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ABSTRACT

Among the concrete strengthening applications, Carbon Fibre Reinforced Polymer (CFRP)
systems offer better mechanical properties than other alternatives, such as stronger tensile
strength, stiffness, and durability. Most of the studies have been focused on strengthening or
retrofitting straight Reinforced Concrete (RC) beams using CFRP, fewer on the horizontally
curved out of plane loaded RC beams, which are present in novel featured structures
worldwide. In contrast to straight beams, the curved beam behaviour possess combined effect
of bending, torsion and shear where CFRP application requires a careful selection based on the
intended capacity enhancement.

The experimental program includes total 6 nos. of RC beam specimens of fixed curvature
casted, 2 beams weak under shear and 2 beams weak under flexure and their control beams.
The CFRP strengthening was applied as relevant to evaluate the effectiveness of flexural and
shear enhancement. The NSM CFRP plate application and end anchored NSM CFRP for
flexure strengthening along with 45°/135° oriented CFRP fabrics at beam sides and increased
area of fabric for shear strengthening was focused. The specimens were tested using four point
bending test and the ultimate failure load, crack patterns, failure modes and deflection was

observed.

The experimental results under flexure concluded that NSM CFRP enhance flexural strength
according to the initial cracking load observations. Where end anchored CFRP fabric provided
it contribute to additional flexure strength and reduce overall deflection by 23%. Ultimate load
carrying capacity of NSM CFRP retrofitted beams were enhanced by 12.1% and 8.4% for
respective application. NSM CFRP retrofitted beams showed, lesser crack density and widths.
Propagation of the crack which was in the direction of NSM CFRP plate corners is restrained
with the use of end anchored CFRP, although its effect over shear capacity enhancement is
insignificant. The experimental flexural enhancements are 28.8% and 29.3% less than the
theoretically predicted values by ACI 440.2R-17 guide, respectively for NSM CFRP only and
end anchored beams, which may have occurred due to the contribution of additionally induced

torsional stresses.



The experimental results under shear concluded that ultimate load carrying capacity of shear
retrofitted beams were enhanced by 20 % and 30%. The influence of CFRP retrofitting is higher
when the CFRP application area is increased at inner shear span. The experimental shear
enhancements are 35.4% and 20.3% less than the theoretically predicted values by ACI
440.2R-17 guide, respectively for side laminated and extra side laminated beams. The
intermediate debonding and induced additional torsional stresses may have caused this capacity

reduction.
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CHAPTER 1: INTRODUCTION

1.1 Background

Fibre-reinforced polymer (FRP) is a type of composite material, consists of continuous high
strength fibres of materials in particular carbon, glass or steel wires. These fibres are embedded
in a formation of polymer matrix. The fibres act as the main reinforcing elements of the
composite. Function of a binder is performed by the polymer matrix (epoxy resins), which
protects the fibres and as well as transfers loads to and between the reinforcing elements. The
resins and fibres in a FRP system are characteristically established as a single system based on
materials and the structural testing. It is not permitted to mix or substitute a constituent from
one FRP system with a constituent from any other, as this can create negative impact on the

cured system's properties.

The use of FRP composites for structural strengthening has expanded in the recent years
worldwide. During this period of development, FRP composites have revealed its applicability
as a mainstream construction material. Consequently, the use of FRP in strengthening and
retrofitting requirements has gained more popularity among professionals nowadays over
conventional structural strengthening techniques like fixing of supplemental steel frames and
other elements. For secondary concrete strengthening applications, carbon fibre-based FRP
(CFRP) systems are the most frequent. Carbon exhibit better mechanical properties than glass

fibre-based systems, such as stronger tensile strength, stiffness, and durability.

Curved structural beam elements applications are popularly seen in modern structures like
curved roof arches, elevated highway ramps, reservoirs, curved buildings floors and balconies.
According to the direction of loading in vertical or horizontal plane, the behaviour and failure
modes encountered differ. Vertically curved beams have dominant axial load transfer which
depends on the ultimate compressive strength of the concrete. In horizontally curved out-of-
plane beam loaded vertically, torsional stresses are created along with flexural and shear
stresses. The torsional stresses affect to reduce the shear capacity making the beam vulnerable
to fail under shear. The structural integrity of vertically curved beams are higher compared to

horizontally curved and straight beams.

FRP are widely used for curve beam retrofitting, where research areas are higher for vertically

concaved structural beams. The debonding, rupture, anchorage end failure can be often



observed in such experimental studies. Prior to FRP installation, strengthening requirement of
existing structural element can involve complex evaluation of history, structural design and
detailing processes, requiring a sound consideration of the condition of the existing structure
together with the materials used to repair the damaged structure. Understanding what FRP is
and the benefits it provides, as well as its limitations, can help decide its viability for a

strengthening project.

A dry fabric formed of carbon or glass material is saturated with epoxy and attached to a primed
concrete substrate in the wet lay-up procedure. It can be used to construct FRP composites on-
site. Once cured, the it acts as an externally bonded fibre reinforcing system, becoming an
integral component of the structural member. FRP composites can be configured upon usage,
prefabricated in a specific manufacturing facility. The material is pultruded into various shapes

or profiles, such as rods, bars and plates for use in reinforcing applications.

The straight beam retrofitting applications of FRP is abundantly in use due to ease of
application and the enhancement gained in cracked structural elements. FRP fabric is available
in fabric like unidirectional continuous sheets on rolls which can be simply adjusted to match
any geometrical profile and can be wrapped around practically any shape. The fabrics made of
fibre can be bonded to the side of tension of structural parts (beams or slabs or webs) (Figure
1-a) to offer additional tensile reinforcement, wrapped over the webs of joists or beams to
enhance their shear strength and as seen on Figure 1-(b) wrapped around columns to improve

ductility and energy dissipation behaviour.

(a) wrapped over the webs of beams (b) wrapped around columns

Figure 1: Different uses of CFRP wrapping



A primer that penetrates the concrete substrate and improves the system's bond may be used in
the adhesive solutions used to enhance the bonding between FRP and the concrete substrate. If
minor holes exist in the surface, epoxy putty need to fill into the substrate and create a even
surface for the FRP to adhere to a saturating resin that is used to impregnate and adhere fabric
to a prepared the substrate and followed by a protective coating in order to safeguard the bonded
FRP from potentially detrimental environmental, chemical and mechanical effects. Exposure
to ultraviolet radiation damages most epoxies used in FRP strengthening systems, however,
such systems are possible to be preserved using acrylic, cementitious coatings or other forms
of coatings.

Repairing structurally degraded reinforced concrete structures is required when the structural
part no longer provides adequate overloading, strength or serviceability. Because of the high
performance of FRP laminates, field application of retrofitting by epoxy-bonded FRP laminates
is currently acknowledged as an effective and convenient approach through several research
worldwide. In contrast to the case for use of CFRP sheets or other form for the repair of load-
damaged or initially cracked RC beams, several experimental studies have focused on the
member strengthening. However, in view of the research literature on out of plane loaded
curved beam retrofitting experiments, the effective optimization of shear and flexural capacity

using FRP need further experiments and research to evaluate the degree of enhancement.

1.2 Objectives of the Research

e To conduct an experimental program to determine the behaviour of CFRP
strengthened out-of-plane curved RC beam subjected to flexure and the effect of

different applications of CFRP strengthening for flexure.

e To conduct an experimental program to determine the behaviour of CFRP
strengthened out-of-plane curved RC beam when subjected to fail in shear and the

effect of different applications of CFRP strengthening for shear.

e To conduct a theoretical prediction of load capacities under bending and shear of the
CFRP strengthened out-of-plane curved RC beams and comparison with experimental

results.



To propose conclusions on the effectiveness of different applications of CFRP flexure
retrofitting to its capacity, failure mode, cracking and deflection of the out of plane

curved RC beams.

To propose conclusions on the effectiveness of different applications of CFRP shear
retrofitting to its capacity, failure mode, cracking and deflection of the out of plane

curved RC beames.

1.3. Methodology

vi).

vii).

viii).

Conduct literature review to investigate on FRP material specifications, use of curved

beam retrofitting and modes of failure.

Conduct literature review on application of CFRP retrofitting in RC beams in

consideration of and recognize on research gaps areas for curved beam.

Conduct theoretical capacity calculation for bending and shear.

Cast RC beams are cast in two series to differentiate over flexural and shear.

Conduct experimental program to application of CFRP plate for out-of-plane curved
concrete beam for strengthening flexure. Fibre application done in two different ways

to analyse for end anchorage effect.

Prepare curved control beam specimens respect to above beam specimen prepared to

compare the enhancement.

Conduct experimental program to application of CFRP fabric for out-of-plane curved
concrete beam for strengthening shear. Fibre application done in two different ways to

analyse effect of the zone of application.

Prepare curved control beam specimens respect to above beam specimen prepared to

compare the enhancement.



ix). Load beam specimens by four-point bending method until failure with monitored

deflection at mid span.

X). Plot Load vs. Defection curves against each beam specimen.

xi). Analyse and compare effectiveness of CFRP usage using results of experimental data
obtained by the observation and record of crack initiation/propagation, FRP/ RC failure

and load capacity with deflection.

xii). Compare results of theoretically predicted with the experimented actual.

xiii). Derive conclusions using the findings of the analysis and recommendations for any

future improvements.

1.4. Scope of the Research

Experimental investigation of horizontally curved beams of same radius of curvature, loaded
under four point out of plane loading and enhancement using CFRP for flexural and shear
capacities with an improvement for each. In addition, comparison of theoretical load carrying
capacities over actual load carrying capacities, failure modes, initial cracking and analysis of

load vs. deflection behaviour.

1.5. Significance of Research

Curved structural elements are ample in new age development. For secondary concrete
strengthening applications, FRP gained popularity over conventional structural strengthening
techniques like fixing of supplemental steel frames and other elements. Therefore, this research
can contribute to fill the gap of lack in horizontally curved, out of plane loaded beam
strengthening experiments using CFRP and research on their degree of enhancement of shear

and flexural capacity.



1.6. Outline of research thesis

Chapter 1: Introduction

A general introduction is given in this chapter including the purpose of the research and

methodology.

Chapter 2: Literature review

A detailed study of past researches in the subject area and summarization is presented in this
chapter. The purpose of this chapter is to recognize the research gaps existing in the relevant

research areas and identifying areas to be developed.

Chapter 3: Experimental program

This chapter explains the test specimens, material properties, testing and instrumentation,

experimental results and result discussion.

Chapter 4: Theoretical Analysis

This chapter presents calculation using standard codes and guides to predict capacities, failure

loads, modes and comparison with experimental results.

Chapter 5: Conclusion

This chapter culminates the outcomes of the research along with recommendations for future

research studies.



