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ABSTRACT

Concretefilled fiber-reinforced polymer (FRP) tubes (CFFTs), an alternative to
conventional systems, emerged as innovative sarstiainable infrastructure systems for
various structural applications. Due to their capability to resist significant axial, shear, and
flexural loads and excellent corrosion resistance offered in harsh environments, CFFTs are
viable for major structuralpgplications such as bridge piers and marine piles. The main
objective of this thesis was to investigate the shear and flexural behavior-oéstémtced
CFFTs with +58fiber orientation. Arextensivestudy was performed by fabricating and
testing a tadl of eighteen, 1219.2 mm long steeinforced CFFTs under thrgmint
bending by varying three different parameters: pressure ratings of the GFRP tube, internal
reinforcement ratios, and shear span to depth ratio. The filanzemd GFRP tubes made

of glass fibers and vinygster resin had a fiber orientation of Y56th respect to the
longitudinal axis. Three different GFRP tubes were used with varying wall thicknesses of
2.7, 4.7, and 6.7 mm, with a constant inner diameter of 203.2 mm. Two internal
reinforcement ratios of 1.85% and 3.70% were adopted by introdueifyiéand 615M

steel rebars, respectively, with similar cregstional configurations for all CFFTs. The
CFFT beams tested were under three different sheartsp@pth ratios (a/[) of 05, 1,

and 2.25. Irrespective of their testing parameters, all CFFT specimens failed in flexure by
rupturing the GFRP tube in the bottom tension region atapéh. The study demonstrates
that the increase in the total normalized reinforcement ratio rdsuite significant
enhancement in the strength and stiffness of CFFTs. Additionally, no significant slip
between the GFRP tulm®ncrete core and concrete csteel rebars was detected,
showing the superior composite action in the CFFT system. A nonlinéarelement
model was developed and analyzed irlDBNA using its dynamic solver to predict the
complete behavior of CFFTs. Overall, the FE models successfully predicted the failure
mode, nonlinear response of CFFTs, and showed a good agreement wikpehmental

results.
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CHAPTER 1 INTRODUCTION

1.1 MOTIVATION

Efficientandsustainablénfrastructure systems such as bridges, buildings, pipelines, flood
control systems, and utilities are necessary for a healthy economy and comfortable
standard of living. Reinforced concrete and steel structures are the backbones of our
current civil infrastructures. The lorterm structural durability of reinforced concrete has
been a longerm issue for the infrastructure industry. Corrosion of steel reinforcement and
degradation in the wooden structures causes major rehabilitation problems to the
infrastuctures worldwide. The released Canadian infrastructure report card (CIRC, 2019)
in 2019 states that a significant percentage of public infrastructure in Canada is in poor
condition. The report also suggested that 80% of the roads and bridges are m@@ tha
years old, and 40% of them are in fair, poor, or very poor condition. Climate change also
has major physical impacts on the aging infrastructure, as the harsh environment
accelerates the deterioration afstructuré structural performance, servicddlp, and
lifespan, as shown in figurell

Figure 1-1. Environmental impact on marine structures: (a) Worn out timber piles
(QuakeWrap Inc.); (b) Typical corrosion of precast prestressed concrete piles
(Moser et al., GODT 2031

Due to these combined factors of deteriorating conditions, age, and change in the
environment, it is now more than ever necessary to rehabilitate the existing infrastructures
or upgrade them into new ones. As a result, there are ongoing efforts to inipeove
existing marine infrastructure in Canada. Few projects, namely, improvement of Halifax

Waterfront, NS as shown in figure2l(a) by upgrading and replacing the existing wharves
1



and piers near foundation place, Figue{b) exhibits Port of Oshawa cewolidation
project in Ontario, which improved east dock face by adding 98 corfdletesteel pipe

piles. Cape Crocker Park rehabilitation project in Sydney Bay, Ontario, the rehabilitation
of an old concreteapped timber crib wharf at the park by addadditional sheet pile

bulkhead walls as shown in figure2i(c).

Figure 1-2. Recent marinénfrastructurerehabilitation projects in Canada: (@dalifax
waterfront, NS (Develop Nova Scotidly) Port of Oshawa, ON (Piling Canada);
(c) Cape Croker Park, ON (Piling Canada)

In the last decade, hybrid systems such as conrfiltetkfiber-reinforcedpolymer (FRP)

tubes (CFFTs) are emerging as a promising alternative for various structural apmicatio
such as structural columns, piles, poles, signaling posts, bridge components, etc. Their
fascinating features include durability, concrete confinement, resistance towards chemical
attacks, etc., grabbed the attention of the researchers and the iofuastmdustry. The

CFFT members are usually used as an alternative to conventional reinforced concrete and

2



steel components, mainly in the tidal areas for marine piles and tlengezones,
effectively solving the corrosion issue anghvingmillions of dollars spent yearly for
rehabilitation of the concrete structures. Hence, the application of the CFFT members in
the abovestated projects would have been a much more effective and appropriate
replacement, particularly in terms of life span to the trad#i concrete and steel
members. The CFFT member does not always require the internal reinforcements in the
concrete as depending on the fiber orientation, the FRP tube acts as the confinement
material and provides a significant amount of reinforcementhé axial and hoop
direction. However, the addition of internal longitudinal reinforcement can enhance the
bending stiffness of CFFTSs, resulting in a smaller deflection of CFFTs under service loads
compared to conventional reinforced concrete members wastrving the contribution

FRP tube to a larger extent for confinement and shear resistance. Furthermore, the FRP
tubes can be designed and reinforced according to the requirement of individual
applications based on the types of fibers, their orientdiogr, volume fraction, and the
number of layers to achieve the optimum design. Most of the current design provisions
incorporated in the codes and design guidelines are based on the existing design formulas
of members reinforced with conventional steell @onsidering modifications factors in

the equations to differentiate between FRP and steel such as Mirmiran et al. (1998) and
Ahmadet al.(203) on shear resistance and Mohamed and Masmoudi (2010) on cracking

moment of CFFT members.

1.2 PROBLEM STATEMENT

Currently, the advancement in the construction industry allows the successful field
applications of innovative materials such as GFRP composites. In addition to providing
confinement, due to the high corrosion resistance nature of the filavoend fiber
reinforced polymer tubes, which act as a protective barrier for the internal concrete, the
potential of field applications of CFFT in the marine environnearinotbe ignored.
Furthermore, GFRP tubes also provide staplace formwork, reducinthe requirement

of temporary formwork and increasing sustainability by reducing construction waste.
However, CFFTs are yet to be frequently adopted by engineers in the field of construction
due to limited design guidelines and information regarding thewier of the individual

material and the overall system.



+55Y filamentwound GFRP tubes are frequently used for piping applications in the
municipal sectors, gas and oil industries, aerospace, and aeronautics industries due its
corrosion resistance, liglheight, high strength, and resistance to both the internal pressure
and axial loaddn the piping applications, the GFRP tubes are often subjected to internal
pressure loag which results imhoop stress to axial stress ratio of Z:tie 1550Winding

angle with respect tothe axial directionof the filament wound GFRP tubeolds a
significant advantagen theseapplicationsas this fiber orientation makes the tube ideal

for resisting this type of internal pressure loadiRgr theseabovestated reasons, +85
filamentwound GFRP tubes are commercially available and can be adopted as CFFT
members in the construction industry. However, limited theoretical and experimental
studies and design guidelines on CFFTs, prevent the potentiabpveshd structural
applications of CFFT as structural members. In addition, there is currently a gap in the
literature with regards to the shear and flexural behavior of-stegbrced CFFTs with

+55%iber orientation which will be further explored irh@pter 2.

1.3 OBJECTIVES

The main objectives of this research aim to study and provide a deeper understanding of
the shear and flexural behavior and the failure mode of reinforced cofilbeetglass
fiber-reinforcedpolymer tubes (CFFTs) with +B6ber orientation for use in sustainable
infrastructure applications. The main objectives will be achieved by completing specific

objectives in this study, which are summarized as follows:

i) To evaluate the effect of shear span to depth ratio on the beb&therCFFT

members.

i)  To examine the effect of the internal reinforcement ratio on the behavior of
CFFTs.

iii) To evaluate the effect ahe wall thickness othe GFRP tubes on the

performancef the CFFT members.

iv) To predict the loadleflectionresponses, nonlinear strain, momeutvature

behavior, and failure mode of the CFFT specimaaéinite element modeling



1.4 RESEARCH SCOPE

The objectives discussed in the previous section will be achieved by fabricating and
preparing a total of eighteddFFT beammembers with GFRP tubes with three different
wall thicknesses and two different interstelreinforcement ratios. The prepared CFFT
specimens will be tested under thp@nt bending with varying shear span to depth ratios.
The experimental seilts will be analyzed, compared, and verified by developing a finite
element(FE) modelusing the LSDYNA software program.

1.5 THESIS LAYOUT

The contents of the thesis are briefly discussed in the following:

Chapter 2 will present reviews pfevious research on the behavior of GFRP tubes with
+55 fiber orientation, concretilled fiber-reinforcedpolymer tubes under different
loading conditions. The literature will investigate the effect of internal reinforcement and
their varieties, shear span to depth atamd fiber orientations, major intgrces from the

previous studies, as well as different field application of CFFTSs.

Chapter 3 will describe the experimental program, including the material properties, and
provide a detailed description of the fabrication procedure, test matrix, tegp, set
instrumentation, and test procedure. Finally, chapter 3 will conclude with a comprehensive
study of the experimental results and the behavior of CFFTSs, including failure modes, the
effect of various parameters such as shear span to depth ratio, thkickakss of the

GFRP tube, and internal reinforcement ratio, as well as auxiliary material tests.

Chapter 4 will explain the procedure, material models, and various parameters used in
developing a finite element model in a commercially available Fivaoftprogram, LS

DYNA. Finally, the Fadndfaloreneodes will ba veafiedyagamst r e s (
the experimental results from Chapter 3.

Finally, the thesis concludes with Chapter 5, which summarizes the significant findings

of this research ahprovides recommendations for future research into CFFTs, based on

this research experience.



CHAPTER 2 LITERATURE REVIEW

2.1 BACKGROUND

The advancement in innovative materials in the field of emjineering heseen a growth

in the application of fibereinforced polymer (FRP) composites in the construction
industry. In recent years, FRP has been extensively usethdarehabilitation and
strengthening of existing structures by meah&xternalconfinement techniques with
plates, sheets, and wraptowever, wth an alarming rate of rapidly aging infrastructure
growing worldwide, it is becoming more and more important to replace those with
improved structural systems. The main advantages of deffitled fiber-reinforced
polymer tubes (CFFTSs) over conventional structural systems with timber, reinforced or
prestressed concrete, structural steel, and corfidtete steel tubes could be as

summarized as follows:

A High strength to weight ratios due tightweight and superior strength of
FRPs.

A Impressive durability in severe environments due to their low chemical

reactivity.
A High energy absorption.

A Design adaptability in terms of fabrication, siayplace formwork,

achievement athe optimum designdr individual applications.

Apart from major structural applications such as bridge pier, girders, fender piles, CFFTs
can also be used in highway traffic lights and ssgpporting structures, ligheand hydro

pole applications (Qasrawi and F2®08).

The common manufacturing techniques for fabricating FRP tube includes hand layup,
filamentwinding, spincasting, pultrusion, and resin transfer moldigy study by
(Ozbakkaloglu and Vincent 2014uggestedhat FRP tubes manufactured by automatic
filament winding technique provide greater strength and strain enhancement for CFFTs

compared to the tubes manufactured manually using a wet layup method.

This chapter reviews experimental and analytical work conducted previously on the

compression, tensiprand flexural behavior of hollow GFRP tubes with Ysiher
6



orientation along with behavior short and long span of CFFTs, with or without internal
reinforcement. This chapter also summarizes the major factors influencing the behavior of
CFFTs and identiéis potential research gaps. Finadlyew reatlife field applications of

CFFTs are also explored.

2.2 BEHAVIOR OF  #55 BGFRP TUBE S

In 2019, Betts et al. studied compression and tension behavior BiteBBent wound

GFRP tubes. The nonlinear stretsainbehavior of the GFRP tubes was studied using 25

(5 identical for each case) and 6 (3 identical for each case) specimens, which were tested
under compression and tension, respectively. The GFRP pipes were manufactured using
continuous roving ECR glass filseand a BISA vinyl-ester resin. The tubes had a fiber
volume fraction of 50.2% and had a fiber orientation of &&#&h an error of +2 Five

different GFRP tube specimens were selected based on their pressure rating and their inner
diameter. The GFRPtebs 6 t hr ee nomi nal pressure ratin
influenced by their filament wind layup. The two inner diameters of the compression
specimens were 76.2 and 203.2 mm, and the specimen length was twice its outer diameter.
The 2:1 length to dimeter ratio was adopted to avoid a premature failure in the gauge
length. Also, the local crushing at the pipe end was avoided by reinforcing the end using a
basaltFRP wrap. The strain data were collected from each compression specimen using
four straingauges, two of them were orientated to the axial loading direction, and the other
two strain gauges were orientated in the transverse direction. The compression specimens
were tested based on ASTM D5449. In comparison, the tension specimens had an inner
diameter of 76.2 mm. The tension specimens were prepared by a novel method to avoid
premature failure due to the slippage by fitting the end with steel cores and manually
tightened by cap screws. In addition, the specimens were made into a dumbbell shape to
avoid any failure in the gauge length. Total six strain gauges: four in the axial direction

and two in the hoop direction were used to record the strain data from each specimen.



