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Fiber-reinforced polymer (FRP) bars have been recently employed to reinforce concrete
members due to their high tensile strength and especially in corrosive environments to improve the
durability of concrete structures. However, FRP composites have a low modulus of elasticity and a
linear elastic behavior up to rupture, thus reinforced concrete (RC) components with such materials
would express a lack of ductility. In order to increase the mechanical performances of RC beams, the
hybrid usage (also called combined usage) of FRP and steel reinforcements in shear and flexure is

proposed.

At first, an experimental investigation of concrete beams strengthened in shear by FRP bars
using embedded through-section (ETS) technique is carried out to study the efficiency of the
strengthening system under various effects. The prediction of shear contribution of the retrofitting
system is also proposed. Additionally, the pullout tests are conducted to investigate the bond
response between ETS bars and concrete under various influences. Furthermore, the finite element
(FE) simulation of the tested beams to validate the effectiveness of the FE tool is offered. Comparison
between the results attained from this study and the literature displays the significant improvement in
the shear efficiency of the ETS strengthening system with the anchorage installation. Furthermore, for
the concrete beams strengthened in shear using ETS method, the truss analogy theory with the
developed average strain formulation is an effective method to predict the shear resisting force of the

anchored ETS FRP bars.

In the second part of research, this study presents a numerical and analytical study on the
structural behaviors of concrete beams with the combined usage of FRP and steel tension

reinforcement employing three-dimensional (3D) FE modelling. The ductility of the hybrid FRP-steel
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Chapter 1 INTRODUCTION

1.1 Background and motivation

The countries, especially the developing countries, in the world are making efforts
towards the sustainability in the multifarious fields, and one of areas is the
sustainability in the construction and infrastructures. Therefore, the strengthening and
rehabilitating existing reinforced concrete (RC) structures has been continuously
increasing in the last decade because of the deterioration of concrete or the
improvement of design guidelines which become stricter. One of the most attractive
strengthening materials for the RC members is fiber-reinforced polymers (FRP) due to
their high tensile strength, strength-to-weight ratio, corrosion resistance and
durability.

Nowadays, the two common methods with FRP used for the strengthening of
concrete structures are externally bonding (EB) and near-surface-mounting (NSM).
There were various studies and application cases, which have been investigated on
these retrofitting methods. These techniques were the effective solutions for
enhancing the load-carrying capacity of concrete structures. However, as reported in
the past research, the aforementioned strengthening methods still remain the main
disadvantages as the tedious surface and groove preparation required as well as the
occurrence of debonding of the FRP composites (delamination of the concrete
cover). In the recent years, the advent of the embedded through-section (ETS)
method overcomes the drawbacks of the EB and NSM methods. As a definition, in
the ETS technique the FRP or steel rods are embedded through previously drilled
holes into the concrete core. All of the previous research concluded that the ETS
technique was proved to be particularly efficient as increased significantly of the
shear resistance of the RC beams. Moreover, the advantages of the ETS technique
are using a small amount of adhesive materials and not needing the high skill of the
worker to construct. In addition, the ETS method is also a cost competitive and

feasible solution in comparison with those by applying the EB and NSM techniques.



On another aspect, FRP bars have been recently used to reinforce concrete
members in flexure due to their high tensile strength and especially in corrosive
environments to improve the durability of concrete structures. However, FRPs have a
low modulus of elasticity and a linear elastic behavior up to rupture, thus the RC
components reinforced with FRP bars would exhibit a less ductility in comparison
with the similar members reinforced by the steel reinforcement. Hence, the study on
the performances of concrete beams with combined usage of steel and FRP
reinforcement to assure the ductility, the rigidity, the strength and the durability is
necessary towards the practical use.

This research aims to gain the deep understanding of the mechanical
performances of concrete beams with hybrid usage in shear and flexure of FRP and
steel reinforcement. The experimental and numerical methods are the research
methodology of this study. The results of research are analyzed and compared to
the data obtained by the previous studies. The verification of outputs is also carried
out to present the efficiency of the ETS technique in the shear strengthening of the
RC beams, and the hybrid combination of steel and FRP tension bars in the flexural
members. The outcomes of this study are expected to provide the reliable database

for the future research and the actual application.

1.2 Scope and objective of the dissertation

To enhance the longevity of the RC structures, the ETS technique has been applied
in the past works with success in the shear strengthening field. Indeed, the ETS
technique is an efficient method that overcomes all of drawbacks of the EB and NSM
techniques. Most of previous research indicated the improvements in the shear
performance of the ETS technique in the comparison with the EB and NSM methods.
In addition, the high strength and the small weight are the special properties of FRP
material, making them attractive as reinforcement for concrete structures. However,
due to a linear elastic stress—strain relationship up to failure of FRP, FRP reinforced

concrete components exhibit brittle failure.



The long term goal of the research is to develop a new shear strengthening
method for the RC beams as well as to understand the structural behaviors of hybrid
FRP-steel RC beams towards the practical use. The study on the mechanical
performances of concrete beams with hybrid usage of steel and FRP reinforcement in
shear and flexure by means of the experimental program and numerical analysis is
the core purpose of the present research. The specific objectives of this study are as
below:

(@) to experimentally and analytically study ETS rehabilitation method of full-
scale RC T-section beams in shear using steel and FRP rods under various effects
such as the presence of mechanical anchorage at tension ends of ETS bars, the
inclination of the ETS bars, the amount of existing steel stirrups, the ratio of ETS
shear bars and the ETS material types;

(b) to experimentally and analytically compare the structural performances of
concrete beams reinforced with ordinary shear reinforcement to that of the concrete
beams strengthened with ETS bars;

(c) to investigate the design procedures in the current guidelines to evaluate the
shear efficacy of the ETS steel/FRP in terms of the shear resistance of retrofitted RC
beams;

(d) to develop a rational design model to calculate the shear contribution of ETS
strengthening system in the retrofitted beams based on the existing design methods;

(e) to experimentally analyze the bond response of concrete blocks embedded
by ETS steel/FRP rods by varying the influencing parameters such as the presence of
mechanical anchorage, embedment length, ETS bar diameters, ETS types and
anchorage length (number of anchoring nuts);

(f) to simulate the tested beams using finite element (FE) tool to validate the
numerical results and to provide the reliable FE models for the concrete beams
strengthened in shear with ETS bars;

(g) to investigate the ductility of concrete beams with hybrid usage of steel and
FRP tension reinforcement under various influences to offer the feasible parameters

of the hybrid FRP-steel RC beams for the practical use.
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1.3 Dissertation structure

The research work in this study is reported through six chapters. Chapter 1 offers an
introduction and motivation, discusses the objectives and presents the structure of
the research work. Chapter 2 briefly shows the literature review of the previous
research related to the current work. Chapter 3 presents the experimental and
analytical study of the concrete beams reinforced with the internal steel shear
reinforcement and the concrete members strengthened in shear with ETS steel and
glass fiber-reinforced polymer (GFRP) bars. Chapter 4 conducts the pullout test to
analyze the bond response between the ETS bars and concrete. Chapter 4 also
presents the finite element (FE) simulation of the concrete beams retrofitted by ETS
bars, which are tested in Chapter 3. Chapter 5 investigates the ductility of concrete
beams with hybrid usage of steel and FRP tension reinforcement by means of FE
modelling. Finally, general conclusions and recommendations for future work are

furnished in Chapter 6.
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Chapter 2  LITERATURE REVIEW

2.1 Introduction

This Chapter offers a general look in shear of the reinforced concrete (RC) structures
using the new shear strengthening methods. Specifically, this Chapter presents the
assessment on the mechanical performances of the current shear strengthening
techniques towards the most effective method what is going to be investigated in
this study. In addition, the important findings in the previous studies on the
embedded through-section (ETS) technique for shear strengthening with fiber-
reinforced polymer (FRP) and steel bars of the RC beams are also shown in this
Chapter. On the other hand, to consider the structural responses of the concrete
beams with hybrid usage of FRP and steel tension bars, the explorations obtained in
the past studies are also summarized to reach the critical points of the research

work.

2.2 Assessments of the current strengthening methods

To strengthen the existing concrete structures, the different techniques have been
employed successfully in the actual projects involving the RC beams and girders. The
two most common methods have been adopted to strengthen concrete members
are externally bonding (EB) and near surface mounting (NSM). There were numerous
research on the EB and NSM techniques for strengthening of concrete structures.
Moreover, since these methods were developed in the last two decades, they were
introduced in the specification of the analysis, design and construction.

For the EB strengthening technique, the FRP composites are attached to the
tension/shear zone of the RC members to carry the tensile/shear stresses by means
of the epoxy adhesive (Hawileh et al. 2014). According to the review by Panigrahi et
al. (2014), this method was using for the strengthening and repair of structures due to

actions of ageing, poor maintenance, corrosion of steel reinforcement, defects in
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construction, exposure to harmful environments and damage in case of seismic
events, and the deficiency of the initial design such as demand in the serviceability
state, the durability and ductility of reinforced concrete structures. Most studies
indicated that the use of the EB technique would enhance the load carrying, shearing
and flexural capacities of RC members (Dai et al. 2005, Panigrahi et al. 2014, Hawileh
et al. 2014, Ali et al. 2014, Hong et al. 2014). At the present, the study of the EB
strengthening method for the RC members is extending to consider the various and
combined effects of elevated temperature and environment conditions, the
interfacial behavior and the new approach of numerical analysis (Dai 2005, Burke et
al. 2013, Domenico et al. 2015, and Firmo et al. 2015). However, Dai et al. (2005)
showed that a primary concern for this technique was local debonding of FRP and
concrete interfaces, leading a sudden drop in loads and loss of ductility of the whole

FRP-RC composite system.

T . Embedding FRP/steel bar into
Drilling hole through
beam gection 9 ‘ Eleaning hole ‘ hole and bonding by epoxy resin

h s Viaih R AN Rt

Figure 2.1 Strengthening technique of ETS method (Godat et al. 2013)

To apply the near surface mounting (NSM) method, Lorenzis et al. (2000)
described as follows. Firstly, cutting a groove in the desired direction into the
concrete surface and the groove is filled half-way with epoxy paste, the FRP rod is
placed in the groove with light pressing. Then, more paste is filled into the groove to
the surface. According to the results studied by Lorenzis et al. (2000), Rahal et al.
(2011), Zhang et al. (2013), Akter et al. (2015), the structures strengthened by NSM
bars would also increase significantly the load, shear and flexural capacities. In

addition, the research of Rizkalla et al. (2004) stated that the NSM FRP strengthening
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technique could be considered an efficient alternative to an externally bonded FRP
strengthening system based on the improving of the experimental results on stiffness
and flexural strength of members.

Generally, the various research have proven the effectiveness of the EB and NSM
methods in the strengthening field. However, Chaallal et al. (2011) revealed that
these two methods still remained the main disadvantages such as the tedious
surface and groove preparation required as well as the occurrence of debonding of
the FRP composites (i.e. delamination of the concrete cover). In addition, the
employing of the EB and NSM techniques for the strengthening of RC members
would enhance the load carrying capacity, but the ductility of RC members was
decreased. Especially, for NSM technique that has placed the steel rods in groove at
the surface of RC members, the structures would be attacked by the corrosive
agents, therefore the durability of structures would g¢radually be reduced.
Furthermore, the use of the EB and NSM methods needs a large amount of adhesive
resin and high skill workers for construction.

Currently, embedded through-section (ETS) is an efficient method that overcomes
all of drawbacks of the EB and NSM techniques. Godat et al. (2013) exhibited a
simple definition of embedded through-section (ETS) technique that this method
uses an adhesive to bond fiber-reinforced polymer (FRP) or steel bars embedded
through pre-drilled holes into the concrete core. Figure 2.1 shows the steps for shear
strengthening of a RC member by applying the ETS method. A rebar detector is used
to verify the positions of reinforcement in the original structures, strengthening rods
are therefore marked to orientate the drilling direction. The drilling positions can also
be determined by the initial design. In the comparison with the other shear
strengthening methods, the procedure indicates that the ETS shear strengthening
technique are simply applied, wasted less time consuming, used less adhesive
materials. In addition, the ETS method does not require the surface preparation of RC
members and the high skill of workers to construct. Furthermore, as shown in the
previous works, since the ETS bars are fully protected by concrete, the possible
corrosion and fire exposure of the strengthening rods are prevented. Together with

the aforementioned advantages, the bonding performance may be improved due to
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the confinement of concrete to ETS bars. However, the research and application of

ETS method are not much and less common.

23 The previous research of ETS technique

Till date, there were important investigations on the strengthening of RC members
using ETS method. This Section presents the highlights of the experimental studies in
the order of appearance of Valerio et al. (2009), Dalfre et al. (2011), Chaallal et al.
(2011), Mofidi et al. (2012), Breveslieri et al. (2014), and Breveglieri et al. (2015).

As an initial study on the ETS strengthening method, Barros et al. (2008) carried
out an experimental exploratory of the short beams to capture the main features of
the carbon fiber-reinforced polymer (CFRP) bar contribution in shear resistance. In
their study, the monitoring system was adopted to analyze the relationship between
crack opening, crack sliding and strains in the CFRP strengthened bars with the
applied load levels. Barros et al. (2008) revealed that a CFRP reinforcement ratio of
0.2% contributed for a 26% increment in terms of specimen shear resistance. On the
other hand, to show the promising of the ETS strengthening method of RC structures,
the authors found that the strain level in the CFRP reinforcement was enough
significant at a crack width of 0.3 mm. Moreover, this study indicated that the
contribution in shear of the CFRP bars was more effective when the specimens failed
without bar-adhesive debonding.

In the study by Valerio et al. (2009), the comparison in shear performances of un-
strengthened small scale and large scale beams to the equivalent beams
strengthened in shear with the deep embedment (ETS) technique using experimental
program was carried out. In addition, the pullout tests on carbon, glass, aramid and
steel bars embedded into concrete with varying embedment lengths were also
conducted. It is similar to the study by Barros et al. (2008) that the ETS strengthening
method was feasible and effective for the RC beams in the shear resistance.
Furthermore, the various findings are shown as follows. The system effectiveness
relied on the bond between the ETS bar and concrete since the bond-slip response

of the system was robust and ductile. The failure mode without debonding effect of
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the beams strengthened by ETS bars exhibited the advantages in the shear
contribution of the retrofitting system compared to that of employing the NSM
method due to the ETS bars were embedded as the internal reinforcement. To take
into account the shear strength prediction of the beams adopting ETS technique, this
study concluded that the truss analogy, combined with current code predictions, was
able accurately and safely to predict the capacity of the strengthened beams.

Dalfre et al. (2011) conducted an experimental program on the shear
strengthening of two series of the reinforced concrete beams with a difference of
cross section. In their study the ETS steel bars were designed as a stirrup of one arm
following the American Concrete Institute (ACl) code. As observed in the test results,
Dalfre et al. (2011) implied that by applying the ETS shear strengthening method, the
retrofitted beam would have converted the brittle shear failure into the ductile
flexural failure with the vyielding of the longitudinal steel bars. In addition, the
maximum strain in both stirrups and ETS bars was increased, and the gained values
were around the yield strain and even some of them have even exceeded the yield
strain (Dalfre et al. 2011). Furthermore, Dalfre et al. (2011) indicated that the
effectiveness of the inclined ETS strengthening bars were more effective than that of
the vertical ETS bars. Additionally, the decrease of the ETS bars spacing would
increase the shear capacity of the ETS retrofitted RC beams.

In order to evaluate the effectiveness of the ETS shear strengthening system,
Chaallal et al. (2011) studied on the performance of concrete beams strengthened
by ETS bars in the comparison with that of concrete members retrofitted with EB and
NSM bars. The experimental results in research of Chaallal et al. (2011) indicated that
the shear capacity of the specimens without transverse steel strengthened by the
ETS CFRP bars were increased significantly in comparison with the one attained by
means of EB and NSM techniques. Chaallal et al. (2011) stated that the failure of the
retrofitted members eventually occurred by concrete crushing or the highest strain of
tension reinforcement, and the ETS CFRP bars reached the ultimate strain. Chaallal
et al. (2011) also showed that the crack pattern on the surface of the concrete
beams strengthened by ETS CFRP rods was distributed fairly within the concrete

core. The same to the conclusion in the study by Barros et al. (2011), Chaallal et al.
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(2011) implied that the load capacity of the strengthened beams would reach to
their flexural capacity limit and the beams retrofitted with ETS bars were more
ductile.

To enhance the understanding on the shear behavior of concrete beams
strengthened by ETS bars through the study of Chaallal et al. (2011), Mofidi et al.
(2012) carried out an analytical and experimental investigation on the shear
strengthening of RC T-beams with ETS FRP rods. In their study, the authors
considered the effects of the surface coating of FRP bars and steel stirrups on the
shear contribution of ETS FRP systems. Additionally, the influences of ETS FRP bars
spacing and ETS FRP rods diameter on the shear performance of the retrofitted RC
beams were also analyzed. Also reported in the other studies, Mofidi et al. (2012)
concluded that the ETS FRP strengthening method was an effective technique to
increase the shear capacity of the retrofitted RC beams. With narrowly spaced
internal steel reinforcement, the shear contribution of FRP would be decreased
drastically in the strengthened RC members. Moreover, the efficacy of plain surface
CFRP rods strengthened in beams was greater than the performance of sand-coated
CFRP rods retrofitted in the similar members since the shear transfer mechanism
between concrete-adhesive-ETS bars in the strengthened beams was well utilized.
One of conclusions of this research, the applying of ETS FRP technique for
strengthening RC beams brought to high efficiency due to increasing the shear
capacity, reducing a large amount of steel stirrups, and enhancing the ductility of
structures. On the other hand, the corrosion and fire attack of the strengthened RC
beams would be limited by using ETS method, therefore the durability of the
retrofitted structures was improved significantly.

Breveglieri et al. (2014) presented an experimental program with the real size
scale of RC beams, designed to fail in shear, strengthened with ETS bars. Breveglieri
et al. (2014) showed that using ETS technique for strengthening of a beam, a
significant increase of the load carrying capacity would be obtained. It was obvious
that the inclined ETS bars were much more effective than vertical ones in the shear
resistance of the strengthening system. In the next study by Breveglieri et al. (2014),

Breveglieri et al. (2015) indicated that using the steel stirrups would decrease the
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strengthening effectiveness of ETS bars and the detachment of bars to concrete did
not occur since the ETS bars were embedded in core of concrete section. Especially,
the behavior of the RC beams strengthened by ETS bars could be converted from
shear brittle failure modes to flexural ductile failure modes (Breveglieri et al. 2014
and Breveglieri et al. 2015). Besides, due to the higher confinement provided by the
concrete surrounding the bars embedded into the core of the strengthened
components, which leads advantages on the bond strength, Breveglieri et al. (2015)
stated that the ETS technique could be highly effective for the shear strengthening.
Therefore, by comparing to the NSM and EB methods, which the strengthening
system is attached to the surface of members, the ETS technique can be a technical
and economic alternative since it mobilizes the beam’s concrete core that is
generally less damaged zones of a beam (Breveglieri et al. 2015).

The bond behavior between the ETS strengthened rods and concrete is an
important point that affects directly the mechanical performances of concrete
beams strengthened with the ETS shear reinforcement. However, the bond
mechanism of ETS installed bars to concrete has not been deeply investigated in the
past works. Indeed, there were two ETS pullout test studied by Godat et al. (2012)
and Caro et al. (2017), then Godat et al. (2013) and Barros et al. (2013) developed
two-dimensional finite element models to confirm the experimental results. Godat et
al. (2012) carried out an experimental test of 13 direct-shear test specimens by
analyzing the influences of concrete strength, hole diameter, bar diameter, bar
surface area, and bar bond length on the bond behavior of FRP-strengthened
reinforced concrete beams. Their experimental results showed that debonding could
be avoided by providing a sufficient bar length and high concrete strength. Moreover,
Godat et al. (2012) recommended that, for the ETS strengthening technique, a hole
of diameter should be 1.5d,, to obtain a proper bond between the concrete and the
bar.

However, the less bonding performance of the ETS retrofitting system to concrete
is also appeared in the past works, especially the vertical case of strengthening.
Moreover, the active effectiveness of the ETS bars with the cases of low bonding

effect is drastically reduced by the presence of the existing transverse steel, it means
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that the shear contribution of the ETS retrofitted rods is nearly insignificant after
debonding of the strengthening tool to concrete due to the shear transfer
mechanism between ETS bars-adhesive-concrete was not maintained. Besides, the
available shear design methods for the beams strengthened by ETS FRP shear bars
and reinforced with internal FRP  reinforcement exhibited the drastic
underestimations compared with the test results. Therefore, to trigger the ultimate
effectiveness of ETS strengthening system either the bonding performance between
ETS bars and concrete is enhanced or the bonding efficacy is compensated by the
additional spare after debonding occurred. Additionally, the rational shear design
model for predicting the shear contribution of the ETS retrofitting system in the RC
strengthened beams has to be developed from the original methods to obtain the

fair estimation compared with the experimental data.

2.4 The previous studies of beams with hybrid FRP and steel tension bars

Since fiber-reinforced polymer (FRP) reinforcement requires an expensive material,
the partial replacement of steel reinforcement by FRP reinforcement is economically
feasible. To prevent the corrosion of steel reinforcement in the reinforced concrete
(RC) beams in aggressive environments, the most external reinforcement (closest to
the concrete surface) could be replaced by FRP reinforcement. Therefore, concrete
beams reinforced by both steel and FRP reinforcements have been considered an
interesting topic for experimental and numerical research. The studies of Aiello and
Ombres (2002), Qu et al. (2009), Lau and Pam (2010), Ge et al. (2015) and Yoo et al.
(2016) have been conducted on deflection, curvature, ductility, crack width of
concrete beams with hybrid usage of FRP and steel tension reinforcement. The study
by Aiello and Ombres (2002) provides various findings as follows. The hybrid
combinations of steel and FRP reinforcement were advantageous in the deformability
consideration. The deformability of FRP reinforced concrete (RC) beams under service
conditions was reduced by using the adequate amount of steel reinforcement. It was
emphasized that placing FRP bars nearly the outer surface and steel bars at the inner

level of the tensile zone would increase the stiffness of beams. Moreover, the crack
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width and spacing decreased with the presence of steel reinforcement in comparison
with the one attained by beams reinforced with only FRP bars. Using the moment-
curvature law, the behavior of concrete beams reinforced by steel and FRP bars
could accurately predict, and the ACl code furnished a good prediction of the
deflections and crack width at the serviceability phase. A design method was
proposed to determine the effective moment of inertia for steel RC beams and FRP
RC beams based on the calibrated experimental results.

By conducting an experimental and theoretical program, Qu et al. (2009) showed
that the usage of steel reinforcement in combination with glass fiber-reinforced
polymer (GFRP) bars enhanced the flexural performance of GFRP RC beams. This
research indicated that the axial stiffness ratio between GFRP and steel bars had
little influence on flexural capacity, whereas the effective reinforcement ratio was a
reasonable parameter for predicting the ultimate moment of hybrid reinforced
concrete beams. In order to predict the failure mode of hybrid beams, the balanced
effective reinforcement ratio could be used. Their study proposed the flexural
capacity equation which was valid for hybrid GFRP-steel RC members by using
normal effective reinforcement ratios. The ductility of beams was increased by
adding the steel reinforcements. At the service load level, the model of Bischoff
(2007) was adopted to calculate the deflection of concrete beams reinforced with
GFRP and steel bars. In another experimental work, Lau and Pam (2010) concluded
that increasing the degree of over-reinforcement and adding conventional steel bars
could improve the flexural ductility of GFRP RC members. The requirement contents
on the minimum GFRP flexural reinforcement given by ACI 440.1R-06 could be
reduced by about 25% based on the results of this study.

