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ABSTRACT 
 
Concrete-filled tubes (CFTs) are structural columns used to support compressive loads. A 

CFT takes advantage of the lateral confinement of the tube on the concrete core to increase 

the column strength.  Since the development of CFT structures, steel has been the primary 

tube material.  Over the last two decades however, fibre reinforced polymers (FRPs) have 

been increasingly used as tube materials because of their superior properties such as high 

specific strength and stiffness, superior corrosion resistance and good durability. 

This thesis describes a systematic experimental study of CFT columns with FRP as the tube 

material. This master’s project investigates the performance of FRP tubes of different 

properties and sizes.  For this purpose, 12 CFT specimens with the length over diameter (L/D) 

ratios of 8 and 12, and diameter over tube thickness (D/t) ratios ranging from 11 to 43 were 

tested under compressive force with both ends of the columns set as pin joints. The 

experiments were carried out using a heavy loading machine and the experimental results are 

analysed in terms of strength and failure modes.  

The experimental results showed the significant improvements in column strength due to the 

confinement of the FRP tubes. It was demonstrated that while both L/D and D/t ratios 

influence column strength, D/t ratio plays a particularly important role in determining the 

column strength. The experimental results also showed the changes in failure modes with L/D 

and D/t ratios. 

To compare FRP tubes with plain concrete columns, an equivalent slenderness ratio for the 

CFT with FRP tube was derived. The equivalent slenderness ratio had good agreement with 

the D/t ration of the FRP tube. It was demonstrated that the equivalent slenderness can be 

used to determine the capacity of the CFT column using its D/t ratio.  
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Chapter 1 
 INTRODUCTION 

1.1 Background 
Western underground mining has undergone drastic changes in the last century, especially 

since mechanisation was introduced in the early 1900s, signalling the first improvements in 

mining system efficiency. The trend continues, with modern improvements in long wall 

supports seen over the years as the result of developments in construction technologies. 

Wood cribbing was once the dominant type of roof control in underground mines but has 

been phased out in recent years due to the structural superiority of materials such as steel and 

concrete. Roof supports in underground mines have seen extensive development over the last 

century but the basic concept underlying these is the principle of the column. The column is a 

fundamental structural member designed to resist axial compression forces from other 

members and from loads above, and transmit them to members below. Concrete is one of the 

main materials used to construct columns and the associated technology has seen various 

improvements and innovations over the last two hundred years. Reinforced concrete which 

uses reinforcing steel bars or ‘rebars’ was introduced in the mid-19th century and it is still 

used in concrete column structures to this day because of its proven strength, durability, 

flexibility in use, overall value and widespread availability. Transverse reinforcement was 

then considered and the concrete-filled tube (CFT) was developed based upon this 

continuously reinforced principle. CFT columns have been widely use in buildings and 

bridges. They work more efficiently than reinforced concrete columns for their specific 

applications. 

The CFT, which is based on the principle of the tube, has become the most dominant standing 

roof support in Western mines in this day and age but alternatives such as the Cluster Prop, 

Rocprop, and Omni Prop are being investigated to address its shortcomings (Barczak & 

Tadolini 2005). With the introduction, in recent years, of fibre reinforced polymer (FRP) 

confining tubes, there is now more scope for improvement of the tube due to their high 

strength and durability characteristics as well as their resistance to corrosion and light weight. 
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This project aims to investigate the mechanical performance of FRP-confined CFTs in order 

to provide adequate information for further improvements of CFT columns.  For this purpose, 

an experimental research plan has been developed. The experimental investigations were 

carried out using CFT columns confined by FRP tubes, which were subjected to static axial 

compression loads.  

 

1.2 Aims 
The primary objective of this project is to investigate the structural behaviour of FRP-

confined CFT columns under uniaxial compressive load.   

To achieve this objective, following specific tasks were chosen:  

• Conduct a comprehensive literature review to understand the current state-of-art 

research finding in the relevant area. 

• Study FRP properties and investigate the best option for tube materials. The tube is 

specifically designed to carry large axial load with minimum bending moment that 

will ensure high mobility for the concrete.  

• Investigate the behaviour of FRP-confined tubes under uniaxial compressive load.  

Investigate failure mode, load-deflection and maximum capacity with varying 

slenderness ratios (Diameter (D)/Wall thickness (t) & Length (L)/ Wall thickness (t)). 

 

1.3 Research Significance 
CFT columns are the most preferred supporting system in the mining industry. Currently, 

steel has been used as the tube material. The weight of these tubes is considerable. As FRP 

has a higher strength-to-weight ratio, the use of FRP as an alternative material can reduce the 

weight of the supporting system, thereby increasing portability. Research into the use of FRP 

in structural engineering is still in its early stages and there are no standards for 

manufacturing FRP structural members. The results from this project will increase the 

understanding of FRP tubes and encourage further input into the literature to develop an 

Australian Standard for FRP structural members. Moreover, this research provides an 

economical alternative for mining companies.  
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1.4 Research Limitations 
Due to time and other limitations, the research scope is limited to uniaxial loading on FRP 

tubes. Therefore, following items are not considered in this study:  

1. Bending moment or eccentric loading – bending moment and eccentric loading are 

important in designing columns, however in the mobile columns that are used in 

underground mining the effects of bending moment and eccentricity are not 

significant.  

2. Variations in FRP material properties – the material properties of FRP vary depending 

on the composites, the orientation of the layers, and other factors. In this study only 

one kind of FRP is considered due to the time and resource limitation. 

 

1.5 Structure of the Thesis  
This thesis is divided into five chapters including this introductory chapter.  A brief summary 

of each chapter is shown below.  

Chapter 1, the current chapter, brief outlines the background and significance of the research 

project. It also explains the objective of the research and the structure of the dissertation. 

In Chapter 2, a comprehensive literature review related to this study is presented. A brief 

introduction to the structural application of concrete-filled tubes, different conceptual models 

and research findings related to the application are summarised in this chapter.  

To study the behaviour of concrete-filled FRP tubes, eighteen beams were prepared and 

tested in the civil engineering laboratory of Central Queensland University. Details of the 

experimental program methodology are given in Chapter 3. Details of test specimens, 

material properties, instrumentation, and testing procedures are briefly explained in this 

chapter. 

The results obtained from the experimental program are presented in Chapter 4. A brief 

discussion of the behaviour of concrete-filled FRP tubes and the influence of the diameter 

and wall thickness of the tubes is also presented in Chapter 4. 

Finally, Chapter 5 presents the general and specific conclusions of this research study 

followed by recommendations for future research in this area. 

Further information on the experimental results, material data and other relevant information 

is given in appendices. 
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5. J. Bobadilla, H. Kim, T.G. Suntharavadivel and K. Duan (2013), Behaviour of the 

Concrete-filled FRP ‘Can’ Under Axial Loading, 7th International Structural 

Engineering and Construction Conference (ISEC7), Honolulu, USA. 
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Chapter 2 
LITERATURE REVIEW 

2.1 Application of FRP in Structural Engineering 
FRP composites were first used in the defence industry, and since then their use has been 

widely extended.  Apart from their military applications, they have been used in fiberglass 

pipes, and in equipment in the chemical processing and manufacturing industries. 

Furthermore, since FRP composite products were first used to reinforce concrete structures in 

the mid-1950s, they have been utilised as construction materials for several decades. In 

architectural applications, they have been used in semi-permanent structures and in the 

restoration of historic buildings and for structural applications. In Europe and Asia, many 

FRP composite products were used during the late 1970s and early 1980s. In Germany, for 

instance, the world’s first highway bridge using composite reinforced tendons was built in 

1986. In China, the first all-composite bridge deck was built. The first all-composite 

pedestrian bridge was completed in 1992 in Aberfeldy, Scotland.  In the U.S., the first FRP 

reinforced concrete bridge deck was constructed in 1996 at McKinley Ville, WV followed by 

the first all-composite vehicular bridge deck in Russell, KS. Numerous composite pedestrian 

bridges have been mounted in U.S. state and national parks in remote locations not accessible 

to heavy construction equipment. They have also been used for spanning roadways and 

railways (ACMA 2004). 

 

2.2 Theory of Confined Columns 
It is well known that concrete members subjected to compression loads under confinement 

exhibit ductile behaviour with considerable plastic hardening, unlike unconfined concrete 

which shows quasi-brittle or strain-softening behaviour. This improved behaviour has led to 

the use of fibre-reinforced plastic (FRP) wraps as confinement for concrete columns. These 

wraps are comparatively lightweight, they are not susceptible to corrosion, and they have 

high chemical resistance to environmental effects. Concrete columns confined with FRP 
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wraps are said to be under passive confinement. When loaded elastically with moderate loads, 

the confinement has little effect on the force–displacement behaviour of the column, since in 

the elastic zone concrete undergoes little lateral expansion under the relatively small loads. 

