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ABSTRACT 

Fiber reinforced polymers (FRPs) are increasingly being accepted in structural engineering 

applications.  One promising system involves the use of concrete-filled FRP tubes (CFFTs) as 

bridge piers, columns or piles.  While CFFT members have been extensively studied under 

various loading conditions, very little attention has been given to their connections to other 

structural components such as footings and beams.  This study explores two different moment 

connections for CFFT members, using 13 medium-scale specimens and seven ancillary tests. 

The first connection involves embedment of the FRP tube into the concrete foundations 

during casting.  Five-219 mm diameter (D) precast CFFTs were embedded into 500x500x500 mm 

concrete foundation each, at different embedment lengths ranging from 0.3D to 1.5D and tested 

in flexure as cantilevers with 1100 mm spans.  The study showed that the optimal embedment 

length was 0.73D.  This was essentially the minimum embedment length necessary to produce 

tension failure of the CFFT member outside the footing, rather than premature bond failure that 

would otherwise occur at lower loads.  Additionally, six push-through tests were conducted on 

CFFT stubs embedded into footings.  The average bond strength was found to be 0.75 MPa. 

The second connection involved adhesive bonding of hollow FRP tubes to short 

reinforced concrete circular stubs protruding from concrete footings. The remainder of the tube 

was then filled with concrete, without the need for shoring.  Four-169 mm diameter FRP tubes 

were first adhesively bonded onto footings with heavily steel-reinforced concrete stubs varying in 

length from 0.5D to 2.0D, and tested as cantilevers with 1300 mm spans. The optimal bond length 

that would lead to flexural failure of the tube just outside the stub, rather than bond failure, was 

about 1.1D.  Based on this, two additional specimens with 1.5D stubs having varying steel 

reinforcement ratio (ρ) in the stubs were tested. It was shown that the optimal ρ was 2.5%.  

Finally, the effect of low cycle reversed bending fatigue was studied using two additional 

specimens, including one with a sustained axial load of 15-19% of the CFFT axial capacity.  

Remarkable levels of ductility associated with the plastic hinge forming in the stub were 

observed.
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As  Cross-sectional area of steel reinforcement 

 

b  Concrete footing thickness 

D  Diameter of GFRP tube 
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CHAPTER 1:   INTRODUCTION 

 

1.1 General 

For several decades, the use of fiber reinforced polymers (FRPs) in civil engineering 

applications was limited to structural repair of existing structures.  Eventually, over the 

past decade or two, applications in new construction, such as the use of FRP rods in place 

of steel reinforcing bars became more common.  With the success of such applications, it 

only made sense to explore even more innovative applications for this advantageous 

material.  This lead to the development of the concrete-filled FRP tube (CFFT) system.  

CFFTs are simply prefabricated hollow FRP tubes filled with concrete, that may be 

further reinforced with steel or FRP rods.  They have been successfully applied to a wide 

variety of structural applications, including bridge columns, piles, mono-poles and could 

be used for overhead sign structures.  There are several advantages for using CFFT in 

these applications.  CFFTs will not be susceptive to environmental deterioration effects 

such as corrosion that affect traditional construction materials such as concrete, steel and 

wood.  Structurally, the FRP tubes provide confinement for the concrete, thus increasing 

its axial compressive and flexural strengths in addition to demonstrating higher ductility 

than unconfined concrete.  In addition to these advantages, FRP tubes provide stay in 

place formwork for concrete, which substantially eases and speeds up the construction of 

such structures.   

Despite its advantages, the use of CFFTs is still limited, compared to other FRP 

applications.  An important factor is the lack of research into practical application 

methods, namely connections of CFFTs to other members such as footings, pile caps, and 
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beams.  It is clear that without feasible methods of connections, the CFFT system will 

have limited applications.   

 

1.2 Objectives 

The main objective of this research program was to develop and investigate the structural 

performance as well as the feasibility of two different moment connections between 

CFFTs and concrete foundations.  Several specific objectives were explored as follows: 

1. Obtaining the shear bond strength between the outer surface of the CFFT member 

and the concrete foundation for connecting by direct embedment of CFFTs into 

footings. 

2. Obtaining the optimal embedment length of CFFT in the first type of connection 

and the optimal RC stub length in the second type. These are the minimum 

lengths required to achieve full flexural capacity of the CFFT. 

3. Studying the effect of varying longitudinal steel reinforcement ratio in the RC 

stubs on ductility and failure modes. 

4. Studying the effects of reversed cyclic bending on the connection of CFFTs with 

and without axial compression load.   

 

1.3 Scope 

The scope of this research program involved experimental investigations of the moment 

connections between CFFTs and concrete foundations.  Also, a small analytical study 

was carried out.  The experimental investigation consisted of 13 medium scale tests and 

seven small scale ancillary tests.  The investigation commenced with the fabrication of 



  INTRODUCTION 

3 

five prefabricated 219 mm diameter CFFTs, directly embedded into concrete foundations 

at varying embedment lengths.  All five specimens were tested to failure in bending as 

cantilevers.  The main objective was to establish the optimal embedment length necessary 

to achieve failure by tensile rupture of the CFFT outside the footing before it slips out of 

the footing.  To complement this phase, six smaller scale push-through specimens were 

also constructed and tested to establish the shear bond strength between the CFFT and 

concrete foundation.  In the next phase, four hollow 169 mm diameter FRP tubes were 

adhesively bonded to short RC stubs of different heights protruding out of concrete 

footings.  Each RC stub was reinforced with six 20M steel bars to ensure the rigidity of 

the stub.  After the epoxy adhesive cured, the remainder of the FRP tube was filled with 

concrete.  The objective of this phase was to obtain an optimal RC stub height that would 

allow the CFFT to fail at its ultimate flexural capacity before debonding from the stub.  

Two similar specimens were fabricated and tested, with varied reinforcement ratios in the 

RC stubs to explore the effect of steel ratio on failure mode and ductility.  Finally, two 

additional specimens were tested under reversed cyclic loading, with one specimen 

externally post tensioned, to apply an axial load during testing. 

The analytical model proposed in this program makes use of the readily available 

program RESPONSE 2000 (Bentz and Collins 2000) and is focused on studying the 

second type of connections, with emphasis on the RC stub length, RC stub reinforcement 

ratio, and CFFT parameters, namely diameter-to-thickness ratio and laminate structure.   

 

1.4 Outline of Thesis 

The content of this thesis is laid out as follows: 
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Chapter 2:  A brief literature review of previous work related to the area of FRPs with a 

special focus on CFFTs for structural purposes. 

Chapter 3:  A full manuscript of an investigation into the first type of moment 

connection by direct embedment of CFFTs into concrete footings. 

Chapter 4:  A full manuscript of an investigation into the second type of moment 

connection by adhesive bonding of hollow FRP tubes to prefabricated RC stubs 

protruding from footings and then filling the tube with concrete. 

Chapter 5:  Presents an analytical model related to the second type of connection 

described in Chapter 4, along with a parametric study. 

Chapter 6:  Presents conclusions drawn from this investigation along with several 

recommendations for further research into CFFTs. 

References 

Appendix A
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CHAPTER 2:   LITERATURE REVIEW 

1.1 Introduction 

Over the last two decades, the world has witnessed a rapid deterioration of infrastructure.  

Bridges, buildings, and other structures constructed out of traditional building materials 

such as concrete, steel and wood were all under attack from environmental and other 

factors such as steel corrosion.  Nations are faced with the high cost to rehabilitate 

infrastructure.  This has resulted in a shift in engineers‟ and scientists‟ focus towards 

developing more durable and innovative building materials.  The major consequence of 

this massive collective research initiative came in the form of applying fibre reinforced 

polymers (FRPs) in construction.  The FRP materials are durable, light weight and 

versatile.  They are already prevalent in the automotive and aerospace industries.  

Therefore, it was only a matter of time before the use of FRPs started to spread in the 

construction industry as well.  The next section will discuss in a bit more detail, the 

advantages and uses of FRPs in construction.  This will be followed by a thorough 

literature review of research into a specific use of FRPs, namely, the concrete filled FRP 

tube (CFFT) system.   

 

2.1 Fibre Reinforced Polymers (FRPs) 

Fiber reinforced polymers (FRPs) are a class of composite materials that can be 

composed of several different combinations of a polymer matrix and fibers.  Common 

polymers include epoxy or vinylester.  These matrices are then reinforced by fibers made 

out of glass, carbon or aramid.  This combination produces a material that is light weight, 

strong in tension and most importantly, it is corrosion resistant.  Moreover, FRPs come in 
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many different forms which make them very versatile and easy to install.  Part of the new 

trend was to simply apply FRP in rehabilitation applications, such as the use of FRP 

sheets to strengthen weakened concrete structures.  Another part of the application 

involves FRPs in several forms, being directly incorporated into the design of new 

structures.  FRP rods and sections have replaced steel in several bridge projects, for 

example to create steel free bridge decks.  FRP tendons have been used in several 

prestressing applications.  Other uses include, FRP cables, gratings and railings.  

However, one specific advantageous development of the use of FRPs in construction was 

the emergence of the concrete filled FRP tube (CFFT) during the 1990s, where the tube 

was also a stay-in-place form for the concrete fill. 

 

2.2 Concrete Filled FRP Tubes (CFFTs) 

Concrete filled FRP tubes (CFFTs) are a simple system comprised of filling prefabricated 

hollow FRP tubes with concrete.  The FRP tubes are fabricated in a number of different 

ways which include pultrusion, filament winding, spin-casting or hand lay-up.  The layers 

of fibre may also be oriented in a number of different ways, including longitudinal, 

circumferential or at angles, depending on the desired structural requirements.  These 

CFFTs may or may not be further strengthened with the addition of  conventional internal 

reinforcing steel bars and/or prestressing steel strands.   

CFFTs  are particularly advantageous because the prefabricated hollow FRP tube 

serves as stay-in-place formwork, which greatly simplifies construction.  In addition, 

these FRP tubes provide confinement for the inner concrete core which not only increases 

it‟s compressive strength, but also protects the core from the elements.  Further structural 
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benefits of this system, include the FRP tubes‟ contribution to shear and flexural 

resistance will be discussed further in the following literature review.  Field applications 

of CFFTs in construction, which include, bridge columns, bridge girders and marine piles 

will also be presented. 

 

2.2.1 CFFTs Under Axial Loads 

Several research programs have confirmed the advantageous confining effects of the FRP 

tube in a CFFT system.  Prior to that, one study that paved the way for CFFT research 

was undertaken by Fardis and Khalili (1981).  In their investigation, a number of 75 x 

150 mm and 100 x 200 mm concrete cylinders were wrapped with fibreglass cloth dipped 

in resin at a 50:50 fiberglass to resin ratio.  Specimens with different number of layers 

were tested and demonstrated an increase in both, axial compressive strength and 

ductility over unconfined concrete cylinders.  The promising results of this study 

combined with their specific mention of prefabricated GFRP tubes, became one of the 

earliest suggestions of the CFFT concept. 

Nanni and Bradford (1995) tested a total of 51 concrete cylinders, with four of 

them confined by pre-formed glass-aramid FRP tubes.  Their results of these four tests, 

showed an increase in the average axial compressive strength from 45 MPa for 

unconfined cylinders to 65 MPa.  However, the FRP tubes used in this investigation were 

constructed by overlapping two half shells, and failure occurred at this joint.  Therefore, 

even higher compressive strengths could be expected for continuous FRP tubes.  This 

study also found that the pseudo-ductility of the concrete was increased and that the FRP 

tubes confinment effect only comes into effect after ƒc‟ of the unconfined concrete is 
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reached.  In addition, it was observed that the fabrication technique has a direct link to 

confining effects. 

Mirmiran et al. (1998) then identified three key parameters affecting the 

confinement effectiveness of GFRP tubes.  They were tube cross section shape, column 

length to diameter ratio, and interface bond between the inside of the tube and the 

concrete core.  A total of 101 specimens were tested in their experimental program to 

investigate the effects of these three parameters.  In the first phase, 30, 152.5 x 305 mm 

cylindrical and 12, 152.5 x 152.5 x 305 mm square specimens, with three varying wall 

thicknesses were tested.  Results showed that circular shaped tubes have a little more than 

twice the confining effectiveness of square cross-sections in terms of their ultimate 

compressive strengths.  This was explained by the uniform pressure exerted by circular 

tubes as opposed to the varying pressure from corner to edge, typically found in square 

sections.  In the second phase, 24 circular tubes with four length-to-diameter ratios 

ranging from approximately 2:1 to 5:1 (within the range for short columns) were tested.  

Once again, within each of the four groups of specimens, three different wall thicknesses 

were tested.  Results of this phase showed very little reduction in strength and ductility.  

Most importantly, eccentricity measurements for the 5:1 specimens fell short of the 10-

12% threshold for consideration for slenderness.  Therefore, 2:1 specimens are adequate 

to represent the confinement of concrete cores.  In the final phase, the effect of bond was 

investigated, however, with the exception of three square specimens, all circular 

specimens were fabricated by wrapping concrete cylinders rather than filling 

prefabricated FRP tubes.  Nevertheless, adhesive bonding had little effect on the 

confining pressure of the circular specimens, whereas mechanical bond (shear 
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connectors) helped to distribute pressure more evenly around the square specimens, thus 

increasing it‟s confining effect.  Stress-strain curves of the three parameters are shown in 

Figure 2.1 to Figure 2.3.  

Kong et al. (2005) also took a more in-depth look into the axial compressive 

strength of CFFTs.  In their investigation, they looked into the effect of sustained loading 

combined with freeze-thaw cycles on CFFTs.  A total of 20, 167 x 334 mm prefabricated 

GFRP tubes were filled with either normal density or lightweight concrete and subjected 

to an axial sustained load of 40 – 50% of their compressive strength.  They were then 

exposed to 300 freeze-thaw cycles ranging from 4°C to -18°C.  The results clearly 

demonstrated the benefits of confining concrete columns with GFRP tubes in terms of 

compressive strength, durability and ductility.  Unconfined concrete cylinders simply 

disintegrated at about 100-150 freeze-thaw cycles, while GFRP tube confined specimens 

showed a minimal 0.6% to 1.88% reduction in ultimate compressive strength.  

Additionally a slight stiffening effect was noticed due to the sustained loading, as 

demonstrated by an upward shift in the transition point of the bilinear response of the 

CFFT cylinders. 

 

2.2.2 CFFTs Subjected to Bending 

Fam and Rizkalla (2002) tested ten different CFFT beams of varying sizes, cross 

sections, lengths, FRP types, and diameter-to-wall thickness ratios.  The effect of 

concrete filling was first investigated by the testing of 1.3m long CFFTs using GFRP 

filament-wound and GFRP pultruded tubes.  Strength gains of 212 and 250% were 

observed for the filament-wound and pultruded tubes, respectively.  In contrast, the 
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filling of a 169 mm diameter steel tube resulted in a strength gain of only 50%.  In 

another phase, three CFFTs were cast with a central hole along its length (See Table 2.1).  

Two of these specimens also had an additional inner GFRP tube, with one of these holes 

being eccentrically located towards the tension side of the beam.  The specimen without 

an inner GFRP tube had only a 9% drop in flexural strength compared to a completely 

filled specimen.  However, the strength-to-weight ratio for the specimen without an inner 

tube was a significant 35% higher.  Providing an inner GFRP tube increases flexural 

strength and further increases in strength to weight ratio.  Additional improvements are 

noticed when the inner tube is eccentrically located.  The effect of the laminate structure 

of the GFRP tube was also studied.  The CFFT with all of its fibres pultruded in the axial 

direction demonstrated a higher stiffness than a filament-wound tube with fibres oriented 

in both directions.  However, the presence of the transverse fibres contributed to shear 

strength, which was lacking in the pultruded specimen where premature failure by 

horizontal shear occurred. Finally, the effect of reinforcement ratio was investigated by 

testing CFFTs with different diameter-to-thickness ratios, leading to reinforcement ratios 

of 7.4, 3.5 and 3.8%.  Normalized moment-curvature responses were almost identical for 

the 3.5 and 3.8% specimens, while the 7.4% specimens showed approximately twice the 

strength and stiffness. 

Fam et al. (2007) then carried out a study looking specifically into CFFTs with 

central holes.  Unlike the previous study, a different fabrication method was used.  In this 

study, spin casting (or centrifugal casting) was used.  This is a process where a controlled 

volume of concrete is placed in a form, and spun, allowing the centrifugal force that 

develops to drive the concrete to the perimeter and leaving a hollow core in the middle.  
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Using this technique, a total of seven 326 mm diameter specimens were cast to study the 

effect of three parameters, namely, concrete wall thickness, FRP tube laminate structure 

and the presence of additional reinforcement in the form of steel rebar.  CFFTs with wall 

thicknesses of 45mm, 65mm and one completely filled were tested in four point bending.  

Results showed very similar stiffness (See Figure 2.4) for all three specimens.  However, 

the 45mm thick specimen failed at a lower ultimate load than the similar loads achieved 

for the 65mm and fully filled specimens.  This lead to their conclusion that an optimal 

concrete wall thickness lies somewhere between  14 to 20% of the diameter.  To study 

the effect of laminate structure, two different FRP tubes were filled with concrete such 

that the wall thickness was 60mm.  The first tube had a tube thickness of 5.3mm and a 

longitudinal-to-hoop fibre ratio of 1.5:1, and the second tube had a thickness of 3.08mm 

and 1:2.3 fibre ratio.  As expected, the specimen with the thicker wall thickness and 

higher ratio of fibres in the longitudinal direction achieved much higher flexural stiffness 

and ultimate load.  In the final phase, two specimens with 60mm concrete wall thickness 

and similar tube structure were fabricated, but one was reinforced with eight longitudinal 

10M steel rebar.  The effect of the rebar was an increase in stiffness and ultimate load, 

but not ductility, as both specimens failed initially at the same deflection.  However,  the 

specimen without rebar finally failed in tensile rupture of the FRP tube, while the 

reinforced specimen failed by tube splitting in the hoop direction on the compression 

side. 