Ge et al. (2015) experimented the flexural behaviors of hybrid concrete beams
reinforced with BFRP (basalt fiber-reinforced plastic) bars and steel bars. This research
used the proposed formula with the measured strengths of bars and concrete to
compute the flexural capacity and made the comparison with the experimental
results. It was shown that the experimental results had a good agreement with the
simplified proposed formula, therefore the suggested equations could be used in

future applications. Decreasing the area ratios of BFRP to steel reinforcement, the
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deflection of hybrid RC beams decreased, whereas the stiffness reduction factor
increased. The average crack spacing of the hybrid FRP-steel RC beams was in the
middle of the average crack spacing of the steel RC beams and FRP RC beams. In
contrast to the above-mentioned studies, Yoo et al. (2016) investigated the flexural
behavior of ultra-high-performance fiber-reinforced concrete (UHPFRC) beams
reinforced with GFRP and steel bars. Their research showed that the ductility of
UHPFRC beams reinforced by GFRP and steel bars were similar or slightly less than
those of single GFRP bar-UHPFRC beams due to the premature rupture of steel
reinforcement.

Up to now, there were several researches on the numerical analysis of the hybrid
FRP-steel RC beams as Kara et al. (2015, 2016), Hawileh (2015), Oller et al. (2015),
Yoo and Banthia (2015), Bencardino et al. (2016), Zhang et al. (2016) and Qin et al.
(2017). These studies used the numerical method for estimating the curvature,
deflection and moment capacity of hybrid FRP-steel RC beams. The ductility
definitions were also suggested in those papers. Most studies showed a good
agreement in the comparison between the numerical and experimental results.
However, the numerical studies based on finite element (FE) modelling were limited
to 2D analysis. Besides, the FE analysis studies employed a little experimental data
from the literature, thus the outcome of simulation did not gain the high reliability.
Furthermore, the ductility evaluation by the existing studies was not good enough for
introducing the hybrid FRP-steel beams to the practical use. Therefore, additional

numerical and analytical investigations are necessary.

2.5 Concluding remarks

The aforementioned reviews indicate that the ETS technique was an effectiveness
strengthening solution for the RC beams due to the significant increase of the load
carrying, the shear capacities and the ductility of RC members. On the other hand,
the performance of the RC beams with the hybrid usage of FRP and steel tension
reinforcement were also analyzed in the previous studies. This Section presents the

summary of the main contents what have been studied.
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The ETS technique for the shear strengthening of RC beams is studied as follows:

Experimental programs of the concrete beams strengthened with ETS bars were
conducted in terms of the load-carrying capacity, strain in reinforcement, cracking
mechanism to find the performances in shear of the ETS strengthening method. In
addition, the comparisons in shear responses of the ETS strengthened RC beams with
EB and NSM methods were also indicated.

The effects of ETS inclination, ETS types and existing steel stirrups on the shear
strengthening efficacy for RC beams were evaluated. Most data indicated that the
efficiency of adopting plain surface CFRP rods were greater than that of employing
sand-coated CFRP rods. Besides, all of results showed that the shear resistance of
the inclined ETS bars were much more effective than that of vertical ETS bars.
Furthermore, the strengthening effectiveness of ETS bars in a retrofitted member
would be decreased with the presence of the existing transverse steel.

The studies on concrete beams reinforced with FRP and steel tension bars are
investigated as follows:

Experimental and numerical investigations of concrete beams reinforced with
hybrid FRP-steel reinforcements considering effects of the amount of reinforcement,
the hook angle in the stirrup installation and the types of FRP tension reinforcement

were shown.
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Chapter 3 EXPERIMENTAL INVESTIGATION OF CONCRETE BEAMS
STRENGTHENED WITH EMBEDDED THROUGH-SECTION (ETS) STEEL
AND FRP BARS

3.1 Introduction

The shear strengthening of reinforced concrete (RC) beams using fiber-reinforced
polymer (FRP) and steel bars have been used to improve the longevity of the
structures with success in the practical projects. Among shear retrofitting methods,
embedded through-section (ETS) technique is an efficient technique that overcomes
all of the drawbacks of the previous techniques such as externally bonding (EB) and
near surface mounting (NSM) methods. Simply, the ETS method employs an adhesive
to bond FRP or steel bars embedded through pre-drilled holes into the concrete
core. Under the special characteristics in the application of the ETS technique, the
corrosion and fire attack to reinforcement would be limited. However, the studies on
the shear strengthening of the RC beams using the ETS method are not much and
are less common.

There were several experimental studies on the strengthening of RC members by
using ETS method such as Dalfre et al. (2011), Chaallal et al. (2011), Mofidi et al.
(2012), Breveglieri et al. (2014), and Breveglieri et al. (2015). As reported in Chapter of
the literature review, the shear resistance of the strengthened RC beams would
significantly increase by using the ETS method and the response of the ETS shear
strengthened members would have converted brittle shear failure into a ductile
flexural failure with the yielding of the longitudinal steel bars. In addition, these
studies provided various findings as follows. By applying the ETS shear strengthening
method, the maximum strain in both stirrups and ETS bars was increased, and the
gained values were around obtained the yield strain or even exceeded the yield
strain. With narrowly spaced existing steel reinforcement, the shear contribution of
ETS strengthening system would be decreased drastically in the strengthened RC

beams. Furthermore, consider concrete beams strengthened by ETS bars, the
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strengthening performance using the inclined ETS bars were more effective than that
employing the vertical ETS bars, and the decrease of the rods spacing would increase
the shear capacity of the strengthened RC beams. On the other hand, according to
Breveglieri et al. (2014), Godat et al. (2013) and Barros et al. (2013), the cause by the
larger available resisting bond length assured in the former configuration was
reasonable to explain for the great performance of the concrete beams strengthened
using the ETS method. Indeed, the bond behavior between the ETS strengthened
rods and concrete is an important point that affects directly the mechanical
performances of concrete beams strengthened with the ETS shear reinforcement.
However, the less bonding performance of the ETS retrofitting system to concrete,
which reduced the shear resisting capacity of the strengthened bars, was also
appeared in the past works, especially the vertical case of strengthening. Moreover,
the active effectiveness of the ETS bars with the cases of low bonding effect is
drastically reduced by the presence of the existing transverse steel, it means that the
shear contribution of the ETS retrofitted rods is nearly insignificant after debonding of
the strengthening tool to concrete due to the shear transfer mechanism between
ETS bars-adhesive-concrete was not maintained. Besides, the available shear design
methods for the beams strengthened by ETS FRP shear bars and reinforced with
internal FRP reinforcement exhibited the drastic underestimations compared with the
test results. Therefore, to trigger the ultimate effectiveness of ETS strengthening
system either the bonding performance between ETS bars and concrete is enhanced
or the bonding efficacy is compensated by the additional spare after debonding
occurred. Additionally, the rational shear design model for predicting the shear
contribution of the ETS retrofitting system in the RC strengthened beams should be
developed from the original methods to obtain the fair estimation compared with
the experimental data.

The objective of this study is to investicate the mechanical performances of
concrete beams strengthened by ETS steel and FRP rods with the mechanical
anchorage at the tension ends. The overall responses, including load-deflection
behavior, crack patterns and strain of reinforcement, of the tested beams are

investigated. The comparison between the shear contributions of ETS retrofitted bars
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and internal reinforcement is carried out. Furthermore, the effects of the types of the
ETS strengthening system and the existing steel stirrup amounts on the shear
performance of the retrofitted beams are analyzed. Additionally, the comparison in
the cracking mechanism and in the shear contribution of the strengthened bars
between the ETS and NSM retrofitted beams is also conducted. On the other hand,
the calculation of the shear resistance of the ETS reinforcement is carried out using
the truss analogy models of ACl and JSCE, and the Ueda et al.’s (Ueda et al. 1996)
model. Besides, to enhance the effectiveness of the existing shear design methods,
the average strain formulation for the anchored ETS FRP rods is developed. The
results obtained from this study are compared and validated with the data of the

past studies to evaluate the shear strengthening efficiency of the ETS method.

3.2 Experimental program

3.2.1 Description of tested specimens

The design configuration of 11 specimens, including three reference beams (R1, R2
and R3), two concrete beams reinforced by internal diagonal-vertical shear
reinforcement (A1 and A2), two concrete beams strengthened by ETS steel bars (A3
and A4) and four concrete beams retrofitted with ETS GFRP bars (B1, B2, B3 and B4),
for experimental program is clearly shown in Fig. 3.1 and Table 3.1. To consider the
shear resistance of concrete and existing stirrups, the three reference beams are
respectively designed for the case of concrete only in the shear span L1 (beam R1),
the case of two steel stirrups with diameter of 6 mm with 300 mm spacing in the
shear span L1 (beam R2) and the case of two steel stirrups with diameter of 9 mm

with 300 mm spacing in the shear span L1 (beam R3).
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Table 3.1 Reference, ETS shear strengthening configuration of the tested beams

Number  Inclination ETS bars  Existing steel ETS
Beam ID of ETS of ETS bars spacing stirrups ratio reinforcement
bars ©) (mm) (%) ratio (%)
R1-0S-0ETS 0 NA NA 0.00 NA
R2-25d6-0ETS 0 NA NA 0.11 NA
R3-2Sd9-0ETS 0 NA NA 0.24 NA
A1-25d6-55d6(90) 5 90 180 0.11 0.18
A2-25d6-55d6(45) 5 a5 180 0.11 0.25
A3-25d6-5ETS Steel d12(90) 5 90 180 0.11 0.35
Ad4-25d6-5ETS Steel d12(45) 5 a5 180 0.11 0.50
B1-2Sd6-5ETS FRP d10(90) 5 90 180 0.11 0.24
B2-2Sd6-5ETS FRP d10(45) 5 45 180 0.11 0.34
B3-25d9-5ETS FRP d10(90) 5 90 180 0.24 0.24
B4-25d9-5ETS FRP d10(45) 5 a5 180 0.24 0.34
Table 3.2 Properties of materials of the tested beams
Concrete Young
Young Yielding/Rupt. Tensile
strength modulus
modulus strength of ETS strength of
Beam ID at tested of
= ETS bars steel/FRP bars Sdhesive adhesive
(GPa) (MPa) (MPa)
(MPa) (GPa)
R1-0S-0ETS 35.4 NA NA NA NA
R2-2Sd6-0ETS 354 NA NA NA NA
R3-2Sd9-0ETS 38.2 NA NA NA NA
A1-25d6-55d6(90) 354 200% 235% NA NA
A2-25d6-55d6(45) 35.4 200 235 NA NA
A3-25d6-5ETS Steel d12(90) 354 200 390% 3.1%* 21.0%*
A4-25d6-5ETS Steel d12(45) 35.4 200 390 3.1 21.0
B1-2Sd6-5ETS FRP d10(90) 38.2 50%* 1076** 3.1 21.0
B2-2Sd6-5ETS FRP d10(45) 38.2 50 1076 3.1 21.0
B3-25d9-5ETS FRP d10(90) 38.2 50 1076 3.1 21.0
B4-25d9-5ETS FRP d10(45) 38.2 50 1076 3.1 21.0

*Values were used according to TIS 24-2548

**Values were provided by manufacturer
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Besides, the two concrete beams with hybrid usage of diagonal-vertical shear
reinforcement (beams Al and A2) are designed to compare with the concrete beams
strengthened in shear by ETS bars only tested in the previous study. Additionally, the
two concrete beams strengthened with vertical and diagonal ETS steel bars (beams
A3 and Ad) are also designed to compare with the concrete beams retrofitted in
shear by ETS GFRP and CFRP bars. Moreover, the four ETS GFRP strengthened beams
are designed to investigate the effects of the several parameters such as the
mechanical anchorage at the tension ends of ETS bars, the presence of steel stirrups,
the percentage of ETS bars and the mechanical properties of shear reinforcement on
the shear strengthening efficacy. On the other hand, the positions of the attached
strain gauges are also marked in Fig. 3.1. Table 3.1 shows the detail of configuration
of the tested beams in this study, and Table 3.2 describes the properties of the
materials of concrete, steel, FRP and adhesive employed in this experiment. The
concrete compressive strengths were determined using the compressive test of
concrete cylinders. While, the properties of steel and FRP reinforcement, and

adhesive were provided by the manufactures.

3.2.2 Procedure of ETS method

Figure 3.2 shows the six steps for shear strengthening of RC members by applying the
ETS method. In the comparison with the other shear strengthening methods, the
procedure indicates that the ETS shear strengthening technique are simply applied,
wasted less time consuming and used less adhesive materials. In addition, the ETS
method does not require the surface preparation of RC members and the high skill
of workers to construct. As shown in the previous works, since the ETS bars are fully
protected by concrete therefore the possible corrosion of the strengthening rods is
prevented. Together with the aforementioned advantages, the bonding performance
may be improved due to the confinement of ETS bars in concrete. In addition, the

test preparation of the experimental program is clearly described in Fig. 3.3.
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Figure 3.1 Configuration of the tested beams (dimensions in mm)

3.2.3  Results and discussion

3.2.3.1 Load-deflection response

Figure 3.4 presents the load-deflection curves at loading points of the tested beams.
The typical behavior during shear test was represented for all specimens and a
similar performance was also observed before concrete starts to crack due to the

same concrete shear strength of the tested members. Then, the crack propagated to
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induce the loss of stiffness of beams which re-distributed the internal stresses and

triggered the contribution of steel stirrups and ETS steel/GFRP bars to shear

resistance.

Step 1: A rebar detector
| verifies the position of the
existing longitudinal bars and
stirrups.

Step 2: The strengthening
bars were marked on the
RC members.

‘ Step 3: Drill holes with
diameter of 1.5 times of
ETS bars diameter.

A

Step 4: Cleaning holes
with compressed air.

Rebar detector

Step 5: Preparing adhesive (prevent air
bubble formation in the adhesive layer)
and insert the mechanical anchorage.
Then, attaching the plastic sheet to
avoid the adhesive flow.

v Step 6: A period of 15 days
was dedicated to cure of the
- adhesive.

Figure 3.2 Procedure of ETS shear strengthening technique
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Figure 3.3 Preparation for recording the test data
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Figsure 3.4 Load-deflection response of the tested beams

Table 3.3 Experimental results of ultimate load (Fma), ultimate displacement (Uimax),

and shear resistance (Vmaxand Vi)

Beam ID Frmax (kN) Utmax (mMm) Vimax (kN) Vi (kN)
R1 171.8 3.05 103.1 NA
R2 223.4 4.23 134.1 NA
R3 345.4 6.79 207.2 NA
Al 253.0 4.87 151.8 48.7
A2 335.1 6.60 201.0 97.9
A3 422.2 9.01 253.3 119.2
Ad 510.5 9.69 306.3 172.3
B1 453.9 7.70 272.3 138.2
B2 481.5 8.67 288.9 154.8
B3 515.2 8.40 309.1 101.9

B4 589.9 9.82 353.9 146.7




30

It is obviously observed in Table 3.3 that the shear capacity of the members in
series Al and A2 results respectively in an enhancement by 48.7 kN and 97.9 kN
compared to that of the reference beam R1. While, the beam series A3, A4, B1 and
B2 show an increase in the shear capacity by 119.2 kN, 172.3 kN, 138.2 kN and 154.8
kN in the comparison with the failure shear load of the reference beam R2,
respectively. Additionally, the beams B3 and B4 give an improvement in shear
resistance of 101.9 kN and 146.7 kN compared to the shear load of the reference
beam R3, respectively. These above observations indicate that the shear carrying
capacity and rigidity of the beams increased as the shear reinforcement amount
increased and as shear reinforcement inclined at 45°. In addition, the deflection at
ultimate load of the beams retrofitted by ETS GFRP rods is slightly lower than that of
the ETS steel retrofitted beams, and Table 3.3 shows the ETS steel strengthened
beams resulted in the displacement at ultimate load with the values of 9.01 mm for
the beam A3 and 9.69 mm for the beam A4, while the ultimate deflections of B1 and
B2 were respectively 7.70 mm and 8.67 mm. It means that the ETS GFRP retrofitted
members provide a feasible displacement ductility compared to the ETS steel

strengthened beams.

3.2.3.2 Cracking and failure mechanisms

The failure cracking of the tested beams is shown in Fig. 3.5, therein the diagonal
shear crack (as expressed in Fig. 3.5) is the critical failure crack in the beams at the
ultimate load. All beams were failed in shear due to the significant and wider shear
cracks in shear cracking zone of the members. Moreover, Fig. 3.5 indicates that the
parallel diagonal cracks started to open up with a relative equal spacing from each
other at an angle with respect to the beam axis varying between 37° and 47° that is
displayed in Table 3.4. Since the concrete compressive strength adopted in the test
specimens is similar, it is obvious from the experiment that the first diagonal crack in
the shear cracking region occurred at a similar magnitude of the applied load for the
all tested specimens, ranging in 130-170 kN approximately. By increasing the
presence of shear reinforcement, more cracks were appeared in the ETS

strengthened beams during the shear test since the shear transfer mechanism was
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significantly triggered in the beams with the large amount of shear reinforcement.
The beams retrofitted with ETS steel/GFRP bars (A3, A4, B1-B4) exhibit the more
failure at flange of beams in the comparison with the ordinary RC beams (R1-R3, Al,
A2) due to the ETS strengthening system was embedded thoroughly the section,
making the shear transfer mechanism at the flange zone drastically activated. To find
out the crack propagation in the tested specimens, Fig. 3.6(a) reveals that the major
shear cracks initiated on the beam’s web, midway between support and load point,
then propagated towards both flange and support. After that, the crack reached the
flange and triggered an immediate failure with a quasi-horizontal crack angle as

shown in Fig. 3.5 and Fig. 3.6(a).

Table 3.4 Main average diagonal shear crack angles of the tested beams

Beam ID Diagonal crack angle (degree)
R1 40.0
R2 39.0
R3 39.0
Al 37.0
A2 45.0
A3 44.0
Ad 45.0
B1 41.0
B2 45.0
B3 43.0

B4 47.0
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A3-25d6-5ETS Steel d12(90)

B1-25d6-5ETS FRP d10(90)

Figure 3.5 Crack failure of the tested reference and ETS strengthened beams

Figure 3.6(b) demonstrates the general behavior of a representative beam A3
during shear test. Initially, the flexural crack occurred in the flexural region under the
applied load point of the tested beam at the force of 55 kN. The first shear crack on
the member occurred at 130 kN approximately. Afterwards, the yielding of steel
stirrup initially started at around 244 kN and this finding is also reported in the strain
of shear reinforcement as Fig. 3.7. The main diagonal crack which intended to reach
the loading and support points was extended at approximately 337 kN of applied
load, and the ETS bars have activated in this stage. At the 400 kN of loading, the
main diagonal crack was opening and propagated to the flange of the beam together

with the yielding of existing stirrups, and the ETS reinforcement, moreover, have
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significantly triggered. Continuously, the crack at flange was opened at around 414
kN, and the beam failed in shear at peak load of 422.2 kN. In addition, the rupture of
the ETS bars, the debonding of the ETS bars to concrete and the leaving of the ETS
bars to the mechanical anchorage were not observed in the tested specimens. By
avoiding the failure mode of the debonding of strengthening system to concrete, the
mentioned finding is a prominent point, bringing the improvement in the structural
performance of concrete beams strengthened by ETS anchored bars. Indeed, the
shear strengthening performance of the ETS retrofitted beams is closely discussed in

Section 3.3.
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Figure 3.6 (a) Crack patterns of a representative beam A3 and (b) general behavior of

an ETS representative beam A3
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3.2.3.3 Strain in shear reinforcement

From Fig. 3.7, the recorded strain values depended on the distance between the
strain gauges and shear failure cracks, and on available bond length of shear
reinforcement, therefore, high strain values were obtained at the diagonal cracking
zones. It is also indicated from Fig. 3.7 that the transverse reinforcement did not
contribute drastically to shear capacity during the initial stage of loading, but it was
started to contribute after formation of diagonal cracks. Generally, as shown in Fig.
3.7, the strain in diagonal shear reinforcement is lower than that in vertical shear
reinforcement due to the inclined reinforcement arrangement provided the bigger
percentage of reinforcement, which made the strain small. Since the amount of ETS
cases (A3, A4) is higher than that of internal reinforcement (A1, A2), the strain in the

ordinary embedded steel is greater than that in the ETS bars.
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Figure 3.7 Strain in shear reinforcement
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Figure 3.7 (continued)

Moreover, the strain in ETS GFRP rods is higher than that of the ETS steel
reinforcement due to the low Young’s modulus of GFRP material. In addition, for
beam A3, Fig. 3.7(c) shows that the load level which triggered the shear contribution
of vertical ETS reinforcement is higher than the load level that activated the existing
transverse steel due to the big distance between the ¢lued strain gauges in the ETS
reinforcement and the failure crack, and due to the bonding performance that might
exhibit an ineffective shear transfer mechanism of concrete-adhesive-ETS bars.

In the other words, the vertical ETS steel rods contributed to shear resistance later
than the existing stirrups, and this statement was also reported in the previous
studies by Mofidi el al. (2012) and Breveglieri et al. (2015). Whereas, the diagonal ETS
steel reinforcement and ETS GFRP rods and existing steel stirrups in the beams A4
and B1-B4, respectively, were simultaneously triggered in shear resistance at the
same load level since the bonding performance and the effective anchorage (using

mechanical anchorage at the tension ends), which enhanced the shear transfer
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mechanism of concrete-adhesive-ETS bars, were provided. This finding is different to
the observation in the previous works by Mofidi el al. (2012) and Breveglieri et al.
(2015), which activated the ETS strengthening system by the shear transfer bonding
mechanism only. Besides, it is apparent from Figs. 3.7(e)-(h) that the strain of ETS
GFRP bars increased with the constant slope and reached a maximum value at which
the beam ultimately failed after the concrete struts were formed. Moreover, the
strain in ETS GFRP rods is higher than that of the ETS steel reinforcement due to the

low Young’s modulus of GFRP material.

3.3 Analysis of shear contribution carried by ETS strengthened bars

To obtain the deep understanding on the mechanical performances of concrete
beams strengthened in shear by ETS bars, the experimental results of the previous
studies are adopted to make the comparison with the results of the current study.
Indeed, Table 3.5 shows the detail of configuration of the tested beams in a previous
study, Breveglieri et al. (2015), and Table 3.6 describes the properties of the materials
employed in the experimental conduction by Breveglieri et al. (2015). The concrete
dimension of the specimens tested in the past work is the same as the concrete
dimension of the beams experimented in this study. In addition, the test results in
terms of shear contribution of the strengthening system obtained by the present
study and the previous work are compared with those computed by the truss

analogy theory.