The FRP casings, which can be analysed as thin hollow cylinders under internal pressure, 

therefore experience small hoop expansions and hence insignificant strains in the radial 

direction. On plastification, small stress changes cause comparatively larger radial expansions 

of the concrete column, resulting in higher internal pressures on the FRP. This in turn 

mobilises higher confining stresses. These confining stresses limit the expansion and growth 

of tensile cracks in the concrete and result in higher failure loads. These behaviours, and the 

explanation thereof, are well known. FRP wraps made of high-stiffness FRP materials, or 

with a large number of FRP layers, result in higher confining pressures and hence higher 

failure loads. This has been proven both by experimentally as well as numerically (Dandapat, 

Deb & Bhattacharyya 2011). 

 

2.3 Overview of the Column Jacket (Tube) 
2.3.1 Application of the CFT 
At the primary point of application, the CFT columns have large diameters, ranging from 2.3 

to 3.3m for high buildings. These columns have target strengths of 96MPa and cylinder 

strengths of 130 MPa with D/t ratios ranging from 180 to 250 and L/D ratios ranging from 2 

to 14. Smaller CFTs have also been used in low- to mid-rise construction projects. Circular 

CFTs have been used in braced frames, and smaller parts have been used in moment-resisting 

frames. Compared to extremely large CFTs, the steel tube dimensions are in a more practical 

range of 0.36-0.76 m for use in low- to mid-rise buildings. D/t ratios for the smaller diameter 

CFTs ranged from 26 to 48 and L/D ratios ranged from 5 to 9. These smaller CFTs are used 

for the most common applications in current building construction (Schneider 1998). 

2.3.2 Material Characteristics of CFT 
FRP provides an interesting type of reinforcement, featuring linear elastic behaviour up to 

failure, and exerting an increasing confining pressure on the concrete core, leading to 

enhanced strength and ductility of the concrete when loaded axially (Antonio & Nick 1994; 

Buyukozturk & Hearing 1998; Mirmiran & Shahawy 1997; Oral, Oguz & Erdem 2003; 

Samaan, Mirmiran & Shahawy 1998). 
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Compared to solutions based on concrete-filled steel tubes, FRP reinforcement has a 

competitive advantage in terms of transport to building site (low density) and high corrosion 

resistance in harsh environments (ACI Committee 440 1996). 

FRPs are currently chosen for some purposes: when local strengthening is needed without 

modification of the elastic stiffness of structural members, when minimisation of the mass of 

the building is required, when corrosion-resistance strengthening is required, and when ease 

of application and reduction of the non-operational period of structure during interventions 

are preferred (Rousakis & Karabinis 2012).  

CFTs are generally regarded as having advantageous features for use in regions at high 

seismic risk. However, if the load is offered to the concrete core and the steel tube 

simultaneously, the steel tube expands more than the concrete core, because Poisson’s ratio is 

higher for the steel part (Schneider 1998). 

 

2.4 Review of Experimental Studies – Steel Confinement 
Gardner and Jacobson (1967) carried out experiments with CFT columns having D/t ratios 

ranging from 30 to 40. Their results indicated that when the CFTs reached their ultimate 

loads, the steel jacket reached failure but the concrete did not. The strain on the steel tube 

increased without local buckling and the steel tube was provided stabilisation by the concrete. 

Tomii, Yoshimmra and Morishita (1977) conducted an experiment with almost 270 CFT 

specimens having circular, square and octagonal cross-sections. They had D/t ratios from 19 

to 75 and L/D ratios from 2 to 9. The columns with circular cross-sections and most of the 

columns octagonal cross-sections showed post-yield behaviour due to the variation in strain 

hardening of perfectly plastic sections.  

Schneider (1998) tested 14 specimens under concentric axial compression. The specimens 

were three circular, five square, and six of rectangular steel tubes. As shown in Table 1, D/t 

ratios in this study ranged from 17 to 50 and L/D ratios ranged between 4 and 5. 
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Table 1:  Properties of concrete-filled steel tube components 

Shape Outer nominal 
diameter (mm)  

Actual 
dimensions (mm) 

Actual wall 
thickness (mm) 

D/t 
ratio 

L/D 
ratio 

C1 140 140.8 3.00 47.0 4.3 
C2 140 1414 6.50 21.7 4.3 
C3 140 140 6.68 21.0 4.4 
S1 127 × 127 127.3 × 127.3 3.15 40.4 4.8 
S2 127 × 127 126.9 × 126.9 4.34 29.2 4.8 
S3 127 × 127 126.9 × 127.0 4.55 27.9 4.8 
S4 127 × 127 125.3 × 126.5 5.67 22.3 4.8 
S5 127 × 127 126.8 × 127.2 7.47 17.0 4.8 
R1 76 × 152 76.6 × 152.3 3.00 50.8 4.0 
R2 76 × 152 76.5 × 152.8 4.47 34.2 4.0 
R3 102 × 152 101.8 × 152.4 4.32 35.3 4.0 
R4 102 × 152 102.8 × 152.7 4.57 33.4 4.0 
R5 102 × 152 101.3 × 151.4 5.72 26.5 4.0 
R6 102 × 152 101.13 × 152.37 7.34 20.8 4.0 

Source: Schneider (1998) 

 

This experiment produced results which depend on two kinds of parameters.  

1. The test results are presented according to tube shape and Figure 1 shows the 

behaviour of the circular, square and rectangular steel tubes separately. Because of an 

underestimation of the storage capacity needed for the test data, the data for specimen 

C3 beyond a load of 1,850 kN was not recorded. However, the yield strength of the 

specimen was approximated at 2,010 kN during the test.  The maximum load for the 

specimen was accurately measured at 2,710 kN through the fixed frame. Circular tube 

shapes generally displayed strain-hardening characteristics long after the CFT reached 

yield. Square and rectangular tube shapes behaved differently to circular tubes. 

Depending on the tube wall thickness, those tube shapes presented various post-yield 

behaviours. Local wall buckling did not take place for any specimen prior to yield of 

the CFT. Furthermore, higher axial deformations were sustained prior to local wall 

buckling, for the thicker tubes of each shape type.   
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Figure 1: Comparison of CFT behaviour with respect to shape of the tube (a) circular tube (b) square tubes (c) 
rectangular tubes 

Source: Schneider (1998) 

2. The D/t ratio became the parameter for arrangement of the test results, as shown in 

Figure 2. According to d, there was a connection between the D/t ratio and the post-

yield behaviour for the square and rectangular tubes. There were three types of post-

yield behaviour for noncircular CFT shapes. S5 presented clear signs of strain-

hardening behaviour and S5, S4, R5 and R6 exhibited a significant transition from 

stain-hardening to mildly elastic-plastic. Lastly, the post-yield behaviour for the 

remaining noncircular CFT shapes was clearly strain-softening. In contrast, C1 was 

obviously stain-hardening even if the D/t ratio was larger than other specimens. 
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Local buckling for all CFTs with strain-softening post-yield behaviour took place at an axial 

ductility of between 2 and 6. For the square and rectangular strain-hardening specimens, local 

buckling took place at between 6 and 8, while wall buckling did not take place for the circular 

tube until 10 or more.  

 
 

 
 

Figure 2: Comparison of CFT behaviour with respect to D/t ratio  
(a) D/t < 25 (b) 25 < D/t < 30 (c) 30< D/t < 40 (d) 40 < D/t 

Source: Schneider (1998) 

 

In this experiment, it was shown that circular steel tubes offer much more post-yield axial 

ductility than square or rectangular tubes. All circular tubes were categorised as strain-

hardening. On the other hand, the square and rectangular tube walls, in general, did not offer 

substantial concrete confinement beyond the yield load of the composite column.  

O'Shea and Bridge (1998) carried out an experimental analysis with circular steel tube 

specimens which were filled with medium (50 MPa) and high strength (80 MPa) concrete. 

They had various D/t ratios from 59 to 221 and L/D ratios ranging from approximately 3 to 4. 

Confinement of the medium strength mix occurred in tubes with D/t ratios ranging from 59 to 

221 while the high strength concrete mix resulted in confinement only at ratios lower than 

125. There are two types of failure models for steel tubes. In the first type the bond between 

the steel tube and the concrete is maintained the axial strength of the steel tube. In the second 
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type the bond is not maintained and there is local buckling of the steel tube While even thin-

walled steel tubes were found to improve the ultimate strength and ductility of the medium 

strength concrete (50 MPa) under uniaxial loading and at small eccentricities, confinement of 

the high strength concrete (80 MPa) only occurred for the thicker steel tubes under uniaxial 

loading and at small eccentricities. 

