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Abstract -

ABSTRACT

Corrosion of steel reinforcement causes continual degradation to the worldwide
infrastructures and it has prompted the need for challenges to those involved with reinforced
concrete structures. Recenﬂy, the use of ﬁbfe-reinforced polymers (FRP) tubes as structurally
integrated stay-in-place forms for concrete members, such as beams, columns, bridge piers,
piles and fender piles has emerged as an innovative solution to the corrosion problem. In
such integrated systems, the FRP tubes may act as a permanent form, often as a protective
jacket for concrete, and especially as external reinforcement in the primary and secondary
directions such as for confinement. Furthermore, the use of concrete-filled FRP tubes (CFFT)
technique is predicated on performance attributes linked to their high strength-to-weight
ratios, expand the service life of structures, enhance corrosion resistance, and potentially high
durability.

This dissertation evaluates the axial and flexural performances of reinforced CFFT
through experimental and analytical investigations. The details description and the findings
of the investigations are presented through seven articles. To fulfill the objectives of this
research, an experimental program has been designed including pure compression tests (33
specimens), axial-eccentric load tests (4 specimens) and pure flexure tests (10 specimens).
Experimental investigations of the behaviour of CFFT have generally been carried out
without using internal longitudinal reinforcement. The CFFT system of this study consists
basically of filament-wound glass FRP tubes filled with concrete and reinforced internally
with steel or FRP bars. Five types of new FRP tubes have been used with different
thicknesses and two different diameters, 152 and 213 mm.

Pure compression tests have been conducted on 40 specimens with a total height ranging
from 305 mm to 1520 mm. One of the main objectives of testing these specimens is to
evaluate the design equations of the North American codes and design guidelines to predict
the ultimate load capacities of reinforced and unreinforced short CFFT columns. In addition,
the effect of three parameters and their interactions on the buckling behaviour were
investigated for these specimens; namely, the FRP tube thickness, concrete compressive

strength, and slenderness ratio. The effect of eccentric load on the behaviour of four CFFT
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Abstract

specimens of diameters 152mm and long 912mm, has been evaluated using four different
eccentricity values (15, 30, 45 and 60 mm).

Based on the finding of experimental and theoretical investigation for the CFFT
columns, a new confinement model is proposed for the confined concrete compressive
strength of the CFFT cylinders. Also, the design equations are modified to accurately predict
the ultimate and yield loads capacities of internally reinforced and unreinforced short CFFT
columns. In addition, the theoretical analysis was utilized to correlate the slenderness ratio of
the CFFT columns to various material characteristics and geometric properties of the FRP
tubes and concrete. It was found that a slenderness ratio of 12 gave a safe value for the
design purposes. However a more precise formula for the slenderness ratio was proposed to
control the buckling mode of failuré.

Pure flexural tests have been conducted on 10 RCFFT and RC beams of a total length
2000 mm with constant diameter 213 mm. The test variables were the type of internal
reinforcements (steel or GFRP bars), the FRP tube thickness, concrete compressive strength
and the type of transverse reinforcements (spiral steel or FRP tubes). The influence of the
considered variables on the flexural behaviour of the tested RCFFT beams is presented. A
simplified analytical method is developed to predict the yield and resisting mbments
corresponding to the failure modes of the tested RCFFT beams. The analysis was conducted
according to the equations derived from linear elastic analysis. This analysis was found to be
acceptable for predicting the ultimate and yield moments capacities of the FRP or steel-
RCFFT beams. In addition, an analytical investigation to examine the validity of the
available design provisions for predicting the load-deflection response of CFFT is conducted.
The effective moments of inertia of the tested beams are analyzed using the different
available code, manuals and design guidelines equations. The results of the analysis are
compared with the experimental values. It has been found that the predicted tension
stiffening for steel or FRP-RCFFT beams using the conventional equations (steel or FRP-RC
member) is underestimated and hence the predicted deflections are overestimated. Based on
the experimental data obtained in this study, new proposed equations and a modified
expression for the effective moment of inertia of a simply supported CFFT beams reinforced

with steel or GFRP bars are introduced.
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Résumé

RESUME

Comportements axial et en flexion de tubes en matériaux composites

remplis de béton armé : des études expérimentales et théoriques

Les infrastructures au monde entier ont connu des dégradations majeures a cause de la
corrosion des barres d'acier. Ce probléme représente un vrai .déﬁ pour ceux intéressés aux
structures en béton armé. Récemment, I'utilisation des tubes en polyméres renforcés de
fibres (PRF) en tant que d'éléments structuraux en béton tels que les poutres, les colonnes, les
piliers de ponts, les pieux et les pieux de défense, est devenu comme une solution innovatrice
au prdbléme de la corrosion. Dans tels systémes intégrés, les tubés en PRF peuvént
fonctionner comme une forme permanente,' souvent comme. une veste de protection pour le
béton, et particuliérement comme renforcement externe dans les directions principales‘et '
“secondaires tel que le confinement. En outre, I’utilisation de la fechnique des tubes en PRF -
remplis de béton (CFFT) est f_ondée sur les attributs de performances liés a leur rapport élevé
| de résistance au poids,_ elle augmente la durabilité des structures et'<leur durée de vie, et
améliore la résistance a la corrosion.

.L’objectif de cette thése est d’évaluer les performances axiales et en flexion dés tubes
CFFT a travers les études expérimentales et analytiques. La description détaillée de ces
études est présentée dans 7 articles publiés. Pour réaliser I’objectif de cette recherche, un
programme expérifnental a été élaboré incluant les essais de compression (33 échantillons),
" les essais de charges axiales et excentriques (4 échantillons) et les essais de flexion pure (10
échantillons). Les études expérimentales du comportement des tubes CFFT ont été réalisées
sans l'utilisation des armatures ‘longitudinale internes. Dans cette étude, le systéme des tubes

CFFT est essentiellement composé de tubes en PRF remplis du béton armé de barres d'acier
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Résumé

ou de PRF. Cinq nouveaux types de tubes en PRF ont été utilisés avec différentes épaisseurs
et deux différents diamétres (152 mm et 213 mm).

Les essais de compression pure ont été effectués sur 33 échantillons avec une hauteur
totale variant de 305 2 1520 mm:. L'une des objectifs principaux de ces essais de compression
est d’éyaluer les équations de conception des codes Nord-Américain et des guides de
conception pour prédire la capacité des charges ,ult.imes des colonnes courtes en PRF
remplies du béton qu'il soit armé ou non armé. D'autre part, I’effet des trois paramétres
(I’épaisseur des tubes en PRF, la résistance & la compression. du béton et le taux
d’élancement) et leurs interactions sur le comportement au flambement ont été examinés
pour ces 33 échantillo'ns. L’effet des charges excentriques sur le comportement des 4
'echantlllons de tubes CFFT de 152 mm de diamétre et de 912 mm de longueur, a été évalué
en utilisant 4 dlfferentes valeurs d’excentricité (15, 30, 45 et 60 mm).

Sur la base_des résultats obtenus a partir de I'étude expérimentale et théorique effectuées
sur les colonnes CFFT, un nouveau modgle de confinement est proposé pour la résistance 5 la
compression du béton confiné de cylindres en PRF. Aussi, les équations de conception sont -
modifiées pour prédire avec précision les capacités de charges ultimes et limites pour les
~ colonnes courtes intérieurement armées ou non armées. De plus, ’analyse théorique a été
utilisée pour corréler le taux d’élancement des colonnes CFFT aux diverses caractéristiques ‘
~des matériaux.et propriétés géométriques des tubes en PRF et du béton. On a trouvé qu'un
taux d’élancement de. 12 a donné une v'aleu{ sécuritaire pour la conception de ces colonnes.
Cependant, une formule plus précise pdur le taux d’élancement a été proposée pour contrdler
le mode de rupture par flambement. '

Les essais de flexion ont été effectués sur un total de 10 échantlllons constitués de tubes
en PRF remplis du béton armé et des poutres en béton armé de 2000 mm de longueur et de
213 mm de diamétre constant. Les variables d'essais étaient le type de renforcements internes
(barres d’acier ou de PRF de verre), I’épaisseur des tubes en PRF, la résistance a la
compression du béton, et les renforcements transversales (acier spiral ou tubes en PRF)
L’influence de ces variables sur le comportemcnt de flexion des poutres CFFT testées est
présentée. Une méthode d’analyse simplifiée est developpée pour prédire les valeurs des
- moments résistants et des moments limites correspondantes au mode de rupture pour ces

poutres testées. L’analyse est faite selon les équations déduites de 1’analyse élastique linéaire. -
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Résumé

Cette analyse est acceptable pour prédire les capacités des moments ultimes et limites des
poutres CFFT renforcées en PRF ou en acier. D’autre part, une étude analytique est effectuée
pour examiner la validité des dispositions de conception pour prédire la réponse charge -
déflection des CFFT. Les moments d’inertie efficace des poutres testées sont analysés en
utilisant les différentes équations existantes des codes, manuels et guides de conception. Les
résultats de cette analyse sont comparés avec les valeurs expérimentales obtenues. Il a été
constaté que la raideur en tension prédite en utilisant les équations conveniionnclles pour les
poutres CFFT renforcées en PRF ou en acier est sous-estimé et par conséquent les valeurs de
déflection prédites sont sur-estimées. Des nouvelles équations proposées et des expressions
modifiées validées par les résultats expérimentaux obtenus sont introduites pour I'évaluation
du moment d’inertie efficace des poutres CFFT renforcées avec des barres d’acier ou de PRF

de verre.

Mots-clés : axial, flexion, tubes, matériaux composites, béton armé, expérimentales et

analytiques.
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Chapter 1: Introduction
Chapter 1 Introduction

1.1 Introduction

The corrosion of steel reinforcement in an aging highway and marine infrastructure is a
major problem currently facing the transportation and civil engineering. structure
community. Further, the existing of these structures in harsh environments has resulted in
steady deterioration that shortens the lifetime ‘serviceability of concrete structures. Harsh
environments, such as those found in cold regions or Canadian climates, may expose
structures to freeze-thaw cycles, marine sea spray or winter de-icing salts. In Canada and
| the United States, maintenance and replacement costs of br{dge and marine substructures
are measured in billions of dollars. Government agencies and industrial firms are looking
for infrastructure systems that are strongér, last longer, are more resistance to corrosion,
cost less to build, maintain and repair. Engineers all over the world are challenged and in
 search of new and affordable construction materials as well as innovative approaches and

systems to problem solving.

Since the 1970s, research projects and field studies have been conducted on
different methods for protecting reint"orced concrete structures from deterioration and
corrosion damage. Several techniques, including epoxy coating of reinforcing bars, |
cathodlic protection, increased concrete cover th-ickhess, polymer concrete overlays have
" been used to inhibit or eliminate corrosion. None of these techniques, however, has been
proven to be cost-effective or a long-term solution. A significant research effort over the
past twenty years has shown that fibre reinforced polymer (FRP) materials can be
effectively used to reinforce and/or strengthen deteriorated or understrength reinforced
concrete structures. FRP reinforcement is made from high tensile strength fibres such as
carbon, glass, and aramid embedded in polymeric matrices and produced in the form of

~ bars, tubes, grids, in a wide variety of shapes and characteristics. FRPs are corrosion-free
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materials and have been used worldwide for new structures to avoid the deterioration of

concrete structures caused by corrosion of steel reinforcement.

Over the past decade there has been increased consideration and field use of
composites for the rehabilitation of existing structural components and systems.
However, despite similar levels of efforts being made for the introduction of composites
into new construction applications there has been only limited success with most projects
being at the level of demonstrations, rather than bid competitively with conventional
materials, or being specified because of the inherent and essential advantages of FRP
compbsites over conventional materials. In part their application in new construction has
been limited due to high costs in comparison with components fabricated from
conventional materials such as concrete and steel. Further there is a reluctance to use
these materials for primary structural elements in new construction without sufficient
data on long-term structural respdnse and durability. There is however, no doubt, that
these materials have significant advantagés for use in new construction ranging from
lighter weight which would translate to greater ease in construction without heavy
constructionl equipment and use of smaller sub-structural elements, to their greater
capacity to meld form and function thereby providing for ease in integration of aesthetics
with functionality (Karbhari 2004).

In the last decade, considerable efforts have been made to apply FRP composites in

- the construction industry, and recently, structural appiications of FRP composites started
to appear in civil infrastructure systems. FRP composite materials have been used as
internal and external reinforcement in the field of civil engineering constructions. It has
been used as internal reinforcement for beams, slabs and pavements (Masmoudi et al.
1998; Rizkalla et al 2003; Benmokrane et al. 2006), and also as external reinforcement
for rehabilitation and strengthening different structures (Démers and Neale 1998; Teng et
al. 2002). Applicafion of FRP in infrastructural systems has come about as a result of the
many desirable characteristics of composites that are superior to those of conventional
materials such as steel, concrete, and wood. FRP composites are very attractive materials

to structural engineers due to their high specific stiffness and high specific strength. The

2
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high corrosion resistance of FRP composites makes them ideal alternative materials to

resolve a number of pro'blems that the worldwide infrastructures are now facing.

To most effectively utilize the advantages of FRP materials, which are light weight
and improve constructability, innovative structural designs are needed which either

2"

incorporate “‘composites-efficient’’ forms or .which combine these materials with
conventional ones. One promising innovative structural system is concrete-~filled FRP
tubes (CFFT). In recent years, CFFT system has been widely studied for their use in civil
infrastructure. In the early 1980s, the concept of CFFT was proposed by Fardis and
Khalili 1981 and 1982, who analyzed the behaviour of circular and rectangular FRP tube-
encased concrete columns and beams. CFFT are constructed by simply filling
’préfabricated FRP tubes with concrete. CFFT technique repreéents a formwork-free,
steel-free, and corrosion-resistant alternative for construction of new infrastructure. This
system provides an excellent alternative to conventional reinforced concrete or steel
components for severél structural applicatiohs in aggressive and corrosive environments,
including fender piles, bridge girders and piers, poles, and overhead sign structures. The
most common characteristics of the integrated systems are as follows:

e FRP shape acts as permanent form for concrete; hence, will save the cost of

formworks involved in conventional cast-in-place or pre-cast industries.

e Main reinforcement for concrete is provided externally by the FRP shape, even
though additional reinforcement of other types of materials such as steel may be
provided internally. In concrete-filled FRP tubes, the tube acts as reinforcement
for both shear and flexure, uﬁlizing the multi-direction fibre orientation. This -
would save the time and cost involved in conventional construction in assembling
longitudinal rebars together with stirrups. The closed composite shells provide

_passive confinement to the concrete, which significantly impfoves the strength
and ductility.
o . Depending on the nature of loading, the capacity and performance of the systém
may depend on the composite action between the concrete and FRP shape.
o The system lends itself to optimization based on material properties of each

component. The hybrid system provides the designers with several flexible

3
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parameters, which can be controlled to achieve optimum design in individual
applications including‘type of fibres, orientation of the fibres, number of layers in
the composite shell, and the concrete wall thickness.’

e The contained concrete, in case of concrete-filled tubes, is protected from
moisture intrusion that could otherwise deteriorate the concrete core

¢ Reduces the expense of maintaining new infrastructure

e Increases the life span and safety of new infrastructure

The general process used to manufacture FRP tubes is one of placing and retaining
fiber reinforcements in the direction and form needed to provide the finished product its
desired shape and properties. It can be done by pultrusion, filament winding, centrifugal
casting or resin infus’ion. Pultrusion is a highly automated, low-labor, closed-mold
process for manufacturing FRP shapes having a uniform cross section. The process is
well suited for high-volume commercial production of both custom and standard shapés

because it can be operated continuously. |

The filament winding technique is the most common manufacturing method for
producihg FRP tubes. Filament winding was invented in 1946 and incorporated into
missile applications in the 1950s (Déniel and Ishai 1994). Filament winding is an
automated low-labor process typically used to manpfacture cylindrical, conical,
parabolic, box beam, and other FRP tﬁbe shapes. Such shapes are made by continuously
wrapping resin-impregnated fibre reinforcements around a mandrel. In basic terms, the
process involves a winding machine that pulls dry fibre reinforcement from supply racks
through a resin applicator system and winds the wet fibre around the mandrel. In the
filament winding | process, the placement of the primary fibre-glass reinforcement is
tightly controlled and can be oriented in either a circumferential or longitudinal direction
or anywhere in between aé needed to develop the necessary strength properties in the
circumferential (hoop) direction. Controlling fibre ténsion.and winding angle is an
integral part of the filament Winding process because these factors greatly determine the
performance of the finished FRP tube is usually somewhat rougher than the smooth

interior.
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The use of FRPs in new structures is still somewhat limited, mainly because of their
relatively higher initial cost, lack of design codes in some area. However, CFFT
technique provides an emerging and promising system for a variety of structural
applications in which the tubes serve as structural formwork. Circular CFFT have already
been implemented in the field as bridge piers, marine piles, and girders, where FRP tubes
were essentially the sole reinforcement for the system (Mirmiran and Shahawy 1996;
Mirmiran, et al., 1999; Seible et al. 1999; Fam et al 2003a, and b; Zhao et al. 2004). Fam
et al. 2003c presented eight field applications of a total 1162 CFFT composite piles in
marine environments in different location of the United States of America. These piles
were without internal reinforcements. The diameter of the used CFFT composife piles
ranged from 300 mm to 450 mni, and the lgngth ranged from 14 m to 25 m. Whereas,
these composite piles were used as a fender walls to protect the piers of a bridge in a lake;
~ to support new docking facilities; in a structural appliéation to support a wharf extension;
dauphin cl'usterg; structural battered. In other applications, FRP tubes have been used in
conjunction with internal steel reinforcement (Pando et al. 2003). In 2000, the Virginia
‘Department of Transportation (VDOT) employed the CFFT cbinposité piles for an entire

bent of new route 40 Bridge over the Nottoway River in Sussex Country, Virginia. Also,

~in 2001, VDOT started a bridge replacement project at the Route 351Bridge crossing of -

the Hampton River in Hampton, Virginia.. The VDOT has decided to use a CFFT
corﬁposite pile. Internal longitudinal steel reinforcement was included in the used CFFT
composite pile to increase the flexural stiffness (Pando et al. 2003). In addition, the
concept of concrete-filled FRP tubes has been used in field applications as bridge girders.
Whereas, the flexural behaviour of large and full-scale a two-span concrete-filled carbon
FRP tube biidge girders combined with either a conventional RC deck or a lightweight
GFRP modular deck was investigated by Karbhari et al. 2000. Based on the findings of
the previous research work, a field application of CFFT with carbon FRP tubes as bridge
girders was implemented to construct the Kings Stormwater Channel Bridge, along
Highway 86, near the Salton Sea. (Burgueno et al. 1998; Seible et al. 1999; Karbhari et
al. 2000; Zahao et al. 2000). The bridge is 20 m long and comprises a two-span slab-on-
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girder system for the superstructure, which in turn comprises six longitudinal 340 mm
diameter CFFT girders with 9.50 mm thick carbon FRP tubes.

The axial and flexural studies on CFFT, however, have mostly been conducted
without using internal reinforcements. Although valuable research has been conducted on
CFFT under flexural and axial loads, and in some other areas it has been quite limited,
leaving research gaps in need of further investigations to introduce appropriate provisions
in guidelines and codes for the design issues of CFFT under axial and flexural lo‘ads. The
main focus of the present study is on the reinforced concrete-filled FRP tubes. It basically
consists of a filament-wound FRP tubes filled with concrete and reinforced internally
with steel or FRP rebar. The scope is primarily focused on the §tructurél feasibility of
reinforced CFFT. The following issues are examined: ‘

- Confinement of concrete with FRP tubes.

- Coinpoéite action of FRP tube, internal rebar and concrete in .columns under concentric
and eccentric load's_.. ' _ '

- Composite action of FRP tubes internal rebar and concrete in beams under flexural load.
- Comparison of its behaviour with conventional RC columns and beams.

- Design issues such as ultimate load carrying capacity and deformation. . -

1.2 Objectives and Originality

‘Recently, the concrete-filled FRP tubes (CFFT) teéﬁnique has been used successfully for
different concrete étmctures in the field of civil engineering. Nevertheless, the ultimate load
carrying capacities of short and slender reinforced CFFT columns have not yet been fully |
expldfed. Several codes and design guidelines addressi‘ng' the strengthening and
rehabilitation issues of RC columns using confinement by FRP sheets have been recently
published. Most of fhe design provisions for predicting the ultimate axial lbad incorporated
in these codes and design guidelines are based on the design formulas of members
reinforced with conventional steel considering some modification. On the other hand, thé
design provisions for predicting the yield and ultimate moment capacities as well as the

load-deflection response of the circular reinforced CFFT under flexural load have not yet
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been introduced in codes and design guidelines. For example, the recommended equations

for estimating the effective moment of inertia for deflection calculation in the current codes

and design guidelines do not take into consideration the effect of confinement.

This present study is aimed at providing basic technical information on axial and

flexural behaviour of CFFT members. A number of research objectives are identified and

systematically listed below in the two stated areas for the pfoposed experimental and

analytical development.

1. Reinforced CFFT columns
a. Short

To evaluate the compression behavior of small and medium-scale CFFT columns
under pure axial load and eccentric load using new filament wound GFRP tubes.

To evaluate the confinement models and the design equations provided by the three
different North American codes and design guidelines (ACI Committee 440.2R 08,
CAN/CSA-S6-06 and CAN/CSA-S806-02), for the predictions of the confined
concrete compressive strength and the ultimate load .capaciti'es of the short CFFT
columns. | '

To propose a new confinement model and to introduce apprdpriate modifications to

‘the existing design equations for the reinforced and unreinforced short (non-slender)

CFFT colum_ns.

b. Slender

To investigate the influence of the slenderness ratio of CFFT columns on the critical

buckling load and the ultimate capacity of such columns.

To investigate the relative importance of internal reinforcement, concrete

- compressive strength and thickness of the FRP tubes on the buckling mode of failure

of CFFT columns. o
To verify the accuracy of existing critical buckling load formulas and then to propose

a threshold for the slenderness ratio for CFFT columns..

2. Reinforced CFFT beams

) Es)aluating the Acontribution of FRP tubes to the flexural capacity, compared to

7
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conventional RC beams with and without steel spiral reinforcement.
e To evaluate the effects of the following specific experimental parameters on the
flexural response of CFFT beams: y
1) The effect of type of the internal reinforcements (steel or GFRP bars) on the
flexural performance of RCFFT beams.
2) The effect of the FRP tube thickness
3) The effect of concrete compressive strength by using the two types of concrete
batches.
e To develop an analytical procedure to predict the yield and ultimate moment of
RCFFT beams. .
e To examine the validity of the available design provisions for predicting the load-
deflection response of CFFT beams.” '
e To develop new equations and update the existing design equations for predicting the

effective moment of inertia of CFFT beams reinforced with steel or GFRP bars.

1.3 Methodology

To achieve the objectives of this research, experimental and analytical programs were
. designed. The experimental program consisted of two types of structural members. The
first and second type comprised reinforced concrete filled FRP tubes columns and beams,

respectively.

Experimental investigations of the axial behaviour of the CFFT columns have
generally been cér;ied out without using internal longitudinal reinforcement. While there
is abundant experimental and theoretical research information on the small (cylinder)
séale specimens, there are few data on the behaviour of large scale CFFT columns. In
addition, limited experimental works have been carrie& out on specimens with internal

longitudinal reinforcements.

Therefore, as regards columns, 35 CFFT columns and five control reinforced

concrete columns of different size and with internal longitudinal reinforcements were cast -

8



Chapter 1. Introduction

~ and tested under concentric and eccentric loading in the experimental ihvestigation of this
| study. The experimental program of the CFFT columns was characterized to four stages.
The first and the second stage were designed to study fhe behaviour of short and long
CFFT columns respectively under concentric loads, while the third stage was focused on
the behaviour of short CFFT columns under eccentric loads. The fourth stage was
developed to serve as control conventional spirél-‘steel reinforced concrete columns for

CFFT specimens.

The analytical investigation for CFFT columns included analysis test results using
the different available design provisions of axial load capacity pertinent to members
confined with FRP materials. The results of each analysis | were_compared to the
expérimental values. Based on the results of this comparison and the experimental
findings, proposed modiﬁcations to the North American codes and design guidelines for
the predictions of the ultimate load capacities of the short CFFT columns are presented.
On the other‘hand, for the slender CFFT columns, simplified formula for the limit
slenderness ratio was proposed for fhe design pufposes. The pr'edicte'd value according to'
the proposed formula agrees with the observed critical slenderness ratio and with the

recommended value in the literature.

As regards beam, the test beams were divided into two series. The first and second

series were cast using normal and medium concréte strength, respectively. Each series
 included five beams, one conventional reinforced concrete (RC) circular beams without
spiral reinforcement and one RC beam with spiral reinforcement, while the remaining
three specimens were RCFFT. The specimens of each series were reinforced with steel or
- glass FRP bars with the same reinforcement ratio. Two types of FRP tubes different in

thickness were used as stay-in-place form works for the beam specimens.

The analytical investigation for CFFT beams included step'by step simplified
formulations to predict the yield and ultimate moment of tested RCFFT beams. In
addition, the experimental values of the moment-deflection response of tested CFFT

beams were analyzed and compared with the available design equations. Based on the

9.
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results of this comparison and the experimental findings, new equations and proposed
modifications to the existing equations for predicting the effective moment of inertia in
the literature and codes for the predictions of the moment-deflection response of tested

CFFT beams are presented.

1.4 Organization of the Dissertation

This dissertation consists of eight chapters. The following is a brief description of the

contents of the thesis:

Chapter 1. This chapter serves as an introduction, outlines the advantages and
applications of concrete filled FRP tubes in civil engineering infrastructures, followed by

the objective and scope of this study.

Chapter 2: This chapter presents the first paper in this dissertation, which is titled
“Compressive Behavior of Reinforced Concrete Filled FRP Tubes.” It presents the results
of an experimental investigation on the axial behaviour of 16 small- and medium-scale
reinforced CFFT columns. Factors influencing the strength and ductility enhancement
such as: the effect of laminate thickness, concrete strength and presence of longitudinal
steel bars are addressed. Research findings indicate the longitudinal steel reinforcements
enhance the ductility of CFFT columns. The ultimate strength of the CFFT is mainly
dependeni on the stiffness of the FRP tubes in the hoop direction, and it is more effective

for normal concrete strength.

Chapter 3: This chapter presents the second péper in this dissertation, which is titled
“Axial Load Capacity of Reinforced Concrete-Filled FRP Tubes Columns: Experimental
versus Theoretical Predictions” The purpose of this study is to present a consﬁuctive
critical review of the state-of-the-art design methodologies available for the case of
conﬁhed concrete. RC short columns using FRP tubes and to indicate a direction for
.future developments. Comparisons between the experimental test results and the
theoretical predictions values by the three North American codes and design guidelines

are performed. Based on the test results and the analysis a new confinement model is
' 10
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proposed for the confined concrete compressive strength of the CFFT cylinders. Also, the
design equations are modified to accurately predict the ultimate and yield loads capacities
of internally reinforced and unreinforced short CFFT columns.

Chapter 4: This chapter presents the third paper in this dissertation, which is titled
“Nonlinear Stability Analysis of Concrete Filled FRP-Tubes Columns: Experimental and
Theoretical Investigation” In this study, 18 CFFT columns of different heights, 305, 608,
912, 1216 and 1520 mm and 4 control RC columns were tested under uniaxial
compression load. The main objective of this paper is to investigate experimentally and
theoretically the inﬂuence of the slenderness ratio of CFFT columns on the critical
buckling load and the ultimate capacity of such columns. Simplified formula for the limit

slenderness ratio was proposed for the design purposes of CFFT columns in this paper.

Chapter 5: This chapter describes the experimental program and the theoretical analysis
conducted to test 10 control beams reinforced with FRP or steel bars in the longitudinal
direction and with FRP fubes or spiral steel in the transverse direction. In this chapter the
details of test specimens, materials, configurationé, test setup, and instrumentations are
given. The results obtained from the experimental investigation are presented in this '
;chapter. The influence of each test parameter on the flexural behaviour of the tested
beams is analyzed. A simplified analytical method is developed to predict the yield and
resi’stihg moments_corresponding to the failure modes of the tested RCFFT beams. In
addvition, an analytical investigation to examine the validity of the available design
- provisions for predicting the load-deflection response of CFFT is conducted. The
effective moments of inertia of the tested beams are analyzed using the different available
code, manuals and design guidelines équations. The results of the analysis are compared
with the experimental values. Based on the experimental data obtained in this study, new
pfoposed equations and a modified expression for the effective mbment of inertia of a
simply supported CFFT beams reinforced with steel or GFRP bars are ,i.ntroduéed.

Finally, most of the content of this chapter are included in two papers.

Chapter 6: This chapter presents the sixth paper in this dissertation, which is titled

“Behavior of Concrete Filled FRP Tubes Columns under Eccentric Loads.” It presents

11
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the results of an experimental investigation on the behaviour of CFFT columns under
eccentric load. The new test setup is described in the experimental program. The results
obtained from the experimental investigation are presented in this chapter. The test
results for four CFFT columns tested with different eccentric values are compared to the

test results of CFFT and RC columns tested under concentric load.

Chapter 7. This chapter presents the main contribution of the seventh papef in this
dissertation, which is titled “Assessment of Conﬁnement Models for Concrete Confined
with FRP Tubes.” In this chapter fourteen selected FRP-confined models for prediction
~ the ultimate strength of CFFT have been reviewed. A comparison between the
experimental results and those predlcted by the selected models is presented. The
assessment has been based on the prediction of the ultlmate axial strength of the CFFT

specimens, rather than on its strain or whole stress-strain relationships.
Chapter 8: A summa.ry'of this investigation is given in this chapter. The chapter also-

presents the general conclusions drawn from the work presented in this dlssertatlon

Recommendations for future research are also given.

12
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Chapter 2
Compressive Behavior of Reinforced Concrete
Filled FRP Tubes

2.1 Synopsis

In recent years, the application of concrete-filled fiber reinforced polymer (FRP)
composites tubes (CFFTs) for different structural applications (piles, column, girder,
bridge piers) has been started. The FRP tubes benefits are in confinement, protective
jackets, providing shear and/or flexural reinforcement and permanent formwork. Most of
the experimental investigations conducted to study the behavior of the CFFT columns
under compression load, were without internal longitudinal reinforcement. This paper
presents the experimental results of small and medium height CFFT columns with
internal steel bars. The parameters used in this investigation include the effect of laminate
thickness of FRP tubes, éoncrete strength, slqndemess ratio (héight to diameter ratio) and
‘presence' of longitudinal steel bars. Sixteen CFFT specimens and one steel spiral
reinforced concrete column were tested urider axial compression load. The diameter of
the tubes used was 152 mm (6 in), and the fiber orientations were mainly in the hoop
direction. The results indicate that significant decrease of the ultimate load capacity by
‘increasing the slenderness ratio, which also yields to different failure modes. The internal
longitudinal reinforcements improve the ductility of the CFFT columns, as well as the
load carrying capacity. The ultimate strength of the reinforced CFFT columné is mainly
dependent on the stiffness of the GFRP tubes. The benefit of CFFT technique is more

effective for normal than that medjum strength concrete.
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2.2 Introduction

In recent years, the application of concrete filled fiber reinforced polymer (FRP) tubes
(CFFT) for different structural applications piles, column, girder, bridge piers has proved
to be one of the more promising system (Mirmiran and Shahawy 1997a; Mirmiran and
Shahawy 2003; Fam et al 2003a,b; Karbhari 2004; Fam and Rizkalla 2003). Filament
winding is one of the oldest composite manufacturing methods to fabricate FRP tubes. In
this process, the placement of the fiber is tightly controlled and can be oriented in any
- direction as needed, to develop the necessary strength properties in the hoop or axial
direction. Confinement of the concrete is produced by the reaction of FRP tubes normal
to the hoop direction for structural members under uniaxial loads. The fiber layers in the
hoop direction are activated to provide the confinement of the concrete. The axial layer is
not economic for CFFT columns, due to the eatlier local buckling under the compression
load. Kaynak et al. 2005 conducted a split-disk test for specimens produced with five
different winding angle to investigate the processing parameters of continues FRP tubes.
The results indicafe that both hoop tensile strength and hoop tensile modulus of elasticity
depénd strongly on .the fiber direction of specimens. Specimens having 90° and +65° had

much higher values compared to the ones having £45°, +25° and 0°.

| Severai researchers had studied many parameters for FRP closed forms, particularly
CFFT. Presence of internal steel bars on axial compression behavior of CFFT Were
studied (Zhu et al. 2005). The results indicated that unreinforced CFFT columns failed by
local rupture of FRP tube. The dowel actions of steel bars enhanced the ductility of the
" reinforced CFFT columns. A total of 42 CFFT cylinders were tested in uniaxiavl
compréssion to investigate the dilation characteristics of the confined concrete (Mirmiran
and ShahaWy 1997b). It was concluded that, the dilation rate of CFFT reaches a
maximum value which corresponds to a reversal in volumetric strain response. The’
dilation rate finally stabilizes at an ultimate value, which is a function of the. FPR tubes
stiffness. Mirmiran et al. 2001 tested seven fixed-fixed long CFFT with different
slenderness ratios as a column under uniaxial compression. The CFFT columns were not

internally reinforced, and the study was aimed to establish slenderness limits in CFFT
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similar to those developed for conventional reinforced concrete columns. The results
clearly showed that increasing the slenderness ratio (height to diameter ratio) from 5.5 to
18.6, the sﬁength dropped rapidly from 1396 kN (314 kip) to 493 kN (111 kip),
respectively. Yuan and Mirmiran 2001 presented an analytical and experimental study of
the static buckling of thin-walled FRP tubes filled with concrete and bent in single
curvature. The tubes had a core diameter of 147.3 rﬁm (5.8 in) and a wall thickness of
3.68 mm (0.144 in), and their lengths ranged between 813 mm (32 in) and 2743 mm (108
in). The study showed that CFFT are much more susceptible to buckling than concrete
columns ~with internal steel reinforcement. Also, it was recommended that the current
* slendemess ratio limit of 11 for steel-reinforced concrete columns bent in single

curvature be reduced to 5.5 for CFFT, for this parﬁcular type of FRP tubes.

While many research works have been reported related to the axial behavior of CFFT
columns, few experimental works were done on specimens with internal longitudinal
reinforcements. Also, most of these studies were on small cylinder specimens 152 x 305
mm (6x12 in). In this paper, the experimental results of eight CFF T cylinders, eight CFFT
columns and one control specimen are preéented. Short and medium height CFFT columns
were tested under uniaxial loads with different parameters. The effect of FRP-tube
thickness, concreté strength, sléndemess ratio (heigh_t to diameter ratio) and presence of

longitudinal steel bars are evaluated in this investigation. -

2.3 Research Significance

From 'the available literature on the CFFT technique, it is clear that the amount of the
experimental work on specimens reinforced with longitudinal steel bars is limited,
compared to specimens without internal reinforcement. It is obvious that further
experimental research is required on large scale CFFT with internal reinforcement. In this
study, new GFRP tubes are used as an FRP-stay in place structural formwork for concrete
columns. This study takes into account the effect of concrete strength, thickness of FRP
tubes and the slenderness ratios of the columns. The benefits of this work is the

evaluation of the structural performance of new GFRP tubes, as well as the evaluation of
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the load-axial and lateral deformation, the failure modes, the stress-strain and the dilation

(rafio of hoop to axial starin) behavior of medium scale CFFT columns.

2.4 Experimental Program

2.4.1 Materials
2.4.1.1 FRP tubes

Three types of glass-fiber reinforced polymer (GFRP) tubes were used. The GFRP tubes
were fabricated using filament winding techniqpie; E-glass fiber and Epoxy resin. The
internal diameter for all tubes is constant and equal to 152 mm (6 in). Table 2-1 presents
the details for the three types A, B and C of the tubes, where Ex and Eyare the Young’s
“modulus in the longitudinal and hoop direction, respectively. Different fiber angles with
. respect to the lbngitudinal axis of the tubes were used: .(:%:60°), for tube type A and B, and
(£65°, £45°) for tube type C. The laminate theory is used to calculate the Young’s
modulus in the axial and transverse directions based on the mechanical properties 6f the
fibers and the resin which were prd\iided by the manufacture. The Split_disk test was
- performed according to ASTM D-2290-08 (ASTM 2008a) test-method on five sp’écimens-
from each typ'e of the. tubes to determine the hoop tensile strength and modulus of these
specimens (see Figure 2-1). Figure 2-2 shows the ldad and stress-strain relatio‘nsh.ip.for
each type of the tubes for the split-disk test, and as expected; the highest hoop tensile
force values were obtained for the specimens of tube type C, which has the largest
thickness. The load-strain curve for the split-disk test was linear up to failure for tubes A
and B, but bilinear for tube C with a small reduction of the stiffness at 80 kN (18 kip).

Table 2-1 Dimension and mechaﬁiCal properties of fiber reinforced polymer tubes

Toospe | dumer | Tidows ool Sakig | 5| om0
(mm) : ’

A 152 265 |- 6 [£60°, | 8785 20690

B Cas2 | 285 8 [£60], . | 8787 20860

c 152 640 . | 14 |[£65,,£45, 265 9270 23630
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v

152 mm

P

(b) Specimen dimension

(d) Dominant failure mechanisms

() Tests setup

Figure 2-1 Test procedures for split-ring test.
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(a) Load-strain relationships for split-disk test.
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(b) Stress-strain relationships for split-disk test.

Figure 2-2 Load and strain -strain relationship for split-disk test
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2.4.1.2 Concrete mixtures .

All specimens were constructed from two concrete batches (N and M) to take into
consideration the effect of concrete strength on the compressive behavior of the CFFT
columns. The target strengths of batches N and M were intenaed to provide normal and
medium concrete strength of 30 and 45 MPa (4.35 and 6.525 ksi), respectively. Both
concrete batches were supplied by ready mix concrete supplier. The maximum size of the
coarse aggregates was about 20 mm (0.788 in) and 16 mm (0.63 in) for the N and M
concrete .batches, respectively. Ten plain concrete cylinders (152 x 305 mm) were

. prepared from each batch N and M. The 28-day average concrete strengths were found to
be equal to 29.6 and 44.7 MPa (4.3 and 6.48 ksi) and standard deviation equal to 0.84 and
0.68 for batches N and M, respectively.

2.4.2 Test specimens and parameters

The test matrix and the specimen identification are shown in -

Table 2-2. The first letter indicates the tube type used from Table 2-1, the first number
shows the height of the column ranged from 300 to 1200 mm (11.82 to 47.28 in), and the

second letter presents the type of concrete mix. -

The parameters considered in this sfudy are concrete strength, thickness of the
GFRP tubes, presence of internal steel bars and slenderness ratio. Group No. 1 consists of
ten plain concrete cylinders for each type of the concrete. Group No. 2 has eight CFFT
cylinders 152x305 mm (6x12 in), two cylinders weré cut from tubes A, B and c
(different wall thicknesses), see Figure 2-3. These CFFT cylinders were tested to obtain
the stress-strain behavior of the confined concrete. Also, the results of Group No.2 will
- be used to compare the ultimate strength capacities for the short and medium CFFT
~ columns (Groups No. 3 and 4), having the same type of concrete and GFRP tubes. The

percentage of the GFRP reinforcement ratio (4#/D) is equal to 6.97, 7.50, and 16.84, ‘
respectively for tubes A, B, and C, where t is the thickness of the GFRP tube. |
‘Group No. 3‘ is composed of three different heights CFFT columns: 608, 912 and 1216

mm (23.95, 35.93 and 47.9 in). The variation in the heights .wésAchosen to give
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slenderness ratios (H/D) equai to 4, 6 and 8 for each height, respectively; where H and D
are the height and the internal diameter of the columns, respectiv.ely. The three columns
were cast with concrete type (N) and tube A. These columns were reinforced with six
deformed steel bars No. 10 M, so the reinforcement ratio is equal to 2.60%. The bars
were distributed uniformly inside the cross section of the tubes. The bars were welded at
the top and bottom by two steel 3.2 mm (0.126 in)-diameter stirrup, to fix the bars inside
the tube during‘ casting. The distance between the bars and the tubes was 8 mm (0.315
in). Also, a concrete cover of 10 mm (0.394 in) was provided between the ends of the
longitudinal steel bars and the top and bottom surfaces of the specimens to avoid the
stress concentration at the Steel bars area (Figure 2-4). This group is aimed to study the

effect of the slenderness ratio on the behavior of the reinforced CFFT columns.

Table 2-2 Details of specimens and summary of test matrix

Group No. Spe;:ll)men’ I-(Izg;t Tt;:: 42,//?: (H/D)| Steel bars Concxat:Ps:;cngth sp?tg;:efns
) Cyl-N | 305 - - 2 . 30 10
Cyl-M | 305 - - 45 10
A30N | A | 697 2
B30N "B | 750 . .30 2
2 o | 3 c 168 | 2 o 2
A30M A | 697 45 2
. A6ON | 608 4 ‘ 1
3 AN [ 912 | A | 697 | 6 |6No. 10| 30 1
: A120N | 1216 o 8 1
A6OM | 608 4 _ 1
4 A9OM | 912 | A | 697 | 6 | 6No.10 45 1
A120M | 1216 8 ’ 1.
B9ON | 912 .| 6 No. 10 1
5 Boon-w| 91z | 2 ] 0| ¢ imout 30 1
6 Control | 912 Steel spiral 6 | 6No.10 30 1
$ RFP tube reinforcement ratio

Group No. 4 is similar to specimens of Group No. 3 except that the concrete mix type
M is used. Group No. 5 is composed of two 912 mm (35.93 in)-height CFFT columns

“using tube type B and concrete type N. Specimen B9ON was internally reinforced with six
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| steel bars No. 10 M; However specimen B9ON-W was cast without internal steel bars. This

group is proposed to study the effect of the longitudinal steel reinforcement.

Finally, the specimen of Group No. 6 is a spirally-steel reinforced concrete column |
with height equals to 912 mm (35.93 in), and concrete type N. The specimen was
reinforced with 6 longitudinal conventional steel bars No. 10 M. In addition, mild steel bars
of diameter 3.2 mm (0.126 in) are used for the spiral reinforcement. The pitch equals to
50.6 mm (1.99 in) of the spiral is designed to give approximately the‘sa,me hoop stiffness as
the GFRP tube type A (Fam et al. 2007). The pitches of the spiral are reduced to 25 mm
(0.985 in) over a distance of 125 mm (49.25 in) at both ends of the column. This is to avoid
the local failure at both ends, close to loading regions. All the specimens were cast with
concrete in a vertical position. This is performed by fixing the GFRP tubes in a vertical
position inside the wooden box formwork. Two holes were drilled at the top and bottom of
the wooden box to fix the specimen vertically. Also, the bottom surface area of the wooden

" box is attached with a horizontal wood plate to prevent the leakage of the concrete.

(a) GFRP tubes before casting (b) Capping and instrumentation '

Figure 2-3 Fabrication of CFFT cylinders
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(2) GFRP tubes for different height. (b) rebar cages for control specimen

~ Figure 2-4 Fabrication of CFFT columns

2.4.3 Instrumentation and test setup

Internal and external instrumentations were used in this study to capture the local strain
distributions of the CFFT specimens. Before casting, two of the longitudinal steel bars,
180 degree apart, were instrumented with electrical strain gauges at the mid height. The
spiral steel reinforcements were also integrated with strain gauges, two at the mid height.
Before testing, two axial and two hoop electrical strain gauges were mounted, 180 ciegree
apart, along the hoop direction on the external surface of the specirhens. Additional two
pairs of strain gauges were also mounted at the quarter height level for the 1200 mm
(47.28 in) height specimens. Strain gauges of 6 mm (1.41 in) length were used to monitor
the strain distribution of the GERP tubes. Also, 30 mm (35.46 in)-strain gauges were

bonded on the surface of the concrete cylinders and control spirally-steel specimen.

The axial displaceinent for each column was measured by two linear variable
displacement transducers (LVDTs) 180 degreés apart along the hoop direction of the
specimen. The LVDTs used have a maximum range of‘ 100 mm (3.94 in) with an
accuracy of 0.01mms (0.000394 in). Also, to measure the horizontal displacerhent, four
LVDTs were mounted horizontally' at the mid-height of the column 90 degrees around
the column. All specimens were prepared before the test by a thin layer of the high
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strength sulfur capping on the top and bottom surfaces to insure the uniform stress
distribution during the test. Two circular steel tie raps of 4.0 mm (0.157 in) thickness and
60.0 mm (2.364 in) width were used to confine the two ends of the loading for each
specimen. They were aIso used to avoid the local failure of the specimens at its both ends.
The specimens were tested using a 6,000 kN (1350 kip) capacity FORNEY machine,
where the CFFT columns were setup vertically at the center of loading plates of the
machine. The FORNEY machine, strain gauges and LVDTs were connected by a 20
channels Data Acquisition System and the data were recorded every second during the
test. The loading rate range was 2.0 to 2.50/ kN/s ( 2.45 to 0.56 kip/s) during the test by
manually controlling the loading rate of the hydraulic pump. Figure 2-5 shows the

experimental test setup used in this study.

(b) Control specimen

Figure 2-5 Test sétup for concentric axial load
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2.5 Experimental Results and Discussion

Table 2-3 presents a summary of experimental results in terms of the maximum axial load

"Prmax, the confined concrete compressive strength f7%, the ratio of f%. to unconfined

concrete strength f%, the ultimate axial strain & and hoop strain & and the different

failure modes of the CFFT specimens. The test results for CFFT cylinders and columns

are discussed below.

Table 2-3 Test results

Tor [T 685 |t i 0 | o0 | 7

Cyl-N [{537.7%[29.65¢| -- - R B Compression failure

l‘ Cyl-M 811.0%44.72%| -- - - - - Compression failure,
A30N-1 | 1350 74.40 10.045] 0.038 12.48 242" Tube rupture
A30N-2 | 1283 71.00 {0.030] 0.027 {2.37 Tube rupture
B30ON-1 | 1490 81.88 {0.039] 0.034 |2.73 . Tube rupture
B30N-2 }-1450 0 80.00 10.040] 0.023 {2.67 270 _Tube rupture

2 C30N-1 | 2160 119.1 |0.046| 0.033 14.00 a1 Tube rupture
C30N-2 | 2302 128.0 {0.041] 0.028 [4.23 " Tube rupture
A30M-1 | 1620 45 89.40 j0.041} 0.034 |1.98 1.90° Tube rﬁpture
A30M-2 ] 1502 82.50 10.035] 0.033 |1.82 Tube rupture
AG6ON" | 1302 {70.98 {0.021{ 0.015 237 Tube rupture

3 A9ON | 1454 30 | 80.23 |0.042] 0.028 2.67 Tube rupture with buckling
Al120N | 1201 66.00 {0.025( 0.020 22 Buckling
AGOM | 1741 95.00 ]0.025] 0.014 2.11 Tube rupﬁxre

4 A90M | 1595] 45 | 87.00}0.032( 0.043 1.93 Tube rupture with buckling
Al20M | 1366 17527 0.018] 0.017 1.70 Buckling

s BION | 1597 30 88.00 |0.038 Q.031 2.93 Tube rupture with sh‘earslidingb
B9ON-W| 1182 ~ ' [65.00[0.033} 0.027 2.16 " Tube rupture with buckling

6 Control | 822 | 30 N — Compression failure

* The average value for 10 plain concrete cylinders’

"the average ratio for two CFFT cylinders.
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2.5.1 Behavior of CFFT cylinders
2.5.1.1 Failure mode

Figure 2-6 shows the failure mode for the three types of the CFFT cylinders. All
specimens failed due to the rubture of the fiber in the hoop direction at the ultimate hoop
stress, resulting from the dilation of the concrete. The fracture of the GFRP tubes
occurred along the total height of the cylinders started from top or bottom and extended
to the opposite direction. The shape of the failure was “zigzag” pattern normal to the
direction of fibers in the hoop direction. Low sounds heard during the early-to-middle
stages of loading were referred té the dilation, micro-cracking of concrete and offset of
the aggregate. At higher levels of confining pressure; sounds were heard clearly due to
rupture of the fibers in GFRP tubes. The ultimate failure was very explosive for
specimens of tubes A and B; however, ductile failure was observed for tube C. The
concrete fell out of the tube in a crushed state, immediately after failure espécially for
tubes A and B. ' '

A30N ' . A3M

C30N

Figufe 2-6 Failure mode of CFFT cylinders
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2.5.1.2 Axial stress-strain relationship

The axial stress-axial and hoop strain behaviors for the CFFT cylinders are practically
bilinear, as shown in Figure 2-7. The stress-strain curve at the first stages of loading is
similar to the unconfined concrete. After achieving the approximate unconfined concrete
strength, the stress-strain curve -of CFFT cylinders get softened and eventually exhibit
linear behavior until sudden failure due to the rupture of the GFRP tube. Figure 2-7
shows sharp transition for CFFT cylinders of tubes A and B, however gradual and
smooth transition for tube C between the first and second stages of the stress-strain curve

was observed.
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Figure 2-7 Stress-strain relationships for the plain and CFF}T4cylinders
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2.5.1.3 Cdmpressive strength:

The average ratios of confined to unconfined concrete strength (f2./f":) were 2.42, 2.7,
and 4.l'l for CFFT cylinders casted in tubes A, B and C, respectively, with concrete mix
type (N). As expected, significant enhancement of the strength as well as the ductility for
the CFFT cylinders was achieved by increasing the thickness of FRP tubes. The
 maximum confined concrete strength was observed for specimen C30N-2 reaching up to
128 MPa (18.56 ksi). These results indicate that a 7.5% increase in the thickness of GFRP
tubes (type B compared to type A), and a 142% increase (type C compared to type A),
yield an increase of the (f%,/f%) ratios, of 12% and 70%, respectively, in average. Also,
note that an increase of 50% of the compressive strength of concrete (Specimens A30M
compared to specimens A30N), yields an increase of only 18 % for the confined
compressive strength f7%., in average. Also, the (f/f%) ratios for A30M and A3ON are
equal to 1.90 and 2.42, respectively. This shows that the confinement action is more

+  effective for normal, than medium strength concrete.