Hong et al. (2004) conducted a study that included 12 CFFTs using carbon 

composite tubes.  The effects of transverse dilation, winding angle and tube thickness on 

stress-strain behavior was studied.  Winding angles of 90° ± 90°, 90° ± 60°, 90° ± 45°, 
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and 90° ± 30° with respect to the longitudinal direction were used along with tube 

thicknesses that ranged from 2mm to 6.5mm.  Under constant axial and reversed axial 

cyclic bending loads, tests once again confirmed that the higher percentage of fibres 

oriented in the longitudinal direction leads to higher flexural capacity.  The same 

conclusion was made with tube thicknesses, as the higher the tube thickness, the higher 

the capacity.  One important conclusion was the finding that the CFFT with tube 

thickness of 6mm and 90° ± 50° fibre orientation compared very similarly to an 

unconfined RC column with 6% steel reinforcement ratio.  Another important conclusion 

from this study was the very satisfactory hysteretic energy absorption of the CFFTs with 

no sudden strength degradation. 

Shao and Mirmiran (2005) also carried out research on a series of beam-column 

CFFT specimens under constant axial load and quasi-static reversed lateral loading.  A 

total of six specimens were tested, split into two groups differentiated by FRP type.  One 

group of FRP tubes were fabricated by a spun cast technique of the glass-fibers with most 

of the fibres in the longitudinal direction, while the other set of tubes were filament-

wound with ±55° fibre orientation.  Each group of three specimens then had different 

steel reinforcement ratios of 0, 1.7 and 2.5%.  The spun cast (and thicker) tubes 

demonstrated brittle compression failure, analogous to that of over reinforced concrete 

members, while the thinner filament wound tubes showed ductile tensile failure 

analogous to that of under reinforced concrete members.    Significant nonlinearity and 

energy dissipation was also observed in the filament wound tubes.  Also, ductility factors 

(the ratio of the ultimate displacement to displacement at yielding of the steel 
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reinforcement) for CFFT columns can be designed to be comparable with RC columns.  

A minimum ductility factor of 5 was recommended. 

Mirmiran et al. (2000) conducted 16 large-scale beam-column tests on CFFTs and 

compared their performance to prestressed concrete columns.  Two different types of 

FRP tubes were used for this study:  Spin-cast (Type I) and Filament-Wound (Type II) 

with 348 and 369 mm diameters, respectively.  Tube thicknesses were 14mm for type I 

and 6.6mm for type II, which is significant, because type I tubes were considered over-

reinforced while type II was considered under-reinforced.  Axial loads of 0 kN to 2792 

kN were applied to the specimens and tested in four point bending until failure.  Moment 

interaction plots of the results were plotted against various prestressed concrete columns 

(See Figure 2.5) and it showed that type I specimens were comparable to 584 mm 

diameter columns prestressed with 20 grade 1862 MPa strands, while Type II specimens 

could be compared to 460 mm square sections prestressed with eight Grade 1862 MPa 

strands. 

 

2.2.3 CFFTs subjected to shear 

Ahmed et al. (2008) extended previous research to address small shear span-to-depth 

ratios in an effort to establish a ratio where shear becomes critical.  In this study, ten 

CFFT specimens were tested, with four different types of Glass FRP tubes, and shear 

span-to-depth ratios ranging from 0.9 to 6.25.  They stated that a ratio of 0.9 was the 

lowest practical achievable.  Three- and four-point bending tests on every specimen 

resulted in flexural failure of the FRP tube in the longitudinal direction, including the 0.9 

ratio specimen.  They attributed this to the fact that flexural cracks developed and caused 
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slippage of the concrete core relative to the FRP tube.  This loss of composite action 

made shear less critical than flexure.  They then concluded that shear would remain less 

critical than flexure in all unreinforced CFFT deep beams unless that aforementioned 

slippage is prevented or reduced. 

Fam and Cole (2007) studied the effects of internal longitudinal steel and FRP 

reinforcement on the shear behaviour of CFFTs.  Shear span-to-depth (a/D) ratios of 1 

and 2 were tested.  Control specimens without GFRP tubes were also fabricated to study 

the effect of the GFRP tube.  Three point bending tests resulted in shear failure of all 

CFFT specimens with a/D ratio of one.  Failure was characterized by diagonal fracturing 

of the FRP tube along the diagonal crack of the inner concrete core.  In contrast, all CFFT 

specimens with a/D ratios of two failed in flexure, except for one specimen.  This is a 

significant finding, since both control specimens with a/D = 2 and steel spiral 

reinforcement failed in shear.  This means that the use of the FRP tube instead of steel 

spirals results in not only a 330% ultimate load increase, but also a difference in failure 

mode from shear to flexure.  Even for CFFT specimens failing in shear, as with all a/D 

=1 specimens, the strength gain over conventional RC columns was also found to be 

quite substantial.  Specifically, shear strength gains of 70% and 183% were observed for 

the CFFTs with similar reinforcement ratios as conventional RC columns, with and 

without spiral reinforcement, respectively.  In conclusion, CFFTs reinforced with steel 

and GFRP rebar have a critical a/D ratio between 1 and 2. 
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2.3 Prestressed CFFTs 

Fam and Mandal (2006) tested five CFFTs prestressed with steel strands (PCFFTs) in 

flexure along with one control specimen reinforced with conventional steel spirals.  Four 

of the large scale 322 mm diameter and 4.2 m long specimens were pretensioned, while 

the remaining one was post tensioned with unbonded strands.  The control specimen with 

steel spirals instead of the tube was pretensioned.  In comparison with the control 

prestressed concrete column, the PCFFTs demonstrated much higher flexural strength 

and energy absorption.  In comparison with non-prestressed CFFTs, significantly higher 

cracking strengths, initial stiffness and moment capacities were observed.  Only minimal 

differences were observed between the pretensioned and post tensioned specimens, as 

slightly lower post-cracking stiffnesses and moment capacities were the only notable 

differences.  Different prestressing levels showed little effect on the overall moment 

capacity of PCFFTs and no effect on pre-cracking stiffness.  However, for a 1060 kN vs. 

485 kN difference in prestress jacking forces, a 67% increase in cracking load and 

smaller post-cracking deflections were recorded for the higher prestressing level 

specimen.  A major conclusion of this study was the effect that prestressing CFFTs have 

on the confinement .  Figure 2.6 compares hoop axial strains of two PCFFTs and one 

CFFT under flexural loading and one under pure axial compression.  This clearly shows 

that the CFFT under bending only (no axial stress) would not significantly take advantage 

of the confining effect of the FRP tube.  On the other hand, both PCFFT prestressed 

specimens demonstrated significant confinement effect from the FRP tube. 
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2.4 Connections and Splices of CFFTs 

Zhu et al. (2006) conducted a study on four different splicing methods for CFFTs.  

Grouted steel bars, grouted FRP bars, unbonded posttensioning bars and FRP socketting 

were the four methods used to splice two 312 mm diameter and 1.1 m long CFFT 

sections to form one single beam.  A control, un-spliced CFFT section was also tested for 

comparison.  Four-point bending tests on all five specimens demonstrated that FRP tube 

continuity resulted in much better overall performance except for initial stiffness.  The 

peak load of 500 kN attained for the control specimen was 30% higher than the next 

highest failure load observed in the posttensioned specimen.  Also worth noting, is that 

the ease of construction, as rated by the author, is correlated with maximum load.  That 

is, the easier the construction process, the higher the attained load.  Table 2.2 shows a 

comparison of all four spliced specimens and the one control specimen. 

As part of a larger investigation into CFFTs for use in pile applications, Helmi et al. 

(2005) tested a 357 mm diameter, 13.7 m long CFFT pile that was manufactured by 

splicing a 10.7 m section with a 3 m long section.  The splicing method consisted of two 

50 mm thick round plates, and eight 19 mm diameter, 2.7 m long steel bars attached to 

the plates.  Each plate was then placed at the ends of the GFRP tube with the steel bars 

embedded inside the tube.  Each of the two plates also had T-shape grooves, which were 

aligned to form an I-groove to allow for an I-shape key to be inserted to connect the ends 

of the splice.  These splicing plates can be seen in Figure 2.7.  After the completion of 

this fabrication process, the pile was driven into the ground in a yard in Manitoba, 

Canada, using conventional methods for driving pre-cast prestressed concrete piles.  The 

pile was then extracted, and tested in 3-point bending over a span of 4.5 m with the splice 
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positioned 550 mm from mid span in order to subject the splice to both shear and bending 

forces.  Results demonstrated the success of this type of splice, as the spliced specimen 

had a 7% higher ultimate moment capacity than unspliced specimens.  Failure occurred at 

the splice by fracture of the reinforcing bars at the interface between the bar and plate.  

Also, in comparison with control specimens, the effect of driving the pile into the ground 

was only a slight 5% reduction on the flexural strength. 

Zhu et al. (2006) conducted a study on the seismic performance of CFFT column-

footing joints in bridge superstructure application.  The investigation consisted of four 

column-footing specimens, which included one control RC column, one cast-in-place 

CFFT column with starter bars, a precast CFFT with grouted starter bars and a final 

precast CFFT posttensioned to the footing with unbounded posttensioned rods.  All but 

the posttensioned specimen were reinforced with four 16 mm reinforcing bars and four 

19 mm rebar.  The posttensioned specimen used 19 mm Grade B-7 high strength threaded 

rods with a 724 MPa yield strength.  An axial load of 445 kN was applied to all 

specimens prior to being tested in reverse lateral cyclic loading.  Results showed that all 

four CFFT specimens outperformed the control RC specimen in strength, ductility and 

energy dissipation capacity.  Table 2.3 shows a comparison of the performances of all 

four columns, which shows a distinctly lower maximum lateral load and higher residual 

displacements for the control RC column over the three CFFT specimens.  Ultimate 

displacement values were also much higher for the CFFT specimens than the control 

specimen.  Therefore, all three joint methods proved to be functional, in addition to being 

feasible and constructible, even at high levels of lateral drift typically witnessed during 

earthquakes. 
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Zhu et al. (2004) presented their findings of several tests on an innovative modular 

bridge pier system using stay-in-place FRP forms filled with concrete (See Figure 2.8).  

The 1/6 scale prototype consisted of two pier cap beam-column units connected by a pier 

cap interior beam.  Each pier cap beam-column unit was connected to a CFFT column, 

which were also connected at the bottom end to RC footings.  Therefore, a total of four 

different CFFT connections were utilized in this study.  A Male-Female connection 

without dowel bars was used to connect one CFFT to the pier caps, while dowel bars 

without embedment was used to connect it to the RC footing (Frame 1).  The second 

column was connected to the pier cap by male-female connection with dowel bars, and 

dowel bars with embedment into the RC footing was used to connect it to the footing 

(Frame 2).  All connections were aided by the application of a bonding agent, which 

permanently bonds damp or dry concrete surfaces.  In addition, ducts for the dowel bars 

as well as the gap between the tube and the RC footing, were filled with a cement grout 

mixed with the same bonding agent.  Positive and negative bending tests on this system 

demonstrated that Frame 1 had higher initial stiffness despite the absence of dowel bars 

and embedment.  However, this may simply be explained by a gap developing in the joint 

of Frame 2.  It was also observed that the male-female joints lacked the structural 

integrity necessary for this application.  On the other hand, embedment of the CFFT into 

the RC footing proved to be beneficial for the connection.  This study also demonstrated 

that internal reinforcement outside of the connection area is not necessary. 
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2.5 Effect of Driving Forces on CFFT Piles 

As part of the study by Helmi et al. (2005) as described in section 2.4, three unspliced 

CFFT piles with the same diameter and length, were also driven into the ground and 

extracted for testing.  Six meter and 0.3 m sections were cut out of these piles and used 

for beam tests, tensile coupon tests and push-off bond test.  The main objective was to 

compare these results with control undriven piles to study the effects of the driving 

CFFTs into the ground.  Beam tests showed that there was only a 5.5% to reduction in the 

ultimate moment capacity of the pile, with the upper end having a bit more pronounced 

reduction.  Figure 2.9 compares the load versus deflection behavior of the driven and 

undriven piles, for both spliced and unspliced groups.  Push-off tests, showed a minor 

loss of bond strength in the sections cut from the top and bottom ends of the pile, while 

no effect was observed in the middle sections.  Similar results were recorded for the 

tensile coupon tests, where an approximately 5% drop in average tensile strength of the 

tube was reported.  Therefore, not only is driving CFFT piles using conventional methods 

a feasible solution, but the effect on the flexural strength, bond strength and tensile 

strength of the GFRP tube is minimal. 

 

2.6 Field Applications 

Fam et al. (2003) presented eight field applications of CFFTs as piles for a number of 

different marine applications.  The piles were designed with the help of simple design 

tables that the authors developed through six years of extensive research.  Constant 

communication and feedback were exchanged between the researchers, engineers, and 

contractors throughout these six years.  Axial compression, beam, combined axial and 
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bending, among several other tests were conducted on full scale CFFT specimens.  The 

resulting design tables aided in the design of field applications that included fender piles, 

dolphin pile clusters, supports for marine structures and for bridge pier protection.  A 

grand total of 1514 CFFT piles were implemented in these projects at locations ranging 

from New York to California.  All 1514 of these CFFT piles were completely 

unreinforced and had diameters and lengths ranging from 323 to 418 mm and 15 to 26 m, 

respectively.  Regular inspections on the CFFT piles after several years in service, 

including surviving through several hurricanes in some cases, have shown the very 

promising performance of these piles. 

Fam et al. (2003a) reported on the construction details and accompanying 

laboratory testing for the implementation of CFFT piles for the Route 40 Bridge over the 

Nottoway River in Virginia, USA.  Several full scale laboratory and field tests were 

conducted prior to construction.  Laboratory testing included testing two full scale 625 

mm CFFTs using GFRP tubes in four point bending to determine the flexural stiffness, 

strength and failure mode of these CFFT piles.  Field tests, included axial and lateral load 

tests on one full scale CFFT pile and a prestressed concrete pile.  The Statnamic Testing 

System, which applies a load by launching a heavy reaction mass away from the 

specimen at approximately 20g (20 times the acceleration of gravity), was utilized for 

these field tests.   Based on the results of these field and laboratory tests, the Virginia 

Department of Transportation decided to go ahead with the use of CFFTs as piles in the 

new Route 40 Bridge.  Pier #2 of the bridge was selected to be constructed out of ten 

CFFTs, identical to the lab and field test piles (See Figure 2.10).  A cost comparison 

shows a $115 per ft. for CFFT versus $65 per ft. for square prestressed concrete piles, 
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which represents a 77% difference.  However, when life-cycle costs are considered, it is 

not inconceivable for this cost comparison to shift in favor of CFFT piles.  On a final 

note, at the time of publication, the bridge had been in operation for two years, at which 

time there was no indication of unsatisfactory performance of the CFFT piles. 

 

2.7 Chapter Summary 

It is clear that CFFTs have great potential in the construction industry.  The numerous 

aforementioned research programs have clearly shown the structural abilities of the CFFT 

system.  This includes several attractive features such as the confining effect to increase 

the axial compressive strength of the concrete core. Also, some unique studies have been 

demonstrated such as the prestressed CFFTs and actual field applications have been 

presented.  It has also been shown that very little work was done on joints and 

connections of the CFFT system.  As such, there is clearly a need for research into this 

area.  The following two chapters will present studies on two types of moment 

connections.     
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Table 2.1 - Details and configurations of test beams [Fam and Rizkalla 2002] 

 

 

 

Table 2.2 - Comparison of CFFT splicing techniques [Zhu et al. 2006] 
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Table 2.3 - Comparison of system performances for tested columns [Zhu et al. 2006] 

 

 

 

 

Figure 2.1 - Normalized stress-strain curves for concrete-filled circular and square tubes 

[Mirmiran et al. 1998] 
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Figure 2.2 - Biaxial stress-strain curves for length effect specimens [Mirmiran et al. 

1998] 
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Figure 2.3 - Biaxial stress-strain curves for bond effect specimens with multilayer shells 

[Mirmiran et al. 1998] 
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Figure 2.4 - Load-Deflection plots of specimens S1, S2 and S3 [Fam et al. 2007] 
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Figure 2.5 – Comparison of concrete-filled FRP tubes with prestressed concrete columns 

[Mirmiran et al. 2000] 

 

 

Figure 2.6 – Hoop strains as an indication of confinements (a) versus axial strain and (b) 

at failure compared with axial strain [Fam and Mandal 2006] 
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Figure 2.7 - Splice Details [Helmi et al. 2005] 
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Figure 2.8 - Pier frame specimen and assembly process [Zhu et al. 2003]  
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Figure 2.9 - Load-deflection behavior of CFFT test beams [Helmi et al. 2005] 
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Figure 2.10 - The new Route 40 Bridge over the Nottoway River in Virginia [Fam et al. 

2003a]
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CHAPTER 3:   DIRECT EMBEDMENT OF CFFT INTO FOOTING
A
 

3.1 Introduction 

This chapter presents the description and findings of an experimental investigation into a 

CFFT member-footing moment connection by direct embedment of the CFFT into the 

RC footing.  In the first of two phases, five precast CFFT members were directly 

embedded into RC footings at various depths without the use of any additional 

mechanical connection or reinforcement.  These specimens were tested in bending to 

failure, in order to establish the critical embedment length necessary to develop the full 

flexural strength of the CFFT.  In the second phase, two sets of three short CFFT stubs, 

differentiated by different lengths, were embedded into RC footings and push-through 

tests were conducted on these specimens by axially loading them in compression.  The 

objective of this phase was to establish the bond strength between the outer GFRP tube 

surface and the concrete footing. 