Huang et al. (2002) carried out an analytical experiment to investigate the behaviour of CFT 

steel columns under axial loading. Seventeen specimens were prepared with D/t ratios 

ranging from 40 to 150 and two types of cross-section: circular and square. As a result, it was 

found that the CFT columns with circular cross-sections performed better than square 

columns regardless of the D/t ratio, and a smaller D/t ratio produced better results. 

Sundarraja and Prabhu (2011) investigated the strengthening of CFST members under 

compression using CFRP composites. Of the 21 specimen columns used in this experiment, 

18 were externally reinforced by CFRP strips having a constant width of 50 mm with spacing 

values of 20 mm and 30 mm, while the remaining three columns were not. One of the main 

materials in this study was MBrace 240 fabricated by BASF India Inc., unidirectional carbon 

fibre. It had a modulus of elasticity of 240 kN/mm2 and a tensile strength of 3800 N/mm2. 

The thickness of the fibre was 0.234 mm. Another main material was square hollow steel 

tubing conforming to IS 4923-1977 and IS 1161-1998 with a dimension of 91.5×91.5 mm2. It 

had a thickness of 3.6 mm and a height of 600 mm.  

 

2.5 Review of Analytical Studies – Steel Confinement 
Hsuan-Teh et al. (2003) analysed steel CFT columns numerically under axial compressive 

loading using the nonlinear finite element program ABAQUS. D/t ratios ranging from 17 to 

150 were analysed for circular and square tubes with and without stiffening ties. They found 

that decreases in D/t ratio provided increases in lateral confinement strength. On the other 

hand, increases in D/t ratios resulted in more significant lateral deformation in the radial 

directions, especially in the middle of the CFT columns. For circular columns, the concrete 

and steel were in full contact, resulting in no local buckling of the tube at axial strains close 

to 0.025 owing to a uniformly applied confining pressure in all radial directions, while for 

square columns, the lateral confining pressure is not uniformly applied to the concrete surface, 

resulting in local buckling of the tube because there is not full contact between the concrete 

and the steel. 
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There are three kinds of failure of CFST columns under axial compression according to 

slenderness rations, which are intensity failure, elastic-plastic instability failure and elastic 

instability failure (Han 2007). According to Han (2007), the ratio of stability 𝜑  and 

slenderness ratio 𝜆 are defined as follows: 

UO

U

N
N

=ϕ       (2.1) 

Where 

Nu  =  ultimate strength of the composite column and 

 Nuo  =  sectional strength of the composite column.  

D
L

r
L ee 4

==λ        (2.2) 

Where 

𝐿𝑙  =  effective column length 

𝑟  =  radius of gyration and  

D =  outer diameter of the compressive section. 

 

Figure 3 shows that intensity failure, elastic-plastic instability failure and elastic instability 

failure occur when 𝜆 ≤   𝜆0,  𝜆0 ˂ 𝜆 ≤  𝜆𝑝 and 𝜆 ˃  𝜆𝑝, respectively.  

 
Figure 3: Typical ϕ - λ relation 

Source: Han, 2007 
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Liang, Q. Q. (2009) used a performance-based analysis (PBA) technique to analyse the 

effects of D/t ratios, concrete strength, steel yield strength and axial loading on the stiffness, 

strength and ductility of high-strength CFT columns confined with thin-walled steel tubes. 

D/t ratios of 40, 70 and 100 were tested and it was found that the axial performance of the 

specimens decreased as the D/t ratio increased.  Increases in this ratio led to reductions in the 

local buckling strengths of the steel tubes. Once a very high strength concrete was utilised 

(100 MPa) in association with very slender steel tubes with a D/t ratio of 100, the axial 

performance index of the section was very low. Reductions in flexural stiffness and strength, 

curvature ductility and section interaction performance were also noted with an increased D/t 

ratio. 

Choi and Xiao (2010) studied the axial loading behaviour of short CFT columns using results 

from the experiments of Huang et al. (2002), Tomii, Yoshimmra and Morishita (1977) and 

Schneider (1998). Their research also noted that strain hardening happened for specimens 

with smaller D/t ratios (less than 50) and lower concrete strength (22–23 MPa) while strain 

softening (shear resistance is reduced with the continuous development of plastic shear 

strains) happened for specimens with higher D/t ratios and higher concrete strengths. 

Manojkumar, Mattur and Kulkarni (2010) examined the effect of parameters such as: 

diameter of the steel tube (D), wall thickness of the steel tube (t), strength of in-fill concrete 

(fcu), and length of the tube (L).  

 

Table 2 shows that they considered three different diameters, wall thickness and grades of 

concrete.  Through using the Taguchi method, this study tried to find an appropriate 

combination of structural parameters and to conduct the analysis with the minimum number 

of experiments. They tested 243 circular CFT samples including an L9 orthogonal array as 

shown in Table 3 and Table 4.  

 

Table 2: Factors levels selected for each length of the CFT column 

Levels 
Factors 

Diameter of 
 the steel tube (mm) 

Wall thickness of  
the steel tube (mm) 

Strength of  
in-filled concrete (N/mm²) 

Level-1 44.45 1.25 42.4 
Level-2 57.15 1.6 51.7 
Level-3 63.5 2 60.7 

Source: Manojkumar et al. 2010 
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Table 3: Details of CFT samples tested for each 1m, 0.7 m and 0.5 m length of the column 

 

Note: 𝑴𝟑𝟑  = Concrete Mix of characteristic strength of 30 N/mm2 with cube strength at 28 days is 42.4 N/mm2  
𝑴𝟒𝟑  = Concrete Mix of characteristic strength of 40 N/mm2 with cube strength at 28 days is 51.7 N/mm2 
𝑴𝟓𝟑  = Concrete Mix of characteristic strength of 50 N/mm2 with cube strength at 28 days is 60.7 N/mm2  
Source: Manojkumar et al. 2010 

Table 4: L9 – Orthogonal array adopted and experimental results – for each length of CFT 

Notation Ultimate Axial Load Pue (kN) Axial shortening at ultimate point δue (mm) 

1 m 0.7 m 0.5 m 1 m 0.7 m 0.5 m 

D1t1M30 45.2 82 96.2 4.0 4.7 5.4 

D1t2M40 86.5 117.1 134.1 4.1 5.0 5.2 

D1t3M50 124 145.3 155.6 4.2 5.3 5.4 

D2t1M40 151.6 176.5 187.5 6.0 6.3 5.6 

D2t2M50 181.7 201.5 229 5.4 6.1 5.3 

D2t3M30 144.3 205.8 213.7 8.4 7 7.3 

D3t1M50 181.2 239.1 262.4 4.7 5.8 6.4 

D3t2M30 185.6 226.3 230.5 7.4 7.6 7.8 

D3t3M40 231.3 269 280.5 7.1 7.2 7.4 
Source: Manojkumar et al. 2010  

 

From this research, it was found that increases in diameter, wall thickness and concrete 

strength will increase the ultimate axial load and capacity for 1m, 0.7m and 0.5m lengths of 

CFTS. Among these parameters, the diameter of the steel tube in particular affected the 

ultimate axial load capacity and brought about a corresponding axial shortening of all the 

three lengths of the CFT. The increase of wall thickness helped to delay buckling failure. 
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Although, there has been a large amount of research work on slender tubular CFST columns, 

few of the test specimens have had a slenderness ratio bigger than 120. Yu-Feng, Lin-Hai and 

Xiao-Ling (2012) developed a finite element model to perform mechanism analysis and 

parametric studies for very slender CFST columns, which have slenderness ratios (𝜆) bigger 

than 120. The ABAQUS/Standard module was used to conduct this analysis, and both 

material and geometric nonlinearities are considered. To describe the constitutive behaviour 

of steel, an elastic-plastic model was used. A five-stage stress-strain model was applied.  The 

modulus of elasticity and Poisson’s ratio of steel are taken as 206 GPa and 0.3, respectively. 

For concrete, 4730�𝑓′𝑐 according to ACI Committee 318 (2008) was taken as the modulus of 

elasticity and 0.2 as Poisson’s ratio. The end plates and core concrete were simulated by an 

eight-node 4-D solid element, and a four-node conventional shell element was applied for the 

steel tubes. For the contact between the steel tubes and the inner concrete, hard contact was 

put to use in the normal direction and the Mohr-Coulomb friction model was utilised in the 

tangential direction. The frictional coefficient was chosen as 0.6. For the boundary condition, 

the end plate was presumed to be an elastic rigid block, and the modulus of elasticity and 

Poisson’s ratio of the end plate were given as 1000 GPa and 0.0001, respectively. 

As a result of this analysis, firstly, there was a difference between the typical failure models 

of very slender CFST columns and the reference hollow steel tubular members. The failure 

mode of very slender circular CFST column is elastic and unstable according to Han (2007). 

