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ABSTRACT

Fibre reinforced polymer (FRP), as externally bonded reinforcement, is a very
beneficial technique to repair and strengthen reinforced concrete (RC) members.
This technique is used in a number of applications to increase the shear capacity
of structural beams. This feature is achieved by applying e.g. basalt fibre
reinforced polymer (BFRP) that is glued to the RC concrete member with an
adhesive. The most common adhesive used for strengthening is epoxy. There are
some limitations with the use of epoxy adhesives, including poor fire resistance.
Therefore, other adhesive was used to strengthen concrete beams in flexure.
Cement-based bonding material would be beneficial to produce strengthening
system that is fire resistant, also it significantly lower the cost of retrofitting on
existing structures.

An experimental investigation was conducted on shear behaviour of RC beams
that are strengthened using BFRP external reinforcement with epoxy resin as
bonding agent. This experimental test program is set up to test the shear capacity
of beam specimens. For the analytical verifications, ACI 440 guideline and TR55
guideline was used to verify the influence of externally bonded FRP
reinforcement. The experimental investigation was conducted in two phases and
consisted of 14 full-scale ordinary RC concrete beams, 5 of them were used as
reference beams and the remaining 9 were strengthened with BFRP sheets. Phase
three is an experimental investigation conducted on 8 full-scale ordinary RC
concrete beams strengthened in flexure with a cement-based bonding material.

The shear testing conducted has shown that by shear strengthening RC beam with
external FRP reinforcement using epoxy adhesive, the load carrying capacity can
be increased. The experimental results did compare well to the calculations based
on standards, but overall the use of BFRP resulted in increased shear capacity.

The flexural testing conducted showed that excellent bonding properties can be
achieved by using several types of cement-based bonding material. The mixtures
generally included Portland cement with silica fume (SF) to increase strength and
super plasticizer (SP) to reduce the water content and to achieve the workability.
Three different mixtures were used, including silica fume (SF), super plasticizer
(SP), synthetic micro fibres and acryl.
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Two design models available in current design guidelines were used to compute
the BFRP effective strain and the shear contribution to the shear load carrying
capacity of the BFRP shear strengthened beams. The experimental results were
compared to analytical results for both shear and flexural strengthening.

Keywords: Reinforced concrete beam, FRP strengthening, BFRP strengthening,
shear, flexure, cement-based bonding.
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AGRIP

Steinsteypt mannvirki krefjast reglulegs vidhalds til ad tryggja ad aaetladur
endingartimi mannvirkisins standist. Pad lofar gédu ad nota trefjastyrkt
vidlodunarefni (FRP) til vidgerdar eda styrkingar 4 steinsteyptum mannvirkjum.
bessi aoferd hefur verid notud vida til ad auka burdargetu steinsteyptra
mannvirkja. Hagt er ad na fram aukinni burdargetu i steinsteyptum mannvirkjum
med pvi ad nota FRP med basalttrefjum (BFRP). Trefjaefnid er pvi utan &
liggjandi styrking fyrir mannvirkio. Algengasta vidlodunarefnid er epoxy lim en
pad hefur takmarkanir til a0 mynda lagt brunapol. Pvi var annad vidlodunarefni
einnig skodad til styrkingar 4 steinsteypu. Mur getur verid goédur kostur til
trefjastyrkingar til ad fa aukid brunapol og einnig til ad lagmarka kostnad til
vidgerdar eda styrkingar 4 steinsteyptum mannvirkjum.

Rannsokn var gerd til ad kanna sker-hegdun & jarnbentum steinsteyptum bitum
sem voru styrktir med BFRP par sem epoxy vidlodunarefni er notad. Uppsetning
rannsoknar var gerd pannig ad skerpol bitanna var 4detlad. Rannsoknin fyrir sker-
hegdunina var framkvaemd i tveimur hlutum, i heildina voru fjortan steinsteyptir
bitar, fimm af peim voru oOstyrktir og hinir niu voru styrktir med BFRP.
Honnunarstadlarnir  ACI 440 og TRS5 eru kynntir og styrktaraukning
utreikninganna eru bornar saman vid nidurstodur rannsoknar.

Pridji hluti rannsdknarinnar var gerdur til ad kanna vaegipol & steinsteyptum bitum
sem voru styrktir med BFRP par sem mur var notadur sem vidlodunarefni. S&
hluti innhélt atta steinsteypta bita, tveir voru Ostyrktir og hinir sex voru styrktir
med mismunandi tegundum af mur.

Nidurstodur skerpolsrannsoknarinnar syndi ad med pvi ad styrkja steinsteypta bita
med BFRP ma auka skerpol steypunnar gagnvart skeralagi. Nidurstoour
rannsoknanna bar heim og saman vid utreikningar Ur honnunarstodlum en audséd
er a0 med notkun BFRP nast fram aukid skerpol.

Nidurstodur vegipolsrannsoknarinnar syndu ad med pvi ad mur-styrkja
steinsteypta bita med BFRP ma auka vegipol steypunnar gagnvart pveraraun.
Med nastum 6llum murtegundunum sem gerdar voru matti sja aukid vagipol.
Allar murblondurnar innihéldu Portland sement, kysilryk til ad auka styrk mursins
og flotefni sem var notad i peim tilgangi til a0 minnka vatnsmagnid og néa fram
godum vinnanleika. Mismunur pessara priggja murblandna var aukid magn
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kysilryks, minna magn af flotefni, tilbinar or trefjar og akryl. Nidurstodur
honnunarstadlanna syndu vidunandi ndkvaemni 4 auknu vagipoli.

Lykiloro: Jarnbent steinsteypa, trefjastyrking, basalttrefjar, mur.
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NOTATION AND SYMPOLS

Abbreviations

FRP = Fibre reinforced polymers

AFRP = Aramid fibre reinforced polymers
BFRP = Basalt fibre reinforced polymers
CFRP = Carbon fibre reinforced polymers
GFRP = Qlass fibre reinforced polymers
RC = Reinforced concrete

CBM = Cement-based material

Roman upper case symbols

A, = Area of concrete (mm®)

Ar = Area of FRP (mm?)

E. = Modulus of elasticity of concrete (GPa)

Ef = Modulus of elasticity of FRP (GPa)

G = Bulk modulus (GPa)

Kn = Bond-dependent coefficient

L = Distance between supports (mm)

Ly = Length of the FRP longitudinal reinforcement (mm)
M = Flexure load capacity (kNm)

M, =  Flexural load capacity of beam at ultimate (kNm)
V. = Shear strength of concrete (kN)

Ve = Shear contribution of FRP (kN)

0 = Diameter of reinforcement bar (mm)

Roman lower case symbols

= Shear span (mm)

= Width of beam (mm)

= Height of beam (mm)

cover =  Concrete cover (mm)

= Effective depth (mm)

= Compressive strength of concrete (MPa)
Yield strength of steel (MPa)

fr = Tensile strength of FRP (MPa)
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i, = Stress level in the steel reinforcement (MPa)

fr. = Effective tensile stress in FRP (MPa)

ki = Modification factor

k, = Modification factor for U-wrapped systems
k, = Strain-reduction factor

te = Thickness of FRP (mm)

n = Number of layers

s = Width of FRP (mm)

X = Depth of neutral axis (mm)

= Neutral axis (mm)

Greek symbols

g = Tensile strain (%)

e = Effective strain in FRP (%)

Efe = Strain in concrete (%)

€es = Existing strain in the concrete (%)
v = Poissons ratio

pr = FRP reinforcement ratio (%)

p = Steel reinforcement ratio (%)

B = Fibre alignment (°)

Bi = Equivalent rectangular stress block
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1 INTRODUCTION

1.1 Background

Fibre reinforced polymer (FRP) is a composite material made of fibres that have
high strength and adhesive that binds the fibres together to fabricate the structural
material. Commonly used fibre types are aramid, carbon and glass, basalt fibres
are relatively new in the civil engineering industry. The adhesive that is
commonly used is epoxy. FRP was originally developed for aircraft, ships and
high-speed trains, because of the beneficial advantages like low weight and
resistance to environmental factors this was considered to be beneficial
application for these producers [1].

In the 1980s, the use of FRP to strengthen civil engineering structures started [1,
2]. Even though it has been used for a short time large number of projects have
been carried out. It was discovered that the FRP strengthening technique is
suitable for structural repair and retrofitting of existing structures. Several
concrete structures are facing durability problems, such as environmental factors,
increased load and corrosion [3]. Therefore, FRP system that is non-metallic
material is considered to be a beneficial technique, due to e.g. FRP has more
durability. The most practical solutions for repairing and retrofitting structures to
resist higher design loads and other durability problems can be accomplished by
using FRP. FRP composites is one of the latest development in the civil
engineering industry, there are many others traditional techniques available like
externally bonded steel plates, steel or concrete jackets and external post
tensioning [4].

Concrete beams are important elements in structural engineering. Like all other
concrete elements they are vulnerable for situations where there is an increase in
structural capacity. Generally reinforced concrete (RC) beams fail in two ways:
flexural failure and diagonal tension (shear) failure. In nature the shear failure is
more sudden and brittle [5]. It gives no warning prior to failure except for large
cracks and it is more dangerous than flexural failure. The main purpose of this
experimental work is to investigate and understand the behaviour of the relatively
new basalt fibres reinforced polymer (BFRP) by external strengthening RC beams
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for flexure and shear. The main advantages of FRP materials are their lightweight,
high strength and stiffness, resistance to corrosion and flexibility. The main
disadvantages are their low fire resistance and low glass transition temperature.

Shear strengthening of RC beams using FRP with the bonding agent epoxy has
been studied intensively for more than a decade, both theoretically and
experimentally. In the experimental work engineers have been focusing on the
commonly used fibres, aramid (AFRP), carbon (CFRP) and glass (GFRP). Basalt
(BFRP) is a relative new FRP composite compared to the commonly used fibres.
The basalt fibres are manufactured from a basalt rock in a single process, there are
no additives in basalt finer manufacturing. The studies so far are far from
sufficient but some studies demonstrate the advantages as well as the high
performance of BFRP in structural strengthening. Among the commonly used
fibres BFRP is more similar to GFRP than CFRP, according to Table 3 [1,6].

Shear in concrete has always been a challenge for researchers to understand. The
shear behaviour and shear strength of reinforced concrete elements has been
studied for more than 100 years. The problem is that it is difficult to predict
accurately the shear failure e.g. in simple concrete beams, more properly called
“diagonal tension failure”. This is a problem that has generated a lot of debates for
researchers and engineers for many years. The past years, models and methods
have been suggested to describe and to predict shear failure and shear strength.
[7.8].

Numerous experimental studies on shear strengthening of RC beams with FRP
composites have been carried out by Chaallal, Triantafillou, Khalifa, Chen and
Teng and Denton [9—11]. All of these studies show results that led to several
design equations and analytical models that are adopted by design codes. These
results predict the shear contribution of FRP composites.

Flexure in beams strengthened with basalt FRP reinforcement with cement-based
material as bonding agent has been recently proposed to reduce or overcome the
epoxies disadvantages that were mentioned here above. Cementitious matrix
exhibits significant heat resistance and it can be applied at a low temperature and
on surfaces that are wet. This kind of a composite material is usually identified in
the technical literature as textile-reinforced mortar (TRM) or fibre-reinforced
cement (FRC).
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Numerous experimental studies where strengthening of RC beams with FRP
composites as well as cement-based material as a bonding agent have been carried
out for instance by Triantafillou and Papanicolau, Angelo and Francesco, Siavash
as well as Riadh and Hashemi and Al-Mahaidi [12—-15]. All of these studies
showed results that led to an increase in load carrying capacity and thereby, using
cement based material, is an efficient way to increase the load carrying capacity
and creating a more fire resistance because the epoxies cannot withstand
temperatures above 50°C and by using cement-based bonding material is one way
of creating environmentally friendly strengthening system.

In this thesis two different analytical models will be presented for shear
strengthening. Both of them will estimate the maximum allowable capacity in the
external BFRP reinforcement in the experimental beams. These design guides are
the American Concrete Institute (ACI 440) which is based on research by Khalifa
et al 1998 and the Concrete Society in the UK (TR55) which is based on research
proposed by Denton et al. 2004 [2,16].

1.2 Statement of this investigation

The service life of a concrete structure is often shorter than planned. This is
mainly due to the environmental actions that may occur. Because of the high
strength of the material and good protection from environmental agents, the use of
advanced BFRP as structural reinforcement is a promising alternative, especially
as externally bonded reinforcement for concrete structures.

Strengthening of concrete structures using BFRP external reinforcement is an
interesting topic, because studies of flexural strengthening with cement-based
material as a bonding agent are relatively new and therefore it is interesting to
investigate the suitability of using cement based material as bonding agent. Also
studies of shear strengthening of RC beams by the use of composite materials is
relatively new in the marked and has not been clearly demonstrated. In this case, a
full-scale test will be performed to demonstrate the actual behaviour of the
retrofitted structure. It can lead to a better understanding of the performance of the
system as a whole.
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1.3 Research objectives and aim of the study

The overall aim of this research is to investigate and gather knowledge on RC
beam elements shear strengthened with externally bonded BFRP reinforcement
and to investigate the suitability of using cement-based material as bonding agent
in strengthening of existing RC beam.

The main objectives of this research are:

e To study the basis of BFRP strengthening.

e To study the structural behaviour of RC beam elements using externally
bonded BFRP reinforcement.

e To evaluate and analyze the shear capacity of RC beams strengthened with
externally bonded BFRP reinforcement.

e To compare standard design calculations to the experimental results.

e To investigate the suitability of cement-based material as a bonding agent.

e To research the structural behaviour of RC beam element flexure
strengthened with BFRP reinforcement with cement-based material as a
bonding agent.

1.4 Research approach

To achieve the goals that are mentioned here above an organized step by step
procedure has to be used. This thesis will represent both a literature review and
review of the experimental work that was done.

It is important to understand the main objectives of the research. This work was
done through literature survey that was conducted online in databases that
Reykjavik University recommended, such as Google scholar, Pro Quest, Science
Direct and Web of Science. Also the library at Reykjavik University and the
library of University of Iceland came in handy. Literature for research similar to
BFRP shear strengthening as well as strengthening with cement-based bonding
material was not easy to find. That is understandable as this material is relatively
new in the civil engineering industry. Therefore the outline of the thesis will be
more generally about FRP.
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Experimental work was finalized based on the extensive literature review. In this
part it is important that the existing analytical models are accurate so they can
predict the shear and flexural capacity of a strengthened beams.
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2 STATE OF THE ART

2.1 Introduction

This chapter provides an introduction to fibre reinforced polymer (FRP) materials
as external reinforcement to strengthen existing structures. The use of FRP as a
structural reinforcement in the civil engineering industry, FRP as reinforcement
for strengthening and repairing and the advantages and disadvantages of this
technique will be discussed briefly. The material characteristics of FRP
reinforcement, epoxy resin and cement-based material (CBM) as composite
material will be covered. Finally, the material mechanical properties and the shear
mechanism will be discussed as well as structural issues that engineers should be
aware of.

