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Abstract 

Concrete-filled fibre-reinforced polymer (FRP) tubes (CFFTs) have been studied extensively, but a 

lingering question remains regarding the vulnerability of the exposed tube to accidental damage or 

vandalism.  In this thesis, the effect of damage induced in the tubes on the flexural strength of CFFTs is 

studied. Two commonly available types of tubes are explored, one with near-cross-ply having nearly 

orthogonal fibre arrangements, and one with large (±55°) angle-ply fibre arrangements. Eighteen CFFTs 

using the former tube and twelve CFFTs using the latter tube were tested in four-point bending, including 

undamaged control specimens to establish their full nominal strength (Mno). Full wall thickness cuts were 

introduced in the glass-FRP tubes in the circumferential and longitudinal directions, on both the tension 

and compression sides.  The cuts also varied in length, as a ratio of the outer perimeter πD, and their 

proximity to neutral axis was varied for one type of tubes.  It is shown that the most critical cut for both 

tubes is the circumferential one on extreme tension side. The reduced-to-control ultimate moment ratio 

(Mn/Mno) of the angle-ply CFFTs reduces almost linearly from 1.0 to 0.36 as the cut length increases from 

zero to 20% (πD). This is much less critical than in near-cross-ply CFFTs, where (Mn/Mno) drops sharply 

from 1.0 to 0.55 at a 2% (πD) cut, then gradually to 0.25 at a 20% (πD) cut. The maximum difference 

between angle-ply and near-cross-ply CFFTs seems to occur around the 10% (πD) cut, where (Mn/Mno) 

ratio of the near-cross-ply CFFT is only half that of angle-ply CFFT. As the location of a 3% (πD) 

circumferential cut shifted from extreme tension to an 80° angular location from the bottom of a near-cross-

ply CFFT, (Mn/Mno) increased from 0.52 to 1.0. Longitudinal tension cuts caused (Mn/Mno) to drop linearly 

from 1.0 to 0.47 at a 22% (πD) cut length, which was similar for both tubes.  Compression side longitudinal 

and circumferential cuts were less critical with (Mn/Mno) being 0.8 to 0.9. For practical design purposes, a 

case study based on ultimate static strength showed that CFFTs similar to the ones tested in this study can 

tolerate a circumferential tension cut up to 30% (πD), for both tube types, before they have to be taken out 

of service or repaired. 
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Notations 

CE = environmental reduction factor 

D = outer diameter of CFFT (mm) 

f’c = concrete compressive strength 

fful = design tensile strength of FRP laminate in longitudinal direction considering reductions 

  for service environment (MPa) 

f*ful = tensile strength of FRP laminate in longitudinal direction for product certification as 

  reported by Manufacturer (MPa) 

= tensile strength of FRP laminate in longitudinal direction from coupon tests (MPa) 

L = span between supports (mm) 

MDL = resultant moment due to dead load (kNm) 

Mf = maximum factored demand moment (kNm) 

MLL = resultant moment due to live load (kNm) 

Mn = nominal ultimate flexural strength (kNm) 

Mno  = nominal flexural strength of undamaged specimen (kNm) 

t = thickness of structural wall of tube (mm) 

α = cut length in percentage 

πd = outer perimeter of the specimen 

CFFT : concrete-filled FRP tube  

FRP : fibre-reinforced polymer 

GFRP : glass fibre-reinforced polymer
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Chapter 1 

Introduction 

1.1 General 

Structural engineers have been taking advantage of composite (or hybrid) systems for a long time. 

The most commonly used composite in construction is steel reinforced concrete. However, due to 

the increasing deterioration of this conventional system and the high cost associated with fixing or 

replacing existing structures, researches have focused on new, more durable, structural materials. 

Fibre-reinforced polymers (FRPs) have gained increasing attention from structural engineers. FRPs 

have been widely used in many fields, such as aerospace and automotive, and for the past two 

decades, FRPs have been used in retrofitting existing structures. A new system made of concrete-

filled FRP tubes (CFFTs) has emerged as a viable option for new construction. The corrosion-

resistant FRP tube can replace steel reinforcement in both directions and protect the concrete core 

from deterioration, especially in the splashing zone (e.g. in marine pile applications). In addition, 

the hollow FRP tube provides a permanent formwork which allows concrete to be cast directly into 

the tube on-site, thereby simplifying the construction process. The tube also confines the concrete 

core, which increases its strength and stiffness, while providing internal support to prevent local 

buckling of the tube. The tubes can be customized in terms of fibre laminate structures for 

individual projects, depending on loading conditions, to achieve the desired strength and stiffness. 

The CFFTs are best suited for applications such as poles, highway overhead sign structures, marine 

piles and bridge columns. 

Numerous studies have been carried out on the behaviour of CFFTs, including axial loading, 

flexural loading, shear, torsion, fatigue, durability, connections and combined loading. One 

question remains unanswered, which is the vulnerability of the exposed FRP tube to accidental 

damage (e.g. vehicle impacts) or vandalism (e.g. using sharp tools), both of which may result in a 
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cut in the tube. This experimental program is the first study to address the effect of tube damage, 

in the form of a full wall thickness cut, on the flexural strength of CFFTs. The cut length, location 

and configuration are varied in CFFTs with two common types of tubes, namely near-cross-ply 

FRP tubes and angle-ply FRP tubes, which differ in fibre laminations. Near-cross-ply and angle-

ply FRP fibre laminations and configurations are shown in Figure 1.1. For the near-cross-ply tubes, 

fibres are in a nearly orthogonal arrangement with small angles related to circumferential and 

longitudinal directions. The nominal fibre laminate arrangement for angle-ply tubes is ±55° from 

the longitudinal direction. The threshold of damage affecting the design for ultimate flexural 

strength is also assessed through case studies. 

1.2 Objectives 

The main objective of this research program is to examine the effects of induced cuts in the FRP 

tubes on the flexural behaviour and strength of CFFTs. The specific objectives are: 

1. Examine different cut configurations, namely linear cuts in the circumferential and 

longitudinal directions, as well as a square section being removed; 

2. Study the flexural behaviour of CFFTs with cuts located on both the tension and compression 

sides; 

3. Examine the level of the proximity to neutral axis of a circumferential cut on the tension side; 

4. Examine and compare the behaviour of two different tubes, namely angle-ply and near-cross-

ply FRP tubes; 

5. Establish the maximum length of a circumferential cut on the tension side that can be tolerated 

without compromising the ultimate strength design limit state requirement in flexure. 

1.3 Scope 

The scope of this study consists of an experimental investigation into the flexural behaviour of 

CFFTs with damaged outer FRP tubes. This was achieved by testing the specimens in four-point 

bending as simply supported beams. The CFFTs had varied FRP tube laminate structures. The 
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damage was simulated as cuts through the FRP tubes, varying in several parameters. The 

experimental results of this study are used to determine the most critical damage scenario and 

establish the maximum damage that could be tolerated in the field before the CFFT has to be taken 

out of service.  

The experimental program includes two phases. The first phase focuses on CFFTs with 

near-cross-ply FRP tubes. Eighteen 1152 mm-long CFFT specimens with diameter of 113 mm were 

tested under four-point bending until failure. In the second phase, CFFTs with ±55° angle-ply FRP 

tubes were tested in four-point bending. All twelve specimens in this second study had an outer 

diameter of 142 mm and length of a 1420 mm. The artificially induced cuts varied in length, 

location and configuration. The main objective of these two phases is to measure the moment 

reduction of the CFFTs for different damage levels and types.  

1.4 Thesis Outline 

A brief description of the contents of this thesis is outlined below: 

Chapter 2: Describes the experimental study on CFFTs with near-cross-ply FRP outer tubes 

subjected to different damage types and levels. A case study is also examined for practical design 

purposes. 

Chapter 3: Describes the experimental study on CFFTs with angle-ply FRP outer tubes subjected 

to different damage types and levels.  A case study is also examined for practical design purposes. 

A comparison of the two tubes is presented. 

Chapter 4: Provides summaries and conclusions from this research study and recommendation for 

future work involving damaged CFFTs. 

References 

Appendix A: Presents a sample calculation of the damage tolerance of CFFTs in field application 

in Chapter 2 and 3 and additional figures. 
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(a) Near-cross-ply                                                  (b) Angle-ply 

Figure 1.1: Layout of fibre laminate structure 
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Chapter 2 

Damage Threshold of Near-Cross-Ply Tubes Used in Concrete-Filled 

FRP Tubes Loaded in Flexure 

2.1 Introduction 

Concrete-filled steel tubes have emerged several decades ago as an alternative to conventional 

reinforced concrete members, where the tube provides both formwork and reinforcement in both 

directions at the same time. The system has been studied extensively (Lu and Kennedy 1994, 

Elchalakani, 2001, Fam et al, 2003, and Han, 2006, among many others).  About forty years ago, 

the idea of concrete-filled plastic tubes made of PVC and ABS was first presented by Kurt (1978) 

as an alternative low-cost non-metallic tube system but was shown to have much lower strength 

and stiffness than steel.  Later, in the 1990s, concrete-filled fibre-reinforced polymer (FRP) tubes 

(CFFTs) emerged and attracted much interest since the FRP material combines the advantages of 

both steel and PVC in that it is a structural material with significant tensile strength and is also 

corrosion resistant.  Furthermore, unlike steel or PVC tubes, the design of the FRP tube laminate 

structure can be tailored for different applications by controlling the fibre orientation within each 

layer to achieve a desired strength and stiffness in the longitudinal and circumferential directions, 

independently.  The system has been studied extensively experimentally and numerically in flexure 

and under axial loads (Mirmiran and Shahawy 1996, Burgueno et al 1998, Fam and Rizkalla 2002, 

Ozbakkaloglu and Saatcioglu 2006, Fam and Son 2008 and Yu and Tao 2013 among others).   

Some researchers have investigated possible deterioration and damage mechanisms of 

CFFTs. Echevarria et al (2015) tested the residual axial capacity of CFFTs with fire protection 

systems after fire exposure. The strength did not have significant reduction, and the stiffness has 

slightly decreased but less than the reduction of conventional steel-reinforced concrete (RC) 

columns.  Qasrawi et al (2015) also studied the behaviour of CFFTs under field close-in blast 
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loading. The results show that the FRP tube could protect the concrete core from blast damage, and 

the residual displacements were smaller than conventional RC specimens.  Durability of CFFTs 

has also been studied under simulated aggressive environmental conditions of immersion in salt 

solution for 365 days at temperatures up to 50 °C (Robert and Fam 2011). The study showed that 

GFRP tubes lost a maximum of 21% of their hoop tensile strength at the 50 °C level. 

