Therefore, the strain
dissipation in the rebars could not damage the interface but rather the high strain in the
tension zone of the concrete zone. This assumption was supported by the results in Table
4.6 (page 75) which showed that GFRP reinforced concrete beams at 28 days were mostly
characterized by bending cracks (flexural) in the tension zone and steel reinforced concrete
beams were mostly characterized by shear cracks in the tension zone. This last statement
also helped to understand that shear cracks are more severe than bending cracks and they
did not allow ‘bond reconstitution’ mechanisms to take place (RCGFRP 25, RCGFRP 29,
RCGFRP 30 and RCGFRP 35). In order to characterize the bond behaviour with regards to
the mechanical properties of ribbed GFRP rebars and steel rebars, the following factors were
considered:
1. The maximum experimental mid span deflections of GFRP reinforced concrete beams
(19 mm) and steel reinforced concrete beams (9.66 mm) in static and the maximum
experimental mid span deflections of GFRP reinforced concrete beams (18 mm) and
steel reinforced concrete beams (8.46 mm) in dynamic. It could be noticed that in static
loading mode the mid span deflection of GFRP reinforced concrete beams is twice that
of steel’s. However, in dynamic there was no apparent relationship between the two
categories of reinforced concrete beams. This could be due to the considerably long
stiffening phase that occurred in GFRP reinforced concrete beams specimens which also
increased the load carrying capacity for GFRP reinforced concrete beams specimens.
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Table 4.8 Comparison of GFRP and steel rebars mechanical properties
*: is the average of tensile strengths of the 5 tested rebars in Table 4.1

Type of

Modulus of

Beam

Elasticity (MPa)

GFRP
beams

Ef = 40000
(Table 3.3)

Supplier Rebar Tensile

Ef
Es

strength (MPa)

1
5

Theoretical Rebar

Tensile strength (MPa) Tensile strength (MPa)

ffu−s = 850
(Table 3.3)

ffu−th = 680
(Equation 18)

Steel
beams

Experimental Rebar

ffu−Ex = 507

Maximum mid-span
deflection (mm)

𝛿𝐺𝐹𝑅𝑃_𝑆𝑡𝑎𝑡𝑖𝑐=19

(Table 4.1)

𝛿𝑆𝑡𝑒𝑒𝑙_𝑆𝑡𝑎𝑡𝑖𝑐 =9.66
Es = 200000

fy = 450

fy = 450
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2. The mechanical properties of the ribbed GFRP rebars and steel rebars. Figure 4.7 was
analysed and it showed that large deflections values were recorded at failure for GFRP
reinforced concrete beams while compared to steel reinforced concrete beams. This was
due to the fact that Es is five times bigger than Ef as seen in Table 4.8. However, factors
such as the tensile strengths of the rebars (GFRP and steel) showed no apparent effect on
the bond strength of the reinforced concrete beams. On the other hand, the surface texture
of the different rebars seemed to have played a considerable role in developing the bond
strength. This is justified by the fact that the relatively hard steel surface texture
developed relatively high bond strength (10.95 MPa) while compared to GFRP rebars
texture and the maximum bond strength developed (10.42 MPa).
4.4.8.4 Effects of the loading type on the bond strength and the resulting modes of
failure
From the analysis in the previous sections, number of observations were made:
All GFRP reinforced concrete beams behaved similarly up to their apparent limit of
proportionality as seen in Figure 4.8. Moreover, the dynamic loading mode affected the bond
behaviour and also the maximum loads of the beams as it can be seen in Table 4.3 (page 64),
Figures 4.7 (page 67) and 4.8 (page 69). While in static loading, GFRP reinforced concrete
beams were characterized by a stiffening phase and gradual failure as seen in Figure 4.8. In
dynamic loading, GFRP reinforced concrete were characterized by a stiffening phase and
sudden failure.