Table 2-1. Test Matrix(Betts et al2019)

Specimen Nominal Pressure No. of Inner Diameter Cross Sectional Area Wall Thickness Diameter-Thickness Filament Wind
Group Rating (kPa) Specimens (mm) (mm?) (mm) Ratio (DTR) Layup (")
P350-D76-C 350 5 76.2 416.5 1.7 44.8 [+551,
P1050-D76-C 1050 5 76.2 964.4 3.8 20.1 [ (+55),/+55/-55
Is
P350-D203-C 350 5 203.2 1741.5 2.7 75.3 [ +55/ 455 1
P700-D203-C 700 5 203.2 3103.0 4.7 43.2 [ +55]4
P1050-D203- 1050 5 203.2 4404.6 6.7 30.3 [+55]5
C

P350-D76-T 350 3 76.2 416.5 1.7 44.8 [£55]2
P1050-D76-T 1050 3 76.2 964.4 3.8 20.1 [+551;
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Figure 2-2. Tension specimen and test-sgt (Betts et al. 2019)

The diametexvall thickness ratio (DTR) had an essential effect on the results of both
compression and tension tests. The diameter to wall thickness ratio for the compression
8



specimens was in the range of 20.1 to 75.3. The compression specimens withod DTR
75.3 showed a significantly lower strength than lower DTR specimens caused by
premature local buckling. The only compression specimen set did not follow the general
trend of failure, matrix cracking parallel to the fiber direction, and ultimately féed
crushing. A singldactor analysis of variance (ANOVA) with a confidence of 95% was
used to compare and determine variation 1in
The compression specimens with a DTR of 75.3 had average compressive stB8s of 7
MPa. In comparison, the specimens with a DTR of 43.2 and 30.3 had exhibited a stress
increment of 56% and 60%, respectively. This variation in stress was a general trend for
the compression specimens; as the DTR value increased, the strength detheasel.
significant effect in pipe modulus was seen for 203.2 mm diameter specimens. The
specimens with a DTR of 75.3, 43.2, and 30.3 had a decreasing trend in the pipe modulus
of 8.32, 10.03, and 11.5, respectively.
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Figure 2-3. Stressstrainbehaviorof compression tests (Betts et al. 2019)

In contrast, the two different tensile specimens had a diameter to wall thickness of 20.1 to
44.8. The tension specimens did not experience an ultimate failure. The tubes with lower
DTR showed higher strength antiffaess compared to a higher DTR specimen. The
average tensile strength and pipe modulus increased 49% and 23%, respectively, for the
lower DTR specimens. Two hypotheses were drawn from this behavior, thated

tubes suffered a reduction in specimensd i amet er at the midheigh

longitudinal bending of the wall. Another speculation for this behavasthe variation

9



in the amount of fibers present. The higher DTR specimens did not have enough fibers,
which was the primary reasorlind the premature softening of the tubes due to matrix

cracking of the resknich area. Compared to the compression test specimens, the tensile
specimens showed a lower strain level before the failure. Overall, from the tests, it was

notably observed thahe tubes were stronger in compression compared to tension. The

1050 and 350 kPa tubes were 83% and 167% stronger in compression, respectively,

compared to their tensile counterpart.
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Figure 2-4. Stressstrain behavior of tension tests (Betts et al. 2019

The stress t r ai n

b e YFRR pipes underf axidll @mpression and tension was

predicted using a computer program, developed based on incremental classical lamination

theory (CLT) to perform nonlinear analysis. The program considered nonlineaensas

and shear behavior of lamina and modeled as parabolic and cubic relationships,
respectively. The tangent moduli of the material were used for the CLT analysis. The

programming model effectively calculated the critical buckling stress for compression

specimens based on tangential axial pipe modulus, thickness, the radius of the pipe wall,

and Poi sson

A

0s

rati o.

Due

t o

t he

unavai

tube strengths were calculated based on a 55% volume fraction of actiidakEglass

abi

and epoxy resin lamina. The cubic model was developed based on constants with different

boundary conditions to determine the shear ss&s relationship. Similarly, a parabolic

relationship was established based on ultimate transesrsiée strength, strain, and initial

transverse modulus. Due to limited data of ultimate shear strain, a value of 0.04 mm/mm

was considered. Also, due to limited information, the compressive behavior of the
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composite in the transverse direction was ca@red linearelastic until failure. The
program with an iterative method calculated shear strength, shear modulus, and transverse
tensile strength, transverse tensile modulus based on shear strain and transverse tensile
strain at any level, respectively. &lension specimens showed an important-teaar
postpeak behavior, which was recaptured in the model based on a 60pepkstecrease

of ultimate tensile stress at a slope of 8% of the ultimate sttesma ratio. As part of the
verification, the nalinear model was able to capture the nonlinear behavior of the tubes.
The 350 kPa pressurated tubes under both compression and tension showed an
overprediction of failure. This variation in the test and model was assumed due to the
premature failure ofower number of uniform fibers distributed in each tube layer. A
parametric study by changing the fiber angle showed that a decrease in fiber angle resulted

in an increase in strength and stiffness of the composite pipes.
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More recently Betts et al. (2020) studied the flexural behavior of hollowB&ment

wound GFRP tubes. The study consisted of-fmint bending testof 15 filamentwound

GFRP tubesvith three and two different tube wall thicknesand internal diameter. The

FRP tubes were manufactured using electrical/chemical resistant (ECR) glass fibers and a
vinylester resin and had a fiber volume fraction of 50.2%. The fiber orientation in the
GFRP tubes had an error of $The wall thickness of the tubes was directiatedto

their pressure ratings. The pressure rating varied from 300, 700, and 1050 kPa. The wall
thickness for 76.2 mm inner diameter tubes1.7 and 3.8 mm, whereas 203.2 rimmer
diameter tubes varied from 2.7 to 6.7 mm. The span length of smaller and larger diameter
tube specimens was 1143 and 3048 mm, respectively. The main parameter of these test
was to understand the effect of inner diameter to wall thickness ratjdfdbthe tubes.

All of the specimens in this test showadsimilar ductile failure patternand audible
cracking originated from the bottom tension region at the midspan due to flexural loading.
In the early stages, audible cracking was reported duettoxragcking in the reshnich

areas. In the consecutive stages, the progressive transverse matrix cracks werandticed
those progressed towarttse top. Finally, & a certain critical point, a sudden ultimate

failure occurred at the top compressiand.

Table 2-2. Test Matrix (Betts et al. 2020)

Specimen Nominal Mo. of Identical Inner Span Constant Cross Sectional wall Diameter- Fiber
Group Pressure Rating Specimens Diameter {mm) Moment Zone Area (mm®) Thickness Thickness Ratio Architecture” (%)
{kPa) (mny) (mm} () (st

P350-076 350 76.2 1143 171 416.5 1.7 45 [£55]x

3
P1050 D76 1050 3 76.2 1143 171 9644 3.8 20 [£55]5/+55
P350-D203 350 3 203.2 3048 457 1741.5 27 75 [£56]2/+55
F700 D203 700 3 203.2 3018 457 3103.0 4.7 A3 [£55]s
P1050- 1050 3 203.2 3048 457 4404.6 6.7 30 [£55]s

D203

? fiber architecture degrees with respect to the longitudinal axis of the tuhes.

The effect of inner diameter to the tube wall thickness was noticealble fitexural
capacity of the tubes. As the D/t ratio decreased from 45 to 20 for the 76 mm, and 75 to 30
for the 203 mndiameter tubes, the observable flexural load capacity of the tubes increased
by 132% and 205%, respectively. All of the GFRP tubes exhibited a nonlinear rmoment
curvature, loadleflection, and a prolonged pgstak behavior. The prolonged pps&ak
behaviorwas mostly due to the observable progressive tensile failure of the tubes.

Although the ultimate deflection for most of the specimen dwtsaffect by the wall
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thickness, the tube with an inner diameter of 203 mm and thickest among the other tubes
with the wall thickness of 6.7 mm, showed a rather significant increase of 37% in ultimate
deflection compared to the following thickest tubes with a wall thickness of 4.7 mm. The
author noted that this variation was not due to the stability failuteather amaterial

failure and suggested that this ultimate compression failure might be due to a different

failure mechanism.

| 'y |
o
E LOBAIHNG SLUFPORT

SPAN

MEQPRENE
RELUPBBER {TYF)

SPAN

| = ETRAIMN GALUGE A STRING POTENTIOMETER CONNECTION & DT |

Figure 2-6. Test setup (Betts et al. 2R0)
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(c) (d)

Figure 2-7. Typical failure modes: (a) Bottom face progressive tensile failure; (b) Top

face ultimate compression failure; (c) Side view of RB&D3 after failure; (d) Side
view of P1056D76 after failurgBetts et al. 2020)

The nonlineatoad-deflection and momerdurvature behavior of the hollow GFRP tubes
weresuccessfully captured based on a cisEsgional based analytical model. In addition

to failure load, the developed model was also able to capture an agreeaplegbdsnsile
behavior of the tubes. The model incorporated both material failure and stability failure
due to premature wall buckling. Due to the inclusion of premature instability failure in the
model, the comparison study between model and test results shdvgdterdegree of
accuracy. Whereas if the premature failure aspect was not incorpmtatéice model, it
would have overpredicted the behavior of the GFRP tubes. Based on the model, the
parametric study showed that the increas¢haD/t ratio decreases thetinhate load
capacity, flexural rigidity, stiffness, and ultimate deflection. Also, the decredke it

ratio prolongs the pogieak behavior due tthe progressive tensile failure mechanism.
Additionally, it was observed that with the decrease in i@ $ength, the ultimate load
capacity and stiffnessaveincreased.
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2.3 BEHAVIOR OF CFFT

2.3.1 Behavior of  short -span CFFT under lateral load

Burgueiio and Bhide (2006) studied the shear behavior of coffitiextecarbon/epoxy
fiber-reinforced polymer composite cylindrical shells and developed a shear responsive
analytical model. To develop their analytical model, they considered five sigmifican
factors, shear stress distribution, FRP shell behavior, concrete core behavior, FRP and
concrete system behavior, and finally, shear force transfer across cracks. According to
older studies, for the stress distribution, major assumptions were condiugtréue line

of action of all shear stresses at a given horizontal level acts directional towards a single
point and that their vertical component was equal for all points along the chord line
(Timoshenko and Gere 1972) and, shear stresses at the boomdakye tangential (Love

1944). With these assumptions in place, they used the generalized shear stress formula to
obtain the true shear stress component in the vertical direction for theseotiss of the

elastic isotropic material, which showed a %¥sor, compared to the elastic theory
solution. Furthermore, though the obtained results from the generalized formula satisfied
the equilibrium criteria, they failed to satisfy the compatibility condition between the
concrete core and FRP shell. Hence heotassumption was considered to satisfy the
compatibility condition between the concrete core and FRP shell. The existence of
tangential shear strain at the direct proportion to the tangential shear stress at the boundary
and they developed a relation fbe true shear strains of the general elastic isotropic beam
based on true shear stress, material shear modulus, and a defined angle between the vertical
line of the section symmetry and the line from the common point of the stress intersection
to the loation of the interest at a certain section level

Table 2-3. FRP Laminate Architecture (Burguefio and Bhide 2006)

Thickness

Test vnit Layup | (i)

L5-1 [0, £ 10, 90, = 105,907, 10 40.38)

LS-2 G0, = 104,90, , = 10,.90, 9 4iL35)
210,90, 10,00,]

55-1 [Orh, = 100, + 100, 90] 235400.0)

55.2 [0, = 10, = 10,490, 308 (0.2)

Mote: 107 ply=0L5 mm (0.02 in.), %07 ply=0.25 mm ((LO] in.)
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For modeling the FRP cylindrical shell, they considered that the thickness of the FRP shell
was smaller compared to the section. Hence, they ignored the strain gradient through the

wall thickness and hplane axialshear coupling. This consideration made tFRP

material an orthotropic laminate, and thglane coupling coefficients were taken as zero.

As for the concrete core behavior, they modeled it based on the isotropic elastic cylinder

with a varying modulus of elasticity, and the nonlinear compyasbehavior of the

concrete was considered for the active confinement effect. They assumed that the CFFT

f ol

oOwS

Bernoulli 6s

hypot hesi s,

and

f ul

core was considered. These assumptions established strgatidmiity with longitudinal,

radial, and shear strains in the FRP shell and concrete. Under compressive stresses, the

FRP tube acted as a thin shell. The confinement effect of the FRP tube on the concrete was

considered similar to that of a pressure viesagrthermore, under normal tensile stress,

concrete restrains the shrinking of the FRP shell due to its Poisson ratio. With the help of
modified compression field theory, the shear force transfer across the cracks was

implemented. The section was regatds a sandwich element with FRP laminates as face

sheets and concrete core as an internal element, and it was subjectplhne istresses.

The verification of the shear capacity of the concrete core was determined from its ability

to transfer forces aass the cracks. The crack direction was considered perpendicular to

the principal strain direction.

Section 1

Section 2

a) FRP/Concrete Member

Section 1 Section 2
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Figure 2-9. Shear stresses in CFFT (Burgueiio and Bhide 2006)
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They followed the analytical procedure to analyze the sheardefdmation respuse of

FRP and concrete members, considering the extreme conditions of full composite-and non
composite behavior. Also, considering that the different materials acted as a composite
system, the equilibrium conditions (shear, moment, and axial load) angatbitity
condition (plane section remains plane in the presence of full composite action between
FRP and concrete) were satisfied. An iterative process was adopted to determine forces
and stresses in each layer for both concrete and FRP shell. Thissprongnued until the

first fiber failure was encountered under the JIddii failure criterion. As TsadHill
guadratic failure criteria cannot accurately determine the shear failure, they considered the
limit state method. The limit state method underdsthat when the term associated with
shear was greater than 50% of the quadratic stress combination in the first ply failure
equation, shear failure governs. The CFFT system behaved as a full composite system,
with no shear interaction between FRP shel concrete core. Once the shear capacity of
the concrete core was exceeded, the additional shear force was then carried by the FRP
shell, and it behaved as a thin elastic pipe. Though the FRP shell tried to buckle due to the

additional shear force, it waesisted by the inner concrete core.

Table 2-4. Carbon/Epoxy Ply Properties (Burguefio and Bhide 2006)

Properties Vilues

Ei 120.7 GPa (17.5 Msi)
Iy 6.89 GPa (1.0 Msi)
Gia 4.83 GPa (0.7 Msi)
V2 U..}'

Note: Msi=million pounds per square inch.

Table 2-5. Equivalent Orthotopic Plate Properties (Burguefio and Bhide 2006)

Ly Ly Grr
Test unit GPa (ksij GPa (ksi) GPa (ksi) VLT
LS-1 07.2(14,100) 25 113,700) TA4(1.100) 0.18
Ls-2 SO.T11,700) 42.0(6,200) 6.9 1.000) .10
55-1. 85-2 101 {14.700) 19.8(2,870) 7.5(1.090) 0.24
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They carried out foupoint bending tests on largeale andsmallscale samples to
understand and compareconciete | | ed car bon/ epoxy FRP cyl ir
shear behavior. Around the specimends <circ
applied to acquire the shear strain rate for the langg smaliscale specimens,
respectively. As the cracking in the concrete developed for thedasade specimens, the

shear strain profile showed the stress concentration in concrete at the compression zone
and increment in the stress in the FRP shelleatdhsion zone. Though the observed shear

stress in the concrete was negligible compared to the stress concentration in the FRP shell,

the concrete core carried a significant amount of the vertical shear force (53%) due to its
larger area. The smadkaletest specimens showed a similar trend compared to the
analytical results, but as the cracking in the concrete progressed, it showed a significant
amount of deviation from the analytical results. This variation was due to the partial to
noncomposite behawor of the CFFT system. This partial to hRoomposite behavior was

assumed due to the slip between the concrete core and FRP shell. The experimental and

analytical also concurred that the principal strain angle at thesewiion started
approximately at A%and dropped sharply after the crack progress in the concrete core. The

sharp decline in the principal strain angle was increased towards a stabilized level during

the later stage of the loading history.