 

3.2 Experimental Program 

3.2.1 Test Specimens and Parameters 

Five full scale CFFT cantilever bending specimens and six small scale CFFT push-

through specimens were tested in this experimental program.  Both sets of specimens 

were fabricated using precast 219 mm diameter CFFTs.  For the first phase, the CFFTs 

were embedded into RC footings with embedment lengths of 66 mm, 110 mm, 154 mm, 

220 mm and 330 mm.  This represented embedment lengths of 0.3, 0.5, 0.7, 1.0 and 1.5 

times the diameter of the CFFTs (i.e. 0.3D to 1.5D).  On the other end, the CFFTs 

protruded out of the RC footings by a minimum length of 1350 mm and were each tested 

A This chapter has been published as the following journal paper:  Nelson, M., Lai, Y.C. and Fam, A. (2008) “Moment Connection of 
Concrete-Filled Fiber Reinforced Polymer Tubes by Direct Embedment into Footings”, Advances in Structural Engineering, 11(5):537-547. 
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in bending at a moment arm of 1100 mm.  Reinforcement of the concrete footings was 

provided by steel wire mesh composed of six layers of 4.3 mm diameter steel wire.  This 

mesh was secured by four 10M rebar at each corner in the longitudinal direction.  For the 

second phase, precast CFFTs from the same batch as the first phase were cut into two sets 

of three stubs, with heights of 250 mm (S1 to S3) and 450 mm (L1 to L3).  These two 

sets of CFFT stubs were embedded into 200 mm and 400 mm deep RC footings, 

respectively, with the bottom end of the CFFT stub sitting flush with the bottom of the 

RC footing.  The footings had a 500 mm x 500 mm cross section.  This left a 50 mm 

CFFT section protruding out the top of the RC footing, on which the specimens were 

loaded for the push-through tests.  The footings for these specimens were reinforced with 

square ties fabricated from 3.2 mm diameter steel wires with a pitch of 40 mm.  Four 

10M longitudinal bars at each corner were also provided.  Table 3.1 and Table 3.2 

summarize the details of all specimens.  Schematic drawings of the specimens are 

provided in Figure 3.3 to Figure 3.4.    

 

3.2.2 Materials 

3.2.2.1 Concrete 

The concrete used in the fabrication of the precast CFFTs and that used in fabrication of 

the RC footings were from two different batches ordered from Lafarge Canada.  The 

concrete used in the precast CFFTs were part of the experimental program conducted by 

Mitchell (2008) with a compressive strength of 41.6 MPa at the time of testing.  The 

batch used in the RC footings had a slump of 45 mm and nominal aggregate size of 20 

mm.  Concrete cylinders with dimensions of 102 mm x 203 mm (4” x 8”) were fabricated 
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from this batch.  Axial compressive tests were then conducted on the cylinders at the time 

of testing, in accordance with ASTM C39.  An average compressive strength of 41 MPa 

was recorded.  More detailed data on the compressive tests is outlined in Table 3.3. 

 

3.2.2.2 GFRP Tube 

The GFRP tubes used in the fabrication of all eleven specimens in this investigation were 

all identical.  They were commercially available Bondstrand 3200 series pipes 

manufactured by Ameron Fibreglass Pipe Group.  Each of the tubes had an outer 

diameter of 219 mm and structural wall thickness of 4.15 mm.  The structural wall 

thickness does not include the thickness of a thin liner that is bonded to the inner wall of 

the tubes.  This liner only serves to facilitate the filament winding manufacturing process 

and does not contribute any structural reinforcement.  Thus, the structural wall thickness 

is composed of nine alternating layers of filament wound fiberglass fibres in the 

longitudinal and circumferential directions. 

The manufacturer‟s reported tensile strengths were 240 MPa and 480 MPa in the 

longitudinal and circumferential directions, respectively.  The modulii in the same 

directions were 20.6 GPa and 29 GPa, respectively.  The reported compressive strength 

and modulus in the longitudinal direction were 240 MPa and 20.6 GPa, respectively.  

Mitchell (2008) carried out longitudinal tensile coupon tests, as well as analysis using the 

classical lamination theory (Daniel and Ishai 1994) on the same tubes to verify the 

manufacturer‟s data.  Figure 3.1 shows the stress-strain curves of the tubes as presented 

by Mitchell (2008). 
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An important physical characteristic (especially for the push-through test) of the 

GFRP tubes is the presence of a wavy outer surface of the tube in the longitudinal 

direction.  This wavy pattern has a wave length of about 25 to 30 mm with an amplitude 

of 0.1 to 0.2 mm and runs consistently throughout the length of the tube.  This physical 

characteristic is attributed to the fabrication process. 

 

3.2.2.3 Steel Rebar 

The steel rebar used as longitudinal reinforcement at each corner of the RC footings were 

all standard size 10M (11 mm diameter) 400 MPa rebar.  These were shipped in 20 m 

long batches, and manually cut to size in the laboratory. 

 

3.2.2.4 Steel Wire 

Two different sizes of mild steel wire were used in the fabrication of the transverse 

reinforcement for the RC footings.  The cantilever bending specimens utilized 3.5 mm 

diameter mild steel wires welded wire mesh, 75 mm x 75 mm, while the push through 

specimens utilized 4.3 mm diameter wire.  Bending of the wires to create the reinforcing 

spiral was achieved manually in the laboratory. 

 

3.2.3 Fabrication of Test Specimens 

3.2.3.1 Precast CFFTs 

The precast CFFTs were fabricated first by filling 1700 mm long hollow GFRP tubes 

with concrete.  This was done while the GFRP tubes were in the vertical position, and the 

concrete was filled from top to bottom.  After sufficient curing, the CFFTs were then cut 



  Chapter 3 

36 

to different lengths.  For the push-through specimens, two sets of three CFFTs each were 

cut to lengths of 250 mm and 450 mm.  For the cantilever bending specimens, the CFFTs 

were cut to lengths ranging from 1350 mm to 1700 mm for the variable embedment 

lengths.  To cut the CFFTs to these lengths, a diamond blade saw was used as shown in 

Figure 3.2. 

 

3.2.3.2 Push-Through Specimens 

Two different sets of three push-through specimens each were fabricated for this 

experimental program.  Figure 3.3 shows a schematic drawing of the push-through 

specimens.  Each set of three specimens represented a different embedment length with 

RC footing dimensions of 500 x 500 x 200 mm and 500 x 500 x 400 mm, respectively.  

The surface of each of the precut precast CFFT stubs was then wiped of any dust and 

cleaned with isopropyl alcohol to ensure a high quality bond with the RC footing.  The 

CFFT stubs were then positioned in the center of the formwork with the bottom of the 

stubs being completely flush with the bottom of the formwork.  The 440 mm x 440 mm 

square spirals were also placed in the formwork and tied in place.  Concrete was then 

poured into the formwork and vibrated, followed by proper finishing and curing at room 

temperature. 

 

3.2.3.3 Cantilever Bending Specimens 

Figure 3.4 shows a schematic of the cantilever bending specimens.  The fabrication 

process of all five CFFT cantilever bending specimens was very similar to the procedure 

followed for the push-through specimens fabrication.  The 500 x 500 x 500 mm 
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formwork for the RC footings were first constructed.  The wire meshes were then placed 

in the formwork.  Next, the precut precast CFFTs were placed in the formwork, and 

positioned in the centre.  However, these CFFTs were only embedded into the formwork 

a distance equal to each of their respective desired embedment lengths.  To support the 

CFFTs in place, specially fabricated chairs made from welded 10M steel bars were 

manufactured.  The CFFTs were then simply sat atop these chairs inside the formwork.  

The surfaces of these CFFTs were also cleaned with isopropyl to ensure a high quality 

bond.  Prior to concrete pouring, supports constructed out of wood were specially 

fabricated in order to brace the CFFTs in a vertical position.  Concrete was then poured 

into the footings as shown in Figure 3.5.   

Figure 3.6 shows all specimens after casting. 

 

3.2.4 Experimental Setup 

3.2.4.1 Push-through specimens 

All six push through specimens were tested using a 1000kN Reihle machine.  The 

specimens were placed directly beneath the loading ram with the upper end of the 

protruded CFFT up.  To provide clearance for the CFFT stub to extrude through the 

bottom, the specimens were supported by two 152 mm hollow steel sections (HSS) 

spaced 225 mm apart as shown in Figure 3.7.  This 225 mm spacing was intentionally 

chosen to provide the minimal space necessary, so the threat of flexural cracks forming in 

the RC footing was limited.  This was important, since any potential weakening of the 

RC footing could significantly affect the bond strength between the GFRP tube and 

concrete.  A single load was applied to the top of the protruded CFFT at a loading rate of 
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2 mm/min.  A steel plate was placed on top of the CFFT stub with a plaster layer in 

between, to ensure a uniformly distributed load over the entire cross-section of the CFFT 

including the tub.  It was important to load the entire cross-section to avoid any relative 

slip within the CFFT system itself.   

 

3.2.4.2 Cantilever Bending specimens 

The CFFT cantilever bending specimens were tested with a 1100 mm long span as shown 

in Figure 3.9.  The specimens were positioned horizontally in the test setup, which 

consisted of two stiff steel chairs resting on a steel I-girder parallel to the CFFT member.  

To create a fixed connection, the RC footings were clamped to the setup using two Grade 

B9, 1150 MPa, high strength steel rods passed through holes drilled into two 152 mm 

HSS sections.  A single vertical load was applied to the free end of the CFFT member 

using a hydraulic ram resting on the I-girder underneath the specimen.  A hinged 

connection was created at the loading point using a steel roller sandwiched in between 

two steel plates.  To properly distribute the load to the CFFT, the upper steel plate was 

welded to a steel ring which fit snuggly around the CFFT.  The load cell was located in 

between the hydraulic ram and the I-girder.  To brace the CFFT within the plane of 

loading, vertical steel guides were clamped to the I-girder near the end of the free end of 

the CFFT. 
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3.2.5 Instrumentation 

3.2.5.1 Push-through specimens 

Both sets of push-through specimens were instrumented with four 100 mm linear 

potentiometers (LPs) (Figure 3.7).  Two of the LPs were mounted on the top of the RC 

footing block and measured the displacement of the loading plate.  This measured the 

relative displacement of the loading end of the specimen with respect to the RC footing.  

The remaining two LPs were mounted to the side of the RC footing and measured the 

displacement at the bottom of the CFFT.  Load and stroke measurements were also 

recorded using the outputs from the Reihle machine. 

 

3.2.5.2 Cantilever bending specimens 

All five CFFT cantilever bending specimens had identical instrumentation setups (Figure 

3.9).  Longitudinal tensile and compressive strains on the CFFTs were measured right at 

the column-footing interface, where maximum strains were expected.  These strains were 

measured with electrical resistance foil strain gauges manufactured by Showa Measuring 

Instruments Co. Ltd. in Tokyo, Japan.  The strain gauges had a gauge length of 5 mm 

with 120 Ohm resistance and were of type N11-FA-5-120-11.  Vishay‟s M-Bond 200 

adhesive system was used to apply the strain gauges to the CFFTs.  Two strain gauges 

were applied on the tension side of the CFFTs.  LPs were used to measure relative slip of 

the CFFT from the footing on both the tension and compression sides.  The LPs were 

mounted on the RC footing and pointed at steel angles epoxied to the CFFT.  Another LP 

was used to measure the deflection of the free end of the CFFT. 
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3.3 Results of Experimental Program 

The following sections discuss test results and observations for the push-through 

specimens and the cantilever-bending specimens, respectively. 

 

3.3.1 Push-through specimens 

3.3.1.1 General  

Both groups (S1 to S3) and (L1 to L3) of push-through specimens demonstrated a similar 

behaviour, as shown in Figure 3.11, which shows the bond stress-slip responses of the 

specimens.  Bond stress was calculated by dividing the peak load over the contact surface 

area between the GFRP tube and concrete footing.  Slip measurements at the upper and 

lower ends of the CFFTs were quite similar for each specimen.  The figure shows that a 

peak value of bond stress was achieved at a slip value of 2 to 4 mm. This peak was 

usually accompanied by a noticeable acoustic emission, and triggered a sudden drop in 

load, signaling that the shear/bond strength between the CFFT and the concrete footing 

had been overcome.   The average peak strengths for the short and long specimens were 

0.71 and 0.79 MPa, respectively; however, the scatter in the longer specimens was 

slightly larger. The post peak responses showed somewhat cyclic patterns occurring at 

large slips. The patterns show peaks and valleys within a bond stress range of 0.1 to 0.4 

MPa. This pattern is attributed to the wavy profiles of the tubes in the longitudinal 

direction as indicated earlier. As the crests of the FRP tube coincide with the crests on the 

concrete inner surface, the bearing between the concrete and FRP is maximized, thereby 

producing a secondary peak.  This observation is confirmed by the approximately 25 to 

30 mm slip that separates each trough, which corresponds to the length between crests on 
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the CFFT surface. It is worth noting that a study by Helmi et al (2005) on the bond 

between the concrete core and the inner surface of the GFRP tubes of the CFFT system 

has shown a similar pattern and the reported bond strengths ranged from 0.51 to 0.82 

MPa. 

 

3.3.1.2 Failure Modes 

As soon as the peak bond strength was achieved and the load dropped, fine radial cracks 

were observed on the sides of the concrete footing block, extending in the longitudinal 

direction.  The formation of these cracks explains why the subsequent peak bond stresses 

occurring in the cyclic pattern never reach the original peak strength.  Figure 3.8 shows a 

failed and cracked specimen, with the CFFT (initially flush) protruded from the bottom 

face of the block. 

 

3.3.2 Cantilever Bending Specimens 

3.3.2.1 General and Failure Modes 

Figure 3.12 shows the load-deflection behaviour of specimens C1 to C5 with embedment 

lengths ranging from 0.3D to 1.5D. Figure 3.13 shows the load-strain behaviour of the 

specimens, in the longitudinal direction. The strains were measured in the GFRP tube at 

the extreme tension and compression sides, adjacent to the concrete footing face.  Figure 

3.14 shows the load-slip behaviour of the specimens, measured between the concrete 

footing and tube, at the extreme tension and compression sides. 

 Two different failure modes were observed.  In specimens C4 and C5, with 1.0D 

and 1.5D embedment lengths, the full flexural capacity of the CFFT system was 
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developed.  This is evident by a flexural tension failure that occurred in the CFFT by 

rupture of the tube, just outside the concrete block, as shown in Figure 3.10(a).  It was 

also noted that the GFRP tube started crushing at the compression side, which was 

associated with some concrete spalling. Indeed, specimens C4 and C5 both reached 

comparable peak strengths of 27.9 and 29.8 kN (Figure 3.12).  The average tensile strain 

reached in the GFRP tube at failure was 0.026 (Figure 3.13), which agrees reasonably 

well with the GFRP tube stress-strain curve data presented in Figure 3.1, particularly the 

manufacturer specified strength.  It is important to note, however, that the peak flexural 

strengths of specimens C4 and C5 were reached and maintained over a large deflection, 

until flexural tension failure occurred. This pseudo ductile behaviour was a result of some 

excessive slippage of the CFFT out of the footing (Figure 3.14).  This was associated 

with fine radial cracks occurring in the footing (Figure 3.10(a)), similar to the push-

through specimens. 

 Specimens C1 to C3, with 0.3D to 0.7D embedment lengths, never achieved a 

flexural failure of the CFFT system.  Instead, each of the three specimens reached a peak 

load and then the load dropped. In specimens C1 and C2, the peak loads were 

significantly lower than the peak loads of specimens C4 and C5 and the load continued 

descending with no recovery, signifying excessive slip and bond failure, as shown in 

Figure 3.10(b). The excessive slip was associated with large radial cracks. This failure 

mode was a direct result of the relatively short embedment lengths.  The measured tensile 

strains in the GFRP tubes of specimens C1 and C2 were significantly lower than the 

ultimate value.   
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In specimen C3, the load reached a peak value, very close to those of specimens 

C4 and C5.  Unlike specimens C1 and C2, after the load dropped in case of C3, it 

increased again (Figure 3.12) and then went through successive patterns of load drops 

and rises, associated with excessive slip (Figure 3.14). This pattern, however, was not 

associated with increase in strain in the CFFT system, which was maintained almost 

constant at a value of about 0.015 (Figure 3.13) at the tension side, and GFRP tube failure 

never occurred.  The difference from specimens C4 and C5 is that the embedment length 

of C3 was insufficient to anchor the tube in the concrete footing. This has prevented 

strains from further increase, and as a result flexural failure did not take place.  Specimen 

C3 provides a critical point. Although classified as a case of excessive slip failure, its 

ultimate load was very close to that of specimens C4 and C5, which failed by flexure.  

This suggests that its embedment length of 0.7D is quite close to being the optimal. 

 

3.3.2.2 Effect of Embedment Length on Ultimate Load 

Figure 3.15 shows the variation of the ultimate load with CFFT embedment length, as a 

ratio of the diameter D.  The figure shows that the ultimate load increases gradually as 

the embedment length increases, until it reaches a certain embedment length, beyond 

which there is no further increase in strength. This flat plateau is governed by flexural 

failure of the CFFT outside the footing.  The figure shows that the critical embedment 

length is 0.73D.  It should be noted that this study has addressed the case of a CFFT 

subjected primarily to lateral loading, which is the case for monopole applications and 

certain types of marine piles.  In presence of axial compression loads in addition to lateral 

loads as in bridge piers, it is expected that the value of the optimal embedment length 
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would be reduced, due to the increased end bearing component of the CFFT in the 

footing.  This is because a larger part of the CFFT cross section is in compression. 

Therefore, using the finding of this study in such a case would provide a conservative 

approach.   