2.5.1.4 Dilation properties

Figure 2-8 shows the axial strain-dilation relationships for the CFFT cylinders. Dilation

() is defined as the ratio of hoop strain (ecp) to axial strain (g.c).

The observed dilation behavior of the CFFT cylinders is consistent with the general
dilation behavior discussed in previous studies by (Mirmiran and Shahawy 1997a; Shawn
et al. 2005). At the first stage of loading, the confinement of the GFRP tubes was not
fully activated. Therefore, the initial dilation rate remained relatively constant, with a
value approximately equal to 0.3, 0.28 and 0.2 for CFTT cylinders A30N, B30ON and
C30N, respectively. It is clear that these values are similar to the Poisson’s ratio of the
unconfined concrete. In addition, the initial dilation ratios of the CFFT cylinders depend
mainly on the concrete core. Increasing the load on the cylinders, the axial and hoop
strains increased resulting from the micro-cracking of the concrefe. At axial strain

approximately equals 0.0015, 0.0018 and 0.0024 the dilation ratios increased rapidly
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upward and approached to the peak value at axial strain approximately equal to 0.007,
0.011 and 0.01 for CFTT cyiindcrs A30N, B30N and C30N, respectively. At this point,
the confinement of the GFRP tube was fully activated. The peak dilation value is
dependent on the stiffness of the GFRP tubes, whereas, the peak dilation values are 0.86,
0.77 and 0.58 for CFTT cylinders A30N, B30ON and C30N, respectively. Figure 2-8
shows the effect of the tube thickness on the dilation ratios. The dilation rate decreased at

all load levels with increasing the thickness of the tubes.

1 : — : :
! : A 30 Ni
0.8 - : ' ) B30N
o ’ 1
& 044 ; CFET cylinders

0.21 """"""""""" e
‘ 0 L T llL T
0 0.02 0.025 0.03 0.035 0.04 0.045
Axial strain -

Figure 2-8 Experimehtally observed dilation behavior for CFFT cylinders.

2.5.2 Behavibr of CFFT Columns
'2.5.2.1 Failure modes

Different failure modes were observed for the three slenderness ratios (4, 6 and 8), that
are investigated in this study. Figure 2-9 shows the failure modes for CFFT columns of

Groups No. 3 and 5 as well as that of the control sbccimen. First, for CFFT columns with
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slenderness ratio (H/D = 4), specimen A60N was tested without using protective tie-steel-
rap at its both ends. A premature failure for specimen A60N at 1302 kN (292.95 kip) was
observed. The failure occurred at the top end of the specimen due to rupture of the tube
accompanied by crushing of the concrete. The rupture of the tube extended to the third
height of the specimen. Specimen A60M with protective tie-steel-rap failed due to the
rupture of the tube, at higher ultimate load 1741 kN (391.725 kip) than specimen AG60N.
The increase in the strength resulted from using the steel-tie-rap at both ends of this
specimen. Specimens A60N and A60M failed in compression without any buckling

phenomenon, as expected.

.Figure 2-9 -Failﬁre modes of CFFT columns of Group No. 3, 5 and 6.

Second, for CFFT columns of slenderness ratio (H/D = 6), typical failure was generally
_ observed by rupture of the tubes, between one end of the steel-tie-rap and the mid-height
of the specimen. The failure occurred due to single curvature buckling mode,

immediatély followed by the rupture of the tube. Distortions of the cross section and |
outward bulging of the tube occurred near the mid height for all specimens before the
failure. Thi‘s was resulted from sliding of the concrete core and local buckling of the steel

bars inside the tube. Snapping sounds were heard even after stopping the test and removal
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of the specimens from the setup. This continued until the stored energy in the hoop
direction and the interaction between fiber and the prestressed concrete ’core was
released. Specimens A90ON and A90M failed at ultimate loads of 1454 and 1595 kN
(327.15 and 358.87 kip), respectively. The difference between these ultimate loads is due
to the compressive strengths of the used concrete types. Shear failure occurred as the
- primary mode of failure for the specimen B9ON-W. The ultimate load of specimen B9ON
is 35% higher than that of specimen BO9ON-W. It is the result of the dowel action of the
steel bars which gives ductility to the concrete and resists the sliding of the concrete core
inside the tube at 45 degree' for specimen B90N.'Compression failure occurred for the
control specimen, whereas, vertical cracks were observed around the hoop direction at the

bottom region of the column in a uniform pattern.

After 80 % of the ultimate loads, the horizontal deformation for specimens A120N
and A120M started increasing until buckling with a single curvature occurred. At this
load level, distortion of the cross section at the mid height occurred, and the load
decreased with significant increase of the horizontal displacement. The failure mode for
specimens with slenderness ratio (H/D = 8) was permanent, even after removal the load
and without rupture of the GFRP tube. » | '

2.5.2.2 Axial stress-strain relationship

The axial stress vefsus axial and _iateral strains relationships for G}oqps No. 3. and 5 are
shown in Figure 2-10 and Figure 2-11, respectively: The stress-strain behaviors for CFFT
columns showed a {ypical bilinear response composed mainly of three regions; that are
similar to the CFFT cylinders behaviors. The initial slope of the curves has a’similar
appearance to concrete core, regardless of the difference in the slenderness ratios. As
shown in Figure 2-10, the bend point on the curves is at the same confinement stress level
for all spécimen of Group No. 3. Also, the ultimate 'hoopvstrains for CFFT specimens are
similar to those of the spit disk tests of tube A and B. The response curve of specimen

A A120N becomes softer than that of specimens A6ON and A90N, after the bend point. It is |
clear that the ultimate strain of specimen A90N is higher than that of specirﬁen A120N.
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" Figure 2-10 Stress-straiﬁ rélationships for specimens of Group No. 3

Figure 2-11 compares the axial 4stres's-axial and hoop strain behaviofs of CFFT columns
with and without internal longitudinal steel reinforcement, which are also compared to
the control specimen (confined using spiral steel). It is significantly clear that the
enhancement in the ductility of the CFFT columns increased due to the confinement
" action provided by steel reinforcement. The maximum strains for the control and CFFT
columns are approximately 0.002 and 0.035 respectively. On the other hand, the bend
point for specimen B90ON is higher than that of specimen B90N-W, because of the

contribution of the longitudinal steel bars, as expected.
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Figure 2-11 Stress- strain relationships (Group No. 5 and 6)
2.5.2.3 Compressive strength

Figure 2-12 presents the relationship between the ultimate load capacity and the
slenderness ratio for the CFFT columns. of Group No. 4. Note that while doubling the
slenderness ratio from 2 (specimen A30M) to 4 (specimen A60M), an increase of 12 % in
average, in the ultimate-load-carrying capacity is achieved by using internal steel
reinforcement. The ultimate-load-carrying capacity of specimen A30M is approximately
the same when using a slenderness ratio equal to 6 and internal steel reinforcement .
(specimen A90M). A 13% reduction of the ultimate load‘carrying capacity is observed
when using é. slenderness ratio equal to 8 (specimen A120M compared to specimens
A30M). Generally, the ultimate load ‘capaciti'es for all specimens of Group No.4 are
higher than specimens of Group No.3, due to the difference in the concrete compressive
strength used for each group. On the other hand, the ultimate strength of CFFT specimen
with longitudinal steel bars (B90N) is higher than for specimen without longitudinal steel
bars (B9ON-W). The increase in the ultimate strength is resulting from the dowel aétion
of the steel bars, which prevents the §liding of the concrete core. The steel bars also
~ improve the flexural capacity of the CFFT specimens to resist the induced moments

_resulting from the lateral deformation
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- Figure 2-12 The relationship between the axial‘,load and slenderness ratio

2.5.2.4 Axial displacement

The load versus axial displacement curve for specimens of Group No. 4 is shown in
Figure 2-13. It is clear that the initial tangent modulus for specimens A60M and A90M is
slightly higher than that of specimen A120M. The axial displacement increased slowly
and showed a linear response up until yielding or softening stages. Yielding occurred at
almost the same load level for all specimens. After that level, the axial displacement
increased rapidly up to failure. However, in the case of H/D equal to 8 for s'pecime‘n
A120M no gain in the load carrying capacity was achieved after yielding. Also, due to
the small slenderness ratio (H/D = 4) for specimen A60M, the maximum axial

- displacement was significantly low 17.54 mm (0.69 in) compared to the other specimens.

* Energy absorption is one of the important deformational characteristics of concrete
structure to determine the ductility of the structure. The energy absorption  was

determined as the area under the load displacement curve. The integration of the area
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under the load-displacement was performed numerically from the experimental data of
the load versus displacement along the whole load history. The values of the energy
absorption for the control, B9ON-W and B9ON specimens are 2.668, 26.478 and 41.516
kN.m‘(l.968, 19.54 and 30.63 ft.-kipf) , respectively. The energy absorption for the
B90ON-W and B9ON specimens is 9.92 and 15.5, respectively, times that of the control
specimens. The ductility indexes of the CFFT spécimens were much higher than that of
the control specimen. This observation confirms the superior ductile response of the
CFFT columns than that of the reinforced concrete columns. In addition, the energy
absorption for the B90N specimens is 1.56 times that of the BO9ON-W specimens. This
observation confirms the 'importance of the longitudinal steel reinforcement to increase
the ductility of the CFFT columns.

2.5.2.5 Lateral displacement

The lateral displacement produces additional moment on the column and reduces the
ultimate load carrying capacity of the specimens. Figure 2-15 shows the axial load-lateral
disblacement relationships for specimens A120N and A120M. It is clear that‘the lateral
displacement approached to zero.up to load level 85% of the ultimate load. After that
level, the lateral displacement started to increase rapidly up to the ultimate load. Beyond
the ultimate load; the lateral displacement increased progressively with a significant
decrease in the load until buckling of a singie curvature was occurred. Also, Figure 2-15
shows the effect of the concrete strength on the ultimate load capacity of the t@o ‘
specimens. Whereas, the ultimate load of specimen A120M is 13.73% higher than that of -
specimen A120N. On the other hand, the lateral displacement of 912 mm-height

specimens was observéd immediately before the failure. However, the lateral

displacement for 610 mm-height specimens was not significant up to failure.
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2.5.2.6 Confinement effect on the load-strain relatidnship of steel

- reinforcement

In order to capture the deformation behavior of steel reinforcement inside the CFFT
columns, two steel bars were instrumented for each specimens of Groups No. 3 and 4.
Figure 2-16 and Figure 2-17 present the relationship between the axial load on the
columns and axial strain in the longitudinal steel bars for specimens of Group No. 3 and
4, respecﬁvely. The curve for each specimen was cut as shown in Figure 2-16 and Figure
2-17 by dashed line. This line presents the failure of the strain gauges. The load-strain
curve exhibited a linear response until earlier yielding of the steel bars approx1mately at

strain equals 0.002, and at 65-75% of the ultimate load capacity.

The yield loads for specimens A60N, A9ON and A120N are equal to 985, 944 and
966 kN (221.6, 212.4 and 217.35 kip), respectively, while for specimens A60M, A90M
and A120M the yield load are equal to 1250, 1136 and 1147 kN (281.25, 255.6 and 258

kip), respectively. It appears that the yield loads occurred at the same concrete stress level
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of 1.25f% for different slenderness ratios. It can be concluded that the yield load of the
steel bars inside CFFT specimens depends mainly on the unconfined concrete

compressive strength. Therefore, the importance of the longitudinal steel bars in CFFT

column is not only to increase the strength but to improve the flexural and shear capacity

of the CFFT columns. The yield strain of the steel bars for control specimen occurred at
0.002, accompanied by the failure of the specimen. The load-strain curves for CFFT
specimens presented reverse action due to the expected local buckling of the steel bars at
yielding, after that the strain was continued aggressively in the horizontal direction up to

failure.

2.5.2.7 Dilation properties /
F‘igure 2-18 shows the dilation ratio versus axiél__ strain for the CFFT columns of Group
No.5. It is obvious that the initial dilation ratios for the two CFFT specimens with and
'without internal reinforcement appear to be the same and equals 0.3. Whereas, at the first
stages of the loading, the axial load was carried by the concrete core and the GFRP tube
was not fully activated. At axiél' strain approximately equals 0.003, the dilation ratios
increased rapidly and approached to thé peak value at axial strain approximately equals
0.007. _Aﬂer that level, the dilaﬁon value remained constant for specimen B9ON, while a
decrease was observéd for specimen BO9ON-W up fo the failure. The peak dilation ratio of
specimens B9ON-W and B9ON is 0.92 and 0.70, respectively. It is clear that the peak
dilation .of specimen BY9ON-W 1.31 times theit of specimen B90ON. This presents
contribution of the longitudinal steel bars inside the CFFT columns to increase the shear

capacity of the CFFT specimens.
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" Figure 2-18 Experimentally observed dilation behavior for specimens of Group No. 5.

2.6 Conclusions

The behaviors of small and medium internally reinforqéd CFFT columns with different
slenderness ratios under concentric axial loading and ‘two types of concrete were
presented.' The experimental results for 20 unconfined cylinders, eight CFFT cylinders,
eight CFFT columns and one control specimén were investigated. The slenderness ratios
ranged between 2, 4, 6 and 8 were examined in the present study. The findings of this

‘research can be summarized as follows:

e The longitudinal steel bars provided significant dowel action, which delayed the
dilation of concrete core inside CFFT, thereby improving the ductility of CFFT

columns.

o The ultimate strengths of the CFFT columns were mainly dependent on the hoop
stiffness of the GFRP tubcs:, and it was more effective for normal than medium

strength concrete.

" e The failure modes for CFFT are affected by the slenderness ratio. |
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Increasing the slenderness ratio (//D) of the reinforced CFFT specimens more than
six significantly reduces the ultimate load carrying capacities due to the buckling

phenomenon.

The average ultimate rupture strain of the GFRP tubes is close to the rubture strain

obtained from split-disk test.

" Notation

The following symbols are used in this paper:

Ey

PMax

= Young’s modulus in the longitudinal direction of the FRP
tubes (MPa) ‘
= Young’s modulus in the hoop direction of the FRP tubes_
(MPa) |
= height of the specimens (mm)
= diameter of the FRP tube (mm)
= thickness of FRP tube (mm)
= confined concrete compressive strength (MPa)
= unconfined concrete compressive strength (MPa)
= ultimate axial strain of the confined CFFT specimens
= ultimate hoop strain of the confined CFFT specimens
~ = yltimate axial strain of the unconfined conéretc éylinders
= Maximum axial load (kN) ' |

= Dilation ratio ¢
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Chapter 3 |
Axial Load Capacity of Concrete-Filled FRP

Tubes Columns: Experimental versus

Theoretical Predictions

1 Abstract
This paper presents the experimental and theoretical results of small and medium-scale

crete filled fiber-reinforced polyn_ier (FRP) btubes (CFFT) columns. A total of 23
CrFT specimens were tested under axial compres_siori' load. Five different types of new
FRP tubes were used as stay-in-place formwork for the columns. The effects of the
following parameters were examined: the FRP-confinement ratio, the unconfined
concrete compressive strength, the presence of longitudinal steel reinforcement, and the
height to diameter ratio. Comparisons between the experimental test results and the

theoretical predictions values by the three North American codes and design guidelines '
(ACI 440.2R 08, CSA-S6-06 and CSA-S806-02) are performed in terms of confined

_concrete strength and ultimate load carrying capacity. The results of this investigation

indicate that the 'desi.gn equations of the ACI 440.2R-08, CAN/CSA S6-06 and
CAN/CSA S806-02 overestimate the factored axial load ‘capacity of the short CFFT
columns as compared to the yield and crack load levels. Also, the CAN/CSA $6-06 and
CAN/CSA S806-02 confinement models showed conservative predictions, while the ACI
440.2R-08 was slightly less conservative. A new confinement model is proposed for the
confined concrete compressive strength of the CFFT cylinders. Also; the design _
equations are modified to accurately predict the ultimate and yield loads capacities of

internally reinforced and unreinforced short CFFT columns. Two new factors are
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introduced in the modified equations, (k_,)accounts for the in-place-strength of CFFT
columns to CFFT cylinder strength, and (k_, ) accounts for the initiation of the steel

yielding and concrete cracking for the FRP-confined columns.

3.2 Introduction

Fiber-reinforced pélymer (FRP) composite materials have recently been used as internal
and external reinforcement in the field of civil engineering c.:onstructions. It has been used
as internal reinforcement for beams, slabs and pavements (Masmoudi et al. 1998;
Benmokrane et al. 2006), and also as external reinforcement for rehabilitation and
strengthening different structures (Demers and Neale 1998). In addition, the concrete-filled
FRP tubes (CFFT) téchnique has been used successfully for different concrete structures.
The most highly developed application to date is the use of CFFT as pier column and girder
for bridges (Fam and Mandal 2006; Son and Fam 2008), also as fender piles in marine
structures (Karbhari 2004). FRP tubes provide different advantages such as cdnfinement,
protecting the concrete from aggressive environments, act as permanent formwork, and
provide shear and/or flexural reinforcement. In some .of the field appliéations, CFFT has
also been utilized .as a compression and flexural members without internal reinforcement
(Karbhari et al. 2000). Experimental investigations of the axial behavior of the CFFT
‘columns have generally been carried out without using internal longitudinal reinforcement. -
While there is abundant experimental and theoretical research information on the small
scale specimens (mainly FRP-concrete cylinders), there is few data on the behavior of
'medium and large scale CFFT columns (Saafi et al. 1999; Sheikh et al. 2007). In addition,
limited experimental works have been carried out on specimens with internal longitudinal

reinforcements (Zhu et al. 2005; Mohamed and Masmoudi 20083, b and c).

During the last two décades, a number of confinement models were developed for
circular CFFT and FRP wrapped cylinders to prevdict‘the ultimate confined concrete
compressive strength (Samaan 1998; Lam and Teng 2003 and 2004). These models have
been utilized to predict the ultimate axial load of non-slender, normal weight concrete

columns confined with FRP jackets by different design guidelines. The current North
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American. codes and design guidelines provide design equations for the short circular
columns strengthened or retrofitted with the FRP confinement wrapping (ACI 440.2R
2008; CSA-S806-02; CSA-S6-06). In fact, all of the mentioned codes and design
guidelines were introduced to strengthen or rehabilitate the existing steel reinforced
concrete columns. In addition, they are based on the confined concrete compressive
strength resulting from the FRP wrapping and neglecting the effect of the existing
transverse steel reinforcements. However, the presence of the existing internal
longitudinal and transverse steel reinforcements leads to conservative design. Despite the
difference between the structures of the fibers in the tubes and sheets which are used to
confine the concrete columns, the previous studies have shown that the behavior of CFFT
is similar to those of wrapped concrete columns. On the other hand, for FRP-wrapped
concrete, different research works have been ‘conducted to evaluate the confinement
models of the different codes to predict the confined concrete compressive strength
(Bisby et al. 2005; Carey and Harries 2005; Chaallal et al. 2006). However, more
research work is still needed to evaluate the design equations of the different codes and
design guidelines to predict the ultimate load capacities of the reinforced and

unreinforced short CFFT columns.

3.3 Objectives

Generally, in the CFFT coiumns technique, FRP tubes act mainly as the transverse -
reinforcement and its axial resistance is neglected due to the local buckling of the fibers. ‘
Regarding the design provisions adopted by several structural concrete design codes,
concrete columns must contain minimum amounts of longitﬁdinal reinforcements. In this
study, twenty three reinforced and unreinforced specimens were tested under axial load to
prbvide a better understanding of the behavior of the CFFT columns. The objectives of
this paper can be summarized as follows: "

¢ To evaluate the compression behavior of small and medium-scale CFFT columns

under pufe axial load, using new ﬁlamerft wound GFRP tubes.
o To evaluate the confinement models and the design eﬁuations provided by the

three different North American codes and design guidelines (ACI Committee
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440.2R 08, CAN/CSA-S6-06 and CAN/CSA-S806-02), for the predictions of the
confined concrete compressive strength and the ultimate load capacities of the
short CFFT columns. \

e To propose new model and appropriate modifications to the existing design

equations for the reinforced and unreinforced short (non-slender) CFFT columns.

3.4 Expérimental Program

3.4.1 Properties of materials

Two types of reinforcing steel bars were used in this study: deformed steel bars No. 10M
and 13M, (nominal diameter 11.3 and 12.7 mm, respectively). The mechanical properties
of the steel bars were obtained from the standard tests carried out according to ASTM
A615/A615M-09 (ASTM 2009), on five specimens for each type of the steel bars. The
results indicated that the yiéld tensile strengths were 462 MPa and 360 MPa, also the
ultimate tensile strengths were 577 MPa and 538 MPa for steel bars No. 10M and 13M,
respectively. On the other hand, new filament wound FRP tubes manufactured ffom glass
fiber and epoxy reéin were used as structural stay in place formwork for the columns.
Five types of the FRP tubes have been used in this study with different thicknesses and

diameters.

Table 3-1 shows the dimensions, mechanical properties and the details for each tube.
The winding angles of the tubes A, B and D were optimized for the underground pipe
applications. While tubes C and E were designed for pipe telecommunication
applications. The split-disk test was performed according to ASTM D-2290-08 (ASTM
2008a), on five specimens for tubes Type A, B and C. The load-strain relationships for
the split-disk test are shown in Figure 3-1. The test results for those tubes were cdmparcd
against the theoretical results of the classical laminate theory 4usir‘xg the software
(Laminator). The theoretical results showed good agreement with the test results. Based
on this agreement, the software was used to predict the tensile strength in the hoop
direction for tubes Type D and E. Also, the coupon tensile test was performed according
to ASTM D 638-08 (ASTM 2008b) standard, on five specimens from each type of the
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tubes (Type A, B, C, D and E). All CFFT specimens were fabricated from two concrete
batches (1 and 2) to take into consideration the effect of concrete strength on the
compressive behavior of the CFFT columns. The target strength of the first and second

batches was intended to provide 30 MPa and 45 MPa, respectively.

150 ¢
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0 - ‘ _ ‘
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. Figure 3-1 Load-strain (hoop) behavior of the FRP tubes for the splif—disk test

Table 3-1 Dimension, details ahd meqhanical properties of the FRP tubes

Tube D terp No.of |  Stacking | Erge Frreu E, | F

type (mm) (mm) layers sequence (MPa) | (MPa) | (MPa) | (MPa)
A 152 2.65 6. [£60); 20690§ | 345§ 8785* | 57.90*
B 152 285 | 8 . [260]. 120860§ | 370§ | 8787* | 59.76*
C 152 6.40 14 | [+65;,+45,+65;]) | 23630§ | 390§ 9270* | 60.15*
D 213 |} 290 6 [60, 904, 60] 322601 | 537% 8865* | 55.16*

'E 213 .0 12 [£60, 90 , £60,90,] | 302001 | 498} 7897* | 59.24*

E and E . are, respectively, the Young’s modulus in the longitudinal and hoop directions; F; and Finey are, respectively, the

ultimate tensile strength in the longitudinal and hoop directions; } Calculated using lamination theory; *Based on coupon test; § Based
on split-disk test . i
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3.4.2 Specimen preparation

For a compression member in a non-sway frame, the effective slenderness ratio (¢ # /r)
~is used to deteﬁnine whether the column is short or slender. For this calculation, H is the
unbraced length of the column, k is the effective length factor for the compression
element and r is the radius of gyration. The effect of slenderness can be ignored for short
columns as reported in ACI 318-08 and CSA S6-06 if (k# /r)is less than 22. For
circular section, the radius of gyration, r, is equal to 0.25 times the diameter (D). The
slenderness ratio (x4 /r) can then be calculated for the fixed-fixed end conditions with
k ="0.5 which leads to(H /D s11). Based on this limitation, the test matrix for this
particular study was limited to the short columns subjected to conéentric axial loads with
height fo diameter ratio (//D) ranging from 2 to 7. These values were designed to avoid
the effect of the slenderness ratio (buckling instability) on the behavior of the CFFT
columns. The CFFT specimens were classified into five series, Table 3.2 shows the
deiéils for each specimen in each series. The following parameters were considered in the
experimental test program: (1) Concrete strength, (2) FRP tube thickness, (3) The

presence of longitudinal steel reinforcement and (4) Height t6 diameter ratio.

Series (I) consists of twelve CFFT cylihders (152x305 mm) with slenderness ratio
(H/D) equal to 2. The specimens of this series are identified in Table 3-2, (column No. 2).
The first letter indicates the tube type used from T"ablg 1, the first number indicates the
uriconfingd concrete compressive str¢ngth of batch No. 1 (30 MPa) or<No. 2 (45 MPa),
the second number indicates the replica of this'specimen. The slendemess ratios (H/D)
for the CFFT specimen’s of Series I, III, IV and V varied from 4 to 7. The specimens
notations are identified as follows: the first letter indicates the tube type, the first number
indicates the height of the specimens in (cm), the second letter indicates the presence of
steel bars (S) or without longitudinal steel reinforcement (W), and the second number
indicates the unconfined concrete compressive strength of batch No. 1 or 2. Three series
of the test matrix were designed with internal steel bars. Specimens of Series (II and III)
were reinforced with six deformed steel bars No. 10M, with reinforcement ratio equal to

- 3.30%, while specimens of Series (IV) were without internal bars, Specimens of Series
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(V) were reinforced with six deformed steel bars No. 13M, with reinforcement ratio equal
to 2.17%. The steel bars were distributed uniformly inside the cross section of the tube.
The bars were welded at the top and bottom by t;’vo steel stirrups with 3.2 mm diameter,
to fix the bars inside the tube during casting. Figure 3-2 shows the typical steel cage

" which has been used to reinforce the CFFT specimens.

3.4.3 Instrumentation and test setup

Internal and external instrumentations were used in this study to capture the local strain
- distributions of the CFFT specimens. Before casting, two of the longitudinal steel bars
were installed with electrical resistance strain gauges at the‘ mid height.” Also, before
testing, axial and lateral strain gauges were mounted, along the hoop directions on the
external surface of the specimens at the mid and quarter height. Figure 3-3 shows the
schematic of the test setup in addition to the instrumentation layout used during the test.

The specimens were tested using a 6,000 kN capacity testing Forney machine.

Figure 3-‘2>Typical steel cages for CFFT specimens
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Figure 3-3 Schematic of the test setup

3.5 Experimental Results

3.5.1 Stress—axial and hoop strains behavior

The stress-axial and hoop strains behavior for the CFFT cylinders are practically bilinear,
as shown in Figure 3-4, (a and b). The stress—strain curve at the first stages of loading is
similar to the unconfined concrete. Stress-strain hardening behavior occurred after
achieving the approximate unconfined concrete strength, and eventually exhibit linear
behavior until sudden failur_e'due to the rupture of the tube. It is clear that a significant
enhancement of the ’strength as well as the ductility for the CFFT cylinders was achieved
by increasing the thickness of FRP tubes. Table 3-2 shows the test results for the confined

concrete compressive strength, £’ . Table 3-3 presents a summary of the experimental

test results in terms of the maximum axial load (Pp), the yield load (P)), the confined

- compressive strength at yielding stages, f__ for the short reinforced and unreinforced

ccy
CFFT columns. The s values were obtained using Equations 3-1.a and 3-1.b for
unreinforced and reinforced specimens respectively. Also, Equations 3-1.c was used to

present the confined compreséive strength at yielding level.
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’ Pax
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Depending on the level of the confinement, the ACI 440 2R-08 supported by (Rocca et
al. 2008) classified the stress-strain behavior of the reinforced concrete column to
unconfined, lightly confined, heavily confined with softening, and heavily confined with
hardening. The stress versus axial and lateral strain r¢1a_tionship’s for specimens of Series
| (IV) are shown in Figure 3-4.c. This figure presents typical stress-strain behavior for all
tested CFFT columns in this study. The stress—strain behavior showed a typical quasi-
bilinear response composed mainly of three regions that are similar to the CFFT cylinders
behavior. The initial slope of the curves has a similar appearance to concrete core. As
shown in Figure 3'4":’ the bend point on the curves depends mainly on the unconfined
“concrete compressive strength. According to the ACI 440.2R-08 classification, the
uniaxial stress-strain curves of the reinforced and unreinforced CFFT columns in this

study can be characterized as heavily conﬁned,with hardening.

Figure 3-5 presents typical load-axial strain behavior for the longitudinal steel bars
for two ‘specimensA of each concrete batch (1 and 2). The dashed lines at the end of the
curves represent the failure of the strain gauges. The load-strain curve exhibited a linear
fesponse until yielding of the steel bars occurred at strains approximately equal to 0.002,
and 4for load level that ranged from 43 to 72% of the ultimate load capacities of the
columns. Table 3-3 presents the yield load for the reinforced concrete columns, the ratio -
of this vload to the ultimate load, and the ratios of the éonﬁncd 'coﬁcrete compressive

ccy

strength at the yield level £ to the unconfined concrete compressive strength £, . This

indicates that, in average the yield load occurred at 1.21 f; and 1.66 f for CFFT
. columns with normal (tubes Type A, B and D) and high (tubes Type C and E) FRP
volumetric ratio, respectively. It can be concluded that the confinement using FRP tubes -

delayed the start of steel bars yielding. Also, the increase in the FRP volumetric ratio
o 49



increases significantly the level of the confined strength at the yielding f, as compared

to the unconfined concrete compressive strength ) .

3.5.2 Failure modes

Figure 3-6 shows the failure modes for the three types of the CFFT cylinders (Series I).
The cylinder specimens failed due to the rupture of the fibers in the hoop direction. The
ultimate failure was very explosive for specimens of tubes Type A and B (thickness 2.65
and 2.85 mm, respectively); however, duétile failure was observed for tube Type C
(thickncss’6.40), Figure 3-7.a shows the different failure modes which were observed for
specimens of Series II to IV. A sudden compression failure for specimens of Series (Il
and IIT) was observed at the ultimate load. Typical failure was generally characterized by
the rupture of the tubes between one end and the mid-height of the specimen. The failure
occurred due to the local buckling of the steel bars immediately followed by the rupture
of the tubes. On the other hand, shear failure occurred as the primary mode of failure for
specimens of Series (IV), which were without internal reinforcements. The ultimate load
of Specimen (B90S30) of Series (III) was higher than that of Specimen (B90W30) of
Series (IV). It is the result of the dowel action of the steel bars which gaire ductility to the

concrete and resisted the sliding of the concrete core inside the tube at 45 degree.

Horizontal deformation was observed for speéimens of Series III to IV just before
the failure occurred. In fact, it was observed that the concrete compressive strengths (30
MPa or 45 MPa) did not affect the mode of failure of the tested specimens of this study.
Figurc- 3-7.b shows the failure modes for the specimens of Series (V). At 90% of the
ultimate load, the horizontal deformation increased and the failure occurred due to the
rupture of the FRP tubes. The rupture was through the total height of Specimen
(E150S30, FRP tube thickness 6.40 mm), while it was only at the mid height of Specimen
(D150S30, FRP tube thickness 2.90 mm). |
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Figure 3-4 Stress—strain behavior of CFFT specimens.
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Table 3-2 Details of specimens and test results for the confined strength

o ID (ml-r’n) | (mDm) gl:: HD it:resl (fopa) (th;a) Jal S
A-30-1 305 152 | A 30 | 7440 | 248

A-30-2 305 152 | A 30 | 7100 | 237

B-30-1 305 152 | B | 30 | 8188 | 273

B30z | 05 | 12 | B | | 30 | 8000 | 267

C-30-1 | 305 152 | C 30 | 1191 | 400

c-302 | 305 152 | C 30 | 1280 | 423

: A-45-1 305 152 | A 45 | 8940 | 198
A-45-2 305 152 | A 45 | 8250 | 1.82

B-45-1 - | 305 152 | B 45 | 1017 | 226

B-45-2 | 305 52 | 8 | 2| T [Te [ 105 ] 20

c-45-1 | 305 152 | C 45 | 1426 | 317

c4s2 | 305 | 152 | ¢ 45 | 1485 | 330
A60S30 | 608 152 | A 30 | 7842 | 261

nm | Aeos4s | 608 152 | A | 4 |6NotoM| 45 | 8350 | 136
C60S30 | 608 | 152 | C s [ 227 | 09
A90S30 | 912 152 | A 30 | 6714 | 223

| asesss | o2 12 | A | fene |4 |7 | 16
€90S30 912 152 o 10M 30 | 11752 | 3.9
B90S30 | 912 152 | B 30 | 7529 | 250
BOOW30 | 912 152 | B 30 | 6514 | 217

Vo Tesowas | oz | 12 | 8 | ° - 5 | B3| 164
o | Disos0 | 100 23 | D || e | 30 [ 6137 [ 204
EI50830 | 1500 213 E 13M 30 | 97.19 2.65
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F iguré 3-5 The typical load-axial strain in the longitudinal steel bars relé.tionships for the

xjeinforced CFFT columns
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Tube A ) Tube B B Tube C

Figure 3-6 Failure mode of CFFT cylinders

E150830 D150530
(b)-Series (V)

Figure 3-7 Failure modes of CFFT columns
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3.6 Theoretical Predictions of the Axial Load Carrying
Capacity |

3.6.1 Review of codes and design guidelines -

The North American codes represent the nominal axial load capacity, P, of the
conventional reinforced concrete (RC) column under concentric loading by the following

rational equation:

P, =k f)(4,~A)+ f,4, 3-2

In Equation 3.2, thg concrete and steel strengths at ultim_ate and yielding,
_respectively, are added together to compute the theoretical nominal strength or yield
point of short loaded RC columns under pure axial ldad. It was possible to express the
column capacity in this simple form because both the concrete and steel reached their
plastic states at approximately the same strain level (Ozbakkaloglu and Saatcioglu 2004).
The parameter k. is defined as the ratio between the in-place-strength of concrete to
concrete cylinder strength, (f,/ ﬂ') . The difference is usually attributed to the size -
efféct, shape and concrete cast practice between columns and concrete cylinders. In 1930,
an extensive experimental program was pond\icted on reinforced concrete columns; as a

result, a value of 0.85 was suggested for k. (Lyse and Kreidler 1932).

In fact, a perfect axially loaded column does not exist, unintentional eccentricity
occurs on the column section due to the end éondition, inaccuracy of construction, and
normal variation in materiﬂ prdperties. To take these factors into consideration, the ACI
31'8-08 code specifies a reduction factor of 20% and 15% in the maximum nominal load P,,
for tied and spiral column, respectiw)ely. Introducing the strength reduction factor (4 ), the
axial load capacity of the reinforced concrete columns according to the ACI 318-08 code, is
as follows: | o |

For spiral columns (¢ =0.75)

P =¢P,=0.85[0.85£(4, - 4,)+ ,4,] 3-3.a
For tied columns (¢ = 0.65) . |
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P, =§$P, =0.804[0.85f/(A, ~ A,)+ f,A, ] | 3-3.b

The two Canadian codes CSA S6-06 and CSA S806-02 provide similar equations
to the ACI 318-08 equations, except that they introduccd a material resistance factor for
steel and concrete instead of the strength reduction factor specified in the ACI 318-08. In
addition, the Canadian codes use the factor ¢ instead of k_, which depends on the value
of the unconfined concrete cbmpressive strength. In essence, the ACI 440.2R-08 and the
two Canadian codes use the same equations of the conventional RC columns to predict
the compressive strength of externally bonded FRP reinforced concrete columns using
(f..) instead of (f ). The following section presents a summary pf the confinement
models and the design equations for short FRP-confined-reinforced concrete columns
4 undér axial load, as reported by the ACI 440.2R design‘ guidelines and the two Canadian
codes CSA S6-06 and CSA S806-02. In the presentation of the different models and
equaitions of each code, a uniform set of parameters, which may be different from the

original ones, has been adopted for consistency and comparison purposes.
3.6.2 ACI 440.2R-08 guide for the design and construction of
externally bonded FRP systems

Chapter 12 of the ACI 440.2R-08 design guidelines deals with the strengthening by FRP
jackets of RC members subjected to axial force, or combined axial and bending forces.
This chapter gives the following equations for the axial compressive strength of short
- (non-slender), normal weight concrete member confined with an FRP jacket, using the
~ confined concrete strength:

For nonprestressed members with existing steel spiral reinforcement

P, =P, =0.854[ 0.85£/(4, - 4)+ f,4,] 3-4

- The strength reduction factor for RC columns confined internally with spirai steel

(¢ ) is the same as mentioned before in Equation 3-3.a. The approach adopted by the
current ACI 440.2R-08 for the méximum confined concrete compressive strength ( ci ) is

- based on a model proposed by Lam and Teng 2003 as follows:
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Joo = f+ ‘pf3'3"(a Jirrp 3-5.a
where, ¥ ,=10.95 is an additional reduction factor, and vthe efficiency factof (x,)
accounts for the geometry of the section, circular and noncircular, (x, = 1.0, for circular -
columns) and

2E Blogp €
D

Sere = 3-5b
where ¢, ='lc,6‘ﬁ,,and x, =0,55.
5, is the effective strain level in the FRP at failure. A strain efficiency factor (x,) s

provided based on the experimental results, which were carried out by (Pessiki et al. 2001).
This factor accounts for the difference between in-situ jacket rupture strains, and FRP
rupture strains determined from tensile coupon tests. On the other hand, the minimum level

of lateral pressure firgp is limited to be not less than 0.08 £ . This is the minimum level of

confinement required to assure a non-descending second branch in the stress-strain
behavior (Lam and Teng 2003). In addition, to prevent excessive cracking and the resulting

loss of concrete integrity, the maximum ultimate strain is limited to 0.01.

3.6.3 Canadian Standard Association CAN/CSA-S6-06-Canadian
Highway Bridge Design Code -

According to the Canadian Highway Bridge Design Code (CAN/CSA S6-06), the

factored axial load resistance B, of a confined column is given by the following equation:

P=k[agfl(4,-4)+d.5,4] 36
where £, is a strength reduction factor applied for unéxpected eccentricities, which equal
to 0.80, and 4, =0.75 , ¢, = 0‘_9'. The value aldébends on the unconfined concrete
compressive strength,.(a, =0.85- 0.0015f, 2 0.39) | |

The compressive strength of the confined cdncrete £, shall be calculated as follows:
fo= SO+ 2 firge . 3T
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where, 1, = 2t,.. b Senen /D »30d g, = 0.65 are the material resistance factors for

concrete, steel and FRP, respectively.
The CAN/CSA S6-06 limits the confinement pressure firgp at the ultimate limit
state (ULS) that shall be designed to be between 0.1, and 0.33f,". Note that Equation

3-7 is valid only for concrete strength less than 50 MPa. |

3.6.4 Canadian Standard Association CAN/CSA-8806-02-Building
Code

The factored axial load resistance P, of the confined columns provided by CAN/CSA
S806-02 Building Code is the same as mentioned before by CAN/CSA S6-06, except for

the value of &, and the material resistance factors. The values of k, = 0.85, 4, = 0.60 »
¢,=0.85 and g =0.75 are adopted by the CSA S806-02 leéding to the following

equation:

Pr = 085[a1¢cfc'c(Ag —As)+¢sfyAs] 3-8
The CAN/CSA $806-02 uses Equation 3-9 to evaluate the confined concrete

compressive strength f7,

Joe =085+ kik, fipre o 3-9
“where k&, =6.7(f )", and factor k, accounts for the shape of the cross section,

which is equal to 1.0 for circular section.
The CAN/CSA S806-02 limits the FRP hoop strain to 0.004 times its elastic modulus

Ergp.

_ 2t rpp Grre Srreu < 2t cpp E ppp 0.004

| = 3-10
f}FRP D D

3.6.5 Theoretical versus experimental confined  concrete
| compressive strength
One of the main objectives of this study is to evaluate the applicability of the

confinement models of the two Canadian codes and the ACI 440.2R-08 design guidelines
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to the CFFT technique. The objective of this section is to identify the most and least
conservative model’s predictions of the two Canadian codes and ACI design guidelines
for the confined concrete strength f. Figure 3-8.a to Figure 3-8.c are graphs of values of
f. 1 f!, determined by the three confinement models versus the experimental fol f!
values of the CFFT cylinder specimens tested in this study. The theoretical f values
were calculated considering ¢, =1.00 , then respecting the 4,,, as provided by the
two CSA codes and the ACI design guidelines. In case of CSA S806-02 model, the f
value for limiting FRP tensile strength to 0.004 times its elastic modulus Epzp was
considered. The ACI 440.2R-08 provides additional FRP environmental reduction factors
which depends on the type of the FRP and the exposﬁre cond_ition.; wae?ér, in the
present analysis, this factor is set to 1.0 because the specimens were tested after one

month from the date of the casting and no degradation occurred during this period. The

confining pressure s, was calculated using Equation 3-10 based on the. ultimate hoop
tensile strength s, , which equal to the value obtained from the split-disk test (see

Table 3-1). The trend lines accompanied by the coefficient of regression R?* values for
specimens of batch No.1 and 2 were plotted for each case in Figure 3-8. The two dashed
lines represent the £10% accuracy of predicted versus experimentally observed ultimate

strength for different confinement models.

It is observed that the ACI 440.2R-08 and CSA S806-02 unféctored pfedictions
values (without reduction factor) are less conservative than that of CSA S6-06. Figure.
3-8.a shows that the unfactored ACI 440.2R-08 ~ | f, predictions are close to the

- experimental values; in spite of some individual values which were overesfimatéd. On the
other hand, it is observed that the CSA S6-06 unfactored predictions values for the two
batches are 20% less than that the experimental values (see Figure 3-8.b). However, the
unfactored CSA S806-O2 fo ! f. predictions overestimate the experimental results,
especially for normal strength concrete specimens (30 MPa). On the other hand, as

taking into account the recommended value of the FRP reduction factor 4., , and the

strain efficiency factor (x ), the predictions values become more conservative. However,
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it is observed that the ACI 440.2R-08 factored predictions values are less conservative
than that CSA S6-06 and CSA S806-02, particularly for specimens cast with tube Type
C. On the other hand, it should be mentioned that the f provided by CSA S806-02 is
governed by limiting the hoop tensile strain to be not more than 0.004; otherwise the
predicted values may overestimate the strength values. In addition, limiting the

confinement pressure firrp < 0.33 £, according to the CSA S6-06 for the specimens cast

with tube Type C leads to more conservative predictions.

3.6.6 Proposed confinement model for CFFT

The previous section showed that the unfactored predictions with the ACI 440.2R-08 and
CSA -S806-02 confinement models for some individual values were slightly
overestimated the expérimental values. The three confinement models of the: ACI
440.2R-08 design guidelines and two Canadian codes’ are presented by linear regfession
equations. In fact, the test results of this study and those available in the literature show
that the ultimate strength of CFFT cylinders mainly depends on the confinement ratio
(f,m, /f.), and the confinement efficiency is reduced with the increase in this ratio
(Samaan et al. 1998; Saafi et al. 1999). Also, it has been proven that the FRP tubes have
higher cohﬁncment efficiency than FRP sheet (Wu ef-al. 2006). In this study, a new
model to account for the confinement using FRP tubes is pmﬁosed to predict the peak
stress of the CFFT cylinders as follows:

<

o 70.7 » |
S ___ﬂ[o.7+2-.7(%§‘i) } , 3-11

The propos-ed model was calibrated using the regression analysis method and based
“on the test results of the CFFT c}flinders of this study and those available in the literature.
The accuracy of the proposed model depends signiﬁcahtly on the ultimate hoop étrcngth
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different confinement models (Series-I)
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of the FRP tubes. Also, this model accounts for the variation in the unconfined concrete
compressive strength in the range of 25 MPa to 60 MPa. Figure 3-8.d presents a

comparison between the ratios of £, / f!, determined by the proposed model versus the

experimental values. A good correlation is noted between the experimental and predicted
values. In addition, it is observed that the ratios of the experimental values for the two
batches are 10% over than the predictions values, .which leads to a conservative prediction.
On the other hand, this study shows the effectiveness of the split~disk test to obtain
accurate values for the ultimate hoop tensile strength frrey Of the FRP tubes, which were
used to calculate the FRP lateral pressure (f,,, = 2tp,f s /D) - However, the tensile
coupon test is not suitable for the FRP tubes to determine the hoop properties. Hence, it is

recommended to use the split-disk test to evaluate the (/,,, ) for the CFFT technique.

3.6.7 Predicted versus experimental values of the axial load
carrying capacity '

In terms of a‘pplication‘ of the confinement models in the design equations, an important
concern yet to be addressed is the size effect of tested CFFT cylinders, and how such
results are correlated to different-size of the CFFT columns. The column definition
according to the CSA standard A23.3-04 for the reinfdrced concrete structures is that the
height-to-diameter ratio, should be greater than or equal to three to be considered as a
column; otherwise, it is considered to be a cylindér. Accordingly, the 305 mm height
" specimens were considered as cylinders, while the other .specimens presented in Table 3.2 -
are considered as short columns. To verify the validity of the design equations of the two
Canadian codes and ACI design guidelines, the factored axial load values for the tested
CFFT columns were calculated. The minimum and maximum allowable confinement
limits, material resistance factors and the strength reduction factors which were provided
by the three codes have been incorporated into the current investigation. Since a ductile
failure was assured, the spiral-column resistance factor was accounted in the calculation.
Figure 3-9.a to Figure 3-9.c present the predicted normalized load carrying capacities
determined by the ACI 440.2R-08, CSA S6-06 and CSA 8806-02 versus, the normalized
vultimate experimental values. In Figure 3-9, the solid line (45°) and dashed line (+50%)
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represent the values of the predicted factored axial loads that eciual to 100% and 50% of the
experimental values, respectively. It can be observed that the ACI 440.2R-08 predictions
are less conservative than that the CSA S6-06 and CSA S806-02. However, the predicted
" factored maximum axial loads are roughly 50%, 40% and 30% the experimental values
adcording to ACI 440.2R, CSA-S6-06 and CSA-S806-02, respectively. Figure 3-9.b and
Figure 3-9.c show that the predictions using CSA S6-06 and CSA S806-02 for the columns
C60S30, C90S30 and E150S30 are overly conservative, whereas these specimens had FRP

reinforcement ratios higher than the allowable limits.

Based on the Ultimate Limit State (ULS) design method, failure of the conventional.
reinforced concrete columns is assumed to occur when the compressive concrete strain
reaches 0.003 or when the tensile and/or compressive stress in the steel reaches £,. In
addition, at the cracking load level which corresponds to the initiation of spalling of
concrete cover, the longitudinal reinforcements reach yielding for most of the circular
columns, (Kim 2007). Based on this assumption, the 'yield load or nominal load of the
conventional reinforced concrete columns has been represented by Equaﬁon 3-2. On the
other hand, the same equation has been ﬁsed to predict the nominal load of the FRP-

confined concrete columns with f

" instead of f]. However, in case of FRP-confined
concrete columns, the cracking load and yielding loadA occur at a load lével lower than the
ultimate load. Figure 3-5 shows that the steel reinforcements started to yield just after
reaching the unconfined concrete compressive strength, or after the knee on the load-
displacement curve. Regarding to the axial-load behavior of the confined columns, when
the unconfined concrete strength level is surpassed, the stiffness is reduced down to 10%-l
30% of the initial stiffness, depending on the FRP volumetric ratio. Table 3-3 presents the
experimef\tal percentage ratios of the yield to the ultimate load for the reinforced CFFT
columns. It is observed that for high (tﬁbes Type C and E) and normal (tubes Typé’ A B
and D) FRP volumetric ratio, the yield to the ultimate load ratios in average are equal to
50% and 64%, respectively. This indicates that the factored ACI 440.2R and CSA-S6-06
prediction’s values are approximately equal to or close to the experimental yield loads.
From the previous discussion, it is unsafe that thé ACI 440.2R-08 and the two Canadian

“codes use Equation 3-2 4s a base for the design of the FRP-confined concrete columns
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(equations. 3-4, 3-6 and 3-8, respéctively), because their yield and crack loads levels are
different from those of conventional RC columns. Hence, it is recommended that the
" factored axial load resistance of the FRP-confined columns must be related to the yield

load or the confined concrete compressive strength at the yield level £, .