2.2 FRP composites as structural reinforcement

2.2.1 General information on FRP composites

FRP has been available in many forms so it can be used as a structural
reinforcement for concrete elements. Sheets, bars and mesh are some of these
forms that are used like shown in Figure 2-2. In existing structures that need
strengthening or have to be repaired, FRP sheets are usually used. Composite
materials like sheets have different shape, surface texture, and configurations. The
fibres can be placed in multiple directions as shown in Figure 2-1. Epoxy resin or
cement-based bonding material can be used with different types of fibres: AFRP
(Aramid Fibre Reinforced Polymers), CFRP (Carbon Fibre Reinforced Polymer),
GFRP (Glass Fibre Reinforced Polymer) or BFRP (Basalt Fibre Reinforced
Polymer). Therefore, FRP reinforcement forms a group of products where the
characteristics are not the same and many reinforcement types can be used in
different situations [1,17].
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Figure 2-1. Fibre directions in composite materials like sheet.

Figure 2-2. Various forms of FRP materials. From left: sheets, mesh and bars
[17,18].

Typical stress-strain behaviour for FRPs along with reinforcing steel is shown in
Figure 2-3. The FRP does not experience any yielding during tension, it has a
linear elastic behaviour from the origin (starting point) up to failure where the
ultimate stress is reach. Steel normally has higher modulus of elasticity than FRP
element, but FRPs are characterized by high tensile strength in the range of 2400
to 5400 MPa [1,16,17,20,21]. More details on the characteristics of FRP materials
are given in Chapter 2.4.

Figure 2-3. Stress-strain behaviour of FRP compared to steel [22].
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2.3 FRP as structural reinforcement for structural
engineering

2.3.1 Strengthening with FRP sheets

The layup technique, where FRP sheets are placed on e.g. concrete element and
fixed externally usually with epoxy resin, is gaining wide acceptance in structural
engineering because of its advantages. FRP materials are non-metallic and are
more likely to be resistant to aggressive chemicals, therefore they are good option
for reinforcement of concrete structures. By means of structural strengthening the
bearing capacity can be increased. If the service life of a structure is shorter than
anticipated, investments related to maintaining the structure can be justified. The
maintenance can be categorized into two types, repair (retrofit) and strengthening
(upgrading) of a certain structure [23]. Strengthening with FRP sheets has shown
to be a beneficial alternative to structural elements that have had a change in
function. It has been shown from past studies that FRP sheets can be used to
enhance the capacity of both flexural and shear as shown in Figure 2-4. Due to the
flexible nature of FRP sheets they are found to be a good retrofitting alternative
for concrete structures in earthquake areas. By means of repairing (retrofitting),
durability is the most urgent need in the repair of concrete structures. Concrete
structure can deteriorate due to environmental actions like steel corrosion, freeze-
thaw, alkali-silica reaction, fire etc. [1,17,24].

Figure 2-4. Shear and flexure strengthened beam [25].
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2.3.2 Advantages and disadvantages of FRP materials

The advantages and disadvantages of FRP materials can be seen in Table 1 and
Table 2. The tables as presented are a collection of relevant points from sources
[1,17].

Table 1. The advantages of FRP materials.

Advantages

+ High ultimate strength (2-3 times greater than steel)

» Lower density than steel

+ Strength to weight ratio is higher than for steel

» Handling and installation is significantly easier than for steel
+ Requires little maintenance

» Excellent durability

+ Excellent corrosion resistance

* Good flexibility

Table 2. The disadvantages of FRP materials.

Disadvantages

* High cost

* Long-term durability is not yet avalible

* Risk of fire or accidential damage (unless the FRPs are protected)
* Low modulus of elasticity

* The transverse strength is low
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2.4 Material characteristics

2.4.1 Basalt fibres

Basalt fibre is a unique product made from volcanic material deposit, basalt rock.
The basalt fibres go through a melting process where the basalt rocks are divided
into small particles so it can form fibres. The production of basalt fibres is a single
process. The fibres do not contain any other additives in the production, which
makes advantages in cost compared with other commonly used fibres.

Basalt has excellent strength, durability and thermal properties. Sim, Park and
Moon from Hanyang University in South Korea have studied the durability and
mechanical properties of basalt fibres, carbon and high strength S-glass fibres
[26]. The basalt fibres used were manufactured in Russia and had the tensile
strength of 1000 MPa, which is about 30% of the strength of carbon fibres and
60% of high strength S-glass fibres. Alkali-resistance was examined and the
results where measured after 7, 14, 21 and 28 days after having been lying in 1 M
alkali solution. The results showed that the basalt and high strength S-glass lost
their tensile strength but the carbon fibre did not show significant strength
reduction. Accelerated weathering test was also examined where the basalt fibre
was found to have better resistance than the high strength S-glass fibre. The
tensile strength of the fibres was examined after they had been placed in high-
temperature oven at 100, 200, 400 and 600°C for 2 hours, the basalt fibres kept
about 90% of their strength which shows good thermal stability. Carbon and high
strength S-glass fibres started to lose their strength at 200°C.

In Table 3 the mechanical properties of different types of fibres can be seen
[1,12]. It can easily be seen that the basalt fibres have high tensile strength as well
as high ultimate tensile strain that makes strengthening a good option, e.g.
enhancing seismic performance. More about seismic behaviour in section 2.5.2.

Table 3. Fibre mechanical properties.

Tensile Modulus of Ultimate

Fiber strength elasticity tensile strain Unit weight
(MPa) (GPa) (%) (g/cm’®)

Carbon HS 4300-4900 230-240 1.9-2.1 1.8
Carbon HM 2740-5490 294-329 0.7-1.9 1.78-1.81
Carbon UHM  2600-4020 540-640 0.4-0.8 1.91-2.12
Aramid 3200-3600 124-130 2.4 1.44
Glass 2400-3500 70-85 3.5-4.7 2.6
Basalt 2500 84 3.15 2.6

10
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2.4.2 Adhesives

By means of an adhesive, two materials are needed, e.g. FRP and concrete to
connect to each other so that full composite action can be developed. When using
the FRP strengthening or repair technique, the adhesive is used to glue the two
materials together. Also it provides a load path between these two materials.

The use of adhesives in structural industry continues to develop. Adhesives are
based up on the composition to meet certain requirements for the industry like
high elastic modulus, high strength, bond quality and workability. Also durability
should be considered therefore, adhesive should exhibit low creep, thermal
stability and resistance to moisture and alkaline nature. Most widely used and
accepted as structural adhesives are epoxies. Cement-based materials are a good
alternative as an adhesive because there are some drawbacks with the use of
epoxy adhesives in certain areas, such as where fire resistance is important [27].

2.4.2.1 Epoxy as a structural adhesive

Fibre composites used in the structural industry contain a matrix of thermosetting
resins that can be epoxy, vinylester or polyester. The most used and favourable
matrix is considered to be epoxy. The selection of the matrices type to be used in
structural application is governed by various factors including environment and
the speed of fabrication.

Epoxy resin is formed from two different chemicals, an epoxide “resin” with
polyamine “hardener”. The most widely used epoxy resin in the structural
industry is diglycidyl ether of bisphenol A (DGEBA). It may also include
dilulants to reduce viscosity and flexibilizers to improve impact strength of the
cured epoxy [17]. Due to the input materials, epoxy resins have a very wide range
of mechanical and physical properties. Their main advantages for the structural
industry is to offer high surface activity, high cohesion and adhesion, low
shrinkage and low creep. The major disadvantage of epoxy resin is a relatively
high cost, long curing time as well as the unavoidable fire resistance. Table 4
shows the mechanical properties of different adhesives [1,16-17].

11
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Table 4. Mechanical properties of adhesives.

(Mpa) (GPa) (%) (g/em’)
Polyester 40-90 2-4.5 1-4 1.10-1.46
Vinylester 70 3 5 1.2
Epoxy 30-100 2-5 3-6 1.11-1.40

2.4.2.2 Cement-based material as structural adhesives

The development of cement-based materials has been fruitful in the last years. It is
important that new materials and technologies appear on the market so it can fulfil
the further need of repair and strengthening applications in the structural industry.

When it comes to cement-based materials it can be complex. To meet up with
expectations the cement-based materials have excellent properties, not only, the
strength bonding but also to achieve good workability. A cement-based bonding
system is logically used to bond the fibre composite to the structure and the FRP
sheet is there to resist the stresses in the strengthening structure. By replacing the
epoxy resin with cement-based material, all the epoxies resins problems would be
resolved, their poor behaviour above the glass transition temperature (is the
transition in material from a relatively brittle state into molten state) and high cost
[24,25].

One of the features of cement-based bonding material is the importance of their
chosen constituents. In the following sections a description on the most common
constituents for binders can be found. A cement-based strengthening system
depends on the use of the binder.

2.4.2.2.1 Minerals

The minerals that are used in cement-based materials are the same as the minerals
that are used in concrete. Examples of these materials can be ordinary Portland
cement, fly ash, silica fume etc. The most common technique is to mix these
minerals and add some fine grade aggregates <2 mm [30].

12
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2.4.2.2.2 Additives

To enhance the properties of cement-based material additives can be added in
form of super plasticizers. Adding super plasticiser to the mixture the workability,
durability and the strength of the cement-based binder can be improved.

2.4.2.2.3 Micro fibre reinforcement

Concrete and cement-based materials are considered to be brittle materials as they
have low tensile strength and failure strain. In order to obtain high performance
cement-based materials for application such as strengthening, micro fibre
reinforcement can effectively improve the mechanical behaviour [25,26].
Different types of fibres can be used, such as, steel, basalt, polypropylene,
synthetic micro fibres and natural fibres.

2.5 Structural Issues

2.5.1 Environments

All engineering structures are subjected to mechanical deterioration with time,
load and exposure to harmful environments. When FRPs are used to strengthen or
repair concrete structures, they can be expected to be exposed to harmful physical
and chemical environments.

The main load-carrying element in FRP composite are fibres, to provide the
strength and stiffness of the FRP composite. The overall durability depends on the
properties of the matrix that protects the fibres from damage as shown in Figure
2-5[24].

Figure 2-5. Combination of fibres and matrix to form an FRP composite [24].

13
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FRP materials are very durable and are considered to be less susceptible to
harmful environments than other construction material. There are some different
environmental conditions that affect durability, these environmental and physical
conditions are shown in Table 5 [13,17]. A definition offered by Karbhari [24],
for the material to be durable it has to resist:

“cracking, oxidation, chemical degradation, delimitation,
wear, and/or the effects of foreign object for a specified
period of time under the appropriate load conditions,
under specified environmental conditions.”

Table 5. Environmental and physical effects on durability
of FRP composites.

»  Water (sea water) - Mosture and Marine environments
+ Chemical solutions - Alkalinity and corrosion

» Thermal cycling - Freeze-thaw

» Fire

+ Ultraviolet Radiation

» Creep and relaxation

» Fatique

2.5.2 Seismic behaviour

Concrete beams are load bearing structural elements that can be used to carry both
vertical gravitational forces and horizontal loads (i.e. loads due to an earthquake
(seismic load or wind). Beams are defined as the horizontal member of the
structure. Beams carry all vertical loads and transmit them to the columns or walls
of the structure. When earthquakes happen it generates a ground motion both in
horizontal and vertical directions. Due to the inertia of the structure the ground
motion generates shear forces and bending moment in the structure.

Recent earthquakes have reminded us of how vulnerable structures really are. The

performance of structures can be improved by strengthening them in future
earthquakes. There is a large number of existing structures worldwide that need to

14
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be repaired and strengthened (retrofitting) because of damage due to earthquakes.
The main objective of the structural element retrofitting is to strengthen and to
eliminate changes in the structure. Where FRP composites are used as external
reinforcement to strengthen or repairing concrete elements like beams, it will
increase the strength (ultimate limit state) and the stiffness (serviceability limit
state) of the structural element. One of the main advantages of strengthening with
FRP sheets is the increased ductility that the FRPs can provide. If a RC element is
reinforced with external FRP, there is usually great capacity at steel yielding. By
using FRPs to retrofit RC elements the capacity can be increased as high as three
times the original strength, depending on the properties of the concrete and the
mechanical properties of the FRPs [33-36].

Seismic applications of FRP materials can be important to structural members
because there are some important structural deficiencies like low quality concrete;
poor confinement of the end regions, weak column-strong beam behaviour, short
column behaviour, inadequate lengths and improper hooks of the stirrups. These
structural deficiencies usually cannot provide the required ductility, lateral
stiffness and strength that structures need to survive earthquakes [37].

Over the years, several seismic repair and retrofitting techniques like concrete
strengthening with FRP sheets have been investigated. The key advantage of this
technique is the stiffness and the strength that this composite application provides.
However, stiffer beam-column joints would attract more forces during the
earthquake. Mosallam tested a total of four full-scale reinforced concrete-tie beam
assemblies, Figure 2-6. These assemblies were tested under sustained axial
column load and full lateral reversed cyclic loading conditions.

Figure 2-6. Typical column-tie beam joint [37].

15
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The strengthening layup system used was carbon/epoxy and E-glass/epoxy. The
experimental results showed that by using the two FRP composite systems the
strength, stiffness and ductility of the RC column-tie beam joint was enhanced. As
compared to the un-strengthened joint specimen, the strength increased in the
strengthened specimens up to 152% and 154% for both FRP systems used [38].

2.6 Shear in beams

The main subject of this thesis is flexure and shear strengthening of RC beams.
Because of the complicated nature of the shear behaviour a general discussion of
the behaviour, the mechanisms and failure modes of concrete beams under shear
load is presented in this chapter.

2.6.1 Mechanism of shear transfer

There are two shear mechanisms that are acting in a beam without stirrups, an
overview can be seen in Figure 2-7 [39].

Figure 2-7. Shear in beams without stirrups [38].

The moment carried by the beam is the internal forces between the compression
zone and flexural reinforcement. For equilibrium in the shear span the equation 1

16
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here below has to be fulfilled, where the shear force is present wherever the
bending moment in the member varies along its length.

_dM (1)

V="
dx

Therefore, one of two mechanisms can influence the change in moment:
e Internal actions (Beam action)

e Arch actions

The main problems of the shear behaviour are the parameters involved, the
parameters are described here below. Therefore, researchers have been
concentrated on the internal actions of shear failure and have tried to determine
the contribution from the involvement of the parameters. There are at least three
internal actions of shear transfer acting on a beam cross-section, they are
illustrated in Figure 2-8.