2.44m (30"
T.93m {26'0")

ARERAEEEER

Figure 2-10. Fourpoint bending test sefp for lage scale specimens
(Burguefio and Bhide 2006)

.74 (9°0)
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Finally, they justified the use of a composite and-nomposite behavior, particularly for

the smallscale CFFT specimens. The concrete core was influential to both the shear
strength and stiffness of th€eFFT specimens. The behavior was also significantly
influenced by the bond between the concrete core and FRP shell and the design of the FRP
laminate. One of the limitations of this analytical procedure was the assumption of
compatibility rule for the comgsite system, which cannot determine the local effect from

the concentrated load and reaction. Another prominent limitation was the low shear span

to depth the CFFT

whi ¢

of

rati o speci menso,

Figure 2-11. Analytical and experimental comparison between shear load vs shear strain
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In their studies, Famna Cole (2007) investigated and compared the shear capacity and
behavior of CFFTSs reinforced with steel, GFRP, and CFRP rebars in different shear spans.
For their studies, they have considered a total of seven sets of specimens which can be
further subdiviled based on their critical span to depth raéf) and the internal
reinforcement types and sizes, out of seven sets, two sets of specimens whose formwork
was prepared with the help of cardboard tubes. These two sets were considered as control
specimens These two sets of specimens, one of which was internally reinforced
longitudinal steel rebars without any confinement or lateral reinforcement, and another
type was laterally reinforced with steel spirals. The CFFT specimens were divided into
two categaies for testing based on two different shear spans, 440 mm and 880 mm, with
30 mm and 260 mm overhangs on both sides, respectively. These specimens were tested
under thregpoint bending. The outer diameter of the control specimens was 203 mm. The
remainingfive sets of CFFT test specimens were confined with GFRP tubes having a
diameter of 219 mm. These specimens were internally reinforced with longitudinal steel,
GFRP, and CFRP rebars, respectively. Their study used the GFRP tubes, which were

prepared witheight layers of asymmetric (9&38‘3 laminate Eglass epoxy composite.

The laminate had fiber oriented atdid Ptowards the longitudinal and hoop direction

with a ratio of 1:2, respectively.

3 Coupans

tensile stress (MPa)
2 o
=] (=1
1 1

50

0 (.005 0.01 0.015 0.02 0.025

Longitudinal tensilde strain

Figure 2-13. Stressstrain curve for GFRP tulf&am and Cole 2007)
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Table 2-6. Test Matrix for beam shear specimens (Fam and Cole 2007)

Outer Rebar
Specimen all Conflinement diameter  Rebar Rebar cross-sectional reinforcemeni
N, ralio” Lawout® Lype i) Lype arei {mae) ratio (%)
Bl-a 1: A Mone 2003 Steel 12001 (6 Mo, 15M) 37
Bl-b 2:
B2-a 1: B Steel spiral 203 Sieel 1200 (siz No, 15M) 3.7
B2-b p.
B3-a 1: C GFRP tube 219 Stezl 1200 (6 Mo, 15M) 32
B3-h 2:
Bd-a 1: C GFRP tube 219 Steel GOND (6 Mo TOM) 1.6
B4-h 2
B5-a H C GFREP 1ube 219 GFRP 1200 06 Mo, 58 in) 3.2
B5-b 2
Bo-a 1: C GERP tube 219 GFEP 426 (6 No. 38 in.) 1.1
B6-b 2:
R7-a I: C GFRP tuhe 219 CFRFP 426 (6 MNo. 378 in.) 1.1
B7-b 2
T inm '-’:2 mm '-\."'\-\. 30
e el Byl "GFAP tube
*Shear span to depth ratio,
A, graphic 1 B, graphic 2 C. graphic 3.
Pl Gauges

Strain Lﬂad Cell
Gauge é
RGEEHC‘

Rebar _ /

Dial/ \

Gauges III.
/ Overhang
Roller | Region

2

Figure 2-14. Test setup and instrumentation (Fam and Cole 2007)

All specimens with a shear span to de@bj ratio of 1 predominantly failed in shear.
Apart from the specimens reinforced with CFRP rebars, all specimens veitD eatio of
2 failed due to flexure. In contrast, the specimens reinforced with CFRP rebars failed in
shear. From this test and results, they concluded that the shear span to deptasiatio
critical factor in the failure of CFFT specimens, and the ctisbaar span to depth ratio
for specimens reinforced with longitudinal steel and GFRP rebars lie between 1 and 2.
Whereas, for the specimens reinforced with CFRP rebars, the aiffibatio belongs to
a slightly higher range than 2.
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From their test radts, it can be clearly observed that the control specimens wilDeot

1, which was reinforced with the steel rebars and confined with steel spirals, increased the
shear strength by 66% and made the specimens more ductile compared to specimens
without any confinements. From the results, the effect of GFRP tubes was also observed
notably when subjected to shear. The CFFT
higher when compared to the control specimens with spirally confined and uncaged
specimenstespectively. The introduction of internal longitudinal reinforcement and their
types also showed their effect on lezatrying capacity. The results highlighted that,
though the dimensional properties of both carbon and glass FRP rebars and steel rebars
were similar, the capacity of the steeinforced CFFTs was significantly higher than that

of both CFRP and GFRP reinforced CFFTs irrespective of their critical span to depth ratio.
This considerable decrease in the lgadying capacity in the specimenss due to the

lower dowel resistance offered by both GFRP and CFRP rebars. As a result, the ultimate
moment carrying capacity of both the CFRP and GFRP reinforced CFFTs was drastically
reduced compared to steel rebar reinforced CFFTs. The CFFT specaiméoiced with

a similar type of internal reinforcement showed a significant increase in shear capacity for
specimens reinforced with a higher internal reinforcement ratio. No mechanical anchorage
was provided for the rebars at the end of the specimemake the testing parameters

more similar to the field condition. The absence of the end anchorage caused a
considerable amount of slip between longitudinal rebargrete core, and concrete core
GFRP tubes. Due to the lack of compositeness betweenlihis r@nd the concrete core,
bondslip cracks were developed before the development of any shear failure.
Furthermore, slip between the concrete core and the GFRP tubes coincided with the slip

between rebar and concrete core substantially reduced thesstiffithe specimens.
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Figure 2-15. Load-deflection behavior for specimens of a/D = 1 (Fam and Cole 2007)

A simplified struttie model was developed to predict and compare the shear capacity for
the specimens with adDratio of 1 as part of their analytical study. Based on assumptions
and equilibrium at midspan, a reasonable starting point of the totalaht®mpressive

and tensile forces was considered at a distance of 0.4 and 0.35 of the depth from the center
of the CFFT specimens. The direction of the diagonal tension tie was considerét as 48
based on the results of the direction of the principal retrain the absence of the
experimental results regarding principal strain, their study recommended that the direction

of the diagonal tension tie can be assumed YsBtsed on classical laminate theory

(CLT)- ultimate laminate failure, and the directiohthe diagonal tension tie aso,4the
in-plane strength of the GFRP laminate was considered as 112 MPa. Thsie strodlel

also considered the dowel action of the internal rebar system in the shear resistance. The
bottom layered tension rebars had thest contribution in the shear resistance than the
other rebars. The comparison between the simplified-s¢ruhodel prediction and the
experimental results showed promise as the variation in the results was considerable, with
the maximum observed errdor the GFRP rebar reinforced CFFT specimens not

exceeding 25%.
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Figure 2-16. Analytical model: (a) Struandtie model; (b) Mechanism of dowl action;
(c) Diagonal tension field in the tube (Fam and Cole 2007)

Fam et al. (2007) examined and compared the effect of GFRP tubes as an alternative to the
steel spiral confinement in tlencrete members. The effect and contribution of GFRP
tubes in the test specimens were compared based on shear and flexural tests. In their study,
two types of filamentvound Eglass/epoxy GFRP tubes were used. Typad typell

tubes were made out of ®rFRP layers of [88/8/88/8/88/8/88/8/88] and eight layers of
[88/5/88/88/5/88/5/88] stacking sequence with respect to the longitudinal axis,

respectively. In the case of typeubes, the average thickness of layer [88] and [8] were
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0.37 mm and 0.8 mm, nesctively. Whereas for the type GFRP tubes, the average
thickness of the layer [88] and [5] were 0.43 mm and 0.35 mm, respectively. Total six test
specimens were prepared in which three control test specimens were prepared with steel
spiral as transveesreinforcement to compare the contribution of the GFRP tubes:IType
tubes were used to prepare prestressed beams and were tested under flexure. Conventional
beams with typdl GFRP tubes as confinement and internally reinforced with six
longitudinal stek rebars were prepared and tested under both shear and flexure.
Dimensional dissimilarity in the specimen diameters did not significantly impact the

results as the normalized moments, strengths, and deflections were considered.

Table 2-7. Detailsof Speimens and Summary of Test Results (Fam et al. 2007)

Test Transverse Longitudinal Diam. Span Reinforce- f  Af, V¥, M, V. 9o age
type Rednfore. Reinfore, D (mm) (m) mentindex (MPa) (kN.m) (kM) p'f D' increase

Spiral B«13mm 285 36 054 45 B8 - 0084 -
T-wire
Type | ube  strands 324 36 100 42 257 - 0479 - 113%
Typea |l tube 218 2.2 09 39 61 = 0148 - a7 %

Beam ID X-gection

- €
O

Flexure

B3

Spiral 203 22 065 3@ 36 0108
B4
B -15M
BS O 5 Spiral rebes 03 041 Qs 39 - 147 - 0.091
&
BG 2 Type |l tube 213 0.44 0.9 ag - 288 - D154 69%

Out of six test specimens, four specimens were tested under flexure with-@oifaiur
bending arrangement. The shear span to depth ratio for the flexural specimens was in the
range of 4.1 to 5.4. Botprecast control and typdeGFRP tube specimens were prepared
with the pretensioning process, where both of internally reinforced with eight number of
13 mm, sevetwire strands. These two specimens had a span of 3.6 m, and the load was
applied over the wHe span with a 0.5 m spreader. The experimental results showed that
the contribution of the GFRP tube was noteworthy as the flexural strength had an increase
of 113% for the GFRP tube confined specimen. They concluded that the contribution in
the increasen strengthening was mainly due to two reasons, primarily the fiber orientation

in the longitudinal direction type GFRP tube, which positively influenced the
reinforcement effect in the specimen. Secondly, the large -ssx$®nal area of the
concrete ore confined by the GFRP tube also played an essential part in the strength

enhancement.
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Figure 2-17. Stressstrain curves of GFRP tubes in longitudinal direction (Fam et al. 2007)
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Figure 2-18. Normalized shear versus deflection of test beam B5 and B6 (Fam et al. 2007)

Another set of flexural specimens consisted of a control specimen, and tHe®freP

tube specimen was internally reinforced with six number of 15M steel rebars. The span of
these two specimens was 2.2 m, and the load was applied over the whole span with a 0.4
m spreader. From the experimental results, it was observed a similar ttat @ecast
specimens. The specimen confined with the GFRP tube had a 37% increase in flexural
strength compared to the control specimen. The flexural strength increment was not as
high as the prestressed specimen, but the reason behind the strengeinag similar

to the prestressed specimens. The difference in the strength enhancementlfGHigse

(113%) and typdl GFRP (37%) specimens was mainly due to differences in the internal

reinforcement types, overall reinforcement ratios, and GFRRautkiag.
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Figure 2-19. Normalized shear versus strain of test beam B6 (Fam et al. 2007)

Finally, after comparing the result of four flexural test specimens, they established that
apart from the contribution of GFRP tubes, prestressing increased the confinement of the
concrete. In addition to the longitudinal compressive stresses, the wiestraslped
develop hoop tensile stresses in the #y@-RP test specimens. Though this hoop stress
development had a positive effect on the strength of the specimen, it weakened the tube.
As a result, the specimen failed by crashing at the longitudiretebn and fracturing in

the hoop direction before reaching its ultimate longitudinal compressive str@i®2f In

the typell GFRP beam specimens, the longitudinal compressive strain rea@ig

which was substantially higher than its prestressmchterpart. With the higher strain
value, it was also evident that the failure of the reinforced specimen was very similar to

the prestressed specimen.

Furthermore, the typ# GFRP specimens failed in a sequential progressive manner which
indicated psedo ductile behavior. In the beginning, the tube was ruptured in the tension
side but still withstood the load increment due to the intact compression side and steel
rebars. The specimen was then crushed in the compression side longitudinally, followed

by tube rupture in the hoop direction.
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Figure 2-20. Different failure modes: (a) Beam B1, crushing and spalling of concrete
cover; (b) Beam B2, failure of GFRP tubes undesbal stresses on compression side;
(c) Beam B3, crushing and spalling of cornereover; (d) Beam B4, GFRP tube failed in

longitudinal tension, then in longitudinal compression, followed by hoop tension;
(e) Beam B5, shedyond failure; (f) Beam B6, shelond failure (Fam et al. 2007)

Two threepoint bending tests with a shear spga depth ratio of 1 were carried out on
control and typdl GFRP specimens to understand the effect of shear behavior. The
specimen spans were 0.41 m and 0.44 m for the control andl t¥RP specimen,
respectively. The varying dimensional propertiebath the specimen was introduced to
eguate the stiffness properties of the specimens. The specimens were internally reinforced
with six 15M steel rebars. The control and GFRP tube specimen were failed due-to bond
shear failure through diagonal tensiomaking. The typdl GFRP confined specimen

showed an increase of 69% in its shear strength compared to the controlled counterpart.
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When a comparison of longitudinal tensile strain between flexural and shedr fpieP
specimens was drawn, it was obsertrest the specimen tested under lower shear span to
depth ratio only attained 0.015 longitudinal strain at midspan, which was lower compared
to the ultimate tensile strain of the GFRP tube. Furthermore, this increase in shear strength
indicated that the GRP tube successfully confined the internal concrete core and resisted
diagonal tension cracking to a certain extent.

Recently, Ahnad et al. (2008) studied the flexural and shear behavior of slender, short,
and deep beams madecoicretefilled fiber-reinforced polymer tubes. In this study, four
different types of FRP tubes were used based on fiber orientation. The tubes were

designated as type I, IlI, Ill, and IV, and had fiber orientations ofqiﬁﬂ layers),
[0%04+457-4515 (60 layers), [+34+80"+34Y (5 layers), and [88”+3-88%, {+34.{-
88U+30-88C} 1] (10 layers), respectively. These four types of tubes were used to prepare ten
short, deep, and slender beam specimens were prepared. The deep beams had a critical
shear span to depth ratio of 0.9 and 1. The adopted shear span to depth ratio for short beams
was 1.93, 2, and 2.04. In contrast, slender beams had a shear span to depth ratio of 6.14
and 6.25. The specimens had a diameter to thickness ratio ranged ftor63l&nd the
adopted range of reinforcement index was 0.11 to 2.2. The flexural and shear behavior and
failure patterns were compared based on the specimen shear span to depth ratio, diameter
to thickness ratio, and reinforcement index. The tpaat bending test method was

adopted for testing the deep beams. Short and slender beams were tested updertfour
bending.