3.3.1 Introduction to existing shear resisting models

In the previous studies, the authors indicated that the truss analogy theory, which is
adopted in the ACI and JSCE codes, could predict well the contribution in shear of
the ETS steel strengthening system in the RC beams. This Section presents the
formulations to derive the shear contribution of the FRP strengthening system using
in the ACl and JSCE standards as performed by Egs. (3.1) and (3.2), respectively.

Currently, as reported in the past works, the equation to predict the average stress in
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FRP shear bars in the standards of ACI and JSCE is underestimated the actual values.
Therefore, the purpose of this study is to improve the effective strength equation of
FRP shear reinforcement in the currents codes reaching the good estimation

compared to the experimental data.

V= Af, d(cot9+cota)sina (3.1)

V.= Af, 7d (cot0+cota)sina (3.2)
8s

where,

A, (mm?) is the cross sectional area of the FRP shear reinforcement,
fi (MPa) is the effective strength of the FRP shear reinforcement, however in the case

of ETS steel bars f; (MPa) is yielding strength of steel reinforcement,

For ACI code: ¢ min£OIOO4E“ NS :(O.g% +0'3OJ ff’uJ

b

-0.1
For JSCE code: ¢ :E“”\/(Oh:-sj f! PSES %104
. P

Ew (GPa) and pw (%) are the Young’s modulus and the ratio of the FRP shear
reinforcement, respectively,

fru (MPa) is the ultimate strength of the FRP bar,

fiena (MPa) is the tensile strength of FRP bent bar,

r, (mm) is the bending radius of the FRP bar,

dp (Mmm) is the diameter of the FRP bar in the bent portion,

£« (MPa) is the concrete compressive strength,

Es (GPa) and ps (%) are the Young’s modulus and the ratio of the tension
reinforcement, respectively,

d (mm) is the effective depth of the beam section, however, d is the height (h) of the
beam section for the case of ETS reinforcement,

s (mm) is reinforcement spacing,

0 (©) and o (°) are the crack angle and the inclination of shear reinforcement,

respectively.
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Table 3.5 Reinforcement configuration and ETS shear contribution (Vy) of the tested

beams in previous study

Existing
Number Inclinatio ETS bars ETS
steel Vi
Study  Beam ID of ETS nof ETS  spacing reinforcement
0 stirrups (kN)
bars bars (%) (mm) ratio (%)
ratio (%)
Breve- 25-C180-90 (C1) 5 90 180 0.11 0.16 771
glieri 25-C180-45(C2) 5 45 180 0.11 0.22 175.6
et al. 0S-S300-90 (S1) 3 90 300 0.00 0.15 37.0
(2015)  0S-S300-45 (S2) 3 45 300 0.00 0.21 115.5

Table 3.6 Properties of materials of the beams in the previous study

Concrete Young Yielding/Rupture Young
Tensile
compressive modulus of strength of ETS modulus
strength of
Study Beam ID strength at ETS steel/FRP of
adhesive
tested day reinforcement reinforcement adhesive (MPa)
MPa
(MPa) (GPa) (MPa) (GPa)
25-C180-
29.7 160 1333 3.1 20.1
90 (C1)
25-C180-
29.7 160 1333 3.1 20.1
Breveglieri 45 (C2)
et al. 0S-5S300-
29.7 200 549 3.1 20.1
(2015) 90 (S1)
0S-5300-
29.7 200 549 3.1 20.1
45 (S2)

3.3.2 Comparison between internal reinforced beams and ETS beams

To evaluate the effectiveness of ETS shear strengthening method, Fig. 3.8 shows the
comparison between the results attained from the current study and the data
reported by Breveglieri et al. (2015) on the shear contribution of the hybrid internal
reinforcement and the ETS bars. The selected beams which are Al in this study
compared to S1 in Breveglieri et al.’s study and A2 in this study compared to S2 in

Breveglieri et al.’s were with the same shear strength and the same inclination of
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transverse reinforcement through the initial design using truss analogy theory. It is
indicated from Fig. 3.8 that the shear resistance of diagonal shear reinforcement is
drastically higher than that of vertical shear reinforcement. This finding also agrees
with the results computed by the truss analogy theory. Besides, it is also obvious
from Fig. 3.8 that the shear resistance of ETS vertical bars is less than that of initially
embedded shear reinforcement, 37 kN of shear resistance of ETS vertical system
compared to 48.7 kN of shear contribution of vertical reinforcement. However, this
fact is opposite to the results determined by using the truss analogy theory in Fig.
3.8, the ETS vertical bars exhibit the higher shear contribution compared to that of

the vertical shear reinforcement.

Exp.
mACI

ETS strengthened
bars

Internal
80 | transverse steel

Shear contribution of ETS/hybrid

Al S1 52

Figure 3.8 Comparison in shear contribution of internal stirrups and ETS

reinforcement

To explain for the above observations, the close shape of hybrid vertical shear
reinforcement provided an encouraging anchorage that significantly improved the
contribution in shear of the transverse steel (this is suitable with the assumption in
the truss analogy method) rather than the ETS system which the shear resistance was
decided by bonding performance between ETS bars and concrete. However, the
contribution of ETS diagonal reinforcement in shear (115.5 kN) is slightly greater than
the contribution of hybrid diagonal reinforcement in shear (98.0 kN) due to the

longer bond length of the ETS bars compared with the non-close shape of hybrid
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shear diagonal reinforcement that offered a short bond length and a poor anchorage.
The above fact triggers significantly the activation of the ETS bars reaching the
yielding strength, therefore the mentioned finding agrees completely with the results
computed by the ACI code. From the aforementioned discussions, it can be pointed
out that the shear capacity of the beams reinforced in shear with hybrid diagonal-
vertical reinforcement or strengthened in shear with the ETS bars is improved if the
shear reinforcement is ultimately triggered by providing the long bond length or the
encouraging anchorage. Furthermore, comparing to the members with hybrid shear
reinforcement, the beam with the ETS diagonal strengthened system demonstrated
the highest shear strengthening efficacy rather than the beam with the vertical ETS
retrofitted bars.

On the other hand, the equation of ACI code is also employed to analyze the
suitability of the truss analogy model for the shear resistance of hybrid system and
ETS strengthening system. Fact, Fig. 3.8 indicates that truss analogy theory could
predict well for the beams with hybrid usage of transverse reinforcement with the
ratios of the experimental shear contribution (Vige) to the analytical shear
contribution (Vi aci) are 0.89 and 1.19 for the vertical (beam A1) and diagonal (beam
A2) cases, respectively. Since the hybrid beams with internal shear reinforcement
offered a good anchorage and bonding of the reinforcement to concrete, the hybrid
transverse steel was triggered to reach the yielding strength, which is suitable to the
assumption of the truss analogy theory. However, with the ratios of Vi g/Vi aci for the
vertical (beam 0S-5300-90 (also called S1)) and diagonal (0S-5300-45 (also re-named
S2)) strengthened ETS beams are 0.58 and 1.22, respectively, the truss analogy
model was not good to predict the shear contribution of the ETS strengthening
system. Especially, the beams with vertical ETS shear strengthening system, the shear
resistance of the ETS bars in the tested data is significantly lower than that of the
truss analogy computation. This is caused by the bonding performance between ETS
bars-adhesive-concrete that made the stress in ETS steel bars could not reach the
yielding strength before the member failed by debonding. In the contrast to the
vertical ETS shear strengthening system, the beams strengthened by inclined ETS

bars offered a conservative comparison between the tested data and analytical
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results due to the bonding performance of ETS bars to concrete, which is decided by
the longer bond length, was improved to increase the stress in ETS bars. In
conclusion, the bonding characteristic of the ETS bars to concrete plays an important
role not only in the experimental shear contribution of the ETS bars but also in the
shear resistance prediction of the ETS strengthening system using the truss analogy

method.

3.3.3 Effect of types of ETS strengthening system

To evaluate the effect of types of ETS bars on the shear contribution of
strengthening system, Fig. 3.9 shows the comparison between the results attained
from the current study and the data reported by Breveglieri et al. (2015) on the shear
contribution of the ETS bars. The selected beams were initially designed with the
same shear strength as the same inclination of transverse reinforcement. It is
indicated from Fig. 3.9 that the shear resistance of diagonal ETS shear reinforcement
was drastically higher than that of vertical ETS shear reinforcement. This finding
completely agrees with the results computed using the ACI code. Also displayed in
Fig. 3.9, the experimental shear resistance of the ETS CFRP vertical bars is less than
that of the ETS GFRP vertical one, 77.1 kN of shear resistance of ETS CFRP system
compared to 138.2 kN of shear contribution of ETS GFRP vertical reinforcement even
though the rigidity ratio (Ewpmw + Eswosw, GPa) of ETS CFRP is higher than that of ETS
GFRP around 1.4 times. While, the values derived by the ACI result in the opposite
way, the shear contribution of the vertical ETS CFRP is slightly higher than that of the
vertical ETS GFRP since the effective strength of ETS CFRP bars computed by the
truss analogy theory was higher than that of ETS GFRP calculated by the truss
analogy method. To explain for the above-mentioned observations, the beam with
ETS GFRP vertical system (with anchorage) provides an encouraging anchorage and a
good confinement action to the ETS anchorage tension ends of concrete cover that
significantly improved the contribution in shear of the strengthened bars rather than
the ETS CFRP vertical system (without anchorage) in which the shear resistance was

decided by bonding performance between ETS bars and concrete.
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On the other hand, since the shear contribution of ETS strengthened rods is
initially decided by the bonding resistance of ETS bars to concrete before the
anchorage attended; therefore, when the bonding performance is improved through
providing the longer bond length by the diagonal arrangement of ETS bars, the
contribution of ETS CFRP diagonal reinforcement in shear (175.6 kN) is increased as
the rigidity ratio increases, and it is greater than the shear resistance of ETS GFRP bars
inclined at 45° (154.8 kN). This fact agrees well with the results observed by the truss
analogy theory since the actual behavior is suitable for the assumption of the
theoretical approach.

Moreover, to assess the effectiveness of the ETS steel and GFRP bars, although
having the low stiffness and small amounts, the contributions in shear of the ETS
GFRP strengthening systems is similar-levelly obtained to those of the ETS steel
system (as presented in Fig. 3.9) even the ETS GFRP vertical system’s shear
contribution is higher compared to that of the ETS steel vertical bars due to the
greater strength carried by GFRP bars. However, this finding is slightly different from
the results exhibited by the ACI calculation, the computed shear contribution of the
ETS steel cases is much higher than that of the ETS GFRP cases. These observations
illustrate the efficacy of the anchorage, which helped to limit the detrimental
influence after the bonding was activated, and imply that the truss analogy theory
might be not g¢ood to predict the shear resistance of the ETS strengthening tool
attached the mechanical anchorage. Indeed, generally, the ETS shear contribution
values determined by the ACI are significantly underestimated in the comparison
with those resulted through the test except the beams retrofitted by the ETS steel
bars (A3, Ad). The reason of the underestimation is mainly due to the equations of
effective strain in the shear resisting models applying the truss analogy model

underestimated the actual values (as shown in Table 3.8).
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Figure 3.10 (continued)
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(photos is from Breveglieri et al. (2015))

Figure 3.11 Shear failure tends to convert into flexural failure of ETS strengthened

beams (B1 and B2) with mechanical anchorage attachment

Considering the crack failures in Fig. 3.11, the beams with the ETS GFRP system
attached mechanical anchorage displayed more cracks in the comparison with the

members strengthened with the ETS CFRP bars due to the anchorage triggered
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significantly the shear transfer mechanism of ETS bars-adhesive-concrete. Also in Fig.
3.11, the shear failure modes of the beams B1 and B2, which is retrofitted with ETS
GFRP bars installed mechanical anchorage, intended to convert into the flexural
failures by crushing concrete at the load points. Therefore, the specimens B1 and B2
perform an improvement in the ductility aspect. In the contrast, the members
strengthened by ETS CFRP bars failed in shear with the almost failure cracks at the
web region of the beams (as shown in Fig. 3.11). In addition, Figs. 3.10(a), and (b)
show the strains in ETS reinforcement, which are compared at the same positions of
the recorded strain gauges, of the tested beams. Since the different concrete
compressive strength of the investigated beams, the load triggered the activation of
the ETS GFRP and steel bars is higher than the load triggered the resistance of the
ETS CFRP rods. It is obvious from Figs. 3.10(a) and (b) that the strains in ETS GFRP
strengthened bars are greater than those of the ETS CFRP and steel strengthened

bars due to the low stiffness of GFRP reinforcement (E, ,. ) and the use of

fwDfw
mechanical anchorage, resulting in the significant strain development. This finding is
also suitable for the truss analogy prediction computed by Eq. (3.4) as shown in
Table 3.8 and Fig. 3.17, the strain in shear reinforcement was high as the stiffness of
ETS bars was small. On the other hand, the strains in steel stirrups of the two beams
Ad and B2 with different cases (steel and GFRP) of ETS reinforcement are shown in
Fig. 3.10(c). Clearly, the strains in the same position of the stirrups of the specimens
Ad and B2 are similar at all points before yielding, therefore the different ETS

strengthening system types do not affect the strain response of the existing

transverse steel.

3.3.4 Effect of existing steel stirrups on ETS FRP efficiency

To assess the efficiency of shear ETS FRP strengthening system in the members with
combined usage of shear reinforcement, two groups of beams with different existing
steel stirup amounts, B1-B2 (stirrups of 2Sd6) and B3-B4 (stirrups of 25d9), are
considered. Figure 3.12(a) reveals that the presence of stirrups reduced the resistance of

ETS strengthened bars in shear, indeed the shear contributions of the ETS retrofitting
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systems decrease 36.3 kN (from 138.2 kN down to 101.9 kN for vertical cases) and 8.1 kN
(from 154.8 kN down to 146.7 kN for diagonal cases) as increase the amount of existing
transverse steel from 2Sd6 (p., = 0.10%) up to 25d9 (p., = 0.24%). Together with the
mentioned findings, the results computed by the ACI also indicate that the shear
resistance of ETS retrofitting system decreased as the content of existing transverse steel
increased. The fact above can be caused by increasing steel stirrups amount, the shear
resisting carried by the transverse steel high; therefore, under the same failure mode of
concrete fracture in shear zone, the shear resistance of the strengthened bars in the
beams reinforced by higher stirrups percentage is less than that of the retrofitted rods in
the members reinforced by lower stirrups content. These aforementioned findings in the
reduction of the shear resistance of the strengthening rods by increasing the ratio of
available steel stirrups have also been shown in the previous studies by Mofidi el al.
(2012) and Breveglieri et al. (2015). Apparently, the decrease in the shear contribution
of the vertical ETS retrofitted rods is greater than that of the diagonal ETS strengthened
bars because in the vertical cases of ETS retrofitted rods, the steel stirrup ratio is similar
to the ETS ratio (psw= 0.24%) that makes the activation of the ETS strengthening system
is not drastic. Thus, with low percentage transverse steel compared to the percentage of
the ETS reinforcement, the detrimental effect induced by presence of existing stirrups

does not occur in the specimens strengthened by ETS bars with mechanical anchorage

insert.
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Figure 3.12 Effect of existing steel stirrup ratios on (a) shear contribution of ETS

strengthening system, (b) strain in stirrups and (c) strain in ETS reinforcement
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Figure 3.12 (continued)

Figure 3.12(b) shows the strains in the transverse reinforcement at the same location
of the two beams B2 and B4. Clearly, the stirrups in the two investigated beams were
yielded before the beams failed and the strains in the transverse steel of 9 mm
diameter is lower than that in the stirrup of 6 mm diameter at all points. Thus, the shear
resistance of the ETS bars is reasonably distributed with the steel stirrups of bigger bar
size and this makes obviously the contribution of the ETS reinforcement in shear small.
Furthermore, Fig. 3.12(c) demonstrates the strain response in the ETS retrofitted bars of
the four beams B1, B2, B3 and B4 at the same location of the attached strain gauges.

The beams with lower percentage of steel stirrups (B1 and B2) give higher strains of the
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ETS reinforcement in the comparison with the specimens with higher transverse steel
ratio (B3 and B4) at whole curves. This finding is completely confirmed with the
prediction by the truss analogy theory (as shown in Table 3.8), the increase of the
existing transverse steel (from 25d6 to 25d9) reduced the strain in ETS retrofitting system,

leading the reduction of the shear contribution of ETS bars.

3.3.5 Comparison to near surface mounted (NSM) shear strengthening method

As clearly indicated in the previous literature, the cracking behavior of the strengthened
beams and the bond performance of the strengthening system to concrete are most
important factors in the shear strengthening effectiveness employing the retrofitting
techniques. Therefore, this Section focuses on the comparison of cracking behavior of
the strengthened specimens using two methods ETS and NSM, and also concentrates on
the comparison in shear contribution of the ETS strengthening system to that of the NSM

retrofitted bars.

No detachment and
less cracks at
concrete core

Figure 3.13 Failure cracking pattern at side and at bottom of the beams strengthened

using (@) NSM method and (b) ETS method
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To compare to the crack pattern of beam A3-2Sd6-5ETS d12(90) at ultimate load, the
cracking failure of a beam strengthened by NSM bars in the study of Chaalla et al. (2011)
are collected. Together with a statement in the research by Chaalla et al. (2011), the
effect of transverse steel in the reduction of strengthening effectiveness is less
pronounced in the ETS technique compared with the EB and NSM techniques, Fig.
3.13(b) indicates that by using ETS method for shear strengthening the cracking pattern
was more spread on the surface of the beam. Whereas, Fig. 3.13(a) implies the cracking
pattern of the beam retrofitted by NSM bars was propagated from the surface of the
beam to the beams’ confined core and the detachment of concrete cover was also
occurred. It is obviously understood that the bond length and hence the bond force
reduces when the cracks open and pass the strengthening system, therefore, the
debonding in the NSM bars happened, whereas the debonding did not occur in the
beams with the ETS technique, leading the less spread cracking pattern. This finding
demonstrates that the shear cracking failure of the concrete beams strengthened using
ETS method is seemly safer than that of the specimens retrofitted with the NSM
technique.

On the other hand, as shown in Table 3.7, the experimental data of the ETS/NSM
shear strengthening method are collected from the studies by Breveglieri et al. (2015),
and Dias and Barros (2008). The concrete geometry dimension of the investigated
specimens applying the ETS and NSM methods are the same, therefore the shear
contribution of the strengthening system could be directly compared. It is clearly
described from Fig. 3.14(a) and Table 3.7 that the shear resistance of the diagonal
strengthened bars is higher than that of the vertical retrofitted rods since the longer
bond length of diagonal cases provided the greater shear resisting transfer. This fact also
means that the shear contribution of the strengthening tool increased as the amount of

retrofitted rods increased.
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Figure 3.14 Comparison to the NSM shear strengthening method in shear
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As presented in Fig. 3.14(a) and Table 3.7, at the same CFRP ratio, the concrete beams
strengthened using the ETS method provide the higher shear contribution of the
retrofitting system compared to the members strengthened in shear by NSM technique.
Additionally, consider trend lines of the plots in Fig. 3.14(a), the shear contribution of ETS

strengthening tool always offers higher values than that of the retrofitted bars employing
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the NSM technique. One of reasons of this is the good anchorage leading the
encouraging confinement of the concrete core to ETS bars that make the shear transfer
mechanism of concrete-adhesive-ETS bars significantly enhanced, triggering the
contribution of ETS bars in shear drastically. Moreover, the short bond length of the NSM
rods, which could not pass the beam flange, and the NSM bars placed at the outer
concrete core may reduce the shear transfer mechanism of concrete-adhesive-NSM rods

and induces the shear resistance of the NSM strengthening system small accordingly.

Table 3.7 Reinforcement configuration and ETS/NSM shear contribution (V) of the

tested beams in previous studies

Inclination Existing
ETS/NSM
of steel
Study Beam ID reinforcement Vi (kN)
ETS/NSM stirrups ratio
- ratio (%)
bars (*) (%)
Breveslieri 25-C180-90 (C1) 90 0.11 0.16 77.1
et al. (2015) 25-C180-45 (C2) 45 0.11 0.22 175.6
(ETS 45-C180-90 (C3) 90 0.17 0.16 13.9
method) 45-C180-45 (C4) a5 0.17 0.22 157.8
2S-4LV (C5) 90 0.11 0.08 29.5
2S-7LV (C6) 90 0.11 0.13 42.1
Dias and 2S-10LV (CT7) 90 0.11 0.18 55.4
Barros 2S-41145 (C8) 45 0.11 0.08 52.7
(2008) (NSM 2S-7L145 (C9) a5 0.11 0.13 69.8
method) 25-10L145 (C10) a5 0.11 0.19 84.6
4s-7LV (C11) 90 0.17 0.13 32.9
4s-71145 (C12) a5 0.17 0.13 62.5

Figure 3.14(b) and Table 3.7 present the shear contribution of the strengthened bars
decreased as the increase of the existing stirrup percentage. In general, since the good
confinement into concrete core and the long bond length of the ETS strengthened rods
are offered, the reduction in the shear contribution of the ETS retrofitting tool by

increasing the transverse steel content is less than that of the NSM strengthening system
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by enhancing the steel stirrups amount. Also from Fig. 3.14(b) the members
strengthened with the ETS GFRP bars and with the mechanical anchorage attachment
offer the lowest reduction (as shown in Fig. 3.14(b), the shear contribution reduction of
the ETS diagonal bars is 5.2%) in shear contribution by enhancing the transverse
reinforcement amount. Therefore, for the concrete beams retrofitted by ETS bars, the
mechanical anchorage is an effective device to reduce the detrimental effect on the
shear resistance of the ETS strengthened bars in the retrofitted members with high
percentage of internal steel stirrups, causing by the anchorage mechanism provides fully

effective strength in ETS bars.

3.3.6 Efficiency of ETS strengthening system in case of combined usage through

shear capacity analysis

3.3.6.1 Experimental shear resistance compared to current shear resisting methods

Obviously, the previous sections indicated that the original truss analogy models
could not be employed to predict the shear resistance of the ETS FRP strengthening
system (both cases with and without anchorages) in the RC beams. Therefore, to
provide the comprehensive comparison between the existing shear resisting models,
Fig. 3.15 demonstrates the shear resisting method proposed by Ueda et al. (1996).
The shear contribution of the FRP shear reinforcement is calculated as follows.
Notably, the notations are consistent in the whole Chapter. The influence of hybrid
ETS FRP and transverse steel on the shear resistance of ETS FRP bars is considered
by the total stiffness of shear reinforcement, Ewpmw + Eswpsw. FOr the beams with the
combined usage of ETS FRP bars and steel stirrups, the Young’s modulus of the ETS
FRP bars is not changed thorough the computation of its shear contribution. While,
for the specimens with ETS steel bars and steel stirrups, the elastic modulus of the
ETS steel bars is changed in the calculation of the shear contribution of ETS steel

strengthened rods.