Figure 2-8. Shear transfer mechanisms [39].

The total shear force of a member is based on actions of various forces
where,
Ve is the shear in compression zone with the contribution of 20 to 40%.

V4 is the shear from dowel action with the contribution of 15 to 25%.
Vr is the shear from aggregate interlock with the contribution of 35 to 50% [40].

17
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2.6.2 Internal actions

2.6.2.1 Shear in compression zone (V¢)

While the concrete is un-cracked it carries the shear. After the concrete starts
cracking all others internal actions come into play and the shear carried in the
compression zone reduces. The concrete usually starts to crack when the
aggregate interlock reaches failure [37].

2.6.2.2 Shear with dowel action (Vgow)

Dowel action is used to describe the shear capacity of a reinforcing bar crossing a
cracked plane. Therefore, it is affected by the bending and shear stiffness of the
bar. A reduction in bar diameter should lead to a considerable reduction in the
contribution of dowel action to shear capacity [41—44]. Figure 2-9 displays how
the dowel action splits horizontally along the longitudinal reinforcement [40].

Figure 2-9. Splitting along reinforcement
due to dowel action [39].

2.6.2.3 Shear from aggregate interlock (V)

The main contributor to shear resistance is aggregate interlock. The most
important variables are the aggregate size, width of the crack and the concrete
tensile strength. If the longitudinal reinforcement is enhanced the shear resistance
is increased in this manner [42—44]. .

2.6.3 Arch actions

Arch action occurs in the un-cracked concrete on the shear-span zone, where load
is carried from the compression-zone to the support by a compressive strut. Kani
did one of the earliest researches on shear failure in 1964 at University of Toronto
Canada [45]. Kani defined the regions of beam action (Internal action) and arch
actions for resisting shear in beams. In Figure 2-10 a model that Kani proposed is
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demonstrated. Values of a/d below 2.5, beams will develop arch action. For a/d
values greater than 2.5 and beams will develop beam action [46]. About arch
action and beam action, it’s when beams develop a flexure-shear interaction, it’s
when shear force and bending moment act together in a beam cross-section, and
the equation here below has to be fulfilled:

M
-7 3
v €)

ISR

Figure 2-10. Region of arc action and beam action [45].

2.7 Beam shear failure modes

Three distinct modes of shear failure are observed, which describe the manner in
which concrete fails:

e Diagonal tension failure

e Shear compression failure

e Shear tension failure

19
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2.7.1 Diagonal tension failure

This type of failure is usually a flexure-shear crack. The diagonal crack starts
from the last flexural crack at mid span, where it follows direction of the bond
reinforcing steel and the concrete at the support. After that, few more diagonal
cracks develop with further load, the tension crack will extend gradually until it
reaches its critical point where it will fail without warning. This type of shear
failure is always in the shear-span when the a/d ratio is in the range of 2.5 to 6.
Such beams fail either in shear or in flexure [36,38-39].

Figure 2-11. Diagonal tension failure

[37].

2.7.2 Shear compression failure

This type of failure is common in short beams with a/d ratio between 1 and 2.5.
It’s called a web shear crack, it’s crushing the concrete in the compression zone
due to vertical compressive stresses developed in the vicinity of the load [36,39].

Figure 2-12. Shear compression failure

[36].
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2.7.3 Shear tension failure

This type of failure is also common in short beams and it is similar to diagonal
tension failure. First we can see a shear crack that is similar to the diagonal crack
that goes through the beam; the crack extends toward the longitudinal
reinforcement and then propagates along the reinforcement that results in the
failure of the beam [47].

Figure 2-13. Shear tension failure

[46].
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3 DESIGN GUIDELINES

3.1 Introduction

This chapter provides an introduction to the analytical study concerning the
structural behaviour of RC beams strengthened in shear and flexure with
externally bonded BFRP reinforcement. Therefore, it will be divided into two
design proposals for strengthening of RC structure. In this study two guidelines
will be followed, Technical Report No.55 by the Concrete Society; “Design
Guidance for Strengthening Concrete Structures Using Fibre Composite
Materials” [16] and American Concrete Institute [21] “Guide for the Design and
Construction of Externally Bonded FRP Systems for Strengthening Concrete
Structures”.

3.2 American Concrete Institute

The guidelines suggested by ACI Committee 440 on calculations for shear-
strengthening effect using FRP shear reinforcement to a reinforced concrete beam
or column. The guideline presents guidance on calculations on flexural
strengthening effect of adding longitudinal FRP reinforcement to the tension face
of a reinforced concrete member. The concepts that are outlined by ACI 440 can
be extended to nonrectangular shapes (T-sections and I-sections) and to members
with compression steel reinforcement.

3.2.1 Shear strengthening

The nominal shear strength of an FRP-strengthened concrete beam can be
determined by adding the shear resistance contribution of the FRP (Vy) to the steel
stirrups contribution (Vs) and concrete shear resistance (V) according to:

V=V +V +V, 4)

Where V. and V; can be determined from design standard, such as ACI 318-08.
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The shear contribution of the FRP shear reinforcement can be determined by
calculating the force resulting from the tensile stress in the FRP across the
assumed crack. Therefore, FRP contribution to shear strength is based on the fibre
orientation and the assumed crack pattern [48]. The shear contribution of the FRP
shear reinforcement can be determined by:

_ AE g, (sin B +cos B)d (5)
=

Sy

where the [ is the inclination angle of the FRP, s; is the width of the FRP, d=d¢ is
the depth to the shear reinforcement, Ay is the total FRP area that is given by:

A = 2ntfsf (6)

where n is the total number of FRP sheets, t¢ the thickness of the FRP, E; is the
FRP modulus of elasticity and &g is the effective strain that is the maximum strain
that can be achieved in the FRP reinforcement system. The maximum strain used
for design should be limited to 0.4% for application that is completely wrapped
whit FRP.

€,=0004<075¢, (7)

For U-wrapped or bonded face plies systems the FRP does not close the entire
section. Therefore, bond stresses should be analysed to determine the usages and
the effective strain level that can be achieved. The effective strain for U-wrapped
or face plies can be calculated by using the strain-reduction coefficient K,:

e, =K, <0004 (8)

This factor depends on the strengthening scheme, it depends on the concrete
strength, type of wrapping scheme used and the stiffness of the sheets. The strain-
reduction factor is given by:

9
_ kL, oo ©)

" 11900¢,,
where the effective length of the FRP sheet is given by:

23300

S A (10)
e (nthf )0.‘
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The remaining factors can be obtained from two modification factors, k; and k.
These two factors depend on the strength of the concrete and the wrapping

scheme:

fe 4
k, =(=%)"3

= 27) (11)
= d-L,

204 for U-wraps (12)

K, = d—-2L, (13)

d for two sides only

3.2.2 Flexure strengthening

In this chapter the flexural capacity of a concrete beam strengthened with BFRP
sheet with a cement-based adhesive will be estimated. The same approach is
adopted based on the analysis presented in ACI 440 [21]. The geometry that is
presented in ACI 440 will be modified to suit the strengthening application with
cement-based adhesives.

For concrete members with no compressive reinforcement, the failure modes are
not the same as concrete members with compression reinforcement. For concrete
members that are without compression reinforcement there are only two modes of
failure that exist, failure in the longitudinal BFRP sheets rupture and compression
crushing of concrete [49].

In Figure 3-1 the cross section of a concrete member having only tensile
reinforcement is shown together with strain development and longitudinal forces.
The figure shows the idealized forces, strains and corresponding stresses within a
concrete beam that is resisting an applied moment.
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Figure 3-1. Internal stress-strain relationship for tensile reinforced concrete
beam with rectangular cross-section [21].

When calculating the flexural capacity of the strengthened section the calculations
are based on actual dimensions, internal reinforcement and the material properties
of the member that is being strengthened.

First the existing state of strain of the specimen has to be determined. The existing

state of strain is assumed to be zero during the installation of the FRP system,
because no load was applied to the beam specimens.

€,=0 (14)

The flexural bond-dependent coefficient of the FRP system has to be determined,

by using:
FE .t
K, = L _ "2 <090 £ <180000
60e, 360000 For nEt, < (15)
190000 _ o0 nEt, >180000

" 60g, nEt,

The flexural capacity of the strengthened section can be determined by knowing
the distance to the actual depth of the neutral axis (x):

X P X
M= A g =B A B e e B 1)
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where the A and A are the area of the steel reinforcement and the FRP
reinforcement, f; is the stress in the steel reinforcement, d is the distance from the
compression zone to the tensile reinforcement, f; is the ratio of the depth of the
rectangular stress block to the depth of the neutral axis, Er is the tensile modulus
of elasticity of the FRP reinforcement, &g and ¢ are the effective strain in the FRP
reinforcement and the steel reinforcement, h is the overall thickness of the
member and the tcpy is the thickness of the FRP cement-based strengthening.

The effective strain in the FRP reinforcement can be determined by:

h—x,
X

e

(17)

€, =0.003( )+E,, <K, €

fu

Where x. is estimated, x,=0.20d. The maximum usable compressive strain in the
concrete is 0.003.

The actual depth to the neutral axis is determined by internal force equilibrium

_Af+AEge,
B.fb

(18)

The stress level in the steel reinforcement should be calculated: f;= Ege,, if £;< fy,
f; should be used otherwise f;.

where the & is the strain in the existing reinforcement, it can be determined by:
d—x
£, = (Efe +€,)(—) (19)
‘ T h—x

Not that the equivalent rectangular stress block B; is taken from ACI 318-08,
Section 10.2.7.3 [50], for f. above 28 MPa, B; shall be reduced linearly at a rate of
0.08 for each 7 MPs of strength in excess of 28 MPa, but it shall not be less than
0.65.

3.3 British Concrete Society

The TRS55 Report by the British Concrete Society provides a design and
construction guidelines on strengthening concrete structures with FRP materials.
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These guidelines are set in context of British design codes and standards. The
design procedures are applicable to all FRP materials and all strengthening
techniques. The procedures are based on generally accepted principles. The
Report provides a guideline for strengthening RC members in flexure and in
shear. Also this report requires that the ultimate capacity of the existing sections
should be assessed by conventional concrete design methods. For the calculations
in this chapter the EN 1992-1-1:2004 will be used [51].

3.3.1 Shear strengthening

The ultimate shear capacity for a beam strengthened with FRP can be determined
by adding the contribution from the concrete (V.) to the contribution from the
FRP (Vi) and the steel stirrups contribution (Vs), therefore it can be expressed as:

V=V +V +V, (20)

Where V. and V; can be determined from design standards, such as EN 1992-1-
1:1994.

The contribution of the FRP reinforcement can be determined by the equation that
is expressed as:

n

(d_ilt,max)

3—(cosﬁ+sinﬁ) 1)
s

f

V,=E£,A,

Where Er is the tensile modulus of elasticity of the FRP reinforcement, &g is the
effective strain in the FRP reinforcement, A¢ is the area of the FRP reinforcement,
d is the effective depth of the FRP reinforcement measured from the compression
zone of the member to the tensile reinforcement, n is 0 for a fully wrapped beam,
1.0 for U-wrapped and 2.0 when it is bonded to the sides, l;max is the anchorage
length required to develop full anchorage capacity, limax = 0.7V(Es ti/fum), st is the
longitudinal spacing of the FRP sheets used for strengthening, it is taken as 1.0 for
continuous FRP sheet, B is the angel between the principal fibres of the FRP and a
line perpendicular to the longitudinal axis of the member.

The effective strain in the FRP reinforcement should be taken as the minimum of
ga/2, 0.64N(f.m/Esty) or 0.004, where the f.uy, is the tensile strength of the concrete
and &g 1s the design ultimate strain capacity of the FRP reinforcement.
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3.3.2 Flexural strengthening

The procedures for calculating the nominal strength of beam are summarized as
follows.

The maximum allowable strain in the FRP reinforcement has to be determined to
find the neutral axis of the strengthened section. The Concrete Society committee
recommends that when FRP reinforcement is used in relation with a limit on
maximum shear stress between the FRP and the concrete, the strain in the FRP
reinforcement (gf) should not exceed 0.8%. Therefore, the neutral axis can be
given by:

0.85fbx=f A +EAg, (22)

It is important to calculate the strain in the concrete and the reinforcement steel.
The equation here above is not valid if the concrete crushes and the steel doesn’t
yield when the g = 0.008.

£, =——&, <0.0035 (23)
—X

d—x (24)
=E(e,—)<f,
f=E (e =)<,
The stress level in the steel reinforcement should be calculated: f;= Egg,, if £;< f,,
f; should be used otherwise f;.

The design flexural strength of the section is calculated by taking moment about
the bottom face, the moment is given by:

M=0.85ﬁbx(z+(h+t%—d))—fsAs(h+’C%—d) (25)
where

z=d—09§ (26)
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4 EXPERIMENTAL WORK

4.1 Introduction

This chapter reports the experimental program of the research that was conducted.
The experimental work will be described in following sections: Section 4.2
provides a description of the experimental work and the material properties of the
beam specimens. Section 4.3 describes the experimental study that was done on
the cement-based material that was used to strengthen the beams. Section 4.4
describes the experimental work on BFRP material, where an tensile test was
made to find the material properties of the BFRP and the epoxy resin used. Details
of the specimens, test set-up and the properties of the materials used are presented
in this chapter. The results from these experiments are discussed in chapter 5.

4.2 Beam test specimens

4.2.1 Description of beam specimens

The test specimens were comprised of 22 RC beams of rectangular cross-section.
The beams were casted in three groups, see Table 6. These groups were:

Group a. Comprised of eight beams (BS1-BSS), two of which were reference
specimens and the others were strengthened for shear with BFRP, using epoxy
adhesive.

Group b. Comprised of six beams (BS1-BS6), three of which were reference
beams, while the others were strengthened for shear with BFRP, using epoxy
adhesive.

Group c. Comprised of eight beams (BF1-BF8), two of which were reference
beams, while the others were strengthened for flexure with cement-based material
as bonding material for the BFRP.

All beams had the width of 150 mm, total depth of 250 mm and a span length of
2.5 m and total length of 3 m. The dimensions of the beams for all the groups are
shown in Figure 4-1 and Figure 4-2. The beams in groups a and b were designed
in such a way to ensure that all beams would fail in shear. Therefore, no internal
shear reinforcement was provided within the interior shear span. Extremes of
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dimensional and reinforcing were considered following section 5.4.2.1 of ACI
125 [21].

Figure 4-1. Beams in group a and b. Strengthened for shear with epoxy as an
adhesive.