 

3.4 Discussion 

In the previous sections, results of Phases I and II have been presented independently.  In 

this section, a hypothesis related to the mechanics of the cantilever-bending specimens is 

presented.  The hypothesis links the findings of phases I and II and forms the basis of a 

mathematical model that can be developed to address this problem.  The development 

and verification of this model, however, are beyond the scope of this thesis. 

Figure 3.16 shows the embedded CFFT into the concrete footing, along with a 

system of forces satisfying equilibrium.  Forces F1 to F3 arise from compressive bearing 

stresses, while F4 is the resultant of integrating bond stresses at the interface between the 

FRP tube and concrete footing with the surface area of the tube in tension  The upper 

limit of force F4 is governed by the maximum value of the bond stress (τ) distribution 

reaching its maximum value (τmax), which can be obtained, as a reasonable 

approximation, from the push-through tests.  Also, when the embedment length (x) is 

short, and considering a cross-sectional plane, the effect of forces F1 and F2 on concrete 

may cause splitting cracks as shown in Figure 3.16. 

By setting the force F4 to its maximum value, the moment based on the system of 

internal forces can be established and may represent a „debonding moment‟ (Mdebond).  

Clearly this moment is function of the embedment length (x), diameter (D), bond strength 
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(τmax), and hence surface texture of FRP tube, thickness of concrete footing surrounding 

the CFFT (b), modulus of rupture of the concrete footing (fr) and any confining steel 

reinforcement (As) within the footing.  If (Mdebond) is lower than the „ultimate moment‟ 

(Mult) based on flexural strength of the CFFT system (at a section outside the footing), it 

is hypothesized that premature bond failure occurs as in specimens C1 and C2 of this 

study.  Alternatively, the critical (optimum) embedment length (xopt) may be established 

by setting (Mdebond) equal to (Mult).  The value of (Mult) depends on diameter (D), tube 

thickness (t), laminate structure (θ), and hence the tensile strength of the tube (fu), and the 

concrete fill compressive strength (fc‟).  It is clear then that the value of (xopt) could be 

highly variable from one case to the other, depending on the parameters stated above for 

both (Mdebond) and (Mult). 

 

3.5 Chapter Summary 

The practicability and structural adequacy of connecting CFFTs to reinforced concrete 

footings by direct embedment without steel connections or dowels, has been presented.  

The optimal embedment length for the tube used in this study was established as 0.73D to 

achieve the full strength of the CFFT member, which can be easily achieved in the field.  

This, along with the pseudo-ductile behaviour arising from some gradual slip, makes this 

moment connection system simple and attractive.  A second moment connection system 

will be presented in the following chapter. 
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Table 3.1 – CFFT-footing cantilever bending specimens test matrix 

Specimen ID 
Embedment %       

(of CFFT Diameter) 

Embedment 

Length 
CFFT Span 

CFFT 

Diameter 

0.3D 30% 66 mm 1100 mm 219 mm 

0.5D 50% 110 mm 1100 mm 219 mm 

0.7D 70% 154 mm 1100 mm 219 mm 

1.0D 100% 220 mm 1100 mm 219 mm 

1.5D 150% 330 mm 1100 mm 219 mm 

 

 

Table 3.2 – CFFT-footing Push-through specimens test matrix 

Specimen ID 
Embedment 

Length 

Protruded 

Length 

CFFT 

Diameter 

S1 – S3 200 mm 50 mm 219 mm 

L1 – L3 400 mm 50 mm 219 mm 

 

 

Table 3.3 – Concrete cylinder test data for the concrete footing 

Cylinder No. Max Load (Newton) 
Max Stress  

ƒc' (MPa) 

1 381150 47.0 

2 354999.4 43.8 

3 286314.2 35.3 

4 304163.1 37.5 

5 301745.8 37.2 

6 650824.1 43.3 

7 341496.8 42.1 

8 333610.1 41.2 

9 359443.3 44.3 

10 359394.5 44.3 

11 388450.7 47.9 

12 302038.8 37.3 

Average 338635.9 41.8 
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Table 3.4 – Summary of CFFT column test results 

Specimen 

ID 

Peak 

Load (N) 

Strain at Peak 

Load (µe) 
Failure 

Load (N) 

Strain at Failure 

(µe) 
Slip at 

Failure (mm) 
Failure Mode 

Top  Bottom Top  Bottom 

0.3D 8027.3 -3287 4620 5207.9 -3255 2837 3.5464 Slip 

0.5D 14677.7 -4209 5206 4852.0 -5633 6360 5.5769 Slip 

0.7D 27744.3 -10460 14958 25121.6 -5266 14154 N/A Slip 

1.0D 27912.9 -12373 15567 24391.0 -21358 25083 10.9664 Tensile Rupture 

1.5D 29851.8 -9123 14649 26994.0 -15079 26730 6.0523 Tensile Rupture 

 

Table 3.5 – Summary of Push-through test results 

Specimen ID Peak Load 
Peak Stress 

(Bond Strength) 

Slip at Peak 

Stress 

S1 107637.5 N 0.665 MPa 2.4 mm 

S2 96637.5 N 0.737 MPa 1.6 mm 

S3 104547.7 N 0.715 MPa 1.3 mm 

L1 190037.8 N 0.681 MPa 2.8 mm 

L2 210877.8 N 0.755 MPa 2.5 mm 

L3 258307.9 N 0.925 MPa 2.7 mm 

Average - 0.746 MPa 2.2 mm 

STDEV - 0.094 0.618 



  Chapter 3 

48 

 

 

Figure 3.1 – Stress-strain curve of the GFRP tube in the longitudinal direction (Mitchell, 

2008) 
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Figure 3.2 – Cutting of precast CFFTs using a diamond blade saw
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Figure 3.3 – Schematic drawing of push-through specimens 

 

Figure 3.4 – Schematic drawing of CFFT column specimens 
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Figure 3.5 – Casting of concrete footings for test specimens 

 

 

Figure 3.6 – Test specimens after casting 
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Figure 3.7 – Push-through specimens test setup and instrumentation 

 

 

Figure 3.8 – Failure mode of a push-through specimen 
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Figure 3.9 – Cantilever bending specimens test setup and instrumentation 
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Figure 3.10 – a) CFFT Tension failure  b) CFFT excessive slip/bond failure 

b) a) 
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Figure 3.11 – Stress-slip plots for push-through specimens a) short b) long 

a) Specimens S1 – S3 

b) Specimens L1 – L3 

L2 

  L3 

L1 

L1 

L3 

L2 
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Figure 3.12 – Load-deflection behavior of cantilever-bending specimens 

 

 

Figure 3.13 – Load-longitudinal strain behavior of cantilever-bending specimens 
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Figure 3.14 – Load-slip response of all CFFT column specimens 
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Figure 3.15 – Effect of embedment length into footing on ultimate load capacity of CFFT 

 

 

 

 

 

 

 

Figure 3.16 – Schematic of the conceptual mechanics of the problem

0.73D 

(Critical Embedment) 
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CHAPTER 4:   ADHESIVE BONDING OF CFFT TO SHORT RC STUBS 

PROTRUDING FROM FOOTING 

4.1 Introduction 

This chapter presents a thorough discussion of an experimental investigation into a 

moment connection system of CFFTs to RC footings by adhesive bonding of pre-

fabricated hollow GFRP tubes, which are subsequently filled with concrete, to short RC 

stubs protruded from the concrete footings.  The intent is to secure the GFRP tube in 

position such that it becomes a structural stay-in-place form that does not require any 

shoring during filling with concrete.  At the same time, it provides an integral moment 

connection to the concrete footing.  In the initial phase, four medium size CFFT-footing 

specimens with varying RC stub lengths were tested to obtain the optimal stub length 

necessary to achieve the full flexural capacity of the CFFT prior to bond-slip failure of 

the GFRP tube from the RC stub.  In a following phase, two additional similar scale 

specimens with two different steel reinforcement ratios in the short RC stubs were tested.  

In a final phase, two specimens identical to the one with the lowest steel reinforcement 

ratio were tested under reversed cyclic loading, with one specimen being post-tensioned 

to provide an axial load during testing.  Generally, no steel reinforcement was provided in 

the CFFT member beyond the RC stub.             

 

4.2 Experimental Program 

4.2.1 Test Specimens and Parameters 

A total of eight medium scale (1300mm long, 169mm in diameter) CFFT specimens were 

tested in three phases in a cantilever setting, under lateral loading applied at the free end.  
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Table 4.1 summarizes the test matrix of all of the specimens, including all RC stub and 

CFFT dimensions and parameters.  The first four specimens had varying RC stub heights, 

ranging from 0.5 to 2.0 times the diameter of the CFFT (0.5D to 2.0D).  Each stub was 

also reinforced with six equally spaced 20M steel reinforcement bars.  This high 

reinforcement ratio (9%) was designed to ensure that failure would not occur in the RC 

stub at its connection to the footing, but rather at the connection to the CFFT portion (i.e. 

a bond failure), or within the CFFT member itself.  This was a necessary condition in 

order to achieve the objective of establishing the minimum RC stub height needed for the 

CFFT to reach it‟s full flexural strength.  For the next two specimens, designated S10M 

and S15M, a constant RC stub length that would ensure no bond failure was to occur, 

namely 1.5D, was used.  In this case, the reinforcement ratios were lowered to more 

practical levels in order to study their effect.  These were four equally spaced 10M and 

15M bars, essentially 2% and 4% reinforcement ratios, respectively.  The last two 

specimens (C1 and C2) were tested under reversed cyclic bending to examine their low-

cycle fatigue responses.  Specimen C2 was externally post-tensioned using two 15 mm 

prestressing 7-wire strands passed through ducts precast into the concrete footing.  This 

was to examine the cyclic load behavior under a small axial compression load of about 

15% of axial strength.  In order to assess the axial strength of the CFFT members, a stub 

test was carried out on a 700 mm long specimen under concentric loading to failure.  

Further details are given in section 4.2.6. 
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4.2.2 Materials 

4.2.2.1 Concrete 

The RC footings of specimens 0.5D to 2.0D were fabricated with one batch of concrete, 

while those of specimens S10M, S15M, C1 and C2 were fabricated with another batch of 

concrete.  Concrete filling of each set of hollow GFRP tubes were also from separate 

batches.  However, all four batches were ordered from Lafarge Canada with the 

following identical specifications:  14 mm nominal aggregate size, 35 MPa high early 

strength cement and 150 mm slump.  For each of the two separate specimen casts, 102 x 

203 mm (4” x 8”) concrete cylinders were prepared and tested for axial compressive 

strengths in accordance with ASTM C39 (Equivalent to CSA A23.2-3C and A23.2-9C).  

For the 0.5D to 2.0D specimens, an average compressive strength of 37.7 MPa was 

recorded.  For the second set of specimens, the recorded average compressive strength 

was 31.6 MPa.  Table 4.2 shows the full data of the concrete cylinder tests. 

Standard axial compression tests were performed on two sets of three 102 mm x 

104 mm concrete cylinders.  The two sets were cast at the time of casting of the two sets 

of large scale specimens.  At the end of testing of each set of specimens, the sets of 

concrete cylinders were crushed in accordance with ASTM C39 (ASTM, 1996). 

 

4.2.2.2 GFRP Tube 

All eight specimens were fabricated using the same filament-wound GFRP tubes 

provided by Ameron International (Brukburnett, Texas USA).  Each tube had a 169 mm 

outer diameter and 3.14 mm structural wall thickness.  This reported structural wall 

thickness neglects the thickness of a thin liner bonded to the inner surface of the tubes.  
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The thin liner does not contribute to the structural performance of the tube, as it‟s only 

purpose is to facilitate the filament-winding process during manufacturing.  The 

structural wall thickness is comprised of nine layers in alternating angles of 

approximately 9° and 86° with respect to the longitudinal axis.  Specially fabricated 

longitudinal tension coupons cut from the tube were tested and the stress-strain curves of 

the coupons are reported in Figure 4.1. 

 

4.2.2.3 Steel Rebar 

Three different sizes of steel reinforcing bars were used in this study to reinforce the 

footings and RC stubs only.  Standard 10M, 15M, and 25M rebar with a nominal yield 

strength of 400 MPa were utilized.  Tension coupons were tested by Cole (2005) from the 

same batch of the 10M and 15M sizes.  The behavior for both sizes was very similar with 

practically identical strength and ductility.  Figure 4.2 plots the stress-strain curves of the 

coupons, where the yield and ultimate strengths were 425 and 680 MPa, respectively. 

 

4.2.2.4 Prestressing Steel Strands 

The two steel prestressing strands used to apply an external axial load for specimen C2 

were 15.2 mm diameter 7-wire 1720 MPa strands. 

 

4.2.2.5 Steel Spiral 

Steel spirals were used in all eight specimens within the RC stubs protruding from 

footings.  These were mainly utilized to hold the main reinforcing bars of the cages in 

place.  The steel spirals were fabricated out of 5 mm diameter smooth steel wires.  
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Straight wires were wrapped around a 127 mm (5”) diameter steel pipe to create the 

spirals with an inner diameter of 140 mm and 50 mm pitch. 

 

4.2.2.6 Epoxy adhesive 

The same type of epoxy adhesive was used to bond all eight GFRP tubes to the RC stubs.  

This adhesive, supplied by Sika Inc., is characterized by its gray colored mortar like 

texture.  The high viscosity made this epoxy suitable, since that would be essential for 

applying onto the vertical outer surfaces of the RC stubs and the inner surfaces of the 

hollow GFRP tubes.  Lower viscosity epoxy adhesives would rapidly drip down the 

vertical surfaces prior to setting.  A concrete bond tensile strength of 4 MPa, as well as a 

bond shear strength of 15 MPa is reported on the manufacturer‟s data sheet.  These 

specifications are based on failure within the outer concrete layers. 

 

4.2.3 Fabrication of Test Specimens 

4.2.3.1 Reinforced concrete footings 

Table 4.3 to Figure 4.10 shows schematic diagrams and photos of the several reinforced 

concrete foundations fabricated in this study.  As previously mentioned, specimens 0.5D 

to 2.0D were fabricated at a different time than specimens S10M, S15M, C1 and C2.  

However, each of the eight 500 mm x 500 mm x 500 mm RC footings were fabricated 

using a similar process.  For specimens 0.5D to 2.0D, S10M, and S15M, two layers of 

440 mm x 440 mm closed ties made from 10M rebar were placed inside the formwork of 

footings. Specimens C1 and C2 had five layers of the same closed ties in their footings, 

due to the anticipated cyclic loading, post tensioning loading case of specimen C2.  Each 
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of these closed ties were held together in place by four longitudinal 10M bars at each 

corner of the footing.  Additionally, the reinforcing steel cages for each of the 

corresponding RC stubs were embedded down the entire length of the foundations for 

anchorage purposes.  For specimens C2, two 25 mm diameter ducts were placed in the 

footing  by erecting thick-walled plastic tubes from the bottom of the formwork through 

to the top of the footing, on both sides of the stub, 200 mm apart.   

After all the closed ties, steel cages and ducts were prepared and secured, concrete 

was poured from the top of the formwork.  The fresh concrete was then finished and 

troweled smooth, except for a 170 mm diameter zone at the centre where the RC stub 

steel cages protruded.  This area was left as a rough surface to accommodate the concrete 

casting of the RC stubs. 

 

4.2.3.2 Reinforced concrete stubs 

As mentioned above, the RC stubs were all cast immediately following casting of the 

footing.  For this stage, specially fabricated 159 mm inner diameter SonoTubes were 

utilized.  These were placed on the surface of the freshly cast foundation at the central 

location where the steel cages protruded and secured to the formwork.  The 159 mm inner 

diameter of the SonoTube was designed to ensure proper fitting of the hollow GFRP 

tubes over the stubs, and allowing for a 2 mm thick gap in between.  This 2 mm gap was 

purposely allowed to accommodate a thin layer of the epoxy adhesive to properly bond 

the GFRP tube to the RC stub.   
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4.2.3.3 Epoxy bonding of GFRP tubes to RC stubs 

The hollow GFRP tubes for each of the specimens were cut to a length of 1300 mm, 

cleaned from inside, and connected to the RC stubs within two weeks of concrete curing.  

Epoxy adhesive was applied to both, the outer surface of the RC stub, as well as the 

cleaned out inner surface of the GFRP tube.  The GFRP tube was then slowly fitted over 

the RC stub in a helical downward pattern to ensure a proper even spread of the epoxy 

throughout the entire bond surface.  This pattern was continued until the end of the GFRP 

tube reached the upper surface of the RC footing.  After curing of the epoxy adhesive, the 

rest of the GFRP tube was filled with unreinforced (plain) concrete to complete the 

fabrication process. 

 

4.2.3.4 Post-tensioning of specimen C2 

Post-tensioning of specimen C2 was achieved using the setup shown in Figure 4.13.  Two 

15.7 mm diameter steel strands intended to apply a sustained axial compression load were 

passed through the ducts precast into the concrete footings.  The tendons were anchored 

at the bottom end of the footing with load cells installed between the anchors and steel 

bearing plates.  At the top end of the CFFT, a rigid steel plate attached to a HSS section 

was placed such that it is bearing against the cross section of the CFFT.  To stress the 

strands, a hydraulic jack was placed on top of this steel plate, and loaded against another 

specially fabricated steel plate (Figure 4.13).  The tendons were first anchored to that 

second plate.  This setup allows the strands to be stressed as the jack is loaded.  Special 

devices with threaded rods and nuts were mounted between the anchors and second plate.  

These were used to independently adjust the forces in each strand, to ensure equal forces 
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in both sides.  After achieving the desired force, the strands were locked with other 

anchors located just behind the first plate.  The loading jack, and second plate could then 

be released and removed.  It should also be noted that the specimen was intentionally 

overstressed initially to allow for prestress losses such as anchor set. 