Vf :Vweb +Vstr = Iofwoﬁbl‘web + Z;bl‘str (33)
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where,
— (f-)1/3 1.28

Ty = —
. 1++a/d

o £ T f, 2999 0,05 [pmEry
(Tweb = Eweb gweb aﬂd gweb = 0'0053%6 PsEs \/_
a +

a/d is the shear span ratio of the beam and the detail of the parameters is clearly shown

in Fig. 3.15 (a).
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Figure 3.16 Comparison between analytical results using existing shear models and

tested data

To verify the existing shear models, the experimental shear contributions of the
strengthening systems in the ETS tested beams of this study A3, A4, B1, B2, B3, B4, and
the tested specimens in the previous study by Breveglieri et al. (2015) 25-C180-90, 25-
C180-45 are adopted to compare with the results obtained from the computation by

applying the equations (3.1), (3.2) and (3.3). Furthermore, from the experimental data,
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these investigated members were failed by either the ETS steel yielding or the shear
cracking fracture of concrete at the flange at ultimate load, and no debonding failure
was observed in those tested beams. It is obvious from Fig. 3.16 that the shear
contribution of the ETS retrofitting system in the strengthened beams computed by the
existing shear models underestimates with the shear resistance of the ETS bars in the
investigated specimens collected from the experiment, especially the beams with ETS
GFRP cases. In addition, the calculated results of the shear contribution of the ETS bars
using Ueda et al.’s model offer a better prediction than those employing the equations
of ACI and JSCE guidelines. The explanations of the underestimation in the shear
resistance prediction employing the available models are as follows. Since the elastic
modulus of the CFRP and steel bars are high, 160 GPa for CFRP and 200 GPa for steel,
therefore the effective strengths determined by the models of ACI and JSCE provided
the greater values than those by using the GFRP bars (low Young’s modulus, 50 GPa) for
strengthening the RC beams.

Table 3.8 Average strain from experimentation, before modification, computation,

and after modification

&_beforemodi. ere (EQ. e_aftermodi.
& exp. Yielding/ultimate
Beam ID (ACI/JSCE/Ueda) (3.4) (Eq. (3.5))
(micron) strain (micron)
(micron) (micron) (micron)
A3 1924 2000/2000/2492 2290 2000 2000
A4 1786 2000/2000/2005 2008 2000 2000
Bl 12985  4000/3132/4566 13767 12689 21520
B2 10277  4000/2632/4268 10391 11780 21520
B3 10652  4000/3132/3281 10889 8763 21520
B4 9973 4000/2632/3121 10253 8274 21520
25-C180-90 (C1) 7124 4000/1536/3423 7472 9195 12000

25-C180-45 (C2) 5473 4000/1387/3078 5874 8143 12000
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On the other hand, the members retrofitted by the ETS GFRP rods, which were
inserted the mechanical anchorage at the tension ends, performed an improvement in
the confinement action of the concrete cover to the tension ends of ETS with the
anchorage attachment. Of course, this makes the activation of the ETS strengthening
system was significantly trigeered by the encouraging confinements of the concrete core
to the ETS bars and the concrete cover to the anchorage ends of the ETS bars.
Therefore, the actual effective strains (also called by actual average strains) in the ETS
retrofitted bars are significantly higher than the theoretical average strains calculated by
the existing shear models (see columns 2 and 3 of Table 3.8), and it is implied that the
predicted values were drastically underestimated the tested results. Generally, for the
shear resistance prediction of the ETS reinforcement in the RC strengthened beams, all
models give the good estimations with the experimental data in the cases retrofitted by
the ETS steel bars, especially Ueda et al.’s method. However, these models could not
predict well for the shear contribution of the ETS FRP strengthened rods, especially the
members retrofitted by the ETS GFRP bars with the anchorage insert. In conclusion, the
Ueda’s model could be employed to predict the shear resistance of the strengthening
system in a concrete beam retrofitted with the ETS steel bars and failed with no

debonding.

3.3.6.2 Modified average strain for shear resistance model

As indicated in Section 3.3.6.1, the existing shear models displayed a disadvantage in the
shear contribution prediction of the strengthening system in the concrete beams
retrofitted by the ETS FRP bars, especially the low elastic moduli of FRP and the
mechanical anchorage installation, due to the analytical average strains were not
predicted well the real values. This Section makes effort to modify the predicted
average strains in the ETS FRP strengthened bars reaching the actual effective strains
from the tested results. Indeed, the effective strains in the ETS FRP retrofitting system are
experimentally calculated by Eqg. (3.4) and are shown in Table 3.8. It should be noted

that the notations are consistent in the entire Chapter.
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Figure 3.18 Comparison between analytical results using modified average strain and

tested data

As seen from columns 2, 4 of Table 3.8 and Fig. 3.17, the average strains computed
by Eqg. (3.4) are nearly located the real effective strains defined by the recorded strain
gauges. Therefore, Eq. (3.4) could be adopted to predict the effective strains of the ETS

strengthened bars from the experimental shear contribution, and Eq. (3.4) is obviously
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useful when the strain gauges were not glued in the shear reinforcement. To modify the

average strains in the strengthened bars, the values computed from Eq. (3.4) and the

—1000

formulation _ Ve erE Ein Ueda’s model are employed to build the regression

Jald +1

relationship. Then, the effective strain is described as a function of

Ji o ne. "SE by Eq. (3.5). Figure 3.17 and Table 3.8 (column 5) present the
vJald +1

comparison between the average strains calculated by Eqg. (3.5) and the effective
strains collected from the test data. Fact, the comparison indicates that Eq. (3.5)
could be used to define the average strains in the strengthening system of a beam
retrofitted by the ETS FRP bars. Additionally, as observed from Fig. 3.17, the
experimental data and the analytical results (Egs. (3.4), (3.5)) reveal that the average
strain in shear reinforcement decreased as the stiffness of shear reinforcement
increased. Therefore, the shear contribution of the ETS reinforcement of the
investigated beams in Section 3.3.6.1 is recalculated using the existing shear models

with the update effective strain equation (Eq. (3.5)).

1000 4 oe [
¢, =-0.00127 +0.0162 A grE (3.5)

Jald +1

Table 3.9 Shear contribution of ETS reinforcement from experimental and analytical

results using modified average strain

Beam ID Viexp. (KN) Vi gplVi aci Vit exp/Vt 3sce \m/:;eEIXp'Nf‘Ueda s

A3 119.2 Ly 1.31 0.86

Ad 172.3 1.00 1.15 1.08

B1 138.2 1.08 1.24 1.51

B2 154.8 0.88 1.01 1.37

B3 101.9 1.24 1.42 1.34

B4 146.7 1.24 1.42 1.58
25-C180-90 (C1) 77.1 0.81 0.93 0.80
25-C180-45 (C2) 175.6 0.72 0.82 1.11

Mean (Cov) 1.02 (0.194) 1.16 (0.194) 1.21(0.238)
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Figure 3.18 and Table 3.9 show the comparison between the experimental data
and the analytical results using the ACI, JSCE and Ueda et al.’s models with the
update average strains determined by Eqg. (3.5). The comparison performs a good
agreement was obtained between experimental and analytical data. In addition, with
the mean value of the ratio of the test values to the theoretical values is 1.02 and
the coefficient of variation (COV) is 19.4% of the mean, the shear contribution of the
ETS retrofitted bars calculated by the ACI model with the new effective strain
formulation gives better results in the comparison with the shear resistance of the
ETS strengthened rods computed by the JSCE and Ueda et al.’s models with the
new average strain equation also. However, considering the shear contribution of the
ETS strengthening system by applying the JSCE model with the developed effective
strain model, the mean value of the ratio between experimental shear contribution
to computed one is 1.16 and the COV is 19.4% of the mean, and most of specimens
offer the lower calculated results than the data attained from the test; therefore, the
developed JSCE model could be adopted for assuring a proper design safety format
in the practical use.

Moreover, as presented in Table 3.9, the shear contributions of ETS FRP system
computed by the developed model imply that the increase of the steel stirrups
amount resulted in the reduction of the shear resistance of ETS FRP bars (B1-B2
compared to B3-B4). Additionally, the ETS CFRP vertical rods contributed to the shear
capacity was less than the ETS GFRP vertical bars, while the ETS CFRP diagonal
system exhibited the higher shear resistance compared to the ETS GFRP bars inclined
at 45° (B1-B2 compared to C1-C2). These findings are completely fitted with the
observations from the experiment since the modified effective strain equation (Eq.
(3.5)) reflected accurately the real response of the ETS retrofitted bars. Indeed, as
shown in Table 3.8, the increase of stiffness of shear reinforcement resulted in the
decrease of the average strain of the ETS FRP retrofitted bars, and this behavior was
also indicated in the study by Ueda et al. (1996). Although the total shear strength of
the concrete beams with combined usage of steel and FRP bars increases as the
reinforcement amount increases, it can be drawn that the shear capacity carried by

ETS FRP reinforcement in the hybrid ETS FRP-steel beams is reduced as the contents
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of the existing transverse steel large and the axial stiffness of shear reinforcement

high.

3.4 Conclusions

An experimental program to study on the mechanical behaviors of concrete beams
strengthened by ETS steel/FRP bars was carried out. Additionally, the further
comparisons between the tested results and the data in the previous studies are
conducted to analyze the efficiency of the concrete beams retrofitted by ETS bars
with the mechanical anchorage. On the other hand, the applicability of the existing
shear models to predict the shear contribution of the ETS strengthening system is
also validated and the average strain equation of the ETS FRP reinforcement in the
available shear resisting methods is also developed. Based on the results of the
analyses, conclusions can be drawn:

Due to the non-close shape configuration, the shear resistance of ETS vertical bars
is less than that of hybrid vertical shear reinforcement. Whereas, the shear
contribution of ETS diagonal system is slightly higher than the contribution of hybrid
diagonal reinforcement in shear. The beams strengthened with ETS GFRP system
(with anchorage) provide an encouraging anchorage and a good confinement action
to the ETS bars of concrete core, therefore the shear contribution of the ETS GFRP is
high. The presence of stirrups reduced the resistance of ETS strengthened bars in shear.
With low percentage transverse steel compared to the percentage of the ETS
reinforcement, the detrimental effect induced by presence of existing stirrups does not
occur in the specimens strengthened by ETS bars with mechanical anchorage insert.

The shear failure modes of the beams, which is retrofitted with ETS GFRP bars
installed mechanical anchorage, intended to convert into the flexural failures by
crushing concrete at the load points, improving the ductility of the ETS strengthened
members. The shear contribution of strengthening term adopting the ETS method
always offers higher values than that of the NSM retrofitted bars, since the good

anchorage and confinement of the concrete core to ETS bars, making the shear transfer
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mechanism of concrete-adhesive-ETS bars was significantly enhanced and triggered the
contribution of ETS bars in shear drastically.

The truss analogy theory can predict well the shear resistance of the initially steel
shear reinforcement and ETS steel bars. However, this model cannot predict well the
shear contribution of the low percentage of ETS reinforcement due to the beam
failed by the debonding instead of the yielding of ETS reinforcement defined by the
truss analogy approach. The current average stress equations of shear reinforcement
is conservative especially for ETS FRP contribution. For the concrete beams
retrofitted with the ETS method and failed without debonding of the strengthening
system to concrete, to predict accurately the shear contribution of the strengthening
system the original Ueda et al.’s model can be employed for the ETS steel cases, and
the ACl or JSCE model with the developed average strain equation (Eq. (3.5)) can be

used for the ETS FRP cases with/with no mechanical anchorage.
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Chapter 4 SIMULATION OF CONCRETE BEAMS STRENGTHENED BY
EMBEDDED THROUGH-SECTION (ETS) STEEL AND GFRP BARS WITH
BOND MODEL

4.1 Introduction

In the recent years the embedded through-section technique (ETS) can be
considered a most efficient technique, among the shear retrofitting methods such as
externally bonding (EB) and near surface mounting (NSM) methods, for strengthening
in shear of the reinforced concrete (RC) members. Simply, the ETS method employs
an adhesive to bond fiber-reinforced polymer (FRP) or steel bars embedded through
pre-drilled holes into the concrete core. The corrosion and fire attack to
reinforcement may be limited due to the fact that ETS bar is surrounded by
concrete.

As reported in the experimental studies by Barros et al. (2011), Chaallal et al.
(2011), Amir et al. (2012), Breveglieri et al. (2014), Breveglieri et al. (2015) and Linh et
al. (2018a, b), the shear capacity of the strengthened RC beams would significantly
increase by using the ETS method. Obtained findings in the past several works
indicate that the response of the ETS shear strengthened members have converted
brittle shear failure into ductile flexural failure with the yielding of the longitudinal
steel bars. For the numerical investigation, only the study by Godat et al. (2013)
presented the finite element (FE) simulation of the concrete beams strengthened by
ETS bars tested in their past experimental works using DIANA. In their research, the
overall behaviors of concrete beams retrofitted with carbon fiber-reinforced polymer
(CFRP) bars such as load-deflection relationship and strain in ETS bars were
considered. Their study indicated that althougsh the perfect bond of the
reinforcement and strengthening system to concrete was assumed, the agreement
between the simulated results and the experimental data was acceptable.

On another aspect, the bond behavior of the strengthened rods to concrete is an

important point that affects directly the performances of concrete beams
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strengthened with ETS bars. The less bonding performance of the ETS retrofitting
system to concrete, which reduced the effectiveness of ETS strengthening system, is
also appeared in the past works, especially the vertical ETS case. As reported in
Chapter 3, to trigger the ultimate effectiveness of ETS strengthening system either
the bonding performance between ETS bars and concrete is enhanced or the
bonding efficacy is compensated by the additional device, such as mechanical
anchorage at the tension ends of ETS bars. However, only two experimental works of
the ETS pullout tests (Godat et al. 2012 and Caro et al. 2017) were found. None has
ever conducted experiments of ETS bars embedded into concrete blocks with
mechanical anchorage at tension ends nor investigated strain profiles of the ETS bars
to examine the bond response.

The principal objectives of this study are to investicate the bond mechanism of
concrete specimens embedded by ETS steel and FRP rods with inserted anchoring
nuts at the tension ends, and to simulate the ETS strengthened beams experimented
in the previous works by the authors of this study through the FE modelling. The
pullout tests to analyze the bond mechanism of the ETS bars to concrete under
various effects of anchorage presence, embedment length, ETS bar diameter, ETS
material types and anchorage length are conducted and examined. In addition, an
analytical method for deriving the local bond stress-slip relationships of FRP bars-
concrete interfaces is developed from the model proposed by Dai et al. (2005). The
results obtained from the experimental program in terms of the pullout force-slip
relationships, failure mode and strain profiles along embedment length are
discussed. Besides, the FE models to simulate the beams strengthened with ETS bars

tested in the previous study by the authors are built into ANSYS.

4.2 Experiment on bond mechanism of ETS bars to concrete

4.2.1 Description of tested specimens

The design configuration, material properties of nine specimens, the strain gauges

attachment on the ETS steel/glass fiber-reinforced polymer (GFRP) bar and the
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pullout test setup are shown in Fig. 4.1, Table 4.1 and Table 4.2. The specimens are
divided into five groups to investigate the effects of anchorage (C1, C2), embedment
length (C2, C3, C5, C6), bar diameter (C1, C4), ETS material types (C3, C7) and
anchorage length (C3, C8, C9) on the bond response between ETS bars and concrete.
The concrete blocks were drilled along the depth to insert the ETS bars by the
epoxy layers, and the installation of mechanical anchorage at the tension ends of
ETS bars was also implemented. As shown in Table 4.2, the maximum forces at
tension fracture of ETS steel (12 mm diameter) and GFRP bars (8/10 mm diameter)

are 60.7 kN and 54.1/84.5 kN, respectively.

Table 4.1 Properties of materials of the tested specimens

Specimens f_(MPa) Er (GPa) f. (MPa) Eadnesive (GPa)  fi_adhesive (MPa)
C1-C3, C5-C9 38.2 50 1076 3.1 21.0
ca 38.2 200 390 3.1 21.0

Table 4.2 Configuration, ultimate load, maximum slip and failure mode of the tested

specimens
Number of ~ ULti. Max.
L, d, ETS Failure
Spec. Anchorage  anchoring  force  F¢(kN) slip
(mm) (mm)  material mode
nut (kN) (mm)
Cl 150 10 GFRP No - 26.5 84.5 0.27 Pullout
C2 150 10 GFRP Yes 4 30.3 84.5 0.42  Rupture
C3 120 10 GFRP Yes 4 37.9 84.5 0.64  Rupture
ca 150 8 GFRP No - 32.1 54.1 1.16 Rupture
5 200 10 GFRP Yes 4 39.2 84.5 0.48  Rupture
cé 250 10 GFRP Yes 4 374 84.5 098  Rupture
cr 120 12 Steel Yes 4 60.7  45.2% 0.12  Rupture
C8 120 10 GFRP Yes 2 34.0 84.5 0.55 Pullout
9 120 10 GFRP Yes 6 37.1 84.5 0.48 Rupture

Note: Le (mm) is embedment length, dp (mm) is ETS bar diameter and F¢ (kN) is tensile force

capacity of ETS bars. *Yielding force of ETS steel.
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Figure 4.1 Configuration of the tested specimens, the anchorage device (anchoring

nuts) at end of GFRP bar and the pullout test setup

4.2.2 Results and discussion

This Section shows the discussion on the tested results by considering the effects of the

factors on the bond response directly. The influences of the mechanical anchorage
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presence, the embedment length, the ETS bar diameter, the ETS types and the
anchorage length on the pullout force-slip and average bond stress-slip relationships and
the strain profiles along the bond length are presented and discussed. The average bond

stress (r) and the local slip (si) at strain gauge closet to load end are computed as

equations.
P
£ zd, L, @D
i-1
s, :%[50+2251 +5ij (4.2)
j=1

where P (kN) is the pullout force, Ls (mm) is embedment length, d, (mm) is ETS bar
diameter, 4x (mm) is the strain gauge interval of 30 mm, & (micron) is the strain of

ETS bar at the free end, & (micron) is the strain at gauge of ith-order.

4.2.2.1 Effect of mechanical anchorage presence

To analyze this effect, the test results of the specimen C1 without mechanical
anchorage attachment and the specimen C2 with mechanical anchorage presence are
assessed. It is obvious from Fig. 4.2(a) that the initial response before the mechanical
anchorage being activated is completely similar between the two specimens. From
Table 4.2, the specimen C2 with mechanical anchorage attachment results in the
significantly higher maximum pullout force and maximum slip than those obtained by
the test of the specimen C1 without anchorage by 14.3% (for pullout force) and 54.5%
(for slip). The final failure modes of the blocks C1 and C2 are the pullout of ETS bar and
the rupture of ETS bar, respectively. Clearly, at the load same as the peak load of the
specimen C1, where the specimen C1 failed by pullout of bar, the anchorage in the
specimen C2 started to be activated, utilizing the contribution of the ETS bars ultimately.
Therefore, the pullout force transfer after that load was shifted from the adhesive to the
anchorage, so that the failure mode of the block C2 is different from the specimen C1.
Indeed, Fig. 4.2(b) indicates that the strain of gauge (SG1) closest to the anchorage in the
specimen C2 started to increase at the peak load of the test specimen C1. While the
strain at SG5, which was closest to the load end of the ETS bars, of the specimens C1

and C2 is similar at the triggered load. These indicate that the use of anchorage
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enhanced drastically the tension capacity of rod at the bar end and made the ETS

retrofitted bar worked ultimately to change the failure mode.
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Figure 4.2 Comparison in the bond and strain responses between the cases with and

without anchorage

4.2.2.2 Effect of embedment length

Figure 4.3 shows the pullout force-slip of the investigated specimens C2, C3, C5 and Cé.
From Fig. 4.3, generally, the ultimate pullout forces of the specimens are similar since
the failure mode is the GFRP bar rupture except the specimen C2 exhibited a lower
pullout force due to the significant premature fracture. As shown in Table 4.2, the
failure modes of the specimens C2, C3, C5 and C6 were the fracture of ETS GFRP bars
due to the presence of anchorage at bar ends. As shown in Table 4.2, the ultimate
pullout force is much smaller than the ultimate tensile force (F,) based on GFRP
tensile strength since the premature tension rupture at the anchorage was occurred,

and the premature rupture may depend on the detailing of anchorage.
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Figure 4.3 Comparison in the bond response between the cases of embedment length

changes

4.2.2.3 Effect of bar diameter

To consider the effect of bar diameter on the bond mechanism of ETS bars to concrete,
the test results of the specimens C1 and C4, in which the rod diameters are 10 and 8
mm respectively, are compared. It is obvious from Table 4.2 and Fig. 4.4(a) that the
specimen C1 with ETS GFRP bar diameter of 10 mm showed the lower ultimate pullout
force and smaller maximum slip in the comparison with those of the specimen C4 with
ETS GFRP bar diameter of 8 mm; 26.5 kN compared to 32.1 kN (for ultimate load) and
0.27 mm compared to 1.16 mm (for bond slip). The specimen C1 embedded by ETS
GFRP bar with 10 mm of diameter induced the weak interface between the ETS bar-
adhesive-concrete probably due to the poorer adhesive resin injection. While, with the
smaller ETS bar size the adhesive resin was filled up more easily in C4. Hence, the
ultimate pullout force of C1 was low and the maximum slip was small. In addition, the
failure modes of the investigated specimens that are respectively pullout and ETS

rupture failures for the blocks C1 and C4.
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Figure 4.4 Comparison in the bond responses under the effects of ETS bar diameter and

ETS types

4.2.2.4 Effect of ETS types

The experimental data of the specimens C3 and C7 embedded by ETS GFRP bar and
ETS steel bar, respectively, are employed to investigate the influence of the ETS types
on the bond performance of the ETS bars to concrete. Table 4.2 and Figure 4.4(b) reveal
that the concrete block embedded by ETS steel bar showed higher pullout force and
smaller slip in the comparison with the specimen embedded with ETS GFRP rod. As
observed from the tests, the failure modes of these investigated specimens are the ETS
rupture failures for the both blocks C3 and C7. The high Young’s modulus of steel of 200
GPa, the low yielding strain of steel of 2000 micron and the bigger size of ETS steel bar
embedded in the specimen C7 can be a good reason to explain for the aforementioned
findings. Besides, the mechanical properties of the ETS material exhibits that the rigidity
of the concrete specimen with ETS steel bar was higher than that of the block
embedded by ETS GFRP rod. Moreover, Table 4.2 also displays that ETS steel bar in C7
resulted in the rupture at pullout force higher than its tensile strength (F) due to
different rupture location in ETS steel bar, meaning that there is no premature failure for

ETS steel case.

4.2.2.5 Effect of anchorage length (number of anchoring nuts)
The specimens C3, C8 and C9 embedded by ETS GFRP rods with the nut amounts of

anchorage were respectively A = 4, A = 2 and A = 6 are tested and the experimental
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results are discussed to investigate the effect of anchorage length on the bond response
between ETS bars and concrete. It is clear from Fig. 4.5(a) and Table 4.2 that with the
longer anchorage length (or more anchoring nuts) the specimens C3 and C9 resulted in
the higher pullout force than that of the specimen C8 with the short anchorage length.
The failure modes of the specimen C3 and C9 were the fracture of ETS bars, while the
specimen C8 with short anchored ETS bar failed by the pullout of the ETS bar leaving
the nuts in concrete (Fig. 4.5(b)). This fact indicates that the two nuts are not enough to

assure the full tension capacity of ETS GFRP bar.
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Figure 4.5 Comparison in the bond responses between the cases of anchorage length

changes, and pullout failure of specimen C8

4.2.3  Analysis of bond response of ETS bars to concrete

This Section presents a new development of the bond behavior in the ETS
technique. Fig. 4.6 describes the equilibrium forces in arbitrary section and the free
body diagrams of concrete-ETS bar interface. Obviously, from Fig. 4.6 the equilibrium

equation can be obtained as follows.
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Figure 4.6 The free body diagrams of the ETS bar interface

dF, (x) = Ado, (x)=p,z(x)dx (4.3)
where p; is the perimeter of the bar, and z(x) is the bond stress and A is the cross-
sectional area of ETS bar, respectively. Additionally, doi(x) is the tensile stresses in
ETS bar and dF«(x) is the axial force in ETS bar at a segment dx. In addition, the
uniaxial constitutive relationship for the linear elastic ETS bar elements is shown in

Eq. (4.4).

