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ABSTRACT

Corrosion is one of the essential factors that affects serviceability and performance of
reinforced concrete structures more importantly in the coastal areas. It results to early
degradation and damage. Glass fibre reinforced polymer (GFRP) bar is one of the promising

alternative material to conventional steel bar that is proven to solve the corrosion problem.

This thesis aims to investigate the behavior of steel and GFRP bars in concrete with regards
to bonding and flexure. The flexural behavior of reinforced concrete beams under
experimental work and finite element analysis (ABAQUYS) is also compared to check the
feasibility of GFRP bar as reinforcement material. Six beams were prepared each having
dimensions 750x150x150mm and four point bending test was performed until failure. The
beams were having 1%, 1.4% and 2.1% reinforcement ratios using each of the reinforcement
bar. The parameters to check includes the ultimate load capacity, flexural strength, mode of
failure, crack patterns, crack width and the ultimate bond strength. The pull-out test showed
adhesion between GFRP bars and concrete was perfect as the failure experienced was
concrete splitting unlike steel bar which slipped and pulled out of the concrete. It was
observed that the flexural strength and ultimate load capacity of group 2 beams (GFRP) was
lower than that of group 1 beams (steel). The failure modes experienced in both group 1
group 2 beams were shear failure which was due to the limited span length. Group 2 beams
experienced higher crack width than groupl beams due to the brittle nature of the GFRP bar.
There was close agreement between the experimental and FEA results. The cost of GFRP
bar is higher than steel bar but still regarded as a good alternative due to its non-maintenance

and non-corrosive benefit.

Keywords: ABAQUS; Glass fibre reinforced polymer (GFRP) bar; finite element analysis;
flexural strength; ultimate bond strength



OZET

Korozyon, kiy1 bolgelerinde betonarme yapilarin kullanilabilirligini ve performansini
etkileyen onemli etkenlerden biridir. Erken asinma ve hasara yol acarlar. Geleneksel
betonarme ¢eligine alternatif malzemelerden olan Cam lif takviyeli polimer ¢ubuklarin

korozyon problemlerini ¢ozdiikleri kanitlanmistir.

Bu tezdeki asil amag, betonarme ¢elik ve GFRP ¢ubuklarin beton igerisindeki aderans ve
egilme davranigini arastirmaktir. Bunun i¢in deneysel caligmalar yardimi ile betonarme
kirislerdeki egilme davranisi ve sonlu elemanlar analizi (ABAQUS) ile GFRP ¢ubuklarinin
donat1 ¢eligi olarak kullanilabilirligini kontrol etmek i¢in karsilagtirma yapilmistir. Her biri
750x150x150mm boyutlarinda alt1 kiris numunesi hazirlanmis ve kirilma noktasina kadar
dort noktadan egilme testi yapilmustir. Kiriglerde, 1%, 1.4% ve 2.1% donat1 oranina sahip
cubuklar kullanilmistir. Kontrol edilen parametreler, son tagima yiiki, egilme dayanimi,
kirilma noktasi, ¢atlama bigimi, ¢atlak genislikleri ve aderans dayanimidir. Cikarma testinde,
betondan kayarak c¢ikarilan ¢elik ¢ubugun aksine GFRP ¢ubuk ile beton arasindaki
aderansin, betonun pargalanmasi nedeniyle miikemmel oldugunu gdstermistir. Grup 2
kiriglerin (GFRP) egilme dayanimi ve son ylik tagima kapasitesi, grup 1 kirislerden (celik)
daha diisiik oldugu goriilmiistiir. Grup 1 ve grup 2 kirislerinde gézlemlenen kirilma noktalari
siirli agiklik uzunluguna bagh kesme (kayma) kirtlmasindan 6tiiriidiir. GFRP ¢ubugunun
gevrek olmasi nedeniyle, grup 2 kirislerinin, grup 1 kirislerine gore daha yiiksek catlak
genisliginde oldugu goriilmiistiir. Deneysel ve FEA sonuglar1 arasinda yakin bir uyusum
oldugu goriilmiistiir. GFRP cubugunun maliyeti, ¢elik cubuga gore daha yiiksektir, ancak
bakim gerektirmeyen ve korozif olmayan 6zellikleri nedeniyle, alternatif malzeme olarak

gorulmektedir.

Anahtar kelimeler: ABAQUS; Cam lif takviyeli polimer (GFRP) cubuk; sonlu elemanlar

analizi; egilme dayanimi; aderans dayanimi
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CHAPTER 1

INTRODUCTION

1.1 Background

Concrete is a known composite material consisting of cement, aggregates and water, it is
weak in tension but strong in compression. Use of steel assist in resisting tensile forces in
concrete elements. There has always been an interest for a material having both extreme
strength and ductility. Strength gives a member the ability to carry load safely while ductility
avoids sudden failure. “Mild steel have been the best option for years providing strength and
ductility of simple, homogeneous materials is incompatible, although metals (e.g., mild steel)
have been the best option” (Kheni et al., 2016). Steel bars being the conventional material
for reinforcing structural concrete, they last for years without any physical sign of damage
if corrosion attack is prevented. But corrosion attack is impossible to prevent in structures
open to certain environments like de-icing salts in bridge, marine structures, parking
structures, bridge decks, highway under extreme environments, etc. When temperature and
chlorides are combined with moisture, the speed of corrosion of steel bar is increased leading

to deterioration and finally affect the serviceability of the structure.

In general, due to the corrosion attack to steel reinforcement it was estimated that up to 15%
of all bridges are deficient structurally. In United Sates, it was estimated that an approximate
amount of $8.3 billion is associated to annual direct cost of repair and maintenance of these
structures (Salh, 2014). In Canada, the average cost of repair and maintenance of reinforced
concrete structures in a year amount to almost $74 billion and in Europe, this amount is
estimated to be around $3 billion per annum (Balendran et al., 2002). Figure 1.1 shows a
bridge in Wisconsin which was built in 1980 which collapsed in 2013 as a result of corrosion
of underground steel supporting the piers, the repair cost amount to $18-$20 million and the
closure of the bridge for about three months leads to loss of about $14.5 million (NACE
International, 2013). Figure 1.2 also shows a pedestrian bridge built in 1995 that failed in
2002 due to corrosion of steel support that occurs as a result of calcium chloride (a highly

corrosive compound), the incident leads to injury to about 100 individuals (NACE



International, 2000). Figure 1.3 shows an incident of an old building in Gazimagusa, North
Cyprus where there is cracks and spalling of concrete, this happens because the aggregates
used in concrete where from the sea and possibly seawater was used in the mix (Naimi &
Celikag, 2014).

Several methods are employed to solve the problem of corrosion and to increase service life
of RC structures, they include metallic coating, protective coating, corrosion inhibitors,
corrosion resistance alloys, anodic and cathodic protection, use of corrosion resistance
composites and stainless steel. But most of the aforementioned solutions have less success
rate or are very expensive (Salh, 2014). Use of fibre reinforced polymer bar as internal
reinforcement in concrete elements is one of the preferred solution adopted around the world
due to its positive results over the years.

sh

Figure 1.2: Damage due to corrosion of an old building in Gazimagusa, North Cyprus
(Naimi & Celikag, 2014)



Fibre reinforced polymer (FRP) composite are materials manufactured from fibres and
resins. GFRP (glass), AFRP (aramid) and CFRP (carbon) are the commonly known use of
FRPs regarding applications in civil engineering (Sonnenschein et al., 2016). These materials
are now used in prestressed and reinforced concrete elements for reinforcement, repair and
strengthening of already built structures and manufacture of ground anchors (Worner, 2015).
Lack of enough information and design specification limit the extensive use of them as
reinforcements. Fibre reinforced polymer (FRP) bars were recently introduced in the market
as substitute of steel for internal reinforcement in concrete structures exposed to
environments likely to cause corrosion. The use of fibre reinforced polymer (FRP) is
regarded as one of the preferred solution today by a great number of countries as an internal
reinforcement for concrete elements. However, some countries have started to make use FRP

bars as reinforcements in their concrete structures.

Fibre reinforced polymer (FRP) bar is insusceptible to corrosion and chloride attack because
it is a non-metallic material. Durability defects and decrease in service life of structures
experienced due to use steel bar will be eliminated with FRP bar. FRP bar is cost effective
due to better tensile strength to weight ratio when compared to typical steel bar. FRP bars
main benefit over steel bars is the tensile strength which is three times higher, lower density,

resistance to fatigue, chemical attack and corrosion and long term durability (Devi, 2015).
1.2 Statement of Problem

Reinforced concrete is the most prevalent composite material used in construction in the
world and particularly in Turkish Republic of Northern Cyprus (TRNC). “From late 1970
till today the reinforced concrete structures are dominating building construction in North
Cyprus” (Naimi & Celikag, 2014). Over the years the number of building has significantly
rise. The Figure 1.3 shows the number of structures from the year 1993 to 2016, this implies
there is need for reconsideration in materials and methods of construction such as use of
sustainable materials. TRNC being an island has a lot of structure on the coast which are
open to seawater that causes corrosion and also when aggregates extracted from sea is used

in concrete mix.

Steel bar being the conventional material for construction have certain disadvantages when

compared with FRP bar (such as corrosion) which will later be discussed in Chapter 2, these



disadvantages renders it not 100% perfect. There are several methods of controlling
corrosion such as using epoxy coated steel bar, but it was found out that using this method
service life is extended by 5 years which is not cost effective (Michael, 2002). Cathodic
protection being one of the effective methods of controlling corrosion requires occasional
maintenance (Rob et al., 2012). OId infrastructures and the inflating costs of maintaining
them is not only a North Cyprus issue, but a global problem. The corrosion problem is

associated with maintenance which increases the life cycle cost of a structure.

Steel bar is heavier than FRP bar, therefore use of steel in RC structures significantly increase
the overall weight of the structure and it is important to keep the weight of structures to a
minimum. This implies there is need for use of lighter construction materials which will be

of benefit for the overall performance of the structures.

In 1991, in Kumkdy and Gaziveren, Glizelyurt, North Cyprus stones used for aggregates in
construction works were collected from the seaside which cheaper than blowing up part of
the mountains to get the aggregates, these stone contains salt deposits which needs to be
washed but were not because they will eventually leads to corrosion easily. These aggregates
were used for construction until 1993 when the government close the quarry and regarded

the stones harmful for construction (Gokgekus, 1994).



2016
2015
2014
2013
2012
2011
2010
2009
2008
2007
2006
2005
2004
2003
2002
2001
2000
1999
1998
1997
1996
1995
1994
1993

o

1000 2000 3000 4000 5000 6000 7000 8000

@ Total Number of Structures

Figure 1.3: Total number of structures in TRNC over the years (State Planning
Organization, 2016)

1.3 Aims of the Thesis

There is need for an alternative sustainable material to replace traditional steel bar. FRP bars
being a good option solves problems associated to steel bars. These materials are guaranteed
to be corrosion resistant and reduces the lifecycle cost of concrete structures. One of the aim
is to identify and study the different types of FRP materials and compare their physical and
mechanical properties to the conventional steel bar.

