Flexural and Serviceability Behaviour of SteelGFRP Hybrid

Reinforced Concrete Beams an@®ne-way Slabs

Mostafa Rabea Attia Ibrahim

A Thesis
In the Departmendf

Building, Civil and Environmental Engineering

Presented in Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy (Civil Engineering)

atConcordia University

Montréal, Québec, Canada

April 2024

© Mostafa Rabea Attia Ibrahim, 2024



CONCORDIA UNIVERSITY
SCHOOL OF GRADUATE STUDIES

Thisis to certify thatthethesisprepared
By: Mostafa Rabea Attia Ibrahim

Enttled: Flexural and Serviceability Behaviour of St&&FRP Hybrid Reinforced Concrete

Beams an®neway Slabs
andsubmittedin partialfulfilment of therequirementsor the degreeof
Doctor of philosophy (Civil Engineering)

complieswith theregulationof the Universityandmeetsheacceptedtandardsvith respecto
originality and quality.

Signedby thefinal examiningcommittee:

Chair

Dr. Carol Fung

ExternalExaminer

Dr. Radhouane Masmoudi

Examiner
Dr. Mehdi Hojjati
Examiner
Dr. Ahmed Soliman
Examiner
Dr. Anjan Bhowmick
ThesisSupervisor

Dr. Khaled Galal

Approved by

Dr. Chunjiang An Graduate Program Director

Date of Defence
May 29", 2024 Dr. MouradDebbabi,Deanof Faculty




ABSTRACT

Flexural and Serviceability Behaviour of SteelGFRP Hybrid Reinforced Concrete Beams and
One-way Slabs

Mostafa Rabea Attia Ibrahim, Ph.D.
Concordia University, 2024

A steelglassfibre-reinforced polymer(GFRPB hybrid reinforced concretdRC) section would
benefit from the superior advantages of stegdaticeability limit stategparticular advantages of GFRP
atultimate limit statesand ductility provided by steel reinforcement. Replacing some steel rebars with
GFRP bars can reduce the construction costs of the project by lowering the material and labour costs.
Moreover, replacing some steel rebars exposed to harsh environmedtabnsensuch as corners, with
GFRP bars can increase the service life of the elen@rgthesisinvestigaes the serviceability and
flexural behaviour of steébFRP hybrid RC flexural members through analytical investigations and
experimental studiedt also provides design recommendations for desigriyprid RC flexural
members and assessbe design equations of deflectiorack width yielding and ultimate moment

capacityin North America standards and guidelines.

This researchstarted with analytical investigations to set a platform for designing-GteRP
hybrid RC sections. Practical design charts were developed for the proposed design recommendation
based on the fundamentals of section analysmsextensive parametric study was undertaken to
transform steel RC sections into alternative s@&€RP hybrid RC sections with the same total number
of bars.The study then experimentally investigated the flexural and serviceability behaviour of steel
GFRP hybridRC beamsand oneway slabghrough testing and analyzing 15 RC beamnd eightRC
oneway slabs The experimental results were analyzed and compared in terms foktharacking
moment and yielding momenfiailure modes, flexural capacitgpncrete and rebar straimid-span
deflection, crack widthand ductility. Based on the cracked section analysis, new ecgiatee
proposed to estimate the rebar stiaig maximum miespan deflectiorior the postyielding stage in
the hybrid RC beam3he experimentaksults weralsoused to assess the bedelpendant coefficient,

kp of the steel, GFRP, and hybrid RC beand oneway slabs
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Chapter 1
Introduction

1.1  Background

The mechanical properties of GFRP bars are considerably differentrfoze ofsteel rebars. While
steel rebars are ductile, GFRP rebars are linear elastic to failure. GFRP rebars have higher tensile strengtt
thansteel rebars. However, they have a lower modulus of elasticity than steel Télgadesign of steel
RC elements is, in many cases, controlled by the ultimate limit state (ULS) requirements, resulting in
sections that are ovelesigned for the serviceability limit state (SLS), i.e., crack wadiith deflections.

The design of GFRP RC elements is typically controlled by SLS chgtk®sulting in ovedesigned
sections for the ULS. This dissimilarity in behaviour inspired this project to investigate the feasibility of
having a steeGFRP hybrid RC section where sosteel rarsarereplaced with more affordable GFRP
bars.

Sucha steelGFRP hybrid RC section would benefit from the superior advantages of steel at SLS,
particular advantages of GFRP at ULS, and ductility provided by steel reinforcement. Replacing some
steel rebars with GFRP will reduce the initial costs of the préyeddwering the material and labour
costs. Moreover, replacing steel rebars exposed to harsh environmental conditions, such as corners anc
the outermost reinforcement layer, with GFRP bars can increase the service life of the [@ieBhdnt
addition, steelGFRP hybrid RC sections provide higher ductility and stiffness than GFRP RC sections
[416,8,9] Replacing some steel rebars with GFRP bars could be an economical solthimceise of a
shortage in the supply of steel rebars, especially in large quantities of steel reinforcement. Moreover,
steetGFRP hybrid RC beams can have less crack width under the same service moment than GFRP RC
flexural element$10].

The flexural behaviour of ste@FRP hybrid reinforced flexural members has been studied
experimentally by many researcheshoverified the feasibility of using steel in combination with GFRP
bars to enhance a concrete sec{®@y7,11,12] Aiello and Ombreg11] performed experimental and
theoretical investigations on ste®amid FRP (AFRP) hybrid RC beams. The study focused on
structural behaviourincluding the ultimate and serviceability conditions for deflection, curvature,
ductility, crack width, and spacing. The test results showed that using steel rebars in combination with
AFRP bars reduced crack width and crack spacing and enhanced theattétity of FRP RC beams
but the contribution of the additional steel rebars to the flexural capacity was lovg &ediBalendran
[7] conducted an experimental study on the {daflection behaviour of seven concrete beams reinforced

with steel rebars and GFRP bars. The experimental results showed that the flexural strength of hybrid
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RC beams was higher than those reinforced with either steel rebars or GFRP bars with more cracks. It
wasalso reported that the hybrid RC beams demonstrated an enhancgelpasy stiffnesswhich
supported the GFRP bars' efficacy after yieldsteel rebars. Qu et 4R] investigated experimentally
and theoretically the flexural behaviour of beams reinforced with diffesteatand GFRP reinforcement
configuratiors. Themain parameters studied were the amount of reinforcement and the ratio of GFRP to
steel It was reported that hybrid steeFRP RC beams with normal effective reinforcement ratios
demonstrated good load carrying capacity, ductility, and serviceability. Lau and Placonducted an
experimental study on Idncretebeams consisting of plain concrete beams, steel RC beams, GFRP RC
beams, and hybrid RC beams. Tast results showed that hybrid RC beams behanaé ductile than
GFRP RC beams.

Many studieshave investigated the serviceability behaviour of sBfeRP hybrid reinforced
flexural members experimentally, and these hadied the feasibility of using steel in combination
with GFRP bars to enhance a concrete sedi@l3 17]. Yinghao and Yondg15] conducted an
experimental study on four high strength concrete reinforced with either GFRP GBI hybrid
reinforcement. The results confirmed that the layer of steel reinforcement played an important role in
controlling the deflection stiffness aft cracking.The aithors also confirmed the validity of using
Froschos model t loehapioueol GFRP RQG bleaens and laylorid RGi1lgpams when the
bonddependentcoefficient 'Q p® and Q p8r, respectively. Safarfl0] studied the flexural
behaviour of hybrid RC beams by testing 12 beams reinforced with either steel reinforcement or steel
GFRP hybrid reinforcement. The test results confirmed that the GFRP bars in the hybrid reinforcement
system were reasonably effectimemaintainingsufficientflexural capacity. He also concluded that the
use of GFRP bars was reasonably effective in controlling the crack width of steel RC beams to acceptable
serviceability levels.
El Refai et al[14] studied the structural behaviour of st&#tRP hybrid RC beams in addition to a
theoretical investigation for bond behaviour. The study incluaetstructing and testing six concrete
beams reinforced with ste@FRP hybrid reinforcement antdlree beams reinforced with pure GFRP
bars. The authors concluded that the deflection equation of CSA1Z8@6curately predicted the
deflection of the hybrid RC beams with high effective reinforcement ratios. Based of the experimental
results, an equatn for the preittion of bond dependent coefficier® was proposed to calculate the
crack width of hybrid RC flexural members.

Qin et al.[16] performed an experimental study on six beams reinforced with either steel, GFRP or

hybrid steelGFRP reinforcement in addition to building a finite element model to perform a parametric



study of the replacement ratioj 60 . The authors recommended that eranforced hybrid RC beams
should be designed to havej 6 in the range of 2.5 to provide suitable poegtelding strength and
stiffness to satisfy the ductility requirement. The authors also mentioned that the FRP bars is used to
carry the strength while steel rebars is dominantly responsible for enhanciiigyditaranan et al.

studied the flexural behavior of ste8FRP hybrid geopolymeroncrete beams reinforced with a
combination of steel and GFRP reinforcements. Test results showed that hybrid RC beams demonstrated
less brutal and more ductile failuretivan increased number of cracks compared to GFRP RC beams. It
was also concluded that hybrid reinforcement system was effectively improving the serviceability and
the ductility of geopolymeconcrete beams. Ruan et[al3] tested and anatgd nine beams reinforced

with different configurations of steel and GFRP reinforcement to study the flexural and serviceability
behaviour of steeGFRP RC beams. Test results showed that hybrid RC beams exhibited a deffection
1.15 to 2.1 times that of steel RC besamth equal section substitution between two bars at the same
load level. It waslso concludethat the maximum crack width of hybrid RC beams was larger than that

of steel RC beamsvith a noticeable increase with increagin j © . Recently, Ali et al[17] studied

the flexural behaviour of concrete briddeck slabs reinforced with basalt fibeinforced polymer
(BFRP) and steel reinforcement. The auttstuslied11l RC slabs reinforced with either BFRP or steel
BFRP hybrid reinforcement. Test results showed the influence of the effective reinforcement ratio and
0 j 60 in controlling the postracking behaviour of hybrid RC slabs. The authors concludedhhat

CSA S80612 deflection model jgdicted the experimental results precisédalculations of the bord
dependent coefficienQ of BFRP using the experimental results yielded an average value pivhi2i
was considered close tioe 1.2 recommended value BCI 440.1122.

1.2  Motivation and Research Significance

As mentioned earlierthe design of steel RC elements is, in many cases, controlled by ULS
requirements, resulting iaverdesigned sectionfor the SLS. The design of GFRP RC elements is
typically controlled by SLS checK4], resulting in ovedesigned sections for the ULBsing steel
rebars in combination with GFRP bars is expected to enhance the ultimate capacity and ductility of
conventional steel RC flexural members.

The behaviour of ste€bFRP hybrid RC sections has been studied by many resedici€r20,11
16,18,19] and the feasibility of having a concrete section reinforced with steel and GFRP bars was
experimentally confirmed. However, these studies focused on adding steel rebars toeFRE€d
members or replacing some GFRP bars with steel rebars. Repl@ghgebars with GFRP bars has not

been studied by any researcher. Studies on hybrid RC members focus on serviceability aspects such as
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deflection, crack width, and flexural behaviour. Several experimental studies were recently conducted
on hybrid reinforced members' deflection and cracking behavieunther investigation is required to
determineghefactors that affect the cracking behaviour. Moreover, only a few researchers have studied
the ductility of hybrid reinforced RC elements under flexural loads, which still needs more investigation.
Additionally, no researcbr design code sets a baseline for the design of&ERBIP hybrid RClements.

Thus, the theoretical investigatiorsim to set a platform for designing st€FRP hybrid RC
sections.Design considerationtor designingsteetGFRP hybrid RC flexural elementeed to be
investigatedA parametric study is needed to determine the feasibility of transforming steel RC sections
into alternative steebFRP hybrid RC sections with the samenber of bars. Keeping the same total
number of bars in the section will only result in minimal changes to the structural drawings of the project,
in thatthe design engineer can add a revision note stating the permissible replacement ratio of the original
steel RC sections.

The experimentadtudyaimsto experimentally investigate the flexural and serviceability behaviour
of steelGFRP RC beamssinga monotonic foutpoint load flexural test. The main tgsrameters are
the bar diameter, the GFRP to steel replacement ratio, and the effective reinforcement ratio. The relevant
codes and standards equations for predicting the flexural resp®ilsetion, and crack widtheed to

beassessed and compared with the experimental results.

1.3 ResearchObjectivesand Scope of Work
The objective of this research is to investigate the flexural and serviceability behaviour -of steel
GFRP hybrid reinforced concrete beams and slabs. To achieve this goal, both analytical and experimental
studies were conducted as explained infollewing scopeof work:
1- Setting a platform for designing ste@FRP hybrid sections
2- Conducting an analytical study to transfosteel RC sections to alternative st€#RP hybrid
RC sections with the same total number of bamcrease the ultimate capacity without violating
the serviceability requirements such as deflection, crack width, and rebar stress.
3- Proposing the optimum replacement ratioj 0 to control the serviceability of hybrid RC
sections
4- Investigating a limit for the steel stress at the service stage to ensure appropriate behaviour for
steel bars in the hybrid RC members before steel yielding.
5- Assessing deflection and first cracking moment predictions in the relevant standards and

guidelines.



6- Investigatinghe cracking behaviour of hybrid RC beams andwag slabsincludingthe bond
dependent coefficientQ.

7- Comparing the existing models for ductility indices using the experimental results.

8- Studying oneway slabs beside beams to confirm the findings on a different flexural element,

which might differ in the cracking or deflection behaviour.

1.4  Thesis layout

Six chaptersa Table of contentsa List of Figures, Referenceand anAppendix compose this
dissertation. The chapters discuss the analytical investigations and the experimental work completed.
The following is the content of the chapters:

1 Chapter 1 presents the introduction, research objectives, research scopedesatiption
of the thesis layout.

1 Chapter 2 provides a literature review on flexural capacity and failure modes, ductility and
energy absorptionand previous experimental researam crack width anddeflection
predictions. Finally, a summary and gaps in the literat@eprovided.

1 Chapter 3 presents a comprehensigaalytical studythataims to study the feasibility of
replacing some steel rebars with GFRP bars in the steel RC section and set a platform for
designing steeGFRP hybrid RC sectiondesign considerations are suggested tfer
design of steeGFRP hybrid RC flexural elementsThe design considerations are
recommended for both SLS and ULS, exdeptthe deflection. Practical design charts are
developed for the proposed design recommendation based on the fundamesgatsonf
analysis. Finally, an extensive parametric study was undertaken to transform steel RC
sectiongnto alternative steeGFRP hybrid RC sections with the same total number of bars.

1 Chapter 4 provides an experimental study of the flexural behavior of 15 RC beams,
including five concrete beams reinforced with steel rebarsréwdorced with GFRP bars,
and eightreinforced with steeGFRP hybrid reinforcement. The test parameters are the bar
diameter, reinforcement ratiandreplacement ratio. The experimental results of the tested
beams include crack propagation and failure modes, flexural capacity and yielding moments,
strain distribution, flexural responsthe effect of the reinfccement ratio of yielding and
ultimate moments, and ductility and energy absorption.

1 Chapter 5introduces the experimental results of 15 RC beams, inclulefgst cracking

moment and flexural behaviour, concrete and rebar strain, midspan deflection, and crack



width. A comparison between the experimental results and the prediction using CSA
standards and ACI guidelinesdiscussed.