The attractive features of the CFFT system have led to a number of field applications, 

including the precast piles for the Route 40 bridge in Virginia (Fam et al. 2003a) and hundreds of 

marine fender pile applications (Fam et al. 2003b). Also, a new design guide has been developed 

for CFFT applications in bridges (AASHTO 2012). 

To date, however, one concern remains regarding the vulnerability of the exposed FRP tube 

to accidental damage or vandalism.  Accidental damage may be caused, for example, by sharp 

blades of snow plowing tractors, car accidents, or ship impact in marine applications, while 

vandalism may be caused by sharp tools such as axes, saws or knifes. This chapter, for the first 

time, systematically addresses the effect of tube damage (in the form of linear cuts of various 

lengths) on the flexural strength of CFFT. The cut location (tension and compression sides) and 

configuration (circumferential, longitudinal and square) are studied for a CFFT with near-cross-ply 

GFRP tube having fibres oriented close to the longitudinal and circumferential directions.  The 

threshold of damage that affects ultimate flexural strength design is also assessed in a case study. 

2.2 Experimental Program 

The following sections describe the test specimens and parameters studied, materials, fabrication 

and test setup and instrumentation. 

2.2.1 Test Specimens and Parameters 

Eighteen CFFT specimens were tested in flexure in this experimental program (Table 2.1). All 

specimens had an outer diameter of 113 mm and a length of 1150 mm. Simulated damage was 

induced in all specimens, except for one control (B1) which was intact without any damage. 
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Damage was simulated by making cuts of different lengths, orientations, locations and 

configurations through the full wall thickness of the FRP tube, while the concrete core was left 

intact. The test matrix is presented in Table 2.1. For consistency in referencing, all cut lengths were 

presented as a percentage of the tube outer perimeter (πD).  Specimens B2 to B5 (Table 2.1) had 

circumferential cuts with lengths of 4, 11, 35 and 71 mm at the extreme tension side, representing 

1.0 to 20% of (πD).  This simulates the most severe case in flexure due to the loss of longitudinal 

fibres in in tension.  B6 to B10 all had 11 mm circumferential cuts (3% πD) but at different heights 

along the cross-section (i.e. at different proximities from the neutral axis) based on angles measured 

from the extreme tension fibres, varying from 20° to 80°, with B9 being a repetition of B8.  B11 

had a 35 mm longitudinal cut (10% πD) while B12 had a 35x35 mm square section of tube removed 

at the extreme tension side, to compare with B4 and B11. Specimens B13 to B15 had longitudinal 

cuts at the extreme compression fibres with lengths of 51, 102 and 240 mm (14-68% πD) which 

simulates loss of circumferential fibres confining concrete in compression.  B16 to B18 had 35, 71 

and 109 mm circumferential cuts (10-31% πD) simulating loss of longitudinal fibres in compression.  

The 109 mm cut of B18 is equal to the full length of the compression zone, established from control 

specimen B1, where neutral axis depth was found to be 25 mm based on linear strain distribution. 

2.2.2 Materials 

2.2.2.1 GFRP tube 

All specimens used the same glass fibre-reinforced polymer (GFRP) tube, which is a commercially 

available filament-wound tube made of E-glass fibres and Epoxy resin and commonly used in the 

piping industry. The outer diameter of the tube was 113 mm, and the wall thickness was 4.1 mm, 

including a 0.5 mm resin-rich non-structural protective liner at the inside.  A burn-off procedure 

was used to determine the laminate structure (see picture at the bottom-right side in Fig. 2.1). This 

involved burning-off the epoxy resin from the FRP tube samples in a muffle furnace at 600 °C and 

exposing the fibre structure. The laminate structure was [85°/-6°/85°/-6°/85°/-6°/85°/-14°/85°], 
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where angles are measured relative to the longitudinal axis.  This was considered a near-cross-ply 

arrangement where the fibres were predominantly oriented in the longitudinal and circumferential 

directions.  

Six tension and three compression coupon tests were carried out following a modified 

version of ASTM D3039 (2017) and ASTM D3410 (2016). Tension coupons were 250 x 25 mm 

longitudinal stripes cut from the tubes.  Flat GFRP tabs, 50 x 25 mm, were epoxied on either side 

at both ends for gripping.  A 2.54 mm (gage length) extensometer was used to measure the strain 

at mid-length. Compression coupons were 156 x 25 mm with 65 x 25 mm end tabs. A 5 mm strain 

gauge was placed on the outer surface at mid-length to measure strains. The properties of the FRP 

are summarized in Table 2.2. As shown in Fig. 2.1, the tensile stress-strain curve is almost bi-linear 

with the transition point marking the first ply failure as a result of splitting of the circumferential 

layers due to failure of the epoxy.  The initial Young’s modulus in tension is 17.4 GPa at a 0.004 

strain.  The average ultimate tensile and compressive strengths are 194 and 268 MPa, respectively. 

The compressive stress-strain curve is governed by combined crushing and some delamination and 

buckling of GFRP plies, occurring either in one direction or in opposite directions, which affects 

the strain readings near ultimate (Fig. 2.1). 

2.2.2.2 Concrete 

All CFFT specimens were cast from the same concrete batch with 9 mm maximum aggregate size 

and 120 ± 30 mm slump. Standard concrete cylinders, 100 x 200 mm, were tested to determine the 

concrete compressive strength. The average strength at the time of testing the CFFTs was 29 MPa. 

2.2.3 Fabrication 

2.2.3.1 Tube preparation for casting 

The as-received 6 m long GFRP tubes were cut using a diamond-tip blade saw to the design lengths 

of 1150 mm of test specimens, which is equivalent to 10 times the diameters. Typically, CFFT 

members in real construction are constrained by connections at both ends which prevents slip of 
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the concrete core. In this study this restraint is simulated by slightly pinching both ends to an oval 

shape, using an 8 mm threaded rod passing through small holes in the tube, 38 mm from either end. 

A nut and washer were applied on both sides of the rod to create the pinching effect.  In an elevation 

view of a simple beam, the pinched end dimension is reduced to 102 mm and the tapered geometry 

prevents the concrete core from slipping outwards. The taper vanishes, and circular geometry is 

recovered, within a short length of 150 mm from either end, which is mostly within the overhang 

length.  The FRP tubes were then placed in a vertical position while casting (Fig. 2.2(a)) with their 

bases sealed, and concrete was poured from the top. 

2.2.3.2 Simulated damage 

To simulate the damage of CFFTs, controlled cuts of the tube were made after concrete has fully 

cured, using a hand-held rotary tool with a diamond burr nail bit of 1.1 mm diameter. The length, 

orientation and location of cuts varied with each specimen as summarized in Table 2.1. All cuts 

were made at mid-span of specimens and through the entire thickness of the FRP tube wall, without 

damaging the concrete core. Figure 2.2(b) shows sample cuts in the circumferential direction, 

longitudinal direction and the square configuration. 

2.2.4 Experimental Setup and Instrumentation 

All CFFTs were subjected to four-point bending using a 900 kN Riehle Universal Testing Machine 

at a stroke control rate of 1 mm/min (Fig. 2.3).  The span between the centerline of the two supports 

was 910 mm, while the length of the constant moment region was 340 mm, equivalent to three tube 

diameters to ensure that a sufficient length of tube at mid-span was free from any disturbed regions 

effects from the point loads. The test setup used a combination of pin supports and lubricated sliding 

plates to allow for rotational and translational degrees of freedom at both ends (Fig A.1 in Appendix 

A).   

Mid-span deflection was measured using the average readings of two 100 mm linear 

potentiometers (LPs), one at either side of the specimen at mid-span. A robust array of 5 mm long 
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electric resistance strain gauges was installed on each specimen at strategic locations in the vicinity 

of the induced cuts to capture strains in these regions.  Figure 2.4 shows the general arrangement 

of the strain gauges for various cut configurations. 

2.3 Test Results and Discussion 

Table 2.1 shows a summary of the ultimate loads and moments for all specimens. Figure 2.5(a) and 

Fig. 2.6(a) show the load-deflection and load-strain responses of control specimen B1, respectively. 

First cracking, detected by first load drop, occurred at 7 kN and five additional smaller drops 

occurred thereafter, up to a load of 40 kN, suggesting subsequent cracking.  A change in stiffness 

occurred between 30 and 40 kN (Fig. 2.5(a)) and the corresponding strain (Fig. 2.6(a)) coincides 

with the transition point of the bi-linear stress-strain curve of the GFRP material in tension (Fig. 

2.1).  The specimen reached an ultimate moment capacity (Mno) of 11.3 kNm, which is the sum of 

the applied moment from the machine and the total self-weight moment of specimen and spreader 

beam, 0.05 kNm.  The Mno value will be used as a benchmark for subsequent tests to assess residual 

nominal strength (Mn/Mno) of damaged specimens. The following sections discuss the effects of cut 

location, length, and orientation on load-deflection and load-strain responses, ultimate strength and 

failure modes. 

2.3.1 Effect of Tube Damage at the Tension Side 

2.3.1.1 Circumferential cuts at extreme tension. 

Figures 2.5(a) and 2.6 show the load-deflection and load-longitudinal strain curves of specimens 

B2 to B5 with circumferential cuts at the extreme tension side, compared to control specimen B1.  

Figure 2.5(a) shows the reduction of ultimate load as the cut length increases but it also shows that 

the stiffness (based on the slope of load-deflection curve) is not much affected, except for the case 

of the 0.2πD cut and only at higher loads. The strain on the tension side, at the tip of the cut, 

increases rapidly at a certain load due to stress concentration, indicating initiation and propagation 



 

11 

 

of a crack in the tube at this location.  This can be indicated by a rapid increase in strain and 

flattening of the curve of SG1 (Fig. 2.4(b)) before the gauge fails (Fig. 2.6(b to e)).   