Figure 3-9.d to Figure 3-9.f are graphs of predicted normalized load carrying
capacities determined by the ACI 440.2R-08, CSA S6-06 and CSA S806-02 versus, the
experimental yield values. In fact, the ratios of the experimental to the factored predicted
values present the overall reduction factors for the load carrying capacities of the
columns. Figure 3-9.d to Figure 3-9.f show. that the ratios of the experimental yield to the
predicted values were decreased as ‘compared to the values in Figure 3-9.a to Figure
~ 3-9.c. Again it can be observed that the ACI 440.2R-08 predictions are less conservative

_than that of the CSA S6-06 and CSA S806-02. Figure 3-9.d shows that the ACI
prédiction values for the three specimens (C60S30, C90S30 and E150830) are close to
the yield loads. On the other hand, substituting by the materiual' resistance factor and
reductidn factor in the ACI 440.2R-08, CSA S6-06 and CSA S806-02 equations, we can
get the imposed overall reduction factors for the FRP;qonﬁned column multiplied by

S 4, as follows:

Picias =P, =0.8540.85(f.4,)=0.85x0.75x0.85(f,.4,) =0.54(f . 4,) 3-12

| Pogos =0.80a,4, (f'c;Ag) =0.80x0.80x0.75(f..4,) = O.48(fc'cAg) -3-13

Prysoscs = 08508, (fod,) = 0.85x0.80x0.6(f,.4,) = 0.40(f..4,) . 3-14

The addit-ional gain in the strength after the steel yielding of the steel bars is not
accounted in the above equations, and this gives a certain degree of conservativeness.
The previous equations (Equation 3-12 to 3-14) show that the overall reduction factors

are 54, 48 and 40% for the ACI 440.2R, CSA S6-06 aﬁd CSA S806-02, respectively.
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However, the predicted factored axial loads are roughly 80, 60 and 55% of the
experimental yield loads according to the ACI 440.2R, CSA-S6-06 and CSA-S806-02,
respectively (see Figure 3-9.d, Figure 3-9.e and Figure 3-9.f). These results show that the

intended overall reduction factors are not achieved.

3.6.8 Modified equations for the axial load resistance of the CFFT

columns

Equation 3-2 is updated with a new factor £ instead of k. as shown in Equations. 3-15.a

and 3-15.b for the reinforced and unreinforced CFFT columns, respectively. This factor is

defined as the ratio of the m-place-strength of CFFT columns (feeccorumny) t0 CFFT

-cylmder strength f (cytindery) *
Pa =kcc c’c (Ag—A_:)+fyA: 3-15.a

. P=k. f. (4,) ' _ 315b
_ ' The k. factor is’ proposed because all the existing conﬁnement models were
established and verified based on the expenmental test results of the small scale cylmder

speclmens, to provide L Data from reinforced and unremforced CFFT columns tested in

this study, along with the reported by others (Jaffry 2001; Mirmiran et al. 1998; Zhu et al.
2005; Fam et al. 2003c), were examined to evaluate k.. factor. However, it is believed that
the presence of the longitudinal steel may provide more restraining action against an
inclined shear failure as compared to the unreinforced CFFT columns (Zhu et al. 2005).-
Therefore, two valnes for the k.. factor are proposed for the reinforced and unreinforced.
'CFFT columns. Figure 3-10.a and Figure 3-10.b show the variation of in-place-strength of
confined concrete k. for the reinforced and unreinforced specimens, respectively, versus
the FRP volumetric ratio. However, the figures show that the trend in strength reduction for
the unreinforced speclmens is higher than that of the reinforced specnnens The statistical
analy51s of the data (Flgure 3-10) indicates that the kc: can be taken 0.80 and 0.75 for the

reinforced and unreinforced specimens, respectively, for £ up to 60 MPa.
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Figure 3-11 shows a comparison between RC and FRP-confined columns in terms of the
design, yield and ultimate load levels. Failure of the RC columns is assumed to occur when
the compressive concrete strain reaches 0.003 or when the tensile stress in the steel reaches

/- It oes not matter whether the concrete or the steel approaches its ultimate strength first.

Table 3-3 The experimental and theoretical results at the yield and maximum load levels

Experimental Proposed (unfactored)
' values
Series ID fe:.'y 1‘1 - Py(Exp) ) PMdl’(Exp)
No. MPa)|. £ | P, |P,.. __PL (P,orP)) (P,) Py proposeay | Potproposear
N[N B, | N | )* y
A60S301{34.99} 1.16 | 890.|1652 0.53. 789 1314 | 1.13 1.26
II | A60S45)52.37] 1.16 ]1195]1741/ 0.68 915 1525 - 1.31 1.14
C60S30 |45.14] 1.50 {1068{2430| 0.43 1244 2072 0.86 1.17
A90S30]37.56] 1.25 | 935 [ 1454} 0.64 789 1314 1.19 1.11
o -A9084550.32| 1.11 [1159[1595| 0.72 915 1525 1.27 1.05
C90S30 |52.83] 1.76 |1203/2338] 0.51 1244 | 2072 0.97 1.13
B90S30 {39.27| 1.30 | 965 |1597| 0.60 | - 848 1412 1.14 1.13
N BOOW30| == | === | == |1182} o= 661 . 1102 - 1.07
BOOW45| == | «e= | == [1338] -- . 841 1401 - 0.95
D150830{39.36| 1.31 |[1650{2417| 0.68 1405 2341 1.17 1.03
v E150S30{52.27| 1.74 |2100}3665]| 0.57 2308 3846 091 0.95
' Average 1.10 1.09
Standard deviation +0.16 +0.09

*Egs. 3-16.a and3-16.b; ** Eqs. 3-15.a and 3-15.b

For the FRP-confined concrete columns, it should be emphasized that the excessive
cracking, steel yielding and the resulting loss of concrete integrity must be prevented.
Therefore it is reéommend'ed to limit the factored load resistance of the FRP-confined
columns relative to the yield load not to the failure load, as it is provided in case of RC

" columns. A new factor ker is proposed to account for the initiation of the steel yielding
and concrete cracking of the FRP-confined columns. This factor is éssumed to be the
same for the reinférced and unreinforced CFFT columns, because the steel and concrete
reach yielding and, cracking, respectively, approximately at the same load level. Based on
the ratios of the ultimate load to the yield load for the CFFT specimens of this study
(refer to Table 3-3), the statistical analySis of the test data indicates that the ke can be
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taken equal to 0.60. The following expressions give the yield load P, and cracking load

P.,for the reinforced and unreinforced CFFT-columns, respectively:

Py =kcho =kcr [kccfcc (Ag —AJ)+fyAJ] 3‘16.3
Pcr =kcha =kcr l:kccfccAg] 3'16b
1.6
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Figure 3-10 In-place confined strength of concrete-versus-FRP vblumetric ratio
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" The values of 0.85 and 0.80 are introduced as strength reduction factors for unexpected

eccentricities for the reinforced and unreinforced CFFT-columns, respectively as follows:

P,=0.85P, | 3-17.a

Pn = 080Pcr 3'17.b
Finally, introducing the strength reduction factor (¢ ), the factored axial load -

resistance of the reinforced and unreinforced CFFT columns can be presented as follows:

P, =0.85pk,, [k fo(dy —4,)+f 4, ] 3-18.a

P, =0.80¢k,, [k f.4, | | 3-18.b.
In fact, the failure of the concrete can be initiated due to either creep or fatigﬁe.
Whereas, design of the conventional reinforced concrete columns, concrete and steel may
undergo creep if the stress reaches 80% of the ultimate strength for the concrete and steel.
However, the actual total service load on the conventional reinforced concrete columns
according to the ULS is imposed to be less than 40% of its ultimate strength (refer to
Figure 3-11) (Théridult and Neale 2000). In fact, this is tlie same load level that ensures
creep failure will not occur. On the other hand, with regard to fatigue failure, the
concrete must be stressed to at least 40% of its ultimate strength before fatigue failure can
take place (Thériault and Neale 2000). |

Table 3-3 presents the unfactored predicted load carrying capacities of the tested
CFFT columns using the proposed equations, Equations 3-15.a and 3-15.b for the |
maximum loads and Equations 3-16.a and 3-16.b for the yield loads. It.was found that the
-ratios of the experimental load carrying capacities to the unfactored predicted values
| using the proposed equations, at the yield and maximum load levels were equal to 1.10
+0.16 and 1.09 £0.09, respectively, (see Table 3-3). It is clear that the predictions of the
nominal and yield loads for the reinforced and unreinforced short CFFT columns using
the proposed equations are in‘v good agreement with the experimental results and
conservative. On the other hand, Figure 3-12 presents the factored predicted normalized

load carrying capacities determined by

71



Chapter 3: Axial Load Capacity of CFFT Columns: Experimental versus Theoretical Predictions
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Figure 3-11 Load-displacement behavior for RC and FRP confined concrete columns
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the proposed equations (Equations 3-18.a and 3-18.b), versus, normalized yield

experimental values of the tested short CFFT columns of this study. The confined

strength /.. was calculated according to the proposed confined model, withg,,, = 0.65 .
Also, the strength reduction factor (¢ ) was taken as 0.75 according to the ACI
provisions. However, the firrp values were limited to be less than 0.33/, which lead to a

conservative prediction, especially for specimens cast in tubes Type C and E. Figure 3-12
shows that the predicted values of the factored axial load varied from 30% to 40% of the
experimental yield load. In fact, the proposed equation can ensure a design load level
away from the concrete cracking, steel yielding and the resulting loss of concrete
integrity. Moreover, the service design load at 30% to 40% of the yield load can be safely

used against the creep and fatigue initiation for the concrete and steel.

3.7 Conclusions

The behavior of short CFFT columns subjected to concentric axial compression loading
conditions was investigated in this study. The test results of this study combined with
other reported data in the literature were evaluated using regression analysis and a
number of comparisons. These analyses were used to evaluate the validity_ of the
confinement models and design equations of the three North American codes and design
guidelines, ACI 440.2R-08, CSA S6-06 and CSA S806-02. A nonlinear empirical model
for confined ultimate streﬁgth of CFFT has been proposed. In addition, step-by-step
design equations were proposed to predict the factored ultimate and yield loads resistance
of the CFFT columns. The findings pi'esented in this paper can be summarized as
follows: _

1. The failure modes of the CFFT specimens tested in this study of height to diameter

ratios ranged ffom 2 to 7 resulted mainly from the rupture of the FRP tubes.

2.. The test results indicated that the yield load of CFFT columns occurred on average at a

load level equal to 54 to 60% of the ultimate load.
3. Limiting firgp to be less than0.33 f by CAN/CSA S6-06, and limiting the FRP hoop

- tensile strength to 0.004 its elastic modulus E,,, by CAN/CSA S806-02 leads to a

conservative predictions for the confined concrete compressive strength.
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4. The CAN/CSA S6-06 and CAN/CSA S806-02 confinement models showed

conservative predictions, while the ACI 440.2R-08 was slightly less conservative.

. The design guidelines of the ACI 440.2R-08, CAN/CSA S6-06 and CAN/CSA S806-
02 overestimate the factored axial load capacities of the reinforced and unreinforced
CFFT columns as compared by the yield and crack load levels. It is recommended that
the code design equations for the factored axial load capacities should deal with the
cracking o.r yielding load levels of the FRP-confined concrete columns.

. For concrete strength up to 60 MPa a new confined model is proposed for the
CFFTcylinder §pecimens. Also, based on the test results of this study together with the
other reported data in the literature, the design equations are modified to predict the
yield and ultimate load carrying capacities of the internally reinforced and
unreinforced short CFFT columns. K.. is a new factor introduced to account for the in-
* place-strength of CFFT columns to CFFT cylinder strength. K, is taken 0.80 and 0.75

for the reinforced and unreinforced CFFT columns, respectively. Also, a new factor

(K.r) is proposed to account for the initiation of the steel yielding and concrete:

cracking for the short CFFT columns. ‘
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| Chapter 4
Nonlinear Stability Analysis of Concrete
Filled FRP-Tubes Columns: Experimental and

Theoretical Investigation

| 4.1 Abstract

This paper presents experimental results and theoretical analysis for 'buckling responses
of concrete filled FRP tubes (CFFT) columns. Th¢ analysis intended fo understand the
effect of the slenderness ratio on the critical buckling load of axially loaded CFFT
columns. The effect of three parameters and their interactions on the-buckling behavior
were investigated; namely, the FRP tube thickness, concrete compressive strength, and
slenderness ratio. The experimental progx"am. consisted of testing twenty-two circular .
CFFT columns with a total height ranging from 305 mm to 1520 mm (12 in to 60 in) with
an intémal tube diameter of 152 mm (6 in). The experimental results showed that the
- uniaxial compressive strength of CFFT columns was reduced by 13% to 23% with
| increasing the slenderness ratio from 4 to 20 dépending on the three tested parameters.
The analysis in this paper aimed to correlate the slenderness ratio of the CFFT columns to
various material characteristics and geometric properties of the FRP tubes and concrete.
It was found that a slenderness ratio of 12 gave a safe value for the design purposes.
However a more precise formula for the slenderness ratio was proposed t;) control the

buckling mode of failure.
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4.2 Introduction and Backgrouzid

Using FRP sheets to confine concrete columns in the construction industry came back to
the early 1980's owing to the distinct characteristics of fiber-reinforced polymer (FRP)
materials. Various experimental results showed that using FRP tubes to confine concrete
columns can enhance the ultimate load carrying capacity by 300% (Mirmiran and
Shahawy 1997a; Fam and Rizkalla' 2002 and 2003; Fam et al. 2003a, b). Besides their
structural advantages, FRP tubes work to protect the plain concrete core from
" environmental conditions and to prevent the internal steel bars from corrésion. Recently,
various industrially projects have been witnessed in the area of construction engineering
in the form of piles, columns, girders or bridge piers (Karbhari 2004; Fam et al. 2007).
CFFT are also proposed to be used for cable-stayed pedestrian bridges (Seible 1998). .
Numerous experimental investigations have been conducted to understand the axial
behavior of CFFT columns under pure axial load. Although these studies were of great
interest to provide extensive results for ultimate capacity and ductility index of CFFT
columns, the buckling modes of failure of such columns have not been recorded in
enough experimental work. Few studies have been conducted on large scale columns
" under different load combinations (Toutanji 1999; Mirmiran et al. 2001; Carey and
 Harries 2005; Sheikh et al. 2007). - |

The significant. increase of the ultimate capacity of CFFT columns highlights the
fact that the slenderness ratio of such columns might be a critical factor that controls the
mode of failure of these columns (Mirmiran and Shahawy 1997a). Few studies obscrvéd
that instability of CFFT columns might occur at a lower slenderness ratio than that of
ordinary RC columns (without FRP tubés), however, the ultimate capacity of the former
might bé higher than that of the earlier. This attributed to the bilinear stress-strain
behavior of the CFFT columns where the buckling mode of failure initiated at the plastic
branch of the curve that characterized by a lower Young’s modulﬁs (Yuan and Mirmirah
2001). These results drew conclusion that the increase of the slenderness ratio of CFFT
~ columns might pr;event such columns from attaining their ultimate load capacity. A

qﬁestionable aspect is the design slenderness ratio of these columns to avoid buckling as
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this topic has not yet included in any design guidelines. Further experimental and
theoretical studies are still necessary to better understand the buckling responses of CFFT
columns and to correlate their critical buckling loads to the material and geometric

properties of the confining FRP tubes.

The plastic behavior assumption is quite accurate to represent the response before
buckling and it is widely accepted in stability analysis of CFFT columns using tangent
Euler formula or the yield load. Some éxperimentalA results revealed that CFFT columns
might failed by buckling at a load level higher than the tangent Euler load. It was
observed- experimentally that CFFT columns started to deform at a load level
corresponding to the tangent Euler formula. With the further increase in the applied axial
load, the lateral deforrhation increased as a result of the flexural stiffness of the CFFT
columns. The failure modes were almost to be controlled by instability at load levels that
were higher‘ than the tangent Euler critical load (Mirmiran et al. 2001; Yuan and
Mirmiran 2001). Mirmiran et al. 2001 investigated experimentally and theoretically the
effeét of the slenderness ratio of CFFT columns on the buckling- behavior of such
columns. It was obvious that the CFFT columns were much rhore susceptible to buckling
‘phenomena than unconfined-concrete " columns. Yuan and Mirmiran in 2001
recommended that the slenderness ratio limit of CFFT columns had to be reduced to 11,
for a particular type of FRP tubes that was employed in their experimental program.
Despite the fact that there is a significant number of valuable experimental research that
have been carried out to understand the response of CFFT columns (Fam 2000; Fam and
- Rizkalla 2001; Karbhari 2004), these studies were mainly oriented to short columns
without internal longitudiﬁal reinforcement. In this study, 18 CFFT columns of different
heights, 305, 608, 912, 1216 and 1520 mm (12, 24, 36, 48 and 60 in) and 4 control RC

columns were tested under uniaxial compression load.

4.3 Research Significance

The objectives of this paper can be summarized as follows:

e To investigate the influence of the slenderness ratio of CFFT columns on the critical
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buckling load and the ultimate capacity of such columns;

e To investigate the relative importance of internal reinforcement, concrete
- - compressive strength and thickness of the FRP tubes on the buckling mode of failure
of CFFT columns; ‘
¢ To verify the accuracy of existing critical buckling load formulas and then to propose

a threshold for the slenderness ratio for CFFT columns.

4.4 Experimental Program

4.4.1 Materials

In this study, twb types of steel bars were used to reinforce the CFFT and control
specirﬁens, deformed steel bars No. 10 M and mild steel bars 3.2 mm (0.125 in) diameter.
Steel bars No. 10 M wé.s used as a longitudinal reinforcement, while steel bars 3.2 mm
(0.125 in) diameter were used as spiral reinforcement for the control specimens. The
mechanical properties of the steel bars weré obtained from the standard tests according to
' the ASTM A615/A615M-09 (ASTM 2009). Five specimens for each diafneter were tested.
The average values of the yield tensile strength, £, , were 462 and 675 MPa (66.99 ksi and

97.875 ksi) for steel bars No. 10 M and 3.4 mm diameter, respectively with an ultimate
tensile strength, f,, 577 and 820 MPa (83.66 and 118.9 ksi), respectively. Two different -

~ concrete batches (A and B) were used in the experimental program. The average actual -
cylinder compressive strengths after 28-day and their standard deviation were 30 +0.5 MPa
and 45 £0.5 MPa for batches A and B, respectively.

Two types of FRP tubes with an internal diameter of 152 mm (6.0 in) were used in
the experimental program taken the names fhroughout the manuscript Type I and Type IL
The GFRP tubes ‘_were fabricated using filament winding technique; E-glass fiber and
Epoxy resin were utilized for manufacturing these tubes. The two tubes had different
thicknesses with various numbers of layers and fiber orientations as shown in Table 4-1.
"The split-disk and coupon tensile tests were performed on five specimens from each type
“according to the ASTM D-2290-8 and ASTM D 638-08 standard to determine the
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Table 4-1 Dimension and mechanical properties of fiber-reinforced polymer tubes

Tube D Ly No. of . : E (MP L /. oy
type (m) | (mm) | layers Stacking sequence| £, (MPa) | &, (MPa) (MPa) (MPa)
1 152 2.65 6 - [£60°]s 8785 20690 57.90 345
II 152 6.40 14 [£655, £45,+655} | 9270 23630 60.15 390

D andt,, are the internal diameter and thickness of the FRP tubes, respectively. f, and f, are,
respectively, the ultimate strength in the hoop and axial direction; E, and E, are, respectively, the
Young’s modulus in the longitudinal and hoop directions.(Note: I mm = 0.04 in, | MPa = 0.145 ksi)

strength and Young’s modulus in the axial and transverse directions. More details
_regarding the mechanical characteristics and material properties of t'heséA tubes can be
found in (Mohamed and Masmoudi 2008a and c).

4.4.2 Test specimens

Table 4-2 summarizes different configurations of the tested specimens. The experimental
program was carried out on twenty two specimens, eighteen CFFT columns and four RC
columns, The twen_t& two specimens were included through six series. The tested
columns had a circular cross-section of 152 mm (6 in) diameter. In the specimens ID
shown in the second column of Table 4-2, the numbers indicate the column height in cm
and the letter I or II refers to the tubes type. The symbols A and B in the specimen ID
stand for the concrete strength 30 and 45 MPa (4.35 ksi and 6.525 ksi), respectively.

Each series included three specimens with the same heighi and differént concrete
strengths or FRP types as shown in Tablé 4-2. The first two specimens in each series
were casted in the FRP tube of Type I with the two different concrete batches while the
third specimens in each series was made of the concrete batch of Type A (f, =30MPa-
(4.35 ksi)) and was cast in the FRP tube of Type II. The column height ranged from 305 |
mm (12 in) (Series No. 1) to 1520 mm (60 in) (Series No. 5). Series No. 1 had two
replicas for each spééimen with a total number of six specimeﬁs in this series. The
objective of this particular series was to measure the ultimate capacity of short concrete

column (the target failure mode of the column in this series was rupture in the FRP tube).
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This particular series intended to measure the mechanical characteristics (Ultimate load,
initial and tangent young’s modulus) of the concrete confined with two FRP tubes types.
Series No. 6 included control specimens with internal spirally steel reinforcements (pitch
= 50.6 mm (2 in)) instead of FRP tubes. In this series, two replicas were taken for each
column. The pitches of the steel were designed to have approximately the same hoop
stiffness of ihe»FRP tube of Type I, (Fam et al. 2007). Series No. 2toNo.5 repfesented
long CFFT columns with a slenderness ratio ranged from 8 to 20, as shown in Figure 4-1.
All the columns in these series were internally reinforced with six deformed steel bars (10
M) with a reinforcement ratio equal to 3.30 %. The bars were distributed uniformly inside
the cross section of the GFRP tube. Two steel .stirrups' were used 'at the top and the
bottom of each specimen to fix the bars in their positions during casting (F igui'e 4-1.b).
Note that, the specimens of Series No. 2 to No. 5 did not have internal distributed steel

stirrups along the column height.

Table 4-2 Configuration and characteristics of the tested specimens and test results

ries l A e g P, | P, | P, /P, |Failure
S;Io ID |Tube (mm) kifr (Iv{Pa) (I\{IPa) faelfe | & '_g“", ) | v % mlo de
30IA* | I | 305) 4| 30 [7250| 2.47 (0.04510.038] -- |1316| --- C-R

-1 | 301B* I | 3054 45 |8595| 1.91 |0.041]0.034| -- [1561] -— | CR
' 30ITA* | II | 305 | 4 | 30 |123.5] 4.11 |0.041{0.028] -- ]2231] -~ |.C-R
60IA I | 610) 8} 30 |78.42} 2.61 |0.035/0.025| 890 |1652| 53.87 | C-R-L

2 60IB I {610 8| 45 |83.50( 1.85 {0.022]/0.013|1195|1741| 68.63 | C-R-L

' 60IIA | II | 610 | 8 30 | 122.7] 4.09 |0.029{0.019{10682430{ 43.95 | C-R-L

90IA I J912 12| 30 }67.14 2.23 |0.033|0.025] 935 [ 1454} 64.30 | C-R-L
3 90IB I 1912 12| 45 |75.17} 1.67 |0.017{0.010/1159{1595| 72.66 | C-R-L.
90IA | II' [ 912 |12 30 [117.5] 3.92 0.031]0.019/1203|2338 51.45 | C-R-L
120A | I [1216]|16 | 30 |52.77 1.76 [0.021]0.013 996 {1202] 82.86 | B
4 120IB | I 121616 | 45 |62.12| 1.38 |0.014]/0.008]/1150{1366| 84.18| B
120IIA | II' [1216] 16| 30 |99.17] 3.30 |0.021(0.012/1153|2016| 57.19 | C-R-B
150IA | I |1520{20| 30 |46.50| 1.55 {0.015{0.011{1086|1127] 9636 | B
5 150IB | I 1520|120 | 45 |52.83| 1.17 [0.014]0.009{1167(1203| 97.00| B
(150IIA | IT |1520{20| 30 [94.78| 3.16 |0.026/0.018{1217{1939| 62.76 | C-R-B
Cont-A*|Spiral| 912 | 12| 30 |31.34| 1.04 | -~ | -- |805|826|9745| C
Cont-B*|steel | 912 | 12| 45 |3334) 074 | ~ | — |838|861)|9732| C

* The results are the average of the two spicemens; / is the length of the specimen; k is the column
effective length factor (equal 0.5 in our analysis: Fixed-fixed columns); » is the radius of gyration of the
cross section; (C) concrete compression failure (crushing); (R) FRP-tube ruptures; (L) steel bar local
buckling; (B) buckling. (Note! mm = 0.04 in, 1 kN = 0.225 kips, 1 MPa = 0.145 ksi)

6
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a. FRP tubes b. Steel cages

Figure 4-1 Test specimens

4.4.3 Instrumentgtions and test set-up

Vertical and horizontal displacements of all specimens at their mid-height were monitored
ﬁsing linear variable displacement transducers (LVDTs). Strains in the‘longitudinal steel
reinforcement and FRP tubes were recorded using electric strain gauges, 6.0 mm in length.
Two strain gauges were bonded to the mid-height of two longitudinal steel bars, 180 degree
apar}t. Two axial and two transversal strain gauges were installed on the FRP tubes on two
opposite sides at the mid and quarter height of each column (see Figure 4-2.a). All the
specimens were prepared before testing using a thin léyer of the high strength sulphﬁr
capping at both ends to insure the uniform stress distribution during the test. In addition,
steel collars (4.0 mm thickness and 60.0 mm width) were attached to the ends of the
specimens to confine and prevent premature failure at these locations. The specimens were
tested using a 6,000 kN (1350 kips) capacity FORNEY machine, where the CFFT columns
were setup vertically at the center of loading plates of the machine as shown in Figure
4-2.b. Due to the fact that the upper and lower clamp of the testing machine were prevented
from rotation (no special set-up was used to .allow the rotation), the tested specimens

represented the case of fixed-fixed columns.
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Figure 4-2 Instrumentation and test setup

82



4.5 Test Results and Discussion

_4.5.1 Failure modes

The modes of failure of the CFFT specimens were characterized either by FRP tubes
rupture (Series No. 1) or columns instability (Series No. 4 and 5). For the columns in Series
No. 2 and No. 3, a combination of the both modes of failure was recorded. Figure 4-3
shows the modes of failure of all tested specimens. For short columns or CFFT cylinders (

I = 305 mm - Series No. 1) the modes of failure were characterized by rupture of the tubes

(Figure 4-3.a). The rupture of the GFRP tubes was followed by concrete crushing. As
shown in Figure 4-3.a, the rupture cracks in the confining FRP tubes were propagated
along the longitudinal vertical axis of the column indicating that these tubes failed vwhen the
_ lateral st_rain. values exceeded the ultiniate strain values of FRP materials. For the cblumns
with ‘a slenderness ratio 8 and 12 (/ = 610 mm’ and / = 912 mm ), the failure modes were a
combination of rupture of the confining FRP tubes and local buckling of infer_nal steel bars
at the column mid-height. Yet the CFFT column_é have not failed due to instability and the
column response was similar to that of short columns. However; the columns with these
two slenderness ratios started to buckle at load level that was slightly less than the failure
load of the column. This mode of failure is shown in Figure 4-3.b for the columns in Series
No. 2 and'No. 3. It is of interest to mention that for specimens in the Series No. 3, the

CFFT columns buckled just before the rupture of the tube.

'Increasing the slenderness ratio to 16 (I = 1216 mm and longer). changed thé modes
of failure to instabili_t}" of the CFFT columns (Figuré 4-3.c). The columns of Series No. 4
and 5 failed at a load level that was much less then the ultimate capacity of the
corresponding cylinder (Series No. 1). The instability was evident in the shape of a single
burvature mode at a load level around 85% of the final failure load of each specimen. This-
indicated that these specimens behaved as long columns. Although the column started to
buckle at a load level 85% of the failure load, the deﬂecfed column was still stable and
carried more axial load. Loading the specimens continued until the specimens cbuld not
maiﬁtain the appliéd axial force or until reaching the maximum displacement capacity of

the testing machine. The recorded failure modes of the CFFT columns tested in Series No.
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4 or No. 5 showed that the greafer the slenderness ratio, the more significant the curvature
of the FRP tube. As far as the mode of failure of the control specimens (columns that are
confined with intemal transversal steel stirrups instead of FRP tubes) are considered,
Figure 4-3.d shows the modes of failure of the tested specimens with the two different
concrete batches (Series No. 6). The failure mode was typical for unconfined ‘concrete
columns. It is characterized by concrete crushing with concrete cover splitting. The failure

mode took place once the internal steel bars were yielded.

4.5.2 Ultimate load carrying capacity and slenderness ratio effect

The experimental yielding and ultimate loads, (P, and P, ‘respectively) of all tested
specimens are given in Table 4-2. In fhistable, the confined concrete cémpressive_ ’
strength f ; ie., the maximum compressive s’;rength just before failure, and the
corresponding axial strain &, and the lateral sfréin hoop direction ¢, are éhown in the
seventh to the thirteenth columns. This table also presents the effectiveness of the
conﬁning techniqﬁe, ISl and the ratio of yielding and ultimate load. The stress—strain
behaviors of the CFFT specimens showed .a typicél bilinear response. More details
. regarding the stress-strain curves can be found in (Mohamed and Masmoudi 2008c).

The confined strength values for CFFT specimens without ‘and with internal

reinforcement were calculated as follow:

-E-L Without internal reinforcement.
g . .
fo= ' . 4-1
- Py —fyA.!- el t .
—_ With internal reinforcement
A, -4, ; ‘

where 4, is the column cross-section (internal area of FRP tubes). For each spccimeri,

the failure mode is shown in the last column. The ultimate capacity of all specimens was
depicted versus the slenderness ratio in Figure 4-4. In this paper, the slenderness ratio

kl/r was calculated based on the geometric characteristics of the concrete neglecting the
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30IA 0B 300A
Series No. 1
(a) Concrete crushing

60IA 60IB 60LIA  90IA O0IB OOMA
Series No. 2 Series No. 3
(b) Combined mode of failure

1201A 120IB  1201IA .150IA 150IB 150ITA
Series No. 4 Series No. 5
(c) Bulking mode of failure

Figure 4-3 (a) Failure modes of CFFT specimens
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Cont-A Cont-B
Series No. 6
(d) Specimens with steel stirrups

Figure 4-3 (b) Failure modes of control specimens

contribution of the FRP tubes (k¥ and [ are, respectively, the column effective length
factor and height). The radius of gyration r is computed as ,/I /4, . This assumptionv

was based on the small thickness of the FRP tubes besides the fact that the fiber
orientations of the tubes were oriented mainly toward the hoop direction rather than the
axial direction. Another assumption was taken throughout the manuscript that was the

tested specimens represent the case of fixed-fixed columns with (k = 0.5).

H i
TubeI- ngth 30 MPa
: Tube - ngth 45 MPe
Tube II- ngth 30 MPa
2500
._ SOMA

2000
g
=
o
=]
= 1500

1508
: A
120A b 15014
1000
wwmmemm= §heoretical f\
Experimental { )
—_— Cot-A | ontH
500 +
: 0 4 8 12_ 16 20 24
Slenderness ratio (kl/r) ’

Figure 4-4 Experimental ultimate load carrying capacity-versus-slenderness ratios (kl/r)
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Despite the fact that the two control specimens (Cont-A and Cont-B in Series No. 6 with
steel stirrups) purp'orted to represent the same lateral confining pressure resulting from
steel stirrups as that coming from the FRP tubes of Type I, the ultimate capacity of these
two specimens were significantly lower than that of all other specimens. For example, for
specimens with the same slenderness ratio (k//r =12) the ultimate load carrying capacity
of the control specimens (with steel stfrrups) were 826 kN and 861 kN (185.85 kips and
193.72 kips), for concrete batches A and B, respectively. However using the FRP tubes to
confine the same concrete columns instead of internal steel stirrups increased the ultimate
capacity to 1600 kN and 2400 kN (360 kips and 540 kips), respectively. This can be
attributed to the continuity of the FRP. tubes rather than the discontinuity of the steel
5tirrup$. In fact, this reflects thé superibr conﬁniri'g behavior of FRP tubes compared to
steel stirrups to increase the ultimate load 'carrying capacity of concrete columns.
Specimens . in Series No. 1 represented case of shdrt colu_mns without - internal
longitudinal reinforcement (concrete cylinders). Although the mode of failure of the
specimens in this series were similar to that of the specimens in Series No.2 (rupture in
the FRP tubes) their ultimate capacity were around 20% less than that of the specimens in
Series No: 2. The difference in the ultimate capacities between the specimens of the two
series resulted from the contribution of the internal reinforcement bars (neglecting the
size effect). Theoretically speaking, considering the contribution of the internal
reinforcement in calculating the ultirnate capacity of the specimens in Series No. 1

(f,4,) makes their failure loads similar to that of the specimens of Series No. 2

(horizontal line at the beginning of the curves in Figure 4-4).

For all Specimens, using FRP tubes to confine concreté_cqlu'mns increased the axial
load carrying capacities regardless the slenderness ratio of the CFFT columns. Figure 4-4
confirms the fact that the ultimate load capacities éf the CFFT specifnens significantly
decreased with increésing the slenderness ratio (k//r) over 8. For example, the decrease
of the ultimate capacity of the Specimens 90IA, 120IA and 150IA (with a slenderness
ratio changed from 12 to 20) compared to Specimens 60IA was, respectively, 12%, 27%
.and 32%. This highlighted the fact that the recommended slenderness ratio for design
purposes of CFFT columns should be reduced to 12. On the other hand, changing the
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concrete compressive strength from 30 to 45 MPa (4.35 ksi and 6.525 ksi) did not
significantly enhance the ultimate capacity of any two identical specimens (having the
same height and FRP tube type). For example comparing the ultimate capacity of
Specimen 150IA with that of Specimen 150IB showéd that increasing the concrete

compressive strength by 50% the failure load (buckling load) increased only by 6.70%.

4.5.3 Load-deformation characteristics of CFFT columns

The plotted results in Figure 4-5.a to Figure 4-5.d represent the load—deflection
relationships of the CFFT and control columns sorted according to their slenderness ratio.
Both the yielding and failure loads were marked on the figures using diamond (e) and
circular (@) points, respectively (the yielding load was monitored based on sfrain gauges
reading). It éa.n be seen that the load-axial deflection curve of CFFT columns typically
consisted of three stages. The first branch of these curves was almost linear until around

80% of f! and it defined the initial stiffness of the FRP-confined concrete columns. We

found that the initial stiffness depended only oﬁ the concrete compressive strength
regardless the slenderness ratio or the FRP tube thickness (refer to Figure 4-5). The second
stage of the curve odcurred with the initiation of latéral.cracks as the confining pressure of
the FRP tubes started to be activated. In this stage, the internal steel bars yielded and the
axial stiffness of the CFFT columns was gradually reduced. With the propagation of the
lateral cracks and because of the confining pressure, the load-deflection curve were
charctarized by a hardening region until the failure point, which is the third branch of the
curve (refer to Figure 4-5). The axial stiffness in the third branch of the curve was a
function of the unconfined concrete compressive stréngth, FRP tube thickness, and

slenderness ratio.

. As it can be seen from the‘ specimens in Figure 4-5.c and Figure 4-5.d, increasing the
slendemeés ratio to 16 and 20 significantly changed the hardening behavior of the load-
deflection relationship, yet they had a similar initiél axial stiffness as that of columns with
slenderess ratio equal 4 or 8. For the specimens with the lower FRP tube thickness
- (1201IA, 120IB, 150IA and 150IB) the CFFT columns did not show any enhancement in the
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ultimate capacities after steel yielding. This indicated that, for long columns (ki/r 216),
the lower FRP tube thickness (Type I of 2.65 mm) (low confining pressure) did not
enhance the ultimate capacity of the CFFT columns as a result of the fact that buckling
failure load occurred before initiation of the confinement lateral pressure. On the other
hand with the higher FRP tube thiékness (Type II of 6.4 mm thickness), é, significant
enhancement in the ultimate load carrying capacity was observed even for specimens with

slenderness ratio of 16 and 20.

In Figure 4-5.a, it is observed that there was a significant increase in the ultimate
capacity of the CFFT cylinders compared to that of unconfined cylinders. The average
increases in the ultimate capacity of the Specimens 30IA, 30IB and 30IIA over that of the
unconfined cylinders were ( f../ f. in Table 4-2), respectively, 2.42, 1.91 and 4.11. As

expeéted, the highest enhancement in the ultimate capacity was recorded for columns with
FRP tubes of Type II (largest thickness). The increase in the strength of the CFFT columns
was more pronoun_cen for columns with lowest concrete compressive strength. For
~ example, increasing the uniaxial concrete compressive strength by 50% (from 30 MPa to
45 MPa) (4.35 ksi and 6.525 ksi) changed the ultimate strength of the CFFT columns by
15% (from 74.2 MPa to 85.95 MPa (10.75 ksi to 12.46 ksi)). This highlighted the fact that -
the efficiency of the conﬁning techniques using cbmposite’ materials dépended mainly on
the thickness of the confining FRP tubes.

The post buckling behavior of CFFT columns is shown in Figure 4-6.a to Figure
4-6.c in terms of the load-lateral displacement relationships. For short columns with
kI /r =8, no lateral deformation was recorded due to axial loading, however with a higher
slenderness ratio; the lateral displacement of the columns was éigniﬁcant indicating
instability of the columns. The CFFT columns with a slendemess ratio larger than 8 started
to exhibit latefal deformation tendency after load levels around 80% of the failure load.
After this load level, the lateral displacement increased rapidly with a significant decrease
in the ultimate capacify up to the complete instability of the column. These columns were
buckled in a single curvature with a sine-function shape. More details regarding the post.
buckling response and lateral deformation of tested specimens are presented in' the

theoretical analysis section in this paper.
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4.5.4 Effect of concrete compressive strength and FRP tube
thickness

Two concrete batches representing normal strength concrete (A and B) were used in the
experimental program to cast the CFFT columns. Table 4-2 shows the increase in the
axial strength of all specimens in terms of the ratio £, / f_ . The results in Table 4-2 show
that the f. / f, for CFFT specimens with the concrete batch of Type B‘(45 MPa) (6.525
ksi) equals to.22.7%, 29.1%, 25.1%, 21.6% and 24.5% higher than those of CFFT
columns with the concrete batch of Type A (30 MPa), for the same slenderness ratio.
This indicated that an average reduction of 25% in the f, / f! ratio was observed with
the increase of the concrete cbmpressive strength from 30 to 45 MPa, (4.35 to 6.525 ksi).
Fig. 7.a shows the normalized ultimate strength-versus-unconfined compressive strength |
for the four slenderness ratio. As it can be seen from the figure, the increase in the axial
strength of the CFFT columns was more significant for columns with lower concrete
strength (30 MPa) (4.35 ksi) compared to that with higher concrete strength (45 MPa)

(6.525 ksi), regardless of the slenderness rgtio.

The effect of FRP lateral pressure (F,,) on the ultimate capacity of the CFFT

columns is shown in Figure 4-7.b. The results are plotted in terms of the normalized
ultimate strength versus the normalized lateral confinement pressure divided by the -

unconfined concrete compressive strength. The FRP lateral pressure (Fy,) was
calculated as follow:

2t f, ‘
spJ uf
Fp =222 42
where f,, is the ultimate failure hpop strength of the FRP tubes which resulted from the
split-disk test, D and ¢, are the internal diameter and thickness of the FRP tubes,

respeétively (see Table 4-1). As shown in Figure 4-7.b, the increase in the confinement
ratio resulted from the increase in the FRP tubes thickness increased the ultimate capacity
of the CFFT columns.
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4.6 Theoretical Investigation

The main objective of this investigation is to understand the buckling and post buckling
behavior of CFFT columns and to predict tﬁe critical slenderness ratio to avoid column
failure instability. As a result of the experimentally observed bilinear uniaxial load-
displacement relationship of CFFT columns (Figure 4-5.a to Figure 4-5.d) the instability
analysis of these columns is different than RC concrete columns. The response of the

column is elastoplastic distinguished by a yielding limit (f_,, plastic limit stress which is

defined as the stress value corresponding to the yield load) and is characterized by a

tangent modulus E, in the hardening region, which is much smaller than the initial elastic
‘modulus E,. For such columns, one can assume that there is no damage during axial

loading and the columris have unloading modulus E, equals E (see Figure 4-5).

In the literature, various empirical relations have been developed to analytically
model the effect of the confinement on the behavior of concrete and to find the
corresponding Young’s moduli values. The bilinear confinement model of Samaan et al.
(1998) was verified by many researchers and showed a satisfactory accuracy to represent
the uniaxial stress-strain curve of the concrete columns wi;hout internal reinforcement
(De Lorenzis, and Tepfers 2003; Mohamed and Masmoudi 2009a and b). In the formula,

the concrete initial tangent Young’s modulus was expressed in SI units as:
. E,, =3950/f. (MPa)

| Et | 4-3
_E, =245.61°2 +l.3456—f5fl(MPa)

Where E , is the modulus of elasticity in the hoop direction (note, E, = E , as given in

Table 4-1).

To account for the effect of internal reinforcement on the initial and tangent Young’s
modulus that are used afterwards in the stability analysis in the subsequent sections, the
equivalent cross-sectional Young’s moduli of the tested specimens are computed using the

concrete and internal reinforcement characteristics before yielding as follow:
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E,=E,[1+p,(n-1)](MPa) 4-4

where E,, is the initial concrete Young’s modulus (Equation 4-3) and p, is the steel

reinforcement ratio. In Equation 4-4, 7 indicated the steel modular ratio that is computed

as E /E_ where E, is the steel Young’s modulus. In the hardening region of the uniaxial

stress-strain curve of the CFFT (after steel yielding n =1), the tangent Young’s modulus

of the column was determined as:

E, =E_(MPa) 45

~ 4.6.1 Buckling loads

The plastic responses of confined concrete columns mean that the critical or buckling
loads of these concrete columns are significantly less than the elastic Euler buckling load.
For too slender columns, it is impossible to exceed the initial yield limit before the

‘column buckles. Thus the critical buckling load is controlled by the elastic behavior of

) ‘ 2 .
the column (elastic Euler load with P, = 721:)‘5[ ). Thus the inelastic buckling load

obviously becomes irrelevant for the design purpbses. The inelastic buckling ‘load is
important in the analysis for columns that are not too slender and riot too short, where
they can buckle after reaching the yielding stress, f,. The inelastic buckling loa‘d of
confined concrete columns can be determined using two formulas (Bazant and Cedolin,
1991). The first buckling load is known as the reduced quﬁlus load (P.) and the second
Euckling formula is computed according to the tangent modulus expression (P,). The

earlier formula represents the upper inelastic buckling load while the former corresponds
to the lower buckling limit. Generally, the critical buckling load (maximum applied axial

| load) is located between the mentioned two loads.

When the column starts to buckle due to the curvature of the deflected column, one face
of the column undergoes unloading while the other face continues loading. This makes

that the buckling load could remain constant (Bazant and Cedoline, 1991). The buckling
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" load according to this assumption is referred to it as the reduced modulus load (P, ). The
reduced modulus load is computed as (Bazant and Cedoline, 1991):
nE 1

P, = (kl)’z (kN') _ 4-6

. =2 - .
1 1 1 .
where E, =| —| —+— . In this formula, it is assumed that columns buckle at a

constant load level where the cross-section is subjected only to incremental compressive

axial strain.

The tangent modulus load hypothesis_‘ assumes that both faces of the columns are
subjected to incremental compressive strain and thus they both underwent shortening with a
tangent modulus. This is quite possible as the tensile strain increment caused by the column :
curvature can be compensated by the incremental éompressiVe strain caused by increasing
the axial applied load énd thus the axial bucking load could not remain .cbnstant. The
prediction according to this assumption gives the lower or the safe limit for the critical

inelastic buckling load. The column starts to buckle at the tangent modulus load according to:

2
E |
7 E 1 (N 4-7

N5
The CFFT columns start to buckle at the tangent modulus load (7). Yet the

P

- deflected state at a load level greater than the tangent modulus load and less than the

reduced modulus load is still stable. Thus the applied axial load will subsequently |
increase with the increase of the lateral deformation until reaching the critical load (load
level somewhere between P, and P,) as shown in Figure 4-6. In the case that the tangent

modulus load P, is less than the yield load, this means that there is no solution for P, and ‘

the inelastic buckling load occurs at the yield load limit.

The expérimentally reported load-lateral displacement profiles of the CFFT

columns shown in Figure 4-6 strongly confirm this conclusion. As seen in Figure 4-6, the

97



column started to buckle at a load level greater than the yield load. This load corresponds
‘to the tangent modulus load and the applied axial load increased with the increase of the
lateral deformation of the column. Taking Specimen 120l1IA (Figure 4-6.b) as an
example, the yield load (P,) occurred at a load level 1153 kN (259 kips). For this

particular column the tangent buckling load (Equation 4-7) is 1756.4 kN (395 kips) (case
of F, > P)) and the reduced buckling load (Equation 4-6) is 4514 kN (1015 kips). The

critical buckling failure load (experimental value) of this particular specimen is

monitored as 2016 kN (453 kips); which is 13% larger than P, and 45% less then P. (
P <P, <P).

In conclusion at a load level correspohding to the tangent modulus load ( P,), the
column starts to buckle; however, the deflected column is still stable and the column can

carry more axial force. Note that for any load level P, < P < P.the column is still stable.

The applied axial load increases with the increase of the lateral deformation until
reaching the maximum applied load that is less than the reduced modulus load. This
behavior comes mainly due to the contribution of internal steel bars that provide flexural

stiffness of CFFT columns. Therefore the critical buckling load satisfies the condition:
R<F <P 4-8

The maximum critical load P, as explained in Bazant and Cedoline (1991) is

controlled by the type of loading; i.e. under load or displacement control as:

. —2-% P, Under load control :
—2——P, Under displacement control

where & = E, / E,. Equations 6, 7 and 9 are represented schematically in Figure 4-8.a as
"a relationship‘between critical stress ratio (o, /E,) and slenderness ratio (1). For

specimens with a slenderness ratio 8 or 12, the failure loads for these particular columns

are less than the corresponding Euler tangent loads (P, < P,). This is attributed to the

mode of failure of these columns, the buckling load appéared at the yielding load level,
= : 98 .



however the column was still stable and could carry more axial load (see Figure 4-6.a).
Theoretically, the axial load had to increase until reaching the critical buckling load (

P in Equation 4-9), however the rupture of FRP tube occurred at a load level that was

less than the critical buckling load. For columns with a slenderness ratio 16 or 20, the

column starts to buckle at a load level corresponding to P,, while the final critical

buckling load occurs at a highef load level (Equation 4-9). In conclusion, although the
tangent Euler buckling load was recommended by several researchers to control the
instability load of CFFT columns, it gives very conservative prediction. The critical
buckling load (Equation 4-9) is more accurate than the tangent Euler load (Equation 4-7)
and it i3 more reliable for the iqstabi_lity analysis especially for columns with internal

longitudinal reinforcement.

4.6.2 CFFT columns strength curve

The tangent modulus load can be used as a safe limit for the design howeyer, in fact, it
gives very conservative prediction for the actual instability load value. Substituting
Equations 4-2 and 4-3 in Equation 4-5 and using the confinement model of Samaan et al.

(1998), one can write the governing axial stress of CEFT columns as:

f 2 .. Et
s, =(17{_) (245.611,0,0.2 +1.3456—f-’%”-)(1-—p,) Inelastic buckling
2 ' '
o, =1 o, =(%) (3,95()\/7:7 )[1+ p,(n-1] Elasticbuckling = 4-10 "
D 26t Y o ' |
fi=f .,_6.0(_}%?;} FRP tubesrupture

\

If the column is not too slender so that o, > f,, then the éolumh starts to buckle at .
o, following inelastic buckling response. For too slender columns, o, < f,, it is
impossibie for a column to not buckle before reaching the yield limit _fw. Accord'ingly,
there is no solution for o, and the column instability is controlled by the elastic buckling

stress o ;. In most of the experimental programs in the literature including the results of
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this paper, columns instability of CFFT columns appeared in terms of inelastic buckling

o, > f.,. Figure 4-8.b shows the design curves of CFFT columns as a relationship

between the critical axial stress value and the slenderness of the column.
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4.6.3 Design example

In stability analysis, most of the code provisions and design guidelines limit slenderness
ratios of concrete columns to prevent the buckling mode of failure. The ACI 318-08 and
CSA S6-06 codes state that the effect of slenderness éan be ignored for short RC columns
if (kI/r)is less than 22. Figure 4-8.b, show a theoretical strength curve of confined
concrete columns using both the tangent Euler formula (Equation 4-7) and the critical
load formula (Equation 4-9). The horizontal limits in Figure 4-8.b indicate the ultimate
strength of the short CFFT columns. It is obvious that the critical slenderness ratio (4,)
is function of both the. concrete compressive strength and hoop stiffness of FRP tubes.
This ratio is defined as the maximum slenderness ratio corresponding to ultimate strength
of short columns (intersections of horizontal lines with buckling curves ‘in Figure 4-8.b).