1 Chapter 6 provides an experimental study of the flexural and serviceability behaviour of
eight RC slabs, including two concrete slabs reinforced with steel rebars, two concrete slabs
reinforced with GFRP bars, and four concrete slabs reinforced withGkedP hybr
reinforcement. The test parameters are the bar diameter, bar spacing, and replacement ratio.
The experimental results of the tested slabs include crack propagation and failure modes,
strain distribution, momerdeflection response, crack widthnd ductility and energy
absorption.

1 Chapter 7 summarizeshe conducted research work, the main findings and conclusions
drawn from this study, and the recommendations for future work.

1 Appendix A providesadditionalfigures for experimental work done in chapters 4, 5, and 6,
including the construction procedures, the testing of beams and slabs, and the testing of the
materials used in the construction.

1 Appendix B provides a design example for the analytical worklivapter 3 for steel RC
slab to obtain the replacement ratio using the proposedgisiep design procedure.

It should be mentioned that there could be some overlap between the Cloapters due to the
nature of this papdrased thesis format. This could be found in the introduction of each chthpter,
design and details of test specimens, the test setup, testing instrumentation, and the loading protocol.



Chapter 2

Literature survey

This chapter provides a critical review of previous studies conducted on hybrid reinforced concrete
elements. Flexural capacity and failure modes are discussed in section 2.1. Deflection predictions is
addressed in section 2.2. Crack width is discussegdtion 2.3. The concept of ductility and energy
absorption is addressed in section 2.4. summary of previous research conducted, appointing the researct
gaps in the literatures discussed in section 2.5.
2.1  Flexural Capacity and Failure Modes

Many researchef®,13,15,21] have experimentally confirmed that the strain distribution of hybrid
RC beams is the same as that of steel RC beams, meaning that the assumption that plane sections remai
plane after bending is valid for hybrid RC beams. Many researft®&ib,20]have recommended the
ductile failure mode for hybrid RC beams, which means concrete crushing and steel yielding prior to
FRP rupture. Considering this failure mode and based on the strain compatibility, force equilibrium, and
rectangular stress block ftre stress distribution in the concrete compression side, as sh@&igari

2.1, the stress in the GFRP bardts ultimate "Q and nominal moment capacily can be calculated

using the following equations:

o P22 4. o- LTOROR pOR Q (2.1)
T 0O o} ¢ 0

6 60 60 Q TT“’ (2.2)
T L (2.3a)

T8 U0

Doy P2 g (2.3b)

| T@IU BT AU T X (2.42)

i o x T8t T QD T X (2.4b)

The rectangular stress block hypotheses for the stress distribution in the compressive zone of concrete of
FRP RC flexural members proposedAyl 440.1122[22]and CSA S804.2[23] standard are different.

As strain compatibility is valid for the hybrid RC flexural sections, the aforementioned hypotheses can
be used for hybrid RC flexural members. The main difference between the two hypothAsHs in
440.1222 and CSA S8042 is the definition of the stress block parameterand] as expressed in
Egs.(2.3a)and(2.4a)and Eqs(2.3b)and(2.4b) respectively. The other main difference is the maximum
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concrete compressive strain, which equals 0.003 and 0.0035Ciod40.1122 and CSA S8042,
respectivelyThe a@uivalent rectangular stress diagrafrhybrid RC members shown inFigure 2.1.

lefeus] i feje

1 17
c /316’%:' o B fi chb
d J_ ¥

-l- ® [ L ———> Arfy + Asf
+Esf e fIf y
R b >:

Figure 2.1 Equivalent rectangular stress diagrafiybrid RC flexural members

Hybrid RC beams have three componeinés tarfail: steel rebars, FRP bars, and concrete. As such,
Pang et al[20] defined two balanced reinforcement ratiog and” . The yield reinforcement ratio
" i Is defined as the reinforcement ratio corresponding to steel yielding and concrete crushing
simultaneously prior to FRP rupture, as expressed ir(Z%). The critical reinforcement ratid j is
defined as the reinforcement ratio corresponding to FRP rupture and concrete crushing simultaneously
after the yielding of steel rebars, as expressed in(E@). Pang et al. proposed the term effective
reinforcement stiffness, , in EQ.(2.7) and mechanical reinforcing indéeX, f , in EQ.(2.8) to consider
the different stiffnesses and strengths, respectively, of the steel rebars and GFRP bars. Additionally, Pang
et al.[20] suggested some limits for the effective reinforcement ratio iiZ=€).and Eq(2.8) to prevent

FRP rupture and ensure steel yielding before concrete crushing.

h D e (2.5)
"k TED %’OO—Q (2.6)
Ao %’ T O TEE %QO—O (27)
P EQ " p8" i PP W %OO—Q (2.8)

2.2  Deflection Predictions
Beam deflection can be calculated theoretically using a moment of inertia. RC beams generally have
three different stages of the moment of inertia: a gross moment of iif@rti@fore the beam cracks, a
cracked moment of inertid , after the beam becomes fully cracked and a stage bet@aad©O . To
predict the deflection at the service stage of a flexural eleniemACI 318-08 [24] code presents the
8



concept of arffective moment of inertid®, to describe the moment of inertia between the stage of the
uncracked section and the stage of the fully cracked section. The contepefiective moment of
inertia was originally presented by Bransonri977 for steel RC beams. ACI 440:0B [25] adopted a

new equation fofOto account for the decreased tension stiffening demonstrated by FRP RC elements
by including a reduction factor , as expressed in EgR.9) and2.10). This modification was needed
because Br anson 0 s the@UFRP RCheams, gspecialglightlymeantorees] concrete
beamd26]. Bischoff and Scanlofg7]s howed t hat Bransonds equation
reinforcement ratios lower than 186 for FRP RC beams. They presented a new equatiothéor
effective moment of inertia as expressed in(Bd.1). It was shown that this new equation is appropriate

for steel RC elements at all reinforcement ratios or FRP RC bé2nisACIl 31819 [28]code
recommends using the effective moment of ineftta in Eq. (2.11) to calculate the deflection of steel

RC flexural members after the moment reaches (263)AC| 31819[28] code recommends usifky.

(2.12) but with cracking moment reduction factor of (2/3) to consider effective cracking moment and
reduced concrete tensile strendilg. (2.11) was updated later in ACI440.1E5 based on the research
done by Bischoffind Scanlofi29]to include an additional factprto consider the variation in stiffness
along the length of the elemeas expressed in E(@.12). Thel factor depends ameload and boundary
conditions and ACI440.1R22allowsfor the factor to be takenas 1 ¢ 1™ ¢0 j U .However,
amore accurate value can be foundhaBischoff andGross2011 studyACI 440.1222 recommends

usingEq. (2.12) butwith cracking moment reduction factor of 0.8.

. 0 . 0 . .
where
0 ”
(6] o (6)
0 (@) (211
P 5 P o
o O 00" 0
5 o LR v (2.12

whereO is the cracked moment of inertia, which is calculated using the cracked section aftaigsis;

the gross moment of inertia of the section disregarding the reinforceineig;the applied moment;



0 isthe cracked momerit; istheFRP reinforcement ratio; afid istheFRP balanced reinforcement
ratio.

Yoon et al.[30] developed a new method basedtbeat e nsi on sti ffening apf
(2005) expression foDto predict the deflection after the yielding of steel of hybrid RC beams. Figure
4 shows the flexural element response, including tension stiffening for hybrid RC beams with steel and
FRP reinforcements. Yoon et al. developed the expression shown {8.1]).that can be used after
steel yielding for deflection calculations, while Eg.11) can be used before steel yielding. Many
researcherg15,19,31] have usedthe Yoon et al. model and found good agreement between the

experimental results and thleflection predictions.

. 0 .,
0 — - . (6]

o o
P55 T P O

(2.13)

oo
C1 C

wherel s the steel yielding moment af@dis the moment of inertia after steel yields, which can be
approximatelycalculated using the value @ for the beam crossection without considering the steel
reinforcemen{30].

The CSA S80612 [23]recommends using a closéam equation for maximum deflection
calculation based on loading conditions for GFRP RC beams. The deflection equation -fuvifiour
loading is given in Eq(2.14). El Refai et al[14] concluded that the CSA S80& equation was
conservative in predicting the deflection of hybrid RC bedmaddition they claimed that more data
are required for the assessment of the CSA d20équation for hybrid RC beams with reinforcement
ratios () higher than 1.1%.

w

00 ()
~ T -
V]

o
TPO ° 0

W UU (2.14)
where0 is the distance between the sup@ortithe point wher# 0 , as shown in Eq2.15); Qis

the distance between the supports and the lpds the total applied load on the bedhijs the concrete

modulus of elasticityd is the span of the beam; andan be calculated in E(R.16).

o wtl’)— (2.15)

-
- P 5 (2.16)

It is obvious from the literature survey that some factors affect the serviceddsligviouy
including the bond coefficienQ, and crack widtlof hybrid RC members. Additionall$he ratio of the

GFRP reinforcement area to the total reinforcement arga() affectsthe flexural behaviourand the
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serviceability behaviour of hybrid RC members. More experimental data are required to provide a better
estimation of the bond coefficient facfor and to determine the appropriate valuetfgrd for a given
steel RC member.

2.3 Crack Width Predictions

The concrete structure members will typically develop flexural cracks under the service limit state
due to the low tensile strength of concrete. Many design codes, standards, and guidelines provide
procedures to control the crack width either by limiting the spacing between longitudinal rebars in the
flexural members as for ACI provisions or limiting crack control paramétes for CSA standard$he
Japanes&ociety of Civil Engineerqd32] proposed disregarding the crack width limitations for FRP RC
members, given the antorrosion properties of GFRP bars. Nonetheless, the presence of steel rebars in
the hybrid RC beams requires limiting the crack width under service loads. A few stutiesterature
investigated crack width predictions and proposed equations or expressions to evaluate the crack width
of hybrid RC beams.

Aiello and Ombreq11] studied the performance of hybrid RC beams, including the cracking
behaviour. They used the modified version (H@sl7)-(2.19)) of the weltknown GergelyLutz [33]
equation made by different authors for crack width evaluation of FRP RC beams. Faza and GangaRao
[34] proposed E(2.17), while Gao suggested H@-18) (ACI 1996[35]). The only difference between
the two models ithe inclusion othe bonddependent coefficienQ,i n Gao6s mo d3s])), ( ACI
which suggested a value of 1.5 ksiin the absence of experimental data. Aiello and Ombres mentioned
t hat Gaoods mod el can predict the <c¢crack width
serviceability stagehowever it depends strongly o, values. On the othenand the Faza and
GangaRao model has a good prediction at a low range of applied service loads while underestimating the

crack width at a higher range of service logdg.

0 TBIp P %"Q Qopm 6a (217)
0 ™WppPORQ QOpT da (2.18)
) (2.19)
Q Q,O

Ge et al[36] adopted the crack width equation of Gergely Lutz to fit hybrid RC beams and proposed
Eq(2.21), where” & ¥dQand” & 7a3Q The authors claimed that the theoretical values of the

maximum crack width calculated by Eq2.20) and (2.21) were compatible with the experimental

results.
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where’ is the relative bond coefficient of steel reharkich is equal to 1.0 for deformed rebars and

Is the relative bond coefficient of FRP hamich is equal totheratio of the bond strength of the FRP
bar and the bond strength of the steel rebar measuredaysiigout test and from the same diameter.

Qu et al.[2] usedACl440.1R06 Egs.(2.22) and(2.23) for hybrid RC beams since it predicts the
maximum crack width in steel and FRP RC beams. They proposed uSingatue of 1.4 in the ACI
equation for hybrid RC beams. The authors compared the ACI equations and the test results. They found
that the crack width predictions by the ACI model were different from the experimental results when the
load level went beyond thgelding of the steel. They emphasized the importandbed, factor in the
predictions of crack width in hybrid RC beams and suggetadmore effort should be made to
determine a proper value f& of hybrid RC beams.

6 -1 m (2.22

0 (2.23
60 60 Cp Qo

wherev = maximum crack width; = tensile strain at the centroid of the reinforcing zbne; — =

ratio of the distance from the neutral axis to the extreme tension fibre to the distance from the neutral
axis to thecentreof the tension reinforcemerf® = thickness of the cover from the tension face to the
centreof the closest bafQ =1.0 for steel, 1.4 for FRP, and 1.4 for hybrid steel/GFRP reinforcement;
andi = longitudinal reinforcement spacing.

Many researchefd3,14]usedthe previous equations of ACI (Eq2.22) and(2.23)) to predict the
maximum crack width for hybrid RC beams. El Refai et al. proposed an expression to deterrfine the
value for crack width calculation in the ACI equations for hybrid RC beams, as expressedar2gyq.

The authors compared the ACI equatjomkich included the new definition &, with the test results

and found agood agreement between the theoretical and experimental results. They also found that the
ACI equation could not predict the crack width beyond steel yielding regardi¢iss '©f value. The
authors recommended a thorough investigation to accurately detenekaéactor for hybrid RC beams

to consider different characteristics of available FRP bars. Ruan&3Japplied théQ expression of

El Refai and compared the theoretical predictions of the crack width with the experimental results. Ruan

et al. found good agreement between the predictions of the maximum crack width usi(®22}s.
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(2.24) and the experimental results. Yinghao and Y concluded that Eq2.22), with aQ of 1.0

can accurately predict the crack widitin hybrid RC beams.

0 p8| g_ (224)

whereg| accounts for the GFRP bar diameter; p8tfor the12 mm diameter and p& for the 16
mm diameterandd ando are the reinforcemeiireasf the GFRP bars and stedbars in the hybrid
RC beam, respectively.
2.4 Ductility and Energy Absorption

The ductility of beams can be defined as the ability to absorb energy or sustain inelastic deformations
and large rotations without severe damage. For conventional steel RC beams, ductility refers to steel
yielding or the ability to deform before concreteshing. The ductility of steel RC beams can be defined
by the ductility indexwhich is consideredhe ratio of total deformation at the ultimate stage to the
deformation at the yielding stage. FRP bars do not show a distinct yielding point as steel rebars, which
necessitates developing a new approach to describe the ductility of FRP RC beams. d@ankhees
[37,38] havedeveloped different expressions to describe the ductility of either FRP RC or hybrid RC
beams.Theseexpressions belong to two main concepts: the erdeaggd ductility concept and the
deformationbased ductility concept.

Naaman and Jeori§7] developed a ductility indeR using an energpased concept for beams
reinforced with steel and FRP, which considers the ratio of the total energy to the elastic &nergy

expressed in E§2.25) and shown in Figure 6.

A T® 90— o (2.29)

where O s the total energy, calculated as the area under thedeféettion curve up to the failure

load, andO is the elastic energyvhich isa portion of the total energythe failureload is either the
maximum or the failure load of the load equivalent to 80% of the maximum load on the descending part
of the loaddeflection curveO can be calculated from the unloading tests; however, the %ope be

calculated using Eq2.26) andFigure2.2

oY 0 0°Y

"y (2.26)

CY

where0 is the cracking load is the intersection between the tangentSigare2.2, and"Y and"Y are

the slopes of the two initial straight lines.
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Although Eq. (2.25) wasobtainedfrom the loaddeflection curve, the same expression can be used

for the momenturvatureor momenrotation curves

A

Load

=

=)
™)

_— Elastic energy, E

»

Deflection

Figure 2.2 Ductility indexbasedn the energy conce[87]

Emadi and Hashen(88] modified the ductility index originally developed by Naaman and Jeong
to the expression shown in H&.27) to be used in RC beams strengthened with CFRP plates.

Ay B o (227

whereO is the beam energy until the ultimate state and can be calculated using the area under the load
deflection curve up to the ultimate deflectiandO is the beam energy until the first steel yielding of
the main steel and can be calculated using the area under thddfaction curve up to yielding
deflection.