Figure 2.7 shows the longitudinal strain distribution along the length of one specimen (B4 

with a 35 mm circumferential cut), at two elevations, namely the extreme bottom fibre (line 4-5-6-

7 in Fig. 2.4(b)) and at the tip of the cut (line 1-2-3 in Fig. 2.4(b)).  Figure 2.7(a) shows that the 

strain increases gradually from zero at the cut location to a maximum value under the load. At low 

load levels (5 to 10 kN), the strain reaches a uniform plateau at a longitudinal distance equal to (or 

less than) the cut length, from mid-span (i.e. a transition region). As load increases, that transition 

region appears to increase in length as the difference in strain values of SG6 and SG7 increases.  

Figure 2.7(b) shows that the tip of the cut (SG1) consistently experience higher strain, from the 

onset of loading, due to stress concentration as expected.  This strain continues to increase up to a 

load of 20 to 25 kN, when a crack initiates and propagates from the tip of the cut and the peak strain 

drops to zero (Fig. 2.7(b)). 

 Figure 2.8 summarizes the effect of circumferential cut at extreme tension, by showing the 

variation of ratio of ultimate moment to that of control specimen B1 (Mn/Mno) with circumferential 

cut length.  The figure shows a distinct nonlinear pattern that is characterized by an initial sharp 

decline in strength from Mn/Mno =1.0 to 0.55 at about a 0.02πD cut, followed by a much shallower 

rate of decline thereafter, up to Mn/Mno =0.25 at a 0.2πD cut.  This trend is consistent with the fact 

that efficiency of fibres in the tension zone varies from maximum at the extreme tension side to 

zero at neutral axis, according to the concept of linear strain distribution. In other words, the loss 

of strength per unit length of the circumferential cut is not uniform along the cut length. 

2.3.1.2 Circumferential cut at different depths 

Figures 2.5(b) and 2.9 show the load-deflection and load-longitudinal strain curves of specimens 

B6 to B10 with an 11 mm (0.03πD) circumferential cut at various depths, indicated by the angle 

measured from extreme tension. The corresponding depths of the cut measured from the extreme 
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compression side were 113, 110, 100, 85 and 66 mm, for the 0°, 20°, 40°, 60° and 80° angles, 

respectively.  Figure 2.5(b) shows the increase of ultimate load as the cut location shifts upwards 

towards neutral axis.  The strain at the tip of the cut also increases rapidly at a certain load due to 

stress concentration, indicating initiation and propagation of a crack in the tube at this location (SG-

mid in Fig. 2.9(a to c)) before the gauge fails. This effect diminishes as the location approaches 

closer to neutral axis and disappears in B10 (Fig. 2.9(d)). 

 Figure 2.10 summarizes the effect of elevation of the circumferential cut by showing the 

variation of the Mn/Mno ratio with the angle (i.e. the cut elevation).  The figure shows the gradual 

increase of Mn/Mno from 0.52 for the cut at extreme tension (i.e. 0°) to almost 1.0 (i.e. complete 

recovery) when the cut is at 80°. It supports the findings from the previous section that the loss of 

fibres near extreme tension side is more critical than the loss of fibres near the neutral axis. 

2.3.1.3 Cuts of different configurations 

Specimens B4, B11 and B12 were used to examine the effect of a 35 mm long (0.1πD) cut of three 

different configurations, namely a circumferential, a longitudinal and a square pattern, respectively. 

Figure 2.5(c) shows the load-deflection responses while Figs. 2.6(d) and 11 show the load-strain 

responses.  The Mn/Mno ratios of B4, B11 and B12 are 0.38, 0.69 and 0.42, respectively.  It can be 

seen that B11 with a longitudinal cut showed the least amount of strength reduction since the 

affected fibres are primarily circumferential which in tension do not have much contribution to 

resisting longitudinal tensile stresses. Nonetheless, B11 still lost 31% of its strength. This is likely 

attributed to some loss of the longitudinal fibres within the narrow (1.1 mm) width of the 

longitudinal cut. While this may appear as an insignificant short length (0.0037πD), by carefully 

examining Fig. 2.8, it can be seen that the corresponding Mn/Mno ratio is 0.73 (i.e. 27% loss of 

strength). This value is very close to the measured Mn/Mno of B11 of 0.69.   

It is also interesting to see that B4 and B12 with circumferential and square cuts had 

comparable strength, again because the longitudinal direction cut does not have much effect. In 
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fact, B12 showed a slightly higher strength than B4 despite the more material being removed. This 

may be attributed to a higher stress concentration at the tip of the narrow circumferential cut, 

compared to the 90° corner of the square cut. Figure 2.5(c) shows that some loss of stiffness 

occurred in B12 though, due to the fact that loss of the longitudinal fibres extended over a 35 mm 

longitudinal distance. 

2.3.2 Effect of Tube Damage at the Compression Side 

2.3.2.1 Longitudinal cuts 

Figures 2.5(d) and 2.12 show the load-deflection and load-longitudinal strain curves of specimens 

B13 to B15 with longitudinal cuts at the extreme compression side, compared to control specimen 

B1. Figure 2.5(d) shows some reduction of ultimate load as the cut length increases but it also 

shows that the stiffness based on the slope of load-deflection curve is not affected. Specimen B15 

had a 37% sudden drop from the peak load as tube buckling occurred on the compression side 

which is discussed later. 

Figure 2.13 shows the reduction in Mn/Mno ratio with longitudinal cut length in compression.  

The observed reductions are significantly smaller than those with tension side cuts. B15 with 

0.68πD cut suffered only 14% reduction in strength. Longitudinal cuts eliminate circumferential 

fibres which are primarily effective in confining concrete. However, because confinement is 

minimal in bending (Fam and Rizkalla 2002), losing circumferential fibres did not cause much loss 

in strength. 

2.3.2.2 Circumferential cuts 

Figures 2.5(e) and 2.14 show the load-deflection and load-longitudinal strain curves of specimens 

B16 to B18 with circumferential cuts at the extreme compression side, compared to control 

specimen B1. This cut results in loss of GFRP longitudinal fibres in compression. Figure 2.5(e) 

shows very little reductions of ultimate load and some noticeable reduction in stiffness as the cut 
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length increases.  Specimen B18 represents a case where the longitudinal contribution of the GFRP 

tube in compression is completely eliminated above neutral axis.     

Figure 2.13 shows the reduction in Mn/Mno ratio with circumferential cut length in 

compression. The observed reductions appear to be higher than those observed for a longitudinal 

cut in compression. B18 with a 0.31πD cut suffered about 10% reduction in strength. Comparing 

specimens B16 and B4, both with the same 0.1πD circumferential cut length, but one on the extreme 

compression and the other on the extreme tension side, it can be seen that moment resistance 

reduced by 2.4% and 62%, respectively. 

2.3.3 Failure Modes 

Control specimen B1 had a flexural tension failure by rupture of the longitudinal fibres after 

splitting of the circumferential fibres due to failure of the epoxy (Fig. 2.15(a)).  Failure occurred 

within the constant moment region but slightly away from mid-span.  The extreme tensile strains 

(Fig. 2.6(a)) were slightly lower than the rupture strain of the coupons (Fig. 2.1), but this could be 

affected by the locations of the concrete cracks. The extreme compressive strains exceeded 5000 

micro-strain, which is slightly higher than the expected unconfined concrete crushing strain, 

suggesting very low confinement level in flexure (Fam and Rizkalla 2002). All specimens with 

circumferential tension cuts failed similar to B1, due to tube rupture in tension, exactly at the cut 

location (Fig. 2.15(b and c)).  Due to the large stress concentration at the tip of the cut, cracks 

propagated slowly upwards within the tube as load increased until the specimen failed. For 

specimens B11 (longitudinal cut) and B12 (square cut), after splitting occurred between 

circumferential fibres, the longitudinal fibres ruptured gradually, forming a crack propagation at 

the cut tip in the circumferential direction (Fig. 2.15(d and e)). For B12, this occurred at two 

diagonally-opposite corners of the square cut (Fig. 2.15(e)).  Also, a concrete crack is shown in Fig. 

2.15(e) within the square cut.  
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All specimens with longitudinal and circumferential cuts at the extreme compression side, 

except B15, had a similar failure mode as the control B1, namely a flexural tension failure (Fig. 

2.15(f and g)).  Specimen B15 with the longest longitudinal cut, on the other hand, after reaching 

its peak strength, the load dropped by 37% (Fig. 2.5(d)), then increased slightly over larger 

deflection then finally the specimen failed completely.  The reason for the load drop from its peak 

value was the onset of tube buckling under longitudinal compressive stresses on both sides of the 

longitudinal cut (Fig. 2.15(h)). This is likely triggered by dilation of the compressed concrete core 

causing expansion and outwards pressure against the tube. This condition remained stable for a 

while after the first load drop, and then the tube eventually failed on the compression side exactly 

at mid-span (i.e. the point of maximum amplitude of the local buckling, Fig. 2.15(h)). No tension 

failure occurred in this specimen. 

2.4 Case Study for a Circumferential Cut at Extreme Tension 

In this section, a case study is presented to demonstrate a procedure for determining the maximum 

damage that can be tolerated (based on static flexural strength only) for a given CFFT design and 

for engineers to be able to make a decision with regard to intervention for decommissioning or 

repair. The most critical type of damage, namely the circumferential tension cut, is used in this case 

and the same CFFT used in the experimental work is also used for this case study. The objective is 

to establish the maximum cut length that can be tolerated from a static strength perspective. 

Deterioration of fatigue life as a result of the cut, in the case of a cyclic loading application, is 

beyond the scope of this study.  The idea here is to ensure that the reduced nominal ultimate strength 

(Mn) still meets the original strength requirements of being at least equal to the maximum factored 

moment (Mf). In this case study, the maximum permissible service load will be established based 

on meeting the serviceability permissible limits and will then be used to establish (Mf).  This 

guarantees that any real life design service load moment would always be lower than the one used 

in the case study.  
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Two serviceability requirements for CFFT design must be met, one governed by the stress 

limit and the other by the deflection limit.  The first requirement limits the maximum longitudinal 

tensile stress of FRP under all sustained and fatigue loading to 0.2fful (AASHTO 2012), where fful 

is the design ultimate tensile strength (a reduced strength due to environmental exposure), which is 

equal to 0.65 f*
ful, where f*

ful is the reported ultimate tensile strength, taken in this case from coupon 

tests as 194 MPa. This gives a maximum permissible stress (0.2fful) of 25 MPa, which corresponds 

to a maximum permissible strain of 0.00144 using the initial Young’s modulus of 17.4 GPa.  From 

Fig. 6(a) the corresponding load is 10.3 kN, and the corresponding moment is 1.47 kNm. It is worth 

noting that the dead load moment due to self-weight of specimen and spreader beam is 0.05 kNm 

and the corresponding tensile strain is 12 με, which is negligible in this case. 