Table 2-8. Propertieof FRP Tubes Used in CFFT Beam Tdstkmadet al. 20@)

Tube Type FRP fiber Tensile Tensile Compressive Compressive Hoop Hoop
(designated Fiber Number of volume fraction strength modulus  strength modulus  strength modulus
color) lay-up layers (%) (MPa)  (GPa) (MPa) (GPa) (MPa)  (GPa)
I [£55°] 17 15.5 71 12.5 229.6 8.69 2345 N/A

(Yellow)

| [07/0°/+45°/-45"];5 60 51.2 399.5 15.5 3847 233 N/A N/A

(White)

rt [+34°+80°+347] 5 51 178 14.7 238" N/A 131° 9.0

(Grey)

w* [{-88°+3°—88°},{+3°},{-88° +3°-88°}] 10 51 237 17.6 343 N/A a02° 19.7

(Red)
“Coupon testing done by Fam and Rizkalla (2002).
"Predicted by the classical laminate theory.
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Table 2-9. TestMatrix of CFFT Beams (Ahmad et al. 2008)

Spar Crmerele
Tuabe Tubsz Reinforcement cngth T_1.'p|' af compressive

[ube  Besm outside thickness ¢ ol p Ezimtorcement { bending strength 7 Beam
by M. dinmeler D_dman) ) i % imlex i fmam) liesd al iy | MIPa Iy =
1 51 327 3.1 6] 6.3 .11 519 three point 0Y W7 Diese
5-1 GE.f 143 452 A 14 AR thnee pinl 1.0 7 Desep
5.3 IHERE 6.6 5549 1.2 0.22 2.2K6 lowr podist 1.93 234 Shart
54 122 5.1 LR ] 15 LR faoer psind xn 310 Shart
1 5.5 L1 150 161 HME 1.97 610 three point 1.0 503 Dies
54" M7 134 250 16.0 2.20 2,286 lour podmd ZAM 29 Short
m 8-7 L] T.1 449 5.9 024 &40 three point 1.0 G649 Dheseys
5% iy T.1 1149 59 024 5500 lowr poaml 625 669 Slenider
v 55 326 T.m 453 2E .51 653 three painl n T Tz
510" 126 T.m 15.3 58 (L35 5500 lowr poaml 604 &l Slender
Peamns 53 and 5-6 from Mirmiran o al, (000, and Beams 58 and S-10 from Fam snd Rizkslla (2002

The results showed that the typical ledeflection behavior of the deep specimens was
linear until the first flexural cracking. As soon as the beam underwent the first failure
crack, the significant amount of fftiess reduction in the beam and the increase in the slip
between the concrete core and the FRP tubes were noticed, which altered the linear load
deflection behavior to a nonlinear one. The variation in the fiber lamination and orientation
was a significahcontributor towards the level of nonlinearity. It was also concluded that
the beams with fiber orientations along the longitudinal axis showed a lesser degree of
nonlinearity. In general, the separation between the concrete core and the FRP tube was
obseved in specimens at 25% of its ultimate capacity. Test specimens with a higher
diameter to thickness ratio experienced concrete core bulge out from the FRP tube at 80%
of their ultimate strength. More specifically, a necking phenomenon at the bottomramidsp
section close to its ultimate capacity affected the-tygmecimen with the highest diameter

to thickness ratio. This phenomenon occurrtr
with +55%iber orientation. The tube rupture in the extreme tenskmer failed the tested

specimens, whiclwvasa typical flexural failure.

From the tested speci mensé®b fail ure patte
predominantly failed in flexure. The crack patterns in the inner concrete core were studied

by removingthe tube. The specimens with low reinforcement indices (0.11 to 0.51)
typically failed by rupture by developing of two dominant flexural cracks. These flexural
cracks developed under the load point. In contrast, the test specimens with high
reinforcemenindex showed flexural cracks, web shear, and flexslmahr cracks due to

the formation of compression struts which allowed direct shear transfer to the support and

progressive cracks in both tube matrix and inner concrete core. Though wide flexural
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crackswere the prime reason for the specimen failure, the development of the shear cracks
and their patterns in the tested specimen proved the significance of the reinforcement index
factor in the CFFTs.

Bewmd & 01 = 1Ll - III.K':Il'I.IJ

Foms 59 L3~ 8, il = 1 O w=001

Beam 5-4: D4 =611, 00, = 20, =015

Figure 2-21. Various crack patterna different CFFT specimer&hmadet al. 208)

K zim 1 Bl Bl L
Miid-gpam deflertion fmmn)

Figure 2-22. Typical loaddeflection response of deep CFFT beams (Ahmad et al. 2008)
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For similar CFFTs, comparisons in the tested specimens were drawn based on the effect
of different shear span to depth ratios. It was explicitly observed that the deep beams
developed the flexural crack under the load point, in contrast to the slender beams, where
flexural cracks were distributed along the entire span of the specimen. Theali@mnsion

strain caused due to shear was evaluated at the midheight of the beam in the middle shear
span with the help of a strain rosette. The flexural tensile strains were recorded in-the mid
shear span and at the bottom midspan of the beam. Thisaltadrved that the flexural
tensile and diagonal shear strains were nearly equal prior to the first crack. However, as
soon as the specimen suffered the first flexural crack, the flexural strain at the midspan
became significantly higher than the diagosta¢ar strain with its critical position. Also,

the deep beams were more susceptible to premature failure than the short beams with
similar material properties. These collective factors concluded that the CFFTs were
predominantly affected by flexural fareirather than shear failure, where the critical shear
span to depth ratios played an important role. The study also concluded that as the shear
span to depth ratio decreases and the reinforcement index factor increases, the probability

of the CFFTs undeagng shear failure gets higher.
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Figure 2-23. Comparison of loadieflection response of deep, short, and slender CFFT
beams (Ahmad et al. 2008)

Finally, the slip between the concrete core and FRP tubes was also a prominent factor in
understanding the flexal and shear behavior of CFFTs. The slip between the concrete

core and the FRP tubes occurred due to a lack of compositeness and was observed just
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after the beam experienced its first flexural crack. The amount of slip in the deep, short,

and slender beesn was observed to understand the s
capacity. The results were then compared to the theoretical models. This observation
contradicted Bernoullids beam theory for t
capacity of thedeep beamafDO 1) shoul d not be greater t
However, the results confirmed that the deep beams failed at a higher flexural capacity in
contrast to their slender counterpars . The
mainly due to the direct diagonal compression struts, which developed in the concrete core
through the arching action. This revelation supported and confirmed that th&estrut
modelwasa far more convincing method to predict the load capacity and@adstress

level for the CFFTs.
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Figure 2-24. Effect of a/D ratio on diagonal tension and flexural strains
(Ahmad et al. 2008)

2.3.2 Behavior of Long -span CFFT under lateral load

Cole and Fam (2006) studied the flexural performance of seven beam specimens under
flexural loading. Out of the total seven beam specimens, two controlled beam specimens,
without GFRP tubes and internally reinforced with steel rebars, the rest of the five beam
specimas were CFFT beams. The concriiled GFRP tube specimens were 2.43 m long

and internally reinforced with either steel, GFRP, or CFRP rebars of variouseigss.
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The GFRP filamentvound tubes had a wall thickness of 3.2 mm and were made out of E
glass/epoxy composite with eight layers of asymmetric laminate. The laminate had a fiber

orientation of in longitudinal and 9in the hoop direction. Three types of confinement

configurations were used in this study, without any confinement, steel apdabFRP

tube. Strain gauges were attached at the bottom layer rebar -apamdand the outer

surface of the GFRP tubes at the extreme compression and tension fibers. Two linear

motion transducers (LMT) and dial gauges were used to recorgpaid deflecon and

monitor any relative slippage between the GFRP tube and concrete core. The specimens

had a span of 2200 mm as 60 mm wide steel channel sections were used to support the

CFFT test specimens. The load was applied with a constant moment zone of 4@ mm

2 mm/min rate. The CFFT specimens with different internal rebar were unloaded and

reloaded at various stages of testing to assess the stiffness at various load levels. The results

were compared with three aspects, the effect of different confinsigrag, conventional

steel rebars against GFRP and CFRP rebars, and the overall effect of rebar reinforcement

ratio.
Table 2-10. TestMatrix of Beam Specimen£pleandFam2006)
F:ebar

Dhler cross-seglionml Bazbar
Specimen Confinement diameter Longitudinal arey reinforcement
LRI S { '|||'|I|;__'|||;|Ii-'|'| type LI rebar :|1|||1:: ralio (5%
El A None 203 Steel 1200 (6 No. 15) 33
Bz B Seel spiral 205 Steel 1200 16 B, 13) LN
B3 C GFRP e 219 Steel 12000 16 M, 15) 52
Rd C GFRP e 219 Steel A0 {6 N 10) 1A
B35 C GFRP tube 119 GFRP 1200 (6 Mo, 578 in.) 2
B C GFRP tube 119 GFRP 426 (6 Mo, 3/8 in.)
BT C GFRF e 219 CFRF 426 (6 Mo, 308 i)

All three specimens with different confinement systems, namely, no spiral, steel spiral, and

GFRP tubes, started failing by yielding bottom steel rebars. The control specimen without

any confining system experienced a gradual decrease in load due togmfisboncrete

cover and finally failed due to buckling of the top rebar. Although the other control

specimen with steel spiral experienced a similar failure pattern, the rebars were able to

achieve strain hardening due to the presence of the steel gpir#thermore, the

compari son

ductility; however, the flexural strength remained unaltered. In contrast, the CFFT

study

showed
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specimen showed a higher stiffness and strength compared to thd spatimens. In
addition, the load capacity was increased by 69% compared to the specimen confined with
steel spiral. The increase in ductility and load capacity was mainly due to the contribution
of the GFRP tube, where the longitudinal fibers increaBedléxural capacity, and the

circumferential fibers helped in shear resistance and provided necessary confinement.

() Bl and B2 (b} B3 (1" Step) () 83 (2 S {d) B3 (3 Step)

Figure 2-26. Various failure modes in beam specime@slé and Fan2006)

The comparison study in the lcddflection behavior between different types of
longitudinal reinforcement in CFFT showed the difference in load capacity, stiffness,
ductility. Due to the similar tensile strength of GFRP and steel rebar, the differahee in
load capacity between steel rebar reinforced CFFT, and GFRP rebar reinforced CFFT was
similar, with 5% higher strength for the later one. In contrast, the CFRP rebar reinforced
CFFT showed 43% higher strength and 32% higher stiffness when comptredieRP
rebar reinforced CFFT. Though the study showed an increase in load capacity for the FRP
rebar reinforced CFFT, the authors suggested that the increased strength and stiffness were
greatly dependent on the superior properties of FRP rebars. TheebRPreinforced
CFFTs did not exhibit any significant structural advantage over their steel reinforced
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counterpart; instead, they showed di sadvant
failure. This sudden load drop was directly related to theréiin the FRP rebar. In
comparison, the steel rebar reinforced CFFT experienced a sequential progressive failure

over an extended deflection range, which offered greater ductility and sufficient warning
of failure.
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< 150 | 1000 |
% 150 1 - g ‘ / ‘
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] B ‘ ‘ [
@ 100 | - \ Lamination L8 s ! / ’_ — |
Theory | @ ‘ | i
! # ' 1 :
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Figure 2-27. Stress strain behavior: (8FRP tube; (b) Internal rebars
(Cole and Fan2006)

Additionally, the effect of the internal rebar ratio was compared in this study. The CFFT
specimens of 15M and 10M steel rebars had 3.2 and 1.6% reinforcement ratios,
respectiely. The overall loadleflection behavior of the specimens was quite similar.
However, the CFFT specimen with the lower steel reinforcement ratio showed 28% lower
strength and 44% lower stiffness. The CFFT specimens reinforced with GFRP rebars had
a reinbrcement ratio of 3.2 and 1.1%, respectively. Like the st#eforced CFFTs, the
higher GFRP rebar reinforced CFFT specimen exhibited 53% higher strength and 33%
higher stiffness than its counterpart. This study also showed that the CFFT specimens with

steel rebars failed in a sequential progressive, unlike FRP reinforced CFFT specimens.
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Figure 2-28. Load-deflection curves for specimens: (a) B1, B2, and B3B®B7
(Cole and Fan2006)

A strain compatibility/equilibrium model was developedtedict the momenturvature
relationship of CFFT members. The creestional analytical model adopted a laggr

layer approach to integrating stresses in the esesg8onal areas of concrete, rebar, and
GFRP tubes by dividing them into n number stigpequal thickness. The strestsain
relationship of GFRP tubes was obtained using coupon tests and classical laminate theory
(CLT-ULF). The steel reinforcement was modeled with the help of a-diftler
polynomial into three parts, a linear elastic rgrfigibowed by yield plateau, and a strain
hardening range. Both the GFRP and CFRP rebars were modeled as linear elastic until
failure. Two different concrete models, namely, Popovics (1973), an unconfined concrete
model with extended strain softening, anchodified version of Popovics (1973) model, a
partially confined concrete model was used to model and compare the concrete in this
analytic study. The analytical model was able to predict the overall behavior of reinforced
CFFTs. The CFFT behavior respeasimproved when the partially confined concrete

model was used with the FRP coupon test results.
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Figure 2-29. Analytical model based on strain compatibili§ole and Fan2006)
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Figure 2-30. Stressstrain curves of unconfined and confirehcrete
(Cole and Fan2006)

Fam et al. (2007) tested concrete filed rectangular tube beams under different moment
gradients and observed the cracking patterns of the beams. Ten beams were tested under
threepoint bending at different sheapan to depthatios (a/D). Out of ten test specimens,

four were reinforced with steel tubes (CBJ, six were with pultruded GFRP tubes (GFT

G). Additionally, three pultruded GFRP tubes were internally reinforced with a no. 10 steel
rebar (CFFSG). The dimension of ghconventional steel tubes was 150 x 102 x 3.4 mm,
and it had a nominal yield of 380 MPa and ultimate strength of 480 MPa. Whereas
dimensions of the rectangular GFRP tubes were 150 x 150 x 7 mm, and it contained layers
of E-glass roving (type366-113(4400TEX)) sandwiched between layers ofgkass
filament mats of randomly oriented continuous fiber (typ8643). The GFRP tubes had
tensile strength and moduli of 207 MPa and 17.2 MPa in the longitudinal direction and 48

MPa and 5.5 MPa in the transverseedort i o n . The defl ection at
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measured using two linear potentiometers (LP), and additional LPs were used to monitor
the slip between the tube and concrete core. Also, electric resistance strain gauges were
used in the rosette patternnteasure the longitudinal tensile strains at the midspan.