Vijay and GangaRa39] developed a ductility factor, defined as the ratio of the energy at the
ultimate state, by calculating the area under the mementature curve to the energy calculated based
on curvature limitingA conventional value of 0.0005/d (rad/mm) is assumed, where d is the effective
depth of the crossection.

A further modification wagerformedater by Tarj40] to propose a ductility indexhich is defined
as the area under the leddflection curve up to a failure load of 80%tloépeak loadd s ) to the area
under the loadlieflection curve up to pseugdeld deflection ¢ ). Tan defined pseudyield deflection
as the deflection corresponding to the intersection of the line passing through the origin and the yield
load and the constant line through the peak load. Tan proposed this index for the ductility evaluation of
hybrid RC beams.

Many researchersavedeveloped a deformability index based on the deformdiased ductility
concept. Jaegeret@l]i nt roduced the terminology fAdef or mab

14



that includes a curvature and moment corresponding to 0.001 concrete strain to evaluate the ductility of
FRP RC beamss described in Eq§2.28). This model was established for RC rectangular beams and
was based on the concrete crushing failure mode. The authors argube ttaicrete strain at the top
compression fibre is almost 0.001 for RC beams under service load conditiadeformability index

was used later ithe CSA-S6-10 provisions for FRP RC beams. This standard recommends that the
deformability index should not be less than 4 for GFRP RC rectangular beams.

. 0
A

(2.29)

LI 0 8
whered ande are the moment and curvature at the ultimate limit state, respectively s and
* g are the moment and curvature corresponding to a concrete strain of 0.001 at the top compression
fibre.
The original version of the deformability index proposed byaeger et aheglected steel yielding.
El refai et al[14] modifiedthe deformability indeXA for GFRP and hybrid RC beapveghich considers

the steel yielding instead of the 0.001 concrete strain condition as described2r2gq.

A 3— (2.29)

whered ande are the moment and curvature at steel yielding, respectively.

Zou [42] included the cracking behaviour in a new deformability fadiawhich accounts fothe
cracking moment and curvature at the first cracking, as shown i{2.86). The author proposetie &
factor by this shape because the sustained service load in concretepbesinessetdy FRP or steel
tendongs usually less than or near the cracking load level. However, it may not necessarily be relevant
for hybrid RC beams.

o L0 (2.30)

wherew and0 are the deflection and the moment at the ultimate state, respediivéty and
0 are the deflection and the moment at the first cracking, respectively.

Lau and Panfil2] introduced the conventional displacement ductility index for hybrid RC beams,
which is defined as the ratio of deflection at the ultimate limit stategnd the deflection at the yielding
stage. The authors defined the term yielding as the stage when tieftedion curve turns nonlinear.

Pang et al[20] emphasized the need for a quantitative and qualitative evaluation of ductility that is
dependent on the steel yielding point for hybrid RC beams to compare the ductility of hybrid RC beams
to that of steel RC beams. Pang et al. developed a new ductdéy that considers the energy ratio

between hybrid RC beams and steel RC beams and the deformation at ultimate and at yielding of the
15



hybrid RC beams. The equal reinforcement areaaarad stiffness developed for steel RGd hybrid

RC beams, as shownHigure2.3 andFigure2.4, respectively, were used for ductility index analysis. The
energy absorption of steel RC beafiys,and that of hybrid RC beamy,, can be calculated from Eq

(2.31) and(2.32) with the help ofFigure 2.3 and Figure 2.4. The authorsoticed that when either the
reinforcement areas or the axial stiffnessehefeinforcement are the same for the steel and hybrid RC
beams, the energy absorption rawo ( Y 7'Y) changes witithe FRP to steel reinforcement ratio

0 70 . They concluded that considering the previous observation is important for the determination of
the suitable ratiod 70 to meet the ductility conditions of conventional steel RC beamdhe new

ductility indexA can be calculated using HG.33).

AM ‘ M
1 Steel-RC beam(A:)

2 Hybrid-RC beam(A. +A=A.) I Steel-RC beam(4,)

" 2 Hybrid-RC beam(Au +E;A;/E.=A.)
L

J’"f_\'s (f’l’! us ) 1 M ki 2
/ M s 1
"14 ¥h ’
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Figure 2.3 Ideal momenturvature curves of the R Figure 2.4 Ideal momenturvature curves of the Rt

beams for the same reinforcement af@as beams for the same axial stiffness of the reinforcen
[20]
v 9 ° 5 . . (2.31)
q
O 0 0 . .
% 2.32
c c (2.32
o
A = A (2.33)
rYiTY  psr (2.34)

where'Y is the area under the momenirvature curve of the hybrid RC beai;is the area under the

momentcurvature curve of the equivalent steel RC be@n; is the ultimate deformation (i.e.,

displacements, curvature, rotations) of the hybrid RC b&mjs the deformation of the hybrid RC

beam at the onset of steel yieldingis theductility reduction factor; and is theductility requirement,

which is based on the conventional definitions for steel RC beams to ensure adequate ductility
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2.5 Summary and gaps in the literature

Based on the previously discusséterature, the following gaps in knowledge and their

corresponding suggestions for future research work are explained:

1- Many researcherbave studied enhancing the GFRP RC elements by adding steel rebars to
improve the serviceabilithehaviar, especially the deflection. A few researcheasestudied
the option of adding GFRP bars to a steel RC element to enhance the ultimate flexural capacity
and durability.

U It is suggestedo study the feasibility of replacing some steel rebars with GFRP bars in
steel RC beams and omay slabs. Knowing that GFRP bars exhibit higher ultimate
strength and are corrosion resistant, the current research aimed to replace steel rebars with
GFRP lars to increase the ultimate capacity without violating serviceability requirements
such as deflection, crack width, and rebar stress. Replacing steel rebars with some GFRP
bars has not been studied by any researcher.

2- Several experimental studies were recently conductégyland reinforced members' deflection
and cracking behaviouHowever, most of these studies compared the cracking behaviour of
different replacement ratios without providing an equation to describe the different affecting
factors. Some studies in the literature suggested using a fixed value for thdepamdent
coefficient 'Q, which overestimates the crack width predictions compared to the experimental
results. Some other studies provided an equatiornrélgaires the=RP pultout test, which is
considered not a practical design solution, or provided an equation that depends only on the
0 j 0 ratio or GFRP bar diameter, which needs more investigation.

U Itis recommended tprovide more experimental data for a better estimation of the-bond
dependent coefficieniQ.

3- A few researchers have proposed a different limit for the optimum GFRP reinforcement area to
the total reinforcement area ({ 0 ) but only for controllinghybrid RC beams' ductility and
ultimate capacity behaviour

U No research has been done to propose the optintuind ratio to control the
serviceability of hybrid RC beamsvhich requires more investigation in the current
research work.

4- A few researchers have studied the ductility of hybrid reinforced RC elements under flexural
loads while proposing many ductility indices without agreeing on an appropriate index to
describe the behaviour of hybrid RC beams.

17



U It is recommendethat the existing models for ductility indices be compared and verified
using the experimental results.

5- While proposing an equivalent hybrid RC beam for a steel or GFRP RC beam, no research
design code sets a limit for the maximum service stress of the steel rebars. Neglecting the steel
yielding while studying the hybrid RC element can result in unreaafiecnativesand should
be considered in the proposed hybrid RC element.

U Investigating a limit for the steel stress at the service stage is required to ensure appropriate
behaviour for steel bars in the hybrid RC members before steel yieMorgover, no
researchor design code sets a baseline fl@signingsteelGFRP hybrid RC elements,
which still needs more investigation.

6- One of the gaps in the literatureinsstudying hybrid RC slabs, and no research has been done
to study the flexural and serviceability behavioofreiybrid RC slabs.

U Thecurrentstudy proposes including oneay slabs beside beams to confirm the findings
on a different flexural element, which might differ in the cracking or deflection behaviour
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Chapter 3
A simplified approach for design of steelGFRP hybrid reinforced concrete sections

3.1 Abstract

The corrosion of steel reinforcement is one of the main reasons for the deterioration of reinforced
concrete (RC) structures subjected to harsh environments. Glassefifoeced polymer (GFRP)
reinforcing bars have emerged as an idedlition at an affordable cost for eliminating this issue. The
design of steel RC elements can be controlled by ultimate limit state (ULS) requirements, resulting in
overdesigned sections for the serviceability limit state (SLS). On the other handsithe deGFRP
RC elements is typically controlled by SLS checks, resulting in-designed sections for the ULS.
Replacing some steel rebars with GFRP bars could be an economical solution in the case of a shortage
in the supply of steel rebars, especiatlyarge quantities of steel reinforcement. This replacement with
GFRP bars would be even more economically attractive if the replaced steel bars were stainless, epoxy
coated, zinecoated or galvanized. This research aims to set a platform for desiggehGERP hybrid
RC sections. Based on fundamental theories of reinforced concrete beams and the available literature,
design considerations are suggested for the design of&&edP hybrid RC flexural elements. Using the
proposed design recommendations,amalytical study was undertaken to develop simplified design
charts for transforming steel RC sections to alternative-&ER®P hybrid RC sections with the same
total number of bars. This research proposes alstespep design procedure using desigarthto find
a replacement ratio of an alternative st6€IRP hybrid RC section using properties of a steel GFRP RC

section that would suit its design purpose.

3.2 Introduction

The corrosion of steel reinforcement deteriorates the structural components of reinforced concrete
(RC) structures subjected to severe environmental conditions, thus reducing the service life and
increasing the maintenance cost of the main structure. @siogoated, galvanized, and stainksssel
reinforcing bars is considered a solution in design practice. However, those alternatives are more
expensive, resulting in a higher construction cost. Glass-ffidanéorced polymer (GFRP) reinforcing
bars haveemerged as a possible solution for eliminating corrosion issues in RC structures. GFRP rebars
have been employed worldwide for the past few decades owing to their unique benefits: corrosion
resistance, high strength, noragnetic characteristics, affordalrost and light weighé3].

The mechanical and physical properties of GFRP rebars are considerably different from those of

steel rebar. While steel rebars are ductile, GFRP rebars are linear elastic to failure. GFRP rebars have
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higher tensile strength than steel rebars. However, they have a lower modulus of elasticity than steel
rebars.

The design of steel RC elements can be controlled by the ultimate limit state (ULS) requirements,
resulting in overdesigned sections for the serviceability limit state (SLS), i.e., crack width, bar spacing,
and deflections. The design of GFRP RC elementgpically controlled by SLS checK4], which
results in sections that are oadesigned for the ULS. This dissimilarity in behaviour inspired this study
to investigate the feasibility of having a st&#RP hybrid RC section where some zowated,
galvanized, or stainlessteel rebars is régced with GFRP bars.

It is noteworthy that the deflection checks can govern the design of steel RC elements in some cases.
In such cases, the alternative st&&IRP hybrid RC element will require more reinforcement and/or
larger section depth to satisfy the deflections. Biffchnd Scanlorf29] developed spadepth ratio
equations in the form of the deflectitmspan limit of ACI 318 and reinforcement ratio for steel RC
beams and onway slabs to satisfy strength and deflection requirements. They stated that deflection
requirements are satisfiéor the majority of slabs using the minimum thickness value of ACI 318, except
for the heavily loaded slabs with a dead load to live load ratio ¢29]0Moreover, they concluded that
the deflection requirements may govern the design of typical steel RC[@8ams

A steelGFRP hybrid RC section would benefit from the superior advantages of steel at SLS,
particular advantages of GFRP at ULS, and ductility provided by steel reinforcement. Replacing some
steel rebars with GFRP bars can reduce the construction ctis¢spobject by lowering the material and
labour costs. Moreover, replacing some steel rebars exposed to harsh environmental conditions, such as
corners and the outermost reinforcement layer, with GFRP bars can increase the service life of the
element[2i 8]. In addition, steelGFRP hybrid RC sections provide higher ductility and stiffness than
GFRP RC sectionfti 6,8,9] Replacing some steel rebars with GFRP bars could be an economical
solution in the case of a shortage in the supply of steel rebars, especially in large quantities of steel
reinforcement. Moreover, ste€BlFRP hybrid RC beams can have less crack width asddeflections
under the same service moment than GFRP RC flexural elefhéhts

The behaviour of hybrid sections has been studied by many resedfiel§,18,19] and the
feasibility of having a concrete section reinforced with steel and GFRP bars was experimentally
confirmed. However, no research nor design code sets a baseline for the desigrGsiRRalbrid RC
elements.

Thus, this research aims to set a platform for designingGteRP hybrid RC sections. Based on
fundamental theories of RC sections under flexure and the available literature, design considerations are

suggested for the design of st&HRP hybrid RC flenral elements. The design considerations are
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recommended for both SLS and ULS, except deflection. Practical design charts are developed for the
proposed design recommendation based on the fundamentals of section analysis. Finally, an extensive
parametric study was undertaken to transform steel Ribsedo alternative ste€&FRP hybrid RC

sections with the same total number of bars. Keeping the same total number of bars in the section will
only result in minimal changes to the structural drawings of the project, in that the design engineer can
add arevision note stating the permissible replacement ratio of the original steel RC sections.

3.3  Design Recommendations

Using an appropriate design approach and criteria is crucial for safe operation and balancing
performance and expenses. Many design codes, standards and guidelines have been developed to guid
engineers in designing steel RC elements, such as AGL3133], CSA A23.319 [44], AASHTO
LRFD (2017)[45], and CSA S4.9[46], and GFRP RC elements, such as ACI 44Al5R43], CSA
S80612[23], AASHTO LRFD for GFRP (2018%7], and CSA S8 946]. However, neither of these
codes or standards cover the design of sBdRP hybrid RC flexural elements. Despite the lack of
information on steeGFRP hybrid RC elements in design codes and guidelines, several experimental
endeavours have been undertakgmany researchers. Moreover, CSA S82623] and ACI 440.2R
17[48] cover the strengthening of existing steel RC elements using FRP, which conceptually resembles
the steeFRP hybrid sections. The present study proposes design recommendations consistent with two
design philosophies of ACI (ACI 3189[28], ACI 440.1R15[43], and AASHTO LRF45]) and CSA
(CSA A23.319[44], CSA S80612[23], and CSA S&L9[46]).

3.3.1 DesignRecommendationdor SteetGFRP Hybrid RC Elements

Theoretical calculations for ste€lFRP hybrid RC sections have not been stated in available design
codes or guidelines. Thus, this study followed fundamental theories of RC sections under flexure and the
available literature to propose design recommeadaiand perform design checks of sS8€RP hybrid
RC sections.

3.3.1.1 Ultimate Limit State

The steel RC sections are designed to be under reinforced; that is, the steel rebar yields before the
extreme compression fibre reaches the maximum compression strain. The maximum compression strain
limit is 350000 f or GI19And 8W® U 3 f 031818. Che neutral axis depth is determined
using the equilibrium of the internal forces and strain compatibility, and then the moment resistance is
computed. For CSA A23:39, the ultimate material strengths are multiplied by the material resistance

factorsof ¢ i@y vande T ufor steel and concrete, respectively. For BC819, the moment
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strength reduction factof is considered to calculate the moment resistance of the flexural elements,

as follows:
I,pT[&) OX O T8I T O
™ v - i~ (3.1)
%0 . - 00 - -
o l)1181) v o —— T8I o
UTE U Q0

where- is the strain in the steel reinforcement at the ULS-and the yielding strain of the steel rebar.