 

4.2.4 Experimental Setup 

In this experimental program, all specimens were tested in a horizontal position 

cantilever setting with a 1300 mm long moment arm.  This is shown in Figure 4.15 and 

Figure 4.16.  The specimens were loaded by a single point load at the free end.  Since this 

experimental program focused mainly on the moment connection, a single point load was 

adequate enough to provide the maximum flexure.  For all specimens, a 1000 kN Reihle 

testing machine was used.  All specimens except for C1 and C2 were testing 

monotonically to failure using stroke control at a rate of 1.5 mm/min.  Specimens C1 and 

C2 were tested under reversed cyclic loading, using stroke control, but with varying load 

rates of 1.5mm/min to 30mm/min.  The specimens were placed on top of two 152 mm 

(6”) hollow steel sections (HSS) sitting on the top of a stiff beam on the base of the 

machine.  The purpose of this was to allow for more clear space underneath the specimen 

for potential large deflections.  The footings of the specimens were then clamped to the 

reaction beam to create a fixed support.  Clamping was achieved with the use of two built 

up steel sections comprising back-to-back steel C-channels welded together with two 

101.6 mm (4”) HSS in between (Figure 4.14).   These steel sections were specially 

fabricated for this experimental program.  Two Grade B9 1150 MPa high strength steel 
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rods were then passed through the two HSS‟ and used to anchor the assembly to the stiff 

steel beam sitting on the machine base. 

At the loading end (free-end) of the specimen, another specially fabricated device 

was installed in order to properly transfer the load to the circular geometry of the CFFT.  

This is shown in Figure 4.18 and Figure 4.17.  A steel ring with a steel plate welded onto 

its top, was fitted and tightened to the CFFT.  On top of the steel plate were two 

additional strips of back to back steel angles welded transversely and spaced 25 mm 

apart.  The two steel angles provided a slot for the rounded knife-edge loading end of the 

Rheile Machine (Figure 18).  Lubrication of the slot also allowed for free rotation of the 

specimen during testing.  For specimens C1 and C2, the end of the CFFT was clamped to 

a special swivel joint head ram rather than a knife edge used for the other specimens.  

This setup can be seen in Figure 4.19 and allows for the push-pull action and for free 

rotation. 

 

4.2.5 Instrumentation   

All specimens in this experimental program were generally instrumented in a similar 

manner.  However, as testing progressed, and data from each test was analyzed, several 

minor changes were made.  This was done to optimize the relevance and significance of 

the data collected.  These changes mainly focused around the location and method of 

strain measurement.  To measure strains, electrical resistance foil strain gauges were 

used.  These strain gauges were manufactured in Tokyo, Japan by Showa Measuring 

Instruments Co. Ltd.  The gauge length was 5 mm with a 120.0 ohm resistance and were 

of type N11-FA-5-120-11.  To apply the strain gauges, Vishay‟s M-Bond 200 adhesive 
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system was utilized after cleaning off the surfaces.  Only longitudinal strains on both the 

compression and tension sides were measured since behavior was dominated by flexure.  

For all specimens, strains were measured on the GFRP tube at four general locations (on 

both the compression and tension sides), namely, at the tube end near the CFFT column-

footing interface, at mid-length of the RC stubs, at the ends of RC stubs, and at a distance 

equal to half the stub length but on the other side within the CFFT member.  For testing 

of specimens 1.5D, 2.0D, S10M, S15M, C1 and C2, 100 mm displacement type strain 

gauge transducers (PI gauges) were introduced to measure the longitudinal compressive 

and tensile strains at the location of the RC stub end.  This was to confirm strain gauge 

measurements and also in case strain gauges have a malfunction.  Displacements were 

measured by linear potentiometers (LPs) at two locations: at the ends of RC stubs as well 

as the free end of the CFFT member, just under the loading point.  LPs were also utilized 

to measure the displacement between the end of the GFRP tube and the footing.  Specific 

instrumentation setups for each of the specimens can be seen in Figure 4.20. 

For specimen C2, additional instrumentation was implemented, mainly to monitor 

and record the axial load.  Two strain gauges were attached to each of the prestressing 

strands.  In addition, a load cell was placed in between the anchors and the bottom of the 

RC footing to record the load.  The stains and loads were constantly monitored during the 

test to check for accuracy and to ensure the strand did not get elongate or become loaded 

to unsafe levels. 
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4.2.6 Ancillary CFFT stub tests 

An axial compression test was performed on a 700 mm tall 169 mm diameter CFFT stub.  

The goal was to use this data to establish the axial strength of the CFFT specimens and 

select a proper sustained axial load level during the cyclic loading of specimen C2.  The 

700 mm height corresponds to approximately four times the diameter of CFFT.  A 2000 

kN capacity MTS hydraulic actuator with a semi-spherical loading head was used.  Load 

and stoke measurements were recorded directly from the actuator.  Longitudinal axial 

strains as well as hoop strains were measured using the electric resistance strain gauges.  

The strains were measured at three equidistant locations on the circumference at mid-

height.  The test setup can be seen in Error! Reference source not found..  Table 4.3 

provides summary of test results.  Error! Reference source not found. shows the axial 

load versus the average axial compressive and hoop tensile strains up to failure.  The stub 

failed by fracture of the GFRP tube on one end.  This was due to axial crushing combined 

with tensile hoop fracture due to the confinement effect.  It is worth noting that the axial 

strength of the concrete core alone is 804 kN, as shown in Error! Reference source not 

found. .  This suggests that tube contribution, including the confining effect resulted in a 

95% increase in capacity. 

 

4.3 Results of Experimental Program 

4.3.1 Effect of RC stub length 

This section reports on specimens 0.5D to 2.0D of different stub lengths.  A summary of 

test results is given in Table 4.4.  Figures Figure 4.23 to Figure 4.26 show a comparison 

of the following responses: load-deflection, load-displacement of the tube near the 
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footing face, and load-longitudinal strains of the tube at the end of the stub and end of the 

tube near the footing face.  Failure modes of the four specimens are shown in Figure 4.27 

(a to d).  Figure 4.28 summarizes the finding of this section in terms of the effect of stub 

length on ultimate moments and loads.  Further details of experimental results are 

provided in Appendix A, Figures A.1 to A.16, in terms of load-strain response of all 

strain gauges and distributions of deflection and strains along the stub length and span, at 

various load levels. 

Testing of the four specimens with RC stub lengths ranging from 0.5 to 2.0 times 

the CFFT diameter resulted in two distinctly different failure modes.  As expected, the 

two specimens with shorter RC stub lengths (0.5D and 1.0D) experienced a bond failure 

of the GFRP tube over the RC stub length.  This was reflected by excessive slip of the 

CFRP tube from the RC stub.  This premature failure occurred before the GFRP tube 

reached its full tensile strength.  On the other hand, specimens 1.5D and 2.0D both failed 

due to tensile rupture of the GFRP tube in the longitudinal direction right at the end of the 

RC stub inside the tube.  Clearly, these two specimens achieved the full flexural strength 

of the CFFT based on tensile rupture of the GFRP tube.  

 

4.3.1.1 Bond Failure of Specimens 0.5D and 1.0D 

The load-tube displacement behavior of specimens 0.5D and 1.0D is shown in Figure 

4.24.  This displacement includes the crack opening at the face of the footing plus any 

slip experienced by the tube over the stub length.  Given the identical steel reinforcement 

ratio in all four specimens, which is also quite high (9%), the crack opening is quite small 

and the measured displacement can be a good measure of the relative slip between one 
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specimen and the other.  It is clear that as the stub length increases the slip reduces for a 

given load level.  The measured slip in specimens 0.5D and 1.0D when they reached their 

respective peak loads were 23 mm and 8.8 mm. 

 The load-deflection responses of specimens 0.5D and 1.0D are shown in Figure 

4.23.  This plot demonstrates a steady rate of load increase for both specimens, until 

reaching their respective peak loads of 4915 N and 17606 N.  Both specimens then 

experienced a sudden drop in load beyond the peak.  However, the load for specimen 

0.5D declines at a much higher rate than specimen 1.0D.  The ability of specimens 0.5D 

and 1.0D to maintain a gradual decrease in load may be explained by the thin layer of 

concrete that remained adhered to the inner surface of the GFRP tube, which maintained 

a high friction with the RC stub.  Essentially, failure occurred within the concrete cover 

of the stub, and not within the adhesive layer.  This resulted in two concrete layers with 

rough surfaces sliding against each other.  The two sliding surfaces needed to overcome 

the mechanical interlock, which likely caused the apparent pseudo-ductile behavior.  In 

fact, the peak of 17606 N reached by specimen 1.0D is relatively close to the peak loads 

attained by specimens 1.5D, and 2.0D, which both failed due to tensile failure of the 

CFFT.  This suggests that a RC stub length of specimen 1.0D was close to being of 

sufficient length to cause failure of the tube in tension. 

 Figure 4.27 (a and b) show the bond failure mode of specimens 0.5D and 1.0D, 

along with the excessive slip.  Additionally, in specimen 1.0D, the excessive slip caused 

significant rotation of the tube.  This caused a secondary tensile rupture of the tube in the 

hoop direction.  It is worth noting that the tensile strains in the GFRP tube at stub end 

were below the ultimate strains of the tube, when bond failure occurred (Figure 4.25).  It 
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is also worth noting the insignificant tensile strain in the GFRP tube at the free end near 

the footing face (Figure 4.26).  This is logical at a cut-off point under tension for all four 

specimens.  On the other hand, the strains at the same cut-off section on the compression 

side are rather significant.  This is attributed to bearing of the tube against the footing 

face as bending increases.  This is most obvious in specimen 0.5D, which experienced the 

maximum rotation over the stub. 

 

4.3.1.2 Flexural Tension Failure of Specimens 1.5D and 2.0D 

Specimens 1.5D and 2.0D both failed due to tensile rupture of the GFRP tube, as shown 

in Figure 4.27.  The locations of GFRP rupture for both specimens occurred where the 

RC stub ends, as expected.  Strain values at this location, based on PI gauges are shown 

in Figure 4.25.  The plot shows very comparable longitudinal tensile failure strains of 

21143 and 19522 microstrains for specimens 1.5D and 2.0D, respectively.  These strain 

values also correspond very well to the manufacturer‟s reported tensile strength as well as 

the value obtained by the coupon tests described in Section 4.2.2.2. 

Figure 4.23 shows the load-deflection response of specimens 1.5D and 2.0D.  The 

plot shows a gradual increase in load up to the peak values of 20484 N and 23513 N for 

specimens 1.5D and 2.0D, where flexural tension failure occurred and load drops to zero, 

respectively.  Also, initial stiffnesses of the two specimens are similar up to the first 

cracking load.  Beyond this load, specimen 2.0D demonstrates a slightly, yet noticeable, 

higher stiffness.  This expected response is simply due to its longer RC stub length.  

Furthermore, several other occurrences of small load drops are observed along the load-

deflection curve.  This is attributed to subsequent flexural cracking of the concrete in the 
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CFFT at various locations.  Specifically, the first drops in load at approximately 5000 N, 

are probably the loads at which cracking occurred in the CFFTs at the end of the RC stub 

sections.  Meanwhile, the drops occurring at approximately 8000N to 10000 N probably 

corresponds to cracking of the RC stub at the column-footing interface. 

Tube end displacement measurements, as shown in Figure 4.24, are almost 

negligible for specimens 1.5D and 2.0D.  The peak measured value of 1.5 mm is 

essentially a reflection of the crack width of the stub at the footing interface.  It is firmly 

believed that no slip has occurred in specimens 1.5D and 2.0D.  

 

4.3.1.3 Optimal RC Stub Length 

The objective of this section is to establish the optimal RC stub length.  Figure 4.28 (a) 

shows the variation of the peak load of the four specimens with their corresponding RC 

stub length.  However, since failure modes and failure locations varied among specimens, 

a better means of comparison is plotted on Figure 4.28 (b).  The figure shows the 

variation of the moments corresponding to peak loads versus the RC stub lengths.  These 

moments are calculated at the end of the RC stubs in all four specimens, a location that 

governs the failure mode corresponding to the maximum potential strength (GFRP 

rupture).  For specimens that fail by GFRP rupture, the moment at this location would 

always be the same regardless of stub length, whereas in specimens failing in bond, the 

moment will be reduced at this location as stub length becomes shorter, which is clear in 

the figure.  There is a clear increase in the moment with increasing RC stub length 

(specimens 0.5D and 1.0D), up to a certain ceiling where flexural failure governs.  Once 

flexural failure governs, the failure moment remains generally constant (specimens 1.5D 
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and 2.0D).  To pinpoint the exact location (optimal RC stub length) the two failure 

modes, namely flexural tension failure and bond failure, would occur simultaneously, a 

horizontal line representing the average peak moment from specimens 1.5D, S10M 

(which ideally should be identical but are slightly different here) 2.0D is plotted in Figure 

4.28.  Specimen S10M, which will be discussed later is added here to enhance the 

average since it also had a tension failure of tube.  A straight line extrapolation based on 

the two moments from specimens 0.5D and 1.0D is then plotted on the same graph.  The 

intersection of these two lines at an RC stub length of 1.05D is taken as the optimal RC 

stub length, which is the minimum length to achieve the full flexural capacity of the 

CFFT member.  It is worth noting that an optimal RC stub length of 1.05D corresponds 

very closely to specimen 1.0D.  Referring back to section 4.3.1.1, specimen 1.0D reached 

a peak load of 17606 N, with a corresponding moment very close to specimens 1.5D and 

2.0D.  However, specimen 1.0D clearly did not failed in flexure, which indicates that the 

RC stub length of 1.0D is close, but not quite sufficient.  It is very important to note here 

that the optimal stub length depends on the GFRP tube capacity, which in turn is a 

function of the diameter-to-thickness (D/t) ratio, laminate structure and type of fibers.  

Thus, for different tubes, the optimal RC stub length will be different. 

 

4.3.1.4 Additional Plots 

Figure A.1 to Figure A.16 in Appendix A show additional plots for each individual 

specimen, including the deflection and strains distributions along the span at various load 

levels.  Despite different failure mechanisms, and obviously different RC stub lengths, 

each of the four specimens illustrate some similar trends.  The first obvious observation is 

the clear difference in stiffness of the member in the section bonded to the RC stub and 
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the section beyond the stub.  The span-deflection curves for all four specimens (Figure 

A.2, A.6, A.10, and A.14) show a higher rate of deflection beyond the RC stub.  On the 

span-strain curves (both tensile (Figure A.3, A.7, A.11, and A.15) and compression 

(Figure A.4, A.8, A.12, A.16)), there is a sudden change in strain values at the end of the 

RC stub.  Again, this is attributed to the change in stiffness at this location.  This 

observation is not shown in specimen 0.5D because only one strain gauge was used at 

that critical transition location, rather than two adjacent gauges which was the case for 

the other specimens. 

The span-tensile strains show a clear increase in strains along the RC stub length, 

starting from zero at interface.  This is caused by the pulling away of the tube from the 

RC footing due to discontinuity.   

 

4.3.2 Effect of Reinforcement Ratio 

This section reports on specimens S10M, S15M, and 1.5D with different steel 

reinforcement ratios in the RC stubs, which were all of equal length, 1.5D.  This stub 

length was selected based on the findings of the previous section to ensure flexural failure 

and avoid bond failure.  A summary of test results is given in Table 4.4.  Figure 4.29 to 

Figure 4.33 show a comparison of the following responses:  load-deflection, load 

longitudinal strains of the tube at the end of the stub and end of tube near the footing face 

and load-displacement of the tube near the footing face.  Failure modes of specimens 

S10M and S15M are shown in Figure 4.30 (a and b), while failure of specimen 1.5D was 

shown earlier in Figure 4.27 (c).  Figure 4.34 summarizes the findings of this section in 

terms of the effect of steel reinforcement ratio on ultimate moment.  Further details of 
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experimental results are provided in Appendix A, Figure A.17 to Figure A.24, in terms of 

load-strain responses for all stain gauges and distributions of deflection and strains along 

the stub length and span at various levels.  The specimens discussed in section 4.3.1. all 

had a large ρ of 9.07% to ensure that failure occurs in the CFFT member, either by bond 

of flexure.  To study the effect of longitudinal steel reinforcement ratio (ρ) in the RC 

stub, two additional specimens (S10M and S15M) each had reinforcement ratios of 

2.01% and 4.03%, respectively.  Specimen S10M failed due to excessive yielding 

associated with excessive deflection.  This is manifested by a large crack in RC stub at 

the footing interface (Figure 4.30 (a)).  The test was terminated due to lack of stroke, 

after very large deflection has occurred, however, at this point the behavior was fairly 

plastic and the load was almost stable.  Specimen S15M also developed a large crack in 

the stub at the concrete footing face, which resulted in significant yielding and 

deflections.  However, the CFFT eventually failed due to tensile rupture of the GFRP 

tube in the longitudinal direction at the end of RC stub, similar to specimen 1.5D.  The 

following section will discuss in more detail, the behavior of the two specimens S10M 

and S15M, with comparisons to specimens 1.5 D with 25M bars from the previous 

section. 

 

4.3.2.1 Load-Deflection Response 

The load-deflection responses of specimens S10M and S15M, along with specimen 1.5D 

are plotted in Figure 4.29.  The plots show some similar initial load-deflection behaviors 

for all three specimens, before first cracking.  After cracking, stiffness varies depending 

on the steel reinforcement ratio.  As expected, specimen 1.5D showed the highest 
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stiffness followed by specimen S15M then specimen S10M, with the lowest steel 

reinforcement ratio.  Specimen 1.5D behaved elastically till failure occurred in the GFRP 

tube at the end of the stub.  It is believed that steel has not yielded when the GFRP tube 

fractured.  Specimen S15M on the other hand showed evidence of yielding of steel rebar 

before fracture of the GFRP tube at the end of stub.  This is evidenced by the relatively 

flat part of the load-deflection curve near the end.  Final deflection value of specimen 

1.5D was 111 mm while that of specimen S15M was 238 mm.  Both specimens S15M 

and 1.5D achieved a similar failure load, which is expected, given the similar failure 

mode and failure location.  Specimen S10M showed early and excessive yielding, 

compared to S15M.  The load reached a near flat plateau.  Clearly, a plastic hinge has 

formed near the footing. Specimen S10M deflected 271 mm before the limitations of the 

test setup prevented any further deflection.  Therefore, test was terminated at this 

point.  The next sections will demonstrate that specimen S10M would have never reached 

GFRP tube failure, even if testing was possible to continue.           