In static tests, it could be seen from Table 4.6 (page 75) that RCGFRP25, RCGFRP29 and
CRGFRP30 specimens were affected by shear cracks which severely destroyed the bond at
the interface. The bond strength values (9.27 MPa, 9.10 MPa and 8.59 MPa respectively)
and the mode of failure from Table 4.6 were indications of that. However, the slip values of
RCGFRP25 and RCGFRP29 (2.5 mm, from Table 4.4) indicated that the bonds were either
partially destroyed or the shear cracks developed in the tension zone were not severe to the
point to interrupt the mechanical interlocking mechanism (bond reconstitution mechanism)
to develop. For RCGFRP30, the slip value (5 mm) indicated that shear cracks prevented any
bond reconstitution. RCGFRP27 and RCGFRP28 were mostly subjected to bending cracks.
The bond strength (8.92 MPa), the slip value (5 mm) indicated that RCGFRP27 developed
shallow shear cracks that did not prevent the bond reconstitution mechanism. RCGFRP26
developed deep bending cracks that severely destroyed the bond (Appendix E).
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Under dynamic loading, all RCGFRP concrete beams’ modes of failure were dictated by
bending cracks, sometimes with even shear cracks development (RCGFRP34 and
RCGFRP35) or without shear cracks development (RCGFRP31, RCGFRP32, RCGFRP33
and RCGFRP36) (Table 4.6 and Appendix E). However, there was more slippage in the
dynamic tests when compared with the static tested specimens (Table 4.4 on page 71),
therefore there were more micro cracks formations and more crushed concrete that filled the
interface between GFRP rebars and the concrete matrix as stated by other authors (Owens,
et al., 2009 and Wang & Belarbi, 2009). That phenomenon contributed to the development
of the mechanical interlocking mechanism (bond reconstitution mechanism) that allowed
the increase of bond strength during the stiffening phase of the beams. This phenomenon
was also confirmed by the analysis of the load-deflection curve (Figure 4.7 on page 67). The
beams however deflected a lot during that ‘bond reconstitution’ period.

In Steel reinforced concrete beams, it was seen that the beams rather developed shear cracks
and as stated in section 4.4.8.3, which prevented the mechanical interlocking to take place.
The slip (Table 4.4 on page 71), deflection at failure (Figure 4.7 on page 67) and bond
strength values (Table 4.3 on page 64) were indications of that assumption. Contrary to
GFRP reinforced concrete beams, steel reinforced concrete beams loads increased as long
as the bond was still sound. The beams failed when the bond was destroyed and no
mechanical interlocking took place as indicated by the slip values in Table 4.4. This could
be explained by the fact that steel ribs rather destroyed the interface as the rebars were
slipping.

The stress-strain curve (Figure 4.8 on page 69) also indicated that the dynamic loading
affected the failure of the specimens as the failures were more sudden than in static (Figure
4.8).
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5.

CONCLUSIONS AND RECOMMENDATIONS

5.1 General Conclusions
The main objective of this research was to experimentally determine the bond behaviour of
ribbed GFRP rebars in concrete beams under dynamic loading, in order to understand the
limit of use of ribbed GFRP rebars in concrete (class 20) in general and in dynamic loading
in particular as applied in the Construction Industry. The bond strength behaviour was
investigated using a four-point bending test and a dynamic test set-up was constituted using
a UTM machine, a universal dynamic shaker and a function generator that allowed building
up the desired frequency of 41 kHz with a number of cycles of 500. The bond strength
behaviour was investigated through the study of several parameters which are the concrete
compressive strength, the GFRP rebars texture, the mechanical properties of the GFRP
rebars, the loading mode, the slip, the stress-strain relationship, the concrete beams mode of
failure and the deflection of the beams. Thus, in regard to the specific objectives of this study
the following conclusions were drawn:
a)

The tensile strengths of ribbed GFRP rebars used in this study were evaluated and
found to be 59.65% of the nominal tensile strength provided on the supplier data
sheet.

b)

The average maximum bond strength of GFRP and steel reinforced concrete beams
were found to be greater in dynamic loading (10.42 MPa -10.95 MPa) rather than in
static loading (5.90 MPa -9.27 MPa). On the other hand, GFRP reinforced concrete
beams only developed 86.67 % of steel reinforced concrete bond strength and this
justified the larger deflections of GFRP reinforced concrete beams while compared
to steel reinforced concrete beams. The results of the tests also showed no apparent
relationship between the average bond strength of the rebars (GFRP and steel) and
the bond strength of the reinforced beams.
The slip was limited in static loading as the tests duration for static specimens was
also short when compared to dynamic loading tests. Hence, relatively low bond
strengths (5.90 MPa – 9.27 MPa) were developed when compared to the relatively
high bond strengths developed in dynamic (10.42 MPa – 10.95 MPa). This was
explained by the prominent stiffening phase in dynamic loading which increased the
load carrying capacity of the reinforced concrete beams in dynamic. As a
consequence, higher slip values were recorded in dynamic over time than in static
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loading. Moreover, it was also noticed that the slip then governed the destruction of
the bond strength in the reinforced concrete beams.
The average maximum bond strength was also characterized by the fact that it was
directly proportional to the maximum load carried by the beam and the bending
stresses which happened to be correlated factors.
c)