The main aim of this thesis is to compare the flexural behavior of steel and GFRP reinforced
concrete element experimentally and using finite element analysis (FEA) done by ABAQUS.

The bond behavior will be investigated using pull-out test and the reinforcement materials



will also be tested to determine the mechanical properties and validate the specifications
given by the manufacturer. The flexural test will be in two groups, one group will be
reinforced with GFRP bar and other group will be reinforced with steel bar. The beams will
be subjected to flexural test until failure to determine the ultimate load capacity, failure
mode, crack pattern and crack width attributed to each of the beam. Cost comparison will
also be done to check how effective GFRP bars are if used as reinforcing materials in

concrete members.
1.4 Scope and Limitations

The study focuses on the evaluation of glass fibre reinforced polymer (GFRP) bar and also
identifying its competency as a tensile reinforcing material in reinforced concrete members.
The behaviour of the GFRP reinforced concrete members is also compared to steel reinforced
concrete members having same dimensions and reinforcement ratios. Finite element analysis
(FEA) using ABAQUS software will be done also to compare the results with the

experimental results.

The limitations in this study are; (i) limited clear height of tensile machine making it unable
to conform to the length proposed in the ASTM standard, (ii) short beam span which will

affect the flexural behaviour result
1.5 Organization of Thesis

The thesis is made up of 7 chapters:

Chapter 1: This chapter gives the general information regarding reinforced concrete and the
problems associated to it in North Cyprus. The aims and objectives, scope and limitations of
the research is also stated.

Chapter 2: This chapter gives the in depth information regarding fibre reinforced polymer
(FRP) bars stating their physical and mechanical properties, applications in civil engineering.

Previous experimental studies done on GFRP bars will also be stated.

Chapter 3: This chapter will state the different failures attributed to simple beams and the
design guidelines of ACI440 1.R-15 will be summarized which is used in designing the
GFRP beams.



Chapter 4: This chapter present the experimental procedure that will be carried out on the

reinforcement materials and the reinforced beams.

Chapter 5: This chapter gives information regarding finite element analysis using ABAQUS

software.
Chapter 6: This chapter presents the experimental and the analytical results for comparison.

Chapter 7: This chapter presents the conclusions and recommendations for future actions

to be taken.



CHAPTER 2

FIBRE RENIFORCED POLYMER (FRP) MATERIAL IN CIVIL ENGINEERING

2.1 General

This chapter will present the history of fibre reinforced polymer (FRP) materials as
reinforcing materials in civil engineering. It will also present the types of FRP bars and give
in depth information regarding their physical and mechanical properties and compare them
with conventional steel bar. The advantages and disadvantages of using FRP bars will also

be stated. Previous studies carried out on GFRP will summarized and presented.
2.2 History of Fibre Reinforced Polymer (FRP) Reinforcement

In the 1900’s, scientists discovered synthetic resins (plastics) which surpass natural resins
and materials, but plastics alone cannot yield the needed strength for some engineering
requirements of advancing technology. In 1935, the first glass fibre combined with modern
synthetic resins was discovered by Owens Corning (Mateenbar.com, 2018). The thought of
bringing different materials together to invent a composite material is a something new but
can be traced back when straw was used as reinforcement in mud in ancient Egypt to make
a durable composite material, FRP is a modern and modified model of that former idea (Salh,
2014). FRP bars was known but not regarded as a good solution and not available
commercially till late 1970s (American Concrete Institute, 2015).

The FRP industry began at the time of World War |1, which leads to usage and improvement
of FRPs. As the war ends, the industry was in full swing producing planes, cars and planes
making the most use of this high strength, lightweight material (Mateenbar, 2018).

In 1980s, there was a demand for non-metallic material for reinforcement for certain
advanced technology. High demand for this material was for buildings to house MRI medical
equipment, and it was regarded as the accepted material for such type of construction. In mid
1990s, the total applications of FRP reinforcement in Japan in both private and commercial
projects was more than 100 (Machida & Uomoto, 1997). China in the 2000s became the

country with highest number of construction using FRP reinforcement ranging from



underground work to bridge decks (American Concrete Institute, 2015). In 1986, the
application of FRP reinforcement started in Europe, a prestressed highway bridge was

constructed using FRP as reinforcement (American Concrete Institute, 2015).
2.3 Fibre Reinforced Polymer (FRP) Bar

Fibre reinforced polymer (FRP) bars are reinforcement materials that consist of continuous
fibres held together in a polymeric resin matrix. This combination give rise to the physical

and mechanical properties required for several filed of applications.

The fibres used in making FRP bars are continuous fibres, they have high strength coupled
with high stiffness and lightweight as well. Fibres are responsible for the required strength.

Carbon, glass, aramid and basalt are the common types of fibres used in making FRP bars

The polymeric matrix function is holding fibres together and prevent damage to the surface
when is being manufactured, transported or in use and also throughout the service life of the
bars. Another important role played by the matrix regarding strength of the bars is
transferring stresses to the fibres via the matrix. The compatibility of fibres and the resin
matrix should be good in terms of chemical and thermal properties. Some types of resins are

polyester, epoxy and vinyl esters.
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Figure 2.1: Component of an FRP bar (Said, 2014)

2.4 Manufacturing Process

“FRP bars are manufactured using a process called pultrusion” Kocaoz et. al, (2005). It

involves making bundles of long parallel fibre of desired diameters which are then passed



through container of liquid resin. They are then passed through a die and the fibres are then
compressed and shaped into various bar sizes. The bars can then be subjected to different
surface treatment such as making indentation, sand particle treatment or helical fibre
wrapped around the bar to increase the bonding property of the final product. The pultruded
process creates new properties that neither the fibres and the resins have on their own and at
the same time preserving their individual chemical features (Jalil, 2014). FRPs exists in three

forms;

1. As stirrups and longitudinal bars for internal reinforcement
2. As astructural elements on its own where it is entirely made of FRP

3. As wrapping sheet for strengthening beams and columns.

Squeeze and orientation
bushing
Surfacing material

Reinforcement supply
(glass fibers)

XXXXXXRXXA
XXX

Figure 2.2: Pultrusion process ( Benmoktane et al., 1995)

2.5 Types of Fibre Reinforced Polymer (FRP) Bar

The different types of FRP bars used in reinforcing concrete elements and they are based on
the type of fibre used.

1. Aramid fibre reinforced polymer (AFRP) bar
The fibre is derived from aromatic polyamide; a type of polymer.it was first
introduced as Kevlar in the 1960s (Bhatnagar & Asija, 2016). Aramid fibres have
low melting temperature, high moisture absorption, very low compressive strength
and high initial cost. They are lighter than other FRPs and exhibits a very high energy
absorption due to its higher strain of rupture and damping coefficient.

2. Carbon fibre reinforced polymer (CFRP) bar
It doesn’t absorb moisture and have the ability to withstand more heat than AFRP.

CFRP exhibits a very low thermal coefficient; an advantage for it to be used for
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structures in in places open to extreme temperatures. They are more suitable for use
in certain concrete structure due to their high tensile strength when compared with
other FRPs.

3. Basalt fibre reinforced polymer (BFRP) bar
This is a newly produced FRP, it is not as popular as the other types of bars. Basalt
fibres have been used as sheet for external strengthening and bars for internal
reinforcement. They have great performance towards chemical resistance and are
harmless to the environment. It is inflammable and doesn’t react with water.

4. Glass fibre reinforced polymer (GFRP) bar
It is highly recommended in building due of its good insulating property, low cost

and high resistance to certain chemicals. More detailed information will be discussed
later in the thesis.

Figure 2.3: Samples of FRP bar (Maurizio, 2010)

2.6 Advantages and Disadvantages of FRP Bars

Fibre reinforced polymer (FRP) bars exhibits features which serves as a benefit or as a
drawback. The advantage and disadvantages are stated below.

2.6.1 Advantages
The known advantage of FRP bars are as follows;

1. Higher tensile strength than mild steel
2. Lightweight (0.2 — 0.25 of the weight of steel bar)

3. Resistant to electrical and thermal conductivity (limited to GFRP bar only)
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No need for admixtures that prevent corrosion

Endures high level fatigue

Longer service life in corrosive environment when compared to steel bar
Thickness of concrete cover can be reduced

Not affected by chemical attack and chloride ion

Better damage tolerance than steel bar coated with epoxy

10. More cost effective than steel bar coated with epoxy coated or galvanized steel bar

2.6.2 Disadvantages

The known disadvantages of FRP bars are stated as follows;

1
2
3.
4

© N o O

It doesn’t yield before rupture (exhibit brittle failure)

Low elastic modulus depending on the fibre type

Possibility of polymeric resin and fibres damage when exposed to ultraviolet radiation
Possibility of damage due to fire but depends on the type of matrix and thickness of
concrete cover

Decrease in durability in alkaline environment for some aramid and glass fibres
Higher coefficient of thermal expansion

Lower creep - rupture limit when compared to steel

FRP is anisotropic while steel is isotropic

2.7 Fibre Reinforced Polymer (FRP) Properties

Fibre reinforced polymer (FRP) bars consist of materials each having its own properties

which is combined to constitute a superior and modern reinforcing bar. The mechanical,

physical and long-term behaviours the FRP bars are stated below.

2.7.1 Mechanical properties

A material’s property that requires a reaction due to an applied force. It helps in determining

the range of usefulness of a material and establishes the expected service life. Identification

and classification of a material is also aided by mechanical properties.
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2.7.1.1 Compressive behavior

Designing of FRP reinforcement bars to resists compression stresses is not recommended
(American Concrete Institute, 2015). The contribution of FRP to compressive stresses in
negligible or non-existent and several experiments shows that the tensile strength is
significantly higher than the compressive strength (Wu, 1990). This also applies to the elastic
modulus; compressive elastic modulus is lower than the tensile elastic modulus. It is reported
that the compressive elastic modulus is around 85% of CFRP, 80% of GFRP and 100% of
AFRP of tensile elastic modulus of corresponding material (American Concrete Institute,
2015). The lower compressive modulus of elasticity comes from the fact that the
compression test causes premature failure due to end brooming and micro-buckling of

internal fibre.

According to ACI Committee 440, (2015), there is no standard test introduced to determine

the behavior of FRP bars in compression.

2.7.1.2 Tensile behavior

Tensile strength is one of the important aspect of FRP bars. They doesn’t yield before
rupture; they have linear behavior until failure without experiencing yielding. Figure 2.4
illustrates the stress strain relationship of the different types of fibre reinforce polymer bars

and steel bar. Table 2.1 presents a summary of tensile properties of FRP bars.

