APPLICATIONS OF FRP IN REINFORCING AND
STRENGTHENING CONCRETE MASONRY BEAMS

Munir Alp Enginsal

A Thesis
in
The Department
of

Building, Civil, and Environmental Engineering

Presented in Partial Fulfillment of the Requirements

for the Degree of Master of Applied Science (Civil Engineering) at
Concordia University

Montréal, Québec, Canada

September 2009

© Munir Alp Enginsal, 2009



Library and Archives Bibliothéque et

* Canada Archives Canada
Published Heritage Direction du
Branch Patrimoine de I'édition

395 Wellington Street 395, rue Wellington

Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your file Votre référence
ISBN: 978-0-494-63072-3
Our file Notre référence
ISBN: 978-0-494-63072-3
NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author's permission.

L’auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

L'auteur conserve la propriété du droit d’auteur
et des droits moraux qui protége cette thése. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a Ia loi canadienne sur la
protection de la vie privée, quelques

formulaires secondaires ont été enlevés de

cette theése.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.



ABSTRACT

APPLICATIONS OF FRP IN REINFORCING AND
STRENGTHENING CONCRETE MASONRY BEAMS

MUNIR ALP ENGINSAL

An experimental and analytical study is conducted in order to investigate the
flexural behaviour of masonry beams when reinforced or strengthened with Fibre-
Reinforced Polymers (FRP) composite materials. Nine reinforced masonry beams with
4.0 m and 2.4 m clear spans were constructed to be tested under four point bending setup.
The beams were subjected to increasing monotonic load up to failure, and then unloaded.
Two beams have two courses of hollow concrete masonry units, and the remaining seven
beams have three courses. Three masonry beams were reinforced using conventional steel
rebars two of which were considered as the control specimens, while the remaining beam
strengthened using two layers of Carbon Fibre-Reinforced Polymers (CFRP) sheets that
were externally bonded to both sides of the beam. The remaining six beams were
internally reinforced using Glass Fibre Reinforced Polymers (GFRP) rods with different
reinforcement ratios. Beams were detailed to have sufficient shear reinforcement such
that they do not fail in shear. Comparisons were conducted between the GFRP-reinforced
and steel-reinforced control beams as well as CFRP-strengthened and steel-reinforced
control beam of the flexural capacity, deformation and strains of the tested specimens.
Using the acquired data from the experimental and analytical studies, effectiveness of
GFRP rods as internal reinforcement for concrete masonry beams as well as the
effectiveness CFRP sheets for strengthening steel-reinforced concrete masonry beams are
demonstrated.
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CHAPTER 1

INTRODUCTION

1.1 Background and Problem Definition

Masonry is one of the ancient construction methods and has been used by number
of civilizations for centuries. Although many different materials have been employed as
masonry units such as alluvial deposits, stones, ice blocks, glass ...etc, concrete masonry
units were first designed and molded in mid-1800s with the increase in the cement
quality. Since the very first concrete masonry units were solid and heavy, they could not
attract the attention of the construction ‘industry. Later on, techniques were developed to
make hollow concrete blocks and the first hollow concrete masonry was introduced in
1866 (Figure 1.1). The concrete masonry units that are used in this research are almost

identical to their predecessors in terms of shape.
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Figure 1.1 Various types of concrete masonry units (Drysdale and Hamid, 2005)



Romans started constructing low-rise unreinforced masonry buildings as early as
the first century A.C. Some of those structures were five or more stories high and had one
meter thick unreinforced load bearing masonry walls all around their parameters.
Umeinforced masonry beams were utilized in order to allow for door and window
openings on the fagade and within the interior masonry walls of the structures (Figure

1.2).
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Figure 1.2 Early multistory load-bearing masonry structure (Drysdale and Hamid, 2005)

Beams in masonry construction are mostly utilized as bond beams or linte]l beams.
They are located at the roof level or at floor levels and may have multiple functions such
as tying the structure around its perimeter, transferring the diaphragm action of the roof
to the shear walls and spanning over the openings in the walls supporting the gravity

loads coming from above (Figure 1.3 and Figure 1.4).
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Figure 1.3 Lateral load resisting structural system of a single-storey masonry structure.
(Drysdale and Hamid, 2005)

0

Figure 1.4 Reinforced concrete lintel masonry units supporting opening located in an
unreinforced masonry wall (Taly, 2001)

Although some of the structural principles hardly ever changed in masonry
design, with the introduction of stronger concrete blocks and steel reinforcement,

contemporary structural masonry elements that are presently being used differ greatly
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from their ancient ancestors. Foremost, today’s limit states design (LSD) design guideline
for reinforced masonry structures CSA S304.1 (2004) does not permit the use of
unreinforced masonry beams since tensile strength of masonry alone cannot be relied
upon. Instead, even for barely loadgd short spans, longitudinal wire reinforcement located

at bed joints have to be used (Figure 1.5).

Figure 1.5 Lintel over an opening in a wall, supported by truss-type longitudinal wire
reinforcement (Taly, 2001)

Although shear resistance capacity of masonry beams can be sufficient for small
openings such as doors and windows on masonry walls, for larger spans, adequate shear
reinforcement is enforced. Implementation of steel reinforcement in the field of masonry
not only improved the performance of the low-rise structures by increasing their ability to
resist axial and lateral loads, but also made it possible to construct high-rise structures

such as Place Louis Riel apartment building located in Winnipeg, Canada (Figure 1.6).



Structure was constructed using high strength, grout filled masonry units that had internal
steel reinforcement. In addition to that, there were several other high-rises built in the
early 1970s in the province of Ontario. Recently several other reinforced masonry
structures were constructed in USA, one of which is the 17 storey apartment building

located in Cleveland, Ohio, completed in 1995.

Figure 1.6 Place Louis Riel apartment building located in Winnipeg, Canada (Drysdale
and Hamid, 2005)

Earlier researchers, namely Khalaf (1981), Suter and Fenton (1986), have
commenced establishing design criteria for reinforced masonry in the beginning of 1980s.
Their areas of interest were mostly ultimate compressive and tensile strains, equivalent
rectangular stress block, ductility and deflection properties of reinforced masonry beams.
Conducted tests revealed that loaded reinforced masonry flexural members behave to the
reinforced concrete members. However design difficulties may be encountered with
conventional steel bars due to the limited width of the masonry units. Considering the
under-reinforced design principle of the steel reinforced masonry, the design of larger
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beam cross-sections is inevitable for most of the cases, giving rise to higher material and

labor costs.

The introduction of Fibre-Reinforced Polymer (FRP) composites into reinforced
masonry design will allow engineers to overcome steel related problems that the
conventional reinforced masonry has been facing for decades. Although FRP possesses
several limitations such as higher initial costs and low fire resistance in comparison to
conventional steel reinforcerhent, fire resistance should not be an issue for masonry
construction as minimum cover requirements are naturally satisfied due to the shell
thickness of concrete masonry units. Moreover, higher initial cost of FRP is not being
seen as a major limitation anymore as this material is becoming increasingly abundant
and competitive in the construction industry. More importantly, due to the high
maintenance costs of steel reinforcement, the life cycle cost of FRP is less than the cost
of conventional steel bars for some structures. FRP also comes with several significant
advantages over steel such as high durability, non-corrosiveness, high strength-to-weight
ratio and resistance against fatigue. Unlike conventional steel reinforcement, FRP uses
over-reinforced design approach meaning that there will nof be any upper limit for
reinforcement ratio as long as the deflections are within the allowable limits set by the
design guidelines of ISIS Canada (2001) and ACI 440-2R (2002). Moreover, FRP-
reinforced masonry beams rﬁay be used in the same fashion as the pre-stressed reinforced
concrete beams for the constructions taking place at remote areas where the delivery of
factory made pre-stressed structural members is cumbersome. In this sense, it is suitable
to say that one can maximize the versatility of both FRP and reinforced masonry

elements once they are implemented to be utilized concurrently.



FRP-reinforced concrete has been extensively examined by the researchers such
as Benmokrane and Theriault (1998), Ombres and Aiello (2000) in the past decade and
has been identified as an alternate construction material for reinforcing and strengthening
concrete primarily due to its promising strength and durability characteristics. There are
several researches investigating the applications of CFRP in strengthening and
rehabilitating previously built reinforced masonry elements such as masonry beams and
masonry shear walls. However, applications of FRP as an internal reinforcement for
reinforced masonry beams have not been investigated, yet. Although design guidelines
such as Canada (2001) and ACI 440-2R (2002) for the applications of FRP in reinforced
concrete are already available for the designers, a design guideline addressing the
applications of FRP in the design of reinforced masonry elements has not yet been

published.

It is a known fact that the existing ancient structures constructed using
unreinforced masonry do not meet the requirements of today’s buildings codes and are
prone to failure when subjected to excessive lateral loads such as seismic loads and wind
loads. For instance, a recent earthquake with a magnitude of 6.3 shook Abruzzo region
of Italy, severely damaged several historical villages, killing at least 100 civilians and
injuring 1500 other (CNN, 2009). Moreover, most of those ancient masonry structures
have severely deteriorated structural members that need urgent retrofitting. As a remedy,
Carbon Fibre-Reinforced Polymers (CFRP) is being used in the construction industry in
order to rehabilitate, retrofit and strengthen existing masonry structural members. CFRP
exhibits similar properties with other fiber reinforced polymers such as high strength-to-

weight ratio, non-corrosiveness and high durability and it has already been used for



rehabilitation purposes of reinforced concrete bridges. As its usage is becoming more
popular in reinforced concrete structures, researchers have already started to test CFRP
strengthened masonry structural members such as shear walls and columns and they have
been able to acquire promising results. To the author’s knowledge, CFRP sheets have not
yet been tested on steel-reinforced masonry beams excluding a research conducted by

Hao, Z. (2007) in retrofitting steel reinforced masonry deep beams using CFRP sheets.

1.2 Objectives and Scope

This research is primarily targeting to examine the flexural response of fully-
grouted and internally GFRP-reinforced full-scale concrete masonry beams. For that
purpose, six GFRP-reinforced concrete masonry beams were prepared having different
reinforcement ratios. In addition to that, three other fully-grouted steel reinforced full-
scale beams were built and tested as control specimens, one of which was strengthened
using CFRP sheets in order to assess the contribution of CFRP to the flexural resistance

and stiffness of a reinforced concrete masonry beams.
The scope of this research consists of the following items in order to fulfill the
objectives;
e To investigate and demonstrate the flexural performance of internally GFRP

reinforced fully-grouted concrete masonry beams.

* To evaluate the contribution of CFRP strengthening to the flexural resistance and
stiffness properties of conventional steel reinforced fully-grouted concrete

masonry beams.



e To propose a design diagram based on the performance of the tested GFRP
reinforced masonry beams that will contribute to develop design guidelines for

FRP reinforced masonry.

e To investigate the deformability of the GFRP reinforced masonry beams in order
to determine if they are able meet the deformability requirements of the building

codes in effect.

e To propose a new concrete masonry unit design that is not only intended to
contribute to the flexural performance of the masonry assemblages but also

enhances the workability of the masonry units.

The author of this thesis would like to point out that, this research investigates the
flexural performances of the FRP reinforced masonry beams, meaning that the beams
were detailed to have adequate shear resistance such that they were forced to fail in
flexure. In addition to that, it is assumed that GFRP rods maintained perfect bonding with

the surrounding grout filling during the test.

1.3  Organization of the Thesis

Chapter one is an introductory chapter summarizing the history of masonry being
one of the oldest methods of construction. This chapter also provided the reader with
brief information regarding the importance and objectives of this research and was
written to deliver the necessary knowledge regarding the materials that have been used in
order to better comprehend the rest of the thesis.

Chapter two is a review of related researches that have been previously conducted

and elaborates them in five main headlines; steel-reinforced masonry, general usage of
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FRP in structural elements, FRP-reinforced masonry, general usage of CFRP in
strengthening and rehabilitation of structural elements and finally CFRP strengthened and
rehabilitated reinforced masonry elements.

Chapter three presents the experimental program of this study. It contains detailed
information regarding the used materials, test setup, instrumentation and constructed
specimens.

Chapter four reports, interprets and discusses the acquired test data of each
specimen with corresponding charts, tables and photographs.

Chapter five focuses on the analytical modeling and design of the tested
specimens. This chapter mainly compares the expected flexural strength, stiffness and
deformability values of the specimens with the test results. Proposed design diagrams are
included in this section as well.

Chapter six discusses the proposed new concrete masonry unit designed to be
used in reinforced masonry beams and walls.

Chapter seven consists of the summary and conclusion sections of this

experimental project followed by a list of recommendations for future studies.
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CHAPTER 2

LITERATURE REVIEW

2.1 Steel-Reinforced Masonry Beams

Tests on conventional steel-reinforced masonry assemblages have been conducted
for decades as seismic design codes enforced the use of reinforcement for the masonry
assemblages. Since most of the experimental work that has been done is related to the
behaviour of reinforced masonry walls, there exists little amount of published
experimental work on the behaviour of the reinforced masonry beams.