Figure 4-2. Beams in group c. Strengthened for flexure with cement-based
material as a bonding material.
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4.2.2 Material properties

4.2.2.1 Internal reinforcement

S500 steel bars were used as internal reinforcement with a characteristic yield
stress of 500 MPa. For groups a and b the longitudinal steel reinforcement was
2016 but 2012 for group c. The beams in groups a and b are characterized by
steel reinforcement ratio ps=Ay/bd and FRP reinforcement ratio p;=A¢/bd. The test
parameters can be seen in Table 6.

Table 6. Parameters of beam test specimens.

Group Spec. Strengthening layout Age at test hi;’:sl:::ist;)f fc ps pf Ll;:li:;tl;li‘ng
(day) (GPa) (MPa) (%) (%) (kN)
BSal-BSa2 Unstrength. (Ref) 28 27 31 1,3 - Self weight
BSa3-BSa4 1 strip (90° U shape) 28 27 31 1,3 0.9 Self weight
N BSa5-BSa6 1 strip (45° U shape) 28 27 31 13 0.6 Self weight
BSa7-BSa8 3 strip (45° U shape) 28 27 31 13 1.8 Self weight
b BSb1-BSb3 Unstrength. (Ref) 28 29 30 1.3 - Self weight
BSb4-BSb6 3 strip (45° O shape) 28 29 30 13 1.8 Self weight
BFcl1-BFc2 Unstrength. (Ref) 32 33 56 0.7 - Self weight
BFc3-BFc4 1 strip 90° - Acryl 32 33 56 0.7 0.2 Self weight
¢ BFc5-BFc6 1 strip 90° - Fibre 32 33 56 0.7 0.2 Self weight
BFc7-BFc8 1 strip 90° - SP 32 33 56 0.7 0.2 Self weight

4.2.2.2 External reinforcement

The external bonded reinforcement consisted of two types of BFRP sheets. First,
BAS BI 450 which is a multiaxial fabric where the fibres lay in both directions,
45°. The second type of fibre used is BAS UNI 600 that is unidirectional fabric
were the main fibres are in the longitudinal direction. The main properties of dry
fibres given by the manufacturer are shown in Table 7. More information can be
found in Appendix Al.

Table 7. Material properties given by manufacturer.

Material Nominal Surface Ultimate Elastic Tensile
ateria thickness weight tensile strain modulus strength
(mm) (g/m’) (%) (GPa) (MPa)
BAS BI 450 0.45 464 3.15 84 2500
BAS UNI 600 0.65 657 3.15 84 2500
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Figure 4-3. BFRP fabric: BAS BI 450.

Figure 4-4. BFRP fabric: BAS UNI 600.

4.2.2.3 Concrete

The concrete was supplied by the Ready mix station Steypustddin which was used
for casting all the beams and the casting took place at the ICI Rheocenter Iceland,
see Figure 4-10 and Figure 4-11. Measurements were carried out on the fresh
concrete such as slump, slump flow, air content and density. The properties of the
fresh concrete are displayed in Table 8. Measurements on hardened concrete
included the compressive strength according to standard EN 12390-3:2001 [52] as
well as the elastic modulus according to ISO 6784 [53]. The compressive strength
for each concrete casting was determined on 3x3 standard 100 mm x 200 mm
concrete cylinders. The samples were in the moulds for 24 hours, thereafter they
were taken from their moulds and stored at 100% relative humidity until testing.
The compressive strength was tested after 1, 7 and 28 days, except the specimen
for group ¢ were tested at 32 days (due to schedule differences for the equipment).
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The compressive strengths at 28 and 32 at days is displayed in Table 6. The 1st
and 7th days compressive strengths are given in APPENDIX B.

The concrete cast for groups a and b was C25 concrete. For group c, a Self
Compacting Concrete (SCC) was used, categorised as C35. The mix design
reported by the supplier as displayed in Table 9.

Table 8. Properties of fresh concrete.

Slump
Group Air Unit weight w/c
before casting after casting
(mm) (mm) (%) (kg/m®)
170 165 8.2 2270 0.55
b 160 180 7.9 2273 0.53
c 640 660 6.2 2330 0.41

Table 9. Concrete mix design reported by the supplier.

Aalborg Super
Group Concrete cement Fly ash Sand Aggregate Water plasticizer
(kg/m®) (kg/m’) (kg/m®) (kg/cm®) (kg/cm®) (kg/ecm®)
C25 315 - 844 945 141 3.15
b C25 315 - 880 909 170 3.15
c C35(SCC) 450 120 975 594 177 5.70

Figure 4-5. Compressive strength
testing for cylinders.
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Figure 4-7. Slump flow test, C35 (SCC).

Figure 4-6. Slump test,
C25.

4.2.3 Specimen preparation

The beams were made using plywood formwork and it was constructed at ICI
Rheocenter Iceland, see Figure 4-8. Wire ties were used to keep the longitudinal
reinforcement in place. The formwork was removed after 4 days after casting, see
Figure 4-11. The beams were stored covered in plastic sheet until the external
BFRP reinforcement was applied to the beams at least 5 days before testing,
according to the procedures specified in APPENDIX A2. For group a and b the
BFRP reinforcement was glued to the concrete specimens externally with epoxy
adhesive (Sikadur 330). The epoxy resin was first applied to the concrete surface,
the external BFRP reinforcement was then applied to the concrete surface on the
epoxies resins coating, the sheet was rolled to squeeze the air that can be
entrapped at the epoxy-concrete or epoxy-sheet interface. The beams that were
strengthened with epoxy adhesive had to cure for five days at a room temperature
before testing, see Figure 4-12 and Figure 4-13. The concrete specimens in group
¢, which were strengthened in flexure with cement-based material, were cured for
14 days at a room temperature before testing. Additional information about the
specimen preparation for beams in group c is offered in section 4.3.3.
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Figure 4-8. Formwork ready for casting.

Figure 4-9. Casting of Figure 4-10. Beams vibrated.

beams specimens.

Figure 4-11. Beams wrapped
with plastic after casting.
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Figure 4-12. BFRP sheet Figure 4-13. BFRP
application. sheet after application.

4.2.4 Test procedure

The beams in groups a and b were tested under 4-point loading, as shown in
Figure 4-1 and Figure 4-15. The load was applied by hydraulic jack with a
compressive capacity of 500 kN at the ICI Rheocenter Iceland. The testing
machine used could not apply the load at a specific load speed. Therefore, the load
that was applied was manually controlled at an even rate of speed. During the test
the load was recorded from the computer program that the hydraulic jack was
connected to. The vertical displacement was also measured but the measurement
were not used or presented here. A faulty device measuring the deflection caused
the displacements measurements to be incorrect. However, the deflection is of
little concern for the research and has limited use.

The position of the applied loads for groups a and b were selected by the shear
span-to-depth ratio (a/d=1.9). The shear span-to-depth ratio was selected to satisfy
the definition of shear in beams as illustrated in Figure 4-14 [54].

The beams in group ¢ were tested under 3-point loading, as displayed in Figure
4-2. The same test machine was used as for specimens in group a and b. The
vertical displacement was measured in the middle, as the difference between the
floor and the beam. The failure loads for specimens in all groups and the
deflections for the specimens in group c that were recorded will be presented in
section 5.1.2.
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Figure 4-14. Variation of shear failure moment in beams
with a/d ratio [53].

Figure 4-15. Four-point load test.

4.3 Cement-based bonding material

4.3.1 Description

In this study, an attempt was made to make High Strength Mortar (HSM) as
cement-based bonding material. Eighteen different mix designs were cast and
tested as bonding agents. Three of the mixtures with the best mechanical
performance were chosen for strengthening BFRP sheets. The dimension of the
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beam specimens that were strengthened in flexure with cement-based bonding
material is shown in Figure 4-2.

4.3.2 Material properties and mixtures

The cement used for the mortar mixtures was CEM 1 52.5 N from Aalborg
Cement. The aggregates were standardized (EN 196-1) sand from Germany, the
maximum size was of 2 mm. One type of Silica Fume (SF) was used, undensified
powder from Elkem. Procon SPC 25 (FM) from the producer Omnicon was
implemented as the super plasticizer (SP), see APPENDIX A5 for further
information. Acryl was also used as an admixture. In Iceland it is used as an
admixture in mortar to repair and maintain concrete. Its used can enhance
workability, adhesion and the tensile strength, see APPENDIX A4 for further
information. Two types of synthetic micro fibres were used, STRUX 90/40 and
STRUX BT50. More details on the micro fibres can be seen in Table 10 and in
APPENDIX A3.

Table 10. Properties for synthetic micro fibres used.

Specific Tensile Modulus of

Material gravity  strength elasticty
(MPa) (GPa)
STRUX 90/40 0.92 620 9.5
STRUX BT50 0.91 550 7

A total of 18 mixtures were prepared and mixed in the laboratory at the ICI
RheoCeneter Iceland. The mixtures were mixed under laboratory conditions at
room temperature in the ConTec Rheomixer. Three mixtures were prepared as
control specimens. The control mixtures were made of aggregates, cement, water
and SP. The other mixtures had different values of SP, SF, micro-fibres and
different values of Acryl with and without SP.

It was decided to cast eight small-scale unreinforced concrete beams with normal
C25 concrete, test them by strengthening them in flexure with cement-based
bonding material. The dimensions of the small-scale beams were 100 x 100 x 360
mm. Eight beams were cast, one of which was a reference beam, one was tested
with base and the BFRP sheet was laid in Acryl. The other six specimens had
three types of cement-based material that were chosen from the 18 mixtures
already done before. The three mixtures chosen are given in Table 11.
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Table 11. Mixture proportions for the selected mortars.
Mix 2

. Mix 1 o Mix 3
Constituents 1.3% SP ST]{’J; QT s 11%Acryl

(kg) (kg) (kg)

EN sand 20250 20250 20250
Water 3119 3153.0 3448

Cement 11250 11250 11250
Silica fume 1125 1125 1125
Omnicon 373 314 112.2
Acryl - - 380

Fibres-STRUX BT50 - 106 -

sand/cement (s/c) 1.8 1.8 1.8
water/binder (w/b) 0.27 0.27 0.30

4.3.3 Specimen preparation

The mixtures were prepared by first dry mixing the sand and cement in the
Rheomixer. The water and the admixtures were added 30 seconds after the dry
mixing. The total mixing time was 6.5 minutes. After mixing the cement-based
material was put into moulds 100 mm x 40 mm x 40 mm for flexural strength
testing. The moulds were covered with plastic and cured for 24 hours.
Immediately there after the specimens were de-moulded and cured at 20°C
temperature in plastic for 2 days until testing day.

For the full-size specimens the concrete beams were washed by high-pressure
water, to remove the weak surface of the concrete. A grinding machine was
substrate to the concrete to provide a rough surface, as seen in Figure 4-16. The
dimensions for the full-size specimens and the load-setup is displayed in Figure
4-2. The figure displays that only one layer of BFRP sheet was used, first layer of
cement-based bonding material was poured followed by the BFRP sheet then
came another pour of cement-based bonding material. A frame was built as a
formwork on the beam specimens so it would be easier to apply the cement-based
material.
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Figure 4-16. Concrete surface.

Figure 4-17. The BFRP strengthened
system with cement-based adhesive.

4.3.4 Test procedure

Flexural and compressive strength tests were conducted according to EN 196-
1:2005 [55] 48 hours after casting. Also a pilot study was carried out where
flexural strength test was conducted on the small-scale beam specimens with 10
mm of cement-based bonding material. The main purpose with the small-scale
beam specimens was to investigate the bonding and strengthening effect of
different mortar used. The results of these tests can be found in section 5.2.1.

Figure 4-18. TinusOlsen testing machine.
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Figure 4-19. Flexural strength
test, before testing.

Figure 4-22. Compressive strength
test, before testing.

Figure 4-23. Testing cement-
based material on small beams.
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Figure 4-20. Flexural strength
test, after testing.

Figure 4-21. Compressive strength
test, after testing.

Figure 4-24. Testing cement-
based material on small beams,

Figure 4-25. Flexural testing on
small-scale beam specimens.
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4.4 Tensile test of BFRP material

4.4.1 Description

The tensile test was carried out in accordance to ASTM D3039 [56]. The tensile
test is used to determine both the strength and modulus values in composite
materials. It is necessary to find the strength and the modulus of a composite
material that is used in the experiment. The manufacturer gives only the properties
of the dry fibre, which can be used if a reduction factor is known. The tensile test
was performed on two types of BFRP sheets, unidirectional fabric, BAS UNI 600
as well as the multiaxial fabric, BAS BI 450.

4.4.2 Material properties

4421 BFRP

Properties for the BFRP material used are given in section 2.4.1.

4.4.2.2 Epoxy resin

Sikadur 330 resin was used as an adhesive. The main properties of the adhesive is
the tensile strength of 30 MPa and the elastic modulus of 4.5 GPa. More
information about the Sikadur 330 can be found in APPENDIX A2.

4.4.3 Specimen preparation

The dimensions of the specimens were determined in accordance with the ASTM
standard, using a minimum of five specimens for a total of 10 specimens. The
dimension for the specimen: overall length 250 mm, width of 25 mm and
thickness of 0.65-1.95 for BAS UNI 600 and 0.45-1.35 for BAS BI 450, as
displayed in Table 12.

Table 12. Number and size of specimens for tensile test.

Material sT)lel:ilr‘;:::)lfs‘ Overall lengt Width Thickness
(mm) (mm) (mm)

BAS UNI 600 5 250 25 0.65-1.95

BAS BI 450 5 250 25 0.45-1.35
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The BFRP fabric for both materials was cut down to 300 x 150 mm pieces so it
would be easier to handle and role. Flat plywood was put on a table and a thin
plastic film was applied to it. The pieces of the BFRP material was laid on the
plastic film and epoxy resin and was rolled on to it with a paint roller. Any air that
may be entrapped was removed using the paint roller. Again, a plastic film was
put on the top of the plate to cover it and another plate was put on top for
compressing purpose so the specimen would be straight. The plates were left
before being cut to exact shape for testing, and were cut by a band saw.

While the specimens were cured, strain gauge was attached to all specimens for
measuring the longitudinal strain. According to the standard the strain gauge
should be located in the middle of the specimen and its recommended that the
strain gauge should have an active strain gage length of 6 mm, it should not be
less than 3 mm. A 6 mm strain gauge was attached at mid-section on the BFRP on
each side of the specimen, test specimens are displayed in Figure 4-26.

Figure 4-26. Tensile test specimens.

4.4.4 Test procedure

The tensile test was performed in a testing machine Tinus Olsen at the Innovation
Center Iceland. It was tested under tensile load, at a head displacement rate of 2
mm/min according to ASTM standard. The longitudinal strain was measured
simultaneously using two strain gauges on each side of the specimen. Specimens
were fixed in jaws, the gripping of the specimen is important to prevent slippage.
Here, it was taken as 60 mm. The tensile strength and the modulus of elasticity
was determined by adopting the measured value of the BFRP fabric thickness. For
the data reading, two computers were used, one for load reading and one for strain
reading.
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5 EXPERIMENTAL RESULTS

5.1 Beam test

5.1.1 Beams in groups aand b

The test results for beams in groups a and b, in terms of ultimate load, failure
modes, and strength increase are given in Table 13 and Table 14.