3000 A

2500 A

2000 A

Stress (MPa)
-
g
o

1000 -

500 -

Strain

Figure 2.4: Stress strain curve of reinforcement bars (Fico, 2008)
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Several factors are dependent on the stiffness and tensile strength of FRP bars. The strength
of resin is lower than fibre, therefore the fibre-volume ratio to the total volume of an FRP
bar and this is responsible for the tensile properties of the bar. Strength and stiffness of FRP
bars vary with fiver-volume ratio. The element responsible for carrying load in an FRP bar
is the fibre, therefore the ratio, orientation and the type of fibre used are the important aspects
regarding tensile strength of the bar. Determination of curing rate, quality control and the
manufacturing technique are also determined by the aforementioned characteristics of the
fibre (American Concrete Institute, 2015).

The manufacturer should provide the tensile properties of the FRP bar. The manufacturer

should also state clearly the guaranteed tensile strength(f,,). The GTS (f,) is computed by
subtracting thrice the standard deviation from mean strength (£, = f,,ave — 30) and rupture
strain(e;, ape ) is computed by(&;, ave = €uave — 30). Also, guaranteed elastic modulus is

stated as the mean modulus Ef (Ef = Ef,m,e) (American Concrete Institute, 2015).

Bending of an FRP bar is impossible after manufacture unless if a thermoplastic resin is used
which makes it possible when heat and pressure is applied. The tensile strength of bars with
bends experience a 40-50% strength reduction (Nanni & Gold, 1998).

It is known that FRP is of brittle nature and experience catastrophic failure without
deforming, this avoids shrinking along the cross-section of the bar resulting in higher tensile
strength (Salh, 2014).
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Table 2.1: Tensile properties of steel and FRP bars (American Concrete Institute, 2015)

STEEL AFRP BFRP CFRP GFRP

Nominal yield

stress (MPa) 276 =517 ) i ) )

Tensile strength 483-690 250 -2540 1200 600 — 3690 483 — 1600

(MPa)

(E('Ba;;')c modulus 200 41125 50 120580  35-51
Yield strain % 0.14 -0.25 - - - -
Rupture strain % 6.0-12.0 19-44 2.5 05-1.7 12-31

2.7.1.3 Shear behavior

FRP bars are generally weak in shear. This is because layers of resin are not reinforced
between fibre layers. The shear strength depends on the resin polymer which is weak and
reinforcement across layers which is absent. The shear strength is also influenced by the
orientation of FRP bars. Braided and twisted bars seems to have higher shear strength than

straight bars due to varying orientation of the fibres present in the bars.

2.7.1.4 Bond behavior

This property depends on the manufacturing technique, design, environmental factors and
the mechanical properties of the bar. Furthermore, the bond strength increase as the bar’s

diameter decreases and vice versa.

Bond force goes through the resin to reach the fibres and there is possibility of bond-shear
failure in the resin. As tension increases in a deformed bonded bar, the adhesion existing
between concrete and the bar is diminished. The surface of the bar deforms and this leads to
inclined forces to acts between concrete and the bar. The stress existing on the surface of a

bar is regarded as the bond stress acting between concrete and the FRP bar.
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Many researchers determined the bonding properties extensively using various tests such as

splice test and pull-out test to determine the embedment length equation (Benmokrane et.al,

1997).

2.7.2 Physical properties

These are the properties of the FRP bars that can be observed and measured, the physical

properties are stated below.

2.7.2.1 Coefficient of thermal expansion

This property changes in the transverse and longitudinal paths, it depends on the resin, type

of fibre and volume-ratio of fibre. The properties of the fibre is responsible for the

longitudinal CTE. The longitudinal and transverse coefficient of thermal expansion of steel

and FRP bars are stated in Table 2.2. It is important to keep in mind that materials that shrink

as a result of increase in temperature and expands as a result of decrease in temperature have

negative value of CTE. “The thermal expansion of FRPs in longitudinal direction is lower

than in transverse direction, but the thermal expansion in transverse direction is higher than

that of hardened concrete” (Masmoudi et. al, 2005).

“The strength of FRP fibre perpendicular to the fibre axis is ten times lower than the strength
of a FRP fibre which is parallel to the longitudinal axis” (Salh, 2014).

Table 2.2: Coefficient of thermal expansion of steel bar and FRP bars (Salh, 2014)

CTE x 1076/°C

Direction Steel AFRP BFRP CFRP GFRP
Longgid'”a" 11.7 6.0--2.0 21/K 9.0-0 6.0 — 10.0
Transverse, al 11.7 60.0 — 80.0 - 74.0 -104.0 21.0-23.0
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2.7.2.2 Density

The density of FRP bars is low when compared to steel bars. This enables is to be easily
transported and handled. It ranges from 1250-2150kg/m? which is 1/6 to ¥ to that of steel.
Table 2.3 gives the densities of steel and FRP bars.

Table 2.3: Density of steel bar and FRP bars (Salh, 2014)

Types Steel AFRP BFRP CFRP GFRP
Density 7900 1250 — 1400 1950 1500 - 1600 1200 - 2100
(kg/m?)

2.7.2.3 Effects of fire and high temperature

Consideration should be given to concrete flexural element reinforced with FRP bars as to
how they respond to heat similar to how concrete elements reinforced with steel are
considered (American Concrete Institute, 2015). According to ACI 440.1R-15 there is need
for more research on the effects of higher temperature on the axial and shear capacity of FRP

reinforced concrete elements.

Generally, use of FRP bars in areas prone to fire accidents is not advisable because at high
temperatures the polymers becomes soft and cause a decrease in elastic modulus (Wang et.
al, 2009). The components for FRP includes hydrogen, nitrogen and carbon atoms which are

highly flammable and also releases harmful gases that are dangerous (Hollaway, 2010).

The concrete cover has an effect on the shear and flexural capacity of FRP RC elements
when exposed to fire. There is also rapid decrease in flexural and shear resistance at elevated
temperature. A minimum value of 64mm should be used for the thickness of concrete cover
(Saafi, 2002).

2.7.2.4 Thermal conductivity

This property determines how at ease temperature passes through a material. For FRP bars,
the thermal conductivity is generally low making them good insulators of heat. To increase
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the thermal conductivity of metallic filler are added to resin during polymerization
(Hollaway, 2010).

2.7.3 Long-term behaviours

These are time dependent characteristics of the FRP bars which regards to strength, it is an
important factor when designing reinforced concrete structures. These properties are stated

below.

2.7.3.1 Creep rupture

Subjection of FRP bars to tension constantly through a significant time period will eventually
experience catastrophic failure after exceeding the endurance limit, this occurrence is
referred to as creep rupture or static fatigue. In steel bars used in reinforcing concrete, creep

rupture effect is not an important aspect except in extreme temperatures.

In extreme environmental conditions like exposure to ultra violet radiation, drying and
wetting cycles, elevated temperatures, freezing and thawing cycles or high alkalinity, FRP

bar under static loading eventually fails over time (Salh, 2014).

Glass fibres performs poorly in creep rupture, then aramid fibres. Carbon fibres performs
better in creep rupture when compared to other fibres and it all depends on environmental

factors like moisture and temperature (American Concrete Institute, 2015).

2.7.3.2 Fatigue

There are various amount of data for the past 30 years stored on the lifespan and fatigue of
FRP but limited to aviation industries. No enough researches related to RC elements
(American Concrete Institute, 2015). Reports explained that among all type of FRPs, GFRP
is less prone to fatigue. At about a million cycle, there is a 30-50% decrease in fatigue
strength when compared to initial static strength. AFRP bar in concrete tends to lose 27-46%

of its tensile strength at about 2 million cycles (American Concrete Institute, 2015).

Fatigue behavior is strongly dependent on environmental conditions such as alkalinity,
acidity and moisture in the concrete mass covering the bars. Fatigue limit cannot be clearly

determined unlike steel (Rahmatian, 2014). It is important to keep in mind that degradation
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of resin or fibre interface under alkaline and moist environment can have a detrimental effect.
Generally, behavior of fatigue in FRP largely depend on the bond between resin matrix and
fibre.

2.7.3.3 Durability

Durability of FRP reinforced concrete element is dependent upon many factors such as
water, acidic or alkaline solutions, elevated temperature, saline solutions and ultraviolet
exposure. Stiffness and strength varies or remain constant which depend on the exposure
condition or type of material. Bond and tensile properties are the most important parameters
of FRP bars that needs to be regarded during construction of reinforced concrete structures

(American Concrete Institute, 2015).
2.8 Glass Fibre Reinforced Polymer (GFRP) Bar

A type of FRP bar that is comprised of large amount continuous tiny fibres of glass held
together in a matrix of polymeric resin. GFRP has been recommended to be used in
numerous structural application due to its non-corrosive nature when compared to steel bar.
Other interesting benefits includes chemical attack resistance, high stiffness and strength to
weight ratio, good fatigue properties, control over damping characteristics and thermal
expansion and resistant to electromagnetic waves (Abdalla, 2002). Other types include
AFRP, BFRP and CFRP.

Other than the good physical and mechanical properties, FRP bars are also regarded as cost
effective when compared to steel bar especially when corrosion is of concern (Worner,
2015).

S-glass (high strength and modulus) and E-glass (electric/conventional type) are the most
common type of fibre used in making GFRP bar and the resins to be used depends on the
rigidity, strength, cost and long term stability (Worner, 2015). The fibres are responsible for
the strength and stiffness of the bar while the polymeric resin hold the fibre in place to enable
transfer of stress between them. To gain the highest possible tensile strength, orientation of
the fibre should be the same as the longitudinal direction of the bar although different
orientation of fibres are adopted by other manufacturers (Worner, 2015). Other types of glass
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fibre include C-glass (chemically resistant) and A-glass (alkali resistant) (Jalil, 2014). To
increase the bonding strength, different types of bars where introduced as shown in Figure
2.5 which are smooth bar, ribbed bar, helical fibre wrapped bar and sand coated bar (Worner,
2015).

Table 2.4 shows the types of glass fibre with their given full name and Table 2.4 presents
the chemical components of the various types of GFRP.

e s s

(a)

(b)

Figure 2.5: Types of bar surface (Fico, 2008)

Table 2.4: Types of glass fibre (Fico, 2008)

Type Full Name
E-Glass Standard conventional glass type
S-Glass High strength and high modulus glass
C-Glass Chemical resistant glass

ECR Glass Chemically resistant conventional glass
A-Glass Alkali resistant glass
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Table 2.5: Chemical composition of different types of GFRP (ACI 440.1R-15, 2015)

A-Glass C-Glass E-Glass ECR-Glass S-Glass
% of components

SiO2 54 60 60 — 65 54— 62 62
Ca0 2024 14 14 21 5-9
Al,O3 1415 25 2-6 12 -13 -
MgO - 3 1-3 45 1-4
B2O3 6-9 <1 2-7 <0.1 <05
K20 <1 <1 8 0.6 -
Na,O - - - - 1215
Zr0; - - - - 17

As seen in the table, the predominant element present in all the types of glass fibre is silicon.
Silicon provides the fibre with strength but it also has a drawback as they are involved in
chemical reaction where hydroxyl ions are present. This reaction degrades the fibre matrix

resulting in degradation of inner structure of the rebars.