In order to find a solution for 4, one can solve Equation 4-10 with Equation 4-9 as

.a.cr =f C.C 4-11

7 ,E 22 |
A =— | [=2= -
M S SNF e+ 4-12

Where E, and £, are determined from Equations 4-5 and 4-10, respectively. In Equation

‘This leads to: -

4-12, S is the safety factor. ‘The AASHTO speéiﬁcation use S = 2.12 to control the
buckling load limit, and & = E, / E, . The effect of the concrete compresﬁive strength and

the lateral stiffness of the-FRP tubes are shown, respectively in Fig. 9.a and 9.b. With an
increase of the concrete compressive strength or decreasing the lateral stiffness of the
FRP tubes, the critical slenderness ratio (Figure 4-9.a and Figure 4-9.b, respectively)
incr‘eases'. _This indicates that the buckling behavior of CFFT columns significantly
depends on the properties of FRP and concrete. From F igure 4-9, the critical slenderness
ratio of thé CFFT columns depends on the buckling load formula; i.e., the tangent Euler
formula or the critical buckling load. The slenderness limit observed in the experimental
part of this research (1 =12 ) or that provided by Mirmiran et al. 2001(). =11) is slightly
less than that predicted from the theoretical analysis (Figure 4-9). This can be ascribed to

the influence of the size effect and geometrical imperfections that were not yet
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considered in the theoretical study. In conclusion, a slenderness limit of 12 for CFFT
columns is a safe value for the design purpose. Equation 4-12 is relevant for the design
purposes by dividing the predicted slenderness ratio by an appropriate factor of safety to

account for the size effect and the geometric and material imperfections.
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4.7 Conclusions

‘This paper included both experimental and theoretical investigations on the buckling
responses of CFFT columns. The experimental part work included the testing of twenty
two CFFT and RC eolumns with various slenderness ratio, FRP tube thickness and
concrete compressive strength. In addition, theoretical analysis was presented to
understand the post buckling behaviour of CFFT columns. Based on the specific findings

- of this research, the following conclusions may be drawn:

e Both the axial strength and stiffness of slender columns were increased as a result
of the confining effect of the FRP tubes;. ‘

e The enhancemeht of the axial strength of the slender columns is more pronounced
for the lower strength concrete (3‘0 MPa (4.35 vksi)) than that for the higher
strength concrete (45 MPa (6.525 ksi)); '

e Increasing the thickness of the GFRP tubes significantly improved the ultimate
load capacity of tested specimens; '

e The uniaxial compressive strength'of CFFT was reduced by 13% to 23% with
increasing the slenderness ratio from 2 to 20 depending oh the concrete -
compressive strength and thickness of FRP tubes;

e A simplified formula for the limit slenderness ratio was proposed for the design
purposes of CFFT columns. The predicted value according to the proposed
formula agree with the observed critical slenderness ratio (A=12) and With the
recommended value in the liteiature;

e It was found that the predicted slenderness limit was slightly affected by both the
concrete compressive strength and FRP tube fhickness, however it was reduced

~ with increasing the thickness of the confining FRP tubes.
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Chapter 5 |
Flexural Behaviour of Reinforced CFFT

Beams

5.1 Abstract

This study presents experiin‘cntal and analytical programs conducted to study the flexural
behaviour of reinforced concrete-filled FRP tubes (RCFFTs) beams tested under four-
point bending load. The experimental program consists of a total of ten circular-beams of
a total length 2000 mm with constant diameter 213 mm, 6 RCFFT and 4 control RC
beams. Experimehtal \"ariables include the type of transverse reinforcements (without,-‘ "
spiral-steel and FRP tube), two diffefcnt- FRP tube thicknesses, type of internal
reinforcements (steel or glass-FRP bars) and two types of concrete'(30 MPa and 45
MPa). Yield and ultimate strengths, failure modes, and ddctility are discu_sséd based on
measured load, deflection, and strain data. A simplified analytical method is developed to
predict the yield and resisting moments corresponding to the failure modes of the tested
.RCFFT beams. In addition, improvement to the crack moment equation is suggested to
account for the effect of confinement. In"addition,‘ this study is intended to review and
verify the applicability of the North American code provisions and the avéilable '
equations in the litérature to predict deflection of RCFFT beams. The measured
deflections and experimental values of the effective moments of inerfia were analyzéd
and compared with those predicted by the available eqﬁations. The results of analysis
indicated that the behaviour of steel or FRP-RCFFT beamrs under the flexural load was
significantly different than that of control steel or FRP-RC beams. This is attributed to
the confinement of the concrete core and the axial contribution of the FRP tube which in

" turn enhances the overall flexural behaviour and improves the tension stiffening of
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RCFFT beams. Therefore, the tension stiffening predicted for steel or FRP-RCFFT
beams using the conventional equations (steel or FRP-RC member) is underestimated and
hence the predicted deflections are overestimated. Based on the analysis of test results of
this study, the Branson's equation for the effective moment of inertia of RC structures is
modified and new equations are developed to predict well the deflection of CFFT beams

reinforced with steel or FRP bars.

5.2 Introduction and Background

The long-term durability of reinforced concrete structures has become a major concern
for the infrastructure systems in a usable condition. One of the main factors reducing
durability and service life of reinforced concrete structures is the corrosion of steel
reinforcement. Thus, it is imperative to use new system that have long-term durability
and require less maintenance. A solution to this challenge may be to use new materials or
to implement new structural systems. In the last decade, considerable research programs
have been conducted to validate the applicatidn of FRP composites in the construction
* industry, and recently, structural applicétions of FRP composites have begun to appear in

different types of the concrete structures.

Recently, the application of the cir’cular CFFT technique is new and rapidly
increasing inAthe field of civil engineering structures. Although the beneficial éffecfs of
confinement of concrete is less in flexural as compared to axially loaded members, other
advantages such as utilization of the FRP tubes as stay-in-place form work, ease of
fabrication and speed of erection still makes this system attractive. The CFFT technique
can. be utilized successfully for different flexural structural members such as: piles;
overhead sign structures; poles; bridge girders; pipes and tunnels. One of the earliest

“attempts to produce hybrid FRP/concrete beam elements was done by Fardis and Khalili
in 1981. They simply proposed povuring concrete into FRP boxes. They also pointed out
the mechanical role of FRP and concrete as fqllows: 1. FRP carries the tensile forces in
the tension zone. 2. It provides partial confinement of concrete in the compression zone;

_ énhancing strength and ductility. 3. It carries part of the shear force in the beam through
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the two sides. 4. The concrete core provides compressive strength and rigidity and

prevents local buckling of the FRP casing.

~In fact, extensive research programs have been conducted to investigate the
behavior of concrete columns confined with FRP sheets and FRP tubes under pure
compression load. However, relatively few studies have focused on static flexural
strength of concrete filled FRP tubes (Mirmiran et al. 2000; Davol et al. 2001; Fam and
Rizkalla 2002; Fam and Rizkalla 2003). The flexural-axial behaviour of CFFT beam-
column was investigated using a total of sixteen 2.75 m long specimens with over-
reinforced and under-reinforced sections by Mirmiran et al. 2000. The tests showed that
over-reinforced specimens pérformed superior as beam-columns. They deflected to a
lesser extent; and failed at much higher axial and lateral loads, while their failure was still
gradual and ductile. Mirmiran et al. 2000 concluded that the bond failure was not an issue
in beam-columns. Therefore, off the-shelf tubes can be used as long as end conditions
and qonne‘ctions are properly designed. Also, the study showed that the feasibility of
concrete-filled FRP tubes as an alternative to prestressed concrete in corrosive
environments encountered in Florida and elsewhere. Davol et al. 2001 conducted
experimental and analytical studies on the flexural behaviour of unreinforced CFFT
beams. It was concluded that the prediction of the failure mode was quite difficult, as it

involved a biaxially loaded orthotropic singly curved shell.

Experimental investigation has been conducted on large-scale CFFT tubes and
control hollow GFRP and steel tubes tested in bending by Fam and Rizkalla 2002. The
diameter of the beams ranged from 89 to 942 mm and the spans. ranged from 1.07 to 10.4
m. The study investigated the effects of concrete filling, -cross;sectional configurations
including tubes with a central hole, tube-in-tube with concrete filling in between, and
different laminate structures of the GFRP tubes. The study demonstrated the benefits of
concrete filling, and showed that a higher strength-to-weight ratio can be achiéved by |
pfoviding a central hoie. It was concluded that the flexural behaviour was highly
dependent on the stiffness and diameter-to-thickness ratid of the fube, and, to a much less |

extent, on the concrete strength. Test results suggested that the contribution of concrete
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confinement to the flexural strength was insignificant; however, the ductility of the

member was improved.

Fam and Rizkalla 2003 investigated experimentally the flexural behaviour of
concrete-filled Glass-FRP tubes ranging in diameter from 90 to 626 mm, using test
results of eight beams. It was found that in bending, concrete filling is more efficient for
thin-walled tubes or tubes with low stiffness in the axial direction than it is for stiff or
thick-walled tubes. It prevents local buckling and increases the flexural strength and
stiffness. Fam and Rizkalla 2003 reported that the flexural strength can be increased
either by inéreasingv the wall thickness or the ratio of fibres in the axial direction of the
tube, however, the failure mode could change to compression. The balanced
.reinforcement ratio is dependent on the laminate structure of the tube and generally is

smaller for tubes with higher stiffness in the axial direction.

To date, only two studies have been reported in the literature on flexural behaviour
of CFFT beams reinforced with longitudinal FRP or steel bars (Fam et ai. 2007; Cole and
Fam 2006). The experimenfal test results of five reinforced CFFT and two RC beams
indicated that CFFT beams performed substantially better than beams with a steel spiral.
- Unlike CFFT with FRP rebar, CFFT with steel rebar failed in a sequential progressive
manner, leading to considerable ductility and stre’ng‘th (Cole and Fam 2006). Also, it was
concludgd that the most critical parameter affecting the behaviour of steel reinforced
RCFFT beams was steel reinforcement ratio: when increased, it improved stiffness,
strength, an_d' ductility. Furthermore, Cole and Fam reported that increasing the proportion
of fibers in the axial direction of the tube or increasing concrete compressive strength
tends to increase strength and stiffness, only after yielding of rebar. The test results of
aforementioned RCFFT and control beams of Cole and Fam 2006 with new two
prestressed CFFT beams were included in another study by Fam et al. 2007. It was found
that the strength of control speciméns was governed by crushing and sp.alling' of concrete
cover. Also, unlike spiral reinforcement, GFRP tubes confined larger concrete areas and
also contributed as longitudinal reinforcement, leading to increaseé in flexural and shear

strengths, up to 113% and 69%, respectively.
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Another two experimental studies have been conducted to investigate
experimentally the flexural behaviour of prestressed CFFT beams (Parvathaneni et al.
1996; Fam and Mandal 2006). The flexural strength and the behaviour of five prestressed
CFFT specimens and one control steel spiral beam have been investigated experimentally
by Fam and Mandal 2006. Prestressing strands were oriented in a circular pattern
symmetric about the tube’s longitudinal axis. The experimental parameters investigated
were prestress level, laminate structures of the FRP tubes, and number of strands. Test
results indicated that prestressing not only improves the strength and serviceability of the
system substantially but it also activated a confinement mechanism of the concrete core
restrained by the FRP tube. Fam and Mandal 2006 concluded that prestressing CFFT
significantly increased their cracking strengths, initial stiffnesses, and moment capacities.
The confinement effects in the compression zones of the PCFFT tested in. flexure have

been enhanced significantly with prestressing.

On the other hand, the shear strength of CFFT beams has been investigated
experimentally by Cole 2005; Ahmad 2004. Tests on reinforced CFFT beams of different
shear spans were coﬁducted by Fam and Cole 2007. It was observed that CFFT
specimens of shear span-to-depth ratios 1 and 2 failed in shear and flexural, respectively,
and the shear sfrength of CFFT beanis was higher than that of RC beams. Also, it was |
concluded that shear failure may occur in reinforced CFFT at shear span-to-depth ratio
less than or equal to 2. Behaviour of short and deep CFFT beams has been compared
experimentally to that of their slender counterparts (Ahmad et al. 2008). The test results
indicated that the short and deep CFFT. b_eams exhibited higher bending capacity'than
their slender counterparts, primarily due to the direct diagonal compression strut that
develops in the concrete core through arching action. Also, it was concluded that shear

failure is only critical for beams with shear span less than their depth (Ahmad 2004.). On
the other hand, the experimental study conducted by Fam et al. 2007 indicat'ed that
composite tubes are quite effective in shear. They can effectively control diagonal tension
cracking, leading to higher shear strength than beams with spiral reinforcement. They

mentioned that the failure of RCFFT beams is governed by diagonal fracture of the tube.
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Zhu et al. 2006 studied the feasibility of splicing techniques for unreinforced precast
CFFT beams. A total of four spliced beams were tested. Three were internally spliced
using grouted steel bars, grouted FRP bars, or unbounded poSt tensioning bars, and the
fourth was spliced with FRP socket, commonly used in the piping industry. A control
CFFT beam with no internal reinforcement was also tested as a reference. It was
observed that the superior effect of FRP tube continuity on system performance.
Although initially stiffer, none of the spliced beams tested in this program was as strong
as the control specimen. Zhu et al. 2006 reported that this may be primarily attributed to
the lack of continuity of the FRP tube, as well as the quality of the cement grout for
dowel reinforcement. It was concluded that post tensioning proved to be efficient in
improving system performahce. The system may benefit from FRP continuity through
either a longer and more effective socket or a threaded coupler insert or sleeve. Internal
reinforcement can further increase the stiffness and strength of the connection, if grouting
quality is controlled. Splicing may be improved by combining the methods tested in this -

program.

To date, research oh CFFT has focused on the effect of static loads. However, long-
term sustained loads and dynamic fatigue behavior of CFFT has received little attention.
An experimental and analytical investigation was made into the ﬂ‘exura.l creep behavior
of CFFT by Naguib and Mirmiran 2002a and b. It was reported that creep effects reduce
the flexural stiffness of CFFT. However, ultimate strength is not significantly altered.
Slow rate of loading and short-term creep at 70% of static capacity may cause premature

rupture of the tube.

: On the other hand, experimental investigation of cyclic behavior of a total six steel-
reinforced and unreinforced CFFT beams was conducted by Shao and Mirmiran 2004 and
2005; Shao et al. 2005. The specimens were tested as simple span beam columns under
constant axial loading and quasi-static reverse lateral loading in four point flexure. The
study showed that concrete-filled FRP tubes can be designed with an appropriate laminate
structure for a ductility level comparablle to that of conventional reinforced concrete

columns. It was concluded that significant ductility can stem from the fibre architecture and
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interlaminar shear in the FRP tube. Also, moderate amounts of internal steel reinforcement
in the range of 1-2% may further improve the cyclic behaviour of CFFT. Recently, Zhu et
al. 2009 concluded that the higher load ranges may drastically reduce fatigue life of CFFT
beams. Therefore, it is important to limit the load level on CFFT for a reliable and
predictable member performance. Zhu et al. 2009 recommended reducing fibre orientation
in angle plies with respect to the axis of the beam to improve fatigue performance of the
CFFT member. \ |

" Another experimental study was conducted by Ahmad et al. 2008 to evaluate damage
accumulation, stiffness degradation, fatigue life, and residual bending strength of CFFT
beams. A total of eight CFFT beams with four different types of FRP tube v»;ere tested
under four point bending. Test parameters included reinforcement index, fiber architecture,
load range, and end restraints. It was _observéd that fatigue performance of CFFT beams

“was clearly governed by characteristics of the FRP tube and its three phases of damage
growth: matrix cracking, matrix delamination, and iﬁbre rupture. Lower reinforcement
index increased stiffness degradation and damage growth, and shortened fatigue life. It was
suggested that a maximum load level of 25% of the static capacity be imposed for fatigue
design of CFFT. With proper design, CFFT may withstand repeated traffic loading

necessary for bridge girders.

The objective of this stage of research is to evaluate the. flexural behaviour of
reinfbrced CFFT beams. New GFRP tubes were used to act as stay-in-place formwork for
beams. The fibre orientations of ;hese;tubes were mainly in the hoop direction. The
expgrinie‘ntal investigation included a total of ten beam specimens, approximately 213
mm in diameter and 2.00 m in length, tested in four-point bending. In the following
sections, full details about the experimental program of this study and the considered
parafnet_ers are provided as well as the analysis of experimental test results and analytical

investigation.
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5.3 Experimental Program

5.3.1 Materials

There are four materials used in this study. These materials are FRP tubes, concrete, steel
reinforcing and FRP bars. The following sections provide description of the different
experimental tests conducted to evaluate the mechanical properties of the different

materials. The following sections present the characteristics of these materials.

5.3.1.1 Concrete

All speciinens in this study were constructed from two concrete batches (N and M) to
take into consideration the effect of concrete strength on the compressive and flexural
behaviour of the CFFT. The target strengths of batches N and M were intended to provide
normal and medium concrete strength of 30 and 45 MPa, respectively. Both concrete
batches were supplied by ready mix concrete’supplier. The quantities of ingredients, used
in the concrete mix are shown in Table 5-1. The maximum size of the coarse aggregates
“was about 20 mm and 16 mm for N and M concrete batch, respectively. Ten plain
concrete cylinders (152 x 305 rhm) were prepared from each .concrete batch and cured
under the same conditions as the. test spécimens. Five cylinders were tested in
compression after 28 days. The 28-day average concrete compressive strength was. found
~ equal to 30 +0.6 and 45 +0.5 MPa for batch N-and M, respectively, (Figure 5-1). The
remaining five cylinders were tested in tension by performing the split cylinder test. The

average tensile strength ranged from 3.0 to 3.4 MPa for batch N and was 4.1 for M batch.

Table 5-1 Mix proportion of concrete.

Cement - Air Super Water
B;t)c h l?;:; ksga/nr:3 A%;:ﬁga %1 content '::It/ig plasticizer Reducing
kg/m* |  Type - % - ml/m’ Admixture
N 335 Gub-SF 169 | 856 | 960 5-8% 0.5 -— 350ml/100kg
400 10 SF . 875 mi/100kg 212
M| 435 | rsp | 135|680 | 1080 | 0-4% 1 032 | \hva140 | mU100kg
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Figure 5-1 Stress-strain relationship for concrete.

- 5.3.1.2 Reinforcing steel

In this study, two different steel bar diameters vwere used to rein_force the CFFT and
~ control specimens under flexural loads, see Figure 5-2 (a). Wire steel bars of 3.4 mm
diameter were used as spiral reinforcement for the control specimens. Deformed steel
bars No. 15M were used for CFFT beams. The mechanical properties of the ‘stcel bars
were obtained from standard tests that were carried out according to ASTM
A615/A615M-09, on five spécimens for each type of the steel bars (Figure 5-2). Figure
5-3 shows the typical stress-strain curvev for the different types of steel bars. The actual
* properties are given in Table 5-2 in terms of diameter, nominal area, yield and ultimate

-strength and young’s modulus.

5.3.1.3 FRP bars |

Sand-coated glass bars manufactured by a Canadian company [ADS Composites/Pultrall
Inc., Thetford Mines, Quebec], with a fibre content of 73% in vinyl ester i'esin, were
used. The bars were made of continuous fibres (glass) impregnated in a vinyl ester resin

using the pultrusion process.
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Table 5-2 Properties of reinforcing steel bars.

Nominal Yield Ultimate Modulus of

Bar type i
- Rl Dz:lnn;:;er Area strength  strength elasticity
Size Type (mm?) (MPa)  (MPa)  (GPa)
- Wire Mild Steel 34 675 850 221
15 15M Deformed 16.0 200 419 686 200

ire

(a) Used steel reinforcing bars (b) Test set up for testing steel bars.
Figure 5-2 types of steel reinforcing bars and test set up.
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Figure 5-3 Stress-strain relationships for the steel reinforcement
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The GFRP bars #5 (¢ 15.9 mm) were used as longitudinal reinforcement for the control
and CFFT beams. Figure 5-4 shows a photo of the FRP bars used in this research. The
tensile properties of the FRP bars were determined by performing tensile tests on
representative specimens in accordance with ACI 440.3R-04, CAN/CSA S6-00 2000, and
CSA S806-02 2002. Table 5-3 presents the mechanical properties of the FRP bars.

5.3.1.4 FRP tubes

New Glass-fibre rejnforced polymer (GFRP) tubes were used as structural stay in place
formwork for the CFFT speéimens of this study. Two different types of the GFRP tubes
namely D and E were used with different thicknesses and having the same diameters. The.
tubes were manufactured using continuous ﬁléndent winding process adopted by FRE
Composites, St-Andre-d’ Argenteuil, Quebec, Canada. E-glass fibre and Epoxy resin were
utilized for manufacturing these tubes. The glass fibre volume fraction as provided by the
* manufacture was 68% =% 3%. The material properties for both 'th_e fibre and the resin, as

given by the manufacture, are presented in Table 5-4.

The internal diamefer for the two tubes equals 213 mm, the thiékness of tube D .
equals 2.90 mm, while for tubes E was 6.40 mm; The thickness of tube E was almost
double of tube D. Different ﬁbfe angles with respect to the longitudinal axis of the tubes
-were uséd (£60°, £65°, £45°, 90°). It is clear that the fibre orientations of the tubes were
mainly in the hoop direction, and no fibres in the longitudinal direction. The winding -
‘angles of the tubes D were optimized for below underground pipe applications, while
tubes E were designed for pipe telecommunication applications. The tubes were provided
with a total length equal to 6000 mm. Figure 5-5 shows the filament wound GFRP tubes
used in this study. Table 5-5 shows the details of fibre orientations, stacking sequences,

thickness and internal diameter for each type of the tubes.
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Table 5-3 Properties of reinforcing FRP bars.

Tensile Ultimate
Us Nominal Nominal modulus tensile Ultimate
) - Type diameter area of .o
size (mm) (mm?) elasticity strength strain (%)
(GPa) (MPa)
15 #5 GFRP 15.875 198 48.2 683 1.8+0.06

Figure 5-4 Sand coated GFRP reinforcing bars.

Figure 5-5 Filament wound GFRP tubes.

Table 5-4 Mechanical and physical properties of fibres and resin.

Glass fibres
Linear mass (g/km) 2000
Nominal Yield (Yards / Ib) 250
Tensile modulus(MPa) 80 000
Shear modulus(MPa) 30 000
Poisson’s ratio 0.25
Epoxy resin
Density (kg /m’ ) 1200
Tensile modulus(MPa) 3380
Shear modulus(MPa) 1600
Poisson’s ratio 0.4
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Table 5-5 Dimension and details of the GFRP tubes.

Internal . .
Tube . Thickness | Number of . Weight | Length
type diameter (mm) layers Stacking sequence kg/m (m)
(mm) ]
D 203 2.90 6 [60, 90,, 60] 3.88 6.0
E 203 6.40 12 [£60,, 90,, £60,,904] 8.67 6.0

5.3.1.5 Mechanical properties of the FRP tubes

Three different experimental tests were carried out to measure the mechanical properties
of the FRP tube in axial direction. The following section pfcsents an experimental
program that was conducted to determine the mechanical properties of the FRP tubes

used in this study.

5.3.1.5.1 Axial tension test

For each type of FRP tubes, ten coupons cut from the untested sections were tested under
uniaxial tension according to ASTM D 638-08, “Tensile properties of Plastics”. The
tensile coupons dimensions were prepared according the specification of the standard to
provide an adequate gripping area at each end. The width of specimen at the grip length
was more than that of the free length. 4 ‘
Figure 5-6 B

Figure 5-6.a shows the typical dimensions of coupon specimens for different types
of FRP tubes. Tests were performed in the MTS universal testing machine under load
control. The ura‘t‘e of loading was approximately equal to 3 to 4 kN/min. High pressure .
hydraulic wedge grips were used to hold the specimens in positions. The grip éurfaces
were deeply serrated with pattern similar to those of a coarse single-cut file, serrations
- about 2 mm apart and about 1.5 mm deep. The specimens were instrumented with an
extensometer at the middle of the specimens. Figure 5-6.b shows the test setup and
instrumentation. Failure of all specimens started with matrix cracking and was followed
by fibre rupture in the longitudinal direction. Sound snapping could be heard with
increasing the load, which attributed tb cracking of the resin. Failure was always sudden,

with a burst rupture of fibres almost always at one end of the coupons.
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Figure 5-6.c presents the dominant failure mechanisms observed for coupon tension test
specimens. The stress-strain relationships are presented in Figure 5-7 for the five FRP
tubes, at the first stage of loading the curves were linear up to 80% of the peak load.
Beyond this level the curves were nonlinear up to failure. Small load drops accompanied
by the changé in the stiffness were observed. This resulted from the earlier rupture of
fibres and matrix cracking. The ultimate tensile stress ranged from 56 MPa to 60 MPa,
while the axial strain at the peak stress ranged from 0.004 to 0.005. The initial stiffness
for the different type of the tube was affected byvﬁbre oriéntation of each tube. From the
measured axial strains and stresses, the elastic modulus in the axial direction of the
differént type of the tubes was determined. The value of the elastic modulus was on

average equal to .15000 MPa.

o
—

19

57
165 mm

(a) Specimen dimension

(b) Tests setup (c) Dominant failure mechanisms

Figure 5-6 Test procedures for coupon tension test.
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Figure 5-7 Stress-strain behaviour of the FRP tubes for the coupon tensile test.

5.3.1.5.2 Axial compression test

Uniaxial compression tests followed the ASTM D695-08. Tests were performed in the
MTS universal testing machine under displacement control. The compression coupohs
dimensions were prepared according the specification of the standard Figure 5-8.a shows
the typical dimensions of coupon specimens for different types of FRP tubes. Special
steel fixtures were prepared to prevent the buckling of specimens during the test, see '
Figure 5-8.b. To reduce the friction between the sample and the steel fixtures, Teflon
sheet was inserted between them during the test. The assembly (fixtures and sample) was
placed'betweén the jaws of the machine. The specimens were instrumented with an
extensometer at the middle of the specimens. The rate of displacement was
- approximately equal to 0.5 mm/min. Test setup is shown in Figure 5-8. Compression
coupon specimens of different tubes failed in identical manner. The faiiuré occurred at
one end of the narrow width of the specimen in the axial diréction. The axial compression
force produced shear stresses in the axial direc'tion of the specimens. Howeyver, interlock
or overlap was observed at the failure area between the fracture lines of the two faces. On

the other hand, slight local buckling was observed for thin specimens after failure.

-
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Figure 5-8.d shows the dominant failure mechanisms observed for coupon
compression test specimens. The average stress-strain responses of coupons in
compression are éhown in Figure 5-9 for the five types of FRP tubes. The response is
generally liﬁear in the first stage of loading up to 80% of the pea.k load. After that shows
nonlinear responses until reaching the peak load. The stress-strain curve of tube D
presents plastic plateau after reaching ﬂie peak stress. The ultimate compression stfess for
tubes E and D was around 140 MPa, while the axial compression strain at the peak stress
ranged from 0.025 to 0.03. The initial tangent modulus of tube D was similar to that of
tube E, which approximately equal to 16000 MPa.

=)
—

24

50
255'mm

(a) Specimen dimension

(b) Test fixture used ' (c) Tests setup (d) Dominant failure mechanisms

Figure 5-8 Test proéedures for coupon compression test.
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Figure 5-9 Stress-strain behaviour of the FRP tubes for the coupon compression test

5.3.2 Test specimens

The test beams were divided into two series: I and II. Series I and II were cast using
concrete batch type N and M, respectively, based on Table 5-1. Each series included five
beams, one conventional reinforced concrete (RC) circular beams without spiral
reinforcement and one RC beam with spiral reinforcement, while the remaining three'
specimens were RCFFT. The spec‘imens of each series were reinforced with steel or glass
FRP bars with the same reinforcement ratio (p = 0.76%). Two batches of concrete were

used in order to cast the beam specimens.

Table 5-6 shows the details of RC and RCFFT beams including their identification,
height, diameter, type of internal reinforcements and concrete strength. The specimens
were identified by codes listed in the second column of Table 5-6. The identifications CcO
and COS are used for control conventional RC -beams without and with spiral
reinforcement, respectivel};. The terms D or E indicatc the type of the used FRP tube for
~ the beam based on Table 5-5. The second letters indic_até the type of flexural
reinforccment; whereas, S or G means steel or glass FRP bars, respectively, was used for
the specimen. The terms N and M are used to indicate the type of concrete used to cast

the specimens based on Table 5-1.
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Table 5-6: Test matrix and details of beam specimens.

Tube type Ditmeter . Shear % .Flexur'al reix:?(::c'z::ent Ezzt;:\e
(D=mm) reinforcement reinforcement ratio (MPa)
CO-SN 203  — - - Stelbars
3 COS-S-N 203 Steel spiral - Steel bars
E D-S-N 213 Tube D 4.5 Steel bars 3.65(6 9 15) 30
& pon 213 TubeD 45  GFRP bars
E-G-N 213 Tube E 126  GFRP bars
CO-G-M 203 - - GFRP bars
= COS-GM 203 Steel spiral - GFRP bars
?; DS-M 213 Tube D 45 Steelbars ~ 3.65(6No.5) 45
& DGM 213 Tube D 4.5 GFRP bars
E-G-M 213 TubeE 126  GFRPbars

The beam specimens were designed to study the effects of several parameters, and were

compared to each other as follows:

1- Eilaluating the contribution of FRP tubes to the flexural capacity,A compared to
conventional RC beams with and without steel spiral reinforcement. Specimens
D-S-N and D-G-M were compared to the control speciméns of Series No. I, (CO-
S-N and COS-S-N) and Series No. II; (CO-G-M and COS-G-M), respectively. All

_the three specimens of Séries No. 1 were reinforced with steel bars and, while the
three specimens of Series No. 2 were reinforced with GFRP bars. The RC beams
without A spiral reinforcements wcreA compared to the RCFAFTA specimens to
determine the pure contribution of using FRP tube to the flexural capacity. On the
other hand, the RC beams with spiral reinfor.ceme‘nts‘were introduced to show the
enhancement in the flexural capacity by using RCFFT specimens. However, the
spiral reinfo;cement was designed to provide approiimately the same stiffness in

the hoop direction as compared to the stiffness of tube type D. -
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The effect of type of the internal reinforcements on the flexural performance of
RCFFT beams. Steel and Glass FRP bars of the same cross sectional area (¢ 15)
were used in reinforcing concrete beams. Specimens D-S-N and D-S-M were
compared to the specimen of Series No. I, (D-G-N) and specimen of Series No. II,
(D-G-M), respectively. All four beam specimens were cast using the same type of
the FRP tube, type D with reinforcement ratio (4t/D) equal to 4.5%.

The effect of the FRP tube thickness was studied through the specimens of Series
No. I, (D-G-N and E-G-N), and specimens of Series No. II, (D-G-M and E-G-M).
The FRP tube type E has thickness (6.40 mm), which it is almost equal to two
times the thickness of the tube t);pe D, (2.90 mm). The laminate structure of the
two tubes was almost the same, however, the fibres oriented in the hoop dvirection

at 60 and 90 degree és compared to the longitudinal axes of the tubes.

The éffect of concrete strength by using the two types of concrete batches based
on Table 5-1, to cast the FRP tubes. The three RCFFT specimens of Series No. I,
(D-S-N, D-G-N and E-G-N) were made of the same matérials of specimens of
Series No. II, (D-S-M, D-G-M and E-G-M), except the concrete. Specimens of
Series No. I and II were cast using normal (N) and medium (M) concrete strength,
respectively. Two identical speciméns of Series No. I and II were compared to
each other to determine the efféct of concrete strength. onl the perfonnanée of
RCFFT beams. '

5.3.3 Fabrication of specimens

The FRP tubes were cut to the proper length (2.00 m), as shown in Figure 5-10, using a

saw and then were cleaned and dried carefully. The FRP tubes provided the formwork for
beam specimens. The control specimens were prepared for vertical casting using stiff -

cardboard tubes. The cardboard tubes were attached with four vertical stiffeners using

wood plate of 50 x 30 mm, crosS section distributed at the perimeter of the tube.

Reinforcement cages with different configuration were constructed from glass FRP and

steel bars.
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Figure 5-10 FRP and cardboard tubes for beam specimens. -

The rebar cage was deéigned to have an outside diameter of 193 mm, allowing for 10 mm
clear spacing on all perimeters of the FRP tubes, which has a 213 mm internal diameter.
_ The cages of the RCFFT specimens had six longitudinal bars (glass FRP bars or steel
bars ¢ 15). The lbngifud_inal bars were held in its positions at equal intervals using three
hoop steel stirrup (3.4 mm dfameter) at the two ends and middle length of the cages.
Figure 5-11 shows the typical steel and glass FRP cages which had been used to reinforce
the RCFFT and control beam specimens. Two RC beams were reinforced with spiral;-
steel, one‘with longitudinal stee.lvbars (COS-S-N), while the second_ with longitudinal
glass FRP bars (COS-G;M). The pitch of 50.8 mm was designed to give approximately
the same stiffness of the confinement for FRP tubes type D, (Fam et al. 2007).
.Reinforcin'g cages were positioned concentrically inside the tubes before casting. Figure
5-11 show; the typical steel and glass FRP cages for RC and RCFFT beam specimens.
The w;)oden box used to brace the beam specimens vertically was similar to the

formwork used for column specimens as mentioned before. Ready-mix concrete batches:
| (N and M) were delivered to the structures léboratory and concrete was cast manually and
vertically into the FRP tubes from the upper ends. The tubes were filled with concrete in
four layers. Electric internal vibrator was used to consolidate the concrete and to remove
air bubbles during casting after each layer. Later, aﬁer'ﬁlling the tubes with the concrete,
the end surfaces of the specimens were finished carefully. Top surfaces of the spécimens
were cured with water for two weeks after casting, to maintain é moist environment.
After that, the specimens were lifted and laid horizontally sixty days up to'the testing

program was started.
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A (b) Different configurations of steel and glass FRP cages.
Figure 5-11 Typical steel and glass FRP cages-for RC and RCFFT beams

5.34 Instrumenfation

To monitor the behaviour of the tested Abeams, the displacements, crack widths, end slip,
support rotations and strains in the reinforcement and at the concrete and FRP tubes
-surfaces for the RC and RCFFT beam specimens, respectively, were measured using
A different instruments. Instrumentation of the beams included electrical resistance strain
gauges for strain measurements and linear variable displacement transducers (LVDTs)
for deflection and crack width méasurements. Detailed description of the instmméntaﬁon
is shown ih Figure 5-15. Electrical resistance strain gauges produced by Kyowa Electrical
Instruments Co. Ltd., Tokyo, Japan of resistance 120 + 0.05 ohms, were attached to the
reinforcing bars, concrete surface and FRP tube surface. In each beam, two e!ectrical
strain gauges of type KFG-6-120-C1-11L3M3R and gauge length 6 mm were bonded on
the longitudinal reinforcing bars at mid-span to measure tensile strains. Figure 5-12

shows the instrumentation of the reinforcing bars with strain gauges before casting the
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specimens. The strain gauges were glued to the reinforcing bars using M-bond 200, and
covered by a waterproof coating to protect them from water and damage during casting
the concrete. The wires from the strain gages were extended along the bars to one end of
the tube. They were then bundled together around a hoop bar, and were taken outside

through a hole cut in the tube.

Figure 5-12 Instrumentation of the reinforcing bars with stré,in gauges.

In addition, two electrical strain gauges of length 67 mm were bonded on the top surface
of the RC beams at mid-span to measure the concrete compressive strains. Twelve (12)
electrical resistance strain gauges (KFG-6-120-C1-111L.3M3R) were affixed to the outside
surface of each tube at its mid-span section. Six were in the hoop direction, while the
other six were in the lbngitudinal direction. The strain gages were distributed evenly:
around the section at 60° angles. In additional, three strain gauges, in a rosette pattern,
were fixed to the out surface of the FRP tubes to measure the hoop, diagonal and
longitudinal strains at the mid-height of the beam specimens, at the middle of the shear
span, at the two different sides of the beams. The GFRP tubes’ surfaces were sanded to
remove the protective UV coating before installation of strain gauges. The deflections
were measured using three LVDTs at the mid-span and at each quarter-span to monitor
the deflection profile along the beams. Two high-accuracy LVDTs (£ 0.001 mm) were
installed at the mid-span to measure the crack widt_h. AISO, one LVDT was attached at
each support, to measure beam end rotations. In addition, two high-accuracy LVDTs (+
0.001 mm) were installed at the end of the beams to measure the slip between concrete
core and FRP tube. v
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Figure 5-13 Different types of instrumentation for the beam specimens.

5.3.5 Test setup

‘The structural steel testing frame, shown in Figure 5-14, was used for the tésting of the
beam specimens. The frame consisted of four large I-se(ction columns (W12) and
connected by horizontal I-section beams (W18). Each of the columns was bolted to the
ground stiff-concrete floor with 32 mm threaded rods. A hydraulic actuator with a
capacity of 500 kN was held in the middle of the frame from an upper horizontal I-
section beam (WIS).A

B

Figure 5-14 Steel frame of the test setup
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The specimens were tested in four-point bending over a simply supported clear span of
1920 mm, see Figure 5-15. The load was transferred from the actuator to the tested beam
at two points through a steel spreader I-beam applied on the round surface of the beams
through curved loading plates on one-third diameter of the beam. A roller support was
obtained by placing a steel cylinder between two steel flat plates. A pin support was
obtained by using specially adapted steel I-beam. The upper plate of the I-beam had
spherical groove and the plate was supported on the web plate which had a spherical end
to house the plate and allow the rotation. Curved steel plated were connected at the top of
the pin and roller supports, to cradle the beams against side movement, see Figure 5-16.
At each of the tested beam, the roller and pin support were rested on rigid steel I;beam
which was secured on the concrete floor. During the test, the load was monotonically
applied at a stroke controlled rate of 0.8 mm/minute using a 500 KN closed-loop MTS
actuator. The applied load was measured by the internal load cell on the actuator. The -
MTS actuator, strain gauges and LVDTs were connected by two 20 channels Data

Acquisition System and the data were recorded every second during the test.

Steel spreadér beam -

Linear potentiometer - _Test beam

Roller

——— 640mm ————— 640mm — e GO MM —

< L =1920 mm , N

rd

- =4 . Strain gages in the hoop and axial directions IR Strain gages in the hoop, diagonal and axial directions

Figure 5-15 Schematic of test setup for RCFFT and control beams ,
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(b) Side view for the test setup

Figure 5-16 Overview for the test setup.
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5.4 Test Results and Discussions

A total of 10 circular reinforced concrete beams were tested to failure under four point
bending loads. The ten beams divided into two series. All the beams were reinforced
longitudinally with steel bars or glass FRP bars of the same reinforcement ratio. Each
series included one beam without transverse reinforcement, one beam with steel spiral
reinforcement as shear reinforcement and three beams reinforced transversally with two
different types of the FRP tubes. The test variables considered in this phase were the type
of longitudinal reinforcements and the thickness of the FRP tubes as well as the concrete
compressive strength. The test results of the 10 beams are presénted in the following

subsections in terms of general and flexural behaviour.

5.4.1 General behaviour

All the six RCFFT beams of this phase failed in flexure due to the .tens.ile rupture of FRP
tubes and reinforcing bars at the tension side. While the four reinforced concrete beams
without and with steel spiral reinforcement failed in shear and shear compression,
respectively. A summary of the beam test results is presented in Table 5-7. The applied
load at flexural cracking, the yield load, the ultimate load, the mid-span deflection and
- end support rotation at ultimate load, the maximum strain in the longitudinal bars, FRP
tuEes and concrete, and thé failure modes are given in Table 5-7. It should be noted that
each beam was symmetrically loaded with two concentrated loads and consequently, the

applied load is the sum of the two concentrated loads.

5.4.2 Cracking and yield loads

Flexural cracks were initiated in the region of constant moment between the two
concentrated loads. Table 5-7 gives the applied load at the initiation of flexural cracking for
each tested beam. Figure 5-17 show the moment- curvature relationships for the RC and
RCFFT beams of Series 1 and 2. In Figure 5-17 (a) and (b) the curvatures are calculated

using the top and bottom longitudinal strains measured on the surface of the FRP tube.
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The corresponding curvature of the section, ¥, which is the slope of the strain profile, is

calculated as:

‘P=£h =&, 5-1

where ¢, and ¢, are the tensile and compressive strains of the bottom and top fibre of the tube.

Figure 5-17 shows that the first cracking iﬁ the concrete occurs at a relatively low
load level, compared to the ultimate load. The cracking load ranged between 11.99 and
12.14 kN for the RC beams and ranged between 15.90 and 19.88 kN for the RCFFT
beams of Series No. I. These values are approximately 7.50 to 11.68% of the ultimate
load. On fhe other hand, the cracking loads for specimens of Series No. II ranged
between 13.25 and 13.75 kN for the RC beams and ranged between 15.90 and 22.37kN
for the RCFFT beams. These values are approximately 7.50 to 17% of the ultimate
load. It can be noticed from Table 5-7 that in the two series of test beams, there is a
difference in the flexural cracking load. For each series, the beam reinforced
transversely with FRP tube cracked at a load higher than that of the beam reinforced

with steel spiral reinforcement or without.

The average cracking loads of beams reinforced with steel spiral reinforcement or
without are 88.5 and 80% that of the beams reinforced with FRP tubes for specimens of
Series No. 1 and 2, respectively. This difference m the flexural cracking load may be
attributed to the positive éontribution of the FRP tubes to increase the axial stiffness of
the beam as compared with steel spiral reinforcement beams. Also, for each seriés, the
RCFFT beams reinforced with steel bars cracked at a load higher than that of the RCFFT
-beams reinforced with FRP bars. The average cracking load of RCFFT beams reiﬁfbrced
with steel bars is 81% that of the RCFFT beams reinforced with FRP bars. This
difference in the flexural cracking load may be attributed to the difference in the axial
stiffness of the longitudinal reinforcement. Table 5-7 gives the yield load for the RC and
RCFFT beams reihforced with steel bars of Series No. 1 and 2. The yield load for RC
beams without and with steel spiral reinforcement (CO-S-N and COS-S-N) occurred at
75 and 54% of the ultimate load, respectively, and the corresponding value for the
RCFFT beams (D-S-N and D-S8-M) are 50 and 52%, respectively. The yield load for the
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beam reinforced with FRP tube Type D (D-S-N) yielded at load higher than that of the
beam reinforced with steel spiral reinforcement (COS-S-N) which, in turn, had a higher
yield load of the beam without transverse reinforcement (CO-S-N). The yield load for the
beam reinforced with steel spiral reinforcement (COS-S-N) is 70% that of the beam
reinforced with FRP tube Type D (D-S-N) and the corresponding value for the beam
without transverse reinforcement (CO-S-N) is 66%. On the other hand, the yield load for
the RCFFT beam constructed from concrete Type M (D-S-M) yieided at load 7.5%
higher than that of the RCFFT beam constructed from concrete Type N.
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Figure 5-17 Moment-curvature relationships for RC and RCFFT beams
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 Table 5-7 Test resulis of RC and RCFFT beams

somen | ot | Gommy | o[R! oot | e oy
‘ Crack | Yield | Max | Crack | Yield | Max | Crack | Max (ue) (deg.)
| cosN | 1199 | 777 | 10265 | 384 | 24.86 | 32.85 | 3 2633 0.85 11.99 DT | 078
:: COS-S-N 12.14 825 15297 | 4.88 26.40 | 48.95 1.00 216 3959 9.75 136.25 SC 17.75
% D-S-N 19.88 1163 | 236.71 | 6.36 3721 | 75.75 112 15516 9.70 124.91 FL 32.40
E D-G-N 15.90 —— 14479 | 5.09 — 46.33 3.01 93 6017 3.20 43.13 FL 5.78
E-G-N 17.34 —— 177.14 | 5.55. — 56.68 2.02 100 6479 2.70 38.68 FL 8.77
CO-G-MA 13.25 - 77.10 424 - 24.67 1.65 54 2628 145 24.33 DT 1.09
V{coseM | 1375 | — |13922] 440 4455 | 24 | 100 [ 3124 | 360 | 5747 | SC | 553
; D-G-M 15.90 — 151.66 | 5.09 — 48.53 3.04 86 5415 295 45.14 FL 5.92
é 1 E-G-M 19.50 - 20244 | 6.24 - 64.78 1.71 110 7009 2.55 43.75 FL 9.76
D-S-M 2237 125 237.00 | 7.16 40 75.84 1.52 217 10629 5.95 126.69 FL 34

*The experimental results at ultimate load;

**DT = diagonal tension failure; SC = shear compression fajlure; FL = flexural failure.
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5.4.3 Load-deflection response

Deflections of all beams were measured using linear variable displacement transducers
(LVDTs) and recorded using a data acquisition system. The applied load versus mid-span
deflection relationships of the ten beams are presented through Figure 5-18to Figure
5-26. Table 5-7 gives also the mid-span deflection at the ultimate load for each beam.
The | mid-span deflection at failure ranged between 11.99 mm and 136.25 mm,
corresponding to a deflection-to-clear span ratio of 1/155 and 1/14, respectively. In this
section, the load-deflection curves for the 10 beams are presented in different groups to
show the effect of individual parameters on flexural behaviour of RC and RCFFT beams.
Figure 5-18and Figure 5-19 show the effect of the contribution of FRP tubes to the load-
deflection behaviour as compared to conventional RC beams with and without steel spiral

- reinforcement.

- The influence of the confinement using steel spiral or FRP tubes of the three beamS
of Series No. 1 (CO-S-N, COS-S-N and D-S-N) that reinforced internally with steel bars
is shown in Figure 5-18. The load-deflection was bilinear for the two beams COS-S-N
And D-S-N, and linear for beam CO-S-N. Note th'at, the elastic-plastic behaviour of the
‘steel-reinforced beams (COS-’S-N and D-S-N) and their eventual failure at large
~ deflection. Also, Figure 5518- shows the brittle failure of the beam which had no
transverse reinforcement (Cont-1). T he figure indicates that the beam confined by FRP
tﬁbe (D-S-N) experienced lower deflection, higher stiffness and superior strength (55%
- higher) than the beam reinforced with a steel spiral. The initial stiffness and the stiffness
after yielding of Specimen D-S-N was approximately 61 and 49%, respectively, higher
than that of the beam reinforced with a steel spiral, COS-S-N. This is attributed to the
contribution of the helical fibres of the FRP tube's to provide -shear and flexural resistance

to the beam, and to confine a much larger concrete cross-sectional area than steel spiral.

The most-importént difference that can be observed is the ductility of thé tested
beams. Table 5-7 presents the ductility of the 10 beams as measured by the energy
~ absorption. Energy absorption is one of the important deformational characteristics of

concrete structure to determine the ductility of the structure. The energy absorption was

133



Chapter 5: Flexural Behaviour of Reinforced CFET Beams -

determined as the area under the load-defiection curve. The integration of the area under
the load-displacement was performed numerically from the experimental data of the load
versus displacement along the whole load history. Table 5-7 presents the ductility of the
10 beams. D-S-N exhibited great ductility, with sequential failure and residual strength at
very large deflection (125 mm). As indicated in Table 5-7, the ductility index of D-S-N is
82% higher than that of COS-S-N. This result is consistent with the test results as

discussed in previous studies by (Fam etal. 2007; Cole and Fam 2006).

- The influence of the confinement using steel spiral or FRP tubes of the three beams
of Series No. 2 (CO-G-M, COS-G-M and D-G-M) that reinforced internally with GFRP
bars is shown in Figure 5-19. The lbad-deﬂection responses are almost linear up to the
failure. The figure indicates that the beam confined by FRP tube (D-G-M) experienced
lower deflection, higher dﬁctility, higher stiffness and superior strength (9% higher) than
the beam reinforced with a steel spiral (COS-G-M).

The first part of the load plot up to flexural cracking was similar for the three
beams representing the behaviour of the uncracked beam utilizing the gross moment of
inertia of the concrete cross-section. The second bart, post-cracking up to failuré,
represents the cracked beam with reduced moment of inertia. In this part, the flexural
stiffness of the tested beams was dependent on the type of the transverse reinforcement,
For the three beaxhs, the post-cracking flexural stiffness for the beam reinforced with FRP
tube (D-G-M) is 60% higher than that of beam reinforced with and without steel spiral
reinforcement, (COS-G-M and CO-G-M). Also, the figure indicated that the post-
cracking flexural stiffness for the beam CO-G-M up to failure was similar to that of beam
' COS-G-M. From Figure 5-18and Figure 5-19, it can be concluded that the overall
improvement achieved for the beam confined with FRP tube even reinforced with steel or

GFRP bars are similar in terms of deflection, strength and stiffness.
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Figure 5-20 and Figure 5-21 present the effect of type of the internal reinforcements on the
flexural performance of RCFFT beams. Steel and Glass FRP bars of the same cross
sectional area were used in reinforcing concrete beams. The load-deflection curves for
Specimens D-S-N and D-S-M were compared to the specimen of Series No. 1, (D-G-N) in
Figure 5-20 and specimen of Series No. 2, (D-G-M) in Figure 5-21, respectively. All the
four beam specimens were cast using the same type of the FRP tube, Type D with
reinforcement ratio (4t/D) equal to 4.5%. Since FRP reinforcing bars are linear-elastic to
failure when loaded in tension and fail in a brittle manner, a ductile steel-like failure does.
not occur in FRP-reinforced concrete beams. Figure 5-20 and Figure 5-21 show the elastic-
plastic behaviour of the steel-reinforced beams (D-S-N and D-S-M) and their eventual
failure at larger deflection as compared with the elastic behaviour of FRP-reinforced beams
(D-G-N and D-G-M). The behaviour of FRP reinforced CFFT beams showed no yielding
as compared with the steel reinforced CFFT beam. The figures indicate that the beam’
reinforced with steel bars (D-S-N and D-S-M) experienced lower deflection, .higher
stiffness and 64 and 57% higher strength than the RCFFT beam reinforced with FRP bars
(D-G-N and D-G-M), respectively. On the other hand, the most important significant
.behaviour is the difference in the ductility between the steel-RCFFT beams and glass FR-
RCFFT beams. As indicated in Table 5-7, the ductility indices of D-S-N and D-S-M are 5.6
and 5.7 times the ductility_indices of D-G-N and D-G-M, respectively.