For the second criterion, assuming the commonly used live load deflection limit of 

Span/360, which is 2.53 mm for this CFFT, the corresponding load from Fig. 5(a) is 11 kN, and 

the moment is 1.57 kNm.  It is clear then that a maximum total service load moment of 1.47 kNm 

governed by the stress limit governs, which includes a dead load moment (MDL) of 0.05 kNm and 

live load moment (MLL) of 1.42 kNm. Mf may then be calculated as 1.25MDL+1.5MLL (CSA A23.3-

14 2014) and is equal to 2.19 kNm. Setting Mn = Mf, the reduced nominal strength ratio (Mn / Mno) 

can be calculated as 0.19.  Figure 8 can then be used to establish the corresponding maximum cut 

that can be tolerated.  The data in Fig. 8 is fitted with the following function that provides an R2 

value of 0.998: 

� 𝑀𝑀𝑛𝑛
𝑀𝑀𝑛𝑛𝑛𝑛

� = 1 − 0.35(100𝛼𝛼)0.25                                                       (1) 

where α is the cut length, presented as a percentage of the perimeter πD.  Using Eq. 2.1, the value 

of α corresponding to (Mn/Mno) of 0.19 is 28% (Fig. 2.8). This corresponds to a cut length of 99 

mm. In other words, if a damage in the form of a circumferential cut exceeding this length occurs, 

according to static ultimate strength, the CFFT does not meet the strength requirement and should 

be taken off service.  
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The load combination: 1.2MDL+1.7MLL (CSA S6-14 2014) is also applied under the same 

loading condition to establish the maximum circumferential tension cut length with the same 

analysis process, and the cut length is 25% πD which is 88 mm. This load combination is more 

critical under this particular loading condition. Furthermore, more loading conditions are examined 

in terms of different dead-to-live load ratios. The results are summarized in Table 2.3 and the 

critical cut length with respect to dead-to-live load ratios for two load combinations are plotted in 

Figure 2.16.  The critical cut length ranging from 24% πD to 31% πD. 

There are, however two important points that should be made here: 

a) Even with lower level damages (i.e. cuts smaller than 99 mm) there are stress 

concentrations at the tips of the cut and the stress level will exceed the limit of 0.2fful.  This 

limit is intended to guard against creep rupture of GFRP, which is a time-sensitive 

phenomenon.  

b) Directly linked to the issue of stress concentration indicated above, is the expected 

reduction in fatigue life in presence of any cyclic loading, where the cut is the perfect crack 

initiator.    

From these two points, it would be logical to recommend a quick intervention, regardless 

of the cut size, where the structure would be unloaded, and a batching/repair system should be 

applied, or the crack growth should be monitored over time using structure health monitoring 

technique to decide on the timing of repair. It is recommended that future studies address the effect 

of cuts on stress concentration and on fatigue life. It is also important to investigate repair methods, 

primarily using adhesively bonded GFRP layers, and better understand whether this approach can 

recover the lost static strength as well as fatigue life. The next chapter (Chapter 3) addresses another 

common type of GFRP tubes, namely the ±55° angle-ply tube which behaves quite differently from 

the cross-ply tubes. 
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2.5 Summary 

Concrete-filled fibre reinforced polymer (FRP) tubes (CFFTs) have been studied extensively, but 

a lingering question remains regarding the vulnerability of the exposed tube to accidental damage 

or vandalism.  In this chapter, the effect of damage induced in the tubes on the flexural strength of 

CFFTs is studied.  Eighteen specimens with tubes having nearly orthogonal fibre arrangements 

were tested in four-point bending, including one undamaged control specimen to establish its full 

nominal strength (Mno).  Eleven specimens with artificially induced damage in the form of through-

thickness cuts on the tension side, and six with cuts on the compression side at mid-span were also 

tested. Longitudinal, circumferential and square cuts were introduced.  Cut length and proximity to 

neutral axis were varied.  It is shown that the most critical cut is the circumferential one on extreme 

tension.  A sharp decline occurred initially in the nominal residual strength ratio (Mn/Mno), from 1.0 

to 0.55 at a cut length-to-perimeter ratio of 0.02πD, followed by a much less steep trend up to 

Mn/Mno of 0.25 at a 0.2πD cut.  As the location of a 0.03πD circumferential cut shifted from extreme 

tension to an 80° from the bottom, Mn/Mno increased from 0.52 to 1.0.  A longitudinal cut of 0.1πD 

on the tension side resulted in Mn/Mno of 0.69 as opposed to 0.38 for the circumferential cut. 

Compression side longitudinal and circumferential cuts were less critical with Mn/Mno of 0.8 to 0.9. 

For practical design, a case study based on ultimate static strength showed that the CFFT can 

tolerate a circumferential tension cut of up to 0.28πD before it has to be taken out of service. The 

critical cut length is in the range of 24% πD to 31% πD with different load combinations and loading 

conditions. 
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Table 2.1: Test Matrix 

Specimen 
ID Cut side 

Angle 
from 

extreme 
tension 

Cut  
Orientation 

Cut 
length as 
(% πD) 

Cut 
length 
(mm) 

Ultimate 
applied 

load (kN) 

Ultimate 
applied 
moment 
(kNm) 

Total 
ultimate 
moment 

with self-
wt 

(kNm) 
B1  - - - - 78.7 11.2 11.3 
B2 

Tension 

0 Circumf. 1 3 51.5 7.3 7.4 
B3 0 Circumf. 3 11 40.8 5.8 5.9 
B4 0 Circumf. 10 35 29.9 4.3 4.3 
B5 0 Circumf. 20 71 19.1 2.7 2.8 
B6 20 Circumf. 3 11 43.3 6.2 6.2 
B7 40 Circumf. 3 11 52.2 7.4 7.5 
B8 60 Circumf. 3 11 52.0 7.4 7.5 
B9 60 (rep.) Circumf. 3 11 55.5 7.9 8.0 

B10 80 Circumf. 3 11 78.1 11.1 11.2 
B11 0 Long. 10 35 54.4 7.8 7.8 
B12 0 Square 10 35 x 35 32.5 4.6 4.7 
B13 

Compression 

Long. 14 51 75.1 10.7 10.8 
B14 Long. 29 102 77.8 11.1 11.1 
B15 Long. 68 240 67.4 9.6 9.7 
B16 Circumf. 10 35 76.8 10.9 11.0 
B17 Circumf. 20 71 73.1 10.4 10.5 
B18 Circumf. 31 109 70.5 10.0 10.1 

 

Table 2.2: Details of the FRP tube 

  Outer Diameter (mm)   113 

Thickness 
Total (mm) 4.1 

Structural (mm) 3.6 
  Material Type   GFRP 

Properties in Axial 
Direction 

Tension 
E (GPa) 16.3 
fu (MPa) 194 

Compression 
E (GPa) 17.8 
fu (MPa) 268 

Laminate Structure [85°/-6°/85°/-6°/85°/-6°/85°/-14°/85°] 
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Table 2.3: Case study with different load combinations and dead-to-live moment ratio 

 CSA A23.3-14 CSA S6-14 
 1.25 MDL +1.5 MLL 1.2 MDL +1.7 MLL 

MDL / MLL Mf = Mn Mn / Mno α (%) Mf = Mn Mn / Mno α (%) 
0 2.21 0.20 28.0 2.50 0.22 24.5 

0.035 2.19 0.19 28.1 2.47 0.22 24.8 
0.25 2.13 0.19 28.9 2.35 0.21 26.2 
0.5 2.08 0.18 29.5 2.25 0.20 27.4 

0.75 2.05 0.18 30.0 2.18 0.19 28.2 
1 2.02 0.18 30.3 2.13 0.19 28.9 

1.5 1.98 0.18 30.8 2.06 0.18 29.8 
 

 

Figure 2.1: Stress-strain curves of GFRP coupons 
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  (a) Casting setup                                              (b) Different cut patterns 

Figure 2.2: Test specimens' fabrication and preparation 

   

Figure 2.3: Test setup 

 
    (a) Top side of B1-B12                          (b) Bottom side of B1-B5 

                                                

(c) Cross-section of B6-B10                          (d) Bottom side of B11 
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         (e) Bottom side of B12                           (f) Bottom side of B13-B18  

           
      (g) Top side of B13-B18                               (h) Top side of B16-B18 

Figure 2.4: Schematic of strain gauge locations for different cut configurations 

     
(a) Control B1 and B2-B5 with circumferential       (b) B6-B10 with 11 mm circumferential cut at different  

                    cuts at extreme tension                          depths marked by angle relative to extreme tension 
                                                 

    
(c) B4, B11 and B12 with 35 mm circumferential,             (d) Control B1 and B13-B15 with longitudinal          

longitudinal and square tension cuts                                 cuts at extreme compression 
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(e) Control B1 and B16-B18 with circumferential cuts at extreme compression  

Figure 2.5: Load-deflection curves of all test specimens 

 
(a) Control B1 

 
 (b) B2 (1% πD)                                                    (c) B3 (3% πD)                                      
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 (d) B4 (10% πD)                                                    (e) B5 (20% πD) 

Figure 2.6: Load-strain responses of control B1 and B2-B5 with circumferential cuts at 

extreme tension fibres 

       
(a) at extreme bottom level                                      (b) at the level of cut tip 

Figure 2.7: Longitudinal strain distribution of the tube in specimen B4 with 35 mm cut 
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Figure 2.8: Effect of circumferential cut length at extreme tension side on ultimate moment 

ratio 

 
(a) B6 (20°)                                                            (b) B7 (40°) 

28% cut ratio at 0.19 
ultimate moment ratio

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30 35

U
lti

m
at

e 
m

om
en

t r
at

io
 (M

n/
M

no
)

Ratio of cut length to perimeter (α) (%)

B1

B2

B4

B5

B3

𝑀𝑀𝑛𝑛

𝑀𝑀𝑛𝑛𝑛𝑛
= 1 − 0.35 100𝛼𝛼 0.25

R2=0.998

0

10

20

30

40

50

60

70

80

-6000 0 6000 12000 18000

Lo
ad

 (k
N

)

x10^-6 (ε)