Kocaoz et. al, (2005) tested GFRP bars having 4 different types of coating and tensile

behavior and found out that coating of a bar has an effect on its tensile strength.

It is known that increase in diameter of GFRP leads to decreasing tensile strength as a result
of shear lag effect, therefore bars of different diameters have different tensile strength. The
bar size does not have an effect on the elastic modulus, but it is affected by the volume of

fibre present (Kocaoz et al., 2005).

The GFRP bar to be used in this study has a guaranteed tensile strength of 1250 MPa. The
initial steep slope of the steel bar curve is as a result of the high elastic modulus of steel. But

it also showed that GFRP bar is able to withstand more stress than steel bar (Worner, 2015).
2.9 GFRP Applications in Civil Engineering

There is a wide range of application of GFRP composite in the Engineering aspects but

below are applications regarding the Civil Engineering field.
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2.9.1 Parking garages

Generally, parking garages are exposed to corrosion because vehicle carries salt and water
from the environment on their body. GFRP is an ideal material for constructing parking
garages (TUF-BAR, 2018).

A parking garage in Quebec, Canada named La Chanceliere was deteriorating due to
corrosion. It consists of two way slab system where the internal steel bar is heavily corroded
(Figure 2.6a). Proposal was made for rehabilitation to use GFRP bar as reinforcement in the
slabs but the columns and the walls were maintained. Initially, two designs were prepared;
with steel bars and GFRP bars. Initial cost of GFRP design was higher than the steel design
but the GFRP design was still adopted because cost analysis showed that cost effectiveness
can be achieved with the GFRP design (Ahmed et. al, 2016).

Figure 2.6: La Chanceliere Parking Garage in Quebec, Canada (a) Corroded steel in Slab,
(b) Placement of GFRP reinforcement, (c) Parking Garage in Service (Ahmed et al., 2016)

2.9.2 Bridges

Repair and maintenance of bridges is very expensive. When steel bars are exposed to deicing
chlorides, the service of the structure is reduced. Bridges are open to environmental and
stress factors. GFRP bars are designed in such a way there are able to sustain heavy traffic
loads and also natural disasters like earthquakes. GFRP bars used in constructing bridges
certainly reduces cost of maintenance (TUF-BAR, 2018)
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The first bridge for transportation in the United States constructed using GFRP bar was in
1996 in Mckinleyville Brooke County. It was recommended because of its benefit in terms
of its serviceability under fatigue and static loads when used as internal reinforcement in
concretes (Thippeswamy, Franco, & GangaRao, 1998).

Figure 2.8: Sierrita de la Cruz Creek Bridge, Potter County, Texas (a) Under construction
(b) In service (Salh, 2014)

Figure 2.9: GFRP Bridge Deck, Cookshire-Eaton, Quebec (a) Under construction (b) In
service
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2.9.3 Rail

As population grows, there is need for increase in the capacities of public transportation.
Generally, magnetic or conductive materials should not be used at all or in small quantity
around electric trains, this makes GFRP bars an ideal material to be used in railways. GFRP

bars has been proven to be an excellent material for rail systems.

Figure 2.10: GFRP as railway plinths (Composites World, 2011)

2.9.4 Airport runways

With years airplanes are getting heavier and bigger. Achieving longer service life should be
regarded when it comes to airport runways. GFRP bars used in reinforcing runways helps in
withstanding the landing impact of airplanes which can be over 500,000 pounds. Flexibility
and strength standards should be strictly adhered to when constructing concrete base of
airport runways. Reinforcing runways using GFRP bars makes it to be durable, flexible and
strong. It is not advisable to use traditional steel for runways. GFRP bars can main the
runway’s integrity for over 100 years (TUF-BAR, 2018).

2.9.5 Medical and information technology

Medical and IT facilities contain equipments that emits magnetic waves or require massive
electric currents, this calls for non-magnetic, non-metallic and non-conductive materials to
be used in constructing these facilities to avoid interference with delicate circuit or machines.
Also, the GFRP bar has twice the tensile strength of the steel bars (TUF-BAR, 2018).
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Figure 2.12: Trauma Centre in York Hospital, USA (Aslan FRP, 2018)

2.9.6 Seawalls

Seawalls are vertical structures erected to protect the environment against upland erosion
and flooding. Seawalls and other marine structures like floating marine docks, water breaks,
artificial reefs and buildings near the sea are generally reinforced using steel bars which
make them sensitive to salts and chlorides thereby damaging the structures. GFRP bar is
corrosion free and exhibits higher strength making it an ideal materials for marine application
(TUF-BAR, 2018).
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Figure 2.14: Seawall of Lyles residence in California, USA (Aslan FRP, 2018)

2.9.7 Unique structures

There are some special structures around the world which serve as a landmarks mainly
because of their unique character and appearance. Some of the unique structures made using
glass fibre reinforced polymer (GFRP) bar can be seen in Figures below.
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Figure 2.16: Hindu temple design with service life of 1000 years (Aslan FRP, 2018)

2.9.8 Precast

Same way RC elements are susceptible to corrosion so is precast concrete. Using GFRP as
reinforcement in precast concrete increase the service life to over 100 years. GFRP bars are
non-metallic thereby making precast concrete elements to be non-corrodible and to avoid
discoloration by rust stain. It also makes it lighter (TUF-BAR, 2018).

T S i Bl W e e U
Figure 2.17: Culvert bridge in City of Rolla, Phelps County, Missouri (Nanni, 2000)

2.10 Previous Experimental Studies

Shanour et al, (2014) performs experiment on beams having dimensions of
120x300x2800mm reinforced using locally made GFRP bars and steel reinforced beams.
The main parameters of concern they regard was the impacts of compressive strength, the
ratio of reinforcement and the type of material used (Steel or GFRP). The beams were

subjected to four point bend tests and concluded that mid span deflection and crack width
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was reduced by increasing the ratio of reinforcement. Also, the ultimate capacity of the beam

significantly increased as the reinforcement ration increases.

Ashour (2006) experiments on 12 GFRP reinforced beams having a span length of 2100mm
under a four point loading system. Flexural and shear failure were observed, the flexural
failure was due to tensile rupture of the GFRP bar while the shear failure is experienced in
the shear span of the beam due to a large diagonal crack.

Brown (2006) performed an experimental work to determine how glass fibre reinforced
polymer (GFRP) bars behave when used in reinforced concrete compression members. The
beam specimens were subjected to compressive load until failure and results were compared
which shows GFRP to be technically feasible; columns reinforced with GFRP yields about
same capacity when compared to columns reinforced with steel of equal areas and using

GFREP stirrups improves the bending capacity of the longitudinal bars.

Balendran et al., (2004) tested 18 beams with sand coated GFRP and mild steel as
reinforcement in flexure and results were compared, the ultimate tensile strength of GFRP
was found to be 2.5 times the steel and elastic modulus of GFRP was one fourth (25%) that
of steel. But the GFRP reinforced beams experience larger deflections than steel reinforced
beams. The generally low modulus of elasticity has been viewed as an important engineering
disadvantage as GFRP reinforced concrete members may experience a bigger deflection than
steel reinforced concrete members but based on tests by Masmoudi et al. (1995), the
deflection is found to be 3 times that of steel at same level of load.

Micelli & Nanni, (2004) proposed an experimental protocol to examine the outcome of
accelerated ageing on fibre reinforced polymer bars. Resin properties greatly affect the
durability of the FRP bars, and when there is no enough protection by the resin to the fibres

GFRP bars are exposed to alkaline attack.

Chidananda & Khadiranaikar, (2017) performs experiments on 12 beams having dimensions
of 150x180x1200mm which is subjected to four point test. The beams where in 4 groups
each with different ratio of reinforcement. They also concluded that increasing the ratio of
reinforcement elevates the ultimate capacity of the beams and also shows how applicable the

ACI standard is in beam design.
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Saikia et al., (2005) carried out an experimental work to check the behavior of hybrid (GFRP
and steel) bars used as reinforcement longitudinally on beams made with normal strength

concrete.

Most experiment done either experiment or analytical shows GFRP to be better alternative
in terms of flexural behavior but according to George & Parappattu (2017) the results of
experimental work to compare GFRP and steel in reinforced beams shows steel to be better
material in terms of flexural behavior when the area of reinforcement required for steel is

1.94 times GFRP reinforced beam having same moment capacity.

Kheni et. al, (2016) performs an experimental and analytical study to study the how GFRP
RC element behave in comparison to steel RC element. Concrete beams where made with
20MPa and 25MPa concrete and also different reinforcement size combination. The
analytical study was performed using finite element modelling software (ATENA 3D) to
simulate each of the beams. Comparing the two results shows the ultimate capacity of GFRP
reinforced beam is higher than steel reinforced beam. They also suggested that combining

steel and GFRP bars together will result to much higher ultimate capacity.

Shin et. al, (2009) carried out a four point bend test on beams reinforced with steel bars and
GFRP bars, they focused on reinforcement ratios and the strength of concrete. The
displacement, crack width and strain of the 2 types of beams were recorded, GFRP reinforced
beams experienced larger strains and displacements. They found out that concrete strength
has an insignificant effect on crack width and crack spacing. They concluded that GFRP over

reinforced beams are safer for designing especially when deformability is taken into account.

Barris et. al, (2012) experimented on GFRP reinforced concrete beams to determine their
short term behavior in flexure using distinct ratio of reinforcement and varying the effective
depth to height ratio. They examined some prediction models and try to compare them with
experimental results. They concluded that the beam behaved linearly until cracking as a
result of absence of plasticity of GFRP bar, but the failure is experienced at larger
displacements. The prediction by ACI 440.1R regarding flexural load at service load level
closely agree to the experimental result but that is not the case in higher load levels. The
crack width from experimental result closely fits the minimum value proposed by ACI

440.1R which signified good bonding between GFRP bars and concrete. All beam failed as
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a result of concrete crushing and the experimental ultimate capacity of the beam was more

than expected as per the ACI standard.
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CHAPTER 3

FAILURE IN SIMPLE BEAM AND GFRP DESIGN GUIDELINES

3.1 Introduction

This chapter explains the modes of failure that is experienced in a simple beam and
conditions that governs the occurrence. The chapter will also explain the design guidelines
as per ACI 440.1R-15.