Depending on the external BFRP shear reinforcement, strength increases is
between 20% and 60%. All beams failed in shear by means of diagonal tension.
This type of shear failure is characterized by large diagonal shear crack were the
crack develops with further load. It extends gradually until it reaches its critical
point where it finally fails without a warning.

For the beams in both groups, flexural cracks were observed in the control
specimens near the mid-span at the bottom of the beam, at a load level of about 70
kN. The shear cracks began to appear at a load of approximately 80-90 kN. As the
load increased, the shear crack developed further up to the critical failure of the
beam. As explained in chapter 2.6, shear failure modes are extremely hard to
predict. The failure progress of the reference beams observes that beams in both
groups have not the same values of ultimate shear load. As displayed in Figure
5-1 to Figure 5-17 that the crack pattern differs between beams; it is similar for
the specimens that have low value of ultimate shear load. But when the ultimate
shear load increases the patterns are similar but still differ a lot from the beams
with lower ultimate shear load.

For the strengthened specimens, it was not possible to observe cracks on the sides
of the beam because of the externally bonded BFRP sheets. However, it was
interesting that during loading a sound emitted from the beams. The sound
increased as the beam reaches its critical point. Other than this sound, there were
no warning signals until the specimen suddenly failed. For beams in group a the
governing failure mode was de-bonding of the BFRP sheet from the sides of the
specimen. While the shear crack opens along the depth of the beam, the tension
induces in the BFRP sheet. The resistance forces in the sheets tends to decrease
the crack width, by helping the crack to take up more load. For beam specimen
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number BSa6, it can be assumed that more energy is consumed by the cross-
section as seen in number of cracks the beam and how overly cracked the beam is,
see Figure 5-8. For beams in group b, the governing failure was due to bonding
failure for BSb4 and BSb5 and due to rupture of the BFRP sheet in BSb6.

Table 13. Test results at ultimate load of RC beams in group a.

Shear capcity Average shear

Soeci Strengthening Fail d of concrete  capcity of concrete VIV,
ecimen: ailure mode
P Lay-out V. (kN) (kN) e
BSal Unstrength. (Ref.) S (DT) 117.0
148.5 1.00
BSa2 Unstrength. (Ref.) S (DT/CC) 180.0
BSa3 1 strip (90° U shape) S (DT/BF) 162.0
) 176.0 1.19
BSa4 1 strip (90° U shape) S (DT/BF) 190.0
BSa5 1 strip (45° U shape) S (DT/BF) 164.0
] 193.0 1.30
BSa6 1 strip (45° U shape) S (DT/BF/CC) 222.0
BSa7 3 strips (45° U shape S (DT/BF 216.0
.p ( b ( ) 215.5 1.45
BSa8 3 strips (45° U shape) S (DT/BF) 215.0

S: Shear failure, F: flexural failure
DT: Diagonal Tension failure, BF: Bond failure
CC: Crushing of concrete at the loading point

Table 14. Test results at ultimate load of RC beams in group b.

Shear capcity  Average shear

Specimen: Strengthening Failure mode of concrete  capcity of concrete VoIV

Lay-out V. (kN) (kN) Q)]

BSbl Unstrength. (Ref.) S (DT) 118.0

BSb2 Unstrength. (Ref.) S (DT) 105.0 136.3 1.00

BSb3 Unstrength. (Ref.) S (DT/CC) 186.0

BSb4 3 strips (45° 0 shape) S (DT) 223.5

BSb5 3 strips (45° 0 shape) S (DT/BF/CC) 228.0 218.6 1.60

BSb6 3 strips (45° 0 shape) S (DT/BF/CC) 204.3

S: Shear failure, F: flexural failure
DT: Diagonal Tension failure, BF: Bond failure
CC: Crushing of concrete at the loading point
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Figure 5-1. Crack pattern for BSal
ultimate load.

Figure 5-3. Bond failure, BSa3.

Figure 5-6. Bond failure, BSa4.

at Figure 5-2. Crack pattern for BSa2 at
ultimate load.

Figure 5-4. Crack pattern for BSa3 at
ultimate load.

Figure 5-5. Crack pattern for BSa4 at
ultimate load.
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Figure 5-7. Crack pattern for BSa5 at Figure 5-8. Crack pattern for BSa6 at
ultimate load. ultimate load.

Figure 5-9. Crack pattern for BSa7 at Figure 5-10. Crack pattern for BSa8 at
ultimate load. ultimate load.

47



Chapter 5 Experimental results

Figure 5-12. Crack pattern for BSb2 at

Figure 5-11. Crack pattern for BSb2 at 1110 load.

ultimate load.

Figure 5-13. Crack pattern for BSb3 at Figure 5-14. Crack pattern for BSb4 at
ultimate load. ultimate load.

Figure 5-16. Rupture of BFRP sheet on

Figure 5-15. Crack pattern for BSb5 at BSh6.

ultimate load.
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Figure 5-17. Crack pattern of BSb6 at
ultimate load.

5.1.2 Test results for beams in group ¢

The test results for beams in group c, in terms of ultimate load, failure mode,
strength increase and ultimate deflection at mid-span are given in Table 15.
Throughout the test it was clear that reinforcement action was achieved by using
different types of cement-based bonding material for FRP sheet. Depending on the
flexural reinforcement, strength increased between 2% and 8% with one layer of
BFRP.

All un-strengthened specimens failed in flexure after yielding of steel. Flexural
cracks were observed experimentally near mid-span at the bottom of the beam, at
a load level of 20 kN. As the load increased, the flexural crack developed further
up to the final failure. As displayed in Figure 5-18 is that the load-deflection
response is similar for all specimens.

For the specimens that were strengthened, failure was due to rupture of the
longitudinal BFRP sheet. The load transfer and the composite action were very
high as seen displayed in Figure 5-21. As displayed in Figure 5-18 is that the load-
deflection curves look very similar among different strengthening systems used.
The beams reach the cracking load and after that the strengthening system
becomes active, thereafter the BFRP sheet starts to rupture, Figure 5-22. This
behaviour proceeds up to failure. Slippage was evident between the BFRP sheet
and the CBM system used. For specimens that contained Acryl in the mix, de-
bonding was the main problem. By turning the beams over the strengthened
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system was loose on the ends. BFcl (AK1), the strengthened system fell of the

beam, for BFc2 (AK2) the strengthened system was pretty loose on one of the
ends, however the beam was tested. The beam that was used for AK1 (BFcl)
strengthening system, was used again by using epoxy as an adhesive. However, it

was interesting during loading a sound emitted from the beam, the sound

increased as the beam reaches failure. Other than this sound, there was no warning

signals until bonding failure happened. By using epoxy as an adhesive the

strength increases about 11%.

The ultimate deflection at mid-span 7y, of the beams is given in Table 15.

Compared to the un-strengthened reference beams, the beams strengthened in

flexure have smaller mid-span deflection.

Table 15. Test results at ultimate load of RC beams in group c.

Load capcity of Average load . Average
. . Max deflection .
S Strengthening Failure concrete capcity of concrete  /Q,. (mm) deflection of /
pec: Lay-out mode Q. (kN) (kN) © Yo beam (mm) ~ Yo/¥rt

BFcl  Unstrength. (Ref.) F (YS) 49.9 21.1

49.2 1.00 222 1.00
BFc2  Unstrength. (Ref.) F(YS) 48.5 233
BFc3 AKl1 BF - -

50.1 1.02 17.9 0.81
BFc4 AK2 F (BF) 50.1 17.9
BFcS Fibrel F (YS) 53.8 20.5

. 53.1 1.08 19.5 0.88

BFc6 Fibre2 F (YS) 523 18.4
BFc7 SP1 F(YS) 53.0 19.8

522 1.06 18.4 0.83
BFc8 SP2 F(YS) 51.4 17
BFc9 EPOXY1 F (BF/YS) 54.4 54.4 1.11 19.4 19.4 0.87

F: flexural failure

BF: Bond failure, YS: Yielding of the steel

CC: Crushing of concrete at the loading point
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60 ‘
50 > ? 'Mimi
y
’f
y
% 40 ," ———BFcl (Refl)
E ——BFc2 (Ref2)
i 30 / ——BFc4 (AK2)
= 2 ——BFc5 (Fibrel)
<§ {I{’ ——BFc6 (Fibre2)
20 BFc7 (SP1)
' BFc8 (SP2)
BFc9 (EPOXY1)
10 Jf
0

0 5 10 15 20 25 30 35 40 45 50

Deflection at midpoint (mm)

Figure 5-18. Load-deflection relationship for beams strengthened with
cement-based bonding material.

Figure 5-19. BFc3 (AKI), Bonding Figure 5-20. BFc4 (AK2), bonding
failure before testing. failure during testing.
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Figure 5-21. Crack pattern for BFc5 Figure 5-22. BFc5 (Fibrel), The fibres
(Fibrel), fully composite action in BFRP sheet rupture.
between concrete and CBM.

Figure 5-23. Crack pattern for BFc6 Figure 5-24. Crack pattern for BFc8
(Fibre2). (SP2), similar to BFc7 (SP1).

Figure 5-25. Crack pattern for BFc9 Figure 5-26. BFc9 (EPOXYI), de-
(EPOXY1), de-bonding failure. bonding of BFRP.
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5.2 Cement-based bonding material tests

5.2.1 Test results from CBM testing

The results from the flexural strength testing for all the mixtures done are displayed in Figure 5-27. Also the test results from the
compression testing can be found in APPENDIX D.

10 [

Flexural tensile strength (MPa)

< S K& & \D(Q \b(g \&Q «")Q 4\")0 »\")Q é*\ é& é‘} f K K & ,\")Q é*\ S 4\")0 é& K ,\"}Q g\\}
B LIRSS N S I SR S O I SN N M PR SRS Ay
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RSN C}Q* Q& LKL A (}\\ é*\ (,\ \Q/‘O ‘)Q:z’ ‘Oéb *‘-}' L}@/ &N L)@; ééz
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V AR CHIPN NN Vo N F & & R RS RS
oY O QY o N VY @K N & ¢ N
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Figure 5-27. Test results for CBM testing
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The compressive strength of cement-based bonding material is sometimes used as
a principal criterion for selecting the right type of mixture. In this certain
experiment the tensile strength (measured in flexure) is more important because it
measures the ability of cement-based bonding material to resist cracking.
Therefore, by selecting three cement-based material types out of 18 experiments,
three of which with the highest flexural strength were selected.

5.2.2 Test results from small-scale beam testing

The test results for the small-scale beams, in terms of ultimate load, failure mode
as well as the strength increase is given in Table 16. Throughout the test it was
clear that by using cement-based bonding material for FRP sheet, reinforcement
action was achieved for FRP sheet. The strength increased way from 26% up to
54% with only one layer of BFRP.

Table 16. Test results at ultimate load for small-scale beams.

Load capcity of Average load

Strengthening Failure concrete capcity of concrete /Q
Spec: Q. (kN) (KN) o
Lay-out mode u )
BF1 Unstrength. (Ref.) F 11.3 11.3 1.00
BF2 AK-+base F 17.2 17.2 1.52
BF3 SP1 F 14.6
14.3 1.26
BF4 SP2 F 13.9
BF5 Fibrel F 17.5
} 17.5 1.54
BF6 Fibre2 F 17.4
BF7 AK1 F 16.9
17.4 1.54
BF8 AK2 F 17.8

F: flexural failure

Figure 5-28. Crack pattern for small-
scale beam
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5.3 Tensile test for BFRP material

The BFRP material tensile strength is calculated by using the following equation:

f = 27)

Where Fp.x is the ultimate tensile force before failure, Ay is the average cross-
sectional area, which is as following Af= n tr sy where the n is the number of
layers in the specimen, tr is the nominal thickness of the dry sheet and sr is the
width of the specimen.

The elastic modulus is one of the most important mechanical descriptions of the
material. According to the ASTM standard the elastic modulus is calculated
within the given strain range from the tensile stress-strain curve as displayed in
Figure 5-29. The elastic modulus can be calculated by given the following
equation:

£ =29, (28)
T Ae

Where Ag; is the difference in the applied tensile stress between two strain points,
and Ae is the difference between those two strain points, which is according to the
standard 0.1% to 0.3%.

5.3.1 Test results from the tensile testing

From the data measured, stress vs. strain curve was plotted according to the
ASTM standard [56], the modulus of elasticity should be calculated between two
strain points. All specimens in all groups showed a good linear response between
two strain points. In Figure 5-29 the tensile stress vs. strain curve is showed for all
five specimens with BAS UNI 600 material. The curves have a good linear
response from 0.5% to 1.5%. The elastic modulus for BAS BI 450 material was
found with the same procedure as for BAS UNI 600 material.

The ultimate stress and ultimate load was obtained at the failure of specimen and
the results are shown in Table 17 and Table 18. In Figure 5-30 the tensile failure
is shown for both types of fibres used.
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800

=—BAS UNI 600-1
===BAS UNI 600-2

Stress (MPa)

BAS UNI 600-3
==BAS UNI 600-4
BAS UNI 600-5

0 0.5 1 1.5 2 25 3 35

Strain (%)

Figure 5-29. Tensile stress vs. strain curve of tensile specimens using BAS UNI
600 material.

Table 17. Results from tensile tests using BAS UNI 600

material.
Specimen Ultimate  Ultimate Ultim.ate Elastic
load stress Strain modulus

(kN) (MPa) (“o) (GPa)
BAS UNI 600-1 9.5 584.6 2.3 26.8
BAS UNI 600-2 11.1 681.8 29 29.4
BAS UNI 600-3 9.3 572.3 2.7 24.8
BAS UNI 600-4 9.5 585.2 2.8 24.5
BAS UNI 600-5 8.4 516.9 2.8 28.3
Average 588.2 2.7 26.8
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Table 18. Results from tensile tests using BAS BI 450 material

Specimen Number of  Ultimate Ultimate Strain G
layers load stress
(kN) (MPa) (%) (GPa)
BAS BI 450-1 1 0.6 524 0.9 6.2
BAS BI 450-2 1 0.5 48.8 0.7 9.9
BAS BI 450-3 1 0.6 49.2 0.7 11.9
BAS BI 450-4 1 0.6 53.9 0.8 11.6
BAS BI 450-5 1 0.5 47.0 0.6 10.2
Average 50.3 0.7 10.0
Elastic modulus E=2G(1+v) E= 259

v=0.3

Figure 5-30. Specimen after

tensile test.