After reaching ultimate strength, local buckling of the steel tube was prevented owing to the 

core concrete of the CFST column, while the local buckling took place at mid-height level for 

hollow steel tubular members. It was reported that as the slenderness ratio (𝜆 ) increased, 

ultimate strength decreased while the steel ratio (𝛼) and concrete strength (𝑓𝑐𝑐) increased as 

strength increased.  

 

2.6 Review of Experimental Studies – FRP Confinement 
Bouchelaghem, Bezazi and Scarpa (2011) used two specific composite layups (bidirectional 

fabrics (0/90)2 and (+30/– 60)2). The first provided the highest time to failure, the second 

showed an increase of up to 70% in strengthening efficiency compared with non-reinforced 

columns. Six hybrid composite jacket configurations were also investigated. They were: 

hybrid 1: fabric 1 and mat, hybrid 2: mat and fabric1, hybrid 3: fabric 2 and mat, hybrid 4: 

mat and fabric 2, hybrid 5: fabric 2 and fabric 1, and hybrid 6: fabric 1 and fabric 2. Mat, 
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fabric 1 and fabric 2 had surface densities of 300 g/m2, 300 g/m2 and 500 g/m2 respectively. 

The results of this work results in the following conclusions: The fibre orientations and the 

thickness of the wall of the FRP wrapping have a considerable effect on the load-time history, 

strength, ductility, and damage modes of the composite concrete columns. The composite E-

glass fibre/polyester is the most effective material for wrapping concrete columns externally. 

The extensive experimental program at the Reinforced Concrete Laboratory of Democritus at 

the University of Thrace has extended research in this area. One aim of the researchers is to 

explore the effects of internal reinforcement in limit cases of adequate FRP strengthening of 

square columns for monotonic or cyclic loading. Another aim is to look into the influence of 

increases to the volumetric ratio of transverse reinforcement on the slenderness of bars, as 

well as the effect of monotonic and repeated loading – unloading (Rousakis & Karabinis 

2012).  

A Modified Confinement Ratio (MCR) as a measure of confinement effectiveness was 

proposed by Mirmiran et al. (1998).  
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Where,  

b  =  the external dimension of the concrete section  

r  =  the corner radius 

𝑓𝑡𝑙,𝐹𝐹𝐹  =  the maximum effective confining pressure provided by FRP for use on 

circular and rectangular rc confined with FRP, and 

𝑓𝑐𝑡  =  the compressive strength of unconfined specimen.  

 

In accordance with the above study, Mirmiran et al. (1998) determined that specimens with 

MCR < 0.15 display inelastic softening stress-strain behaviour (with degrading branch). 

Rousakis and Karabinis (2012) performed an experimental program using columns made of 

extremely low strength concrete with internal steel reinforcement and external FRP 

strengthening. The experiments concerned a series of tests of 42 prismatic columns of square 

cross-section, with 200 mm sides, 30 mm corner radius and 320 mm height. The height to 

side ratio was only 1.6 owing to restrictions of the available compression machine. The 
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specimens were reinforced with four longitudinal steel bars (volumetric ratio of 1.57%). 

Transverse steel stirrups of 8 mm diameter with 200 mm spacing (symbolized as S1) or 

95mm (symbolized as S2) supported the bars, and thirty-two specimens were tested with FRP 

confinements using two types of unidirectional FRP sheets which were carbon S&P C240 or 

glass S&P G90/10 (S&P – Sintecno 1999).  Rousakis and Karabinis found that plain concrete 

columns strengthened by a jacket with a ratio MRC= 0.184, revealed a slightly mechanical 

behaviour with softening branch. In columns with slender bars, a softening branch results an 

inadequate load response for MRC = 0.153 or lower. In those cases, the jacket could not 

confine the unsteady expansion of concrete thus, not exhibit a hardening inelastic behaviour. 

Also, the loading history of gradually increasing load–unload cycles resulted in further 

degraded responses for the columns. FRP strengthened columns with low s/Φ𝐿  of the 

longitudinal bars and heavy steel stirrup confinement (non-slender bars, S2) under cyclic 

loading displayed strong upgraded mechanical behaviour. Their response was greater 

compared to columns with slender bars (S1), or plain concrete columns subjected to cyclic 

loading. A lower bound ratio of MCR = 0.153 corresponded to an obviously adequate 

mechanical response. Even though there was no significant variation of the axial strain at 

failure between columns with slender and non-slender bars, higher strain was found in 

columns with non-slender bars. According to this study, a ratio MRC = 0.185 could serve as a 

lower bound value to identify adequately confined columns.  

Liang, M. et al. (2012) conducted an experiment to identify the influence of specimen size on 

the axial behaviour of carbon fibre reinforced confined concrete cylinders.  

As shown in Table 5,   24 specimens were prepared with different diameters and CFRP 

thicknesses. Twelve of the specimens were confined with CFRP cylinders but the remaining 

12 were not and the FRP sheets used in this test used a kind of unidirectional carbon fabric 

which had ultimate tensile strength of 3591 MPa, elastic modulus of 242 GPa, and thickness 

of 0.167mm. All these cylinders had a slenderness of 2. For the CFRP-confined cylinders, 

small and large sizes were wrapped with one and three CFRP sheets of 200mm, respectively, 

whereas medium-sized cylinders were wrapped with a CFRP sheet of 200mm width and two 

CFRP sheets of 100mm width. Small, medium-sized, and large cylinders were wrapped with 

one layer, two layers, and three layers of CFRP, respectively. This study concluded that for a 

given lateral confinement no size effect existed in the normalised compressive strength gain 

𝒇′𝒄𝒄/𝒇′𝒄𝒄 and normalised ultimate strain 𝜺𝒄𝒄/𝜺𝒄𝒄 for the cylinders examined. 
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Table 5: Properties of concrete specimens 
Specimen Dimensions (mm) Number of CFRP 

plies 
Number of 
specimens 

PC–S Φ100×200 0 4 

CC–S Φ100×200 1 4 

PC–M Φ200×400 0 4 

CC–M Φ200×400 2 4 

PC–L Φ300×600 0 4 

CC–L Φ300×600 3 4 

Source: Liang et al. 2012  

 

Mohamed and Masmoudi (2010) conducted an experiment with 23 specimens. They applied 

many parameters. Five types of FRP tubes were used with different diameters and thicknesses. 

In these specimens, the following parameters were considered: concrete strength; thickness of 

FRP; the use of longitudinal steel bars; and slenderness ratio. From this experiment, the 

following results were reported: 

• Increasing the thickness of FRP tubes resulted in a significant improvement of the 

strength and the ductility.  

• For the CFT (Concrete-Filled FRP Tube) columns with steel reinforcement, the 

yielding of the steel bars was delayed by the confinement of FRP.  

• In response to increasing the FRP volumetric ratio, the confinement strength 

increased at yielding as compared to the unconfined concrete compressive strength.  

• The ultimate failure modes were different according to the specimen types A, B, and 

C which had thicknesses of 2.65mm, 2.85mm, and 6.40mm, respectively. For types A 

and B, it was very explosive, while the ultimate failure for type C was ductile.  

• The ultimate load of the CFFT column with internal reinforcement was higher than 

without it.   

 

2.7 Review of Analytical Studies – FRP Confinement 
Xiao and Wu (2000) carried out an experimental program with 27 concrete cylinders 

confined by CFRP and developed a simple bilinear stress-strain approximation for confined 

concrete. This model was based upon empirical equations describing the axial stress-axial 
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strain and axial-stress transverse strain responses of the concrete tested. The model adopted 

the popular classical approach proposed by Richart, Brandtzaek and Brown (1928). The 

initial and final performances of these specimens were then modelled with two sets of linear 

equations using the four mechanical variables of: confined concrete; axial stress and strain; 

transverse strain; and confinement stress. These models were tested against the results of 

experimentation conducted by Hosotani, Kawashima and Kawashima (1996) and it was 

found that they modelled the data well, as shown in Figure 4. 

 

  
Figure 4: Bilinear simulation of Hosotani et al.'s test results 

Source: Xiao & Wu 2000 

 

Becque, Patnaik and Rizkalla (2003) performed numerical analysis using finite element 

models of the concrete confined with FRP composites to develop of stress-strain curves. A 

number of parametric comparisons were also conducted to see the effect of using various 

confinement materials, void sizes and numbers of fibre layers. Using the developed model, 

the normalised axial stress-strain curves for steel, CFRP and GFRP were found for a 

reinforcement ratio ρ of 1.6% with a concrete compressive strength of 35 MPa. The lower 

elastic modulus of GFRP allowed for greater strain to be developed, resulting in better 

ductility before column failure. The results indicated that an increase in the number of FRP 

layers increased confinement as well as ultimate strain. This led to an improvement in the 

ductility of the CFT columns tested. 