SG TOP

SG MID

SG BOTTOM

0

10

20

30

40

50

60

70

80

-6000 0 6000 12000 18000

Lo
ad

 (k
N

)

x10^-6 (ε)

SG TOP
SG MID
SG BOTTOM



 

26 

 

 
(c) B8 (60°)                                                           (d) B10 (80°) 

Figure 2.9: Load-strain responses of specimens B6-B10 with 11 mm circumferential cuts at 

different depths marked by the angle relative to extreme tension side 

  

Figure 2.10: Effect of the location of a 11 mm circumferential tension cut at different 

heights on ultimate moment ratio 
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(a) B11 (longitudinal)                                              (b) B12 (square) 

Figure 2.11: Load-strain responses of B11 and B12 with longitudinal and square tension 

cuts 

 
(a) B13 (14% πD)                                           (b) B14 (29% πD) 

 
(c) B15 (68% πD) 

Figure 2.12: Load-strain responses of B13-B15 with longitudinal compression cuts 
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Figure 2.13: Effect of longitudinal and circumferential cut length at extreme compression 

on ultimate moment ratio 

 
(a)  B16 (10% πD)                                           (b) B17 (20% πD) 

 
(c) B18 (31% πD) 

Figure 2.14: Load-strain responses of B16-B18 with circumferential compression cuts 
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                 (a) Control B1                   (b) Circumf. tension cut (B2)     (c) Circ. ten. cut, various heights (B7) 
 

    
    (d) Longitudinal tension cut (B11)                    (e) Square tension cut (B12)      

                             

        
(f) Long. compression cut (B13)    (g) Circum. compression cut (B17)       (h) Longitudinal comp. cut (B15)           

Figure 2.15: Samples of failure modes 

 

Figure 2.16:Case study with different load combinations and dead-to-live moment ratio 
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Chapter 3 

The Effect of Tube Damage on Flexural Strength of Angle-Ply Concrete-

Filled FRP Tubes 

3.1 Introduction 

Concrete-filled fibre-reinforced polymer (FRP) tubes (CFFTs) have become widely researched in 

the past two decades. FRP tubes provide a permanent formwork and allow casting concrete directly 

into the tubes on site which simplifies and accelerates the construction process.  The FRP strength 

and stiffness in each direction varies with fibre laminate structures which allows customization for 

individual projects. The high strength-to-weight ratio and corrosion resistance characteristics of 

FRP tubes make them viable alternative to steel tubes. The concrete core carries compression and 

provides the internal support that prevents local buckling of the outer FRP shell.  

The idea of using concrete filled plastic tubes was first proposed by Kurt in 1978. In the 

following years, researchers focused on using FRP instead of plastic tubes. The idea of filling 

concrete directly into prefabricated tubes was presented by Mirmiran and Shahawy (1996). Unlike 

the internal rebar, the outer FRP shell not only increases both strength and ductility of concrete but 

also provides the concrete core confinement against dilation (Mirmiran and Shahawy, 1997). 

Mirmiran et al. (1998) and Fam and Rizkalla (2001) showed the superior concrete confinement in 

CFFT compression members. On the other hand, it was shown that when the specimens are 

subjected to bending, only partial confinement exists as a small part of concrete is in compression 

and also because of the strain gradient (Fam and Rizkalla 2002). To optimize the cross-section in 

flexure Qasrawi and Fam (2008) studied flexural behaviour of CFFTs with central holes of various 

sizes and established the critical concrete wall thickness.  

CFFTs have been used in field applications such as bridge components and marine piles. 

This includes the first bridge pier using this technology in Route 40 bridge in Virginia (Fam et al., 
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2003a) and thousands of marine piles in at least eight locations (Fam et al., 2003b) with large scale 

experimental program to support the applications. Echevarria et al. (2005) compared the CFFTs 

with fire protection to conventional steel reinforced concrete after fire exposure. The strength of 

the CFFTs was not much affected and the stiffness had slightly decreased, but still performed better 

than steel reinforced concrete specimens. Also, Qasrawi et al. (2005) tested the effect of in-close 

blast loading on the behaviour of CFFTs which showed that the FRP outer shell provided a 

protection to the inside concrete core, and the residual strength performance was better for CFFTs 

than counterpart steel-reinforced concrete specimens.  

This chapter is focused on the effect of damage induced to the FRP tube in the form of a 

cut through the full FRP wall thickness, on the CFFT flexural strength for angle-ply GFRP tubes.  

The study is focused on the commonly available ±55° tubes used in pipeline industry and available 

in mass production, which would be cost-effective for CFFT applications.  The study explores cuts 

of different lengths in the circumferential and longitudinal directions and on both the tension and 

compression sides of the CFFT. In a previous study (Lu et al 2018) the authors have studied the 

effect of cuts on CFFTs of a different type tube with near-cross-ply laminate, which behaves quite 

differently from angle-ply tubes. This chapter will also compare the two tubes in terms of their 

tolerance to the damage. 

3.2 Experimental Program 

3.2.1 Test Specimens and Parameters 

Twelve CFFT specimens with an outer diameter of 142 mm and length of 1420 mm were tested 

under four-point bending until failure. The outer tube was ±55° angle-ply glass fibre-reinforced 

polymer (GFRP). The structural span was 900 mm, and the constant moment zone was 300 mm. 

Two intact samples F1 and F2 without any damage were used as control specimens. Damage was 

simulated by linear cuts made at mid-span in each of the other ten specimens. The cuts varied in 

length, orientation and location. F3 to F10 were specimens with cuts at extreme tension fibres. F3 



 

32 

 

to F8 had circumferential cuts with lengths of 13, 22, 45, 58, 76 and 90 mm (i.e. 3% to 20% πD).  

F9 and F10 had longitudinal cuts with lengths of 45 and 100 mm. F11 and F12 were specimens 

with cuts at the extreme compression fibres (10% and 22% πD). F11 had a 45 mm circumferential 

cut (10% πD), and F12 had a 71 mm longitudinal cut (16% πD), both on the compression side. 

Table 3.1 summaries the cutting details of each specimen. 

3.2.2 Material 

3.2.2.1 GFRP tube 

All twelve CFFTs used identical glass fibre-reinforced polymer (GFRP) tubes. The outer diameter 

of the tube was 142 mm and the average thickness was 5.4 mm. The structural wall thickness was 

4.1 mm without the resin-rich non-structural wall as indicated in the manufacture specification. The 

manufacturing process was filament winding method which was the most commonly used in FRP 

tube industry. Due to the reciprocal method of fabrication, the layers were not quite uniform along 

the whole specimen as well as the thickness. 

Burn-off test was carried out to determine the orientation of the fibre laminate. The FRP 

tube samples were heated to 600 °C to vaporize epoxy resin and expose the fibre structure. Three 

samples were tested and the laminate structure from each is reported in Table 3.2 and shown in Fig. 

3.1(a).  The layers of the FRP were not uniform along the whole tube, and the average angles from 

all three samples were [+61°/-62°].  

All tension and compression coupons were cut from the same FRP tube used for the CFFTs. 

The FRP coupons were tested in tension and compression using an Instron 8802 testing machine 

following a modified version of ASTM D303 and ASTM D3410. The dimensions of test coupons 

are shown in Fig. 3.1(b). For the tension tests, the dimensions of the coupons were 250 x 25 mm, 

and 50 x 25-mm tabs were adhered using epoxy on both sides at either end of the coupon. Two 5-

mm strain gauges were installed on each tension coupon to measure the strain at mid-span on both 

surfaces of the coupon to establish the average strain. Three coupons were tested, and the average 
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values were recorded as the property data in Table 3.2. The machine was operated in a stroke 

control mode with a loading rate of 2 mm/min. The ultimate longitudinal tensile strength of the 

FRP was 54 MPa. In the elastic region, the Young’s modulus was 6.9 GPa. The ultimate tensile 

strain was 30560 με. For the compression tests, three 156 x 25-mm coupons with 65 x 25-mm tabs 

were tested in the same machine at 1 mm/min loading rate to get the compressive strength. One 5-

mm strain gauge was used to measure the strain at mid-length on each coupon. The ultimate 

longitudinal compressive strength of FRP was 122 MPa, and the Young’s modulus was 6.4 GPa in 

the elastic region.  

Figure 3.2 shows the stress-strain curves of the tensile and compressive coupon tests.  

Significant nonlinear response was observed as a result of the large angles of the laminate causing 

shear behaviour of the resin to be dominant.  Figure 3.1(c) shows the typical failure mode of the 

angle-ply FRP under tension and compression. 

3.2.2.2 Concrete 

One normal strength concrete batch was used for all CFFTs. The compressive strength f’c of 

concrete was established from three 100 x 200 mm concrete cylinders tested in a Forney Testing 

Frame with 2224 kN loading capacity. The average concrete compressive strength was 29 MPa. 

3.2.3 Fabrication and Casting 

3.2.3.1 Tube preparation for casting 

The GFRP tubes were cut using a diamond blade chop saw into 1420 mm segments before casting 

concrete. The hollow tubes were pinched at both ends using 8 mm diameter steel threaded rods 

with washers and nuts inserted radially in holes within the wall of the tube, 45 mm from the free 

end on either side.  By tightening the nuts on both end of the threaded rod, the circular cross-section 

of the tube is squeezed into an oval shape at either end of the tube.  The tube recovers its round 

cross-sectional geometry within a short distance from either end, creating tapered ends.  This taper 

was induced to prevent concrete slippage relative to the tube. Specimens were cast in a vertical 



 

34 

 

position with the bottom ends sealed and the concrete was filled from top end. The specimens were 

tested after a sufficient curing period. 

3.2.3.2 Simulated Damage 

After sufficient curing of concrete, a hand-held rotary tool was used to induce controlled cuts 

through the entire FRP wall thickness, to simulate the damage of the CFFT. The diameter of the 

drilling bit was 1.1 mm which was a diamond burr nail drill, shown in Fig. 3.3. The cuts varied in 

length, orientation and location in each specimen, as shown in Table 3.1. All cuts were made at 

mid-span of the specimens manually and the depth of cuts was measured to insure full wall cuts 

while not digging through the concrete core. Figure 3.3 shows typical circumferential and 

longitudinal cuts. 