3.2 Flexural Failure

This is a type of failure that occurs as tension cracks propagates and as principal stress within
the beam approaches the tensile strength of the concrete. If a beam is adequately reinforced
but subjected to load that surpass the ultimate capacity of the beam, yielding of the
reinforcement bar occurs which results to failure of the concrete, this is referred to as flexural
failure. Reinforcement bar yields as a result of excessive stresses in the beam which is higher
than the yield point of the reinforcement bar, this makes the tension cracks to upwardly
propagate and becomes visible as the beam deflects. As the ultimate bending capacity is
exceeded, flexural failure occurs and it is experienced in the region where the moment is at
maximum. Flexural failure is preferred than other mode of failures as it happens gradually
and is followed by the visible cracks which increases as the beam deflects more. Figure 3.1
illustrates the flexural failure which shows how the vertical cracks are experienced mid-span

of the beam which results in stress redistribution (Nilson et. al, 2010).

Figure 3.1: lllustration of flexural failure (Said, 2014)
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3.3 Diagonal Tension Failure

It is also referred to as shear failure. Its occurrence is catastrophic and hazardous. It occurs
unpredicted and progress rapidly, that is why it is the most undesired mode of failure. Shear
failure is one of the major issue regarding concrete beams. Through the year, its causes and
how it occurs has to be studied through experimental tests to understand the phenomenon
better. The failure mechanism depend on certain parameters such as geometry, dimension,
properties of the member and loading types. Diagonal crack are the main causes of the
diagonal tension failure, it is experienced around the supports area and as a result of larger
shear forces. As shown in Figure 3.2, the diagonal crack initiates when midspan flexural
cracks ends and it happens at the direction of the concrete at support and reinforcement bar.
As the cracks propagate to the region of high shear force which is close to the support, the
beam suddenly fails (Nilson et al., 2010).

Figure 3.2: Diagonal tension failure of concrete beam (a) whole beam view (b) near
support view
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3.4 Shear Compression Failure

This type of concrete failure is experienced as diagonal crack due to shear forces propagates
and reach the compression area with no warning in the form of secondary cracks as it is
experienced in diagonal tension failure. It also cause concrete crushing to above the tip of
the inclined crack close to the compression flange as illustrated in Figure 3.3. This failure is

usually attributed to short beams (Nilson et al., 2010).

Figure 3.3: Illustration of shear compression failure (Said, 2014)

3.4 Design Philosophy

Design guidelines for FRP reinforced concrete beams is the same as the design guidelines
for steel reinforced concrete beams but incorporating the variations in mechanical behavior
of the FRP reinforcement bars. FRP bars does not go through plastic deformation which
therefore requires some modifications in concrete beam design unlike steel bars that exhibits
plastic behavior. Several guidelines have been developed over the years in Europe, Canada
(CSA-S806, 2002; ISIS, 2001), Japan (JSCE, 1997) and USA (ACI 440.1R, 2001, 2003,
2006, 2015) (Salh, 2014).
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3.4.1 Flexure limit state

The design guidelines of ACI for steel reinforced concrete elements (ACI 318-11) was
modified to produce the design guidelines for FRP reinforced concrete elements (ACI
440.1R-15). The FRP bar design guidelines is based upon the fact that FRP behaves in a
brittle manner. With regard to FRP reinforced concrete member, concrete crushing or FRP
rupture is accepted as long as the required serviceability and strength is achieved. Due to
absence of ductile behavior in FRP reinforced concrete members, it is suggested that safety
factor higher than that of steel reinforced concrete element should be used (Nanni, 2000).

FRP is generally known to be a material of brittle elastic nature, it behaves linearly until
failure with no yielding stage. This makes failure by concrete crushing to be more accepted
than FRP rupture failure. This is the reason why the steel resistance factor 0.9 that also
account for under reinforced members can’t be adopted in concrete members reinforced with
FRP bars. FRP reinforced concrete members make use of two resistance factor; 0.55 for

under reinforced concrete members and 0.65 for over reinforced concrete members.

Environment factors (Ce) depending on the exposure condition where introduced for
different types of fibres which are multiplied by the guaranteed strength and guaranteed
strain at failure to get the design strength (fr) and design strain at failure (efn). Table 3.1
presents the environmental factors associated to each fibre type at different exposure

condition.

Table 3.1: Environmental factor of reduction under different condition of exposure

Environmental factor of

Exposure condition Type of Fibre )
reduction Ce
Aramid 0.9
Concrete not exposed to
Carbon 1.0
weather and earth
Glass 0.8
Aramid 0.8
Concrete exposed to
Carbon 0.9
weather and earth
Glass 0.7
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The capacity of a FRP member flexure depends on either concrete crushing controlled of
FRP rupture controlled. Calculating the ratio of reinforcement and balanced reinforcement
ratio determines which of the conditions controls. The FRP reinforcement ratio is calculated
by;

A
Pr = ﬁ 1)

The balanced reinforcement ratio is calculated by;

i Efecy
=0.850; X <X ———— 2
Prb B Tre X Erecatfra (2)

The design tensile strength is used to calculate the balanced reinforcement ratio because FRP
does not undergo yielding. If the FRP reinforcement ratio is greater than the balanced
reinforcement ratio, it is controlled by concrete crushing while if it is less than the balanced
reinforcement ratio, FRP rupture controls. The distribution of stress in concrete can be
determined using the rectangular stress block of ACI and depending on the strain
compatibility and equilibrium of forces, the flexural strength equation is derived.

The nominal flexural strength of concrete is calculated when concrete crushing controls,

using the tensile stress of the FRP bar (ff). It is given as;

Efecu)’ | 0.85Bif'
ff = \/( fi ) + pfl CEfSCu - 0.5Ef€cu (3)
M, = Afy (d=3) (4)
_ _Afr
a= 0.85f1ch %)

When concrete is controlled by rupture of FRP reinforcement, the nominal flexural strength
is calculated using design tensile stress of the FRP bar (f). It is given as;
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My, = Apfp, (d —22) (6)

In doubly reinforced concrete containing FRP bar in the compression zone, the effect of the
FRP bar regarding flexural strength is negligible and therefore should be neglected.
Generally, an under reinforced member will fail by FRP rupture while an over reinforced

member fails by concrete crushing.

As calculations can be used to predict the crushing limit state of concrete but the failure of
the member might be different. For instance, FRP rupture might control a section if the
strength of concrete is greater than the specified strength. This makes it important to
introduce a transition in between the values of ¢. An FRP RC section that is compression
controlled is a section that satisfies pr > 1.4ps, and FRP RC section that is tension
controlled is a section that satisfies ps < pgj,. Theoretically, crushing limit state controls a
section that satisfies ps, < pr < 1.4pyy, this results to a lesser value of ¢ which is relative

to a section that is compression controlled.

Flexural strength reduction factor is calculated using equation (7) and it is shown graphically
in Figure 3.4. A factor of 0.55 is used for sections that are tension controlled while a factor
of 0.65 is used for sections that are compression controlled, a formula to calculate the

transition between the two conditions is also provided.

0.55 fOT ,Df < ,be

0.3 +0.252L <p, <14
+ oo for ps, < ps Prb )

0.65 for pr = 1L4pgy
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Figure 3.4: Reduction factor of strength (American Concrete Institute, 2015)

Concrete section having small amount of reinforcement than the balanced reinforcement
ratio fails by FRP rupture and the section is tension controlled, therefore the minimum
amount of reinforcement required should be determined to avoid failure upon cracking of
the concrete. The formula provided by the ACI 318 code is similar to the formula for FRP
reinforced members but with some modifications, which is due to different factors of
strength reduction; 0.9 for the steel reinforced members while 0.55 for the FRP reinforced

members. It is given as;

0.41 2.3
Apmin =7 —\Fbud = £-byd ®)

If a concrete section is compression controlled(ps > psp), the minimum reinforcement

amount needed to avoid failure upon cracking is achieved automatically and so checking the

minimum reinforcement is not required.

3.4.2 Serviceability limit state

FRP reinforced beam experience bigger deflections than steel reinforced beams having the
same geometry and reinforcement ratio. This results to larger cracks along the span of the

beam thereby decreasing the stiffness and results in extensive deflection.
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3.4.2.1 Cracking

Crack width becomes unaesthetic when it is excessive and also results to problems that leads

to degradation or damage of concrete.

Modifications were made to provisions for serviceability in ACI 318 for crack control to
consider the increase of flexibility when using reinforcement exhibiting low stiffness. FRP
bars are resistant to corrosion unlike steel bars, this makes the extensive cracks attributed to
FRP reinforced beams to be tolerated when compared to steel reinforced beams when the
basis for crack control is corrosion. Crack width consideration is important when creep

rupture, shear effects and aesthetics are regarded.

The methodology used to control flexural crack involves computing the crack width using
equation provided by ACI 440.1R and the value is compared with the maximum allowable
crack width. The following equation can be used to compute the maximum allowable crack
width according to ACI 440.1R;

WZZZ_J;IBkb ’dcz+(s/2)2 (9)

The Japan Society of Civil Engineers, (1996) focus their basis on aesthetics and proposes
0.5mm as the maximum allowable crack width. CAN/CSA-S6-06 proposes a value of 0.7mm
for beams in normal environments and 0.5mm for beams in aggressive environments.
According to ACI 440.1R, if crack width are based on aesthetic conditions, an acceptable

range from 0.4 to 0.7mm is adopted.
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CHAPTER 4

EXPERIMENTAL STUDY

4.1 General

This chapter gives the detailed description of experimental works that are carried out in this
thesis, they were done in the KKTC Chambers of Civil Engineers laboratory. The details of
test specimens which includes the geometry, reinforcement details and how the specimens
are prepared is clearly stated. The specimens will be subjected to compression test, pull-out
test and flexural test and the procedure are clearly stated. Material properties of GFRP bar

and steel bar are also tested and stated.
4.2 Materials

4.2.1 Concrete

A C30 grade concrete was used for the whole experimental works. It was obtained from the
construction site of the new Near East University mosque supplied by Kofali Beton
Company.

4.2.2 Steel bars

The steel reinforcing bars of diameters 8mm, 10mm and 12mm were used for the various

part of the experimental works.

4.2.3 Glass fibre reinforced polymer (GFRP) bars

The GFRP reinforcing bar used for this experimental works is part of the Liana composite
products produced by Ural Reinforcing Company which is based in Russia. GFRP bars of
diameters 8mm, 10mm and 12mm were used for the various parts other of the experimental
study. The ultimate tensile strength of the GFRP bar as provided by the manufacturer is
1250Mpa.
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4.3 Equipment

4.3.1 Automatic compression machine

An automatic compression testing machine manufactured by UTEST with model number

UTC-4320 was used for the concrete compression test. It has a load capacity of 200kN and
BC 100 control units.