F () =EA&(X) (4.4)
where Fi(x) is the axial force along the x-axis, E, is the elastic modulus of bar and
&(x) is the axial strain at a distance x. Additionally, from the above equations, it can

be written.

d%s(x) _de,(x) _ dF,(x) _ pe(x)

dx’ dx  EAdx EA “.5)

To analyze the local bond stress at the interfacial locations where attached the
strain gauges, Eq. (4.5) can be performed as follows. The boundary condition of this

analysis is the slip at the anchored end, which is zero.

_EA&-&,
“Th A (4.6)

T

where 7 (MPa) is average interfacial bond stress in the section i, & and &1 (micron)

are the strains at gauges of (i)th-order and (i-1)th-order, respectively.
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Figure 4.7 (a) Computed local bond stress-slip relationships at the different locations

of the strain gauges (C4) and (b) strain distribution of ETS bar along bond interfact
(Ca)

By using the mathematical formulation as Eq. (4.6) for local bond stress and Eg.
(4.2) for local slip, the local s relationships at the different interfacial locations in a
pullout test of the representative specimen C4 are shown in Fig. 4.7(a). Similar to
what have been observed by Dai et al. (2005), those s relationships are fairly
irregular at the different interfacial locations. The final scattering of the local z-s
relationships can be affected by the properties at the interfacial surface of concrete
to ETS bars such as aggregate distribution, local bending of FRP rods due to improper
epoxy filling. Therefore, it cannot be fair if one of curves is selected to represent for
the z-s relationship of the bond mechanism between ETS bars and concrete. Figure
4.7(b) is a representative strain distribution along the embedment length of the

specimen C4. It is obvious from Fig. 4.7(b) that strain distribution along bonded
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length was highly nonlinear profile, and the strain and the load transfer length
increase as the applied load increases. To obtain the interfacial bond stress-slip
relationships without the gauge attachment for recording the strain profiles along the
ETS bars, the development of the method proposed by Dai et al. (2005) is carried
out as follows.

In the Dai et al.’s method, the strain at each gauge attached in the ETS bars is
expressed as an exponential function of the local slip calculated at this gauge (Eq.
(4.7)). Equation (4.5) indicates that the s relationships can be determined if the local

strain and slip relationships were defined.

e="f(s)=A(1-e™) (a.7)

where A, B are experimental parameters as given in Table 4.3. Figure 4.8 shows
the experimental and regressed curves of the strain and slip relationships at the
loaded end of the tested specimens. It is obvious from Fig. 4.8 that the exponential
expression as Eq. (4.7) could fit the experimental results very well, indeed the
correlation factor values R? of the relationship between the strains in ETS-FRP bars
and the slips at the loaded end range 0.975 to 0.999 for all the specimens (as shown
in Table 4.3). By substituting Eq. (4.7) into Eq. (4.5), the bond stress and slip

relationship can be described as follows.

T :EIFO—A’AZBe’BS (1—e’BS) (4.8)

The interfacial fracture energy Gf and the theoretical maximum pullout force Ppax

can be defined as follows.

©  AEA
G, = [rds =2 =
f !TS 2 p, 4.9)
P.=EAe., =EAA=EA [2G, -2 (4.10)

EA

where emax (micron) is the maximum strain of ETS bars corresponding to the

maximum pullout force.
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The maximum slip (sma) corresponding to the maximum bond stress (zma) can be

derived as below.
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Figure 4.8 Experimental and regressed strain-slip curves at loaded end of the tested

specimens

Table 4.3 Analysis of pullout test results

oec. EA/pr A B G; ot Smax Prax kN Proac kN .
(kN/mm) (1/mm) (N/mm) (MPa)  (mm)  (Expt)  (Anali) oeet
C1 125 0.01224  3.30 9.361  0.998 14.16 0.214 265 28.7 1.08
c2 125 0.01468 259 13459 0998 1376 0339 30.3 34.0 1.15
c3 125 0.00760 4.12 3612 0998 1052 0.119 379 34.7 0.92
ca 100 0.00778  3.96 3.029  0.995 6.00 0.175 321 30.1 0.94
c5 125 0.01123  3.69 7881 0999 1453 0.188 39.2 37.6 0.96
(@) 125 0.00432  8.66 1.166  0.996 4.05 0.080 374 36.2 0.97
C8 125 0.00617 7.88 2377 0.996 9.36 0.088 34.0 26.7 0.76
c9 125 0.01053 352 6.932  0.975 1220 0.197  37.1 34.4 0.93
Mean 0.96
Cov. (%) 121
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The comparison between the analytical maximum pullout forces computed by
Eqg. (4.10) and the experimental maximum pullout loads is indicated in Fig. 4.9. As
presented in Table 4.3, with the mean value of the ratio of the theoretical values to
the tested values is 0.96 and the coefficient of variation is 12.1% of the mean, the
good agreement can be obtained. By applying the above-mentioned process, Egs.
(4.7) and (4.8), the experimental and analytical curves of the bond stress and slip
relationship at the gauges closest to loaded end of the tested specimens are
displayed in Fig. 4.10. It can be seen from Fig. 4.10 that the results computed by the
developed ETS bond model fitted well with the tested data, especially in the
ascending branch of the curves. It means that the developed bond model can be
assumed to represent for the bond stress-slip relationship between ETS bars and
concrete although there were the variations on the bond stress-slip curves at the
different interfacial locations, causing by the scatter of strain in the experiment.

Fig. 4.10 also presents the s relationships under various effects of anchorage
availability, embedment length, bar diameter and anchorage length. Due to the
influence of anchorage at bar end, the strain in ETS bar of the anchored specimen
(C2) was smaller than that in ETS bar of the non-anchored block (C1), making the
maximum bond stress of the specimen C2 lower than that of the specimen C1. For
the effect of ETS bar diameter, as reported by Shrestha et al. (2017) and Dai et al.
(2005), the bond stress increases as the stiffness (E/Adp) of the bonded system
enhanced. In addition, the longer the anchorage length (or more anchoring nuts)
resulted in the higher bond stress due to the anchorage affects the bond response
reducing the strain at the stage before the anchorage become effectively. On the
other hand, the interfacial ductility index (B) and interfacial fracture energy (Gy) are
also affected by the various influences. The specimen without anchorage increased
the ductility but decreased the fracture energy in the comparison with the specimen
with anchorage attachment. Additionally, the higher stiffness results in lower ductility
and larger energy, and the increase of anchoring nuts provides the better interfacial
energy and the lower ductility index. Furthermore, the interfacial ductility index (B)
and interfacial fracture energy (Gy), which could be derived by Egs. (4.9), (4.10) and

(4.11) if the maximum strain in the ETS bars have been known, are the important
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factors to apply the ETS bond model developed in this Chapter to the concrete
members strengthened by the ETS FRP bars. Therefore, how the interfacial ductility
index (B) the interfacial fracture energy (Gy) to be employed in the concrete beams

retrofitted with ETS GFRP rods will be discussed in the next Section.

4.3 Finite element (FE) modelling of concrete beams strengthened with ETS

steel and GFRP rods

4.3.1 Experimental data

The experimental data of the study in this study are adopted to carry out the
simulation using finite element (FE) method of the concrete beams strengthened by
ETS bars and reinforced with hybrid shear reinforcement. The design configuration of
11 specimens, including three reference beams (R1, R2 and R3), two hybrid diagonal-
vertical beams (Al and A2), two concrete beams strengthened by ETS steel bars (A3
and A4), and four concrete beams retrofitted with ETS GFRP bars (B1, B2, B3 and B4),
for experimental program is clearly shown in Fig. 4.11 and Table 4.4. The three
reference beams are respectively designed for the case of concrete only in the shear
span L1 (beam R1), the case of two steel stirrups with diameter of 6 mm with 300
mm spacing in the shear span L1 (beam R2) and the case of two steel stirrups with
diameter of 9 mm with 300 mm spacing in the shear span L1 (beam R3). On the
other hand, the positions of the attached strain gauges are also marked in Fig. 4.11
and Table 4.5 describes the properties of the materials employed in the experiment.

Based on the experimental program in Chapter 3, the comparison between the
test results and FE simulation results in terms of the load-deflection curves, cracking
mechanism, failure mode, strain response in reinforcement and shear contribution of
ETS strengthened bars is conducted. In addition, the application of bond model
developed in this Chapter is also applied in the FE simulation to reflect well the real

behaviors of the members.
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Table 4.4 Reference, hybrid and ETS shear strengthening configuration of the 11

tested beams

Hybrid
Number Existing
Inclination of bars/ETS Hybrid/ETS
of steel
Beam ID hybrid/ETS bars reinforcement
ETS/hybrid 0 stirrups
bars () spacing ratio (%)
bars ratio (%)
(mm)
R1-0S-0ETS 0 NA NA 0.00 NA
R2-25d6-0ETS 0 NA NA 0.11 NA
R3-25d9-0ETS 0 NA NA 0.24 NA
A1-25d6-55d6(90) 5 90 180 0.11 0.18
A2-25d6-55d6(45) 5 a5 180 0.11 0.25
A3-25d6-5ETS
5 90 180 0.11 0.35
Steel d12(90)
A4-2Sd6-5ETS
5 45 180 0.11 0.50
Steel d12(45)
B1-2Sd6-5ETS FRP
5 90 180 0.11 0.24
d10(90)
B2-2Sd6-5ETS FRP
5 45 180 0.11 0.34
d10(45)
B3-2Sd9-5ETS FRP
5 90 180 0.24 0.24
d10(90)
B4-2Sd9-5ETS FRP
5 a5 180 0.24 0.34
d10(45)

By using ANSYS commercial software, the 11 tested beams has been performed to
investigate the structural behaviors. Table 4.4 also shows that the investigations were
considered under various effects, such as the amount of shear reinforcement, type of
ETS bar, inclination of shear reinforcement and anchorage attachment at the tension
ends of ETS bars. In addition, the hybrid use of FRP and steel shear reinforcement is also
assessed by means of the shear capacity of the beams. The influence of existing steel
stirrups on the shear resisting force of ETS FRP strengthening system is discussed to figure

out the reasonable content of ETS bars for the shear retrofitting of the beams.
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Figure 4.11 Configuration of the tested beams (dimensions in mm)

4.3.2 Finite element program

In this study, numerical analyses are conducted by a commercially available

software, ANSYS 15.0. A half FE model is applied to investigate the performance of

the tested beams based on the symmetric condition as shown in Fig. 4.12. For this

investigation, the mesh discretization is the 25x25 mm?. In addition, the descriptions



previous work (Linh et al. 2017) of the authors of the present study.

Table 4.5 Properties of materials of the 11 tested beams
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of element types and material models for the FE program are also presented in the

Concrete
Young modulus Yielding/Rupture
compressive
of hybrid/ETS strength of
Beam ID strength at
reinforcement hybrid/ETS
tested day
(GPa) reinforcement (MPa)

(MPa)
R1-0S-0ETS 35.4 NA NA
R2-2Sd6-0ETS 35.4 NA NA
R3-2Sd9-0ETS 38.2 NA NA
A1-25d6-55d6(90) 354 200* 235*%
A2-25d6-55d6(45) 35.4 200 235
A3-2Sd6-5ETS Steel

35.4 200 390%
d12(90)
Ad-25d6-5ETS Steel

35.4 200 390
d12(45)
B1-25d6-5ETS FRP d10(90) 38.2 50%* 1076**
B2-25d6-5ETS FRP d10(45) 38.2 50 1076
B3-25d9-5ETS FRP d10(90) 38.2 50 1076
B4-25d9-5ETS FRP d10(45) 38.2 50 1076

*Values were used according to TIS 24-2548

**Values were provided by manufacturer

Supporting plate

Loading plate

Supporting plate

Figure 4.12 A half typical FE model for numerical program by using ANSYS 14.0
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4.3.2.1 Element types

SOLID65, LINK180, SOLID45 and COMBIN39 are used as the elements in ANSYS 14.0
for the nonlinear 3D modelling of concrete materials, reinforcement, rigid steel
support and interfacial property, respectively. The SOLID65 element is capable of
cracking in tension and crushing in compression. The element is defined by eight
nodes and at each node has three degrees of freedom (Linh et al. 2017). While, the
LINK180 is a uniaxial tension-compression element with three degrees of freedom at
each node, the translations in the nodal x, y, and z directions (Linh et al. 2017).
Besides, the SOLID45, which has the same properties as that of the SOLID65 except
for the capability of cracking in tension and crushing in compression (Hawileh 2015,
Linh et al. 2017), is applied for the supporting and loading plates. The non-linear
spring element COMBIN39 in ANSYS is introduced to simulate the interfacial bond
behavior of ETS bars and steel reinforcement to concrete in the FE models. The
COMBIN39 requires the bond force-slip relationship at the interface of the

reinforcement (including ETS bars and internal reinforcement) to input into program.

4.3.2.2 Material models

Various constitutive models have been employed in FE simulations of the RC beams
to describe the behavior of concrete under a wide range of complex stress and strain
histories. These models included nonlinear elastic models, plasticity based models
whether perfect plasticity models or elastic—plastic models (Godat et al. 2012). In this
study, the model of Hognestad et al. (1955) is adopted to simulate the nonlinear
response of concrete in compression. Equation (4.12) and Figure 4.13(a) show the

more details of Hognestad et al. (1955) parabola.

e

where
fc is the compressive stress of concrete (MPa) corresponding to the specified strain,
87

fC' is the concrete compressive strength (MPa),
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Figure 4.13 Models of concrete in compression and tension and bond model
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Linh et al. (2017) showed the concrete behavior in tension according to the model

of William and Warnke, which was recommended by ANSYS software. Fig. 4.13(b)

shows the stress-strain relationship of concrete in tension. At first, the linear elasticity

to the concrete tensile strength is used for concrete behavior in tension. Then, a

steep drop in the concrete tensile stress by 40% is the stress relaxation in tension.

And the rest of model is represented as the curve which descends linearly to zero

tensile stress at a strain value six times larger than strain value at the concrete’s

tensile strength (Hawileh 2015). To simulate the bond behavior of reinforcement to
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concrete in the FE models, a part of Fig. 4.13(c) reveals that each ETS bar, which the
critical crack plane passed, contributed to shear resistance of the strengthening
system through the bonding mechanism between the ETS bars-adhesive-concrete. In
addition, the bond behavior is considered as a pullout response of each ETS bar to
the covered concrete block. Number of the ETS bars, which contributed to the shear
resistance, is defined by the amount of the ETS bars were crossed by the main crack
plane and it is displayed in Eq. (4.13). Moreover, the effective bond length in the
assumed concrete block covered the corresponding ETS bar is described as Eq.

(4.14).

N, =round off {hw cot9+cota} (4.13)
wa
isfw_SLa for x,, <h—W(cot6+cota)
sin(0+a) 2
L, = _ (4.14)
. sin@ h,
L, —isg, ———— forx,; >—“(cot@+cotar)
sin(0+a) 2

where xii = isw, and 6, o are the crack, reinforcement angles respectively.

For the ETS bars and steel reinforcement where the strain gauge was glued, based
on the ETS bond model developed in Section 4.3 and the equations above, the
bond force-slip (P-s) relationship, corresponding to COMBIN39 element, derived by
the interfacial fracture energy (Gy) from the experiment is assigned into the FE models
as Fig. 4.13(c). For the steel reinforcement where the strain gauge was not attached,
the maximum bond stress and maximum slip are assumed based on fib Model Code
2010 (MC2010), as r,=25,f (MPa)ands,=1(mm) . Then, the bond force-slip (P-s)
relationship, corresponding to COMBIN39 element, is similarly determined to the ETS
bars and steel reinforcement for which the strain gauges were attached.

On the other hand, the steel reinforcement is described as the elastic fully plastic
model based on the von Mises yield criterion, while the FRP bars are simulated as
elastic-brittle materials till rupture. Figure 4.14 shows the stress-strain relationships of

steel and FRP reinforcement which are applied in the FE simulations.



83

Stress (MPa) Stress (MPa)
A A
‘]_‘ﬁ!
.}: .....
Steel GFRP
Er = 50:GPa
Es =200 GPa .
Strain £ Strain

» »

Figure 4.14 Stress-strain relationships of steel and GFRP reinforcement

4.3.3 Results and discussion

To verify the reliability of the FE method, the tested beams reinforced by hybrid
shear steel stirrups and strengthened in shear with ETS steel and GFRP bars in
Section 4.2 are simulated and the simulation results are investigated. The failure
definition of beam specimens in the FE analysis is, after internal steel stirrups
reaching yielding strength, either the stress in hybrid/ETS reinforcement reaching their
yield/rupture strength or the concrete strain in compressive or diagonal region
exceeding 0.003. The structural performances of the investigated beams by
simulating in ANSYS 15.0 in terms of the load-deflection response, the cracking failure
and the strain in shear reinforcement are compared with the results obtained from

the corresponding experimental data.

4.3.3.1 Load-deflection relationship and shear contribution of ETS strengthening
system

Figure 4.15 shows the load-deflection curves of experimental and simulated
results for the 11 beam specimens with the three reference beams (R1, R2, R3), the
two specimens with internal shear reinforcement (Al, A2) and the six beams
strengthened by ETS GFRP/steel bars (A3, Ad, B1, B2, B3, B4). It is explicit that the FE
results perform the good appraisal in the comparison with the tested data, and a
maximum deviation less than 10% in the load-carrying capacity is found from Fig.
4.15 and Table 4.4. In general, the stiffness of the analyzed specimens is closed to

that of the tested beams due to the bond-slip model was applied in the FE
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simulation. This fact indicates that the bond-slip model based on Dai et al.’s method
could be adopted to simulate the concrete beams strengthened by ETS steel/GFRP
bars and the concrete beams reinforced with hybrid inclination of shear
reinforcement. As shown in Fig. 4.15, the displacement corresponding to the peak
load of the simulated beams is slightly smaller than that of the tested specimens.
This discrepancy may be due to the displacement of the analyzed beams at high
load level is partially decided by the bond behavior of steel tension reinforcement
to concrete, which the maximum bond stress and slip were collected in MC2010.
Moreover, Fig. 4.16 presents the comparison between tested and simulated data in
terms of shear contribution of ETS strengthening system. It is obvious from Fig. 4.16
that the shear resistance of ETS bars computed by FE simulation is well agreed with
that of ETS strengthened bars derived from experiment. Also from Fig. 4.16, it is
similar to the test results that the shear contribution of strengthening system
enhanced as the ETS bars inclined at 45°. Considering beams B1-B2 (stirrups 25d6)
and B3-B4 (stirrups 25d9), the contribution in shear of ETS retrofitted rods reduced by

increasing the stirrups amount and this finding is also observed in the experiment.

200
/
150
/
— /,
pd ’
x /
/,
5 100 )
3 p
) — R1_EXp.
50 ]
J, === R1 FEM
0
0 6

2 4
Deflection (mm)

Figure 4.15 Comparison between tested and numerical results in load-deflection

relationship
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Table 4.6 Numerical and experimental results in load capacity (P), shear strength (V)

and shear contribution of ETS system (Vy)

Difference
B D Pexp. Pnum. . L d Vexp. Vnum. Vf_Exp. Vf_Num.
eam (kN) (kN) n fod (kN) (kN) kN)  (kN)
(%)

R1-0S-0ETS 171.8 176.0 2.44 103.1 104.6 NA NA
R2-25d6-0ETS 223.4 220.0 1.52 134.0 132.0 NA NA
R3-25d9-0ETS 344.4 347.1 0.49 207.2 208.3 NA NA
A1-25d6-55d6(90) 253.0 266.0 4.14 151.8 159.6 NA NA
A2-25d6-55d6(45) 334.1 343.8 2.60 201.1 206.3 NA NA
A3-25d6-5ETS

422.2 451.1 6.85 2533 270.7 119.3 138.7
Steel d12(90)
A4-2Sd6-5ETS

510.5 536.1 4.01 306.3 321.7 172.3 189.7
Steel d12(45)
B1-25d6-5ETS FRP

4539 4437 2.25 272.3 266.2 138.3 134.2
d10(90)
B2-2Sd6-5ETS FRP

481.5 472.5 1.87 288.9 283.5 154.9 151.5
d10(45)
B3-2Sd9-5ETS FRP

514.2 534.1 3.86 309.1 321.1 101.9 112.8
d10(90)
B4-2Sd9-5ETS FRP

589.9 598.3 1.42 353.9 359.0 146.7 150.7

d10(45)

4.3.3.2 Cracking and failure mechanism

Figure 4.17 shows shear strain in XY plane of the simulated beams comparing to the

actual shear cracking failure of the tested beams. It is obvious from Fig. 4.17 that the

actual shear failure cracks are almost located in the zone with highest shear strain of

the simulated specimens. Thus, it can be said that the FE method could predict well

the shear failure region of a beams reinforced/strengthened in shear by steel and

FRP bars. Similar to the experimental observation, all simulated beams are failed in

shear due to the significant and wider shear cracks in shear cracking zone of the

members; additionally the rupture of the ETS bars and the debonding of the ETS

bars to concrete were not occurred as in the tested beams. Indeed, as observed in
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Fig. 4.18(b), at the failure load the stress in ETS FRP bars and steel tension
reinforcement did not reach rupture strength and yielding strength, while the existing
steel stirrups yielded and the concrete in shear zone was heavily fractured (as shown
in Fig. 4.17 that shear strain in XY plane exceeded ultimate value). Moreover, Fig.
4.18(a) compares the crack pattern propagation at load steps of a representative
specimen R3, which was tested and was simulated using FE tool. Clearly, Fig. 4.18(a)
reveals the good agreement in the crack propagation between the tested work and
the simulated work. The major shear cracks initiated on the beam’s web, midway
between support and load point, then propagated toward both flange and support.
After that, the crack reached the flange and triggered an immediate failure with a

quasi-horizontal crack angle.