Dandapat, Deb and Bhattacharyya (2011) pointed out that almost all numerical studies of 

FRP columns have not considered the failure of the bonding between the concrete column 

and the FRP tube. According to these researchers, after columns undergo degradation and 

damage during the loading process, de-bonding due to changes like relative tangential slip of 

normal gaps at the interfaces may be observed.  Using an analytical expression following the 
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article shows the nature of the relationship between interfacial shear and fabric shear and 

strength:  

0 sinh( ( )
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     (2.4) 

 

According to these researchers, an interfacial shear stress depends on the wrap thickness, t, 

and Young’s modulus of the wrap, 𝐸𝑓. Through Figure 5, it is shown that the interfacial shear 

stress increases from the fixed end to the axially loaded face of the column, and also 

increases with thickness of wrap and with Young’s modulus of the wrap. Finally, they show 

that the interfacial shear stress is affected by the fabric thickness and generates increased 

debonding.   

 

 
Figure 5: Variation of interfacial shear stress along the length of the colum 

(a) different wrap thickness values(𝑬𝑪= 38 GPa, 𝑬𝒇= 20 GPa, L= 1.0m, and 𝑲𝒄𝒄𝒄= 0.17𝑬𝒇; each layer of wrap is 
0.5mm; (b) different modular ratio (𝑬𝑪= 38 GPa, L= 1.0m, t=1.0mm, and 𝑲𝒄𝒄𝒄= 0.17𝑬𝒇). 

Source: Dandapat et al. (2011) 
 

The commercial finite element program ABAQUS was used for analysis of a more realistic 

numerical model of an FRP-confined concrete column. Two concrete cylinders were 

considered with different styles, one stocky and the other slender. Both were 150 mm in 
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diameter. Their heights were 350 mm and 1000 mm, respectively. Using the analytical model, 

it is known that there is a strong connection between failure in the bond and rupture in the 

fabric. That is, the damage to the bond between the fabric and the concrete results in 

significant effects on the failure load and ultimate strain.     

 

2.8 Summary 
The behaviour of CFT columns has been extensively studied for both steel and FRP 

confinement under various parameters and control measures to see what benefits FRP can 

introduce to current tube designs. 

 Results from these studies have confirmed the following characteristics of these columns that 

are applicable for both steel and FRP confined columns:  

• Cross-sectional shape and column geometry have been shown to have a large impact 

upon the performance of CFT columns.  

- Square and rectangular columns have exhibited poor confinement with non-

uniform confining pressure resulting in local buckling of the tube.  

- Failure of these columns has also resulted in undesirable wall bulging as opposed 

to the radial expansion failure of circular specimens.  

- Square and rectangular columns have also been shown to exhibit degrading 

stiffness and strain softening post-yield, whereas circular specimens exhibit strain 

hardening and are more ductile.  

- Generally circular columns have been shown to possess superior characteristics in 

virtually all areas as opposed to any other cross-sectional shape.  

• It has been found that  

- CFT specimens with smaller D/t ratios (one study stated D/t < 40) experience 

significant lateral confinement pressure, higher ductility, higher flexural stiffness, 

higher buckling strength, higher axial strength, and better section interaction 

performance.  

- CFT specimens with larger D/t ratios have also been shown to fail by buckling 

before the concrete reaches a state of beneficial confinement pressure which 

increases compressive strength.  

• This beneficial confinement characteristic was only seen in short columns, which 

generally possessed greater capacities than predicted. 
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• The compressive strength of the concrete core has also been observed to have large 

effects upon the behaviour of CFTs.  

- This has been shown through the interaction with varying aspect ratios as the 

benefits of confinement are reduced with an increase in concrete compressive 

strength.  

- One study showed that confinement of a medium strength (50 MPa) concrete mix 

occurred in tubes with D/t ratios ranging from 59 to 221 while a high strength (80 

MPa) concrete mix resulted in confinement only at D/t ratios lower than 125. 

- Post-yield behaviour of higher strength concrete, especially with higher D/t ratios 

has been shown to result in strain softening. 

- Increased compressive strength results in higher stiffness and higher axial and 

moment capacities at the cost of a higher ratio of yield to ultimate stress and a 

reduction in mechanical efficiency, ductility, flexural stiffness, curvature ductility 

and section interaction performance.  

• Several conclusions can also be drawn regarding the effect of confinement material 

properties:  

- It has been established that while steel confinement buckles and plastically 

deforms, the stress-strain curve of FRP composites and an experimental study 

indicates that these composite materials fail suddenly and in a brittle manner.  

- Stress-strain comparisons between steel and FRP also show that the confinement 

pressure of FRP increases until the first ply reaches failure, although for steel this 

pressure remains constant even after yielding under hoop tension.  

- It has been shown that for FRP confinement, an increase in the number of layers 

or ply of the confining tube results in greater confinement pressure, strength and 

ductility.  

- GFRP and CFRP composites have been tested almost exclusively and it has been 

found that GFRP is more ductile although not as strong in compression.
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Chapter 3 
METHODLOGY 

 

In order to achieve an understanding of the behaviour of concrete-filled FRP tubes, an 

experimental program was performed under uniaxial compressive load using 18 specimens 

with a variety of diameters and thicknesses to examine the behaviour of columns with 

different slenderness ratios. All testing was carried out at the civil engineering laboratory of 

the Central Queensland University.  The primary test variable of the experimental program is 

the slenderness ratio of the FRP tube. Both concrete and FRP tubes were obtained from 

external providers. In this chapter, the objective of the experimental program is described as 

well as details of concrete-filled FRP tube specimens and material properties. For a better 

understanding of this experimental program, further information is added such as details of 

the instrumentation and test procedures that were used during the tests.   

 

3.1 Objective of Experimental Program 
The experimental program was designed to achieve the following objectives: 

• Investigate the behaviour of FRP-confined tubes under uniaxial compressive load 

with varying slenderness ratios (Diameter (D)/Wall thickness (t) & Length (L)/ Wall 

thickness (t)),  

• Investigate the failure mode of concrete-filled FRP tubes under uniaxial compressive 

load. 

 

3.2 Design of Test Specimen 
To achieve the abovementioned objectives, columns with varying diameters and wall 

thicknesses were selected. All specimens were circular columns, as circular tubes have 
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superior capacities compared to both rectangular and square ones due to their axis symmetric 

properties.  

 

G1 

  

G2 

  

G3 

  
Figure 6: Groups of specimens according to the diameter of FRP tube 

 

The length of specimens was kept constant at 1200 mm to save time with the practical set-up. 

The specimens were divided into three groups based on the outer diameter of the FRP tube.  

Group 1(G1) – External diameter of the FRP is 100 mm 
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Group 2(G2) – External diameter of the FRP is 150 mm 

Group 3 (G3) – External diameter of the FRP is 200 mm 

In each group, three different wall thicknesses were selected: 3.5 mm, 8 mm and 9 mm. 

(Figure 6 shows these FRP tubes filled with concrete.)  

 

   
D100T3A D100T8A D100T9A 

   
D150T3A D150T8A D150T9A 

   
D200T3A D200T8A D200T9A 

Figure 7: FRP tubes with a variety of diameters and wall thicknesses 

 

The wall thicknesses were selected in consultation with the manufacturer and there were not 

many options. As shown in Figure 7, in each group three different thicknesses were used. 

Two specimens were made with each group. That means total of 18 specimens were cast by 

pouring concrete into the FRP tubes. During the casting, concrete was poured into 3 layers 

and each layer was compacted as required. Prior to pouring concrete into the FRP tubes, the 

bottoms of the tubes were wrapped as shown in Figure 8 to prevent any leakage during the 

concreting because of the viscosity of the concrete.Error! Reference source not found. 
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Figure 8: Wrapped FRP tubes 

 

In Table 6, the details of the specimens are listed. Specimens were divided into three groups 

according to their diameter and each group had six specimens with three different wall 

thicknesses as shown. In this table, it is shown that the specimens had a variety of D/T and 

L/T ratios. These ratios are primary factors in investigating the behaviour of concrete-filled 

FRP tubes. In the results chapter, the outcomes of this experiment are analysed mainly in 

terms of changes to the two types of ratio. 
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Table 6: Details of specimen (as per initial plan) 

Group Specimen 
Inner Diameter 

(mm) 

Wall thickness 

(mm) 

Length 

(mm) 

D/t 

ratio 

L/D 

ratio 

G1 

D100T3A 100 3.5 1200 28.57 12.00 

D100T3B 100 3.5 1200 28.57 12.00 

D100T8A 100 8.0 1200 12.50 12.00 

D100T8B 100 8.0 1200 12.50 12.00 

D100T9A 100 9.0 1200 11.11 12.00 

D100T9B 100 9.0 1200 11.11 12.00 

G2 

D150T3A 150 3.5 1200 42.86 8.00 

D150T3B 150 3.5 1200 42.86 8.00 

D150T8A 150 8.0 1200 18.75 8.00 

D150T8B 150 8.0 1200 18.75 8.00 

D150T9A 150 9.0 1200 16.67 8.00 

D150T9B 150 9.0 1200 16.67 8.00 

G3 

D200T3A 200 3.5 1200 57.14 6.00 

D200T3B 200 3.5 1200 57.14 6.00 

D200T8A 200 8.0 1200 25.00 6.00 

D200T8B 200 8.0 1200 25.00 6.00 

D200T9A 200 9.0 1200 22.22 6.00 

D200T9B 200 9.0 1200 22.22 6.00 

Note:  D/T = Diameter/Wall thickness 
            L/D = Length/Diameter 
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3.3 Material Properties 

3.3.1 Concrete 
Concrete was prepared by ordering from a ready-mix concrete supplier and all 18 specimens 

were filled with identical concrete with the following properties: 

• Slump = 80 mmcm 

• 20 mm nominal size aggregate 

• Compressive strength = 32 MPa.  