57



Chapter 6 Discussion

6 DISCUSSION

6.1 Beam specimens in groups a and b

The major concern in the test results is the difference in the ultimate load capacity
for the reference beams. The shear strength of a section highly depends on the
failure mode that is controlled by the shear mechanisms as explained in chapter
2.6. In this research, a number of failure modes were observed while doing the
experiments. Concrete crushing is assumed to occur when the compressive strain
in the concrete reaches its maximum usable strain. Bonding failure can occur if
the force in the FRP cannot be sustained by the substrate. Rupture of the FRP
sheet is assumed to occur if the strain in the FRP reaches its design rupture strain
before concrete reaches its maximum usable strain. To explain the high difference
in the ultimate shear load capacity, number of parameters and modes can
influence that. The failure load for beam BS2 in group a, is about 52% higher
compared to the other reference beams in group a. For beam BS3 in group b is
about 70% higher compared to other reference beams in group b. It is obvious in
Figure 5-2 and Figure 5-13 that the crack pattern for BS2 in group a and BS3 in
group b, that they are similar. As displayed in the figures the angle of the cracks
are nearly the same, about 55° explaining that the angle, it will be able to carry
more load it can take according to the theory of plasticity [8]. It is hard to predict
the test results for beams BSa5 and BSa6, because the results are not significant.
The results for BSa5 is similar to BSa4 and BSa6 is similar to BSa7. Therefore,
more research is needed to predict the behaviour of the specimens with one layer
of 45°.

Shear behaviour and shear strength of RC beams has confused researchers and
engineers for many years. Researchers and engineers have been trying to find a
rational explanation of the function of the shear mechanism and its effect on the
shear capacity of beams. In the experiment that was conducted here the shear
mechanism differs, therefore affecting the shear capacity.

It was not fully experimented why there was so much difference in the shear
capacity. The things that can influence the shear capacity of the beam, e.g. the
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distribution of air bubbles in the concrete, air influences the strength of the
concrete and depends highly on the vibration. The porosity of the aggregate,
unfortunately Icelandic aggregates are very porous, the porosity affects their water
absorption and thereby it influences the properties of hardened concrete.
Aggregates distribution is also important because of aggregate interlock that is the
main contributor to shear resistance. Compression failure was noticeable on the
beams that had so high shear load capacity that can be explained by aggregate
interlock because the concrete usually starts to crack when the aggregate interlock
reaches failure. According to Kanis research in 1964 [45], he defines the regions
of internal action and arch action for resisting shear in beams. These two actions
develop flexure and shear interaction were shear force and bending moment act
together. That can be one of the reasons why the shear load capacity differs. The
crack pattern also plays a big role in this matter, for the crack pattern in the beams
that had so high shear load capacity, the crack headed straight down at first,
therefore reaching the longitudinal reinforcement sooner, there the bending
moment starts to act with the shear force. Because of extreme longitudinal
reinforcement the shear resistance increases the manner of aggregate interlock.
The shear crack is the only contributor to shear resistance, only through aggregate
interlock.

6.2 Beam specimens in group ¢

In all of the specimens, except for the specimen that had Acryl as a bonding
material, there was a clear increase in flexural bearing capacity. That was
achieved by applying BFRP sheet with different types of cement-based bonding
materials.

The mixtures with SP and BT50 fibres did perform better than the mix containing
Acryl. The main difference of the mix containing Acryl compared to the others is
that the acryl mix generated so much air as well as it was not as adhesive as the
others. The volume of the acryl mix was twice as much as the other two mixes,
due to the air volume in the mixture.

It was assumed that the failure mode would be the composite action between the
cement-based bonding material and the BFRP sheet. The BFRP sheet is so dense
that by putting it between two layers of cement-based material it would seem like
a sandwich. This was not a problem, there was an excellent composite action
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between these two materials. To prevent this failure mode it is important to have a
cement-based bonding material that has excellent bonding properties and also to
consider the position of the sheet, especially when it is so dense.

6.3 Comparison of analytical calculations with
experimental results

Calculations can be found in APPENDIX E. All safety factors in the calculations
were excluded and set equal to 1.0 for the calculations. This was done to have
actual test results according to the standards. Comparison of shear contribution
from analytical and experimental study.

6.3.1 Beams ingroupaandb

Table 19. Comparison of shear contribution from analytical and experimental study.

Grow Gocmen out+ Sheartoad v, PR renat v, e tona v, VYo
(kN) (kN) (kN) (kN)
ACI 440 *
BSal-BSa2  Unstrength. (Ref) 74.3 28.7 - 28.7 2.59
BSa3-BSa4 1 strip (90° U shape) 88.0 28.7 28 56.7 1.55
: BSa5-BSa6 1 strip (45° U shape) 96.5 28.7 26.5 55.2 1.75
BSa7-BSa8 3 strip (45° U shape) 107.8 28.7 81.8 110.5 0.98
BSb1-BSb3  Unstrength. (Ref) 68.2 28.2 - 28.2 2.42
° BSb4-BSb6 3 strip (45° O shape) 109.3 28.2 79.9 108.1 1.01
TR55 o
BSal-BSa2  Unstrength. (Ref) 74.3 30.3 - 30.3 2.45
BSa3-BSa4 1 strip (90° U shape) 88.0 30.3 25.7 56 1.57
: BSa5-BSa6 1 strip (45° U shape) 96.5 30.3 21.6 51.9 1.86
BSa7-BSa8 3 strip (45° U shape) 107.8 30.3 74.1 104.4 1.03
b BSb1-BSb3  Unstrength. (Ref) 68.2 30.3 - 30.3 2.25
BSb4-BSb6 3 strip (45° O shape) 109.3 30.3 79.9 110.2 0.99
*V, =0.17Vf, bd ACI 318-08
**V, =1, k(1.2+40p,)b d EN 1992-1-1:2004

Results from the experimental and analytical study are shown in Table 19. The
shear strength of all of the beams is calculated using the analytical procedure
presented in section 3 and is compared with the experimental results. It is of
interest to mention that when the effective strain is calculated with two design
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guidelines the threshold of the maximum strain increases, therefore the limit of
the maximum strain is considered. For both the ACI 440 and TRS55, the design
approaches overestimated the effective strain for the U-wrap system. Compared to
the experimental values for all wrapped system, the design method provides
reasonable accuracy. When calculating the shear contribution using both design
standard, the design methods used are the same as for fully wrapped systems
(n=0). The shear ratio of V,/Vy, (Experimental failure load / Analytical failure
load) varies from 0.98 to 1.86.

Figure 6-1 displays the predicted shear strengths versus the experimental shear
strengths of the RC beams both strengthened and un-strengthened. The covariance
(COV) of the ratios of the experimental and predicted shear strength values for
each method is also give. The predicted results using ACI 440 and TR55 exhibit
the same trend for the RC beams that are both strengthened and un-strengthened.
Note that the COV values are based on the experimental and predicted values. In a
study conducted by Mansour, Dicleli and Zhang in 2004 available test data of 176
RC beams was collected. A comparison of predicted shear strength versus
experimental shear strength from six building codes was displayed with the values
of COV scattered between 15% up to 22% [57].

ACI 440: COV=35%, TR55: COV=34%

120
—_
E 100
N
=
o
= 80
5)
b=}
2 60 Line
B
<= E AcCl 440
g 40 TR55
b} Linear(Line)
o 20
[0
0

0 20 40 60 80 100 120

Experimental shear strength (kN)

Figure 6-1. Comparison of predicted shear strengths versus experimental
shear strengths of the RC beams that are tested.
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6.3.2 Beams in group c

Table 20. Comparison of bending moment obtained from analytical and
experimental study.

Mean value of

Growy Gl St popimena A,
study M, *
(kNm) (kNm)
ACI440
BSc1-BSc2  Unstrength. (Ref) 30.8 22.2 1.39
BSc3-BSc4 AK1 313 26.9 1.16
c BSc5-BSc6 Fibrel 332 26.9 1.23
BSc7-BSc8 SP1 32.8 26.9 1.22
BSc9 EPOXY1 34.0 26.7 1.27
TR55
BSc1-BSc2  Unstrength. (Ref) 30.8 22.2 1.39
BSc3-BSc4 AK1 31.3 24.7 1.27
c BSc5-BSc6 Fibrel 332 24.7 1.34
BSc7-BSc8 SP1 32.8 24.7 1.33
BSc9 EPOXY1 34.0 24.6 1.38

Results from the experimental and analytical study are shown in Table 20. The
comparison between the experimental study to the analytical study is a good
estimation for the beams. The ratio of My/M,, (Experimental study / Analytical
study) varies from 15% to 38%.
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7 CONCLUSIONS

In this experimental study the flexural and shear behaviour of RC beams
strengthened with externally BFRP sheets were studied. An epoxy adhesive was
used to strengthen the RC beams for shear, while cement-based bonding material
was used to strengthen beam in flexure.

Shear tests was conducted in two sets using, five reference RC beams and nine
RC beams strengthened with BFRP. Flexural testing was conducted in one set
using, 2 reference RC beams and 6 RC beams strengthened with BFRP.

From the conducted experimental and analytical study on RC beams strengthened
in shear, with externally bonded BFRP reinforcement using epoxy adhesive, the
following can concluded:

e By means of externally bonded BFRP shear reinforcement the shear load-
carrying capacity of the beams can be increased.

e The shear capacity of the shear strengthened beams were improved by
more than 60% by applying the BFRP as externally reinforcement.

e The orientation of the fibres was found to have an important effect,
especially where 3 layers were applied in 45° fibre orientation. There was
a greater strengthening effect and better control off the shear crack
propagations.

e There was inconsistency for the strengthened beams in failure mechanism,
in terms of concrete crushing, fibre ruptures or fibres de-bonding.

e Increased efficiency was obtained when BFRP bond failure is avoided or
delayed.

e This method, is relatively easy for construction and handling, can be used
effectively for strengthening RC beams that require increased shear
capacity or confinement.

e The shear strength of concrete beams according to the theory is limited by
the many types of failure modes, it does not fully describe the complex
behaviour of concrete in shear, although good predictions were seen for
the 3 45°stripps strengthening layout.
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From the experimental conducted and analytical study on RC beams strengthened
in flexure with a cement-based bonding material, the following can be concluded:

e Concrete structures can be strengthened by the use of cement-based
bonding material.

e All types of cement-based bonding materials that were used can contribute
to increase load carrying capacity of the concrete members.

e Full composite action was obtained between the concrete and cement-
based bonding material.

e The strengthened specimens showed an increase in flexural load carrying
capacity up to 8% using cement-based bonding material and 11% with an
epoxy adhesive.

e Comparing the strengthening effect of the cement-based bonding material
system to the epoxy strengthening system using the same size of BFRP
sheet, it is clear that the cement-based bonding material provides a similar
flexural load capacity.

e The failure of beams strengthened with cement-based bonding material
was caused by rupture of the longitudinal fibres.

e For beams strengthened with epoxy adhesive de-bonding of the fibres was
the failure.

e The proposed flexural design to estimate the flexural capacity for beams
strengthened with cement-based bonding material gave promising results.

e By using Acryl in a mixture does not give good bonding properties
because of the air content.

7.1 Limitations

This research is limited to investigate the application of FRP material as external
reinforcement. Only simply supported reinforced concrete beams strengthened
with unidirectional and multiaxial FRP sheet were studied.

There are some limitations in the flexural design using cement-based bonding
material. Firstly, no considerations were taken to the bond-slip behaviour between
the concrete base and the strengthening layer. Secondly, a full composite action
between the cement-based bonding material and the BFRP sheet was assumed.
Long term behaviour and environmental effects were not treated.
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7.2 Further research

The author considers that it is hard to accomplish models for FRP strengthening
beams in shear until the behaviour of the simple RC beams in shear is solved. In
this thesis, several design aspects have been dealt with but not all aspects were
covered. It is clear that further research is needed in this field because of the
behaviour of RC beams in shear. Factors such as tensile reinforcement, shear span
ratio, aggregate size, shape and crack propagation process should be investigated
further.

It must be noted that the studied in FRP strengthened with cement-based bonding

material is a relatively new subject in this field. Therefore, this topic leads to
questions to be answered by means of further research, such as durability.
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APPENDIX B

Results of compressive strength, group a

Compressive strength of beam specimens in group a

Sample

Sample dimensions [mm]

Weight [kg] Density [kg/m3]

Load Compressive strength

(Hydrat. time in days) Width average Height Dbef. Testing before testing kgl Mpa
1 15;:5? 18328 183:28 100.13  203.50 3.59 2241 6600 8
: Ges o9a0 oois OF 2000 350 257 e :
1 s o1 osoap OF 000 2: 2w e .
7 281738 gggg ;%03%5 99.49  199.95 3.56 2290 19500 24
7 oo w000 eess 9963 190 s mw w0
7 lo7y iored ores 1074 2000 ses s a0
2 lbo 10500 lopoo 1O 000 aes oz 20 29
& Gso o0 loas 10005 020 aes oz w0 oa
2 sos  os ooop 40 W00 as  am om0 3
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Average
8

Average
25

Average
31

STD
0.18

STD
0.72

STD
2.05

cov
2.3

cov
2.9

cov
6.6



Results of compressive strength, group b

Compressive strength of beam specimens in group b

Sample Sample dimensions [mm] Weight [kg] Density [kg/m?] Load Compressive strength
(Hydrat. time in days) Width average Height bef. Testing before testing [kgl Mpa
1 1;;01%0 3228 :ggg 99.38  200.80 3.61 2318 3700 5
: 670 oo to00p SOST 2030 36 5
1 0150 10000 forsp 10125 208 370 s 3700 :
7 a0 70 top S0 2020 3es 26 1400 »
7 coro 7 apeo 9% 240 3es o 1300 y
7 0120 fora0 1o 10077 040 a7 a1 -
. Gs ooro sms 9% 2000 35 234 26100 50
2 10070 foroo dorgo 0098 2000 87 222 250 50
2 lois 100e0 toico 0100 208 a2 sz 2530 50

&5

Average
5

Average
19

Average
30

STD
0.21

STD
2.69

STD
0.34

cov
4.7

cov
143

cov
11



Results of compressive strength, group c

Compressive strength for beam specimens in group ¢

Sample

Sample dimensions [mm]

Weight [kg] Density [kg/m?3]