Khalaf (1981) conducted an experimental investigation on eight steel reinforced
four-course concrete block masonry beams with different percentages of reinforcement
and different configurations of grouting including twenty one compressive prisms in
which the authors tried to implement the ultimate strength design for reinforced concrete
to reinforced masonry. Khalaf (1981) also tried to acquire a suitable guideline to
determine a representative value of compressive strength (f',,) for concrete masonry units
with a correct method of prisms testing. In order to do so, tests were conducted on
unfilled, partially filled and completely grouted two-block prisms under axial and
eccentric loads. In addition, they tried to determine the correct values of modulus of
elasticity (E,), modulus of rupture and cracking patterns for reinforced concrete masonry
beams under load. The effect of discontinuities in the concrete fill, poor bond between the
concrete masonry block, grout and mortar on the flexural performance of the beam was
also studied. Based on the test results, the author reached the following conclusions; limit

states design approach of reinforced concrete can be safely used for reinforced concrete
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beams by assuming the maximum usable strain as 0.003 and by designating f';, instead of
f, the value of ', can be estimated correctly by testing concrete masonry blocks in the
* direction in which they will be stressed and the reinforced masonry beams exhibit lower
ductility then similarly reinforced concrete beams due to the stress concentrations at the
void areas that has not been perfectly filled by the poured infill. It was also reported that
the use of horizontal mortar joints reinforcement at the compression zone of masonry
should not be recommended as the buckling of this material under loading conditions
tends to destroy the horizontal mortar joint, provoking splitting.

Suter and Fenton (1986) have tested 97 masonry beams of which 78 were
reinforced specimens. Tested specimens were mostly fully-grouted concrete masonry
blocks while several others were partially grouted and fully grouted brick prisms with
reinforcement ratios ranging from 0.4 to 2.5 percent. They not only tested reinforced
concrete masonry (RCM) specimens but also conducted tests on reinforced brick
masonry (RBM) specimens gnd they tried to contribute to the limit states design of
reinforced masonry by suggesting design formulas for ultimate flexural capécity of the
section, depth of equivalent stress block, minimum reinforcement and balanced section.
The failure of their specimens was generally initiated by crushing or spalling of the shell
of concrete masonry unit that was located at the compressive zone. They concluded by
saying that the flexural behavior of the beams were very similar to those of reinforced
concrete. They found the average ultimate compressive strain of the grouted masonry unit

as 0.003.
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Voon and Ingham (2005) conducted structural testing of eight single storey
concrete masonry walls with various window and door openings in order to address the
bracing capacity of the walls containing openings. All of the constructed specimens were
partially grout filled as only the cells enclosing reinforcement were grouted. In addition
to that, walls had variations in lintel reinforcement detailing. A suitable strut-and-tie
model and a plastic hinge model were utilized to evaluate the performance of the
reinforced concrete masonry walls under lateral loading. Consequently the authors
concluded that the results clearly demonstrate effects of the size of the openings and the
detailing of the lintel beam reinforcement on the lateral strength of the walls. Also,
extending the lintel reinforcement below the top edge of the window was proved to

increase the lateral strength of the wall (Figure 2.1).
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masonry lintels (Voon and Ingham, 2005)
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Bennett ez al. (2007) compared six different methods that are presently being used
to predict the deflections of unreinforced and reinforced concrete masonry beams with
the deflection data obtained from test conducted on fourteen full-scale specimens. The
tested beams had 3.6 meters clear span and were two, three and four courses high.
Comparison of the deflections demonstrated the fact that the deflection prediction
methods either underestimated or overestimated the actual deflections. Since among all
the other methods, ACI 318 method seemed to predict the most accurate effective
moment of inertia (l¢r) of the beam cross-section and consequently able to predict
deflection values close to actual deflections, they also recommended this method for
prediction of deflections for unreinforced and reinforced concrete masonry beams. It is
also suggested that the beams with span/depth ratio less than or equal to 8 should not be
controlled by deflections. Beams exceeding this limit do not have to be increased in size,
but rather usage of shores is recommended to provide sufficient stiffness during

construction.
2.2 GFRP-Reinforced Concrete

Benmokrane, and Theriault (1998) carried out monotonic and cyclic tests on
twelve GFRP reinforced concrete beams having 1800mm clear spans and identical cross-
sections of 130 x 180mm. The main parameters investigated in this study were the
reinforcement ratio of GFRP and strength of concrete. The researchers tried to find the
effects of changed parameters on crack width, deflection, flexural capacity and
deformability of the reinforced beams. Although several conclusions were withdrawn
using the experimental data, relative outcomes for this experimental program are; the

residual crack width decreases as the reinforcement ratio of the beam increases, even
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though the ultimate moment capacity of the beams increase as the reinforcement ratio
increases, this increase is controlled and limited by the strains in concrete, using the
deflection calculations for steel reinforced concrete can be misleading for GFRP
reinforced.concrete and should be estimated using the proposed model and following the
calculation of J-factor recommended by Jaeger, tested beams were considered to be safe
in terms of deformability (Figure 2.2).
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Figure 2.2 Plot demonstrating the effect of GFRP reinforcement ratio on the maximum
mid-span deflection of reinforced concrete (RC) beams.
(Theriault and Benmokrane, 1998)
Ombres and Aiello (2000) further investigated the deformability properties of
GFRP reinforced concrete beams since their performance is controlled by their
serviceability and deformability conditions. Theoretical predictions were compared with
an experimental analysis that had been accomplished using nine GFRP reinforced
concrete beams spanning 2610mm and they were subjected to four-point bending.

Theoretical calculations included estimations of an accurate l.r for deflection

calculations, usage of block models and bond-slip law to evaluate the deformability of the
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beams. Although the abbve—mentioned theoretical methods agreed with the results of the
experimental tests, block models method appeared to be overwhelming and cumbersome
from the computational point of view. On the other hand, they observed that the utilized
bond-slip law accurately predicts the interaction of GFRP with the surrounding concrete.

Saikia et al. (2007) have examined ten reinforced concrete beams in order to
improve the existing crack width and slippage estimation models since the serviceability
criteria of the limit states design of GFRP reinforced beams is controlled by the
maximum crack width. Seven of the tested beams were GFRP reinforced while the
remaining were steel reinforced and used as control specimens. The proposed methods
for crack width and slippage showed close agreement with the experimental data.
Deflections were predicted using one of the available methods in literature was proved to
work well with the actual results.

Ashour (2006) reported the test results of twelve GFRP reinforced concrete beams
loaded using four-point bending setup. Ratio of GFRP reinforcement and the beam depth
were the two main parameters investigated in this research. He aimed to develop a
simplified method to calculate the flexural capacity of the beams and to examine the
shear capacity using available methods in the literature for reinforced concrete. During
the tests, both shear and flexural failures were observed since over-reinforced beams
failed in flexure and under-reinforced ones failed in shear. None of the beams had shear
reinforcement. Consequently, although the developed flexural capacity predictions
provided good correlation with the experimental data, comparisons of the shear capacity
were inconsistent and proved the fact that further research has to be conducted in that

area.
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Abdalla (2002) conducted tests on concrete beams reinforced with three different
types of FRP bars that include GFRP (Isorod) produced by Pultrall, Canada; GFRP (c-
bar) produced by Marshall Industries Composites, USA and CFRP (Leadline) produced
by Mitsubishi Kasei, Japan. In total, fifteen simply supported slabs and beams were
prepared to be tested under four-point loading system. Five specimens out of fifteen were
GFRP reinforced concrete beams. Objective of the research was to investigate primarily
the deflections, cracking and ultimate capacity properties of the FRP reinforced concrete
elements. The researcher observed that the ACI-440 guidelines for FRP reinforced
concrete members estimated the deflections to be lower than the test results. On the other
hand, deflections predicted by ISIS Canada (2001) were in good agreement with the

experimental results (Figure 2.3).
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Figure 2.3 Experimental and analytical load-deflection comparisons of GFRP and steel
reinforced concrete beams (Abdalla, 2002)
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2.3 GFRP-Reinforced Masonry

As mentioned earlier, even though researchers have started conducting tests on
conventional steel reinforced masonry assemblages decades ago, to the author’s
knowledge, literature regarding internally FRP-reinforced masonry assemblages is
limited mainly for two reasons. First of all, the use of FRP reinforcement in concrete
structures is a relatively new technique and dependability of its applications are still
being investigated by researchers. As it satisfies present codes and regulations of
reinforced concrete, its usage will be promoted for other types of structural design
methods such as reinforced masonry design and steel design. On the other hand, since
majority of the masonry structures are relatively old, in order to adapt today’s
requirements, they have to be repaired, retrofitted and strengthened. Consequently,
although literature regarding retrofitting and strengthening masonry assemblages using
composite materials can easily be found, research on masonry reinforced with internal
FRP reinforcement lately has started attracting the attention of researchers, pointing a
field that is in need of investigation.

Recently, Sasanian (2009) investigated the out-of-plane flexural performance of
GFRP reinforced concrete masonry walls. Eight full-scale walls were constructed using
internally GFRP reinforced, either partially or fully-grouted concrete masonry blocks.
Walls were tested using monotonic four-point bending system imitating lateral loads that
can arise from wind, soil pressure and earthquake forces. The researcher primarily tried
to investigate and evaluate the flexural capacity and lateral deflection of the walls. Based
on the comparisons of experimental tests and analytical predictions, it was concluded

that; higher flexural capacities compared to steel reinforced masonry walls can be
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achieved with acceptable deformability, walls showed sufficient flexural forewarning

deformability prior failure and grouting of the cells with no reinforcement found to be

ineffective (Figure 2.4).
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Figure 2.4 Proposed capacity chart for designing masonry walls reinforced with GFRP
rods (Sasanian, 2009)

Galati et al. (2005) worked on strengthening of unreinforced masonry walls
(URM) using near surface mounted (NSM) FRP rods. They constructed and tested
fifteen URM walls with different percentages and types of FRP reinforcement. The
influence of the dimension of the groove, rod shape and type of bonding material on the
flexural capacity was also studied. The specimens exhibited different types of failures
such as; debonding of FRP reinforcement, flexural failure either due to crushing of
concrete or rupture in FRP and shear failure in case of over-reinforced specimens.
Consequently, up to 14 times increase was observed in the flexural capacity of the wall

compared to URM control specimen.
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2.4 Reinforced Concrete Strengthened Using CFRP

Alagusundaramoorthy et al. (2003) studied the contribution and effectiveness of
externally bonded CFRP sheets in increasing the flexural performance of reinforced
concrete beams. In order to accomplish the objectives, four-point bending tests were
conducted -on two control beams and twelve other CFRP strengthened reinforced concrete
Beams with different layouts of strengthening. All the beams were designed to have
sufficient shear reinforcement to prevent failure in shear. The conducted analytical and
experimental investigation proved that; the flexural strength of the CFRP strengthened
beams increased up to 49% while the beams having anchored CFRP sheets had up to
58% increase in their flexural capacities. Consequently, it was reported that the
Whitney’s stress block approach was suitable to predict the failure load for CFRP
strengthened reinforced concrete beams.

Lee and Moy (2007) conducted a research in order to achieve an effective
maximum CFRP laminate strain to better estimate the contribution of strengthening to the
overall flexural performance of the reinforced concrete beam. Premature failure due to
debonding of the CFRP sheets is a common mode of failure in strengthening; not
allowing CFRP laminates to reach their ultimate tensile strengths and strains. The
experimental program of this research included nine reinforced concrete beams having
spans from two meters to seven meters. All the beams were heavily reinforced in shear to
ensure flexural failure. Conducted test showed that the proposed method can predict the

premature failing load with 6.8% error on average.
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Esfahani, M.R. (2006) investigated the effect of steel reinforcement ratio on the
flexural strength of reinforced concrete beams. Experimental program comprised twelve
specimens having there different reinforcement ratios and clear spans of two meters.
Comparisons between the experimental program and analytical calculations yielded that
the flexural capacities of the strengthened beams increased compared to the control
specimens as explained in previous studies. It was also concluded that the present design
guidelines of ACI and ISIS Canada (2001) overestimates the effect of CFRP flexural
strengthening of the beams with small reinforcement ratios.

Garcen and Hollaway (1998) studied the influence of the plate end anchorages on
the CFRP laminates. Premature failure due to debonding of the CFRP sheets is a common
mode of failure in strengthening therefore several researches were conducted on
anchoring the laminate to the beam using different anchoring techniques and types in
order to delay or in some cases to prevent premature failure. They reported that beams
having shear span-to-depth ratio lower than 3, the anchorage improved the composite
action between the laminate and the concrete thus increasing the flexural capacity and
stiffness of the beam.

Bahn, B.Y., and Harichandran, R.S., (2008) aimed at improving the bonding
behavior of CFRP laminates that are being used to strengthen and retrofit reinforced
concrete beams using an effective epoxy mortar since it was observed that 60% of the
anchor stiffened CFRP laminates on strengthened beams debonded prematurely prior to
failure. In this study, various configurations of epoxy mortar applied at the both ends of
the beams and compared with beams having anchor bolts and beams without any anchors.

In total, 11 specimens were designed, built and tested. In conclusion, epoxy mortar
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performed well in delaying and preventing premature failure of CFRP laminates. It was
observed that the mortar patch length has noticeable influence on the bond strength of the
epoxy mortar. In addition to that, a wavy surface between the epoxy mortar and CFRP

laminate improves the bond in between.