As per ACI 440.1R15, the guaranteed tensile strength of the GFRP rebars should be reduced by an
environmental reduction factab () to account for the lorterm effects of environmental exposure. ACI
440.1R15 recommends environmental reduction factars) (f 0.7 and 0.8 for concrete elements
exposed and unexposed to earth and weather, respectively. Reptrdias shown that an
environmental reduction factor of 0.85 can be considered for-estgkbased GFRP bars #3 or larger,
regardless of the exposure type. Thus, the environmental reduction vatewén be adopted for the
design checks as per ACI design philosophy. Note that the ultimate tensile strength of GFRP

reinforcement™@Q and the ultimate tensile strain of GFRP reinforcement used for ACI herein are

the guaranteed tensile strength and strain of GFRP bars redugegdregpectively.

The critical step to determining the moment capacity of the hybridGteRP RC sections is to
understand their flexural failure modes and account for them in the design pFim&ss3.1 shows the
strain distribution and different failure modes of singgynforced steeGFRP hybrid RC sections. A
steetGFRP hybrid RC section can generally undergo two flexural failure modes: compressive failure of
the concrete (failure mode |) or ruptwkthe GFRP (failure mode Il). Failure mode | can occur either
before (failure mode-4&) or after (failure model) the yielding of steel reinforcement. In failure mode
[, the steel reinforcement yields before GFRP rupture since the ultimate strain Bfrélb& is higher
than the yield strain of steel rebar. The flexure failure mode of steel RC sections considered in practical
design is concrete crushing after yielding of steel. Failure after steel yielding (failure riodad 1)
IS most desirable baase it provides a ductile failure mode for s®8€RP hybrid RC sections and an
advanced warning before failure. The failure mode of concrete crushing before steel yielding (failure
mode }a) can also be considered in the design if higher safety lewetoasidered. More research is

required to propose safety factors by performing reliability analysis for the hybrid RC sections.
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Figure 3.1. Strain distribution and failure modes of singly reinforced s&fRP hybrid RC sections

The moment resistance of a hybrid RC section can be obtained using the equilibrium of internal
forces and strain compatibility. The approaches to calculating the moment resistance of a hybrid RC
section for the two acceptable failure modes | and metdeuté described below.

3.3.1.1.1 Failure model-b

For failure mode-b, the neutral axis depth of the section can be obtained by solving the equilibrium

of internal forces (Eq3.2)and Eq.(3.3)) as follows:
Q

CSA: | +'Q &b + 8'Q + 60 - — (3.2)
ACE @ 66 60 50 - =2 (3.3)

W
wherg is the ratio of the average stress in the rectangular compression block to the specified concrete

strengthf is the ratio of the depth of the rectangular compression block to the depth of the neutral axis;
"Qis the concrete compressive strengthando are the areas of the steel and GFRP reinforcements,
respectivelypis the width of the crossection;ois the distance from the extreme compression fibre to
the neutral axisQis the yield stress of steé) is the modulus of elasticity of GFRP reinforcemént;
Is the distance from the extreme compression fibre to the center of reinforcemesitthe maximum
concrete compressive strain (0.0035 for CSA A2Z®3nd 0.003 for ACB1819); « T E I T
Is the material resistance factor for cast in situ or precast concrete, respectivelg@ us the material
resistance factor for steel reinforcement; and 1 us the material resistance factor for GFRP rebars
per CSAS80612. The moment resistance of a st88IRP hybrid RC sectiomy ; , can be obtained
using Eq(3.4)and Eq(3.5)for CSA and ACI, respectively, as follows:

CSA: O ; M Q TT&) 0 Q 0Q TT(*) (3.4)

ACl: D j % ;%D Q TT %0 "Q Q TT (3.5)
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where%ois the moment strength reduction factor, as shown i(E), "Qis the tensile stress in the

GFRP bars at the ULS; and j, is the nominal moment capacity of the st&&IRP hybrid RC section.

T80 nQ - T8t o
v ® u- i
% 00 - - 3.6
00 IPTI‘@U g —— Q0 T8I o ( )
U T L nQ -

In this equation; is the strain in GFRP reinforcement, ands the yielding strain of steel rebar.

3.3.1.1.2 Failure mode Il
When the controlling failure mode is the rupture of GFRP rebar after steel yielding, the stress in steel
and GFRP reinforcements at the ULS are known. However, the neutral axis depth and stress in concrete
are unknown (sekigure 3.1). Since the strain in concrete is less than the code specified maximum strain
limits, the equivalent concrete block parameters (e.gandr ) are not valid. The accurate section
analysis, in this case, requires considering the nonlinear stress distribution over the concrete compression
block, which demands computational effort. As showifigure 3.1, the neutral axis depth in failure
mode Il is less than the neutral axis depth of the section when the concrete crushing coincides with the
GFRP rupture. This balanced neutral axis depth for GFRP tension failure and concrete crushing (herein

referred to a®y) can be calculated using Eg.7).

& —— o (3.7)

The moment resistance of a hybrid section at this controlling failure mode can be conservatively

computed using Eq3.8)and Eq(3.9) as follows:
I (3.8)

CSA: 0 j e Q0 Q

ACL © %D ; %Qb Q TTh %% 0 Q| ch (3.9)

A similar lower bound calculation of thiesistance moment is proposed by ACI 4401BRor concrete

sections internally reinforced with GFRP bars in the case of tension failure.

3.3.1.2 Serviceability Limit States
The cracking momenty , of RC sections is determined using E710),
Q0 (3.10)

0 ;
@
where'O is the moment of inertia of the gross section, @Qj p ¢whereQs the height of the section;

"Qis the modulus of rupture of concrete; andis the distance from the centroidal axis of the gross

section.
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Once the applied moment exceéds, the section is considered cracked. The distance to the neutral axis

of the cracked section is expressed as a fradlighf the effective deptl2 To determine the location

of 'Q'Gat this stage, the moment of the tension area about any convenient axis is set equal to the moment
of the compression area. Solving this equilibrium for the case of a section reinforced with one layer of
steel reinforcement results in a quadratic equafite solution of the quadratic equation Togives:

QO T G & (3.11)

where, ¢ ‘0] 'O is the modular ratio of steel reinforceme@t;is the modulus of elasticity of steel
reinforcementO© is the modulus of elasticity of concrete; ahdis the ratio of steel reinforcement

(6 j ®©'Q The cracked moment of inerti, is determined by E¢3.12)

0 g D0 &6 Q QQ (3.12)

Similarly, for the case of a singhginforced steeGFRP hybrid RC sectiofandO can be calculated
from Eq.(3.13)and Eq(3.14)as follows:

O v & qEr & R (3.13)

"0 g&)*sm g6 &0 Q QQ (3.14)

whereg ‘O] O is the modular ratio of GFRP reinforcement.
Employing the transformed section theory and analysing using conventional elastic theory for the case

of a singlyreinforced RC section, the stress in steel reinforceifieand bending momefit are related

by the equation:
.0 Q Qo
E ——/——

0
O

(3.15)

Alternatively, employing elastic theory for stresses, fddn the steel reinforcement of the steel and
hybrid RC sections under a bending moment,can be calculated by E¢3.16) and Eq.(3.17)

respectively.

“Q - A
5 o Q0 (3.16)
()
- 0 0
5 o 0 20 o %0 o %Q (3.17)

3.3.1.2.1 Tensile stress in steel and GFRP reinforcement
To avoid permanent deformations of st€&#RP hybrid RC members due to inelastic deformation of

steel reinforcement, the steel reinforcement should be prevented from yielding under service load levels.
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To the best of the authorsdé kn-GRRP aybrgl C sectiansto e s e .
propose the stress limit under service loadT&Vil et al.[50] studied the behaviour of RC elements
externally strengthened using CFRP laminates and suggested that the steel stress under service loads b
limited to @ Q. This stress limit accounts for the increase in steel stresses due to cyclic fatigue in
addition to shrinkage and creep under sustained [&&jisBased on their conclusions, ACI 440:2R
suggests that the service stress in steel reinforcement be limi@i®oThe stress limit ofi@ Q is

adopted in this research, as shown in @dl8) Further research is needed to propose a limit for the
service stress in steel reinforcement in sS@ERP hybrid RC members.

Q™0 (3.18)

Moreover, the stress level in GFRP reinforcement under sustained and fatigue loads should be limited to
avoid creep rupture of GFRP reinforcement. ACI 4401BRsuggests a creep rupture stress limit of

1] 2 . Based on CSA S8662, the maximum strain in GFRP under sustained loads shall not exceed
0.002. Research has shown that a stress linm®off2 is a conservative value to avoid creep rupture of
GFRP reinforcing barfs1]. Given that in a singlyeinforced steeGFRP hybrid RC section, the steel

and GFRP rebars are at the same depth, the service stress el@fvill always govern the creep
rupture limits of GFRP reinforcement in sections reinforced with Gé@dsteel and Grade Ill GFRP
rebars. However, the creep rupture stress limit should be carefully checked when using steel
reinforcement with higher yieldreingths or beams having GFRP rebar at a lower layer than steel rebar.

3.3.1.2.2 Cracking behaviour

In CSA A23.319 and CSAS80612, the criterion to control the crack width is the crack control
parameter (z), as shown in £§.19)and Eq.(3.20) respectively. These equations can be rewritten for
the strain in the reinforcement, as shown in@B®1) This equation can be used for st&&RP hybrid

RC sections, given that the bond coefficié) (of the hybrid section is calibrated accordingly. For steel
reinforced sections, CSA A231® [44] limits z to 25,000N/mm and 30,000l/mm for exterior and

interior exposures, respectively. For GFRP reinforced sections, 388812 [23] prescribes higher

limits of 38,000N/mm and 45,000//mm, respectively. These increased limits allow a larger crack width
because GFRP RC elements are not susceptible to corrosion. No z limit has been suggested in the
literature for steeGFRP hybrid RC @ments. Thus, to cover the general case and be conservative, the
limits prescribed by CSA A23-39[44] can be used to check st€aFRP hybrid sections. In cases where
the design engineer is confident that a less restrictive maximum allowable crack width is suitable, a less
restrictive allowable z may be used.

a QQo6 ' (3.19)
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a ’Q%"Q Q6 7 (3.20)
¢ TQO- Qb 7 (3.21)
In Eq.(3.19) Eq.(3.20)and Eq(3.21) ais a quantity limiting distribution of flexural reinforcemefy,
is the thickness of the concrete cover measured from the extreme tension fiber to the center of the nearest
rebar,0 is the effective tension area of concrete surrounding the flexural tension reinforc&nent;
the tensile stress in outermost tension GFRP reinforcement at SLS, @éthe strain level induced in

GFRP reinforcement at SLS. Moreov@, is the bond dependent coefficief®, p for bars having

bond characteristics similar to ste€l;< 1 for rebars having superior bond than steel@rtel 1 for bars
having a bond inferior to steel.

Another means of crack control in ACI 318 [28] and 440.1R15[43] is using the equation developed

by Frosch[52] to limit the spacing of tension reinforcement to a maximum value, herein referred to as
i .In ACI 31819[28] the limit for the maximum bar spacing (K§.22) is calibrated for a maximum
crack width of 0.44nm. ACI 440.1R15 [43] prescribes a similar equation (E®.23) and allows
selecting the maximum crack width of 0.4 to thih, provided that the stress in tensile reinforcement

does not exceed a limit.

Tt . Tt
i cwM AW onrﬂ (3.22)
Qp Qp
o 00 . . OV
Lo PR B0 TG
o~ (3.23)
ded that Q@ ——0
provi T

In these equations  is the maximum permissible centercenter bar spacing for flexural crack
control of the steel RC sectios; is the concrete clear covér;  is the maximum permissible center

to-center bar spacing for flexural crack control in GFRP RC sections) asthe maximum allowable
crack width. The terrh in Eqg.(3.25)is the ratio between the distance from the cracked neutral axis to
the extreme tension fibre and the distance from the neutral axis to the level of the tensile reinforcement.

It can be calculated from the following equation:
Q QQ
Q QQ
Eqg. (3.23)can be rewritten, for the strain in the reinforcement, as shown i(BE%)[53]. Eq.(3.22),

T (3.24)

Eq.(3.23) and Eq(3.25)are general and become identical for steel reinforcement at a maximum crack
width of i@ @ &. Therefore, Eq(3.25)can be used for the serviceability design of concrete members
reinforced with either black steel or GFRP bf&3], given that the bond dependent coefficiét, of
the reinforcement is appropriately calibrated. Consequently, it is rational to u&2=qin the case of
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hybrid reinforced members, 8 is calibrated with experimental results. The maximum crack width
value offi@ @ & can be used for ste€lFRP hybrid RC sections. In cases where the design engineer is

confident that a less restrictive maximum allowable crack width is suitable, thé tevay be increased.
, v . v
v
cQr Q

(3.25)
provided that

The bonddependent coefficieni(®) is an important parameter affecting the accuracy of crack width
predictions. Research has shown thattéactor of GFRP RC beams depends on many parameters,
including surface deformatioid3,54,55] Available GFRP design codes and guidelines prescribe
different values for the bordependent coefficient based on the surface deformgiya3,46,47)] El

Refai et al[14] conducted an experimental study on several-&E&P hybrid section3.hey concluded

that the bondlependent coefficient of hybrid sections is dependent on the ratio of the area of GFRP bars
to steel ¢ 70 ) and bar diameter and can be obtained using32g) It is worth noting that onlgand
coated GFRP rebar was used in their experimental study. Ruar{¥d]akported that the maximum
crack width of singlyreinforced steeGFRP hybrid RC sections can be efficiently predicted using Eg.
(3.26) Yinghao and Yongl5] concluded thalQ  p can be used to estimate the crack width of steel
GFRP hybrid reinforced concrete sections. This study use@tpeoposed by El Refai et al. with the

minimum™Q  p to evaluate the z and maximum allowable spacing of-&E&P hybrid RC sections.

o 8 O (3.26)
(0}
In Eq.(3.26) is a parameter that accounts for the effect of GFRP bar size on its bond to concrete, with
smaller diameters having a better bond. El Refai ¢t4]reported that the values|ofwere 1.2 and 1.0
for sandcoated GFRP bars with diameters of 16 mm and 12 mm, respectively. There are a limited test
data on the bond dependent coefficient of S&eRP hybrid RC sections. In this study, the valués of
were taken as 1.2 and 1.0 for the GFRP bars with diameters of 15.9 mm (#5) and larger and 12.7 mm
(#4) and smaller, respectively. More experimental studies are recommended to pr@posefticient
for steelGFRP hybrid RC sections for other surface deformations.
3.3.2 Deflections
The deflection of steedbFRP hybrid RC elements can govern the design. It is, however, essential to note
that given the suggested limit on the stress of steel reinforcement under service loadq3s&8)Ehe
service deflections of ste@FRP hybrid RC elements will be within the elastic range of the sitesn

of steel reinforcement.
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CSA A23.314 [44] recommends using E@3.27) as the effective moment of inertia for deflection
calculations, with a reduced cracking momentr@fd . CSA S80612 [23] adopted closefbrm
solutions of integration of curvature along member length for different loading conditions proposed by
Razagpur et a[56]. It has been reported that the calculation of deflections using the effective moment
of inertia of Eq.(3.27)underestimates the deflection of st&€#HRP hybrid RC beanj43].

— 0 0 o~
O 7 0 p 7 OO (3.27)

ACI 31819 and ACI 440.1R5 allow the deflections to be calculated using the effective moment of
inertia expression of Bischoff7,57], with an inclusion of an integration factorto account for the

variation in stiffness along the member depending on the type of loading and support conditions.