: o kN kN
Specimen ID  Configuration  Span (mm) a/d Jf, (MPa) P,,((EV,?) P,,(Em,d)ﬂl

CFT-S1 300 1 31 451 477
CFT-S2  150x102x3.4mm 600 2 31 282 238
CErgy Sleelbs Sy 90 3 31 182 159
CFT-S4 1500 5 31 106 95
T 30 1 34 92 8
CFT-G2  GFRPtube ~ 600 2 34 65 54
CFT-G3 90 3 34 67 56
CFT-8G1  150x100x7mm 300 1 32 142 152
CFT-SG2 GFFILZT;E Mo, e0 2 32 112
CFT-SG3 Steslrebar L 900 3 32 96 77

Nexus 111-10
) Veil

2 o0z/ft3 Owens Corning .
M8643 continuous filament mat 113 yds./Ib. Owens Corning 366-113
Yield 4400 TEX roving

Configuration of pultruded GFRP tubes
(a) (b)
Figure 2-31. CFT test: (a) Test matrix; (b) Test setup and instrumentation
(Famet al.2007)

T Outermost

All the CFT-S test specimens were failed due to outward local buckling of the compression
flange and the webs. After the yielding of the steel tube, the test beams showed plastic
behavior. The reduction in the beam ductility was significant in the lowesar gpan to

depth ratio. The maximum slip between the concrete core and the steel tube was 1 mm for
the deep beams and negligible for the larger spans. This behavior explained that the
composite action between the concrete core and the steel tube waat@dequbeams

with an a/D ratio ranging between 1 to 3, the principal tensile strain at ultimate was less
than its yield strain. The moment capacity remained remarkably stable in the specimens
with an a/D ratio of 2 to 5. The significant moment capaci#g weduced due to shear
cracking in the specimens with an a/D ratio of 1. The cracking pattern in the concrete was
observed. The deep CHF specimen developed a clear diagonal cracking pattern. It was
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also noticed that the concrete was locally crushedhé& dompression zone due to
confinement loss as the flange buckling took place.

Tearing of GFAT lube

(b)

Figure 2-32. Failure mode: (a) CFG and CFTGS; (b) CFTS (Famet al.2007)

Thelow elastic modulus of the GFRP tube compared to the steel tube showed a significant
change in the stiffness of the beam specimens. The excessive slip between concrete core
and GFRP tube was observed as high as 2 mm during the peak load, which sibnificant
reduced the compositeness of the system. This lack of compositeness contributed to the
nonlinear behavior of the tube specimens near the peak load. All th&@R# CFTSG

test beams failed by splitting GFRP tubes at the junction between the flantjpe aneb.

Similar to the CFIS beams, CFIG and CFTSG beam failure tensile strains were lower

than the ultimate strain of the GFRP tube in tension. Both the@Rhd CFTSG
exhibited higher moment capacity as the a/D ratio increased. Also, it was imateket
inclusion of internal reinforcement increased the strength of&ETeams by about 44

to 53% compared to CFG& beams. In the FRP tube specimens, flexural cracks were
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visible in the concrete without developing any diagonal cracking in the beainh, wéds

further confirmed due to the presence of slip. Though the full depth flexural cracks were
developed in the concrete core, it was noticed that the flexural crack patterns were different
for the CFFG beams and CF5G beams, respectively. A distimoijor diagonal crack

with some minor flexural crack was developed in the &3 beams. The bond
improvement between the concrete core and the GFRP tube was due to the additional

internal reinforcement, which reduced the slippage between them.
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Figure 2-33. Load-deflection behavior of CFG and CF¥GS test beams
(Famet al.2007)

Finally, they developed a model to predict the strength of CFT based on a simplified strut
tie model for an a/D ratio of 1. For the Cieland CFTSG beams, they considered the
upper nodal point at the top surface of the beam as the beams showed full depth cracks.
The depth of centroid was varied for the GETand CFTSG beams due to the internal
reinforcement. The tension force in the tie depended on the strain level in thet@ieRP

at the centroid. For the CFS beams, considered equilibrium relation between the force
generated by the concrete in the compression zone and the tension force provided by the
yielded part of the steel tube in tension. This assumption was duediosieations such

as local buckling of steel flange and development of partial depth cracks. Their developed

model showed a reasonable prediction of ultimate loads.
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Figure 2-34. A simplified strutandtie model for CFT beam@-amet al.2007)

Mohamed and Masmoudi (2010) tested ten beams to investigate the flexural strength and
behavior of reinforced concrefiled fiber-reinforced polymer tubes under fepoint
bending. Theest specimens had a total length and a span length of 2000 mm and 1920
mm. The GFRP tubes used to prepare the CFFTs had two different thicknesses, 2.9 and
6.4 mm. The test parameters varied with respect to internal reinforcement types, type of
confinemens, and compressive strength of concrete. Each specimen contained either two
internal reinforcement types, 15M steel rebars or No. 5 GFRP rebars. Two types of
confinement methods, steel spiral and GFRP tubes were used asnaptae formwork

to prepardhe test specimens. Two specimen groups A and B had two different types of
concrete with regards to their compressive strength. Group A and B specimens were casted
concrete with a compressive strength of 30 and 45 MPa, respectively. Tispamicnd

quarte span deflection during the testing were measured with the help of linear variable
displacement transducers. The strain in the specimens was recorded at the reinforcing bars,

concrete surface, and FRP tube surface with the help of electrical resistaimcgasiges.
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Table 2-11. Dimension, Details and Mechanical Properties of GFRP tubes
(Mohamed and MasmougD10)

Tube type D {mm) frgp (MM) Mo. of layers Stacking sequence Eyy (MPa) Fry (MPa) Ex (MPa) Fix (MPa) Fe (MPa)
A 213 290 6 [60, 904, 60] 322607 5377 8865" 55.16" 135"
B 213 6.40 12 [£60, 905, £60, 905] 30200" 498 7807 50,24° 138"

Eex and Ey, are, respectively, the Young modulus in the longitudinal and hoop directions; Fie and Fy, are, respectively, the ultimate tensile strength in the longitudinal and
hoop directions,

4 Calculared using lamination theory.

P Based on coupon test,

Table 2-12. Test Matrix and Summary of Test Results (Mohamed and Masmoudi 2010)

D Diameter Shear Flexural reinforcement Concrete  Moment (kKN m) Deflection®  Comp Failure Ductility
(D=mm) reinforcement (ratio) strength (mm) strain®  mode (kN m)
(MPa) (pe)
Crack  Yield  Ultimate
305 203 - 6 No. 15M Steel bars (3.65) 3.84 2486 3285 11.99 2633 DT 078
Group C‘_S'SIJ.S 21):5 Steel spiral ‘\f No. 15M E'Trm"l bars .“5.0_5] ) 4Sh _25:»_40 i‘\:ﬁ 136.25 3959_ SC _1?‘.?'5
No. 1 !\.505 2I.5 Tube A 6 No. 15M Steel bars (3.65) 30 6.36 37.21 JJ.;§ I24.‘J.1 ].'_DSI[J FL 32.40
) A30G 213 Tube A 6 MNo. 5 GFRP bars ( ) 500 - 46.33 43.13 G017 FL 5.78
B30G 213 Tube B 6 No. 5 GFRP bars (3.65) 555 - 56.68 38.68 G479  FL 877
C45G 203 . 6 Mo. 5 GFRP bars (3.65) 424 - 24,67 2433 2628 DT 1.09
Group ('54—5‘('. 2{‘1:3 Steel spiral i? No. 5 [EFRP bars ( 'i.i?.f 1 ‘—1.4[] 44.55 57.47 3124 sSC E‘i 3
No. 2 Ad56 21 _5 Tube A 6 No.5 [__.FRP bars | 3_l?a ) 45 3_.09 - 4853 45.14 5415 FL 5.92
B45G 213 Tube B 6 No. 5 GFRP bars (3.65) 6.24 - G478 4375 7009  FL 9.76
A455 213 Tube A 6 No. 15M Steel bars (3.65) 716 40 75.84 126.69 10629  FL 34

? The experimental results at ultimate load; DT = diagonal tension failure; SC = shear compression failure; FL = flexural failure.
™ At the top side of the tube,

Flexurattension failure was the failure mode fax CFFT beams in this study. In contrast,

the control specimens without transverse reinforcement and steel spiral experienced
diagonal tension failure at the shear span and shear compression failure, respectively. The
steelreinforced CFFT beams experieakca gradual and ductile failure. The failure in the
steelreinforced CFFTs started by the tensile rupture in the FRP tube at their maximum
tension moment zone. Complete failure in CFFT was noticed after the first and second
break in the steel rebars atttensile zone. Although the major failure mode noticed in the
specimens was flexure driven, minor flexeslkar cracks in the concrete were developed.
However, the concrete at the maximum compression zone remained intact. Due to these
details, the authosuggested that the partial confinement effect of the FRP tube on the
concrete core increased the compressive strength of the concrete. On the other hand, FRP
reinforced CFFTs failed similarly to the steelnforced CFFTs. In this case, the failure
startel with the tensile rupture of the GFRP rebars, followed by the tensile rupture of the
tube. Comparing the failure mode in the control specimens and CFFTs, the author
concluded that the FRP tubesdé contridouti on
circumferential fibers, the final failure mode changed from shear failure to a flexural

tension failure.
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= Strain gages in the hoop and adial directiond®  Strain gages in the hoop, diagonal and axial directions

Figure 2-35. Test Setup and instrumentation (Mohamed and Masmoudi 2010)

The similar CFFTs reinforced with 30 and 45 MPa concrete did not exhibit any
considerable change in their ultimate capacity. The-sééeflorced CFFTs filled with 30

and 45 MPa concrete did not show any increase in their capacity, whereas the FRP
reinforced CFFTs showed a minor 4.8% increase in their capacity when compared to 30
MPa and 45 MPa specimens. For all the CFFT specimens reinforced with steel and GFRP
rebars, the ratio of strength between FRP reinforced CFFTs, andestéeiced CFFT
beams wa$0%, which was approximately equal to the cube root of axial stiffness ratio
between GFRP and steel rebars. This study has observed that the thickness of GFRP tubes
had a major influence on the strength, ductility, and deflection of the CFFTs. When
compare between A30G and B30G, the increase in strength and ductility was 22.3% and
52%, respectively. This enhancement in the strength and ductility was observed due to the

increase in reinforcement ratio of the GFRP tubes.

First ssee] bar cut

Loasd | kM)
S

Second siee
b cul
® First FRT bar, cut®
+ Second FRP b, cur®
. | W Tyl semuion (uidiare *

*terriaoii sade ol the mud-span of the b

] 21 60 1] 120 150 | B
Mk gan dellection (nm)

(b)

Figure 2-36. (a) Typical failure moes; (b) Loaedeflection behavior

(Mohamed and Masmoudi 2010)
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Along with the experimental investigation, a simplified analytical method was developed

in this study to predict the yield and resisting moments of the CFFT specimens
corresponding to their faite modes. First, the analytical model was developed, idealizing
Bernoulli ds beam theory and based on the e
This model introduced a few variable factors considering the tnedd@obrced CFFT

sections, assumintpat the concrete does not reach its ultimate state. Next, an iterative
theoretical moment equation was developed with three unknowns, strains, depth of neutral

axis, and a factor representing the level of confinement gained from the interaction
between FR tube and concrete core of CFFT beams under flexural loads. Their analytical

study established that the FRP tubes partially confined the concrete core in the CFFTSs.
Also, steelreinforced CFFTs showed a higher level of confinement compared te FRP
reinforced CFFTs at ultimate. This confinement effect was further validated by the
increase in the ultimate load capacity of steehforced CFFT compared to their FRP

reinforced counterparts, which attributed to a higher confinement effect by the FRP tube

on theconcrete core. Finally, the cracking moment capacities were estimated using an
eqguation that considered the elastic theory and was based on the gross sectional properties.
This study introduced new values as modification factors for the equations babed on
experimental and predicted cracking moment results. However, they suggested that the
provided modification factors | argely depei

and stiffness in the axial, hoop direction and require more experinrargatigations.

Table 2-13. Experimental and Predicted Cracking Moments for RCFFT beams
(Mohamed and Masmoudi 2010)

Specimens  Crack moment, Mo (kN m) Meriexpy /Meripredy
1D
Experimental  ACI 318-08, CSAS6-06 Fam[17] Modified equation ACI 318-08, CSA56-06  Fam[17] Modified equation
ACI 440.1R-06, (new factor) ACI 440.1R-06, (new factor)
CSA S806-02 CSA S806-02
A30S 6.75 4.40 293 7.34 6.9 1.53 2.30 0.92 0.98
A3DG 5.00 3.32 221 5.54 52 1.53 2.30 0.92 0.98
B30G 5.55 340 226 5.67 5.33 1.63 2.46 0.98 1.04
A45G 5.82 3.89 2.59 648 6.09 1.50 2.25 0.90 0.96
B45G 6.24 3.96 264 G.60 6.21 1.58 2.36 0.94 1.00
A455 753 49 3.31 8.29 7.79 1.54 227 091 0497
Average 1.55 2.32 093 0.99
sD 0.05 0.07 0.19 0.03
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2.4

INFERENCE FROM THE LITERATURE and RESEARCH GAP

There are no uncertaiassurrounadhg FRPtube8 s uper i or anmonprévinghi n g

theultimate capacity of CFFT members. From the literature, it casbberved thad few

major factors influence the behavior of CFFTSs, internal reinforcement;spaato depth

ratio, confining material, and composite action between comper@nCFFTs. The

summary of the effect of these parameters on CFFTs are as follows:

91 The introduction of internal reinforcement in terms of longitudiredars in the

CFFTssignificantlyimproves the strength and stiffness of the CFFT systems. With
improving the structural aspect, internal reinforcement also improvesviaell
compositeness of the CFFT members by resisting excessive slip batveeen

concrete core and the FRP tubes.

The sheaspan to depth ratio of the CFFT beam hagyaificantinfluence a its

e

ultimate capacity and failure mode. Although short CFFT beamsa(1 D O 2. 5)

sometimes generate web shear cracks in the concrete core, the WitRately

experience flexural failureOn the other handede p CFFT beams (a/ D

more prone to>gerience shear failutey developing diagonal tensile crackue

to localized tensile stressmsthe FRP tubes.

The confinement effect generated by the FRP tube results in a superior structural
system when compared conventional transverse reinforcements such as steel
ties, tubesand steel spirals. The ultimate capaoityerall responsa&nd the failure

mode of CFFT greatly var with respect to th&RP tubedesign parameters, such

as thickness, fiber orientatiomechanical properties

The literature also showed that composite action between FRP tube and concrete
core during loading condition plays a vital rotethe overall behavior and the
failure mode of CFFTs. The slip between concrete core and FRP tube during
different loadingntensitiesshoweda reduction inthe overall composite behavior

of CFFTs, which might further influence the ultimate failure ofdixgtem.