While the specimens were cast, a slump test was performed and, the compressive and tensile 

strengths of the concrete were also measured at the time of the testing. Slump of the fresh 

concrete was tested to measure the workability of concrete (Figure 9). The compressive 

strength of the concrete is shown in Figure 10).All tests were conducted as indicated using 

the Australian Standard AS 1012-1981 (Standards Australia 1981). As some of the AS 1012 

standards have been altered since the introduction of the standards, the tests were performed 

in accordance with the revised versions as follows: 

• Sampling of fresh concrete: AS 1012.1 – 1993 

• Indirect tensile strength of concrete: AS 1012.10 – 2000 

• Compressive strength of concrete: AS 1012.14 – 1991. 

 

  
Figure 9: Slump test of concrete 
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Figure 10: Compressive strength test 

 

All cylinder tests were conducted on the same day as the respective column tests and the 

results are summarised in Table 7. 

 
 Table 7: Compressive strength of concrete 

 
Number 

 
Load of failure (kN) 

 
Compressive Strength (MPa) 

1 210.7 26.93 

2 275.2 35.18 

3 235.8 30.39 

4 215.6 27.56 

5 228.8 29.25 

6 260.1 33.25 
 

3.3.2 FRP Tubes 
Each FRP tube was manufactured by an external supplier. The properties of these tubes are 

listed in Table 8.  
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Table 8: Properties of FRP tubes 

  
Inner Diameter 

(mm) 
Thickness 

(mm) 
Elastic Modulus 

(axial) (MPa) 
Ultimate Tensile 

Capacity (kg) 
Stiffness  
(N/m/m) 

100NB 

101.7 3.5 

8,816 

10,670 30,005 

101.7 8 27,810 413,468 

101.7 9.5 33,830 685,948 

150NB 

153 3.5 15,840 9,114 

153 8 40,740 130,793 

153 9.5 49,350 219,809 

200NB 

203 3.5 20,980 3,967 

203 8 53,600 58,105 

203 9.5 64,780 98,294 

 

3.4 Instrumentation 
During the test, several instruments were used to record the behaviour of the specimens. The 

tests measured the loads, displacements and strains in the outer surface of FRP tubes filled 

with concrete.   

3.4.1 Load Measurement 
Load cell was used to measure the applying load. In this research, the facilities at Central 

Queensland University shown in Figure 11 were used. The tests were conducted using a 

uniaxial load machine (model HCC200) and details are given in Table 9.  
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Figure 11: Uniaxial loading machine  

 

Table 9: Specification of HCC200 load cell 
Parameter Value 

Capacity 200 tonnes 

Excitation  15 mv/V 

Input resistance 700.0000 ohms ± 10% 

Output resistance 700.0000 ohms ± 1% 

 

3.4.2 Strain Measurement 
Strain gauges 30 mm in length were used to measure the variation of strain. PEL-30-11 

gauges were used and they had a gauge resistance of 119.6 (±0.5) Ω and a gauge factor 2.11 

(±1) %. In total six strain gauges on two opposite surfaces in each specimen were attached in 

three directional positions (Figure 12).  

  
(a) Strain gauge location on the FRP surface (b) 30 mm Strain gauge 

Figure 12: Strain gauges attached to the FRP tube 
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Figure 13: Measurement system instrument (Signal Express & NI 9219) 
(Source - http://www.ni.com/labview/signalexpress/whatis.htm) 

 

Signal Express is a data-logging software package for quickly acquiring, and presenting data 

with no programming required. After a series of steps involving the answering of questions 

the software writes the program in the background. A National Instruments compact DAQ 

chassis was used with four channel NI9219 Modules (Figure 13). With the NI 9219, several 

signals can be measured from sensors such as strain gauges, RTDs, thermocouples, load cells, 

and other powered sensors. The channels are individually selectable as well. In addition, the 

NI 9219 uses six-position spring terminal connectors in each channel for direct signal 

connectivity and contains built-in quarter-, half-, and full-bridge supports.  

 

3.5 Testing Procedure  

3.5.1 Test Set-up 
During the test an identical load was applied to all specimens, which was a monotonically 

increasing load applied using a displacement control method. As the specimens were 

designed as pin ended columns, the test procedure was relatively simple. Apart from the 

longitudinal deformations, buckling was one major focus of this test. By considering the 

buckling effect on the columns, the strain gauges were attached at the same height on the 

opposite side of the column. It was also essential in the setting up of the experiment that 

certain safety procedures were established to protect the staff during the application of the 

load on the columns. Since neither the top nor bottom ends of specimens were fixed, this 

could lead fatal accidents. In particular, it was necessary to ensure that the columns were 

exactly vertical (Figure 14).  

http://www.ni.com/labview/signalexpress/whatis.htm
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Figure 14: Set-up the FRP Column  

 

3.5.2 Testing of specimens 
Among the FRP columns from D100T3A~D150T9B, 12 specimens with different wall 

thicknesses (3.5mm, 8.5mm, 9.0mm) were first tested. Load increases of 1mm/min were 

applied monotonically to each column until it yielded. While 18 specimens were originally 

set up for this experiment, only 12 specimens with diameters of 100mm and 150mm were 

tested due to the limitations of load cell capacity. Even though the load cell was able to apply 

a load of 200,000 kg, it was necessary to reinstall the frames that supported the load cell for 

applying loads of this magnitude.  This would have taken more time and the budget did not 

allow this.  

After curing the columns, it was found that some of them had an empty space on the top of 

the tube which was formed due to the contraction of the concrete. To avoid different 

conditions on the top surface of each column, these gaps were filled with mortar (Figure 15) 

so that the load would be applied to both the concrete and the FRP tube simultaneously in 

spite of the lack of cohesion.  

 

 

Figure 15: Filling the gaps with mortar 
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3.6 Risk Assessment and Health and Safety Procedures 
Work place health and safety is emphasised heavily in engineering laboratories at the Central 

Queensland University. As this experimental program involved a heavy loading machine and 

FRP, there were a number of safety issues involved. 

Simple safety measures were observed for the construction and loading of the specimens. All 

recommended personal protective equipment (PPE) such as hats and safety glasses were worn 

when the specimens were loaded. Other pieces of PPE were worn for specific activities 

during the construction. 

In addition to general PPE, additional safety precautions were taken to avoid any possible 

hazardous incidents: 

• A steel cage was used to protect the staff from flying particles from the specimens in 

the event of sudden failure  (Figure 16)  

• A steel plate was used to distribute the load on the top surface equally (Figure 17)  

• Timber was used to ensure the columns were perpendicular (Figure 17) 

 

  
Figure 16: Steel cage Figure 17: Steel plate and timber 

 

3.7 Summary  
In this chapter, the all preparations for this experiment were described and information on the 

main materials such as FRP and equipment were provided, along with their specifications. 

Most of the time devoted to conducting this experiment was assigned to making the 

specimens. The selection of the FRP manufacturer was the hardest part and there were not 

many options, as they only supply the products manufactured on their production lines. This 

meant that the diameters and thicknesses of the tubes were decided by the manufacturer 
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rather than the researchers. Another factor that affected this research was the condition of the 

facilities at Central Queensland University, as we needed to consider the capacity of the load 

cell and lab-environmental supports. More information such as data sheets related to the 

experiment can be found in Appendix A.   
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Chapter 4 
EXPERIMENTAL RESULTS 

 
This chapter presents the experimental results obtained by the testing 12 specimens in the 

civil engineering laboratory at the Central Queensland University, along with an assessment 

of these results. This experiment was performed under the conditions described in the 

previous chapter. Preparations included configuring specimens, manufacturing the columns 

and installing the measuring instruments on the surfaces of the columns.  