CHAPTER 2: LITERATURE REVIEW

2.1 Applications and use of FRP

FRP systems are useful to rehabilitate or structurally restore the strength of deteriorated
concrete structural members and to enhance the capacity of a sound structural members to
resist its increased loads (Nur Yazdani et al., 2016). These alterations can be due to changes in
use of the structure with time or initial design or construction errors. The selection of the type
of FRP system and strengthening technique should be determined by a licensed design
professional. Carbon Fibre Reinforced Polymers (CFRP) are used for manufacturing in many
industries like automotive applications, marine, aerospace parts, sport goods like golf clubs,
skis, tennis racquets, fishing rods and bicycle frames (Hayes, 1985).

Suitability of an FRP system for a particular application need to be assessed by performing
determination of concrete substrate condition, deficiency and causes identification and existing
load-carrying capacity. The documentation of maintenance history, specifications, design
drawings, as-built documents should be reviewed and overall evaluation included by a
comprehensive field inspection. In addition, documents on structural analysis and field test
reports are vital. (Alkhrdaji, 2015).

The existing conditions of the member like reason for cracking or spalling, reinforcement
provided and cover of steel, concrete compressive strength in-place, existing concrete
soundness and dimensions should be determined by a field inspection. It is important to
consider active corrosion presence and degree, location of corrosion presence if any, covering
all areas of FRP system bonded to existing structure (ACI 440.2R-08).

With the use of the gathered information of the field investigation, load-carrying capacity of
the existing structure can be reviewed, using analytical methods of review of drawings and
design calculations. As appropriate for application, overall evaluation process can be
incorporated with load tests or other methods (ACI 437R-19).

2.2 Material Properties

2.2.1 Types of fibres
In the construction industry mainly three types of fibres are used for FRPs which are carbon,

glass and aramid. Basalt fibres have been gaining attention last few years as an alternative for

7
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glass fibres nevertheless, it is not common as the other three types of fibre. The selection of
fibres should be done considering various factors: cost, specific strength requirements and
specific environmental conditions (Karaca and Buyukozturk, 2002; Nanni et al., 2014).

Material properties of different types of fibre are given in Table 1.

Table 1: Material properties of different fibre types (Giuseppe Simonelli, 2005)

Fibre Tensile strength | Modulus of elasticity | Elongation | Specific density
(N/mm?) (kKN/mm?) (%)

Carbon: high strength 4300-4900 230-240 1.9-2.1 1.8

Carbon: high module 2740-5490 294-329 0.7-1.9 1.78-1.81

Carbon: ultra high module 2600-4020 540-640 0.4-0.8 1.91-2.12

Aramid 3200-3600 124-130 24 1.44

Glass 2400-3500 70-85 3.5-4.7 2.6

Carbon fibre - Carbon fibres are classified into two separate types based on Young’s modulus
as high modulus Carbon fibres and low modulus carbon fibres due to wide variation of strength
and stiffness of the material which depends on the manufacturing process. PAN-based carbon
fibre mostly used for Civil Engineering applications due to its high strength and relatively
higher Young’s modulus. Even though pitch-based carbon fibre has higher Young’s modulus,
their strength is relatively lower, hence it is used in aerospace applications (Pooja Bhatt and
Alka Goe, 2017).

Glass fibre - Mainly three types can be recognised as most commonly used in civil engineering
applications: Electrical glass fibres (E-glass), High Strength glass fibres (S-glass) and Alkali
Resistance glass fibre (AR-glass ). E-glass provides superior corrosion resistance and electrical
insulation while S-glass provides higher strength and stiffness. However, S-glass is costlier
compared to E-glass. AR-glass provides much more superior alkali attacks whereas E-glass
and S-glass are weak against alkaline induced corrosion compared to other alternative types of
fibre (Nanni et al., 2014).

Aramid fibre - Aramid fibres are organic synthetic material with superior mechanical
properties: high strength, high toughness, high impact resistance and high resistance for creep
and rupture. Due to its high strength and low density (low weight), aramid fibres are used in

the sports industry and military applications.

Basalt fibre - Basalt fibres are relatively new to the civil engineering industry and research

studies are ongoing to improve the properties of the material. It is mainly used as an alternative
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to glass fibres due to its relatively superior strength, stiffness and low manufacturing cost due
to ease of production and high availability of Basalt material (Nanni et al., 2014).

In comparison of above, in terms of strength, composites are better. However, on weight basis,
cost of composite materials are higher than for steel by several times. Typical stress - strain
curves for unidirectional composites subjected to a monotonic loading are shown in the Figure
2.

(Stress) .G (GPa)
(T T

It

Muld steel

s (Strain)

0.02 0,04 &
Figure 2: Uniaxial Tension stress - strain diagrams for unidirectional FRPs of Carbon,

aramid, glass and steel materials (FIB Bulletin 14, 2001)

In selection of FRP composites for strengthening purpose, long-term durability and
constructability are also vital in selecting based on mechanical performance. Therefore, without
treating FRP to be used as a blind replacement of steel, necessary consideration should be given

to all the design issues (Setunge et al., 2002).

2.2.2 Carbon fibre reinforced polymer (CFRP)

Carbon Fibre Reinforced Polymer (CFRP) is defined as a Polymer Matrix Composite material.
Reinforcement is provided by carbon fibres. In form of either continuous or discontinuous
carbon fibres of diameter approximately 10 pum which are commonly woven into a cloth, the
reinforcing dispersed phase exist. Although Carbon fibres are very expensive compared to
other material, comparatively they possess the highest mechanical properties for modulus of
elasticity and strength per weight (SubsTech, 2012). The main disadvantage of carbon

(Graphite) fibres is catastrophic mode of failure, the brittle nature.


https://www.substech.com/dokuwiki/doku.php?id=classification_of_carbon_materials
https://www.substech.com/dokuwiki/doku.php?id=classification_of_composites
https://www.substech.com/dokuwiki/doku.php?id=tensile_test_and_stress-strain_diagram
https://www.substech.com/dokuwiki/doku.php?id=tensile_test_and_stress-strain_diagram
https://www.substech.com/dokuwiki/doku.php?id=tensile_test_and_stress-strain_diagram
https://www.substech.com/dokuwiki/doku.php?id=graphite

Due to the following properties, Carbon fibres have become widespread in usage as a
reinforcing polymer matrix.

- Very high modulus of elasticity which at all times exceeding that of steel,

- Low Density : 1800 kg/ms;

- High tensile strength can be in the level of 7 GPa;

- High chemical inertness.

The types of carbon fibres that are generally in use are as follows:
= Ultra high modulus (UHM) in which Modulus of elasticity > 450 GPa
= High modulus (HM) in which Modulus of elasticity is in the range 350-450 GPa.
= Intermediate modulus (IM) in which Modulus of elasticity is in the range 200-350GPa.
= High tensile, low modulus (HT) in which Tensile strength > 3 GPa and Modulus of
elasticity < 100 GPa.
= Super high tensile (SHT) in which Tensile strength > 4.5GPa.

Classification of Carbon fibres can also be done according to its method of manufacture. The
most popular type is the PAN-based carbon fibres which are produced by stretching filaments
from polyacrylonitrile precursor by conversion of polyacrylonitrile (PAN) precursor and
process of thermal oxidation. The filaments are at first held in tension. Then for several hours
subjected to Carbonization in a Nitrogen atmosphere. Non-carbon elements like O, N and H
volatilize resulting in fibres enrichment with carbon during this stage. Finally, the fibres are
subjected to Graphitization at about 2500°C temperature (SubsTech, 2012).

Carbon fibres which are manufactured from pitch are classified as Pitch-based carbon fibres.
In the process, spun filaments of coal tar or petroleum asphalt are taken and cured at
temperature of 315°C. Then subjected to Carbonization in a Nitrogen atmosphere. In the
manufacturing procedure of CFRP, the most prevalent matrix materials are the thermosets like
epoxy, polyester and thermoplastics like polyamide. Pultrusion method, open mold processes
and closed mold processes are the basic methods of manufacturing of CFRP. CFRP materials
has the ability of provision of reinforcement in two perpendicular directions, due to the

presence of the laminate structure. (SubsTech, 2012).

Characterization of CFRP can be done based on its properties by either light weight or very
high modulus of elasticity-to-weight ratio or high strength-to-weight ratio or
good corrosion resistance or high fatigue strength or very low thermal expansion coefficient or

high electric conductivity or low impact resistance or high cost (Babu and Bhattacharya, 2020).
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2.2.3 Available forms
2.2.3.1 Fabric form

Basically two forms available;

* Sheet material form, either fibres on a removable backing sheet (unidirectional in general,
however available in bi-axial and tri-axial arrangements) or woven rovings.

* Fibres that are manufactured pre-impregnated with resin (“prepeg” material), which can be

cured after in place by heat or other means.

The right fabric for the job is determined by the application. The amount and type of fibre used
determine the qualities of the sheet materials. Another factor to consider is the way the fibres
are laid out; a parallel lay fabric has unidirectional qualities, but two-dimensional properties
possessed by woven fabric. Approximately 70% of the fibres in woven fabrics are located in
the “strong” direction, whereas 30% are in the transverse direction. The observation was given
in the research that the woven material's strength is greatly reduced by the kinking of the
strands. The material's thickness can be as thin as 0.1 mm (when the fibres are attached to a
detachable backing sheet) as observed and it comes in widths of dimension 500 mm or more
(Giuseppe Simonelli, 2005).

2.2.3.2 Plates

Pultrusion is commonly used to create unidirectional plates. Fibres are pulled off in a precisely
controlled manner as continuous rovings through a medium of resin bath that impregnates the
fibre bundle. The bundle then pushed through a form of die, which compacts the fibre-resin
mixture and shapes it into the desired shape. This die is heated which make the resin to set and
cure. It allows the completed composite sets to be drawn off using a reciprocating clamps or
by means of a tension device. This process enables about 65% of fibres to be integrated in the
cross section resulting, relatively high stiffness and strength attained in the longitudinal
direction. Since in most of the fibres, the transverse direction strength will be very much lower

compared to longitudinal.

Pultruded plates are supplied in widths in the range of 50 and 100 mm and thickness around 1-
2 mm. Since pultrusion is a continuous process, fibre material can be fabricated in very long
lengths. In the coil form with a diameter close to 1 m, thinner material is provided. These plates
can be easily cut into desired length at site using a common guillotine. In production of

components in automotive and aerospace industries, the prepeg process is widely used. The
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plates can be produced in up to 12 m length and thickness may be varied upon the intended
application. Further, it is produced in 1.25m width and up to 30 mm thickness as well. Plates
typically have a fibre volume fraction of 55%. To improve the handling strength, can

incorporate 10% fibres. (Giuseppe Simonelli, 2005).

2.2.3.3 Rods

Manufacturing of fibre rods is done through pultrusion process which is a similar to extrusion
of thermoplastic and Aluminium. In this process, carbon fibres pulled and epoxy resin mixed
through heated forming dies. Fibre rods of uniform cross section and continuous stretches of
rods can be formed by this process, which take on shape of the die. Saturation with epoxy resin
is done while they are pulled through the die followed by heating for the resin-hardening or

polymerization process.