Theliteraturereview shows thextensive studieperformed to understarttie shear and

flexural behavior on CFFwith various fiber orientatios) with or without internal

reinforcementFilament wound GFRP tubes with +5tber orientation with respect the
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axial direction of the tube ammmmonly used in the piping, pdnd gas industries due to
their effectivenessin resisting the internal pressdoads which generate$ioop stress to
axial stress ratio of 2:1For tis reasonthey are readily available for commercial
applicationsHence fom an economic standpoint, utilization of these GFRP tabetd

be very beneficial for CFFT applicationsiowever, only a handful ofstudieswere

conductedon CFFTs with 58 fiber orientation which hinders itswidespread

applications. Few studies on CFFTs with Ygther orientationwas performed to
understand thbehavior of deep and sh&@#FTs without internal reinforcement (Ahmad
et al. 2008)performanceof CFFTs under field closi blast loading (Qasrawi et al. 2004);
effect of tubedamageon flexural strength of CFFTdu and Fam 2020)However, no
study was performed to explore the shear and flexural behavior of internakstésiced

CFFTs with+55%fiber orientation Hence, this research was conducted to gain a better
understanding ofhe shear and flexural behavior oiternally steereinforcedshort and

deepCFFTs with +58fiber orientation.

2.5 FIELD APPLICATION OF CFFTS

With theadvancement in construction industries in the twidingy century, innovative and
sustainable material systems, such as condtkté fiber-reinforced tubes (CFFT), gained
significant popularity in field applications for marine infrastructures. The QREmbers

can be used as bridge piers, fender piles, bridge decks, and girders. Few major field

applications of CFFTs are discussed in this section.

Zaho et al. (2000) reported a field application of CFFTs with CFRP tubes as bridge girders
to support the mdular lightweight fiberglass bridge deck for the Kings Stormwater
Channel Bridge, as shown in figure3Z, located in California on the State Route 86 near

the Salton Sea. The bridge has two spans that measure 10 m long and has a width of 13 m.
This field application was possible due to an extensive investigation on the flexural
behavior of fullscale bridge deck and girder components, which comprised a circular
CFFT member combined with either conventional RC deck or a GFRP modular deck by
Karbhari et al(2000).
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Figure 2-37. Kings Stormwater Channel Bridge PWREN,UCSD/CalTrans)

Fam et al. (2003) discussed various piling applications for CFFT in the marine
environment. Most common applications include fender piling, which is used as a barrier
to protectthe pier. It absorbs and dissipates impact energy generated during the berthing
of ships near ports. Dauphins, a group of piles, are placed close to the piers and wharves
to guide and keep the vessels away from structures or serve as mooring pointsEThe C
group piling can also be used as support to carry loads ofdigitpiers and wharves.

The group piling and dauphins can also be used as a protective layer for the bridge piers,

and it will also help increase the strength and stiffness of the foandat

|..C.L. Channal

wrmimemeah
]

(b) Pile cluster () Light structure (d) Bridge pier
{dauphins) support protection

(&) Fender piling

Figure 2-38. Various piling applications of CFFT: (a) Fender piling; (b) Dauphins;
(c) Light structure support pile groups; (d) Bridge pier protection (Fam et al. 2003)
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Fam et al. (2003) also reported eight selected field applicationstifizd a total of 1554

CFFT members as marine piling along both coasts of the United States, as shown in figure
2-39. Although experiencing severe, harsh weather conditions such as severe hurricanes,
regular inspection of structural performance has shiwencomposite piles in the field
projects are performing well and still in service. Few of the projects include rehabilitation
of Erie Canal in New York with the help of a total of 120 CFFT composite piles of 323
mm diameter and 16.2 m long, US Naval 8tatngleside project in Texas, which used a
total of 180 CFFT piles of 367 mm diameter and 22 m long. In contrast, Belmar Municipal
Marina in New Jersey, a commercial project, used a total of 140 CFFT piles of 323 m and
14.6 m long to pin the piers andltddhe dock in position. The piles were primarily
subjected to lateral loads in terms of 1.5 m ocean tides, and with this tidal movement, they
also experienced harsh fregbaw cycles. Nevertheless, due to the high flexural capacity

and corrosion resistaa of the CFFT members, it made an excellent choice for this tidal

basin project.

Figure 2-39. (a) Fender piles and dauphin clusters in Naval Station Ingleside Project;
(b) Structural piles in Belmar Municipal Marina Projdeain et al2003
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CHAPTER 3 EXPERIMENTAL STUDY

3.1 GENERAL

In this chapter, the following sections will cover the experimental investigation on steel
reinforced concretéilled GFRP tube specimens (CFFT). First, a brief section will discuss
the components of the CFFT speems and their properties. The following sections will
outline a detailed explanation of the fabrication of the CFFT specimens, their
instrumentation, anthetesting procedure. Next, the test matrix will describe the eighteen
CFFT specimens and their chamy parameters, such as GFRP tubes, internal
reinforcement ratios, and testing spans. Additionally, this chapter will discuss the failure
mode of the specimens depending on their parameters. Finally, testing results from
different specimen sets will be dywed and compared for load. deflection loadvs.

strain and loadss. bondslip behavior of the CFFT specimens and toéimatemoment

capacity.

3.2 MATERIAL PROPERTIES

The materiad used to prepare the CFFT test specimens includes GFRPatibesfining
material steel rebars as internal longitudinal reinforcement, and coragendll.

3.2.1 GFRP Tubes

Three different kinds of GFRP tubes were used to prepare the CFFT speciimens.
filament winding technique was used to produce the tulbbe GFRP pipes were
manufactured using continuous roving of electrical/chemical resistant (ECR) glass fibers

and a B&-A vinyl-ester resinThe GFRP tubes had a fiber orientatiort65 with respect

to the longitudinal axisvith an error of +5 The fiber volume fraction of the tubes was
50.2%.Depending on their pressure rating, the tubes were categorized as P5@ré100
P150. The pressure rating mainly depended on the wall thickness of the GFRP tubes. With
a constant inner diameter of 203.2 mm, the P50, P100, and P150 tubes had a wall thickness

of 2.7 mm, 4.7 mm, and 6.7 mmespectively.
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The GFRP tubes were initigl manufactured by RPS composites (Mahone Bay, NS,
Canada)Some of thephysical anamechanical properties of tl&FRP tubes were provided
by the manufactureanda previous study by Betts et &20(9. The tube parameters and

properties ar@rovided in the following table-3 and 32, respectively

Table 3-1. PhysicalProperties of GFRP tubes as per the manufacturer and previous

study
Nominal
Pressure = 0 ) :
GFRP : a Inner Outer T O o 0 Filament
Rating ) . =0T 5 (OIS :
TUBE Diameter Diameter £ S g 2 EE wind Lay -
ID : (mm) (mm) S0E § ga@ up()re
psi kPa E = a £
P50 50 345 208.6 2.7 75 [£55/+55]s
P100 100 690 203.2 212.6 4.7 43 [+55]4
P150 150 1035 216.6 6.7 30 [£55]s

* Angle respect to longitudinal axis
4Provided by RPS comptes (Manufacturer)
® From previous study by Betts al. (2019

Table 3-2. Mechanical Properties of GFRP tubes from a previous study bydetks

(2019
GFRP Inner Tube Modulus (GPa) Strength (MPa)
TUBE Diameter
ID (mm) Compression Tension Compression Tension
P50 203.2 11.50 - 73.33 -
P100  203.2 10.03 - 114.68 -
P150 203.2 8.32 - 117.20 -
P50 76 10.77 8.68 121.41 47.48
P150 76 9.04 10.68 128.86 70.76
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Figure 3-1. Variation in wall thickness of GFRP tubes: @%0; (b) P100; (c) P150
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Figure 3-2. Schematic diagram of fiber orientation with respect to longitudinal axis

3.2.2 Concrete

The concrete was acquired from a local ready concrete manufacturer. The concrete
was prepar@ with a nominal aggregate size of 12.5 mm, and superplassibzdvetter
workability. The concrete mix had an average slump value of 228Dunng the CFFT
specimen castinday, nine number of 150 mm300 mm concrete cylinders were cast and
cured undera similar condition with theCFFT test specimens to determine the
compressive strength of the concrete.
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Figure 3-3. Three stages of concretempressivéest (a) Initial; (b) Intermediate
(c) Final

The nine concrete cylinders were testedccordance with ASTM C339M-12 (2012)in
threedifferentphasesluringthe CFFT specimen testing set of three ancrete cylinders
were testedn each oftheinitial, midway, andfinal stages of CFFT testing, respectively.
The average compressive strength ofrtime concrete cylinders was 40 MPa.
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3.2.3 Steel Reinforcement

Two different typs of steel rebars were ubéo prepare the CFFT specimer=our
numbes of 10M and three 15M steel rebars were tested followiSFM A615615M-16
(2016)to determinethe behavior and yield strength of the steel rel#amdnstron testing
machine witha mechanical grip of 203.2 mm (8") was usetest the steel rebars under
uniaxial tensionThe steel rebar specimens were cut in the length of 1219.28ifor
tensile testingind had a gauge length of 812.8 mm (32he rebar specimens were tested

at a loading rate of 20 mm/min.

All four 10M steel rebar specimershowed similaistress vsstrainbehavior.The 10M
specimensshowed initial elastic behavior followed by strain hardening region, final
necking, and subsequent failure. As the 10M specimensot&how a clear yieldingr a
yield plateauyield strength®f the 10M steel rebars were determined usin@#%eoffset

method shown in figure 35 (a).

15M rebar specimens, on the contrashowed different stress vs. strain behavior
compared to 10M rebar specimens. The 15M specimens showed an early elasiar beha
followed byan apparenyield plateaustrain hardening region, and final failurégure 3

5 (b) exhibits the stress vs. strain behavior of 15M steel rebars.

F
Ly L. — Total Specimen Length (1219.2 mm)

4 L. = Gauge Length (203.2 mm)

Ly — Grip Length (812.8 mm)

I Ly
I I)'lll I DI"
L 0 Do — Mominal Diameter of 10M rebar (11.3 mm)
¥ ) D5 — Mominal Diameter of 15M rebar (16 mm)

h 4
Figure 3-4. Schematics representation of tensile test of steel sgle@imens
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Figure 3-5. Tensile stress vs. strain behavior of steel rebars: (a) 10M; (b) 15M

i

Figure 3-6. Uniaxial tensile test: (a) 10M rebar; (b) Failed 10M rebars; (c) 15M rebar;
(d) Failed 15M rebars

The average yield strength of the 10M and 15M rebars were 485.5 MPa, and 426.3 MPa
respectively. The overall uniaxial tensile test resaflestatedn the following table 33.
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Table 3-3. Experimental results of uniaxial tensile test of steel rebars

Steel Steel Nominal Yield é;:j;age Standard
Rebar Rebar Diameter Strength Strength Deviation
Type ID (mm) (MPa) (MPa) (MPa)
10M - #1 504
10M - #2 484
10M 11.3 485.5 17.7
10M - #3 462
10M - #4 492
15M - #1 427
15M 15M - #2 16 426 426.3 0.6
15M - #3 426

3.3 TEST MATRIX

To effectively understand and evaluate the overall behaviBFBfTs extensive testing of
CFFTswas carried out.In total, eighteen CFFT specimens were fabricated and tested
underthreedifferent shearspan to depth ratio3hree sets ofis uniquetypes of CFFT

specimens were prepared frohrde differenkinds of tubes and two differenkinds of

internal longitudinal steelrebars.Figure 37 shows six different kinds of CFFT and its

typical crosssectiors. Table 34 lists all types of CFFT specimgtestedinder thregoint

bendingto fulfill the objectives mentioned in sectiorB1The specimen nomenclatusras
assignedvith a systematic pr@cure acknowledging the varying material properties and

testing parameterd’he specimen labelinbas followed a pattern ofiPX-Y-ADZ0 to

identify a particular specimeh.n t he | abel , AP0 stands for |
the subsequent nunpeieThe fallowing tari YOt s epaksent s
type of internal l ongi tudi nal reinforcemen
Abo stands for 150l IewadsbyRimZalsipwsheardnRatss

span to depth ratio and its value.
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Table 3-4. Test matrixfor CFFT

Internal
Longitudinal Steel
Reinforcement

Shear %)
9 Span Shear o2¢
IS CFFT to Span c 6 E = =
> SPECIMEN ID Depth @) SE2T 5 & ~
< . _ &35 £ o £
o Ratio in mm 0?2 o < Q=
© . = E 5 o - o o
O (@D i) SO L e
O C [« d
E .6 .6
o o
1 P5Ga-ADO0.5
2 P100a-ADO.5 #6-10M 1.85
3 P150a-ADO0.5
0.5 101.6 355.6
4 P50b-ADO0.5
5 P100Gb-ADO0.5 #6-15M 3.70
6 P15CGb-ADO0.5
7 P5GaAD1
8 P10Ga-AD1 #6-10M 1.85
9 P150a-AD1
1 203.2 588.8
10 P50b-AD1
11 P10Gb-AD1 #6-15M 3.70
12 P150b-AD1
13 P5GaAD2.25
14 P100a-AD2.25 #6-10M 1.85
15 P150aAD2.25
2.25 457.2 1066.8
16 P50b-AD2.25
17 P10Gb-AD2.25 #6-15M 3.70
18 P15Gb-AD2.25
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Figure 3-7. Layoutof typical crosssectiors of CFFT specimen: (a) P15Q5M; (b) P150
10M; (c) P10615M:; (d) P10610M; (e) P5015M:; (f) P5610M
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3.4 SPECIMEN FABRICATION

Theassembling and fabricatimpgocedurdor atotal of eighteen CFFT specimeisshown

in figure 38. All of the GFRP tubes wereut intoalength 0f1219.2 mm (48")Initially,

all eighteen hollow tubes were assembled on tapbfwood sheeto trace their location
andwall thickness A minimum clear coveof 25 mmbetweertherebar and inner wall of
the tube vasselectedor all of the specimens, shown in figure’3Next, cepending upon
the reinforcement type, the longitudinal rebar locatiovere drawon the plywood sheet.
The rebar locations on the plywoagrethen drilled depending on the rebar diameter. The
traced plywoodvasthen place@nd fastenedn top ofa newplywoodsheetandawooden
pallet. The hollow GFRP tulsewere placed rd fastened with the help of a rectangular
wooden cage assembly. Similar to the bottom traced plywood, another plywood was traced
for thetop of the assemblgs a lidandthencut with the help of an electric hassdwshown

in figure 38 (b). This procedus was planned and followed to ensure thatebar location
remaired similar for all of the specimenss therewereno transverse reinforcement or
stirrups werentroduced to fix the rebar assembter preparing the cage with the hollow
GFRPtubes, the steel rebangere placedlepending on the specimen tyged fastened
with the help of tie wire and screws on the top plywood