2.5 Reinforced Concrete Masonry Strengthened with CFRP

Hao, Z., (2007) examined the applications of CFRP laminates in strengthening
reinforced masonry deep beams. For this purpose, CFRP plates were bonded to the
surface of the beams on both sides. The flexural response of the beams was investigated
having the percentage of steel reinforcement and percentage of CFRP reinforcement as
variables. In total, eight full-scale fully grouted masonry deep beams were constructed
and tested. Authors observed that; the flexural capacities and the ductility of specimens
increased noticeably after strengthening; use of CFRP plates delayed the emergence of
the first visible cracks and delamination of the CFRP laminates dominated the failure

modes of the beams that are strengthened from the soffit (Figure 2.5).
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Figure 2.5 Layout of longitudinal and transverse CFRP strengthening applied on
reinforced concrete masonry deep beams (Hao, Z., 2007)

Ghobarah and Galal (2004) investigated out-of-plane resistance of CFRP laminate
strip strengthened URM walls under extreme lateral loads. For that purpose, five full-
scale unreinforced concrete masonry walls were constructed. Walls had various openings
such as; single window, double window, single wide window and a single door. Based on
the results of the experimental program, researchers withdrew the following conclusions;
the strengthened walls out-of-plane resistances increased up to five times compared to the
control specimen, walls behaved in a ductile manner dissipating considerable amount of
energy and proper anchoririg at the end locations of the CFRP laminates improved

bonding between the CFRP strips and masonry blocks (Figure 2.6).
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Figure 2.6 Elevation of strengthened unreinforced masonry walls with openings
(Ghobarah and Galal, 2004)

Moon et al. (2007) conducted tests on a full-scale unreinforced masonry structure
to investigate the effectiveness of several strengthening techniques since URM is highly
vulnerable against extreme lateral loads. FRP sheets, near surface mounted rods and
vertical post-tensioning were the techniques used for strengthening. Structure was
subjected to slowly apply lateral load cycles. They reported that all of the strengthening
techniques proved to be effective in improving the seismic resistance of the tested
specimen. For the case of FRP, progressive debonding of the sheets acted as a warning
sign for brittle failure of the URM and contributed to highly nonlinear and ductile system
response.

Kiss et al. (2002) studied the effect of strengthening of FRP on the flexural
performance of URM beams. Two types of FRP were used with two different types of

resins as strengthening material; chopped glass fibre with epoxy resin, chopped glass
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fibre with polyester resin, glass fabric cloth with epoxy resin and glass fabric cloth with
polyester resin. FRP sheets were applied to completely cover both sides of the beams.
The influence of type of FRP, thickness of FRP, and type of resin on the flexural
performance of the strengthened beam was the points of interest of this project.
Consequently, the following observations were made during the tests; the FRP
strengthening increased both the cracking moment and the ultimate moment capacity of
the sections and the strengthened beams had higher ductility values compared to the

control beam.

2.6  Discussions

An extensive literature review has been conducted, analyzing the previously
completed researches that were investigating; conventional steel-reinforced masonry,
FRP-reinforced concrete, FRP-reinforced masonry, CFRP-strengthened concrete and
CFRP-strengthened masonry. This literature survey was concluded by pointing out the
fact that, there is plenty of literature available related to the use of FRP as an internal
reinforcement method and external strengthening method for reinforced concrete
structural members and both methods were found to be effective and practical. In
addition to that, these previous researches had significant contributions to the
development of design guidelines for FRP-reinforced concrete, such as ISIS Canada

(2001).
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On the other hand, previous researches conducted on applications of FRP in
reinforced concrete masonry have been focused on developing CFRP-strengthening
techniques for conventional steel-reinforced structural masonry members. However, to
the author’s knowledge, research related to the applications of FRP as an internal
reinforcing material for structural masonry elements scarcely exists. In particular,

research regarding internally GFRP-reinforced masonry beams has never been presented.

Hence, this research program is targeting to assess the reliability and effectiveness
of GFRP rods as internal reinforcement for concrete masonry beams as well as the
effectiveness of CFRP sheets for strengthening steel-reinforced concrete masonry beams.
The proposed design diagram based on the performange of the tested GFRP-reinforced

masonry beams will contribute to develop design guidelines for FRP reinforced masonry.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 Materials' Characteristics

Masonry specimens tested in this project were constructed using locally available
structural materials such as concrete masonry blocks, dry sand, Portland cement, masonry
cement, coarse aggregate, self-leveling mortar, steel reinforcement GFRP rods and CFRP
sheets. All the beams and auxiliary specimens were constructed by experienced masons
certified in province of Québec, under the surveillance of the author and their quality of
workmanship was judged to be above average. Below listed are the detailed
specifications of constituent materials that were used in the construction the specimens

for this project.

3.1.1 Concrete Masonry Units

Hollow rectangular masonry blocks with dimensions 190x190x390mm, square
blocks with dimensions 190x190x190mm and lintel blocks with dimensions
190x190x390mm were utilized for the construction of the specimens. Lintel blocks were
used as the bottom course in order to be able to position the internal reinforcement easily
into the masonry beams. Compressive resistance of concrete masonry blocks were
reported as 15MPa by the maﬁufacturer’s technical datasheet. All the concrete masonry
units were provided by a local supplier Simard-Beaudry (2001). Figure 3.1 shows the

concrete masonry units used for the construction of the test specimens.
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Figure 3.1 Hollow concrete masonry units used for experimental work

3.1.2 Mortar

During the construction, Type “S” mortar was used in accordance with the
masonry standards ASTM C270 (2002) and CSA A179 (2002). The volumetric
proportions of the mix were as follows; 0.7 unit of water, 0.5 unit of Portland cement, 1.0
unit of masonry cement and 2.9 units of dry sand. Ten mortar cubes with dimensions 50 x
50mm were prepared in order to be tested 7 days and 28 days after construction.
Following average compressive resistances of the mortar cubes were found to be 7.9 MPa
and 14.5 MPa. Detailed results of the mortar cube tests are shown in Table 3.1. Average
compressive strength of the tested mortar cubes was within the allowable limits set by the

above mentioned masonry standards.
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Table 3.1 Compressive strength test data of the mortar cubes

Cube  Age  Failure  Compressive
Number (days) Load(kN) Strength(MPa)

17 19.6 7.82
2 7 19.6 7.83
3 7 197 7.89
4 28 35.4 14.18
5 28 36.9 14.78
6 28 35.8 14.31
7 28 37.1 14.83
8 28 35.9 14.40

3.1.3 Grout

The concrete grout used to fill the tested specimens was “coarse” grout, prepared
in accordance with the masonry standards ASTM C476 (2002) and CSA A179 (2002).
The volumetric proportions of the mix was as follows; one unit of Portland cement, two
units of % inch aggregate, 2.8 units of dry sand and 0.9 units of water. Five cylinders
filled with the grout mix were prepared in order to be tested 28 days after construction.
Following average compressive resistances of the grout cylinders were found to be 14.2
MPa. Detailed results of the cylinder tests are shown in Table 3.2. Average compressive
strength of the tested cylinders was within the allowable limits set by the above

mentioned masonry standards.
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Table 3.2 Compressive strength test data of the grout cylinders

Cylinder Age Failure =~ Compressive
Number (days) Load(kN) Strength(MPa)

1 1 115.6 14.72
2 108.9 13.87
3 28 112.5 14.33
4 109.4 13.93
5 ! 110.5 14.07 -

3.1.4 Longitudinal Steel Reinforcement

Steel reinforcement used for the tested control beams and the CFRP-strengthened
beam was conventional M15 rebar with 492MPa yield strength and 698MPa ultimate
strength. Both ends of the steel rebars were bended 90 degrees in the factory in order to
increase its anchoring capacity. Steel reinforcement for this project was provided by a

local structural steel supplier Metal M-Pact Inc of Montréal.

3.1.5 GFRP Rods

GFRP rods, also known as “V-ROD™”, that were utilized in this project were
provided by Pultrall Inc. of Québec. They are manufactured by pultrusion procedure of
continuous glass fibers and thermosetting polyester resin. Surface of the rod is wrapped
by glass fiber strings and sand coated in order to improve its bond characteristics. In

order to have a variety of GFRP reinforcement percentages, different diameters and
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numbers of rods were utilized as an internal reinforcement for the specimens. Table 3.3
provides detailed information on the strength characteristics of the rods.
‘Table 3.3 Properties of the GFRP rods used in the experimental program

(V-ROD™) (Pultrall, 2007)

Metric Nominal Area Modulus of Ultimate Tensile Ultimate Tension
Size Diameter (mm?) Elasticity(GPa)  Strength(MPa) Strain (x10°)

13 12.7 126.7 46.3 786 17000

16 15.875 197.9 48.2 751 15600
19 19.050 285 47.6 728 15300

3.1.6 CFRP Sheets

The CFRP sheets and the corresponding epoxy resin used in this research were
provided by FYFE Co. and were Tyfo SCH-11UP Composite and Tyfo S Epoxy by the
manufacturer. Epoxy mix consists of Component A and Component B that were mixed in
laboratory conditions by the author with the help of laboratory technicians prior to
application, following the producers mix ratios. Typical dry fiber properties, epoxy

material properties and the composite laminate properties are tabulated on Table 3.4.
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Table 3.4 Properties of the CFRP sheets used in the experiments
(Tyf0® SCH-11UP using Tyfo® S Epoxy) (Fyfe Co. , 2008)

Dry Fiber Properties Composite Gross Laminate Properties
Tensile  Tensile Ultimate . Tensile Tensile Ultimate . .
Strength Modulus  Strain Th(wkr;l)e 58 Strength Modulus  Strain Th(lr‘;k;; 5
(MPa)  (GPa)  (x10) m (MPa)  (GPa)  (x10°)
3790 230 17000 ~ 0.127 903 86.9 10500 0.25

3.1.7 Wooden Platforms

Platforms were constructed in order to avoid mobility problems while transferring
the reinforced masonry beams to the test setup. On the other hand, beams had the risk of
achieving their cracking moments (M., due to their own weight as they were being
transferred to the test setup. For that reason, they were supposed to be braced and carried
from underneath to the test area with the help of a crane.

Surface of the platforms were prepared using 2"x10" timbers and two other 2"x4"
pieces were screwed on the sides in order to increase their stiffness. Self-leveling mortar
was poured on the surface in order to cover any imperfections and to achieve a leveled
surface for construction. They were anchored to the strong floor beneath to prevent
cracking of self-leveling due to torsion and shrinkage of the timber. Figure 3.2 shows the

details of the platforms constructed.
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Figure 3.2 Wooden platforms that were prepared prior to construction of the specimens

3.1.8 External Shear Reinforcement (Clamps)

Application of exterior shear clamps is a common technique that is being used to
strengthen beams thus it can be also used to ensure sufficient shear capacity in shear zone
in order to obtain flexural failure. Previous researches conducted on shear clamps (shown
in Figure 3.3) by Kim and White (1999), Altin et al. (2003) and Anil (2007), showed
great similarity between the strengthened beams and the control specimens in terms of
rigidity and crack patterns. The steel clamps used for this experiment were prepared
under laboratory controlled conditions and were made of two square hollow steel
sections, two 10 mm diameter threaded bars, eight high strength nuts and four washers.
While three clamps were used for each shear span of the short-spanned beams, four
clamps were used for each shear span of large-spanned beams. Figure 3.3 shows a sample
clamp while Figure 3.4 crack pattem and load deflection relationship of reinforced

concrete beams utilizing shear clamps as tested and reported by Kim and White (1999).
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Figure 3.3 Sample external shear reinforcement
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Figure 3.4 a) Reinforced concrete beam reinforced using shear clamps, b) Load-
deflection comparison of clamped and unclamped beams (Kim and White, 1999)
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3.2 Auxiliary Laboratory Tests

3.2.1 Compressive Strength Normal to the Bed Joint

It is impossible to determine the compressive strength of the masonry
assemblages by looking at individual compressive strengths of its constituents, i.e. grout
cylinders, mortar cubes and hollow concrete masonry units. In order to determine the
compressive strength (f1,) of grouted masonry assemblages normal to the bed joint, five
one-block wide and five-block high unreinforced grouted mésonry prisms were
constructed following the guidelines of ASTM C1314 (2002). Two high precision
potentiometers were placed on both faces of the prisms to measure the axial deformations
which later on were used to plot axial stress-strain relationships of the prisms. The mean
value of the compressive strength of the masonry prisms was found to be 13.66 MPa and
the Young’s modulus (E,,) was obtained from the slope of the stress-strain curves, using
the section between 5% and 33% of the ultimate loads. The average E, of the prisms was
determined to be 7.5 GPa. Conical breaks and face shell splitting were among the fracture
types experienced before failure. Comprehensive strengths of the prisms did not
demonstrate much variation proving that the quality of the workmanship was reasonable
since imperfections can severely affect the results of the compressive tests. Detailed
results and stress-strain diagrams of the prism tests are shown in Table 3.5 and Figure

3.7. Test setup and failed prisms can be viewed at Figure 3.6.
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Figure 3.5 Constructed five-block high and seven-block high masonry prisms

Table 3.5 Test results of the compressive prisms loaded normal to the bed joint

Speci Failure Compressive
PECIMEN 1 1ad(kN)  Strength(MPa)

1 824.9 13.4
2 822.2 13.3
3 901.9 14.6
4 8174 13.2
5 854.7 13.8
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Figure 3.6 Compressive masonry prisms loaded normal to their bed joints after failure
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Figure 3.7 Load-strain relationship of the prisms loaded normal to the bed joint

3.2.2 Compressive Strength Parallel to the Bed Joint

While reinforced masonry members such as walls and columns, rely on the
block’s compressive strength normal to the bed joint, beams, on the contrary, are
influenced by the block’s compressive strength parallel to the bed joint due to the
compression zone located at the top course of the beam. Researchers such as Khalaf
(1981) previously conducted tests on prisms axially loaded parallel to the bed joints and
proved that grout filled hollow concrete units fail at lower stresses exhibiting different
failure modes compared to those loaded normal to the bed joint. For that purpose, CSA
304.1 (2004) provides correction factor y, for f', to be used for reinforced masonry beam
design. The correction factor  can range from 0.5 to 0.7 depending on the conditions as

stated by CSA 304.1 (2004) Clause 10.2.6
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Consequently, five one block wide and five blocks high unreinforced grouted
masonry prisms were constructed (Figure 3.7). Dimensions of the prisms and test setup
were determined to be identical to the preciously tested compressive prisms to enhance
the comparison conditions between prisms. The mean value of the compressive strength
of the masonry prisms was found to be 6.0 MPa. Detailed results of the prism tests are

shown in Table 3.6. Test setup and failed prisms can be viewed at Figure 3.8

Table 3.6 Test results of the compressive prisms loaded parallel to their bed joints

Specimen Failure Compressive
Load(kN)  Strength(MPa)
1 401.5 6.5
2 358.9 58
3 373.8 6.1
4 349.5 57
Average  369.9 6.0
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Figure 3.8 Compressive masonry prisms loaded parallel to their bed joints after failure.