The rods of low weight, rigid, low thermal expansion coefficient and straight are produced in
the extrusion process in which outer diameter tolerance is controlled very well. Since fibres
run along the rod length on the same axis, excellent linear strength is ascertained. In bending
applications and axial tension or compression uses carbon fibre rods performance is
satisfactorily well. Experimental and analytical comparison to study on the flexural behaviour
of concrete beams which were all reinforced by sandblasted carbon fibre based composite rods
was carried out in previous research. 3 nos. control beams with steel reinforcement and 12
beams were tested to find strength, failure modes and deformation. Comparison made in the
analysis generating theoretical strength and their moment curvature relationship. Pull out test
results revealed that sandblasted rods bonding isn’t a main concern in this. Though, limiting
factor in the design was identified as the excessive deformation in attaining the anticipated

moment capacity of the tested beams (Thiagarajan and Ganesh, 2003).

2.2.4 Types of Matrix resins

The main purposes of the matrix are to transfer stresses to fibres as mentioned above.
Additionally, it provides protection for fibres and shear & compressive strength of the
composite. Two types of matrix materials can be recognized, namely, thermosetting polymers
and thermoplastic polymers. Former is usually used in civil engineering applications.
Thermoplastic and thermoset polymers usually are liquid or semi-solid and once they are cured
it will result in a solid, comparatively strong rigid material. However, thermoplastic polymers

can be transformed back to original liquid form even after the curing process which makes
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them highly unsuitable for civil engineering applications whereas, thermoset materials retain
their strength and rigidity once curing is done which is highly suitable for FRP polymers in
civil engineering applications. There are three main types of thermoset polymers that are
currently in practice, which are epoxies, polyesters and vinyl ester resins. Furthermore, fillers
are usually used to engineer the properties of polymers and reduce the overall cost of the
materials (Grumezescu and Grumezescu, 2019; Karaca and Buyukozturk, 2002; Nanni et al.,
2014).

Epoxies - Epoxies are dominantly used in civil engineering applications for the reason of their
superior mechanical and physical properties and low shrinkage compared to alternatives. Even
though, there are disadvantages to epoxies: the cost of epoxies are higher, long curing time and
difficulty of application to concrete, it is preferred over other alternative materials due to the
aforementioned advantages. Furthermore, Good adhesion to fibres, superior performance
against environmental conditions and high compatibility with all four main types of fibres can
be recognized as other important properties of epoxies (Nanni et al., 2014).

Vinyl Esters - Vinyl esters typically show close superior mechanical properties of epoxies,
however, has a higher cost compared to epoxies. Vinyl esters encouraged to use in GFRP over
epoxies even though it has a higher cost, due to its highly impressive resistance for alkaline

environmental conditions and good wetting and adhesion with glass fibres (Nanni et al., 2014)..

Polyesters - Polyesters show the optimum cost to strength characteristics. Two types of
polyesters are commonly used: orthophthalic and isophthalic acidic polyesters. Iso polyesters
have superior mechanical properties and superior thermal and chemical resistance compared to
ortho polyesters, however, costlier. Even though there are advantages for polyesters as
mentioned before, it is usually discouraged to use in FRPs due to low strength and low
resistivity to environmental conditions compared to epoxies and vinyl esters (Nanni et al.,
2014).

2.3 Strengthening limits of FRP

The limits are imposed for strength of a FRP system for the purpose of prevention against

failure if subjected to damage to the FRP. Therefore, limitation is exerted on the member load
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carrying capacity in retrofitted structure. FRP reinforcement loss should not result in failure of

member ultimately under service load.

The design considerations of a FRP system intended to increase the strength of a member
should include a broad identification of load limitations, load paths, temperature effects and
environment, loading concerns and steel corrosion effects on integrity of FRP system (ACI
440.2R-17).

2.4 Effect of temperature

At high temperatures most FRP materials tend to degrade its characteristics. Externally bonded
FRP systems strength is presumed that be completely loss under fire condition. If the critical
temperature of the FRP is not exceeded the degradation effect can be minimised up to certain
extent otherwise. Provided that the member itself solely can withstand all service loads
effectively during a condition of fire. Therefore, coatings, resins, insulations or other means
are generally used to enhance the fire resistivity of the retrofitted RC member (Burke et al.,
2013).

Design of FRP installed members should be done according to all applicable building and as
well as fire codes. According to building classification type, flame, smoke generation ratings

should be satisfied.

2.5 Bonding effect with concrete substrate

For bond-critical applications, concrete substrate strength is an essential parameter. Repairing
of substrate is essential where deteriorated concrete surfaces present and sound surface of
concrete should be formed. The degree of corrosion, distress of concrete and damages should
be accounted prior to prior to the FRP application. Alkali-silica reactions, laminar cracking or
other types of concrete deterioration should be considered under the substrate repairing
(Alkhrdaji, 2015).

The design stress development strength by bond is require to be integral of concrete substrate.
In order to transfer forces to the FRP system, the substrate should possess adequate direct
tensile and shear strength. Design stresses development in the FRP in contact-critical

applications occur through concrete section deformation or dilation.
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FRP will not prevent ongoing corrosion of reinforcement. Without repair of corrosion effects,
placing FRP on concrete substrate is not recommended (ACI 440.2R-17).

2.6 Shear strengthening

Experimental studies suggest that the application of FRP external reinforcement increases the
shear resistance of RC beams. The application of FRP can be done in three ways: fully

wrapping, U-socketing and side bonding as shown in Figure 3.

Completely 3-sided 2 sides
wrapped "U-wrap”

Figure 3 : Different FRP application methods for the shear enhancement
(ACI Committee 440, 2017)

Shear strengthening of straight concrete beams experimented in laboratory with placement
perpendicular to the shear crack. Concrete compressive strength will decide on the shear
strengthening limitation to have more strengthened structure. Strain measurements in such
showed that with the reduced thickness of the fibre material, the effective utilisation of fabric
be manured. The theoretical and actual results have quite good agreement in research
experiment of two beams with strain gauges (Bjorn Taljsten, 2003). As per the observations
for design, approximately 0.55 of the maximum measured strain was recommended. In the
design only failure at anchorage was not present, hence suggested field application with

anchorage for CFRP strengthening.

In some studies, the experimental investigations carried out for externally bonded FRP to beam
soffit to analyse for shear strengthening. Changing of stirrup spacing in shear zone, varing
reinforcement beam series were casted. Beam series were grouped based on the flexural

reinforcement ratios and extent of layers of CFRP strengthening. Specimens were tested by
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four-point loading test in which a shear span to depth ratio is around 3. Shear failure of all
specimens observed and until failure the load vs. midspan deflection curves were plotted.
Predicted shear strength from design codes and models (i.e. ACI318-11 simplified; CSA-2004)
compared with the results of experimental data based on the cracked neutral axis depth
(Hawileh et al., 2015).

As per the findings of research, over the control beams, 10 to 70% increase of shear strength is
gained over the control specimens. Further, the increment of CFRP no of layers has
proportionally enhanced shear strength. Another observation is that the specimen with lesser
steel reinforcement has shown higher shear strengthening percentage than the higher
reinforced. However, as the number of CFRP layers increases, a decrease in the percentage of
escalation of shear strength was observed. Steeper diagonal shear cracks observed when the
amount of longitudinal reinforcement ratio increased. In addition, post cracking stiffness

increment also observed (Hawileh et al., 2015).

In previous research experiments, shear behaviour of CFRP retrofitted beams that are weak
under shear were tested in simply supported loading condition was studied. The varied
parameters were shear reinforcement, amount of CFRP, CFRP placement and shear span to
effective depth ratio. As per the results, significant shear capacity enhancement observed due
to CFRP addition and the parameters tested have varied its efficiency. Increase in the shear
strength of 40-138% was achieved in a previous study (Ahmed Khalifa and Antonio Nanni,
2002).

As per the test results (Ahmed Khalifa and Antonio Nanni, 2002), for beams without shear
reinforcement, contribution of CFRP benefits the shear capacity is at a greater degree than for

beams with adequate shear reinforcement.

The study summarized influenced of the span to effective depth ratio for contribution of
external CFRP reinforcement to the shear capacity. Increasing the amount of CFRP not result
in a proportional increment in the shear strength and recommendation was provided to use end

anchoring to prevent FRP debonding.

Suggestions and recommendations for future research were provided to identify the link of
shear contribution of FRP with steel reinforcement ratio and strength of concrete as parameters.
The strengthening effectiveness of FRP has to be addressed in the cases of short and very short

shear spans in which arch action governs failure, interaction between the contribution of
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external FRP and internal steel shear reinforcement, shear design algorithms to be expanded to
investigate use of the glass fibre or aramid fibre for the strengthening to compare (Ahmed
Khalifa and Antonio Nanni, 2002).

Studies were performed for straight RC beams wrapped with CFRP and differentiated by
provision of end anchorages. It shown that increment in stiffness, capacity and ductility can be
gained in all CFRP wrapped RC beams. Initial cracking load is also higher than of control
beams as observed in wrapped beams and fine crack distribution was seen throughout the span
(Asad ur Rehman Khan and Shamsoon Fareed, 2014).

CFRP wrapped specimens showed maximum 16.7% increase of ultimate load carrying
capacities (than control beams), whereas it increased up to a maximum of 20.8%. Strengthened
beams tested at smaller span to effective depth ratio were found to fail in shear, though adequate
shear reinforcement provided. Failure modes differed in strengthened beams with smaller span
to effective depth ratio which may be due to the effect of end anchorages. As expected flexure
failure observed in beams tested at higher span to effective ratio (Asad ur Rehman Khan and
Shamsoon Fareed, 2014).

In previous research effective increase in initial cracking loads, stiffness, improved crack
patterns and ductility observed in beams retrofitted using CFRP. The effect of distance from
support to fibre end is investigated with use of single layer of fibre to investigate on debonding
failure. With the use of two layer of fibres for strengthening, after a certain length of second
layer of fibre, beam performance becomes constant. Under this condition, performance of
CFRP installation is less cost effective (L.J. Li et al., 2006).

Non cracked retrofitted and pre cracked repaired RC beams U-jacket FRP continuous beams
were experimented to evaluate the size effect (Long Nguyen-Minh and Marian Rovnak, 2015).
It recognised for above two cases degree of strengthening was different. Increase in shear
capacities of retrofitted beams was inversely proportional to the beam sizes. In repaired beams,
due to pre-cracking, beam size effect was disregarded. Therefore, effect of beam sizes were

different for repaired and retrofitted beams.

The effect of beam sizes did not influence on maximum values of strain. Increase of jacket
strains in retrofitted beams observed to decrease over beam size increment. The distribution of
strain observed at a high gradient in the longitudinal direction. Non strengthened beams showed
higher rebar strain gradients than repaired beams. Repaired beams showed higher jacket strain

than retrofitted beams. Yielding of Shear and flexural reinforcement did not encounter in
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retrofitted beams. The frame-tie action act predominantly prior to shear failure of beams. (Long
Nguyen-Minh and Marian Rovnak, 2015).

2.7 Flexure strengthening

Experimental studies suggest that the application of FRP external reinforcement increases the
flexure resistance of RC beams. The application of FRP can be done in Near Surface Mounted

(NSM) or lamination methods as shown in Figure 4.