R1-0S-0ETS

Y
I X

R2-25d6-0FTS

1
R3-25d9-0F TS

A1-25d6-55d6 (90) A2-25d6-55d6 (45)

-.003 -.001822 -.644E-03 .533e-03 001711
-.002411 -.001233 -.556E-04 .001122

Figure 4.17 Shear strain in XY plane compared to tested shear failure cracks of

analyzed specimens
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Fig. 4.17 (continued)

4.3.3.3 Strain in shear reinforcement

Figure 4.19 shows the comparison between the measured data and numerical results
in terms of the load-strain relationship of ETS bars of the investigated beams A3, B1,
B2 and B3. The load-strain relationships in ETS bars derived from the simulation are
well fitted with those in ETS bars recorded at the corresponding position of the test.
Besides, also from Fig. 4.19 the load activating the ETS strengthening system in the FE
simulation is generally lower that the force activating the ETS strengthening sys in the
experiment. Together with the experimental results, from Fig. 4.19 the numerical
data indicates that for the same load, the strains in ETS GFRP strengthened bars (in
B1) were greater than those of the ETS steel strengthened bars (in A3) due to the low
Young’s modulus of GFRP reinforcement. Additionally, for the beams with combined
use of steel and ETS GFRP bars, the lower percentage of steel stirrups (B1) gives the
higher strains of the ETS reinforcement under the same load in the comparison with the
specimens with higher transverse steel ratio (B3) for the entire load range. This finding
implies the shear resisting force of the ETS strengthened bars in the beams with the high
amount of existing steel stirrups was smaller than the shear contribution of the ETS

retrofitting system in the specimens with the less ratio of transverse reinforcement.
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Figure 4.18 (a) Crack propagation in shear span of a representative beam R3:
comparison between experimental and numerical results, (b) stress evolution at
maximum load in reinforcement (ETS bars, stirrups, tension bars) of a representative

beam B1

On the other hand, the strains in steel stirrups of the two beams A4 and B2 with
different cases of ETS reinforcement (steel and GFRP) by means of the experiment
and simulation are shown in Fig. 4.20(a). It is obvious that the FE results are fitted
well with the measured data. Additionally, the same as the experimental
observation, the strains determined by the FE simulation at the same position of the
stirrups of the members A4 and B2 are similar at all points before yielding; therefore,
the different ETS strengthening system types seemly do not affect the strain
response of the existing transverse steel. Moreover, Fig. 4.20(b) indicates the good
agreement in the comparison between tested data and simulated results in terms of the
strains in the transverse reinforcement at the same location of the two beams B2, B3

and B4.
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Figure 4.19 Comparison between measured and simulated data in terms of strain in

ETS reinforcement

Considering the strain response of stirrups of the beams B2 and B4, the same as the
results recorded from the experiment, the stirrups in these two analyzed specimens
yielded before the beams failed and the strains in the transverse steel of 9 mm
diameter are lower than that in the stimrup of 6 mm diameter for all the load range.
Therefore, the shear resistance of the ETS bars is reasonably distributed with the steel
stirups of bigger bar size and this makes obviously the contribution of the ETS
reinforcement in shear small. In addition, consider two beams B3 and B4 with the same
existing steel stirrups and different inclinations of ETS bars, together with experimental
results the strains defined by FE modelling at the same position (SG3) of the transverse

steel of these specimens are similar for all the load range before yielding.
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Figure 4.20 Comparison between measured and simulated data in terms of strain in

steel stirrups

4.4 Conclusions

An experimental program to study the bond behavior between ETS steel/GFRP bars
and concrete under various effects was carried out. Additionally, the bond model
based on Dai et al.’s method was developed for analytically calculating and
simulating the bond response between ETS GFRP bars and concrete. On the other
hand, a FE program was developed to simulate the mechanical response of concrete
beams reinforced/strengthened by internal reinforcement and ETS steel/GFRP bars.
Based on the analyses, conclusions can be drawn as follows:

Before the mechanical anchorage being activated, the initial response of the
specimen embedded by ETS bars with anchorage attachment is completely similar to
the corresponding specimen embedded by ETS bars without anchorage. The specimen
with mechanical anchorage presence results in the significantly higher maximum pullout
force than that obtained by the test of the specimen without anchorage. In this study,
the ultimate pullout force is much smaller than the ultimate tensile force (Fy based
on GFRP tensile strength since the premature tension rupture at the anchorage was
occurred.

In addition, the specimen with ETS GFRP bar diameter of 10 mm offered the lower
ultimate pullout force and smaller maximum slip in the comparison with those of the

specimen with ETS GFRP bar diameter of 8 mm. For the effect of ETS type, the tested
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results reveal that the concrete block embedded by ETS steel bar offered higher pullout
force compared to the specimen embedded with ETS GFRP rod. The longer anchorage
length (or more anchoring nuts) resulted in the higher pullout force than that of the
specimen with the short anchorage length. The specimen C8 with short anchored ETS
bar failed by the pullout of the ETS bar leaving the nuts in concrete, implying the two
nuts are not enough to assure the full tension capacity of ETS GFRP bar.

By developing the bond model based on Dai et al.’s method, the good agreement
is obtained in the comparison between the analytical maximum pullout forces and
the experimental maximum pullout loads. The developed bond model was applied
in the FE simulation, making the simulated results performed the good appraisal in
the comparison with the tested data in terms of the load-carrying capacity, the crack

mechanism, the strain response in reinforcement and the failure mode.
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Chapter 5 DUCTILITY OF CONCRETE BEAMS REINFORCED WITH BOTH
FIBER-REINFORCED POLYMER AND STEEL TENSION BARS

5.1 Introduction

Since fiber-reinforced polymer (FRP) reinforcement requires an expensive material,
the partial replacement of steel reinforcement by FRP reinforcement is economically
feasible. To prevent the corrosion of steel reinforcement in the reinforced concrete
(RC) beams in aggressive environments, the most external reinforcement (closest to
the concrete surface) could be replaced by FRP reinforcement. Therefore, concrete
beams reinforced by both steel and FRP reinforcements have been considered an
interesting topic for experimental and numerical research.

The experimental studies of Aiello and Ombres (2002), Qu et al. (2009), Lau and
Pam (2010), Ge et al. (2015) and Yoo et al. (2016) were conducted to investigate
deflection, curvature, ductility, crack width of concrete beams with hybrid usage of
FRP and steel tension reinforcement. Their studies indicated that the hybrid usage of
steel and FRP reinforcement was more advantageous in the consideration of
deformability than the use of steel reinforcement. Generally, adding conventional
steel bars could improve the flexural ductility of hybrid FRP-steel RC members. In
another aspect, the crack width and spacing values were decreased with the
presence of steel reinforcement in comparison with the crack width and spacing
attained by beams reinforced with only FRP bars. The average crack spacing of the
hybrid FRP-steel RC beams was in the middle of the average crack spacing of the
steel RC beams and FRP RC beams.

Aiello and Ombres (2002) showed that using the moment-curvature law could
accurately predict the behavior of concrete beams reinforced by steel and FRP bars,
and the American Concrete Institute (ACI) code fumished a good prediction of the
deflections and crack width in the serviceability phase. Aiello and Ombres (2002) also
offered a design model to determine the effective moment of inertia for steel RC

beams and FRP RC beams based on the calibration of the experimental results.
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However, Qu et al. (2009) adopted the model of Bischoff (2007), which was initially
studied by Branson (1977), to calculate the deflection of concrete beams reinforced
with glass fiber-reinforced polymer (GFRP) and steel bars at the service load level.

By conducting an experimental and theoretical program, Qu et al. (2009) and Lau
and Pam (2010) discovered that the use of steel reinforcement in combination with
GFRP bars enhanced the flexural performance of GFRP RC beams. The studies by Qu
et al. (2009) and Ge et al. (2015) proposed equations to compute the flexural
moment capacity and strength of FRP bars for hybrid FRP-steel RC beams. The axial
stiffness ratio between GFRP and steel bars had little influence on flexural capacity,
whereas the effective reinforcement ratio was a reasonable parameter for evaluating
the ultimate moment of hybrid FRP-steel RC beams. For the failure mode prediction
of hybrid FRP-steel RC beams, the balanced effective reinforcement ratio could be
employed. Based on the results of Lau and Pam (2010), the requirements for the
minimum GFRP flexural reinforcement given by the ACI code could be reduced by
approximately 25%.

Together with the experimental program, the numerical and analytical
investigations such as Faza and GangaRao (1993), Tan (1997), Zhang et al. (2012), Kara
et al. (2015, 2016), Hawileh (2015), Oller et al. (2015), Yoo and Banthia (2015),
Bencardino et al. (2016), Zhang et al. (2016) and Qin et al. (2017) were conducted to
propose the design method for concrete beams reinforced/strengthened by both
FRP and steel tension reinforcement, and determining the curvature, deflection,
ductility and moment capacity of hybrid FRP-steel RC beams. Most of those studies
showed good agreement of the numerical and analytical results in the comparison
with the experimental results. However, several important parameters were not
studied in the past experiments and the previous FE simulations. The ductility
evaluation of the hybrid FRP-steel RC beams is limited because of the lack of the
research data and has not achieved the high reliability. This study, therefore,
presents a numerical investigation on the structural behavior of concrete beams
reinforced with FRP-steel bars under various conditions. The main contents of this
study are as follows: (1) FE simulation of beams with hybrid usage of FRP and steel

reinforcement, with experimental data available to show the reliability of FE
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simulation results, (2) the parametric study by the FE simulation on ductility of
beams reinforced with both FRP and steel tension reinforcement, and (3) the
ductility analysis with ductility index to show feasible hybrid use of FRP-steel tension

reinforcement.

5.2 Experimental data to validate the finite element (FE) models

The data in the experimental program of Aiello and Ombres (2002), Qu et al. (2009),
Lau and Pam (2010) were adopted to verify the FE models. Aiello and Ombres (2002)
presented an experimental investigation of five concrete beams (150x200x3000 mm?)
reinforced by both aramid fiber-reinforced polymer (AFRP) and steel reinforcement.
One beam was reinforced by only AFRP bars, another one was reinforced with only
steel reinforcement, and three others were reinforced with a hybrid AFRP-steel
reinforcement. Four-point flexural loading tests were conducted on the beams. All
the beams used the two steel bars of 8 mm diameter as the compression
reinforcement, and transverse reinforcement with 8 mm diameter and 100 mm
spacing were employed as shear reinforcement. More details of the beams
investigated in this study are shown in Fig. 5.1 and Table 5.1.

Qu et al. (2009) studied the flexural behavior of concrete beams reinforced with
both GFRP and steel bars. This research employed eight concrete beams
(180x250x1800 mm?), including two control beams reinforced with only steel or only
GFRP bars, and six hybrid FRP-steel RC beams. All beams used two steel bars of 10
mm diameter as the compression reinforcement as well as steel stirrups with 10 mm
diameter and 100 mm spacing. A four-point flexural loading test was conducted. In
the following year, Lau and Pam (2010) studied the twelve specimens, simply
supported and subjected to a point load at midspan, including plain concrete
beams, steel-reinforced concrete beams, pure GFRP RC beams, and hybrid GFRP-
steel RC beams. The two steel bars of 6 mm diameter were employed as the
compression reinforcement, steel stirrups with 8 mm diameter and 50 mm spacing at

the two ends of beams and 100 mm spacing at the rest of beams were applied as
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shear reinforcement. Figures 5.2 and 5.3 and Table 5.1 show the more details of the

beam specimens, which are investigated in the present study.

Table 5.1 The properties of the tested beams

Study Beam ID As (mm?)* A (mm?)* pr = AdAs
Al 100.6 (2d8) 88.4 (2d7.5) 0.8789
Aiello and Ombres
A2 100.6 (2d8) 157.1 (2d10) 1.5625
(2002)
A3 226.2 (2d12) 235.6 (3d10) 1.0417
B1 452.2 (4d12) - -
B2 - 505.5 (4d12.7) -
B3 225.1 (2d12) 253.2 (2d12.7) 1.1201
B4 201.1 (1d16) 395.9 (2d15.9) 1.9751
Qu et al. (2009)
B5 402.2 (2d16) 141.7 (2d9.5) 0.3525
B6 402.2 (2d16) 253.2 (2d12.7) 0.6301
B7 113.1 (1d12) 141.7 (2d9.5) 1.2535
B8 12056.6 (6d16) 395.9 (2d15.9) 0.3292
G0.6-T1.0-A90** 981.8 (2725) 567.1 (2G19) 0.5776
Lau and Pam (2010) G1.0-TO.7-A90** 628.4 (2720) 981.8 (2G25) 1.5625
G0.3-MD1.0-A90** 981.8 (2MD25) 283.5 (1G19) 0.2888

*As and At The area of the steel and AFRP tension reinforcement, respectively
**MD, T, G, and A90: The mild steel, high yield steel, GFRP reinforcement, and 90° hook angle in

stirrups respectively
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Figure 5.1 Geometrical dimension of the tested beams (Aiello and Ombres 2002)
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Figure 5.2 Geometrical dimension of the tested beams (Qu et al. 2009)

Table 5.2 The mechanical properties of materials

Study Beam ID fo (MPa)  f, (MPa)  fr (MPa) Er (MPa) ps (%)  pr (%)
Al 38 558 1674 49000 0.335 0.294
Aiello and
A2 38 558 1366 50100 0.335 0.523
Ombres (2002)
A3 38 558 1366 50100 0.754 0.785
B1 363 NA NA 1.142 NA
30.95
B2 NA 782 45000 NA 1.280
B3 363 782 45000 0.571 0.640
33.10
B4 336 755 41000 0.508 1.003
Qu et al. (2009)
B5 336 778 37700 1.015 0.358
34.40
B6 336 782 45000 1.015 0.640
B7 363 778 37700 0.286 0.358
40.65
B8 336 755 41000 3269 1.076
G0.6-T1.0-A90 44.6 550 588 39500 0.923 0.533
Lau and Pam
( ) G1.0-T0.7-A90 329.8 597 582 38000 0.591 0.923
2010
G0.3-MD1.0-A90 41.3 336 588 39500 0.923 0.266

98
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Each study is indicated: beam ID, concrete compressive strength (f¢), steel yielding strength (fy),
ultimate strength and elastic modulus of FRP reinforcement (fq, E), reinforcement content of

steel and FRP bars are ps and py, respectively.
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Figure 5.3 Geometrical dimension of the group tested beams (Lau and Pam 2010)
53  Validation of three-dimensional (3D) finite element (FE) models
53.1 Finite element program

In this study, numerical analyses were conducted by a commercially available
software, ANSYS 15.0. A quarter FE model was applied to investigate the
performance of the tested beams based on the symmetrical condition as shown in
Fig. 5.4. For this investigation, the mesh discretization is 10x10 mm?. In addition, the
descriptions of the element types and material models for the FE program follow

from the previous work (Linh et al. 2017) of the authors of the present study.
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Figure 5.4 A quarter typical FE model for numerical program by using ANSYS 15.0
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5.3.1.1 Element types

SOLID65, LINK180 and SOLID45 are used as the ANSYS 15.0 elements for nonlinear 3D
modelling of concrete materials, reinforcement and elastic steel support,
respectively. The SOLID65 element is capable of modelling of concrete cracking in
tension and crushing in compression. The SOLID65 element is also defined by eight
nodes, and each node has three degrees of freedom that are the translations in the
nodal x, y, and z directions (Linh et al. 2017). However, LINK180 is a uniaxial tension-
compression element with three degrees of freedom at each node that are the
translations in the nodal x, y, and z directions (Linh et al. 2017). In addition to
SOLID45, which is applied to model the supporting and loading plates, the software
that is used for the three-dimensional modelling of solid structures and the definition
of the SOLID45 element is similar to that of the SOLID65 element except for the
capability of cracking in tension and crushing in compression (Hawileh 2015, Linh et
al. 2017). The perfect bond behavior between reinforcement and concrete is

assumed in the FE models.

5.3.1.2 Material models

Various constitutive models have been employed in FE simulations of hybrid FRP-
steel RC beams to describe the behavior of concrete under a wide range of complex
stress and strain histories. These models included nonlinear elastic models and
plasticity-based models whether perfect plasticity models or elastic-plastic models
(Godat et al. 2012). In this study, the model of Hognestad et al. (1955) is adopted to
simulate the nonlinear response of concrete in compression. Equation (5.1) and

Figure 5.5(a) show more details of the Hognestad et al. (1955) parabola.
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o | 2 cf
g i g rd
0 ] W
0 ] 0
£ a £

| 0

. 1
£9=2f./E; i £, = 0.003
Strain ) Strain 6¢
(a) Concrete behavior in compression (b) Concrete behavior in tension

Figure 5.5 Models of concrete in compression and tension
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where

fc is the compressive stress of the concrete (MPa) corresponding to the specified
strain, ¢,

fC' is the concrete compressive strength (MPa),

2f
& = EC , and Ec is the elastic modulus of the concrete (MPa).

C

Stress (MPa) Stress (MPa)
A A
J;u ......................... E
J; ....... H
Steel FRP
E,=200 GPa ‘ Er=41.50.1,{124 (GPa)_
& Stri aLlH o Strain

Ll »

Figure 5.6 Stress-strain relationships of steel and FRP reinforcement

Linh et al. (2017) showed the concrete behavior in tension according to the model
of William and Warnke, which was recommended by the ANSYS software. Figure
5.5(b) shows the stress-strain relationship of concrete under tension. At first, the
linear elasticity to the concrete tensile strength is used for concrete behavior in
tension. Then, a steep drop in the concrete tensile stress by 40% is the stress
relaxation in tension. The rest of model is represented as the curve that descends
linearly to zero tensile stress at a strain value six times larger than strain value at the
concrete tensile strength (Hawileh 2015). On the other hand, the steel reinforcement
is described as the elastic fully plastic model based on the von Mises yield criterion,
while the FRP bars are simulated as elastic-brittle materials until rupture. Figure 5.6
shows the stress-strain relationships of steel and FRP reinforcement that are applied
in the FE simulations. Moreover, the mechanical properties of concrete, steel, and
FRP reinforcement of all the investigated beams taken from the above three past

studies shown in Table 5.2.
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Figure 5.7 Comparison of load-midspan deflection relationship between the tested

and FE results: the first two specimens are steel and FRP RC beams, respectively,

and the remaining specimens are hybrid beams
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Fig. 5.7 (continued)

5.3.2 Results and discussion

To verify the reliability of the FE method, the concrete beams reinforced by steel,
FRP, and steel-FRP tension reinforcements in Section 5.2 were simulated, and the
simulation results are investicated. The failure definition of beam specimens in the
FE analysis is, after steel yielding, either the stress in FRP reinforcement reaching their
rupture strength or the concrete compressive strain exceeding 0.003. The structural
performances of the hybrid FRP-steel RC beams in terms of load-deflection response
and failure modes of the FE models are compared with the results obtained from
the corresponding experimental data. In addition, the stress of reinforcement and
crack propagation at the load steps of a representative beam B3 are also described.
Figure 5.7 shows the load-midspan deflection curves of experimental and
simulated results for the ten beam specimens with the one steel RC beam, one pure
FRP RC beam, and eight hybrid FRP-steel RC beams. It is explicit that the FE results

attain the good appraisal in the comparison with the tested data, and a maximum
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deviation less than 10% not only in the load-carrying capacity but also in the
displacement is easily found from Fig. 5.7 and Table 5.3. On the other hand, Fig. 5.8
and Fig. 5.9 show the stress distribution and cracking pattern in the hybrid FRP-steel
RC beam (B3) as an example. In general, the load-displacement curves from the FE
analysis are slightly stiffer than the load-displacement curves from the experimental
results. One of the reasons is the perfect bond assumption between reinforcement
and concrete in the FE model. The effects of the concrete shrinkage, which may
cause cracking, are not considered in the simulation, which is possibly another cause
of this overestimated stiffness. On the other hand, by using FRP bars, the load-
carrying capacity of the hybrid FRP-steel RC beam increases because the FRP strength
is higher than that of steel, and the overall beam behavior changes to be more
brittle due to the lack of plasticity of FRP. As shown in Table 5.3, the simulated
beams fail in the concrete crushing after steel yielding, and this failure mode is also
indicated in the experimental program in the literature. Evidence for this statement is
shown in Fig. 5.8(a), in which the stress of the FRP bar in the beam B3 is less than the
rupture values. Similarly, at the ultimate load, the steel reinforcement yields (Fig.
5.8(b)) and after the diagonal cracking zone is formed (Fig. 5.8(d)), the concrete is
crushed (Figs. 5.8(c), (d) and Fig. 5.9). All beams in this investigation are designed to
fail upon the concrete crushing; therefore, the strength in the FRP bars is reserved,
and plastic deformation of the concrete is allowed. As seen in the experimental and
numerical comparison (Fig. 5.7), since the load applied to the beam after steel
yielding is all taken up by the FRP reinforcement and the concrete, the slopes of the
curves before and after steel yielding of the hybrid FRP-steel RC beams change more
gradually.