- For the four beams, the post-cracking flexural stiffness for the beam reinforced with
steel bars is higher than that of RCFFT beam reinforced with glass FRP bars. This result
reflects the effect of the modulus of elasticity of the reinforcing Bars on the post-cracking
flexural stiffness as the four RCFFT beams had the same reinforcement ratio. The
average ratio between the post-cracking flexural stiffness of the steel-RCFFT beams and
the glass FRP-RCFFT beams was approximately 3.9. This ratio was approximately the
same as the ratio of the modulus of elasticity of steel to that of glass. FRP bars as it was
4.1. Consequently, it can be concluded that the post-cracking ﬂ¢xural stiffness of the
FRP-RCFFT beams to that of steel-RCFFT Beams is the same as the ratib of the axial

stiffness of FRP reinforcing bars to the axial stiffness of steel bars.
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Figure 5-22 and Figure 5-23 present the effect of the FRP tube thickness through the test
results of specimens of Series No. 1, (D-G-N and E-G-N), and specimens of Series No. 2,
(D-G-M and E-G-M), respectively. The four beams had identical reinforcement ratio of
the GFRP bars. The FRP tube Type E has thickness (6.40 mm), which it is equal to 2.2
times the thickness of the tube type D, (2.90 mm). The laminate structure of the two tubes
was almost the same, however, the fibres oriented in the hoop direction at 60 and 90
degree as compared to the longitudinal axis of the tube. The load-deflection plots for the
four beams exhibited similar characteristics. The figures  indicate that the beams
constructed from the tube Type E (E-G-N and E-G-M) experienced 22.3 and 33.3%
| higher strength than that of beam constructed ﬁom the tﬁbe Type D (D-G-N and D-G-M).
Also, the RCFFT Beams of tube Type E showed lower deflection than that beams of tube
Type D, at all load levels. Table 5-7 shows that the ductility indices of E-G-N and E-G-M
are 52 and 64% higher than that of D-G-N and D-G-M.

For the four beams, the post-cracking flexural stiffness for the RCFFT beams
constructed from tube Type E is higher than that of RCFFT beams constructed from tube
Type D. This result reflects the effect of the axial stiffness of the FRP tubes on the post-
cracking flexural stiffness of the RCFFT beams. The average ratio between the post-
cracking flexural stiffness of the RCFFT beams constructed from tubes Typé E and Type
D was approximately 1.85. This ratio was approximately the same as the fatio of the axial
modulus of elasticity of the FRP tube multiplied by the FRP tube thickness (for tube
Type E, (E,t 4, ); to that of tube Type D, (E,tp,), as it was 1.90.

The influence of the concrete strength on the load-deflection responses of the three
beams of Series 1,‘ (D-S-N, D-G-N and E-G-N) and the three beams of Series 2 (D-S-M,
D-G-M and E-G-M) that contained identical internal reinforcement ratio of steel or FRP
bars and constructed from the FRP tubes Type D or E is shown in Figure 5-25, Figure |
5-26 and Figure 5-27. Two identical specimens of Series 1 and 2 were compared to each_
" other to determine the effect of concrete strength on the performance of RCFFT beams.
Specimens of Series 1 and 2 were cast using normal (N) and medium (M) concrete

strength, respectively.
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The three figures indicated that, for the three RCFFT beams constructed from concrete
Type N (30 MPa), the initial and post-cracking flexural stiffness were similar to that of the
three RCFFT beams constructed from concrete Type N (45 MPa). Figure 5-24 indicates
that the beam reinforced with steel bars (D-S-M) does not have gain in the strength as
compared with beam D-S-N. Also, Figure 5-25 indicates that the increase in the flexural
strength for beams reinforced with GFRP bars is not significant with increasing the
concrete strength from 30 MPa (Specimen D-G-N‘)A to 45 MPa (Specimen D-G-M),
Specimen D-G-M having only 4.8% higher strength. Figure 5-26 indicates that the RCFFT
beam E-G-M experienced 14% higher strength that that of RCFFT beam E-G-M. It can be
concluded that the flexural behaviour of the six I'{CFFT beams tested in this study were not
signiﬁcantly affected with incfeasing the concrete strength from 30 MPa to 45 MPa. This is
attributed to two factors First, the six RCFFT beams failed in flexure due to the tensile
rupture of the FRP tube and FRP bras of steel bars at the tension side of the beam. Second,
the FRP tubes confined the concrete core of the beams, as evident from the final failure
mode the concrete core inside the FRP tube at the compression side did not experienced

crushes or spalls as compared with failure mode of the steel-spiral beams.
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5.4.4 Load-strain relationships

5.4.4.1 The flexural longitudinal compression and tension strains

Figure 5-27 and Figure 5-28 show the measured mid-span strains in the reinforcements
(steel and FRP bars) at the tension side as well as in the concrete and FRP tubes at the
compression side versus the applied load for the tested beams of Series 1 and 2,
respectively. Also, Table 5-7 gives the measured mid-span strains in the reinforcement
and concrete at the ultimate load for each beam. The maximum compression strains at
failure were 2633 and 2628 micro-strain for the RC ‘beams with no transverse
reinforcements, CO-S-N and CO-G-M, respectively. These values are less than the
ultirhate useable strain of the 3000 micro-strain, indicating that no flexural compression
failure had occurred at the onset of shear failure. On the other hand, the maximum

_compression strains at failure were 3959 and 3224 micro-strain for the steel spiral beams,
COS-S-N and COS-G-M, respectively. These values are higher than the ultimate useable
strain, indicating that the shear failure occurred accompanied with ﬂexurai compression
failure. In addition, the maximum measured‘ compreséion strain for the steei-RCFFT
beams in the FRP tube at the compression side were 15516 and 10629 micro-strain for D-
S-N and D-S-M, réspeétively, these values present 70 and 50% of the ultimate strains of
the FRP tubes. While the corresponding values for the glass FRP-RCFFT beams ranged
from 5415 to 4064 micro-strain which are quite below (76% to 81% less) the ultimate
strains of the FRP tubes. This _indicated thé’t no cdmpression flexural failure had occurred
for the steel and FRP-RCFFT beams at the onset of tensile flexural failure.

For the steel-RCFFT beams, the maximum measuréd tensile strains in the steel bars
on average ranged from 15000 to 15500 micro-strains. These values approximately are
the same value of the ultimate tensile strain of the steel bars obtained from the standard
tensile tests (Figure 3.3). This indicates that the steel-RCFFT beam failed at onset of
flexural tensile failure, whereas the FRP tube strain at the compression side were quite
below the ultimate FRP tube strain. It should be pointed out that the two strain gauges
bonded on the steel bars of the steel-RCFFT beams malfunctioned before failure and
consequently, no steel strain readings were recorded up to the failure. Figure 5-27 shows

that the steel strains of D-S-N occurred at higher loads levels than that of COS-S-N,
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during the all load stages, this attributed to the confinement effect and flexural tensile
strength of the FRP tubes.

For the FRP-RCFFT beams, it can be noted that after cracking, the compression
strains of FRP tubes and tension strains of FRP bars vary almost linearly with the
increased load up to failure. Also, for the steel-RCFFT beams, the lqad-compression
strains relationships of the FRP tubes after cracking are bilinear up to failure, where the
. bend point occurred on the curve after yielding stages. Also, the load-tension strain

curves of the steel bars present elastic-plastic responses up to failure.

It can be noticed from Figure 5-27 and Figure 5-28 that the increase in the thickness
of the FRP tube (from tube D to E) decreased significantly both the compressioﬂ and
tension strains of the FRP tubes and FRP bars, reépectively, that measured at the same
load level. The similar behaviour was observed, as using the steel bars instead of FRP
bars decreased significantly the compression and tension strains measured at the same
load level. Also, the increase in the concrete compressive strength from 30 to 40 MPa
decreased slightly both the compression and tension strains of the FRP tubes as well as

. FRP and steel bars. E

Figure 5-29 and Figﬁre 5-30 show the strain distribution and the neutral axis at
mid-span section for the RC and RCFFT beams of Series 1 and 2, respectively, at five-
stages of the ultimate load level (25, 50, 75, 90 and 100%). For the RC beams, strain
distribution remains linear up to failure. Also, for the RCFFT beams up to 50% of the
ultimate load, the strain distribution remains approxirhately linear,. however, beyond
that level, RCFFT beams begin to exhibii non-linear strain distribution. The figures
indicate that the highest tensile and compressive strains are observed for the Stegl-
RCFFT beams, D-S-N and D-S-M. It appears from these figures that that the neutral

axis is located within a region of 0.25 to 0.35. |
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5.4.4.2 The flexural hoop strain response

Figure 5-31 and Figure 5-32 show the measured mid-span hoop strains in the FRP tubes
with strain gage locations marked in the legend versus the applied load for the tested
beams of Series 1 and 2, respectively. The hoop strains were measured at four different
levels through the depth of the beams. The hoop strains No. 1 and 4 were located at the
bottom and top surface of the beams, respectively, while hoop strains No. 2 and 3 were
located at the D/4 from the bottom and top surface of the.beams, respectively. For the six
RCFFT beams, the figures indicate that lateral compressive strains develop on the tension
side of the beams (strain gauge No. 1), this attributed to the tensile strain of the beam in
the longitudinal direction which in turn develop compression strain in the hoop direction

due to the Poisson’s ratio effect of the tube.

Also, the figures indicated that the hoop strains 2 and 3 develop tensile strain
(positive), the maximum measured lateral strains at these locations on average ranged
from 500 to 1000 micro-strains. However, these values are quit below the FRP hoop
strain of the FRP tubes used in this study. This reflects the insigniﬁcaht confinement
effect of the FRP tube in flexure at the middle zone of the beam. On the other hand, the
-ﬁgures indicate that lateral tensile strains develop on the compression side of the beams
(strain gauge No.4). The figures show that the lateral strain at this location increased
excessively as the load increased, the load-strain curves were almost bilinear. The
- maximum measured strains at ultimate on average ranged from 2000 to 4000 micro-
strains. This indicates that the confinement effect of the FRP tube become more

activation as the load increase.

In fact, The FRP tube lateral and longitudinal strains at the mid-span at the tension
and compression side of the beam presents a bi-axially loaded case. Whereas, the tension
side is under tensile and compressive strains in the axial and hoop direction, respectively,
while the compression side is under compressive and tensile strains in the axial and hoop

direction, respectively.
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5.4.4.3 The shear strain rosette response

Figure 5-33 and Figure 5-34 show strain gauges measurements taken on the concrete and
FRP tubes surfaces of RC and RCFFT beams, respectively, of Series 1 and 2. H, I and V
represent the horizontal, diagonal and vertical strains measurements at mid-depth of the
mid-shear span of the beams. The strain rosette (three strain gauges H, I and V) was

recorded at the right and left hand of the mid-shear span of the beams.

The figures indicate that the vertical strains develop tensile strain (positive), the
maximum measured vertical strains on average ranged from 100 to 400 micro-strains,
except the vertical strains of steel-RCFFT beams reached on average to 500 micro-
strains. However, these values are quit below es compared with the axial or hoop strain
.of the FRP tubes. This reflects the insignificant confinement effeet of the FRP tube in
shear at the mid-span of the beam. On the other hand, it is obvious that the horizontal
strains are -é\pproxim‘ately coinciding with diagonal strains up to failure, The maximum
'measured horizontal and diagonal strains for RCFFT beams on averege ranged from 1500
to 2500 micro-strains. For the control specimens, the horizontal and diagonal strains
increased progressively after yielding or cracking for the steel-RC and FRP-RC beams, '
respectively. This indicates vulnei'ability of the beam to shear failure as it was evident
from the final failure modes for the RC beams (shear failure). The figures also show that
for all RCFFT beams of Series 1 and 2 the mid-span flexural strains (referee to Figure
5-27 Figure 5-28) are higher than the measured shear strain rosette in the three directions
(H, I and 'V). This indicates that the tested RCFFT beams of this study were flexure-
critical rather shear-critical, as it was evident from the failure modes for all RCFFT beam, .
flexural failure. It cah be noticed from Figure 5-33 and Figure 5-34 that the increase in
the thickness of the FRP tube (from tube D to E) decreased both the horizontal and
diagonal strains that measured at the same load level. The similar behaviour was
observed, as using the steel bars instead of FRP bars decreased the horizohtal and
diagonal strains measured at the same load level. Also, the increase in the concrete
compressive strength from 30 to 40 MPa decreased slightly the horizontal and diagonal

strains of the FRP tubes as well as FRP and steel bars.
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5.4.5 Failure modes and crack patterns

Figure 5-35 to Figure 5-44 present the different finale failure modes, core concrete crack
~ patterns and mid-span FRP rupture pattern in tension for the RC and RCFFT beams.
Also, Figure 5-45 shows the load-end rotation relationships of RC and CFFT beams,

while Figure 5-46 presents the load-concrete end slippages of reinforced RCFFT Beams.

All six tested RCFFT beams of this study failed in flexural at the mid-span of the
beams. The failure occurred due to the tensile rupture of FRP tubes accompanied with
tensile rupture of steel or FRP bars at the tension side of the beams. However, diagonal
tension failure at the shear span and shear compression failure were the final failure

_modes for the RC control beams without and with spiral steel, respectively.

nguk‘e 5-35 and Figure 5-36 show the failure modes of RC steel beam (Co-S-N)
. and FRP beam (CO-G-M), respectivély, that without steel spiral. Similar characteristics
of crack patterns were observed for the two beams. Crack formation was initiated in the
* flexural span between the two concentrated loads where the flexural stress is highest and
shear stress is zero. The cracks were vertical perpendicular to the direction of the
maximum principle tensile stréss induced by pure bending, see Figure 5-35 (c) and Figure
5-36(a). As load increased, additional flexural cracks opened within the shear span.
However, because of the dominance of the shear stresses, the cracks became
progressively more inclined and propagated towards the load points leading finally to
diagonal tension failure, see Figure 5-35 (b) and Figure 5-36 (b). The main ‘diagonal
tension cracks are characterized by joining the‘ loading poiht at the top and support.
Despite the CO-G-M constructed from concrete Type M (45 MPa) that has higher
compressive strength than that of CO-S-N, the shear strength (failure load) of CO-G-M
was lower than that of CO-S-N. This attributed to the difference in the type of internal
reinforcements, however beam CO-S-N reinforced with steel bars that have higher tensile
stiffness than FRP bars which were used for beam CO-G-M. A faximum end r.ofation of
0.85° and 1.45° were captured for CO-S-N and CO-G-M, respectively, see Figure 5-45 (a)
and (b). On the other hand, the maximum recorded deflections at failure at the mid-span
were 11.99 and 24.33 mm, for CO-S-N and CO-G-M, respectively. -
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b- Shear-span crack pattern ¢- Mid-span crack pattern

Figure 5-35 Failure mode and concrete crack pattern of RC beam CO-S-N

b- Shear-span crack pattern

Figure 5-36 Failure mode and concrete crack pattern of RC beam CO-G-M
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Figure 5-37and Figure 5-38 show the failure modes of RC steel beam (COS-S-N) and FRP
beam (COS-G-M), respectively, that reinforced with steel spiral. In the early stages of
loading, flexural were observed in the region of pure bending as the applied load increased.
With a further increase of load, additional flexural cracks were developed in the mid-span,
and new flexural cracks formed on the shear span. As the load increased, inclined cracks
started within the beam web, almost half way of between the loading and support points. At
the final stage of loading, the width of the flexural and inclined cracks at the mid-span and
at the shear span, respectively, became more signiﬁcanf and flexural compression cracks
formed at the top surface of the beam between the two points of loading. At 95% of the
ultimate loading, an excessive concrete crushing occurred significantly at the top surface‘
for beam COS-S-N, néar to fhe two points of loading, see Figure 5-37 (c). On the other
hand, for beam COS-S-N, a secondary concrete splitting failure occurred within the shear
span at level of the longitudinal reinforcement. The splitting occurred immediately after
forrhation of critical diagonal shear crack. The finale failure mode for the two beams was
shear accompanied with crushing of the concrete. The concrete crushing for beam COS-G-
M was limited to the surrounding area at the two point of loading, while it was extended
over the total surface area between the two concentrated loads for beam COS-S-N. It is of
interest to mention that, at failure the steel spiral was cut at the mid-height of the mid-shear
span for the two beams. Also, rupture of the FRP bars was observed after vthe fest through

the main diagonal tension crack for beam COS-G-M.

Figure 5-39 to Figure 5-44 show the different failure modes of steel and FRP-RCFFT
beams. Flexural failure was the final failure mode for all CFFT beams of Series 1 and 2
with different character. Failure occurred by tensile rupture of FRP tube at mid-span -
accompanied with tensile rupture of FRP or steel bars. Crack patterns of the concrete core
were examined by removing the FRP tube after failure. At the early stage of loading, no
cracks or anything could be observed rather than the deflection at the mid-span for all the
RCFFT beams. As the load increased, white patches and flexural transverse visible matrix
cracking was observed on the outer layer of the FRP tube éﬂer 40% of the ultimate load in

the tension side of the beam between the two concentrated loads.
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b- Shear-span crack pattern ¢- Mid-span crack pattern (compression failure)

Figure 5-37 Failure mode and concrete crack pattern of RC beam COS-S-N

N
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b- Shear-span crack patteni

Figure 5-38 Failure mode and concrete crack pattern of RC beam COS-G-M
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s muutmn NN
b- Mid-span FRP rupture
pattern in tension

d- Mid-span core concrete crack

c- Beam core concrete crack pattern .
pattern

Figure 5-39 Failure mode and concrete core crack pattern of RCFFT beam D-G-N
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b- Mid-span FRP rupture
pattern in tension

!

e- Beam end rotation f- Mid-span core concrete crack pattern

Figure 5-40 Failure mode and concrete core crack pattern of RCFFT beam D-S-N
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Figure 5-40 and Figure 5-42 show the failure modes of the steel-RCFFT beams (D-S-N
and D-S-M). The failure was gradual and ductile. At the end of the plastic stage, necking
of FRP tube was visible along with matrix delamination at the bottom of the beam in the
mid-span region. The flexural failure started by the tensile rupture of the GFRP tube in
the maximum tension moment zone. The FRP tube rupture occurred under thé
concentrated load which was near from the hinge support of the beam as shown inF igure
5-40 (a) and (b) for D-S-N, and Figure 5-42 (a) and (d) for D-S-M. The rupture occurred
beyond the yield of the tension steel bars and at the end of the plastic stage with a drop in
the flexural load. After that, the deflection increased signiﬁcahtly combined with a
reduction in the load carrying capacity. However, the complete failure occurred after the
first and second cut of the steel bars in the tension side with noticeable buckling at the

compression side; see Figure 5-40 (d) and Figure 5-42 (d).

The crack patterns of the concrete core and D-S-M are presented in Figure 5-40 (c)
and (f) for D-S-N and Figure 5-42 (b) for D-S-M. The figures indicate that uniform and
excessive 'ﬂexurai cracks were developed at the inid-span of the beam between the two
points of loading, also, the cracks propagated up to mid-depth of the beam at failure. It is
of interest to mention that no crushing occurred for the concrete at the maximum
compression moment zone. The major flexural crack Was formed at the same location of
FRP tube and steel bars rupture. On the other hand, limited flexural-shear cracks were
observed at the shear-span located at the hinge support under the concentrated load for
the two beams. The flexural cracks were seemingly wider and more dominant than that
the limited flexural-shear cracks. Figure 5-40 (d) show the beam end rotation at the hinge
support for D-S-N, while Figure 5-42 (c) show the beam ends rotation at the hinge and
roller supborts of D-S-M. The rotations at the ultimate were 9.70° and 5.95° for beams D-
S-N and D-S-M, respectively.

On the other hand, the flexure failure of the FRP-RCFFT beams started by tensile
rupture of the longitudinal GFRP rebars followed by tensile rupture of the FRP tube. The
failure was gradual and 'progressive.r' It was also noted that local buckling of the tube

occurred at the top zone of the beam at the mid span prior to the failure. In addition,
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white patches were observed forming hoop cracks at the surrounding area of the GFRP
tubes during the plastic stages of the loading, especially at tension side of the tube. After
finishing the test, the GFRP tubes were removed for all beams to check the crack pattern
of the concrete core. However, it was evident that no crushing occurred for the concrete
at the maximum compression moment zone. On the other hand, uniform flexural cracks
were observed in the flexural span between the two concentrated loads, where the
bending stress is high and shear stress is zero. The numbers of the flexural cracks were
not significant as compared with the cr;dck patters for the steel-RCFFT. Also, no shear
cracks were observed for these beams. On the other hand, the rotations at the ultimate for
the FRP-RCFFT beams (ranged from 2.7 ° to 3.2 °) were quite below the fecorded
rotations for the steel-RCFFT beams. ‘ ‘

The applied load versus end-rotation plot (Figure 5-45) folloWs the same trend as
the load-deflection curves for all RCFFT beams. The stiffer the longitudinal
reinforcement in the specimen, the higher- the slope of the load versus end-rotation plot.
For all tested beams and at the same level of applied load, the beam reinforced with glass
FRP bars experienced higher rotation than the beam reinforced with steel bars. This
re'suli indicates the effect of the modulus of elasticity of the reinforcing bars on the end-
rotatibn of the beam. Similar to the effect of the modules of elasticity of the reinforcing
bars, Figure 5-45 (a) and (b) indicate that the h‘igher‘the FRP tube thickness (Type E), the
smaller the end rotation. Figure 5-46 show ‘the load;concrete end slippages of RCFFT
beams of Series 1 and 2. The end slippages between the FRP tube aAmdA concrete core were
measured at the top and bottom surfaces at the hinge support of the beams. The figure
indicates that no significant Slippage or relative movement occurred between the tube and

the concrete core at the end surfaces for all the RCFFT beams.

Finally, from comparing the failure modes of RC beams and RCFFT beams tést in
this study it can be concluded that, using FRP tubes changed the mode failure from shear
and compression-shear to the onset flexural failure. This is attributed to the
multidirectional contributions of fhe FRP tube, where longitudinal fibres contribute in

flexure, while circumferential fibres provide confinement and shear resistance.
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Figure 5-41 Failure mode and concrete core crack pattern of RCFFT beam D-G-M
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Figure 5-42 Failure mode and concrete core crack pattern of RCFFT beam D-S-M
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b- Mid-span FRP rupture
pattern in tension

- Mid-span FRP tube rupture at
tension

¢- Mid-span core concrete crack pattern

Figure 5-43 Failure mode and concrete core crack pattern of RCFFT beam E-G-N
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e- Mid-span FRP rupture

d- Mid-span core concrete crack pattern . .
pattern in tension

Figure 5-44 Failure mode and concrete core crack pattern of RCFFT beam E-G-M
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5.5 Effect of Test Parameters on Flexural Strength and
Ductility

The objective of this phase of research program was to evaluate the FRP tube
contribution to the flexural strength of concrete beams reinforced with steel or FRP bars.
The objective was accomplished as the shear failure was avoided, and all RCFFT beams
failed in flexural. The uitimate flexural strength and the duétility as measured by the
energy absorption, of the tested beams, inciuding the effect of the test variables, are

. discussed in the following sections.

5.5.1 Effect of type of transverse reinforcement

The influence of the confinement using steel spiral or FRP tubes on the flexural strength
and ductility of the tested beams is shown in Figure 5-47 and Figure 5-48, respectively.
The test results of the three beams of Series No. 1 and the three beams of Series No. 2
that reinforced internally with steel bars and FRP bars, respectively, are presented in
these figures. The GFRP tube has increased the ultimate strength significantly and also
improved the energy absorptibn- capacity. This is attributed to two important aspects: The
- tube hés a reinforcing effect in the longitudinal direction, which is not provided by the
steel spirals, and also has a confining effect on the concrete core that is more effective
than the steel spirals because. the tube is located at the outermost surface .and thus
confines a larger concrete area, (this result is in a good a agreement with the test results
conducted Fam and Mandal 2006). The figures indicate that the increase in the flexural
strength and energy absorption for the . steel-RCFFT beams are 55% and - 82%,
- respectively, higher than the beam reinforced with a steel spiral for specimens of Series
No. 1. On the other hand, the increase in the ﬂ¢Xural strength and energy absorption for
the FRP-RCFFT beams are 9 and 7%, fespectivély, higher than the beam reinforced with
a steel spiral for specimens of Series No. 2. It. can be observed that the inipfovement in
the strength and energy aﬁsbrption is not clear for beam reinfofced with glass FRP bars,
which may be attributed to the low modulus of elasticity of the glass FRP bars compared
to steel bars. However, for the two seri'és,' using FRP tubes .c'hange’d the mé_de of failure

from shear (beam with and without steel-spiral) to flexural failure.
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5.5.2 Effect of type of longitudinal reinforcing bars

Figure 5-49 and Figure 5-50 present the effect of type of the internal reinforcements on
the flexural strength and energy absorption of tested RCFFT beams of Series No. 1 and 2.
The vertical axis in Figure 5-49 and Figure 5-50 represents the flexural strength and the
energy absorption, respectively, while the horizontal axis represents the effect of the type
of longitudinal reinforcement as measured by the Young’s modulus. Steel and Glass FRP
bars of the same cross sectional area were used in reinforcing CFFT beams. Figure 5-49
shows that the ratio of the strength of FRP-RCFFT beams to that of steel-RCFFT beams

was 60%. This ratio approximately equals the cube root of axial stiffness ratio between

glass and steel bars 3/p E, /p,E, (the corresponding beam had the same

reinforcement ratio). This result is consistent with the test results conducted by El-Sayed

et al. 2006 on reinforced concrete ‘beams without stirrups and reinforced in the
longitudinal direction with glass FRP, carbon FRP and steel bars. The inérease in the

- flexural strength for steel-RCCFTs beams is attributed to the difference in the Young's
modulus between tﬁe steel and GFRP bars. On the other hand, Figure 5-50 shows that the
energy absorption of the RCFFT beams reinforced with steel bars on average are 460%

_higher than that of beams reinforced with" GFRP bars. This is attributed to the élastic-
plastic behaviour of the steel bars as compared with the linear elastic behaviour of FRP
bars. This result reflects the effect of the modulus of elasticity of the reinforcing bars on
the flexural strenigth as well as the ductility of the RCFFT beams. .

5.5.3 Effect of reinforcement ratio of FRP tubes

The effect of FRP tube reinforcement ratio on the flexural strength and energy absorption
is presented in Figure 5-51 and Figure 5-52, respectively for the four tested RCFFT
beams. The horizontal axis in Figure 5-51 and Figure 5-52 represenis the FRP tube
reinforcement ratio as measured by the area of thé tube divided by the area of the
concrete core, 4tgrp/D. The four beams had identical reinforcement ratio of the GFRP
bars,Awhile the FRP tube reinforcement ratios ranged from 6 to 13%. It can be noticed ‘
that the flexural strength and energy absorption increased as.the FRP tube reinforcement

ratio was increased by using tube Type E instead of tube Type D.
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The FRP tube Type E has thickness (6.40 mm), which it is equal to 2.2 times the
thickness of the tube type D; (2.90 mm). Figure 5-51 shows that increasing the FRP tube
reinforcement ratio by 120% (from 5.44 to 13%) increased the flexural strength and the
energy absorption on average by 20 and 58%. It is clear that-th,e increase in the flexural
strength (20%) is not significant as compared by the increase in the FRP tube .
reinforcement ratio (120%). This is attributed to the increase in the flexural strength is
mainly resulted from the contribution of the increase in the thickness of the FRP tubes in
the tension side of the beams. While the increase in the thickness of the FRP tubes in
middle zone and compression side is attributed to increase the shear and compressive.
strengths of the beams. This was evidence as no crushing and shear failure occurred for
all the RCFFT beams compared to steel-spiral RC beams. On the other hand, it is found
that the average ratio of_ the experimental ﬂgxural stfength is equal to the 3.5 root of the

axial stiffness ratio (axial modulus of elasticity multiplied by the FRP tube thickness)

between the two tubes, 3-\5/(Eﬂt“”,)m,,,,‘,a.2 JCE atepp)msenos » Where tube No.l has

sméller thickness than _tube No. 2.

5.5.4 Effect of concrete compressive strength

The influence of the concrete strength on the flexural strength and energy absorption of
the RCFFT beams is shown in Figure 5-53 and Figure 5-54, respectively. The ﬁgures
ind.icate that the increase in the flexural strength and energy absorption is not significant
as compared with the increase in the concrete compressive strength 50% (from 30 to 45
MPa) for the tested RCFFT beams of series No. 1 and 2. Figure 5-53 and Figure 5-54
indicate that the increases in the flexural strength and energy absorption are limited to 4
and 3% respectively, for the beams reinforced with steel bars and cast in FRP tube Type
D, with increasing the concrete compressive strength from 30 to 45 MPa. The
corresponding values for the beams reinforced with FRP bars and cast in FRP tube Type
E are 14 and 11%. It can ‘be concluded that theAﬂ‘exural behaviour of the six RCFFT
beams tested in this study were not signiﬁcanﬁy affected with increasing the concrete
-strength from 30 MPa to 45 MPa. ‘
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5.6 Theoretical Analysis

Concrete structures are conventionally reinforced with steel bars. For structures subjected
to aggressive environments (e.g. de-icing salts in bridges, marine structures, etc.),
combinations of moisture, temperature and chlorides may results in a corrosion of
reinforcing steel, leading to the deterioration of concrete and loss of serviceability. The
corrosion problem of steel rebar is the greatest factor limiting -the life expectancy of
reinforced concrete structures. In the last decade, considerable research programs have
been conducted to validate the application of FRP composites in the construction
industry, and recently, structural applications of FRP composites have begun to appear in
different types of the concrete structures. Recently, the application of the circular RCFFT \
beams technique is new and ‘rapidly increasing in the field of ci;/il engineering structures.
The FRP tube provides a lightweight permanent formwork for fresh concrete, acts as a
noncorrosive reinforcement, reinforcement in the tension side, confinement of the
concrete in the compression side, shear reinfdrcement and protect the internal
reinforcement and concrete core from the aggressive environments. In fact, extensive
research programs have been conducted to investigate the behavior of concrete beams
reinforced with FRP or steel reinforcement that have rectangular cross section. In
addition, all the codes and guidelines provide flexural design provisions and equations for
the reinforced concrete beams based on they have rectangular cross section. This is

resulted from the common practical use of the rectangular reinforced concrete beams in
civil engineering structures. Circular axi-éymmetric flexural members are desirable in
certain applications, including_ concrete piles, pier columns, utility and light poles;
highway overhead sign structures, and fender piles. (Mandal 2004; Karbhari 2000; Fam
ét al. 2007). One of the main objectives of this study is to validate, and/or modify the

~ current design approaches for flexural for RCFFT beams.

Due to the lack of flexural d'esign provisions for RCFFT beams reinforced with
steel or FRP bars, the flexural strength behaviors are analyzed using the simplified
analytical method and the available flexural design equations specified in North

American codes and guidelines (ACI and C.ana'dian standards) for calculating crack, yield
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and ultimate moment and deflection. The results of analysis are compared to the
expcrimental values. In addition, this part presents a modification to the available existing
design provisions and proposes new flexural design equations which are concerned with
evaluating the FRP tube confinement contribution to the flexural resistance of CFFT

beams reinforced longitu.din'ally with steel or FRP bars.

5.6.1 Cracking moment of RCFFT beams

The cracking moment capacitieé M, of test RCFFT beams are estimated using Equation

5-2, and considering elastic theory based on the gross section properties commonly.

employed in structural design

1 . .
M, =%—*’- | 5-2
!

- where f, modulus of rupture of concrete; I . moment of inertia of gross section and y,

distance of the extreme tension fibre from the neutral axis.
The moment of inertia for concrete, bars and FRP tube are considered in this study in
estimating the moment of inertia of grdss section of test RCFFT beams. The gross

' _ moment of inertia is calculated using the following equation:

Ig = Iéoncme + (n - I)Iﬂm + nlubclTubc ) 5-3

Figure 5-55 The Typical cross section of the RCFFT beams

The modular ratio, n=E,/E, for steel RCFFT beams, n=E_ [E, for FRP-RCFFT
beams, andn,,, = E, it /Ec for FRP tube, where E is the concrete Young’s modulus
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E,=5000,/f.", E,and E, are the steel and FRP bars Young’s modulus, respectively,
and E,,,, is the modulus of elasticity of the FRP tube in the axial direction.

n(D)*

Concrete = ) 5-4
- 64

ITnb¢ = n(Do /2)3 tFRP - 5-5

where, D, =D +t,, D and ¢, are the internal diameter and thickness of FRP tube,
respectively. '
Ip, = ZZAi(bnr)ylz ' 5-6
‘ = _

......

where A,(B‘,) =A4,,4,,4,,....4 and Vi =Yis Vo Vaseonn Vs

where n is the number of internal rebar rows, 4, ;,,,and y, are the cross section area of

one bar in each row and its distance from the centerline of the cross section, respectively.

The ACI building code (ACI 318-08) and design guidelihes (ACI 440.1R-06) for
reinforced concrete structures with steel and FRP bars, respectively, use Equation 5-7 to
predict the modulus of rupture"of concrete. Also, the same equation is provided by the
Canadian code for Design and Construction of Building Components_- with FRP (CAN-
CSA S806-02) (CSA standard A23.3). On the other hand, the Canadian Highway Bridge

‘Design Code provides (CAN-CSA S6-06) Equation 5-8 to predict the modulus of rupture

of concrete.

fo=kAff] k=062 , 5

f,=kAJf! k=040 o 5.8

where 4=1.0 for normélfweight concrete

The predicted cracking moments M _ were conipared to the éxpcrimental values as

given in Table 5-8, for the test RCFFT beams reinforced with steel and GFRP bars. It can

~ be noticed that the experimental cracking moments (M, ,,)) are higher than that the
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| predicted values (M ). This is evident from Table 5-8, as the mean values of

cr(pred)
M i eipy [ M o (preay Were 1.55 and 2.32 using Equations 5-7 and 5-8, respectively. This

indicates that the RCFFT beams have higher cracking strength than that conventional
RC beams. The increase in the cracking moment is attributed to the improvement in the
flexural tensile strength of the beams which was resulted from the confinement of the
concrete core inside the FRP tube and the contribution of the FRP tube in the tension side
to the flexural capacity. In addition, casting the concrete in the FRP tuBe eliminates the
initial eracks after the initial setting of the beams and restrained the expansion of
-concrete during curing, which might have induced a state of chemical prestressing of
the concrete. This result is consistent with the test results as reported by Fam 2000. The
test results ére used to modify the coefficient & of Equat_ion 5-7 or 5-8 to correlate the
~ experimental 'results with the theoretical results. As indicated in Table 5-8,‘the mean and

standard deviation values of M., / M, (yrea) Were 0.99 and 0.03, respectively, using the .

modified Equation 5-9 based on k =0.94.
f,=kJf! k=094 | 549

~ On the other hand, the flexural behaviours of CFFT beams Were investigated by Fam
2000 by testing CFFT beams with small and large diameters. The test results indicated that
with &= 1.00 the ACI equation predicted well the experimental values. The proposed value
for & by Fam 2000 (1.0) is slightly higher than the proposed value (6.94) of the present
study. The increase iﬁ the k value is attributed to the differenccl in the fibre orientation in
the axial direction for thé used FRP tubes. Whereas, the FRP tubes which had been used
by Fam 2000 included fibre in the axial directions much higher than that used in the present -
study, which in turn increased the cracking moment; this indicate that the value of k can be
described based on the stiffness of the FRP tube in the hoop and axial directions. More
research studies are required in this area to stﬁdy the effect of fibre orientation of FRP tubes

on the cracking moment behaviour of CFFT beams.
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Table 5-8 Experimental and predicted cracking moment for test RCFFT beams |

Crack Moment, Ma‘ (kNH\) M cr(cxp)/ M cr(pred)
: <o < 3
.~ 2 o ) -]
? 1%23] 8| 8 |30 322) 2 | 8 |32a
= 2SR ] & § =0 = P 2 < ] 83w
8 |532| 3 § |29 |g¥<| § | 2gd
x 20N Q B o9 B
= <20 <20 2
< < ] ‘

_D-SN [ 675 4.40 2.93 734 6.9 1.53 230 | 092 0.98
D-G-N | 5.09 3.32 221 5.54 52 1.53 2.30 0.92 0.98
E-G-N | 5.55 3.40 2.26 5.67 5.33 1.63 2.46 0.98 1.04

"D-G-M| 582.| 38 | 259 6.48 6.09 1.50 225 | 090 0.96
EGM| 624 | 39 | 264 | 660" | 621 | 158 | 236 | 094 1.00
D-S-M | 753 4.9 331 | 829 7.79 1.54 227 0.91 0.97

’ - Average . 1.55 232 0.93 0.99
)] ' 0.05 007 ~ 019 003

5.6.2 Theoretical development for yield and ultimate moment of
test RCFFT beams ‘

Three typesr of flexural failure (terisioh, balanced and compreésion-éontrollgd'Vsect_ion) of N
a RC beam can:_be expected dependitig on the percentage of the reinforcement ratio used
in the section. In beam designed as tension-controlled sections, the FRP-reinforced
concrete beams are manifested by thg rupture of bars in the ténsile zone of the beam. In ‘
the case of steel-reinforced concrete beams, the tension failure mode is indicated by steel
yielding, which. leadé to either the secondary compression failure of concréte or the
rupture of steel in tension. The test i-esults of this study showed that the complete fz{iluré
of the tested steel and FRP-RCFFT beams occurred due to the rupture of FRP and sfée_l'
_ rbars, respectiveiy. Since, the rupture of steel or FRP bars in tension is highiy unlikely,
excebt in cases of highly under-reinforced beani sections. This indicates‘ that the tested
steel and FRP-RCFFT beams could be considered as under-reinforced beam sections. On
the other hand, the experimental observations discussed earliér (5.4.4.2) indicate that the
_FRP tubes confine the concrete core on the compression side of the test@d RCFFT beams.
This is evident from Figure 5-31 and Figure 5-32 where the load-hoop strain response on
the compression side of the specimens is an indication of confinement. The figures
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indicated that the maximum measured hoop strains on the compression side on average
ranged from 2000 to 4000 micro-strains. The change from the initial to the second slope
indicates initiation of confinement and the slope of the second line is an indication of the
level of conﬁncrﬁent. On the other hand, the values of the hoop strains indicate that
concrete in the. compression zone of reinforced CFFT experiences an intermediate level
of confinement as compared to the CFFT columns under pure comgression load. This
result is consistent with the test results as reported by Cole and Fam 2006; Fam and
Rizkalla 2002; Davol et al. 2001; Fam 2000. In this case, it is quite clear that the FRP
tubes were activated to confine the concrete in compression as a result of making the
RCFFT bcamé reach a substantially higher load level than that of RC beams, (without
tube). In this case the concrete compressive stress and .strain at ultimate should be highef
than that the corresponding values of unconfined concrete and less than the

corresponding values of full confined concrete, or it can be expressed as follows:

fisfus s : " 5-10

e <e, <S¢, _ » - 5411
Where f] and f are the ultimate unconfined and confined concrete compressive strength
under pure axial load, respectively, . £.. is the partially confined concrete compressive
strength of the tested CFFT beams under flexural load at ultimate load. &, , &, and ¢, are

the strain values at the aforementioned corresponding strength values, respectively.

In fact, the analysis of a circular cross section is more complex than that of a
rectangular one. The stresses, which aré_ variable over the section depth, are also distributed
albng an area of variable width. In éddition, the bars are usually disturbed throughout the
depth and the FRP tube is continuous around the perimeter, such that the cross-sectional
area of reinforcement at any given depth is more difficult to calculate than in conventional
RC sections. On the other hand,. whereas the tested RCFFT beams are under-reinforced
(tension-controlled section) and the concrete core is under partial confinement condition,
therefore the analysis becomes more complex unlike the conventional steel RC design.

“Since the FRP reinforcement does not yield in case of FRP-RCFFT beams and the

secondary compression failure of concrete does not occur up to the rupture of steel in
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tension for the tested steel-RCFFT beams, the ultimate confined compressive strain and
stress cannot be reached in the concrete(e, <¢.,; f,, < f..). Therefore the equivalent

rectangular stress block is not easy to assume.

In this section, simplified analytical method is developed to predict the yield and
resisting moments corresponding to the failure modes of the tested RCFFT beams. The
analysis of the two series of tested RCFFT ‘beams were conducted according to the
equations derived from linear elastic analysis, and assuming Bernoulli’s theory. (plane
section re}nains plane). The flexural analysis procedure was straightforward. The parts of
the FRP tube above and below the neutral axis are considered effective in resisting
compression and tension forces, respectively. HoWe’vef, in tension the concrete is assumed
not to contribute to the internal forces after cracking. Figure 5-56 shows _the cross section of
the circular RCFFT beam that was used in the analysis, where the neﬁtral axis is located
within the cross-section at a depth ¢. The following sections provide a detailed descriptidn '
of the theoretical analysis, including different scenarios of stress and strain distribution,

aiong with formulation of essential equations. '

Referring to the equivalent stress and strain distribution' diagram shown in
Ficure 5-56, the internal tensile fqrcgs in the FRP tube and steel or FRP bars, T, can be . '

evnressed respectively, as follows:

1 ) |
Tmbe = "2" E, € Bottom (D, -c)tFRP 5-12 '

Tourt = Ay By €41 . S 513

Ty =4y, By €55 5-14

With reference to Figure 5-56 the strains ¢ 5, and &, can be computed in terms of ¢, as follows:
D,-c _ :
& gotom = Ep1 (m) - . 13
Eun = £, ﬂD_o:ﬁ o - 5.16
b2 = €1 D -c-d |
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Cross section Strain distribution  Concrete stress FRP tube stress  Resultant forces

o et Sk N O
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Properties of compression concrete circular segment

Figure 5-56 Details of RCFFT beam cross section and its strain and stress profiles

Referring to the equivalent stress and strain distribution diagram shown in Figure 5-56,
the internal compression forces in the FRP tube and steel or FRP bars, C, can be

expressed as follows:

1 .
Ctube =ECE;G 8ToptFRP . 3-17.

Cours =>Ab3 E,¢,, 4 5-18

With reference to Figure 5-56 the strains ¢, and &, can be computed in terms of &, as

follows:
’ ¢
- (5—.—_3) P
-d _
£y =6, (-—C—-—-—) 5-20
-\ D,—c-d

The internal compression force in the concrete block at the top can be calculated
based on an equivalent stress distribution assuming a rectangular stress block with a

~ depth equal to some fraction of the neutral axis depth, where a= Bc, and a magnitude

178



Chapter 5: Flexural Behaviour of Reinforced CFF Z‘ Beams

equal to some fraction of the concrete compressive strength, /. =a f,,, (CSA standard
A23.3). a is the ratio of the assumed uniform stress in the rectangular compression block

(f$) to the maximum partially confined concrete compressive strength ( £, ), given by

a.=0.85-0.0015f£20.6 ; : 5-2;

B is the ratio of the depth of the rectangular compression block (a) to the depth to the

neutral axis (¢), given by

B=0.97-0.0015f'> 0.6 522
~ With reference to Figure 5-56 the area of compression segment can be computed as
* follaws: ‘ |
Area of compression concrete segment = 0.25 D* (8 — sinf cos ) . 5.03

where cos6 =(1-2a/D)

Location of centroid of compression segment X (from the core center 0):

»
3‘:_=_1_ (Dsm 0) 504
3(9-sinb.cosd)
z =0.50D,-x ‘ 5-25

where z is the location of centroid of compression segment from the top layer

Hence, the internal compi'ession force in the concrete block can be expressed as follows:

- C, =a f,, x Area of concrete compression segment 5-26
It is assumed that the ratio of the partially confined concrete compressive strength £, , to

the confined concrete compressive strength f. equal to ¢ or can be expressed as

follows:

C, = a f,, x Area of concrete compression segment 5-27

fu=¢fl  00<¢<l0 . 528

- Substituting Equation 5-28 in Equation 5-26 can lead to
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C, =a{ f,. x Area of concrete compression segment 5-29

The value of ¢ presents the level of confinement gained from the interaction
between FRP tube and concrete core of RCFFT beam under flexural load. Also, this
value (¢ ) depends on different parameters such as thickness and fibre orientation of _FRP
tubes, type and reinforcement ratio of internal rebars and concrete compressive strength.

Stréngth of confined concrete f

o

is related to its unconfined concrete strength and the
confinement pressure from the FRP tubes. The f; values can be presented by any model

of the available confinement models in the literature, in this study the proposed

confinement model Equation 5-30, of Mohamed and Masmoudi 2010 is used.

0.7 .
fi=£10.7 +2.7(—-—-—f”f‘“) : 5-30
.
2t o frrp ' ‘
= —_ERPJFRPu 5-31
IFRP D .

o

Where fj;.», and f.,, are the FRP lateral pressure and the ultimate hoop tensile

© strength of the FRP tubes, respectively.

Therefore, the nominal moment strength of the beam can be determined by taking
‘the moment of tensile and compression stress resultants of tube and bars about the

compression stress resultant in concrete.

M,

theo

=Tbarl (D—d—z)+Tbar2(Lz).—z)'*"l;ube(.z—(%:c_z'{'c_Z) 5-32
_Cbar3 (Z _d) _Crube (z—g)

In fact, in the aforementioned equations there are three unknowns: strains, neutral
axis depth ¢ and ¢ . As a result, the design procedure is iterative. Since the RCFFT
beams of 'this study failed in tension due to mainly the rupture of bars and also,
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observation of the failure mode indicates no compression crushing occurred at the top
surface of the concrete. Hencé, the .analytical procedure is performed by assuming a given
strain value ( &,,) at the level of the bottom row of steel or FRP bars for the steel or FRP-
RCFFT beams, respectively, corresponding to the required load level, (yield or
ultimate). For FRP- RCFFT beams, it is assumed &,, = ¢, , for defermining the ultimate
moment, where ¢, is the ultimate strain of the FRP bars. For the steei-RCFFT beams, it
is aSsume,d £, = &,, for determining the yield moment, where &, is the yield strain of the
steel bars and for determining the ultimate moxhent, the steel tensile stress is taken as the
ultimate strength £, . -On the other hand, flexural analysis of CFFT beam suggest that the

~ neutral axis is located within a region of 0.25~0.4D, (Ahmad et al. 2005 a and b;'QasraWi
and Fam 2008). Therefore, the analytical procedure for the RCFFT beams is performed

- by assuming the neutral axis depth (¢) equal to »D , where 7is taken in range between

0.25 to 0.40. The strain values for bars, tube and concrete at any level are determined
based on the assumption of a linear strain distribution along the depth of the beam
between the extreme compression fibres and the tensile FRP tube reinforcement. The

moment capacities of the RCFFT beams are determined for all values of #. Then the

experimental bending moments of RCFFT beams are compared with the theoretical.