Ay A,

Figure 4 : Different FRP application methods for the flexure enhancement
(ACI Committee 440, 2017)

Behaviour of straight beams has been studied under several researches with provided CFRP,
targeted to flexural enhancement. For flexural strengthening of RC beams, total ten beams were
cast and tested over an effective span of 3000 mm up to failure under monotonic and cyclic
loads (R. Balamuralikrishnan and C. Antony Jeyasehar, 2009). Eight concrete beams designed
under reinforced were strengthened with CFRP fabric. Bonded CFRP laid at beam bottom in
single layer and two layers parallel to beam axis and tested. Two beams were tested as control
beams. Responses of beam was evaluated for stiffness, strength, energy absorption and failure

modes.

ANSYS software was used to predict the load vs deflection relationship and moment —
curvature theoretically. Results of experimental testing compared with the numerical software
analysis outputs and conclusions made are presented as follows (R. Balamuralikrishnan and C.
Antony Jeyasehar, 2009).

18



Externally bonded CFRP can influence substantial increase flexural strength, where, it is in the
range 18-20 % in single FRP layer and 40-45 % in two FRP layers, cyclic loading of static and

compression.

Reduction of deflections was observed in each loading stage, where, it can conclude that
enhancement of stiffness of strengthened beams has occurred.

Strengthened beams shown 80% decrease of deflection at ultimate load than control beams.
CFRP strengthened all beams tested were failed by flexure n both single layer and two layers.
Premature brittle failure was not observed in any (R. Balamuralikrishnan and C. Antony
Jeyasehar, 2009).

The investigation also revealed that epoxy system can ensure proper bonding in CFRP in single

or two layer applications and considerable ductility enhancement in whole structure.

Experimental results exhibit flexural strength enhancement close to 20% and 45% in two beam
types relative to control beams. The theoretical analysis results are close to the experimental
results and minimum of 2 layers of CFRP required to have the acceptable results. (R.

Balamuralikrishnan and C. Antony Jeyasehar, 2009).

2.8 Behaviour of CFRP Strengthened straight beams

Failure modes due to debonding can be generally observed in various types. As demonstrated
in Fig.5, (a) CFRP central rupture, (b) cover separation in concrete, two types of interfacial
crack debonding shown in (c) and (d), (e) debonding that occur intermediately, (f) interlaminar
FRP shearing, (g) fibre slippage within matrix, (h) crushing of concrete and (i) failure by shear
(Hui LiLye et al., 2020).
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Figure 5: Debonding & other failure types of CFRP strengthened beams

Stresses that concentrate interracially and locally at the CFRP cut-off point, as well as flexural
and shear cracks in the structure, induce these failures. Efficient stress transfer from CFRP to
the concrete structure takes place in mode (a) failure, and then the strain capacity of CFRP is
fully utilized until the rupturing of structural member. Shear stress tend to propagate from one
end to other along the full stretch of the structure, causing modes (b) and (c). In particular, the
shear fracture formation close to CFRP in mode (b) is typically severe, and it is exacerbated by

stress that causes the concrete cover to pull away from the rebar. In mode (c) delamination of

CFRP occur from the concrete member (Hui LiLye et al., 2020).

Furthermore, mode (d) debonding CFRP detach and it propagate inwardly to middle of the

beam, which is called end debonding. In mode (e) interfacial debonding occur intermediately
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due to propagation of fracture and results in debonding. Likewise, in mode (f) interlaminar
shearing demonstrates that the concrete and CFRP bonding much stronger than bond of shear,
which usually happens when CFRP portion fails and leaving theremnant portion. Mode in (g)
is caused by a lack of bonding between the fibre and matrix interface, particularly at the fibre-
matrix interface. The dominant tensile reinforcement ratio will result in crushing of concrete
as seen in mode (h), which will prevent CFRP debonding. Finally, excessive flexural
strengthening will result in shear failure, mode (i) Indeed, premature debonding has hampered

both concrete and CFRP's maximal capacity (Hui LiLye et al., 2020).

In view of similar research study, the historical Horsetail Creek RC Bridge which was a bridge
with beams deficient in shear and moment capacity (Damian I. Kachlakev- Oregon State
University, 2000). Therefore bridge was required to be retrofitted to enhance load-carrying

capacity without damaging its aesthetic appearance.

FRP retrofitted beams were tested subsequently to validate the load capacity enhancement,
since FRP is an innovative technique where the increase in RC beam capacity gained
successfully. The study also included investigation of strain and deflection relationship over
loading in RC retrofitted beams of bridge. Similar beams to actual full-size bridge beams were

tested in the laboratory to accomplish the adequacy for actual traffic loads.

As per the conclusions, the strengthened beams of Horsetail Creek Bridge 50% more static load
shear capacity, 99% more static load moment capacity 30% stiffer than the non-strengthened
beams. The strengthened Horsetail Creek Bridge crossbeams are the unstrengthened beams.
Diagonal failure by tension occured in beams retrofitted with FRP only for flexure. To resist
diagonal cracking CFRP wrapped in sides sufficiently. Beam strain is reduced as seen in the
experiment due to reduction of deformation which should not be solely relied in the design

(Damian 1. Kachlakev- Oregon State University, 2000).

Flexure failure in midspan occurred in bridge beams only retrofitted for shear by GFRP.
Tension reinforcement yielding occur prior to concrete crushing. The absence of stirrups is
mitigated by shear retrofitting and failure is generally caused by yielding steel. Ultimate
deflections of strengthened beam are two times of the control beam which failed by tension
cracking. 23 percent increase in initial cracking load was observed as a result of stiffness
enhancement by flexural CFRP which also cause reduction in strains and stresses at a cross

section under subjected load (Damian I. Kachlakev- Oregon State University, 2000).
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2.9 Behaviour of pre-cracked straight beams strengthened with CFRP

Research study on pre-cracked continuous straight beams were carried out to evaluate CFRP
retrofitting effects (Noorwirdawati Ali et al., 2012). CFRP strips wrapped straight RC beam
specimens prepared, changing wrapping schemes and orientation of CFRP strips and a control
beam. while the other four beams were pre-cracked prior to wrap with CFRP strips. The

conclusions made on ultimate load, failure modes and crack patterns are as follows.

The failure modes of 4 sides wrapped beams was shear and CFRP rupture. In 3 sides wrapped
beams additionally CFRP debonding from member surface observed.

Compared to the beam specimens with CFRP orientation of 0°/90°, lesser cracks observed in
the beams specimens with CFRP strips oriented 45°/135° direction. Therefore, in beam crack
propagation control, CFRP placement orientation 45°/135° is very effective as per the

experimental results. (Noorwirdawati Ali et al., 2012).

Compared to control beam specimens, shear carrying capacity observed greater in retrofitted
beam specimens. Higher deflection could be preventing by placing CFRP sheet throughout the
bottom of the beam. Although deflection was lower than the permissible value, overall

deflection can be reduced by placement of CFRP along entire beam bottom.

Compared to the beam specimens with CFRP orientation of 0°/90° direction, higher stiffness
observed in the beams specimens with CFRP strips oriented 45°/135°. In resisting shear, CFRP
elongation supports considerably by restraining against crack widening and excess strain at the

concrete surface (Noorwirdawati Ali et al., 2012).

Further as per experimental study to investigate the behaviour of structurally damaged full-
scale reinforced concrete beams retrofitted with CFRP laminates in shear or in flexure
(Yasmeen Taleb Obaidat et al., 2011) with varied reinforcement, CFRP length and CFRP
placement. As per the conclusion made, the retrofitting showed efficient enhancement of
flexure and shear than control beams and its dependable on length of CFRP. The failure mode
observed was mainly plate debonding and stiffness and strength restoration of beams was also

satisfactory.

2.10 Debonding failure
In applications of strengthened RC beams by means of externally bonded FRP, the types of

debonding failures mostly encountered are the Plate end debonding or interfacial debonding.
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(S. T. Smith and J. G. Teng, 2002). In the experiment, beam specimens strengthened with FRP
plates in one series and the other series with steel plates. All beams classified in following three
categories as models for shear capacity, concrete tooth and interfacial stress. The relationship
between each of these models were analysed on a theoretical basis. Experimental database
accumulated through previous literature of RC beams which failed by plate end debonding and
used to assess the performance of specimens.

Prior to reach ultimate load failure of concrete beams debonding was observed, the greatest
strength range of CFRP was unable to witness. It concludes that failure by debonding has
significant influence over initial cracking load, rather than on ultimate load, stiffness and
ductility. The effect on crack patterns is trivial due to debonding as per the findings (L.J. Li et
al., 2006).

2.11 Curved beam applications

Curved beams are used in curved floors in buildings, balconies, curved ramps and halls,
circular reservoirs and similar structures. Due to the attractive appearance, curved buildings
are particularly popular among architects and Engineers. Curved structural elements, such as
curved beams or curved walls, make up this structure. Curved beams are beams that are curved
before a bending moment or a load is applied. Vertically curved beams and horizontally curved
beams are the two most common types of curved beams. Curved beams with changing
curvature, slanted from the horizontal plane and a combination of vertical and horizontal
curvatures are examples of these types of beams. Unit strains in curved beams are not
proportional to the distance from the neutral surface and the centroidal axis does not coincide

with the neutral axis dissimilar to the condition in straight beams.
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Figure 6: Vertically and horizontally curved RC applications

2.11.1 Vertically curved in-plane loaded beams

Vertically curved beams, such as curved members in arches and bents, are described as beams
that are curved in space and loaded in-plane (Figure 7). Curved girder members in circular
constructions and domes, curved beams in curved parts of bridges, and curved elevated

highway ramps are examples of horizontally curved beams.

Due to their shape, the loads nearly entirely transfer axially, causing nominal stresses on cross-
sections and minor bending moments, vertically curved beams have substantially superior
structural integrity than straight beams. Hence, the ultimate capacity of vertically curved beams
depends on the ultimate compressive strength of the concrete rather than the ultimate tensile
capacity of concrete and since the compressive capacity of concrete is much greater compared
to the tensile capacity, vertically curved beams have much higher structural integrity compared

to horizontally curved and straight beams (ProQuest 2017).

Figure 7: Vertically curved in-plane loaded beam
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2.11.2 Horizontally curved, out-of-plane loaded beams

When an out-of-plane load is applied (Figure 8) to a horizontally curved beam, torsional
stresses, as well as flexural and shear stresses, are created. A straight beam, on the other hand,
will only have flexural and shear stresses. However, in a straight beam, there will be only
flexural and shear stresses. This additional torsional stress in curved beams will cause to reduce
the beams’ shear capacity by adding a component from torsional stresses to shear stresses
subsequently causing the beam to fail in shear at a lower load. Hence, horizontally curved
beams are more critical and vulnerable to shear failure compared to straight and vertically

curved beams.

I ix

Figure 8: Horizontally curved, out-of-plane loaded beam

Through experimental studies, RC curved beams were tested find the influence of axial force
and the shear span depth ratio towards fracture properties (T. Tamura & H. Murata, 2010).