Furthermore, the crack propagation at the applied load stages and the general
response of the concrete beams with the hybrid use of FRP and steel reinforcement
are exhibited in Fig. 5.9 and Fig. 5.10, respectively. Figure 5.9 shows the zones where
specific cracking takes place, which are represented by a circle that appears when a
principal tensile stress exceeds the ultimate tensile strength of the concrete. In stage
1, tensile concrete is cracked, and the steel and FRP reinforcement are beginning to

activate under the increase in the applied load (as shown in Fig. 5.7). Then, the
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concrete cracking zone propagates vertically and then horizontally to the two ends
of the beams. As demonstrated in Fig. 5.10, until the steel reinforcement yields, FRP
reinforcement works slightly. This is the behavior of hybrid FRP-steel RC beams at the
end of stage 2, and the yielding point of each analyzed specimen is also presented
in Fig. 5.7. In stage 3, in which the steel reinforcement yields, FRP is significantly
activated, and concrete is crushed in the compression zone, resulting in the failure of
the hybrid FRP-steel RC beam (as indicated in Fig. 5.7). In addition, from Fig. 5.11, the
FE investigation of the strain distribution through the depth at the middle section of
beams B5, B6 and B7 demonstrates a good agreement with the strain distribution
through the depth at corresponding section of those specimens measured in the
experiment. Obtained results from the comparison imply that the assumption of the
plane cross section was still effective for concrete beams with hybrid use of steel
and FRP tension reinforcement, because the strain distribution in concrete and

longitudinal reinforcement were nearly proportional to the distance from the neutral

axis.
Jate— Stress of FRP bar at ultimate load is less wm
7 — . than the rupture strength o
Exceeding yield strength —m
‘\\"\\W
| P D— |
0 95.6157 191,231 286.847 382.463 s m ~ T
47.5079 143,424 235.033 334.655 430.271 498, L TTOR LR B0 g LA e
(a) Stress in FRP reinforcement at ultimate load (b) Stress in steel reinforcement at ultimate load
l'—-\‘ Loading plate z’——- RN

’

Concrete cracked in

tension zone Concrete crushing in compression at

load point (Concrete strain reaches

=-ovesed --003s22 =-804-04 ~0033eT -ooge0s 0:003)
-.005243 -.001201 .00164 005082 .008524

Supporting plate

(c) Concrete tensile and compressive strain in X-direction at ultimate load
7N Loading plate

Diagonal cracking zone

Supporting plate Concrete crushing in compression at

load point (Concrete strain reaches

-.003636 -.002088 -.540E-03 001008 .002556 0.003)
-.002862 -.001314 .2348-03 001782 .003329

(d) Concrete shear strain in XY -direction at ultimate load

Figure 5.8 Stress in FRP bar, stress of steel reinforcement, and concrete strain at

ultimate load of the representative hybrid beam B3
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Table 5.3 Experimental and numerical results on load carrying capacity, absorption

energy and failure mode

Pexp. (kN) Phum. (kN)

Difference
(Absorption  (Absorption —
Authors Beam ID inload " Failure mode
energy energy AilAs
(%)
(kNmm)) (kNmm))
Experiment  Simulation
Aiello and
Al 58 (3515.0) 59 (3658.6) 1.72 SY-CC* SY-CC
Ombres (2002) 0.8789
B1 108 (1815.9) 112 (2075.6) 3.70 - SY-CC SY-CC
B2 145 (2520.9) 132 (2449.1) 8.97 - CC CC
B3 127 (2669.4) 128 (2937.3) 0.79 1.1201 SY-CC SY-CC
Qu et al.
( ) B4 129 (2330.8) 126 (2602.0) 2.33 19751 SY-CC SY-CC
2009
B5 125 (2864.8) 120 (2888.4) 4.00 0.3525 SY-CC SY-CC
B6 140 (2512.3) 127 (2365.3) 9.29 0.6301 SY-CC SY-CC
B7 78 (1892.4) 85(1777.5) 8.97 1.2535 SY-CC SY-CC
G0.6-T1.0- 220
204 (13575.4) 7.27 0.5776 SY-CC SY-CC
A90 (13920.6)
Lau and Pam
G0.3-
(2010)
MD1.0- 141 (6505.0) 154 (7608.9) 9.22 0.2888 SY-CC SY-CC
A90

*SY and CC: The steel yielding and concrete crushing, respectively

To further validate the simulated results with the tested data, consider the
analyzed beams in terms of the absorption energy, which is defined as the area
under the load-displacement diagrams and is shown in Table 5.3. The energy values
computed by the numerical results are close to the absorption energy values
calculated from the experimental data. In addition, it is also obvious from Fig. 5.7
that the initial stiffness (IS), which is estimated by the ratio of load to deflection at
the yield point, of the investigated beams computed from experimental data is close
to the values of the initial stiffness calculated from the numerical results. Observing
the trend of the values of the initial stiffness in Fig. 5.7, the initial stiffness of the

specimens is governed by the reinforcement ratio of Ad#A.. The lower hybrid
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reinforcement ratios AdAs result in the higher initial rigidity, and the beam reinforced
with single steel tension bars provides the highest stiffness. Moreover, the trend of
the absorption energy values presented in Table 5.3 implies that the ductility of the
beams reinforced by steel and FRP tension bars is also decided by the reinforcement
ratio AdAs. The use of the low ratio of FRP to steel (AdAs) results in the higher
absorption energy, therefore the beams with small hybrid reinforcement ratio offer
the enhancement of the ductility and initial rigidity of the hybrid FRP-steel beams in
the comparison with the beams reinforced by FRP bars. However, specific
reinforcement ratios Ai/As used to show the feasibility of the hybrid FRP-steel RC
beams compared with the steel RC beams could not be proposed in this section due
to the lack of analytical data. Thus, to obtain the deep understanding on the effect
of reinforcement ratio A/As on the structural response and the ductility of concrete
beams reinforced with FRP and steel tension bars, the parametric study for this ratio

should be carried out.
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In conclusion, the FE method is an effective tool to accurately predict various
features, including the load-deflection relationship, stress evolution in FRP and steel
reinforcement, failure mode, strain distribution and crack propagation of concrete
beams reinforced with both steel and FRP tension reinforcements. In addition, the
stiffness of the concrete beams reinforced with FRP-steel bars is well assessed
through the FE simulation. Moreover, the ductility evaluation of the hybrid FRP-steel

RC beams by means of absorption energy is also feasible through the FE simulation.

5.4 Parametric study by means of the finite element (FE) analysis

The reliability of FE simulations for the hybrid FRP-steel RC beams has been
confirmed in Section 5.3. Therefore, the extensive FE model specimens with various
parameters have been prepared making beam specimen B4 the reference specimen.
The objective of this Section is to extend and enhance the discussion on how to

improve the member ductility by providing optimum parameters.

5.4.1 Design of parametric investigation

The investigated parameters are the reinforcement ratios together with the concrete
compressive strength and the FRP types, and the arrangement of the tension
reinforcement. To consider the effect of the reinforcement arrangement, the FE
models B4 Diff. level with the FRP bars in the outer layer of two layers of tension
reinforcement are created to compare with the original B4 Same level (FRP bars in
one layer of reinforcement) evaluated in Section 5.3. For the FE models of the beam
B4 with different levels, the vertical spacing from the center of FRP bars to the
center of the steel bars is changed with the values of 10 mm, 20 mm and 30 mm. To
consider the safety requirement, the four beams with the different gaps (a = 0, 10,
20, 30 mm) between FRP and steel bars are designed with the same flexural strength

of 140 kN, as shown in Table 5.4 and Fig. 5.12(a).
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RC beam with the same flexural capacity design)

On the other hand, the designed beams for the parametric study on the
influences of the reinforcement ratios together with the concrete compressive
strength and the FRP types are described in Table 5.4 and Fig. 5.12(b). The load-
carrying capacities by bending theory of the beams in each group are similar, and the
values of 140 kN, 160 kN, 190 kN, 150 kN, 145 kN, and 110 kN are computed for the
flexural capacities of the beam specimens in the groups 1, 2, 3, 4, 5, and 6
respectively. Furthermore, to investigate the effect of FRP types on the flexural
performance of hybrid FRP-steel beams, the three beam specimens B4 G1 R8
(proposed FRP), B4 G4 R8 (CFRP) and B4 G5 R8 (AFRP) are designed for group 1,
group 4 and group 5 with the same flexural strength as the beam B4 G1 R2 (GFRP) in
group 1. Groups 1-3 and 6 are designed to investigate the effects of the hybrid
reinforcement ratio for four cases of the concrete compressive strength. According to

the ACl code (ACI 211.1-91), the concrete compressive strengths are selected with
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practical values of 20 MPa, 35 MPa, 45 MPa and 60 MPa. Groups 1, 4, 5 are employed
to investigate the effects of the hybrid reinforcement ratio for three types of FRP
reinforcement. In addition, the failure mode of all beams in Table 5.4 is the concrete

crushing in which the compressive strain exceeds 0.003, after steel yields.

5.4.2 Effect of reinforcement ratios among concrete compressive strength and FRP

types

In Figs. 5.13(a), (b), (c), (d) and Figs. 5.14(a), (b), there is a clear correlation between
the load-deflection performance and the reinforcement ratio. In general, it is obvious
from the aforementioned figures and Table 5.4 that the mechanical performances of
the ductility, absorption energy and initial stiffness of the reference steel RC beams
are better than those of the hybrid FRP-steel RC beams. In the hybrid FRP-steel
beams, FRP tension reinforcement is employed to take up the flexural strength while
the steel reinforcement is mainly responsible for improving the ductility requirement.
As displayed in Table 5.4 and drawn in Fig. 5.17, the values of absorption energy of
the simulated beams generally increase as the hybrid reinforcement ratios (A/A;)
decrease and the concrete beams reinforced with single steel tension bars provide
the highest absorption energy values in each group. However, in several cases, the
absorption energy values of the beams with a high hybrid reinforcement ratio are
greater than those of the specimens with a low hybrid reinforcement ratio, implying
that the fracture energy was affected by not only the hybrid reinforcement ratio but
also the mechanical properties of the concrete and FRP bars. By observing the values
of energy in each beam group in Table 5.4, the minimum absorption energy of the
hybrid FRP-steel RC beams in each group is found in the beam with the hybrid
reinforcement ratio of 2.880, which is approximately 47-76% of absorption energy of
the corresponding reference beam.

From Table 5.4, the conditions of the energy of the hybrid FRP-steel beams
achieve the 80% of the absorption energy of the steel RC beams with the same
flexural strength as follows. In the case of the beams reinforced by FRP and steel

tension bars with concrete compressive strength of 35 MPa, the hybrid reinforcement
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ratios (AdAs) are respectively no greater than 0.641, 0.395 and 0.641 for GFRP, CFRP
and AFRP types. Due to the very high elastic modulus of CFRP, the displacement and
the ultimate load of the beams with CFRP and steel bars are respectively lower and
greater than those with GFRP/AFRP (low elastic modulus) and steel bars. Additionally,
the steel reinforcement plays an important role in the ductility displacement of the
hybrid FRP-steel RC beams. Therefore, to obtain the good ductility, the
reinforcement ratio of CFRP to steel in the hybrid CFRP-steel RC beams is lower than

the reinforcement ratio of the beams with GFRP/AFRP and steel tension bars.
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In the case of the beams reinforced with GFRP and steel tension bars, the hybrid
reinforcement ratios (AdAs) that are no greater than 1.000, 0.641, 1.000 and 0.641 for
the corresponding concrete strength of 20 MPa, 35 MPa, 45 MPa and 60 MPa should
be provided to achieve 80% of the absorption energy of the corresponding steel RC
beams. Under the contribution of concrete, as observed from Figs. 5.13(a), (b), (c) and
Table 5.4, with the higher concrete compressive strength, the yielding load and the
deformation are greater. Together with the increase in concrete strength, the use of a
low hybrid reinforcement ratio makes the yielding load of the beams achieve high
level. Therefore, the absorption energy of the beams with high concrete strength and
low hybrid reinforcement ratio is high, and the ductility of those beams is improved.

The findings described above indicate that together with reinforcement ratio (AdAs),
the concrete strength and the FRP types affect the ductility of beams with hybrid use
of steel and FRP reinforcement. However, the lower hybrid reinforcement ratios AdAs
result in the higher initial rigidity, which is clearly shown in Figs. 5.13-5.14 and is
rather explicit in the cases using the GFRP and AFRP bars for the partial tension
reinforcement. Due to the very high elastic modulus of carbon fiber-reinforced
polymer (CFRP) bars, the initial stiffness of the hybrid CFRP-steel RC beams is clearly
indistinct by reducing the reinforcement ratio AdAs. Generally, with a higher ratio of
AilAs, the load-carrying capacity of the hybrid FRP-steel RC beams can be enhanced
as well as the FRP reinforcement tending to suffer higher tensile forces after the
steel yielded. From Figs. 5.13(a)-(c) and Figs. 5.14(a)-(b), the yielding point, which is
defined in Fig. 5.13(f) and revealed in Tables 5.4 and 5.5, of the simulated beams is
distinctly defined by decreasing the hybrid reinforcement ratio A#As; therefore, the
yielding load is relatively smaller than the ultimate load of the beams with the low

ratio of FRP to steel tension bars, increasing the ductility of those specimens.

5.4.3 Effect of reinforcement arrangement

The behavior of the four concrete beams reinforced with the different positions of

FRP and steel bars is determined in Fig. 5.13(e). Clearly, the responses in terms of

the service conditions, before 60% of the ultimate load, of the four specimens
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B4 G1 R2 (same level) and B4 Diff. level are clearly similar. However, the slope of
load-deflection curves of those beams is changed at the high load level. Specifically,
the initial rigidity of specimen B4 G1 R2 (same level) is slightly higher than that of
specimens B4 Diff. level a = 10, 20, and 30 mm.
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Figure 5.14 Effect of reinforcement ratio together with FRP types

Furthermore, Table 5.5 shows that the load-carrying capacity of beams reinforced
by the different levels of tension bars is almost the same as that of the concrete
member with the same level of GFRP and steel reinforcement. In the FE simulation,
however, the maximum deflection of the hybrid beams with the two layers of bars is
increased by 15.78%, 21.63%, and 27.17% with the increase in the gap between the
steel and FRP reinforcement in comparison with the reference specimen, B4 G1 R2

(same level). Under the condition of the same flexural strength and the same failure
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mode of concrete crushing after steel yields, the beams reinforced with larger gap
between FRP and steel bars result in the greater effective depth to FRP
reinforcement. Hence, the tensile force carrying capacity of the FRP bars is small for
the specimens with larger FRP to steel reinforcement distances, and the maximum
deflection of those specimens is therefore increased.

Since the ultimate deflection increases as the gap between the FRP and steel bars
increases, the absorption energy of the hybrid FRP-steel beams with larger gap of FRP
to steel bars is enhanced, as shown in the last column of Table 5.5. Therefore, Fig.
5.13(e) indicates that the larger gap between the steel and FRP reinforcement shows
an improvement in ductility for the hybrid beams rather than the smaller spacing
between steel and FRP bars. Moreover, the hybrid beams with greater spacing of FRP
to steel bars reveal that the yielding load of steel reinforcement, which is indicated
in Fig. 5.13(e) and Table 5.5, was relatively small compared to the ultimate load,
increasing the ductility of those beams that were also improved in the comparison
with the beams reinforced by the smaller gap between FRP and steel bars. From the
aforementioned discussions, comparing the hybrid beams with the same level of FRP
and steel reinforcement, the strength, rigidity and ductility of the hybrid FRP-steel RC
beams can be compensated by providing more FRP and placing the steel and FRP
bars at the different levels in the tension zone with the large distance between FRP
and steel reinforcement. Moreover, the corrosion of steel reinforcement is mitigated
by arranging the different level of reinforcement in which FRP bars are placed in the

outer layer and steel bars are laid in the inner layer.

5.4.4 Effect of FRP types

For the effects of the FRP type on the load-deflection response, ultimately applied
load and midspan deflection results of the simulated hybrid beams are shown in Fig.
5.14(c) and Table 5.5. The hybrid reinforcement ratios (AdAs) of the investigated
specimens B4 G1 R2 (group 1), B4 G1 R8 (group 1), B4 G4 R8 (group 4) and
B4 G5 R8 (group 5) of Table 5.4 are 1.975, 7.990, 0.750 and 1.688, respectively.

Moreover, those analyzed specimens contained the same steel reinforcement
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amount, A = 201.2 mm?. The FRP-steel RC beam B4 G1 R8 employs FRP bars whose
rupture strain is four times that of the GFRP and whose elastic modulus is one-fourth
that of the GFRP. Clearly, the initial response of the three specimens reinforced with
the GFRP, CFRP and AFRP bars is relatively similar. However, the slope of load-
deflection curves of those beams is changed after the cracking of the concrete.
Specifically, the stiffness of the specimen reinforced by CFRP-steel bars is greater
than the stiffness of the beams reinforced with AFRP/GFRP and steel rods, due to the
higher elastic modulus of CFRP bars. In Fig. 5.14(c), as expected, the B4 G4 R8 (CFRP)
and B4 G5 R8 (AFRP) models achieve the similar load-carrying capacities to the
control beam B4 G1 R2 (GFRP) with values obtained in range from 126 kN to 131 kN
of failure load. However, the maximum deflections of the hybrid CFRP-steel and
AFRP-steel RC beams are dropped by 33.83% and 14.97% in the comparison with the
beam reinforced by GFRP-steel bars. Under the same flexural strength and the same
failure mode of concrete crushing of the investigated specimens, the aforementioned
finding may be mainly due to the lower elastic modulus of GFRP, which results in a
greater deformation, compared to those of AFRP and CFRP.

By using the same ductility definition as the case of the effect of reinforcement
arrangement, a lack of ductility is easily recognized in the concrete beams reinforced
with CFRP and steel tension bars since the energy absorption of those beams is
lower than the energy absorption of the concrete beams with hybrid use of
AFRP/GFRP and steel reinforcement (see the last column of Table 5.5 for the values
of energy absorption). Additionally, the high elastic modulus and the low fracturing
strain of CFRP rods make the hybrid CFRP-steel RC members stiff and brittle;
therefore, the beams reach the peak load at a low displacement, then fail
immediately by concrete crushing. The contribution of the elastic moduli of CFRP
bars is significant in the load-carrying capacity and rigidity of the hybrid beam:s.
However, this effect causes a negative influence on the ductility consideration of the
hybrid members. With the highest value of the absorption energy, the concrete
beams reinforced by GFRP and steel bars improve the ductility since the lower
elastic modulus and the higher fracturing strain of GFRP bars allow the contribution

of steel reinforcement on the ductility of the hybrid GFRP-steel beam to be heavily
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utilized. By comparison to the steel RC beams with the same flexural capacity, the
concrete beam reinforced by GFRP and steel bars can achieve 74% of the absorption
energy of the steel RC beams. Furthermore, the absorption energy of the hybrid FRP-
steel RC beam B4 G1 RS, in which the mechanical property of reinforced FRP bars is
proposed above, can reach 83% of the absorption energy of the reference beam
reinforced with single steel bars under the same flexural strength. Therefore, the
property of the FRP bars employed in specimen B4 G1 R8 with 10.25 GPa of Young’s
modulus (one-fourth of the GFRP elastic modulus) and 7.36% of the rupturing strain
(four times the GFRP fracturing strain) can be a better option than GFRP for practical
use.

In conclusion, the strength and stiffness of FRP bars can be compensated by
providing more FRP reinforcement. However, the low fracturing strain, which is a
weak point of carbon and aramid fibers, cannot be substituted by any. Thus, the
beams reinforced with FRP, such as GFRP which has a low elastic moduli and high
rupturing strain, and steel bars imply a better ductility than the beams with hybrid
CFRP/AFRP and steel reinforcement. In addition, a Young’s modulus of 10.25 GPa and
a fracturing strain of 7.36% is proposed for the property of FRP tension reinforcement
in the concrete beams with hybrid use of FRP and steel bars to achieve an
absorption energy close to that of the reference steel RC beam under the same load

carrying capacity.

5.4.5 Ductility-related indices

Aside from the ductility corresponding to the area under the load-displacement
curves, as explained above, the current study uses the ductility factor defined by the
ratio of ultimate displacement to yielding deflection. This work also proposes a
ductility index to discuss the ductility measurements of the concrete beams with the
combination of FRP and steel tension reinforcement.

Figure 5.10 indicates that the behavior of concrete beams reinforced by FRP-steel
bars was divided into the three stages. To consider the ductility of the beams, stage

2 and stage 3 were carefully investigated. Based on the consideration of the post-
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yield stiffness of the beams, which was also adopted in the study of Arafa et al.
(2015) to assess the ductility behavior of the RC members, this research introduces a
simple ductility index to evaluate the ductility of hybrid FRP-steel RC beams. Since
the post-yield stiffness of a hybrid FRP-steel RC beam is almost decided by FRP
reinforcement; therefore, the magnitude of the post-yield rigidity to whole stiffness
ratio [(Awuy)/(AF/Fy)] is correlated with the ductility of this beam. The Au=uy—uy(mm),
AF = Fy—Fy (kN), and Fy, Fy, u, uy correspond to the applied loads and deflections at
the ultimate and steel yielding. As a ductility definition, the ductility of a beam is

enhanced when the ductility index computed by (Aw/u)/(AF/Fy) increases.

Table 5.6 Absorption energy, ductility factor and ductility index of the experimental

results

Absorption Ductility
Authors Beam ID Ductility index
energy (kNmm)factor, ud/uy

(Au/w)[(AF/Fy)

Al 3515.0 5.92 1.56
Aiello and Ombres

A2 3401.4 5.08 1.70
(2002)

A3 9575.8 4.08 2.29

B1 1815.9 3.08 8.76

B2 2520.9 - -

B3 2669.4 4.78 2.15

B4 2330.8 8.42 1.73
Qu et al. (2009)

B5 2864.8 5.87 2.98

B6 2512.3 4.82 2.80

B7 1892.4 11.00 1.65

B8 1777.8 1.61 0.53

G0.6-T1.0-A90 13920.6 4.19 1.89
Lau and Pam (2010) G1.0-T0.7-A90 19025.4 3.86 1.90

G0.3-MD1.0-A90  6505.0 7.28 1.99

Table 5.6 shows the results of the ductility of the hybrid FRP-steel RC beams in

the literature defined according to the methods of conventional steel RC beams
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(ductility factor, uJu,) and the index proposed in the present study. As defined in
each index meaning, Table 5.6 shows that the absorption energy of the tested
beams is enhanced when the ductility index increases. This trend is observed in the
studies of Qu et al. (2009) and of Lau and Pam (2010). Table 5.6 also implies that
beam B8 is the most brittle because of the smallest values of ductility factor, uduy,
absorption energy and ductility index (Awu)/(AF/F)). Beam B8 therefore fails
immediately after steel yielding. For the beams Al, A2, and A3, the ductility index
provides the same ranking with the calculated absorption energy. Clearly, beam A3
has the largest values of the fracture energy and the ductility index, (Awuu)/(AF/Fy);
thus, the most ductile beam is A3. However, the ductility evaluation of the tested
specimens by adopting the ductility index and absorption energy in this study are
different from that using the ductility factor defined as the conventional steel RC
beams. These above findings are in complete agreement with the results obtained

by Pang et al. (2015).
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Figure 5.15 Relationship of reinforcement ratio and ductility index in the beams of

parametric study

Additionally, the description of mechanical performance of hybrid FRP-steel RC
beams in comparison with steel RC beam is carried out by comparing the three
indices: ductility factor, ductility index and absorption energy. The simulated results

of the parametric study with the beams designed in Table 5.4 are employed. Figures
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5.15, 5.16 and 5.17 show the relationships between ductility indices, FRP types and
concrete compressive strength varying among hybrid reinforcement ratios of the
analyzed beams. Moreover, the exponential function regression is applied to draw
the trend lines of those relationships. From Figs. 5.15 and 5.17, under the same
flexural capacity in each beam group, it is similar to the trend of absorption energy
defined in the previous sections, in which the ductility index values decreased as the
hybrid reinforcement ratios AfAs increased.