Figure 4.1: Compression testing machine (UTC-4320)

4.3.2 Universal testing machine

A universal testing machine manufactured by UTEST with model number UTM-4000 was
used for the tensile test to determine the material properties of the reinforcing bars. It has a
load capacity of 600kN and BC 100 control units.

Figure 4.2: Universal testing machine (UTM-4000)

40



4.3.3 Pull-out test apparatus

The apparatus is made with 10mm thick steel and in such a way it can fit into a universal

testing machine. It is shown in Figure 4.3

Figure 4.3: Pull-out apparatus

4.3.4 Flexural testing machine

An automatic flexural testing machine manufactured by UTEST with model number UTC-

4620 was used for the four point bend test. It has a load capacity of 200kN.

Figure 4.4: Automatic flexural testing machine (UTC-4620)
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4.4 Test Procedures

This section present an extensive details of the test procedures used for the experimental
works. The test procedures includes the tensile test of reinforcing bars, preparation of
reinforcement cages, the casting of concrete cubes for pull-out test and compression test, the

casting of the beams for four point bending test.

4.4.1 Testing reinforcing bars

The tensile testing of steel bars was performed according to British Standard (BS EN I1SO
6892-1) and GFRP bars according to ASTM standard (D7205/D7205M-06) to determine the
ultimate stress, percentage elongation and modulus of elasticity. A constant pace rate of
0.6MPa was used for application of load on the steel bars, while displacement type load rate

of Imm/min was used on the GFRP bars, both reinforcement bars where loaded until failure.

In preparing GFRP bars anchors are need in order to prevent damage due to the grips of the
tensile testing machine, steel tubes are used and filled with either cement grout or epoxy
whom have good compressive strength. The schematic diagram of the specimen is shown in

figure 4.6.

B : ‘ ‘ P |

Figure 4.5: GFRP bar specimen
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Figure 4.6: Schematic diagram of GFRP bar specimen

4.4.2 Testing concrete cube strength

The concrete compression test was performed according to British Standards (BS EN 12390-
3). C30 grade of concrete was used for the casting the concrete cubes. The concrete was
poured vertically into the mould of dimensions 15x15x15mm and compacted using a rod.
The hand compaction was done gently to remove entrained air during concrete pouring. The
concrete cube was removed from the mould after 24 hours and inserted in a curing tank
containing water under 20£2°C and 100% relative humidity. After 28 days, the cubes were
removed from the curing tank and inserted in the automatic compression test machine for
testing. A constant pace rate of 0.6MPa/s was used for loading and the cube was continuously

loaded until failure.

Figure 4.7: Concrete cube moulds and casted specimens
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The compressive strength of concrete cube was determine using the equation;

== (10)

Where f_ is the compressive strength, F is the maximum load at failure and A, is the cross-
sectional area. The overall results obtained from the concrete cube strength test is stated in
Table 4.1

Table 4.2: Concrete strength of cubes

_ Compressive strength
Specimen Mass (kg)

(MPa)

C1 12810 37.21
C2 12730 32.55
C3 12790 33.44
Average 12776.7 34.4

4.4.3 Testing bonding behaviour

Pull-out test was performed using an apparatus in a universal testing machine. The test was
performed according to American Standard (ASTM C234-91). The specimen was prepared
similar to the concrete cube. ®10 GFRP and steel bars of 300mm long was inserted at the
centre of cubes after concrete pouring at a depth of 100mm. After 28 days curing, the
specimens were inserted in the pull-out apparatus and placed in the universal testing
machine. The load was applied at a constant pace rate of Lmm/min until failure. The ultimate

bond strength was computed using equation below;

T, =Dmex (\pa) (11)

DL
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Where 7, is the ultimate bond strength, B, is the ultimate pullout load, D and L is the
diameter and embedded length of reinforcing bars. Schematic description of the pull-out

specimen is shown in Figure 4.7a.

125‘mm

25mm

(@) Details and dimensions (b) Casted pull-out specimens (c) Curing of pull-out
of pull-out specimen specimens

Figure 4.8: Preparation of pull-out specimens

4.4.4 Testing flexural behaviour

The overall procedure carried out in preparing the beam specimens for flexural testing is

presented below.

4.4.4.1 Description of beam specimens

A beam with 300x300mm sectional dimensions was adopted at the beginning. But the beams
used were prepared by adopting the scale of 1:2 making the sectional dimension to be
150x150mm. The beams were prepared in two groups; group 1 beams were reinforced with
steel bars and group 2 beams were reinforced with GFRP bars. The summary of the beam

details is shown in Table 4.1
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Table 4.3: Beam details

Specimen Type of Reinforcement Number of reinforcement Stirrups
Group
name reinforcement ratio Bottom Top (steel)
G1-BM1 Steel 1 2010 198 08 @ 100
1 G1-BM2 Steel 1.4 2012 198 08 @ 100
G1-BM3 Steel 2.1 3012 198 08 @ 100
G2-BM1 GFRP 1 2010 198 08 @ 100
2 G2-BM2 GFRP 1.4 2012 198 08 @ 100
G2-BM3 GFRP 2.1 3¢12 198 08 @ 100

4.4.4.2 Geometry of the beam specimens

The design of beams were done according to American Concrete Institute Code (ACI 318-

11). The beams have dimensions 750x150x150mm, concrete cover of 25mm was used for

all the reinforced concrete beams. The beams were in 2 groups; group 1 reinforced with steel

bars while group 2 reinforced with GFRP bars. The beams were all designed in a way to be

strong in shear. The geometry of beams each used for the GFRP and steel beams is shown

in Figures 4.9. Parameters that were used in the beam design calculations are shown in Table

4.2. The detailed beam design calculations are shown in Appendix 1.
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Figure 4.9: Details and dimensions of all group 1&2 beams

Table 4.4: Beam design calculation parameters

Beam b (mm) h (mm) d (mm) fc(MPa)  fy(MPa)  As(mm?)

G1-BM1 150 150 112 30 420 157.08
G1-BM2 150 150 111 30 420 226.194
G1-BM3 150 150 111 30 420 339.291
G2-BM1 150 150 112 30 1250 157.08
G2-BM2 150 150 111 30 1250 226.194
G2-BM3 150 150 111 30 1250 339.291

4.4.4.3 Preparation of beams

A total of 6 beams were prepared; 3 group 1 beams reinforced with steel bars and 3 group 2

beams reinforced with GFRP bars. Wooden and steel mould were used for casting the beams
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as shown in Figure 4.10a. Oil was rubbed on the inner surface of the moulds to enable easy
exit of the beams after setting. The reinforcement cages were inserted into the moulds with
spacer attached to achieve the concrete cover of 25mm. Concrete was poured into the moulds
and compacted using a rod to remove entrained air. The top of the beams were levelled using
spatula. The beams were removed from the moulds after 24 hours and inserted into curing

tank containing water at a temperature of 20+2°C. After 28days curing the beams were ready

for testing.

(a) Beam moulds (b) Oiling the inner surface (c) Reinforcement cages
of moulds

Figure 4.10: Preparation of beam moulds before concrete casting

(a) Beam moulds with reinforcement cages (b) Placement of mixed concrete

Figure 4.11: Casting of beam specimens
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(a) Exiting of beams from moulds 24 hours (b) Beam specimens in curing tank

Figure 4.12: Curing of beam specimens

4.4.4.4 Four point bending test

The four point bending test was done in the KKTC Chambers of Civil Engineers laboratory
and performed according to British standard (BS EN 12390-5).

The beams were placed in the automatic flexural testing machine (UTC-4000) with the
supports positioned at 150mm from the both ends of the beams. The effective span of the
beams were 450mm. the loading rollers was positioned at the top at 300mm from both ends

of the beams. The loading setup and beam dimension is shown in Figure 4.13.

150m

— SOmN{ %1 50mm—

Figure 4.13: Diagram of loading arrangement of beams in flexural machine

450mn
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The flexural testing machine has a loading capacity of 200kN. The load was applied until

failure at a constant pace rate of 0.05MPa/s. Flexural strength of the beams can be computed
using the equation below;

£ = FxI
f T d;xd?

(12)

Where f.; is the flexural strength, F is the maximum load, I is the distance between
supporting rollers, d, and d, are the lateral dimensions of the specimen.

SR STTTLLIC

Figure 4.14: Loading setup of beams
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CHAPTER 5

FINITE ELEMENT ANALYSIS (ABAQUS)

5.1 General

Several methods have been adopted in the past to determine the behavior of concrete.
Experimental method has and will always be the preferred method of determining how
reinforced concrete structures when subjected to loading behave due to its accuracy but it is

costly and time consuming.

Finite element analysis has been used till today and is regarded as an excellent tool to solve
problems in engineering. The FEA results visualizes the deformation of RC structures and
also shows the stress and strain distribution and displacement respectively. Recently, many
finite element analysis software have been created and is continuously used in analysing RC

structures.
5.2 Modelling of beam specimens

A vast number of elements exists in ABAQUS which are used in solving numerous
engineering problems. Examples of such elements includes C3D8R, C3D8lI, J4R, T2D?2 etc.
these unique names identifies the aspects of each element.

5.2.1 Concrete

3D models were used to model the reinforced concrete beams. An eight nodes linear brick
element with reduced integration (C3D8R) was adopted for the 3D models to model the
concrete mass. This model consists of 8 nodes and each node having 3 degree of freedom.

This type of element is able to show crushing, cracking and plastic deformation.
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Figure 5.1: Sample of beam model used

5.2.2 Reinforcement

3D truss elements were used to model the reinforcement bars. A 3D two node linear truss
element (T3D2) was adopted in the 3D models. A truss element is a slender long structural
member which transmits axial forces only. Excellent bond between reinforcement bar and
concrete is assumed because the GFRP and steel bars are embedded into the concrete

element.

Figure 5.2: Sample of reinforcement cage embedded in the RC beam
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5.3 Material Properties

All materials used in the analysis are defined as follows. The definition of the materials
contain all the necessary material behaviours such as elastic material behaviour in a linear

static stress analysis.

5.3.1 Concrete

The behaviour of concrete in compression and tension is different which makes the
modelling to determine the concrete behaviour a difficult task.

Table 5.1: Material properties of concrete

Material properties Values
Density 2400 kg/m?
) Young’s modulus 25384.9MPa
Elastic
Poisson ratio 0.15

The concrete damage plasticity (CDP) approach is adopted for the concrete modelling in this
study. This approach make use of 4 parameters namely, compression hardening, tension
stiffening, compression and tension damage. The stress strain relationship of these

parameters is shown in appendix 3.