0o ° o
N .29

where,0 is the code specified cracking moment for deflection calculationspanid the service
moment at the critical section. While ACI 318 uses a reduced cracking momend of ¢j g0
such a reduced cracking moment is not included in ACI 4408 & pression. Bischoff and Gross (2011)
recommended using a reduced cracking momeint of &0 for FRP RC membef88]. Bi schof f
expression for the effective moment of inertia has been shown to offer realistic approximations of
deflection regardless of the type of reinforcement, given that a reasonable reduced cracking moment is
used[27]. Thus, It i's expected that Bi schoffds ex
deflections of steeGFRP hybrid RC members, witd being calculated from E¢3.14)for steelGFRP
hybrid RC sections. Nonetheless, Araba and Ashour reported that the ACI 440.@8uation
underestimates the deflections of continuous <BdRP hybrid RC beamd9]. Maranan et al[18]
reported that the ACI 440.1E5 equation conservatively predicted the midspan deflection at the service
stage of geopolymeroncrete beams reinforced with st&H#RP hybrid reinforcementrom the
experimental evidence available in the literature, the deflections can be calculated and checked using Eq.
(3.28) with a reduced cracking moment of ¢j o0 .More research is required to confirm the
suitability of the available deflection equations in design codes and standards f@FREehybrid RC
elements.

3.3.3 Additional Design Considerations

Minimum reinforcement should be provided to avoid the failure of RC members upon cracking. It
is also required to provide shrinkage crack control. The contribution of concrete in resisting the shear

forces is another influential parameter for checkingghear resistance of a st€&FRP hybrid RC
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section. Moreover, development and splice lengths of reinforcing bars should be provided. Due to the
scarcity of research, these subjects are not discussed herein.

3.4  An Alternative Hybrid RC Section for a Steel RC Section with the Same Number of
Reinforcements

One of the objectives of this research is to investigate the feasibility of transforming a singly
reinforced steel RC section to an alternative sBf&RP hybrid RC section without violating the
proposed design recommendations. Consequently, section ianalgs performed to introduce
simplified design equations and charts for the design of&ERIP hybrid RC sections. To simplify the
analytical study, the total number of bars of the original steel RC section was kept the same as that of the
alternative gelGFRP hybrid RC section. Moreover, a parametric study is undertaken to apply the

proposed design recommendations on several siegijorced steel RC sections.

3.4.1 Analytical Study

3.4.1.1 Ultimate Limit States
Replacing some steel rebars with GFRP will change the resisting moment capacity of the hybrid section.
The resistance moment capacity of a s@ERP hybrid RC section becomes less than that of the original
steel RC section if the GFRP rebar stress atiib® becomes less tha@. Using the fundamentals of
section analysis described in a preceding section, for aGE®RP hybrid RC section to have the same
moment resistance as its original steel RC section with the same number of bars, the strain in GFRP
rebars shouldbe « Q¢ 'O for CSA, and "Qy 'O for ACI. The latter requires that th@factor
of the steelGFRP hybrid RC section be equal to its original steel RC section, which is the case in practical
design cases due to an increase in strain at the ULS of an alternative hybrid section. Strain compatibility

gives the following neutral & depth of the section at those strains:

CSA: ® ———=—=0Q (3.29)

ACI: w _-79 (330)

Solving theequilibrium of internal forces of the section at these ultimate strains for the corresponding

reinforcement ratio gives the following:
AR T GO 6 B8 QU | T O q oQ 6 b6 - 6 600
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Given that the sum of the area of steel and GFRP rebars of th&EREl hybrid RC section is the same
as that of the original steel RC sectioh ( 6 © ), the term & 6 j® Qs equal to the

reinforcement ratio of the original steel RC sectibn ( 6 j @R The balanced reinforcement ratio

" i) of the original steel RC section can be obtained from section analysis as follows:

L] ‘Q -

CSA "w I T 1 o - (3.31)
a -

ACI "p T@D o (3.32)

Plugging” ; of the original steel RC section (§-31)and Eq(3.32)) into the equilibrium gives:

CSA: - TR (3.33)
ACI: g0 (3.34)
Thus, for steel RC sections with a reinforcement ratio greater than - - e Qe O and

- - - "3 'O times” , the ultimate moment resistance of the hybrid section is lower than
the original steel RC sectioregardless of replacement rati 0 ), per CSA and ACI, respectively.
However, the amount of reduction in the moment resistance capacity depéngi®on
As mentioned, the neutral axis depth of sectibg)( can be calculated using H8.7) for controlling

failure mode II. Solving the equilibrium of internal forces of the section at that balanced condition results

in the following:

ANRP Y Oy 6+ Q 6 Q4 | T e @ 6 6 +0Q 6-Q 6+7Q

AN T OOy 58Q 6+ MPIT ——dQ b6 6 Q 6'Q 6Q

Plugging in” of the original steel RC section (E(R.31) and Eq.(3.32) into the equilibrium and

rearranging it gives:
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CSA: " R oT: (3.35)

. * Qo0
P Qo
ACIl: 7 —0 05 (3 . 36)
P —™a &

Thus, for the steel RC sections with a reinforcement ratio less thgd8.8s)and Eq.(3.36) the failure
mode is GFRP tension failure (failure mode Il) for CSA and ACI, respectively. ABSEB%)and Eq.

(3.36)show, this reinforcement ratio is a functionoof o .

3.4.1.2 Serviceability Limit States

3.4.1.2.1 Tensile stress in steel and GFRP reinforcement
Replacing some steel rebars with GFRP increases the stress in steel rebars under a given moment, ant
this reduction is a function af j 6 . Under the same service moment, the ratio of stress in the steel
reinforcement of the alternative st€&FRP hybrid RC section to the original steel RC section

("Qr TQj ) can be calculated by dividin@ in Eq. (3.16)to Eq.(3.17) assumingg 6 0 as

follows:
. KoXo) Q0
~ o QO —& y 22 e
Qp o _p ? 5 (3.37)
"QF 5 O o Q0 o 0 0 20
0 po° o P TP O o

where'Qj, is the stress in the outermost tension steel reinforcement at the service load in the alternative
hybrid RC section, an@@j is the stress in the outermost tension steel reinforcement at the service load
in the original steel RC section. Given that the valu@®oi the original steel RC sectiof) , is greater

than that of its alternative ste@FRP hybrid RC sectioff , the second term in the resulting E2}37)

Is less than unity. Thus, it can be concluded that:
Qp p

o R 3.38
", 0,0 (3.38)

Note that the second term in the rigifsind side of Eq.3.37)decreases as tldej 0 increases, and thus
the difference between the two sides of this inequality becomes highgr@asincreases.
Thet® (Qstress limit of Eq(3.18)requires that the stress in the steel reinforcement of the original steel

RC section;Qp, , be less than the following:
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o 3.39
06 (3.39)

O:| (o}

3.4.1.2.2 Cracking behaviour
For CSA, given that as per H8.38)Q FQr p p 0 F0 p 'OFO |, the ratio of the crack

controlling parameter of the hybrid to that of the original stees&ion ¢ 7a ) can be calculated by
dividing Eq.(3.19)and Eq(3.21) as shown in E(3.39)
& NO- Qb T QQ; Q

@  Qp Qb 7 Qr ) () (3.40)
P 5 P O

In Eq.(3.40), Q defined in Eq(3.26), can be written in terms &f 70 as follows:
6jo  °.
As discussed, the allowable limit of z for hybrid RC sections can be kept the same as that for steel RC

Q  a b opsl (3.41)
sections. Thus, for the of the alternative ste€bFRP hybrid RC section not to exceed its limit ( ),
a fa  of the original steel RC section should satisfy E342) Should the design engineer be
convinced that a less restrictive maximum allowable crack width is suitable, the limit{8.£2).may
be increased by the ratio®f  j& .

¢« P 5 P % (3.42)

a i Q

As discussed, ACI uses an indirect method of limiting the spacing to control the cracking of RC members
(refer to the discussion on E@.22) Eq.(3.23) and EQq.(3.25). From the strain compatibility of the
section, the strain in the GFRP and steel of the hybrid section are equal’'Qj, j O). Plugging this

equilibrium into Eq(3.25) theratioofi  ji  is as follows:
e (o]¥] - ‘0uv
i, 0P gy BOTBIGETE g opp D0 c@Q; Q@O0 Qf

b d"Qécwn—;;“" cas)&ann—(Q;‘J” 6 QoYY BDQ; oy Q

ReplacingQyr TQp with Eq.(3.38)i  ji [ can be calculated in terms®ffd , ®'Q as:

T"Qv 5 .
6 Qe DU B—p - QFBIOV 5 o
i P 5 P O P 5P O (3.43)
Lh GQO YT YT CBOQ; gy Q

whereQ is defined in Eq(3.41) In this case study, the reinforcement spacing of the hybrid RC section

Is the same as that of the original steel RC section. Thus, for the spacing of the alternativERReel
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hybrid RC section not to exceedits ,iZi  of the original steel RC section should satisfy Eq.
(3.44)

60D D0 B— P VRBO0 s 244
iR G Qo PYgUYT CAOQ, fIomgym Q

In this equationi is the centeto-center bar spacing. It is a good practice to provide snsiterbars
with less spacing to minimize the crack width under service loads.

Moreover, the tensile strain of st€eFRP hybrid RC sections should satisfy the limits of B(R5)
This limiting strain can be rewritten in terms of stress as follows:

(e)

. 0O . 00 0
% e M wmefsfo (3.45)

The termg , 0 andQ, shown in Eq(3.45) are for the alternative steBFRP hybrid RC section.
Amongsty is the maximum allowable crack width (0.46n) and’Q is a function o j 6 , based on
the available experimental results on sandted GFRP bars. The paramgt@f the steelGFRP hybrid
RC section is different from its original steel RC section dependinyy pa and’Q ‘Qof the section.
For the practical cases of RC sections, the ratio §f  can vary between 1.00 and 1.04. To simplify
the calculations, it can be conservatively assumedthat 1 . Thus, for the strain in the tensile
reinforcement of the alternative st&&FRP hybrid RC section to be less thHancQf Q, the'Qj j "Q

of the original steel RC section should be less than the limit shown (i3.Bg)

0

5
PP g (3.46)

"Qp 0o
q\Q c q\m T ’?’Q

wherel s the ratio of the distance from the neutral axis to the extreme tension fiber to the distance
from the neutral axis to the center of the tension reinforcement in the original steel RC section and can
be computed from Eq3.24) In design,Qj j "Q should be less than the minimum limit values of Eq.
(3.40)and Eq(3.46)

3.4.1.3 Deflection
The instantaneous and letgym deflections of the member are essential checks forGERP hybrid
RC members that should not be overlooked. For this case study, the deflection of an alternative RC
member is more than that of the original steel RC membaer the same moment. The deflection was
not considered in this case study. This is because deflection calculations depend on many factors,
including but not limited to the percentage of sustained load, reinforcement ratio, dead load to live load

ratio, aspect ratio of the member cross section, time of the installation of nonstructural elements,
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deflection limits, and length and boundary conditions of the me2i3¢29,48] Moreover, there is a

lack of experimental data available in the literature on the increase in the deflectionGiF$ehybrid

RC elements over the long term. Providing simplified equations for the change in the instantaneous and
long-term deflection®of alternative steeGFRP hybrid RC members remains outside the scope of this
study. The deflections should be checked using the effective moment of inertia at the critical section
presented in E(3.28) as discussed earlier. It is noteworthy that the deflection checks can govern the
design of steel reinforced concrete elements in some applications. In such cases, the alternative steel

GFRP hybrid RC element will require more reinforcement or largeiosed¢pth to satisfy the design.

3.4.2 Parametric Study
A parametric study was undertaken to design variousa@yesteel RC slabs that can be considered
in concrete construction. A flowchart, shownRigure 3.2, was developed to obtain the maximum
number of steel reinforcing bars in a slab that can be replaced with GFRP bars. A MAFQ]ABript
was developed for this flowchart to design several steel RC slabs per CSA1428r@l ACI 31819
and provide sectichy-section design checks of alternative st8ERP hybrid RC sections. The design
has been done for a eneeterwide slab sectiorgnd for simplicity, the deflection and shear checks were
not performed. Each steel RC slab was checked to evaluate the maximum number of existing steel rebar
that can be replaced with GFRP rebar without compromising safety. The alternath@FRéehybid
RC solution was considered unsuitable for its intended purpose if replacing one of the existing steel
rebars with the sarrgize GFRP rebar violated any of the proposed design checks.
Several design influential variables, including sthickness (), clear cover @), the ratio of live
load to deadoad (O] ‘O), exposure type, longitudinal bar diameter, and number of bars per meter length

of the slab were considererthble 3.1 lists the range of each variable used in this research.

35



Choose h, ¥y, Ce, dpy,
and exposure type

i

Choose the smallest N ;, that
gives A; 2 As,nra’ri No

L 4

Ngst = Nose +1

ection satisfies

SLS and minimum
spacing

requirements?

Calculate ultimate capacity (M,.), factored moment
(M) and service moment (M) of the section:
Mf = M, and M, = M,r’/}’m

O womesoupas

Replace all steel rebar except one by GFRP
N:.hy = N:f,e.-:
Npny = Nepy — 1
Ns.hy =1

Section satisfies Replace one GFRP with one steel rebar
SLS and ULS

requirements?

Nfny = Nepy —1
Ns,hy = WNghy +1

Yes

| | [ Nfny is the maximum number steel rebar that
can be replaced with GFRP rebar

No

/ There is no alternative
K hybrid section

Figure 3.2. Flowchart of the procedure falesigningan alternative ste€bFRP hybrid RC ongvay slab
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Table 3.1 The range of variables

Variables Range of the variable

Slabthickness (P 125, 150, 175, 200, 225 and 250 mm

Clear cover éh%) 20, 25, 30, and 40 mm (for all slab thicknesses), 50 mm (for slabs with a
thickness of 175 mm and higher)

The ratio of live-load to deadload dj ) 0.25,0.35, 0.5, 0.75, 1.0,5, 2.0, and 3.0

Exposure type Interior and exterior exposures

Longitudinal bar diameter (M,)* #3, #4, #5, and #6

Number of bars / m Between maximum and minimum reinforcement ratio of the corresponding

* The nominal diameters as per CSA S8@60] and ASTM D7957/D7957M 17[61] are used for GFRP and steel rebars.

The factored (ultimate) moment to service moment ratig (s calculated based on the higad to
deadload ratios {j ‘O) listed in Table 1. For all considered slabs, it is assumed that the factored load was
governed by the combination of delaéd (O) and liveload (), that is the governing load combination
of p& © pBO, & P80, andpg0 pHD & p8&Oas per CSA A23:34 and ACI 31819, respectively.
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Figure 3.3 shows the relationship betwegn and thelj ‘O ratio. This relationship can be derived as
follows:

5
0 © pdO_.p80 PR L P® F . pg
CSAT | o aocR D PBULPEO O P8 (3.47)
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Figure 3.3. Relationship between 0 j 0 and the liveload to deadoad {j ‘O) ratio

As mentioned, the ULS requirements usually govern the design of steel RC elements. Therefore, to
check the section at the serviceability stage, it is assumed that the factored/ultimate mojigegual

to the moment resistance. The service momen} is then determined using E®.49)as follows:
o r”— (3.49)
It is worth noting that in practical cases, of the steel RC section is higher than, due to the

rounding up of the required reinforcement area for the equivalent number of bars. Consequently, the

upper bounds d and0 are considered in this parametric study.