3.2.4 Test Setup and Instrumentation 

A Riehle Universal Testing Machine with loading capacity of 900 kN was used to test the CFFTs 

in four-point bending (Fig. 3.4). The tests were conducted in stroke control mode, and the loading 

rate varied from 1 mm/min to 2 mm/min depending on the estimated deflection. The test setup used 

a combination of pin supports and sliding (lubricated) plates.  

Strain gauges (SGs), 5 mm long, and 100-mm linear potentiometers (LPs) were used in 

each test, to measure strains and deflection, respectively. The layout of the locations of strain 

gauges on the tension and compression sides, including the vicinity of the cuts, is shown in Figure 

3.4 (top and bottom views refer to the compression and tension sides, respectively). Two LPs were 

placed at mid-span on each side of the specimens. The average value was the mid-span deflection. 

3.3 Results and Discussion 

A summary of test results including the total ultimate moment, which includes self-weight moment 

of the specimen and spreader beam (0.05 kNm) is shown in Table 3.1. The average ultimate 

moment of 19.45 kNm of the two control specimens F1 and F2 was considered as the reference full 

moment capacity.  Figures 3.6 and 3.7 show the load-deflection and load-strain responses of control 
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specimens F1 and F2, which are considerably non-linear due to the GFRP laminate structure as 

shown by the stress-strain curves (Fig. 3.2).  The first load drop happened at 7 kN, indicating first 

cracking of concrete. The slope of the curves changes gradually at around 50 kN. The strain 

corresponding to this load is approximately 0.005 (Fig. 3.7) which corresponds to the onset of the 

plastic plateau of the material in tension (Fig. 3.2).  While the end preparation of the specimens 

helped reduce slip significantly, compared to none-tapered CFFTs tested by others, still some slip 

occurred, especially in F1 specimen which had more pronounced slip than F2. This is indicated by 

the load drop at 104 kN and the increased softening thereafter (Fig. 3.6).  Both F1 and F2 specimens 

failed due to tension rupture of the GFRP tube (Fig. 3.16(a)). 

3.3.1 CFFTs Damaged on Tension Side 

3.3.1.1 Effect of circumferential cuts 

Specimens F3 to F8 had circumferential cuts at the extreme tension fibres, which varied from 3% 

to 20% of the perimeter.  Figure 3.6 shows the load-deflection curves of these specimens compared 

with control specimens, while Fig. 3.8 shows their load-strain curves.  Figure 3.6 shows the gradual 

reduction in strength but insignificant reduction with stiffness.  The strains of SG BOTTOM 4 for 

specimens F4, F5 and F6 increased with load initially and then decreased. As the GFRP cut 

propagated due to stress concentrations at the tip of the cut, it changes the stress flow around the 

cut such that it by passes the strain gauge location, hence the reduced strain.  Figure 3.16(b) shows 

a typical failure mode of a CFFT with circumferential tension cut. Similar to control specimens, 

failure is by fracture of the fibres in tension at mid span where fibres fractured gradually from the 

bottom upwards. 

Figure 3.9 summarizes the relation between the retention of bending moment capacity 

(Mn/Mno) and the crack length at extreme tension fibres in the circumferential direction as a 

percentage of the perimeter (circular markers). The data was fitted with a second order polynomial.   

Also shown in the same figure for comparison a similar trend established earlier but for CFFTs 
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with a near-cross-ply tube having the fibres oriented very close to the longitudinal and 

circumferential directions (square markers) (Lu et al 2018). It is clear from Fig. 3.9 that under the 

same level of damage (or percentage cut of the perimeter), the strength reduction in the angle-ply 

CFFTs is much smaller than that in the near-cross-ply CFFTs. The strength reduction in the near-

cross-ply CFFTs is very sharp initially up to about 2-3% πD and then continue to reduce at a lower 

rate almost linearly. On the other hand, the strength reduction in the angle-ply CFFTs seems to be 

almost gradual through out the range of cut lengths. The circumferential tension cuts are more 

critical for near-cross-ply CFFTs than angle-ply CFFTs, possibly because the stress-strain relation 

for angle-ply CFFTs is non-linear with a plastic region, but the near-cross-ply CFFTs is linear 

elastic. Additionally, the fibre orientation could be a factor. It is recognized there is not enough 

repeatability of test results to explain the scatter observed in angle-ply specimens and provide a 

more statistically reliable trend. The reason for scatter data of angle-ply CFFTs may be attributed 

to the reciprocal filament winding pattern using a large band width of fibre roving in the angle-ply 

tube which may possibly makes its properties dependent on location on the surface. Note that 

sample 1 in Table 3.2 was one layer less than samples 2 and 3.  

3.3.1.2 Longitudinal cuts 

Specimens F9 and F10 were samples with longitudinal cuts at the extreme tension fibres with 

lengths of 10% and 22% πD. Figure 3.10 shows the load-deflection curves compared with control 

specimens while Fig. 3.11 shows the load-strain curves for the specimens. Figure 3.12 demonstrates 

the relation between bending moment capacity retention and crack length. The figure shows almost 

linear trend of reduction in moment capacity with cut length.  Figure 3.16(c) shows a sample failure 

mode, which is similar to previously discussed specimens, be rupture of tube in tension.   

For specimen F9 with 10% πD cut, the bending strength of the CFFT dropped 27% while 

for F10 with 22% πD cut dropped 53%. Also shown in Fig. 3.12 are similar results for near-cross-

ply CFFTs (Lu et al 2018) for comparison. Unlike circumferential direction cuts which were 
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remarkably different for both tubes (Fig. 3.9), it is clear from Fig. 3.12 that the reductions in 

moment capacity due to longitudinal cuts on the tension side appear to be similar for both tube 

types.  This phenomenon can also be illustrated in a different way: for specimen F5 with similar 

cut length at tension side as F9, but in the circumferential direction, the moment capacity decreased 

by 31%.  In other words, in angle-ply tube, the circumferential cut is about 18% more critical than 

an equal length longitudinal cut. On the other hand, in CFFTs with near-cross-ply tubes (Lu et al 

2018), the circumferential cut was 100% more critical than the equal length longitudinal cut. In 

near-cross-ply tubes longitudinal fibre layers contribute the majority of flexural strength, hence 

circumferential cuts are the most critical, whereas in angle-ply all layers contribute to flexural 

strength and both longitudinal and circumferential cuts affect all layers. 

3.3.2 CFFTs Damaged on Compression Side 

Two specimens were cut at the extreme compression fibres. Specimen F11 had a circumferential 

cut of 10% πD while F12 had a 16% πD longitudinal cut. Figure 3.13 shows the load-deflection 

curves compared with control specimens, while Fig. 3.14 shows the load-strain curves. Figure 3.15 

shows the bending moment reduction with cut length for F11 and F12. For sample F11 with 

circumferential cut, after reaching the ultimate load, there was an 8% load drop as the concrete core 

slipped slightly relatively to the FRP tube. Then, the specimen carried load again with a lower 

stiffness until failure, which occurred at a load slightly higher, 9%, than control specimens, but 

within typical experimental variability.  Specimen F12 failed at a load 12% lower than control 

specimens, and also experienced some concrete slippage.  Figure 3.15 also shows similar results 

for near-cross-ply CFFTs from literature (Lu et al 2018) for comparison, with regard to 

circumferential and longitudinal cuts on compression side. No specific distinction can be concluded 

between the two tube types but in general the damage on the compression side is much less critical 

than on tension side.  
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Specimen F11 had a similar failure mode as the control specimens (Fig. 3.16(d)), by tensile 

rupture of the tube. Specimen F12 had a different failure behaviour. The longitudinal cut caused 

the tube to be vulnerable to local buckling in compression. Cracks formed at the cut tips along fibre 

directions due to both epoxy failure and fibre rupture (Fig. 3.16(e)). The tube also failed on the 

tension side by fracture of the fibres as the control specimens (Fig. 3.16(f)).  It is interesting to note 

that in a near-cross-ply CFFT with a longitudinal cut on compression side (Lu et al 2018), the 

critical cut length that causes tube buckling is between 29% and 68%πD. The angle-ply tube 

buckled at much shorter cut of 16% πD, because likely due to the significantly lower modulus of 

the tube which reduces drastically at higher stress levels due to the material nonlinear behaviour 

(Fig. 3.2). 

3.4 Case Study for Circumferential Cut at Extreme Tension Fibre 

The goal of this section is to establish the damage threshold in the form of a circumferential cut on 

the tension side that can be tolerated before the CFFT member is no longer deemed safe for service 

in real life application. The idea is that reduced moment capacity (resistance) as a result of the 

damage should at least be equal to the applied factored moment (demand).  The demand moment 

is a combination of the dead and live load moments. The dead load moment is assumed equal to 

the moment resulting from self-weight of the CFFT specimen and spreader beam, and the live load 

moment will be established based on the smaller value from limiting service stress criterion and 

limiting deflection criterion.  

The limiting service stress is established based on the LRFD Guide Specifications for 

Design of CFFTs (2012). The maximum longitudinal tensile stress in the FRP tube under all 

sustained live loads should not exceed 20% of the design ultimate tensile strength (fful) to avoid 

creep rupture.  The value of fful equals to the ultimate tensile strength (f *
ful) of the FRP tube 

multiplied by a reduction factor of 0.65 for glass fibres, which represents a reduction due to 
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environmental effect. Therefore, the maximum design tensile stress level under service loads 

should not exceed 13% of f *ful. In this case, the ultimate tensile strength (f *ful) is the actual strength 

from coupon tests, which is 54.2 MPa. The limiting tensile strength is 7.0 MPa which is in the 

elastic region (Fig. 3.2).  The initial Young’s modulus is 6.9 GPa and the corresponding strain is 

1015 με. The moment resulting from dead load (MDL) is 0.05 kNm, and the corresponding strain is 

5.7 με which is negligible. The moment corresponding to the 1015 με is 1.88 kNm, which is 

considered the total service load moment based on the stress limit criterion, and the moment 

resulting from live load (MLL) is 1.83 kNm.   

The deflection limit according to the National Building Code of Canada (2015) should not 

exceed span/360, which is 2.5 mm. The corresponding moment according to the deflection limit 

criterion is 2.37 kNm.   