3.2.3 Flexural Bond Strength

In order to determine the cracking moment (M) of the reinforced masonry
assemblages, flexural tensile strength normal to the bed joints of the grouted hollow
concrete masonry blocks has to be determined. For this purposé, following the guidelines
of ASTM E518 (2002), seven five-blocks high and one block wide unreinforced grouted
masonry prisms were constructed and tested under four point bending test setup (Figure
3.8). Using a single potentiometer and a dial gauge, mid-span deflection of the prisms
were recorded during loading. One of the specimens showing signs of poor workmanship
had visible joint imperfections and failed prematurely during transportation. The average
flexural bond strength, also known as modulus of rupture (R) of the remaining prisms

was 0.72 MPa. Detailed results of the prism tests are shown in Table 3.7. Test setup and
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failed prisms can be viewed at Figure 3.9. ASTM E518 (2002) calculates the modulus of

rupture of specimens prepared using hollow masonry units as follows:

_ (0.167P+0.125P)I 3.1
S

R

where: ,
P = maximum load applied, N
P = weight of specimen, N

= span, mm

S = section modulus of actual net area, mm’

Table 3.7 Test results of the flexural bond strength prisms

Failure Modulus of

Specimen | - 4(kN)  Rupture(MPa)

1 6.7 0.63
2 6.2 0.60
3 10.1 0.91
4 7.8 0.73
5 - -

41



fter failure

9 Flexural masonry prisms a

3

igure

F

42



3.3 Discussion

Grout filled hollow concrete units are stronger when axially loaded normal to the
bed joints and tend to fail at lower stresses if the axial load is parallel to the bed joints.
Keeping this characteristic of the hollow masonry units in mind, grout filled masonry
units with holes going through their webs are expected to be stronger compared to regular
hollow units when axially loaded parallel to the bed joints due to their continuous
cylindrical grout cores acting against compression. In addition to this advantage, they are
going to be lighter than regular hollow concrete units making them a lot easier to handle
compared to their predecessors.

In order to improve the concrete masonry blocks performance, an innovative

block design is experimentally evaluated and further discussed in chapter 6 of this thesis.

3.4 Full Scale Reinforced Concrete Masonry Beams

3.4.1 Construction of the Test Specimens

Nine reinforced fully grouted concrete masonry beams with 4.0 m and 2.4 m clear
spans were constructed by three experienced masons on the previously prepared wooden
frames. Two beams had two courses of hollow concrete masonry units, and the remaining
seven beams had three courses. Three masonry beams were reinforced using conventional
steel rebars two of which were considered as the control specimens, while the remaining
beam was later on strengthened using two layers of CFRP sheets that were externally
bonded to both sides of the beam. The other six beams were internally reinforced using

GFRP rods with different reinforcement ratios. Beams were detailed to have sufficient
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shear reinforcement such that they do not fail in shear. Figure 3.10 exhibits photos that
were taken during construction of the beams.

Beams were designated with letters and numbers to indicate its internal
reinforcement type (FRP or Steel), height in terms of courses of unjts (2 or 3), type and
amount of internal reinforcement(1#13, 1M15) and existence of clamps (Clamped). Thus
F-3-1#13C indicates internally single #13 GFRP rod reinforced three course clamped
beam. Following Table 3.7 lists all the tested full-scale beams in detail with

corresponding designations. Figure 3.11 demonstrates the schematics of cross-sections.
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Table 3.8 Tested full-scale reinforced concrete masonry beams

: Reinforci Exterior Soan Effect Of
Beam GIIOTCNE  Courses  Shear P p (%)
Material Rei (mm)
einf. GFRP
. CFRP
reinforcement strengthenin
ratio g
S-3-1-15M Steel 3 No 4000 0.2 [ [ ]
$-3-1-15M-C Steel 3 Yes 4000 0.2 I [
F-2-2#19 GFRP 2 No 2400  0.93 [
F-2-2#16-C GFRP 2 Yes 2400 0.65 [
F-3-1#13-C GFRP 3 Yes 4000 0.3 ]
F-3-1#19-C GFRP 3 Yes 4000  0.29 |
F-3-2#16-C GFRP 3 Yes 4000 04 e
F-3-2#19&1#16-C GFRP 3 Yes 4000 0.78 B
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Figure 3.11 Cross-sections of the full-scale reinforced concrete masonry beams
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3.4.2 Test Setup and Testing Procedure

Each and every beam was picked up from underneath via a 5 ton capacity crane to
prevent any cracking and was transferred to the test frame on the previously prepared
wooden frames. Prior to loading, beams were supported by two permanent supports
(hinged and roller) located at the last vertical joint at both ends and one temporary
support locéted at the mid-point. Temporary support was removed before each test as
soon as the data acquisition system was turned on to monitor and record the initial strains
and deflections due to self-weight before applying any load. All the beams were tested
under four point bending setup. The beams were subjected to an increasing monotonic
load up to failure, and then unloaded when possible to determine the permanent
deflection and energy dissipation characteristics of the beams. Monotonic load was
applied by a 15-ton hydraulic actuator and transferred to the beam through a stiffened
steel I-beam. In order to prevent stress concentrations at the two loading points, the
loading apparatus was placed on two wide steel channels.

Strain gauges were installed on the steel reinforcement, GFRP rods and CFRP
sheets in order to record the strain response of the reinforcement at different load levels.
Each and every interior reinforcing bar had five gauges installed prior to construction;
two at the mid-points of the shear spans, two under loading points and another one at the
mid-spa»n. Surface mounted CFRP sheets had two other additional strain gauges at the
mid-span in order to be able to record the distribution of the strains along their widths.
Figure 3.12 showing a strain gauge as it is being installed in a GFRP rod is provided

below. Figure 3.12, Figure 3.13
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In total, five cable-operated potentiometers were used during the tests in order to
be able to monitor the load-deflection relationship of each specimen. Potentiometers were
positioned at the same location as the strain gauges; two at the mid-points of the shear
spans, two under loading points and another one at the mid-span. Mid-span deflection
was controlled using an additional measurement tool named dial-gauge in order to make
sure that the deflections recorded by the potentiometers were the actual deflections.

Figure 3.13, Figure 3.14

Figure 3.12 Sample installed strain gauge on one of the GFRP rods.
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Figure 3.14 Elevation and plan view of two-course reinforced masonry specimens
showing locations of strain gauges and potentiometers
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CHAPTER 4

TEST RESULTS OF THE REINFORCED MASONRY BEAMS

4.1 Introduction

This chapter explains in detail the observations that were made during each and
every conducted test. Main points of interests that were explained and interpreted in this
section are the flexural strengths of the beam sections,rtensile strains of reinforcing and
strengthening materials, deflections and ductility characteristics of the beams and their
modes of failure.

Self-weight of the fully-grouted reinforced masonry beam was calculated and was
corresponding to a distributed load of 2.6 kN/m in case of a 3 course beam and 1.6 kN/m
for a 2 course beam. These distributed loads are equivalent to 6.5 kN and 3 kN point
loads respectively and they were added to the loading data of the corresponding beams.
Table 4.1 shows a summary of test results of the nine tested reinforced masonry beams.

All the beams had a pure flexure zone that was designed to be 800 mm in length,
which was located between the supports of the loading apparatus. Shear span-to-depth
ratio of the beams were varied. Two short-spanned beams had a shear span-to-depth ratio
of 2.05 while the remaining seven beams had a ratio of 2.7

All the beams were designed to have 400mm additional length beyond the support
points at both ends in order to provide sufficient development length and anchorage for
the internal reinforcement. The internal conventional steel reinforcement had 90 degree
hooked ends in order to prevent any slippage even though the provided development

length was in accordance with CSA S304.1 (2004) Clause 12.4.2.3. Although GFRP rods
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of the three course beams had sufficient development length as required by ISIS Canada
(2001), an increase in anchorage was required for the short-spanned two course GFRP
reinforced masonry beams. It order to overcome this problem, two L shaped GFRP rods
with the same diameters were spliced with the main internal GFRP reinforcement at both
ends.

Shear clamps were used in the shear zones of seven beams in order to prevent
premature shear failure since one of the two course beams failed in shear before reaching
its flexural capacity. A steel reinforced three course masonry beam was later on tested
without clamps and compared with an unclamped control beam in order to make sure that
the clamps do not alter the deflection values of the beam.

The moment, strain and deflection values mentioned in the following detailed test
results of the beams are referring to the values recorded at the mid-span which is the

primary point of interest of this project.

4.1.1 Beam S-3-1-15M

This fully-grouted three course high reinforced concrete masonry beam was
designed as an under-reinforced beam, having a conventional 492 MPa steel
reinforcement ratio of 0.21%. It was tested to be used as a control specimen to observe
the load-deflection response of an “unclamped” reinforced masonry beam. The first crack
appeared at 15.6 kN, corresponding to a 12.48 kN.m moment. Although this first crack
was not visible to the eye, it caused a 0.2 kN drop in the load. As the load increased,
cracks at the mortar joints close to the mid-span started to widen and propagated

vertically towards the compression zone. Steel reinforcement started to yield at 52.5 kN,
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corresponding to 42 kN.m moment. The mid-span deflection at the yield was recorded as
8.46 mm. After the yield of the reinforcement, flexural shear cracks close to the pure
flexure zone started to intensify as the load increased gradually but not considerably.
Crushing of the vertical mortar joint and splitting of the block shells in the compression
zone resulted with failure at 67 kN corresponding to 53.6 kN.m moment and 46.71 mm of
deflection. After the failure, the applied load was gradually removed to be able to observe
the permanent deflection of the beam. The corresponding load-deflection curve, strains
readings of the interior steel reinforcement and pictures of the beam during loading and

after failure are shown in Figures 4.2 and 4.3

4.1.2 Beam F-2-2#19

The test was conducted on a fully-grouted two course high over-reinforced beam.
Two #19 GFRP rods were used to achieve a reinforcement ratio of 1.0%. The first crack
appeared at 6-..5 kN, corresponding to a 2.6 kN.m moment. Shear cracks close to the pure
flexure zone widened rapidly and extended as the beam continued carrying more load.
The beam prematurely failed in shear at 47.5 kN corresponding to 19 kN.m moment,
experiencing 21.6 mm of deflection. The corresponding load-deflection curve, strains
readings of the interior GFRP reinforcement and pictures of the beam during loading and

after failure are shown in Figures 4.4 and 4.5
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4.1.3 Beam S-3-1-15M-C

Test specimen was a fully-grouted three course high reinforced concrete masonry
beam that was identical to the control specimen. It was an under-reinforced beam, having
a conventional 492 MPa steel reinforcement ratio of 0.21%. It was tested to observe the
load-deflection response of a “clamped” reinforced masonry beam. The first crack
appeared at 17.4 kN, corresponding to a 13.92 kN.m moment. Although this first crack
was not visible to the eye, it caused a 0.3 kN drop in the load. Slightly inclined shear-
flexure cracks in the shear span started to appear as well due to the continuously
increasing load. Steel reinforcement started to yield at around 52.5 kN, corresponding to
42 kN.m moment. The mid-span deflection at the yield was recorded as 7.78 mm. After
the yield of the reinforcement, flexural shear cracks close to the pure flexure zone started
to intensify as the load increased gradually but not considerably. The beam finally failed
due to splitting of the face shells of the masonry units located in the compression zone at
70 kN corresponding to 56 kN.m moment, experiencing 52.3 mm of deflection. The
corresponding load-deflection curve, strains readings of the interior‘ steel reinforcement

and pictures of the beam during loading and after failure are shown in Figures 4.6 and 4.7

4.1.4 Beam F-2-2#16-C

This test was conducted on a fully-grouted two course high reinforced concrete
masonry beam. It was over-reinforced having a reinforcement ratio of 0.69% provided by
two internal #16 GFRP rods. Shear clamps were used in the shear zones in order to
prevent premature failure of the beam in shear. The first crack appeared at 17.4 kN,

corresponding to a 13.92 kN.m moment. Although this first crack was not visible to the
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eye, it caused a slight drop in the load. After the first crack, the beam continued carrying
more load as significant number of cracks started to appear and mortar joints close to the
soffit of the beam started splitting at the constant moment zone. The beam finally failed
at 70 kN corresponding to 28 kN.m moment due to the crushing and splitting of masonry
blocks located at the first row of compression zone, experiencing 35.86 mm of deflection.
The corresponding load-deflection curve, strains readings of the interior GFRP
reinforcement and pictures of the beam during loading and after failure are shown in

Figures 4.8 and 4.9

4.1.5 Beam F-3-1#13-C

The test was conducted on a fully-grouted three course high reinforced concrete
masonry beam. Although ISIS (2001) strictly recommends over-reinforced design
approach for FRP reinforced beams due to the brittle failure behavior of the FRP rods,
this beam was detailed to be under-reinforced with a reinforcement ratio of 0.13%,
having one internal #13 GFRP rod. Shear clamps were used in the shear zones in order to
pre{/ent premature failure of thé beam in shear. The first crack appeared at 15.3 kN,
corresponding to a 12.24 kN.m‘moment. As expected, the beam suddenly failed at 58 kN
corresponding to 46.4 kN.m moment due to rupture of the internal GFRP rod, at 50.5 mm
of deflection. The corresponding load-deflection curve, strains readings of the interior
GFRP reinforcement and pictures of the beam during loading and after failure are shown

in Figures 4.10 and 4.11
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4.1.6 Beam F-3-1#19-C