The slab concrete had a normal strength with a compressive str&@aytbf 35 MPa and a maximum
aggregate size of 14 mm. The modulus of rupture of conctetevés considered to bed ¢ "@e and

®_ "Qeper CSAA23.314and ACI31819, respectively, where the n
used for normatlensity concrete in this study. The steel rebars were @G@leand Gradé0 with

nominal yield strength of 400 MPa and 420 MPa, and elastic modu@0GPa for CSA and ACI,
respectively. The GFRP rebar was a Grade 11l GBA7%19 compliant rebar with a tensile strength of

1000MPa and modulus of elasticity of &Pa.To consider practical cases of steel RC sldiesatea of
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the original steel RC sections was limitedrig 0 ; ® Qwhere” }, is calculated fronEq. (3.31)and
Eq.(3.32) and the cases where the section was uncracked under service loads were ignored.

3.4.2.1 Summary of Results

3.4.2.1.1 Original Steel RC Sections
Considering the variables listed Trable 3.1, a total of 25104 and 13190 steel RC sections were

designed as per CSA A2313l and ACI31819, respectively. Out of 25104 slabs designed per CSA
A23.3-14, 12299 sections were designed for exterior exposure and 12805 for interior expigstge.

3.4 illustrates the scatterplot of the resisting moment capacity of the original steel RC sections for
different heights and the histogram of the moment capacities. As shown, the resistance moment of the

steel sectionsi( ; ) ranged from 12 to 288N-m/m and from 13 to 32BN-m/m for CSA and ACI,

respectively.
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Figure 3.4. Scatterplot of the resisting moment capacity of the original steel RC sections for different section
heights and the histogram of the moment capacities: (a) CSA; and (b) ACI

Figure3.5 shows the range of stress under service loads in steel reinforcement in teBQf ¢f
the original steel reinforcement for differant¥0 ratios. As shown iFigure 3.5(a), the service stress
of steel bars in original steel RC sections ranges between approximi@téyto & (0, andm® @ to
1 tQfor sections considered for CSA A2313 and ACI31819, respectively. This figure also shows
that the range df); 'Qunder service loads varies by thef0 ratio: the higher thé 70 ratio is,
the lower the range 6f); 7'Q The color bar irFigure 3.5 shows the frequency of slab sections. As

shown, the€Qp T'Qualues of the most slabs are at the upper end of the corresponding range of each
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0 F0 ratio. As shown, for the sam#&fO ratio, the steel reinforcement is under higher stress at the

service stage for sections designed per ACI-BA&ompared to CSA A23.B4. This is due to the
difference between the two codes in the load and strength reduction factors considered at this ULS.
important to note that although CSA A23.3 and ACI 31819 allow usingQr 1@ QandQp

¢j 0 'Qin Eq.(3.19)and Eq.(3.22)to calculate z and , the analytical study shows that the stress
can exceedip'Qand ¢j o "Q, respectively. As mentioned, the upper bound ofs considered in this

parametric study, and thus, the rangéf{ 7'Qin practical cases will be lower than those shown in

Figure 3.5.
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Figure 3.5. Range of the stress under service load in steel reinforcement of the original steel RC sections
("Qp T'Q) for differentd 70 ratios: (a) CSA and (b) ACI

Figure 3.6 shows the range of the crack control parameter of original steel RC sections for different
0 70 ratios. As shown ifrigure3.6(a),& fa  ratio ranges from 0.25to 1.0 for sections considered
for CSA A23.314. The colour bar in this figure shows that thefa ; of most slab sections is
between 40 to 70 percent of their allowable code limit, and this range is indepenaefib ofratio. For
ACI 31819,i fi ratio ranges from 0.1 to 1.0 as showrFigure3.6(b). Thei i ratio of most
slab sections is less than 45 percent of their allowable code limit, regardlesBofratio. As expected,

the results presentedhiigure3.5 andFigure3.6 confirm that most steel RC sections are inevitably-over

designed for service limit states.
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Figure 3.6. Range of the ratio of the crack control parameter of the original steel RC sections to their allowable
limit for differentd 70 ratios: () CSA¢ ¥a  );and (b) ACI{fi )

3.4.2.1.2 Governing Design Parameters

Table 3.2 presents the distribution of the analytical results for CSA and ACI. Analytical results showed
that 15999 out of 25104 and 6831 out of 13190 steel RC slabs had an alternatiG-Rieehybrid
section designed per CSA and ACI, respectively.
Table 3.2 The distribution of the studied data

Steetl. RC With an alternative hybrid RC section Without an altertpatlve hybrid RC
Design section section
Practice 0§
Total Total Failure mode-b Failure mode Il  Total Serviceability T p
CSA 25104 15999 12524 3475 9105 2825 6280
ACI 13190 10253 6831 3422 2937 818 2119

Data provided immable 3.2 illustrate that 50% and 52% of hybrid RC sections failed by Failure mode
I-b, whereas 14% and 26% of the sections failed failure mode I, per CSA and ACI, respectively. As
discussed, failure mode Il occurs when the reinforcement ratio of the originaR&tesection is less
than that of Eq(3.35)and Eq.(3.36), and this reinforcement ratio is a functiontof 6 . Moreover, a
considerable number of sections had no alternative-GieRP hybrid RC section because of their
reduced moment capacity compared to their original steel RC sections{§ ) (refer to the discussion
on Eq.(3.33)and Eq.3.34). Those sections make up 28% and 15% of the studied sections using CSA

and ACI, respectively. As mentioned, in practical cased) thef the steel RC section is higher than,
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and thus the boundary limits of] " of Eq.(3.33)and Eq.(3.34)can increase. It is worth noting that
deflection checks are not performed for the slabs. The total number of alternative sectubis 32

will be decreased if the deflection checks are considered. If deflection governs, the designer can increase
the total number of bars, increase the section depth or reduce the replacement ratio and recheck the
element.

3.4.2.2 Comparison between Steel RC sections and Their Alternative Hybrid Sections

3.4.2.2.1 Ultimate Limit State

Figure 3.7 shows the scatterplot of thef” ratios of the original steel RC section with an alternative
steetGFRP hybrid RC section versus the replacement ratipd ) along with the limiting curves of
each failure mode. As expected from E8.33)and Eq.(3.34) Figure 3.7 confirms that the 1 of
those sections are greater than - - e Qe O and - - - YO per CSA
and ACI, respectively. Moreover, as expected from(BE@5)and Eq.(3.36), slabs with failure mode I
have lower’ ¥’ . Recall that the maximurnh ¥’ of the sections for the sections to have a governing

tension failure mode is a function ®fj 6 , as shown irfFigure 3.7.
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Figure 3.7. Histogram of’ ¥’ of the original steel RC section for sections with an alternative GieRP RC

section: (a) CSA and (b) ACI

Figure 3.8 shows the scatterplot 86f 7’ versus the moment capacity of the alternative st&dRP
hybrid RC sections) 70 j ) of valid sections categorized based on their failure mode, igilee
3.9illustrates the histogram of ; 70 ; of those sections. As shown, the; 70 j of sections with

failure mode 1b ranges from 1 to 1.45 and 1 to 1.35 for CSA and ACI, respectively. Moreover, the
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0 5 fU j of sections with failure mode Il ranges from 1.06 to 1.45 and 1.05 to 1.36 for CSA and ACI,
respectively. It is noteworthy that tlve ; sections with failure modeh corresponds to their lower

bound strength, and thus, considering the actual concrete stress distribution will increase their capacity.

Figure 3.9 also shows thai ;; decreases d&s71" of the original steel RC section increases.
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Figure 3.8. Scatterplot of ' versus) ; f0  for: (a) CSA and (b) ACI
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Figure 3.9. Histogram oftd ; 70 5 ratios for: (a) CSA and (b) ACI

3.4.2.2.2 Serviceability Limit States

Tensile stress in steel and GFRP reinforcement
Figure 3.10(a and b) shows the histogram of stress in steel reinforcement at SLS of original steel RC

sections, Qi T'Q, with an alternative hybrid RC section for differant¥0 ratios, while Figure
3.10(c andd) presents the histogram of stress in steel reinforcement of their alternative hybrid RC

sections; Qi ¥'Q Comparing-igure3.10(a and c), it is observed that using C32;; 7'Qranges from
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approximatelyr® (@Qto 1@ (0, whereasQp T'Qranges between approximatetgp ¢Qup tor@p
with most of the data being closen@) (Q stressFigure3.10(b and d) shows that using ACQy 7Q
ranges between approximatat® (Q and @ 2, whereasQp 7'Q ranges between approximately

i Qandr@ L, with most of the data on the high side of the range.
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Figure 3.10. The range ofQ ¥'Q of original steel RC sections with an alternative hybrid section per: (a) CSA,
(b) ACI; and hybrid section per: (c) CSA, and (d) ACI

As expected, the stress in the steel reinforcement of alternative hybrid sections increases compared to
the original steel RC sectiorBigure3.11 shows the relationship betweénj 6 and the ratio of stress
under service load in steel rebars of alternative-&&&P hybrid RC sections to their original steel RC
section. The upper bound relationship of E3338)is also plotted irFigure 3.11. The trend of the data

confirms that théQ 7'Qp, values of the sections are less than(B8), with a reasonable accuracy.

43



Valid P " Valid .
145/ /- - -Eq.37 . 14511 - -Eq 37 e
# ,
1.4 K 1.4 v
1.35 e 1 135} o
- - ] P
;:)';. 1.3 Lt 1 % 1.3+ 1t
) - ) -
“““331 25 v “““331 25 8
8 12 & 8 12 ot
115 P - 115 &7
11 ,4’ 4 11 ,”
1.05 e 1.05 P
1¢’ . . . . \ . 1;’ . . . . \ ]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
A/Ar A/Ar
(a) (b)

Figure 3.11. The relationship betwedn j 0 and™Qp 7'Qp : (a) CSA and (b) ACI.
Figure3.12shows the scatterplot of tFe 7'Qof the original steel RC section with an alternative steel
GFRP hybrid RC section versasj 0 , along with the upper limit curve. As discussed, the uppess
limit for ACI is a function of ‘Q; the results show that the simplified approach provides a reasonably
accurate yet conservative limit curve. For brevifiigure 3.12 only shows the stress limit curve for
greater than 12.7 mm ahd@ w 1 «&; the othet 'Q values provide similar accuracy.
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Figure 3.12. Scatterplot of thé&Q 7'Q of the original steel RC section with an alternative hybrid RC section
versusd j 0 , along with the upper limit curve: (a) CSA; and (b) AQI ( p A aTQ wTl &)
Cracking behaviour

As mentioned before, CSA and ACI use different criteria to control cracking at the service stage.
While CSA A23.314 and CSA S8042 utilize the direct checks of limiting crack control parameter (z)
((3.19)and Eq.(3.20), ACI 31819 and ACI 440.1R5 use an indirect method of controlling spacing
(Eq.(3.22)and Eq(3.23). Figure3.13 shows the distribution of the ratio of the crack control criteria to

its code limit for CSA and ACI.
44



(=]
o
L]

(=]
[o3}

hy/ max.hy

o
'

100

1 T T T 300 1 T 400
0.8 I 250 .
00
& : 200
0.6 - - 0.
E
N 150 N 200
Nw D.4 N .
100

(=]
M
(=]
M

50
O — 0 e
13 1.32 1.34 1.36 1.38 1.4 1.42 1.4 13 1.32 1.34 1.36 1.38 14 1.42 1.44
MM MM,
( (b)

150

-

100

—_

4]

a)
200
[ |
il 50
< 0.6
oF
3 0.4 00
0.2 0
0

1.28 1.31 1.34 1.37 14 1.43 1.46 1.49
M/M
s
(c)
Figure 3.13. The distribution of the ratio of crack control criteria of steel and hybrid RC sections to their code
limit per: (a and b) CSA and (c and d) ACI

Figure3.14 shows the relationship between thefo of alternative steeGFRP hybrid RC sections
and the ratio of the crack control parameter of hybrid sections to their original steel RC gecHian (
andi ; i ), for CSA and ACI, respectively. The relationships of B40)and Eq.(3.43)are
also plotted irFigure3.14 for CSA and ACI, respectively. As discussed, the wgbess limit for ACI
is a function of"Q. For brevity,Figure3.14(b) only shows the scatterplot of data fon T T00"Q
v X Mmm and the limit curve of E¢3.43)for ©"Q v X T .i . The results show that EB.40)
and Eq.(3.43)provide an accurate, yet conservative limit curve. The trend of the data shéwurie
3.14 demonstrates that the crack control parameter of alternative hybrid RC sections is more restrictive

than their original RC section. This observation emphasizes the importatcéndhe design of steel
GFRP hybrid RC sections.
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Figure 3.14. The relationship between 70 and (a)a 74 per CSA;and (b) 71 per ACI (Note:
©"Q is in N/mm)

Figure 3.15 shows the scatterplot @ffa  andi 7i of the original steel RC section with an
alternative steeGFRP hybrid RC section versasj 0 of the alternative ste€bFRP hybrid RC section,
along with the upper design limit curve to maintain the crack control parameter of the alternative hybrid
section within the proposed limits, per CSA and ACI, respectively. For brEigiyre3.15(b) only shows
the scatterplot of data fo0’"Q p p m At | and the limit curve of Eq(3.44) for 0'Q

p p T Tthit | . The results show that E¢B.42)and Eq.(3.44) provide an accurate, yet conservative,

limit curve.
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Figure 3.15. Scatterplot of and the upper limit curves: gayfa  versusd jo and (b)ifi  j versus
6 j& (Note:@'Q is in N/mm)
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3.5 Design Charts and Procedure

Based on the section analysis and discussions made in this study, the followibg st design
procedure is developed to aid engineers in designing an alternativ&s®EBlhybrid RC section based
on the properties of the steel RC section. It is irtgpa to note that the design charts provided in this
section are for Gradg0 steel rebars and Grade Ill CS80719 compliant GFRP rebars, and the
alternative steeGFRP hybrid RC section has the same dimensions, the total number of bars, bar spacing
andbar diameter as the original steel RC section. Moreover, the design charts are per CSIMARLI3
ACI 3181-9 and théQ value available in the literature. The design charts can be regenerated using Eq.
(3.39) Eq.(3.42) Eq.(3.44) and Eq(3.46)for subsequent code and standards.

Step0: Obtain the loading of the critical section. Calculate the following properties of the steel RC
section: reinforcement ratid (6 j ® Q) balanced reinforcement ratid § from Eq.(3.31)and Eq.
(8.32) stress in steel reinforcement under service 1d@g { from Eq.(3.15)or Eq.(3.16) For CSA,
calculatedfrom Eq.(3.19) andd  ;; which is 25,000N/mm and 30,000l/mm for exterior and interior
exposures, respectively. For ACI, compute the spacing of tensile reinforcéefadr concrete cover
(); thickness of concrete cové®( @ 'Qj¢);T ; andallowable spacingi( ) from Eq.(3.22)

Stepl:If” j” isless than- - - e Qe O forCSAand - - - " O
for ACI, proceed to Step. If not, thed of the alternative ste€bFRP hybrid RC section will be less
than that of the original steel RC section. The designer may check the utilization tagtoy § ) of
the section and decide if the reduction in the moment capacity is acceptable. They may also choose to
increase the depth of the section to increase the moment capacity.
Step2: Connect the pointak j&  andiji  tothecorresponding limit curven Figure

3.16for CSA and orFigure3.17 for ACI, and obtain th® j 0 on the horizontal axis.
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Figure 3.16. Design chart for the estimation of thef0 of the alternative ste€bFRP hybrid RC section based
ong ja  ofthe original steel RC section per CSA
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Figure 3.17. Design chart for the estimation of thef0 of the alternative ste€bFRP hybrid RC section based
oniji of the original steel RC section per ACl: @) p & & é;and (b)Q p & a & (Note:'Q is
in N/mm)

Step3: Connect the point 62 7'Qto thecorresponding limit curven Figure3.18for CSA and on

Figure3.19 for ACI, and obtain th® j 6 on the horizontal axis.
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Figure 3.18. Design chart for the estimation of thef0 of the alternative ste€bFRP hybrid RC section based
on the’Q; T'Qof the original steel RC section for CSA
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Figure 3.19. Design chart for estimation of the replacement ratidf¢ ) of the alternative ste€sFRP hybrid
RC section based on th@ 7'Qof the original steel RC section per ACI: @) p & & &; and (b)Q
p & & a (Notel Q isin mm)
Step4: Calculate the governing 70 as the least value @f 0 obtained from Ste@ and Stef3.