Then, the optimum value of # is obtained to correlate the theoretical with experimental

bending moments for the steel and FRP-RCFFT beams. Figure 5-57.a shows the variation
M oy /M yoieoy for the FRP-RCFFT beams. Figure 5-57.b shows the variation

M y(,x;,) M e, a0d M, IM wiheo) TOF the steel-RCFFT beams. In Table 5-9 the ratios
of M, .., /M wctheo) * My [M yriea) » Average and Standard Deviation are provided for
the different values of #. The interpretation of these numbers is as follows: If the |
M ,‘(,,;,} [Miuiio) 1S greater ‘than one, the equatibns are conservative, the theory
underestimates the actual capacity of the beams. Conversely, if M, ., /M, ,,,, is less

than one the results are unconservative.
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Table 5-9 The theoretical results of moment capacities, 7and ¢ values

Specimen
ID

n=c/D

0.25]0.26]0.27]0.28]0.29]0.30] 0.31]0.32]0.33] 0.34]0.35] 0.36 | 0.37 | 0.38 [ 0.39 | 0.40

FRP-RCFFT Beams

Mu(exp) /Mu(theo)

D-G-N

0.76

0.77

0.79

0.80

0.81

0.83

0.84

0.85

0.87

0.89

0.90

0.92

0.94

0.96

0.99

1.01

E-G-N

0.71

0.73

0.76

0.78

0.81

0.83

0.86

0.88

0.91

0.94

0.97

1.00

1.03

1.06

1.10

1.13

D-G-M

0.80

0.81

0.83

0.84

0.85

0.87

0.88

0.90

0.91

0.93

0.95

0.97

0.99

1.01

1.03

1.05

E-G-M

0.31

0.82

0.34

0.85

0.86

0.87

0.89

0.90

0.91

0.93

0.94

0.96

0.97

0.99

1.01

1.02

‘Average

0.77

0.78

0.31

0.82

0.83

0.85

0.87

0.88

0.90

0.92

0.94

0.96

0.98

1.01

1.03

1.05

SD

0.05

0.04

0.04

0.03

0.03

0.02

0.02

0.02

0.02

0.02

0.03

0.03

0.04

0.04

0.05

0.05

$=tul S

0.0<¢<1.0

D-G-N

1.22

113

1.04

-0.96

0.89

0.82

0.76

0.70

0.65

0.60

0.55

0.50

0.46

042

0.38

0.34

E-G-N

1.16

1.08

1.00

0.94

0.88

0.82

0.77

0.72

0.68

0.63

0.59

0.55

0.52

0.48

0.45

0.42

D-G-M

1.01

0.94

0.88

0.82

0.76

0.71

0.66

0.62

0.57

0.53

0.50

0.46

0.43

0.39

0.36

0.33

E-G-M

0.98

0.91

0.85

0.79

0.74

0.70

0.65

0.61

0.57

0.54

0.50

0.47

0.44

0.41

0.38

0.35

Average

1.09

1.02

0.94

0.88

0.82

0.76

0.71

0.66

0.62

0.58

0.54

0.50

0.46

0.43

0.39

0.36

SD -

0.10

0.09

0.08

0.07

0.07

0.06

0.06

0.05

0.05

0.04

0.04

0.04

0.03

0.03

0.03

0.04

Steel-RCFFT Beams

1- Ultimate moment

Mu(exb) /Mu(thco)

D-S-N

0.81

0.84

0.87

0.90

0.94

0.98

1.03

1.09

1.15

1.23

1.31

- 1.42

1.54

1.70

1.89

2.15

D-S-M

0.85

0.88

0.91

0.95

0.99

1.03

1.08

1.14

1.21

1.29

1.38

1.49

1.62

1.78

1.99

2.25

Average

0.83

0.86

0.89

0.93

0.97

1.01

1.06

1.12

1.18

1.26

1.35

1.46

1.58

1.74

1.94

2.20

SD-

0.03

0.03

0.03

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.05

0.05

0.06

0.06

0.07

¢ =ful

7 -
cc

0.0<¢<1.

0

0.07

D-S-N

1.82

1.58

1.36

1.15

0.97

0.79

0.62

0.47

0.32

0.18

0.05

-0.07

-0.19

-0.31

-0.43

-0.54

D-S-M

1.91

1.66

143

1.21

1.01

0.83

0.66

0.49

0.34

0.19

0.06

-0.08

-0.20

-0.33

-0.45

-0.56

Average

1.86

1.62

1.39

1.18

0.99

0.81

0.64

0.48

0.33

0.19

0.05

-0.08

-0.20

-0.32

-0.44

<0.55

SD

0.05

0.04

0.03

0.03

0.02

0.02

0.02

0.01

0.01

0.00

0.00

0.00

0.00

0.01

0.01

0.01

2- Yield moment

M

y (exp)

/My

theo)

D-S-N

0.94

0.95

0.97

0.99

1.00

1.02

1.04

1.06

1.08

1.11

1.13

1.16

1.19

122

1.25

1.29

D-S-M

0.96

0.98

0.99

1.03

1.05

1.07

1.09

1.12

1.14

1.16

1.19

1.22

1.25

1.28

1.32

1.42

" Average

0.95

0.97

0.98

1.01

1.03

1.05

1.07

1.09

1.11

1.14

1.16

1.19

1.22

1.25

1.28

1.36

SD

0.02

0.02

0.01

0.03

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.04

0.09

f =-fcu/

'
cc

0.0< &<l

0

0.04

D-S-N

0.80

0.73

0.68

0.63

0.58

0.53

0.49

0.45

0.42

0.38

0.35

0.32

0.29

0.27

0.24

0.22

-D-8-M

0.84

0.77

0.71

0.66

0.61

0.56

0.52

0.48

0.44

0.40

0.37

0.34

0.31

0.28

0.25

0.23

Average

0.82

0.75

0.69

0.65

0.59

0.55

0.50

0.46

0.43

0.38

0.35

0.33

0.30

0.28

0.25

0.22

SD -

0.02

0.02

0.02

0.02

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.01
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Equating the compressive and tensile forces Equation 5-33, and taking into account
Equation 5-12 to Equation 5-29, the values of & are determined for the different values

of nas shown in Table 5-9.
Tbarl + Tbnl + Ttube - C +Cbu3 +Ctube 5-33
Table 5-9 shows that a strong correlation is observed between the theoretlcal
predictions and the test results for the ultimate moment capacity of FRP-RCFFT beams

when the values of 7 are in the range 0.35 to 0.40. The corresponding M, /M

u(thea)
ratios and ¢ values are on average in the range 0.94 + 0.03 to 1.05 = 0.05 and 0.50 £ 0.04
to 0.36 % 0.04, respectively. For the steel-RCFFT beams the experimental test results at
ultimate are close to the theoretical predictions when the values of 7 are in the range
0.30 to 0.33. The corresponding M, .., /M, ,,,, ratios and ¢ values are on awrlerage in

the range 1.01 = 0.04 to 1.06 + 0.04 and 0.81 = 0.04 to 0.64 + 0.04, respectively. On the

other hand, the M, , /M ,,,,, ratios are correlated on average in the range 0.97 + 0 01 to

1 09 +0, 04 when the values of # are in the range 0.28 to 0.33.

The neutral axis depth is a function of the reinforcement ratio in the cross-section
and the varying stiffness of the reinforcing bars (steél or FRP Bars) under increased
strain. Under-reinforced and over-reinforced section conditions, with respect to the
balanced condition, will result in different calculations to determine the neutral axis depth
at ultimate failure load. Based on the statistical analysis of the test results and theoretical
predictions of the moment capacities, two empirical equations are introduced based on

the reinforcement index y of the tested RCFFT beams for determining the ratio () of the

'neutral axis depth (c) to the concrete core depth (D) depth as follows:

For under-reinforced FRP-RCFFT beams cross section condition:

n=¢/D=0.39-0.001y | 5-34

For under-reinforced steel-RCFFT beams cross séction condition:

n=¢/D=0.33-0.0033y , 5.35
F:: be F:,_ ar
l// p tube ‘f’;’b + pbar '—.fz—,— 5"36
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where F, ,,, is the ultimate tensile strength of the FRP tube in the axial direction; F, ,,, is

the ultimate tensile strength of internal reinforcement (steel or FRP bars).

The FRP tube reinforcement ratio p,,, is the ratio of the cross-sectional area of the

GFRP tube to the cross sectional area of the concrete core, and is given by:

plub = 4tFRP . 5-37
* D
The internal bars reinforcement ratio, p,,, is defined as the ratio of the area of all the

internal reinforcing bars 4. .« , to the area of the concrete core, and is given by:
p) = Abar. total . ‘ ) 5_38
A bar 75_ DZ / 4 ) .
It is interesting to mention that the concrete compressive strengths f,, at ultimate for
the FRP-RCFFT beams are on average 45% the confined concrete compressive strength

fe» also the corresponding values for the steel-RCFFT beams at yield load level and

ultimate are approximately equal to 65%. These results confirm that the FRP tubes partially
confined the concrete core of the tested RCFFT beams. Also, the steel-RCFFT beams are
reached to a higher level of the confinement than the FRP-RCFFT beams ai ultimate. This
is att}'ibuted to the increase in the ‘load carrying capacities of the steel-RCFFT beams as
compared to the FRP-RCFFT beams, which in turn allow for higher activation of the FRP

tube to confine the concrete core of the beams.

The previous traditional procedures were found to be acceptéble for predicting the
ultimate and yield moments capacities of the under-reinforced FRP 6r ~éteel—RCF’FTbeams
cross section condition, refer to Figure 5-58. The accuracy of the theoretical .‘analysis
procedures pertains good agréement with measured values. The strain at the bottom steel or
FRP bars is used as a reference and the neutral axis depth ratio is determined using the two
empirical equations. They are simple to use and provide prediction than the analytical model
available in the literature. However, more studies are needed to verify the' predictive
equations of the neutral axis depth ratio, concrete compressive stress and strain at ultimate for

- FRP or steel-RCFFT beams with the under and over- reinforced cross section cqndition.
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Ultimate moment

Yield moment
~
)
0.8
0.7 -

D-G-N -G-N -G-M E-G-M D-S-N D-S-M D-S-N D-S-M
Specimens ID
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i
l

(=1
o
L

Figure 5-58 The experimental to the theoretical moment capacities of RCFFT beams

5.6.3 Defection calculation of steel and FRP'RCFFT beams

This study evaluates the deflection behaviour of sifnply supported nonﬁa.l-strength
concrete RCFFT beams subjected to four-point monotonic loading and reinforced with
steel or GFRP bars. In the following section, it can be considered the first attempf to
devélop design equations for predicting the load-deflection curve of RCFFT beams. This
- study is intended to review and verify the applicability of the North American code
provisions and the available equations in the literature to predict deflection of RCFFT
beams. The Branson's equation for the effective moment of inertia of RC structures is
rﬁodified and new equations are developed to predict deflection of CFFT beams
reinforced with steel or FRP bars. However, it should be noted fhat these equations were
developéd based on the limited test data of this study. The equations might be revised .

.when more data and research works becomes available.

- Unlike steel or FRP-RC structures, RCFFT members can exhibit additional flexural
capacity in the post-yielding or cracking stages. This is attributed to the contribution of
FRP tube in confining the concrete core and acting as flexural reinforcement in the axial
directions. This makgs the existing models of the FRP or steel-RC inapplicable in case of

RCFFT members. Therefore, some analytical models using a compdter program have
186. '
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been developed to predict the ﬂexﬁral behaviour, the moment-curvature and the load-
deflection of CFFT (Qasrawi and Fam 2008; Fam and Son 2008; Mandal and Fam 2006;
Cole and Fam 2006; Cole 2005; Mandal 2004). These models are based on strain
compatibility, internal force equilibrium, and material constitutive relationships. .The
forces within the CFFT cross-section are calculated by analytically integrating the
stresses over the area for each individual material. Also, these models accounts for the
inghf non-linearity of the FRP tube arising from progressive laminate failure and
concrete non-linearity. Despite of these analytical models predict- well the flexural
behaviour of the CFFT beams, however it is not easy to use because it is based on a
computer program and red_uire some sophisticated calculation procedures. Up to date, no
- simplified method had been validated to evaluate the deflections of CFFT elements.
Aceordingly,‘ there is still a demand for simplified and more convenient procedures for

predicting the ﬂexural-deﬂectxon behavnour of CFFT beams.
5.6.3.1 Review of deﬂectmn formulas for steel and FRP-RC
“members . ‘

The flexural comﬁonent of the deflection for simply-supported RCFFT beam of spa'n. L
subjec_ted.to four point‘ bending loads can be calculated with the usual deflection Equation -

5-39 derived from linear elastic analysis as follows:.

" o ) »
A L A

Figure 5- 59 Deflected shape of simply supported beam subjected to two equal

concentrated loads

} Pa .
4= 32 -44? . 5-39
48E.1, BEL ) '

Where P is the total applied load divided into two concentrated loads each applied at-

distance a from the support, E, is the modulus of elasticity of concrete and I, if the

effective moment of inertia of the beam' cross section. The moment of inertia, in addition
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to the modulus of elasticity, determines the stiffness of the flexural members. At the pre-
cracking stage (M, <M, ), the applied moment M, is less than the cracking moment
M . This stage is characterized by the elastic behaviour and no cracks can be initiated .in

concrete. Accordingly, the effective moment of inertia may be considered equivalent to

the moment of inertia of the transformed uncracked section / .

After cracking (M, 2 M), the North American codes, the ACI building code: ACI
318-08 and the Canadian Concrete Design Standard: CSA A23.3-O4, and elsewhere

(SAA 2001), deflection calculation of flexural members is mainly based on using the

average effective moment of inertia, 7, , given by the well-known equation developed by

Branson in 1965, (Branson 1977).

1=B§] Ig+[1-(1;1[") }Ic,slg - 5-40

" where I, = moment of inertia of the fuﬂy cracked transformed cross section and the

« power mequals to 3.

The average effective moment of inertia, I,, Equation 5-20 is based on semi-
empirical considerations, and despite some doubt about its applicability to steel-
reinforced concrete inembers subjected to different loading and boundary conditions, it

. has yielded satisfactory reéults in most practical applications over the years. According to

this equation and with increasing the load on the beam, I, is gradually degraded from 7 p

“to ]

cr?

dependent on the ratio of cracking moment M, to the applied moment M, .

Extensive research works have consistently demonstrated that the Branson's equation
does not predict deflection well for both RC beams having low reinforcement ratios and FRP
reinforced cbncrete beams (Rafi and Nadjai 2009; Bischoff and Scanlon 2007; Gilbert 2006;
Mota et al. 2006; Bischoff 2005; Touténji and Deng 2003; Bischoff 2005; Yost et al. 2003;
Abdalla 2002; Toutanji and Saaﬁ 2000; Alsayed et al. 2000; Gilbert 1999; Masmoudi et al.
1998; Benmokrane, Chaallal and Masmoudi 1996). On the other harid, it has been derived
that the Branson's equatién does not address post-yielding deflection for FRP-strengthened
RC beams (Charkas et al. 2003; El-Mihilmy and Tedesco 2000).
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The first attempt had been introduced by Benmokrane, Chaallal and Masmoudi in 1996 to
improve the performance of the Branson's equation. Two factors (0. and p) were

developed through a comprehenswe experimental program on FRP-RC beams to modify

the _Branson s equation, as given by 4
3 3
I, = M, -I-‘—+a1c, 1- M, < - 5-41
M,| B M, 8

where @ and p are equal to 0.84 and 7, respectively.

Masmoudi, Thériault and Benmokrane 1998 continued to investigate
experimentally the deflection behaviour of FRP-RC. beams, and then they introduced a

new modification the Branson's equation, as given by

I, = p[%—]a I, +[1—(-i%)3]1" <I, . 5-42

where gisa reductxon coefficient equal to 0.6. ' '
In 2000, Toutanjl and Saafi showed that the order of the Branson's equatnon
depends on both the modulus of elasticity of FRP, as well as the remforcement ratio.

Accordingly,. Toutanji and Saafi (2000) recommended the following equation for
deflection calculation of FRP-RC beams: |

MC" " Mt"‘ 3 ' - o I~
i "‘*[“(3\7) ]’"S’x Coos
where .
E.. .
. For FRE <0.3 ERP
- Es Prere <Y Es
E
For Zs pm,203 m=3.0

where E.,, is the modulus of elasticity of GFRP bar, E, Es is the modulus of elastlclty of
| steel, and pg,, is the GFRP longitudinal rem_forcement ratio in percentage.
" In 2001, a new form of the effective moment of inertia 1, , was introduced in the ISIS

Design Manual M03-01 The new equation is different in form as compared to the

Branson's equation, as given by
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I = 1oL, <7

‘ MY £ 5-44
1”+[1—0.5(M") (r,-1,)

a

where 1. = uncracked moment of inertia of the section transformed to concrete.

The ACI committee (ACI 440.1R-03) has propyosed a modified expression for the

effective moment of inertia of the Branson's equation for RC beams reinforced with FRP

3 3
ML'I‘ Mcr ‘ -
1,-=[——M ] 313+{1-(M ):IIC,slg | 5-45

The factor B is a reduction coefficient related to the reduced tension stiffening exhibited

bars.

by FRP-reinforced members, given by

B=a| Z241]<1.0
E; ‘
where a= bond dependcnt coefficient (until moré data become available, a=0.5); E, and

E, are the modulus of elasticity of the FRP and steel reinforcements, respectively.

Recently, research has demonstrated that the degree of tension stiffening is affected
by the amount and stiffness of the flexural reinforcement (Toutanji and Saafi 2000; Yost
et al. 2003). Based on an evaluation of experimental results from several studies, the ACI

committee (ACI 440.1R-06) has proposed the following simple relationship for B,

. 3 3
: ML" v MCI' . -
5 =[Ma] B"Ii‘{l"-( M.,] ]I" =l o

where B, = %(JP_J <1.0

b

where p and p, are the actual and balanced reinforcement ratio, respectively.
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5.6.3.2 Evaluation of moment of inertia equations for deflection
prediction of RCFFT beams

The values of the experimental moment of inertia /,,, for the tested RCFFT beams are

determined based on the laboratory-measured applied loads P, and the corresponding

exp
- center-span deflections 4,, using the following e‘quation:

P
I, =—22 (31} -4a%) 547
» ~ 43E.4

exp

The values of the cracking moments M, and gross moment of inertia I, for the tested
beams are calculated using the previous Equations 5-2 and 5-3, respectively. Also, the
transformed cracked-section moment of inertia I is determined using the proposed

Equations 5-34 and 5-35 for the neutral axis depth ratio, taking into account the contribution

of the internal reinforcing bars and the FRP tube in the tension and compression sides.

A comparison of the experimenfal 1,/1, values, which were computed using the

| recorded deflection data and those predicted using the Bransoo's equation (ACI 318-08),
has been plotted in Figure 5-60.a and Figure 5-50.b, versus M, /M, fof the tested steel-
RCFFT beams, DSN and DSM, respectively. It can be seen that Bronson's equation gives
a response thot is obviously too less stiff of these beams. On lthe other hand, Figure 5-61

presents experimental and theoretical predictions of I,/I, versus M,/M,, relationships

for the four tested FRP-RCFFT beams, DGN, EGN, DGM and EGM. The theorétical
predictions of 7, are determined using five selected equations for FRP-RC beams, which

- are presented in the previous section, ACI 318-08 (Branson's equation); ACI 440.1R-06;
ISIS 2001; Masmoudi et al. 1998; Benmokran et al. 1996_.

It has been observed that all the aforementioned equations does not predicf
deflection well of the F RP-RCFFT beams. All the former equations had been modified to
account for the nature of the FRP reinforcement that oxhibited larger deformation than
the steel reinforcement. However, in case of steel or FRP-RCFFT members, lthe

behaviour under the flexural load is significantly different than that of steel or FRP RC
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members. Again, this is attributed to the confinement of the concrete core and the axial
contribution of the FRP tube which in turn enhance the overall flexural behaviour and
improve the tension stiffening of RCFFT beams. Therefore, the tension stiffening
predicted for steel or FRP-RCFFT beams using the former equations (steel or FRP-RC
member) is underestimated and hence the predicted deflections are overestimated. In the
following section, the Branson's equation will be modified to account for the tension
stiffening of the steel and FRP-RCFFT beams. The basic form of the effective moment of
inertia equation should remain as close to the original Branson's equatidn as possible,

because it is easy to use and designers is familiar with it, (Al-Sayed et al. 2000). -
5.6.3.3 Modified Branson's equation for steel-RCFFT beams

It can be seen from Figure 5-60 (a) and (b) that the experimental 7, /1, versus M, /M,
relationship is divided into four stages: (a) pre-cracking; (b) cracking; (c) post-yielding
(d) post-cracking. |

(a) Pre-crackiﬁg stage (M, <M ) ‘

This stage is characterized with its elastic behaviour since no cfacks initiated in concrete
yet. Accbrdingly, the effective moment of inertia 7, can be considered equal to J e

(b) Cracking stage M, <M, <M,

At the beginning of this stage, the first crack initiated and the concrete in the tensile side cracks
suddenly. The effective moment of inertia degraded rapidly but it is still higher than the

cracking moment. of inertia 7_, due to tension stiffening effect. As it is evident from Figure
,19.a and b, where the experimental 1, /I, curve is at the upper side from the horizontal line
1, /1, . Based on the experimental data obtained for this stage, it was found that the basic form

of the effective moment of inertia of Branson's’ equation could be predicted well the

experimental 7, /I, if the power m is considered to be equal tb 0.6, as follows:

M 0.6 M 0.6
I =[ ] I +[1—[——") JI <1I 5-48
e Ma g Ma cr I'4 ) v

(b) Post-cracking stage M, <M, < O,SSM,,
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While conventionally reinforced concrete beams at this stage are considered to have
reached ultimate load limit, steel-RCFFT beam exhibited significantly additional load
capacity. The increase in the load carrying capacity after yielding depends on the steel
reinforcement ratio, FRP tube strength and stiffness in the axial and hoop direction. The

ratio between the ultimate moment and the yield moment M, /M for the tested steel-

RCFFT beams of this study, DSN and DSM is on average equal to 2. The same ratio for
reinforced concrete beams strengthened with FRP can be achieved. However, the ratio

between the ultimate moment and the yield moment M, /M, for a conventionally singly

‘reinforced section with £/ less than 35 MPa and reinforcement ratio less than 0.02 is -

approkimately 1.06 (El-Mihilmy ahd Tedesco 2000; Park and Pauley 1975). This
confirms that the significant contribution of the FRP tube to increase the strength and
~ improve the flexural behaviour of steel- RCFFT beams in the post-yielding as well as in

the posi cracking stages. It is observed that the effective moment of inertia 7, degraded
'- linearly and become lower than the cracking moment of inertia Z,. Since the Branson's
equation is based on I, should be higher than I,. Therefore, the Branson's equation will

not be valid for this stage, and an alternative procedure for calculation deflection should

be developed.

- New proposed equation for the effective moment of inertia /,, is suggested based
on the regression analysis of the experimental data of 7,/I versus M, /M, for this

stage, as follows:

1, =Ig(1.5—0.15xl%—) 5-49

Figure 5-60 shows that the predictions of 7,/ in the cracking stages (
M, <M,<M,) using the modified Branson's Equation 5-48 and in the post cracking
stages (M, <M, <0.85M,) using the new proposed Equation 5-49 are in a good

agreement with the experimental values.
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5.6.3.4 Modified Branson's equation for FRP-RCFFT beams

Figure 5-61 shows that the effective moment of inertia degraded gradually but it is still

higher than the cracking moment of inertia /_, up to the failure of the beams. However, it

is observed that the original Branson's equation with the power 7 =3 underestimate the
effective moment of inertia for four RCFFT beams reinforced with GFRP bars. In
addition, the experimental and theoretical curves are parallel. This means that the
exponent m should be less than 3. The experimental test results for the four FRP-RCFFT
beams that confined with two diffc:"ent tybés of FRP tubes (D and E) show that the effect
~ of FRP tube parameters should be incorporated in the exponent m. Based on the
experimental data obtained in this study, a modified expression for the moment of inertia
of simply supported CFFT beams reinforced with GFRP rebars is introduced. To keep thc
form of the Branson's éqﬁation with minimum modification, however, the incorporation
of the effect of FRP tube parameters and the properties of concrete used in the order m
are included, as follows:

(a) Pre-craqking stagé (M,<M,)
I =1 I 5-50

(b) Cracking stage (M, > Mc,") o - :
A REE | SO
m=1.70-0.358, . 5-52

‘= (fc'/Ec) | | : 5_53
ﬁl Ptube (f, /E;) -

where B, is defined as the strength-reinforcement index of the FRP tube and concrete.

Validation of the modified above equation with the present test data of the four
'FRP-RCFFT beams confirmed its accuracy to predict. the effective moment of inertia,

refer to Figure 5-61.
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5.6.3.5 Proposed equation for FRP-RCFFT beams

New proposed equation for the effective moment of inertia I,, is suggested based on the
analysis of the experimental data 7,/I,, versus M, /M, for CFFT beams reinforced with
GFRP bars. Figure 5-62 shows the experimental test results for ratio of 1,/I, versus the
ratio of M,/M_, for the four FRP-RCFFT beams. The curves are plotted in the cracking
stage, where M, /M, 21.0. The regression analysis which was performed on these

results suggests that the effective moment of inertia can be taken as follows:

a) Pre-cracking stage (M, <M ) -

I,=1, | 5-54
(b) Cracking stage. (M, > M_)) ‘
l M 0.4 )
l=al, ( - ) 5-55
M, \
@, =0.658,+1.76 | 5-56

where B, is the same as giveri before in Equation 5-53

‘ InAthe above suggested equation, the eﬁ'éctive moment of inertia ] , is dependent on the
~ratio of the M, /M, , the transformed cracked-section moment of inertia 7, and B, as
deﬁned before. Figure 5-62 shows the value of the theoretical 7, /7., determined using thé new
equation (Equation 5-55) versus M, /M, besides the experimental valués. It can be seen that

the I, /1., predictions values up to the failure load are quite close to the recorded data.

5.6.3.6 Experimental verification of the modified and proposed

}

equations

A comparison between experimental moment-mid-span deﬂectiqn curves obtained in this
study for the steel-RCFFT beams and those predicted by the modified Branson's Equation
5-48 and the new proposed Equation 5—49 is presented in Figure 5-63 (a and b). The
moment-defection relationship is plotted. up to 0.85 of the ultimate moment of the beams.
The curves show that there is a good agreement between the experimental and the predicted

values through the cracking and post-cracking stages. The equations are capable to predict
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- -

the deflection of steel-CFFT beams of this study in the different loading stages accounting
to the pre-yielding, yielding and post yielding stages. On the other hand, Figure 5-63 (c, d,
e and f) provides a comparison between the measured moments versus instantaneous
deflection response at mid-span of each of the FRP-RCFFT beam with the calculated
responses obtained using the modified Branson's Equation 5-51 and the new proposed
Equation 5-55. For the four beams, the two equations provide a good agreement with the
test results over the fall moment-deflection response. The two equations account to the
change in the concrete compressive strength and the stiffness of the FRP tubes. However,
in all cases, the new Equation 5.'55 provides a much closer agreementAwith the measured :

deflection than the modified equatién.

The e'ffective moment of inertia of the RCFFT beams under flexural load tested in
this study can be considered the first attempt in worldwide. The Branson’s equation is
modified to account for the increase in the tension stiffening of RCFFT beams and new
equations are proposed to predict the effective moment of inertia. However, due to the
relatively liniited number of test specimens, the field data are still need more
experimental investigations to enhance and improve the suggested rﬁodiﬁcations and the

new proposed equations of this study.

5 . .
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Figure 5-62 Effective to cracking moment of inertia versus M./M¢, (FRP-RCFFT beéms)
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5.7 | Conclusions

1

. All the CFFT beams tested to failure in this study, failed in flexure. However,

'diagonal tension failure at the shear span and shear compression failure were the ’

final failure modes for the RC control beams -without and with spiral steel,
respectively.

The experimcni;al test results indicated that' the beams confined by FRP tubes

- experienced lower de'ﬂectibn, higher cracking»load level, higher ductility, higher

stiffness and sinperibr strength than the beam reinforced with a spiral-steel.

. From the load-flexural hoop strain curves at the mid-span of the tested beams, it

" was confirmed that the FRP tubes were activated to confine the concrete core of

the beam.

It was found that the confinement provnded by the FRP tubes improved the
tension stiffening of the tested beams. _

For normal and medium strength concrete, the test results indicated that the ratio
of the -sfrength of FRP-RCFFT beams to that of steel-RCFFT beams was 60%.-'
This ratio approximately equals the cube root of axial sfifﬁless ratio between glass

FRP and steel bars YPuE,/puE

It was observed that the effect of two types of concrete considered in this study on
the flexural behaviour of tested CFFT beams was insignificant. It was observed
that the strength, deﬂectibn. and ductility of the CFFT beams were affected
s1gmﬁcantly by the axial stiffness of the FRP tubes.

The equations provxded by ACI 318-08 code and ACI 440.1R-06 design

guidelines for reinforced concrete structures with steel and FRP bars, respectively,

and both CAN-CSA S806-02-CSA standard A23.3 and CAN-CSA S6-06 codes

underestimated the modulus of rupture of RCFFT beams.

The conventional beam theory can be used for the analysis and design of the
CFFT beams, assﬁming that the bond between the tube and the concrete is ﬁ;lly
developed. The traditibnal procedures were found to be acceptable for predicting

the ultimate and yield moments capacities of the under-reinforced FRP or steel-
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10.

11.

RCFFT beams cross section condition. The accuracy of the theoretical analysis
procedures pertained good agreement with measured values

The experimental results of tested RCFFT beams in four point loading bending
with varying properties revealed that the current conventional or modified models
available in the literature, codes (ACI 318-08; CSA A23.3-04; SAA 2001)_ and.
design guidelines (ACI 440.1R-06; ISIS 2001) for predicting the effective
moment of inertia of beams reinforced by steel or FRP bars, respectively, over-
estimates the deﬂections in these beams and therefore it needs to be revised.

It was observed that, in case of steel or FRP-RCFFT members, the behaviour
under the flexural load was significantly different than fhat of steel or FRP RC
members. | | |
New proposed equations and a proposed modification to the equations of effective:
moment of inertia weré presented for steel and FRP-RCFFT beams. The

modification is based on experimental findings, which represent the potential of

.empirical and semi-empirical formulations. The proposed equations were used to

calculate the effective moment of inertia of the tested RCFFT beams, which in
turn used to calculate the moment-deflection response. The calculated effective
moment of _ineljtia and the lmoment~deﬂection response were compared to the
experimental ones. It was observed that the proposed equations gave accurate
predictions over the range of variables tested parameters to affect the moment-

deflection response.
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Chapter 6
Behavior of Concrete-Filled FRP Tubes

Columns under Eccentric Loads

‘6.1 Abstract

Recently, Concrete filled fibre-reinforced polymers (FRP) tube columns (CFFT) have
gained approval in civil engineeriﬁg for different structural applications, such.as precast
"piles, girders, and pier columns. A lot of the experimental and analytical research studies
have bee1‘1 conducted to understand the behavior of CFFT under axial load. However,
studying concrete columns under eccentric loading are _i/ery important for practical
" applications.. This study experimentally investigated the performance of the CFFT
columné under eccentric loads. The experimental program was conducted on five
' imcbnfme,d concrete ’cylinders,twoconﬁned CFFT cylinders (152 x 305 mm), five CFFT
columns and two control steel spiral reinforcement concrete cdlumns (152 x 912 mm).
The internal diameter of the GFRP tubes which were used in this investigation was 152
mm, the tube thicknesses was 2.85 mm, the fibre orientation mainly in the hoop direction .
(£60 degree). The composite FRP tubes are fabricated using the filament wmdmg
technique; E-glass fibre and Epoxy resin are utilized for-rhanufactmiﬁg these tubes. The
- CFFT columns loaded with different eccentricity 15, 30, 45 and 60 mm from the center of
the columns. The results indicated that the ultimate load capacity, failure mocie, axial and
lateral deformation of the CFFT affected by the eccentric loading. Test results of the

stress-strain, load-deformation behavior, and the final failure modes were presented.
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6.2 Introduction

Actually, the applications of the concrete-filled FRP tube columns in the field of civil
engineering structure has become adapted for different structural applications, such as
utility pole, precast piles, girders, and pier columns, (Fam et al. 2003a and b; Mohamed
and Masmoudi 2007). Also FRP composite materials have recently been used as internal
reinforcement for beams, slabs and pavenients Masmoudi et al. 1998. Moreover it is used
as external reinforcement for rehabilitation and strengthening different structures. Several
‘experimental and analytical investigations were conducted to study the behaviors of the
CFFT columns. However, most of the research studies were concentrated on the behavior
of CFFT tubes under uniaxial or flexural load. In fact, structural concrete columns under
axial loads exhibited to eccentric load. This occurs for the edge and'corn.er cblumns in the
residential or ofﬁce‘ buildihg and opened garages. Also the designed axially loaded
columns are suffered from the eccentricity due to ‘unintentional load eccentricities,
~ possible construction error, lateral deformation and buckling phenomenon. Also, there are |
“many columns aré intended to carry an eccentric load. Therefore, it is imp()rtént to
understand the behévior of the CFFT columns under eccentric load. The benefits of CFFT
~columns include protectiVe jacket, flexural and’ shear. reinfdrcements, confinements,
durability, formwork and corrosion resistance. At the beginning of 1970s, the plastic
pipes (PVC) were suggested to confine the concrete (Kurt 1978). Howevér FRP
composites have been proposed for confinement. of concrete since the early 1980's. The
~ concept of concrete filled FRP tube columns was introduced by Fardis_ and Khalili 1981.
The general process used to manufacture FRP tubes is one of placing and retaining fiber
. reinforcements in the direction needed to provide the hoop and axial strength. It can be
- done by pultrusion, filament winding, centrifugal casting or resin infusion. In the filament
winding j)rdcess, the placement of the primary fibre-glass reinforcement is tightly
controlled and can be oriented in either a.hoop or axial direction or anywhere in between

as needed to develop the necessary,stfength properties in the hoop or axial direction..

The objective of this study is to examine the behavior of CFFT columns under

concentric and eccentric loading. Five unconfined cylinders, two confined CFFT
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cylinders, five 'CFFT columns and two control steel spiral reinforcement concrete
columns were cast and tested under concentric and eccentric loading. The CFFT columns
were loaded with different eccentricity 15, 30, 45 and 60 mm from the center of the
columns. Experimental data on strength, lateral and axial deformations and failure modes

were obtained for each column.

6.3 Experimental Program

6.3.1 Materials

6.3.1.1 GFRP tubes

All specirnens constructed from the same type of the glass fibre-reinforced polymers
(GFRP) tubes. The internal diameter of the tubes is equal to 152 mm. The GFRP tubes
 were fabricated using filament ,winding technique;. E-glass fibre and Epoxy resin were
used for manufacturing these tubes. The GFRP tubes consist of four :(:i:60°) layers
oriented in the hbop direction with respect to the longitudinal axis of the tubes, the total
thickness is 2.85 mm.  The split-disk test ‘and coupon tensile test were performed
according to ASTM D-2290-08 and ASTM D 638-08 standard, respectively, on five
© specimens of the tube. The Young’s modulus in the longitudihal and hoop directions is
8787 and '2086_0 MPa, respeétively. Figure 6-1 shows the average stress-strain
‘relationship for the split-disk test, the load-strain curve for the .split-diék test was linear up
to failure for all specimens. Figure 6-2 presents the axial tensile stress-strain responses

for the average results obtained from the five specimens for the coupon tests.

6.3.1.2 Concrete

All specimens were constructed from the same concrete batch using a ready nﬁx, concrete
supplier. The concrete mixture was intended to provide 30 MPa a concrete compressive
strength. The average concrete strength at 28-days testing of all cylinders was found to be
30+1MPa. | -

- 207



Stress.(MPa)

Stress (MPa)

Chapter 6: Behavior of Concrete-Filled F. RP‘ Tubes Colurﬁns under Eccentric load

500
400 1
Tubc B Pl -~
-
300 - \ -
L
' d
L
Ld
L4
200 - ' ‘ e
e
rd
’
’
'd
100 P
N L4
”
'
L
Pl
(1] by e el
0 0,01 C002 - 0,03 0,04 0,05
' Hoop strain (mm/mm)
Figure 6-1 stress-strain curve for the split-disk
70
1
0 . -+ . ’ . ;
0,000 0,002 0,004 0,006 0,008 0,010 0,012

Strain (mm/mm)

Figure 6-2 Stress-strain curve for coupon tensile test

208



Chapter 6: Behavior of Concrete-Filled FRP Tubes Columns under Eccentric load

6.3.2 Reinforcing steel

In this study, two different steel bar diameters were used to reinforce the CFFT and
control specimens. Mild steel bars of 3.4 mm diameter were used as spiral reinforcement
for the control specimens. Deformed steel bars No. 10M were used as a longitudinal
reinforcement for CFFT and control columns. The mechanical propérties of the steel bars
were obtained from standard tests that were ca'rﬁed)‘ out according to ASTM
A615/A615M-09, on five specimens for each type of the steel bars. Figure 6-3 shows the
typical stress-strain curve for different type of the steel bars. The actual properties are
given in Table 6-1 in terms of diameter, nominal area, yield and ultimate strength and
* young’s modulus.

Table 6-1 Properties of reinforcing steel bars.

Bar type Diaméter Nominal Yield Ultimate Modu}u; of
® — (mm) Area strength  strength elasticity .
Size Type (mm?) (MPa) (MPa) (GPa)
- Wire  Mild Steel 3.4 615 850 221
10 I0M D_eformed 11.3 100 460 575 . 200

1000-

750-[r : '

=
Esoo ,,/
g ‘
A
250 o 3.4 MM
— 10M
0 i —

0 0,02 0,04 0;06 0,08 0,1 012 014 016 018 02

Strain (mm/mm)
Figure 6-3 Stress-strain relationships for the steel reinforcement
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6.3.3 Test matrix and specimen preparation

Test matrix and details of the CFFT columns are presented in Table 6-2. The CFFT
specimens were identified by codes listed in the second column of Table 6-2. The first
number from the left presents the height of specimen in (cm), and the last number if exist, it

indicates the eccehtricity value of the specimen measured from the center in (mm).

The experimental program for this study includes five unconfined concrete cylinders
and two confined CFFT cylinders (152 x 305 mm), were subjected to concentric load to
obtain the unconfined and confined concrete compressive strength. One CFFT column (152
x 912 mm) was tested under concentric loé,d; also four CFFT columns (152 x 912 mm)
were subjected to Variable eccentric load, (15, 30, 45 and 60 nim). The percentage of the
GFRP reinforcement ratio (4¢zrp/D) is equal to 7.50, where trgp is the ﬂﬁcknes§ of the
GFRP tube.. The CFFT columns were internally reinforced with six dgfbrmed steel
longitudinal bars 10M. The bars were distributed qhiformly inSidé the cross section of the
GFRP tube. The distance between _the. bars and the tubes was 8 mm. A concrete cover of 10
mm was provided betwéen the ends ‘of the longitudinal steel bars and the top and bottom

surfaces of the specimens to avoid the stress concentration at the steel bars area.

Finally, the last two specimens (series No. 4) were spirally steel reinforced concrete
~ columns. These specimens prepared to be as a control to obtain the ultimate load capacity
*under the cbnce_ntric load. The specimens were reinforced with 6 longifudinal deformed
sfceél bars No. 10M. Also; mild steel bar of diameter 3.4 mm was used for the spiral
reinforcement. The pitch equals to 50.6 mm of the spiral was designed to give
approximately the same stiffness »of the confinement for the GFRP tube. All specimens
were cast with concrete in a vertical position. This was performed by fixing the GFRP
tubes specimens in.a vertical position inside the wooden box formwork. Two holes were
drilled at the top and bottom of the wooden box to fix each specimen vertically. Also the
bottom surface area of the wooden box was attached with a horizontal wood plate to

prevent the leakage of the concrete, see Figure 6-4.
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(e) Overview for cages inside tube

'Figure 6-4 Formwork and casting procedures
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Table 6-2 Details of specimens and summary of test matrix

Series Height Eccentricity Internal No of Type of
Specimen ID Loading pattern
No. (mm) (e= mm) reinforcement specimen confinement
1 Cylinder 305 -  — 5 Concentric  Plain concrete
2 CFFTCylinder 305 - - 2 Concentric GFRP Tube
B90SNO 912 0 6 No. 10 2 Concentric GFRP Tube
B90SN15 912 15 6 No. 10 1 . Eccentric GFRP Tube
3 B90SN30 912 30 6 No. 10 1 Eccentric GFRP Tube
B90SN45 912 45 6 No. 10 1 Eccentric GFRP Tube
B90SN60 912 60 6 No. 10 1 - Eccentric GFRP Tube
4 Ctrl-1 912 0 6 No. 10 2 Concentric  Steel Spiral
6.3.4 Test setup

The concentrically and eccentrically loaded CFFT and control spécimens were tested
under monotonically increasing axial compressive loading condition. All specimens were
prepared before the test by a thin layer of the high strength sulphur capping on the top
and bottom surfaces to insure the uniform stress distribution during the test. Steel collar§
4.0 mm thickness and 60;0 mm width) were attached to the ends of the specimens to

prevent premature failure at these locations.

For eccentrically CFFT columns, the load was applied with specific eccentricities
using specially designed two rigid steel end cap and roller beai‘ing assembly. The two
rigid steel end caps were designed and fabricated froﬁx high strength steel plates and
semicircular section of thicknesses 30 mm and 5 mm, respéctively. The steel plates and
semicircular section were welled together with outward radiating stiffeners of fhickness
equal to 25 mm. The CFFT specimens wére tested under four variable eccentric loads.
Therefore, four linés holes were drilled at the top and bottom surfaces of the stéel plate of .
- the two caps at distance 15, 30, 45, 60 mm from the center of specimen’s position to fix
the roller steel rod. The caps sections were placed over the two ends of the CFFT
specimens and clamped together 15 mm high strength steel bolts. The rigid'st'eel caps
details and test setup for concentrically and eccentrically loaded CFFT are'éhown in
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Figure 6-5. The specimens were tested using a 6,000 kN capacity FORNEY machine
located at Construction Facilities Laboratory of Department of Civil Engineering,
University of Sherbrooke, was used to apply the compression load on specimens. The
specimens were setup vertically at the center of loading plates of the machine. The
FORNEY machine, strain gauges and LVDTs were connected by a 20 channels Data
" Acquisition System. The loading rate range was 2.0 to 2.50 kN/s during the test-by

manually controlling the loading rate of the hydraulic pump.

untrot
3 \iPa
: 1

a. Overview for test setup with CFFT Specimens b. Overview for test setup with CFFT specimens
under eccentric axial load under eccentric axial load-

 c. Plane for rigid-steel frame d. Front view for rigid-steel frame.

Figure 6-5 Test set up for eccentric axial load
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6.4 Test Results and Discussion

The load carrying capacity of eccentrically loaded columns was reduced due to the
presence of the moment resulting from the applied load with eccentricity. The peak loads
(P), moment at peak load (M,), and corresponding horizontal displacements at the mid-
height of the columns (A*}), also the maximum axial and horizontal deformations (A,)
and (Ay), respectively, and the confined concrete compressive strength to the unconfined
concrete compressive strength ratio (f./f7) are given in Table 6-3. The table also
includes concentrically loaded CFFT and RC columns of the same materials (B9OSNO
and Ctrl-1, respectively) as a reference to emphasize the effect of load eccentricity on the
behaviour of the column. The total maximum moment M, at mid-height for eccentrically
columns is composed of the primary moment, based on the initial eccentricity, and the

secondary moment due to the lateral deflection at failure at mid-height.

Table 6-3 Test results for the eccentrically and concentrically loaded CFFT columns

Ay A, (A*y+e)

. P P M, o
Specimen ID (kI\’I) (kIG) (ﬁ;nx) mz ’ (mm) (kN.m) W)
B90SNO 1595 965 73.70 32.05 73.70 0 2.93
B90SN15 825.0 717 81.00 28.33 31.00 - 25.51 1.51
B90SN30 620.0 521 117.0 39.10 45.5 28.00 1.14
B90SN45 466.0 412 97.00 432 60.00 27.84 0.85
B90SN60 367.0 326 118.00 50.00 73.00 26.72 0.67
Ctrl-1 822.0 805 2.00 440 2.00 0 -

6.4.1 Axial ‘and léteral strain behaviour

Figure 6-6 to Figure 6-9 show the load-éxial and lateral strain curves for eccentrically
loaded columns (BSOSN1S5, B90SN30, B90OSN45 and B90SN60). The axial and lateral
strains were measured at the tension vand compression sides of the mid-height of the -
col_umnsf The recorded negative () and positive (+) results are plotted in the left and

right hands of the figures. The strain gauges at the two sides failed due to matrix cracking
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before reaching the ultimate load. However, the dash lines on Figure 6-6 to Figure 6-9
present the damage of the strain gauges. The axial strain of the eccentrically loaded
columns at the compression side showed negative values at all load levels. However, at
the first stages of loading, the axial strain at the tension side showed negative and zero
values, after that the strain values were become positive up to failure. On the other hand,
the load-axial and lateral strain curves for all eccen_tricaliy loaded columns at the two
sides showed linear response up to the yield load level. At the yielding load level, the
- axial strain were varied on average from (—0.003 to —0.0035) and (+0.0012 to +0.0016),
at the compression and tension sides, respectively. The Load—axial strain curves at the
compression and tension sides showed plateau response after reaching the yielding stage.
However, beyond the peak load level, the load—lateral strain curves at the compression
and tension sides exhibited descending with nonlinear response up to the failure. Also,
the lateral strain in the compression and tension side showed positive and negative strain
values, respectively, up to failure. In general, the stress-strain responses of the CFFT

columns under eccentric loads softening beyond the peak load level.

6.4.2 Load—strain relationship of _internal reinforcements

The axial strains of the two longitudinal steel bars were recorded using two strain gauges
at the tension side of the eccentrically loaded columns. Figure 6-10 (a to d) show the
load—strain relationships for these internal longitudinal reinforcements for Specimens
B90SN15, B90SN30, B90SN45 and BO0SN60, respectively. The figures present the -
elastic—plastic behaviour, whereas the curves show linear response at the initial stages of
loading up to the yield load. After yielding the strain increased progressively showing
plateau response up to the failure of the specimen. A transition curve connected the linear
and plateau parts of the load—strain relationships. For all specimens, the yield load

occurred at close value to the peak load at an average strain equal to 0.0015.
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6.4.3 Axial and horizontal deformation

The load-axial and horizontal deflection curves of eccentrically loaded columns are

shown in Figure 6-11 and Figure 6-12, respectively. The figures also include

concentrically loaded column to emphasize the effect of load eccentricity on the

behaviour of the column. All the colUmns showed similar behaviour under the eccentric
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loading. The initial behaviour shown in the axial load-shortening of the eccentrically
loaded columns was almost linear up to yielding of the longitudinal steel bars and before
reaching the peak load level. On the other hand, the axial and horizontal load—deflection
curves show that before reaching the peak load, the load increased at a constant rate and
the horizontal deflection increased at a very slow rate as compared ‘to the increase in the
axial deformation. It was probably because the effect of the eccentric load had not been
fully developed at this stage. When the maximum load was reached, the lateral deflection

began to increase progressively.

The effect of the eccentricity is clearly recognizable by comparing the behaviours
of the columns with zero eccentricity value (Si)ecimen B90SNO) versus different values
of the eccentricity (15, 30, 45 and 60 mm for specimens B9OSN15, B9OSN30, B90SN45
and B9OSN60, respectively), as shown in Figure 6-11 and Figure 6-12. The initial tangent
modulus for| the eccentrically loaded CFFT columns decreased with increasing the
eccentricity values. On the other hand, beyond the peak loads, the load-axial and
horizontal deflection curves for these specimens are nonlinear and presenting sbﬁening
response. This response is opposite to the response of the concentrically column which
presented hardening behaviour. It is of interéSt to mention that, from Figure‘ 6-11, the
peaik loads (825. 620, 466, 367 kN) of specimens B90SN15, B90SN30, B9OSN45 and
B9OSN60, respectively, oCcurrea approximately at the same value of the axial
deformation (7.50 mm). The axial and horizontal deformation of the eccentrically
columns increased gradually with load increase up to the peak load, after that the

deformatlon increased progressively with decreasing the load.
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6.4.4 Failure modes

Figure 6-13.a shows the failure mode for the three types of the CFFT cylinder specimens
of Series No. 2. All specimens failed due to the rupture of the fibre in the hoop direction
at the ultimate hoop stress resulting from the dilation of the concrete. As shown in Figure
6-13.a, the rupture cracks in the FRP tubes were propagated along the longitudinal
vertical axis of the column indicating that these tubes were failed when the lateral strain
values were exceeded the ultimate strain values of GFRP materials. The failure crack was
a zigzag line normal to the direction of the fibres in the hoop direction. Low sounds heard
during the early-to-middle stages of loading were referred to the dilation, micro-cracking
of concrete and 6ffset of the aggregate. At higher levels of loading; sounds were heard.
clearly due to rupture of the fibres in the GFRP tubes. The ultimate failure was Very
explosive for specimens of tube A, and the rupture of the GFRP tubes was followed by
concrete crushing. The concrete fell out from the tube in a crushed state immediately after

failure especially for tube A.

For CFFT columns tested under concentric load, the failure modes were a
~ combination of rupture of the GFRP tubes and ldcal >buckling of internal steel bars at the
column mid-height (see Figure 6-13.5). Typical failure was generally observed by the
rupture of the tubes between one end and the mid-height of the specimen. Figure 6-13.b
shows the rupture of the GF RP tubes is recognized by a zigzag line. This indicates that
the heli_cal fibres of the tubes failed in tension because of the hoop stresses developed by
“the concrete core that provided an effective confinement. On the other hand, for all
specimens after reaching the ‘unconﬁned concrete compfessive strength, crécking of
concrete could be heard. Significant white patéhes and transverse cracks were observed
through the middle zone of the specimens at 70%90% of the ultimate load. Yet the CFFT

columns have not buckled and it can be represented as short columns. Distortions of the

~ cross section and outward bulging of the tube occurred near the mid height of the

columns for all specimens before the failure. This mode of failure arisen from lateral
expansion of the concrete core and the local buckling of the internal steel bars. On the

other hand, sound snapping was heard even after stopping the test and removal of the )
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specimens from the setup. This continued until the stored energy in the hoop direction

and the interaction between fibre and the prestressed concrete core was released..

The failure of the control specimen started by vertical cracks at the bottom region
of the column distributed uniformly around the hoop direction. The failure mode was
typical for unconfined concrete columns. It characterized by concrete compression with
concrete cover splitting. The failure mode was taken place once the internal steel bars

were yielded. Figure 6-13.c show the failure modes of the RC control columns.