This fully-grouted three course high over-reinforced masonry beam had a
reinforcement ratio of 0.3% provided by one internal #19 GFRP rod. Shear clamps were
used in the shear zones in order to prevent premature failure of the beam in shear. The
first crack appeared at 16.5 kN, corresponding to a 13.2 kN.m moment. The beam failed
at 86 kN corresponding to 69 kN.m due to crushing of the blocks and the mortar joints in
compression area of the pure flexure zone, at 68.21 mm of deflection. The corresponding
load-deflection curve, strains readings of the interior GFRP reinforcement and pictures of

the beam during loading and after failure are shown in Figures 4.12 and 4.13

4.1.7 Beam F-3-2#16-C

This specimen was a fully-grouted three course high over-reinforced masonry
beam with reinforcement ratio of 0.42% provided by two internal #16 GFRP rods. Shear
clamps were used in the shear zones in order to prevent premature failure of the beam in
shear. The first crack appeared at 14.6 kN, corresponding to an 11.68 kN.m moment.
After the first crack, the beam continued carrying more load as the visible flexural cracks
started to appear and mortar joints close to the soffit of the beam started splitting at the
constant moment zone. The beam failed at 79.5 kN corresponding to 63.6 kN.m due to
crushing of the blocks and the mortar joints in compression area of the pure flexure zone,
at 28.6 mm of deflection. The corresponding load-deflection curve, strains readings of the
interior GFRP reinforcement and pictures of the beam during loading and after failure are

shown in Figures 4.14 and 4.15
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4.1.8 Beam F-3-2#19&1#16-C

This specimen was a fully-grouted three course high over-reinforced masonry
beam with reinforcement ratio of 0.8% provided by two #19 and one #16 GFRP rods.
Shear clamps were used in the shear zones in order to prevent premature failure of the
beam in shear. The first crack appeared at 15.5 kN, corresponding to a 12.4 kN.m
moment. The beam failed at 86.5 kN corresponding to 69 kN.m due to crushing of the
blocks and the mortar joints in compression area of the pure flexure zone,rat 16.29 mm of
deflection. The corresponding load-deflection curve, strains readings of the interior
GFRP reinforcement and pictures of the beam during loading and after failure are shown

in Figures 4.16 and 4.17

4.1.9 Beam S-3-1-15SM-C-CFRP

Last tested beam was a fully-grouted three course high reinforced concrete
masonry beam that was identical to the clamped control specimen. It was an under-
reinforced beam, having a conventional 492 MPa steel reinforcement ratio of 0.21%. This
beam was strengthened in flexure using one block wide CFRP sheets. CFRO sheets were
applied on both sides of the beam along its length, extending beyond the supports. The
first crack appeared at 20 kN, corresponding to a 16 kN.m moment. Although the load
was increased continuously and gradually, there were neither visible cracks on both sides
of the beam nor any debonding in the CFRP laminate. Steel reinforcement started to yield
at around 79.5 kN, corresponding to 63.6 kN.m moment. The mid-span deflection at the
yield was recorded as 9.97 mm. After the yield of the reinforcement, the beam continued

carrying more load. The beam failed due to splitting of the face shells of the masonry
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units located in the compression zone at 110.9 kN corresponding to 88.72 kN.m moment,
experiencing 25.86 mm of deflection. Even without any mechanical anchorage, CFRP
laminate did not debond from the original beam. The corresponding load-deflection
curve, strains readings of the interior steel reinforcement and pictures of thg beam during

loading and after failure are shown in Figures 4.18 and 4.19

4.2 Discussions on Performance of Tested Beams

This section briefly comments on the visual observations that were encountered
during the conducted tests. Crack patterns, deformations, reinforcement strains and
modes of failures were compared and interpreted. Following quantitative analysis chapter
of this thesis includes a more detailed numerical analysis and numerical comparisons of

the beams.

4.2.1 Cracking Patterns

As expected, majority of the beams reached their cracking moments (M,,) as soon
as the loading process started. Those first cracks were not visible however they resulted
with a significant drop in the load.

Excluding the CFRP-strengthened beam, after the first crack, beams continued
carrying more load as the visible flexural cracks started to appear and mortar joints close
to the soffit of the beam in the constant moment zone started splitting. As the load
increased, cracks at the mortar joints close to the mid-span began widening and

propagated vertically towards the compression zone. Cracks did not necessarily follow
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the mortar joints and propagated through the masonry blocks as well. Shear cracks in the
shear span started to appear as well with the continuous increase in the applied load.

On the other hand, visual comparison of the tested clamped and unclamped steel
reinforced masonry beams proved that they had similar flexural and shear crack patterns, ‘
meaning that the clamps in the shear zone did not limit the formation of shear cracks but
prevented them from widening. Clamps were deliberately placed before or after mortar
joint in order to allow the joints separate freely during loading. In the case of steel
reinforced beams, flexural cracks widened significantly as soon as the steel reinforcement
reached yielding load.

During the tests, separation of the joints in the constant moment zone was
monitored and recorded at intervals of 10 kN. As soon as joints started separating, using a
scaled transparency, images of the joints were taken. As much as 10mm of separation at
the mortar joints were observed (Figure 4.1). Since the CFRP-strengthened beam’s
mortar joints were covered with the CFRP laminate, conditions of the joints and cracks
on the masonry units along the beam could not be monitored. Strengthening steel
reinforced masonry beam significantly reduced the crack propagation, there were neither
any flexural not any shear cracks visible even in the vicinity of failure load.

Internally GFRP-reinforced concrete masonry beams showed great similarities
with GFRP-reinforced concrete beams in terms of crack patterns. Previous tests
conducted on GFRP-reinforced concrete beams showed that, similar to GFRP-reinforced
concrete masonry, crack formation was initiated when cracking moment M., point was
reached. The cracks in the constant moment zone cracks propagated vertically and

widened as the load increased. Cracking in the shear zone started with vertical cracks as
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well and the cracks started to incline as the shear stresses became dominant in the shear

zone.

Figure 4.1 Observed head joint crack located at the constant moment zone of a specimen

4.2.2 Comparative Load-Deflection Performance

When plotting the load-deflection relationships of the beams, dead load acting on
the beams due to their own weight was incorporated. The own weight was converted into
an equivalent point load and added to the load measured by the load-cell every one tenth
of a second.

In general, none of the beams experienced significant amount of deflection prior
to the cracking moment as can be observed in the longitudinal profile drawings. Load-
deflection curves for all the specimens were initially linear. In case of steel-reinforced
beams S-3-1-15M and S-3-1-15M-C, load-deflection curve started to flatten as the
internal steel reinforcement yielded. All the other GFRP-reinforced masonry beams had
close to linear load-deflection relationship up to their ultimate loads except beam F-2-

2#19 which failed prematurely in shear before reaching its flexural capacity.
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Compared to the other tested beams, GFRP under-reinforced masonry beam F-3-
1#13-C experienced highest mid-span deflection as expected at failure load of 58 kN.
Other GFRP-reinforced masonry beams were all stiffer as the reinforcement ratios were
increased. They were all over-reinforced as required by ISIS Canada (2001). F-3-
2#19&1#16-C had the highest GFRP reinforcement ratio among the other GFRP-
reinforced three course masonry beams and was a lot stiffer than the steel reinforced
shear clamped control beam S-3-1-15M-C. This shows that GFRP over-reinforced
masonry.beams can provide high flexural resistances with reasonable deformability.

CFRP-strengthened beam S-3-1-15M-C-Sheet was significantly stiffer than steel
reinforced control specimen S-3-1-15M-C. Although the control specimen had relatively
less mid-span deflection prior to yield mainly due to the level of applied load, in the
vicinity of failure load, mid-span deflection of the control specimen was significantly
higher, as much as 102.25 mm. On the other hand, strengthened beam S-3-1-15M-C-
Sheet resisted 60% more load compared to the control beam and failed at 88.72 kN.m,

experiencing only 25.86 mm of deflection.

4.2.3 Comparative Load-Strain Performance

As expected, conventional 492 MPa steel reinforcement of the steel reinforced
masonry beams S-3-1-15M, S-3-1-15M-C and S-3-1-15M-C-CFRP yielded at strains
around 2400 micro strains. Their load-strain relationships were satisfactory as well since
the plotted curves were linear up to yield, flattened as the steel started yielding and

exhibited post-yielding plateau as the beams were reaching their ultimate loads.
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GFRP rods exhibited linear stress-strain relationship until flexural failure of the
beams. Only the under-reinforced GFRP beam F-3-1#13-C reached its ultimate strain in
tension and ruptured. I was able to monitor the strains of the #13 GFRP rod up to 14000
micro strains before the strain-gauge went off-scale and the rod ruptured. Manufacturer
reported the ultimate strain of that rod as 17000 micro strains. Since the rest of the
specimens were all over-reinforced, failures of the specimens were compression
controlled and the rods stayed intact (i.e. they did not fail by rupture). Examinations
performed on GFRP rods of the failed specimens showed that the sand coating on the
surface of the bars were fully existent, showing no signs of slippage and proving that the
provided anchorage was sufficient.

Strain-gauges installed on the CFRP laminate at the mid-span recorded a variation
of maximum strains from 2500 to 4500 micro strains depending on the location of the
gauge on the width of the CFRP laminate, 4500 micro strains being the strain value
nearest to the soffit of the beam. Ultimate strain of the composite CFRP laminate is
reported as 10000 micro strains by the manufacturer meaniﬁg that CFRP laminate was
able to reach 50% of its capacity without any mechanical anchorage and did not get

debonded.

4.2.4 Modes of Failures

Compression failure in the constant moment zone was the desired type of failure
for all the over-reinforced specimens. Compression failure started with crushing of the
vertical mortar joint located between the masonry units on the top row at the mid-span.

As the load increased, horizontal cracks started to form on the face of the concrete
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masonry unit located at the top row of the mid-span, right beneath the loading apparatus.
As the loading continued and horizontal cracks widened, and splitting of the block shells
in the compression zone occurred and the flexural resistance of the specimen decreased
significantly.

Conventional steel-reinforced, under-reinforced concrete masonry beams S-3-1-
15M, S-3-1-15M-C and S-3-1-15M-C-CFRP were failed in compression after the
yielding of steel reinforcement. All the failures were ductile since the internal steel
reinforcement gradually went through plastic deformation after yielding.

GFRP reinforced unclamped specimen F-2-2#19 failed prematurely in shear. A
forty five degree shear crack was formed and widened as the applied load increased
between the roller support of the beam and the support of the loading apparatus.

Under-reinforced GFRP specimen F-3-1#13-C failed due to the rupture in the
GFRP rod as expected without experiencing compression failure in grout-filled masonry

units.
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Figure 4.2 Pictures corresponding to beam S-3-1-15M; a) beam soon after cracking, b)
close to failure load, c) failed section
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Figure 4.3 Test results of S-3-1-15M; a) load-deflection at Mid-Span, b) load-Strain at
mid-span c) longitudinal profile at different stages of loading
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Figure 4.5 Test results of F-2-2#19; a) load-deflection at Mid-Span, b) load-Strain at
mid-span c) longitudinal profile at different stages of loading
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Figure 4.6 Pictures corresponding to beam S-3-1-15M-C; a) beam before
commencement of loading, b) close to failure load, c) failed section
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Figure 4.7 Test results of S-3-1-15M-C; a) load-deflection at Mid-Span, b) load-Strain at
mid-span c) longitudinal profile at different stages of loading
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Figure 4.8 Pictures corresponding to beam F-2-2#16-C; a) beam before commencement
of loading, b) close to failure load, c) failed section
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Figure 4.9 Test results of F-2-2#16-C; a) load-deflection at Mid-Span, b) load-Strain at
mid-span c) longitudinal profile at different stages of loading
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Figure 4.11 Test results of F-3-1#13-C; a) load-deflection at Mid-Span, b) load-Strain at
mid-span c) longitudinal profile at different stages of loading
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Figure 4.12 Pictures corresponding to beam F-3-1#19-C; a) beam before commencement
of loading, b) close to failure load, c) failed section
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Figure 4.13 Test results of F-3-1#19-C; a) load-deflection at Mid-Span, b) load-Strain at
mid-span c) longitudinal profile at different stages of loading
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Figure 4.14 Pictures corresponding to beam F-3-2#16-~C; a) beam before commencement
of loading, b) close to failure load, c) failed section
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Figure 4.15 Test results of F-3-2#16-C; a) load-deflection at Mid-Span, b) load-Strain at
mid-span c¢) longitudinal profile at different stages of loading
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Figure 4.16 Pictures corresponding to beam F-3-2#19 & 1#16-C; a) beam before
commencement of loading, b) close to failure load, c) failed section
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Figure 4.17 Test results of F-3-2#19 & 1#16-C; a) load-deflection at Mid-Span, b) load-
Strain at mid-span c) longitudinal profile at different stages of loading
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Figure 4.18 Pictures corresponding to beam S-3-1-15M-C-CFRP; a) beam before
commencement of loading, b) close to failure, cracks are nonexistent, c) failed section
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Figure 4.19 Test results of S-3-1-15M-C-CFRP; a) load-deflection at Mid-Span, b) load-
Strain at mid-span c) longitudinal profile at different stages of loading
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Table 4.1 Test results of full-scale reinforced concrete masonry beams

Failure Failure Max. Max. Tensile Tyvpe of
Beam Load Moment Deflection Strain Fzri)lure
(kN) (kN.m) (mm) (x10°)
S-3-1-15M 67 54 46.7 10069 flexure
S-3-1-15M-C 70 56 52.4 13601 flexure
F-2-2#19 48 19 21.6 4909 shear
F-2-2#16-C 70 28 35.9 11976 flexure
F-3-1#13-C 58 46 50.5 13291 flexure
F-3-1#19-C 86 69 68.2 13385 flexure
F-3-2#16-C 80 64 28.6 6468 flexure
F-3-2#19& 1#16-C 88 69 16.3 5628 flexure
S-3-1-15M-C-CFRP 111 89 25.9 4473 flexure
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Figure 4.22 Proposed design chart for GFRP-reinforced concrete masonry beams
(fn=6.9 MPa, fiipu(ave)=755 MPa, Efpave)=47.4 GPa)

82



CHAPTER 5

ANALYTICAL MODELLING

5.1 Section Analysis

In order to determine the moment resistance of the beams, the following

assumptions and constant coefficients were used along with the available design

guidelines CSA S304.1 (2004), ISIS Canada (2001) and ACI 440.2R (2002);

Plane sections remain plane after bending.