Load Compressive strength

(Hydrat. time in days) Width average Height bef. Testing before testing [kel Mpa
: Hoa oo s 0005 2020 s mmo qms
: w30  soa0 s 15 00 s am s 17
: Tod  ood0  aeo € 040 aes  aw  awmse 1
7 1905 '0000 gg:gg L%(_)(')%O 99.40  200.50 3.70 2378 40200 49
7 1000 To0co saeo 0007 2030 a2 2 0 9
7 %0 oo o 40 2000 aes  as w0 4
28 gg:gg Zg:gg gg:gg 99.20  200.40 3.65 2356.58 45800 56
2 T3 o000 tops 10013 2030 a7s  2wice  s0 G
2 v sem ses w10 ot a7 299 40k0 50
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Average
16
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49

Average
56

STD
0.70

STD
1.01

STD
5.78

cov
4.2

cov
2.1

cov
10.4



Results of compressive strength, small-scale beams

Compressive strength of small-scale beams

Sample Sample dimensions [mm)] Weight [kg] Density [kg/m3] Load Compressive strength
(Hydrat. time in days) Width average Height bef. Testing before testing [kg] Mpa
56 18838 18888 18828 100.13  200.40 3.87 2452 47200 60
56 188?8 g%os(z)o ?(?08700 99.98  200.40 3.87 2460 39900 51
56 188:?8 188:88 ?c?d(.ae?o 100.03 20060  3.86 2448 46600 59 A"‘;age :L'; C; (\)/
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APPENDIX C

Modulus of elasticity for group a

Nysképunarmidstéd
Islands

Rannsokn nr:
Dags:
Frkv. af:

1
11.11.2011
SLS

Fjadurstudull steinsteypu s.k.v. ISO 6784

Unnid fyrir: MSc verkefni SLS
Steypudagur: 13.10.2011
Syni Aldur  Préfunar- Hlutfalls. Prystipol Fjadur- Fjadurst. Stadal-
alag alag studull medaltal fravik
Nr. Dagar MPa % MPa GPa GPa GPa
1 28 9.4 0.33 286 256
2 28 96 0.29 334 26.7
3 28 101 0.29 354 280 26.8 1.2

88




Modulus of elasticity for group b

, - . . Rannsokn nr: 2
Nyskdpunarmidst5d Dags: 12.01.2012
Islands Frkv. af: sLS

Fjadurstudull steinsteypu s.k.v. ISO 6784

Unnid fyrir: MSc verkefni SLS
Steypudagur: 14.12.2011
Syni Aldur Préfunar- Hlutfalls. Prystipol Fjadur- Fjadurst. Stadal-
alag alag studull medaltal fravik
Nr. Dagar MPa Y MPa GPa GPa GPa
2 28 9.0 0.31 29.0 277
3 28 8.3 0.29 293 322
4 28 8.5 0.28 304 281 29.3 25
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Modulus of elasticity for group c

Nysképunarmidstéd
Islands

Rannsékn nr: 3
Dags: 29.03.2012
Frkv. af: SLS

Fjadurstudull steinsteypu s.k.v. ISO 6784

Unnid fyrir: MSc verkefni SLS

Steypudagur: 28.02.2012
Syni Aldur Profunar- Hlutfalls. Prystipol Fjadur- Fjadurst. Stadal-

alag alag studull medaltal fravik

Nr. Dagar MPa k3 MPa GPa GPa GPa
2 32 254 043 59.3 343
3 32 246 0.50 493 327
4 32 234 0.38 62.2 336 335 0.8
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APPENDIX D

Results from flexural and compression testing on CBM materials

Mix 1.3% SP 1.6% SP 1.9% SP
Sample - 2 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 278 270 236 236 232 245 235 229 271
Max. Bending Moment (Nm) 68.2 66.2 57.9 57.9 56.9 60.1 57.6 56.2 66.5
Max. Tensile force N 3409.0 3310.9 2894.0 2894.0 2844.9 3004.3 2881.7 2808.1 3323.1
Max. Tensile stress (MPa) 6.4 6.2 54 54 5.3 5.6 5.4 5.3 6.2
Mean (MPa) 6.0 5.5 5.6
Standard dev. (MPa) 0.5 0.2 0.5
Coefficient of var. (%) 8.5 2.8 9.3
Compressive Force (kg) 8130 7770 7800 7000 7090 7600 6600 6500 6420
8240 7810 8030 7070 7670 7470 6520 6120 6710
Compressive strength (MPa) 65 62 63 56 59 60 52 50 52
Mean (MPa) 63.4 58.2 51.6
Standard dev. (MPa) 1.6 2.0 1.2
Coefficient of var. (%) 2.5 3.5 2.3
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Mix 10% SF 12% SF 15% SF
Sample - 2 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 218 245 228 253 230 217 219 255 235
Max. Bending Moment (Nm) 53.5 60.1 55.9 62.0 56.4 53.2 53.7 62.5 57.6
Max. Tensile force N 2673.2 3004.3 2795.9 3102.4 2820.4 2661.0 2685.5 3126.9 2881.7
Max. Tensile stress (MPa) 5.0 5.6 5.2 5.8 5.3 5.0 5.0 5.9 5.4
Mean (MPa) 5.3 54 54
Standard dev. (MPa) 0.3 0.4 0.4
Coefficient of var. (%) 5.9 7.8 7.6
Compressive Force (kg) 9030 9070 8570 8660 8740 9200 8180 8870 8900
8900 9130 8610 8270 8400 9120 8810 8970 8710
Compressive strength (MPa) 71 72 68 67 68 73 68 7 70
Mean (MPa) 70.7 69.5 69.6
Standard dev. (MPa) 21 3.0 1.7
Coefficient of var. (%) 3.0 4.3 2.5
Mix 0.25% STRUX 90/40 0.50% STRUX 90/40 0.75% STRUX 90/40
Sample - 2 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 269 266 275 239 263 256 245 277 277
Max. Bending Moment (Nm) 66.0 65.2 67.4 58.6 64.5 62.8 60.1 67.9 67.9
Max. Tensile force N 3298.6 3261.8 3372.2 2930.7 3225.0 3139.2 3004.3 3396.7 3396.7
Max. Tensile stress (MPa) 6.2 6.1 6.3 5.5 6.0 5.9 5.6 6.4 6.4
Mean (MPa) 6.2 5.8 6.1
Standard dev. (MPa) 0.1 0.3 0.4
Coefficient of var. (%) 1.7 4.9 6.9
Compressive Force (kg) 8890 9200 8826 8560 7710 8150 7590 7360 7440
7980 9190 8480 8280 8470 7680 7270 6190 7430
Compressive strength (MPa) 67 73 69 67 64 63 59 54 59
Mean (MPa) 69.7 64.8 57.4
Standard dev. (MPa) 3.1 2.0 3.0
Coefficient of var. (%) 4.5 3.1 5.3
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Mix 0.25% STRUX BT50 0.50% STRUX BT50 0.75% STRUX BT50
Sample - 2 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 249 274 294 377 321 277 280 280 484
Max. Bending Moment (Nm) 61.1 67.2 721 92.5 78.7 67.9 68.7 68.7 118.7
Max. Tensile force N 3053.4 3359.9 3605.2 4623.0 3936.3 3396.7 3433.5 3433.5 5935.1
Max. Tensile stress (MPa) 5.7 6.3 6.8 8.7 7.4 6.4 6.4 6.4 1.1
Mean (MPa) 6.3 7.5 8.0
Standard dev. (MPa) 0.5 1.2 2.7
Coefficient of var. (%) 8.3 15.4 33.8
Compressive Force (kg) 8130 8520 8470 7360 7880 7620 7760 7730 7780
8190 7970 7990 7900 8190 7880 7680 7720 7740
Compressive strength (MPa) 65 66 65 61 64 62 61 61 62
Mean (MPa) 65.3 62.1 61.6
Standard dev. (MPa) 0.4 1.7 0.2
Coefficient of var. (%) 0.6 2.7 0.3
Mix 11% Acryl 22% Acryl 33% Acryl
Sample - 2 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 112 116 1271 115.4 103.1 101.2 107.8 119.7 115.3
Max. Bending Moment (Nm) 27.5 28.4 31.2 28.3 253 24.8 26.4 294 28.3
Max. Tensile force N 13734 1422.5 1558.6 1415.1 1264.3 1241.0 1321.9 1467.8 1413.9
Max. Tensile stress (MPa) 2.6 2.7 29 2.7 24 23 25 28 27
Mean (MPa) 2.7 2.5 2.6
Standard dev. (MPa) 0.2 0.2 0.1
Coefficient of var. (%) 6.6 7.2 5.3
Compressive Force (kg) 1682 1777 1772 1712 1670 1602 1953 1891 1837
1795 1708 1666 1566 1661 1591 1860 1915 1862
Compressive strength (MPa) 14 14 14 13 13 13 15 15 15
Mean (MPa) 13.8 13.0 15.0
Standard dev. (MPa) 0.1 0.3 0.3
Coefficient of var. (%) 0.7 2.1 1.7
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Mix

11% Acryl 0.4% SP

22% Acryl 0.4% SP

33% Acryl 0.4% SP

Sample - 2 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 212 225 195.9 168 195.3 179.3 168.5 183.4 154.4
Max. Bending Moment (Nm) 52.0 55.2 48.0 41.2 47.9 44.0 41.3 45.0 37.9
Max. Tensile force N 2599.7 27591 2402.2 2060.1 2394.9 2198.7 2066.2 2248.9 1893.3
Max. Tensile stress (MPa) 4.9 5.2 4.5 3.9 4.5 41 3.9 4.2 3.5
Mean (MPa) 4.9 4.2 3.9
Standard dev. (MPa) 0.3 0.3 0.3
Coefficient of var. (%) 6.9 7.6 8.6
Compressive Force (kg) 4630 4680 4600 4050 3990 3860 3760 3550 3890
4700 4720 4480 3800 3950 4090 3820 3440 3730
Compressive strength (MPa) 37 37 36 31 32 32 30 28 30
Mean (MPa) 36.9 31.5 294
Standard dev. (MPa) 0.7 0.2 1.4
Coefficient of var. (%) 1.8 0.7 4.8

Mix Small-scale beams SP Small-scale beams BT50 Small-scale beams Acryl
Sample - 2 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 363 365 323 262 260 247 97.9 98.9 111
Max. Bending Moment (Nm) 89.0 89.5 79.2 64.3 63.8 60.6 24.0 24.3 27.2
Max. Tensile force N 4451.3 4475.8 3960.8 3212.8 3188.3 3028.8 1200.5 1212.8 1361.1
Max. Tensile stress (MPa) 8.3 8.4 7.4 6.0 6.0 5.7 23 23 2.6
Mean (MPa) 8.1 59 24
Standard dev. (MPa) 0.5 0.2 0.2
Coefficient of var. (%) 6.8 3.2 71
Compressive Force (kg) 9830 9950 9390 7440 8210 7750 1949 2230 1866
9840 9970 9690 7720 7930 8070 1630 1816 1857
Compressive strength (MPa) 78 79 76 60 64 63 14 16 15
Mean (MPa) 77.8 62.5 151
Standard dev. (MPa) 1.7 2.0 1.0
Coefficient of var. (%) 2.2 3.2 6.3
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Mix Final mix SP Final mix BT50 Final mix Acryl
Sample - 2 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 403 397 345 405 321 449 0 214 168
Max. Bending Moment (Nm) 98.8 97.4 84.6 99.3 78.7 1101 0.0 52.5 41.2
Max. Tensile force N 4941.8 4868.2 4230.6 4966.3 3936.3 5505.9 0.0 2624.2 2060.1
Max. Tensile stress (MPa) 9.3 9.1 7.9 9.3 7.4 10.3 0.0 4.9 3.9
Mean (MPa) 8.8 9.0 29
Standard dev. (MPa) 0.7 1.5 2.6
Coefficient of var. (%) 8.4 16.6 88.5
Compressive Force (kg) 10190 10380 10180 11150 11090 11300 1949 2230 1866
10330 10080 10350 11380 11320 10910 1630 1816 1857
Compressive strength (MPa) 82 81 82 90 89 88 14 16 15
Mean (MPa) 81.6 89.1 15.1
Standard dev. (MPa) 0.2 0.6 1.0
Coefficient of var. (%) 0.2 0.7 6.3
Mix Final mix SP Final mix BT50 Final mix Acryl
Sample - 14 day strength 1 2 3 1 2 3 1 2 3
Bending M Force (kg) 392 352 332 460 417 454 313 333 302
Max. Bending Moment (Nm) 96.1 86.3 81.4 112.8 102.3 111.3 76.8 81.7 741
Max. Tensile force N 4806.9 4316.4 4071.2 5640.8 5113.5 5567.2 3838.2 4083.4 3703.3
Max. Tensile stress (MPa) 9.0 8.1 7.6 10.6 9.6 10.4 7.2 7.7 6.9
Mean (MPa) 8.2 10.2 7.3
Standard dev. (MPa) 0.7 0.5 0.4
Coefficient of var. (%) 8.5 5.2 5.0
Compressive Force (kg) 16360 16610 16550 16890 17840 16560 7630 8575 7880
17210 16490 17600 16440 14840 16640 7930 8270 7290
Compressive strength (MPa) 134 132 136 133 130 132 62 67 60
Mean (MPa) 133.7 131.6 63.1
Standard dev. (MPa) 21 1.4 3.5
Coefficient of var. (%) 1.6 1.0 5.5
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APPENDIX E

Calculations
ACI 318-08
Group: aandb V.=0.17Vf.bd

Shear strength of concrete V. 28.7 kN
Standard: EN 1992-1-1:2004

Group: aandb V.=1,k(1.2+40p,)b d

Mean concrete tensile strength fom 3.0 0.3£,%°
Mean resisting shear strength T, 0.74012043 0.25f,
Constant k 1.4 1.6-d>1
Shear strength of concrete V. 30.3 kN
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Standard: ACI 440

Group: a Beam nr. BSa3 and BSa4

Fibre used: BAS UNI 600

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 202 mm
Area of concrete A, 37500 mm?>
Concrete

Compressive strength f. 31 MPa
Modulus of elasticity E, 27000 MPa
Steel reinforcement

Steel compressive bars a9, mm
Number of compressive bars K6 2 psc.
Steel compressive reinforcement ratio Psl 0.2 0.2%
Area of compressive reinforcement Aq 57 mm?
Steel tensile bars g, 16 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps 0.013 1.30%
Area of tensile reinforcement Ay 402 mm?
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement

Thickness t; 0.65 mm
Width Sy 400 mm
Number of layers n 1 -
Fibre alignment B 90 °
Area of FRP A; 520 mm?
FRP reinforcement ratio Pr 0.017 1.7%
Modulus of elasticity E; 26800 MPa
Ultimate tensile strength f; 588.2 MPa
Ultimate tensile strain € 0.027 2.7%
Shear strengthening calculations