Figure 6-13.d shows the overview of the final failure mode for the four
eccentrically loaded CFFT columns tested in this study. The failure was generally marked
By a ductile failure. As the peak load was reached, horizontal ﬂgxural cracks propagated
quickly through the tension side. Significant decrease in the ultimate load capacity was
observed for all eccentrically specimehs as dompared with the ultimate load capacity of
concentrically loaded CFFT columns. Excessive horizontal deformation at the mid height
of the CFFT columns was observed beyond the peak load. The final failure mode for the
eccentrically loaded CFFT columns was permanent with a single curvature in the
direction of the tension side as shown in Figure 6-13.e. Beyond the peak load, the failure
was marked by the rupture of FRP tube at the tension side in the axial direction for all
specimens. On the other hand, minor local buckling in the compression side for the FRP
tubes at the mid height occurred for Specimen B90SN60 due to the increases in the lateral

deformations; see Figure 6-13.1.
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a. CFFT-Cylinders b. B9OSNO c. Control

f. B9OSN15 g. BOOSN30

. BO9OSN45 -j. B90OSN45 1. B9OSN60
Figure 6-13 Failure modes of eccentrically loaded CFFT column specimeris
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6.4.5 Interaction diagram

The load carrying capacity of eccentrically loaded columns was reduced due to the
presence of the moment resulting from the applied load with eccentricity. Therefore the
mid-height moments induced in the specimen consisted of two components, described by

Equation below:
M, =P (A, +e) | o 6-1
where M, =the total moment at the mid-height; P, = the maximum applied axial load to

the specimen; (¢) are the eccentricity at which the axial load was applied; and (A,) the
horizontal deflection at the mid-height at the maximum load level. Table 6-3 shows the
different values of the M,,P, and A;, for Specimens B9OSNO, B90SN15, B90OSN30,
B90SN45 and B9OSN60.

.Figure 6-14 shows the relationship between the eccentricity value and the axial load
on the CFFT columns. The ultimate load capacity for Specimens B9OSN15, B9OSN30,
B'9OSN45 and B9OSN60, decreased 48, 61, 70 and 77%, respectively as compared to the
ultimate load capacity of Specimen B90SNO. The experimental results weré used to
establish interaction diagram fot the CFFT cdlumns, see Figure 6-15. The curve is of a
similar shape to that which can be expected for a typical reinforced cohcr_ete column. Itis
clear that the maximum benefit of using GFRP tubes as a confinement mechanism occurs
‘when the section subjected to pure axial loads. Also, the figure reflects clearly the
transition from tension to compression failure through the balanced point. However, in
the region of the curve with increasing axial load and moment, Specimens B90SN45 and
B90SN60 failed mainly by tensile yielding steel bars and rupture of the FRP tube on the
tension side. Specirhens B9OSN30 presents the balanced poini on the curvé. Above the
balanced -point, at which the curve reverses direction, increasing axial load and

decreasing the total moment which resulted from decreasing the eccentricity(e).

Specimen BY90SNO failed in compression, while Specimen B90SN15 failed in
compression and tension by crushing of the concrete at the compression side and rupture

of the FRP tube in the axial direction at the tension side, respectively.
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Figure 6-15 Experimentally interaction diagram for CFFT columns
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6.6 CONCLUSIONS

The behaviors of internally reinforced CFFT columns under different eccentric load
values were presented. The behavior of the concrete filled GFRP tubes is significantly
affected by thé eccentric load. The confinement provided by the GFRP tubes improves
both the load-carrying capacity and the ductility of the concrete columns under concentﬁc
load. The following general conclusions can be drawn based on the experimental research

work presented in this study:

1. The behaviour of CFFT columns under eccentric loads is completely different as.
compared to those tested columns under concentric loads.

2. The load carrying capacities of CFFT columns under load eccentricities, /D from
0.10, 0.2, 0.3 and 0.4 were reduced by 48, 61, 71 and 77%, respectively, as
compared to the load carrying capacity of the same CFFT column under
concentric load.

3. The axial and lateral deformations were increased progressively with increasiﬁg
the eccentricity values. '

4. The stress-strain curve of the CFFT éolu’nms under eccentric loads is nonlinear
and exhibited softening after peak load. However, the slope of the descending
region of the stress-strain relationship is steeper for columns with higher eccentric
value. | '

5. The failure mode of the CFFT columns is dependent on the type of loading. For
the short columns, the rupture of the FRP tube tubes in the hoop direction and
local buckliﬁg of internal steel bars are the dominant in case concentric. While the
combination of tensile rupture in the axial direction and excessive axial and lateral

deformations are the dominant in case eccentric loading.
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| Chapter 7
Assessment of Confinement Models for

Concrete Confined with FRP Tubes

7.1 Abstract

The application of fiber-reinforced polymers (FRP) tubes for the conﬁnemént and
reinforcing the axial structure members (columns, piles, and pier bridges) is rapidly
gaining acceptance in the civil engineering éommunity. A research program is currently
being carried out at the laboratories of the Department of Civil Engineering, University of
Sherbrooke. The objective of that program is to investigate and evaluates the compressive
behavior of the concrete-filled FRP tubes (CFFTj columns. The FRP tubes benefits are in -
coﬁﬁnement, protective jackets, providing shear or/and flexural reinforcement and
permanent formwork. This paper presents the experimental and analytical results of
axially loaded CFFT cylinders. Twelve plain concrefe cylinders and twelve CFFT
cylinders (152 x 305 mm) were tested under uniaxial load. New filament wound GFRP
tubes manufactured-from glass fiber and epoxy resin were used as structural stay in place
form Work for the CFFT specimens. The fiber orientations of the tubes were mainly in the
floop direction. The FRP tubes used have constant internal diameters 152 mm. The
parametei's used in this investigation include the cffect'of laminate thickness of FRP tubes
and unconfined concrete strength. The final failure modes, stress-strain behavior are
presented for all specimens. Different FRP-confined models for brediction the ultimate
strength of CFFT have been reviewed. A comparison between the experimental results

and those predicted by the selected models is presénted.
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7.2 Introduction

In general, fiber reinforced polymer (FRP) composite materials have recently been used
as internal or external reinforcement in the field of civil engineering constructions. It is
used as internal reinforcement for beams, slabs and pavements Also it is used as external
reinforcement for rehabilitation and strengthening different structures (Spadea et al. 2000;
Almusallam and Al-Salloum 2001; Lam and Teng 2003). However, in recent year, the
application of concrete-filled FRP composites tubes (CFFT) for different structural
applications piles, column, girder, bridge piers have been studied and investigated
(Karbhari et al. 2000; Fam et al. 2003a; Mohamed and Masmoudi 2009a). The benefits of
CFFT cylinders include protective jacket, flexural and .shear reinforcements,
| confinements, durability, formwork and corrosion resistance (Mohamed and Masmoudi
2008a, b and c). The general process used to manufacture FRP tubes is one of placing and
retaining fiber reinforcements in the direction needed to prbvide the hoop and axial
streh'gth. It can be done by pultrusion, filament winding, centrifugal casting or resin
infusion. -In the filament winding process, the placement of the primary ﬁbér-glass
reinforcement is tightly controlied_ and can be oriented in either a hoop or axial direction
or anywhere in between as needed to develop the necessary strength pfoperties in the
hoop or axial direction. Confinements _of the concrete are prodhccd by the reaction of -
FRP tubes normal to the hoop direction for structure members under uniaxial loads. So
that the fiber layers in the hoop direction activated to provide the confinement of the
concrete. The axial layer is not economic in case of CFFT cylinders. However the earlier
local buckling of the axial layer is more expected under compression load on the CFFT
cylinders. Kaynak et al. 2005 conducted a split-disk tests for specimens produced with.
five different winding angle to investigate processing parameters of continues FRP tubes |
produced by filament winding technique. The results indicate that both hoop tensile
strength and hobp tensile modulus of elasticity depended strongly on the fiber direction of
specimens. Specimens having 90° and +65° had much higher values compared to the
ones having £45°, £25° and 0°.
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The aim of the present study is assessment of the performance of the existing FRP-
conﬁned models for predicting the ultimate strength of specimens tested in this study.
The research mainly focuses on the experimental and analytical work concerning small-
scale axially loaded concrete cylinders, confined with glass FRP tubes. The assessment
has based on the prediction of the ultimate axial strength of the CFFT specimens, rather '

“than on its strain or whole stress-strain relationships.

7.3 Review of Strength Models of FRP- Confined Concrete

In recent years, a number of e_xpérimental studies on the confined concrete by FRP sheets
or FRP tubes have been carried out and several empiricai models to describe its behavior
have been proposed. In addition, a number of the analytical models were devolved as an

extension 6f the model by Mander et.. al. 1988, for steel confined concrete. Fourteen
| selected models will be briefly presented, and their predictions will be compared and
_ evaluated tb the experimental test results of this study. In the presentation and discussion
of the different confinement models provnded by the different researchers a uniform set
of parameters, which may be different from the original ones, has been adopted for
consistency. Table 7-1 presents a synopsis of the expressxons provided by each author for-

'i'the calculation of the maximum compressnve strength (f.) for the FRP-confined

concrete cylmders of cnrcular Cross section.

In the following expressions, ( f;) represents the lsteral confining pressure exerted
| by the FRP tubes on the concrete core. The FRP tube has an internal diameter and wall
thickness equal to (D) and (trre), respectively. (E, ) and (f,) are the elastic modulus and
ultimate tensile strength of the FRP tubes in the circumferex_ltiai direction. The ultimate
lateral cbnﬁning pressure ( f;) is calculated by assumiﬁg that the cohcrete will fail when

the FRP tub_e réaches its failure stress. Thus, using équilibrium of forces, an expression

" can be obtained giving the lateral confining pressure at ultimate
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Table 7-1 Existing confining models for FRP-confined concrete

Model ' Equations
Richart et al. 1929° . E ' fq:,' =f='|:l "‘4-1%] 7-1
Fardis and Khalili 1981 * fu=/t c’[l + 2-05}:’7] . 72
Mander etal. 1988, 7o =gl 2258 147048 _2LL 1 254 73
Spoelstra and Monti 1999 (Exact)* « e ff!
f 0.7 -
Cusson and Paultre 1995} fa = fc’[l+2.l(7’7) ] . 7-4
£l o= fc'I:l 125+ 2.5%] 25—'—, 20.1 7.5
Pliakoutas and Mortazavi 1997% s ¢ p ¢
1l = f;[us_',] 2<b<o01 76
fc fm
Karbhari and Gao 1997 v AE, LSt :
[19]¢ R f,} [l+3.lv‘ DE. +2Df,' 7-7
. f [ 2
Samaan et al. 1998 [20]" L Se =S 1+6-0~ji—,-] : 7-8
"Spoel d M 1999 LY
poelstra and Monti "o g anldL g
Spoclstraand & o fa <. [o.z +3‘°[f;) ] 75
f 0.84 .
Saafi et al. 1999* . fil= fc’[l+2.2(}’—,) ] ' 7-10
Miyauchi et al.1999% fo= fp'[[ + 2.98%] 7-11
’ f 0.85 '
Toutanji revised 1999* , fu= f"|:l+2.3(j7’;J ] 7-12
Theriailt and Neale 2000* P
Lam and Teng 2002%, fi= f,'[l +2.o—',] 7-13
Wu et al. 2002} ‘ Se
Becque et al. 2003 * ‘ , S =S+ 5((f: )" )fz 7-14
2
. , 2 ,
Mandal et al. 2005" fi=f. {0.0017(-%@—) +0.0232[3%LZLJ+1} 7-15

! Steel-based confinement models, *FRP wrapping-based confinement models,
*FRP tubes-based confinement models and { FRP wrapping and tubes-based confinement models
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o 2 7-16

D
In 1929’s, the first attempt was developed to model the steel confined concrete by

Richart, Grandtzaeg and Brown, where the confined concrete strength ( f;. ) was taken as
a function of the unconfined concrete strength ( f] ) and the confining pressure at .

ultimate, ( f;)
fe =f,'[1+k1;—:,] ‘ ‘ 7-17

The value of the coefficient (k; ) was obtained as an average value (4.1) from the
test results on concrete confined with steel ties. Fardis and Khalili 1981 were the first
who developed a confinement model for the FRP-encased concrete in compression based -
on the steel confined model of Richart et al. 1929. Most of the existing strength models
for the FRP confined concrete were developed takes the form of Equation 7-17. However,
the new values of the coefficient (k, ) were obtained from the test results on the concrete
cylinders confined by FRP sheets or tubes, (Pliakoutas and Mortaiavi 1997 ; Samaém et al.
1998; Miyauchi et al.1999; Spoélstra and Monti 1999).

Equation 7-18 represents the second form for the FRP confined concrete, shoWing a
nonlinear relationship between the increase in the concrete strength énd the confinement
'ratio £/ f! , Cusson and Paultre 1995. It was based on the experimental test results
which indicated that the lateral confinement was less effective at higher levels of the

confining pressure.

1. %fc'[l+k.(%) ] 7-18

This equation was then checked by a n,umber of researchers who suggested
different .values of the k and m values, (Samaan et al. 1998, Miyauchi et al.1999;
Spoelstra and Monti 1999; and Toutanji 1999), as shown in Table 7-1. On the other hand,
a simple confined model of Lam and Teng 2002 haé.been aeveloped based on a large test

231



Chapter 7: Assessment of Confinement Models for Concrete Confined with ERP Tubes

database assembled from an extensive survey of existing studies. The study showed that
the ultimate strength of the confined concrete depends little on the unconfined concrete,
size, length-to-diameter ratio of the test specimens and FRP type, but depends
significantly on the accuracy of the actual value of the hoop tensile strength of the FRP.
The presented model (Theriailt and Neale 2000, Lam and Teng 2002, Wu et al. 2002) as
shown in Table 7-1, Equation 7-13 was found approximately identically similar to the
model provided by Fardis and Khalili 1981.

7.4 Experimental Work

Table 7-3 presents a total  of twelve CFFT cylihdérs -of two different concrete
compressive‘sti'engths and three different thicknesses of the FRP tubes were selected to
evaluate the performance and contrast the different approaches taken by the selected
confinement models. The test matrix is consisted from two groups; the speciméns are
identified as shown in Table 7-2. The first letter indicates the tube type used from Table
3-1, the first number indicates the unconfined concrete compressive strength and the
second number presents the replicates of the specimens. The cross section diameter for all |
specimens is 152 mm. The test specimens are classified for two groups. The first group
included six CFFT cylinders cast from concrete batch No. 1 ( £ =45 MPa), two cylinders
where cut from GFRP tube type A, B and C which are different in the thicknesses. The
percentages of the GFRP reinforcement ratio (4trrp/D) are equal to 6.97, 7.5 and 13.15
for tube A, B and C,‘respéctively, where (frrp) is the thickness of the GFRP.tubeA.
However, the specimens of grdup No. 2 are similar to.specimens of grdup No. 1 except
the concrete used from batch No. 2 ( f/ =45 MPa). |

More details regarding the mechanical characteristics and material properties of the

FRP tubes, concrete compressive strength and test setup can be found in (Chapter 3).
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_Table 7-2 Test matrix and specimens details

DaaSet | 5 Twe | 4D% | Da H pp | Numberof
No. (mm) specimens
‘::;g:; A 6.97 58 ) 2
1 g:;g:; B 6.97 58 305 2 2
' ggg_; C 16.8 24 . 2
:j::; A 6.97 58 ‘ | 2
2 g:::; B 697 | s 305 2 | 2
g“g; c "_-'16..8 u | N

The average ratios of confined to unconfined concrete strength (£, / f ) were 2.42, 2.7,

and 4.11 for CFFT cylinders casted in tube's.A, B and C, respectively, with concrete patch
No. 1. As expected, significant enhancement of the strength as well as the ductility for the
CFFT cylinders was achieved by increasing the thickness of FRP tubes. The maximum
. cénﬁned concrete strength was observed for specimen C-30-2 reaching up to 128 MPa.
The average confined concrete strength ( £ ) for A-45 is exceeds that of specimén A-30,
by 15 %. However, this increase is not significant when compared to the strength increase
between confined and unconfined concrete specimens, which is equal to 50 %. In
addition, the (fc'c / f) ratio- for A-45 and A-30 is equal to 1.90 and 2.42, reSpgctively,
which Mer show that the ultimate Strength of the confined concrete is mainly
dependent on the stiffness of the GFRP tubes, and more is effective for normal concrete
- strength.

Mc;re details regarding the‘ test results in terms of stress-strain relationships,
confined concrete compressive strength ‘and the failure modes ‘can be found in
(Chapter 3). ' '
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Table 7-3 Experimental test results

Data set ID (n:rln) .{;f;’: (I\ﬁ;a) (l(/{I:’a) j—;f—, g:’]:‘) - Failure mode

A-30-1 305 A 30 74.40 | 248 | 1350 Tube rupture

A-30-2 | 305 A 30 71.00 | 2.37 | 1283 Tube rupture

B-30-1 305 B 30 81.88 | 2.73 | 1490 Tube rupture

» () B-30-2 | 305 B 30 80.00 | 2.67 | 1450 Tube rupture

C-30-1 305 C 30 119.1 | 4.00 | 2160 Tube rupture

C-30-2 305 C 30 128.0 | 4.23 | 2302 Tube rupture

A-45-1 305 A 45 | 8940 | 1.98 | 1620 Tube rupture

\ A-45-2 | 305 A 45 82.50 1.82, 1502 Tube rupture
_ B-45-1 305 B 45 101.7 | 2.26 | 1930 Tube rupture

@ B-45-2 305 B 45 103.5 | 2.30 | 1805 Tube rupture

‘C-45-1 305 C 45 142.6 | 3.17 | 2525 Tube rupture .

C-45-2 305 C 45 148.5 | 330 | 2410 | Tube rupture

7.5 Assessment of Selected FRP-Confined Models

In this section, the theoretical confined concrete strength ( £, ), the ratio of the theoretical
confined concrete strength to the unconfined concrete compressive strength (£, /£, ),

and the experimental confined concrete compressive strength divided by the theoretical

confined concrete compressive strength (7., /£ ) are presented and compared in Table

7-4, for the selected confined models of this study.

The confining pressure  f; was calculated based on the ultimate hoop tensile
strength, £, which it is equal to the value obtained from the split disk test results. If the

ratios of the experimental to theoretical (£, /f, ) being higher than unit value, this

indicates to a conservative predictions, whereas the ratios are lower than the unit value,

this indicates to non conservative predictions of the models.
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The statistical performance of each model was assessed by both data sets 1 and 2, as
shown in Table 7-5. The statistical values were presented in the form of the average
(mean), standard deviation and coefficient of variation values for the ratios of the
experimental confined concrete compressive strength to the theoretical confined concrete
compressive strength for each data set calculated by each model. The standard deviation
is a measure of the dispersion of a data set. A low standard deviation indicates that the

data points tend to be very close to the same value (the mean), while high standard

deviation indicates that the data are “spread out” over a large range of values. The

. coefficient of variation is defined as the ratio of the standard deviation to the mean. The

accuracy of the models has been also quantitatively evaluated computing the average |

absolute deviation as follows: v
1 & - o
AAD =—Z(x, —x) 7-19
N i i . - )
where N = total humber of specimens for each data set which equal to éix, x ; is the ratio

of the experimental confined concrete compréssive strength to the theoretical confined

concrete compressive strength relative to the iy data point and x is the average value of

the six point for each data set.

As shown in Table 7-4 and Table 7-5, it is observed that some of the models give
close predictions values of the experimental test results for data set 1 and 2, but others do |
not. It was found that the Richart et al. model’s which was originally created for steel-
confined concrete significantly overestimate fhe ultimate confined strength for CFFT
specimens of both data set 1 and 2. On the other hand, the predic‘tions values for data set
1, obtained by Mander et al.’s and Spoelstra and Monti (Exact) model’s are very close to
the experimental results, while the predictiohs values for data set 2, are unconservative,
whereas the average value for six specimens is 0.95. Also, the predicti_on values obtained
by Miyauchi et al.’s model are close to the experimental resﬁlts, whereas the averége
value for data set 1 and 2 are 1.06 and 1.08, respectively. On the other hand, Mandal et
al.’s model is the only model which gave the predictions values over c(;mservative for -
both data set 1 and 2. '
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Table 7-4 Performance of selected confined models and compression with test data

Theoretical Experimenta\T Theoretical Experimental\
Data set values heoretical Data set values Theoretical

- Seo See * S See

Richart et al. 1929
A-30-1 79.32 2.64 0.94 A-45-1 94.32 2.10 0.94
A-30-2 | 79.32 2.64 . 0.90 A-45-2 | 94.32 2.10 091
B-30-1 86.89 2.90 0.94 B-45-1 | 101.89 2.26 0.93
B-30-2 86.89 2.90 092 B-45-2 | 101.89 2.26 1.02
C-30-1 | 164.64 549 | 0.73 - C-45-1 | 179.64 | 3.99 0.79
C-30-2 | 164.64 5.49 0.77 C-45-2 | 17964 | 3.99 0.33
. : Fardis and Khalili 1981
A-30-1 54.66 1.82 1.36 A-45-1 | 69.66 1.55 1.28
A-30-2 | 54.66 1.82 1.30 - - A-45-2 | 69.66 | 1.55 1.23
B-30-1 58.44 1.95 1.40 B-45-1 | 73.44 1.63 1.29
B-30-2 | 5844 1.95 1.37 B-45-2 | 73.44 1.63 1.41
C-30-1 97.32 3.24 1.23 C-45-1 | 11232} 250 © 127
C-30-2 | 9732 3.24 . 1.30 C-45-2 | 11232 ] 250 1.32
v ’ Mander et al. 1988, Spoelstra and Monti 1999 (Exact)
A-30-1 76.63 2.55 0.97 A-45-1 98.74 2,19 0.90
A-30-2 | 76.63 2.55 0.93 A-45-2 | 98.74 2.19 0.87
B-30-1 80.79 | 269 1.01 B-45-1 | 104.17 | 2.31 0.91
B-30-2 80.79 2.69 0.99 B-45-2 | 104.17 2.31 0.99
C-30-1 | 107.21 3157 1.12 C-45-1 | 14228 | 3.16 - "1.00
C-30-2 | 107.21 3.57 1.18 C-45-2 | 14228 | 3.16 1.04
Cusson and Paultre 1995 ' '
A-30-1 63.23 -2.11 1.18 A-45-1 | 8253 1.83 ©1.08
A-30-2 | 63.23 2.11 112 - A-45-2 | 8253 1.83 1.04
B-30-1 66.72 222 123 B-45-1 | 86.47 1.92. 1.09
B-30-2 | 66.72 2.22 1.20 B-45-2 | 86.47 1.92 ‘ 1.20
C-30-1 | 97.12 324 1.24 C-45-1 | 120.80 | 2.68 1.18
C-30-2 | 97.12 3.24 1.31 - C-45-2 | 120.80 | 2.68 1.23
Pliakoutas and Mortazavi 1997 o

A-30-1 | 6382 | 213 | 117 | A-45-1 | 8070 | 1.79 1.10
A-30-2 | 63.82 2.13 1.11 A-45-2 | 80.70 1.79 1.06
B-30-1 68.44 2.28 1.20 - B-45-1 | 85.31 1.90 L1
B-30-2 | 68.44 2.28 : 1.17 B-45-2 | 85.31 1.90 1.21
.C-30-1 | 115.85 3.86 104 C-45-1 | 13273 | 2.95 1.07
C-30-2 | 115.85 3.86 1.10 C-45-2 | 13273 ] 2.95 1.12
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Table 7-4 Performance of selected confined models and compression with test data (cont)

Theoretical Experimenta\T Theoretical Experimental\
Data set values heoretical Data set values Theoretical
M | S fe @ | fe e
e | T 1. fe |
Karbhari and Gao 1997
A-30-1 58.45 1.95 1.27 A-45-1 | 74.99 1.67 1.19
A30-2 1 58.45 1.95 1.22 1 A-45-2 | 74.99 1.67 1.14
B-30-1 62.21 2.07 1.32 B-45-1 | 78.95 1.75 1.20
B-30-2 | 62.21 2.07 © 129 B-45-2 | 78.95 1.75 1.31
C-30-1 98.16 3.27 1.22 C-45-1 |116.85] 2.60 1.22
C-30-2 | 98.16 3.27 1.29 C-45-2 | 116.85 ]| 2.60° 1.27
S v Samaan et al, 1998 ' :
. A-30-1 64.22 2.14 1.16 A-45-1 | 7922. ] 1.76 1.12
"A-30-2 | 6422 2.14 1.11 A-45-2 | 79.22 1.76 1.08
B-30-1 | 67.82 2.26 1.21 B-45-1 | 82.82 1.84 1.14
B-30-2 | 67.82 2.26 1.18 B-45-2 | 82.82 1.84 1.25
C-30-1 99.12 3.30 1.21 'C-45-1 | 114.12 | - 2.54 1.25
C-30-2 | 99.12 3.30 1.28 T C-45-2 | 114,12 | 2.54 1.30
A ' ’ Spoelstra and Monti 1999 (Approximate) '
A-30-1 ‘| 60.34 2.01 1.23 A-45-1. | 78.80 1.75 1.13
A-30-2 | 60.34 2.01 - 1.18 A-45-2 | 78.80 1.75 1.09
'B-30-1 | 64.36 2.15. 127 B-45-1 | 83.96 1.87 1.13
B-30-2 | 64.36 215 1.24 B-45-2 | 83.96. | 187 123
‘C-30-1 | 95.78 | . 3.19 1.25 C-45-1 112433 ] 276 | 1.15
C-30-2 | 95.78 3.19 o132 C-45-2 | 12433 | 2.76 1.19
Saafi et al. 1999 ' .
A-30-1 | 62.99 2.10 1.18 A-45-1 | 78.80 1.75 S 113
A-30-2 | 62.99 2,10 1.13 "A-45-2 | 78.80 1.75 1.09
B-30-1: | 67.21 2.24 1.22 B-45-1 | 83.96 1.87 1.13
B-30-2 | 67.21 2.24 1.19 B-45-2 | 83.96 1.87 1.23
C-30-1 | 100.16 3.34 1.20 C-45-1 | 12433 | 2.76 1.15
C-30-2 |} 100.16 3.34 1.27 C-45-2 | 12433 | 2.76 1.19
Miyauchi et al.1999 ‘
A-30-1 | 65.85 2.19 1.13 A-45-1 | 80.85 1.80 1.10
A-30-2 | 65.85 2.19 1.08 - A-~45-2 | 80.85 1.80 1.06
. B-30-1 71.35 2.38 LIS B-45-1 | 86.35 1.92 1.09
B-30-2 | 71.35 2.38 1.12 B-45-2 | 86.35 1.92 1.20
C-30-1 | 127.86 4.26 0.94 C-45-1 | 14286 ] 3.17 1.00
C-30-2 | 12786 | 4.26 0.99 C-45-2 | 142.86 | 3.17 "~ 104
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Table 7-4 Performance of selected confined models and compression with test data (cont)

Theoretical Experimenta\Th Theoretical Experimental\
Data set values eoretical Data set values Theoretical
MR AN R AN
Toutanji revised 1999
A-30-1 61.73 2.06 1.21 A-45-1 78.72 1.75 1.13
A-30-2 61.73 2.06 1.15 A-45-2 | 78.72 1.75 1.09
B-30-1 65.83 2.19 1.24 B-45-1 83.07 |- 1.85 1.14
B-30-2 65.83 2.19 122 B-45-2 | 83.07 1.85 1.25
C-30-1 104.51 3.48 1.15 C-45-1 | 124.19 2.76 115
C-30-2 104.51 348 1.21 C-45-2 | 124.19 2.76 1.20
. Theriailt and Neale 2b00, Lam and Teng 2002, Wu et al. 2002
A-30-1 54.06 1.80 1.38 A-45-1 69.06 1.53 1.29
A-30-2 54.06 1.80 1.32 A-45-2 | 69.06 1.53 1.24
B-30-1 5775 | 193 1.42 B-45-1 72.75 | 1.62 . 1.30
B-30-2 57.75 1.93 ' 139 B-45-2 | 72.75 1.62 1.42
C-30-1 95.68 3.19 1.25 C-45-1 | 110.68 2.46 1.29
C-30-2 95.68 3.19 1.33 C-45-2 | 110.68 2.46 134
Becque et al. 2003

A-30-1 64.22 2.14 1.16 A-45-1 | 79.22 1.76 1.12

- A30-2 64.22 2.14 . L11 A-45-2 | 79.22 1.76 1.08
B-30-1 67.82 226 1.21 B-45-1 82.82 1.84 1.14
B-30-2 67.82 2.26 1.18 B-45-2 } 82.832 1.84 1.25
C-30-1 | 99.12 3.30 1.21 . C-45-1 | 114.12 2.54 1.25
C-302 | 99.12 3.30 1.28 . C-45-2 | 114.12 2.54 T 130

Mandal et al. 2005 _ i

A-30-1 39.28 131 1.89 A-45-1 53.11 1.18 1.68
A-30-2 39.28 131 1.81 A-45-2 | 53.11 1.18 1.61
B-30-1 41.46 1.38 1.98 B-45-1 54.88 122 1.72
B-30-2 | -41.46 1.38 1.93 B-45-2 | 54.88 1.22 1.89
C-30-1 82.13 2.74 1.46 C-45-1 85.75 1.91 1.66
C-30-2 82,13 | 274 155 ] C-45-2 8575 | " 1.91 1.73

The average prediction values for both data set 1 and 2 obtained by Fardis and Khalili’s,

Theriailt and Neale’s, Lam and Teng’s, and Wu et al.’s models are approximately equal

to 1.30, which means that it is in safe side and conservative. On thé other hand, the eight

remaining models of Cusson and Paultre, Pliakoutas and Mortazavi , Karbhari and Gao,

Samaan et al. Sp_oélstra and Monti 1999 (Approximate), Saafi et al. , Toutanji revised and

Becque et al give very similar predfctions which are conservative and show the
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experimental to the theoretical ultimate confined strength ratios ranged from 1.10 to 1.25.
They also show the best statistical performance when assessed using either data set 1 or
" 2. In general, it is observed that the predictions values of the different models for data of
set (1) are more conservatively than that of data of set (2). However, the unconfined

concrete compressive strength of data set (1) is lower than that of data set (2).

Table 7-5 Statistical performance of strength model for CFFT specimens

Test —to-Theoretical £,

Data Set (1) ( f,, =30 MPa) Data Set (2) ( £, =45 MPa)

Model | M | SD [ cv [aAD| M | SD | CV | AAD
Richart et al. 1929 0.86 | 930 | 1070 | 0.078 | 0.90 | 8.10 | 8.97 | 0.061
Fardis and Khalili 1981 132 | 6.10 | 4.59 [0.049 | 129 | 620 | 4.77 | 0.044

Mander et al. 1988,

Spoelstra and Monti 1999 (Exact) | 1.03 970 | 938 1 0,078} 095 | 7.00 } 7.36 } 0.061

Cusson and Paultre 1995 121 | 6.10 | 505 |0.045| 113 | 770 | 6.75 | 0.066
Pliakoutas and Mortazavi 1997 1.13 | 590 | 526 | 0.048 | 1.11 , 540 | 4.83 | 0.035
Karbhari and Gao 1997 1.26. 400 | 3.17 §0.032 ) 1.22 | 6.10 5.01 0.046
Samaan et al. 1998 1.19 | 580 | 487 | 0.042| 1.19 | 8.80. 7;36 0.076

Spoelstra and Monti 1999 125 | 480 | 3.84 0.032] 1.15 | 530 | 458 | 0.041

(Approximate).

Saafi et al. 1999 : 1.19 | 450 | 3.78 | 0.030 | 1.15 | 530 | 4.58 | 0.041
Miyauchi et al.1999 ‘ : 1.06 | 8.50 | 7.92 | 0.069 | 1.08 | 6.90 | 6.34 | 0.050
Toutanji revised 1999. 1.19 | 3.90 | 321 | 0.031| 1.15 | 5.60 | 4.81 | 0.042

Theriailt and Neale 2000, Lam and

Teng 2002, Wu et al. 2002 1.34 | 590 | 440 | 0048 | 131 | 6.30 | 4.78 } 0.046

Becque et al. 2003 1.19 | 5.80 | 487 |0.042 ]| 1.19 | 8380 | 7.36 | 0.076

Mandal et al. 2005 177 | 215 | 1215 0.178 | 1.71 | 9.50 | 5.51 | 0.065

M: Mean, SD: Standard Deviation (%), CV: Coefficient of Variation (%), AAD: The Average Absolute

Deviation.
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7.6 Conclusions

This paper has presentéd an experimental and theoretical study on the compressive
strength of the CFFT cylinders. Existing strength model for FRP-confined concrete have
been reviewed and compared with the experimental results. The following conclusions

can be deduced from the study:

1. The ultimate strength of the CFFT is mainly dependent on the stiffness of the

GFRP tubes, and it is more efféctive for norinal than medium concrete
B strength. 4 ‘

2. The initial dilation ratios for all specimens appear to be the same having a
value approximately equals to Poisson’s ratio for the unconfined concreté, the -
peak dilation values depend on the confinement level of the GFRP tubes.

3. The study shows that the FRP tensile properties were obtained from ring split--
disk test are conservatively to predict the ultimate confined cbncrete strength
of the CFFT cylinders. '

4, It has been found that the steel-based models. are not safe to predict the

~ behaviour of the CFFT cylinders. 7

5. Some of the existing models have found to be overestfmate, while the others
predict the confined strength close to the experimental results in the safe side.
These models can be used with appropriate reduction factors for the ultimate

strength design of the CFFT applications.
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Chapter 8

Summary and Conclusions

8.1 Summary

The current study has investigated the behaviour of concrete ﬁlled-FRP tubes (CFFT)
columns and beams. The study included experimental and analytical investigations. In thé
experimental program, the CFFT columns were reinforced internally with steel bars,
while the CFFT beams were reinforced with steel or GFRP bars. New filament-wound
FRP tubes were used as stay-in-place form works for the columns And beams. Normal

and medium-strength concrete were used to cast the columns and beams.

The experimental program included a total of thirty seven columns (shoft and long)
and ten beams tested to failure. The columns were tested using concentric and eccentric -
loading conditions. The beams were tested under four point bending. The test results .

provided priceless information on the behaviour of reinforced CFFT columns and beams.

As regards short CFFT columns, the test results of experimental investigation
combined with other reported data in the literature were evaluated- using regression‘
analysis and a number of comparisons. These analysés were used to evaluate the validify
of the confinement models and design equations of the three N}orth America, ACI
440.2R-08, CSA S6-06 and CSA S806-02 guidelines. Simple nonlinear erﬁpirical model
for confined ultimate strength of CFFT has been proposed. The proposed model, used in
conjunction with reduction factor can be employed for the ultimate confined strength. In
addition, sfep-by—step design equations were proposed to pre'dict the factored ultiniate

load resistance of the CFFT columns.
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As regards slender CFFT columns, CFFT columns of different heights, 305, 608, 912,
1216 and 1520 mm were tested under uniaxial compression load. The effect of three
parameter§ and their interactions on the buckling behavior were investigated; namely, the
FRP tube thickness, concrete compressive strength, and slenderness ratio. The theoretical
study is then introduced to verify the accuracy of existing critical buckling load formulas.
The analysis indented to understand the effect of the slenderness ratio on the critical
buckling load of axially loaded CFFT columns. This involved introducing buckling

formulas of CFFT columns, strength curve and design example for these CFFT columns.

As regards. CFFT beams, the experimental investigation included a total of ten
beam specimens, approximately 213 mm in diameter and 2.00 m in length, tested in four-
point bending. Six RCFFT beams and four conventional reinforced concrete (RC)
circular beams with and without spiral reinforcement were cast in the experimental
program to extend the data base for RCFFT beams. Glass FRP bars and conventional
steel bars were used in 'reinfbrcing concrete beams. Five of the test beams were
constructed using normal strength concrete (30 MPa), and five beams using medium
strength concrete (45 MPa). The analytical investigation included analysis of the tested
RCFFT using the conventional beam theory to predict the yield and ultimate strengths. In
additibn, the moment-deflection responsés and the effective moments of ihtertie of the
tested RCFFT beams were analyzed using different available equations in the literature,
codes (ACI 318-08; CSA A23.3-04; SAA 2001) and design guidelines (ACI 440.1R-06;
ISIS 2001). The results obtained from each analysis were compared to the corresponding
experimental results. Based on the results of this comparison and the experimental
finding, a proposed modification to the existed design cquations' for predicting the

effective moment of inertia was presented. -

8.2 Conclusions

The following general conclusions can be drawn based on the experimental and analytical

- research work presented in this dissertation:
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8.2.1

8.2.1.

6.

Reinforced CFF’P columns

1 Short CFFT columns under concentric loading

The experimental teﬁt results ofthis study indicated that the confinement provided
by the GFRP tubes improved both the load-carrying capacities and the ductility of
the columns. | |

The stress-strain responses in the axial and lateral directions of reinforced and
unreinforced CFFT columns are bilinear. The first slope of the response depends

basically on the concrete core, while the second slope depends mainly on the hoop

stiffness of the FRP tube.

The longitudinal steel bars provide significant dowel éction,' which delays the

dilation of concrete core inside CFFT, thereby improving the ductility of CFFT

columns.

10.

1L

12.

13.

14.

The modes of failure of the short CFFT séecimens were characterized mainly by
FRP tubes rupture in the hoop direction. - ‘

The load-carrying capacities. of the CFFT are considerably higher than the
conventional RC colﬁmns. “The strength enhancement is depended of the stiffness
of the FRP tube in the hoop direction. Whereas, increasing the thickness of the
GFRP fubes signiﬁcantlyr improved the ultimate load capacities of tested
specimens. ' '

The test results indicated that the yieid load of CFFT columns occurred at level
approximately equal to 60% of the ultimate load. | .
L'imiting Jirrptobe < f! by CSA S6-06, and limiting FRP hoop tensile strength
to 0.004 its elastic modulus Epzp by CSA S806-02 leads to a conservative
prediction for confined concrete compreséive strength.

The CSA $6-06 and CSA S806-02 confinement models showed conservative
predictions, while the ACI was slightly less conservative (when the reduction
factors were used for the three codes). '

The confinement models calibrated for steel-confined concrete are not applicable
to CFFT. ’
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15. The design guidelines of the ACI 440.2R-08, CSA S6-06 and CSA S806-02
overestimate the factored axial load capacity of the reinforced and unreinforced
CFFT columns, whereas the ACI predictions were the least conse;vative. '

16. The code design equations for factored axial load capacity must de-al with the
cracking or yielding load level of the FRP-confined columns.

~ 17. For concrete sfrength up to 60MPa confined model is proposed

' , S e >
= 0.7+2.7] =8
ch V fc [ + ( f ) ]

€

18. Based on the test results of the reinforced and unreinforced CFFT columns in this
study with other reported data in the literature, the following expression is

proposed for the factored ultimate load capacity:

- Reinforced CFFT columns
P, =0.85¢k,, [k, f.. (4, ~4,)+f,4,]

- Unreinforced CFFT columns
P, =0.80¢k,, [k f. 4,

<

where,
a. k, is a new factor introduced to account for the in-place-strength of CFFT

‘columns to CFFT cylinder strength,( /. (cotumn) /f <. ) '-ku, is taken 0.80 and

cc (cylinder)
0.75 for the reinforced and unreinforced CEFT columns, respectively.
b. New product (k_, =0.6) is proposed to account for the initiation of the steel
- yielding and concrete cracking for the FRP-confined columns.
~ ¢. The product value of 0.85 or 0.80 is introduced as a strength reduction factor for
unexpeéted eccentricities for the reinforced and unreinforced CFFT columns,

respectively.
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v8.2.1.2 Slender CFFT columns under concentric loading

19.

20.

Both the axial strength and stiffness after yielding of slender columns were
increased as a result of the confining effect of the FRP tubes;

The level of confinement effectiveness for CFTT specimens featuring similar FRP
volumetric ratio (and therefore same cross—_sectional area), decreases as the

slenderness ratio increases. Because for the slender columns the failure occurs due

 to buckling instability before attaining the full confinement.

21.

22.
load capacities of tested slender CFFT columns.
23.

24

25.

26.

The enhancement of the axial strerigth of the slender columns ié more pronounced
for the lower strength concrete (30 MPa) than that for the higher strength concrete
(45 MPa). |

Increasing the thickness of the GFRP tubes significantly improved the ultimate

The modes of failure of the slender CFFT specimens were characterized mainly
by buckling instability. | , | '
The uniaxial compressive strength of CFFT was reduced by 13% to 23% with
increasing the slenderness ratio from 12 to 20 depending on the concrete
compressive strength and thickness of FRP tubes. 4
Simplified formula for the limit sléndemess \ratio was proposed for the deéign
purposes of 'CFFT columns. ‘The predicted value according to the proposed
formula agree with the observed critical slendeméss ratio (4= 41 2 and with the
recommended value in the literatl'xre.‘ ‘

It was found that the predicted slenderness limit slightly affected by both the

concrete compressive strength and FRP tube thickness, however it was reduced

‘with increasing the thickness of the confining FRP tubes.

8.2.1.3 Short CFFT coliuims under eccentric loading

27

28.

The behaviour of CFFT columns under eccentric loads is completely different as

compared to those tested columns under concentric loads. |

The load carrying capacities of CFFT columns under load eccentricities, e/D from

0.10, 0.2, 0.3 and 0.4 were reduced by 48, 61, 71 and 77%, respectively, as
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29,

30.

“and exhibited softening after peak load. However, the slope of the descending

compared to the load carrying capacities of the same¢ CFFT columns uhder
concentric load. | ‘

The axial and lateral deformations Were increased progressively with inéreasing
the eccentricity values.

The stress-strain curve of the CFFT columns under eccentric loads is nonlinear

region of the stress-strain relationship is steeper for columns with higher eccentric

"~ value.

31

The failure mode of the CFFT columns is dependent on the type of-loading. For
the short columns, the rupture of the FRP tube tubes in the hoop direction and

local buckling of internal steel bars are the dominant in case concentric. While the

- combination of tensile rupture in the axial direction and excessive axial and lateral

~ deformations are the dominant in case eccentric loading.

8.2.2 Reinforced CFFT beams

32.

All the CFFT beams tested to failure in this study, failed in flexural. The

prevailing flexural mode of failure was the tensile rupture of the FRP tube in the

longitudinal direction with,-ruptures the reinforcing bars in the tension side.

However, diagonal tension failure at the shear span and shear compression failure

were the final failure modes for the RC control beams without and with spiral

steel, respectively. This indicted that the FRP tube changed the mode of failure

from shear to flexural failure. All the CFFT ,béams reinforced with steel or FRP

bars exhibited progressive and seduential failure manner, leading to a remarkable

pseudo-ductile behaviour.
33.

The experimental test results indicated that the beams confined by FRP tubés

: experiencéd lower deflection, higher cracking load level, higher ductility, higher

34.

stiffness and superior sﬁength than the beam reinforced with a spiral-steel.
From the load-flexural hoop strain curves at the mid-span of the tested beams, it

was confirmed that the FRP tubes were activated to confine the concrete core of
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35.

36.

37.

38.

the beam. The steel-RCFFT beams experienced higher level of confinements than
the FRP-RCFFT beams.

It was found that the confinement provided by the FRP tubes improved the
tension stiffening of the tested beams, which in tumn increased the effective
moment of inertia of the tested beam after cracking as compared to the
conventional RC beams. ’
For normal and medium strength concrete, the tesf results indicated that the ratio
of the strength of FRP-RCFFT beams to that of steel-RCFFT beams was 60%.

This ratio approximately equals the cube root of axial stiffness ratio between glass

FRP and steel bars 3/p,E , / PuE, - On the other hand, the ductility of

reinforced CFFT bedms depends sxgmﬁcantly on the type of the internal
reinforcement. The ductxhty of steel-RCFFT beams is substantially hxgher than
that of FRP-RCFFT beams. ‘

It was observed that the effect of two types of concrete considered in this study on
the flexural behaviour of tested CFFT beams was insignificant. It was observed
that the ,_streng'th, deflection and ductility of the CFFT beams were affected
significantly by the axial stiffness of the FRP tubes. On the other hand, it was
found that the average ratio of the experimental flexural strength was equal to the
3.5 root of the axial stiffness ratio (axial modulus of elasticity multiplied by the

FRP tube thickness) between  the  two tubes,

3{/(Eﬂtm,, Yiubeno [CE atrrp ) ubenon » where tube No.1 has smaller thickness.

The equations provided by ACI 318-08 code and ACI 440.1R-06 design
guidelines for reinforced concrete structures with steel and FRP bars, respgctively,
and both CAN-CSA S806-02-CSA standard A23.3 and CAN-CSA S6-06 codes

- underestimated the modulus of rupture of RCFFT beams. The test results

indicated that the cracking moment of CFFT beams was occurred at a higher load
level than that of RC beams. Based on the test results a modification to the code

and design guidelineé equations was suggested for predicting the modulus of

- rupture of RCFFT beams.
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39.

40.

41.

42.

The conventional beam theory can be used for the analysis and design of the
CFFT beams, assuming that the bond between the tube and the concrete is fully
developed. The traditional procedures were found to be aéceptablc for predicting
the ultimate and yield moments capacities of the under-reinforced FRP or steel-

RCFFT beams cross section condition. The accuracy of the theoretical analysis

“procedures pertained good agreement with measured values. The strain at the

bottom steel or FRP bars was used as a reference and the neutral axis depth ratio
was determined using two new proposed empirical equations.

The experimental results of tested RCFFT beams in four point loading bending
with varying properties revealed that the current conventional or modified models
available in the literature, codes (ACI 318-08; CSA A23.3-04; SAA 2001) and
design guidelines (ACI 440.1R-O6; ISIS 2001) for predicting the effective
moment of inertia of beams reinforced by steel or FRP bars, respectively, over-
estimates the deflections in these beams and therefore it needs to be revised.

For reinforced CFFT beams, the tr,anSition between gross and cracked section -
pr6perties is gradually. The basic cubic parabolic form. of the Branson equationlis |
a poor mathematical shape for predicting the changé in stiffness of steel or FRP-
RCFFT beams: The loss in stiffness for CFFT beams is much less than that for
cOmpanibn‘ steel or FRP-reinforced sections. As such, the intended nonlinear
transition Between gross and cracked*secﬁon properties does not occur for RCFFT
beams in the same way as for steel or FRP-reinforcéd ﬂexufal not confined
members.

It was observed that, in case of steel or FRP-RCFFT members, the behaviour
under the flexural load was significantly different than that of steel or FRP RC
members. This attributed to the confinement of the concrete core and the axial
contribution of the FRP tube which in turn enhance the overall ﬂexural> behaviour
and improve the tension stiffening of RCFFT beams. Therefore, the tension
stiffening predicted for steel or FRP-RCFFT beams using the available equations
(steel or FRP-RC member) is underestimated and hence the predicted deflections

are overestimated.
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43

44,

45.

46.

. The current form of I,, as recommended in North American codes and design

guidelines, underestimate this parameter for steel and FRP reinforced concrete -
beams confined with glass-FRP tubes. |

For steel and GFRP-RCFFT beams, the transition between gross and cracked
section properties is much ﬁxdre gradual than that of conventional RC beams.

For GFRP-RCFFT beams, the ratio of gross-to-cracked section properties (I/Iy)
is between two and three times higher than that for hypothetical steel- RCFFT
samples. As such, I, approaches I, much faster for RCFFT beams reinforced with
GFRP than with Steel; |

The basic cubic parabolic form of the Branson equz;tion is a poor mathematical
shape for predictiﬁg the change in étifﬁlcss of steel and GFRP RCFFT beams. The
loss in stiffness for RC- beams is much greater than that for RCFFT beams. As

. such, the intended nonlinear transition between gross and cracked section

47.

properties does not occur for RCFFT beams in the same way as for RC-beams.