Tensile strength of the section solely depends on the resistance of the longitudinal
reinforcement, neglecting the contribution of grouted masonry units.

GFRP rods exhibit linear elastic behaviour up to the rupture stresses.

Longitudinal reinforcement is fully bonded to the surrounding grout infill and
slippage does not occur.

Ultimate compressive strain of masonry is taken as ¢, = 0.003

Modulus of elasticity of masonry is utilized as £ =850f"

Intermediate longitudinal reinforcement for crack control Waé not necessary since
CSA S304.1 (2004) requires that only for beams with heights greater than 600mm.

The direction of the compression (parallel to the bed joint) and discontinuity of the
grout in the compression zone of reinforced concrete masonry beams require a
corrected f';, which is obtained by using the factor y. CSA S304.1 (2004) suggests a
factor of 0.5 for compression parallel to the bed joint. In case of lintel blocks in the
compression zone, this factor may increase to 0.7. For the analytical capacity

estimations of the tested specimens, y factor is taken as 1.0 since a set of grouted
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prisms were tested parallel to their bed joints and obtained the actual fi, of the
grouted masonry units in that direction.
e Depth of the reinforcement (d) varied with the type of longitudinal reinforcement

used. In all cases, SOmm cover was assumed.

5.1.1 Steel-Reinforced Masonry Beams

Equivalent rectangular stress block approach suggested by the CSA S304.1
(2004) Clause 11.2.1.6 was used to analyze the flexural capacity of the cross-section.
Based on the above mentioned assumptions, in order to obtain an under-reinforced
section, primarily the area of steel of balanced condition was checked using:

600
600+ f,

x(of)bB] Id

Asb - ‘f;

where f,=0.8,0, =0.85 5.1

Next to determine the depth of the stress block using the equilibrium of tension

and compression forces:

c 5.2
g =€, (—
m j;pu(d_c)
where:
€, = Ultimate strain of FRP
d = Depth of the cracked section

¢ = Depth of the compressive block

Af,
c= adbs 53
(0851 Ypb

Then the expected flexural capacity of the beam is determined using:

M, = z(0.85f" )f,ch(d - % 5.4
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5.1.2 GFRP-Reinforced Masonry Beams

Equivalent rectangular stress block approach suggested by the ISIS Canada
(2001) for the design of FRP reinforced concrete beams was utilized to analyze the
flexural capacity of the cross-section. Compressive stress of concrete (f'c) was substituted
by gompressive strength of masonry (fi;). Moment resistance of the section was
calculated by wusing two different set of wvalues for factors a; and Bj;

B, =0.8,a, =0.85 which is suggested by CSA S304.1 (2004) and values recommended

by ISIS Canada (2001) depending on the f,, as well as the reinforcement ratio of the

section. Calculated moment resistances of the sections are tabulated on Table 5.1.

5.1.2.1 Tension controlled failure

Although under-reinforced section is not recommended by ISIS Canada (2001),
design of an under-reinforced beam was carried out primarily by determination of the

balanced condition is checked using:

mi

— alﬁlf 'm [ 8mu :I 55
frpu

p fipb
f ou | Emu TE

where:
Spe = Ultimate tensile strength of the FRP rod

¢, = Ultimate strain in masonry in compression

As the appropnate number of GFRP rods to satisfy the under-reinforced condition
is selected, depth of the compressive block, factors a; and B, were determined iteratively

using the following equation and charts provided in the guideline ISIS Canada:

= A im_ | 5.6
alf m lBlb
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Then the expected flexural capacity of the section is obtained using:

_ Bc
M, = Ay, fp(d == 5.7

5.1.2.2 Compression controlled failure

In case of over-reinforced cross-section, following equation was used to
determine the stress in the GFRP rod once the quantity of the rods were selected using the
balanced section condition:

1/2
b ] -1 5.8

fi~ = O'SE'r gmu 1+
e v pfrpEfrpgmu

Moment resistance of the section was calculated by using two different set of

values for factors a; and B;; B, =0.8,a, = 0.85 which is suggested by CSA S304.1 (2004)

and values recommended by ISIS Canada (2001):

@, =0.85-0.0015f", >0.67

B =0.97-0.00251" =0.67 39
Depth of the compressive block was determined using:

-t
Then the expected flexural capacity of the section is obtained using:

M, = Ay, [y (d = —ﬂz‘—c) | 5.11
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5.1.3 CFRP-Strengthened Masonry Beams

ISIS Canada (2001) foresees four potential failure modes for CFRP-strengthened
reinforced masonry beams; 1) concrete crushing before yielding of steel, 2) steel yielding
followed by crushing of concrete, 3) steel yielding followed by rupture in CFRP and 4)
debonding of CFRP. Since debonding of CFRP can be eliminated by the use of
anchorages, by assuming a failure mode and using equivalent rectangular stress block
approach, flexural capacity of the strengthened cross-section could be analyzed. In order
to proceed with the numeri;:al analysis, assumption of steel yielding followed by
compressive failure was selected. Next, depth of the compressive block, factors a; and B,

were determined iteratively using:

c
€ =¢ 5.12
” S(d -c)
c= A-va + ArfrpEfﬁ‘pgcﬁ'P 5.13
alf'm ﬂlb
where:
_ e(h—c)
ofip ~ c
E_,, = Modulus of elasticity of CFRP
Epp = Strain in CFRP

Once the correct value for the ¢ determined, the expected flexural capacity of the

section is obtained using:

M,.:Asfy(d—%)JrA E ¢ (h~& 5.14

cfipcfip T cfip )

Calculated moment resistance values comparing the tested conventional steel
reinforced concrete masonry beams with CFRP-strengthened beam can be found at Table

5.1
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5.2 Load-Deflection Analysis

In order to determine the load-deformation relationship of the specimens,
effective moment of inertia (I) of the cross section had to be determined. Upon
selecting the most suitable approach for estimating the effective moment of inertia for
GFRP reinforced concrete masonry beams and CFRP-strengthened steel reinforced

concrete masonry beams, various methods were examined and compared.

CSA S304.1 (2004) defines the following equation for estimation:

3 3
M
1= M| a1 M| | <o 515
M, )" M, »

where:

£1,
Vi
M, = Cracking moment

M =

cr

M, =Moment in the member at the load stage at which
the deflection is calculated

1, = Gross moment of inertia

/. =Modulus of rupture of masonry
v, = Distance from centroid of the section to the transformed

section's extreme fiber in tension

ISIS Canada (2001) suggests two different expressions introduced by

Benmokrane et al. (1996), Gao et al. (1998) and Theriault (1998):

3 3
Mcr Mcr E g
o (Ma ) B, +[1_[ﬁa_) }IU <1, where p, =O.5[1+E—/:’:| 5.16

11,
= £2 5.17

Ie//“ 2
I, +[1—0.5(7f} J(Ig -1,)

~
I
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For both CSA S304.1 (2004) and ISIS Canada (2001) methods, deflections at any

given load are calculated using:

__Pa (312_4a2) 5.18
24E1

Horton and Tadros (1990) recommended the following method for deflection

calculation for steel reinforced concrete masonry beams:

] 2
p=a (1| Me | |- Ma |y Lo 5.19
M, M, 1,

In addition to the above mentioned methods, specimens were modeled in

computer software named Response 2000, developed by Bentz (2000), given the stress-
strain properties of the grouted masonry units, GFRP rods, steel rods and CFRP
laminates.

Corresponding comparison of load-deflection characteristics of the specimens
taking into account all the above mentioned methods as well as the outputs obtained from

the software is shown in Table 5.2 and Figures 5.1 to 5.6

5.3 Curvature Analysis

5.3.1 Theoretical Curvature
In addition to the deflection comparisons, tested specimen’s curvatures at
different bending moment levels were compared as well, in order to better assess and
compare the deformability characteristics of GFRP-reinforced concrete masonry beams.
Using different methods of I predictions provided by ISIS Canada (2001) and

CSA S304.1 (2004), curvature characteristics of the béams were evaluated:

5.20
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5.3.2 Experimental Curvature

Moreover, the strains of the GFRP rods obtained from the recorded test data were
utilized in a numerical evaluation to mathematically derive the curvature of the cross-
section. Curvature was determined through numerical integration based on the actual
stress-strain relationship of masonry assemblage proposed by Dhanasekar and Shrive
(2002). During the process, some iterative solutions were needed. This numerical method
was comprised of the folloWing steps;

Curvature can be calculated using:

- €.
Radius = d-C _ ihergore > = ! — = Yz 5.21
€y Radius d-c

The only unknown in that equation is the height of the compressive block “c”

which can be obtained using;:

c=——m 4 5.22
g,

In the above equation, €, is the compressive strain corresponding to the outermost
fiber of masonry. In order to determine &, equation of equilibrium of the cross-section is

used which is:
T=C=b|o,dy 5.23
; _

Where, 6., is the compressive stress in the depth of compression zone (from 0 to

c) that can be defined based on: Dhanasekar and Shrive (2002) as a function of

compressive strain of masonry which varies linearly from 0 at neutral axis to €, at the
other most fiber:

o, =f' (ag’ +be’ +ce+d) 5.24
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Therefore, equilibrium equation can be solved for &, by substitution, for various
load levels.

All of the outcomes obtained from those methods were later compared with the
moment-curvature curves of the computer software Response 2000. Corresponding
comparison of moment-curvature characteristics of the specimens taking into account all
the above mentioned methods as well as the outputs obtained from the software is shown

in Table 5.3 and Figures 5.7 to 5.13

5.4 Deformability

5.4.1 Intreduction

Deformability can be identified as the structural member’s ability to sustain large
deformations and related to ductility since ductility as a measure of energy absorption
and structural components resistance at inelastic load levels. Ductility of a reinforced
masonry beam can be defined using a ductility factor which can be obtained from the
ultimate to yield ratios of strains, curvatures, rotations and deflections. Conventional steel
reinforced masonry elements absorb energy mainly through plastic deformation of the
steel reinforcement. CSA S304.1 (2004) suggests under-reinforced masonry beam design
to prevent brittle concrete controlled failure of the structural element and desired ductile
failure of the element occurs through plastification of the internal steel rebar.

On the other hand, prediction of the deformability of GFRP-reinforced concrete
masonry beams using the conventional assumptions tailored for steel reinforced elements
can be misleading due to the linear stress-strain relationship of the FRP reinforcement

until rupture. Although GFRP rods have higher ultimate capacities compared to steel
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rebars, their low elastic modulus characteristics leads to large deformations which must
be taken into account for the design of FRP-reinforced structural.members.

In order to estimate the deformability of GFRP-reinforced concrete beams, ISIS
Canada (2001) adopts the calculation of a deformability factor which is a ratio of ultimate
curvature over curvature at serviceability stage. In this section, the deformations and
ductility of the GFRP-reinforced concrete masonry beams were evaluated using several
different approaches that exist for deformability and ductility estimation of FRP-
reinforced concrete members. The applicability of these methods in deformability

estimation of GFRP-reinforced concrete masonry beams is analyzed and discussed.

5.4.2 Curvature Related Deformability

ISIS Canada (2001) adopted the calculation of a deformability factor which is a

ratio of ultimate curvature over curvature at serviceability stage:

DF = | Xt 5.25
\PSMS
where:

¥ = Curvature at ultimate load

¥ = Curvature at serviceability load

Furthermore, this design guideline assumes that an FRP rod reaches its
serviceability stage at 2000 micro strains. According to the guideline, the allowable
deformability factor (DF) must be over 4 for rectangular cross-sections. Curvatures of the
beams were calculated using the experimental strains of the GFRP rods that were further
discussed in the preceding chapter of analytical modeling. Corresponding results are

tabulated in Table 5.4
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5.4.3 Energy Related Ductility

Total energy absorbed by the specimens was calculated using the area under the
load-deflection curves that were plotted using the experimental data. All the specimens
excluding the GFRP-reinforced concrete masonry beam F-3-1#13-C were unloaded as
soon as the compressive failure occurred at the mid-span as the load and deflection
readings were still being monitored. Unloading section of the load-deflection curve
represents the border line of the areas namely inelastic energy consumed prior to failure
and elastic energy released after failure. While the area on located on the left side of the
unloading curve represents the consumed inelastic energy, area located on the right side
of the unloading curve represents the released elastic energy. Ductility index of the FRP-
reinforced concrete beams were evaluated by Jeong, S. (1994) utilizing the following

equation:

yzo.s[zﬂﬂ] 5.26

elastic

This approach suggests that a ductility index value higher than 2.5 yields that the
specimen exhibits ductile behaviour. On the other hand, Grace et al. (1998) reported that
the inelastic to total absorbed energy ratio of the specimens should be higher than 75% in
order to have ductile behaviour and should be 70% for a semi-ductile behaviour.
Corresponding charts and plots showing comparisons and visual explanations of the

methods can be examined at Table 5.5.
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5.5 Discussions

Since coefficients such as o;, f; and compressive resistance of the masonry
assemblage (f';,) have a great influence on the estimated moment resistances of the tested
specimens, their moment resistances were calculated using different values of ay, B; and
f'm suggested by design guidelines CSA S304.1 (2004) and ISIS Canada (2001). Findings
were later compared with the test results. Flexural resistance of the section was calculated
using two different f,,, one of which was obtained from the average compressive
resistances of the prisms loaded normal to their bed joints. This average strength was
later corrected by using the factor x taken as 0.5 as recommended by CSA 304.1 (2004)
Clause 10.2.6. The other ', value was obtained by testing prisms loaded parallel to their
bed joints.