The study showed that in general, the average bond strength of GFRP and steel
reinforced concrete beams were greater in dynamic loading than in static loading.

The study also showed that in static loading, GFRP rebars developed 88.29% of steel
rebars bond strength in concrete beams, while in dynamic loading, GFRP rebars only
developed 86.67% of steel rebars bond strength in concrete beams. Moreover, the
bond strength values recorded showed that the steel reinforcement developed greater
bond strength while compared to GFRP rebars. This was attributed to steel rebars
mechanical and physical properties such as a Young modulus that is five times bigger
than GFRP rebar’s and the hard surface texture of steel rebars that developed great
friction resistance.
Besides the above-mentioned findings, the experimental study of the bond strength of GFRP
reinforced concrete beams in dynamic loading also revealed that the failure of the GFRP
rebars in tensile tests was mostly due to the failure of the resin matrix which happened to be
brittle. This was observed through the tensile tests that showed that the fibres of the rebars
were intact while the damages were localized in the matrix resin. This showed that the
average maximum tensile strength of the rebar basically represented the average bond
strength of the matrix resin and was only of 59.65% of the rebar nominal tensile strength.
The study also helped characterizing the slippage of GFRP rebars in concrete with regard
to the bond strength mechanism such as the adhesion resistance, the friction resistance and
the mechanical interlocking. The study revealed that only the friction resistance mechanism
does not induce additional slippage (0 mm slippage). While within the adhesion resistance
phase there was an increment of slippage which varies from 2.5 mm to 10 mm. The
mechanical interlocking phase also showed an increment of slippage values varying from
2.5 mm to 12.5 mm.
Finally, the experimental study revealed that the concrete compressive strength did not have
any direct effect on the bond strength but rather on the bond strength behaviour throughout
the experiments.
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5.2 Recommendations
With regard to this study and the results obtained, the following recommendations are made:
1) This study revealed that GFRP rebars used in the experiments failed in tension due
to the brittle nature of the matrix rather than the fibres. And as the tensile strength is
a determinant factor that dictates the behaviour of the GFRP reinforced concrete
beams, this study will recommend that the manufacturers of GFRP rebars should
standardize the manufacturing of the rebars as to ensure that the actual tensile
strength of the rebars would be more or less equal to the specifications provided by
the manufacturers. This will would be the first step to the full acceptance of FRP
rebars material by the Construction Industry, but also will allow to set more specific
design guidelines.
2) The same study could be done with GFRP rebars of higher average tensile strength
which could be equal to or higher than the supplier nominal specification to study
the influence of the tensile strength on the bond strength.
3) It is also recommended that more studies could be done on the structural bond
behaviour of GFRP rebars in concrete beams under dynamic with a concrete of
higher grade to study the behaviour of the bond strength in this case.
4) It was observed through the experiments that GFRP reinforced concrete beams could
not develop large bond strength as compared to steel reinforced concrete beams, due
to their relative soft surface texture as compared to steel rebars. From these results,
it can be recommended that another type GFRP rebars with another type of surface
texture should be investigated to study the behaviour of the structural bond strength
of GFRP rebars in concrete under dynamic loading.
5) This study relied and used most of the supplier specifications for the GFRP rebars
used. Only the tensile strengths of the GFRP rebars were tested experimentally. Due
to that reason, the influence of some mechanical parameters on the bond strength
might have been overlooked. Hence, the study also recommends that most if not all
mechanical parameters of the GFRP rebars should be experimentally tested or
evaluated in order to determine their variations first, and influence on the bond
strength.
6) The results of this study could be used to rebuilt damaged wharfs and quays in the
Port of Cape Town which are notorious for violent winters that causes excessive
moisture and reduces the alkalinity of these reinforced concrete structures.
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