 

4.3.2.2 Load-strain behavior of GFRP tube 

The load-strain behavior of the GFRP tube is shown in Figure 4.31 and Figure 4.32 at 

stub end and tube end locations, respectively.  Failure tensile strains of 21143 and 21236 

microstrain, for specimens 1.5D and S15M, respectively (Figure 4.31), were reached in 

the tube at the end of stub and are very consistent with each other and with typical GFRP 

tube rupture strain.  Specimen S10M reached a maximum tensile strain of only 10071 

microstrain (Figure 4.31) despite reaching a deflection of 271 mm, which is the largest 

deflection of all three specimens.  This clearly indicates that specimen S10M was 
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certainly never vulnerable to failing due to tensile rupture of the tube.  On the 

compression side, specimens 1.5D and S15M reached -12570 and -14272 microstrain at 

the end of stub, while specimen S10M reached only -6799 microstrain (Figure 4.31).  It is 

very obvious that the tube provides significant confinement for concrete in compression 

as evident by the stains far exceeding the typical crushing strain of 3500 microstrain of 

unconfined concrete.  Figure 4.32 shows that at the free end of the tube near footing, the 

tensile strains are insignificant as expected while the compressive strains are significant, 

due to end bearing of the tube against the footing surface. 

 

4.3.2.3 Load-tube displacement of footing face behavior  

Figure 4.33 shows the load-tube displacement behavior at the footing face, for specimens 

S10M, S15M and 1.5D.  The measured values at the maximum loads of specimens 1.5D, 

S15M and S10M were 1.4 mm, 9 mm and 22 mm, respectively.  Since the stub length 

was sufficient to avoid a bond-slip failure of the GFRP tube in these specimens, the 

displacements in Figure 4.33 represent mainly the crack width at the footing-stub 

interface.  The rapid increase in the crack opening in specimens S10M and S15M is 

associated with the onset of yielding of the steel reinforcement.  It is also possible that 

excessive yielding of the steel bars was associated with some slip of the bars within the 

stub.  However, given the very significant confinement of the concrete stub, exerted by 

both the GFRP tube and steel spiral reinforcement, it is quite likely that bond of steel 

rebar was quite enhanced and slip would be very limited. 
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4.3.2.4 Optimal Reinforcement Ratio 

Figure 4.34 shows a variation of the maximum moment reached at the footing face with 

the steel reinforcement ratio of the stub for specimens 1.5D, S15M and S10M with 

reinforcement ratios of 9.07%, 4.03% and 2.01%.  In addition, a hypothetical failure 

moment is plotted on this curve for a reinforcement ratio of 0%, which was simply based 

on the moment resistance of a plain concrete stub.  By extending a line connecting this 

point (ρ  = 0%) and the point representing specimen S10M, it intersects a flat plateau 

representing the 1.5D and S15M specimen at a point representing an optimal 

reinforcement ratio of 3.4%.  The definition of optimal reinforcement ratio here means 

the minimum steel reinforcement ratio that allows the CFFT member to reach its full 

flexural capacity (governed by fracture of the GFRP tube), while at the same time 

allowing a plastic hinge to form at the face of the footing, by means of sufficient yielding.  

Member with higher steel ratio will not gain any further strength, rather will have less 

ductility.  On the other hand, member with lower steel ratio will have more ductility but 

less strength.   

 

4.3.2.5 Additional Plots 

Figure A.17 to Figure A.24 in Appendix A show additional plots for specimens S15M 

and S10M, including the deflection and strain distribution along the span at various load 

levels.  Similar trends to some of those observed for specimens 0.5D to 2.0D can also be 

seen in these curves.  For the span deflection, the deflection increases from a load level of 

75% to 100% are well over a 100% magnitude increase for both specimens S10M and 

S15M.  This is a far greater increase than that seen in specimen 1.5D, meaning that the 
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lower steel reinforcement ratio is the cause of this behavior.  In fact, the percentage 

deflection increase from a load level of 75% to 100% is 302%, 185% and 57% for 

specimens S10M, S15M and 1.5D, respectively. 

 

4.3.3 Testing under low cyclic fatigue 

Two additional specimens (C1 and C2), identical to specimen S10M were tested under 

reversed cycling loading.  The cyclic loading regimes are presented in Figure 4.35.  Two 

full cycles under each load level or ductility level were completed.  Initially, before 

yielding, loading was applied up to limits representing fractions of the yielding load, Py.  

After yielding, loading was applied as increments of the deflection at yield, Δy.  Table 4.6 

summarizes the loading cycles for both specimens.  Specimen C1 was tested under pure 

reverse cyclic loading (i.e. without any axial loads).  This represents applications 

governed by flexure such as light and utility poles.  Specimen C2 was subjected to a 

constant externally applied axial compressive load of 234 kN while under the cyclic 

loading.  However, as shown in Figure 4.36, as the deflections increased during various 

cycles, the resulting elongation of the two steel prestressing strands caused some increase 

in the applied axial load.  The effects of this on the behavior of the system will be 

discussed in the subsequent sections.  It is worth noting that for safety reasons, as soon as 

the combined axial load of both strands reached 300 kN, testing was immediately 

terminated.  However, at this point, the specimen was already sufficiently yielded.  

Testing of specimen C1 ended, similar to specimen S10M, due to excessive deflection.  

Neither specimen failed due to tensile rupture or slippage of the GFRP tube from the RC 

stub.  Rather, excessive yielding took place, causing a plastic hinge near the footing.  
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This was evident by a large crack at the stub-footing interface.  The opening and closing 

of this crack during the reverse loading cycles could clearly be seen and resulted in 

significant concrete spalling near the end.  The following sections will discuss further 

details of the behavior of this system. 

 

4.3.3.1 Load-deflection responses 

Figure 4.37 shows the load-deflection hysteretic responses for specimens C1 and C2.  

Figure 4.38 shows the envelope of the load-deflection responses of specimens C1, 

compared with specimen C2 to assess the effect of axial load.  Also shown in the same 

figure is the load-deflection response of specimen S10M to compare with C1 for the 

effect of reversed cyclic bending. 

From these curves, it can be seen that the load-deflection response for specimen 

C1 reaches a peak load of 12.55 kN at a ductility ratio of 2Δy and then gradually losses 

strength in subsequent cycles.  Also, at each ductility ratio during the stoke controlled 

loading, the first cycle always reached a higher load than the second cycle.  This 

demonstrates that locally, there is cumulative damage that weakens the specimen.  This 

local drop at each ductility ratio gets more pronounced at higher load levels beyond 

yielding.  For the final full cycle at a ductility ratio of 6.5, the load drop was 39% (from 

9056 kN to 5492 kN). 

  Figure 4.38 shows that, in comparison with the monotonic testing of specimen 

S10M, the main difference is the inability of specimen C1 to maintain its peak load.  This 

clearly reflects the damage caused by the combined effects on the strength of reversed 

and cyclic loading.  The ductility achieved at the peak load was at least 8.0 Δy for 
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specimen S10M (test was terminated at this point), while it was 5 Δy for specimen C1, 

before the load declines.  Interestingly, the initial stiffness of specimen C1 appears to be 

slightly higher than that of specimen S10M.  This might be explained by the difference in 

loading rate which was 1.0 mm/min for specimen S10M, and between 1.5 – 5 mm/min 

for specimen C1. 

For specimen C2, its hysteretic response clearly reflects yielding of the steel 

reinforcement.  However, a slightly higher peak load was reached at the first cycle for 

every subsequent ductility ratio.  Therefore, it reached it‟s highest load of 24.66 kN on 

the last cycle at a ductility ratio of 4Δy when the test was terminated for safety concerns.  

As shown in Figure 4.36, as the specimen deflected, additional tension forces built up in 

the prestressing steel strands.  This undoubtedly caused the slight increase in the capacity 

of the system.  The strength of the system most likely would have stabilized if the axial 

load was kept constant.  Within each ductility ratio, the second cycles reached a slightly 

lower peak load than the first cycle, similar to specimen C1.  Again, this is simply due to 

some energy loss as a result of the reversed cyclic loading.  However, this was just a 

rather slight drop compared to specimen C1.  At a ductility ratio of 1Δy, this drop was 

3.66%, and increased slightly to 6.01% at 6Δy ductility ratio.  This is a far contrast from 

the 39.3% drop demonstrated by specimen C1 at ductility ratio of 6.5 Δy. 

 

4.3.3.2 Effect of axial load 

It is clear from the load-deflection hysteretic curves for the two specimens C1 and C2, 

that the presence of an axial compression load has a large effect on the load-deflection 

behavior of this system.  The axial load, which ranged from 234 kN to 300 kN only 
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represented approximately 15% to 19% of the CFFT axial compressive strength. The 

effects of this axial load on behavior is very noticeable.  To begin, a 96% increase in the 

peak load was observed in specimen C2, relative to C1.  This is not even considering that 

at time of the termination of the test for specimen C2, the load was still rising slightly.  

Additionally, the shape of each overall hysteretic curve, as well as the shape of individual 

cycles is different.  As expected the addition of an axial load delayed first cracking and 

caused the cracks to close upon unloading, which made specimen C2 stiffer.  As 

mentioned earlier, the strength of specimen C1 began to decrease at a ductility ratio of 5 

(5Δy), while the strength of C2 continued to increase gradually throughout the test.  It is 

clear that the presence of a small axial load results in stabilizing of the system, which 

produces smooth curves and more stable hysteretics. 

 

4.3.3.3 Pinching Effect 

Pinching of the load-deflection hysteretic response is primarily caused by the slippage of 

the yielded steel rebar from the surrounding concrete at the joint as the cracks open and 

close under cyclic loading.  A higher pinching effect represents a higher amount of 

energy dissipated by the system (Shao and Mirmiran, 2005).  Therefore, pinching is an 

undesirable characteristic.  Clearly, both specimens C1 and C2 demonstrated some 

pinching effect.  It also appears that the relative pinching effect is more pronounced in 

specimen C1 than in specimen C2, as the compression axial load would limit the amount 

of local slippage of the steel rebar. 
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4.3.3.4 Load-Strain Response 

Table 4.7 –summarizes the GFRP tube strain values due to prestressing only (prior to 

commencement of cyclic loading).  Figure 4.39 to Figure 4.41 show the load-strain 

responses of specimens C1 and C2 at several locations along its span.  Figure 4.39 shows 

the load-strain responses at the end of the tube near column-footing interface.  Strain 

gauge number 4  and number 6 for specimen C2 malfunctioned just prior to testing, and 

is thus disregarded in this analysis.  Clearly, higher compressive strains than tensile 

strains develop at this location, because of the end bearing effect of the tube on the 

footing.  The highest tensile strain reached were 1455 and 981 microstrains for specimens 

C1 and C2, respectively, while the compressive strains reached 7472 and 10591 

microstrains, respectively.  A similar trend was also observed in the monotonic testing of 

specimen S10M, where a peak tensile strain of 126 microstrain was reached, compared to 

a peak compressive strain of 5109 microstrain. 

The load-strain responses of specimens C1 and C2 at the location on the span 

where the stub ends, as well as at a distance 0.75D beyond are shown in Figures Figure 

4.40 and Figure 4.41.   The contrast from the previous load-strain responses at the 

column-footing interface is obvious.  The curves demonstrate significant tensile strains in 

addition to the compressive strains.  This is because of the sufficient bond length of the 

tube along the stub, to develop tensile strains.  In fact, the tensile strains are greater than 

the compressive strains, which is a typical characteristic of cracked CFFT sections.  At 

the stub end, the peak tensile strain reached was 10603 microstrain compared to -6490 

microstrain on the compressive side, while at 0.75D beyond, strains of 5802 microstrain 

and 2546 microstrain were achieved.  In comparison, specimen S10M reached peak 
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tensile and compressive strains of 10136 microstrain and 6855 microstrain at the stub 

end.  At 0.75D beyond stub end, tensile and compressive strains of 16986 microstrain and 

-4199 microstrain were reached.  It is interesting to note the hardening effect in the load-

strain hysteretics on the compression side for specimen C1, which reflects the crack 

closure in compression. 

 The behavior for specimen C2 is somewhat different than C1 in that it clearly 

reflects the higher cracking load on the tension side as well as the decompression load 

that is distinguished by the bi-linear response in tension.  This is clearly because of the 

axial compression force.  

 

4.4 Chapter Summary 

The effects of several parameters on the moment connection system of adhesive bonding 

of the CFFT to RC footings through short protruded subs, was studied.  The practicality 

and structural adequacy of this connection system was demonstrated.  Strength wise, an 

optimal stub length of 1.1D and steel reinforcement ratio of 3.4% in the stub, were 

necessary to develop the CFFT strength and are easily achievable.  At the same time, 

high ductility was also demonstrated by this system at the optimal reinforcement ratio.  

However, the altering of one or more of the specific parameters in this chapter could 

produce different results.  Therefore, the following chapter will attempt to provide some 

insight into the effects of varying such parameters, through an analytical parametric 

study. 
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Table 4.1 – Test matrix 

Specimen 

ID 

RC 

Stub 

Height 

(mm) 

Reinforcement 
Reinforcement 

Ratio (%) 

Test 

Span 

(mm) 

Outer 

Diameter 

(mm) 

Axial 

Load 

(kN) 

Lateral 

load 

type 

0.5D 85 6 – 20M 9.07 1300  169  0 Mono. 

1.0D 169 6 – 20M 9.07 1300  169  0 Mono. 

1.5D 253 6 – 20M 9.07 1300  169  0 Mono. 

2.0D 338 6 – 20M 9.07 1300  169  0 Mono. 

S10M 253 4 – 10M 2.01 1300  169  0 Mono. 

S15M 253 4 – 15M 4.03 1300  169  0 Mono. 

C1 253 4 – 10M 2.01 1300  169  0 Mono. 

C2 253 4 – 10M 2.01 1300  169  234-

300 

Cyclic 

 

Table 4.2 – Concrete cylinder test data 

Batch No. Cylinder 1 Cylinder 2 Cylinder 3 Average 
Standard 

Deviation 

1 37.1 42.8 33.3 37.7 4.800 

2 31.4 32.9 30.5 31.6 1.203 

 

Table 4.3 – Stub crushing test data 

Point of 

measurement 

Peak 

Longitudinal 

Strains (µe) 

Peak Hoop 

Strains (µe) 

Peak Load 

(kN) 

1 -8407.7 6451.4 - 

2 -5285.9 3334.3 1564.6 

3 -9116.8 5764.9 - 

Average -7558.8 5172.0 1564.6 

 

 

 

1 

2 

 

3 
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Table 4.4 – Summary of monotonic loading test results 

Specimen 

ID 
Peak Load (N) 

Failure Load 

(N) 

GFRP tube 

longitudinal Strain 

@ Stub End at 

failure (µe) 

Deflection at 

failure load 

(mm) 

Displacement 

of GFRP tube 

at peak load 

(mm) 

Failure Mode 

and location 

Top (b) Bottom 

(d) 

0.5D 4915.5 392.2 142.9 -2008.1 159.3 23.0 
Bond failure of 

GFRP tube (a-b) 

1.0D 17606.8 11820.0 13254.2 -10766.8 183.7 8.8 

Bond failure of 

GFRP tube (a-b) 

combined with 

hoop fracture of 

tube (c) 

1.5D 20404.4 20404.4 21143.3 -12570.3 111.3 1.4 

Longitudinal 

tensile fracture pf 

GFRP tube (b) 

2.0D 23513.6 23513.6 19522.1 -11372.1 118.4 1.0 

Longitudinal 

tensile fracture pf 

GFRP tube (b) 

S10M 12519.8 12251.3 10071.6 -6799.6 271.0 22.1 

Excessive rebar 

yielding and 

rotation (a) 

S15M 18909.5 18909.5 21236.3 -14272.3 237.8 9.1 

Longitudinal 

tensile fracture of 

GFRP tube (b) 

a b 

c d 

GFRP Tube 

Footing 

Δ 
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Table 4.5 – Summary of cyclic loading test results 

Speimen ID Peak Load 
Peak Strains at Interface Peak Strains at Stub End 

Peak Strains 0.75 Beyond 

stub end 

Tension Compression Tension Compression Tension Compression 

C1 12550.4 1455.2 -7470.9 10603.7 -6490.7 5802.2 -2546.08 

C2 24659.7 981.4 -10591.2 14347.2 -6617.9 6218.9 -3918.9 

 

Table 4.6 – Summary of loading cycles for specimens C1 and C2 

  Specimen C1  Specimen C2 

 Cycle Load Control Stroke Control Load Rate 

(mm/min) 

 Load Control Stroke Control Load Rate 

(mm/min) 

 1 2.19 kN (0.3Py)   1.5  4.1 kN (0.3Py)   1.5 

 2 3.65 kN (0.5Py)   1.5  7.2 kN (0.5Py)   1.5 

 3 7.3 kN (0.7 Py)   5.0  14.5 kN (1.0Py) 20 mm (1Δy) 5.0 

 4 10.3kN (1.0Py) 30 mm (1Δy) 5.0    40 mm (2Δy) 5.0 

 5   60 mm (2Δy) 5.0    70 mm (3.5Δy) 15 

 6   90 mm (3Δy) 15    100 mm (5Δy) 15 

 7   120 mm (4Δy) 15    150 mm (7.5Δy) 30 

 8   150 mm (5Δy) 30       

 9   200 mm (6.5Δy) 30       

 