Calculate the area of GFRP rebars that can be replacedp 70 0 . Then, estimate the number of

steel bars that can be replaced with GFRP bars by rounding @owo f0 to the closest integer

number, wher® is the area of one GFRP rebar. The designer may choose to use a higher number of
smallersize bars for the calculatéd, given that the minimum spacing limits are not violated.

Step5: Check the instantaneous deflection, laagn deflection, and shear capacity of the section.

If the instantaneous or loigrm deflection is not satisfied, the design engineer can reduce the
replacement ratio, increase the total number of rebars and/or change the dimensions of the section. The
design engineer can then obtain the replacementafdtie new section using the proposed design charts
and recheck the deflections.

It is noteworthy that achieving an optimized alternative sB¥RP hybrid RC section, while
satisfying the code deflection requirements, may require a few trials. Increasing sectiofneligybitf,
or reinforcement ratio to satisfy deflection requirements can result in an incréade irobtained from
Step 4. Thus, maintaining the same replacement ratio obtained from the original design tril f@tep
the new section and rechecking the deflections can provide a conservative preliminary design. The
reinforcement and dimensions of thecgon can be further optimized by calculating the utilization
factors of the element at the ULS and SLS using the proposed equations of Section
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In practice, the designer can use smaller bar sizes with less spacing to obtain a higher replacement
ratio in an alternative ste@FRP hybrid RC sectiodn example demonstrating the process of obtaining

the replacement ratio using the proposed-bieptep design procedure is provided in the Appendix.

3.6  Summary, Conclusionsand Recommendations

Design recommendations for st€&FRP hybrid RC flexural elements at SLS and ULS are proposed
based on fundamental theories of RC beams and available literature. Moreover, two approaches to
calculate the moment resistance of a hybrid RC section are amkcBbhsed on experimental data
available on RC beams strengthened externally with FRP, the steel stress limit at BSdis
proposed to be used for st€&FRP hybrid RC sections.

An analytical study is undertaken to estimate the maximum replacement ratio of an alternative
steelGFRP hybrid RC section with the same total number of bars as a-s#mfigrced steel RC section
without violating the proposed design recommendationsrd$dts of the analytical study show that if
the ” j” of the original steel RC section is less than - - "JO for CSA and

- - - « '+ O for ACI, the alternative ste€bFRP hybrid RC section has a resistance
moment higher than that of the original steel RC section. Moreover, the results show that the replacement
ratio of an alternative ste@FRP RC section depends on the properties obrilgenal steel RC section
at SLS: the lowegj & ,iji and’Qj "Q of the steel RC section is, the higher the replacement ratio
of the alternative ste€bFRP hybrid RC section. The results also showed that the-depwhdent
coefficient is an important parameter affecting the replacement ratio of an alternath@rehybrid
RC section.

Simplified design charts are developed and a-Biegtep design procedure is proposed for
transforming steel RC sections to alternative s&feRP hybrid RC sections with the same total number
of bars. Over 37000 steel RC slabs have been designed peAZ3SA14 and ACI 31819. More than
66 percent of the designed sections had an alternativeGfédP RC section. It is also shown that the
alternative steeGFRP hybrid RC section can have up to 40% higher moment resistance than their
original steel RC sd¢ions. Moreover, the data analysis confirmed that the simplified assumptions made
in this research are conservative and accurate.

Further research on the crack width (batebendent coefficienfQ), deflections (longerm and
shortterm), minimum reinforcement required to control shrinkage craclstrgsslimit for steel
reinforcements under service loads, development and splice lengths, and concrete contribution in shear

of steetGFRP hybrid RC elements are recommended.
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Chapter 4
Flexural behaviour of steedGFRP hybrid reinforced concrete beams

4.1  Abstract

This paper presents the flexural behaviour of siésds fibrereinforced polymer (GFRP) hybrid
reinforced concrete (RC) beams. Five concrete beams reinforced with steel reinforcement, eight
reinforced with steeGFRP hybrid reinforcement, and two reinforced with GFRP reinforcement were
tested in flexure under a fopoint load test setup. The 15 RC beams were designed with different
reinforcement ratios and steel and GFRP reinforcement configurations to investigate the effect of the
ratio of GFRP to steekinforcement and the influence of the effective reinforcement ratio on flexural
behaviour. The experimental results of the beams were analyzed and compared in terms of failure modes,
flexural capacity, strain distribution, flexural response, and dyctidiased on the experimental results,
steelGFRP hybrid RC beams exhibited a greater ultimate strength than the steel RC beams but a lower
ultimate strength than the GFRP RC beams. Moreover, the steel and hybrid RC beams exhibited higher
ductility and eneagy absorption than the counterpart GFRP beams with the same reinforcement area. In
addition, the results showed that #féective steel reinforcement rasggnificantly affected the flexural
stiffness of hybrid RC beams during the postcking stage until the yielding of steel reinforcements.
Based on the cracked section analysis, a new equation was proposed to estimate the rebar strain for the
postyielding stage in the hybrid RC beams. Finally, the beams' moment capacity, yielding moment, and
concreteand rebar strain were determined using existing design models and compared with the

experimental results.

4.2  Introduction

The mechanical and physical characteristics of steel rebar and GFRP rebar are different. Steel rebars
are linearly elastic until yielding, while GFRP bars are linearly elastic until failure. Additionally, the
tensile strength of GFRP bars is greater them of steel rebars; however, GFRP bars demonstrate a
lower modulus of elasticity than steel rebars. The characteristics of GFRP bars result in an enhanced
ultimate capacity in GFRP RC beams compared to a lower ultimate capacity in steel RC beams. Still,
unfortunately, the flexural stiffness of GFRP RC beams is less than that of steel RC beams. The
advantageous properties of steel rebars at the service load level, the better benefits of GFRP bars at the
ultimate load level, and the enhanced ductility presegiy steel rebars would all be advantageous to
steetGFRP hybrid RC beams. Using steel and GFRP bars in the hybrid reinforcement system can
increase the utilization of the material, aiming to enhance ultimate capacity and improve ductility. Using
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steel reinforcement in combination with FRP reinforcement provided greater ductility and stiffness
compared to FRB RC bearjisl,14,19]

The flexural behaviour of ste@FRP hybrid reinforced flexural members has been studied
experimentally by many researchers, who verified the feasibility of using steel in combination with GFRP
bars to enhance a concrete secfiiti 16,18,19] Aiello and Ombre$11] performed experimental and
theoretical investigations on ste®lamid FRP (AFRP) hybrid RC beams. This study focused on the
structural behaviour, including the ultimate and serviceability conditions for deflection, curvature,
ductility, crack width, andmacing. The test results showed that using steel rebars combined with AFRP
bars reduced the crack width and the crack spacing and enhanced FRP RC beams' deformability. Still,
the contribution of the additional steel rebars to the flexural capacity wakéonwg and Balendrg7]
conducted an experimental study on the idaflection behaviour of seven concrete beams reinforced
with steel rebars and GFRP bars. The experimental results showed that the flexural strength of the hybrid
RC beams was greater than that of the beam®reed with either steel rebars or GFRP bars with more
cracks. It was also reported that the hybrid RC beams demonstrated an enhanrgiettpasstiffness,
which supported the GFRP bars' efficacy after the steel rebars yielded. Qu[tialestigated
experimentally and theoretically the flexural behaviour of beams reinforced with different steel and
GFRP reinforcement configurations. The main parameters studied were the amount of reinforcement and
the ratio of GFRP to steel. It was remattthat hybrid steedBFRP RC beams with normal effective
reinforcement ratios demonstrated good load carrying capacity, ductility, and serviceability. Lau and
Pam[12] conducted an experimental study on 12 concrete beams consisting of plain concrete beams,
steel RC beams, GFRP RC beams, and hybrid RC beams. The test results showed that hybrid RC beam:
behaved more ductile than GFRP RC bedrexently, Ibrahim et a[62] developed practical design
chartsfor the design of stedbFRP hybrid RC sections. An extensive parametric study was conducted
to transform steel RC sections into alternative sBFeRP hybrid RC sections with the same number of
bars.

This study aims to experimentally investigate the flexural behaviour ofGieeP RC beams using
monotonic fourpoint load flexural tests. The main test parameters are the bar diameter, the GFRP to
steel replacement ratio, and the effective reinforcenratib. The paper reports and discusses
experimental results such as crack propagation and failure modes, ultimate capacity, concrete and rebar
strain, fl exur al response, and ductility and

equations fopredicting the flexural response are assessed and compared with the experimental results.
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4.3  Experimental program
In this study, a total of 15 fubcale beameeinforced with steel rebars, GFRP bars, or SBf&RP
bars were constructed and tested monotonically up to failure. The beab@®amen in width, 400 mm

in height and 4350 mm in total length wal3800 mm clear spaas presented iRigure4.1.
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Figure 4.1 Dimensions of the beam specimens in elevation (units are in mm)

4.3.1 Properties of materials
The GFRP bars and steel rebars used in the experimental program are shigwre#2. The GFRP
bars are ribbed Grade Ill, which refers to the high modulus bars (i.e., minimum specified tensile strength
greater than or equal to 1000 MPa) according to the CSA-3809 standar@60]. Additionally, the
tensile strength and elastic modulus of the GFRP reinforcing bars were determined by testing five
representative bars as per ASTM D7205/D7265Mguidelineg63]. The nominal area of the GFRP
bars as per ASTM D7957/D795%RP [61] was used to calculate the mechanical properties of GFRP
bars. The diameters of the GFRP bars included in the study were No. 4 (13 mm), No.5 (16 mm), and
No0.6 (19 mm). The steel rebars were grade 400W, with a minimum yield strength of 400 MPa deformed
rebas according to the CSA G30.18:21 standéd]. Moreover, the yield strength of steel reinforcing
rebars was determined by testing five representative bars according to the CSA G30.18:21[6¢&ndard
The diameters of the steel rebars included in the study are No. 4 (13 mm), 15M (16 mm), and 20M (19
mm). Material properties of concrete, steel rebars, and GFRP bars are sfiabie4ri.
All the beams were constructed using normal strength concrete with a target strength of 35 MPa. The
compressive strengtf)) was determined on the day of testing (+1 week) by testing five 100 x 200 mm
concrete cylinders in accordance wilsTM C39/C39M21 [65]. In addition, the concrete tensile
strength 1Q) was evaluated by splitting tests for three cylinders with dimensions of 100 mra0fs
perASTM C496/C496M17[66]. The modulus of rupture for the concréef® (vas determined by testing
three 150 x 150 x 500 mm prisms as pP&TM C78/C78M22 [67]. The beams were reinforced in
compression with two top grade 400W 10M steel bars with a nominal diameter of 11.3 mm and a

correspondingQ of 400 MPa. The shear span is reinforced with 100 mm closely spaced 10M steel

stirrups to prevent any shear failure. At the 1sdn section (constant moment zone), the stirrups were
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spaced at 333 mm to minimize the confinement effect of the stirrups in the compression zone and stabilize
the positions of the top and bottom longitudinal bars. The bottom concrete cover was 50 mm, and the

side concrete cover is 25 mm for all the beams.
GFRP ribbed #4

GFRP ribbed #5

GFRP ribbed #6

Steel 20M

Steel 15M

Steel #4

s

Figure 4.2 Surfaceprofile of steel and ribbed GFRP Grade IlI

4.3.2 Test matrix
The test matrix includes 15 fedlcale beams reinforced with steel rebars, GFRP bars, o33t&#? bars,
as presented ifRigure4.3. The beams were labelled to indicate the amount of reinforcement, type of
reinforcement, and bar diameter. For example, 4S16+1G16 represents a hybrid beam reinforced with 4
steel rebars and 1 GFRP bar with a diameter of 16 mm. The beam test matrixeai@si $elcover the
different gaps in the literature. The main testing parameters were the bar diameter (13 mm, 16 mm, and
19 mm), reinforcement ratio, and GFRP to steel replacement ratio, as shown in

Table4.2. Steel RC beams were designed to be unglaforced so that steel rebars yielded before
concrete crushing in the compression zone and before the GFRP bars ruptured. On the other hand, GFRF
RC beams were designed to be esenforced to have concrete shing in the compression zone before

the GFRP bars ruptured. Furthermore, the hybrid RC beams were designed to allow the steel rebars to
yield first and then the concrete to crush in the compression zone but before the GFRP bars ruptured
based on the appaioh suggested by Pang et al. 2(R#@ng et al[20] defined two balanced reinforcement

ratios for the hybrid RC beam’,;;, as presented in E4.1), and” 5, as presented in E(4.2), in

addition to effectivesteel reinforcement ratio,” , as shown in Eq(4.3), and effective FRP
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reinforcement ratid , as shown in Eq4.4). Pang et al[20] described three modes of failure for

hybrid RC flexural members: the ovesinforced section wheh 7 ;, which describes concrete

crushing before steel rebars yield or FRP bars rupture; the-tgidérced section wheh .

and” 7 ,which describes concrete crushing after steel rebars yield and before the rupture of FRP

bars and the last mode of failure wHeny, i » Which describes the rupture of FRP bars after steel

rebars yielding and before concrete crushing. Pang §Qlprioritized the approach of the under

reinforced sections whén rand’ j i Since it provides sufficient warning by steel rebars

yielding before sudden failure due to FRP bars rupture.

"R @D —ffgf—o (4.2)
"h @D %’OO—Q (4.2)
o %, (4.3)
o HQ : (4.4)

Table 4.1 Material properties of the concrete, steel rebars, and GFRP bars
Specimen  'Q (mm) Q (mm)  "Q(mm) "Q (MPa) "Q(MPa) "Q(MPa) "Q (MPa) 'O (GPa)

4519 195 T 38.9 3.4 4.4 450 T T
3S19+1G19 19.5 191 38.9 3.4 4.4 450 1100 55.9
2S519+2G19 19.5 191 38.9 3.4 4.4 450 1100 55.9
4G19 T 191 38.9 3.4 4.4 T 1100 55.9
5S16 16.0 T 43.6 4.0 4.8 370 T T
4516+1G16 16.0 15.9 43.6 4.0 4.8 503 1150 57.3
3S16+2G16 16.0 15.9 43.6 4.0 4.8 370 1150 57.3
4516 16.0 T 43.6 4.0 4.8 503 T T
3S16+1G16 16.0 15.9 43.6 4.0 4.8 503 1150 57.3
5513 12.7 T 43.6 4.0 4.8 530 T T
4S13+1G13 12.7 12.7 43.6 4.0 4.8 530 1125 57.1
3S13+2G13 12.7 12.7 43.6 4.0 4.8 530 1125 57.1
4513 12.7 T 43.6 4.0 4.8 530 T T
3S13+1G13 12.7 12.7 43.6 4.0 4.8 530 1125 57.1
6G13 T 12.7 38.9 3.4 4.4 T 1125 57.1
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Table 4.2 Details of the test specimens

Specimen 8 (mn? 8 (mn? " (%) " (%) " 5(%) " &%) "R((%) "R "j"s 0]0
4S19 1200 1 1.42 T 1.42*  0.58 3.24 i 0.44 i
3S19+1G19 900 284 1.06 0.33 1.16 0.77 3.24 0.31 T 0.32
2S19+2G19 600 568 0.71 067  0.89 0.96 3.24 0.31 T 0.95
4G19 T 1136 1 1.34  0.37 1.34% 1 0.31 T i
5516 1000 1 1.17 T 1.17*  0.38 458 i 0.26 i
4S16+1G16 800 199 0.94 0.23 1.01 0.64 2.96 0.31 T 0.25
3516+2G16 600 398 0.70 047 084 0.69 4.58 0.31 T 0.67
4516 800 T 0.94 T 0.94* 041 2.96 i 0.32 i
3516+1G16 600 199 0.70 023 077 0.54 2.96 0.31 T 0.33
5513 645 T 0.75 T 0.75*  0.36 2.74 i 0.27 i
4S13+1G13 516 129 0.60 015  0.65 0.43 2.74 0.32 T 0.25
3S13+2G13 387 258 0.45 030 054 0.51 2.74 0.32 T 0.67
45813 516 T 0.60 T 0.60*  0.28 2.74 i 0.22 i
3S13+1G13 387 129 0.45 015 050 0.36 2.74 0.32 T 0.33
6G13 T 774 T 095  0.27 0.95% 1 0.32 T i

*Effective steel reinforcement ratfd )=Steel reinforcement ratid () since there areo GFRP bars in the section.
** Effective FRP reinforcement rat{®  )=GFRP reinforcement ratid () since there are no steel rebars in the section.