The limiting live load moment (MLL) is the lower value of the two moments based on the 

two criteria, which is 1.83 kNm. Considering dead load and live load only, the most conservative 

factored combination is Mf = 1.25MDL + 1.5MLL (CSA A23.2-14 2014) and is used to determine the 

demand moment, which is Mf = 2.81 kNm.  The reduced moment resistance of the damaged CFFT 

(Mn) should be at least equal to Mf = 2.81 kNm, which is 14.5% of ultimate moment resistance of 

the intact CFFT (control specimens). From Fig. 3.9, it can be seen that the crack length 

corresponding to a moment ratio of 14.5% is 29% of the perimeter, which is 129 mm. This means 

that for a similar CFFT used in a field application subjected to static flexure, it should be taken out 

of service (or repaired) if subjected to a circumferential cut longer than 29% of the perimeter on 

the extreme tension side. However, it is recommended to have an immediate repair and patching 

on the damage or monitor the crack growth using structure health monitoring technique over time 

to decide the timing for repair. It is worth noting that for CFFTs with near-cross-ply tubes (Lu et al 

2018), the equivalent circumferential cut threshold was very similar (28% of the perimeter). 
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3.5 Summary 

The ±55° angle-ply filament-wound glass fibre reinforced polymer (GFRP) tubes are quite common 

commercially and have been used in concrete-filled FRP tubes (CFFTs).  However, it is not clear 

how would a damage in the form of a cut in the exposed tube affects the CFFT strength. This 

chapter presents an experimental investigation to address the effects of controlled longitudinal and 

circumferential linear cuts, up to 22% of the perimeter (πD) in length, through the full wall 

thickness. The cuts were induced separately at mid-span on the tension and compression sides of 

1420 mm long CFFTs with a 142 mm outer diameter and 4.1 mm wall thickness. Twelve specimens, 

including two control ones without cuts to establish the full strength Mno, were tested in four-point 

bending and results were compared to another study on damaged CFFTs with near-cross-ply tubes. 

Near-cross-ply CFFTs were more vulnerable to circumferential tension side cuts than angle-ply 

CFFTs. At a 10% πD cut, flexural strength dropped to 0.69Mno and 0.73Mno, respectively, for 

circumferential and longitudinal tension side cuts, respectively, in the angle-ply tubes, and to 

0.38Mno and 0.69Mno, respectively, in the near-cross-ply tube.  Compression side longitudinal and 

circumferential cuts in both types of tubes were less critical, with about 12% loss in strength. A 

design case study showed that a CFFT similar to that tested in this study can tolerate a 

circumferential tension cut of 30% πD before it no longer meets static flexural strength requirement. 
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Table 3.1: Test matrix 

Specimen Cut Side Cut Orientation 
Percentage 

of Cut 
(%πD) 

Length 
of Cut 
(mm) 

Ultimate 
Applied 

Load 
(kN) 

Maximum 
Moment due 
to Applied 

Load (kNm) 

Ultimate 
Moment 
(kNm) 

F1 - - - - 121.9 18.3 18.3 
F2 - - - - 135.5 20.3 20.4 
F3 

Tension 
Circumferential 

3 13 102.4 15.4 15.4 
F4 5 22 90.9 13.6 13.7 
F5 10 45 88.6 13.3 13.3 
F6 13 58 88.7 13.3 13.4 
F7 17 76 51.5 7.7 7.8 
F8 20 90 44.4 6.7 6.7 
F9 

Longitudinal 
10 45 94.4 14.2 14.2 

F10 22 100 60.3 9.1 9.1 
F11 

Compression 
Circumferential 10 45 140.3 21.0 21.1 

F12 Longitudinal 16 71 113.0 17.0 17.0 

 

Table 3.2: Details of the FRP tube 

 Outer Diameter (mm)  142.4 

Thickness 

Total (mm) 5.4 

structural wall  
(mm) 4.1 

 Material Type  GFRP 

Laminate Structure 

Sample 1: [-61/60/-57/59/-58/58/-58/58/-59/61/80/-82/59/-56/57] 
Sample 2: [60/-59/59-60/57/-60/56/-58/58/-57/80/-80/54/-57/59/-58] 
Sample 3: [57/-56/57/-58/55/-57/58/-56/58/-56/63/-81/56/-58/59/-57] 

Average:  [61°/-62°] 

Properties in Longitudinal 
Direction 

Tension 
E (GPa) 6.9 
fu (MPa) 54 

Compression 
E (GPa) 6.4 
fu (MPa) 122 
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(a) laminate structure after burn-out  (b) Tension and compression coupons 

           

(c) Typical failure mode of tension and compression coupons 

Figure 3.1: Tension and compression coupons and laminate structure 

 

Figure 3.2: Stress-strain curve of coupon tests 
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Figure 3.3: Rotary tool and sample cuts in different directions 

      

Figure 3.4: Test setup 

      

(a) Top and bottom view of control 1 (F1)                   (b) Top and bottom view of control 2 (F2) 
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      (c) Top view of tension cut (F3-F10)            (d) Bottom view of circum. tension cut (F3-F8) 
 

      

(e) Bottle view of long. tension cut (F9, F10)          (f) Bottom view of comp. cut (F11, F12) 
 

      

(g) Top view of circum. compression cut (F11)             (h) Top view of long. comp. cut (F12) 

Figure 3.5: Schematic of cut configurations and instrumentation 
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Figure 3.6: Load-deflection responses of control CFFTs and ones with circumferential cuts 

on tension side 

      

(a) Control 1                                                    (b) Control 2 

Figure 3.7: Load-strain responses of control specimens (some curves terminates early due to 

gauge malfunction) 
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   (a) 3% πD                                                                 (b) 5% πD  

      

(c) 10% πD                                                                    (d) 13% πD  

 

(e)  20% πD  

Figure 3.8: Load-strain responses of circumferential tension cuts at extreme fibres 
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Figure 3.9: Effect of circumferential cut length at extreme tension fibres on moment 

capacity 

 

Figure 3.10: Load-deflection responses of CFFTs with longitudinal cuts on tension side 

      

(a) 10% πD                                                                      (b) 22% πD  

Figure 3.11: Load-strain responses of CFFTs with longitudinal cuts on tension side 

30% cut of perimeter, 
14% of moment 

resistance

y = 0.0003x2 - 0.0379x + 1
R² = 0.8848

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25 30

Ra
tio

 o
f D

am
ag

ed
 M

om
en

t 
Ca

pa
ci

ty
 to

 C
on

tr
ol

 M
om

en
t 

Ca
pa

ci
ty

 (M
n/

M
no

)

Ratio of Crack Length to Perimeter (%)

near-cross-ply

angle-ply

0

20

40

60

80

100

120

140

0 20 40 60 80 100

Lo
ad

 (k
N

)

Deflection (mm)

Control 1

Control 2

10% πD

22.4% πD

0

20

40

60

80

100

120

140

-20000 -10000 0 10000 20000

Lo
ad

 (k
N

)

Strain (x 10^-6)

SG TOP

SG BOTTOM 1

SG BOTTOM 2

0

20

40

60

80

100

120

140

-20000 -10000 0 10000 20000

Lo
ad

 (k
N

)

Strain (x 10^-6)

SG TOP

SG BOTTOM 1

SG BOTTOM 2



 

48 

 

 

Figure 3.12: Effect of longitudinal cut length at extreme tension fibres on moment capacity 

 

Figure 3.13: Load-deflection responses of CFFTs with cuts at the compression side 
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(a) 10% πD circumferential cut                                 (b) 16% πD longitudinal cut 

Figure 3.14: Load-strain responses of CFFTs with cuts on compression side 

 

Figure 3.15: Effect of longitudinal and circumferential cut lengths at extreme compression 

fibres on moment capacity 

           

(a) Control bottom (F2)         (b) Circum. ten. cut bottom (F3)          (c) Long. ten. cut bottom (F9) 
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(d) Circum. comp. cut bottom (F11)  (e) Long. comp. cut top (F12)  (f) Long. comp. cut bottom (F12) 

Figure 3.16: Failure modes 
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Chapter 4 

Conclusions 

4.1 Summary and Conclusion 

4.1.1 CFFTs with Near-Cross-Ply FRP Tube 

This study is the first to investigate the effect of tube damage on the ultimate moment capacity of 

concrete-filled FRP tubes (CFFTs). The reduced nominal strength (Mn) is measured as a ratio of 

the original nominal strength (Mno) established from a control CFFT test. The induced damage took 

the form of a controlled linear cut through the entire wall thickness of the GFRP tube. The length 

of the cut is measured as a percentage (𝛼𝛼) of the tube perimeter (πD).  The tube studied was one 

with a near-cross-ply laminate with fibres oriented very close to the longitudinal and 

circumferential directions. The cuts were induced either in the circumferential or longitudinal 

directions, on the tension and compression sides of the CFFT, separately. The following 

conclusions are drawn: 

1. The most critical damage was the circumferential cut at the extreme tension side, which 

affected strength in a highly non-linear form. A steep decline in Mn/Mno occurred initially, 

reaching 0.55 at a 0.02πD cut, followed by a much less steep trend, reaching Mn/Mno of 0.25 

at a 0.2πD cut. 

2. As the circumferential cut shifted away from extreme tension, towards neutral axis, the 

severity of its effect reduced.  For example, for a 0.03πD cut, Mn/Mno increased from 0.52 to 

1.0 as the cut shifted from extreme tension to an 80 degrees radial position. 

3. Longitudinal tension cuts were much less severe than circumferential cuts for this particular 

tube.  For example, a 0.1πD longitudinal cut resulted in Mn/Mno of 0.69 as opposed to 0.38 

for the similar length circumferential cut.  
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4. A square cut with a 0.1πD side length achieved Mn/Mno of 0.42, slightly higher than the 0.1πD 

circumferential cut, possibly due to a lower stress concentration at the corner of a square cut 

as opposed to the tip of a very narrow circumferential cut. 

5. Compression side cuts were generally less critical.  At a 0.31πD circumferential cut, Mn/Mno 

dropped to 0.9 while at a 0.67πD longitudinal cut, Mn/Mno dropped to 0.86. 

6. Unlike ultimate strength, flexural stiffness at service load range was not affected much by 

any type of cuts. 

7. Flexural tension failure by rupture of the fibres was the governing failure mode for all cases 

of different types of cuts, except for one case with a longitudinal cut of 0.68πD on the 

compression side, where the tube failed by local buckling in the vicinity of the cut.  

8. A method was presented to assess the state of damage and to decide whether the reduced 

strength still meets the ultimate static strength criterion. A case study based on the same 

CFFT tested showed that a flexural member would still meet the static strength requirement 

with a circumferential tension cut of up to 0.28πD.   