Table 4.7 – GFRP tube strain due to prestressing only 

 SG1 SG2 SG3 SG4 SG5 SG6 SG7 SG8 

Strain (µe) 853.3 875.2 1480.3 N/A 1063.9 3350.2 3193.2 2985.9 
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Tube 6" (D=169 mm, tave=3.5 mm) 

0

50

100

150

200

250

0 0.005 0.01 0.015 0.02 0.025

Strain (mm/mm)

St
re

ss
 (

M
P

a)

U
lt

im
at

e
 S

tr
ai

n
 f

ro
m

 C
an

ti
liv

e
r 

Te
st

 
Figure 4.1 – Stress-strain curve for GFRP coupon tests 
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Figure 4.2 – Stress-strain curve for rebar (Cole, 2005) 
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Figure 4.3 – GFRP Burnout Test 

 

 
Figure 4.4 – GFRP Layers after burnout test 
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Figure 4.5 – Schematics of specimens 0.5D – 2.0D, S10M, S15M and C1 

 

Figure 4.6 – Schematic drawing of specimen C2 
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Figure 4.7 – Steel reinforcement cage of stub 

 

 

 

Figure 4.8 – Stub reinforcements placed forms for footings of specimens 0.5D to 2.0D 
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Figure 4.9 – The post tensioning ducts of specimen C2 

 

 

 

 

Figure 4.10 – Casting of RC stubs immediately after foundation fabrication 

 

Ducts 
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Figure 4.11 – Finished RC stubs (Specimens 0.5D – 2.0D) 

 

 

Figure 4.12 – Finished RC stubs with ducts (Specimen C2) 
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Figure 4.13 – a) Schematic drawing of prestressing setup b) View of top end of specimen 

C2 during prestressing c) View of bottom end of specimen C2 

a) 

c) b) 
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Figure 4.14 – Schematic drawing of steel beam used in clamping system of concrete 

footings 
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Figure 4.15 – Schematic drawing of test setup 

 

 

Figure 4.16 – Experimental setup for specimen 0.5D 
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Figure 4.17 – Loading ring  

 

Figure 4.18 – Schematic drawing of testing ring  
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Figure 4.19 – a) Swivel joint head ram for cyclic testing b) Cyclic testing setup 

 

 

b) 

a) 
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Figure 4.20 – Schematic drawing of a) LP instrumentation b) strain gauge and PI gauge 

instrumentation 
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Figure 4.21 – CFFT stub test under concentric axial load 

 

Figure 4.22 – Average longitudinal and hoop strain behavior for CFFT stub test 

Concrete Core Capacity (804 kN) 

Hoop Axial 
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Figure 4.23 – Load-deflection responses of specimens 0.5D to 2.0D 
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Figure 4.24 – Load-tube displacement response of specimens 0.5D to 2.0D 
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Figure 4.25 – Load-longitudinal strain responses of specimens 0.5D to 2.0D at end of RC 

stub 
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Figure 4.26 – Load-longitudinal strain responses of specimens 0.5D to 2.0D near tube 

end at the footing face 
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Figure 4.27 – a) Bond failure of specimen 0.5D, and b) bond failure and hoop fracture of 

tube in specimen 1.5D 

a) 

b) 
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Figure 4.27 – Tensile rupture failure of tube in specimens (c) 1.5D, and (d) 2.0D 

 

  

c) 

d) 



  Chapter 4 

106 

0

5000

10000

15000

20000

25000

0 0.5 1 1.5 2 2.5
Stub Length (xD)

P
e
a
k
 L

o
a
d

 (
N

)

 
 

 

    

Figure 4.28 – a) Peak load versus stub length, and b) Peak moment at end of RC stub 

versus stub height 
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Figure 4.29 – Load-deflection response of specimens S10M, S15M and 1.5D 

 

 

Figure 4.30 – Failure modes: a)  Excessive yielding and plastic hinge in specimen S10M, 

and  b)  Significant slip and tensile rupture of specimen S15M 
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Figure 4.31 – Load-longitudinal tube strain responses of specimens S10M, S15M, and 

1.5D at end of RC stub 
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Figure 4.32 – Load-longitudinal tube strain responses of specimens S10M, S15M and 

1.5D near tube end at the footing face 
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Figure 4.33 – Load-displacement behavior of specimens S10M, S15M, and 1.5D at the 

footing face 
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Figure 4.34 – Maximum moment at footing face versus steel reinforcement ratio of stub 

S10M 

S15M 

1.5D 

3.4% 
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Figure 4.35 – Cyclic loading regime for specimens:  (a) C1, and (b) C2 
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Figure 4.36 – Variation of axial compression load with deflection in specimen C2 
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Figure 4.37 – Load versus deflection hysteretic responses for specimens:  (a) C1, and (b) 

C2 

b) Specimen C2 

a) Specimen C1 
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Figure 4.38 – Comparison of the load-deflection envelopes of specimens C1, C2 and 

S10M 
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Figure 4.39 – Load versus tube strain hysteretic curves at the end near stub-footing 

interface for :  (a) specimen C1 and, (b) specimen C2 

b) Specimen C2 

a) Specimen C1 

**SG5 

Malfunctioned 

Prior to Test** 

SG1 

SG5 

SG1 

SG5 



  Chapter 4 

116 

 

-30000

-20000

-10000

0

10000

20000

30000

-10000 -5000 0 5000 10000 15000

Strain (μm)

L
o

a
d

 (
N

)

 

-30000

-20000

-10000

0

10000

20000

30000

-10000 -5000 0 5000 10000 15000 20000

Strain (μm)

L
o

a
d

 (
N

)

 
 

Figure 4.40 – Load versus tube strain hysteretic curves at end of RC stub for: (a) 

specimen C1, and (b) specimen C2 

b)  Specimen C2 
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Figure 4.41 – Load versus tube strain hysteretic curves at 0.75D beyond stub end for:    

(a) specimen C1, and (b) specimen C2 

b)  Specimen C2 

a)  Specimen C1 
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CHAPTER 5:   ANALYTICAL MODELING 

 

5.1  Introduction 

In this chapter, a simple analytical model has been developed to predict the optimal 

reinforcement ratio presented in section 4.3.2.4.  A combination of material and section 

properties obtained experimentally and theoretically was utilized to simulate the CFFT 

cantilever-bending specimens presented in chapter 4.  A short parametric study then 

follows to predict the effect on the optimal reinforcement ratios for CFFTs with varied 

GFRP tube parameters.  The tube properties for the varied parameters were obtained 

theoretically, and utilized in the parametric analysis.  The parameters studied are: (a) 

GFRP tube laminate structure, and (b) GFRP tube diameter-to-thickness ratio. 

 

5.2 Description of the Analytical Model 

5.2.1 General Modeling 

To analyze the flexural strength of the CFFT sections, the reinforced concrete analysis 

program, RESPONSE 2000 was used.  RESPONSE 2000 is a cracked section analysis 

computer program, accounting for equilibrium, strain compatibility and material 

properties.  It calculates the load-deformation responses of reinforced concrete sections 

subject to any combination of shear, moment and axial loads.  The program allows for the 

simple input of custom reinforced concrete sections, as well as material properties.  It 

then produces numerous graphical outputs including the full load-deformation response 

of the section, from which the flexural capacity of the section can be obtained.  For the 

model in this chapter, the strength properties for three materials, namely concrete, steel 

and FRP, were obtained and then manually entered in RESPONSE 2000.  Two critical 
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cross-sections that would control failure were identified. The first is the cross-section at 

the junction between the footing and FRP tube, just at the footing face, to which the tube 

will not contribute as longitudinal reinforcement, but only internal rebar of the stub. The 

second critical section is that of the CFFT member, just beyond the stub end, where the 

only reinforcement is the GFRP tube.  The following sections demonstrate the analysis 

for each section. 

 

5.2.1.1 RC section modeling 

The reinforced concrete sections adjacent to the footing face, referred to as RC sections 

which had either 4-10M, 4-15M, or 6-15M steel reinforcement were first modeled in 

RESPONSE 2000.  This simulates the cross-section just between the end of the GFRP 

tube and the footing.  To accomplish this, the RC cross section diameter of 162 mm was 

input into RESPONSE 2000.  Next, the rebar orientation was entered, namely the 

corresponding size and number of rebar with 20 mm clear space each.   The 5 mm 

diameter wire spirals were also entered, but had no effect on the flexural capacity output 

from RESPONSE 2000.  The material properties were then entered.  This involved the 

input of the axial compressive strength (fc‟) of the unconfined concrete, which was 35 

MPa based on section 4.2.2.1.  As well, steel properties of 425 MPa yield strength and 

680 MPa ultimate strength, obtained from section 4.2.2.3 were entered. 

 

5.2.1.2 CFFT section modeling 

The CFFT section right at the end of the RC stub (no steel reinforcement but only the 

GFRP tube) was modeled by manually creating a large number of longitudinal bars with 



  Chapter 5 

120 

GFRP properties in RESPONSE 2000.  The mechanical properties of the GFRP tubes had 

to be entered.  This resulted in a simplified GFRP tube linear stress-strain curve.  Similar 

to the RC section, the 162 mm diameter concrete core was first input into RESPONSE 

2000.  Then, to simulate a GFRP tube, the above mentioned manually created GFRP 

rebar was placed around the perimeter of the concrete core (Figure 5.1).  Enough bars 

were placed around the perimeter to minimize the gaps between bars, while at the same 

time ensuring an equivalent cross sectional area of the GFRP tube. 

 

 

5.2.2 Material Properties 

5.2.2.1 GFRP tube 

The mechanical properties of the GFRP tubes were obtained through burnout tests, where 

the epoxy coating of the tube was burned off in a high temperature (up to 550ºc) oven, 

leaving the GFRP fibers remaining.  The laminate structure (fiber orientation and 

thickness) of the tube was then measured. Table 5.2 shows the laminate structure of the 

GFRP tube used in this experimental program.  The laminate structure was then input 

into a classical lamination theory (CLT) spreadsheet analysis program for FRPs to obtain 

the mechanical properties of the GFRP tube in the longitudinal direction.  The CLT 

produces the stress-strain curve plotted later in Figure 5.5.  Similar curves were used for 

tension and compression as was shown experimentally and analytically by Mandal 

(2004).  Specifically, the resulting modulus, ultimate strength and ultimate strain of the 

GFRP tube in the longitudinal direction were taken as, 11.86 GPa, 213 MPa and 0.018, 

respectively.  These values were then input into RESPONSE 2000 in the detailed material 

property section to create the custom longitudinal reinforcement bar mentioned in 5.2.1.2 
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and results in a GFRP stress-strain curve, shown in Figure 5.2.  Since the program is 

intended for steel reinforcement, the flat plateau (plastic part) of the curve was inevitable 

to facilitate the analysis. However, the actual effective part of the curve is indeed the 

initial linear part.  Therefore, during analysis, once the strain reached 0.018, the output of 

the program (moment-curvature response) beyond this strain was completely neglected.   

 

5.2.2.2 Steel rebar  

The mechanical properties of the steel rebar, namely the yield strength (425 MPa) and 

ultimate strength  (680 MPa), were taken as described in section 4.2.2.3.  This was input 

into RESPONSE 2000 as the non-prestressed reinforcement which produces the stress-

strain curve shown in Figure 5.3.  It should also be noted that the steel rebar properties 

were considered to be identical in tension and in compression. 

 

5.2.2.3 Concrete 

The axial compressive strength of concrete was taken as described in section 4.2.2.1 (35 

MPa).  This was obtained experimentally through cylinder tests and was input into 

RESPONSE 2000 in the concrete cylinder strength section (Figure 5.4).  Tensile strength 

of the concrete was never obtained experimentally.  As such, the default concrete tensile 

strength from RESPONSE 2000 was utilized.  This should not have a large impact on the 

overall section flexural strength, if any, since concrete tensile strength is often assumed to 

be negligible in reinforced concrete design. 
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5.3 Verification of the model 

5.3.1 Experimental results 

In the previous chapter, three CFFT cantilever-bending specimens with a stub length of 

1.5D and steel reinforcement ratios of 2.01%, 4.03% and 9.07%, referred to as S10M, 

S15M and 1.5D were fabricated.  The steel reinforcement was only in the stub.  Each of 

these three specimens had a moment arm of 1300 mm and were fabricated using GFRP 

tubes with identical properties.  The specimens were then tested as cantilever sections 

until failure by either, excessive yielding of the steel rebar or longitudinal tensile fracture 

of the GFRP tube.  From this experimental program, it was found that the minimum steel 

reinforcement ratio (optimal reinforcement ratio) that allows the CFFT member to reach 

its full flexural capacity is 3.4% (Figure 5.10). 

 

 

5.3.2 Analytical Results 

For this model, the failure of the CFFT was assumed to occur exclusively at one of two 

sections.  The two sections analyzed were:  (a) at the stub-footing interface and (b) at the 

end of the RC stub far from the footing.  Analysis at the stub-footing interface was 

considered as a simple reinforced concrete section (as described in section 5.2.1.1.).  Any 

possible confining effects of the concrete core by the GFRP tube that may have an effect 

on the flexural strength of this section was not considered.  Analysis at the end of the RC 

stub was considered to be a plain concrete section with the surrounding GFRP bars 

simulating the tube (as described in section 5.2.1.2).  At this section, rupture of the GFRP 

(as signaled by reaching ultimate strain) was considered failure.  However, since this 

cross-section is not at the maximum moment location of the cantilever test, an 
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amplification factor had to be applied to the Mu output from RESPONSE 2000 to obtain 

the corresponding maximum moment at the footing face as shown in Figure 5.9.  

The analytically modeled and experimental curves for the maximum moment at 

footing face versus steel reinforcement ratio of the RC stub are plotted on the same graph 

in Figure 5.10.  To obtain the analytical curve, the Mu‟s obtained from RESPONSE 2000 

for the RC sections (4-10M, 4-15M, and 6-20M) was plotted versus their respective 

reinforcement ratios. An additional point at zero reinforcement ratio, essentially plain 

concrete section strength, was also added.  A horizontal line representing the CFFT Mu 

capacity obtained from RESPONSE 2000 was then plotted on the same curve.  This 

represented the maximum flexural capacity of the system.  Then, to obtain the optimal 

reinforcement ratio, a linear extrapolation of all RC sections Mu values below the CFFT 

Mu was extended to the horizontal line (maximum moment).  The intersection was taken 

as the optimal reinforcement ratio.  As seen in these curves, the presented model as just 

described, suggests an optimal reinforcement ratio of 4.4% versus the experimentally 

obtained ratio of 3.4%. 

 

5.3.3 Discussion 

The discrepancy (24.9%) in the analytically obtained optimal reinforcement ratio can be 

attributed to assumptions that had to be made due to the limitations associated with the 

simplistic scope of the model presented.  The first assumption was made in the modeling 

of the RC section as having an unconfined concrete in the compression zone.  In reality, 

despite the GFRP tube ending at this section, there would still be significant confining 

effect remaining on that section because the tube contains a large fraction of 
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circumferential fibers. Also, the RC stub contains steel spiral reinforcement. In addition, 

the proximity of that section to the RC footing itself (just adjacent) would also provide 

some confining of this RC section.  Therefore, RESPONSE 2000 is predicting lower than 

actual RC sections Mu values.  Higher RC values of Mu would result in a more accurate 

optimal reinforcement ratio. 

 Two assumptions were made in modeling the CFFT section.  The GFRP tube 

material was modeled with identical properties in tension and compression along with a 

linear stress-strain curve.  As well, the modeling of the GFRP tube as longitudinal 

reinforcement neglects it‟s confining effects to the concrete core.  These two assumptions 

contributed to the lower Mu obtained on RESPONSE 2000 versus the Mu obtained 

experimentally.  One may argue though that based on the trends in Figure 5.10, having a 

closer prediction for the CFFT section may have actually resulted in even a larger 

difference between the experimental and analytical optimal reinforcement ratio.  It 

appears then, that underestimation of the capacity of the RC sections is the major source 

of discrepancies.  In any case, with these limitations in mind, the model will be utilized in 

the following parametric study.   

 

5.4 Parametric Study 

A parametric study was conducted to show the effect of GFRP tube parameters on the 

CFFT connection system.  Specifically, GFRP tube laminate structure, and diameter-to-

thickness ratio were explored.  The resulting maximum moment at footing face versus 

steel reinforcement ratio of the RC stub curves for the parametric study is shown in 

Figure 5.11 to Figure 5.13.  For each of the parametric studies, all CFFT properties were 
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based on the experimental program CFFT specimen properties.  Only the studied 

property in each parametric study was then individually altered.  The stress-strain curves 

obtained from the classical lamination theory for each parameter studied is shown in 

Figure 5.5 to Figure 5.8.  In addition, the tube properties as a result, namely, ultimate 

strength Fu and strain εu for each parameter are summarized in Table 5.5       

 

5.4.1 Effect of Laminate Structure 

Figure 5.11 and Figure 5.12 show the predicted maximum moment at footing face versus 

steel reinforcement ratio of the RC stub curves for CFFTs fabricated using GFRP tube 

with different laminate structures.  The laminate structures studied were:  (a) [90º/0º] of 

3:5 fiber ratio (longitudinal-to-circumferential directions), (b) [90º/0º] of 2:1 fiber ratio 

and (c) [+45º/-45º] with all other tube properties remaining constant with respect to the 

experimental tube properties.  An optimal reinforcement ratio of 7.7% was obtained for 

the [90º/0º] with 3:5 laminate structure.  This is significantly higher than the 4.4% 

obtained in the original modeling of the experimental program specimens.  This is an 

expected result since the [90º/0º] laminate structure with 3:5 fiber ratio is considerably 

stronger than the laminate structure of the experimental tube [-86º/+9º]. This can be seen 

by comparing the stress-strain curves of the two laminates in Figure 5.5 and Figure 5.6.  