During the concrete casting, the concrete mix was poured from the top of the assembly.
The concrete in the specimewssfilled in three stages simultaneously. The extended
rebars of the specimens were carefully vibrated for concrete compaction after each stage
as shown in figure-3 (b). After finishing theCFFT casting, nine additionalylinders were

cast with the samieatch of the concrete miXxhe CFFT specimens, then surface finished

to produce a smooth concrete surfaaedthe assemblyas covered witla polythene

sheet. Finally, the CFFT specimens and concrete cylinders were cueethioimum of

28 days so thatconcreteinfill gaired its design strengthAfter the curing processhe

CFFT specimens were removed individually from the assembbcfarduled testing
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Figure 3-8. CFFT specimen fabrication: (Bimensionlayout (b) Cage assembly;
(c) Specimen before rebar installatiqd) Fixing of steel rebarge) Full assembly

(f) Top view of the full assembjyg) Assembled formwork before concreting
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Figure 3-9. CFFT specimencasting (a) Concrete pouring(b) Concrete compaction
during specimen castinfc) CFFT specimens ready for curing process;

(d) Longitudinal view ofCFFT, (e) Crosssectional view of CFFT

3.5 INSTRUMENTATION and TEST SET -UP

Eighteen CFFT specimens were tested under-poad bendingwvith a varying effective

span of 355.6, 588.8, and 1066.8 mmaspectively A generalizedschematiadiagram of

the overall test setip is illustrated in figure -30 (a). These spans were calcidd and

adoptedbased on the shear span to depth mftitable 34. Semicircular steel supports
having a width of 76.2 mm (3Vyere usedn the experimental setp.
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Figure 3-10. Schematigepresentationf test setup and instrumentatiotetails
(a) Overall test setip; (b) Orientation of strain rosette;

(c) Crosssectional view of CFFT ahid-span
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Neoprene rubber pads were placed between steel supports and CFFT speciethice
initial stress concentrations near ttemtactedgebetweerthe steel supports and CFHA.
1 MN hydraulic actuator appliecerticalperpendiculatoadto the CFFT specimewith a
shear span to depth ratio of 1 and 2r2Spectively For shorterspan specimengith a
shear span to depth ratio of Oafere tested using a ®IN Instron 5596HVL static
hydraulic universal testing systeithe concentratederticalload was applied on the top
steel support at the center of the CFFT specimen wiitordarolled and constant
displacement rate of 2 mm/mumsing a load cel(except P15®-AD1). All specimen
instrumentation involvedix electrical resistancstrain gauges, six linear potentiomster
and a string potentiometer. Out of six strain gaugegetlstrain gaugeél,2,3) were
attached as a strain rosettéh a 45 rosette layoutt the middle of the shear spas
demonstrated in figure-B0 (b). The strain rosett@imed to recordthe change in
longitudinal, circumferentialand diagonal strains.To measure thechanges intop
compression, bottom tension, and bottom reinforcement zone strangst of the three
strain gauge#,5,6)were applied at the top fiber, bottom fiber, and bottom reinforcement
zone at the midspan die CFFT specimejregectively, as shown in figure-30 (c). All
strain gauges were affixed to the outer surface of the CFFT specifftenszertical
displacement at the midspan was measured tsimd05 cm (41")inear potentiometer
and a30.48 cm (12"ptringpotentiometerTwo ses of 140 cm (55")inear potentiometers
were mounted on both sislef theconcrete core of CFFT to measureltbadslip betwea

the concrete corsteel rebar and concrete c@d&RP tube

The linear potentiometersounted ortheleft side of the specimen recorded tundslip
betweerthe concrete corateel rebar and concrete c@&RP tube at the bottom region
In contrastthe linear potentiometers on the specilien r i gebotdedshidandslip
between concrete costeel rebaand concrete cor&FRP tube at the top region of the
specimenas shown in figure-32 (a) and 312 (b). The test resultsuch as load increment,
changes in strain values and displacemaot were monitored and recorded using a data

acquisition system (DAQAs illustrated in figure-31 (a).
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Figure 3-11. Actual test setip and instrumentation details: (a) Overall testuget

(b) Test setup and Instrumentation
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Figure 3-12. Instrumentation detail®r bondslip: (a) Linear potentiometer arrangement
(Left sideof CFFT); (b) Linearpotentiometer arrangement (Right safeCFFT)

3.6 TEST RESULTS and DISCUSSION

This section summarizes the experimental result acquired from thepthirdebending
tests of CFFTas shown irfigure 311 Table 35 presents ultimate load amdtimate
moment carrying capacities for CFFT specimens. It also lists thesmaia deflectiorof
CFFT specimenattheir respectivpeak loadThe ultimate moments and initial stiffnesses
were derived from the loadeflection resultsFinally, the results were analyzed in terms
of overallload-deformatiornbehaviomwith respect taheeffect of shear span to depth ratio
effect of GFRP tube walthicknessthe effect ofinternal longitudinal steel reinforcement,
ultimatemoment capacitymomentcurvature behavior, and the final failure mode of the

CFFT specimens.
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Table35.Summar y

of CFFT Specimenso

= c o = E
ﬁ SPECIMEN ID (kN) = B x £ E %::, (kN/mm) Mode
1 P50aADO0.5 692.78 15.64 61.59 82.46 TR/CC”
2 P100a-ADO0.5 1089.07 17.91 96.82 105.82 TR/CC”
3 P150a-AD0.5 1393.34 22.97 123.87 97.06 TR/CC”
4 P50b-AD0.5 929.04 17.05 82.59 92.10 TR/CC”
5 P100b-ADO0.5 1328.69 17.84 118.12 113.67 TR/CC”
6 P150b-ADO0.5 1637.02 21.14 14553 121.80 TR/CC”
7 P50a-AD1 415.91 21.38 58.10 42.06 TR
8 P100aAD1 629.68 23.09 87.97 52.75 TR/CC”
9 P150a-AD1 820.33 27.62 114.60 63.04 TR/CC”
10 P50b-AD1 538.12 22.25 75.18 80.76 TR/CC”
11 P100b-AD1 748.27 27.55 104.53 85.62 TR/CC”
12 P150b-AD1* 854.54 31.22 119.38 86.59 TR/CC”
13 P50aAD2.25 199.10 45.81 53.10 16.01 TR
14 P100aAD2.25 278.69 51.85 74.33 19.85 TR
15 P150aAD2.25 367.19 64.23 97.99 19.05 TR
16 P50b-AD2.25 248.27 46.48 66.21 22.33 TR
17 P100b-AD2.25 338.95 63.17 90.40 22.66 TR
18 P150b-AD2.25 413.13 37.42 110.18 40.28 TR/CC”
TR-Rupture in GFRP tubspéns tension region

CC- Cracking nearcompression region due to stress concentragi@undtop support

*

- @ 0.5 mm/min loading rate.
™ - Not visible during the test (hiddemder top support and neoprene pad
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3.6.1 Failure Modes

Previousstudieshave showrthatthe CFFT undetateral flexural loads predominantly

showstwo majorfailure modes, shear failurand flexural failure. The major parameter
thataffeciedthe behavior and failumwasmainly duetd h e ¢ o n f idifierent§bert ub e s 6
orientationand material propertietheintroduction of internalongitudinalreinforcement

andthe shear span to depth ratio. In this studiespectiveof the testing parametersl]

CFFT specimensxhibited similar failure pattesn

This particular section concentratestbe overall failure mode experienced by eighteen
CFFT specimens depending dreir shear span to depth ratio. Also, a compariddhe
failure in the GFRP tube and the inner concrete wittesimilar CFFTwas studiedased

on their three different sheapan to depth (afPratios All of the CFFT specimesfailed

in flexure by ryturing the GFRP tube in the tension region at the-gp&h location
particularly under theppliedload. During the test irrespective of their a/Datio, all of

the CFFT specimenshowed similarfailure behavior. The white stretch lingear the
tension regionin the GFRP tubes were instantaneously visible with the increase in the
applied | o &igured18(bGhkowsltmihese visible white lines on the GFRP
tubes were developed in the samedion as the fiber oriented in the GFRP tubee
appearance of stretch lines waainly due to the increase in the tensile stress at the tension
region of the GFRP tub&he CFFT specimens experienced failure in the tension region
at the midspan directl under the load. The cracks the bottomtension region athe
GFRP tubes appearetbse tot h e C Htifn&té capacityThe cracks predominantly
originated from the bottom surface of the GFRP tube in CFFpeoghgatedoward the
topat midspan.Thisphenomenon was observed through loud audiiaitix crackingand
splitting the bottom surface of the tuddeCFFTs finally faileddue to the tension rupture

in the GFRP tubeas exhibited in figure-33 (d) and figure 314.

The CFFT specimens withe a/Dratio 0.5 and 1 experienced distinctive audible cracking,
whereas the CFFTs wiima/D ratio of 2.25 did not experienaesimilar level of cracking
noise.Theinitiation of audible cracking will b&urtherdiscussed to a greatextent in the

load-deflection behaviosection.
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At Load 0 kN

Visible white
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Initial audiBle ™
cracking
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Figure 3-13. Test tmelapse othe CFFT specimen PE9AD1: (a) At load about 0 kN
(b) At load about 270 kN; (c) At load about 400 kN; (d) At load about 415 kN
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Although alltestedCFFT specimens experienced flexuraluies, which was the primary
reason for t he C,RHeBwrdspan CRFT spacimens expdriénced e
compression cracks near the top steel support reiflone specifically the specimens
reinforced with 15M steel rebars endured severe compression cracks around the top steel
support as showrnn figures 3-14 (b) and 314 (e). The addition of neoprene rubber pads
in between the steel supports and the test specimens sighifeappressed this problem

to a certain extenOut of all the short span specimens, the CFFT specimeraRb

did not experience any compression cracks. In contiaste specimengncountered a
necking phenomenon, whighossibly wasan earlier stagedr the compression crack
developmentas seen in figure-34 (a). Comparedo shortspan test specimenqaatfrom
specimen P158-AD2.25, the longer span CFFT specimens did not experiange
compression crack development under the top steel suppanter3d4 (g) shows minor
compression crack development in the Rb58D2.25 CFFT specimen. Moreovarirend

was observedear the ultimate load capacity the CFFT with the thinnest wall thickness
The CFFT specimens with P50 GFRP tube experieanedtimate tensile rupture in the
bottom tension surface at the rgdan by a crumbling manneiith a distinctive audible

cracking sound

Furthermore, to understand the effect of shear span to depth ratio on the failure mode in
theinternal concrete core, PA@FFT specimens whichereinternally reinforced with

10M steel rebarsvere cut openkigures3-15, 316, and 317 exhibit a/Dof 0.5, 1, and

2.25 CFFT specimens with an exposed concrete core, respeddsealgen from all three
figures, the flexuraldilure pattern was similan the GFRP tubes. The concrete core of
CFFT specimenwith a/D of 0.5 1, and 2.2%xperienced major flexural crazhat the
bottom midspan tension regionvhich propagated towards the compression zone. The
minor web shear and flexural shear cracks were noticed in the CFFT specimens with a/D
of 0.5 and 1. In contrast, the CFFT specimen with 2.25 did not develop any minor shear

cracks but developeaifew minor flexural cracks at the moment region.
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Figure 3-14. Various failure region of CFFT specimelia) P50a-AD1; (b) P1506b-
ADO.5; (c) P10Ga-AD2.25; (d) Bottom surface of P56-ADO0.5; (e) Front face of P56
ADO.5; (f) Bottom surface of P15I0-AD2.25;(g) Top surface of P156-AD2.25
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Figure 3-15. Failure modes iP106a-AD0.5 specimen: (a).ongitudinal crosssection of

CFFT, (b) Inner concrete core and outer layer of GEfe;(c) Inner layer of GFRP tube

P1i0-a-AD1

Figure 3-16. Failure modes irP106a-AD1 specimen: (a) Longitudinal crosgction of
CFFT; (b) Inner concrete core and outer layer of GFRP tube; (c) Inner layer of GFRP tube
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Tension rupture of
GFRI’tnbe unider the.

Figure 3-17. Failure modes i?100a-AD2.25 specimen: (a) Longitudinal crosgction of
CFFT; (b) Inner concrete core; (c) Outer layer of GFRP tube; (d) Inner layer of GFRP tube

3.6.2 Load -Deflection Behavior

Load deflection behavior of a CFFT beam igagentiafactor, considering that the CFFTs
areprimarily usedas structural members suab bridge piers, fender piles, dauphgts.
Therefore, he applied load at any given pointtime duringthe threepoint bend test was
captured usingload cell Thecorrespondinghange imid-span deflection was measured
with the help of two linearqtentiometers (LP) and a stripgtentiomete(SP) The linear
potentiometersattached to the top steel suppontsre mainly used to verify the data

acquired through the stringpfentiometer.

Figures3-18, 319, and 320 exhibit the load vanid-span defkction curves for eighteen
CFFT specimens. The acquired rsiglan deflection values from two LPs were averaged
which showed goodonfidencen the data acquired by the string potentiometer. Hence the
averaged value of two linear potentiometees consideed and plotted against the load
acquired from the DAQThe deflection data recorded for the test specimen-B150
AD2.25 showed an unusual load vs. msghn deflection trend. Three of the deflection
recording instrumestfor that test verenot able to recat a reliable data source. The issue

arose due to a possible malfunction in the DAQ
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The following figures 318, 319, and 20provide thdoad vs. midspan deflectiorcurves

for the specimens with a/df 0.5, 1, and 2.25, respectively. The load vs.-gpdn
deflection curves shosd the overall nonlinear behavior of CFFTs. The primary
contributor to this nonlinearity of CFETwerethe GFRP tubes, which have nonlinear
behavior The sudden drop in the lddor the P150 specimen near 300, la¥ visualized

in figure 319 (b), was due to the movementtimetesting frameFurthermore, the minor
dropsin the load for the P150 specimens around 85% of its ultimate capacity, as observed
in figure 318 (b), 319 (b), and 320 (b), was speculategossibly due to the severe
crushing experienced by the CFFT specimens at the compression region near the top steel

support as exhibited in figure 18), and figure 14g).
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Figure 3-18. Load vs. Midspan deflection foa/D: of 0.5 specimens(a) 10M; (b) 15M
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The possiblestart of audible crackingn CFFT specimengvas noticed during the tests.

Overall, the CFFT specimens with the atid 0.5 and 1 produced notableamount of

audible cracking sound. In contraStFFT specimens with the a/bf 2.25 did not cause
any significam cracking sounds. Thisitial audible cracking was observed for 15M and
10M specimens around 70% and 50% of their ultimate capaegpectively From the
load vs. midspan deflection awes, it is also identified that the commencement in the
audible cracking occurred when the CFFT member transitionedtifrelmear phaseo a

nonlinear one.