9. Different loading combinations and loading conditions were applied for the case study, and 

the maximum circumferential tension cut length was ranging from 24% πD to 31% πD. 

4.1.2 CFFTs with Angle-Ply FRP Tube 

This experimental program examined the effect of different through-thickness cuts induced in the 

GFRP tube of CFFTs on their flexural strength. The tube was a commonly used angle-ply filament 

wound pipe with nominal ±55° laminate (±61° actual).  The cuts were induced independently on 

the tension and compression sides of the CFFTs, in the circumferential and longitudinal directions. 

The cuts also varied in length.  The reduced flexural strengths are established for each type of cut 

and compared with those of CFFTs with near-cross-ply tubes subjected to the same level of damage.  

The following conclusions are drawn: 



 

53 

 

1. The most critical damage was in the form of circumferential cut on the tension side.  The 

reduced-to-control ultimate moment ratio (Mn/Mno) reduced almost linearly from 1.0 to 0.36 

as cut length increased from zero to 20% of the perimeter (πD). 

2. Circumferential tension cuts in angle-ply CFFTs were less critical than near-cross-ply CFFTs. 

In the latter, (Mn/Mno) dropped sharply to 0.55 at a 2% (πD) cut, then gradually to 0.25 at a 

20% (πD) cut. The maximum difference between angle-ply and near-cross-ply CFFTs 

occurred around a 10% (πD) cut, where (Mn/Mno) ratio of the near-cross-ply CFFT was only 

half that of angle-ply CFFT. 

3. Longitudinal tension cut caused (Mn/Mno) to drop linearly from 1.0 to 0.47 at a 22% (πD) cut 

length. This was very similar to near-cross-ply CFFTs. 

4. On the compression side, circumferential cuts had negligible influence on flexural strength. 

Longitudinal cuts led to some loss ((Mn/Mno) = 0.88 at 16% (πD)).   

5. A case study on the threshold of circumferential cut damage showed that a CFFTs similar to 

that tested in this study would no longer meet the static flexural ultimate strength limit state 

requirement if the cut length exceeds 29% (πD). The member must be repaired or removed 

from service. 

4.2 Recommendations for Future Work 

The research carried out in this thesis is the first of its kind but is only a first step based on static 

strength in flexural CFFT members. Future studies may address: 

1. The effect of various cuts on fatigue strength and fatigue life using cyclic flexural loading and 

examine the crack propagation within the tube. 

2. The effect of cuts in the shear critical regions. In particular diagonal cuts will be more critical 

in the shear span. 

3. The effect of longitudinal and circumferential cuts on axial compression CFFT members. 
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4. Different repair methods of damaged CFFT members. For example using externally bonded 

FRP sheets. 

  



 

55 

 

References 

1. AASHTO (2012) “LRFD Guide Specifications for Design of Concrete-Filled FRP Tubes 

for Flexural and Axial Members”, American Association of State Highway and 

Transportation Officials (AASHTO), 1st Edition, 23p. 

2. ASTM D3039/D3039M-17 (2017) “Standard test method for tensile properties of polymer 

matrix composite materials” ASTM International. 

3. ASTM D3410/D3410M-16 (2016) “Standard Test Method for Compressive Properties of 

Polymer Matrix Composite Materials with Unsupported Gage Section by Shear Loading”, 

ASTM International. 

4. Burgueno, R., Davol, A., and Seible, F. (1998).  “The carbon shell system for modular 

bridge components.” Proc., 2nd Int. Conf. on Composites in Infrastructure (ICCI’98), 

Tucson, Az., 341-354. 

5.  CSA A23.3-14 (2014) “Design of concrete structures”, Canadian Standards Association. 

6. CSA S6-14 (2014) “Canadian Highway Bridge Design Code”, Canadian Standards 

Association 

7. Echevarria, A., Zaghi, A. E., Christenson, R., & Plank, R. (2015). Residual Axial Capacity 

Comparison of CFFT and RC Bridge Columns after Fire. Polymers, 7(5). 

8. Elchalakani, M., Zhao, X. L., and Grzebieta, R. H. (2001) “Concrete-filled circular steel 

tubes subjected to pure bending” Journal of Constructional Steel Research, 57:1141-1168. 

9. Fam, A. Z., & Rizkalla, S. H. (2001). Behavior of axially loaded concrete-filled circular 

fiber reinforced polymer tubes. ACI structural journal, 98(3). doi:10.14359/10217 

10. Fam, A., Greene, R., & Rizkalla, S. (2003). Field Applications of Concrete-Filled FRP 

Tubes for Marine Piles. In International Concrete Abstracts Portal (Vol. 215, pp. 161-180). 

11. Fam, A., and Rizkalla, S. (2002). “Flexural behavior of concrete-filled fiber-reinforced 

polymer circular tubes”, Journal of Composites for Construction, Volume 6 Issue 2. 



 

56 

 

12. Fam, A., Pando, M., Filz, G., and Rizkalla S. (2003a). “Precast piles for route 40 bridge in 

Virginia using concrete filled FRP tubes”, PCI Journal, 48-3: 32-45. 

13. Fam, A. and Son, J.K. (2008) “Finite element modeling of hollow and concrete-filled fiber 

composite tubes in flexure: Optimization of partial filling and a design method for poles”, 

Engineering Structures 30(10): 2667-2676 

14. Fam, A., Qie, F. S. and Rizkalla, S. (2004) “Concrete-Filled Steel Tubes Subjected to Axial 

Compression and Lateral Cyclic Loads”, ASCE Journal of Structural Engineering, 

130(4):631-640. 

15. Han, L-H, et al. (2006) “Further study on the flexural behaviour of concrete-filled steel 

tubes” Journal of Constructional Steel Research, 62:554-565. 

16. Kurt, C. E. (1978, 1). Concrete Filled Structural Plastic Columns. Journal of the Structural 

Division, 104(ST1), 55-63. 

17. Lu, C., StOnge, J. and Fam, A. (2018) “Damage Threshold of Near-Cross-Ply Tubes used 

In Concrete Filled FRP Tubes Loaded in Flexure”, ASCE Journal of Composites for 

Construction, Under review. 

18. Lu, Y. Q., and Kennedy, D. J. L. (1994) “The flexural behaviour of concrete-filled hollow 

structural sections”. Canadian Journal of Civil Engineering, 21(1):111-30. 

19. Mirmiran, A., & Shahawy, M. (1996). A new concrete-filled hollow FRP composite 

column. Composites Part B: Engineering, 27(3-4), 263-268. 

20. Mirmiran, A., & Shahawy, M. (1997, May). Behavior of Concrete Columns Confined by 

Fiber Composites. Journal of Structural Engineering, 123(5) 

21. Mirmiran, A., Shahawy, M., Samaan, M., & Echary, H. E. (1998, November). Effect of 

Column Parameters on FRP-Confined Concrete. Journal of Composites for Construction, 

2(4) 



 

57 

 

22. National Research Council of Canada, & Associate Committee on the National Building 

Code. (2015). National Building Code of Canada. 1941-1990. 

23. Ozbakkaloglu, T. and Saatcioglu, M (2006) “Seismic behavior of high-strength concrete 

columns confined by fiber-reinforced polymer tubes”, Journal of Composites for 

Construction 10 (6), 538-549 

24. Robert, M. and Fam, A. (2011) “Long-term performance of GFRP tubes filled with 

concrete and subjected to salt solution”, Journal of Composites for Construction 16 (2), 

217-224 

25. Qasrawi, Y., & Fam, A. (2008). Flexural Load Tests on New Spun-Cast Concrete-Filled 

Fiber-Reinforced Polymer Tubular Poles. ACI structural journal, 105(6). 

doi:10.14359/20103 

26. Qasrawi, Y., Heffernan, P. J., & Fam, A. (2015, August). Performance of Concrete-Filled 

FRP Tubes under Field Close-in Blast Loading. Journal of Composites for Construction, 

19(4). 

27. Yu, T. and Teng, J. G. (2013) “Behaviour of Hybrid FRP-Concrete-Steel Double-Skin 

Tubular Columns with a Square Outer Tube and a Circular Inner Tube Subjected to Axial 

Compression”, Journal of Composites for Construction, 17(2).  



 

58 

 

Appendix A 

Sample Calculations and Additional Figures 

Sample Calculations for case study (Chapter 3) 

f*ful = 194 MPa 

CE = 0.65 

Efl = 17.4 GPa 

MDL = 0.051 kNm 

L = 910 mm 

Limiting stress criterion 

fful = CE f*ful 

ffl,s = 0.20fful 

The Maximum longitudinal tensile stress in the FRP tube 

ffl,s = 0.20 CE f*ful 

      = 0.20(0.65)(194) 

      = 25.22 MPa 

The Maximum longitudinal tensile strain in the FRP tube in elastic region 

εfl,s = ffl,s/E 

      = 0.001449 ε 

      = 1449 με 

From Figure A.2, the strain due to dead load moment is 12 με which is negligible comparing to 

1449 με. The corresponding moment resulted by the maximum longitudinal tensile strain is 1.47 

kNm including dead load moment and live load moment.  

MLL = 1.47 kNm - MDL 

        = 1.42 kNm 

Limiting deflection criterion 
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The maximum deflection 

δ = L/360 

   = 910/360 

   = 2.53 mm 

From Figure A.3, the corresponding moment due to maximum deflection is 1.57 kNm. 

The limiting live moment due to live load 

The maximum live load moment is 1.42 kNm governed by stress limit. 

MDL = 0.05 kNm 

MLL = 1.42 kNm 

Mf = 1.25MDL + 1.5MLL 

      = 2.19 kNm 

      = Mn 

Mno = 11.3 kNm 

Mn/Mno = 0.19 

Using Eq. 2.1 

� 𝑀𝑀𝑛𝑛
𝑀𝑀𝑛𝑛𝑛𝑛

� = 1 − 0.35(100𝛼𝛼)0.25        

α = 28% 

The Mf is 19% of the ultimate moment capacity, and the corresponding cut length is 28% of the 

perimeter, which is 99 mm. 
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Figure A.1: Supports of test setup 

 

Figure A.2: Moment-bottom strain curve at mid-span for control specimen (B1) 
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Figure A.3: Moment-deflection curve at mid-span for control specimen (B1) 
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