Although both laminates had a fiber ratio of 3:5, it is quite interesting to see the relatively 

large effect on the CFFT moment capacity Mu by such a small change in the fibre angles.  

An additional [90º/0º] tube with a 2:1 laminate structure is considered.  Compared to the 

3:5 laminate, which had about 38% of the fibers in the longitudinal direction, this tube 

has 67% of the fibers in the longitudinal direction.  The resulting moment capacity of the 
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CFFT was 55.3 kN-m, compared to the 34.7 kN-m of the 3:5 tube, due to the 

significantly enhanced stress-strain curve of the tube (Figure 5.7).  Figure 5.11 shows that 

the minimum steel reinforcement ratio required to achieve this CFFT strength 12.6%, 

which is very high and may not be practical.  

 The previous [90º/0º] laminates studied were of the cross-ply type. Another type 

of laminate, namely angle-ply was also considered, using a [+45º/-45º].   As expected, 

this resulted in a much weaker tube (Figure 5.8), due to the large deviation of angle from 

the longitudinal direction.  Therefore, a much weaker CFFT moment capacity of 14.1 kN-

m was calculated by RESPONSE 2000.  This resulted in an optimal reinforcement ratio 

of just 2.9%, as shown in Figure 5.12.   

 

5.4.2 Effect of GFRP Tube Diameter-to-Thickness Ratio 

Figure 5.13 shows the predicted maximum moment at footing face versus steel 

reinforcement ratio of the RC stub curves for CFFT with varying D/t ratios.  The GFRP 

tube laminate structure was kept constant and similar to the tube used in the experimental 

program (Table 5.2).  Layer thicknesses from the experimental program tubes were 

scaled to produce the consistent properties.  The D/t ratios studied were: (a) 169/2 and (b) 

169/6.  Because layer orientation and laminate structure were kept constant, the GFRP 

tube properties (Fu, and εu) obtained through the classical lamination theory were 

identical.  As such, the CFFT Mu became a function of tube thickness.  The CFFT Mu‟s 

obtained from RESPONSE 2000 were 13.9 kN-m, 25.6 kN-m and 32.7 kN-m for tube 

thicknesses of 2 mm, 3.5 mm and 6 mm, respectively.  Accordingly, the optimal steel 

reinforcement ratios were 2.8%, 4.4% and 7.3%, respectively. 
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5.5 Chapter Summary 

A simple analytical model has been proposed to provide some general insight into the 

effects of several parameters on the behaviour of the CFFT moment connection to RC 

footing presented in Chapter 4.  The model clearly showed that orienting more fibres 

toward the longitudinal direction of GFRP tubes results in a stronger tube, which results 

in a higher optimal reinforcement ratio.  A larger tube thickness will also produce the 

same effect.  While the model presented helped in clarifying the effects of some 

parameters, it was not quite accurate in predicting some of the moment capacities.  As 

such, developing a more rigorous model may help in further confirming the findings of 

this study. 
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Table 5.1 – Summary of results 

 

Fiber 

Ratio 

Tube 

Thickness 

(mm) 

Modeled 

Plain 

CFFT Mu  

(kN-m) 

Magnified 

Plain CFFT 

Mu  

(kN-m) 

Optimal ρ 

(%) 

Experimental 3:5 3.5 - 25.6 3.4 

Model 3:5 3.5 16.5 20.5 4.4 

[90º/0º] wtj 3:5 

fiber ratio 

3:5 3.5 28.0 
34.7 7.7 

[90º/0º] with 2:1 

Fiber Ratio 

2:1 3.5 44.6 
55.3 12.6 

[+45º/-45º] 3:5 3.5 11.4 14.1 2.9 

169/2 D/t 3:5 2 11.2 13.9 2.8 

169/6 D/t 3:5 6 26.4 32.7 7.3 

 

Table 5.2 – GFRP Laminate Structure (Burnout Test) 

Layer 1 2 3 4 5 6 7 8 9 

Angle (º) -86º 9º -86º 9º -86º 9º -86º 9º -86º 

t (mm) 0.42 0.35 0.42 0.39 0.35 0.35 0.71 0.21 0.28 

 

 

Table 5.3 – GFRP Laminate Structure [90/0] 

Layer 1 2 3 4 5 6 7 8 9 

Angle (º) -90º 0º -90º 0º -90º 0º -90º 0º -90º 

T (mm) 0.42 0.35 0.42 0.39 0.35 0.35 0.71 0.21 0.28 

 

 

Table 5.4 – GFRP Laminate Structure [+45/-45] 

Layer 1 2 3 4 5 6 7 8 9 

Angle (º) -45º 45º -45º 45º -45º 45º -45º 45º -45º 

t (mm) 0.42 0.35 0.42 0.39 0.35 0.35 0.71 0.21 0.28 
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Table 5.5 – GFRP Tube Property Inputs for RESPONSE 2000 

Parameter 

Studied 

Rupture Strain, 

εu (mm/m) 

Ultimate 

Strength, Fu 

(MPa) 

Original 18.0 213 

[90º /0º]with 

3:5 fiber ratio 
33.45 475 

[-90º /0º] with 

2:1 fiber ratio 
33.5 850 

[+45º /-45º] 10.5 121 

169/2 D/t Ratio 18.0 213 

169/6 D/t Ratio 18.0 213 
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Figure 5.1 – Modeling of GFRP tube in RESPONSE 2000 
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Figure 5.2 – GFRP tube/rebar stress-strain curve input for RESPONSE 2000

εu = 18 mm/m 

fu = 213 MPa 

As = 1800 mm
2
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Figure 5.3 – Steel rebar stress-strain curve input for RESPONSE 2000 

 

 

 

Figure 5.4 – Concrete stress-strain curve input for RESPONSE 2000 
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Figure 5.5 – CLT Stress-strain curve for experimental GFRP tube, 169/2 D/t ratio tube 

and 169/6 D/t ratio tube 
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Figure 5.6 – CLT Stress-strain curve for [90º/0º] with 3:5 laminate structure. 
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Figure 5.7 – CLT stress-strain curve for [90º/0º] laminate structure with 2:1 fiber ratio. 
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Figure 5.8 - CLT stress-strain curve for [+45º/45º] laminate structure. 



  Chapter 5 

134 

 

0

5

10

15

20

25

0 200 400 600 800 1000 1200 1400

Distance from Face of Footing (mm)

M
o

m
e

n
t 

(k
N

-m
)

 
Figure 5.9 – Magnification of RESPONSE Mu to equivalent Mu at footing face 
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Figure 5.10 – Experiment and analytical Model of maximum moment at footing face 

versus steel reinforcement ratio of stub 

 

3.4% 
4.4% 

Experimental CFFT 

Mu (25600 N-m) 

Analytical CFFT  

Mu (20500 N-m) 

1.5D 

RESPONSE 2000 

CFFT Mu 

Magnified 

CFFT Mu 



  Chapter 5 

135 

 

0

10000

20000

30000

40000

50000

60000

0 5 10 15

Steel Reinforcement Ratio (%)

M
o

m
e

n
t 

(N
-m

)

90/0

Analytical

90/0 with 2:1

 
Figure 5.11 - Maximum moment at footing face versus steel reinforcement ratio of stub 

for GFRP tube with [90º/0º] (3:5) and (2:1) laminate structure 
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Figure 5.12 - Maximum moment at footing face versus steel reinforcement ratio of stub 

for GFRP tube with [+45º/-45º] laminate structure. 
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Figure 5.13 - Maximum moment at footing face versus steel reinforcement ratio of stub 

for GFRP tube with 169/2 and 169/6 D/t ratios.
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CHAPTER 6:   CONCLUSIONS 

6.1 Introduction 

The introduction of concrete-filled fibre-reinforced polymer (FRP) tubes (CFFTs) system 

as structural members have already proved to offer several benefits.  Although CFFT 

members have been studied extensively, connecting them to other structural components 

remains a challenge.   The development of structurally adequate moment connections 

would ensure the successful implementation of CFFTs in a wider range of construction 

applications.  It is desirable that the connection offers a strength that is at least equal to 

that of the CFFT member.  However, in lieu of or in addition to strength, high ductile 

behavior is also desirable.  In addition, any connection system should also be practical 

and labor-friendly, to be consistent with the CFFT system itself.  This thesis has proposed 

and experimentally explored two moment connections for CFFT members.  The 

connection in both cases is based on anchoring the FRP tube.  In one connection this was 

accomplished by direct embedment of the tube in a reinforced concrete (RC) footing, and 

in the other connection the tube was adhesively bonded to short RC circular stubs 

protruding from the RC footing. 

 

6.2 Summary and Conclusions 

6.2.1 Direct Embedment of CFFT into RC Footing 

Five medium scale cantilever-bending CFFT-footing specimens, as well as six small 

scale push-through CFFT-footing specimens were constructed using pre-fabricated FRP 

tubes.  The cantilever-bending specimens were tested under a single point monotonic 

loading applied laterally.  Each CFFT was directly cast into RC footings at varying 
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embedment lengths to determine the optimal embedment length required to achieve full 

flexural strength of the CFFT outside the footing.  The six push-through specimens were 

tested under axial loads applied to the CFFT, to determine the shear bond strength 

between the out surface of the pre-fabricated GFRP tube and concrete.  Two different 

embedment lengths were tested to study any effects caused by this parameter.  The 

following conclusions were drawn: 

1. The optimal embedment length of the CFFT used in this study into RC footing is 0.73 

times the diameter of the CFFT.  This represents the minimum length necessary for 

the system to fail by flexural failure of the CFFT.  Shorter embedment lengths caused 

a bond-slip failure inside the footing before flexural failure.  It should be noted that 

this optimal value may likely vary according to the diameter-to-thickness (D/t) ratio 

and laminate structure of the FRP tube. 

2. Remarkable pseudo-ductility was observed in flexure for the CFFT embedded into 

the RC footings with at least the optimal length.  Upon initial attainment of peak 

loads, the CFFT continued to deflect while the load remained unchanged.  This 

phenomenon continued until flexural failure of the CFFT occurred outside the 

footing.  This behavior is attributed to a gradual slippage of the CFFT from the 

footing during loading. 

3. The development of radial cracks in the footings was observed in all specimens.  

These cracks were fine in the specimens with embedment lengths equal to or greater 

than the optimal length, whereas those observed in the specimens with smaller 

embedment lengths were quite larger. 
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4. A representative ultimate shear bond strength between the outer surface of CFFT and 

RC footing is 0.75 MPa, as established by the push-through tests.  This value is likely 

dependent on surface texture, FRP tube manufacturing process, and concrete strength 

of the footing. 

5. Based on the shear bond stress-slip curve of the CFFT push-through specimens, there 

is a sudden drop of about 60% beyond the peak bond strength.  Following this drop, 

the curve follows a very intriguing cyclic wavy pattern that can be directly attributed 

to the wavy longitudinal profile of the GFRP tubes. 

6. This connection type has the advantage of eliminating steel reinforcement at the 

connection completely.  This simplifies the construction process and more 

importantly eliminates a major concern about durability of the connection, associated 

with corrosion of steel bars, possibly due to seepage of moisture through the joint. 

 

6.2.2 Adhesive Bonding of the CFFT Tube to Short RC Stubs Protruding from the 

Footing 

Eight medium scale cantilever-bending CFFT-footing specimens were constructed using 

pre-fabricated FRP tubes.  The cantilever-bending specimens were tested under a single 

point monotonic loading applied laterally.  The specimens were fabricated by adhesive 

bonding of the FRP tubes to short RC stubs, then the rest of the tube is filled with 

concrete.  Four specimens with varying RC stub heights were tested in the first phase to 

establish the optimal RC stub height that leads to flexural failure of the CFFT member.  

In the second phase, the RC stub longitudinal steel reinforcement ratio was varied in two 

specimens with an RC stub height greater than the optimal height obtained from the first 
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phase.  In the final phase, two identical specimens were tested under reverse cyclic 

loading, with one specimen having a sustained axial compression load of 15-19% of the 

axial strength of the CFFT.  The axial strength was established through a CFFT column 

test.  The following conclusions were drawn: 

1. The optimal RC stub height is about 1.1 times the diameter of the CFFT used in this 

study.  This represents the minimum length necessary for the system to fail by 

flexural failure of the CFFT outside the stub region, before bond failure of the tube 

over the stub.  This optimum value will likely vary for FRP tubes with different D/t 

ratios or laminate structure, and if a different adhesive is used. 

2. A minimum longitudinal steel reinforcement ratio of 3.4% was required in the RC 

stub in order for the CFFT used in this study to reach its full flexural strength.  

Although this design maximized the strength, it did not necessarily result in the most 

ductile behavior.  Again, this reinforcement ratio will likely depend on the FRP tube 

parameters. 

3. The specimen with 2% longitudinal steel reinforcement in the stub demonstrated a 

very ductile behavior due to the formation of a plastic hinge in the stub.  The CFFT in 

this specimen did not fail when the plastic moment was attained.  This specimen 

demonstrated ductility but not a high strength. 

4. Reversed low-cycle fatigue bending of the system resulted in similar peak loads to 

that attained in monotonic loading to failure of a similar specimen.  However, while 

this load was sustained under monotonic loading over large deflections, it began 

degrading beyond ductility ratio of 2 under cyclic loading, due to the lack of any axial 
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compression loads.  In the final cycle at a ductility ratio of 6.5, the load had dropped 

by about 40%.  . 

5. The presence of a small axial load (15-20% of the CFFT axial strength) significantly 

enhances performance under of the system under cyclic behavior.  It results in a more 

stable hysteretic behavior, higher stiffness and higher load capacity. 

6. This type of moment connection was shown to be feasible. Adhesive bonding of the 

hollow tube to the RC stub eliminates the need for shoring when filling the tube with 

concrete.  However, potential corrosion of the steel reinforcement in the short stub 

remains a vulnerability. 

 

6.3 Recommendations for Future Work 

This study revealed the satisfactory performance of two different moment connections of 

CFFTs to RC footings.  Both connection mechanisms were optimized for maximizing the 

strength of the system.  At the same time, the system still maintained the advantage of 

serving as stay-in-place structural formwork.  Clearly, the potential is there for real world 

applications.  However, as with most new technologies, further analysis is essential to 

ensure safe and proper use in the field.  As such, the following aspects may be studied 

prior to implementation of the technologies discussed in this report: 

1. High-cycle fatigue behavior of these systems needs to be addressed for applications 

such as mono-poles and overhead sign structures subjected to wind loading. The 

current study has addressed low-cycle fatigue only.   

2. Environmental effects should be addressed.  This includes the effect of freeze-thaw 

cycles, environmental chemical attacks, and weathering. 
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3. The effects of changing one or more of the specific parameters used in this study 

needs to be addressed.  For example, different GFRP tubes, RC footing size, and 

types of epoxy adhesive.   

4. A rigorous analytical modeling is required for both connections, in order to have a 

procedure for design. 

5. Embedding the FRP tube in a pre formed hole in the footing after it has been cast and 

applying adhesive bonding or grout on the outer surface of the tube may be explored 

as an alternative connection method. 

 

6.4 Repeatability and Accuracy 

It should be noted that due to the scope of this research program as well as the complex 

nature of the cantilever-bending specimen testing program and large size, it was only 

feasible to fabricate and test only one specimen for each parameter.  The testing of two or 

more identical specimens to assure repeatability and reproducibility of test results was not 

possible.  However, certain results were repeatedly confirmed in various specimens.  For 

example the ultimate moment capacities of the CFFT sections failing in flexure were 

generally similar. In addition, Table 3.5, which presents the results of the push-through 

tests, was one phase of the program that did have repeated tests and the averages and 

standard deviations are presented in that table. 
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Figure A.1 - Load versus strains for specimen 0.5D 
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Figure A.2 - Span deflections at various load levels for specimen 0.5D 
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Figure A.3 - Span tensile strains at various load levels for specimen 0.5D 
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Figure A.4 - Span compressive strains at various load levels for specimen 0.5D 
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Figure A.5 - Load versus strains for specimen 1.0D 
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Figure A.6 - Span deflections at various load levels for specimen 1.0D 
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Figure A.7 - Span tensile strains at various load levels for specimen 1.0D 

 

 

-12000

-10000

-8000

-6000

-4000

-2000

0

0 50 100 150 200 250 300

Span (mm)

S
tr

a
in

 (
μ

m
)

100%

75%

50%

25%

10%

 
Figure A.8 - Span compressive strains at various load levels for specimen 1.0D 
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Figure A.9 - Load versus strains for specimen 1.5D 
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Figure A.10 - Span deflections at various load levels for specimen 1.5D 
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Figure A.11 - Span tensile strains at various load levels for specimen 1.5D 
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Figure A.12 - Span compressive strains at various load levels for specimen 1.5D 
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Figure A.13 - Load versus strains for specimen 2.0D 
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Figure A.14 - Span deflections at various load levels for specimen 2.0D 
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Figure A.15 - Span tensile strains for specimen 2.0D 
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Figure A.16 - Span compressive strains for specimen 2.0D 
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Figure A.17 - Load versus strain for specimen S10M 
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Figure A.18 - Span deflections at various load levels for specimen S10M 
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Figure A.19 - Span tensile strains at various load levels for specimen S10M 
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Figure A.20 - Span compressive strains at various load levels for specimen S10M 
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Figure A.21 - Load versus strain for specimen S15M 
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Figure A.22 - Span deflections at various load levels for specimen S15M 
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Figure A.23 - Span tensile strains at various load levels for specimen S15M 
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Figure A.24 - Span compressive strains at various load levels for specimen S15M 

 