900
800 | =
I L
= — — —
700 | : P - j\
600 e = |
M ~ L_L .-"k_

— L~ N,
T s00F  wmP150 P W ]
- - - !
=] e o E—
g 400 | J.'...._._Iz:}.'.(...'r : _.al' A i
- / . 4 | "

300 | f

200 L = P100 i

= = Ultimate failure
w0 L =P50
s Start of audible crackln:
ﬂ
l] 25 30
Mld -Span Defle:tlnn {mm)

(@)

Load (kM)

5 8§ 8 8 8 8 8 8
N
;wll\{‘i:'

- = Ultimate failure

100 +
"""" Start of audible cracking
5 1o 15 20 25 30 i5
Mid-Span Deflection (mmj)

(b)
Figure 3-19. Load vs. Midspan deflection foa/D: of 1 specimens(a) 10M; (b) 154
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Figure 3-20. Load vs. Midspan deflection foa/D: of 2.25specimens(a) 10M; (b) 1

= = Ultimate failure

3.6.3 Effectof Shear Span to Depth Ratio

One of the influential parameters of this stughsto understanthe effect othea/D ratio

on the CFFT specimensherefore, he effectof theshear span to depth ratio is compared
in terms of change in the load capacity and-spdn deflection of the test speciméeRse
overall increase in the load capacity is exhibited in figur@& &) and (b) for 10M and

15M steelreinforced CFFT specimens, respectively.
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All the CFFT specimenexperience@nincrease irtheirload capacity with the decrease
in thea/D ratio; on the contrary the midspan deflectiordecreasedTherefore the load
capacity comparison betwearD ratio of 0.5 to 1, 1 to 2.25, and 0.5 to 2.25 for similar
CFFT specimens lklabeen drawnP50CFFT specimes reinforced with 10M rebars
showed an increase their loadcapacityclose to 66%108%, and247%  comparedo the
abovestated ratie. Similarly, PSGCFFT specimesireinforced with 15M rebars showed
an increas@n their load capacitglose to 72%117%, and274% P100CFFT specimens
reinforced with 10M steel rebars exhibited an increase in the load capacity around 74%,
126%, and294% In the case of P10A5M CFFT specimens, the load capaditgrease
was near 77%117%, and292%. Finally, the P15CFFT specimens reinfoed with 10M
steel rebars experienced an increasabout 70%,123%, and279% and 15 M steel
reinforced specimens witlhe same GFRP tube showed an increase of 90%%, and

296% respectively.
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Pressure rating of GFRP tube (psi) Pressure rating of GFRP tube (psi)

(a) (b)
Figure 3-21. Influence ofa/D; ratioson the load capacity of CFFT&) 10M; (b) 15M

A comparisorbetweenmid-span deflection has been drawn in the similar means to the
load capacity for the CFFT specimens. Teereasing trenih the midspan deflection for
all CFFT was in a close range apart from R15M CFFT specimens. The decrease in
deflection was in the range of% to35%, 52% to 57%, and %6 to 72% for the a/[ratio
of 0.5t0 1, 1 to 2.25, and 0.5 to 2.25, respectivelycontrast, the decrease in deflection
for P15015M specimens were 32%, 17%, and 4#¥ithe a/Dratio of 0.5t0 1, 1 to 2.25,
and 0.5 to 2.25, respectively. Tlaaomaly in the trenevas possiblydue to theslower
loading rateadopted during the test ftle P150b-AD2.25 specimenThus, the overall
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comparison showed that as the jafBtio decreaseshe load capacity of the CFFT
increases. This increase in capacity is mainly attributed due to the contribution of the

GFRP tube and dowel actidmy the intenal reinforcement.

3.6.4 Effect of Internal Longitudinal Reinforcement

This sectionexplores the effect of the internal reinforcement on the load capacity of the
CFFT specimengFigure 322 (a), (b), and (c) shows the comparison in {oadspan
deflection behavioof both 10M and 15M reinforced specimens with P50, P100, and P150
GFRP tubesrespectively

The results shoed that independent of the a/ltatio, the overall contribign of the
internal reinforcement was higher for P50 CFFT specintieasthe rest. The internal
reinforcement contribution to the load capacity was in a descend for P100 CFFT and P150
CFFT specimens. The individual CFFT specimens were generally prepatediyvi
internal rebars, but the contrast was mainly in their internal reinforcement ratio and the
yield strengtk. The 15M steel reinforced and 10M stesihforced CFFTs had an internal
reinforcement ratio of 3.70% and 1.85%, respectively. The differendbe internal
reinforcement showed its prominent influence on the ultimate load capacity and the overall
load-deflection behavior of CFFas the load capacityagcomparatively high for 15M

CFFT specimens than 18RIFFT specimend-or the a/bof 0.5, CFH specimens with

P50, P100, and P150 tubes had an ultimate load capacity increase of 34%, 21%, and 18%,
respectively, when the internal longitudinal reinforcement ratio increased from 1.85% to
3.70%. This trend in the ultimate load capacity remained vadglytical for the CFFT
specimens of a/»f 1 and 2.25. The P50, P100, and P150 CFFT specimens, when tested
under a/Dof 2.25, exhibited a load capacity increase of 25%, 22%, and 13%, respectively.
In the case of the CFFT specimens tested under sheartsmepth ratio of 1, a load
capacity increase of 29% and 19% were observable for P50 and P100 specimens.

In contrast, the P150 CFFT specimen under the similay stibwed an increase of 5% in
the load capacity when the internal reinforcement ratio asee from 1.85% to 3.70%.
This anomalyin the load capacity trend could be speculated due to the difference in the

loading rateusedduring the test. Thus, although all the CFFT specimens failed similarly
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Load (kN)

under various testing parameters, the effect @rimal reinforcement is more critical in

this case due to its significant impact that changed the load capacity artkefteudion

behavior for the CFFT specimens.
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Figure 3-22. Effect of longitudinal reinforcement ratio on CFFTs: P&Q (b) P100;

(©)

P150
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3.6.5 Effect of Pressure Rating

This section presents a comparison study on the effect of pressure rating of therGFRP
thebehavior of CFFTs. The GFRP tubeith a constaninner diametehad three different
pressure ratings, 50, 108nd 150psi, directly related to their wall thickness. The P50,
P100, and P150 GFRP tubes ladnner diameter to thickness ratioiffp of 75, 43, and

30, respectivelyas provided in table-3. Figures3-23 and 324 provide the effect of
pressure rating in terms of the wall thickness of the GFRP tube on 10M anr@CEEW
specimens, respectivellyrom the test results,wasevident that P150 tubes increased the
C F F T &inmdate Uoad capacity significantly compared to P100 and P50 GFRP tabes.
addition, thepercentage increase in the load capacity between P50 vs. P100 CFFT was
higher when compared to P100 vs. P150 CFFTs for both 10M and 15Mestdetced
specimens. Tik significantincreasen ultimate load capacityetween P50 and P100 CFFT
specimensvas perhaps due to thew amount offibers present in the P50 GFRP tubes

than it was supposed to have
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Figure 3-23. Effect of pressure rating of GFRP tubes on 10M gteieforced CFFTSs:
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Load {kN)

For CFFT specimens reinforced with 10M steel rebars tested undef 8/B, the increase

in load capacity waclose to 101%, 58%, and 27% when compared between P50 vs. P150,
P50 vs. P100, and P100 vs. P150 CFFT specimens, respectively. ThRE€ FFOM
specimens tested under aid 1 showed aimncrease in capacity around 97%, 51%, and
30% when compared to P50 v4.99, P50 vs. P100, and P100 vs. P150 CFFT specimens,
respectively. Similarly, when the specimens tested undeo&dD25 showed an increase

of approximately 85%, 40%, ar32% when compared to P50 vs. P150, P50 vs. P100, and
P100 vs. P150 CFFT specimerespectivelyas shown in figure-23 (b).

In the case of CFFT specimens reinforced with 15M steel rebars, the overall trend
regarding the ultimate load capacity was similar to that of 10M-s¢@g@brced CFFTsas

shown in figure 24 (b). The specimengested under ai»f 0.5 showed an increase in
capacity around 76%, 43%, and 23% when compared to P50 vs. P150, P50 vs. P100, and
P100 vs. P150 CFFT specimens, respectivig specimens testadith an a/D of 2.25
experienced an increase in the ultimaged capacity of 67%, 36%, and 22% for P50 vs.
P150, P50 vs. P100, and P100 vs. P150 CFFT specimens, respectively. In contrast, the
similar specimens tested under aé® 1 showed a load capacity increase of 59%, 39%,
and 14% for P50 vs. P150, P50 vs. RH)@ P100 vs. P150 CFFT specimens, respectively.
Thus, he overall comparison of the result shows that the load capacity of CFFT increased
with the increase in the inner diameter to thickness raiit) (@ the GFRP tube.
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Figure 3-24. Effect of pressure rating of GFRP tubes on 15M gteieforced CFFTSs:
(a) Load-deflection behavior; (b) Percentage increase in load capacity
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Moment capacity (kM-m}

3.6.6 Moment Capacity

Figure 325 illustrates the overall moment capacity of the CFFT specimens, depending

u

with the help of their load capacitiyigures3-25 (a) and 25 (b)showedthat independent

pon the GFRP

tubeds pr e softheCH-Tswas talculaged

The

of the internal steel reinforcement, the CFFT with the greater GFRP tube wall thickness

had a greater ultimate moment capacity.
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Figure 3-25. Effect of pressure ratings of GFRP tube moment capacity of CFFTSs:
(a) 10M; (b) 15M; (b) Ratio of 15M and.OM specimens
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Table36.Summary of CFreidforcBrpeatcatione ns 0
i 5 2% LB, 38E. _3b.
E CFFT BES Pg gES RNBEL BREE
% SPECIMEN ID %gg %% L(BE% 552% EE%%
A £ o9 £ Sxccrx St
S g < & te 2
1 P50aADO0.5 1742 5.37 0.26 211
2 P106a-ADO.5 1.85 3103 9.57 0.46 2.31
3 P150a-AD0.5 4405 13.58 0.66 251
4 P50b-ADO0.5 1742 5.37 0.26 3.96
5 P10Gb-ADO0.5 3.70 3103 9.57 0.46 4.16
6 P156b-ADO0.5 4405 13.58 0.66 4.36
7 P50aAD1 1742 5.37 0.26 2.11
8 P10Ga-AD1 1.85 3103 9.57 0.46 2.31
9 P156a-AD1 4405 13.58 0.66 2.51
10 P50b-AD1 1742 5.37 0.26 3.96
11 P10Gb-AD1 3.70 3103 9.57 0.46 4.16
12 P15G6b-AD1 4405 13.58 0.66 4.36
13 P50aAD2.25 1742 5.37 0.26 2.11
14 P100aAD2.25 1.85 3103 9.57 0.46 2.31
15 P1506aAD2.25 4405 13.58 0.66 2.51
16 P50b-AD2.25 1742 5.37 0.26 3.96
17 P106Gb-AD2.25 3.70 3103 9.57 0.46 4.16
18 P156b-AD2.25 4405 13.58 0.66 4.36

" From previous study by Bets al.(2020)
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In other words, the pressure rating of the GFRP tubs directly comparableto the
moment capacity of the CFFSpecimensAs the GFRP reinforcement ratiacreased with

it, the moment capacity also increaskds also observed that as the aBcreaséor the
CFFTs, the moment capacity of the CFFTs increasegieneral, thencrease inthe
moment capacity wasignificant between a/Dof 0.5 and 2.25 CFF specimen when
compared among successivejaédios of 0.5, land 2.25The percentage increase in the
moment capacity was least when compared between the specimens0ob @it 1The

only inconsistency in this ascending trend is observed for genspns otheP150 CFFT
group reinforced with 15M steel rebail®e moment capacity increase was 32% when
compared between a/DBf 0.5 and 2.25showinga similar trend towards the rest. The
moment capacity increase was 22% and 8% when compared betieeh @5 and 1;

and a/Di of 1 and 2.25, respectively. This discrepancy in the neaslperhaps due to
specimen P150-AD1, which was tested under a lower loading r&erthermore, the
internal steel reinforcement had a significanohtribution towards the ultimate moment
capacity of CFFTsThecontribution of steel reinforcement towards moment capacity was
maximum for the P50 CFFT specimens. Altogether CFFTs reinforced with 15M steel
rebars showed eonsiderabléncrease in momenapacity particularly for the P50 CFFT
tested under a/df 0.5showed an increase of 34% in their ultimate moment capacity.

Additionally, figure 326 shows the effect of combined normalized GFRP and steel
reinforcement ratio on momentpacity based on &ha/D) ratios. Table 36 presents a
summary of reinforcement ratios for CFFT specimens. P150 CFFT reinforced with 15M
steel rebar and P50 CFFT specimens reinforced with 10M steel rebars had the highest and
the lowest total normalized reinforcement ratio omgy the rest of the specimens,
respectively. The effect on the moment capacity dtlegdifference in the reinforcement
ratio was evident from figure-26, asthemoment capacity of P150 CFFT with 15M steel
reinforced specimens wagynificantly higherthanP50 CFFT with reinforced withGM

steel rebarsThe increment effect of lower a/Datio combined with normalized
reinforcement ratio on moment capacity of CFFT can easilyerceived from figure -3
26(c).
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Figure 3-26. Effect of reinforcement ratio on moment capacity of CFFTSs:
(a) 15M; (b) 10M; (cBoth 15M and 10M specimen
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3.6.7 Load -Strain and Moment - Curvature

This sectiorpresents a brief overvieaf load vs. strairat midspan, load vs. strain from

strain rosette at the mishear span, anthe momentcurvature response of the CFFTs
subjected to threpoint bending. Figures-37 (a) and 328 (a) exhibits load vs. migpan

strain for10M steelreinforced CFFT specimens tested under affl and a/Dof 0.5,
respectively. Figures-37(b) and 328(b) shows load vs. midhear span strain from strain

rosette for 10M steakinforced CFFT specimens tested under affl and a/Dof 0.5
respectively. Figures-37 (c) and 328 (c) illustrate ther e s pect i v enonsepte Cci me n

curvature behavior.

(@) (b)

120

T

Peak moment(P150) 115 kNm— - —-—-—-——-——-——-—————— ———+

100 +

Peak moment(P100) 88 kNm — === == == == === == == === =
80+

60

[Peak moment(P50) 58 KN.m = = = = = = = = = = — s = = = = = = — — :
wl / |
[

P

Moment (kN.m)

P50 J
P100
P150

0 1‘0 le) 3}) 410 5:0 6‘0 7l0 S;) 9‘0 100
Curvature (rad/km)
(c)
Figure 3-27. 10M steelreinforced CFFT specimens with atd 1: (a) Load vs. mid
span strain; (b) Load vs. strain rosette; (¢c) Moremvature responss mid-span
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