5.3.2 Steel bar

The steel bars were modelled as a perfectly elastic material. The elastic behaviour parameters

are inserted respectively.
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Table 5.2: Material properties of steel bar used

Material properties Values
Young’s

200GPa
_ modulus

Elastic
Poisson’s
) 0.3
ratio

5.3.3 GFRP bar

GFRP bars behave linearly until failure without yielding. They were modelled as a linear
elastic material in ABAQUS. The elastic behaviour parameters are defined and the plastic

behaviour parameters also.

Table 5.2: Material properties of GFRP bar used

Material properties Values
Young’s
55000MPa
_ modulus
Elastic
Poisson’s
) 0.21
ratio
) Yield stress 1250MPa
Plastic
Plastic strain 0.023

5.4 Loading and Boundary Conditions

Four point bending test was performed on the beams and load was applied on the model the
same way it was on the experimental work. Displacement type loading was used and the
displacement of 20mm was adopted. The beam was modelled as a simple beam just as in the
experimental work. The supports are defined as pin and roller in the boundary condition

option.
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CHAPTER 6

RESULTS AND DISCUSSIONS

6.1 General

This chapter contains the detailed observations experienced during the tensile test, pull-out
test and flexural test. The main objectives of the study was to determine the bond behaviour
and flexural behaviour of steel and GFRP in RC members. Concrete of the same strength
was used for the whole work and comparison was done between the ultimate load capacity

of each specimen using different reinforcement materials.
6.2 Tensile Behaviour

The tensile test results of steel bars is shown in Table 6.1. Table 6.2 compared the properties

of GFRP bars used in this experimental work and in previous experimental works.

Table 6.1: Mechanical properties of steel bars

_ Modulus of
Bar ) Ultimate stress o %
Diameter elasticity )
type (MPa) Elongation
(GPa)

8 567 210 17.4
Steel 10 588 208 21.3

12 705 210 14.5
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Table 6.2: Mechanical properties of GFRP bars

) ) Modulus of
Diameter Ultimate o ]
Reference elasticity % Elongation
(mm) stress (MPa)
(GPa)
8
Liana
] 10 1250 55 2.27
composite*
12
(Abdulsalam et
15.9 744 40.6 1.77
al., 2018)
(Ozkal et al.,
9 918 49.9 1.84
2018)
(Johnson, 8 1374 59.99 2.06
2009) 12 1160 60.19 1.77
(Shin et al.,
13 690 41 1.68
2009)
(Micelli &
) 12 924 42.57 2.17
Nanni, 2004)
(Balendran et
8 1150 4700 2.45

al., 2004)

*as provided by manufacturer

The tensile strength of the GFRP bars were unable to be determined due to certain

encountered problems, which are;

e The total length of specimen to be used according to the standard was longer than
maximum length of the tensile testing machine (UTM-6001).

e | tried using polyester adhesive but i experienced slippage between the GFRP bar and
the hardened adhesive as shown in Figure 6.1

e According to the ASTM standard (D7205/D7205M-06), Cement grout is the

recommended filler material but i also used epoxy adhesive in the following trial

56



which is also an alternative material according to the standard and recent studies. |

experienced slippage between the epoxy and the steel tube. It is shown in Figure 6.2.

Figure 6.2: Slippage between the hardened epoxy and steel tube

6.2 Bond Behaviour

The Table 6.3 gives a summary of the various configurations and experimental results of the
pull-out test specimens.
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Table 6.3: Summary of pull-out test results

Bar Embedded )
_ fc ] Bar Tmax Failure
Specimen diameter length Pu (kN)
(MPa) type (MPa) mode*
(mm) (mm)

S1 30 10 Steel 125 22.1 5.6 BP

S2 30 10 Steel 125 22.3 5.7 BP

Gl 30 10 GFRP 125 25.9 6.6 CS

G2 30 10 GFRP 125 31.7 8.1 CS

*BP — Bar pull-out, CS — Concrete splitting

A total of 4 specimens where used to test the bond behaviour of steel and GFRP. All
specimens where tested after 28 days curing. Specimens S1 and S2 where containing steel
bars, both specimens failed due to bar pull-out from the concrete cube because of slippage
between the steel bar and concrete as seen in Figure 6.1 and 6.2, this is as a result of weak
bonding. Specimens G1 and G2 where containing GFRP bars, both the specimens failed due
to concrete splitting as seen in Figure 6.3 and 6.4. This is as a result of excellent bond
between the GFRP bar and concrete. Both the steel and GFRP are ribbed bars which are
expected to bond well with concrete because of the nature of the surface.
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Figure 6.3: Comparison of maximum bond strength of pull-out specimens
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Figure 6.4: S1 & S2 specimen failure mode

%
=

Figure 6.6: G2 Specimen Failure
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6.3 Flexural Behaviour

6.3.1 Ultimate load capacity
G1-BM1 & G2-BM1

The load was applied to the beams until failure. Beam G1-BM1 has an ultimate load of
103.64kN, the load at which the cracking start was 55kN while beam G2-BML1 has an
ultimate load of 88.5kN and the first crack load was 35kN. Wide cracks where observed at
the mid span of the beam G1-BM1. Beam G1-BM1 reinforced with steel bars withstood
more load when compared to beam G2-BM2 reinforced with GFRP bars with a difference
of 17%. The cracking load appeared to be much lower in beam G2-BML1 than in G1-BM1
which is due to the brittleness of the GFRP bar.

120
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80

60 G1-BM1

Load (kN)

40 G2-BM1

20

0 50 100 150 200 250 300
Time (s)

Figure 6.7: Ultimate load capacity comparison of G1-BM1 & G2-BM1 beam

G1-BM2 & G2-BM2

The load was applied to the beams until failure. G1-BM2 beam has an ultimate load capacity
of 107.17kN and the first crack load was 94kN but G2-BM2 exhibits an ultimate load
capacity of 102.06kN and the first crack load was 51kN. G1-BM2 (steel) withstood a little
higher load than G2-BM2 (GFRP) with a difference of 5%. The first crack load of G2-BM2

was much lower than that of G1-BM2 because of the brittleness behaviour of GFRP bar.
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Figure 6.8: Ultimate load capacity comparison of G1-BM2 & G2-BM2 beam

G1-BM3 & G2-BM3

The load was applied to the beams until failure. G1-BM3 beam has an ultimate load capacity
of 152.87kN and the first crack load was 134kN but G2-BM3 beam has an ultimate load
capacity of 114.40kN and the first crack load was 63kN. G1-BM3 (steel) withstood a much
higher load than G2-BM3 (GFRP) with a difference of 33.6%. The first crack load of G2-
BM3 was also lower than that of G1-BM3 due to the nature of the GFRP bar.
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Figure 6.9: Ultimate load capacity comparison of G1-BM3 & G2-BM3 beam

61



6.3.2 Flexural strength

The flexural strength was computed according to BS EN 12390-5. The specimens have
dimension of 750x150x150mm and tested after 28days curing to determine and compare the
flexural strength of GFRP and steel reinforced concrete beams. The results are shown in
Figure 6.4, 6.5, 6.6 and Table 6.2.

Table 6.4: Flexural strength of beam specimens

Specimen fer (MPa)
Gl-BM1 13.8
G1-BM2 14.3
G1-BM3 20.4
G2-BM1 11.8
G2-BM2 13.6
G2-BM3 15.3

6.3.3 Failure mode
Gl1-BM1 & G2-BM1

G1-BML1 beam exhibits a flexural cracks mid span of the beam which propagates from the
extreme tension zone to almost the top of the beam and another faint crack is experienced
from one support that propagates to the top of the beam with concrete crushing at the
compression zone as shown in Figure 6.8. The G2-BM1 beam experienced only flexural
cracks that propagates from the tension zone to the compression zone and crushing of
concrete is also experienced as shown in Figure 6.9. G1-BM1 exhibits a diagonal

compression failure while G2-BML1 exhibits a flexural failure.
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Figure 6.11: Failure mode in beam G2-BM1

G1-BM2 & G2-BM2

G1-BM2 beam consists of a revealing crack at one of the support and a faint crack at the
other support, the crack propagates from the bottom to the top of the beam. No revealing
flexural cracks were observed. G2-BM2 consists of few flexural cracks and some diagonal
cracks at one support that propagates to the top of the beam with concrete crushing. G1-BM2

and G2-BM2 both exhibits diagonal tension failure.
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Figure 6.13: Failure mode in beam G2-BM2

G1-BM3 & G2-BM3

G1-BMa3 consists of a faint flexural crack and some diagonal cracks at one of the supports
which propagates from the bottom to the extreme top of the beam. G2-BM3 consists of
flexural cracks and diagonal cracks at each of the supports that propagates from the bottom
to the top of the beam. G1-BM3 exhibit a diagonal tension failure while G2-BM3 exhibits a

diagonal compression failure.
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Figure 6.14: Failure mode in beam G1-BM3

Figure 6.15: Failure mode in beam G2-BM3

6.3.4 Crack width

Crack width is one of the essential parameters that determines the aesthetics and performance
of RC members. Crack width is controlled due to corrosion of steel. Crack width of 0.5mm
and 0.7mm is permitted according to the ACI 440.1R-15. The crack width results are
compared with the computed maximum crack width from the equation provided by the ACI
code. The Table 6.3 shows the results of the crack width of the beams measured with a

micrometre.
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Table 6.5: Crack width of beam specimens

Specimen Wmax (Mm) w (mm)
Gl-BM1 0.3 4.5
G1l-BM2 0.35

G1-BM3 0.25 0.7
G2-BM1 2.5

G2-BM2 24

G2-BM3 1.6

Crack width of the GFRP reinforced concrete beams are found to be bigger than that of steel

reinforced concrete beams which was expected except for G1-BM1. Some of the crack width

are acceptable since it is within the acceptable limit as proposed by the American Concrete

Institute, (2015). It can be observed that the crack widths of the steel reinforced concrete

beam decreases as the reinforcement ratio increases but the crack widths of the GFRP

reinforced concrete beams seems unpredictable. It is observed that the crack width is

independent of the reinforcement ratio.

6.3.5 Summary of flexural behaviour results

The overall results of the parameters tested on the flexural behaviour of the beam specimens

is summarized in the Table 6.6 below.

Table 6.6: Experimental flexural test results

: Bar First Wmax w fef Failure
Specimen type p (%) clze;zjk Pu(kN)  (mm) (mm)  (MPa)  mode*
G1-BM1  Steel 1 55 103.64 0.3 0.7 13.8 DC
G1-BM2  Steel 1.4 94 107.17  0.35 0.3 14.3 DT
G1-BM3  Steel 2.1 134 15287 025 0.15 20.4 DT
G2-BM1 GFRP 1 35 88.5 2.5 0.6 11.8 FF
G2-BM2 GFRP 1.4 51 102.06 2.4 0.4 13.6 DT
G2-BM3 GFRP 21 63 114.48 1.6 0.6 15.3 DC

*DC — Diagonal compression failure, DT — Diagonal tension failure, FF — Flexural failure
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6.4 Finite Element Analysis Results

6.4.1 Ultimate load capacity and failure modes

Finite element analysis was done to see how the experimental results agrees with the
ABAQUS results regarding the ultimate load and failure modes of the beams.