Based on the test results, the following conclusions were made.

With the change of shear span to depth ratio, strength change rate of curved beams closes to
straight beam. The rate of change of the ultimate strength of the curved beam is close to that of
the straight beam. In curved beams with smaller curvature, the ultimate strength becomes large
when axial compression was applied. However, in this experimental study, for the case if large
curvature beams, the ultimate strength became small when axial compression was applied. (T.
Tamura & H. Murata, 2010).

2.12 Inplane loaded curved beams retrofitting

In view of research on this scope, an experimental program was conducted to understand the

behaviour of flexurally-reinforced RC beams with concavely-curved soffits strengthened with
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CFRP (K. Al-Ghrery et al., 2019). Five RC beams were constructed and tested up to failure. 3
nos. beams were curved soffit RC beams; one was un-strengthened and two identical beams
were strengthened with CFRP fabric. The other two were beams of flat soffit, one beam was
unstrengthened and one was strengthened using CFRP fabric. All beams were 2700 mm long,
140 wide and 260 mm deep at mid-span. The depth of the curved-soffit beams near the support
ends was 340 mm. The curved soffit beams were constructed with a degree of curvature of 20
mm per metre with a chord length of 2000 mm. The experimental program results are used to

compare the FE modelling analysis results.

The results show that curvature of 20 mm per metre can cause efficiency reduction of FRP
strengthening by 17.8%, and beams experience premature CFRP de-bonding generated due to
the high concentration of stresses generated by the induced curvature. Interfacial cracks are the
foremost failure mode. The peak load, crack patterns and load-displacement curves of the
experimental tests were simulated accurately using a nonlinear FE prediction model (K. Al-
Ghrery et al., 2019).

2.13 Strength deficiency in curved concrete beams

The literature presented regarding curved beam behaviour (Khaleel et al., 2021) comprising
investigation done by means of plastic analysis to identify cumulative effect of RC beams
subjected to bending, direct shear and torsion done by Badawy et al. in 1977. Set of straight
beams and another set of 2.21m radius curved beams casted. All curved beams were provided
with nominal reinforcement though transverse rebar and support conditions varied. The same
reinforcement provided to the straight beam set with varied flexure, shear and torsion
combinations to account for the two yield criteria. Validation of yielding criteria was done by
checking with straight beams. As per the conclusions made, approach by plastic analysis is
usable for curved beams in which redistribution of internal member forces occur in 2 ways;

namely cracking and plastic hinge formation.

Further in view of literature presented regarding curved beam behaviour (Khaleel et al., 2021),
Hsu et al. has conducted experiments in 1978 to study post cracking redistribution of flexural
and torsional forces to improve its design. Set of 7 nos. 2.74m radius curved beams casted and
tested by concentrated point load and fixed support ends. Using conventional design method

elastic theory for uncracked concrete structures, two beam specimens were analysed. With the
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use of elastic theory for uncracked concrete structures, another two beam specimens were
analysed ACI Building Code (1971) limiting part of the maximum torsional moment. Using
cracked section calculation in elastic method another two beams analysed. The remaining beam
was designed as a nominally reinforced controlled beam. Results exhibited that flexural and
torsional moment redistribution is large after cracking, traditionally designed beams based on
uncracked section (ACI 317-71) exhibited early yielding near supports. Suggestion made in
the research to consider cracked section in beam design.

Abul Mansur and Rangan has performed a study for RC curved beams with various design
methods. One method is the previously identified collapse load (suggested by Badawy et
al.,1977), another is the classical elastic method for uncracked sections and the third which was
proposed by authors-limit design. The purpose was to identify strength, failure, reinforcement
area effect. As per the results, internal force redistribution occurs in two stages; after cracking
and after formation of plastic hinge. In terms of steel usage, Badawy et al.’s method has

minimum effect.

2.14 Effect of length of FRP

The effects of CFRP length has been experimented (Ding Jun et al., 2014) with analysing
cracking, failure patterns by conducting experimental program for strengthened beams using
initial notch. Varying lengths of CFRP, experiments for load bearing capacity were done,
where, the crack opening displacements in initial notch also measured. As per the conclusion
reached, the influence of CFRP length obvious over carrying capacity and type of failure.
Further, finite element method was used to calculate stress at the crack tip, end of CFRP and
concrete-CFRP interface. The fine element results also validated the experimental results and
theoretical deviances. Finite element and experimental analysis has drawn following

conclusions.

Load-bearing capacity for strengthened concrete beams enhances over increase in CFRP length
however when CFRP length reached 0.15m in the specimen, increment has halted. Failure
noted over length increment at notch tip, notch root and at the end of CFRP. Maximum
principal strength in concrete increases till approaching the span of the beam while overstressed
region showed the same. Failure mode observed as inclined crack close to CFRP end in one

case and smeared crack at root of notching in another case (Ding Jun et al., 2014).
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2.15 Durability

Performing durability tests is vital to determine the FRP potential to survive in harsh
environments. In research studies upon exposures of wet/dry the change in ultimate load
carrying capacity and other structural properties like ductility in FRP tow sheets in tension face
was analysed. Even under wet/dry environmental and room temperature conditions, load
capacity improvement was clearly seen in both. However lesser improvement was observed
under wet/dry environmental conditions. Strength improvement reduction may be attributed to
the degradation of the epoxy, which led to the weakening of the bond between the concrete
specimens and the FRP sheets (Houssam A. et al., 1997).

Highest load capacity was observed in beams that used epoxy type Il, under either
environmental condition. Further, it has shown maximum deflection at failure under room
temperature exposure and the lowest deflection under wet/dry exposure which concludes that
the epoxy selection is imperative in FRP strengthening applications like marine environments
(Houssam A. et al., 1997).

2.16 summary

The literature survey recapitulates the use of Carbon fibres due to its very high elastic modulus,
strength to weight ratio and comparatively high tensile strength than steel. The diverse forms

fabric, plate and rods make its applicability broad.

The literature survey comprehends the consideration that shall be given for load limitations,
rational load paths, temperature effects and environmental conditions on FRP systems, loading
considerations and also effects of corrosion, when a FRP systems is designed used to increase
the member’s strength. Literature references highlighted the resistance of FRP system to all

applicable service loads during a fire.

In recap of strengthening experiments, FRP external reinforcement increases the shear and
flexure resistance of RC beams in general where shear enhancement in straight beams 10-70%
over the control specimens and flexure strengthened beams exhibit an increase in flexural
strength of 18-20% percent mostly. Failure modes encounter FRP rupture, debonding in
referred literature and it elaborates that influence of debonding failure is higher on initial

cracking loads than on stiffness, ductility and the ultimate loads of concrete beams.
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In CFRP retrofitting applications outlined in the literature showed that in the crack propagation
controlling, placement orientation of CFRP to 45°135° was effective in the straight beams.
CFRP length can increase the ultimate load of the strengthened beam as per findings of

research.

The applications of curved beam elements discussed both in-plane and out-of-plane direction
of loadings. The in-plane loaded curved beam under varied combinations of torsion, bending
and shear were researched in limited numbers. Further, the factor of durability seemed to

depend on epoxy selection as well in these FRP applications.

2.17 Further research need

Several research gaps were discovered as a result of the literature review. Despite the fact that
numerous studies have been focused on the effect of flexural, shear, torsion, and their
combinations acting on FRP strengthened straight RC beams, few of the studies have focussed
on the behavior of CFRP strengthened out-of-plane curved RC beams. As a result, it was
determined to concentrate on both effects of flexure and shear in curved beams with varying

FRP application methods.
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CHAPTER 3: EXPERIMENTAL PROGRAM

3.1 Overview

The purpose of this experiment is to investigate the out of plane bending performance of total
of six horizontally curved beams with the same dimensions and different strengthening
methods. Therefore, two series of curved beams 200mm x 200mm section and curved length of
1.95m were prepared; one series strengthened for flexure (Test series 1) and the other series

strengthened for shear (Test series 2).

The flexure strengthened beams were reinforced by 4 nos. T12 bars with R6 shear links at
125mm spacing. Control beam is casted in this series.

The shear strengthened beams prepared with increased bottom reinforcement (2T16) than of
flexure strengthened beams and R6 shear links at 125mm spacing. Control beam is casted in
this series. The increased flexure r/f will guarantee the beam to fail in shear, which can then be
investigated for strength enhancement using CFRP.

Figure 9 illustrates the arrangement of beams test series 1 for flexure strengthening and its

control beam in a schematic diagram.
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Figure 9: Schematic diagram of specimen of Test series 1

Figure 10 illustrates the arrangement of beam test series 2 for shear strengthening and its

control beam in a schematic diagram.
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Figure 10: Schematic diagram of specimen of Test series 2

30



The Test series 1 beam bottom flexure strengthened with 3 nos. 900mm long CFRP plates by
NSM method. In order to inspect the effect of clamping of CFRP plates at their ends, CFRP ‘U

wraps’ specimen arranged as per Figure 11.

(a) ‘
Plan View (bottom) ,___200mm ;
2712
E ——— R6-125
(=]
5]
2m curvature 2712
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regian NSM CFRP F F F
Plate Strips
(b) Plan View (bottom) 200mm
2T12
E —— R6-125
8
3]
2712
] il il
F P P L

CFRP laminations
for anchoring/clamping

NSM plate strips P -NSMCFRP

plates

L - CFRF fablic
lamination

Figure 11: Schematic diagram of specimens of Test series 1- CFRP applications - (a) 3 nos
CFRP plates & (b) 3 nos CFRP plates with clamping U-wraps CFRP fabrics

The Test series 2 beams shear strengthened in 2 sides of beam section in the shear zones with
uni-directional CFRP fabric. Orientation of the CFRP fabrics selected as 45° /135°. In order to
investigate the effect of CFRP enhancement at tentative crack path, the CFRP fabric applied

additionally to one specimen as per Figure 12.
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Figure 12: Schematic diagram of specimens of Test series 2- CFRP applications ;
(a) CFRP fabric 45/135 at beam sides & (b) CFRP fabric 45/135 at

beam sides with extra at inner shear zone

3.2 Material properties

The concrete mix design was done for 30 N/mm? compressive strength in 28 days with a
standard deviation of 8 N/mm? and a 5 % defective rate according to the BRE method (BRE
1992). Concrete test cube specimen of size, 150mmx150 mm x150 mm was cast to study the
compressive strength of concrete which contains two from each batch of concrete (BS 5328).
Cubes were cured and tested after 28 days and the average compressive strength was 30 N/mm?.

In all the specimens a clear concrete cover of 25 mm was maintained.

Main steel reinforcement bars are ribbed deformed steel with a tensile strength of 500 N/mm?

whereas, all stirrups are smooth-surfaced mild steel bars with a tensile strength of 250 N/mm?.