The information from the compression tests is presented in association with descriptions of 

the failure modes of the specimens.  The main focus of discussion in these results is the 

behaviour of the composite columns under uniaxial compression with a variety of aspect 

ratios such as D/t and L/D. The observation of buckling is another issue in this experiment.  

 

4.1 Overview of the Results 
Table 10 summarises the results of the experiment. This table reveals the increase in the 

strength of columns due confinement by FRP tubes on the surface of the concrete columns. 

The specimens are according several different criteria such as diameter, thickness and 

strength of materials.   

In general, the strength of composite columns increases as D/t ratio decreases. In this 

experiment, the strength of FRP columns decreased as the L/D radio (slenderness ratio) 

decreased, which indicated that higher slenderness ratios cause columns to buckle more 

easily. However, it is not possible to reach this conclusion with certainty as the last three tests 

with the specimens D150T8B, D150T9A and D150T9B did not continue until they failed. In 

particular, there was unexpected buckling during the testing with specimen D150T8A and 

D150T8B, which may due to sliding at the loading point.  
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Table 10: Summary of experimental results 

Specimen Diameter  
(mm) 

Thickness 
(mm) 

Concrete 
Strength (MPa) 

Tensile Strength 
of FRP (kN) 

FRP Colum   
Remarks Ultimate-

load(kN) 
Ultimate- 

strength (MPa) 

D100T3A 101.7 3.5 30.83 104.6 320 36.8 Buckling 

D100T3B 101.7 3.5 30.02 104.6 281 32.3 Buckling  

D100T8A 101.7 8 30.83 272.5 481 50.9 Buckling  

D100T8B 101.7 8 30.83 272.5 505 53.5 Buckling 

D100T9A 101.7 9.5 30.83 331.5 594 61.2 Buckling 

D100T9B 101.7 9.5 30.02 331.5 498 51.3 Buckling 

D150T3A 153.0 3.5 30.02 155.2 663 34.5 Buckling 

D150T3B 153.0 3.5 30.02 155.2 601 31.3 Buckling 

D150T8A 153.0 8 30.02 399.3 901 44.3 
S-line buckling, failure at 

the top  

D150T8B 153.0 8 30.02 399.3 931 45.8 
Small buckling, Excess 

the load capacity  

D150T9A 153.0 9.5 30.02 483.6 928 44.8 Excess the load capacity 

D150T9B 153.0 9.5 30.02 483.6 932 45.0 Excess the load capacity  
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4.2 Ultimate Behaviour of FRP Columns 

4.2.1 Behaviour of the Specimens with 100 mm Diameter and 3.5 mm Wall 
Thickness 

 

Figure 18: Load-deflection behaviour of specimens with 100 mm diameter and 3.5 mm wall thickness 
(D100T3A) 

 

As explained in Chapter 3, the load on the columns was increased at a constant rate of 1 

mm/min until their failure. During the loading, the load varied linearly with displacement 

until about 180 kN. At a load of about 180 kN, some changes were observed in the columns. 

The FRP tubes stretched and started to buckle. This was shown by texture changes in the 

middle part of the tube as shown in Figure 19.  
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Figure 19: Change of texture 

 

After this point the column apparently started to bend in the vertical plane. However, no 

damage/fracture was observed in the outer surface. As loading continued, the column buckled 

and load started to decrease. After a drop of about 10% from the ultimate load, the load was 

removed. An ultimate load of 320 kN was recorded.   

The behaviour of specimen D100T3A is revealed from analysing the strain variation on the 

external surface of the tube. As indicated in Chapter 3, a total of six strain gauges were 

attached to the column on two opposite sides, with three gauges on each side. 

Initially, as shown in Figure 20, no significant strain variation was measured in any of the six 

strain gauges until the load reached about 180 kN, at which point the beginning of buckling 

was noticed. After this stage, highly increased strains are observed in the gauges attached in 

horizontal and longitudinal directions (X, Y), while the other gauges in the oblique direction 

(Z) show a steady increase in strain. The tensile stress can be calculated approximately from 

Equation 4.1, which is about 88.16 kg. Comparison with the ultimate tensile capacity of the 

FRP of 10,670 kg as mentioned in methodology shows that this is very far from the failure 

point.   

xx Eεs =       (4.1) 

Where, 

σx = Normal stress 

E  = Elastic Modulus 

εx = Normal strain 
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Having similar variations in R1 and L1, and R2 and L2, it shows that the load applied on the 

top of the column distributed the hoop stress on the FRP tube equally.   

 

 

Figure 20: Strain-deflection behaviour of specimen D100T3A 

 

Although the load-deflection behaviour of specimen D100T3B (Figure 21) showed a similar 

pattern to D100T3A, the ultimate stress was measured at the lower point, about 280 kN. At a 

load of nearly 250 kN, buckling was observed but no visible fracture was observed. This 

specimen exhibited slightly larger ductility than D100T3A.   
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Figure 21: Load-deflection behaviour of specimen D100T3B 

 

 
Figure 22: Strain-deflection behaviour of specimen D100T3B 
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Each pair of strain gauges for specimen D100T3B showed similar behaviour with strains in X 

and Y directions showing significant increases, from about 20 mm of deflection while the Z 

direction shows no changes as shown in Figure 22.  

4.2.2 Behaviour of the Specimens with 100 mm Diameter and 8.0 mm Wall 
Thickness 
 

 
Figure 23: Load-deflection behaviour of specimens with 100 mm diameter and 8.0 mm wall thickness 

 

As shown in Figure 23, D100T8A carried a higher ultimate load, about 480 kN and suddenly 

showed a drop in the load down without much ductility after the ultimate load. Until its 

ultimate load of 500 kN, similar load-deflection behaviour was observed in D100T8B as in 

D100T8A. However D100T8B exhibited slightly better ductility than D100T8A before 

failure. This variation may have been due to various factors such as loading pattern, and 

orientation of FRP in the tubes.  
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Figure 24: Strain-deflection behaviour of specimen D100T8A 

 

The buckling of the specimens can be further confirmed by looking at the strain variation in 

the outer surfaces of the columns. Figure 24 shows the strain behaviour of specimen 

D100T8A, which reveals that R1, R2 increased considerably with 15 mm of deflection while 

the others showed only small changes. A similar pattern can be also seen in Figure 25, which 

shows the strain variation in the specimen D100T8B. When the strain increased rapidly, that 

means buckling occurred or started towards that side. 
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Figure 25: Strain-deflection behaviour of specimen D100T8B 

 

4.2.3 Behaviour of the Specimens with 100 mm Diameter and 9.0 mm Wall 
Thickness 
 

 
Figure 26: Load-deflection behaviour of specimens with 100 mm diameter and 9.0 mm wall thickness 
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Specimen D100T9A was the specimen with the thickest FRP tube and it recorded higher 

ultimate stress, almost 600 kN, than the other specimens. Load increased slowly until 

reaching 100 kN. This may be due mainly to seating errors in the specimen. After this point a 

steady nearly linear increase was observed until about 500 kN. Then the load increment 

dropped and it carried about 600 kN before the load dropped. Specimen D100T9B follows a 

similar path, as shown in Figure 26, but reached a slightly lower ultimate load of about 500 

kN.   

 

 
Figure 27: Strain-deflection behaviour of specimen D100T9A 

 

Similar to former specimens, the variation in all strain gauges for D100T9A indicates that 

during the first 15 minutes of test time there was no significant change. However, after that, 

considerable movement was observed on every gauge. In the last part of test, all strain gauges 

were detached except R1and R2 (Figure 27).  

From about 7 mm of deflection in specimen D100T9B, strain-deflection behaviour increased 

variously as both X directional gauges show some increase and both Y directional gauges 

show significant contraction. With a change to a burred colour, D100T9B started buckling in 

the middle part of the column (Figure 28).  
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Figure 28: Strain-deflection behaviour of specimen D100T9B 

 

4.2.4 Behaviour of the Specimens with 150 mm Diameter and 3.5 mm Wall 
Thickness 
 

 
Figure 29: Load-deflection behaviour of specimens with 150 mm diameter and 3.5 mm wall thickness 
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Specimen D150T3A which was 150 mm in diameter, had a relatively high ultimate stress, 

and until its failure the axial load increased at a fairly constant rate (Figure 29).  The load-

deflection behaviour of specimen D150T3B showed a similar pattern to specimen D150T3A 

and the column failed when the load reached 600 kN.   