The ductility index of the steel RC beams is much higher than that of the hybrid
FRP-steel members since the post-yield response of those reference specimens is
nearly horizontal, implying that with the same load carrying capacity, a hybrid FRP-
steel beam could be ductile if its post-yield stiffness is close to that of the
corresponding steel RC beam. This finding can be obtained through the beams
resulting in high yielding load and large ultimate displacement, in which the
corresponding absorption energy of those specimens is high. In the contrast to the
aforementioned observations, the ductility defined by the ductility factor of the
hybrid FRP-steel RC beams is slightly enhanced as the hybrid reinforcement ratio
increases. Moreover, by using the ductility factor and absorption energy, Fig. 5.16(a)
and Fig. 5.17(a) indicate that the ductility indices are reduced by decreasing the
concrete compressive strength. This finding is completely opposite to the values
defined by the ductility index (as seen in Fig. 5.15(a)). From Figs. 5.15(b), 5.16(b) and
5.17(b), the results computed by the three ductility indices of the GFRP-steel RC

beam are generally greater than those of the AFRP-steel and CFRP-steel RC beams.
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Figure 5.16 Relationship of reinforcement ratio and ductility factor in the beams of

parametric study

Based on the observations from Fig. 5.15 and Fig. 5.17, the practical feasibility of
the hybrid FRP-steel RC beams through the requirement of the ductility index, which
requires the 80% of the absorption energy of the steel reference beams, is expressed
as follows. The hybrid FRP-steel RC beams with concrete compressive strength of
33.1 MPa should hold the ductility index (Awu)/(AF/F.) to no less than 3.88, 5.47 and
2.87 for the GFRP, CFRP and AFRP types, respectively. To provide these ductility
index values sufficiently, the hybrid reinforcement ratio A#/As is required to be not
larger than 0.641 for the beams with GFRP/AFRP-steel cases and that ratio is also
recommended to be no greater than 0.395 for the specimens reinforced with CFRP-
steel bars. In the case of the beams reinforced with GFRP and steel tension bars, the
ductility indices (Awu)/(AF/F,) that are no less than 3.88, 2.03 and 2.01 should be
ensured for the corresponding concrete strengths of 35 MPa, 45 MPa and 60 MPa. To
satisfy these ductility requirements, the hybrid reinforcement ratio A#As should be
controlled to be no greater than 0.641 for concrete strength ranging from 35 to 60.0
MPa. On the other hand, the minimum ductility index of 1.40 corresponding to 47%
of the steel RC beam absorption energy can be achieved for a concrete compressive
strength ranging from 35 to 60 MPa, the FRP types with the elastic moduli from 41 to
124 GPa and the hybrid reinforcement ratio from 0.395 to 2.880.



o
o
o
(=]

Absorption energy (kNmm)_,

o

O GFRP_C35
© GFRP_C45
A GFRF_C60

-
S~ o
-

~-

o
o
o
S
|
!
I
]
<

Expon. (GFRP_C35)
- = Expon. (GFRP_C45)

0 05 1

15 2 25
AJA,

(a) Effect of concrete strength

122

5000
€ O GFRP_C35
£ 4 KFRPCa
g 4000 Expori. (GFRP_C35)
= m — . — Expon. (CFRP_C35)
33000 ----- Expon. (AFRP_C35)
g %
o
S 2000 A
s[RI A A -
g 1000 OB~ ~@—. o . _ o
<

0

0 0.5 1 1.5 2 2.5 3

(b) Effect of FRP types

Figure 5.17 Relationship of reinforcement ratio and absorption energy in the beams

of parametric study

Table 5.4 Details of the parametric study on reinforcement ratios, concrete

compressive strength and types of FRP, and simulated absorption energy and yielding

load
, Absorption
As opr = E; fs fe Yielding load
Group Beam ID (mm?) Ar (mm )Af/As (MPa) (MPa) (MPa) ENersY )
(kNmm)
157.0 452.4
B4 G1 R1 2.880 41000 755 35 2585.0 57
(2d10) (4d12)
201.2 3959 35
B4 G1 R2 1.975 41000 755 2602.0 63
(4d8)  (2d16)
B4 Diff. level a 201.2 427.6 35
2.128 41000 755 3279.4 66
=10 mm (4d8)  (2d16.5)
B4 Diff. level a 201.2 4618 35
B B 2.298 41000 755 3469.4 65
=20 mm (4d8)  (4d14)
Group 1
B4 Diff. level a 201.2 490.8 35
2.443 41000 755 3627.6 68
=30 mm (4d8)  (1d25)
2515 3142 35
B4 G1 R3 1.235 41000 755 2569.5 73
(5d8)  (4d10)
301.8 307.9 35
B4 G1 R4 1.000 41000 755 2807.2 83
(6d8)  (2d14)
402.2 2545 35
B4 G1 R5 0.641 41000 755 2870.3 101

(2d16) (2d12.7)
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503.0 201.2 35
B4 G1 Ré6 0.395 41000 755 2899.9 109
(10d8) (4d8)
628.4 35
B4 G1 R7 Steel - - - - 35155 136
(2d20)
201.2 1587.6 35
B4 G1 R8 7.900 10250 755 2949.3 63
(4d8)  (3d26)
B4 G2 R1 157.0 4524 2.880 41000 755 45 1987.8 60
B4 G2 R2 201.2 3959 1.975 41000 755 45 2389.0 66
B4 G2 R3 2515 3142 1.235 41000 755 45 2851.7 73
Group 2B4 G2 R4 301.8 307.9 1.000 41000 755 45 2961.0 82
B4 G2 R5 402.2 2545 0.641 41000 755 45 3280.7 102
B4 G2 R6 503.0 201.2 0.395 41000 755 45 3015.2 121
B4 G2 R7 Steel 760.2 - 7 - = 45 3590.1 149
B4 G3 R1 157.0 452.4  2.880 41000 755 60 4588.4 58
B4 G3 R2 201.2 3959 1.975 41000 755 60 5173.2 65
B4 G3 R3 2515 3142 1.235 41000 755 60 5545.2 76
Group 3B4 G3 R4 301.8 307.9 1.000 41000 755 60 5965.9 86
B4 G3 R5 402.2 254.5 0.641 41000 755 60 6780.6 101
B4 G3 R6 503.0 201.2 0.395 41000 755 60 7529.1 125
B4 G3 R7 Steel 804.4 - = = = 60 7645.4 179
B4 G4 R1 157.0  452.4 2.880 1240001700 35 775.0 94
B4 G4 R2 201.2 3959 1.975 1240001700 35 865.6 96
B4 G4 R3 251.5 3142  1.235 1240001700 35 951.1 96
B4 G4 R4 301.8 307.9 1.000 1240001700 35 915.6 111
Group 4
B4 G4 R5 402.2 254.5 0.641 1240001700 35 1282.6 120
B4 G4 R6 503.0 201.2 0.395 1240001700 35 1369.4 138
B4 G4 R7 Steel 981.8 - - - - 35 1645.7 160
B4 G4 R8 201.2 150.8 0.750 1240001700 35 1657.5 64
B4 G5 R1 157.0 4524 2.880 50100 1366 35 1313.9 60
B4 G5 R2 201.2 3959 1975 50100 1366 35 1354.2 65
B4 G5 R3 2515 3142 1.235 50100 1366 35 1294.9 76
Group 5
B4 G5 R4 301.8 307.9 1.000 50100 1366 35 1252.4 86
B4 G5 R5 402.2 2545 0.641 50100 1366 35 1497.9 104
B4 G5 R6 503.0 201.2 0.395 50100 1366 35 1511.0 120
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B4 G5 R7 Steel 7602 - - - - 35 17289 145
B4 G5 R8 201.2 3393 1.688 50100 1366 35 22140 63
B4 G6 R1 157.0 4524 2.880 41000 755 20 14569 46
B4 G6 R2 2012 3959 1975 41000 755 20 15763 60
B4 G6 R3 2515 3142 1.235 41000 755 20 15522 69
Group 6 B4 G6_ R4 301.8 3079 1.000 41000 755 20 16648 76
B4 G6 R5 402.2 2545 0.641 41000 755 20  1707.8 85
B4 G6_R6 503.0 2012 0.395 41000 755 20 16927 97
B4 G6 R7 Steel 7602 - - - - 20 20009 108

Table 5.5 Effects of reinforcement arrangement and types of FRP reinforcement

Designed  FEM Differen-
Paramet- As As —
o Specimen (o / i) pArf/As ultimate  ultimate  ceiin
load (kN)  load (kN)  load (%)
B4 G1 _R2 (GFRP) 201.2 395.9 1.975 140 127 NA
B4 G4 R8 (CFRP) 201.2 150.8 0.750 140 131 3.14
FRP types B4 G5 R8 (AFRP) 201.2 339.3 1.688 140 126 0.79
B4 G1 R8 (FRP
201.2 1587.6 7.900 140 127 0.00
proposed)
B4 G1 R2 (same
201.2 395.9 1.975 140 127 NA
level)
Reinforce- B4 Diff. level a
B N 201.2 az21.7 2.128 140 127 0.00
ment =10 mm
arrangem- B4 Diff. level a
201.2 461.8 2.298 140 126 0.79
ent =20 mm
B4 Diff. level a
201.2 490.8 2.443 140 126 0.79

=30 mm
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Table 5.5 (continued)

Difference
Ultimate Absorption
in Yielding
Parameter Specimen deflection energy
deflection  load (kN)
(mm) (kNmm)
(%)
B4 G1 R2 (GFRP) 27.05 NA 63 2602.0
B4 G4 R8 (CFRP) 17.90 33.83 64 1657.5
FRP types
B4 G5_R8 (AFRP) 23.00 14.97 63 2214.0
B4 G1 R8 (FRP proposed)  27.84 292 63 2949.3
B4 G1 R2 (same level) 27.05 NA 63 2602.0
Reinforcement B4 Diff. level a = 10 mm 31.59 15.78 66 3279.4
arrangement B4 Diff. level a = 20 mm 32.90 21.63 65 3469.4
B4 Diff. level a =30 mm 34.40 27.17 68 3627.6

5.5 Conclusions

The reliability of the FE modelling is validated through comparing the simulated
results to the experimental data for the beams tested in the previous studies.
Additionally, an extensive parametric study is also carried out by means of the FE
program to analyze the ductility of the hybrid FRP-steel RC beams by providing
optimum experimental parameters. From the numerical investigation, the following
conclusions can be drawn.

Based on the FE simulation results of the available data, the FE models can
predict the load-deflection relationships of the hybrid FRP-steel RC beams well with
a maximum deviation less than 10% in the load-carrying capacity and the
displacement. The stiffness of the beams simulated by the FE method is higher than
those of the experimental results mainly due to the perfect bond assumption
between the reinforcement and concrete. In addition, the FE tool also simulates the
failure mode of concrete crushing after steel yielding of the hybrid FRP-steel RC
beams well. On the other hand, the FE results indicate the difference on the role of
FRP and steel reinforcement in a hybrid RC beam. In fact, the FRP bars are mainly
responsible for the ultimate strength of the hybrid RC beam, while the ductility

performance of that specimen is almost concentrated on the steel reinforcement.
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Therefore, the ductility defined by absorption energy of the FRP-steel RC beam
could be enhanced if the hybrid reinforcement ratio AdAs is small.

Generally, the use of the high strength concrete and the low hybrid reinforcement
ratio AdAs offers the enhancement on the ductility defined by the absorption energy
of the hybrid FRP-steel beams. In addition, the beams reinforced with the larger gap
between FRP and steel bars in the tension zone provide a better ductility in the
comparison with the hybrid beams with the smaller spacing between FRP and steel
reinforcement. In addition, the ductility defined through the fracture energy of the
hybrid FRP-steel RC beams is improved when the FRP bars with low elastic modulus
and high rupturing strain (such as GFRP) are employed. Indeed, based on the
simulated results, the FRP property with 10.25 GPa of Young’s modulus (one-fourth
that of GFRP) and 7.36% of rupturing strain (four times that of GFRP) can achieve over
80% of the absorption energy of the reference steel RC beams.

A simple and reliable ductility index is proposed to evaluate the ductility of
concrete beams reinforced with steel and FRP bars. This ductility index displays a
similar observation of the absorption energy concept in the ductility performance.
Similar to the results obtained from the absorption energy, the ductility index values
decrease as the hybrid reinforcement ratios AdAs increase. Under the same flexural
capacity condition, the absorption energy of the hybrid FRP-steel RC beams can
achieve 80% of that of the steel reference beams when the following requirements
on the ductility index are sufficiently offered. For the hybrid beams with concrete
strength of 35 MPa, the ductility index values are no less than 3.88, 5.47 and 2.87 for
the GFRP, CFRP and AFRP types, and the corresponding hybrid reinforcement ratios
are no greater than 0.641 (for the GFRP and AFRP cases) and 0.395 (for the CFRP
case). In addition, the ductility indices (Awu)/(AF/F,) that are no less than 3.88, 2.03
and 2.01 for the corresponding concrete strength of 35 MPa, 45 MPa and 60 MPa
should be ensured for the concrete beams reinforced by GFRP and steel bars,
attained when the hybrid reinforcement ratio of FRP to steel bars is less than or
equal to 0.641. On the other hand, the minimum ductility index of 1.40 of the beams
analyzed in this work can be achieved by at least 47% of the absorption energy of

the corresponding steel RC beams.
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Chapter 6 GENERAL CONCLUSIONS AND FUTURE DEVELOPMENTS

6.1 General conclusions

At first objective, the present research deals with the reinforced concrete beams
strengthened in shear by ETS steel or FRP bars, which are embedded into pre-drilled
holes through the section of the members. This study also deals with the concrete
beams reinforced in shear with hybrid inclination of the transverse steel. An
experimental program to study the mechanical responses of concrete beams
retrofitted by ETS steel/GFRP bars was carried out. The overall behaviors of the
tested members such as load-deflection relationship, crack pattern, cracking failure
and strain of shear reinforcement are investigated. Additionally, the comparisons
between the tested results and the data in the previous studies are conducted to
analyze the effectiveness of the ETS strengthening system inserted the mechanical
anchorage. On the other hand, the efficiency of ETS FRP in terms of combined usage
of steel and FRP is assessed through the truss analogy theory. The average strain
equation of the ETS FRP reinforcement in the existing shear resisting methods is also
developed.

In addition, an experimental program to investigate the bond behavior between
ETS steel/GFRP bars and concrete was carried out. The various effects such as the
anchorage presence, the ETS type, the anchorage length, the ETS bar diameter and
the embedment length on the bonding performance of ETS bars to concrete are
examined. Based on Dai et al’s method, the bond model is developed for
analytically deriving the bond response between ETS FRP bars and concrete. On the
other hand, a FE program is developed to simulate the structural response of
concrete beams strengthened by ETS steel and GFRP bars. Based on the results of
the analyses, general conclusions are summarized as follows:

(1) The results attained from the experiment indicate that the contribution in
shear resistance of ETS bars inserted anchorage is significantly higher than that of the

ETS strengthened beams without anchorage. Furthermore, due to the close shape
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configuration of vertical stirrups reinforced in the beams, the shear resistance of ETS
vertical bars is less than that of the ordinary shear reinforcement. However, the shear
contribution of ETS diagonal system is slightly higher than the contribution of internal
diagonal-vertical reinforcement in shear since the ETS diagonal bars offered the
longer bond length compared to the non-close configuration of hybrid shear
diagonal reinforcement, providing a short bond length and a poor anchorage. On the
other hand, the truss analogy theory can predict well the shear resistance of the
internal steel reinforcement, however, this model cannot predict well the shear
contribution of the low percentage of ETS reinforcement due to the beams with the
low ratio of ETS strengthened bars (provided a low bonding performance) failed by
the debonding instead of the yielding of ETS reinforcement.

(2) Concrete beams strengthened by the ETS bars inclined at 45° provide the
higher shear strengthening efficiency in the comparison with those retrofitted by the
vertical ETS bars. Besides, the displacement at ultimate load of the beams retrofitted
by ETS GFRP rods is feasible compared to that of the ETS steel retrofitted beams.
Moreover, by applying the mechanical anchorage at the tension ends of the ETS
strengthening system, all investigated beams were failed in shear due to the
significant and wider shear cracks in shear cracking zone of the members. The rupture
of the ETS bars and the debonding and leaving of the ETS bars to concrete and to
the mechanical anchorage were not occurred. As another effectiveness of the
anchorage insert at the ends of the ETS bars, the activation of the ETS system and
the existing steel stirrups is simultaneous in the shear resistance since the shear
transfer mechanism of concrete-adhesive-ETS bars were improved. This fact may
utilize all of capacity of the ETS strengthening tool.

(3) The beam strengthened with ETS GFRP system with anchorage provided
an encouraging anchorage and confinement to the retrofitted bars, leading the ETS
system is drastically triggered; therefore the shear contribution of the ETS GFRP
vertical one is higher than that of the ETS CFRP vertical one without anchorage.
When the bond length is improved by the inclination arrangement of ETS bars, the
contribution of ETS CFRP diagonal reinforcement in shear is greater than that of ETS

GFRP diagonal rods. Besides, as observed from the experimentation, the shear failure
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modes of the beams, which is retrofitted with ETS GFRP bars installed mechanical
anchorage, intended to convert into the flexural failures by crushing concrete at the
load points, and this might improve the ductility of the ETS strengthened members.

(4) The presence of stirrups reduced the resistance of ETS strengthened bars in
shear. With low percentage transverse steel compared to the percentage of ETS
reinforcement, the detrimental effect induced by presence of existing stirrups did not
occur in the specimens strengthened by ETS bars with mechanical anchorage insert.
Furthermore, the shear contribution of strengthening system adopting the ETS method
always offered higher values than that of the NSM retrofitted bars, since the good
anchorage and confinement of the concrete core to ETS bars that made the shear
transfer mechanism of concrete-adhesive-ETS bars significantly enhanced and triggered,
resulting in the contribution of ETS bars in shear drastically improved.

(5) For the concrete beams retrofitted with the ETS method and failed with no
debonding effects of the strengthening system to concrete, to predict the shear
contribution of the strengthening system, the original Ueda et al.’s model can be
employed for the ETS steel cases, and the ACl and JSCE model with the developed
average strain equation can be used for the ETS FRP cases with/with no mechanical
anchorage attachment.

(6) From the pullout test analysis, before the mechanical anchorage being
activated, the initial response of the specimen embedded by ETS bars with anchorage
attachment is completely similar to the corresponding specimen embedded by ETS bars
without anchorage. The specimen with mechanical anchorage presence results in the
significantly higher maximum pullout force than that obtained by the test of the
specimen without anchorage since the use of anchorage enhanced drastically the
tension capacity of rod at the bar end. For the effect of embedment length, the
ultimate pullout forces of the tested specimens are similar since the failure mode is the
GFRP bar rupture. In addition, the specimen with ETS GFRP bar diameter of 10 mm
offered the lower ultimate pullout force and smaller maximum slip in the comparison
with those of the specimen with ETS GFRP bar diameter of 8 mm. This fact can be due
to the bigger ETS bar size induced the poorer adhesive resin injection, while with the

smaller ETS bar size the adhesive resin is filled up more properly. For the effect of ETS
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types, the tested results reveal that the concrete block embedded by ETS steel bar
exhibited higher pullout force and smaller slip in the comparison with the member
retrofitted with ETS GFRP rod since the high Young’s modulus of steel of 200 GPa, the
low vyielding strain of steel of 2000 micron. Moreover, the specimens with the longer
anchorage length (four and six anchoring nuts) resulted in the greater pullout force than
that of the specimen with the short anchorage length (two anchoring nuts). The failure
mode of the specimen with short anchored ETS bar failed by pullout of ETS bar leaving
the nuts in concrete, meaning the two nuts are not enough to assure the full tension
capacity of ETS GFRP bar.

(7) By developing the bond model based on Dai et al.’s method, the good
agreement is obtained in the comparison between the analytical maximum pullout
forces and the experimental maximum pullout loads. The results computed by the
developed ETS bond model fitted well with the tested data, especially in the
ascending branch of the curves, in terms of the bond stress and slip relationship.
Besides, the interfacial fracture energy (Gy) and ductility index (B) are important
factors affecting the ETS bond response. The application of developed bond model
for the ETS bars in the simulation indicated that the FE modelling is an effective tool
to accurately predict various features, including the load-midspan deflection, stress
of FRP and steel reinforcement, failure mode and crack propagation of concrete
beams reinforced in shear by ordinary vertical and diagonal steel reinforcement, and

strengthened by ETS steel/GFRP bars.

At second objective, this study deals with the concrete beams reinforced by
hybrid FRP and steel tension bars. This research gains insight into the mechanical
performance and the ductility of concrete beams reinforced by FRP and steel
tension bars. The reliability of the FE modelling is validated through comparing the
simulated results to the experimental data for the beams tested in the previous
studies. Additionally, an extensive parametric study is also carried out by means of
the FE program to analyze the ductility of the hybrid FRP-steel RC beams by
providing optimum experimental parameters. From the numerical investigation, the

following general conclusions can be drawn as follows:
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(1) The FE models can predict the load-deflection relationships of the hybrid
FRP-steel RC beams well with a maximum deviation less than 10% in the load-
carrying capacity and the displacement. The stiffness of the beams simulated by the
FE method is higher than those of the experimental results mainly due to the perfect
bond assumption between the reinforcement and concrete. In addition, the FE tool
also simulates the failure mode of concrete crushing after steel yielding of the hybrid
FRP-steel RC beams well. On the other hand, the FE results also indicate that the
FRP bars are mainly responsible for the ultimate strength, while the steel
reinforcement is most responsible for the ductility performance of hybrid RC beams.
Therefore, the stiffness and ductility defined by absorption energy of the FRP-steel
RC beam would be enhanced if the hybrid reinforcement ratio A/As was small.

(2) From the parametric study, generally, the use of the high strength
concrete and the low hybrid reinforcement ratio AdAs offers the enhancement on the
ductility defined by the absorption energy of the hybrid FRP-steel beams. In addition,
the beams reinforced with the larger gap between FRP and steel bars in the tension
zone provide a better ductility in the comparison with the hybrid beams with the
smaller spacing between FRP and steel reinforcement. The ductility defined through
the fracture energy of the hybrid FRP-steel RC beams is improved when the FRP bars
with low elastic modulus and high rupturing strain (such as GFRP) are employed.
Indeed, based on the simulated results, the FRP property with 10.25 GPa of Young’s
modulus (one-fourth that of GFRP) and 7.36% of rupturing strain (four times that of
GFRP) can achieve over 80% of the absorption energy of the reference steel RC
beams.

(3) The ductility index proposed in this study displays a similar observation of
the absorption energy concept in the ductility performance. The ductility index
values decrease as the hybrid reinforcement ratios AdAs increase. Under the same
flexural capacity condition, the absorption energy of the hybrid FRP-steel RC beams
can achieve 80% of that of the steel reference beams when the following
requirements on the ductility index are sufficiently offered. For the hybrid beams
with concrete strength of 35 MPa, the ductility index values are no less than 3.88,

5.47 and 2.87 for the GFRP, CFRP and AFRP types, and the corresponding hybrid
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reinforcement ratios are no greater than 0.641 (for the GFRP and AFRP cases) and
0.395 (for the CFRP case). In addition, the ductility indices (Awu)/(AF/F,) that are no
less than 3.88, 2.03 and 2.01 for the corresponding concrete strength of 35 MPa, 45
MPa and 60 MPa should be ensured for the concrete beams reinforced by GFRP and
steel bars, attained when the hybrid reinforcement ratio of FRP to steel bars is less
than or equal to 0.641. On the other hand, the minimum ductility index of 1.40 of
the beams analyzed in this work can be achieved by at least 47% of the absorption

energy of the corresponding steel RC beams.

6.2 Future developments

Together with the findings obtained in this study, the future developments are
needed to extend and apply the shear strengthening method using ETS technique
and the concrete beams reinforced with hybrid FRP-steel tension bars for the
practical use. The important points of the future developments are shown as
follows:

(1) More experimental program of concrete beams retrofitted in shear using
ETS technique is expected to investicate the effects of concrete compressive
strength, size of section, shear span length, bar diameter, bar type and bar surface on
the shear strengthening effectiveness.

(2) The steel anchoring nuts in this study can be replaced by the FRP
anchorage to meet the durability requirement of the strengthened structures. In
addition, further investigations on the influences of the mechanical anchorage such
as the anchorage length and the anchorage detailing on the strengthening
performances should be carried out.

(3) Hybrid method of ETS and EB/NSM for strengthening in both shear and
flexure is desired to improve the retrofitting efficiency of the structures in the
practical use.

(4) More pullout test of boding between ETS bars and concrete under various

influences such as failure criteria, ETS bar type and anchorage detailing is needed to
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offer the good bond model for analyzing well the bond behavior of ETS bars to
concrete.

(5) Although there are numerous experiments and this study provides a large
range of ductility assessment, the further investigations on the effects of the span
length, the size of section and the anchorage length of reinforcement on the
performances of the concrete beams reinforced by FRP and steel tension bars are

expected.
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