The manufacturer provided properties of uni-directional carbon fibre Plate strips and fabric are
presented in Table 2 and Table 3, respectively. Further, the properties of epoxy-resin adhesive
for plates and lamination epoxy-resin for fabric are presented in Table 4 and Table 5,

respectively.
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Table 2: Properties of carbon fibre Plate strips (X-CALIBUR)

Tensile strength (MPa) >3000
Modulus of elasticity (GPa) >165
Nett effective thickness (mm) 1.2
Carbon fibre content >68%

Table 3: Properties of carbon fibre fabric (X-CALIBUR)

Tensile strength (MPa) 4000
Modulus of elasticity (GPa) 240
Nett effective thickness (mm) 0.166
Elongation at break 2%
Carbon content 95%
Surface mass (g/m?) 300

Table 4: Properties of the epoxy-resin adhesive (for plates) (X-CALIBUR)

Compressive strength (MPa) 90

Tensile strength (MPa) 23

Flexural strength (MPa) 50
Compressive modulus (GPa) 7

Tensile modulus (GPa) 10

Thermal expansion 33x10°/°C
Single lap shear strength (MPa) >18

Water absorption 0.40 %

Tg (DMTA) >65 °C
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Table 5: Properties of the lamination epoxy-resin (for fabric) (X-CALIBUR)

Tensile strength (MPa) 45
Flexural strength (MPa) 60
Compressive modulus (GPa) 1.67
Viscosity at 20 °C (cps) 7000
Pot Life at 35 °C 40 mins
Glass Transition Temperature (°C) 65

3.3 Specimen Preparation

Fabricated Steel formworks were used to obtain the required radius of specimens (Figure 13).
Formwork connected using nuts and bolts and uniform width of 200 mm was maintained
throughout the beam using stiffener bars welded along the side boards and clamps at mid span.
25 mm thick cover blocks were used in order to maintain the design cover throughout the beam.
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Figure 13: Steel formwork and reinforcement cage preparation
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The concrete was mixed using a mechanical mixer and subsequently, specimens were cast and
labelled. The formworks were removed after 24 hours of casting and curing was carried out by
covering the beams using wetted gunny bags (Figure 14). For each mix of concrete, two test

cubes were cast and cured. A total of six beam specimens were cast.

Figure 14: Beams cast and cured using gunny bags

3.3.1 Flexure Strengthening of specimens using CFRP plates

The required curved parallel profile of CFRP was marked on the tension face. Diamond cutter
was used to open the concrete cover of tension face to make grooves size width of 10 mm, 15
mm deep and length 900 mm [Figure 15(a)]. The weak concrete surface in the end anchoring
bonding areas of one beam was ground off using an angle grinder including corners (ACI
Committee 440, 2017). After the surface preparation and cleaning the grooves using blower,

1.2mm thick CFRP plates were cut into 15mm width and length of 850 mm using cutter.

For installation, two-part epoxy adhesive was mixed as specified, initially the grooves were
filled with the adhesive. An adhesive layer was also applied on the faces of the plates and
inserted into the grooves. The plates were held in vertical position until hardened while the

excess adhesive was removed [Figure 15(b)].

For the installation of anchorage, fabrics were cut to required U socketing length. The two-part
epoxy adhesive was mixed as specified and the first coating was applied over the pasted area
of the specimen. Subsequently, the CFRP fabric strips were carefully placed into the proper
location and pasted. Finally, the second adhesive coating was applied over carbon fibre strips

until adhesive saturate the fabric. The specimens were left to be cured over 7 days.
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Figure 15: (a) Cutting grooves; (b) CFRP plate installation

3.3.2 Shear Strengthening of specimens using CFRP fabrics

The concrete surface in the bonding area of CFRP was ground off using an angle grinder.
Surface is cleaned out of dust using blower. As specified, the two-part epoxy adhesive was
mixed, and the first coating was applied over the ground area of the specimen. Afterward, the
CFRP fabric strips were cut and carefully placed in tension direction at the proper location and
spacing. Finally, the second coating was applied over carbon fibre strips until adhesive saturate
the fabric and left the CFRP to be cured over 7 days. The beam with extra lamination is

prepared in the same method (Figure 15).

Figure 16: Surface preparation and CFRP fabric installation
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The summary of prepared beam specimen are listed as follows in Table 6.

Table 6: Details of beam specimens

Section Radius of Lenath
Beam ID Type dimensions Curvature (n?) Remarks
(mm x mm) (m)
1-1-CO Control 200 x 200 2 1.8 4T12
2T12-T
1-2-CO Control 200 x 200 2 1.8 9T16-B
2-1-FS NSM CFRP 200 x 200 2 1.8 4T12
2.2-ps  NSMCFRPwith 0, 500 2 18 4T12
end anchorage
CFRP laminated 2T12-T
2-1-SS at sides 200 x 200 2 1.8 5T16-B
CFRP laminated 2T12-T
2-2-55 extra at sides 200 x 200 2 1.8 2T16-B

3.4 The test setup and instrumentation

The specimens were fixed at supports by clamping the beam to Steel L-Plates resisting twist
action (Figure 17). It simulates typical fixed beam to column connection in RC structures.
Although a uniform load along the beams should be applied to emulate typical loading
conditions of an RC beam, due to the difficulties in applying, managing, and monitoring such
a load, the four-point bending method was adopted in accordance with ASTM Standard (D
6415/D 6415M, 2006).

Figure 17: 4 sides clamped at supports
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The beam is lifted and placed on supports and clamp it down to strongly grip all four sides of
the support section of the specimen to achieve a fixed boundary condition. Two rollers are
placed at middle one-third of the effective curved clear span. An I-beam was placed over the
two rollers followed by hydraulic jack. Then the loading cell placed over in near touch level to

avoid premature loading on the specimen.

Digital dial gauges were placed to measure vertical deformation at the mid-span of the beam
either side, prior to load application. A data logger was used to record parameter readings from

applied gauges of test setup. The Test setup and instrumentation is shown in Figure 18.

Figure 18: Test setup and instrumentation

The loading on beam was applied gradually and at a constant rate until the ultimate failure
occurs. Readings of deflections recorded at each load step. The load at the initial crack, crack
propagation and failure modes were recorded. Although this four-point bending setup is more
favorable for a shear failure whereas, a three-point bending setup would be more favorable for
a flexural failure at the mid-span. The cracks are marked in the order of appearance and

observations are noted on failure of fibre or rupture if any.

38



3.5 Experimental Results

The experimental results of tested flexure strengthened and shear strengthened beams presented
indicating ultimate load, first crack load, maximum average deflection and modes of failure
(Table 7).

Table 7: Summary results of tested beam specimens

. . . Avg.
Beam ID Ii:)r;é (EL?\(I:)k F'rit c;ack Fa'll(i(rﬁl)load Deflection at | Failure mode
yp failure (mm)

Combined shear
1-1-CO 40.41 Flexure 73.14 18.25 and torsional
1-2-CO 45.92 Flexure 75.81 1600 | Combined shear

and torsional
2-1-FS 65.13 Flexure 81.99 20.83 Shear
2-2-FS 69.30 Shear 79.32 14.05 Shear
2-1-SS 56.61 Flexure 91.01 17.52 Torsional
Shear &
2-2-SS 62.45 Shear 98.53 16.37 intermediate
debonding

Further load vs. deflection behaviour and crack propagation were monitored during the testing

process of the specimens.
Beam 1-1-CO

The control beam was loaded till failure. Flexural cracks appeared initially at the mid-span
bottom at load of 40.41 kN. Shear cracks occurred later and development of further cracks
occurred simultaneously at the tension zone, during the occurrence of the shear crack. Figure
19 shows that the flexural cracks widened and slightly propagated towards the compression

zone with the increment of loading.

The first shear crack (diagonally) was observed closer to the support area. Thereon the crack
widened and diagonally propagated to the 1/3 load point in beam with load increment. Same
as the initial diagonal crack, all other shear cracks were also observed to propagate in the same
direction. During this widening of shear cracks with the load increase, the beam fails due to
shear at a load of 73.1 kN. Figure 20 shows Beam 1-1-CO fails in shear. A torsional component

also could have contributed to the shear cracks, which arises due to the curvature of the beam.
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Figure 20: Shear + Torsional failure of Beam 1-1-CO

5 10 15 20
Vertical Deflection at mid span (mm)

Figure 21: Load vs. Deflection- Beam 1-1-CO
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The load vs. deflection response in Figure 23 shows just after 18 kN sudden increase in
deflection in the elastic region, but it was not the initial cracking. This may due to sudden
jolting at clamped supports due to rotation. After initial cracking at 40.4 kN with appearance
of further cracks, the curve shows gradual declination in stiffness until failure. The rotation
simultaneously occurs in this region where the failure was shear and torsional, but the graph
shows average deflection at mid of beam width at mid span.

Beam 1-2-CO

The control beam which contains higher bottom reinforcement was loaded till failure. Flexural
cracks appeared initially at the mid-span bottom at load of 45.92 kN. Shear cracks occurred
later and new cracks developed at the tension zone while appearing the shear crack. Figure 22
shows the flexural cracks widened and slightly propagated towards the compression zone with

the increment of loading.

The first shear crack (diagonally) was observed closer to the support area. Thereon the crack
widened and diagonally propagated to the 1/3 load point in beam with load increment. Same
as the initial diagonal crack, all other shear cracks were also observed to propagate in the same
direction. During this widening of shear cracks with the load increase, the beam fails due to
shear at a load of 75.81 kN. Figure 23 shows Beam 1-2-CO failure by shear. A torsional
component also could have contributed to the shear cracks, which arises due to the curvature

of the beam.

Figure 22: Cracks in a Beam 1-2-CO
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Figure 23: Shear + Torsional failure of Beam 1-2-CO
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Figure 24: Load vs. Deflection- Beam 1-2-CO

Same as in Beam 1-1-CO, as seen from the load deflection response in Figure 24, after 15 kN
abrupt increased deflection that may due to sudden jolting at supports. Thereon the graph shows
same initial gradient and minor deviation near 45 kN, signed first cracking. Then rotation
simultaneously occurs in this region with new cracks. The failure was shear and torsional, but
the graph shows average deflection at mid of beam width at mid span. Lesser deflection of
16mm at failure observed in this beam provided with 2T16 at bottom, compared to beam 1-1-
Co.

Beam 2-1-FS

When the NSM CFRP beam is loaded gradually the crack initiation occured at the mid span
zone at 65.13 kN load. However this was a single hairline crack which has not propagated
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upwards. Subsequently new diagonal cracks started to occur close to extreme edge of CFRP
plates. All shear cracks observed to propagate and as the load incremented, the shear crack
started at plate ends reached the top and the beam ultimately failed by shear at a load of 81.99
kN as shown in Figures 25 & 26.

There was not any debonding occurred in NSM plate strips. However, marked crack no.3
initiated near the plate ends and failure by shear took place in advance.

Figure 25: Cracks in a Beam 2-1-FS

As per the observations; beam has failed in shear and no major flexure cracks appeared, it can

be noted that the beam has strengthened satisfactorily for flexure.