Table 6.7: Summary of FEA flexural results

Bar Failure
Specimen p (%) Pu(kN) fer (MPa)

type mode*
G1-BM1  Steel 1 89.34 11.9 DC
G1-BM2  Steel 1.4 97.49 13 DC
G1-BM3  Steel 2.1 106.57 14.2 DC
G2-BM1 GFRP 1 63.48 8.5 DC
G2-BM2 GFRP 14 69.68 9.3 DC
G2-BM3 GFRP 21 78.86 10.5 DC

*DC — Diagonal compression

G1-BM1 & G2-BM1

The ultimate load capacity of the G1-BM1 was 89.34kN which is higher than that of G2-
BM1 which was 63.48kN with a difference of 40.7%. G1-BM1 have some few small flexural
cracks around the tension zone with diagonal cracks that propagate from the bottom to the
top of the beam. The G2-BM1 exhibits a diagonal cracks from the point of support to the
extreme top of the beam with more flexural cracks mid span of the beam. G1-BM1 and G2-

BM2 both exhibits diagonal compression failure.
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Figure 6.17: FEA failure mode of G2-BM1

G1-BM2 & G2-BM2

The ultimate load capacity of the G1-BM2 was 97.49kN which is higher than that of G2-
BM2 which was 69.68kN with a difference of 39.7%. Diagonal cracks can be observed in
G1-BM2 that moves from the support point to top of the beam. In G2-BM2, even though
diagonal cracks exists at support points that moves to extreme compression zone, more
flexural cracks are also observed. G1-BM2 and G2-BM2 both exhibits diagonal compression

failure.
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Figure 6.19: FEA failure mode of G2-BM2

G1-BM3 & G2-BM3

The ultimate load capacity of the G1-BM3 was 106.57kN which is much higher that of G2-
BM3 which was 78.86kN with a difference of 35.1%. G1-BM3 contains diagonal cracks
which moves from the support to the compression zone. G2-BM3 exhibits diagonal cracks
but with flexural cracks also but not as much as G2-BM1 and G2-BM2 due to higher

reinforcement ratio. G1-BM3 and G2-BM3 both exhibits diagonal compression failure.
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Figure 6.21: FEA failure mode of G1-BM3

6.5 Experimental and FEA Results Comparison

G1-BM1 & G2-BM1

It can be observed from the both experimental and FEA results that ultimate load capacity
of the G1-BM1 beam is significantly higher than G2-BM1 beam. The experimental ultimate
load capacity result for the G1-BML1 is 16% higher than the FEA result, however, it is 39.4%
higher than the FEA result for the G2-BM1. The experimental and FEA failure mode

experienced in both beams were generally shear failures.
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Figure 6.22: Comparison of FEA and experimental result for G1-BM1 & G2-BM1

G1-BM2 & G2-BM2

It can also be observed from the both experimental and FEA results that ultimate load
capacity of the G1-BM2 beam is significantly higher than G2-BM2 beam. The experimental
ultimate load capacity result for the G1-BM1 is 9.9% higher than the FEA result, however,
it is 46.5% higher than the FEA result for the G2-BM2. The experimental and FEA failure

modes exhibited by the beams were generally shear failures
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Figure 6.23: Comparison of FEA and experimental result for G1-BM2 & G2-BM2
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G1-BM3 & G2-BM3

It can also be seen from the both experimental and FEA results that ultimate load capacity
of the G1-BM3 beam is significantly higher than G2-BM3 beam. The experimental ultimate
load capacity result for the G1-BM1 is 43.4% higher than the FEA result, however, it is
45.2% higher than the FEA result for the G2-BM3. The failure modes experienced in the

experimental and FEA results were generally shear failures.
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Figure 6.24: Comparison of FEA and experimental result for G1-BM3 & G2-BM3

6.6 Cost Comparison

The summary of the weight and cost of steel and GFRP bars with respect to 1 running meter
and the standard length of 12m is stated in Table 6.8. It can be seen that regarding the weight
of the reinforcement bars, the weight of steel bars are significantly higher than that of GFRP
bars. But in terms of the cost, it can be seen that the cost of GFRP bars are higher than that
of steel bars but it can be seen that the price gap between the steel bars reduces as the
diameter of the reinforcement bars increases. The ®8 GFRP bar cost is 41.2% more than the
corresponding steel bar, the ®10 GFRP bar cost is 29.6% more than the corresponding steel
bar, also the ® 12 GFRP bar costs is 17.6% more than the corresponding steel bar.
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Table 6.8: Cost of reinforcement bars

Item Kg/m Kg/12m Price($)/m Price($)/12m
®8 0.395 4,74 0.227 2.72
Steel ®10 0.616 7.392 0.355 4.26
D12 0.888 10.656 0.51 6.12
®8 0.072 0.864 0.32 3.84
GFRP ®10 0.11 1.32 0.46 5.52
®12 0.184 2.208 0.60 7.2

The total cost of the reinforcement cages of each beam specimen is shown in Table 6.9. It
can be observed that the cost of steel reinforcement cages is significantly lower than GFRP
reinforcement cages. The difference ranges from 11% to 14%. But the steel reinforcement
in the beam were cheaper and able to resist more loads than the GFRP reinforced beam with
percentage differences of 17% for BM1, 5% for BM2 and 33% for BM3, which significantly
shows that for the GFRP reinforced beams needs to be overly reinforced for it carry the
corresponding load a steel reinforced beam could carry. Also according to Berg et al, (2006),
the material cost of GFRP reinforced members are significantly higher than the steel
reinforced materials, but the benefits of using GFRP includes low labour expenses, low
transport expenses, little or no maintenance cost due to corrosion resistance and longer life

span.
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Table 6.9: Total cost of reinforcement cage of specimens

Specimen -Bottom -Top Stirrups Total (8)
reinforcement  reinforcement (steel)
Diameter @10 D8 O}

G1-BM1  Length (m) 1.4 0.7 3.5 1.45
Price ($) 0.497 0.159 0.795
Diameter D12 D8 O}

G1-BM2  Length (m) 1.4 0.7 3.5 1.67
Price ($) 0.714 0.159 0.795
Diameter D12 D8 O}

G1-BM3  Length (m) 2.1 0.7 3.5 2.03
Price ($) 1.071 0.159 0.795
Diameter @10 D8 O}

G2-BM1  Length (m) 1.4 0.7 3.5 1.66
Price ($) 0.644 0.224 0.795
Diameter D12 D8 O}

G2-BM2  Length (m) 1.4 0.7 3.5 1.86
Price ($) 0.84 0.224 0.795
Diameter 12 02 (O]

G2-BM3  Length (m) 2.1 0.7 3.5 2.28
Price (%) 1.26 0.224 0.795

74



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

The summary of the experimental and analytical result findings are presented in this chapter.

e The tensile strength of GFRP bars are significantly higher when compared to that of
steel bars but the GFRP specimen should be well prepared according to standard in
order to achieve the satisfactory result.

e The average tensile strength of the GFRP bars is about 65% higher than that of steel
bars.

e The bond strength was determined using pull-out test and the specimen G1 and G2
containing GFRP bar has higher average maximum bond strength than specimen S1
and S2 containing steel bar with about 30%.

e The bond strength of the GFRP bars mainly rely upon the ribs and the inner cores of
the reinforcing bars.

e The failure mode of specimen S1 and S2 was bar pull-out, this is due to weak bonding
causing slippage of the steel bar from the concrete although the surface is ribbed
which should improve its adhesion to concrete and provide resistance while specimen
G1 and G2 failed due to concrete splitting signifying excellent bonding between
helically ribbed GFRP bar and concrete.

e The ultimate load capacity of steel reinforced beams is higher than GFRP reinforced
beams both having the same reinforcement ratios.

e The ultimate load capacity of group 1 beams when compared to group 2 beams
having reinforcement ratio of 1 increased by 17%, with reinforcement ratio of 1.4 it
increased by 5% and with reinforcement ratio of 2.1 it increased by 33.6%.

e Similarly, the flexural strength of the group 1 beams is higher than that of group 2
beam, this is due to the low elastic modulus of GFRP bar.

e The beam specimens are limited to short spans which usually failed by shear failures

at ultimate load.

75



The failure modes observed in group 1 beams are generally shear failures but group
2 beams also exhibits shear failures but with a lot of flexural cracks which is expected
in GFRP reinforced beams due to its brittle nature.

Crack width of some of the beam specimen are within the acceptable limit based on
the maximum crack width equation proposed by the ACI 440.1R-15

It is also observed that crack width of the GFRP reinforced beams are independent
of the reinforcement ratio.

It can also be observed that the FEA results closely agrees with the experimental
results regarding the ultimate load capacity of group 1 beams being higher than group
2 beams.

The failure mode experienced in the FEA results is more accurate than the
experimental results due the smaller mesh size adopted for the beam models.

The failure mode in the FEA result for group 1 beams were shear failures and group
2 beams were also shear failures with a lot of flexural cracks. It can be seen that it
also closely agrees with the failure modes experienced in the experimental results.

It can be observed that the flexural cracks experienced in the FEA results reduces as
the reinforcement ratio increases.

The price of the GFRP bar is higher than steel bar. The total cost of the steel
reinforcement cages is significantly lower than the GFRP reinforcement cages and
the difference varies from 11% to 14%.

Although they have high initial cost but its ease of transport, little or no maintenance
cost due to its non-corrosive nature still makes it to be considered as a good
alternative material steel bars. Therefore considering the lifecycle cost, the GFRP bar

can be said to be a better reinforcing material than steel.

Awareness should be raised regarding the use of GFRP bars as reinforcing materials since it

is able to resist a considerable amount of applied load and also to avoid corrosion menace

and high maintenance cost attributed to corrosion problem.

Use of cement grout as filler material between the steel tube and GFRP bar in preparation of

tensile test specimen is highly recommended. A good epoxy adhesive material is

recommended as alternative if cement grout unavailable.
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Appendix 1

Graphical results of the compression, tensile, flexural and pull-out tests
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Appendix 2

Stress strain relationship of concrete parameters
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Figure A.2.1: Compression behaviour of concrete
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Figure A.2.2: Tension behaviour of concrete

90

0.009

0.0025



Damage Parameter
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Figure A.2.3: Concrete compression damage
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Figure A.2.4: Concrete tension damage
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Appendix 3

Price list of Liana glass fibre reinforced polymer (GFRP) bar
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