 

 
Figure 30: Strain-deflection behaviour of specimen D150T3A 

 

The testing of specimen D150T3A showed some of the same strain-deflection behaviour as 

previous specimens as there is no significant variation until 20 mm of deflection appeared in 

all gauges. After that, however, the strain started stretching on gauge L1 along with 

contracting on L2 (Figure 30).  

The strain-deflection behaviour of specimen D150T3B also showed a similar pattern to 
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Figure 31: Strain-deflection behaviour of specimen D150T3B 

 

4.2.5 Behaviour of the Specimens with 150 mm Diameter and 8.0 mm Wall 
Thickness 
 

 
Figure 32: Load-Deflection behaviour of specimens with 150 mm diameter and 8.0 mm wall thickness 
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The ultimate stress of specimen D150T8A was recorded at over 900 kN during the test, 

which increased gradually from the initial time of test (Figure 32). S-line buckling was 

detected on this column, which occurred towards the top and bottom of the column whereas 

for most specimens buckling appeared at the middle of the column (Figure 33). Although 

axial load increased to over 900 kN in specimen D150T8B, it was necessary stop loading due 

to the limitations of the loading frame.  

 
Figure 33: Buckling in specimen D150T8A 

 

 
Figure 34: Strain-deflection behaviour of specimen D150T8A 
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In a similar way, all strain gauges showed no significant variation until the deflection reached 

20 mm, and after that, L1 showed highly increased strain up to the failure (Figure 34 & 

Figure 35 ).  

 

 
Figure 35: Strain-deflection behaviour of specimen D150T8B 
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4.2.6 Behaviour of the Specimens with 150 mm Diameter and 9.0 mm Wall 
Thickness 
 

 
Figure 36: Load-deflection behaviour of specimens with 150 mm diameter and 9.0 mm wall thickness 
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Figure 37: Strain-deflection behaviour of specimen D150T9A 

 

The strain gauges in Specimen D150T9B showed similar behaviour to D150T9A, and 

movements developed at the point of approximately 15mm of deflection.   

 

 
Figure 38: Strain-deflection behaviour of specimen D150T9B 
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4.3 Failure Mode and Equivalent Slenderness Ratio 
Failure mode refers to how the columns failed under the compressive load; either buckling 

failure or compressive strength failure. Through this experiment, it was found that in all 

specimens except D150T8B, D150T9A and D150T9B, failure occurred in the form of 

buckling, and no friction of the FRP tubes was observed. At the same time, the ultimate load 

decreased with the slenderness ratio. As the specimens were composed of both FRP and 

concrete, the slenderness ratio is calculated as follows: 

• The equivalent area of the cross section was estimated based on the elastic modulus of 

the FRP and concrete 

FRP
c

FRP
ccone A

E
E

AA +=,      4.2 

Where, 

Ae,con  -  Equivalent area of concrete 

Ac -  Area of concrete 

AFRP  -  Area of FRP tube 

Ec  -  Elastic modulus of concrete 

EFRP  -  Elastic modulus of FRP 

• The slenderness ratio was calculated using the equation
r
le=λ . 

For a circular section, the radius of gyration is 4
Dr =  and for pin-supported columns 

the effective length is equal to the actual length. Therefore the slenderness ratio can be 

expressed by the following equation. 

eD
L4=λ       4.3 

Where 

L  – Length of the column 

De – Equivalent diameter obtained from equation 4.2 
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The equivalent slenderness ratio for each specimens are summarised in Table 11. The 

equivalent slenderness ratios have a good correlation with the D/t value of the columns, as 

can be seen in the Figure 39. 

 

Table 11: Variation of ultimate load with slenderness of the column  

Specimen Ultimate load 
(kN) 

Total Area of 
column (mm2) 

Equivalent 
Slenderness ratio ( 𝝀 ) 

D/t 

D100T3B 320 8 016 86.26 28.57 

D100T3B 281 8 016 92.06 28.57 

D100T8A 481 8 226 71.28 12.50 

D100T8B 505 8 226 69.57 12.50 

D100T9A 594 8 274 64.33 11.11 

D100T9B 498 8 274 70.25 11.11 

D150T3A 663 17 914 89.59 42.86 

D150T3B 601 17 914 94.10 42.86 

D150T8A 901 18 228 77.52 18.75 

D150T8B 931 18 228 76.27 18.75 

D150T9A 928 18 298 76.54 16.67 

D150T9B 932 18 298 76.37 16.67 
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Figure 39: Variation of equivalent slenderness ratio with D/t ratio 

 

4.4 General Observations 

4.4.1 Bonding between FRP and Concrete 
Even though FRP has increased in popularity for structural applications in recent years, the 

main issues with the FRP are 

1. Low elastic modulus 

2. Bonding with concrete. 

 
Figure 40: De-bonding between FRP tube and concrete column 
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As shown in Figure 40, de-bonding was observed during the test. Unlike the bonding between 

steel and concrete, FRP did not attach to the concrete surface as one material. This meant that 

the two materials did not behave in the same way when load was applied.  

 

4.4.2 Permanent Deformation in FRP pipes 
The permanent deformation of the columns was recorded after the load was removed. The 

permanent deformation values are summarised in Table 12. From the table it can be seen the 

permanent deformation is high in the columns with high slenderness ratios. 

 

Table 12: Permanent deformation of the specimens 

Column Maximum Vertical 
Deflection (mm)  

Permanent 
Deformation (mm) 

 

D100T3B 34.17 22.29 

D100T3B 30.53 11.83 

D100T8A 28.62 6.95 

D100T8B 32.31 18.62 

D100T9A 36.23 15.54 

D100T9B 33.78 14.20 

D150T3A 39.34 12.00 

D150T3B 43.83 18.73 

D150T8A 55.63 18.33 

D150T8B 34.65 12.00 

D150T9A 35.55 2.00 

D150T9B 29.17 11.30 
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Chapter 5 
CONCLUSTIONS 

The chief objectives and history of this project are presented in the first and second chapters 

of this thesis. The details related to the experimental program that was undertaken to achieve 

the objectives are stated in subsequent chapters. In this chapter, the conclusions of this 

research study will be shown in order to provide effective ways to adjust FRP columns to 

practical uses.  

 

5.1 Conclusions 

5.1.1 Main Conclusion 
From the experimental study, it is concluded the diameter-to-wall thickness (D/t) of the FRP 

influences the capacity of CFT with FRP tubes, particularly when buckling failure is 

significant. From the experimental study, the slenderness ratio of the combined column was 

estimated. The proposed equivalent slenderness ratio has a good correlation with the D/t ratio 

of the FRP tube. 

5.1.2 Specific Conclusions 
According to the results of this experimental program as explained in the previous chapter, 

the following conclusions were reached: 

• Equivalent slenderness ratio increases as D/t ratio increases. That means the strength 

of FPR columns filled with concrete will increase as D/t ratio decreases. 

• The capacity of the column decreased when the diameter of the tube decreased. As the 

height of the columns was kept constant at 1200 mm, it can be concluded that the 

strength of FRP columns filled with concrete decreases as L/D ratio increases 

• The wall thickness of the FRP tube is a more important (sensitive) parameter than the 

diameter of the tube – as increasing the thickness from D100T3B to D100T8A the 
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strength increases from 36.8 MPa to 50.9 MPa while increasing the diameter from 

D100T3B to D150T3A changes the strength from 36.8 MPa to 34.5 MPa.  

• As expected a low slenderness ratio of columns is associated with less likelihood of 

buckling failure.  

 

5.2 Recommendation for Future Studies 
Based on the range of studies described in the literature review and the results of this study, 

the following recommendations are presented for future studies in this area of ‘the behaviour 

of concrete columns confined with FRP tubes’.   

• More studies similar to those that have already been conducted are needed in order to 

investigate different types of FRP materials and the properties of concrete.  

• During the test, loading on the specimens needs to continue until they fracture as the 

experimental results of this program do not show a whole procedure of failure. 

Through this additional step a more accurate investigation of the behaviour of the 

specimens is expected.  

• It is also suggested that a higher capacity load cell is required in order to extend the 

range of tests as some of specimens for this program could not be tested due to the 

load cell capacity that this would have required. 

• Detailed finite element analysis would significantly enhance this research project.   
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Appendix A  
EXPERIMENTAL DATA 

 

A.1 Material properites 

A.1.1 Concrete Strength 

Batch Cylinder Diameter 
(mm) 

Weight (g) Concrete Strength 
(MPa) 

Number of Day 

1 1_1 199.0 3616.2 26.93 86 

1 1_2 200.0 3624.2 35.18 86 

1 1_3 199.0 3623.8 30.39 86 

2 2_1 201.0 3613.1 27.56 80 

2 2_2 201.0 3616.4 29.25 80 

2 2_3 201.0 3561.5 33.25 80 
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A.1.2 Strain Gauges 
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A.1.3 Load Cell 
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