Figure 26: Shear failure of Beam 2-1-FS
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Figure 27: Load vs. Deflection- Beam 2-1-FS

Figure 27 shows a higher stiffness at start of loading than in control beams. After 65 kN with
appearance of shear cracks it dominates and the curve shows rapid declination in stiffness until
failure by shear. Further, it has deflected significantly without yielding steel reinforcement upto
failure at a load of 82 kN.

Beam 2-2-FS

Beam 2-2-FS strengthened with NSM and anchorage CFRP was loaded, the crack initiation
occured at the shear zone. Subsequently new diagonal cracks started to occur close to supports.
Initial shear cracks were also observed to propagate along edges of the anchorage fabric strip.
As the load increases, when this crack reached the top and the strip gets debonded causing the
beam to fail at a load of 79.32 kN (Figure 28).

Figure 28: Cracks in a Beam 2-2-FS
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The marked crack no.1 near anchorage zone of the beam, initiated and propagated more
outwardly than in beam 2-1-FS. Anchorage fabic debonded as shown in Figure 29 when the

crack travel along its upper edges. However, any plate strip end debonding not observed.

Figure 29: Shear failure of Beam 2-2-FS & debonding of CFRP fabrics

As per the observations that beam has failed in shear and no flexure cracks appeared, the beam
has strengthened satisfactorily for flexure.
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Figure 30: Load vs. Deflection- Beam 2-2-FS
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The load vs. deflection response in Figure 30 indicates stable increment in linear region upto
69 kN of initial cracking point. Much lesser deflection of 14.05mm at failure observed in this
CFRP anchored beam, compared to beam 2-1-FS.

Beam 2-1-SS

When the 45%/135° oriented CFRP fabric applied beam is loaded, initially minor flexural cracks
at the mid-span appeared. Diagonal crack appeared beyond CFRP zone close to the support,
which propagated inwards towards top surface as the load increases. Ultimately failed in
torsion at 91.01 kN load indicating a crack at top towards 1/3 point of loading as shown in
Figures 31 & 32. Although the beam has failed by torsion, it has been strengthened
satisfactorily for shear.

Figure 31: Cracks in a Beam 2-1-SS

Figure 32: Torsional failure of Beam 2-1-SS
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There was not any debonding occurred in CFRP fabric. The cracks have not propagated across

fabric at any side.
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Figure 33: Load vs. Deflection- Beam 2-1-SS

In Figure 33, the curve gradient does only show slight decrement after the initial cracking until
failure by torsion. This can be explained by the rotation simultaneously occurs, where the graph
shows merely average deflection at mid of beam width at mid span. The deflection of this beam

at failure is close to its control beam.

Beam 2-2-SS

When the extra CFRP fabric applied beam is loaded, initially shear crack appeared beyond
CFRP zone close to the support. With the load increment, crack propagated through CFRP
fabric strips. However, it has not crossed extra CFRP area, but passed above them (Figures 35).
Then the outermost fabric got debonded ultimately causing the beam to fail in shear at 98.53

kN load as shown in Figures 34 & 36.

As per the observations, the beam would have been strengthened more satisfactorily for shear
than control beam, if CFRP has been placed much closer to supports. Further, the enhancement

increased by the extra CFRP application.
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Figure 36: Shear crack induced debonding of CFRP in Beam 2-2-SS
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Debonding failure occurred in CFRP fabric top zone and it is observed that crack has
deviated avoiding FRP area enhanced portion.
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Figure 37: Load vs. Deflection- Beam 2-2-SS

As showed from the load deflection response in Figure 37, after applied load of 17 kN, there is
an abrupt increased deflection and regaining same gradient, that may due to sudden jolting at
supports. After initial cracking at 62.4 kN, the curve shows gradual declination in stiffness until
failure. Since an intermediate debonding happened, the difference in deflection at failure with

beam 2-1-SS is minimal.

3.6 Discussion of results

3.6.1 Flexural enhancement

Compared to the control beams, NSM CFRP installed beams show, lesser cracks density. Beam
2-2-FS had no flexure cracks. In addition, initial crack pattern of the control beams was
basically consisted of flexural cracks and NSM CFRP beam 2-1-FS showed 61% increment of
initial cracking load. Although the flexure failure modes did not witness due to the nature of
high curvature beams tested, it can be noted that the flexural strength has been significantly

enhanced.

Further, crack pattern of the Beam 2-2-FS indicated that cracking in the direction of CFRP
plate corners is restrained with the use of end anchoring CFRP. However, it has not contributed

for any difference to degree of shear capacity enhancement as per failure load results. However
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ultimate load carrying capacity of RC beams 2-1-FS and 2-2-FS were increased by 12.1% and
8.4% respectively.

3.6.1.1 Comparison of deflections

The Load vs. Deflection relationship of tested specimens for flexure strengthening are shown

in Figure 38.
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Figure 38: Load vs. deflection- Beams retrofitted for flexure

A 23% reduction of deflection observed in CFRP plate end clamped beam. The beam having
only CFRP plates has not shown such reduction. This may be due to premature bond failure
during cracking. The slope of the graphs for CFRP strengthened beams are greater than that of
control beams, which indicate an increase in the stiffness due to the application of CFRP. The

elastic zone of flexure strengthened beams in Figure 38 are more stable than in control beam.

3.6.2 Shear enhancement

Compared to the control beams, CFRP strengthened 2-1-SS and 2-2-SS beams shows ultimate
load carrying capacity increment of 20 % and 30% respectively. Therefore, CFRP retrofitting

in beam’s inner upper section of shear span has contributed additional 10% increment of its
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carrying capacity. Beam 2-1-SS and 2-2-SS show 23.2% and 36% increment of initial cracking
load respectively. Flexure cracks are almost none after retrofitting. These beams were expected
to be failed under shear (higher bottom reinforcement) and in all 3 beams exhibited major shear

zone cracks and failed by shear or torsion.

3.6.2.1 Comparison of deflections

The Load vs. Deflection relationship of tested specimens for flexure strengthening are shown

in Figure 39.
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Figure 39: Load vs. deflection- Beams retrofitted for shear

Deflection of beams at failure is almost similar for all 3 beams which indicate CFRP fabric
application has minor effect over bending. It can be observed that the slopes of the graphs for
CFRP strengthened beams are greater than that of control beams, which indicates an increase

in the stiffness due to the application of CFRP fabrics.

In beams 2-1-SS and 2-2-SS if the side laminations fixed nearer to supports, the only cracks
appeared could have not propagated up and failure load may increase further. However, as seen
from Figure 39, FRP area addition in the inner shear zone contributed more carrying capacity

at a lesser deflection.
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CHAPTER 4: THEORETICAL ANALYSIS

4.1 Preliminary theoretical calculation for experimental program

Preliminary calculation done for the purpose of prediction of flexural and shear capacities of
the curved beams test specimens is presented. The responses expressions for shear and flexure
of the horizontally curved beam element subjected to out-of-plane, four-point bending loading
are included.

The testing of curved beam specimens carried out using four-point bending loading in order to
approximate actual loading in a building, where uniformly distributed loading is practically
encountered by the beam through slab. Three-point bending loading method does not represent
this distributed loading and bending moment and shear force profiles also differ. Further,
applying udl in laboratory is practically difficult for a curved beam. Therefore, the four-point
bending method is adopted as the suitable method of loading to make viable recommendations

by the research.
4.2 General response expressions of a horizontally curved beam under out-of-plane loads

The general response expressions for concentrated and distributed, forces and moments loading

shown in Figure 40 have computed by Pilkey, (2005).

o, W

Figure 40: Loading functions and responses of horizontally curved,

out of plane loaded beams (Pilkey, 2005)
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Following six general response expressions can be used to find the internal forces per single
loading. The initial boundary conditions of each degree of freedom is used for the first 3
expressions. In four-point bending, each point load at one third locations applied and principal

of superposition used to find the final results.

1
Angle of twist: @ = @ocosa+ Opsina — VoA R* + EMzollRasina

+T (R hs — ) )+ F '
Deflection: v= —¢oR(cosa—1)+ vy + 0,,Rsina

R3 R3
+ Vyo <G_]A4 - ﬁlz)

R’a R? 5 2
+ MZO ESIDQ— G—]ﬂ.3 — Toﬂ.lR Az + Fv

| | R Ra
Slope: 0, = —¢psina + 0,5cosa + V, G—]/13 ~ 2EL sina
R R 1 _ 3
+ M, (E_IZAS — G—]/lz) — EToxllRa sina + Fg,
Shear force: V, =Vt E, 4
Bending moment: M, = —V,oRsina + Myycosa — Tosina + Fy, 5
Torque: T = Vy(cosa—1)+ Myysina + Tocosa + Fr 6

Notation used for the expressions of all loading functions are as follows.

E - Modulus of elasticity
- Shear modulus of elasticity

R - Radius of arc
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J - Torsional constant
- Moment of inertia about the z-axis

N 1 4 1

! ) G] ' EI,

A2 - E(sina— acosa)

A3 - E(Z—Zcosa— asin a)
1

A4 - §(2a+ acosa — 3sina)

As - E(acosa+ sin )

Loading functions Fy, F,, Fg, Fyy,, Fi, and Fr in above six equations are defined for an applied

concentrated load as below, with the notation in Figure 41.

y ca— q SO {0 a< a
aTn 1 a=>o

< > { 0 a< aq

aT 4 (a—a;)) a=a

Figure 41: Notation for concentrated vertical load on a horizontally
curved beam (Pilkey, 2005)

W, A, R?
Fy= y21 [sin<a— a; >—<a— a; >cos(a — a;)] 7

W, R3
F,=--2
2

1
{G—][2<a—a1> +<a-— a

> cos(a— a;) —3sin< a— a; >| 8

1
— ﬁ[sin<a— a, >—<a— a; > cos(a — al)]}
zZ
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W,R? (1
Fy, = y2 {E_IZ [<a— a; >sin(a— a;)]

- —R<a—a;>°-2<a- a; >° cos(a— a;) — 9

GJ

<a-— a; >sin(a — al)]}

Fpy = —W, 10
Fy, = WyRsin<a — a; > 11
Fr=WyR(<a— a; > cos(a— a;) —<a— a; >°) 12

4.3 Determination of flexural and shear capacities of the beams

Flexural and shear capacities of the beam series 1 and 2 were predicted theoretically based on
the Euro standard (BS EN 1992-1-1, 2004).

4.3.1 Flexural capacities of RC beams without CFRP external reinforcement

The ultimate moment of resistance of a rectangular section is given by Equation 13 in Euro
standard (BS EN 1992-1-1, 2004).

M, = 0.25092f,,bd? 13

In consideration of the material properties, experimental setup and quality of casting, the safety
factors of following relevant equations in Euro standard (BS EN 1992-1-1, 2004) are removed.
The modified Equations are shown below. The relationship between the applied moment and

the tensile reinforcement is given by Equation 14.

M = Ayfyz 14

where,

_d|,, [, _2353M 5
772 foxbd?
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Substituting this z to Equation 14 and subsequently simplifying, Equation 16 for the ultimate

moment of resistance can be derived.