The beams were categorized into three groups based on the bar diameter used, asFEgave.d

Each group had one or two reference steel RC beams based on the number of rebars fitting into the bearr
width. The 15 beams were divided into two GFRP RC beams, five steel RC beams and eiGitRRReel

hybrid RC beams. The reinforcing rebars in all thanhe were distributed in a single layer except for
beam 6G13, which has four bars in the outermost layer and two bars in the top layer. Each group had one
or two steel RC beams, with reinforcement ratios ranging between 0.60 and 1.42 to cover a wide range
of beam reinforcement ratios. All reference steel RC beams are designed to beeuridered, while

GFRP RC beams are designed to be -ogmforced. Hybrid RC beams are designed for concrete

compression failure after the steel rebars yield, but the GRaIRPrupture.
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Figure 4.3 Description of the beamrosssection (units are in mm)

4.3.3 Testing setup and instrumentation

Figure4.4 shows a schematic diagram of the test setup used for the beam specimen testing. All the
beams were tested under fquoint flexural loading until failure. The load was applied monotonically
using a 5000 kN hydraulic press at a displacementrolled rateof 1.2 mm/min, and the load was
measured using a 450 kN load cell. The load cell, strain gauges, LVDTs, and potentiometers were
connected to a datcquisition system, which recorded 5 readings/sec during the test until failure. Cracks
were marked durinthe beam test, and the corresponding load was recorded and marked.

Figure4.4 also shows the instrumentation used in the beam specimens. The instrumentation consisted
of five vertical potentiometers, one horizontal potentiometer, andr@Concrete strain gaugésgure
4.5 shows the distribution of-Bam rebar strain gauges in a typical beam specimen. Rebar strain gauges
were used to measure the strains in the steel rebars and GFRP bars. Rebar strain gauges are placed in tl
center of the beam under typoint loadings with aninimum of two strain gauges in each relsagure
4.5 shows the locations of the strain gauges in thelissereinforcement configuration and the fdoar
reinforcement configuration. Two concrete strain gauges were placed in the top compression fibres to
measure the maximum strain in the concrete fibmas lacated in the center and the other near the two
point loadings. Another two concrete strain gauges were placed at the side of the beam to measure the
strain distribution along the height of the beam. One was located at 35 mm from the top compression

fibres, and the other at 65 mm from the top. Five linear potentiometers are installed on the ground under
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the beam to measure the beam deflection. Two potentiometers are placed at the bspannmd
addition to two potentiometers at the twoint loadings, and the last potentiometer is located at the

middle of the shear span.
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Figure 4.4 Schematic diagram of foypoint load bending test
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Figure 4.5 Distribution ofrebar strain gauges on a typical beam specimen
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4.4  Experimental results
The experimentaksultsobtained from the tests, including the crack propagation and failure modes,
flexural capacity, strain distribution, flexural response, ductility and energy absorption, are presented in

this section.

4.4.1 Mode of failure

Figure4.6 shows the failure modes of the tested beams. The cracks initiated in the middle moment
zone then propagated upwards with increasing load. As the load increased, the cracks initiated outside
the middle moment zone until they reached the shear zone. larti@ression upper zone, the concrete
strain increases by increasing the load continuously until concrete crushing due to reaching the maximum
compressive strain in the top concrete fibres. The steel RC beams exhibited steel rebars yielding prior to
concretecrushing, as designed. On the other hand, hybrid RC beams failed due to steel yielding prior to
concrete crushing without GFRP bars rupturing except for beam 3S13+1G13 yith 7@ ¢ pwhich
failed due to steel rebars yielding and GFRP bars rupturing prior to concrete crushing, as &limwa in

4.6-n. This is because the reinforcement ratio;, is only 1.125 times the balanced reinforcement ratio,
" . To avoid this undesirable mode of failure, Pang €8l suggested thdt  equals at least 1.4
times” j as a design recommendation. The two GFRP RC beams failed due to concrete crushing

without rupturing of GFRP bars, as designed.

= - sy

et
lw“_ﬁ:f

a) 4S19 b) 3S19+1G19 c) 2S19+2G19

e) 5S16 f)y 4S16+1G16

g) 3S16+2G16 h) 4S16 ) 3S16+1G16

59



j) 5S13 k) 4S13+1G13

m) 4S13 n) 3S13+1G13
Figure 4.6 Failure modes of tested concrete beams

0) 6G13

4.4.2 Flexural capacity and yielding moment

Many researcherf®,13,15,21]have experimentally confirmed that the strain distribution of hybrid
RC flexural members is the same as that of steel RC flexural members, meaning that the assumption that
plane sections remain planar after bending is valid for hybrid RC sections. ik R¢Zbbeams were
designed to fail by concrete crushing after steel yielding and prior to GFRP rupture. Considering this
failure mode and based on the strain compatibility, force equilibrium, and rectangular stress block for
the stress distribution on tleencrete compression side, the stress in the GFRP bars at the ulimate,

and nominal moment capacity, can be calculated using the following equations:

0 TE OO—Q o- S wom 00 g 66“9 0- 0 (4.5)
b 80 67 Q TT“’ (4.6)

T v (4.7a)
f @ w — (4.7b)
| T U TP TE X (4.8a)
I T ™8T QD TE X (4.8b)

The rectangular stress block for the stress distribution in the compressive zone of the concrete of FRP
RC flexural members proposed by th€l 440.1122[22]and CSA S80d.2[23] standards are different.

As strain compatibility is valid for hybrid RC flexural sectid@sl 3], the stress block can be applied to
hybrid RC flexural members. The maliiference instress block definition betwe&Cl 440.1122 and

CSA S80612 is the values of the stress block parametergnd! , as expressed in Eqgl.7a) and
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(4.7b) and Eqgs.(4.8a) and (4.8b) respectively. The other main difference is the maximum concrete
compressive strain, which equals 0.003 and 0.003B@r440.1122 and CSA S8082, respectively.
An equivalent rectangular stress diagrainmybrid RC beams shown inFigure4.7
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Figure 4.7 Equivalent rectangular stress diagrafinybrid RC beams

Table 4.3 compares the experimental results for the yielding and ultimate moments with the
predictionsof CSA S80612 standards and ACI 440-PP guidelines and listhe tested beams' failure
modes. It is worthmentioningthat the yielding moments were calculated based on the cracked section
analysis. It can be observed that by increasing the ratio of the GFRP in the section, which corresponds to
an increase in the replacement ratig, 0 , the yielding moment decreased, and the ultimate moment
increased, which is attributed to the superior ultimate strength of the GFRP bars compared to that of the
steel rebars. Only the 4S16+1G16 beam has a greater yielding moment than its originehstgekh
5S16) because the yielding strength of the steel rebars used in the former is greater than that of the latter,
as shown previously imable 4.1. It can also be found that the observed values of the yielding moment
were higher than the predictions using the equations of the CSAIR8&tdndards and ACI 44022
guidelines by 6% for all RC beams. On the other hand, the observed values ofntlageutioment
capacity were higher than the predictions using the equations of the CSAS8@ndards and ACI
440.1122 guidelines by 6% and 9%, respectively, for all RC beams. Almost the same trend was observed
for the hybrid RC beams. It is clear thaetCSA S80€L2 standards gives closer predictions to the
experimental results for both yielding moments and ultimate moment capacities than does the ACI
440.11222 guidelines. The test results show that the ultimate moment capacities of beams 3S19+1G19,
2S19+2G19, and 4G19 were 1.01, 1.07, and 1.13 times that of reference beam 4S19, respectively. The
test results also show that the ultimate moment capacities of beams 4S16+1G16 and 3S16+2G16 were
1.32 and 1.38 times that of reference beam 5S16, respectielg,the ultimate moment capacity of
beam 3S16+1G16 was 1.13 times that of reference beam 4S16. The test results for beams reinforced with
#13 bars show that the ultimate moment capacities of beams 4S13+1G13 and 3S13+2G13 were 1.15 anc
1.27 times that ofeference beam 5S13, respectively, while the ultimate moment capacity of beam
3S13+1G13 was 1.22 times that of reference beam 4S13. This confirms that GFRP bars are important
for enhancing the ultimate moment capacity of s@RP RC beams.
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Table 4.3 Yielding moment, ultimate moment capacity and failure mode of the tested beams

Specimen  Experimental Predictions using CSA S804.2 Predictions using ACI1440.1122 Observed failure mode
J.l‘ J'Ib J.l‘ J'I- JJ«PE.LJ'IJKJJJJJ- J.|‘ J'I- J'lci'iolﬂcﬁ(lljj-
(kN.m)  (kN.m)  (kN.m)  (kN.m) (kN.m)  (kN.m)
4S19 170.7 1735 161.1 161.3 1.06 1.08 161.5 165.4 1.06 1.05 Steelyielding and concrete crushing
3S19+1G19 139.5 174.3 132.9 169.5 1.05 1.03 133.2 167.2 1.05 1.04 Steel yielding and concrete crushir
2S19+2G19 107.0 186.4 104.3 174.0 1.03 1.07 104.5 168.2 1.02 1.11 Steel yielding and concrete crushir
4G19 NA 195.5 NA 179.0 NA 1.09 NA 169.3 NA 1.15 Concrete crushing
5516 123.9 131.8 112.3 116.8 1.10 1.13 112.6 118.7 1.10 111 Steel yielding and concrete crushir
4S16+1G16 135.1 174.5 131.9 165.8 1.02 1.05 132.2 163.0 1.02 1.07 Steel yielding andoncrete crushing
3S16+2G16 96.6 182.4 81.5 160.0 1.19 1.14 81.6 152.2 1.18 1.20 Steel yielding and concrete crushir
4S16 126.0 133.2 1235 126.1 1.02 1.06 123.7 128.4 1.02 1.04 Steel yielding and concrete crushir
3S16+1G16 104.1 150.6 102.3 146.1 1.02 1.03 102.5 141.3 1.02 1.07 Steel yielding and concrete crushir
5S13 111.0 116.5 106.4 109.0 1.04 1.07 106.6 110.7 1.04 1.05 Steel yielding and concrete crushir
4S13+1G13 102 133.8 91.8 128.2 1.11 1.04 92.0 124.0 1.11 1.08 Steel yielding and concrete crushir
3S13+2G13 86.6 148 77.0 139.0 1.12 1.06 77.1 131.9 1.12 1.12 Steel yielding and concrete crushir
4S13 85.4 94.9 85.9 88.5 0.99 1.07 86.0 89.6 0.99 1.06 Steel yielding and concrete crushir
3S13+1G13 77.0 1160  71.1 1144  1.08 1.01 712 109.2  1.08 1.06 Steel yielding, GFRP rupture and
concrete crushing
6G13 NA 164.2 NA 161.9 NA 1.01 NA 147.8 NA 111 Concrete crushing
All RC Average o 1.06 1.06 1.06 1.09
Beams Stand'a_rdDewatlon _ 0.05 0.04 0.05 0.05
Coefficient of variation (%) 5.08 3.46 5.08 4.18
. Average 1.08 1.06 1.08 1.09
oWbrd R Standard Deviation 0.06 0.04 0.06 0.05
Coefficient of variation (%) 5.54 3.70 5.54 4.52

Note: Beam selfveight was included in the calculated and experimental yielding and failure moments
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4.4.3 Strain distribution

Figure4.8 shows the experimental stradistributionalong the beam depth at the rsijpplan section
under various moment levels for several beams. The strain distribution for the hybrid RC beams is similar
to that of the steel RC beams and GFRP RC beams, which means that the plane section assumption is
also \alid when applied to hybrid RC beams. These results have been proved previously by previous
studieq2,13].
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Figure 4.8 Strain distribution along the beam height of some tested concrete beams: (a) beam 5S16, (b) beam
4S16+1G16, (c) beam 3S16+2G16 and (d) beam 6G13

Figure4.9 presents the concrete strain readings at the maximum compressive fibres and at heights of
335 mm and 370 mm from the soffit of the beam for the tdsath3S16+2G16. The maximum strain
on top of the beam increased at a lower rate before cracking, after which the rate increased until steel
rebars yielded, and then the rate increased dramatically until failure. The strain gauge on the side of the
beam was itompression until failure, which conforms with the crack pattefigure4.6-g which shows
that the vertical cracks did not exceed the lower concrete strain gauge.
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Figure 4.9 Relationshipetweerthe midspan moment and the concrete strain at the maximum compressive
concrete fibres and at the side at different heights from the soffit of beam 3S16+2G16

Figure 4.10 shows the relationships between the applied moment, maximum tensile rebar, and
maximum compressive concrete strain. The concrete compressive strain values were calculated using the
mean values of the two strain gauge readings in the moment zone, aedathstrain values were the
mean values of the strain gauges in the moment zone. Generally, the rstiaientelationship was
trilinear for steel and hybrid RC beams, while the relationship was bilinear for GFRP RC beams. The
concreteand rebar strains started with a sharp linear trend until the first cracking in all the beams. Then
the curve decreased until failure in the case of the GFRP RC beams. Siill, in the case of the steel RC
beams, the curve continued with a lower plateau steel rebars yieldkand then almost reached a
horizontal plateau until failure; however, in the case of the hybrid RC beams, after yielding, the strain
increased with a lower plateau until failure. For hybrid beams, the stiffness after yielding is attributed to
the existene of GFRP in the section. The experimental results presentéglire4.10 show an increase
in the concrete and rebar strains with increasing replacement @afio, at the same load level.
Moreover, the increase in strain, while replacing some steel rebars with GFRP bars in the steel RC beams
Is minor compared to the pure GFRP RC bedtigsire 4.10 shows that the slope of the momsirain

curve decreases with increasing replacement katja) in the sections with the same number of rebars.
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Figure 4.10 Concrete and rebar measured strains (in the bottom layer) of the tested beams

Figure4.11 shows a schematic diagram of the flexural response of theGEedP hybrid RC flexural
members. After the load exceeds the cracking moment but before the steel rebars yield (see cracked
response 1 ifrigure4.11), cracked section analysis can be used to estithateatio of the depth of the
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