New proposed equations and a proposed modification to the equations of effective
moment of inertia weére presented for steel and FRP-RCFFT beams. The
modification is based on experimental findings, which represent the potential of
empirical and semi-empirical ‘formulations. The new equatidns account to the
change in the confinement effectiveness and the type of internal reinforcing bars.
The proposed equations were used to calculate the effectvive moment of inertia of

the tested RCFFT beams, which in turn uéed to calculate the moment-deflection

‘response. The calculated effective moment of inertia and the moment-deflection

response were compared to the experimental ones. It was observed that the
proposed equations gave accurate predictions over the range of variables tested

parameters to affect the moment-deflection response.
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Résumé et Conclusions

Résumé

L'étude suivante présente l'analyse du comportement des tubes, poteaux et poutres en
PRF remplis de béton (CFFT). Elle comprend des études _expé’rimcntale et analytique.
Dans le prograrnme expérimental, les poteaux CFFT ont été renforcés intérieurement
avec des barres en acier, cependant les poutresrCP-‘F’_I‘ onf été renforcées avec de l'acier ou
des barres en PRF de verres (PRFV). De nouveaux tubes en PRF d'enroulement
filamentaire ont été utilisés comme des coffrages perdus pour les poteaux et les poutres.
Des bétons de résistance moyenne et _ordinaire ont été utilisés pour fabriquer les poteaux
et les poutres.
Au total trente sept poteaux (courts et longs) et dix poutres prévus dans ce programme
expérimental, ont été testés jusqu'a rupture. Les poteaux ont été testés en utilisant des
charges concentrées et excentrées. Les poutres ont été testées 2 la ﬂcxion a quatre points.
Les résultats expérimentaux ont’ fourni des informations _inestimables sur le
comportement des poteaux et des poutres CFFT renforcés,
En ce qui concerne les poteaux CFFT courts, les résultats d'essai de l'étude
expénmentale combinés avec d'autres résultats rapportés de la littérature ont été évalués
en utilisant l'analyse de régressron et un certain nombre de comparalsons Ces analyses
ont été utilisées pour évaluer la validité des modéles de confinement et des équations de
conception des trois guides de I'Amérique du Nord, ACI 440.2R¥08, CSA S6-O6 et CSA
$806-02. Un modéle empirique non linéaire simple a été proposé pour la résistance
ultime de confinement des poteaux CFFT. Le modele proposé, utilisé conjointement avec
le facteur de réduction, peut étre utilisé pour la résistance ultime de confinement, En
| outre, des équations de conception étape-par-étape ont été proposees pour prédlre la

résistance de charge ultime factorlsée des poteaux CFFT.
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En ce qui concerne les poteaux CFFT élancé, des poteaux CFFT de différentes hauteurs:
305, 608, 912, 1216 et 1520 mm ont été testés sous charges de compression uniaxiale.
Les effets des trois paramétres et.leurs interactions sur le comportement au flambement
“ont été étudiés A savoir I'épaisseur de tube en PRF, la résistance du béton 2 la
compression, et le rapport d'élancement. L'étude vthéorique est alors introduite pour
vérifier I'exactitude des formules de la charge critique de flambement existantes. Des
analyses ont été faites pour comprendre l'effet ‘du rapport d'élancement sur la charge
critique de flambement des poteaux CFFT axialement chargés. Ceci nous a entrainés
d'introduire les formules de flambement des poteéux CFFT, la courbe 'dé résistance et un
exemple de conception pour ces pptéaux CFFT.

En ce. qui concerne les poutres éFFT; au total; dix échantillons de poutres prévus dans
cette étude expérimentale, approximativement de 213 mm de diamétre et 2.00 m de
longueur, ont été testés a la flexion a quatre points. Six poutres CFFT renforcées et quatre
poutres circulaires en béton conventionnel renforcé avec et sans armatures spirales ont été
fabriquées dans le programme expérimental pour étendre la base de dorinées des poutres
CFFT renforcées. Des barres en PRF de verre et des barres en acier conventionnel ont été
utilisées pour le renforcerﬁent du béton des poutres. Cinq des poutres d'essai ont été
fabriquées en utilisant un béton de résistance normale (30 MPA), et cinq boutres en
‘utilisant un béton de résistance moyenne (4'5 MPA). L'étude analytique comprend
I'analyse des CFFT testés en utilisant la théorie conventionnelle de poutfes pour prédire la
limite élastique et ultime. En outre, les réponses de moment - déﬂectioh et les moments
d'inertie efficaces des poutres CFFT renforcées testées ont €té analysés en uﬁlisant
différentes équations disponibles dans la littéfature, les codes_(A‘CI 318-08; CSA A23.3-
04; SAA 2001) et les guides de conception (ACI 440.1R-06; ISIS 2001). Les résultats
obtenus 4 partir de chaque analyse ont ‘été’ comparés aux_résultats expérimentaux
correspondants. Basant sur les résultats de cette compat:aison et les résulta.t's'
expérimentaux trouvés. Une mo&iﬁcation aux équations de conception existantes pour

prédire le moment d'inertie efficace a été présentée
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Conclusions

Les conclusions générales que l'on peut tirer de cette étude expérimentale et analytique sont

comme suit:

Poteaux CFFT renforcés

Poteaux CFFT courts sous chargement concentrique

1-

2-

Les résultats expérimentaux de cette étude indiquent que le confinement fourni par les tubes
en PRF de verré améliore les capacités portantes et la ductilité des poteaux.

Les réponses de contrainte-déformation dans les directions axiale et latérale des poteaux
CFFT renforcés et non renforcés sont bilinéaires. La premiére pente de la réponse dépend
fondamentalement du noyau de béton, cependant la deuxiéme pente dépend principalement
de la rigidité circonférentielle du tube en PRF.

Les barres d’acier longitudinales fournissent une action significative qui retarde la dilatation
du noyau de béton 2 l'intérieur dé CFFT en améliorant de ce fait la ductilité des poteaux
CFFT. '

Les modes de rupture dgs échantillons de CFFT courts ont été caractérisés principalement
par des ruptures de tubes en PRF dans la direction circonférentielle.

La capacité portante de CFFT est considérablement plus haute que le poteau conventionnel
en béton armé.'L’amélioration de la résistance dépend de la rigidité du tube en PRF dans la
direction circonférentielle. Néanmoins, 'augmentation de I'épaisseur des tubes en PRFV a
amélioré significativement les capacités de chargeé ultimes des échantillons testés.

Les résultats d'essai ont indiqué que la charge limite des poteaux CFFT s'est produite au

niveau approximativement égal 3 60% de la charge ultime.

Limitant le firrp d’étre < f,' par CSA S6-06 et limitant la résistance A la traction

circonférentielle de PRF 4 0.004 de son module ¢lastique par CSA S806-02 conduit 4 une
prédiction conservatrice de la résistance a la compression du béton confinée.

Les modeles de confinement de CSA S6-06 et de CSA S806-02 ont montré des prédictions
conservatrices, cependant I’ACI est 1égérement moins conservatrice (quand les facteurs de
réduction sont utilisés pour les trois codes). | ’

Les modéles de confinement calibrés pour le béton confiné en acier ne s'appliquent pas aux

CFFT.
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10-

11-

12-

13-

Les guides de conception de I'ACI 440.2R-08, de CSA S6-06 et de CSA S806-02
surestiment la capacité de charge axiale factorisée pour les poteau:i CFFT renforcés et non
renforcés, tandis que les prédictions de I’ ACI ont été moins conservatrices.
Les équations de conception des codes pour la capacité de charge axiale factorisée doivent
traiter le niveau de fissuration ou le niveau de charge limite des poteaux en PRF-confinés.
Pour la résistance du béton jusqu'au 60MPa, un modéle confiné est proposé

. f ' 0.7

fo=f 107+ 2.7[——’F4‘£-)
/e
Basant sur les résultats d'essai de poteaux CFFT renforcés et non renforcés dans cette étude
avec d'autres données rapportées de la littérature, 'expression suivante est proposée pour la
capacité de charge ultime factorisée :
- Poteaux CFFT renforcés
P, =0.85¢k,, [k.f.. (4, ~4,)+f,4,]
- Poteaux CFFT non renforcées
Pr = 0'80¢kcr‘[kcafc:'Ag]

oy, :

a. k, est un nouveau facteur introduit pour tenir compter du rapport de la résistance en place

des poteaux CFFT 2 la résistance de cylindre CFFT, (f ot ccormn) /S e (cytinder )- K cc €5t PriS

égale 2 0.80 et 0.75 pour les poteaux CFFT renforcés et non renforcés, respectivement.

b. un nouveau produit (k,, = 0.6) est proposé pour tenir compte du début d*écoulement de

I'acier et de la fissuration du béton pour les poteaux confinés en PRF
c. La valeur de produit de 0.85 ou de 0.80 est introduite comme facteur de réduction de la
résistance pour des excentricités inattendues pour les colonnes CFFT renforcées et non

renforcées, respectivement.

Colonnes CFFT élancées sous charge axiale concentrique

14-

15-

L’effet du confinement des tubes de PRF a contribué 2 I’augmentation de la résistance et
rigidité axiale des colonnes élancées.
L’efficacité du confinement diminue 4 mesure que [’élancement augmente; la rupture des

colonnes élancées est due au flambement des ces derniéres avant la rupture du PRF.
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16-

21-

- 22-

Le gain de résistance pour les colonnes élancées diminue avec [’augmentation de la.
résistance du béton utilisé. ’ v
L’augmentation de I’épaisseur des tubes de PRFV augmente d’une maniére significative la
résistance des colonnes élancées.

Le diagramme contrainte-déformation des colonnes élancées en béton, confinées dans des
tubes de PRFV est bilin€aire.

Le mode de rupture des colonnes élancées, confinées par des tubes de PRF est dfi au
flambage (instabilité).

L’augmentation de I’élancement des colonnes confinées par des tubes de PRF de 12 320 a
diminué la résistance gn compression uniaxiale de 13 a 23%. la résistance a la compression
uniaxiale des colonnes élancées & €té réduite de 13 4 23 % en fonction de la résistance dli
béton et de I’épaisseur du tube de PRF, et ceci avec I’augmentation dé I’élancement de 2 &
20

un modele simplifié pour trouver I’élancement critique a été proposé pour les colonnes
confinées par tubes de PRF. La valeur trouvé avec ce modéle est en accord avec
I’élancement trouvé dans la littérature. .

I’élancement .critique est légérement affecté par l’épaisseux" du tube et la résistance A la

compression du béton, il baisse avec I’augmentation de 1’épaisseur du tube

Colonnes CFFT courtes sous charge axiale excentrée

23-

24

25-
26-

27-

Le comportemenf des colonnes confinées, sous charge excentrée est complétement différent
de celui sous charge concentrique. »
La résistance en compression des colonnes confinées dans des tubes de PRF, sous charggi
exbéntrée e/D de 0.10, 0.2, 0.3 et 0.4 a été diminuée de 48, 61, 71 et 77 % respectivement,
par rapport a lg méme colonne sous charge concentrique. ‘

L’augmentation de I’excentricité augmente leé déformations axiales et latéraleé.‘ ’

Le diagramme contrainte-déformation des colonnes en béton, confinées dans des tubes deé
PRF sous chargé excentrée est non linaire, et comprend une branche descendante aprés le
pic. La pente de la branche descendante augmente avec 1’excentricité.

Le mode de rupture des colonnes confinées avec des tubes de PRF dépend du type de
chargem'ent; poixr le chargement concentrique, on obtient une rupturé du tube de PRF
accompagné du flambement des armatures longitudinales en acier. alors que’ pour le

chargement excentrique, elle est due A des déformations axiales et latérales excessives.
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Poutre CFFT renforcés

28- Toutes les poutres en CFFT testées cette étude ont rompu en flexion. Le mode de rupture e

29-

0

31-

flexion prédominant est la rupture & en traction du tube de PRF dans la direction
longitudinale avec ruptures des barres d'armature du c6té tendu. Toutefois, une rupture
diagonale en traction dans la travée de cisaillement ainsi qu’une rupture en compression par
cisaillement ont été les modes de ruptures finaux des poutres témoins en Béton Arm¢é sans et
avec spiralé en acier fespectivement. Ceci a montré que le tube en PRF a'changé le mode de
rupture de la rupturé en cisaillement 4 la rupture en flexion. ‘

Toutes les poutres renforcées avec des barres d’acier ou de PRF ont exhibés une ruptﬁre
progressnve et séquentielle, conduisant 2 un comportement pseudo-ductile remarquable.

Les résultats expérimentaux ont montré que les poutres confinés pat des tubes en PRF ont
montré une basse déflexion, un plus haut niveau de charges d’appantlon de fissures, une plus
grande ductilité, une plusv grande rigidité et une meilleure résistance éomparée a la poutre
renforcée avec une spirale d’acier.

A partir des courbes de déformation circonférentielle & mi-travée des poutres testées, il a été

* confirmé que les tubes en PRF ont été activés pour confiner le noyau en béton de la poutre.

- 32-

33-

34-

Les poutres acier-CFFT ont montré un plus grand niveau de confinements que leé poutres en .
FRP-RCFFT.

I a été trouvé que le confinement donné par les tubes en PRF améliore la ngldlté en traction

“des poutres testées, ce qui 2 son tour augmenté le moment d’inertie effectif de la poutre

testée apreés fissure tel que comparé .avec les poutres conventionnelles en Béton Armé.

Pour un béton de résistance normale et moyenne, les résulvtatsv d’éssais ont montré que le
rapport de la résistance des pdutres PRF-CFFT 2 celui des 'poutres acier-CFFT était de 60%.
Ce rapport est approximativement égal a la racine cubique du quotient de la rigidité axiale

entre les barres de PKF de verre et I’acier VPE /P . . En d’autres parts, la
ductilité des poutres renforcées CFFT dépend sighiﬁcativement du type de renforcement
interne. La ductilité des poutres acier~ CFFT est substantiellement plus élevée que celle des
poutres PRF- CFFT ' : v

Il a été observé que effet des deux types de béton consxdérés dans cette étude sur le
comportement a la flexion des poutres CFFT était non significatif. Il a été observé que la
résistance, la déflexion et la ductilité des poutres en CFFT ont été significativement affectées
par la rigidité axiale des tubes en PRF. D’un autre coté, il a t6 trouvé que le ratio moyen de
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36-
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la résistance expérimentale A la flexion était égal a la racine 3.5 du quotie;xt de la rigidité

axiale (module d’élasticité axial multiplié par I’épaisseur du tube en PRF). .

Les équations données par les normes ACI 318-08 et ACI 440.1R-06 pour les structures en

béton renforcées avec des barres d’acier et de PRF, respectivement, ainsi que chacune des

normes A23.3 et CAN-CSA S6-06 sous-estiment les modules de rupture des poutres CFFT.
Les résultats expérimentaux ont indiqués que le moment de fissure des poutres CFFT s’est

produit a un niveau de charge plus élevé que celui des poutres en Béton Armé. En se basant -
sur les résultats d’essais, une modification au code et aux équations de dimensionnement a

été suggéré pour la prédiction du module de rupture des poutres CFFT

La théorie . conventionnelle des poutres peut étre utilisée pour [Panalyse et le

dimensionnement des poutres CFFT, en assumant que 'l’interfacé entre le tube et le béton est

complétement développée. Les procédures traditionnelles ont été trouvées acceptables pour

la prédiction des moments ultime et plastique de la condition de la section transversale des

37-

38-

39-

poutres sous-renforcées en PRF acier- CFFT. La précision de I’analyse théorique des
procédures a trait avec les valeurs mesurées. La déformation en bas des barres d’acier ou de
PRF a été utilisée comme référence et le ratio de la profondeur de I’axe neutre a été
déterminé en utilisant 'devux noﬁvellcs éqﬁations empiriques proposées.

Les résultants expérimentaux des poutres CFFT testées en'vﬂexion quatre points avec des

propriétés variées ont Vrévél,é que les modéles courants conventionnels ou modifiés

disponibles.dans la littérature, dans les normes (ACI 318-08; CSA A23.3-04; SAA 2001) et

les lignes directrices de dimensionnement (ACI 440.1R-06; ISIS 2001) pour la prédiction du
moment d’inertie effectif des poutres renforcées avec des barres ,d’aéier ou de PRF,
respectivement, surestiment les déflexions dans ces poutres et nécessitent par conséquent
d’étre révisés. . , , ' ,

Pour les poutreé renforcées CFFT, la transition entre les propriétés de la section bruté et
transversale est graduelle. La forme parabolique cubique de base de ’équation de Branson
est une forme mathématique faible pour la prédiction du changement dans la rigidité des
poutres en acier ou PRF-CFFT. La perte de rigidité deé boutres CFFT est beaﬁcoup’m,oindre
que celle des sections renforcées d’acier ou de PRF. En tant que tel, la transition non linéaire
prévue'entrev les propriétés de la section brute ou fissurée ne se produit pour les poutres

CFFT de la méme fagon que pour les éléments flexionnels non confinés renforcés d’acier ou

‘de PRF,

Dans le cas des composantes de CFFT renforcées d’acier ou de RPF, le comportement

observé sous charge de flexion était sighiﬁcativement différent de composantes en béton
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40-

41-

. 43-

44-

renforcées d’acier ou de PRF. Ceci était attribuable au confinement du cceur de bétonet 3 la
contribution axiale du tube de PRF, qui du fait contribue au comportement global en flexion
et améliore la raideur en tension des poutres CFFT. La raideur en tension des poutres RCFFT
renforcées d’acier et de PRF prédite par les équations disponibles (composantes en béton
renforcées d’acier ou de PRF) s’en retrouve sous-estimée et les déformations prédites sont
donc surestimées.

La forme actuelle de le, telle que recommandée par les codes et guides de conceptions nord
américains, sous-estime ce paramétre pour les poutres confinées de tube de PRF-verre et
renforcées d’acier et de PRF. '

Dans le cas des poutres CFFT renforcées d’acier et de PRFV, la transition entre les.
propriétés.de section moyenne et a !’févt:at fissuré est beaucoup plus graduelle que pour les
poutres en béton renforcées conventionnelles. . ( - |

Le rapport des propriétés de section moyemie/ﬁssurée (Ig/lcr) des poutres CFFT renforcées
de PRFV est entre deux et trois fois plus élevé que celui d’échantillons hypothétiques de type
CFFT renforcés d’acier. Le paramétre Ie tend donc vers Icr beaucoup plus vite pour les
poutres de CFFT renforcées de PRFV que celles renforcées d’acier. ' '
La forme cubique péxabolique élémentaire de I’équation de Branson constitue une mauvaise
fonction mathématique pom;r prédire le changgme,nt'en‘ rigidité des poutres CFFT renforg:ées v
d’acier ou de PRFV. La perte en rigidité des poutres en béton renforcé est beaucoup plus
grande que celle des poutres CFFT. La transition non-linéaire attendue entre les propriétés de
section moyenne et fissurée des poutres CFFT ne se produit pas de la méme fagon que pour
les poutres en béton renforcés. o '

De nouvelles équations ainsi qu’une modification 4 1’équation de moment d’inertie effectif
ont été proposées pour les poutres CFFT renforcées d’acier et de PRF. La modification est
basée sur des observations expérimentales, qui englobent le potentiel des formulations
empiriques et semi-empiriques. Les nouvelles équationsvtie‘nnent compte de la différence
dans Pefficacité du confinement et du type de barre de renforcement interne. Les équations
proposées ont $té utilisées pour calculer le moment d’inertie effectif des pbutres CFFT
évaluées, q}xi a ensuite servit a calculer la réponse moment/déflexion. Le moment d’inertie -

effectif et la réponse moment/déflexion calculées ont été comparés 3 ceux obtenus

expéﬁmentalemerit. Il a été observé que les équations proposées fournissent des prédictions

précises sur I’intervalle de variation évalué pour les paramétres affectant la réponse moment-

déflexion.
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8.3 Recommendations for Future Work

Based on the findings and conclusions of the current study, the following)

recommendations are made for future research:

1. More research is needed to study the effect of internal reinforcement ratio on the

 behaviour of CFFT beams.

2. Research is needed to systematically investigate the size effect on the flexural
strength of RCFFT beams.

3. Additional experimental works on large scale RCFFT beams are needed to
investigating the applicability of the proposed equations of this study to i:rcdict
the effective moment of inertia.

4. Research is needed to quantify the compressive strength of short and slender
CFFT columns reinforced with glass or carbon FRP bars.

5. - More experiments works on large scale RCFFT columns are needed to investigate
the applicability of the proposed equations of this §tudy to predict the yield and

ultimate compressive strength of RCFFT columns.

258



References

REFERENCES

AASHTO, (2009), “American Association of State Highway and Transportation
Officials,” pp. 104. | |

Abdalla, H. A., (2002) “Evaluation of deflection in concrete members reinforced with fibre
reinforced polymer (FRP) bars,” Journal CompoSite Structure, Vol. 56, pp. 63-71.

Ahmad, 1., (2004) f‘Shear Response and Bending Fatigue Behavior of Concrete-Filled
Fiber Reinforced Polymer Tubes,” Ph.D. Thesis, North Carolina State University,
Raleigh, NC, 195 p. | |

Ahmad, 1., Zhu, Z., and Mirmiran, A., (2005), “Behavior of short and deep beams made
of concrete-filled fiber-reinforced polymer tubes,” Journal of Composite for
Construction, Vol. 12, No. 1, pp. 102-110.

Ahmad, 1., Zhu, Z,, and Mirmiran, A., (2006) “Splicing of precast concrete-ﬁlled FRP
tubes,” Journal of Composite for Construction, Vol. 10, No. 4, pp. 345-356.

Ahmad, I, Zhu, Z., and Mirmiran, A., (2008), “Behavior of Short and Deep Beams Made

of Concrete Filled Fiber-Reinforced Polymer Tubes” ASCE Journal of Composites for

Construction, 6(2):123-132. | -

Almusallam, T.H., Al-Salloum, Y.A. 2001. “Ultimate strength prediction for RC beams
externally 'strengthenedvby composite materials”. Composites: Part B, 32, 609-619.

Al-Sayed, S.H., Al-Salloum, Y.vA., and Almusallam, T.H, (2000), “Performance of glass
fiber reinforced plastic bars as a reinforcing material for concrete structures,” Journal

' Composites Part B: Engineering, Vol. 31, Issues 6-7, pp. 555-567.
American Concrete Institute (ACI). (2008), “Guide for the design and construction of
| externally bonded FRP systems for strengthening concrete structures,” ACI-440.2R-
08 Committee, Faﬁnington Hills, Mich. ' o

259



References

American Concrete Institute, (ACI) Committee 440, (2006), “Guide for the design and
construction of concrete reinforced with FRP bars (ACI 440.1R-06),” American
Concrete Institute, Farmington Hills, MI, 2006, 44 pp.

ACI Committee 440, (2003), “Guide for the Design and Construction of Concfetc
Reinforced with FRP Bars (ACI 440.1R-03),” American Concrete Institute,
Farmington Hills, M1, 42 pp. ' '

American Concrete Institute (ACI). (2008), “Building code requirements for structural
concrete,” ACI-318-08, Farmington Hills, Mich. ' ,
‘ASTM. (2008a). “Standard test method for appareht hoop tensile strength of plastic or

reinforced plastic pipe by split disk method.” D 2290-08, West Conshohocken, Pa.

ASTM. (2008b). “Standard test method for tensnle propertles of plastics.” D 638-08, West

Conshohocken, Pa.

ASTM. (2009). “Standard specification for deformed and plain carbon steel bars for

concrete reinforcement.” A615/A615M-09, West Conshohocken, Pa.

Benmokrane, B., and Masmoudi, R., (1996), “FRP C-bar as reinforcing rod for concrete

'_ structures,” Proceedings of ACMBS 1996, Montreal, QC, Canada, pp. 181-188.

Benmokrane, B.; Chaallal O.; and Masmoudi, R., (1996), “Flexural Response of
Concrete Beams Remforced with FRP- Remforcmg Bars,” ACI Structural Journal,
Vol. 93 No. 1,, pp. 46-55. '

Benmokrane, B., El-Salakawy, E. F.', El-Ragaby, A., and Lackey, T., (2006), “Designing
‘and testing of concrete bridge decks reinforced with glass FRP bars,” Journal Bridge
Engineering, Vol. 11, No. 2, pp. 217-229. '

Becque, J , Patnaik A K. and Rizkalla., S.H., (2003), “Aﬁalytical models for concrete confined with

' FRP tubes”, Journal Composites for Construction, ASCE, Vol. 7 No. 1, pp. 1-8.

BaZant, Z. P.;'.and Cedolin, L., 1991, “Stability of Structures: Elastic, Inelastic, Fracture
and Damage Theories,” New 'York: Oxford.University Press. pp. 1011,

lBisby, L. A, Dent, J. S., and Green, M. F., (2@05), “Comparison of confinement models
for fibre-reinforced polymer-wrapped concrete,” ACI Structural Journal, Vol. 102,
No. 4, pp. 596-604. o '

- 260



References

Bischoff, P. H., and Paixao, R., (2004), “Tension stiffening and cracking of concrete
reinforced with glass fiber reinforced polymer (GFRP) bars,” Can. J. Civ. Eng Vol.
-31, No. 4, pp. 579-588. ‘

Bischoff, P. H., (2005), “Reevaluation of Deflection Prediction for Concrete Beams.
Reinforced with Steel and Fiber Reinforced Polymer Bars,” Journal of Structural
Engineering, Vol. 131, No. 5, pp. 752-767. 4

Bischoff, P. H., and Scanlon, A., (2007), “Effective moment of inertia for calculating
deﬂedtions of concrete members -containing steel reinforcement and ﬁber—reinforced
polymer reinforcement,” ACI Structural Journal, V. 104, No. 1, pp. 68-75.

Bischoff, P H., (2007), “Deﬂectlon calculatlon of FRP reinforced concrete beams based
on modification tol the ex1st1ng Branson equatxon » Journal of Composites for
Construction, Vol. 11, No. 1, pp. 4-14.

Branson, D. E., (1965), “Instantaneous and time~dépendent deflections of simple and
continuous reinforced concrete beams.” HPR Rep. No. 7, Part 1, Alabama nghway
Dept., Bureau of Public Roads Alabama (Dept. of Civil Engmeermg and Auburn

_ Research Foundatlon, Auburn Univ., Aug 1963).

Branson, D E., (1977), “Deformatlon of Concrete Structures, McGraw-Hill, New York, 576 pp.

Canadlan Standard Association (CSA). (2002), “Design and construction of building
components with fibre-reinforced polytﬁers,” CSA-S806-02, CSA Rexdale BD,’
Toronto. ; , ‘

Burgueno, R., Davol, A., and Seible; F., (1998), ‘‘The carbon shell system for modular
bridge compoﬁents,” Proc., 2nd Int. Conf. on Composites in Infrastructure (ICCI’98), |
341-354, S ‘ |

Canadian Standard Assdciation (CSA), (2004), “Design of concrete struétures), CSA'
standard CAN/CSA-A23.3-04, Rexdale, Ont. | |

Canadian Standard Association (CSA). (2006), “Canadian nghway bridge design code,”
CAN/CSA-S6-06, Toronto, Ont. .

Carey, S. A., and Harries, K. A., (2005), “Axial behavior and modeling of confined
small-, medium-, and large-scale circular sections with carbon fiber-reinforced
polymerjaékets,” ACI Structural Journal, Vol. 102 No.1, pp. 62-72.

261



References

Chaallal, O., Hassan, M., and LeBlanc, ’M., (2006), “Circular columns confined with
FRP: experimental versus predictions of models and guidelines,” Journal of
Composite for Construction, Vol. 10, No. 1, pp. 4-12.

Charkas, H., Rasheed, H.A., and Melhe, H., (2003), “Rigorous procedure for calculating
deflections of fiber-reinforced polymer-strengthened reinforced concrete beams,”
ACI Structural Journal, V. 100, No. 4, pp. 529-539.

Cole B.L., (2005), “Flexural and shear performances of reinforced concrete ﬂlled’ fibre reinforced
polymer tubes. M.Sc. Thesis. Queen’s University, Kingston, Ont., Canada, p. 201.

Cole, B., and Fam, A., (2006), “Flexural load testing of concrete-filled FRP tubes with
longitudinal steel and FRP rebar,” Journal of Composites for Construction, Vbl. 10,
No. 2, pp. 161-171. o -

Cusson, D., and Paultre, P., (1995), “Stress-strain model for confined high-strength
concrete,” Journal of Structural Enginéering, Vol. 121, No. 3,‘pp. 468-477.

Davol, A., Burgueno, R., and Seible, F., (2001), “Flexural behaviour of circular concrete
filled FRP shelis,” Journal of Structural Engineering, Vol. 127, No. 7, pp. 810-817.

De Lorenzis, L.; and Tepfers, R., 2003, “Comparative Study of Models on Confinement
of Concrete Cylinders with Fibre Reinforced Polymer Composites,” Journal of
Composites for Construction, ASCE, Vol. 7, No. 3, pp. 219-237.

Demers, M., @d Neale, K.W. (1998), “Confinement of reinforced concrete columns with
fibre reinforced composite sheets—an experimental study,” Can. J. Civ. Eng., Vol. 26,
pp. 226-241." _

El-Mihilmy, M., and Tedesco, J. W., (2000), “Deflection of feinforced concrete beams
strengthened with fiber-reinforced polymer plates,” ACI Stfuctural Journal, Vol. 97,
No. 5, pp. 679-688. , '

El-Sayed, A. K., El-Salakawy, E. F., and Benmokrane, B., (2006), “Shear Strength of
FRP-Reinforced Concrete Beams without Transverse Reinforcemént,” ACI Structural
Journal, Vol. 103, No. 2, pp. 235- 243,

Fam A. Z., (2000), “Concrete-filled fiber reinforced polymer tubes for axial and flexural

 structural members,” Ph.D. thesis. The University of Manitoba, p. 261.

Fam A. Z., and Rizkalla S., (2001), “Behavior of axially.loadcd concrete-filled circular

fiber reinforced polymer tubes,” ACI Structural Journal, Vol. 98, No. 3, pp. 280-9.

262



References

Fam, Z. A., and Rizkalla S., (2002), “Flexural behaviour of concrete-filled fiber
reinforced polymer circular tubes,” Journal of Composites for Construction, (ASCE )
Vol. 6, No. 2, pp. 23-32. | |

Fam, A., Green, R., and Rizkalla, S., (2003a), “Field application of concrete-filled FRP
tubes for marine piles,” ACI Special Publication, SP-215-9, pp. 161-180. '

" Fam, A.; Pando, M., Filtz, G., and Rizkalla, S., (2003b), “Precast composite piles for the
route 40 bridge in Virginia using concrete-filled FRP tubeé,” PCI Journal, Vol. 48,
No. 3, pp. 32-45. ,

Fam, A., Flisak, B., and Rizkalla, S. (2003c) “Experiméntal and Analytical Modeling of
Concrete-Fxlled FRP Tubes Subjected to Combmed Bendmg and Axial Loads” ACI

: StructuralJ Vol. 100, No. 4, pp 499-509. , _

Fam, A., and Rizkalla, S., (2003), “Large scale testing and analysis of hybrid concrete
/comvposite tubes for circular beam-column applications,” Joumél Construction and
Building Materials (Elsevier), Vol. 17, pp. 507-516. | '

Fam, A., and Mandal,, (2006), “Prestressed concrete-filled fiber-reinforced polymer
circular tubes tested in flexure,” PCI Journal, Precast/Prestressed Concrete Institute
Vol. 51, No. 4, pp. 42-54. v

- Fam, A., Cole, B, and Mandal, S., (2007), “Composite tubes as an alternative to steel
‘spirals for concrete members m bending and  shear,” Journal Constructnon and
Building Materials, Vol. 21, pp. 347-355. "

Fam, A., and Cole, B.,  (2007), “Tests on reinforced CFFT beams of dlfferent shear
spans,” Can. 1. Civ. Eng., Vol. 34, No. 3, pp. 311-322.

Fam, A., and Son, J-K., (2008), “Flmte element modeling of hollow and concrete-ﬁlled

1

fiber composnte tubes in flexure: Optimization of partial filling and a design method

for poles,” Journal Engineering Structures, Vol. 30, pp. 2667-2676.

- Fam, A., (2008), “Development of a novel pole using spun-cast concrete into FRP tubes,

PCI Joumal Vol. 53, No. 3, pp. 100-113.

| Fardls, M. N and Khahh, H.H., (1981), “Concrete encased in fiber glass-remforced
plastlc” ACI Material Journal, Vol. 78, pp. 440~446.

Fardis, M.N. and Khalili, H.H., (1982), “FRP-encased Concrete as a Structural Matenal ”
Magazine of Concrete Research, Vol. 34, pp. 191-202.

263



References

Gilbert, R. L, (1999), “Deflection calculation for reinforced concrete structures-why we
sometimes get it wrong,” ACI Structural Journal, Vol. 96, No. 6, pp. 1027-1033.

Gilbert, R L., (2006), “Discussion of ‘Reevaluation of deflection prediction for concrete
beams reinforced with steel and fiber reinforced polymer bars’ by Peter H. Bischoff.”
Journal Structural Engineesing, Vol; 132, No. 8, pp. 1328-1330. _ |

ISIS Canada, (2001), “Reinforcing concrete structures with fibre reinforced polymers,”
Design Manual No. 3, ISIS Canada, Winnipeg, Manitoba, Caxlada.

Jaffry, S. A. D., (2001), “Concrete filled glass fibre reinforced polymer (GFRP) shells

| under concentric compression,” M. Sc. theses, Univ; of Toronto- Toronto, ON,
Canada. | | |

"Hadi MNS,, (2007), “Behaviour of FRP strengthened concrete columns under eccentric
compression loading”, Journal Composite Structure, Vol. 77, pp. 92-96. |

Kaynak, C., Erdiller, E.S., Parans, L., and Senel, F., (2005), “Use of split-disk tests for
the process parameters of filament wound epoxy composite tubes,” Journal Polymer
Testing, Vol. 24, pp. 648-655. '

Karbhari, V. M., and Gao, Y., (1997), “Composite jacketed concrete under uniaxial
compression-verification of simple design equations,” Journal of Maferials in Civil
Engineering, Vol. 9, No. 4, pp. 185-193. A

Karbhari, V.M., Seible, F., Burgueiio, R., Davol A., Wemli, M., and Zhao, L., (2000),
“Structural characterization of fiber-reinforced composite short- and medlum-span
bridge systems,” Journal Applied Composite Material, Vol. 7, No. 2-3, pp. 151-182.

| Karbhari, V.M., (2004), “Fiber reinforced composite brldge systems-transition from the
laboratory to the ﬁeld * Journal Composxte Structures, Vol. 66, pp. 4-16.

Klm, S., (2007), “Behavnor of high-strength concrete columns,” Doctoral thesis, North
Carolina State University, Ralelgh North Carolina. ' _

Kurt, C.E,, (1978), “Concrete-filled structural plastic columns” Joumal Structural
Division, ASCE, Vol. 104, No. 1, pp. 55-63. .

Lam, L., and Teng, J . G, (2002), ‘lStrcngth models for t‘lber;reinforced plastic-confined
concr.etc,”'J ournal of Structural Engineering, ASCE, Vol. 128, No. 5, pp- 612-623.

264



References

Lam, L., and Teng J.G,, (2003),"‘Design-oriented stress—strain model for FRP confined
concrete,” Journal Construction and Building Materials, Vol. 17, No. 6 & 7, pp.
471-89.

Lam, L., and Teng J.G. (2004), “Ultimate condition of FRP-confined concrete,” Journal
Composite for Construction, ASCE., Vol. 8, No. 6, pp. 539-48. |

Li, J., and Hadi MNS., (2003), “Behaviour of externally confined high strength concrete
columns under eccentric loading,” Journal Composite Structure, Vol. 62, No. 2,
pp. 145-53. o .

Lyse, L, and Kreidler, C. L:, (1932), “Fourth progress report on column tests at Lehigh
University.” ACI Journal, Vol. 28, pp. 317-46.

Mandal S., (2004), “Prestressed concrete-ﬁlvlérd fiber reinforced polymer tubes,” M.Sc.
Thesis. Queen’s University, Kihgston, Ont., Canada, p. 204.

Mandal S., and Fam, A.,’ (2006), v“Modeling of prestressed concrete-filled circular
composite tubes subjected to bending and axial loads,” Journal of Composites for
Construction, ASCE, Vol. 132, No.3, pp. 449-459. .

- Mander, J. B., Priestley, N. J. M,, and Park, R., (1988), “Theoretical stress-strain model
for confined concrete,” Journal of Structural Engineering, Vol. 114, No. 8,
pp. 1804-1826. |

Mandal, S., Hoskin, A., and Fém, A., (2005), “Influence of concrete strength on
confinement effectiveness of fiber-reinforced polymer circular jackets,”
ACI Structural Journal, Vol.102, No.3, pp. 383-392. |

Masmoudi, R., Thériault, M., and Benmokrane,v B., (1998), “Flexural behaviour of

v- concrete Beams reinforced with deformed fibre reinforced plastic reinforcing rods,”
" ACI Structural Journal, Vol. 95, No. 6, pp. 665-76. '

Mirmiran, A., and Shahawy, M, (1996), “New concrete-filled hollow FRP composite
column,” Composites Part B: Engineering, Vol. 27B, No. 3-4, pp. 263-268.

Mirmiran, 'A., and Shahawy, M., (1997a), “Behavior of concrete columns coqﬁned by
fiber composites,” Journal of Structural Engineering, Vol. 123, No. 5, pp. 583-590.

Mirmiran, A., and Shahawy, M., (1997b), “Dilation characteristics of confined concrete,”
Journal Mechanics of Cohesive-Frictional Materials, Vol. 2, pp. 237-249.

265



References

Mirmiran, A., Shahawy, M., Samaan, M., El Echafy, H., Mastrapa, J. C., and Pico, O.,
(1998), “Effect of column parameters on FRP-confined column,” Journal Composite
for Construction, Vol. 2, No. 4, pp. 175-185.

Mirmiran, A., Shahawy, M., El Khoury, C. and Naguib, W., (2000), “Large beam-column
tests on FRP-filled composite tubes,” ACI Structural Journal, Vol. 97, No. 2,
pp. 268-276. | |

Mirmiran, A., Shahawy, M., and Beitleman, T., (2001), “Slenderess limit for hybrid
FRP concrete columns,” Journal of Composites for Construction, ASCE, Vol. 35,
No.1, pp. 26-34. |

Mirmiran, A., Shao, Y., and Shahawy, M., (2002), “Analysis- and field tests on the
pefformance of composite tubes uhder pile driving impact,” Composite Structures,
Vol. 55, No. 2, pp. 127-135. |

Mirmiran, A., and Shahawy, M., (2003), “Composite pile: A successful drive,” Journal
Concrete International, Vol. 25 No. 3, pp.89-94.

- Miyauchi, K., Inoue, S., Kuroda, T., and Kobayashi, A., (1999), “Strengthening effects of

concrete columns with carbon fiber sheet,” Transactions of the Japan Concrete

Institute, Vol. 21, pp. 143-150.

_ Mohamed, H., and Masmoudi, R., (2007),. “Behavioral Characteristics for FRP
Compbsites Pole Structures: Nonlinear Finite Element Analysis” CSCE 2007 Annual
General Meeting, Yellowknife, Northwest Territories, June 6-9.

Mohamed, H., and Maémoudi, R., (2008a), “Compressi've Behaviour of Filament Winded
GFRP Tube-Encased Concrete Columns” qurth International Conference on FRP
Composites in Civil Engineering (CICE2008), 22-24 July 2008, Zurich, Switzerland.

Mohamed, H., and Masmoudi, R., (2008b), “Characteristic behaviors of GFRP tube-
encased concrete columns” .C_SCE 2008 Annual General Meeting, Québec, QC,
10 to 13 Jun.

Moh,amed, H.,'ahd Ma‘s“moudi,v R., (2008c), “Compressive behaviour‘of reinforced
concrete filled FRP tubes,” ACI Special Publications, SP-257-6, pp. 91-108.

Mdhamed, H., and Masmoudi, R., (2009a), “Behavior of FRP tubes-encased concrete

| columns under concentric and eccentric loads,” COMPOSITES & POLYCON 2009,

American Composites Manufacturers Association, January 15-17, Tampa, FL USA. ‘

266



__References

Mohamed, H.; and Masmoudf, R., (2009b), “Assessment of Confinement Models for
Concrete Confined with FRP Tubes,” American Society for Composites and
Canadian Association for Composite Structures and Materials, proceedings on CD-
Rom, September 15 to 17, University of Delaware in Newark, Delaware, USA.

Mohamed, H., and Masmoudi, R. (2010) “Axial Load Capacity of Reinforced Concrete-

- Filled FRP Tubes Columns: EXperimentel versus Theoretical Predictions” Journal of
Composites for Construction, ASCE, Vol. 14, No. 2, pp. 1-13.

Mota, C.; Alminar, S.; and Svecova, D., (2006), “Critical review of deflection formulas
for FRP-RC members,” Journal of Composites for Construction, Vol. 10, No. 3,
pp.183-194.

Naguib, W., and Mmmran, A, (2002a), “Ttme-dependent behavior of FRP confined
concrete columns,” ACI Structural Joumal Vol. 99, No. 2, pp. 142——148

Naguib, W., and Mirmiran, A., (2002b), “Flexural creep tests and modeling of concrete-
filled fiber reinforced _polymer tubes,” Journal of Composites for Construction, Vol.
6, No. 4, pp. 272-279. | | | |

Ozbakkaloglu, T., and Saatcloglu, M (2004), “Rectangular stress block for high-strength
concrete,” ACI Structural Journal, Vol. 101, No. 4, pp. 475-483.

Pando M, Fam A, Lesko J, Filz G., (2003), “New brxdge piers usmg load bearing
concrete-filled GFRP tubes,” Field application of FRP reinforcement: case studies,
ACI SP-215-10; pp.181-200. o o

Park, R., and Paulay, T., (1975), “Relnforced concrete structures,” John Wiley & Sons
Inc, New York, 769 p- ‘ .

Parvinl, Z., and Wang, W., (2001), “Behavior of FRP jacketed concrete columnsv Under
Eccentric Loading,” Journal of Composites for Construction, Vol. 5, No. 3,
pp. 146-152. ,

Parvathanem, K., Iyer, L and Greenwood, M., (1996), “Design and constructxon of test
moormg pile using superprestressmg,” Proceeding of Advanced Composite Materials
in Bridges and Structures, Montreal, pp- 313-324. v

vPessiki, S., Harries, K.A., Kestner, J.T., Sause R. and Ricles. J.M., (2001), “Axial
behavior. of reinforced concrete columns confined with FRP jackets;,” Journal of
Journal Composite for Construction, ASCE, Vol. § No. 4, pp. 237-245. |

267



References

Pilakoutas, K., and Mortazavi, A.A., (1997), “Ductility through external confinement of
RC members with FRP,” In Non-metallic (FRP) reinforcement for concrete
structures. Japan Concrete Institute,1: pp. 225-232.

Qasrawi, Y., and F am, A., (2008), “Flexural load tests on new spun-cast concrete-filled
fiber-reinforced polymer tubular poles,” ACI structural Journal, Vol. 105, No. 6,
pp. 750-759.

- Rafi, M. M., Nadjai, A., and Ali, F., (2006) “Experimental testing of concrete beams
reinforced with carbon FRP bars,” Journal of Composite Materials, Vol. 41, No. 22,
pp. 2657-2673.

Rafi, M. M., and Nadjai, A., (2009) “Evaluation of ACI 440 deflection model for fiber-

| reinforced polymer reinforced concrete beams and suggested modification,” ACI
Structural Journal, V. 106, No. 6, pp. 762-771. | |

Rizkalla; S., and Mufti, A., (2001), “Reinforcing Concrete» Structures with fibre
' Rei'nfofced Polymers,” Design Manual No. 3, ISISFCanada, Winnipeg, MB, Canada.

- Rizkalla, S., Hassan, T. and Hassan, N., (2003), “Design Recommendations for the use of
FRP for Reinforcement and Strengthening of Conqrete Structures,” Journal of
Progress in Structural Engineering and Materials, Vol. 5, No. 1, pp. 16-28.

Rocca, S., Galati, N., and Nanni, A., (2008), “Review of design guidelines for FRP
confinement of reinforced concrete columns of noncircular cross sections,” Journal

- Composite for Construction, Vol. 12, No. 1, pp. 80-92. |

Saafi, M., Toutanji, H A., and Li, Z., (1999), ‘‘Behavior of concrete columns confined
with fiber reinfofced polymer tubes,”” ACI Material Journal, Vol. 96, No. 4,
pp. 500-509. N

Saatcioglu, M., and Razvi, S. R., (1992), “Strength and ductility of confined concrete,”
Journal Structﬁral Division, Vol, 118, pp. 1590-1607.

- Samaan, M., Mirmiran, A., ahd Shahawy, M., (1998), ‘‘Model of concrete confined by
fiber composites,”” Journal Strﬁctural Engineering, Vol. 124 No. 90, pp. 1025-1031.

Seible, F., (1998), “InnoVé.tive deéigns for pPedestrian bridges,”” Proceeding.,
Dcv¢lopment§ in Short and Medium Span Bridge Engineering’98. » |

Seible, F., V. M. Karbhari, and R. Burgueno., (1999), “King Stormwater Channel and I-
5/Gilman Bridges,” Structural Engineering International, Vol. 9, No. 4, pp. 250—253.

268



References

Shao, Y., and Mirmiran, A., (2004), “Nonlinear cyclic response of laminated glass FRP
tubes filled with concrete” Journal Composites Structure, Vol. 65, pp. 91-101.

Shao, Y., and Min;limn, A., (2005) “Experimental investigation of cyclic behavior of
concrete-filled fiber reinforced polymer tubes” Joumhl of Composites for

" Construction, Vol. 9, No. 3, pp. 263-273.

Shao, Y., Aval, S., and Mirmiran, A., (2005) “Fiber-element model for cyclic analysns of
concrete-filled fiber reinforced polymer tubes” Journal of Structural Engineering,
Vol. 131, No. 2, pp. 202-303. -

Shawn, A. C., and Kent, A. H., (2005), “Axial behavior and modeling of confined small-
medium-, and large-scale circular sections with carbon fiber-reinforced polymer
jackets” ACI Structural Journal, Vol. 102, No. 4, pp. 596-604.

Sheikh, S.A., Jaffry, S.A.D., and Cui, C., (2007), “Investigation of glass-fibre-reinforced-
polymer shells as formwork and reinforcement for concrete columns.” Can. J. Civ.
Eng., Vol. 34, No. 3, pp. 389-402. I

7 Son, J- K., and Fam, A., (2008), “Finite element modeling of hollow and concrete-filled
- fiber composnte tubes in flexure: Model development, verification and mvestlgatlon
of tube parameters,” Joumal Engineéering Structures, Vol. 30, pp. 2656-2666. _

Spadea, G., Bencardino, F., Swamy,- RN, (2000),' “Optimizing' the performance
éharacteristics of beams strengthened with bonded 'CFRP laminates,”. Journal
Materials & Structures, Vol. 33, pp. 119-26. |

. Spoelstra, M. R., and Montl G., (1999), “FRP-Confined Concrete Model,” Joumal of
Composites for Construction, V. 3, No. 3, Aug, pp. 143-150. :

Standards Association of Australia (SAA). (2001), “Australian standard for concrete
structures,” AS 3600-2001, SAA; Sydney, Aﬁstral_ia. | .

Teng, J.G., Chen, J.F., Smith, S.T., Lam, L., (2002), “FRP strengthened RC structures”.
John Wlley & Sons, New York, NY.

Richart, F. E.; Brandtzaeg, A.; and Brown, R. L., (1929) “The Fallure of Plain and
Spnrally Reinforced Concrete in Compressnon,” Bulletin 190, University of Hlinois

A

Engineering Experimental Station, Champaign, Iil.

269



References

Thériault M, Neale KW., (2000), “Design equations for axially loaded reinforced
concrete columns strengthened with fibre reinforced polymer wraps,”. Can. J. Civ.
Eng., Vol. 27, 1011-1020, NRC, Canada. |

Toutanji, H. A., (1999), “Stress-strain characteristics of concrete columns externally

-~ confined with advanced‘ﬁber composite sheets,” ACI Material Journal, Vol. 96, No.
3, pp. 397404, '

Toutanji, H. A., and Saafi, M., (2000), “Flexural behavior of concrete beafns reinforced
with glass fiber-reinforced polymer (GFRP) bars,” ACI Structural Journal, V. 97, No.
5, pp. 712-719.

Toutanji, H. A, and Deng, Y., (2003), “Deflection and crack-width prediction of concfete
beams reinforced with glass FRP rods,” Construction and Building Materials, Vol. 17,
pp. 69-74. '

Yost, I. R.; Gross, S. P.; and Dinehart, D. W., (2003), “Effeptivé moment of inéftia for
| glass fiber-reinforced polymer-reinforced concrete beams,” ACI Structufal Journal,
Vol. 100, No. 6, pp. 732-739. |
Yuan, W., and Mirmiran, A, (2001), “Buckling analysis of concrete-filled FRP tubes,”

International Journal of Structural Stability and Dynamics, Vol. 1, No. 3, pp. 367-383.

Wu, G., Lu, Z.T.,, and Wu. Z.S.,, (2006), “Strength and ductility of concrete cylinders
confined with FRP composites,” Journal Construction and Building Materials, Vol.
20, pp. 134-148. o

Wu, G., Lu, Z., and Wu, Z., (2003), “Stress~strain relationship for FRP-confined concrete
cylinders.” Proc., 6th Int. Symp. on Fibre-Reinforced Polymer (FRP) Reinforcement

for Concrete Structures (FRPRCS-6), K. H. Tan, ed., Vol. 1, World Scientific,
Singapore, 551-560. N '
Zhao L, Burgueno" R, Rovere HL, Seible F, Karbhari VM., (2004), ‘;Prcliminary
~ evaluation of the hybrid tube bridge system,” Repbxt No. TR-2000/4, Department of
Structural Engineering, University of California, San Diego, CA; p 1-56.

Zhu, VZ., Ahmad, 1, and Mirmiran, A., (2005), “Effect of column parameters on axial
compression behavior of concrete-filled FRP tube,” Advances in- Structural
Engineering, Vol. 8 No. 4, pp. 443-449.

270



References

Zhu, Z., Ahmad, 1., and Mirmiran, A., (2006), “Seismic performance of concrete-filled
FRP tube columns for bridge substmcture,” Journal of Composite for Construction,
Vol. 11, No. 3, pp. 359-370.

Zhu, Z., Ahmad, 1, and Mirmiran, A., (2009), “Fatigue modeling of concrete-filled ﬁber—

. reinforced polymer tubes,” Journal of Composite for Construction, Vol. 13, No. 6, pp.
582-590.

271