A fi
bfck

M, = Agfyd — 0.58825 16

Then, the ultimate flexural capacity is taken as the minimum of M1 and M.

4.3.2 Moment resistance of an uncracked beam section at crack initiation

Moment resistance of the uncracked section can be derived from the linear triangular stress

block of tension and compression zone shown in Figure 42 (Mosley, 2007).

b ’j E<(| { f((
D ~ R
T— ‘ T Fl‘l
x| -
| L. neutral t 2x/3
d axis T
h F | 2(h-x)/3
ot
_L A Fu -
( -~ 1r® @
X
| Ew
-
Section Strains Stress
Figure 42: Triangular stress block for uncracked section
Moment resistance given by the section is given by Equation 17.
M=Fo(d—2)+ Fu[2x + 2 (h - )] 17
Where,
h+2a Ag—
X =———bh 18
2+2acﬁ
Es
a. E_c
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A, - area of the tensile reinforcement
From the linear proportions of strain diagram stresses can be derived as follows.
feo = E €.t 19
where, fecan be considered as 3 N/mm?

d_
fst=%(lcfct 20

4.3.3 Shear capacities of RC beams without CFRP installation
4.3.3.1 Shear capacity with shear links

With shear links, failure can be in the way of compression of an imagined diagonal concrete

strut or it can be the tensile failure of the member.

For tensile failure, the shear force is given by Equation 21 (BS EN 1992-1-1, 2004).

Vras = %ny cotd 21

Where,
A is the area of the tensile reinforcement
s is the spacing of stirrups
z=d-—d'
fy is the tensile strength of stirrups

Cot 6 can vary between 1 and 2.5 depending on the magnitude of the shear force. Hence,

for the maximum resistance of shear links, it can be taken as 2.5.

For compressive failure, the shear force is given by,

Vedmax = QewbwzV1fe/(cotf + tan ) 29
Where,

Aoy =1

vy =06[1 - L]
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4.3.4 Flexural capacity enhancement from NSM FRP plates

The guidance provided for externally bonded FRP systems by standard guide published by
technical committees (ACI Committee 440, 2017), which were developed for planning, design
and inspecting work in construction. As per the distribution at equilibrium of the section and
notation given in Figure 43 flexural strength enhancement by FRP is given by Equation 23

below.
M, =af,(d,-PC
nf T s fe f 2 23
|"_ b _"I _51: ) __qu;
8 EEN = T s
Al . = =
dy 9
A x FiorF, Feor I
i % - forly, —w Jeor [y
N A LM#, i —
;‘If &z Ehi
Strain Force Equilibrium Eorce Eguilibrium
Disiribution (Nonlinear Concrete (Equlvale’nt Concrete Stress
Stress Distribution) Distribution)

Figure 43: Internal stress and strain with NSM FRP at ULS flexure
(ACI Committee 440, 2017)

By Hook’s law,
ff(’ = Efs_fi* 24
fi=Eg&<f, 25

Where to find effective strain level of FRP,

d,—c
Sfe = c _Ebf‘ SKHISJ{"P' 26

Using cracked section analysis,

58



My (d, —kd)
b“‘ [C!'Ef‘ 27

Stain in steel reinforcement can be calculated as,

d-c
g, =(&,+ abf)(ﬁ] 28

/

To calculate depth to neutral axis c, at equilibrium,

ALY AT,

' 29
(X'l.f:: Blb
Where,
4¢’ —¢
— c c 30
b, 6¢e, —2¢,
o - 3g'e, — ¢’ a1
L 3Ber
171!
¢ = A 32
E.
c
d, -

4.3.5 Shear capacity enhancement from FRP side laminations

The guidance provided for externally bonded FRP systems by standard guide published by
technical committees (ACI Committee 440, 2017), prescribes expression for shear strength
enhancement by laminating FRP given by Equation 24, as per variables and dimensions notated

in Figure 44.

_ Apyfre(sina + cosa)d,

7 34

Sf
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Wf}l S£ I
Figure 44: Dimensions and variables for calculation for FRP laminates shear
strengthening (ACI Committee 440, 2017)

For a rectangular cross section,

Where,

tr - FRP sheet thickness

By Hook’s law

f}e = Efgfe 36
For completely wrapped members

gre = 0.004 < 0.75¢7, 37
Where,

&ry I the rupture strain of the FRP and Ef is Young’s modulus of FRP.

For U-wraps and side bonding,

Efe = Ky&py, < 0.004 38
K, is the bond-reduction coefficient which is a function of the strength of concrete, wrapping

scheme and the active bond length and is determined using Equations 29, 30,31 and 32.

L akale 39
" T 11900¢s, ©

I\ 2/3
== 40
(3
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(dpy— Le

| , for U — wraps

dry
kzzgdfv—ZLe 41
| Ty~ for side bonding
dry
23300
L,=——== 42
© (ntpEp)”*

4.3.6 Transverse FRP U-wrap anchorage at ends of NSM FRP plates

The anchorage bonding applications considered in guide (ACI Committee 440, 2017) including

for seismic loads. The FRP wrap reinforcement area is given by Equation 33.

A _ (Af/‘}‘e)longitudinal 43
hor =
fanchor (Efkvgfu)anchor

Where,

Ay is the longitudinal FRP area
fre calculated by Equation 26 above

K,, is the bond-reduction coefficient

&ry IS the rupture strain and Ej is Young’s modulus of FRP.

In addition, length of wrap anchorage FRP should satisfy Equation 34.

ld,E 2 lo + ldf 44

For adequate anchorage of FRP, effective design stain &, should satisfy,
&rq < min(0.9¢5y, Cpepy ) 45
4.4. Comparison of experimental results with theoretical predictions

The experimental results were compared with theoretical results obtained from Eurocode 2 and

ACI 440.2R-17 and presented in Table 8 and 9 for series 1 and 2 respectively.
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Table 8: Series 1- Experimental vs

. theoretical results comparison

Actual Theoretical prediction
Difference
Specimen %
P D 1-1-CO 2-1-FS 2-2-FS 1-1-CO 2-1-FS 2-2-FS
Moment
Capacity - - - 16.93 22.17 23.82
(kNm)
Shear
Capacity - - - 30.16 30.16 30.16
(kN)
First cracking
load 40.41 65.13 69.30 35.10 * * 1-1-CO: -15.1
(kN)
. 1-1-C0: 9.9
Failure Load | 7314 81.99 79.32 81.20 93.64 96.50 2-1-FS: 124
(kN) 2-2-FS:17.8
Failure Mode sttgfsiroir;? Shear Shear Shear Shear Shear
CFRP
Flexural 2-1-FS: 28.8
enhancement N/A 8.85 10.81 N/A 12.44 15.30 2-2FS 293
(kN)
* Accurate calculation is difficult due to cut grooves in beam bottom
Table 9: Series 2- Experimental vs. theoretical results comparison
Actual Theoretical prediction
Difference
Specimen &
P ID 1-2-CO 2-1-SS 2-2-SS 1-2-CO 2-1-SS 2-2-SS
Moment
Capacity - - - 27.61 27.61 27.61
(KkNm)
Shear
Capacity - - - 29.21 52.75 57.71
(kN)
First cracking
load 45.92 56.61 62.45 37.90 * * 1-2-CO: -21.1
(kN)
: 1-2-CO: 3.6
Failure -oad | 75,81 91.01 98.53 78.7 125.27 130.88 2-1-55: 273
(kN) 2-2-SS: 24.7
shear and Shear &
Failure Mode torsional Torsional intermediate Shear Shear Shear
debonding
CFRP Shear )
enhancement N/A 15.2 22.72 N/A 23.54 28.50 e
(kN) -

* Prediction require complex calculation due to curved profile of FRP
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As per the comparison in Table 8, the load carrying capacities has a reduced by 9.9%, 12.4%
and 17.8% of their predicted values, which may due to torsional stress additionally induced.
Due to the curvature and torsional effects, the predicted capacity enhancement is 28.8% and
29.3% less than predicted values by ACI 440.2R-17. Further, the actual initial cracking load of
control beam is 15.1% higher than the predicted value, since the visibility of crack by naked
eye can be delayed practically than the exact point of crack initiation.

In series 2 beams, the load carrying capacities has a reduced by 3.6%, 27.3% and 24.7% of
their predicted values, which may due to torsional stress additionally induced as per the
comparison in Table 9. Due to the curvature, intermediate debonding occurred and torsional
effects, the predicted capacity enhancement is 35.4% and 20.3% less than predicted values.
Further, the actual initial cracking load of control beam is 21.1% higher than the predicted
value, which can be due to delay to identify the point of initiation of micro crack.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

From the observations on the behavior of the strengthened curved beams during testing loading
history, ultimate failure load, modes of failure and crack pattern, some key points can be
deduced and summarised regarding effectiveness of CFRP strengthening.

1. Tested Curved beam of 2m radius of curvature NSM CFRP beam 2-1-FS showed 61%
increment of initial cracking load and beam 2-2-FS had no flexure cracks. With NSM
method flexural strength has enhanced. End anchored CFRP fabric provide additional

flexure strength and reduce deflection by 23%.

2. Ultimate load carrying capacity of NSM CFRP retrofitted beams 2-1-FS and 2-2-FS were
increased by 12.1% and 8.4% respectively. NSM CFRP retrofitting has influence over
ultimate load carrying capacity even at failure by shear.

3. Compared to the control beams, NSM CFRP retrofitted beams showed, lesser cracks
density and reduced crack widths. Propagation of the crack which was in the direction of
NSM CFRP plate corners is restrained with the use of end anchored CFRP. However, its

effect over shear capacity enhancement is insignificant.

4. The experimental flexural enhancements are 28.8% and 29.3% less than the theoretically
predicted values by ACI 440.2R-17 guide, respectively for NSM CFRP only and end
anchored beams, which may have occurred due to the contribution of additionally induced

torsional stresses.

5. Ultimate load carrying capacity of 45°/135° oriented CFRP fabric installed curved beams
2-1-SS and 2-2-SS were increased by 20 % and 30% respectively. The influence of CFRP
retrofitting is 10% higher when the area of CFRP application is increased in inner shear

span.

6. Shear strengthened beams showed higher stiffness than control beams. Nevertheless,
failure mode is commonly shear or torsion or shear induced rupture in CFRP or

combination of any of them.
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7. The experimental shear enhancements are 35.4% and 20.3% less than the theoretically
predicted values by ACI 440.2R-17 guide, respectively for side laminated and extra side
laminated beams. The intermediate debonding and induced additional torsional stresses

may have caused this capacity reduction.

5.2 Recommendations

1. Curved beams of different depths can be used to evaluate on the CFRP retrofitting
enhancement of flexure and shear carrying capacity.

2. Intermediately cracked beams (before failure) can be retrofitted after CFRP installation to
analyse the enhancement of carrying capacity. It will resemble a real time retrofitting

scenario.

3. Research areas are open for use of natural fibres like bamboo or modified natural fibre to
be mounted in structural elements in future research to assess degree of usability as a cost

effective and sustainable retrofitting technique.
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