Effective lengt of FRP L. 81 mm
Modafication factor k, 1.1 -
Modafication factor (U-wrapped) k, 0.60 -
Strain-reduction factor k, 0.17 -
Effective strain (U-wrapped) €5 0.0045 k,*€,<0,004
Allowable strain by ACI €g 0.004 0.4%
Effective tensile stress I 107 MPa
Shear contribution of FRP V; 28.2 kN
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Standard: ACI 440

Group: a Beam nr. BSa$5 and BSa6

Fibre used: BAS BI 450

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 202 mm
Area of concrete A, 37500 mm?
Concrete

Compressive strength f. 31 MPa
Modulus of elasticity E, 27000 MPa
Steel reinforcement

Steel compressive bars 9, 6 mm
Number of compressive bars K6 2 psc.
Steel compressive reinforcement ratio Psi 0.2 0.2%
Area of compressive reinforcement Agy 57 mm?
Steel tensile bars 9, 16 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps2 0.013 1.30%
Area of tensile reinforcement A, 402 mm?
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement

Thickness tr 0.45 mm
Width S¢ 400 mm
Number of layers 1 -
Fibre alignment 45 °
Area of FRP A; 360 mm?
FRP reinforcement ratio Pr 0.012 1.2%
Modulus of elasticity E; 25900 MPa
Ultimate tensile strength f; 50.3 MPa
Ultimate tensile strain € 0.007 0.7%
Shear strengthening calculations

Effective lengt of FRP L. 102 mm
Modafication factor k, 1.1 -
Modafication factor (U-wrapped) k, 0.49 -
Strain-reduction factor k, 0.66 k,<0,75
Allowable strain-reduction factor by ACI k, 0.75

Effective strain (U-wrapped) €g 0.0053 k, *€;,<0,004
Allowable strain by ACI €g 0.004 0.4%
Effective tensile stress fre 104 MPa
Shear contribution of FRP Vi 26.6 kN
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Standard: ACI 440

Group: a Beam nr. BSa7 and BSa8

Fibre used: BAS BI 450

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 202 mm
Area of concrete A, 37500 mm?
Concrete

Compressive strength f, 31 MPa
Modulus of elasticity E. 27000 MPa
Steel reinforcement

Steel compressive bars 9, 6 mm
Number of compressive bars K6 2 psc
Steel compressive reinforcement ratio Psi 0.2 0.2%
Area of compressive reinforcement Aq 57 mm?
Steel tensile bars D, 16 mm
Number of tensile bars K16 2 psc
Steel tensile reinforcement ratio Ps 0.013 1.30%
Area of tensile reinforcement Ay, 402 mm?
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement

Thickness te 0.45 mm
Width Sy 400 mm
Number of layers n 3 -
Fibre alignment 45 °
Area of FRP A; 1080 mm?
FRP reinforcement ratio Pr 0.036 3.6%
Modulus of elasticity E; 26500 MPa
Ultimate tensile strength fr 190.6 MPa
Ultimate tensile strain € 0.032 3.2%
Shear strengthening calculations

Effective lengt of FRP L. 101 mm
Modafication factor k, 1.1 -
Modafication factor (U-wrapped) k, 0.50 -
Strain-reduction factor k, 0.15 k,<0,75
Effective strain (U-wrapped) €p 0.0047 k., *€4,<0,004
Allowable strain by ACI € 0.004 0.4%
Effective tensile stress fre 106 MPa
Shear contribution of FRP Vi 81.8 kN
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Standard: ACI 440

Group: b Beam nr. BSb4 and BSb6

Fibre used: BAS BI 450

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 202 mm
Area of concrete A, 37500 mm?
Concrete

Compressive strength f, 30 MPa
Modulus of elasticity E. 29000 MPa
Steel reinforcement

Steel compressive bars 9, 6 mm
Number of compressive bars K6 2 psc.
Steel compressive reinforcement ratio Ps1 0.2 0.2%
Area of compressive reinforcement Ag 57 mm?
Steel tensile bars 9, 16 mm
Number of tensile bars K16 2 psc
Steel tensile reinforcement ratio Ps 0.013 1.30%
Area of tensile reinforcement A, 402 mm?
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement

Thickness te 0.45 mm
Width St 400 mm
Number of layers n 3 -
Fibre alignment § 45 °
Area of FRP A; 1080 mm?
FRP reinforcement ratio Pr 0.036 3.6%
Modulus of elasticity E; 25900 MPa
Ultimate tensile strength f; 190.6 MPa
Ultimate tensile strain €4 0.032 3.2%
Shear strengthening calculations

Effective strain (0-wrapped) €f 0.0240 =0.004<0.75¢y,
Allowable strain by ACI €g 0.004 0.4%
Effective tensile stress fre 104 MPa
Shear contribution of FRP V; 79.9 kN
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Standard: TR55

Group: a Beam nr. BSa3 and BSa4

Fibre used: BAS UNI 600

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 202 mm
Area of concrete A, 37500 mm?
Concrete

Compressive strength f, 31 MPa
Modulus of elasticity E. 27000 MPa
Steel reinforcement

Steel compressive bars g, 6 mm
Number of compressive bars K6 psc.
Steel compressive reinforcement ratio Ps1 0.2 0.2%
Area of compressive reinforcement A 57 mm?
Steel tensile bars 9, 16 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps2 0.013 1.30%
Area of tensile reinforcement A, 402 mm?’
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement

Thickness t; 0.65 mm
Width S¢ 400 mm
Number of layers n 1 -
Fibre alignment B 90 °
Area of FRP A 520 mm?
FRP reinforcement ratio Pr 0.017 3.6%
Modulus of elasticity E; 26800 MPa
Ultimate tensile strength f; 588.2 MPa
Ultimate tensile strain g 0.027 2.7%
Shear strengthening calculations

Fully wrapped n 1

Mean concrete tensile strength foim 2.96 MPa
Anchorage length L imax 53.70 mm
Effective strain (0-wrapped) €k 0.004 0.4%
Shear contribution of FRP Vi 25.7 kN
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Standard: TR55

Group: a Beam nr. BSa5 and BSa6

Fibre used: BAS BI 450

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 202 mm
Area of concrete A, 37500 mm?
Concrete

Compressive strength f, 31 MPa
Modulus of elasticity E. 27000 MPa
Steel reinforcement

Steel compressive bars g, 6 mm
Number of compressive bars K6 psc.
Steel compressive reinforcement ratio Ps1 0.2 0.2%
Area of compressive reinforcement A 57 mm?
Steel tensile bars 9, 16 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps2 0.013 1.30%
Area of tensile reinforcement A, 402 mm?’
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement

Thickness te 0.45 mm
Width S¢ 400 mm
Number of layers n 1 -
Fibre alignment B 45 °
Area of FRP A 360 mm?
FRP reinforcement ratio Pr 0.012 3.6%
Modulus of elasticity E; 25900 MPa
Ultimate tensile strength f; 50.3 MPa
Ultimate tensile strain g 0.007 0.7%
Shear strengthening calculations

Fully wrapped n 1

Mean concrete tensile strength foim 2.96 MPa
Anchorage length L imax 43.92 mm
Effective strain (0-wrapped) €k 0.004 0.4%
Shear contribution of FRP Vi 21.6 kN
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Standard: TR55

Group: a Beam nr. BSa7 and BSa8

Fibre used: BAS BI 450

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 202 mm
Area of concrete A, 37500 mm?
Concrete

Compressive strength f, 31 MPa
Modulus of elasticity E. 27000 MPa
Steel reinforcement

Steel compressive bars g, 6 mm
Number of compressive bars K6 psc.
Steel compressive reinforcement ratio Ps1 0.2 0.2%
Area of compressive reinforcement A 57 mm?
Steel tensile bars 9, 16 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps2 0.013 1.30%
Area of tensile reinforcement A, 402 mm?’
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement

Thickness te 0.45 mm
Width S¢ 400 mm
Number of layers n 3 -
Fibre alignment B 45 °
Area of FRP A 1080 mm?
FRP reinforcement ratio Pr 0.036 3.6%
Modulus of elasticity E; 25900 MPa
Ultimate tensile strength f; 190.6 MPa
Ultimate tensile strain g 0.032 3.2%
Shear strengthening calculations

Fully wrapped n 1

Mean concrete tensile strength foim 2.96 Mpa
Anchorage length L imax 43.92 mm
Effective strain (0-wrapped) €k 0.004 0.4%
Shear contribution of FRP Vi 74.1 kN
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Standard: TR55

Group: b Beam nr. BSb4 and BSb6

Fibre used: BAS BI 450

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 202 mm
Area of concrete A, 37500 mm?
Concrete

Compressive strength f, 30 MPa
Modulus of elasticity E. 28000 MPa
Steel reinforcement

Steel compressive bars g, 6 mm
Number of compressive bars K6 psc.
Steel compressive reinforcement ratio Ps1 0.2 0.2%
Area of compressive reinforcement A 57 mm?
Steel tensile bars 9, 16 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps2 0.013 1.30%
Area of tensile reinforcement A, 402 mm?’
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement

Thickness te 0.45 mm
Width S¢ 400 mm
Number of layers n 3 -
Fibre alignment B 45 °
Area of FRP A 1080 mm?
FRP reinforcement ratio Pr 0.036 3.6%
Modulus of elasticity E; 25900 MPa
Ultimate tensile strength f; 190.6 MPa
Ultimate tensile strain g 0.032 3.2%
Shear strengthening calculations

Fully wrapped n 0

Mean concrete tensile strength foim 2.90 MPa
Anchorage length L imax 44.40 mm
Effective strain (0-wrapped) €k 0.004 0.4%
Shear contribution of FRP V; 79.9 kN
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Standard: ACI 440

Group: c Beam nr. BFc3 and BFc8
Fibre used: BAS UNI 600
Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 204 mm
Area of concrete A, 37500 mm?
Concrete
Compressive strength f, 56 MPa
Modulus of elasticity E. 33000 MPa
Steel reinforcement
Steel tensile bars 0 12 mm
Number of tensile bars K16 2 psc
Steel tensile reinforcement ratio Ps 0.0074 0.74%
Area of tensile reinforcement A, 226 mm?
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement
Thickness te 0.65 mm
Width Sy 70 mm
length L 2100 mm
Number of layers n 1
Area of FRP A; 455 mm?
FRP reinforcement ratio Pr 0.0015 0.15%
Modulus of elasticity E; 26800 MPa
Ultimate tensile strength fr 588.2 MPa
Ultimate tensile strain € 0.027 2.7%
Flexure strengthening calculations
Existing strain € 0 0%
Number of layers n 1

nE;t; 17420 <180.000
Bond-dependent coefficient K., 0.57
Depth of the neutral axis, ESTIMATED X 40.80 mm
Effective strain in the FRP reinforcement €p 0.015 <K,€q
Strain in the steel reinforcement € 0.012 1.2%
Stress in the reinforcement f, 2520 f>f,
Equivalent rectangular stress block B, 0.65
Thickness of the FRP CBM bonding material tenm 20 mm
Actual depth of the neutral axis X 24.1 mm
Flexure load capacity M 26.9 kNm
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Standard: ACI 440

Group: c Beam nr. BFc9
Fibre used: BAS UNI 600
Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 204 mm
Area of concrete A, 37500 mm?
Concrete
Compressive strength f, 56 MPa
Modulus of elasticity E. 33000 MPa
Steel reinforcement
Steel tensile bars (0] 12 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps 0.0074 0.74%
Area of tensile reinforcement A, 226 mm?
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement
Thickness te 0.65 mm
Width Sy 70 mm
Length L; 2100 mm
Number of layers n 1
Area of FRP A; 45.5 mm?’
FRP reinforcement ratio Pr 0.0015 0.15%
Modulus of elasticity E; 26800 MPa
Ultimate tensile strength f; 588.2 MPa
Ultimate tensile strain & 0.027 2.7%
Flexure strengthening calculations
Existing strain €es 0 0%
Number of layers n 1

nEt, 17420 <180.000
Bond-dependent coefficient K. 0.57
Depth of the neutral axis, ESTIMATED Xe 40.80 mm
Effective strain in the FRP reinforcement €h 0.015 <Kn€n
Strain in the steel reinforcement € 0.012 1.2%
Equivalent rectangular stress block B 0.65
Actual depth of the neutral axis X 24.1 mm
Flexure load capacity M 26.7 kNm




Standard: TRS55
Group: c Beam nr.

Fibre used: BAS UNI 600

BFc3 and BFc8

Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 204 mm
Area of concrete A, 37500 mm?’
Concrete
Compressive strength f, 56 MPa
Modulus of elasticity E. 33000 MPa
Steel reinforcement
Steel tensile bars 4] 12 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps 0.0074 0.74%
Area of tensile reinforcement A, 226 mm?’
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement
Thickness t; 0.65 mm
Width St 70 mm
length L 2100 mm
Number of layers n 1
Area of FRP A 45.5 mm?’
FRP reinforcement ratio Pt 0.0015 0.15%
Modulus of elasticity E; 26800 MPa
Ultimate tensile strength f; 588.2 MPa
Ultimate tensile strain € 0.027 2.7%
Flexure strengthening calculations
Strain in the FRP reinforcement € 0.008 0.8%
Depth of the neutral axis X 16.25 mm
Stress level in the steel reinforcement f, 13494 f>f,
Strain in the concrete €, 0.0006 £.,<0.0035
z 196.7 mm
Thickness of the FRP CBM bonding material team 20 mm
Flexure load capacity M 24.7 kNm
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Standard: TRS5S

Group: c Beam nr. BFc9
Fibre used: BAS UNI 600
Beam Notation Size Unit
Width b 150 mm
Height h 250 mm
Lengt L 2500 mm
Concrete cover deover 40 mm
Effective depth d 204 mm
Area of concrete A, 37500 mm?
Concrete
Compressive strength f, 56 MPa
Modulus of elasticity E. 33000 MPa
Steel reinforcement
Steel tensile bars (4] 12 mm
Number of tensile bars K16 2 psc.
Steel tensile reinforcement ratio Ps 0.0074 0.74%
Area of tensile reinforcement A, 226 mm?’
Yield strength fy 500 MPa
Modulus of elasticity E, 210000 MPa
BFRP external reinforcement
Thickness t; 0.65 mm
Width S¢ 70 mm
length L 2100 mm
Number of layers n 1
Area of FRP A 45.5 mm?
FRP reinforcement ratio Pt 0.0015 0.15%
Modulus of elasticity E; 26800 MPa
Ultimate tensile strength f; 588.2 MPa
Ultimate tensile strain € 0.027 2.7%
Flexure strengthening calculations
Strain in the FRP reinforcement € 0.008 0.8%
Depth of the neutral axis X 16.25 mm
Stress level in the steel reinforcement s 1349.4 f>f,
Strain in the concrete €, 0.0006 £.,<0.0035
z 196.7 mm
Flexure load capacity M 24.6 kNm
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