CSA S304.1 (2004) was able to predict the moment resistance of the steel
reinforced control beam S-3-1-15M with 8% error which is reasonable considering the
fact that the compressive strength of the masonry assemblage can easily be influenced by
the quality of the labor and materials. Using different f'; values did not result with a
noticeable change in the sectional resistance. Response 2000 estimated the resistance of
the section correctly as well, having an error of 3%. For steel reinforced beam, f,, taken
as 6.9MPa showed better accordance with the test results.

ISIS Canada (2001) was able to predict the flexural resistances of the GFRP
reinforced specimens with minor percentages of errors. Although in case of GFRP
reinforced beams, ', taken as 6.9 MPa showed better accordance with the test results,
While beam F-3-1#19-C exceeded its expected flexural capacity by 15% , beam F-3-

2#19&1#16-C, having the highest reinforcement ratio among the other GFRP reinforced
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beams, was able to reach 83% of its expected flexural capacity.. Response 2000
estimation of beam F-3-1#19-C was closer to the predictions of ISIS method. Beam F-2-
2#19 could not reach the expected ultimate moment since the beam prematurely failed in
shear at a much lower load.

As another qualitative comparison, load-deformation relationships of the beams
were analyzed and compared. In case of GFRP-reinforced beams, it was observed that
the numerical methods used to calculate the deflection patterns over-estimated the
deflections of the individual beams. Overall results of the calculations showed that CSA
S304.1 (2004) and ISIS Canada (2001) methods yielded similar predictions since they are
differentiated by a factor B, and for GFRP-reinforced concrete masonry beams this factor
was in the vicinity of unity. As expected, the stiffness of the GFRP-reinforced beams
increased as their reinforcement ratio increased meaning that they experienced lower
deformations even at higher loads.

It was also observed that Response 2000 tends to under-estimate the maximum
deflections of the GFRP-reinforced masonry beams, while estimating the pattern of the
load-deflection curve correctly.

As expected, ductility index and related deformability of the beams decreased as
the reinforcement ratios of the cross-section increased however even the specimen with
the highest reinforcement ratio went through large deformations before failure in the
compression zone. Specimen F-3-2#19&1#16-C had a ductility index of 5.9 which was
still within the allowable limits.

On the other hand, by looking at the experimental unloading curves of the

specimens, dissipated inelastic and elastic energies of the tested GFRP-reinforced
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concrete masonry beams were calculated and the inelastic to total absorbed energy ratio
of the specimens was observed to be in the vicinity of 70%

Specimen F-3-1#13-C could not be unloaded since the GFRP bar ruptured as
expected, therefore excluded from the calculations. Beam F-2-2#19 that was failed in
shear could not be included either.

Table 5.1 Predicted moment resistances of the reinforced masonry beam sections
using different methods

Mn CSA* ISIS* ISIS** Response
B Experimental (kN.m)  (kN.m) (kN.m) 2000*
eam

S-3-1-15M 53.6 49.2 - - 52.2
F-2-2#19 19.2 31.3 335 27.3 34.1
F-2-2#16-C 28.3 28.1 304 24.6 31.7
F-3-1#13-C 46.4 47.3 46.8 46.4 30.4
F-3-1#19-C 69.3 553 59.2 49.1 54.8
F-3-2#16-C 63.6 62.7 67.1 55.4 68.2
F-3-2#19&1#16-C 69.4 78.1 83.5 68.4 79.4
S-3-1-15M-C-CFRP 88.7 67.3 70.0 62.1 72.1

*fm = 6.9 MPa, **fm = 6.0 MPa

Table 5.2 Predicted deflections of the reinforced masonry beam
using different methods

Experimental Hortonand Response
Beam result C5A IS15 Tadros 2000
(mm) @My mm)
F-2-2#16-C 35.9 40.3 404 16.1 16.3
F-3-1#13-C 50.5 73.8 74.2 95.4 28.3
F-3-1#19-C 68.2 67.2 67.2 68.3 30.6
F-3-2#16-C 28.6 45.9 459 45.8 30.7
F-3-2#19&1#16-C 16.3 35.2 35.2 34.5 25.2
S-3-1-15M-C-CFRP 25.9 18.3 - 17.7 21.0
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Table 5.3 Predicted curvatures of the reinforced masonry beam

using different methods

Experimental ISIS Response
Beam result )
(x10°/mm) (mm) 2000 (mm)
S-3-1-15M-C 26.16 - 26.40
F-2-2#16-C 37.43 19.20 27.32
F-3-1#13-C 25.56 27.44 20.43
F-3-1#19-C 24.68 19.14 18.73
F-3-2#16-C 12.44 13.73 20.72
F-3-2#19&1#16-C 10.82 10.31 16.87
S-3-1-15M-C-CFRP 33.07 - 27.72
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Table 5.4 Curvature based deformability factor of GFRP-reinforced and CFRP-
strengthened concrete masonry beams

Beam M, Vs M, Yy Ductility Index
F-2-2#16-C 5.8 6.3 28.1 37.4 28.8
F-3-1#13-C 8.9 5.6 42.2 26.3 21.9
F-3-1#19-C 18.8 3.9 69.3 23.1 22.0
F-3-2#16-C 24.9 3.8 58.4 12.4 7.6

F-3-2#19&1#16-C 343 3.9 71.8 10.8 5.9

Table 5.5 Energy based deformability factor of GFRP-reinforced and CFRP-strengthened
concrete masonry beams

Inelastic  Elastic  Total  Inelastic Ductility
Beam Energy  Energy  Enmergy —po—r—
F-2-2#16-C 39 1.5 5.4 72% Semi-ductile
F-3-1#19-C 3.2 1.4 4.6 70% Semi-ductile
F-3-2#16-C 3.1 1.3 4.4 T70% Semi-ductile
F-3-2#19& 1#16-C 33 1.2 4.5 73% Semi-ductile
S-3-1-15M-C-CFRP 3.3 1.3 4.6 71% Semi-ductile
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CHAPTER 6

LONGITUDINALLY-DRILLED CONCRETE MASONRY

BLOCKS

6.1 Introduction

Grout filled hollow concrete units are stronger when axially loaded normal to the
bed joints and tend to fail at lower stresses if the axial load is parallel to the bed joints.
Keeping this characteristic of the hollow masonry units in mind, grout filled masonry
units with holes going through their webs are expected to be stronger compared to regular
hollow units when axially loaded parallel to the bed joints. This is due to their continuous
cylindrical grout cores acting against the compression force. In addition to this advantage,
individual concrete masonry units are lighter than regular hollow concrete units allowing
them to be a lot easier to handle compared to their predecessors.

In order to have masonry units with holes going through their webs, more than
100 hollow concrete blocks were drilled using a core driller and carbide drill bits of
different diameters. Sufficient number of masonry units with 2", 3" and 4" holes were
prepared in order to have five compressive prisms for each hole size. An extra set of
masonry units with all three different sizes of hole was drilled to be tested for fragility
(Table 6.3).

Pictures of the setup prepared for the core driller and sample drilled masonry units

can be seen in Figures 6.1, 6.2 and 6.3.
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Figure 6.1 Schematic 3D view of the drilled concrete masonry units

Figure 6.2 Drilling the holes into a concrete masonry unit using 4" carbide mesh

Table 6.1 Compressive strength test data of the grout cylinders

Cylinder Age Failure Compressive
Number (days) Load(kN) Strength(MPa)

A
1 144.5 18.4
2 128.5 16.4
3 28 136.7 17.4
4 137.8 17.5
5 129.1 16.4
v
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Figure 6.3 Construction of the prisms
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6.1.1 Compressive Strength of Longitudinally-Drilled Blocks Loaded

Parallel to the Bed Joint

One block wide and five-block high unreinforced grouted masonry prisms were
prepared using longitudinally-drilled masonry units to be tested under axial load parallel
to their bed joints. In total twenty prisms were constructed. Five of the prisms were built
using masonry blocks with 2" holes, five were built using 3" hole blocks and ten other
were built using 4" hole masonry units. Among the ten 4" hole masonry unit prisms, five
prisms had 150 mm long conventional steel 10M reinforcing bars passing through the
web holes located at mortar joints in order to examine the effect of compression
reinforcement on the strength of prisms. Identical test setup was used as the previously

tested compressive prisms. Detailed results of the prism tests are shown in Table 6.2

Table 6.2 Comparison of compressive strengths of masonry prisms

Strength
Normal to i
the Bed Strength Parallel to the Bed Joint
Joint
. Control Control 2"Holes  3"Holes 4"Holes 4"+Steel
Specimen
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1 13.4 6.5 10.0 11.6 11.2 10.7
2 13.3 5.8 7.8 11.7 9.6 9.0
3 14.6 6.1 10.7 12.2 9.5 9.7
4 13.2 5.7 9.0 12.5 83 8.7
5 13.8 - 7.6 13.7 10.2 10.6
Average 13.7 6.0 9.0 12.4 9.8 9.7
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Figure 6.4 Relationship between the compressive strength of the masonry assemblage
and the hole diameter

Table 6.3 Fragility comparison of the proposed masonry units

Drop Height (meters)
Hole
Diameter 0.75 1.0 1.5
(inches)

0 Intact Intact Broke
2" Intact Fracture Broke
3" Intact Fracture Broke
4" Intact Broke Broke
Lintel Broke Broke Broke
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Figure 6.5 a) Schematic elevation view of a reinforced masonry beam, demonstrating the
orientation of the grouted areas using regular concrete masonry units b) Schematic
elevation view of a reinforced masonry beam, demonstrating the orientation of the
grouted areas using longitudinally-drilled concrete masonry units at the top course.

6.2 Discussions

Tests conducted on the compressive strength prisms loaded parallel to their bed
Jjoints proved the following:

e As expected, although prisms with 2" grout cores showed better compressive
strength than ones without holes, they failed at lower loads compared to the other
specimens with wider grout cores. The common failure mode was face shell
separation and conical break. On the other hand, even though these prisms were
the weakest in compression with an average compressive stress of 9.0 MPa, their
compressive strength was still 50% higher than the control prisms that were
prepared using regular concrete masonry blocks. Tested specimens after failure
are shown in Figure 6.6

e Although prisms with 4" grout cores were able to exceed the compressive
resistance of 2" grout core specimens, they unexpectedly failed at lower stresses

than specimens with 3" grout cores. Average compressive strength of the prisms
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was 9.8 MPa which is 63% higher than the capacity of the control specimens. The
common failure mode of the all five specimens was face shell separation. Visible
cracks started to develop on the surface at early stages of loading. Cracks
gradually widened as the loading continued and eventually the specimen failed as
one of the masonry unit’s shell separated. By looking at the test results, it was
concluded that the 4" holes passing through the webs of the concrete masonry
units, decreased the compressive resistance of the block in the direction of the
loading. Addition of 10M steel reinforcing bars to the head joints between the
blocks changed neither the compressive stress capacity nor their failure types.
Tested specimens after failure are shown in Figures 6.8 and 6.9

Prisms having 3" grout cores exhibited a relatively better performance than rest of
the specimens. The average compressive strength was 12.4 MPa, demonstrating
more than 100% increase in the compressive resistance when compared to the
control prisms. Theréfor¢ it was proven #hat the compressive strength of the
assembly not only increased significantly, but also approached to the compressive
strength of prisms loaded normal to their bed joints. Splitting and separation of
the face shells was not experienced. In general, deep diagonal and conical shear
cracks developed on the surface of the specimens prior to failure. It was
concluded that the optimal core size for the tested concrete masonry blocks with
dimensions 390x190x190 mm is 3". Tested specimens after failure are shown in

Figure 6.7
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3" grout cores passing through the concrete masonry blocks provide:

1) Improved compressive strength (f,) of the reinforced concrete masonry

2)

3)

4)

beams up to 100%, which accordingly increases the flexural capacity of the
section significantly,

Increased workability due to the reduced weight of the concrete masonry
units( 16.9 kg vs. 15.5 kg),

Improved bonding through the head joints between the masonry units due to
the grout cores linking the masonry units (Figure 6.5),

Elimination of several masonry unit types such as lintel blocks and blocks
with grooves for reinforcement, leading to a facilitated construction procedure
and internal longitudinal reinforcement can easily be placed in the circular

cores passing through the webs of the concrete masonry units.
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Figure 6.7 Failed compressive masonry prisms with 3" cores, loaded parallel to their bed
joints.
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Figure 6.8 Failed compressive masonry prisms with 4" cores, loaded parallel to their bed
joints.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Summary

Masonry is one of the ancient construction methods and has been used by several
civilizations for centuries. Beams in masonry construction are mostly utilized as bond
beams or lintel beams. They are located at the roof level or at floor levels and may have
multiple functions such as tying the structure around its perimeter, transferring the
diaphragm action of the roof to the shear walls and spanning over the openings in the
walls supporting the gravity loads coming from above. The contemporary limit states
design (LSD) design guideline for reinforced masonry structures such as CSA S304.1
(2004) does not permit the use of unreinforced masonry beams since tensile strength of
masonry alone cannot be relied upon. Although conventional steel reinforcement solves
the tensile strength problem of the grouted masonry assemblage, design difficulties may
be encountered with conventional steel bars due to the limited width of the masonry
units. Considering the under-reinforced design principle of the reinforced concrete,
design of larger beam cross-sections is inevitable for most of the cases, giving rise to
higher material and labor costs. In addition, corrosion problem of the conventional steel
reinforcement gives rise to high maintenance costs in the long run.

The primary objective of this study was to introduce and implement FRP as a
reinforcing and strengthening method to the design of reinforced concrete masonry
beams and to verify the flexural performance of the GFRP-reinforced and CFRP-

strengthened masonry beams. FRP-reinforced concrete has been extensively examined by
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researchers in the past decades and has been identified as a promising alternate
construction material for reinforcing and strengthening reinforced concrete. FRP
reinforcement comes along with several significant advantages over steel such as high
durability, non-corrosiveness, high strength-to-weight ratio and resistance against fatigue.
Moreover, unlike conventional steel reinforcement, FRP uses over-reinforced design
approach meaning that there will not be any upper limit for reinforcement ratio as long as
the deflections and deformability of the beams meet the design guidelines of ISIS Canada
(2001) and ACI 440-2R (2002).

In addition, existing ancient structures constructed using unreinforced masonry do
not meet the requirements of current buildings codes, mostly have been severely
deteriorated and are prone to failure when subjected to excessive lateral loads such as
seismic loads and wind loads. Nowadays, CFRP sheets are being used in the construction
industry in order to rehabilitate, retrofit and strengthen existing reinforced concrete
structural members. CFRP exhibits similar properties as other fiber reinforced polymers
such as high strength-to-weight ratio, non-corrosiveness and high durability.

In order to fulfill the objectives, nine reinforced masonry beams were constructed
to be tested. Two beams with clear spans of 2.4 m had two courses of hollow concrete
masonry units, and the remaining seven beams with clear spans of 4.0 m had three
courses. Three masonry beams were reinforced using conventional steel rebars two of
which were considered as the control specimens, while the third one was strengthened
using two layers of CFRP sheets that were externally bonded to both sides of the beam.
The remaining six beams were internally reinforced using GFRP rods with different

reinforcement ratios. Comparisons were conducted between the GFRP-reinforced and
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steel-reinforced control beams as well as CFRP-strengthened and steel-reinforced control
beam with regard to the flexural capacity, deformation and strains of the tested
specimens. Using the outcomes of the experimental and analytical studies, the
performance of GFRP-reinforced masonry beams in flexure as well as the efficiency of
CFRP sheets in strengthening existing steel-reinforced masonry beams was evaluated.

As the tests on the full-scale reinforced concrete masonry beams were completed,
insufficient compressive resistance of the grouted masonry units in the direction parallel
to their bed joints was highlighted by the performance of the tested beams. In order to
improve the masonry assemblages compressive stress (f\,) which is directly related to the
moment resistance of the section, additional compressive prisms were prepared using
concrete masonry units having 2", 3" and 4" drilled cores passing through their webs.
Comparisons were conducted between the compressive resistances of the tested masonry
prisms éxially loaded both in the direction parallel and normal to the bed joints,
accompanied by proposal of a new block type that has the potential to increase the

flexural capacity of the reinforced concrete masonry beams.
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7.2 Conclusions

The following conclusions were drawn from the experimental and analytical
analysis and comparisons conducted on the tested full-scale GFRP-reinforced and CFRP-
strengthened concrete masonry beams:

1. As anticipated, cross-sectional moment resistance and stiffness of the reinforced
concrete masonry beams significantly improved as the internal GFRP reinforcement ratio
increased.

2. GFRP over-reinforced specimens failed due to compressive failure of the top
masonry course at the constant moment region. During each test, compression zone
failures started with crushing of the mortar joints (head joints) at mid-span. As the load
increased, cracks on both faces of the blocks widened and the block shells eventually
separated resulting with a significant drop in the load resistance capacity of the specimen.
3. The flexural resistance of the conventional steel reinforced beam was predicted
with 8% of error based on the ', value of 6.9 MPa.

4. For the majority of the GFRP-reinforced full-scale masonry beams, experimental
results had good agreement with analytical method described in ISIS Canada (2001)
while having minor percentages of errors assuming f', value of 6.9 MPa. Differences in
the capacities could be due to the varying compressive strength of grouted masonry units
loaded in the direction parallel to the bed joints.

5. Strains in the GFRP rods linearly increased with the increase in the applied load
up to the failure load.

6. It was observed that the numerical methods used to calculate the deflection

patterns overestimated the deflections of the GFRP-reinforced concrete masonry beams.
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Overall results showed that the methods suggested by CSA S304.1 (2004) and ISIS
Canada (2001) yielded similar predictions. It was also concluded that Response 2000
tends to slightly underestimate the maximum deflections of the GFRP-reinforced
masonry beams, while estimating the pattern of the load-deflection curve correctly.

7. Methods used to calculate curvatures of the GFRP-reinforced and CFRP-
strengthened masonry beams at different bending moment levels showed good agreement
with each other, while Response 2000 slightly underestimated the curvature values.

8. It was observed that the cracks did not necessarily follow the mortar joints and
~ propagated through the masonry blocks as well. In this sense, GFRP-reinforced concrete
masonry beams exhibited similar crack patterns with the GFRP-reinforced concrete
beams. Clamps placed in the shear zones did not limit the formation of shear cracks but
worked as internal shear reinforcement (stirrups) and prevented shear cracks from
widening.

9. Curvature-based deformabi]ity factor of the GFRP-reinforced beams as well as
the CFRP-strengthened reinforced masonry beams were within the allowable limits set by
ISIS Canada (2001). On the other hand, energy based ductility estimations demonstrated
that the GFRP-reinforced concrete masonry beams exhibited semi-ductile behaviour
having energy ratio values in the vicinity of 70%.

10. CFRP-strengthening applied on the steel-reinforced concrete masonry beam not
only increased the flexural capacity of the section by 60%, but also significantly
prevented the propagation of flexural and shear cracks that improved the stiffness of the

beam. CFRP sheets applied on the both sides of the masonry beam did not show any
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signs of debonding and remained intact until the failure even though they were not
mechanically anchored to the surface of the beam.

The following conclusions were drawn from the experimental and analytical analysis and
comparisons conducted on the tested compressive masonry prisms:

1. CSA S304.1 (2004) estimates the compressive strength of grouted masonry
loaded in the direction parallel to the bed joints as 50% of the compressive strength of the
prism when loaded normal to the bed joints. Compression tests conducted on masonry
prisms demonstrated that this method slightly overestimates the actual compressive
resistance f';, however provided good results when used along with ISIS Canada (2001)
to estimate the flexural capacity of the GFRP-reinforced sections. Average experimental
f'm parallel to the bed joint was 6.0 MPa while CSA S304.1 (2004) estimated it to be 6.9
MPa.

2. Tests conducted on the prisms that were constructed using the longitudinally-
drilled masonry blocks and loaded parallel to their bed joints proved that the optimum
core size for the concrete masonry units is 3". 2" grout core specimens increased the
compressive strength 50%, 4" grout core specimens increased the compressive strength
63% and finally 3" grout core specimens increased the compressive strength more than
100% compared to the control compressive prisms. It was also concluded that higher
compressive strength provided by these new blocks can lead to higher flexural capacities
using identical mortar and grout mix design. In the meantime, they can replace and
eliminate the need for lintel blocks since internal reinforcement can be positioned inside
the grout cores. Moreover, lighter blocks will allow faster construction and increase

workability of the blocks.
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7.3 Recommendations for Future Work

Although it had been demonstrated and discussed throughout this thesis that the
clamps in the shear zone did not have a significant effect on the deflections and crack
patterns of the beams, deflections of the GFRP-reinforced and CFRP-strengthened
concrete masonry beams must be revisited using high ratio of internal steel stirrups
instead of external shear reinforcement.

Since the experimental program of this research focused on GFRP-reinforced
concrete masonry beams, only one CFRP-strengthened beam tested and compared with
the conventional steel reinforced control beam. In order to be able to further analyze and
comprehend the flexural resistance, deflection, deformation and curvature characteristics
of the strengthened masonry beam, more tests have to be conducted on masonry beams
strengthened using different patterns and amounts of CFRP sheets.

Moreover, beams using the proposed longitudinally-drilled concrete masonry
units have to be constructed to better visualize and analyze their performance under
actual loading conditions. Design of these new concrete masonry units can be fine-tuned
by testing hollow and fully-grouted blocks with holes with various other shapes and sizes.

Lastly, since a combination of steel and GFRP as an internal reinforcement is not
recommended by ISIS Canada (2001), reinforced concrete masonry beams designed to
have longitudinal and transverse GFRP rods have to be tested to investigate the

performance and efficiency of GFRP as stirrups for reinforced concrete masonry beams.
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APPENDIX A: SECTION ANALYSIS OF GFRP-REINFORCED

CONCRETE MASONRY BEAM

Section analysis using rectangular stress block approach of specimen F-3-1#19-C
1s explained in detail in this section in order to demonstrate the method that was used to
determine the flexural capacity of the GFRP-reinforced concrete masonry beam sections
in this project.

Using #19 GFRP rod for design:

A,,=285mm’, g, =0.017
E,, =47.6 GPa, f,, =728 MPa
€,, =0.003, /' =6.9 MPa

A= 590 mm, d= 520 mm, b= 190 mm
Next determining masonry stress block factors:

a, =0.85-0.0015f", =0.85-0.0015(6.9) =0.84
B, =0.97-0.0025f", =0.97-0.0025(6.9) = 0.95

Next the balanced condition has to be checked to make sure that the section is

over-reinforced;

__alﬁlfm[ gmu }=1'13x10-3

P oy =
fﬁ'pu gmu + gﬁpu

o, . =1.13x 107 (190 x 320)= 112 mm? < 285 mm’
Sipb

Assuming compression failure at ultimate load in order to determine the stress in
the GFRP rod:

gm = gmu = 0003’ _f_}yp < f},.p“ = 723 MPa
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1/2
ff,,, = 0_5Eﬁpgmu (1+—4ﬁé‘—f-"’—] —1{=455.5 MPa
pfrpEfrpgmu

Next using equilibrium equation the depth of the compressive block is found:
A
= -——-—f"‘jff"’ =122.6 mm
af', Bb

Finally, the flexural resistance of the cross-section can be determined using:

M,=4,f,(d —-ﬂ-zﬁ) =59 kN.m
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APPENDIX B: DEFLECTION ANALYSIS OF GFRP-

REINFORCED CONCRETE MASONRY BEAM

In order to determine the load-deformation relationship of the specimens,
effective moment of inertia (Ir) of the cross section was calculated using several
approaches of CSA S304.1 (2004), ISIS Canada (2001) and Horton and Tadros (1990) at
any given applied moment. Next, the deflections depending on the previously calculated
effective moment of inertias are estimated. The excel sheet corresponding to the
specimen F-3-1#19-C is shown below comprised of step by step calculation of the

effective moment of inertias and corresponding deflections of the specimen.

w(kN/m) | P(kN} |Equivalent Load|M{kNm)|len(csassoat) | Dicsassos{ MM} Bier for ortoml MM Biioronf{ M)l lerrstsy | Busisy{mm)
0 [} 0 0 3.30E+08 0 0 1] 3.30E+09 0
2.6 0 6.5 5.2 3.30E+09 0.43 5.46 0.43 3.30E+09 0.43
2.6 0.25 6.75 5.4 3.30e+09 0.44 5.67 0.44 3.30E+09 (.44
2.6 Q.5 7 5.6 3.30E+09 0.46 5.88 0.46 3.30E+09 0.46
2.6 1 7.5 6 3.30E+09 0.49 6.30 0.49 3.30E+09 0.49
2.6 2 85 6.8 3.30E+05 0.56 7.14 0.56 3.30E+09 0.56
2.6 3 9.5 7.6 3.30E+09 0.62 7.98 0.62 3.30E+09 0.62
2.6 4 10.5 8.4 3.30E+09 0.69 8.82 0.69 3.30E+09 0.69
2.6 5 11.5 9.2 3.30E+09 0.76 9.66 0.76 3.30E+09 0.76
2.6 6 12.5 10 3.30E409 0.82 10.50 0.82 3.30E+09 0.82
2.6 7 13.5 10.8 3.30E+09 0.89 11.34 0.89 3.30E+09 0.89
26 8 145 11.6 3.30E+09 0.95 12.18 0.95 3.30E+09 0.95
2.6 15 21.5 17.2 1.63E+09 2.86 18.06 5.88 1.62E+409 2.88
2.6 20 26.5 21.2 9.91£+08 5.79 22.26 11.31 9.84E+08 5.84
2.6 22 28.5 22.8 8.48E+08 7.28 23.94 13.43 8.41E+08 7.34
2.6 25 31.5 25.2 6.95€+08 9.83 26.46 16.58 6.90E+08 9.90
2.6 30 36.5 29.2 5.39E+08 14.69 30.66 21.72 5.36E+08 14.77
2.6 40 46.5 37.2 3.94E+08 25.60 39.06 31.61 3.92E+08 25.69
2.6 45 51.5 41.2 3.58E+408 31.19 43.26 36.39 3.57e+08 31.28
2.6 50 56.5 45.2 3.34E408 36.70 47.47 41.09 3.336+08 36.79
2.6 SS 61.5 49.2 3.17E+08 42.10 51.67 45,73 3.16E+08 42.18
2. 60 66.5 53.2 3.04E408 47.35 55.87 50.31 3.04e+08 47.43
2.6 65 71.5 57.2 2.95E+08 52.47 60.07 54.85 2.95E+08 52.54
2.6 70 76.5 61.2 2.89E+08 57.48 64.27 59.35 2.88e+08 57.54
2.83E+08 2.83e+08
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